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CrnencTBus TUTIOILHOTO B3auMoielicTBUs. PasmaranunBaromue GhakTopsl 337
3agaun 337
Jlutepatypa 338
I'naBa 34. CBepXnpoBOIUMOCTb 340
Kpurnueckas remneparypa 342
Hesaryxaromue Toxu 344
TepmoanexkTpuyeckue cBONCTBa 344
MaruutHble cBOMCTBA. MieanbHblil AMaMarHeTU3M 345
MaruutHsble cBolicTBa. Kputnueckoe nose 346
Tennoemkocts 348
Jlpyrue nposiBJIeHUs CyILIECTBOBaHUS 3HEPTETUYECKON LIENIN 349
VYpasuenue JlIoHg0HOB 351
Muxkpockonuueckas Teopusi. KauecTBeHHbIE UepThl 353
KonmyecTBeHHBIE pe3ybTaThl 2JIEMEHTAPHON MUKPOCKOIIMYECKON TEOpUHU 357
Muxkpockonuyeckast Teopusi u 3¢ ekt MelicHepa 361
Teopus I'mn3z0ypra — Jlangay 362
KBanToBaHue noroka 363
Muxkpockonuueckas TEOpusl U HE3aTyXaroIue TOKU 364
CaepxmpoBosiiee TyHHeTupoBanue. I ekts! Jxo3edcona 365
3agaun 368
JIutepatypa 369
[Ipunoxenust 371
M. KBaHTOBas TEOpHsI TApMOHUYECKOTO KpUCTaIa 371
Jlutepatypa 374
H. Coxpanenue kBa3uuMmIlysibca 375
BbiBoz1 3aK0HA cOXpaHEHMUSI 376
[Ipumenenust 378
Jlutepatypa 380
O. Teopus paccesiHUsS HEUTPOHOB B KPUCTAJLIE 381
PaccMoTtpenue paccesiHusl peHTI€HOBCKUX JTydel 385
Jlutepatypa 386
1. AHrapMOHHYECKHE YJICHBI U N-()OHOHHBIE TPOLIECCHI 387
P. Briuncnenue g-pakxropa Jlanmae 388
Baxkneiimue tadbinib 389

[IpenMeTHBIi yka3zarenb 392



IMPEJIMETHBINA YKA3ATEJIb
Pumckumu mdpamu 0003HaYeH HOMEpP TOMa, apaObCKUMU — HOMEpP CTPaHUIIH,
OykBa (C) psIoM C HOMEpPOM CTpaHHUIBl O3HAYAET, YTO COOTBETCTBYIOIIMI TEPMHUH
IPUBENIEH B CHOCKE.

AnmnabaTuyeckoe IpuOInKEeHNe
aHajguTudeckoe oobocHoanue II 155 (¢)
B Metayax II 139
Ammnabarnyeckoe pazmaranuuBanue I 275—277
Axyctuueckue Moabl 11 64—66
u ontrdeckue Moasl 11 64, 65
u monuatoMuele 6a3ucel Il 66, Cu. maxoce Konebanus pemerku; DoOHOHBI
Axuenropssie npumecu 11 199. Cu. maxowce p — n-nepexon; IlomynpoBogHuky;
IIpumecu B MOynnpoOBOJHUKAX
Amopdomusbie TBepabie Tena I 74
aHoMaJibHbIE TerutoBble cBoiicTBa Il 133 (¢)
mudpakuus peHTreHoBckux sryueit 1 104 (c)
Anrapmonunueckue wiensl II 50, 115—137
u BTopoii 3Byk Il 133—135
u Msirkre moabl 11 181
u napamertp ['pronaiizena Il 136
u mporieccel nepedpoca I 129—132
u paccesnue Gononos Il 124—126
U pe30HAHCHAs JTUHHSL, COOTBETCTBYIOLIAS
octarouHbIM Jy4yam II 176
U COXpaHeHue kBazuumnyibca Il 126
u TemoBoe pacmupenue 11 117—120, 122, 123
U TEIJIOEMKOCTh IIPH BhICOKHUX Temrepatypax II, 57, 82, 83
U TemtonpoBoaAHocTh 11 123—133
U TepMmoiuHamuueckue croiicta I1 117—120
u ynpyrue nocrosinubie 11 116
u n-poHonHsIe mponecco 11 387
U mupuHa 0JHO(GOHOHHBIX MakcuMyMoB 11 104—106
KyOHuuecKue uieHsl U 3akoHbl coxpanenus 11 117, 136, 137
— — " HecTabunbHOCTh, oOycnoBieHHas umu, II, 117, 136
— — U Iepexoipl, npoucxonduue 0narogaps um, Il 125, 126
Amnwon II 12
AnomanbHbIi ckuH-3QdexT [ 278
AHTunon ueHtpa okpacku Il 242
AnTucssspiBaromue coctosaus 11 293 (¢)
AHTHCTOKCOBa KOMIToHeHTa II 209
AnTtudeppomarnerusm II 286, 309—311



BocripuuMumuBOoCTh 11, 315, 332 (¢)
B Moyt ['eitzenOepra 11317, 318
B Mozienn Xab6apnaa 11 300
onHoMepHas ternoyka (pemenue bere) I1 318
cB0OOOIHBIX 371eKTpoHOB I 299 (¢)
Teopus MoJiekyssapHoro nosst 11 332 (c), 338
sHeprusi ocHoBHOro coctosuusd 11 317, 337
AnnpokcumanTsl [Tane I1 326 (c)
Atomasle tuiockoct [ 99—103
unaexkcsl Musepa [ 101—103
cemeiicra I 100
coramienue 00 ooo3nauenusx 1 102, 103
COOTBETCTBUE C BEKTOpamu 00patHoil pemerku [ 99—101
ATtomnubiii ramunsToHuaH [ 182, 185 (¢)
ATtomuslii popm-daktop [ 116
bazuc II 87
bazonentpupoBannas pombuueckas pemierka bpass I 125
becmenesas cBepxnpoogumocts 11 341 (c)
bnaropoansie metasuibl [ 287—292
IBIpOYHbIe OpOHUTHI B HUX [ 291
30HHAas CTPYKTypa U nosepxHoctsb epmu [ 53
ko3 umment Xomna I 30
Marseroconpotusienue [ 71, 292
MOJTYJTb BCECTOPOHHETO CKATHUS
onruueckue comcrea I 297, 298
NOCTOsIHHAs pemeTky [ 82
TEII0EMKOCTh | 62
bawxaiimuit cocen 1 83
bnoxosckas crenka Il 334—336
bnoxoBckue GyHKINU S- U P-TUMA B TPUOIMKEHUN TIOYTH CBOOOIHBIX 3JIEKTPOHOB |
165, 166
bi1oX0BCKHE IEKTPOHBI
B olHOMepHOM ciydae [ 152—156
BOJIHOBOI1 BekTop I 143—147
B [IOCTOSIHHOM 3JIeKTpuuyeckoMm mnose [ 227
nuHamuka [ 216—244
neipku [ 228—232
U cBOOOHBIE MEeKTPOoHBI [ 216
Ha noBepxHocTsax [ 366—370
opOUTHI B MarHuTHOM nosne I 232—237
— — — — kBaHToBaHue [ 271—273
— ———mnepuoa [ 236
OTCYTCTBHE CTOJIKHOBEHHUI CO cTaTuueckoi pemetkoit [ 218, I1 47



IUIOTHOCTH ypoBHEi [ 149—152
ckopocts | 147, 379, 380
teopema 00 3¢ dexruBnoit macce 1379, 380
s-tuna u p-tumna I 165
s dekTuBHasS Macca (muHamudeckas) 1231, 232
Cm. maxorce 3anpellieHHas 30Ha; 30HHas CTPYKTypa; MeToa CuiabHOU CBA3H;
IInotHoCTh ypoBHEH; [IoBepxHOCTE PEpMu;
[Tonmykaccudeckas Mmojeinb; [IpubnuxkeHre mouru CBOOOIHBIX IJEKTPOHOB;
OddexruBHas macca bose-ra3, uneanpusiii 11 81
boze — Diinmreitna konaercamus [ 51 (¢)
bopna — Kapmana rpannunoe ycnosue. Cu. ['panudnbie ycaoBust
Boposckuii paguyc [ 79
JUIsl IPUMECHOTO YpOBHS B noynpoBoanuke 11 201
TOYHOE YucieHHoe 3HaueHue [ 371
Bbpunntosnosckoe paccesinue 1149, 108—111
kjaccuueckas kapruna Il 108—111
CTOKCOBBI M1 aHTUCTOKCOBBI KOMIOHEHTHI 11 109
bparrosckue makcumymsl (muku) I 105
u MarauTHeIe uke 11 312, 313
u paxtop [lebas — Bamiepa I 385, 386
npu 6echononHoM paccestuuu 11 100
bparrosckue minockoctu [ 107, 108
Y TIOYTH CBOOOAHBIE 31eKTpoHbI [ 162—166
bparrosckoe otpaxenue [ 108, 109
— —nopanok I 106
Bakancuu 11 233, 234. Cm. makowce JledexThl B KpUcTaIax
Banentueie 30ub1 [ 155
B MeTayax [ 197
BostHOBBIE (pyrKIMH | 197—199
— — CpaBHEHHE C BOJIHOBBIMU (DYHKLIUSIMHU
noHHoro ocrosa I 198
B nosrynpoBogHukax Il 185
Banentnsle anextpons! [ 18
U QyHIaMEHTaJIbHBIE TPYAHOCTH B MOJIEIIM CBOOOHBIX JIEKTPOHOB [ 72
paszpelenue TpyaHocrei [ 226
BannepBaanbcoBckue cuiibl cm. QyKTyallmOHHO-AUIIOIbHBIE CHIIbI
Bapuanuonsslil npuHuun ans ypaBHeHus boneumana [ 327, 328
— — 11t ypaBHeHus Lllpenunrepa ¢ nepuoanueckum norenuuanom I 383, 384
B3aumoneiicteue cm. JlalbHOAECUCTBYIOLIEE B3AUMOAEHCTBUE; [IMTTOIbHOE MATHUTHOE
B3aumoeicTBue; MoH-nOHHOE B3auMOASHCTBIE; MaruHuTHOE B3aUMOACHCTBIE
DNEKTPOH-UOHHOE B3aUMOICHCTBHE; DIIEKTPOH-(DOHOHHOE B3aUMO/ICHCTBHE;
DNEKTPOH-AIEKTPOHHOE B3aUMOJIEHCTBHE
Bekrop broprepca II 250—252



BekTopHblii HOTEHLIMAN B MOTYKIACCUUECKUX YpaBHEHMIX ABMkeHUs [ 385
— — 1 Mar"eTusMm 31ekTpoHoB 11 261
Bepxnee kputuueckoe nose I 346
Burneposckuii kpuctamnn 11 299
BunrtoBas gucnokanus I 249, 250. Cu. makowce {ucnokanuu Buntosas ock I 121 (¢),
134
Buxpesble muHuu B cBepxnpoogHukax Il 347, 348
1 KBaHT MarHuTHoro notoka Il 348 (c)
u Teopus [ ua30ypra — Jlannay I1 363 (c)
Bonnosoii Bextop @epmu 149, 51
BbIpaXCHHBIN uepes 1s [ 49
U JICKTPOHHAS TUIOTHOCTH B IPUOIMKEHUN CBOOOTHBIX 3IEKTPOHOB | 49
COOTHOUIEHUE C 1€0aeBCKUM BOITHOBBIM BeKkTOpoM Il 86 (c)
BonHoBbIE BEKTOpPBIL, UX MIOTHOCTH | 48, 143
Bonnossie nmakersl hoHonusbIe 11 124
— — anekTponnsie [ 219, 220
BonHOBBIE PyHKIIMM AJIEKTPOHOB B aToMe U MexkaroMHoe paccrosiaue [ 181, 116
Bonnsl cnunoBoi miotHoctH 11 299
Bocnpunmuuocts MmarautHast 11 260
antudeppomarnerukos Il 315
atromHuas I 261—265, 268—270
aTOMOB MHEPTHBIX ra3os Il 264
B IPpUOIMKEHUH MOJIEKyIsipHOro noss (3akoH Kropu — Beiicca) 11 332
BhICOKOTEMIepaTypHas (B Monenu ['eiizendepra) 11 323—326
— U BBIUHCIIEHUE KpUTHUyecKoi Temmeparypsl 11 326
nuamarnutHas Jlangay 11 280, 282
nuamarnutHas Jlapmopa I1 263—265
Jlanxesena II 264 (c)
MOHOB B LIEJIOYHO-TANOUIHBIX coeanHeHusx 11 264
MOHOB C YaCTUYHO 3aM0JHEHHBIMU 00onoukamu 11 268—270
mousipHas 11 264
ocobennocts nipu Tc 11315
napamarautHas [laynu cyw. Ilapamaraetusm
BpeMms Mex 1y CTOIIKHOBEHUAMU cm. Bpems penakcanuun
Bpems pexomOunanuu 11 223
Bpewms penakcanuu 21
BBIP@XEHHOE Yepe3 yaesbHOe conpotuieHue [ 23
JUISL U30TPOITHOTO YIPYTOro paccesiHus 3JIEKTPOHOB Ha nmpumecsx [ 326
1utst pononos 1T 126—131
— — B IIpolieccax nepedpoca u HopmasbHbIX npoueccax II 135
JUTSI DIIEKTPpOH-PoHOHHOTO paccesaust 11 151
JUIS1 JIEKTPOH-3JIEKTPOHHOTO paccesiHus | 346—348
3aBucsiee ot koopauHat [ 250 (¢)



— — — B nostynpoBojHukax 11 221, 223
U BEpOSATHOCTbH CTOJIKHOBeHHUs [ 316
u pacnpenenenue [lyaccona I 40, 41
Bpounckuan I 154
Bropoii 3Byk II 133—135
Brempsamistomee nefictsue p — n-nepexona Il 217—220, 225—230
Bripoxnennsie nonynpoBoaHuki II 195; cm. maxowce IlomynpoBogauku
I'a3 ximaccuyeckui
pacnpoctpanenue 3Byka B HeM 1 134, 135
cpaBuenue ¢ razom ¢ononos II 128 (c), 131 (c), 134
— — JJIEKTPOHAMM B HEBBIPOXKACHHBIX nosynpoBoaHukax I1 207, 208
['a3 anektponoB cu. [Ipubnmkenue cBOOOAHBIX JIEKTPOHOB; DICKTPOHHBIH ra3
["anpBanomaruuTHbIC 3¢ deKThl cv. Maraero-conporusieHue; Iddexr Xomna
[Mapmonunueckuii ocuuistop (kBanTosiid) 11 371
["apmonnueckoe npudmokenne I 52, 53, 115
JUHAMAYECKHHA CTPYKTYpHBIN (akTop B 3ToM npubinmxenun 11 383—385
ero HepocraTounocth 11 115, 116
u OecKkoHeYHas TeronpoBoaHoCTh 11 124
¥ 3aBUCHMOCTb 4aCTOT HOPMaJIbHBIX KojeOanuii or oovema I1 118, 119
UCTIONIBb3yeMOoe IS onrcanus konedanuit pemerku 11 50—78
u Teopus temnoemkoctu I 79—96
kBaHToBas Teopus 11 371—374
OTJIMYHME OT MPEATOIOKEHHS 0 Majoi amriuTyne konedanuii I 115
¢dbopmMma B cirydae mapHoro nmoteHmana I 53
sHepreTuueckue ypoBHu N-noHHoro kpuctaiia II 80.
Cm. maxoice Aarapmonndeckue wieHnsl; Konebanus pemerku; @oHOHBI
I'excaronanpHas Kpuctajanueckas cucrema I 126, 127
['excaronanbHas IIOTHOYNakoBaHHas cTpykrypa [ 86—91
U TpaHElleHTpUpOBaHHas Kyonueckas pemerka bpass [ 90
U TuIoTHas ynakoBka cdep [ 90
Y TIO4TH cBOOOAHBIE AnekTponbl [ 173—175, 299, 300
otHomenue c/a 1 89, 90
CHHH-OpOHTaNBbHOE B3anMoaercTBue B Heil [ 175, 299
cTpyKTypHBIH akTop [ 117, 118
AJIEMEHTHI ¢ 3TOU CTpyKTypoi I 89.
Cwm. maxorce lpocras ['excaronanbHas pemerka bpasa
['enuii TBepabIit naBienue kpuctausanuu (npu 7 = 0) 11 28 (¢)
u rapMoHnueckoe npubimxenue 11 53
U TIPETOJIOKEHUE 0 Majoi aMmruiuTy e konebanuii I1 115, 117
U paccesHue HetpoHos (B He3) 11 97
Y TEOpHs KBaHTOBBIX KpucTamuioB II 51 (c)
I'enuxonsl 141, 42
I'enepanus Hocureneit Toka Il 223. Cu. makace TlomynpoBogHUKH



['eomeTpuueckuii CTpyKTypHBIN (pakTop cm. CTPYKTYpHBIHA (hakTop
I'nOpuanzanus I 185
I'ucrepesuc (marauTHbIN) 11 335
['my6una nporukHoBeHus 11 353. Cm. maxowce CBEpXIIPOBOIUMOCTD; Y paBHCHHE
JlonponoB «I'onbie» nonst 11 142
I'panenenTpupoBanHas kyonueckas pemerka bpass [ 81, 82
30HbI bpustosna Beiie nepsoii I 169
P-30HBI B METO/IE CUIIbHOMU cBsA3M | 193
S-30HBI B MeTOJIe CHJIbHOM cBsizu | 186—188
U TeKcaroHalJibHasl INIOTHOYIakoBaHHas cTpykrypa [ 90, 91
U IoTHas ynakoska cgep [ 91
KOOpJMHAIMOHHOE yucio | 83
OCHOBHbIE BeKTOpHI [ 81
OCHOBHBIE BEKTOPHI 00paTHOI pemerku [ 97, 98
nepsas 30Ha bputtosna I 99
— — — 0003Ha4eHus TOUYEK BBICOKOH cummerpun 1 188
noBepxHOCTh DepMu B MPHOIMKEHHH CBOOOIHBIX 371eKTpoHoB [ 171, 172
peiierka, oOparHas K Hel [ 97
pemerounslie cymmsl 11 30, 31
CBAI3b C LIGHTPUPOBAHHOW TETparoHajabHOU pemerkon 1 124
YIIaKOBOYHBINA MHOKUTEND | 94
YPOBHHU CBOOOHBIX JIEKTPOHOB B Hel [ 167
yclioBHas sueiika | 85
AJIEMEHTHI ¢ ATOU peweTkoi [ 82
auerika Burnepa — 3elitua I 86
['paneuenTpupoBaHHas pomOuyeckas pemerka [ 125
I'panuna 3epen 11 253
I'panuna xpyuenus II 255
I'pannunsle ycnosus I 46
bopra — Kapmana (nepuoaudeckue) aist OJIOXOBCKHX AJIEKTPOHOB I 142
— — B MeToe cuiabHOM cBsi3u [ 183 (¢)
— — JuIs TUHerHou nenouku 11 59
— — 11 CBOOOIHBIX JIEKTPOHOB I 46
— — nys cnimHOBBIX BOJTH 11 319 (¢)
TSl Ta3a CBOOOIHBIX 3JIEKTPOHOB | 46
Ha noBepxHocTsaX [ 368
I'pynna cm. IIpocTpancTBeHHBIE TpymIbl; TOYEYHBIE IPYIIIIBI
JaneHoaeiicTByOIIeE B3anMo/IeiicTBIE U Konebanus pemerku 11 68 (¢), 76
— — — B HoHHBIX kpucramiax 11 170—173
— — — B Metayuax II 139
u pabota Bbixona [ 354
U peuieToyHble cymmsl 11 34—37.
Cm. maxoce KyaoHOBCKUN TOTEHLIMAT



JBornukoBanue I 250 (c), 254
JBoiiHoit cioit Ha moBepxHoctu [ 357, 358
JBosikonpenomistonue kpucramisl [ 390
JIByxBanentHole Merasuibl [ 298—300
JByxokunkoctHas moaens 11 351
Heb6aeBckas temneparypa (Qp)
JUIs1 HEKOTOPBIX 351ieMeHTOB I 88
3aBUCUMOCTB OT Temneparypsl 11 87, 88
HIEJIOYHO-TATOUIHBIX KpucTaiioB I 87
JlebGaeBckas yactoTa Wy, 11 86

— — cpaBHeHue ¢ sHeprueit @epmu I 155
Je6aerckuii BotHOBOM BekTop (kp) II 85, 86
— — — COOTHOIIIeHUE C PEePMUEBCKUM BOJTHOBBIM BeKTOpoM II 86 (¢)
He-bpoiina nnuna Bosnsl [ 47
— — — YKCJICHHAd CBA3b C SHEPruen 31eKTpoHoB | 365
Henvra-cumBon Kponekepa [ 96
Hedextrr B kpuctaymax 11 233—258
rpaHulibl 3epen, 11255
nByMmepusbie 11 233, 254, 255
nedexTsl ynakoBku I 254
nuciokanuu 11 247—255
Y NMPOBOJMMOCTh MOHHBIX KpucTayos Il 238, 239
u npouecc HamarouuuBanus II 335
1 1eHTpbl okpacku I 239—243
Kak paccenBaroniue neHTpol [ 218, 314
MarauuTHble npumecu 1 302—304
omxur I 238
cmemanuelie, Openkens u Mlottku 11 256
TepMOJAMHAMUKA JTUHEHHBIX B NBYMepHBIX AedektoB Il 237, 238
TepMoauHamMuKa ToueuHbIx nedektoB (Openkens, LLloTTku niu cMenanubix) 11
234—238, 256
TOYEYHBIE, IMHEHHbIE U AByMepHBbIe I 233
®penkens 11 237
[Tortkwm 11 234
Cm. makace lucnoxkanum, LlenTpsr okpacku [ledopmarnmonroe ynpounerue 11
253
Hedbopmarmonnsrii norHuk I 254
IxoyneBo Tero 141, 254 (¢)
JlnaMaraeTusm
aTOMHBIN (1apmMopoBckuii) I 263—268
— B HOHHBIX kpucTaiax I 264
— B TBEPIbIX MHEPTHBIX razax Il 264



— CpaBHEHHME C MarHETU3MOM UIEKTPOHOB ITPOBOAUMOCTH B MeTaiiax Il 284
— — ¢ IapaMarHeTu3MoM, onucbiBaeMbIM 3akoHOM Kropu 11 284
B JIETUPOBAHHBIX OJIynpoBoHuKax I 282
uneanbHblil (g ekt Meiicuepa) 11 342, 345, 353
Jlanpay I1 280
Cwm. maxorce BocnpunmunBoctsb; Dddexr ne ['aaza — Ban Anbdena
Junamuka pemerku cv. KoneGanust pemeTku
Junamuueckas marpuna Il 67
JUIsL KpUCTaIa ¢ T. 1. K. pemerkoit 11 77—78
cummerpus 11 66, 67
Junamudeckuii cTpykTypHbiit Gaxtop 11 383
— — — B rapMoHuueckoM npubmkenuu I1 383—335
JumonbHOE MarauTHOE B3aumoeiictue 11 288
1 oOMeHHoe (KyJOHOBCKOe) B3aumoeiictue 1 287, 288, 295
u obpazoBanue gfomeHoB I 333—336
pasmaranunBatonuii paxrop I1 337
JunonbHbI MOMEHT (35ieKTpuueckuit) cm. [luposnekTpuueckue KpucTauibl;
[Tonsanusyemocthb; CerHeTo31eKTPUUECTBO
Hucnokaruu 11 233, 247—255
Bektop broprepca II 250—252
BuHTOBBIE 11 249, 250
B 001mem ciyyae I1 250—252
u rpanunsl 3epel 11 255
U aBonnHukoBanue 11 254
u nedextsl ynakoBku Il 254, 255
u neopmarronHoe ynpounenue 11 253
U IPOYHOCTh KpucTayuios II 252, 253
u poct kpucramios Il 253, 254
u ckonbxkenue 11 249, 250
kpaessle 11 249
HaoOmonenue 11 254
mwioTHOCTh 11 249
ynpyras 3Heprus I 258.
Cm. maxorce JIepexTsl B KpUCTAIUIAX.
Hucnepcuonnas kpusas 11 61
IUISA JIMHEWHON nenouku ¢ 6azucoM Il 63—65
JUJI1 MOHOATOMHOMW JINHEMHOM LIENIOYKHU CO B3aUMOJEHCTBUEM MEXKIY
onmmxaiimumu cocensamu 11 60—62
— — — — CO B3aUMO/ICHCTBUEM MEKIY m Ommkaimumu cocensmu 11 76
JUIsl TpEXMEPHOW MOHOATOMHOM peeTku bpasa II 69
JUTS TpeXMepHO# perietku ¢ 6azucom 11 71.
Cwm. maxowce Konebanust pemetku; @OHOHBI
Hucnepcuonnsie cootHomenus (Kpamepca —Kponwura) 1392



Hudpakuus pearrenoBckux sydeit 1 105—109, 11 385, 386
aToMHBIH popm-akrop I 116
Oparrockue MmakcuMyMsl [ 105
Oparrosckoe otpaxenue I 109
BiMsiHUE Konebanuit pemerku 11 49, 386
muddysnbiii gon I 104 (c)
u ¢ononnsblit cnextp 11 108
kak paccessHue yactui Il 100, 386
KomnToHoBckuid ¢on 11 108
MeTo]1 Bpawatouerocs kpucramia [ 110, 111
meroxa Jlaya 1110, 111
MEXaHMU3M NOoYTH ynpyroro paccesHus 1 106 (c)
nopoukoBbiit Meton (Meton Jle6as — Illeppepa) I 111
noctpoenue Opanpaa [ 109
cTpyKTypHBIH dakTop [ 113—116
ycnosue bparra I 105
daxrop [ebas — Bamrepa II 114, 386
¢dopmymnuposka bparra I 105, 106
dopmynuposka Jlays I 106—108
HKBUBAJIEHTHOCTH (popmynupoBok bparra u Jlays 1108, 109
Hudpakuus snextpoHoB I 364—366
Jduddysznonnas obnacts (B p — n-nepexone) I 225—229
Huddysnonnsie munsl I 224, 225
Juddysnonnsriii Tox 11 221
Husnextpuku, ominuue ot metawioB [ 72, 226, 227, 11 184
— — o1 nonynpoBoaHukos II 185
JusnexTpudeckas IpOHUIIAEMOCTh
u k03 punment orpaxenus 1 392
MOHHBIX KpucTasuioB II 172—174
u ontuyeckue Mmoanl I 172, 173
U nokazatesnb npenomienus 11 157
U ipoBoaAUMOCTh | 390—392
KBaHTOBOMeXxaHu4eckasi ¢popma I 393
KOBaJIEHTHbIX KpuctamioB I 177
metamna 1 33, 11 141—144
nosynpoBoguaukos 11 200, 201
npu Bblcokux yactorax I 170
JusnexTpuueckasi MPOHUIIAEMOCTh CeTHETOAIEKTpUKOB 11 181
cootHouenue Knaysuyca — Moccortu 1l 166
cootHouenue Jlngnana — Caxca — Temnepa 11 171, 172
LIEJIOYHO-TATOUAHBIX KpuctamioB I 176
anekTpoHHoro raza [ 338—343
— —mo Hpyne I 33



— —no Jlunaxapay 1342, 343
— — 10 Tomacy — ®@epmu 1 341. Cu. maxorce IlonsapuzyemMocTsb
JlnnHa korepeHTHOCTH B cBepxipoBoaHukax Il 352 (c)
— — U pa3mep KynepoBckoi napsl I 356
Jnuna paccesnus I 381
Jlinaa cBoboaHOTO TIpoOera B MeTayiax I 24
— — — BBIpaKEHHas uepe3 yAeabHoe conpoTusieHue [ 65.
Cm. maxoce Bpems penakcauuu
Homensr 1 333—336
01oxoBckasg qoMenHas ctenka Il 334, 335
nunonbHas sHeprus I 333—335
sHeprus anuzorponuu II 335, 336
Hounopuslie npumecu I 199. Cu. maxace p — n-nepexon; llpumecu B
noaynpoBogHukax; [TomynpoBogHuKN
JlonnepoBckuii ¢ABUT YaCTOTHI paccessHHbIX BOJIH I 112
HpeiidoBas ckOpocTh BO B3aUMHO MEPIEHANKYISAPHBIX SJIEKTPUIECKOM U MAarHUTHOM
nosisix 1236
Hpeiidossrii Toxk 11 221
—unen [ 319
Hpipku [ 228—232
Y IIPOBOIUMOCTB NMOITYNnpoBoAHUKOB II 185
U CTaTU4yecKas IpoBOAUMOCTS [ 252
u TepMo-3.4.c. I 259
u 3¢ dexr Xomra [ 239—240
s dexkTuBHas macca [ 232.
Cwm. maxorce Tlomyknaccuueckast Mozienb; [1omynpoBoiHUKH
Jpipounas nosepxHocts [ 171
— — B amoMunuu [ 302
— — B cBuHLE [ 304
Hpipounsie opoutsr I 233
— — B Onaropoanbix Metamiax [ 291
Enunanna Jlebas (nns aumnonbHOro Momenta) 11 183
Kuaknii He’ u tpumnernoe cniapusanue I1 356
3anavya MHorux Tein [ 331
3akon bioxa T32 11 322
——ToI 152
3akon Bunemana — ®panna I 35, 36
B KJ1Iaccuueckou teopun [ 38
B IoJTyKJ1accudeckoi mozenu 1 256, 257
B TEOPUU CBOOOTHBIX JIEKTPOHOB | 66
HENPUMEHUMOCTb B cllydae Heynpyroro paccesnus [ 323
ciydaiinbiil yenex I 38, 66
Cwm. maxorce TennonpoBogHocTh MeTaiioB; Yucino Jlopenna



3axon ['proHaiizena cu. 3akou bioxa T°
3akon [lebas 11 85. Cm. makoice TennoeMKOCTh (pEIIeTOUHas )
3akon aeictByromux Mace Il 197
3akoH /rononra u I1tu II 54—58
u katactpoda Panes — Jxunca I 94
KBaHTOBBIE ITONPABKY IPU BbICOKUX Temneparypax Il 82, 95
Hapyiuenue I 57, 58.
Cm. maxosce TemnoeMKOCTh peleToyHast
3akon uznyuenus [Lnanka I 95
3akon Kropu 11 270—272, 284, 325
JU1st CBOOOTHBIX HOHOB U TBepAbIx Teu Il 272—275
u 3¢pdexruBHOE uncno marueronos bopa 11272, 273
nonpaBku K Hemy Il 323—326.
Cm. makorce BocipuMMUKUBOCTh
3akon Kropu — Beticca I 326 (¢), 332
3akon Oma [ 22, 23
3akoH paBHOpactpeaenenus suepruu [ 24
3akon Credana — bonbmana II 95
3akon duxka Il 221 (¢)
3akon @ypwe [ 36
3aKOHbI COXpaHEHUs U NpUOIMKeHne BpeMeHHt penakcauuu I 326, 327
3amopakuBaHue opouTansHOro MoMeHTa Il 273
3anpemiennas 3o1a [ 148
B quanekTpukax I 184
B OIHOMEpHOM cityyae [ 155
B nosrynpoBogHukax Il 185
— — n3mepenue 11 188—190
— — TeMmneparypHas 3asucumocts I 189, 190
Ha OparroBckux miockoctsx 1 167, 168
3apsin 3urertu 11 173
3apsin aneKTpoHa, cornameHue o 3Hake [ 18 (¢)
3aryxaHue ynbTpa3Byka B cBepxinpoBognukax Il 350, 351
— — n nosepxHocTh Pepmu 11 275—277
3epkanbHas wiockocts [ 131
3epkanbHoe oTpakenue [ 105 (¢)
3epkanbHO-110BOpOTHAst och [ 129
3ByK
B Kj1accuueckoM rase II 133—135
B Metasutax Il 138—141
— — 3aryxaHue u nosepxHocts ®epmu [ 275—277
— — u cBepxnposogumocts II 350—351
Bropoii II 133—135
1 MexaHuka crutonrHo cpeast 11 140 (¢)



KaK JUIMHHOBOJIHOBBIN Tpezaen konebanuitl pemetku 11 69
cooTHoueHue boma — Craepa 1151 ckopoctu 3Byka B Metaiax II 141.
Cwm. maxorce Teopus ynpyroctu
3ona cu. 3ona bpuintosna; 3ona J[>xoHca; Cxema noBropstomuxcs 30H; Cxema
IIPUBEAEHHBIX 30H; CXeMa pacIIMpEHHBIX 30H
3ona bpusntosna nepsas [ 98, 99
JUIsl TPAaHELIEHTPUPOBAHHON U 00BEMHOLIEHTPUPOBAHHON pereTok [ 99
U CX€Ma IpHUBeIeHHBIX 30H | 149
3ona JIxonca I 175
3oHa npoBoAMMOCTH B MeTaiax [ 226
— — B nostynpoBoaHuKkax II 184
3oHHas cTpykTypa [ 147
Bbruncienue [ 195—214
METO/i OPTOroOHaNM30BaHHbIX MIockuX BoJaH (OI1IB) [ 209—211
— npucoeauHeHHbIX miockux BoiH (II1B) I 204—207
— nceronorenuuana [ 211—213.
Cm. maxorce 1lpubnnkeHne MOYTH CBOOOHBIX 3JIEKTPOHOB
— cubHOM cBs3u 1 186—188, 193, 194
— — — B HEeKOTophIX MeTaytax [ 283— 312
————— nosynpoBogHukax I 190-193
— — — B ogHOMepHOM ciydae [ 152— 155
— ¢ynkuuii I'puna (KKP) 1207—209
— sueek [ 199—204
U pa3JInuue MEXIY AU3JIEKTpUKaMu U Metaiamu [ 226
u peppomarnetusm II 299 (c)
LIEeJIOYHO-TaTOuAHBIX KpHucTasuioB 11 14
30HbI
3anojaHeHHsle | 224—227
CpaBHEHME C aTOMHBbIMU ypoBHsAMU I 186, 187
YaCTUYHO 3aroJHeHHbIE | 226
3onbl bputtosna Beiue nepsoit [ 169—172, 177—179
JUIsl TPAaHELIEHTPUPOBAHHON U 00BEMHOLIEHTPUPOBAHHOM KYOMUECKUX peleTok [
169, 170
KaK 3JeMeHTapHble ssueiiku [ 169
KkBazapaTHOH pemeTku [ 169—178
d-3omp1 I 185, 288, 289
p-3oub1 [ 185, 193, 194
s-30HBI I 185, 186—188
Nznyuenue uepHoro tena I1 94, 95
«M300paxxenue 3apsna» u padora Beixoaa I 359 (¢)
Nzorommueckuii a3 dexr 11 353 (c)
Nmnynsc epmu 149
WNuBepcuonHas ochb [ 129



WuBepcus otHocutensHo Touku [ 120, 131
WNunexcst Mumnepa I 101, 102
— — B KyOonueckux kpuctamiax I 101
Wueptusble rassl TBepasie 11 21, 22, 28—33
JIMaMarHuTHas BOCIpUUMUYUBOCTS 11 264
HyseBble konebanus nonos 11 31, 32
napametp ze bypa 1142, 43
napametpsl Jlennapaa-/lxonca II 29
nossipuzyemocts 11 168 temnmoemxocts 11 56.
Cm. maxorce T'ennii TBepabIil; MoeKyIsIpHbIE KPUCTAJIIbI
Nurerpan Yambepca I 248 (c)
Wnrerpans nepexpeitus [ 184 (c)
— — n mupuHa 30HbI I 188, 189
WNudpakpacHoe noriomieHre B ceepxmnpoBoanukax Il 350
— — U PE30HAHCHAs JIMHMSL, OTBEYAOIasi 0CTaTOUHbIM Jydam II 176
Hon-noHHoe B3auMojeicTBre «rosoe» u «oaeroe» 11 139
Honnast nina3MeHHas yactora B Meraax Il 139
Hounnas npoBogumocts 11 238—239
Honnasg cea3p 11 11, 20
Nounnble kpuctamisl 11 9—11
AiBvn (uenouno-ramouansie) I 12—15
AunBvi 11 17-19
AuBv (nmpomexyTo4HblE MEKy HOHHBIMU U KoBasleHTHbIMHU) 1T 19, 20
kore3zuoanas sueprus 11 33—39
kodddunment orpaxkenus I1 175
mozenb aedopmupyembix nonos II 54, 169, 172
ontuueckue Mol I 170—176
ontuueckue cBoiictea Il 173—176
ocrarounsble ayuu Il 176
noctostHHast Magenynra II 35, 36
nposoaumocts 11 238, 239
CpPaBHEHME C KOBaJIEHTHbIMU Kpuctauiamu 11 20
YCTOWUYUBOCTh KPUCTAIINYECKOM CTpyKTYyphI 11 43.
Cwm. maxorce Vionnsle paanycsl; LlenTpel okpacku; LllenouHo-ranounsble
COEJIUHEHUS
Nonnsie octosl 11 5 (¢). Cm. maxoce OTTankuBaHue Mexay cepleBUHAMH aTOMOB
WM UOHOB; DJIEKTPOHBI aTOMHOI'O OCTOBA
Hounnsle paguycer I 15
B coequuennax tuma AuBvi Il 15—19
JUTSL IEJNOYHO-TaOUIHBIX coequnenuit II 15—17
CpaBHEHHE C TIOJIOBUHOW PACCTOSHUS MEXKAY ONMKAMITIMHA aTOMaMH B METaJlIax
1123
Hounnblit Mukpockor I 366, 367



«KapmaHb» 3eKTpOHHBIE H/1iH bipouHbie [ 172
Karactpoda Panes — xunca 11 94
Karunon II 12
KBaznpynosnbHOE B3auMoIeiCTBUE B KpUCTAJUIaX ¢ HU3KOM cummerpueit 1 355 (c)
KBasunmnynbc
Y BEKTOpHbIN noteHuuan I 385
u umnynsc [ 146, 222, 1199, 100, 375, 376
U MEX30HHBIE nepexoasl 1 294
U ONTUYECKHUE CBOWCTBA NoynpoBogHuKoB I 189, 190
u niporieccel nepedpoca 11 130
KJIaCCHYECKasl TOUKa 3peHUs Ha 3akoH coxpaHenus I 111—113
obmas teopus 11 375—380
oneparop 11 378
coxpaHeHHe Ipu paccestHuM Heltponos 11 99, 100, 379, 380
— — ¢onon-pononHom paccestauu 11 126, 378, 379
— — 21eKTpoH-(hoHOHHOM paccestauu 11 150, 380
anekTpoHOB | 146 Cm. maxoice Iponeccsl nepedpoca
KBazuxumuueckuii norenuuan I 232
KBazuuacrtuups! (kBazusnektponsl) [ 348, 349
Ksant marautnoro nmoroka Il 348 (c), 364
KBanToBanue opout [ 271—273
KsanToBsie kpuctaisl 11 47 (c), 51 (¢)
KBanToBble 3()(heKThI B TBEpABIX MHEPTHBIX Ta3ax cu. HyneBbie konebanus
Kunernueckas Teopus ra3oB B IpUMEHEHUH K MeTasuiaMm [ 18—42
————— K pononawm II 127, 128, 133—135
Kinaccuueckuii npenen I 64—65
KoBanentnas cs3b 11 11, 21, 177
B MeTayax I 22
nosisipuszyemocts I 177
KoBanenrnslie kpucrasmisl 11 7—9, 21
JIudIieKTpudeckas nponunaemocts 11 177
nosisipuzyemocts 11 177
pacmnpenenenue aneKTpoHHoro 3apsiaa Il 8
C MOJIYIpOBOAHMKOBBIMU cBoiicTBamu II 188, 189
CpaBHEHME C MOHHBIMU KpucTayuiamu 11 20
KoBanenrtuslie paguycsl II 19 (¢)
Koresuonnas sneprus II 26—44
B MOHHBIX kpucrtauiax 11 33—39
B TBEP/IbIX MHEPTHBIX razax Il 32
Kore3us
B KOBaJIeHTHbIX kpucramiax Il 39, 40
B M€TaJUlaX, OMUCHIBAEMBIX MOJICIIbIO CBOOOIHBIX 3eKkTpoHOB 11 40—44
B TBEP/bIX MHEPTHBIX razax Il 28—33



Konebanus peuietku
aguabatudeckoe npudmmkenue 1 53—54
akyctudeckas BeTBb Il 64—65, 70, 71
B3auMo/eiicTBue uznyuenus ¢ uumu I 97— 114
B MOHHBIX kpuctamiax 11 157, 170, 173
B Metaynax Il 138—156
— — noApoOHo 3anucaHHbIi 3akoH aucnepcun 11 155
— — cootHoeHus boma — Crasepa 11 141
B OJJHOMEpPHOM MOHOATOMHOM pemietke bpass II 58—62, 76
B OJJTHOMEpHOI1 pemieTke ¢ 6azucom I 62—66, 76, 77
BOJIHOBEIC ITakeTsl, 11 124
B ClIydae TPEXMEpPHOIl MOHOaTOMHOM pemerku bpasas I 66—70
B Clly4yae TpexMepHoH pemretku ¢ 6azucom 11 70, 71, 77, 78
rapMoHuudeckoe npudmmkenue I 50—53
JnansHOAeHcTBYyIoMIEee B3auMozeiicTeue Il 62 (c), 68 (c), 76
nebaeBckas mojenb criekrpa I 85—89, 92—94
nuHamuueckas matpuia Il 68
3aBHCHUMOCTB 4acTOT OT oOobema Il 118—121
u anrapmonndeckue 3¢ dextsi I 50, 115—137
u nudpakiys peHTreHoBckux aydeit I 104 (c), 385—386
U IURJIEKTPUUECKas IPOHULIAEMOCTh MeTaos, Il 141—144
U OTIEPATOPHI POKICHUS U YHUUTOXKEHUS HOpMabHBIX Mo I 372
u paccesinue ektponoB [ 218, 315, 11 149—152
u Teopus ynpyroctu [ 71—76
u TemioBoe pacmupenue 11 118—122
u TermioeMkocTh 11 54—58, 81—91
U TermtonpoBoaHocTh 11 123—133
u TepMo-3.4.c. I 259
u cBepxmposoaumocts I 354
u aektpoconporusienue [ 315, 11 48, 149—154
kBazuumnyisce I 111—113, 375—380
kBanToBas Teopus Il 79, 80, 371—374
kiaccuueckas reopus 11 50—78
KpaTKuii 0030p OCHOBHBIX (puszmueckux cnencrauii 11 46—49
OIpe/IeNIEHUE CIIEKTPa ¢ OMOIIIbIO paccesiHus HelTponos 11 97—107, 385
————— peHTreHoBcKuXx Jiyuelt 385, 386
————— cera Il 108—113
onruueckas BeTBb 1l 64, 65, 70, 71
ocobennocty BaH Xosa 11 92, 93
ocobennoctu Kona II 141
IUIOTHOCTH HOpMaJibHBIX MoJ 11 92—94
IUIOTHOCTH TeIu1oBoi 3Hepruu 11 81
nossipuzanus 11 68—70, 77, 372, 374



SUHIITEHHOBCKAs Mojiens cnekrpa I 89—91, 93
Cm. maxorce AHTapMOHUYECKHE YiIeHbl; [ apMoHMYeckoe mpubamkenue; Monaeib
JHebas; Monens Ditnmreiina; [lonspuzanus; DoHOHBI
KomnencupoBanusie Metansl [ 240
koapunment Xomna [ 241, 243, 244
Maraeroconpotusienue 1 240, 243
Komnonents! nepopmanuu 11 74
Komnronosckoe paccesnue 11 108
KonTakTHas pasHocTs noreHuuanos [ 359— 361, 369
— — — MeToJl u3MepeHus, npeanoxeHublii KenssunoM I 361. Cu. makorce
Pabora BbIXOAQ
KonraktHoe (pepmueBckoe, cBepxToHkoe) B3aumoaericteue 11 281 (c)
Konuentpanus Hocureneil B noinynpoBoanukax I 194—199, 203—209
B HEpPaBHOBECHOM p— n-nepexoje 11 218, 227
B HecoOcTBeHHOM nosynpoBoaHuke II 198, 199
B paBHOBECHOM p — n-niepexoje 11 217
B coOcTBeHHOM nonynpoBoanuke I 192, 193
reHepaIys Ipy TEIIOBOM Bo30yxaenuu 11 222
KOOpJAMHATHAs 3aBHUCUMOCTH I 229
HeocHoBHBIX Il 215 (¢), 219, 226 (c)
Koopaunanuonnoe uucino I 83
Koppensuuonnas aiuna I 329 (c)
Koppensuuonnas sueprust [ 336. Cu. maxorce DneKTpOH-3JIEKTPOHHOE B3aUMO/ICUCTBUE
Kocsennslit 0omen 11 296—297
— — u penkozemenbubie MeTasuisl I 301 (¢)
Kospuurusnas cuna I 335—336
Koadduument nenonspuzanuu 11 164 (c)
Koadpuument nudpdy3un 11 221
KoaddunmeHnT orpakeHus U ASCTBUTENbHAS AUAJICKTpHUECKas mpoHutaemocts 11 175
— — U KOMIUIEKCHasl IUJIeKTpruyecKas npoHunaemocts [ 392
Koadduument Ilenpthe 1 259
KoadduumenT npoxoxaenus (pu npoxoxaeHun yepes 6apnep) 1 153
Koaddunment Xomma I 28
B IBYX30HHOM Mojenu [ 243
B CHJIbHBIX TOJISIX, IOJYYEHHBIN B IOJyKJ1accuueckoi monenu 1239
3Hak [ 28, 29
KBaHTOBBIE OCLIWIISILIMU B CHIIBHOM 11osie [ 265
dopmyna pyne 129
Kpaesas nucnokanus I 249. Cym. makoce Iucnoxaunn
Kpamepcosckoe Beipoxkaenue 11 275
Kpucrannnueckas cTpykrypa
anmaza I 86—88
oenoro onosa I 135



Bypuura II 18
rekcaroHajibHas IoTHoymnakoBanHas [ 88—90
onpeJiesIeHUe ¢ TOMOIIbI0 paccessHust HerTponos 11 100
— — — — peHTreHoBckux nyyeit [ 104
nepoBckura Il 181
xJyiopuga Hatpus [ 91 ,92
xjopuaa ue3us [ 92
nuHKoBOM oOmanku I 88, 93
Kpucrannunueckue cuctemsr [ 121—128
rexcaronanpHas I 126, 127
uepapxus [ 128
KaK To4euHble Irpynmnsl peuietky bpass [ 121, 123, 127, 128
konmmuectBo 1 121, 122, 127
kyonueckas I 123
MoHokJmHHAag 1 125, 126
pomOuueckas [ 124, 125
terparonansHas [ 123, 124
TpuroHaipHas I 126
TpukiauHHas [ 126
Kpucramnorpaduaeckue Toueunsie rpynmst [ 121, 127—132
konuuecto [ 130
kyonueckue [ 129
MEXIyHApOoIHbIe 0003HaueHus [ 127—132
HekyOuueckue I 130
o0o3nauenus lengpmuca I 129—132
onepanuu cummerpuu I 128—131
COOTHOUIEHUE C KpUCTAUInYecKuMu cuctemamu [ 127, 128.
Cm. maxorce Kpucramiueckue CUCTEMbI
Kpucrannsl, npounocts 11 252, 253
— pocr 11 252—254
Kputnueckas remneparypa maruutHoro nepexona Il 309, 316
B TEOPHUH MOJIEKYJISIPHOTO MO U TouHble 3HayeHus 11 331
B (heppOMarHeTHKe U BeIMYMHA JUIOIBHOTO B3aumozericteus 11 288 (c)
i antudeppomarnetukos 11 311
st peppumarnerukos 1311
st peppomaraeruxos 11 311.
Cm. maxoice AatudeppoMaraeTram; MarHuTHOE YIIOPSIIOUCHHE;
®eppumarnerusm; GeppoMarHeTusm
Kputnueckas remieparypa cBepxmposogsiiero nepexoaa Il 342
B MarautHoM nojie 11 342, 346
npenckasanus reopun BKII IT 359.
Cm. maxorce CBEpXIIPOBOJUMOCTD
Kputnueckas reMmneparypa ceraerosnekrpuueckoro nepexona Il 179—181.



Cm. maxorce CETHETOIEKTPUUECTBO
Kpurtnueckas touka I 316 (c), 326—329

runore3a ckenunra Il 327—329

— — B Koppesinuonnoi pynkmmu 11 329 (c)

— — ypaBHeHue coctosiHus 11 328

KpuTH4ecKue rnokasarenu crenenu I 314— 316

— — — B Teopuu MoJekyspHoro nos 11 338

— — — i 1ByMepHoit moaenu M3unra 11 327

Teopus MoJieKynsapHoro nosst 11 329—333, 338
Kputnueckuii Tok II 344

B LIUJIMHIpU4ecKkoil mpoBooke I1 369

s ekt Cuobu II 344
Kputnueckoe none (He) 11 343, 344, 346—348, 349

BepxHee (He2) I 346—348

B CBEpXIIpoBOAHMKAX 1-ro poxa II 346

B CBEpXIIPOBOAHMKAX 2-T0 poaa Il 346—348

Hwxkuee (Het) 11 346, 347

CBA3b CO CKauKoM TeruioeMkocTH 11 368

CBA3b CO CKpBITOM TeruioToi nepexoxa Il 368

Cm. maxoice CBepXIpoBoauMocCTh; D dext MeiicHepa
KyOunueckas kpucrammnueckas cucrema [ 123

00o03HaueHus ToueuHbIx rpynm [ 132

CBA3b C TPUTOHAJIbHOM cuctemoit 1 126.

Cwm. maxorce I'panenieHTpupoBaHHas Kyondeckast pemierka bpasa;

O6bvemHOLIEHTpUpPOBaHHAsA KyOuueckas pemierka bpasa; [Ipocras kyOuueckas

pemetka bpasd
KynoHoBckuii moreHuman

u MoHHas masma Il 139

Y KOT€3MOHHAas SHEPrUsl MOHHBIX KpucTtaios [ 33—37

¥ OrpaHUYEHUs Ha KOHIEeHTpauio aedexros II 237

Y ONTUYECKHE MO/l B MOHHBIX KpucTauiax II 170

u moBepxHocTHbIE 3 dekTsr [ 353

u pewietounble cymmel 11 34, 35

KaK «kjei» s tBepasix Tea 11 10

noctostHaeie Manenynra II 35, 36

bypre-o6pas 1333, 351, 352

sKpaHupoBaHHbIN [ 341.

Cm. maxorce JJanbHOAEHCTBYIOLIEE B3aUMOJICHCTBUE; DKpPAaHUPOBAHNE
Kyneposckue naps I 354—356

rpyOsrit pacuer II 369

u 6030H5I 11 355 (¢)

pasmep II 355 (¢), 356
Jlazeps! u onpenencnue Gpononnoro cnexrpa Il 108



JlapmopoBckuii tuamaraerusm I 263—265
JlerupoBanue nonynpoBogHukos I1 210
Jlen 11 24
JInHeiHasa nenoyka
nsyxaromuas II 76, 77
u niocrosinHas ['pronaiizena Il 136
MoHoaTtoMHast [I 58—62
¢ 6azucom II 62—66
CO B3aUMO/ICHCTBUEM MEKIY m Ommkaimumu cocensimu 11 76
Jluneitnas komOuHaius atoMHbIX opoutanet (JIKAO) cu. Meron cunbHOM CBSI3U
Jlunetinsie nedextst Il 233. Cym. maxoce JIledexTsl B kpuctaiiax; Jucinokanuu
JlokanuzoBanubie MoMeHThI I 300—304
U MUHUMYM 3J1ekTpoconpoTtusienus 11 302— 304
kputepuii gokanuzauuu 11 301 (c)
JlonpoHoBcKas riryonHa npoHukHoBeHus 11 353
Marneroakyctuueckuu 3¢ dexr 11 275—277
Marueron bopa II 261
s dekTrBHOE YrCcIo MarHeToHOB bopa 11 272—274
Maruerocomnporusnenue [ 28
onaropoansix metamios [ 71, 292
B IBYX30HHOU Mojenu | 243, 244
B KOMIIEHCUPOBAaHHBIX MeTaiuiax [ 240, 243, 244
U OTKpPBITBIE OpOuTHI I 240—242
Hacelmenue [ 240
nosrykyiaccudeckas reopust [ 237—242
nonepeunoe [ 28 (c)
POOJIEMBI, CBSI3aHHBIC C TEOpHEH CBOOOIHBIX 3NEKTPOHOB [ 71
nponoisHoe 1 28 (¢)
teopus Hpyne 1 27—31
MarnuTHas aHU30TpONUs
Y HaNpaBJICHUS «WIETKOTO» U «TpyaHOro» HamarHuuusauus [ 335 (c)
u oOpazoBanue qomeHoB I 335
u cniuHoBbIe BouiHbI 11 322 (¢), 338
Y CIUHOBBIN ramuiibToHuaH II 295
sHeprus I 335
MarnuTHas BOCIPUUMYUBOCTH cM. BoCIpHIMUYNBOCTH
MarnutHoe B3aumoeictaue I 286—307
B ra3ze CBOOOJHBIX JIeKTpoHOB II 297—299
B JBYX3JIeKTpoHHOM cucteme II 289—296, 304-306
JUIOJBHOE cM. JIUTTONbHOE MarHUTHOE B3aUMOJICHCTBUE
u aguabarudeckoe pazmarunuubanue 11 276, 277
u 30HHas Teopust 11 299 (¢)
1 nokanbHbie MOMeHTHI 11 300—304



U MUHUMYM 3JiekTpoconporusienus 11 302—304
u MoJienb Xab6apaa 11 300
u npasuiio Xysaa I1 265
u npuHuun [aynu 11 289
U cnuH-opOuTanbHas cBs3b 11 288
anekTpocraruueckas npupona Il 287—290. Cm. maxowce JunioibHOE MarHUTHOE
B3anMoJieiicTBre; MarauTHoe ynopsaouenue; Monens [ eitzendepra; CnHOBBIH
raMuIbTOHUAH
MaruutHoe oxaaxaeuue 11 276, 277
Marnutnoe ynopsaouenue Il 287, 308—339
B monienu ['eitzenOepra 11 316—326
B Mozienu M3unra I 327
u paccessHue Heiitponos 11 312, 313, 338
1 Teopust MoJiekynsipaoro noss 11 329—333
U si7ICpHBIM MarHUTHBIN pe3oHanc I1 314
kputnueckas remneparypa Il 308
OTCYTCTBHE B OJTHO-U IByMEpHOI n30TponHoi Mozenu [ eitzendepra II 322
MOBe/ICHNE BOJIM3YM KpuTHuecKoi Touku 11 326—329
tunsl [ 287, 309—311. Cm, makoce AutudeppomaraeTnsm; BocnpuiMInuBOCTb;
Kpurtnueckas Touka; MarautHoe B3aumoeiicteue; Mopens [ eiizenbepra;
Teopus monexyispHoro nosst; @eppumarnerusm; eppomaraeTusm
MaruuTtHble UKY pu paccesHuu HeiitpoHos 11312, 313
MaruutHble npumecH B HopMaibHbIX MeTaiax [ 300—304
— — B cBepxnpoBogHukax I 341 (c)
MarsuTHble CBOMCTBA CBEPXIIPOBOAHUKOB ci. Kputnueckoe mnoue;
CaepxmpoBoaumMocts; Jpdext Meiicuepa
MarnuTthsie criaBsbl (pa3zdasiennsie) I 300—302
MarHuTHbII MOMEHT
MOHOB Ipymnisl xenesa I 274
KJaccuueckoe onpenenenue I 283
noxanusosanHsbii 11 300—302
peako3zemenbHbIX HoHOB 11 273
anextponos Il 261, 262
s dexkTrBHOE YrCcIo MarHeToHOB bopa 11 272
s dexrunbi 11270
snepusiit 11 281
Cm. makorce BocipuMMUKUBOCTh
MarunuTtasli po6oit cm. [Ipo6oit MarHUTHBIN
Maruuroctpukuus [ 265
Marnons! cm. CIUHOBBIE BOJIHBI
Maxkpockonuueckue ypaBHeHHs: MakcBeiia B ajeKkTpocTaTuueckoM ciryyae 11 158
Maxkpockonuyeckoe 3nekrpuueckoe nosie II 158
— — — OJIHOPOJIHO ToJIsipu30BaHHOM cdepsr 11 164, 182



ManoyrnoBas rpanuiia 3epe Il 255
MaprencutHoe npespauienue [ 94 283
Macca spdextuBnas cu. DPdexTruBHAL Macca
Mexnoy3ensabie atomsl 11 233, 236. Cym. maxorce JledexTsl B KpucTaiax
MexayHapogable 0003HaYeHUs KpucTautorpadguyecknx Toueynsix rpymm [ 131, 132
Me:x3onHble nnepexozs [ 221
U IU3JIEKTpHUUECcKas MpoHuuaeMocts 1 393
U peKkoMOuHaIus B noaynposoanukax Il 223
U 3JIEKTPONPOBOIHOCTH [ 254
Henpsimbie [ 294 (¢)
nopor 11 294
npsimele 1 294 (¢)
yCIIOBHE OTCYTCTBHUSI B MOJTyKj1accuueckoit moaenu [ 222, 223, 387—389
Merammueckas cBssb I 11, 20 Metamiel, oTianune oT AUJIEKTpUKoB [ 72, 226,
227,11 184
MeTalisl ¢ «TIOYTH CBOOOIHBIMHE 3JIEKTpoHAMUY («ripocTthien) I 157, 306, 307
Meton bopna — Onmnenreiimepa cu. AnuadbaTuaeckoe NpuOIKeHHE
Merton Bpamatomerocst kpucramia I 110, 111
— — — nocTpoenue DBanbaa [ 112
Meton Jle6as — Illeppepa (mopomkoBsrid merox) [ 111—113
— — — nocTpoenue DBanpaa [ 112
Mertoa audpakiuuu MeUIEHHBIX 31eKTpOHOB | 364-366
Meton Kensuna 1 361, 362
Meton Koppunaru — Kona — Pocrokepa (KKP) (MeTon rpunoBckux ¢pyHkuuii)
207—209
— — — — CpaBHEHHUE C METO/I0M IpucoeanHeHHBIX Tiockux BoyiH (I1I1B) 1208
Meron Jlay> I 110
— — noctpoenue DBanpaa [ 111
Meroa oproronanu3oBaHHbiX miockux BojH [ (OI1B) 209—211
B IPUMEHEHHUH K HEKOTOpbIM MeTasuiaM I 283—306
¥ IPUOTMHKEHUE TTOYTH CBOOOHBIX AeKTpoHoB [ 211
u nicepponorenuuan 1 211
Meroa npucoeanHenubix miockux BoiH (IITIB) I 204—207
Meton ncesnonorenuuana [ 211—213
COMOCTABJICHHE C METOJOM OPTOTrOHAIMIIOBAHHBIX UIOCKKUX BOJH [ 211, 212
— C IPUOIMKEHUEM MTOYTH CBOOOAHBIX 3eKTpoHOB [ 211—213
Meton cunbHoil cBsizu I 180—194
aHayorusi ¢ Teopueit konedanuii pemerku I 65 (c)
B pemietkax ¢ 6asucom [ 190
30HbI p-Tumna [ 193, 194
30HbI n-Tuna [ 186—188
u nepexoq Morra I 191
U niepexoHple MeTaisl [ 306



¥ IpUOIMKEHNE TIOYTH CBOOOIHBIX IeKTpoHOB [ 184 (¢)
HecocTosiTenbHOCTL 191, 309
y4eT cnuH-opouTampHo# cBs3u 1 190, 191
Meron Tomaca — Pepmu 1 339—342
BOJIHOBOI! BekTop I 341—342
JIUdJIeKTpUUecKasi NpoHuaeMocTs [ 341
u meroa Jlunaxapna [ 339, 342, 343
HenuHenHbi [ 341
Cm. maxorce [lndnexkrpudeckas IpOHULAEMOCTh; DKpPaHUPOBAHUE
Merton stueek 1 199—204
— — tpyaHoctu I 202
Metoabl rpuHOBCKUX (YyHKIMH (B KBaHTOBOU Teopuu nos) [ 331
u cBepxmnposoaumocTts 11 342
u Teopust pepmu-xkuaxoctu I 349
u ¢oroHsl B MeTaiuiax II 145 (c)
U 3KpaHUpOBaHHOE 0OMeHHOe B3aumoeiicteue 1 344
Mexanudeckuii 3KBUBaJICHT TeruioTel I 56 (¢)
Munumym snekrpoconporusienus 11 302—304
MHnuororpanauk Boponoro I 85 (c)
Muorogononnsiit gpon 11 104
MHoro¢oHOHHBIE TPOLIECCH U aHTapMOHNYecKue wieHs 11 387
Mopens Aunepcona 11 302
Monens I'eiizenOepra 11 294—296
anuzotponHas 11 337, 338
BbICOKOTEMIIEpaTypHas BocipuuMunuBocTs II 323—326
ramuiabToHuaH 11 296
OCHOBHOE cocTosiHue anTudeppomarneruka 11 317, 318, 337
— — ¢eppomarneruka 11 316, 317
OTCYTCTBHE yIOPSAI0YCHHUS B M30TPOITHBIX OJHOMEPHOM U IByMEPHOM cirydasx Il
322
CIIMHOBBIC BOJHBI B aHTU(eppomarueruke 11 322
— — B eppomarnetuke 11 318—323
Cm. maxorce MarautHoe B3aumociicrrue; CIIMHOBEINA raMUILTOHHAH
Monens [lebast pononnoro crexrpa II 85—89, 92—94
UHTEpHOJIHOHHast popMyna i TeroeMkocTa 11 86—89
napametp ['pronaiizena I 120
IUIOTHOCTH ypoBHei I 92—94
cpaBHeHuUe ¢ Mojenbio DuHITelHa [ 89—91 Cu. makarce TernoeMkocTh
pelieTouHas
Mogens neopMupyeMbIx HOHOB (B HOHHBIX kpucTaiuiax) II 54 (c), 169, 173
Monens Hdpyne [ 17—42
HEJOCTaTKH, 00YCIOBIIEHHBIC KlIacCHUeckol craructukoi I 34, 40, 44, 70
OCHOBHBIE NpeanoioxeHus [ 18—22



Monens M3unra 11 327
— — 1 (a3oBsIii nepexox nopsaaok — oecropsinok I 310 (c)
Mopens Kponura — Ilennn I 155
Monens Xab66apmaa 11 300
— — g Mosekyibl Bogoposa I 305, 306
Mogens DitHInTeiHa 17151 poHOHHOTO criekTpa 11 89-91
IUIOTHOCTH ypoBHei 11 93
dopmyna ans rerutoemkoctu 11 90
Monyne BcecToponHero cxarus [ 52, 53
JUISl HEKOTOPbIX MeTayioB [ 53
JU1s1 CBOOOTHBIX 31eKTPOHOB [ 53
ISl TBEPABIX MHEPTHBIX Ta30B 11 32, 33
IEJIOYHO-TAIONAHBIX coenuHenui I 38
Monexkyna Bonopoaa Il 289—296
— — B Mozenu Xab6apna II 305, 306
Monekynsphsie kpuctamisl 11 9
MeXMOoJeKysipHoe B3aumoaenctaue 11 21, 22, 28—30
xumuyeckas cBsi3b B HUX Il 28—33. Cm. maxowce InepTHbIE ra3bl TBEpAbIC
MounoaTtomHas pemerka bpass [ 87
MonoxknuHHas Kpuctamuinueckas cucrema I 125, 126
MT-norenuuan I 203
Mynastumier 11 267
MynsTumiersHocts 11 267
MynbsTunonasHoe pazioxenue [ 354
Msrkue Mozl 11 83 (c)
— — B cerHeroiekrpukax I 181
Msirkoe peHTT€HOBCKOE U3JIy4€HUE U U3MEPEHNE IUPUHBI 30HbI [ 335
— — — U npUOJIMKEHHE HEe3aBUCUMBIX 3JIeKTpoHOB [ 345 (¢)
Haxnonnas rpanuna I 255
HamarunueHHOCTH (IJIOTHOCTH MAarHUTHOTO MOMeHTa) 11 259—260
Hamarunuennocts Haceimenus 11 318
B napamaraetuke Il 271
B ¢peppomarneruke 11 318
Hanpasnenus kpuctamorpadudaeckue, nmpaBuia ux oboznayenus [ 102, 103
Hanpsoxenue Xoma [ 27
Hesoipoxxaennsie nomynpoBoauuku Il 195. Cu. makorce TonynpoBogHuku
Hezaryxarouue toku I 344
BO3MOXXHOCTH pazpywenus 11 365 (c)
teopus II 364, 365 Cm. makowce CBEpXIIPOBOAUMOCTh
Hefitpons! xononuele (Terioseie) I1 106
B3auMoieiicTBue ¢ anekrponamu 11 98 (c)
COOTHOILIEHUE MEXY 3Hepruen u ummnyiabscom 11 97, 98



————— cpaBuenue ¢ poronamu I 98 Henokansabie 3¢ pexTol cu.
[TpenmosioxeHue o JOKaIbHOCTH
HeonHopoanble noiaynpoBoAHUKH cm. [lonynpoBogHUKH
Heocnosusie nocurenu I1 215 (¢), 219
KOOpJIMHAaTHAsl 3aBUCUMOCTb KoHIeHTpauuu 11 229
tokwu II 228, 229
Cm. maxorce p — n-nepexon; IlomynpoBogHuku
Henpsimble ontudeckue nepexozst 11 190
Hecummopdubie npocTpancTBeHHble rpymmsl [ 134
HecoOcTtBennsie oneparuu [ 132
HecoOcTtBennsle nonynpoBoaHuku II 186
— — KoHueHTpauus Hocurenedt I 198, 199
Heynopsanouennsie crutassl I 207 (¢), 310, 311
Heymnpyroe paccesnue u 3akon Bugemana —®panna [ 322, 323
Huxnee kputnueckoe noste 11 346
Howmep 3o0n51 I 145 (¢), 146
— — JI7151 IOYTH CBOOOIHBIX AneKTpoHoB [ 153
HopmansHas pepmu-cucrema I 349
Hopmanbhble Moaibl rapmMonnueckoro kpuctainna Il 58 Cy. maxowce I'apmonnueckoe
npubmmxenne;Konebanus pemerku; DOHOHBI
Hopwmansnsie nponeccst 11 129
u iporeccel nepedpoca 11 119
U TepMoanHaMuyeckoe pasHosecue 11 130
Hynesbie kone6anus nonos Il 45, 47
BKJIaJ] B INIOTHOCTH Tem10BoM sHepruu II 82
¥ HEaJIeKBaTHOCTh KJIACCHUYECKOU Teopuu Konebanuit pemerku I 51 (c)
u napameTtp ae bypa 1142, 43
IposiBJIeHUE B HauOoJIee JIETKUX U3 TBEPbIX MHEPTHBIX ra3os I 31, 32
O6eanenHsIi cioit (o6macts npoctpancTBeHHOro 3apsana) I1 211 Cu. makowce p — n-
epexon
OOMeH Mexay 1eJ0KaIn30BaHHbIMU 31eKkTpoHamu 1 296
Oo6mennast aneprus [ 333—337
— — u Kore3us B Metayuiax II 41
O6menHoe B3aumozaeiicteue 11 294
koHcTaHThI 11 296
npsMoe, KOCBEHHOE, MEXKIY JIeITOKATM30BaHHBIMH 3JICKTPOHAMU U cBepxoOMeH 1
296
OOMeHHbIH wiieH B ypaBHeHUH XapTpu — Doxka [ 333
B IPUOIMKEHUH, UCTIOJIB3YIOIIEM OJHOAIEKTPOHHBIN noTeHuuan I 336
ero skpanupoBanue [ 343, 344, 11 144
— — 1 MarHeTus3M 3JeKTpoHOB npoBoaumMocty II 299
O6o3nauenus lendnuca g kpucramtorpadpuyeckux ToueyHsix rpymm [ 129—131
O6parnas pemrerka [ 95—103



JUIS TPaHEeLIEHTPUPOBAHHON KyOnueckoil pemerku bpass 1 97
JUIsl 00bEMHOLIEHTPUPOBAHHOM KyOudeckoi pemerku bpasa I 98
JUIs IpoCTOi Kyondeckoi pererku bpass 197, 103
JU1s peteTok ¢ 6azucom I 96 (¢)
I poMO0dIpryYecKoi (TpUroHanbHoi) pemeTku bpass 1 103
JI0Ka3aTeNbCTBO TOTO, YTO OHA SIBJISIETCS
pemerkoit bpass [ 95
u uHaexkcsl Munepa I 101, 102
U pelieTka, oopaTHas K Heil [ 97
00beM npuMUTUBHOM stueiiku [ 98, 103
IIOCTPOEHHUE OCHOBHBIX BEKTOPOB [ 96
Cm. maxowce AToMHBIE TIIOCKOCTH; 30HBI bpuitosna; Pemerku bpasa
OOBEeMHOIICHTPUPOBaHHAS KyOrueckas pemerka bpass [ 79—S81
30HbI bpusnntosna Beimie nepsoii [ 169, 170
KaK MpocTast KyOudeckas pelieTka co CTpyKTypHbIM ¢paktopom I 114
KOOpJMHAIMOHHOE yucio | 83
OCHOBHbIE BeKTOpHI [ 81
nepBasi 30Ha bputtosna I 99
peiierka, oOpaTtHas K Hell [ 98
peIIeTOYHbIE CyMMEI 110 0OpaTHBIM crerneHsM 11 31
CBAA3b C LICHTPUPOBAHHOW TETparoHaabHOU pemierkoi bpass [ 124
YIIaKOBOYHBINA MHOKUTEND | 94
yclioBHas sueiika | 85
XUMHYECKHE IEMEHTHI | 82
aueiika Burnepa — 3eiitua I 86
OOBeMHOIICHTpUPOBaHHAsS poMOudeckas pemierka bpass I 125
«Onetnie» noust 11 142
U IU3JIEKTpUUECKas MpoHuLaeMocTs Metaos I 142—144
MOH-nOHHOE B3aumozeiicraue Il 139
Onnosnextponnbiit noreniman I 139, 195, 329, 330
BJIMSIHUE MIOBEPXHOCTHU Ha Hero [ 354—357
y4eT oOMeHa ¢ OMOUIbIO 0JITHO3IEKTpOHHOT0 noteHuuana [ 336 Cu. maxorce
Vpasuenus Xaprtpu; YpasHenus Xaprpu — Poka
OmnoBo, 6enoe u cepoe 1 304 (c), I 188
Omneparop Tpancasuuu 1 140
— — BBIPAKEHHBIN Yyepe3 ornepaTop umiynbca Il 377
OrnepaTopbl pOXKACHUS U YHUUTOXKEHHS B citydae ocuusuisitopa 1 371
— — —— ¢ononos 11 372
Onepaunu rpynnsl cuMMeTpuu ais pewmetku bpass 1120, 121
Omnpenenenre GOHOHHOTO CIEKTpa U3 onTudeckux qaHHbIX 11 108—111
Ontuueckue mogel 11 64, 70, 71
B MOHHBIX kpucrtamiax II 170—176
B Mojeisax [leOas u Diinmreiina II 89



u aKyctudyeckue mozsl I 65
u pamanoBckoe paccestaue I 109 Cu. maxowce Konebanus pemerku; DOHOHBI
Ontuueckue ceorictna I 293, 390—393
amtomunus [ 302—303
Onaropoansix MetamioB Il 295—297
OpusutrosHoBckoe paccesinue 11 109
MOHHBIX KpuctasioB Il 173—176
U IpUOJIMKEHNE HE3aBUCUMBIX AIeKTpoHOB I 345 (¢)
MmetauioB [ 31—34, 293—296
nosrynpoBogHukoB I 189, 190
pamanoBckoe paccesinue 11 109
1IeJI0YHbIX MeTaioB [ 294—296
OpOuTanbHbIil MOMEHT, 3aMopakuBanue 11 273
OpOuTHI 0JI0XOBCKHX 3JIEKTPOHOB B MArHUTHOM 1oiie [ 232—237
neipounsie [ 233
kBaHTOBaHue [ 271—273
oTKpbIThIE | 235
— B Omaropoanbix Meramiax 1291, 292
— 1 Mar"eroconpotusiienue I 240—242
nepuon [ 234—236
COOTHOIIIEHUE MeX Ty HUMH B k- 1 r-mpoctpanctse 1 234 Cum. maxorce
[Tomykitaccudeckasi MOJIEINb; DKCTPEMalbHbIC OPOUTHI
OcHoBHbIE BEKTOpHI perieTku [ 77
— — — airoput™ nocrpoenus I 94
OcHoBHble HOocuTenu Toka 11219
Ocobennoctu Ban XoBa I 152, 156
B (DOHOHHOH IoTHOCTH ypoBHE# 11 92, 93
B AJIEKTPOHHOM IJIOTHOCTH ypoBHEil [ 156
— — — — B MOJIEJIM NTOYTH CBOOOIHBIX 31eKkTpoHoB | 176, 177
Oco6ennoctu Kona II 141
Ocrarounoe conporusienue II 302
Ocrarounsle syuu II 176
Ocuunnsinuu Pynepmana — Kutrens [ 343
Ocuunmnsinuu @puaens [ 343
Ocb (nmoBopota) 1 128, 129
Ocbs ¢ B rekcaroHajabHbIX cucreMax | 88
— — B TE€TparoHajabHbIX cuctemax I 124
Orxur 11 238
OtHoienue c/a
JUIsl TeKCaroHaJIbHOW MJIOTHO-YIIAKOBAHHON KPUCTAJUIMUECKON CTPYKTYpbI I 89
JUIsl peIIeTKH, 0OpaTHOMN K rekcaroHanbHou I 98
«upneanpHoe» 1 90
Otpaxxenue Oparrosckoe I 109



3epkansHoe [ 105 (¢), 106 (¢)
oTHocuTelNbHO iockocTH [ 120 (¢), 129
nopszok I 106
OTTasKuBaHUE MEXKIY CepALleBUHAMHU aToMOB Uiy noHos 11 11, 27
B MOHHBIX KpucTauiax Il 33
B ciyyae notenuuana Jlennapnaa-/Ixonca I 28, 29
U TIOJISIPU3yEMOCTbh HOHHBIX KpucTayios II 168
u ¢oHoHbI B MeTasuiax I 154
noreHuuan bopua — Maiiepa II 39
[Tapamarnetusm II 268—275
Ban ®@nexka II 269
B JIETUPOBAHHBIX MOJIynpoBoHuKax I 282
3akoH Kropu 11 270—275
[Maynm 11 277—280
— BIHMSIHHE JIeKTpoH-(poHOHHOTO B3aumoaeicTaust 11 280 (c)
— — DJIEKTPOH-IJIEKTPOHHOT0 B3aumoeincTeus Il 285
— BocpuumMuuBocTs 11 279
— teMneparypHsle nonpasku 11 285
CpPaBHEHME C AMAMArHETU3MOM B METaJIaX U JApMOPOBCKUM Juamaraerusmom Il
284 Cm. makace BocripunmunbocTs; 3akoH Kropu; [IpaBuna XyHnna
[Tapametp I'pronaiizena Il 120—122, 136
B Mozeu [ebGas 11 121
JUTSL IEJIOYHO-TaTOUIHBIX KpucTauios I 122
Cm. maxorce TennoBoe pacupeHue
[Tapametp ne bypa 1142, 43
[Tapametp nopsiaka (B Teopuu ceepxnposoaumoctu) 11 362
aHanorusi ¢ Teopuet peppomarnerusma Il 362 (c)
Cm. maxoice Teopus ['ma30ypra — Jlanmay
[lepexpritre 30u 1 152, 227
[lepexon auanexkTpuk — Metami (nepexon Motra) [ 191
— — — B Mozienu Xab6apna 11 300
[Tepexon mopsimox — Gecriopsimok 1310 (c)
p — n-nepexox 11 210—232
BOJIbT-aMIIepHas xapakrepuctuka Il 220
BeIIpAMIsitolee neicraue 11 217—220, 225— 230
nperidossrit Tok 11 221
muddysnonnas odnacts 11 225-228
— — o B Hel 11 232
g dyznonnslii Tox 11 221
u3ru6 3oH 11214
m3rorosienue 11210, 211
KOHLIEHTpallKs HEOCHOBHBIX Hocutenen 11 217, 229
— Hocurenen paBHoBecHas I 212—217



— — HepaBHoBecHas 11 227
0o0emHeHHBIN CIIoH (00J1acTh MpocTpaHcTBeHHOTO 3apsna) [ 210—217, 225—231
— — B paBHOBeCHOM ciyyae 11 212—217
— — pa3Mepbl B HepaBHOBecHOM ciy4dae 11218
— — — B paBHOBecHOM ciyyae 11 216, 217
— — toku B HeM 11 225—227, 232
oOpaTHOe cmernaronee Hanpspkenue I 225
onHopoaHas oonacts 11 226—229
najJicHue MOTEeHIIMaaa B HepaBHOBeCHOM citydae 11 218
— — B paBHOBeCHOM cityyae 11 213—217
MJIOTHOCTH 3apsiia B HepaBHOBECHOM ciyyae [1 218
— — B paBHOBeCHOM ciyuae 11 217
Tok reneparnuu 11219, 225, 230
TOK Hacelenus 11 220, 225
TOK HEOCHOBHBIX Hocuteier 11 228, 220
TOK pekomOuHarmu 11 219
— — CBsI3b € TOKOM renepanuu I 219
Cm. maxorce 110aynpOBOAHUKI
IlepexoaHble MEeTAILIBI
MarHuTHbIN MOMEHT UOHOB Il 276
terioeMkocTs 11 721
ITepeakpanuposka II 145
[lepuonnyeckue rpaHUYHbIE YCIOBUS cM. [ paHUYHBIE YCIOBUS
[Tepuonuueckue GyHKIUH, Pa3I0oKeHUE M0 MIOCKUM BoiHam | 376—378
— — teopema ['puna 1 386
[Tepuoanueckuit norennuan I 139, 140, 195, 196, 329, 330.
Cm. maxorce YpaBHenust Xaptpu; YpaBHeHus Xaptpu — Doxka
[Tuposnextpuyeckue kpucramisl 11 162 (c), 177—179
— — cummertpus 11 179
[TnaBnenue I1 47
[TnaBusiit nepexon 11212
ITnasmennas yactora I 33
nonHas II 139
1 ONTHYECKHE cBolcTBa MeTailioB I 33—35, 293
yucaeHHblie popmynsl [ 372
[TnasmenHoe konebanue (ra3moii) 1 34
noBepxHoctHoe [ 42
cnocoOsl Habmoaenus I 35
[Tnactuueckas nepopmarnms 11 248
[Tnockue Bonubl 1 47
pemerounas cymma I 380, 381
cyMMma 1o nepBoii 3o0ue bpumtosna [ 380
[Tmockocth ckonbxkenus 1 121 (c), 134



[TnotHas ynakoBka chep I 88—91
Y TeKCaroHajibHasl IJIOTHOYMaKoBaHHas cTpykTypa [ 89—90
U TpaHElleHTpUpPOBaHHas Kyouueckas cTpykrypa [ 92
u apyrue ctpykrypsl [ 90, 91
YIIaKOBOYHBINA MHOKUTEND | 94
[TnoTHOCTH 3apsaa B EI0YHO-TaToNIHbIX KpucTtaax II 13
— — BONM3M MOBepxHOCTH KpucTamia I 358
[TnoTHOCTh HOPMATBHBIX MOJT cM. [IITOTHOCTE YpoBHEH ((POHOHHBIX)
[TnotHocTh nonsipuzanuu II 158
ITnotHOCTH MOTOKA Temna [ 255
[TnotHOCTH ypoBHEH (B k-mipocTpanctse) I 48, 143
[TnotHOCTH ypoBHEH (poHOHHBIX) 1T 92—94
B Mojenu Je6as I1 93
— — Diinmreiina 11 93
[InoTHOCTH ypOBHEH (IEKTPOHHBIX) B AIByMEpHOM citydae [ 67
B JIByX30HHOW MOJICTIN JIJIsl TIOYTH CBOOOHBIX 3JIeKTpOHOB I 176
B niepexoiHbIx Metamiax [ 307, 308
B nosrynposogHukax I 196, 198, 202. 208
B penko3eMenpHbIX MeTamtax I 308. 309
JUtst OJ10XOBCKUX 31€KTpoHOB | 149—152, 155
JU1s1 CBOOOTHBIX 3eKTpOoHOB [ 57, 58
u napamaraetusm llaynu I1 277, 278
u cniuH snekTpona I 149 (¢)
U TemnoeMKkocTs [ 60
ocobennoctu BaH XoBa I 152, 156
0COOEHHOCTH B CHUIbHOM MarHuTHoM noite 11 273, 274
nornpaska 3a cuet ¢ponoHos Il 146
[InoTHOCTB 31€KTpUYEcKOro Toka I 22
[ToBepxHOCTHBIE MIa3MOHBI T 42
[ToBepXHOCTHBIE TIOMIPABKH K OHOAJIEKTPOHHOMY MOTEHIIHAITY /17151 0ECKOHEYHOTO
obpasna [ 353
IToBepxHocTHbIE ypoBHU | 366—370
u Teopema biioxa 1 368
TEOpusl MOUTU CBOOOAHBIX 31eKTpoHOB [ 369, 370
[ToBepxHocts @epmu I 148, 149
amomunus [ 301
oepusus [ 300
OsaropoaHsix MeTamioB [ 289—292
BOJIN3M OpATTOBCKUX MTocKocTei I 168
B IIPUOIMKEHUH CBOOOIHBIX 31eKTPOHOB cm. Chepa Depmu
B cXeMe noBTopstomuxcs 30H [ 149
— — npuBeAeHHBIX 30H [ 149
— — pacuupeHHbIX 30H [ 166



3HaueHue | 264
onpenenenue [ 264—281
MOCTPOCHHE B PUOJIMIKEHNUH TIOUYTH CBOOOTHBIX 31eKTpoHOB | 168—172, 174,
178, 179
[ToBepxHocTh cBuHLA [ 304
IeJI0YHbIX MeTaysoB [ 285
AKCTpeMasbHbIe oA ceueHuit [ 267
[ToBopoTs! u ynpyras 3ueprus 11 73
[Moasuxuocts II 185 (¢), 221. 222
[Moapemerku maruutHbie 11 309. Cu. makoce AuTndeppomMaraeTnzm
[Tokazarens npenomiienus 11 157
— — cootHotueHuss Kpamepca — Kponwura [ 392
Cm. maxorce lndnexkrpudeckas IpOHUIIAEMOCTh
ITone Xomnna I 28
[TonmuBanenTHsle MeTauibl [ 298—310
30HHAas CTPYKTypa nepexoansix meramuios [ 306—308
— — npocThix MeTaios [ 298—306
— — penko3emenbHbIX MeTamioB [ 308—310
[Monmukpucrammuyeckoe cocrosiuue 1 76 (c)
— — ¥ qudpakuus peHTreHoBckux yueit [ 111
[Tonyknaccuueckas mozens [ 216—244
B CJIy4yae MOCTOSIHHOT'O MarHuTHOTO mostst [ 232, 233
— — — anekTpuueckoro nois [ 227, 228,244
BBICOKOYACTOTHAs 3JIEKTPOIIPOBOAHOCTD | 252—254
ramuiabToHUaH I 385
U IB)KEHHE BO B3aUMHO NEPIEHAUKYIISIPHBIX AIEKTPUYECKOM U MarHUTHOM
noJisix 1236, 237
u apipku [ 228—232
Y 3aI10JIHEHHBIE 30HbI [ 224—227
U KBaHTOBaHue opour I 270—273
U Maruerocomnporusienue [ 237—244
Y MOJIeJIb CBOOOIHBIX 3JIeKTpOoHOB [ 216, 217
¥ HEOJHOPO/IHbIE NoynpoBoaHuKH I 212
— — — BO3MOXHas HerpuMeHumocTs 11 212
Y IIpPUMECHBIE YPOBHU B noiynpoBoanukax II 201, 202
U TEIUIONPOBOAHOCTD | 254—257
u TepMoasiekTprueckue 3¢ dextsr I 257—260
U TUIIBI HocuTenen 1 221, 222
u 3xkcutonsl Il 245, 247
u 3¢ dexr Xomma [ 237—241
npezaensl npumenumoctu 1222, 223,253, 387—389, 393
cTaTHuecKas IeKTponpoBoaHocTs I 151, 152
— — B IOCTOSIHHOM MaruuTHoM noue I 260, 262, 263



teopema Jlnysuisa I 225, 385

Teopus siBjeHui nepeHoca I 245—263

ypaBHeHus ABvxkeHus [ 221

6a3oBoe npocTtpaHcTBo [ 225

Cm. maxosce brioxoBckue 3meKTponsl; OpOUTHI
[Tosrymerannel 1 304, 305

u noaynposoguuku I 304 (¢)

termoeMkocThb [ 307 (¢)

sa¢dekTuBHAs Macca HocuTenen Toka [ 206 (c)
[MomynpoBoauuku 11 184—232

BajieHTHbIE 30HbI II 185

Bpems pekoMmOuHanuu II 223 (¢)

BbIpokieHHbIe I 195

renepanus Hocutenei 11 222

JMaMarHeTusM (B JIETUPOBAaHHBIX NOJIynpoBogHuKax) II 282

muddepenpanbHas Tepmo-3. 1. c. I1 186

muddysnonnas auHa I 224

3aKoH AeicTByronmx macc I 197

3anpenieHHas 30Ha (3Heprerudeckas menb) [ 184—186

— — n3mepenue mupunsl 11 189, 190

— — TeMmneparypHas 3aBucumMocts 11 189

3oHHas cTpykrypa I 190—193

— — autumonuaa naaus 11 192, 193

— —repmanus 11 192, 193

— — kpemHus 11 191, 192

30HbI TpoBoIMMOcTH 11 184

u guanexktpuku I 185

u nosymetauisl 1 304 (¢)

KoHueHTpauus Hocureneit I1 194 —199, 205—207, 209

kodpunment nudpdy3un 11221

neruposanue I 210, 211

HeBbIpokeHHbIe 11 195

— sBiieHus nepexoca II 207

HecoOcTBeHHbIe I 186

— KkoHueHTpauus Hocutenel 11 198, 199

HocuTeNnu Toka HeocHoBHbIE 11 215 (¢), 219

— — ocHosHbIe [1 219

ontuueckue ceorcrna 11 189, 190

IapaMarHeTu3M (B JIETMPOBaHHbBIX MOIynpoBoaHMKax) I 282

p —n-nepexox 11211

m1oTHOCTh ypoBHel 11 184, 196, 208

— — npu Hanuuuu npumeceit 11 202

noABMKHOCTH Hocutenei Toka Il 185 (¢), 221, 222



noJtykjaccuyeckas moaens 11212
nosisipusie 11 189
npumecu cu. IlprumMecu B omynpoBOJHUKAX
nposoaumocTts II 185—187
pexoMOuHanus Hocuteneit 11 222
coOctBeHHbIe 11 186
— KoHUeHTpauus Hocutenel 11 197, 198
conpotusienue II 185—188
n-tuna II 199
p-tumna II 199
yposenb ®epmu 11 195 (¢)
¢doronpoBoaumocts 11 186
xuMudeckuii morenmuan Il 195, 197—199
— —u sHeprus ®epmu I 149 (c), I 195 (c)
HUKIOTpOHHBIN pe3oHaHc I 193, 194. 208
anekTpoxumuueckuit norenmman Il 213, 214
[Monspuzanus xonedanuit pemerku 11 67
B peweTke ¢ 0azucom I 372—374
u paccesinue HerTponos II 104 (c), 385
U cuMMeTpus pemerku 11 77
npojoapHas u nonepeunas I1 70
[Tonspuzyemocts 11 166—176
aTtoma Bojopoja I 182
atomHas I 166—168
aTOMOB MHEPTHBIX ra3os I 168
U IURJIEKTpHUUECKas IPOHULIaeMocTh (cooTHoweHue Knaysunyca — Moccortn) 11
166
noHOB raynoreHoB I 168 nonos menounsix metamwios I 168
KOBaJIEHTHbIX Kpucrtawios II 177—179
mozenb aedopmupyembix nonos II 169, 173
cBs3u 11 177
cmemenus 11 166, 168—170
Cm. maxorce lnpnekrpudeckas IpOHULIAEMOCTh
[Tonsputon I 174
[Tonspusie kpuctaiis 11 179 (c)
[Tonsspable nomynpooguuku II 180
[Tonsponsr 11 243, 244
[Topomkossrit meton (Meton Jlebas — Illeppopa) I 111—113
— — nocTpoeHue DBanpaa aias Hero [ 112
ITocrosinHas bonpumana I 38
— — TOYHOE yucieHHoe 3HaueHue [ 371
[TocTostnnas Manenynra II 35, 36
[Tocrosinnas pemerku I 85



reKcaroHajabHOU IUIOTHOYaKOBaHHOW CTPYKTYpsI I 89
0.II.K. U I.II.K. MOHOATOMHOH pereTku bpasas I 82
pomOmueckux kpucramwios I 135
POMOO3IPHUECKUX (TPUTOHATIBHBIX ) KpUcTaLioB [ 135
CTPYKTYpbI aiMa3a [ 88
xJyiopuja Hatpus [ 92
xjopuaa ue3us [ 92
LUHKOBON ooMauku [ 93
TeTparoHaabHbIX KpucTtayios [ 135
[TocTpoenue DBanbaa [ 109
B METO/JIe Bpawatonierocst kpucramia [ 112
B MeToze Jlaya [ 111
B nopoirkoBoM mMeroze [ 112
[ToTennuman bopua — Maiiepa II 39
[Torenunan «6—12» Jlennapaa-/Ixonca II 28— 30
— — — IapameTpsl U1 HHEPTHbIX razos I 29
ITorenuuman pemerku cu. [lepuogudeckuii moTeHIUANL
[Torenunan TOxkasel [ 341
[TpaBuna Xynna II 265—268
B IPUMEHEHHUH K HOHAM NepexoHbIX MeTauioB I 274
— — K peako3eMenbHbIM noHam 11 273
dopmyna II 283
[TpaBuiio Konepa I 263
ITpaBuiio Maruccena I 323, 324
[Ipenen Kazumupa I 133 (¢)
[Ipeanonoxxenue o nokanbHoctH [ 32, 278, 390
[Tpubnmxenue Bpemenu penaxkcauuu (T-npudamxenue) [ 21, 246. 247
JUTst 001IIelt HepaBHOBecHOU (pyHKIMHU pacnipenencHus [ 247—251
Y 3aKOHBI coxpaHeHus [ 327
U JIOKaJIbHOE coXpaHeHue 3apsana [ 261
u npasuno Martuccena [ 323, 324
kputuka [ 313—328
NPUMEHUMOCTb JUISI U30TPOITHOTO YIIPYTOro pAacCEesiHUs Ha MIPUMECAX U 3aKOH
Bunemana—®panna [ 322, 323
cpaBHEHHE ¢ O6osee obmieit popmynupoBkoii [ 318
Cwm. maxowce CTonkHOBeHuUs1; Y paBHeHue boibiimana
[Tpubmmxenue I"aiitnepa — Jlonnona I 293, 304, 305
B Mojienn Xab0apa s Mosekyasl Bogopona I 305, 306
npeaesnsl npumeHumoctH 11 293
dbopMyna st BEIMYUHBI OOMEHHOTO paclieruieHus: B MoJiekyle Bogopoaa 11 294
[Tpubnmxenue xectkux noHos II 168
— — —nexgocrarku 11 169, 173



[Tpubnmxenne Manoi aMrmuTyabl koiebanwuii 11 50, 115
[Tpubnmxenne HezaBUCUMBIX ekTpoHoB [ 21, 73, 139, 195
HEJ0CTAaTOYHOCTh B MAarHUTHBIX 3ajadax Il 287, 288, 290—294
— B peako3eMenbHbIX MeTaax [ 309
— B cBepxnpoBoaHukax II 340
— B 3JIEKTPOHHOM ra3e Hu3koi miaotHoct I 299
— JUIsl YaCTUYHO 3aII0JHEHHBIX 30H B paMKax MeToJa cuiIbHOM cBsi3u [ 191
U IpUOIKEHUE CBOOOIHBIX 3NeKTpoHOB I 21, 73
obocHoBanue 1 344
YUeT 3JIEKTPOH-IEKTPOHHOI 0 B3aumojeictaus 1 329-337.
Cm. maxowce Teopust pepmrnkuakocty; Y paBHenus Xaptpu — Doka; DneKTpoH-
AJEKTPOHHOE B3aUMOJICHCTBUE
[TpubnmxeHne nouTu cBOOOAHBIX 31EKTPOoHOB | 157—179
aHaJIOTUs B TEOpUH Kojebanuii pemetku [ 77 (c)
B olHOMepHOM ciydae [ 161
reoMeTpUYeCcKuil CTpYKTypHBIi (akrop T 173—178
3HAYeHUS YHEPTUU BOJIU3U OJTHOU OpArroBckoil miockoctu I 162—165, 175—178
— — BJIaJIM OT Oparroeekux miaockocreit 1 160
30HBI p-Tuna u s-tuna [ 161
WUTIOCTpAIMs Ha IPUMEPE HEKOTOPBIX META/LIOB, | 283—306
Y TIOPOT MEK30HHBIX ONTHYECKUX Nepexo10B B amomunuu I 302—304
————— B IICI0YHBIX MeTauiax 1294, 295
U criiH-opOuTansHoe B3aumoseiicreue I 175
HoMmep 30HbI I 158
COOTHOILIEHUE C METO/I0M nceronoreHuuana [ 211-213
CpaBHEeHHE ¢ 00BIYHOI Teopueit Bosamymienuit I 159 (c)
TEopusl NOBEPXHOCTHBIX ypoBHeH [ 366—369
YPOBHH B IPaHELIEHTPUPOBAHHON KyOnueckoi peuietke [ 167
YPOBHH B CX€Max pacIIUpPEHHBIX, IPUBEICHHBIX U OBTOpsOIUXCs 30H [ 164,
165
[Tpubnmxenne caMocoriacoOBaHHOTO NoJIs (MpuoOIKeHne XapTpH) cm.
Ilepuonnueckuil NOTEHIUAI
[Tpubnmxenne cBOOOAHBIX 3NeKTpoHOB I 21, 72, 73
B IBYyMEpHOM ciydae [ 67
BUTHEpOBCKU kpuctaii 11 299
Bonna cnunoBoii miotHoctH 11 299
muamaruetusm 11 280, 281
JIUdJIeKTpudeckas nponunaemMocts I 33, 338—343
U B3aUMOJEHCTBHE MeXay d1ekTpoHamu | 329—352
u xore3us B metasuiax 11 40—44
U IPpUOTMKEHNE HE3aBUCUMBIX 3J1eKTpoHOB [ 21, 73
U 11esoyHbie Metauibl [ 284—287
u 3kpanupoBanue [ 337—344



KBaHTOBaHUE ypoBHEH B MarHuTHOM noiie [ 270, 271, 281
KoppesuonHas sHeprus 1 336

moaens dpyne 1 17—42

monens 3ommepdensaa [ 43—69

MOJ1yJIb BCECTOpOHHEro cxatust [ 52, 53
HepoctaTtku [ 70—72

oOmennas sHeprus I 334

napamarHeTusm I 277—280

— B HEBBIPOXKIEHHOM cityyae [ 284

OCHOBHOE cocTosHue, cBoiicTBa I 45—53
ocHoBHbIe popmynsl [ 371, 372

IUIOTHOCTH 3J1EKTPOHOB npoBogumoctu I 19, 20, 72
— — — BBIpaXkeHHas uepes k[ 49

IJIOTHOCTh SHEPTUU OCHOBHOTO COCTOSIHUS B OTCYTCTBUE B3aumoaeicTeus [ 334
— — — — [IpU HAIMYKUM B3auMojencTBus [ 52
— — temioBoit [ 60
npenen BeIcOKo mnotHoctu [ 334
npuommkenne Xaptpu — Poka I 333—337
teopus hepmu-xuakoctu I 344—350
Tem10eMKOCTh | 60—63
TepMoJIMHaMu4eckue ceorctna I 53—63
ypaBHeHHE cocTosiHuA | 52, 68
YpOBHH B I'.IL.K. pemietrke [ 167
XUMHUYeCcKuil moteHuuan I 60
[Tpubmmwxenne Cnatepa ayis oomenHoro wieHa I 336
[Tpubmmwxenne Xynaa — Mymmkena I1 293 (¢)
[Tpumecu
u OecmieneBas ceepxnpoBoaumocts II 341 (c)
1 npoBoauMocTh [ 218, 314
u ¢ dext Konmo 11 302—304
MaruutHseie 1 300—304
ynpyroe paccesinue Ha Hux [ 320—322
Cm. makace JlepexThl B KpUCTaIIax
[Tpumecu B MOIynpOBOIHUKAX
6oposckuii paguyc 11 201
JIoHOPBI U akuenTopsl 11 199
Y KOHIIeHTpauus Hocutenen Toka Il 195, 196, 198, 199, 205—207, 209
u yaenbHoe conportusieHue 11 187
nerupoBanue 11210, 211
HACEJICHHOCTh YPOBHEH NpHU TepMoauHaMuieckoM paBHoBecuu 11 203—206
MPOBOJUMOCTD 3a CUET MpUMeECHO 30HbI 11 207
sHeprus cBszu 11 203



Cm. maxorce 1101ynpoOBOAHUKI
[TpumutuBHas suelika I 83, 84

o0beMm I 83

— B oOparHoii pemerke I 98, 103
[Tpunuun neranbHoro pasHosecus 321
[Tpunuun [Taynu 145, 332 (c)

Y MHEPTHOCTH 3aMOJHEHHBIX 30H [ 225 (¢)

Y KJIaCCUYECKasl IMHaMHKa 3iekTpoHa [ 65

u Kyneposckue napsi 11 369

1 MarHutHoe B3aumojenctaue 11 289, 290

1 HerpoHuiaemMoctsh HoHOB II 11

¥ OCHOBHOE COCTOSIHHE B PUOIMKEHUU CBOOOIHBIX AJIEKTPOHOB I 48

U paccesiHue Ha npumecsx [ 321, 322

Y 4acToTa paccesHus aekTpona [ 313

U AJIEKTPOH-3JIEKTpOHHOE paccesinue | 345— 348
[Ipunnuun coorBercTBus [ 272
[Tpo6oii 3unepa cm. [IpoOoit IneKTpUUeCKuid
[Tpo6oii marauTHbIH [ 223

B F€KCaroHaJIbHBIX JBYXBaJeHTHbIX MeTauiax [ 300

U CIMH-OpOuTaNbHOE B3auMoeictaue I 223

u ¢ynkiun Banbe I 193

YCIIOBHSI €70 OTCYTCTBUS B MOJyKJaccuueckor monenu [ 222, 223, 387—389
[Tpo6oii anexrpuueckuii I 223

B HEOJIHOPOJAHBIX MoTynpoBoaHukax 11212

u Qynkiun Banbe I 193

YCIIOBHSI €70 OTCYTCTBUS B MOJyKJIaccuueckor monenu [ 222, 223, 387—389
[TpomexyTouHOE cocTosiHuE B cBepxnpoBoaHukax Il 346 (c)
[Ipocras rekcaronanbHas pemierka bpass I 88

peiierka, oOpatHas K Hell [ 98

CBsI3b ¢ poMOnueckoii pemerkoi I 127 (c)

— ¢ poM0O0o3prYecKoii (TpuronanbHoi) pemerkoit I 133 (c)

Cm. maxorce I'excaroHanbHasi IJIOTHOYIIAKOBAaHHAs CTPYKTYypa
[Tpocras xyOuueckas perrerka bpass I 78

KOOpJMHAIMOHHOE yucio | 83

IpPUMEPbl XUMHUECKUX JIeMEHTOB | 82

peiierka, oOparHas K Hel [ 97

pemerounas cymma [ 301

YIIaKOBOYHBINA MHOKUTEND | 94
ITpocTtas moHoknMHHas peuierka bpasa I 125, 126
ITpocras TerparonanbHas pemerka bpass I 123, 124
ITpoctpancTBenHble rpynns! 1 120

konnuectBo 1 127, 133

cummopdubie u Hecummopdusie [ 134



COOTHOILIEHUE C TOUEYHBIMU I'pymnIaMu u pemietkamu bpass [ 133, 134
skBUBaNIEHTHOCTH [ 122 (¢)
[TpocTpaHcTBEHHBIE pa3Mepbl ATOMHBIX BOJTHOBBIX (yHKuui I 182
«[IpocTeie» MeTauTbl (METAIIIBI C TIOYTH CBOOOTHBIMHU AiekTpoHamu) I 157, 306, 307
ITpouecc namaranuuBanus I 335, 336
[Ipoueccst nepedpoca 11 129, 130
BbIMep3anue 11 129
U BBIOOD dneMeHTapHO# stueiiku 11 130
1 HopMasbHble nporeccsl 11 129
U COXpaHeHue kBazuumnyibca Il 129
U TemtonpoBoaHocTs 11 131—133
u yBieuenue ¢pononos Il 153, 154
u anekTpoconporusienue I 152—154
[TpouHocTh KpucTaI0B HacabHbIX I 248
— — peanbhbix 11 252, 253
Cm. maxorce Jluciiokanyu
[Tpsimast pemerka [ 95
[Tpsimoii oOmen 11 296, 297
[Tpsimoii ontuueckuit nepexon I1 190
[Te30anexTpuuectso II 179 (¢)
Pabora Beixona [ 354—359
JUIsl HEOKBUBAJICHTHBIX MoBepxHocTe [ 359
Y KOHTaKTHas pa3HOCTh noteHuuanos [ 359—361
U TEPMODBJIEKTpOHHasA smuccus | 362-364
Pannyc noHHb1i cm. loHHBIE paguychl
Panuyc xoBanentHsiii II 19 (c)
Pasnoxxenue 3ommepdensaa I 59, 67
— —BeBOA 1374, 375
PasmarununBaromuii gpaxtop 11 337
Pasmepusbie adpdexts I 280, 281
PamanoBckoe (komOuHanmonHoe) paccesaue 1149, 109—113
kiaccuueckuit moaxoxa I 111—113
CTOKCOBBI M1 aHTUCTOKCOBBI KOMIIOHEHTHI 11 109
Pacnipenenenne boze — Ditnmreitna 11 81 (¢)
Pacnpenenenune bonpumana cm. Pactipenenenune Makcesemna — bonplimana
Pacnpenenenne Maxkcenna — bonbivana [ 41, 43, 44
Y HEBBIPOKJAEHHBIE NIoaynpoBogHuku 11 207, 208
cpaBHeHHUeE ¢ pactipeneneHuem @epmu — [lupaka [ 43—44
Pacnpenenenune Ilyaccona 140, 41
Pacnipenenenne @epmu — upaka [ 43, 44, 53-55
B IIpOCTpaHCcTBE ckopocteil 143, 63, 64
BeIBOA 1 43, 44, 53—55
KJ1accuueckuit mpenen 1 68



IIPU TEPMOIJIEKTPOHHOU 3muccuu 1 362, 363
CpaBHEHHME ¢ pactpeneneHrueM Makcsema — bonbimana [ 43, 44
Paccesanue
BIiepe] (Ha Majble YIIIbl) U TEMIIEpaTypHasi 3aBUCUMOCTD YIEIbHOTO
anexkTpocornpotusiaeHus I 152
u He3atyxatouue Toku II 364, 365
Ha MarHuTHeIX npumecax 11 302—304
HEYIIPYroe U HENPpUMEHUMOCTh 3akoHa Bunemana — ®panua [ 322, 323
yIpyroe u30TpornHoe Ha npumecsx I 320-322
AJIEKTPOHOB, MexaHu3Mel [ 314, 315
anekTpoH-poHonnoe II 149—154
aneKTpoH-3ekTporHoe [ 21, 22, 345—348
Cm. maxowce AHrapMOHUYECKUE WieHbl; bpriimosHoBckoe paccesiHue; Bpems
penakcanuu; {udpakiust peHTTeHOBCKUX JTy4deii; [IpubinkeHHO BpeMeHH
penakcauuu; PamanoBckoe paccesinue; Paccesnue HeiTpoHOB; CTOJKHOBEHUS
Paccesnue neittponos I 49, 98—107, 381—385
6echononnoe 11 100, 384
nByxgononnoe 11 103, 104
nnuHa paccesaus 11 381
3aKOHBI COXpaHeHUsI B 01HOPOHOHHBIX Tpoueccax 11 106, 107
u Bpems xu3Hu ¢pononowu 11 103, 104
u kBazuumnyisc 1 99, 100, 379, 380
u MarautHoe ynopsipodenue 11 98 (c), 312—314
U olipesieNieHue CcTpyKTyphl kpucramios 11 100
u nonsipu3arust poronos 11 104 (¢), 385
U criMHoBBIe BoaHbI 11 322, 323
u paxtop [ebas — Bannepa II 114, 385
korepertHoe I 97 (c), 381 (c)
MarautHeie nuku 11312, 313
obmas teopus 11 381—385
onnodononnoe II 103, 104
paccmaTpuBaeMoe Kak BosiHoBoM mpouecce II 111—113
Paccesinue cBera cu. bpunmrosHoBckoe paccesHue; PaManoBckoe (KOMOMHAITMIOHHOE)
paccesHue
Pacmmpennas 3ona I 175
Pacmennenue B kpucraminaeckom node I1 273
Pacierniienue Mexay TPUILIETHBIM U CUHTJIETHBIM cocTosiHusIMU 11 290—294
Penxo3emenbHbIe MOHBL, () PEeKTUBHOE YMCIIO MarHeToHOB bopa 11273
PenkozemenbHbie MeTaNLIbI, 30HHAs cTpykTypa [ 308—310
, — — KocBeHHBIN oOmeH 11 301
Penopmanuzanuonnas rpynna II 316 (c)
PentrenoBckue myuu, sHeprus 1 104
— — — — cpaBHeHue ¢ Hepruei Gpononos 11 108



Pemerka I 74, 87 (¢)
Pemerku bpass [ 76—87
rpynna ux cummerpuu I 119, 121, 123
Y KOHEeuHble KpucTtamisl [ 78
konuuectBo 1 127, 128
uetpanciasguontHas cummerpus [ 119—137
onepanuu cummerpuu 1212, 128—131
— — paspeleHHsble yribl nosopota I 129, 137
onpenenenus [ 77, 78, 82 (¢)
npoucxoxaeHue Hazpanus [ 122
CUMMETpHUs OTHOCUTENIBbHO UHBepcuu I 136
CpeIHMX IMOJ0KEeHUN B TuHaMuuecko cucreme II 52
tunsl [ 122—127.
Cwm. maxorce Kpucramnueckue cucremsl; Tumsl perietok bpasa
Pemerka oOpatHast cv. OOpaTHas perierka
Pemerka npsmas I 95
PemeTka ¢ 6azucom I 86, 87
— — — obpartnas k Heit [ 96 (c)
Pemerounast TeniaoeMKocTh cm. TernnoeMKOCTh pelIeTOUHAs
Pemeroynast TeniaonpoBogHOCTh cy. TenaonpoBoJHOCTh JUAIEKTPUKOB
Pemerounsie cymmsl 11 31
— — JUIsl KYJIOHOBCKOTO noreHuuana Il 34—37
Pun6epr 150, 371
Pon ¢azosoro nepexona Il 180. Cu. maxawce Kputnueckast remnepatypa; Kpurndeckas
TOYKa
Pombuueckas kpuctaimmdeckas cucrema [ 124, 125, 135
PomOosapuueckas (TpuronanbHast) pemerka bpasas I 126, 135
pemierka, oOpatHas k Heit [ 103
CBsI3b ¢ KyOnmueckumu pemetkamu bpasa 1 126 (c), 136
Poct kpucramnos Il 253—254
Ceepxobmen 11 296, 297
CsepxnpoBoaumocTs I 340—369
oecmienenas I 341 (¢)
BuxpeBble JIMHUU 11 347—348
JnnuHa korepentHoctu I 352
«oKecTkue» cepxnpoBogHuku 11 348
naeanbHbld quamarderusm 11 341
uzotonuueckuit apdexr 11 359 (c)
U 3aTyxaHue ynprpasByka Il 350, 351
U uaeanbHas npoBoauMocTs 11 345, 352
u uH(ppaxpacnoe nornomenue II 350
Y TIOTJIOIIEHHE BhICOKOYAcTOTHOTrO n3mydenus I 349, 350
u TpurietHoe cnapuanue I1 356 (c)



kBaHTtoBaHue rmoroka Il 348 (c), 363, 364
KOHLEHTPAaLUs CBEPXIPOBOIAIIMX 1eKTpoHOB II 351
Kputudeckas temueparypa I 342, 343
kputuueckuii Tok Il 344
— — B LWIMHApU4eckoi mpososoke I» 369
HamarHuueHHocTsb I 347
ocHoBHoe coctosgHue II 355
napametp nopsiaka Il 362
nepBoro u Broporo poaa Il 346—348
npomexyTouHoe coctosinue 11 346 (c)
paspyuienue Bo BHemHeM node Il 344. Cu. makowce Kpurnueckoe nose
cBepxmpoBosiue eMeHTsl 11 341
cunbHag cBs3b 11 358, 360
CKpBbITas TEIUIOTa nepexoja B MarHuTHoM 1oiie I1 368
cMmeranHoe coctosHue Il 346
TEIJIOEMKOCTh HU3KOTEMIIepaTypHas dsekTponHas I 368
— CBSI3b C BEJINUMHON KpuTudeckoro nosis 11 360
— ckauok I1 360—361
terionposoAaHocTs 11 344, 345
tepmoauHamuka II 368
TepMmoasiekTpuueckue croiicta [ 257, I 344, 345, 365 (¢)
dazoBas guarpamma II 346
apdext Meiicuepa Il 345, 346, 353, 361, 362
adpdextsr [xozedceona I 365—367
Cwm. maxoce Kputnueckoe nosne; Kyneposckue napsl; Hezatyxatomiye Toku;
Teopus bapnuna — Kynepa — Ilpuddepa;
Teopus ['un36ypra — Jlannay; TynnenupoBanue; Y paBHenue JIOHTOHOB;
OHeprerTuyeckas Ieb
CBepxToHKOE (KOHTaKTHOE, (pepmueBckoe) B3aumoaeicTaue 11 281 (c)
CBoOopanas sneprus (I'ensmronsia) 153, 11117
— — marauTtHas 11 260
CBoOoHBI 3apsan u cBs3anublid 3apsn 1 158 (¢), 391
CasspiBaronue cocrosiaus 11 293 (c)
Css3b Paccena — Caynnepca I1 265
Caa3b xumunueckas 11 10, 11, 21
Cnpur Haiira II 282
Cnpur (Tpancisauus) pemetky bpasa 1 82
Casuroas nedopmarms 11 240
Cnsurosoe Hamnpsixenue I 249
Cerneroanexrpuuectso II 179, 180
CxxumaemocTtsb anuadatuyeckas u uzorepmuueckas Il 119. Cu. maxorce Monynb
BCECTOPOHHETO CHKATHUS
Cuna Jlopenma 127



Cunossle nocrosinHble 11 54
CunpHas CBsA3b 2JIEKTPOHOB cM.. MeTO CUIIbHOMH CBSI3U
CuMMeTpusi OTHOCUTENILHO HHBEPCUH U (Pyphe-KOMIOHEHTHI IEPUOTUIECKOTO
noreHuuana [ 144
CummopdnbIe mpocTpancTBeHHbIe rpymisl [ 134
Cunrnernsie coctoanus II 289
Cxettnunr 1l 327—329. Cu. makowce Kputnueckasi Touka
CkuH-crnoit, riryouna [ 278, 282
Cxonpxenue II 249
CkopocTb 6;10X0BcKuX 3mekTponoB [ 147, 380
— — — COTJIaCHO METOJly CUJIbHOM cBs3u [ 189
CnaTepoBckuii fetepMuHaHT 1 332
CwmelranHoe cocTosiHUE B cBepxnpoBoaHuKax I 346—348
— — — — CpaBHEHHUE C MMPOMEKYTOUHbIM cocTosinueM Il 346
s — d-cmemmBanue (rubpuamsanws) [ 185
Cwmemaroniee HanpsbkeHue B p — n-nepexoae 11 219
Cob6crennsie nomynpoBoanuku 11 186. Cu. maxorce [lomynpoBogHUKH
Cxkopoctb @epmu [ 50, 51
Cootnomenne boma — Crasepa II 141
Cootnomenne Knayzuca — Moccortu 11 166
Cootnomenue Jlunnana — Cakca — Temcpa I 171
B cerHerosnexTpukax II 181
u Msrkre moabl 11 181
00o06mmennoe I 183
Cootnomenue Jlopenma Il 165
Cootaomenue Moo 11 257, 258
CootHomenue DitHuTeiiHa 11 222
B BbIpOXKJIeHHOM ciydae [I 231
BBIBOJI HAa OCHOBE KuHeTH4eckoi teopuu 11 231
Cootnomenust Kpamepca — Kponwura I 392
Cootnomenust Oncarepa [ 263
Cocrosinue u ypoBens I 45 (¢)
CoxpaHeHue UMIyNbca, CPaBHEHHE C COXpaHeHueM KBasuummynbca I1 375, 376. Cw.
maxkoce KBazuuMiryibc
Crnapusanue cu. Kyneposckue mapsr; Teopust bapauna — Kynepa — Ilpuddepa
CrnimnoBas koppensiuuonHast ¢pynkuus 11 320
BUJ BONIM3H kputndeckoit Touku 11 329 (¢)
— Ipu BeICOKUX Temmneparypax I 324, 325
CnunoBas suTponus 1 275—277
CnuHOBBIE BOJHBI
B aHU30TpomnHoi Moxaenu [eiizendepra 11 322 (¢), 337, 338
B anTH(eppomarneTukax Il 322
B peppomarnernkax 318—323



— — U CIIOHTAaHHas HAMarHMYEHHOCTb ITPU HU3KUX TemmnepaTypax 11 321, 322
HaOmonenue ux I 322, 323
cynepniozutus 11 320, 321
Crnmnossie Matpulisl [laymnu, anredpandeckue coiictsa I 283
CnunHoBslit raMmunibToHuan Il 294—296
nzorponus II 295
Y DHEPIUsl TUI0JIbHOTO B3auMoaenicteus 11 295
Cm. maxorce MarautHoe B3aumoeiicteue; Moaens I eitsenOepra
Crnmn-opOuTansHas cBsi3b cmu. CIUH-OpOUTAIBFHOE B3aUMO/ICHCTBIE
CrnimH-opOuTanbHOE B3aUMOJICHCTBHE
B JIBYXBAJICHTHBIX T€KCaroHajabHbIX MeTaiiax 1299, 300
B METaJUIaX ¢ T€KCaroHAJIbHOM MJIOTHOYMAaKOBaHHOM cTpykTypoi I 175,299, 300
B MeToJie cuiibHOM cBs3u 1 190, 191
B pacyerax il HOYTH CBOOOIHBIX 3JeKTPOHOB I 175
u MarautHas anuzotponus II 295, 335
U MarHutHoe B3aumoseictaue 11 288
¥ MarHUTHBINA 11po6oit [ 223
Cnu snektpona I 48
— — ¥ wIoTHOCTH ypoBHe# I 149 (c)
Cmaser 1 310, 311
— paz6asnennbie marauTtHbie [ 301, 302
Cnonrannas Hamarunuennocts 11 286, 309
BUJI IIPH HU3KHUX TeMIlepaTypax B pamkax monenu I'eiizenoepra 11 321, 322
— — — — B Teopun MoJiekyisipaoro moss 11 330, 331
0c00eHHOCTh B KpuTHueckoit Touke I 315
Cwm. maxoce Deppumarnetusm, OeppomMarHeTu3m
Crarnueckas moaens pemerku [ 74, 11 45—49
CrekJa, UX TEIJIOEMKOCTh U TeronpoBoaHocTs [ 133 (¢)
«Crepxam» [ 365
Crexuomerpuueckue ciuiassl [ 310
CrokcoBa komnonenTa II 109
CTonKHOBEHUS
0J10XOBCKUX 3J1eKTpOHOB [ 218
BepoATHOCTH [ 316—318
BIIMSIHUE HepaBHOBeCHOU (yHKuuuU pacnpenenenus [ 316—318
B Mozenu Hpyne [ 21—22
U TepMOMHaMu4eckoe paBHoBecue I 22, 246
mexay pononamu I 127.
Cm. makowce AHTapMOHUYECKHE WIEHbI; BTOpoii 3ByK
MmexaHusMmel 1 219, 314, 315
¢ MarHuTHeIMU nipumecsmi 11 302—304
C HEMarHUTHBIMU Ipumecsmu (ympyroe) [ 320—322



anektpoH-pononusie 11 149, 154 Cm. maxowce Bpems penakcanym; [Tpubmmkenne
BpeMeHH penakcauuu; Paccesnue
CronknoButenbHbii wien [ 319
Crpykrypa anmaza [ 87, 88
u npeoOpazoBanue naBepcuu [ 136
CTpyKTypHBIH akTop I 115
yroJl Mexnay cBa3smu 1 94
YIIaKOBOYHBINA MHOKUTEND | 94
Crtpykrypa 6emoro onosa I 135
— Bypuura Il 18
— rpadura I 305
— neposckuTa I 181
Crpykrypa THna nmuenussix cot [ 78
Y TeKcaroHajibuasl IioTHOYMakoBaHHas cTpykrypa [ 90
Kak perierka ¢ 6azucom [ 87
Crpykrypa xsopuaa Hatpus [ 91, 92
cTpyKTypHBbI dpakTop [ 118
y LIEJIOYHO-TaOUIHBIX KprcTauios 11 12
Crpykrypa xsopuaa uesus 1 91, 93
— — — y HIeJIOYHOTaJouIHbIX coeauuenui 11 12
Crpykrypa nuHkoBoil oomanku I 88, 93
MOHHBIX KpucTauioB Tuna AnBvi Il 18, 19
KpucTamuioB coeaunenuit tuna AmByv 11 19, 20
CBA3b CO CTPYKTypo# Bypuuta II 19
cTpyKTypHBbIi dpakTop [ 118
Crpykrypssiii pakrop [ 113—116
B JIBYXBQJICHTHBIX MeTaiuiax [ 299
reKcaroHajlbHOMN INIOTHOYNaKoBaHHOU CTpyKTypsl I 117, 118
nuHamugeckui 11 283
00BEMHOLIEHTPUPOBAHHOM perieTku bpasa, paccMaTpuBaeMoi Kak Ipocras
KyOmueckas pemierka ¢ 6azucom I 114
CTpYKTypbl THHA anmasza [ 115
Cdepa Depmu [ 49
B T. II. K. MOHOBajeHTHOM MeTayute I 283, 288, 311
B T. II. K. TpexBajeHTHoM metaiuie [ 301, 302, 311
B I. II. K. YEeThIpeXBaJICHTHOM MeTtae [ 172
B 0. 1. K. MOHOBaJIeHTHOM MeTasuie [ 283
B LIEJOYHBIX MeTasutax [ 284—287
Cdepa DBanpaa 1 109
Cxema nosropsitomuxcs 30H I 149, 166
— npuBeAeHHbIX 30H [ 149, 166
— pacmupeHnHsIx 30H [ 105, 166
Temmneparypa Jlebas cu. JlebaeBckas Temreparypa



Temneparypa Kropu cu. Kpurnueckas remneparypa MarHuTHOIO IEPEX0/a;
Kputnueckast remmneparypa CErHETOJIEKTPUIECKOTO Iepexoia
Temnepatypa Heens 11 314
Temnepatypa @epmu 151, 52
Temmnepatypa OitHiureiina I 91
Ten3zop aedopmaruu 11 72
Tenzop nposoaumoctu I 243
B reKcaroHaJIbHbIX cuctemax I 260
B KyOnueckux cucremax [ 251
Teopema biioxa I 140
JoKazatenbeTBa nepsoe u Bropoe [ 140, 143
Y TIOBEpXHOCTHBIE ypoBHU | 366—370
Teopema bopa — Ban JleBen 1267, 11261 (c)
Teopema Burnepa — Dxkapra Il 269, 284
Teopema ['puna (g nepuonndeckux Gpynkuii) I 386
Teopema JlnyBumns [ 225, 385
— — ¥ BbIBOJ ypaBHeHust bonbimana [ 319 (c)
Teopema ®roke [ 140 (c)
Teopema SIna — Temnepa II 275
Teopus bapnuna — Kynepa — Hlpuddepa (BKI) I 353—362
B030yx1eHHbIe cocTostHu 11 357
u Kyneposckue napsl Il 354—357
u He3aTtyxatouue Toku 11 364
u 3¢pdext Meiicuepa 11361, 362
Kputnueckas remneparypa Il 358
kputuueckoe nose I1 359, 360
ocHoBHoe coctosHue II 355
cka4dok temioeMkoctu 11 360, 361
TEIJIOEMKOCTh (3JIEKTPOHHAs) TpU HU3KUX Temneparypax I 360
sHepreTuueckas mens I 357
s dextuBHoe B3aumozeiictue Il 357. Cu. makoce KynepoBckue mapsr;
CBepXnpoBOAUMOCTD
Teopust BO3MYILIEHUN U IPUOIMKEHUE TOYTH CBOOOIHBIX 31eKTpoHOB [ 159 (¢), 161 (¢)
— — U 2JIEKTPOHHBIE YPOBHU B MarHuTHOM mnoJe I 262
Teopus ['un36ypra — Jlannay II 362, 363
Buxpu II 363 (¢)
u ypaBHenue Jlongonos II 363
kBaHnToBanue nmoroka Il 363, 364
Tok II 362
Teopus Jlebas — Xrokkens I 341 (¢)
— — — qia obexgnenHoro cios 11231
Teopus )kUIKOCTEN, cCpaBHEHME € TeOpUEl TBepAbIX Ten | 74
Teopus Konno 11 302—304



Teopus nokansHoro noss I 163—166
Teopust metamioB 3ommepdenbaa [ 45—69. Cu. maxoce lpubnmxenue cBOOOIHBIX
AIIEKTPOHOB
Teopust metaios Jlopenna I 66, 11 208 (c)
Teopus monexymsipHoro nois 11 329—333 poausu kputudeckoit Touku I 338
BocnpuuMumuBocTs 11 332, 338
3akoH Kropu — Beiicca kputuka ee 11 329
HU3KOTEMIIepaTypHasl CIOHTaHHas HaMarHuueHHocTs 11 332
omnpeneneHue cnonTanHoi Hamaranuennoctu 11 330, 331
MIPUMEHUMOCTB B ciydae cBepxmnpoBosiiero nepexona I 359 (c), 360 (c)
CpaBHEHHE KPUTHUECKOW TEMIIEpPaTyphl, IOIYYCHHON B €€ paMKaXx, C TOYHBIM
3HaueHuem II 331
Teopus ynpyroctu I 71—75
CBSI3b C Teopuei konebanuii pemerku I 71—75
ynpyrue noctossaasie Il 73—75
— — u aHrapmoHuueckue wiensl I1 116
— — YHCJIO HE3aBUCUMBIX IOCTOSHHBIX JUISI CEMH KPUCTAJUTMYECKHX cucTeM I
74.
Cm. maxorce Monynb BCECTOPOHHETO CHKATHS
Teopus ¢pepmu-xuakoctu 1 344—350
kBazuuyactuusl [ 348—350
Kpatkuii 0630p 1350
f-¢pynkuus I 349, 350
AJIEKTPOH-3JIEKTpOHHOE paccesnue [ 345—348
TemoBoe pacmupenue 11 117—123
¥ 3aBHCHMOCTH YaCTOT HOPMAIBbHBIX KoJIeOanmii oT oobema I1 118, 119
Y 3allpellieHHas 30Ha B nonynpoBoaHukax II 189
u napametp ['pronaiizena II 120—123
ko3 dunmenT terutoBoro pacuupenus 11 119, 122, 123
meTamioB 11 122, 123
TeMIiepaTypHas 3aBucuMocTts I 121, 122
Cwm. maxace 1lapamerp I'proHaiizena
TermmoeMKOCTs MarHUTHAs
0COOCHHOCTH B KpuTHueckoi Touke 11315, 316
CpaBHEHHUE C PEIIeTOYHOM TertoeMKocThio 11 285
TennoemkocTs pemerounas I 46, 47, 54—58, 81-91
BU/J IpU BbICOKMX Temneparypax II 82, 83, 95
— npu HU3KKUX Temneparypax Il 79, 83—85
B cirydae d nusmepenutii 11 95, 96
JUISL HEIMHEHHOTO (MpU MalbixX 1) 3akoHa aucnepcuu 11 96
mozeinb [ebas 11 85—89
Mozens Dunmrreiina 11 89—91
— — cpaBHeH#ue ¢ monenbio Jlebas 11 89—91



HEJI0CTAaTOYHOCTh Kjaccudeckoit Teopuu II 57, 58

oOmuii B B rapMoHUYeckoM nipubmmkennn 11 81

IpY TOCTOSTHHOM 00BbeMe U Tpu nocTossHHOM aasnenuu 11 56 (c), 119

CpPaBHEHME C MarHUTHOM TeroeMkocTho II 285

CpPaBHEHME C JIEKTPOHHOM TemtoemMkocTbio 11 91, 155
TennoeMKoCTb 3JIEKTPOHHAs

B cBepxmnpoBogHukax Il 348, 349

— — Huskotemnepatypsas I 360, 361

— — npu cBepxmnpoBoasiem nepexose 11 360, 361

— — CBsI3b ¢ KpuTHueckuM nosiem 11 368

U IUIOTHOCTH ypoBHEH [ 61

kyonueckuit wien I 68, 72, 11 155

JMHennbId yieH 1 60—63, 72

— — ¢ononnas nomnpaska II 147 (c)

HECOCTOSITEJIBHOCTD Ki1accuueckoit Teopuu [ 39

IpY IOCTOSTHHOM 00BEME U TPU MOCTOSHHOM AaBneHu 1 62 (c)

cpaBHeHue ¢ pemerouynoi I 91, 155

TEOpHsl B MPHOIMKEHUH CBOOOIHBIX 3JEKTPOHOB I 56, 59—63
TemnonpoBoaHOCTh AuanekTpukos II 123—133

OeckoHe4Hasi B rapMoHu4eckoM npudmmxenuu 11 124

OeckoHe4Hasi B OTCYTCTBUE IIpolieccoB nepedpoca I 131

u xonebanus pemerku 11 48

u miporieccel nepedpoca 11 129—133

npeaen Kazumupa I 133 (¢)

pu BblcOKuX TeMmeparypax II 128, 129

npu HU3KUX Temneparypax Il 129—133

CpPaBHEHME C TEIIONPOBOAHOCTHIO MeTaiuioB I 35, I1 124 (c)
TemnonpoBoaHocTs MeTasuioB I 36, 45—40

B Mojienn 3ommepdensaa 1 66

B MoJTyKJaccuueckon moaenu [ 254—257

B cBepxipoBogHukax Il 344, 345

CpaBHEHHUE C TEIUIONPOBOAHOCTHIO AudJiekTpukoB I 35, 11 124

dopmyna Jpyne I 38

Cm. maxorce 3akoH Bunemana — ®panua
Tepmoaunamudeckuii noreHuan ['udoca 1 373

— — — s ceepxmnpoBoanuka Il 368
TepmonuHamuueckoe (TEII0BOE) paBHOBECHE U CToJIKHOBeHUs [ 22, 246

— — — noxkanbHoe 1 22, 246
Tepmomaruutasbie 3¢ dexTs! 1 259 (¢), 261
Tepmoanexkrpuueckue 3¢ dexrsr [ 39—41, 66, 257—260, 262
— — B cBepxnpoBoanukax [ 257, 11 344, 345, 365 (c)
Tepmonnekrpuueckoe nose I 39
TepmoanekTpoaBuKyIIas cuia (TepMo-3. 1. C.)



muddepennuansHas [ 40, 257—259
B IoJIyKJ1accudeckoi moaenu 1 257—259
B cBepxmpoBogHukax [ 257, 11 344, 345, 365 (c)
B TEOPUU CBOOOTHBIX JEKTPOHOB | 66
u Konebanus pemerku I 259
u 3¢ dexr [enbtre 1259, 260
u 3¢ dext Tomcona [ 262
HEJI0CTATOYHOCTh Kiaccuueckoit Teopuu I 40
TepmonnekrponHas smuccus 1 362—364
TerparonanbHas kpucramundeckas cucrema I 123, 124, 135
Tuner HocuTenei 1221, 222
Tune! pemerok bpasd
0azoneHTpupoBanHas pomoudeckas [ 125
rpaHeneHTpupoBanHas Kyonueckas [ 81, 82
rpaHeleHTpupoBaHHasi pomOuyeckas [ 125
00BEMHOLIEHTpUpOBaHHas KyOudeckas [ 79—S81
00BeMHOIICHTpHpOBaHHas pomOuueckas I 125
npoctas rekcaroHanpHas I 88, 126
npocras Kyouueckas [ 78
npoctast MOHOKJIMHHas [ 125
npoctast pomouueckas [ 125
npoctas TerparoHanbHas [ 123, 124
poMOo3Iprueckas (TpuronanbHas) [ 126
TpukiauHHas [ 126
LEHTpUpOBaHHAasi MOHOKJIMHHAA | 126
LEHTpUpPOBaHHas TeTparoHanbHas [ 124
Tok renepauuu II 219
— — ¢opmynsr 11 225—230.
Cm. makace p — n-niepexon
Tox HachILeHNs
B p— n-niepexoge 11 219—225
— — IIpU TEPMO3JIEKTPOHHOM 3Muccum [ 363
Tox pexomOunanuu II 219
— — CBsI3b ¢ TOKOM reHepanuu II 219.
Cm. makace p — n-niepexon
Toueunslie rpynmsl cu. Kpucramiorpapuieckue TOUeYHBIE TPYIIITbI
Toueunsie nedekrsl I 234. Cum. maxoice JledekThl B KprcTamiax
TpexBanentusle metasuibl [ 300—304
TpuronanpHas Kpuctasumueckas cuctema [ 126, 135
CBSI3b C TekcaroHajabHou cuctemoit I 133 (¢)
— ¢ KyOuueckoi cuctemoit [ 126
TpuronansHas pemerka bpass cu. PomGosapuueckas pemerka bpasa
TpuxinHHasg Kpuctananueckas cucrema I 126



Tpuxnunnas pemerka bpass 1 126
TpunerHoe cnapuBanue B xuaxom Hed 11 356 (c)
Tpunnernsie cocrosiHus 11 289
Tpy6xka Jlannay 1273, 274
TyHHenupoBaHue
13 HOPMaJBLHOTO MeTasuia B cBepxipoBoanuk I 349
— — — — u sHepreruueckas mens 11 349
MEXJly CBEpXIPOBOJHUKAMU HopMasbHoe II 366
addexror Jxo3edeona I1 365—368
anekTpoHa B pemierke [ 190
Yeneuenue ¢pononos Il 153, 154
Vri10B0oii MOMEHT, cioco0 00o3Hauyenus 11 262
VYron Xomna 31
— — B BEIIECTBAX C OTKPHITHIMU opOutamu I 241
YnakoBouHbIil MHOXUTEND [ 94
VYupyroe paccesinue u 3akoH Bunemana —®panna II 322, 323
VYpaBuenne bonbumana [ 318—328
BapHallMOHHbIN npuHimn [ 327, 328
Y 3aKOHBI coxpaHeHus [ 327
000CHOBaHME TPUOIMKECHUSI BPEMEHH PENIaKCAI|H I H30TPOITHOTO YIIPYTOTO
paccesiHust Ha mpumecsix I 324—326
pelieHne B npuOIkeHnn BpeMenu penakcauuu [ 319, 320
Cm. maxorce 1lpubnnkeHne BpeMeH! peaKcaun
Vpasuenue Jlongonos I 351—353
s raactuasl 11 368
u teopus ' ma30ypra — Jlangay 11 363
VpaBuenne Puuapacona — Jlammvena [ 363
VYpaBHeHue cocTosAHUA qU3IeKTpuKoB I 117— 122
— — — W 3aBHCHMOCTbH YaCTOThI HOPMaJIbHBIX KoneOanuit ot oonvema Il 117—
121
VYpaBHenus MakcBesia B cB0O0AHOM ripocTpaHcTse I 32
— — MaKpOCKOIMYECKHE B AIEeKTpocTaTuyeckoMm ciaydae Il 157—162
VYpasuenus Xaptpu [ 330
— — BBIBOJI U3 BapuanuoHHoro npuHuumna Il 331-351.
Cm. maxosce TleproanyecKuil MoTeHIUAI
VYpasuenus Xaptpu — Poxka I 343, 344
JU1s1 CBOOOTHBIX 3eKTpoHOB | 333—337
Y BOJIHBI 3aps10Boii miiotHocTH 11 299
u BocnipuuMuuBocTs [Taymnu II 285
U «TTyOWHA 30HBD) B IPHOIMKEHHH CBOOOIHBIX 3JEeKTPOHOB I 335
¥ MarHeTU3M CBOOOHBIX 31eKTpoHOB I 334, 335
U TeroeMKocThb [ 336
u 3¢pPexruBnas macca I 352



OJIHORJIEKTpOHHBIE YpoBHU I 349, 350
npuOIMKEHNE, UCTIOJIb3YIOIIEE OJHOAIEKTPOHHBbIN noTeHuuan [ 336
Yposenp @epmu B nosynposogHukax Il 195 (c).
Cm. maxorce XUMUUECKUN TOTEHLIMAT
VYposuu Jlanaay ans ceo6oanbix snektponos 11270, 271
VYcnoBue qudpakiuy peHTTeHOBCKHX JIyYe
dopmymnuposka bparra I 105, 106
— Jlay» 1 106—108
— — 1 obparHas pemerka [ 107
— — SKBHUBAJICHTHOCTH (hopmynuposke bparra I 108, 109
VYcnoBHas anemeHTapHast stueiika [ 84, 85
— — — JUI TPaHeIEHTPUPOBAHHON U 00BEMHOLIEHTPUPOBAHHON pemieTok bpapa
187
«Ycb 11254
®a3oBoe nmpocTpancTso [ 225
®azoBbiit caur | 154
®daxrop Jlebas — Bamnepa I1 114, 384
g-akrop Jlanzge 11 270, 388
— snekTponHsbIit [ 275, 11262
®epmu-rasz cu. Ipubnmxenne cBOOOIHBIX JIEKTPOHOB
®depmueBckoe (KOHTAKTHOE, CBEpXTOHKOE) B3aumoeicTeue 11 281
®eppumarnerusm 11310, 311
BocripuuMuuBOCTh 11 326 (¢)
KpuTuueckas temneparypa (temmneparypa Kropu) I1311, 314
otnnuue oT Gpeppomarnerusma I1 310, 311, 326 (c)
Teopust MoJiekyisipHoro most 11 338
®eppomarnerusm 11 286, 309—311
BocripuumumnBocTh 11 315, 325, 326, 332, 333
B ra3ze cBOOOJHBIX JIEKTpOHOB JI 297—299
B 30HHBIX Teopusx 11299 (¢)
B monenu ['eitzenOepra 11 316—323
rucrepesuc II 335
nomensl 11 333—336
u gunonsHoe B3aumonaenctaue 11 288, 333— 337
kospuutuBHag cuna Il 335, 336
Kputuueckas temneparypa (temmneparypa Kropu) I1 286 (¢), 311, 314
Kputnueckue nokasarenu crenenu I 316 (c)
HaIpaBJIEHUs JIETKOTO U TpyaHoro Hamaranuusanus I 335 (c)
otanuue oT peppumarnerusma I 310, 311, 326 (c)
npouecc HamaranuuBanus I 335, 336
criuHoBbIe BosHbI I 318—323
CIIOHTAHHAas HAMarHMYEHHOCTh IIPU HU3KUX TemmnepaTypax II 320—322
Teopust MoJieKyssgpHoro nosst I 329—332



sHeprus anuzorponuu I 335, 336
Cm. maxowce MarautHoe B3auMozeiicTBre; MarHuTHOE yIOpsiIOUEHUE;
CrioHTaHHasi HAMAarHUYEHHOCTh
DIyKTyallMOHHO-IUIIONbHBIE (BaHA€pBaaibcoBckue) cuinl 11 21, 22
B MOHHBIX KpucTasuiax Il 33
u noteHman Jlensapaa-J>xonca Il 28, 29
npoucxoxzaenue I 24, 25
®moxkcon II 364
DOHOHBI
akyctuueckue Il 64, 66, 70
B3auMojieiicTBue ¢ anekTponamu Il 145—154
B MOHHBIX kpuctamiax II 157, 170—173
B Metaynax Il 138—156
BOJIHOBBIE nakeTs! 11 124
BTopoii 3Byk I 133—135
BpemeHa xu3Hu 11 104
nebaeBckas mojenb criekrpa I 85—89, 92, 93
u BocnipuuMunBocTs [Taymnu II 280 (c)
U IU3JIEKTpUUECcKas MpoHunaeMocts Metamios Il 141—144
Y 3allpellieHHas 30Ha B noiynpoBoaHukax Il 189
U KoHleHTpauus Bakancui Il 235, 236, 256
U MEX30HHBIE nepexoasl 1 294
U ONTUYECKHUE CBOKCTBA NoynpoBogHuKoB I 189, 190
Y IUIOTHOCTH TeIu10BoM aHepruu II 81
u paccesinue HeiitpoHos II 104 (c)
u ceepxmnposoaumocts 11 353, 354
u TemioBoe pacmupenue 11 117—122
u TemtoemMkocTs 11 81—91
U TermtonpoBoaHocTh 11 123—133
Y IIMpUHA JIMHUN HEHTPOB okpacku II 242
u anekTpoconporusienue 11 149—154
u 3¢ PexruBHas macca snexrpona Il 145—147, 155, 156
KaK KBaHTOBaHHbIE HOpMasbHbIe MOJbI I 80
kBazuumnyisc I1 99, 100, 375—380
KBaHTOBOMeXxaHnueckoe onucanue Il 371—374
KpaTKuii 0030p OCHOBHBIX (pusmueckux 3¢ ¢pexron I 46—49
HOopMaJsbHble ipoueccsl 11 129
OTIEPaTOPBI POKICHUS U YHUUTOKEHHUS
— — — — i pewierku bpass 11 372
— — — — i pewetku ¢ 6azucom II 373
OIpe/IeNIEHUE CIIEKTPa C OMOILBIO paccesiHus HelTpoHoB 11 98—104, 383, 384
————— pentrenoBckux Jyyuert I 385, 386
————— ceera [l 108—111



ontuueckue 11 64, 65, 70—80
ocobennoctu BaH Xosa 11 92, 93
ocobennoctu Kona II 14
IUIOTHOCTH ypoBHei I 92—94
nossgpuzauus I 68—71
nporeccel 6ecpononnsie 11 100, 384
— 1-ononnsie 11 101, 102
— 2-¢ononnsie 11 103, 104
— n-ononnsie 11 387
npoiieccsl epedpoca I 129—133
poXKaeHue, yHnuToXkeHue u paccesuue II 125, 126
CMEILEHHS U UMITYJIbChI HOHOB, BEIPQXKEHHBIC Yepe3 ONepaTOPhl POKICHUS U
yauutoxxenus 11 372, 373
cpaBHeHue ¢ kinaccuueckum razom II 128 (c), 131 (c), 134, 135
cpasaenue ¢ poronamu II 80, 94, 95
Cpe/Hee YuCio B TepMoAMHaMu4YeckoM paBHoBecuu 11 81
cronkHoBeHus I 126
yucha 3anogaeHus 11 99 (c)
SUHIITEHHOBCKAs MoJienb crekrpa I 89—91, 93
SHEPrusi, CPAaBHEHUE C SHEPruel peHTreHoBckuX aydei 11 108
Cm. maxoice AHTApPMOHUYECKUE WICHBI; | 'apMOHUYECKOe TPUOITNKCHIE,
Konebanus pemerku; Monens [eb6ast; [Tonspusanus; [Ipomecce mepedpoca;
OneKTpoH-(hOHOHHOE B3aUMO/ICHCTBHE
®opmyna Jlopeniia — Jlopenta 11 166 (c)
®opm-takrop aromusrii [ 116, 117
DOTOHBI
COOTHOILIEHUE MEXIY 3Hepruen u ummnyiascoMm II 97, 98
cpaBHeHME HelTpoHamu 11 98
— ¢ ¢ononamu II 80, 94, 95
®oronpoBoaumocTts 1,11 186
®DoTo3neKTpUIECKU 3P PeKT
U u3MepeHue padotsl Beixoqa I 362
Y TIOBEpXHOCTH TBEPABIX Teu I 354
U IpUOIMKEHNE HE3aBUCUMBIX AIeKTpoHOB I 345 (¢)
Oyukiuu Banse [ 192, 193
obnacte npumenenus [ 193
COOTHOILLIEHUs opToroHansHocTu I 194
®ynkuus bpumnosna 41 271
®ynkuus Jlanxesena I 183
DyHKIUA pacupeneneHus
boze—D0itnmreiina II 82
Makxkcsemia — bonbumana [ 43 — 45
HEpaBHOBECHAs AJIEKTPOHOB I 245



— —BBIYKCIICHUE B IPUONMKEHUU BpeMeHHU penakcauuu [ 247 — 251

— —nuHeapuzanus [ 250

paBHOBecCHast 3JeKTpoHOB [ 43—46

CKOPOCTbh U3MEHEHUS 3a cueT cToJakHoBeHui 1317, 318

— — — — B npuOamkeHnu 'Bpemenu penaxkcauuu [ 317, 318

®epmu—/lupaka 143, 45, 54—56

¢dononos II 81

Cwm. maxorce: Ipubnmxenne Bpemenn penakcanuu; Pacnpenenenne @epmu —

[upaxka; YpaBHenue boiablimana
Oynkusa Gepmu [ 56. Cu.. maxorce Pactipenenenne Gepmu — qupaka
f-¢pynkunms I 349
®dypbe-06pa3

KyJIOHOBCKOTro0 B3aumojenctsus [ 333, 351, 352

dbopmynsr obpamenus [ 376—378

AKpPaHUPOBAHHOTO KYJIOHOBCKOTO B3aumoaencteus [ 341 3351, 352
XHUMHUYECKUI ITOTEHIAT

B coOCTBEHHBIX noaynpoBogHukax II 197, 198

u s"eprust Gepmu 1 56, 60, I1 195 (c)

KBazuxumMuueckuii moreuruai I 232

nokanbHbI [ 246 (¢)

— B [IEPEMEHHOM 3JIeKTpuueckoM moiie [ 261

TeMIepaTypHas 3aBUCUMOCTb B MeTaiuiax I 232

TepMOJAMHaAMHU4ecKoe paccMoTpenue [ 373

AJIEKTPOHHOIO ra3a Mpu HyJieBor Temriepatype [ 56

anekTpoxumuueckuit norennuain [ 258 (c¢), 11 213—215
Xumnueckuit casur 11 281
[{enTpupoBaHHasi MOHOKJIMHHAs pemierka bpasa I 125
LlentpupoBanHas TeTparoHanbHas pemerka bpass [ 123, 124
IlenTps! okpacku I 239—243

F-uentp 11 241

— npocras mozensb 11 257, 258

Fa-uentp II ;243

H-uentp 11 241

M-uentp 11 241

R-nentp II 241

Vk-uentp II 242

LIMpUHA JIMHUU oNTHYecKoro nornouienus I 242
Huxnorponnas macca [ 236, 243

B MeTayax [ 278

B nostynpoBoHukax Il 193

Cm. maxoice DpdexkTuBHAST Macca
Huxnorponnas yacrora [ 31

B nostynpoBogHukax I 193



yucaeHnsie popmynsl 131, 372
[{MKITOTPOHHBIN pe30HAHC
B MeTayax [ 278—280
B nosrynpoBogHukax 1 278 (c), 1 193, 194
YetbipexBaneHTHbIe MeTasuibl [ 304
Yucno Asoraapo 119, 63
Uucno Jlopenua I 35, 36
— — TeopeTudeckoe 3HaueHue [ 66
Cm. maxorce 3akoH Bunemana — ®panua
[IvuprHa 30HbI
B MeTojie cHJIbHOM cBsi3u | 187
B OJIHOMEpPHOM ciy4aB [ 155
JUIs1 CBOOOTHBIX 3JIEKTPOHOB B mpubamxenun Xaptpu — Doka 1 335
cpaBaenue s- u d-30H [ 306
Ilenouno-ranougusie coequuenus 11 12—17
nebaeBckas remnepatypa I 86
nedextsr 11 237, 238
JuaMarHuTHas BocnpuuMuuBocTs 11 264
JIUaJIeKTprudeckas nponunaemocts 11 176
30HHas cTpykTypa II 14
noHHbIE paguycsl II 15—17
koresuonHas sueprus Il 33, 34, 36
MOAYJb BcecTopoHHero cxatust 11 38
ontuieckue moasl I 170—174
napameTpsl [ pronaiizena [ 122
nosisipuzyeMocTs I 168
nocTosiHHble pemerky [ 92, 93
npoBoaumMocTs 11 238
pacnpenenenue miioTHocty 3apsiaa Il 13
paccTostHue Mexay onmmxanmumu coceasimu 11 38
LEeHTpbI okpacku II 239—242
4acTOTHI onTu4deckux ¢pononos Il 176
[llenouno3eMenbHBIC METAJLIEI 1 299
IIenounkie MeTaIbI
atomusie 280
napaMeTphbl, OTBEYAIOIINE MOICTU CBOOOIHBIX MIEKTPOHOB [ 51
IUIOTHOCTH U pa3mep nonHa [ 42—44
nocrostHHble pemetku | 82 kondurypamuu I 283
30HHAs CTPYKTypa u noBepxHocts Gepmu [ 284—287
koresus 11 40—44
KOHIICHTPALUs 3JIEKTPOHOB MTPOBOIMMOCTH B MOJIETH CBOOOIHBIX 3JIEKTPOHOB |
20
koapumments Xomna I 30, 287



MOAYJb BCECTOpOHHEro cxatus [ 53

onruueckue ceomcrna I 33, 293—295

napamarsetusM Ilaymn 11

noTteHuuansl nonusanuu 11 73

NPO3pavyHOCTh B yIbTpaduoneToBoit odmactu I 33

conpotusnenue | 24

TEII0EMKOCTh | 62

TEII0NpoBOAHOCTH I 36
Oxpanuposanue | 337—344, 11 142—145

B p — n-niepexozae 11 231

B npubmmxennn Xaptpu — @oka [ 343, 344, I1 145—147

MOH-HOHHOTO B3aumozeicTsus 11 139

U eppoMarHeTHs3M 3IeKTpoHHOTO rasza I 299

Jlunnxapna [ 342, 343

nepeskpanuposka Il 146

— u cBepxnpoBogumocts 11 353, 354

Tomaca — ®epmu 1 340—342

SKpaHUPOBAHHBIN KyJIOHOBCKUI noteHmuain [ 341

— — — ocumusinuu 1 343
Oxcuronsl Il 244—247

Bannse — Motra Il 247

®penkens 11 244
DKcTpeMabHbIe OpOUTHI

B LIMKJIOTPOHHOM pe3oHaHce [ 279

B 3 dexte ne ['aaza — Ban Anbdena [ 267—270, 273

U MarHeToaxkyctHueckuit apdexr [ 277

U IUIOTHOCTH ypoBHeH [ 273

u 3¢ dexrt ['anTmaxepa I 280, 281
Onexrpuueckas naaykuus II 158, 165
OnexTpudeckuit mpoooit cMm. [Ipoboit anexTpudeckuii
DnekTpuueckoe nose JokaasHoe 11 163—166
DNeKTpOH OJIOXOBCKUH cM. OIOXOBCKHE AIIEKTPOHBI
DIIEKTPOH-UOHHOE B3aUMOJICHCTBUE (CTATUYECKOE)

B Mozenu Hpyne I 19, 20

u otpunarensublie s3Heprun ®epmu 1356 (c)

Cm. maxorce Tlepuonnyeckuil NOTEHIUA
DJeKTpOoHHas MI0THOCTH [ 19

B MOHHBIX KpucTauiax Il 13

B KOBaJIEHTHBIX KpucTtamiax II 8

B MeTayax I 20

U Knaccudukanys TBepasix tei I 5—11
DIEeKTpOH-HEUTPOHHOE B3auMoeiicTBue (maruutHoe) I1 98 (c)
Onektponnoe cpoactro 11 13 (¢)



DJIEKTPOHHBIE YPOBHHU aTOMOB, pa3MbIBIIKecs B 30HbI [ 187
Onextponnslii raz 1 17—22, 315 (¢). Cm. makorce [IpubnuxeHne cBOOOTHBIX

AIIEKTPOHOB
OnexTponHnsblii g-pakrop 11 261, 262
DnexTpoH-(hoHOHHOE B3aumoeicTeue 11 145—154

¥ MarHuTHas BocipuuMuuBocTs 11 280 (¢)

U oHO3eKkTpoHHas sHeprus 11 145, 146

u ceepxmnposoaumocts 11 353, 354

u anekTpocornporusienue 11 149—154

u 3¢ PexruBHas macca snextpona Il 146, 147

koHcTtaHTa cBs3u 11 148, 149
DIIEKTPOH-AIIEKTPOHHOE B3aumoeiictaue [ 329, 352

B Mozenu dpyzne [ 19—21

B puOmmxennn Xaptpu I 330

B npuOmmxennn Xaprpu — doxka [ 332—337

Y BpeMsl )KU3HHU 37eKTpoHa | 346, 347

U MarHutHas ctpykrypa Il 286—307

U MeToJ cuiibHOM cBsizu I 191

u MoJienb Xab6apaa 11 300

u napamartetusm llaymnu I 284, 285

u nepuoanueckuit norenuuan I 138, 195, 330, 331

u npunuun [aynm I 346—348

u paccesinue [ 20, 21, 315, 345—348

u ceepxmposoaumocts II 353—355

u Teopus pepmu-xkuakoctu [ 344—351

Y HEPI'Msi OCHOBHOI'O COCTOSIHUS T'a3a CBOOOIHBIX 3JIEKTpOHOB I 334

yepe3 ¢onousl I 144, 145

Cm. maxorce TlpubnrkeHre He3aBUCHUMBIX JIEKTPOHOB; Teopust pepmu-

XKuakocTH; YpaBHeHUs: XapTpu — Poka, DKpaHUPOBaHUE
DJIeKTpOHBI aTOMHOTO (MOHHOTO) ocToBa I 18, 115

BostHOBBIE (pyrkimm [ 197, 198

CpPaBHEHME C BaJIEHTHBIMU 3j1eKTpoHamu [ 197, 198
DJEeKTPOHbI BaJICHTHBIE cyM. BaleHTHBIE AIIEKTPOHBI
OnexTpoHnsl npoBoauMocTti [ 18.

Cwm. maxosce brioxoBckue 3ekTponsl; [IpulimkeHne He3aBUCHMBIX AJIEKTPOHOB,

[Tpubnnxenne cCBOOOIHBIX AIEKTPOHOB
ONEeKTPONPOBOJHOCTh BHICOKOYACTOTHAS

B Mozenu [pyzae 1 30, 71

B IoJTyKJ1accudecko mozenu 1253

U IU3JIEKTpHUUecKas mpoHunaeMocts [ 390—393
ONEeKTPONPOBOJHOCTh BEICOKOYACTOTHAS

U MEX30HHBIE nepexoasl I 254

KBaHTOBOMeXaHu4eckuil pacyer [ 253



HeJoKanpHas Teopus 1 32
DNEeKTPONPOBOJHOCTD CTATUUECKAS
anuzotponus I 71, 251
B HEYIopsA10ueHHBIX cruiaBax [ 310
B OJHOPOJHOM MarHuTHOM ToJie [ 260— 262
B IoJTyKJ1accudyeckoi mozenu 1 253
B nosynpoBoauukax I 185, 190 u apipku 1252
3axoH bsioxa T> II 192
uaeanbHasi, OTiinyue ot ceepxmnpoBoaumoctu Il 345, 352
uaeanbHbIX Kpuctayios [ 218
MOHHBbIX Kkpuctasmios I 238, 239
Y 3allpellieHHas 30Ha B COOCTBEHHBIX NostynpoBoaHuKax II 190
u xosieOanus pemetku 1147, 48, 119—154
U iomaas nosepxuoctu Gepmu [ 261
U npuMecu B noaynposogHukax I 186, 187
temriepatypHas 3aBucumocts [ 71, 1148, 152, 185
Onektpoconportusienue [ 22, 23.
Cm. makorce DNEKTPONPOBOIHOCTD
DIEeKTpOCTaTHUECKOE TOJIE OHOPOIHO MoJsipu3oBanHoN cdepsr 11 182, 183
— — pemerku aunonei 11 1
Onekrpocratudeckoe npudmmkenue I 171 (¢), 172 (c), 175 (c)
DneKTpoxuMuyeckuit morenuuan [ 258
— — B nostynpoBojHukax 11213, 214
OneMeHTapHas suerika cy. [I[puMuTHBHAs siuelika; Y CIIOBHAsI dJIeMEHTapHas siueika
Oueprerudeckas 30Ha | 147. Cm. maxowce 3anpemiennas 30Ha; [110THOCTh ypoBHEH;
[IIvuprHa 30HbI
DHepreruyeckas 1ejb (B HOPMaJIbHBIX MaTepuanax) cm. 3anpelieHHas 30Ha
OHepreruyeckas 1eib (B cBepxnpoBoasaumx Matepuanax) I 341
u 3aTyxanue 3Byka Il 350, 351
u3MepeHHsble 3HaueHus 11 359
u marautHbie npumecu Il 341 (c)
Y TIOTJIOLIEHME IeKTpoMaruuTHoi auepruu 11 349, 350
u TyHHenuposanue II 349
cootHouienue ¢ Te B Teopun BKIII 11 358, 359
Ouneprus anuzorponuu II 335, 336
OHeprus HOHU3alUU aTOMOB ILIEJOYHBIX METAJIIOB U Bopopoxa II 23
— — meau, cpaBHeHue ¢ kanuem [ 290 (c)
OHeprusi OCHOBHOI'O COCTOSIHUS T'a3a CBOOOJHBIX 3JIEKTPOHOB I 334
OHeprus cBsi3u cm. Kore3nonHas sneprus
Ouneprus Pepmu
0J10XOBCKUX 371eKTpOHOB I 148
B nosrynpoBogHukax I 149 (c)
B IPUOJIMKEHUU CBOOOTHBIX IeKTpoHOB [ 49, 51



1 xuMudeckuit moteHuuan 1 56, 60, 195 (c)
oTpuuaTenbHble 3HaueHus [ 356
cpaBHeHUE ¢ AebaeBckoi yactoroit I 155
Cm. maxorce XUMUYECKUNA TTOTEHITHAT
OHTponus
ra3a cBOOO/IHBIX 3JIEKTPOHOB [ 67
Y He3aTyxarouue Toku B cBepxmnpoBognukax Il 345
apaa I 24
notok [ 254
npoussoacTso II 254
cnuHoBoM cuctemsl 11 276, 277
Oddexr ne ['aaza — Ban Anbdena [ 265—275
B Onaropoaubix metaiiax 1290, 291
B niepexoHbIX Metaax [ 308
B IIEJIOYHBIX MeTaiiax I 284, 285
u3mepenue 1265, 266
Y HEOJHOPOJIHOCTh MarHUTHOTO ToJist [ 282
U IUIOTHOCTH ypoBHeW [ 273, 274
u paccesinue 1 274, 275
KBaHTOBaHUE TUIOIIa 1 opoutsl [ 271—273
MUHHUMAaJIbHBIN pa3zmep obOpasua [ 271 (c)
TeruioBoe ymupenue 1 274
Oddexr 'antmaxepa I 280, 281
Dddext 3eedeka I 39, 40, 257 (¢)
— — OTCYTCTBHE B cBepXnpoBogHuKax [ 251
Dddext Meiicuepa Il 345, 346
u teopust BKII 1T 361, 362
u ypaBHenue Jlongonos II 353
Cwm. maxoce Kputnueckoe nose; CBEpXnpoBOAUMOCTh
Oddext Heprera I 259 (c)
Oddexr Ienbrhe 1 259
— — oTCcyTCTBHE B cBepxnpoBoaHukax Il 345, 365 (c)
Oddext Purun — Jlemroka I 259 (c)
Oddext Cuncodu II 344
Oddext Tomcona [ 41, 259, 262
Dddext Xomma 127, 28
B amromunuu I 30, 302
B IBYX30HHOM Mojenu [ 243
B KOMIIEHCUPOBaHHBIX MaTepuanax I 244
B Mozenu dpyne [ 27—31
B nosrynpoBogHukax Il 186
B CWJIBHBIX NOJISIX B paMKax nosykiaccuueckoit moaenu I 237—241
Y 3HaK 3apsja Hocutenei Toka I 28, 29, 239



Y KOHLIEHTpauus Hocutenen Toka [ 29, 239, 240
U TPYAHOCTH MOJIENIA CBOOOTHBIX 31€KTPOHOB | 70
O dexr HlyoHnkosa — ne ['aaza [ 265
O ekt Itunrcraysena I 259 (c)
D¢ dexTrBHas Macca
B nosymerasiax [ 306 (c)
— npubnmxennn Xaptpu — Doxka [ 352
nbipok 1231
U CTaTh4ecKas >JeKTPONPOBOAHOCTH I 252
HaWgeHHas 110 TermioeMKkocTH 1 243
tenzop 232, 380, 11 191 (c)
teopema [ 380
dononnsnii Brman Il 145—147, 155, 156
UKIOTpOHHAs (B MeTaiiax) [ 236, 243
— n3mepenue [ 278
DddextuBHOE uncio marueronos bopa Il 272— 274
A dexrsr Ixozedpcona Il 3(15—367
D¢ deKThI MPOCTPaHCTBEHHOTO 3apsiaa B TEPMOIIEKTPOHHOM smuccuu [ 363, 364
SAnepHelii MarHuTHBIN pe3onaHc 11 281, 282
u antudeppomaruerusm 11 313, 314
u napamaraetusm [laynu II 281, 282
Slueeunas BoJaHOBas QyHKIUS, cpaBHeHUe ¢ aToMHo# I 200, 201
Sl4eiika cu. YcnoBHas diIeMeHTapHas sA4delika; [IpumMuTuBHas sguelika
Sueiixa Burnepa — 3eittua I 85, 86
anroputM nocrpoenus I 86
B 00paTHOM IpocTpaHcTBe cm. 30Ha bpmitosna nepas
JUTS T.ILK. U 0.1L.K. pemietok bpass 1 86, 94



Ilocesujaemces Jausabem, Haconamany, Pobepmy u Any

IIPETUCJIOBUE

Mar mavanu paborare Ham KEuroii B 1968 r., cTpemsacek BocHogHuTh mpobed,
KOTOPHHE MH 00a 0CTPO YyBCTBOBAJU HOCJIEe HECKONXBKHUX IIET NPEIONaBAHUSA BROJ-
HEIX KypcoB QU3NKH TBEeDAOro Tela [JIA U3YIAOMUAX PUBHKY, XUMUIO, HHKEHEPHEEe
HAYKH U TeXHOJOrWi0 MarepuanoB B HopHemncwrom yHusepcurere. [laBas crymen-
TaM MIAJIOUX M CTAPHIHX KYPCOB DPEKOMEHIANEM IO CAMOCTOATEIBHOMY UTEHHIO,
HaM OPHXONMJIOCH OTCEHIATE HX K IecTpOd MeIIaHWHe, COCTABICHHOH IPUMEPHO
13 HOATIOKUHBL yIe0HUKOB I MOHOIpaui. JIuimp OT9aCTH 3TO CBA3aHO ¢ MHOIOILIA-
HOBOCTBIO IpefiMeTa, OCHOBHAA jKe mpobiieMa 3aKII04aeTcd B ero ABOAKON IPHApPOXE.
C ofEOX CTOPOHBL, BO BBe[eHNW B UBWKY TBEPAOTO Tela HeoGXOMuMo TOCTATOYHO
nofpo6HO pacCKasaTh 0 MIMPOKOM KpPyre peadbHEIX TBEPHEIX TeJI, yHeIsis ocofoe
BHHMAaHHIe THIWYHBLIM 3KCIEPHMEHTAJIbHHEM JaHHBIM W WILIIOCTPATABHBIM IIPHAMEpPaM.
C Opyrof CTODOHEl, CerofHsA CYIIeCTBYeT XOpomo OGOCHOBAHHAA OOMIAs Teopus
TBEPJOTOo Tea, C KOTOPOi JOMKEH 03HAKOMAThCS JI000H CepbesHo MHTEPeCymuiics
CTYJIeHT.

H samemy ynuWBIeHUIO, JuOIb Yepe3 CeMb JET HAM YAAJ0Ch CO3OATH TO, ITO
HaM OBII0 HYKHO: e{NHBIH BBOXHEN y9e0HUR, coueTaomui ofa acumeKTa mpeamera —
KaK OMHCATEeNhHHI, TAK H aHaiuTHIecKmid. Mbl cTpemumiuch JaTh moapoOHoe pac-
CMOTPEHNEe BCET0 Kpyra fABJeHWi, CBA3AHHHX ¢ TJIAaBHEIME (GopMaMd KPUCTAIIH-
9eCKOTO BemECTBA, W IIPU HTOM 33aJ0KUTH OCHOBEL ANA «paloveroy HOHUMAHUA TBep-
IOro Tejia HYyTeM ACHOTO, HeTAJBHOIO M HIeMeHTAPHOTO U3JN0KeHUsT QyH[aMeHTATb-
HHX TOHATHH TEOpuu.

Ruura mpemHasHadena JJA YTeHHA BBOXHBIX HUKJIOB JeKOUW CTyneHTaM MJIai-
mux u crapmuXx Kypcos 1), B ocHoBe Qu3HKu TBEPAOro Teda JEKHUT CTATHCTHYCCKAS
MeXaHNKa # KBaHTOBad Teopusa. lloamaysachk mMu mo mepe HEOGXONUMOCTH, MBI
IOMNBITANKNCH Y9eCTh, OCO0EHHO B §0Jee IPOCTHX riaBaX, 9T0 MHOTHE HAIIU YATATEeNH,
B UACTHOCTH CTYAeHTH MJANUIUX KYPCOB, eille HE TOCTATOIHO XOPOMIO OCBOMIH
naHiEle upeqMersl. TaM, Ifle 3TO HPeICTABIAETCH E€CTECTBEHHBIM, Mbl OTHeJUJIN
BOIPOCH, IMOMHOCTHIO OCHOBAaHHEIE Ha 9HCTO KJIACCHUYECKUX MeTONax, OT BOIPOCOR,
TPeOYIOMUX KBAHTOBOIO paccMOTpeHHA. B mocmemHem cmydae, Tak ke KaK W IpHU
MPUMEHEHNH CTATHCTUIECKOR MeXaHMKH, MBI CTAPAJIACh UCXOAUTH U3 TeTKO CHOpMY-
JUPOBAHHEIX (HEepPBHIX NPHUHONOOBY. I1l09TOMy KHUra MOMKET CJYMKATH BBOJHEIM
KYPCOM, U3yIaeMbIM OJHOBDEMEHHO ¢ HAYaJbHBIMU KypcaMu KBAHTOBOH M CTATHCTI-
weckoii MexaHuKH. Toabko Gomee TpyZHBE TJIaBH W NPWIOKEHHSA PacCIMTAHBL HA
KOCTATOIHO TMOZTOTORIEHHOIO YHUTATENS.

[locie xammoR riaBel HPUBOJATCA 3amauu, KOTOPHE JOBOJBHO TECHO CBA3AHHI
¢ TEKCTOM IJIaBH M JEJNATCH HAa TPM OCHOBHbIE rpynmsl. a) VMHOrma Mel OTHOCHM
B 3aflaud CTAHARPTHHIE BRIKJIAIKU UPH BEIBOge dopmyna. OTdacTu 3To [gelaeTcs MIf
TOro, 4ro0nl M30eKaTh meperpysku TeKCTa (GopMysiaMd, He HMEION{UMHI CAMOCTOH-

1) O BO3MOIKHHEIX IIyTAX UCIOJB30BAaHUA ydYeOHHKA IIPH YTeHMM KYPCOB PDAsTMIHOI Ipo-

JOJKHTEIBHOCTH W PaccYMTaHHEIX HA PASHHA YPOBeHb IOJLOTOBKH MEL paccKa3elBaeM HA
crp. 14—16.



IIpemuciosne 1

TeJBHOTO WHTEpPEeca, HO IVIABHHM 0GPasoM IOTOMY, 4TO TAKUE BEHAHCIEHHA TOPA3/o
Jydime YCBaWBAIOTCH, €CAH MX OPOBOJUT caM WUTATeldb, HOIL3YSACH UMEOIMMUCH
HaMeKaM¥W M OpAMEMIN YKazanusamu. 6) orma Takodl cTuib MBIOMKEHHS BO3MOREH,
MBI (HaIlyraHHbBE TNPU3PAKOM HOABIEHHS NBYXTOMHOTO Tpyaa) !) maem B samawax
RajdbHElmee pagBATAC MAaTepHAIa I'TaBH. B) [pyrue mpuMepsl, Tpefyromue IucieH-
HHX ¥ AHAJNTWIECKEX PACYeTOB, IPHBENEHE B Ka4eCcTBe 3amad, ITOGH aubo c000-
IUTH MOTOJHUTENBHYI0 HHYOPMAHRIO, IGO0 AT TUTATENI0 BOBMOKHOCTEL MOYIIPAK-
HATHCA BO BHOBH HPHOODETeHHHX HABHKaX. llosToMy uYmTarensb MOJIKeH W3YdUTH
3aja9M, JaKe eCIM OH He HaMepeH UX Pemars.

MBl cormacHpl, 9T0 OJUH PHUCYHOK IleHHee THCAYM CIOB, HO He 3a0biBaeM W
0 TOM, 9TO HEHYKHAsd MILIIOCTPAINA, YKpamas CTPAaHUIY, 3aHEMAaeT B TO jKe Bpe-
MA MECTO, Ifle MOKHO OBLJIO OB ¢ MOJB30H pa3MecTUTh COTHH ¢1oB. IloaToMy umrare-
JI0 BCTPETATCS KaK (OIbMKe IPOMEKYTKHE CIIOITHOTO TEKCTa, TaK M PASKeNHl, Ald
03HAKOMJICHUA ¢ KOTOPHIME JOCTATOYHO OPOCMOTPETh PHCYHKH I IPOYUTATH HOIUCH
K HIM.

Mpt mpefmomaraeM, 9YTo KHura OyfeT HCIONB30BATHCA NS NPEHOJABAHUA
CTYNEHTAM C PasiUIHBIM YPOBHEM IIOJTOTOBKH M C PA3JIMYHBIMU MHTepecamu. B KoH-
KpPeTHOM Kypce BpAX au Oyner coXpaHeH IpHWBeJeHHHH IODANOK TJaB (M HasKe
m30paHHEIX TJaB), II03TOMY OHH HANMCAHHE TaK, 9YT0 UX MOKHO BHOHUpaTh M mepe-
CTABIATH HPOU3BOJBLHEIM 00pa3onm 2). B KHUTe MBI IpUep;KuBaeMcs TRKOr0 MOPANKA
H3JI0/KEHHsI, KOra IMOCAel0BATeJbHO H C MEHUMAIBHEMI OTKIOHCHUSAMH PaccMATpH-
BaOTCH OCHOBHEIE HANPABJIEHNs (PUBMKU TBepHOro Teja, IpHYeM B KajKIOM CiIydae
MH CHagaJa IPOBOIUM 3JIeMeHTapHOe 00CY:KJleHNe U 3aKaHYMBaeM 00jIee CJIOKHBIMU
BOIIPOCAMMN.

My nayunaem KHury %) ¢ sieMeHTapHEIX Kiaccmueckmx (1) m KBauTOBHX (2)
BOIPOCOB TeOpUH CBOGOTHBIX 3JI6KTPOHOB B METAJLIAX, HOCKOJIBKY 9TO Tpefyer MuHM-
MaJBHOM MOATOTOBKA U HA mpmMepax GHCTPO BBONHUT UHTATENs HOYTH BO BECh KPYT
ABIEHUA, € KOTOPHIMH WMEeT JIeJ0 TeOpUA MAMIIeKTPHKOB, IOJYIPOBOIHAKOB
u MerasLnos. Biaromapa aroMy y 4mTaTelsi He CO3/laeTCsA BIEYATIEHMA, YTO HUIETO
HeJb3s NMOHATH, II0KA He O0CBOSHO MHOKECTBO TAMHCTBEHHHIX OIIpejleleHdil (0THOCH-
MuXcsa K IepHOAHIECKWM CTPYKTypaM) W HMCKYCHO PpaspafoTadHBX KBAaHTOBEIX
HOJXO0MO0B (K IEPHOAUYECKHM CHCTEMAaM).

Hepuonuueckue CTPYKTYPH BBOAATCA TOJBKO IocCie 0030pa MeTalandecKUX
¢BOHCTB (3) U BEIACHEHMS BOIPOCA O TOM, B KaKHX CIydasaXx MIfA oOBACHEHUS HTUX
CBOMCTB HYIRHO (1M, HA000POT, He HY;KHO) IIPHBJISKATh IPeICcTaBlIe e 0 IepHoud-
HOCTU W BEITEKAIOMUE OTCIONA CIENCTBUs. MH HOIBITAINCH O0JEIYATH MEPBOE 3HA-
KOMCTBO ¢ IIepHOJMYECKHMH CHCTEMAMH M IS ITOrO a) OTHEIHIN OYeHb BAKHEE
CBOIMCTBA, CBABAHHEIE ¢ TPAHCAALUOHHOE cummerpHed (4, 5), oT MeHee cyimecTBeH-
HHX CBOMCTB, CBASAHHEIX ¢ HoBoporamu (7); 0) OTNeNIMIN ONMCAHHE B OOHYHOM
mpocTpaHeTRe (4) 0T PAcCMOTPeHUs MeHee IPHBEHYIHOTO 06paTHOrO OpocTpancrsa (5);
B) OTAeauIH afCTPaKTHOE U ONKCATEILHOE N3T0/KeHNe IePHONIHOCTH 0T PACCMOTpe-
HYSI €70 DIIeMeHTAPHOr O IPUMeHeHNA K Teopun AUpaKIuy peHTTeHOBCKAX Jydeit (6).

OBaaneB TepMIHOJOTHel, NCHOIAb3YeMOil I ONNCAHAA IePHOAHISCRUAX CUCTEM,
YUTATENh MOKET JUGO0 IPUCTYIUTHh K U3YIeHHUIO TOT'0, KAKHM 06pa3oM JIMKBUIUD YIOT-
€A PAsNNIHEIe TPYAHOCTH MOJENHN CBOGOMHEIX 3JIEKTPOHOB, ANGO HEMOCPELCTBEHHO
3aHATRCH pacCMOTpeHHeM KojeGaHWi pemeTku. B Kuure MBI IpugepKuBaeMcs
nepBoro Haupasienna. Mamaraerca Teopema Bnoxa m ee o0mme npummenenus (8)

1) Cum. nmpumedanue Ha ¢Tp. 6. — Hpum. ped.

%) B rabannme Ha cTp. 15—16 uepedncaAoTca pasmes, [HeoGXOTMMEE NS IOHWMAHUS
Ra/KI0H TJIaBH. OTO C/IeJaHO, YTOOK MOMOYb YUTATEJNSIM, HHTEPECYIOMUMCA JHIIh Y3KOH 06JacTho
mpeAMeTa, a TaKyKe TeM, KTO NpeINnoYnTaeT MHOM MOPAXOK HN3NOKEHHS.

3) B crkofrax yKasaHe HOMepa [JaB.
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¥ DOYePKHBAETCSH, UTO CIEJCTBUA M3 Hee JesKaT B OCHOBE ONMCAHHA OYeHDb HATJIAM-
HBHIX ¥ OPaKTHYeCKH BajKHBIX CIy9aeB HOYTH CBOGONHEIX DIEKTPOHOB (9) m CHIBHOK
ceasu (10). 3maumTenbHAA 9ACTH ITUX ABYX TIAAB OTHOCUTICA K KYPCY HOBBUIEHHON
TPYRHEOCTH, TAK e Kak M 0030p MeTO[[0B pacdeTa peaJbHHX BOHHHX CTPYKTYD (11).
Wsnoenue mONTYKIACCHIECKON TEOPUNU U e DIEMEHTapHBIX HpuMmeHeHuit (12) naercs
nepex Gosee CIOMHOM HMONYKIACCHISCKON Teopueir sddexToB mepenoca (13). Omm-
CaHMe BKCHePUMEHTaJbHEX MeTONOB ompefeneHmsa noBepxnoctm Qepmnm (14) pac-
CYHMTAaHO, BO3MOKHO, Ha 00Jlee NOATOTOBIEHHOTO YHTATENA, ONHAKO B3HAYMTENBHAM
9acTh 0630pa 30HHOM CTPYKTYPH pealbHHX MeTajioB (15) jserko BKIOUaeTcsi B aiie-
MEHTapHHH KYPC.

3a WCKIOYEHWEeM sABIeHUS SKPAaHUPOBKH, B DJIEMEHTADHOM Kypce MOMKHO He
yonomMmEaTh 00 ddderTax, He YUATHBAEMHX B HPHOIIIKEHUN BpPEMEHM pelaKca-
nuu (16) m mpm npeneGpemennn B3auMoONleicTBIEM MeKAY daeKTpoHamu (17).

K arenmio raass o paboTe BHXOMa U APYTHEX XapaKTePUCTAKAX IToBepxHOCTH (18)
MOKHO HOPUCTYIHTH B JIOG0H MOMEHT Hocie OGCY;RIeHMA TPAHCIANMOHHON CHM-
MeTPHH B peaJbHOM mpocrpaHcTBe. Ommcanne ofHYHON KiaccnmduEanum TBePILIX
rex (19) 1) ormemeno ot amanmsa smeprmit ¢Bgsm (20). OGe aTu rIaBH DOMENICHE:
TmOCJie THaBHL, COfeprkamiell BRBefeHNMe B TEOPHI0 30HEOM CIPYKTYPH, TOCKONBKY
AMeHHO 8HAKOMCTBO C BJIEKTPOHHOM CTPYRTYPOH IIOMOTaeT pasofpaThCa B yKa3aHHKX
ABYX BOIPOCAX.

Yro6s o60CHOBaTH HEOOXOAWMOCTh UBYYeHHA KOJeOAHUH PEmeTKH (YMTaTelb
MOSKeT 3aHATHCA UM B J1I000d MOMEHT Iociie IJ1. 5), ML mepeaucagem (21) Te cBoitcrBa
TBEpIHX Tela, KOTOphie He MOTYT OHTH IOHATH (es TaKoro paccmorpernua. Jamc
9JIeMEHTApHOE BBeJeHWe B TWHAMPKY KPHCTANIWIeCKOH peImeTHM, TpudYeM KIacCH-
geckue (22) u KBaHTOBHE (23) CBOACTBA TaPMOANYECKOr0 KPUCTAJJIA PACCMATPABAIOT~
cs pasgenbHo. CHoco0H M3MepeHHA (OHOHHOTO CcIeKTpa (24), caegcTBHA aHrapmo-
HUIBOCTH (20) m ocolhie 3afiaun, ¢BsA3aHHKe ¢ foHOHaMu B Metannax (26) u MoHHB-
Mu Kpumerayamm (27), o6Ccy:RAaloTCA Ha BIEMEHTapHOM YPOBHE, XOTs OTHEeJbHBIE
YACTH MOCAETHAX YeTHPEeX UePEeYHCHEHHHEIX TIJaB BOOJHE MOrYT OHTb OTHECCHEH
K Gosee cephesHOMY Kypcy. B riaBax, DOCBAMIEHHHX KOJIe0aHWAM PEMIOTKH, HUTIE
He WCOOJb30OBAHKEL OIEPATOPH POMKMEHHA M YHWYTOREHHA HOPMAJABHKIX MOJ; OHH
ONKMCAHH JUImIF B HECKONBKUX OPWIOMKEHWsAX, IpeJHASHAYCHHBIX IJIA YnTaTelxel,
JKeNanmux raylie OBHAKOMHTBCA C IPEIIMETOM.

K mayuenuio ogrOpoiHHX (28) M HEOZHOPOAHLIX (29) MOAYyNpPOBOTHAKOB MOMKHO
UpuCTYnHTh, B JIOGOH MOMEHT Iocie HMBJI0MKeHHA TeopeMhl Dioxa m ofcymmenus
TOJIYKIACCHIECKOR Teopmm. JHAKOMCTBO ¢ AedekTamu B Kpmerandax (30) momHO
HA4YaTh Cpasy sKe IoCIe TOTO, KaK JaHO ONpeflelleHNe CAaMHX KPHCTAJIOB, XOTH
WHOTAQ MHEl W CCHIIAEeMCH HA MaTepHat [PYrux IJaB.

IMocie onmcasws aTOMHOrO MarHeTH3Ma MH paccMaTpUBaeM, KaK OH BuAoH3Me-
HAETCSA B YCIOBHSX TBeporo Teixa (31), maydaem oOMeHHHe M ApPYI¥e MarHHTHEE
B3auMOoFelcTBEA (32) W mpUMeHsieM HOJYYalOMMecs MOLENM K ABJIEHNIO MAaTrHUTHOIC
yoopsanodenus (33). ITo KpaTKoe BBeJeHHe B MAarHETUSM W 3aKIIOUHNTENbHAs IJaBa,
DOCBAMIEHHAs CBEPXIPOBOAMMOCTH (34), ABIAIOTCA B BHAYMTENBHOH Mepe CaMOCTOs-
reapHEMu. QOHE DOMeNleHH B KOHIe KHUTHW, 9TO6H PaccMaTPHBATh COOTBETCTBYIOMUE
ABJCHUSA He B TepMuHax aGCTPaKTHHX Mojelel, a KaK yAWBUTENbHEE CBOHCTBa
peanbHBEIX TBEPABIX TeJ.

C comaseHueM MB O0HADYKWIU, UTO IOCHE CeMH JieT pabOTH Haj KHHTOH,
mpoxonuBmeit He ToAbKo B HopHeane, Ho TakKe U BO BpeMs IPOJOJNKHTEIBHHX
moesnok B KemGpumxk, Jloanon, Pam, Beaambrtron n IO0nmx, Mu He MOsKeM BCIOM-

1) T'n. 19—34 u mpunosxeruss M — P cOCTaBAAIOT B PYyCCKOM H3aHUN BIOPOi ToM. — Ilpux.
ped.
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HHTb BCE CJIyd4aHl, KOIKA CTYHeHTH, ACHMPAHTH, CTAHEPH M KOJIErH Aejajm LeH-
HH¢ KPETHIeCKNe 3aMeIaHAA, JaBaJH ToJe3HEE COBETE ¥ MOMOTaJM HaM pa3obpaThb-
¢ B HeKoTophix Boupocax. Cpeam mpoumx 6JarofapHOCTH 3acay:KmBaloT AmGerao-
rap, Barrepman, Buraxoyn, Bayspc, Bpumrep, mu Hacrpo, Yambepe, Uecrep,
Rorre, Hoyau, Aiinenteprep, Puruen, Ppumaum, Xeitne, Xeugepcon, Xoaxomo,
Jrore, ixosedpeon, Kpymxamen, Hykkounen, Jlarrper, MarJIua, Map, Maxkcpunx,
Mousne, [lappa, Ileupoys, Ilon, Kyuun, Pep, Pomepuo, Pyodd, Pycaxos, Cax,
MMaax, [Mpuddep, Cupun, Cusepc, Cunrorc, Cuncodu, Crpeitau, [Itpaye, Crpayxn,
Mrypm w Ywmarusc.

Ho omun dgenoBexk moBIuAd Ha colep/KaumMe OOYTH KamMOA raasul. Maldwa
E. ®umep, opodeccop xumum, GUBMKE U MaTeMAaTHKH, HAII OpYT H COCeX, HeIaHT
m Tpy0axyp, Hadan 9ATATh PYKONHUCH MecTh JeT Hasad. OH ciefoBal HemocpeqCTBEH-
HO 3a HaM¥ O 9uTaj] HAIUCAHHEe (2 MHOrAA IepelNMCAHHEE U HepellepelWCaHHEE)
TJaBH, IPUAAPASACH K HeACHOCTAM, pasobiadas HEYeCTHOCTH, OTMeYasd HPOOYCKH,
ofosHagas ocu, ucHpaBasa opdorpadudeckme oMUOKU, HepefelHBas pPUCYHKH,
M 9aCTO CHIABHO YCHOKHSAN HaM JKU3HDb, 0e3KAIOCTHO Tpedys oT Hac GoibImmed rpa-
MOTHOCTH, TOYHOCTH, BpasyMuTeJbHOCTH M HoixHoTH. HapeeMmcsa, oH Gyner HoBoieH,
yBUeB, CKoJAb MHOTO ero Hepa3(OpUMBEIX KpPACHEIX IIOMeT HANLIO OTpa)kKeHUHe B
B TeKCTe, I JyMaeM, 94TO CKOPO YCABIIMM OT Hero OTHOCHTEILHO TeX, KOTOpHe TyAa
He TOHAJN.

Opun us Hac (H. [I. M.) Beckma Omarogmapen ¢ormy Aapdppema II. Cmoana
u ¢ouny Imona Cadimona I'yremxeiiMa 3a ImeApylo Hopfep:KKy Ha KPUTHIeCKOR
cragun paloThl, a TaKKe Apy3baM n3 mumepckoro Komnemma B Jlorgone u Mucru-
tyra ¢u3uku mvenu ['. MapKouwu, rie GbLIM HamUCaHHEL OT[elbHEE Pas3feiil KHIIU,
On rakke oveHs muoruM obaszan P. J. laidtepicy, Jekuyun xKoroporo ybemmam ero,
9T0 (pM3EmKa TBepAOro Tela — aTo HpeKpacHaA, scHAaA M lelbHas HayKa. [pyroro
asropa (H. VY. A.), usygaBmero mpeamer y . M. 3aiimanma u A. B. Munnmapna,
HUKOTHA He IOPHUXOJMIOCh yOesnaTh B sToM. OH Xo4er TaKiKe € 6JarofapHOCTHIO
OTMeTHTb HOJAePKKY U rocTempuuMCTBO MacTuTyTa Adepyux uccilemoBanmii B I0au-
Xe, yHHBepcuTera Buktopuu B Beanunrrore, Hasengunickoi radoparopun u Kiaap-
xomaa B RemGpumue.

Urara H. Y. Awrpogm
Uwns 1975 H. . Mepmun



KAR IIOJBb30BATHCS KHUION

Ilo camoit mpupofle KHAT HX TIIaBHl JOJIKHE GHTH JUHEHHO YHOOPAMOYCHEL.
MBI DOOHTATHCH BEIGPATH IIOCHETOBATETBHOCTD U3JI0/KEHNA, B KOTOPOH siCHee BCETo
BUAHBE HeCKOJbKO HepemieTaloMUXCcA JTUHUE pasBUTHA upeamera. IlpuBogumas
tabauna (c1p. 15—16) momxEHa INoMOYb ymTaTedAM, KOTOPHX MHTEPECYIOT OTHEIb-
HHe BOIPOCH (UBUKM TBepHOI0 Teja (Haupumep, KojeOaHHWA pemieTKH, LOJYIPO-
BOTHUKHM MJIM MeTaJJbl), a TAKKe DpellogaBaTe]sAM, KOTOPHE NOJKHBI YYUTHIBATH
anbo orpaHMYeHHOCTh BpeMeHHW, OTBOXNMMOTO HAa KX KYpC, Ju00 coenumKy LOArO-
TOBKHU ciaymaTelei.

Iepeancasa pasmenr:, HeoOXojMMEe I UPOPAaGOTKM Kakjoil TJIaBEI, MBEL
OpuflepsRuBajguch B tabiauiie cienyionmux upaswi: a) Ecau B rabante nporus ra. N
crout «M», TO cofepkanme Ti1. M (1, KoHeTHO, HeoOXONMMEIe JJIA ee UBYIEHUSA IITABH])
BAJKHO I MoHUMaHuA Goxbmeil wactw wmiau Bceit ri. N. 6) Ecam mporus ra. N
crout «(M)», To r1. M He ofasarensEa ansa mpopaborkum ra. N, 1. e. ambo manasg
gacTb ra. N ocHoBaHa Ha ri. M, ambo Hexoropble wacTu ra. M Moryr oxasars
nomoins npu qrenuu 1. N. B) Ecaum B taGamne uporms ria. N He crout Hu «My,
HE «(M)», TO 5TO eIle He 03HAYaeT, UYTO MH Hurjle B N He ccenaeMmcs Ha Ti. M,
ONH4KO KOIJa TaKHe CCHUIKH MMEIOTCH, OHU CBS3AHB B OCHOBHOM C TeM, 4To ra. N
OposAcHsieT coflep:ranue rii. M, a He ¢ TeM, 4ro T. M HCHOAB3yeTCA NPU U3T0KEHAN
MaTepuasa B ra. NU).

OcranpHan 4yacth TabauLB! IOKAa3bBaeT, KaKuM o6pasoM KHHTa MOMKeT OBITH
MCIOJB30BaHa B ofHoceMecTpoBoM (40—50 mernmit) m aByxcemectpoBoM (80—
100 mexmuit) BBOMHKX Kypcax [ CTYAeHTOB MJIAJINX M cTapmux Kypcos. I'masn
(MM BRIEPIKKM U3 TJaB) PeKOMEHAYIOTCA A CaMOCTOATENBHOrO YTeHHUs ), Korpa
OHU UMeIOT YHMCTO ONMCATENBHEIN XapaKTep WM jKe KOIZIa MBI YYBCTBOBAaJH, 4TO BO
BBOJHOM Kypce clefyeT XoTsa OB KpPATKO O03HAKOMHUTL CTYAeHTOB ¢ KaKuM-1ubo
BOIIpOCOM, Ha mofpolHoe paccMoTpeHUe KoToporo HeT Bpemenun. HoHeuHo, mopsanox
n3i0eHnA mocraTouno tuOoxk. Hampumep, XoTa JAByXceMeCTPOBEIE Kype MoKeT
COOTBETCTBOBATH TpejjlaraeMoil B KHUIe IOCJe0BaTeJbHOCTH, BIOOJHE JOHYCTHMA
U HHasH ero CTPYKTypa, Korja B IepBOM CeMeCTpe M3JaraeTcs Coliep#ianue oHoCe-
MECTPOBOTO Kypca, a BTOPoil OTBOTUTCA Hasi 6olee TPYIHHX BOOPOCOB.

B BBOgHOM KypCe /IS MOArOTOBJIEHHKX CiymmaTesell, YATaeMOM ITOCIe OFHOCe-
MeCTpOBOTO 0030pa A CTYAeHTOB MJIAAIUX KYPCOB, Heilecoo0pasHo, BEPOATHO.
HCIOAb30BATEH pasfellbl, ONMyMeHHEE B BYXCeMeCTPOBOM Kypce MIJsA CTYIEHTOB
MJIAIINX KypPCOB, & TaKiKe BCe NMIECTHAANATL HPHIOMKEHMI.

1) Takum o6pasomM, 9TOOR JOHTH ¢ MUHHMYMOM OTKJIOHeHHI o ri. 12, meobxommmo mpo-

9uTaTh rI. 8, 5, 4, 2 u 1.
2) BepoATHO, CTYHEHTaM CJjiefiyeT PEKOMEH/0BATh UHTATB TAKKe H TIJaBH, HUBJaraeMhe

B JIEKIUSX.



Marepnau, OnHoCeMeCcTPOBRIA IBYyXceMeCTpOBBLA
KOTODH® He- BBOOHBIA KypcC BBOOHEIY KypcC
06xX0onMMO
Tnasa npenBapm-
Tem‘.{}:ﬁ‘: 3y- JIeKIAN yreHne JeKINN qTCHME
1. Teopna Jipyne — Bee Bee
2. Teopuna 3omMepennna 1 Bee Bee
3. Hemoctarku MogeJi CBO- 2 Bee Bce
(OHLIX 2JeKTPOHOB
4. Rpucraapudyeckune  pe- Hugero Bxpatue Bee Bce
WeTK!
5. ObparHas pelerka 4 Bcee Bcee
6. JIudparousa peHTICHOB- 5 104—113 Bee
CKUX Jyd4eil
7. CuMMeTpHs KPHCTaJll0B 4 Bee
8. Teopema Baoxa 5 139—149 Bee
9. Tlouru croGOXHBIE BJEK- 8 (6) 158—172 Bee
TPOHEL
10. CuubHas CBA3b 8 180 180—188 188193
11. Pacder 30HHON CTpyK- 8(9) 195—196 Bee
TYPH
12. Toayruaccmieckan IH- 2,8 216-—236 216—236
HAMUKA
13. Honyknaccuyeckas Teo~ 12 245247
’ pns MepeHoca
14. Omnpenmenenne moBepx- 12 265—275 265—275
noctu Depmu
15. 3owHaA cTpPyKTypa Me- 8 (2, 9, 10, Bce Bce
TAJLJI0B 11, 12)
16. 3a mpepenamu mpubnu- 2 (13) Bee
JKEHUS BPeMEHH pejak-
canun
17. 3a mpepenamu npubam- 2 337—342.  329-—343 344—350
KeHNA He3aBHCHUMEIX
HIEKTPOHOB
18. TlopepxHocrhne spdertr 2, 4 (6, 8) 353—364 353—364




IIpodoamenue

MarepnaJ, OnnoceMeCTPOBHM IIByxCceMeCTPOBRIY
KOTODHHU He- BBOINHEIN KypC BBOOHHE KypC
06x01IMO
T'aaBa opexsapu-
TeJIbHO B3y~
amTh JleKIUn dTeHAe JTeKnuu 9Tenue
19. Kaaccuduranua  TtBep- 2, 4 (9, 10) Bcee Bce
IHX Tel
20. Horeamommas »Heprus 19 (17) 1. 2, 26—40 Bcee
21. Hepocrarku Mopean cra- 2, 4) Bcee Bce
THYECKOH PpeileTKU
22. Kunaccmueckuil rapMoBu- 5 T. 2, 50—66 Bee
9eCKU# KpHcTaii
23. HpBaHTOBHIi rapMOHHYEC~ 22 T. 2, 79—91 Bce
KHA#l KpucTaII
24 . l3amepenue 3aKOHA KUC- 2,23 1. 2, 97—108 Bce
nepcun GOHOHOB
25. Anrapmonundeckie  ad- 23 1.2, 127—133 Bcee
$eRTH
26. ®onoHE B MeTajdiax 17, 23 (16) T.2,149—152 1.2, 138 —145
1. 2, 149—152
27. JluameKTpudecKue CBOU- 19, 22 7.2, 1567—166 Bce
CTBa
28. Opmopopmmere moaympo- 2, 8(12) T.2,184—203 Bcee
BOJHUKI
29. Heommoponusle  moxy- 28 T. 2, 210—220 Bce
IIPOBOAHKKN
30. Hedexru 4(8, 12,19, T. 2,247—253 Bee
22, 28, 29)
31. JnaMarmerusm, mapa- (2, 4, 14) 1.2,277—281 Bce
MarEeTusM
32. Marautume Bzanmopeit- 31 (2,8, 10, T.2,286—297 1.2, 286—297
CTBUSA 16, 17)
33. MarmurhHoe ymopsagode- 4, 5, 32 1.2, 308—316 Bcee
HUuE
34. CBepxXUpOBOAIMOCThH 1, 2 (26) 1.2,340—351 Bee
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TEOPIA METAJIJIOB JPYJIE

OCHOBHBIE NNPENIIOJIOKEHNA MO EJN
CTOJJKHOBEHUA N BPEMEHA PEJAKCALINUN
CTATUYECKAA 9JEKTPONPOBOOHOCTD
SODOEKT XOJJA 1 MATHETOCOIIPOTUBJIEHUNE
BBICOKOYACTOTHAA 3JEKTPOIIPOBOOHOCTH
JUJIEKTPUYECKAA OYHEINNA U MJIASMEHHBIN PEBOHAHC
TEIIJIONIPOBOJHOCTB
TEPMOJJERTPUYECKUE 3OOEKRTHI

Metamnsl 3aHUMAIOT 0cof0e DON0KeHNe B (U3MKe TBepoOTO Tejia, O0HADYKUBasd
PAJ HOPABHUTENbHHX CBOWCTB, OTCYTCTBYWINUX y APYTHX TBEPAHX TeJ (TAKAX, KaK
KBapIH, cepa M o0bMHAA coidb). Bce oHM - mpexpacHHe HOPOBORAHMKU Telia H
3JIEKTPUYECTBa, 007IaTal0T KOBKOCTBHIO M IIIACTHYHOCTBIO, 6JIeCTAT HA CBEKEM Cpese.
HeoGxoqamocts o0bACHeHUs: HOJOOHEIX CBOMCTB MeTAJJIOB CTUMYJIHPOBala CO3Ma-
HUe COBPEMEHHOH TeOpHU TBepPHOro Teja.

Xora GONBIIMHCTRO OOHYHO BCTPeYAIOMUXCH HAM TBEPAHX TeJN He ABIANIOTCA
Meraiinamu, ¢ Kouna XI1X croserns jo HacTosAIMero BPeMeHM METAJLIE UTPAIOT BajK-
HYI0 poab B TeOpHH TBepjoro Teisa. (OKazamoch, ITO METANINIECKOE COCTOAHUE
npeacraBiasgeT cob0oll ofHO M3 BajKHEHIIUX COCTOAHMI BemecTBa. Hampummep, xumu-
YecK@e JAeMEeHTH ABHO IPEANOUINTAIOT MeTalIudecKoe COCTOHNE: (ollee ABYX TpeTell
n3 Hux — Meramwianl. Jlake mias ofbAcHeHuA CBOKCTB HEMeTaIOB HeoGXOmmMo
HOHATh CBOCTBA MeTaJI0B: JMIIb 00BACHHUB, IOYeMY Melb eCTh TAKOH Xopomuid
UpPOBOAHUK, MBl y3HaeM, IloueMy MM He sIBaAsAeTCA OOBIYIHAA COJb.

Hocaenuue cro Jer PU3HKM WIBITAIOTCS MIOCTPOUTH IIPOCTHIE MOEIH MeTaJLIH-
YeCKOT0 COCTOSHMA, KOTOpHle I03BOAWAM OH KAYeCTBeHHO M J[ajKe KOJIMICCTBEHHO
00BACHHTH XaPAKTEePHEe MeTAAINIeCKIe CBoMCTBA. B X0/le 9THX HOUCKOB GllecTAIIMM
ycrexaM HeOJHOKDATHO COIYTCTBOBAJHN TAK:Ke, KasaJoch OHI, GesHaJe:KHble Heya-
yu. [laske caMBle paHHHWe MOJeNN, XOTA OHM M COBePIIEHHO HEBEPHH BO MHOTUX
OTHOHmEHUAYX, UPH NPAaBUALHOM WX MCHOJNb3OBAHWE U Telepb HPEJiCTABIAIT OrPOM-
HEI HHTepeC A1 (U3HKOB, 3aHATHX MCCIELOBAHHAMHI TBEPAOr0 Tela.

B macrosamei riaBe MH pacCMOTPHUM T€OPHIO IIPOBOTAMOCTY METAJIO0B, HPELI0-
mennyio Ipyae [1] na sape mamero cromerusa. Ycmexu monen: J[pyne 6suin 3Haqm-
TeJTBHBIMHU; OHA M II0 HAaCTOAMMHA JIeHb 9acTO MCHIOJAB3YeTCs, HOCKOJIbKY H03BOJAET
GBICTPO MOCTPOUTE HATVIARHYIO KAPTAHY W MOAYIATH TPYOHe OlleHKY XaPAKTePHACTHR,
foJlee TOUHOe OHpeNleNeHWE KOTOPHX MOIrJI0 OB IOTPeGOBATEH CIOKHOTO aHAJU3A.
Onnaxo Momens [pyme He Moria OOBSACHETL HEKOTODHE SKCIePHMeHTH U, KpoMe
TOTO, HPHBOAHIA K DALY KOHHENTYaJXbHHX TPYAHOCTEeH, 4TO U OUpefeduao Kpyr
BOIPOCOB, ¢ KOTOPHIMM TCOPHM MeTAJJIOB HNPUOLIOCH HMeTh [el0 B CIeYIHIYI0

geTBepTh Beka. OHE HAmAW CBoe paspelleHUe JIAMIb HOCHE CO3MAHUA CJIOMKHON
H TOHKOH KBaHTOBOH TeOPUH TBepHOTO TeJa.
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OCHOBHEIE IPEJIOJIOREHNA MONEJM JPY/IE

B 1897 r. ToMcoH OTKDEI DJIEKTPOH. ITO OTKPHTHe 0Ka3zano TIPOMAjHOE
¥ HeIOCPeACTBeHHOe BO3MeHCTBHe HAa TEOPHIO MATEPHU W LO3BOJIIO TaKde o6Bac-
HATH UPOBOUMOCTE MeTalioB. Yepes Tpu ropma mocde oTkphiTus Tomcona [Ipyne
paspaboTajl CBOIO TeOPHMIO 3JeKTDPO- M TemJonpoBoAHocTH. IIpm aTom oH paccmartpu-
BaJi 9JIEKTPOHEL B MeTaJlile KaK 3JeKTPOHHLIH ra3 1 OPUMEHMI K HeMY KUHETHYECKYIO
TEOPUIO Ia30B, OKA3ABIIYIOCA BechMa IJIONOTBOPHOM.

B kunermuecko#t Teopum, B ee caMoil NPocTOR Gopme, CIUTAIOT, UTO MOJEKYIIHI
rasa OpejcTaBJIAIT co6oll OMHAKOBHE TBepJHe cephl, KOTOpHeE ABWKYTCA IO OpA-
MEIM JIDHEAM [0 TeX Hop, IoKa He CTOJIKHYTCA APYr ¢ Apyrom !). Ilpeanonaraercs,
9T0 OPONOKHTENBHOCTh OTHeIBbHOTO CTOJKHOBEHHWA OpeBeGpeRUMO Majla U UTo
Me)RIY MONEKRYJIaMH He AeACTBYeT HMKAKHX WHEIX CHJ, KPOMe BO3HHUKAKWIHX B MO-
MeHT CTOJIKHOBEHHS.

B mpoereiimux rasax WMeIOTCH JWIMb JaCTHIE OXHOTO COpPTa, B MeTalllax jKe
UX JNOoKHO GHTH IO MeHbINe# Mepe ABa: 3JeKTPOHH 3apsKEHH OTPUIATENBLHO,
a MeTAJI B TeJMoM dJIeKTpudecKu HeltTpaneH. [Ipyhde Lpenmodosui, 4TO KOMIeH-
cupyIomui HoJOMUTENBEHI 3apAX DPHHANJERUT ropasfo 0ollee TAMEIKIM YaCTH-
aM, KOTOphie OH CUMTa] HeNOABWKHEMU. B To BpeMs, ofiHaKo, ellie He MOHHMAJRN
TOYHO, HOYEMY B MeTaJjie uMeloTcs nofo0HEe JerKue MOABUIKHEIe 3JeKTPOHB U Golee
TsKeNble HeMOABMKHbIe MOJOMKUTEIbHO 3apsA/ReHHble HOHH. Pemenne 310l npobie-
MBI CTAJIO OLHUM M3 (YHIAaMeHTaJdbHBIX JOCTHKeHAN cOBpeMeHHO0# KBaHTOBOH Teopuu
TBephoro Texa. Ilpwm obcysmpenuu momenu pyne, ofHako, HaMm GyZeT MOCTATOYHO
OpoCTO MPefNONORATE (IJs MHOTHX MeTAJJIOB 9TO IPeANOoJoKenNe 0IPaBIaHo), 4To
KOTIa aTOMHBI METaNJINIeCKOTO 3JIeMeHTa 06 beINHAIOTCH, 00Da3ysa MeTasl1, BaJeHTHEe
3IEKTPOHE OCBOOOMKHAIOTCA W TOJYYaIOT BO3MOMMHOCTH CBOGONHO IepelBHTaThCA
[0 MeTaJIy, TOria KaK MeTajjudecKWe HMOHEL OCTAIOTCA HeWM3MEHHHIMU M HMIpajoT
POJb HEeDOJABUKHBIX HONOMKUTEIBHHX YacTull Teopuu [pyme. 9rta Momenb cxeMaTn-
gecku umaobpaskena Ha ¢ur. 1.1. Kampmit oTHeNsHHIE aTOM MeTAaNIHMYeCKOrO die-
MeHTa UMeeT SIAPO ¢ 3apaAfoM eZ,, Iie Z, — aTOMHHI HOMep M ¢ — BeJUYNHA 3apAja
sneKTpoHa ?): e = 4,80-107% ex. CI'CO = 1,60.1071® Ha. Boxpyr smpa pacmoio-
KeHo Z, IeKTPOHOB C IOJHHM 3apanoM — eZ,. HekoTopoe uncio Z us Hux — »T0
cnabo cBA3aHHBIEe BajieHTHHe sieKrpounl. Ocratomuecs Z, — Z 3AeKTPOHOB JOBOIb-
HO CHJIBHO CBABAHH € AAPOM; OHM HIPAlOT MEHBIIYI0 PONBb B XMMHUIECKNX peaKmuAX
¥ HOCAT HasBaHUE JJAeKTPOHOB aToMHOro ocroBa. Horma msonmpoBaHHEE aTOMBI
o0 peUHAOTCA, 00pasysa MeTajd, 3JIeKTPOHE aTOMHOTO OCTOBA 0CTAIOTCH CBA3AHHBI-
MU ¢ AJPAMH, T. €. BO3HUKAIOT METAJNNYEeCKUe MOWH. DaleHTHHe jKe 5JIeKTPOHH,
HaoGopoT, NpuoGPeTAIOT BOBMOMKHOCTD [IaJeKO YXOMUTH OT ¢PORMTEIBCKHXY» ATOMOB.
B meraasax »TH »JeKTPOHB HA3HIBAIOT HJICKTPOHAMHU LIPOBOAHMOCTH %),

K rakomy «rasy», cocTOAMEMY U3 BJIEKTPOHOB ¢ Maccoil m, KoTophie (B OTIHYNE
OT MOJIeKYd OOBIIHOTO Trasa) ABWKYTCA Ha (OHe TSIKENIHX HeNOJBHKHBIX UOHOE,
Jpyne mpuMenusn KuHETHUECKYI0 Teopmio. IIITOTHOCTH 3JIEeKTPOHHOTO Ia3a MOMHO

pacCcYnTATH CAEAYIMUM 00PasoM.

1) Uanm e cO CTeHKAMHU COCYJa, B KOTOPOM OHM COieprarca. Bo3MOKHOCTBIO TOTO O0HYIHO
mpereOperalT HPEW PACCMOTPEHHM METAIIOB, MCKIIOTAs CIYJaH, KOrja HAC UHTepecyIT adderTr
B TOHKHX IPOBOJIOYKAX, TOHKHMX IJIACTMHAX MU IIOBePXHOCTHHE 3(eKTH .

2) Mer Bcerga OymeM CUHTATh ¢ MOJOMKUTEIBHEIM.

3) B Tex ciyuasx, KOrja dJIEKTPOHK ATOMHOTO OCTOBa, KaK # B Mojean [[pyne, urpamor
NACCMBHYX PONb, a HOHRK BHCTYHIAOT B KAYeCTBE HOJCNUMEIX MHODTHHX OOLEKTOB, DJIEKTPOHb!
IPOBOAMMOCTH YaCTO HA3BIBAIOT IPOCTO «PJIEKTPOHAMH», COXPAHAA IIOJHO® WX HAHMEHOBaHHE
IJIA cliydaeB, KOTAa HeoOXOnUMO MONYePKHYTH PA3NHYHe Me;KAY 3JeKTPOHAMHA IIPOBOAUMOCTH

¥ 3JEeKTPOHAM® aTOMHOI'O OCTOBA.
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®ur. 1.1. a — cxemaTnueckoe n306pasKeHne M30AUPOBAHHOTO aToMa (MacinTabu He COOJIONECHH);
6 — B Merajule SAAPO M MOHHEII OCTOB COXPAHAIOT Ty K¢ KOHPUTYpAUni0, 9T0 1 B M30JHPOBAH-
HOM aToMe, a BAJEHTHHIE ICKTPOHBI IIOKUI2I0T aTOM U 00pasyIOT 3NeKTPOHHNE ras.

Merannngeckuii saement cofepmur 0,6022-10%¢ aromo mHa 1 Moas (umero
ABoranpo) m pm/A mouneit Ha 1 cm®, THe Pm — MaccoBad IJIOTHOCTH (B IpamMMax
ma 1 cm®), a A — orHocmTenwvHam atoMHas Macca. [[OCKONBKY BKIAN KajKIoro
aToMa paBeH 7 dIeKTPOHOB, WHCHO dieKrpoHoB Ha 1 em®, n = N/V, ects

n=0,6022-1024z—3’"« (1.1)

B ra6a. 1.1 opuBefeHH IJIOTHOCTH 3JIEKTPOHOB IPOBOIUMOCTH AJIs HEKOTOPHIX
meTannoB. O6uaHO oHE mMeloT mopamok 1022 smekTpoHoB mpoBonumocta B 1 cm®
u usmensiores or 0,91 -10% nasa nesust o 24,7.10?% qua Gepunaua ). B raba. 1.1
IpuBefeHH TaKike 3HAUeHUSA BeJINYWHH rg, MHUPOKO OpUMeHAeMOd Kak Mepa ILIOT-
HOCTH 3JIeKTPOHOB, I's — pajuyc cdepsl, 06beM KoTopoll paBeH o0beMy, IPHUXOAA-
meMycsl Ha OfWH DIEKTPOH mpoBojguMmoctn. Takum obpasom,

Vo1 4an r__(:s)l/s
57\ 4nn

e (1.2

B raba. 1.1 smauenns ry ganel Kak B aurcrpemax (1078 c¢m), Tak u B egmumnax Go-
poBcKOTO pagmyca a, = h*/me* = 0,529.10-® cM; mociemHO0 MIWHY, KoTopas
xapaKTepusyer pajuyc aroMa BoJOpoJa B OCHOBHOM COCTOAHHH, 9aCTO MCIOOJIb3YIOT
B KauecTBe MacmTafa OPM W3MePEeHNH ATOMHHX pacCTOAHUA. 3aMeTuM, 9T0 B GOJAB-
MAHCTBE CIy4aeB OTHOIIEHMe I'y/d, 3aKJI0YeHO MeXAYy 2 M 3, X0TA B IMeJOIHEIX
MeTaJlIaX OHO JERHT MeKay 3 u 6 (2 B HeKOTOPHX MeTaJJAYeCKHX COeAMHeHHmAX
mosKeT mocturath 10).

[InotHocts rasa smexTpoHoB mpoBoguMmoctu mpumepHo B 1000 pas 6Gombme
IJIOTHOCTH KIACCUIECKOTO ra3a IpH HOPMAaJbHEIX TeMIepaType u faBiennu. Hecmor-
pH Ha 9T0 M HeCMOTpPS Ha HaJUYAe CHIBHOTO 9JeKTPOH-3J1eKTPOHHOIO M 3JIEKTPOH-

1) TaroB uHTEDBAJN 3HadeHUil BIEKTPOHHON IIOTHOCTH [J1f METAJINYECKUX DJIEMEHTOB HpN
HOPMAJBbHHX YCJI0OBUAX. DoJjiee BHICOKHMX NJIOTHOCTell MOJKHO [OCTHTHYTH, IOJBEpTras BemecTBO
HABIEHNI0 (KOTOpoe OJaroNpHATCTBYET BOSHHKHOBEHHI) METAJUIRYCCKOTO COCTOAHHMA). MeHbIIue
IJIOTHOCTH HAOMIONAITCA ¥ XMMUIECKHX COCUHEeHHN.
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Tabauya 1.1
BJIQKTPOHHB]G INOTHOCTH HCROTOPBIX METAMIMYECKHUX JJIEMEHTOB
COTVIACHO MOJeaN CBOOOJHBIX 3IEKTPOHOB 2)
DireMeHT VA n, 1022 cy—3 e A r/ag
Li (78K) 1 4,70 1,72 3,25
Na (5K) 1 2,65 2,08 3,93
K (5K) 1 1,40 2,57 4,86
Rb (5K) 1 1,15 2,75 5,20
Cs (5K) 1 0,91 2,98 5,62
Cu 1 8,47 1,41 2,67
Ag 1 5,86 1,60 3,02
Au 1 5,90 1,59 3,01
Be 2 24,7 0,99 1,87
Mg 2 8,61 1,41 2,66
Ca 2 4,61 1,73 3,27
Sr 2 3,55 1,84 3,57
Ba 2 3,15 1,96 3,71
Nb 1 5,56 1,63 3,07
Fe 2 17,0 1,12 2,12
Mn (o) 2 16,5 1,13 2,14
Zn 2 13,2 1,22 2,30
Cd 2 9,27 1,37 2,59
Hg (78K) 2 8,65 1,40 2,65
Al 3 18,1 1,10 2,07
Ga 3 15,4 1,16 2,19
In 3 11,5 1,27 2,41
Tl 3 10,5 1,31 2,48
Sn 4 14,8 1,17 2,22
Pb 4 13,2 1,22 2,30
Bi 5 14,1 1,19 2,25
Sb 5 16,5 1,13 2,14

a) IIpu KOMHATHON TeMncepaTtype (000 300 K) u aTrmochepHOM NABJICHMH, CCJOM HE OrOBOPEHO WHHOE,
Paguyc L cdenn cBOOOTHHX 3JIEKTPOHOB Onpencnaerca dopmynon (4.2). MBl NPOU3BO.IBHO BBHIGPAJM BeJIUUM-~
HY Z 1A TeX 3JIeMeHTOB, KOTOpble ofmamalor Gojee deM ONHOM XMMHYeCKOH BaJeHTHOCTHIO. Mojenb IOpyae
He JaeT TeOPEeTHYecKOro OODOCHOBAHMA IJA TAKOro BeIfOpa. 3MadeHMA 7 OCHOBAHBI HA JAHHBIX, B3ATHX N3
tabmun Yurobha [2].

HOHHOTO B3amMofelcrBus B Mofenu {pyae mas paccMoTpeHHA 3IeKTPOHHOIO Tasa
B MeTaJIaX MOYTH Ge3 M3MeHEHWHA OPUMEHATCH MeTofh KUHEeTHIEeCKOH TeopHHu
HCHTpPAJBHEX paspemeHHHX ra3oB. [IpuBemeM ocHoBHBIe IPeHOOIOMKEHHS TeOPHH
Hpyze.

1. B uHTepBasle MeKAy CTOXKHOBeHHAMEH He YUIUTHBaeTCA B3amMoleldcTBHe
QNIEKTPOHA € JPYIUMA 3MeKTpOHAMH M MoHamu. WHHIMH cIoBaMHW, OpHHHMAaeTCHd,
470 B OTCYTCTBUE BHOUIHNX 3AeKTPOMATHUTHHIX IOoXell KA;KABA 2MeKTPOH [BUMETCH
¢ HOCTOAHHOM CKOPOCTHIO 0 mpaAmoil amaud. [lanee, cauraior, 9T0 B HPHCYTCTBHAR
BHENIHHEX IOJe#l 3JMeKTPOH MBWIKETCSI B COOTBeTCTBUH ¢ 3akoHamu HeproroHa; mpu
9TOM YHYATHBAIOT BIWAHHE TONBKO BTHX IoJell, mperedperas CHOKHBIMHE JOUOJHH-
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TeJbHBIMH IOJAMHU, HOPOMK/aeMBIMY APYTUMY 3JeKTpoHaMu U nonamn ). Ilpubnmxe-
HUe, B KOTOPOM nIpeHe0peraloT »IeKTPOH-3NeKTPOHHHIM B3auMo[elCcTBHEM B Npo-
MeRYTKAX MEKAY CTOJKRHOBEHUAMU, W3BeCTHO IO HAa3BaHUEM NPUOAUINCEHUS He3d-
sucumvlr saekmporos. CooTBeTcTBeHHO upuOAmM;KeHHe, B KoTOopoM npeHeOperaior
3JeKTPOH-LOHHEM B3aNMojleliCTBIeM , HA3KBaeTCA RPUGAUNEHUEM C60600HMX 24eKMPO-
nos. B mocaemyrommx raaBax MB OOHapykuM, 9ro Ipubianmxenue He3aBUCHMBIX
5JeKTPOHOB OKA3BIBAETCSA HEOMKUMAHHO YHAUHEIM BO MHOTHX OTHOINEHMSX, TOTHA
Kag OT IpuGaAuKeHUA CBOGOMHBIX DIeKTPOHOB HPHXOAUTCH OTKABATBCHA, NAKE eCHH
MHB XOTHM JOCTHYDL JHIb KAYeCTBEHHOTO
MOHUMaHWA HOBelleHNA MeTajlloB.

2. B mopmeau Hpyme, kak u B KuHe-

THYECKOH TeOpHM, CTOJKHOBEHUS -— 3TO
MTHOBeHHEIE COOBITHS, BHE3aNHO MEHAIO-
mue CKopocTh sieKkTpona. [lpyae cBA3HBa
uX € Tem, 9T0 SJeKTPOHBl OTCKAaKUBAIOT OT ®ur. 1.2. TpaekTopus »JeKTpPOHA TIPOBOJII-
HEIPOHNIAEMEIX CepPAleBHH WOHOB (& ¥e meeTn, paccenBaomerocst Ha MOHAX, B COOT-
CcUNTaJd UX B.HGKTPOH—BJIGETPOHHHMI/ICTOJIK— BeTCTBHN C HalBHbBIMII TDIpeACTaBIeHIIAMU
HOBEHUAMY IO AHAJOTMH C TOMAHUD YIOIHM Apyne.
MeXaHU3MOM CTOJIKHOBeHUH B o6H9HOM rase). [losqHee MBl yBULMM, 9TO IpH OGHYHEIX
VCIOBHAX paccesHHe 3JeKTPOHOB Ha dIeKTPOHAX [eHCTBHTeJBHO ABIAETCA OXHUM
H3 HAWMeHee CYIECTBeHHBIX MeXaHH3MOB paccesnus B Mmeranuae. OmHako mpocras
MexaHUgecKasa Moaedpb (fur. 1.2), coriacHo KoTopod 3JeKTPOH OTCKaKMBaeT OT
WOHA K WMOHY, BechbMa jlajleKa oT AeficTBUTenbHocT: 2). W cuacThio, Bo MHOTMX
3a7layax »T0 He BaJKHO: 1A Ka4eCTBEHHOTO (U Hajke KOJMYECTBEHHOTO) DOHWMAHMSA
OpPOBOAAMOCTH METAJLIOB JOCTATOYHO IPOCTO IPEHIOJOKUTh CYIEeCTBOBAHNE KaKO-
20-Mm0 MexaHHM3Ma paccesinus, He BIABasgch B MOAPOOHOCTH OTHOCHTENBHO TOrO,
KaKOB UMeHHO 3TOT MeXaHU3M. VcnoNb3ysa B CBoeM aHAlM3e NUIMb HeCKOJABKO o0mumX
CBOMCTB Hpollecca CTONKHOBOHNA, MBI MOKeM He CBA3HBATHL cebs KOHKPeTHOH KapTu-
HO#l cToNKHOBeHWU. ITu oOmMMe XxapaKTepHEe WePTH ONMCHBAIOTCA CHCNYIOIMUME
IBYMA OPeANON0KeHNAMI.

3. bygemM mpepmomararb, 4WTO 33 eAUWHHUNY BpPEMeHH B3JeKTPOH WCHHITHBaeT
CTOJKHOBeHWE (T. e. BHe3allHOe H3MeHeRHMe CKOPOCTH) C BEDPOATHOCTBIO, PaBHOM
1/1. meercss B Bumy, uTo AJsA 3JIeKTPOHA BEPOATHOCTH HUCUHITATH CTOJNKHOBeHHE
B TeYeHNMe 0ECKOHEYHO MAajJoro NPOMEeKYTKa BpeMeHM df paBHa mpocTo di/t. Bpe-
Ms T Ha3HBAKT BpeMeHeM peJaKcalnuu, WiKu BpeMmeHeM cBo0ojHOro mpofera; oHo
urpaer ¢yHIAMEHTANLHYI0 POAL B TeOPHM NPOBOAMMOCTH MeTajuoB. M3 sroro
OpefioNOKeHUs CIedyeT, 4YTO JIeKTPOH, BEIODAHHBEI HayTaZi B HACTOAIMUA MOMEHT
BpeMeHHu, GydeT NBUTATHCSA B CpeflHEM B TeUeHUe BPEMEHH T /10 ero CjedyIOMero
CTOJKHOBEHUS ¥ YiKe JBUTAJCA B CpelHEM B TeueHUe BpeMeHH T ¢ MOMEHTA IpefbiIy-
mero cToiaxHoBenusd ). B mpocrefimux mpunokenusax wmopenau pyne cuuTaior, uro
BpeMs peJaRcauuu T He 3aBHCHT OT HPOCTPAHCTBEHIIOTO IOJOMKEHMA HIEKTPOHA

1) Crporo roBops, MEL He MOKeM yTBeDIKIATh, IT0 3IeKTPOH-HOHHOE B3aUMOAEHCTBHC COBep-
IIeHHO He YYHTHIBAeTCHA, LNOCKOJBKY B Mojeau Jlpyne HeABHO MpeANIONaraeTCA, MTO MABIMKEHNC
9JIeKTPOHOB OrPamngeHo o00beMoM MeTamna. OUeBHAHO, TAKOe OrpaHHICHHE O0YCIOBJIEHO MPUTH-
JKEHUEM JJIEKTPOHOB K MOJIOKITENbHO 3apAeHHsM HouaM. UTobs rpybo yuects dddexrrtsl saex-
TPOH-MOHHOTO W 2JEKTPOH-IICKTPOHHOTO B3amMojeiicTsis, NOJOGHHE 93TOMY, K BHOMIHUM IOMAM
qacTO0 MOGABIAIOT COOTBETCTBEHHO 110700PAHHOE BHYTPEHHEE I[IOJe, OINCHBAIOMICE yCPCTHEHHEIIT
aderT, 00A3AHHELI HTOMY B3anMOEHCTBUIO.

2) B TedeHme HEKOTOpPOro BpeMeHH (QU3NKH OBLIM 3aHATH PEIICHUEM TPYAHHIX, HO HECYyIIe-
CTBEHHBIX 3a/la¥ CBSASAaHHBIX C TOUHEIM IIONAjlaHUEM JIEKTPOHA B HOH B KAJKEOM OTICJBHOM
cronkaoBeHun. Cregyer pemmnTeanHo uaberats G6yRBanbHOTO mMoHmMadus ¢ur. 1.2.

3) Cm. samauy 1.
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u ero ckopoeru. Ilo3gHee MB yBUAUM, UTO BO MHOTHX, HO ¥e BO BCeX 3a7adax TaKoe
OpefiloNoKeHNe OKA3HBAETCA YAWBHUTEIBHO XOPOIIHM.

4. IlpenmonaraeTcst, 4TO 3JIeKTPOHBl IPHXOIAT B COCTOAHNE TEIJIOBOTO PaBHO-
BeCHSA CO CBOMM OKDY/HeHHeM HCKJIIOIUTeNLHO (aarofaps cToJKHOBeHWsaM 1. Cun-
TAeTCA, YTO CTOJKHOBEHHA IHOAEP;KUBAIOT JOKAJIBHOE TepMOJNHAMUYECKOe PAaBHO-
BecHe TUPe3BHYAHHO INPOCTHM CIOCOGOM: CKOPOCTH 3JIEKTPOHA Cpasy sxke Iocjae
CTONKHOBEHHSA He CBA3aHA C er0 CKOPOCTBHIO X0 CTOJNKHOBEHHUs, a HampaBieHa CIy-
YaiiHHM 00pa3oM, OpHWYeM ee BelIWINHA COOTBETCTBYeT TOi TeMIepartype, KOTopas
npeBajgupyer B o0xacTé, I'le IOPOHUCXOAWIO CTOXKHOBenue. lloatomy uem Gouaee
ropAdeil ABNAeTCA 06JaCTh, I'le IPOUCXONKT CTOTKHOBenre, TeM §olbIell CKOPOCTHIO
o0agaeT BIEKTPOH IOCHE CTOIKHOBEHU.

B ocraBmeiicsa 3actTi TIaBH MH OPOMIIIOCTPUPYEM 3TH LOJOKEHUSH, PACCMOTPEB
Hauboee BayHHE NPUIOMKEHHSA TeOPHH U ofpamas BHMMAaHMe HAa TO, HACKOIBKO
XO0pOITO TEeOpUsS OHHUCHBAET HabafofaeMble ABICHUS.

CTATNYECKAA 3JEKTPOIIPOBOJHOCTD METAJIJIA

B coorBercrBun ¢ sakorom Oma Tok I depes HPOBOXHUK IPONOPHUOHAJIEH Iaje-
HUI0O HaumpsskeHus V Bmoas mpoBopuuka: V = JR. ConporuBienne mpoBojanuka R
3aBUCUT OT €r0 PasMepoB, HO He 3aBUCUT OT BeJUYHHE TOKA UJM NaJleRUA HaIpsiie-
uusa. Monens J[pyne mo3Bosser o6bACHUTD TAKYIO 3aBHCHMOCTD M OI[€HUTH BeIHYHHY
COIIPOTHBIEHHA.

O6pryuo 3aBucuMocTh R 07 (OPMEI IPOBOMHHKA YCTPAHAIOT, BBOJA HOBYIO
BEeIUNINHY, XapaKTepHU3yOIMYI0 yiKe TOJBKO CaM MeTaJJ, M3 KOTOPOTO CHEJAH HPO-
BOJHHUK. Y[edbHOe COIIPOTHBJIEHHWE 0 OIpelenAerci Kak KodQumumeHT mpomop-
UMOHANBHOCTH MEKIY HAUDIKEHHOCTHIO 3ieKTpHuIecKoro noad E B HekoTopoit Touke
MeTajijla ¥ BEI3EIBAEMOH UM ILIOTHOCTBIO TOKa j§ 2):

E = pj. (1.3)

IlnoTHOCTE TOKA § mpegcraBiser cofoil BeKTop, UapajulelbHBI IOTOKY 3apsafa;
€ro BeJIMYMHA PABHA KOJHIECTBY 3apAna, HPOXOMsAINeMY 3a eIMHUNY BpeMeHH uyepes
eMUHAYHYI0 INIOMAKY, HepHeHTUKYJIAPHYI0 IOoTOKy. IloaTomMy, eciam dwepes mpo-
BOAHEK AAMHON [ ¥ IIOMANbi0 MONEePEeYHOro cedeHma A mueT MOCTOSHHHMA TOR [,
TO MIOTHOCTH TOKa paBHa j = I/A. Tar Kak majeHNe HAUPSKEHUA HA TPOBOJHUKE
pasao V = EL, u3 ¢opmyus (1.3) cuemyer, uro V = [pL/A u, ciemosaTelbHO,
R = pL/A.

Ecnmu Bce n »71eKTPOHOB B eXuHULE ofbpeMa IBMIKYTCA C OJHHAKOBOH CKO-
POCTBIO vV, TO INIOTHOCTH TOKa mapainenbHa v. Jlamee, 3a BpeMsi di 3JeKTPOHHI
CMECTATCA Ha PACCTOAHME U di B HAIPABIEHHN vV, TIO3TOMY 3a 3TO BpeMs miomans A,
HOepHeHAAKYNAPHYI0 HANPABISHHAIO TOKA, mepecekyT n (v dt) A osuaextponosB. Taxk
KaK KayRIGIA 3JeKTPOH HeCeT 3apAX —e, HOJTHBIA 3apsaf, epecekamomuii A 3a Bpe-
Ma dt, paBen —nevA di, m, cleq0BATENbHO, IJIOTHOCTH TOKA paBHa

j = —nev. (1.4)

B m030i rouke Meralia JJeKTPOHEl Beerja MBIGKYTCA B CAMBIX DPa3jiWIHBIX
HANpPABAGHAAX M OJJAJAT Pa3HKIMH TOIMIOBEIMH CKopocTamu. CyMMmapHas IIOT-
HOCTh TOKa JaeTcA BEpameumem (1.4), Tfie v — CPeHAS CKODPOCTH DJIEKTPOHOB.

1) B npubamKeruu cBOOOJHLIX U He3aBUCHMEIX 3JIEKTPOHOB TAKONH MEXAHN3M ABJACTCA eJHH-
CTBEHHO BO3MOMKHBIM.

2) B obmem caydae E u j me oOGs3arensno mapasieiasHs Apyr apyry. Torga BBomaT mensop
yaenbEOro compotuBiaeHusd. Cm. ra. 12 m 13.
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B orcyrcrBre 9IeKTPUIECKOTO HOMA BCe HAIPABIeHHUA JBIKEHU 3JeKTPOHOB PAaBHO-
BepPOSATHH U CpefHee 3HA49eHHe v 00pamaeTcsa B HyJb, a COOTBETCTBEHHO CyMMapHas
IIOTHOCTh TOKA TaK/Ke paBHA HyJI0. B mpucyrcrsum moias E cpeanas ckopocth
HIeKTPOHOB OTAWYHA OT HyJs ¥ HAIPaBJieHA IPOTHBOLONOKHO HOJI0 (TaK KaK 3apAk
3MeKTPOHA OTPHIATENeH). JTY CKOPOCTh MOMKHO PACCUIMTAThL CIefyIomuM o0pa3oM.

Pacemorpum kakoii-iinGo sJIeKTPOH B HyJeBo# MomeHT Bpemeru. Ilyers ¢ —
BpeMs, OpOImeJiiee HOCe ero MOCHegHero CToNKHOBeHAsa. CKOPOCTh BTOr0 BJIEKTPO-
Ha B HYAeBOW MOMeHT BpemeHM OyAer PaBHA €ro CKOPOCTH V, HeNOCPERCTBEHHO
HOCE CTOJIKHOBEHUA ILTIOC MOIMOJTHUTeNBHAA CKOpOCcTh —eEi/m, KoTopylo biaeRTpoH
aprofpes mocie CTOMKHOBeHWA. TaK KaK MBI IpeAIIojiaraeM, 9To IOCJe CTOJKHOBE-
HHA CKOPOCTh 9JIEKTPOHA MOKET HMeTh n1000e HanpaBieHue, BKIAL OT V, B CPEHION
CKOPOCTH 3JSKTPOHOB PaBeH HYJII, U I0DTOMY OHA PABHA CpefHEMY S3HAUEHUIO
penuuuail —eEt/m. OnHako cpenHee 3HadeHnme ! PaBHO BPeMeHHW pelaKcaunum T.
IToaToMy umeem

eEt . ne?t
ch T e— y ] =]

m m

)E. (1.5)

JroT pesyapTaT 00BIYHO (GOPMYNHPYIOT, HCHOAB3YA XapaKTepHCTUKY, 0o0paTHYIO
YAEIbHOMY COLIPOTHBIEHUIO, — IPOBOAMMOCTE ¢ = 1/p:

ne%t
m

i=oE; o=

b

(1.6)

Taxum o0pazoM, ME DOAYIANU JUHEHAHYIO 3aBHCUMOCTh j oT E n Hamnu nusa
OpOBOAMMOCTH ¢ BHpajKeHme, B KOTOpPOe BXONAT TONBKO M3BECTHHE BeIWIWHE
u BpeMsa penakcammu 1. CnegoBaTenbno, ucnoabsys (1.6) u mabiaonaeMee 3HaYeHAA
YIeABHOTO COHOPOTHBIICHUS, MOKHO ONpefeJUTh BEJMUYHHY BPeMeHH peJaKCcalHdm:

m

T=—x (1.7)

T ipne? *

B Ta6a. 1.2 npuBefeHH yaelbHEE COOIPOTUBICHNA HEKOTOPHX THOUIHHIX METaj-
AOB TpU pa3iawIHbX TemMmeparypax. OfpaTuTe BHHMAaHUEe HA eTO CHJIHHYIO TeMOepa-
TYPHYIO 8aBHCHMOCTH. lIpm KOMHATHOH TeMmeparype YHeJXbHOe CONPOTHUBJICHHE
3aBECHT 0T I HPHMepPHO JMHEHHHM 06pa3oM, HO IPH HOCTHWKeHUNM HA3KWX TeMIepa-
TYp OHO PE3KO yMeHBbmAETCA. [IpH KOMHATHO TeMmepaType yHAeJbHEE CONPOTUBJIE-
HAA OOHYHO UMET IOPANOK OFHOT0 MHKpOOM-caHTEMerpa (MKOM -cM) mam, B mpu-
HATHX B AaTOMHOH ¢uanke egunAunax, — oopagoxk 10-1% ex.CI'CO ). Ecmm p, —
yIelbHOe COOPOTUBIeHNE, BHpajKeHHOe B MKOM -cM, cooTHomerwue (1.7) Rad Bpemenu
penakcanuu yAo0HO 3allMcaTh B BUe

rz(w) (3)3-10-14 c. (1.8)

Pu 2,

1) YroOw epeBecTH YAGJALEEE CONPOTHRICHNU, BRIpaKeHHNe B MKOM -cM, B eguanns CI'C3,
3aMeTHM, 9TO IPH YAeJIHbHOM CONpOTHBIeHuWH MPOBOmANKA 1 MEOM-cM M mIoTHOCTH TOKa 1 A/cm2
co3faeTcA sieKTpuieckoe moje, pasHoe 10-8 B/cM. Ilockoasky 1 A pasen 3:109 ex. CI'C3, a 1 B
pased 1/300 ex. CI'CI, mpu ypeabnoM conporuBienun 1 MKOM-cM BosEuMkaer moxe 1 ex. CICH,
Korjga IIoTHOCTh ToKa paBHa 300.10%.3.109 ex. CI'C3. B emumanuax CI'CY mpu yaennHOM COIpO-
TuBIeHNN BexuwduHOil B 1 ex. CI'CI manpsukerHocTh noxns, pasnas 1 eg. CI'CI, cosgaerca ToKoM
¢ nnorHocThIo 1 e, CI'C3. Takum obpasom, 1 MEOM-cMm skBuBasenTeH /g -10-17 ex. CI'CI. YTobH
He I0JHh30BATECA €AMHHNAME YAeasHOro conporusierus CI'CI, MokHEO npu pacdere mo gopmyire
(1.7) supakars 0 B OM-M, m B KHIOrpaMMaXx, e B KYJOHAaX, a n CYATATh YUCJIOM BICKTPOHOB
ma 1 M3 (Bamevanue. Haubomee Bamuble QOpMYJIH, KOHCTAHTH X NEPEBOXHEE KO3(QOUIMEHTH,
HCHOJAb3yeMble B II. 1 u 2, IPHBEAEHH B IPHIIOMKEHUH A.)

(PasmepBOCTE O ecTh (ceryHpa)~!, a pasMepHOCTh O — CeKyHfa. lleHcTBmTeaLHO, JAETKO
voepareest, 910 [ne?/m] = c¢~2 [em. dopmyny (1.6)]. — ITpum. ped.)
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Tabauya 1.2
YensHble SXEKTPUYECKHE CONMPOTHBICHUA HEKOTOPBIX 31€MEHTOB ?)
DreMert 7K 273 K 373 K (073 K
0Ty 1
Li 1,04 8,55 12,4 1,06
Na 0,8 4,2 IlnaBurcs
K 1,38 6,1 »
Rb 2,2 11,0 »
Cs 4.5 18,8 »
Cu 0,2 1,56 2,24 1,08
Ag 0,3 1,51 2,13 1,03
Au 0,5 2,04 2,84 1,02
Be 2,8 9,3 1,39
Mg 0,62 3,9 5,6 1,05
Ca 3,43 5,0 1,07
Sr 7 23
Ba 17 60
Nb 3,0 15,2 19,2 0,92
Fe 0,66 8,9 14,7 1,21
Zn 1,1 5,9 7,8 1,04
Cd 1,6 6,8
Hg 9,8 Maasntes nasurcsa
Al 0,3 2,45 3,55 1,06
Ga 2,75 13,6 InaBurcs
In 1,8 8,0 12,1 1,11
Tl 3,7 15 22,8 1,11
Sn 2,1 10,6 15,8 1,09
Pb 4,7 19,0 27,0 1,04
Bi 35 107 156 1,07
Sb 8 39 59 1,11

a) VHeJbHBIE CONPOTHBIIEHNHA, BEIpaKeHHne B MKOM-CM, YKA3aHH oA Temiepatryp 77 K (Todka KuIe-
HIA FKUIKOrO asora opl armochepHoM maBseHmn), 273 um 373 K. Haa Toro 4rtobsl HPOJeMOHCTPHPOBATH
NPUMePHO JMHENHYI0 TeMIepaTypPHYIO 3aBUCHMMOCTh COIPOTHBJIEHUS NPHM TeMueparypax, OJMBEMX K KOMHaT-
HOH, B MocJiefHeM CTOJONe NPHWBENEHO OTHOMeHNe BenuyuH p/T nmpu 373 w 273 K. (M3 cupaBounmka Kaa 1
JIaou [3].)

Bpemena penaxcanuu, paccunTanusie mo ¢opmyiae (1.8) ¢ mcmoabzoBaHueM
yIeabHEX COINPOTUBIEHNI, IpUBeAeHHbX B Taba. 1.2, nanw B Tabn. 1.3. Met Buawm,
9TO IpH KOMHATHHX TeMIepaTypax T okasmBaercsa mopsagka 10-14—10-1% c. Urodm
HOHSTh, ABJAEGTCA JU DTO Pa3yMHBIM 3HAaYeHNEM, IOJe3Hee PACCMOTPETH CPeNHIOI0
IauHy cBoGomHOro mpoGera £ = vyT, THe Dy — CPEAHAA CKOPOCTH 3IEKTPOHOB.
IInuna £ XxapaKTepmayeT cpeJlHee PacCTOsAHHE, IPOXOAMMOE DIEKTPOHOM MEMKAY
croxkHopenuamMu. Bo Bpemena [lpynme Obuio ecrecTBEHHEIM OIEHHBATH Uy HCXOMA
M3 KJIACCHUECKOIr0 3aKOHA paBHOpACHpeNeNcHWs BHEPTHH IO CTeIeHAM CBOOOMEL:
Y ,mv? = 3/ .k pT. IlogcraBussa CiOfa U3BECTHYIO MACCy BIEKTPOHA, HaXOMUM, dTO U
umeer mopsifok 107 cm/c mpm KoMHaTHO@ TemIleparype M, CJefl0BaTelbHO, JAJIHHA
cBobommEoro mpobera cocraBuser oT 1 1o 10 A . Tar Kax >To paccToAHHe CPaBHUMO
¢ Me;KaTOMHELIM, Pe3yJibTaT BIOJHE COTIACYyeTCA ¢ IpeamosioskenmeM Jpyne o Tom,
YTO CTONKHOBEHHA OOBACHAITCA COYHAapEeHHAMU DIEKTPOHA ¢ GONBIIMMHE TAMKEIbIMA
HOHAMU.
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Tabawya 1.3

Bpemena penakcanuu (10714 ¢), paccamTannsie mo teopuu Hpyne 2)

JaemeHT 77K 273 K 373 K
Li 7,3 0,88 0,61
Na 17 3,2

K 18 4.1

Rb 14 2,8

Cs 8,6 2,1

Cu 21 2,7 1,9
Ag 29 4,0 2,8
Au 12 3,0 2,1
Be 0,51 0,27
Mg 6,7 1,1 0,74
Ca 2,2 1,5
Sr 1,4 0,44

Ba 0,66 0,19

Nb 2,1 0,42 0,33
Fe 3,2 0,24 0,14
Zn 2,4 0,49 0,34
cd 2,4 0,56

Hg 0,71

Al 6,5 0,80 0,55
Ga 0,84 0,17

In 1,7 0,38 0,25
T1 0,91 0,22 0,15
Sn 1,1 0,23 0,15
Pb 0,57 0,14 0,099
Bi 0,072 0,023 0,016
Sb 0,27 0,055 0,036

a) BpemeHa peJlaKkcalMi paccuuTaHel no dpopmynie (1.8), ucxodda H3 TaHHBIX, npuBegeHHslXx B Tabmn. 1.1 v
1.2. Caaboil 3aBUCHMOCTBIO n OT TeMIlepaTyphl npeHebperaem.

Opaaxo B ri. 2 Mbl YBURMM, YTO KJIACCHUYECKAS ONEHKAa PN KOMHATHOHM TeMmIe-
patype faer 3HaueHWe v, Ha HOPAJOK BeJWYHHH MeHbHIe AelictBuTenbHOro. Hpome
Toro, ud Tabjx. 1.3 caexgyer, uro mpu Hambolee HUBKUX TeMIEpPaTypax T HA HOPAIOK
BeJIMYuHEN G0JibIIe, 9eM IPY KOMHATHOR TemMueparype. I10CKOIBKY vy B JefCTBUTENb-
HOCTH He 3aBHCHT OT TeMHepaTypH (MB YBHANM 9T0O B IJ. 2), TO OKa3BIBAETCS, YTO:
opw HU3KHX TeMIeparypax aimHa cBofogmoro mpoGera Mosker Boapactu jo 102
u Gojiee aHTCTPEM, T. e, B THCAYY pas TPEBRIIATH Me;KUOHHOe paccTosnue. B Hacrosa-
Hiee BpeMs, paboras OpU ROCTATOTHO HUBKMX TEeMIepATypax ¢ TIATeJbHO IPHUIo-
TOBJEHHEIME 0OGpasmaM¥, MOKHO [OCTHYHL CpeiRuUX IamH cBobGopmoro mpoGera mo-
psnka 1 em (r. e. oxoao 108 me)xaToMHEX paccrosnnit). 9To ABHO yKasHBaeT Ha TO,.
9T0 9JIEKTPOHE He IIPOCTO COYHApsIOTCsA ¢ MOHAMU, Kak npeamoxaran Hpyme.

K cuacrbio, omHako, MB MOKeM LPOJOJNKATH HCUOAB30BATHL JJIA PACYETOB.
Mofensb Jpyse, X0TA 1 He coBceM TOYHO IOHUMaeM IPUPORY cTonkHOoBeHui. He unmesn
TEOpPHMHM BpPEMEHH CBOGOAHOrO mpodera, BajKHO HaliTW TaKue OPEJCKasaHUs MOJeny
Hpyne, KoTopEe He 3aBUCAT OT BeJIWYUHHE BpeMeHu penakcanyuu t. OKaswBaercs,
CymecTBYeT HECKOJIBKO MOTO0HHX He 3aBHCANUX OT T BEJIHYUH, KOTOPHE M CETOJHA
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MO-IIpeKHEeMY IPeACTaBAANT (QyHIAMEHTANBHHIH HHTEpec, MOCKOALKY BO MHOTHX
OTHOIIEHUAX TOYHOE KOJIHMYECTBEHHOe PACCMOTDeHHe BpeMeHH peJaKCAIlI! OCTaeTcsA
HanGoJee craGbIM 3BeHOM B COBPeMEHHEIX TEOPHAX HPOBONEMOCTH MeTaJioB. B pe-
8yJabpTaTe He 3aBHCAMAE OT T BEJWYUHH IPEICTABIAT 0COOYIO I@HHOCTH, MOTOMY
4T0 9acTO OHHU jAaloT Hambogee HafesRHy MHPOPMAIHIO.

OcofeHHO BaykHE [OBa CJAydas: pacdeT IJIeKTPONPOBOJHOCTH IPH HAJIUIUY
OpPOCTPAHCTBEHHO-OLHOPONHOIO IIOCTOAHHOIO MArHUTHOTO HOJA M IpH HAJIHYUY
NIPOCTPAHCTBEHHO-OHOPOLHOr0, HO 3aBHCAUISI0 OT BpeMeHH! DJIEKTPUIECKOTO HOJIH.
B ofBoux stux cnygasx yzoHHO BOCHOML3OBATHCHA CACAYIOMUM 3aMedaHUEM.

B kaxOsli MOMeHT BpeMeHH ¢ CpeJHSASA CKOPOCTh dJIEKTPOHOB v paBHa p (t)/m,
TAe p — CpeXHH# MMIOYALC, T. €. IOJHBHA MMUOYIbC, OPUXONAAMHUNCA HA OXUH K-
Tpon. CiegoBaTenbHo, MIOTHOCTH TOKA

j— — () (1.9)

m

IlycTs B MOMeHT BpeMeHN ! CpefiHU MMOYIbC IEKTPOHA ecTh p (1). Brramcnumm Torma
p (t -+ di) — cpenEuili UMOYJIBC OFHOTO DIGKTPOHA IO MCTEYSHWN GOCKOHETHO MAaJio-
ro opoMme:kyTra Bpemenu di. BeposraocTs Toro, 4ro B3ATHI Hayrajg B MOMEHT i
HIIEKTPOH MCHHTAJ CTOJKHOBeHHe To MOMeHTA ¢ + df, paBHa di/t, mosTomMy BepoaT-
HOCTHb TOTO, UTO OH «IOKHBET» N0 MOMeHTA BpeMeH:m ¢ -+ di 0e3 CTOIKHOBeHHH,
ecTh 1 — dt/t. OgHaKo, KOrga 3IeKTPOH He WCIOHTHBAST CTOJIKHOBEHHI, OH NPOCTOL
nBWKETCA IOJ AeifictBueM cuibl f (¢) [o6ycaoBiIeHHOR IPOCTPAHCTBEHHO-OXHOP OXHBI-
MU 5JIEKTPHIECKHM U (WIM) MATHATHBIM IOJAMA] W OpHOGPETeT IOJITOMY JOMOJIHH-
TeJbHHE uMIynbe ) f (¢) dt -+ O (dt)?. DXexTpoHH, He WCHBITABIINE CTONKHOBEHUI
B WHTepBajie MeXAY MOMEHTAMI BpeMeHH t U ¢ - df, BHOCAT B UMIYJILC, UPUXOTs-
IMUACA HA OJUH 3JIeKTPOH B MOMeHT ¢ + df, BKJIAJ, pPABHLIA TPOU3BEIEHNI0 BeANTHHEL
(1 — dt/t) (1. e. OTHOmEHHA THUCIA TAKEX HICKTPOHOB K LOJHOMY HMX YHCIAY) Ha
cpejlHAA WMOYJIbC OJHOI'O TAKOTO dIeKTpPoHa p (2) + f (¢) df -+ O (dt)>.

[loaTomy, mpenefperas moka BKaagoM B p (¢ -+ di) oT Tex IeKTPOHOB, KOTODEIe
Ucnwmail CTOMKHOBeHHE 33 BpeMa MemAy ¢ u ! -+ df, moaydaem 2)

p(t+dt)= (1 —-) B () +1 () dt+0 (dt)) =

=p(t)— (2 )p (&) -+ (1) dt +0 (dt)e. (1.10)

[ompasra x (1.10) 3a cuer 2IeKTPOHOB, MCIBITABIIAX CTOJKHOBEHHME B MHTEp-
Base oT t o ¢ + dt, oxasmuBaeTcs aamb omopagka (dt)%. UrolGs mokasars 1o, BHAYATE
3aMeTHM, UTO OTHOMISHME UNCIA TAKAX 3JIEKTPOHOB K IOJHOMY YHCHY JIEKTPOHOB
paBHo dt/t. Kpome Toro, moCKONbKYy HENOCDEICTBEHHO IIOCIE CTOJIKHOBEHHA CKO-
pocTh (W HMIOYJIbC) 9IeKTPOHA HAMpPABIEHH CAydaiHEIM 00pasoM, KayKIHA Taroi
BJIERTPOH GymeT 7aBaTh BKAAT B CPeRHANR UMIOyiabe p (¢ -- df) aumb Gaarogaps Tomy,
qT0 3a BpPeMsA [MOCJe KOC/eTHero CTOAKHOBEHUA OH HPUOIPes 3a cUeT CHJH f HeKOTO-
PHIA MMIYIBC. JTOT UMIYIBC MPHOOPETACTCA 32 HPOME/KYTOK BPEMEHH, He IPeBHI-
maomui df, 1 mosToMy mveeT nopagok I (¢) dt. CaegoBareasro, mompaska K (1.10)
oKasmBaerca mopsaaka (dt/t) f () dt u ge Bauser HA wrensl, AuHerHse mo dt. Taxam
obpasoM, MOKHO 3aOHCATH

p(t+dt)—p#)=— () p (&) +1(8)dt+0 (22, (1.11)

T

1) Yepes O (dt)? oGo3uadeH wieH mopAxra (di)2,

2y Ecam cuiua, JeficTByOMasa HA 3JeKTPOH, He O{MHAKOBA i BCEX IHJIEKTPOoHOB, POpMY-
Ja (1.10) ocraeTcsa cupaseguuBsoil IpM ycJIoBuu, 9TO ME HoHHMASM NOJ f cpedniw cuay B pacdere
HA OJUH DIGKTPOH,
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TIe yuTeH BEKJIax B p (¢ + di) ecex smertponos. [logenme Ha di W B3AB mpemeln
dt— 0, maxommm

dp(®) _  p()

Jro ypaBHeHHMe O03Ha4aeT, 4TO 3PQeKT CTONKHOBEHUH OTHEIBHLIX 3JEKTPOHOB
CBOMUTCA K BBEJEHNIO B ypaBHeHWE JBWRKEHNA JIA MMIYJIbca, IPUXONAMEroca Ha
OINUH DIEKTPOH, JONOJHATENIBHOTO WICHA, ONMCHBAMETO 3aTyXaHKe 3 CIOT TPEHHA.

ITpnmenum reneps dopmyay (1.12) k HeCKOABKUM MHTEPECYIOMIUM HAC CAyUasaM.

IODERT XOJJA U MATHETOCOITPOTHUBJIEHNE

B 1879 r. Xoax mommITaNCca ONpeNeNuTh, AeHCTBYET N CUIa, WCIBLITLIBAEMAS
TPOBOTHHUKOM € TOKOM B MATHHTHOM INOJIe, HA BeCh IPOBOJHUK WJIH K€ TONBKO (KaK
MBI OBl cefigac CKasajim) Ha 3JIeKTPOHEH, ABIKYIUecs B npoBogHuke. CaM oH mofospe-
BaJ NOCJIEHee, U er0 YKCIePUMEHT OCHOBHIBAJICS HA TOM, 9TO, «ECIH BICKTPHIECKUI

z

Ux7
H
-evxH
+ + * + + + F ¥ F F T+ + F +
f /Ey .
———————————————— ~Jx

®ur. 1.3. Cxema sxcmepumenta XoJuia.

¥

TOR B 3aKpEIIEHHOM IPOBOJHNKE CaM HPATATUBAETCA K MarHUTY, TO BTOT TOK J0J-
jReH HOAXOAHUTH OAMKe K OQHOH M3 CTOPOH IPOBONHWKA ¥ IOITOMY HCIEITHIBAEMOE
EM COLpPOTHBJEHNE NOKHO HapacraTby [4]. Ero mommtku oGHapy:RuTh Tarkoe foba-
BOYHOE COHpPOTUBIEHHE OKA3AJNHCH 0e3ycmemHuMu '), Ho X 0JJ He CIATAN, ITO 3TO
H03BOJIAET JeJaTh OKOHYATENbHEIC BEIBOAL . «MarHuT MoKeT cmpemmbcs OTKIOHUTD
TOK, He Oyaydm cmocobHEM cmenaTh 9T0. O9eBUIHO, B TAKOM CIydae B IPOBOJHUKE
cyllecTBOBANIO OBl COCTOsAHHE HAUPsKEeHUA, KAK OH 3IeKTpuIecKoe HaBJIeHHUE,
HeilcTBYIOMee B HAIPABIEGHWHA OXHOH M3 CTOPOH mpoBogHuKa». IlomoGHoe cocrosume
HAIPMKEHHA JOGKHO IPOABJIATHCH B CYMECTBOBAHUM IOINEPEedHOR PABHOCTH HOTEH-
OuaxoB (mam 9. X. ¢. Xo0Iaa, KAK MBI ee CerofHsA Ha3kBaeM), KoTopyo Xoaxy yna-
10Ch HaOJIONATh.

CxeMa sxcmepumedta Xoina udobpaskena na ¢ur. 1.3. K opoBoguury, pacoo-
JI0KEHHOMY BIOJb OCH , IPHIOKEHO 3JIeKTpUIecKoe moae F,, BH3HBAIONEe 3IEK-
TpHIecKud TOK f,. [loMmMo TOrO, MMeeTca MarwuTHOe noie H, mapaanensHOe ocH Z.
B pesyxnbrare mosBasercs cumia Jlopexma 2)

——vx H, (1.13)

L B ra. 12 u 43 MB yBHJMM, 970 COIPOTUBICHNUE J@NCTBUTENLHO BO3pPacTaeT (COMPC TUBJICHNE
B MATHUTHOM I10JI€ HA3KBAIOT MarTHeTOconmporueiaeHHoM). Mogeas [lpynme, ognako, mpejcKasnBaer
paBeHCTBO HYJNI0 MATHETOCONPOTHBJIGHUA B COTIACHE ¢ pedyxbraTom XoJaia.

2) UMes feno ¢ HeMarHATHHMY (M crafo MATHHTHRIMM) MATepHAJAMH, ME Beerja OymeM
cauTaTh wodeMm senndnmy H, mockoasKy pasEmna mexay B u H B aroM ciaydae 4pe3sm9aiiHO
Mala.
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OTKJIOHAIMAs 2JeKTPOHE B OTPUIATEIbHOM HaHpaBJIeHHH ocH Yy (ApefioBas CKo-
POCTH DJIEKTPOHA HampaBieHa Apomué Toka). OLHAKO BIEKTPOHH He MOTYT HOJITO
ABUIraThCAd B HAIPaBIEHWM OCH Y, HOCKOJBRY OHH JOCTUTAIOT I'PAHUIB ITPOBOJHUKA.
Ilo Mmepe Toro Kak OHM TaM CKANJUBAIOTCA, HAapacTaeT 3IeKTpUIecKoe Hojge, Ha-
ImpaBJIeHHOe BOJDL OCU ¥ U NPOTHBOHENCTBYIOMEe ABIVKEHMIO U JajbHeHIIeMy Ha-
KOIJIEHNIO BJIEKTPOHOB. B cocToAHMM paBHOBECHA 9TO HONepedHoe Hoje (HJK IIoje
Xoana) £, rommencupyer cuny Jlopenna, u ToK ufieT AWInb B HaNpaBJICHAU OCH Z.

[Be Bexmwmun mpemcraBiasaioT 3neck ubTepec. OgHA M3 HUX — 9TO OTHOLIEHHE

IOJIS BAOJEL TPOBOJHWMKA K, K NIOTHOCTH TOKA j,:

o(H)= B |
Jx
Xoan obuapymuII, 9TO 9Ta BeJlMYMHA (MArHETOCOOPOTHBIIeHe) He 3aBUCUT OT oA 1).
Jlpyroii xapakTepucTHKOH ABJIsAeTcA BelWUWHA Momepeunoro mous E,. Ilockoaxbry
TaKoe IOJie ypaBHOBemMBaeT CILTy JlopeHNa, MOMKHO IoJararth, YTO OHO JOJKHO
OBITH TPONOPNMOHANBHEIM KaK NPHIOKEHHOMY oo //, TAaK U TORY j, B IPOBOAHUKeE.
Hosromy Benwuuny, massiBaeMylo Kosdounumenrom Xosma, oONpemessiioT Kak
Ry=—2 1.15
H— ]AH . ( . )

Cinegyer ofparnth BHMMaHHME HA TO, 4TO, LOCKOIBKY IIoje XoJia HAIpaBJIEHO
oporuB ocu ¥ (dur. 1.3), koapduumuent Ry gomxen OBTL oTpunaTeabubm. C gpyroi
CTOPOHHI, eclIM OBl 3apsAd HoOcUTeNelr OB MONOKHUTENbHEIM, BHAK MX Z-KOMIOHEHTH
cxopoctu OB OB o6paTHEM 1 cuia JlopeHiia ocranack OB HemaMeHHo#t. B pesyabra-
Te moxe XonJda WMeno OH HampaBieHNe, IPOTHBONOJOMKHOE TOMY, KOTOpoe OHO
nMeeT UpPU OTPHUIATENBHO B3apsiKeHHBIX HOCHTeIAX. JTOT BHIBOA OYenb BajkeH,
TOCKOJBKY OH 03HA4Yaer, 4TO M3MepeHus Ioas XoJjia I03BONAIT OOpefednTh 3HAK
HOCHUTeJell 3apsfa. JKCIePUMEHTAJbHbIE NAHHbIE, BIEPBHE IOLYydYeHHEIE X OJJIOM,
HaXOAMJIHUCH B COTJIACHM CO 3HAKOM 3apsaja 3JeKTPOHA, OOpefilelleHHBIM I037Hee
Tomconom. Opua m3 3amedaTeabHBIX ocobennocreil sdpderra Xoana zarandaercs,
OIHAKO, B TOM, 4TO B HEKOTOPHIX Metajsax Kosdounment Xojua TOJOKHUTESEH,
¥ TOSTOMY HOCHTENUW B HUX JIOJIKHBI, BHIWNMO, WMEeTH 3apsAj, IPOTHUBOIONOMKHEIN
3apAIY JJAeKTPOHA. JTO ellle OfHA 3arajKa, pelmenue KOTOPOH MOMKHA JaTh IOJHAA
KBaHTOBOMeXaHHYeCKasi Teopus TBepfloro Tena. B Hacrosme# rnaBe RaH Jumb
npocroii amaims B paMmkKax mofennm [ pyne; xors oH m He cmocofen ofBACHATH
CYLIECTBOBAHKME IOJIORUTENBHHX KooddunumentoB Xoxna, OH YacTo HAXOIUTCH
B JIOBOJNBHO XOPOIIEM COTJIACHU C SKCIEPUMEHTOM.

Uro6H paccuurath Kooddunuent Xosna m MarHETOCOIPOTHBIEHUE, CHPEeNeNuM
BHayaJje INIOTHOCTH TOKa j, M j, B cjlydYae, KOrjila UMeeTCsA dJeKTPHIeCKoe IIoJe
¢ IpOM3BONBHEIMEU KoMmImouneHtamu £, n F,, a takmxe MarsuTHoe noxe H, nanpaBien-
HOe BIOJAB ocH z. Ha KaKJpIil 371eKTPOH eiicTByeT (He 3aBUCAINAs OT IPOCTPAHCTBEH-

(1.14)

oex Kooppuuar) cuna f = —e (E 4+ v X H/c), nosromy ypaBremme (1.12) nas
HMIyIbca B pacdeTe Ha OJMH »JeKTPOH IpuobperaeT BUA %)

dp P _p

e —e(B+-L xH)-L. (1.16)

1) Toynee, aTa BeJuduMHA HpeAcTaBiAeT cofoil mouepednoe Marseroconpormusienne. Cyme-
CTBYeT TaKyKe W HPOJOJBHOE MArHeTOCOIIPOTHBJIEHME, N3MCPAEMOe B MArHHTHOM I0Je, Iapaj-
JIeJLHOM TOKY.

2) Crmegyer uMeTh B BUAY, 9TO cuia JlopeHija He 0JHAKOBA JIJIA BCeX 3JIEKTPOHOB, IIOCKOJLKY
OHA BaBHCHUT OT CKOPOCTH 3JIeKTpoHa v. [losromy cuiry f B ypapuennn (1.12) HymHO cauTaTh cpei-
Hell cmioil B pacdueTe Ha OJMH 3JEKTPOH (cM. IpuMedanue 2 Ha ¢Tp. 26). Ilockoabky, ogmako,
33aBUCUMOCTD HTOH CHJIEL OT TOIO, HA KaKOH DJIEKTPOH OHA felicTByeT, Copep:KUTCA JUIb B 4ieHe,
Aunetinom O CKOPOCTH DIEKTPOHA, CPejiHee 3HATEHNe CUJIL HOJYYaeTCA IPOCTO IIyTeM 3aMeHBl JTOI
CKOPOCTH HA CPEJIHIOI0 CKODOCTHL p/m.
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B cranmonapHOM COCTOAHMM TOK HE 3aBHCHT OT BPpEMEHH, HO3TOMY P, U p, YAOBIET-
BOPAIOT ypaBHEHHAM

0= —eEx_(’)cpy—_pq;l»
, (1.17)
0= "EEy"*'wcpx“_Ty',
rae
ell
e= (1.18)

VMHOKasE 9T ypaBHEHUs] HA —net/m U BBOAA KOMIOHEHTH IIoTHOCTH ToKa (1.4),
HAXOIUM

ook, = (Oc":ju + Fas

. , 1.19
GoEy == ——(L)CT]x + ]”, ( )

THe O — CTaTHUeCKas 3JIeKTPOIPOBORHOCTh A Mofeau JHpyme B orcyrcrBue
MArHOTHOrO IIOJA, ONHCEBaeMasa BHpameHmeMm (1.6).
ITosme Xonna E, ompenensiercs us TpeGoBaHUuA 06paIeHNA B HYJIb II0IEPEYHOTO
ToKa J,. Ilonaras j, paBHbeIM Hym0 Bo BropoM ypaBHeHmu (1.19), momygaem
WeT |\ . oy,
By=— (") je=— () I (1.20)

Ty nec

CrnenoBarenbHo, Aasa kKoapduruenta Xomana (1.15) mmeem

1
RII:—'

nec *

(1.21)

JT0 DOpasWUTeNbHEI DPe3yabTaT: COTJIACHO eMy, KoappuiumeHT Xo0Jada He B3aBUCUT
HU OT KaK{UX IIapaMeTpPOB MeTa:Lia, KPOMe IIOTHOCTH HocuTedeidl. Brime Mu yixe
BEIYUCIANM 1, MPeAIoNaras, YTo BaJeHTHBIE DIEKTPOHEL aToMa B METAJIe NpPeBpa-
maloTcsa B 3JAeKTPOHH HpoBoguMoctd. Uamepenue roadpunmenta Xomra gaer mps-
MOH CIOCOD IPOBepPKH CHPABETIHBOCTH TAKOrO NPEXIOJ0KEHHA.

IIpn momeITKAaxX ONpEeNeJNUTH IIOTHOCTH HAEKTPOHOB 7, MCHOAB3YA Pe3yrIbTaThl
namepeHni KoapdmimeaToB Xoxia, BO3HHKAeT TPYHLHOCTH, CBA3AHHAA C TeM, 4TO
B [eiiCTBUTeNBHOCTH B IpoTHBopedre ¢ dopmynoir (1.21) st KoapduuenTs oGpIIHO
3aBMCAT OT MATHHTHOrO Toxasi. HpoMe TOro, OHH 3aBUCAT OT TEMIEPATYPHl K OT TOTO,
HACKOABKO TIHATEALHO IPHUrOTOBAEH oJpasen. IT0 Karkerca AOBOABHO CTPAHHBIM,
HOCKOJIBRY BpeMs pelaKcaliu, KOTOPOe MOMKeT CHJIBHO 3aBHCETh OT TeMUEePaTypH
n cocroaHuA obpasua, B (1.21) me durypupyer. Tem He MeHee HpH CAMEIX HUBKHUX
TeMIepaTypax IJas O9eHb YACTHIX, TIHATENBHO IPUTOTOBICHHEEX 00pa3i(oB B IPE3BHI-
YaAHO CHJABHEIX HONAAX U3MCpsSeMile 3HAYeHHUA OCTOAHION Xouaa, Ho-BHIUMOMY,
IefiCTBUTEIBHO CTPEeMATCA K HeKoTopomy upefeay. Cornacuo Goxee cIoRHOIL Teopun,
uziaaraemoit B ri. 12 m 13, maa mHOrmX (HO He BceX) MeTasJIOB TaKme IIpe/elbHEIS
3HAUEHNSA TOUHO OHpefeldoTes NpocTHM BeipaskenneM (1.21), monywsaeMmuim B Mope-
au HQpyne.

Koadpunuerror X oama a1 HEKOTOPLIX METAJJIOB B CHJALHEIX I IPOMEKYTOUHEIX
monsX mpuBefieHH B Taba. 1.4. OOparure BHHUMaHWe HA HATUIAE ITOJIOKUTENBHEIX
3HadeHuil Ry, 9T0, 0YEBHHO, COOTBETCTBYET LOJOKHTEIBHO 3aPAKEHHEIM HOCHTE-
asm. IlopasureapHslit Mpumep HaGJIIOTaeMOI 3aBHCAMOCTI OT HOJIA, KOTOPAsA COBep-
mmeHHo He 00bACHAeTCsa Teopuelr pyme, uzobpasken ma ¢ur. 1.4.

Teoperudeckuii pesynabrar J{pyne HmOATBepHAALT dKCIePUMEHTANbHOe HAGIIO-
neane Xoiaaa, He 00HAPYKUBUIET0 3aBUCHMOCTH CONPOTHBIeHUA or moiusg. [ledcrsu-
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Ta6auya 1.4

Kosdhpunuenrn Xoana HEKOTOPbIX METAMIOB JJA moidell 0T MPOMEKYTOYHOTO HO CHIBHOTO ?)

Merann BaJeHTHOCTI —1/Rpr nec

-

-
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2) Ppy6o rosops, B Tabunue npUBefeHE 3HAYEHNA, K KOTOLHM CTPEMATCA Ry @A THMATeNbHO NpH-

roTORJEHHHX 00pasioB B mpelelle, KOIAa noJe CTAaHOBMTCA odeHb GouemmM (nopagka 104 I'c), a Temnepa-
TYpa — Oo4YeHbh HMBKOM. IIpuBeneHHbE JaHHbE NPEACTABJIAIT co0cH OTHOIIEHHE no/n, Ioe 79 — WIOTHOCTL HO-
caTesleif, IJiA KOTopolt sHaueHme Rpy, paccuuranHoe no ¢opmyne Hpyne (1.21), coBnafaeT C HBMEpEeHHLIM:

ng= — 1/Rpec. BURHO, YTO A IIEJOYHHIX METAJJIOB PeayibTaT JIpyne BHITOJHAETCH AOCTATOYHO XOPOMIO,
mas 6JIaropPOMHBIX MeTa0B (Cu, Ag, Au) — xyme, & IJA OCTAllbHEIX, YKa3aHHHX B Tabimile, He BEIDOJHAETCA
COBCEM.

TenbHo, upu j, = 0 (Kak 9T0 UMeeT MeCTO B CTAlMOHAPHOM COCTOMHHH, KOrja moJe
Xomma yie yCTaHOBHIOCH) HepBoe U3 ypaBHeHumir (1.19) cBogurcsa K ypaBHeHHIO
jx = 0oEy, T. €. IPOBOAMMOCTb MMeeT TAKYIO jKe BeJAWIUHY, KAK M B HYJIeBOM Mar-
aurHOM moae. OgHako, Kak OoKasalu Gojee TOYHEE SKCHEPUMEHTH HA MHOTHX

ng/n=-1/Rynec
w,T =eHt/mc

L i ! 1 t |

001 01 L0 10 100 1000

~0,33

®ur. 1.4. 3aBMCHMOCTD BEIWUMHH ng/n = —1/Rynec oT @.T pusa amomurusa. (Ms paors [5].)

3HaueHne NIOTHOCTH N B MOAENM CBOGOAHBIX BJIEKTPOHOB HANMEHO 10 HOMUHAJLHON XUMHGecKOB# BaneHTHOCTH,
pPaBHOM B JIaHHOM CJIyuiae TpeM. 3HaueHNE No/n B CHJBbHAIX IOJAX [OKA3HBAeT, ONHAKO, YTO HA BAEMEHTAPHYIO
A9efiKy NPUXOMUTCA JIMINL OMUH HOCUTENb, NPUYEM HOJOMKUTEILHO 8aDAMKEHHEIHN.

Merajiijiax, B AefiCTBUTEIbHOCTH conpoTuBJieHne 06HépymnBaeT 38BHCHUMOCTL OT Mar-
HUTHOT'O I0JA, B pAJe CilydaeB O9Y€Hb CHJBHYIO. O0bacHenne TOTO0, IMOYeMy TeopmA
,prne OKa3blBaeTcs HpI/IMeHPIMOﬁ JIA OJHHAX METaJJJIOB, a ANA JIPYyruX BOSHHKAKT
TaKle pa3uTeJbHEE DacXOoOeHnd, To}e JOJKHa JIaTh KBAHTOBasA TeOpHsI TBEPAOro
TeJa.
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Ilpesxne wem saBepminTd 0OGCYRAE€HEE CTATHUYECKHX ABJEHHH B OJHOPOIHOM
MarHETHOM HOJe, OTMETHM JIJif HOCJAEYIHEeTo, 9TO AJs XaPAKTePHCTUKY HaOPAKeH-
HOCTA MATHHTHOrO MToJAA yHOOGHO WCHONB30BaTh (e3pasMepHY BeJWYHHY T,
Arpaomyio B TeOpNH BajkHYI0 poas. Horjla BernunHa ot Masa, n3 ypaBrerui (1.19)
cienyer, 9To TOK j mouTu mapannesieH E, kax 570 6H70 6B B OTCYTCTBEE MATHUTHOT O
noiasg. B obmem coydae Tok j HampakiaeH K E mon yraom ¢ (HasHBaeMHM yrioM
Xonna). Us ypaprenni (1.19) caenyer, a0 tg ¢ = w.7. Beanuusa w., HasuBaeMasn
LUKJIOTPOEHOR JacToTod, mpejcraBiser cofoil HpocTo KPYyroByo dacrory ) pame-
HEA cBOOOMHOrO 3JIeKTPOHA B MarHmTHOM moje H. IlpomsBefenme .U Majo, ecin
BIEKTPOHE MEKJY CTOJNKHOBEHHAMM MOI'YT IPOAeJaTh JRmb MaiayIo dacTh oGopora,
A BeJWKO, €CiH OHH MOTYT COBepIINTh MHoro o6oporos. Mmade romopsa, xorja
®cT < 1, MarauTHOE HOJe JUIMb cleTka AedopMupyeT OpOoMTH 2JeKTPOHOB, a Korja
BeJMUMHA ®.T CPaBHEMA ¢ efimBuieir u Goibme, TO BINAHEE MarBHUTHOIO IOJH Ha
opOuTH BIEKTPOHOB CTAHOBHMTCH mpeobaapmatommM. i YnCHeHHOH ONEHKHM IUKIO-
TPOHHOM TacToTH yao6Ha ¢opmya

ve (10° T'm)=2,80.H (xI'c), o,=2mnv,. (1.22)

BBICOKOYACTOTHAA 3JERTPOITPOBO/IHOCTH METAJLIIA

Uroom paccudaTaTh TOK, BHI3HIBAEGMEII B MeTajlJe 3aBHCANUM OT BpeMeHR
JNEKTPUYEeCKUM IIoJIieM, 3alunieM 3TO IIoJie B BHIe

E (¢) = Re (E (o) e~iot), (1.23)

Torma ypaBrenue nemxerns (1.12) nna mMmoymnbca, DPUXOAAMErocs Ha ONEH DJIEK-
TpoH, npuobperaet BUK

o _ _ P _
i p ¢E. (1.24)

Bynem ucrate cranmoHapHoe pemieHue B dopme
p(t) =Re (p (w) e—tot), (1.25)

IlogcraBasasa komMonekcHHe BeawuuHsl p u E B ypasHenue (1.24), Koropoe pomxHo
BHIONHATECA MO OTAENBPHOCTU [iAs MAEHCTBHTENbHON M MHHMON 9acTeill, mOJydwaeMm,

a9ro p (®) YAOBIETBOPAET yPaBHEHHIO

—iop(0)= —LL ¢ (o). (1.26)
Tax Kar j = —nep/m, ILIOTHOCTH TOKA paBHA
i(2)=Re (j (0) e71oY),
. . nep (0) _ (ne?/m) E (0) (1.27)
Jlo)=——"T—= (1/7)—iw

OG6BI9HO BTOT pe3yJasTaT 3aHMCBIBAIOT B BHUJE

§ (0) = 0 (0) E (o), (1.28)

1) B mocTossHHOM MATHUTHOM II0JI¢ 9JIeKTPOH JABIKETCA II0 CIHUPAJl, 0Ch KOTOPO napalieih-
ga moar. Ilpoexmmsa 9Toll cnupanu Ha IUIOCKOCTH, HEPNEHIUKYJIAPHYH HOJI, UpefcTaniser
co60il OKPYMHOCTh. KPYroByIo 4acToTy ®, OIPEHeNsIoT, UCXOMA U3 TOr0, 4T0 I@HTPOCTPEMITeb-
Hoe YCKOpPeHne w?r Bu3hBaeTcsa cuioit JIopenna (e/c) (w.r) H.
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rge BeauduHa O ((,0), Ha3bBaeMasd BBICOKOYaCTOTHOH XpoBOAUMOCTBIO, AAETCA BBIpa-
HeHnueMm
o ne?t

G((D):T-—_" Oy = . (129)

0T m

‘ObparuTe BHAMaHWe, 9TO OpHM YacTOTe, PABHOU HYJIIO, 3TO BHpPayKeHHe TEPeXOIuT
B peaynbrar Hpyne (1.6) masa craTudecKofl IpoBOZUMOCTH.

Hanboaee BaykHas 00macTh HPUMEHeHU HAM@HHOr0 peayabraTa — MCCIe]0Ba-
HYe PACHPOCTPAHEHHsS 5IeKTPOMATHUTHOrO W3JydeHHS B Merajie. MomeT IToKa-
3aThCA, YTO M3-3a TPeUoI0KeHHIA, ClelaHHEIX HaMU IIPH BEBOJe Bupaskenus (1.29),
€ro HeJb3s IPUMEHATH B DTOM CJIydae, TAK KaK a) B 9JeKTPOMaTHUTHOR BOJIe HapALY
¢ moneM E mMeeTcd nepmenmukyiIApHOe emy mose H Toil e Beamumus 1), KoTopoe
He 6BIO yuTeHo HaMu B ypaBHenmnu (1.24); 6) HanpsyKeHHOCTH MOJIST B DIEKTPOMAr-
HUTHOH BO.IHe MeHseTCA He TOJBKO CO BpeMedeM, HO U B [IPOCTpaHCTBE, TOrNA Kaw
ypasHenue (1.12) BoiBemeHo B HpeUONOMmeHHU, UTO HEACTBYIOmAd cuja SBISETCA
TPOCTPAHCTBEHHO-0HODOIHOI.

[MepBHIM U3 2THX ABYX YCIOKHAIIINX 00CTOATENBCTB MOMKHO Beer/ia npeHebpeys.
OHO IpUBOAMT K HoABJIeHHIO B ypaBHernnu (1.24) no6aBouHoro wrena —ep/me X H,
KOTOPHIA B ¢/v pa3 MeHbINe WieHa ¢ dieKTpaIeckuM mojem E, rie v — cpennas cko-
pocts saexrpoHoB. [Jake mpm maorHoctm Toka 1 A/Mm? cropocth v = j/ne —
Beanyuua mopsaka 0,1 em/c. Taxum obpasom, 4ieH, 3aBUCANUHA OT MarHUTHOTO
mounst, npumepHo B 10'° pas MeHbITe WIeHA, COTEPMAMEro JIAEKTPUISCKOE HOIE, W UM
¢ TOJHEIM OCHOBAaHMEM MOKHO NpeHefperars.

Bropoe obcrosTenscTBO BR3EBaeT Gosee cepbe3Hble coMHeHns. JleficTBUTENRHO,
ypaBHenue (1.12) 65110 BoIBe/[6HO B IPERIIOIOKEHUU,YTO HA BCE DIEKTPOHBI TeHCTBY-
eT OlHA W TA ;Ke CHJIa, HO 9T0 He TaK, eCIH HJIeKTPHUIeCKOoe TI0Je M3MEHAETCA B IPO-
CTpPAaHCTBE. 3JaMeTuM, ORHAKO, UTO [JId OHpeNeNeHHs IIOTHOCTH TOKA B TOUKEe T
IOCTATOYHO YUeCTh [efiCTBUe 3JJIeKTPHISCKOro HOJNA Ha 3JIEKTPOH 3a BpeMsa, Ipo-
mefmee ¢ MOMEHTA ero noclefHero croiaxkHoBeHus. llocaennee croaxHOBeHmE
B HOAABJIAIIEM OO0JBIINHCTBE CIYyYaeB IPOUCXOAUIO Ha paccrosHun He Gosee
HECKOJIBRUX AIUH cBoGogHoro mpobera oT Touru I: llosroMy, ecim mose He m3Me-
HAETCA CYUIeCTBEHHHM .06pa3oM Ha PAaCCTOAHMAX, CPABHUMBIX C JUIMHOM CBOGOAHOTO
mpofera 3JeKTPOHA, MH HMeeM [paBo HPH BHYMCJIEHHH ILIOTHOCTH TOKa j (r, 1)
B TOYKE T CYMTATh, 4TO I10.€ BO BCEM IPOCTPAHCTBE UMEET TAKYI) K€ BeJIUIUHY
E (r, ), kak u B Toure r. CiegoBaTeabHO0, TOTydaeMblil pe3yIpTaT

j(r, @) =o0(0)E(r, o) (1.30)
cIpaBe[INB, eCIH JUINHA BOJHBI HOAA A BEJUKA 0 CPABHEHUIO C JJIMHON CBOOOAHOTO
npofera aaextpona £. B Meranigax 9To ycaosue OOMIYHO BHIMOMHAETCH AUA BUEAMO-
ro ceera (gauHa Bomuel 103—10* A). Norma oHo Hapymaercs, mpuxogurcs Hmpuoe-
rath K 0Oonee CJIOMKHEIM, TAK HA3HBAEGMBIM HEJIOKAJIBHBIM, TEOPHAM 2).

Canras, 9T0 JIMHA BOJHHL BeJUKa II0 CPABHENNUIO ¢ AJINHON cBoOOaHOTO Opobera,
MO/KHO TOCTYOUTH TakaMm oOpasoM. [Ipm HaamdIum HEKOTOPOH ILTOTHOCTH TOKA j
vpapuenns MaKcBesnna 3amuiryTcs B Buie °)

(1.31)
Vv H 4 . 1 OE
T e J c Ot

1) 9ro ogHO U3 HauboJee IMPIBIERATONHHEX CBOHCTB cucTeMul efuaunl CI'CI.

2) [MoggepKHeM: HY’KHO CPaBHUBATD JIUHY CBOGOAHOTO Hpobera # ¢ [IUHOL BOJHE B METAJI-
Jle, a He B Bakyyme.— [lpun. ped.

3) 3mech paccMmaTpmBaeTcs TaKoil ciaydail, Korga IIOTHOCTL HHAYHMPOBAHIOILO 3apsfia p
pasHa HY/A10. BO03MOKHOCTDH KOJICOAHMN IUIOTHOCTH 3apAia HCCIEYETCs HIKe.
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Bynem mckars pemeHne, 3aBHCAMEE OT BPEMOHH KaK e~tot, 3amedas, 9To B MeTAJIe
Mo;kHO BhipasuTh j uepe3 E ¢ IIOMODIBIO (1.28), maxonmm

VX(VxE)=—VE=L vy (0 10 ), (1.32)
HIR
—ViE=% (14+Z9)E. (1.33)
Vpasuenne (1.33) nmeer Bug OOGHYHOrO BOJHOBOTO ypaBHEHHA
—V2E= —-s(m)E (1.34)
¢ KOMIUIEKCHOM MU3JIeKTPUIeCKON NPOHAIAEMOCTHIO
e(0)=1-+229 (1.35)
Ecim 9acrora [OCTATOYHO BEJIMKA, TAK UTO BEIIOJHAETCH YCJIOBUE
ot > 1, (1.36)
10 B OepBOM mpubamkenun, ucxonsa us (1.35) u (1.29), moayuaem
m%

8(0)): — T (137)
rje BeanmUnHA p, HA3HBaeMasa INIA3MEHHOH 9aCTOTOH, OMpENe]seTCA BBIpayKeHHeM
2 4mine?

), == m (1 38)

Ecan ¢ — neficTBuTenbHasA OTPUIATENbHAA BeanunHa (o << ©p), TO ypasuenue (1.34)
nMeeT JUOIb TAKHe pPelIeHnsA, KOTOphe YKCIOHEHIMAJAbHO YORBAWT B MPOCTPAHCTEE,
T. €. B 9TOM ClIyd4ae M3JydeHHe He MOKeT pacmpocTpaHATbcsa. Ecum me & — momo-
JRUTeJNbHASA BeIUUNHA (0 => wp), TO pemenns ypaBHeHus (1.34) aBagorca ocumiinu-
PYOMUMA, N31yJeHre MOKeT PACHPOCTPAHATHCA M METANN JOJKeH OHTh Opo3pad-
HEIM. JTOT BHIBOJ, PasyMeeTcs, CIDPaBeIJHB TOJIBKO B TOM Cayd4ae, eCim BOJIM3N
9acTOTH © = (p BHOOIHAETCA CAelaHHOe Hamu npefanonoskende (1.36). Bupasmasn 1
qepes yHeJdbHOE CONPOTHBIEHAe ¢ MOMOMmMBI0 opMyan (1.8), ompemenenme miasmeH-
Ho#t gacTorel (1.38) MOMHO HCHONB30BATE AJA pacdeTa BEINMIAHH (,T:

3/2 4 1
mr=16.102(i) (_) 1.3

p ! aq Ou (1.39)
[lockonpKy yHenbHOE COmpOTHBIEHUE ,, H3MepeHHOe B MKOM -CM, mMeeT HOPATOK

eIMHUIE WIK MeHee, & BeJIUIUHA I's/q, ISIKUT B IPeAesax oT 2 [0 6 yenosue (1.36)
XOpOINO BHIIOJHAETCA OPY IIAa3MEHHOHR dJacrore.

Bruto o6HapyskeHO, 4TO MeJO9YHEIe MeTaJJIb AeHCTBUTEIHHO CTAHOBATCA LPO-
3padHEIME B yabrpadumoneToBom auanasone. Iloxcrasnaa B (1.38) uncaennsie snage-

HUA HOCTOAHHHIX, DOJydYaeM, 9TO IPO3PAvYHOCTL MOJKHA BO3HHUKATh IPH 9YacToTe,
paBHOH

s \ %2
v :2_1’_11,4.(%) .10t T'm, (1.40)

nin .
—c (Y2108 3
hp= e =0,26 (ao) 10% A. (1.41)

B Ta6xn. 1.5 moporoBrle 3HaUeHNsA AMUHE BOJHE, PacCcUMTaHHEE mo (dopmyre (1.41),
COIOCTaBJIAIOTCA C PKCOePUMEHTAJbHBIMU pea3ynbTaTaMH. Hak ME BuauMm, Teopus
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Tabauya 1.5

HadaionaemMble 1 paccunTanBble TeopeTHYECKH JIHHBI BOJH, HIKe KOTOPHIX
1IeJ109Hbie MeTaJLIbl CTAHOBATCS NPO3PaYHbIMH &)

di1eMeHT A, 103 A
Teopna ) DKCIIEPHMEHT
Li 1,5 2,0
Na 2,0 2.1
K 2,8 3,1
Rb 3,1 3,6
Cs 3,5 4.4

a) M3 weurs BopHa u Boasga [6).
6) PaccurTaHo o popmyae (1.41).

HEILIOXO COorjiacyercs ¢ skcuepumentoM. Hmxe 6yder mokasano, 910 B JefCTBH-~
TeNBHOCTY IW»AeKTPUUSCKasi HPOHWIIAeMOCTh HE OUUCHBaeTcA Bripasxenumem (1.37),
a uMeer ropasmgo 6osee caoykmpiit Bup. Taxum o6pasom, HaM B KakOil-TO CTemeHH
(IIOBE3JIO» B TOM, YTO IOBeJeHue IIEJOYHBIX METAJINO0B TAK XOPOMIO OIMCHIBAETCH
reopreir lpyne. B npyrux merannax mommmo dnena Ipyne (1.37) cymecrBemub
O Apyrue BRIAAK B IM3JIEKTPUYECKYI0 IPOHMLAEMOCTD.

W3 ¢opmynsr (1.37) BHTEeKaeT eme OfHO BajKHOE CJAEACTBYE, 3aKJIIIANIIEECA
B TOM, YTO B 2HEKTPOHHOM rase BO3MOMKHH KosjefaHus UAOTHOCTH 3apsia. ME nMeem
B BUAY Takoe Bo30yKijeHUe, OPU KOTOPOM ILIOTHOCTH 3apsafa !) obuapymwBaer
OCIVIATOPHYI0 3aBUCHEMOCTH OT BpPeMeHM Buja e~ ! 113 ypaBHeHUs HeDpPeEpPHIBHO-
CTH

=2, V.j(e)=iop (o) (1.42)
u saxoma laycca
V -E (0) = 4np(w) (1.43)
maxosium, yuureiBag (1.30), uro
iwp(w) = 4no(w)p(w). (1.44)
dto ypaBHeHHe HMeeT peleHne IPH YCIOBUH

4nio ((o) —0

14— {1.45)
KOTOPO€ B TOYHOCTH COBOajaeT ¢ yCIAOBUEM, BBIBeI€HHBIM BLIINE /4 TOpora pacnpo-
CTpaHeHUA W3NYy4YeHUA B MeTaJte. B JAHHOM CJIy49ae OHO IoJiy9aeTcda Kakx yCJIoBne,
KOTOPOMY HMOJMHA yAOBIETBOPATL 9acToTa, 9T100H BOJIHA NJIOTHOCTH sapalia Moria
pacHpoOCTPaHATHCH.

[Ipupomy BONHEI IIOTHOCTH 3apsafa (ee Ha3HBAIOT NJa3MEHHHM KoJebaHmeM
UM HJIa3MOHOM) MOMKHO NOHATH, HCIOONB3Ysi 0OYeHb NPOCTYI0 Mofleab 2). Ilpencrasuwm

1y He caeayer myTaTh TMJIOTHOCTH 3apANia O ¢ YIEJIbHBIM COTPOTHBIEHIIEM, KOTOpOe OGBIYHA
0003HAYAI0T TOMH e OyKBoil p. ITo cMEICIY Bcerjia JeTKO TOHATH, O KAKOIl BeJUINHE B KajyKIoM
KOHKPETHOM CJIy9ae HAeT pedsb.

2) TIoCKOABKY MOJE OJHOPORHO 3aPMHKEHHOIl TJIOCKOCTH HE 3aBHCHT OT PACCTOSHHA OT Hee,
HAIII DPAcCCY/KJEHHA, B KOTOPHX IPHHUMAETCHA, 9TO BCA MIOTHOCTD 3aPAAA COCPENOTOISHA HA IBYX
IPOTHBONONIOKHEEX TOBEPXHOCTAX, HE ABIAITICA CTOND rpyObMn, KaKMMH OHHM IIPEJICTABIAIOTCS
HAa TNEPBHIA BariIsAfl.
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cefe, 970 MBI CMECTHIN BeCh dJIeK1POHHHE Ta3 KaK IeJoe Ha paccTogsue d OTHOCH-
TeJbHO IONOMHUTENLHOr0 (oHAa HemoABKHEIX MoHOB (dur. 1.5) ). B pesyasrate
BOBHVKAeT LOBEDXHOCTHBHIM 3apA, KOTOPHE CO3[aeT JIeKTPUYECKOe LoJe Beaudn-
HOW 470, re ¢ — 3apsA}, OPUXOIAMMACH HAa eMHUNY NAOMAAH 2) Ha KazkAOM U3
KOHIIOB cToJ0a dieKTpoHHOrO rasza. Torma

IS 9IEKTPOHHOIO rasa B LEJI0M COpaBe[- 0= +nde N anerxmponos
JAHBO CIeAYIOUiee YpaBHEHUE [BUKeHUS:
+ -
Nmd= — Ne | 4nc | = + .
| | ) + E =2ro + 2no = 4nde -
= — Ne (4nnde) = —4nne2Nd, (1.46) + -
+ _

KOTOpOe onuchiBaer KojJebaHMA ¢ IJIas- —_——

MEHHOH YacToToil. N/Z wor06 o=—nde
Yucao HIPAMBIX 3KCIIEPUMEHTAaJbHBIX

HaOMIOeHN#t TNa3sMOHOB HeBeldmko. Bos-  @ur. 1.5. Ipocras »mopenn NAa3MEHHBIX KO-

MOKHO, M3 HHUX HauboJiee BayKHYIO POJb neGamuii.

urpaer 9KHCIICPUMEHT, HOKaBbIBaIOHIHﬁ,

9TO IPU ONPOXOMIeHUY IJTeKTPOIIOB Yepesd TOHKYIO MeTaJlJINYeCKYI0 HJIeHKY TepAeMasd

HMHI 9HePrus paBHA IEJOMY KparHOMYy Beamuuub 7w, [7]. Tem He menee, He

caenyer 3a0BIBATH 0 BO3MOKHOCTH BOBﬁyH(I[eHI/IH OJa3MOHOB M B X0/ie APYIUX dJEK-

TPOHHBIX ITIPOIIECCOB.

TENNJOITPOBOJJHOCTh METAJIJIA

HauGoxee Boewartnsamomum ycuexom mopneau Jlpyjie B To Bpems, Korja oHa
fra npemaoena, ABUIOCH 06bACEeHNe SMINpHUecKoro 3akona Bunemana n Opan-
na (1853 r.). 3akon Buynemana — (DpaHpa yTBepskpaer, 4To OTHOHIeRUE %/C TEILIO-
IPOBOMHOCTH K BIEKTPOINPOBOAHOCTU AJNs GONBIMHCTBA MeTANIIOB OPAMO IpPOHOP-
LUOHAABHO TeMilepaType, IpudeM Ko3(dunmentT HpONOPLUUOHANBHOCTH C J0CTATOY-
HOl TOYHOCTHIO OJWHAKOB JJA BCEX METAlnN0B. JTa YAMBUTEABHAA 3aKOHOMEDPHOCTH
BunHa w3 taba. 1.6, rae npuBefeHH U3MepeHHble 3HAUEHNA TENJIONPOBOAHOCTH H OT-
HomeHue x/07 (HaskBaeMoe 9mcioM JlopeHIa) s HEKOTOPHX MeTaljoB LPH ABYX
remmeparypax, 273 m 373 H.

Ina o6psacHeHns 9TOH 3aKOHOMEPHOCTH B pamKax Mofeiam pyme mpemmosara-
10T, 9TO OCHOBHAA YacCTh TENJOBOTO HOTOKA B MeTajljle MEePEeHOCUTCS dJeKTPOHAMH
IPOBOAMMOCTH, JTO IPEANIONOKeHNe OCHOBAHO HA TOM SMINMpPHUYeCKOM HalniofeHum,
970 METaJLIBl MPOBOJAT TEINIO TOPasfo Iydme, 4eM AusieKTpuku. llosTomy Temwro-
OPOBOIHOCTH, 00YCIHOBIEHHAS HMOHAMHU °) (KOTOpHIe MMEIOTCSI M B MeTagixaX, U B
IHDJEKTPUKAX), TOPasKo MeHee BajkHA 110 CPABHEHUIO C TeIIONPOBOIHOCTHIO,
00YCAOBICHNON DIEKTPOHAMY IPOBOAMMOCTY (MPHUCYTCTBYOIUMY TONBKO B MeTaj-
1ax).

1} Rax ObLI0 0TMEYeHO PaHEe, B AeliCTBUTeABLHOCTII B Mojes il [l py/ie yunTeiBaeTcA B3auMoieli-
CTBHE MEKIY NOHAMII II BJeKTPOHAMU, TAK Kak B Hell MpedIosiaraeTcs, 9T0 DAEKTPOHHBL YCDIKII-
BAIOTCA BHYTPI MCTajdia Grarogaps B3anMOJEHCTBHIO ¢ HOJORHTEIBHO 3apMAKCHHBINIT HOHAaMIL
B mameii npocToli Mojien1s TIA3MOHHEY K0:1e0annili TMeHHO 9TO B3anMo/elicTBIIe TPHBONIT K TOSB-
JEeHHIO BO3BPAIAIONeH CHJIBL.

2) He caejyer MyTaTh UOBEPXHOCTHYIO NJOTHOCTH 3apsija O ¢ UPOBOIIMOCTHIO, KOTOPYIO
0OBUHO Takdie 0003navaloT OYKBOIl oO.

%) XOTs HOHBI B MCTAJIIC IT HE MOTYT ICPEMEIIATLCSA 10 HeMY, OHIl MOTYT IICPeRHCT . 1eII0
BYI0 3HEPrUIo (HO e DJIEKTPHIeCKMIl 3apsij) HOHBL MOTYT K0Je0artsCsi OTHOCUTCALHS ZPCHHErC
HOJIO;REHUSA, 9TO [PHBOAUT K mepefade TEMIOBOIH sHepruu B opye VIPYUHIX BOIH., PACTIPOCTAE -
mSRMUXCa 1o nopnoii peruerke. Cm. ra. 25.
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Tabauya 1.6

dKcnepuMeHTANBHBIE 3HAYEHNA K0d(PPHIMEHTa TennonposoHOCTH W Amcaa JlopeHuna
HEKOTOPBIX METaNA0B &)

273K 373K

AneMeHT

», Br/cm- K ®/oT, 10-8 Br. OM/K?2 %, Br/em: K ®/6 T, 10-8 Br. OM/K?2
Li 0,71 2,22 0,73 2,43
Na 1,38 2,12
K 1,0 2,23
Rb 0,6 2,42
Cu 3,85 2,20 3,82 2,29
Ag 4,18 2,31 4,17 2,38
Au 3.1 2,32 3.1 2,36
Be 2,3 2,36 1,7 2,42
Mg 1,5 2,14 1,5 2,25
Nb 3,52 2,90 0,54 2,78
Fe 0,80 2,61 0,73 2,88
Zn 1,13 2,28 1,1 2,30
Cd 1,0 2,49 1,0
Al 2,38 2,14 2,30 2,19
In 0,88 2,58 0,80 2,60
Tl 0,5 2,75 0,45 2,75
Sn 0,64 2,48 0,60 2,54
Pb 0,38 2,64 0,35 2,53
Bi 0,09 3,53 0,08 3,35
Sb 0,18 2,57 0,17 2,69

) Ws cupasounmka Kea u Jsbu [31.

YrobH marh ompefenenne KodpdumuendTa TeAOIPOBOJHOCTA W PACCUMTATH €r0,
paccMOTpUM MeTANJIUYECKUN CTep/KeHb, BROAbL KOTOPOIrO TeMOepaTypa MeJJeHHO
meHsgercss. Ecam Gbl Ha KOHOAX CTep:KHA He OBIO MCTOYHMKOB W CTOKOB TeIla,
OOAeP/RUBAIOIUX IPafUeHT TeMIepaTypHe, TO ero ropAdIMil KoHel oxJasKnaicsa O,
a XOJOOHHIA — HarpeBajcs, T. e. TEMJIOBag 9HepPrus TekJa Ol B HaIpaBJIeHUH, OPO-
TUBOIOJOKHOM TpajueHTy TemmepaTyphl. [ToxBogs Temsao K ropsAdeMy KOHIY ¢ TOH
sKe CKOPOCTBIO, ¢ KOTOPOH OHO OTCIONA YXOAUT, MOMKHO HOOHTHCA YCTaHOBJIEHUSA
CTAU[MOHAPHOrO COCTOAHUA ¢ TPajUeHTOM TeMHepaTyphl M IMOCTOAHHLIM HOTOKOM
Tel10Boil »Hepruu. Mul onpesensdeM MIOTHOCTh HOTOKa Telua §j? Kak BeKTOp, mapaJi-
JIeNIBHEI HAIPABIEHHI0 HOTOKA Teljia W PABHHA M0 a0CONOTHON BeJWIUHE KOJIU-
gecTBY TeIIOBOM SHepruu, HepeceKalomeil 3a eIHWHUNY BPeMeHH eJMHUTIHYI0 IJIO-
majab, NepHeHIUKYIAPHY0 DoroKy !). [l1d Mandsx rpagdeHTOB TEeMIEpaTyphl MOTOK
Tenjla oKashBaerca nponopruoHaibHHM VI (3aron Dypne):

9= —uVT. (1.47)

KospounueRT mpomopuuoHANBHOCTE X HABHBAKT Ko3QPUIMEHTOM TemnoHpoBOX-
noctu. OH HOJOKUTENIEH, TOCKOAbKY HANpaBIeHNe IHOTOKA Temla HPOTHBOMOJIOMHO
HAOpPaBAEHUI0 TpajiueHTa TeMOepaTyphl.

1) ObpaTurte BHUMAHNE HA AHAJOTHIO C OLpCIEICHHEM ILIOTHOCTH 3JIEKTPHIECKOTO TOKA j,
a TaKKe M HA aBHANOTHIO MeKAy 3axoHamu Oma u Dypee.
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B ragecTBe KOHKPETHOTO IpUMepa PACCMOTPUM Ciydail, KOraa UMeeTcs ITOCTOSH-
HEil mepemay TeMIepaTyp B IOJOKUTEIBHOM HampaBiaenmum ocu . Torma B cra-
[{OHAPHOM COCTOSHUY DOTOK TeNJa Te4eT TAKKe B HAUpPaBJIEHUH X M MMeeT a0CcoTI0T-
Hyo BemuunHy j9 = —x dT/dz. Uro6E paccamTaTh 3TOT TEIJIOBOM IOTOK, 3aMETHM
(mpemmonoskenue 4, cTp. 22), 4TO CKOPOCTH 3IEKTPOHA IIOCIE KAFKAOIO CTOJKHOBE-
HHUS COOTBETCTBYET JIOKAJbHOM TeMIepaType; dYeM BHIIe TeMIepaTypa B Mecre
CTOAKHOBeHUsA, TeM Oouabmedl »Heprue#t ob6dafaer HCOKTABIUA CTOJIKHOBeHHE
snextpon. CiaemoBaTenbHO, NajKke eCclIH cpegHee 3HAYCHHE CKOPOCTH SIEKTPOHOB
B KaKOM-1u00 TOYKE OKaJKeTCH PABHBIM HYJI, TO M OPH TAaKUX YCIAOBHAX Gyner
CYIeCTBOBATH CYMMAaPHEIA TEIJIOBOR TOTOK
(B oram4me OT 9JIGKTPHIECKOIO TOKA),
HaOpaBJIeHHHZ B cTOPOHY ofbjacta ¢ Go-
lee HUBKOH Temuepartypoit (¢ur. 1.6). 9o

i ————
00BACHASTCA TE€M, 9TO DIEKTPOHH, HPHUX0-
IAMYe B TAHHY TOYKY U3 0GJACTU ¢ BhHI-
COKOF TeMIepaTypoi#, mMeioT {ojiee BEICO-
KHe DHePTHU#, 4eM 3JeKTPOHEI, HPUXOMNA- Beicoran Husian
memnepamypa memnepamypa

mye U3 obgacTH ¢ HE3KOH TeMIepaTypoil.

Urofbel moyunTs HA OCHOBE 3TOH Kap-
THHB KOJUIeCTBEHHYIO OLEHKY TeHJIOIpo-
BOJHOCTH, BHa4aJie PaCCMOTPHM IPe3MEePHO

®ur. 1.6. CxemaTHgecKoe n300pasKeHHe COOT-
HOIIEeHHsI MEKAY TpajjueRToM TeMIepPaTyPH
U IIOTOKOM TeIlIa.

YVOPOmEHHYI0 «ONHOMEPHYI» MOHexb, B
'KOTOPOH 9JIeKTPOHBI CHOCOOHEI JBUIaThCHA
JMIIb BAOADL OCH Z, TAK 9TO B TOUKY Z IO-

DJIEKTPOHBI, IPUXOAAMMUE B LHEHTP CTepPMKHA cCJleBa,
MCOIWTaNu nNpelnayniee CTONKHOBeHNWe B O0NACTH C
BHICOKOH TeMIeparTypoil. DJIeKTPOHL!, IPHXOISIINE B
HEeNTD CupaBa, MCOBITAIM IOCHAelFee CTOJHKHOBEHHE
B obitacTy ¢, HU3KOH TemIepaTypoli. ClenoBaTelsHo,

9JEKTPOHD, ABWKYINKECA 8 LEHTpe CJieBa Halpaso,

obnapmaioT B cpegHeM 0§oJiee BBICOKOIT 9Heprmell mo

CpaBHEHUIO C OBWHYUMMUCH B O0paTHOM Hamnpasile-

HUM, B pe3yjbraTe BO3HUKAeT cymMapHbil TOTOK
Tenna, HAIPABJICHHLIL ROPABO.

JTOBWHA BJIEGKTPOHOB IPUXOAWT C TOH CTO-
POHBI, Ifie TeMIlepaTypa BHINe, a HOJOBH-~
HA — CO CTOPOHBI, rfl¢ OHa HmHKe. Ecan
&(T) — remnoBass pHeprus B pacdere Ha
ONMH 57EKTPOH B METale, KOTODHE HaXOMMICA B paBHOBecun mpn Temnepatype T,
TO DAEKTPOH, IIOCIeIHee CTOJKHOBEHEe KOTOPOTO IPOU3ONLIO B TOYKe z', B CpeIHEM
nMeeT TemroBylo sHepruio &(T [z']). DuexTpoHEH, mpmxomAmme B TOUKY I ¢ Tol
CTOPOHHI, Tjle TeMIepaTypa BHIIe, MCIHITA U IOCIe[Hee NPeNMecTBYIOIEee CTONKHO-
BeHHME B CcpeflHeM B TOYKe & — UT M LHOITOMY HECyT B pacueTe Ha OIUH HJIERTPOH
remnoByo ouepruo &(7 [z — vr]). Ux BKIaj B IIOTHOCTH TEILIOBOIO IIOTOKA
paBeH I03TOMY HOpPOW3BeeHMI0 uYmcia TAKMX 9JIeKTPOHOB B eAMHHUIE ofbema n/2 Ha
HX CKOPOCTH v W Ha uX sHepruio, T. e. (n/2) v &T [z — vtl). dnexTpons, npu-
XONAmMMEe B TOYKY & C TOH CTOPOHH, TAe TeMIOepaTypa HUKe, HAlOT BRIAJ
(n/2) (—V) E(T |z -+ vt])], mockonsky OBHKYTCA OT GONBMINY 3HAUCHNH Z B HaIpap-
neEnyn MeHbmnx. ClOMeHHe ABYX 3THX YIEHOB HaeT

i1 = %nv [E(T [z — vt]) — & (T [z + viD)l. (1.48)

Ecan mamenedue reMOepaTyphl Ha PaccTOAHMHM JJIWHAEI CBoOOAHOro mpobera £ == vt
09eHb MaJio 1), TO MOJKHO Pa3I0KUTh TOJydeHHOe BEpaskeHne B pAN BOJU3N TOUKH Z,
TOrjla B AWHEHHOM UPHOIMKEHNH TOIYIHM
dé ar
9 — pp2p 22 [ 2L
J'=ntt g ( iz )
Yro6el mepediTy B 970i (opmMysie K TPEXMEPHOMY CAYUYAI0, HEOOXOAUMO TOJBKO
3aMeHHUTh U Ha U, — IOPOEKIUI0 CKOPOCTH 3JeKTpOHA V B HaNDaBIEHUUM OCH & —

(1.49)

1) JaMeHeHHC TeMIOEPATYpPHl HA PAacCTOAHHN ¢ DaBHO ee I3MEHeHNI Ha IInHe odpasua L,
ymuoenuomy Ha (4/L).
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U TpOU3BECTH yCpefHeHne MO BCeM BO3MOMKHLIM HAUDABICHUAM CKOpocTd. [l0CKOIb-
Ky 1) () = (@} = (v}) = Yu* u ndé/dT = (N/V)dé€/dT = (dE/AT)IV = c,

Te ¢, — DIEKTPOHHAsA YJeabHas TeIIOEMKOCTb, MMeeM
. 1
1= vPc, (—VT), (1.50)
nanm
%:%vzrc,,:%évc,,, (1.51)

rge v® — CpegHUEA KBaf[paT CKOPOCTH BJIEKTPOHA.
HomuepkreM, 9T0 NpOBeleHHBIE PACCYKIEHUs Helb3s cY4uTaTh crporumu. Tak,
MBIl BeéCbMa CBOOOMHO TOBOPWUJIHM O NPUXONANIEHCA Ha OOMH 2JIEKTPOH TeIJIoBOH
9HepruN, IePeHOCUMONR OTHEeNBHRMU IPYIHAMU JeKTPOHOB, & MeKAY TeM 3Ty Beln-
IUHY TPYSHO ONpefednTbh TouHO. HpoMe Toro, Ha PasiUYHEIX CTAJHUAX PACYETa MBI
JOBOJIBHO 0e33a60THO 3aMeHSAIM BeTMYNMHB UX TEILIOBHIMEH CPeIHUMH 3HAYCHUSAMIU,
Mosro Onro Obl, HAIIPUMEpP, BO3PA3UTH, YTO €CJIU TEIIOBaA HHEPrus, TPUXOIA-
mAsAcA Ha OTUH 3IEeKTPOH, 3aBHCUT OT HANPABIEHHUS, OTKY/a NPUXOAAT JEKTPOHEI,
0T Hero OyjeT 3aBUCETh W WX CPEeRHssI CKOPOCTH, MOCKOJBKY OHA TOKE 3aBUCHT OT
TeMIEePaTypH B MecTe X ITOCHeHero cToMKHoBeHuA. Huske MBI 3aMEeTHM, 4TO IOCJE[I-
Hee YOYMeHMe KOMIEHCHpYeTcs NPYroid OonyieHHOW Hamu ommudron; B ra. 13
¢ HOMOIBIO G0Jee CTPOTUX pacCcy:KAeHWH MBl HOKakeM, 9To peayasrar (1.501) ogens
OMVM30K K IPABUABHOMY (M IpU OCOOBIX 00CTOATENBCTBAX SABISETCA TOYHEIM).
Ucxona us dopmyas (1.51) u momenus rosdpdunment; TenIoOpoBORHOCTH Ha
woadpuimenr anerrponposogHoctH (1.6), MOKHO LOAYIUTH elle OFHO BHpajkeHUE,
KOTOpoe yiKe CBOGOMHO OT TamHCTBEHHOCTH, HIPHUCYIel BpeMeHH pelaKcanmuu T:
N L/gepmu?
7 (1.52)
EctecTBeHHO, YTo mpU pacyeTaXx dIEKTPOHHOH YHEIbHOH TEIIOEMKOCTH WU CpefiHe-
KBajipaTudHoil cKopocT JlpyAe BOCHOIB30BAJICA 3AKOHAMHU RJACCAYECKOIO MEaJb-
Horo rasza. [losroMy OH (DAKTHYECKHU LOJOMKHI TEIUIOEMKOCTH ¢, paBHOU 3/,nk g,
a Beamuuny Y, mu? — pasuod 3/,kyzT, roe ky — nocroguHas Boabnmana, kp =
= 1,38-1071% 5pr/K. 910 mpuBogMT K CJaeyIOMeMy pe3yJabTary:
=3 (f2)’r. (1.53)

o 2 e

Beawmunna B mpaBoit gactn paBexHcTBa (1.53) saBUCHT numb oT QYHZAMEHTANIBHEIX
HOCTOAHHBX kp ¥ ¢ M HPONOPIMOHANBHA I B TOJHOM COOTBETCTBUHU € 3aKOHOM
Bunemana — Mpanma. M3 (1.53) omonysaem smHadennme unciaa Jlopenma 2)

t=2 (%3:)2:1,24.10—13 opr/ex. CTCD.K)2=1,11-10"% Br-Ow/K2, (1.54)
970 COCTaBJisfgeT IPUMEPHO HOJIOBUHY TUIHIHBIX 3HAYeHWH dwmcaa JlopeHua, mpuBe-
menunx B Tada. 1.6. B cBoeM mepBoHaganbHOM pacdere ajaeKTpounpoBogHocTH J[pyne
ommbcs B JBa pasa U IIONY4YMJ pe3yJabTar, BABOe MeHBIMHA OpaBmiabHoro (1.6),
U TOdTOMY HalimenHoe uMm sHauenme x/cT = 2,22 .10-% Br.Om/K? oraszanoch B mpe-
BOCXO/(HOM COTJIACHHU C SKCIEPHMEHTOM.

1) B paBroBeciiu pacnpejleleHue UO CKOPOCTAM siBasercs 13orpounsiM. ITompaBxi K HeMmy
34 cUeT I'PATHeHTa TeMIepaTyphl ¥pes3Bedalino MaJbl.

2y Hocroapky (Jim/Ki)> = (B1/A)? = Br-OM, mpaxkTudecKne eIUHAIB, B KOTOPBIX IIPH-
BoNiaT 3HavdeHnsa dncen Jlopenna, gacto massiBaioT me (IHx/Ila-K)2, a Br.-Om/K2,
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JTOoT yCmex, XO0TA W CIYJYaiHHIA, ORI HACTOJIBKO BIEUATIAIOHIEM, UTO CTUMY-
JupoBaJ JajdbHedimmue mccaegoBaHusa Mmofenn llpyne. Bce ke oH kasancs BecbMa
3aragovYHBIM, MO0 HUKOrfa HalJi0JaeMBId BRJAJ DJIEKTPOHOB B YHEJBHYIO TeIIoeM-
KOCTh He MMeJ BeJUIUHE XO0Tg OBl OTHAJNEHHO cpaBHuUMOU ¢ 3/,nk ;. HedcrButensto,
pe3yIbTATH M3MEPEHNH MOKA3LIBAIOT, YTO OIPHM KOMHATHON TeMIepaType 5JeKTpPOHHI,
To-BHIUMOMY, BOOOIIe He JAIT BKJIAJa B TEMIOEMKOCTh. HaK MBI YBHIUM B ria. 2,
33KOHBl KIACCUYECKOT0 WAeaJbHOr0 ra3a HeNPHMeHWME MJIs 3JMeKTPOHHOTO Tasa
B Mmeranae. [lopasutensHblt ycmex mofeam Jpyne Omur cBsA3aH € TeM, 4YTO B ero
pacgerax, MOMHMO OmuOKM B /iBa pasa, Cojep:Kajuch ABe Apyrue omuOKy, OpuMep-
HO Ha IBa HOpsAAKA KayKAas, KOTOpEe KOMIOeHCUPOBAJHX APYTr APYyra: Ipu KOMHATHOR
TeMIepaType peanbHBIH 3JeKTPOHHBIH BKJIAA B YHEAbHYIO TeMILIOEMKOCTH IPHMEPHO
B 100 pas MeHbHIe IpeACKA3EIBAEMOI0 KJIACCHIECKM, A CPEJHMA KBagpaT CKOPOCTU
sneKkTpoHa — upumepro B 100 pas Gonbme.

KoppekrHasa Teopus paBHOBECHBIX TEIIOBHIX CBOMCTB CBOGOTHOTO BIeKTPOHHO-
ro0 Ta3a paccMaTpPUBaeTCs B IaI. 2, a 6oJlee TOYHEIHA aHAJIN3 TeNJIOIPOBOJHOCTH MeTaJl-
aa npoBommurea B . 13. Opgmaro mpesxiie 9eM 3aKOHYMTH OOCY:KAeHHe BOIpoCca
0 IepeHoce Temia, MHE JOJJKHE YTOYHHMTH OJHO OGCTOATENHCTBO, KOTOPHIM MEL IIpe-
HeOperam B HameM CAMNIKOM YOPOMIEHHOM aHAJIW3e M 32 KOTOPHIM CKPHIBAETCs BajK-
Hoe QU3UTECKOe sBJEHHeE.

Ilpu pacueTe TennonmpoBOAHOCTH MBl He YYHTHBadu 5QPeKToB, CBA3aHHEX
¢ TPAfMeHTOM TeMNEePaTypH, 3a HCKAIOYeHUEM TOTO, 9TO CUUTANY DHEPruio, mepeHo-
CUMYIO TPYUIION 9JeKTPOHOB, 3aBHUCAMEH OT TEMHepPATYpPH B MeCTe UX IOCIeIHEero
cronkHoBenua. Ho eciam mocme CTONKHOBeHMA, UPOUCXOAAMEro B o0xacTd, rhe
TeMIepaTypa BHIDE, dIEKTPOHH o6aafgaioT 6ojee BHICOKMMH JHEDPIHMAMH, TO TOTHA
OHE WMeloT TakKiKe u Gosgee BECOKHMe ckopocth. IlosroMmy, Kasanmoch 6B, MH TOJHHH
VUNTHIBATH, 9TO He TOJBKO BRJIAN DJIeKTPOHA B TEIJIOBYI0 9HEPTHIO, HO M €T0 CKO-
POCTH U 3aBHCHAT OT TOr0, B KaKOM MecTe IPOH3OMIIO TOCHe[Hee CTOJIKHOBeHHE.
OxaswelBaeTcda, 970 TAaKOX T0OABOYHBIA wWieH W3MeHseT pPe3yNbTaT Ha MHOKUTEID
IOpANKA eJUHUIIE; TeM He MeHee (paKTHIeCKH MH OBLIM IIpaBH, KOraa npeHebperaan
9T0i mompaBKoi. JleificTBUTeNbHO, cpasy NOCHe CO3NAHHA TIpajgUeHTa TemIlepa-
TYpH 9JeKTPOHEl 00J1aal0oT OTIMYHOM OT HYJS CpefHeil CKOPOCTHIO, HampaBieH-
HO# B cropoHY obOmxactu ¢ Gojee Hu3Ko# Temmeparypoid. OmHAKO, IOCKOJBKY
3MeKTPOHH HecyT 3apsAf, Hajm4me TAKOH CKOPOCTH IpHBeJeT K BO3SHUKHOBEHHIO
3MEeKTpUYecKoro Toka. Ho m3aMepeHMs TemIoNpPOBOMHOCTH OOKYHO IPOBOIATCS HPH
PA3OMKHYTOI Tenm, KOra 3JIeKTpUIeCKud TOK He MosKeT uATH. llosTomy snerTpu-
YeCcKUil TOK CYILIeCTBYeT JWOIb M0 T€X LIOp, MOKA Ha MOoBepxHOCTH o6pasna He HAKO-
UuTCs 3apAm, JOCTATOYHHIN [JiA CO3MAHUs 3aMe[IAIONero 3JeKTPHIecKoro mojsd,
KOTOpOe LPOTHBOAEHCTBYET NaabHEHmeMYy HAKOILIEHWIO 3apAfa M I0TOMY B TOU-
HOCTH KOMIEHCHPYeT BAWAHME TpafueHTa TeMIepaTyphl Ha CPeAHII CKOPOCThb
saextrponos 1). Horga crammonapHoe COCTOSHHE JOCTUTAETCA, IEKTPUUYECKUH TOK
DpeKpalfaeTcs; TaKuM o6pa3omM, MBI GBLIN IPAaBE, IPEeXIONIAras, 4To B Kam10# TouKe
CPeNHAS CKOPOCTH JEKTPOHOB paBHA HYII.

Tax MBI OpEXOAWM K PacCMOTPeHMIO ellle ONHOro ¢uamdeckoro sddeKTa: Ipu
HATHIAM TpajueHTa TeMIepaTyphl B AJIMHHOM M TOHKOM CTep;KHe B HeM [OJKHO
BOBHHKATHL DJIEKTpUYECKOe Ioje, HAaIPABJIeHHOE IPOTHBOHOJNOMKHO TPAlWeHTY TeM-
pepatypsi. O CymecTBOBAHWM TAKOIO TOJs, HA3HBAEMOI'0 TEPMOIJIEKTPUIECKUM,

H3BeCTHO yiKe JOBOJBHO HaBHO (sPpderrt 3eefera). Iro mome oOHYHO 3aOMCHBAIOT
KaK

E — QVT; (1.53)

1) Cp. amamorngnoe o0cy)KmeHne BOSHHKHOBEHWS Moss Xoaia HA cTp. 27,
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KO3()HUIMEeHT IPONOPIMOHANBHOCTH () HasmBaeTca AN(PepeHIUANBHOR TePMOaJleK-
TpONBMKYMeH cmio# (mnm puddepeHNUanbHOE TepMo-d3. A. ¢.). UYTo6H paccun-
TaTh , 3aMETHEM, 9TO B Hame#l «OJHOMEDPHO» MOMeNM CPEfHSA CKOPOCTH 9JEKTPOHOB
B TOYKe r, BOBHHMKAlONas N3-3a IpajmeHTa TeMOepaTypH, paBHA

1 dv d (v
UQ=—2—[v(a:—vt)—v(x+vt)]=—TUE=—T—d-x-(—2—). (1.56)
M=u omsTe MOKEM HepefiTu K caydalo Tpex maMmepeHmi !), moiaras v® — v? u same-

wasg, aro (Vi) = (v;) = (v3) = Y z*% Torza
T dv?

Vo= _FW(VT). (1.57)
CpenHAsA CKOPOCTh, BHI3HIBaeMasa JJIEKTPUUECKHM HOJEM 2), eCThb
Et
vp= — L (1.58)
YT065 BEIMOMHANIOCH YCIOBHE Vo -+ Vg = 0, MBI HOIKHEI IOJOKHTH
0= 1 4 my?® cp 1.59
__(g)dT 2 7 3ne* (1.59)

JTOT pe3yJabTAaT BHOBh He 3aBHCHT OT BpeMeHH penarcanmm. OmeHmBasg ero,
Ipyne eme pas Heo60CHOBAHHO IPUMEHMJ KJIACCHYECKYIO CTATHCTHIECKYIO MEXaHH-
Ky ¥, DOJOKUB TEILIOEMKOCTH ¢, paBHO# 3nkyp/2, Hamex

0= _’;_f = —0,43.10~ B/K. (1.60)

Peanpuo HabaofaeMble OPpH KOMHATHEX TeMIepaTypax B MeTajdnax AudQepeHIuaIb-
HEIe TepMo-3. I. ¢. uMelor mopsaok 1 MxB/K, 1. e. 3 100 pas mensme. 910 Ta e
camaa omubKa B 100 pas, Koropas ABasKIH (UrypmpoBaja B mpoBefeHHOM [[pyme
BrIBOJe 3aroHa Bmpemana — (UpaHua; ofHAKO Temeph OHa He KOMIEHCHUPYETCHA, YTO
ABHO YKa3HBaeT HA HEANeKBATHOCTH KIACCHYECKOH CTATHCTHNUECKON MEeXaHUKM HpH
ONUCAHNH DJIEKTPOHHOTO rasa B MeTajjiax.

PacxomaeHne yCTpaHseTCs NpH MCIOJIB30BAHHN KBAHTOBOM CTATHCTHYECKOH
mexamukn. QfHAKO B HEKOTOPHIX METaJJaX ¢aM 3HAaK TepMo-3. 1. C., T. €. HapaBie-
HOE¢ TEPMOJJIEKTPOABIKYIIEr0 I0Jisfg, HPOTUBOIOJOMKEH IPEICKA3EIBAEMOMY MO~
mexabio [Iipyme. 9To Takasd ke 3arajka, KaK W pacXoKieBne B 3Bake Koadduimenta
Xoana. HBanTOBas Teopms TBepAOTO Teda MoOjkeT OOBACHHTh TaKiKe I obpalmeHue
3HAKA TEPMO-3. . C., HO B IAHHOM Clydae ee TPHYM(} OKa3HBAETCA JOBOIBHO CKPOM-
HBIM, 00 TONJWHHAS KOJUIECTBEHHAA TEOPHs TePMODJIEKTPHUECKOTO IOJsA OO0 CHX
mop eme He cosfaHa. Ilpm mocaenyiomem o6CyKIeHHE MEI OTMETHM HEKOTOPEE 0CO-
OEHHOCTH B5TOr0 SBJICHWSH, KOTOPHE MeJal0T YPe3BHYAHO TPYAHEIM ero TOYHEIH
pacder.

M3 mocregHHX HPHUMEPOB SACHO, 9TO He MMeeT CMEICJIA Pa3BHBATH TEOPUIO CBO-
GOMHHIX 2JeKTPOHOB (€3 HaJJIeKAIMEr0 WUCIOJIb30BAaHUA KBAHTOBOH CTATHCTHEH.
JToMy BoOOpOCY HMOCBAMmMeHa ri. 2.

3AJAYN

i. Pacnpedenenue Ilyaccona
B mojenn JIpyne BePOATHOCTH TOYO, 9TO DIEKTPOH HCHBITAET CTOJKHOBeHME 3a 0eCKOHEYHO

MalH [POMEKYTOK BpeMenm d¢, pasHa di/T.
a) IlokamnuTe, 9TO BEPOATHOCTH TOTO, 9T0 BJIEKTPOH, ClydaiiHO BEODAHHBIHA B NaHHHN Mo-

MEHT BpeMeHH, He MCIHTAJ CTOJKHOBeHHs B NpefkAyIue ! CeKyHA, paBHa e 7. Ilokamute,
9T0 ¢ TOH e BEPOSTHOCTHI0 OH HE HCIHITAET CTOJKHOBEHHS II B HOCHeRyIomue { CeKYHJ.

1) CM. TaKKe pacCy/KIeHHsA, UCIOJHh30BaHHHE mpu nepexone ot gopmyanl (1.49) K dopmy-

me (1.50).
2) CM. ofcyskmeHNe Ha CTp. 23.
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6) IMowaskuTe, 9TO BEPOATHOCTH TOTO, UTO TPOMEKYTOK BPEMEHH MEKIY IBYMA IIOCHEN0-

BaTEJILHLIMA CTOJKHOBEHUAMYM 33KJIYEH B MHTEepBaJie MeKAYy ¢t ¥ t - df, ecTh (dtit)e /",

B) Ucxona m3 pe3yabTaTa «a» BHBEAUTe, UTO yCPeJHEHHOE II0 BCEM JJIEKTPOHAM BpeMa,
mpoImefniee ¢ MOMEHT2 HOCHeHEeTO CTONKHOBEEWA (UAM BPEMA [0 CJeNYIOMero CTOJIKHOBEHUA),
PaBHEO T.

r) Wexona ua pesyabTata «6» BEIBeJUTe, UYTO CPeJHee BpeMsa MEKIY ABYMA IOCJIeXOBaTeNb-
HEIMA CTOJIKHOBEHHAMH DJJIGKTPOHA PaBHO T.

I) W3 pesyipTaTa «B» clefyer, UTo B JI0G0# MOMEHT BpeMA I' MeMAy NPEeRLIAYIIM H II0-
CHeRYIOMMM CTOJIKHOBEHMAMY, YCPe/lHEHHOEe IO BceM 3dJeKTpoHaM, ectb 2t. OODbAcHITe, modemy
3T0 He IPOTUBOPEUYNT Pe3yIbTaTy, HOJYyIeHHOMY B 1. «I». (IlosHOE 00bsACHEHNE OMRHO BKIOYATh
BHBOJ pacupejiejieAns BepostHocty aias 7T.) Jlpynme Be ydes 3Tof TOHKOCTH, II0O3TOMY HAaiifleH-
HOe VM BHIpajKeHMEe COCTABMJIO JuINp NoJ0oBMEY oT (1.6). OfEaKo npu BHYWCIEHHH TEIIONPO-
BOTHOCTH OH HE C/IEJIAJ TOH 7Ke OIMOKM — OTCIOa MHOKHATENH 2 B HAlileHHOM HM 3HAYEHUN dHCaa

Jlopeana (cm. ctp. 38).

2. Iorcoynreco men.ao
PaccMoTpuM MeTajli NpH NOCTOAHHOH TeMmepaType B CTaTHYECKOM OJHOPOJNHOM 3JIEeKTDU-

geckoM mose E. IIycTh 3JeKTPOH, HCNHTABIMIMi BHadaJje OJAHO CTOJKHOBEHME, IO 1IPOLIECTBIH
BpeMeHU ¢ HCHOHITHBaeT BTopoe. B Momenn JIpyme sHeprua B CTOJKHOBEHUSX He COXDPaHAETCH,
TaK KaK CpefHAA CKOPOCTH 3JeKTPOHA Cpa3y ke I10ocJe CTOIKHOBEHMA He 3aBHCHT OT TOH sgeprun,
KOTOPYI0 OH IONYIUI OT NOJd €O BpPeMeHU IpefHIyIero CTOJKHOBEHNA (IpeilNojIOJKeHHe 4,
cTp. 22).

a) IToramuTte, 9TO CPEeNHAA SHEPIud, HePeJaHHAasA MOHAM BO BTOPOM M3 THX ABYX CTOJIKHO-
BeHUI, ITPOMCXOAANMEM II0 UCTeYeHWM BpeMeHN f, paBHa (eEt)%/2m. (YcpemHeHile nmponasoinTes
0 BCEM HATPABJIEHHAM JBMIKEHNS 3JEKTPOHA IIOCJe TEePBOTO CTOJKHOBEHHSA.)

6) Hcnoabsysa pesylibraT 3ajagn 1, m. «6», moKasKuTe, 4T0 CpefHAA SHEPTHsH, HepefaBa-
eMasg OT OIHOTO JJEeKTPOHA 3a OJHO CTOJKHOBEHHE, pPaBHA (eE£T)2/m m mosTOMy CpelHAA moTeps
sHeprUM saekTpoHamm B 1 cm® 3a 1 ¢ paBHa (ne?/tm) E? = oE2. Tlokaykure, 9TO MOIHEOCTH, Te-
pseMasi B NPOBOARUMKe AiMHoR L ¢ momepeunsim ceueruem A, paBra I?R, tae I — TOK B mpo-
BOJHIKE, a R — ero coIPOTUBIECHHE.

3. IgpPexm TomcoHa
Hpenuono;{mM, 9T0 B 3ajade 2 B MeTaljle IIOMUMO IIPHJIOKEHHOTIO 3JIEKTPIYEeCKOTo 1oJs

AMEeTCH Ta¥iKe IOCTOAHHHI rpagdedT Temneparypn V7. IIOCKOIBKY 5HePTHMs 3TeKTPOHA He-
MOCPEICTBEHHO II0CJe CTONKHOBEHHA OIPelelIfieTCs JOKAJILHOH TeMuepaTypod, HOTeps 3HEeprill
IpPH CTOJKHOBEHWHX 3aBICHT 0T TOTO, HACKOILKO MalleKo «BHH3» II0 TPAjJHEHTY TeMIepatypsl
npoIes JEKTPOH 33 BPeMA MEKTY ABYMA CTOIKHOBEHHAMU, a TaKiKe OT TOTO, KAKOe KOJIIYeCcTBO
9HEPTHH OH npuolbpen 0T aieKkTpudeckoro noisd. CiaefoBaTelbHO, BHPasKeHHe I NOTePH HYHEPIHH
Oypmer comep:xkarh 4ieH, npouopuvonHalbuii E . V7 (ero Jerko OTIMMUTL OT APYTHX 9JIEHOB,
ONNCHBAIOMAX SHePreTHYeCKWe IOTEPH BO BTOPOM HOPAJKE, IOCKOJBLKY 3TO e[HMHCTBEHHBIH 9J€H,
MeHAMU#A 3EaK npu obpamennn 3Haka E). IToxamute, 94TO 9TOT BRJAJ ONHCHBAETCS B MOJEIH
Opyne anesoMm nopsanra (net/m) (d€/dT)(E - VT), rae € — cpefHsAa TemjioBas SHEPTHA B pac-
d9eTe HA OOUH 2JieKTpoH. [PaccunTaiiTe »HEPIuIo, TepseMyl0 THIMYHEIM 3JEKTPOHOM, KOTODHIL
HENIOCPENCTBEHHO Tepe] CTOJKHOBEHHEM B TOYKEe I MCHKTAJ CTOJIKHOBEHHE B Toyke r — d. Cunras,
9TO BpeMsA pellaKcaluy T IIOCTOSHEO, T. €. He 3aBHCHUT OT 9HePTHH, d MOKHO HAHTH B MEPBOM TpPH-
OJYKeHVH 110 TI0JI0 ¥ TPAIMEHTY TeMIEePAaTYPhl ¢ IOMOMBIO IPOCTHX KMHETHIECKUX PacCyKIeHHH,
dTore A0cTaTOYHO, YTOGH BEHIYUCIHUTL I[IOTEPH SHEPTUN BO BTOPOM HOPAIKeE.]

4. I'earuroudarvroie 60AHbL

IIpefmooMKuM, 9To MeTajls IOMEIEH B TOCTOAHHOE MarHHTHoe noje H, HanpapaeHHoe
BIOTL OCH 2, TUYCTh HA HEIo JeficTBYeT mepeMeHmoe siektpndeckoe moxe Ee '®! mepnemmnry-
aapuoe H.

a) IlycTp dJeKTpHYECKoe IIOJe IOJAPU30BAHO NHUPKYAAPHO (B, = +iE,). Tokammure,

aro ¢opmyay (1.28) remepr crenyer o0obmuTh TakmMm o6GpasoM:

. o _ N . i
]x=(1—i(m%:0)c)1:> Ey, Jy= X ijx j,=0. (1(’)1)

6) Hoxakute, uto ¢ yuerom (1.61) ypaBmemusa MaxcBemia (1.31) nmewnT pelieHue

Ey=Ept®=®Y B —+iE,  E,=0 (1.62)
apn  ycxosuu, 4ro k%c? = sw?, rme
w? 1
=P
e ) =1——2 (GoT77) - (1.63)
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B) 11300pasuTte xoa QyHKIHMH € (0) NI o > 0 (npm noaapusawun E, = iE,) u upoje-
MOHCTpUpYiiTe, 4TO pelleHHs ypaBHeHUA k%c? = ew? CYINECTBYIOT [JIs IPOMBBOJILHOTO k OpPH
9aCTOTaX © > 0p U ® << o, (CuuTalite, BHIIOJIHEHHBIM YCJIOBUE CHABHOrO 1OIA T > 1
I yuTiTE, YTO J[a’Ke B 10Jie MOPANKA COTEH KHJOrayccoB wp/w, 3> 1.)

r} Horamure, 40, Korga @ <« @, COOTHONIEHNE MEXKAY k T @ JUIA TAKOTO HM3KOYACTOT-
HOTO peIUeHIIS IIMeeT BHA

mzwc(

3 (1.64)
®p

dTa HIIKOYACTOTHAA BOJIHA, HasbiBaeMad TIeJMKOHOM, HalJmjaiach BO MHOTHX MeTauanax [8].
OHeHHTO HacTOTy TeJJHKOHa, eCJHM OJWHA BOJHLB COCTaBJIACT 1 CM, T10JIe nMeeT HallpAMXEeHHOCTDL

10 xI'c, a 3JeKTPOHHAS TIIOTHOCTb — THIIMYHYIO [iA METAJIOBR BeIUUHHY.

k2c2 )

5. lHose pxHOCMHBIE NAAIMOHBL

DiIeKTPOMATHIUTHAA BOJHA, CIOCOGHAs PacHpPOCTPAHATHCS BJl0JL 1OBEPXHOCTU MeTaia,
3aTPYAHACT HaOJIOgeHHe OOHYHEX (00hbeMHRX) miasmoHOB. IlycTh 10JaynpocTpaHcTBO 2z > 0
3aHATO MeTAJIIOM, & TOJYIIPOCTPAHCTBO z < 0 — BakyymoM. IIpeanonoxum, 910 GUrypupymomas
B ypaBHeHUAX MaKcBeJIa IJIOTHOCTh 3JeKTpHMYecKoro 3apAna p ofpamaercs B HYJb KaK BHe,
TAK H BHYTPI Merasaa. (9To He MCRIIOYaeT CYMECTBOBAHHS HOBEPXHOCTHOH IJIOTHOCTH 3apAna,
-cocpenoToueHHOfi Ha maockocrn z = .) [loBepXHOCTHBIR TIJIA3MOH TpeACTaBAseT 0G0l pelrenne
ypaBHenTli MakcBesdla, mmewmniee ClIeAyIOmyio gopmy:

Ey=dAeitze ™ E, =0, E,=Beigxe %z, 7>,
E = CelaxeX'7, E,=0, E2=Dei‘1xeK)z, 2 < 0,

(1.65)
rme ¢, A, A’ — peficrButenpHble, K, K’ — IONOMKITENBHEIE YHCIA,

a) Ilpeanonaras o6wvMABIe TPAHAYHBIE YCIOBHA [T. €. HENPEPHBHOCTH BeJNUHH E“ n (aE)J_]
n uenodap3ys pesyavrath Apyae (1.35) un (1.29), maiijuTe TpH ypaBHEHMA, CBA3KBalomue q, K
n K’ wark QYHENNU .

0) Ilpeanonaras, uwro ot » 1, uzobpasure ¢%? wak PYyHKINO ©2.

B) Iloramiite, 9T0 B mpejede g¢ > @ CYNECTBYeT pelleHHe ¢ YacTOTOH o = u)p/]/2. One-
HiTe A 11 K’ 11 NOKa)KHTe, 9TO 3Ta BOJHA CYHIECTBYET JHIIb y MoBepxHoctn. ONHINNTE ee II0-
mapusanno. Takyio BOJHY Ha3bIBAI0OT TOBEPXHOCTHEIM ITIa3MOHOM.
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TEOPUA METAJIJIOB 3OMMEPOEJIBIA

PACOIPEAEJIEHUE ®EPMN — JHUPAKA
CBOBOJIHBIE 3JEKTPOHEI
[IJIOTHOCTL PASPEINEHHBIX BOJHOBBIX BEKTOPOB
UMIIVJBC, SHEPTUA U TEMIIEPATYPA OEPMU
9HEPTUA OCHOBHOTIO COCTOAHUA
N MO VJIb BCECTOPOHHETO CHATHUA
TEPMOAMHAMUYECKUE CBOUCTBA T'A3A CBOBOJHBIX 9JIEKTPOHOB
TEOPUA IMPOBOAMMOCTH 30MMEP®EJDL/IA
3ARKOH BHJAEMAHA — ®PAHIOA

Bo Bpemena [/[pyme m 3aTeM B TedeHme MHOIHMX JeT BIOJHe PAa3yMHEIM Ka3aJoch
OpeAlloaOKeHNe, ITO PACIpelesieHre 3JIeKTPOHOB HO CKOPOCTAM COBIAJaeT C pac-
npefiesieHneM B O0BIYHOM KAACCUMECKOM rase ¢ IioTHOCTHI0 n = N/V u onucHBaeTcs
B COCTOAHUM PaBHOBecus mpu Temuepatype I dopmynoir MakcBenna — DBoxbmmana.
Ilpu TaKoM NPeNIONOKEHNT YUCI0 HIEKTPOHOB B eIUHUINE 00beMa, CKOPOCTH KOTO-
pHIX Jesrar B mHTepBane !) dv ¢ menTtpom B v, paBHO [y (v) dv, THe

m 3/2 _mo 7
fs (V) =n(ggpp) e (2.1)
Rak met Buzeqn B ra. 1, mogoGHoe HpefmososkeHue B codeTalun ¢ Mofenabio Ipyme
OPUBOAKMT K PE3YJIbTaTaM, COIJIACYIODEMMCA 10 HOPANKY BEJMYHHEL ¢ 3aKOHOM Bupe-
mana — (DpaHua; BMecTe ¢ TeM H3 HEro cjiefyer TAK/e, UTO IEKTPOHH [ OJKHEL
naBaTh 0OABIMOM BKIAX B TEIIIOEMKOCTH MeTajiia, paBHHHU 3/,k ; Ha OfMH 3IeKTPOH.
Taxoir Bruay obHapyskeH He ObLI °).

B reueHume I@TBEPTH BeKa DTOT MAPATOKC BRI3BIBAJ COMHEHUS B CIPAaBeUINBOCTH
Mmozienn JIpyde, KOTOpHIE pPACCESIUCH JUOIb IOCHE CO3MAHHUSA KBAHTOBOH TeOpum
U IpU3HAHHA Toro aKTa, 4TO IJIA 3JIEKTpoHOB %) B cnny mpuHiuna sampera [laymu
pacupenenenne MaxkcBenra — Boxpumana (2.1) no/mkmo GbITh 3aMeHEHO pacipefe-
aeanem Qepmu — upara:

_ (m/ny 1
T ) == Sy [k Tl T T - (2.2)

1) Me ucmoxpsyeM CTaHIAPTHHIE BEKTOpHHe ofosmadeHns. B wacrHoctn, v ofosmauaer
abCOMIOTHYIO BeJHTHHY BeKTOpa V. [lamee, MBI TOBOPUM, 9T0 CKOPOCTH 3AKJIKIUeHA B LHTCpPBaJe
dv ¢ IEHTPOM B V, €CIII €€ i-A KOMIIOHCHTA JIC;KIT B HHTePBaJIe Me;KAy v; U v; - dv;, e i = x, y, z;
CIIMBOJI dV ICHOIB3YeTcA M JUIA 0003HadeHns o6bema 06,acTH B NPOCTPAHCTBE CKOpOCTEIl ¢ Ien-
TPOM B V II paamepamu dv, T. e. dv = dv, dv, dv,. (Taxum 06pa3oM, ME CJIeTyeM HINPOKO pacnpo-
cTpaHeHHOIT cpean PHANKOB IPAKTUKE He IIPUMEHSTH PABANYHEX 06G03HaYeHNIT 1JiA camoli ofmacTn
it ee 00beya — 3HAYEHHE CHMBOJA BCErJa SACHO 113 KOHTEKCTA.)

2) Huke MBI YBHAMM, 9TO B AeflCTBUTENHHOCTI BRJA/ OT 3JEKTPOHOB IPI KOMHATION TeM-
ueparype HMeeT INPUMEPHO B CTO pa3 MEHBIIYI0 BeJNYHMHY H CTAHOBIITCA €IC¢ MEeHbHIe ¢ TOHH-
JKeHHEeM TeMIIepaTypH.

3) W ana nw0bHX IPYIUX YacTHI, NOAYNMHANMuNXCA craTucTike @epmy — Jlupara.
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®ur. 2.1. a — pacnpejienenus Maxrcresia — BoasuMaHa fug # depmu — JJupaka fpp 1PH
THINYHBIX METAJUINYECKMX IJIOTHOCTAX H KOMHATHOH TeMmeparype.

0O6e KpuUBBIE OTHOCATCA K ILTOTHOCTH, COOTBETCTBYIOLIEl Temneparype T = 0,017T,. Macmrab OZMHAKOB OJA 000X
pacnpefeniennii 1 BeiOpaH Tak, 4TOOB IPYU HMBKNX SHepruax pacnpeneneHue depmu — JAMpaxa KOCTUTaJO el
Hunbl. Hnke KOMHATHOI TeMIepaTypH pasiiyie MeKOy pacrnpeleleHNsMH CTAHOBUTCA emme 0ojiee OTUETIIIIBBIM.

6 — Te ke pacHpefeleHus B mATepBaae oT z = 0 1o z = 10, mOCTPOEHHEEE B JPYroMm MacmTade.

Ocb x pacTAHYTa npuMepHO B 10 pas, a och f ciKara npuMepHo B 500 pas, wroGHl pacmpexeneHue Makceenyia —
BoaenmaBra IOJNHOCTRIY IOMecTwiach Ha rpadure. Ilpn TakoM Buope MacliTaGoB KpEBad, COOTBETCTBYOLIAA
pacupenenennto ®epmu — Ilupaka, CIHBaeTCA C OChIO X.

3neck i — mocrosgHHaa llnawka, gemennas Ha 2:, a Ty — TeMmuepaTypa, ompefie-
ngeMasi M3 YCIOBUA HOPMHPOBKH 1)

n={avfw (2.3)

M paBHas OOBIYHO [JeCATKAM THCAY IrpagycoB. llpn mHTepecyomux Hac TeMIepaTy-
pax (mmwke 10° K) m npu smeKTpOHHBIX IUIOTHOCTAX, THONYHHEIX AJs MeTajjia, pac-
npepenerne @epmu — J[upaka gpes3BrUafHO CHIIBHO OTIMYAETCHA OT PACIpPee]eHnsa
MaxkcBenna — Boxenmana (¢ur. 2.1).

B sTo¥ rmaBe MB paccMOTpUM TEOPHIO, IPUBOAAMYI0 K pacupenenesuio Depa-
,Zlnpa}ca (2.2), 1 moOKameM, KaK CKa3HBaeTCA CTATHCTHRA ®epmu — [upaka Ha
CBOHCTBaX 3JIEKTPOHHOTO Taza B MeTaJJIax.

1) 3aMeTum, 9T0 HOCTOAHHLIE B BRI paskennu (2.1) mas pacnpegenenus Makcsenna — Boasbi-
Mapa yyke BHOpaHH TaKuM 00pasoM, 9ToOH BHIOJMHAZOCH paBeHcTBo (2.3). @opmyna (2.2) BuiBe-
nena mwke [em. (2.89)]. B sajaue 3, m. «r», MOKasaHo, 9T0 MHOMKUTENb m3/4nth® B BHIpaKeHHIT
(2.2) moser OwTh MpeobpasoBalm K BUAY, YIPOIAIOMIEMY CPaBHEHME ¢ BRIpaskemumexM (2.1).
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Cpasy ke 1mociae OTKPHTHSA TOTO, 9YT0 AJIA 00BACHEHHA CBA3AaHHHIX COCTOAHNA
3]eKTPOHOB B aToMaXx HeoGxoxuM npuHnun sanpera Ilaynm, 3omMmepdenby OpEMeHHAT
3TOT MPUHIALN K CBOGOAHOMY 3JIeKTPOHHOMY rasy B MeTajJaX, 4TO II03BOJIMIO u30a-
BATHECA OT HauGolee BONMIOMUX TEPMOAMHAMUYECKHX IPOTUBOPEIMHA HCXOTHOA
mofean Jpyme. B GompmmucrBe ciaydaeB Mofenabh JomMepdensiga HpefcTaBisgeT
c060l IpPOCTO MOJENH KJIacCHYeCKOro 3JIeKTPOHHOTO rasa Jlpynre ¢ eduncmeenmnbim
OTAMUMEM: pacmpeleleHne DJIEKTPOHOB IO CKOPOCTAM OHMCHIBAETCA CTATHCTHKOMR
Qepmu — upaxa, a He MaxcBeana — Boabnmana. YTo6n oGocHOBaTh MCHOJIB-
sopamme pacupenenerns Mepmu — [upaka u ompaBmaTh ero BRI0UYeHHe B KJIACCH:
9eCKYI0 BO BCeX OCTAJIbHHIX OTHOMIEHHSX TEOPHUIO, HaM HeoOXOAMMO M3YIUTh KBAHTO-
BYI0O TEODHUI0 BJIEKTPOHHOTO rasa 1),

Il mpocTOTH WBJI0KeHHA MBI CHAYAJA PACCMOTPUM CBOHCTBA BIEKTPOHHOTO
raza B OCHOBHOM cocTosHmnH (T. e. mpu ' = 0), a 3aTeM yiKe mepeifleM K H3yIeHHIO
OTAMYHBIX OT HyJas TemmepaTyp. OKasslBaeTcs, 94T0 TaKue CBOMCTBA MMEIOT Goabmoi
CaMOCTOATCIbHEIM MHTEPeC: MBI YBUJUM, UTO HJs 2JeKTPOHHOTO rasda ¢ MIOTHOCTHIO,
THOMYHOR OJA MeTajioB, KOMHATHAA TeMmepaTypa (QaKTWIecKH ABIAETCH OYeHb
HU3KO ¥ T0ODTOMY BO MHOTUMX CIydJagXx MOKHO cumtath, 9ro I = 0. Baaromaps
3TOMY MHOTHe (XOTS U He BCe) HapaMeTpH, XapaKTepH3yoNie 3I1eKTPOHHEIe CBOHCTBA
METAJIJIOB, MMEIOT [aKe IpPH KOMHATHON TeMmepaTrype HPAKTHYECKH Ty ’Ke caMyio
BeamuuHy, 9to m npu T = 0.

CBOVICTBA 3JIEKTPOHHOI'O TA3A B OCHOBHOM COCTOAHUN

Ham veo6xomuMo paccumTaTh CBOMCTBA OCHOBHOIO COCTOAHUA CUCTeMH u3 N
2JIEKTPOHOB, 33KJIIOIeHHHX B 00beMe V. I10CKOIBKY 3eKTPOHEI HE B3aUMOIEHCTBYIOT
OpYT ¢ Ipyrom (mpuOiamKeHne He3aBUCHMEIX dJIEKTPOHOB), OCHOBHOE COCTOSHME 3TOH
CHCTEeMHl MO;KHO HANTH, BHIYUCJIHB BHavajJe YPOBHHU SHEPIMH OTAEJIBHOTO DJEKTPOHA
B ofpeMe V W 3aUWOJHAA 3aTeM 3TH YPOBHH CHU3Y BBEpPX B COOTBETCTBHAW C HPUHIU-
mom Ilayam, Koropslil 3ampemaeT [BYM »JIeKTPOHAM OJHOBPEMEHHO 3aHUMATH OJUH
3IEKTPOHHEI YDPOBEHS 2).

s omoncaEmA OTOENBHOTO 3JI6KTPOHA HEOOXONMMO 3HATh €ro BOJHOBYIO
¢yERUMO P (T) ¥ yKasarb, KaKoe M3 [BYX BO3MOKHHX HAIPABIEHWH MMeeT CIOHH
2NeKTPOHA. B OTCYTCTBHe B3amMOJeHCTBHS OJHOXJIEKTPOHHASA BOJHOBAA QYHKIuA,
COOTBETCTBYIOIIAsA YPOBHIO dHepruu &, y/[OBIETBOPAET HE 3aBHCAIMEMY OT BPeMEHH
vpasaernio [[Ipepunrepa 3):

A2 92 a2 ik i? 3
— g (G + e ) D) = =5 VR (1) = E x). (2.4)

Uro6r ydecTh, UTO ABIKEHHE HJIEKTPOHA OTpaHmYeHo obmeMoM V Meramia
(0arogapsa IOPHTAXKEHHI0O K HOHAaM), HeoOXOQUMO BBECTH TIpaHHYHbE YCIOBHA,
KOTOPHIM JJO/KHO YAOBIETBOPATH pemleHne ypaBHeHu# (2.4). B 3agauax, He cBasaH-
HBIX € PACCMOTPEHHEM MOBEPXHOCTHBIX 3QeKTOB, BHGOP TAKOr0 rpaHUYIHOLO YCJIO-

1) Berogy B macToAmeil riase MH IOHHUMAeM IIOJ «3JIEKTPOHHBIM Ta30M» Ta3 CBOOOIHBIX
1l He3ABUCUMEIX 3JIEKTPOHOB (cM. ¢Tp. 20—21), 332 MCKIOYeHIEM TUIIb TeX CIYyYaes, KOTAA B SBHOM
BIJe PACCMATPHBAITCH LONPABKH, O0YCIOBICHHHNE DIEKTPOH-DISKTPOHHBIM I JICKTPOH-HOHHEM
B3aUMOJEHCTBUAMM.

%) 3mecr m pHajlee TePMHH «COCTOSIHWE» Be3djie HCHOIb30BAH [JIA ODO3HAYGHHS COCTOSHIA
N-3neKTPOHHOT cHCTEMBHI, TOTa KaK st 0003HAYEHWsI COCTOARHAS OTAENBHHOTO 3JICKTPOHA MpH-
MEHsETCA TePMUH «ypoBeHb». (I[Ipu mepeBosie B pAfe CIyIaes, IAe 9TO HE MOKET IPUBECTH K HEOTHO-
3HAYHOCTY, MHl, CHE[[YA YyCTaHOBHBINENCA B OTeYeCTBEHHON JUTEpATYPE TePMIHOJOTHN, Ha3EBACM
«COCTOSTHHEM» COCTOSIHNE OTAEJBHOTO 2NMeKTPOHA.— [Ipuxm. nepes.)

3) MH BOCIIONIB30BAINCH TaKyKe NPUOIMKEHHOM CROGOTHHX DIEKTPOHOB, BCJAGICTBHE TETO
B ypasHernu IlipeguATepa oTCyTCTBYeT WIEH ¢ MOTEHIMAJHLHON aHEpPTIeil.
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BHs OCTaeTcsA B GOJBIION Mepe NPOU3BOJBHEIM ¥ MOKeT GhITh HPOUBBELEH MCXONA U3
yAobGerBa BHumcaeHnid. FcrecTBeHHO OKHMAATH, YTO TPHM JOCTATOIHO GOJIBIIUX pPas-
Mepax MeTajlla ero o6semusle CBOMCTBA He OYNYyT 3aBUCETh OT JeTaJbHOTO BHIA
nosepxnocty ). Ilomra o6 sToMm, Beifepem Takyw gopmy obbema Meradsna, KoTopas
Hanboyee yno6HA ¢ BEUHCIATEIbHON TOUKN 3peHUA. TpajunuoHEo BHOHpaoT Ky6 2)
co cropomoii L = V'3,

Temepnb ME ROAHH TOIONHATL ypaBHernue [ITpenunrepa (2.4) rpanuassM yeao-
BHeM, OTpa:KalMiUM TOT (aKT, UTO DIEKTPOH yAepsKuBaeTcs BHyTpu KyGa. Ilpm aTom
MBI JIOJIFKHBL OBITH yBEpPEeHH!, UTO BEIOOD I'PAaHMYHOIO YCJOBHA He TOBJHUAET Ha pac-
cUnTLIBaeMble ofbeMHBIe XapaKTepucTuku. OgHa M3 BO3MOMKHOCTEH — moTpefoBaTs,
9TOSL BoTHOBaA QyHKNua ¢ (r) ofpamanach B HYJb B TOUKax r, JejKal(ux Ha HO-
BepxHOCTH Ky6Ga. OmHako Takoil BROOp 4acTO OKAa3HBaeTCsA He BIOJHE YIOBIETBODPH-
TeJLHEIM, HOCKOJILKY TOIfla PemeHHs ypaBHeHHA (2.4) mMeoT B CTOSYMX BOIH,
B TO BpeMs KaK sIBJeHUs IMepeHoca 3apAAa U SHepIiy 3JIeKTPpoHaMu HAMHOTO yIof6Hee
aHAIN3UPOBaTh, MCIOAL3ysa Cerymume BOXHHE. Dbosee IpmeMiieMbIM OKasbBaerTcs
APYrofl myTs — BooOIe W30GaBUTHCS OT HOBEPXHOCTH, MOAYEPKHYB TEM CAMBIM, 9TO
ee HajWdWe He HMeeT 3HAYEHWA. ITO MOKHO CfleaTh, NPENCTABUB. 4TO KajKias
u3 rpaHeil Ky6a coefmHeHa ¢ NPOTHBOIOJOMKHON efl IPanHbI0; TOTHA 3JEKTPOH, HOM-
XOEAMUA K IHOBEPXHOCTH, He OTpaykaercss o6paTHO, a BHIXOIWT M3 MeTaJJa W OfHO-
BpeMeHHO BO3Bpaliaercsi B HETO B COOTBETCTBYIOIIeH TOYKe HA IIPOTHBOIOIOMKHON
nosepxuoctn. Ecan Gbl MeTana GBia OAHOMCPHEIM, TO 3TO 03HAYalo GBI, YTO OTPE3OK
opsamoit or 0 1o L, B XOTOpOM cOepsKaTCAd DJIEKTPOHEI, 3aMEHSIETCSA OKPY;KHOCTBIO
aanHo# L. B rTpexmepHOM cayvae reoMeTpuduecKoe OCYIIeCTBIeHHE TMOA0GHOTO rpa-
HUYHOTO YCJHOBUA, KOTOPOe MPUBOAUIO §B K COEJUHENNIO BCeX TPeX Nap WPOTHBO-
IIOJIOFKHBIX Trpareil Ky0a, OKasbiBAeTCH TONOJOTHYEeCKH HepomycruMbiM. OnHaKO
B AHAJUTUYECKOM BUJIe TAKOE TPAHHYHOE yCJ0BUe Jerko ofofuuTsh U Ha BTOT caydail.
B ommomepunoM ciayuae «<kpyroBas» MOReNb MeTajya NPUBOAUT K FPAHHIHOMY YCIO-
Buto P (r + L) = (z); nna rpexmepuoro Kyba ero oGofInenne O4eBHAHO:

Y (z, Y, Z+L)=1IJ(‘T’ Y, 2),
w(xvy'!‘[ﬂz):‘p(x; Yy, 2), (2.9)
Y@+L,y 2)=v(z, ¥, 2).
CoorHomenus (2.5) HasHBAXOT I'PaHMYHEIME ycaoBuamu bBopma — Hapmana (uam
OePHOINYECKUME TPAaHNIHEIME yciaoBuamu). Ham onm 6yayT BeTpedyaThes eilie 9acTo
(1HOrZa B HECKOABbKO ofoGmenHoMm ®) Buge).
Temeps Halifilem pemreHune, yiA0BIeTBOPsIONee TPAaHHYHEIM yeaosuan (2.9). Kak
MOXHO TOpOBEPUTH HEIOCPEXCTBEHHBM JuddepeHNMpoBaliueM, peIIenne ypaBHe-
Hus (2.4), ecau npeHeGpedb IPAHNYHBHIMHU YCAOBHAMHA, WMeeT BHJL

i (1) = Vﬂ_ P (2.6)
H})PI 3TOM
€ (k=21 (2.7)

1) IomoOumil mopXoa ABAAETCA OOMENPUHATHM B MaKDOCKOUnYecKnx teopusax. as mHo-
rux 1pofjem He3aBUCHMOCTHL 061 eMHBIX CBOHCTB OT TPAHWYHBIX YCJIOBHIl MOJKET OHITH B HACTOAILee
BpeMsA CTPOTO joKasama. JJIs Teopumn TBEp/oro Tesja Hanboibilee 3Hauerie umeer pabora JleGo-
puna u Jluba [1].

2) BoocleficTBUN MBI YBUAUM, 4TO ropasno ypoOHee BHOuUparh me Ky0, a mMapaJiesenmuejl
C HEPABHEIMII M HENCPUEHAHKYIADHBMT peGpamu. Iloka sxe, 4ToOHI 1130€KaTh HeCYIECTBeHARLN
TeOMEeTPUUECKUX CAO;KHOCTeIl, Oyfen paccmarpusark Ky6. Ilosmesmo, oJHaKO, NOKa3aTh B Kaue-
CTBE YIPajKHEHNS, UTO BCE PE3YJbTAThl HTOr0 pasjesia OCTAXTCA B CHJC H JJIA HapajeierieNnd.

3) CM. mpuMmedaHne 2.
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rne k — m1000ii BeKTOp, He 3aBUCAIMMMIA OT TPOCTPAHCTBEHHBIX KOOpAMHAT. MBI BHO-
paard B (2.6) HOPMEDOBOYHHHE MHOKATENb TaKEM o00pa3oM, dYToOH BepOATHOCTD
HaXOKIECHUA 3JIeKTPOHA 2de-aufo Bo Bcem o0beMme V OwiIa paBHA eIWHHIIE:

1 = 5 dr | (r) 2. (2.8)

Yro6w moHATH cMmbicT BexrTopa k, 3aMermM, 4To BoaHoBag GYNKUHA Py (T)k
upencraBisier cobofl coOCTBeHHYI0 (QYHKIONMIO omepaTopa MMIIYJIbca:

=27 _"tv (px:fﬁ—(7~ u T. I. ) (2.9)

i oz

COOTBETCTBYIOMYIO COOCTBeHHOMY 3HadYeHWI0 p = fik, Tak XKak
B0 . .
-,——-,——e“‘"':ﬁke“““. (210)
i or

Ecau cocTosiHne 4acTUIlE ONMCHBaeTCs BONHOBOA GyHKIMeli, ABnawmeiics cofcTBeH-

HoH QYHKIUeH# KaKoro-iuGo omepaTopa, TO COOTBeTCTBYIOIIAA OmepaTopy Habaio-

naemasn (pusuueckas BenwdmHa!) WMEeT B DTOM COCTOAHWM ONpefesieHHOe 3RaveHue,

paBHOe CcOGCTBeHHOMY 3Ha4eHHIO omepaTopa. llosToMy BIeKTpoH ¢ BOJHOBOH

dyuxrnnes Py (r) obragaer onpefeneHHHM UMIYJIBCOM, KOTOPHII nponopunonanex k:

p = ik (2.11)
I CKOPOCTBYO V = p/m: _
v=LX (2.12)

C yueroM aroro 9Heprumo (2.7) MOKHO 3alMCATh B OPWBEIYHOM KJaCCHYECKOM BHIE:
¢‘§=—L=—mv2. (2.13)

Beanunny k M0KHO Tax;Ke UHTePIPETUPOBATH KAK BOJHOBOI BeKTOpP. [leficTBu-
TeNbHO, IJOCKasA BOJHA e yMeeT ImOCTOAHHOe 3HAUeHHWE Ha JI060I I10CKOCTH,
HepHeHANKYNApHOH k (MOCKOABKY BCe TaKHe HIOCKOCTH 3aJal0TCH YPABHEHU MU
k-r = const), B To BpeMAa KaK Ha OpAMHX, DapajjeibHbx k, OHa sBIsaercsa me-
proamdeckoil $yHKIMeH; COOTBETCTBYIOMYIO NJWHY BOJHEI

2n 9 .
h=2 (2.14)

HA3HEIBAIOT JJIMHOX BOJHH ne bpoins.

BocoonpsyeMcsi Teneph IPaHNYHEMU ycIoBHAMHE (2.5). OHM paspemaior cymne-
CTBOBAHME TOJBKO OIpPEIeJEeHHBX [MCKPETHBIX 3HaueHwH Kk, HOCKOJNBKY B olimeM
ciaydae BojHOBasg Qywrnua (2.6) ynosunersopger coorHomenmam (2.9) Juwb npn
BLITIOJHEHUH YCIOBHUSA

eMheL o il — gikal — 1, (2.15)

YunthiBasg, 4To ¢ = 1 ToJAbKo OpHU 2z = 2x:in, TAe n — Ilejoe ducao '), maxonum,
9T0 KOMOOHEHTH BOJHOBOrO BeKTOpa k JOMKHBI uMerb BHUJ

9 2nn, )
k= rznx , ksz", k,= JTL"Z y Ny Ny, n,—Heibe unciaa. (2.16)

Tarum obpasom, B TPeXMepHOM IPOCTPAHCTBe C NeKapTOBEIMu ocamu ky, k , k,
(ero Ha3HBAT kK-IPOCTPAHCTBOM) PaspemeHH TOJBKO Té BOJIHOBHE BEKTOPEI, KOM-

1) ToBops o «enoM uucaey, Mbi Beerjga GyjgeM HMeThb B BHAY He TOJBKO IOJORHUTENbHEE,
HO TaKyKe M OTPHIATeNbHEE [eJpe TUCia W HYJb.
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IOHEHTH KOTOPHIX IO BCeM TpeM OCAM HPeACTaBIAIT coboi mease KpaTHie oT 25/L,
9T0 HOKa3aHO (NAA IBYMEPHOTO caydasn) Ha gur. 2.2.

Ha mpakTuxe yciosme kBaHTOBaHUA (2.16) 06BHMMHO HCHOONB3YIOT TONBLKO CJe-
aywomum oopasoM. JacTo HeoGXOoUMO 3HATh, CKOJIBKO paspelleHHBIX 3HaueHmi k
uMeeTCaA BHYTPHM Kakok-imbo obiacTm B A-DpoCTpaHCTBe, KOTOpas O49eHb BeJMKA
1o cpaBHeHMIO C 271/L W COHEPKUT W0ITOMY OrPOMHOE UHCJIO0 Pa3pemeHHHX TOUYeK.
Horna pasmepsl o6macTu 09eHb Beamku l), ¢ DPEBOCXOIHOH TOIHOCTHIO MOMKHO CUM-
TaTh, Y10 YUCIAO PASPEMeHHKX TOYeK PAaBHO o0beMy aroil obmactd k-mpoCTpaHCTBa,

neleHHOMY Ha o0beM B k-ipocTpaHCTBe,

kyT IPHXONAIMIACA HA ONHY TOYKY B pelleTKe
. . . 4 paspemennnx 3HaueHum# k. Ilocaemumii
o6beM (cm. dur. 2.2) pasen (2n/L)3. Otcrona
. . . . . caeqyer, 4ro o0jnacTs ob0pemom & B A-
. TPOCTPAHCTBE COMEPHKUT
— i Q Qv
@n/Lye - 8 (2.17)
. . . paspemieHHHX 3HaveHMd k, wiu 3KBHBa-
Zx JIEHTHO, 9YTO YHMCIO PA3PEemeHHHX 3Hade-
. o , o L il k B efimenie oGbeMa B k-mpocTpaHCTBe
(T. e. WIOTHOCTH ypOBHe# B k-mpocTpaHCT-
Be) paBHO
@ur. 2.2. Touru JBYMePHOTO k-IIPOCTpPaH- —Vg, (2.18)
CTBA, HMelOUmHe KOOPAMHATH k, = Znnx/L, 87
ky = 2mny/L.

OTMeTHM, YTO Ha OOHY TOYKY NPUXOJUTCA O0JacTh B ACUCTBUTEJBHOCTH HUKE HaM HpUIETCA

myomansio (2m/L)2. B d-MEpHOM cayyae Ha OMHY TOU- UMEeTh [eJ0 JUmb ¢ TAaKAMH 0OoABIMNMHA

Ky npuxofmnTeA  oobem (2n/L)4. (~1022 TOYEK) W TAKHMH pPeryJapHHMEA

ofnacTaME k-mpocTpancTBa (O6HYHO BTO

cepst), 9To ParTHIECKH B JIOGHX 3alauaXx M [AJaA JIOOHX uelell cootHomerusa (2.17)

u (2.18) MomxHO caurarh TouHRMA. CKOPO MBI HaTHeM OPMMEHATL 3TH BajkHble PopMmy-
IHL A5 pacueTa.

ITockonbKy, KaK MBL CIATAEM, DIEKTPOHE HE B3aUMOLeHCTBYIOT APYr ¢ APYLoM,
N-971eKTpoHHOE OCHOBHOE COCTOSHHE MOKHO IOCTPOMTH, pPasMemlad 3JXeKTPOHH
HA TOJXBKO 9TO HAWJEeHHHX paspemIeHHBIX ONHODIEKTPOHHHX ypoBHAX. [Ipum Taxom
HOCTPOeHNN (KAaK ¥ IPH MOCTPOSHNH COCTOAHUA MHOT03JIEKTPOHHEIX aTOMOB) YPe3BHI-
qafiHO BayKHYI0 POJIb Mrpaer OpWHEOUN 3anpera llayam: Ha KasKIBH ONHOJIEKTPOH-
HEI YPOBEHD MHE MOKeM IOMeCTUTH He Goliee ORHOro ajeKTpoHa. [lag samanns ofxHo-
5JICKTPOHHOrO YPOBHA HEOOXONMMO YKA3aTh ero BOIHOBON Bekrop k m mpoexmmio
CIIMHA HA TPOW3BOJIBHO BHIGPAHHYI OCh; 3Ta NPOEKNUS MOKeT IPHHAMATHL ONHO
¥3 OBYX suadeHuit: 7/2 unu —A/2. IlosroMy ¢ KajRIBIM BOJTHOBRIM BekropoM k cBa-
3aHBl 06a DIEKTPOHHHIX YPOBHA, HO ONHOMY JJs KamkAOro HAIpaBJeHHMA CIWHA
3IIEKTPOHA.

Hocrpoenne N-3TeKTPOHHOrO0 OCHOBHOTO COCTOAHUA HaIHEM C TOro, 9To IO-
MeCTHM [Ba 3JEKTPOHA HA ONHOBNEKTPOHHEA ypoBeHb k = 0, roropmil obGragaer
HamOolee HUBKON BO3MOHOM oOxHOdIeKTpOHHON smeprmeit & = 0. 3arem Gymem
OPONOJKATD HOGABIATE DJIEKTPOHH, IOCIEN0BaTeJbHO 3AIOTHAA Te OJHOBIEKTPOH-
Hble ypoBHHU ¢ Haubojee HU3KOA sHeprueil, KOTOPHE €ME OCTAIOTCA HEe3aHATHIMU.
Tax Kak dHEpPrEA ONHOBIEKTPOHHOTO YPOBHA IpsSMO TpOmOpHHOHANIbHA KBaapaTy
ero BonHOBoro Bexropa [em. (2.7)], To upm apesBrruaitno Gonpmux N obnacTs, 3aHu-

1) B ofmacTe HE HMeeT CAMIIKOM HEUPaBHIbLHON HopMH — TONBKO TpeHeOpe:xuMO Majas
9acTh BCEX TOYEK MOJKeT JeKaTh Ha paccrosaHny O (27/L) OT MOBepXHOCTH.
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MaeMasd DICKTPOHAMU, IPAaKTHIECKH HpejicTaBaser coGoil cdepy !). Ecam pammyc
sToii cdeprl 0603HAUUTH Kk ((epMmueBckmil pammyc), To ee oGveM Q ecyw 4Amki/3.
B coorBerctsum ¢ (2.17) umcmo paspemenHblx 3HadeHmit k BEHYTpm cdephl paBHO

(555) () = V- 219)

Ilockoapky ¢ KamAHM paspelmeHHHM 3HaUeHHeM Kk CBA3aHH ABa OJHODJIEKTPOHHBIX

YPOBH: (IO ONHOMY JJIA Kayk[Or0 3HAUeHNUA COMHA), IPH pasMelenun N 5JIeKTpOHOB
JOJKHO BHIIIONTHATHCS YCJIOBHE

53 =3

N:2‘—6n2 V= T V. (2.20)

Taxum o6pasom, eciu B obbeme V mmeerca N BiIeKTpOHOB (T. €. 3JIeKTpOHHaA

WIOTHOCTE paBHa 7 = N/V), T0 0CHOBHOe coCTOsSHHE® N-3J€KTPOHHOA CHCTEME

obpasyercsa IyTeM 3aLOJHEHHA BCex ONHOYACTHIHEIX YPOBHEH, Y KOTODHX K MeHb-

me kp. YpoBHH ¢ k&, IpeBHmMAIOMUMEA Ky, OCTRIOTCH HE3aHATHIMHA; BeIHYHHA X 5
ompefesAeTcA M3 COOTHOIIEHWS

n——k%
T 3mZ

(2.21)

Jusa onucaHUA TAaKOT0 OCHOBHOIO COCTOSHUS CBOOOTHEIX M HE3aBUCHMEX 3JEK-
TPOHOB IPHHATO HCHOAL30BATH CJHEAYIONYI0 MOBOJBHO OTHOOOPA3HYI0 TEePMUHO-
JIOrHIO0.

Coepy c papuycom k p (k z — s0an0601 6exmop Depuu), cogepKaINy0 3aI0JHEH-
HEle OJ[HO2JeKTPOHHEIe YPOBHU, Ha3BIBAIOT cfepoii Depmu.

[ToBepxuocts cdepor Qepmu, oTAEAANOIYI0 3aM0JHEHHEE YPOBHU OT HE3AII0J-
HeHHBIX, HA3BIBAIOT noseprrocmyvio Pepmu. (BnociaencTsun, HAYMHAA € TI. 8, MH
yBuguM, 9To moBepxHOoCTH @Depmu ecTh OfHO U3 QYHIAMEHTAJBHHEX LOHATHIL
B COBpeMeHHOI TeopMu MeTaJJjIoB; B 00IieM Cilydyae oHA He ABIACTCA CHepPUIeCKOH.)

Umnyasc Ak p = p p SIEKTPOHOB, HAXOJAMMUXCSA HA OFHOIIEKTPOHHEIX YPOBHAX
¢ HauGoJee BEICOKOI pHeprueii, Ha3LIBAIOT umnysvcom Pepmu, 8 NX HHEPTHUIO %’F =
= h*k}/2m U CKOpPOCTb Vy = pp/m — sHepeueli u ckopocmvro @Pepmu. CKopocTs
Qepmu urpaeT B TEOPWMM METALIOB POIb, aHAJOTHYHYIO TEIJOBOH CKOPOCTH U =
= (3kzT/m)'2 B KmaccHaeckoM rase.

Bce 5Tu BeIWYWHE MOKHO pPacCUNTaTh, 3Hasi ILTOTHOCTH 3JEKTPOHOB IPOBO-
[IUMOCTH W MCHONB3Ys cooTHomeHue (2.21). llpn dmcnennpx onenkax ynoGHee Bripa-
JKaTh MX dYepe3 BBeJleHHH BhIme Oe3pasMepHLIl mapamerp rg/a, (cM. crp. 19),
KOTOPHIZ I8 MeTaIINIeCKUX 3JIeMeHTOB HPHHUMaeT 3Hadenusi oT 2 go 6. s coor-
Homenuit (1.2) um (2.21), B3aATHIX BMecTe, HoJrydaem

1/3
oy — (9n£4) _ 1,92

: = (2.22)
nJIn
fp = ,3/‘;:’ AL (2.23)

Hlockoabky BoaHOBOE BekTOp DepMM EMeeT MOPAAOK ONHOTO 00pAaTHOro aHIrCTpeMa,
AMuHA BOAHH e Bpofind mus 3MeKTPOHOB ¢ HauGoabImedl SHEPrUel OKA3HBACTCH
HOPAZKA AaHICTpeMa.

1) Ecan 6 oHa He uMmena cdepudecKoil GOpPMEL, TO 3TO COCTOSIHUE HE GRIIO OB OCHOBHEIM —
TOTA2 MH MOTJIH OH TOCTPOUTH COCTOSHEE ¢ DoJlee HHU3KON sHeprmeil, NEPEMECTHB DIEKTPOHBI
¢ YPOBHeH, paclolIoKeHHHX fAadexo oT k = 0, HA ypoBHN, KOTOpHEe JeKaT GIHIKe K 3TOH TOUKe.
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Cropocte Depmu ompepensiercs dopmynoir

vp = (%) Fep = 220 408 eu/e. (2.24»

rs/ao

910 MOoBONBHO Gonbmiag CKOPOCTs (0KOJM0 1% oT ckopocTu ceera). Takoi pesyibprar
KaJKeTCA JOBOJIPHO CTPAHHBIM C TOYKM 3PeHHs KIacCHIeCKOl MeXaHMKM — Bellb MED
onuceiBaeM oCHOBHOe cocrosnme (I = 0), a B xaaccmueckom raze opu T = 0 cxo-
pocTH Becex wacTHI paBHH Hysio. [laKe mpm KoOMHATHOH TeMImepaType TeloBas
(cpeiHAs) CKOPOCTH Ky1acCHYeCcKoit 9acTUIEl, UMeIomeil MacCy aJieKTPOHA, COCTARIAET

Bcero aumb okono 107 cm/c.
Yuntneas, uto a, = h?/me®, oueprmio @epmm o6HYHO 33OUCHBAIT B Buue

12 k% 2
Ep— et = (2_;.)_) (kpao)?. (2.25)

2m

Bxogamas ciona BeamumHa €°/2a,, KoTopylo HashBaoT puiaGeprom (Ry), npeacras-
Jsier coGOHl »HEPTHWI0 CBA3M OCHOBHOTO COCTOSIHMS aTOMa BOJAOPONA; OHA paBHa
13,6 sB !). Pun6epr — crons ske ynobHag eIWHULA [ MBMePEHHA ATOMHBIX DHEP-
rUi, KaK GOpOBCKUE pajguyc — Mis M3MepeHHS aTOMHHX paccroaumii. IlocKoanky
k pa, DOpANKa e[MHNIL, W3 BHpaskeHusa (2.25) caemyer, uTo sHeprusa Qepmm nmMeer
BeJIMUUHY, XapaKTeplylo [JiA aTOMHBIX aHepruil cBasu. Vcmonesya (2.23) m yunrh-
Bas, 4T0 2o = 0,529 -10-% c¢Mm, nonyvaeM ynoGHYIO Jiis OPaKTHYeCKOTO IpHUMEHeRHA

popmyny

& o 20108 (2.26)

o (rg/a)®

KOTOpas HORa3HBAET, 9TO AJIA IJIOTHOCTEH, COOTBETCTBYIMNX MeTaJJIHUeCKUM dile-
mentam, sHeprus MDepmm nesrur B muTepsasne or 1,5 mo 15 »B.

B Tta6n. 2.1 npuBenennt sueprus depmu, cKOpocTh U BoJHOBOK BexkTop Mepmm
METaaloB, A KOTOpHX B Tabi. 1.1 GHIM yKa3aHK DIOTHOCTH 3JeKTPOHOB IIPOBO-
IEMOCTH.

Uro6H paccauTaTh SHEPILUI0 OCHOBHOrO cOCTOAHHA N 2JeXTPOHOB B o6beMe V,
HEOOXOAUMO CIOKATH DHEPTHN BCeX OfHORJIEKTPOHHHX YPOBHeH, PacuooKeHHBIX
BHyTpu cdepn Depmu 2):

h2
E=2 3 k. (2.27)
k<hF
Ilpu cymmmpoBanmu nmwGoit miaproit gyuknuum F (k) mo BceM paspemeHHHIM 3Have-
HuaM k Bcerma MOMKHO IOCTYIATH CJAENYIOMEM 00DPa30M.

Tak Kak o0neM B k-mpocTpaHcTBe, OpUXORANMIACA Ha OJHO Pa3pemeHHOe 3Ha-

genne k, ects Ak = 8n®/V [em. (2.18)], ynobno samucath
S (k)= g SV F (K) Ak, (2.28)
Kk K

nmockoabky B mpepene, korna Ak — 0 (1. e. V — oo), cymma >, F (k) Ak mepexopur
B WHTErpan 5 dkF (k), ecam Tonpko ¢pymknma F (k) cymecTBeHHO He MeHAETCHA Ha

1) CTporo roBOpH, PUAGEPr — 3TO DHEPIHs CBA3H B NPuliukeHnH GeCKOHEYHOM MACCH Hpo-
TOHA. DIEKTPOH-BONBT IPEACTABAACT coboil PECPIMIO, KOTOPYIo npiobperaeT OJME 3JeKTPOH NpH
mpoxoykeHHy Iotennuana 1 B; 1 3B = 1,602-10-12 spr = 1,602-10779 Ik,

2) MHOMKUTETH 2 HEOGXOAMM, TOCKONbKY JUIf KayKIOro suadeHnA K paspemensl fBa CIRHOBLIX

YDOBHSA.
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Tabruya 2.1

dHepray, TEMIEpATYphl, BOJHOBHIC BeKTOPHI M ckopocTH (epMH HEKOTOPHIX MeTaxloB 2)

OneMenT /e, € °B Tp, 104K khp, 10° cut v, 10 cM/c
Li 3,25 4,74 5,51 1,12 1,29
Na 3,93 3,24 3,77 0,92 1,07
K 4,86 2,12 2,46 0,75 0,86
&b 5,20 1,85 2,15 0,70 0,81
Cs 5,62 1,59 1,84 0,65 0,75
Cu 2,67 7,00 8,16 1,36 1,57
Ag 3,02 5,49 6,38 1,20 1,39
Au 3,01 5,53 6,42 1,21 1,40
Be 1,87 14,3 16,6 1,% 2,28
Mg 2,66 7,08 8,23 1,36 1,58
Ca 3,27 4,69 5,44 1,11 1,28
Sr 3,57 3,93 4,57 1,02 1,18
Ba 3,7 3,64 4,23 0,98 1,13
Nb 3,07 5,32 6,18 1,18 1,37
Fe 2,12 11,1 13,0 1,71 1,98
Mn 2,14 10,9 12,7 1,70 1,96
Zn 2,39 9,47 11,0 1,58 1,83
Cd 2,59 7,47 8,68 1,40 1,62
Hg 2,65 7,13 8,29 1,37 1,58
Al 2,07 11,7 13,6 1,75 2,03
Ga 2,19 10,4 12,1 1,66 1,92
In 2,41 8,63 10,0 1,51 1,7%
Tl 2,48 8,15 9,46 1,46 1,69
Sn 2,22 10,2 11,8 1,64 1,90
Ph 2,30 9,47 11,0 1,58 1,83
Bi 2,25 9,90 11,5 1,61 1,87
Sh 2,14 10,9 12,7 1,70 1,96

a) IpurBeneRnbie B Tabanne sHAYEHNA PACCYNTAHE O BeJINYMMAM rs/a.,, copepxanmmca B Taban. 1.1; npm
aroM OBJIO MPMHEATO, 4TO m = 9,11-10-28 r.

paccroaamax mopsaaka 2n/L B k-mpoctpancrse !). C y9eToM 3TOro MBI MOMeM Ipe-
ofpasoBare (2.28) m sammcaTsb

&
8ns

F (k)= |

F (k).

(2.29)

[Ipumenas ¢opmyny (2.29) mis KOHEYHHIX, HO MAKPOCKONUWIECKH GONBIIEX

\1
cmcTeM, BCeTAa MpefmoiaraiT, uTo seamauna (1/V) D) F (k) mpakTuaecku we OTIH-
JaeTcA OT ee 3HAUEHNA, HOJYUaeMoro B mpefiesie GeCKOHEYHOTo ofpeMa (Hampumep,

1y Hambolnlee m3BeCTHHIM clIiy4aeM, KOIAAa TAKOH Mepexof] HEBOIMOKEH, SBIAETCR KOHASHCA-
uuA upeanbHOT0 Gose-rasza. IIpu paccMOTpeHME MeTaniO0B HOMOOHON Mpo6GJIeME HUKOTAA HE BO3--

HHUKaeT.
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_ MpPeAmoJaraerca, 4To B KyGe m3 Mefim co cropoHoidl 1 ¢cm Ha efEHmmY 00beMa Ipu-
XOOHTCA TaKasA Ke DIeKTPOHHas dHeprufA, Kak M B aHAJOrAYHOM KyGe co cropo-
HOE 2 cm).

Ucnonvsya dopmyay (2.29) ana BeraucieHus sHeprum (2.27), moxydaeM s
TJIOTHOCTH HHEPTMH 3JIeKTPOHHOIO rasa CIefYIomee BhIparKeHue:

E 1 2L 1 ﬁzk%.
p=mm | K= (2.30)
r<hp,
YUro6s Haiitu E/N, T. e. 5JHEPTA0 OCHOBHOTO COCTOAHMA B pacueTe Ha O{MH BJIEKTPOH,
reoGxogumo mopenntk (2.30) ma N/V = k}/3n?, 910 nmaer

E 3%y _3
BTOT pGBYJILTaT MOKHO 3an0UCaTh TaK}Ke B BHuUle
E 3
&= hsTr, (2.32)

rne I'p (memnepamypa Pepmu) onpenensercsa GopMyaoin

Tp= £ 82 4o, (2.33)

kp = (rs/ap)?

3aMeTHM, YTO B OTJIHYHE OT HONYYeHHOIO 3[eCh Pe3yabTaTa B KIACCHIECKOM rase
SHeprusA, HNpUXOIAMAACA HA ONMH 2ieKTpoH m paBHax %/,kpT, mpu T = 0 obpa-
maeTcs B Hyab, a 3HadeHus (2.32) pocrmraer aummb upu I = ¥/,T p =~ 10* K.
Ecunu nasectda sHepras ocHOBHOTO COCTOAHMA £, To MOMKHO PACCIATATH AaBie-
HHe, OKA3HBAEMOe 3JIeKTPOHHEIM Ia30M, UCIOJIb3ysa cooTHomenne P = —(0E/3V) 5.
ITockonbry E = 3/, N€p u sueprus &, mpomopnuoHanbHa BeluuuHe k3, KoTopas
3aBHCHT OT V TOALKO Yepe3s MHOKHUTenb n*/s = (N/V)*/s, momydaem 1)
2 E
P==5. (2.34)
MomHo paccumTaTh TaKMKe CRUMaemocTh K WM jRe MOIYIb BCECTOPOHHEIO
cmatua B = 1/K, pis KOTOPHX HMeeM
1 opP
B = = V v (235)
Ilockonpiy smeprus F mpomopnumoHanbsHa V-3, m3 dopmynw (2.34) caegyet, ato P
zasuenr or V wrax V%3, m mosrtomy

B=%P=%§=%ngm (236)
wiu
B = (;6—’/-?)5 «101° qun/cm?2. (2.37)
8/ %0

B ra6i. 2.2 Moy BceCcTOpOHHET 0 C3KATHS HEKOTOPHIX METAJIOB, PACCUUTAHHEIE
0o BeauwduwHaM Ig/a, mo dopmyne (2.37), CONOCTABIATCA ¢ H3MEPEHHBIMH 3HAaUe-
auaMn. [lo caydadHpIM HpUIMHEAM MBI IOJyIaeM 09eHbL XOpoIIee coriacue s Golee

1) 9TO COoOTHOLIEHWE MEKAY HAaBJEHUeM U TUIOTHOCTLI0 DHEPIMM OCTAETCA CIPAaBeIMBHIM
¥ IpH OTIAMIHLIX OT HYJs Temoeparypax. Cum. (2.101). [3ameTnM, 9T0 MEOTHS GOPMYIH IPHUMUTHB-
|01 Teopun 3ommepdeasa OKasaJgnCh HEIYBCTBHTEABHEIMH H K yd9eTy B3aUMOAeHCTBIIA MemRIy
anexrponamu (cM. § 23 B kmure [3*]).— Hpun. ped.]



Teopus meramnos 3omMepdenbga 53

Tabauya 2.2

Mopyau BcecTOpPOHHEro CKATHA AJAA HEKOTOPhIX THNHYHLIX METAILIOB 3)

B, 1010 gun/cm2

Merann
71 CBOOORHHIX BJIEKTDOHOB H3MepeHHOe 3HAaYeHMe

Li 23,9 11,5

Na 9,23 6,42

K 3,19 2,84

Rb 2,28 1,92

Cs 1,54 1,43

Cu 63,8 134,3

Ag 34,5 99,9

Al 228 76,0

a) 3vavesna B 1A cBOGOOHMX DBJIEKTPOHOB paccuUTaHnl H0 hopmyde (2.37) nasg rasza CBOOOMHHX HITEKT-
POHOB C HCHOJIL30BAHMEM M3MEPeHHOH NJIOTHOCTH METAJIIIA.

TA/KENHX MEeJ0YHHX MeTaJJIoB, OJHAKO M B TeX cIydasax, korga dopmyna (2.37)
OpEBOAUT K CYIeCcTBeHHO# ommbke (Hampumep, Mias OGnaropogHHX METAJioB),
paccyuTaEHHe HO He#l 3HaYeHNS B HMeIOT Bee jKe IPABMJIBHEI HOPAKOK BeIHYHHEL
(xoTA OHM M OKa3HBAITCA TO B 3 pasa (olbmie, TO B 3 pasa MeHbINe M3MEPEHHEIX).
Brno G aGcypmBEBIM O3KHAATH, UTO AaBjeHMe rasa CBOGOJHHX 3JEKTPOHOB CaMo-
oo cefe OZHO MOJHOCTBIO OIpeENeNsieT CONPOTHBIEHWE METANIa CRATHIO, TeM He
MeHee Taba. 2.2 moxasmBaer, 9TO 9TO JaBJeHHE BO BCAKOM CJIYYae CTONB JKE BAFKHO,
Kak m fApyrme addexTr,

TEPMOIUHAMUYECKNE CBOJICTBA TA3A
CBOBOJHBIX 3JEKTPOHOB.
PACIIPE[IEJIEHUE ®EPMH — JUPAKA

Ecam TeMmepaTypa OTAWYHA OT HYJsI, TO IIOMHMO OCHOBHOTO cocTogHma [N~
IEKTPOHHOH CHCTEMH HeO0XOOUMO pACCMATPHEBATE TAKKe H ee BO3OY:KICHHHE
COCTOAHHUA. DT0 CBA3AHO C TEM, 9TO B COOTBETCTBMHM ¢ (PyBAaMeHTaJbHEIMH OPHHIIH-
TaMd CTATHCTHIECKOHR MeXaHUKN XapaKTePUCTHKH N-9aCTHIHON CHCTEMEl B TEILII0BOM
paBHOBECHE NIpH Temueparype 7 MONKHE BHUUCIATHECA IYTeM yCpPeJHEHNs II0 BCeM
CTAI[AOHAPHHM N-9aCTUYHHM COCTOAHUAM; KayKIOMY TAKOMY COCTOAHMUIO IPHHHMCH-
Baerca Bec Py (E), mpomopnuonanbumil e E/kpT:

o ERpT
Py (E) = ——5— (2.38)
M T

(3necy E, — oHeprus @-ro CTANMOHAPHOTO COCTOSHUA N-DIeKTpOHHOH CHCTeMH,
a CyMMHPOBaHHe Bef[eTCA IO BCeM TAKHM COCTOAHMAM.)

3HaMeHaTeNb B BEIpakeHuu (2.38), KOTODHIA HA3HBAKT CTaTHCTHYECKOH CyM-
Moil, cBfi3aH co cBoGoxuoit sueprueit [expmronsna F = U — TS (U — BHyTpeH-
HAA BHePTusA, S — DHTPOIMA) COOTHOUEHHEM

Ze'Eg/kBTze_FN/kBT. (2.39)
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Beuny sroro Bripamenme (2.38) mMomHO mepemmcaTh B Gollee KOMOAKTHOM dopme:
—~(E—F )k
Py (E)=e "7TN"8T, (2.40).

W3-3a mpuununa 3anpeta [layiau pia mocrpoeHnss N-9JeKTPOHHOIO COCTOSHHSA
Heo0X0UMO 3aT0AHUTH N PasiM9IHHX OfHO3IEKTPOHHHX ypoBHe#. CiegomaTenbHO,
KasEnoe N-sJeKTPOHHOe CTAIAOHAPHOE COCTOAHAEe MOKHO ONNCATh HyTeM HMepevucie-
HuA Tex /N OTHO3JIEKTPOHHBIX YPOBHEH, KOTOpHe 3aIOJHEHH B JAHHOM COCTOSHHH.
YpesBHYaAiHO TOJE3HO BHATH BEJIMUMHY fo — BEPOATHOCTH TOTO, UTO HA MAHHOM
YPOBHE i HMEETCH 3J6KTPOH, ecJau B N-3JeKTPpOHHAA CHCTeMa HaXONUTCS B TeNIo-
BOM paBHOBecuu '). JTa BepOATHOCTH PAaBHA IPOCTO CYyMMe HEe3aBHCHMHBIX BEPOAT-
HOCTell HaxOmAeHUs /N-3JeKTPOHHOH cHCTeMBl B J000M N3 TAKAX COCTOSHHAH,
B KOTODHIX (- ypOBeHb BaHAT:

(cyMmmupoBaHume 1mo BceM V-
DIICKTPOHHBIM  COCTOAHHAM O, (2.41)
B KOTOPHX UMeEeMCS DIEKTPOH \

Ha OJHOBIEKTPOHHOM ypoBHE i).

ﬁV:EPN(Eg)

Ilis pacgera fi BOCHONB3YeMCA CIEAYIONUME TDPeMsA 3aMeYaHTAMM.

1. IlocKoJABKRY BepOATHOCTH NpedHBaHNsA 2AeKTPOHA Ha YPOBHE i PaBHA efHHMH-
Ta MUHYC BEPOATHOCTh OTCYTCTBHUA 2JEKTPOHA HA HTOM YPOBHE (TAKOBH JiBEe EIMH-
CTBEHHBIE BO3MOKEOCTH, JOOyCcKaembie mpunnunom llaymm), popmyny (2.41) mosmEO
mepenmcaTth Tak:Ke B BHIe

(cyMmmupoBanme 1o BceM V-
JEKTPOHHEIM  COCTOSHHAM 7,

F=1—=3Py(EY) B rotopsix omcymcmeyem snext- (2.42)
pPOH Ha OJHODJIEKTPOHHOM YPOB-
He i).

2. B3as mo6oe (N < 1)-31eKTpoHHOE COCTOSHNE, B KOTOPOM Ha OJHOJJEKTPOH-

HOM YpOBHe { ecmb DIEKTPOH, BCEerfa MOKHO IIOCTPOHTHL TakKoe /N-iIeKTpOHHOE
CcOoCTOsHMEe, B KOTOPOM HAa YDOBHe i 3JeKTpOHa Hem,— [IIs 3TOr0 Clefyer JIAMb
VAaAATh 3JeKTPOH ¢ i-ro YPOBHsA, He MEHsAA BaIOJHEHHd OCTaJbHHX YpOBHeEH.
Kpome toro, awboe N-sneKTpoHHOE COCTOAHUE, B KOTOPOM HA YPOBHE i 3JOKTPOHA
HeT, MOKHO HOCTPOMTH TAKUM 06GpasoM Bcero aumb 3 ogHoro (N -+ 1)-sixekTpomH-
HOTO COCTOSHUA, UMeloupezo 3IEKTPOH Ha ypoBHe i 2). O4eBUAHO, ITO YHEPTHH JA1000T0
N-snexrpornoro u coorBercTyiomero (N -+ 1)-2JIeKTPOHHOT0 COCTOAHHUEA OTAMIAIOT-
€A APYr OT Apyra Jumb Ha &; — HHEPIHI0 eJUHCTBEHHOTO OJHO3JEKTPOHHOIO YPOB-
Hf, 3aO0JHEHHe KOTOPOro pPAasinIHo B 3TUX IBYX cocroarmAx. CuexoBaTelnbHO,
3Heprum BCeX /V-3IeKTPOHHHIX COCTOSHWI ¢ HE3amOJHEHHEIM YpOBHeM [ OyayT
COBOAJATh C BHEPIUAMH COOTBeTcTBYomux (N - 1)-3JeKTPOHHHX COCTOAHHE ¢ 3a-
TONHEHHHM [-M yPOBHEM, eCJIH ME yMEHBIIUM KajKIYI0 M3 3THX HOCIeNHAX dHeprai
Ha &;. Orcioma ciexyer, 9To BhpameHne (2.42) MOKHO IIepelHCATE B CJaelyOmeM
CBOEOOpa3HOM BHAe:
[cymmapoBaHue mo BeeM (V --1)-
BIEKTPOHHHM COCTOAHHAM Q, B
KOTOPHIX ecmb dAeKTPOH Ha OJHO-
3IIeKTPOHHOM YPOBHE i].

A =1—SPy(EJH —§&) (2.43)

1) B mamEOM ciydae HAC HMHTEPECYeT YpOBeHb i, ONpeAeAeMHil BOJHOBHM BeKTOpoM k
9JEKTPOHA M IIPOSKIHEH s eT0 CINHA HA HEKOTOPYIO OCh.

2) A UMEHHAO TRKOTO, KOTOPOe HOJYYaeTCA HyTeM 3aHOJHeHHsI BCeX YDOBHeH, 3aOJHEHHHIX
8 N-3IeKTPOHHOM COCTOAHMH, n4lkc i-ii YPOBEHb.
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Ho ¢ ygerom (2.40) moxEBO TakuM o6pasdoM mpeo6pas3oBaTh CliaraeMble dTOH CYMMBI:

Py (Bq "' — &)= @™ Py (BT, (2.44)
rae XUMUYeCKWH IIOTeHIMana | UpH TeMmbeparype 7 omopemeinsercs BHIpaKeHUEM
p= P — Fa. (2.45)

lloncraBnasa (2.44) B (2.43), Haxomum
[cymmupoBanue mo BeeMm (N -+1)-
N __ 4 (B;~w/lkgT N+14 QNEKTPOHHBIM COCTOAHUAM O, B 2 .46
fi =1—e® B F Py (Ea™) KOTOPBIX ecmb 3JEKTPOH HA OJIHO- ( )
3JICKTPOHHOM ypoOBHE I].

CpaBuuBas cyMMu B (2.46) u (2.41), mb BaguM, garo u3 (2.46) cienyer cooTHOMEnne

3. ®opmyana (2.47) mpencraBaser coGoii TOYHOE COOTHOMEHHE MEMKY BepOAT-
HOCTAMH 3aIOJHEHUS i-I'0 0JHO3JIEKTPOHHOTO ypoBHA B N-smeKTpoHHOU 1 B (N--1)-
DIEKTPOHHOR cucreMax npu Temumeparype 7. Horma N oueHB BesiKO (a Hac 00HYHO
maTepecytor N mopsagka 10??), Gero OB aGeypHoM Hpefgmosarath, 910, Jo0aBUB
BCErO JIMMMb OJUH JONMOJHUTEIBHHI DIEKTPOH, MBI MO;KEM CYMECTBeHHO H3MEHHUTH
9Ty BEpPOATHOCTb MAdA CKOJIBKO-HEOYAb 3HAUMTEJNBIIOr0 YHUCIAa OJHOINEKTPOHHEIX

3 "~ .
yposueit '). IToaromy B (2.47) MOKHO 3aMeHHTH fﬁv‘ ! 11a fﬁv 1 paspemuThb 3aTeM 3TO
YypaBHEHHE OTHOCHUTEJIBLHO fﬁv :
1

fi = ¢ (BiWRET

B nocaenynomux ¢dopmynsax MH He yKashHBaeM B SBHOM BHje 3aBHCHMOCTH f;
or N, Tak Kak B JI060M cliydae OHA BXO[NWT B BHIPaJKEHWs JHMb Yepe3 XUMUUECKHH
morennuan p [em. (2.45)]. Ilpn samanHHX sHadeHWsAX f; BermgmHy N BCerfa MOMKHO
paccumraTh, 3aMedad, 9TO f; eCTh CpefHEe THACIO IEKTPOHOB Ha OHOJIEKTDOHHOM
ypoBae i %). Iloaromy mosmnoe 9mcio 3aexTponoB N paBHO IPOCTO CymMMe CPeIHHX
gHCceN 3allOJHeHHs JJsd BceX YPOBHei:

1
N ;fi 126(&-—;n/k31-+1- (2.49)
Jro BplpameHme ompepelser /N Kak QyHKIMIO TeMoepaTypsl I' ¥ XMMUYECKOIO IO-
TeHRmaxa (. B GonbmmMHCTBE 3ajadv, ONHAKO, GHIBAIOT 3aJaHbl KaK pa3 TeMIepaTypa
g N (mam same mriorHocTh n = N/V). B rakux caysasx ¢opmyny (2.49)mcmoas-
3YIOT AJIs OLPeNeJeHNss XUMUICCKOr0 IOTeHNMAaIa L KaK QyHRuuy n 1 I', 9To mMo3Bo-
JIeT UCKIIOYATE €0 U3 MOCIeAYIOMUX GOpMyJI U UCIOIB30BATh TOABKO TEMIEPATYPY
7 mwriotHocTh. ONHAKE XUMWUYECKHH MOTeHNMAl HpeNCTaBASAeT 3HAUMTENBHEIM CaMo-
CTOATEeJBLHHE HHTEpec B TepmMofuHaMuie. HekoTopsie s ero BaKHBIX CBOMCTB pac-
CMOTPEHH B IpunoeHum B 3).

(2.48)

1) JIaA THOMYHOTO YyPOBHA u3MeHeHHe N Ha euHUIY NPUBOAMr K N3MEHEHNWI0 BEPOATHOCTH
samoJyHeHus HA Beawdmuy mopsapka 1/N. Cm. sapgauy 4.

2) HAorasameabcmeo. Y POBeHb MOKET comepsKaTh O win 1 aneKTpon (Goapimee MUCIO SAGKTPO-
H0B 3ampemerno npuranunoM Ilaymu). CpegEee YHCIO BIEKTPOHOB TOTAA PABHO €NUHHNE, YMHOMKEH-
HOIl Ha BePOATHOCTb HAXOKJEHHA OJHOTO BJIEKTPOHA, IUIIOC HYJh, YMHOMKEHHEIN Ha BEPOATHOCTH
HAXOKeHNA HYIA 3JIeKTPOoHOB. TakuM 00pasom, Cpej(Hee TUCIO INEKTPOHOB HA YPOBHE THCJICHEO
paBHO BEPOATHOCTH €0 3aIOJHEHHMA. 3aMeTHM, UTO 9TO yTBEPIKIeHue OO OB HECIPABE/JINBO,
ecii OH OBLJIO paspemieH0 MHOTOKpPATHOE 3al0JHEeHUe YpOBHEl.

3) XuMudecKuii HOTeHIUAJ HUrpaeT ropasgo Oosee QYHIaMeHTAIBHYIO pOJib, KOTrZa pac-
npenenenye (2.48) BHBoguTcsA u3 0OJBUIOr0 KAHOHWYECKOTO aHcamGuaa (cM., Hampumep, KHUTY
Peiigpa [2]). B npusegernoM Brlle HECKOJBKO HETPARMIIMOHHOM BHIBONIE, KOTOPHI TAKMKC MOMKHO
gaiiTn B KHOre [2]. ucrnoanzoBajcA Jnnib KaHOHAYECKHil aHCAMOIb.
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TEPMOJUHAMNYECKUE CBOUCTBA
CBOBOJHOI'0 3JJIERTPOHHOTO TA3A.
HNPMMEHEHHNE PACIHPEJEJIEANA ®OEPMU—IUPAKA

B rase cBOOORHEIX ¥ HE3aBHCHMBIX DIEKTPOHOB OJHO3JIEKTPOHHBIE YPOBHH
ONUCHBAIOTCA BOJTHOBEIM BeKTOPOM k M COMHOBHIM KBAHTOBHIM YHUCJIOM S: SHEPIHH
yPOBHe# He 3aBUCAT OT § (B OTCYTCTBUE MAarHUTHOTO IOJ) M OHPefensioTcs BEpa-
menneMm (2.7), T. e.

h2k?
€ (k) =—— 2.
(k)=2E (2.50)
Yoenumea npesxie Bcero, uTo QyHKLusA pacupefenenus (2.49) coriacyerca ¢ BhiBe-
NleHHBIMH BHIIe cBolicTBaMmu OCHOBHoro coctosnus (mpm I = 0). B ocmoHOM co-
CTOAHHMU BaHSATH T€ U TOJIBKO Te ypoBuu, y Korophix (k) < &€y, mosromy B 0CHOB-
HOM COCTOSHWHN (YHKIUS paclpelesieHusa AOJKHA WMETh BHI

fkszi, g(k)<€F’o
—0, €(k)> & (2.51)

C npyroit croponn, B unpeene I — O pacmpemenennme @epmnm — [lupara (2.48)
nproGperaer BHJ

limfks-—“l, g(k)<uy
T-0

=0, &k >p. (2.52)
Yrobm pTH ABa BbIpa;KeHUA ORLIN COBMECTHBI, TOJIMKHO BBIIIOJHATBCA yCJI0OBHE

lim p = &p. (2.53)

T-0

KHak ME BCcKOpe yBUAMM, XUMHYECKUH HOTEHIMAJ MeTaJJIOB BIJIOTH {0 KOMHAT~
HO# TeMIepaTyps 0CTAeTCA HOYTH TOYHO paBHEM sHeprum Depmu. Ilostomy, umesn
JeJo ¢ MeTaJllaM¥, 9acTO He pasjudaloT 9TU ABe Beawdauusl. Ilomo6Hoe momymenwe,
OJHAKO, MOKeT IPUBOAUTH K onacHEM omubkaM. 1lpu TounmX pacgerax HeoOXOqUMO
VYUTHBATDH OTIMYNE XAMUIECKOTO LOTEHIMAJNa | OT ero 3HadeHus & p s HYJeBoH
TeMIepaTypH.

OpumM u3 HamOosee BajKHBIX TPUMEPOB IpuUMeHeHus craTucTHRu Depmu —
Jupaka MoeT caysKmTh pacder 3JeKTPOHHOTO BKJIAla B YAEABHYIO TEMIOEMKOCTH
MeTaJia NpU HOCTOAHHOM o0neme:

o= (57)y=(3F)y ¥=7- (2.54)

B unpubammenun HesaBHCMMEIX 3JIeKTpPOHOB BHyTpeHHsd osHeprua U paBHA cymme
mpousBefiennit & (k) Ha cpeflHee 9HCJIO JIEKTPOHOB Ha NAHHOM YpOBHe, B3ATOk
M0 BCeM OJHODJIEKTPOHHHM YpOBHsM 1):

U=236 (k) f (€ (k). (2.55)
k

UYTo6H DOAIePKHYTH, 4TO fx 3aBHCHT 0T k TOXBKO Yepe3 sHepruio siekrpona & (k),
MEI BBeJH pynryuw Depmu

1 .
f(e“‘a’)=————g(%_u)/k31.+1 | (2.56)

1) Kak oGHYHO, MHOMKUTENb 2 OTPa:KaerT T0 00CTOATENbCTBO, UTO Ka/blit ypoBenb k Momer
COfIep/KaTh JIBa DHJIEKTPOHA ¢ HPOTUBOIOJOMKHEIMM OPHEHTAUAMH CLHIIHOB.
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Ecnin mogenuTh ofe d4actu paBeHcTBa (2.55) Ha obbem V, mcmoabays COOTHOMmMEHUE
(2.29), To miorHocTh sHeprmu u = U/V MojkHO 3ammcarb B BUAe

u = S—Z%%’(k) f (€ (k). (2.57)

Paspenup va V Tarske m ofe wacTu cooTHomeHus (2.49), MOKHO HomoaHHTE (2.57)
BHIpayREHNEM JIJIs1 TIOTHOCTH bIeKTpoHOB . = N/V U ncmois30BaTh €ro A NCRII0-
9eHHMs XMMHYECKOTO HMOTeHTHaJa:

dk
n = {4 FE®). (2.58)
Ilpu pacuere uurerpasos tuma (2.37) u (2.58), Kotopre umeoT gopmy
{ s F (8 (), (2.59)

9aCTO MCHONB3YIOT TO OGCTOSATENBCTBO, YTO NMONLIHTEIPAJNBHOE BHpPAKEHNE 3aBHCUT
ot k nums wepes suepruio anerrpona & = h%k?/2m. Ilepexona B nuterpane k cepu-
4eCKUM KOOpjuHaTaM W 3aMeHsisa k ma &, mMeeMm

k2dk

[ e - | 2

0

S dég (¢) F (€). (2.60)

oo

3necs

O VT SN
(2.61y
=0, & < 0.
IMockoapky muTerpan (2.59) mpepcraBasier mpenea cymmsl (1/V) kE F (€ (k)), us

Bujia Bepakenus (2.60) caepyer, uto
g(€)dé = ( ) X [9MCI0 OXHODJAEKTPOHHHX ypOBHeH
B uuTepBajde dHepruit or & mo & --dE]. (2.62)

Ilo sroit mpmumne g (é) Ha3LIBAIOT INIOTHOCTBHIO YPOBHE B pacuyeTe Ha eIHHHILY
ofpeMa (JIKM YaCTO OPOCTO IIOTHOCTHIO YPOBHeit). Y{o6HO 3anucarth g B Buje
3 n € \l2
&) =37 (=) €>0; 2.63)
g)=5g-\%5 ) - >0 (2.63)
=0, € <0,
rie &€ p n k p onpedesens coorsomenusmu (2.21) u (2.25), oTHocAmMEMUCA K HyJeBO
remueparype. OcoGeHHO BajKHO 3HATh YNCJIEHHOEe 3HadeHHe IJIOTHOCTH YDOBHER

y noBepxuoctn Depmu, KoTOpoe MOKeT OHITH IPEACTaBIEHO B IBYX DKBUBAJEHTHBLIX
dopmax, BHTeKalomux u3 coorHomenmit (2.61) u (2.63):

g (Er) =T | (2.64)

nian

(2.65)

(& =5 g




58 I'naga 2

Wcnonrsays BBeleHHoe o0o3HadeHme, samumeM Bepaxenus (2.57) u (2.58)
clefyloluM oOpasom:

u= g d€g (€) €1 (&) (2.66)

n— S d€g (&) f (€). (2.67)

— 00

Msl mpomenaiy 9TO HE TOJNBKO, YTOOH YIPOCTUTH 0003HAUEGHAA, HO MAKKHE U ILOTOMY,
4TO NPH moj00H0] 3anucy IpnbamusKenne cBOOOIHAX 3JEeKTPOHOB MCIOIb3YeT s JUINb
MU KOHKPETHOTO BRIYMCJIEHNs IUIOTHOCTH ypoBHe# g mo ¢opmynam (2.61) u (2.63).
Ecau onpefeanTs HIOTHOCTh YpPOBHe# ¢ moMompio BHpameHus (2.62), To Bepase-

f
10
€
a M
f
1,0
R
i
y2s
(j b
AE=kgT

(&—w)
Pur. 2.3. 3asucnmocts pynxmun Gepmu j (§) = 1/[eB 4 -+ 1] or & npu 3ajaHEEOM 3HAYCHAH
pua I = 0 (a) u kyT = 0,01 (6).
an TUIIHYEBIX METAJNINYECKNX IIOTHOCTAX IOceqHee 3HAYEHE COOTBETCTBYET KOMHATHOI TeMaeparype. I-(pmabxe
DPaBNMYAIOTCA JHIIb B 0GNACTH OOpPARKA hgT BOIHM3H .

uns (2.66) u (2.67) ocralorcs cupaBeZIHBEIMA AJs JTI0G0H COBOKYOHOCTH HOB3aWMO-
JeficTByomux (T. €. He3aBUCHMBEIX) BJI6KTPOHORB 1). BBuHAY 9Toro mosmHee MEL CMOKEM
OpUMEHATH IoxydeHHsle u3 (2.66) u (2.67) pesynpTaTH OpPH PacCMOTPEHHMH IOpa3fo
Gonee CIOKHEX MoJeJedl He3aBHCUMBEIX 3JIeKTPOHOB B MeTaJlie.

B obmem ciyuae unTerpans (2.66) u (2.67) nmeioT H0BOJILHO CIOMHYIO CTPYK-
Typy. Hada HExX, ogHAKO, MOKHO 3aOHcaTh HPOCTOe PasjioKeHWe, OCHOBaHHOe Ha
“TOM, 9TO IIOYTH HPH BCEX TeMIepaTypax, HpeIcTaBIAIUX HHTepec A MeTaJjoB,
T ropasno mensme Temuoeparypst @epmu (2.33). Ha ¢ur. 2.3 npencrasiena GyrKina
f(€é) mpu T = 0 u Upn KOMHATHOH TeMmepaType NJs THUINIHEIX METAJIMIECKUX
muoraocreit (kzT/p =~ 0,01). Bugro, uto f oTamuaerca or CBOero 3HaYeHHs IPH
HyJeBO@ TeMIepaType JUmb B Majod ofiacTu mupuHON mopsaka kpT BOAH3E W.

(=~}

Hosromy oramume wmHTOrpadoB THHA 5 H (&) f(€) dé or ux 3HadweHmis mIA

-00

€r
HYJeBOH TeMIIepaTyphl 5 H (&) dé momHOCTBIO ompefieaseTcs BHAOM (yHKIEE

—00

1) Cm. ra. 8.
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H (&) B6amsr 10ukd € = p. Ecin H (&) mensercs He caummKoM GHCTpo B ofaacrn
mApuHOH nopaAnka k 7 B6IEW3H TOYKH |, TO TeMOePATYPHYIO 3aBHCUMOCTh WHTErpajia
MORHO [OBOJIBHO TOYEO PACCIUTATH, 3aMeHsAAa PyHkuumio H (€) Ha cymMMy HECHONb-

KAX NePBHX WICHOB ee pasioskeHus B pax Teitmopa mpm & = u:
H(€)=3 2 H(®) E—wr (2.68)
n nl
n=0 ‘5::M

IJTA BHYACIEHHAA IpoBeleHHl B mpumiaoxkennu B. Pesyannrar mmeer gopmy psanma

S H(8)f(8) d€ = SH(%)ngr S (kBT)Z"an(%;;:—_llH(E) foyr  (2-69)

oo —o0 n=1

Ha3EBaeMOro pasiodeHmeM 3oMMepdennia ). 3pecs a, — GespasmepHEie HOCTOSH-
HEle HopAgKa eqaauUEl. {15 Tex PyHKuui H, ¢ KOTOPHIME OGHIHO IPAXOJUTCA AMETh
Jeso, XapaKTepHHH MacmTa® W3MeHEHHs II0 dHEPTUAM OKa3BBAETCA MOPAMKA W H,
BooGme roBops, BemmiuHa (d/dé)™ H (&) |g—, mmeer mopsamox H (n)/p™. Korma
3T0 TAK, KasKAHHA MOCAeyIOMUA dWieH B pas3nosKeHHu 3omMepdelbla OTIHIAETCA
or mpepugymero MuomuTeaeMm O (kpT/n)?, 1. e. maokureaem O (10-*) mpu KomHAT-
Hoii Temneparype. G y4eToM 3TOro HpW KOHKDETHHIX BHAUCJIEHHAX U3 BCeH CYMMH
{2.69) ocraBigioT JHmMb mepBHIA U (0%eHb pedko) Bropoit wieHn. OHE HMEIOT cie-
Ayomud ABHHE Bup (CM. OpumioskeHme B):

5 H (§) f (8) 46 =
A (2.70)

m
= | H(®)at+ 35 (sl H (n) + 555 (esT) 17 () +0 (222)°,

Yrobs paccuiuTaTh yHeJAbHY0 TEIIOEMKOCTh MeTajlia OpPM TeMOepaTypax, Ma-
JHX 0 cpaBHeHHI0 ¢ I, BocHOaB3yeMcs pasioskeHunem 3omMmepdensbma (2.70)
U OpAMeHHM ero K maTerpasiam (2.66) m (2.67) nua mioTHOCTH 9HEPTUHM U IIOTHOCTH
gHUCIa DJIEKTPOHOB]

u—=

&g (6) A8 + - (ksT)? (ng’ (W) +& (W1+0 (79, (2.71)

n—=

g(€)dE + 2= (kyTY2 ' (1) 40 (TY). (2.72)

[ Y ey 3

Kak MH ceifac mogpo6Ho moKasKkeM, U3 BepaskeHUA (2.72) ciaeayer, 4To u oTIAMYaer-
ca oT cBoero 3Ha%eHAA & p npu T = 0 ammp Ha BeamuuHy mopapxa I'2. IlosTomy

1) Pasnoxxenue (2.69) ABAgeTCA TOTHRM HE BO BCeX CIydasx, OHAKO OHO JOCTATOTHO HAIEHK~
HO, ecam pymxiua H (€) He mmeeT ocoGerHOCTEH HemoCcpefCTBEHHO BOAM3m Touku § = p. Ecau,
ganpumep, H oOmagaeT ocobemmocTsio Ipu € = 0 [Kak MIOTHOCTH ypoBHEH (2.63) mus cBOGOXHKIX
9JeKTPOHOB], TO B PABMAOKeHHU MEl IIOTEPAIHN WieHk HOpAnKa exp (—p/kgT), 910 0GHIYHO cocTaB-~
JgeT OKOJOo e~190 ~ 10-43, Cm. Take 3amagy 1.
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¢ TOYHOCTBIO N0 1 MOMHO 3aOHCATH
n €r
SH(%)d%f:S H (€) d€ 1 (n— &) H (€x). (2.73)
0 0

Iloctynas aHaJgOTHMIHEIM 00pasoM ¢ MHTErpPasaMu B BHPAKEHAAX (2.71) m (2.72)
n 3aMeHssA P Ha € p B TexX WieHaX ypaBHeHM, KoTOpHe yiKe HMelOT mopamok I7?,
moxydaeM

€
u:) %g(é)d€+é’F{(” gF)g(gF)+ (kBT)zg (gF)}‘*‘

0
+ 2 (kpT)2 g (€)+O(TY), (2.74)

n~j g(6) € + { (n—Er) g (Er) + 7 (eaT)2g (Ep) } +O(T).  (2.75)

He saBucamue oT TeMuepaTyphl HepBHE WIEHH B NPaBHX YacTAX B opMylax
(2.74) m (2.75) mpefcTaBAAIOT MPOCTO 3HAYEHHA U U N ANA OCHOBHOTO COCTOAHHA.
ITockonsKy ME pacCYETHBAEM YHEIbHYI0 TEIJOEMKOCTh IPH MOCTOAHHOW IIOT-
HOCTH, BeJIWIWHA 1 He 3aBHCHT OT TeMHepa'rypm n (2.75) CBOIMTCA K COOTHOIMEHHIO

=(u—&p) g (€r) + (kBT g (&), (2.76)
KOTOpOe OIpeMeiAeT OTKIOHEHNEe XMMHYECKOro IOTEHNMANA | OT & p:
— _ _ﬁ 2 & (€r)
w=Epr— (k7). (2.77)

ITockonbKy A CBOGONHEIX 9JEKTPOHOB IIOTHOCTE ypPOBHei g (&) mpomopumonans-
Ha €2 [cM. (2.63)], momyuaem

et 1= (). e

T. €., KAK ¥ YTBEPKAAJOCh BHIIE, H3MeHEHHe | uMeeT MOpANOK T2 m cocraBisger
o6rmramo oxoio 0,01% paske mpyu KOMHATHHIX TeMOEpATypax.

B cuny coormomenus (2.76) umen B GUrypHHxX cko0Kax B BeIpameHRH (2.74)
obpamaercss B Hyib, MOTOMY BHPaKeHHe JJIA IJIOTHOCTH TeIUIOBOM SHePIMH IpH
IOCTOAHHON TIOTHOCTH DIIEKTPOHOB npn06peTaeT Goxee mpoctyio gopmy:

u-”o—l— (kBT)z (€r)s (2.79)

rje Uy — HOJIOTHOCTE 3HEPrUl B OCHOBHOM COCTOAHMH. Cnenona’renbﬁo, yYaoeJabHas
TeONJO0EeMKOCTh JJIEKTPOHHOTO ra3a TaKoBa:

73 2 .,
co= () = kTe(r) | (2.80)

H 75 CBOGONHHX 5/eKTPoHOB [eM. (2.63)] umeem

e =2 ( ’i‘fFT ) nkp. (2.81)
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CpaBHEBag 9TO BHIpaKeHHe C KJACCHISCKHM De3yJIbTATOM [JIA HAeaJbHOr0 rasa
{¢c, = 3nk/2), mu BunuM, uTo crarmcruka Depmu — Jlupaka OPUBOAMT K IOHA-
JKeHMIO yIeJbHOM TemumoeMkoc™s 3a cuer MHORHTEds (n®/3) (kpT/€ ), woropsit
OpoNOpIUOHANeH TeMIepaType M Jaske IPM KOMHATHOH TeMIepaType HMeeT HOpA-
mok Beero aumsb 1072, 1M o0BACHAETCH OTCYTCTBHE HAOGIIOaeMOTO BKIANA DIEK-
TPOHHHIX CTemeHeil CBOGOJNH B YNENbHYIO TEILIOEMKOCTh METajjia NpHM KOMHATHOM
TeMImeparype.

Korma mac He mHTepecyeT TOYHOE 3HAYEHHME HCIASHHOrO Kosdduiuenra, mose-
JeHNe yHIeJbHOH TENIO0eMKOCTH JIeTKO IIOHATH, HPOAHAJHM3NPOBAB 3aBACHMOCTH OT
TemMmepaTyph camoit pyarnmn MepMu. YBeanueHNne 5HEPTAM 5JI€KTPOHOB IMPH IOBLI-
merun Temmepatryp or 7 = 0 ofycioBieHo DHO4YTH HCKIIOYUTEIBHO TeM, dTO

£
1,0

N

b e
A&=kgT

®ur. 2.4, Oysxnusa QepMu npn He paBHOH HyxI0 TemMneparype 7.
Pacnipefienienue OTINYAETCA OT pacupeneienusa npu T = 0, DOCKOJIBKY YACTb DIEKTPOHOB ¢ SHEPTUAMM HECKOJIDKO
wmxe & ¥ (3amTpUXOBaHHAMA 06J1aCTh) HCIOEITHBAET BO30 YHIEHNE U MEPEXONUT HA YPOBHY BHIIIE € F (oGaacTth ¢ TOY-
KaMu).

9JIEKTPOHH ¢ HeprusaMu us obaacru mupuHoi mopsgka O (kzT) Hmxe &p (Ha
¢ur. 2.4 910 3amMTpPEXOBAHHEAA 007aCTh) BO3OYKIAIOTCA M mMEPeX0IAT B 00JaCTh DHED-
rau mupnaoi O (kpT) soime & p (o0macTs ¢ Toukamu Ha ¢ur. 2.4). Uncao BosOymx-
JIeHHEIX TaKHAM 0GpPa3oM 2JIEeKTPOHOB B pacdueTe Ha eIUHUNY 00beMa PABHO IDHpUIE
mHTepBana sHepruu kpT, yMHOKEHHOHl Ha IIAOTHOCTH, YPOBHeH B efuHHIE 00Le-
Ma g (€p). HManee, sneprus BosGy:meHAsa cama uMmeer HOpARoK kT, mosTomy
HOJIHAA IJIOTHOCTH TEILIOBOHM 3HEPTMM LpeBHINAeT ILTOTHOCTH SHEPIHU OCHOBHOIO
cocToAHMA Ha Beamduny uopsagka g (&) (kzT)?. llpoBemenHoe paccyskieHue He
No3BOJIsIeT IOJIYYATh TOYHOrO YHCIEHHOr0 MHOKHUTenas n°/6 B ¢dopmymae (2.79),
HO 71aeT BO3MOKHOCTE IIPENCTABUTH MPOCTYI0 QU3NIECKYI0 KAaPTUHY ABISHUA U MOIe3-
HO Ipu rpyOHIX OIEHKAX.

IIpencrazanme JamHEAHOro BRI&JA B YAEAbHYIO TEIJIOBMKOCTH IpPeRCTaBisgeT
coboit ofHO M3 Ba;KHEIX caejncrBui cratucrnku Mepmum — JJupaka. OHo Ho3BoAsET
eIl pa3 MPOBEPUTH TEOPHIO JIEKTPOHHOrO ra3a B MeTaJiax IPU YCJIOBHE, 9TO CTeLe-
HE CBOGOJBI, OTIMYHEIE OT 3MEKTPOHHBIX, He JAOT CPABHUMOTO MW (OJBIIEr0 BKIa-
Ja. B medicTBUTENBHOCTH OKA3KIBAETCH, YTO IIPW BHICOKUX TeMIEpaTypax OCHOBHOMR
BRJIAJ B TeII06MKOCTE BHOCAT MOHHEIE cTeneHn cBobonasl. OTHAKO IPU TeMIeparypax
ropasyo HUMKe KOMHATHOM MX BKJIAJ HajjaeT OPONOPIIUOHAIBHO KyOy TeMIepaTypH
{cM. ra. 23) ¥ mpu oYeHb HU3KMX TeMIEPATYpax CTAHOBUTCA HUKE BJIEKTPOHHOTO,
KOTODHIA yMeHbmiaeTcsa JWHeilHo ¢ Temmeparypoit 7. UroGH pasfenurs 3T JBa
BKIaZa, OGHYHO CTPOAT KPUBYIO 3aBUCUMOCTH ¢,/T or 7. JleficTBUTeNbHO, IPA yue-
Te SJeKTPOHHOTO ¥ MOHHOTO BKJI3Ja TEMIOEMKOCTh TpHM HU3KAX TeMOepaTypax
cocTaBiIgeT

¢, =T + AT?; (2.82)
Torjga
-°-;-= v+ AT2, (2.83)

osTomy anmnefino sKCTpamoaupys KpuBylo ¢,/T BEH3 g0 7° = 0 um Haxojs TOYRY
ee MePeceIeHns ¢ OChI0 ¢,/ T, MOXEO onpeneauts y. OGN0 N3MepsieMble B YKCOEPH-
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MeHTe yAeJbHHEe TEImJ0eMKOCTH MEeTaJJIOB CONEPIKAT JNMHEHHKA WiIeH, KOTOPHH Ccra-
HOBATCA CPaBHEOMEIM ¢ Ky6WYecKNM Ipu TeMIeparype B HeCKOJIBKO KeJbBHHOB l).

Yacro 3HaYeHWA yAeABHONH TEMIUIOEMKOCTH YKAa3HBAIOT B JKOYAAX (HAM Ka-
TOpUAX) HA MONb Ha KedbBUH. [{oCKOABKY B OHOM Mole MeTaana copepkutca ZN 4,

Tabauya 2.5

IIpnéausuTensHble dKCIEPIMEHTANBHLIE 3HaYeBnaA ko2gduumenra nunelinoro mo 7 waena
B MOJXAPHOIl y/eNBbHOH Temn0eMKOCTH METAJIa M COOTBETCTBYIOINHWE 3HAYEHHA,
npejcrasbiBaeMuie NMpocToil Teopneil cBOGOMHBIX SNEKTPOHOB

v, 104 raj- Moap—l. K-2

DieMeHT Ornomenue 2) (m*/m)
Teopusa QKCIIEPIIMEeHT
Li 1,8 4,2 2,3
Na 2,6 3,5 1,3
K 4,0 4,7 1,2
Rb 4,6 5,8 1,3
Cs 5,3 7,7 1,5
Cu 1,2 1,6 1,3
Ag 1,5 1,6 1,1
Au 1,5 1,6 1,1
Be 1,2 0,5 0,42
Mg 2,4 3,2 1,3
Ca 3,6 6,5 1,8
Sr 4,3 8,7 2,0
Ba 4,7 6,5 1,4
Nb 1,6 20 12
Fe 1,5 12 8,0
Mn 1,5 40 27
Zn 1,8 1,4 0,78
cd 2,3 1,7 0,74
Hg 2,4 5,0 2,1
Al 2,2 3,0 1,4
Ga 2,4 1,5 0,62
In 2,9 4,3 1,5
Tl 3,1 3,5 1,1
Sn 3,3 4,4 1,3
Pb 3,6 7,0 1,9
Bi 4,3 0,2 0,047
Sbh 3,9 1,5 0,38

2) IIockONMBKY TeopeTHdeCiOe BHAYEHME Yy TPONOPIMOHAIBHO NJOTHOCTH YDPOBHel B6amMBHM YpOBHA
depMu, KOTOPAA B CBOIO Ouepelbh NPONOPIMOVAIBHA DIEKTPOHHOI MacCe m, WHOIIA N0 YAEJALHON TENIIOEMKO-
CTH OUPEfeNAlT CIEeNMAaJbHYI0 9POeKTHBHYIO Maccy m*, TaKkylo, uro0bl BeanduHa m*/m OhJIA DaBHA OTHOIIEBHRIO
H3MEPEHHOTO 3HAYEHNA ¥ K 8HAYCHUIO, NOJYY2EMOMY B TEOPHM CBOGOIHHIX 9JIeKTPOHOB. OmBRako 3dpdexrusnyro
Maccy, HalffleHHYIO 10 TeIJIOEMKOCTH, HEJb3A OTOMKAECTBIATDH € KAKOIi-TN60 M3 MHOPEX NPYruX 9QPEeKTHBHHX
Mace, UCIOJIb3YEMBIX B TE€OPUW TBEPNOro Teja. (CM., HAIPUMED, TePMUHEI, OTHOCAHINECA K NOHATHIO «addex-
THBHAA Macca» B IPEJIMeTHOM YHasaTeje.)

1y ITocKOABKY B SKCIIEPUMEHTE TPYAHO JIOOUTHCA LOCTOAHHOMH MIOTHOCTH, OOKIYHO H3MEeDAIOT
VIeALHYIO TOIJIOSMKOCTh IIPH NMOCTOAHHOM AapieHun ¢y, OgBAKO MOKHO mOKA3aTh (CM. 3afayy 2),
9T0 AJiA rasa cBOGONHEIX JEKTPOHOB IPH KOMHATHOM TeMIepaType H HEMKe cp/cp = 1 -
=+ O (kgT/€p)?. IlosToMy NpM TaKMX TeMIepaTypax, KOT/a BJEKTPOHHHY BKIAJ B YAEIbHYIO
TEIJIOEMKOCTh CTAHOBUTCHA HaOJIOfaeMbM (T. €. PN HECKONBKHX KeJbBHHAX), BTH JIBE Y/IeILHE®

TEIJIOEMKOCTH OTJIMYAIOTCS OfIHA OT IPYroi Ha mpeHeOpesKMMO MAlyIO BeJHITHHY,
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3JeKTPOHOB TpOBOAMMOCTH (TAe Z — BaJleHTHOCTH, & N, — u9mcio ABorajpo),
a saHmMaeMHHA uM 06beM paBeH ZN /v, To 9TO6H HafiTH TeI0eMKOCTh OMHOTO MOJ®
C, BeoO0XOOHMO YMHOMKUTL OTHECEHHYI K eAmHmNe of0heMa YAeAbHYIO TemioeMm-
Kocts ¢, Ha ZN 4/n:

2
cz_’;_zj{iéﬂgn(ﬂ, (2.84)
ge R = kgN , = 8,314 Im/moan -K = 1,99 raa/mons -K. Ucnons3ys BHpamenune
(2.65) nna mioTHOCTH YPOBHEH CBOGONHHIX 3JeKTPOHOB M pacCUMTaHHOE BHIIE 3Ha-
aenne & p/kp (2.33), nomydaem, uTo BKIAZL CBOGOTHBIX 2JEKTPOHOB B TEIIOCMKOCTH

opHoro mona paBen C = y7T, rje
y=—;—an-TZ—F=O,169Z (%)2.10-4 xas - Moast. K-2. (2.85)
0

B raa. 2.3 1aa HeKOTOPHX MeTasjioB NpUBeleHH Hafi/leHHbe 3 YKCIePUMenHTa Npu-
MepHEIe BHAYEHUA Y, 8 TAKIKE TeOpeTHUeCKNe 3HaUeHUs, PACCUMTAHHEE [ CBOHOA-
HHIX 3JIEKTPOHOB Io Qopmyse (2.85) ¢ mCcHonNB30BaHHEM BeJIMIMH I's/a, us tabm. 1.1.
OfpaTuTe BHEMaHWe Ha TO, 9TO INEJOYHBE METAJJIH HO-IpeKHEMY XOPONIO ONMCHI-
BAIOTCA Teopumeil CBOGONHEIX HJEKTPOHOB; TO jKe OTHOCUTCH U K OJaTOPOIHEIM MeTall-
aam (Cu, Ag, Au). Bumecre ¢ TeM Heo6XOIMMO OTMETHTDH CYMECTBeHHBIE PACXOKICHU A
s Fe m Mn (3KcliepuMeHTanbHOEe 3HAYEHHE HA NOPANOK IPEBHINAET TEOPETAULCKOS)
n 115 Bi u Sb (skcneprmenTansHoe 3HaUeHNe Ha MOPALOK MEHBIIE TEOPETHYECKOTO).
B nacrosamee Bpems mofgo6Gusie Goabmue pacxoskieHNA yaaeTcs 00bACHATD HA TOBOJNb—
HO obmejt ocHoBe. M BepHemcs k ux oGCysleRMo B ru. 1o,

3OMMEP®EJIBJIOBCKAA TEOPUHA ITIPOBOAMMOCTH
B METANJAX

Yto6w HafiTE pacmpefeseEde N0 CKOPOCTAM JJIs 3JeKTPOHOB B MeTaije, pac-
cMoTpmM Maubii }) amement ofnema dk okoxo Touku k B k-mpocrpancTBe. C yuerom
IBYKPATHOTO CIOHHOBOTO BHPOMIEHHS YHCIO ONHOJNEKTPOHHBX YDOBHeH B 5ToM
smemente ofbema paBHO [cM. (2.18)]

14
( yres )Idk- (2.86)
Beposatnocts 3amonHeHus kamporo yposus ects f (€ (k)), mosTomMy mosnHOoe gmeao
BJIEKTPOHOB B diaeMmeHTe ofpemMa k-IpOCTpPaHCTBA PaBHO

e (E W) dk, € ()=2K (2.87)

TockonbKy CKOPOCTH CBOGOMHOTO BIEKTPOHA € BOJHOBHIM BeKTOpOoM k ecTh

v = fk/m [¢opmyna (2.12)], ducao sneKTpoHOB B diemeHTe o6BneMa dv BOGIM3Em v

COBLAflAeT ¢ YHUCIOM BJIEKTPOHOB B obneme dk = (m/h)3dv okosno toukm k = mv/k.

CnefoBaTenbHo, MOJHOE YUCHO DICKTPOHOB B pacueTe Ha eAUHUIY 00beMa B peasb-

HOM IPOCTPAHCTBE, COJepKalleecs B dIeMeHTe IPOCTPAHCTBA CKOpocTedl dv BOIMsm
vV, paBHO

f(v)dv, (2.88)

1) NoecTaTo9nHO MajHil, 4ToOH (epmmeBcKas m Apyrue maTepecyiomue Hac ¢ymrnmm caabo
UBMEHSJINCH B BTOM 00beMe, HO J0OCTATO9HO GOJBIION, 9TOGH B HEM CO/IEPKANOCh O9€HDH MHOTO

ORHO®JEKTPOHHKX YDPOBHEH.
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rge

iy 1
T =77 s w1

Jommepdeaby 3aHOBO paccMoTpesa Mopeib Jlpyne, 3aMeHWB BCHOY KJjac-
cHUecKoe pacIpefiefieHne I0 cKopocTaM Makceenna — Boaenmara (2.1) pacopege-
nerneM Depmu — Jlmpaka (2.89). Mcmonp3oBaHme KBaHTOBOTO pacIpefeseHHsd IIO
CKODOCTAM B RJIACCHYECKOM BO BCeX APYrUX OTHOmMEHHWAX Teopuu TpebyeT oupeneneH-
BOro o6ocHOBammsa !). Hiaccmueckoe onmcanme [BWKEHHA JJIEKTPOHA BO3MOKHO
B TOM CjIydae, KOTfla ero KOOPAMHATA W MMIYJIBC MOTYT OHTH M3MEpPEHH ¢ HeobXo-
IEMOH TOYHOCTHIO €3 HapyMeHHA NPUHOWIA HeOUpeHeJeHHOCTH 2),

TunwaHE#A 5IeKTPOH B MeTajjle MMeeT IMIYIbC HopsAAKa Fk p, mosToMy, 9T0GH
KJaccHIecKoe ompcaHWe OBUIO XOPOITAM, HEONPeReJeHHOCTh MMOYJABLCA 3IEKTpPOHA
Ap momxHa GHTH Majgoil mo cpaBHenno ¢ ik p. Ilockoxsky m3 (2.22) caemyer, 4ToO
kp ~ 1/rs, Heompe[eleHHOCTh KOOPAMHATH NOJIKHA YAOBJIETBODATH COOTHOLIEHMIO

h 1
Az ~ v >> —k; ‘~ Tay (2-90)

(2.89)

r7ie B cooTBeTeTBHE C (1.2) ry HMeeT MOPANOK CPeSHEero paccTOSHUA MEKAY dIEKTpO-
HAM#, T.e. COCTABISET HECKOAbKO aHrcrpeMoB. [losToMy HKiaccmieckoe ONMCAHUE
HEBO3MOIKHO, eCIM IPUXOQUTCA PACCMATPHBATE JIEKTPOHH, KOTOPHE JOKAIN30BaHEl
Ha PAaCCTOAHHAX HOPATKA MEKATOMHBIX (TaK:Ke PABHEIX HECKOJBKMM AHICTpeMaM).
QpHAaKO 3JIEKTPOHHI IPOBOXUMOCTH B MeTajjle He HPMBHA3aHE K KOHKPETHHIM MOHAM,
a cBoGogHO MepeABUTAIOTCA No 00beMy MeTaljla. B MakpOCKONMYECKHX 00pasmnax
B GOABIMAHCTBE ClAydaeB HeT HEOGXOMMMOCTH 3aJaBaTh MX KOOPAMHATH C TOYHOCTHIO
mo 10-8cm. B mopenn [lpyne sHaHUe KOOPAMHAT 3JIEKTPOHA CYMIECTBEHHO TaBHEIM
o6pasoM B CieqyIOINUX ABYX OTHOIIEHHAX:

1. Horma x Merajny OpMJIOMEHO IepPEeMEHHOE 3JeKTPOMAarHUTHOE IIoJIe MJIH JKE
CpaJueHT TeMOepaTyps, MH JOKHEL OBITH B COCTOSHHM YKa3aTh KOOPIMHATH 3Ie-
KTPOHA C TOYHOCTHIO X0 PACCTOAHUN, MATHX [0 CPABHEHUIO C XapaKTePHKIM MAacCIITa-
$oM A, HA KOTODOM M3MEHAETCs [OJE UIW IpafjueHT TeMmueparypsl. B GoabmuscTBe
OpPAKTAYeCKUX CIYYaeB IPAI0KEHHbIe IOJA M IPAJUEHTH TEMIEPATYPHL He MEHAIOTCSA
CYIIEeCTBEHHO HA PACCTOSHUAX IOPAAKA aHICTPEMa, MOITOMY MOCTHReHMe TpebyeMoR
TOYHOCTH IPY M3MEPEHNH KOOPAUHATH AJIeKTPOHA He MPUBOAUT K HEAONyCTHMO 6015~
IIO# HeoIpejfeJeHHOCTH B ero mmuyiabce. Hampumep, sieKkTpudeckoe mose cBeTOBOMR

BOJIHE BUEMOr0 JUAIa30HA CYIIECTBEHHO MeHseTcs JMIb Ha Axuie oxoxo 10° A.
OnHako Korfa [AMHA BOJHH HMeeT ropasfo MeHbINYI0 BeIWIHHY (KakK, Halpumep,
Yy PEHTITreHOBCKUX JIydeii), TO IJA ONHCAHUA JBUMKEHNA JIeKTPOHOB, BEI3BAHHOIO Ta-
KHM ToJeM, HeoOXOAMMO HCHOJH30BATH KBAHTOBYI0 MeXaHHRY.

2. B Mogenu [{pyme HeaBHEIM 00pa3oM IMpelHoiaraerTcs TakKe, UTO HIEKTPOH
MOHHO JIOKAJNW30BaTh HA PACCTOAHNAX, TOPA3A0 MEHBINUX VIMHEL ¢cBOGOJHOTO Tipole-
ra £; BBHAY 3TOTO He cjelyeT NOBEPATh TAKUM KJIACCHUECKUM PACCY;KIeHHAM, B KO-

1) TeradgpHoe aHAJIUTHIECKO® OGOCHOBAaHME HMOCTPOMTH BECHMA CJIOMKHO, IMOCKOJbKY PopMy-
JMPOBKA JOCTATOYHO OOM{WX ¥ TOYHHIX YCJIOBHIA, TIPM BHNOJHEHUN KOTOPHX KBAHTOBYIO TEOPHIO
MOKHO 3aMEHHTh €e KJACCUYECKMM IIPEejICIOM, IpefcTaBiseT co00H MOBOJBHO TOHKYIO 3afady.
TeM He MeHee Jie;Kaline B OCHOBE TOro JOKazaTeXbcTBA PH3HYECKHE COOOpaKeHHs1 OKa3BBAIOTCA
01YeHb MPOCTHIMH.

) CymecTBYeT TaK:Ke ellle O/IHO, HECKOJBKO 0oJjiee clielalbHOe 00CTOATENbCTBO, OPAHNIH~
BAOIEE MCUOONb30BAHHE KIACCHIECKOIl MOXAHHKH /IS ONHCAHNS DJEKTPOHOB HpPOBOJIMMOCTH.
JHePTHA JBWKEHNSA DJIEKTPOHA B INIOCKOCTH, NEPHeHAVKYJIAPHON NPUIOHEHHOMY IIOCTOSHHOMY
MATHWUTHOMY IIOJII0, KBAHTOBaHA B eJuHUNAX Ao, (cM. ra. 14). Iaske jusa moseil, focTHralomiux
4104 T'c, ora pHeprHg OYeHb Maja; TeM He MEHee B COOTBETCTBYIOIIUM 06Gpa30M NPHTOTOBJIEHHBIX
0o0pasuax mpu TemMiepaTypax B HECKOJIBKO KeJIbBUHOB TOROOHEE KBAaHTOBHE d(HPEKTH CTAHOBATCA
HabnI0aeMEIMH M MMEIOT Ba)KHOE IPAKTHIECKOe B3HATCHME.
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TOPHIX IJiHHA cBoGoxHOro mpobera ropasgo Meubme 10 A. K cuacrthio, oxkasmnBaercs,
4T0 B MeTaNiax Opu KOMHATHOH TemMImepaType Ri@Ha cBoGOgHOro mpofera mopsamka

100 A u Bospacraer ¢ HOHKeHHEM TeMImepaTypHI.

Taxum 06pas3oM, CYIECcTBYeT IMHPOKMA KiacC ABJIEHUH, KOTZA MOBeZeHHE OT-
HeJIBHOrO BJIEeKTPOHA B METAJJIEe XOPOIIO OUACHBAETCA KIACCHIeCKOoM Mexaunkoi. Tem
He MeHee JAaJIeKo He OYeBUAHO, UTO HOBefeHWe N TAaKHX DACKTPOHOB TaK:Ke MOYKHO
ommcath KiaccudecKu. leficTBuTenbHO, ecin TpuHnun [layau Tak cuibHO BauAer Ha
CTATHCTAKY NN 3JAeKTPOHOB, To 1I0UeMy 6B eMy He OKAa3HBaTh CTOAb Ke ray0oKoro
BAMAHUSA Ha BX AuHaMuKY? Ha camoM mexe 9To He TaK, 9T0 BHIHO U3 ClelyIOe aJie-
M@HTApPHOM TeOPeMEl, IPUBOAUMO HaMli Ge3 TOKa3aTexrbCTBA, KOTOPOE XOTH U ABJA-
eTCs HPOCTHIM, HO BCe ;K€ JAOCTATOYHO TI'POMO3JIKO.

Pacemorpum cucremy us N 9AeKTPOHOB, He B3aMMOREMCTBYIOMEX APYT C APYIOM
U OOABEPralomuxcs BO3MeHCTBUI0 IPOM3BOJBLHOrO DJIEKTPOMATHUTHOTO IOJIs, 3aBH-
CAIIEr0 KaK OT HPOCTPAHCTBEHHHIX KOOpPAWHAT, TaK W OT BpeMeHu. [lycrb B Hyxe-
BOX MOMEHT BpeMeHM OyTeM 3alOJHEHUWS KaKux-To /N OXHO3JNEKTPOHHEIX YpPOBHEH

(0), ..., Py (0) o6pasoBano HexoTopoe N-ajeKkTpoHHOe cocrosrme. Ilyers ;(t)
ecTh TOT YpOBEHb, B KOTOPHIA 34 BpeMs ¢ O] BO3[efiCTBHEM 3JIeKTPOMATHUTHOT O HOJ S
npeBparmiaca O yposenb P; (0), ecim ObI mMecA BCero OLUH DJIEKTPOH, HAX OIUB-
muiics B HYIeBOH MOMEHT BpemeHm Ha yposue V; (0). Torma B MoMeHT BpemeHH ¢
COOTBOTCTBYIOMEe [N-3JIeKTPOHHOe cOcTosHWe OymeT o0pasoBaHo 3amonHeHmeMm N
OHODIEKTPOHHEIX YPOBHe# P (£} ,..., Py (¢).

CieqoBaTeabHO, YTOOH HONHOCTHIO OMPeIeauTh JUHAMUIECKOE TIOBeeHne CUCTe-
MbL 3 N HEeB3aMMOJEHCTBYOIMX B3JIEKTPOHOB, TOCTATOUYHO paccMoTrperh N He3zaBH-
CHMEIX ORHODJEKTPOHHEIX 3ajlad. B YacTHOCTH, €CIM KiIaccHuecKoe NpuOIMiKeHHe
CIpaBelInBO NI KAKIOH M3 9THX OJHORJEKTPOHHHIX 3ajad, TO OHO CIPABENJIUBO
m 11 Beeit N-2iaeRTpOHHOM cucTeMsl 1).

Hcnonwsosanue cratuctuku Depmm — [lupaka Bamsaer aumb Ha Te HpecKa-
sanma mofenn [ pynme, MiA MOTyueHUA KOTOPHX HEOOXOAUMO 3HATH pacIpefeleHue
3JEKTPOHOB 110 CKopocTsaM. Keam Beamynua 1/1, XapakTepu3yoOIas YacTOTy CTOJNK-
HOBEHUH 3JIEKTPOHA, He 3aBHCUT OT ero SHEpPrum, TO W3MeHeHHWe PABHOBECHOH (yHK-
IUH pacupeleneHUs BANAeT JHIIb Ha BHYNCIEHHe [JIHHH CBoGogHOTO mpofera
JJEKTPOHA, a TaKKe Ha PACIeT TeIJONPOBONHOCTH W TEPMOBJIEKTPONBIKYINEH
CHITHL.

Cpednana oauna c¢80600n020 npote:a. Wcnoasdya vy [em. dopmy-
ay (2.24)] B kagecTBe THIUYHOM CKOPOCTH 3JIEKTPOHA M Mcxoia u3 (1.8), MoxHo ore-
HUTD CPEJIHIO NIuUHY cBoGogHOro mpobera £ = VpT:

£ =11%)° g9 (2.91)
On

¥YneapHoe compoTHBJieHHe (, NpU KOMHATHON TeMleparype cocTaBjiser or 1 xo
100 MmxOwm -cM, a BenmunHa r,/a, oOHYHO JIeKUT B Opefenax or 2 o 6; cienoBaTeqb-
HO, fasKe IPHM KOMHATHO# TeMIlepaType CpeRHAS NJINHA CBOGOTHOTO npo6era MOJKeT
GHTH TOPAZKA COTHH AHTCTPEMOB 2),

1) Orcioma ciexyeT, UTO BCAKAA KJAcCUYecKas KOHQUTypalusi, KOTOPas yHOBIAETBOpsET
npuHIKIY 3anpera Ilayau B vomenT Bpemenu ¢ = 0 [1. . cofepRuT He 60jIee OJIHOrO HICKTPOHA
¢ ONpejeJeHHLIM CONHOM B enuHMne oOheMa B 06JacTM HMNYIBCHOTO NPOCTPaHCTBA dp =

= (2nk)3/ V], 6yner yIOBIETBOPATH STOMY NPHHLUILY U BO BCE IIOCIeYIOMUE MOMEHTH BPEMEHN,
H01106nmu pe3yabpTaT MOKHO ORIIO OH HOKA3aTh M MCXOHA M3 TACTO KIACCAYECKHUX COO0pasKeHuil,
Kar MpsaAMoe claeicTBue Teopembl JlmyBumasa. Cum. 1. 12.

2) BosMoOKHO, 9TO H XOopomo, 41o [ pyjie mpu BHYACICHNH ¢ UCIOIAB30BAJ ropasjo Codaee
HE3KYI0 KJACCHIECKYI0 TeILIOBYIO CKOPOCTH — HHAYe CToJIb Godbmue AianHH cBoGojpnoro npofera
npuBesn 6K ero B 3aMeIIaTeNbCTBO 1 OH BIOJHE MOT Ol MPEKPATHTH AANbHEIIMINE 11CCAeTOBANMIA,
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T enaonposodrnocmo. [as ONEHKH TEIIONPOBOTHOCTH HO-HPEKHEMY BOC-
monbayemea (popmyaoir (1.51):

%=—;—vzrc,. (2.92)

IlpasnapHas BenmumHa yHedbHOH TemnoeMkoctd (2.81) menbmie moxygensoro Jpyme
KJIaCCUYeCKOT0 BHAUEHMA, OTJIHYAACH OT Hee MHOKuUTeNeM wnopsgka k,T/€ p;
ISl HPaBUIBHON OMEHKH BeJWIMHE U® cielyeT B3ATH He CpeAHUi KBajgpaT Kiac-
CHYECKOM TEMIOBOA CKOPOCTH, IMEIOIMMit HopAnok k ;T'/m, a smavenue vy = 2€ /m,
HPEeBHIAIONIEe KJIACCHIECKYIO BeauauHy B & o/kpT pas. IlomcraBusas Bce sTH Beju-
guEs B (2.92) m BEpaskad BpeMs PeJIaKCAIlMH Yepe3 IPOBOXUMOCTE C IMOMONIBIO
popmynsr (1.6), Haxogum
2

=2 (£2)*—2,44.10 Br.Ow/Kz. (2.93)

ol 3 e
Jro 3HavYeHHe UHCIa JIOpeHIa odeHb 0JIMBKO K moaydeHHOMY [lpyhe, Kotophii cre-
Jan [Be KOMIEHCHpYyIOmue APYTr Apyra OmMuOKH, ONYCTWB B YMCIUTENe W 3HAMEHA-
Tene MHOuTeNb k 7/€ p; OHO HAXOOWTCA B NPEBOCXOTHOM COTJIACHU C JAaHHEIMH
raGa. 1.6. Iloaguee (B ra. 13) MH yBuauM, uTo HafileHHOe HaMy 3HAYEHUE OKABHI-
BaerTcsa ropasmo 6ojiee TOYHBIM, 4eM HTO MOJKHO GBUIO OBl IPEIIONOMKUTH, CY/AA IO
oueHb IpyboMy BHBOXY ¢opmyas (2.93).

Tepmo-3. 0. c. Hax Mut Bugiean, reopus [[pyfe DpUBOAUT K CIUNIKOM GOMLIOMY
3HageHn 0 fAEPPepeHNMaTbHOR TePMO-3. K. C. JTO 3HAUEHHE TAKME MOKHO yTOYHUTD,
BOCIHOJIF30BaBMUCH cratucTHKoi Mepmu — Jlupaxa. IMoxcraBusas ypensnyio Tem-
JoemrocTs u3 (2.81) B BHpamennme (1.59), momydaem

n? k kpT kT ; .
0= "‘—G‘TB( 2 ).-.-_ _1,42( £ )-107 B/K; (2.94)
nocHefHAA BeandamHa Mewbme oneHku [pyne (1.60), ornnuasce oT Hee MHOKUTEIEM
O (kpT/€é ) ~0,01 mpu KoMHATHOH TeMmepaType.

Hdpyeue ceoticmea. llockonbRy KORKpeTHHI B pacupejeleRnd 51eKTPOHOB
O CKOPOCTSAM He HT'paeT HEKAKOH POJN TIPH pacdeTe CTATHYCCKOM M BHICOKOYACTOT-
HO¥ DpOBOAEMOCTH, Kos(dumuenTa X o0Ja ¥ MAargeTroCONPOTUBICHNs, UX 3HAYEHHHA,
HAMIeHHbIe HAMA B TJ. 1, 0CTAIOTCH HeMBMEHHBIME HEBABHUCUMO OT TOT0, HCHOOJb3yeT-
csa nm cratucruka MakcBenna — Boapnmana mau cratucruka Depmu — [lmparka.

Opaako 9TH BHBOJEL HOCIPaBeIJIUBE, €CJIH BpeMA PejaKCcanuu 3aBUCHT OT dHep-
run. Hampumep, eci¥ mpeAnIONOMHUTE, UTO DHIEKTPOHH! CTAAKUBAIOTCA ¢ HEIIONBHIK-
HEIMM PaCCOMBAIONIAMHU NEHTPAMHU, TO TOTA €CTECTBEHHO CIMTATH, YTO JIHHA CBO-
GogHOrO npoGera He 3aBHCUT OT SHEPIMM, MOTOMY' BPEMS PeIAKCAIN OKA3bIBAETCH
3aBHCAMMM OT dHepruum: v = £/U ~ £/£Y2. Bexope mocne rtoro, xak [pyme mpen-
JIOUJ OHMCHBATH METAJLI MOMAENBI0 BJIEKTPOHHOTO rasa, JIopeHI BOCIIOJB30BAJICA
KJIaCCAYECKMM pacupejeieHAeM ckopocted Maxcpenna — Boabnmana nm mokasad,
9TO eCHM BPeMs PeIaKCAalMK 8aBHCHT OT SHEPTHH, 9TO HTO JOJIKHO IPABOIUTE K TEM-
epaTypHO#A 3aBHCUMOCTH CTATMYECKON M BBICOKOYACTOTHOH HIPOBOAMMOCTEN, & TakK-
e K OTJIHIHOMY OT HYJA MAarHeTOCOIPOTHBIEHHMIO U K Koadduuuenty Xouaiaa, KOTO-
PHIA OKASHBaeTCA 3aBHCAINUM OT JOJA W OT TeMIeparypw. IlocKoabry s MeTas-
JIOB HEIPUMEHAMO KJIACCHIeCKOe pacHpeliesieHne M0 CKOpPOCTAM, HH OfHA M3 TAKHUX
MOIPABOK, KaK U CJEROBAJIO OKHUAATE, He CMOTJIA YCTPAHUTH TIybokme pacxoKieHn s
MesKIy BoiBogamu Mojenu J[pyme m sKcmepumeHTAALHEME (PaKkTaMu, OTHOCSIIUMACA
K merajanam 1). Boaee Toro, Kak MH yBEAUM HEKe (M. TaI. 13), Ipu MCIoONb30BaHUHU
HPaBUABHOTO pacHpefieseHus Ho cKopocTaM (T. e. pacmpeneinenus Mepmu — Jlupa-

1) Qpmaxo Mopens JIOpeHLa BayKHA NMPHU ONMCAHAE MOJYHPOBOIHAKOB (CM. TI. 29)s
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Ka) y9eT BaBUCYMOCTH BpeMeHW pejaKcanuy OT JHePI¥WM He OKa3HBaeT CYNeCTBEH-
HOTO BAMAHWA Ha OOJBIMAHCTBO WHTEPECYIOMUX Hac CROACTB mMeraxniaoB ). Ilpm pac-
d9eTe CTATHYECKOM ©U BEICOKOYacTOTHOM NIPOBOAWMOCTEH, MATHETOCONPOTUBIEHMH
u xoaddurmenta Xoana pes3ynbTaTH, MOJIygaeMble B NpelllojoKeHNN 3aBUCAIMIETO
0T DHEPIMH BpeMeHnu perakcanuy T (€), coBmajaloT ¢ peayibraTaMm, HOJyYEHHEIMHI
B NMpEANOJIOKEHN O T, He 3aBHCAINEM OT pHeprmu u paBuoM T (€5). B meranmax
5TH BEJIWYNHE IOYTH HOJHOCTHIO ONPeNeNsIOTCS TeM, KaK PacCenBalOTCs HNeKTPOHH
Haxojamuecs BGnmsu ypoBEsa Mepmu %), B aTom cocrouT eme onno BaskHOE CheiCTBUe
opurnuna sanpera llaynim — cooTBeTcIBYIOmiee JlOKasaTesbCTBO napo B 1. 13,

3ATAYN

1. I'a3 C60600HBIX U HE3ABUCUMNBIL IAECKTE POHOE 6 Cayude I6yx wU3me peHuil

a) KakoBo cooTHOWmEHHe MEXAY n U kp B JIByMEpHOM cayvae?

6) KakoBo cooTHOIleHHEe MeKAY kpy 1 ry B ABYMEpHOM ciayduae?

B) JloKajkute, 9TO B ABYMEPHOM ciydae IIJIOTHOCTH YPOBHeil cBOGOAHBIX »IEKTPOHOB g (§)
uMeeT NOCTOSTHHOE He 3apucsalllee oT € sHavenwe upn & > 0 u paBEa ByJI0 IpH € << 0. Kakoro
3TO0 TIOCTOSIEHOE 3HAYeHMeE?

r) TloxamkuTe, 94T0, NOCKOJNDLKY IJIOTHOCTHL YpoBHeidl g (€) LocToAEHA, B pasaoskenun (2.75)
ofpamaioTcss B HYJIb Bce YJeHH, Kpome nepBoro, coorpercrsylomero T = 0. Ilony-
9nTe oTclofa, 9ro p = €p mpu x;oboit Temuepartype.

1) BmpeanTte u3 eipaskeHns (2.67), uTo upM niotHoCTH YpoBueH g (¥), naiinennoil B 1. «B»,
cnpaBeiANBO CJEeAYIOmee COOTHOHIeNNe:

wtkgTIn(1+e

e) Ucxons us cootHourenns (2.95), oumenHnre, HaCKOJULKO [ orinvaercs or Bx. OGcynure,
CKOJIb BajKHA B YHCJIEHHOM OTHOINEHNI 1000HasA M «0INl0Ka» B pPasiokennn SoMmepdenbia 1 Ka-
KOBa MaTeMaTnyecKas NpUYuHa, HpHBojamiagd K 3Toit «muire».

—u/hBT

) F . (2.95)

2. de pMOOUHAMURA 20430 CE0GOOHBIX U HCIU U CUMBLE JA1CHIN POHOE
a) Henoardya tepMoiinHaMIYeCKHe TOJKAECTBA

ou - Js
(%) =7 (57), - 2.
v ( oT )n T ) n (2.96)
gopmyasr (2.56) m (2.57), a TaKsKe TpeTHH 3aKoH TepMopHHamMHKU (s — O npu 7 — 0), noxasknre,
90 LJIOTHOCTH dHTponuk s = S/V onpefelseTcAa BHDarkeHHEM

s= —kp S oy [FInf--(A—5) n (1=, (2.97)

rie f (€ (k)) — ¢ynrnus Qepmu (2.56).
) TiockoanbRy paBiemme P ynoBaersBopseT ypasnewnio (B.5) (cm. npuscskenme B), 1. e,

P = — (u — Ts — un), BuBennte u3 gopmynb (2.97) ciaeayninee BpIpamcHIIEC:
C ak _(hERR (R2k2[2m) —p .

Hcxops n3 Bepasenus (2.98), noramute, uto P mBasercsi oABOPOAHOI yHKLMeH CTemeHn 5/g
orpw 7, 1 e

P (M, AT) == 32 p(u, T) (2.99)

LiA M1060TO0 IOCTOAHHOTO B3HAYEHHA A.
B) Uz TepmMouHAMMUECKHX COOTHOINEHRIl, NPHABEJIeEHHX B NPUJAOKeHWR b, Busepute

cleayioniye COOTHONIEHHUS:

(f)_ﬁ) — (_j_gf_)fs. (2.100)

1) Tepmo-3. 1. ¢. mpeacTapiseT cofoil 3mech BajKHOE MCKIOYEHNe,
?) IopoOubie yTBEPIKIEHNA NPAaBUABHE ¢ TOYHOCTLIO 10 kpT/€y, BO B MeTaJNaX BTOT Napa-
MeTp Bcerja O9eHb Mal.
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r) Juddepeniupys coormoinenne (2.99) mo A, moKakmTe, 4TO HaHJEHHUe MIA OCHOBHOTO
COCTOSENA cooTHOWeHHe (2.34) Bumonnsercd NUpn mOGOE TeMmmepatype, eclii 3amACATH €ro B
Bufe 1)

2
—=u. (2.101)
3

n) Iloraure, aro, ecim kpT & €p, TO AIA OTHOWIEHWA YJeJbHHX TEIJOEMKOCTEH Iipn

HOCTOSHHOM JABJIGHNH ¥ I[IPH HOCTOSAHHOM ofbeMe CIIpaBe[INBO COOTHOINEHHE

(2)—1=5 (&) o (%)

EF
e) CoxpaHasl cieayiOmHe YIEHEL B PAa3JOKEHMU 30MMepQelbud IJA u U n, TOKa;KUTe,
970 ¢ TOYHOCTHIO 10 T3 nuas yHEeILHON TemIoeMKOCTH ¢, crpaBeivsa dopMmyda

_ e ;s . g (4p)\2 ., 2 (%p)
co="5- KbTg () —; kBng(‘fF)[15(——g(%F)) 2o |- (2.102)

3. Raaccuuecruit npedean cmamucmuru Gepmu — Ju para

Ecan dymriua @epmu (2.56) ropasjgo MeHpIEe eIUHHUB JAA JI000TO 1I0JOKUTENBHOTO
3Havenusa €, To pacupeneisenme Pepmu—npaka mepexoquT B pacupefeienne MakrcBesra—
DoannMaga, NOCKOJBLKY B DTOM CJAydae MH HMeeMm

§(8) m e EWEBT (2.103)

HeobxomuMoe W JOCTATOYHOE YCJOBHe CIpaBejIMBOCTI cooTHoHlemMs (2.103) mpu Bcex IOJO-
JKHTEJBHHIX % nMeeT BHJT

—w/k LT
e MiB

> 1. (2.104)

a) Cumran yciaosme (2.104) BEINOJHEHHBIM, IIOKaMUTE, UYTO

—w/3k T, 1/3 1 —1

re=e MBI 0y oy T (2.105)
B cowerannu c¢ (2.104) orcopga BHTEKaeT, 4TO

o> ()™

kaBT

(2.106)

HomxyueHHo® COOTHOLIEHNE TAaK/e MOYKHO PacCMATPHBATh KAK YCIOBHE NPUMEHHMOCTH Kiac-
CHYECKOH CTAaTHUCTUKU.

6) KaxoB ¢usudeckuii cMbICq TOHl JJIMHEI, 3HAUHUTEILHO GOJIBIIE KOTOPOil AOJM/KHA OHTH
BeJIMIUHA r?

B) ITorasknre, yro u3 (2.106) MOKHO HOJNYUHTH Cle[yiolNee YHCICHHOE YCIOBIHe:

rg > (ﬂ)l/z.

2y T

(2.107)

r) IloKasknTe, 9TO HOPMHUPOBOUHHIN MHOEHTeNb m%/4n3h%, BXojAmuit B sHpaxenue (2.2)
st pacnpegenenna @epmu— [upaka mo CKOPOCTAM, MOYKHO SallCaTh TaKKe B BHje BV whn x
><(m/2nkB_TF)3/2, noatoMy fg (0)/f(0) = (4/3V 7) (T/T32 [em. (2.1)].

4, Heuy6Ccmeu meavHocms GYHEUUU PACNPEICACHUH K MAABIM UIMEHENUAM
NOAHOL0 YU CAA INEKTM POHOS

IIpu BuBoje pacnpepenenns Mepmu (cTp. 54) Mu YTBEPMKAald, YTO BEPOATHOCTDL 3AIT0J-
HeHWS [JaHHOTO YPOBHA HE MNOJIKHA CYIIECTBEHHO H3MEHATHCA NPH M3MEHEHNH NOJHOrO YHMCHa

3JIEKTPOHOB Ha e{uEANy. YOemutech, 4To depmuenBckrasn ¢pymxiusa (2.56) Haxomurcs B coriacum
¢ NOAOGHHM TPEJI0IOKEeHHEM.

1) Coormomenue (2.101), copasepinBoe mpu J0G0f CTeMeHH BHPOKISHUA ICKTPOHHOTO
rasa, He UMeeT MeCTa JUIA JeKTPOHOB CO CJIOKHEIM 3aKOHOM HHCIEPCHH, KOTJA IIOTHOCTh COCTOA-

mn#i He mnpomopmmoHamsHA Y% . dopmyny (8.63).— Hpum. ped.
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a) B mpeanonoskennn kpT < €p NOKaKMTe, UTO, KOTAA YHCJIO DJIEKTPOHOB M3MEHAETCS
Ha eJMHMIYy OPH MNOCTOAHHON TeMmnepaType, XUMUUYECKHH NOTEHIHMAJ MeHAEITCsI HA BeJNYUHY

1
Ap = 2.108
V@) (2.108)
e g (%) — NJOTHOCTH YPOBHEH.
6) IloxkaskuTe, 4TO KaK CliejICTBHE HTOr0 BEPOSATHOCTL 3aMOJHEHNA Kakoro-anGo ypoBHs
MOKET TOTJa H3MEeHHUThCH He 0OoJjee WeM HA BEJIUYMHY

1 .6r 1
Af=———% — 2.109

/ 6 kgl N * ( )
[Hcnonnayiite BupaseHne (2.65) pisa naotamoctu yposueit g (€p) cBOGOABEX d1eKTpoHOB.] XoTs
B DKCTIEPHMEHTaX MOTYT OHIThH JOCTUTHYTH TeMIePaTYPH LOPHJAKA MHJAJUKENBBRHOB, IPH KO-
Topux ¥p/kpT =~ 108, masxe B »ToM cayuae npu N = 1022 peanunma Af oKaselBaeTCA Bee eme
nperebpesKUMoO Majoi.
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HEJJOCTATKHA MOJIEJIN
CBOBOIHBIX 3/IEKTPOHOB

Teopus cBOGOTHEIX DJIEKIPOHOB yCHeIIHO OOBACHAET MHOIME XapaKTOPHEIe
cBolicTBa MeramnoB. Hamboinee aBHbIC HEJOCTATKE MOZENH B TOM Bujie, KAK OHAa OBLIA
mepBOHAYAIBHO Ipemiaokesa [ pyae, cBA3amel ¢ TeM, 4TO HJIA OIMUCAHUA HJTSKTPOHOB
OPOBOJUMOCTH B He#l HCIOIb3YyeTCA KIACCHYECKAs CTATHCTHIECKAS MOXaHUKA.
Benegcrsue aroro make OpH KOMHATHOM TeMmIeparype pacCIMTaHHbe 3HAYEHUA
TePMO-3. ji. C. W TEIIOEMKOCTH OKA3BIBAIOTCH B COTHH pPa3 Hoibme HalIIOMaeMBIX.
PacxomeHne Bce :Ke He Ka3aJ0Ch CTOND CEPHE3HLIM, TAK KAK KJIacCHYecKas CTaTH-
CTHKA CAydYaifHO JaeT CPaBHUTeJNHHO TOYHOE 3HaUeHHe MOCTOAHHON B 3axone Bupe-
mana — @panma. 3ommepdens] yerpaHm MoxoGHEE HEJOCTATKI, IPUMEHHB K DJISK-
TpoHaM HpoBofguMocT cratuctuky Depmu — Jlupaka, Ho ocTaBMB 0€3 H3MEHEHUS
BCe JpyrHe OCHOBHEIE MPONIOJOKEeHUsT MOAEIN CBODOIHLIX DICKTPOHORB.

OmHako MHOUEEe KOJMIeCTBEHHbBIE PEe3yJbTAThl, IOJAydaeMble B Mojedn CBOOOI-
HBIX JJAEKTPOHOB JoMmmepdeiabia, MHo-IpeHEeMy OPOTHBOpedaT JKCIePUMEHTAM;
KpoMe TOro, 3Ta MOJeldb OCTABISIST HePSIMeHIMME DAL HIPUHEIUONAIBHLX BOIPOCOB,
Huke mepedncieHsl HEJOCTATKA MOZEAH CBOJOLHBIX 9JIEKTPOHOB, OOHApPY/RMBA-
mpecss B 3alavdax, KOTOPHE OBLIM PAaccMOTpeHSl B HpedpIyNiux ABYX TaIaBax '),

TPYJAHOCTI MOJIEJI1 CBOBOAHLIX 3YJEKTPOHOB

1. OMUBKEUN B RO9D DPULUEHTAX IHEPEHOCA,
JABAEMBIX MOJEJIBIO CBOBOAHBIX AJERTPOHOB

a. Roapghpruuenwm Xoaara. Teopua cBoboxHbIX DIEKTPOHOB IPEICKA3KBALT,
910 Koauiment XoamMa IPH IUIOTHOCTAX JJIEKTPOHOB, TUOWUHEIX A MeTAJIA,
HMeeT IIOCTOAHHYIO BeIW4nHy Ry = —1/nec, Ha 3aBUCAIMYIO OT TeMIepaTypH,

1) IlpamepHl 1 3aMedaHisA, cOJeP/RAIEecs B TOH KOPOTKOIl raase, He PACCYMTAHH HA TO,
9TOOH NATh MONHOE MPEACTABIGHMUE 0 TPEdeTaX HPIMEHUMOCTH MOJENU CBOGOJHHIX DIEKTPOHOE.
JTOT BOUPOC NPOACHATCA B CAEAYIOMUX IIaBaX, B KOTOPAIX YyKA3AHK TAK/Ke IyTd PEHICHUA mMpos-
JieM, BOBHIIKAIOMMX B MOJeTn cBOOOJIHAIX dHeKTPOoRoB. Lleds HacTOAmE! TIaBK — JMmD IOIepK-
HYTb, HACKOJBKO TAYOOKI I pasH0o00pa3HE HEIOCTATKI 3TOI MOTEMM, YTO OJHOBPEMEHHO CJYKIT
o0'bACHeHMEM TOrO, IT0YeMY IIPHXOHTCA NPHMCHATH ropasIo Goljee CIOMKHBIIT AHANMS.



HepocraTky Mojes® CBOGOIHRIX 3J€KTPOHOB ki)

BpeMeHHN pesaKcalliy W HAUPAKeHHOCTH MATHHTHOTO Noas. XOTA HaOJI0HaeMHe
3HaueHUA Koadpdunmenrta Xosna HMeIOT AeACTBUTENBHO TAKON HOPALOK BeJIHYAHH,
TeM He MeHee OOEIIHO OHW 3aBHMCAT KaK OT HANPMKEHHOCTH MATHHATHOTLO IONA, TAK
I OT TeMIepaTypH (a, BePOATHO, TAKKe U OT BpeMeHH DeJaKCalliy, KOTOPOe [OBOIb-
HO TPYAHO KOHTPOIHPOBATH B pKcmepumeHTe). Hacro momo0HAA 3aBHCUMOCTh OKA-
3HBaETCA pPe3Ko BHpaykeHHo#l. Hampumep, B amommann (cm. gur. 1.4) xosddunment
Ry Beerma oTnmdaercsa Do MeHBIIEH Mepe B TPH pasa OT CBOEr'0 3HAYEHHA A CBO-
GOIHEIX 5JeKTPOHOB; HOMHUMO TOTO, OH CHJBHO 3aBHCHT OT HAUPSKEHHOCTH MATHHT-
HOTO 1O:Is, a B 0OAbMNX HOJSAX HMeeT 3HAK, IPOTUBOIOIOKHEN TPEICKa3EBReMOMY
Teopueil CBOOONHHEX 9JIeKTPOHOB. TaKue ciydan He ABIAIOTCA UCKINIeHUAMH. JIumb
KoapduineHTH XO0maa MEMOTHEIX MeTAJJ0B OOHADPY/KUBAIOT NOBeNeHHE, OJM3KOE
K IPefCKABAHHAM TeOPHU CBOOGOTHEIX OJIEKTPOHOB.

6. Masnemoconpomusaerue, V13 reopnn cBOGOTHEX 3NEKTPOHOB CIeIyeT,
9T0 CONPOTHB/IeHNMEe IPOBOJHNKA B HAIPaBICHUN, MePHEHAHKYIAPHOM HOCTOAHHOMY
MAarHUTHOMY HOJII0, He JTOJKHO 3aBHCETH OT HAOPKeHHOCTH noad. B meficrBurensHo-
CTH jKe IOYTH BCET[a TAKafd 3aBHCHMOCTDH UMeeT MecTo. B HeKOoTOpHX caydagx (oco-
OeHHO [ 61aT OPOHEIX METALIOB — MeJu, cepebpa i 30JI0TA) COIPOTURIEHAE MOFKET
BO3pacTaTh IPAKRTHIECKN HEOTPAHMIeHHO IPHM yBelmdeHHAH mojasd. B GoabmumHCTBE
MeTaJLI0B TOBeJeHNe COIPOTUBIEHNS B MArHUTHOM WOJe 0YeHEH CHIBHO 3aBHCUT OT
TOTO, KAKAM 06pa3oM IPHUTOTOBIeH o0pasern; AJd HEKOTOPHX 00pa3LoB OHO TaKKe
3aBUCAT OT OPUEHTATNH IOJS.

B. Tepmo-3. . ¢. 3HaK TepMo-3. M. €., HOAOOHO 3HAKRY MOCTOAHHOM XoJiia,
He BCerja COBIAfaeT ¢ HpefcKa3aHWeM TeOpHU CBOOONHEIX HJIEKTPOHOB. JImmsb mops-
OOK BEJWYNHH OKA3KHBAETCA UPABUILHEM.

r. 3akon Budemana — Opanua. 3axon Bugemana — Dpauna, craBoimi
TpuyMPOM TeopHH CBOOOTHEIX JJICKTPOHOB, B MEHCTBHETENBHOCTH XOPOIIO BhHIIOJ-
HfAeTCA IpPU BHCOKHX (KOMHATHEIX) TeMIepaTypax, a TakKe [0B80JBHO YacTo IpPH
OUeHh HH3KHUX TeMHepaTypax (HeCKOJBKO KeJIBBHHOB). B mpomemyrounoi obnacTm
TeMIepaTyp OH HeCHpaBe[iuB, u BeauuuHa %/01 3aBHECHT 0T TeMIEPATYPH.

g Temnepamypraus 3a6UCUMOCID CIMAMULECKOU IAEKMPONPO-
600rnocmu. Teopust cBOGORHBEIX DIEKTPOHOB He MOMKET OOBACHUTEL TOMIEPATyp-
HYI0 3aBHCHMOCTL CTAaTH9ECKON 9SJIEKTPONPOBONHOCTH (HA KOTOPYI YKa3HBAIKOT,
Hampumep. fgaHHBe Tabx. 1.2). Ee mpuxopurTes MCKYCCTBEHHO BBOJZUTH B TEOPHIO
DOCPENCTBOM CHENUAJBbHOTO TMPEeNIOJOKeHNS O 3aBUCHMOCTH BPEeMEHH peJaKCalum
T OT TeMIepaTypHIL.

e. FAGUCUMOCD  CIRAMMUUECKONU INEKMPONPOGOOHOCU O
nwanpasrernus. B HeKotopHx (HO OTHIONb He BO BCEX) MeTalJaX CTATHYECKad
BIEKTPOUPOBOTHOCTE 00pasna (OPHUIOTOBICHHOTO COOTBETCTBYIOINUM 00pazoM) 3aBu-
CHUT OT €70 OPUEHTALNY IO OTHOIIeHWIO K Toal0. B Takmx odpasmax TOK §* MOKeT OHTH
¥ He IapalieneH HOJ.

K. BbolCOROUACTROMH AL NPOBOIUMOcMb, ONTHIeCKEE CBOACTBA METAJIJIOB
HaCTOJBKO CIORHO 32BUCAT OT YACTOTH, YTO HEBO3BMOKHO Ka/Ke HAeATHCH HONYINTH
9Ty 3aBUCHMOCTEH MCXOMS W3 HPOCTOH AWSIEKTPUISCKOH NPOHWIAEMOCTH, K KOTOPOH
OPHBORUT MOTENb CBOOONHEIX 3JeKTPOHOB. Ilajke HATPUMA, KOTOPHIA BO MHOTUX OTHO-
MeHusAX XOPOIO ONMCHBAETCH MONEJbI0 CBOGOXHEIX 3JEKTPOHOB, He BHIEP/KABAET
3TOM HPOBEpKE — OH OOHAPYIKUBAeT CIOKHYIO 3aBUCHMOCTE Ko3dpunueHTa oTpaske-
HOA OT 9aCTOTH, He NPeJCKA3hBaeMyi0 Teopueii CBOOOXHHIX 3JIEKTPOHOB. B gpyrumx
MeTaniax feiao oGCTOMT emle Xyie. DeccMBICieHHO THTATHCA OGBACHUTE I[BET MeITHU
WIN 30J0Ta UCXOOA U3 K03QPUIMEHTOB OTPAKOHUNA, PACCIMTAHHEIX [0 JU3IEKTPH-
9eCKOM ITPOHUIAEMOCTH B MOAENY CBOOONHEIX HITeKTPOHOB,



72 FaaBa 3

2. OIIUBKN B TEPMOAUHAMUWYECKUX PE3VJLTATAX

a. Junetinotii uaen 6 menaoemrocmu. Teopua 3ommepdenbaa mocra-
TOYHO XOPOIO O0BACHAET BeINIHHY JuHedHoro no 7 4wieHa B HHSKOTeMIEpATYpPHOMR
TeIJI0eMKOCTH JJIA MIEJOIHEIX METAJLI0B, HECKOJIBKO XyyKe A 6IaropOTHBEIX MeTal-
J0B U COBCEM ILIOXO RIS IEePEXOIHBIX METaJI0B, TAKHX, KAK jKeje30 U MapraHel
(nperckasmBabMOe 3HaUeHHE CANIIKOM MaJd) M BHCMYT I cypbMa (Ipe/iCKa3hBaeMoe
3HAUeHHME CJIHIIKOM BEJIHKO).

6. Rybuueckuii uren 6 menaoemrocmiu. Mofeiab CBOGOLHEIX 3IeKTPO-
HOB He CONEPKHUT HUYEro, KPOME CAMHUX DIEKTPOHOB, OSTOMY OHA He B COCTOAHUH
00BACHUTE, NOUYEMY OJJIEKTPOHHHI BKJaJ B TEIWI0eMKOCTh MAOJ/IKEeH Tpeobiaalarth
TOJIBKO HIPHW HU3KHX TeMuepaTypax. MemIy TeM SKCHEPHMEHTH COBEPINEHHO OJLHO-
8HAYHO YKAa3HBAlOT, 9T0 HOIpPaBKa K JHHe#HOMY dYjieHY, npomoprmoHanbHag I3,
00yCI0BJIeHa 9eM-T0 WHKIM, HOCKOAbKY BKJIAJ 2JEKTPOHOB B wieH ¢ 7%, Domydaembii
B mpocroil Teopmm 3JomMepdesbJa, UMeeT HeNpPaBUIBHHIH 3HAK W B MUJJINOHE pas
MeHbIne HabJJI0aeMoro.

B. Coacumaemocmos memaar06. Xorg Ijisg MHOTUX METAJJIOB TeOpus cBoOOM-
HHX 9JIEKTPOHOB I0PASUTEIHHO XOPOIO IIPE/iCKA3kBaeT MOAYJH BCECTOPOHHETr O CIKa-
THA (WIH CRAMAEMOCTh), TeM He MeHee sICHO, UTO UpH BEBOfe Gojiee TOYHOTO ypaBHe-
HAS COCTOAHHA MeTajjia Heo0X0nMMO VHeJATh Oolibliee BHUMAHWE HOHAM U B3al-
MOJleMCTBHIO MeKAY BJAEKTPOHAMH.

3. ®YHIJAMEHTAJIBHBIE TPYIOHOCTU

a. dem onpeteasemess HUCAO0 IAEEKMPOHOEG RPOsoJuMmocu’ Mu
OpPeANOIORAIN, 9YTO BCe BAJEHTHEE DICKTPOHL CTAHOBATCS SJIEKTPOHAMU HPOBORH-
MOCTH, TOTHA KaK BCe J[PYTHe OCTAIOTCA CBABAHHEIME ¢ moHamu. MEI He 3aJyMEIBa-
JUCH HAJ TeM, HOYeMYy 9TO COpPaBeIJNBO W KaK CIAefyeT HOCTYIAaTh C TeMH 3JIeMeHTa-
MH, KOTOpHe, MON06HO Kele3y, MMEIOT HECKOJNBbKO PAa3JIMTHEX BaJeHTHOCTEHR.

6. ILouemy neromopsle IAEMENMBL HE ACAANOINCHA MeMALAAHMU?
CymecrBoBaHUe IUBJIEKTPUKOB CBUAETEIbCTBYET o elme Gojiee CePHe3HHIX HELOCTaT-
Kax HCHOJNB3yeMOTO HaMHU 3MIMPUYECKOro IIPaBuiia onpeflesieHUs YU ca 3IE€KTPOHOB
nposoguMoctu. llowemy, Hampmmep, Gop ABIAETCSA AUIICKTPAKOM, 8 €TI0 COCEH AJI0-
MUHHH, CTOAMUE B TOM j;Ke cToibue mepumojgmdeckoi tabnunu Menpmeneesa,— mpe-
kpaceui Merann? Ilouemy yriaepom sBasercs [UpJIEeKTpUKOM B ¢opMe aamasa,
HO NPOBOTHEKOM — B (opme rpadura? [logemy BHCMYT M CyphbMa — CTOJNb IIOXUE
OpOBONHUKHA?

OB30P OCHOBHBIX IIPENHOJIOKEHUN

UTo6H OpORBMEYTHCA fajbmie B pemenuu a000d U3 9TEX mpobiaeM, HaM Heol-
XOAUMO BHOBb PAacCMOTDPETh T€ OCHOBHHE NPEANOJOMEHUs, Ha KOTOPHX HOKOUTCA
Teopusi CBOOONHEIX 2JIeKTPOHOB. llpmBemem Hamboliee BajKHEE W3 HUX.

1. II pubauscernue ceo6oonvix asnekmponos ). Ilpenmomaraercs, aro
poiAb HMOHOB B MeTajane BechbMa HesHadmresbHa, OHH He OKAaSHBAIOT HUKAKOTO
BINAHUS Ha JNBHU/KeHNOE DJIEKTPOHOB B MPOMEMYTKAX MEKIY CTOIKHOBEHUAMH; KpOMe
TOro, xota J{pyle u CUMTaN MX OTBETCTBEHHBIMU 38 CTOJIKHOBEHHH, BCH KOJINYCCTBEH-
HaA NEGOPMALNA, KOTOPYIO YAAaeTCA HOAYYMTH OTHOCHTENBHO WACTOTH CTOJKHOBE-
HUM, TepsAeT BCAKHUHA CMEICH, €CIH ee 00BACHATH NCXOHA U3 UPENCTaBIEHUA 0 CTOJK-
HOBEHUAX DJIEKTPOHOB ¢ HENOJBMKHHIMH HOHAMH. DB [(eHCTBHTENBHOCTH WOHH

1y Cm. crp. 21.
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B mopeanx Jlpyme n 3ommepdenbra TOnNbEKO 00eCHEUNBAIOT HOARYIO B3apsAI0BYIO
HEATPAIbHOCTb.

2. I pudaudcernue He3a8UCUMNBLE daermpPporn o6 t). Mo npenebperaem
B3aMMOJICHCTBUEM BJEKTPOHOB [PYr ¢ APYIOM.

3. I pubavacenue cpemernu peaarcauuw ®). llpeanmoxaraercs, duro
pesyabTaT CTONKHOBEHHWS He 3aBUCHUT OT COCTOSHWS 3JIEKTPOHOB B MOMEHT CTOJK-
HOBEHUA.

Ot Bcex 9TuX NPeANnoJoKe N Heo0X0IUMO OTKA3aThCs, €CIOM MBL XOTHM IIOCTPO-
ETH TOYHYI0O Momeapb tBepmoro rtexa. CyHmecTBeHHOTO HPOrpecca MOMKHO. OZHAKO,
Jo0MTHCA, ecyau BHAYaje COCPEAOTOUYMTH BCe BHUMAHNE HA YJIYYIIEHWH OTAeJbHBIX
aCHEeKTOB OpmOMMKEHNsA CBOGONHBIX DIEKTPOHOB, HPONOJNIKRaAsA HO-IPEesRHEMY II0db-
30BaThCA MPUONMIKEHUAMN HEe38BUCHUMEIX HJEKTPOHOB W BpeMeHU pejakcaimu. B ri.
16 u 17 MBI BepHeMCA K KPHUTHIECKOMY aHAJW3y ABYX HOCHENHUX NPHOATREHUH,
a TOKa OTPaHMIMMCH CIeAYIOMUMY OOMUME 3aMeYaHusIMU.

CymecTByeT yAUBUTENbHO INUPOKUH KJAace 3a7ad, B KOTOPHIX WCIIOIb30BaHUE
DpubaneHNn s He3aBUCUMBIX 2JeKTPOHOB NOUYTH He CHUKAET 11@HHOCTH IT0JYYaeMBIX
pesynbraTtoB. V3 mepednciaeHHBX BRme upoGieM, BOSHAKAIONIX B TEOPUU CBOGOMI-
HEIX BJIEKTPOHOB, yTOuHeHHe HPUGHMIKEHHA HE3aBHCHMBIX 3JEKTPOHOB HpPUHIM-
I¥aJbHO CKAMKETCA AN Ha pacdere c;KEMaeMocteir MmeTannos (2.8) 3.4). OdbacHenne
TOTO, YOYEMY MORHO IpeHebperaTh B3aWMOTEHCTBUEM MERIY BJEKTPOHAMH, INaHO
Bri. 17; TaM e DPHBOIATCA W APYrHe UPUMEPH, IIPH PACCMOTPEHUN KOTOPHIX B3a-
IMOfiefiCTBE MEIKAY 9JICKTPOHAMH JAeMCTBUTENBHO HIPaeT UPAMYI0 H PEINalomylo
poOTH.

Uro e Kacaercsa DpubAmyKeBRUs BPeMeHH peJaKCalWi, To Jaske BO BpeMeHa
Jlpyne cymecTBOBAIM MeTOAL KWHETHIECKOH TeOpUHU, MO3BOJSAIOIIME OTKA3ATLCS OT
mofobroro dpeamepHoro yuopomeHus. OHE HaMHOTO YCIOMKHAIOT pPacCMoTpeHue
1 00BI9HO OPUMEHAIOTCS JNMB B TeX CAyuYax, Korjga HeoOxoammo Gosee TOYHOE KOJIU-
JeCTBEHHOE OHMCAHNE MCTANAMIeCKOro cocToAnuA., Kcau o0paTnThes K DepedncieH-
HHM BHIIEe Hpo0dieMam, TO OKa3bBAaeTCs, 9TO OTKA3 0T TNpuONMKeHHs BpeMenRn
pejqaxcanuu HeoOXOINHM [aske JUJIf KaueCTBEHHOTO aHANU3a CIPABEIANBOCTH BaKOH&
Bapemana — Mpanna B mpoMmexyTouHol obnactm rtemmeparyp (1.r)®). B ra. 16
I0Ka3aHo, KAKYH (OpMY NONKHA IMEThH TeOPUsl, €CIHU MHE BHXOJUM 3a PaMRH IIpH-
fnmKeHWs BpeMeHH peJaKcamdl; TaM jKe IpuBeJeHbl APYyrue OpPUMEpH 3afad, JJs
pemeHNs KOTOPHX Heobxofmma HOAo0HAS TeopHs.

B npulnmkenun cBoGOOHHIX DIEKTPOHOB KOPEHHUTCH OCHOBHOI WCTOYHNK TPY/-
HoCTel, ¢ KOTOPHIME CTankmBalotlcess Teopum Jipyme m 3ommepdensna. B mero Bxo-
IAT HECKOJLKO YyHOPOIIeHHH.

a. He yunThBaercs BimMsiHTe WOHOB Ha JBUIKEHNE BIEKTPOHA B TPOMEKYTHE
MeHNY CTONKHOBEHHAMU.

6. Ocraercs HeBBISICHEHHOH POJb WOHOB B CTOJKHOBCHHSAX.

B. He yunThBaeTcs BOBMOSKEOCTE TOTO, 9TO MOHK KaK CaMOCTOATeJbHEIE JUHA-
Mugeckre OOBEKTH BHOCAT CBOil BRJAI B (u3uvecKue fBIeHUA (HalpUMep, B Tel-
Z06MKOCTh HJH TeIJONPOBOXHOCTH).

1} Cm. crp. 20—21.

2y M. crp. 21 —22.

3) IImppsl B CKOOKaX YKashlBAOT HOMEPA pasfieloB B Hadaje JAHHOH TJIaBH.

1) CymecTByIOT TaKiKe CIydau, ROTAA HEJOCTATOYHOCTH MPHONMKEHUA HE3aBUCIMBIX 3JeK-
TPOEOB JielaeT OMMOOYAEIM HPOCTOE AeJNeHHC TBEPJEIX Teld HA METAIJBL 1l AUBICKTPUKH, KOTOPOe
npuBojuTeA B raA. 8 m 12 (cm. ra. 10, ctp. 191 m 32).

%) Or aroro upuOnMKeHUA UPUXOJNTCA TAKMKe OTKA3aThCA WM IPH JETAIbHOM PACCMOTPEHNN
3aBHCHMOCTH CTATHYECKOIi DNEKTPOIPOBOMHOCTY OT Temireparypni (1.m).
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Hapymennsa qonymenuit «6» 4 «B» Arpaior BajKUYIO POJIb B 00BACHEHHH OTKIIO-
HeHui oT 3aKoHA Bumemana — Dpanma mpum mpoMme;RyTOYHHX Temmeparypax (1.r),
a TaK/Ke B 00BACHEHHH 3aBHCUMOCTH 3JeKTPOINDOBOZHOCTH OT TeMuepatyph (1.m).
C HapymmeHmeM JONYIMeHHUsI «BY CBA3AHO IMOABICHHE KYOUIECKOrO WieHa B TEMI0eM-
Koct (2.6). OTKas oT 9THX ABYX JOUYMEHAR NMeeT NIPUHININAILHOE 3HATCHHE I JIJLA
00BACIeHUA PATA IPYIUX ABJIeHNWHE, KOTOPHE HaM elle IPefcTouT o6cyauTs. Brpart-
ue mofo0HLIe ABIEHUA OOUCAHEL B ria. 21, Gomee mogpoOHO HOCIAEICTBHA OTKA3a OT
OpenooKeHud «0» m «B» obcy:kpaoTca B . 22—26.

NuenHO ¢ IpegOoNoKeHTEM «a, COINIACHO KOTOPOMY HOHEHI He OKA3HIBAIOT HUKA-
KOTO BJIHAHHUA HA ABIKEHUE 3IEKTPOHOB MEKAY CTOJKHOBEHHAMH, CBA3aHH OCHOB-
gele HegocTaTku Teopuid Jpyme m 3ommepdensma, onnMcaHHBIe BHIIe. ¥ YHTATENA
MOKET BO3HHKHYTH 3aKOHHLIH BOIPOC: UeM jKe OTAMTAIOTCA NIPeJIOI0MEeHUT «ay
n «6», TOCKOIBKY COBEPIIeHHO He SCHO, KAK PA3JHAYaTh CTONKHOBUTEJIbHBIE U HECTOI-
KHOBHITEJbHLIE ACIHEKTH B TOM BO3J{CCTBHH, KOTOPOE MOHKEI OKABKHIBAIOT HA 3JI6KTPO-
He? Hmxke, ogHako, Mbl yBuanM (ocobenHo B ra. 8 u 12), 4ro ecau npeHebpedn Boz-
MORHOCTHIO JIBUAKOHHIA MOHOB ((IPUOIM/KeHNe HeIOABIKHEIX HOHOBY), TO LmoXe, CO3-
JaBaeMoe CTaTHMIeCKON MOHHOM pemeTKoM, yHaeTcd MOJHOCTHI0 YUeCTh HOCPelCTBOM
HebonbInOil MogudUKAIAT Teopuil cBOGOTHEX 3imerTporoB dpyme u 3ommepdennaa.
ITpu aroM oRa3sBIBaeTCHA, 4T0 B HONYIAWMEHCA TOOPUN CTOIKHOBEHUS NOKHE BOOO-
me oTcyTcrBoBarh! JIumb Opu ydyeTe IBUKEHUs HOHOB IPOSCHIGTCH MX POJb B IPO-
HCXOKIeHNN CTOAKHOBEHUH.

Nmes 370 B BUAY, HECKOJIBKO 0CAa0UM AONYMIEHAS, HCIOAb3YeMble B IPpUOIMAe-
HUU CBOOOMHEIX DIEKTPOHOB, MpHdYeM cHejiaeM 9TO B ABa srama. IIperme Bcero omm-
meM BCce BO3MOMKHBIE KPUCTAJIAMIECKHAE CTPYKTYPH M PACCMOTPHM, K KAKHM HOCIeN-
CTBUsIM IPUBORUT YUET TOTO, 9TO JJIEKTPOHSH JABIVKYTCA He B HYCTOM IPOCTPAHCTBE,
a B CTATHYECKOM IOTeHIUaJe, HOPOXAAeMOM JAHHOH pPEUNIeTKOA HeHONBUIKHEIX KO-
HoB. TorpKo 3aTeM (HaumHaA ¢ ra. 21) ME mepefileM K aHAAK3Y POJH JHHAMHICCKHUX
CMelleHH# MOHOB OTHOCUTEIbHO Y3HO0B CTATHIECKOHW pEeImeTKH.

I'oBops 06 monax, mpeskge Bcero cieqyer HMeTh B BHIY, 4TO OHU He 3aHUMAIOT
B HPOCTPAHCTBE CAYJadHBIC IOJOKEHUs, a 00pasyinT PeryaApHY HepuogaIecKyIo
CTPYKTYPY, Ha3hHBaeMyI0 «pemeTkoiy. B mepBylo odepens Ha 2TO yKashBaeT KpH-
cTaJNAngecKass MAaKPOCKOUMIeCKasas POpMa MHOTHX TBEDABIX TeJ (BKJI0YAs METAJLIH).
JKCHEepHMEeHTANbHO HAJIHYHe TAKOH CTPYKTYPH BHOepPBEE OHUIO HEIOCPEeXCTBEHHO
HOATBEP/KICHO HKCIEPHMEHTAMH [0 TMQPAKINU PEeHTTeHOBCKUX Jydelt (cM. 1. 6),
a BIOCIE[CTBHM BHOBH HEOMHOKPATHO LOATBEPIKAANOCH OMKTAMH IO HUPpPAKIAU
HEHATPOHOB, 3IEKTPOHHO-MAKPOCKOIUISCKUMN HCCIAETOBAHUAMY W MHOTUMHU JPYTH-
MU HEIOCPEeICTBeHHLEIMU WU3MepeRUAMH.

CymecrBoBaHHe [ePUOUIECKON HMOHHON pemieTKH nMeeT QyHIaMeHTAJIbHOE
3HaYeHNe 11 COBPpeMeHHON PusmKu TBepaoro Texa. Ha HeM OCHOBAHHE BCe aHAJINTH-
gecKue TOCTPOCHMA HTOM MUCITUIIKHE: eCau Ol TAKOH pemeTKH He OBIIO, TO TEOPHUA
BpAJ AU MOrJaa OB JOOUTHCA CTOND Cephe3HHX yemexoB. Eciaum MOMRHO HasBaTh OJHY
OPUYUHY, B CHIY KOTOPOMX TeOpHA TBePAHX Tex paspaborama ropasfo Jydme, 9eM
TeOpuA ;KUTKOCTe, x0T 06e Ty (OPMEL BeIecTBA W WMMEIOT OJM3KHe IIOTHOCTH,
TO 9TA MPUYKHA 3AKIIOYAETCA B TOM, 970 B TBEPIOM TeJe MOHE PACIOJIO0KEeHH IepHo-
AM9ecKy, TOrAa KaK B RUMKOCTAX UX HOJTOKEHHe HeyoopAXoueHHO. VIMeHHO H13-3a
OTCYTCTBHA HePUOJUYECKOr0 PACIONOKeHUsI WOHOB TeopHA aMOPPHHIX TBePAHX
TEeJ OCTAETCA B 3a9aTOYHOM COCTOSAHHW, B OTJMYAE OT YPe3BHYAHHO PA3BUTON TeOpHH
KpucTaanopl).

1y Xora B mociegree spesMsa (HaduHas ¢ KoHIA 60-X rogoB) MHTepec K aMOD(HLIM TBep/HIM
TeJaM Pe3K0 BO3POC, ITOH NUCHAIIIMHE €me IpPefcTOMT paspaboTars TaKme OCHOBOMOJATAKIIMe
OPUHIMITEL, KOTOPHE 0 CBOEH 3HAYUMOCTH MOTIH XOTA O OTaJeHHO CPaBHUTHCA ¢ TeMH CIe[-
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[TosroMy, 9T0GH IPOJOMKUTh H3yIeHHUe TBEPAHIX TeJ (METAJIOB W NUIIEKTPH-
KOB), HeEOOXOMMMO OGPATUTHCH K TEOPHH IePHOAMIeCKUX CTPYRTYDP. OCHOBHBIE CBOf-
¢TBA TAKHUX CTPYKTYP B OOIIUX YepPTAX PACCMOTPEHHI B ri. 4, O m 7 Ge3 Karux-aubo
fpusmuecKkuXx DpuMeHeHuit. B ru. 6 9TM HpeacTABIEHHS WCHOONB3YIOTCH TIH PACCMO-
TpeHHA AUPPaKUUA PEHTIEHOBCKUX Jydeld — ABIeHHA, KOTOPOE HEHOCPEACTBEHHO
[OKA3HIBAET HePUONUYHOCTH POUIETKH W CIYRUT IPooGpasoM I ITUPOKOTO Kpyra
ApyrHX BOJHOBHEIX IPOLECCOB, C KOTOPBIME MBI BeTpeTumcd mosjHee. B ra. 8—11
ACCAeNYeTCsA BIUAHNE TePUOTUIHOCTH UOHHOR PEIIeTKH HA SIEKTPOHIIYIO CTPYKTYPY
a00oro TBepAOTro Teida — MeTanaa uiam guanekTpuxa. [lomywaemast B pesyabraTe
TeéopuA MCHOAb3yeTcss B IVI. 12—15, 4ToGH 3aHOBO paccMOTPETH Te CBOMCTBA METAJ-
108, KOTOpoie Yie 6puin uccaenoBansl B 1. 1 m 2. [lpu sToM ygaerca ycTpaHUTH MHO-
THE W3 QHOMaJHi TeopUH CBOOGOJNHEIX BIGKTPOHOB W PAa3PEHINTH MHOIHE €8 3aragKiu.

CTBHAMH, KOFOPHE BHITEKAIOT U3 CYI[ECTBOBAHWUA MEPHOJUMISCKON pelleTKH HOHOB. MHOrMe mMOHA-
THA, WCHOJIB3YEMEE B TEOPUH aMODQHHX BEISCTB, 3aMMCTBOBAHEL W3 TEOPHH KPHCTAJIIHICCKIX
TBEPHKIX TeJI, IPMUIeM JAcTO 083 MOCTATOIHEIX Wi BOOOMe 063 BCARMX 000CHOBAHMI U [a3Ke HECMOT-
TPA HAa TO, YTO OHM MOTYT ORITh II0-HACTOSIOMY MOHATHEL IHUMIb KAK CIE[CTBHA MEPUOTUIHOCT U
pemerky. MaKTAYECKN eCaH IMOHUMATH IO TePMUHOM «pU3HKA TBEPAOTO Temay CogeprRaHue yIed-
HAKOB 10 (PU3UKe TBEPAOro Tejia (BRINIAA TAHHYIO KHHTY), TO B HACTOAMEe BpeMsa oH 0003HATAeT
TOABKO TEOPHI0 KPHCTANIMYSCKHAX TBEPAHIX TeJ. B 3HaYdTe sHOd Mepe 3TO CBSBAHO C TEM, 4TO
HOPMAJBbHEIM JIJIS TBOPAKIX TeJ ABJASETCS HMEHHO KPHCTAJINIeCKOe COCTOAHEE, OJHAKO CYIIeCTBeH-
HO W TO, 9TO B TeOPHE aMOPQHEIX TBEP/KX Tell B e COBPEMEHHOM BH/S BCE eIie OTCYTCTBYIOT TaKMe
mupokue PyHIaMeHTaNbHRE HPUHIANN, KOTOPHE MOKHO OHIO OH BHIOYATH B 9IeMEHTa PHAIH
yuebauK. [B mociaename romp HAMETHICA CYIECTBOHHHI IIPOrpecc B HOHAMAHUM CTPYKTYPH dIEK-
TPOHHOTO YHEPreTHIeCKOr0o CHeKTpa aMop@uHIX Tei. PasbAcHeHMA W MOAPOOHEIA CHHCOR JHUTe-
paTypH MO:KHO HaliTH B Asyx o6sopax A. JI. d¢poca (YOH, 1973, . 111, c. 451; 1978, 1. 126,
¢. 4 ).— I[Ipum. ped.}
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KPUCTAJININYECKUE PEUNIETRU

PEIIETKA BPAB3 I OCHOBHBIE BEKTOPEI
NNPOCTAA, OB LEMHOUHEHTPUPOBAHHAA U TPAHEINEHTPUPOBAHHAA
RKYBNYECKUE PEIIETKHN
INPUMUTHUBHAA AYENKA, AYENKA BUTHEPA — 3EUTIA
N YCJIOBHASl AYEWKA
KPUCTAJIJIMYECKUE CTPYRTYPHI 1 PENIETHKY C BA3UCOM
TERCATOHAJBHASA IINIOTHOYVIIAROBAHHAf CTPYRTVYPA
N CTPYRTYPA TUIIA AJIMA3A
CTPYHKTVYPBI THUITA XJIOPUOA HATPUA, XJIOPUJA [TE3UA
N HUHKOBON OBMAHKH

Ecnn 9uraTenio Huxorga He NOBOAMIOCH GPOJUTH IO MUHEPAJOIMYCCKUM 3aJlaM
B My3efX eCTeCTBEHHOM MCTOPHH, TO 6T0 MOKET YIUBHUTE, YTO METAJIIEL, MTOT0GHO 60I5-
MUHCTBY APYTHUX TBePAKX TeJ, MMEIOT KPHCTAJINIeCKyl CTPYKTypy. KBapm, ai-
Ma3, KaMeHHAafg COjb — BOT Hambojee M3BeCTHHe HAM INPUMEPH KPUCTAaNLioB. B oT-
In4ne OT HUX OOHYHO BCTPEUYANOIMeCsa METAJAH He 061aJaloT CTONh XapaKTePHHIMHI
AJIA KPUCTAJLIOB IJIOCKUMH I'DAHAMH, PACHOJO0MKEHHBIMA [0 OCTPHIMA YIJaMH ApYT
k Apyry. llpwumna »roro 3akiaiogaeTcss B OOJbHION MMJIACTHYHOCTH MeTaJJIoB,
mosBoNAIMel mpupaBaTh MM npm obpaboTke mI06yI0 HyxHYI0 dopmy. Tem He MeHee
MeTaJJIH, HaXO[AMuecs B IPUPOJe B YNCTOM BHJe, YacTO UMeIoT GopMy KPHCTAIIOB.

VICTHHHEIM KpHUTepHeM KPUCTAJLIMIECKON CTPYKTYPH CIYEWUT, 0JHAKO, He CIe-
nuduveckas dopma Goxpmoro odpasma, a IEPHOJUYHOCTD PACHOIOKEHUA €r0 HOHOB
Ha MHIKDOCKOIMYeCKOM ypoBHe !). MukpocKomumueckas peryispHOCTh RKPHCTAIIOB
HOJTO 0CTaBAaJach BCero JHML I'MIOTe30#, Io3Boiglomel Haubojgee ecTeCTBEHHHIM
00pa3oM O0BACHUTH IPOCTHE T€OMETPHIECKUE BaKOHOMEPHOCTH (JOPMEl MAKPOCKONH-
YeCKHX KPHCTAJJOB, ¥ KOTOPHX NIOCKHe TPAHM MOIYT COCTABJIATH TOJBKO OHpene-
JeHHBle YTIH APYT ¢ APYroM. ITa rumoresa HOJXYYHIA IPAMOE SKCOCPUMEHTAIBHOe
noprBepskiaenue B 1913 r. B paore Y. I'. Bparra u ¥. JI. Bparra — ocmoBareei
PeHTIeHOBCKOM Kpucraiiorpaguu, KoTophe BIEpBHE HAYAJIN HMCCICLOBAHUS PAclo-
JI0Kenns aTOMOB B TBEPAOM Telle.

Ilpemxne yem mepexoNUTh K ONMCAHUIO METONOB ONpEJeJeHUs CTPYKTYPH TBep-
IBIX TeJ ¢ TOMOINBIO Nu(PpPaKINU PEHTTeHOBCKUX Jy4eld W K 00CY;KIeHHUIO TOTO, KaK
ofBapymuBaeMele MOoNOOHKEM 06pa3oM ImepHoOUUeCKHe CTPYKTYDPHl BAUAIT Ha PyH-
AaMeHTAaJIbHEE (U3NIeCKHe CBOHCTBA BeMECTBA, IIONE3HO JaTh 0630p HEKOTOPHIX
HanboJee Ba;KHEIX FeOMETPHIECKUX CBOHCTB TPEXMEPHHX LEPHONMIECKUX CTPYKTYP.
PesynptaTsl TAaKOro TreoMeTPUUECKOTO PAaCcCMOTPEHHsA JEKAT B OCHOBE IIOYTH BCHA-
KOTO TeOpeTHIEeCKOro MOCTPOeHNs B (u3MKe TBEpOro Tejia; MMEHHO 3TOMY BOIPOCY
IocBANIEHA HACTOSIIAA TJIaBa, a Tawke ra. O u 7. O6nacty OpUMEHEHHA pa3BUTHX
OpejcTaBieHuil Upe3BHUAHHO IMHPOKA; B TJI. 6 MBI Tpemae BCEro NO3HAKOMHMCH
¢ ONHWM U3 HUX — AaHaAu30M OUPPAKIHM PEHTTEHOBCKUX JIy4dei.

1) Yacro o6paser; cocTonT M3 OOJBIIOTO 9rclia OYeHb MAJEHBKNMX KYCOUKOB, KarKABi 13
KOTODHX ABAAETCA KPYIHHM II0 MHUKDOCKOIHMYECKMM Macimmrabam um copmep:Rut Gojbmioe 9HCIAO
TIepHOANYecKH PACHOJOKOHHEX MOHOB. TaKoe «NONUKPUCTAIIMYECKOE» COCTOAHUE BCTPETIACTCA
Topa3no 4ame, 9eM MaKpocKOHH‘IBCRI/IB MOHOKPDHUCTAMNJIHM, Y KOTODHX NePUOAUIHOCTH B JIAETCA
moaHO# m oxBaTHBaeT Bech oOpasem,.
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PEIIETKA BPABD

IIpu onmcanmu 71060r0 KPUCTANIMIECKOT0 TBePHOro TeJa MCHoabayerca Qyi-
JNaMeHTaJIbHOE HOHATHE pewemkU Bpass, KoTopoe xapakTepH3yeT HePHOAMIECKYIO
CTPYKTYDy, 00pasyeMylo IOBTODAIMUMHCH 3TeMEHTAMM KDPHUCTaJJa. ITH 3JeMeH-
THL MOTYT IPEACTABIATH COGON OTAENBHEE ATOMBI, TPYIIEl aTOMOB, MOJEKYJIbI, HOHK
O T. 1., OMHAKO B HOHATHY pemneTkn Bpass Haxogut cBOe oTpaskeHNne TOJBKO TeOMeTPHA
paCIOIOKEHAA HIeMEeHTOB HEe3aBHCHMO OT TOTO, YTO B HeACTBUTEALHOCTH HPElCTaB-
JAAI0T coGoit aTH paemeHTH. JlaguM IBa DPKBUBAJEHTHEIX oLpefeseHus pemerku Bpa-
B3 1):

a. Pemetsa Bpass — sTo Geckomneunas mepmogmdgeckas crpykrypa, obpaso-
BaHHAsA [NCKPETHEIMU TOYKAMM U HMeWIIas afcoaiomHo OAMHAKOBHE IpOCTpaH-
CTBEHHLIA MOPAZIOK ¥ OPMEHTAUWIO He3aBu-

CHMO OT TOTO, KAKYIO €€ TOYKY MBI IPUHU- . . P .
MaeM 3a HCXOHHYIO.

6. Tpexmepunas pemertka bpass obpa-
30BaHA BCeMH TOYKAMU C pajuycaMu-BeK- Q.
TopamMun R Buaa

R = ma; + nea, + naag,  (4.1)

e a;, a, U a; — JA0Be TPH BeKTopa, He * °

Jie;Ranmye BCe B OXHOMI IJIOCKOCTH, a ngy,

n, 1 ng— BCEe BO3MOKHBIE I[eJIble THCIa %).

TlosToMy, 9TOOH HOCTUTHYTH TOUYKH . . . .

Eniai, Heo0XO0AMMO POLeSaTh n; ]IIaI‘OBa) Qur. 4.1. IlpousBosibHasA ABYyMepHAs pemer-

AimHoOM a; B HAIIPABIEHAN a;, Tie i=1, 2,3, %a DBpass, me obrajatomas HuKaKoif Jonoi-
BekTopHl a;, QUCypEpYOMEE B ompe- HUTEJbHOII CUMMETpPHell (Kocas ceTh).

IToxazaHbl OCHOBHBIE BEKTODEI 4; U &,. BCe TOYKM Cce-
nenesunm «G» pemeTRH Bpana, Ha3bIBAYOTCsA  TH MOMKHO TOJYYWTb, BIAB JuHelinble komOmHanun

OCHOGHBLMU 6eKMOPAMI; TOBODAT Takse, °TWX BGRIOPDE © neanl ,*,‘05‘1’3”13“;’?1“?;,""””“'
910 OHUM hoposcdalom PEHeTHY.

HBa ompesmenenus pemerku DBpaBs sKksuBajeHTHH APYr APYyry, OLHAKO 3TO
CTAHOBHTCA OYCBUAHHEIM He Cpasy. YACHEB ofa OUpeXNesieHusA, JeTKO HOHATH, 9TO
mobas pemerTka, yIOBIETBODAIOMAA ONPELENCHUIO «6», YHXOBIOTBOPAET ONHOBPEMEH-
HO ¥ ompefeseHn o «a». OMHaKO yTBeIK IeHue, 9T0 410645 PEMeTHA, YIOBIeTBOP A0
OLIPeNTeIeHUIO a», MOMeT GHThH MOPOKIEeHA ONpefeJeHHOR TPOHKOH BEKTOPOB, yKe
He CTONIB OueBUAHO. [[0Ka3aTeNbCTBO COCTOMT B YKABAHHM UPAKTHILCKOTo cHocola
HOCTPOeHHUA TPORKM OCHOBHHIX BeKTOpoB. Takoe mocTpoeHue IPOBOIUTCA B 3ajade
8, m. «a».

Ha ¢ur. 4. 1 moxasama wacth gBymepHo# pemerku Bpase ). Bugso, 4ro ona
VIOBIETBOPAET OUPeNeeHNIO «a»; Ha GUrype mzofpayKeHs TaKiKe OCHOBHEIE BEKTOPH
a; A a,, furypupyromue B onpegenenun «6». Ha fur. 4.2 moxasana onua ua zanboaee
H3BEETHEIX TPeXMepHLIX pemerok BpaBs — mpocras kyGmueckaa pemerwa. Oco-
OeHHOCTH €6 CTPYKTYDPHI CBA3AHE C TeM, YTO HTY PEmeTKY HOPOKAAOT TPH B3AUMHO
HePOeHAUKYJIAPHHX OCHOBHHX BEKTOpPA PABHOM IJIHHHL.

CymecTBeHHo, uT0 B pemeTke Bpass He TONILKO IIPOCTPAHCTBEHHOE PAaCIIOLOKE-
HEE 3JIEMEHTOB, HO U OPMEHTAIMsA BEeKTOPOB OCTAIOTCA HEHM3MEHHHMHA HEe3aBHCHMO OT

a,

1) ITpoucxokuenue 3TOro HA3BaHUA O0LACHASTCH B I, 7.

%) ME 1o-Upe;kHeMY HA3HBAEM (IEAHM UACIOM» He TONLKO TONOMUTEIbHEOE, HO U OTPMIa-
TeJbHOE 1EJI08 YUCIO U HYlb.

%) Ecau 4uciio 7 OTPALATENBHO, TO «n IIATOB B ONpe/leleHHOM HAIPABJISHAM» O03HAYAeT B eii-
CTBUTEJILHOCTH £ IDAr0B B MPOTHBONOJOKHEOM HanmpasjieHnd. CamMa TOYKa, K KOTOPOi MBI B Pe3yib-
Tate MPUXOAWMM, HE 3aBHCHT, KOHEIHO, OT MOPAAKA CIeJOBAHHA n; + N, -+ n, IMAroB.

4) JIsymMepryIo PemeTKy Bpass HA3WBAOT TAKMKE cemsio.
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touku pemeTku. O6paTHMCsa Temeph K CTPYKType, 00pasoBaHHOW BepmHHAMHU [BY-
MEPHHX «OYeJMHHX coT» (¢ur. 4.3). Ecaum «cTpomTh» TaKylo CTPYKTYpPY U3 ABYX
COCEHNX TOYeK, TO OHA GyleT BHIJIANETh OAMHAKOBO TOJBKO B TOM Cjyuae, ecid
Opu Tepexofe OT OHOH TOYKM K Apyroi moBepHYTH pucyHOK Ha 180°. CtpyrrypnbIe
COOTHOIIEHYS, OYEBUIHO, WUIEHTNYHH, HO 3T0, ONHAKO, He Cnpaeedauso Jisi

®ur. 4.2. TpexmepHas npocrasg Kybudeckas @ur., 4.3. BepuHE JIBYyMEPHBIX «YeJHHEIX

pemerka bpass. coT», ne obpasylomue pemeTKy Bpaes.
Tpw OCHOBHBIX BEKTOpa MOMHO BHIOPATHL TAK, 4T0OH Taxkasg CTPYKTYDA KameTcA OAWHAKOBON, eciiu cMO-
OHU GBIIM B3AMMHO OPTOTOHANBLHEI M MMEJIN OIUHAKOC- TPeTHL N3 TOUeK P yam Q; OAHAKO BMJI U3 TOYKM R
BYIO IUTMHY. noBepHYT HA 180° N0 CpPaBHEHMIO C BUIOM U3 TOY-
Kn P

OpHEeHTALUOHNEX COOTHOMEHNM, H09TOMY BEpPmMWHB (NUeJNWHEIX COT» He oGpasyior
pemerky DBpams. C mpakTmaeckodt Togku 3penus (onee UHTEPECHHM LPHAMEPOM
PENIeTKHM, B KOTOPOH BHIOAHAIOTCH CTPYKTYpPHEIE, HO HAPYMAXTCH OPWEHTAIWOH-
HEe TPeGOBAaHWS ONpPeJleeHUA «a», MOMKET CHYRUTH ONWCAHHAA HUKe Tpexmep-
HAf TeKCaroHaJbHas INIOTHOYHAKOBaHHAs pemeTKa.

BECKROHEYHBIE PENIETKV M KOHEYHBIE KPMCTAJJbI

Ilockonsky Bce TOUKY pemeTRu BpaBs 5KBHBAJEHTHH, OHA JOJMKHA MMeTh ec-
KOHEUHYI0 DPOTsA;KeHHOCTh. FHecomMHEHHO, peajbHEE KPMCTANJIH MMEIOT KOHOUHEIE
pasMephi, OTHAKO €CJIH HTH PAa3Mephl I0CTaTOYHO BeIUKHU, TO IPOMaaHce COJBITAHCTBO
TOYEK HAaXONMTCA CTONE HaleKo 0T IOBEPXHOCTH, 9TO e BIWAHNEM MOKHO IpeHeGpedb.
AbcrpaKTHOE MaTeMaTHYeCKoe IpeficTaBienne o (eCKOHeYHOHM CHCTeMe OKa3biBaeTcs
mMOPTOMY OYeHb UOJe3HOH upeanmsanueir. Ilpm paccmoTpeHMEN TOBEPXHOCTHBIX
oPeKToB MOHATHE pemieTKE BpaBs mo-IpeKHeMY WIpaeT BajkHYIO POAb, HO B BTOM
ciIyYae TIPUXOQUTCA YIRTHIBATH, YTO (U3WYECKW#E KPUCTAJ 3aHMMAeT JWIIb KOHEY-
HYI0 06snactTh B mpeaxsHOW pemerke Bpaso.

JacTo KpUCTANIE KOHEUHHX Pa3MEpPOB PacCMAaTPHUBAIOT HE IOTOMY, 9TO BajKHE
NOBePXHOCTHHIE 5QQeKTH, a JHIb Ja4 yIo0CTBa pacCy/RIeHnH — aHAJOTHMIHO TOMY,
Kak B Ii. 2] MBI IOMeIaJu 5JeKTPOHHHH ra3 B Ky6 o6svemom V = L3. B srom cay-
gae 06HYHO BHIOHPAIOT TaKyl KOHeuHyI0 obmacte pemerku Dpams, KoTopas mmeer
HauGojee IpocTy0 Bo3MO;KHYI0O Gopmy. Ecam 3amaHa TpoiiKa OCHOBHHX BEKTOPOB
aj, a, U a4, TO 4allle BCETO PacCMATPUBAIOT KOHEUHYIO pemeTKy ¢ N yanamu, obpa-
30BaHHYI0 MHOKecTBOM T1ouek: R = ma; + n,a, + nsa;, rme O0<{n, < Ny,
0Lny,<< Ny, 0Lng<< Ny u N = N;N,N4 310 HCKYCCTBERHOE IOCTPOeHNE Heo0-
XoAuMo i 0600MmeHusA Ha CAyYall KPHCTANINIECKHX CHCTEM TOTO HEPHOAMYECKOT O
FPAHMYHOTO YCJIOBHSA, KOTOpOE YiKe HMCOOJAB30BaJoCh Hamu B ra. 21),

1) Mu BOcmoONb3yeMcs UM B Ti. 8 u 22.
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JAJJPHEMIMWE WIJIOCTPAIIIN W BAJKHBIE HPUMEPHI

W3 nByx onpenmeaenuin pemerku bpaBs onpemenenme «0» sABasgercs Gonee
CTPOTEM ¢ MATEMATHYECKOM TOUKZ 3paHmMs, IOYTOMY MMEHHO OHO JIEKHT B OCHOBE

[ ] [ ] L] [ ] [ ] - ®
L ] L ] L] L ]
A . L——A .

[ ] [ ] [ ]

[ 4 [ ) L L ] L)
L] * L
.oxoc * . .
®ur. 4.4. HecKoAbKo BOSMOMHHIX C110c000B BmOOpa Naphl OCHOBHHX BEKTOPOB JUIA ;LVMCDHOW

pewreTkn bpags.
JJ11 HATTIATHOCTA OCHOBHBIE BEKTODBI n306paxkKeHsl BHXOOANIUMI N3 PAZNWYHBIX TOYEK PCLIOTHIL.

L]
L]

]
[4

BeaKoro ¢opManinHoro apanmsa. OQnakKo y 5TOTo ONpeNlelleHus ecThABa HebolJbIMHUX
HENOCTaTKA. Bo-NepBHX, A Beakoll 3ajannoii pemerku Bpaes BmGop rTpodknm

OCHOBHBIX BEKTOPOB OKa3blBaeTCA HeOI-
7

HOBHAYHEIM — HMeeTCsH 0eCKOHEUHOE YHCIO
S\ ttr

HeIKBHUBAJEHTHHX BEI6OpOB (dur. 4.4), wo-
aTOMY 9acTo GBIBAET HeKeIaTeNHHO (2 MHOI-
N P
\\\\ __!,—':”' 24 /
XY
///

Jla W BpeAHO) uepecyyp NojararbCca Ha
'/%?'

onpefieJieHNe, OCHOBAHHOE JHINEHA ORHOM

U3 BCEBOBMOMKHEIX BHOOpOB. Bo-BTODHX,

OpE B3TASMAe HAa NEPHOAMYECKYIO PEmeTHY A
T0UeK 0OBITHO CPABY e MOIKHO ONPENeNnTh,
BHIIOJHAETCA M NepBoe olpefielieHue; B
TO ke BpeMs Iopasao TpyAHee HeOCpencT-
BEHHO YCTAHOBUTH, CYHMIECTBYET JU TPOIKa
OCHOBHEIX BEKTOPOB, HJW NOKAa3aTh, 9YTO
0HA OTCYTCTBYET.

PaccmoTrpum, wnaumpummep, 06%eMHO-
yenmpuposaHuylo kybuueckyio (0. I. K)
peImeTKY, KOTOPasA HOJYJaeTCA, eClIU K U30-
6paskerHO# Ha ¢ur. 4.2 mpocroii KyGude-
CKO#i pemieTKe (ee y3JIH 0003HaUeHK KAk 4 )
nmobaBHTE 10 Touke B, pacLoJoKeHHOE B A
HeHTpe KamAOro m3 Maimx KyGoe (dmr.
4.5). Ha mepsmii Baraajn Mmomer UOKa- poBaEHOIl KyOuueckoil pemeTkn Bpass.
83TBCA, UTO NEHTPAJIBHEE TOIKU B HaXO: OGparure BHUMaHMe, WTO €€ MOMHO pacCMaTPHBATH
AATCA B MHOM COOTHONIEWNN © NONHOR Juoxss npoceyis kytiicciy Duicwms, cibase:
CTPYKTYPOU, YeM yriOBhie TOYKHU A. Orma— pax KyGor, nmubo;KaK NPOCTYI0O KYCUUECKYI0 pemet-
X0, BCAKYIO TIEHTPANBHYIO TOUKY B MOMKEO  4%3 Sohire wadon, Oneiona crexyer. oo 1aKan per
paccMaTpuBaTh Kak YrI0BYIO TOUKY BTOpOﬁ meTKa AeWCTRATeNbHO ABJAETCA pelneTkoii Bpass.
npoeToii KyOmueckodl pemerku. B aroi
HOBOH pemieTHe YIiOBHE TOUKH A HMCXONHOM KYGHUECKO! peIIeTKH LpelcTaBidloT
cobod 1enTPaNbABe TOIKH. [[09TOMY BCE TOUKY peIIETKH HelCTBHTEIHHO MMEIOT OlH-

®ur. 4.5. HeckonpKo y370B 001 eMEOLEHTPU-



N>

®ur. 4.6, Tpoiika oCcHOBHHIX BeKTOPOB (4.3) pus o. u. K. pemersku Lpass.

Y06 ITONYYATH STY PelIeTKY, He00X0AMMO B3ATH BCe JHHEHHbIe KOMOMHA [AA OCHOBHHX BEKTOPOR C LEJILIMU KOdD-
¢uneHramu. A Toukn P, HampuMep, P = — ay — a3 - 2a,.

8

Pyr. 4.7. Bonee cuMmerpHuHas TPoiiKa OCHOBHHX BEKTODPOB(4.4) Iis o. M. K. pemmeTkn bpasa,
Jna Touxkn P, Hanpumep, P = 2a, -+ ag 4 as.

Bepx
A
> Boemox
Hus

®ur. 4.8. Heroropsle TOUKH 1.1.K. pemerky Bpasa.
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HAKOBHIE OKPYKEHHA M 0. 1. K. pemeTKa ABasercA pemerxkoil Bpass. Ecim mcxons
Hafl OpocTag KyOmdYecKas pemerKa IOPOKIAAETCS OCHOBHHMH BEKTOPAMH

ax, ay, az, (4.2)

rie X,y I z — TPH OPTOTOHAIBHHX eAMHUIHHIX BEKTOpPA, TO B KadecTBe TPOHKH
OCHOBHHX BEKTODOB JJIA 0. II. K. PENIETKH MOKHO BHODaTh BeKTOpH (¢dmr. 4.6)

a,=ax, a,=ay, 33=%(§+§+2). (4.3)
CymecrByer m Gonee cmmMmerpwunnii HaGop (dur. 4.7):
ay=— (Y+2—%), == (2+x—y), ay== (x+y—2) (4.4)

CoBeTyeM 9HTATENI0 CAMOCTOATENBHO YOeUTHCA reOMETPUIECKUM M aHAJIHTHYECKHM
METO[[OM, 4TO 9TH ABa Habopa HeACTBATENBHO IOPOKAAIOT 0. 1. K. pemeTKy Bpass.

HJpyrum cTOnb e BajKHBIM IIPUMEPOM HBIAETCH ZpPAHEYEHMPUDOBAHHAR KYOu-
yeckas (r. . K.) pemerka Bpams. Yrobwm
MOCTPOUTSH T. If. K. pemieTky bpags, nysmHo
mo0aBUTH K IPOCTOM KYOUMYECKON pelmeTke
ma ur. 4.2 10 o HOH FOTONHUTENBHOM TOY-
Ke B IleHTpe Kaskjoi rpann (¢ur. 4.8). [laa
OpOCTOTH ONMHUCAHHA MOKHO IPeCTAaBUTH,
410 KayRAB#E Ky6 B mpocroil KybSmueckoit
penieTKe MMeeT FOPH30HTAILHYIO BEPXHIOO
U HEKHIOW IPAHM, 2 TaKKe JeTHPe BepTH-
KaJbHEIe I'Dady, 00palieHH e Ha ceBep, T,
BOCTOK ¥ 3amazn. MojKeT mOKasaThCd, 4TO
He BCe TOYKH B HOBOM pelieTKe SKBHBAJICH-
THH, HO 9TO He TakK. PaccMoTpuM, Hanpum-
Mep, Ho6Y TDPOCTYI0 KyOMUeCKyl pemier-
Ky, 00pa30BaHHYIO TeMH TOUKAMU, KOTOpPHIe
OHIM TOMEIIEHH! B HEHTDPH BCex ropusom- @ur. 4.9. Tpoilka OCHOBHEIX BeKTOPOB (4.5)
TandbHEIX TpaHeit. Temeps ToUKM MCXOTHOM fils T. 1. K. pemerkn Bpaso.
IPOCTOH KYGHYECKON pPermeTKm mBisioTea — OTVEICHHM TOum Fom + e 4 o 5 R=
MeHTPAJBHBIMU TOUKAMU TOPH30HTAJBHEIX
rpaHeil HOBOH IPOCTOR KyOWdecKo# pelrreTKM, TOT[a KaK TOYKH, DOMEIIeHHBE B HEHT-
pH  CeBeDHBIX-IO}KHBIX TpaHe#l HCXOAHOH Kyb6mdeckKoil pemerTKu, HaXOMATCH
B I[EHTPaX BOCTOYHBIX-3allaJ{HEIX I'Pameil B HOBOM pemieTKe, M Hao06oOpOT.

Touso Tak jKe MOMKHO CYUTATH, 4TO MPOCTYI0 KYOHUECKYIO pemleTKY 006pasyior
Bce TOUKH, JeKaille B IEHTpe CeBePHHX-IOMKHBIX I'paHell MCXOMHOR KyOmdecKoi
pemmeTKH, WA #e BCe TOUKH, Je;Rallue B IeHTPe BOCTOYHEIX-3aIaHbIX IpaHeil HCX o~
HO#l RyOwdgecKod pemerku. B mwboM caydae ocTaomUecs TOYKH OKA3BIBAIOTCA pac-
HOJ0KEeHHEMI B IleHTpe rpaHeil HOBOHM mpocroii kybOumueckoidt pemretrku. CoremoBa-
TeJBHO, JI00YI0 TOUKY MOKHO paccMaTPHBATH Ju00 KaK YIVIOBYIO TOUKY, Ju00 Kak
MeRAMYI0 B NEHTPe IpaHu muad aoboro m3 Tpex Bmaos rpaHefi. Taxum oBpasom,
T. II. K. pemeTKa AeHCTBHUTENhHO ABAMAETCA pemeTKoi Bpass.

CnMMeTpHYHNIT HAG0D OCHOBHHIX BEKTODOB AJNA T. 1. K. PEIETHH UMeeT BUJ

(¢ur. 4.9)

N

a=5 (Y+2), a=+ (2+%), as=- (X+39). (4.5)

I. n. . m 0. i, K. pemeTku Bpass 0c06eHHO Ba/KHLI MOTOMY, 9TO MMEHHO TAKHMYU
KpACTANINIeCKIMH PeleTKaMh (C OXHUM aTOMOM MJI¥ HOHOM B K&KIOM y3J1€ PeIeTHH)
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Tabauya 4.1
JneMeHTHI ¢ MOHOATOMHOH TpaHeNeHTPHpPOBaBHO# KyOmueckolf KpueTalingeckoii cTpykrypoit
DIEeMEHT a, A dileMeHT a, A DyieMeHT a, A
Ar 5,26 (4,2K) Ir 3,84 Pt 3,92
Ag 4,09 Kr 5,72 (58 K) 6-Pu 4,64
Al 4,05 La 5,30 Rh 3,80
Au 4,08 Ne 4,43(4,2K) Sc 4,54
Ca 5,58 Ni 3,52, Sr 6,08
Ce 5,16 Pb 4,95 Th 5,08
B-Co 3,55 Pd 3,89 Xe (58 K) 6,20
Cu 3,61 Pr 5,16 Yb 5,49

Hauuple Ta6n. 4.1—4.7 B3ATH U3 cupaBouBura Yurxodda [1]. B GonpluuHCTBE CJyYaeB T} HBEIEHB Xa H-
HEle 1Ji1 KOMHATHON TeMIepaTypH ¥ HOPMajibHOTO aTtMocdepHoro mnaBieHuA. IIJIA 5IeMeHTOB, ¢ YUIECTBYIOLINX
BO MHOPMX Mopmpukammax, yKasaHa ux craluiabHas dopMa (PopMH) NpM KOMHATHON TeMneparype. Boaee
nerayibHYI0 MHQOPMAOUIO, TOYHble 3HAUEHNA NMOCTOAHHRIX DPEMmeTKN M CCLUIKM Ha JIHTEePAaTYDY MOWHO HAlTH

B copaBouHuEe [1].

Tabauya 4.2
JiaeMeHTHl ¢ MOHOATOMHOH 00'beMHOUCHTPUPOBAHHOR KyOndeckoii KpucTakimyeckol
CTPYKTYpOif
DieMeHT a, & DieMeHT . a, A dneMeHT a, A
Ba 5,02 Li 3,49 (78 K) Ta 3,31
Cr 2,88 Mo 3,15 T1 3,88
Cs 6,05 (78 K) Na 4,23 (5K) AY 3,02
Fe 2.87 Nb 3,30 W 3,16
K 5,23 (5 K) Rb 5,59 (5 K)

ofmamaer GOABMUHCTBO TBepAEX Ten (Taba. 4.1 u 4.2). (Hpucrannos ¢ mpocroi
KyOmdecKo# pemeTHOH, OFHAKO, YPE3BHYANHO Majlo — M3 HJIEMEeHTOB IpU HOPMaJkb-
HBIX YCIOBHAX ¢I0 o6aajaeT TOABKO o-Pasza HOJOHMA.)

3AMEYAHNE O TEPMMHOJIOTNN

XoTa MBI onpefeawin TEPMUH «pemeTka Bpapoy JumMb B OpUMEHEHHH K MHOKe-
CTBY TOUYEK, ero 0OGBYHO HCHONB3YIOT TaKKe U J)ig 0003HaTeHIA MHOKECTRBA BeKTOPOB,
COeNUHAIIUX JIO0YI0 U3 HTAX ToYeK co Beemn octanbHEME. (Ilockonpky aTH Towkm
meficTBETeNbHO 06pasyiom pemeTKy DBpams, momydaemoe MHOMKECTBO BEKTODOB He
3aBHUCHT OT TOT0, KaKad HMEHHO TOYKa BRIGPAaHA B KagecTBe NCXOXHOM. ) Eme onHo 3Ha-
YeHVe TEPMMHA CBABAHO C TeM, UTo J060it BekTop R ompenenser HEKOTOPYIO mpau-
CARYUIO, WIH cJ6ue, IpU KOTOPOM BCA COBOKYHIHOCTH 5JIeMEHTOB CHCTEMBI CMOIIAETCA
KaK jKeCTKOoe IeJ0e B IpOoCTpaHCTBe Ha paccrogEme R B Hampasienun R. Ilostomy
TepMnH «pemeTka BpaBa» mcmomnsyercs u A 0003HAYEHHA MHOKECTBA TPAHCIA-
muii, oupeneasieMHX THMM BEKTODAaMH, a He TOJLKO AJA 0003HAYEHMSA CaMUX BEK-
tTopoB. Ha IpakTAKe N0 CMHCIY BCeTAa ACHO, MMEIOTCA JA B BHAY TOYKM, BeKTODHI

WIA TPAHCIALEH ).

1) Bojee mupoKoe sHAYCHHE HTOTO TEPMIHA IO3BOJAET AATh cieflylollee N3AMIHOE OIpesee-
HMe pemeTku bpass, coTeraoimee B cef6e TOYHOCTE OIpefielleHNA «a» I HelTPaabHOCTh OTpeJlelleHn
«6». Pemerxa bpass ecTb AUCKPeTHO® MHOKECTBO BEKTOPOB, He JIEKAMUX B OJHOI MIOCKOCTH,
ABJIAKMEecA [TOJHHM B OTHONIEHHH BEKTOPHOTO CHOMKEHUSA M BHIUTAHUA (T. €. CyMMa M Pa3sHOCTH
a06HX JBYX BEeKTOPOB U3 BTOT0 MHOKECTBA TaKike IPHHAAIEKAT eMmy).
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KOOPHAITHOHHOE YMCJIO

Toukm pemerku BpaBs, neskamue Guuse Bcero K NaHHOH TOYKe, HAa3HIBAIOTCA
ee Gauscatiwumy cocedamu. B cuny uepmopmunocTd pemerku Bpams miofas TouKa
AMeeT OWHAKOBOe dUmHCIO Ommkaimux cocefeit. llosromy Ttakoe umcino aBigercs
XapaKTEePUCTUKON pemieTKN 1 eTo HAa3HBAIOT KOODOUHAYUOHHBM YUCAOM DTOM pemrer-
Ku. ¥ OpocToil KyOmuecKoH pemmeTKN KOOPAMHANMOHHOE YHCAO PABHO IIECTH, ¥
06beMHONeHTPAPOBaHHON KyOWueCKOil — BOCBMHU, & Y TpaHeIleHTPHPOBAHHOM Ky-
Sudeckoii — aseHaaunatu. [loHsTWe KOOPJIMHANMOHHOrO WHCHA [ONYCKAaeT OYEBHI-
Hoe 0000Imenne U Ha IPOCTHe NepHOARdecKre CTPYKTYPHl, He ABIAIOIMUECs peneTKa-
mu BpaBs, upu ycmoBuE, YTO RajKIas TOYKA B 9TOH CTPYKType MMeeT OJUHAKOBOE
gucao Oameaimux cocepeil.

INPUMUTUBHAA AYENKA

Pacemorpum oGpem npocTpaHCTBA, KOTOPHI, 0yy9u HOJBePrEyT BCeM TPaHCIA-
nusAM, ofpasylomum pemeTKy Bpasa, samonHser Bce npocTpaHCTBO, HUrAE He mepe-
KpHIBAACH caM € cobO M He ocTaBassg OpOMe:yTKoB. Takoii oGbeM HaskBBaeTcCs

®ur. 4.10, HekoTopsie BO3MOMEBE ci1ocofp BrOpa HPHMHUTHBHOIT AveliKl ang EBYMepHOI
peutetky * Bpaso.

RPUMUMUGHOT AHEKOlU UK RPUMUMUEHOU IAEMEHMAPHOU suelikoly pemetku '» 2),
IOxa pemerkn BpaBs He cyImecTBYeT OAHOBHAYHOI'O cmoco0a BmOopa OPUMUTHBHON
Aueitkn. HecKonbKo BOBMORHEIX €HOC000B Bb6Opa IPUMHUTHBHHIX siYeeK [JSH JBY-
mepnoii pemerku BpaBs mokasamo Ha ¢ur. 4.10.

pamuTuBHas sAYefika JOMKHA CONEPKATL TOJBKO OHY TOUKY DemeTKH (ecan
ona BhOpama TakmMm o6pa3oM, UTO He CONEp;KHT ToUeK Ha HmoBepxHocrm). CiefoBa-
TeJBHO, eCJaH N — ILIOTHOCTH TOYEK B pemerke 3), a v — 00beM IPUMUTHBHON AdYeit-

1) flueiikyu, NOLBEPrHYTHE TPAHCIAANUN, MOTYT HMeTh O0mUe IIOBEPXHOCTHBIE TOUKU —
yCIOBHe OTCYTCTBUSA HMePEKPHTHA 3aIpemlaeT JUIUb NMepeKpETHe obiacteil ¢ HeHYJIEBHM O0TEMOM.

2) JumemeHTapHAA AYEHKA MOKET OHITH U HENIPUMHTUBHOIN («ycHOBHas Ad9eilKay — CM. HIKe).
B otedecTBennoil JurepaType NPUMHUTHBHYI0 A9elKy OOKYHO HA3HBAIOT NPOCTO 3JIeMEHTAPHOIL.
TloaToMy mpu mepeBojie TePMHH IPUMHTHBHAs» HUKe OOBIYHO He HMCHOJAL3YEeTCH, M MBI I'OBOPUM
00 «pureMeHTADHBIX» AdYelikax. B Tex pepKHX cayuasX, KOTJa UMEETCs B BUJY HEHPUMUTUBHAH 3le-
MeHTapHas sAgeiika, 810 oroBopeHo 0co60. — ITpum. nepes.

%) IlxoTHOCTH TOYEK pemreTku BpaBa n MomKeT, KOHEYHO, K HE COBHIAJAThH C MIOTHOCTHIO DIEK-
TPOHOB MPOBOAMMOCTH B METalljie. B paldbHeillmieM B ciaydagx, KOIjJja BO3MOMKHA IYTAHHIA, MH
O6ynem 0603HAaYATh 5TH ABE IJIOTHOCTH NO-PA3HOMY.
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Km, 10 nv = 1. lloatomy v = 1/n. IlockoapKy »T0OT pesyapTar cCIpaBeAduB IS JI0-
6ot IpUMUTUBHON sAdYeliKN, ee ofbeM He 3aBHCHT OT cmocoGa BrGopa.

W3 ompenenenusa mpuMuTHBHOM sAYeHKH CIeyeT TaKKe, 4TO €C/iM JaHH JIOGHe
JBe HPUMUTHBHBIE A4YelKE HPOW3BOJLHONE (GOpMH, TO BCerda MOKHO paspesaTh
OfHY W3 HHX TaK, YTOHH Moc/e CMEeIIeHUs HoJy4aloIUXCH 9acTell Ha COOTBeTCTBYIO-
Imuye BEKTOPHI POIeTKH U CA0MKeHua oHm 06pasoBain BTOPYIO NPHMUTHBHYIO AYCHKY.
Jro mowxaszano Ha ¢ur. 4.11.

OueBujHO, UYTO KaKIOH TPOHKE OCHOBHBIX BEKTOPOB MOMKHO CONOCTABUTH
HEKOTOPYI0 NPUMHTHBHYIO AdeiiKy, ofpasoBaHHYI0 BCEMU TOYKAMH I BH/A

T = 2,8; -+ Z,a, + Xzag, (4.6)

rie x; namenserca nenpephiBHo ot () no 1; ona npexcraraser cofoii mapanaenenurey,
LOCTPOEHHBIH Ha TPex BEKTOpax a;, a, ¥ a;. Hemocratok Takoro Bufopa HpUMUTHE-

Our. 4.12. TpunuTHBHAA N yCIOBHAS HUeii-
KO JUIA T. 1. K. pemerkn Bpaea.
VenoBHaa aueika — Oonpuieit ky6. IlpnmuruBhnas

®nr. 4.11. [IBe B03MOKHEE HDPUMATUBHEE
AYedKH  JIA OByMepHo#l pemmerku Bpass.

flgeitka B opMe HApaIeJIorpaMma (3alITPHUXOBAH~
HAA) ABIAETCA, 0YeBUIHO, IPUMUTHBHON., HI3o6pake~
HBY TAKKe IEeCTUYTONbHbIE S4YeiiKyl, YyTOOH ITIOKA3ATh,
YTO OHU TOKE ABIATCA MPUMAUTUBHHIMU. Paspesan

AUeKa—I1apajlenenuiie] ¢ MeCTh0 IPAHAMN, UMEI0-

wuni - GopMy napanimexorpaMmos. OHa ofJagaer

00beMOM, pABHBIM 1/4 ofGbema KyGa, U umeer Gonee
HIBKYI CHMMETPIIK.

mapalyienorpaMM Ha YAacTU M CMECTHUB MX HA BEKTOPbI
pemeTKy®, MOKHO IOJY4IUTh HNIECTHYTOJIbHuK. Iia
usobparkeHHux obnacreit I—III nmapanmerorpamma

—> ~ —
39TH CMEeNIeRus COOTBeTCTBEHHO paBHe CO, BO u AO;
i obaacTH IV cyelienne papHo HYLo.

HOH AYeifiKW 3aRII0YAETCA B TOM, YTO OH He OTpasKaeT HOJHOH CHMMETPHH pelleTKH
Bpass. Haupumep, eciiu BHOpaTh NPUMATHBHYIO AYefiKy B T. 1. K. pemeTke Bpass
B Buje (4.6), a B KauecTBe TPONKU OCHOBHHIX BEKTODOB B3ATH (4.5), TO TaKas Adeii-
Ka mpejcraBiser co0oit KOCO# Mapajienennmes 1. caeloBaTelbHo, He obiagaer moJ-
Hoii KyOudeckoii cummerpuein pemetkn (¢pur. 4.12). Yacro GmBaer BaEHo paborars
¢ sYefiKaMm, KOTOPHE HMEIOT OMHYI0 CUMMeTpHIo cBoell pemeTkn Bpass. Cymectny-
JOT [Ba IIHPOKO PACHPOCTPAHEHHBIX PEUTeHUs 37O 3afayud, K PACCMOTPEHMIO KOTO-
PHIX MB M IepenjeM.

YCJIOBHAA JJEMEHTAPHAA AYENKA

Bce mpocTpaHCTBO MOMHO 3aII0THUTh HEOPHMUTHBHRIMHU 2JIeMeHTapHBIMA AYefi-
Kamu (HX HA3LIBAIOT YCAOSHBLMU SAEMEHMADHBLMU SHeUKamu). INeMeHTapHasa sadei-
Ka mpeficTaBisger -cofoifl Takylo o06.1acTh, KOTOpas 3amoOJHAET BCe HPOCTPAHCTBO
683 MEPEKPHITUA, €CAH e NOXBePrHyTh TPAHCIALMAM, IPUHALIEKAIIHM HEKOTOPOMY
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nodmuodcecmey BeeX TpaHcasumit, ofpasyomux pemerxy Bpass. Vexossywo due-
MeHTapHYI0 fdeiiky OOBHIYHO BHOMpPAIT Tak, YTOOH OHa Gblna Goabme IPUMHTHBHOM
U ofiafana TpebyeMoii cumMmerpueii. Hampumep, AJsA OLHCAHUA 0. H. K. pemeTKH
4aCcTo MCIOABIYIOT KyOUMUecKylo ycaoBryo sueiiky (dur. 4.13), xoropas B ABa pasa
§oabme CoOTBETCTBYIOMEH NPUMUTHBHON AYedKM, a A OHMCAHHA I'. L. K. pemer-
KI — Ky6H9eCKYl0 YCIOBHYIO Adeiiry (cM. @ur. 4.12), woropas B gerbipe pasa mpe-
BOCXOIUT 110 00'beMy IPUMHTHBHYIO T. II. K.
aueiiky. (HeTpyaso yleaurtbes, 4T0 3TH
yCHOBHHE suefiKu B [BAa W deThIpe pasa
foabnie TPUMHTHBHEIX; IJIA 9TOTO JOCTa-
TOYHO IMOACYUTATH, CKOJBRO TOUEK pelleT-
Ku 6yJier cofepsRaTh YCIOBHaA KyOndecKas
siaefika, pacnoNoyKeHHas Tak, 9T00H Ha ee
noBepxHOCTH He GHIIO Touek.) Beauynun,
ompefesONINe pasMep 3JIeMeHTapHOR
adefiku (IJA KyOMYECKHX KPHCTANI0B —
3T0 opHA BexmMuuMHa a), Ha3HBaOT no:
CMOAHHBIMU PeULEemEU.

OPHMUTUBHAA SYENKA
BUT'HEPA—3ENTIA

Beerma MOKHO BHGpaTh Takyio npu- (Pur. 4.13. IpmvmraBhas I yemoBHas seii-
" KM JUia 0. i, K. pemieTkn bpaga.

MUMUEHY 10 quHKy_’J KOTOpaH 06JIanana 651 O0beM NPUMHTABHON A4eliKu (TEMBasg) paBed TIOJO0-
TOTHON CUMMeTpueH PeleTHy BpaBB. Han- BuHe ofbema ycnopHo#t Kybuuaeckoii avueiikn.
fosee W3BECTHHIM IPHAMePOM IMOXOGHOIO
Bolfopa sirnserca suelika Buenepa — 3edmya. fldeiika Burnepa — 3efimiia ¢ 1en-
TPOM B HEKOTODOHl TOYKe DelIeTKHM eCTh 06aacth LPOCTPaHCTBa, JeRaIlas Oiume
K 9TOH TOUKe, 9eM K KaKoH-T10o0 Apyro# Touxe pemerku 1). I3 TPpancasanOHHONR CHM-~
meTpuu pemerku BpaBs caenyer, uto ecim sdeiiky Buruepa — 3editiia ¢ rientpom
B OJIHOH M3 TOYEK PEIIeTKH CMEeCTUTH HAa BEKTOP pelIeTKH, COeNHAIONNIL 1Be ee T0U-
KM, TO OHAa JOJKHA MepeXoJuTh B sweliny Burnepa — 3efitua, ueHTpoM KoTopoH
ABJiseTcs BTopas Touka. [JocKonpky Gammaimum coceioM RasRA0H TOYKH OPOCTpam-
¢TBa ABJAETCA JIAIND OfiHA TOYKA PeIneTKH °), oHa Oyjer DPHUHAIJIEKATH TOJIBKO TOR
saefike Burnepa — 3eiitna, meHTpoM KoTopoit sBaseTcsa sTa Touka pemreTku. Coe-
moBaTebHO, €CIN MO[BeprHYThL Aueiiky Buramepa — 3eliTiia TpaHcasuusaM, ompe-
TesisieMBIM BCeMUW BEKTODaMH PelleTKM, TO Ofla 3aTOJHHUT BCe NPOCTpaHctBo (e3 me-
peKprITHA, T. e. sdefika Burmepa — 3efitua mpeicrapiAer cofoll MPUMATABHYIO
AYEHRY.

Hockonwsky npy oupeaeiennn Aueikn Burmepa — 3efiTua MBL He HCIOJIb30Ba-
S HUKaKOTO KOHKPETHOTo Brifopa TPOKN OCHOBHEIX BEKTOpOB. Aueiika Burnepa —
SeiiTIia TO/KHA OHTH CTOIb e CHMMeTPMYHON, KaK u pemeTka Bpasa ).

flueiika Burmepa — 3eiitnia ais IByMepHoi# pemerkn BpaBy msofpaskena na
¢ur. 4.14, a A TpeXMepPHBIX 0. 1. K. U F. I[. K. pemeTok Ha ¢ur. 4.15 n 4.16.

1) Houobuyno sadeliky MOMKHO ONpeieJdnTh JAA JOOOro JHUCKPEeTHOIO MHOMKECTBA TOUEK,
He 00:3aTeNBHO ABIAIMErocsH peuweTKoi Bpapss. [Ipn Takowm Gojee LNIpOKOM oOupeleenunn ee
Ha3HIBAIOT MEOTOrpanHnKoM Boponoro. B npotnpononosmkuocts sueiike Buraepa — 3eiitua cTpyk-
Typa M OPHEHTALNS UPOU3BOJHPHOIO MHOIOFPAaHHHKA BOPOHOTO 3aBUCAT OT TOTO, KAKYK TOYKY
13 3TOTO MHOKeCTBA OH OXBATHIBaer.

%) Kpome Todex, geRamux Ha ofuleil noBepxHOCTH ABYX 1t Gollee sueer Burnepa — 3eiirna.

3) Toumoe oupefesenue TOTO, WTO MMEHHO CHENYET NOHMMATH 1107 CAOBAMI (CTOND /e CHM-
MeTPHYHEID, GyAeT jaHo B I, 7.
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3aMeTHM, 9TO AJIA HOCTpOeHHA s4eliku Burnepa — 3eiitha ¢ 1eHTPOM B HEKO-
TOpOil TOUKe pemieTKH HY;KHO HPOBECTH IpAMEe, COeANHMIONINE BTy TOYKY CO BeeMHd

[ N ’ ®

dur. 4.14. fdgeiira Burmepa — 3elitua Jas AByMepHO# pemetrir Lpasa.

1llecTe CTOPOH AYEHKH PACCEKAIOT MONOJIAM OTPE3KH LPAMBIX, COCNMHAIONINE IEHTPANLHYI) TOUKY C WECThI0 COCen~
HHMH (9TH OTPe3KH IOKA3aHbl IYHKTHpPOM). B nByMepHOM ciayyae Aueiika Buriepa — 3efiTia mo6oil pemeTkn
Bpasa, Kpome NPAMOYTOJILHOIl, BCerIa NPeHcTABIAET CO00M MECTHYTONBHUK (CM. BAN8YY 4, II. «a»).

Pur. 4.15. flgeiira Buraepa — 3eiitna mus
0. 1. K. pemerkn DbBpaBs («ycedeHHHNT OK-
Ta’qIP»H).

Okpyxaloni ee Kyl npencraBisaer co00if YCIOBHYIO
0. Il. K. g4eiiKy, B LCHTPe U B RepIINHAX KOTOPOil
PacIoNome sl TOUKN penreTku. llecTHyroabHEE Irpa-
HY PACCEKAIOT IIOI0JIaM OTPE3KH NMPAMBX, COSONHIIO-
ue MeHTpalbHYI TOYKY ¢ BepmuHaMu KybHa (srH
OTpe3KH N300parkeHbl CILIOMHBIMK JMHWAMN). HBax-

®dnr. 4.16. flueiixa Burmepa — 3efitna aasd
r. I, ®. pemetky bBpams  («pomOu™ecKiil
JOJCKABIP»).
OKpyKawluil ce Ky6 He ABIAETCS YCAOBHOK KyOU-
yecKOit AueHKON, NOKA3aHHON HA ¢ur. 4.12, TOYKH
PeTIeTKI! PAacloJIOMKeHb B UEHTpPe BJTOTO Kyba U B
nenTpe Kamporo us 12 ero petep. Kammas us 12
(KOHPPY9HTHBIX) Tpaueil IeplHeHIUKYIASpHA IPAMOI,

COeMIHSIOIIEIT LIeHTPATBHYIO TOUKY ¢ IEeHTpOM pebpa.
paTHHE I'DAHH PACCCKAIOT ITOIIONAM OTPE3KU IIPAMBIX .

COEIMHAWIIHE HEeHTPAIbHYIO TOUKY C LIEHTPAJLHBIMH

TOYKAMH KAaMKIO0I M3 IMECTH COCeHdNX KYOHIECKHX

HAyeer (Ha ¢Gnrype 9TH ITUHMM He TOKasaHn). Ille-

CTHYTONLHIIKHT HBJIHI;)TCH Hpa)BI/I.TIthIMH (cM 3anauy
1, TI. «I»).

APYyTHIMU TOYKAMH DEHIeTHU 1), Iocjae 4ero HOCTPOUATE IJIOCKOCTH, HepHeHIUKYJIAp-
Hble K 9TUM OPAMBIM U JHeJAlllue WX OouojgaM, H BbIﬁpaTI) HaNMEHbIIAR MHOTOTpaH-
HUK, OI‘paHI/I‘IeHHBIﬁ TOCTPOCHHLIMU IINIOCKOCTAMU U conepmanmﬁ OJaHHYIO TOYKY.

KPUCTAJIINYECKAA CTPYKTYPA. PEHIETKA C BA3IICOM

Dusnveckuil KPUCTAJJI MOXKHO OOUCATE, 3a]]aB JIeKAIIYI0O B €70 OCHOBE DEITeTKY
Bpass n yxasaB pacmono;KeHWe aTOMOB, MOJIEKYJ, MOHOB 1 T. M. B OTHENBHOR dje-
meHTapHOR suefike. YTOOH MOgUepKHYTH pasimine MeskAy aOCTPaKTHLIM HpeJCTaB-
JeHmeM 0 TOYKaX, 00pas3yomux pemetrky bpaBs, 1 peajdbHHM QH3MYECKUM KPHCTAJ-

1) Ha mpakKTiKe JIHIOh MAJ0e HiUCHO BIU3IEKAIMIIX TOYEK OHpeieligeT MIOCKOCTH, KOTO-
pHEe OKa3HBAaWTCA TDAHMIAMU AYCiiKH.
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aom 1), obmapmaiomum TaKo# pemrerkoil, TPUHATO MCIOJML30BATH CIHENUANLHHHA Tep-
MEH «KPHUCTalINYeCKas CTPYRTYypay. Kpucmassuieckyio cmpysmypy o6pasyoT njieH-
TAYHEIE 3K3eMIUIAPH OfHOW M TOH Ke QMBMYECKOi eNWHMI(K, Ha3HBaeMoi Gasucon,
KOTOphle DasMeIeHH BO BCeX TOYKAX pemeTKu DBpaBs (mam ke, 9KBHBAJEHTHO,
TPAHCIAANA KOTOpPHX 00pasyior pemerky Bpasa). WIHorna ucmonsayior Takxke Tep-
MUH « pewemka ¢ 6asucom». OTHAKO BH-
pasKeHUe «pemeTKa ¢ 6a3ucoM» NPUMEHAIOT
7 B 0ollee MUPOKOM CMEICHIe 1JiA 0603HA-
9eHUA CTPYKTYPH, KOTOpas IOJYYaercs,
Korfa O6asucHasd AYeilKa He seasemces Pusu-
9eCKUM 00'beKTOM WiIu 00beKTaMHu, a IIpef-
cTaBasgeT cofoit npyroir HaGop Touer. Ha-
OpuMep, BEPIIMHE! TBYMEPHHX «IYeJUHHIX
COT» He SABJIAITCH pemerro#r Bpaps, HO
MOTYT GHITH IpeCTaBJIEHH B Bujie ABYMEp-
HO# TpeyroibHOM pemerk BpaBs 2) cABYX-  sxemmas TakmM o6pasoM, YTOGH NOTIEPREYTS,
TogeuHbM GasmcoM (¢ur. 4.17). Kpucran- 910 oHa mpejcraBiser coGoil pemerky Bpasa
AWYECKYI0 CTPYKTYpPYy ¢ 06asucom, COCTOA- I € ABYXTOTCUHEIM GasmCOM.

DM U3 eIMHCTBEHHOTO aTOMA HIM HOHR,  onumaxono  pacHoNomeHn bo. BCOX  HPUMATHBHHE
9aCT0 HABHBAIOT MOHOATOMHOMl peNIeTKoi  AIeiKax (Hapam’eﬁgf}fg’%apxgng@“m“Y’Omeﬁ pe-
Bpaso.

Pemerxy Bpass Takme MOHO 3a7aTh KaK pemmerKy ¢ 6asucoM, BHOpaB HeUpH-
METHBHYI0 YCIOBHYIO Aueiiky. K TakoMmy ommcaHM0 dacto mpuberaioT, ITOOH IOJ-
YePKHYTH KyOM4YeCKYI0 CHMMETPHIO 0. I. K. U I. IT. K. pemeTox Bpass. B srom cayqae
OX ONHCHIBAIOT COOTBETCTBOHHO KaK IPOCTHE KYyOWJecKUe peImeTHU, HMOpPOILaeMble

BeKTOpaMu a;:, aAy n a% n 06J1ana10nme ABYXTO4Y€YHEIM fasucoMm
0, & (x+y+2) (0.1 x.) (4.7)

A YeTHPeXTOYeYHEIM 0(a3ucoM

0, 5 (x+¥), wG+2, & @+¥), (-nx) (4.8)

HEKROTOPBIE BARHBIE IIPUMEPHI KPUCTAJIJINYECKUX CTPYKTYP
N PEIIETOR C BA3NCOM

CTPYRTYPA THUIIA AJIMA3A

Pemerxa ®) Tuma anMasa (o6pasyemMas aToMaM® YIJepOfa B KPHCTalie ajiMa-
38) COCTOMT W3 NBYX B3aMMOIPOHMKAIOM¥X T. I. K. pemerox Bpasa, CMemeHHEX
BIOJIb IPOCTPARCTBEHHOR JHATOHAIN KyOWYeCcKON pemeTKA HA IeTBepPTH JJIMHE HTOMH
IparoHann. Fe MOMHO DAacCMATpPMBATL KaK I. I, K. PemeTKy, 6asmcoM KoTopoit

aBusiotes aBe Toukm, 0 m (a/4) (x + y + z). KoopimmEammoHHoe ‘umcio paBHO
4 (¢ur. 4.18). Pemerra anmaza He sABiAeTcA pemeTKod BpaBs, HOCKOIBKY OKpyiKe-

1) KoTopwiil, 0fHAKO, MH HO-IIPEKHEMY cIuUTaeM OeCKOHEYHEIM.

2) IToposkpmaemoil [ByMA OCHOBHHMHN BEKTOPaM#, MMEIOI{AMU DABHYIO [IMHY U COCTABJIAK-
muMI Meskny coGoit yrox 60°,

%) Koraa ucmoas3yeTcs IpoCcTO TEPMUH (PEIIeTKA», TO MMEeTCA B BUAY pelleTha Bpaps mim
e peruerra ¢ Gasmcom.
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@ur. 4.18, YcaopHasg KyOmuecKasi sidYeilKa JiJIA peMIeTKH a;JMa3a.

¥Y3abl, COOTBETCTBYIOIHE ONHON M3 ABYX BCTABJEHHHIX APYr B APYra T. I[. K. PEIIETOK, OCTABJIeHBl CBETJLIMH.

(B cTpyKTYpe THAIIA HMHKOBON OOGMAHKM YEePHBIE M SAIITPUXOBAHHBIE Y3Jbl 3aHATH OFHMM BMAOM HMOHOB, & Hesam-

TPAXOBAHHHE — APYr¥MM.) IIOKA3aHB CBABKM MEXNY ONWKANIINMKM cOCenAMH. YUeThpe OGnmmafinmx cocega Kam-
OOl ToOuKE 00pasylOT BePHIMHE IPABUIBHOTO TeTpasmgpa.

HEe M1000# TOYKH OTIHMYaeTCH MO OPHEHTAlWHM OT OKPYMeHHs ee OawKaimnx coce-
meit. JMEeMEHTH, KPUCTAJAK KOTOPHIX UMEIOT CTPYKTYPY THIA aiiMasa, IepeyncaeHk
B Taba. 4.3.

Tabauya 4.3
dNeMeHTHI ¢ KpucTamimieckoil cTpykTypoli Tmma anmasa
SneMeHT CropoHa Ky6a a, & DaeMenT Cropona ky6a a, &
C (ammaa) 3,57 Ge 5,66
Si 5,43 o-Sn (cepoe) 6,49

TEKCATOHAJIBHAA TIJIOTHOYIIHAKOBAHHAA CTPYHRTYPA

He sBassce pemerroii BpaBs, zexcazonasvHas naomuoynaxosanras (T. M. y.)
CTPYKTYpa CTOJb JKe BajKHa, KaK 1 00peMHOLeHTPAPOBAHHAA UK TPaHelleHTPUPOBaH-
HasA KyOmueckme pemeTkM BpaBs — TaKyw CIPYKTYPY uMeloT Kpucraijusl Goiee 30
pieMeHTOB (Taba. 4.4).

B ocHOBe I. T. Y. CTPYKTYDH JEKHT NPOCMAs 2eKCaz0HaAbHAs Pemerka bpass,
KOTOpas MOJNYJAeTCsH, ecld YKIAALBATEL «B CTONKY» OHY Haj Apyroi (gur. 4.19)
ABYMepHEHE TpeyroibHie !) pemerku (cern). HampaBnenue, B KoTOpoM BefleTcs HO-
no6HOe yRJIafHBaHWE, HASHBAIOT C-0ChI0 (HWKe OHA BHOpaHa DapaijelbHO# BEKTO-
py ag). Tpoiika OCHOBHEIX BEKTOPOB TaKOBAa:

a, = ax, a2=—;— x—{-—VTs?—y, ag =z (4.9)
IlepBrie gBa w3 9TEX BEKTOPOB IIOPOKTAIT TPEYTOIbHYI0 pemeTKY B NJIOCKOCTH
z — Y, a Tpermii «yKIagHBaeT» INIOCKOCTH OJHY HAJA APYrod Ha PacCTOARME C.

I'. m. y. cTpyRTypa COCTOMT W3 ABYX B3aHMMOIPOHMKAIOMWUX IPOCTHX TIeKca-

rOHaNbHEIX pemreTok DBpaBa, CMeMeHHHX APyl OTHOCHTEJPHO Apyra Ha BEKTOD

1) OmpejiesieEre INIOCKOH TPeYTONBHOM peIeTKH AAHO B OpuMmedaHum 2 Ha cTp. 87.
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Tabauya 4.4

dneMenTb! ¢ TeKCATORANbHON NIOTHOYNAKOBAHHON KpmeTalanueckoii cTpykTypoik

ImeMenT a, A ¢ c/a DaemenT a, & ¢ c/a
Be 2,29 3,58 1,56 Os 2,74 4,32 1,58
Cd 2,98 5,62 1,89 Pr 3,67 5,92 1,61
Ce 3,65 5,96 1,63 Re 2,76 4,46 1,62
a-Co 2,51 4,07 1,62 Ru 2,70 4,28 1,59
Dy 3,59 5,65 1,57 Sc 3,31 5,27 1,59
Er 3,56 5,59 1,57 Th 3,60 5,69 1,58
Gd 3,64 5,78 1,59 Ti 2,95 4,69 1,59
He (2K) 3,57 5,83 1,63 Tl 3,46 5,53 1,60
581 3,20 5,06 1,58 Tu 3,54 5,55 1,57
Ho 3,58 5,62 1,57 Y 3,65 5,73 1,57
La 3,75 6,07 1,62 Zn 2,66 4,95 1,86
Lu 3,50 5,55 1,59 7r 3,23 5,15 1,59
Mg 3,21 5,21 1,62

Nd 3,66 5,90 1,061 «Mneany — — 1,63

a1/3 -+ a,/3 + ag/2 (dur. 4.20). Ee paspanme orpamaer To 00CTOATEIBCTBO, 4TO
noxo6Has CTpYKTypa MOKeT ORTH NOJy9eHa IPH «IJI0THOfl yIAaKOBKe» KeCTKHX cdep.
[IpennmoTosRuM, 94To HaM HYKHO CIOMKATH B NHpaMufy nymeunsie agpa (fur. 4.21),

Ny

®ur. 4.19. Ilpocras rekcaronalibHas pelieTka Dpass.
JByMepHBEe TPeYTONbHEE ceTh (HOKAa3aHHBIe CIIpaBa) YAOMKEHHl OHHA HAX OpYyrol Ha PACCTOSHIH Cy

OpuueM HWKHHME o0 npepcraBisier co0of IIIOTHOYHAKOBAHHYI0 TpPeYTOJAbLHYI>
pemerry. Caepyomuil cioi ofpasyoT, nHoMemasg N0 ONHOMY AApPY B yrayvOideHus,
ocTalOIuecA B IEeHTpe KajKioTo TpeyroJbHHKA HIKHEIO CJIOf; B pesyabTaTe IMOJy-
9aeTcs BTOPOI TPEYTOABHHIL COM, CABUHYTHH II0 OTHOHIIEHWIO K HepBomy. Tpermit
caoii oGpasyior, noMelas AfApa B yraybieREusa Bo BTOPOM cjioe, TaK 9TOOB OHH OKa-
3aJ0mCh OPAMO HaJ AApaM; DePBOTO cios. YeTBepTHH CJIOH JeKUT HPAMO Haj BTO-
peM @ T. K. B mrore momywaercd r. m. y. peImeTKa C ONpelelleHHHM 3HaYeHWeM ¢
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{cM. 3amagy 9):

S
e~/ S a—1,63299. (4.10)

IlockonpKy. ogHAKO, CaMa CAMMETDHUA T. II. y. PEHIeTKN He 3aBUCHT OT OTHONICHWUS
c/a, necnoab3oBaHMe ITOrO TEPMUHA HE OIPAaHWYEHO JAaHHBIM YaCTHEIM CaydaeM. W Ho-
rfa sHawesne c/a = }/8/3 HABHBAIOT «MTEANBHBIMY, A HCTHHHYIO IIOTHOYIAKOBAH-
HYI0O CTPYKTYPY C UI€aJbHbIM OTHOIIEHHeM ¢/a — WIEAJBHOM T. I. Y. CTPYKTYDOH.

Dur, 4.20. TexcaroHanbHAsL MJOTHOYTAKO-
BaHHAs KPHCTAJINYECKas CTPYRTypa.

CTPYKTYPY MOMKHO IPEACTABHTH B BUIE IBYX BCTAB-
JIEHHEIX OPYF B JpYra MNOPOCTHX TI'eKCATOHAJbHBIX
pemeTok bpass, CMEILeHHBIX Ha PACCTOAHKE ¢/2 BIOJh
ofmesf c-OcH II, KPOME TOr0, CMeIleHHbIX TAKNM 00pa-
30M B I'OPH3OHTANHLHOM HANPABJIEHUU, UTOOHI TOUKH
ORHOI M3 HIX JeKadu NPAMO HAL LEHTpaMu Tpe-
YTOJIBERUKOB, 0OPA30BAHHBIX TOUYKAMHU APYroit.

®ur. 4.21, Buj cBepxy Ha iBa HUKHAX CJIOS
B nupaMuje MIyHIedHHX SAep.

IMepsBoiit caoii oGpasyer NIOCKYIO TPEYrOJbHYIO pe-
WeTKy. finpa BTOPOro CJ0A NOMEMAIOTCH HAaT Mem-
OOY3IUAMU HYMKHELO CJI0;1 uepe3 OOHO MEeXEoysJime.
Ecam aAgpa TpeTbero clioA MOMECTHTb MOPSIMO HaK
AIPaMU NEepBOro CJI0A, T. €. B y3jaxX THUNOA a, a Axpa
B YETBEPTOM — IIPAMO HaM AAPaAMH BTOPOrO CJIOA U
T. K., TO MBI IIOJIYYUM T. . Y. CIPYKTYpPY. Ecau e,

OOHAKO, sIiIpa TpPeThero CJ0A HAXOHATCA HUPAMO HARX
TeMM MEKI0Y3INAMH 1€PBOTO CIIOH, KOTOPBIE He Guau
HAKPBITH CBEPXY ANpaAMH BTOPOTO CJIOSA, T. €. B y3IaxX
THNAa 6, Anpa 4YeTBEPTOTO CNOA JIOMEIeHbl IPAMO HAJ,
SIIPAMU IepBOro M AQpAa MATOTO CI0A — HAI AXPaMH
BTOPOTO ¥ T.X., TO MEI IOJIYYaeM I'. I[. K. CTPYKTYDY
(C ~HANpPaBACHHON BEPTHKANLHO MPOCTPAHCTBEHHOMK
IUATOHAIBIO Ky6a).

Ecin dusnveckme equnmisi, ©3 KOTOPHX COCTaBieHa KPUCTAJIUYECKasi CTPYKTYpA,
He ABJIAKTCA PEAJbHO MIOTHOYNAKOBAHHBIMHE cdepamm, TO HEeT HHKAKAX OCHOBaHUH
ORUNATh, UTO ¢/a GyNeT MMeTh WAeaJbHOE 3HaYeHMe (CM. Tabm. 4.4).

3aMeTyM, 9T0, KaK U B CIydae CTPYKTYPH TUIIA aiMa3a, T. . y. PemeTKa He AB-
Jasercsa pemerKoin BpaBs, IMOCKOAIBRY OPHEHTAI[MA OKPYIKEHHA TOUKM MEHAETCH OT
CJI0A K ¢JI0I0 BROAD C-OCH. 3aMeTUM TAKKe, 4TO NPU B3TJAIE BIOID c-OCH ABa THIIA
IIOCKOCTeR CAMBAIOTCA BMecTe W O0PasyOT ABYMEDHYIO PEIIETKY (HYeNHHHX COTH,
NOKa3aHHYIo Ha ¢ur. 4.3 m He gBagomywca pemerkoi bpasos

APYTUE BO3MOMHOCTU IIJIOTHOM YIIAKOBKHU

3aMeTHUM, 4TO . H. V. CTPYKTYpa IPeACcTaBaser cofoi He eUHCTBeHHHI CI0C00
IIOTHOH yHakoBKE cdep. Ecom mepBre IBa CI0A Mbl HOJI0KAM TaK 3Ke, KaK OMHECAHO
BHOIE, a4 TPETUR CI0M MOMECTHAM B UHYI0 COBOKYUHOCTH YIIYyOJeHNH BO BTOPOM Cjoe,
T. €. B Te YyrayOJeHAA, KOTOPHIE JeKAT HAJl HeNCIOAb30BAHHbBIMI YIAYOAeHHAMA KaK
B IIePBOM, TAK ¥ BO BTOPOM clI0Ax (¢ur. 4.21), To werBepTHiil Ci10ik HOMECTHTCA B yray0-
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JeHuAX TPeThero HpAMO Haj AEPaMHA W3 NepBOro, OATHHA — HAJ BTOPEIM W T. 1.;
B 3TOM CAydYae MEI HodydaeM pemeTRy Bpass. OxasmBaercsa, 9To »Ta pemieTka ecTh
mpocTo T. 1. K. pemerka Bpaks ¢ maronannio Kyba, nepneHIuKydAPHONR HA0CKOCTAM
TpeyronpHuKOB (¢ur. 4.22 w 4.23).

CymecTByeT 6€CKOHEYHO MHOIO [APYIMX BO3MOMKHOCTEH ILIOTHOH - YIaKOBKH,
DOCKOJBbKY KasRIABI HDOCHEAYIOMMHA cI0i1 MOKeT GHTH NOMeIIeH B ONHO U3 ABYX IOJ0-

@ur. 4.22. Cevenre TpaHEUSHTPUPOBAHHOMN Pur. 4.23. BrpesaAnasa B fopme Ky6a dacTb
Ry6rgeckoil pemwerxku BpaBs, gaiomee cjoH, MPOCTPAHCTBA, 3amoJiHeHHAs cdepaMu ¢ rpa-
nokasanmee #Ha $ur. 4.21. HEOEHTPUPOBANHONR KyOWIeCKOH IIOTHOMN
VIHAKOBKOI.

jReHu#. JIMmE r. 1. K. IOTHAs ynaKoBKa fdaeT pemetky Bpass. Yame Bcero Berpe-
4al0TeA TpaHelenTpupoBaBnas Kybmueckas (...ABCABCABC...) u rexkcaromaasHas

nnorHoypakopaHHaA (... ABABAB...) cTpyRTypH, 0qHAKO N3BECTHEL U APYTHE CTPY-
KTYPHI ¢ ILTOTHOI yumaroBxoi. Heroropre

pedxo3eMeJbHbIE MeTaJdJlbl, Hampumep,

uMeT crpykTypy Bmma (... ABACABA
CABAC...).

CTPYHTYPA THIA XJIOPHUIA
HATPUA

Mset BHIHYHIEHB ONUCHBATD T. H. V.
CTPYRTYPY H CTPYRTYPY TUIA ajaMas’a Kak
penierKu ¢ 0a3mCcoM 13-3a opucyunero mM
reoMerpudecKOro  PACHOJOMKEHUS TOUEK
pemerku. OTHAKO pemeTKy ¢ 6asucoM Iph-
X0[uTCsA MCIOJIB30BATE U HJAA ONUCAHUA  Mur, 4.24. CTpywrypa Tuma XJopHia HaT-
TAKUX KPHCTAMJIHIECKUX CTPYKTYp, B KO- pus.

TOPBIX aTOMBI MJIM MOHBL HAXOAATCA JUIIH Yepnsle miapn! 0603HAYAIOT OOYH THII HWOHOB, a (e-
Jaele — BTOpoil. I10 OTACIBHOCTH YepHEEe 1 Gesple ma-

B TOUKAX pPemeTKn BpaBs, HO noapas Tpan- pH 006pa3yioT IBe BCTABJIEHHBIE OPVLT B Opyra r. 1. K.

CHANMONHAS CHMMeTDUsI pemieTknm bDpasd DEMIETRI-

TEM HE MEHee OTCYTCTBYeT, WLOCKOIBKY

HMEIOTCS ABA cOpTa aToMoB waum wouos. Hampumep, xaopmp Harpus (dur. 4.24)

COCTONT M3 PABHOIO YMCJA WOHOB HATPHA W XJIODA, PasMeMIeHHBIX B 4ePeyIOUIAXCA

TOUKAX HPOCTOM KyOWUIecKOol pemeTKHn TaKmM o00pasoM, 9TO OJMKAHMUMH COCELAMH
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Tab6auya 4.5
HexoTopnie coeanHeBusa o0 CTPYKTYpo#l XJ0pm:la HATpHSA

Kpucramt a, A Kpucraa a, A Kpucrana a, A
LiF 4,02 RbF 5,64 CaS 5,69
LiCl 5,13 RbCI 6,58 CaSe 5,M
LiBr 5,50 RbBr 6,85 CaTe 6,34
Lil 6,00 Rbl 7,34 SrO 9,16
NaF 4,62 CsF 6,01 Srs 6,02
NaCl 5,64 AgF 4,42 SrSe 6,23
NaBr 5,97 AgCl- 5,95 SrTe 6,47
Nal 6,47 AgBr 5,77 BaO 5,02
KF 5,35 MgO 4,21 Bas 6,39
KCl1 6,29 MgS 5,20 BaSe 6,60
KBr 6,60 MgSe 5,45 BaTe 6,99
KI 7,07 CaO 4,81

KajKIOoro MOoHa ABJAITCA MeCTh HOHOB Apyroro Buja ). Tlogobnas crpykrypa Mosker

O@ur. 4.25. Crpykrypa THIIA XJIOPHJA TE3nH.
YepHple mapsl 0603HAYAlOT OOWH THI HOHOB, a Ge-
apie—apyroi. ITo orTmensHOCTY UepHble 1 6eJinie Mapsl
06pasywT ABE BCTABNEHHbE OPYT B IPYTa HPOCTHIE

Ky0ndecKye pemeTku.

OHTH onmcasa Kak r. 1. K. pemetka Bpass
¢ 6as3ucoM, COCTOAMUM N3 MOHA HATPUA B
tTouke () M MOHA XJopa B IleHTPe VCJIOBHOM
KyOumdecKod gYediku, T. €. B TOUKe

@?2) (x +y + 2).

CTPYRTYPA THIIA XJIOPUJA
HE3U

Ananornaso xnopus uesns (gur. 4.25)
€cOCTOUT M3 PABHOI'0 UHCIA HOHOB 1e3Ud
W XJopa, pasMemeHHBIX B TOYKax 0. I. K.
pemeTky TakuM o6pasoM, yTo GamKaiimn-
MU COCEJsIMM Kas/kI0I'o MOHA fABJAITCA
BOCEMb WOHOB JApyroro Buma ?). TpaHcas-
IMOHHAA CHMMETDHA 3TOH CIPYKTYPH Ta
FKe, UTO ¥ Y IPOCTOi KyOudYecKoil peueTru

Bpasa; ee Moo onmcaTh Kak OPOCTYI0 KyOWYeCKYIO pemmeTry ¢ 6a3IimcoM. COCTOA-
UM U3 MOHA Le3us B HauaabHO# Touke 0 m MoHa Xiopa B LeHTpe Kyba (a/2) (X +

y + 2).
Tabauya 4.6
Hexorophie coefiuHeHHs co CTPYKTYPOll Xaopmia nesus
Kprerana a, A Kpuacrasia a, A
CsCl 4,12 TICI 3,83
CsBr 4,29 T1Br 3,97
Csl 4,57 TII 4,20

1y Ipyrue npumepst cm. B Tabua. 4.5.
2) Jipyrue mpumepH cM. B Tabia. 4.6.
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CTPYHTVYPA TUIIA [IMHKOBOW OBMAHKNM

IImeKkoBasA o6MaHKa COCTOMT U3 PABHOTO YUCIA MOHOB UHKA U cepsl, Pa3MelleH-
HBIX B pelIeTHe THUIA alMasa TaKuM cmocoboM, 4To OAmKadmuMm cocelsiME KaK-
JOTO MOHA ABIAITCH YeTHPE MOHA IPOTHBOIOJOMKHOT0 Bria (Pur. 4.18). Ira cTpyK-
Typa !) ipencraBiaser co0oi npuMep peImeTKH ¢ 6a3uCOM, KOTOPYIO IPUXOAUTCHA ODH-
CHIBATH TAKHM 00pasoM He TOJBKO K3-3a TEOMETPUIECKOI'0 pAcCHOJIOKeHHA UOHOB,
HO M M3-33 HAJAWYHWsA JBYX TANOB HMOHOB.

Tabauya 4.7
Hexoropmie coefMHEHHA €O CTPYKTYypoil LIMHKOBOR oOMankn

Kpucraa a, A Kpucramna a, A Kpucrann a. A
CuF 4,26 ZnS 5,41 AlSb 6,13
CuCl 5,41 ZnSe 5,67 GaP 5,45
CuBr 5,69 ZnTe 6,09 GaAs 5,65
Cul 6,04 Ccds 5,82 GaSb 6,12
Agl 6,47 CdTe 6,48 InP 5,87
BeS 4,85 Hgs 5,85 InAs 6,04
BeSe 5,07 HgSe 6,08 InSh 6,48
BeTe 5,54 HgTe 6,43 SiC 4,35
MnS (kpacn.) 5,60 AlP 5,45

M Se 5,82 AlAs 5,62

JAPYI'HE CBONCTBA KPUCTAJLUINYECKUNX PEWETOK

Jra riasa Oblia NOCBAIEHA ONMUCAHUIO MPAHCAAYUOKHOU CAMMETPHH KpHCTAT-
IW9IeCKUX POIIeTOR B peasbHoMm pusuieckom npocmpancmee. By Apyrum cBoficTam
DePUONIECKUX CTPYKTYP LOCBAINEHH CJaeyIOme IJIaBhl: B IJ. O MBL paccMaTpuBa-
eM, K KAKAM BEIBONAM NPMBOJHUT TPARHCIAIHMOHHAA CHMMeTDUA He B PpealbloM,
a B TaK HA3HBaeMOM o00pamuom npocmpancniée (WM RPOCMPAHCMEE E0AHOGHLL
éeKmopos); B TJI. T ONHMCAHH HEKOTODble XapaKTEpPHHE UePThH CUMMETPHU KPHCTAJ-
JHYECKHUX PENIeTOR OTHOCUTEABHO RNOB0DOMO8.

3ATAYN

1. B KaKI0M m3 cleAyoHuX ciaydaes yKaskKuTe, ABIfAeTcA JU JaHHAA CTPYKTypa PpelleTKOH
Bpase. Eciu ga, To HaiiguTe TPoilKy OCHOBHEIX BEKTOPOB; €CJIH HET, TO IpeACTaBLTEe ee Kar pe-
meTky DpaBs ¢ MUHHMAJBHBIM BO3MOMKHHIM Gasucom.

a) BazonenTpupoBaHHas KyOuWuecKas pemieTka (lipocTas KyOWdeckas pemeTka C jfoGa-
BOYHFIMI TOYKAMM B IEHTIpaX rOPH30HTAaJBHHX TpaHell KyOmdeckoli sdeliknm).

6) IlenTpupoBaHHAaA Ha BePTHKAJLHHEIX TPAHAX KyOHuecKas pelleTKa (mpoctasg KyOuuecKas
pemerka ¢ ;100aBOYHHIMI TOYKaMH B LEHTPAX BEPTHKAJBRHHIX rpaHeil KyOmueckoi A4eiiKu).

B) LlearpupoBaEHas Ha peGpax Kybmieckas pemeTka (npocTas KyOnmdeckas pelnerka
¢ 706aBOYHEIMII TOUKaMII B cepejHHAX JHHNH, COoeInHANINNX OJamKafmnx coceneif).

2. Kakopa pellerka bpass, ofpasyeMasd BCceMHM TOUKaMH C JeKapTOBHMH KOODJAMHATaMHA
(711, Ng,y n3)1 Korpa:

a) n; auGo Bce 4eTHBle, MO0 BCEe HEYETHHIE?

6) cymMa n; o0sa3aTenpHO YeTHaA?

1) CooTBeTCTByOIMuEe mpuMepH cM. B Tabd. 4.7,
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3. IMoxamute, YTo yrod MeKRY J/MIOOKMH ABYMS JMHAAMHM (CBA3AMHU), COEMUHSIOMUMU V3l
PelleTKN ajiMasa € ero 9eTHpPbMA OJMKadIIAMY cocelsiMM, paBem arc cos (— 1/3) = 109° 28’.

4. a) [loxaskure, uro sAgeiika Burmepa—3efiTna paa mo6oit aByMepHoil pemerkun Bpass mpeji-
CTaBJAeT COGOM MECTHYTrOJBHMK HJIM TPAMOYTOJHHUK.

6) Iloramure, 9ro y sYeiiknm BurEepa—3efiTiia OTHOINEHNE TJIMH AMATOHAJeH KaMIoi
rpanu, uMewninei ¢opmy HapajielorpaMMma, [Uis TI.I.K. Kybudeckoit pemteTkn (ci. ¢ur. 4.16)
pasuo V 2 : 1.

B) [Torammure, 9T0 Kajkgoe pe6po MEOrorpaHHNKa, OrpaHMYNBAlOmero Adeiiky Burmepa—
delitua mias o..K. pemerku (cM. ¢mr. 4.15), B QY3 pasa MeHbIe IJNHH CTOPOHEI YCJOBHON
Ky6uuecKoil sueflku.

r) JloxaskuTe, 4UTO HIECTHYTOJbHbE TIpPaHU O.I.K. AuedKln Bnrmepa—3eiirna saBunAoTca
OPaBHABHHMH IIECTHYTOJbAMKAMU. (3aMeTHM, 9TO OChb, INEPHEHIUKYIAPHAs HIeCTHYTOIbHOM
rPaBH ¥ MPOXOASHIag depes ee IEHTP, o0JafaeT JMHIbL CUMMETPHEIl TPeThero MopaaKa, IOATOMY
OIHO 9TOH CHUMMETPUM HEeAOCTATOYHO.)

5. a) JlokakuTte, 4UTO HuealbHOE OTHOWEHHE c/q [JAf TIeKCATOHAJIBHOH ILUIOTHOYIIAKOBAHHON
cTpykryps pasmo V 8/3 = 1,633.

6) Ilpumepno npu temnepatype 23 K HaTpuil HepexofuT H3 O0.I.K. B I.ILYy. ¢a3y («MapTeH-
CHTHOEe» IpeBpameHue). Ilpeamnosaras, 9T0 NpM TAaKOM IIPeBPAaHIeHMHM IJIOTHOCTHL OCTAeTCA
MOCTOARHOH, HafifuTe NOCTOAHAYI DEINETKH a [Jis TeKcaroHaJbHOH ¢asm, ecam B KyOHUYeCcKoii

Pase @ = 4,234 u oTHOWeHMe c/a e OTHMUAETCH OT CBOEro HeajlbHOIO 3HAUCHIA.

6. T.1.x. pemeTka sABJXAeTcs Hanbolee HIOTHOH, a IIPOCTaA KyGHuecKasa — HauMeHee ILIOTHOI
H3 TpeXx KyOHueckux pemmerok bpaBs. CTpyKTypa THNA aiMasa SABISAETCSA MeHee ILTOTHOM, geM
aw0fan M3 HUX. JTO BHIHO U3 KOOPAMHAOUOHHEIX 9HMCeN peilleToK: 12 — mgag r.m.k., 8 — nis
0.1.K., 6 — ana npocroit kybmueckoi (m.K.) m 4 — maA aamasa. [ pyras XapaKTepPHCTIKA
TakoBa. IIpeAnoxoKuM, 970 MK TIOMECTHJIM B TNPOCTPAHCTBE HNIEHTHYHEE TBepble cepH TaKnMM
00pasoM, 9T06 IEHTPH cep JeKaiu B TOYKAX KasK[AOH M3 4YeTHpeX CTPYKTYpP u cdephl ¢ LeHT-
PaMn B COCEJJTHMX TOYKAX JHINE Kacajnch APYT Apyra, He nepekpuBasch. (Takoe pacmoiioskeHne
cdep Ha3HBAOT IIOTHOYNAKOBAaHHEKM.) CauTad, uTo cepH MMEIOT 1IJI0THOCTb, PABHYIO eJHHNILE,
MOKaKUTe, UTO INIOTHOCTL CUCTEMEI IUIOTHOYNAKOBAHHRIX cdep A Kaykjoi W3 YKa3aHHBIX BBIIeE
deTHpex CTPYKTYP («YIAKOBOWHBIH MHOMKHTEIL») eCThb

I.ILK. V 2n/6 = 0,74

0.IL.K. V 3a/8 = 0,68
LK. n/6 = 0,52
anMas VY 3n/16 = 0,34

I

7. llycts N, ectb 4ncio n-X Gammaiiiinmx cocepeit mamHONR Touku pemeTsu Bpass. (Hampuwmep,
B npocToil Kybudeckoil pemeTke bpaes N, = 6, N, = 12 u 1. a.) Hycrs r, — paccroarne jo
n-ro GumyKaillliero cocefia, BHPasKeHHOEe KaK OTHOIIEHNEe K PacCTOAHNIO 10 mepBoro Giuipkaimero
cocela (mampumep, B INpocToit KyGuueckod pemerke Bpas ry =1, r, = V 2= 1,414).
CocrapbTe Tabauny sEa9eRnii Ny urpupan = 4, . . ., 6 na4a r.i.K., o.I.K. 1 I.K. pelnetrok Bpasa.

8. a) Ilycte nama HeKoTOpas peliieTka BpaBs U a; — BEKTOP, COEAHHAINMUHN ee TOURY P ¢ OJHHUM
u3 OmmKafinmx cocefiei sroit Touku. Ilycrts P’ — ToduKa pellleTKHM, KOTopag He JIe;KHT HAa NpSA-
MO¥, TpoXofsuel depes P B HaOpaBJeHWN a,, HO Hamboliee 6IM3KAa X 9TOH NMpPAMOM, a BEKTOP
a, coequuser P u P’. Ilycrs P’' — TouKa pelleTKH, KOTOPas HE JEKHUT B INIOCKOCTH, TPOXOAs-
meir yepes P u onpeneisieMOil BEKTOPaMH a; M a,, Ho Hanbosee 6imaka K 3TOH MIOCKOCTH 13
BCEX JIPYIHX 109YeK DEIIeTKH, a BeKTOp ag coefmusaer P ¢ P'’'. Jlorkamure, 4T0 a;, a, U az obpa-
3yI0T TPONKY OCHOBHHIX BEKTODOB fjs »TOoll pemeTkn Bpasa.

6) JoxasxkuTte, yTOo pemeTky Dpaps MCIKHO onpepesnuTh Kak ALCKPETHHH Halop BEKTODOR,
He Je;KalluX B OJHOH INIOCKOCTH, M ABIAIIMUNACS IOJIHKM B OTHOIICHHMI CJOMKEHNs U BHUNTAHN A
(kax aTo roBOpHJIOCH Ha cTp. 82).

JUTEPATYPA
1. Wyckoff R. W. G., Crystal Structures, 2nd ed., Interscience, New York, 1963.
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OBPATHAA PEINIETRA

ONPENEJEHUA U ITPUMEPHI
INEPBAA 30HA BPRJIJIIOIHA
ATOMHBIE NIIJIOCKOCTN N MHIEKCEI MHUJJIEPA

B GonpmuHcTBe caydaeB ofpaTHasg pemeTKa MIpPaeT BaRHYI POAb OPU aHANH-
8e mepuofmdecKux crpykryp. K Heil mpmxopmurcsa ofpam@arbcd B TAKHX PasHEIX 3a-
Hauax, KaK TeopHA AuPpaKuuu B Kpucrajijie U aGCTPaKTHOE HCCIeRoBaHVe (yHKIHR
¢ MEPHOIMYHOCTHI0 pemeTKd DBpaBs mim OpE PemieHHM BOUPOCA O TOM, UYTO OCTAETCH
OT 3aKOHA COXPAHEHHS MMIYJbCA, KOTHAa MOJHAS TPAHCIAANUOHHAsA CHMMETPHA CBO-
60MHOTO OPOCTPAHCTBA CHIUKaeTcA N0 CUMMETDHHM HEPHOLMYECKOr0 IOTeHIHAaJa.
Hacrosimas KopoTkas riaBa NOCBslIeHa 00MIeMYy ONMCAHHUIO pANa Ba;KHBIX 2JeMeH-
TAPHBIX CBOMCTB 06paTHOR pemeTKH, 6e3 CBA3M ¢ KaKWMU-TNG0 KOHKPeTHBIMU IPH-
JOKeHU AMH.

OIIPEJJEJIEHUE OBPATHOU PEUMETKU

Bospmem wmuomecrBo touek R, cocrasasiomee pemerky Dpass, m miockyw
Bouuy ek r. Ilpm mpousBosbHOM k Takas BOJHA, KOHETHO, He WMeeT IepPHOANYHOCTH
pemerru BpaBs, ogHaKo oHa MOKET MMETH ee IPU OHPEJieieHHoM BHOOpE BOJHOBOTO
BeKTOpa. MHoxcecmeo soanosuz eexkmopos K nastisarom obpammoii pewemroll, ecau
naockasn soane ¢ k = K umeem nepuoduwnocmv dannoii pewemxu Bpaes. Ananutn-
9ecKkM 3T0 o3HauaeT, 910 K mpuHapmemur ofparHOH pemerke MaHHOH peIIeTKH
Bpass ¢ rouxamm R, ecan paa nw6oro r m Becex R u3 pemerskn Bpass cnpasenauso
PaBeHCTBO

eiK-(r+R):eiK-r_ (51)

Ilogenns seBylo u npaByio 4acTH paBeHcTBa (O.1) Ha X T Mul BEAuM, 9TO 0GPATHYIO
PeIeTKY MOKHO ONUCATEH KaK MHOKECTBO TAKAX BOJHOBHX BekTopoB K, mis KoTophix

etk R — 1 (5.2)

opu Beex R, mpuHanumesamumx pemertke Bpaba.

3amerum, u9To ofpaTHAS pemeTKa OmpefiedeHa 06A3aTEABHO IO OTHOIIEHHIO
K HeKOTOpOil KOHKpeTHoi pemerke Bpasa. Pemerky Bpass, coorsercrByomyio
RaHHOH oOpaTHO# pemeTKe, NPHHATO HA3HBATH npamoi pewemrol. Ilomgepxuem
Takse, uTo xoTa Habop BerTopoB K, ymoBieTBOpAOMEX YCIOBHIO (D.2), MOIKHO
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ONpeNeTuTh i A060ro MHOMKECTBA BEKTOPOB, TeM He MeHee TaKoi Habop BeKTOpPOB
Ha3HBAIOT 00PaTHO! pemeTKO# JNMEL B TOM CIydae, eCJlU MHOMKECTBO BeKTOpoB R
ABJseTcsa pemeTkoit bpasa ).

OBPATHAA PEHIETKA KAK PEIIETKA BPABJ

To o6crosaTenbeTBo, uTo 06paTHAaA pemeTKa OpecTaBasaer cofoit pemerky bpasa,
naubonee Hemocpe[CTREHHO CleAyeT u3 ompefeneHus pemeTkn BpaBs, upusenen-
HOro B NOpHUMeYaHMH Ha CTp. 82, ecam 3aMeTHTh, 4To, Koraa Bekropw K; m K,
YZLOBIIeTBOPSIOT YCIOBHIO (5.2), eMy yHOOBJIeTBOPHET TaKKe CYMMa M PA3HOCTh dTHX
BEKTODOB.

Ilonesno, ommako, paccMoTpeTh GoJee TPOMO3[AKOe JOKAa3aTelbCTBO, Halolee
SABHBHIH aJTOPUTM HOCTPOeHHA oGpaTHOH pemerku. Ilycts a;, a, u a; — HaGop
OCHOBHEIX BeKTOPOB npsamoi pemetku. Torza o6paTHyo pemeTKy ITOPOKIAIOT Cle-
AyoIue TPU OCHOBHEIX BEKTODA:

a, X a
b=2n 2273 _
! T a;-(ap X ag) ?

by = 2m — 23X (5.3)

a;-(ay X ag) ?
a;xa
by=2pn —1 "2
ay-(a, X 8y)
Yrobn ybemurnesi, uTo (9.3) HAeficTBUTENbHO 00pa3yioT Ha0Op OCHOBHEIX BEKTOPOB

s o6paTHOI permeTKH, 3aMeTUM BHadase, 9To BeKToph b; ymosmersopawT cooTHo-
{IIeHUIO *)

bi-a]-:ZmSij, (5-4)
rne §;; — nenbra-cumBon Hponekepa:
61'1':07 L#J:
3.
6iy=1, i=j. (2-5)

Haxee, nw060ii BekTop k MoKHO 3anmcaTs B BHIe InHeiiHolt kKomOuHaium 3) BeKTo-
poB b;:

k = kb, + kzbz + ksbs. (5-6)
Eciu R — mpouwsBonbHEE BeKTOp NpAMOM pEMIETKH, TO
R = ma; + na, + nsa,, (0.7)
rie n; — nease 9ucaa. M3 (5.4) caepyer, 4To
k-R = 2n (kyny + kyng + kgng). (5.8)

Yro6m Beamumua e'¥ R paBusanach equnmne nus Becex R [eM. (5.2)], mpousmenenne
kR fomsHO GBHTH PaBHO TEJIOMY YHCHY, YMHOMEHHOMY HAa 27, He3aBHCUMO OT BEI-

1) B wacTHOCTH, €CIII HMeeTCs peleTka ¢ 06asuHcoM, TO HCIOAbL3YIT O0PATHYIO pelleTky,
OTHOCAIYIOCA K COOTBETCTBYIOUIEN pemetke Bpaps, a we HaGop BekTopoR K, KOTOPHIH y0BICTBO-
psa 6u ycxoBuio (5.2) maA BceX BeKTopoB R, ONMmcHBAIOIMX Kak peietky bpass, Tak 1 TOUKH
6azuca.

2) Ilpu { = j coornowmenue (5.4) caegyer us Toro, UTo -BeKTOPHO HPOII3BefeHNe JIBYX Bek-
TOPOB O0PTOroHaJbHO UM oboum. IIpm i = j 0HO caexyeT 113 BEKTOPHOTO TOKAECTBA

a;+(a, X ag)=a,-(ag X a;) = a5-(a; X a,).
3) 370 cnpaBeANBO A JIOOHX TPEX BEKTOPOB, KOTODHE HE JeKAT Bce B OHOM IJIOCKOCTH.

MoskHO TMOKa3aTh, 9TO BEKTODH b; fleiicTBUTeNbHO He JesKaT B OHON ILIOCKOCTH, €CJIH BeKTODHI
a; He JeaT B OJHOU IIIOCKOCTH.
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fopa HedAHX 4YHcesa n;. JTO 03HAYAET, 4To KoaddunuenTn k; NOMKHL OHTH MEJIBIMH.
CregoBaTenbHO, yciaoBEe (5.2), onpefeasomee BeKTOp obpaTHoil pemerkn K,
BHIOIHAETCA TONBKO I TeX BekTopoB K, KOTOphe MoryT GHTEH IpencTaBIeHH!
B Bufle koMbmHanuii (5.6) u3 BekTopoB b; ¢ uexsMu koaddunuenramu. Hosromy [em.
(4.1)] o6paTHasA peimmeTxa ABIAETCA pemeTKol BpaBa u BeKTopH b; MoryT GRTH B3ATH
B KadecTBe OCHOBHHIX BEKTOPOB.

PEINIETKA, OBPATHAA K OBPATHON

O6paTHad pemeTka caMma sBiseTcs pemieTkoil bpaBa, H0TOMY MOMKHO HIOCTPO-
uth ee obparnylo pemerky. OKasmBaercs, 9TO OHa IpeRcTaBjiAerT cobofi LPOCTO
HCXONHYIO IPAMYI0 DEmeTKY.

Onun u3 cnoco00B JOKas3aTeJbCTBA 3aKJIKYAETCA B IOCTPOEHMH IO BeKTODaM
b; BeKTODOB ¢y, €, ¥ ¢3 coriacHo opmynam (5.3), HCOOAB30BAHEEIM JIJIfl IOCTPOCHHUA
b; o a;. Torfa u3 mpocTEHX BeKTOPHHX TOMAECTB HAXOAUM (CM. 3agagy 1), 9r0 ¢; =
=a; i =1, 2, 3.

MoxkH0 gatek m Oosee mpocToe JOKa3aTeJBCTBO MCXOAA W3 TOTO, 4TO, COTIACHO
OCHOBHOMY oOIIpefieieHuIo (5.2), pemeTka, o6paTHaa K o6paTHOM, IpexcraBaser coboi
COBOKYIIHOCTH BCeX BeKTOPOB (i, yIOBIETBOPAIOINHX YCIOBHIO

€iGeK — 1 (5.9)

Aas Beex BexTopoB K, mpumuamieskamux o6parHoi pemeTke. IJoCKOIBKY TakuM CBOM-
cTBOM ofGnapaer n00oit Bextop upsamoir pemerku R [omars B cuny (5.2)], orcrona
ciIelyeT, 9T0 BCe BeKTOPH NPAMOH pemleTKY IPUHAJJIEKAT pemeTKe, ABIA0Mencs 00-
patHOU K obpatHod. Hukakmx Apyrux BeKTOpOB, KpOMe 3THX, OHTH He MOKeT, IO-
CKOJBKY, €CIM BeKTOp He IpMHANJNERNT ODPAMOH pemeTKe, TO OH HMMeeT BHX I =
= 2,8; -} 2,2, -} Zgaz, TIe MO0 MeHBHIEH Mepe ONWH U3 KO3(QPUIMEHTOB Z; ABIACTCA
He nenuM uucnoM. (s 9Toro 3HaUeHmda i umeem €T = e2%ix; =£ 1 u yemosue (5.9)
mas BekTopa ofOpatHoil pemerku K = b; mapymaertcs.

BAJRHBIE ITPUMEPBI

OOparnoél pemeTKoll IO OTHONERWIO K npocmoli Kybudeckoli pemerke Dpass, cro-
poHa KyOuWdecKo# slleMeHTapHOH sAdedKU KOTOpPO# paBHa a, ABIAETCA MpOCTadg KY-
frYecKasi penieTKa ¢ KyOmYecKod sieMeHTapHOH mduelikoii co cropomoit 2m/a. Irto
BUAHO, HAIpuUMep, H3 HOCTPOEHHA (D.3), IOCKOIBKY, eCJH

a,=a§, a2=a§, aszai, (5.10)
TO
b=22% b 25, p=27 (5.11)

Jlas epaneyenmpuposarholl Ky6uieckoil pemerku Bpass co cTOpoHOH# yCiaoBHOM
KyOmueckoii suefiku a oOpaTHON pemeTKOH ABAAeTCH 06BEeMHOIEHTPR POBAHHASM
KyOuuecKas pemieTKa €O CTOPOHOW YCJIOBHOHE KyOmuecKol aAueiikm 4m/a. 10 MOmKHO
IOKasaTh, mpUMeHssA TOCTpoeHUe (5.3) K OCHOBHEIM BeKTOpaM (4.5) rpaHeueHTpHU-
poBaHHOIl Kybmdeckoil pemerkn. B pesyabrate momywaem

A N
by="F— (Y+2—x), by=

b3=f*aﬁ%(£+§—i). (5.12)

2L atx—y),
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Ilo ¢opme »TM BEeKTOpH COBHIAJAalOT € OCHOBHEIME BEKTOPAaMHM O, I. K. PEMIETKA
[em.(4.4)] mpm ycuoBmum, uto cTOpOHA KyOMYecKo#l sAdeifikm B3aATa pPaBHOU 4m/a.
Haa o6semrnoyenmpuposantoil xybuieckoll penieTKH €O CTOPOHOH YCAOBHOM K-
OuuecKoil A9tk @ 00PaTHOM ABJIAETCSA I'.II. K. PEIIeTKA CO CTOPOHO# YCIOBHOM KyGuge-
CKOll AYeHKEM 4st/a. ITO BHOBH MOMKHO MOKa3aTh, HCHOONB3YA HocTpoeHme (5.3),
ORHAKO MOKHO BOCHONB30BATHCA W HOJYYeHHKIM BEINE Pe3YJBTATOM [ PEINETHH,

!

50°

a d

®ur. 5.1. ¢ — OCHOBHHe BEKTODH I HpocToll rekcarosajbHOU pemerku Bpasa;
6 — OCHOBHEIE BeKTODH JJIs PelleTky, o6paTHOMH Toil, KOTOpas NOPOKIeHa OCHOBHEIMM BEeKTOPaMn
PCIIETKH a.

OcHu ¢ ¥ ¢* napanaeibuel. Och a* nOoBepHyYTa Ha 30° 10 OTHOMEHHNIO K OCH @ B INIOCKOCT#, ICPIIEHNNK YIHPHONK ocAM
¢ n c* . OfparHas pemerKa TAKIKe ABIAETCA IIPOCTON TeKRCArOHANBLHOI.

o0paTHO#i II0 OTHOMEHMWIO X I. Il. K., €CJiM YdYeCTh TEOPEeMY O TOM, 4TO PEIIeTKa,
o6patHasa K o6paTHOH, mpefcraBiaser coboit MCXONHYIO peImeTHy.

MH ocTaBaseM YATATENIO B KauecTBe yOpasKHeHHs (CM. 3aiauy 2) HpoBepKy To-
ro, 9TO pemerKa, obpaTHasA K npocmol eekcazonaabHoll pewemrke BpaBs ¢ mocTosH-
HEIMHE pemeTk: ¢ n.a ($ur. 5.1, a), ecTh TaXsKe OPOCTaA TeKCATOHANLHAA PEIIETKA €

nocroaHEEME pemerka 2n/c u 4n/}/ 3a (dmur. 5.1, 6), nosepryrtas Ha 30° Bokpyr
€-OCH IO OTHOMEHWIO K mpsAMO# pemieTKe !).

OB'BEM 3JIEMEHTAPHOH SIYEMKUW OBPATHON PEIMIETKN

Ecau v — o6beM sieMeHTapHOM sAYefiKH NpAMON PeIETKH ?), TO dJeMEeHTapHAsA
Adelika ofpaTHOX pemerku umeer obbeM (Zm)%/v. JTo mokasaHo B 3amaue 1.

HEPBAA 30HA BPUJLJITO9HA

JnemeHTapHYI sAdeiiry Burmepa — 3efitaa (cMm. crp. 85) mna obpatHofi pe-
MIeTKU Ha3HBaIOT nepsoli sonotl Bpusswona. Hak u mpegnonaraeT Takoe HazBaHuUe,
MOKHO OUIPENe]UTh TaKiKe Cle[yiolone 30HH Dpuiiiosna, KOTOpHe ABIAITCA ale-
MEHTAaPHLIMA A9eHKAMHM uHOro poma. OHN BO3HUKAIOT B TEOPUM DJIEKTPOHHEIX YpOB-
HEH B MePHORMYECKOM HOTeHIuajke M OyAyT Oonucansl B IaI. 9.

1) T. 1. y. cmpykmypa He spAseTcs pemeTkoll Bpasa, M0aToMy NpY H3YIEHHNHN TBEDIBIX TeJt
¢ TAKOM CTPYKTYPOil UCHONL3YIOT PemeTKy, ABJISIONIyIocs o0PATHOI K IPOCTOH TeKCarOHATb-
HOil (cM. mpumedanme 1 Ba ctp. 96).

2) Kak OBII0 JOKa3aHO B Ta. 4, o6beMm sieMEeHTapHOI sigeiiKu He 3aBHCUT OT ee BmOOpa.
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Xors TepMuHH «sfdefika Buruepa — 3eitna» m «uepBas 80Ha Bpmimosma»
OTHOCATCH K WACHTHYHHEIM FeOMEeTPpHYECKMM IIOCTPOCHHAM, TeM He MeHee IOCJIeqHHi
13 BAX QAKTHYICCKU MCHOAB3yeTcs AWmb JJis 0003HAUeHNs AUeiKyW B k-mpocTpaHCT-
Be. B "acTHOCTH, KOTRA TOBOPAT O UepBoi 30He DpuINIOd9HA HEKOTOPOH pemeTHA
Bpass B r-mpocTpaHCTBe (CBA3aHHOM C KAKOH-TO KPHCTAJNUYECKOH CTPYKTYpOi),

@ 6

®ur. 5.2, llepBas soma Bpuaniossa 1as o. §. K. (@) A T. U. K. (6) pemeTxn.

TO BCerfla MMeIOT B BUAY AvedKy Bmrmepa — 3eiitiia yia cooTBeTCTBYIOMEl 0GpaT-
Ho#i pemeTkn. Hampumep, mocKoapKy o6paTHOH AiaA 0. I. K. PeMIeTKH ABIAETCSH
. O. K. pemeTKa, TO IepBas 30Ha Bpmiamossa 0. 1. K. pemerkn (fur. 5.2, a) ecth
mpocTo T. I. K. Adefika Bursepa — 3eifitua (cM. ¢ur. 4.16). HaobGopor, nepBas zona
Bpmanwssa r. o. K. pemeTkn (gur. 5. 2,6) ecTh HpocTo 0. I. K. sveiika Bureepa —
Jefitma (cm. ¢ur. 4.15).

ATOMHBIE HNJOCKOCTH

CymecTByeT TecHasl CBf3b MEKIY BEKTOpPaMH O0OPATHOH PemeTKE W aTOMHHMRA
IJ10CKOCTAME OPAMOI pemeTku. Takas ¢BA3p OKASHBAETCH BayKHOH /1A MOEMMAHHMA
¢yBEIaMeHTaNBHOR pony o6paTHOH pemeTEn B TeopuH AMPAKIPH, KAK ME yBHOUM
B clienylomie raase. 31ech jKe MB PACCMOTPHM 3TO COOTHOMmEHMe ¢ 06Imel reoMeTpr—
9eCKOH TOYKM 3peHmsA.

AmomHnas naockocmb Hexoropodl pemerkm BpaBs ompeneasercsa kax moban
B3 MJIO0CKOCTeH, Coflep:RamuX N0 MEHBIIEH Mepe TPH He Je;Kall¥X Ha OfHOR mpsimoi
TOYKM 5Tofi pemeTku. JM3-3a TpamcasnmoHHO# CMMMeTpUEM pemeTKE DBpass aobas
TaKas MJIOCKOCTH B IEACTBUTENBHOCTH COEPKUT GECKOHOYHO MHOTO TOYEK PEMIETKH,,
KoTOopHe o6pa3yioT Ha IVIOCKOCTH [BYyMepHYI0 pemeTky Bpass. Hexoroprie mirocko~
¢TH mpocToil KyOmueckoil pemerku DpaBs msof6pasenw mHa ¢umr. 5.3.

Cemeticmeom amomMKuz naockocmell PemeTKH ME Ha3HBaeM MHOMKECTBO Iapai-
JeAbHEX PABHOOTCTOAMUX APYr OT APYyra aTOMHHX IJIOCKOCTeld, KOTOpHE B COBO-
KYIHOCTH COJepiKaT Bce TOUKHU TpexMepHOM pemeTkn Bpasms. Jlio6as atomHaa mio-
CKOCTh ABIAETCA WIeHOM Kakoro-nubo cemeiictBa. OQueBmgHO, pasOmeHHe pemieTKH
Bpaes ma cemeiicTBO aTOMBEHX IJIOCKOCTEHl Hajeko He OfHO3HA4HO (cM. ¢ur. 5.3).
OfpatHas pemeTka HO03BOJgET OYeHb IPOCTO KJIACCHPUIHEPOBATH BCEBOSMOKHEIS
cemelicTBa aTOMHEHIX Ijockocrelr. Hiaccmmkaums ocHoBaHa Ha cilefqyiomei Teope-
Me:

Hana Bcakoro cemeiicTBa aTOMHEIX IJIOCKOCTeH, OTCTOAImMUX IPYyr OT ApYyra
Ha paccTosHUe d, CYyMEecTBYIOT TAKWE BEKTODH 06DATHON peImeTKY, KOTOPHe
DepHeHAVKYJIAPHE K 9TUM ATOMHHEIM INIOCKOCTAM, IpUYeM HaWMenbIIHWii W3
BuX nmeeT jurmny 25/d. Hao6opor, aas Besakoro Bekropa K ofparnoi pemersn
CYIMECTBYeT CeMeHCTBO aTOMHBIX INIOCKOCTel, KOTOphe HepHeHAWKYJIApHH
sextopy K m orcrogr apyr or gpyra Ha paccrosmme d, rie 2mn/d — HamMeHB-
muit BexTop o6paTHOM pemeTku, HapannensHu K.
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JTa TeopeMa HENMOCPEeNCTBEeHHO CJefyeT, BO-HEPBEIX, W3 ompefederus (5.2)
BEKTOPOB 00paTHOM PEemeTHA KAK BONHOBHX BEKTOPOB TAKAX INIOCKHX BONH, KOTO-
pHe o0pamalTcd B eIMHAIY Ha Bcex y3iaax pemeTkn BpaBs, u, Bo-BTOPEHIX, U3 TOTO

®ur. 5.3. HeroTopne aToMHbE IIOCKOCTH (TeMHHE) TPOCTON KyGHdecKoi pemierxu Bpasa.
Tlorasanbl mBa PARNUUHBIX crHocoba (a ¥ 6) pas0ueHAd PEMETKH Ha CEMeHCTBA STOMHEBIX IIJIOCKOCTEH.

daxrTa, ITO OIOCKAaA BOJHA IPHHUMAST ONUHAKOBHE 3HAUEHNA BO BCEX TOUKAX, OPH-
HaJUIKAMAX CeMeHCTBY IIOCKOCTEH, KOTOpHE NepPHeHTUKYJIAPHL BOJIHOBOMY BEK-
TOpY W OTCTOAT HA IeJI0e IWCI0 JWH BOJH APYTr OT Ipyra.

Ilokaem BHa7ale HmepBYIO d4acTh TeopeMH. llycrts maHO HekoTopoe CeMeHCTBO

JIOCKOCTEH pemeTKH ¥ n — eJWHMYHHE BEeKTOp HOpMadum K IyockoctaMm. Torpa

K = 2nn/d aBnsercs BeKTOpPOM oOpaTHOR peMeTKH; TO ClAeflyeT U3 TOro, 4T0 ILIo-
cKasl BoaHA e!K'T NoCTOAHHA B INIOCKOCTAX, MEePHEHANKYJIsApHHX Bextopy K, m mme-
eT OlMHAKOBOEe 3Ha4YeHWe B INIOCKOCTAX, OTCTOAMIEX JIPYF OT Apyra Ha pacCTodgHEe
A =2n/K = d. Tak Kark OfHA W3 ATOMHHX IJIOCKOCTeH COXEp:HHUT TOUKY ¢ = 0
B pemeTKe Bpass, BenuuuHa €X' T moskHA GHTH paBHa eqUHHIE Mg A060H TOUKN
r Ha n10604 M3 THX OxockocTell. IloCKOTBKY TaKHe IIOCKOCTH COZEP)KAT BCe TOUKH
pemerkn Bpass, 1o KT = 1 mua Bcex R u K neiictBurensHo npencraBiaser coboi
BerTOp ofparTHoit pemeTku. Hpome Toro, BekTop K ABIAeTCA HAUMEHBIINM BEKTOPOM
o0paTHO# pemeTKu, UePUeHIHKYJIAPHKEM NAaHHRM IUIOCKOCTSM, HOCKOJBKY JI0Goi
BEKTOp, UMEIOINHAR MeHLIIYI0 BeanInHy, 9eM K, naBai GH OIOCKYI0 BOIHY ¢ AJUHOM
poneH 6onbme 25t/ K = d. Taraa miockana BoiHa He Gymer EMeTh OMEHAKOBOTO 3HA-
9eHHs BO BCeX INIOCKOCTAX CeMeicTBa, a I0BTOMY He MOMKET HpeCTaBIATh coloi
MAOCKYI0 BOAHY, 00pamamoylocs B eJUHALY BO BCeX TOYKAx pemeTKu bpago.

Horamem ofpaTHOoe yTBep;KOeHHE TeOpeMH. llycTh JaH HEKOTODHIL BEKTOD
ofpaTHO#l pemerkd, i nycTh K — HauMmeHbmmi HapajiaelbHHA emy BexTop ofpart-
HOM pemeTku. PaccMOTpAM MHOMKECTBO TaKHX HJIOCKOCTeH B PeaJbHOM NpOCTPaH-
CTBe, Ha KOTOPHIX ILIOCKAas BOJNHA ¢'X'r mMeer 3HaueHNe, paBHOE eTMHMIE. JTH ILIO-
cKkocTn (OfHA M3 KOTODHX CONeP:KMT TOUKY r = () mIepmeHIUKYJIAPHH BEKTOPY
K u orcrosT apyr or Apyra Ha paccroAnme d = 2n/K. Tak Kak j060d U3 BEKTOPOB
R pemertxu Bpass ynosiaerBopser ycaosuio elK'R = {1 gusa xampmoro BekTopa ofpar-
HOH penieTKu, TO BCe OHU JOMKHEL Je/KaTh B YKAa3aHHBIX IIJOCKOCTAX, T. €. 3TO ceMeli-
CTBO TLIOCKOCTEH NOJIKHO comepskaTh B cefe ceMeHCTBO aTOMHBIX miockocred. Hpo-
Me TOro, PacCToAHAe MEEAY IUIOCKOCTAMH DeIleTKN TaKkKe PaBHO d (a He IeaoMy
gucny d), HOCKOIbKY, eciid OBl JuIOb KasKAasA n-f INIOCKOCTH W3 3TOTO CeMeHrCTBa
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comepskalia B cebe Touku pemrerk® BpaBs, To TOrja B COOTBETCIBAH C IepBOH dac-
THI0 TEOPEMBI HOPMAJBHEHE K ILIOCKOCTAM BeKTop AamuO# 2n/nd, 1. e. Bertop K/n,
ABAsICA GH BeKTOpOM 06paTHOH pemmeTKH. JTO NPOTHBOPEIRIO 0K HameMy IepBO-
HaYaJNbHOMY HPeIIoJ0:KeHNI0 0 TOM, 9TO He CYMIeCTBYeT BeKTopa o0 paTHOM pemeTKy,
KoToprid Obur 6B mapaJineneH BekTopy K @ mMesa MeHBmyIo AJUHY.

MHAEKCHI MIUJIJIEPA ATOMHBIX IIJIOCKOCTEN

CooTBeTcTBHE MEMRAY BeKTOpaMmu 0OpaTHOM pemeTHu W CeMeWcTBaMu aTOMHEIX
IJIOCKOCTeH MaeT ynoOuki cnoco0 yKa3aHnd OpHeHTAaIluyd aTOMHEOR naockocTH. Boob-
Hle TOBOPS, OpHEHTAIUs INIOCKOCTA ONHCHBAETCH IyTeM 3afaHus BEKTOpPa HOpMAJHd
K 9T0i miockoctd. IlocKONBKY MH 3HaeM, 9TO HJA BCAKOTO ceMeficrBa aTOMHHX
IIIOCKOCTel CymecTBYIOT HOPMaJbHEE K HeMY BeKTOPH 00paTHO# pemeTKH, T0 ecre-
CTBEHHO BHIOpaTh B KauecTBe HOPMAJW TaKo# BeKTop o0paTHoi pemeTku. YUTo6H cle-
J1aTh 5TOT BHIGODP OJHO3HAYHEIM, BRIOMDAIOT HAUMEHBIOWHA M3 YKa3aHHHX BEKTODOB.
Takum wyTem Mul oupemeiseM uHdercst Musiepa DaHHOE IAOCKOCTH.

Nunercer Muniepa HEKOTODPOH ATOMHOM INIOCKOCTH — 9T0 KOOPAMHATH HAWMEHb-
mero BeKTopa 00paTHOH peleTKH, MepIeHAUKYIAPHOTO JaHHOR IIIOCKOCTY, B CHCTe-
M€ KOOpAWHAT, BaJaHHOM OCHOBHEIMM BeKTopamu o0parHoil pemerku. CieZoBaTelb-
HO, IJOCKOCTH, WMelmasa WHAeKCH Muunepa h, k, I, mepumeHgukyiasipHa BEKTOPY
obpatHo#i pemerkm hb, + kb, 4 lb,.

Onpenenennpie NoxoGHEM 00pasoM muAeKcH Musajepa HOJKHB GHTEH IeJRIME
9ucIaMu, HOCKOJNBKY JH060 BeKTOp 06paTHO# pemeTkKm npeicraBiaser colol nam-
He@HYI0 KOMOMHAUWi0 TpeX OCHOBHHX BEKTODOB, B3ATHIX C IeJHMM KoadPEnmeHTa~
mu. Tar Kaw AJIg 3ajaHua HOPMAdl K NOBEePXHOCTH WCHOAb3YeTCS HaWMeHBINAHN nep-
OeHAUKYASPHEIA BeKTOpP 00paTHOR pemeTKH, HHAEKCH £, k, [ He MOTyT nMeTs 06mero
MHOMRHUTENA. 3aMeTUM TaK:Ke, 9T0 WHIEKCH Mumnjiepa 3aBUCAT OT BHGOpa OCHOBHHX
BEKTOPOB.

B wpocroit kyGmueckoir pemerrke BpaBs ofpaTHas pemeTka TakKe ABIAETCA
Hpocroil KyOmuecKol n mHAeKCcH Muinepa crymar KOOpAMHATAME BeKTOpa HOPMAaM
K INIOCKOCTH, B3ATHMI B BHIOpDaHHOH 09eBMTHEIM 00pa3oM KyOu4ecKo# KOOpANHATHOR
cucreme. I'. 1. K. # 0. 1. K. pemeTkn BpaBs 0GHYHO ONECHBAIOT C MOMOMBIO yCJIOB-
HOM KyOmuecko#l sauelikm, T. e. KaK OpPOCTHe Ky0uueckme pemeTk:m ¢ 0asmcamim.
IlockonbRy Kasas aTOMHAA IIOCKOCTE B I'. Il. K. ¥ 0. I[. K. pellleTKax IpeJcTaBiser
co00i1 Tax;Ke aTOMHYIO ILIOCKOCTH COOTBETCTBYIOMER NpoCTOM KyGmdeckKoit pemeTxm,
Ias 0003HaYeHNA ATOMHHX INIOCKOCTEH MOKHO BOCHOJH30BATHCH TeM Ke Cmocofom
3aJlaHNA UHIEKCOB, UTO W B OpocToll Kybuueckoi pemeTke. Ha npakTuKe T0JbKO IpH
PACCMOTPEHME HeKyOMYeCKHX KDPHUCTANAOB CYIMECTBeHHO, YTO HHIAEKCH Muanepa
OpeAcTaBAAIOT 0G0l KOOPAWMHATH HOpPMalu B CHCTeMe, OIpefelseMOi He HPAMOH,
a 00paTHOM pemeTKo.

CymectByer omma reoMeTpwdecKas WHTepupeTauus WHAeKCcoB Muasepa puas
OpsAMOi pemeTKH, KOTOPYI0 WHOTJA HCIOOJB3YIOT B KaUeCTBe aJbTepHATEBHOLO CIO-
coba mx ompepmeneHuf. IloCKONBKY TIOCKOCTD pelieTHE ¢ muAexcamm Muiaepa
h, k, | mepmenmurynsapHa BekTOpy oGparno#t pemetku K = hb; -+ kb, -+ Ib,,
TO IPH oHpefeleHHOM BHOOpe mocTosaHHON A oHa OyAeT comep:RATHCA B reoMeTpu-
YeCKOH IIOCKOCTH, ompefeinsemoil ypaBHenuweM K-r = A. Jr1a miockocrp mepece-
KaeT OCH, HaIpaBJIeHHEE N0 OCHOBHEIM BEKTOPaM a; IPAMOA PeHIETKH, B HEKOTOPHX
TOYKAX 2183, T,8, U Tga, (PUF. 5.4), rAe x; ompemeaAdTCA TpeGOBaHHEM TOTO, UTO
BeIMYWHA T;a; YAOBJETBOpANA ypaBHeHmMI0 Iutockoctm: K- (z; a;) = A. Tak kak
K-a; = 2nk, K-a, = 2nk u K-a; = 2nl, monydaem

A A A
=2y 2T onp o BT ony- (5.13)
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‘CienoBaTelbHO, OTPE3KM, OTCeKaeMble HA OCAX KPUCTalJa aTOMHOH MJIOCKOCTBIO,
06paTHO HPONOPIMOHAJBHH HHAeKcaM MEaaepa 3TOH NIOCKOCTH.
HKpucranmorpads mepeBopadmBaioT BCo mpofieMy ¢ HOT Ha TOJNOBY U onpede-
Agiom AEIeKCH Muriiaepa kak HaGop He mMelommx O6MEero MHOKUTENA HeJHX Tucel,
KOTOpHIe 00paTHO IPONOPIAOHAIbHE JJIH-
HaM OTpPEe3KOB, OTCEKaeMBIX KpucTajaan-
9eCKOH INIOCKOCTBIO HAa OCAX KPUCTANIA:

hikil=—r:1: 1 (514

Ty Ty T3

HEKOTOPBIE IIPABHIJIA
OBO3HAYEHUA HATIPABJIEHUN

ATOMHEE INIOCKOCTH OOBIYHO 0G03HA-
JapT, yKa3blBad B cKOOKax WX NHOEeKChI
h -

®ur. 5.4. Kpucramaorpagmdeckoe ompeae- M“M?pa (h, k, ). Hampumep, B ky6u
NeHue MHIEKCOB Mminepa aTOMEEIX miocko- JCCKOM CHCTEME IJIOCKOCTE C HOPMAJlblo
crei. (4, —2, 1) [unm ¢ xpucramzmorpaduueckoit

3amTpuXOBAHHAA NJOCKOCTH MOMKET NPEICTABIATH TOYKHA 3PeHHA IJIO0CKOCTh, OTCEeKaKINyIo

cofolf gJacTh aTOMHOHN nNOCKOCTH Ay we dwlyno
IJIOCKOCTh, ~ IAPAJeNbHYI0 aroMHoi maockoctn. OTPE3KI (17 —2, 4) Ba ocax Ry6a] Ha3khl-

Huapexcsl Munnepa oGpaTHO IPONOPIMOHAIBHEI x;. BAIOT IUIOCKOCTRIO (4’ _2, 1). 3anﬂ'rme ony-
CKawor u, q9TOOK HE BOSHUKJIO OyTaHHIH,

8aOMUCRIBAIOT n BMeCTO —n, OojJdy4Yad TeM CaMbIM GoJee opocToe oGoaHaveHNE

(421). UToGm Takme CHMBOJH MOKHO GLUTO OJHO3HAYHO WHTEPOPETAPOBATH, HEO6XO-
AuMO 3HATH, KaK BHODAHK HCIOJBb3yeMue och. Horja Kpucrana umeeT Ky6uiecKyio

a;

(010) (110) (1)

®ur. 5.5. TpE aToMHBle IOCKOCTH W MX MHAEKCH Mmuimepa JIst NPoCToll KyOW9ecKol pemeTKu
Bpasa.

CEMMETPHIO, BCerja NPHHATO HCHOJB30BATEL OCH IPOCTOH KyOmdecKol sieiikn. Heko-
TOpHe IPAMEPH MIOCKOCTel NiA KyOMIeCKHX KPHCTAIIOB NOKasaHH Ha ¢umr. 5.5.

Aranormaase 0603HAYeHAA ACIOJAb3YIOTCA NJis HaOpaBJIeHWHA B IPAMOH pemer-
Ke, Ho IIPHE 3TOM, OfHAKO, 9TOOH m3beKaTh OyTaHUIH ¢ WHAeKcaMu Mmiiepa (mas
HaNpaBieHU B o6paTHOA pemeTKe), IPUMEHAIOT KBaJpaTHie, a He KPYyTJakle CKoO-
gnd. Tak, mpocTpaHCTBOHHA A [HATOHAID HPOCTON KyOUHeCKo#i pemeTKN NMeeT HapaB-
aenne [1 1 1], a B o6meM crydgae pafHyCc-BEKTOD N,a; - Nya, + Ngdg IMeeT HANPAB-
neame [nin.ng]l mo  OTHOmeHHI0O K Hadady oOTCUeTa.

CymecTByeT TaxKe 0003Ha4eHMe, YKA3BIBAIOMEe HE TOJIBKO OJHO CeMEHcTBO
ATOMHBIX ILUIOCKOCTEH, HO W BCe Apyrume ceMefcTBAa, KOTODPEHIE SKBUBAJEGHTHH €MY
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B CEMV CAMMETpDHE KpHcTanna. Hampmmep, B KyOHYecKOM KPHCTaJlIe TIOCKOCTH
(100), (010) = (001) oxsuBanenTHH. B coBoxymHOCTH MX 0603HAYAIOT KAK IJIOCKOCTH
{100); B o6mem caydae mas obosHavenmA mrockocreir (hkl) m Bcex Apyrmx miocko-
creil, SKBUBANEHTHHIX WM B CHJAY CHMMETPHH KDHCTANIa, HOOJAB3YIOTCH CHMBOJIOM
{hkl}. Cxommoe TPaBWIO HPUMEHAIOT ¥ B OTHOUIEHWNH HalpaBJeHMi: HATPaBICHUS

(1001, [0101, [0011, (1001, [010] = [001] B kKyGudeckom KprcTalie HABHBAIOT HALPA-
prermamm { 100 ) .

Ha aroM saBepmiaerca Hame o0mee reoMerpmueckoe oOCYKIeHHME CBOHMCTB 006-
paTHO# pemeTkd. B ri. 6 MEI BCTpeTHMCS ¢ BajKHHM IPAMEpPOM HPaKTAYECKOTO HC-
N0AbL30BAHASA DTOTO MOHATHA B TEOPUH NU(PAKOAA PEHTIEHOBCKUX AYIell B KPUCTAIIIO
n y6emumca B ero 3¢YQeKTmBHOCTH.

3AAYM

1. a) JlorauTte, 9T0 OmpeleisieMHe BHIPAKEHHUAMH (5.3) OCHOBHHIE BEKTODH OGpaTHOH pemeTHu
YIOBJIGTBOPAIT COOTHOIICHWIO

2m)3
by-(by X by) = — 5.15
1 ( 2 3) al‘(agx as) ( )

|¥Yxasanue. 3anumnre b, (do me b, amu b;) gepez a; m BocnoAbayliTech COOTHOIIEHUEM OPTOTO-
HaJbHOCTH (5.4).]
6) IlpeqmonomKuM, YTO OCHOBHEE BEKTODE IOCTPOoeHH u3 b; TeM ske caMum oGpasom [eum. (5.3)],
Kak b; mocrpoenmn w3 a;. Jokaskmre, 9TO 3TH BEKTODH TOrja NPOCTO COBIAAAIOT € a;, T. €. NOKa-
KHTE, 9TO b b
g XDy
2n bbby A E Tk (5.16)

[Yrasanue. Brupasure by (Ho me by) B wncaurene depes a;, UCTONbL3YiHTe BEKTOPHOE TOMKIECTBO
AX(BXC=B(A.C)—C(A.B) u BoCcHONB3YHTECh COOTHOIIEHNEM OPTOTOHAJIBHOCTH
{5.4), a Taroke DOJNYYEeHHHIM BHIIe pe3yasratoM (5.15).]

B) Joraskute, 9To oObeM bpiIeMeHTAPHOH s9edKM peineTkn BpaB> pasen

v=|ay-(ag X ag)|, (617

rge &; — TPU OCHOBHHX BeKTopa. [B couerammm ¢ (5.415) 9To mokasniBaeT, 4To 06beM JIeMEHTAP-
HO#t sueiirm oOpartHoit pewerku pased (2m)%/v.]

2. a) Bocmons3oBaBmInCh OCHOBHHEIMH BeKropamd (4.9) M mDoctpoemuem (5.3) (uim mocrymas
Kakum-in6o WHEM 00pasoM), MOKayKMTe, UTO pelleTRa, o0paTHaa K MPOCTOHd reKCcaroHaJbHOU
pemerke BpaBa, Takme ABIACTCA UPOCTOH TeKCAroHaNbHON, HPMuYeM A Hee IOCTOSHHHE
pemetky paBHK 25/c u 47/)/ 32 moma mopepHyTa Ha 30° BOKPYT OCH ¢ O OTHOHIGHNIO K TPAMOH
pemeTke.

©) Ilpu RakoM SHadYeHMN c/¢ 9TO OTHOUIEHWE OJJHHAKOBO KaK B IPAMOiH, Tak m B obpaTHOR
pamerxax? Ecam oTHODIeRWe ¢/o MMeeT uJealibHOe BHAYEHHE B HNPAMOH pemleTKe, KaKOBO ero
3HadeEne A oOpaTHOH pemeTkH?

B) Pemwerky BpaBs, moposgaeMyi0 TpeMA OCHOBHHIMH BEKTODAMH DAaBHOH [JIMHK a, CO-
CTaBAAIOIMUMY PaBHRE yriu O APYr ¢ npyroM, Ha3kBAalOT TPUTOHAJNLHOH pPEINeTKOoH (cM. TA. 7).
[lokaykure, 4To pemeTxa, oOpaTHas K TPUTOHAJNBHON pelleTke BpaBs, TaksKe ABIACTCH TpH-
roHaJbHOM, mpmdeMm yroa 0% paerca BripaskeHueM — cos 8% = cos 0/[1 <4 cos 0], a mmEaA a*
OCHOBHEIX BEKTODOB TaKoBa: a* == (2m/a) (1 + 2 cos O cos 0*)-1/2,

3. a) ITokakuTe, 94TO IJIOTHOCTH TOYEK PemeTKH (B pacyere HA eNUHMOY UAOMAIu) B aTOMHOK
IIOCKOCTAX PaBHA d/v, rfle v — 06beM 3NeMEHTapHOH AdYefKU, a d — pPACCTOAHEE MEKIY COCefl-
HEMM TUIOCKOCTAMHN B ceMmeHcTBE, KOTOpPOMY NPHHAJJIEIKUT JaHHAA IJIOCKOCTh.,

6) IorammTe, YTO B TI.O.K. pemerke Lpasd NIOTHOCTL TOYEK MaKCHUMajlbHA B aTOMHHX
mnockocrax {111}, a B o.1.K. pemerke BEpaps — B mrockocTax {110}). (¥xasanue. Jlerte ncero avo
cllesaTh, BOCIOJB30BABIINCH COOTHOINGHHMEM MEKIY CeMeHCTBAMM INIOCKOCTEH peImeTKH U BeK-
TopaMu o6paTHOE peImeTHH.)

4. Noxasxure, uro moboii Bekrop K 00paTHOR pellleTKU SIBISETCA MEJIHM KPaTHHM HAHWMEHLINEro
13 TMapailelkHAIX eMy BeKTopop of6parsoli pemietku K,. (¥ xasanue. Ilpeamonomure ofpaTHOE
1 mOKayKHTe, 9T0, MOCKOJbKY ofparHas pelleTKa ABJIsAeTCA pemerkoii Bpases, nosken cymecTso-
BaTh BEKTOp oGpaTHON pemeTkH, mapaiedbHui K u mempmmii K,.)
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OIIPEJIEJIEHUE
KPUCTAJIJIMYECKUX CTPYRTYP
C TTOMOIIBIO TN®PAKIAN
PEHTITEHOBCKHUX JIYYEI

OOPMYJINPOBKHU BEP3TTA U JTAYD
YCJIOBHUE JAYY U IIOCTPOEHUE 9BAJIbIA
9KCHEPUMEHTAJBHBIE METOBI: METOI JIAY 9,
METO/] BPAITAIOIMETOCH KPUCTAJIJA, HOPOMKOBLIN METOI
TEOMETPUYECKUM CTPYRTYPHBIN OAKRTOP
ATOMHBIN ®OPM-GAKTOP

Tunuuskie MeKATOMHEIE PACCTOAHNS B TBEPAOM TeJle UMEIOT IOPARO0K aHIcTpeMa
(10-8 cm). CenoBaTenbHO, A 9IEKTPOMATHATHOTO 30HAMDOBAHUA MUKDOCKOIMYE-
CKOH CTPYKTYPH TBEPAHIX TeJ HeoOXOJUMO WCIOJB30BATH W3JyUeHue ¢ AJUHOH BO.I-
HBI, He IPEeBHIIAIOINEH dTOr0 PACCTOSHASA, I COOTBETCTBEHHO € SHEPIUAMHU IOPAIKA

ho =2 — P~ 12,3.10° 5B, (6.1)
Ilogo0HEMI dHEPTUAME — DOPAAKA HECKONBKWX THICAY 3JAEKTPOH-BOJIBT (KWJIO-
IeKTPOH-BOABT, Mau K3B) — o6xamaloT peHTreHOBCKHE JYUH.

B nacroameil riaBe ME IOKajkeM, KaKuUM 00pa3oM pacipefelieHue PeHTreHOB-
CKHUX Jydei, pacCeSHHHEIX Ha KeCTKoil 1) mepuonmueckoit ?) MOBHOA pemieTKe, MO3-
BOJIAIET OHpPeREJUTH HOJO0KEHMe HOHOB B 9TOM CTpyKType. CymecrByIOT IBa SKBH-
BAJIEHTHHIX CI0C00A PaCCMOTPEHNA PAaCCesSHAs PEHITeHOBCKMX Jy4Yell HA mAeasbHOR
OepUOAMIeCKOi CTPYKTYpe, KOTophle OhIn mpefiaoskensl Bparrom u Jlays. OGa coo-
cofa mMUPOKO NPHUMEHAIOTCA [0 Hacroamero Bpemenu. llogxon Jlays, ocmoBaHHEIA
Ha HCHOOJb30BaHUY 00PATHOM pemeTky, 6ausKe 0 AYXY K cOBpeMeHHOil ¢usnke TRep-
IOro Tejia, TeM He MeHee moAxojx Bporra Bce ellle MUPOKO UpPUMEHAETCH CHOELMAN-
CTaM# X0 peHITeHOBCcKoi kpucrajuorpadun. OGa oHM ommMCaHHE HWMKe HAPARY
¢ /0Ka3aTeJbCTBOM HX OKBHBAJEHTHOCTH.

1) B 1eACTBHTEIBHOCTH MOHH KOJIEOJIOTCH OKOJNO CBOMX MOJIOKeHnil paBHOBECHA (CM.
ri. 21—26). 910 He BIXAET HA BEBOJH, K KOTOPKRM MEI IPUXOJUM B HacToANell raaBe (XOTA B Hep-
BO® BpeMs MCCIEefOBATENsAM, 3aHMMABIIMMCH POHITEHOBCKONU Andparumeil, ocTaBajloch HEACHHM,
modeMy TaKue KojebaHus He PasMEIBAIOT KapPTHHBI, XapaKTepHOH [JIs PacCesHUA HA IEePHOJMIe-
ckoil crpykType). OKasmBaercd, 910 Kojde6aHuA NPUBOJAT K ABYM OCHOBHEIM CJIEJACTBHAM (CM.
1. 2, mpunokenue 0): a) MHTEHCHBHOCTHL TUIIMYHHX MAKCUMYMOB, IIO3BOJIIIONNX BOCCTAHOBHTH
CTPYKTYPY KpUCTaJijia, IOHWKASTCH, HO He 00pamaeTcs B HYab; 0) Bosnnkaer Goxee caaboe Hempe-
pHBHOe goHOBOe uanydenue («IuddysHHA PoH»).

2) Amopduue TBeppbe Tela U KHAKOCTY MMEIOT IPUMEPHO TY jKe INIOTHOCTH, 9YTO W KPHCTal-
Jy9ecKue TBeP/ke Tejia, H02TOMY JIA UX «B0HAUPOBAHUAY TAKIKE MOTYT OHTL NCIIOJB30BAHK PEHT-
TeHOBCKue Jyuu. OJHAKO XapaKTepHHE JJid KPUCTAJIIOB JMCKPeTHHE OCTPHIE MAKCHMYMH pac-
CesIHHOTO W3IYyJeHHsS B 9TOM CIydYae He OOHAPYKUBAIOTCA.
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GOOPMYJINPOBKA BPIITA YCJOBHUA JINGPARIINN
PEHTITEHOBCKUX JIYYEN HA KPUCTAJLJIE

B 1913 r. Y. T. Bparr u ¥. JI. Bparr ofuapynan, 9To BemeCTBa, ABASOMUECCH
IO CBOel MAaKPOCKOIMYECKOM (opMe KPHCTAIIaMM, 1al0T Ipe3Bhdaliio XapaKTepHbe
KapTHHBI OTPaKeHUs PEHTIeHOBCKOTO M3JIyUeHHs, COBEPIMIEHHO HEHOXOMKue Ha Te,
KOTOpHe Hoiydalores AasA srupgrocreit. OHN 0OHADYMKUIM, UTO B KPUCTAJIJHNYeCKNX

[ (%
5 128
/
——eo—o—o—0o—
®ur. 6.1. Bparroeckoe oTpaskeHme OT OTpe- ®ur. 6.2, Bparropeckuii yromx 6, paBHELD
NIeJIEHHOTO CeMeicTBA aTOMHHX IIIOCKOCTEH, 1OJOBMHEE HOJHOTO yIia OTKIOHERHA Hajiar-
OTCTOAmMUX Ha PaccToAHHe d. mero Jyda.

TIokasaHpl MaganIuil ¥ OTPAXKEHHBIN JAYYN MJIA OBYX
cocemHuMx  mniockoctell. ~PasHOCTb  XOpa DpaBHA
2d sin 0.

BemecTBax JJisi HEKOTOPHX YeTKO OIpefleJleHHHX [ANHE BOJH 1 HaIpaBJeHHH Hafle-
OrsA HaOXIONAXTCA WHTEHCWBHEE MAKCHMYMEL DPACCESHHOTO M3NYYeBWA (Hasbibae-
MHE Temeph OpOITOBCKMMH MAaKCHMYMaMH).

Y. JI. Bporr mokasasn, 910 gBlIeHAE MOMKHO OGBACHATE, CAUTAA KPHCTAJI COCTO-
AIIEM U3 HapaljedbHHX IJIOCKOCTeN MOHOB, OTCTOAMUX APYT OT Apyra Ha paccros-
Hue d (T. e. U3 AaTOMHBIX IIOCKOCTeil, OMACAHHEIX B IJI. 9). Y CIOBUA BOSHHKHOBEHUSA
0CTPOT0 MAKCHMYMa B MHTE€HCHBHOCTH PACCEsTHHOTO M3IYYeHMSA 3AKIIOYAIOTCA B cie-
ayomeMm: 1) peHTreHoOBCKME Jyud MOJKHB HMCUBITHIBATH 3epKajJbHOe OTpakeHme !)
OT MOHOB Kajkoo# M3 INIOCKOCTeil, 2) aydm, OTpasKeHHBe OT COCeIHUX HIOCKOCTeH,
LOMKHEL MHTEPPEPUpPOBATL ¢ B3aMMHHIM yCHieHWeM (KOHCTpyKTHBHO). Ha ¢ur. 6.1
HOKAB3aHHl JIyUW, HCIHTABIINE 3epPKAITHHOE OTpazkeHHe OT JBYX COCEIHEHX ILIOCKO-
creii. PaspocTh x0fa ABYX aydeit padua 2d sin 0, roe 0—yroa nagenwns 2). Uto6s nyun
rHTEpQEpAPOBAIN C YCHIEHHEM, PAa3HOCTH XOfa AOJKHA COCTABIATE LeJ0e WHCJIO
IIAE BOJH, UTO HPHBOLHAT K SHAMEHHMTOMY yciosmio bparra 9):

nh = 2 d sin 6. (6.2)

1) Ilpu 3epKadpHOM OTPAKEHWM YTOJX NANEHHs DABEH yIay OTPaKeHH:.

2) B peHTIeHOBCKOMN KpPUCTAXIOTPaduu yroJ MafeHus IPUHATO OTCIMTHBATE OT ILIOCKOCTIH
OTpajkeHHd, a He 0T HODMAJH K 9TOH INIOCKOCTH (KaK B OOHYHOI oNTHKe). 3ameTnM, 4To yroxa o
paBeH TOJIOBMHE yIila OTKJIOHEHHWs majaiomero Jgyda (gur. 6.2).

- 3) Coormomenue (6.2) B mHamieif JuTepaType Ha3HBa®T ycjaosmem bpsrra — Byasda.—
pum. ped.
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I{esoe 4mci0 7 Ha3HBAIOT MOPALKOM COOTBETCTBYIOMEro oTpaskenus. g myu-
Ka DPEHTTeHOBCKUX Ay4Yeidl, COOep;Kamero MUPOKHAH Arana3oH PasjHIHHX JJIAH BOJH
{«Genoe maaydenne»), HabMONaeTCA MHOTO pasinyHHX orpaskennmit. Hapsany ¢ orpa-
meHnAME GoJiee BHICOKOr0 mOpPANKA OT 3a-
MaHHOIO0 MHOKEeCTBA aTOMHHX ILIOCKOCTER
Heo0XOUMO YIWTHBATH TAKIKE, 9T0 Cymie-
crByer (oxbmioe 9MCIO Pa3AUYHBIX CIO-
co60B pa3bmeHrA KPACTALIA HA IIOCKOCTH
pemeTKN I Ka)K[AK# U3 HEX B CBOKO oOde-
penb OPHBOAUT K HOBEIM OTPRJKEHUAM
(cm., Haopumep, ¢ur. 5.3 manm dur. 6.3).

®OPMYJINPOBRA JIAY3 YCJIOBUA
JAOPARKONN PEHTTEHOBCKIX
JYYEN HA KPUCTAJLJIE

dur. 6.3. Huoe pasbuenne Ha aTOMHEIE IJIO-
CKOCTM 4acTH pemeTkn bpas, moxaszaHHOM

Ha ¢ur. 6.1.

Tlapaomnii 1yd HATPABJEH TAK e, KaK 1 Ha ¢ur. 6.1,
ONHAKO HampaBieHue (YRas3aHHOe HA UTrype) w AIu-
HA BOJHH OTP@KEHHOTrO Jyua lonmpenmenseman yeso-
pueM Bparra (6.2) ¢ sameHoit d na d’] Temepn WHbIE.
OTpaKeHUs BOBMOMKAL, BOOOIE roBOpsA, [JA JII060T0
u3 OEeCKOHEYHOTO WYHCI& BCEBO3MOMKHBIX CIOCOGOB
paafueHus pelneTKN Ha MJIOCKOCTH.

IMopxon Jlays orimuaerca oT moaxona
Bparra Tem, uTo B HeM He BHAEIAETCA
HEKaKO¥ KOHKpPeTHH cmocol pasbuexus
KPHCTAJJIa HA ATOMHEE IUIOCKOCTH H HE
UCIONB3YeTCA CIeNuaJbHOe IIPeRII0osHe-

HHe OTHOCHTEeNEHO 3ePKANTBHOTO XApaKTepa
orpaskeHus ). Bmecro aroro Jlays cumrau,
YTO KPHUCTAJLI COCTOUT 13 TOAISCTBeHHBIX MUKD OCKOINIECKIX 06BEKTOB (TPYII AaTOMOB
HJA MOHOB), pasMemeHHBIX B yaiax R pemerkm BpaBs, upmueM Xa:kmpiii ms mmx
MOKeT pacceHBaTh Bo BCeX HampaBlieHUAX HDanamolmee Ha Hero msaydenme. OcTpbie
MAaKCHMYMBl Ha(NIORAIOTCA TONBKO B Tex
HAUPABJNEHUAX W AJA TeX NJIUH BOIH, XIS
KOTOPHX Jy4W, PACCesiHHHE BCEMU TOYKa-
MI PemeTKM, WCHOHITHBAIOT KOHCTPYKTHB-
HYI0 WHTep(epeHIHIO.

Yro6Hl HaliTH yCAOBHE KOHCTPYKTHUB-
Holl mHTepdepeHIuT, paccMOTPHM BHAYalIe
IBa paccemBAIONBAX IEHTPA, CMEIMEHHEIX
OTHOCHTENBHO HPYT Jpyra Ha Bekrop d
(fur. 6.4). llycry oT GecromeuHo yhanien-
HOTO PEHTT€HOBCKOTO WCTOYHUKA BIOID

HaOopaBJeHHA N majgaer jJayd c OIAHON BOJ~

o

A
dcosf=d-h

T_'__v_____( e
d cos@'=-d«n’

®ur. 6.4. IlocTpoerne, NoKasmBaiomiee, ITO
PasHOCTh X0fa JAydeil, PacCesiHHHIX HA OBYX

HEl A B BOXHOBMM BexktTopoM k = 2mn/A.
Torma paccesHHBIE JY9 ¢ JINHOA BOJHEL 2)
A Oymer HabaomaTbca B HaIpaBlIeHHAN

TOYKAX, HAXO[AINMXCHA HA PACCTOAEWN d APYT
OT Jipyra, oupejeisercA BupakeHueM (6.3)
unn (6.4).

n’ ¥ EMeTh BOJHOBOX BekTop k= 2xn’/)A
OpH yCIOBHWH, YTO PA3HOCTh XOfa ABYX JydUeil, pacCesHHEX ABYMsS MOHAMIM, pPaBHA
1eloMy YHCIY AJUH BOMH. VI3 ¢ur. 6.4 BEAHO, YTO 9Ty PAa3HOCTH XOJA MOKHO 3a-

1) IlpexmoaoskeHne Bparra o sepKalpHOM XapaKTepe OTPasKeHMS IKBHBAJECHTHO, OJHAKO,
IpeANON0KEeHUI0, 4TO JY9d, PacCessHHAIE HA OTAENbHHIX HOHAX B KaKgoll aTOMHOH IIOCKOCTH,
maTepdepupyIor ¢ yemnernuem. Taxun ofpasoM, Kak noxxox Bparra, Tak u mogxop, Jlay? ocHOBaHE
Ha ONHAX M TeX ke (UBMUECKUX NPEeJIOJOKeHNAX, I0O3TOMY OHH JOJUKHE OHTH 9KBUBAJIEHTHH
npyr apyry (cm. crp. 108).

2) 3pech (Kak 1 B mofmxone Bparra) Mu mpenmonaraeM, 9TO HaJaiomiee ¥ paccessHEOe M3ayde-
HUe WMeT ONHY U TY jKe JJIUHY BOIHH. JTO O3HA4YaeT, 4TO IIPM pacCesHMM He IPOMCXOJHUT



OnpepienieEne KPUCTAMIAIECKAX CTPYKTYP 107

omcaTh caenyomum obpasom:

dcos0-+dcos0’ =d.(n—n"). (6.3)
YcinoBue KOHCTPYKTHBHOHM mHTepdepeHIUN HMeeT IO3TOMY BUJ
d.(n—n’)=m, (6.4)

THe M — Teaoe Y;meio. YMHOMKAA 00e CTOPOHH cooTHomenudA (6.4) Ha 2n/A, moayua-
€M YCIOBHe [JiA BOJHOBHX BEKTOPOB HAfAIOmMeEro M pPacCesiHHOIO Jydei

d.(k — k') = 2nm, (6.5)
rie m — IeJ0e YUCHIO0.

Temeps paccmMoTpmM GecKOHeTIHOE YUHCIO pPACCEMBAKINAX INEHTPOB, pacmo-
JOJKeHHBIX B y3aax pemeTku Bpass. TIoCKOJBKY y3JIH peMeTHH CMEIEHH ONUH OT
Apyroro Ha BeKTOpHl pemeTkd Bpass R, ycroBme KOHCTPYKTHBHOR HHTeppepeHIHN
BCOX DACCeAHHBIX Jydell B3aKIK09aeTCs B ONHOBPEMEHHOM BHIIOAHEHHW YCIOBHA
(6.4) ans Bcex 3mawenmit d, mpepgcraBiasomux coGoit BeKTOPH pemeTkn Bpasa:
HJIs1 UeJbIX m | Bcex BeKTopoB R

R.-(k—k')=2am

peuietkn Bpasa. (6.6)
Ero mo:xHO mepenmcaThb B 9KBUBAJEHTHOH ¢opme
et (K=K} R =1, aasn Beex BekTopoB R pemerxm Bpasa.  (6.7)

CpaBHuBag 9T0 yCI0BHe C OIIpejeseHeM 00paTHOHA pemeTKH (9.2), MB IPUXOJuM
K DONy9eHHOMY Jlays BHBOAY, COFIACHO KOTOPOMY 048 KOHCMPYKEMUENol urnmepge-
penyuL neobxodumo, umobe usmenenue éoanogozo éekmopa K = k' — k 6ut0 pasno
00HOMY U3 6eKkmopo8 obpamuoll peuemrl.

Waorpa ygo6ro mMers Apyrymo ¢GOpMYyJIupOBKY YCIOBHA Jlays, B KOTODOM
HCLOJB3YEeTCs JUIIb BOJXHOBOM BeKTOp k mamaioutero ayda. J[asa sToro 3aMerum mpesi-
Ie Bcero, 4ro oGpaTHas pemeTka sABiIgercsa pemeTxkoil bpaBs, a mosromy, ecinm
k' — k — BekTOp 0GpaTHOI pemeTKH, To TAKAM BexTopom saBisercsa mk —k’. OGoana-
gag mocaenuuit Kak K, MBI MOKeM 3ammcaTh yCJa0BUE paBeHCTBA [IJIUHEI BEKTOPOB
k u k' B Buze

E=1k—K|. (6.8)
BosBons oGe gactm BhipakeHuA (6.8) B KBajgpar, moJyuaeM ycjaoBme 1)
k-K=—1 K, (6.9)

KOTOPOe 03Ha9aeT, 970 IPOeKIUA BOJHOBOrO BeKTopa k majgaomero jiyds Ha HamIpas-
nenue BerTopa K o0paTHO# pemeTH:m HOJIKHA COCTABIATH HOJOBHHY OT JJIMHE BEK-
ropa K.

Iloasromy BoaHoBoil Bexrop k mamalomero ayd4a yAoBIeTBopseT ycaobmio Jlays
B TOM @ TOJIBKO B TOM CIydae, €CAM KOHEI[ 9TOr0 BEKTOpa JEUT B IIOCKOCTH,
KOTOpad HepOeHJUKYJISIDPHA OTPe3Ky HpPAMOMl, COSAMHAIMEMY HAYaJIbHYI0 TOURY
B k-mpocrpaucrBe ¢ Touroit K ofparHo#t pemeTKd, W JeJIHT 3TOT OTPE3OK IOIOJAM
(Pur. 6.5). Takne mrockocTH B k-IIpocTpaHCTBe HABKIBAIOT 6 PI2206CKUMY  NAOCKOCTMAMU.

HoTepH JHEPTMH, T. €. OHO ABIAAETCA YIPYTHM, HJH, €CJIH YCHOJb3NBATbL NpeACTaBienue O ¢o-
HOHAX, —IPOHCXOJNT €3 HW3AYYeHNHA HUIM NOTNOmeHMA POHOHOB. C XOpomeil cTeneHsrIO TOY-
HOCTH OCHOBHAfA 9YacTh -M3IYICHHA Jelicmsumeabno PaccenmBaeTcs YOpPyruM o0pasoM, OIHAKO
na3ydeHne MaJgoll KOMIIOHEHTH W3JIy4YeHHsA, HCIETaBINeli HEYNPYroe paccesHue, TAKKe OYeHb
BAJKHO M II03BOJIAGT HONYIUTh LHEeHAYI0 uAGopManuo (cM. ri. 24 u npuiaoxkenne O).

1y 3pecs K = K/K. — Hpum. nepee.
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N3 sxBuBanenTHOCTH IOAX0j10B Bparra m Jlays, Kotopas MOKa3sBaeTCA B Cie-
AyomeM pasfgelne, ClefyeT, YTo BCsKasg OPOrTOBCKAs IJIOCKOCTh A-IPOCTPAHCTBA,
COOTBETCTBYIOIIAS OIpefleleHHOMY IMPPAKIHOHHOMY MAaKCHMYMY B (POpMYyJNHpOBKE

0

®ur. 6.5. Yenobue Jlays.

Ecnn cymma BeKTOpoB K m ~k’ paBHa Bekropy K, a k 1 k' MMEIOT OIMHAKOBYIO IJMHY, TO KOHell BeKTopa k Haxomut-
CfI HA PABHOM DACCTOSIHUM OT HAUAJBbHON TOUKM O M OT KOHIIA BeKTOpa K m JIeKUT NMO3TOMY B INIOCKOCTH, KOTOPASA
DeJIAT NIONOJAaM OTPE30K, COCNUHAIONMIT HAYAIBHYIO TOYKY C KOHIOM BekTOopa K, u nmepneHouKynsapHa Bekropy K.

Jlays, mapaijuienbHa CeMeHCTBY ATOMHHX ILIOCKOCTe#l NpPAMOH pemIEeTKM, OTBET-
CTBOHHHIX 334 3TOT MaKcmMyM B ¢opMmyampoBre Bparra.

IHBHUBAJIEHTHOCTH ®OOPMYJNPOBOK BbBPIITA U JIAYI

JKBABAJEHTHOCTh NABYX KpPHTEPHEB KOHCTPYKTUBHOH WHTepdepeHIWM peHTre-
HOBCKHX JIydeW Ha KPUCTalje cie[yeT m3 COOTHOMEHHMA MEMKHY BeKTopamu obpar-
HOM pPemIeTKH N ceMelCTBaMHA aTOMHEIX IJIO-
ckocreir (cM. ra. ). IlpepmonommmM, 4TO
BoJAHOBEE Bekrops k m k' mamaromero u
PACCeAHHOTO JIy4eH yAOBIETBOPAIOT yCIO-
Buio Jlays, coraacHo KOTOpPOMY BEKTOp
K = k' — k fqo/mkeH OpuHaJIeRaTh 00-
patHo# pemeTke. [lockoabKy majaomas u
paccessHHaA BOJHA HMEIOT PaBHEE NJIMHBI
Boan 1), mumna BektopoBk mk’ onmrakoBa.
CaenoBatensro (¢ur. 6.6), k w k' oGpasy-
10T paBHEE YIVH 0 ¢ IIOCKOCTHIO, HepIeH-
gurynsapHoit Bextropy K. Ilostomy pac-
CesHHEe MOMKHO PACCMAaTPUBATDH KaK Gparro-
®ur, 6.6. Boamosoit mexTop k mamaomero BCKOe OTpaskeHHme ¢ GP3ITOBCKEM yriom 0
xyda, BOIHOBOH BeKTOp K’ 0TparkeHHOro Jy9a o1 ceMeHCTBAa ATOMHBIX IJIOCKOCTeH, mep-

u pexTop uX pasHoctn K = k' — k, yposre- poymprynapumx Bextopy K  ofpatHoit
TBOPAIME ycaoBuo Jlays.
pEIIeTKH.

Bce 9TH BEKTODH! JI&KAT B INIOCKOCTH depTeka. ITo-
CKONBKY paccesHme yopyroe (k' = k), HalpaBJenne Yro6r mOKAa3aTh, 4TO TAKOE OTpajke-

K mesut nomonam yrod mexxny k mk’. ITyBKTHpHOI
JIMHMEH HOKA3aHO TepecedeHile IIOCKOCTH, mepmen- HHUE YIOBJIETBOPAET yCIOBHUIO Bparra (62)7

nurkynapHolt BexkTOopy K, C INIOCKOCTBIO 4YepTema. 3aMETUM, YTO BEKTOP KBIJ;GJIOG qUCa0 pa32)

Gonpme BexTOpa K, — HamMeHbImEero us
BeKTOpPOB o6paTHO# pemeTku, nmapaiaaenbHnx K. B coorBerciBum ¢ Teopemoii Ha
ctp. 99 nawma Bertopa K, paBua 27/d, e d — paccrogHme MeKIY COCEXHUMHE ILIO-

K=k'-k .

1) CM. mpumewanme 2 sa crtp. 106.
2) 910 caejyeT PIEMEHTAPHO M3 TOTO, YTO ofpaTHAafA pelieTKa ABAAeTCH pemeTkoil Bpass.
CM. tn. 5, 3amauy 4.
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crocramu, nepoenaukynspHemu K, umam K. Ilostomy

2nn
R

K= (6.10)

C npyroi cropous, usd ¢ur. 6.6 cmenyer, uro K = 2k sin 6 u, Takum oGpasom,

ksin 6= 21, (6.11)
[fockoasry k = 2n/A, dopmyna (6.11) osHawaer, uTo JAMHA BOJAHH Y[ O0BIETBOPALT
veaosuo Bparra (6.2).

Urar, dugparyuonnwviii makcumym Jaya, coomeememeywwyulli UMEHEHUID 60/4-
Ho6020 éekmopa Ha eéekmop K o6pammuoil pewemku, coomeemcmeyem 0Opazeo8ckoMmy
OMPANCEHUIO OM CEMELiCMmEa AMOMHBL NAOCKOCMEU NPAMOL pewemkru, nepnerHiury-
asnpuozo eexkmopy K. Ilopadok n Gpaeczosckozo ompaxcenus pasen daune éekmopa K,
denennoll na OAUHY HAUMEHBIULEZ0 6eKmOopa 00PAMHOLE PelemKy, napasieivhozo 6ek-
mopy K.

IMockoapry oGpaTHYIO pEIIETKY, COOTBETCTBYWOINYIO HaHHOUW pemerke Bpass,
TOpasfo Jjerde M HArJAgHee IPeNCcTaBIAThH, YeM MHOMKECTBO BCeBO3MOMKHBIX ILIOCKO-
creit, Ha KOTOpHe MOKHO pasdouTh pemerky BpaBa, Ha IpakTuke IS HAXOMIEHUS
InQpaKIMOHHEX MaKCHMYMOB Topasjo Hpolle I0Jb30BaThCA ycaoBHeM Jlaya, a
He ycaoBueM Bparra. B ocratomeiica wacTu raaBH MB DPpUMEHEHM ycioBue Jlays mis
OMMCaHNsd Tpex Hambolee BaKHEX METONOB PEHTI€HOBCKOTO KPUCTANNOTpaIiIecKoTo
amanu3a peaNbHBEIX 0o0pasnoB # 00CYANM, KAKHM 06pa3oM MOJKHO IOJY4YUTh WHPOP-
MaI[Io He TOJXBKO 0 pemeTKe BpaBs, HO U 0 PACHONOKEHUN HOHOB B OTHAENBHOW e~
MEHTapHOH sTYedKe.

YKCIEPUMEHTAJBHBIE METO/IbI,
OCHOBAHHEIE HA YCJIOBHM JIAYD

[ns BonHOBOrO BekTopa k magaromeit BoMHHE AuQPaKIMOHHBI MaKCUMyM (MK
«OparroBCKOe OTPaKEHME») MMeeT MECTO B TOM W TOJNBKO TOM Ciydae, KOrJla KOHell
BTOT@® BEKTOpA JIEIKUT HA OJHOU M3 (PArTOBCKUX IUTOCKocTed B k-mpocrpanctse. Ilo-
CKOJBKY MHOKECTBO BCEX OPA3TTOBCKHX IJIOCKOCTEH AUCKPETHO, OHW HE CIOCOOHE
3aNlOJIHATH BCe TpeXMepHOe IPOCTPAHCTBO M B o0IeM ciaydae KoHer BexkTopa k
He OynerT JeKaTh Ha OparroBckoil miaockocru. lloaTomy mpu gurcupoBaHHOM BOJI-
HOBOM BeKTOpe Hajalomell BOJIHE, T. €. NPH OPOM3BOJLHO BHIOPAHHEIX IJIMHE BOJIHBL
H HanpaBJIeHWM HaJeHUs PEHTTeHOBCKOTO WU3JIYIeHUS OTHOCHTEIBHO 0Cell Kpucraj-
Ja, B o0meM ciydae JupPaKIUOHHbIE MAKCHMYMEI OTCYTCTBYIOT.

Yro6r o0Hapy:RUTh GPIrTOBCKUE MAKCHUMYMEl Ha ONEITE, UPUXOTUTCA MODTOMY
OTKa3aTbCA OT yCJIOBUA MocToAHCTBA k 1 100 MeHATh BeTUINHY BekTOopa k (u3MeHas
AJIUHY BOJHBI HAafa0iiero ayda), 1100 BADEUPOBATH ero HAIIpaBJIeHHe (MPAKTHIEeCKH
3TO JleJaeTcA IyTeM M3MeHEeHHWs OPHEHTAUM KPHCTAJJja IO OTHOMEHMIO K Hampas-
JNeHW10 NajeHus).

[HOCTPOEHUE 9BAJIBIIA

9BanbAly UPUHAJIEIKUT HPOCTOE TEOMETPHIECKOe IOCTPOeHHE, NO3BOJIAIOIMCe
HaIJANHO HpeJCTaBUTh pPasiUUHbEe SKCIepPHMEHTAaJbHBIE METONH U ofjervaloimee
BOCCTaHOBJIEHUE CTPYKTYPH KpUcTajlia Io o0HApY/KeHHHM MakcumyMam. Iloctpoum
B k-mpocTpancTBe cepy € HEHTPOM B KOHIIe BOTHOBOrO BeKTOpa k majammeil BOJIHE
1 ¢ pagmycoM k (Tak 4UTO OHa HPOXOAWT 4epe3 HAUauao orcuera). Jlerko Buiers
(¢ur. 6.7), 9ro HAA cywyecmeosanus BoOJIHOBOTO Bektopa k', ymoaersopsiomero
ycaosuwo Jlays, Heo6xomuMO ® JOCTATOYHO, YTOOE HA NOBEePXHOCTH cepHl Jiekana
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OfHA W3 ToueK o0paTHOf pemerkw (Kpome HauanbHol). IIpm BHNoJHeRmM Taxroro
YCIOBUA MMeeT MecTo GPAIITOBCKOE OTpasKeHWe OT CeMelcTBAa IJIOCKOCTel ImpAMoOH
pemeTKH, NepleHIUKYASPHEX 9TOMY BeKTOPY OOpaTHOH pelmeTKH.

B of6meM caydae mOBepXHOCTH cephl B K-IpOCTPAaHCTBe, Ha KOTOPOH JeMHT
HauyaJbHAs TOYKA, HE COAEPKHUT APYTHX ToueK obpaTHOH pemeTKH, W IOITOMY
mocTpoeHMe JBajbla JUIIL NOATBEP;RAAaeT Hame 3aMedYaHNe, COTJacHO KOTOPOMY

®ur. 6.7. INocTpoenne IBaxpa.

35 3a1aHROTO BOJIHOROTO BeKTOpa K Najaimero 1yya nocrpoena cdepa paguycom k ¢ IEBTPOM B TOUKe K. Ondpak-

UNOHHBIE MAKCMMYMEI, COOTBETCTBYIOINE BeKTOpaM oGpaTHOl pemwerku K, 0yAyT HaGnonaThCa TONBKO B TOM Cly=

uae, ecin K onmpemesiser TOUKY OOpAaTHOJ pemeTKH, TeaIlylo Ha NOBEePXHOCTH Cdepnl. TAKOH BEKTOD oGpaTHOI
PEMETHYN NOKa3al Ha CXeMe HAPANY C BOJHOBBHIM BEKTOPOM K’ OTPamKeHHO: O Jyua.

IpU OpPOM3BOJBHOM BOJHOBOM BeKTOpe IafalOmero Jyga GParTOBCKHE MaKCHMYMBI
orcyTcTBYIoT. CymecTByer, OHAKO, HeCKOJBKO DKCIEPHUMEHTAN BHEIX METON 0B, O3B0~
JAmMux o0HAPYKHUTL TaK¥e MaKCUMYMHL

1. Meton Jlays. Ilycts mo-mpeskneMy pERTIeHOBCKME AYYR RCORTHBAIT pac-
cessHMe Ha MOHOKPHUCTAJJe, IMerlieM (HKCHPOBaHHYI0 OPHERTAaNNI0 IO OTHOINeRHIo

K 3aJlaHHOMY HapaBIeHMIO DafleHHS N, HO HCIOJb3yeMoe PeHTTeHOBCKOe N3Jydenne
He ABJACTCA MOHOXPOMATHYECKNM, a COJOPIRUT BCE NJIMHH BOJH OT Ay 10 Ay. B sToM
cryuae cgepa JIBanbaa mpeofpasyercs B o6iacTb, 3aKJIIUEeHHYI0 MEKOY IByMSA
cdepamu, omperensieMuMn Bexropamn ko = 2nn/A, m ky, = 2nn/Ay. Torna momwmst
galnonaTeess OParroBCEWE MaKCUMYMB, KOTOPHE COOTBETCTBYIOT BCeM BeKTOpaM
ofpaTHO# pemeTKW, OKaBaBmIDMCA BHYTPH 910l ofaacTtu (¢ur. 6.8). YBeawumsas
pasbpoc mo AIWHAM BOJH, MOMHO KoOWTBCsA TOro, 4TofH BHYTPHM Takom ofiacTm
3aBEJlOMO OK&3aJHCh TOYKKM O0PATHON PEMIETKN; ¢ APYro#l CTOPOHKE, COXPAHAA €ro He
CARIMKOM GoNbIEM, MOKHO M3fe;RarTh NogBIeHuA wepecuyp Goabmoro umciaa Opar-
TORCKWX OTpajkeHmid, 4To6GH HabilomaeMad KapTuHa OwuTa JOCTaTOYHO IIPOCTOH.

Meron Jlays mauGomnee ymofeH HJisA onpelelieHAs OPHEHTALMHA MOHOKDHCTAJ-
AUYeCKUX 00pasnoB ¢ M3BeCTHOW cTpykTypoii. Hanpumep, ecim maOopapienne mmaje-
HUA COBHANaeT C ORHOH W3 ocell CUMMETpWH KPWCTania, TO TAKYIO JKe CHMMETPHIO
uMeeT U AW(PaKNHOHHAS KADTHHA, 006pasoBanHast JydaMH, KOTOpEe NCORTanm Opar-
TOBCKOe oTpaskenne, I10CKONBKY ¢u3MKaM-«IBepROTedbuKamMy 00BYHO IPUXOAUTCA
IMeTh JIeJI0 ¢ BeMEeCTBAMHU, KPHUCTAJINNYECKAS CTPYKTYPAa KOTOPHX W3BECTHA, METOJ
Jlays, mo-BuamMMOMY, mpefCTaBIAeT HAMGONBIINA NpaKTHYeCKHH MHTepec.

2. MeTop ppamjammerocsa KpucTaira. B 5ToM MeTojle MCIOIb3YeTCA MOHOXPO-
MaTHYECKOe DPEHTTEHOBCKOE H3NydYeHWe, HO IepeMeHHE yroa mnajenmsa. IlpakTn-
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YeCcKHM HaIpaBlieHWe Iy9Ka PEHTTeHOBCKMX Jydell DONJep;KUBAETCH HOCTOSHHEIM,
a H3MeHJeTCH OPHeHTalWsA Kpucrajja. B Merofie BpamalwoInerocss KpPHCTajja ero
HOBOPAYMBAIOT BOKPYT OIpefeIeHENX QUKCHPOBAaHHEX Oceil, permcrpmpys Ha (oTo-
njeHKe Bce GParroBCKNe MAaKCUMYME], BO3HMKalomMue npu noBopore. Ilpy Bpamermn
Kpmcraaia ero o0paTHafg pemeTKa MOBOPAauYMBAETCA HA TOT 7Ke CaMHQ yroJ BOKPYT
Tolt sxe camoit ocu. CiremoBaTearHo, cdepa IBanbaa (ompejensieMas (UKCEPOBaHHHNM
BOJHOBHIM BeKTOPOM k mafialomiero Jyua) HeNONBHAIHA B k-IPOCTPAHCTRE, B TO BpeMs

Qur. 6.8. IlocTpoenne Ipanbia Aias MeTosa Jlays.

TlosnioseHne Kpueranna W HampaBieHUE ANAIOIEr0 DeHTIeHOBCKOrO Jyua puKcHpoBaHs], a AJIMBa BOJIHBI PEHTI'e~

HOBCKMX Jiyuell MeHAeTCA HEeNpPepHBHO, TaK 4T0 abCOJIOTHAS BeJWYNHA COOTBETCTBYIOWMX BOJHOBBIX BEKTOPOB

8aKIICUEHa MEKNY ko H ky. Cheps OBanbaa OJiA BCeX BOJHOBHX BEKTOPOB ITAJAIOIIEr0 JIyYa 3anONHAKT TEMHYIO-

0051acTb, PACIONOKEHEYIO MesAy chepolt ¢ HeHTPOM B KOHIle BeKTopa ko 1 chepoit ¢ HeHTpoM B KOHIIE BEKTOpa K.

BynyT HaGnonaTsea GparroBCKIe MAKCHMYMH, OTBEMAIONye BCeM TOYKaM OOpaTHOM peIlerKd, JiedamyuM BHYTDH

TeMHOH ofnactn. (Ias YOpOMEHBMs IIOCTPOSHUA OpHHATO, YTO HaNpABIEHNE NANIEHNA JIEKUT B ATOMHOM ONOCKO~
CTH, M IIOKABAHK TOJBHKO T€ TOUKU OGPATHON pEIIeTKH, KOTODHIEe JIEHAT B 9TOH NJIOCKOCTH.)

Kak Bca o0paTHad pemmeTka MOBOPAYMBAETCA BOKPYT OCHM BpalleHWA Kpucraina. Ilpm
HOBOPOTE Kakfias TOYKa oOpaTHO# pemieTKW ABHKeTCA IO HEKOTOPOH OKPYHHOCTH;
6parroBckoe oTpaskeHWe NPOHCXONHT KaskAblli pas, KOIJa 9Ta OKPYMHOCTH Iiepe-
cexaer cepy OBaxapna. CooTBeTCTByIOIECe MOCTPOEHME NAs Ciayuas 0COGEHHO Ipo-
CTOM reomeTrpmm fgano Ha ¢ur. 6.9. ]

3. Ilopomkossiii merox (MerTox Jle6an — Ileppepa). Meron eGas]— Illeppepa
SKBEBAJICHTEH METOAY Bpal@oINerocs KPHUCTANAa, ¢ TeM OTJIHYWeM, YTO Tenephb
0Cb BpallleHUA He (UKCUpPOBAHA, a MMeEeT Bce BO3MOKHEE HampaBieHudA. IlpawTu-
H9eCKH W30TPONHOE yCpefHEHWe IO HANPABACHWAM TafieBWA JOCTHTACTCH 3a CUeT
OpHMEHEHVA HOJHKPHCTalANYecKoro ofpasna Uiy ke IMOPOMKA, 3€pHA KOTOPOTo
BCE ellle WMeIOT OTPOMHEBIe PasMepsl IO aTOMHBIM MacmTabaM U CIOCOGHHEI HO2TOMY
00ycnoBAMBATE AMPPAKIUIO PEHTTEHOBCKUX Jydueil. IOCKONBKY KpHCTallmdecKme
OCH OT/IEJIPHBIX 3€PeH OPHEHTHDOBAHH CAYJaHHBM 00pa3oM, INQPaKIHOHHAS Kap-
THHa JIJIsI MOPOINKa cOBHmajaeT ¢ TOM, Kpropas HoJAydujack O IpH O0beHHEHWNH
fuppaKIEOHEEX KapTHH, OTHOCAINMXCA KO BCEM BO3MOKHBIM OPHEHTAIWAM MOHO-
KpHCTania.

Yro6s HaiiTm GpOrroBCKHE OTpaKeHMs, Teleph HeoOGXONWMO 3adHKCHPOBATL
BekTOp k mapamomero ayda, a BMecTe ¢ HUM cdepy JBanbia U paspemuTh obpaTHOH
pemeTke OOBOPAaYUBaThCA Ha Bee BO3MOFKHBIE YIIBl BOKPYT HAaTaabHO#l Toukm. Torpa



®ur. 6.9. TlocTpoenne IBaabja A METO/a BPAIAIONIETOCA KPUCTAIIa.

I7a NPOCTOTH MOKA3aH CIIy4yail, KOrEa BOJHOBOH BEKTOpP NANAIOLIEr0o JNyda JEHUT B @TOMHOU IJIOCKOCTH, & OCh

BpallleHUsA NepneHguH YIAPHA 9Toii miockocTy. KOHIIEHTPUYECKNE OKD VKHOCTH— 9TO OpOUTH!, OMWUCHIBAEMBIE IIDH

BPAIEHNN BEKTOPAMEA O0DATHON pelIeTHH, JIeKALIMMA B IIIOCKOCTH, cOflep:Kauleii k i mepueHNUKYIAPHON OCH Bpa-

menusa. Hamgaa ToYKa NepecedeHus TAKON OKD Y»KHOCTH cO cepoil 3sanpma JaeT BOJHOBOIT BEKTOD OTPAKEHHOTO

6parroBCKOrO nyda. (J[pyrue BOJTHOBHIE BEKTODHI OTPAKEHHHIX OPArTOBCKUX Jydell, CBA3aHHHE C BEKTOPaMu 00-
PATHOI peIleTKH, JIe:KalMMKU B IPYIHUX IJIOCKOCTAX, HA GUIrype He [fOKa3aHbL)

a i}

®ur, 6.10. INocTtpoeHue IBalb/a JAJIA HOPOUIKOBOTO MeTOna

« — 1meHTp cepnl DBaTbIA (MeHbIIel 10 pasMepaM) COBNALAET ¢ KOHIOM BOJHOBOIO BEKTOPA K HANAIOIIEro Jiy4ya,
a pagMyc paBeH k, MO3TOMY HAYalbHasx TO4YKa O JIeKUT HA ee NOBEpXHOCTH. llewrp Gosbuuei cdeprl pacoIOKeH
B HawagbLHOW TOYKe, a ee pagnyc pasex K. JiBe ciepsl IEpeceKaroTcs M0 OKP YHHOCTH (C YUETOM MepCIeK-
THBH HA QUTIype OHa MMeeT BUJ| SJIMICA). Bparrosckue OTPaEeHNa UMEIOT MeCTO I 11060T0 BOITHOBOT'O BEKTOpA
k’, COEqUHAIOLETrO O0YI0 TOUKY, Nemallyio Ha 3TOH OKpY)KHOCTH, C KOHLIOM BEKTODA k. PacceAaHusie Jyun obpa-
3YIOT KOHYC, OTKPHITEIl B HAIIPABJICHNM, IPOTHBONOJOKHOM K.
6 — nnockoe cedenne PUIypH a, ConepKaIee BOJHOBOH BEKTOP Najfaonero ayua. TpeyrolbHUK -— PaBHOOENpeH-
Hblli, 1osromy K = 2k sin 1/, ¢.
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raaui Bekrop K o6parHoii pemerky npousBonnt cdepy paguycom K ¢ meHTPOM B Ha-
gausHol Touke. Ecnu K mennme 2k, To Takas cfiepa mepecexaeT IO OKPYKHOCTA cde-
py Isansna (gur. 6.10, a). Berrop, coemmuaiomuit 100yI0 TOIKY HA 9TOR OKPYKHOCTH
¢ KOHIOM BeKTopa k mamalomero snyda, mpefcraBiser co6od BONHOBo# Bextop k',
ML KOTOpOro HabiiofiaeTcsa paccesHHoe mainydenne. CregoBaTeIbHO, KayROLIA BeK-
TOp o6paTHOH pemeTKH ¢ IIMHOH MeHbIe 2k TaeT KOHYC pacCesHHOTO H3Jy4eHHA,
obpasyromuii yrod ¢ C HampaBjeHHeM HajeHnA, npumueM (¢fur. 6.10, 6)

K =2ksin + ¢. (6.12)

Taxum o6pasoM, uaMepss yrIH ¢, HPH KOTOPHX HaGII0ZaloTCA GPAITOBCKEE OTpa-
JKEHNs, MO;KHO ONpelleIUTh JJIUHE BCeX BeKTOPOB o0paTHOH pemerku, MeHbmmue 2k,
Pacuonaras a1oi1t mEQopManumeii, a TAaKKe CBeIeHUAMH O MAKPOCKONUYECKOH CHM-
METPUH KPHCTAJlIa U YyYHTHBas, 9To 00paTHas pelmmeTKa ABJIACTCA pemeTroi Bpass,
001r9HO yHaeTCcAa HOCTPOMTH caMy obpaTHylo pemeTky (cM., Hampumep, 3agaqy 1).

»

INOPARKIINA HA MOHOATOMHOM PENMETRE C BA3UCOM.
TFTEOMETPUYECKUN CTPYKTYPHBII ®AKTOP

Ilpepniaymee oGcyskaenne GEI0 OCHOBaHO Ha ycnoBHH (6.7), COTIACHO KOTOPOMY
Ay4d, pacceAHHBIe KAIKIOM U3 27eMEeHTAPHBIX AYeeK, HCOHTHBAKT KOHCTP YKTHBHYIO
natepdepernuo. Ilyers wpucrannudeckas cTywTypa mpencraBiseT coboit MOHO-
ATOMHYIO PEIIETKY € n-aTOMHEIM 0a3MCOM (HampuMep, YIIepof B CTPYKTYpe aiMasa
mn sie GepHIINil ¢ TeKCATOHAIBHOA MIOTHOYIAKOBAHHON CTPYKTY PO, NI KOTOPHIX
n = 2); TOTAA caMH ATOMH B KaUKHOH DJIMEHTADHOM sveiiKe CIeLyeT PAacCMATPEBATDH
KaK Ha0O0p MASHTUYHEIX PaCcCenBaIOMUAX IeHTPOB, PACIOIOMEHHEX B Toukax dy, .
..., d, BHYTpH fAYefKH. VHTeHCHWBHOCTh HU3IYYEHHUS B OTAENLHOM OP3rroBCKOM
MaKCcHMyMe 32BHCHT OT TOr0, KaKUM 00pa3oM mHTep(epHpYOT IPYT C APYLoM JYUH,
paccesiHHEIe Ha ysnax Gasmca; OHa HauGoJbIIas OPH YHCTO KOHCTPYKTHBHON HHTEp-
fepennuy m obpailaeTcs B HYJb NPH YHCTO JIeCTPYKTHBHOH WHTepdepeHumm l).

Ecau 6psITOBCKOMY MAaKCHEMYMY COOTBETCTBYeT W3MeHEeHHEe BOJHOBOTO BeKTOpa
k" — k = K, To pasnocrs xona (cM. ¢ur. 6.4) nydeit, paccesHHEX B Toukax d; ¥ dj,
pasHa K-(d; — d;), n ¢ass a1Byx aydeit OTINUAIOTCA HA MHOMKHTENH P e a2
CrnenoBatenpHO, (assl aydeld, PacceAHHHX B T09Kax dy, . . ., d,, OTHOCATCS APYT
K Opyry Kak etXK-0. = &% %, B mesaoM HM3NydeHHWe, PACCesHHOe BCEH nieMeH-
TapHO# sS49efiKo#l, ABIAeTcA cyHepno3uImed BceX OTAENBHHX Jydedl, mO3TOMY ero
AMILUIATYHA COJEP/RUT MHOKUTENb

‘lK-dj

SK= €

A=

(6.13)

=1

Benmunna Sk, HaseBaeMas 2e0MEMPUMECKUM CMPYEMYDHBLM PHarmopor, MOKa-
3EBaeT, B KAKOH Mepe UHTepdepeHIUs BONH, PAaCCeAHHHX HA MACHTMYHHX MOHAX
BHyTpH 6asmuca, YMEHBIIAET WHTEHCWBHOCTH OP3TTOBCKOTO MaKCMMyMa, CBA3aHHOTO
¢ BexTopoM oOparHo#l pemeTku K. MHTeBCHBHOCTH GPITTOBCKOr0 MaKCHMyMa ILpoO-
OOpIMOHAJMBHA KBaJApary abCcONIOTHON BEJRUYWHE AMIJIHUTYAL M IIODTOMY COLEPHKHUT
muomuprens | Sk [°. Tlomuepruem, 4To 3aBHCUMOCTH MHTeHCHBHOCTH oT K 06ycaoB-
7eHa He TONBKO 3THM MHOMuTeNdeM. JlomoaHMTenbHAA 3aBUCUMOCT: 0T K BosHuKaet

1) HempHBHYHBIE BINTETH «KOHCTPYKTHBHAAY M «€CTPYKTHBHAS» LIPU CJIOBe «uBTepdepen-~

UsA» HOMIePKUBAIOT, UTO B pe3yabTare MHTePGEPeHNUN CHUTHAJIL MOFYT M YCHIHBATLCA u ocaal-
asateca. — [pun. ped.
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KaK M3-3a TOro, 4To J1060e paccesHHe DIEKTPOMATHUTHHX BOJH XapaKTepusyercs
YrI0BOM 33aBHCHMOCTBHIO, TAK W W3-3a TOT'0, UYTO Ha pacCesHUe BAHAKNT 0COGEHHOCTH
BHYTPEHHeH CTPYKTYDPH OTHENTLHHX MOHOB B Gasmce. Ilosromy, 3HAA TOABKO CTPYK-
TypHHE#A $akTOp, HEJNb3A MpelcKasaTh abCOMIOTHYI0 MHETEHCHBHOCTH OGPBSITOBCKOTO
MaxkcumyMma 1), OnHaKo OH MOMeT NPHBOAMTL K cnenmduuecKod saBucumocts ot K,
KOTOPYIO JerKo BHeJWTh Jajke B TOM Ciaydae, KOIJa Ha Hee HajJaralorca Apyrue,
MeHee xapakrepunie sasucmmocTu or K. Haxosen, ¢ nonno#i yBepeHHOCTBIO CTPYK-
TYPHEM (aKTOpOM MOKHO IOJIB30BATHCH
B ciryd4ae, Korjga oH obpalaeIcs B HYJb.
9T0 HPOMCXONNT, €CJH dJEMeHTH Oasuca
PacCOONOMKEeHH TaKuM 00pasoM, 49TO AAs
paccmaTpurBaeMoro Bexropa K nmeer Mecro
9UCTO JeCTPYKTMBHAs UWHTep(epeHIus;
TOrJa HHTEHCUBHOCTh CYMMAapHOI'O Jy4a
o0g3aTeqbHO paBHa HYJI0, KAaKUMH OB
CBOMCTBAMHU HWM 0ONAajaJin JIydu, pPacCesH-
HEE OTIEeNBHHMH DHJIeMeHTaMH Oa3uca.
Uro6b NOKA3aTh, HACKOJBRO BAIKHYIO
poxb mrpaer o6palmenue B HYJIb CIPYKTYP-
HOTO JaKTOpa, PACCMOTPHM ABa IpuMepa ).
1. O6semnoyenmpuposannasn
rydounecrasn pewmemunua, pac-
®@ur. 6.11. Ipoctasi Kybudeckas oopatHas CHAMPUCAEMAN KAK RPOCMAHA
pereTRa co CTOPoHOH 2mt/a, cofepmaman 109- KYOUUECKAA PeuemuEa ¢ 6a3UCoM.
KH, 11 KOTOPHIX CTPYKTYPHEH darrop (6.16)  O.11.x. pemerka mpepcrasiser coboil pe-
°6p'amaeTCH B HYIb (Gexrle KpysKkm). merky DBpaBs, mosTtomMy, Kak MBI 3HaeM,
RO e e R tmus  ODOTTOBCKHE OTDAIKeHUS JOMRHEL Hab110-
}’2321‘“(_’3@%212“&";‘é‘iﬁ";‘é‘é‘a;fy;.‘f‘f uTs, " QCTAIMNCCT  aTHCA B CAYYAe, eCiil HaMeHenne K Box-
CTOpOoHA KyOm4ecKoii suefiky KOTOPON pasHa 4m/a. HOBOI'O BEKTOPA ABJAAECTCA BEKTODOM OGpaT-
HOH r. L. K. pemeTsu. VIHorja, ojHaKo,
yA0o0HO PaccMaTPHUBATD 0. 1. K. PEMIETRY Kak IPOCTYIO KyOWueckylo peleTry, KOTopas
TOPOKIACTCA OCHOBHEIMU BEKTODAME dX, 4y, dZ M HMeeT ABYXTOYeUHHH 6aszwuc,
cocroamuii u3 Touek d; = Omd, = (a/2) (x + y + z). B rakom caysae oGpaTras
pelueTKa TaKiKe ABIACTCS NPOCTOM KyOUYecKO# 1 MMeeT KyOMUecKy0 SiUefiKy CO CTO~
pomo#t guumnoi 2r/a. OgHAKO Teleph KasKA0MY OpPOTTOBCKOMY OTpasKeHHI0 COOTBET-
cTRyer cBofl crpywrypuuil dakrop Sg. Torma ms (6.13) cxemyer, 9TO

Sx=1-exp [iK.—;—a(£+§+z3], (6.14)

IlpousBoapHLIT BexkTOp B HpocTod KyOumdeckod oOpaTHO# pemeTke HMeeT BHJ
21 o - ~ .
K‘:T (nix+n2y+n3z). (6.15)

Iloncrasnag (6.15) B (6.14), HaxomuM CTPYKTYPHHIZ (aKTOp

SK =1 4+ et (1 +n,tns) — 4 + ( _ 1)nx+ng+na —
{ 2, ny—+ ns -+ ng—verHOE THUCIO,

A
0, ny- ny-+ ng— HeYeTHOE YUCJTIO. (6.16)

1) Kpatkoe, HO raybokoe ofcyskyileHHe paccesHHs DJCKTPOMATHATHOTO UBNYIeHNsl KPHCTAI-
JaMy, BKJIOYaloImee BEIBOJ NOXPOOEEX (OPMYN fiA HMHTEHCHBHOCTH B cAydae PasjmYHEIX OMII-
CAHHHX BHIIe TeOMeTPHH sKcIlepUMeHTa, conepurca B Kaure JI. 1. Janpay n E. M. JJudmuua [1].

2) I pyrue mpuMeps MOKEO HaiTy B 3ajadax 2 u 3.
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M= BupmM, YTO C TOYKAaME IPOCTON Ky6uueckoi o6paTHoii pemeTky, cyMMa KOOp-
AEHAT KOTOPHX OTHOCHTENPHO KyOHMUeCKEX OCHORHHX EEKTOPOB HedeTHa, B HNeH-
CTBHTEJBHOCTH He CBABAHO HMKAKOTO OpasrroBckoro oTpaskenma. Tarkmm ofpasom,
mpocTas Kybuueckass o6paTHas pemeTHa
mpespamiaeTcsi B I.I.K. CTPYKTYpY, KOTO-
pas monydanack OH, ecim OB MH paccMarT-
PEBAJM 0. II. K. OIPAMYIO PemMeTKy He Kak
pemeTKy ¢ 6asncoM, a Kak pemeTky Bpaso
(dmr. 6.11).

CrenopaTesbHO, eciu IO HeGPEKHOCTH
wiv B Ieasx Ooabimedl CHMMeTpEHM OOU-
cana pemerka Bpass paccmaTpmBaercs
Kak pemeTKa ¢ 6a3mcoM, TO Bce pPaBHO
moaydJaeTca UpaBUIBHOE ONNCaHEe [[H-
PpaKkIyuy PEeHTIeHOBCKHUX JydYeil IpH ydeTe
ofpameBus BHYJD CTPYKTYPHOTO aKTOpAa.

2. Monoamomnasa peuwemxra
muna aandsa. MoBoaToMEasA pemeTka
THIA aJMasa (yIiepon, KpeMHuH, TepMaHyi
I cepoe 0J0BO) HE ABJIACTCA pPeIMeTKOH @ur. 6.12. O. m. k. pelieTka ¢ KyOHYecKoit
BpaBs u pomsiHa GETH OnNCAHA KaK Pemer- sraeiiKoll co cTOPOHO# 4m/a.

Ka ¢ Oasmcom. B ocHOBe ee JIeKUT T. 1. K. Ora remeTKa ABJAETCH OGpaTHOH K I. I. K. pemeTke
¢o cTOpOROil Kybnyeckoil agelixu, paruolt a. Ecan

peneTKa BpaB:—), a B KauecTBe 0asmca MOMK- r. II. K. pemeTKa COOTBETCTBYET CTPYKTYLe THIA all-
-~ ~ N masa, TO fenble KPYHKN NpeAcTaBisalcr c060i yausr

HO B3ATH TOYKN dl =0n d2=(a/4)(x+ y+ Z), C HYNEBBIM BHAYEHREM CTPYKTYDHOTO aKropa. (Jep-

Hble KDYHKH — Y3JBl CO CTRPYKTYPEHM (aKTODOM,
rae BEKTOPE X, y, Z HaUPAaBJCHB N0  pasuwM 2, @ 3aIHTPUXOBAaHHBIE— Y3JbI CO CTPYKTYP-

ocaiM Ky6a ¥ a — CTOpOHa YCJOBHOH HEM (paxropom 1 .)
Kybuueckol sueiiku. OGpaTHas pemreTKa

ABNAETCA IPAaHENEeHTPHPOBABHON KyOmUeckoll M iMeeT yCIOBHYIO KyfuuecKyro aveii-
Ky €O CTOpOHOH 451/a. Eciim B3ATH B Ka4eCTBe OCHOBHHX BEKTODH

2%~ o~ n 2 o~ A o~ 20 o~ o~ on
by=— (y+2—%), by=-"" @+x—y), by==" (x+y—1), (6.17)

10 cTpykTypEEN ¢akTtop (6.13) mns K = D'n;b; mpmemmaer Bua

Sg=1-+exp [—;—-in (n1+n2+n3):|=

2, ny + ny -+ ny— yABOCHHOE YeTHOE UHCJIO,
=<1+ i, ny+n,-n;—HederHOE UHCJIO, (6.18)
0, Ry + Ny -+ ng— yABOEGHHOE HEYETHOE THCJIO.

Yro6H HmOHATH, KAKOB reOMeTpHIeCKH CMBICJ yCIOBMH, HajaraeMsx Ha En,-,

samermm, aTo ecau B K = Y'n;b; noncrarts Bhpaskenus (6.17), To nponssoabHbH
BeKTOpP OGpATHOM pemeTKH MOKHO 3almcaTh B BHJe

K =2 (vix ol -+ vs2), (6.19)
Tae
3
1 1 :
Vi= (A ngdng)—n;, D) vi=5 (-t nz ). (6.20)
J=1

Mu smaem (cM. I, 5), 49TO pemeTKo#, ofpaTHO# K T.I.K. pemeTke ¢ KyGmueckoi
AUeiKO# €O CTOPOHOM a, ABAAEICH O. H. K. pemeTKa ¢ Kybmueckoir Aveiikoi co cro-
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poHoit 4n/a. BymeM paccMaTpEBaTh ee KaK COCTOAIYIO M3 ABYX IPOCTHIX Kybmde-
CKUX pemieTor ¢o CTopoHoit 4mn/a. JlnA mepBoit M3 HuX, cofepKamedl BadYaJbHYIO
touky K = 0, Bce v; MOmKHE GHTb HeabMu [cormacHo (6.19)], mostomy cymma
n, -+ n, + n;, Bxogamaa B Bupamenue Axa K, momxna GHTH deTHOR [coraacmo
(6.20)]. IOas BrOpoif W3 HHX, COflepameidl «OGHEMHONEHTPEPOBAHHYI0 TOYKY»

(4n/a) %—(} +y-+72), Bce v; DOKHH nMeTh BUA «ieloe umcro + Y/, [cormacmo

(6.19)] m cymma n; +n, + ng B Brpaskenun guaa K qomkna 6ETH HedeTHOH» [coraacHo
(6.20)].

CpasHuBag 3T0 ¢ (6.18), MBI BUAEM, UTO TOYKH CO CTPYKTYPHHM (aKTOpOM
14 i oTHOCATCA K HPOCTOH KyOWIecKo#l HOApeImIeTKe, COCTOAMe#d M3 «06BEMHO-
MEeHTPUPOBAHHEIXY ToueK. TOYKHM €O CTPYKTYpHHM ¢axropom S, paBHEM 2 miam 0,
IpHHALIEKAT OPOCTOil KyGUIecKo# HojpelumeTke, cojeprKallefl HaYaJdbHYI0 TOYKY,

mpudeM cymma X v; 4eTHa npu S = 2 m HeuerHa mpu S = 0. CiegoBaTeabHO, TOIKM
¢ HYJeBHIM CTPYKTYPHEIM AKTOPOM MOKHO BHOBB yHaAHTh, IPOU3BOAA HOKA3aHHOe
Ha ¢ur. 6.11 mocTpoeHMe AJA IPOCTOl KyOMYeCKO# pemeTkn, cofep;Kamlel Hadalb-
HYIO TOUKY, B pPesyabraTe 4ero OHa IIPeBPAINaeTCs B TPAHENEHTPUPOBAHHYI Ky6m-
q9ecKy0 CTpYKRTYpy (dur. 6.12).

INOPARINA HA IMOJUATOMHOM KPUCTAJJIE.
ATOMHBIN ®OPM-DPAKTOP

Ecam nonsr B Ga3uce He NAeHTUYHEL,CTPYKTYPHEE (akTop (6.13) mpunnmaer Bag

zK-dj

Sk = .‘,Tl i ye 7, (6.21)
]:

rie amomHuil Popm-gakmop f; MOTHOCTBIO OMpefeldAeTCs BHYTPEHHEH CTPYKTYpOi
TOTO MOHA, KOTOPHIA 3aHmMaeT HmoJoxeHme d; B 6asuce. VIIeHTUIHKIEe MOHE HMEIOT
onuHaKoBEEe (opM-QaKTOPE (HE3aBHCAMO OT TOTO, Ile OHA HAXOLATCA), LIOITOMY
B MOHOATOMHOM cIydae Brpakenue (6.21) mepexonur B Bupasenne (6.13), ymuosxen-
HOe Ha oO0muir dopm-PaKTOp.

ITpu sneMenTapHOM PACCMOTPEHUH ATOMHHIA gopm-PaKTOp, CBABAHHEIA ¢ Gpar-
TOBCKHUM OTpasKeHueM, KOTOpoe ompefensdercda BekTopoM K oGpaTHoit pemeTKH, MOHO
cudTaTh HPONOPHUOHAJIBLHHM (ypbe-06pasy oT pacOopefe/eHHA HIEKTPOHHOTO
3apAda B COOTBETCTBYIOMEM moHe !):

£y (K)= —— | dreikrg, (). (6.22)

e

CnemgoBatenbHo, aToMHRE#E PopMm-PakTop 3aBucHT Kak 0T K, TaK M oT KOHKpPETHBIX
0CO0eHHOCTel pacHpe/eleHns 3apa/ia B HOHe, 3aHIMAOIIEM Ioa0KeHne d; B Gasuce.
B pesynsrate crpykTypHHI dakrop He ofpamaercs B Hyih HE nph Kakmx K;
ACKIIOYEHHE COCTABIAIOT UMb Te CIydad, KOTHa MeRAy ¢Qopm-parrtopamu pas-
JWYHEIX THOOB CIYYalHO BHIOJHAITCH HEKOTOPHE COOTHOMEHUs. ECam CHexaTh
PasyMHbBIe HPEANONOKOHUA OTHOCHTENLHO 3aBHCHMOCTA PAB3IUIHEX GopM-PaKTOpOB
or K, To nyreM msydeHmA 3aBHCHMOCTH! HHTEHCHBHOCTH GDOITOBCKHX MAKCHMYMOB
or K wacTo ynaerca BbIoJHe RAOCTOBEPHO YCTAHOBHTH, KAKYI0 W3 BO3MOMKHEIX
CTPYKTYD WMeeT HCCHAeAyeMbli KPHUCTAJI (CM., HaOpumep, 3afawy b).

1) Yon Tuma j, pacnoloyKeHHH B TOUKe r = (), 061aaeT IEKTPOHHOM IIIOTHOCTHIO 3apaga
p; (r); Takum 06pasoM, BRI HOHA, PACHONOMEHHOTO B ToUKe R +- dj, B 2IEKTPOHAY ILIOTHOCTS
sapsjga kpmcramia pased pj (r — [R + djl). (O6erwmo sapsy smerrpoma BHEOCAT M3 PopM-Dakr-
TOpa B Ka4YecTBe OTAEJNBHOLO MHOMKATENA, 9TOOH creaaTh $opm-parrop Ge3pasMepHHIM.)
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Ha »sToM ME 3aBepmaeM o0cCykieHme OpsITOBCKOR AMQPAKINHU PEHTIEHOBCKUX
nygei. B mpoBenenHOM aHanmse He GHJIO MCIOAL30BAHO HOKAKWX APYIWX CBOWCTB
PEHTIeHOBCKMX Jydeii, KpoMe MX BOAHOBOI mpupons !). Boocnencteum ¢ MHOTAMA
HOHATHAME ¥ PeSYJBTATAME HTOH IJIaBH MB BCTPETHMCA BHOBb HIpPH 06CyaeHum
APYTHX BOJHOBHX fABJEHWH B TBEPHAHX TelaX, 8 MMeHHO Nu(paknmu 3J1eKTPOHOB
(tn. 9) uw meittpomoB (ra. 24) ?).

JATTAYN

{. H3sMeapueEENe B HOPOIIOK 00pPAasIsl TpeX pPa3NdYHHX MOHOATOMHBIX KyOLYecKHX KpHCTal-
JIOB aHAJH3NDPYIOTCA ¢ HOMOIBI Kameps [JleGas—Illeppepa. M3BecTHO, 9T0 0OJHH U3 00PA3LOB —
rpaHelleHTPUPOBAaNHKIA KyOHdecKuii, Apyroff — o0beMHOUEHTPHPOBAHHEN KyOndeckuih u TpeTnid

i

Oopasey,

NMadarwwui Jyy
L5A

Pomonnenra

Qur. 6.13. Cxemarngeckoe uzobpamenne xamepun Hebas — Uleppepa.
JIuppaKUMOHHEE MAaKCHMYMB PETHCTPUPYIOTCA Ha IMOJOCKe (OTOMNIICHKH.

AMeeT CTPYKTYPY THIIAa ajiMasa. lIpuMepHEE IOJNOMKEHMA NePBHX 4YeTHpex AufparuumoHHEIX
KON, XapaKTEPH3yTCA B KajKIoM CiIydae ClAeaylommmu JamEEME (dur. 6.13):

3uaveHunss ¢ naA 06pasznoB

A B C
42,2° 28,8° 42,8°
49,2 41,0 73,2
72,0 50,8 89,0
87,3 59,6 115,0

a) Onpepenure KpUCTANNWYECKYd CTPYKTypPy ofpasuoB A, B u C.

6) Ecau jinBa BOJHE UAajAloNIX PEHTTeHOBCKHX aydell paBHa 1,5 A, wemy pasma jpumima
CTOPOBH YCIOBHON RyOWYeCcKOH AedKHM B Kar[oM H3 YKasaHHHX CIydaen?

B) Hpn xakux yraax OyayT HaGmIOZaThCA IepBLIC YeTHPE KOJbIA, eCHH CTPYKTYPY THNA
aJMa3a B3aMEHNTh BA CTPYKTYpY TuOA LUEKOBOW OOMaHKH, NpH TOi jKke JJNHEe CTOPOHE KyOu-
"ecKoll AYEHKH?

2. T.i.k. KyOndeckymo pemeTky bpaps uwacTo GhiBaeT yAo0HO NPEACTABIATL B Blje WIPocToil
ryOngeckoil pelleTKH ¢ UeTHIPeXTOYEUHHM 0(asucoM, y KOTOPOil cTopoHA KyGHUeCKOil aeMeH-
TapHON AYelKM paBHA da.

a) Iorayknre, 9TO CTPYRTYPHBIA dakTop (6.13) mius Bcex Touek mpoctoii Kybnueckoit oGpaT-
HOli pemeTHM paBeH TOTAa Jnbo 4, xmbo 0.

6) Ilorassute, 4TO, €CAM YAAIMTHL TOYKH ¢ HYJEBRM CTPYKTYPHHM (AaKTODOM, TO OCTaiw-
mueca TouKu o6paTHON peImeTKH 06pasyioT 0.IL.K. PElIeTKY cO CTOPOHON VCJIOBHOH fiveHKN 4it/a.
Tlowemy wmoOkEHO OHJIO OMHATH TaKoll peayibTat?

1) B peayuabTaTe MBL Hé CMOTIHN HOJYYuTh TOYHHX BHDayKeHudl is abcomioTnoil mATeHCUB-
HOCTH OPSITOBCKUX MaKCHMYMOB U HE MMeJHM BO3MOYKHOCTH paccMoTpers auddysuit on usayge-
HMA B HAIIpaBJCHUSX, A€ Pa3peNIeHHKX ycaosueM Bparra.

2y C rouxy; 3penusi KBAHTOBON MEXAHMKM YaCTHIY ¢ MMIYIBCOM p MOKHO paccMaTpuBaTh
KaK BOJIHY C JJIMHOI BOJHH A = h/p,
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3. a) IloramuTte, 970 B TOM ciayiae, Korga Bekrop K orTBevaer TOYKaM HPOCTOH I'6éKCAFOHAJIBHOH
o0paTHOU pemeTKd, CTPYKTYPHHE PaKTOp AJIA MOHOATOMHOH TeKCaroHaJbHOM ILUIOTHOYHNAKOBAaH-
HOY HKPHCTAJIXYecKOd CTPYKTYPH MOKeT HPHHEMATE OJHO M3 IIeCTH BO3MOKHHIX 3HATGHMH
1+ ™3 =1, ..., 6

6) Iloraxmre, 4TO0 B INIOCKOCTH, HEPHEHAUKYJIADHOH c-ocH H cofepmameil Touky K = 0,
BCe TOYKM OOpaTHOM pemreTKH MMeEIT He 00pAIMAIOMUUCA B HYJIb CTPYKTYpPHHLL $aKTop.

B) Iloka)kurte, 9r0 TOYKHA ¢ HYJEBHIM CTPYKTYDHHM (QaKTOpPOM JIe;KaT B KasK{oH BTOpOH
13 HIO0CKOCTed oGpaTHOW DpeueTKd, NEePUeHTAKYISAPHHX c¢-OCH.

r) ITora:kure, 9¥TO B MOOOH U3 TAKMX ILIOCKOCTER TOYKA, cMemeHHAA oT K = 0 Ha BeKTop,
napajileJbHEH ¢-0CH, JOMKHA HMeTh HYJIeBOH CTPYKTYPHHIE (arTop.

n) Tlowamure,} 9TO HOCHE YNAJMEHUS M3 TAKOM IUIOCKOCTH BCEeX TOYEK ¢ HYJIEBHM CTPYH-
TYpHHM $aKTOpOM TpeyrofibHafA CeTb TOYEK 0OpaTHOH pelmeTKH npeobpasyerics B pelleTHY «Iae-
JAEHX com» (¢ur. 4.3).

4. PaccyoTpum peimleTky ¢ 6a3dcOM, COCTOAMUM U3 2 HoHOB. IIpefmosoykuM, 9T0, ecad i-i HOH
Gasuca mepemecTd B TOYKY r = 0, TO ero MOKHO CUMTATH COCTOANUM W3 m; TOUSYHHX HACTHIL
¢ 3apAfaMAa ——zjje, PACHONOMMEHHHX B Togkax b;j, j =1, ..., m;.

a) ITowamure, 9To aToMHHE GopM-paxTop f; Torma UMeeT BHJ

fi=

IR4E

zyge™ 00 (6.23)

6) Iowramure, ato ¢ ygeroM (6.23) monmulii cTpyKTypHLIE dakTop (6.21) coBnagaer co CTPYK-
TYPHEM PRKTOPOM, KOTOPHIE MH HOJyImiu Obl, eciit Ou BOCIOJb30BATUCH dKBUBANCHTHHRM OIH-
caHueM 3Tofl pemmeTku, BHOpaB 6asuc U3 m; 4 ... -+ m, TOYETHHX HOHOB.

9. a) CrpyrTypy xJopuja matpusa (cM. ¢ur. 4.24) MOKHO paccMaTpHUBaTh KaK I.IL.K. PelleTKy
BpaBa co cTOpoHOH Ky6a a U ¢ Ga3MCOM, COCTOAIMUM M3 IOJOKATENBHO 3aPSEHHOTO HOHA B
HadaJIbHOH TOYKe M OTPANATEIbHO 3aPAKEHHOr0 WOHA B TOTKe (a72)x. OfparHas pemeTra —
06 BEMHOLIEHTPIPOBaHHAS KyOuWdUecKas, a IPOHU3BOJBHHIA BEKTOD 00PaTHON pEINeTKN HMeeT BHS
(6.19), rze Bce wosdPumenTEr v; AUGO HedHe wmciaa, Aubo cyMMma meioro unmcaa ® A/,. Beim
aromurie GopM-PpaRTOpH HTUX ABYX HMOHOB eCTh f, ¥ f_, IOKasKHUTe, 9T0 CTPYKTYPHHH (aKTOp
Sy PaBer f, + f_, ecan v; — ueNnte 4ucia, W f, — f_, ecum v; — CyMMa [elOro IACIa 1 .
(Ilowemy S ofpamaerca B HYAb Ipu f, = f_ B IOCIHegHEM ciydae?)

6) CTpykrypa TEHHA IHHEKOBOH oOMamku (cM. ¢ur. 4.18) TakiKe ommcmBaeTcAa KaK TpaHe-
UEHTPUPOBAHHAM] KyOnyecKas pemerxka BpaBs co cropodod Ky6a ¢ M ¢ 6asmcoM, COCTOAILAM
U3 HOJOKUTEIHHO 3apAKEHHOTO MOHA B HAYAJBHOR TOUKe () M OTPHOATENBHO 3apsKEeHHOTO MOHA

B Touke (a/4) (}2 + § + i). IToxakaTe, 9TO JJIsA CTPYKTYpHOTO (akropa Sk CIpaBeIHBH Cle-
MYIOTIIe COOTHOIeHN: Sk=F4+if_, ecin v;—uenste wucna--1/,; Sy = fo + f_, ecan v; — messe
mcia § v —9eTHOe TACIO; Sg=f,~—f-, ecIn v; —nesxne IHCHa, a Zvi — HeYeTHOE YHCIIO,

B) IIycts usBecTHO, 9T0 KyOHYeCKMit KPHCTAI 06pa30BaH WOHAME C 3aMOJHEHHHMHE 000-
Io9KaMu (KOTOpHE H03ToMY cPePHIecKd CHMMETPUIHH), a CenoBaTeNbHO, f. (K) 3aBUCAT TOJIBKO

ot abcomoraoit Bemmauas K. Ioxoskenus OpSrroBCKMX MAaKCHMYMOB YKasHBamoT Ha To, 4TO
pemieTRa BpaBs sABIseTcsA TPAaHENEHTPHPOBAHHOH KyOmdeckoit. OGcyauTe, Kak IO CTPYKTYDPHEM
daKTopaM, CBA3AHHKNM ¢ GP3TrTOBCKHMHE MAKCHMyMaMH, MOYKHO GHIIO OH OHpeNeJnTh,KaKag KpHUc-
TaJ].HHt.{')eCKaH CTPYKTYpa 00Jiee BEPOsITHA — THIA XJIOPUJA HATPUA MM jKe THIIAa IUHKOBOH 06-
MaHKH?

JUATEPATYPA

1. Tanday 7. J., Jupwuy E. M. IJiexkTpoguHaMVWKa CIJIOINEHX cpem, — M.: Tocrexmapar,
1957, ra. 15.
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HIJACCNOUKAIVA PEIHIETOK BPABD
N KPACTAJINIMYECKUX CTPYKRTYP

CHEPALINN CUMMETPUN N KJACCUOUKAIINA PEIIETOK EPABD
CEMb KPUCTAJIJINYECKHUX CUCTEM
N YETBIPHAJIIATH PEMMETOK BPAB3
KPUCTAJJIOTPAOUIECKNE TOUEUYHBIE I'PYIINHI
1 NIPOCTPAHCTBEHHBIE I'PYIIIIBI
OBO3HAYEHNA MEH®JNCA I MEXIYHAPOOHEIE OBO3SHAYEHUA
IMPUMEPHI CPEIY XHMNUYECKNX 3JIEMEHTOB

B 1. 4 w 5 MBI ODUCHBAJK 1 HCHIOJB30BANN TOABKO MPAHCALYUORKYI CAMMETPHIO
pemerox Dpass. Hampumep, cymectBoBaHMe m BayKHedmme cBoiicTBa o0parTHOHR
pemieTKN 3aBHCAT JUIMb OT CYINECTBOBAHHUA TPOMKM OCHOBHHX BEKTODPOB a; NpAMOH
pemeTKd, a He OT BHIOOJIHEHHUS KaKAX-Iu060 0COGHIX COOTHOMEHW MEKIY HAMH '),
HecomHuerHno, TpaHCIANNOHRAA CAMMETDPHS MMeeT HanmGoabmiee 3HaYeHHe Aisa obmeh
TEOpMU TBEPHOTO Tela. TeM He MeHee W3 yiKe ONMCAHHHX LIpPAMEpPOB BUAHO, YTO
B OCHOBE eCTECTBOHHOTO pasfeleHWA pemeTok DBpaBs mo kiaccaM IOJKHA BCe e
nemaTh He TPAHCAANMOHHAA, a KaKag-TO WHAfg CAMMeTpusa. Tak, HesaBmCHMO
0T BeJIWYMHH OTHOIDEHHS ¢/@ IPOCTHEe TeKCATOHAIBHEE pemerkm Dpass ropasmo
Gomee OXOAAT APYyr Ha Apyra, deM Ha d100yi0 KyOMIecKywo pemeTKy DpaBs ws Tpex
ONMCAHHEIX THIIOB.

CucremaTmsanuei 1 ¢TPOrMM OIpefeleHWeM TAKUX Pa3iAdWil 3aHEMAaeTcs KpH-
craanorpadusa ?). B oroil roaBe MH JIMIOb IOBHAKOMUM YHTATENd C OCHOBAMH
WCKycHO paspaboTaHHOR KpucTamiorpadmuecKoft KiaaccmPHKamUH, HEKOTOPHIME
A3 ee I'TABHBIX KATETOPHUH U C ASHKOM, WCUOJIb3YEeMHM A UX onucaHus. B Goxb-
IMAHCTBE MPAKTHYSCKUX HPIJIOKEeHMIM Topasfo BajKHee 3HATH OCODEHHOCTH KayKA0TO
KOHKPETHOT'0 cJydad, 49eM CHCTeMATHYeCKY0 oONIyi0 Teopuio, I09TOMY HOJHO®
H3yIeHHe KpHcTaiorpadum HeoOXOOUMO TUIIh HEMHOTAM CHeIMANHACTAM IO PH3HKe
TBepROTo Texa. (DAKTHIECKHM IWTATENH, KOTOPOMY STOT mpenmeT NOCTAaBIASET Maio
VIOBOJIBCTBHSA, MOMKET LEJIMKOM HNPOIYCTHTh HACTOAINYW TaaBy Oes ymepba Aas
HOHUMAHHA HOCIe[yIOM[ero MaTepdaja, a 3aTeM BO3BpamlaTbcA K HeH BpemMd OT
BpeMeHH, YTOOH BHIACHATH 3HAYEHMA OTHEIAHHEIX TEPMAHOB

RIACCHOUKALNA PENIETOR BPAB)

IIpobmema kIaccu@EKanEA BCEBO3MOKHEIX KPHCTANIMISCKAX CTPYKTYD CJMOI-
KOM. CI03KHA, 4T00H K Helt MOKHO OHJIO IPHCTYNHTH OPAMO, HOITOMY MHEI IIpEK/Ie
BCEr0 PacCMOTPHEM KJaccupuranmuo pemeTok BpaBs 3). C Touxkm 3peHWs CHMMeOTPHHE

1} Ipumepom mOmOGHOTO COOTHOMEHHA ABIAEGTCS yCJIOBH® OPTOTOHAJLHOCTH a; -a; = a?§;y,
BHIOJHAINIEECH [AA HEKOTOPHX OCHOBHHX BEKTOPOB IpPOCTOH ‘KyOmdecKoil pemerxn Bpass.

%) Tompobmoe M3I0KeHHE HTOrO IPEIMEeTa MOKHO Halith B ygeGHuKe Bioprepa [ 1ﬁ

3) B aroit rmase MH Oy[eM HasHBATE PeleTKol Bpars TAKY0 RPUCTANAAIECKYIO CTPYHTYPY,
KOTOpasi TOJy4aeTcd, €CIM B KaKHod Touxe abcTpakTmoil pemerkm Bpams momectmth Gasme,
obnafalmuil MAaKCHMATHEON BOBMOYKHOM cuMMeTpHeil (HanmpuMep, cdepy ¢ HeETPOM B TOYKE peImer-
Ki), TAK YTO HUKAKAs W3 CHMMETDHI TodeyHOl pemeTku bpaBs He TepheTcAd B pesyibTaTe BHECE-
HuA aroro Gasmca.
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pemerka DBpaps 3ajaeTcs myTeM ykasaHMs BCex JKECTKMX omepamnuil 1), Koropnie
nepeBONAT pemeTRy B camy ce6a. COBOKYHHOCTH TAKHX omepanmit o6pasyer spynny
cummempuy, WIH npocmparcmeeHnyw epynny pemerkn Bpabs 2).

B 4mcno omeparnuit rpynnE CHUMMeTPUE pemeTKM BpaBs BXOHAT BCe TPAHCJIANHEA
Ha BeKTOpPH pemeTku. Hpome Toro, B Hee B ofImem ciyuae BXOOAT TaKmKe LOBOPOTH,
OTPaJKeHNA W HHBepCHH 3), KOTOpHe HepeBONAT pemeTKy B camy ceGe. Hampumep,
mpocras Kybudeckasa pemerka Bpass mepexomut B camy ce6a mpu mosopore ma 90°
BOKpyr Ja1000#f mpaMoi, comepsKameidl TOYKM pemeTKE n WMelmell HaIpaBieHHE

OO ®© @
g0°
oF *y ep

® . ® @

(&)

@ ©
d

®ur, 7.1. a — woCTpPOEHNE, INOKASLIBalONlee, HYTO IPOCTas KyOuWdecKas pelieTHa HePexoquT
B caMy cefa mpu noBopote HAa 90° BOKDPYT 0CH, He COAEP:Kamed TOYEK pemeTKI.

Och MOBOPOTA NMEPNEHEUKYIAPH3 MIIOCKOCTH YepTera; IOKA3aHb TONbKO YeTHIpe TOUKM PeImeTHM, AerKaliue 6JamKe
BCEr0 K OCH B ORHON aTOMHOI HJOCKOCTH.

6 — mocTpoeHHMe, IOKASHBAIOIIEe, 9TO TOTO KE CaMOTO pesyJbTaTa MOKHO NOOHTBLCA, IpojelaB
TOCTef0BAaTeIbHO TPAHCIAANNIO HA JANEY IOCTOAHHOH pPEemeTKH (CJeBa) I HOBOPOT BOKPYI TOYKHA
pemeTku ¢ HoMepoM 1 (cmpasa).

(100), mpm moBopote Ha 120° BoKpyr mioGoii mpsaMol, ComepsKameil TOUKN pemerT-
Ko u uMewmei manpapiaemme (111), mpm oTpaskeHEM BCeX TOYEK OTHOCHTEIBHO
mrockoctr pemerkn {100} m 1. . Ilpocraa rexcaronansras pemerka Bpass mepexo-
BuT B ce6s mpu moBopote Ha 60° BOKpyr a1060i npsaMoil, cofepKamet TOIKY pemer-
KH ¥ TapajielbHON ¢-0CH, OPH OTPaKEHMH OTHOCHMTEJBHO ATOMHOH IJIOCKOCTH,
OePUeHUKYJIAPHOR c-0CH U T. [.

1y To ecTh omepamuil, COXPAHAIMUX PACCTOAHUA MEMAY BCEMH TOYKAME DEINeTKH.

2) Mu me 0yjeM KCIOJH30BaTh ASKHK MATeMATHYeCKOll TeOpHH TPYHI, HOCKOJLKY HHUME HO
OpPUMEHAITCS 3HAJATHYECKHe Pes3yJAbTATH DTOH Teopmum.

3y OrpaskeHEme OTHOCHTEJIBHO HEKOTOPOH INTOCKOCTH B4MEHAET HPEAMeT €r0 B3epPKaJIbHEM
m300pasKenreM B aTOl MIOCKOCTH; HHBEPCHA OTHOCHTENLEO BEKOTOPOU TOYKHM P IePeBOIHT TOUKY
¢ Koopammaramu r (opu BhGope P B KavecTBe HAUaJbHON TOYKM) B TOUKY—T. Bee pemeTkn Bpaps
ofiagaloT cnMMeTpHell HHBePCHH OTHOCHTeJLHO IPOM3BONBHON Toukm pemerku (3apaqa 1).
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JIro6yio onepanuio cHMMeTPHE pemeTKE DpaBs MOKHO HOCTPOHTH M3 TPAHCIA-
mun Ty Ha Bextop R pemerky u jKecTKO# omepaium, OCTaBIA0INe# HeIOIBHXHOMN
0o KpaiiHei# Mepe OfHYy W3 TOYeX pemeTKM !). JTo He croxb odeBHAHO. Hampumep,
mpocras KyGmueckas pemeTka Dbpaso mepexonmr B cef6s npm mosopore Ha 90°
BokpyT ocu (100), mpoxopameit depes IeHTP KyOW4eCKOH »ieMeHTapHON sAdelik:,
B KOTODO TOUKHU pemeTKN pasMeWieHH B BochMU BepmmuHax Ky6a. Takas mecTram
omepauuWs HE OCTABJAeT HeNOJBIIKHOH HHU OfHY w3 Touek pemeTku. Ee, ommako,
MOJKHO IIOCTPOWTH W3 TPAHCIAIMHM HA BEKTOP pemeTKn BpaBs M moBopoTa BOKDPYT
OIpelesIeHHOR NPAMOR, COfepsRalIell TOIKM PeIeTKH, KaK 3T0 NoKas3aHo Ha ¢ur. 7.1,
ITomoGHoe mocTpoeHNe Beerfa BO3MOKHO — 3TO BHIHO W3 CIeHYIOMMX PacCykIeHUuHR.

Ilycts mMeeTcs omeparuss cuMMeTpuu S, KOTOpas He OCTABIfET HEIMONBUAKHOR
HY ONHY TOUKY pemeTku. [IpenmonoxnmM, oHa IepeBOAUT HadadbHYK TOUKY pemer-
kur O B Toury R. Paccmorpum Temepp mpeopasoBaHme, I0JydaeMoe B pe3yabTaTe
MOCJIe[0OBaTeIFHOT0 IPAMEHeHNA onepanud S u rpaHcasuuu T _r Ha BeKTOp pemeT-
kn — R. Jlanvaa cocTaBHas oOlepanusa, KOTOPYI M o0osHauum kakK 7_grS, Tak-
fKe OTHOCHTCA K YHUCIY OHepanuil CUMMETPHM pemeTKH, OJHAKO OHA OCTaBJIAeT
HAa9aJbHYI0 TOUKY HEHOIBHIXHON, HOCKOJBKY omepauus S HepeHOCHT HAJAJBHYIO
TouKky B Touky R, a satem omepanus I _ g BosBpamaer R B Hawano pemerkn. Takum
obpasom, omeparmus 7 _gS ocraBasgeTr HeDOZBWKHOM Xo0Td OB OIHY TOUKY
pemeTKE (2 UKMEHHO ee HAadYaJbHYI0 TouKy). Ecim, ogHakKo, Ioclie UpOBENEHNs:
omepanun I'_rS MH npopmenaem omepammio I'r, TO pesyiasTaT OyHeT SKBHBaJCH-
TeH BHIOJHEHWI) OfHOU omepanuu S, IDOCKOJNBKY 3aKIIYATENbHOe HOPHMCHEHEE
omepanuu I'p KOMOEHCUpPYET LIpefnymee Hpumenenwme omepaunum 7 _g. IlosTomy
omepanmio S MOKHO IOCTPOHTEH W3 oHepanmm 7 _gS, 0CTaBIA0INEeH HeNOABIKHOM
OfHY TOUYRY, U omepammu ['g, ABIAAOMENCHA UYHCTOH TpPaHCIAMUEH.

Wrak, monHAsA rpynna cuMMeTpHH pemeTku Dpams ?) comepsut Jnmb onepannd
CAENYIOMmMETO BHAMAA:

1. Tpamcasium Ha BeKTOPH pemerk:m DBpass.

2. Omepanum, KOTOPHE OCTABIAIT HEIOABIIKHOA HEKOTOPYIO TOUKY peHIeTKH.

3. Omeparmuu, KOTOpHE MOJKHO HOCTPOHTE HyTeM DOCIHELOBATENBHOIO IpUMe-
HeHWs omepanui Tuma 1 m 2.

CEMb HPUCTAJIJINYECHKUX CUCTEM

Npu umsydenmum omepaumii CUMMETPHH, OTJIHYHHX OT TPAHCIAAUUOHHOM, JFACTO
paccMaTpuBaAOT HE BCIO MPOCTPAHCTBEHHYIO IPYNNY pemeTKd BpaBs, a AWmb Te ole-
panum, KOTOPHE OCTABJIAIOT 'TeHONBIVKHOH ONHY ®3 ee TodeK (T. e. OIepalum,
OTHOCAMMUEC K YKAa3aHHON BHINE KaTeropmé 2). 310 HOAMHOMKECTBO TOJHOA IpyIIH
CHMMETDHH peImeTKH DBpaBs Ha3WBawT moueunol zpynnoll pemetkm Bpass.

CymecTBYIOT TOJBKO CeMb PAa3JMYHHBIX TOYETHHIX TPYIN, KOTOPHE MOKET HMETh
pemerka bpaBs %). JlwGaa kpucrannmueckas CTPYKTypa IPHHAJIEHKHT K OIHOH

_ 1) 3amerum, 9T0 TpamCcuANMs HA M0G0 BEKTOD pemerku (kpome O) He OCTABIACT HOMOJBHHL-
HOI HE OJHY TOURY.

2) Huke MH yBHAUM, 9TO 00Mas KPUCTANIMIECKASA CTPYKTYPA MOKET UMETH JOTOJHUTENb-
HbIe Ollepallud CHMMETPHH, He OTHOCHIMYECA K THiaM 1, 2 muu 3. 3T0 «<BUETOBEE OCH» ¥ (ILIOCKOCTH
CKOJBHEHHUAN,

3) Jipe TOUeURHe IPYNOE TOKAECTBEHHH, €CIM OHH COJIEP/KAT COBEPIICHHO OfMHAKOBHE
omepanuu. Hampmmep, MHOMECTBO BceX omepanuil cmMMmerpuum Ky0a TOMKIECTBEHHO MHOKECTBY
BCeX Omepanuii CAMMeTPHH IPaBHIBHOIO OKTasApa, KaK 3TO JIETKO MOKEO YBHJETh, BIHCAB COOT-
BeTCTBYIOIMUM 06pas3oM okTasnp B Ky6 (Pur. 7.2, a). C KPYroil CTOPOHH, Irpynma CAMMETpUH Kyba
He SKBUBAJEHTHA IPYIIe CUMMETPHHM IpaBHIbHOTO Terpasapa. Hyb umeer Goxpme omepanwuii cuM-
merpum (dur. 7.2, 6).
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PDur. 7.2, a — BcAKaA omepanua CUMMeTpHE Ky0a ABIfeTCA TAKMKe ollepamueldl CHMMeTpHu mpa-

BIJIBHOTO OKTa37Apa, H Hao00pOT, I03TOMY TPYNIa CHMMeTpHHM Kyba HAeHTHYHA IPyIe OKTasjgpa.

6 —He BCAKAs ollepalis CUMMeTDHH Ky0a ABiIsAeTcd olepanyeil cCiMMeTPHU HIPABUIBHOTO TeTPA3Pa;

HanpAMep, roBopoT Ha 90° BOKDPYr yKasaHHOM BepPTUHAJILHOH OCH HEPeBOJAT B cebsa Kyl, HO He
TETPA’Ap.

W3 ceMU KPUCMALIUNECKUT cUCMEM B 3aBICUMOCTZ OT TOTO, KaKasd M3 CeMH TOYeYHHX
TPYII sBAseTCSA TOYeTHOU IPYNIION JeKamei# B ee ocHoBe pemeTk:u Bpasa. Cems
KPHCTAIINIeCKUX| CHCTeM IIepednclIeHsl B CIeLyOINeM pasfede.

YETBIPHAMIIATE PEIIETOK BPAB?

Eciun He OrpaHMYIMBATHCA TOYOIHHIMU OHEPANHAME W PACCMATPUBATH HOJHYIO
rpynny cmmMerpuu pemeTk:m BpaBs, To okasmBaercs, uTo pemertka BpaBs Moser
uMeTh OJHY W3 YeTHPHAANATA DPAa3NMIHHX HpocTpaHcTBeHHHX rpynn !). Ciemosa-
TEeJIbHO, ¢ TOYKHA 3PEHHSA CHMMOTPHH CYIECTBYeT UYOTHPHAANATH BUAOB DEINETOK
Bpags. Bmepsuie ux mepeuncani @Opankreiim (1842 .). Onnako Mpanrreiiv omubes
B IIOJiCYeTax M COOOIIW/ 0 IATHAAIATH BO3MOKHEX pemreTkax. Bpaso (1845 r.)Imep-
BHIM IIPOBeJ HPABUILHENT HONCYET.

1) 3XBUBaNEHTHOCTh JABYX NOPOCTPAHCTBEHHHIX Trpynn pemersn Bpass — Goxee TOHKO®
HOOHATHE, YeM SKBUBAJEHTHOCTH NBYX TOYEUHEIX TPy (XOTs OHH 00a M CBOJATCS K IIOHATHIO
«usomopduamay B aberpakTHOR Teopum rpyum). Omepanmuu IBYX OIMHAKOBHX NPOCTPAHCTBEHHBIX
TPYII MOTYT BCE JKe OTIUYATHCS B «HECYI(ECTBOHHEIX» MTAJAX, IMOITOMY HEJIh3s MPOCTO CKa3aTh,
qTO [IBe IPOCTPAHCTBEHHHE I'DYIINH SKBHBAJEHTHE, €CJIU OHH COJACD/KAT OJHH M Te jKe ONepailuu.
Hanpumep, gse npocthie Ky6udeckue pelneTKH Bpaes ¢ pasingHEMU HOCTOSHHKME PEINeTHE 4 U a’
OPHHATO CINTATH UMEIOIIIMU OXNHAKOBEE IPOCTPAHCTBOHHEE IPYINH, HSCMOTPA HA TO, UTO B OIHOM
cIydae HIAr TPAHCHAUUE paBed a, a B ApyroM a’. CXOLHHM 00pa3oM ;KeJaTedbHO GHIIO GH CYm-
TaTh, 4TO- HE3ABHCUMO OT 3HAYEHHA ¢/a, KOTODPOe, OYEBM/IHO, HE BIMsAET HA MONHYI0O CAMMETPHIO
CTPYKTYPH, IPOCTPAHCTBEHHLE TPYIIH BCeX HPOCTHX IeKCATOHANBHEIX pemeToK Bpass Tome-
CTBEHHHL.

Yr1o6H mOJONATH K peINeHHMI0 HTOi mpoGiaeMsl, samMeTHM, 9T0 B UOJOOHHIX 3ajadax BCer/Ia
MOKHO IIyTeM HeHpepDHIBHOH medopMmaium mepesecTu CTPYKTYPY 3aaHHOTO THIA B APYrYIO CTPYK-
TYpy TOTO Ke Tuua, He IOTepsAB IPHM ITOM HWM OJHOX u3 omepamuil cummerpuu. Hampumep, Bce
BpeMsa COXPaHAsA NPOCTYI0 KyGMIeCKYI0 CHMMOTPHIO, MOXHO PABHOMEDHO DACTAHYTb OCH KyGa
0T ¢ 10 a’. CoXpaHAA NPOCTYI0 TeKCATOHAILHYI CHMMOTDHIO, MOKHO BHTAHYTh (WM C/KATD)
¢-0ch (i a-ock). Ciref0BaTeNBbHO, MOKHO CKA3aTh, Y4TO [(BE PEINeTKH BpaBs MMEIOT OMHHAKOBYIHO
NPOCTPAHCTBEHHYIO TPYIIY, eciay IyTeM HeIPepHBHOH TpaHchopMmauum ypaerca mpeofpasoBaTh
OJIHY I3 HUX B [PYTYIO TAKKM 06pa3oM, 9TO0H Kaskas omepamnus CAMMeTPHH HOPBOil peIueTRY Herpe-
PHIBHO TpaHCYOPMHUPOBAIACE B ONEPANMI0 CHMMETDHN BTOPOil N3 HIX, a BO BTOPOl peleTKe HET HU
ONHOHI MONONHATeRBHOR ONmepanuyu CUMMeTPHH, KOTOpAasd He MOJYydJaNach O TaKk U3 OHeparuu
CHMMeTpuE TepBoi pemetkn Bpasa,
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INEPEYUCIEHUE CEMU KPUCTAJIJINYECKUX CUCTEM
WU YETBIPHAJLIATY PEMETOK BPAB3

Husxe MBI mepeducigeM Bce CeMb KPHCTANIMYECKHX CHCTOM, a TAK/Ke DENIeTKH
Bpass, mpunajguemamue KaRIod u3 Hux. Uueno pemerox Bpass B cucreme yka-
-9HO B CKOOKaX IOCIe HAa3BAHHUA CHCTEMEL.

Ryo6uuecran cucmenma (3). Hybnueckas cucreMa CONEPIKAT T€ peMeETKH
Bpass, ToueuHasA Trpymma KOTOPHIX COBHAfaer ¢ TPYNNOi cuMmmeTpum Kyba
(pur. 7.3, a). Tpm pemersu Bpass ¢ HEOKBUBAIGHTHEIMA TIPOCTPAHCTBEHHEIMA TP Y-
gaMu 06AANA0T KyOW4ecKodl TOUIedHOM Ipynmoli: npocmas kybuueckas, 06wemmno-
YEeHmMPUPOBAHHASL KYOUHeCKas W apaneqenmpupoeannan kybuneckas. Bce onn Geimm
ONuUCaHH B TiA. 4.

Tempazonaarvnana cucmema (2). Uro6s noumsuts cummerpuio Kyba,
MOYKHO B3AATh €0 33 MPOTHBOIOIOMKHEIE TDAHT U BHTAHYTH B IPAMYI0 IPABMY C KBaJ-
PAaTHEIM OCHOBaHMEM, HO C BHICOTOH, He paBHO# cropoHam KBajgparta (dur. 7.3, 6).
T'pyoma CHMMETDHE TaKOTO 0GBeKTa ecTh TeTParoHalbHAasAg TrpPyHma. Pacrarusas
Mog0GHKM 06pa3oM IPOCTYI0 KyOHYecKyI0 pemeTsy, MOKHO HOAYYATH RPOCTRYI0

i3
@®

G HC

a

Q@ur. 7.3. O0beKTH C CUMMETPHAMH TOYEYHHX TPYII PelleToK BpaBs, IpHHANIS:KAIUX CEMH
KPHCTAJNIMIECKAM CHCTEMaM: KyOUIecKo#t (a), TeTParoHANBHOMH (6), pOMOMIECKOMH (6), MOHOKJIHUE-
HO# (2), TPURIAMHHEOH (4), TPHTOHAIBHOR (¢), FEKCATOHANBHOMN ().
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Qur. 7.4. Jlpa cmocoba mnpefcTaBJEHNA LEHTPHPOBAHHON TeTParoHaibHOH pPemerkn bpasd
(BUj; BAOJBL ¢-OCH).

Toukn, c60aHaYeHHRE IUdpamMu 1, JeaT B aTOMHON IJOCKOCTY, NepHeHANK YIAPHOI ¢-0CH, A TOYKH, 0G0smadeH-

Hble nHpamMu 2,— B NapaJJIeIbHON MIOCKOCTH, OTCTOAILeHl OF mepBoit Ha paccroanne ¢/2. Ecau Toukw 1 coegm-

HHITE TaK, YTOOR OHM 06PA3OBHBAJU NPOCTYIO KBARPATHYIO CeTKY (a), TO BUJHO, Y4TO LIEHTPUPOBAHHAA TETPATOHAJb-

HaA peleTKA MOJYYAeTCA DPYM NCKAMEHUM O. II. K. PeIIeTKN. MOMKHO TAKIKE CUNTATDL, YTO TOYKHK 1 JexaT B yajiax

HEeHTPUPOBAHBOM KBagpartHo!i ceTkm (6); TOrOa CTAHOBUTCA IIOHATHBIM, YTO HEHTPHPOBAHHYIO TETPATOHAJIBHYIO
PemeTHY MOKHO IOJYYUTh M IYTEM NCKAMKEHUA T. II. K. DPEIETHMs

mempaezo;i« 2vrylo pemeTky Bpass. Ilocnenuss onepefenserca Kak pemerka bpasna,
HopoK/laeMas TPOHKOM B3aWMHO NePNEHAMKYJAAPHEX OCHOBHHX BEKTOPOB, N3
KOTOpHIX JWINb 7BA WMEIT PaBHYIO JUIHHY. TpeTbio 0Ch HAa3HPBAIOT c-0ChK. Pacta-
rumBasg aHaJOIMYHEM 00paszoM OGHEMHOIEHTPHPOBAHHYIO W IPAHENEHTPUPOBAHHYIO
KyOudecKne pemeTKy, yHaeTcs MOJYYHETh JWIMb OfHY peImeTKy TeTparOHAJbLHOR
CHCTEMEl — YEHMPUPOBAHHYI0 MEMPAZOHALLHYIO.

Yro6s yOenmrbesi, 910 00HEMHONEHTPUPOBABHAS U TpPaHENeHTPUPOBAHHAM
TeTparoHajipHEE PEMeTKH He OTJIMYAIOTCA APYT OT Apyra, paccMoTpum ¢ur. 7.4, a,
rIe n3obpasieHa NEHTPUPOBaHHas TeTparoHaJdbHas pemeTKa LBpaBs, ecaum cMOTpeTh
Ha Hee BIOJAB c-0cH. Touky 2 meKaT B IJIOCKOCTH PEmIeTKN, OTCTOSMEH Ha paccros-
HEe ¢/2 oT miockocTm pemeTku, cofmepiamei Toukn 1. Eenu ¢ = a, To 372 CTPYK-
Typa OpefcTaBifeT co0OM 0. Il. K. PEINETKY, eClld e ¢ UMeeT TPOUBBOILHYI0 BEJIH-
9@HY, TO €e, 09eBUAHO, MOKHO PACCMATPHBATE KaK Pe3yabTaT PacTHKEHNA O. I. K.
pemeTKn BROJb c-oc. OIHAKO B TOYHOCTH TY 3Ke CAMYIO PeIIeTKY UpPH B3riAe BIOIL
TOM 7K€ ¢-OCH MOJKHO n300pa3uTh TaK, KaK IMOKa3aHo Ha ¢ur. 7.4, 6, CINTAsT AaTOMHEI
OIOCKOCTH TIEHTPUPOBAHHBKIMU KBaJIpATHEIME CETKAMH CO CTOPOHOH, paBHOH o' =
= V2a. Ecnu ¢ = a'/2 =al/}/ 2, To aTa cTpyKTYpa €cTh mpOCTO T. H. K. PEIIeTKa
Bpaes. Ilpm DpousBONBHOM ¢ € MOMKHO PACCMATPUBATH KaK Pe3YAbTAT PACTAKEHAS
I. Il. K. PeNIeTKM BIOJbL ¢-OCH.

WUnague roBops, Kak TI. I. K., TAK M 0. I[. K. PEIMIETKN OPEHCTaBIAIT coGOH
JaCTHHIE CIYUYad IIeHTPHPOBAHHOR TeTParoHanbHOR pemerkn. OBM BOBHUKAIOT JHAMID
IpH ONpefieIeHHOM 3HAYeHWW OTHOIIOHUSA c¢/a, OpH KOTOPOM HMMeEeT MeCTO JOMOJHMU-
TenbHasg cuMMmerpua. IlpoumcxoxpmeHme TaKOH CHUMMeTpHH Jerde BCero NOHATH,
OpeficTaBEB DemeTKYy TaK, KaK 9T0 DOKasaHo Ha ¢ur. 7.4, a (0. I. K.) mau Ha
¢pur. 7.4, 6 (r. m. k.).

Pombuuecrxan cucmena (4). Ilepexons x MeHee cHMMETPUIHEM Jedopma-
nuAM Ky0a, MB MOjKeM DOHHBUTL TETPAaroHAJNBHYI0 CAMMETPHUIO, IIpeofpazoBaB
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8 a

®ur. 7.5. [sa coocoba medopmanmm mpocTodl TeTparoHaNbHOM pemerk:® bpass.

Hampasienne HaGmONeHAS — BOOAL ¢-OCH; NOKASAHA JIAIIL OOHA ATOMHAA IJIOCKOCTH. UTOGH IMORYEPHHYTD,
YTO TOYKH B 9TOH MJIOCKOCTH OGPA3YIOT MPOCTYIO KBAXPATHYIO CETKY, OHM COeqUHEeHH JuHnaMn (a). IIpu pacraxe-
HAH TAKUX CETOK B HAIpaBJIEHUM OFHON 13 CTOPOH HOJYYaeTcA CHCTEMA HAIOKEHHERIX OPYI HA ApYra OIPAMOYIOJdb=
HHX ceToK (6), T. e. upocras poMOudeckas pemerka Bpass. Ha cxeme 6 JMHUM NPOBegeHsI KPYIEM 00pa3oMm, gro-
OBl DOMYEPKHYTD, UTO TY 7Ke CAMYI0 CeTKY TO4eK, M300parKeHHYI0 Ha cXeMe a, MOKHO PacCMaTpMBATh KAK LUEHTpu-
POBAHHYIO KBAXPATHYIO CETKY. IIPM DACTAMEHNM TAKUX CETOK B HANDABIEHUW ONHOH M3 CTOpOH [T. €. BRONs nua-~
rOAaNN KBafgpaTHO!N ceTKA (a)] moJyJIaoTes HAIOKeHHbE XD YT Ha ApYTa LHeHTPHPOBAHHBIE PAMOYTOJIBHEE CeTHI
(2)e OHE OGpasyioT GASOUEHTPUPOBAHHYID POMOMUECKYIO peuietkKy Bpasa,

B OpPAMOYTOJBHUKHE KBaJpaTHEHe TpaHW o00BeKTa, HOKasaHHoro Ha ¢ur. 7.3, 6.
B pesyapraTe monyzaercs ofLEKT © TPEMS B3AWMHO NEPHEHAWKYIAPHHIME pebpaMnm
HepaBHO# AauEH (dur. 7.3, ), Tpynny CEMMeTpHE KOTOPOr0 HA3HBAWOT poMmOude-
cKOH. BHTArmBag HpOCTYI0 TETPATOHANBHYI0 PEmETKY BRONb ONHOM W3 a-ocei
(dur. 7.5, @ m 6), MBI TpUXOEUM K npocmot pombuuecroll pemerke Bpass. Ecam,
O[HAKO, IPOCTYI0 TETPATOHAJBHYIO PEIMeTKY PACTAHYTH BAOADL HHATOHANW KBaf-
paTa ocHoBaHHA (¢ur. 7.5, ¢ M 2), To MmoNydanmTCA BTOpad pemeTka Bpass ¢ pomGn-
YeCKOM TOYEUHOH IpynmOoil CHMMMETPHUHW, HABHIBaeMafs OA30YeHMPUPOSAHHOL DOMOU=
yeckoll.

Ilocrynaa Takum jKe 06pasoM, MOKHO HOHM3UTH ABYMA CHOCOGAME TOIETIHYIO
CHMMETPHIO HEeHTPHPOBAHAOH TETPATOHANBHOW pPEmeTHW, HpeBpaTus ee B poMbm-
weckyl0. Pacrarmpas ee BAoxb ONHOM W3 HADANNENBHHX UPAMBIX, TPOBEJEHHBIX
Ha ¢ur. 7.4, @, MH TONYYAM 06BEMHOYUEHMPUDOBAHHYI0 DOMOUYECKYI0 PEUIeTHY
Bpasa, Torna kak pacrameHne BIOAb ONHOI U3 Mapa/IeIbHEIX IPAMBIX Ha Qur. 7.4, 6
AOT 2PAHEYEHMPUPOBAHHYID POMOUNECKYI0 PEUIeTRY.

IJTEMI 9eTHIPEMA pemeTKaMu BpaBs MOJHOCTHI0O MCUEPUHIBACTCHA POMOUYECKAs
cucTeMa. ,

Monorxaunnas cucmema (2). PoMOUTIeCKYI0 CHMMETPHUIO MOKHO NOHM-
3UTH, IPEBPATHB NPAMOYTOIAbHEE TPAaHW, MEPUeHAWKYIAPHHe c-och Ha dur. 7.3, &,
B NIpOmW3BOIBHEE Napasinesorpammul. Ilomysaromumiicsa .o0sexrt (Pur. 7.3, 2) umeer
MOHOKJIUHHYIO Tpynny caMmmerpnu. Mckaskasg takuM o0pa3oM mOpocTyio pomGude-
CKYI0 pemierky, MH IONydaeM NpOcmyn MOHOKAUHHYI pemeTkRy DBpass, He ume-
IOIYI0 EEKAKAX [PYTHX 3JeMeHTOR CHMMeTPHUH, TOMEMO BOSHMKAKIOIMUX H3-3a TOTO,
9T0 TaKad PeNIeTKa HOPOKIAeTCHA TPORKOM OCHOBHEIX BEKTOPOB, OUH M3 KOTOPHIX IIep-
NeHAUKYAAPEH MIOCKOCTH, TAe JeKaT ABa ApYyrux. VICKasKasg aHaJIOTHIHEIM 00pasoM
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6as0neHTPUPOBAaHAYI0O pPOMGUUECKYI0 pemeTKy BpaBs, ME TOsKe HmoaydYaeM DpOCTYIG
MOHOKJINMHHYIO OPOCTPAaHCTBeHEYI0 rpynny. OZHAKO eCay MCKa3uTh NMONOOHEM obpa-
30M IPAaHEIEHTPAPOBAHHYI0 MW O0HEeMHOEHTPHPOBAHHYI0 pOMOMYECKHE pemeTKH
BEpasa, To B pesynsTaTe BOSHEKHET yeHMPUPOSAHHAR MOHOKAURKAA pemeTka Bpasa
(dbur. 7.6).

3dameTnM, UTO ABYM TeTparoHaJbBEM pemeTkamM bBpaBs COOTBETCTBYIOT Be
MOHOKJWHHEE DeIleTKH. YABOEHHE YHCIa PEmieTOK B poMOMYECKOM CJayuae CRBA3AHO
C TeM, YTO NpPAMOYIroAbHAA ¥ NEHTPUPOBAHHAA OPAMOYTOJbLHAA CETKU EMEIOT pas-
JUYHBe (ByMepHBe TPYINH CHMMETDPHY, TOI/la KaK IPYNIOE CUMMETPHU KBaApaTHOR
U NEHTPpUPOBAaHHOYE KBaAPAaTHOH CETOK COB-
IaflafoT, KaK M I'PYIOE CHMMETPUU CETKU
HnapaasielorpaMMoOB M IEHTPUPOBAHHOM
CEeTKH TapaljieJorpaMMoB.

Tpuraunrnas cucmema (1).
Wcraxenne wyba saBepmmuTCsa, eCiam HA-
KJIOHUTbL ¢-0Ch Ha ¢ur. 7.3, 2 TaK, 9ToOH
oHa Ooyiee He OBLIA HePIEHAUKYIAPHA IBYM
apyrum ocam. [Monygalomuiica B pesyabra-
Te 00BeKT Hn300pasken Ha ¢ur. 7.3, J; oH He
Pur. 7.6, l{enTpupoBaHHAA  MOHOKJIMHHAA AOJZKEH yAOBAETBOPATL HUKAKUM OrpaHi-

pemerka DBpas upn maGmogemmm pons GCHUAM, KpoMe TpeGoBaHEs HAapalieNbHO-
c-ocu, CTH OPOTHBOLIOJOMKHEEIX rpaHeii. Mcramasn
TouKku, 0003H&YEHHBIE ITU@pPamMy 1, NeKaT B aTOMHON TaKUM OyTeM JIIOﬁyIO u3 MOHOKRJIMHHEIX pe-
SHAMOHTHIE T paNA 2. Toran 5 napanemmol nue.  METOX BpaBs, MOKHO IOCTPONTS mpukAUi-
T DA oa DeccTomn o2 0T eb.  uyio pemerry Bpaso. 9ra pemerxa Bpazo
napajgnesiorpaMMOB, OGpPA30BAHHBIX TOYKaMy 1. nopompaeTcsa TPOMKOM OCHOBHBIX BEKTO-
POB, He CBA3AHHHX KaAKHMH-IM00 COOTHO-
meHnAMY, Cef0BaTeabHO, OHA HPeACcTaBaseT cofol pemeTky Dpaps ¢ MUEIMaNBHOH
cumMeTpzeil. Bee ske TpuKiIMHHaA IPyNIa He ABIfeTCH IPYNnoil o6bexTa Ge3 BCaKoi
CUMMETPHH, IIOCKOIBKY pemeTKa DpaBo Bcerja MHBAPHAHTHA OTHOCHTENBHO MHBEp-
CHEW C IEHTPOM B JI060H TOYKe pemeTKH. JTO, ONHAKO, eIMHCTBeHHAsl CUMMETDHSA,
TpebyeMasn o0INUM onpefieneHmeM pemieTKu BpaBs, a ciaefoBaTeslbBO, elHHCTBEHHAA
onepanuaA, BXoNAmMAas B TPUKIWHHYIO TOYEYHYI0O Tpynmy l).

Wckasus TakuM ob6pasoM Ky0, MH NOJyYmau ABeHAANATh K3 YeTHPHANNATH
pemeTox BpaBs W OATH M3 ceMM KPHCTAAJMYecKux cuerTeM. UToOH HAalTH TPHHAM-
HaTyI0 ¥ MecTyi, BepHeMCA K MCXOJMHOMY KyOy M HCKa3WM ero HECKOJbKO HHEIM
coocoboMm.

T pueonaavras cucmemna (1). TpuronanbHas TodedHas TpydHa OOMCH-
BaeT CUMMeETpPHI0 00beKTa, KOTOPHIH N0JydaeTCs, ecly pacTAHYTh Ky0 BOoab o0beM-
Hoii muaromamm (¢umr. 7.3, ). B pesynbraTe Takoro mcKaskenmsa Jai00o# @3 Tpex
Ky6udecKHX pemeTok DBpaBs BOBHUKAET pomb0sOpuveckas (WIE MPUOHAALHAR,
pemerka BpaBs. Ouna DopoKmaeTcs TpeMs OCHOBHHIME BEeKTODaMW DPABHOH JIIHMHH,
00pasyoIUMI paBHHE YIVIH APyl ¢ APYroM 2).

Haxroner, mocinefHsas W3 CHCTeM He HMeeT OTHOmeHMS K Ky6y.

Iexcaconaavrnas cucmema (1). lekcaronanvuag To9euHadA IPYyHNNa ecTh
rpynma CHMMeTpHMM NIpaBUIbHON mecTuyronbHOM mpusme (¢mr. 7.3, o). Ilpocmas
eekcazonaavhas pemeTka BpaBs (ommcaHHas B Iil. 4) EMeeT reKcaroHaJbHYIO TOUEU-

1) IToMuMO TOMECTBEHHON omepanuu (OCTaBAAMINeH BCe TOUKH PEHIETKH HA CBONX MECTaX,
KOTOPYI0 BCEI[ia YYUTHBAKT HAPaBHE ¢ APYI'UMMHU BJIEMEHTAMM IPYUOL CHMMETPHH,

2) Ilpu 0CcOBGEIX 3BHAYEHMAX ITOTO YIIa MOTYT HOABIATLCA AOMOJHUTENHHHE JJEMEHTH CHM-
merpun. Torga pemerka B efflCTBHTENBHOCTH OTHOCHTCH K ONHOMY M3 TpeX KyOmdecKnmX THOOB.
CwM., HanpuMep, 3ajgagy 2, IL. «a».
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Hyl) TpynOoy W sABIAETCA eIMHCTBeHHOH pemeTroii BpaBs B reKcaroHaJIbHOR
cucteMe ‘).

OnmcaBHble BHIE CeMb KPHCTAJNJIHIECKHX CHCTEM M UeTHPHAANATH PemeToK
BpaBs mcuepmeiBaoT Bce BO3MOMKHEE CIy4aum. JTO HajeKo He OYeBURHO (HMHAdYe
MH Ha3HBajA® OB Temeph 5Tu pemeTkE pemeTkamu Dpapkreiima). C mpaxrndeckoi
TOYKM SPEHHS, ORHAKO, COBepPIEHEO He 00:73aTeqbHO HOHMMATh, NOYEMY CYIEe~
CTBYIOT TOJNBKO LEPEYMCIeHHHe caydaw. JlocTaTouHO B3HATH, HOYEMY BOBHHKANOT
TaKMe KaTeropuy ¥ KaKOBHI OHH.

KPNCTAJIJIOTPAONYECKME TOYEYHBIE T'PYINIIBI
1 TPOCTPAHCTBEHHBIE T'PYIIIIBI

Onmmem Teleph pPe3YABTATH AHAJIOTHYHOIO AHANW3A, TPOBEIEHHOTO HE A
pemerok BpaBs, a Ais OpOMBBONBHEIX KPHCTANIMUecKux crpykryp. O6partumes
K CTPYKTypaM, KOTOpPHE IIOJYYalOTCs, €ClIM HPOM3BOJABHME OGBeKT IOTBEPIHYTH.
TpaBciAnmAM, o6pasyomuM pemerky DpaBp, m mombitaeMcs KiIacCHQUIUPOBATS.
TPYUNE CHMMETPUR TaKWX cTPpYKTYp. OB 3aBUCAT KAK OT CUMMETPUH OGBHEKTA, TaK
1 oT cumMeTpun pemeTkn Bpass. IlockoabKy ME Tereps He TpeGyeM, 4T00H 06bEKTH
HAMeJIM MaKCHMaJIBHYI0 (T. e. c)epuueCKyo) CHMMETPMIO, YUCJIO TPYHN CHUMMETPUR
3HAUMTENbHO BospacraeT: cymecTtByer 230 pasnuuHEX IPYIH CHUMMETDPUM PENIeTOK
¢ Basncamu — 230 npocmpancmeennvir epynn. (CpaBHATe 5TO ¢ YeTHPHAALATHIO IIPO-
CTPAHCTBOHHHIMM IPYLIDAMHU, KOTODEE BO3BHMKAIOT, KOTHA HAJOKEHO YCIOBIe HOJ-
HOM cumMeTpum Gasmca.)

Tabauya 7.1

Toueunnie W NPOCTPAHCTBEHHBbIE TPYNNbl peileToX BpaBd um KpuCTAIHYCCKUX CTPYRTYpP

Pemerra Bpaga KpHCcTANMIYeCKaA CTPYRTYpa
(chepHuecku-cuMMeT pUIYHEIE 0asnuc) (6a3uc NpOU3BOJIBHON CHMMETPUK)
Yucao ToueyHBIX 7 32
rpynu (7 KpHCTaITU9eCKHX CHCTEM) (32 rpucraniaorpadiueckie
TOYeYHbIe TPYIIILI)
Yneno mpocTpaBRCTBEHHBIX 14 230
TPyl (14 pemeror Bpass) (230 mpocTpPaHCTBEeHHKIX FPYI)

Toueunsle TPYNIE, BOBMOMHEE AJs NPOW3BOIBHON KPHUCTAIINIECKON CTPYK-
TYPH, TaKiKe BCe NepeducacHs. OHM ONNCHBAIOT ONEPAIMy CHMMETPHY, IepeBonAIue
KPHCTAINNIECKYI0 CTPYKTYPY B camy ceGs M 0CTaBIAIOmM@e NPHU 3TOM HEeIOIBIKHON
ONHY U3 e¢ TOYEK, T. €. HeTPAHCIALWOHHER 2iIeMeHTH cuMmeTpuy. Kpucraanngecran
CIPYKTYpPA MOKeT MMeTh TPUALATH IBe PA3JIHYHEE TOYeUHEE IPYINE; WX HA3HBAIOT
mpudyamoio deymsa Epucmaarozpaguieckumy moveunumu epynnamu. (CpaBrure sro
¢ CEMBIO TOYEYHEIMM I'PpYINaM¥, KOTOpHE HOJYyJaloTCA IpH TpeCoBaHNN HOJTHON cruM-
MeTpum Gasmca.)

Hmcna pasiuyHbBIX TPYOI CONOCTAaBIANTCA B Tada. 7.1.

1) Ecoy HONHTaThCA MOCTPOMTHL HOBHE PEIIeTKY BpaBs myTeM HCKajKeHNs NpPocToil rekca-
TOHAJTLHOH PeImeTHN, TO JerKo o6Rapy:RuTh, YTO N3MEHEHNS YIVa MEKIY JBYMA OCHOBHHIMH BeK-
T0paM# PAaBHOH [JIMHH, NepHeHAWKYIAPHHMU c-OCH, JaeT 0a30LeHTPHPOBAHHYI0 POMOHEECKYIO>
pemeTrRy, W3MeHEeHHe W yIJa M JJIUHH BEKTOPOB IPHBOIWUT K MOHOKJIMHHOMN peIIeTHe, & OTKJIOHEe—
HHe C-0CH 0T TIEPUCHANKYNApPA JaeT B 00meM ciayuae TPHRIMHHYIO DemeTKY.
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TpuanaTe gBe KpucraJiorpa@uIecKkue TOIeTHbe TDYOIE MOMKHO IGCTPOUTH
W3 ceMH TOYEYHHIX TPYII pemeTKH BpaBs, paccMaTpuBas CHCTEMATHIECKU BCE BO3-
MOKHBIe CHOCOOH HOHIKEHHS CHMMOTPHN OOBEKTOB Ha ¢ur. 7.3, OnmCHBaeMHIX
STUMH TPyIHaMU.

Ilocrpoenue faeT gBafglaThk NATH HOBHX Ipynn. KakAasn us Aux cBaA3ana ¢ OgHOM
13 CeMM KPHCTAINJIMIECKUX CHCTeM B COOTBETCTBHH CO CIeAYIOMUM Opasuiom. Jlobas
Tpynla, HOCTPOEHHASA MyTeM MOHMKEHHUA CHMMETPHH 00'beKTa, ONHCHBAEMOT0 HEKO-
TOpPOH KPUCTATIUIECKON CHCTeMOH, IPONOsKaeT IPHHAIIE AT dTOM CHCTeMe 10 TeX
mop, NOKA CUMMeTDPHMA He HNOHH3MTCA HACTONbKO, YTO BCE OCTABIMUECHA OIepalum
cuMMeTpUH 00beKTa MOTYT OHTh HAHJCHH TAK:Ke U B MeHee CHMMETPUIHOM KpHcTal-
JUYECKOH CHCTeMe; KOIfa 3TO IPOUCXOOUT, I'PYHIY CUMMETpUHU OGBEKTa OTHOCAT
K MeHee cumMMeTpuuno#t cucreme. CjepoBaTenbHo, Kpucraiaiorpaduueckas Toded-
Haf rpylna OpUHANIEHAT K KPUCTALIWIECKOH cucTeMe, ofnajapomiei HanMenbIIed
cUMMeTpHeli U3 CeMM TOYedHEIX IPyIN pemerku Bpasa, cofepmamux B cebe Bce
omepanny CHMMETPUM [aHHOH Kpucrajaorpadmaeckoir rpymms 1).

O6BeKTH ¢ CHMMETpHeH NIATH KPUCTALIOrpaguuecKnX TOYEYHBLIX PyNd, OTHO-
cAmMUXCcsA K KyOudeckoil cucreme, m3o0paskennl B Tabu. 7.2, O0bexth ¢ cummerpaei
[BajflaTH CeMH HeKYOMYeCKUX KPHUCTAMI0orpaduuecKux IpyINn mOKas3aHH B Tafn. 7.3.

Kpucraminorpaguyeckne TodedHHe IDYNIB MOI'YT COLEP/KATH ONEPAIMH CUM-
METPUH CIelyIoMmero BHJA.

1. HoBoporsl Ha yroa, Kparmeli 27/, BOKPYr HexoTopoit ocu. Takyio och
Ha3BBalOT OCHI0 N-TO mopafka. Jlerko morasath (3amada 6), uro pemerxa Bpass

1y [omATue HepapXuy CUMMETPHI KPHCTANInIeCKHX CHCTeM TPefyeT HEKOTOPOro pasbice
menusa. Ha dur. 7.7 KaKgas 03 KPHCTANIUICCKUX cncteM obiamaer Gosee BHCOKOH cuMmMeTpuei
[0 CPABHEHWIO ¢ TeMII, KOTOPHX MOKHO IOCTHFHYTh, IBHTAACH OT Hee MO HallpaBJieHHI0 CTPETOK.
MiHage roBops, COOTBRTCTBYIOIAsA TOYedYHAs rpymua pemeTkn Bpass me cogepmut omepamuii, me
HMEBIIMXCH B TPYINAX, 13 KOTOPHX € MOMKEO TOCTHTHYTL. Ha nepssIit Barasyg Takas cXema HEOLHO -
8HawHA, IOCKOJBKY HeThpe mIapH: Kybmueckas — reKcaroHalpHAs, TeTPArOHANLHAS — TEKCA-

Kybuyecran

TencazoHansHan TempaoHaIsHAA

T
TpueonansHan Pmﬁuln/ecmzﬁ
| :

—_— = MOoHOKRUHNHAA

!

TpunluHROA

O®ur. 7.7. Nepapxusa cuMMeTpHH AiA ceMH KpPHCTANIMYECKUX CHUCTEM.

Hakgan ToueyHas rpynna pemeTku Bpass cOmep:KUT B cebe BCe APYrue IPYINbl, KOTOPHIX MOMHO MOCTHYb, IBA-
Tasch B HANPABIEHUN CTPEIOK.

roHaJhbHAS, TETPATOHANhLHAN -— TPUTOHAABPHAA U pOMOHYECKas — TPHTOHAJBHAS CHCT@MH —
HE coeqmEeHH cTpenkamn. I[osToMy, Ka3a10Ch OB, MOKHO IPEICTABUTH cede 00TLEKT, BCe Ollepalun
CHMMETPHH KOTOPOIO IPUHAJIEKAT KaK K TeTPATOHANBHON, TAK ¥ K TPUTOHANBHOH TPymue, HO HE
K Tpyume, ne;kameil mmwke ux ofemx. IIpo rpynmy cmMMeTpuu Mogo0HOTO 06HEKTa MOMKEO GHLIO
OB CKa3aTh, 9T0 OHA MPUHAJIEKUT CPA3y TeTPAroHANBHOM M TPUTOHANLHON CHCTEMaM, MOCKOIBKY
1714 Hee HeT OFHO3HAYHON cucTeMH ¢ (ojee Huako# cummerpueil. OxasnBaeTcs, OTHAKO, 9TO KaK
B 9TOM, TaK M B TpeX APYTuX HEONHOBHAYHHX CJHYYAsX BCE DISMEHTH CHMMETDPHE, OOmue JBYM
IpyHOaM 43 Maphl, IPARAAAEKAT IPYOIe, Haxoaameiics mwke ux obeunx B wepapxuu. (Hampuvep,
00011 aeMenT, OOMuIL A TeTPATOHAJNLHON ¥ TPHIOHAJLHON IPYNI, HPMHATJEKUT TAK/Ke MOHO-
kaumEHofi rpynme.) IlosTomy BCerma cymecTByer TOXHKO ORHA-€JHHCTBEHHAs TPyINNa ¢ Husmeid
cuMMeTpureil.
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Tabauya 7.2
O6berTl ¢ cumMeTpHedl DATH KyOmYeckMX KpHETaanorpa@uIecKux TOYeYHbIX Tpymn ?)

7=
w3
(m3)

2) Cnesa OTZKaKIOro o0beKTa yxasaHo oGo3naucHHe Ilendamnca gnsa ero rpynnsl CHMMeTpHA, a Cpa-
Ba — MEKIYHaponHoe o0o3Hadenme. MemsoGpaskeHHbe 30eCh TFPAHA MOMKHO NpeNCTABATb, YYATHIBAA,
9T0 JJA BCeX MATH O0OGBEKTOB IOBOPOT Ha 120° BOKPYr NpOCTPAHCTBEHHOW amaroHanmm wyGa aABaAercA
onepanuett camMmerpmn. (Takaa oCh mMOKazaHA HJA HE3AUITPHXOBAHH Oro Kyba.)

MOJKET WMeTh TOJABKO OCH 2-, 3-, 4- m 6-ro mopsagkxa. IlockonbKy KpuCrasio-
rpagudecKkne TOYeYHEIe I'DYIIEI CO@PIKATCH B TOYEUHHIX Tpynmax pemeTok Bpasa,
OHE TaKKe MOTYT WMeTh JWIMb OCH 9TOr0 MOPAAKA.

2. IloBopornl ¢ oTpaskennamu. [laxke ecan mOBOPOT HA yrox 27/n He ABIAETCA
3JeMEeHTOM CHMMETDHY, MHOTAA TAKOH HOBOPOT € WOCIAeAYIOMUM OTpasKeHueM B Iio-
CKOCTH, HePHeHANKYJIAPHOA ero ochm, MOKeT OpHHAIJIERaTh TPYLUIE CHMMETPHH.
Torza momo6EyI0 0Ch Ha3LIBAIOT 36PKaJBHO-IOBOPOTHOR OCBHI0 n-T0 mopsaAka. Hampu-
Mep, Tpynnk Sg u S, (cM. Taba. 7.3) UMeOT 3epKaJBHO-IOBOPOTHEE ocH 6-T0 I 4-T0
HOPATKA.

3. HoBoporsl ¢ mEBepeneii. AHaJOrHIEO MHOrAA MOBOPOT HA Yrox 2n/n ¢ mocie-
EyloImeil nHBepcueil OTHOCHTENHHO TOYKH, JeyKaleldl Ha' OCH IOBOPOTA, OKA3KIBAETCA
BJIeMEeHTOM CHMMETPHH, XOTd €aM TAKOH HIOBOPOT MM He ABJIAeTcsa. Torga 3ty ock
HAa3HBAOT WHBEPCHOHHOA 0cbI0 n-ro mopamka. Oce B rpymme S, (cM. taGa. 7.3)
gpeficTaBigeT cofoif, HampmMep, TaKKe H WHBEPCHOBHYIO oCcb 4-ro mopaaxa. Och
B rpynme Sg ABIAETCH, ONHAKO, JHENIF MHBEPCHAOHHOW OCBK 3-TO HOPANKA.



Tabauya 7.3
HexyOmueckne Kpucragiorpaguieckae TOYeYHEIe rpyNmbl )
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2) 1ensoOpaskeHHBle FPAaHU MOMKHO TDENCTABMTH, M0BOPAYHBAA 0OBEeKTH BOKPYT OCH n-PO  TO0-
PANKA, KOTOpPas BCerga BepTHHANLHA. OgosHaueHue IleHduuca nasg TPYHOR RAHC CaeBd OT €€ Xapax-
TepHOTo 00BEKTA, & MeKIYHApoAHOoe o003HaYeHNe — cnpasa. Tpynmsl pacrnpeneiedsl 110 BEPTURAIBHBIM CTO10-
1AM B COOTBETCTBHH € HX KPUCTAJIMYECKON CHCTEMON M 110 TOPUBOHTAJIBHBIM DsAANM — B COOTBETCTBHUM ¢ KX
TAMOM B MeXAYyHaDORHOH cucTeMe ofo3HadeHuil uau B CUCTEME Ileéudanca. O6parute BHAManHNe, 4T0 T'DYIIIL
pacopefensawrea no kiaccam NIendsuca (yKasaHHM ¢ 71eBOi CTOPOHE! TAONMMIBI) HECHOJBbKO MHBIM o0pasoM,
geM 110 KjaaccaM MemRIyHapooHOW CUCTCMEI 0603HaYeHKH (IPUBEIEHHLIM C TpaBoil cTopoHsl TabJmust). B doab-
ITAHCTBE CJIy4aeB (HO He BCErja) XapaxTepHple OOBeKTh MOJYYeHbl NYTEM MOHIKEHU cuMMerpuu OOBEKTOR
ua ¢ur. 7.3, ryge UPENCTABIeHb! KPHUCTAJIIMIECKWE GHUCTEMEl (Toyeurpl¢ Tpynnel Bpass). [Jlns  noHIKeHHA
CHUMMETPHY UX TI'PAaHH ITPHXOBAJNCH COOTBETCTBYIOIINM 06pasoM. HCKJIOUEHUA COCTABJAIOT TPUTOHAJILHBIE
M IBe TeKCATOHAJBHEE TPYIUB, NJIA KOTOPHX BHOpAHb! obBeKTE Apyro#l Gopmel, 4Tolbl NOAYEPKHYTH aHAJ0-
THIO MeKNY o0beKramMm, OTHOCALIMMHUCA K OMHOMY Kiaccy Mesdnuca (T. e. CTOAIUAMH B ONLHOM TIODHM3OH-
TaRLHOM PANY). 110 mOBOHY MpeACTaBJEHHs TPULOHAIBHBIX PPYIN C NOMOMIBIO WTpHXOBEHE 00BerTA Ha Owur.
7.8, sic CM, ganmauy 4.

f
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4. Orpaskenna. OTpaskeHue IepeBOANT KaKAYI0 TOUKY B ee 3epKaJbHOe u3obpa-
JKeHMEe OTHOCHTEJIBHO HEKOTOPO# IIOCKOCTW, HABHBAEMOH 36PKAJIBHOM.

5. Nusepeun. ITpn nHBepcuu mMeeTCH BCEro ONHA HeNOABIDKHAsA Touka. Lcinm
9Ty TOYKY B3ATH 3a HAYAJ0 OTCYeTa, To JI00as APYras TOYKA I MEpPexojuT B —T.

OBO3HAYEHHMA TOYEUYHBIX TPVIIII

[llupoko mcmonb3yoOTCA Be CHCTeMB 0003HAYEHUHE — MEKIYHApOJHAA U Npef-
aoennas Ilengaucom. OGe oHu mpusenensl B Taba. 7.2 u 7.3.

Oboaznauenus Ilengaruca ONs HEKYOUHECKUX KPUCTRAIAOLDPA-
Purecrux mouenwnsvtx zpynn. Hax yxe ToBOPHIOCH, TOPHUBOHTAJBHEE DAL
12671. 7.3 COOTBETCTBYIOT YKa3aHHBM cieBa obosmavenusm Ilendauca. Hogcnum atr
obosnavenus ).

C,: TpYHNOH CONep:KAT TONBKO OCh h-TO HOpALKA.

C,,: Kpome ocu n-TO HOPAAKA, TPYIIE HMeI0T 3¢pPKAaTbHY0 IJIOCKOCTD, COfep-
JRATYIO OCH BPANIEHH S, TLIIOC TAKOE YUCI0 TOTMONHUTEIbHEIX 3ePKAaNbHBIX
HJI0CKOCTe, KOTOPOTo TpedyeT CYMmecTBOBaHHE OCH R-TO TOPAIKA.

C,,: KpoMe ocHM n-T0 IOPANKA, TPYNNH COHeP:KaT 3epPKaJbHYIO ILIOCKOCTE,
MepUeHJUKYJIAPHYI0 2aTO#l ocH.

S,: TpYHOL CONEP/KAT TOABKO 3ePKaJbHO-HOBOPOTHYK 0Ch n-I'0 MOPSAKA.
D,: Expome ocu n-To IOpAAKA, TPYHIEL COAEPAT OCh 2-TO IOPAJKA, IepHeH-
JAKYJIAPHYIO OCH R-TO HOPARKA, IUIIOC TaROoe YHCJI0 JOLOJIHUTeIBHBIX
ocel 2-ro mOpsAAKa, Koroporo TpebyeT cymecTBOBaHUE OCH N-T0 IOPAKA.
D,,: »otn (nanGonee cuMMeTpMUHBIE) IPYHOIBI CofepiiaT BCe DJIEMEHTH IPyII
D,, I110¢ 3epKaNbHYIO IVIOCKOCTD, IEPHEeHANKYIAPHYIO OCH N-TO HOPANKA

D, ,; rpyuus cofep:Kar Bce dleMeHTH Ipynn [, miroc 3epRajibHble IIOCKOCTH,
cofiepyRamme och 1-T0 MOPANKA U JeJAulie MONoJaM YIJIH MEeRIY oCAMI
2-To mopsfKa.

Pexomenpiyem umTatento caMocrTosaTelNbno yOeAUTHCS B TOM, YTO IPHBeJCHIIBIE
B Taba. 7.3 o6BeKTH eficTBUTENBHO 06Ma1al0T cuMMeTpueli, Tpebyemolt ux ofosna-
genusamu Ifendauca.

Mencoynapoonvie 0G03HAUEHUA 0ASL HEKYTUUCCRUX EPUCMAL-
aoepauuecrux moueunvtx zpynn. Pagers tabn. 7.3 crpynnupoBanbl TaKKe
B COOTBETCTBUU ¢ YKAa3aUHBIMH cIpaBa Me:KAYHAapPORHLIMU oGo3HaueHmAMU. Tpu cumM-
BOJIa, MCHOAB3YEMHIX B MEKIYHApOAHEX o0003HAYEHMAX, COBIANAOT 1O CMBICJY
¢ obosuavenusmu Illendauca:

n copuagaer ¢ C,.

nmm cosmamaer ¢ . JIBa cUMBOJa m YKasbhlBAIOT HA HAJHYNE NBYX Pas3iUTHBIX
TUIOB 3€DPKAJABHHX (MIiIror) IJIGCKOCTCH, CofepsKAIliIX oCh R-To HopAAara. Yrolm
EX TPefCTAaBUTE, CACAYeT 00paTUThCA K H300paKeHUAM 00beKTOB, NpPAHATIe/KAMUX
rpyunam 6 mm, 4mm u 2mm. OHH DOKRA8LIBAIOT, YTO OCH 2j-T0 MOPHIKA IEPEBONNT
BePTHKAJIBHYI0 3€PKAJBHYI0 ILIOCKOCTH B j 3ePKaJBHBIX IJIOCKOCTefi, HO Lpu 5TOM
ABTOMATHYECKY BOBHUKAET edle j APYTUX ILIOCKOCTeH, KOTOPHe AeJAT I0IonaM yTiIbl
MEMTY CMeRHEIMI ILTOCKOCTAMH B mepBom Habope. Ocs (2§ 4 1)-To umopsanxa,
OMHAKO, EePEBONUT 3ePKAJBHYIO TMIOCKOCTE B 2§ -+ 1 5KBHBAJNERNTHHX LJOCKOCTEH,
B cBasm ¢ uem rpymny C,, ofo3Hagawr 2) awmpb Kak 3m.

L) C osmagaer «uuraugeckasy (cyclic), D —«upycropounsisiy (dihedral) u § —«sepraan-
pagy (Spiegel). Hmmune uggeRcH 2, v U d 03HAYAIOT COOTBETCTBCIIHO «fopH30HTaAbHasy (horizon-
tal), «sepruranbHaAY (\:ertical) u «auarogansuas» (diagonal); omi yraseBawr HA pacrnonosienme
3@PDKAJIBHHEIX I[LJIOCKOCTEM I10 OTHOUICHHIO K OCH R-TO NOpAAKA, KOTOpaA CYATACTCH HAIPABIEHHOH
BEePTUKAJBHO. («I[HHI‘OHEUIE;HLIG)) IIAOCKOCTU B TpyHirax l)nd SIBIAKNTCH BCPTUKAJIDHBIMI M JTeJIAT
MOTIOJIaM YTIJIKl MY OCSAMU 2-TO HOPAKA.)

2) HOJIqepKP[BaH pasanune MeXAy OCAMH 9eTHOTO0 M HEYETHOIO UOpAAKa, MEHIYHapOoIHasA

cucrema 0603HaYeHMI B oTaAnIne 0T 0003Havennit [llendauca paccmarprBsaer och 3-ro mopsaKka Kak
0COOHI cayugaii,
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r22 coemagaer ¢ D,. B sroM cliyyae cOpaBe[IuBH Te Ke PaCCYMRISHUA, 9TO
W 1A Kjacca nmm, HO TeOepb MB MMeeM HOePOeHIWKYJIAPHBIE O0CA 2-I'0 MOPAMNKA,
a ¥e BePTHKAJBHBIE 3epPKAJbHBIE ILTOCKOCTH.

ITpuBegeM Temeps Opyrme KJIACCH MeRIVHAPOTHBIX 0003HAaUeHHM U HX CBA3L
¢ waaccamu o6GoszmageHmit Illendaumca.

n/m coBmagaer ¢ rpyomoi C,,, OAHAKO MMeeTCA CIHELYIOIEe pasaluue: B Me-
IYHAPORHOR cuCTeMe HPefIOUATAIOT CUNTATH, UYT0 rpynma C,, CONepRET WHBEp-
CHOHHEYI0 och 6-TO HOpsIKa, Mo3ToMy ee 0003HagaloT 6 (cM. cuedyomuii Kiacc).
Ormernm Taxske, 4To rpynmy (', 06G03HAa”4alOT OPOCTO KAk m, a He Kak 1/m.

7 ecTh TPYIIIA ¢ WHBEPCHOHHON 0CHIO n-ro mopsAnka. Ona comep:xut rpymny Cgy,
CKPHBAIOMYIOCA IOX obo3HaveHmeM 6. OHa COMEPIKUT Takie rpymmy S,, KoTopas
aygecusM 00pazom mepexonut B4. Onmaxo Sg mpeBpamaercs B 3, a S, — B 1 ns-3a
pasianuus MeKIY 3ePKaJbHO-IOBOPOTHOM OCHI0 M HMHBEPCHOHHOH OCHI.

o oy W KPATKO n/mmm, coBmajaer ¢ KaaccoMm Dy, €O CAefYIOIUM pas-

AunueM: B MERIYHAPONHOHR CHCTeMe IPeAINOYNTAIOT CIUTaTh, yTo Tpynna D, cogep-
FXUT NHBEPCHOHHYIO 0Chb 6-ro mopanka, M 0603HAYaTh 3Ty TPyOOy Kak 62m (c.
clefylOmuil KIacc; OTMETHM aHAJOTHUIO C MCKIUeHneM Irpyuns C,, u3 n/m u uepe.
XOMOM €€ B n). 3aMeTHM TakKKe, 9To 0003HadeHHe 2/mmm oGnuHO eme Gomnee cokpa-
AT W 3a0UCHBAIT KaK mmm. B cBoeil MoxHON, HECOKPAMEHHOH fopMe MeKIY-
HapongHEE 0003HAaYeHWA 3THX TPYOH AOJUKHBH HAaIlOMHUHATH HaM, 910 rpyony D,
MOJKHO CIHTATH COCTOAMEH M3 OCH n-ro HOPANKA ¢ HepHeHAMKYJISAPHON eil 3epKaib-
HOM MIOCKOCTBIO; KpOMe TOro, OCh n-T'0 HOPAAKA YKpammeHa AByMs HaOopamu mep-
OeHIUKYJIAPHEIX e oceil 2-ro mOpsAKa, KaKAasg U3 KOTOPHX oGiamaer cBoe# col-
CTBEHHOW 3epKaJbHON DIOCKOCTBIO.

n2m cosunagaer ¢ D, ,, 3a uckaiouernuenm TOTO, 9TO B 3TOT KJIACC Ioj 0Go3HAYe-

umem 62m Bxomut rpynna Dg,. OfosnadeHre JONKHO HAIOMAHATH O HAJIWYAYU UHBEP-
CHOHHOH OCH 1-T'0 MOPARKA ¢ HePHeHAUKYIAPHOHN eit 0ChI0 2-T0 MOPAIKA M O HAJNHYUHE
BePTUKAIbHOM 3epKanbHON mnocKocTH. Ciaydait n = 3 BHOBBH ABISETCA UCKIIYE-

— 2 —
uuem. Ero monuoe oGosHaweHue ecTh 3 — (WIH KpaTKo 3m) — OHO Hmo9epKHUBAaeT

TOT (JaKT, ITO B HTOM CJIydae BepPTHKAJbHAA 3epPKaJbHAafl IJIOCKOCTH HEPIeHIUKY-
asgpHa ocl 2-To IOpAAKA.

Odo03nauenus RYGURECKUX EPUCTNAAA0ZPAPHULECKUX MoHe-
notx pynn. MexmigyHaponHsle ob6o3HadeHns u obosHaueHma Ilermdauca guas
nATH KyOWYeCKuX rpynn npuBefeusl B tada. 7.2. I'pynma O, ecrb moaHas rpynma
cummerpun Kyfa (unm okrasgpa — orcioga ), BKINYaA HecoOCTBeHHEIE omepa-
nuu 1), momyckaemble ropusoHTanbroi (horizontal) seprampuoit miockocrsio (h).
I'pynma O mpencraBaser cofoii rpynny ky6a (mim OKTasapa), He COeprRamlyro
HecOGCTBEHHHX omepanuit; 7Ty ecTh MOJHAg TIpyNoa CHMMeTPHH HPaBUJIbHOTO
TeTpasipa, BRANYAA BCe HecoOCTBeHHBIe omepanmmu; [/ — rpynma OpaBUIBHOTO
Terpasgpa 6e3 HecoGCTBeHHHIX omepanmit; [, moaydwaercda, ecau K T mob6aButh
ONepanui0 MHBEPCUN.

MempyHaponeble 0603HaYeHUA 1A KyOmdecKux rpynm Oonee yHo0HB, deM
o6o3HaYeHNA APYrUX KPUCTANAOTpaduIecKNX TOYEUHEIX TPYNI, HOCKOJIbKY B Kade-
CTBe BTOPOTO CUMBOJIA OHH CoflepKaT Nudpy 3, KOTOpas yKa3mBaeT HA NPHCYTCTBHE
BO BCeX KyOWYeCKMX IpPyHIAax OCH BpalleHusA 3-ro IOpPARKA.

1y JIwbasa omepanusi, KOTOpPas MEPEBOJUT NPABOCTOPOHHNI 06HEKT B J6BOCTOPOHHMIT, Ha3kHI-
BaeTCH wnecobemeennoli. Bee ocrambHEe onmepannn — cobcTBeHHbBIe. HecoOCTBEHHBIME ABIAITCH
OFepalli, cofepKaliie HedeTHOe TUCJI0 NHBePCHIl 1IN 3epRAIbHBIX OTpPasKeHHI.
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230 IPOCTPAHCTBEHHBLIX TPVIIII

K cuactrio, Mt e Gysem foaro roBoputs o 230 mpocTpaHCTBEHHREX {PyINax;
OTMETHM JIMIObL, 9TO MX 4HCJI0 OONbmIe, 9eM MOKHO Gblo Opl oKupmarh. [nsa Kammoin
KPHCTAJIAYECKOM CHCTEMHE MOKHO NOCTPORTH KPHCTAJNANIECKYIS CIPYKTYPY C MHOR
HPOCTPAaHCTBEHHOM TPYNIOil, moMemas OOBEKT C CHMMeTpHed KajkKIod M3 TOYeTHHX
FPyNO 3TO# CcmCTeMbl B KajkOylo u3 pemerok Bpas cmcrembl. Takmm cmocoGom,
OIHAKO, YHAeTCA MOAVYHTH Jumb 61 WPoCTPaHCTBEHEYIO IPyDOy, KAk 3TO BUIHO
n3 1aba. 7.4.

Tabauya 7.4
Hepedncnenue HPOCTHIX NPOCTPAHCTBEHHBIX TPymn
CucreMa Yucno TouYeYHHX rpynn Uncno pelmeTok Bpapa IIponu3sedeHne
Hybnuecrast b} 3 15
TerparonanbHasa 7 2 14
PomOudeckasn 3 4 12
MorOKIIIAEAA 3 2 6
TpuknruHHAA 2 1 2
lexcaromanpHasa 7 1 7
Tpuronanbaasn 5 1 5
Becero 32 14 61

Mn1 MoKeM ROIOIHUTENBHO HACYMTATH elle IATH IPYOI, 3aMedas, 94TO 00beKT
¢ TPHTOHAJNBHON CHMMeTpHel, OyAydYn IoMemeH B TeKcaroHaiabHywo pemetky bpass,
IaeT eme He YITeHHYI0 HaMm HIPOCTpaHCTBeHHYI Tpynmy !). [pyrame cemp rpynnm

1) Xors tprroBazbHas TOYeYHAs IPYNIA COAEPIKUICH B TeKcaroHajlbHOH, TPHTOHAJBHYIO
pemeTky BpaBs Henb3s MOXYINTH U3 IPOCTOI TEKCATOHANBHOM ITyTeM GECKOHEYHO MAJOTO IICKayKe-
HUA (B OTJIMTHE OT BCeX APYTHUX AP CHCTeM, COSJIUHEHHBIX CTPEIKaMH B MePApXMI CHMMeTPIH Ba
our. 7.7). TpuromansHasa TOYeHHAA TPYHMA CONEPIKMTCA B TeKCATOHAJBLHON Todeunoli rpynne,
TDOCKOJIBKY TPHTOHAJBHYI pemeTKy Dpass MOKHO paccMaTpHBaTh KaK IMPOCTYI0 TeKCaroHalb-
HYI0 C TPeXTO4YedHHIM 0asmcoM, o0pasyeMbIM TOYKAMM
1 a 1 1 2 2 2
—3~ 19 -§—H2, —B_C H —5—31, —3—d2, 'Td—
B pesyasrate, momemas 6a3nC ¢ TPUTOHAJLHOI TOYEIHOW TPYHHOIl B TeKCATOHAJLHYIO PelleTKy
Bpass, M TO.®y9aeM HOBYIO IPOCTPAHCTBEHHYI TPYIMIY, OTIHYAIOIMYIOCA OT TOI, KOTOPYIO ME
umenn OB, ecal.: DB TOT Ke 0asuc ORI IOMENieH B TPUTOHANLHYIO PEMIeTKY. ITO He CLIpaBelInBO
HM B KaKoM Apyrou ciaydae, Hanpumep, momecTus 6a3uc ¢ TeTparoHaabHOi cummerpiieil B IpoCcTyo
KyOIYecKyIo peirerTky, Mbl IIOJYYAM TOUHO TY JKe IPOCTPAHCTBEHHYIO TPYINyY, KOTOPYIO IHMeJH
6rl, MOMECTMB er0 B MPOCTYI0 TeTPArOHAALHYIO PEmeTKY (IpM YCJOBHH, UTO HE BHIIOJNHSETCH
KaKoro-1u00 CllenaabHOT0 COOTHOMIEHUA MKV PA3MePaMK 9TOTO 06beKTa U JAUEOII c-ocu). Dusu-
9eCKM 3TO OTPAIKAETCH B TOM, YTO CYMECTBYIO?! KPHCTAJJIB, MMEIOmUe TPHTOHAJIHHEE OAa3HCH
B IeKCaroHAJBHBIX peIIeTKaX Bpapas, HO He CYINECTBYeT KPHCTAIJIOB ¢ TeTPArOHAJIBHBIMI Oa3l-
camn B Kybudgeckux pemertkax Bpaps. B mocaensem cayyae TOXBKO M0 WHMCTOI CAYIARHOCTH [LTHHEE
¢-6CH U a-ocell MOTyT 6HTH PaBHEEIME (1 COOTBeTCTBEHHO DPEIlleTKa 0CTaTheA KyOndecKoii). Haobopor,
MPOCTYX0 TeKCATOHAJBEYI0 DeMeTKy Helb3A IepeBecTH B TPUIOHAJLHYIO TYyTeM HeIpepPHBHOTO
HCKa}KeHNsA, MOITOMY OHA MOMKeT COXPAaHATH CBOI) MPOCTYI6 TeKcaroHalbHyw dopMy jaske HpH
HaanIun §asnca, MMEIIEro BCerO JUIb TPUTOHANLHYID CHMMETPHIO.

ITockonpKy TpuUroHajbHEIE TOYEYHHE TPYNNH MOTYT XapPaKTePU30BATH KPHCTAANHICCKYIO
CTPYKTYDY ¢ TeKcaroHaJbHOIT pemeTkoii Bpasa, Kpucramiorpadsl nHOTAa yTBEPIKAAIT, ITO HMeeT
€51 BCeTo MIeCTh KPHCTATINIECKUX CUCTEM. 3TO IPOUCXONAT MOTOMY, UTO B Kpuctanaorpaduir 60ib-
mee BHIMAaHNE yJeJdfAeTCd TOYeYHHIM, & He TPAHCHAANMOHHRIM dIIeMeHTaM cHMMerpuu. OIHAKO eclIu
paccMaTpuBAThH TOYeUHHE IDYINH pelleTKit bpass, TO HECOMHEHHO, CYHIECTBYIOT CeMb KDHCTAJ-
IMYECKHX CHCTeM: TOYeuHsle TPYNNH Dgy 1 Dgp 006e ABIAIOTCA TOUEUHHIMH IPYNIIaMil PeMIeTKH
BpaBa n He 3KBHBaJeHTHH.

0, c.,
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BOBHHKAKT B TeX CIAy4YasdX, KoIfla o0'BeKT ¢ CUMMeTpHell [aHHO# TOYeUHO TPy
MOKeT OBITh ODHEHTHPOBAH B pemerke BpaBs leCKOABKAMY PasinIHEIMU CIIOCOGaMH,
M3-33 Uero HOSBJAETCA HECKONBKO UPOCTpaHcTBenumx rpymu. Bee 73 takme mpo-
CTPAHCTBEHHBIe I'PYINBl HABBBAIOT CUMMODPHUMU.
BonpmmuHECcTB0 OPOCTPARCTBEHHBX TPYIN HecUMMOPPHHb U COHEPIKAT OLepainn,
KOTOpBIe He MOI'YT OBITH IIOCTPOEHBI U3 TPAHCIANNH, ofpasyomux pemeTky Dpass,
U onepanmit TodedHHX rpynu. Ilna mHamu-
@ @ guA HoMOOHEIX [00aBOUHEIX OIEepaLuid He-

0) D @ 00XOHUIMO  CYIeCTBOBAHUE KaKux-aubo
ONpefeJeHHBIX COOTHONIEHU MeILy pas-
@ ® ® Mepamu 0asuca M IepurofaMu pemerkn bpa-

B3. Horpma pasmepn 0asuca HaxOIATCA B
OLPENe/IeIHOM COOTHOHIENHY ¢ JIIMHAME

_________ - -—————————  OCHOBHEIX BEKTOPOB PeIIeTKH, MOTYT IOAB-
@ @ @ @ AATHCA J[Ba MOBHIX TANA OHEPalinid.
D 0 @ 1. Bunrossie ocn. Hpucranaunieckan

CTPYKTYPA € BHHTOBOH OCHIO TEPEXOIUT
B camy celsa Ipm TPaHCIASUHT HA BEKTOP,
@ @ @ He OpuHaJeskammii pemerke bBpass, ¢

D) @ HOCTENYIOIMM  IIOBOPOTOM  BOKDYI  OCH,
BIOJAb KOTOPOil TPOW3BOANIACH TPAHCISA-
1us.

2. Hxockoern croab:xkennd. Hpucrad-
AUYECKASA CTPYKTYPA € ITOCKOCTHIO CKOIb-
JReHU S HepexoguT B caMmy cefs Ipu Tpamc-
AMIHB Ha BeRTOp, He MpuiTajiiesKaluil

@Dur. 7.8, l'ekcaroHalibHass  TIOTHOYTIAKO-

BaHHasg CTPYKTYpa npu HabNOjeHMU BROIbL
c-0CH.

ATOMHBIC [1JJOCKOCTH, ICPLUEHAMKYIAPUBIC c-OCH, Ha-

XOHIATC HA PACCTOAHIIL ¢/2 APYL OT Apyra It COgep-

AT No0UepenHo TOURH THia 1 ¥ touku Tuiaa 2. Ilp:a-

Masd, TapaNIeNpHaT c-0CH W ITPOXOMIIIAN Uepes uep-
HYK) TOYKY B HCHTPC QUTYPBI, ABILETCS BUHTOBOI
0ChI0: M300PaKEHHAA CTPYKTYPA NHBAPHAHTHA OTHO-
CHTEIbHO IAPAJLIeNBHOTO IepeHoca (TPAHCIAHM) Ha
¢/2 BEOIL 9TO OCH C ITOCJHEXVIOUIM IIOBOPOTOM HA
60° (HO He MHBAPMAHTHA B OTHOLIEHHMI TAKOTO IIOBO-
POTA BN TPAHCIAINN IO OTHeABHOCTH). IIJIOCKOCTD,
napaiyelibhas ¢-0CH ¥ IepeceKamllas uYepresy 110
OYHKTUDHON JHITHI, ABIAETCA ILIOCKOCTLIO CKOJIBAIC-
HUA! CTPYKTYPA HHBAPUANITHA OTHOCHUTENLHO Mapali-
JIEIBHOTO IMePeHoca 11a ¢/2 BHOAL ¢-0CH ¢ TIOCJeLVIO-
MMM OTPAMPHIIEM B MJIOCKOCTH CKOJBIKENMA (HO He

pemtetke Dpaso, ¢ mocicayiomuMm oTpa-
JRCHIEM B ILTOCKOCTH. COMepsKaImeii DToT
BEKTOP.

Kak mowxaszano na ¢ur. 7.8, rexcaro-
HaJbHAsA MOIOTHOYHAKOBAHUAA CTPYKTYpAa
MHBAPHAHTHA OTHOCHTENBHO STHX JIBYX TH-
nos omepanwii. [locnemnee mnpomexomuT

MHBAPHANTHA OTHOCHTENLHO TAKOTO IepecHoca iy
OTpaYKeINA M0 OTHENTHHOCTH).

TOJLKO IIOTOMY, YTO PACCTOAHHE MEKIY
ABYMA TOUKamu (asuca BIOAD ¢-OCH B TOY-
HOCTH PABHO B[eCH HOJOBHIE PACCTOSHHSA MEMKAY INIOCKOCTAME POIIETKY.

Hax mempgyHaponnyio cucremy, Tar u cucremy Illendunca, xotopele mpume-
HATCA I 0003HaTeHNA TPOCTPAHCTBEHHHY TPYON B TeX PeiKRNX CAYUasX, KOrjga

5TO HeoOXO0JUMO, MORIIO HaiiThm, Raupumep. B Kuure Broprepa [1].

HPUMEPBI CPE/IN XUMNYECKUX 3JEMEHTOB

B ri. 4 Opuin mepedncaeHbl XUMHUYECKHE DIEMEHTLI, HMEIIIHMET. II. K., 0. IL. K.
W, O Y. CTPYKTYPHL, a TAKKe CTPYKTYpY Tuma aamasa. boxee 70% Bcex aieMeHTOB
OTHOCUTCA K STHM deTHipeM kKjaccaM. OcTalommecsa diIeMeHTH 001aTaloT CaMbIMI
Pa3IMIHHIMU KPHCTANIANIECKUMU CTPYKIYPAME, B OCHOBHOM C IOJHATOMHBIMI dJle-
MEeHTapPHBIMH gYeflKaMu, KOTOpPEE WHOTAA OHBAIOT MOBOJBHO CAOKIBIMH. B 3armo-
deHne HaCTOAINCH IaaBel B T7aba. 7.5—7.7 MH IepeducasieM pax JPYIUX LPHUMEPOR.
Jlammbie B3ATH n3 cupasounuka Yukopda [2] u coorrercrsyror KomnarTnoit remnepa-
Type W HOPMAaJIbHOMY aTMocdepHOMY AABJIEHNIO, eCllU He OrOBOPEHO HWHOE.



Tabauya 7.5
JAeMEeHTHl ¢ poMOOdAPHYeCKHMH (TPUTLOHAJBHLIMA) peumieTkamu Bpass 2)

. Yncno aTomos

DIIeMEeHT a, A 0 B dJIeMeHTapHOM Basnc
Adelixe

Hg (5K) 2,99 T0°45" 1 z2=0

As 4,13 54°10/ 2 z=+10,226

Sh 4,51 57°67 2 x=+0,233

Bi 4,75 57°14' 2 z==+0,237

Sm 9,00 23°13° 3 z=10,10,222

) 3pech @ — TAHA OCHOBHBIX BEKTODPOB, O — YroJi MemIy JIO0HME IBYMA M3 HUX. BO BCeX Ciayvasx
BhlpajkeHne, CBABHIBAIONIEE KOOPAMHATHL ToueK 6asmca ¢ BEKTOPAMM, MMeeT BUI X (ay+as-+az). OTMeTHM (CM.
3a1a4y 2, n. «0»), YTO PeuleTKIl MBILBAKA, CYPHMBI 1 BHCMYTA OYeHb GJMBKHM K NPOCTOM KYyBUYeCKOH pemierke
0 IONYYAOTCH U3 Hee ITYTEM PACTIHEHUA BIOJbL DPOCTPAHCTBEHHON HMATOHAIN.

Ta6auya 7.6
JIeMEHTHl ¢ TETPAroHadbHbIMu pemertkaMn Bpass 4)

DieMenT a, A c, A Basuc
In 4,59 4,94 B rpaHeneHTPHDOBAHHHX IMO3UOUAX  VCJIOBHOH
AYeHKN
. i 11 1,3 111
n (6exoe) 5,82 3,147 B Toukax ¢ wooppumartamu 000, 024, 202* 555

10 OTHOIIEHNID K OCAM ch’IOBHOYI ATeKT

8) fpa nepHeHOMKY:IAPHEIX OCHOBHHIX BEKTODPA MMEIT JUIMHY ¢, JJNHA TPETHEro BEKTODA, IepPNCHIH-
RYJIAPHOr'O UM, paBHa c. 00a sieMeHTa UMEIOT IeHTPUPOBAHHYIO TeTparoHasjbHYI pPeleTKY bpaBs. nHaul
¢ OIHOATOMHBIM, & 0eJ0e 0JI0BO C IBYXaTOMHBIM Oasucamu, OnHakKo OOBIYHO IJA MX ONMCAHUHA HCIO.UB3YIOT
NPOCTYIO TETPAroHAaJAbHYIO pelzeTHy bpars ¢ 6asucom. YeuosHYIo AYelKy MiaA WHAWA BHIOMPAOT TanUM 0Opa-
30M, 4YT00B TOQUEPKHYTHL, UTO OH MMeeT cjierka HedopMHPOBAHHYIO (BHOJIbL pebpa uxyba) r. I. K. CTPYKTYDPY.
CTpyrTypy 6e1000 0JI0BA MOYKHO DACCMATPHBATE KAK CTPYLTYPY THOA 2IMasa, CHATYIO BAOML ORHOH U3
oceill nyba.

Tabauya 7.7
dnemenThl ¢ pomOuyeckumu peurerkamn Bpass )

Jneveur a, A b, A c, A

Ga 4,511 4, 547 7,645

P (gepubiii) 3,31 4,38 10,50

Cl (113 K) 6,24 8,26 4,48

Br (123 KH) 6,67 8,72 4,48

1 7,27 9,79 4,79

8 (pombOugecKas) 10,47 12,87 24,49

)IITIHHBI TpeX B3ANMHO TEPNEHOUKYIAPHBIX OCHOBHBIX BEKTCDPOB PaBHH a, b ¥ ¢. CTpyKTypa poMbnm-
4yerIiol cepnl BeChbMa CJOMKHA — €e HJEeMEeHTApHAaA savYeiika comep:knuT 128 aromoB. Opyrue CTPYRTYDBI MOMKHO
OTHCATDh, MCHOJIb3YA BIeMeHTAPHYIO AYeliKy ¢ BOCeMBIO aToMaMU. Lorxee 1oRpobHYID HHPOPMANHI0 YUTATEND
MOMeT HAlTH B cupaBsounuke [2].
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3AJAYN

f. a) JdokarkuTe, dro mobas pemeTka BpaBs obiajaeT cummeTpuei HHBEPCHI II0 OTHOLICHIIO
K 110608 Touke pemieTkH. (Y razanue. IIpefcraBbpTe TPAHCJHAUMN pelleTKH B BUje JHHCHHEX KOM-
OnHEALMA OCHOBHHEIX BEKTODOB ¢ [EJNOYKCICHHKEIMH KoddduuuenTtamn.)

6) JokasknTe, 9T0 CTPYKTypa THIIA AJIMa3a MHBAPHAHTHA OTHOCHTEJBHO UHBEPCHN C IIEHT-
pOM B TOuYKe, ABIANMEHCA cepefUHON M0G0 CBA3SH MemMAY ONMKAUNIIMM COCENAMI.

B) lloramuTe, 4TO CTPYKTypa THIIA ajiMa3a He MEBAPDMAHTa OTHOCHTeNIbHO MHBEpCUH ¢

HeHTpaMH B JIOOHX APYIEX TOYKaX.

2. a) Ecam TpM OCHOBHEIX BEKTOPa TPHIOHAJNBbHOH pemerku Bpaea obpasyor yram 90° apyr
C APYroM, TO pemeTKa, OYeBHNIHO, UMeeT GoJjiee BEICOKYI0O CHMMETPHIO M ABJIAETCS NPOCTOil Ky-
Oudeckoit. TTokaskuTe 9T0 eciau Takue yriaw paBHel 60° uin arc cos (— Y/5), TO pemeTKa ONATH
umeeT Hojee BRICOKYH CHMMETDPHIO, YeM TPHTOHAJBHAS, N OKAa3BBaeTCA T.I.K. HIAU O.ILK. pe-
MeTKOoH. :

6) ITokakuTe, 9T0 TMPOCTYI0 KYOMYECKYI DEHIETKY MOKHO NPEZCTABATEH B BHIE TPHTOHAJIB-
HOH pelIeTKH ¢ OCHOBHHKIMA BEKTODaMM a;, COCTAaBJASIOmMUMU yTaw 60° Apyr ¢ apyrom, I ¢ ABYX-
Toueunmm Gasmcom + 1/, (a, -+ a, + a,). (CpaBHmMTe 9TH wWhCIa ¢ JABHBMHE 1A KpUCTajinge-
CKHX CTpYKTYp B T1aba. 7.5.

B) Raxas momyuurca cTpYKTypa, eclu B TOi jKe TPUrOHAJbLHOI pelleTKe B KadecTBe 6asiica

BeiOparth Toukm o /g (a; + a, -+ ag)?

3. Ecan gBe cMCTeMHE CBS3aHLI CTPeJKAaMH B HepapXUH cUMMeTpui Ha ¢ur. 7.7, To peuietky Bpasa
n3 6oliee CUMMETPHUIHOM CHCTEMEI MOKHO ClleJIaTh MeHee CUMMETPUYROU IIyTeM OeCKOHEYHO MaJjioro
ICKajKeHHUsI; UCRIYEHAe COCTaBJAeT JUIMb Napa TeKCcaroHAJbHAaA—TPHIOHAJIBHAS CHCTEMH.
CooTBeTCTBYIOMMe CHOCOOH HCKa)KeHHA IOJHOCTBIO OIMCAHH B TeKCTe [AJA BceX clydaes, 3a
HCKIIOYeHHEeM [BYX Iap: reKCcaroHaJbHOH—poMOHMYeCKOH M TPUrOHANBHON--MOHOKINHHON cHC-
TEM.

a) Omumure GeckoHewHO MaJiee HCKajKeHHWe, IepeBojifaniee IPOCTYI0 TeKCaTOHAJLHYIO pe-
HIeTKy B OfHY ®3 pelneToK Bpass poMOmdeckoif cucTeMsl.

6) Hakro#t min pomMGmuyeckod pemeTkr BpaB3 MOMKHO TOJYIHTH TaKHM CIIOCOOOM?

B) Ommmmnrte GeCKOHEYHO Maljioe MCKajKeHHe, IePeBofiAmiee TPHTOHAABHYW pemeTtky Bpass
B ONHY 43 PpeMeTOK MOHOKJIWHHOH CHCTEMSI.

r) Kaxo#t Tun MOHOKANHHOHN pemerkun BpaBs MOKHO NOJIYYHUTH TaKHM clocobom?

4. a) Hakas ¥3 TPHUTOHAJBHLIX TOYGUHHIX FPYII, IPUBEJeHHEX B Taba. 7.3, ABIAETCA TOUETHOM
rpynmnoi pemeTkn BEpaes? Have ropops, KaKod U3 XapaKTepHHX 00LeKTOR 06aafaeT caMmeTpiiel

o0bexTa, usobpaskeEHOro Ha Qur. 7.3, e?

a 5] 8 2

Pur. 7.9. OO6BEeKTH ¢ cmmmerpueidt, Gojlee HH3KOH, 4YeM cHMMETpWs TPHrOHAJIBHON FPYUNH,.
Kaxesa rpynna CHMMeTPEHE K&MEOro ¥s HHEX?
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6) Ha ¢ur. 7.9 rpamu oGmeKTa, nsobpakeEHOro Ha Qur. 7.3, e, paCKpPalleHE YeTHIPbLMA
PABJIMIHKEIMYA NOHMKAIOOIMMU CHMMETPHIO cloco0aMH, TaK 9TOGH NoiydeHHHEE 06BeKTH 06ramany
CHMMETPHAMM OCTAAbHBIX TPUIOHAJBHHX TOUeYHMX rpynn. Mcnoawsys rtaba. 7.3, yKamnre
CHMMETPHIO TOYeYHO# TIPYHIH KajKjoro oOBeKTa.

5. ¥V Kakux N3 YeTHpHANUATH penleTok bBpaBs, KpoMe r..K. I 0.1I.K., O0paTHBE DelNeTKM He
OTHOCATCA K TOMY ’Ke caMOMy THIY?

6. a) IToxaskute, 9TO IPK 1 Z> 3 CYIECTBYET ceMeHCTBO Ma0OCKOCTel pellileTKH, ePreH UKy ISPHEX
J1060H ocHM BpamleHMsA n-To IIOPAAKa pemetkn LpaBa. [3TOoT pe3yabIaT cOpaBeUINB TaKKe Ii
npr n = 2, HO TOTHA ero BeIBOJ 0oJjee ¢jokeH (cM. 3ajaqy 7).]

0) Ucxons 13 pesynbrara II. «a», NOKaKUTe, 9To, eCIN HH OJiHA IByMeDHas pelreTka bpass
He IMeeT OCH n-TO HOPAJKA, TO TaKyl0 OCh He MOMKeT HMeTb TaKMke II HO OJlHA TPeXMepHasa pe-
metka bBpass.

B) JloKakuTe, uT0O HNKaKasg IBYMepHas pelleTka bpaBo He MOKeT IIMETh OCh 1:-TO TIOPAIKA

opu n = 5 uan n = 7. [¥kasanue. TIoKaKuTe BEAYAJE, 9TO 3TY OChb MOKHO BHOpaTh 12K, 9TOGH
OHAa TNPOXOo[NMJa vYepe3 Kakyw-anbo TOYKY pemeTkd. B panbmeiimenm foKazaTedbCTBe HMCNOJb-
3YeTCSA METOJ, «[IOBeleHHA 70 afCcypha»: UCXO[A 113 MHOKECTBA TOYEK, B KOTOPHE HEPEeXOMUT OJIH-
Malionil cocefl HEeNOJABMIKHOH TOYKM IPH n MNOBOPOTAX, LIOCTPOHTE TOUKY, NesRAaILyl0 OMIIKe K
HENOJBUKHOH, d9eM ee «bmmxadmmii cocem». (3ameTuM, 4To ciygailt n = 5 TpefiyerT HeCKOMBii0
HHOTO TOAXO0[a, YeM BCe OCTAaJbHHE.)]
7. a) Iloxakure, uTo, eciy pelleTKa bpaBs uMeeT 3ePKAaJBHYIO IJIOCKOCTh, TO CYINECTBYET Ielioe
ceMeHCTBO aTOMHBEIX IJIOCKOCTeHl, mapadielbHRX 5TOH NAOCKOCTH. (Ykasanue. Ha ocmoBe pac-
CYIKIEHNI, TPUBeJeHERX Ha cTp. 121, mokaskuTe, 9To M3 CyIMeCTBOBAHUA 3ePKaJbHOH IIIOCKOCTH
BBITEKaeT CYIIeCTBOBaHME 3ePKaJbHOI HJOCKOCTH, cofieprkamiell Touky pemeTrs. [locae aroro
JOCTAaTOYHO JI0KA3aTh, YTO TAKAA IUIOCKOCTh COJEPSKIT JB€ APYIue TOYKHM pelIeTKH, He Jekallue
Ha OJHOW HpAMOH C NepBOil TOYKOM.)

6) ITorammTe, 9TO eciim pelreTka bpaBa HMeeT ocl BpalleHUA 2-ro NOPAAKA, TO CyOleCTBYeT
ceMeACTBO aTOMHHEX INIOCKOCTeH, NepHeHJMKYJIAPHBX 3TOH oOcH.

JUTEPATYPA
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2. Wyckoff R. W. G., Crystal Structures, Interscience, New York, 1963.



T'JIABA 8

YPOBHWI 9JIERTPOHA
B MNEPHOANYECKROM HOTEHIMAJIE.
OBIONVE CBOMCTBA

MEPUOJINYECKUA MOTEHIINAJ 1 TEOPEMA BJIOXA
TPAHNYHOE YVCJOBHUE BOPHA — KAPMAHA
BTOPOE NOHKABATEJIBCTBO TEOPEMEI BJIOXA
ITIOBEPXHOCTL ®EPMU
IIJIOTHOCTH YPOBHEW I OCOBEEHHOCTHU BAH X0OBA

Woupt B HeadbHOM KPHCTANIE PACIONOKEeHBl TaKHM 06pas3oM, 4To 06pasyior
PETYIAPHYIO IepHojuueckyn cTpykrypy. IlosTomMy mam Heo0XogmMo paccMoTpeTh
3agavy o6 saexTpoHe B moteHnmate U (r), KOTODHIA mMeeT HePUOIUIHOCTDL PEIMeTRY
Bpaso, neskameil B OCHOBe 3TOH CTPYKTYDH, T. €. YHOBIETBOPSHET YCIOBHIO

U@+ R) = U (@) (8.1)

miga Bcex BexkropoB R, mpummapmeskamux pemerxe Dpass.

lMockonpKy xapaxrepHBl mepmon norennumana U (~10-% cMm) coBmagaer
010 DOPARKY BeJMINHEL ¢ THINIHON JJINHOH BOJHK e Bpoilnsa ajieKTpoHA B MOMeNN
cBOGOTHBIX 9J1€KTPOHOB 3oMMepdesbia, AN ydeTa BAUAHNA NePUOIUIHOCTH HA [IBU-
JKeHMe DICKTPOHOB clefyeT WmOJb30BAThCH KBAHTOBOW MeXxaHWKoH. B oroil raaBe
pPaccMOTpeHsl CBOMCTBA JeKTPOHHEIX YPOBHEH, 3aBUCAIIHE JUHIH 0T HePHO{NIHOCTH
DOTeHTHAIA 1 Ge3pas3iudnsle K ero TouHoMy suay. OGcympenne Gyaer IpOIOIKEeHO
B ra. 9 1 10. rae ME obpamaeMcs K IBYM XpeJeIbHbIM CHydasiM, KOTOPBIe HPeJCTaB-
AA10T 00IbNIOH GUBNIECKUA UHTepeC ¥ MOTYT CAYKHUTH 00Jiee KOHKPETHBIMU IpuMe-
paMu npuMeHeHWs Pe3yIbTaToB HAacToAImeld raaBu. B ra. 11 xpaTko ommcaHEl HeKO-
TOpPHIE M3 METOROB, MCIOAB3YEMEIX TP AeTATBHOM pacdeTe dIeKTPOHHEIX yPOBHEN.
B ra. 12 u 13 obcymxnaerca 3HadeHne HOJNYYeHHHX PE3yJAbTATOB ANA 3aLad TeOpPHH
DJIEKTPOHHEIX sIBJIEHUH IepeHoca, ¢ KOTOPHIMU MH YiKe Berpedanmenb B rai. 1 m 2;
MBI YBHANM, KaKoe GObIIOe THUCI0 IPOTUBOPEUNE TeOpuHM CBOOOTHBEIX JJIEKTPOHOB
(ra. 3) vhaercs ycTpaHHTh ¢ HX IoMompio. B ria. 14 m 15 mcenenyrorea cBoitcTBa
KOHKpeTHEIX MeTAaJI0B, WILIIOCTPHpYIOIMWe M HoNTBepKAaiomme OOIYI0 Teopuio.

C cavoro Hagayna ciefyeT HOZYEPHKHYTBH, 9TO IOJHAA NePUOIUIHOCTHL -— 3TO
upeasusaiusa. PeasbHsle TBepABE Tejla HUKOTIAA He OHBAT abCOJIOTHO YHCTHMU 1),
a IO COCeICTBY C OIPHUMECHHIM aTOMOM CBOHCTBa TBEp/IOTO TeJa OKA3HBAIOTCA WHBIMH,
4eM B ocTasibHOM Kpucraiie. Hpome Toro, Beeryia cymecrsyer HeGoabIIas 3aBucCAma s
0T TeMIepaTyphl BepOATHOCTh 00HAPYIKeHUA OTCYTCTBYIOMUX WU HOUPABUIBIO pac-
NONMOKeHHHX aToMoB (ri. 30), 9ro HapymaeT HAeaJbHYI0 TPAHCIANMOHHYIO CHM-
MeTpuIo TayKe afCOMIOTHO YMCTOTO KpHeTasna. Hakomer,, HOHE B AefCTBUTENLHOCTH
HE HeIOABILKHBI, & BCe BpeMs COBEPHIAIOT TEIIOBHE KOJeGaHmA BOKPYT CBOUX HOTO-
JHeHHl paBHOBeCH:A.

1) To ects BCerpa cogep:watr npumecu.— ITpuxm. ped.
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Bce Takme mapymenus HieaidbHOl mepUoOgUIHOCTH O4eHb BaykHH. Hampumep,
UMeHHO OHHM B KOHEUHOM CUeTe OOBACHAIOT, MOYeMY BJIEKTPOIPOBOAHOCTH MeTasia
He Gecromeuna. IIpm mOCTPOEHHE TEOPHH, OJHAKO, BRHIOHee MCKYCCTBEHHO pasbnTn
3ajlady Ha JBe YacTH: a) pPaccMoTpenme THIIOTEeTHYECKOTO HAEAIbHOT0 KpHCTaia
¢ a0CONMWTHO TEPUONWIeCKWM HOTEHIMAIOM W 0) M3yUeHUWe BIAMAHUA Ha CBOMCTBA
5TOro KpPUCTalla BCeBO3MOKHEIX OTKJIOHEHWH OT IMOJHOW HePHONUIHOCTH, KOTODHE
paccMarpuBaOTCA KaK MaJdhle BO3MYINEHHA.

Heo6xomquMo TaksKe mof4epKHYTH, 9TO 3ala4a O IHOBeleHUN DIeKTPOHOB B IePHUO-
IXTeCKOM HOTeHI(HaJe BOSHWKAET He TOJNbKO NpH M3ydeHHW MeTALIoB. DBojapmun-
CTBO HammMxX OOUIWX BHIBONOB HPWMEHWMO KO BCEM KPHCTAIIWIECKUM TBEPABIM TeiaM
u OyZer urparh BajKHYI0 pPOTb IPHU NOCTeAyIOMEM pPAaCCMOTPEHHH AMDICKTPUKOB
U TOXYIPOBOIHUKOB.

NEPHOTWYECKUI TOTEHIMAJI (

3amaua o6 9IeKTpoHAX B TBEP/OM TeJe B HPUHIUIE IpeAcTaBiaser co6oif MHOTO-
9JIeKTPOHHYIO 3aHady, MOCKOJBKY IOJNHBI TaMHIBTOHMAH TBEDPABIX TeJ CONEPIKHT
HE TOJBKO OTHOJIERTPONHHEe IOTeI[HAIE, ONUCHBAIOIITE B3aUMOACHICTBIE ANEKTPO-
HOB ¢ MACCHBHBIME ATOMHBIMHI SApaMi, HO W HAPHBIC HOTEHIHAJTH, ONHCLIBAIOIINE

U(r)
N\

Our. 8.4, THyHEE KPHCTAWINYIECKITH  HEPHOANYCCKIIT  HOTeHIUIad, 300paKenuuii  BI0Jb
JIMHUI MeCTOHAXOKIEHHA 1T0HOB 1l BJOJbL JHHUH, IIPOXOAANICH LOocepesllIHe MEeKIY HIOCKOCTIMU
HOHOB.

Yepyble KPYHKE — DABHOBECHDBIE ITOJOHEHNT JMOHOB, CHIJIOIIHBLIE KPWBBIE — TIOTeHIIHMAS BAOML JUHUA OHOB, TO-
qeunad KpHBAA — NOTeHBaJ BHONL JINHUN MEH{RY INIOCKOCTAMM MOHOB, 4 HITPHXOBBIC KPHBLIC — MOTEHIINAI
OTIHeJILHLIN IMB0JIMPOBANHLIN T10HOB.

B3anMOIOEHCTBHe MEXRIY »JeKTpoHaMmu. B npulamKeHnn He3aBHCHMEIX 3JEKTPOHOB
5TO0 B3auMOJefiCTBUE YUUTHIBAETCA € HOMOHILI0 3P(EeKTUBHOTO OHOBIEKTPOHHOTO
norennuaia U (r). IlpoSaema mamayumero Brfopa Tamoro dQeKTHBHOTO MOTEH-
umaja AOBOJNbHA CJIOMKHA; K ileit Mbl BepHeMmes B 1. 11 u 17. 3necs e MB TpocTo
3aMeTHUM, 9T0 KaKOH OBl HU OblIa KOHKpeTHasa ¢gopMa 3PQeRTHBHOTO OLHOIICKTDOH-
HOro HOTEHIHAJNA, B CIydae MAeaJbHo HEePUOAHIECKOTO KPHUCTANIA DTOT HOTEHIUAJ
HO0JKEH Y0BIeTBOPATL yeaosuio (8.1). Toapko ogHo 210 06CTOATENBCTBO LOBBO-
JisfieT IOJYYNTH MHOTO BajKHBEIX BHIBOIOB.

Ucxopa u3 wadecTBeHHLIX COOOpa/Kennii, MOKHO ONPUMEDPHO IPefCTaBUTL B
THOHIHOTO KPHCTAIJNMYEeCKOr0 IOTeHIMaja: BOAW3E HOHA OH JOKeH HAIIOMHHATH
DOTeH1HaJ OTLeJbHOI0 ATOMa ¥ BRIPaBHUBATHCA B ofinacTu MeskAy nouamu (dur. 8.1).
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Wrak, naM HeoOXOHAMMO M3Y4YHTH Te ofMMe CBOHCTBA ONHOIIEKTPOHHOrO ypaB-
Hewna lllpenunrepa

Hy=(—aV2+U (1)) p= £, (8.2)

KOTOpHe 00YCJIOBIeHE TepuonndnocThio (8.1) morennuana U. YpaBuenne Illpenun-
Tepa [JA CBOGONHEIX 2JIeKTpoHOB (2.4) mpejcTaBiasieT cofolf YaCTHHI CayYad ypas-
HeHuA (8.2) (X0TA, KAK MBl YBHJUM, I BeChbMa IATOJOrHIECKUH B HEKOTOPOM OTHO-
WeHNN), NOCKOJNBKY HYJNeBOH IOTEHIMAJ MOMKHO CUNTATh OPOCTEHINAM IPUMEpPOM
TIePUOJNIECKOTO HOTeHIHANA.

HesaBucuMele 5JI€KTPOHEI, KaMIHH W3 KOTOPHIX HOJAYHHAETCHA OJHO3NEKIPOH-
HoMy ypaBHeHuio lllpenmurepa ¢ mepHOXMYECKUM MOTEHIMAJOM, Ha3hBAOT 610206
ckumy (B OTIHYHE OT «CBOGOHBIX», K KOTODHIM 0:10XOBCKIe 9JEKTPOHEI CBOMATCH,
eCcHN IepHOfMdecKHWil HOTeHIMAJ TORIECTBeHHO paBen HYya10). M3 mepmogmuuocTn
morennmaja U BEITeKaeT ONHO OYEHL BaykHoe CBOHCTBO CTANMOHADPHLIX COCTOAHMN
6J0XOBCKHX SJIEKTPOHOB.

TEOPEMA BJIOXA

Teopema '). CoOGcTBeHHBIE COCTOSHHUs  OJHOIINEKTPOHHOIO TaMUJABTOHUAHA
H = —m1*V?%2m +U (r), toe U (r + R) = U (r) npu scex R u3 pemerku Bpass,
MOTYT ObITH BHIOPAHH TaK, 9TOGB HX BOJHOBbe PYyHKLUN Ineau (;opMy IIIOCKOMH
BOJIHBI, YMHOKEHHOX Ha (YHKIHIO ¢ Depmofuuuoctblo peinerku Lpars, 1. e.

P (1) = € Tupy (1), (8.3)

rae
Unik (r +R) =1,k (1) (8.4)
nasg Bcex R, mpunagmesamux pemerxe Bpapo 2).
aserun, uro us (8.3) u (8.4) caenyer paBeHCTBO
Yok (r+ R) == ek Ry, (1). (8.9)
Nuorpa reopemy Baoxa dopmynmpylor mHade: coGcTBeHHBE COCTOSHMAA 1 OHepa-
Topa H MomHO BpOpaTh TAKUM 00pa3om, YTO6H ¢ KarKIbIM 13 HUX ObLI CBA3aH HEKOTO-
pHH BoaHOBOM BekTop k m aua aoboro R B pemerke bpasa BHIONEsI0CH ) aBEHCTBO %)

b (r - R) = ik Ryp(r). (8.6)

M= mpuBonmM OBa TOKA3aTeNbCTBA TeopeMsl Dioxa, 0oIHO 13 KOTOPHIX OCHOBARHO
Ha o0MEX KBaHTOBOMEXaHWIECKNX COOGPAKEHUAX, & B JPYTOM HCIOJb3yeTCs ABHOE
TOCTpOeHRe %), ’

HEPBOE [OKA3ATEJICTBO TEOPEMBI BJOXA

Onpenenum s Kaxjgoro sekropa R pemerkn Dbpas oneparop TpaHcasnum
Tr, TOX NeHCTBHEM KOTOPOTO apryMment Jdwboit ¢yurinum f(r) casmraerca ma R:

Trf(r)=7(r+R). (8.7)

1) B opEOMepHOM caydae 9Ty TeopeMy BHeDBHe foKasaa (DioKe, mO3TOMY ANA OXHOMEPHOTO
caydYas ee 9aCTO HA3KBAIOT meopemoii Paoke.

2) 3mech n HA3KIBAIOT HOMepoM 30Hu. ETO LOABJICHUE CBA3AHO C TeM, YTO npu PUKCUpPOBAH-
HoM K, Kak OyneT moKasaHo HIUKe, IMEeTCH MHOTO He3aBICIIMBIX COGCTBeHHBX COCTOAHUIL.

3) Ha popmyam (8.6) cmemyior coorHomenus (8.3) u (8.4), MOCKoaALKY oma Tpedyer, 9TobLl
bynkiusa u (r) = exp (—ik-r) ¢ (r) o6magana nmepnoaugHOCTHIO peineTkn bpaso.

%) IlepBoe [0Ka3aTeJLCTBO OCHOBAHO HA HEKOTOPHX (OpMaibHKX Pe3yIsTaTaX KBaHTOBOM
mexauuky. Bropoe Gonee siemeHTapuo, HO B TO ke Bpems u Gonee rpuMO3EKO.
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B CIry nepno:mqnoc'm raMnJbTOHHAHaA NMeeM
TeHY = H @+~ Ry~ R) = H @ @+ R) = HT gy (8.8)

IlockonbKky ypaBHeHue (8.8) BHIIOAHSETCA TOMIASCTBEHHO M Jd00oit GyEkuum P,
CUpAaBeIIMBO CIAENYIOMEEe 0NepaTOpPHOE TOMKIAECTBO:

ToH = HTx. (8.9)

Hasee, pesyabTaT ABYX IOCAe0BATENLHBIX TPAHCIANWHA He 3aBHCHUT OT HOPSNKA
OX OpUMeHeHHMA, MOCKOJBKY AaA A060# GyHKIUM P (r) HMeeM

TRTR'lP (I‘):TR:TRlp (r):1p(r+R+R'). (8.10)
IToatomy
TolTre=TrTr=Trir (8.11)

Cooromenus (8.9) m (8.11) mokasniBaloT, 9To raMHabTOHHAH f W omepaTopHl

T ana Bcex BexropoB R pemerxkm DBpass ofpasyor HaGop KOMMYTHPYIOIUX

oumepatopoB. VI3 ¢yHIaMeHTaIbHOH TeopeMhl KBAHTOBOH MeXaHHKH l) ciaefyer, 4To

TOTJa COOCTBEHHEIE COCTOAHMA raMIIbTOHMaHa H Mo)RHO BHOpaTh TAKHM 00pasoM,

9700 OHE ONHOBPEMEHHO SABJIANHCE COOCTBEHHHIMH COCTOAHHAMH BCeX oOOEeparo-
poB T'g:

Hy =&,
Trp = c (R) ¥. (8.12)

CobOcrBenHne 3HaveHHA ¢ (R) omepaTopoB TpaHCAALME CBA3AHE MeEAY COOOMH
B cuny yenoBua (8.11), WOCKOJIBKY, ¢ ONHOR CTOPOHEL,

TreTr = (R) Trsp=c¢ (R) ¢ (R') ¥, (8.13)
TOIZa Kak, corsacHo (8.11),
TeTry=Trir V=c(R+R')Y. (8.14)
CrnemoBaTenbHO, HJIA COOCTBeHHHIX B3HAYCHWH MHOJMHO BHIOJHATHCA PABEHCTBO
¢c(R+ R') =c (R) ¢ (R). (8.15)

Ilycrs Temeps a; — TPH OCHOBHEIX BeKropa pemerkm Bpasa. Mu moeM Bcerza
samomncaThb ¢ (a;) B Bofe

¢ (ay) =™, (8.16)

BeIGpaB cooTBercTBylomAM o0pa3oM BeamuuHH z; %). IlociegoBaTenbHOE HpEMe-
meHpe cootrHomeHmA (8.15) mokaskBaeT, YTO /A IPOW3BOJBHOrO BekTopa R
pemerkn BpaBa, samaBaemoro BEHpaKeHHeM

R = ma, 4 nga,+n;a,, (8.17)
CuIpaBe/lyINBO PaBEHCTBO

c(R)=¢ (a)™c (ay)"*c (a5)™. (8.18)

1) Cm., manpumep, yuebnur ITapxa [1].

2) Mu yBugEM, 9TO IpH ONpeJeJIeHHNX IPAHNYHHX YCIOBHAX z; OKA3HBAIOTCA [@CTBATEIb-
HHIMH, OFHAKO IOKAa OymeM cYuTaTh STH BeAUYUHH NPOM3BOALHEIMH KOMILIGKCHEIME 9HCIAMI.
{Moxmo cpesaTh BHBOR O TOM, 49T0 k — fleficTBuTe AbHHI BeKTOp, He O0pamasch K TPAHHTHHIM
yCIOBHAM, a paccMarpuBas OeckoHedmH# Kpuctami. Toabko npm [MeiicTBHTNIBHHX BOJHOBEIX
BeKTOpax QyHKOAA P(r), yAOBIETBOPAOMAA yciIoBu0 Baoxa (8.21), me cTpemmrca k Geckomed-
goct ¢ poctoM R.— Hpun ped.]
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Ho 10 PaBEHCTBO B TOYHOCTU 9KBHBAJIEHTHO pPaBeHCTBY

¢ (R) = eik-R, (8.19)

e
k — xlbl "I" x2b2 + x3b3 (820)

n b; — BexTOpH o0OGpaTHON peIiCTKH, YOBJETBOPAWIME COOTHOIEHHIO (J.4):
bi a; = 23’[6”.

Nrax, MBI DOKa3alH, 4YT0 cOOCTBEHHHE COCTOAHUA 1 TraMuAbTORHaHa H MOKHO
BHOparh TakuM o6paszoM, yrobbl Muis Kamporo BexkTopa R pemerkm Bpass eemoa-

HAJL0CH PABEHCTBO
TrYy = (x-+R)=c (R) =tk Ry (r). (8.21)

Ho sro rak pas m ecrb Teopema Buoxa B dopmynuposre (8.6).

IF'PAHNYHOE YCJIOBUE BOPHA--KAPMAHA

Hanarasa va BonHOBHE QYHKIHU COOTBETCTBYIOMEE IPAIINYHOE YCIOBUE, MOKHO
LOKAa3aTh, YTO BOJHOBOH BeKTOp k momken GuHTH AeHCTBUTENBHEIM, U IOJYYUTDH
yClIOBHE, KOTOPOMY [IOJMKHEL YHAOBJIeTBOPATH paspeilenHble 3HaueHHA k. OOpuHO
BEIOUpaercs I'paHUYHOE YCJIOBUE, HpefcTaBidioniee coboil ecrecTBeHHOe 0600ImeHue
ycaosus {2.5), MCOOOB3yeMOro JUis KyOHUeckoro «AImMpEa» B TeopHH CBOCOTHEHIX
2JIeKTpOHOB 3omMepdenbja. Hak w B TOM ciaydae, MB BBOAMM B TEODPHIO «SIIWKY,
B KOTOPHH I[OMEINEHE 3JIeKTPOHBI, W HaKJaJbBaeM Ipanuvnsie yciosus Bopra —
Rapmana (cm. crp. 46), 1. e. TpeGoBaHme MaKpOCKOUWYECKOW TIePHOIUYHOCTH.
Ecau pemerrka Bpass ne siBnserca kyGudueckoit u cTopona Kyba L we paBHA.IleJOMY
YUCay HOCTOSHHBIX PemeTKn &, To BrOOp KyOMUYECKOro «ImKa» co cTopoHof L
He jlaeT HUKAKUX IpemMymectB. Bmecro aroro ropaspo ynofinee padorath ¢ «smiu-
KOM», COPa3MEpPHBIM JeMeHTADHOR sdeilKe CoOTBeTCTBYIOMme# pemeTkn Bpass.
IToaromy MEL 06006IUM HepuOANYECKOe TPAlINYHOE YCI0BHe (2.0), 3aIIUCaB ero B fopme

Y(r+ Na)=¢(r, i=1,2 3. (8.22)

3nech a; — TPOHKA OCHOBHMX BEKTOPOB, a Bee N; — nenpe ducia mopsaxa NV,
rie N = N,N,N; — ToxHOe 9YHCJI0 IEMEHTAPHHX AYeeK B KpHucTajie.
Hag u B ra1. 2, mpuBuUMas 9To TpaHNTHOE yCJIOBHe, ME OpelllollaraeM, 4To 00bem-
Hble CBOCTBA TBEPHOTO Tesia He 3aBHCAT OT BhiGOpa I'DaBMAHBIX{ yCJIOBHH, KOTOpPbIE
H09TOMY MOIYT OBTH HPOAUKTOBAHE COOOpasKeRHAMHN yA00CTBA BHYMCIEHUH.
IlpuMenasa K rpaHuusoMy yciosmio (8.22) teopemy baoxa (8.6), maxoaum

Yok (T4 Nia;) = emik'ailpnk (v), i=1,2,3 (8.23)

u, Takum oOpasoMm,
ei]\’l.k-nl. — 1

i=1, 2, 3. (8.24)

Ecnu k wmmeer Bup (8.20), ro us paseHcrsa (8.24) caenyer, 970

2

20N
e“m it =1 (8.25)
CJIeI0BATENbHO, TOJKHO BHIOAHATHCH YCIOBHUE
m; X
xy === m; — 1eJioe. (8.26)
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ITosromy paspemeHHEH 670X0BCKHME BOJHOBOM BEKTODP JOMKeH MMeTh CIENYIOMUA
obmuit Bup 1):

3
k= > —;%Z—bi, mg— nesoe. (8.27)
i=1

Us (8.27) cnenyer, uro o6vem Ak B k-mpocTpaHCTBe, DPUXOAANIUNCA Ha ORHO
paspenieHHoe 3HaueHme k, paBeH o0BeMY MaJIeHBKOro NapaJielieniniiefia ¢ pes-
pamu b;/N;:

b b b 1
Ak:ﬁ-(ﬁz—x 7V—33—)=—1Vb1.(b2><b3). (8.28)
NNockoasry b;-(b, X by) ecrb oObeM piaemenTapHO# Adeiiku 06paTHON pemreTkH,
popmyna (8.28) osHadaeT, 9TO YucA0 PASPEULEHHBLL 60AHOEWY 6EKOPOE, coepicayiLres
6 00N saemMeHMaPHOTL Auelike 06paMHOY, pewemKl, PABHO YUCAY AUeek 8 Kpucmanae.

O6bem saeMeHTapHOH fAUeiiky 00paTHOR pemeTky pasen (2n)%/v, rpe v = V/IN —
o0beM nieMeHTapHOH sAdeiiku npamoil pemerkn. CiaemoBatenpno, gopmyay (8.28)
MOKHO 3anmcaTth B Apyron dopme:

Ak=E° (8.29)

Jdro coBnamaer ¢ peayuabraroMm (2.18), KoTopHi GBI HamMM HOJYYEH B clydae CBO-
GOMHBIX BJEKTPOHOB.

BTOPOE [TORA3ATEJIBCTBO TEOPEMBI BJIOXA?)

Bropoe moxasartenserBo Teopembt biioxa memMoncrpupyer ee sHauenne ¢ HeCKOib-
KO MHOM TOYKHU 3peHHs, KOTopasd HOJYUHT AajbHeliniee pa3BuTue B ra. Y. 3amerum
Hpeskje Bcero, 4To JA06yo0 ¢(yHENuUIO, NOTYMHAOIYIOCH TPaHUYHOMY VCJIOBHIO
Bopua — Kapmanma (8.22), mMomHO pPas3ioEuTh Do HAlOPy BCeX IJIOCKMX BOJH,
VAOBIACTBOPAIOIIUX 3TOMY I'PAHUYHOMY YCJIOBHIO H WMeIONWX IO3TOMY BOJHOBHE
BeKTOpH Bupa (8.27) 3)

P (r) = ; cqeder, (8.30)

Hockonpky morennman U (r) uMeeT HNepUOAMIHOCTD PEINETKH, B €r0 Pasilojenne
HO INIOCKMM BOJHaM OyIyT BXOAUTH TOJBKO IIOCKHE BOJHH € HEPHOJUIHOCTHIO
pellieTKH, HO3TOMY WX BOJIHOBBIE BEKTOPH ABIAIOTCA BekTopaMu ob6paTHO# permeTsy *)

U (x) = 2 Uxetr, (8.31)

1) 3amerum. 910 ycaosue (8.27) csoautes K yenosuio (2.106), MCHOAb3YEMOMY B TEOPUU CBO-
OOMHBIX DJACGKTPOHOB, eCNHM pelleTKa Lpass — mpocTag KyOm9ecKas M a; — OCHOBHBIE BEKTODEI
Kybuvueckeii pemeTku, a Ny = No= Ny = L/a.

2) BTopoe J0Ka3aTeJbCTBO, XOTs OHO W 3JEMeNTapHee Hepporo, Gojee IPOMO3AKO U Ipeji-
cTaBjsgeT WHTepec IVIaBHEIM 00Pa30oM B KadecTBe UCXOMHOM TOIKU [UJISI PACIETOB B IJL. 9. Iloatomy
B HACTOAIIMI MOMEHT YUTATEeJb MOKET ero NPOIYCTUTE.

3) B panbmelillieM, eciiu CHEI[UalibHO HE OTOBOPEHO WHOE, MOJ CyMMHpoBamuem 1o k momn-
MaeTcAd CyYMMHPOBaHNe 10 BeKTopam BMpa (8.27), paspenreHHEIM PAaHUIHEIM ycaoBuem Bopma —
Kapwmama.

4) Korpa nHmekc cyMMupoBadus o6osHadeH 4epes K, TO Bcerpga mpejrionaraercd, 910 cym-
MHDPOBaHHWE BeJleTes [0 BceM BEKTOpaM o6paTHOH pemieTKu.
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Dypse-xoopdumuenter Uk cesasamn ¢ U (r) coorHomenmeM f)

1 A
Ux=— | dre-x v ). (8.32)
(Ilo ageiixe)
TlockonbKy MBI BCerja MOKeM H3MEHHTb NMOTeHIMAJABHYI0 SHEPTHI0 Ha affNTHBHYVIO
TOCTOAHHYIO BeIMINHY, BEIOEPEM OTY BeIM4UMHY TaK, YTOGH MPOCTPAHCTBEHHOE Cpefl-
nee snavenne U, morernmaia, B3ATOe 10 OJHOM 3jeMEHTAapPHOHI Adelike, oGpamanoch
B HYJIb:
1
U=— [ daum=o. (8.33)
(IIo Aqeitke)
3ameTuM, 4T0 HOCKOJABKY moreHnman U (r) pgeiictBureneH, u3 (8.32) caepgyer,
9T0 ero yphe-KOMIOHEHTH YHOBIETBOPHIOT COOTHOIIEHHIO

U_x=Ut. (8.34)

Ilycrs wpucrann o6iafaer 1IeHTPOM WHBePCHHU %), M, ClefoBaTe/lbHO, OPU Hafie-
sKameM BrOope Havana otcuera U (r) = U (—r); roraa (8.32) osnavaer, uro Ug —
HeACTBATENBHAS BeAWYNHA, W HO3TOMY

U_x=Ug=Uf (RIA KpHCTAJLIOB C LEHTPOM HHBEPCHH). (8.35)
Teneps noxcrasum pasnoxenus (8.30) u (8.31) B yparnenue Illpenunrepa (8.2).
Unen ¢ KmHeTWYeCKOH 2Heprmei naeT

b= — g VY= Z o qPegeieer (8.36)

2m

YneH ¢ nOTeHIWAAbHOH dHEPrHedi MomeT ObniTh 3amucam B gopme I)
U= (2 UKeiK-r) (2 cqeiq-r) — Z Uchei(K+q)-r — 2 Uch,_Keiq’-'. (8.37)
K q Kq Kq’

3amennM ofosnauenas mHieKcoB cymmmpoBasma K m q" B (8.37) ra K’ m q; roraa
ypaBHeEne IllpeguErepa HOpWEEMAaeT BHJ

Z elq-r {(%qz-—-g)cq-{—;(]}{ Cq_K-}=O- (838)
q

ITocroasKy OIOCKEE BOJHLI, YIOBJIETBOPAIOMAS IpaEnYHOMY yeaobuio Boprma —
Hapmana, o6pa3yior opTOTOHAJBHHE Hab0p, K03PPUIMEHT HPH KaMKIOM CIaraeMoM
B (8.38) mommen OHTH paBeH HYNO %), mMO3TOMY IS BCeX paspemeHHHX BOJHOBHX
BEKTOPOB (] TMOJXYdaeM

(%qz_g)cq_!_ D Ueq-xr= 0. (8.39)

K’

1y Cm. upmioskenme I', rje ofcyxpaercs smadedne oGpaTHOI peulieTKH NPH Pa3JOKEHUA
B pang @ypbe nepumopmaecKnx GyHKIMIL.

2y Tlpemaaraem IuTaTeNI0 MPOBECTH PACCYIKIGHHA HACTOAMEIl raaBnl (u ra. 9), He HCHONb-
3ys TIpPe[MIOIOKeHNA O CHMMETPUI OTHOCHTE/JBHO HHBEDCHI, KOTODO® CHeJaH0 HCKIOYHTEHHO
IS TOTO, 9T00H nM36earh HeCYMEeCTBeHHKX TeXHUIeCKNX YCIOKHeHN.

3) VE’ eILHTI)CH B CIIPaBe[NNBOCTA NOCJIE/IHET0 PABEHCTBA, B (8.37) MoxkHO, eciu ¢cAeaaThH HOJ-
cranoBry K + q = q' u 3amerurs, 4T0, HOCKOJAbKY K — BeKTOp 00paTHOI pemreTKH, CyMMHPOBA-
Hite TI0 BCEM BEKTOPaM (, MMEIOmuM (bOpMy‘(S 27), 5KBUBAJIEHTHO CYMMUDPOBAHHIO II0 BCEM BEKTO-
paM q’, UMelomuM TaKyio ke opMmy.

4) B s10M MOKEO yOenmTheA Takke mcxoms m3 pasemcTsa (I.12) (cMm. upunokenne I'), ecan
yMHEORUTE vpasmgegne (8.38) ma COOTBeTCTBYIONIYI0 IJIOCKYIO BOJHY M HPOHHTeIPDHPOBATH IO
0o6meMy KpHCTaJIa.
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Ynobuo sanucath ( B popme q = k — K, roe K — BexTop ofparnoii pemerku,
peIOpaHHE TakuM obpasom, uroOb BekTop k nean B mepsoit 3ome Bpmianiosua.
Vpasuenne (8.39) Torma mpmmer Buj

2
(5 (k= K2 €) e = 3} Unenoseose =0, (8.40)
=
nam, ecau cpenarth sameny mepemennnx K — K' — K,
—
('z‘%r (k—K>2—r‘§) ek + DU —xex-x = 0. (8.41)
_—

IMongepxreMm, uto (8.39) u (8.41) mpexcrasiasaoT coboi Becero AUIIb HOBYIO GopMy
3amUCH MCXONHOro ypapHenma (8.2) B MMIYJABCHOM IPOCTPAHCTBE, KOTOPAsA OKAaB3HI-
Baerca Gojiee MPOCTOM M3-3a TOro, 9YTO B CHJIY MepUOAUYHOCTH HMOTEHOMAJIA KOIQ-
durmentst Uy OTAMYHH OT HyAd JUIb Jias8 Tex k, KoTopHe sBJIAKTCA BeKTOpaMu
o0paTHON pelIeTKH.

IIpu ¢purcupoannom k n3 nepsoii 3ous Bpmiriosna cucrema ypaBueHuit (8.41)
opu 11060M 3HadeHun BeKTopa obparHoii pemeTku K ¢BA3bIBaeT MesKAY co00il TONBKO
K02QPuUNUMeHTH ¢k, Ck..K; Ck—K’s Ck—K”s - + »» ¥ KOTOPHIX BOJHOBEIE BEKTODPEL OTJIH-
yawrcs or k Ha opmu u3 BeKTOpoB oOpartHO# pemerky. CiegoBaTeqbHO, UCXOAHAA
3ajlaua pacmajach Ha /N He3aBUCHMEIX 3aJad — JJsf KaKIOTO PaspemeHHOTO 3Ha-
qenns k B nepBoit 3one Bpunnosna. Hamnas Takas 3ajaga nMeer pemenune, XOTopoe
ABJACTCA CYNEepIo3uruedl MIOCKUX BOJH, COLEPKAIUX TOJBKO BOJHOBOH BeKTOp k
I BOJIHOBHIE BEKTODHI, OTIndajonuecd oT k na Kakoi-1un6o BeKTop 06paTHO# penieTKy.

Wicmoap3ys mosnydeHHBe Pe3yabTaThl, BepHeMca K pasiokernuio (8.30) Boxano-
BoH QyHKuuu Y. Msl BEAUM, UTO BOJHOBOH BeKTOpP ( UpPHMHEMAaeT NUIOb 3HA-

genna k, k — K’, k — K", ..., a BoaHoBag (YHKIUA HUMeeT ClelylOmuii Bupi:
Pr = g ci ke k=K, (8.42)

EC.HH HepeHI/ICHTE aTo BHpa}ReHI/Ie KaK
i (r) = e (2 ex—ge =) (8.43)

TO BHUAHO, 4T0 QynKuuA mMeeT OJOXOBCKYI0 opmy (8.3), mpuueMm nepuopudecKas
dynrnma w (r) paerca BHpasReHUEM ‘)

i

w(r) =) ex_xe KT, (8.44)

=

OBINE 3AMEYAHUA O TEOPEME BJI0OXA

1. Teopema DBuaoxa BBomuT B Teopumio BoanoBoil Bektop k, Koropmii umrpaer
B o0uieil 3amade o ABMKENUN B IePHOJUTECKOM ITOTENIIHANIe TaKYIO jKe POb, KAKYIO
urpaer BoNHOBOHI BeKTOp k cBoGomHOTO niieKTpona B Teopum 3SomMMepdenbaa. 3ame-
THM, OJHAKO, ITO B TO BpeMA KAaK AJAA CBOOOXHEIX 5JIEKTPOHOB BOJHOBOII BEKTOP
paBen p/h, rjie p — UMIYIbC YIEKTPOHA, B (I0XOBCKOM CJyYae BOJHOBOI BeKTOp k
He IPOIOPIMOHAJNEH IMOYJILCY JJIEKTPoHA. JTO ACHO M3 o0mux coobpaskeHuil, Tak
KaK TaMUJIBTOHHAH B IPHCYTCTBUM HeOAHOPOIHOro moTeHnmanza He obnajaer MOAHOR

1) 3ameruMm, 9T0 npm QuKcmposannoM k cymecTByer (feckoHEWHO) MHOYO pemenuii (GecKo-
HeuHOli) cucTeMs ypapmenuil (8.41). JlisA X HepedncieHus HCIOML3YIOT HOMED 30HH n (CM. IpH-
meuaHue 2 Ha crp. 140).
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TPAHCIALMOHHON HMHBADMAHTHOCTBIO, LOITOMY €r0 COGCTBEHHEE COCTOSHHSA He
ABIAKTCA ONHOBPEMEHHO COGCTBEHHRIMH COCTOAHMAMH OLEPaToOpa HMIYJIbCa.
IMoxoGHBH BHBOX HOATBEPIRAAETCA 1 TeM, YTO, IOeHCTBOBAB OMEPATOPOM MMIYJIbCa
p = (A/i)V Ha Py, HonyIaeMm

2 s = LV (€5 T (1)) = ki - €57 2 Wiy (r); (8.45)

HmocienHee BhIpajkeHHe, BooOIe roBops, He UMeeT BmAa const -YP,x; CIeTOBATEIBLHO,
Ynx HE ABIfeTCH COOCTBEHHEIM COCTOAHNEM OHepaTopa HMIIYJbCA.

Tem me menee gacTo 7k cryKUT ecTeCTBeHEHM 0000IMeHneM IMIyAbCca P HA Cay-
9ail MepuonuIecKOoro NOoTeHNMa a. YToOK HOAIEPKHYTEH CXOACTBO M YKA3aTh Ha OTIHU-
yue 7k OT MCTHHHOTO MMIYJBCA, 9Ty BEJIHUMHY HABHBAKOT KEASUUMNYALLCOM DITEKT-
pora. U706H HOBATH AUHAMAYECKYIO POJb BOJXHOBOTO BekTopa k, ciegyer paccMmor-
peTh peakmmio OJNOXOBCKHX JJIEKTPOHOB Ha HPMIOKEHHHE BHEIIHNE 3JIeKTPOMar-
AuTHHE moad (cM. ra. 12). Toabko TOrfa HOMHOCTBIO BBIABAAETCA €r0 CXOMCTBO
¢ p/h. Tloka e guraTeddb NOJKEH CIUTATH, 9TO k IpencraBiasieT coGoii KBaHTOBOE
9ACNO, XapPaKTepH3yIomee TPAaHCAANUOHHYI CHMMETPHWI0 IepHOJAUeCKOro IIOTeH-
nuajia, TOYHO TAaK jKe, KaK KBAHTOBOE YHCIO p XapakTepmsyeT Gojee IOJHYIO
TPAHCIAAIMOHHYI0 CUMMETPHIO CBOGOIHOIO IPOCTPAHCTBA 1).

2. BoaroBoit BekTop k, Bxomsamuii B Teopemy Bioxa, MOKHO BCerga CUMTaTh
OTHOCAIIEMCSA K IepBoil 30He Bpmiaosra (unm K a1000# Npyroil mpuMHTHBHOMR aje-
MEHTApHON sueitke 0oOpaTHOM pemeTKu, BHOODP KOTOpOH OKashBaeTcsa Gosee ymoo-
HEIM). JTO CHpaBeIIMBO HOTOMY, 9TO, eciu BeKkTop k' He JexAT B mepsoit 3oue Bpni-
N109HA, TO €ro MOMKHO NIDPEJACTaBHTHL B BUIE

K =k + K, (8.46)

rie K — Bextop ofparHoii pemeTku, a BeKTop k Temeph Ze:KUT B NepBOH 30HE.
Jlaa mwo6Goro BekTOpa o6paTHO# pemeTku e R = 1, mostoMy, eCIH COOTHOIMEHHE
Baoxa (8.6) copasemimBo mas k', omo cmpaBeinuBo Takke m jaa k.

3. Homep 30HH n noasasercsa B TeopeMe Bioxa ms-3a Toro, aTo mpm 3afadHoMm k
HMeeTCAa MHOTO pemeHuit ypaBHenmsa Illpemuurepa. 9ro ormMedanoch HaMu IPH BTO-
POM [[OKA3aTeJLCTBE TeOpeMH Bioxa, HO BHIBO TakiKe W U3 CIEIYIOMUX PaCCYH-
NeHui.

Bynem uckars Bce pemenus ypaBHenui Ilpepmmrepa (8.2), kKoTophe MoryT
OHTHL OpefcTaBIeHH B 0J0XOBCKOI ¢dopme

P (r) = e¥kery (1) (8.47)

¢ 3aJaHHBKM BOJNHOBHIM BexTopoM k m ¢ ¢ymKmme#t u, obrafgaronieli meproiuIHOCTHIO
pemeTku. IlomcraBasAsA »To BHpakeHme B ypaBHenwme lllpemunrepa, Haxonum, 9T0
L ompenensercsa 3afadeil Ha coOCTBeHHHE BHAYEHUA

Hyux (r)=[-2i:L—(%V+k)2+U(r)] U (r) = Extix (1) (8.48)

¢ TPAHMYHEIM YCJIOBHEM
ug (r) = ux (r + R). (8.49)

Baaromaps mepmoimdeckoMy rpaHUYHOMY ycioBuio ypaBHenume (8.48) MoskHO
paccMaTpuBaTh Kak 3ajaly Ha COGCTBeHHHE 3HaYeHWA IJIA BPMHTOBA omepaTopa
B OTHENBHOH dieMeHTapHOM Auelfire Kpucradiaa. Tak -KaK 9To — 3ajada Ha cOGCTBEH-
Hble 3HAdeHHUA Nis (EKCHUPOBAHHOrO KOHeUHOTo ofbeMa, U3 o0mux coobpaskeHni

1) Jlyume cKasaTh, 970 CYyMECTBOBAHME (KBA3M)BONHOBOTO BOKTOPA k == csedcmeue Tpamenn-
QUOHHON cuMMeTpum Kpucraina.— [Jpux. ped.
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CeNyeT OKHAATL, 9T0 JOJKHO CYMeCcTBOBaTH OeckKoHeYHOe CeMefcTBO pemeHni
¢ duckpemmubimu cOGCTECHHEIMY 3HAYEHUAME 1), KOTOPHEe MH pasiniaeM C NCMOIIBIO
HOMEpa 3O0HH n. ‘

3ameTam, 4TO0 B 3afjauy Ha cofcTBeHHHE 3HaueHmaA (8.48) — (8.49) BommoBoi
BeKTOp k BxoAuT sums B KauecTBe HapaMeTpa TammiabToRmana Hy. IlosTomy mMosEO
TOpeRNoNaraTh, 9To SHEPIUA ypoBHed ¢ BOJHOBHM BekTopoMk MenseTcs HempepruBHo?
¢ mamenenueM k. B pesyaprate MH IpEXoguM K ONMCAHHIO YDOBHeH 3JIeKTPOHA
B IEPHOMMYECKOM HOTeHLIMaJe HOCPEHCTBOM ceMeificTBA HeIDpPepPHBHHEX °) ¢yHKumi
&,(k).

4. XoTa Iis MOJHOTO ONNCAHUA BCeHl COBOKYIHOCTH YpOBHe# JOCTATOYHO OTpa-
HAUNTD 00JacTh 3navelnii k ofHol blieMeHTapHOH AYeHKOM, 9aCTO OKAa3KBAaRTCA HOJie3-
HEM CUATATH, YTO BOJHOBON BEKTOp k MOKeT MBMEHATHCA IO BCeMY A-IpOCTpPaHCTBY,
XOTA 9TO U Jaer 4pesBrdaiino m30HToYHOe onmcanme. IJOCKOABRY AaA NBYX B3Ha-
genmit k, orTamuarommxcs Opyr OT Apyra Ba BeKTop o0paTHOH pemeTKHW, BCe BOJ-
HOBHE (YHKIMH ¥ BHePreTHYeCKue YPOBHH COBHANAIOT, MH MOKEM HOpUOHECATh
YPORHAM MHIEKCH N TakuM 00pasoM, 9To0H npu sadariom n cobcmeenHbie COCMOAHUS
u cobemeehnvle sHavenus npedemaenaau coboii nepuoduieckue gyuryuu om k 6 o6pam-
HOU pewemre:

| W, k+K (F) = Pnx (1),

8.50
€k = En. (8.20)

TakuMm myrem MB OPUXOJUM K OOHCAHMIO DHEPTETRYECKHX YPOBHEH 3JEKTpPOHA
B DepHOJMYECKOM ILOTeHNUale IIOCPEACTBOM CeMeldCcTBA HENPEepHBHHX (yHRUWH
énx [mam €,(k)], xammpas m3 KoOTOPHX EMeeT NePHOANYHOCTH OOPATHOH pemeTKH.
91m  QYHKIME OLPeHeNfAnT 30HHYK cmpYKmMYpy TBEPLOTO Telna.

COBOKYIIHOCTE BCeX SJEKTPOHHEIX ypoOBHei, ommchBaeMux ¢yermuein &, (k)
Opr (EKCHpDOBAHHOM n, HAa3HBAaKT oHepzemuueckol 3owoll. Ilpomcxompenme Tep-
MHEBA «30Ha» cTaHeT sAcHEIM B ri. 10. 3meck jke MH JWIMDb 3aMeTHM, 9TO, IOCKOJLKY
kanan pynkuus é,(k) mDepmonwusa mo k u HenmpepHBEa, y Hee CYmECTBYIOT BepX-
HEA ¥ HIKHUZ Opefiesbl, a M03TOMY Bce ypoBHH é (k) uxeskar B 80He pHeprHii, pac-
HOJOMKEHHHKX MEKAY STUME JABYMA IIpejleJIaMH.

5. Moxeo nokasaTh BeckMa 00ImuM o6pasoM (cM. opmrioskenee [1), 9To Ha ypoBHe,
3aJaHHOM HOMEPOM 30HH 1 U BOJHOBEIM BeKTOPOM K, 2/eKTpOH HMeeT OTIMIHYIO:
OT HYNA CPedHIO CKOPOCTH, ONPENeseMyl0 BHpajKeHmeM

VAM=%V£Mbw (8:51)

910 oueHb HHTepeCHHH pedyibraT. CorjgacHo eMy, 2JIEKTPOH B HEPHOIUICCKOM
OOTeHN@ANe MMeeT CTaiWOHAapHEIE (T. €. He BaBHCANIHEE OT BpeMeHW) YPOBHH, HAXO-

1) Tak, safada 0 CBOGOMHOM BIEKTPOHe B ¢AIIMKE» NMOCTOAHHHX KOHOWHHIX PasMepOB HMeeT
MHOKECTBO NHACKPETHHX YHePreTHYeCKNX YPOBHeH; HOPMANLHHE MOAH KOIeOAHHMHA KOHETHON MeM-
Gpams MMEIOT MHOKECTBO NHCKPETHHX JacTOT W T. .

2) Tlopo6HOe IpeANoJIOyKeHre HEABHO CONePKuUTCH, HANPHMeD, B OOHTHON TEODPHH BO3MY-
meHMN, KOTOPas BOBMOKHA AWML 6Iarogapsa TOMY, 9TO Majble M3MEHeHHs HaPAMETPOB TaMHilb-
TOHMAHA IPEBOJAT K MAJILIM HBMEHeHIAM 9HEPTuil ypopreli. B mpunomennn I nsmenenie sgeprum
YPOBHeil TpK MaJHX H3MEHEeHUAX k paccauTaHo B SABHOM BHJe.

3) To 06CTOATENBCTBO, 4TO B CHJIYy TPapHYHOTO ycioBus Bopma — Kapwmama BoaEOBOH
pekTop k MOKer HpuHAMATEL JAMING AMCKpETHHEe BHaYeHHA BuAa (8.27), He mMeeT OTHOINEGHNA K He-
npepusHOCTH €, (k) Kak ¢ymEKIIUN OT HempepHBHOI mepemennoi k, MOCKONBLKY B 3ajjauy Ha col-
cTBeHHHe 3HaueHuA (8.48) — (8.49) He BXOAMT pasMep BCero KPHCTAJJIa M OHA MMEOT CMEICA MpPH
mo6om k. HanmoMEnM TalsKe, 9T0 MEOKecTBO 3Eavenmil k upa (8.27) cTamoBuTCA MIOTHHM B k-Tipo-
cTpamcTBe B Ipefene OeCKOHOTHOrO KPHCTALIA.
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OsACh HA KOTOPDHIX OH, HECMOTPS HA B3aHMOIENCTBUE € HEHNOIBIKHOH pPemIeTKOMH
MOHOB, IPOIOJAKAeT ABUTATHCs OeCKOHEYHO MOJTO, HE Tepss CBOeH CpefHell CKo-
poctu. Ilogo6HEIH pesyabTarT ABIO HPOTHBOPEYMT HpefcTaBiaenuio pyme o Tom,
9TO CTOJKHOBEHHS INpPefCTaBIAIOT co00H HpoCTO COYIAapeHMA DJIEKTPOHA € HEemof-
BIGKHBIME HMoHamu. Ero mociegctBua umeroT (yHIaMeHTaibHOe 3Ha4eHUe mw OYAyT
paccMoTpeHH B ra. 12 m 13.

HOBEPXHOCTL ®EPMU

OcuoBHoe cocrosanue N cBOOOXHBIX 3JEKTPOHOB ) CTPOUTCA IIyTeM 3aMOJHEHUS
BCEX OJHOBJIEKTPOHHHX yposueir k ¢ snmeprusimn & (k) = A*.k*/2m, menbmumu & g,
rae € p OmpefeNaeTCs U3 YCJIOBHUA, 4TO IOJHOE YHCIO OXHOIIEKTPOHHEIX ypOBHeL:
¢ DHEePrUAMH, MEHBIIEMEH & p, NOUKHO OBITH PAaBHO IOJHIOMY YHCAY 3JIEKTPOHOB
(cM. ra. 2).

OcuoBuoe cocTosgHMe N GIOXOBCKHUX DJIEKTPOHOB CTPOMTCH AHAJOTUIHHIM 0Opa-
30M, 3a MCKIIOYeHNEM TOr0, YTO OJHORJIEeKTPOHHEE YPOBHHU TellepPh 3aJaJ0TCA KBAHTO-
BeiMa aucaamu n u k, a &, (k) y:ke He ompefensieTcss IPOCTHIM sSIBHBIM BEIPAJKEHUEM,
KaKk B TeopHu CBOOONHEIX 3JEKTPOHOB; KpPOMe TOTO, €CJHH MBI XOTHM YYHUTHIBATD
Ka)KOHI ypoBeHb BCeTO OOUH pas, To 3HA4YeHUs K JOJIKHE GEITH OrpaHUYEHEl OTHOIM
dJIeMeHTapHON gd9edKof obparHoit pemeTku. Ilocie 3amosHeHWA HU3MIHEX YpOBHEH
ollpefieTeHHBIM YUCIOM 3JIEKTPOHOB MOTYT IOJYIATHCH KOHQUIYPAINu IBYX COBep-
MIEHHO PA3TUIHEIX THIIOB.

1. HexoTopble 30HEL MOTYT OKAa3aThCA IIOJHOCTHIO 3alI0JIHEHHEIMH, & BCE 0CTAJb-
HEe — TycThiMU. Pa3HOCTh DHePTruil MeKIY CaMBIM BBICOKMM B3aHATHM YpOBHEM
M caMbIM HU3KHM He3aHATEIM ypoBHeM (T. e. MeEJY «BepmIMUO®» caMoii BepXHeH
3aHATOE 30HHI M «JHOM» CaMO# HWBKOM IyCTOH 30HEI) HABHBAIOT 347 PELEHHOL 30HOL
WM 9Hepeemuydeckol weavlo. MH yBUINM, YTO TBepjble Teaa, Y KOTOPHIX MUPHHA
3anpemmentoi 30HH 3HadnTeabuo Goabmme ky I (mas T, OAU3KEX K KOMHATHOM TeM-
‘mepaType), OPeiC aBusiOT coboit quanerTpukn (cm. ri. 12). Ecanm mumpusa sampe-
meHHon 30HH cpaBH Ma ¢ kzT, To Takoe TBepnoe TeJo HABHBAIOT cOOCMEEHHBIM
noaynpogodnukom (cM. ra. 28). llockoabky dmcno ypoBHed B 30He PABHO IIOJIHOMY
quC/y DIeMEHTAPHBIX si9eer B Kpucrasae (cM. crp. 143) m Ha KaKIOM ypOBHE MOIyT
6BITH pasMemieHHl JBa 3IEKTPOHA (M0 OJHOMY € KasKk[bIM HaDlpaBJeHMeM CIHHA),
Das B03HUKHOBEHUA  KOnguzypayuu ¢ 3anpewernoli 30mou Heobxodumo (oOmaku
ne docmamouro), YUMoty YlucA0 ILEKMPOHO08 6 pacieme HA 00HY IMEMEHIMAPHYI A4eliKY
ObLA0 HemHBLM.

2. Herorophle 30HB MOrYyT OKa3aThCA 32 OJHEHHBIMM uacruuHo. Horjga oaro
uMeeT MecTo, dHeprus Hambolee BEICOKOTO 3aIOJHEHHOTO YPOBHH, T. €. DHEPrus
@epmu, aeHUT BEYTPU 0ofjIacTu 9Hepruil ofHod miau Oojiee 30H. B k-mpocrpancre
KURA0H YacTUYHO B3aIIONHEHHON 30He COOTBETCTBYET IIOBEPXHOCTH, OTAENAmAn
3aHATHE YPOBHU OT HE3aHATHX. BMecre Bce TaKue IOBEPXHOCTH HAa3HIBAIOT nosepiL-
nocmuvw Depmu. loBepxuocts Oepmu Aaa GIOXOBCKAX DIEKTPOHOB fABIAETCA 0606-
mennenm cdepsl Depmu,'paccmorpennoil panee qaa cBOOOJHBIX 3IeKTPOoHOB. Hactu mo-
BepxHoctn (DepMu, COOTBETCTBYIONUE OTAEABIHM TaCTHIHO 3aMOJIHEHHLIM 30HAM,

1) Korfia 1o ¢cMbledly sICHO, 9TO MMEeTCS B BUALY, MBI II0JIb3YEMCs OJHHAKOBHIMU 0603HAUYCHUS-
MH A YHCJIA JJEKTPOHOB IIPOBOTHUMOCTH M THCJHA DJNEMEHTAPHHX (IIPHUMUTHBHBIX) fi9eeK, IJTH
9Ecia PaBHEL, OJHAKO, TOJBKO I MOHOBAJEHTHOII MOHOATOMHOI peieTku bpaso (manpumep,
B IeJ09HKX MeTaxnax). (Uucao cBOGOTHEIX 3IEKTPOHOB MeTAJIa PABHO UNCIY 6aieHmMuuT dIeK-
TPOHOB; Yy HIENOYHKX METAJIOB — II0 OJIHOMY Ha aToM. — Ilpum. ped.)
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HABHBAKT noaocmsmy noBepxuoctu Depmu !). Mu yBupum (cM. ra. 12), uro, ecan
y TBepAoro Texa cymecrsyer mosepxmocts @Depmu, To 0HO HpefcraBiserT coboii
MeTaJl.

AnanmTHueckoe onpefesenue mojocTH HoBepxnoctu DepMu B n-ii 30HE TAKOBO:
9TO ecTh HMOBEPXHOCTH B k-IpocTpaHCTBe (ecim OHA CYMecTBYeT), Ha KOTOpPOil %)

€, (k) = €. (8.52)

Caeposatensno, DoBepxHocTh (Depmm mDpefictaBiasgeT c¢o6oil TpocTo MOBEPXHOCTH
HOCTOAHHOH 9Heprum (MJIM COBOKYIROCTDH INOBEDXHOCTEH IOCTOARHOE 3REprum)
B k-mpocrpancrBe. B aToM oTHOmMeHNH oma anajormyHa 0osjee 3HaKOMBIM HaM 3KBH-
HOTEHIIMANAM B DIEKTPOCTATHKE, KOTODHE TaKiKe SABIAIOTCA HOBEPXHOCTAMU
IOCTOSAHHOW »HEPTHM, HO B peajbHOM IPOCTPAHCTBe,

Mockonsry gynknun €, (k) mepuonngnsl B o6paTHOE pelnerke, WONHOE pemte-
Hne ypaBHeHUA (8.52) MJis KasKIoTo 1 NpeJICTaBisAeT MOBEPXHOCTh B A-IPOCTpaHCTBe,
TaK;Ke 00Jafalomylo HepuofuIHOCTRI0 ofpaTHol pemerku. Horma paccmarpuBaercs
nonHag TEPUORMYECKAas CTPYKTypa uomoctu uoBepxnoctu Pepmu, To rosopsr,
UTO OHA OLHCAHA B cxeme nosmopsiowurcs 3on. Jacro, oanaro, GmBaeT Gojee ynoo-
HHIM B3s1Th JWIIb 9aCTh KayRN0# nonocTu moBepxuoctu Depmu Takum ofpasom, 9T06DI
KaKMIBlH (UBWYeCKU pAa3JUYHBIA ypoOBeHb 0BT IpeficTaBiieH BCeTO OAHOH TOYKOM
HA IOBEPXHOCTH. JTOTO MOJKHO JOCUTECS, IPEJiCTABAAA KAJKNYIO TOJO0CTh Toil 4acThIo
HOJTHOH MepUONMYECKOH LOBEPXHOCTH, KOTOPasA 3aKAIOYeHa B OJNOH 2JeMeHTapHOi
ayefike obparHoi pemerku. IlopoGuoe upepcraBienye NA3LIBAOT cxemoll npuseden-
nuiz 3on. B KadecTBe ajemMeHTapHOW AYeHKHM OGHYHO (HO He BCerja) BHIOHPAIOT Iep-
By sony Bpumawsua.

T'eomerpua noBepxmnoctu (Depmm u ee ¢usmyeckoe 3HadgeHue o6CYIKAANOTCA
BO MHOTUX IoclelyIomux TyaBax, B ocoGemHoctu B ri. 9 m 15.

NJOTHOCTH YPOBHEI?)

Yacro OpuxofuTcsd BHUUCAATH BeJIWYMHBI, KOTOpHe NpPeNCTaBIAT €060l
B3BENIeHHEe CYMMBI PA3JUYHEBIX OfHODJIEKTPOHRHIX XapaKTePHUCTUK, B3ATHE IO BCeM
NEKTPOHHHM ypoBHAM. Takue BenwuumHB nMeloT Bup ¢)

0=2§0n<k), (8.53)

1) Bo MHOrMX BajKHHIX CJAYy49aAx I1oBepxmEocTh DepMmMy LpUHAMIEKAT OJHON-eJUNHCTBEHHOR
30He. Boofme ke wucio 30H, B KOTOPHX pacmoioieHa moBepxnocTh Pepmu, Bcerjia HeBeIHKO
{em. ra. 15).

2) Ecau B ofmeM caydae BeanuuHa €, OmpefelieHa KaK SHEPTHA, OTJEJAIOMAA HaUBBICLINIT
3aHATHI YPOBEHb OT HAMHU3NIETO HE3aHATOTO YDPOBHS, TO TOTAA €e onpejesenne HEONHO3HATHO
JIA TBEPJOTO Tejaa ¢ BHepreTudecKoil meiplo — anbasd dHepruA us 06JacTu mMeau yAOBIeTBOPsierT
TaKoMYy Kpurepuio. TeM He Menee Jusg coGCTBEHHOTO LONYIPOBOJHUKA BCe ;K¢ TOBOPAT 06 onpede-
aennoti «aueprun Gepmmy. Ilpu 5TOM UMEIOT B BUIY XUMHNUECKHil IOTEHNIUAJ, KOTOPHII XOpOIIo
ompenesen fisi a0G0H HeHYneBOH TemuepaTypk (cM. npunomkenme B). Ilpu 7' — 0 xummgecknis
TOTeHIMAJ TBEPROTO Teja ¢ HHePTeTUIeCKOIl MeJibI0 CTPEMUTCA K SHEPIrHM, OTBEYANONIEH cePeiuHe
menu (cMm. 1.2, cTp. 197), moaToMy B mmrTepaType HMHOTAA MOKHO HalTH yTBeP:;KJeHWS, 94TO OH I
npeAcrasaser coboii «xorepruo@epMuy TBEPAOTO Tela ¢ 3aNpelieHHol 30r0il. KaK Ipu mpaBHIbHOM
(E€0OTHO3HATHOM), TAaK U IIPH «KaDPTOHHOM» OmpejeleHnsaiX % wus pasedcrea (8.52) caenyeT, uTO
TBeP/I0e TeJO ¢ 3aupellleHHOI 30HOIT me nMeeT nopepxHocTn Mepmu,

3) dror pasgenr MOMKEO NPOUYCTUTE IIPH NMEPBOM YTEHUHU, B Ciydae HEOOGXOAMMOCTH BO3Bpa-
MAACH K HEMY IPH U3YICHMAH TOCHeTYIONUX TJiaB.

4) MuOKMTEJIb 2 MOABIAETCS M3-3a TOTO, YTO HA KayKIOM YpPOBHE, 3a0aBaeMOM 3HAYEHITIMH
n 1 k,MOTYT GHITH pa3Mele s ABA SJIEKTPOHA ¢ TPOTHBOIIONOMHKIMI CIIMHAMHI. ME TIpe MO0 Y,
qto Q;, (k) He 3aBHCHT OT cIMHA DIEKTPOHA s. B IPOTHBHOM ciryuae MHOMNTEND 2 CJIeyeT 3aMeHUTD
CYMMHUDOBAHHEM IIO 5,.
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THE IJIA KaKIOro n cymma GepeTcs mMo BCeM paspemeHHEM k, KOTOphIe COOTBETCTBYIOT
fusndecKn pPas3AWIHHIM YPOBHAM, T. €. o BCeM BOJHOBHM BekTopam k Bmpma (8.27),
OpHHAIeKAMAM OTHOH dJleMeHTapHOH sdeiike !).

B npenexsEOM chyuae Goabmoro KpmcTajia pasdpemeHube suadenuma k (8.27)
pacmojaraoTcda OUeHb GJM3KO APYr K APYry, HOSTOMY CyMMHADOBAHHE MO;KHO 3aMe-
HATH uHETerpupoBanneM. [lockonbKy Ha ofHO paspemennoe 3HaueHme Kk [Popmyina
(8.29)] npuxonmrca Takoit ske 06eM B k-IpoCTPaHCTBE, KAK M B cIyJae CBOGOIHEIX
SNIEKTPOHOB, OCTaeTCA CIpaBelJUBLIM H mpasmio (2.29), HafileHHOe HAMP 1A CBO-
607HEIX 2IleKTPOHOB. B pesynbrare MH moxydaem 2)

¢=limZT =23 S (QL,‘:)-,;Q,L (k), (8.54)

Voo

Ifie MHTerpUpOBaHHE BegeTcaA IO 00heMy OFHOH 2JIeMEHTapHON AdeiKH.

Ecam, rak a0 gacro Gusaer 3), @, (k) saBucuT or r u k TOILKO 9epes3 sHEPruio
&, (k), To MH MOKOM IDOJOIKATH AHAJOTHIO CO CIydaeM CBOGONHEIX DJIEKTPOHOB
u onpenenuts g (€) — MIOTHOCTb YPOBHEH Ha e[MHMIY 06’beMa (HJIM LIPOCTO «ILIOT-
HoCTb yposmeit»). Torma maormocTs ¢ Gymer mmers BuR [cp. (2.60)]

g = [d&g (&) Q (&). (8.55)
Cpapampasa (8.54) m (8.55), maxomum
g(&)= 2] gn (€), (8.56)
rie IIOTHOCTh YPOBHEH B n-i 3o0me g, (€) maerca BHpa)keRHeM
¢ dk
g (&)= | 1w 8 (68, (K); (8.57)

3geck HMATeTPEPOBAHHE NPOBOAMTCS IO JaI000f dJIEMEHTAapHOH sdeiike.

[lnoTHoCTs YPOBHEH MO;KHO IIPEJCTABHTH TAK:Ke M B UHo# gopme, 3aMeuas, 4970,
KaK ¥ B ciliydae CBOOONHKIX sneKTpoHOB [popmyna (2.62)], cupasennuso caenyiomee
COOTHOIIeHHE:

g, (€)d€ =(2/V) x (amcyio paspeileHHEIX BONHOBHIX BEKTODPOB B n-il 30He

B uWHTepBaje sHepru#t or € go € 4-dé&). (8.58)
UYncno paspemeHisX BOJHOBHIX BEKTOPOB B n-il 30He B 9TOM WMHTepBalje dHeprui
paBHO MPOCTO OGBEMY TOH 9YacTd 3jIeMeHTapHOR Adedikm B k-HpOCTpaHCTBE, B KOTO-

poii € << &, (k) < & + d€, nmenendomy Ha ofbem Ak = (2n)%/V, upmxopamuiics
Ha OJHO paspelmed:(He 3Ha4eHHe BOXHOBoro BekTopa. CiefoBaTesbHO,

: 1, 6<E, (k)<E+dE,
gn(g)d%?—_—j %X{ <&, (k)<

0 B OCTANBHEIX CJOYIAAX
Iockosibky BeamunHa d€ GeCROEEYHO Maja, 3TO BHPAKEHHE JeTKO IPeJCTaBUTh
TaKKe B BUJe UHTErpajga oo moBepxHocTd. Ilycrs S, (€) — Ta YacrTe HOBepXHOCTH
&, (k) = &, xoropas ae:RuT BHYTPH AAHHOI sneMeHTapHOi sadeiikn, a 8k (k) — pac-

(8.59)

1) ®yaxoun @ (k) 068IHO HMEIOT MEePHONUIHOCTE ODPATHOI PeINeTKH, 109TOMY KOHKDETHEI
BHIOOD dleMedTADHOMN si9eliKM He MMeeT 3HAYCHUA.

2) [Ips MCHONH3OBaHWH DTOH (POPMYNH CIeAyeT HPOABIATL OCTOPOKHOCTH; CM. 3aMeYaHUe
Ha cTp. 50—51.

3) Hampumep, eCIH ¢ — IUIOTHOCTb YHUCJHa 3JIEKTpoHOB n, 10 Q (8) = f (%), rne f —
dynruma Pepmu, 6CIK }e ¢ — ILIOTHOCTH dJAEKTpoHHGH sEeprun u, 10 @ (§) = €f (€).
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CTOSIHZE 110 HOPMaJH Me;KIy HoBepxHocrsamud S, (€) u S, (€ + d&) B Touxe k. Torna

(dur. 8.2)

. ‘ S
g, (6)d€ = 3 2 8k (k). (8.60)
Sn (§)

UroGs HajiTH siBHOe BHIpakenme Nisa 8k (k), samermm, dro S, (€) ects nOBEpPX-
HOCTh WOCTOAHHO# oHeprmm. OTciofia BHTeKaeT, uTo rpafgument mok or €, (k), 1. e.
V&, (k), mpencraBiser co0ofi BEKTOp, KOTODHIl HePHeHAMKYJISpPEH 3TOA IOBEpX-
HOCTE ® m;MeeT aOCONIOTHYIO BEIMUMHY, DPaBHYI0 CKODOCTH u3MeHeHuMs &, (k) B
manpaBiaeHEN HopMmaiu. IlcaTomy

&+ d6 =&+ |V E, (k) |6k (k) (8.61)
¥, CJIe0BATENLHO,
a8
8k (k) = iy (8.62)

Ilopcrasasa (8.62) B (8.60), mprxoguM K BEIpAYKEHWIO

- T I 8.63
g, (€)= Y)ml—v‘@mﬂ' o

Sn (

KOTOpOe yCTaHABINBAET B ABHOI dopMe CBA3H MesKAY INIOTHOCTHIO YPOBHE! U 30HHOR
CTPYKTYpPOii.

@opmyna (8.63), Tak jke Kak M aHAAM3, KOTOPHI HAC K Heil OpuBea, OyayT
HCIOTB30BAHEL B MOCAeAyIOMUX riaaBax !). B mamHEE MOMEHT MH JUIIb OTMETHM
CYMEeCTBOBAHME ONHOTO COBEPINCHHO 00Ie-
ro CBOHCTBa NJIOTHOCTH YPOBHEN.

Kax y:xe rosopmiocs, pyarnus &, (k)
oepuojuIHEa B O0pAaTHOH pemeTKe W OpH
Ka)KIOM SHa4YeHHUW 7 OTpPaHWYeHA CBepXy
U CHE3Y, a, KpOMe TOTo, B o0meM ciaydae
BcIOAy auddepeHnUpPyeMa; OTCIOa CJELy-
eT, YTO0 B KaKI0OH dIEeMeHTapHOH AdehKe
TOJKHE UMeThCA Takue TodKu k, B KOTOpEIX
| VE | = 0. Haopumep, rpaguenT ao6oii

" .

By NOR IVIIE OOPIICTS gy, 3. fonopiun e

CTpPOeHUA, MCIOJb3YEeMOro UpH BrBOAe dop-
MOB ¥ MHAHEMYMOB, & OPPAHWYGHHOCTD 1 MyasL (8.60).
nepuoOgUIHOCTH Z’n (k) rapaHTAPYIOT, 9TO 3aMKHYTHE KpUBHE — JIBeé IOBEPXHOCTH HOCTOAH-
UPH BCAKOM 7 B KAiKIOH OIIEMEHTADHOH ) me o e o O et o
AIelike MMeTCs Ho Kpadneid Mepe ORWH k ykasano paccrosHue Ok(k)s
MAKCAMYM ¥ ONHH MEHAMYM 2).

Horpa rpanuenr &, ofpamaerca B Hynb, B MOZHHETETPANLHOM BHpaKeHHH
B dopmye (8.63) maa mroTHOCTH ypOBHeH moaBigercs ocobeHHocTs. MOKHO mOKa-
3aTh, 9TO B TPeXMEPHOM ciydae ) momoGHEE 0COGEHHOCTH OKA3LIBAIOTCS WHIErpPH-
-PyeMBIMA K AAIOT KOHEYHEIO 3HAUCHAA 014 g,. OZHAKO OHE BCe Ke IPUBOAAT K o6pa-
IMeHA0 B (GECKOHEUHOCTH BEXWIMHH dg,/dé,T. e. HARIOHA KPHBOK g, (€). Taxme

1) Cm. Tamxke samauy 2.

%) Camoe o0mee MCCIGOBAHME® HCIA TOYEK ¢ HYJNOBHM FPajHeHTOM OKAa3KBAGTCS, OHAKO,
XOoBONMLHO cnokHEIM, CMm., mampumep, [2].

3) B omHoMepHOM ciaydae B TOUKe OCOGGHHOCTH BaH XOBA GOCKORGYHHIME CTAHOBATCH CAMI
bysxrnun g, (€).
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CHATYJIAPHOCTH HA3HBAIOT ocobennocmamy 6ok Xosa 1). OHH BOSHHKAIOT NIPH TeX
3uaveHUAX &€, A KOTOPHIX MOBEPXHOCTH HMOCTOAHHON sHeprum S, (€) comepskar
Touku, rie Beanunna V&, (k) obpamaercs
9n(¥) B Hynab. Ilpou3sofuse oT IAOTHOCTH YPOB-
meit npm suepruu Depmu BxogaT BO BCe
9jeHbl  paslojkeHHs Jommepdennna, 3a
HMCKJII0TYeHreM IIePBOT0 U3 HUX %); 9T0 03Ha-
gaer, UYTO B TexX ¢Jydasx, Korja Ha Io-
Bepxnoctu MepMu ecTh TOYKH € HYJIEBHIM
suagenuem V&, (k), Ham caeyer o;KuzaTh
TMOABJIEGHAA AHOMaJIMH HU3KOTEeMIEepaTyp-
HEIX CBOWCTB MeTaJJoB 3).
4 T ! ¥ Tuuunanre ocobeHHoCTH Ban X 0Ba H30-
‘ Gpaskenst H& ¢ur. 8.3 u pacCMOTPEHH B
®ur. 8.3. OcoGemmoctn par Xosa B mror- 3afade 2 B ri. 9.
HOCTH ypoBHell (ykasame crpeinkamu, Ymep- Ha srom mur 3aBepmaem obcymaerue
TeHURYIAPHEME ocut ). OOIIX CBOMCTB OZHOBJEKTPOHHBIX YPOB-
Hell B IlepuogmveckoM wnorennuarne ¥). B
caelyOmuX ABYX TiaBaX MCCICNYIOTCA ABAa Pa3HBIX M 04eHb BAaMKEBIX LpeeibHBIX
c1ydas, KOTOpHIe MOJKHO PacCMATPHBATh KAK KOHKpeTHBe WIIIOCTPATIAH AOBOIBHO
a0CTpakTHOTO aHalm3a, NPOBefeHHOI'0 B HacTOAMmell raase.

3ATAYN

1. HIepuoduuecrue NOMEHUUAAIBL 8 OOHOME DPHOM Calyude

B onHOMEPHOM CiydYae OKAa3HBAeTCA BO3MOKHHEIM lPOMOKUTH ofIlee IcClej0BAHHE YpPOB-
Hell 9JICKTPOHA B NEPHOAMYECKOM IOTeHNIHAaJe, He CBA3AHHOE C JETAJNHHEIMU XapAKTePMCTHKAMI
sroro mortemumana. OXHOMEPHHH ciaydail BO MHOTEX OTHOINEHWAX He ABIACTCS THINIHHIM (Tak
Kak B HeM He TpeGyercsa moHaTHA HoBepxHOCTH MepMI) M MOMKET [ajKe BBOAUTH B 3a0iy:KjieHIe
(B HeM HCYe3aeT BOBMOKHOCTH IEPEKPHITHS 30H, KOTOPOe OKAa3HBAETCH BechbMa BEPOATHBIM B

U(x)

-3a/? -a/2 0  a/? 3a/2 z

®nr. 8:4. OgBoMepHHIl Iepuonudeckuil norenmuan U (z).

Of6parure BHUMAHUE HA TO, YTO MOHBI PACIIOJOMKEHH B y3Nax pelieTkM BEpaB3 ¢ NOCTOAHHON PeIIeTKH a. YZOOHO
CYUTATH, YTO 3TH TOUKM MMEIOT KOOPAMHATH (n - 1/;) a, u Buibparh MOTEHIMAT TAKMM 06pasoM, YTOOHB OH JOCTH-
TaJI HYJIEeBOTO 3HAYEHUA B TOYKAX PACIIONOKEHNA MOHOB.

cirydae [ByX M Tpex uamepenuit). TeMm Hme MeHee BCe K¢ HHTEPECHO IPOCIe[HTh, KAK HEKOTODHE
M3 XapaKTePHHX YePT TpeXMepHOI 30HHOI CTPYKTYPH, NPUubINKeHHO PaccanThBaeMol B 11, 9—11,
BO3HUKAIOT B OJHOMEPHOM cJydae B Pe3ylNnpTaTe TOYHOIO PACCMOTDEHWS.

1) (DaKTUIECKN Te jKe Camble OCOOEHHOCTH UMEIOT MecTO B TeopHH KoJaeGaHMH pemersn.
CM. ra. 23. (Ocobenmoctu BaHm X0Ba BOSHUKAKT IPHU TeX 3HAYeHUAX DHeprum €, IPH KOTOPHX
WN309HEPTETHISCKHe TIOBEPXHOCTH H3MEHAIOT CBOK TOIOJOrmio. — [Ipum. ped.)

2) Cm., mampumep, ria. 2, 3afady 2, m. «e».

3) Ux cymecrBoBarme Ob1o mpegckasamo M. M. Jludmunem. OHE NONY49HIM Has3BaHie
dasosnx mepexonos 2Y/, poma.—Ipuxm. ped.

4) B sagaue 1 o0muit amamn3 MPOMOIKEH [Jid 60jee NPOCTOro clIydas OJHOMEPHOIO HOTEH-
HUaJa, XOTS JTOT CIAYYAll I SIBIAETCA HECKOJLKO Ae30PMeHTHDYIOMHM.
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Urakr, nycTh MH UMeEeM OJHOMEPHH mepuoandecknit noremmuad U (z) (fur. 8.4). Ynobuo
CYNTaTh, UTO MOHH MOKOSATCS B TOYKAX MHHMMYMAa ToTenumaia [, KOTople, IO LPeIl0JI0MKEHNIO,
ompefielAIOT HyJIeBoe 3HaYeHHe 9HePIUM. ByJeM paccMaTpmBaTh NEPUONWYEeCKHA NOTeHIMAT
KaK CyMeProsSnijio IMOTCHIMANBHEX 0apbepoB v (z) ¢ IMUPWHOHR a, NEHTPH KOTOPHX HAXOJATCH
B TO9Kax <z = =+ na (¢Pur. 8.5):

oo
U(z)= D) v(z—na). (8.64)
=00
Kaskpoe caaraemoe v (r — na) mpefcraBiser coboii noTeHNmaJdbpHHI Gaphep, CKBO3h KOTOPHI
BJIEKTPOH BHHYKJEH TYHHEIWDPOBAaTb, 4TOOEI IepeiiTn oT HMoHA, JejKamero o OJHYy CTOPOHY OT
OT TOUKH na, K MOHY, JEHKAMEMY 110 APYIYIO CTOPORY BTOiT TOUKH. [[JIA IPOCTOTH MBI TIPe;IITOJIOKITM,
910 v (x) = v(— z) (3TO OMOMEPHBI aHAJIOT Npeanojarapineiics BHINE CUMMETPHE OTHOCUTEALHO:

v(x)f . z/(:c)f
i t _t {
/) | =
x z
-a/2 ale -a/Z a/z

a 0

®unr. 8.5. Yacrums, najaomue ciera (a¢) 1 cupasa (6) Ha ofuH U3 6appePoB, OTACNAOIHAX APYT
OT pyTa COoCe/iHNEe MOHE B UePNOANIeCKOM MoTeHIMake, n306paskeHHoM Ha dur. 8.4.

Tlapatoman, IpoOMeRMAsas U OTPaxkeHHAA BOJHBI O0O3HAYEHH CTPEJIKAMU, KOTODHIE MAPAIIIETLHb HAIPABIEHIAM
PACTIpOCTPAHEHNA N MMEIOT MUY, TPONOPIUOHANLHYIO COOTBETCTBYIOIUM AMILIUTYHAM.

HHBEpCHN), HO He OyMeM felaTh HMKAKHX [PYIUX NPeIHoJOMEeHNH OTHOCHTEILHO v, TaKHM 00-
pasoM, ¢opma NepHOAMIECKOro TOTeHHWana U oOCTaeTCA MOCTATOUIHO ITPOM3BOJILHOIL

30HHYIO CTPYKTYPY OTHOMEPHOTO TBEPJOTO TeJa MPOoIle BCETO BHPasUTh Yepes xapaKTtepuc-
THKH 2JIeKTPOHA, HAaXOAAIerocs B TOTEHIHAle OTHAENHHOrO Gaphepa v (z). PaceMoTpum nosro-
My 2JI€KTPOH, NaJlaloluii cileBa Ha IOTEHNNAJbHHN Gaphep U umewnmuit sgepruo € = h2K2/2mb).
Tockousky v (z) = O upn | 2 | > a/2, B stux ofaacTsax BoaHoBas GyHKUNA | () OyIeT HMETH
BUL,

@)=t g 2
(8.65)

i a
:tele, z > .

o]

CxemaTH9ecKn »TOT mponecc maobpakeH Ha ¢ur. 8.5,a.

Koapdunuents IrpoxoskieHus (f) U OTPaskeHHA (r) [AKT aMINIATYJY BEPOATHOCTH TOTO,
4YTO HIEKTPOH NPOTYHHEJINPYET CKBO3b 6aphep HJU OTPA3HTCHA OT HEr0; 3aBUCHMOCTDb UX OT BOJHO-
BOTO BeKTopa K majaomeil BOJHEI ONpejelifeTCs JeTalLHKMH cBoHCTBAMA NoTeHuajga v. OHaKko
MHOIVIC XapaKTeDHHIe YepPThl B0HHOH CTPYKTYPH, COOTBETCTBYIOINEH II€PHO/IAYECKOMY IOTEH-
muany U, MOMKHO oONpeflefmTh, UCHOAL3YyA JHWHIL HauboJyiee obmme cBOICTBA KO3(PUIHEHTOB
tur. B cuny getHOCTH TOTEHnNUAJMA v QyHKIUA P, (2) = ; (— z) TaKkKe GyseT pelieHHEeM ypaB-

Henus Illpepunrepa ¢ smeprmeit €. Ms (8.65) cmengyer, ato dymkimsa P, (z) HmeeT BUA

by (2) =t~ K%, r<—7,
. . (8.66)
:e_le—}—rele N

z =

(T

OueBuaHo, OHA OMNICHBAET 9aCTHUILy, KOTOpas MajaeT HAa Gappep cLpaBd, KaK IOKasaHo Ha (HT.
8.5,6.

Tlockonpry ; u 1, TpeAcTaBAANT cobOH MBA HE3ABHCHMEIX pelleHns ypasmenusa Ilpe-
TUHTEepa R ciaydasd ojHOTOo 6apbepa, COOTBETCIBYIOINHE OJNHAKOBOH sHepTHH, T0Goe Apyroe

1) Bamevanue. B aroil samave K ABAAETCS HENPEPHBHON IepeMeHHON U He HMeeT
HUKAKOIrO OTHOmMEHUsA K obpaTHoill pelierke.
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pemeRMe JaA TOH ke dHeprum GyRer WX JHHeHHOH KoMmGumammei'): ¢ = AY; -+ By,. B =acr-
HOCTH, IOCKOJIBKY FaMUJILTOHAAH KPHCTALIa B ofnacts —a/2 << z < a/2 coBmajaer ¢ raMuib-
TOHWAHOM OTHEJLHOTC NOHA, A0Goe pemenue ypasaenud lIpenuAarepa Aja KPHCTAINA, OTBETAIOIIee
sHeprud §, KosKHO OHITH B oTolf ofmacTu JuEHeHBoi KomOHEammed dymRKmuHE {; H P,

a a

b (@) = Ap(@) + Binle), —5 < = < 5 (8.67)
YurteM TaKie, 94TO B COOTBETCTBHU ¢ TeopPemoil Broxa ¢ymkumio \p MokHO BHOpPATH TaKmM obpa-
80M, 9TOOH JJIA HEKOTOPOr0 % BHIIQJHANOCH COOTHOIICHHE

VY (x4 a) = ethay (z). (8.68)

Juddepenmupys (8.68), HaxofuM TaKKe, 9T0 mpomsBofmas §' = d{/dz NOIKHEA yNOBIETBOPATH
YCI0BUIO

V' (z+a)=eihay’ (z). (8.69)

a) Hamaras ycunosus (8.68) n (8.69) upn x = — a/2 u ucnonsays gopmyint (8.65)—(8.67),

OOKaKNTe, 9TO 3HepPrHA GI0XOBCKOTO 3JeKTPOHA CBA3aHA € €0 BOJHOBHIM BEKTOPOM k CIERYIOMMM
-o6pasom:

_t*—1* ixa, 1 _iKa Rk

Ccos ka—T e +—2t—e Py €= T (8.70)

YGenuTecs, uro 3To NPHBOAHUT K TPABHJILHOMY Pe3yJIbTaTy B Clydae CBOGOXHEIX 3JeKTPOHOB
(v=0).

Ypasuenne (8.70) cramoBuTcA Gojiee COMEP;KATENbHEIM, €CIM BOCIOJb30BATHCA HEKOTODOil

JOTONHATEABHON HAGopManwedl 0 KoaMIMEHTAX IPOXOMKISHNA M OTPAsKeHNd. JandmeM s
9TOTO KOMILIEKCHOE YUCIO ¢ 4depe3 ero aMIumryay u Qasy:

t=11| . (8.71)

JlefictBuTeIbHOE Ynca0 6 Ha3HBAT (a30BHIM CIBHIOM, MOCKOJIBKY OHO XapaKTepU3yeT MaMeHe-
Ene ¢asw mpomeAmell BOJHH OTHOCHTeJBHO Hafaiomeil. W8 ycIoBHs COXPAHEHWsl SJIEKTPOHOB
clefiyer, 4T0 CyMMa BEPOATHOCTEH NPOXOMKIEHNA M OTPAKCGHAA JOJUKHA OHTH DPaBHA eIHHNOE:

L= 1247 (8.72)

9T0 W PAQR APYTUX TOJNE3HHX YTBEPIKAEHH MOryT OHITH [IOKa3aHH CilefyIOmuM o0pasoM. IlycTs
¢, U ¢, — nBa pemenns ypasHesua llpeaurrepa B cirygae ofHOro 6apsepa, COOTBETCTBYIOIUE
-OIMHAKOBOH SHEpPTHUM:

B, n2K?
— 5w it vei=—r

on i=1,2. (8.73)

Oupepenum BeanuaurEy w (¢,, ¢,) (¢BPOHCKMAH») cleayiomuM oOpasoM:
w (P, ¢,)=91 (z) @5 (2)—¢; () 93 (2). (8.74)
6) JoxaykuTe, 9TO w HE 3aBHCUT OT r; JJIA 9TOro BHBegmTe u3 (8.73) paBeHcTBO dw/dz = 0.
B) Joxaskute cooTHOmeHNUE (8.72), BEIYUCANB JJIsi 9TOT0 BeJUUUHY W (w,,:p’l“) opn z <X —al2
H z > a/2 u 3ameTnB, 9T0, IOCKOJNBKY v (z) — HeHCTBUTeNLHAA BeJIWYMHA, Y, Oy/eT pelleHHeM
Toro e camoro ypasmemms lllpegmmrepa, kak m 1.
r) Boameans w (Y, 1]):), JIOKQKUTe, UTO rt* ABNACTCA UNCTO MEUMOA BeJINIUHOHR U TOITOMY
BeANYUHA r [OJKHA MMETh BHJ
r=+ifr]ed, (8.75)
rme ¢asa § — T1a ke, uro B (8.71).
n) Iloraskurte B KadectBe caefcTeus fopmya (8.70), (8.72) u (8.75), 410 9HEPrusa M BOJHO-
BOI BeKTOp OJOXOBCKOTO 9JIEKTPOHA CBABAHH MEXKIY coboil ciepyomum ofpasom:

cos (ﬁ(ll+6) = cos ka, € j17:¢] . (8.76)

2m
Mockoabky | ¢ | BceT/ja MeHBIN® eiMHMUIIE, HO CTPEMUTCA K Hell B mpefiete Goapmux K (Gaprep
CTAHOBHUTCA BCe MeHee 9()peKTUBHEIM C POCTOM SHEPIUM [AjaoINero dJeKTPOHA), JeBad 4YacTb

1y 3pecs ME MMeeM YACTHRIM CJydail o6meH TeopeMmsl, COTJIACHO KOTOPOH auHeiHOe nud-
depeHNUaAbHOE ypaBHEHHe n-TO NOPANKA NMeeT n He3aBUCHMHX pelleHdH,
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BupaskeHus (8.76), paccMaTpmBaemaa Kak QYHKuuA or K, o6HApyKuBaeT mOBeleHHS, DDE-
craBierHoe Ha ¢ur. 8.6. Jaa pamHEOro k paspelneRHbe 3Ha9eHHA K [H, cllef[0BaTeNBHC. pa3-
pemenusie sEeprun & (k) = h2K?%/2m} onpenensiorcs mepeceveRMAMM KpmBoit Ha ¢ur. 8.6 ¢ TO-
PH30RTAJILEOM JMHUEH, NpoBeJleHHON Ha BHCOTE coS (ka). 3aMeTHM, 94T0 3HaYeHUs K, DACIONO-
JKeHHhie BOIM3HM TEX, B KOTOPHX BHIOJHSETCHA YCIOBHE

Ka+ 8 = nx, (8.77)

maror | cos (Ka + 8) I/| t| > 1, mosToMy oHEH He SBIASIOTCA Pa3pelleHEHIMH HH OpHU KaKoM k.
CooTBercTByIOmue ofjiacTd dHepTHHl NpefcTaBAANT Coboit 3anmpemenHbie 30HH. Ecam 8 — orpa-

I /\
0 e\ 2 K

. /
N ~

®@up. 8.6. XapakrepHui supg ¢ymruuu cos (Ka -+ 8)/f ¢ 1.

ITockonpky |t (K) | Bcerna MeHbIIEe €MMHMIB, B OKPECTHOCTAX TOUEK, ABJAIIMXCH PpelIeHAMsAMM YDABHEHUA
Ka 4 8 (K) = nx, sra yHKIMA NpeBHIUAET NO abCONIOTHON RelMuMEe efMHHMNY. Ypapnenye (8.76) MOMET BEHI-
NONHATLCA NITA AeCTBUTENHLHOTO B B TOM M TOJNBKO B TOM CJIydae, KOTHa HaHHaa G YHKUMA 10 aGCcoIOTHOM BelinauHe
MeHbIIe eNuHULE. CNemoBATENIHHO, CYHNIECTBYIOT 061aCTi paspemesHBX (CBeTHHE) K 3ANPENIeHHH X (8aMITPUXOBAH-

Hhle) 3Havenmi#i K (WM COOTBETCTBYIOT OOJAcTH & = ntk 2/9m). BaMeTMm, 4T0, KOTfla sHaueHme | ! | OueHs
6an8KO K emuAnne (eaabuii moTeHIMan}, saupemenHne o6acTi OYAYT OUeHbh YBKUMHM, A KOrIAa BHAueHHe | { | ouens
Mano (CHIBHBI NMOTEHIINAN), Y3KAMEM GVHOYT paspemeHuble 06IacTy

unuenHad QyHRmus or K (Kak 5To 00KYHO GHBaer), To CylnecTByeT GECKOHEYHO MHOTO OO0iacTtei
3alpeIeHHO B3HEPIHH, a TaKKe GeCKOHeYHO MHOTO OOJacrTeil paspelleHHHIX SHAYeHHMH 3HEp-
THIT TIpH KaMKJOM 3HAYCHUHN k.

e) Ipenmonoin, uro Gapeep sBJIsAeTcA o49eHb cjyabmM (1. e. 49ro | t]| =1, |r] =0,
§ =~ 0). Iokaurte, 9T0 B DTOM cliydae sHepreTHUeCKHe leJH OYeHb y3KW, a MHPHHA IEJIH CO-
mepmaskeii X = nit/a, paBmHa

Bgap ~ 20n = 7] (8.78)

ma?

&) IIpepucnoskum, uro Gapbrep oYenb cMABEHEH, Tak 19ro |t | = 0, | r | = 1. Ioraure
TOT/ia, YTO paspelneHHBe 30HH HEPTUI 0YeHDb Y3KHM M HMEIOT IIMPHHY

Emax—Emm=0 (| ¢ D- (879)

3) B kaYecTBe KOHKDETHOr0 IPUMepa FacTO pAcCMAaTPUBAIOT caydail, worma v (x) = g8 (z),
rae; 6 (z) — penbTa-byEEnnA Jinpaka (3acTEH# cayzail «vopean Kpomnra—Ilerrnmy). Ilokamure,
49T0 TOrfa

h2K
ctgd=———, [t|=cosd. (8.80)
mg

Ilogo6ran Mofear mnpejcTaBasier co0oii manGosee WacTo BeTpedawImuiics B yueGEAKaX LpHMep
O[JHOMEDHOTO TepH 0JiMYecKOro moTeHnuana. OOpaTute, OfjHAKO, BHMMAHHE HA TO, YTO OCHOBHHE
OOoJiydeEHE® HAMH DEIBOJK HE B3aBHCAT OT KOHKDETHOTO BHJa (yHKIMOHANBHON 3aBUCHMOCTH
lt] m &6 or K.

2. IInommnocwv Yy posneil

a) B caygae cBOGOAHEIX 2JIeKTPOHOB INIOTHOCTE YPOBHEH Dpw smeprun ®epmu MoMeT GHTH
samucaHa B sufie (2.64): g(&p) = mkF/thz. ITokaskuTe, 9T0 00mee BHpaykerne (8,63) npuEM-
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MmaeT Takoii Bufi, ecau &, (k) = A2k%2m u (cepudeckas) NoBEPXHOCTL (MepuH HEIMKOM JeKUT
B Iipefienax ONHON 93JIEMEHTADHOH sIeHKH.

6) Paccmorpum 30Hy, B Ico'ropoﬁ IAf MOCTATOYHO MAJNHX k BHTOJHAETCA COOTHODIGHUE
&ok) = & - (B2/2) (ki/m, + ky/m + k¥my), toe my My, m, — HOJOMKITENbHRE MHOCTOAH-
HHE (YTO MOKET MMETb MECTO B cnyqae KpueTania ¢ pomﬁm{ecxon cmmeTpneu) Tloxaskiire, 4TO
ecau oHeprus § nocrarouno Gimska k &,, Tak uro &, (k) mmeer ykasamHBI BIIT, TO BemrdnHa g, (&)
npouopuuoHansHa (& — &g 12 u mostomy ee NPOM3BOAHAA CTpeMUTCH K GeckomewmocTn (ocofeH-
HOCTh Bam Xo0Ba), KoTAa & mpnOamKaeTcd K MHHIMYMY BOHEL

[Vrasanue. Ncmonbsyiite BoIpazkenne (8.57) mast miaoTHocTH ypoBueil.] BriBeante orcrona,
4TO ecyIM KBaJpaTHYHOe BEpaskeHue jusa &, (k) ocTaerca crnpaBefJHBEHM BIIOTH A0 Ef, TO g, (&F)
MOKHO 3amucaTh B (opme, KoTopas Hpel‘[CTaBJ’IHeT coGoli odeBupHOEe o0GOOMIeHNMe pe3ylbTaTa
(2.65), TONYYECHHOrO [AA CBOCOAHHIX BIEKTPOHORB:

n

3
gn (%F):_Z' iF__kgo 3 (8'81)

/¢ n — BKJ4j JMEKTPOHOB 9TOH 30HE B TONHYI MIOTHOCTH JIEKTPOHOB.
B) PaCCMOTpI/IM IJIOTHOCTD ypOBHeH B OKPECTHOCTH ceaunoBoit Toukm, rue é,(k) = €, -

-+ (#%/2) (k\c/ '”x -+ lcy/m — kz/mz) My, My, M, — NOJIOKAUTeAbHEE BOCTOAHHbIe. Ilowakmn-
Te, uTo upn § < &, npomanonnaﬂ OT LIOTHOCTH YPOBHEH MMeeT Buf,
(€) ~ const €=>¢
& ’ v (8.82)

~(G—8) ', E<%,.
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IJIERTPOHbI
B CJJABOM HNEPNMOANYECKOM NOTEHOWAJIE

TEOPHUA BO3MYIEHUN U CIIABBIE ITEPUMOANYECKUE ITOTEHIIUAJDBI
YPOBHY QHEPTUM BBEJAM3Y OJJHOM 13 BPIITOBCKUX ILJIOCKOCTEU
IMPUMEPBI CXEM PACHIMPEHHEIX, IPUBEJEHHBIX
U NOBTOPAIOMNXCH 30H B OJHOMEPHOM CIVYAE
IIOBEPXHOCTH ®EPMHU N 30HBI EPIJIJIIOSHA
TEOMETPUYECKUUN CTPYKTYPHBI ®ARTOP
CIINTH-OPEUTAJILHAA CBA3Db

B cnyuae caaboro nepmofiMdecKoro NOTEHUNANA YAABTCH COCTAaBUTh NOCTATOYHO
IOTHOe TIpeICcTaBleHWe O CTPYKTYpe B3IeKTPOHHBIX JHePreTUYeCKUX YPOBHEN.
Paupme Takoit mogxom MoHO OBLIO PACCMATPNBATH KaK yOpasKHeHne, XO0TS U HOyYn-
TeAbHOE, HO HPeCTaBIAIONMEe JINM b YUCTO aKaAeMuIeckuit uutepec. CerogHs, oqHAKO,
MBI 3HaeM, 9TO BO MHOTHX cay4asX 3TO sIBHO HepeaauCTHIeCKoe HONYImeHHe JaeT
TeM He MeHee I0pasuTelpHO Touyusle pesdyabTarel. CoBpeMeHHEBIE TEOPETHIECKHE .
0 SKCIePMMEHTAJIbHBIE INCCAeOBAHUA MeTALI0B, oTHocamuxcas K I-—IV rpynmam
mepHofmdeckoit TabamnEl (dTO MeTAaNIH, y KOTOPHIX B aTOMHOH KoHPUrypaumm
UMEIOTCH $- M P-2AEKTPOHHI, PACIOJOMREHHHE Ham KoHpurypamnumeil 3amoTHEHHBIX
06010ueK WHEpPTHBIX Tras30B), MORA3HBAIOT, 9YTO B HOX A ONUCAHUS JBUKEHMS
9IEKTPOHOB TPOBOAWMOCTY MOKHO HCIONB30BATh HOUTH HNOCTOAHHBEIM IIOTOHIHAJ.
Takme oJeMeHTH 9aCTO HA3BIBAIOT MOTAJJIAMHU C «IOYTH CBOGOIHBIMHY DIIEKTPOHAMM.
OTIpaBHON TOUKOH IIPU WX OHNMCAHUE CIYKHUT a3 ¢BOOOLHBIX 3JEKTPOHOB 3oMMep-
¢Qespga, CBOMCTBA KOTOPOTO M3MEHEHH M3-32 IPUCYTCTBHA c1ab020 MePHOINIECKOI O
goTennuana. B macroamei# riaBe B paMKax MOHENW HOYTU CBOOONHEIX 3NEKTPOHOR
fYAYT UccIel0BAHEL 00IIMe YepTHl B0HHOH CTPYRTYpHL. IIpuMepbl npuMeHenus K KoH-
KPETHBIM METaJJIaM pacCMOTpeHH B Ta. 15.

OTreer Ha BompoC, IIOUeMY B 3THX MeTAJaaX 30HBI HPOBOAMMOCTH JOJKHLL TAK
CHJIBHO HAIOMUHAThH 30HH CBOOOTHEIX 3JIEKTPOHOB, cOBCeM He odeBuieH. CYImMeCTByIOT
IBe OCHOBHEIE NPUYMHEL TOTO, MOUeMY CHJBHOE B3aUMOJEHCTBHE 3JEKTPOHOB IIPO-
BOAMMOCTU MeRAY COO0M U € IMONOKUTENBHO 3aPAKeHHBIMM UOHAMEU IPUBOAUT K CyM-
MapHOMY 5(PPEeRTy, ONHCHBAEMOMY CJIA0GBIM HOTEHIIHAJIOM.

1. B3aumopeiicTBue Me)RAY 5JEKTPOHAMU W MOHAME HauOolee CHIBHO HA MadbIX
paccrosinuax. Opnako npuwuanun Ilayiawm 3ampemaeT »JaeKTPOHAM IPOBOLUMOCTH
HOSABNATBCA MO COCEACTBY € MOHAMH, IOCKOJBKY HTa 001acTh YiKe 3aHATA IEKTPO-
HAMVM HMOHHOTO OCTOBA.

2. B 1oit oGractu, KoTOpas paspemreHa IS DHJIEKTPOHOB IPOBOJUMOCTH, OHH
fiaaromapsa  cBoedl  IOABHMMAHOCTH  HOHONHUTEJHHO YyMEHBMIAIOT CYMMApHLI
OOTeHIHAT, HeACTBYOMMEA HA OT/IEIbHEH 2JIEKTPOH, IOCKOJIBKY OHH MOTYT
sKpanupoeamd TOJNA TOJOKUTENbHO 3apPAMEHHBIX HOHOB, YMEHBINAA TeM CaMbIM
DOJHH 3¢ (eKTUBHEIN TOTeHIHA.
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JTH 3aMedaHWs JHIb MOKA3HBAIT, 109eMy HOCAEAYIOMee PacCMOTPeHAE MMeeT
mMUPOKYI OpaKTmiecKyio OpmMmeHuMmoctb. H mpobGiaemaM oGocHoBammsa mpubimme-
HHA HDouTH CBOOCOJHHIX DIEKTPOHOB MH BepHeMcsa mo3fgaee: B ra. 11 Gymer obcym-
JaThcA HepBadg U3 HA3BaHHHX NIPUIHMH, a B ru. 17 — Bropas.

OB TIOAXOJA K YPABHEHWIO IIPEIUHTEPA
B CIYYAE CJIABOIO IIOTEHOWAJA

Horna meproaugecknii NOTeHERNAN paBeH HyJdlo, pemmenusa ypaBHenns Il penun-
repa OPeRCcTaBIAAIOT co6oi mIOCKHAe BONHH. PasyMHOH HCXONHOH TOYKO# LpH pac-
CMOTPeHHH CAa0bIX HTepUOJANYeCKNX HOTEHI[HAJIOB MOMKET MOITOMY CIYIKHUThH Pasio-
JKeHNe TOYHOI'O pemeHNs Do IVIOCKWM BOJHAaM, onucaHHOe B 1. 8. BoaHoByI0 dyHK-
nnio 6J0XOBCKOTO YPOBHA C KBasmmmmyiabcoM k Moo 3ammcath B opme (8.42)

Pk (r) = f{‘ cx_gelk—K)eF, (9.1)

rfle KO9PQUIMEHTH Cx—g W PHEPIUS YPOBHA & OIpelesfATCS CUCTEMOM YpaBHeHHH
(8.41):

'?h%’(k—K)z—— Z/}CK_K—F Z UK'_ch'_KZO. (92)

K’

Cymma B (9.1) 6epercsa mo Bcem BektopaMm K ofparHoil pemerky; upy $mECHpoOBaH-
HoM k mMeeTca no ofHOMY ypaBEeHmIo Buja (9.2) naa xamporo BexTopa K ofpartHoii
pemetkn. MmuoskecTBo (feckoHeunoe) pasin4HHX pemeRmi ypaBEeEmN (9.2) mpu
BajaEHEOM k HyMepyercst 3HAYEHBAMH YHucJa n — HoMepa 30BH. MosHO (HO He 00s-
3aTEJBHO) CYUTATH, UTO BOJHOBOH BeKTop Kk JnemuT B nepsoi 3ose bpuaarwsna k-npo-
CTpaHCTBA.

B cayuae cBoGOAHEIX 3JeKTPOHOB BCe (pyphe-KOMIOHeHTH Uy paBHH HYJIO.
Ypaprerze (9.2) mpmEEMaeT TOIJa BHL

(%?(—K—g)ck—K=0v (9.3)
rie BBeeHO 0003HAUYEHUE
hz
éq= - 2, (9.4)

s ypasrenusa (9.3) caexyer, aro misa ao6oro K [0/KHO BHIOTHATECA yCioBue
ck—x = 0 mnm ycnoBue & = &j_x. llocnmenmee MOKeT WMMETH MECTO INHINE S
onroro K, xpome cnydaeB, Korja éf_x HEMeeT OQHO U TO K€ 3HAYEHHE HPH HECKOJb-
Kux pasamuEnx spavennax K. Ecau Takoe BHpoEeHEWE omcymcemeyem, ME TONY-
YaeM OOGBI9HBIE pemIEHHs MJs CBOOONHBIX 3JIEKTPOHOB:

E=Efak,  Yx~ AEKer (9.5)

Ecam, ognaro, mmeeTcs TaKas rpynna BoJHOBHX BekTopoB K, . .., K, ofparHoi
pemeTRY, AJs KOTOPHX

Ef-kg=--- =&Y _Km, (9.6)

10 npu sHepruu &, pavHoi 3navenuio (9.6), cymecTByeT m He3aBHCHMBIX BHPOJKIel-
HEIX peIleHWH BWAa INIOCKOR BOJHE. llockonbKy. niobas nuHedHaa KoMOUHALMA
BHIPO;K/IEHHEIX DEIIEHUA TaKXKe SABIACTCHA pelNIeHneM, Yy HAC OCTAaeTCsA HMONHAA CBO-
pona B Buibope wosddunumenroB ¢x_x mpm K = Ky, ..., K.

dra mpocThie 3amedaHus npuobperalor Gomee TAYyOOKoe colep:RaHEE, €CIH
snavenuss Ug He paBHE HYII, HO OYeHb Majak. M mo-nmpeskHeMY MOJKHH IOPOBO-
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IHTh aHAJAHW3 NJA OBYX ClydaeB, KOTOPHE COOTBETCTBYIOT HAaJAMUMI0 H OTCYTCTBHIG

BHIPOK/ICHNA NI CBOOOXHBIX 9JeKTpoHOB. Temepb, olHaK0, IPOBOMAS Takoe pasfe-
jenue, MB UMCXOOUM YKe He W3 YCHOBHA CTPOrOro paBeHcTBa ') SHepruil ABYX

o(v)

—_——

_

Ki K k

Our. 9.1. Aas ssavennit k, Jeyrxammx B 3aIITPUXO0BAHHKX UHTEPBAJaX, YPOBHH CBOOOJHBIX 3JIeK-
TpomEOB €y, U €y g oTImMYawIca Ha Beauunay O (V).

n OoJjiee pasiMUYHBIX ypOBHeHl CBOOOAHEIX 3JeKTPOHOB, & CYATAEM, YTO PHEPIUM
PaBHBI APYr ApPYIy JAWmb C TOYHOCTHIO o uaeHoB mopsapka U.

Cayuait 1. Bynem cantath BexkTop k UKCHPOBaHHEIM M PacCMOTPHEM TAKOR
BekTop K; oOpartmoii pemeTkH, AJs KOTOPOTO BBITOJHAETCS YCJIOBHE

| €k—x,— &%—x | > U nas sapanmoro k m Bcex K~K,, (9.7)

T. e. 9HeprusA cBoGogHOro sneKkTpona npk k=K, oTamuaercs or ero sHaueHUs opm
Beex gpyrux K ma senwmumny, sEauuTenbHo ODpesnmaiomyo U (¢ur. 9.1) 2). Bynem
paccMaTpHBaTH BO3AElCTBRE NOTEHNNANA Ha TaKoii ypOBeRb CBOGOANOTO dIEKTIPOHA,
IJIsT KOTOPOTO

g—‘:éok_,xl, Ck—K — O, K#Ki. (98)

Ilonaras B ypaBrenmsax (9.2) K = K, [# ncmoarssya o6osmauesue (9.4)], maxomum
(mTpEX Yy WMHAEKCAa CYMMHUDOBAHHA ONYCKaeM)

(€ — €% x,) cx-k,= > Uk—k,Cx—k. (9.9)
K

Ifockoanpry mMu BEfpadum afIWTEBHYIO NOCTOAHHYI0 B IOTeBNUMaibHOH oSHEPrun
TakuM o6pasom, aTo6B Uk = 0 mpm K = 0 (cm. crp. 144), B mpaBoid wacTn paBeH-
cra (9.9) mmerorcsa Tonpko wieHs ¢ K = K;. Tak Kak Mp paccMaTpuBaeM pemenue,
ST KOTOPOro ¢k g ofpamaerca B Hyas npum K == K, B mpemexe U — 0, caepyer
OJKHIATh, YTO YIEHH B IpaBoil wacTy ypaBueHHA (9.9) GyXyT EMeTH BTOPOil MOPANOK

1) YyraTenp, 3HAKOMHEI €O CTAOMOHAPHOH TeopHeil BOSMYNIEHMIH, MOKET BO3PA3HThH, 49TO
OOCKOJBKY CTPOTO€ BHIPOKJIEHHE OTCYTCTBYeT, TO, PACCMATPHBAaA NOCTATOYHO MaJjkbie U, MEL MOKEM
CLlestaTh BCe PA3HOCTHU HHEPIHil MEKLY YPOBHAME 60JBHIUMU IO cpaBHeHuIo ¢ U. 910 AeHCTBHTENbHO
CHPABeIMUBO fan A106020 s3adannozo k., OHAKO ME WCXOJUM M3 ONPEEeNeHHOTO KOHEYHOTO 3HaUe-
guA U, kakyMm OB MajnM OHO Hu ORIO, U HINEM IPOLEAYPY, cupaBemiuByio is Bcex k B mepsoit
sore bpuaarsra. MH YBUAKMM, 9TO HE3aBUCIHMO OT cTelleHM MajocTd U BceT[ia MOKHO HAUTH HEKO-
TopHe 3madenus Kk, 1as KOTOPHX DPACCTOAHNE MEKIY HEBOBMYDICHHHMHA YPOBHAMM MAaJO IO CpaB-
gernio ¢ U. CiregoBaTeabHO, HPOBO/IUMbIe HUKe DACCYMKIeHUA OKAa3HBAIOTCA 0oJiee TOHKUMU, FeM
O0HI9HAS TEOPHA BOBMYDICHHH B BHPO/KNEHHOM ciydae.

2) B mepaBeHcTBax Takoro Buja U o6o3magaeT XapaKTepHYI (YPbe-KOMIOHEHTY MOTEH-
nuaia.
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mo U. IT0 MOKHO MNpPOBepUTH HEIOCPe[CTBeHHO, 3amucas ypaBHemnue (9.2) naa K =&
= K, B BHHe

Cx-K “————UK‘_K%*KI ) Fier e (9.10)
—_— —_— 0 ———_u'-_‘ .
€—€k-x Kok, &—¥k-K

Mpr supenannu u3 cymmul B (9.10) ToT uwneH, KOTOpHIH COAEPIKUT cx_k,, MO0 OH
10 DOPANKY BeAWYUHBI IPEBOCXOAUT OCTAJABHBIE WIeHBl, BKIYAONue B ¢l Ck..k-
npu K’ == K;. 910 cregyer us npenmoxoxenus (9.7), coraacio KoTopoMy ypoBenb
é}_x, He ABISAETCs1 TOYTH BHPOKICHHLIM II0 OTHONIEHWIO K APYTUM YPOBHAM &f_ k.
B mporusHoM ciydae HexoTophie u3 3uaMeHarteseil B (9.10) umenu OB Madyl0 Bean-
quHy mopsipka U; B pesyabrare MHORATeND U B 9ucanTe/Ie COKPAMIAICS OBl U B CyMMe
B (9.10) BosHEKIN OBl JOMOJHHUTEJILHBIE YIGHE, CPABHUMBLIE M0 BEJUUKHE C YJIEHOM,
comepramum K = K.
[losTomy B oTcyrcTBrme NpulGIWKEHHOTO BHIPOMKIEHUS HMEeM

o .
cxk = KK (1), (9.11)
€—€k-K

Hopcrasasas sro prpazkerne B (9.9), Haxomum

Up o Uye 1
(€ — &% k) exog, = D) — Koo g, +0 (U3). (9.12)

[ -
m €—€x-Kk

‘CremoBatesnsHo, BOSMYIMIEHHLIH YPOBeHDb sHeprum & OTIM9aeTcsa OT 3HadeHus &i i,

A cBoGOMIOro pJeKTpoHA Ha BeauwumHy mopsajpka U2 Tlostomy, wroGs pemwuTsh

yvpasrenne (9.12) nnsa € ¢ TaKoi TOYHOCTBIO, IOCTATOUHO 3aMeHUTEH ¢ CIIPaBa B 3HA-

MenaTene Ha & g,; B pe3yiapTare moJydaeMm cjielymoijee BHpaskeHne ') mag &,
HpaBUJBHOS € TOYHOCTHIO 710 BTOpOro mopsika mo U:

2

€ — (% _k,+ 2 _“_]k_—h_‘__

[ [}
Ex—x,—€k-K

1 0/(U9). (9.13)

K

Ypapuenwe (9.13) mokaseiBaeT, 9To ¢J1aGo BO3MYIeHAbe HEBHIPOKIEHHbIE 30HE
OTTAJRUBAIOT APYT Apyra: Kamieii ypoBenb €& .k, AeMamuit wmxe ¢ g,, Haer
Braam B (9.13), noBbmmaomuit Beludnny €, a KaKAHM ypOBeHb, PACIOJNOMKEHHBIH
Boime &§_g,, AaeT BRIajd, MOHMamui 5Ty suepruio. OpHaxo nmambosiee BasRHBLI
Ka4eCTBeHHLIA BEIBOM, BHITEKAOMWI U3 3TOr0 aHAJW3A MIA Caydas, Korga mpubiu-
3UTEeNbHOE BHPOMIEHHE OTCYTCTBYeT, B3aKI4aerca B TOM, UTO CABUI BHEPIUHU
10 CPABHEHHUIO CO 3HAYEHWEM /st CBOGOMHEIX 3JEKTPOHOB MMeeT BTOPOH DOPANOK
no U. ITpm Hamuaun mpubiausUTEIHHOTO BHIPDOJRAEHHS (KaK MBI Cefigac yBUIUM)
TAKOM ¢ABWUI sHepruu MosKer 6birh auunernmM mo U. CregoBarensHo, B 0OCHOBHOM
nopsfke wo ciaaboMy mepHOIMIECKOMY TOTEHIMAAY 3HAYMTESBIHHA CIBUI KHCIBITH-
BAIOT JUOIH MOYTH BEIPOKIEHHLIe YPOBHE CBOOONHBIX 3aeKTpoHOB. [loaToMy riaaBmHoe
BHUMaHUE HEOOXONMMO YAeIUTH WMEHHO DTOMY BAaKHOMY CJIydalo.

Cayuad 2. llyers Beanauna k tarosa, uro umerorca Bextopsl Ky, . . ., K,
ofpaTHOl pemieTKH, AN KOTODHIX DHePIHH ER_x,, - - - ék—Kk, OTIMIANTCA APYT
OT Apyra Ha BeamumHy Hopaxka 2) U, Torja Kak pasmocTh MEKAY 9TUMH HHEPIYSIMU

1) Mar yaau, wro B cuxy (8.34) sermonuaerca cootaomenne U_p = Ug.
2) B ojHOMEPHOM CJIYYae m He MOKCT OHTH 0OJbIIe JBYX, OJ[HAKO B TPEXMCPHOM BO3MOKHLI
H6npIIne 3HAYEHUS M.
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u pHeprued &§_g BeJIMKa mo cpaBHeHmO ¢ U,
]£&=_K—%§_Ki I>U, i=1,..., m, K=K, ..., K,. (9.14)

B osToM ciygae MH JO/KHE PacCMaTpPUBATh OTHENBHO Té M3 YpaBHEHHH CHCTeMEI
(9.2), maa roropeix K ects ogHO W3 m 3maueHmit K, . .., K,. 9ro qaer m ypasne-
BE, COOTBETCTBYIONIMX ypaBHeHHIO (9.9) B HeBEIpOKAEHHOM clylae. B moaydaembx
m ypaBHEHUAX MHI BHIeJsgeM X3 CYMMbI,Te WIEHE, KOTOpHE COmepKaT KoaddummeH-
TH Ck—K» j=1, ..., m. OTm 4iedsl MOryT u He GHITb MAJILIMH B Hpefeie Crpe-
MAINErocs K HYJI0 B3aMMONEHCTBUA B OTJIWYHE OT APYTUX WIEHOB, KOTOPHE HMEIOT
nopafok Beme U. B pesyiaprarte moaydaem

m
(8—5‘1’(_Ki) ck—Ki= 2 Uk, _x.ck_x,+ 2 Uk_xek-x, t=1, ..., m
= i b k4K, Em ¢
(9.15)

Brpenss Takum ;xe 06pasoM WIEHH B CyMMe, MBI MOjKeM 3aluCaTh ypaBHeHus (9.2)
LA OCTAJIBHEIX yPOBHeﬁ B BHME

Ck-K = —1—'—( Z UKj—KCk—kj+ 2 UK'_ch_K’) , K==K,,..., K.

€ —%i-x K'#K,,... Km

(9.16)

Hocnenmee ypaBHeHme coorBeTcTByeT ypasHenmio (9.10) B cayuae orcyrcrsus
OprGIAN3UTENBHOTO BHIPOHISHNAA. ]

Hockonpky mpum K =£K;, ..., K, xospduumeHntsl cx_x HMeIOT NOOPATOK
Bume U, ypaBHerms (9.16) mamoort

Ck_K—m ZUK —KCk— K +0(U’) (917)

IlopcraBasia 91w BEIpaKEHHS B (9.15), monydaem

(€ —8‘.'(_Ki) Ck-K,; = Z UKj—Kick—Kj‘l‘

j=1

i Uk x,Uk, -k
+ 2 ( Z ‘,é,—%o_j—') Cx—K; + 0 (U3). (9.18)
i=1 K#K,,..., Km —¢k-K

CpaBHuUM DonydeHHHe ypaBHeHHs ¢ peayuabsraroM (9.12) mas caygas, korga
npu6NE3NTENbHOE BEIPORAeHHE OTCYTCTBYeT. TaM MH HAmIW sBHOe BHpaKeHWe
ISl CABHTA 9HEPTHUE ¢ To9HOCTHIO o U2 [cucrema ypaBrenmit (9.18) mepexonur B nero
upu m = 1]. Temeps, ogHako, ME BUAHM, 4TO ¢ TOYHOCTHIO A0 U? onmpenenenme
CIBUTOB JIJIA m LOYTH BHPOKIEHHHX YpOBHEH CBONATCA K DEIICHHIO CUCTEMbLI M3 /M
ypaBHeHuit ') Ans cx—k,. llpm 9ToM KoaPmIHEEHTE Bo BTOPOH CyMMe COpaBa B 9THX

ypaBHeHUAX uMeI0T Gosee BhIcoKUiE mopsamok oo U, yem B nepBoii 2). ClregoBaTenpHo,
9TOGH HAfiTH 0cHOGHble TOmpaBKY mo BeanmynHe U, MoskHO 3aMeHmTH (9.18) cmeremoit

1) OBu [OBOJNBHO TECHO CBASAHH C YPABHCHHAMH TeOPHM BO3MYINEHUI BO BTODOM HOpAAKe
B cJIy9ae eupoxdenus, K KOTOPHM OHH CBOIATCA, ecau ke €Y _ K’ i=1, ..., m, cTPOTO paBHH

apyr npyry. (Cm. yaebuaux JI. . Jarpay u E. M. Jindmuna [1]. )

2) YucauTenb CONEPIKHT IBa MHOMKUTENSA U H, MOCKOJBKY B CYMMY BXOJAT JHINL 3HAYEHAA
K, ornmuaomuecsa ot K,, ..., K,,, 3HaMenarens He umeer uopaaxa U upu €, Oansxom
K‘ék K,in,.. ., m.
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ropasfio 06ojee mpPOCTHIX YypaBHEHUIL:
m
0 . ;
(g_gk_Ki)ck_Ki= EUKWK.CK—K-, L=1, N (I (919)
=1 7 /
TIpefacTaBIA0OMuX coboit mpocro ofmue ypaBHEHWSA IJA CUCTEMBl ¢ m KBAaHTOBHIMIX
ypoBHaMHE 1),

OHEPTETMYECKUE YPOBHU BBJIN3N
OTHON M3 BPIITOBCKUX IIJIOCKOCTEN

IIpocreiimuM ©m HamGosee BaXKHBIM TPUMEPOM TPEeABLYNIErO0 AaHAIM3a MOKET
CILYRHTDH CAydYal, KOT/Ia lBAa YPOBHA CBOGONHHIX 3JEKTPOHOB PACIONOMEHBl GINBKO
Ipyr K Apyry (no cpaseenmio ¢ U), mo
MaJTeKo OT OCTAJIBHBIX YPOBHeH (Tak:Ke o
cpasrennio ¢ U). Ecau aT0 Tak, ypasHeHua
(9.19) cBopmsTCA K NBYM YPaBHEOHMAM

] A
(€ — €% _x,)ck-x,=Ugr, x,Ck-x,.
&_ go U (9.20)
(6 —é%—x,) cx—x,= K,—K,Ck—K,-
q Ecam peus mper JIume 0 OBYX YpPOBHAX,
HEeT HeoOX0guMOoCTH NO-IPeRHEMY MTOJIb30-
BATHCA CHMMETPUIHEIME O0O3HAYCHHSIMU.
IloatomMy BBejieM mepeMeHHEIE, 0COGEHHO
YROGHEIe MMEHHO AJA TBYXYPOBHEBOH 3a-
nagn
q=k—-K, n K=K, —K,, (9.21)
m sanumeM (9.20) B Bupe
zK 0
0 — (€6 — &) cq=Uxcq_xk, 9.22)
(8—%%,]{) qut,(:U-KCq:Lﬂf{Cq. )
9 CripaBefJIEBH  ClefyIOMUe COOTHOMEHU:
q- /2K 0 0 0 0
0/ ngq—xv | € — &4k | > U
upa K’'s£K, 0. (9.23)
4 dueprua €§ paBHa éJ_g JJIA HEKOTOPOTO
BeKTOpa OOpATHOH pemeTKH, JHMb eCian
Qur. 9.2. ¢ —eciu | q|=|{q—K|{, T0o BHIOIHAeTCA ycaosme |q | = |q— K|
ToUKa { [O0JKHA JeKaTh Ha 6P91‘FOBI<E*\'01°1 dto ozmagaer (¢pur. 9.2, a), UTO TOYKa
IJIOCKOCTH, OIpeaesIAeMON BEKTODOM K ; BCKOI KO-
6 — ecau TOYKA ( JeKUT Ha Op3rroBcKoi q AOJREA H%’EaTb Ha GPArTOBCKOI MI0CKO
[0CKOCTH, TO BeKTop q — Y/,K mapamnemem  CTH (CM. TJI. ), KOTOpas HepIeHNKyIApHa
3TOf TIIOCKOCTIH. OTpe3Ky, COeIMHANMEMY Ha4aJbHYI0 TOU-

Ky B k-mpoctpaHcTBe ¢ Toukoil K o6parnoi
pemeTKHU, W JHeJHT 9TOT OTpe3oK momojaM. V3 ycnoBus, COrIacHO KOTOPOMY paBeH-
ctBo é§=¢€§_g+ MOMKHO BHIOJHATHCA TOJBKO IPH K' = K, caenyer, 910 ( JeMHUT
Auwb HA DTOl GPOITOBCKOM HIOCKOCTM W HE HA Kakoli Opyroii.

1) 3ameTnM, uTo Aia nepexopa ot (9.19) x Gosee ToymOoMYy BHAY (9.18) MOMEO mpoCTO 3aMe-
guty U Ba U’, roe
, UKi—KUK"K.i
Ukjx,=Uxpx,+ 2 “ggr
K#K,,..., Km
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Hragr, ¢ reoMeTpudecKol T0UKY 3peHMs yeuoBud (9.23) 03HAUANT, ITO TOIKA g
JO:KHa GBITH OJIM3KA K OfHOM GPIrroBCKOf MIOCKOCTH (HO alieKka 0T MecTa mepece-
yenusa deyr m Gonee GpParroBeKmMX ILTocKocTed). CaeoBaTeNbHO, CAyTail ABYX IOUTH
BHPOMEHHEX YyPOBHEH OTHOCHTCH K dJleK- P
TPOHY, BOJAHOBOH# BEKTOP KOTOPOTO IOYTH
TOYHO YHOBJIETBOpsET YCIOBUIO ONHOKpAT-
#oro Gparrosckoro pacceanus '). Coor-
BETCTBeHHO OOMUi cJIydait 60JABITOTO THCAR
TOYTH BHPOMKJAEHHHX YPOBHEH IPHMEHHM
K MCCJeMOBaHWIO TAKOTO YpOBHA cBoGOI-
HOTO BJIEKTpOHAa, BOJHOBOH BEKTOp KOTO-
poro IMOYTH TOYHO YXOBIETBOPAET YCIOBHIO
0JHOBPEMEHHOT0 CYMecTBOBAHHSA MHOTHX
dpsrropekux orpaskenuit. [lockoabky cia-
OHif TepHoAMYEeCKHi#l MOTeHHWall CHiIbHee
BCEI0 BJUgeT Ha IOYTH BHIPOKICHHER
YPOBHM, MOJKHO CHEJIATH BHIBOX, 4TO 2406-
noe eosdeticmeue caabvilli nepuoduveckull
ROMEHYLAA OKA3BLEAEM AU HA Me YPOSHU
c60600H020 24EKMPOHA, B0AHOEBLE BEKTNODbL
kKomopux GAUSKU K éekmopam, Oonyckaio-
wum 6paecosckoe Ompaxcerue.

Ha crp. 168—172 cucrematudeckn
A3yYaeTcda, B KaKUX CJAYY9asgX BOJHOBOM

|
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pHIN
T’
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|
I
!
!
{

0 —L -
7R q
Qur. 9.3. HzobpaskeHue 3EEPreTHYecKuX 30H,

ONNCHIBAEMHWX  BeIpaskeHuem (9.206), npn
BEKTOPe (], napasireasHoyM K.

BEKTOp CBOOOJHOTO BJIEKTPOHA OyneT MWiIn
He Oymer NDPUHAMNEKATH OpP3TTOBCKAM
DJIOCKOCTAM M KaKoBa 0o0m@as CIPYKTYypa
sHEpPreTHIECKNX YPOBHEH, BO3HMKAIWIIAN
B caabom moreHnmane. CHadama, OEHAKO,

HukHAA 30HA COOTBETCTBYIOT BHIOODY 3HAKA «MUHYC»
B (9.26), a BepxXHAA — BHAKY «ldwc». Ilpu q =
==1/9K 7ABe 30HBI PasHeseHnl Meldbio, INIIe ren-
upHY 2|{Ug!. Korpma TouKa q 3HAYNTeIbHO yIaTeHa
OT OPOrrOBCKOM MNIAOCKOCTH, BHEPTHH YPOBHEll (B Ilep-
BOM OpuOINKeHNU) COBIANAIOT C COOTBETCTRYIOINMY
3HAYEHNAMN [JA CBOCOIHBIX BIEKTPOHOB (IIOCHeN-
HYe TI0KA3aHbl IITPUXOBBIMU JIWHUAMIT),

MHL PAacCMOTPUM CIY9aill, KOTAA CYIIecT-
BeHHa JHMIDb OfHA OpP3ITOBCKAasg IJIOCKOCTh H CTPYKTYpa yPOBHEH OIpefeisercs
ypapuerusamm (9.22). Itm ypaBHeHHs HMeKT pemiehne HPH BHITOJHEHHHI VCIOBUA

éE—éy —Ux
_un E—gs =0, (9.24)
H3 KOTOpoOro cjaefyeT KBaJApaTHOe ypaBHeHHe
(& — &) (€ —€_x)=|Ux 2. (9.25)
Ero nBa kopHA
€= (€ + €40 = [ (B fam )y | (9.26)

ONNCHBAIOT TJIaBHHE Pe3yNbTaT BO3jeHCTBNS HepUOAMYECKOr0 MOTEHIHUalna Ha [Ba
ypoBHA &g M Eq-x CBOGOJHBIX 3JIEKTPOHOB, KOIJA TOUKA ( 6:1HM3Ka K OparroBcKoi
ILTOCKOCTH, olpemeasiemoii BexTopoM K. D1u pemenusa mowxasasm na ¢ur. 9.3.

Bupamenune (9.26) npuoGperaer 0Co6eHHO MpOCToi BUA I TOYEK, JeKamux
nenocpedcmeenno Ha OPAITOBCKON ITOCKOCTH, TaK KaK eCIH ( IPHHALIEHRUT Gpar-
ropcroit miockoceru, To &g = Eq—k. CaexoBaremnHo,

€ =¢34+ |Ux/|, ecam q mesxmr HA OHOII Gparrosckoil miockocru. (9.27)

1) IMagaoue PeHTIeHOBCKNE JIYIU HCIEITHBAICT GP3rTOBCKOE OTPAYKEHNe, ecill X BOJIHO-
BHIC BEKTODH TNpIHA/pIesKaT Gparrosckoil mgockoetn {eM. ra. 6).
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Takum 06pasom, [JiA BCeX TOYEK HA GPATTOBCKOM MIIOCKOCTH ONMH M3 YPOBHEH IIOBHI-
maercA Ha BenuduHy | Uk |, @ BTOpOil HOHEMKAETCS HA TY ’Ke TOCTOAHHYIO BeJIHINHY.
Ucxons us (9.26), merko Takske moKasaTh, uTo Dpu &g = &gk BHIOOJIHAETCS

COOTHOMIEHNE

JE h? 1

S5 = (17 K); (9.25)
T. €. €CJHU TOUKA ( JeKHT Ha OGPBITOBCKON LIOCKOCTH, TO TpaimeHtT § mapanieneH
aToil miockocTu (cM. ¢ur. 9.2, 6). IlockoapKy IrpafweHT HepHeHAUKYIApPeH MOBepPX-
HOCTAM, HA KOTOPHX (YHKINSA MOCTOSHHA, U309HepreTHUecKyue MOBEPXHOCTH BOJN3NA
GpATTOBCKOM IIOCKOCTH IEPIeHAUKYIADHH eif ).

Ecau Touka ( mpuUHANIERUT OAHOM GPATTOBCKOM ILIOCKOCTH, HETPYIHO TaKXKe
onpe/eanTh BU{ BOAHOBEX QYHKINM, OTBeYalomMux ABYM pemenusaM & = &q =+ | Uxk|.
U3 ypaBuenuit (9.22) caexyer, 9ro ecaun ¢ maercs BmpaskeHueM (9.27), To 1Ba K03~
¢unmenra c¢q U cq_x YHAOBIETBOPAIOT COOTHOIIEHWIO %)

cq= == sign (Ux) cq_xk. (9.29)

Hockoapky nmBa atux KoaQQuUIMEeRTa AOMUBHUPYIOT B pasiomeruu (Y.1) mo miockum
BoJiHAM, MBI moxydaem, u4to mpu Ug > 0

2

[ @) 2~ (cos 5 Kox)*, E=¢8 + U,
&

| p()[2 ~ (sin5-Kor),
a ecan Ug <0, 10

()| ~ (sin 5 Kor)®,  E=#4 + U],

‘:z?l _|UK|?

) 5 (9.30)
[P (r)]2 ~ (cosTK-r> , E=¢€y —|Ug]|.

Wxorga ABa HaW[eHHBIX TWIA JMHEHHHX KOMOMHAIWH HA3HIBAIOT BOJNHOBHIMI (hYHK-
nuamu «p-tunay (| P |* ~ sin?Y/,Ker) n «-tamay (¢ |2 ~ cos?!/,K 1), yuursBas

1) 3ror pesyabTaTt 9acTo (HO He ECErJA) OCTAeTCs CHPABEIMBHIM II B CIy9asx, KOrja Hepio-
AI9eCKUIl MOTEHINAJ He MaJ, IOCKOIBKY 00BYHO OPArTOBCKHIE MIOCKOCTI PACIIONOKEHBl TOROIHHO
CUMMETPUTHHIM 06PasoM.

2) Jlas mpOCTOTHI MBI MPEJmoJaraeM 3Kech, 9TO BeJIMIHHA Uk JeiicTBuTeabHA (KpHCTaJd

obiajaer cuMMeTpueil OTHOCHUTENBHO UHBEPCIHI).

Onr. 9.4. a — mapaboandeckas 3aBUCHMOCTb & OT k Al CBOGOAHKX 3JIeKTPOHOB B OJHOMED-
HOM cJaydJae;
6 — TNepBHH IIar IIOCTPOEHNs, HCIOJL3YEeMOre NS onpefieleHnus HCKayKeHHil napadoiant cBebon-
HHX 3JeKTDPOHOB, BO3HMKAWONUX BOJHBH OPSTTOBCKOM «(ILIOCKOCTH» II3-3a CIaBoro Iepuommde-
CKOT® MOTeHIHANA.

Ecsin GparTOBCKAA «IIIOCKOCTh» 3afaHa BHAUCHHMeM K, TO HeOGXOHMMO IIPOBECTH elle ONHY Hapaboily cBOOONHBIX
JICKTPOHOB ¢ BEPIUNBON B TOuKe K

6 — BTOPOIl IIar IOCTPOEHUH, HCIOJIbL3YEMOT0 A OUpPEJeNenns HCKaskeHuit napaGosl cCBOGOIHEIX
3IeKTPOHOB BOJINSBU OPIITOBCKOH «IIOCKOCTIN,
B Touke K/2, B KOTOpOIi mepeceKaiTcsa ABe nmapaGosibl, NOABIAETCA pAcIlelyieHne, T. €, BHPOKIEHNe CHIMACTCH.
2 — wacTH rpaguKa 6, KOTODHE COOTBETCTBYIOT M300paeHHON Ha rpaduKke a NePBOHAUATHHOH
napaGoine cBOOOJHEIX DIEKTDPOHOB.
9 — BauAHHe HA mapaboay cBOOOJHHX 2JIEeKTPOHOB BCeX OCTAJBHHEIX GPAITOBCKUX «INIOCKOCTEM».

Taxol cnocod NMpeACcTaBiIeHNA 3IEKTPOHHBX YPOBHEH B NIEPHOAUYECKOM MOTEHUMAJIE HABHBAIOT cxeMOtl pacuiupen=
HOIX 30H.

e — YPOBHU 3HePTMH, TTOKa3aHHHE HA rpaduke 9, u300PaKeHHLIE B creie RPUSEIEHHBLT 30H.
% — yPOBHH CBOOONHBIX 9JEKTPOHOB, NpuBeJeHHHE Ha rpadurax ¢ u e, m3o0paskeHHbIE B
cxexe nosmopAIOWUICA 30H.
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UX 3aBHCHMOCTL OT Koopgmar BOam3um Todek pemerku. HoMmOGuHaium s-THOA, KakH
¥ I aTOMHHX s-ypoBHei, He 06pamaloTca B HyIb Ha MOHe; B KOMOMHAIIMH pP-THOA
MJIOTHOCTL 3apAa A MaJbX PACCTOAHUN M3MEHACTCA NPONOPIHOHANBHO KBAlpaTy
PacCTosiHnA OT moHa W ofpamaeTes B HYJb Ha MOHE, UTO XAPARTEPHO JAA ATOMHBIX
P-YPOBHei1.

OHEPTETMYECKHE 30HBI B OJHOMEPHOM CJ/IYUAE

MEI MoseM IpouJIIOCTPHPOBAThH MOJyIeHHble 00mMue BEBOIE HA IPHUMepe OHO-
MePHOTO cjydasg, B KOTOPOM BOSMOKHO JHINb ABYKpaTHOe BHposkfeHue. B orcyr-
cTBHEe B3anMONEHCTBHA 3aBHCHMOCTH DHEPTHU 3JJEKTPOHHHX YpPOBHeH OT k HMmeer
Bug napabons (Pur. 9.4, a). B mepBom mopsnxe wo crafomy OXHOMEPHOMY HepPUONH-
9eCKOMY IIOTEHIIMAJY 3Ta KpuBas 0CTaeTCs HeM3MeHHOH BCIONY, KpOMe OKpPecTHOCTH
GpIrTOBCKUX «IJIOCKOCTeH» (B OJlTHOMEPHOM Cllydae 910 TouKHu). Ecian Touka ¢ Gamska
K OP3ITOBCKOM «(IIIOCKOCTHY, OTBeYalomel BekTopy K 00paTHOH pemeTku (1. e. 0JAH3Ka
¥ Touke !/,K), To, 9To6B HAWTH W3MeHEHHHO 3HAYEHWS JHEPTETUUECKUX YPOBHEH,
HeoOX07uM0 BHAUANE HOCTPOHUTD €Ie OfNHY KPHBYO 3aBUCHMOCTH SHEPIHH CBOGOTHEIX
9IERIPOHOB 0T k — mapabony ¢ BepmuHoil B Touxe K (¢pur. 9.4, 6). 3ametum, fanee,
970 BHIPO;KAEHHE B TOUKe IepecedeHNs CHUMAercs; IPHM TOM B JaHHOH TOYKe BO3-
HUKaeT pacileiienue, paBHoe 2 |Uk|, u ofe KpuBbie UMEOT HAKIOH, PABHBIH HYIIO.
TakuMm oGpasom, or dur. 9.4, 6 Mul nepexonum & ¢ur. 9.4, 6. B pesyanrare nmogob-
HOTO IIPeoGpPasoBaHUS MCXONHAS KpuBas JJIA CBOGOZHBIX 3IEKTPOHOB HPUHWMAET
BuJ, MOKAa3aHHBI Ha dur. 9.4, 2. Ilpu ygere Bcex GporroBCKHUX IVIOCKOCTEH W CBA-
3aHHHEIX ¢ HUMU QypPhe-KOMIIOHEHT MH HPHUXOAWM K COBOKYIIHOCTM KPHUBHIX, m306pa-
AMeHHHX Ha fur. 9.4, d. OTor cnocol mpeACTaBIeHN DHEPTETUYECKUX YPOBHEH Ha3k-
BAlOT cxeMOl PACULUDERHBL 30H.

Ecan mpegmodTuTesnbHee 3alaBaTh BCE YPOBHH HOCPEICTBOM BeKTOPOB K W3 mep-
Bofi 30HH DbpHANIODHA, ME MOMKEM NepeHecTH KyCOYKM KpuBEX Ha ¢ur. 9.4, 0
B NEPBYI 30HY, IPOJEJaB CMeIEeHWsA Ha BEKTOPH o0patHod pemeTku. PeayapraTt
mokasaH Ha ¢ur. 9.4, e. Ito mpencraBlieHHe HABHKIBAIT CXeMOU NPUCCOEHHWL 30H
(eM. crp. 149).

Mosgkuo Takie UONYePKHYTH NEPHOANYHOCTH OHMCAHHA B A-OpOCTPAHCTBE,
Opomo.RUB nepuopmyecku ¢ur. 9.4, e Ha Bce k-npocrpancrBo. B pesyasraTte moxy-
qaeresa dur. 9.4, x, 3 KOTOPOH XOPOINO BHAHO, YTO BCAKUHA ypOBEHb ¢ 3aaHHBIM &
MOKeT OBITh ONMCAH TaKiKe M APYIAMK BOJHOBHIMH BEKTOPAMM, OTINIAIOMIAMUCH
or k Ha a1060f W3 BEeKTOpOB ofparHolt pemerku. Takoe upencraBieHme HA3HBAOT
cxemoli nosmop sowuzca 3on (cM. crp. 149). B cxeme mpmBeleHHLIX 30H [JIA 3afaHUA
ypOBHe# HCHOAB3YIOTCA BeKTOpH Kk, neskallme B TepBOW 30He, TOTAA KAK B cxeMme
pacupeHHbX 30H NPUMEHSTCA 0003HAaYeHHs, MOJIEPKMBAKINNE HEIOCpe[CTBeH-
HYIO CBA3b ¢ YPOBHAMHE CBOGOHEIX BI6KTPOHOB. CxeMa MOBTOPAIOIUXCA 30H ABIATCA
HanboTee o0MIMM TpefcTaBieHWeM, HO TaKoe OOHCaHue u306BITOTHO — KAMKIHI
ypOBeHbh MMOKA3aH MHOTO pa3s MJs BCeX SKBUBAJNEHTHHIX BOJHOBEIX BEKTOPOB k,
k+ K. k42K unr g

KPUBBIE 3ABUCUMOCTH 9HEPT'HI OT BOJHOBOI'O BERTOPA
B TPEXMEPHOM CJIYYAE

Huns m306paskeHns CTPYRTYPH 5HEPreTHYeCKHX 30H B TpPeXMePHOM Cjyuae
MHOI[A HCHOIb3YIT KpuBhe saBucumoctn € or k BHoas oOpeleneHHBX NPAMEIX
B k-pocrpancrBe. Takme KpuBhie OOBIIHO M300paskaloTcAa B cXeMe IPHBeJeHHEIX 30H,
DOCKONBKY V1A NPOU3BOABPHOrO HAIPABJIEHAA B A-IPOCTPAHCTEE OHII HE NePHONUIHH.
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Jase B npubimenny COBePIIERHEO CBOOOTHEX JeKTPOHOB HOJIydYaeMble KPHBHIE OKa-
3HIBAIOTCH IOPA3HUTeNAbHO caoRHEHME. [IpumepoMm momxer cay:xuth ¢ur. 9.5, ma KoTo-
poil m3oOpaxeHa saBmcumocTh 3HaueHHmd éf x = A% (k — K)?/2m ot BommOBOTO
BeKTOpa k Inpu u3MeHeHMM ero BIOJEL OHpefeleHHHX YKAa3aHHHX HaIpaBJIeHUIL,
B3ATH Bee BeKTOPH K o0paTHO#N pemerTku, Jesxampe HaCTOIBKO GAM3KO K HAYAIBHOM
TOuKe, 4TOOH PHEPruA He OPEBHIIAJA MAKCUMAJILHOTO 3HAYEHHA HA BePTHKANIBHOM
mKae.

ObGparute BHHMaHme, 4TO OOJBMUHCTBO KPHUBEHIX CHABHO BHPOXKIEHO!). IT0
CBA3aHO C TeM, 9TO HampaBJeHNdA, BAOJb KOTOPHX H300paskeHa 9Heprus, mpencTaB-
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Dur. 9.5. IHepreTHUECKUEe yPOBHH CBOOOJHHIX JJI€KTPOHOB [ T. u. K. pemeTku bpasas. (I3
pa6oth [2].)

QHepruy nocTPOeHsl BHOML OTPE3KOB B mepBoil 80He BpuunisHa, coeguHAlmux Toykn I' (k = 0), K, L, W n X.

BeanunHa gx ~— 9HepTHA B TOouke X, paBHad (In2/2ml [27/al?). I'OpuUBOHTANBHBEIMKM NPAMBHIMA [OKABAHBl BHEPLHN

Depmu g 0603HAYEHHOTO COPARA YNCIIA BIEKTPOHOB B pacyeTe Ha OHY BEeMEeHTAPHYIO AYelKy. KoaundecTso TOYeR
H& KPUBOI 0603HAYAET YHCIIO BHIDOMIECHHHX YPOBHEH CBOGONHEIX 3JIEKTPOHOB, MPEACTABIEHHHX 9TO} KpHUBOii.

JAIT coG0A JUMHAM C TOBOJHHO BHICOKOH cuMMeTpueil, a II03TOMY lekalliie Ha HUX
TOUKK ¢ GOJBIION CTEHNEHHIO0 BEPOATHOCTH MOI'YT OKa3aThCA HA TAKOM jKe ylaJeHUH
OT HECKOJBKUX APYTUX BEKTOPOB 00paTHO pemeTKH, KaK I OT 33JAaHHOTO BeKTOpa.
HoGaBnenne craforo mepmofH9ecKOro MOTEHIWAJAa OOKYHO YACTHYHO, HO HE TOJ-
HOCTBIO, CHUMAaeT TaKOe BHpOMeHUe. UToOH ompeneanTh, KaKMM EMEBHO o0paszoM
OPOUCXOAUT CHATHE BHPOKIEHEWs, TACTO HCHOIB3YIOT MaTeMaTH4ecKyl0 TeOpHIo
TPYII.

IHEPTETUYECKAA INEJIb

B o6mem caydae crnabril mepuoANIecKU# TOTEHIEAJ UPUBOAMUT K BOBHUKHOBE-
HUIO «3HEPreTHYeCKOH meim» BOAM3M OpsrroBCKUX IIockocred. Mlmeercs B Buay
cirenyomee.

Ecaiu Ug = 0, T0 npu mepeceueHEmE BOJHOBHIM BEKTOPOM OpP3ITOBCKOM Myo-
cKocTH, coriacHo (9.26), coBepmaerca HeMpepHIBHHIA Nepexoy ¢ OLHO#E BeTBY Ha APY-

1) IlopdgepKHEEM, 9TO TePMUH «BHPOMKAEHHEe» B KBAHTOBOH TEOPHU KPUCTAJIOB ICHIO0JIb3YeTCA
HECKOJILKO HHAdYe, 9eM B JPYTHX DPas3fejaX KBAHTOBOI MeXaHHMKH: COCTOAHUA CUHUTAIOTCA BBIPOK-
MEHHHMH, €CAN Y HBYX HJIX GOJBUIETO TUCJIA COCTOSAHHUI COBMNANAIOT He TOJBKO 9HEPIII, HO B KBa-
31BOJHOBHE BEeKTOPH.— [Tpum. ped.
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ryo, xax mokasaso Ha ¢ur. 9.4, 6. Ecam Ug == 0, 10 310 yme me Tak. Temeps
Opy Iepexofe BOJHOBOTO BeKTopa k depes GPIrroBCKYI0 HIIOCKOCThL BHEPTUMA HM3Me-
HAeTCA HeIPepHBHO TOJBKO B TOM CIyYae, eCIH MH OCTaeMCA Ha KPHBOH, 0TBewaio-
me#l HUKHeH (AN BepXHeil) BeTBW, Kak »To BmaHO u3 ¢ur. 9.4, 6. Uro6s mepeiitn
¢ OJ[HOH BeTBH Ha ApPYI'YI0O ODH HeHpePHBHOM W3MEHeHWU Kk, SHEPTHMA ONKHA H3Me-
HUTBCA cKaukom 1o KpaliHe# Mepe Ha BeamumHy 2 | Ug
B rx. 12 MH yBummM, 9TO TAKOMY MaTeMaTHYeCKOMY pAasMleleHHI0 OBYX 30H
COOTBETCTBYeT UX QmsuuecKoe paspmenenme. Horma moj nelicTBEEM BHEITHETo IO
OPOMCXOJMT M3MEHEHHe BOJHOBOTO BEKTODA 5JAeKTPOHA, HAJWIAe DHEPTETHUECKOl
menn NPUBOAMT K TOMY, UTO IIOCJe DepecedeHmsi GPITTOBCKOM IIIOCKOCTH BIEKTDPOH
OKaBHBAETCA HA YPOBHE, SPHEPTHA KOTOPOTO NPHHATJICKHT MCXONHOM BeTBH 3aBHCH-
ymoctu & (k). VlmeHHO Oimaromaps 5TOMY CBOMCTBY 9HepTeTHUYeCKas MIeNTb WIpaeT
dyHIaMEeHTANBHYIO PONEH B aHAJIW3e SJIEKTPOHHHX ABJEHWHA IepeHoca.

30HA BPUJLIIOOHA

[Ipumenenne Teopum IOYTH CBOOOAHHIX 3JIEKTPOHOB A OLpefeJeHHA 30HHOK
CTPYKTYPH B TpPeXMepPHOM KDHCTAjile BelleT K O0Y6Hb CHOMKHEM TeOMETPHUICCKIM
HocTpoeHmAM. JacTo BaskHee Bcero maiitu mosepxHocTh QepMmu (cTp. 148) m umccae-
moBath moBesieEme &, (k) BOmmM3M Hee.

Meron onpefieneHHs 5T0 HOBEPXHOCTH B cAydae CaafHX HOTEHIMAJIOB 3aKJIIO-
gaercA B ciefyiomeM. Bruauare crpoum chepy Depmm CBOGONHEIX 3JIEKTPOHOB C IEHT-

dur. 9.6. a — chepa CBOGOAHHX JIEGKTPOHOB, liepeceKaomas OpParroBCKYI0 ILNIOCKOCTh, YAa-
nennylo Ha 1/,K or madampmoil rourn (U, = 0);

6 — ucKakeHHe CQPEPH CBOGOMNHHX 3JIEKTPOHOB BOIU3H OPITTOBCKOH mIockoctd mpu Uy = 0.

T10BepXHOCTb [IOCTOSTHHOM SHEPIUY NEPECEKAeT IIIOCKOCTD 10 BYM OKD Y*KHOCTAM, PAAKYCH KOTODBIX BEIYNCIAIOTCH
B 3apaue 1.

poM B Touke k = 0. 3areM ciaefyer ydecTh, UTo Kam/Ihi pas, Korja ara cdepa nepe-
cexaeT G6parroBCKYI0 INIOCKOCTH, OHa AedopMmpyeTcA oIpefleleHHEM 00pasoM, Kak
mokaszano ma ¢ur. 9.6 !). Eme ciosxree oma medopMumpyeTcs Ipu OPOXOEIeHUR
BONU3M HECKOJALKEX GPATTOBCKHX LJIOCKOCTel. YUHMTHBaA BIMsAHUWE BCeX OPOITOB-
CKUX IJIOCKOCTe, MK OIPUXOJHM B CXeMe PAaCIIEPEeHHEX 30H K H300pasKeHHIo II0BepX-
nsoctm Pepmu B Bufle PacwieHeHHOH cdepr. UToOH mocTpomTh WacTM MOBEPXHOCTH
(epmu, nexamue B Pa3IHYHEX 30HAX B CXeMe HOBTOPAIOIMUXCHA 30H, MOKHO LIOCTY-

1) D70 caegyer W3 AOKA3aHHOTO HA cTp. 165 dakra, 9To B mpuOIuKEANN MOYTH CBOGONHHX
5IIEKTPOHOB M303HEPTeTHIeCKasy MOBEPXHOCTh MEePIeHAMKYAAPHA OpPSrroBCKOH mIOCKOCTH, KOTO-

Py OHa HepeceKaert.
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DaTh aHAJOIUYHEM 06pas3oM, T. €. HOCTPOMTE CHagaja cfephbl CBOGONRBIX 3J1eKTPOHOB.
C LEHTPaMu BO Bcex ToUKax obpaTHoi pemeTku. UT0oGH IOCTPOMTH HOBEPXHOCTB.
Qepmm B cxeMe IPWBENEHHBIX 30H, CJIeflyeT IEPEHECTH BCE KYCOUKM pacujeHeBHOH
chepH B IepByI0 30Hy BpminiosHa, BoCIONB30BaBIIUCH TPAHCAANMAMH HA BEKTODPH
obpatHoit pemerkn. lna cmcremaTmsanum mofo6HON HPOLENYPH BBOIAT TeOMETpH-
JeCKUe HpefCcTaBieHHA o (ojiee BHICOKMX
30Hax Bpwnrosna.

HanomunMm, uTo mepBast 30Ha DBpmi-
JI09HA IPEfICTABNAET COO0H dIeMEHTAPHYIO
aueiiky Burmepa — 3eiitna gas o6paTHoit
pemerkn (cM. cTp. 85 m 98), T. e. coBo-
KYIHOCTB BCEX TOUEK, Je/KamuX Oamxe K
K = 0, wem k m1060% Apyroi Touxe oGpar-
Hoii pemeTku. I[lockoabKy Oparrosckme
IVIOCKOCTH IEPHeHANKYAAPHH OTpPe3KaM,
COBIMHAIMUM HAYANBHYIO TOYKY € TOYKA-
ME OODATHOM pPemeTKH, M JeNAT MX IOHo-
JaM, MOKHO JaTh eIe OfHO, 9KBUBAJEHT-
HOe OIpefieieHRe: mepBas 30Ha Bpunmiosna
o6pa3oBaEa COBOKYIOHOCTBIO TOYEK, KOTO-
PHX MOKHO JOCTHYH W3 HAGAJBHON TOIKH,
He IepeceKas N0 NyTH HO OXHOH Gparros-
CKOfl miockocT: ).

Boxnee Bricokme 30HH Bpuaaiosma —
3TO Apyrue obaacTu, TaKKe OTPaHWYEH-

®ur. 9.7. Onpepenerne 308 BpuanwsHa B
caydae JAByMepHoHl KBaJpaTHOLl peuieTKu

HHEe OpsrroBeKuMu miuockocTamu. Onn
OIpefledAI0TCA CAEXYIIMuUM 06pasom.
Ilepeas sona Bpuansiosna eCTh COBOKYII-
HOCTh TOYEK B k-IPOCTpaHCTBE, KOTOPHIX
MOKHO IOCTHY b 3 HAYAIBbHOM TOUKH,, He Te-
pecekas Hu 00Hol OPOTTOBCKOM MIOCKOCTH.

Bpasa.

O0paTHasa pemeTKa TaKMKe IpeacTasiser co6Oii
KBagpaTHYIO pemeTKy €O CTOpPOHOI b. M300pareHn
BCe OpPS3TTOBCKME INIOCKOCTH (B IBYMEDPHOM clydae
9TO TIpAMEHE), DACHOJIOMKeHHblE BHYTPHM KBagpaTa
€0 cTOpOHON 2b ¢ HmeHTPOM B HAYAJLHON TOUKe. DTN
6pOTTOBCKME IIIOCKOCTH JIeNISAT KBampaT Ha ofaacru,
OpuHANIeKaNlue 30HAM OT IIepBOIi A0 IHecTol (mesm-
KOM BHYTPM TAKOT0O KBaipara JIeKar, OJHAKO, JWNIb

Bmopas 3ona Bpuaawsia — COBOKYUHOCTE UepBaA, BTOPAA M TPETHA 30HbI).

TOYeK, KOTODHIX MOMKHO JOCTHYb W3 mep-
BOM BOHEI, €CAM Hepeceyb BCEro OHHY OpPSITOBCKYI0 HOCKOCTH. COOTBETCTBEHHO
(n -+ 1)-a sona Bpuaaiwosna — 9TO COBOKYHHOCTh TOUEK, KOTODHIE Jie3KaT BHe
(n — 1)-ii 30HB W KOTOPHX MOMHO JOCTAYbH W3 N-ii 30HH, IepeceKas BCETO ONHY
OpP3ITOBCKYIO IIOCKOCTD.

Mz moxeMm Takke ompefenuTh n-i 30nYy Bpusaaiosra kak COBOKYIHOCTH BCeX
TOYEK, [7IA JOCTHKOHHA KOTOPHX N3 HaJaJbHOH TOYKM HeOoGXONMMO Iepeceub POBHO
n — 1 OpA3rTOBCKYI0 ILIOCKOCTH.

Ha ¢ur. 9.7 npuBeenHme onpefeseHnsa MIIIOCTPUPYIOTCA HA LpHMEpe IBY-
MepEOTro caydad. IloBepxHocTn DepBHX TpeXx 30H IJA TI. I. K. M 0. II. K. PEHIETOK
nokasasH Ha ¢ur. 9.8. O6a ompefeneHusA MOJYEPKHBAIT TO BayKHOE ¢ (M3MICCKOM
TOYKW 3peH¥s OGCTOATENHCTBO, ITO 30HH OrPAHMYEHH GPOTTOBCKEME ILIOCKOCTSMI.
CnemosaTenbHO, OHM HpefcTaBAAIOT co6oit 06jacTH, Ha HOBEPXHOCTAX KOTODHX
BIHAHAE Cna6oro NepmojudYecKOoro NOTeHIWala HamGodee 3HAYUTENBHO (dPQexT
IepBOro MOpAAKA), TOTJa KaK B INTy6uHe 30H HOUPABKM K DHEPTETHYECKUM yDOBHIM
cBOOOJHBIX 2JEKTPOHOB BOSHWKAIOT JUMb BO BTOPOM HOpAIKe.

1) MH unckiodaeM u3 PacCMOTPEHNsl TOUKH, Jeialllie CTPOTO HAa GPITTOBCKOI IIGCKOCTH
I OTHOCANNECS ONHOBPEMEHHO K HECKOJNbKUM 30HaM. B IpUBOAWMEIX HaMI ONpeleNeHHAX Peib.
HEET JHUIIb O BHYTDEHHNX TOYKAaX 30H.
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“®ur, 9.8. [loBepxsocTH NepBoil, BTOpoii U TpeThell 30H bpunawsna paa o. 1. K. (a) 1 1. 1. K, (6)
kpucramnoB. (M3 pabGotm [3].)

ITokazaHH TOJIBKO @Heitiiie MOBEPXHOCTU. M3 onpemeneHnsa Ha cTp. 169 ciaemyer, 9TO snympennan MOBePXHOCTH n-it

BOHH COBIAZAET C BHEINHel MOBEPXHOCTBIO (n — 1)-i 30HK. BHUIFO, YTO ¢ YBEIMUEHUEM HOMEDA 30HbLI OFPAHIYN-

BAKIIAA ¢€ IMOBEPXHOCTb CTRHOBUTCA BCe §oJiee CIOMHO#. IHa mpaKTuKe QA MOCTPOEHMA UOBepXHOCTell Depmu

CcBOOOIHBIX 2TEKTPOHOB YACTO UCIONB3YIOT 0Jee IPOCTHE METON (AHAJIOTMYHEE OTUCAHHOMY B 3agaue 4), B KOTO-
PHIX He 006A3aTesIbHO 3HATH ABHBIM BUX 30H DBpIULTIOOHA.

OueHb BaKHO HMETH B BUJY, 4T0 KayKIasd 30HA BpUiIoona ABIAETCA jIeMeHTap-
HO# Adeiikoll o6paTHOH pemeTKH. JTO CBA3AHO € TeM, 4T0 n-f1 30Ha bpunnwsua
€CTh COBOKYUHOCTD TOYCK, JIVIA KOTOPBIX HavaJlbHAasg TOYKA OOPATHOH pemIeTKM OKa-
sEBaeTcA n-H OnmKadmed Toukod (Touxa K obparnoit pemerku Gammxe x Touke k,
geM k K Ha4aJbHOH TOYKe, B TOM M TOJBKO TOM ciydae, Korma Todka k orgenena
OT HAYAJABHOHR TOYKHU OpPITTOBCKOH IIIOCKOCTHIO, 3amakaemoli Bekropom K). Ho Torma
IJs [oKa3aTeJbCTBa TOTO, UTO n-A 30HA DBpuniiosna mpefcraBiser cofoit aineMen-
TAPHYI0 AYefIKy, MOKHO BOCIOJB30BATHCA DACCY/RIACHHAMH, NIPUBEJeHHBIMH
Ha crp. SO [iA MOKasaTenbcTBA DIEMEHTAPHOCTH svedikm Burrepa — 3eiitna
(T. e. mepBoit 30HH Bpuamoona); Heo6X0oqUMO JUIL BCIOLY 3aMEHHTH B HUX CJI0BA
«OnmKaAmUE cocel» BHpayReHWeM «n-# OmRadmuit cocemy.
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@ur. 9.9. Chepa Pepmm cBOGOAHHIX IAEKTPOHOB s I. I, K. MeTaiia ¢ BajJeHTHOCTbIO 4. (M3
pa6oter [3].)

IlepBas 30Ha BPHJLIIOSHA JIEHUT TOJHOCTHIO BHYTpH chepsl. Chepa He mpocTUpaercs Hajblle YeTBEPTOHi BOHBL
BpnaumosHa. Cdepa mepecexaer TOJBKO (BHENIHME) DOBEPXHOCTH BTOPOi U Tperbell 30H (cp. ¢ur. 9.8, 6). IToepx-
HOCTH PepMi BO BTODOIA 30HE COCTOWT M3 TeX uyacyeil cdepsl, KOTOPHIE JiesKAT BHYTPH MHOTOTPAHHMKA, Orpanudu-
BAIHIEr0 BTOPYIO 30HY BpuimmosHa (T. e. OHA mpelcrapiaseT cofoit BCIO chepy, Ba NCKIIOYEHHEM TEX ee 44CTel,
€OTODHIE PACTIOIOMKEHB! 38 IIPefe]aMi MHOTOPPAHHMKA a). KCIIH YacTH NOBePXHOCTYU BO BTOPOJi 30HE NEePEeMECTUTh
B [IEPBYIO 30HY BPIINIOSHA TP TIOMOILK TPAHCIANMA HA BeKTOPh 06DATHOH peleTKn. T0 OHM O0PABYIOT MPOCTYIO
OTHOCBA3KYI QUIVYPY 6, KOTOPAsA HOCUT HAa3BaHHE «IHIPOYHOH MOBEPXHOCTU»; YPOBHU, HAXOOAMMECA BHYTPH Hee,
0baafa0T GONBIIEME SHEPIUAMM, UeM YPOBHIt BHe Hee. [ToBepXHOocTh PEepMH B TPEThell 30HE COCTOUT M3 TEX YacTel
cihepbl, KOTOpBIE JI&KAT BHE BTOPOU 30HH (T. €. 33 npefiesaMy MHOTOTPAHHUKA @), HO He BHIXOMIAT 32 HpeJesibl TPeTh=
eff 30HHI (T. €. COmeP;KATCA BHYTPM MHOTOrPARHHUKA 6). ECnM IlepeMecTuTh 9TH 4acTH B IEPBYIO 30HY BPUIIIODHA
HPIf IIOMOIIM TPAHCAAUNA HA BEKTOPH! OGPATHO pellleTKM, TO OHU RAXYT MHOTOCBA3HYIO CTP YKTYPY 2. II0BEpXHOCTH
DepMu B yeTBEPTOi 30HE COCTOMT M3 OCTARIMMXCA Jacrelf Cdepsl. PACTIONOMKEHHBIX CHADYIKHM TpeThell BOHBI (CM-
¢ur. 6). Ecin IepeHeCTH UX B MEPBYIO 30HY BpmililosHa myTeM TDAHCIANME Ha BEKTODH O6PATHOU pelreTKd, TO
OHI 00pa3YIOT «3JeKTPOHHLIE KAPMAHEB, N300paKEHHbIe Ha Our. 8. JLJIA 1pOoCcTOTH Ha GUr. 2 M d [I0KA3AHO TOIBKO
nepecevenne nmosepxHocTed MepMit B TpeThbeif M YeTBEPTON 30HAX C MOBEPYHOCTBIO MEPBON 30HH BpuimosHa.

HockoAbKY Kampasa 30HA ABIAETCA 3MEMEHTAPHOH s9efKoi, CymecTByeT Ipo-
CTOH a;ITOPUTM HOCTPOEHUs modocTeit nosepxHocT DepMu B cxeMe MOBTOPANIUXCHA
30m 1), JroT amropurMm 3araI09aeTcs B CIElYIOMEM.

1. IMocrpouts CHepy DepME Nas# CBOBOAHEX 3JTEKTPOHOB.

2. Cuerka negopmupoBaTh ee (Kak mokasano Ha ¢ur. 9.6) B HemocpenCTBeHHOM
(AM30CTH K Ka;KHO# m3 OparroBekux ILtockocreil. (B mpenene upesprwaiino ciaaboro
DOTEHINAJa ‘B MePBOM NPHONIKEHHH 9TOT IMAr MHOTJA OMYCKAIT.)

1) IIpedcTasaenue moBepxrHOCTH MEPMI B CXCMe [OBTOPAKIIIXCA 30H ABIseTcA Hanboiee
obmmI. Hacaagusmucs spesnmeM Kakroii-nnbo nogocti nosepXxuaoctn Pepmi Bo BeeM ee mepuogi-
qeCKOM BeJIMKOJSHIH, BE MOKETe 3aTeM BHIODPATHL TAKYI0 3JIeMEHTADHYI0 AYeilKy, B KOTOPOI Hau-
{oJiee OTYETIMBO TIPOSABJIACTCSA TONOJOIHISCKAA CTPYKTYPA BCell MOBEPXHOCTI (9aCTO, HO He BCeTfa,
5TO mepBad 30HA DPHIATI0dHA).
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3. Bsarp B Ty "acTh moBepxHOCTHM cepHl CBOGORHBIX BIEKTPOHOB, KOTOpasm
JeUT BHYTPH h-ii 30HH DBpunmiosHa, n noiBeprHyTH ee TPAHCAANMAM Ha BCE BEK-
TOpbI 06paTHOH pemeTkn. I[loayuamwmascs noBepXHOCTH NIPECTABAAET COGOMH 10JT0CTD.
noBepxHoctn QDepmu B cxeme mopropalommics 30H Y). (Iloctpoemnyio Takmm ofpa-
30M IOBEPXHOCTh HUPHWHATO OTHOCRTH K N-H YHEPTeTHUYECKOH 30HeE.) ,

Ecam moctponts mosepxmoctu m3 cdephl (Depmu misi cBOGOOHEIX DJE€KTPOHOB,
OIIyCKasA BTOPO# mar B yKasaHHOM ajTopuTMe, TO 00BYNO HOCAeNYIOMHAl yueT cia-
(0r0 meprofUIEcKOro MOTEHIMANa TPUBOJANT JWIIb K CIIKUBAHUIO YIIOB 1 pedep.

llepgasn 3oHa Brmopaa sone | Tpemsa soHo 1 Hemsepmas JUH[I‘—I
— ‘ !
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®ur. 9.10. Iloepxuroct PepMu A CBOOOAHBIX JEKTPOHOB B T. 1. K. MeTajaaX ¢ BaJeHTHO-
cramu 2 n 3, (Ilo paGore {4].)

(Hpu BaneHTHOCTH 1 BCA NOBEPXHOCTL PepMU PacCIONOKeHa BHYTPU IIePBOI 30HH ¥ [JOSTOMY B HU3MIEM HOpAIKe
ocraercs chepUYecKoil; T0BePXHOCTh MepMHU TP BANEHTHOCTH 4 u300pa)kena Ha ¢ur. 9.9.) ITOKa3aHbl BCE MOJOCTIL
nogepxHocTH PepmMu. BriGpanHbie dlIeMEHTAPHbIC AYeliky MMeIT POPMY M OPUEHTAIMIO TIePBOIf 30HH BPUANIODHA.
OpHaKO fYelfika MeHCTBUTENLHO ABJIAETCA NEPBOl 30HOH BpunmosHa (T. €. €€ HEeHTP HaXOuuTcA B ToyKe K = 0)
TONBKO ML MOBEPXHOCTEH BO BTOPOM zomne. Ha u300pase€HMAX NOBEPXHOCTEl B NePBOH # TpeThell 30HAX TOUKa
K = 0 pacnonokeHa B LieHTpe OHOI 113 TOPMBOHTANLHEBIX TPaHel, 4 HA UB00PaXEeHUN NOBEPYHOCTH B YeTBEPTOIl
30HE OHA JIEIKUT B I[EHTPE IECTUYTONLHOM TPaHN BBepXY clipaBa (MM Ke HA NapaliegbHoil eii IPOTUBONONOMKHOIN
rpaHu, HeBNEHOH Ha cxeme). IffecTb KPOIIEUHBIX «3JI€KTPOHHBIX KAPMAHOB», COCTABIAIOMINX HOBEDPXHOCTbH B UET—
BEPTOli 30HE IPU BAIIGHTHOCTM 3, JIEXKAT B yIJIaX HPABMIHHOTO HIECTHYTOJNILHUKA, IOJIYYAEMOTO MYTEM CMEMeHNA
9TOl IecTHyroasHoit rpann B Hanpasnenun [111] va nuuAY, PaBHYIO TONOBUHE PACCTOSHMS KO NPOTHEONOIOKHOLN
rpann. (COOTBETCTBYIOIME NMOCTDOEHMA BJIA O. 1. K. METAiNOB MOMHO TaKe HaliTh B paGote [4].)

Opnaxo ecam momoctn moBepxHocTH (DepMm COCTOAT M3 OUEHEL MAlbIX KYCOYKOB
(oKpyRalOmMuUX 3amoHeHHHEe WM He3aIOJHEHHHE YPOBHUM U HAZHBAEMBIX 3JEKTPOH-
HEIMU WIH JBPOYHBIMH (KapMaHAMHY), TO Caa0mii DeprOnUeCKMH IOTeHIHAN MOMAKET
CTaTh OPUIMHON WX MCYe3HOBeHHA. Hpome Toro, ecam moBepxHocTh OepMu A CBO-
GONHHIX 2JIEKTPOHOB HMeeT 0UeHb y3KUe CeYeHMs, TO cJAabbit MepHuouiecKuil MOTeH-
OMaJ MOMKET BHBBATH PA3PHB NOBEPXHOCTH.

HexroTopsie mocTpOeRNA, HCHOAb3YeMEle TPU U3YICHHM [109TH CBOOOTHEIX 2JeKT-
POHOB B I. Il. K. Kpucrajiax, npmsefierst Ha ¢ur. 9.10. lloxoGusie moBepxHOCTH
Qepmu 171 MOYTH CBOOOTHEIX 2JIEKTPOHOB MIPAKT 0YeHb BAaKHYIO POJIb IPH H3yde-
HUE peaJdbHHX moBepxHocTeir DepMm MHOrMX MerTajsioB. JT0 MH YBHIUM B Ta. 15.

!) AnprepHarnBHAA NPONEAYPA 3aKII0UAETCS B HEPEHeCEHHH KyCOIKOB IOBepXHocTu (Mepmir
B n-il 30He Ha TaKue BEKTOPH 00paTHOI pelleTkn, KOTOpPHE MepeBOAT 3TH KYCOUKI 113 n-if 30HH,
T7le OHU COJEPIKATCs, B NEPBYI0 30HY DpminiosHa. (Takme TpaHCHAHIN CYIMECTBYIOT, TOCKOABRY
n~s1 30HA OpeicTaBiageTr cofoli MpuMuTHBHYW sueiiky.) Ilpumep mokasam ma ¢ur. 9.9. Urobh
TOCTPOUTE 3aTeM IOBePXHOCTH (DepMM B cXeMe TOBTOPAIMUXCA 30H, HOOGXOMUMO MOJYIHBIINECH
B NEPBOIi 30HE OBePXHOCTH IOABEPIHYTh TPAHCIAALMAM Ha BCe BEKTOPH 00paTHOIl pellerk.
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FEOMETPHYECKMI CTPYKTYPHBII ®AKTOP
B MOHOATOMHBIX PENIETKAX C BA3UCOM

Hurme Bomme MH e HMCHOAB30BANM HUKAKNX [APYLHX CBOACTB IOTEHI[MAJA
U (r), KpoMe ero mepuoAUdIHOCTH, U, AIA yA06CTBa, CHUMMETPUHA OTHOCUTEIbHO HHBEP-
cun. Ecim B3rasayTs Oojiee BHEMATEIbHO Ha ¢opMy moreHnmana U W BCHOMHHUTB,
9T0 OH COCTOMT M3 CYMMB QTOMHBIX IIOTEHI[HAJOB € IIEHTPAMH B TOYKAaX PAacioJio-
JKEHHA MOHOB, TO MOKHO CIelaTh HEKOTOPhle NONOJHWUTEJBHEE BHIBOAbI, MMeIOIue
3HayeHue [JIsI HMCCHETOBAHUA HIEKTPOHHOM CTPYKTYPH MOHOATOMHEIX PeNIeTOK
¢ GasmcoM, TAKUX, KAaK CTPYKTypa THUOA aiMasa MM TeKCATOHaJbHAsA MIOTHOyOa-
KoBaHHag (I. H. y.) CTPpYKTypa.

IipenmomosxuM, 9T0o Gasuc 00pa3oBaH MASHTHYHBIMU MOHAME, DPACIIOJIOKEHHBIMI
B Toukax dj. Torma mepmopguveckmii morennuan I/ (r) mmeer gopmy

U(r):%?gb(r—[i——dj). (9.31)

HogcraBasas sro BHpakeHHme B ypasHeHume (8.32) ana Uy, Haxogum
! 1 CiKer O
Ug=—- S dre=iker S ¢ (r—R—dj;) =

IIo Aueiixe R,j

=1 S dreikt B ¢ (r—dy),  (9.2)

ITo BCcemMY npo-

CTPaHCTY
anu
Ux=— ¢ (K) Sk, (9.33)
rie ¢ (K) — ¢ypbe-KOMIIOHEHTa AaTOMHOTO HOTEHIIMAJA,
$K)= | dreixrgp, (9.34)
IIo BCemy mpo-
CTPaHCTRY

a Sg — CTPYKTYpHBHI aKTOp, BBefleHHH HAMHA IPH 00CyKUeHAN NTuPpaKuAN peHT-
TeHOBCKUX JydYe#r B ria. 6:

Sg= e 4. (9.35)

Taxum ob6pasoMm, Korja 6as3mc uMeeT TAKYH KOHPUIYpPaUuWio, YTO CTPYKTYpPHELA
$akTOp MIS HEKOTOPHX OPAIITOBCKUX ILIOCKOCTEH 00paimaeTcs B HYJb, T. €. KOTAA
3TN OJIOCKOCTH He JAlOT PEeHTTeHOBCKHX AMPPAKIMOHHHX MAaKCEMYMOB, TO o0pa-
maeTcsi B HyAb ¥ (ypbe-KOMIOHEHTAa NEePUORMISCKOTO IOTEHIIMANa, CBA3AHHASA
¢ TAKUMHZ IJIOCKOCTAMH. JTO 03HA9aeT, 9T0 B HUI3IMEM HODAIKe MCUe3aeT pacIieiie-
HUE COOTBETCTBYIONIMX YPOBHEH CBOOOAHHIX 2JAEKTPOHOB.

IMonyseBHH# pe3yabraT 0COGEHHO BajKeH B TEOPUHM METAJJIOB C T. I. Y. CTPYK-
TYpoi#l, KOTOPHX cymecTByer Oojee nBafmaTd maATH (eM. Tabx. 4.4). IlepBas soma
bpunaossa OnAa mpocroil TeKCaroHAaJBHON pemeTHH IpencTaBaseT cobol npmsmy,
B OCHOBAHHMH KOTOPOH JIe}KUT NPABUIBHHA mecTuyroabHNK. OXHAKO CTPYKTYPHHIA
($aKTOp, COOTBETCTBYIONMI INECTHYTONBHHIM (IHY» U «BEpXy» NpusMu, ofpamaercs
B HyIb (CM. 3afady 3 B ri. 6).

Ioatomy, coriacHo TeopHH DOYTH CBOGOXHEIX JJIEKTPOHOB, HA JTAX IPAaHAX
B IepBOM IOPANKE TEOPWH BO3MYIIEHHI pacmenieHne yposiell cBOGONHEX SIEKTPO-
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®ur. 9.11. ITopepxEocTs MepMy IIA CBOGOMRHX 3JEKTPOHOB B ABYXBAJIEHTHOM T. I. Y. MeTaJle
¢ U7ilea bHHM OTHOIeHueM ¢/a = 1,633. (3 pabotu [5].)

IIOCKONBKY I'. I. Y. CTPYKTYPA ABIAETCA IPOCTONH MeKCArOHAIBLHON C JBYMA aTOMAMM B BJIeMEHTAPHOM fAueiike, HA

KaKIYIO BJIEMEHTAPHYIO AYENKY IPUXOQUTCA IO YETHIPe 3JIEKTPOHA. ITOyyaAloIaACH B 9TOM Cyuae OBEPXHOCTH

@epMy COCTOMT M3 GOABUIOTO YHCIA JacTel, HAUMEHOBAHMA KOTOPBIX IOBOPAT O HE3AYPANHOM BOOGpAasKEHHH I
BKYyce mncciemonaredielf, MX NpPel0KUBIINX. .

o — «dupounntil xapman». Iepsas 30Ha HOYTH NOJHOCTHIO 3aL0JIHEHA cepoli CEOGONHBIX 3IeKTPOHOB, HESaAHATEIMH
OCTaOTCA JIMIIE Manble O0NACTH, PACIONOMKEHHEE B INECTH BEPXHUX M INECTH HIKHHX yriax. LIyTeM mepeHoca Ha
BEKTODE! OGPATHOH PEINeTKN 5TH 0GJIaCTH MOKHO COGPATH BMECTe M IMOJYIMTH ABA N300DaKEeHHBIX OOBeKTA.

6 — «uorcmp». GacTu MOBEPXHOCTH QepMU CBOGOMHBIX 3J€KTPOHOB, OTHOCALIMECH KO ¢mopotl 30He, MOMKHO mepe-
MECTATH IIYTEM TPAHCIAALIME HA BEKTOPH O0DATHOH pemerKH B HEPBYID 30HY, THe OHM OOpa3yIOT IPOTHHKEHHYIO

CTPYKTYPY 6. BHYTPY «MOHCTpa» HAXOHATCA HEBAMOJHEHHbIE YDPOBHII.
6 — M3 HacTeil nosepxHOCTH DepMH, JIEKAILNX B mpembeil 308e, MONKHO COGPATh HECKOJLKO TIOBEPXHOCTel, BHYTPU
KOTOPBIX HAXOOATCA 00JIACTY, 3AI0;IHEHHBIC 3J€HKTPOHAMH. OTO OJHA «auMn3g», OBE «cuzapus» U TPU «Gafovxuy.
2 ~— M&JIOe YMCJI0 YPOBHEN CBOGOMHBIX anex{’rponoxsd)a 4erBepTOli 30HE paer TPU «KApMaHa» THIA NOKA3aHHOIO HA
urype.
II0O0HBIE CTPYKTYDH BOBHMKAIOT B TOM CJyduae, KOrna I:«nvxee'rc;z 3HAYMTENIbHOE pacuieljeHle YPOBHEl CBOOOJHBIX
9NEKTPOROB HA MECTHYIOJbHHIX I'PAHSX B IIEPBOl 30He, 06YCIOBIEHHOEe CHMH-OPOMTANILHOII CBA3bIO. B cayuae
oveHb CNA00N cMH-OPGHMTANBLHON CBA3U (KAK 9T0 MMEeT MECTC AJNA JeTKHMX 3JIEMEHTOB) pacHielIeHNeM Ha JTHX
IpaHax MOMHO npeHebpeys U MOJYUUTH CTPYKTYPH, IOKazaHHbe HAa ¢ur. 9.12,

1
1 o
~d . - [ P

®ur. 9.12. Bupg nosepxmoctn MepMi ABYXBaJeHTHOTO I. I. y. MeTalla, Hodydamomeiicsa, eciau

cofpaTh BMecTe BCe 9acT¥ Ha ¢uT. 9.11, KoTopHe GHIM OTHENEHH APYT OT APYra TOPH30HTAILHEIMII
I0eCTHYTOJAbHEIME I'DaHAMHU lepBoil 30EH bpuamosna. (Ilo paGote [4].)

YacTn DNOBEPXHOCTH B NEPBOH 1 BTOPOii 30HAX 06pPA3YIOT BMECTE CTPYKTYPY, IOKA3AHHYIO C/I€BA, MHOMKECTBO Y&~

cTefi IOBEPXHOCTHY B Tperbelt 1 ueTBepTOil 30HAX KAET CTPYKTYDY, U300PRKEHHYIO CIIpaBa. TAKO0M BI NMeeT noBepx-
HocTh depMM, €CIM HEe YUMTHBATL COMH-OPOUTANBHYIO CBA3H HA WIECTHYTOJAbHHX TpaHAX.
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HOB OTCyTCTByeT. MosKeT HOKa3aThCs, 9T0 MaJloe pacilienileBue Bee e NOIKHO HMeTh
MecTo 3a cueT 3PderToB BTOporo m Hoiee BHCOKOTO mopAfka. OmHako, ecau OFZHO-
5JEKTPOHHBIA raMUJBTOHUAH HEe 3aBUCHT OT COMHA, MOJKHO JOKa3aTh. 9T0 B T. I y.
CTPYKTYpe JI1060i 610Xx0BCKUIA YPOBEHD ¢ BOJHOBEIM BeKTOPOM K, JleKamuM Ha Iecrtn-
YTOJBHON T'pamd mepBofl 3oun DpminiosHa, MouKeH OHTH Do MeHbmedl Mepe IBY-
KpaTHO BHIpOK/ieHHEIM. COOTBETCTBEHHO pacielllieRre CTPOTo paBHO HYJ0. B momo6-
HEIX CIIYy49aAX 9acTo yAoGHee BOCHOJB30BATHCA TaKUM OPEACTaBIeHNEeM 30HHOH CTPYK-
TYPHI, B KOTOPOM ILIOCKOCTH ¢ HYJeBOHl IeJbi0 IPocTo He yunThBakTcda. Ionydaio-
myuecA B pesyabrate 00JacTH B K-UDOCTpaHCTBe HaskBalOT 3oHaMu [[sKomca maw
pPACIIHPEHHBIMH 30HAMH.

POJIb CIIUH-OPBUTAJIBHON CBA3U
B TOYKAX C BBICOKOMI CMMMETPUMEWN

o macTosmero MOMeHTa MBI CYMTAJNH, 9TO C AMHAMAIECKOH TOYKHM 3PEHNA CHUH
3JIOKTPOHA COBEPINEHHO UHepTeH. B AeHCTBMNTENBHOCTH, ONHAKO, BJEKTPOH, JABMKY-
HUACA B 9JEKTPUIECKOM Hoje [06ycl0BIeHHOM, HAIPAMED, NEPUOLIYECKUM TIOTEH-
mmanom U (r)], omymaeT morennuas, TpONOPIMOHANBHKI CKaJADHOMY HIpousBefe-
U0 ero COUHOBOTO MATHUTHOTO MOMEHTA HA BEeKTOPHOE NPOU3BefleHNe eI0 CKOpPOCTH
u saekTpudeckoro moig. Taxoe mofaBouHoe B3amMoleiicTBUEe HAaBHBAKT CRUH-0P6U-
maabroli céa3vl0. OHa OKa3LIBAETCH OYeHDb BAaKHOH B aTOMHOM ¢mamke (cnm. ra. 31).
Conuse-op0uTanbHas CBA3b CYMECTBeHHA IpPH pacdeTe YPOBHEH MOUTH CBOGORHBIX
5JIEKTPOHOB B BHICOKOCHMMETPHYHEIX TOYKaX K-IPOCTPAHCTBA, HOCKOIBKY 4YacTo-
OKA3KIBAETCH, YTO YPOBHM, CTPOTO BHIPOKAEHHHE B IpeHeOpeskeHMM Takoil CBA3BIO,
pacmenyATca IpH ee ydere.

B uactrocTH, pacmenienne 3J1eKTPOHHHEIX YPOBHeH HA IMEeCTHYTO.1BHEIX TPAHAX
B NEPBOH 30He I'. I. Y. METAJJOB LEJNKOM 00yClI0BIeE0 CIMH-0pOUTAIBHON CBASBIO..
[1oCKONBEKY WHTEHCUBHOCTH CHHMH-OPGHTANBLHON CBABH BO3PACTAeT € ATOMHBIM HOMe-
poM, TaKoe pacmeneHue (ojee 3HAYHTENBHO B TAMKENBX IeKCaroHaJbHBIX MeTajIax,
TOrfla KaK B JIErKMX OHO CTOJb Cciafo, 9TO MM MOKHO npeHeGpeub. CoOTBeTCTBEHHO-
U TeKCATOHAJBHEIX METaJJIOB CYMECTBYeT [Be pAa3inYHble CXEeMB IOCTPOCHUA
moepxHocTeit @epMu HoYTH CBOOOAHEIX diaeKTpoHOB. Onu moxasa®HE Ha ¢ur. 9.11

m 9.12.
3AJJAUHT

1. Tloseparrocmv PepMu NOUIMU CE0600NBLXL INEKM POHOE 62 U3U 00HOTI 6 PI220o6-
crott naocrocmu.

Tlpn u3ydYeHuUN 30HHOU CTPYKTYPH TI0YTH CBOGOJHEIX 3JIEKTPOHOB, Ompejesaemoil BOIu3n
GPaTroBCKOI TI0CKOCTH BEIpaskeHUAMH (9.26), yIo6HO OTCUNTHBATL BOJHOBOM BEKTOD ( OT TOYKH
1/,K, nesameil Ha GPIrrocKoil miuockocTn. Ecam gammeath g = 1/,K -+ k u pasnomknTs BeKTOp
k Ha KOMHIOHEHTH, HapaJiaedsHYIO (k,) H IEPIeHIUKYISPHYIO (k_L) BexkTopy K, TO BEIpameHNe

(9.26) upmEmMMaer BHJ
ne k2 /s "

Yno6B0 TaKe OTCIMTHBATL SHepruio (DepMH O©T CaMOT0 HHM3KOrO 3HAYEHHS SHEPTHil IBYX B0H
(9.36) Ha OparroBeKoil ILUIOCKOCTH, 3allHCAB

Bp=6% »—| Uk |+A. (9.37)

Terpa mpu A < 0 HUKaKaA 9acTh HOBepXHocTH (DepMH He HepeceKaeT 3Ty NI0CKOCTh.
a) Ilokaskute, 9To mpn 0 << A << 2| Uy | noBepxrOCTs Depmi pacmolosxeHa MOJHOCTBHIO

B HMJKHEH 30HE I Ilepeceraer 6p9rr013c1<y10 NJOCKOCTH 110 OKPYKHOCTH PagnyCcoM

p=1/3',-in?. (9.38)
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0) IToraskute, uto mpu A > | 2Uk | noBepxrHocTh epMu pacmoJioskeHa B 06eHX B0HAX
M [epeceKaeT GPITTOBCKYIO INIOCKOCTE IO ABYM OKPYHOCTAM C pajuycaMu p; 1 p, (cMm. dur. 9.6),
pudeM PpasHOCTh ILIOM@Aed ABYX STHX OKpY;KHOCTell paBHA

n (pd—ph = | Ug . (9.39)

{ITnomans 3THX OKPYKHOCTeil B HEKOTOPHIX METAJJIaX MOJKHO H3MEDPUTh HEIOCPE[JCTBEHEO C IO-
momiplo ddderra me 'aaza — BaH Anbera (cMm. ri. 14), H03TOMY 1A TAKUX MeT&JJIOB C IOYTH

‘cBOGOJIHHIMH 3JeKTPOHaMU BeawdnHa | UK | JomycKaeT mpsAMoe SKcNepHMEHTAJBROE Ompefese-
Hue.|

2. Ilaomnocms Y poereti 0an 08YxrsonH Ot modeau.

B onpejeneHHOR CTelleHM aTa 3aJa4a MCKYCCTBeHHA, MOCKOJBKY [IONPaBKU, 00yCIOBIIEHHEE
y9eroM BIMAHHA GPITTOBCKUX INIOCKOCTEH, KOTOPHIMM Mbl 3/1eCh MpeHedperain, MOryT OKa3aThCi
‘CPABHHUMEIMII ¢ MHTePeCYIOIMMHI HAC OTKIOHEHUAMH OT PeayJbTaTa JJdA CBOOONHEX 3JEeKTPOHOB,
C apyroii ¢cTOPOHH, 3ajada BechMa NOYYHTEeJbHA, H00 ee KaueCTBEHHHIE YePTH HOCAT OOIUUI Xa-
pakrep.

Ecan pasnouTh BEKTOP q Ha /1B KOMIOHEHTH — NAapaJuleNIbHYIO (g,) ¥ HepIeHAuKYIAPHYIO
g1) Bertopy K, To (9.26) nepexommt B BHIpayKEHHE

%2
€ =—5— a3 +h. (g, (9.40)
e
12

hy (ay) = [qf,+% (K2—-2q“K)] + {[—;;——;-(Kz—Zq“K)]Q-}—] U} (9.41)

©CTh QYHKHMUA TONBKO 0T g;,. ILIOTHOCTL YPOBHEll MOKHO paccuuTaTh Ho dopmyde (8.57), mposons
#HTeIDIPOBAHAE II0 BCEM BOJHOBHIM BEKTOPAM, HPHHAJIEKAIMM OIpefieJeHHOH 3leMeHTapHOIl

(8 =

®ur. 9.13. IioTHOCTH YPOBHEH B BYX30HHOM IPMOIMKeHHMU.

TITpuxoBOH JuHEell MOKA3aH pe3yabTaT (2.63) mMiA ¢ROGONHEIX 3JICKTEOHOB. 3aMETIM, YTO B QTIMYME OT ADYIHX
MINIOCTPAIMIT B 5105 TaBe 37eCh DOKA3aHK TAKMKe NONPABKHI BTOPOTO NMOPANKA K PE3YIbTATY MIIA CBOOOXNKIX

9JIEKTPOHOB BRAJNM OT GpAITOBCKOIl IIJIOCKOCTHs

Adefike, 1 HCHOJNb3YHA LHUINHAPHUYECKYI0 CHCTeMy KOODAHHAT C OCBIO z, HAIPaBIEHHOH BJOJb
K.
a) IToxkamuTe, 9T0 TOCKE NTPOBefleHNsI UHTETPHPOBAHUA II0 ( PE3YJIbTAT JJIA Kam0H B0HH

1iMeeT BHJ 1 2m max min 9 42
g(i):—zm;T(_ﬁz_) (q“ T )s (9.42)

1/ie A Kaykzol somst 12X n ¢MiN _ pemenna ypasmemnsi § = hx(9))). V6enutecn, 9T0 B Tpe-
neae | Ug | > 0 MH moaydaeM W3BECTHHIA Pe3ylbTaT Jisi ¢BOOOJHHEIX 3JEKTPOHOB. .

6) Tloxa)suTte, 4T0 B TOM cCiydae, KOIa H309HepreTuiecKas INOBEePXHOCTh (C 9Hepruen
&) nepecexaer OPUINIOSHOBCKYIO INIOCKOCTL (T. . Korna gK/2 — 1 Ug | <& < &g)2 -+ | Ugh,
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I HIDKHEH 30HBI JOJI3XHO BHIIOJHATLECHA PAaBEHCTBO

qull'lin= _ 2’;7’2(5 +0UL) (€>0), ql[ﬂlqax=_;_ K. (9.43)

B) Iloxamunre, 9To AJA geprred 30HH dopmyny (9.42) ciejyer moHMMATH B TOM CMEICeE,
9T0 OHA []aeT ILIOTHOCTh YPOBHEIi:

1 2 max
g"(cé):W(h—?) ( q”a ——%—K) npu E > Gy o+ Uk | (9.44)

r) Iloramure, uto dg/d&g umeer 0CcoGeHHOCTL NpH & = ESK/Z + | Uk | m nosToMy naoTHOCTH

VPOBHEH BHIIIAANT TaK, Kak Iokasamo mHa ¢ur. 9.13. (Ilogobunle ocofeHHOCTH He ABISIOTCA
crenurIecKoil 4eprToii NpUOIMMKEHHA IOYTH CBOGOJHBIX 3JEKTPOHOB W CJydYasd JABYX 30H.
Cum. cTp. 152)

<>

®ur. 9.14. Ilepsas 30Ha bpmimosea st r. 1. K. KpHCTaJIa.

3. Bauanue caa6020 nepu oduvuecrorto NOmeHyuaaa 6 odbaaecmu 66.au3u Mouru
nepeceueHU sl HECKOANVEUX 0 Pale06CHEUT NAOCKOCM eI

1
oy 0) Ba 110BepPXHOCTH 30HK L pHIIKSHA I.I[.K. CTPYK-
TypH (dur. 9.14). B oTofi Touke mepecerarrcs TpH Gparrosekie miacckoet ((200), (111), (111)),
II03TOMY DHEPruM CBOOOIHEIX JJICKTPOHOB

Pacemorpum Toury W (kgy= (2n/a)(1

g
%3 ZL (k—zT” t, 1, 1))2, (9.45)
4 (2, 1)
= (k= 2, 0, 0)°

B Touke k = ky; OKasmHBAITCSA BHPOMACHHHMH II Bce PaBHH &y = Rkl /2m.

a) [Moraure, uTo B 0GITACTH A-TIPoCcTpaHCTBa BOJIH3H TOYKE W B IePBOM LOPALKE TEOPHU
BOSMYNIGHUH 3HEPIMI YPOBHEH OIDeNeJISSI0TCH peINeHHsAMH ypaBHeHHs!)

@Q—¢ U Uy U,
U, &—¢ U, U, -0
U, v, €3—% Uy
U, U, Uy E1—¢

rie Uy = Usgggy Uy = Uy = U, 7- Hoxaskure, uto B T01Ke W 9TO ypaBHEHNE HMEET CAERYIOMIITe
KOpPHH:
& = &y — U, (mwyxparmmii), & = &y + Uy & 20, (9.46)

1y ITpeanoaoskuTe, 9To Nepuoandeckuil morernuana U obiaajaeT cuMMeTpHell OTHOCHTEILHO
HEBEpcHH, a ToaroMy Koodduummentn Uy — neiicTBUTeAbLHBE dACHA.
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Y

@ur. 9.15. ¢ — mepBue ceMb 30H DpuiaiosHa XA AByMepDHON KBaApPaTHOH PeINeTHH.

BBUAY CEMMETPUH PEIIeTKI NOCTATOMHO N300pasnTh Mumb 1/g Beeil durypsr. [IA BOCCTAHOBIIEHUA €€ IIOIHOTO BUILA
clefyeT NPOReNaTh OTPAMKEHNs OTHOCHTEIBHO IITPHWXOBHIX JIMHHNI (KOTOpHE He ABIAITCA TPAHULAMH 30H);

6 — moBepxHOCTHL DepMu B TpeThell 30HEe A KB3ApPaTHOH pelleTKH C 9YeTHIPLMS 3JeKTPOHaMU
B sueitke. MacmTta6 3HAYNTENEHO yBEJHYEH.

6) Wcmompsys amHaNOTHIHEIE Meron, mokaxute, 4T0 B Touke U (ky = (2n/a) (1, 1/, 1/,)
SHePTHA HMEeeT ClefyIomue 3HAUCHWA:

$=Fy—U,, =%yt Uyt (V380D (9.47)

rme €y = wk¥ [2m.

4. AnomepHamusnHoe onpedeaenue 308 Lpuaawana

IIyers k — Toura obparmoii pemerkn. IIpegmonomm, 910 BOKPYr Kapod toukm K
0o0paTHOH PemeTKH, UCKI0YasA ee HAJAIbHYI0 TOUKY, IIOCTpoeHH cdeph pagmycoM k. ITokamure,
970, ecnm TouKa k maxomurcs BuyTpu n — 1 cdep U He IpHHAIIEKAT HI OFHOH U3 ITOBEPXHOCTEH
cep, TO TOTHA OHA JEKAT BHYTPH »-if 30HK Bpmiimosna. Iokamure, 4T0, eciam Touka k Haxo-
mutca BEYTpE n—1 cdep u, Kpome TOro, Ha LOBePXHOCTH m JAPYIEX cdep, TO 3Ta TOUKA
sapasgercsi o0me# pusa rpamuy n-i#t, (n 4 1)-#, ..., (n -+ m)-it som BpuamosHa.

5. 3onbt Bpuaniosna .44 06YMepHOT KA PAMHOU peuemru

PaccMoTprM JByMepHYIO KBafpaTHYIO pelleTKy C IOCTOAHHOII pellleTKH, PaBHOX a.

a) Bupasure B epummiax 2m/¢ paguyc Kpyra B [JBYMEPHOM A-IPOCTPAHCTBe, KOTODHI
COJIePKAT m CBOGONHKX 3JEKTPOHOB Ha 3J€MEHTapHYIO AvYeiiky. IlocTpoiite Tabammy, B KOTODOH
yKasaHo, KaKHe M3 HePBHX ¢eMd 30H KBajpaTHoit pemeTku (dur. 9.15, a) 3amoNHEHH HeJIHKOM,
KaKHe 3al0JHEHH 9aCTHYHO M KaKue COBepIiegHO mycTH, mpm m = 4, 2, ..., 12. IIpoBepsre,
9T0, e m < 12, TO 3amoJHEHHHE YPOBHHU JEKAT IEJMKOM BHYTDH IEPBHIX CeMH 30H, H UTO
npu m > 13 HAYMHAOT 3aNONHATHCA YPOBHE B BOCHMOi M Gollee BEHICOKAX 30HAX.
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6) HapucyiiTe B mOAXOASMuX 9JIEMEHTAPHHIX A9eAKAX BCE «II0OJIOCTH» IOBepXHOCTH (Depmm
g cayvaeBe m = 1, 2, ..., 7. Haupumep, moBepxXHOCTH TPeThEH B0HKW ANA m = 4 MOeT OHTH
n3ofpasKena TaK, KaKk 9T0 moKasamo Ha ¢ur. 9.15,6,
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METOJ CHJbBHOU CBA3HN

JUMHENHBIE KOMBUHAIIMY ATOMHBIX OPBUTAJIEN
NPUMEHEHUE K 30HAM, BOSHHKAIOINM U3 sYPOBHEN
OBIMUE CBOMCTBA YPOBHEN B MPUBJMMEHNN CUJILHON CBA3N
OYHKI[UM BAHHLE

B ra. 9 MBI paccunMThIBANK 37EKTPOHHBIe YPOBHU B MeTAJJIe, PACCMATPHBAS €ro
KaK ras3 IouTH CBOOOMHBIX MEKTPOHOB HPOBOTAMOCTH, AT KOTOPHX HEPHORUISCKAN
OOTEeHIUAI INOHOB fABIAETCSH BCETO JHMIMEb caabniM BoaMmymeHnuem. Mosxuo BeOpaTsb
WHYI0 TOYUKY 3PeHHd M PAcCMATpHUBATH TBEepPLOe Tedo (MeTald MIN NUDTeKTPHUK)
KaK COBOKYHHOCTH Cjiabo B3aumofeiicTBylomux HeHTpalbHEX aTomoB. IIpencrasbre
cebe, HaTpuUMep, UTO HaM YJAAJOCH PACHONOKHTE KaK0e-TO IHCIO ATOMOB HATPHUS
B y3Iax 0. II. K. pemeTkH, CTOPOHA KyOH4eCKO# AYeHKU KOTOPOH cocTaBisger CaHTH-
MeTphI, a He anrcrpeMsl. Torga Bce »IeKTPOHH OyIYT HAXOMUTHCA HA ATOMHEIX YPOB-
HAX, JOKAJAU30BAHHHIX B Yy3JIaX pPeIHeTKM W HUIeM He HANOMHHAMOIMUX JIUHEHHHe
KOMOUHAUAH HECKONHKUX IUIOCKHX BOJH, ONHWCAaHHEE B ria. 9.

Ecnmu Mp 6ygeM Temeph YMeHBHIATH NOCTOSHHYIO peMETKH, HCKYCCTBEHHO
BuIOpaHHyI0 00AbIION, TO B HEKOTOPHI MOMEHT, eme A0 TOTO Kak Oy/AeT JOCTHTHYTO
peasbHoe 3HAYEHUE NOCTOSHHON pEemeTKN B MeTaJINIeCKOM HATPHU, HAM OpHIETCs
U3MEHUTH Halme ONHCcAHNE W O0TKAa3aTHCA OT OTOMK/IECTBIEHUA 2JIeKTPOHHEIX YpPOBHEH
peImeTKH € ATOMHBIMHA YPOBHAMHU OTHEAbHBIX aTOMOB Harpus. Jlaa KOHKperHoro
ATOMHOTO YPOBHS B5TO CTAHET HeOGXONMMHIM, KOTHA MeKaTOMHOe PAaCCTOSHUE OKa-
JHETCH CPABHUMEIM C ITPOCTPAHCTBEHHOH NpOTAKEHHOCTBIO ero BOJHOBON (QYHKIWH;
TOTHA 5JeKTPOH HA 3TOM YPOBHE HadHeT oIIyniarh NPHCYTCTBUE COCENHWX ATOMOB.

Peassnoe monoswenne men mas 1s-, 2s-, 2p- u 3s-ypoBHe#l aToMapHOTO HATPUS
moxasano Ha ¢ur. 10.1. My uso6pasunm BoaHOBHE (YHKIUN yPOBHEH ABYX M30JH-

pOBaHHEIX ATOMOB, DAacCTOSHUE MEAEAY SAPAMH KOTOPHX cocTaBiser 3,7A , 9To
COOTBETCTBYET PACCTOAHUI0 MEKAY OJMMRAAMUMKE COCefAMM B MeTAJJIMIeCKOM HAT-
puun. [lepexpriTue BoXHOBMX (PyHENWi 1 s-ypoBHeH, OTHOCAMUXCA K [ABYM 3THM
yai1aM, OpaKTHIeCKH OTCYTCTBYeT; CIef0BaTeAbHO, B METAILIHIECKOM HATPHU TaKHe
ATOMHEIE YPOBHEH OCTATCH (AKTHIeCKHM Hem3MeHHHMH. IlepeKphTHe BOJHOBHX
$dyurmui 2s- w 2p-ypopHeil 4pe3BHUAlHO MaJjo, HOITOMY MOMKHO IIOJIArarth, 9T0
YPOBHE B MeTaiIe JOCTaTO9HO OnusKku K HuM. OJHaKO HepexpHTHe Js-ypoBHeEHR
(comep;Kamux BaJeHTHEE 3JIeKTPOHBI aTOMa) OKA3LIBAETCA 3HAUMUTEILHEIM; ClIefo-
BaTeNbHO, HeT OCHOBAHUH OKHUAATH, 4TO PEAJBLHEE DJIEKTPOHHHE YDPOBHU MeTalla
OyoyT HAaIOMHUHATH HTH ATOMHEIE YPOBHU.

ITpubaugcerue cuabHoll c623u TPUMEHHMO K CAy4asM, KOr[a IHepeKpbhiTHe aToM-
HBIX BOJHOBHIX (YHKIWH I0CTATOYHO BENWKO, 9T00Bl IPUBOAUTH K HE00XOLKMOCTH
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BBEJIOHUSA IOIPABOK B IpeAcTaBleHNe 00 H30JEPOBAHHKX aTOMaX, HO B TO jKe BpeMs
HE CTOJH CYINECTBEHHO, 4TOOHI CHesaTh aTOMHOEe OOUCAHWMe COBePIIeHHO HEeIIPAaBIIb-
HEM. Jro npubnamkeHHe Haubojee IOJe3HO MJIA OONCAHMSA DHEpPreTHUeCKHX 30H,
BO3ZHHKAIOMMX M3 JaCTHYHO 3aNOJIHEHHEX d-000J109€K aTOMOB Hepex OflHEIX MeTAJJIOB,
a TaN/Ke IS OUMCAHMA DIEKTPOHHON CTPYKTYDH AMIJIEKTPUKOB.

IlpubnmreHre CUABHON CBASK He TOJBKO IOJE3HO B IPaKTHIECKOM OTHOIMEHUH,
HO M [aeT BO3MOKHOCTH IIO-HOBOMY B3TIAHYTH HA XapakTep 6J0XOBCKHX YpOBHeil,

F‘ Na[1s% 2s% 2p8 3s") |

Is @

ZS
2p
3s

@ur, 10.1. BuyncjaenHne BoJHOBHE (QYHKUHU [Jd PasJudHEX ypoBHell atoma Hatpmsa. (U3
paGoter [1].)

BoJaHoBele QYHKHAM H3006PAMKEHBI IJIA DBYX ANep, PacCTOAHUE MEKRY KOTOPHIMU NPUHATO paBHBIM 3,7 A— pac-
CTOAHMIO MEKAY GamxafiiiuMu CocefAMU B METANIWYECKOM HaTpuu. CIIIOmHBIE KPUBBIE — BEJUMHHBL r P(r) miIA
ypoBneit 1s, 2s m 3s. IITPpHUXOBAsg KPUBAA COOTBETCTBYET IIPOM3BENEHMIO r HA PARWAIBHYI0 BOJHOBYIO QYHKHINWIO
2p-ypoBHeil, O6paTnte BHUMAHKE, UTO KPUBHIE NJIA 3s-YPOBHEH IIepeKPHIBAIOTCS BHAYNTEILHO, KPABEIE OIS 28 U 2p-
YPOBHEH MNepeKpriBalorcs caafo, a AnA 1s-ypoBHeil IepEKpniTHE B CYIIHOCTA OTCYTCTBYeT. Macmrab mo ocu r

pasen 1 A.

JOMONHAS KapTHHY HOYTH CBOOOAHEIX 3JeKTpoHoB. (OHO H03BOJsE€T HIPUMHPHTH
MEeXAY co00H KajKyInuecs TPOTUBOPEYUBHIME CBOHCTBA JIOKAJIM30BAHHBEIX ATOMHBEIX
YPOBHEH M CROMCTBA YpOBHeidl HOYTH CBOGOIHEIX 3JEKTPOHOB, MMEIOIMX BUJ ILIO-
CKUX BOJH 1).

1) YroOH He BOBHHKAJIO HEAOPA3YMEHWil, HAOMHUM: CIOBO «YPOBEHB» 3[leCHh TOKIECTBEHHO
BHIPAKEHUIO (OJHOTACTHIHOE COCTOAHNEY; (CBA3AHHHN YPOBEHBY 03HAYAET «CBA3AHHOE COCTOSIHHE)
u T. 0.— IIpum. ped.
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OBIMAAA ®OPMYJINPOBKA

[Ipm pocrpoeEmm npuUOAEKEHEA CHABLHOH CBASE OyleM NpeANOJAaraTh, d9TO
B OKPECTHOCTH KaK/[0H TOUKH pemeTKH NOJHEH raMEUiIbTORHAH H mepmogmdecKoro
KPHCTA/IJIA MOMKHO aNIPOKCAMHPOBATH raMuisToHmaHoM H,; OTHeNLHOrO aToMa,
PacIloJIOKEHHOTO B DTOM TOUKe pemeTKu. Bymem Tax:Ke mpemosaaraTh, 9TO CBA3AH-
Hble YPOBHH aTOMHOTO TaMHJIBTOHHAHA XOPOmO JOKANW30BAHE; MHEIMM CIOBAMH,
ecanm 1P, — BOJXHOBAA (YHKIWA CBA3AHHOIO YPOBHA TraMunbpTOHmana H,, nxs
aToMa B Hadaje KOOPAWHAT,

Hat‘pn = E, ¥n, ('10.1)

10 QYHKNEA P, (r) CTAHOBUTCA OYEHDH Majoiff, KOTMa r IpeBHUIACT ONpeeNeHHoe Pac-
CTOSHNE, IMEIINee HOPANOK IJINHLE IOCTOAHHOH PEmeTKH, KOTOPOe HUe ME Oyaem
Ha3HBATH «PajliycoM JORAJH3aIUH» BOJXHOBOK ¢yHRIUA .

B upepennHOM caydae, Korfa TaMEJIBTOHMAH KPWUCTAJNNA HAYMHAET OTANIATHLCH
oT Hy; (B aToMa, HaXONAINErocda B TOYKe pemeTKy, BHOpPaHHOR B KadecTBe Hadala

T

re

4
4

L 2
[
q
[

AU(r)

\ IRIATAY

®ur. 10.2.‘<I)ynxunx AU (r) BIONb JHHEUM, COSJUHAIOMEH aTOMHEe Y8JIH (HHMKHAA KpHUBas).

Jo6aBnaa AU (r) K IOTEHIIMAJY OTNENILHOTO ATOMA, PACIOJOMKEHHOT0 B Hadale KOODPAMHAT, MOJIYIaeM IIOJIHBIN
HepHORNYecKnit IOoTeHINall. BepXHAA KDNBAA COOTBETCTBYET YMHOKEHHOM HA r ATOMHON BOJNHOBOU QyHKnuM, j0-
KAJIN30BAHHON BGIMBK HAUYAJa OTCHera. JKorpna npounsseferne r¢ (r) BenmKo, moupaBka A U (r) Majsa, 1 HaoGOpoT.

oTcueTa) JUIOb HA PACCTOAHMAX OT TOYKE r = (), NpeBEUIAOMHUX PAfHYC JOKAJIHU3a-
IOAY BOJIHOBOH QyHKIWMHE P, (T), Takad QYHRIEA TaeT UPEBOCXONHYI0 alIPOKCAMALAIO
BOJHOBOM (PYHKIMH CTAIIMOHAPHOTO COCTOSHWA ¢ sHeprued K, I MOJIHOTO TaMAIb-
TOHWAHA. Biaromaps TOMy 4To ramMmiabTonZAH H mMeeT HePHONWTIHOCTH PeImeTKH,
9TO CIPABE[JINBO ¥ A APYTAX BOJHOBHX QyRKNuit ¢, (r — R) Opm Bcex BeKTopax
R pemetxm Bpasa.

Yro6sl HAUTH IONPABKA K 5TOMY OPENeIbHOMY CIYTa0, 3aHIIeM TaMUIbTOHNAH
Kpucraana H B Bupe

H=H, +AU (r), (10.2)

rAe AU (r) comepssmr Bce HONPAaBKE K aTOMHOMY IIOTeHIWANy, HeoOXONEMEE [aA
HONYyUYeHHs1 IOJHOTO IepHOAMIECKOro moreHnmaia Kpucraina (¢mr. 10.2). Ecam
Y, (r) yrosnersopsier ypasaeruwio lllpenuarepa (10.1) nns aroma, To Hpm ycioBuwm,
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aro AU (r) obpamaerca B Hy:1b TaM, TAe PyHKUEA P, (r) He paBHA HYAIO, OHa OyzeT
VI0BJIeTBOPATH TaKKe 1 ypaBHeHNO [[Ipepgmurepa (10.2) aus xpucramnia. Ecanr 6w aTO0
1MeJI0 MECTO, TO KasK/IHI aTOMHEI ypOBEHBb P, (T) KaBal OH B MepHOTUIECKOM IOTEH-
nuaxe N ypoBHe#l ¢ BOXHOBHME QyHKODUAMHE Y, (r — R), o omHOMY RuA Kaskmoro
u3 N ysroB R B pemerxe. Uro6sl cOXpaHETH 6I0X0BCKOE ONMCAHHE, HaM He00XO-
oumo Ha#itw N JuHeAHHX KOMOMHANUHA 3THX BHPOKIEHHHX BOJHOBHX (QYHROWH,
KOTOpHIe yAOBJIEeTBOpAIT ycaosulo Bioxa (8.6):

VY (r+R) =e¥ Ry (r). (10.3)
Tpebyemrie N JIHHEHHHX KOMOMHAUZA TaKOBH:
Y (1) = X et R, (r—R), (10.4)
R

rie k mpurmmaer N 3HaueHmii B mepBoii 30He BpmiiosHa B COOTBETCTBHH € IepHO-
IudecKHM rpaHWIHEIM yciaoBmeMm Boprna — Kapmana ). Bunonrerue ycaosusa Bioxa
(10.3) mna BoamoBmix ¢ymrumit (10.4) MoKHO ImpoBepWTH, 3aMedas, UTO

¥ (r+R)= D e’y (r+ R—R’') = efk'R [S el (R'—Rip, (r— (R’ —R))] =

s
= ek R [N gik-Ryy (p—R)] = etk Ryp (). (10.5)

R

CaenoBarenpHo, BoxHoBee ¢ynrnmu (10.4) ymoBiaersopsioT yciosmio baoxa
¢ BOJHOBEIM BeKTOpoM k, coxpaHss B TO jKe BpeMs CBOMCTBA aTOMHEIX BOJHOBHIX
¢ysrumit. Ilomydgaemrle TakuM o6pasoM 9HeprerwIeckue 30HH OKa3HBAlOTCA,
OIHAKO, CINDIKOM TpABHaNbHEMu: &, (k) IpocTo paBHH pHepruu L, aTOMHOTO YyPOBHSA
u He 3aBucAT OoT k. YrobH yaywmurs onmcanme, cieiaem 0Oojee pealHCTHIECKOe
JToOymeHWEe, a UMEHHO UpPeANONOMKUM, d9T0 GyHKIEA P, (r) Majga, HO He CTPOro
paBHa HyI0, Tam rfie AU(r) mmeer eme nocraTouro Goapmue 3Havenud (eM. ¢gur. 10.2).
1o 03HATAET, YTO HAM CIEAyeT NCKATh TAKOe pemenue OoJHOro ypaBHennsa Illpenmn-
repa [is KpHCTajdia, Koropoe coxpanger obmmit Bupm (10.4) 2)

P (r)= ; etiR¢ (r—R), (10 6)

HO B KOTOPOM QyHEIHA ¢ (r) He 063aTeIbHO COBIA/laeT ¢ TOYHOM aTOMHOM BOJIHOBOK
¢yHKUMER CTARWMOHAPHOT'O0 COCTOAHWS, a NOMKHA OWTH OIpefelleHa B XOfe HOCHe-
nylomero pacdera. Ecam npomsBemenme AU(r)y,(r) XoTa W OTIMIHO OT HYJA,
HO 0Y6HD MAJO0, CIeflyeT OKHMaTh, 9T0 QYHKIUA ¢ (r) OyHeT BechMa GAM3KOH K aTOM-
HOH BONHOBOH (yHKOUE 1, (r) WA K BOJHOBHM (YYHKOUAM, KOTOPEIEC BHIPO;KEAEHE!
oo OTHOmeEHmI0 X P,(r). PykoBomcrBysce atum mpenmonosxeHmeM, OyleM HCKAaTh
$yBEEIZIO ¢ (T) B Brjle Pa3IoKeHNA IO OTHOCHTENBHO MAJOMY UHCIAY JOKAJHM30BaH-

1) Ecau 3ajada He 3aKJII09aeTCA B HEMOCPEJCTBEHHOM aHAju3e IMOBEPXHOCTHHX 3¢feKToB,
HAKOTZa He CjIefyeT HOJaBaThcA COONABHY Y9eCTh KOHEYHOCTh KPUCTANIA, OTPAHWINB CYMMHUpPO-
parne 1o R B (10.4) numb yamraMu, IprHEATIEKANIME KoHeTHO{ 00nacTn pemerkn bpasa. Topaspo
ynoGHee mpoBecTH CyMMHEpOBaHHAe II0 GECKOHEYHOU pemerke Bpams (3Ta cymma GHCTPO CXOZUTCA
BBy MAJIOTO pajayca JOKAJAM3ANUU ATOMEON BONHOBOH GYHKOUH 1,) U yIeCTh KOHEYHOCTH KpH-
CTaiIa ¢ MOMOIIbI0 06K IHOTO TpaAMIHOTO yeaoBusa Bopea — Hapmara, KOTOpOe IpX BHOOJIHEHNH
ycaoBusa Bioxa HakumajsBaeT Ha 3HaveHus k crapmaprHoe orpagmdenne (8.27). Ecin cymmmposa-
HUe MPOBOJUTCA MO BCeM Y3laM, T0, HAIPUMeD, Pa3pelleHa Ba)KHAA 3aMeHA HepeMeHBOM cyMMupo-
pagusa R' Ha R = R’ — R B dopmyane (10.5).

2) QxasmBaercs, 9To B Bue (10.6) MOKHO mpeAcTaBUTH JO0YI0 GI0XOBCKYI0 QYHKIUIO (CM.
crp. 192); mpu atoM ¢ HasHBalT gyuryueii Bannve. Taxum 06pa3oM, HOF0OHOS IPeTIOIOMKOHHE
HE HAPYMaeT OOM{HOCTH HAIIMX PACCY:RAeHMI.
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HEIX aTOMHBIX BOJHOBHIX (yHKumii ! %)
$ (1) = X batpn (1) (10.7)

Ecnu ymuosuts ypamenme IllpemwHrepa mnA KpucTaiiaa
Hp (r) = (H o+ AU (1) Y (r) = & (k) ¥ (x) (10.8)

Ha aTOMHYIO BOJHOBYIO YHKUMIO P}, (), IPOMHTErpUPOBATh 1O BCEM I K MCHOJIB3O-
BaTk TO 0OCTOATENBCTBO, 4TO

§ i () Hoglh (1) dr = { (Hagh (0))*9 ) dr =B [ 95 )9 (@) dr, (10.9)
TO TOJYYHM
(EWR)—En) [wnmp@dr= [ vh @AV @y@dr.  (10.10)

IlogcraBusas pasnosxenus (10.6) u (10.7) B ypaBuenue (10.10) u ncmonssys opromop-
MEPOBAHHOCTH ATOMHHX BOJHOBHIX (yHKImi
§ Pl (1) Py (1) dr = Sy (10.11)

OpUXOfMM K 3afiade HAa COOCTBeHHEe 3HAUeHUs, HMO3BOJAIOMEH ONpefeiuTh KOa-
¢punuentor by(k) u Guoxosckme smeprum & (k):

(EUK) ~ Er) b= — (€ () — E) 3 ( 3 [ 45 () 9o @ — Ry ek Rdr) b, +

n R+0

+2 (S P (1) AU (1), (r) dr) b, +

+3 (2 S W (1) AU (1), (r—R) &R dr ) b, (10.12)

n R+#0 (&
Ilepesiit unen B mpaBoii wactn ypasnenus (10.12) comepnr muTerpast BUJa %)
5 dry®, (r) ¥, (r—R). (10.13)

T'oBops 0 x0opomo JTOKAaIW30BAHHHX ATOMHEIX YPOBHSX, MBL ¥MeeM B BHAY MaJoCTh
maTerpanos (10.13) mo cpaprennio ¢ egunEmIeil. MBI canTaeM, 9T0 HHTETrPAH B TPETHEM
ciaraemom cupaBa B ypasueHmm (10.12) raxse MaJBl, IOCKOJBKY OHH COHEPKAT
apom3BefieHue ABYX ATOMHHX BOIHOBHX (QYHKLUI, OTHOCAMUXCA K PASHEIM y3JlaM.
Haxomen, MB OpefmosaraeM, 4To BTOpoe cjaraeMoe B IPaBOH 9acTH ypaBHEHUA
(10.12) rarxe Majo, MOCKOJNBRY, KAK MB 0/ HlaeM, aTOMHble BOJHOBHE (YHKIUU

1) OcraBugsa B pasnoskenuu (10.7) nump JI0KaIN30BAHHEE ATOMHBIE BOJHOBHE (QYHKIUN
(oTHOCAIIHMECH K CBSASAHHKIM YPOBHMAM), MH JiedaeM IepBoe cepbesHoe nmpubamsenne. IIONHAIR
Ha00Op AaTOMHHKX YpPOBHEH BRIIOUYAeT B ce0s TaKiKe U YPOBHH, KOTOPHE COOTBETCTBYIOT HOHII30BAH-
HOMY cOocTosHHI0 aToMa. Hauunas ¢ 9TOT0 MOMEHTa, MeTOJ CTAHOBHTCSA HE IPHMEHMMEIM K YpOB-
HAM, KOTOPHE XOPOIIO ONHCHBAKTCA NPUlIwKeHNeM H04TK CBOOOTHHIX 2II€KTPOHOB.

2) BBHAY TAKOTO croco0a npubanKeHHOT0 PABIOKEHUA ¢ METOJ CHIBHOH CBASH HHOT/A HABHI-
BAJOT METONOM auHelntx Kombunayul amomnnz opbumanet (JIRAO).

3) NuTerpaisl, B IOJHHTErPAJbHEE BHPA:KEHHA KOTOPHX BXOJUT IIPOI3BeJieHHE BOJHOBEIX
QyHKIMH, OTHOCANIUXCHA K PA3IMIHHEM y3JIaM DEIIeTKH, HABHBAIT UHMesPaAlaMl NepeRpblmus.
B npubnusxennn cHIbHOM CBSI3M MCHOJB3YETCS MAJOCTh TaKHX mHTerpasos. OHH HIPAIT TaK)Ke
BQ)KHYIO POJIb B TeOPHu MarHernmaMa (cm. Ta. 32).
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CTAHOBATCA MAaJBMU HAa PACCTOAHUAX, NPH KOTOPHX NEPHOLNIECKHH IOTEHI[HAJ
HAYMHAET B3HAYUTEJHHO OTIHNTATHCA OT ATOMHOTO ).

CnenoBaTtensro, mnpasasa dacrts ypasuemus (10.12) [a mosTomy m Beanumna
(€ (k) — Ep) byl Bcerma mama. 9To BOo3MOMKHO, ecam pasuocth € (k) — E,, mana
BCIOAy, IjJie He Maxa Beamuuua b,, (u Haobopor). Takmm ofpasom, ameprus ¢ (k)
moipkHa OBITH OJUBKAa K Kakoit-nmm6o sHeprmu FE, aTOMHOTO} YPOBHsA, a BCe KOad-
JurmenTH b,,, KpOMe COOTBETCTBYIOIUX 3TOMY YPOBHIO H YPOBHAM, HMEIOMUM paB-
HYI0 ¢ HOM (i@ OJu3KyI0) SHEpruio, 00A3aHH OBITH MalbiMu ?):

Ek)~ Ey bp=~0, ecim E, = E,. (10.14)
Ecan 6w paBencrea B (10.14) Guau eTporyMu, MHB BEPHYJIHCH OBl K HpeReJIbHOMY
¢J1ydaio, B KOTOPOM YPOBHH B KPHCTaJJe COBIAZAXOT ¢ ATOMHEME ypoBHAMu. Teneps,
OflHAKO, MH MOKeM 0(ojiee TOYHO ONpeNe]NTh YPOBHUM B KpPHUCTallle, BEIYUCINB
¢ ncuooabzoBammem (10.14) mpaByro gacts ypasuenmit (10.12). B cmay ycaoBui
(10.14) MOKHO OrpaHHYHTHCA CYMMHUPOBAHNEM TOJBKO IO TeM 3HAUeHUAM K, JIs
KOTOpPHX SHEPIHH COBHAJAOT ¢ E, mau Gauskn K Heil. Ecaym BymeBo# aToMHEIA ypo-
BeHSL HE BEIPOJKAEH?), T. €. ABIAETCH S-YPOBHEM, TO B paccMaTpMBaeMoM HpuGimixe-
man cucreMa (10.12) cBomuTecsi K ofHOMY ypaBHEHHWIO, M3 KOTOPOTO MOKHO HaiTm
SIBHOE BHIpasKeHme IJIsA SHePTHH 30HH, IOPOKIaeMOH 9THM yPOBHEM (e HAa3HBAIOT
«s-30H0i»). Ecnm Hac MHTepecyoT 30HEI, IOPOJKIaeMble aTOMHEIM p-YPOBHEM, KOTO-
PEIH TpexxpaTHo BHpomeH, To (10.12) maeT cmecremMy m3 Tpex OJHOPOJHEIX ypaB-
HeHWii; ee cobCTBenHbe 3HadeHusa oupepensior sneprun & (k) mua Tpex 30mH, a peme-
BEA b (k) naoT Kosp(uUUMERTH pasioKeHNd ¢ OO BOJHOBHM (QYHKIWAM aTOMHHX
D-ypoBEeit 1 pasauannx k B 3one Bpmmosna. Yrobn moctpouTs d-30HY U3 aToM-
HpIX d-ypoBHelH, He00XONAMO pemuTsh 3afauy Ha coGcTBeHHBle 3HAUeHNSA CMaTpuIlei
5X durT. m

Ecau oxasercs, 4ro moiaydmBmuecs B peaynbrate osHeprum & (k) mus mexo-
TOPEX K CHJIBHO OTIMYAYOTCA OT aTOMHHX 3HAYeHWH, TO He0o0XO0[MMO NOBTOPMUTH
mponenypy, Aobasus K pasnomenyo (10.7) gig ¢ Te aToMHEE YPOBHH, K DHEPTHAM
KoTophix upmbammaiorca Beanmunsh & (k). Tak, wmampumep, Dpu pacuere 30HHOMK
CTPYKTYPH IEPeXOHHHX METAJJIO0B, ATOMH KOTOPHX HMEIOT BHEITHIOK $-060J04Ky
7 9aCTHYHO 3AIOJHEHHYIO d-000109KY, OPUXORUTCA pemaTs 3aJady Ha coGCTBeHHEE
sHaueHuA ¢ mMarpuneir 6 X 6, ydutrHBas Kak d-, Tax u s-ypoBHH. B atom ciayuae
rOBOPAT 0 ¢« — (-CMEMIMBAHMUY WIW «TUCPHAR3ATUHY.

Yacro aromMHEIe BOTHOBHE QYHKIUYE MMEIOT CTONL MaJIKE PafAyc JOKaIu3alluu,
gyro cymmuposarue mo R B (10.12) caepyer mpoBoguTh TOABKO HO OammaimuM coce-
AAM, W NocIefyIOMUA aHaIU3 3HAYNTENbHO yapomaetcA. [lpounaocTpupyem KpaTko
HOJYYaomyloca TOrla BOHHYI CTPYKTYPY Ha IpuMepe Ipocrefimero ciayuas ),

1) Ilocnexmee mpemmosokeHMe HMeeT Oojiee MATKHe OCHOBAHMA IO CPABHEHMIO C IEPBHIMH
aByMA, 160 MOTEHIMAJK HOHOB He 00S3aTeJNBbHO MOJIKHK CHANATH TaK 3Ke OHCTpPO, KaK aTOMEHEE
BOJTHOBHE ¢yHKIEM. OFHAKO OHO HE CTOND BAKHO s HOJAYYCHNUS TOCHEHAYIONMX BHBOLOB, IOCKOIL-
Ky COOTBeTCTBYIWIIlee cJaraemMoe He 3aBHCHUT OT k. B HEeKOTOPOM CMEICJIe JaHHOE cjlaraeMoe urpaer
POJab mOIIpaBKM K aTOMHBIM IIOTEHOHAJAM B Kﬂmlloﬂ quﬁKe, quTHBaIOHleﬁ I0JIAi HOHOB BHE 3TOit
A9efiKN; eT0 MOJKHO CeIaTh TaKHUM JKe MaJjbIM, KaK u IepPBHe [[Ba, NPOBe/A Pa3yMHOE IePeompese-
JieHne «aTOMHBIX» TaMHJIbTOHUAHA U ypOBHeiI.

2) ObpaTHTe BHMMaHWE Ha CXOJICTBO C PACCYKJCHHAME HA CTp. 158—162. TaM, ogEaro, Mal
OpUImiy K BEIBOAY, YTO BOJHOBAasA (bYHI(]_II/IH ecTb JnHeHAS }(OM617IHaI_U/IH MaJIOTO YHCJA IJOCKHuX
BOJIH, Y KOTOPHX SHEPIHH OJu3KM APYr K APYrY. 3[eCh MH NPUXOJUM K BEBOJY, YTO BOJHOBYIO
QYHKINIO MOJKHO mpeicTaBuTh ¢ nomompio (10.7) u (10.6) B Buje cymepIO3WIHH MAJOTO 4HCIA
ATOMHBEIX BOJJHOBHIX QYHKUMil ¢ OIU3KUMU DHEPTUAMU. ,

%) Mu npemefperaeM TOKa COUH-OPOMTANBHON CBABHI0 M MOMKeM II0ITOMY OTPAHUYUTHCS
paccMoTperueM OpOUTANbHHX YpOBHeH. Hajwume cIMHA MOKHO 3aT€M ydYeCTh, YMHOKME opOm-
TaJbHEIE BOJHOBHE QYHKOIMH Ha IIOJIXONSIINe CHIWHODH U YABOUB BHIPOKJECHHE KayKIOTO U3 0p6H-

TaJbHEHX ypoBHeil.
4) IlpocTeitmium ABJIAETCA CIydall s-308K. CregyOmuil O CIOKHOCTH CIydall p-3OHE 00CYK~

IaeTcsa B samade 2.
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NPUMEHEHUE R CJAYYAIO s-30HBI,
HMOPOKIAEMON OJHUM ATOMHBIM s-YPOBHEM
Ecan Bce xospdummentsr b B (10.12) paBEH Hyno, Kpome Kosddummenra mia

OFHOTO aTOMHOTO S-YPOBHs, To u3 ypaBmeHus (10.12) MH HemocpexcTBeHHO mOXy-
9aeM BO0HHYI CTPYKTYPY COOTBETCTBYIOMIEH S-30HEL:

B+ Sy (R) X R

&(k)=E,— S @ (10.15)
rie E, — dHepIHs AaTOMHOTO S-YPOBHA X
p=—( aravmisemnr (10.16)
o (B) = [dr¢* ¢ (— R, (10.17)
P(R) = —[dr¢* @ AU ¢ (r — R). (10.18)

Koa¢dpuuuentsr (10.16) — (10.18) MomHO ympocTuTh, BOCHOIH30BaBIHACH COOGpa-
meHAAME cuMMeTpud. [lOCKONBKY MBI pacCMAaTpMBAaeM S-ypOBeHb, €ro BOJHOBaA
$yERIUA ¢ (r) fAeficTBATENbHA H 3ABUCHT TOJBKO OT aGCONIOTHOH BEIWYUHEL T.
Orciona ciaexyer, 4ro o (—R) = a (R). I3 2T0oro COOTHOMEHHA W W3 CHMMETPUH
pemerkn BpaBs oTHOCWTENBHO HEBEpCHU,
ap  ap B cooTBeTCTBMHM ¢ Koropoit AU (—r) =
= AU (r), monyqaem Takxe, aro y (—R)=
=1v (R). Mu mpeneGperaeM wuieHamu ¢ o
B 3HameHareme BhpakeHma (10.15), umbo
OHU OPUBOIAT K MAalHM IOIPABKaM K €ro
gucianTenio. OKoHUaTenrbHOE YHOpOIMeHHE
DOCTHTAeTCsA, €CIHN OPeRNOI0KHUTE, 4YTO
HHTETPAJIBl HePEKPHTAA UMEIOT 3HATUTEN b-
HYI0 BeJIM9UHY TOIBKO HAa PACCTOAHUAX
IOPANKA PACCTOAHMA MeRAY OamKafmu-
MH COCE/AMH.
C yderoM Bcex 5THX 3aMedYaHMit BEIpA-

Dur. 10.3. [IBeraguars OaumkaHmmx coce- HEHne (10'15) HPHOGPeTaeT BUNL

Mefl Ha4YaJbHOH TOYKH B I. II. K. DelIeTke, £ — —B— .
¥ KOTOpoii [uMHa CTOPOHAL YCIOBHOM KyGude- €(k)=E,—p Gt cocenn v(R)cosk-R,
CKofl AYefikn paBHA a. ' (10.19)

rlle cyMMupoBaHue BemerTcsa mo Tem BexTopaM R pemerxu Bpass, KoTopme coepm-
HAT HAaYajlo OTCIeTa C ero OMMKANMMMH COCelAMN.

na KOHKpeTHoCTH paceMorpuM, 4To Jaer Bupaskenme (10.19) B cay=ae r. 1. K.
kpucTamia. J[BemajmaTh Omwxadmmx cocefieit mauaza orcuera (¢ur. 10.3) mmeror
TOTAId KOOPAWHATH

R=— (=1, =1, 0), +(+1,0, £1), 50, =1, £1). (10.20)

Ecam k = (ky, ky, k,), To mMeeM cliefiylolue COOTBETCTBYIOIUE ABEHANUATH 3HA-
ueHnmit mpomssemeHus k-R:

k-R=—(xthk, =k), i,i=2 4 ¥ % 2 2. (10.21)
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IMoremmuan AU (r) = AU (z, y, 2) oOnamaer noauoit KyOCwdeckoid cmmmer-
pueidl pemeTrKM M HOITOMY HE MEHSETCS IPH NEepPeCTaHOBKAX ero apryMeHTOB WIH
E3MeHEeHWH WX 3HAaKOB. B coueTaHmwm c TeM, YTO BOJHOBas QYHRuuA ¢ (r) RIs
S-YPOBHA BaBHCHUT TOJBKO OT a0CONIOTHON BEJWUMHE r, 5TO 03HAYaeT, ITO Ko3piu-
nuentH y (R) paBHH OJHOM W TOi Ke MOCTOAHHOM Yy MJIS BCEX ABEHAMUATH BEKTO-
pos (10.20). CmemoBatenbro, mocie cymmuposanua B (10.19) ¢ ygerom (10.21)
DO yIUM
€ (k) = E, — B — 4y (cos Yykya cos Y/ kya +

- cos Y/,kya cos yka + cos Y, k,a cos Yokea),  (10.22)
e

y = -—5dr¢* (zy ¥y 2) AU (2, y, 2) ¢ (x — Ysa, y — YYya, 2).  (10.23)

Brpaenune (10.22) BeABIgeT XapaKTepHYH O0COGEHHOCTH SHEPreTUYCCKAX
30H B MeTOjle CHJIHHOH CBASH: WX IMUPWHA, T. €. PACCTOAHAE MEHIY MAKCHUMAJbHOM

v(r) JHepeermuyeciue yposru
r (Mesicamomnoe pacemosue)™

3ous1,
rescons
¢ N snavernuamu k

r——
a N-gpamio 0
GBIPOCTEHNBIE
YposHu

@nr. {0.4, o — cxemMaTHUECKOEe W30GpayKeHNe HEBHIPOMKICHHHX 2JeKTPOHHHX ypoBHe# B aToM-
: HOM IIOTeHIHale;
6 — »HEpreTMYeCKMe yPOBHU LA N aTOMOB, 00pa3yoIUX NePHOJUIeCKYI0 DEIeTKy, KaKk QyERIuu
00paTHOTO Me;KaTOMHOTO DAaCCTOSHHA,

Korpma aroMsl pacnojyO:eHsl FJajJexo HPYr OT apyra (Majbie MHTeTpaJjs TNEePeKPHITHA), YPOBHM IIOYTH BHIPOMKIE-
Hbl; €CJIN 7Ke ATOMHI JIieKar GJivxe NPYyr K Hpyry (Goibiuue WHTerpaJibl MEPEeKPHITHA), YDOBHU PACIIUDANTCA B
30HBILY

¥ MHHUMAJbHOH 5HEePTHAMH B 30He, HPOIOPIMOHAJBHA MaJOMy HHTEIPAJy mepe-
KprTEA Y. [lo9TOMY B MeTONe CHIBHOA CBSA3H 30HH y3KW, I 9eM MEHBINe IEepeKpHI-
THE, TeM yKe 30HA. B mpefiene GeCKOHETHO MaJOr0 HePeKPLITAS MIUPUHA 30HE TAKIKE
ofpamaeTcss B HYJIb W 30HA CTAHOBHTCA /N-KpPaTHO BEIPOKTGHHOW; 3T0 COOTBET-
CTBYeT CJIYYai0 DIEeKTPOHA, HMOKOAMIErocs Ha ONHOM u3 N M30MMPOBAHHEIX aTOMOB
7 He ABIKYIIETocs OO0 KPHCTAXAY. 3aBHCEMOCTh ITWPHUHEL 30HH OT MHTErpaja mepe-
KpeiTAA moKasaHa Ha ¢ur. 10.4.

Ha npumepe Bupasxenua (10.22) BumHO He TOABKO BIMAHWE NePeKPHTHA
Ha MUEPHEY 30HL; OHO HO3BOJHET YCTAHOBUTL TAKKE PAX OGMWX CBOMCTB 30HHOM
CTPYKTYPH T. I. K. KPHCTAJNIOB, KOTODHE XaparTepHH He TONBKO AJS CIydas
cunpHOM cBasu. OCHOBHEIE M3 HHEX TaKOBHI

1. B mpepene maneix ka (10.22) mepexonmur B BHpaKeHme

& (k)=E,—p— 12y yk2a2. (10.24)
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9Heprus He 3aBHCHT OT HAUDPaBJIEHWS BekTopa K, T. e. ©307HepreTHIecKme HOBEPX-—
HocT BOmm3u Toukw k = () mpepcraBuasT coGoii cdeph ).

2. Ecam mocTpouTh KpuBBE 3aBucmMocTdH & oT Kk BHonb n000ii NpAMOHK, mep-
OeHRUKYIAPHOY OfHON U3 KBaJPaTHHX I'paHei nepBoii 3ok Bpuanwssa (gur. 10.5),

<

O®nr. 10.5. [lepBas 3oHa BpuanwsHa I T. I, K. KPUCTAJIOB.

Toura I' JIeKUT B LEHTPE BOHHL. I J1 YKABAHWA TOYEK BHICOKON CMMMeTPUM HA IPAHNIE 30HbI NPUHATO UCHOIL30BATH
o6osnavenna K, L, n X.

TO B 00meM clylae NpH NepecedeHMHM IPAaHH HAKJIOH KpUBOH OyIeT paBeH HYJIIO
(cM. samawy 1).

3. Ecam moctpouth KpuBy®H0 3saBucmmoctn €& ot k Baoanp aw6oii npamoit,
OepUeHANKYNAPHOX ONHOH W3 IMECTHYTOJHHHX TpaHell IepBoil 30HH DBpminwsna
(pur. 10.5), To B ofmem caydae mpu nepecedeHuM I'PAHM HAKIOH KPUBOH He o0s3a-
TeJBHO paBeH HyIlo (cM. 3agaxy 1) 2).

OBIINE 3AMEYAHIA O METOJE CIHJIbHON CBA3N

1. B mpakTHdecKu WHTEPECHHX ciayuasax B pasiaosenme (10.7) BxomuT He oauw,
a HECKOJbKO ATOMHEIX YPOBHEH, 4T0O IPUBOUUT K 3ajlave Ha COOCTBeHHEBIE 3HAYEHUSA
¢ Marpune#t 3 X 3 AnA Tpex p-ypoBHe#, K 3ajade ¢ MATPHIEH 5 X b AAA OATH
d-yposreit u T. n. Ha ¢ur. 10.6, pampumep, mokazara 30HHAA CTPYKTypa HHKENS
IpH pacdere IO METOAY CUJIBHOH CBA3H C MCHOJB3OBAHMEM D-KPATHO BHIPOK/EHHBIX
atoMHBX 3d-ypoBHeil. [lpuBenensl rpadmiy 30HHHX SHEPruil JJs TpeX CYMMeTpHY~
HBIX HAUPABJEHUH B 30He BpmiilosHa, KasEIOMY M3 KOTODHX COOTBETCTBYET CBOSA
cTerenh BHPOMEAEHN 3),

2. Obmieit yepToil MeTOA CUIBHOM CBABM SIBJSETCA COOTHOMEHVE MEKAY IUPH-
HO 30HH M WMHTeTpajaMy HepeKpHITUs

Vi (R) = — S dré§ (r) AU (r) ¢; (r — R). (10.25)

Ecin mHTerpasbl NepeKpHTHA +y;; Malbl, IIHPHHA B30HH Takke Mana. Har
TIpaBUIO0, C POCTOM SHEPTHN JAHHOTO ATOMHOTO YPOBHA (T. €. ¢ yMeHBbIIEHHEM dHep-

1y 310 CBOMCTBO MOMKHO JI0KA3aTh B 00leM ciydae JJA J000i HEBHPOMKIEHHOI 30HE B Kpu-
crajie ¢ Ky6naeckoil cummetpueil.

2) NATEpecHO CONOCTABUTH 3TOT Pe3YJLTAT €O ciaydaeMm cBOOONHHX dIeKTPOHOB (cTp. 165),
KOT{a CKOPOCTH MBMEHEeHUs € BIONL UPAMOIL, IePIeHAMKYAAPHON 6PAITOBCKO{ IIOCKOCTH, BCETIA
OKa3HBaJNach DABHOM HYNIO, €CIN YePeceTeHme MMEJI0 MECTO B TOYKaX, YNANeHHHX OT APYIHX
GPAITOBCKUX ILIOCKOCTell, PeaynbTaT, HONYUCHHHII B MpulimkeHEMn CUJbHEOI CBABH, HITIOCTPH~
pyer Goxee o6myI0 BOSMOKHOCTH, BOZHMKAIONMIY¥ H3-33 OTCYTCTBHS ILIOCKOCTH 3€PKANbHON cuM-
MeTPHH, TapaJlIelbHON NeCTHYTOILHOM IPary.

3) PaccuwTaHHEE 30HH CTOJH MIMPOKM, YTO BTO CTABUT IOJl COMHEHNE CIIPABeIJINBOCTE BCETO
pasnokesns. [(na Gonee peanmcTHIeCKOr0 pacdera ClleORAN0 OH y4eCTh KaK MHHHMYM TaKiKe
W BAMAHUE 4s-YPOBHA,
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THE CBA3H) YBeAM4UBAETCA NPOCTPAHCTBEHHAS IPOTAKEHHOCTh er0 BOJIHOBOH QyHE-
mun. CaexoBaTenbHO, HASKOMEKAaMuUEe 30HE B TBEDAOM Tejle 0YeHb y3KH, HO MIMPUHA
30HH YBEJIMYHBAETCSA C POCTOM DHEPIMH B30HE. B Merammax mupuHa Hambonee
BHICOKOil 30HHI (MM B30H) O9eHb BelIMKAa, IOCKOJbKY PAaAMyChl JOKAJIM3aIlMHd CAMBIX

0,5 ™~ | |
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®ur. 10.6. Pacuer 3d-30H jind HUKeNA N0 METONY cHJIbHOI cBsA3u. (U3 paGoTh [2].)

BHepTuy NMPUBEAEHE! B eUHUIIAX (‘5.,:1,3119 3B; COOTBETCTBEHHO 30HB MMEIOT MIUPUHY IpuMepHO 2,7 8 B. KpuBsie

IIisi ¢ MOCTPOEHB BIOJL NMPAMHBX, TOKA3aHHEIX Ha ¢ur. 10.5. O0paruTe BHUMAHUC HA XapaKTepHOe BHIPOMKIEHUE
8036 npaAMHX I'X 1 'L 1 Ha OTCYTCTBME BHIpOAKIeHNA BOoNs I'K. Bonblmas mupuna 30H yKasbBaeT 42 HCAZCKBAT~-
HOCTb TAKOI'0 YIPOIEHHOT'O aHaiu3a.

BHICOKUX AaTOMHEIX YPOBHEHl CpaBHHUMHI C IOCTOSHHOHW pemIeTKH; B HTOM CJayuae
CIIPaBeNIUBOCTE OpUOIIMKEHNA CHIBHOW CEA3W JOBOJABHO COMHUTEJBHA.

3. Xors B MeTOe cuibHON cBA3H BoaHoBag ¢yukuusa (10.6) crpourcs us JoKa-
JW30BAHHKIX ATOMHEIX BOJHOBHX (YHKIUWE ¢, DdIeKTPOH Ha IOAYyIaeMOM YpOBHE
MOKHO OOHAPY/HKHUTH C PAaBHON BEPOMATHOCTHIO B d1060i sveiike Kpumerajima. ITo

®ur. 10.7. TunuuEoce HPOCTPAHCTBEHHOE M3MEHEHNe JEeHCTBHTeJNHHON (MM MHHMOI) 9acTH BOJ-
HoBOIl QpyrKmuu (10.6), monyuenHOil B npubinKeHnn CUIBHON CBARU.

00BACHACTCA TeM, 4TO BOJHOBag QYHKIUA _DJICKTPOHA (KaK I aw06asg GIOXOBCKAasA
BOJIHOBag (YHKIMS) IPU HmEPeXojie 0T ONHOW AYeHKW K JPYTIoi, OTCTOAMEH OT Hee
Ha paccrosnume R, mMeHAercsa Jumb Ha (Pa3oBwil MHOMKUTenb ek R, CregoBaTembHO,
IpH WBMEHEHWM T OT A9eifiKM K AdYeiiKe HA ATOMHYIO CTPYKTYPY BOJHOBOM (yHKIUR
B IpeeJax Kam(oif AYefKM HAKIAABIBAETCA CHHYCOHAAJbHAA 3aBUCAMOCTL AMILIK-
1yt Rey m Im 1, kak morasamo Ha ¢ur. 10.7.

Ipyroe ykasanmme Ha TO, 9TO YPOBHE B NPUQAMKEHUN CHJILHOH CBA3H MMEIOT
xapakTep Gerymux BOJH M He JOKAJM30BAHEL, IaeT TeopeMa, COIJIACHO KOTOPOH
CpelHAA CKOPOCTh BJIEKTPOHA HA GJOXOBCKOM YPOBHE C BOJNHOBHIM BEKTOPOM k
u onepruein é (k) ompenenserca Bripamenuem v (k) = (1/%) d€/0k (cm. mpmio-
senue JI). Eciu € me saBucur or k, To mpoussogman 0é/0k paBHa Hyiwo. 910
COracyercs ¢ TeM, 9TO HA MOAJNHHO MB0JUPOBAHHBIX ATOMHBIX YPOBHAX (JAOIOUX
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BOHY HYJIeBOH ITUPWHE) JJIEKTPOHH REHCTBUTENBHO (IPHUBABAHEY K OTAEJLHEM
aromaMm. Ecim, 0fHaKO, CYIMECTBYeT OTIMYHOE OT HYJS HePEeKPHTHE aTOMHBIX BOJ-
HOBEIX (yHKUmA, To sSHeprus & (k) He mOCTOAHHAa BO Becell 30He Bpmuiwsna.
ITockonsKy Majioe WsMeHeHWE € IPUBOAMT K MAJIOMY HeHyJleBoMy sHauenmio J&/0k
W, CIEOBATEIbHO, K MAJOH, HO He PABHON HYJNIO CpefHel CKOPOCTH, MHI IIOJyYaeM,
9T0, HOKA HMEeT MeCTO IepPeKPHTHE, DJEeKTPOHH CHOCOGHE CBOGONHO nepelBh-
raTbCA Mo KpHCTanny! YMeHsmmeHMe NEpPeKPHTHSH JWINH MHOHUMKAET CKOPOCTH DTOTO
IBWKEeHHWsi, HO He IpeKpamaer ero. lakoe ABHKeHme MOKHO PAacCMaTpMBATh KAaK
KBaHTOBOMEXaHAYECKOe TYHHEJMDPOBaHKE OT ONHOIO Y3712 PEmeTKN K JpPYyromy.
Uem MeHbme NEepeKPHTHE, TEM HIUMKE BEPOATHOCTh TYHHEJUPOBAHWA H IOITOMY
rem Goabmee Bpemsa TpebyeTcs I DPOXOKIEHRMSA 3aJaHHOTO PACCTOAHHSA.

4. B rtBepmmix Temax, He obxajalolMX MOHOATOMHO# pemerkoii Bpasa, mpm-
GnmKeHne CHIABHOR CBASH YCIOKHAETCA. OTa 3a7aya BOSHAKAeT NJA I. U. y. MeTaJ-
0B, KOTOpHE MOKHO PACCMATPUBATL KaK HOPOCTHE FEKCATOHAJBHEE C ABYXTOYEY-
ueM GasmcoM. DopMaNbHO NBYXTOYETHHH 6Ga3Mc MOKHO CIMTATH MOJEKYIOH, BOJ-
HOBH® GQYHKIIHM KOTOPOH NIpeNmosiaTaloTCA W3BECTHREIMH, W HNOCTYIATH TAK Ke,
Kak OHJIO OIMCAHO BHINE, UCHOJB3YA TeIeph MOJEKYJAPHHE, a HE ATOMHEIE BOJI-
HoBHe (yErmuu. Ecam nmepekpuTtme Aas OGammafimux cocefiefl oCTaeTcA MalHM,
TO OHO MaJjio, B YACTHOCTH, ¥ B KaiKIOH «MOJEKYle», a MOITOMY aTOMHHIA s-ypOBEHbL
JAeT JBA MOYTH BHPOKIEHHEX MOJEKYISPHHX ypoBHA. Takum o6pa3oM, Iud I. 1. y.
CTPYKTYPHL S-YPOBEHb OTHEIBHOIO aTOMa IPHEBOAUT B METOJe CHNBHOM CBASH K IBYM
BOHAM.

BosMoeHn u ajnbrepHATHBHHE HOAXOJX. B HeM mo-mpeHEMY CTPOATCA JIuHeH-
Hbie KOMOWHADMH AaTOMHEIX YDOBHell ¢ IeHTpaMu He TOJBKO B TOYKAX PEMETKH
Bpass, mo 1 B Toukax Gasuca. Torga Bmecro (10.6) momywaem Gomee olmee pas-
JI0KeHNe:

P (r) = geik-R(a‘i, (r—R)4-bp r—d—R)), (10.26)

(rme d — paccrosiEme MemxAy ABYMA aTomMaMmE B Gasumce). B cymmocrm ato Bcero
Iumb OepBoe OpuOIHMeHWe, B KOTOPOM, OJHAKO, MCIOJH30BAHH IPUGIMKEHHHE
MOJIEKYNspHEE BoJAHOBee (ymxnum. Takmm o6Gpasom, 37mech MH KOMOMHHpYeM
npubamKeHne NJA MOJNEKYJIAPHHX yPOBHe# ¢ npmbiam:kenweM CHMIBHOM CBABHM A
ypoBHe#l Bcero Kpmcrasial).

5. llpm ompenenenwu aToMHEX ypoBHe# 0ojee TAMKENHX DIEMEHTOB Ba;KHYIO
poab mIpaerT cOMH-OpOHTaNbHAasg CBABL (cM. ¢Tp. 175), KoTopyio mosToMy Heo0Xo-
IWMO YYUTHIBATH IIPW aHAJWRe PACIIUDPEHHA DTHX YpOBHEH B BOHH B TBEPAOM Tele
mo MeTORy CHUIbHOM cBa3W. B npuunune mpoBectu TpeGyemoe o6o6menne HECAOMKHO.
Caenyer mpocro Briiounts B AU (r) BsamMmopeficTBHe MeKIY CIOHHOM SJEKTPOHA
M DJeKTPHYECKUM II0JEeM, KOTOpOe CO3JAIT BCe MOHE, KpOMe JeKalllero B Hadale
OTCUETA,— B3AEMOAEHCTBHE ¢ HMM CJIeXyeT YYecTh B aTOMHOM FaMUJIBTOHHAHE.
CrienaB 910, MH YiKe He MOKEM HOAb30BATHCA HE 3ABUCAIMEMU OT COMHA JHHEAHEIMIH
KOMOWHAITHAMA ATOMHEX OPOMTANBHEIX BOJHOBEIX (YHKIWI, a NOJKHEL paborarTh
¢ MTUHEeWHKMM KOMOWHAIIMAMEA Kak opOUTANBHBIX, TAK W COWHOBEIX ypoBHeid. lloaTo-
My B Tex cIy4asdx, KOTHa COWH-opOMTanbHAaA CBA3H CYMECTBEHHA, VP (r) B CHIBHOR
CBSABM [N s-YPOBHA ANNPOKCEMHUPYETCs He OfHAM aTOMHBIM S-YPOBHEM ¢,a Cymep-
mosnumei ABYX ypoBHel (¢ 3aBucamumu oT k Koadduimentamu), y KOTOPHX opbm-
TalbHLE BONHOBHE (YHKIWM OJNWMHAKOBH, a COUHE HIPOTHBOIOJNOMHHL. Merox
CHJIBHOHA CBsi3m MJA d-30HH IpWBOAMT K 3ajade ¢ matpuueir 10 X 10 Bmecro 3agauu
¢ MaTpunei 5 X 5 m T. i. Hak ormeuanocs B ra. 9, xora addexrTH cumua-opOuTanb-

1) «[TpuGausxeHHEble MOJEKYIAPHLE BOJHOBHE (YHKIMEY OKABHBAKTCH TOT[Aa 3aBHCALIIMYU
ot k.
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HO#l CBABWM YaCTO Majkl, UX POIb MOKeT OHTH KPUTHYECKOH, KOTJIa OHM CHEMAIOT
BHPORAEHNE, CTPOTO IPUCYTCTBYIOmEe B IPOHEOPEKEOHHN TAKOH CBA3LIO ).

6. Bce paccmorpeHwme 3IEKTPOHHEIX YPOBHEH B UEPHOIUIECKOM NOTEHIMAJE,
OpoBelleHHOe B HACTOAINEH riaBe (I B ABYX IpelMmecTBYIOMUX), OCHOBAHO Ha IPH-
GamKeHIN He3aBWCHMBIX 9JEKTPOHOB, B KOTOPOM imGo IpenefperaloT B3amMofei-
CTBUEM MEKIY dJeKTpOHaMu, Jubo, B JIydJIeM ClIydae, YIUTHBAIT €ro yCPeAHeHHO
IOCpeAcTBOM 3¢P(eKTHBHOrO HOTEHNMAJIA, ONYIMAEMOIO KAMIHM OTICIBHEIM HIEK-
tpoHoM. B ra. 32 ME yBuauM, 49TO OPHOIMIKEHNE HEBABUCHMBIX 3IEKTPOHOB MOJKET
OK23aThCsT HEBEPHHIM IO KpaiiHeil Mepe TOra, KOTAa OHO [iaeT OJIHY YaCMUYHO 3aI0JI-
HEHHYIO 30HY, KOTOPAdA HOJYYaeTCH W3 XOPOMO JOKAIN30BAHHBIX ATOMHKEX ypOBHEH
¢ MaJHMu HHTeTpajaMH IepeKpHTHs. Bo MHOrmx mHTepecyOIUX HAC CIyJaax
(B 9acTHOCTH, [JIA AWIICKTPHKOB I OYEHEL HUBKO JEeMKAMUX B0H B METaJNax) TAKOH
IpoGaeMEr He BOBHMKAET, IOCKOJBKY 30HH B METO/(€ CHIABHOM CBABH MMEIOT OCTATOIHO
HA3KYI0 9HEPTHMIO W MOJHOCTHI0 3amodHeHs. OHAKO BOSMOKHOCTH NONOGHOTO HAPY-
IMeHUA TPUMEHUMOCTH HPUGIMKeHNA He3aBUCUMEIX DJIEKTPOHOB C/Ie[yeT HMETh B BUIY
OpU PACCMOTPEHNU METOAOM CHIBHOW CBA3H Y3KUX 30H, IOJYYaeMBIX H3 YaCTHIHO
3aIOIHEHHHX ATOMHHX 060JI09€eK (B MeTallIax 310 o6ugHO d- u f-oGoroukm). B sTom
oTHOmeHNY HanboJbmel O0CTOPOKHOCTH TpehyeT paccMOTpeHMe TBEPABIX TeJd € Mar-
HATHOH CTPYKTYpPOi.

Hapymenune nmpumenwmocTn mpmOam;KeHAS HE3ABHCEMEIX HJIEKTPOHOB YCIOM-
HfeT NPOCTYI0 QU3NIECKYH KAPTHHY, NPefCKA3HBaeMy0 TpuOIMKeHNneM CUIBHON
CBA3U, COIJIACHO KOTOPOMY P HEIPEPHBHOM YBEJWYEHHH MEKATOMHOIO DAaCCTOSM-
A %) gomxeHn HAGMONATHCH HEOPEPHBHHA HmEPeXOf OT MeTajlAnWYecKoro K aToM-
HOMY cocToAHUI0. B pamirax mpmOamKeHUs CHMIBHOM CBA3HM yBeJuWueHMe IOCTOSHHOM
pemeTKy MeTajjia IPUBOAUT K TOMY, YTO MEPEKPHITHEe MEKIY BCEMH ATOMHEIMH ypOB-
HAME B KOHEIHOM CYeTe CTAHOBHTCA MalkM. B pesyabrare Bce 80HH, lasike I2CTHIHO
3amoJHEeHHAasA 30HA (30HH) IPOBOAMMOCTH, MPEeBPaMAalOTCA B KOHIe KOHIOB B y3Kue
B0HHI C CHJIbHOM CBA3b. IIpm CyKeHMM 30HBI IPOBOXWUMOCTH CKOPOCTH DJIEKTPOHOB
B Heli yMeHbmIAeTCA W WHPOBOAUMOCTH Meramma mnafaer. ClaeqoBaTeNbHO, MOKHO
GBuI0 GBI O3KUATH, TTO IO MEpEe PACHIMPEHUA METAIIA HPOBOAWMOCTH (yJeT Helpe-
PHBHO cHafaTh [0 HYJIA BMeCTe ¢ HHTErPANaME HEpEeKpPHITHSA.

B peficrBuTensHOCTH, OZHAKO, BeChMa BEPOSTHO, ITO LOJNHHIH pacder, BHIXO-
DAmM@AA 3a paMEd TpHOIIIKEHWS HE3aBUCUMBIX JJIEKTPOHOB, IpUBENeT K HHOMY
pesynbTaTy. MMeHHO, MOMKET OKas3aTbCsg, 4YT0 UPH HPEBHOIEHHN OUPELeJeHHOI'0
PACCTOAHMSA MeKAY OAMKaAmMUMu CcocefsMu OPOU30HET pe3xoe yMeHBNOICHUe
OPOBOJMMOCTE JO HYJNA W BENECTBO CTAHET TMIJIEKTPHKOM (TaK Ha3EIBAGMHIH hepe-
z00 Momma).

IlppameEa mopno0HOro OTKIOHEHHA OT HpefCKa3aHW# TEOPHHM CHILHOH CBA3H
3aKNI0TIAETCA B TOM, 9YT0 NpubIUKeHHe HE3aBUCUMEHX SJIEKTPOHOB HECIOCO0HO
y4ecTh Upe3BHUAWHO CHJIBHOE [ONOJIHUTENBHOe OTTAJKHBaHWe, OIIymiaeMoe
HJeKTPOHOM IpH HOAXO0HE K y3Jy ¢ aTOMOM, I[e YIKe HAXOAUTCH OIUH DIEKTPOH.
IHogpoGuee mbr 06cyanm sty mpoGueMy B ra. 32, a HOKa YIOMAHYJIW O Heil moToMy,
9T0 WHOT/Ia @€ ONWCHBAXT KAK HPWMED HAPYINEHWA MeTOfa CIAbHOM cBa3m 3). ITO
HE COBCEM IPABUJIBHO, NOCKOIBKY MMEHHO B 3TOM Cliydae IpEMeHneHme Opubimie-
HUSL CHAJBHOW CBABM K MONENM HE3aBHCHMHEX DJIEKTPOHOB OKashBaeTcsa Haubomee
OIpaBJlaHHBIM; BCE JIel0 B TOM, 9TO HEIPHMEHNMHM CTAHOBHTCH caMo Opubamxe-
HUe HE3aBHCHMEX 3JI6KTPOHOB.

1y BriaroveHne CUMH-OPOGUTANBHON CBA3M B MeTO) CUALHOM cBA3m obcysxaanocs Dpuyenem
u gp. {3l

?) Tako#l SKCHEPUMEHT TPYLHO pPeaiu30BATH B JabOPATOPHHX YCIOBUAX, HO BIOJHE MOMKHO
NPEefCTaBUTh TEOPETHYSCKH, ITO MO3BOJAET AYUMIe IOHATh MPOHCXOKIEHNEe DHEePreTHIeCKUX 30H.

3) Cm., Hampmmep, KEHETY J3komHca [4].
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®YHKINN BAHHLE

B saxmiouedue HACTOSMIEH riaBHl IOKAKEM, 4TO MIA 40600 30HBI GI0XOBCKHE
(QYHKOAE BCErga MOMKHO 3amucaTh B Bufe Bhpakennd (10.4), na xoropom ocHOBaHo
opubaumEeHne CINBHOE cBasn. DyHKIUN ¢, Urpanigue podb aTOMHEIX BOJHOBHIX
$yHROWI, HA3HBALT PyHryusmu Bannve. Oyrrunu Bammbe Moryr GuTH ompeje-
JeHHl JJA 110007 30HH He3aBUCHMO OT TOTO, KAK OHA ONMCHIBAETCA IPHOIMKEHHEeM
cunbhoii cBasw. OHAKO eCIW 30HA He SIBIAETCA Y3KOH 30HON ¢ CHJIBHOH CBA3BIO,
1o ee QyHKENMM BamHbe MaJ0 HANOMHUHAT 3MEKTPOHHEE BOAHOBHE (YHKIUHM HM30-
JMPOBAHHOTO aTOMA. |

IToramem Temepn, 9to JM106yI0 6I0XOBCKYI0 QYHKIHIO Y,k (I) MOKHO 3aIHCATH
B Bufte (10.4). 3amernm mpesxae Bcero, 9T0 P,k (r) IpH PUKCUPOBAHHOM T ABJIAETCH
meprnoamgeckoit dynknmeir or k B obparHo# pemerre. CiemoBarenbno, oHa ofbaa-
gaeT dypbe-pasnoreHneM II0 MJIOCKAM BOJNHAM ¢ BOJHOBHME BEKTOPaMH, Je/KaMAMHE
B obpaTHOH K ofOpaTHO#, T. e. B HmpsaMo#t, pemerre. [losromy mpu nioSom 3apmau-
HOM T MH MOKeM HAaIHCaThb

e (1) = X . (R, 1) iR, (10.27)

Tae KOo?P(UIIMEHTEI B CyMMe BaBMCAT He TOJNBKO OT «BOJHOBHX BekTopoB» R, mo
7 OT ¥, TOCKOJBKY OpW PAsHEIX I MBI pasyiaraeM B pAn pasHue ¢ypxmuu ot k.
HKoaddunuenrst @ypoe B pasnomxennu (10.27) matorcsa popmynoir obpamenus 1)

. (R, r)——— Y dke~iR-¥yp, 1 (r). (10.28)

Ecnu ¢ysruusa f, (R, r) 3asucur or r ¥ R nums gvepes ux passHocts r — R,
To pasnomenne (10.27) mmeer Bug (10.4). Ho npu onnospemennom cvelnenuu r 1 R
Ha swboii Bextop R, pemerku BpaBs f neficTBmTensHo He MEHSAETCS — 3TO HEMO-
cpefcTBeHHO caenyer us BHpurenus (10.28) u reopemsr biroxa B dopme (8.5). Ciue-
nosarensHo, QyERMUA f, (R, r) umeer Bup

fn (R, 1) = ¢, (R — ). (10.29)

B otamame OT aTOMHHX (QYHROWE ¢ (r) B MeToje CHABHOH cBAsM (yHKIUM
Baunse ¢, (r — R) 714 pasHEX y3J0B (N PA3HBIX MHNEKCOB 30HE) OKa3hIBAIOTCSH
oproronanbubMe [cMm. 3amagy 3, ¢opmyny (10.35)]. Ilockoabky Bce GiroxoBckme
¢yHruEN, cOCTABAAIIAEe B COBOKYIHOCTH HMOJNHHE Ha00p, MOKHO 3aNMCATL B BUJE
auHeRHHX wKomOuHanwit ¢ymrmuit Bammpe ¢, (r — R), sTn ywRumm pas Beex
n n R o6pa3syior MOJTHEHA OpTOTOHANBHHM HaGop. JlosToMy OHM Cay;RaT ajbTepHAa-
THBHBLIM 0a3HCOM [IJIA TOYHOTO OUMCAHWA YPOBHEH HEe3aBUCHMBIX 3JIeKTPOHOB B KpH-
CTAJIIMYIECKOM IIOTEHIHAJe.

(Popmanbuas aHamorusa MemAy QYHKIUsMU BanHbe U BOJHOBEIMYM PYHKIUAME
B OpuOnu@menyu CUJBHON ¢BA3M HABOLUT HA MHCAB, 9To QyHKunn Basmbe rakixe
IJOMKRHE OHTH JOKATN30BAHHKIMH, T. €. YT0 QYHKOHA ¢, (r) CTaHOBUTCA mpenebpe-
JRUMO Mallol, KOrfa I 3HAYMTEeNBHO NpPeBHUIdeT HEKOTOPYVIO AJHHY HOPAZKA MEemR-
aTOMHEBIX paccrogHuil. B 10l Mepe, B KaKO# 3TO mpeflloJio;kesne yfaercs IoATBep-
auth, GyHKnEu Bauabe Ma0T HAeaJbHHI CHOCO6 onmMcaHmA sABIeHMi, B KOTOPHX
BaHY0 pPOJb HWTpaeT HPOCTPAHCTBOHHAA JAOKaamsandsa diaertpouos. [lo-supmmo-
My, Haubodee BamHEe 00JacTH MX IPAUMEHEHUS TAaKOBHL.

1) 3mecs vy — o6beM meproil 308K BpuamosHEa B k-TIpocTpaHCTBE T HHETCIPHPOBAHNE BEASTCA
1o oToit 3ome. @opyyer (10.27) u (10.28), ecan r paccMaTpusaTh Kak QuKCHPOBAHHKIL Mapayverp,
cosnanatot ¢ opaynamu (I'.1) u (I.2) npuaoskeruss T' ¢ 3amMenoii npaAMOTo npocTpancTsa Ha obpart-
HOE.
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1. IlonwTkn BEBecTH Teopuio 3PexrToB mepeHOCA NI GIOXOBCKEX 3IOKTPOHOB.
Hcnonrsya ¢yEknmm Banmgbe, derko DOCTPOMTH TaKWe YPOBHH 3JIGKTPOHA B KpH-
cTajije, KOTOpHe, MOfOGHO BOJIHOBHIM DaKeTaM CBOOOTHEIX 3JEKTPOHOB, JOKAJM30-
BaHH Kak Io r, Tak u 1o k. Teopnsa ¢yaknuit Bannse TecHO cBsA3aHA ¢ H3yJeHHEM
mpefiell0oB IPUMEHAMOCTH HIOJTYKJIACCHIECKOo# Teopmu >PderToB mepernoca nus Gio-
XOBCKUX B3JEKTpoHOB (ra. 12 m 13).

2. VIsyueHue sABIeHWH ¢ ydJacTmeM JOKAJIM30BAHHHX DJIEKTPOHHEIX YpOBHei,
BO3HUKAIOMUX, B YaCTHOCTH, H3-32 HANWIUA OPUTATUBAIOIWX IIPAMECEH, KOTOpHE
3aXBaTHBAIOT dJIeKTPOH. O4eHb BaKHBIA OPEMED — TEOPHA JOHODHBIX M aKIEmTOp-
HHX YPOBHe#l B moaympoBofEmKax (Tia. 28).

3. VIsyvyeHne MarHHTHHX fABJEHWH, O00YCIOBIEGHHHX HAJIUIHEM JIOKAJM30BaH-
HEIX MaTHATHHX MOMEHTOB HAa HEKOTOPHX HPUMECHHIX Y3JIaX.

TeopeTtruecKkoe uccaenoBangme paauyca JoKanunsanuu GyHKnui Banube B 06mem
cIydJae IpeAcraBiseT co0oit TOBOJBHO TOHKYI 3afgazy !). I'py6o rosops, pammyc
Jokanmnsanuu QyHKOUN BaHHBe YMEHBIIAETCA ¢ YBeAWYCHNEM PHEPreTHICeCKOH IMean
(3TO MOKHO ORHUJATH MCXORA M3 NPHEGIMKEHUS CHILHOM CBASH, B KOTOPOM SOHK
CcTaHOBATCA (ojiee Y3KUMH NPHM YMEHBIICHAN PAjayca JOKANMBANAHE ATOMHHIX BOJ-
HOBEIX ¢ynknuii). Horna sanpemenHas 30Ha Maja, BOSHMKAIOT PA3JAIHHE ABJACHHAA
«apo6os», ymomMmHaeMele B ria. 12; mx moaBieHme 03HaYaeT, 4TO B 3TOM Ipefiene
TeopHM, OCHOBAHHEE Ha JoKaamsanmm QyHKIuA Bamare, cTaHOBATCA MeHee HaNleX-
HEIMH.

3AJTAYHT
1. a) IToxkaskuTe, 9YTO BAOASL IJABHHX HAOPaBIGHWH CHMMETpMH, NOKasamHEX Ha ¢ur. 10.5,
supasxerme (10.22), moxygenHoe B NpmOAMKeHWUN CHJILHON CBABH [JIA SHEPIMM s-8OHH B T. II. K,
KpHCTaJJle, NIPHEUMAET CHeRYIONMA BHA:
1) Bpoms IX (ky =k, = 0, kxy= p2n/a, 0 <p <)
€=FE;,—B— 4y (1 4+ 2cos pn).
2) Brons TL (ky = ky = k= p2afa, 0 < p <Yy)
€= E;—p—12y cos? pm.
3) Bromp TK (k, = 0, kx = ky = p2n/a, 0 < p << %))
€= E;—B—4y (cos? un—+ 2 cos pa).
4) Bpoas TW (k, = 0, ky = p2u/a, k, = Yu2nfa, 0 p <)
&€= E;, — B — 4y (cos pm + cos Yypm + cos px cos Yyun).
6) HorauTe, 4YTO Ha KBaAPAaTHHX I'PAaHAX 30HH b pRianossa OpoH3BOJHAA OT € 0 HOpMAaXd
K IOBepXEHOCTH o0pamaeTrca B HYJIb.
B) ITokamuTe, 4T0 Ha HIECTHYTOJBLHHX IPAaHAX 30HK BpmirosHa mpomsBogEad oT € 1o

HOpMaJA 06pamaeTCH B HYJb JUIIb HA JUHUAX, COEHRAIIMUX HEHTD HIECTHYTOJLERKA C ero
BepImMUHAMN.

2. P-30HBL C CUADHOU CEA3BIO 6 KYGUUECHUXT KPUCTMANAAL

Jas KyOudecKuX KPHCTAJNJIOB HamOojee ynoOHHe JuHeHHHe KOMOMHAIMN BOJHOBHX (yHK-
Ui TpeX BRPOKAEHHHX aTOMHKIX p-yPOBHed mMmeloT BUX z¢(r), yo(r) & z¢(r), tae Pynruus
¢ 3aBECHT TOJABKO OT aGCONIOTHOH BeJUYHHH BEKTODA I. JHEPTHH DIEKTPOHOB B TPEX COOTBETCT-
BYIOIIEX p-30HAX MOKHO HaiiTh m3 ypaBHeHus (10.12), mON0KEB DaBHHM HYJIIO JeTepPMHHAHT

| (& (k)— Ep) 815+ Bag+715 (k) | =0, (10.30)

roe
T @)= N Ry ®), v ®)=— | vt ()9 c—R) AT @, (10.31)
R

Bij=vij (R=0).

1} OTHOCUTEJLHO IPOCTHE PACCYKACHHA A OJHOMEepHOTO caydasa jJamu Homom [5]). Boaee
obmee oGcy:kmeane MOKHO Haiitm B 003ope Buaymra [6].
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[B empasxesmn (10.30) omymerm wieH, Ha KOTOPHH yMmo:Kaerca Beamdmma #(k) — K, —
OH OPWBOAUT K OYEHDH MaJhHM TODpaBKaM, aBAaJOTHYHO 3HAMEHaTeJ0 B Bupaskemmd (10.15) maa
caydas s-30HHL.]

a) Mcnoaraya KyOmuecKyl0 CHMMETDHIO, MOKaMmaTe, qTO

Brax= Byy =B;:=8,
By =0.

6) IIpepmonaras, 9ro kosddunmentn y;;(R) otamummr or myss Ttonbko jgaa R, coorper-
CTBYIOINAX OMHKAAMUM COCOIAM, NOKAMKATE, 9TO MATPHOA V; j(k) A MPOCTOH KyOM4ecKoit pelmeTxu
Bpaps uaroHalbHA, a TMOYTOMY Kamgasa u3 QyEKnain z¢(r), yo(r) u z¢(r) nopodiaer cBOIO
HEe3aBUCAMYIO 30HY. [3ameTnmM, uTO 5To MepecTaeT OHTH cn})aBeJmnnum npu yaete y;;(R) nna sex-
TopoB R, cooTBercTBywHIAX Gojee [aJIeKHM COCEAAM.

B) Jlna r. u. K. pemieTkda BpaBa, B KOTOPO# JOCTATOYHO BETHKH JNIIE KO3(QQHIMEHTH ¥;;
Jas Ommxaiimux cocepiedl, IOKasKUTe, 4TO HHEPreTHYECKHE B0HHI ONpeJejsloTCA KOPHSMH ypaB-
HEHRA

(10.32)

€ (k)—%° k) —4&yy sin Y/, keasin 1/, kya —4yysin Ykzasint/y koa

4y, cos /ykya cos 1/ k,a
—4y;sin Y kpasinl/ kaa € (k)—8° (k)-- —4yy sin 1/ kyasint/ k,a
+4ygcost/kacos Y hxa

, (10.33)

—4yy sinYk,asin Y kea  —4yysint/ ke sin 1/, kya € (k)—€° (k)+

~+ 4y, cos /kxa cost/ kya
rjge
€0 (k)= Ep—f—4y, (cos I/ kxa cos }/sk,a+ cos 1/ kya cos 2 kya~cos /o kya cos 1k, a),

Vo= —j dr [22 —y (5 —1/30)] & () & ([22 (4 —1/a)? + (s— /)] /2) AT (1),
(10.34)
=— S dr (z—1/,a) (9 —1/30) & (1) & (I(z—3/50)*-F (y—1/a)% 4 221/2) AT (1),

Yo=— S drz (z—1/,0) & (r) & (3 —/30)2 -+ (y—/pa) + 221/ AU (r).

r) IlokaskuTe, 9To BCe TPH 30HK BHPORMAeHH upH k = 0 u yr0 mpu k, manpasnernoM au6o
BJOIb ocu Ky6a (I'X), mm6o BRoas ero jmaronaan (I'L), umeer MecTo AByKpaTHOe BHIPOKJEHIE.
MN3o6pa3sute cxeMaTHYeCKH BHJ 9HEPTeTHIECKHX B30H BJOJb 9THX HalpaBieHHH (aHaXOTHYHO
¢ur. 10.6).

3. Jloxamute, uro $pyEKuuy BaHHRe C HEHTPaMH B PAa3AHYHHX Y3AaX PEIIETKH ODTOTOHAJIBLHBL:
S 9% (t—R) ¢, (r—R') dr ~ 8, ,.0p p- (10.35)

BocnonpayiiTéch OPTOHOPMHPOBAHHOCTEIO GJ0XOBCKHX (YHKumit M HaauumeMm Ttomzjectsa (E.4)
(cm. mpumuoxenne E). lloxakurte Ranee, 410

S dr | on (1) [P=1, (10.36)
ecan maTerpax oT |, (r) |* H0 diaeMEHTApHOH AYeiike HOPMUPOBAH HA eJMHMIY.
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T'JIABA 11

JAPYT'UE METO/JbI PACYETA
30HHOIN CTPYHRTYPbI

[PUBJINKEHNE HE3ABUCHMBIX DJIEKTPOHOB
OBIIYE CBOMCTBA BOJIHOBBIX OYHKIINI BAJIEHTHOM 30HEI
METOJ] STUEEK
MT-IIOTEHIMAJIBI
METO/] IPUCOEIMHEHHLIX IIJIOCKUX BOJIH (IIIIB)
METOJ ®YHKINII TPHHA (KKP)

METOJ, OPTOTOHAJM30BAHHBIX IIJIOCKUX BOJIH (OIIB)
IICEBIOMOTEHIMAJ b

B ra. 9 m 10 ME mccnefoBanu OpuGIM;KeHHEE pEMEHHMS OTHOIIEKTPOHHOTO
ypasueHus lllpemmnArepa, HoIy4aeMEe B OpefelbHHX CIyIaAX NOYTH CBOGOHHEIX
DJIEKTPOHOB W cuabHOM cBaAsH. Ha mnpaxTuke Dpubaumennme cuabHOM CcBsASH (IO
KpafiHell Mepe B TOM HpPOCTOM BuJie, KaK OHO GHiI0 chopmyampoBaHo Bra. 10) mpn-
TOXHO TOJBKO IJs OIMACAHUA 30H, HOPOKAaEeMbX YPOBHAME MOHHOTO OCTOBA, a IpH-
OamKeHNe IOYTH CBOOOJHHIX BJNEKTPOHOB He MOMKET OBITh HPAMO OPHUMEHEHO HH
K OHOMY peambHoMy TBepmoMy Tenry ). Ioaromy Lenp HacCTOAIMEH TIHABH — H3J0-
sKUTH OoJiee o0mMue MeTOOH, KOTOPHE JeMCTBHTENLHO HPUMEHAIOTCA IOPH pacdyeTe
KOHKPETHBRIX 30HHBIX CTPYKTYP. ’

B ra. 8 6su10 oTMeueHO, UTO yiKe 3anucHBasg oTAedbHoe ypaBmenue Illpepmn-
repa 2)

(= 4o 920 (1)) () = () s () (11.1)

IJIs KajKIOoTO U3 BJIEKTPOHOB, MH CYINECTBEHHO YOPOIMaeM peaabHYI0 3aJjady o GoJab-
moM 9Hcxe 63aumodelicmeyrowus dIEKTPOHOB B IepUOAWYECKOM moTeHImazie. Ilpu
CTPOTOM PAaCCMOTPEHWH BJIEKTDOH HeJb3sl OINMCHBATL BOJTHOBOH (yHKIumeil, ompe-
mensieMOH OfHOUACTHMYHHM ypasueHumeM IllpeguHrepa, T. e. HE3aBHCHMO OT BCeX
OCTAJABHBIX DIEKTPOHOB.

QarTHIeCKN B NPHOAVKEHNM HEe3aBUCHMHX 31eKTPOHOR He IOJHOCTLIO Npe-
HeOperaloT DJIEKTPOH-BIEKTPOHHHME B3amMopedicTBuamu. CKopee mnpemmojaraior,
910 GonpmuHCTBO Hambojee BajKHHX 3¢P(EKTOB MOKHO Y4eCTh DYTeM pPasyMHOTO
Brfopa mepmoimdeckoro moternmana U (r), BXOAAMEro B OJHO3JEKTIPOHHOE ypas-
nenne llpennnrepa. Takum obpasom, U (r) collepsRET Be TONBKO UePHOMYCCKUIH
TOTEHIMAJ MOHOB, HO TAKKe M Iepuoiudeckue dPGeKTr, 00yCHOBIEHHHE B3aUMO-
feficTBEeM JAaHHOTO djeKTpoHa [BomHoBas ¢yHKNEA KoToporo Bxomut B (11.1)]
co BcemMu Apyrumu anexkTporHamu. Ilociennee B3amMofeiicTBme BaBHUCHT OT B3aUM-
HOTO PACIOIOKEHNs [PYIuUX dJIEKTPOHOB, T. €. 33BHCHT OT UZ WHAMBHUIYAJLHEX
BONHOBHX (YHKOUWHE, KOTOpPHE TakKe onpefensiorcs ypasmemmsamu lllpenmurepa

1y Opnaxo ©osee MBONIPEHEBIC METOMH YacTO JAIOT ONHMCaHWe, OYeHb MOX0)Kee Ha Npubiam-
JKeHne CBOOOJHBIX 3JICKTPOHOR, €CJIM HCIIOJNB30BATH HECKOJNBKO MOAUQUIMPOBAHHHI mepuoamue-
CKMil NOTeHNIHNAJ, KOTOPHI HA3HEBAIOT IICEBONOTEHIMAIOM (CM. HILKE).

2} Mul mo-Tipe;KEeMY He yKa3hkBaeM SIBHO HOMeDp 30HH 7, KOTJIa 9TO He BejeT K HeOJHO3HAY-
HOCTIH.
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Buga (11.1). Iloatomy, uToGH 3HaTH moTennuan B (11.1), HeoGxoamMO BHAGAE SHATE
BCe pelmeHMs 3TOT0 ypaBHeHWA. IlOCKONBRY, OHAKO, YTO0H BHATH pEMIeHHA, HEOGX0-

AEMO 3HATEH IOTOHIHAJ, HepeJl HaMH BCTaeT TPYAHAaA MaTeMaTHdeckas IpoGiema.
[Ipocreiimas (m vacTo HamGonee ymoGHas) mpomefypa 3aKIIYaeTCA B CIefyio-
mem. Mexona ms kakux-amGo pasyMHHX coofpaskeHmii o Buae moreHnumazna U (r),
BoiGepem morennman Up (r) m Buumcaum um3 (11.1) BonHOBHE (QYyHKIHWE 3aHATHX
BIEKTPOHHHX YPOBHe# ¥ IO HHUM 3aHOBO

Banadui: Banadai: paccantaem U (r). Eeam oxamercsa, 4To
41 3d34st b4 3q44st HoBHi moternuan U, (r) copnanaer ¢ U, (r)
i r (anm ogenp Oam3ok K HeMy), To Gyaem
Lz Ler CIHTaTh, 9TO JOCTHTHYTO CAMOC024AAC060-
- - Hue, n BogbMeM U=U, B KauecTBe peajs-
L0+ L0+ HOro morennuajga. Ecaux U, otamuaercsa ot
N F 3 o U,, TO nOBTOPUM HpOLEAYpPY, HAYWHAA C
& g8f S g8l U, u BoabMeM U, B KauecTBe peasibHOTO
T k- § L IOTEHIAAJIA, €CIM OH OYeHb OJusok K U,,
> o6l & 6F a B OPOTMBHOM CiIyuae mepefiieM K BEYU-
= s - caeruio U, IIpm 3ToM ME pYKOBOLCTBYEeM-
a4l M cA HaJeKIOM, 9TO TAKasg DpOoIegypa CXo-
| OOTCA W JlaeT B pe3yJbTaTe CaMOCOTJa-
COBAaHHHIH IOTEHIMAJ, BOCIPOH3BONAMMAA
921 021 1
cam cebs 1).
P /L ) AR B macroame#i riase (kak m B I
r X r x  8—10) morernuax U (r) cuuraercd 3afgaH-
a 4 Ho#l dyHKIUel. ITo 03HATAET, 9T AUG0 M

IPOBOAEM LEPBYIO CTAJMI0 HTEPAlMOHHOM

®ur. 11.1. DHepreTudeckue 30HH BaHATHA, IpOLeNypH, AU60 HAM HACTOIBKO XOPOIIO

paccyuTaHHNE IJXA [ABYX BO3MOMKHHX CIO-
cofos BRIOOpa KPHCTAJIANIECKOrO IIOTeHI[Ha~
aa U (r). (U3 paGoru [3].)
Banaguit nMeer 0. 11. K. pemieTKy. 30HH 1306 ayKeHH
BRONs HampaBaenns [100)} or IeHTpa OO0 TpaHMIH
BOHK BpuIIIOSHA. ATOMHAA CTPYKTYpA BaHALUAA —
OATL SJIEKTPOHOB HAN KOH(pWrypauuell aproHa ¢ sa-
OONHeHHHMY 060a0uKamMu. ITOKasaHu SOHEI, BO3HU-
Kaomune n3 3d- u 4s-ypoeHeld (a Tawke Gojiee BriCO-
K€ 3OHH).

a -~ pe3ynabTaTel pacgera ¢ noremppuanom U (r),
mONy4aeMeIM B [PefI0JOMKeHUN KOoHpUrypamun
3d%s* naA aTOMHOIO BaHANMUA,

6 — pe3yJAbTATH pPAaCHYETA, OCHOBAHHOLO HA Mped-
oonoXeHnH 00 aTOMHON KoH@mMrypamum 3d44sl.

yaazock yragars Bmj morteHnmana U (r),
YTO OH C CAaMOT0 HaYajla ABJIAETCA B JOCTa-
TOYHO! Mepe camocoriaacoBanHEM. Hamem-
HOCTh ONMCHBAaEMbLIX HILKE METOIOB OTpa-
HAYEeHA He TOJBKO TOYHOCTHIO BRITHCJIEHUA
pemenuit ypaBaenus (11.1), xoropas Mmo-
sHeT GHTH Ype3BRITaHHO BEICOKOMH, HO M TOY-
HOCTBIO, C KOTOPOM MEI MOJKeM OIpeeuTh
notennuan U (r). Ilomydaromuecs B pe-
synbrate sHageHus &€,(k), K coxaseHmo,

HOBONBHO YYBCTBUTENBHH K OmuOKaM
B IIOCTPOGHAHW IOTEHNHANA, IOITOMY 9YACTO OKABHIBAETCA, ITO B KOHETIHOM CUeTe
TOYHOCTh PACCIMTAHHOR 30HHOHW CTPYKTYPH OrpaHMYEHA He TPYSHOCTAMM peIIeHHS
ypasrersna Illpeanarepa (11.1) nna sagarnoro U, a npobiemoit Haxo/KIeHRA OOTEH-
nmana. 310 xopomo BuAHO u3 ur. 11.1.

IlongepKHeM TaKKe € CAMOrO HAYayia, YTO HU B ONHOM W3 OIMCAHHHEIX HIKE
METO[0B PacdeTH He YA2eTCA HPOBECTH aHAJMTAISCKM, 33 WCKIIYEHWEM IIPOCTei-
mUX OTHOMEPHHX upuMepoB. Jlaa NpPEMeHEHWSA BCeX 3THX METO0B HEoOXOAUMEI
coBpemerHHe OHcTponeiicteyiomme IBM. Ilporpecc B TeopeTmueckmx pacdeTax
9HEPreTAYECKUX 30H TECHO CBABAH C pa3paboTkoit Bce Goapmmx m Goaee GHCTPHIX
KOMHOBIOTEDPOB, & HAa €aM BRG0P HCHONB3YEeMEIX HpUOIMmKeHHi Goabmioe BINAHHE
OKa3hBAOT NOCTYOHOCTh TEX MJHM HHHX BHYHACIATENBHEX METOHOB %).

1) Cmegyer, OAHAKO, IOMHNTE, 9TO [ake CAMOCOTJIACOBAHHOE PEIIeHHe BCe el IPeJICTaBIAeT
co6oit nump pEbawKeEHOe pemesnne ropasgo Gogee CIMKHON 3a1a9H MHOTEX TEJ.
2) CM., Hanpumep, cOoprmku [1, 2l.



JIlpyrae MeTons pacueTa 30HHOH CTPYKTYDH

OBIIUE CBOMCTBA BOJIHOBBLIX ®Y HKIIMI BAJIEHTHBIX 30H

Husxonesamue ypOBHH HOHHOTO OCTOBA XOPOIIO ONMCHBAIOTCA BOJHOBEIME
(YyHROUAMA, NOJNYYEHHEIMA B NPUONMMKEHAW CHJIBHON CBA3H, I[MOJITOMY 3a/a4a
BEIYACJIHTEJBHEIX METONOB 3aKJII0IaeTCS B pacueTe BHIIEJEKAIMUX 30H (KOTOPH®
MOTYT GHTH MOJHOCTHI0 MJIM YACTUYHO 3aMOJHEHHHMHE MW 3Ke OyCThMm). B otnmume
0T 30H MOHHOTOQ OCTOBA C CHJIBHOW CBH3LI0 TaKWe 30HH HABHBAIOT 6AAEHMHBMU 1).
BaneHTHBIC 30HEL 9aCTO OKABEBAIOT pellaoNiee BINSAHAE HA 3JI€KTPOHHEIE CBOMCTBA
TBEPOTO TeJa, IMOCKOJABKY BJIEKTPORH HA YPOBHAX HOHHOI'O OCTOBA BO MHOTHX
OTHOIIEHUAX WHEPTHEL ‘

Yro6H MOHATH, B 9eM 3aKJII0YAETCH OCHOBHAA TPYAHOCTH B IPAKTHIECKHAX pac-
deTaX BOJHOBHX (YHKIUH ¥ DHEpPIrWi 5JeKTPOHOB BAJEHTHOM 30HEI, IOCTapaeMCs
OTBETATH HA BOIPOC, MOYeMY HPHUGIMKEHHe NOYTH CBOOOTHBIX JIEKTPOHOB (CM.
ria. 9) He DpuMeHEMO K BaJEHTHEIM 30HAM B peadbHoOM TBepfoM Teie. IIpocroi, HO
HOBEPXHOCTHHI OTBET COCTOMT B TOM, ITO HOTeHIuAl He Max. B kauectBe rpyboii
ouerku nasg U (r) MOKHO CUMTATh, UTO O KpaiiHeit Mepe B of6iacTu MOHHOHR Cepme-
BHHE OH HMeeT KYJOHOBCKUIN BUH:

7 e2
— (11.2)
rae Z, — aTomuHi HoMmep. (Dypre-kommonenta Uy morennmana (11.2), sxomamas
B ypasuenme (9.2), umeer Bux [em. crp. 173 u dopmyany (17.73)]

4nZgqe* \ 1
UK%'—(T)-;‘. (11.3)
Ecam mepemmcaTh 8T0 BHpajkeHue ciaefyiomuMm obpasom:
|Ux | & g (D) - Jow 87Zas 55— =13,6 9B (11.4)
K12, \ v ) (@,K)? a 2ay ~ 7 ? ’

T0 REAHO, 4T0 AJA OGoabmoro gmcaa BexkTopoB K ofparsoit pemetkm Ug Momxer
AMETH BeJIWYMHY HOpPANKA HECKONBKUX DJIEKTPOH-BOJBT, T. €. CPABHEMYI C KUHe-
THIYECKUME SHeprEaMn B ypasHenum (9.2). Takmm obpasoMm, MH He mMeeM DpaBa
ACHONB30BATh IpefmoyiokeHne o manoctu Ug IO CpPaBHEHHI0 € KUHETUIECKHMH
DHEPTUAMH.

Urobr ray6ie DOHATH UPUYWHE HEONPUMEHEMOCTH IOA06HOTO mpmEOAmMMeHns,
paccmoTpuM DoapobHee CBOMCTBA BOMHOBHX (YHKIHE MOHHOTO OCTOBA M BAaJEHTHOR
30HH. BoiHOBHe (QYHKIIMM 0CTOBA MMEIOT B3HAYMTENBHYI0 BEJWIHHY JNWIDb B HEIO-
CpEICTBEHHO! OKPEeCTHOCTH WOHA, I'/le OHM 00Jafal0T XapaKTEepPHHM OCHHJIIAPYIO-
muM BUJOM ATOMHEIX BOJHOBHIX (ymEnmit (¢ur. 11.2, a). B ocnmnnsanmax nposs-
IeTCA BHICOKAA KNHETHIECKasA SHEPIUA HJIeKTPOHA BHYTDH HOHA 2), KOTOpag B CyM-
mMe ¢ 0OnpmIOf OTPWIATENbHO IOTEHIWAJBHON sHepruweli paBHA HOJHOM JHEPTHH
ypOBHe#l HOHHOTO 0cTOBa. IlOCKONBKY BajeHTHEIE dIeKTPOHB UMeIOT Gojiee BHICOKHE
DOoJHEE DHEePIWH, UeM JJEeKTPOHBHI MOHHOTO OCTOBA, WX KWHETHYECKHEe DHHEPTHH
TojKe Gomee BHICOKHM, TAK KaK HOTEHIUMANBHAA DHEPIUA M BaJEHTHHX W MOHHBIX
KPHCTRJJIOB ofuHAaKoBa. [losTOMy BHYTpEM HOH2 OCIWIIANME BOJHOBHX (YHKI[HEM
BJEKTPOHOB BAJIeHTHOH 30HHI MOJIKHE OHTH BRIDAKEHEl JajKe CUJIbHEe, 9eM y BOJI-
HOBHX (PyHKIW# DIEKTPOHOB OCTOBA.

K sToMy BHBOLY MOKHO IPUNHTH H APYTHEM OYTEM.

1) K cosKaJeHMIO, TOT ;Ke TEPMMH «BAJEHTHAS 30HA» MCHOJB3YETCH B TEOPHH IIOIYHPOBOJ-
HEKOB B ropasjo 6osee y3kom 3HaueHuu. CM. TiI. 28,

2) OmepaTtop cxopocru ecTh (%/mi) y. Iloatomy dem GHCTpee H3MEHAETCSA BOMHOBAA QYHKITA
B HeKOTODOil 06iaacTH, TeM GOABIIE CKOPOCTH BJIEKTPOHA B DTOH 0GIACTH.
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CoGcTBeHHEIE COCTOAHMA OJHOIO MAMHJIBTOHMAHA C PA3JUYHEIMH COOCTBeHHBIMU
BHAYEHMAMH JOJKHE GHIThL OpTOrOHAJNBHH. B wactHocTn, Ans mMi06oit BoaHOBOH

QyEKOEA Py (F) SIEKTPOHOB BaJCHTHOH B0HH M JI060H BONHOBOH (YHKOME Pi (1)
9JIEKTPOHOB MOHHOTO OCTOBA MOJ/KHO BHHOJHATHCA COOTHOIMEHHme

0= 5 drps (v)* i (). (11.5)

BonmoBre ¢yERmuE ocToBa 06Iafal0T 3HAYMTENBLHON BeJMIMHON JMIb B HEIO-
CPeJICTBeHHOH! OKPECTHOCTH MOHA, HODTOMY IJIABHBIH BKJIAJ] B 9TOT MHTEIPAJ TOJKHE
NaBaTh BHYTpeHHmEe 00JacTH HMOHOB. [[0CTAaTOWHO pPacCMOTPEeTh BRJAL, BHOCHMEIR

Regy’

g

Pur. 11.2. a — xapaKTepHaA TPOCTPAHCTBEHHAS 3aBHCHMOCTH BOJHOBOH (yHKUMH Wy, (r) piex-

TPOHOB MOHEHOTO OCTOBA.

CoomHAsA KpHBaA u300parKaeT 3aBHCHMOCTD BEJTMIUHH Re ) OT paCcCTOAHMA BHOJb JIHHAM MOHOB. OGpaTNTe BHU-

MaHHUe HA TUOMYHEIC ATOMHHE OCHMIIIALNY B OKPECTHOCTH KaXKIOr0 woHa. IITpuxoBasA orufanmasn aTOMHEX y9acT-

KOB npefcTaBisget co6oii CHHYCOMNY C INIMHOA BOJNHH A = 27/R. B OPOMEIKYTHE MEMIY Y3JIAMH DEIIETKH BOJ-
HOBaA QYHKINA NpeHeGpEKUMO MaJja.

6 — XapaKTepHasA NPOCTPAHCTBEHHAS 3ABACHMOCTL BOXHOBOH GymKmmu Py (r) BAZEHTHEX SmeK-
TPOHORB.

B obnacTAX MOHHON CepANEBUHAE NO-IIPeKHEMY HAGNIOXAIOTCA ATOMHEIE OCHWNIANUM. Memny y3NaMu pemeTHH
BONTHOBAA QYHKIINA He 006A3aTeJIbHO ROKHA OBHITH MAJIO, a4 BEPOATHEE BCETO MEHAETCS TaM ILTABHO M MMEET Xa-
PAKTED IJIOCKON BOJHBI.

B (11.5) BHyTpeHHe# 0o6aacTbi0 OTHOIO MOHA, MOCKOIBLKY, CONIACHO TeopeMe Bioxa
(8.3), HOMIEIETETpATbHOE BHIPAKOHNE He IOMIKHO H3MeHATHCA NPH IIepexofe OT AdeiKa
K gueiike. BHyrpm moma ¢yHrumsa Py (r) HOBKHEA HMeTh OCIMJIIANNE, KOTOpHIe
HaCTONBKO TECHO MEPemaeTaloTCA ¢ OCHUIIANAAMA QyHKINE Py (I), 9T0 B peayapTaTe
marerpan (11.5) ob6pamaercs B Hyab Aas BCeX ypOBHEH OCTOBa.

Jlw6oe m3 >TUX COOGPaKEHMA HPUBOAMT K 3aHAIUCHNIO, UTO BONHOBASA PYHK-
TAA 3JIEeKTPOHOB BRJEHTHON 30HH TOKHA UMeTh fopMy, HoKazaHuyw ua ¢ur. 11.2, 6.
Ecnu, omnaxo, BoJIHOBLIe (YHKIEEM 97I6KTPOHOB BAJEHTHOH 30HH OCHEILIHPYIOT
C IIepUOfiOM IIOPSAKA pasMepa MoHA, TO Pypbe-pasnoxkenus, moxobuse (9.1), Homx-
HEI COAEPAKATh MHOTO OIOCKAX BOJH ¢ MaJOHi AAHHOH BONHEI, T. €. MHOTO CJaraeMBX
¢ GonbmuME BOTHOBHIME BeKkTopaMu. IIoaTomy MeTox modtu CBOGOAHKX 3IEKTPOHOB,
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BeAyImi K NUpubIWKEHHOH BOJHOBOH (QYHKIUH, KOTOpaA COCTaBJIeHA N3 OYeHb
MajIoro YmMCJa MJIOCKHX BOJH, OKA3HBAETCA HEBEPHEIM.

Tax wmam wHade, BCe MCIOOIb3yeMble CErofHSA BEHYMCIUTE/HbHHE METOREl Hpej-
CTABIAAIT cO00# MOUBITKA BOCHPOU3BEeNeHUA JIeTATbHOW ATOMOIOLOGHOR CTPYKTYDH
BONHOBHX (YHKIWT BaJA€HTHOH 30HH BHYTPH HOHA C YIETOM TOr0 00CTOATENbCTBA,
YTO BaJEHTHHE YPOBHH B OTJHYUE OT YPOBHe#l B HpAGAMKeHWHW CHJIBHOH CBA3H
TMOJRHBI HMETh JOCTATOTHO 3aMeTHEIEe BOJIHOBbIe QYHKIUHN B 0GJIACTA MEKAY y3JaMH.

METOJI TUYEEK

IlepBoii cepbesHOl MONKITKOE pacueTa 30HHOM CTPYKTYpPH (momMmuMo Goxee
paHHHX BhUHCIeHuU# Bioxa, OCHOBaHHEIX HA WCIOOJb30BAHUM METONA CHILHOMR
CBa3M) ABUICA MeTol siueek Burxepa u 3eiitua [4]. IIpempue Bcero B MeToxe HCIIOIb-
3yercsa TO 06CTOATENBCTBO, UTO B cuay cooTHomenmsa Baoxa (8.6), . e.

Pi(r + R) = etk Ry (1), {(11.6)

mocrarouno pemuThs ypabueHme Illpemmnrepa (11.1) BHyrpm onHoI aleMeHTapHOR
aveiirn C,. 3HasA 3HAUEHWA BONHOBOH QYHKIMU B aueiike C,, MOIKHO OIPeJedHTH
ee BeIMIMHY B OCTAJbHHIX DIeMEHTAaPHHX Aveifikax ¢ moMompio coorHomernu:A (11.6).

Onnako He BeAroe pemenue ypaBHeHns (11.1) B ageiire €, maer B pesyabTare
JOWyCTUMYIO BOJHOBYI0 QYHKIHIO I[eJoTo KpmcTamna, ubo P (r) u Vi (r) HOMKHE
OHTH HEIpPEPHBHH, KOTTA I IePECeKAeT TPAHUIS 3aeMeHTapHEX seek ). G yueTom
yeaosus (11.6) ato TpeGoBanme MoKHO CHOPMYIHPOBATH, BOCIONH30BABMNCE JHNTH
3HadeHHAMU P BHYTpH U HAa DOBepPXHOCTH sAdeitkm C,. VIMeHHO rpaHMYHOE yCJaOBHE
BBOAUT B DeMIEHHS] MeTOJA AIeeK BOJHOBOH BexkTop k M WMCKI0YaeT BCe pemeHusd,
KpOMe PeMIeHHH, COOTBETCTBYIOIIMX JUCKDPETHOMY MHOKECTBY SHEpPrHil, IpeICTaB-
agomux cofod 3ommble sHeprum & = &, (k).

I'pamngynse ycnoBma Ha moBepxHOCTU sigefiku C, TAKOBHI:

P (r) =e~¥Ryp (r+R) (11.7)

n (r)« Vi (r) = —e=%*Rnyr + R)- V4 (r+R), (11.8)

rfie ofe To4KkW, r m r | R, mear Ha DOBePXHOCTH AYEHKH, 4 N — BHEITHAS HOP-
Manb (cM. 3agagy 1).

Taxum o0pa3oM, aHAJIATAYECKHN 3alada cBeJach K pemeHm0 ypaBHenus (11.1)
BHYTpH dJeMeHTapHOU sAdeiikn C,y ¢ BHOWCAHHHIMU TPAHAYHEME YCIOBHAMA. YTOGH
He HAPYMUTh CHMMETPHIO KpPHCTAjiaa, B KadectBe C, BHOHpPAIT 3JIEMEHTAPHYIO
saueitky Burmepa — 3efitma (cM. ra. 4) ¢ meHTpom B Touke R = 0 pemerknm.

Mu chopMyampoBalu TOYHYIO WTOCTAHOBKY B3amaun. IlepBoe mpubamkeHme
MeTOfa si9eeK COCTOMT B 3aMeHe IeprmognmiecKoro moreEnuana U (r) B saemeHTapHOR
Ageiire Buraepa — 3eittna morennuainom V (r), KoTophil chepuiecKn-CAMMETPHYCH
0 OTHOMEHMIO K MeHTPY sadeiiku (dur. 11.3). Momxno, mampumep, BHOpPATh B Kade-
cree V (r) moTeHOmasa OTAEIBHOI'O MOHA, PACHOJIOKEHHOTO B IeHTpe SYefiKH, HTHO-
pupyd TOT GakKT, YTO COCeHME MOHH OYAYT Tak:Ke AaBaTh BKIaf B U (r) suyrpm C,,
oco0eHHO BOMWM3X rpaHun sdeiikm. H sromy npmbammeHuio mpuberaoT HMCKIOYMA-
TEJIbHO W3 DPAKTAYECKAX COOOpasKeHHit, 4ro0H COAATH TPYAHYIO BHUUCIATEIBHYIO
sagaqy Oozee MOCTYDHOH MRIA peIIeHAA,

1) Ecau 6m1 \ max V1 tTeplienu paspxB HA TPAHMIE sAdeiiKd, TO TOTAA HA 3TOM IpaHHlE Cia-
raeMoe V2 obrafgano 651 0coGenHoCTAME (KOTODHEe OBy 66 O-QYAKUIAMA WK TPON3BOMHEIME OT
S-pyrrunm). Ilockoasky cuaraemoe Uip Ha IpaHuie He COACPHUT HUKAKUX HOXOOHHX UICHOB,
ypasrenue [lpenunrepa He GHIO GH YIOBAETBODEHO.
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Ecau BryTrpm C, motennuan BHOpaH chepHueCKN-CAMMETPUIHEIM, TOTAA B 3TOH
DIIeMEHTapPHOH sYeilKe HOIHHKH Habop pemenmit ypabmerums Illpemumrepa (11.1)

mMeeT BHA 1)

\plm (!') = Ylm (e’ Si’) Xl (r)’ (119)

rae Yin, (0, ¢) — chepmueckme ¢ymrmum, a y; (r) yAOBIETBOPAET OGHKHOBEHHOMY
maddepeHNUANBHOMY YPaBHEHHUIO

X (1) + 2% (1) + o (6 =V (= L) (=0, (11.10)

IIpn Bamamnmom morternmane V (r) m aio6om 3afagHOM 3HadeEmm € CyMECTBYeT
OMAUHCTBEHHAS (QYHKIUA Y1,g, CIYKAIAs pemeHHeM ypaBHEHHSA (11.10) = pery-

r

N7

Peanswsiz nomernyuan U(r) Npubnuxcenssiz nomesyuan V(r)

Our. 11.3. IKBUNOTEHIMANN [T. e. KpUBHe MOCTOAHAOTO 3HAaYeRus noTeEnuana U (r)] smyrpm
9JIeMEeHTaPHON AYeHKU.

JLis peanbHOTO KPNCTAINIMIECKOTO ITOTEHINAA OHN cPepuuecKu-CMMMeTPIYBH BOIIM3N IIeHTpA A4YeiiKy, TIe B 1o~

TEHIHAJIe TPeofiiafiaeT BKAAX OT HEHTPAJHbHOrO MOHA, OJHAKO BONMUSH IDAHMIK AYeHKM HNOTEHUWAN SHAUMTEILHO

OTKJIOHSETCH OT ClepUUeCKU-CAMMETPUYHOIO. B METOjle AueeK B KAUeCTBE ANIIPOKCHMAONM MCIONL3YETCH IOTEH=
nuan, chepuyecKu-CUMMETPUIHMI BCIOAY B AdYelKe, €ro SKBANOTEHIMANN NOKABAHK CIPABA.

nApHas B Havane koophmmHat ’). DyEKmEE X;g MOMKHO DPAacCINTaTh IHCIEHHO,

OOCKOJBKY OOHKHOBeHHEE JuddepeHnmaibHie ypaBHEHHA JETKO PEImaloTCs ¢ HC-
moab3oBarueM IBM. Ilockoasky aiofasa cymepmosunus pemenmiit ypasrenms Illpe-

1y Cm., manpumep, KEury Ilapra [5] wam mawo6oii gpyroir yie6HMK KBaHTOBOH MeXaHHKH.
CymecTsyer, OFHAKO, OJHO BajKHOE OTJIUYME IO CPABHEHHIO C M3BECTHRIM ATOMHHIM CIYJaeM.
B aromroit pusuke rparngnoe ycaosue (o0pamenue { B HyJb Ha OECKOHEYHOCTH) TaKKe cepuae-
CKHU-CEMMETDHYIHO, CJIEJOBATEJbHO, RasKI0e OTHENbHOE ciaaraemoe Buja (11.9) maer cranmoHapmOe
cocrosame (T. €. YrIOBO MOMEHT — XOpOIlee KBaHTOBOe uucio). B mamEOM caydae (3a mckKiamoge-
HAeM Mofieian cepuIecKoi sueiiku, OMMCARHON HwKe) TrpaHHIHOe ycjoBue He ofmajaeT chepude-
CKOil cuMMeTpuedl. B ¢Bsi3u ¢ 3THM cTanuoHapHHE BOXHOBHE QyHKIuu mMenT Buf (11.9) ¢ Koad-
¢unueHTaMu, OTIVWIHKIMEA OT HYJIS IS HECKOJAbKUX PA3HKX 3HAYEHUIT [ U m, T. e. YIIOBOH MOMEHT
OoJice He ABJAETCS XOPOIIUM KBAHTOBHIM YUCJIOM.

2) 3910 yTBEPIKAEHNE MOKET NOKA3aTHCS HECKOIBLKO CTPAHHKM, IIOCKOABKY B aTOMHOI Qu3nKe,
pemas 3afady /A OTHEJIBHOIO aTOMA, MEL BCETAA MOJydaeM RUCKPeTHH HaGop coGCTBeHHEIX 3Ha-
YeHWil, a MMEHHO DHEPTeTUYeCKHE YPOBHH aTOMAa AJs yIJOBOTO MoMmeHTa [. B sajade mua aToma
TaKOH Pe3yALTAT BOSHUKAET MOTOMY, YTO TaM TPAaHHYHOE YCJIOBHE 3aKJI09aeTcs B o0pameHun
¢yarmun %;(r) B Hyab OpH r — co. 3[eCh jKe HAC mHTepecyeT ¥; JHUIIL B IpeAeaax suefikn Burre-
pa — 3eilTia ¥ EEKAKOTO HOI00HOTO AOMOJHUTEAHHOTO YCIOBUA He TpeGyeTcs; B KOHETHOM CHeTe
Paspemennble 3HAUeHUS % OynyT ompepeasaTscsa rpaEwgEnMu ycaosmamm (11.7) m (11.8) pus
KpucTaqiua. Hanoskemme WX [ieHiCTBATENbHO BHOBL IPHBOJAT K JHCKpeTHOMY HaGopy smepruil

&, k).
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[WHTepa ¢ OMHAKOBOH PHEDTHefl cama CIYSKHT ero pemeHzmeM, QyHKIHA
¥ (r, g)=ZAlelm (91 Sb) Xl'fg(r) (1111)
m

Ipm HPOM3BOJBHHX Koodunmenrax A, mOpefcraBiser co0ofl pemeHwe ypaBHE-
mna (11.1) c omeprueit €. Opmaxo (11.11) sBasercs momycTmMo# BOnHOBOH QYHK-
oueit AdA KPHECTAJAIa TOJBKO B TOM CIydae, eCllH OHA YAOBJETBOPAET I'DAHMYHEIM
yerosuam (11.7) m (11.8). Hpn HamoeHNN 5THX IPAaHUYHBIX YCIOBUIl fenaercs eme
OHO BajKHOe MPHOJMMKENNe MeTOoNla AjIeeK.

ITpncrynmas k pemenmio, ocraBuM B pasnoxennn (11.11) cronpko gnenos, uTo6H
OETO0 yROoOHO IpPOBORMTH WMCJaeHHEE pacdeTs !). ITockoabKy TOTa B pasioKeHHH
OKAa3EBAETCA JWUIIb KOHEYHOE YWCI0 KO2PQUUUEHTOB, /A IPOU3BOJNBHOM AdYeHKH
IPaHNYEEE YCIOBUA yAAeTCS YAOBIETBOPHTH TOJBKO B KOHEUHOM YMCIE TOYEK
Ha ee NOBepXHOCTH. HallojKeHMe KOHeYHOTO Ha(opa IpaHHYHBIX YCJHOBUil (IMCIO
KOTOPHX DPAaBHO YHCIY HEW3BECTHHX K09(Q(PUIMEenTOB) UPWBOAUT K CHCTEME 3aBHU-
cAmux oT k IPHeHHKX ORHOPOAHEIX ypaBHEHMH niA Aj,; sHavenus &, OpH KOTO-
DHIX [eTePMHHAHT CHCTeMHI ofpamaercs B HYJIb, OPEACTaBIASIOT co00il HCKOMBIE
sHeprmm €, (k).

TaxuMm ofpasoM MOKHO HaiiTm coGcTBemHHE sHauesnsa €, (k) Dpm Kamuom
sravenyu k. AnbprepHaTUBHBIA €moCOo6 3aKiI4aeTcs B TOM, 9ToGH 3ajath €, mpo-
BECTH O[HO YHCJeHHOe WHTerpmpoBaHme ypasmemmsa (11.10), a saTeM mcraTh 3Ha-
4eHHsa k, IpH KOTODHIX AeTepMEHAHT ofpamaercs B HYJAb (€CIH TONBKO CAyIaiiHO
He OKa/KeTcs, 9T0 BHOPAHHOE 3HAUEHHe & JEeKHUT B 00JaCTH SHEPTreTHYeCKON menn).
ITomo6ure 3HaveHus k BCerna MoKHO HAfTM W IOCTPOUTH B pPe3yibTate m30dHEpPTe-
THYECKYI0 HOBEPXHOCTD.

CymecTByeT MHOTO OCTPOYMHHIX CHOCOG0B MEHWMHBALBH HECOTJIAaCOBAHHOCTH
BONHOBHX (YHKIMI Ha rPaHANAX AYEHKN, BOSHUKAIOMEH H3-32 TOT0, YTO IPAHUIHEIE-
yCI0BUA MOTYT OHITH HAJOMEHEl TOIBKO B KOHeIHOM umciie Todex. Buaromapsa uso-
OpeTaTeNbHOCTH HccaenoBaTeseii m cumocobGHOCTH IBM mpomsBOAMTL BHYUCICHAS
¢ 60NPMUME JeTePMEHAHTAMHA ¢ HOMOIIBI) METOla Y€K YAAeTCH BHIOJHATH OYeHB.
To4HHEe pacueTH 2). IlomydaeMre 30HHEHE CTPYKTYDH HAXONATCS B XOPOIHEM COTJa-
CHE C pe3yJbTaTaMH OPMMEHEHMS APYyTWX METOOB, ONHCAHHEX HUJKE.

Han6onee n3BecTHEIM DpEMepOM IpHMEHeHHS MeTOAa Ad9eeK ABISAETCH BHION-
HeHHEA Buraepom m 3efiTmieM pacueT HAMHEBNIEro 5HEPreTHYECKOr0 YPOBHSA B Ba-
JIeHTHOHN B0HE MeTaInuIecKoro Harpus. IloCKoaAbKY [HO 9TOH BOHH PACHOJOKEHO B
trouke k = 0, m3 rpammannx ycuaopmi (11.7) m (11.8) ucuesaer sKCHOHEHIMAJIbHEIMA
MHOKUTeNb. Hpome Toro, Bursep m 3eifiTy cmemanm eme oRHO unpmbamskenme —
3aMEHHOJIN 3JeMeHTapHYI Adeliky Bumrmepa — 3efitna cdepoit pagmycom ry ¢ Tem
e o6peMoM, IONYUNB TPAHMYHOE YCIXoBuUe, obnafaiomee cheprueCcKol CAMMETPHEH,
Kak u noTtennumax V (r). Torna ogm uMenu Bee ocHoBaHZA NOTpeGoBaTh, 4TOGH pemie-
Hme P (r) €aMO mMeJo CPepUIECKYI0 CHMMETPHIO. JT0 AaeT BO3MOMKHOCTH OCTABHTH
B (11.11) smmp unen ¢ I = 0, m = 0. B pesynbraTe rpaHEYHOE yCiOBHE HPHOOG-
peraer UpOCTOl BUNI

Yo (ro) =0. (11.12)

CrenoBaTenbHO, CepuaeCKH-CUMMETPHYHEE BOJAHOBHE (YHKIUM H COOTBETCTBYIO-
mye HEPTUE HNOJIYYAIOTCA B METOfle fYeeK NYTeM pPemeRus OfHOrO-e[WHCTBEHHOTO
ypasuernsa (11.10) mpm ! = 0 ¢ rpamumubmM ycaoBmem (11.12).

1) IIpm 3TOM HAC JOJKHO HECKOJBLKO YCIIOKAMBATh TO 0GCTOATENBCTBO, 9TO B UTOTE PaBIOsKe-
HUe OyfeT CXONUThCH, MOCKOJABKY JUUIA NOCTATOYHO BRICOKMX YIJOBHX MOMEHTOB ] BONHOBafA QyHK—
U OYeHb Maja BCIOLY BHYTDU SUEHKH.

2) CM. B ocobemuoctn pabote Antmara m np. [6].
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CrexyeT 3aMeTUTh, YTO II0 CROEMY BHAY 3ajlada COBIAfiaer ¢ atoMHO#. ViMeeTcsa
JIUmb ONHO PAa3iMuMe — ATOMHOE FPAHWYHOE YCJIOBHME, COTJIACHO KOTCPOMY BOJHO-
Bag QyHKIUA obpamaeTcs B HYAL HA OECKOHEYHOCTHM, 3aMEHEHO B3IeCh «gYCCUHBIMY
TPAHWYHEIM YCJIOBHeM, TpeOyIomum, 9To0H pagumasbHass INPOM3BOTHAA BOJHOBOR
$ynruum obpamanack B HYJb IPH r = r,. ATOMHAas U «g9eedHas» BOJHOBHE (yHK-

¢

—g

-~

S~ _Jfo/%
G
3 4

- ——

r/e,

Qur. 11.4. CpaBHeHNe «19eedHOM» (CIUIOIIHAA KpMBasd) M ATOMHOH (IITPHXOBas KPHUBAs) BOJHO=-
BHX (QyHKIu# 3s!-ypoBHsA B HATpHH,

A\
|
|
}
i

|
|
1

Tomenyuasr memoda Aveer

————— PearsHslil BPUCTIJIIRYECK UL NOMEHG LA
~~~~ llomeryuanst omoensHelx QimomMos

----- Iparnuyesr sveer

<dur. 11.5. [loTeEnuan B MeTofe AYeeK UMeeT PA3PHEB NPOM3BOIHOHN IocepenrHe MeKIY TOYKAMU
PemIeTKH, TOTAA KaK PeajbHBEH NMOTEeHHUAJ ABJIAETCS TaM TIAKUM.

nun Aas ypoBus 3s' m3obpaskeHm Bmecre Ha ¢ur. 11.4. 3amermM, 4TO «AYeegHAAN
BOJIHOBasg QYyHKUMA Gonbme aTOMHOM B 00JacTu MEIy y3jaMu, HO MOYTH He OTIH-
YaeTCA OT Hee BHYTPH HOHA.

Ilpu mpmmenHeHWEm MeToma s9€eK BO3HMKAIOT, NO-BHAWMOMY, IBe OCHOBHEIE
TPYLHOCTH:

1. BruncamTenbnas TPYAHOCTH, CBABAHHAS € YMCIEHHEIM yAOBICTBOPEHHEM
TPARHUYHOTO YCJIOBHH HA IOBEPXHOCTH 3JeMeHTapHO# sdedku Buruepa — Seiitna,
npepcraBiasAomeil Cco60H J0OBOJIBHO CIOKHHY MHOIOTDAHHUK.

2. OcooBanHEe Ha (u3mYecKuX coo0paKeHHAX COMHEHMA B TOM, MOKeT JI
IOTeHIMAJ, OTBEUANOMUN M30MHPOBAHHOMY ATOMY, CIYKHTh HAWJIYYINeH auNpoOKCH-
Marueil TOYHOTO IOTEHIMAJNAa BO BCEH pIeMEeHTAPHOH sadeiike Burmepa — 3eiitma.
B wacrtEOCTH, MCOONB3YEMbA B pacuerax 0 MeTOJY A4eeK MOTOHI[IAT MMeeT Pas3phIB
LPOM3BOHON HA TpaHUIe MeXIy [ByMsa sdeiikamu (fur. 11.5), Torga waw B feii-
CTBHTENHHOCTH IIOTEHIMAN B 9TOH o0JacTH BIOJHE TIaloK.
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Uro6u ycTpasmTh 06a 5TH Bo3paykenmsa, BBofgar M T-nomewyuas (muffin-tin
potential) !), KoTopHit coBHmajaeT ¢ MOTEHIMAJOM WM30JMPOBAHHOIO HOHA BHYTPH
cep ¢ ONPENENEHHHM pPajHyCOM I'y, IPOBeTeHHKX BOKDPYT KAK[AOH TOYKH pemeTKH,
¥ paBeH HYII (T. €. IOCTOSAHEH) BO BCell ocTanbHo# ofmacTu (IpW 9TOM Iy BEOHUpaloT
JOCTATOYHO MAJHM, uToOH cdephr He mepexpsiBaauch) (fur. 11.6). McoonbsoBanue

06nacme UoHHOU o

copaueBUHsl =4
O Mewcdoysensras

oonacms

®ur, 11.6. a — MT-noTernua, n300paKEeHEHA BJONb JUHUN HOHOB;
6 — MT-noTeEnuan nocrosnen (paBeH HYJIO) B 00JacTH MeKIy y3JaMH U COOTBETCTBYeT W30JH-
pOBaHHOMY MOHY B O0JACTAX WOHHOW CepINeBHHEL.

MT-morenimana cammaer ofe mpobieMBl, HOCKONBLKY OH TJHaJOK B 001acTH MEXRIY
y3J1aMu W NPUBOAWT K YCIHOBUSIM COTJIACOBAHHMA HA MOBEPXHOCTH cephl, a He MHO-
roTpaHHMKA.

®opmanbao MT-morennmman (ois Bcex R) MOHO ompenmeauTs CiaelyoOIUM
obpasom:

U=V (r—RY|) ompm |[r— R|<<r, (ob6sracmv uonnozo ocmoea
uau amomuan obaacmyv), (11.13)

=V () =0 opr |r— R |>r, (obaacmv mewncdy ysaramu),

roe ro, MEHBINE IOJOBHHEI PACCTOAHUA MERAY Oammaimumu cocefamm 2).

1) Tepmun «muffin-tin potentialy B OyxkBanbHOM mepesofie O3madaeT «HIOTEHIUAN B BHE
$opMHl faA BHIeRamuA cHo0by. — I pum. nepes.

%) Yacto ry BHOMDAIOT PABHEIM IOJOBMHE DPACCTOAHHA MEXKLY OMmKafnImMu COCeTAMIIN
Torja moxydaetcs chepa, BmucameEasi B sdefiky Burmepa — 3eiira. B 9TOM caydae BOBHHKAeT
PAJ He3HAYATETBHHX TEXHMYeCKUX TPYRHOCTell, KOTODHX MHI W36eraem, Tpefys, 4ToGH 3HATEHNUE
ro GHLIO MeHBINe TAKOTO PACCTOSHMAA,
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Ecam pmororopmrhest, 4ro ¢yHkmua V (r) paBHa HYJMI, KOLZIA €€ apryMenT
OpEeBOCXONUT Ty, To U (r) MOMHO 3ammcaTh B IPOCTOM BHe

U(r)=§V(|r—R|). (11.14)

Hns pacuera 30H ¢ ucmonb3oBanmem MT-moreHnmana MEPOKO IPUMEHAIOTCA [Ba
MeTofa: Merop mpucoeguHeHHEX miockux BoaH (I1IIB) um merom Hoppwnrm, Homa
n Pocrorepa (HKP).

METO[ NIPMCOEJMHEHHBIX NJOCKUX BOJH (IIIB)

Honxon, npenaosxsenusiii Castepom [7], ocmoBan ma ToM, 4To B 06aacTH MemIy
ysgamu, Ifie IOTEHImAJ HOCTOSAHEeH, (QYHKINIO Py (r) 3adECHBAIOT B BUAe CyImep-
MO3WIMY KOHEYHOTO 4MeJa IMIOCKKMX BOJH, 8 B aTOMHHX 00aacTax TpeGyror, 9To0b
ona mMejga Gomee oCHUINMPYIOMUH «aTOMHBIAY Xapakrep. Y0 MOCTHTAETCA LIYyTeM
pasnoKenns P, g 0O Habopy npucoedunennvr naockux eoar ). IIIIB ¢y o ompe-
AeNA0ICa CaeNyomuM o0pasom:

1. B obnacrm mexpy ysnamm ¢y ¢ = €*'*. Bamno oTmerurs, uTO 3jech
OTCYTCTBYeT Kakag-iubo cBash Mexay € u k (mampmmep, THOA COOTHOmeHUA & =
= h%*k?*2m). N1IB moskHO ompemenuts Ajs aA060i sneprun € m a1060TO BOIHOBOTO
Bexropa k. Ilosmomy waxmcdasn ITIIB ¢ omdeavHocmu 6 obaacmu mexcdy ysiomu He
ydoesemsopsem sanucanhomy dia kpucmasra ypashenuto Illpedumncepa, codepucauye-
My snepeuto €. ’

2. Dyuxuus ¢y ¢ Henpepuena Ha TPAHAINE MEKAY ATOMHHME 0071acTAME
u ofjacTAME MeXA0y3Ini.

3. B xammoin aromuoit obnacTu ¢ meHTpoM B Touke R pemerxm (yHKumsa Pk, g

ynosaerBopsier ypasmenuio Illpemmerepa Ans aToma:
he
- le qusk’(g (r)+V (fr—RY) 4’1{,‘6 (r)=€¢k’(£ (r), Ir—R|<r. (1115)

Hockonpky k He BXOZMT B 9TO ypaBHeHme, 3aBHCHMOCTb ¢y ¢ OT k mosBiserca
anmb 6rarofiapA TpaHMYHOMY YCJIOBHIO 2 M yKasaHHO# B m. 1 3aBmcmmocTH oT k
B ofjacTy MeKAY y3IaMu.

Mosxuo moKasaTh, 9TO 9STH YCJOBHA OLHO3Ha4HO ompepesasior I[111B 95k,}<§
npu Bcex € m k. Caenyer otmeruts, uTo B obaactu mexny yaaamm IIIIB ymosne-
TBOpsieT He ypasuenmio (11.15), a ypasmenmio Hoy o = (h*k*/2m) ¢y . 3amernm
TaKKe, 9To B o0meM caydae NPOM3BONHAA OT ¢y ¢ HA TPAHMIE MEKIY ATOMHLIME A
MEKIOY3eIBHEIMI  00JaCTAMA HMMeeT pa3phB, I0BTOMY qu’:k’% obnagaer TaMm
ocobennocTaMu TEOA O-QyHRUHH.

Meron, IIIIB ecrp momsiTKa amOpOKCHMMPOBATH TOYHOE peHICHHME YPaBHEHHS
Illpenunrepa (11.1) mnsa xpueranna aunedinoil KomOwmuanmeid I1TIB ¢ ommmaxosoit
suepruei. Ilockoabry fna mioGoro Bexropa K ofpatmoit pemerxm IIIB Prix, €
yhoBieTBOpseT ycaosnio baoxa ¢ BommoBmM BekTopoM k (sajmaua 2), pasnokeHume

Pi (r) UMeeT BuA
Py (1) = %ch%k_'_K'c&k) (r), (11.16)

Ile CyMMUpOBaHHe BeleTCA II0 BEKTOpaM OOpATHOM pemeTKH.
Ecnn temepnr B3aTh sHepruio IlIIB paBHOA peanbHodl sHeprum 6JI0XOBCKOTO
ypoBHA, TO QYEKNEA Yy (r) OymeT ymoBieTBOpaTh ypasreHmio Illpeammrepa ais

1) B Tex caydasax, KOIja 9T0 HeOOXONEAMO AJMA OJHOBHAYHOCTH, MH JONOJHHMTEIHHO YKA3H-
BaeM B UH/EKCe YHEePTHI0 ypPOBHA.
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Dur. 11.7. ImepreTudecKue 30HH Kejaesa, MeJW ¥ NUHKA, paccurTaBHNe Mareiiccom [3] mo metony
I1I1B,

DHEPruy OTIOKEHHN BXOJb ONPAMHYX, COEQHHAIIMX HAYANLHYIO TOYKY B R-IPOCTPAHCTBE ¢ TOUKAMM, YKA3aHHBIMHA
HA TOBEPXHOCTHM BOHARI BpuiunioaHa. O0paTwTe BHMMAHWE Ha IOPABUTENbHOE CXONCTBO MEMKOY PACCINTAHHBIMHA
B0HAMM [IMHKA ¥ 30HAMM CBOGOMHEIX 3JIEKTPOHOB (IPUBENEHHLIMK cnpasa). IIMHK uMeeT XBa s~3JIEKTPOHA HAT KOH-
durypanueit ¢ sanorHeHHHIMI 000J109KkaMu. 'OPN3OHTANBHEIMY IITPUXOBRIMY JIMHNAME IIOKa3ana sHeprua depMu.

KPHCTAJIA B aTOMHHX o6iacTsax. llpemmonaraercsd, 9To AJs TOro, 9To6GH QyHKIHAA
P (r) TpAGIMKEHHO ONMCHBAJA TOYHOE pemeHme moanoro ypasHenus Illpenmmrepa
B ofiacTn MeRAy y3TaMH W HA TPAHEUNE, JOCTATOYHO BKIOUUTH B PAasioKeHHe
He oueHb Gombmoe ymcao IIIIB '). Ha mpaktuke ucmomwayior mo cra IIIB; npm
HdanbHefimeM yBeamdeHmum ux 4dncaa & (k) cymecTBeHHO He MeHseTCHA, IOITOMY
MOKHO CYOTATH, 4TO MOCTUIHYTA XOPOIIAA CXOTUMOCTH.

Tlockonbpky Besakas IIIIB ummeer paspoiB mpom3BONHOH HA TpAHANE MEKAY
ATOMHOM W M@MI0y36JAbHOM 06JacTaMM, JyYrne HCIONB30BaTh He ypasHeHue Illpe-
AMHTEPR, 4 SKBUBAJCGHATHHH €My BapWANMOHHHIM TPWHIIH.

Ilasa nro6oit samamuoil Jugifepenyupyemoll (Ho He 00A3aTEIBHO KBAIKJE nmb-
.pepennupyemoit) $yErumu P (r) ) ompemenum (YHKOMOHAZ IHEPIHH:

S(W'VW‘) 12+U(r>lw(r>|z)dr
S ¥ (r)|2dr

Moo mokasaTs 3), 9To pemIeHme ypaBHEHHS IIIpeJJ;nHrepa (11.1), ynoBmerBOpsIO-
plee ycaosmio Baoxa ¢ BomuoBmM Bexropom k m smeprmeit € (k), orpeuaer sKcrpe-

Ey]= . (11.17)

1) IIpepocTepeseM THTATONA OT OAHOI OMUOKN: TOYHAE PEMOHNA ypaBHeRUA —k2/2m Vi =
= %\ B obmactm caoxHOM PopMel, re MT-noTeHENaN paBerE HYII0, He 0GA3aHK OHTH IMHEHHKIME
KOMOHEALMAME IIOCKEX BOXH e'X°T ¢ smeprusavm € = h2k/2m.
2) DysKOuA P MOKET MMETh H3JIO0M B TOYKAX Pas3phiBa NPOU3BOJHOE V1.
3) TIpocroe goxasaTexncTBo (m Ooxee moppobmasg (OpMyAUPOBKAa BapMANHOHHOTO HPWH-
numa) JaHEe B upuxokenun K.
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®nr. 11.8. Tpn paccunTaHHEE 30HHEE CTPYKTYPH [JIA THTaHA.

CTPYKTYPHL @ ¥ 6 OJIYYEHB! TI0 METOXY sIYeeR JJIH JIBYX BOBMOMKHLIX NMOTEHIMANIOB. OHHE BSATH N3 CTATHE AIITMAHA
[12]. CTpyrTypa ¢ — pacuer Mareficca mo merony IIIIB.

mymy ¢ynrnumonana (11.17) ma rnacce muddepenuupyembix ysErnmi ¢ (r), KOTO-
pHe YROBIETBOPAKT yCiIoBuio Bioxa ¢ BoxHOBEM BextopoM k. 3mawenme E [yy)
ecrs sHeprusa & (k) ypoBHA Y.

BapunanuonHEH# DPUHINI WCHOJAB3YIOT, YTO0H € IOMOIIBI0 PABIOKEHHA N0
IITIB (11.16) paccanrare E [yil. Ipu aToM M mosywaem npmGuuskeHHOE BHparKe-
sue Ana € (k) = E [{xl, saBucamee or xosdduumentos ckx. TpeGoBanme crammo-
Baproctu E [y,] mpmBommt k ycuosusm 0E/dcx = 0, maomuM CHCTeMy OIHOPONi-
HEIX ypaBHeHHH HiA ckx. Hos@pduumenTH 5TOH CHCTeMBI 3aBACAT OT MCKOMOH 3HEp-
rum & (k) xax ms-sa saBucmmoctu ot €(k), comepsxameiica B IIIIB, Tak u ms-3a
Toro, 4ro 3Hauenne K [{y] B crammonapnoit Touxre ects é (k). IlpmpaBumBas Hyno
TeTePMUHAHT, COCTABIEHHHHN M3 K03(QPUIHEHTOB cg, HOIy4aeM ypaBHEHHWE, KOPHH
roroporo ompepeasior € (k).

Kax n B metome ageex, 9acto yroGuee paborars ¢ Habopom I1I1B, orBewaromux
ONpeNeeHHOR SHEPIHH, W HMCKATh 3HAYEHUA K, JUIA KOTODHX AeTepMuHAHT oGpa-
IAeTCH B HYJb, HONYYad B pesyabraTe KapTy HOBEPXHOCTEH HOCTOSHHHX 3HEPTUit
B k-mpocrpamcTBe. YUHMTHBAs BO3MOMKHOCTH COBPEMEHHOH BBRIYUCIWTEIBHOH TEX-
HUKKH, B PAa3J0KEHUN, NO-BUIUMOMY, MOKHO COXPaHUTL Takoe OGOJNBIIOE TUCIO
IITIB, wotoporo GymeT AOCTATOMHO JJA JOCTH;KEHHSA HPERPacHOU cxoxmmocTu l);

1) MHOTAA misA MOCTHKEHWS PasyMHON CXOAMMOCTH NOCTATOYHO O49eHb Majoro gumcya IIIIB;
3T0 HPOUCXOMUT BO MHOTOM IO T€M jKe MPUTIHAM, 9TO U B METOIaX OPTOTOEAJIN30BAHHKX IJOCKNX
BOJIH 1 TICeBIOTOTEHI[HANA, KOTOPEE MB pacCMAaTpPHBaeM HIDKE.
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BBOAY 3Toro meron IITIB mpencraBiser coGoil ofHy m3 Haubojee yHadHBIX CXeM
pacueTa 30HHO# CTPYKTYPH 1).

Ha ¢mr. 11.7 nmorasaHs 9acTE HHEPTeTHIECKMX 30H PAJA 3JIeMEHTOB, paccdm-
raBHe Marteficcom ¢ ncmonbzoBanuem metona I1IIB. Onun u3 uATepecHHX pesynb-
TAaTOB aHAIW3a COCTOMT B TOM, 9T0O 30HH IIMHKA, UMEIOINEro 3all0THEHHYIO aTOMAYIO.
d-060/T0uKy, B 3HAYMTEJBHONM CTeNEHM HANOMHHAKT 30HH CBOOONHBEIX 3JIeKTPOHOB..
CpaBuenme KpuBbXx MaTeiicca s THTaHA ¢ pacderaMm AJITMAaHA II0 METONY fA9eer
(¢mr. 11.8) momsxHO, OXHAKO, BHYIIMTE 3/10POBOE TYBCTBO OCTOPOMKHOCTH: XOTA OHHI
00HAPY/KUBAIOT 3HAYMTEJHHOE CXONCTBO, OTJIMUHA BCe jKe OKABBIBAIOTCA JOBOJBHO
cnubtibliMe. BeposaTHO, oHE B GoabIIeil Mepe CBA3aHLI C PA3JHIMAMY B Br6Ope NOTeH-
1mana, 9eM ¢ MNPUTOTHOCTHI0 METONOB PacueTa; TeM He MeHee 3TO IOKa3HBAaer, UTo
Opr HOpMMEHeHMH METOHOB pacdera 30HHOH CTPYKTYDH, OCHOBAHHBIX HA (IEPBHX
NPUHIHAIAXY, CIEAYyeT HPOSBIATE OCMOTPUTEILHOCTD.

METO/l TPMHOBCKUX ®YHKIINN KOPPUHI'M, KOHA
N POCTOKREPA (KKP)
AnprepratnBeni mopxon K MT-moremrmmany naer meron Hoppunru, Hona

u Pocrorepa [9, 10]. Mcxonsoil TOUKOH BJlech CIY;KHT WHTErpalbHas GopMa ypas-
nenus Illpenunrepa ):

Py (r) = 5 dr'Gy,, (r—1) U (V) i (r'), (11.18)
Tle HHTeTPUPOBaHHWe BefleTcsA IO BCeMY HOPOCTPAHCTBY H
a , eiK jr—r|
e (11.19)
K=YV 2mdie, €>0,

=i}y 2m(—&)/n2, €<O.

HoncraBusas smpasxenue (11.14) naa MT-morennmana ® (11.18) m mpoumssons

3aMeHy mepeMeHHHIX r” = r — R B KaKIOM ciaraeMoM ILOJYYalOINEHCA CYMMBHI,
moskHO mepemmcatk (11.18) B BRuE
P (r) = 2 3 dI‘"Gcg(k) (r—r"—R)V (r") g (r" + R). (11.20)
R

Yenosue DBioxa paer P (r” - R) = ek Ry (r”); caemoBarelbto, 3aMenuB r” ma
r', ypaBuenme (11.20) mosxHO BammcaTs TakEM oGpasom:

I

Y (r) = ) dr'9y o @—1)V (') Px (r'), (11.21)

1) HMmeerca pmame crenuajbHH yue6uuk Jlykca [8], B KOTOpOM MOKHO HailTu BCe JleTamn
3T0T0 MeT0Aa ¥ Halop cTaHgapTHHX Iporpamm mias BM.

%) M3 ypaBpenna (11.18) ncxofAr Taxike B 9NEMEHTAPHOI Teopuu paccesHHA. Ero sKBuBa-
JeHTHOCTH 00RaHOMY ypaprenuio lllpepunrepa (11.1) caenyer u3 Toro, 9T0 GyEKIMA G YAOBIETBO~
paer ypapaermio (€ -+ #2V?%2m) G (r —r’) = 8 (r — ') (cm. ru1. 17, sajjaua 3). DueMeHTApHOE
PaccMOTpeHNe 3THX BOIIPOCOB MOMKHO HaiiT, Hanpumep, B yaeGmure Cakcona [11]. B teopmu pac-
ceanus B (11.18) o6HYHO BRIIOYAIOT TAKIKE HEOJHOPOIHHI dJIeH &5 T rpe hk = V 2m%; s1o
AenaeTcs, YTOOH Y[OBJIETBODHTH TPAHMYHOMY YCIOBHMIO [JIA NAJAIOIEH BOJHW. B AaHHOM ciay-
4ae, OHAKO, PAHMIHBIM YCJIOBUEM ABIAETCA COOTHOUeHNe bioxa, kKoropomy (11.18) ynosnerso-
pAeT B OTCYTCTBHE HEOJHOPOHOTO WiIeHA.
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TIe
Gy, 8 (r—1") = 3 Gg (r—r' —R) '°R, (11.22)

IIpuareaa ocobemHocTs ypaBHenma (11.21) sakmiodaerca B TOM, UTO 6ci 3aBH-
CHMOCTH OT BOJHOBOrO BeKTOPa k W OT CTPYKTYpPH KpHCTANIA COXEPIKUTCA B QYHK-
nEE 9, g , @ e MOMKHO PacCIATATb Pa3 M HABCETAa A PA3HHIX KPUCTAJNIWIECKHX

CTPYKTYp Ipu 3ajaHHbX 3HaweHHax & m k ). B samaue 3 morasaxo, 4T0, KaK cie-
myer m3 ypaBHerusa (11.21), ma cdepe pagmycom r, sEageHEA Py FOMKHE YXOBIe-
TBOPATH HWHTETPAIBHOMY YPABHEHHIO

0= S oy [gk,‘ﬁ(k) (roB¢, 10" ¢’) Ti—w(re’ﬁ) by —
— P (re0"¢’) Ti?k,‘é(k)(roetﬁ, re’¢’) Ir=r°]. (11.23)

Hocroapky ¢yHKUEA Py HOIPEPHBHA, IPU I' = I'y OHA COXPAHHT BHJ, OIpe-
meiseMblii aToMHEOM 3afgageir [em. popmyns (11.9) — (11.11)). IIpr6amxenne meTona
KHKP (xoropmnii BmnoTs [0 HacTofmero MoMenTa Owu1 TounemM fisg MT-moremnmaina)
CBOANTCA K HPEAOIOMEHAI0, YTO IS 3afaHUA Py € PA3YMHOR CTEIEHBHI0 TOIHOCTH
B pasaomenun (11.11) mocraToymo ocTaBMTH JHIIb KOHEeYHOe umcao (CKasKeM, [V)
cpepuaecknx rapmormk. [lomcraBnasa yceueHHoe pasiosxerme B (11.23), ymmomasn
Ha Yim (0, ¢) u muTerpmpysa moxydalomeecd BHpasKeHHe IO TeaeCHOMY yray dodé
I Bcex | W m, BXOEAMUX B 9TO pasio;KeHWe, HMOJydaeM cucreMy N JImHeAHHX
ypasHeHHm#A nnsa A, BXxogamux B pasnoskeHme (11.11). Hooddunwmenter B oTmX
ypasmenusx 3saBucar oT €(k) m k wepes G Sy 2 TAKIKE Yepes PaHAIbHYIO
BOJHOBYI0 QYHKIUIO X, ¢ ¥ ee HPOE3BOAHYI X, . IlpmpaBHmBas Hymo HeTepmn-
maaT N X N, cocraBileHHHH #3 XK03pPEOHEHTOB, OLATH HOJy4YaeM YypaBHeHHE,
ompefiensomee cBA3b MexAy é m k. Hak m B onucamHEX BHOIE METORAX, MOFKHO
nu6o WCKaTh 3HadeHuss &, AaoNiue pemeHHA Ipu 3afanHoM k, auGo 3ajgate &
¥ CTPOUTH MOBEPXHOCTH B k-IPOCTPAHCTBE, HA KOTOPOH AeTePMHHAHT o0pamaeTcs
B HYJb M KOTOpasg TaKEM 00pasoM ABIAETCA W309HEPTeTHdecKOod HOBEPXHOCTHIO
é (k) = é.

Merogur KKP u IITIB mokHO paccMaTpuBaTh KaK IOPOLEAYpHI, obJamaiomme
TeM CBOHCTBOM, 4TO, €CAH HpOBecTH WX B To4HOM Bufe AiA MT-morennmaina, 10
OHE [AI0T YpaBHEHHWs JJIs JeTepMUHAHTOB GECKOHETHOTO HOPANKA, KOTODHE 3aTeM
anMpoOKCAMUPYIOTCA KOHeYHHME perepmmHanTamu. B Mmerome IIIIB «yceuenme»
oposogutcsa mo K; BoxHOBass QYHKIUA alIPOKCEMUPYeTCa B o6gacTu MeKAy ysia-
mu. Hamporus, B meroje HKP cymmupoBanume no Bcem K ymme addexTusro mpous-
BefleHo Opu pacuere Qymrmmm G, «2). Bmecto sroro] ammpoxcummpyercs ¢opma

1) IIpm mpoBefeHMH CYMMHPOBaHMA HO R OOHYHO HCIOJB3YIOTCA Te Ke BHYNCIUTEIbLHEIE
IpUEeMHl, 9TO I B pacyerax PEeNIeTOYHOH HHePTHM MOHHHX KPHCTRIIOB (cM. ri. 20).
2) Her Heo0X0guMOCTH DACCYMTHBATH (YHKIHUIO §9k @ AU BCEX SHadeHMI r; JOCTATOTHO
¥

paccuuTaTh MHTErpaJbl

Im

S 4R AR, (00) 6, (a0, ef'9) Yy (0'6)

5 4R 4RV F,, (60) = B, 15 (00, 196y, Yo '0").

Ony TpoTabyAMpOBAHH [JIfA PABIUIHKX KPHCTANIWIECKHX CTPYKTYDP B INMPOKOM MHTEpBajle 3Ha-
gennil € u k; B KagecTBe ry Mpm 9TOM O0HTHO GepeTca pajmyc cepH, BOUCaHHOH B sadeilky Bmr-
gepa — 3elrTna.
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BOJNHOBOH (YHKIME B arOMHHX o0aacTax. B ofomx ciaydagx mpomexypa Xopomo
cxouTcs’ UPH YBENWUOHAA IUCIA COXPAHAEMHIX WIEHOB; HA NMPAKTHKE JJIA METOMA
KKP rpedyercs, DO-BEIAMOMY, MEHBII® WIEHOB B DABAOMKEHAH IO CHepHIeCKAM
rapMorukam, dem gas meroia [IIIB B cymme mo K. Horma meronmr HIIB mw KHP
mpuMeHsaTcs K oamHakoBhM MT-moremnmarnam, oHEH HalT 6aU3KHmE pe3yIBTATHL.

Ha ¢ur. 11.9 mokasass pesyabraTol pacdera mo Metony KHP masa som amio-
MUHAs, BosHUKmMuUX u3 3s*- u Jpl-yposueir. OfparnTe BHUMaHWe HA IPEe3BLIYANHOO
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®ur. 11.9. CpaBHEenre pacCUUTAHHHX BaJeHTHHX 30H [Jf AJIOMHEHNA (TPH 3JIeKTPOHA HajX KOH-
¢urypanuneif HeoHA ¢ 3aTOJHEHHKIMH 000I0YKAMHU) C 30HAMH c60600nbir IMEKTPOHOB (IITPHXOBHE
JMHWN).

YucaeHHil pacder mpoussenen no merony KKP Ceramnom [13],

CXOJICTBO PACCYMTAHHHX 30H C DHEPTeTHYECKHMH YPOBHAMH CBOOOAHEIX SJIEKTDOHOB,
n300paKeHHBIMA Ha (QUrype MTPUXOBHIMH JUHWAMH. EJUHCTBeHHEN pa3iwdmMbIa
3pPerT B3AUMONEHCTBUA MEKIY IIEKTPOHAMU U HMOHAMH 3aKIANTAETCS B CHATAHR
BHPOMIEHAs, NPENCKA3ZHBAEMOr0 Teopuefl NOYTH CBOOOJXHEIX BISKTPOHOB. IJTO
MOKET CIY)RUTh HATJAAKHON MIUIIOCTpamue# CHeJaHHOTO HaMH paHee 3aMedYaHUSA
(cM. crp. 157) 0 TOM, 9TO 30HHEE CTPYKTYPH METAJJIOB, aTOMHEE KOH(PHTYpaUnH:
KOTOPHX XapPaKTePU3YIOTCA MAJKM THUCIOM S- W P-dIEKTPOHOB Haa KOHQHUrypanmein
HHEePTHOI0 rasa, OYeHb XOPOMIO OIUCHBAIOTCA NPHOIMKEHWEeM LIOYTH CBOOOTHEIX
anerTpoHoB. Ciemyoomue IBa MeTONA, paccMaTpUBaeMmble HEKe, IIOMOTAIOT Jy9g—e
HOHATE 3TO 3aMeYaTelnbHOe OOCTOATENBLCTBO.

METO]i OPTOT'OHAJIN30BAHHBIX IIIOCKUX BOJIH (OIIB)

[lpueEO@EOnalbHO KMHKEM MeTOIOM COYeTAaHHA OHICTPHX OCOHWINANEHE B obia-
cTAX, 3aHATHX MOHAMHE, C HOBeJleHNEM TANA INIOCKHAX BOJH B 00J1aCTH MERIY y3raMu
CILY/RUT ' METOJ[ OPTOTOHAIM30BAHHKX IJIOCKHX BOJH, IPEMIOKeHHHH Xeppmmrom
[14]. Ina upoBemenmsa pacueros mo merony OIIB me mysxHo upmMmenats MT-moreH-
AN, IO3TOMY MeTOJ 0CO0eHHO JI@HeH, KOT/Aa jKeJaTelbHee HCIONB30BATh HEMOIH-
drunEpoBaHHEIA moTeHOUAN. HpoMe Toro, 5TOT MeTOT HO3BOJAET B KAKOH-TO CTemeHH
HOHATH, [OYeMy NPHOIMIKEHNe NOYTH CBOCOMHEIX JIEKTPOHOB CTONB XOPOIIO
ApPefCKA3EIBAeT B0HAYI0 CTPYKTYPY PAAA METAILIOB.

Honuepruem BHaYaJe PA3AMYHE MEKAY TEKTPOHAMA HOHHOTO OCTOBA M BAaJIEHT-
HHIMA DJeKTpoHaMu. BoJHOBHE QYHKOHE OCTOBAa JOKANW30BAHHI BOIMSW y3IOB
pemeTku. BaneHTHBE 3I€KTPOHEL, C APYTO# CTOPOHH, ¢ 60ABIION CTemEHBIO BepoAT-
HOCTH MOJKHO OGHADYKHUTh B 00JacTH MeKRy y3jJaMu, Ife, KaKk MH HaJeeMCa, HX
BOJHOBHE (YHKIWH XOPOIMO AHOPOKCHMUDPYIOTCA NUHEHHOM KoMOHHAmmeH Majoro
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YMCHa WIOCKUX BOJH. B 910M 1 clejyomeM pasfeiax MHE NPUNECHBAeM BOJHOBBIM
GYHKOHAM OHIEKCH U U ¢ B 33BECEMOCTH OT TOI'0, OIHCHBAIOT J1M OHY YPOBHYU BaJICHT-
HBEIX 9JEKTPOHOB (BaJIEHTHEIE YPOBHHN) MU JX€ YPOBHE OCTOBA.

Bruto 651 GeccMBICIeEHEIM IHTATHCA AUNPOKCUMHUPOBATH BOJHOBYIO (YHKIMIO
BaJeHTHOTO YPOBHA BO 6ceMm NPOCTPanCTBe ¢ DOMONMBIO HECKOJBKUX NIOCKAX BOJH
(Kax B MeTome HOUTH CBOGOZHHEIX 3JEKTPOHOB) — NpPM 3TOM HE YAAeTcA TOIYYHTH
GHICTPO OCHMANNDPYIOMEee NOBeleHHe B 00JACTAX WOHHOR CEPANEeBUHEL. XeppPHUHD
3aMeTHJI, 9T0 A yd4eTa TaKOTO IOBeJeHUA MOKIO BOCIOJb30BATLCA HE IPOCTHIMHI
IAOCKMMHU BOJHAMH, & TAKUMHU, KOTOPHE C CAMOTO HAYaJja OPTOTOHAJBHEI BOJHOBHEM
QYHKIWAM UOHHOTO O0CTOBA. MTak, OUpPeReANM 0PMOLOHAAUSOEAHHYIO NAOCKYIO 60AHY

(OIIB) ¢y B BHIE
¢k:eik'r+2bc"pi‘ (r), (1124)

I7le CyMMHPOBaHHE BeJeTCA MO 6ceM YPOBHAM OCTOBA ¢ GJIOXOBCKEM BOJIHOBHIM BeK-
TopoM k. BouHOBHe QYHKImH 0CTOBA DpeANONaralTcA M3BeCTHHMHA (00HYBO HX
MOKHO CYATATh KOMOMHAIIMAME AaTOMHHX BOXHOBHIX (YHKUuUK, NOJyYaeMHMH
¢ HOMOINBI0 MeTofla cHiabHO#N cBasu). Ilocrosnure KopddUIMEnTHl b, OUPENENAIOTCH
u3 TpeGOBAHUA OPTOrOHAJBHOCTH (YHKIUHN ¢y K KAKAOMY 13 YDPOBHe# ocToBa '):

S Ay (r) éy (r) =0, (11.25)

OTKYy[a CIeAyer, 9To
b, = — S dryg® (r) eisr. (11.26)

(A

OllB ¢y oGaapnaer cilenyiouMN €BOHCTBaMM, XapAKTePHBIMH JJs BOJHOBBIX
QYHRImA BajeHTHHX YDOBHeH.

1. Ilo croemy mocTpoeHmI0 OHA OpTOTOHaAbHa BCeM ypoBuam ocroBa. Iloaromy
OHa MMeeT TaxsKe TpedyeMmbie GHICTPHE OCHHMIIIANNY B 001aCTAX NONHON cep/IeByuHE.
OcoGenno xopomo ato Bmauo m3 (11.24), mockosbKy BoaHOBHE QYHKHHH OCTOBa,
BXofAIIHe B oOpelencHue ¢y, CAMHI OCHUIAUDPYIOT B 00HaCTAX MOBHOM CepAIleBHHEL.

2. Baarogaps ToMy 9T0 ypOBHH OCTOBA JIOKAJM30BaHB! BONNBM TOYEK PEUIETHH,
Bropoe cijaraemoe B (11.24) mMano B ofiacTm MessAY ysjaMmu, W TaM QYBEIMA ¢y
09eHb OAM3KAa K OTHEJLHON HAOCKO BOJHE ek-7,

ITockonpky miockas Boama eX'f @ BOJHOBHE (QYBRKIWE GCTOBa Py (r) ylo-
BiaerBopaT ycaoBnio broxa ¢ BoAHOBEM BeKTOpoM Kk, eMy YIOEJeTBOpAET TAKKe
OIlB ¢,. Hosromy momuo, Kar u B MeTofe I111B, mckars pasnosmkenne peasbHEIX
3JeKTPOHHEIX COOCTBEHHHBIX COCTOAHMI AJsA ypapreHWs lllpezmurepa B Bmae cyumep-
nosunuu OIIB

Pr = I}{‘_;stbkﬂb (11.27)

Kaxr u B merozme IIIIB, M moxem onpenennts kos¢duunents cx B (11.27) u suep-
run € (k), momcraBuB pasinoskenme (11.27) B ¢ymrnmonman (11.17) m morpe6osas,
9T00H IPOM3BONHEE MOJYYAIINETOCA BHPAKEHNA IO BCeM cx GHJM PaBEH BYJIO.
Hpucrananueckuit morernuan U (r) BXOAMT B MOAY9AWIMYICA 3anady Ha colcTReH-
HEIe 3HAYEHNA TOJBKO 4Yepe3 ero MaTpmanbe saeMentil mo OIIB:

S ¢k (U () grix- (r) dr. (11.28)

1) M upepnosnaraeM ofHYHOe ycaoBme BOpmMupoBRu | dr | ¢ [2 = 1. 3amernwm, 9T0 QyHK-

OuA ¢y, TaKike oproromansRa dymkuum P§ mpu k' == k 8 cury yenosus Bioxa.
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ApperxtuBrocTh MeTofa OIIB cBsasana ¢ TeM 06CTOATENBCTBOM, UTO MAaTPUUIIEIE
agementhl morennuana U mo OIIB oxasmBaoTcsa ManbiMu, XOTd €ro MaTpudIHEE
DJIEMEHTHl IO ILNIOCKEM BojuaMm Beduku. DBiaronapa aromy pasiaosenume mo OI1B
CXOUTCSA OUeHB OHICTPO, TOTAA KAK JAOCTUTHYTH CXOAUMOCTH Pa3JoMeHHd IO MI0-
CKMM BOJHAM LPaKTHIeCKH HEBO3MOMKHO.

Ha mpaxrure meton OIlB npumensior ipyma pasanunemu cnocobamu. G ool
CTOPOHE, MOMHO TPOUBBONMTEL yucinennue pacuerh Merogom OIIB ucxonma ms mep-
BHIX DPWHIUOOB. B pTOM clydae HAYWHAKT ¢ aTOMHOTO TOTEHINAJa, BEIUHCHASIOT
ero marpuunbie siemenTs o OlIB m pemaoT (uia foCTUKeHNA XOpOme# CXORUMO-
cTH) 337auM HA coGCTBEHHBIE BHAMEHMs ¢ MAaTPUIaMHM AOBOJIBHO BEICOKOTO HIOPARKA
(nnorga rpefyerca mopasurensro mMaino OlIB, no momer 6mTH HE0OX0AMMO U C€TO
OlIB).

C npyroil CTOpONE, YacTo BCTpEYAlOTCS «pacdeThly B30HHO@ CTPYKTYDH, (ak-
THYECKH CCHOBAHHEBIG HA METOJle NOYTH CBOOOJHEIX 3JIeKTPOHOB (cM. Iit. 9), B KOTOpO#
dypoe-womuorentsl Uy moTeHmuajsa paccMaTpMBalOTCA KaK MOATOHOYHBEE mapa-
MeTpHI, 2 He KaK N3BeCTHHE Bequdnnsl. 3areM ¢yphe-KoMmonenTn Ug onmpenenasior-
¢sI TIyTeM NOATOHKY 30H HOYTH CBOOOMHEIX DIEKTPOHOB Jub0 K DKCIePUMEHTaJbHEM
maHHEIM, Ju60 K 30HAM, KOTOpHE [ETAaAbHO PACCYUTAHEI IMOCPEICTBOM ONHOTO U3
fomee peanucrudeckux Merorgos. Tak, nampumep, KKP 3somm naa anomunns,
norasanHuie Ha ¢ur. 11.9, MOmHO BOCUpPOU3BECTH € BHICOKOH TOYHOCTBIO BO BCei
gone BpunnosHa, BHUOONHUE pacueT U0 METORAY TOYTH CBOGONREBIX DIEKTPOHOB
¢ UeTHpbMA TIOCKMMHE BOJINAMH € HCNOJL30BAaHMEM Bcero ABYX ') mapameTpoB:
Upn ® Usgoe

Hopnuunas Teopys noutn cBoCOREKX 2JIEKTPOHOB He MOMET, KOHEYHO, 1aBarb
TAaKUX XOpomuX peayibraroB. CiefoBaledbHO, 3ajiava Ha cofCTBeHHLIE 3BAUCHUHA
LIS «DOYTH CBOGOAHBIX DJeKTPOHOBY NoJskHa CHTH B JIEHCTBH1ENBHOCTH BaKNIOUH-
TedbHON cTajuelr ropasno Coxee CHOKHOIO aHaim3a, HanpmuMmep no metony OIIB,
a ¢ypre-kKommonenTsl Uyx ecTb Ha caMOM Jlelle MATPLYHBlE BJIEMEHTH HOTeHIHasa
no OIIB, a me no mnockum Boauam. IlosTomy mogoGHble BRUMCASHNA NPUHATO Ia3hl-
BaTh pacderamu 1o merogy OIlB. B TaxoM KOHTEKCTe 9TOT TePMHUH CAYKUT, OALAKO,
JAUMDb A HATOMHURAHHA O TOM, YT0 X0Tf (OPMaIbHO aHAJIH3 UAEHIUYEH METOXY
HOUTH cBOGONHEX SI€KTPOHOB, eMY BCe jKe MOKRHO JaTh Gomee HaJiesRHOe TEOPeTHYE~
CKO€ OCHOBaHUe.

CoeepmenHo He sicHO TeM he memee, sikngetcs am mnoaxon OIB mamnyumum
cnocoGoM CBeJleHUA peanbHON 3ajaym o0 pJIeKTPOHe B NePHOANYeCKOM MNOTeHIuaie
K 9¢QexTuBHOMY pacuery IIs «Ho4TH cBoGONHEIX» dIeKTpoHOB. Boxee cucremarn-
qeCKRH €Ioco0 m3ydeHWs 310 nmpolieMbl, a TaKKe PAJA APYTHX BHYUCIHTEIbHBIX
HOIXOROB HaiT Memodbl ncesdonomeryuaad.

NCEBJOHOTEHINAJI

Teopua mCeBHomOTeHINAaNa BOBHIKIA NePBOHAYAJBHO Kak ofofmeHme meTojla
OIIB. Ona me TOgbKO MaeT BO3MOMHOCTh yTounenus pacuetoB OIIB, no y mossoaser
(mo Kpafineii Mepe wacTHuio) oGBACHUTE, LOYEMY PacueTHl METOLOM HodTH cBOGOJ-
HHX 3JEKTPOHOB MOTYT JIaBAThH XODOIIee COTIacue C peaJbHBMU 30HHBIME CTPYK-
TYPaMH.

Mu mpuBoAuM AWM CAMYI0 PaHBIOI GOPMYIMPOBKY MeTONa ICEBIONOTEHIUA-
ma [15, 16], wotopas B cympoctr cBoamTcd K Mogmduranmu mogxoma OIIB. Ilpen-

1) Cm. [13]). (Tpermii mapaMeTp HCHOJIB3YeTCHA B BHPA’KeHHH [JIs DHEPIHMU CBOGOJHOTO BIEK-
TPOHA, KOTOpOE BamucHBaIoOT B Buze o.?k?/2m.) Kak oxassBaeTcs, O/JHAKO, TAKHE B30HH HE IO3BG-
JAI0T TPRBUJILHO OUPEeINTh NETalu CTPYKTYpH moBepxuocTd Depmu (4T0 HINIOCTPUDYET TPYA-
HOCTH TIONYYCHMS TOMHHX NOTEHHUANOB).
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[IOJIOKAM, ITO TOIHAS BOJNHOBAA QYHKIHUS JJIA BAJNEHTHOro YPOBHA 3alEcaHa B BHA
IAHeiHOE KOMOWHAIIHE OPTOCOHAJAN30BAKHBIX HIOCKHEX BOJH, OOTOGHO BHIpasKe-

Huio (11.27). Ilyers ¢i ecth 4acTh 3TOrO PABIOKEHMs, B KOTOPYIO BXONAT TONLKO
ONOCKWe BOJHEL:

¢k (r) = D) cgeittKyer, (11.29)

K

Torga mu Momem nepenmcats pasaoxenns (11.27) m (11.24) caexyomum oGpasos:

P (r) = ¢k (r) — D) ( \ ar' i (r') i (r')) P (1), (11.30)

ITockonbKy 1 TpefcraBiAeT co0OH TOUHYI BOJHOBYI (YNKIMIO BAaJEHTHOrO
YpoBHs, OHa yHoBierBopser ypaBHemmio Illpegmurepa ¢ coGCTBeHHKM 3HAYe-

i
auem €&}:

Hpy = Expi. (11.31)
lloncranoska (11.30) B (11.31) naer
Hei— ) (S drpy gt =8k (ph— ) (5 dr' i $e) W) . (11.32)

[ c

Bameuas, uro HyPp = &k Py AIA TOYHHX YPOBHeH HOHHOLO OCTOBA, MBI MOKEM
omepenncats (11.32) B Bmue

(H +VP) ¢o = €091, (11.33)

rie Gomee rPOMO3NKEE WIGHS! OTHeceHsl B omepaTop VB, ompeneasesmsiii Ciexyio-
muM ofpasoM:

V= 3 (62—£0) ( S AWy ) b (11.34)

B pesynprate mMm momyudam 3ppertuBuoe ypasuenme [[Ipemuurepa (11.33),
KOTOPOMY YAOBIETBODAET WIaBHAA COCTABIAAMAA ¢p ONOXOBCKOE Qymarmmm.
Onwnr npumenerus Merofa OIIB mopckasuBaer, 4To $yHRIUIO gbﬁ MOJKHO HpubIH-
JHEHHO UPOACTABUTH B BuMe JMHOHHOH KOMOUHANAE MAXOr0 YACHA IIOCKAX BOXH.
EcTecrBeRHO MHpPENMONOMKATE HOITOMY, 9T0 MJIA HAXOKAEHHA ypOBHEH BajeHTHHIX
3J0eKTPOHOB /i rammnbToHmasa H + VB mpumenuma rteopus moarm CBOGONHEIX
3JeKTPOHOB, H3XOKeHHasA B ri. 9. B srom 3akma09aerca MCXOQHKE NYHKT WCCIeLo-
BaHU#i W PACIETOB IO METOAY ICeBIOMOTEHIHANA.

~ [IcesBonomenylans OOPOAEIACTCA KAK CYMMa PEaIbHOrO HePUOLUIECKOTO LOTeH-
urana U m senmaudsr VE:

R h2 eudo
H+V =——-§n—1-v2+vpsu . (11.35)
Mu HajgeeMCA, 9TO OCeBAOOOTECHIIAANX 6yl[el‘ JOCTaTO4YHO MAJILIM, 97005 OJig pacdera
BaJIeHTHHX ypOBHeﬁ MOKHO OBLI0 MCHOJB30BATH MeToJ Ho49TH CBO6OIIHBIX 3IIEKTPO-

goB. Ha 5T0 yKa3HBAGT TO, 970, XOTA PEANbHHE OePAONUISCKANR HOTEHOHUAT B 006-
JIACTH MOHHOH# CepAMeBMHH HMeeT HPATACABAOMAN XapaKTep W IOITOMY BeJIXTIMHA

b Up) = [drw* @) U@ v
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OTpUIATENBHA, COOTBETCTBYIOMHUA MaTpWUHBIE dreMeHT moTemnmana VE, coraacuo

(11.34), pazen
2

(b, Vi) = D) (Ex— &%) (11.36)

c

| arviry

IlockonbKy sHeprum BaJICHTHHX YPOBHEH BHNIe SHePTHA ypOBHe# OCTOBa, mochael-
Hsg BeJmuupa rcerja monokmresbpa. Ilostomy pobapnenwme Beamums VE v U
TPUBOIUT K WX XOTs OH 9acTmyHON Kommencarump. CiaefloBaTeIbHO, MB BMEEM OCHO-
BaHWA DPOABIATL ONTHMU3M K HAJleATLCA, 9TO PEesYALTUPY: P HOTEBIMAS OKa-

JRETCHA HACTOIABKO CIalHM, 9TOGH [ PACYETOB ¢y (TaK HA3HBAEMOH LCEBIOBOJ-
HOBOU (YHKIMU) MOSKHO OHJIO HCIONB30BATH NPUOAMKeHYe MOYTH CBOGONBEIX BJIEK-
TPOHOB K PpaccMaTpuBaTh NCEBJOIOTEHNUAN KAaK Majoe BO3MYIIEHHE.
Icepgonorennman o0aafaeT psaoM HeoOHUHEX cBoicTB. Bmpaenme (11.34)
osmayaer, aro VR (a croefoBaTelbHO, W ICEBAOIOTEHIMAJ) HEJOKAJeH, T. €. ero
fleiicTBEE Ha BOJIHOBYIO QYHKIHIO P (F) He CBOOUTCA X YMHOMKEHWIO ee HAa KAaKYI0-TO

dynknuo or r. Kpome T0ro, mCEBLONOTCHIMAN 3aBUCHT (T dHEPrAm €y MCKOMOTO
ypOBH#A, HO3TOMY MHOTme n3 QYHIAMEHTANBHBIX TEOpEeM, KOTOPEHIMH MH IPHBHKIR
He 3aJlyMBIBasiCh IOJNb30BATECA (HaIpuMep, 06 OPTOrOHAJIBHOCTH COGCTBEHHBIX QyHK-
Ui, TPEHAANEKAMAX PABNUIHEIM COGCTBEHHBIM 3HAYEHHAM), YK€ HEOPUMEHHMEL
L5t Vpseudo

Bropyio TpyAHOCTH MOKHO HpeogoseTh, moaouB B (11.34) m B Vpstude

BenumuuHy € paBHOH oHeprum HamGoiee MHTePECHHX jis HAC ypOBHeH — OOHIYHO
aro pHeprug Depmu. HoneuHo, Kor/ia Takag 3aMeHa OpOW3BeleHa, COOCTBEHHEE
snauenus oneparopa H -+ VE Gojee ne coBmafaloT ¢ TOYHHME COCCTBEHHEMY 3Ha-
YeHUAME HCXOJHOT0 TaMUJBTOHMAHA, WCKAKNYaA AWINb yPOBHH ¢ dHeprumein Vepmm.
IlockonbKy WMeHHO OHHM dame BCeTo UPEACTaBRIAT HamboNbDIWH HMHTEpec, 5TO
He ABIAETCS CIWINKOM BHICOKOM NeBoii. Hampumep, Taxum ofpasoM MOMEO Ha#TH

COBOKYIHOCTH BeKTOpoB Kk, fna kortopuix &} = €p, m Tem caMBM HOCTPOHTH
noepxsocts Depmu.

IMomumo ompenenenmsa (11.34) cymecrByer MRoro ApyTHX CcHOCO0OB ompene-
ants VB 1agr, 9T0o6H onepatop H -+ VR obGaaman 1emu e caMBME CoGCTBEBHBIMIE
3HAUEHNAMH IJIA 6a1eHMHKbZL YPOBHEH, UTO U pealibHbil TaMuIbTOHNaH H kpucrandaa.
V3-3a »TOro BO3HHKJA IleJIas «HAYKA» 0 HCEBJOUOTEHIHane, B OTHOMEHUN KOTOPOk
Bee eme ylenmTenbHO He yCTaHOBIEHO, OPUIOAHA M oHA AJs1 Yero-iuGo MHOTO,
Kpome o0OCHOBaHHs pacdeToB moBepxHocTn (DepMm Do MeTOAY HouTH CBoGOJHBIX
BJICKTPOHOB 1),

HOMBMHUPOBAHHBIE METOIbI

BrnocaencTsun di0au, KOHEUHO, NPOABRAL CONBIIYI0 W306pETATeIbHOCTE B KOM-
OuHHpOBanMKM pasanuHLX MerofoB. Tak, Bampmmep, WMHOTNAa UpPH pacCMOTPERHU
d-30H mepexodHBX MeTaJJioOB IO0Je3H0 IPUMEHATH NOAXON, anajormyHmi mpubim-
MCHHIO CHIBHOH CBA3W, OJlHAKO YUNTHEAThH S — d-CMEIMBaHmE He NyTeM N0GaBae-
HOA QYHKIOMH CHJIBHOH CBA3U sl S-30BH, & MCOONL30BATL CaMOCOTIIACOBABHEIM
06pasoM OIMH W3 MeTOJ0B NJOCKMX BOJH, ONMCAHHHX Bhime. Pasymeercsa, B
mpoBefieHHOM Bhile o030pe MeTOJ 0B pacyeTa HHEPIeTHYECKHX SOH MH JUIb
IOBEPXHOCTHO 3aTPOHYJM HECKONbKO Contmux ofnacTell mcciefoBaHUA.

dT1a m HpeABymue TPU IaBhl ORIH DOCBANEHE aGCTPAKTHEIM XapaKTepHCTH-
KaM 30BHOH CTPYKTypH. IlepeiifeM Temeph K MBY4YeRnmi0 HENOCpPeNCTBeHHO Habaio-

1[) %63op, MOCBAMEHHAN ! TCEBAONOTOHHANY U ero IPUMEHEHWSIM, MOMKHO HAaHTH B cOOp-
muke [17].
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JlaeMEIX OPOABIGHUN 3JIeKTPOHHEIX dHepreTudeckux 30H. B ram. 12 u 13 o6cymuaerosn
obobmenue Teopmm 3dderToB meperoca Ipyme m 3ommepdenbma ma cayuair 6io-
XOBCKHX 3jexTpoHOB. B ri. 14 paccmorpen pajg CHocoGOB HPAMOTO BKCHEPHMEH-
TaJBHOTO ompepenenusa mosepxroctm Pepmu. B ra. 15 onmcana 3oHEas crpyrTypa
IIEKOTOPEIX PACIPOCTPAHEHHKIX METAJLI0B.

JATAYN

1. I'panurneie Ycao6uUr 0 80AHOELIL PYHEUI L IAERT POHOE 8 KPUCTRAALIAL

IIycTth BexTOp T 3ajjaeT TOUKY BHYTpPH dJleMeHTapHOH sdefixm C, BOGJM3HM ee TPaHHLIH,
ar’ — JIpyryi TO9KY, 6eCKOHEYHO MaJI0 YRaXeHHYIO OT I, HO JeKAIIYI CHAPYKH Sueiiku. Ypas-
HeHWA HONPePHBHOCTH AJA P (r) MMEIT BuJ

rlirill (p (1) — ()] =0,

lim [V (1)— Vap (+')] 0. (11.37)

a) Hokamute, YTO HJIA BCAKOH TOYKM r HAa [OBEPXHOCTH 3JIEMEHTAPHON S9CHKH MOMKHO
HafiTH [Ipyryio TOYKY HOBEPXHOCTH, OTCTOAIIYI0 OT IePBOY Ha HEKOTOPHIH BeKTOp R pemerkm
BpaBas; Takywo, 9T0 HOpMaJdl K HOBEPXHOCTH AYEHKHM B TOMKAX r ¥ T 4+ R uMEOT MPOTHBONOIOMK-
HEle HATIPABJICHUSA.

6) BocooapsoBapmuch TeM, YTO QYHKIHA P MoKeT OHTh BuOpaHa B 6J0XOBCKOH dopme,
HOOKaKUTe, 9TO JJIf Hap TOYeK Ha [OEEPXHOCTH, OTCTOSAMHX JAPYT OT JApyra Ha BeKTop R mpsamoit
PelIeTKHE, YCIOBHA HENPEPHBHOCTH MOMKHO 3alMCaTb, MCIOJL3YA JMINb Te 3HAUEHHA, KOTODHE
dyEKOUA { NpHAMMAeT BHYTPU SJIEMEHTaPHOH AYeHKM:

¥ () =e " Ry (r|-R),

. 11.38
Vi () =e ¥ Ry (r--R). ( )

B) I[loKajkuTe, 9T0 eAMHCTBEHHAA HOBasA MHYODPMAUUs, KOTOPYIO AaeT BTOpPOe U3 ypaBHeHHH
(11.38) m xoTopas He COAep/KUTCA B IEPBOM H3 HUX, 3aKI0UaeTCA B COOTHOIMEHHN

n(r)-Vy (r)=—e Ry (r+R) -V (r+R), (11.39)
Ifie BEKTOP N0 — HOPMAakh K IOBEPXHOCTH AYEHKH.
2. BocnonpsosaBmmcsr TeM, 970 IIIIB HenpepHBHA Ha [OBEPXHOCTAX, QUrypHpYIOIUX B OHpe-

Jeaennu MT-morernnuwaJia, IIpuBefHTe AapPryMeHTH, J{oKa3bBalomue, dro I11IB Pk 2 YI0B-
)
JeTBOpsAET Yyciour bBilioxa ¢ BOJHOBEIM BeRTOpoM k.

3. UHTerpanbaoe ypaBHeHHE s OGIOXOBCKOM (YHKIMH B HEPHOIUIECKOM IOTeHUUAJe HMeeT

suj (11.21); pna noremnmanoB MT-runa o6racth MHTETPHPOBAHN B HeM OrPARWYeHA 3HAYCHU MM
el <rg
a) Ucxops ua onpepmenennma ¢ (11.22), mokaykurte, 4T0

(f—;i"z+‘5) $ gr—r)=8(—r), 1,7 <r (11.40)

0) 3anmncar
GV Y=V (§Vp—V'pY)+HV'2Y,

Hoxa;kute, 4to ua Gopmyn (11.21), (11.40) u] ypapmenwmsa Ilipegurrepa upu r’ <<ry clegyeT
COOTHOIIEHUE

0= S VG, g ) V'wk(r’)—.lpk(r’)V‘ié}k,%,(k)(r—r’)]. (11.41)
<1y

B) Hcmouansya Teopemy I'aycca, npeolpasyirte (11.41) B murterpan mo uoBepxHocTH cdept

pajuycoM r’ == r, U IIOKaMKHTe, ITO, KOTJA Pajguyc r TaKKe PaBeH ry, OTCHJa clIegyeT COOTHO-
wenne (11.23).
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TJIABA 1z

HOJIYRJIIACCUYECKAA MOJEJDb
JMHAMNRN 3JERTPOHOB

BOJIHOBBIE HHAKETHEI BJJOXOBCKUX 3JIEKTPOHOB
IIOJAYRIACCHUYECHAA MEXAHNEKA
OBIUELYEPTHI IOJNYKJIACCHYECKON MOJEJN
IIOCTOAHHBIE 3JEKTPUUYECHHE MOJA
OBIIAA TEOPUS «IbIPOHK»
IOCTOAHHBIE ONHOPOOHBIE MATHUTHBIE II0JA
ICPERT XOJJA I MATHETOCOIIPOTUBJIEHNE

Teopus baoxa (ra. 8) o6GofmaeT paBHOBECHYIO TEOPHIO CBOOOJHEBIX DJIEKTPOHOB
3ommepdensga (ra. 2) Ba ciayuail Haanuns OepHOAMYECKOTO (He HOCTOSHHOIO)
moreHnuansa. B rabn. 12.1 mb cpaBEHBBaeM OCHOBEEE UepThl ABYX TEOpHi.

Husa ucenenoBanua npopofuMocTu Heobxonmmo oGo0IUTL PaBHOBECHYIO Teo-
puio 3omMepdenna Ha HepaBHOBeCHHe caydan. B ra. 2 Mm yrBepsKianNm, 4To, Korga
HeT HeoOXOAUMOCTH YKAa3EBaTh MECTONCJIO0/KeHNe 3JIeKTPOHOB ¢ TOUHOCTRI0 HOpAJKA
MEJKDJIEKTPOHHLIX PACCTOAHR, [JsA pacdera AUWHAMNYECKOro TOBeleBUs rasa CBoO-
OOJIHEIX DJEKTPOHOB MOMKHO IIONb30BATHCA OOBUHOH KJACCHYECKOE MeXaHWKOil.
IlosToMy TpaeKTOpHIO KaAOTO BJIEKTPCRA B IPOMEKRYTKAX MEKAY CTONKHOBCHMAMN
MH PAacCUMTHBAJM B COOTBETCTBHE C OOBYHHEIME YDaBHEREAMHU JBRJKEHHS YaCTHIH

¢ mmuyabcoM Fk:

si;’

r—

’

rk=—e(B+LvxXH). 4z

Jaa onpaBliaRus DomoGHOH HpOLELYPH ¢ TOUYKH 3peHMA KBAHTOBOL MeXaHWKM
MOJKHO CKa3aTh, 4T0 ypaBHenusa (12.1) B JeiicTBHTENBHOCTH ONUCHEBAKIT TOBEREEHE
BOJHOBOTO NaKeTa, COCTABIAEHHOTO W3 YPOBHell CBOCONHEIX OJEKTPOHOB:

=D g®)exp[i (Kr—"52) ], (12.2)
<

gk)=~0, |k'—k]|>Ak,

rae r 1 k — cpeinme KoOpAuMHATA M MMUYAbC, BOJEBM KOTOPHX COCPEOTOYEH BOJ-
HOBOH maker (¢ ygerom orpannuenma Ax Ak>> 1, Hanaraemoro DpmHIUIOM Heolpe-
OeJIeHHOCTH).

ITOT MOLX0J MONYCKAET IpoCToe U u3simuoe ofo0menne Ha CayJall DIEKTPOHOB
B OPOMBBOJBHOM IEPHOAUMYECKOM HIOTeHI[WaJe, N3BECTHOE IOJl Ha3BAaHUEM NoAYKAdC-
cuueckoti modeau. Jeransuo 0GOCHOBATH DONYKJIACCMIECKYI0 MOReNh UpesBEuafino
CILOKHO — TOPas[o CiOKHEe, 9eM OOHYHEIA KJaCCHYeCKRH mpefen AAA CBOGORHEIX
2JIEKTPOHOB. B [aHHOH KHHMTe MB He JlaeM cmcTeMaTmdeckoro BmBofia. Hac mmre-
peCyOT TJaBHHM 06pa3oM IpHMEeHeHEs IOJNyKjaccmueckoih Momenm. Imes aTo0
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Tabauya 12.1

CpaBoeHHEe OJHOYIEKTPOHBLIX CTAIBOHAPHHKIX ypoBReit 3ommepdenspa m Baoxa

Bommepdensn,

Bnox

HKparnToBEe
ancya (KpoMe
cOmHA)

O6GnacTp u3Me-
HEHNA KBaH-
TOBHIX 4YHCeN

dHeprusn

Cropocts

BoaHoBas
OyHRIUA

k (Ak — umMnysnc)

k npuEnMaer Bce BHAYEHMs
B k-mpocTpaHCTBE, YROB-
JIETBOPAIOMHEeE nepuoan-
YeCcHOMY TPDAaBWYHOMY Ye-
aopuio Bopma — Rapmana

€ (k)= #2k?/2m

CpejgEAA CKOPOCTH 3JEKTPO-
Ha Ha YPOBHe ¢ BOJHOBHIM
BekTopoM k paBEa

_rk_19%

T m ks 0k

BonmoBass QyEKIUA BICKT-
POH& € BOJHOBHM BEKTO-
pom k ects

ik.r

Ve () = o7

k, n (nk — rBasuumpyinLe, n— HOMEp 30HET)

Has xamporo n Bextop k mpoberaer Bee
BOJIHOBHE BeKTOPH, HIpUHAMJEMKamue Ox-
HOI aneMeHTapHOH svelike ob6paTHOI pe-
IeTK#A 1 YAOBIACTBOPHIONIWE IPAHHYHOMY
ycaonio Bopra — Hapmama; » npurumaer
6ecKOHEUHOE YHCIO NUCKPETHRIX 3HAYeHH

dueprus €, (k) nna sagammEoro HOMCpa BOHM
n He MOkeT OBITH Baumcama B BHJe IIpO-
CTOr0 ABHOTO BHIpajKeHUs. EJWHCTBeHHO®
ofmee CBOIICTBO — MEPUOAUYHOCTE B 0Opart-
HOIl pelIeTKe:

(gn (k+K) =%€n (k)

CpellHAA CKOPOCThH BIEKTPOHA HA YPOBHE ¢
HOMepPOM 30HKL n 1 BOJHOBHIM BeKTOpoM k.
paBHa

1 9%n (k)
h ok
BonHoBasg (QYHKIONA 3IeKTPOHA C HOMEDOM
30HB n 1 BOJNHOBHEIM BekTOpoM Kk ects
) ik
Yk (r)y=¢e* r”nk (r),
rae $yHKUMA u,, He Moer OHTH 3amm-

caga B BUJie IPOCTOTO SIBHOTO BLIPAMKeHU .
EpuHCTBEHHOE €¢ 06wiee CBOMCTBO — HepHO-
AU9HOCTh B IPAMOIT pelmeTKe?d)

Upp T+ R)=u, (1)

vn (k)=

) Kpowme Toro, ‘l’n, k+K (T} = u;n, k (r).— IIpum. ped.

B BmIy, MH IIDOCTO IIpPUBeJeM ONHCaHMEe Mojeau, chopmMyimpyeM oOrpaHmYeHUS
¥ PacCMOTPUM PAJ OCHOBHHIX pe3yJibTaToB, K KOTOPHM OHA IPWBORHT ).
Unrareno, KOTOporo He yHOBIETBOPAT Hame BeCbMa HENOJHOE U HECTPoroe
o6ocHOBaHWe MONYKIACCHYECKOM MOMeNH, MH COBeTyeM 00paTWTh BHHMaHHE Ha T0,
Kakoe 6oJpmioe 9UHCIO Barajl0k M OPOTHBOPEYUH TEOPHH CBOGONHHIX DIEKTPOHOB
yCTpaHgeT 8Ta Mofenk. BuawMo, ¥MeeT CMHCJ DPHJEPHUBATECA CACLYIOMEH TOYRE
8peHmA: eciim OB He 6rio Gonee PYHIAMEHTAABHOM MUKDOCKONWYECKOH KBAaHTOBOM
TEOPHH 3JEKTPOHOB B TBEPAOM TeJe, TO TOTZla HOJYKJIACCHYeCKas MeXaHUKA (yra-
RanHasA KakmM-EmOyns «HBIoTOHOM OT KPRCTANNMYECKMX HPOCTPAHCTBY B KOHIE

1) Oppa us mocaefHUX MONBLITOK CHCTEMATRYECKOIO 0GGCHOBANMS COAEPIKUTCA B CI1aThe 3aKa
[1]. Tam me naps ccunkn pa 6osee papHne paGo1H. Beckma npuriaekaTenbaoe pacCMOTPEHNIE DICK-
TPOHOB B MarBMTHOM Toje (00aacTs, NO-BUauMOMY, Bamboaee TPYAEAsS s BHECAA LCJYKIac-
CHYECKOUl Mojienn) nporejiero UYamGepcoMm [2], KOTODHII B SIBHOM BHJE NOCTPOMI 3aBHCAINMI OT
BPeMEeHHU BOJTHOBOH DaKeT ¢ UCHTPOM, ABMKYIONUMCS II0 opbuTe, OnpesielgeMoil IONYKIACCHICCKUMIL
YPaBHEHUAMHU [IBHIKEHUS.
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JEeBATHAAHMATOTO BSKA) BIIOJHE MOTJIA OBl CYyMECTBOBATH B KAUeCTBE CAMOCTOATEIbHOM
TEOPHX; WPH ITOM OHA ONECTAME HOATBEP;KAANACH OBl AABAeMBEIM €10 00bACHEHHEM
HafJM0JaeMOr0 [BWIKEHUs JIeKTPOHOB. ITo OBIO0 GBI COBEPIMEHHO AHANOTUIHO
TOMY, UTO TPOU3OULIO C KJIACCHIGCKOR MeXaHHKOW: BHadamTe ee IOATBEpIKICHUEM
CAYEHIO TO 00bACHEHUE JBUKOHHUA IIAHET, KOTOPOe OHA JAeT, W JHIIb TO3JHEee
oita moaywmia doiee GyugaMesTaapHoe 000CHOBAHNE KAK TMpefeasHasds GopMa KBaH-
TOBOI MEXaHUKH.

Kax u B cayzae ¢BOGONHEIX 3JIEKTPOHOB, IPU PACCMOTPEHUM LIPOBOIUMOCTH,
0DyCIHOBIGHHOK GI0XOBCKUMHU DJASKTpPOHAMH 1), Bo3uukaloT nBa Bompoca: a) Karosa
npupojpa croaxHoBeani? ) Hak ABHMKYyTCA GIOXOBCKHE BJIEKTPOHEI B IPOMEHKYTKAX
Memay cromkHoBenuaMu? Iloayriaaccumaeckas MoJenb KacaeTcst JIUIIL BTOPOTO
poupoca, Ho Teopus Bioxa kpurnaecknm o0pa3oM 3aTparmBaeT W HEPBHIA M3 HUX.
Jpyde mpegmoaaran, 9TO 3JICKTPOHH CTATKUBAIOTCH C HEHOXBIGKHEIMHU THKEIBIMI
HOHAMU. JTO IP2IOI0MeIne HECOBMECTHMO C 0UeHb GOMBIIIMI IIUHAMU CBOOOTHOTO
nupofera, BO3MOKHEIMU B METAJIAaxX, ¥ He I0O3BONAET O0BACHUTH HAGIWOIAEMYIO UX
3aBucmMocTh oT Temmeparyphl (cMm. crp. 23). Teopus Brnoxa mckiaowaer takoe
HOUyMmeHNe M M3 TeOpeTHdecKnmx coolpaykeHui. DJIoXoBcKHe YpOBHE — 3T0 cma-
yuonapusie pemmerusa ypasaeund [IIpefunrepa B HPUCYTCTBUU HMOJHOTO NEPHOHYE-
CKOT'0 HOTeHIMAJAa noHoB. Horfa anexkTpod Ha ypoBHE ), EMEeT OTIUIHYIO OT HYJIs
CPEIHIOn CKOPOCTH (@ 9T0 Beerja Tak, ecan Beandnna 0¢, (k)/ok crydaitno ne paBHa
HYII0), T4 CKOPOCTb COXPAHMAETCA HEOTPAHMYEHHO T0Aro 2). MBI He MoMeM pac-
CMATPUBATS CTOIKHOBEHHUS ¢ HOIMOABIKIIBIMY NOHAMI KaK MeXaHn3M, 00 yCIOBIRBAIO-
WA yMeHbIIeHHe CKOPOCTH, IIOCKOJBKY B3AUMONEHCTBUE 3JIEKTPOHA C (PUKCHPO-
BAHHOH MOPHOTUICCKON PEMETKOE HOHOB NOAHOCHIbI0 YITEHO B MCXONHOM YPaBHEHUN
[lIpenuurepa, pemeHneM KOTOPOro ABJIAeTcA OJ0XOBCKAsg BOMTHOBAA QYyHKIUA.
ITosroMy IpOBOAUMOCTHL WEaJbHO HEPHOJUIECKOTO KPHCTAIIA pPaBHA GecKomed-
FHOCTH.

Takoit pea3yabTaT, CTOJNb HE COOTBETCTBYIOMUA KJIACCHICCKHM IIPENCTABICHUAM
00 DIIEKTPOHAX, COMAACHO KOTOPHM OHH IHOCTOSHHO MCHBITHIBAIOT TOPMO3SINTE CTOIK-
HOBEHHA C OTHEJLHEIMU MOHAMM, MOKHO IIOHATH, PACCMATPHBAS €ro KaK €CTeCTBeH-
1HOe CJIe/[CTBUE BONHOBO}| HPHPOMHL 3JIeKTpOoHOB. B nepuoduieckoil pemerke paccen-
BaOOEX HEHTPOB BOJIHA cmoco0Ha pacOpocTpaHAThCA Ge3 saryxanus Ouaromaps
KOTepPeHTHOH HOHCTPYKTUBHOM WHTep(epeHINH pacCessiHHHX BoJaH ).

Meraaas MMEIOT JJIEKTPUYECKOE CONPOTHBIEHHE M|3-3a TOro, UYTO0 HHKAKOE
TBep/Oe TeJIO0 He ABJIAeTCS WeadbHHM KpucradiaoMm. B Hem Bcerma ectb mpumecH,
BAKAHCHA W J[pYTrHe HECOBEPIIGHCTBA NePHOAMIECKOH CTPYKTYPH, HA KOTOPHIX
MOT'YT PacceMBATHCH BIGKTPOHEI, W DM OYeHh HUBKHWX TeMIeparypax MMOHHO OHH
OrPAaHAYIMBAIOT HOpoBoAuMOcTh. OAHAKO JasKe eciyu OB yAaJN0CH HONHOCTBIO yCTpa-
HHUTH HECOBOPIIEHCTBA HEPUOJMIECKON CTPYKTYPHL, TO W TOTAA IIPOBOZUMOCTH OCTA-
Jrach 6Bl KOHEYHOH M3-33a TeILIOBHIX KoJeOaHM{ MOHOB, KOTOPHE HAPYMIAIOT HIeaJb-
HYI0 DePUOANTIHOCTE MOTEHINANA, eACTBYIONIeT0 Ha 3NeKTPoHN. Takmne oTRIOHEeHNA,
BeAMYHHA KOTOPHX 33BHCHAT OT TeMIEDPATYPHl, MOI'YyT IPUBOAUTE K PACCEAHUIO DIIOK-
TPOHOB; OHH OOYCIOBAWBAIT TEMIEPATYPHYIO 3aBUCHMOCTh 3JIEKTPOHHOTO BpeMeHHU
pesakcamum, OTMeTIaBmyoCa B Ta. 1.

Mu otraagsiBaeM mo ri. 16 m 26 moamoe oJ5cy)KXAeHNe peaJbHEIX MEXaHM3MOB
paccesinus. [loka mumb orvermm, aro Teopusa Bioxa sacraBiser Hac Temeps OTKa-
2aThCA OT HAMBHOH CXeMBI 3JIeKTPOH-MOHHOTO paccedHmsA, mpefno:keHHoi llpyme.

1) Ncmonb3ys TePMUH «GI0XOBCKIE 3JeKTPOHKY, MEL HMeeM B BUIY DJIEKTPOHK pIpPOU3BOIb-
HOM TEPUOTUIECKOM IIOTEHIHAJE.

2) Cum. crp. 147.

3) EpnBoe paccMOTpPeHue MHPOKOro KIacca TAKUX ABJIEHMII MOKHO HaliTH B KHure B puirrios-
Ha [3].
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ME1, ofiHaKo, GyaeM IPOXOMKATH MOJIB30BATHCA TEMHA €e BHIBOJAML, KOTOPHE BEITe-
KAaT OPOCTC U3 TPeRIOJI0KEeHN, IT0 KAKOU-mo MEeXaHW3M PACCesiHHA CYIIeCTBYeT,
B Ji¢ 3aBHUCAT OT JeTaAbHBIX XapaKTePUCTHK 3TOr0 MeXaHU3Ma.

Torma ocHoBHas HpofieMma, CTOAMAS Hepex HAMU, 3aKII0IAETCA B TOM, KaK
ONHCAThH JBUKCHUE GIOXOBCKUX DICKTPOHOB B IPOMOMKYTHAX MEKIY CTONKHOBEINHA-
Mu. JIad ee pemeHus 3aMeTuM, 4TO CPEAHSS CKOPOCTH JJMEKTPOHA Ha OJI0XOBCKOM
ypoBHE P,k e€CTh 1)

_ 1 0%, (k) ,
v, (k) =— - (12.3)
910 ofcroATenhCTBO BeCchbMa BasKHO s mocaejyiomero. PaccMorpum BoanoBo#
MAaKeT, HOCTPOCHHE 13 HI0X0OBCKUX YDPOBHEH JaHHON 30HBI AaHATOIMYHO BOJTHOBOMY
naKery CBOOORHEIX 9ieKTpoHOoB [em. (12.2)]:

Yo (1, 1) = S g (k) P () exp[~ril€,,(k')1tj g (k) ~0,| k' —k (> Ak, (12.4)
”

Hycrs mupura maxeTa o BOJMHOBBIM BeKTopaM Ak Maza o CpPaBHEHHIO ¢ Pa3MepaMu
soHH DpuinosHa u moatomy &,(k) Mazo MeHAeTCA AJA ypOBHeH, BXOAAMUX B BOJ-
noBoii maker. Torma dopuyny axa cropocru (12.3) MOKHO paccMaTpmBarTh Kak
u3BeCTHOe yTBep:KJAeHHe, dYTO IpYINOBasg CKOPOCTh BOJHOBOrO IaKera paBHa
dw/ok = (0/0k) (€/R).

IlomoGuste BOTHOBEIE HAKETHI OOWCHLIBAIOTCS IO YKIACCHMIEGCKON MONEJBI0 B CIY-
Jyae, ecliu HeT HeOHX0ANMOCTH 32MaBATH TOTOKEH e JISKTPOHA C TOYHOCTHIO HOPIIKA
MUpHHEL TaKeTa.

OneHnM, KaKWe pasaMepsl NOJAeH JMMeTh BONHOBOI maker (12.4), 4rodnl ero
IIMpPUHA TO BOJIHOBEIM BerTOpaM OHJAa Mala IIo CPaBHEHHIO ¢ pPa3MepaMm 3OHEL
Bpunnosua. PaceMoTpmm BOMHOBOM HakeT B ABYX TOYKAX, OTCTOAIMEX APYL OT
Epyra Ha paccrosdHWe, DPAaBHOE HEROTOpOMY BekTopy pemeTku DBpana. llomaras
r = ry + R u mcumoab3ya ocHOBHOe CBoicTBO (i0X0BCKON ¢ynxnum (8.6), MOKHO
sanucath (12.4) B BuOe

¥n (fo+ R, ) = 3} [8 (K) Yo (ro)l exp [ (K R— €, (k)2) | (12.5)

Ecan paccmaTpuBaTh 9T0 Belpakenne Kak Qynxuuo or R mpu sajasHOM r), TO 0HO
OpexcraBigeT co0off IPocTo CymepmO3MIpNI0 IIOCKUX BoJH Bupa (12.2) ¢ BecoBoi
dynrinei

g (k) = (g (k) P (ro)1.

Cnenosatenbro, ecnu Ak xapaktepuayer mupuHy obrxacru, Tie QyHKIUA g (uan 2)
nMeeT 3aMeTHY BelIHIHHY 2), TO, COTJMACHO OJLIYHBIM IIPABHJIAM A BOJHOBHIX
HaKeToB, (QYHKIUA \P,(Fy + R) mMomxna GHITH T0KaIU30BaHA B 00MAaCTH C pa3MepaMu
AR ~ 1/Ak. Tlockonsky muTepBam Ak Man mo CpaBHEHUIO ¢ PasMepaMu 30HEL,
KOTOpPHE MMeIoT IopAxok 1/a (¢ — mocTosmHAaA pemeTkn), MH HOJAydaeMm, 9To pas-
Mep AR pomxeH GHTh GOJBIMEAM HO CPABHEHHUIO C @. ITOT BLIBOJ He 3aBUCHT OT KOH-
KPeTHOT0 3HAaUYeHUsd T,, T03TOMY MOKHO 3aKIIOYUTH, YTO 60.1H080[ nakem 640L06-

1) Cm. crp. 147. DrOoT pe3ynpTaT HOKA3aH B npuio;kenuu I,

?2) Ecau QyHKIUA § BeINKa TONLKO B MAJIOH (10 CpaBHEHUIO ¢ Pa3MepaMu 30HH) OKPECTHOCTH
roukn k, To B aToi oGnacTH P, (ry) MEHFETCHA OYOHD MAJO W BEJIHIMHA g, PACCMATPUBAEMAA KaK
$yurnud ot k, oTaugaerca 0T g TPAKTHYIECKY AMINL HA MOCTOSAHEKN MHOKHTEND,
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CKUX YPoBHEL, B0AH080IL 6eKMOD KOMODP020 TopOoulo ohpedeser 6 UHMep8dAae, MAAOM
no cpaenenuio ¢ pasmepamu 3owst Bpuasiona, «pasmasany no Goaviiomy uucay
JAEMEHMADHBIL AYeek 8 PeatbHOM Npocmpancmee.

Ilonykmaccudeckasa Mofedb OUHCHBAaEeT PeAKUMIO DJIEKTPOHOB Ha BHEHUE
5JeKTPHIECKNE W MArHUTHBE I0Jsd, KOTODble MeIJeHHO MEeHSIOTCS Ha AIWHE EOJHO-
Boro makera (¢ur. 12.1), a mosTomy uYpesBHUAMHO MeJIEHHO — Ha pAaCCTOAHHAX
mOpANKA pasMepa dieMeHTapHOH sadveiiku. B moxyknaccuueckoin mMoienn momoGubie

e
-
- ~—

-~ ~
e ~
AL LA L TN L L L)
\\ 7 I
~— ///
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®urp. 12.1. CxemaTndecKoe n306pakeHyne CHTYann, ONMCHBAaeMOH JIONYKJIACCHISCKOH MOUENEIO.

XapaxrepHasa AJNHA WBMEHEHUA NPUIIOMKEHHOrO UOJA (IUTPMXOBAS JMHUA) rOpasno Gomnblue DINPUMHE BOJHOBOTO
nakera 9JNeKTDPOHA (CIJIOMIBAA JIMHHMA), KOTOpAA B CBOKX O4Y€pelhb ropasfo 00jblie MOCTOSHHBON pEmeTKH.

noxsa o6ycloBAMBAIOT TOsBIeHMe OOKYHHIX KJIACCHYECKMX CHJ B YpaBHeHHAX [BU-
JHEeHHMA, OMMCHBAIOMMX 3BOJIONUI0 KOOPAUHATH KW BOJHOBOr0 BEKTOpPa BOJHOBOTO
nakera. [Ipu paccMoTpeHNE HONTYyKIACCHIeCKOR MOfeNW cClefyeT WMeTh B BUIY OIHY
TOHKOCTDH, H3-32 KOTOPO# 3Ta MOJelb OKasHBaercs Gojlee CIOMHOE IO CpaBHEHHIO
¢ OOBYHBIM KJIACCHICCKHM IPeleloM ce0600nuix snexTponoB. OHa B3akalodaercs
B TOM, 9TO XapaKTepHas NJNHA W3MeHEHWUA IePHOAMYeCKOro MOTeHIMAaJa peImreTKH
Maza TIO CPaBHEHMIO C IMMPHMHON BOJHOBOTO DaKeTa, MOYTOMY TAKOH HOTEHIHAJ
HeJb3sl paccMaTpuBaTh Kiaaccudecku. CiefoBaTeibHO, HONYKIACCHYECKAd MOMENb
mpepcTaBaser co00fl NHWOBb 9YACTMYHO KIACCHYECKNME Ipefes: KJIACCHYECKH pac-
CMAaTPUBAIOTCA BHEIUHWE HPMJIOMKEHHEIE MOJA, HO He HNepHOAMYecKoe HOJie HOHOB.

ONNCAHNE HOJYKJIACCHYECKOI MOJEJIN

[lonyrnaaccudgeckas Mofenb IIO3BOJsSET OpPelCKasaTh, KAK B OTCYTCTBHE CTOJK-
HOBEHU MEHATCSI CO BpeMeHeM KOODAMHATA I W BOJHOBOM BekTop k siexrtpona )
Py HANWYIAYM BHEITHAX 3JIEKTPUYECKHX W MATHUTHHIX Ionedt. T'akoe npedckaszanue
MONCHO cOeaamb, UCTO0s AUULL U3 SBHAHUS 30HHOI cmpYKmypy memaara, m. e. euda
pynryuir €,(k), u He ucnoavays Hukakol OONOAHUMENLHOU UNFOPMAYUL 0 REPUO-
duueckom nomenyuase uoros. B momyrnaccuueckoir mogenu ¢gyurumm €,(k); open-
[OJIarajoTCs N3BECTHEIMH, U METOJ UX pacyera He YKasmBaercd. [lens Momenu cocTonT
B YCTaHOBIEHHU CBASH MEKNY 30HHOM CTPYKTYPOd M KWHETUIECKVMH XapaKTepU-
cTEKaMu (T. €. peaknueldl pIeKTPOHOB Ha OPHWJIOEHHNE BHEOTHUE NOJS ¥ I'PaTueHTH
Temneparypr). OHa IpuMeHAeTCH A pacuera KUHETHIECKNX KOIQPUIAEHTOB Lo
BaJlaHHOM (BRYMCJICHHOH) BOHHOH CTPYKType, a Tax:Ke JJs onpefeleHHs CROECTB
BOHHOH CTPYKTYPH Ho Halai0[laeMblM KHHETHYECKHM XapPAaKTePHCTAKAM 2).

1) Teweps MH OyZeM IOBODHUTD, UTO BJIEKTPOH MMeeT OIlpe/ieIeHHE BOJTHOBOI BEKTOP ¥ KOOp-
MUHATY. B felicTBUTENBHOCTH, KOHEUYHO, MMEEeTCA B BHJY BOJHOBOIl IaKkeT YKa3aHNOro BHINe BuUJa.

2) B moayriaccHYecKOH MOJedH BJEKTPOH IPOBORUMOCTH — KJACCHIECKAad dTaCTuIa CO
CIOKHKIM 3aKOHOM XHCIEDPCHY; IPH [BUKEHMM YacTHIH BO BHeHUX moasax ‘€, (k) urpaer poiub
kuremuueckoll 9EEPTUN (cM. KEHUTY [4*]).— IIpun. ped.



[lonyruIaccHIOCKAA MOJSJb FUHAMUKA IISKTPIHOB 221

[Ipu msBecrabnix ¢yaruanax &,(k) cocTogHue dJIEKTPOHA B IO yKJIACCHIECKOM
MOJ(eJIW OMHUCHIBAGTCS €r0 KOOPIWHATOH I, BOJHOBRM BeKTOPOM k U HOMepOM 30HH .
Cuanraerca, 49To B HPUCYIrCTBAZ BHPIIHUX 5ASKTPUYSCKAX W MATHHTHBEIX HONEH
E (r, t) m H (r, ) xoopauHara, BOJHOBOA BEKTOP H HOMED 30HEI 3IEKTPOHA MEHSIOT-
€A €O BpEeMEHeM COTJIaCHO CJeAYmIM 3aKOHAM.

1. Hovep B0HH ecThb mATerpan Asmkennd. lloayraaccmdeckas moIenb mpe-
Hefperaer BO3MOKHOCTBIO «MEK30HHHEIX IISPSXOLOBY.

2. V3menenme cO BpeMeHEM KOOPAMHATH U BOIHOBOIO BEKTOPA 3JIEKTPOHA C HAH-
HoIM HOMEpPOM 30HH 7 OOpe[elsaercd YPABHOHHAMH ABIKEHU

P=v, () =722 (12.6a)
rk=—e[E(r, )+ v, (k) > H (r, n]. (12.66)

3. (3mecs MH emg pas depeduc/IuM Te CBOHCTBA IONHOH KBAaHTOBOMeXaHHYe-
cKolt reopun Bioxa, KoTopsie coxpaHeHdH B HOJYyKIaccHIecKoil Momend.) BoarnoBoit
BOKTOp JJEKTPOHA OLpefeqeH JAMbL C TOIHOCTBIO A0 CIAaraeMoro, paBHOr0 BeK-
topy K ofparuoit pemerkn. He cymscrayer nByx pasiuunuiz »71eKTPOHOB ¢ OXUHA-
KOBHIME HOMEDPOM 30HH 7 U KOOPIUHATOR r, HO C BOJHOBHMHE Bexropamu k m k',
ornuuaomuMrcsa Ha Bexrop K ofpardoit pemerxm; oS5osHmadedus n, r, k u n, r,
k + K mpeacraBasior cojoif ABa cosepmeHHO dKBHBANEHTHEIX cOocofa ommcaHHA
00n020 u moeo xce 2mexrpoHa !). llosromy Bce dm3uMIecKHM pA3TMUIHNE BOIHOBEE
BEeKTOpPHL OJHON 30HEI JI)KAT B Hpofenax OAHOR 3IeMeHTAPHOR AYeKA 00paTHOH
pemerkd. [Ipm TepMOAUHAMAYBCKOM PABHOBECHH BKJIAJ B 3JIGKTPOHHYO ILIOTHOCTD
OT 3JIeKTPOHOB U3 R-I 30HEI ¢ BOXHOBEIMA BEKTOpAMH, MpAHANISKAMAMEA OeCKOHET-
HO MAJIOMy 3JeMeHTY o5beva dk B k-mpocTpaHcrBe, [Jaercd oOLIIHBIM paclpemese-
Huem Depmn

dk /43
(En®)=W)/kgT
e

) (12.7)

F(En (k) e =
41

KOMMEHTAPAUA W OTPAHUYEHUSA
TEOPUA C HOCUTEJAMN PA3HBIX THIIOB

[MockoabKy MBI HpefmoJjaraeM, 9T0 OPHAOKeHHHE IOJA He BHIHBAIT MeK-
30HHEIX TIePEXONOB, MOKHO CYMTATE, UTO KayKAad B0HA COMEP/KAT (HKCUPOBAHHOE
9HCI0 3JeKTPOHOB oIpefeseHHoro tTnma. CBOHCTBA TMX THHOB BJIEKTPOHOB CyIle-
CTBEHHO PA3JIHMYHH NI PasHHX 30H, IOCKOJbKY XapaKTep NBMKEHHA JIEKTPOHA
¢ HOMepoM B30HH n 3aBucuT or Buja GyEkmum &,(k) mAas sTol 30HM. B cayuae Tep-
MOJIIHAMHUIeCKOT0 PAaBHOBeCHA (MM B OKPECTHOCTH €T0) 30HH, BCe 9HEPIAM KOTOPHIX
npeBsimaior sHepruio Mepmm Ha BexmduHy, Topasgo Goxsmywo kT, oxasniBamoTcs
nycTeMa. [JoaToMy HeT HeoGXOMUMOCTH PAacCMATPHBATH OECKOHETHOE UACHO TUIOB
HOCHTeJefl — MOCTATOYHO VYMTHBATH JUIME T€ U3 HUX, KOTOPHE OTHOCATCHA K 30HAM
¢ 9HepruAMH, OTIMYAMUMECH) OT & p Ha BeawdmHy He Gomee HecKoxbkumx kpT.

1) Moxyraaccudeckme ypasdenms AsmwKeHuda (12.6) COXPAHAIOT 3Ty 3KBHBAJCHTHOCTh IIPH
spemenudit spomonun. Ecand r (¢), k (!) naror pemenwe Xiad n-it 30HW, TO B CHIY T6PAONAYIHOCTH
$yarnuu €, (k) pemernuem 6yger u r (¢), k (t) 4 K gna moboro Bexropa K obparroit pemerxm.

2) 3pmecs IpefmONaraeTcd, YTO B3aMMOAHCTBWe CIMHA DIGKTPOHOB ¢ MATHUTHEIMHA IIOIAMHE
He MMeeT 3HaUeHHsA; B IPOTUBHOM CIydae KajsKias W3 DY 3JMeKTPOHOB ¢ OUDeISIeHHEM HAMPaB-
JeHHeM CIMHA AeT CBOR BKIAL B WIOTHOCTH, PABHEI moxosure ot (12.7), npudem pyurnus &, (k)
JOKHA BKIOYATH B ceOs DHOPrAi0 B3aUMOJCHCTBHA CHOHHA ¢ MATHATHHM IOIEM.
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Jlanee MBI yBUAMM, 4TO MOKHO He YUMTHBATh TAKIKe M BOHBI, BCE DHEPIHU KOTOPHIX
ropasgo MeHbme ¢ p IO CPaBHEHHMIO ¢ BeawunHO# kp7T U KOTOPHE B COCTOSHHU
paBHOBeCHA HOJHOCTHIO 3anojHens! B peayibraTe npu onucaHum peajbHOTO METAI-
7a WM MOTYNPOBOAHWKA CJIefyeT YYMTHBATH JAMIIb HeGOoabImoe Yrucao 30H (M THIGB
nocuTenen).

KBASUVMIIVJEC HE ECTh NMIVJILEC

JaMeTnM, UTO BHYTDH KasK[OH 30HH ypaBHeHms jBmreHnws (12.6) cosmamawor
¢ ypasHenuamu (12.1) anA cBOGOOHHIX 3JIEKTPOHOB - JHIIDL BMECTO SHEPTUH CBO-
Gonubix dyaeKTporoB Fk%/2m B mHux Bxomut ¢, (k). Tem He MmeHee KBasUUMIIYJbC
Pk He #BIAETCA MMIYJIBLCOM (JOXOBCKOTO HIEKTPOHA, KAK 9TO YiKe IOJYePKUBAIOCH
B ri. 8. CROPOCT: MBMEHOHMA MMIYJIBCA DJCKTPOHA RACTCS NOAHOU CuUiol, mei-
CTBYIOMEH Ha 9NEKTPOH, TOIMlAa KaK CKOPOCTh UBMEHCHUA KBA3MUMIYIbCA DICKTPOHA
ompepenserca ypasreurem (12.6), B KoTopoM ReficTBYOIIHE CHIB CO3IAIOTCA JUIIE
BHEIMHUMY MOIAME, & lie INepuogMIecKUM IOJeM PemieTKH ').

NPEJAEJBlI IPUMEHUMOCTHN

B npepesie RyneBOIro HepHOANYECKOTO NOTEBIMAJa CHPABEMJUBOCTbL LOJNY-
KJIACCHYeCKON MOJeaH HOJIKHA HapYMAaThCsA, HOCKOJABKY TOrJa dJEKTPOH OKAa3bl-
BaeTca cBoGonuuM. B OTHOPOIHOM ¥ TNOCTOSHHOM 3JIEKTPUYECKOM II0JEe CBOOOMHbIN
DICKTPOH MOKET HeIPePHBHO YBEJWUYMBATE CBOIO KMHETUYECKYIO DHEPIUIO 34 Cuer
BAEKTPOCTATAYECKOH MOTeHNualbHOH »Hepruy. OfHAKO TOJYKJaCCHUECKAST MOMEID
BanpeniaeT Me;K30HHBIe TlepeXofbl U TpeOyeT mO3TOMY, 9TOOB DHEPIUA DJIEKTPOHA
ocTaBalach OTPAHWYEHHOHW WPEesaMH TOI 30HH, B KOTOPOH DJeKTPOH HAXOAHJICH
nepBonauansno 2). CrnemorarendpHo, YTOOH MOMKHO €BUIO DPHMeHATH IOJYKIaccu-
YeCHYI0 MOLeNb, «CWIay HePHOAMYecKOTo NMOTeHNuana JOMKHA HPEeBHINATH HEKOTO-
poe MmnmManbHOe sHavenue. [logo0Bbe oTpankrdenns TOBOJNBLHO TPYRHO 0GOCHOBATD,
HO OBM WMEIT OUeHbL NPOCTOil By, U MH cGopmyaupyem ux Ce3 moKazaTeabCTBa ).
B pmaummoi Touke k-IpocTpanCcTBa MOJYKJaccuueckne YpaBHEHMsS CUPABEJIWBHL 1
BNEKTPOHOB W3 n-fl 30HH B TOM CIy4Yae, €CIM aMIUIRTYAB MeeHHO MeHAIIUXCH
BHEINHNUX BIAEKTPUYECKOI0 W MarHHTHOTO IIoJedl YAOBJETBOPAIT CJeAYIOIUM
VCIOBUSAM:

(€40, W

ebal > (12.8)
(80 (W2

ho —g—-. (12.9)

B o1mx HepakenciBax JIMIA ¢ HMeeT HOPSATOK MOCTOANNON pemeTku, €yap(k)
npeperaBasier coCoii pasncern mesaAy ¢, (k) u Oamxaiimeil sneprueflt €,(k)
B TOH JKe TOWKe k-mpOCTPAHCTBA, HO B JAPYIOH 301e, 4 @, — KPYyroBas NHKIOTPOH-
nas wacrora (1.18).

1y Xorsa nepuogudecKuil NOTeBNMAN peleTKH MIPAaeT pellalIlylo, poJb B IOAyKaaccude-
CcKuX ypasmenwsax [on ompepeasier Bug pynknuu €, (k)], aTa poas coBepMeEHO HHEASN, 9€M Y CHIH,
saBuCAMmeil 0T Koopamuart. UToOH HANTH Peaknuio Ha CUIY C NIePUOANYHOCTHIO PeIleTKY, CJIefI0BAIO0
OB JIOKAIUB0BATH BICKTPOH B IpefieiaXx ONHOW 3jeMeHTapHON Adeiikn. Ilogobmas Jokammaanus
HECOBMECTHMA € XapaKTepOM HCHOJNB3YeMOTo B MOJYKJIACCHYECKOH MOJedM BOJHOBOTO IIaKeTa
(cm. dmr. 12.1), KoTOpHil «padmasaEy HAa MHOIO 3JEMEHTADHBIX AdYeeK.

?) Vxaszagnoe TpeGOBaHEEe HAapyIlaeicsa Kajkaplii pas, KOTAa BOJXHOBOH BEKTOP ¢BOGOTHOIC
AJIEKTPOHA HepeceKaeT OPITTOBCKYH IJIOCKOCTH, MOCKOJLKY IIDM 9TOM 2JIEKTPOH «IIePECKAKHBAETY
U3 HEKePacHOJOKeHHON 30BH CBOOOJHBIX DJIEKTPOHOB B BHIINEJIEKAIYIO 30HY.

3) I'pyGoe mokasaTeabCcTBO mano B npuaoskenun K.
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B meranne ycnoBme (12.8) vuKorga Be nHapymaelcs. Jlajke OpW IIOTHOCTH
toka 102 A/em® m ymensnom comporubienum 100 mxOwm-cMm mose B meranie cocras-
asger Becero aumwb E = pj = 10?2 B/cm. CnemoBatenbso, mias ¢ nopagka 10-% cm
peauunsa eEa nmeer mopspok 10-10 5B. Dueprus €  paBHa HECKONBLKUM BIEKTPOH-
BOJIBTAM, TO03TOMY, uTo0m ycaosme (12.8) Owyo Hapymeno, sHeprusi €g,,(k)
momxHa cocraBaaTh Beero 107° 5B. Ha mpakTuke cToab Majke INeay He BCTpEYAoOT-
¢ HUTE, KPOMe OKPECTHOCTEN TOUEeK BHPOMIEHWA ABYX 30H, HO ¥ TOT[a JIWINH
B upesBmUailHo Manoii obJacTm Kk-UpOoCTpaHCTBA BOKPYr Takoh Touky. Tunmunne
Majlple dHepreTmdecKue menu umeioT mopsagok 10-! »B, mosromy ycaoBume (12.8)
BuOosHAeTcA ¢ 3amacom B 10° pas. O nem caeayer 3a60TuThCA IWIIB IPU PacCMOT-
peHNY AM9IeKTPUKOB W ONHOPOAHEX MOJIYNDPOBOAHRKOB, B KOTOPHX MOJKHO CO3JATh
rpoMajHble SJeKTpHUecKHMe moif. Horfa 9T0 ycnoBMe HAPYMIAETCHA, BICKTPOHDI
MOTYT TOJi BO3HefCTBEEM MOJS COBEpmMAaTh MEK30BHEE NePexXofbl; TaKol sddert
HASHBAIOT 94eKmpPUYecKUM RPoboeM.

Yeaosue (12.9) nasg HaupsKEeHHOCTH MATHHTHOTO HOJS HapymHUTH He CTOJD
CIOIKHO. DHePTUsA %o, umeer nopanok 10~* B nusa mons mampsrensocthio 104 T'e;
Toria yeuosue (12.9) Hapymaercs aas menei mupuuoi 102 5B, Xotsa s1a Benmauna
096Hb MaJa, TaKue INeJW BIOJIHE MOTYT BCTPEYATHCH, OCOGEHHO eCim IOABICHITE
mMedn CBA3AHO CO CHATHEM BHPOMKICHHA 33 CUeT couH-opGmTanabHo# cBsasm. Horpa
ycaosue (12.9) Hapymeso, AeKTPOHB OPHU CBOEM RBMIKEHMH MOI'YT HE CIeLOBAThL
opOuraM, ompefeidaeMHM IoJyKiaccudeckumu ypaBHenmsamu (12.6). Takoit sdgert
HABHBAKT MacHUMKBM npo6oem. Bo3ZMOKHOCTE MAaTHUTHOTO IPoGOSA BCeTAa cieayer
uMeTh B BHAY LpW WHTEPOpETANMM HJIEKTPOHHHX XapaKTePHCTAK METaJJia B OY9eHbL
CHJIBPHBIX MarHATHBEIX MOJAX.

Kpome yenosuit (12.8) n (12.9), XOTOPHM HONKEH YAOBJIETBOPATH AMILIUT Vb
OPUIOKEHHHX Iojel, neo6xoaumMo noTpeGoOBaThH TaKke, YTOOH dacToTa HmOJeH Onia
MaJoi

Fio & €gape (12.10)

B mporuBHOM caydae oTjedbpHBH (0TOH Mor Gm 00aaJaTh JOCTaTOYHOM sHepruei,
yT00H BH3BATh MeK30HHMI pmepexof. CymecrByeT Takske OIpaHMUYeHme Ha JUINHY
BOJHH OPMJIOKEHHBIX NOJei:

r>a, (12.11)

KoTopoe BeoCXx0puMo, 9T0(H BEeJeHNe BOJHOBHX IaKeTOB BOOOMmE MMeJo CMBICT 1)

OBOCHOBAHUE YPABHEHUN IBUMEHUA

Kax yme roBopumnoch Bome, yparuerme (12.6a) sKEuBaNeRTHO YTBEPIKIEHLIO,
970 CKOPOCTH MONYKJIaCCHYECKOI0 DJEKTPOHA eCcTh IpyNIOBas CKOpPOCTh oGpasyio-
ILero ero BOJHOBOTO Hakera. ['opasmo Tpynnee oGocmoBaTh ypasuenue (12.66).
Ouno BHIIAAANT BIOJHE LPaBJONOJO0RBM B clyJae IIOCTOAHHOIO JJIEKTPHYECKOI'O
noxa, n6o Torga oHo npocTefimuM cmocoOoM olecneunmBaeT COXpaHeHWe SHEePrUW.

IefictBuTenpHO, €ciu Toie 3afano BupaykenueM E = — V&, To xamapi BoanAosoi
naxeT NCJKeH IBETAThCA TaK, YTO(H dHEPIus
& (k (1) —ed (r (1) (12.12)

1) WMuorpa BeoGXOAHUMO VYMUTHEBATL APYrue KBapToBHe 3QEHEeKTH, CBA3AEHEE ¢ BO3MOK-
HOCTBHIO CYIMECTBOBAHNIS 3aMKHYTHIX JJIEKTPOHHHX OpOuT B %A-OPOCTPAaHCTBEe B IPHCYTCTBMU Mar-
HITHOTO T0JA. ITY BO3MOMKHOCTD YYMTHIBAXT IyTeM OCTPOyMHOIo o0clmemHs nOodyKaaccuye-
CROH MOZI€Jid, IOSTOMY 37eCh HE UTPAIT POJHM YIOMSAHYTHE Bhinie orpannderus. Ilono0Hasa 3aaga
Boammae'r43 teopuu dddexra e M'aasa — panm Anpdena n GIUBKHX K HEMY SAIBIEHHII U PaccMOTpe-
Ha B . 1
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ocraBazack mocroAHHOR. [IpomsBogHas Io BpeMeHH OT 9TOH SHHEPTWH paBHA

0(5 M 14 *
i k—eve.r, (12.13)
G yuerom (12.6a) ee MoxHO 3ammcaTh B Buje
v, (K)- [k — eya]. (12.14)
‘Ona obpamiaeTca B HYIb, eCid
k= eyp = — ¢E, (12.15)

10 9TO He 4TO MHOe, Kak ypaBHeHue (12.66) B orcyTcrBue MarEUTHOrO w04, OMHAKO
BRIIOAHenne ypaBueHus (12.15) He HeoOxoqUMO A COXPaHEHUs YHEPTUHU, HOCKOIb-
Ky Bupasenue (12.14) ocraercsa paBHEM HyJI0 u Tpu gobasaennu K (12.15) noGoro
BeKTopa, HepOeHIUMKYJIAPHOTO BeKTopy v, (k). Crporoe mokasaTeapcTBO TOrO, YTO
‘eIMHCTBOHHEIM TOTOJHATEIBHEM wieHoM MoskeT GhTb [v, (k)/c] X H u urto moay-
qaromeecs ypaBHeHWe JOJKHO BHIMOJHATHCA TAKMKe W A [IOJei, 3aBUCAMUX OT
BpeMeHH, IIpefCTaBisaeT co00d 09eHb TPYAHHE BOIPOC, KOTOPHII HEMKE HE paccMaTt-
puBaercs. HejoBoabHEE Y@TATeAHd MOTYT 3aldsHYTh B OpWIoKeHHe 3, Ile LpH-
BefleHHl Apyrue apryMeHTHl B 3aluTy HONYKJACCHIeCKUX ypapHemmi. Tam moxa-
-3aH0, 4TO UX MOKHO 3aIHCATh B 0YeHb KOMIOAKTHOH TaMuJIbTOHOBON dopme. Oguako
q9T00K HAWTU HOJAMHHO yOenurenbHOe JOKABaTENbCTBO, CIERyeT Cepbe3Ho Yriay-
6uThcA B (HEIPEPHIBHO pACTYIIYIO) JHTepaTypy OO 3TOMY Bompocy 1).

CIEACTBUA MOJYRIACCHYECKUX YPABHEHUN OABMKEHUA

OcranbHasg 9acTh IJIaBh HOCBAIMEHA PACCMOTPEHHI0 PATNA BAayKHHIX CJIeJCTBHIA
OOJYRJIACCAYSCKUX YpaBHEeHUHE HABMKeHWsA. K CHCTEMATHYECKOMY PACCMOTPEHHIO
Teopuil MpPOROJUMOCTE MEL hepeiiteMm B rTix. 13.

B GonbmuHCTBE MOCAENYIONMIEX PACCY:KIeHUE OXHOBPEMEHHO PAaCCMATPHBASTCH
AUIIb OJ(HA 30HA; B CBA3XM C 3THM ME He yKaspBaeM ee HOMepa, MCKIIOYAA JIUINb
caydau, Korja IPOBOINTCS CPABHEHAS XaPAaKTePHUCTHK ABYX u Ooxee 30H. us mpo-
CTOTHL Mbl ByIeM TaKKe CUNTAaTh, 4YTO IIEKTPOHHAA PYHKIHHA pacHpeleNeHHs OTBe-
qaetT HYNeBOH TteMmmeparype. B Merammax KOHEYHOCTb TeMOepaTypsl 4pe3BHIaiiHo
Majo BjamseT Ha obcy/mIaeMble HIKe XapakTepUcTHEHN. TepMosdeRTpudeckue
apderter B Merammzax ofcy:mparores B ria. 13, a B TOaAyOpoBogHAKAX — B ria. 28.

[To cBoemy AyXy mociefyiomuil AHAAA3 COBEPIICHHO AHAJOTMYEH UPOBEIEH-
goMmy pamee B 1. 1 m 2 mpm paccmoTpeHun sABiaeHuir mepenoca. Msr Gymem yiuTh-
BaTh CTOJKHOBEHAA B pPaMKaX HPOCTOr0 HOpHOMMIKeHHA BpeMeHHN pellaKkCcaliu
A COCpPef0TOYUM OCHOBHOE BHUMAHHME HA [BIKOHWUE 3JICKTPOHOB B IHPOMEKYTKAX
MEKIY CTOJIKHOBeHMSIME, KOTOPOe OIpefeiserca Temepb (B oramdue ot ria. 1 u 2)
noaykaaccudeckuMu ypabBaeHuAMu ABmxenns (12.6)

MHEPTHOCTb 3ANOJHEHHBIX 30H

B 3amosHeHHO# 30He BCe SHEPLAE Jemar HIRe &€ p 2). JJIeRTPOHH 3aHONHEHHO
30HEI, BOIHOBKE BEKTODE KOTOPHX 3aHAMAIOT 064acTh A-IpocTpancrsa obsemom dk,
pator Braax dk/4n® B monHyIio snekTpoHHYI0 WaoTHOCTE [eM. (12.7)]. IToaTomy umerno
TAKUX OJEKTPOHOB B 00.1aCTH KOOPAWHATHOIO MPOCTPAHCTBA O0GLeMOM dr paBHO

1y Cwm., manpuMep, y)Re ynoMuaasmuaecsa padorar [1, 2]

2) B ofmeu cay9ae DHepPTuu NOUKHH OHTH Topasfi0 WIKe XHMEIECKOIO NOTEHNHANA W,
OTIM9AasACH OT HEIO Ha CTOTb Ooismylo (o cpasmenuio ¢ kpT) Beanduny, 9T06H GepMHEBCKYIO
dyHERIUIO BO BCelt 30HE MOMHO OHUIIO CIMTATH PABHOM eJWHMIE,
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dr dk/4n3. CnepoBaTesibHO, B HONYKIACCAYSCKOR MOMeNW 3aNOJHEHHAS 30HA Xapak-
TEePH3yeTCA TeM, 4T0 AJMA Hee ILIOTHOCTH DJIGKTPOHOB B IMIECTHMEPHOM rk-mpocTpan-
cTBe (HashBaeMoM ()a30BBHIM IO AHAJIOIMH C rp-IPOCTPAHCTBOM OOBIYHOA Kjaccmde-
cKoii MexaHwmKm) paBHa 1/4m3.

ITonyrmaccmaeckne ypaBueRus (12.6) Tpe6GyioT, 9T06H 3amonHeHHAsE 30HA OCTa-
Bajach 3aIOJHEHHOR [JIA BCeX MOMEHTOB BpEeMEHM, HAKe B OPHCYTCTBUH DIEKTDH-
9eCKMX M MarHUTHRIX IOJell, KOTODHE 3aBHCAT OT BpeMeHH W LOPOCTPAHCTBEHHHIX
KOOpIMHAT. JTO IPAMO CJIe/lyeT M3 TEOPBME, KOTOpad HOpefcTaBiser coboi mony-
KaaccuIecKuid aHajor TeopeMul JlmyBusis,
Ee conmep:xaume TakoBo 1).

Bossmem a0yio oGmacts Q; mectu-
MepHOro (asoBoro IPOCTPAHCTBA M pac-
cmorpum Toukm r', k', B KoToprie nepexo-
AAT Touku r, k ma obmactm Q; 3a BpeMs
OT ¢ [0 i', COrJacHO HOJYKJIACCHISCKHUM
ypaBHeEUAM ABmikeAuns 2), COBOKYIHOCTH
Bcex Takux Todek r’, k' oGpasyer HOBYyIO
obnacte 2y (Pur. 12.2), o6wem xoTopoi
coBmafgaeT ¢ ooseMoM obaactm Q;: moxy-
KjjaccuiecKne ypaBHeHHs ABIKEHAS COX-
paHsaoT (asoBEHe 00BEMEL

Orciona HeNOCPEINCTBeHHO CleflyeT,
9T0, €CaAH IUIOTHOCTH B (asoBOM IpO-
CTPaHCTBE B HYJEBOA MOMEHT BpeMeHH OBI-
Ja paBHa 1/4m®, To OHa ocraercs TOH ke
caMoil m B MI060d APYTOf MOMEHT Bpeme-
Bn. JleficTBUTeNbHO, BO3BMEM KAKYI0-1160 Ry
of6xacTh 2 B MOMeHT Bpemenm [. Jra 00-
JaCTh B MOMEHT ¢ COJePKUT Te BIeKTPOHHI,
KOTOpHe B HYJIEBO MOMEHT BpeMeHHA HAX0-
[uinch B HEKOTOpO# Apyroi obxacrm §,,
mpuIeM, COTJNAcHO Teopeme JlmyBmiis,
o6beM obOmactm 2, paBem ob6peMy £2.

®nr. 12.2. Iloayriaccr4ecKkue TPaeKTOPHR
B rk-npocTpaHCTBeE.

O6nacTp Q- COOEPIKUT B MOMEHT i’ TORBKO T€ TOU-

KM, KOTOpPHIE B Pe3ynbTare NOJYRIACCHICCROIO OBH-

Ilockonbry »Tu ABe obxacTu ComepsKaT
TaKKe OBWMHAKOBOE YMCIO 3JIEKTPOHOB,
B HEX IJIOTHOCTH 3JeKTPOHOB B ()a30BOM
IpocTpaHCTBe oquHaKoBH. Eciam B MOMEHT

)KeHusA nepemis U3 o6aacTe Q, rlie OHM HAXO/RIHNCh

B MoMeHT t. CormacHo Teopeme JIMyBmiuasA, oblacTm

Qt n Qs HNMET paBHHE 00BeMu. HMimocTpanus

npuBefeHa NJA IBYMEPHOTO rR-OIPOCTPAHCTBA, Je-

HKAIEro B INIOCKOCTH depTeda, T. €. OJA OOHOMED-
HOTO MOJIYKNACCHYECKOrO NBNKEHMA.

¢t = 0 wirorHOCTE O6HNa paBHa 1/4n° Hesa-
pucuMo ot Brbopa obiactm, TO B APyrod
MOMEHT BpeMeHHM ¢ OHA AOJKHA TaksKe OmTH paBHOR 1/4n® w He 3aBucers oT Brbopa
ofnactu. CiemoBaTenrbHO, MOJYKIACCHYECKOe IBIUKeHHe B IPOMEKYTKAX MEMAY

1) CM. mpuixo:keHue 3, e JAHO J0Ka3aTeJhCTBO NPUMEHHUMOCTH BTOH TEOPEMBI K HOJYKJIAC-
cHIecKOMy ABmKeHuio. C TOYKHZ 3peHust KBAHTOBOH MeXaHWKHA WHEPTHOCTH 3AOJHEHHKX 30H NMIPAMO
caegyeT u3 npuEnuna Ilaymu: «minoTEOCTH B (a30BOM IPOCTPAHCTBE» HEe MOMKET BO3DPacTaTh, €CIH
KaK[AHI YPOBeHDb COJEPKUT MAKCUMAJIbHOE YUCIO BJIEKTPOHOB, JOIyCcKaemoe NpuEnHmoM [layim;
KpOMe TOIr0, eCJM 3ampelieHs Me;K30HHHE IePeXOoisl, OHA He MOJKeT M YMEHbIIATHCS, HOCKOJBRY
TIUCIO IEKTPOHOB HA YPOBHE MOKET TMOHUBHTHCA TOJNBKO NPH HAJWIWU B 30HE YaCTUIHO 3aII0j-
HEHHHX YDOBHe#, Ha KOTODHEe CHOCOOHH mepeiiTu 5TH 3JEKTPOHH. A MOKa3aTeJbCTBA JIOTMIE-
CKOIf HeIIDOTHBOPEYUBOCTH CIELyeT, OJHAKO, MPOJEeMOHCTPEPOBATH, 9TO HOFXOOHKE BRIBOI HEIO-
CPeJCTBEHHO CIeyeT W M3 CAMUX IOJYKIACCHIeCKHX YPaBHEHHWII IBMKeHuA, He puberaa k Goxee
PyHIaMEHTANPHON KBAHTOBOH TEOPHM, BMECTO KOTOPON MH WOJB3YEMCA 3TOH MOJEJbIo.

2) BpeMsa t' me 00s3aTeabHO [MOJKHO OHTH GoJbIme ¢ — OJUHAKOBHI 00beM HMEIOT KAK Te

ofmacti, B KOoTOpHe Q4 mepeiifer B GynymeM, Tak M CYMeCTBOBABIINe DaHee OGNACTH, KOTOPHS
mepeman B Qy.
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CTONIKHOBEHHUSIMA HE MOYKET N3MEHHThL PACIpPefeseHHA JJICKTPOHOB B 3aIOJHEHHOR
30He, Jajke eClIH WMEIOTCH BHeDIHWe IOoJs, 3aBUCANME 0T BpeMEHN ¥ IPOCTPAHCTBEH-
HEIX KOOpA@HAT ).

Onmako 30Ha ¢ ToCTOAHHOM mioTHOCTHIO 1/4m® B (asoBoM mpocTpancrBe He
MOKeT JaBaTh BRJIANA B 3JEKTPHIECKMH TOK WINM B HOTOK Temia. UToObl moKasaTh
5TO, paccMoTpuM aneMeHT dasoBoro oobeMa dk ¢ memTpoMm B Touke k. Braax storo
pJAEeMEHTa B ILIOTHOCTDH IIOTOKa 3JeKTpoHOB pasen (1/4n®) (1/h) 0€ (k)/ok, Tar kak
BCE BIEKTPOHHI W3 3TOro ajementa $asoBoro obwema obmapaior ckopoctsio v (k) =

= (1/k) 0€ (k)/0k. lpoBonst cymmmpoBaHme Ho BceM k B 30He Bpunaiosna, noay-
gaeM, YTO IOJHHE BXKJIAJ 3alOJHEHHOR

30HB B IJOTHOCTH JJAEKTPUIECHKOIO TOKa
1 TOJAOTHOCTH HOTOKA JSHEPruu paBeH

. dk 1 9%
]:(—e)SW—ﬁ__ak—’ (12.16)

. k a
o = S_d__g(k) 1 .08 _

) A 08 _
s, 43 A ok
’ )
% 4 dk 19 g
7 “2‘5 2 i (€ (K™

Ho o6a stu BripakeEma obpamanrca B
HYJIb B CHIY TeOPEMSH 2), COTIacHO KOTOPOi
uHTerpas o mwoboil sneMeHTApHOH AYedKe
OT TpajimeHTa NepHONWIECKOil (yHKIHE
paBeH HYJIO.
Qur. 12.3. llpyMepuHil HpHMEpP, LOACHA- T Taxmm obpasom, upu pactere omrex-
muit, TodeMy AByXpaiemTHOe Thepnoe Teno TPOHHBX XaDAKTEPUCTHK TBEPOro Tela
MOKET OHTL HPOBOJHUKOM. He06XOXUMO YYUTHBATH TOJABKO YACTHUHO
CoorBercTBYIOasn CBOGONHRIM 3lleKTPOHaM OKpyx- SAIOJIHEHHBIE 3O0HWI. 910 00BACHAET BO3-
HOCTh, TUIOMIANb KOTOPON paBHA IJIOANHM IEPBOK HUKHOBEHME 3aTal0IHOT0 MapaMerpa Teo-

30HH Bpnanioska (I) KBagpaTHOR pemerkd Bpasa,
TPOCTHPAETCA TAKHE M BO BTOpPYIO 30HY (II), B pe- pun CBoﬁonHLIX 3JIEKTPOHOB — 4YNCIa

3YJIbTATE Yer0 BOSHHMKAMOT ABE HaCTHYHO 3AIIOJIHEH-
uple gonel. Ilox peificreuem xocratouno cuapHoro OJIERTPOHOB OPOBOJHMOCTH. 1 poaoau.mocmb

NEPHUOANYECKOTO TIOTERINANIA IXBIPOYHEBIE «KAPMAHBI»
B I€PBOI 30He U DACKTPOHHBIE KAPMAHLI ;30 I;31-01101}1 o6ycnoe.aena AUWD INEKMPOHAMU U3 Ha-
80HE MOPYT CTAHYTRCA B Hynh. B obWeM ciryuae, CIMUYHO 3ANOAHEHHBZ 30KH. Jlomymennme

OfHAKO, CJabnif IepuogmyecKull MOTEHIMAN BCerna

cosmaer TepexpuTHe (ORHOMepHi cayual cocran- | PYNE, COTIACHO KOTOPOMY HCJIO BIEKTPO-

AeT HCHIIOYEHHE). HOB OPOBOAMMOCTH B pacuerte Ha

OOIMH aToM paBHO €ro BaJIeHTHOCTH,

9acCTo OKa3hBaeTCA CHOPaBe[JINBBIM, HOTOMY 9TO YaCTHUYHO 3aI0JIHEHBBIMHU ABIANTCH
TOJILKO 30HBbI, 06pa30BaHHme ATOMHBIME BAaJICHTHRIMHI 3JIEKTPOBaMMH.

O‘IGBHIIHO, TBEepoe TeJO0, Y KOTOPOIr0 BCe 30HE HOJHOCTHIO 3aDOJIHEHH WIRW
COBEPIICHHO OYCTH, HE MOMer OxITh OPOBOAHMKOM 3JIEKTpHRYECTBa U TeIJa (eCJIPI
VYATHBATE JHUIIb DEPEHOC TEINA diekmpoHamis). IJocKOAbKY 9UCIO YPOBHEH B Kajk-
10#i 30He DABHO YABOGHHOMY 9HCTy (UPMMHTHBHEIX) SJE€MEHTAPHEIX fYeeK B Kpu-
crajiie, BCe 30HBI MOI'YT OHITH 3aLONHEHELMEA IR OyCTRMU MOoAbkO B TBEPIBIX Tenax
C 9€THBIM 9HCJIOM 2JEKTDOHOB B pacvdeTe Ha OAHY 3JIEMEHTapHYIO AYedKYy. SaMeTI/IM,

1) CronkHOBeHUA TaKKe He OYAyT BANATH HA CTaOUIBHOCTD 3aTIOIHEBHBIX 30H, €CJIH 10-IPes-
HeMY Opefnoiarath (Kax B M. 1, ctp. 21 u B Ti. 13, cxp. 247), uT0 KaxuMy 6K HH GBLIH CTOJNKHO-
BeHHH, OHU He MOHAIOT TePMOJMHAMUYECKH PABHOBOCHOTO PacHpefieleHu:A 3AeKTporos. HanomamuM,
YTO JNA 30H, BCe DHEPIMH KOTOPHX JIe;KAT ropaspo Hu:Ke speprum depmu, pacmpejeienue ¢ Io-
CTOAREOI MIOTHOCTLIO 1/47% Kak Pas U ABNAETCA TOPMOZMHAMIYECKH DABHOBECHHM pacnpejee-
HEeM IPH HYJeBOH TeMIepaType.

%) Teopema pmoxasama B mpuaokernu K. B mamHOM caydae mepmopwdeckme QyHKIHHE eCTh

€ (k) paa j u [€ W] nan ig-
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49710 06paTHOE HEBEPHO: TBepHAble Tea ¢ YeTHHIM 9HCJIOM 3JIEKTPOHOB Ha OfHY 3Jje-
MEHTAPHYI0 AYeMKY MOTYT OHITH (I 9acTo ABAAKTCA) NPOBONHWKAMU, IOCKOJBRY
N3-32 MEePeKPHTHSA 30H BO3MOKHO BOZHMKHOBEHHE OCHOBHOI'O COCTOSHHUA ¢ HECKOJb-
KEMM 9aCTU9HO 3aI0JHEHHEIMA 30HaMH (M., HampuMmep, ¢ur. 12.3). Taxum o6pasom,
HaMHA OOJAy4eHO HeoOGXommmoe, HO LRJIEKO He TOCTATOYHOE YCJIOBHE TOTO, 49TOOH
BeINecTBo He OBUIO IPOBONHMKOM 3JIeKTpHYecTBA M TeIlia.

Yrobm eme pas y0eimThCs B COpaBeJMBOCTY HAaMIUX PACCY;KAEHUH, mONE3HO
B3ATH NEPUONWYECKYI0 TAGNHUIy XWMHYECKHX B3JIEMEHTOB M HOCMOTPETh, KaKOBa
KPHCTAJIAIECKAS CTPYKTYPa BemEecTR, KOTOPHE B TBEPAOM COCTOABMM He 001afaloT
TeIIO- W 3JAEKTPONPOBOAHOCTEI0. OKAa3BIBAETCH, YTO OHH JNG0 HMEIOT YeTHYIO BaJIeHT-
HOCTD, AEGO WX KPUCTAAIWIECKYI CTPYKTYPY (HampuMep, Yy TajlOTeHOB) MOMKHO
OpeACTaBHTh B BHJe pemeTKy ¢ 6a3mcoM W3 YETHOTO 9YHMCja aTOMOB. JTO IOATBEp-
maaeT cOpMYINpOBaHHOe BHIIe o0miee IpaBUJO.

TOJIVRIIACCUYECKOE JIBUWHEHHE BO BHEIMHEM TNTOCTOAHHOM
SJIERTPUYECKOM IIOJIE

15 ONHODOXHOTO CTATMUECKOTO BJIEKTPMUECKOTO MOJNA TONYKAACCHILCKOS
ypaBuenue xBmxeEus fas k [cm. (12.6)] nmeer ofmee pemenne:

k (1) =k (0)— . (12.17)

CaenoBaTenbHO, 3a BpeMA ! BOJHOBBE BeKTODH BCeX 3JEKTPOHOB H3MEHSIOTCH
Ha OMHAKOBYIO BEJHYMHY. ITO COTJIacyeTcs cO CeJaHHHM paHee 3aMeYaHueM, 4To
B IOJYKJIACCHYECKOH MOJieiy BHEMEBNE [ONA He BIAMAKT HA 3aNOJIHEHHYI0 30HY:
ONHODOAHHH CHBHI BCeX BOJHOBHX BeKTODOB KAajKIOI0 B3aHONHEHHOTO YDPOBHSA
He MEHAET IJIOTHOCTH 9JIEKTPOHOB B ()a30BOM IPOCTPAHCTBE, €CiyM OHa ITOCTOAHHA,
KaKk B Clydae 3alQJHEHHOH 30HH. B0BMOKHOCTH OJMHAKOBOTO COBHTa BOJHOBOIO
BEeKTOpA KajkJOro dJeKTpoHa (es CO3NaHEA TOKOBOM KOEQWIypauum KameTcs,
KOHEeYHO, CTPRHHOH ¢ TOYKH 3PEHHA KIACCUUECKNX HpefcTaBjienuii o6 siaexTpoHax.

Yro6r IOHATH, 0YEMY 5TO MMEeT MECTO, BCIOMHUM, 9TO BKJIaJ B HOJHHEH TOK
0T OTAEeNHHOTO 3JIEKTPOHA NPONOPIMOHajeH ero CKOPOCTH, KOTOpas He HpPOHOPIMO-
HanbHEA k B monykmaccmieckor momenu. CKOpOCTh 3JIeKTPOHA B MOMEHT ¢ paBHa

vik@)=v (k) — ). (12.18)

ITocroasky v (k) mmeer mepmopwanOCTH O6paTHOM pemeTkw, cropocts (12.18)
OXa3HBAeTCA OTPABEMICHHOH (yHKnHme# 0T ¢, a xorga moie E mapasnentno onmHomy
U3 BeKTOPOB 06paTHOM pemeTRM, OHa OCOUIJIHpPYeT co BpeMeHeM! JTO COBepHIEHHO
He TOXOMe Ha caydail cBOGONHEIX BJIEKTPOHOB, IS KOTOPHX CKODOCTH V IPOHOp-
nuoHanpHA Kk M pacreT jguHefilo ¢ yBeanieHueMm t.

3aBACEMOCTD CKOPOCTH OT k (¥, C TOYHOCTHIO JI0 ITOCTOSAHEOIO MHOMKHATENs, OT 1)
npomimocTppoBana Ha ¢mr. 12.4, rme mokasans dynknnu &€ (k) u v (k) B ommo-
MepHOM ciydae. XOTS CKOPOCTDH JuMHedHo 3aBHCHT OT k BOIMSW JHA 30HH, IPH IpPH-
OamKeHEH K IDaEMne 30HH BDPHINI09HA OHA NOCTHIaeT MaKCHMYyMa, & 3aTeM BHOBB
najaer, o6pamaach B HyJh Ha TPaHmIE 30HH. B o6aacTn MeKIy TOUKOH MakcHMyMa
CKOPOCTH U W TPAHANEH BOHH CKOPOCTh YMEHBIMAETCA C POCTOM k, Tak 9YTO yCKOpeHHme
9JIEKTPOHA TPOTHBOIOIOKHO BHEMHEH NDPWIOKEHHON 9AEKTpHYECKOH cnae!
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Takoe HeoOLIHOE IOBEAEHMUE ABIAAGTCA CAEICTBHEM HAJHIAA JOMOJTHMTEJLHON
CliIE, 00yCAOBACHHON HepHMOTAISCKMM MOTeHIIHAJIOM, KOTOPHIA, XOTHA W He BXOMHT
ABHO B IIOAYRJIACCHICCKYIO MOIENb, TeM He MeHee YINTHIBAeTCA B Hell [Bmmom PyHk-
npit € (k)]. [Ipn npubamxeHnn saeKTPOHA
K OparTOBCKOM IJIOCKOCTH BHEIIHEe 3JCK-
TNEKR) U(k) ™ TPAUECKOe II0Je IepeMelaeT ero K ypoB-

HAM, Ha KOTOPHIX OH mMeeT Bce Goee BHI-

COKYI0 BEPOATHOCTb OpPSITOBCKOrO OTpa-

eHuss B oOpaTHOM HaupaBieHuH ),

Wtak, ecnm GH MeRIY CTONKHOBeHMA-

MH 3J6KTPOH IPOXOAHX B K-IpPOCTpaHCTBE
> PACCTOAHHS, NPEBHINAIMNE PASMEPH] 30HEI

Bpmaniosra, To craTmueckoe mojie MOTIO

OB CO3JaBaTh IepeMeHHHH TOK. B meiicr-

BETENBHOCTH 3TOTO HE TNPOHCXORUT BBUAY

fonpmoit 9acToTH croikHOoBeHMEA. [Ipw pa-

3YMHEIX 3HAYeHHAX HANPKEHHOCTH MOJ
® BpeMeHH peJaKcannd u3MeHeHHe BOJI-
et e HOBOTO BEKTOpa 33 BpeMs MeAy KByMA
®ur. 12.4. 3asucumocts Beunuua % (k) u CTOJIKHOBEHIAMM, OLNDPENeIs16MOe BEIpasKe-
v (k) 01 k [mmm or npemer: ¢ yierow popuy- HEEM (12.17), ogemp mamo mo cpaBHeHm'0

am (12.17)] B ogEOMEpHOM ciydae. ¢ pasMepaMm 30HH 2).

B clygae TPeX M3MEPEHN KPUBLIE U3NIDAKAOT 32~ XoTd THUOOTeTHICCKHEE Bti)(i)eKTH ne-
AcanoSTy Tex o ROTIAT o7 h AT IATDASTONAS, o quecKoro ABWKOHAA B IOCTOAHHOM
phlﬁ onpenenaAeT OOy l:lsml;ggﬂeﬂ aepBoif 30846 Bpui- moJje HelIOCTy]IHLI oasa Ha6HIOJIeHHH, cyme_

o cTBYIOT fpyrue 3{PeKTH, OCHOBHOR BKIAS
B ROTOpSIe JAai0T 3MeKTPOHE, PACION0KEeHHKE J0CTATOYHO OMHE3KO OT TPAHMAIE 30HH
Bpunnwosaa, 9rodsl 3aMelIAThCA BHemHaM IojieM. Takue sddextn xerxo fmabirio-
AaTh U0 HeOOHTHOMY HOBBHEHHIO «IEIPOKY '

Tpeenuya Tpanuye

IBLIPKU

Onona 73 caMBIX BOEIATIAMOIEX Pe3ylbTaToB MOJYKIACCHMIECKOH MONeaHm —
oS bACHEeHME ABIEHNHR, KOTOPEEe MOKHO ObLIO OH omHcaTh B paMKax Teopud cBoGom-
HHX 3JeKTPOHOB, JUNIb OPCAIOM0KAB, IT0O HOCHTEIH TOKA HMEIOT HOJOKATEIHHEIe
sapamsl. K 9uciay TakEx ABIEHHA B HePBYIO 0Uepelb CJelyeT OTHECTH aHOMAJbHHIA
agak ko3P pumuenra Xomua B psane merannos (eM. crp. 70). UTo6H HOHATH, mOYeMy
9JEKTPOHB B 30HE HPOBOIAMOCTA MOFYT JaBaTh TaKO# BKJIAI B TOK, KaK eciadm Ok
oHA GHIM DOJOMHETEIBHO 3aPAMEHH, HY;KHO Y9eCTh TPH BasKHHX 00CTOATeaLCTBA.

1. TlocronbKy 2IeKTpoHH B aiemeHTe oObema dk ¢ memrpom B k maror Briuan
—ev (k) dk/4n® B mnoTHOCTE TOKA, BKJIAN BCOX 3JIEKTPOHOB M3 TaHHOK 30HH paBeH

i=(—e) S Z v (K), (12.19)

(ITo 3anosH. YPOBHAM)

1) Haopumep, AMEHHOC B OKPECTHOCTH OPAIFTOBCKAX MIIOCKOCTeH UPHOIMKeRwe MOYITH CBO-
GonmuEX 3IEKTPOHOB (ri. 9) maer mambodee CHALHOE NMOpeMONIMBAHAE YDPOBHOi, MMEIOIUX HopMy
IJIOCKHEX BOJIH C PA3JMYHKIMA BOJHOBHMY BeKTODaMH.

2) IIpn anexrpmyecKom moxe mopaAnka 10-2 B/cm m Bpemenn penakcanmmm mopsankxa 10-14 ¢
senmunnHa eEt/h umeer mopagok 10-1 cm~l, Pasmepsl 30HH COCTABAAIT 0KOXO 1/a ~ 108 cm-l,
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rie muTerpan Gepercsai DO BCeM B3aNOJHEHHHM YpPOBHSAM B 30He DpmiaiosHa !).
YunTHBas, 9TO MOJHOCTHI0 BAIOJHEHHAs S0HA He HECET TOKA, T. €.

dk dk
0= 5 el (k)= S s v (k) +
(ITo BCeft 3BOHe) (ITo 3anonl, YpPOBHAM)

4

(ITo HesanonH. YPOBHAM)

dk B
'HS—V (k), (12.20)

Bepaskenne (12.19) MoxBo mepenmmcaTh B 9KBHBAaJIEHTHOH ¢opme:

i=(+e) | o v () (12.21)

(ITo He3anoJH. YPOBHAM)

CrefioBaTenbHO, MOK, nOAYUAeMblll NPU 3ANOAHEHUU IACKMPOHAMU OnpedeseH~-
HOLL COBOKYnHOCmMU YpoeHel, 86 modHocmu coénadaem ¢ mem, KOMOPWLL MONCHO NOAY~
yumb, ecaAu a) 0OCMAEUMb SMU YPOSHU He3anoaHeHHuXU U 0) 3anoaHumb éce 0cmasbHble
YpoeHu 6 30He BpuaaiosHa YacmuyaMil ¢ NoAo¥cUmesvHuM sapadom -+e (npomuéo-
ROAOHCHBLM. 3aDAJY 2A€KMPOHO8).

Taxum 06pazom, X0TA eIMHCTBEHREIMY PealbHHME HOCUTEIAMN 3aPANA ABIAIOT-
CA DIEKTPOHE!, MH MOJKEM, KOTAa 9To YA06HO, CUMTaTh, 9TO TOK HOJHOCTBHIO Iepe-
HOCUTCH (QUKTHBHBIME TACTHIAME C HOAOKRTENBHHEM 3aPAAOM, 38NONHAKIUME BCe
Te YPOBHU B 30He, KOTOpHe He 3aHATH diaeKTpomnamu 2). IlogoGHme ¢urTmBHEE
YaCTHOH Ha3HBAMOT Jupkami.

Ecau cymrarh, 4To TOK HepeHOCAT He OTPUIATEABHO 3apajieHHLIe SJE€KTPOHH,
2 MOJIOMKUTENBHO 3apAyKeHHHEe NHDKHU, TO DJeKTPOHE JyYyme BCEro PaccMaTpuBATh
OpoCTO KaK OTCYTCTBME IEPOK — YPOBHW, 3aHATHE BJEKTPOHAMH, €CTH YDOBHH,
He 3aHATHE HHpKamu. llomgepKueM, 4To HAs OOHOM U TOH K€ 30HE HEJb3H HOJB30-
BaThCA Cpasy AByMA cnoco0aMu onmcaHWsa. Eciy canTaTh, YTO TOK DEpPeHOCAT JEK-
TPOHHI, TO He3aNOJHeHHHEe YPOBHH He Jlal0T B Hero HUKAKOI'0 BKJIAJa; €CJH jKe Cul-
TaTh, 9TO TOK HePEHOCAT ABIPKH, TO OTCYTCTBYET BKAa[ OT olIEeKTPOHOB. [lomycTHMO,
OTHAKO, OfHY 30HH OOKCHLIBATH H2 A3HKe JJEKTPOHOB, a ApyIue — HA A3BIKe AHIPOK,
B 3aBHCHMOCTH OT TOTO, KaKo# cocol onncanus Gonee ynoGeH.

Uro6s Teopus AHPOK OBIa 3aKOHIEHHOIT, CienyeT JOMOMHATEIBHO PACCMOTPETD,
Kax GyfeT MEHATHCH CO BpeMEHEM COBOKYLIHOCTh He3aNoJHEeHHHX YypoBHe# @of
BJIUSHHEM BHEIMHWX IoOJeH.

2. Hesanoanennwvie YposHU & 30HE 960/0YUOHUPYKM cO eépemeHem ol eosdeli-
cmeuem SHEW HUZ NoAel MOYHO MAK xee, KAk ecall Ovi OHL Oblall 3ANOJAHEHb PEasbHBIMU
aaexkmponamu (¢ sapadom —e).

910 mpomexoxuT MOTOMY, UTO IPH 33JaBHHX 3Hauenusnx k u r B moment { = 0
IOJyKIacChYeckue ypaBBeHHA, OyAydYu DIecThI0 YPaBHERHAMH NEDPBOTO MOPAAKA
A mecTd DepeMeHHHX, OJHO3HAaUHO oOpefledsiior kK m r Bo Bce Dociaemylomue
(v mpearyImMue) MOMEHTH BpeMeRN, aHAJOTMIHO TOMY KaK B KJIacCMYeCKOd Mexa-
HUKe [I0JIo}KeHre M MMIOYJIbC YaCTUNbl B NPOUBBOJNBHEYE MOMERT BPEMEHH IOIHOCTHIO
onpenensoT BCIo ee OPOUTY B OPUCYTCTBUE 3aJaHHKX BHeHuX mojei. Ha ¢ur. 12.5
YCIOBHO, KaK JIMHAW B CeMHMEPHOM rki-IpOCTpaHCTBE, NOKA3aBH OPOMTH, ompe-
JeasgeMble HOJYKIACCHIeCKHMY ypaBHeHEAMHU. llockoaskRy nio0as Touka opOMTH

1) 970 me 0Gs3aTenbHO Te YPOBHM, KOTOPHE JeKaT HuKe €y, nb0 HAC NATEPECYIOT HEPABHO=
BecHHe paclipefielleBNsa, BOSHUKAOMuE 0] JIeNCTBHOM IPUJIOKEHHOIO NOJA,

2) Orcloma B KavecTBe YACTHOTO CJydas CUOAYeT YTBEP:K[ACHUe, UTO 3al0JHEHHAA 30HA HE
HEeCeT TOKA; 3all0JIHeHHAs 30HA HEe MMeeT He3aHATLIX YPOBHEH, NO3TOMY B Hell 0TCYTCTBYIOT PUKTHB-
HHe IOJOKUTEJbHbE HOCHTENH.
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OfHO3HAYHO 3aJaeT BCO opOUTy, HUKAaKHhe [[Be pa3ia@dHEE OPOUTH He MOTYT EMETh
o0mux Touek. IlosToMy ME MoieMm pasfenmTh OpOMTH HA BAHATHE M HE3aHATHE
B 3aBECHMOCTH OT TOTO, CONEDHANY JIK OHK B MOMeHT { = () 3aHATHE WK HE3aHATHE
togku. B 1060it MomeHnT BpemeHum mocie ¢t = () HesaHATHE YPOBHEH OyAyT JemaThb
Ha He33HATHX OpOMTAX, a 3aHATHE YPOBHU — HA 32HATHX. [[09TOMY 3BONIONEA KaK
3aHATHX, TAK ¥ He3aHATHIX YPOBHeI MOJHOCTEIO opefesaserca BufoM opbut. Ho Bup
OpOMTE 3aBHCHT TOABKO OT POPMH HOJyKiIacCHIeCKUX ypasuenmit (12.6), a me or
TOro, UMeeTCs Jd B JeHCTBHATENLHOCTH HA XAaHHOH OpOHUTe 3IeKTpOH.

3. HostoMy, 9T00H ompefennTh HOBefeHHE NHIPKM, XOCTATOYHO yCTAHOBHTD,
KaKk pearupyeT Ha OpUJIOKeHHEHE HOJA IJIeKTPOH. [[BMKeHHe 2JIeKTPOHA ompee-
JseTCsA HOJYKIACCHIECKIM YpPaBHEHHEM

B=(—e) (E+ - vxH). (12.22)

B kakroii mMepe opdura 3jgeKTPOHa OyAeT HaODOMHHATH OpPOMTY CBOOONHOM 4YaCTHIH
C OTPHUIAaTeJIbHBEIM 3apAN0M, 3aBACHT OT TOTO, NAapalJeJbHO Ju yCKopeHue dv/di

t

Sanaman obnacms
8 momenm T

SaHAmAA 06700
& Momerm t=0

Dur. 12.5. CxeMarideckoe u300paKeHne BPpeMEeHHOI 9BOJIOIUY 0POUT B MOJyKJIaccHISCKOM (aso-
BOM mpocTpaHcTBe (r M K [ipeJcTaBleHH KaK OJHAa KOODAUHATA).

3anonAenHasn 001acTh B MOMEHT ¢ Ompefenisercsa opburamMu, KOTOpPEIe HAXONMINUCH B 3aTOIHEHHON 06IACTH B HYJIe -
BO MOMEHT BpEMeHMW.

L .
BerTopy k. Ecam ycropenme IpoTmBONONI0KHO BeKTOpY Kk, TO 2ieKTpoH Beger cebs
OoR0o0HO TOMOMHUTENBHO 3apsKeHHOR cBoGomHOR dactmme. OkxaskBaerca, 4TO,

Korfa k — BOJIHOBO# BEeKTOp HE3AHATOT0 YPOBH:A, BeKTop k wacTo GnBaeT HanpaBien
OPOTUBOMOJOMHO yCKOpeHmio dv/dt. ITo ofbpAcHaerca ciefywium obpasoM.

Ilpu paBHOBecun m mpu pacmpeleNeHHAX, OMUSKAX K paBHOBecHOMY (0OHMYHO
HAC WMHTEPECYIOT WMEHHO TAKMe HePABHOBECHHe JJIEKTPOHHHE pacupefeleHnd),
He3aHATHE YPOBHM 9YACTO JeKaT BOAM3M BepIIMHHE 30HH. Ecuanm sHeprus 3o08H & (Kk)
mmeer maxcumyMm npu k = k,, To npm k, gocratouno 6iamskoM k k,, MH MosKeM pas-
aoxrurs & (k) B Toure ky, B pax mo cremedam (k — K,) m ocraBUTbh mepBEe WIEHH
pasiomernnsa. B makcumyme ammeitnnit mo k — k, 4nem mcuesaer. Hpome toro,
€CJIE OpefnoJoKUTh Ha BpeMs, 9T0 kg — TOUKa € JOCTATOYHO BEICOKOH CHMMeTpHel
(mampuvep, KyOW1ecKoii), To KBaTpaTHIHHA wieH Gymer mpomoprmoHaien (k — k)2
Torma

€ (k) ~ € (ko) — A (k—k,)?, (12.23)
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rie xosdpdunuent A monomareneH (m6o & mmeer marcumyM B Touke k,). OOnuHO
OIpefeq AT TOJOKUTENBHYI0 BeIWIWHY m* ¢ PasMepHOCTBI0 MaCCH, mOJaras

L2
W=A' (12.24)
Jia ypoBHell ¢ BOAHOBHIMH BekTopamu BOmm3u k, cOpaBelamBo  COOTHOIIeHHE
N1 % _ h(k—k)
v(k)=—- ke — (12.25)
¥, CJIeZ0BaTEIBHO,
d By
a= —-V (ky= — —+k, (12.26)

T. €. yCKopeHme mportmpomoaoxuo k.

ITomcraBasaa coorHomeHme (12.26), cBaA3pBalOmee yCKOpeHHe ¢ BOJHOBEIM
BeKTODOM, B ypaBHeHue jgBwkeHus (12.22), maxoqum, 4T0, moKa opéuTa 3JIEKTPOHA
OTpaHMYeHA YPOBHAMH, PACIONOKEHHBIMI HOCTATOYHO OJM3KO K MAaKCAMYMY 30HH,
qaro0nl paziaoskenune (12.23) ocraBamoch cIpaBeldmBHM, pAacCMaTpmBaeMblil (oTpH-
1aTeabHO 3apsUKEHHHNA) JJEKTPOH pearupyer Ha ABWKYIMWe ero mojs TaK, Kak
eciu OB OH MMeN OTpHNaTenbHyl Maccy —m*. IloMeEsaB 3Hax B ofeHX dYacrTax
ypaBuenusa (12.22), ME MOMKeM C TeM jKe yCHeXxoM (E B Tropasfo HolbIieM COTIaCHH
¢ UHTYUTUBHEIME IpeACTABIOHNAMN) CIATATH, UTO 3TO ypaBHeHHWe OLUCHBAET IBH-
HeHHe MOJIOKUTENBHO 3aPs/KeHHOM 4acTHIBL ¢ IOJOKHTENbHOE Maccod m*.

MockonbpKy pearius OHPKH COBHANAeT C PeaKnmeil sJeKTpoHa, ecam OH OH
HaXO[UICA HAa He3aHATOM YPOBHE (CM. BHINe I. 2), Ha 9TOM 3aBepHIaeTCA [OKa3a-
TeJABCTBO TOTO, ITO AHPKE BedyT cefs BO BCEX OTHOMEHWAX HOHN00HO OGHYHEIM
9acTHIaM C IONOMKUTEIBHEIM 3aDANLOM.

TpeGosanme, d9roGnr He3aHATHE YPOBHH JeKaAum BOIU3M TOYKM MAaKCH-
MyMa B30HH C BHCOKOH CHMMeETpHeHR, MOMHO B 3HAUATEIHHOM Mepe ocaaburs ).
MokHO TOpeAmoNoKMUTb, 4TO XapaKTep AMHAMHYECKOTO HOBeJeHNMA JaCTHLH OHyjger

3aBHCETH OT TOT0, KAKYI BeJINUYMHY MMEeT Yros MeXIY BeKTOpoM k um ycKopeHueMm.
L

Ecan sror yrox Gomsme 90° (BenmuuHa k.a oTpunarenbHa), HoBefeHHme GymeT
COOTBETCTBOBATEH MOJOMKHUTENABHOMY 3HAKY 3apsafa, B HPOTHBHOM cjiydae — OTpH-
narexbEOMY. llocKONBRY cHpaBemiIuBO pPaBEHCTBO

. g 4 196 4 .
k-a koTV:k--E- -FW—T Z kl t’ﬂfi 6k kj, (1227)
i
MOCTATOYHOE YCIOBUE OTPUIATEIBHOCTH Beamuummsl k-a mmeer BmN
DA, ik‘éa]l:) A; <0 (ana nwboro BexTopa A). (12.28)
I

Korma k ects Touwa moraiasHoro maxcumyma ¢yexuuum & (k), ycaosme (12.28)
TOKHO BHIOONHATHCA. J[eHCTBUTENIRHO, eClX JJIA KaKOTo-TO BEKTOpPa A, HepaBeH-
cTBo OBI0 6B OGpPATHRIM, TO OpU u3MeHeHUM k OT «<MaKkcEMyMa» mo HAIpaBIeHHIO A,
3HeprusA craja OH Bo3pacTarb. I3 cooOpakeHHHI HeOpepPHBHOCTH ClelyeT, HTO
ycaosue (12.28) cupaBeminBo He TOABKO B CaMOH TOYKe MaKCHMMyMa, HO U B HEKOTO-
poii ee oxpectHocTH. HOrZa BOJHOBOH BEKTODP 3JEKTPOHA OCTAeTCA BHYTPH 9TOH
OKpPECTHOCTH, DJIEKTPOH pearupyeT Ha BHEITHWE IIONA TaK, KAK €CIHW OBl OH MMOJX
MOJIOKNTeNbHBN 3apAn.

1) Ecan gopma He3anosHeHHOH 06aacTn B k-IPOCTPAHCTEE OYEHD CJIOMKHA, TO UCIOAH30BAHNE
UPENCTABACHUA O «IHPKAX» CTAHOBUTCS MEHEe IOJIe3HBIM,
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Beauguny m¥*, ompemeislomyilo AWHAMUKY AHDOK BOIN3M TOUIeK MaKCHMyMa
B0HH ¢ BEICOKOH CmMMeTpueil, IPpUHATO HA3HBAThL AHPOUHOM 3QEeKTHBHOE MaccCoi.
B ofmem ciydae onpefensior TeH30p d(PPEKTHBHON MaCCH

1 62 (k) 1 o
-1 1 _——— + —_—t .
M4 (k)= == 75 g = & & S (12.29)
rfe 3HaKW «-+» HMIN «—» BHOHpalTcA B 3aBHCHMOCTH OT TOrO, HaxogmTca i@ k
BOIN37M MUHEMYMA (JJ1A 9JI€KTPOHOB) WM MaKCIMYMa 30HH (I8 AHPOK). Ilockonpky

= & M (k) Rk, (12.30)

ypaBHenme nsmkesnsa (12.22) nmpumemMaer Bufg
MEa==Fe(E+-3-v (k) xH). (12.31)

TeHs0op MaccH BTPaeT B3HEYIO POAD B ONPEieJieHUE IWHAMEKH JHPOK, HAX OJAMBAX-
cs1 BOIM3W aHMBOTPONHEIX MAKCHMYMOB (I JIEKTPOHOB BOJIM3W 8HH30TPONHEIX MUEH-
mymoB). Ecnm ANpOUHE (HAM 9JeKTPOHHEI) «KapMaH» TOCTATOYHO Mali, TEH30P
MacChl MOJKHO 3aMEHATH ero 3HAYEHNWEM B TOYKe MaKcmMyMa (MMEMMyMa). B pesyns-
TaTe HOJydYaeM JHHeHOe ypaBHeHWe J¥WIIb HeMHOTHM Gojee CIOKHOe, UeM s
cBOGONEEX gacTnl. TaKkwe YpaBHEHHs BIOJHE TOYHO ONMCHBAKT AWHAMAKY BJeK-
TPOHOB W JHPOK B HOJynpoBOogHWKax (ria. 28).

IMOJIYRJIACCUYECHOE JIBUMHEHME
B TIOCTOAHHOM MATHUTHOM IIOJIE

MEoro BamHO# mHPopManmu o0 9J1eKTPOHHHX CBOHCTBAX METAJJIOB W MOXY-
OpPOBONHUKOB JaIOT M3MepeHHS WX peaKIuu Ha pa3iAndEHEe BOSMYICHUS B IPHCYT-
CTBUH ITOCTOSTHHOTO MArHATHOTO NOJsA. B’ TakoM DmoJie DOAyKjaacCuYecKne YpaBHeHHS

Tkz,H

OpuoGpeTarT BHUX
r=v(k)=— 220 4939

n T ok ?
hk=(—e)—v (k) x H. (12.33)

W3 HEX HeDOCpPeNCTBEHHO CiedyeT, dTo
KOMIIOHEHTa BeKTopak BHoab mossa m sHep-
rus saexrpora € (k) mpeacrasusor coGoit
EHTeTpalH ABMWKeHWA. J[Ba sTHX 3aKoHa
COXPaHeHNsA HOJHOCTLIO OIpeflei AI0T op6u-
THL 9JEKTPOHOB B Kk-IpocTpaHCTBe. JIEK-
TPOHEL [JBIKYTCH BROJb KPUBBEX, KOTO-
pHe ONpefiesIAITCA HepeceserneM IOBepX-
HoCTell NOCTOAHHOM B3HEPTrEH ¢ MJIOCKO-

®ur. 12.6. [lepecedeHne mMOBePXHOCTH HO-

CTOSHHOM 3HEPTUH C IIOCKOCTHIO, Meprernn- - i, NEPIeHINKYIAPHEME MAaTHUTHOMY
KyJAPHOH MATHHTHOMY MOJIO. monio (fur. 12.6).
g'rpe.nxamn YHa3aHO HATpPABJIEHNME NBMKEHHUA O Op- UYro6H ycTaHOBUTH, B KAKOM HaNpaB-
HTE A clyuas, KOrfa YPOBHM, OKDYMKAeMHe aTol

MOBEPXHOCTHIO, UMEIOT MEHBIIYIO BHeI]))I‘PHO 1o cpas- JIeHN}M HPOMCXOAUT ABMKEHHe IO 0p6n’re,
HEHWIO C JEMANWMME CHAP YHH. samernM, 4970 Bextop v (k), OGynyum mpo-
OOPIMOHANBHEM Tpafuenty & mo k, ma-
OpaBJeH B k-IpOCTPaHCTBe OT Golee HUBKUX K Gojiee BEICOKEM dHEPIEAM. B coueTanmm

¢ (12.33) aTo o3HauaeT, 9TO eCiaH BH «mIeTe» B k-mpocTpaHCTBe O opbmTe B HampaB-




Ionykaaccuueckasgs Mofeab JUHAMUKR 3J1eKTPOHOB 233

JIeHWH JIBUKEHHUSA 9JeKTPOHA, 8 MAarHUTHOE I0JIe HaOpaBJieHO OT BANINX HOT K IOJIOBE,
TO cOopaBa OyAyT pacmoJoeHH YpOoBHHU ¢ Gonee Bricokoi smeprueit. B wacrmoctm,
Oo 3aMKHYTHM op0mTaM B k-IpOCTpaECTBE, OKPYIKAKIEM YPOBBU € SHEPIUAMHU
BHITe 2HEPTHE YPOBHe#l Ha caMoil opOmTe (T. e. IO AEPOYHEM opOnTaM), ABRIKEHHE
OPOMCXOANT B TPOTHBONOJOHOM HAIPaBJeHEMH IO CpPaBHEHDIO C 2JeKTPOHHBMHU
opbmraMu (T. €. ¢ 3aMKEYTHME op6uTaM®, OKPYKAMUMH YpOBHH ¢ Gojiee HU3KOM
sHeprmeit). Takoii BHBOR coTnacyeTcs ¢ pesyabTaTaMy, K KOTOPEM MH NPHOIIH OpH
o6CysK/IeBUHN JHPOK, HO ABJAETCA HECKOJBKO Oonee ofmmm.

Ilpoekmuior; =r — H (fi -r) opOuTH B peajibHOM IPCCTPAaHCTBe Ha LJIOCKOCTD,
NepUeHINKYJIAPHYIO I0JI0, MOFKHO HaiiTH, YMHOKEB BeKTOPHO 0fe 9acTyH ypaBHEHHA
(12.33) Ba enUWHEYHEIN BEKTOp, HaOpaBJeBHHI| BIoab moaA. JTo Aaer

Hxik= —L c—H@#H )= —Lr, (12.34)

H 00Clie MHTerpUpOBaHUA

k (0)) (12.35)

r, ()—ry (0)=—

IlockoabKy BeKTOpHOEe NIpOM3BEfeHHE €AWHMYHOTO BEKTOpa Ha BEKTOp, eMy mep-
DeHAMKYAADHEN, DPaBHO YTOMY BEKTOPY, LOBEPHYTOMY BOKPYI €IMHUYHOTO BEK-
Topa ma yroa 90°, ME NPUXONEM K BHBOJY, YTO UpceKUEA Op6mTH B pealbHOM OPO-
CTPaHCTB® HA IJIOCKOCTH, NEPUENJMKYNAPHYI0 NONW0, €CTH TPOCTO opfuta B h-mpo-
cTpancTBe, NOoBepHYTas Ha 90° BOKPYr HaUpaBJeHMWA LCJs, IPMYEM pasMephl opGAT
OTHOCATCA Kak he/eH (¢pur. 12.7)1).

3amernM, 4TO B cayuae CBoGONBEIX} saekTpoHOB (& = h%k*/2m) moBepxmoOCTH
OOCTOAHHON SHEPTHH NPEeACTaBIAIT coboll cdepsl, mepecedeHne KOTOPHIX ¢ IIOCKO-
craAMu faer okpyskHoctH. OKpyskHOCTh, moBepHyTas Ha 90°, ocTaeTcss OKPYKHO-
ctpi0. Takum o6pasom, MH BHOBb IIOJIy4aeM 3HAKOMHEIE pe3yJbTaT: €CIu CIOPOEIH-
poBaTh ABU;KeHHe CBOGOAHOTO BJEKTPOHA HA INIOCKOCTH, NEPIERINKYIAAPHYIO NOJII0,
oH OyJeT JBUraThCA B 3TOH IICCKOCTY HO OKpymHocTH. B Gosee ofmem moayriac-
CHYeCKOM caydae opbuTH yike He 00s3aTeNbHO OYIYT KPYTOBEIMU, 9acTo OHH OKa-
BBHIBAIOTCH JiajKe He3aMKHYTHMu (¢mr. 12.8).

CropocTs DpoxokpeBEns OpGUTH B A~-DPOCTPAHCTBE MOMHO BHIPa3UTH depes
reoMeTprUeCKHe XapaKTePUCTUKN 30HBOH CTPYKTYypH. PaceMoTprm opfuty c sHep-
rueii &, Je)Ralmyio B KaKo#-1u00 MI0CKOCTH, IepUeENKYaAApHoH noato (dur. 12.9,a).
Bpems, HeoGxonuMoe st IPOXO3AEHAA YACTH OPOMTH, B3aKAIOUEHHON MEKLY TOY-
wamu k; m k,, paBmo

(12.36)

1) Ismikenme B peaJpHOM NPOCTPAECTBE B HALPABIGHHH, NapajilebHOM IIOJIO, HE YAAeTCH
omucaTh TAKHM IPOCTHM 0GpasoMm. ,H.Tm T0JIsT, BATIPABIEHHOTO BJIOAb OCH 2z, ToJgydaeM

z(t)zz(0)+.\' ot v— o

B oramume OT caydas cBOGOMHEIX SJIEKTPOHOB TENEPh BEJMYHHA v, He 00A3aTeNbHO HMOCTOSHHA
(x0oTsa BemuumHA k, NOCTOARHEA). I105TOMY ABRMIKEHHME BIEKTPOHA BIOAL LOJA MOKET He ORITL PABHO--

MEDHEIM.
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Mernouan oreofa ¢ moMombio ypapaeani (12.32) n (12.33) Beauguny ]-(, moaydaeM

k2
h2c dk
fy—ty= eHé TGl (12.37)
1

rae (0€/0k)) — cocraBasiomasn Bexropa 0&/0Kk, mepmeHAMKyIApHad M0N0, T. €e
IPOeKNUA 5TOT0 BEKTOpA HA INIOCKOCTH OPOMTEHL

Beamauna | (9€/0k)) | mMmeeT clefyHOINYI0 TIe€OMETPHMYECKYI0 HHTEPIPeTaluio.
Ilycrs A(k) — BekTop, neKamuil B MIOCKOCTH OPOUTH, MepIeHIAKRYIAPHEE opOuTe

z, H

lipoeryun

|
}
|
| !
|
1
{

6

“®ur. 12.7. Ilpoexuua opGHTH B r-mpocTpaHcTBe (6) Ha IJOCKCCTh, NEPNEHAUKYIAPHYIO 100,
HONYYaeTCsl U3 OPOMTH B k-mpocTpaHCTBe () IyTeM U3MeHeHHs MaciuTaba B OTHOIIEHHUH Fc/eH
u noeopota Ha 90° BoKpyr ocu, ompeneasemoit ektopoM H,

B Touke k m coemmusomuit Touky k ¢ neskameit B Toi yxe IIIOCKOCTH OpOuUTOM, OTBe-
qatomeir sEeprun € 4 A € (Pur. 12.9, 6). Korna penmunna A€ ouens mana, nMeeM

AE=T8 A k)= (%)loz&(k). (12.38)

Janee, nockoneky Bextop 0&/0k, mepueHAMKYyiIsipeH HOBEPXHOCTH IIOCTOAHHOM
-sHepruu, Bekrop (0 &/0k),; mepnenamKyasapeH oplute u, CIeL0BATEABHO, HapaJIeNeH
BekTopy A (k). Iloatomy coornomenme (12.38) moxHO 3aMEHHTDH COOTHOIMEHREM

At =| (‘Z%)l I A (k) (12.39)

u 3anmcaTh Bripaskemwe (12.37) B Bumue

k2
h? 1
tz—t1=_e_H£1_/g5 A (k) dke (12.40)
ki

Unterpan B (12.40) paBen miomangu ydYacTKa IUIOCKOCTH, 3aKJIIUEHHOIO MEKLY
EBYMsA opOuraMm oT TOUKH k; mo Toukm k, (cM. ¢ur. 12.9). Cremosarennno, Oepa



oo} o

[010]

[100]

“Dur, 12.8. TloBepXHOCTH HOCTOSHHOH BSHEPTHH ¢ NPOCTOlt Ky6mYecKoil cmMmeTpHeil, usoGpaKen-
Has B cXeMe TOBTOPAIINAXCA 30H.

IIpn CcOOTBETCTBYIOINEM BHIGOpE HaOpPAaBICHMA MATHUTHOTO I10JA,TIepecedeHH® TaKOM MNOBEPXHOCTH ILIIOCKOCTHIO
IAeT OTKPHIThIE OPOMTHL. OHA M3 TAKMX OpOUT ITOKA3aHA IJIA MAPHUTHOTO IOJH, NAPAJUIENLHOTO HAOPABJICHHID
{101). Opyroit npumep, OTHOCAHIMIICA K PealbHBIM MeTAJJaM, NPUBEdeH Ha cTp. 292.

—_——
——

'y

&(k)=&+A¥

kx
a d

®nr. 12.9. U3smernenne reoMerpuu opouT (MarHuTHOE HoJde H HampaBieHO BHOJIL OCH z).
@ — YY4aCTKM IBYX OPOGHMT C OOHHAKOBHIM kz. Jie)ramye Ha MOBEPXHOCTAX NOCTOAHHON sHeprma ZE (k) = F m
k) =% + AE. Bpema nponera me;xny TOuKaMu ky u ks onpegenserca shpaskeHueM (12.41)e

6 — cedeHme YYACTKOB OPOHT, H300parKe€HHBIX HA (QUF. a, GIOCKOCTHIO, [IepIeHIMK YIAPHO# BekTopy H M cogepxa~
atedt ara opGurnl. Iloxasann snement NJIKHL' dk U Bextop A(k). ILmomiams TemHON o6nacTn paBHA (0A1,,/06)A §.
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opefen Bumpakesma (12.40) mpm A € — 0, monydaem

h‘zc 0A1,2

tZ_ti =—eﬁ- (7‘5 M (12.41)

rae 0Ay,,/0é6 — cropocTh HWBMEHEHHA DJIOMAAM, 3aMEeTAaeMOH YacThI0 OpOMTH Mesk-
ay toukamu k, u k, upu yseawuerun €.

Buipasrerme (12.41) o6HnuBO0 IpHBOAAT i Caydas, Korjga op6uTa npeacraBiger
co60if IpocTyw 3aMKEYTYI0 KpuByio. Ilpm s1oM Touku k, m k, BR6EpaloT Tak, urolm
OoJAYyYnJICA OfWH IOJHHY BaMKHYTHH KOHTYp (7. e. mojaraior k; = k,). Torpma
BeJHWYnHA t, — I, €CTH ONPOCTO Nepuof ABu:KenuA no opbmte 7. Ecim 4 — nnomans
o6JacTa B k-IPOCTPaHCTBE, KOTOPYIO OKpYysKaeT opluTa B CBOeH IJIOCKOCTH, TO ¢op-
myna (12.41) paer!)

k% 9
“eH 0€

Yrobnu mobuthbes GOJBIEro CXOACTBA € BHpaMKeHNeM 1A CBOOOMHBIX BJIEKTpO-

HOB, WMeIOOMM BuJ %)

T{(€, k) = A€, k), (12.42)

27 2ame
Tz—oﬁ= =, (12.43)
o6uyHO BBOAAT 3QQeRTHBHYI0 NMKIOTPOHHYW Maccy m* (€, k,)
n2 8A(%, k,
m® (€, k) = o L2 (12.44)

IloguepxneM, uTe 3Ta 3ddexkTmBHasA Macca He o0A3aTeJbHO AOJNKHA COBHAZAATH
¢ gpyroMa 9¢QexTHBHEIME MaccaMm, KOTOpHe yHOGHO BBOAWTH B APYrHX 3ajadax,
HampmMep ¢ sdderTEBHOE Maccoit nns Temmoemkoctu. (Cm. sapgagy 2.)

INOJIYRJIACCUYECKOE [BUEHUE
BO B3AMMHO HNEPHNEHIMKYJAAPHBIX OIJHOPOIJHBIX
SJIEKTPMYECKOM M MATHWTHOM IIOJIAX

Ecaz nmomemo cratmieckoro marmmreoro moig H mpmcyrerByer mocrosmmoe
anexTpugeckoe moye E, To B ypasrennn (12.35) Ansa npoeknun opOHTHL B PealbHOM
OpocTpaHCTBE HA IIOCKOCTh, mepnenpaukyaspuyio H, noapnaerca pmomonmuTens-
HHH 91eH

vy (8)—r; (0)= ——e B x [k () —k (0)] + wt, (12.45)
rpge
w= ¢ (BxH) (12.46)

ITosTomy HopManbEOe K H nBmixenne B peanbHOM DPOCTPaHCTBE HpeficTaBiaseT coboi
CYHepHo3ULMIO [BYX BUJAOB ABEMKEBUA: a) ABUKEHEWA Do oplmTe, KoTOpas MOXy-
9geTca IyTeM HOBOPOTAa ¥ BeMeHeRwsa macmiaCa op€misl B k-DpOCTpaHCIBE, Kak
ecau OBl EMeJOChH JINIOL MarHuTHoe moje, m ©) paBHOMepHOTO Ape#da co CKopo-
CTBI0 W),

1) BeanunBe A u T 3aBucAT oT 5Eepruu % siueKTpona Ha oplnTe u OT BEOOpA HIOCKOCTH,
KOTODHH 3a/IaeTCA NyTeM yKa3aBuA k,, IPHYEM OCh Z BaN PABJICHA BIOADb TOJA.

2y CMm. ctp. 29 u ¢opmyay (1.18). Bupaskenue (12.43) Bnirejeno us o0mero pesyabTata
(12.42) B sapaue 1.

3) YuraTtens, 3BHAKOMHII C TeopHeil sjeKTpoMarmerusama, (es Tpypga ImoiimMer, YT0 W mpep-
crapigeT co6oil CKOPOCTE CHCTEMH OTCHETa, B KOTODON ANEKTPHYeCKOe II0Je PABHO HYJIIO,



IMonykaaccnaeckag MOReNb NHHAMUKH JJIEKTPOHOB 237

Y1o0bl OLpEAEAUTh Buj OpOMTH B k-IpocTpaHCTBE, 3aMeTEM, YTO UPH B3aHMHO
nepmerfuKyAApEHX noisx E m H ypasuenme npmwmenma (12.66) momuo sanmcarb
B ¢opme

ik——2 L 2% g, (12.47)
rae 1)
& (k) =& (k) — hik-w. (12.48)

VYpapuenne (12.47) nmeer TOT ;Ke BHJ, 9TO M ypaBHeHHWe NBHKEHHA 3JEKTPOHA
B OPUCVTCTBHE OJHOTO JHIIh MArHUTHOTO WOJH, ECIH CYATATH, UTO 30HHAS CTPYH-

Typa ompefenserca Qyuxmmeir & (k), a me & (k) [cp. ypasmennme (12.33)]. Mcxona
73 Hamero aHajmsa NJIA 5TOLO CAydYasd, ML MOMKEM I0ITOMY CHelaTh BEIBON, ITO
op6uTH B k-IpPOCTPAHCTBe oHpeNe doTcA IepecedeHreM MOBEPXHOCTeH MOCTOAHHOTO

3Ha9eHAA & ¢ IUIOCKOCTAMY, UEePHeHJUKYASAPHEIMA MATHUTHOMY IOJIO,
Taxum o0pasoM, MB NMOAYIUAN SABHHA CIOCO0 IeOMETPHYECKOr'o IOCTPOeHUA
HOAYKIACCAICCKAX OPOUT IS CKPEMEHHHX MATHMTHOIO M 3JIeKTPHYECKOTO MoJeil.

IODERT XOJUIA B CWIIBHLBIX HOJAX
U MATHETOCOIPOTUBJEHUE?)

[IpoxomKEM paccMOTpeHHe CHTYalUH CO CKPEMEeHHBIMY dJIeKTPHIECKHM M Mar-
HATHHIM DOJAMEM MIA Caydasd, KOTHA a) MarHMTHOe IOJIe 0YeHb CHJIBHO (OGEIHO
10* I'c u# BEIMe; KOHKpeTrHOe PusWIeCKOe yCA0Bne CAABHEIX ToNXell 3aBACHT OT 30HHOA

CTPYKTYPH W ovCymAaeTcA HwmwmKe) u 6) BerwauHa & (K) anms HesHauUTeNIBHO OTJIH-
qaerca oT & (k). Bropoe mpenmonosKeHue MOITH HABEPHAKA CIpaBeJUBO UpPH
BHIDONHEHAN IePBOTO M3 HUX, IIOCKOJbKY THUUIHEIL BOTHOBOR BekTop k o mopsanxy
BeqpumHH He mpeBumaer 1/a,. CiemoBareasHo,

h E (e ¢Ea,
ikow < obe = (=) () (12.49)
Yanrupas, aro eEa, B ayqmeM caydae ) mmeer mopagok 1071 5B, a %w. B moxme
aanpssreHHocTh0 10* I'c — mopagok 104 3B, Beantnna Ak -w okasnBaerca nopAgKa
10-¢ punbepr. Hocrounsky € (k) ofsrano cocraBiaser necsaTse goau paadepra, BULHO,
aro & (k) [em. (12.48)] m & (k) meiicTBuTensHO OaH3KE O Beamymme.

[loBegeHume TOKA, BHBLIBAEMOTO BIOKTPMIECKAM IIOJEeM, B mpefele CHIBHEX
MATHUTHEIX TOJeH OKAa3HBaeTCA COBEPIIEHHO DPA3NWYHHM B 3aBECEMOCTHE OT TOTO,
a) JeMKAT JE BCE 3aHATHe (MIM BCe HE3AHATHE) BJIEKTPOHHEE YPOBHK HA 3aMKHYTHIX
opGurax man ;xe 6) HEKOTOPHe N3 BAHATHIX WM HE3AHATHX YPOBHeH JeaT Ha opom-
Tax, KOTOPHI® He 3aMKHYTH, 8 IMEIOT GeCKOHeUHYIO IPOTAKEHHOCTh, AIH (OTKPLITH

B k-mpocrpaHcree. Ilockonpky Beawamna & (k) owemsr Gaumska x & (k), Gymem
mpeimonararh, 4T0, €CI OAHOMY W3 3THX KPHTePHeB YAOBIETBOPSAOT OPOMTH, OIpe-

JenseMble BOMWIMHON &, TO eMy e YHOBIETBODAIT W OPGHTH, OIpeeiseMHe
BeJIMYNHONA &.

1) [ma cBoGOXHOrO daeKTPOHA % NPeACTABAALT COGOR TPOCTO @X0 PHEPTUIO B CHCTOME OTCHOTA,
ABIKYIEUCS CO CKOPOCTHI0 W (C TOTHOCTHIO JI0 He 3aBUCAMEH OT & HOCTOARHOI).

%) MpumenaAA OpegAYIUE AHANNB, OTHOCUBIINACH K CKDEIIEHHEIM OIAM, K TeODHH adex-
ta Xo0xs1a 1 MATHETOCONPOTHRICHHUA, MEL OTPARATABACMCH PACCMOTPHNSM T@OMETPHH, AOCTATOYHO
CHMMOTPUYHOH 110 OTHOMIEHAI K OCAM KPHCTaJda, Tak 9T0 Kak moxe XoJ/ia, Tak M IPHIOMEHEHOE
SJIOKRTPHIECKOe [0Je HePOeEANKYIAPHE MATHUTHOMY HOM0. OJHAKO K AHAXOTHYHKM BHIBOJAM
MOKHO TIPHATH 1 B 06meM ciydae ¢ TOMONIHI0 GOJee CIOMHEIX METOROB, 06Cy:XTaeMHX B ra. 13.

3) Cm. ab3an, caegylomuit 3a gopmymoit (12.9). [[Tpexmomaraercsd, 9To e2lagy~hi/mad.—
Hpun. ped.]
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Cayuait 1. Ecian Bce 3anAThe (WaX BCe He3aHATHE) OPOHTH 3aMKHYTH, TO
B KaueCTBe yCIOBMA CHJIBHOTO I0Js BhifepeM TpeGoBanme, YTOOH 3a BpeMs MEKIY
CTOTKHOBEHMAMH DJIEKTPOH yCIeBaJ COBePIINTH MHOTO 0GOpoTOB mo opGmre. Hus
CBOOOMHHIX 3JEKTPOHOB 3TO CBONWTCH K YCJIOBHI o,T » 1; OGymnem cuurath, 4TO
B ofmeM ciIyuae OHO ompelenseT TpedyeMHil NOPANOK BeJMIUHH o, UToGH Takoe
yC0BUEe BHIDOJHANOCH, HEOOXONUMEI He TONBKO 0UeHb Bhicokme mons (10* I'c m Go-
7ee), HO ¥ OYeHb YNCTHe MOHOKDHCTAJIJIH HPH OY€Hb HUBKAX TeMIepaTypax, 4To
ofecneunBaeT Gojpmue BpeMeHa pesakcanuu. 1lenoio onpejeseHHEEX ycuinnmil yaaer-
¢ JNOCTHTHYTH BHaYeHW# o,T Hmopsaxka 100 um Bumre.

Wrak, myctes ana aoboii opOWMTH, cofepsKamieil saHATEe ypoBHHN '), mepmonm T
MaJ 0 CPaBHEHHIO CO BpeMeHeM peJakcan#y T. UTolb paccamraTh IJIOTHOCTEH TOKA
B MOMeHT BpemeRu ! = 0, 3ameTmm %), 410 j = —nev, rjfie v IOpelcTaBisaeT co6oi
YCpelHeHHYI0 II0 BCeM BaHATEHIM YPOBHAM CPEJHIO CKOPOCTH, NPHOGPETEHHYIO
BJIEKTPOHOM 33 BpeMs HOCIe ero NOCJeJHero crojkHoeenus. Ilockoabry cpemmee
Bpems, OpoIeAmee Iocie IOCJaeHero CTOINKHOBeHHs, ecTh T, ud (12.45) caemyer,
9T0 MJA OTAENBLHOTO 3JAEKTPOHA COCTABAAIOIIAA 9TOH CKOPOCTH, NePHEHANKYJIApPHAA
MarHUTHOMY TOJIO, paBHA

r,(O)—r, (=7) he 3 k (0)—k (—7)
- = -'BTI'HX —tw (12.50)

INockonrky Bce 3aHATHe op6GuThH BaMmkHYTH, Beamuwna Ak =k (0) — k (—1)
MEHAETCA CO BPpEMeHeM B OTpaHWYeHHEBIX TpeJlefiax; CAeJOBATENBHO, NJIA JOCTATOYHO
Gonsmux T ApeiidoBag CKOPOCTH W laeT ocHoBHOH Brian B (12.50), mumE monyuaem 3)

(E x H) (12.51)

nec

H

lim j, = —new= —
1/T—>00

1y ITns onpepeirenHOCTH OyjeM CHHTATH, 9TO HA 3AMKHYTHIX OPOHTAX JEKAT TOIBKO 3ana-
muie ypoBEU. Ecay 3Ke Ba 3aMKHYTHX 0pOuTax JeKaT He3aHATHE YPOBHHU, TO, 06pamasch K HAMEeMy
PACCMOTPEHUIO JHPOK, MOKHO YTBEDIKIATh, 9TO AHAJNU3 B CYNIHOCTH HE UBMEHNTCA, AWML IIAOT-
HOCTH TOKA Telleph 6yAeT MaBaThCA BHPAKEHHWEM j = —npev, TAe n, — INOTHOCTH JKPOK H V —
VCPe[lHCHHASA TO BCEM HEe3aHATHIM YPOBHSM CDeIHAs CKOPOCTh, NpHOOperaeMas 2JeKTPOHOM
3a BpeMsi T.

2) Cm. popmyay (1.4). Ilocnenyromuii anaan3 Mo CBOEMY AYXY O%eHb 6an30K K BhBOAY A py-
Jie BRIPAYKEHHH JIIA CTATHIECKON DIIEKTPOUPOBORBHOCTH (cM. Tir. 1). M 6yzneM paccynTHBaTH BRAAJ
B TOK OT OJHOU 30HH, MOCKOJBKY BKJAJH OT Pa3HHX 30H AfIUTHBHEL

3) 3ammcHBas mpejes CHIABHHEIX IOJeil B TaKOi# dopme, MH HMeeM B BHAY, 9YTO OH COOTBET-
creyer GonpmiaM T npu gurcuposanHoM H, Ho He GonpmuMm H npm ¢urcupoBammomM T. UTOOEE
TMpPOIEMOHCTPHPOBATH, 9TO B IIOCJTEIHEM CIydae BOBHUKAET TOT 3Ke CaMblil IJIABHBIIT 4IeH, WM Olpe-
IeanTh BHAUCHNE T, IPY KOTOPOM 3TOT WIeH CTAHOBHUTCA NPe0diaalomuM, HeoHX0IIMO JIPOBECTI
HECKOJABKO Gosiee rayboKuil aganms. 3aMeTuM Tperkje BCero, 4To, ecid OB DIEKTPHUECKOE TOJe
OBLJIO0 PAaBHO HYJNIO, TO CYMMapDHHH BKJAaf B cpefHmil TOK oT wiena B (12.50), nponopuuonalbEOTO
Ak, obpamasncs 6u B Hyab IpH ycpenrernH no opburam (mockoapky upu E = 0 BeanynEH j 0 W
fomkaL OHTH paBER myapo). [Ipy E 5 0 Bennunna Ak ysxe e oGpamaeTcsa B HVIb IpH yCpe/He-

HOHW 10 op6uTaM, TOCKOIbKY 3aMeHa % Ha € (12.48) cMemaer Bce OpGUTH B A-IIDOCTPAHCTBE B O[{HOM
ofmeM HaIpaBieHnU. JTO JIETKO BHAETh B cjydae CBOOOAHRIX 3JeKTPOHOB, nbo, ecam € (k) =

= h%2/2m, 10 BenudnEa € (k) ¢ TOYHOCTEIO 70 HECYMECTBEHHOI € TOUYKHM 3PeHHA NITHAMMKHN afljii-

TUBHOIT MOCTOAHREON Naerca shipaskennem % (k) = A2 (k — mw/A)2/2m. CiegoBaTeibHO, YCpPeaHAs
Ak 1o Bcem opfurtam, MB DoJyJaeM YiKe He HYJb, a Bexwdury mw/h. U3 (12.50) maxomum, uto
rorpa BKAag o1 Ak B cpefHIOI CKOPOCTH V npu ycpepHeHmn o opbutaMm paBer (mw/h) (he/eH) X
X (1/17) = w/(w,T). ITOT YaeH MEeHbIIe TJABHOTO YiieHa w B @.T pa3. [losToMy npesneannoe BHpa-
skenne (12.51) meACTBUTENHLEO CTAHOBHTCS CIPABEMJIMBEIM, KOTIZIA DJEKTPOHBI MEKAY CTOJKHOBE-
HUSMU COBEPIIAT MHOTO 000POTOB mo opbure. [l MPOM3BONBHON 30HHOH CTPYKTYPH cpejHee
ot Ak umeer Gousee cinokuLLit BUJ (HanpriiMep, OHO MOJKET 3aBHCETh OT KOHKPETHOI 0pOuTH ), OTHAKO
cJeyeT OKUMATH, 4TO ONEHKA, OCHOBAHHAA HA MOJeK CBOOONHKIX 31eKTPOHOB, Oy;1eT faBaTh Ipa-
BHIBHH IOPAJOK BeJMIWHE, €CIH 3aMEHHTh m MOAXOAAMMIM 06pasom onpeeeHHOIT 3ddeKTHBEOM
Maccoit.
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B cayuae, Korja Ha 3aMKHYTHIX OpOMTax JIeKAT TOJBKO HE3aHATHIC YDPOBHM,
COOTBETCTBYIONIMH Pe3yAbTaT TAaKOB 1):
lim j, = + ";j” (E x H). (12.52)
T/ T+
Bripasrenns (12.51) u (12.52) mokasnBaloT, YT0 B TOM Cliy4ae, KOT/la BCe OpOUTHI
3aMKHYTH, OTKJOHsIomee JeficrBme cuibl JlopeHma MemaeT slIeKTpoHAM 0TOHMpaTh
BHEPTUI0 OT DIEKTPUYECKOTO IOJS UK OCHOBHOE BKJIaJ B TOK HaulHaeT AaBaTk
nocTossRHam npelidoBas ckopocth w, mepmenpgmkyiaspHas E. Pesyaprar (12.51),
(12.52) oGeyHO (opMyAMpPYIOT, HcHonb3ysa Koadduument Xonana, ompeenseMHi
[em. (1.15)] Kax dUacTHOe OT [eJeHMA COCTABJAIMIEH BJIEKTPUIECKOTO 110/, Hmep-
HeHAMKYIAPHOA TOKY, Ha Mpom3BefeHne MATHUTHOIO MOJiA U IJOTHOCTH TOKa. Ecan
Bech TOK IEPEHOCUTCS DJICKTPOHAME M3 OJHOU 30HBI, AJNA KOTOPO¥ CNpaBeJInBh
Bupaskenua (12.51) nimm (12.52), 1o nns xosgdunuenta Xoana B CHALHBIX HOJAX
AMeeM LpocTo ?)

R = — IJs BIEKTPOHOB, Re= -+ oA ABIPOK. (12.53)

nec npec

JTo BHIpasKeHHe COBIAJAaeT C dJeMeHTAapHBEIM pesyabraTtoM (1.21), HafimennbM
HAMK B Teopuu CBOCORHHX 2ieKTponOB. Teneph on moaydeH B ropasgo Gogee ofmem:
ciiydae mpu YCJIOBHM, UTO a) BCe BaHATHE (WM BCe He3aHATHe) OpOHTH 3aMKHYTHI;
6) moJie HACTONBKO BEJWKO, 9YTO MEKAY CTONKHOBEHHAMU BJEKTPOH COBEPIAET MHOTO
oGopoToB mo opfmTe; B) ecAnm BaMKHYTHIME OKABHBAIOTCA He3aHATHE OpONTH, TO
HOCUTENsAMHE TOKAa camuTaiorcd AHpEn. TakmM o0pasoM, HONYRJIACCHYECKAA TEOPHUA
MoeT O0BACHNTL «aHOMAJBHEIAY 3HAK HEKOTODPHX WN3MePeHHHX Ko3(¢uuueHTOB
Xoxna 3). OrMeTHM TakKe, 94T0 B PaMKax 9TOH TeOpDHM H3MepseMEble 3HAYLHUS KOd(-
¢unuenToB Xosua (IIA CANBHBIX [0JIeH) HO-IpeRHEMY HalOT 04eHb NeHHYI0 HHGOp-
Malnio OTHOCHTENBHO INIOTHOCTM HOCHTENeldl TOKa.

Ecau B DJIOTHOCTh TOKA HAJOT BKJAX HECKOJBKO B30H, B KaKIOW W3 KOTODHIX
AMEIOTCS TOABKO BaMKHYTHE BJIEKTPOHHHE (MW AHpounne) opluTh, TO BHpaske-
Husa (12.51) pam (12.52) copaBefanBE AAA KadJ0H 30BB OO OTAENBHOCTH, & IIOJIHASM:
HIOTHOCTH TOKA B IpefeNie CHABHHX Iojeil paBHA

(E x H), (12.54)

| MeggeC
H

rfie Nerr — TOJNHAA HIOTHOCTL 3NEKIPOHOB MEHHYC MOJEAaA INIOTHOCTE Abpok. Hoad-
¢unuent Xosnna B CHABHHX HOJAX pPaBeH

Reo= ——1_ (12.55)

Noppe *

I pyrue mpoGnemsl, BO3HNKalOMue Tpu GOJNBIIOM 4uCjIe 30H M, B 9aCTHOCTH, BOIPOC
0 TOM, KaK CIefyeT U3MeRuTE popmyay (12.55) mpu paBHRX NIOTHOCTAX 2JEKTPOHORB

1) ITockoxnbky peayasTaTh (12.51) u (12,52) coBepuieHHO PA3IUYHK, HE MOKeT CYHECTBOBATE.
TaKo# 30HH, B KO’EOpOﬁ Bce OPOMTHL (3aHATHE W HE3AHATHE) 3aMKHYTH. UuTaTeAM, HHTEpPECYIO-
ImuMCsA TONojiorueil, ME IIpefyiaraeM OKA3aTh 9TO HEIIOCPEJCTBEHHO, NCXONSA N3 HePHOINTHOCTH:
oyrrnun § (k).

2) JToT YAWBUTEIHHO 00muil pe3yapTaT mpeacrasiger co0oil Becero auih Gojee KOMIAKTHEIH
c110c06 POPMYINPOBKH YTBEP:KOEHHS O TOM, YTO B Ipejieie CHILHKX 110jell OCHOBHOI BKIAX B TOK
maer ApefihoBas ckopocTs w. OH cIpaBe[inB B cirydae IPOM3BOJLHON 30HHON CTPYKTYDH KaK pas:
no TOH NpuYMHE, YTO B IOJYKIACCHYECKHMX YDaBHEHHAX pApelihoBas CKOPOCTE W IPOAOIKAET
HTPaTh TARYIO ke $YHNaMEHTANbHYI0 POJb, KAK M B TEODHH CBOGOZHKIX bIeKTpoHoB. OH OKa3bI-
BaeTCsA HECIIPABEJIABEM (CM. HUKE), €CJIN HEKOTODHE 3JI€KTPOHHNE U JHPOYHKEe 0OPOHTH ABIAITCH:
OTKPHTEIMH — TOT/la W YKe He JaeT OCHOBHOTO BKJIafia B TOK B IIpefiejie CHIBHEIX I0Ieil,

3) Cm. Tabu. 1.4, dur. 1.4 u ctp. 70.
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a “.d

“Pur. 12.10. Cevenne mnoBepxHOCTEH MNOCTOSHHOH SHEPIUH IUIOCKOCTHIO, IIEPNEHIUKYIAPHOHR
margutEOMy moiio H; moKasaHM 3aHATHE OTKPHTHE (B 00JaCTAX ¢ TOYKaMm) A 3aMKHYThe (B
CBeTJINX 00JacTAX) OPOHTHL.

B ciyyae a 9JIeKTpHYecKoe II0Jie OTCYTCTBYET, W TOKH, TIEPEHOCHMEIE [10 OTKPLITHIM OpPOMTAM B IIPOTUBOIIOIOMHBIX
HaTIPaBJIEHUAX, B3aUMHO COKDPAMAIOTCA. B ciyuae 6 MMeeTcA sjeKTpuuecKoe noje E, KOTOpoe IIPUBOMUT B CTALMO-
HAPHOM COCTOAHHH K PACKOMIICHCAI[UN HACEJEHHOCTE! MPOTHBOMOJOMHO HANPABIEHHHIX OTKPHTHX Op6uT, & Clie-
IOBATENbHO, K MOABNEHHMIO OTIMIHOTO OT HYJISA CYMMapPHOTO TOKA. [3T0 ciegyer U3 TOTO, 9TO NpPA MONYKIACCHIE~

CKOM IBWKCHIN BennunHa & (12.48) COXpAHAECTCA MeKNY CTONKHOBEHUAMMe

u JHPOK (B TAK HA3HBAEMHX (KOMIGHCHDOBAHHEIX» METAJIaX), MH PacCMaTpHBaeM
B 3amaue 4 1).

MosgHuo Taxyke ybeguTheA (CM. 3ajady d), 4TO B TOM CJIydae, KOrJa TOK Iepe-
HOCHTCA 3JeKTPOHAMH, IPHHAMISKAMAMA OJHO! 30He ¢ 3aMKHYTHIMU DJEKTPOHHE-
MI (M7H KHPOYHHMH) OpOHTaMu, IONEPeTHOe MAaTHETOCONDOTHBIeHNe (CM. CTp. 28)
B Opefese CIILHHX I0J6H CTPeMHTCA K IOCTOSHHOMY, He 3aBHCSMEMY OT HOAA 3Ha-
9eHHIO («HAcHIaercA») ). JTo CBABAHO C TeM, 4TO HMOIPABKH K IJIOTHOCTAM TOKa
B Ipeflene CHJBHEIX IOJe# MeHbINe IpefelbHEXx 3HaUeRmd (12.51) u (12.52), oram-
9a5CH OT HUX MEOKATeIeM mopAnKa (w,t)”!. Cayuait MHOrux 308 pasofpan B 3amaue 4,
rie IMOKa3aHo, 94T0, €CIH B KA/KAOH B0HE BCE BIEKTPOHHKE WM NHIPOYHBIE OPGHTH
BaMKHYTH, TO MArHETOCOIPOTHBIGHHWE TAK/KE CTPEMATCA K HACHNeHHWI. VcKmiode-
HHEe COCTABJAT IAMb CKOMICHCHDPOBAHHLE MOTAJNH, I KOTOPHX OHO HEOrpaHH-
YeHHO BO3PACTAET C yBeaIWd4eHHeM MATHATHOTO MOJS.

Cayuait 2. TlonydeHHHS BHINE Pe3yIbTaTH KaPATHAIBHO HBMEHAIOTCA B CATYa-
U, KOrga UMeeTcs XOoTA O OfHAa 30HAa, B KOTOPOM 9acCTh 3aHATHX M 9aCTh He3a-
HATHX oponT He3aMKHYTH. VIMeHHO Tax 00CTOHT fe0, €CIH IO KpailiHe# Mepe HEKO-
Tophie opbuTH ¢ »Heprueit (PepME OKABHBATCA OTKPHITHIMHA HEOTPAHMICHHHEIME
Kpusumu (cM. ¢ur. 12.8). Ilox meficTBEmOM MarHUTHOrO IOJA JNEKTPOHH HAa TAKHX
opbuTax yme He OyAyT COBepmIaTh HepHOAAIECKOe JIBIKeHHEe B HANPAaBIGHNH 3JIOK-
TPHYECKOTO IONA, KAK B ciaydae 3aMKHYTHX op6uT. CiemoBaTeqbHO, TAKAM 2JIEK-
TPOHAM MATHHUTHOE IIOJe YKe He MPeOATCTBYeT HpuoOperaTh SHEPTHI0 OT YCKOPAIO-
mIero 5JIeKTPUIECKOr0 NOiA. ECIu HeorpaHMIeHHas opbuTa IpOCTUPaeTCA B HApPAB-

JIeHnH N pPeajJbHOro OpOCTpPAHCTBA, TO CilaellyeT OKHIATH HNOABJCHUA BHJIaHa B TOK,

1y ®opmyaa (12.55) cupaBegnmBa, ecan mosepxuoctn PepMm BO BeceX 30HAX 3aMKHYTHE.—

IIpum. ped.
2y B Teopuu CBOOGOMHHX 3JEKTPOHOB MATHETOCONPOTHB/IEHKE He 3aBHCHAT OT HAIPSKEHHOCTH

saranTEOTO 1ods (crp. 30).
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He NCYe3al0lNero B Ipefelie CHIBHOTO HOJA. JTa COCTABIAKIAA TOKa HaIpaBleHa
BAOADL N T DPONOPIMOHaJbHA Upoernum E Ha n:

j=0'0n(n-E)+4ot. E,

Taxroe OpeJOo/IOKeHne MHOATBep:KRAaeTCA HOOJYKJIACCHICCKAMHA

nIBwKeHusA. V3MeHeHne CO BpeMeHeM BOJ-
HOBOT0 BekTopa (AK) sanmekTpoHa, KOTOpEIA
mocje CTOMKHOBEHUS OKA3AJCA HAa OTKPHI-
Toif opbmre, He oOrpaHEYeHO, a pacTeT
€O CKOPOCTHIO, HPOmOPIUOHAJBbHOA H 1).
JTo IPUBOAWT K BKIANY B CPENHIOW CKo-
pocts (12.50), KoTopmi B mpefene CHJIb-
HEIX [I0JIeA He 3aBHCAT OT HAUPSIKEHHOCTH
MarHATHOTO HOJA W HAIPABIEH BIOJD OT-
KPHTO# OPOHTH B peadbHOM HpPOCTPAH-
cTBe 2).

Bripasrenne (12.56) s cCHABHEX IIO-
Jeid pagHKaJIbHO OTINYAeTCa OT BEIpaKe-
mmi (12.51) mam (12.52), oTHocamuxca x
HOCHTEJAM, Bce OpPOUTH KOTOPHX 3aMKHY-
TH. B pesyanrare B mpefiese CHIBHEIX HO-
neir koappuoumesr Xoisia yKe He HMeeT
mpocroro Bmxa (12.53). Hpome Toro, BH-
BOJ|, 0 HACHIMEHAW MATHETOCONPOTHBJISHUA
B CHJIBHHX HOJAX Temepb TaK:Ke HeCIpa-
BeQIWB — HA OPAKTHKe UMEHHO HEOTPAHH-
9eHHEIA POCT MarHeTOCOIPOTHBIEHUS JaeT
yxasaHOe Ha To, 9To Ha noBepxHocTn Dep-
MA MOTYT JIeKaTh OTKpPHITEIE OpGHUTH.

UrolH MOHATE POIb NPENeNbHOro 1o~
BegeHnA (12.56) mis MarseToCOIpOTHBIIE-
HUSA B CHJABHHIX IOJAX, PACCMOTPUM dKCIIE-
pument (¢ur. 12.11), B KOTOpOM HAIPAaB-
JeHne TOka (ompefelsieMoe TIeoMeTpueit
ofpasma) He cOBIAfaeT ¢ HAIPABIEHHWEM N
OTKDHTON OpOHTH B peajibHOM IPOCTPAH-
cree. B cmay coormomerma (12.56) sto
BO3MOKHO B IIpeele CAIbHKX 0JIeH TOdb-
KO B TOM CJIydae, eCIH UPOCKIHWS IICK-

TPAYECKOro moaA Ha n, T. e, E-n  obpa-

1) TTocKONBKY

CKODOCTD
[em. (12.47)].

MOomepeqYHoOro [BMMKEHUA II0

0¥ —»const H > oo,
0(1) — 0

(12.56)

H— oo,

ypaBHeHRAMHA

_ 4
Tl it
}i
®ur. 12.11. Cxematuueckoe  u300parkenue

TOKa j B NOPOBOJHHKe, NEePUeANUKYIAPHOM
MarHATHOMY; moaio H, B ciaydae, xorza B
peallbHOM NPOCTPAHCTBE B HAUPaBJIEHUM N,
NePNeHIUKYJIAPHOM IIOJIO, JEXUT OTKDBITas
opéura.
B umpepelle CUNLHBIX NOJefl MOJHOE B3JIEKTPHYECKOe
none E CTAHOBUTCA NMEPIEHRUK YIAPHBIM 0. ITOCKOIb~
Ky KomuoHeHTa E, NapajilelibHaA §, ONpeNennerca
OpPUAOHEeHHO pAasHOCTHIO MOTEHLMAJIOB, U3MEHEHUe
HanpaslleHna E cBASAHO ¢ NOABJEHNEM IONEPEUHOro
nona E,, 00yCHOBIEHHOrO HaKONJEHWEM Bapama

HA DOBEPXHOCTAX ofpasuna. Iloaromy yroax Xojua

(yron mexny j u E) ABIgercA TONONHHUTEILHHIM

K YriIy Meny §j ¥ HanpaBJeHUEM OTHPHTON OpOGUTHM

CiienoBaTeNbHO (B OTIMYAE OT Ciydad CBOOOMHBIX

9IeKTPOHOB, CM. CTDP. 31), B mpepele CHIBHBIX
nojyeifi oM He crpemMwmTca K 90°.

opbure mpomopmuoHaderHa H

2) 3ameruM, 9ro npx E = 0 10T BRIAL [OMKEH JaBaTh HYJb IPH YCPEeIHGHHAH IO BCOM 0pOm-

TaM (IOCKOJBKY § © W DaBHEL HYNIO); CIEA0BATENbHO, JONKHHL CYMECTBOBATH MPOTHBONONOMKHO
HATpaBJeHARE OTKPHTEE OPOHTH, BKIagl KOTODHX B3aMMHO YHNYTOKAKTCA. B IPHCYTCTBAH
3JeKTPHIECKOTO HOJIsA, OXHAKO, BO3PACTaeT HACGJNEHHOCTh 0pOnT, HANPABIGHHKX TaX, 9T0 HA HAX
SA6KTPOHH OTOMPAIOT DPHEPIHIO OT IIOJs, U HajJaeT HACEJEHHOCTh OPOUT, HA KOTOPHX DJIEKTPOHH
TepaAwT 2Hepruio (Pur. 12.10). Pasznocrs maceseHHOCTeH NMPONOPIHOHATBEA HpoeKuuE Apeidoroil
CKODOCTH W HA HalpaBieHuWe OPOUTH B k-MPOCTPAHCTBE WJIH jKe, SKBUBAJIEHTHO, TPONOPIUOHAIb-
Ha npoeknun E ma manpasnenue opfursl B Pea’pHOM NPOCTPAHCTBE. ITHM OOYCIOBIMBAETCS

3aBACUMOCTE oT n+-E B dopmyxne (12.56).
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maercss B Hyab ). Ilosromy amexrpmueckoe mome mmeeT Bmi (oM. ¢mr. 12.11)
E=Eon’ 4 Ethn, (12.57)
rme n’ — eAMEWYHEIA BOKTOD, NePNeBANKYIAPENA nu H (0’ = n x H), E® ge 3a-
BucHT 0T H B Ipefiesie coabHEX model, a KV cTpemures ¥ Hyaio upu H — oo,
MargeToCONpOTHBIeERE €CTh OTHOmMeHMe Hpoeknuu E Bmoas j x j:

p =L (12.58)

i
Ecan Tox He napajieieH HaOPaBJIEHAIO N OTKPHITOX OPOUTH, TO B Npefiese CANLHNX
mojed OTCIOfa CJaefyer

— ( E® ) n'.j (12.59)

Yrobmn maiitn E©/j, MH BHauaje HOACTaBiIseM siaeKTpudeckoe uoae (12.57) B coor-
HomeHme (12.56) Me;RIy mojsieM m TOKOM ¥ OHpefiejisgeM IJaBEHM 9WieH B j B mpefeie

CUJIBHHX Dojeit

j=0'0nEW  ¢W.n’EO, (12.60)
IlockonbKy BeKTOD n’ NepHeHInKyJIApeH ﬁ, nMeeM
n’-j=E®n’.¢V.n’ (12.61)
Hin
E® nj
T e (12.62)

IlogeraBuss sroT pesynbrar B (12.59), momyuaem, uTo B Hpefieiie CHALHHX HoaelH
OCHOBHOX UIeH B MATHeTOCOOPOTHBJICHAN HMEeT Bufl

p= (12.63)
. n.gd.n’

ITocroasky oV ofpammaercd B Hyah B mpefelie CHABHHEX moxell, HalifleHHOE

MAIr'HETOCOIPOTUBJICHNE HEOTDAHNYEHHO BO3pacTaeTr ¢ pOCTOM nojgasa mn HpOHOpHHO-

HaJbHO KBAJ[PATy CHHYCA YIVIa MEKIY TOKOM ¥ HAIpaBIeHmEM OTKPHTOH opGHTH

B' peaJbHOM IPOCTPAHCTBE.

Taxmm oGpasoM, IOJYKIACCHUECKasaA MOJieNb HaeT o0bACHEHWE eIe ONHOTO
OPOTUBOPEYHSA TeOPHH CBOGONHHIX BJeKTpoHOB. (JHa HOpeAnaraeT ABA BOBMOMKHEIX
Mexanuama ?), GrarofapsA KOTOPHM C yBeiWdYeHWeM MarHHTHOTO TOJA MOMKeT Hpo-
ACXOANTh HEOTPAHWMYEHHHN pPOCT MarHeTOCONDOTHBICHUSA.

Mu otriaghiBaeM fo ria. 15 ofcysxaenne KOBKPETHHX IpPUMEPOB TOTO, KakK 3TH
IpefCKA3aHAA COIMACYITCHA C IOBEleHHEM peaJbHHX MeTallJIoB, ¥ IepexojnM
K maaokenuio 60jiee CHCTEMATHYECKOTO METO/A pacyeTa KMHETHIECKNX Koadduiuen-
TOB B HONYKJAACCHIECKOH MOMENH.

3ATAYN
1. an ceoBoammx saextponos € (k) = K%k%/2m. Buumennte 04 (&, k,)/0 u moraskarte, 9TO
obmee Brpaxenne (12.42) piaa mepHofa ABHMKEHMS B MarHMTHOM IoJie MPHBOJAUT K PesyiabTaTy
(12.43) 1gna cBoGONHHWX DIEKTPOHOB.

2. IIns aiexkTpoHOB BOIMBM MmMHEMyMa (HJu MakcEMmyMa) 3omn % (k) mmeer Bup

2
€ (k)= const | —'22- (k—ko)-M—1+(k —kg), (12.64)
1y B srcmepumente (cM. ¢ur. 12.11) sapaerca aump xomnorerTa E Bpoas j. Opeako B cTa-
HROHAPHOM COCTOAHWH HOABJIAETCA TaKMe NePUCHAHKYAHPHOe K j nonme Xoana (cMm. crp. 28),

KOTOpOe [iejlaeT BOBMOKERIM ofpameHne B HyJXb BedmdneH E -n B npefiese CUIbEHX NoJei.
2) 910 OTKDHTHE OPOUTH MM KOMIeHcamud (3amava 4). B Teopum CBOOONHHX 3JI¢KTHOHOB

MATHETOCOIIPOTHUBJIEHUEe He 3aBUCHT OT IOJA.
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rie matpuna M me saBmcmT oT k. (SNI€KTPOHH B NOJYNPOBOJHMKAX IOYTH BCerfia paccMaTPHBAIOT
B 9TOM NIpHGIAMEBWH.)

a) Berumcamre mo Qopmyie (12.44) muKAOTPOEEYH0 oddeKTEBEYI0 Maccy H TOKayKHTe,
9TO OHA HE BaBHCHT OT € K k, M JlaeTCA BHPasKeHHEM

1/2
m* = (IN':A , ) (nuxnoTpornan addexTEBHAA Macca), (12.65)
2
rme | M| — netepmmrEaBT MaTpuin M.
6) BrumcimTe SJEKTPOHHYIO YAEJBLHYIO TeINIOeMKOCTE (2.80) niis somHof cTpyKTYDH (12.64)
W, CPRBHHB ee C COOTBETCTBYIOIIMM pesyJHTATOM [JIA cBOOONHEIX BJIEKTPOHOB, IOKajKuTe, UTO

g ypeabBOR TemdoemiocTn 3POEKTMBEYI0 Macey (CM. CTp. 62) MOMKEHO OUPefieNMTH BHpame-
HEEM

m* = | M |1/8 (e@derTrBRAA Macca [AA TENJIOEMKOCTH). (12.66)

3. Ecian & (k) umeer Bup (12.64), To norykiaccHiecKHe YPaBHEHHs [BHJKEHEN JHHEHHH H 10~
aTOMy JIerKO peImarTc.

a) OGo6mmTe amanus, IPOBEleHEHI B T, 1, M NOKAXKNATE, YTO JJIA IONOOHHX BJIEKTPOHOB
CTATHIECKAN HJACKTPONPOBOAHOCTL DPABHA

o = nettM-1, (12.67)

6) Bamopo BHBe#mTe BHpakenume (12.65) maa mmkaorpoEEoH sddexTnBHON MacchH. Jlas
9TOro IOJYIATe B FBHOM BHJE BABHCSHINee OT BpeMeHm pemenme ypabmemua (12.31)

v
t c
M YYTATEe, YTO YyriaoBasg 4YacToTa CBA3aHA C m* cootTHOIIcHEEeM ® = eH/m¥*c.

4. Bupasennme i(1.19) Teopum cBOGOJBHX BIEKTPOHOB NSl TOXA, WHBHBAEGMOYO HJEKTPHYECKEM
HoJieM, KOTOpoe NePHeHfMKYJISPHO LOCTOSHHOMY MATHNTHOMY IOJIO, MOKHO BaOHCaTh B BHJe

E=p-i, (12.69)
IJle TeH30p Y[eALHOTO COIPOTHBIEHHA p €CTh
_ (e —RH
o=z o) (12.70)

[Ns enp]ene.uennﬁ (1.14) m (1.15) cuepyer, uTo p — MATHETOCONPOTHBJIEHHE, 8 R — KoapunuenTt
Xouna.

a) PaccmoTpure MeTajul ¢ HeCKOJNBKHMHM HYACTHYHO SaNOJHEHANMY 30BAMH, B Kamkjol us
KOTOPHX BHSHBaEMHI! TOK CBABAR ¢ Mollem cootHomermuem E, = g §,, re p, nmeer Bup (12.70))

Pn —R,H
p,,=(RnH - ) (12.71)

TlokaskuTe, 9TO HOJHHE TOK ompefieisercs ypasHesuemM E = p.j, TRe

o=(Sen) ™. (12.72)

6) Tloxa)uTe, 9TO, €CJAHM HMEETCA TOJNBKO JiBeé BOHH, TO Koapdmmument XoaJia m Marmero-
COIIPOTHEBJICHNE ONUCHBAITCA BHPAKEHIAME

R= Rip+ Ro0f+ By R, (Ry+ Ry) H?

(P1+02)%+ (R + Rp)? H? ) (12.73)
__01P2 (P1+05) + (p1RE+ 0, RE) H?
o= (P + 0502+ (R +Ry)® H® . (12.74)

O6paTuTe BHMMAHHe HA TO, YTO 3[eCh BOBHUKJA ABHAA 3aBHCHAMOCTb OT HAUPAKEHHOCTH MATHHT
HOTO I0Js1, Jame ecJM R W p; OT Hero He 3aBHCAT (KAK JJA CBOGONHHX SIEKTPOHOB).

1y Dasa copasegausocTn fopmyan (12.71) B ofmem crydae me Tpebyercs, uTo6H B KamKnoi
ns 3s0E 3aBmcEMocTh & (k) OHJa DoXo3ka Ha COOTBETCTBYIONIYK SaBHCAMOCTH A CBOGOMHHX

3NEKTPOHOB, HEOOXOMEMO IMIIb, YTOOH MATHENTHOE TONe GHIIO HANDABIGHO BJOAL OCH [OCTa-
TOYHO BHCOKOH CHMMETpHH.




244 T'naBa 12

B) Buseanrte menocpencTeenno u3 BHpaMenus (12.73) Bupamenue (12.55) ans nosdpdunmen-
Ta XoJJIa B CHABHHIX NOJAX, KOTZa o0e 30HH MMET 3aMKHYTHe opOmTH; 06CyNHTe HpelenbHOe
HOBe/\EHN® B CHIBHKIX NOJNAX AIA CAYUaAS Ngee = 0 (T. €. AA CKOMIGHCHPOBAHHOTO JBYX30HHOTO
metamna). ITokakurte, 9T0 B 3TOM ciIydae MarHeTOCOIPOTHBIIGHHE BO3PAcTaeT Kak H2 ¢ pocToM
noJA.

5. Iockonbky mompaBKa K peayabrary (12.51) B mpepese cuJLHEX IoJel HPONOPIUOHAJIBHA
1/H?, B ofmeM caydae BUpaKeHNe A TOKA, 06YCIOBIERHOTO B SJIOKTPOHHOM 30HOM ¢ 3aMKHY THIMH
opOHTaMN, WMEeT BII

j= —T B x f)+ om-E, (12.75)
rae
lim H2o(M < co. (12.76)
Ho oo

Hoxamwre, 4YTO MAr"deTOCONPOTHBJCHHE B CHJIBHOM 1I0Je ONNCHBAETCA BHDa*KeHHEM

L lim H20ow (12.77)

O= ool e W0’

T7e och y NepHeHAUKYJAPHA MAarHETHOMY IIOJI0 H HAUpPABJICHUI TOKAa, 3aMeTHM, 9TO MATHETO-
COTIPOTUBJIEHNE Hachuwaemcs [dT0 caepyer us (12.76)].

6. CupaBseInBoCTh NOJAYKIaccHIecKoro pesyiabrata k () = k (0) — ¢Et/A  pna  saextpoHa
B IIOCTOAHHOM II0JIe B 3HAUUTEJbHON Mepe MOATBEPHIaeTCA CICAYIOmei TeopeMoil (KOTopaa TaKiKe
CIAYMAT I0JE3HHM HCXOJHEIM IYHKTOM B CTPOTOH TeopHH BIEKTPHUYECKOTO Ipobos).

PaccmoTpuyM 3aBHCAIIEe OT BpeMenH ypaBHemwe [peamnrepa ang 5JA€KTPOHA B IEpPHOAH-
geckoM HoTeAumase U (r) M II0CTOAHHOM 3JOKTDPHYIOCKOM TOJe:

. 0 A2
in [ P g gyt eBr | p=Hy. (12.78)
at 2m

Hycts B MomeRT ¢t == 0 dyaruusa ¢ (r, 0) asagercs numeliHON KoMOMEamueii 0J0XOBCKUX YyHR-
nui, KOTOPHe Bce HMEI0T OAUHAKOBHII BodHOBOH BekTop k. Torma B momear BpemeHu ¢ GyHKROHUA
P (r, t) /6y,t(eT JuHelHO KoMmOmBHanuef') GioxoBcKHX (QYHKUMIf, HMEIOMMUX BOJIHOBOU BEKTOD
k — eEt/h.

JlokaKaTe BTy TEOPeMy; HPH 3TOM BOCIIOJEL3YHTECh TeM 0GCTOATeIBCTBOM, 4TO (opMaIBHEIM
pemenuem ypaBreHus Illpenmurepa sBiasercs QyHRI@AA

P (r, )=e Ty (r, 0), (12.79)

W BHPa3uUTe IpejHoJaracMoe CBOHCTBO HadaJLHOTO YPOBHA M ROKa3bBaeMOe CBOHCTBO KOHEYHOTO
YpOBHA, ICHONB3YS IIOBeJEeHHEe BOJHOBOH QYHKIMH OpPH TPAHCIAANUAX HA BEKTOPH DEIIETHH
Bpass.

7. a) Kakue ypoBuH OKDYy:Kaer opOmra Ha ¢nr. 12,7 — 3aHATHEe MM HE3AHATHE?
6) Hakne ypoBHHN OKDYKaOT 3aMKHYTHe op6mTh Ha ¢ur. 12.10 — 3aHATHE KM He3aHATHE?
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1) Bompexu 3Toit TeopeMe MOJyKIacCHYeCKas TEODHA DIEKTPOHOB B HOCTOAHHOM SJEKTPH-
gecKoM MoJIe He ToOYHa — KOO(POUUUCHTH B CyIeprosunun 0J0X0BCKUX GyHKIUH B o6meM ciydae
3aBUCAT OT BPEMEHH; C OSTUM CBSA3aHS BO3MOKHOCTH MEK30HHEIX MHEepPeXoJioB.
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HOJIYRJIACCUYECRAA
TEOPHA ITPOBOJIMMOCTHI
B METAJIJIAX

NIPUBJIMKEHUE BPEMEHU PEJIAKCAIIUHN
OBIMUY BUJ] HEPABHOBECHOIN OVHKIIUM PACIIPELAEJEHUA
CTATHYECHAA 3JIEKTPOIIPOBOOHOCTH
BLICOKOUYACTOTHAA 2JIEKTPOITIPOBOOHOCTD
TEIJIOIIPOBOJHOCTb
TEPMO3JIEKTPRUYECEUE 3QOEKTEHI
NPOBOOUMOCTE B MATHHUTHOM IIOJE

Paccmorpenue adexToB aieKTpOHHON mpoBomgmmocTd B ri. 1, 2 um 12 HocHIo
AOBOABHO KAYECTBOHHKHE XapaKTep M 9acTO OBUIO YIPOINEHHKM B CHJIY KOHKPETHRIX
CBOMCTB TOTO WM MHOTO HCCJIeNyeMoro ciydasg. B HacTosame# TrjaBe ME ONHCH-
Baem Gojree CHCTeMAaTHIECKHA MeTON PacdeTa IPOBOAUMOCTH, KOTODHI MOMHO IIPH-
MEHATh [JIA HPOUSBOIBHOIO HOJYKIACCHIECKOTO KBUMKEHHH B NPUCYTCTBHH B3aBH-
CAIMMX OT BpeMeHHW ¥ IIPOCTPAHCTBEHHBIX KOODJAWHAT BHEIMIHUX LOJeH M TpafleHTOB
TemoepaTyprl. Pusudeckne NpepIONOKEHNA, HA KOTOPHIX 0asUPYeTCA HAID AHAJNAS,
He ABIATCA HE (ojiee cTpormmu, HE Gojiee H3OMpPEHHHMH, YeéM B ra. 12,— Mu
aumb faeM uM Gojee TouHyI0 ¢opmyampoBKy. Oamako mpefJaraeMbiii MeTOf pac-
9eTa TOKOB ¢ MCHOJNB30BaHWEM »T¥X (YHJaMEHTANBHHX (HBAYECKHX IPEIHOO0MKe-
HEi HocWT Temeph Gomee oOmmi m cucTeMaTmuecKwmit xapakrep. Hpome Toro, ero
CTPYKTypa TaKoBa, UTO HO03BOJIAET JEeTKO IPOBOAMTH CpaBHeHHe ¢ Ooxee crporamMu
reopusmu (1. 16).

B aro0if raBe UpH omuCaHMW NPOBOAUMOCTH ME (ymeM HOJIB30BATHCA HEpaBHO-
BecHolt yHEIMeR pacmpernenenus g, (r, k, t), onpenensiemoit TakuM ofpasom, 4ro
BenmumHa g, (T, k, t) drdk/4n® paBHa Wmeny saeKTpOHOB B n-A 30HE B MOMEHT
B 3yeMeHTe 00BEMa HOJYKJACCHYeCKOro (aszoBOTo mpocTpaHCTBA drdk ¢ meHTpPOM
B Toure r, k. B paBmoBecun g cmofimTca X ¢epMmeBcKoB (yHKIHE

gn (r$ k’ t) Ef(é’n (k))) (13 1)

f (€)= -3

L(E-WET

HO B IPUCYTCTBHY BHEIIHWX HOJeHd W (WIM) I'PajiMeHTOB TeMIePATyDH OHa MMeeT HHOMH
BHI.

B macroameii riaBe Gyler HOXydYeHO BaMKHYTOe BHIpajkeHme MJId yHKIHH g.
Iipu ero BmiBome MH a) mpefmojgaraeM, 9T0 MEMKAY CTOJIKHOBEHUSAMH [BUYKEHEE
QJIEKTPOHOB OIpefenAercsa HoayKiaaccmdecKumu ypaBHenmamu (12.6), m 6) moas-
8yeMcsa IPOCTHIM METOIOM PacCMOTPeHHA CTOJIKHOBeHH# (M3BECTHHIM KaK «Ipubam
JHeHEEe BPEMOHM PEJAKCAIumy), KOTOPHH BRIAJKBAET TOYHOE CONEpIKaHHMe B Kage-
CTBEHHEI® YTBEP;KIEHHA O XapaKTepe CTOJKHOBEHHI, CHCNAHHBHE B HPEIHAYMEX
riaBax. 3aTeM HepaBHOBeCHAs (YHKIMA pacHpefleieHHS UCOONBBYETCA IJIA pacdera
3JIEKTPUUIECKHUX TOKOB W IMOTOKOB TeNa B PANe MHTEPECHHX CIYIaes, He UCCACHOBAH-
HHX B ra. 12.
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[IPUBJIWKEHNE BPEMEHU PEJTAKCAIININ

M= coxpaHsgeM OCHOBHEI® YePTH Hamero o0IMero npefcTaBleHAs O CTOJIKHOBE-
HHEAX, ONMCAHHOrO B TJ. 1, HO Temeps copmynrupyem ux Goliee TOYHO B BHAE COBO-
KYOHOCTH IDPEALIOJOKOHAA, HASHBAEMHX «OPHOJIM;KEHAEM BPEMOHH peitaKCaIumy.
M= mponoskaeM CUATATh, UTO 32 GeCKOHOUHO MAJHN MHTEPBAT BpeMeHH di BEpOAT-
HOCTh CTOAKHOBOHHsS BIEKTPOHA paBHA di/T, HO YYATHBAEM TeIeph BO3MOMKHOCTH
TOr0, 9TO 9YaCTOTA CTOJKHOBEHHH 3aBHCHT OT IPOCTPAHCTBEHHHX KOOPZAHAT, BOJ-
HOBOTO BeKTOpa W HOMEpAa BOHH BJEKTPOHA: T = T, (r, k). CronxkHoBenua mpuban-
JKAIOT CHCTEMY 9JIEKTPOHOB K JOKAJIBHOMY TOPMONHHAMAYECKOMY PABHOBECHIO; BTO
OTPaKEHO B CJAGNYIOIIAX [OMOJHATENBHHX IIPEXHONOKEHHAX.

1. PacmpeneieHme 3IeKTPOHOB Yepe3 HEKOTOpOe BPeMA IOCIHe CTOIKHOBEHMI
HO 3aBHCHT OT BHJa HepaBHOBOCHOX QyHKOUm pacmpefeaeHHus g, (r, k, ¢) memocpen-
CTBeHHO TepeJ]] CTOJNKHOBEHHUIMHU.

2. Ecnn a1eKTpoHR B 06JacTH BOJIU3HE TOUKH I EMEIOT PaBHOBECHOE pacIpepe-
NeHWe, OTBEYANIEe JIOKalbHOR Temmepartype T (r) 1),

1
&n (l‘, k, t) =g2‘ (l‘, k) = e('ﬁn(k)—u(l’))/hBT(r)_,_i 4 (13'2)

TO CTOJKHOBOHHSI HO #3MEHAT (OPMH (YHKIWH paCHpONesIeHHA.

IIpenuonosxkenue 1 o3Havaer, 4To BCsAKasd HEGOPMANAS O HOPABEOBOCHOM COCTOS-
HOH, KOTOPYI0O HECYT JJIOKTPOHH, IOIHOCTHI0 TePAETCA B pe3yJabTaTe CTOIK-
nosenmii. [Togo6Hoe mpeqmoNoKeHAe MOUTH HABEPHAKA HMpeyBeaumduBaeT 3PdeKTaB-
HOCTh CTOJKHOBOHHH B BOCCTAHOBJIGHHMH paBHOBecHA (cM. Ia. 16).

IIpenmosomenne 2 ecTh HamGomee OPOCTOR cmocod ydera TOTO, YTO MMOHHO Oiaa-
roffapA CTOIKHOBEHUAM IOAMASPKABAETCA TEPMOLUHAMUIGCKOS PABHOBECHE, COOTBET-
CTBYIOHIEE JIOKAJIBHOH TeMmepaTrype, TpeOyeMo#l yCIOBAAME SKCIePHMEHTA 2).

JIBa 3TEX OpeAmONOKEHHA HOJHOCTHIO OIPENENAT BHN QYHKIMEM pacHpeneie-
Bus dg, (r, k, ), onncuBalome Te 3JeKTPOHL, KOTOPLIe HCINTAJIA CTOIKHOBEHH®
BOAMBHE TOYKE I B MPOMEKTYOK BpeMeHH 0T ¢ 1o ¢ + di. B cooTBercTBHE ¢ IepBHM
npenmono;keHueM dg He MOKET 3aBHCETh OT KOHKDETHOTO BHMAA IOJHOA HEPaBHO-
BeCHO#l (YHKOWE pacHopefedenus g, (r, k, £). IlosTomy nocraroumo maittm dg mpm
KaKoM-TO ofHOM Bufie ¢yHKIum g. [Ipome Bcero aTo caeaaTh, KOrfa g OLMCHIBAOTCH
BHpakeEmeM (13.2) [uA NOKAJIPHOTO PABHOBECHUsI, MOCKOJBKY, COTIACHO BTOPOMY
IPEeANoN0/KeHNI0, CTONKHOBOHAA He MeHAIOT Bujaa ¢yaknmm g. Mu 3HaeM, ogHaKo,
qTo 3a Bpemsa dt foas dt/t, (r, k) Bcex 3II6KTPOHOB U3 30HH N C BOIXHOBEIM BEKTODOM
k m KoopAMHATON I HCOKTHBAGT CTOJIKHOBOHUA, KOTODHE U3MEHAIOM AX HOMED 30HH
u-(mid) BoMHOBOH BekTop. Ecnm, mecmorps Ha aro, Bupaskenue (13.2) pomxuo ocra-
BaThCA HEW3MOHHHIM, TO DAacCIpele]eHHe TeX JJIeKTPOHOB, KOTOPHE B Pe3yIbTaTe
CTONIKHOBEHHA npuzolam B 30HY n ¢ BOJHOBEIM BEKTOPOM K 3a TOT Ke HMHTepBaJ

1) EgmHECTBOHHHIE paccMaTPpHBAeMH HAMH CIydad, KOTAA JOKAJHHO-PABHOBECHO® DPACIPe-
AelleHue OTIMIHO OT OJHOPOHOIO paBHOBeCHOro pacmpegenenud (13.1) (¢ mocroaurnma I' n 1), —
9T0 M3MEPEeHMe TeILIONPOBOJHOCTH, IIPM KOTOPOM IYTeM COOTBETCTBYIOMEPO HOXKIIOYEHHS HCTOY-
HOKOB U (HJIH) CTOKOB TOIIA MH YCTRHABJIWBAOM H3MOHAIOMYIOCS B IPOCTPAHCTBO TeMIOPATypPy
T (r). B aToM cayqae, DOCKOABKY INOTHOCTH 3JIOKTPOHOB, n JOJIKHA OCTaBaThCA MOCTOAHHOM ( Ris
COXPaHEHUs JIOKTPUYECKOH HOHTPANBHOCTH), XHMHIGCKMI IOTOHIUAJ TAKKe [OIIKEH 3aBHCeThb
OT TPOCTPAHCTBOHHKX KOODIUHAT, 9TOGH BHIOOIHANOCH YCIOBEO [ (I) = Meg (7, T (r)). BoobGmpe
TOBOpsA, JOKAJIbHAA TEMIOPATyPa M XMMUIECKHI MOTeHNUAJ MOTYT 3aBHCOTH HE TOJHKO OT KOOp-
AHEHAT, HO ¥ OT BpeMeRu. CM., HanpmMmep, 3a/aqy 4 B KOHIe 3TOH riaBH ¥ 8agagy 1, m. «0» B ru. 16.

2) Bouee ¢pynnaMerTaIsHAA TeOPHA KOJKHA TOKA3HBATH, UTO CTOIKHOBEHUA HIPAIOT TAKYIO
pOJL, a He Hpe.lNojaraTb 3TO.
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BpeMeHH, MOJKHO HOJHOCTHI0 KOMIOEHCHPOBATH IOTEPH. HOBTOMy

dg, (r, k, 8) = g7 €4 (5, k). (13.3)

Vpasrerne (13.3) ects Tounaa mareMaTmueckas GopMyIUpOBKa NpEOAMAKEHHS Bpe-
MeHH peJaKcauud !).

C HOMOINBI0 3THX NPEJNONOKEHHIA MOKHO Pacci@TAaTh HePAaBHOBECHYI (YHK-
[HEO PacIpefieJeHus B IPUCYTCTBUA BHEIIHEX II0jedl M IPAJMeHTOB TeMIepaTypH 2).

BBIYNCJIEHNE HEPABHOBECHON ®YHKIUW PACHOPEJXEJEHNA

Pacemorpum rpyomy SIeKTPOHOB B n-H 30He, KOTODHE HAXORATCA B MOMEHT
BpeMeHH ¢ B sieMeHTe oO0beMa drdk oxomxo Toukm r, k. Umcio 5aeKTpOHOB B 2TOM
rpynne BRpaskaeTca depe3 (YHKIUIO pacOpeNeNeHns:

AN =g, (r, k, 1) 2% (13.4)

Mu MokeM HAfiTH 5TO 9HCJIO, PPYONHEDYSA IIEKTPOHH IO BPEeMeHA HX IOCIETHETrO
cronkaoBeHua. Ilycis r, (t'), k, (') — pemeHme mONyKIaCCHISCKMX ypaBHEHM
ABWKEHUA [ n-A B30HH, KOTOpOe Ipu t = ¢ HIpOXOAHT Yepes TOUKY r, k:

() =r k() =k (13.5)

IIpenmonoskum, 9T0 B MOMEHT ! 3JEKTPOH HAXOJHWICA B ademeHTe o6bema drdk
OKOJIO TOUKH T, k, a ero nocsedHee CTOIKHOBEHHS 10 MOMEHTA ¢ IPOMN30III0 B HHETePBaJe
Bpemenz or ¢’ mo t' + dt’. Torma B pesyabTaTe CTOMKHOBEHHS 3JIEKTPOH IOJIKEH
OKa3aThCA B 3jeMenTe ofbema ¢asoBoro mnpocrpancTBa dr'dk’ ¢ meHTPOM B TOTKe
r, ('), k, (t'), mockoxpKy mocre MOMeHTa ' ero NBIKEHHe IOJHOCTBIO OOpeie-
asercd YPaBHEHASME [JBIKEHHs, KOTOpPHE JOJJKHE IPHBECTH €ro B MOMEHT I
8 Toukry r, k. CormacHo npmbamKennio BpeMern peaakcanmu (13.3), moxHoe umCIO
BJIEKTPOHOB, WPHXONAMMUX IIOCIe CTOJKHOBEHHS B Touke T, (L), k, (') B anemeHT
o6pema dr'dk’ 3a Bpemsa ot t’ mo t' + dt’, pasno

dr’ ’ ny drdk
T O @y 8 (T (&), kn (8) —5. (13.6)
Mu BocmONbBOBANECE 3[ieCk Teopemoil Jlmysuins %) m mpomssennm saMeHy
dr'dk’ = drdk. 13.7)

V3 5THX 3JeKTPOHOB JHUIIL OTHOCHTENbHOE umcio P, (r, k, t; t') (paccunTriBaemoe
HUKe) JefiCTBATEeNBHO <OIPO/KABETY B TOUeHAS NHTEPBANA BpeMeH: oT £ 1o {, He HCIH-
TAB HOPE STOM HHKAKAX NONOTHHTENIBHHX CTONKHOBeHHA. Ilosromy, wroGm HaliTh
dN, mymao yMHORETH (13.6) Ha 5Ty BepOATHOCTH W HPOCYMMHPOBATEH IO BCEBO3-
MOMHHM BpemeHaMm i IIOCIOIHETO CTOJIKHOBOHHS HEpPe] MOMEHTOM i:

t
_drdk [ de'gd (rn (), kn () Pr (5, K, £ 1)
aN =55 | e (0, K (2) . (13.8)

— 0o

1) B rar, 16 ME BEOBL KPUTHYECKM PACCMOTPHM IPHEGIFIKOHA® BPOMEHN PeJAKCAIAH W CPaB-
guM ero ¢ 60JI0e CTPOTEMHE TeOPUSIMHA CTOJKHOBOHMIL.

?) OfpaTaTe BHEMAHHE HA TO, HACKOJABKO PA3IMIEYI0 POJb HTPAIOT IOAA W TPALWEHTH
TemuepaTypi. IlepBee ONpeNeNAIOT [BUIKEHTe IEKTPOHOB B MPOME;KYTHe MOMKIY CTOJKHOBO-
HHAMH, & BTOPHE — PopmMy QyHKOuE pacmpefeleHHA BIEKTPOHOB HOCHe cTONKHOBemma (13.3),

3) Jra TeopeMa YTBEPKHAST, WTO MOAYKIACCHICCKH® YDABHOHHUA [ABIKeHHA COXDAHAIOT
o0beMH B rk-mpoctpaBcTBe. OHA JOKA3aHA B MPHIOKEHHN 3.
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CpaBumBas (13.8) ¢ Bupamennem (13.4), monyuaem

t
_ { dt'ef (rn ('), kn (') Pp (r, Kk, £ 2')
gn (r1 k? t) - S Tn (rn (tl), kn (t’)) . (13.9)

Brpaxkerme (13.9) BRraAaaT J0BOABHO IPOMOBIKO, HOCKOJIBKY MBI YKa3biBaem
B SIBHOM Buje, 9T0 QYHKIAA pacOpefleleHAA OTHOCHTCH K N-i 30HE W BHYHUCIACTCH
B Touke r, k, a TaKsKe 9T0 3aBUCHMOCTH HOJBIHTEIPAJIBHOTO BRIpAKEHES OT ¢’ ompe-
ReasieTcs SHAYEHHAMH gy M T, B TOUKe T, (t'), k, (t') Ha momyriaccmueckoi Tpaex-
TOpUH, OPOXONAMEH B MOMEHT ¢ Yeped TOUKY r, k. UTo6u He 33TeMHATH CMEICKT Lpo-
BOTUMEIX HE;Ke IOPOCTHX mpeoGpasoBammil gopmynn (13.9), GyneM moxszoBaThCA
OOKA COKpPANMEHHHME O0003HAYeHHAME, B KOTOPHX HOMEpP B30HH 1, TouKa r, k
¥ TPAeKTOPHA T, K, CINTAITCA 3aJJaHHBIMA ¥ He YKAa3KBAIOTCA ABHO. Torma

gn k. ) >g(t), g% (), kn () > & (¢, (15.10)
Tn (tn (2)s Kk (7)) > T (2'), P,(r,k, t;t")—>P (2, ) '
n BupaskeEme (13.9) moxHO 3ammcatp B Bufe !)

t
g(t):jw)g(t)p(t t'). (13.11)

—00

Heob6xommmo OTMeTHTH HPOCTYIO CIPYKTYPY ¢opmyasr (13.11). OaektpoHn
B MAHHOM 2jieMente $a3oBoro o0beMa B MOMEHT ! CrpyOnMpOBaHHK HO BpeMeHHW WX
mochAeTHEero CTONKHOBeHOA. UNMCIO 2JeKTPOHOB, MCOHTABIIHX HOCJHENHEe CTOIKHO-
BeHme B mHTepBaje or ¢’ Ko t’ + di’, paBHO NpOU3BEeNEHNIO ABYX BEJWYMH:

1. Hoarozo wHCHA DIEKTPOHOB, KOTOPHE, MENEITAB CTOJKHOBEHIE B MHTEpBaie
Bpemeru ot ¢’ mo t’ -+ di’, nBmyTCA TakuM o6pasoM, 4TO, ECAM MM HE HOMEIIAloT
HOCIeAYIOMye CTOJIKHOBEHAA, TO K MOMEHTY { OHH JOCTATHYT 3afaHHOTO DJIEMeHTa
o6seMa $asoBOro HPOCTPAHCTBA. JTO YHCIO ONpeAeaseTca NPHOJIMKeHeM BpeMeHH
penakcanum (13.3).

2. OrmocurensHoro uncaa P (i, t') Tex u3 yKasaHHHX B 1. 1 3JI6KTPOHOB, KOTO-
PHE «TOKEBYT» OT t' 70 t, He NCUHTAB HOBHX CTOJKHOBEHHI.

Ocraercs paccanrath P (¢, '), T. e. OTHOCHTeNBbHOE YHCIO BIIEKTPOHOB B 30HE
7, KOTOPEIe [BKYTCA IO TPAEKTOPHH, NPOXOAAMEH B MOMEHT ¢ Uepes r, k, ne ucou-
THBasg CTOJAKHOBOHHH B HPOMEKYTOK BpemeHm oT i’ Ho I. OTHOCETeNBHOE THCIO
BJIEKTPOHOB, «IO;RUBMUX» OT & N0 t, MEHbIIe OTHOCHTEJNBHOTO UHCIA BJIeKTpOHOB
«omBImUAX» 0T t' -+ dt’ Ao t, oramyasacs or mocaennero muosrmrenem [1 — dt’'/v (¢')],
KOTODHA yYATHBAET BEPOATHOCTh CTOJKHOBEHHS JJIEKTPOHA 33 BpeMA MEEAY
t' ut' -+ dt’. ostomy

P ¢)=P@ ¢+d)[1— m) (13.12)
B upene.ne dt' — 0, orciona nonyqaeM nmbd)epeﬁunanbnoe ypaBHeHHE
N Pf(t‘)’ . (13.13)
IIpm rpanmasoM ycCiI0BHHE
Pt t)y=1 (13.14)
pemenue ypasaends (13.13) umeer Bmpa
Pt t")=exp ( —S 2. (13.15)

), © @

1y 9ToT pesyabTAT H METOJ ero IOJY9eHHA CBA3aHK ¢ umeneMm Uambepca [1].
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BocmoarsopaBmuces ypasmenmem (13.13), ¢ymkmmio pacopepenenms (13.11)
MOMHO 3am@caTrh B BHJE

t
gt)= | dr g (t) 2 P (2, ). (13.16)

Yoobuo mpouHTerpEpoBaTh BHpaskernme (13.16) mo wacrAM, HMCmONB3YsA I'paHUTHOE
yeaosme (13.14) n ¢msmdeckoe ycaoBue, 3aKI0YAIOmMeEecs B TOM, 9TO HAKAKOM BlIeK-

TPOH He MOKET «IPOKNUTHY OeCKOHeTHO foiro 0es cToakHOBeHWH: P (f, —o0) = 0.
B pesyawsrate Donydaem

t
g()=g"(t)— S dt'P (¢, t') T‘f,—g" (). (13.17)

—00

Takum o6pazom, MH IpeAcTaBIIA QYHKIOHMIO pacopefeleHUs B BAJE CYMMBI JIOKAJIb-
HO-PaBHOBECHOTO pACIHpefeNeHHs W IONPAaBOYHOrO wWieHa.
Yro6n nHajiTm IPOMSBOAHYIO IO Bpemenm ot ¢ymrnmu g° samermm [cm. (13.10)
u (13.2)], uro oma 3aBEWCHMT OT BpemeBM Toibko uepes &, (k, (t'), T (r, (¢')) m
B (v, ('), moaToMy ?)
dg (') _ 9g° 9, dk, ag® oT dr, ag® ou dr,
a o0&, ok  at + ETN (13.18)

oT or  dt’ op or dt' -

BocmoaszoBaBmuck TOAYKIAACCAYCCKEME YPaBHEHeHHAME MABMKenusa (12.6), gwro6m
nckaounts dr,/dt’ m dk,/dt’ ws Bmpamenma (13.18), MEH MojieM BammcaTh BEIpa-
smeEme (13.17) B dopme

g =¢"+ Stdt'P(t, [ (=25 )ve (—eB—vp—(E5E) vT)], (13.49)

rae { — ¢epmmenckas ¢ymrrnuma (13.1) (BsATasd Dpu JNOKANBHEX TeMIOEpaType
¥ XHMHUYeCKOM HOTeHIIMaJe) M BCe BeJNYNHE B KBAJpPATHEX CKOOKax %) 3aBmCAT OT

t' wepes mx aprymentH I, (t') m k, ().

YINPOMEHRE HEPABHOBECHOU ®YHKIINM PACIPENEJEHVA
B YACTHBIX CIYYAAX

Vpasuenne (13.19) naer monyriaaccmueckylo GYBKNMIO pacUpeleNeHHs B Ompu-
OnmyxeHEH BpeMeHNM PeJaKCAlliM NPM O09¢Eb MHUPOKHX YCAOBMAX ¥ HO3TOMY NpPH-
MeHEMO K Goabmomy dmceny 3afad. Bo MHOImX ciyyasXx, OHAKO, y4eT KOBKpeT-
HOM CHTyanmu NHOSBOJIfieT NPOBECTH JaJbHeilmwe yHpomeHEHA.

1. Caabvte snexmpuuecrue NOAA U 2PAGUECHMBL MEMNEPAMNY -
poe. Hak ysxe oTMeuanoch B Iil. 1, JeKTpHYeCKHe NOJS ¥ TPAHEHTE TEMIIEDATY-
PH B MeTaJlIaX IOYTH BCeIfla JOCTAaTOYHO cxabH, 9TOOH pacueT BEHIBEIBREMHX HAMR

1) Ecam 6H HAC METEPECOBAJNH CJIYYaH, KOTHA JOKAJLHEbLE TEMIEPATYPa M XMMWUeCKUK
HOTeHNMA SABHO 3aBUCAT OT BpeMeHH, To K (13.18) cieporaso 6k no6apuTs anenk ¢ §7/6t u p/ot.
CooTBeTCTBYIOINI IpEMEDP KaH B 3afmaue 4.

2) 3amernM, 9TO MArsnTHOe oge H He BXoamT ABHO B BHpaskeHme (13.19), mockoasky cuua
Jloperna nepueEgEKYIAPHA cKopocTH V. [(KoHewWHO, 0HO IPOABIAETCA B HEM KOCBEHHO, uepes
3aBHCHMOCTH OT BPeMEHN BeJNmumE Iy, (¢') u k, (¢').]
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TOKOB MOKHO OHUIO IPOBOAUTH B amHeitHOM npmbiamuendd !). [Tockoabky BTOpOE
caaraemoe B Buipaykennn (13.19) y:xe npencrasiager coGoit auHeiHylo GyrKIUL %) OT
E n V7T, 3aBucEMoCTh NOJHHTOTDANBHOTO BHpPAKEHHA OT ' MOMHHO BHIHCIATH
Ipd HYJeBOM 3JeKTPHEYEeCKOM II0Je I HOCTOAHHOR TeMuepatype 7.

2. ITpocmpancmeenHo-03HOPoOIHbLE IREKMPOMAZH UM HBLE
NOAA U ZpAdUEHIMBL MERNEPAMYPIL U He 3AEUCAULUE OM MPO-
CMPANHCMEEHHBLL KOOPIUHAM 6Pexena peaarcayun.’) B stom cuy-
9ae BCe MONHHTETpadbHOe Bhpakerme B (13.19) me saBmemt or r, (t'). 3aBucm-
MocTh OT ¢’ (IOMAMO BO3MOMKHOHE ABHOH 3aBmcumoctn E m T oT BpemeHHm) BO3-
HUKaeT TOJIBKO 3a cIeT BeawddHul k, (¢'), Koropaa Oymer QyHKOoEel BpeMeHH
B mpuCyTcrBam MarHuTHOro mois. Ilockonsky depmmeBcras GyERUmA f 3aBHCHT OT
k Tonbko depes smeprmo &, (k), COXpaHAOMYOCS B MATHUTHOM [OJ€, BCS 3aBH-
CHMOCTH OT {' B MONLIHETErPAIbHOM BHIPAIKEHAH COTNEDPRATCA B Beawumuax P (£, t'),
v(kn (t"), a Taxme B E w T (ecim OHE 3aBHCAT OT BpeMeHH).

3. Bpeaa peararcaunu, 3asucauiee om anepzuu. Ecan v 3aBucut o
BOJHOBOT'O BEKTOpA TOJABKO Uepes »Hepruio &, (k), To, mockoabky sHeprus &, (K)
COXpaHgercsa B MarHUTHOM Ioxe, T (1') He Gymer 3aBmcers oT ¢’ 1 Brpaxenze (13.15)
OpEHAMaeT BHJ

Pl(t, t') = e—(t=t"/wn(0), (13.20)

Jlnsa anM80TPONHHX CHCTEM BpeMs DeIaKCamudA T MOMKeT 3aBHCeTh OT k He TOXBKO
geped &, (k). Ommaro, KOTfa XapaKTep pacCesHUsS 3IEKTPOHOB /eiCTBATENBLHO
CYIIECTBeHHO 3aBHCHT OT BOJHOBOI'O BOKTODAa, COPAaBeIAEBOCTG HpumOIMKeHHS Bpe-
MeHV PeJaKCanuyi CTAHOBHUTCA B IeloM cOMEMTeNbHOX (cM. ria. 16). ITosTomy Goms-
MIFHCTBO PAacdeToB B NPUOIIKeHHM BPEMEHZ PelaKCandm OPOBOAMTCHA ¢ HCIOJIB30-
BaHAEM 3TOTO YIPOIAIOIEro NPeJIoi0o/KeHAA; TaCTO Jake CIMTAIOT BPEMA T HOCTO~
AHHOW BeIMYMHON, He 3aBHcAmPH# or pHeprmd. IlocKonbKy QyHKuUES pacmpenese-
mus (13.19) comep:ur MuOKuTenb Of/0€, KOTOPHE paKTAYECKA OTIAHYEH OT HYIA
Tonbpko BHYTpH mHTepBana O (kpT) Bokpyr sHeprmm (Depmm, B Meraniax BajKHA
3aBHCEMOCTD T (&) JAmMb B MaJOH OKpecrHOCTH & p.
IIpn BHOONHEHAX BTHX YCIOBH MH MoKeMm 3ammcarts (13.19) B Bumme

gk, )= (k) + | dere™ =V ( SLY v (e (). [ —eB () —

~— 00

—vu () — 28t or ©]. (13.21)

1) Jlumeapmaanui0 MOKHO OGOCHOBATH WCXORA HOIMOCPEACTBOHEO W3 BhHpaxemas (13.19).
IIpe:xkme Bcero, BePOATHOCTh TOTO, 4TO 3a NAHHHII MATePBAJ BPeMOHH A0 MOMEHTA { HJIeKTDPOH HeO
HCHHTAeT CTOIKHOBEHHH, CTAHOBHTCA OPEHEODOIKMMO MaJoil, KOrfja NINTOILHOCTL STOTO HHTEP-
Bana ropasgo Goxabme 7. CiaegoBaTeJpHO, TOJLKO BPeMeHA { HOPAAKA T AAIT CYIMECTBOHHBR
BKIaf B wHTEIpan B BHpakeHu: (13.19). Opgmaxo (cM. crp. 227) 3a TaKoe BPeM#A DIEKTPHIECKO8
oJ1e U3MEHseT BeKTOD k aieKTpPOHA HA BeaMYMHY, KOTOpas HPeHEODEKEMO Majia HO CPABHOHHIO
¢ pasmepamu 30HH Bpmmrosma. OTciofa HemOCpeACTBEHHO CAeyeT, ITO 3aBHCHMOCTH OT E Bcex
grenos B (13.19) odens cinaba. AEanOrAYE0 MOMKHO 0GOCHOBATHL JIWHEAPHBANUIO IO TPagACHTY
TeMOePATYPH, €CJIHM U3MEHOHH® TeMIePATyPH HA JiaaHe CBoGoxHOTO mpolera mpereGpeRAMO
Majo IO CPAaBHEHHIO C TeMIepaTypoil MeTamia B mejoM. OMHAKO JMHEAPH3ANUIO 0 MATHUTHOMY
1OJII0 IPOBORATH HEJb3A, MOCKOJBKY B MOTAJIAX BIIOJHE MOKHO CO3JAaTh TAKHME CHIbHEIE MAaTHAT-
HHe IOJsL, YTO 33 BPeMA peJaKCanuu 3IeKTPOH GyAeT mPOXOAUTh DACCTOAHRME B k-IPOCTPAHCTES,
cpaBHEMO® ¢ DasMepaMm 30HH Bpuimiosma. ;

2) XuMudecKUH IIOTCHNHAN MOHAETCS B MPOCTPAHCTBO JUIIb 33 CY6T H3MOROHMA TEeMIepa-
TYpH (cM. Dpmmedande 1 Ha cTp. 246), moaToMy V| EMeeT TOT ;Ke HOPANOK, 4ro B V T.

3) morpa KeJaTeAbHO CYMTATh, ITO T 3aBHCUT OT IPOCTPAHCTBOHHHX KOODPNWHAT, HATPH-
Mep, 9T06H y4ecTh HeOTHODOJHOE pacIpefeleHHe HpHMecel, apPeKTH paccesnnsa B6Iu3H MOBEpPX-
HOCTR W T. 1T
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rie mo-Ipe;KHEEMY ONYINEeH HOMeD 30HH 7, HO OHATHh YKas3aHA B ABHOM BHjle 3aBHCH-
moctb or k m t1).

B saxkaiouenme riaBe NpuBegeM OpEMepH npumeHeHus d¢opmyan (13.21)
K PALY WHTOPECHHX CIy4IaeB.

CTATHYECKAA 3JEKTPOIIPOBOJIHOCTD

Ecaw H = 0, 7o k (t’) B Bapasxennn (13.21) ectp mpocro k u s mocTosHHBIX
8o Bpemenr E m VT uaTerpmpoBaHme mpoBogUTCA diaeMeHTapHOo. lIpm mocrosmmoi
B HOPOCTPAHCTBE TEMIEpPAType WOIydaeMm

g (k) =g (k) —€E.v (k) (& (k) ( — o). (13.22)

Yueno sHeKTPOHOB HA efWHEANY o6bema B aaemenTe o0nema dk paBHO
g (k) dk/4n®, mosToMy BKIaX ONHOM 30HH B INIOTHOCTH TOKA PaBeH 2)

j= —e Sf—;v(k) g. (13.23)

Taxoii BKIaj B IVIOTHOCTh TOKA AeT KAKAAsA JACTHUHO 3aI0JHEHHAS 30HA; DOTHAA
IUIOTHOCTh TOKA paBHA CyMMe BKIafoB oT Bcex 30H. C ygerom (13.22) m (13.23) ee
MO}XHO 3ammcaTth B Bafe j§ = OE, roe TeHsop DpoBOAEMOCTE O HpeAcTaBiseT cofoi
CyMMY BHIPQKEHOH [JIA OTHEJBHHX 30H 3):

o= o™, (13.24)

ak
ot = e { oty (B (10) Va () Ve (B) (=2 )gmg 0. (13:25)

OTMeTuM CHEAYIOMEEe BAMKHHE CBOUCTBA MIPOBONHMOCTH:

1. Avuzomponusn. B teopnn cBoGOJHEX A6KTPOHOB TOK j mapannened E,
T. €. TEH30D G AUATOHANEH: O y=00,y. [[JI1g IpON3BONBHOR KPACTANIAIECKOH CTPYK-
TYpPHL TOK j He o0g3aTesbHO TmapajieneHE E @m mpoBomamocTs mpepcraBiaser coGoi
Ter3op. B kpmcrandne ¢ KyOMUecKoH cmmMerpmed, OfHAKO, TOK j ocTaeTca mapai-
aenbHuM E, Tax Kak, ecid OCH Z, Y U 2 HAUPABUTh 0 KYOHUYECKHM OCHM, TO Oyy =
= Oy, = O, Kpome Toro, ecinm GH moJe B HANIPDABJIEHAH Z BHIBBAJO TOK B HAIPAB-
JeHAHW Y, TO, BOCIOJB30BABMUCH KYyOHIeCKON CAMMeTpHeil, MOKHO GpuI0 OH IOKa-
3aThb, 9YTO TAKOH jKe TOK JOJKeH BO3HAKHYTH M B IPOTHBOIOJIO/KHOM HAMPAaBICHAR
—y. EnmacrBeHHas HeNpPOTEBOpPeYHMBAs BO3MOMKHOCTH — PABEHCTBO 5TOTO TOKa
HYJIO, II03TOMY KOMIIOHEHTAa O, MOJKHA OHTH PaBHA HYJI0 (3 C HEIO B CHAY CHAM-
MOTPHH ¥ BCe APYTHe HOAWATOHAILHES KOMIOHEHTH). CleT0BaTeNsH0, B KPHCTALIAX
¢ KyOmdeckoil cHMMOTpHe#l O,y = GOuy.

2. Hnepmnocmsv 3anoanenwndtxr 3o0n. llpomsBogHan or QepMueBCKOR
pyEROEY daKTHIECKM OTIHTIHA OT HYNS, JAMb KOTHA & JEKUT B WHTEpBale NIUPU-
woit kpT BOnm3um & p. [losToMy B COOTBeTCTBHHM C OOIEM PacCMOTpEHHEM, LpOBe-
MeHHEIM Ha cTp. 224—227, samonHeHHKEe 30HH HE JAIT BKAafa B IPOBOAMMOCTb.

3. InsusAAEHMHOCIL ORUCAHUINL 6 MEPMUNAL IACKMPOH 06 U
ostpor 6 memaaaax. B meramne mpm T = 0 nposogmmocts (13.25) momHO

1) Beauuuna k (¢’) ects pemeHme HONYKIACCHISCKOTO YPAaBHOHHA JBMKOHHWA NAf 30HH 7
OpH TOCTOSTHHOM MarauTHOM mode H, T. e. k (') = k'mpm ¢’ = ¢.

2) 3pech W fajiee B 9TOM riaBe CYUTAETCS, YTO MHTEIPHPOBaHE® 10 k mHpoBORHETCA MO OFHOMA
2JIeMPHTAPDHON fA9eilKe, €CJH CHOOMAJHHO HO YKA3aHA HHASA 0GJIACTH.

3) II0OCKROJBLKY B PABHOBECHE TOK OTCYTCTBYOT, OCHOBHOE ciaraemoe g® B dyHKnmm pacupefe-
JeHHS HO aeT BKiaaja B BEpa)kerue (13.23). M noxpsyeMcsa TeHs0pHHMHA 0003HAYOHAIMHA, B KOTO-

pux A = be osmavaer 4, = b Cy
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paccumTaTh ') ¢ TouHOCTBIO Mo wieHoB mopsaaka (kpT/€ p)®. Torma (—0df/0é) —
= § (€ — € y) M BpEMA PenaKCaUWM MOKHO B3ATH Upu € = € ; W BHHECTH ®3-TIOJ,
8HaKa mHTErpana. Hpome Toro, IOCKOJBKY %)

a 1 9
V) (=57 ) g g0 = —— 3¢ 1 € (), (13.26)
MEI MOMEM IpoaenatTh HHTEIrpHpoOBaHMEe 00 YaCTAM; B pesyiapTaTe noJjydaem 3)
dk 4 dk ,._
— et (&)5 v (K) f (£ (K)) =2t () S Mt (k). (13.27)

(IIo sanousHn. YpoBHAM)

IHockomsxy M-! (k) ecTp mpom3BofgHas OT IEpPHOAWNYECKON (YHKIMHA, WHTETPAJI OT
Hee IO TOJHOH 9JieMeHTapHO# suelike mojkeH ofpamartscs B HYyab 4). CiaemoBa-
TeJBHO, MOKHO 3ammcarh (13.27) B mHO#t dopme:

6= e (€p) { & (=Mt (k). (13.28)
(ITo HezamoJH, YPOBHAM)

CpaBHUBafA 9TH ABA BEIPAIKEHUSA, ME BERMM, 9T0 BKJIAf B TOK MOMKHO CBA3ATh ¥ € He-
BAHATHIME YPOBHSMH, €CIH W3MEHHTH BHAK TeHBopa 9¢derTmBHOH Macce. Takoit
pe3yabTar OHJ HOJNYYeH yKe N3 IPOBENeHHOr0 HAMH HCCJAENOBAHUA (AHDPOK» Ha
crp. 228—232; MBI HOBTOPWIA €r0, WTo0H WONYEepPKHYTH, YTO OH BO3HHKAET W IpH
Gosmee (opMaTbHOM aHAaJH3e.

4. Ilepexod x pezyavmamy 04l C60600HBX IreKMPON06. Ecan
My = (1/m*) 8,y m He BaBucHT oT Kk I8 BCex BaHATHX yYPOBHeH B B30HE, TO
supaskenne (13.27) nepexogur B pesyabrar pynme (1.6):

nezt

Guv= m* GH\H (1329)
Kyna BXopuT »QdextmeEan macca m*. Ecam Mpy = —(1/m*) 6,y u He saBmcmT or
k nng Bcex HesaHATHX YpoOBHei °), To Bupamenue (13.28) npmrmmaer Bun
nret
qu= :l* 611-\'7 (13.30)

Ifle n, — 4YHCIO HE3AHATHX YPOBHEH B efjmHHWLe ofbeMa. TakmMm o6pasom, IPOBORH-
MOCTB JiJIA 9TOl 30HHI OIUCHBAETCA BHpaskeHmeM l[pyme, B KOTOpPOM m HY;KHO 3aMe-
AuTh 9peKTEBHOE Maccoit m* W IIOTHOCTE 9JEKTPOHOB — IJIOTHOCTHIO NEIPOK,

BBICOKOYACTOTHAA 3JEKTPOIIPOBOIHOCTDH
Ecim anexTpuuecKoe moie HE IOCTOSHHO, 8 MEHJETCH CO BPEMEHEM II0 3AKOHY
E (t) =Re [E (o) e=i>], (13.31)

TO BHPaJKEHHE JJIs OTPOBOJEMOCTH € MCHOJBb3oBaHmeM gopmyan (13.21) BmBommTCH
TAK K€, KAk M B CTATHYECKOM Cjayyae; OTJIHYHE BaKJII0YAETCH JMMb B TOM, ITO

1y Cm. npamiomenue B.

2) Mu BHOBb He YKAaSHBaeM SBHO HOMep 30HEL. IIpuBofuMmbie Huske YOPMYJIH ZAIOT TIPOBOAH-
MOCTB TBEPHOTO TeJIa, Y KOTOPOTO MMEeTCH JINIIh OffHA 30HA ¢ HOCATeJNSMH TOKa. Eciin eCTh HOCKONb-
KO TaKNX 30H, TO, 4TOOH HAH#TH IOJHYI0 OPOBOJMMOCTb, HEOOXOJMMO HOPOCYMMHPOBATH IO &.

3) Cum. opmaoxenne .

4) 9710 cnexyer us Toykpecrna (M.1) mpunosxerusa U; eciu OpUHATH OJRY U3 OOPAOIAYECKHX
(})&mmnﬁ papmo#i egmEwne. Temsop adderrusmofl Macch M- (k) ompepessierca BHpaskeHHeM
(12.29).

5) ITockOoJIBPKY B TOUYKe MAaKCHMYMa B30HH TeH30D MACCH IPeACTaBAAeT cO60H OTPHIATENBHO
onpefieNIeHHYI0 Benuauny, shderTuBHan Macca m* OymeT HOJOKATeNpHOH. COOTHOMEHU® MEMIY
o6’beMaMu B k-IPOCTPAHCTEE H ILIOTHOCTAME 9acTHL 00CY’KEaxoch Ha CTp. 48.
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B OOJHHTETPAJIBHOM BHIPAKEHHA MHOABHTCH IONOJHATENBHBIA MHOKATEND e~ it
B peayabraTe mMmeeMm

j (t)=Re [i (o) e=ivf], (13.32)
rue
j(@)=0(0)-E(0), o(o)= ; o™ (0) (13.33)
7
r gk Yn (k) vn (k) (——6]‘/6‘5)\:6:%’1(,()
o™ (@) = e j S T . (13.34)

CrnepfoBaTenpHo, KAk H B Cilyuae CBoOOXHEIX aaexTpoHOB [dopmyaa (1.29)], BHCO-
KOYaCTOTHAsA NPOBOAMMOCTh pPaBHA CTATHIECKOH NPOBOAEMOCTH, NOMeJeHHOH Ha
1 — iot, HO Temepp MH JO/GKHH JOOYCTHTH BO3MOKHOCTH pa3JHYdA BpeMeH
peaKcanum AJIA PasHEX 30H ).

Bripamenue (13.34) mosBoadeT ocymeCTBHTL NPOCTYI0 HEMOCPEACTBEHHYIO IPO-
BOPKY COpaBe[JMBOCTA HMOJYKJIACCAIECKOH Mofeau B mpefene wt » 1, B KoTopom
OHO IPHHAMAET BHL

o (o) = =2 |

dk of
a0V () (=25 )5 0

9TO 9KBUBAJICHTHO BRHIPaMHEHHIO (KaK IIOKAa3aHO Ha IIprMepe CTATHYEeCKOTO0 CJIY‘IHH)

(13.35)

. dk "
o (@) = "'—:(—D‘ v ACER(3) ;z—%'ﬁlﬁ,_a‘(%' (13.36)

@®opmyna (13.36) ompeneaser (B IuHeRHOM IO 3IeKTPUISCKOMY MOJI0 Npudiand-
JHOHAN) TOK, CO3JaBaeMHI I[OoJeM B OTCYTCTBHE CTOJKHOBEHHMH, TaK KaK MOMKHO
CIATATH, 4TO Ipenesa OONBIMEX T COOTBETCTBYET Hpefieny T —» oo NpH PuUKCUPO-
BaHHOI wacToTe . OJHAKO B OTCYTCTBHE CTOJIKHOBEHHH HETPYXHO TOYHO *) KBAHTO-
BOMOXAHMYECKH pPACCIUTATh W3MEeHeHMe OJOXOBCKHX BONHOBHIX (YHKIHM, BH3H-
BAaeMOE DICKTPUYECKHM IOJeM B JHHEHHOM IOpPSIKe Io I0jii0. 3HAad 9TH BOJHOBH
dyHKONHM, MOKHO BHUMCIHTH CpejHee 3Hadenue OImepaTopa TOKA B JINHEHAHOM
mopanke mo momo. B pesynprare MEl IOAy9IMM IIOIHOe KBRHTOBOMEXAHHYECKOE
BHpaxieHNe 0iA 0 (@), KOTOpOe He OCHOBHBASTCA HA HPHOIMKEHMAX HONYKIaCCH-
geckoii mopmeam. Tawoir pacder sgBAsgeTCA CTAHAAPTHOHE 3aj4adell Ha DPUMEHEHHS
flepBOro HOpALKA TeOPHH BO3MYMESHUH, 3aBUCAMAX OT BpeMeHH. VI3-3a ero rpomosy-
KOCTH MEl OpuBefleM 34eCh JHUIMb KOHedHHNA pe3yabrarT 3):

) o2 dk 1 7 »2
ouy (0) = — = S. - [ (€5 (K) h—z[wﬁuv—'
B {nk |V |n’k){(n'k |V, ]| nk) {nk|Vy|n'k)(n'k | Vy|nrk)
w3 (et et w0t @ )] (133D
nF="n

B obmewm ciyuae 3TO BEIpaKeHHMe CHJIBHO OTJIMYaeTCsA OT Bhpaskends (13.36).
Ecau, omHako, sHepraa fi® Majla IO CPABHEHHI C ITMPHHOA 3aNpemEHHOR 30HH
JIA BCeX B3aHATHX ypOBHEH, TO B 3HaMeHaTesnsax BHpaenns (13.37) moxuo mpe-
He6peus JacTOTaMu, W BEJIWYAHA B KBAJAPATHHIX CKOGKAX IEPEXOQWT B BHpPAKEHHS
ang  0%€,(k)ok,0k,, monyzemnoe B mpumiaoskenum I [cm. ([[.11)]. Torma dopmy-

1) Jlas MeTalno0B MOMKHO CUMTATh BeNWYUHY T, ($) BHYTPH Kakgol 30HH DaBHOH T, (4p);
omalKa opu atoM upemelpermnmMo Mmaja.

2) B mpuOauKkeHnn He3aBHCHMEIX DJIEKTPOHOB.

3) 3gech MCHONB3YIOTCA Te Ke 0003HAYSHUA MATPHIHAIX DIACMEHTOB ONEpATOPA TDAWeHTa,
9T0 ¥ B npmaoskeHmu I,
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na (13.37) cBomuTes K moNyKiaaccmdeckomy pesyabrary (13.36); oTo momTBepsxmaeT
BHICKaB3aHHOE B TJ. 12 yTBep:k/leHEe 0 TOM, 9TO IOJYK/IaCCHYECKAH aHaJu3 copaBef-
amB npu yeaoBud ko K Egap oM. (12.10)] %),

TEIJIONIPOBOJHOCTD

B ra. 1 1 2 MH oDuUCHBaJM IJOTHOCTH IOTOKA TelJla aHAJOTWYHO ILIOTHOCTHR
SJIEKTPUIECKOr0 TOKA, YYUTHBAsA JHUINb, YTO B HTOM CJIyYae NEPEHOCUTCH TEIJIOBaR
9HEPIHus, a He pieKTprmueckmii sapsan. Temepb MEL MoieM JaTh Gojiee TOYHOE oIpe-
HeJqeHme IIOTOKA TeIJa.

PaccmoTpum Manyio sajlaEEyI0 06JacTh TBEPAOrO Teja, B KOTOPOi TeMmmeparypa
paxTnuecky HocrofgHEa. CKOPOCTH, ¢ KOTOPOil B ZaHHOM 06nacTn MSMEHACTCA KOJH-
9ecTBO TeNjia, PABHA CKOPOCTH M3MEHEHNWS DHTPONNHU 9JEKTPOHOB B Hell, YMHOMKEH-
Hojt Ha TemuepaTypy (dQ = 7dS). Ilosromy 2) miloTHOCTH IOTOKa Temna j¢ paBHa
IPOM3BEJIEHNI0 TeMIEPaTypH Ha TIOTHOCTh NOTOKA SHTpoUm: j§°:

j = Tj°. (13.38)

IlockoarKy o6BeM ofiacTm DOCTOAHeH, MSMEHeHHME BaKIIOYeHHON B HeH SHTpODEU
CBA3aHO ¢ U3MEHEHMEeM BHYTDEEHEH DHEPIIH M WHCJA BJIEKTPOHOB TEPMOAMHAME-
YECKHM TOKJEeCTBOM

TdS = dU — pdN. (13.39)
Jna oaoTHOCTEH HOTOKOB OHO HaeT
Tj® = j& — pj", (13.40)

rie IJOTHOCTH IOTOKA DHEPIUHM I YHCJA SJEKTPOHOB ONPENENSIOTCHA BHpaKeHHA-
mu 8)

mn

=2 {0k wenn. (13.41)

n

1) Tloka BeauumHA hi( OCTAETCA AOCTATOYHO MaJjoii, 4To6u 3EamenaTenu B (13.37) He o6pama-
qnuch B HYJIb, 6oJiee o6muit pesyapTaT faeT Juib KOJTMIeCTBOHHE NONPABKA K NOXYRKIACCHTECKOMY
npulimKeHnI0, KOTOPHe MOKHO, HaNpUMep, IIPeJCTABATH B BHAe DAAA IO cremenaM ho/€g,,

OpEaKo, KOIYIa HePrmA ho CTONb BejuKa, 9TO 3HAMEHATeJHm 00pamaloTcs B HYJIb (T. 6. KOTfa
sHEeprum $OTOHA JOCTATOYHO, YTOOH BHB3BATH MEKB0HHKI Iepexon), HONYKIACCHIeCKuil pesyib-
TAT CTAROBUTCS HECIIPABE[JIMBLHM 1 Ka4eCTBeHHO. JleCTBUTeNBEO, IPY IOAPOOHOM BEIBOJIe BRIpaske-
wus (13.37) npexgnonaraercs, 910 Korna ofpamenwne 3HaMeHATeNs B HYJH NPABOFUT K 0COOEHHOCTH,
DTO BHIpAjKeHME CIeyeT HOHMMATh B CMHEICJI® IIPejiesla IIPH CTPeMJeHAN B KOMILIEKCHOM IJIOCKO-
cta cBepxy K pmeficTBurensEOiMl ocu. (Korpa spamemaresm He o6pamlalTcA B HYJb, Pe3yAbTaT
HO 3aBUCHT OT 6ECKOHEYHO MaJioll MEMMOH YacTH, KOTOPYIO MOKEeT HMETh (.) OTO HPHBOJNT K IIOAB-
JeHHI0 JeHCTBUTEIHHON 9aCTH Y TPOBOJUMOCTH U 00yCIOBAMBAET MeXaHA3M IOTJIOMEHUA B OTCYT-
CTBHE CTOJKHOBEHWIl, KOTOPHH He MOKeT OHTH DONyYeH B MOJYKIacCHIECKOH Mopenu. Y HOMAHY-
TasA AOIMOJHATEJSbHASA AeiCTBUTEJILHAS JaCTh BaXKHA JAJNA MOBMMAHAA CBOMCTB METAJIJIOB HA ONTHYIE-
cKmx wacToTax (cM. rJi. 15), KOrjia Me;K30HHHEE NePeXOJsl ATPAIOT ONpejeAmyo POib.

2) IIpepmosaraeTcs, 9TO 9HTPONUA B 3T0H 06IacTM MBMEHAETCA JWINH 33 CYET TOTO, UTO ee
BHOCAT WJIH YHOCAT 3JIEKTPOHK. JBTPOINS MOKET TAKKe TPOUSBOIUTLCA BEYTPH 00IacTH B Pe3yis-
TaTe CTOAKHOBEHW. OMHAKO MOKHO IOKAa3aTh, YT0 NMPOW3BOMNCTBO SHTPONWYK NPH BAJNMINN BHeM-
HET0 9JeKTPHIECKOTO TOJA W IPAJINEHTa TEMIEDPATYpPH ecTh 3PerT BTOPOro mopsjKa (THOHIHHR
upnmeap — IDHOYJeB Harpes uiam «otepm I2R») m uM MOKHO npemefpeds B JHHEHHON TeOpHu.

) 3ametnm, 910 IO OPME OHU COBHANANOT ¢ BHPAJKEHHEM JJISi MIOTHOCTH DNEKTPHUIECKOro
TOKA, HO TeNleph KAk 3JIEKTPOH «HECETY He CBOH 3apAL (—e), a smepruio G, (K) uiu cBOe «IHCI0Y
(1. e. eguEMLY). 3aMeTEM TaKiKe, YTO IIOTOK YHACJA 9JNEKTPOHOB PABEH SJIEKTPHIECKOMY TORY, fIejie-
HOMY Ha Bapax: j = —ejn, (He cuepyer myrarts 3gech BepXHHH WHJEKC n, YKa3HBAaOMU#, 49TO
j" eCTh HJIOTHOCTH HOTOKA YHCJA DIEKTPOHOB, C HOMEPOM 30HH 1.)
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Iloncrasnan (13.41) B (13.40), naxonmm nnorTHOCTH HOTOKA Temia 1)

. dk

=3 | s En ) —p1 v, () 5 (K). (13.42)
Bxopamas B dopmyny (13.42) ¢yExmms pachpefieieHEMs g RaeTCs BRpasKeHHEM
(13.21), Bramcagemuy ana H = O npn sainupm HOCTOAEEOIO JIeKTPUIECKOTO IO
¥ TpajimeHTa TeMIEpPATYpH 2)

g () =g ®)+7 (M) (—2) v [ —ee + 281 (vr) |, (13.43)

rage
E=E4 Y& (13.44)

e

Wcxonsa ms sToit GyHKIUE pacmpefiesieHHsA, MOKEO HOCTPOMTEH INOTHOCTH dJIEKTPH-
geckoro Toxka (13.23) m miorsOCTH moToka Temma (13.42):

j=L"E - L12(—VT),
[ LME 4 LB (—VT) (13.45)

rne martpmms LY BHpamaltorcs 3) gwepes BeamuuHE {i%):

k
g =e2{ 25 (=2 ) T € W)V (&) v (&) (€ (k) —p)* (13.46)
IOCpefCTBOM COOTHONMEHMK
Lii — 8(0),
L2t =TL12= _%g(h, (13.47)
L22= e:T Q2

Ilonyuennsie BHpameHAa NpHoOpeTaioT Gojee mMpOCTO# BEA, €CIM ODPENEJHTD
BeIuduEYy %)

o (€)=ex (€) | -25 8 (E—8 () v (K) v (k). (13.48)

Tornma
QU@ = 5 de ( —%) (& —p)*o (). (13.49)

HNna pyramciaenns BeawwanHH (13.49) B MeTanaax MOMKHO BOCHOJB3OBATHCS TEM,
4ro npomssopuasa (—O0f/0€) mpemeGpesrmmo Mana BCIOLY, KPOMe MaJofl OKPECTHO-

1) O6HYHO TEMIOTPOBOFHOCTh H3MEPSIOT B OTCYTCTBHE 3JEKTPUYECKOTO TOKA, IO3TOMY YacTO
MOKHO CIMTATH MOTOK TeIJIa PAaBHKM IOTOKY SHepIruu (Kak MH ¥ nocrynanu B 1. 1). Onsaxo ecan
B IPOBONHMKE OJHOBPEMEHHO CYIECTBYIOT IOTOK TeIIa M HOTOK 3JIEKTPHYECKOTO 3apsApa (Kak
B paccmaTpuBaemoM Hmske sddexrre Ilenptre), T0 HEO6XOAMMO TONL30BaThCH Qopmynoin (13.42)

%) O6BsACHeHEHE TOTO, HoUYeMy B OOmEM ciydae rpajHeHT TeMOepaTypH BHBHBAET SJeKTpuYe-
CKoe moJye, MOKHO Haltm Ha cTp. 38—39.

3) YrolH MO BO3MOKHOCTA YOPOCTUTH 0603HAYEHNSA, HMOCIEAYIOIMNE Pe3yAbTATH NPUBE/ICHH
IJA eAy9Yass, KOTJa Bce HOCUTEJIH JIeKAT B ONHOH 30He M HOMED BTOHl 30HH He yKaswBaercsa. B cay-
Yyae MHOTEX B0H KajKylo u3 MaTpmn L ciefyeT 8aMeHUTH Ha CYMME TAKUX MATPHUI, IO BCEM YaCTHI-
-HO 3aIl0JIHeHHHM 30HaM. 910 06o0menne He CKa3HBAGTCA HA CIPABENIABOCTE 3aKOHEa Bujemapa —
@dpania, HO MOKET CHeNaTh GoJee CIOKHOM CTPYKTYDY BHIPAMKOHHAA JAS TePMO-5. [. C.

4) B wmeramnax (—of/08) = 6 (4 — €r) ¢ ToumocTBIO ;o wiaeHoB mopspmka (kpT/ép)?,
TO3TOMY HCIOJNbL30BAHHOe OGOSHAYEHHM® MOJNKHO HANOMAHATH, 9YTO CTATHYECKAsd IPOBOZUMOCTH

metamina (13.25) ects 6 (€p).
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crr mupusoit O (k z7T) B6au3n roaxku u ~ & p. IlockoabKy mONEHTErpaibHEE BHpa-
;keads B 80 @ @Y comepiRaT MHOMKHATENH, KOTOPHE 00pam{alOTCA B HYIb IPH
€ = u, 1aA UX BHYACIEHAS CIENyeT yIUTHBATHL MePBYI0 TeMIOeparypHYI0 HompaB-
Ky B pasiaosmenan 3ommepdensna !). [Ipomgenas aTo, ¢ TOYHOCTHIO J0 TLIEHOB IIOPAN-
ka (kzT/€ g)® momysaem

=g (Ep) =0, (13.50)
La=TLi2= — % (k,T)2 o, (13.51)
Lzz.:_’%_z_ ksz o, (13.52)
rue
o' === 0 (€) | g5, (13.53)

Gopmyanr (13.45) m (13.50) — (13.53) cayxaT OCHOBHHIME pe3yabTaTaMd TEO-
pHHO 2JAEKTPOHHHX TepMOdAeKTpuIecKux dPderros. QU ocTAOTCA B CHIE U B TOM
clIydae, KOTJla HMEeTCd HOCKOJbKO YAaCTAYHO 3Aail0JHEHHHX 30H — HEO0GXO0ZUMO
JIAmMb CIATATH Oy () cymmoit Bupakenmit (13.48), BaATOR o gcem IACTAIHO 3AMOJI-
HEHHBIM 30HAM

UroGnl OONYIUTh OTCIONA BHIPAKEHAE JJIA TemIOmMPOBOLHOCTH, 3aMETHM, dTO
OHO CBS3HBAaer Me;KAy c0G0# IOTOK Temia W TPajdelT TeMIepaTypH B YCJIOBHAX,
KOTa OTCYTCTBYeT 3/IeKTPAIeCKIHE ToK (Kak obcy:maanocs B ri. 1). IlepBoe u3 coor-
pomeHnu#t (13.45) mowkasmiBaer, 9T0O HpHW DPABEHCTBE HYJI0 JJIEKTPHIECKOr0 TOKA
CIPABeMJIEBO COOTHONICHUO

&= — (LW tL®2 (VD). (13.54)
Honcrasana (13.54) Bo BTopoe m3 coormomeHmit (13.45), Haxommm
7=K(—VT), (43.55)
rJe TEeH30p TeIompoBOoRHOCTH K ompefgeiseTcs BHpAKeHHEM
K=L22— |2t (L)1 L12 (13.56)

3 supasrennit (13.50) — (13.52) ¢ yaerom Toro, 4ro ¢’ oGHYHO HMeeT HOPA-
IOK O/€ p, CIeNyer, 9TO B MeTadadax OepBoe ciaraemoe B (13.56) mposrmaer BTO-
poe upumepHo B (& p/kT)? pas. Iloatomy

K =L22+0 (kpT/Ex)> (13.57)

VIMeHHO 3TOT pe3yabrTaT ME MOXYyIAId OH, 6CAd GH HpPeHe{periad ¢ CaMoro Hadasia
TepMoadeKTpUIeckuM moiem [r. e. caaraemsM L1&! B (13.45)]. IlongepkrHeM, 9TO
OH CHpPaBeqIHB TOJBKO JJAA BHPOMIGHHON PepMmeBCKOH craTHCTEHKE. B moxympo-
BofHUKAX BeIpaykenme (13.57) mmoxo ammpoxcmmmpyeT TodHEIE pesyabraT (13.56).
Beramensaa sBeamunuy (13.57) ¢ mcmonbsoBarmeM ¢opmyan (13.52), momyuaem
K=% (£2)’10. (13.58)
e

AT0 — He UTO MHOE, KaK 3aKoH Bumemana — Dpauma [cm. (2.93)] ¢ ropasmo Goxee
mupoKo#t obmacteio npumeEAMocTA. J[I4 DPOA3BONBHON 30HHOM CTPYKTYDH Kaik-
Mad KOMIOHEHTA TEH30pa TEIIONPOBONHOCTA IIPOMOPIUOHAIBHA COOTBETCTBYIOIEH

1) Cu. mpunoxenwe B mam dpopmyay (2.70) ma crp. 59.
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KOMIOHGHTE TEH30pa 3JIeKTPOHPOBOLHOCTH, IpHYeM K03(PPHIMEHT OPONmOPUUOHATb-
HocTm YyHHBepcaseH u paBen n’kyT/3e%. CnemoBaTenbHO, 3TOT 3aMedaTeNbHHIR
aMOupHU4ecKNA 3aKoH, YyCTaHOBJGHHHI 6ojee cra JeT Ha3ad, MO9TH B HEM3MEHHOM
BuJe MOJydaeTcd BO Bce Gojiee TOHKUX TEOPETHYECKHX MOTEJAX.

Onmako pamyachk TOMY, 9TO HOJYRJIACCHIGCKASA MOMENb COXPAHAET 9TOT KpacH-
BB PE3YABTAT, MBI HE JOJKHLI 320K BATE, YT0 HAGTIONANTCA H OTKIOHEHHA OT 3aKO-
Ba Bunemana — Opanna !). B ra. 16 Mu ysuanM, 9To OHE CBA3aHH C HeCHpaBeAJIH-

BOCTBIO leHﬁJIHH{BH]Z(H BpeMeHr peJlaKcanuu, a He ¢ HeOPHMCHIMOCTHIO NOJYyKJIaC~-
CAYECKOTO METOAA,.

TEPMO-3.]1.C.

Ecam B MeTajie DO[eP:KEBAaTh I'DAfiMeHT TeMIepaTypPH @ He HO3BOIATH TE€Ub
9JICKTPUIECKOMY TOKY, TO MexAy objactamu o6pasiia ¢ BHICOKOM W HU3KOH Temmepa-~
Typoii JOMKHA YyCTAaHOBHTBCA CTAIMOHADHAA 3JeKTPOCTATHYECKAA PAsHOCTH IOTEH-
gmEajoB 2). Ilpm ee m3MepeHUN BO3HHKAaeT PAN CJIOMKHOCTEH.

1. J{n1a npoBemeHHs m3MepeHHUH C TOYHOCTBIO, JOCTATOYHOM [ O0HADYKeHAA
TePMOIIEKTPHIECKOH PAa3HOCTH IOTEHINAJOB, BOJBTMETD JOJIKEH COCIMHATH TOTKK

Bosrsrmmernp

®ur. 13.1. Cxema nm3mMepeENs PasHOCTH TepMO-3. A. C. B ABYX PasHHX MeTallaX, B KajKIoM H3
KOTOPHEIX TeMIleparypa maMedsercsa ot Iy mo 7.

o6pasna ¢ paBHO# TeMImepatypoii. B npoTuBHOM cay3ae, IOCKOJBKY NAYINHEE K BOJAbT=
MeTpy OpPOBOJA HAXOOATCA B TEINIOBOM PAaBHOBeCHH ¢ o6pasqoM B TOYKAX IONKIIO-
YeHmsd, B Nend BOABTMETPA TAKKe OYAYT BOSHUKATH TPAJMEHTH TEMOEPATYpPH, KOTO-
PHe IPZEBEAYT K HOABICHAIO XONOJIHUTENbHOR TePMO3NEKTPUIECKONA PaSHOCTA NOTEH-
nuanoB. Kak maBecTHO, MERIY ABYMA TOUYKAME OJHOTO MeTajlja ¢ ONHHAKOBOI TeM-
nepaTypoii He BO3HEKAeT HUKAKOA TePMOIJIEKTPHIECKOH Da3HOCTH HOTEHLIUAJIOB,
DO0PTOMY HeoGXO0qUMO HCHOOJb30BaTh KOHTYD, COCTABIEHHHE M3 ABYX METAJJIOB
($ur. 13.1), KoToprie coenmueHH TAKUM 06pa3oM, 9TO OJUH CIAfl HAXONATCA IPH TEeM-
meparype T, a ApyToit (3aMKHYTHI depe3 BOXBTMETD) — Opm Temmeparype T, ==
= Ty. Takoe mamepeHme faeT pasHOCTH TEPMO-3.11.C., BOSHUKAIOMNX B NBYX METAJI-
aax.

2. Yro6H mamepHTH abCOMIOTHOE 3HATEHHE TEPMO-3. M. C. B METAJIe, MOKHO
BOCIONB30BATHCA TeM 0GCTOATENHCTBOM, YT0 B CBePXHOPOBONHAKe HE BOZHEKAeT Tep-
MODJIEKTpUIecKoi pasHocTHn moTeEnmaioB %), IloaToMy eciam OAMH HM3 METAaJIOB
B OMMETAJIMYECKOM KOHTYpe IpefcTaBiseT coGofl CBepXNPOBONHHK, TO M3MepeHme
NaeT HEMOCPeNCTBEeHHO 3HAYEHWE TePMO-9. H. C. HAa APYTroM m3 HEX &),

1 Cm. ra. 3.

%) 9¢perr 3eeGera. I'pyGoe, HO aeMeHTApHOE OOCY/IeHEO JeKameil B eT0 OCHOBe usmye-
CcKoit KapTWHH faHo Ha cTp. 39—40.

%) Cm. rm. 34.

4) 9T0 mO3BONAET H3MEPATh AGCOJNOTHEE BHAYCHUA T€PMO-3. M. C. B METAJIE BIJOTEL O TOM-
mepatyps 20 K (mambosee BHICOKOH TeMIEPATYDPH, IPM KOTOPOHl B HACTOAINE® BPEMS YAABTCH
Ha6I0IaTh CBePXIPOBONUMOCTS). BeawdmHy Tepmo-a. ;. C. IpH 0ojee BHCOKHX TeMIepaTypax
MOKHO OUpefelauTsh IyTeM mamepenus sdpdexra Tomcona (3agava 5).
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3. Touknm KoHTyYpa, COeIHHAEMEIE BOJBTMETPOM, HMEIOT PA3HEIE 3JAEKTPOCTATH-
4ecK@e, a TaKiKe pasHEe XnMuuecKue mortennumanu ). Ecam, xax B 6onbmmucTBe
IONOGHEIX YCTPOMCTB, BOABTMETp (aKkTMueckwm yKasmnBaerT Beamumny IR, roe [ —
MAaJHGA TOK, [POTEeKAIOMUHA deped Goipmoe conpoTmBiIeHHe R, TO Ba)RHO WMETh
B BHIY, 9TO TOK BHIBHIBAETCA He 3JeKTpudeckuMm mojem E, a Beanuunoin & = E 4
-+ (1/e) Vu. 3To TPOMCXOMUT IIOTOMY, YTO I'PAAMEHT XMMUIECKOTO HOTEHINANA IPH-
BOOWUT K HOABJIEHRIO Nu(PPY3HOHHOIO TOKA, KOTOPHM HAKJIANLIBAETCH HA TOK, MeXa=
HAYECKN BHBHBAEMEIN DIEKTPUIECKNM moueM 2). B pesyasTaTe ¢ MOMOMBIO BOJBT-
MeTpa m3MepseTcd BeJuduHa —Sa-d.ﬂ, a He —\E-dﬁ.

o

Nuddepernuanbuas TepMo-3. [. C. MeTadnaa  ompemensieTci Kak Kospdn-
OUEHT HPOMOPIMOHAJBHOCTH MEKAY PasHOCTBHI0 TeMHeparyp M BRAAJOM MeTajjaa

B IOKa3aHWe BOJBTMETpA:

_S &.d¢ = QAT, (13.59)

nin
& = QVI. (13.60)

Tak Kak NP U3MEPEHHH TepMo-3. A. C. NIPOTEKAIT HpeHeCPEMHAMO Majhie TOKH,
dopmyant (13.45) nmamor ®)

iz .
min ¢ ygerom (13.50) m (13.51)
at khT o .
== "—‘_3‘ - ‘-0_— . (13.62)

Ara popMysna MMeeT 3HAYUTENBLHO G0odee CHOMHBIN BUJ, 96M IIOJYyIeHHOE B IIPH-
GImEeHNN CBOGOIHEIX 3JIEKTPOHOB BEIpajKenue (2.94), KoTopoe He 3aBucHT %) OT Bpe-
MeHH peJaKCaluu T. BeauduuHy ¢’ MOKHO mpefcTaBHTh B Golee yaoGHok dopwme,

oponuddepennuposas Beipaskenue (13.48):

S o) =T o @) +en ()| Lo E-ER) V(W) v (k). (13.63)

Hocxonmcy

V()& (6 —E (k) = — - =5 (E—E (K)), (13.64)

1) XoTa BACKTPOHK HEPEeXORAT M3 ONHOTO METalia B APYIOi, 9T0GH YPaBHATH XMMHUCCKHE
MOTeHIHAJL B TOYKE KOHTAKTA (CM. T, 18), MEIKAY TOYKAMH, COEIMHCHEHIMA BOJIbLTMETPOM, COXpa-
HAGTCA PA3HOCTH XUMUYECKNMX IOTeHIANOB. ITO CBA3AHO C TeM, 9TO0 XMMHUYECKHIl HOTeHIMan

PABIMYHKIX MOTAIIOB O-PA3HOMY 3ABUCUT OT TEMIIEPATYPHI.
2) Kax caemyeT us Bupaskennii (13.45), nuMeHHO 9Ta KOMOMHANMA MOJSA U TPAJHEHTA XUMAYe-

CKOT0 TOTEHNUAJA BH3HBAaeT >INeKTpudecKmil TOK. UTOo6H KpaTko 0XapaKTePH3OBATH Ho,uo6noe
SAIBIEHHEe, WHOTAA TOBOPAT, 9TO BOJLTMETD M3MeDAeT He SJEeKTPHHUecCKHUil, a ¢BIeKTPOXUMHICCKHII»

MOTEeHI(AA .
3) A MPOCTOTH MEl OTPAHMYHBAEMCH DPACCMOTpeHHeM KYOMUEeCKHX MeTAalIoB, HXS KOTO-

puix Temsopnt Li§ mmaromaibHEL
4) Ecau c4wTaTh BPeMs pPellaKcaluy T He 3aBUCAIIHM OT 3HepPTHH, T0 B Ipejede c¢BoOOIHKX

ameKTpoHOB o'/0 = (3/2%F) m ¢dopmyna (13.62) maer Q = (n?/2e) (kB T/6p). ITa Beandmnua
B 3 pasa Goxnme npubamxeEHOTo pesyasTaTa (2.94). PacxokpeErne CBA3aHO C TeM, 9T0 B I'a1. 1 ;1 2
MBI O9eHbL TPY00 IPOBOIMIN TePMOUHAMIUIECKOE YCpeJHeHNe dHepruil u ckopocrteir. OHO MOKa3k-
BAOT, YTO IPM AHAJOIMYHOM BHIBOJE BEIDA)KOHUA NI TeIIONPOBOJHOCTH ML MOJXY9IRIN IPABHAB-
HHIl YACIGHEH I MHOMUTEIb JINIED 110 YAAYHOH CIAYYAHHOCTH.
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HHTEFPUPOBAEA® HQ dacTaM Jaer ')
2
% { dks (£ — € () M- (k). (13.65)
Ecau BpeMsa peaakcanum cna0o 3aBHCHT OT 9HePTUH, TO 3HAK TEPMO-3. 1. C.
ompenensiercss 3HAKOM s(eKTHBHOE Maccw, ycpeHeHHOK mo nosepxnoctn Depmu,
T. e. TeM, SBIAIOTCA JM HOCHTEJM BJEKTPOHaMu Wiau JeipKamu. Takoii pesymbrat
corsacyercss ¢ o0meii Teopuet IHPOK, onmcaHHoit B rn. 12, W, KpoMme TOTO, MO3BO-
aser o0BACHATDH €LIE OJHO IPOTHBOpEYHE Teopuu CBOOOJHHX SJAEKTPOHOB Z).
Onmako TepMmo-s. . C. He OYEHb WHTEpeCHA C TOYKHM 3DEHHA UCCIeNOBaHUS
dynraMeHTANBHNX JMEKTPOHHLX cBojicTB Merasna. lloka He MaHo mosiHOroO {06BsC-
HEHWA 32BUCHMOCTH T OT 9HEDPTHH, CIPaBeAIuBOCTS popmyan (13.65) saBuenr ot npm-
MeHEMOCTH UPmOAMKEOHUA BPEeMeHM pexakcalluy H, caMoe TJaBHOe, KoueGammsa
PeIIeTKH MOIYT HACTOIBKO CHILHO BINATh HA TEPEHOC TEINIOBOE OHEDPrHH, 1TO
NOCTPOUTH TOYHYIO TEOPHIO TEPMO-d. I. C. OKABHBAETCA O0Y€Hb TPYAHO.

.‘l
'-—
=-— G -}

o

JOPYTUE TEPMO3JEKRTPUUYECKUE J®®EKTDI

CywecTByeTr paAf OPYTEX TepmoanaeRTpuieckux sgderroB. B samaue 5 ommcam
s¢dexr Tomcona, a BuKe MH paccMmorpum sddext Ilearrse 3). Ecam B Gumerannn-

®@ur. 13.2. 3pdperr Ileabrne.
Yepes OuMeTalIniecKAl KOHTYD PN HOCTOAHHON TemMneparype To OPOXORAT TOK j. UTOGH NOXMEPKUBATE HOCTOAN~

CTBO TEMNEePATYPH, HEOGXONMMO MONBORUTE TeILIO (B BAAE TEIICBOro moToka j9) K OMHOMY CIalo 1 OTBOIHETL €ro o7
LpYroro,

4YeCKOM KOHTYpE, HOIJEp;XMBaeMOM IpX HOCTOAHHOH TeMIepaType, CO3KAETCA DIEK-
TPHYECKUil TOK, TO Ha OJHOM €ro cuae GyfeT IPOUCXOIUTH BHACICHRE, 4 HA JPYTOM—
moriomerue Temna (fur. 13.2). 310 o0BACHSETCA TEM, UTO B MeTaliie M30TE€pPMHEUe-
CKUIl SJIEKTPHIOCKAI TOK CONPOBOKNAETCA IOTOKOM TeIia

i = IIj; (13.66),

anech Il mpepcraBasier coboii kKosdduriment Ilenvrhe. IlocKONBKY B 3aMKHYTOM KOH-
Type BJIeKTPHISCKUN TOK IOCTOAHEH, a 3HAa4YeHHe Koapdmumenta IlenbThe pasamano
AN PA3HBIX METAJJIOB, HOTOKM TeNaa B IBYX METalllaX He PaBHbI, O3TOMY A TOTO
9TO0H NOJ/IePKUBATEL HOCTOAHAYIO TeMIepaTypy, Ha ONHOM cIae ClIefyeT oT6upath
TEINTO0, & Ha APYTOM HOABOIUTEL €rO.

1) Xora u co6iasENTETEEO NONBITATECA MHTEPIPETUPOBATE BeAWIHHY 6  ($p) KAk Bapua-
nue GuaNYeCKU H3MEPAEMOl CTaTUIeCKO TPOBONMOCTY IPU NM3MEHEHUH KaKMX-Tu00 KORTpOJIM=
PYeMHX Ha OIEITe APaMeTPOB, MEI HE MOFKEM BTOTO crenaTh. Bemanmunna ¢’ (%y) (B pamMkax mpu-
Ommkenna BpeMeHH peJlaKcamiill) ccTh ITPOCTO TCeE30D, jlasaemuil peipaskenmem (13.65), m me
UMeeT HRKAKOTO JPYTOTO CMHICJIA.

2) Cm. ra. 3.

%) Ecan moMHUMO TpajiieHTa TeMIIePATyphl MMeeTcs MATHHUTHOE II0Jie, TO UMCJIO BO3MOKHHYX
cXeM M3MEPeHHUA yBenMunmBaeTCHA. Pasmuwdmbie TepmomarHuTHble adextst (Heprcra, dTTHHTCTay-
sena, Puru-Jlegioka) KpaTko onucank B xuure Hannema [2].
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[lTonoxmp rpagmeHT TeMmepaTyph paBHHM HYJIO, ME HaxogmM m3 (13.45), gro
kos(puniuenr Ilenbrbe mmeer BuA
L21
B cuny roxpmecrsa (13.51) koadduuuent Ilennrbe cBadan ¢ AuddepeHmmasbHOR
TepMo-3. A. ¢. (13.61) mpocreiM cooTHOmeHmeM

I = 709, (13.68)

KOTOpOe BIEpBLIe On110 O0JY4Y€HO HeansmaoMm

INOJIYRJACCMYECKAA TIPOBOINMOCTDH
B IIOCTOAHHOM MATI'HUTHOM IIOJIE

CraTHYeCKYI0 5AEKTPOIPOBOJHOCTh HPW HOCTOAHHON TeMOmepaType B IDOCTOMH-
nomM marauteoMm moje H mox=o sanmcars B Bmume, amajzorminoM ¢gopmyne (13.25)
miasa crygas H = 0. B marantom noxe v (k (¢')) saBmcnt or ¢, mosToMy MHTErpa,
Bxofamuii B Brpaskenme (13.21) maa HepaBHOBecHOH (YHKIWE pacmpejeseHus,
B ofmeM caydae y:re He yoaercA BHYMCIATL B aBHOM Buae. Temeps dopmyay (13.25)

oJIA HYJEeBOro InoJjasA ciaeJlyeT 3aMeHUTHb Bmpa;\ReHneM
dk 4 - af
o™ =e?| oo 1, (€, () Vo (K) Vi (K} (— 7

- )%#n o (13 69)

rae v, (k) — ycpenienroe ¢ Ompe/eJleHHEM BeCOM 3HAUEHHE CKOPOCTH DJIEKTpOl,
B3ATOE 0 ye HPOHNeHHOH MM HacTH OPOGHTHI, HA KOTOPOM JaemmT Touka k 1):
0
= dt tit, (k
V)= § < €O (e () (13.70)
n

.00

B npenene craboro oasA 3JIeKTPOH IBHMKETCS N0 OpOrTe 0YeHBb MeJJIeHHO U UPH
yCpeqHEeHAN CyMecTBeHHH BKuan B (13.70) paoT ammb T09YKH, JeKamupe Hemocpes-
creerno BOamsm k. B ofmem caydae @ B TOM YHCHe B Ipefiesie CHIBHOTO MOJIs Tpe-
G6yerca ropasmo Oonee ciokaMi amamms. On HeoOXORMM fajke A H3BJIEUCHUS TOH
mudopManyd, Koropaa OGhia moiyyeHa Hamum B . 12 myrem HemocpefCTBeHHOTrO
HCCAENOBAHUA IOAYKJIACCHYECKHX ypaBHeHHWH ABW:KeHHA. ME He mpmBoauM BHech
9TH TOCAENYOIHe PACIETH, OTHAKO HEKOTODHe NPHMeDH NpNMeHeHHs (GOpMYIH
(13.70) mammr B samaue 6.

S3AJTAYN

1. Ha ctp. 251 Mul gokasaam, 4To B MeTajllle ¢ KyOMdecKod cmMMeTpmeil TeH30p NIPOBOIMMOCTH
PaBeH IOCTOAHHOM BejW4MHe, YMHOKEHHOR Ha eJHBEMYHYK MAaTpuily, T. e. TOK j Bcerja mapal-
aermen nomo}E. IIpoBefute amaIOTHYHO® DacCym[eRme A T. 1. y. MeTaj/lla W IOKaMKdTe, 9TO
IS HeTO TEH30D IIPOBOLUMOCTH JHATOHAJNEH B NIPAMOYTOALHOH CHCTeMe KOODLHHAT € OCHIO 2,
HaUpaBJIeHHOH WO c-0CH, NPUYEM Gxy = Op,; HOITOMY IIEKTPHYECKOE IOJE, NEPIEHAUKYISPHOS
MAE OapajiielbHOe c-OCH, BH3NBAET TOK, HAIUpaBIeHHEHR NapajlielbHO IOJIO,

2. Ucxona us fopmyan (13.25), mokaxute, uro npn I' = 0 (a cllefoBaTedbHO, € 0YeHb XOPOMEH
rourocTbl0 M npu I & Tp) NPOBOJAMMOCTL B0HH ¢ KyOEUeCKOll cHMMeTpUell ONINCHIBAETCH BH.

1) 3pecs ky, (¢) ecTs pemenne MOJYKIACCHICCKHEX YpaBHORmi mBmxennsa (12.6) npnm Haangmu
HOCTOAHHOTO MATHUTHOTO 10JA, B HyJIeBoil MOMEHT BpeMeHH NpuEEMamee smpavenme k, (0) = k.
[Mu BOCHOJNIB30BAJACH TeM, YTO HYHKOUA pacHpefeseHus He 3RBHCHAT OT BPOMEHH, KOTHA TOJA
TOCTOSTHHH, W 3aIINCANH WHTErpay B ypasmeHmu (13.21) B Takoi ¢opme, KOTOPYIO OH mMEeT A
t =0.]
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pakenuem
2 —_
o= 1;7% T (€r) S, (13.71)

rae S — maomapp nosepxmocTH MepMm B 9TOM B0He, & U — CKOPOCTH BIEKTPOHA, yCpeTHEHHAR
mo mnosepxmocTu Depmn:

B=%Sds |v (k) (13.72)

[B ragecTBe wacTHOrO CiIydYas 8TO BHPayKeHHe JOKABKBAET, YTO IYCTHe HJM B3aTNOJHEHHEE 30HH
He HeCYT TOKAa — B HEX HeT moBepxHocTH (DepMmM. MH MOMKeM TaKKe II0-HOBOMY LOJOMTH K y7-
BEDIK/IEHUIO, YTO HOYTH IyeTHe (MaJo SJeKTPOHOB) M MOYTH 3aTlOJHEHHHE (Majlo MHPOK) 30HHK
061a7ial0T AN3KOH TPOBOAMMOCTEHIO, CBA3AB 9TO ¢ T€M, YTO PACIOJOKEHHHE B HUX 9aCTH NOBEpX-
poctn QepmMm OdYeHb MaJl.]

¥Y6enntecs, 4T0 B Ipejielie CBOGOHKX 2JIEKTPOHOB Bripaenue (13.71) cBopguTca K pesyibTa-

Ty Hpyrne.

3. Iloraxute, wro Brpaskenus (13.45) m (13.50) — (13.53), omHcHIBalOmWe DJAEKTPHYECKUil TOK
B TOTOK TEIIA, OCTAIOTCH CIPABEJJIMBHEIMM B OPHCYTCTBME NOCTOAHHOTO MArHATHOLO NOJNA. €CAR
B BHpaskeEdH (13.48) mna o(€) ydecTh HaJMdHMe MATHMTHOTO noJid, sameHnB nropoe v(k) ma

sesmunny v(k), ompenenermyio dopmynodr (13.70).
4, Peaknua 3JeKTPOHOB IPOBONMMOCTH Ha SJGKTPHYecKoe Iojie
E (r, t)=Re [E (q, ) £}(I*T—9))], (13.73)
saBECsAmee OT KOODAHHAT H BpeMeHH, TpeGyer ocoforo paccmorpenmsa. Ilopo6Hoe noie B o6mem
cilIy4ae HHEAYNMPYET B DPOCTPAHCTBe LEPEMEHHYI IJIOTHOCTH Bapsafa
p(r,t)=—ebn(r,t) .
on (r, f)=Re [6n (q, ©) (T TV, (13.74)

ITockoabKy CTONKEOBEHMA HE MEHAIOT YHCJA HJIEKTPOHOB, NOKaJbHO-PABHOBECHOE pacupefielieHHAe,
¢urypupyromee B npu6IMIKeHENN BpeMeHN pejakcanuu (13.3), 1o/HKHEO 0TBEYaTh PeaIbHO EMeneii-
cA MTHOBeHHOH JOKAJBLHOMH NA0THOCTH 7 (v, 2). CrlefoBaTeabHO, Aaske IPH HOCTOAHHOM TeMIepaType
clefyeT CYATATH, 9TO JOKANBHHA XUMHYeCKMH IMMOTEHIMAJ KMeeT BH[

u(r, t)=F+6P« (r,2),
8u (r, £)=Re [6u (q, @) i@ TN} (13.75)
afech Bennmauma 8y (q, ©) BuGpaBa TarmM obpasoM, 9Tobn (B JmeeiinOM no E nmopsajgke) BHOOJ-
HANOCH ycioBuel)
on,
on (q, )= —eg:ﬂéu (q, ®). (13.76)

a) Iloramure, 970 IO3TOMYy UPH IOCTOAEHOH TemIepaType BMmMecTo BhpaykeEusa (13.22)
MH UMeeM2)

g (r, k, ) =1 (% (k))-+Re [6g (q, k, w) ¢! (T"F=01)],
_ df \ (8u (g, w)/x)—ev (k)-E (q, 0)
82 (q, )= (-ﬁ) A ey T (13.77)

6) Ioctpoms ¢ momompio ¢ymrnum pacupepeinenus (13.77) BHBHBaeMyI TaKEM IOJeM
IJIOTHOCTH TOKA W 3apAJa, HoKasKuTe, 970 BRGOP Su (q, ®) B dopme (13.75) mossouasier ofecneadTts
BHIOJHEHN® yPaBHEHNS HeUIPEeDPHBHOCTU (JNOKAJbHOE COXDAHEHH® 3apsapja):

¢i@o=00@0) (vi+-m-=0). (13.78)

1)3pecw Peg (n) — paBHOBeCHOe 3HAYeHHe INIOTHOCTH 3JEKTPOHOB HpH 3HAYCHHM XuMm-

¥eCKOTO IOTeHIWala, pPaBHOM . — Ilpux. nepes.
2)Cm. npmmedanme 1 Ha cTp. 249.
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8) IloRaskure, 9T0 NPU HEM3MEHHOI NIOTHOCTII 34PSAd TOK ONMCHBAETCH BHPAKEHHEM
s i(q-r—-ot
j(r,f)=Re[a(q,0) E(q, w)e ta )]9

_ dk af vV
G (g, 0)=¢? _ZITLT(—_a_‘é) (1/7)—i[w—q v (k)] ° (13.79)

TlokakuTe, 9T0 HOCTaTOYHOE yCJOBHMe CIpPABeIMBOCTH BHpakeHHE (13.79) cocTomT B TOM, 9TO
afleKTpAYecKoe mode E nomxHO OHTh HepHEHRUKYJISAPHO UAOCKOCTH 3ePKaJbHOW CUMMETpPHH,
B KOTODOH JIe’KHT BOJHOBOH BEKTOD (.

5. PaccmoTpmm MeTass, Mo KOTOPOMY OSHOBDEMEHHO NPOTEKAIOT 3JEKTPHYECKHN TOK M HOTOK
Temia. CKOPOCTh HPOM3BOACTBA TeIlIa B e[MHHIE ofBeMa CBA38HA € JOKAJIBHHMH INIOTHOCTAMHA
SHEPTHA U 49ucJa HJIEKTPOHOB ypaBmeHHeM [cp. (13.39)]

dg _ du dn
=T P (13.80)

Ije W — JOKaJAbHHI XWMMY9eCKH# moreEnuan. Hcnoas3ys ypaBHEHHE HEIPEPHBHOCTH

dn o

—=—v-" (13.81)
dt

8 TaKMKe TO, 9TO HOJHAS CKOPOCTh H3MEHEHUA JOKAJILHOHE HJIOTHOCTA dHEPIMH paBHA CKOPOCTH
IPUBHECOHNA SHEPTHU B JAHHBIEA 00'beM 3JEKTPOHAMH IIJIIOC CKOPOCTH COBEpIIeHHs paboTh 3JeK-
TpI’I‘IeCKHM TOJeM:

d .
.%z_v.,g.pﬁ.], (13.82)
moKa)kuTe, 4970 ypaBHeHme (13.80) MOMHO BammcaTh B BHfE
d .
73.:-—‘7.]‘1—{—‘64, (1383)

rae i1 — motok Temnma [ompepmenseMElfl BHpasKeHHAMU (13 38) m (13.40)], a & = E 4 (1/e) yp.
IIpenmonaraa Ky6UYecKY0 CHMMETPHIO, B CHAY KoTopoil TeHsopu LiJ qmaromanapmEml, HOKaskuTe,
9TO B YCJOBHAX NOCTOSHCTBA ToKa (y - j = 0) 1 mocTosAHCTBA rpagnenTa TeMuepartypH (y37 = 0)
CIIpaBeJJInBO yPaBHEHHE

d . dK
41 ot 25 (vry—1 2L (v1).4, (13.84)

Ige p — conporuBienue, K —— TenJI0LUPOBOAHOCTH, Q — auddepeHHMaIbHEAA TEPMO-3.A.C. TaKHM
o6pasoM, M3MepAsA M3MEHEHWE KOJHYECTBA TeIa, BHeXAoImeroci B ofbeme, npu oJpameHHH
HAaUpaBJeHUA TOKA NIPH 3aJaHHOM rpaguente remmeparypn (sdderr TomcoHa), MOKHO OonpenearTh
IPON3BORAYIO nug@epenunanbnoﬁ TEPMO-3.1.C. 110 TeMIepaType H, CIeJOBATEIbHO, PACCHHTATH
sHavenue () Upm GoJiee BHICOKHX TeMIepaTypax, ecM M3BEeCTHO ee HA3KOTEMIEpPATYPHOEe 3HaYeHue,

CpaBHATe wuCHeHHHEA kKoaddunuent npu V7 . j ¢ NOXyUIeHHHM NUPA NPAGINIKEHHOM pace
CMOTpeHME B 3ajade 3 ria. 1.

6. CpexEas ckopoctb v [cM. (13.70)], Bxoaamas B Bupasenue (13.69) jisa mpoRoOAEMOCTHE B Ho-
CTOAHHOM MATHUTHOM IOJie, OpHAEUMaeT 0olee IPOCTOH BUJ B Ipefejie CHJABHHX moxeii.

a) IlokaskmTe, 49TO ANA 3aMKHYTOH OPOMTH TPOEKONA BEKTOPA V HA IJIOCKOCTh, HepIeH-
aakyaapaylo H, ects

v,=— HT Hx[k——<k)]l-|-0( ), (13.85)
rae (k) — BpemenmOe cpegHee sHaueHne BOJHOBOTO BeKTOpa, B3ATOe mo op6hre:

1 .
<k>=—T—<§3kdt. (13.86)

6) ITorasRmTe, UTO JJIA OTKPHITON OpPOHTH mpefeidbHasA CPeJHASA CKODOCTH V B CHJILHEIX HO-
AAX paBHA CpegHell CKOPOCTH JBMIKeHHA mo opbuTe (W, cleloBaTeJILHO, NMMEeT TO JKe HAampaBle-
HHEE, 49T0 H opbHuTa).
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B) [loraskmre!), 9yTo B mpegmese cuibHEX nojeli npu E . H = 0 cnpasegiuBo BHpakeHHe

. {_ak (_Lf) kew, (13.87)

BT T T

rne w = ¢ (E X H)/ H? — ppeiiduBan cropocts, ompefensieMan BhpamenueM (12.46). Brsenure
u3 (13.87) dopmyanr (12.51) naum (12.52) B 3aBECHMOCTH OT TOTO, ABJIACTCA JIH 30HA (BIEKTPOHHOMD
BIu «AEpouHoiy. [3amenanue. Mockonbky k #e ecmb mepuonudeckas QYHKIHAA B k-IPOCTPAHCTBE,
B dopmyze (13.87) Helbdsa aBTOMATHUECKH AHTEIPHPOBATH N0 4acTAMZ).]

r) Hcmonbays pesyapTaT, monydenmsifi B m. «0», BLBefuTe OpefedbEYI0 gopmyry (12.56)
RS NPOBOJAMOCTE B CJIYYae OTKPHITHX OpPOHT. (¥Vkasanue. 3aMeTbTe, 9TO V HE 3aBACHT OT IPOCKe
nup BekrTopa k, HapailelbHolt HampaBJeHHUI0 OTKPHTOH OPOMTH B k-IpOCTpaHCTBE.)

1) Hcxopma s o6meit dopmu (12.6) noaykiaccudeckuX ypaBHEHNH JBUKEHUA B TPHCYTCTBER
MAaTHHTHOTO HOJIA, IIOKaK@Te, 9T0 TeH30p mpoBopumocti (13.69) mna namHO# 30HH NPH HaJIWYUH
HOCTOA" HOTO MAarEHTHOTO II0dg B3aBUCHUT OoT H M T Kak

¢ = 1F (H7). (13.88)

Hcxopan u3 Bupakenusa (13.88), mokaskure, 9TO, €CAM TOK IEPEHOCHTCS 3JIEKTPOHAMM ORHOH
80HN (MM ecJW BpemMs pelaKCaUM OJWHAKOBO [JA BCeX 30W), TO BeJMYHHA

B (13.89)

JAas m060d AnaroHaJAbHOH KOMIIOHEHTH TEH30pa COIPOTHBJICHAS B HATPABICHUH, IepIeHIH~
KyasapaoM H, 3aBHCHT TOABKO OT mpomsBefieHua HtT (mpaemio Hoxepa).

e) Mcxonsa m3 cBOMCTB moayKiaccH4ecKUX YPaBHEHHA ABWIKEHWA B MATHHTHOM HoJe, J0=
KakuTe, 9ITO

Opy (H)=0y, (—H). (1390)

910 cooTHOmeREe IPEACTaBAAeT co0GOH ommo M3 cooTHOmenmit OHcarepad). (Yxasanue. Ipous-
BejlaTe 3aMeRy nepeMeHEHX k (f) = k’ um pocmonpayiiTech Teopemoil JImyBEAIs, uTOOH 3aMEHHATH
HHTeTpadn no k-mpocrpadcrtey B (13.69) ma mmrerpanm mo k'.)

JIATEPATYPA

1. Chambers R, G.,Proc. Phys. Soc., 81, 877 (1963).
2. Callen H. B., Thermodynamics, Wiley, New York, 1960, Ch. 17.

1) MoxamnTte, uTo BKIaH OT ciraraemoro ¢ (k) B (13.85) oTcyTCcTByeT, IIOCKOIBLKY OHO 3aBH=
CHT Jumb OT € H k,.

2) Toumee, npu 9TOM HYRHO IPOABIATH OCTOPOKHOCTb, — ITpum. ped.

8) Taxue COOTHOIMEHUSA MKy KHHETHIECKIMU KodpduimueRTaM: GHIE BIOEPBHE chopmyians
poBaHK B BecbMa obmem sujge OncarepoM. IlepBoe paBeHCTBO B cooTHOomeHmE (13.51) momer
CAYKATHh OIle ONHHM HpuMepoM cooTHomeruii OHcarepa.
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OIPEJEJEHVE ITOBEPXHOCTHU ®EPMH

3ODOEKT JE F'AA3BA — BAH AJIbOEHA
OCHMJIATOPHBIE FAIbBAHOMATHUTHBIE 9O®EKTE!
YPOBHY JAHJAY [Jifi CBOBOJLHOTO 3JIEKTPOHA
YPOBHH JIAHJAY JJ1 BJIOXOBCKUX 3JEKTPOHOB
OH3NYECKASA MPUPOJA OCHMINATOPHBIX ABJIEHNM
BJINAHKE CINHA 3JEKTPOHA
MATHHTOAKYCTUYECKUN 3ODEKT
BATYXAHUE YJILTPA3BYKA
AHOMAJBHBINI CKUH-3OOEKT
IIMKAOTPOHHEII PE3OHAHC
PA3MEPHBIE 3O®EKTHI

CymecrByeT neiuii paA WSMEePUMHX BeJWYZH, DPEACTABIAIOMEX LEHEHOCTH
rIaBERM 0GpasoM MOTOMY, YTO OHH COIEpIKAT AeTaabHYI0 HEPOPMAIEI0 O TeoMeTpU-
9ecKOl CTpyKType moBepxHocTH (Depmm. Takme BeamUWHH 3aBUCAT JMIME OT YHH~-
BepCAJIBHEIX KOHCTAHT (¢, k, ¢ Wi\ m), OT KOHTPOJUPYEMHX B BKCIEPEMEHTE Iepe-
MeHHHX (TaKEX, KaK TeMIepaTypa, 9acrora, HANPSKEHHOCTb MAaTHHTHOTO IOJf,
OPHEHTAaNUs KPHCTANIA) U OT TeX CBOMCTB 9J€KTPOHHOH 30HHOH CTPYKTYphl, KOTO-
PHe OeJMKOM oupepessiorcsa ¢gopmoi mopepxHoctrn Depmu.

MH yixe CTaIKEBAJIACH C OXHOM TAKOM BEJWIMHOR — HOCTGAHEHOK X043 B CHIb-
HHX IOJAX, KOTOpad (B HECKOMIEHCHPOBAHHHX METAJIaX B OTCYTCTBHE OTKPHTHX
opOHT Ipwm 3ajaHHOM HAOPABICHWM WOIA) IONHOCTHI oOmpefelseTcd o0meMoM
k-mpocTpancTBa, 3aKAIOYEHERM BHYTPE JHPOYHON U 3JI6KTPOHHEOM IOJ0CTel TOBepX-
Boctu Depmu.

Bennunen, palomue momofHylo mupopmanmio o nosepxmoctn @epmu, 3aHE-
MaieT oco0o BajKkHOe MecTo B PusuKe MeTanioB. VIx mamepeHue 09T BCeTAA LOKHG
OPOM3BONUTHCA HAa MOHOKPHCTAJNAX O9YeHb UYWCTHIX BEMECTB IPH OYeHb HHUSKEX
TeMuepaTypax (4To0bl yCTPaHHTh 3aBHCHMOCTH OT BPeMeHH peJaKCallEm); KpoMe
TOro, OHO 9aCTO NPOBOAATCA B 0Y€HD CHIBHHX MATHUTHHIX HOJAAX (YTOGH 5J16KTPOEED
BOCIIPON3BOAMIE TeoMeTPUI0 HoBepxHoCTH (PDepMu IpH CBOEM HOJYKJACCHIECKOM
IBHKEHAW B Kk-IpPOCTDPAHCTBE).

Bamuocrs onpenenenna mosepxnroctn epmm merannoB ogeBmfiHa. C dopmoit
noBepxuOcTH (DepMm TecHO CBA3AHH KHHeTHYecKnme Kod>QQuUIueHTH Meranna (pac-
cMoTpenHbe B ra. 12 u 13), a TakKe ero paBHOBEeCHHE H ONTHYECKUE CBOHCTBA (Kak
6ymer morasano B ra. 15). B BocopomsBeneHmm SKCIEPUMEHTANHHO H3MEPEHHOR
nosepxHOCTH (DepMu COCTOMT KOHEYHASA IeJIb PACIETOB 30HHON CTPYKTYPH, MCXOHS-
MEX W3 HepBHX OPWHNHNOB. Ke MOKHO MCOONB30BATH ¥ AJsA ODpENeieENs HOATO-
HOYHKIX IapaMeTPOB BBOAMMOIO0 (EHOMEHOJOIMIECKH KpPHCTAJNJIHYECKOTO IOTEH-
Maja, KOTOPHH 3aTeM MOKET CIYKUTh AJA pacueTa Jpyrux AbjeHmi. Ilomumo Beero
mpodero, uaMepenus mosepxHocTu (DepMm MHEHTEpPECHH U KaK JONOJHHTeJIBbHAA HPO-
BEpKa CIpPABEJJIEBOCTY ONHOIIEKTPOHHON HOJNYHJIACCHUECKOH Teopmm, ubo ceifuac
EMEeTCS MHOFO HE3aBHCHMEIX OPYr OT Jgpyra cumoco60B MONy4YeHNA BHOOPManBm
o mosepxuoctn depmm.

N3 amcana MeTOROB, MCOOJAb3YEMHEX JJIs HAXOMKACHEHA I'€OMETDENM LOBepDXHOCTRH
®epmu, opwH oxazanca Hambomee MOMHHIM: 3TO MeTON, OCHOBAHEHN BHa sffigiekme
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de I'casa — san Aavgera (W TpynHe TECHO CBA3AHHHIX ¢ HAM 3(eKTOB, MMEIOMUX
OPEHNEOAANBHO TY jKe PEspIecKyIo npupofy). I'naBEnM o6pasom Grarogaps sToMy
SBJIEHWI0 MK pAacmojaraeM [OCTaTOYHO TOYHOH M HeNpepHBHO NOHMOJHAIIIEACH
mEdopmanmeit 0 noBepxuocTAX Gepmu Gonpmoro uncna MetayioB. Hukakoi Apyroit
METOJ{ He Mo:KeT CPABHMTHCA C HUM IO CBoefi MOMEOCTH m mpoctore. Ilo aroil mpm-
YMHe HACTOSINAS TJaBa B OCHOBHOM MOCBfMEHa onucaEmio addexrta me laasa —
BaH Anpdera. B sakarogenue MH KpaTko o6cyauM pAf ApYrux sQQexToB, KOTOPHME
MONB3YIOTCA AJA IOJYdeHHs NOUNONHATEAbHOH WHGODMANWH OTHOCHTEIHLHO TeOMer-

pun mnomepxuoctn Depmu.

I®DEKT JE T'AA3A — BAH AJIbOEHA

Ha ¢ur. 14.1 moxasaus pesysbTaThl E3BECTHOI'O SKCHEPRMEHTA, NpOBECHHOrO
B 1930 r. ne Taasom m Ban Aabsderom. Onm U3MepAIn HaMaraumueHHOCThL M ofpasna
BECMYTa Kak (YHKIZIO MAaTHETHOIO IIOJIA B CHABHHX noasax mpm 14,2 K u o6uapy-
ANN OCHMANANNM Bexmuumnsl M/H.

Ha mepsmii Bsragg TpyAHO GHJIO HpeAnosaraTh, 4TO 3TO CTPAaHHOE ABJICHHE,
HaGII0NaBIIeecs TOABKO NPY ENSKUX TEMEEPATYPaX W B CHIBBHX NONAX, OKAMKETCA
TAKHEM HeOGKUalHO Ba7KHEIM KJI0U0M K OIpe/lelIeHNI0 DJeKTPOHEOH CTPYRTYPH MeTan-
JIOB, KaK 3TO BIOCAEACTBME BEsiCHEJOCH. Jlmmb B 1952 r. Orcarep oGpaTni BHEMAa-
HAe Ha BCI0 Ba;KHOCTH aToro adderta !). B xone TmartenbERX m3MepeHmi, BHIOJ-
HABIMIUXCA BCJEK 32 HePBHM SKCIEPHEMEHETOM X B 0COOEHEOCTH IPHMEPHO NOCIE
1960 r., Takas ke OCHMIIEPYIOIMAS 3aBHCAMOCTH OT MOJA MATHATHOH BOCHPUMMYH-
Boctm ¥, = dM/dH mabuaronanach y MHOTHX MET#JUIOB 2).

YauenTenpHas PeryiapHOCTh OCHWIIALNE BpjHa, ecin Halrpadmke Bocnpmmm-
YEBOCTH mB06paskeHAa He KaK QYHRIHWA Doas, a Kak (yHKnusa obpamnozo noas.
Torma cramoBuTca ACHHEM, 970 Y 3aBucuT oT 1/H nepuopmueckmM o6pasom, xoTa
9acTo ABa wim Gojsee mepumONOB HAJOMEHH APYT Ha Apyra. TwomuBme skcoepmMen-
TaJbEHE JaHHEE OOKA3aHH Ha ¢ur. 14.2.

CxopmHoe ocnmiampyiomee IoBefileEme OOHAPYKHBaeT He TOJBKO BOCIPHAMYH-
BOCTH, HO u mpoBonmmocth (oddext IIyGmmmoBa — ne T'aasa), mMarmmToCTpEKIHA
(saBECEMOCTE pasmepa o0pasna OT HAaOPAKEHHOCTH MAarHMTHOTO IOJS) B DPAKTH-
9eCKH BCe JpyTHMe BeJAWYHHHI, KOITIAa HX MS8MEpPAIT C JO0CTATOYHOH TMATEABHOCTHIO.
Meakne ocnmanAmEm Takoro TuNa HaGIIONANTCA Jiame y «DOCTOABHON» Xojiia
B CIVIBHBIX NIOJAX — fABHOe YyKasamme Ha To, uTo 2¢@eKT noikeH OHTH CBA3aH
¢ HeCOpaBeLAMBOCTHIO IOJYKIaccmuecKol mopenn. Pan mono6Emx s¢dextoB munio-
cTpEpyerca KpmBEME Ha ¢mr. 14.3.

Iddert ne I'aaza — Bam Anbdena mpeBpaTHICA B MOIMHOE CPEICTBO HCCAEHO-
BaruA moBepxuoctu Qepmu B 3HaumTenbHOE Mepe Gnaromapsa paGoram IllemGepra;
ONACAaHHAA WM MCTOPHS W8YYEHHs 9TOro ABieHHA [2] BecrMa mWHTepecHa W moOy4qm-
TenbHa. Jl7A msMepeHmA OCHUNIANNMN NPUMEHAIOTCA TJIaBHHM o6pa3oM Ba OCHOB-
HHX MeTofa. ON¥WE M3 HEX OCHOBAH Ha TOM, 9TO Ha HaMarEWYeHEHH o0pasen B moje

1) IIpasmia KBAHTOBAHHUA IBUIKEHUS BICKTPOHA ¢ IPOMSBOJLERM 33KOHOM IICHOPCHE B MAr-
HETHOM Hode (14.13) 6uumm cdopuyamposanm U, M. Jrbpmunem B 1950 r. Vx HasuBalOT IpaBm-
aame Jlndpmuna — Oncarepa. [lonmas rteopua sddexTta e I'aasa — Bam AapdeEa MOCTpOeHA
H. M. Jnpmunem u A. M. Kocesuuem [16*].— I pun. ped.

2) Korpa HaMarHMYeHHOCTh JAWHEHHO 3aBHCHT OT NOJs, HeT HeOOXOMMOCTH pasimuaTs
M/H »n 0M/ 8H. 3pech e, OfEAKO (KaK ¥ OPX PACCMOTPeENE KPUTHYeCKHX spienzit B ra. 33),
pemammyo poJib HrpaloT HearureiiEnie agderTE. B HacTOgmee BpeMsa UPUHATO B TAKUX CIYHaAX
OIIPOJIeJIATHL BOCIPHUMYMBOCTE Kak OM/oH,
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@ur, 14.1. PesynpTaTh 3KkcnepuMenta e I'aasa u Bam Anndena [1].

flaMarHRYEHHOCTH OTHOTO rPAMMA BUCMYTA, AEJEHHAA HA NOJie, DPeNCTABICHA KAK () YHKIMA TONA NJIA KpucTansna,
OPMEHTHPOBAHHOTO TaK, uro noje H mepueHmMKYIApHO (1) ¥ nmapamyenbHO (2) OuHapHo#i ocw. T= 14,2 He

]

®nrr. 14.2. Ocnuananmn e Taasa — Bam Auandena B peHun (a¢) n B cepebpe (6). (C mo6esHo10
paspemenua A. C. Jlmkoseda.)
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HeicTBYeT KPYTAMUE MOMEHT !), DponopIHOHATBHEN MAaTHUTHOMY MOMEHTY. B aToM
MeTORe IPOCTO W3MEPSIOT KoJeOaHEA yIIOBOTO IOJOKEHMA HOIBEMEHHOTO HA HUTH
MeTaJLIngecKoTo o0pasia Ipwu u3MeHeHAr HAPSHKeHHOCTH MATHHTHOTO HOJIA M, Cle-
I0BaTeJbHO, IPY WM3MEHEHWH BeJMYWEH HamarmmaeHHocTm M (H). as mamepermit
B CHAIBLHHX N0AAX Goxee ynoGeH BTOpOH MeTOH, B KOTOPOM H3MEPAIOT HANpAKeHHe,
HaBOJZEMOe B OKpysKalomeil ofpasen KaTyImKe (JaTIMKe) OIpu OPAUIOKEHAN UMIYIbCa
nons ). Ilockonbrky HanpsAsxeHne TpoOMOPIHOHANbHO Bexmanne dM/dt = (dM/dH) X
X (dH/dt), TarkuM cHOCO0OM MOKHO HBMEPATH OCHWIIANUM BOCHPHEMYMBOCTH KaK
PyEROHE DOd.

Eme no toro, kak OHcarep mamesa Kiwu K Teopun >ddexrta me I'aasa — Bam
Anpena muasa GIOXOBCKUX 9JeKTPOHOB, JlaHmay %) mam o0bACHeHHme Takmx OCIMJI-
Jsinuil B TeopuZ cBOGOTHBIX 5ieKTpoHOB. CornacHO ero oGBACHEHWO, OCIUAAATUA
ABISAIOTCA IPAMBIM CJeJCTBHEM KBAHTOBAHHA BaMKHYTHX SICKTPOHHHIX OPOHT
B MarBUTHOM DoJe, T. €. NpelcTaBiIdgIoT cobof HemOCpeXCTBeHHO HabGiaiofaeMoe Ipo-
ABJIE€HHE YUCTO KBaHTOBOTo 3dderra. Nurepec k spderry ge ['aasa — Bam Anbdena
u ero 3HaYePme Bo3pociu eme Goxbme, xorga Oncarep [4] ycramoBui, uro mepumon
OCHOUIIANEA OIpeeNseTcs s yAUBATENbHO IPOCTHIM COOTHOMEHHEM:

A (-é—)=-2,:cl-j—e (14.1)

rie A, ectb awbas HKCTpeMaJbHAsA IOMA/]b IMONEPETHOr0 CeYeHHUA NMOBEPXHOCTH
@epMu OIOCKOCTHIO, NEPHEHAUKYNAPHOA MArHATHOMY HOJIO.

Hexoroprie srcrpeManbHHe NAOmMagM DokazaHH Ha ¢ur. 14.4. Ecam och 2
OapajlielbEA MATHATHOMY IIOJIO, TO IUIOMAAh IONEPEYHOr0 CEeYeHWs MOBEPXHOCTH
®epmn Ha BHcoTe k&, ectb A (k,), a sxcTpeMaabHHe miaomaim A, — 3T0 3HAYEHNUA
A (k,) opm Tex k,, mua xoroprix dA/dk, = 0. (Takum o6pasoM, MakcmMaibHOe
I MUHUMAJBHOE OONepeIHEe CeYeHUs OTHOCATCA K UHCIY SKCTPEeMAalbHHIX.)

IMockonsky Hpw v~MeHEHNW HANpPABIEHHAS MATHETHOTO HOJA B HIPY BCTYHAIOT
Apyrue dKCTpeMabHEE IVIOMIalM, TAKUM IyTeM MOKHO M3MEDHUTH BCe HKCTPEeMAb-
HEIe IIomand cedeHnit noBepxuocta Mepmu. Yacro Takoit nEpopMamEm HOCTATOUHO,
9T0GH BOCCTAHOBHTH IO Heil peansHYI0 ¢opMy HoBepxHocTH Pepmu. Omnaxo B nei-
CTBHTe/FHOCTH 3afiada MOJKET OKa3aThCd CIOKHOH, m6o, KOTa B OIpeNeJeHHHX
HATpaBJeHAAX uMeeTCH 0oJiee ONHON DKCTPEMAaNbHOM OPOGHTH MIA KOTHA CYMIECTBYET
HECKOJIbKO YaCTHYHO 3aI0THEHHHX 30H, OIPOACXONHUT HAIOKEHHUE HECKOJIhRAX IEepPHo-
moB. BMecTo TOro 9T0GH OHTATHCA HEMOCPEACTBeHHO ONpe/leATH FeOMETPHI0 HOBEPX-
HOCTH 110 DKCHEPUMEHTAJbHHIM JAHHEIM, BO MHOTHX CJIydasx Jerde BHadaje yragaTh,
KakoBa moBepxHocTh DepMmu (ucumonb3ys, HalpEMep, OPUGIMKEHHRE Pac4eTH 30H-
HOH CTPYKTYDPH), & 3aTeM YTOGHATH 3Ty MOTAJKy, CONOCTABISA €€ C DKCIEPHUMEH-
TAJILHEIME JAHHEMA.

CopaBemauBocTs BHpakeHna (14.1) nokaswBaeTca ¢ IOMOIBI0 HPOCTHIX, HO
YOUBATEABHO CMeNHX paccysxfennmit. OGbACHeHHe He MOKET OBITh KIaCCHYCCKHM,
OOCKOJBKY, coTnacHo Teopeme Bopa m BaH JleBen (cm. ri. 31), HEKakue cBOiiCTBa

1) KpyTaAmumii MOMEHT CYLIECTBYET IMIIbL B TOM €iydae, KOI[ja HAMATHAYEHHOCTH HE MApai-
aenbHA N0, ITockoabpkry apderT HeluHeeH, 5TO ycaOBUe OOKYHO BHINOIHAETCH, HCKIIYASL CIY-
wau, KOIJa [IOJie HANDABAEHO IO ONPENCNCHHHM OCAM CHMMETPHUM.

2) Ilose B MMIyJIbCEe, KOHETIHO, MEHACTCS MEIJIEHHO, [I0 CPABHEHHIO C BPEMEHEM pelaKCallm|
MeTajja, TaK 4T0 HAMATHUYEHHOCTL BCE BpeMs HAXOAWTCA B PABHOBECHHM ¢ MTHOBEHHHM BHade-
HEEM [O0JdA.

3y Cm. crartpio Jlangay [3], ony6auxoBarryio B 1930 r. O6parure BEUMaHHe Ha 3TY AATY.
Jlapnmay mpencKasad OCIMIIIALNY, He 3HAS MPo dKcHepuMeHT fe ['aasa u Ban Ansdena, HO mOIATaNd,
9T0 Ha IPAaKTHKe HeAb3A CO3LATh MATHUTHOE HOJe, JOCTATOYHO OXHOPOJHOE A MX HaGIOmeHmA
(cMm. Bajagy 3).
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Onr. 14.3. Hexoropue ad¢derTs, TPy KOTOPHX HAGAIOJAIOTCA OCHMJIAIMN (CaMAIM
RBBECTHHIM npuAMepoM cay:kut sddekr ne Naasa — Bam Axsdena).

0 « MOTNIONICHNE 8BYKA B BOABLYpame (JI»oHe m Peitn [51);

6 — 8AaBHCHMOCTD Benmunin dT/dH ot noaa a cypnme (MaxxomG m Cedtnen (51)g
6 —— BABACHMOCTb MAT'HETOCONPOTHBIEHNA rajnuA or mond npu 1,3 KHe

2 — TepMO-3. Ni. C, B BuCcMyTe npn 1,6 K [7];

? — ocmmnAnmE, conposoxpatoupe sddexr IMembree B ymuke [6];

€ ~— PEnNOmpOBONHOCTL BUEeMyTA npw 1,6 K [7].
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HaXORAMEeHCA B TEIJIOBOM DPABHOBECHH KJACCHIECKOM CHCTEMH He MOTYT 3aBHCETh
0T MArENTHOTO HOJA. JTOT MONIHHN pe3yiAbTaT COPABeJIHB M JJIA IOJYKJIACCHIe-
cKux cucTeM (onpefedeHHEX B ri. 12 m 13), mosTomy B cayuae agderrta me I'aasa —
Bar AnbpdeHa moaykiaccHuecKas MOHedb HeCOMHeHHO Hempmrogma. C TakuM Imoso-
MeHNeM Belllell MB CTaJKHBaeMCsd KaKABIA pas, KOrja, COTJIACHO HOJYKaccmde-
CKO¥ TeopmH, OPOEeKIINA TPAeKTOpHu »IeKTPOHA HA INTOCKOCTH, HePHEHANKYIAPHYIO
HOJII0, IpefcTaBidgeT cobo#t BaMKHYTYIO Op-
H, 6ury. Ecam »To mMeer MecTo (uTo Hacro
4k OpiBaeT), To 9HEPTHUSA [BWKPHWA, IepIeH-
puryaspuoro noiio H, kBanryerca. UtoGu
* HAATH COOTBETCTBYIONEE YPOBHA 9HEpTrHH,
‘ ; Be00XOMMO B IPHHIUIE BEPHYTHCH K
’ ypaBHeHuio IllpepmHrepa HRJasA 3JIeKTpOHA
B UEPUONWYECKOM KpPHUCTANIWIeCKOM IIO-
TeH[UaJe B INPUCYTCTBHE MATHUTHOTLO IO-
as. Ilonmoe pemenme Taxofi mpobaeMu
OpeRcTaBiAeT HNCKIIIATEIBHO CIOKHYIO
3aavy, KOTOPYIO yIaeTcd JOBECTH [0 KOH-
La Jumb B OPOCTOM caydae CBOOOXHBIX
DJEKTPOHOB B MarHUTHOM moxe (T. e. IJIA
HYJeBOTO MEePHOUIECKOTO IOTeHIHaJa).
Hmxe Mu aums OpuUBOAMM Pe3YABTaTH
JJsA CIy4as CBOGOTHHX DJEKTPOHOB; BH-
BOJ OX MOXHO HAHTH B Jo6oM eTampapr-
HOM yd9eOnuke !). 9Tm pesynbrarel OyAyT
/7036’171/1'05”7,76 NCOONB30BAHE TOJBKO [AJA HOSICHeHUS H
“) ”gggggﬂ TOATBePHICHIL TOPaso Gosee obmeil, HO
B(k)= £, MEHee CTDOroff TEOpMM MarHUTHEIX ypOB-
Heil B IepPHOAUWIECKOM IIOTeHOMANE, pef-

aosernoin Omcarepom.

®ur. 14.4. llpuMeps DasJU9HEIX BKCTpe-

MaJIBHHX OpOmT. CBOBOJIHBIE 3JIERTPOHBI

Ina nona H, HanpapBleHHOTO 10 OCH ky, OPOHTH I

¥ 2 IPeICTaBAAIOT COGOI; MAKCHMATbHAIE DKCTPEMANIb- B HOCTOHHHOM MAFHI/ITHOM HOJ]E

Hble OpGUTH, & & — MUHUMAJLHAA BKCTPEMAJILHAA
op6ura. Korpa mosie sanpaBieHo N0 OCH k,, HMEEeTCA
TOJILKO OfHA 9KCTpeMalibHad oplura 4. Opﬁl/ITaJILHI:Ie 2) YPOBHM DHEPTHH dJICK-

TpoHa B KyOHMUecKoM HAIIUKe CO CTOpO-

HAMZ MAuWHOH [, TmapajjlelbHEIMHA OCAM %, § W 2Z, B IPUCYTCTBHH HANPaBJIEHHOTO
0O OCH Z IIOCTOSHHOTO OJHOPOJHOTo MAaTHMTHOro mois H ounpenensATcsa AByMsA

KBAHTOBBEIMU UMCJIAMH, V U K%

€y (k) = k2 + (v + ) o, (14.2)
eH
We = 772

1) Cu., panpuMep, yaeduuku Jlasgay u Jndmmmna [8] wan Ilaiiepica [9]. Kaura Maiepaca
COZIePIUT 60ee yAauHOE OOCY/KAGHNe AOBOILHO TOHKOTO NPOCTPAHCTBEHHOTO TDAHMYHOIO YCIO-
BudA. [l HaxO;KeHUs SHOPTeTHYeCKNX yPOBHeil 3afaly MyTeM IPOCTOro npeoGpasoBanusa CBOAAT

K 3ajaqe 00 OHOMEPHOM TapPMOHMYECKOM OCLMJILIATODe. .
2) Brpasenue (14.2) He BKI0O9aeT B ce0a OHEPIHIO BIAUMONEHCTEUA MOMKLY IOJEM I CIIEHOM
pJ6KTPOHA. ME PACCMOTPUM 3HAUGHHe HTOTO JOOGaBOYHOrO WieHA HUKE, a MOKa Gymem upenebpe-

raTh UM.



Onpepieneuue moBepxHocT Depmu 27

3/ech KBaHTOBOe 9HMC/0 v NIPMHUMAET BCe NEeJble HeOTpHIATeJlbHEE 3HAUEHHS, 8 Ky
AMeeT Te ke 3HAYGHUA, UTO W B OTCyTCTBHE MarHmTHOro moxs [em. (2.16)1, 1. e.

ky = ?TI‘J"Z (14.3)

OpE J1060M MeJ0M h,. RamIsii ypoBeHb CAIBHO BEPOKIeH. Ynciao ypoBrei ¢ anep-
rueit (14.2) npm ¢urcupoBanHBX v u k, paBHO (MHOMKHTeNb 2 YUNTHBAET CIMHOBOS

BHIDOJKIEHHE)

2e
2 HI-. (14.4)
Ilockoasry
20 —2,08.10°7 Tc.comz, (14.5)

B mosxe maupsykeHHocTbio 1 kKI¢ (THnmuHOe mosme UpH sKCHmepuMeHTaX IO 3ddexTy
ne Taasa — Banm Anndena) m A obpasna pasmepoM 1 ¢M BHPOKIEHEE HMEET MOPH-
noxk 109, BuiposaeHne oTpaskaer TOT (aKT, 970 KIACCAYECKHUI DIEKTPOH € JaHHLIMEA
sHeprmel m k, IBHKeTCA L0 COUPANH BIONEL HPAMOM, KOTOpasd mapalflelbHA OCH Z,
HO MOKeT WMeTh NPOU3BOJBEbLE KOOPHHHATHL x W ¥ 1).

Brpasxenne (14.2) purasgnt Bnonse tpaBrononobro. Ilockonsry cuna Jlopen-
[a He MMeeT COCTABIAWINEH B Haupasienun H, mone He OKaBHBAET BINAHAA Ha HEP-
THIO ABH;KCHUA B 3TOM HaUpaBJeHHH 1 OHA ocraercs paBHon %%k;/2m. Omuako osnep-
rus NBUGKEHHMA, NepOEH[UKYIAPHOTO [OJI0, KOTOpas B ero OTCYTCTBHe OmAa O
paBra A% (k3 -+ k})/2m, Temeppr HIpOKBaHTOBaHA B eNMHHNAX A, — IOCTOSHHOM
IlnaHKa, yMHOKEHHOM HR YacTOTY KJIACCHIECKOTO ABmKeHus (cM. cTp. 29). J10
fIBJieHAe HA3HBASTCA 0pOUMAIbLHBM KeaHmoeaHuen. O COBOKYIHOCTM BCeX YpOBHeH
€ 3aJJaEHEIM v (¥ IPOW3BONBHEM k,) DPHHATO TOBOPUTH KaK 0 v-M YposHe Janday 2).

Hcnons3ys npuBefieHHbIe BHIE Pe3yAbTaThl, MOKHO IMOCTPOUTL TOPHIO 3Pdek-
ta fa Yaasa — Bam AundeBa pas cBobGomumx »siaekTponoB. He ocramaBampascek
Ha 9Toi Teopmu °), mepeifeM K U3JIOMEHWI0 HECKOIBKO MOIMQEINpOBAHHOI'O Ba-
pmaHTa OPOCTHX, HO TOHKEX paccysieruit Omcarepa, oGofmaromux Ha caygah
610XOBCKHX 9JeKTPOHOB pE€3yJbTATH, IOGJYYeHHHE JJf CBOGOTHHX DIEKTPOHOB,
ITH paCCYMIEHUS MMEIOT HeIoCPeACTBeHHOEe OTHemeHue K mpolieme ONpefeseHNMA
posepxuocTn Depmu.

YPOBHU BJIOXOBCKUX 3JJERTPOHOB
B IIOCTOAHHOM MATHUTHOM IIOJIE

IIpoeenennoe Oncarepom o6obmenne pesyinbpraToOB, HoJaydeHHbx Jlaggay juis
CBOGOMHEIX DIEKTPOHOB, COpPABEMJIWBO UMb NI MATHHUTHEIX YPOBHEH C HOBOJLHO
fonpmuMy XBanTOBHME daciamn. OfgHaro, Kak Mu yOemmmesn, sddext ne Taaza —

1) Vimenno moatomy BHpOkfenue (14.4) MPONOPHMOHANBEO IJIOMA/M MONEPETHOTO CEUICHUA
ofpasna.

2) Caepyer m00aBHTE, 9TO 5TH Pe3yIbTATH CTIPABeJIMEBL JUIIb B ClyYae, eciH Pajuyc Kiac-
CUYEeCKOro KPYroBOIO [BU/KEHNMS 3JeKTPOHA ¢ dEeprueii $ u mpoexnumeil uMnyanca hk, He cpaB-
HEM C TONePeYHEIMH PasMepaMy AInKa (06pa3ua) OrpaEu9derue SBJIAETCA CaMEM CHJXLHHM oA
BJIEKTPOHA ¢ dHeprued, pasHoil €y u k, :

v Ak ke
L>>r(:: F: F::(CII)AF

@ ma,

ITpm 103 I'c Beawuuna Ac/eH ~ 1010 cm?. Tak Kak kg 06b14HO NOpaAKa 108 cM~1, pe3yabTaTht clipa-
BEIJUBH A 06PasHoB ¢ pa3MepaMu OPATKA CAHTHMETPA, HO CTAHOBATCA HCBePHHIMH A olpas-
noB pasmepom 0,1 Mwm.

%Y Ee momuo naiita B Kuure Haiiepaca [9].
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Ban Axndena ofycnoBieH YPpOBHAMHE ¢ 3Heprueit, Ginuskoil Kk saeprum Mepmu, KoTO=
pHE HOYTH BCerga NeiCTBUTEIBHO MMEIOT 0YeHb BLICOKMEe KBAHTOBHE 4HCIa. B Teo-
pHER CBOGOTHKIX 3JAEKTPOHOB, HAIPAMEP, €CIH MCKIIOUHTH CJHYy9ail, KOrjla moYTH BCH
9HEepruA 3JeKTPOHA CBA3aHA € ero NBW/KEHMEM HmapajlieabHO MOJI0, YPOBHIO ¢ BHEp-
rmeit € p COOTBOTCTBYeT KBAHTOBOE UHCIO v, HMeWmee HOpAdoR € plhw, =
= & p/l(efifmc) H]. Tockonpry

o .10* 9B/Tc=1,16.10- 5B/Tk, (14.6)

mc

a oHeprua & p OGHIIHO COCTABIAET HECKONBKO 3JIEKTPOH-BOJIBT, TO HaKe B CHIBHEX
noxnsax, gocraraiomux 10* T'c, kBamTOBOE umcno v Gymer mopsimxa 104,

OHeprui0 ypoBHEH ¢ BEICOKWMHA KBAHTOBEIME YMCJIAME MOMKHO TOYHO BHYHCIATH
¢ OOMOMIBI0 IPUHOHAIA CoOTBeTcrBHs Bopa, corzacHo KoTopoMy pasHOCTH Heprui
ABYX COCeHEX yPOBHeil paBHa mocTosHHOI IInaHka, yMHEOMEHHOE Ha aCTOTY Kaac-
CHYeCKOro [BIKeHAA C dHeprael aTax yposHed. [lockouasKy k, ABIAETCA HHETErpaIoOM
HDONYKAACCHISCKOr0 JBUMEHWS, Mbl IPUMEHAM STOT ONPUHUAI K YPOBHAM C 3ajaH-
HHEIM 3HA4YeHWeM K, M ¢ KBAHTOBEIMH 9GmcjiaMd v © v - 1.

Iycrs &y (k,) — dHepr@sa v-ro paspemeHHOro ypoBHA !) mpm 3ajaHHOM 3Ha-
gennn k,. Torga, COrIacHO TPWHOUIY COOTBETCTBUA,

gv.p.i (kz) - gv (kz) = (14'7)

—_—r
T (#y (ko) Kz

rne T (&, k,) ectb IepHOJ NOXYKIACCHYECKOro ABIMEHHA mo opbuTe, ompejeise-
Moil smagenmamu é m k, [Bhpaskenme (12.42)]:

K2 0A (%, k,
T (€ k)= TG (14.8)

a A (&, k;) — onomann, oxBaThBaemas opOuroi B k-mpocrpancrse. HomGmampys
(14.8) m (14.7), MoxkHO BammcaTh (He yKa3HBas ABHO NepeMeHHOH k)
d "2neH

(gvn_"gv) 9% A(gv)= he * (14-9)
Tak Kar HAC WHTEpECcylT 3HaUeHEA &, HOPANKA & p, MK MOJKEM 3HAYUTEILHO YIpO-
ctath cootHomenue (14.9). Ha ocmoBe peayuabraToB XA CBOOONHHIX DJIEKTPOHOB
MOKHO OKHIATh, UTO PA3HOCTh YHePrHi cocefHMX yposHeil Jlamnay Gymer mopAmnka
Rw., uTo mo Kpaiineii mepe B 10! pas meupme aHeprum camax ypoHed. Iloatomy
C 9Ype3BHYAHHO BBHICOKON TOYHOCTHIO MOKHO CYHMTATh, HUTO

0 oy A(E)—A4 (%)
7 Al =—2 = (14 10)
Ilogerasnsa sro BuipakeHme B (14.9), momygaeM cooTHOMERUe
2neH
A(E ) —A(E) =", (14.11)

KOTOpOe 03HAYAEeT, IT0 MIOMA/IH, OXBATHIBAEMEIe KIACCHYSCKEME OPOHTaMHA ¢ cocefl-
HUMW Pa3pemeHHEIMN JHePTHAMEA (W ONWHAKOBHM k,), OTIMYAIOTCA OfHA OT APYroi

1) B mocieAyrIMAX PacCY;KAGHMAX ME pPaccMaTpABAeM OJHY 30HY M IIOTOMY HE YKa3HBaeM
-ee HOMEP. DTO CeJaHO IPeKJe BCETO A TOTO, UTOOH n30eKaTh TYTAHALS MOMILY HOMEDPOM 30HH 1
¥ MATHATHHIM KBAHTOBHIM 9mcjoM v. Besne B atoit raase 4,(k,) ecTs pa3pemenBad 9HEPTHA BJEK-
TPOHA B PaccCMarpuUBAEMOI 30HE, COOTRETCTBYIOMAaA KBAHTOBOMY 4WCIY V W NPOSKIHH BOJHOBOTO
Bexropa k,. [Ipm EeoGX0LHMOCTA UMETh eJio Goiree JeM ¢ OZHON 30HOH MH UCHOAB30BATA GK 060~

sHaveHme &, (k).



Onpejenerne nosepxaocty Depmu 273

Ha IOCTOAHHYIO BeJIHYHHY

2neH

Ad= e °

(14.12)

Tor ke BHIBOX MOMKHO cHOPMYIUPOBATH HHAaUe: HPH GOJBINIAX V IJIOMaidb, OXBaTH-
BaeMash MOJYKJIACCHMUECKOR opGuToft mpm paspemeHHofl sHeprum €y ¥ NOCTOSHHOM
3HaYeHUH k,, JOHKHA caefynommMm oO0pa3oM 3aBHCETh OT v:

A (& (ky), k) = (v + A) A4,

(14.13)

rie A He 3aBMCHT OT v !). JT0 M ecTh 3HaMeHHTHI pesyiabraT OHcarepa (KOTOpHIA
HONYUYMI €ro APYyruM cmoco0oM, MCHONb3ys NpaBWio KBaAToBaHMA Lopa — 3om-
mMepgennia),

[MPONCXOKIEHNE OCITVIILJISAIII

[leproupuunnoii ociminnanuit ne laasa — BaH AnbeHA W CBA3aHHEIX C HUMH
apderToB ABIAETCA HAJAWIWE PE3KO BHPAKEHHOM OCHUIANATOPHOH CTPYKTYDPH
B IJIOTHOCTH 3JIEGKTPOHHEIX YPOBHeH, 9T0 BHITEKAeT U3 YCAOBAA KBaHTOBaHUA (14.13).
[lnoTHOCTS ypOBHeH HMeeT pesKmd MaKCHMyM 2), Korja sHeprua & oKashBaercsa
paBHO SHEPTHHU SKCTPeMaJbHOH OpOUTH ?), yNOBIETBOPAIMEH YCIOBAI KBAHTO-
Barus. [lpmymna aToro moscHAerca ua ¢mr. 14.5. Ha ¢ur. 14.5, @ mpepcraBuena
COBOKYIHOCTH OpGUT, yAoBiaerTBopAmmuAx yciosuio (14.13) mpm s3agamsom v. OHnu
00pasym T B A-IpoCTpaHcTBe TPYOKY ¢ MIOMAAbI0 MOMepevHoro cedenus (v + A) AA.
Braan B g (€) d€ or yposmeir Jlanaay, orBedaoliux op6uraM Ha Takoi v-it TpyGKe,
paBeH 4MCIy 9JTHX YpOoBHedr ¢ sHeprusmum Mmemay € w € 4 d€. Umeno yposmedn
B CBOIO0 odYepe[b HPONOPIMOHAJBHO INIOMAAN %) wacTu TPYOKH, 3aKJII0YeHHON MEKIY
1303HEPTETNYECKUMY TOBepXHOCTAMY ¢ omepruamu & u € + d €. Ha ¢ur. 14.5, 6
mOoKa3aHa dTa 4acTh TpyOKM B ciaydae, Korga OpOHTEL ¢ sHeprueir & Ha TpyGke
He A8AAIMCS DKCTPEMaJIBHEIMH, a Ha Qur. 14.5, 6 mpejcraBieHa YacThb TPYOKH,
KOr[la Ha Hell ecmb »KCTpeMasibHasa opbura ¢ smeprueir €. OdeBupHO, 4TO WAOMAND
Tako#l YacTu TPYOKH B HOCIeIHEM ClIyuae BO MHOTO pa3 Goibmme, DOCKOJNBKY BOAM3K
9TOif OpOWMTHL HEPrHA ypPOBHeldl 04YeHb Me[JIeHHO W3MEHAETCA BHOJAHL TPYOHH.

BoabmuACTBO 2AEKTPOHAKX CBOMCTB METAJIOB 3aBHCHT OT INIOTHOCTH yPOBHEH
#a mosepxHocTn Depmu g (€ r). I3 UpuBeAeHHEIX PACCYXACHUH HEIOCPENCTBEHHO
BHITEKAeT CJeAyomuil BHBOJ °): g (€ p) MMeeT 0COGEHHOCTH Ka;K[HIH pas, Korjga
3HAYeHNe MATHUTHOI'Q HOJA TAKOBO, 9TO0 DKCTPEMANbHAA opOuTa HA HOBEPXHOCTH
QDepmu ynoBreTBOPsET yCAOBHIO KBaHToBaHUs (14.13), T. e. Korzma

v+ 4) AA = 4, (£ (14.14)

1) Msl mpefmosaraeM TaKyKe, 9TO A He 3aBHCHT OT k, # H. IT10 mOKa3amo B 3agage 1, m. «a»
A5 ¢BOCOJHHEX BJIOKTPOHOB U CIPABEAIMBO MJIA M0G0 aLINIcOMAaabHON 30HH. [[ogo6H0e mpes-
[10JI0Ke HITe He J0Ka3aHO B 00MeM ¢JIydae; OJHAKO MBl NPEJIaTaeM YATATeNI0 MOKA3aTh B KAaIeCTBE
VIpasKHeHHUsA, 9TO BHIBOJH, [OJYYaeMHe HIGKe B IPeJIOJOKeHWH HOCTOAHCTBA A, CTAHOBATCA
HEBEPHEIMH JUIIb B TOM caydae, ecim A mpegcrasiseT coGoil SHCTpo Memawmyoca QYHRun
oT k, unn H. [TocnenHee BecbMa MaJOBEPOATHO.

2y JleraJgpHBEI aHalu3 IIOKA3EIBAET, YTO INIOTHOCTH YPOBHEH HMMeeT OCOG@HHOCTH BHAA
(€ — €o)7'%, vorga smeprua § OAnmdKa K DHEPTUU ¥ ¢ IKCTPEMANLHON OPOUTH, YNOBRETBOPSIO-
el yeaoBUAM HKBAHTOBAaHHA.

3) OxcrpemaipHaA opbuTa C dHepTHedl § OKPY:KAeT OONACTL ¢ DKCTPEMAJLHHM CeYCHHeM
dga nosepxHocTn € (k) = €.

4) IImorHOCTH ypoBHell Ha TPyOKe MOCTOAHHA B HAIIPABIGHAM BROUL IOJA; PaspelieRHEe
sHadeHHUA k, ompegensAnTcsa BhipaskeHwmem (14.3).

%) Crporo roeopsA, XuMm9eckuil norepnmaj (KOTOPHI paBeE €, npm HyaeBoil Temmepa-
Type) Tak/Ke 3aBHCUT OT HANUPDKeHHOCTH MAaTHUTHOrO WOJSA, 9TO JeJaeT NOKa3aTelbeTBO 6oJee
c10skEM. OfHAKO 9TO OUeHH MAXHil dPPerT u oOHYHO MM MOKHO NpemeGpeds.
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Ncenonssys pgasa AA supakenne (14.12), monyuaem B pesynbrare, 4to g (& z) nepuo-
DA9eCKH BMeeT 0COGEeHHOCTM Dpu 3HaveHHAX 1/H, oTnmuaoImumxca OHO OT APYTOTO
HAa BeAHMYHBY
1 2me 1
A (7) = The A Ep) ¢ (14.15)
Iloaromy mpu mamenenmu 1/H ocumanupyiomee mosefehme ¢ mepuomom (14.15)
HOIKHA HMeTh JI06ad XapaKTepuCTHKa, 3aBHCAMAsA OF ITOTHOCTH YpPOBHeH Ipu
€ = & p; Upn HyneBOli TemIepaType TAKOBHIMH ABJMIOTCA IPAKTHUECKH BCE XapaK-
TEPUCTAKA METallJa.
Horza Temumeparypa OTIAWYHA OT HYJsI, THOAYHBIE XAPAKTEPHCTUKH METAJaa
apefcTaBAAIT co00il cpefHne 3HAYeHUs, B3ATHE 110 WHTEPBAJTY SHEPTil IMUpPHHOLN

H, k, H, &,

H, k;

Opbume |
¢ JHepeuel
E+dE

Opbuma _
¢ JHepeuer &

®nr. 14.5.

a — TpyOkra Jlampmay.
Bce nonepeunne cedeHua TPYGKM IJIOCKOCTAMY, NePIEHAMKYIAPHHMU H, HMEOT OQMHAKOBYIO MIIOMARb, PaBHYIO
(v + A) AA gma v-it TpyOKM, ¥ OrpaHm4eHsE KPUBLIMM NOCTOAHHON SHEPIHI HA BHICOTE k,.

6 — u"acTh TPYOKRM, cofepskamas opOUTH B HHTEpBaje sHepru#t or € no € -+ d€ pasa cayuas,
KOTZla HU OflHA U3 OpPOHT B 9TOM MHTePBaJe 9HEPIWI He 3aHIMAET 3KCTPeMaJbHOTO NOJNOMKEHMS Ha
cBoeil M309HEPreTU4EeCKOl NMOBEPXHOCTH.

6 — TO e MOCTPOeHHME, 9TO U B ciaydae 6, HO Tenepb € — 3HEPIUA SKCTPeMaJbHOR opOUTHL.
OGpaTnTe BHUMAHNE Ha CYIECTReHHOE pacmupernne o6racTu gRaveHuil k,, IpH KOTOPHIX TpY6KA BaKJIO9€HA MEKT Y

M303HEePTreTHYECKUMM NOBEPXHOCTAMA € B € -+ d‘g.

kT B6amsu & = € p. Ecau »TOT wmMuTepBad HACTOJNBKO IUPOK, YTO IPU 4060
BeawunHe mois H skcTpemansHeie OpOHWTH, ynoBierBopAlomue yciosuio (14.13),
BHOCAT CYIIECTBEHHBIE BEJAJ B NoJo0HHe CpelHFe 3HAYEHWS, TO OCHMWIIAIUHA IO
1/H 6ynyT pasmursl. UTo6sl 5T0 nMes0 MecTo, Bennuwnna k 5T posxna 66T Gonbuie
TAUAYHOM PA3HOCTH DHEPrAdl MeKIy cocenHMMmn TpyGkamm ypoBueit Jlanmay. Ome-
HUM TaKyI0 Pa3HOCTH BHEPTUH JJIg CBOOOTHHX JJIEKTPOHOB, A KOTOPHX OHA paBHA

fiw [dopmyna (14.2)]. Ilockoxpry
P —1,34.10~ K/Te. (14.16)

mckpg
T0 uTOGH m36emKaTh TeMImepaTypHOTO PasMHITHA OCIWIIANMN, HeoOXOAEMO HpHMe-

HaTs noas mopsaxa 10* T'c m TeMmepaTypsl B HECKOJNBKO KeJIBBHHOB.

Paccesinue 371eKTpOHOB OPUBOANT K aHAJIOTMYHEM mpobiemam. leTadpHOe pac-
CMOTpPEHHE erg BIUAHAA HAa OCHUIIANNME HOBOJBHO CIOMHO, HO Hnd rpy6oll omeHKn
KOCTATOUHO 3aMETUTH, 9TO €CIAM BpeMA PeNAKCAI(M{ dJeKTpOoHa paBHO T, TO €T0
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JHEPTHA MOKeT OHTh OHpefeNeHa JUMb C TOYHOCTHEIO B0 A& ~ F/v. Ecam Bean-
unHa A& Goabme paccrosHusa MexAy Oukamu ¢yHEumm g (), To ocnmansnmm
OyHyT 3HauMTENBHO ociaGuensl. [{na CBOGONHHX DSJAEKTPOHOB TAKOE PACCTOSHE®
paBHO fiw,., CNELOBATENBHO, JJIA HAGNIONEHHA OCOWLIANUA HeoOXOZWMO, UYTOGH
BeJIMYHHA ®,T ObJa 0OJbINe WM NOPSAKA eNHHHIE. JTO TO KE CaMoe YCIOBHe
CHABLHOTO DOJs, KOTOPOE BO3HMKAET B HOJYKIACCHYECKON TEOPHH JJIEKTPOHHHIX
sppertos mepenoca (ra. 12 u 13).

BINAHUE CIHUHA 3JJERTPOHA HA OCIWJIIALNHA

Ecnm me sarparuBath s¢dextoB cmuu-opOmransuoit c¢Bsasm '), To Gaaromaps
COHHY 3JEKTPOHA HPOMCXOAUT JUIb yBeJudYeHWe HJIM yMeHbIIeHWe DHEPTHil BCEX
YpOBHEH Ha BeJIHYHHY

gehH
4me

. (14.17)

3HaK u3MeHEHHUs HHEPIHMM 3aBUCHUT OT TOTO, HApaBJeH JU CIUH 9JIEKTPOHA IO HOJIIO
wiu nportus Hero. Ymeno g [He myrarh ¢ muoTHOCTBIO YpOBHed g (€)]ecTdb «amex-
TPOHHEIA g-paKTOP»; OHO IOYTH TOUHO paBHO 2. Ecam g, () — mIoTHOCTH ypOBHEH,
paccanTaEHaAg B IpeHeOpesReHMM MONOJIHNTENLHOH dHepruell, TO HCTEHHAA HJOT-
HOCTH ypoBHei g (&) Gyner uMers BuUR

(&) =g go(E+E0L) 4 g (€520, | (14.18)

4me

ObpaTuTe BHUMAHHE, YTO CIBAT HHKOB CPABHEM C PACCTOAHUAMHA MEXKAY HUMHE
(ecam oueHEBATH ero o 3HadeHHmIo eiH/me Nna cBOGOAHBX 2J1eKTPOHOB). V3BeCTHEH
crydan, KOTHA s oOUpefejeHHHX HANPaBAeHAH IOJAA TAKOH CHBUT LPHBOLET
K TOMY, 9TO OCUMJIIALMN B ABYX ClaraeMhix B BhipaskeHHu (14.18) oxasmBamTca
cvemenHnME mo dase HAa 180° u cymMMapHBie OCHWINANME OTCYTCTBYIOT.

JPYTHME METOABI WCCJIEIOBAHUA IIOBEPXHOCTM ®EPMU

Iasa nccaeqoanusi nosepxuoctn PepMu HCHONB3YIOT B PAX APYTAX 3KCOEPH-
MeHTaJIbHHX MeTOL0B. B oflleM ciayuae Bce Apyrme MeTOAH JAlOT MeHee ONHO3HAY-
HYI0 TeOMEeTPHIeCKYI0 HHGOPMAIHio I0 cpaBHerW C afiderTom e 'aasa — Bam Anp-
¢$eHa nm poOICTBEeHHHIMY eMy dPPeKTaMu, KOTOPHE HO3BOIAIT HeNOCPEACTBEHHO U3Me-
PATH SKCTPEMajibHHE IVIOMAAM. JHAYHTENBHYI0 TPYAHOCTH YacTo OpPefCTABIseT
rakske 06paboOTKa SKCHEPUMEHTAJIBHEIX pe3yabraToB. I103TOMY MH OrpaHEMYIEMCH
AN KpaTKAM 0630pOM OTHENBHEIX MeETOMOB.

MATHUTOAKYCTUYECKNN 3OOEKT

Wnorpa ynaerca NOAYIUTE AOBOABHO HPAMY0 HEPOPMAIWI0 0 IEOMETPHUH
nosepxHoctn (Depmu, maMepsAA 3aTyxanme B MeTalJie 3BBYKOBHX BOJH, pacopocTpa-
HAOMAXCA NEePUeHANKYJIAPHO IOCTOAHHOMY MATHATHOMY LOJI0 2), 0COGEHHO KOrXa
BOJIHY HECYT CMelleHHs HOHOB, IePHeHIMKYJIAPHHE ONHOBPEMEHHO KAK HApaBie-
HHUI0 PacIpOCTpaHeHAs BOJHEH, TAK M HampasiaeHWIo moxs (fpur. 14.6). INockonbky
NOHEL 3/IeKTPUIECKN 3aPsUKeHbl, TAKAA BOJIHA COLPOBOMKIACTCH DICKTPAYECKHM OJIeM
¢ TOH jKe 9acTOTOHl, BOJTHOBHM BEKTOPOM K HojApmsanumedi. Biaarofapa HaamImio

1) KoTopHe MaJH [ CPABHENTENbHO JeTKHX XUMIIeCKHX daeMenToB, CM. crp. 175,
2) Ilogpobmas Teopus aToro sddexrra nocrpoena B pabGore [10].
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BIIEKTPUIECKOr0 IIOJIA JGKTPOHH METajia MOTYT B3aMMOMAEHCTBOBATH CO BBYKOBOM
BOJHOH, ycmimBadg WiIHm ocaabias ee.

Eciu ycroBua sKCHepEMEHTA TAKOBH, 4T0 B HPOMERYTKS MEKIY CTOJKHOBe-
HUAMA 3MeKTPOH MOKeT COBEpPIIATh MHOrO 0GOPOTOB B MarHATHOM Loje '), To 3aBH-
CEMOCTh 3aTyXaHUA 3BYKAa OT ero JUIMHEl BOJAHH MOKeT COfep:KaTh HHPOPMAIHIo
OTHOCHTeNbHO reoMerpun mosepxrocTn Pepmn. ITo cBA3aHO C TeM %), YTO B peaib-
HOM IPOCTPAHCTBE DIEKTPOHH JBIDKYTCA II0 OopOMTAM, NPOEKIMM KOTODHX Ha IIO-
CKOCTB, MEPHeHAMKYIAPHYIO MATHATHOMY LOJIO, NPeACTAaBIAIOT cofoff momepeTmsie

®ur. 14.6. MraoBeaH:iIe CMENIOHNA HOHOB OT PABHOBECHLIX IIOJIOMEHHE B 3BYKOBOH BOJIHE, CYIIE-
cTByOmue npu HabaofeHmM MarHMTOaKycrmdeckoro addexra.
Tloxasad onmH psax MOHOB, W806pasKeHbl pABHOBECHHIE (KDECTMKH) M MTHOBEHHHE (KDPYHKH) MOJIOMEHNA MOHOB.

CeYeHHS H30HEPTeTHYECKMX NOBEPXHOCTel, yBeAWYeHHH® B OTHOmeRuWm Fc/eH
(a moBepuyThie Ha 90°). Horga qumeaa BOJHE 3ByKa CpaBHEMA C pasMepaMu OpOWTH
anextpona %), xapakrep BO3IEACTBAA DIGKTPHYSCKOTO IOJS BOJHH HA [BU/KEHHE
3JEKTPOHA' BABUCHT OT COOTHOmIEHHS MEKIY JJIAHOW BOJIHH [ M MaKCHUMAaJBHHIM
JUHeHbINT pa3MepoM oOpGWTH BAOAb HaNpaBIeHWsA pAacOpPOCTPAaHEHHA BOJHHE [,
(B oTOft cuTyanmm ero Has3HBAaT «duameTpom» opbuTe). Hampmmep, anexTpoH:l,
IBWKymuecss mo opbuTaM, AWAMETP KOTODPHX paBeH IOJOBWHE IJIWHEI BOJHH
($ur. 14.7, a), MoryT yCKOpATBCA (MIU 3aMeNNATHCA) BOJHOM Ha HPOTAKEHUH Bceil
cBoeit opOUTH, TOTTa KaK 3JIeKTPOHH, ABIKyMuecsa mo opburaMm, AuamMeTp KOTOPHIX
paBeH Iesnoit miaumHe BoaHw (dur. 14.7, 6), Ha OFHMX ydacTKaX OPOHTH NOJIKHEI
YCROPATHCA, a HA APYTUX — 3aMeIAATHCA.

B o6mem caydgae MOKHO 3aMEeTATDH, 9TO BJIEKTPOH OymeT ciabo cBA3aH ¢ BOJHOM,
KOT/ZIa AmaMeTp ero OpOUTH paBeH IeJ0MY INCIAY MJIMH BOJH, U CUJIBHO CBA3AaH C Hel,
eciu AmameTp OpOUTH OTIMYaeTcss Ha DOJOBHHY OT IIEJOTO YHCJIA JJIMH BOJH:

l. = nl (cnabas cBsa3s),
le = (n+ Y, l (cmabBasg cBA3S). (14.19)

B mormomeHum 3ByKa MOTYT OPHHHMATH yYacTHe TOJBKO DJEKTPOHH BOJIH3H
uosepxuoctn (Depmm, DocKoNbKY B cuay npuanuna [layam saexrponm ¢ Gouee
HE3KAMO JHEPrUAME He MOryT OoOGMEeHWBATHCS MAJLIMM IOPIUAMH DHEPFUM € BOJ-
noit. Jluamerp mosepxzocTH DepMu NpuHNMaeT HeOpePHBHEE pAl 3HAUSHHH, JeKa-
mux B HEKOTOPOM WHTepPBajJe, HO TJIaBHYI0 POJb WIpPAlT BJIEKTPOHH HA opOuTax
¢ MmaMeTpaMu, OJHM3KUMH K 9KCTpeMaJibHEIM, u60 ux ropasgo Goabme 4).

1y IIaa 2TOr0 AOJHKHO BEINOJHATHCH YCIOBHE ®,T > 1, T. e. o0paser Jo/keH OGHTb OYEHD
9HCTHIM MOHOKPHCTAJIIOM W HaXOAUThCA NPU HUBKOH TeMmepaType B CHJIbHOM MAaTHHTHOM LOJe.

2) Cm. cTp. 232 u 233.

%) TromunHit qHaMeTp OpOUTH MMeeT HOPANOK Ug/W,.. I10CKOJBLKY 9acTOTa 3BYKa IIPUMEDPHO
paBHa Ug/l, To mpm | &~ I, uMeeM © & @, (Vs/vg). O6KTHO CKOPOCTh 3BYKA COCTaBIAET 0K0J0 1%
cropoctu depMu, M03TOMY ANAS MHTEPECYIOIIMX HAC BOJIH 3JEKTDPOH MOMKET COBEPIINTH MHOTO 000-
POTOB 3a BpeMs OXHOTO mepropa. B wacTHOCTH, Ha OTHEABHOM 060POTEe HASKTPMIECKOE IOJE, BO3-
Mymames IBHKEHU® HJAeKTPOHA, MOKHO CIATATH MOCTOSAHHEIM.

4) 9TO MOJHOCTHI AHAJOTHYHO POJH IOMEPEYHHX CeYEeHMIl ¢ SKCTPEeMAaJbHON MIOmAa/bio
B spdexre ne Taaza — Bam Axbdena.
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B pesyxnprare saryxaHWe 3ByKa MOJKET HEPHMONMYECKM BaBHCETH 0T 06paTHOR
[IMHB BOIHHI, Ipu4eM mepmof [cp. Brpamenme (14.19)] paBew o6patnomMy akcrpe-
MaJbHOMY AzameTpy nmopepxHocTE (DepMu B HampaBlIeBMM PacHPOCTPAHERWSA BBYKa:

1 1
A (1) =7 (14.20)
llamensaa HampaBjieHWe PACOPOCTPAHEHHs 3BYKAa (YTO0H MOINW DPOABRTHCSH
pasaMUHEEe DSKCTPEMAJIbHHE NWAaMEeTPH) W MeHAd HaNpaBjieEEe MATHMTHOFO TONH

Qur. 14.7. ¢ — snexTpoHHan opéuTa ¢ ANAMETPOM l,, PABHEM NONOBEHE ANMEL BOJHE.

Op0¥Ta pacnono;eHa TaxKuM 06pAsOM, 4TO IEKTPHUECKOE IOJie, CONPOBOKIAIOIIEEe BBYKOBYIO BOJHY, BHIBHIBAeT
VCKODEHHE BJIEKTPOHA BO BCEX TOYKAX OPGHTEL.

6 — paeKTpoHHAN OpOMTa, JUaMeTp KOTOPOil paBeH NeJo#l AJUHEe BOJHH.

-~
HezaBucuMO OT TOTO, TOE PACHOJIONEHA 9ra OpPOUTA IO OCH (, HENPEDHBHOE YCKOpeHWE (MIN 3aMeNjenne)
Ha BCEX YYACTKAX OpPOWTH, BOSMOIKHOE B CJyuae a, BHeCh HUKOINA He DDOHCXOMNT.

(41065 mCCHE0BATh pasAMYHLE TONEPEYRHe CeUeHNs), NHOTAa YAAeTCA ONpefeuTh
dopmy moBepxrHocTH (DepMu myTeM H3MEPEHNS 3aTyXaHHA 3BYKOBHX BOIH.

SATYXAHUE YJIbTPA3BYHA

Hexoropyio uHGopManmio o noBepxHocTy PepMu MOKHO DONYURTD TaKKe OyTem
n3MepeHusA 3aTyXaHWA 3BYKa B OTCYTCTBME MATHHTHOTO Ioas. B sToM ciydae mu
He HCCNefyeM pesoHaHCHHE sdexrT, a npocTo BrYmCIseM Ko3@duumenT saTyxanud,
npefgnoyaras, 9To OHO BEIBBAHO JIMINE Iepefadeil DHEPIUHU OT BOJHEI K JEKTPOHAM.
Ecam sro mefictBuTensHO mMeeT mMecto !), To saTyxaEme OyfeT HOJHOCTBIO ompeje-
JAATHCA reomerpueil nosepxHocTH Wepmu. OAHaKo AamKe B JYUIMeM ciaydae DoJydae-
MBle TAKEM CHOCOGOM CBe[leHHSI 0 IeOMeTpPHH HOBEPXHOCTH MMeloT Gojee CIOKHBIA
XapakTep IO CpaBHEHWIO ¢ uHpopManmell 00 sKCTpeMaJbHHX INOMAAAX, JaBaeMoi
sdpderTom nme ['aaza — Bam AnbgeHa HMNM CBeJeHHAMHU 00 DKCTPEMAJNBHBIX JHAMET-
pax, HoiXydaeMHMH IO H3MEPeHHI0 MarHMTOAKycTHiecKoro sgdekrTa.

1) Boobure roBops, TaK0e HPeAI0N0KOHAe HEONPABAAHHO, CymecTBYIOT TaKIKe IPYTHe MeXa-
HU3MHE 3aryXamusi 38yKa. CM., Hampumep, ria. 25.
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AHOMAJIBHEII CKUH-9®OEKT

Onuo n3 nepsrix oupepenennit nosepxuocty Oepmu GHUII0 HPOBEJEHO (M5 MEAH)
Hunoappom [11] Ha ocHoBe m3MepeHMA Ko3(duIEenTOB OTpaKeHMA M HMOTJIOMEHNS
MHEKPOBOJHOBOTO H3IYI6HUA (B OTCYTCTBHE CTATHYECKOT0 MarHWTHOro nojis). Fcim
9acToTa ( SICKTPOMATHUTHOIO IOJISA He CIMIIKOM BEJHMKA, TO OHO OPOHEKAeT B Me-
Taa1 Ha raybuHy §, («knaccmuecKas» ray0MHA CKIH-CJIOA), paBHYIO 1)

8p= ——— (14.21)
V 2no0

IIpz monywenmu Bripaskemms (14.21) mpenmonaraercs, 9To moje B MeTauie ciaGo
MeHAeTCA Ha AImHe cBoGoxHoro mpobera:§, > £. Horna ray6uma §, cpaBEIMa ¢ £,
HeoOxofuMa 0oJee CHOKHAA TeopHsA, a ecim 8, < £ («<OpedelbHO AHOMAJBHBIN
PE&KAM»), TO IPOCTOEe HIpe/CTaBleHAe 00 DKCIOHEHIWAIHHOM CHAJaHNy MOJsS HA pac-
CTOAHHE §, CTAHOBHTCA COBOPIIEHHO HEOPHMEHMMEIM. MOKHO mOKasaTh, OMHAKO,
9T0 B HPEJe]bHO AHOMAJHHOM CiAydae riiy0MHA NPOHMKHOBEHMS IOJS U MHEKPOBOJ-
HOBH K03(pQUIAEHT OTPa;KeHM I NOTHOCTHIO OUPEeIAITCH HEKOTOPEIME XaPaKTepH-
cruxamu nopepxHoctz OepMna, KOTOPHE 3aBHCAT TOJBKO OT OPAEHTANUNA TOH HOBEPX-
HOCTH OTHOCHTENBHO PeasbHOM IOBepXHOCTH ofpasmna.

OUKJOTPOHHBINN PE3OHAHC

JTOT MeTOJ TAKKe OCHOBAH HA HCCJISJOBAHME B3aTYXaHUS MHKPOBOJHOBOTO
HoJA IPH IPOHAKHOBeHHH ero B Meraii. CTporo rosops, B JKCIePHMEHTe B3H6Ch
ompefeaserca He reomerpus moBepxHocrn (DepMu, a «UKIOTPOHHAs Maccay [cM.
(12.44)], upomopumonanruaa dA/9€. Ilasa aToro m3MepAIT YaCTOTy, UPH KOTOPOH
BO3HUKAOT PE30HAHC MEKAY I6KTPHIECKAM IIOJeM BOJHH W NOPHOTUICCKHAM JIBHIKE-
HEEM 3JIEKTPOHOB B IOCTOAHHOM MATHHTHOM 1oJie. UTOOH 3J16KTPOHH MOIJIH COBEp-
maTh HepHORMYecKoe MABWKeHHe, HEoOXOMHMH OONbmMe 3HAYEHHA ®,T, DOITOMY
YCIOBHE PE30HAHCA = (), BHIOOJHASTCSA B MHKDOBOJHOBOM AHANIa30HE.

HockoapKy moie He TMPOHHKAaeT NIYOOKO B METAJN, DIEKTPOHEI MOTYT IIOIJIO-
mAaTh 9HEPTHIO, JAMb KOT/Ja OHM HAXONATCHA B mpefenax ckmu-ciod ?). Ilpm MmKpo-
BOJHOBHIX 9aCTOTaX W OOJBIIZAX 3HAYGHAAX ., AMEET MECTO HPEeleJbHO aHOMAJbHEIH
peKEM, IPH KOTOPOM TOJNIAHA CKUH-CIOS 096HDH Maja IO CPABHEHWIO C JNJIMHOM CBO-
G6onuoro mpobera. Tak xax pasmMepH OpOHTH B PeajbHOM IIPOCTPAHCTBE IJIA BJIEK-
TpoHa Ha moBepxHocrm DepMu CpaBHEMH C AAWHOX cBOGOmHOro mpobera, TOJIMUHA
CHUHA-CI0A MajJa @ 0O CPpaBHEHMI0 C Pa3MepoM OpOHTHL

Ucxons ua »Tax coobGpaskennmit, As6eas u Hamep [13] npepnoxunu nanpasuts
MAarHATHOE MOJIe HAPAJIeIbHO MOBEPXHOCTH, YTO HPUBOAUT K IeOMETPHMH IKCIEPH-
MeHTa, OokasaHHOM Ha ¢mr. 14.8. Ecam omymaeMoe 31eKTPOHOM 5JIEKTPHIECKOE
moJte UMeer ORHY U Ty Ke a3y IpHh KayKAOM ero IPOXOe depe3 CKUH-CION, TO 3IeK-
TPOH MOKeT Pes0HaHCHO HOTJIOMmATH dHepruio mous °). MimMeHnHO Tak Gyder o6CTOATE
HeJ0, KOT[a BPeMs MeKILy BO3BpAINeHAAME 3JIEKTPOHA K IIOBePXHOCTH PABHO IEIOMY

1y Cm., manpuamep, yueOnmEK [[skercoma [12].

2) B moxyHPOBOJHHKAX IUVIOTHOCTH BJGKTPOHOB FOPasjo HEKe, IOPTOMY MHKDOBOJHOBOS
0JIe MOJKeT HPOHMKATH 3HAYUTEABHO IIy0/Ke M Mero]] EKIOTPOHHOTO pe30HAaHCAa YHNPOIMAeTCH.
(Cu. o 28.)

3) [uxkxorponEHii pesomanc (uam pesonasc AsbGens — Hamepa) HaGmopaercs, Korga
£ >14>90, rne £ —pauna cBobogmoro mpofera, ry — pajgmyc OpOHTH dAeKTpOHA, a § — ray-
6uma CKEH-ca051, TakuM 06pasoM, 2JIeKTPOH OKABHIBASTCA IOJ, BOBJEHCTBAOM IOAA BOJEH TOJIBKO
B MOMEHTH NPOXOMKeHHs BOAM3HM HOBepXHOCTH MeTayna.— ITpum. ped.
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9UCcay OepuomoB KoinebaHWi I g 9NEKTPHEYECKOTO IOJNA

T = nTg. (14.22)

3necy T — mepmoj oGpallieHus 3AEKTPOHA, & » — HEKOTopoe Hexoe gucxo. Ilockons-
Ky 9aCTOTH 00paTHO IPONOPIMOHAaJNBHE HmepEojaM, BHpaeHme (14.22) mommo
3agmcaTh caegyommM obpaszom:

® = N, (14.23)

Ob6uanH0 B 9KCHOePpUMEHTe IOIOePHHUBAIOT IOCTOAHHOMR JacToTy U MeHAKT HalmpA-
JKeHHOCTH, MArHmTHOro moaa H. YcinoBme pe3oHaHCa TOorja HWMeeT BH

1 2me A
T~ Wew 04[0E (14.24)
CHeHOBaTeJILHO, ecJIn H306p33ETL oornomenue BHeerH MHKPOBOJIHOBOI‘O ooJd Kax
¢ynrnmio or 1/H, T0 pe3oHaHCHEEe IMKH, OTBEYAIOMZE OTAEJBHOMY HUKIOTPOHHOMY
mepuofy, GyAyT paclojaraThcs depe3 PaBHBIE IPOMEKYTKH.

HpI/I aHajm3e IKCIePDUMEeHTAaNbHbIX NaHHBIX BO3HUKAIOT CJIIOKHOCTH, CBA3aHHLIE
c OHpeIIeJIeHI/IeM TOro, KaKme NMEHHO 0p6I/ITBI TawnT OCHOBHOM BEKJIaO B pe30Hch.

H *E

Zan 50

Qur. 14.8. Teometpun sdderra AsGens — Hamepa B mapaiiie bHOM MAaTHHTHOM HOJE.

MoxHO DmOKa3aTh, 9TO AMA BAJUNCOMAAIbHOK moBepxHocTu (DepMu OUKAOTPOHHAA
9aCTOTA 3aBHCUT TOJBKO OT HAIPABICHHS MATHWTHOTQ IOJA M HE 33aBHCHT OT «BHICO-
Te» opbmTH k,. CiexoBaTeabHo, B 3TOM CIy4ae MeTOJ IUKJIOTPOHHOTO pe30HAHCA
JaeT COBepPIIeHHO OfHO3HAYHEE pe3yabTaTh. OZHAKO ecim A BHOpAHHOTO BaUpas-
JIeHIA TOJNA MMeeTCs IeJblil CHEeKTP MepHOI0B, ITO CAydaeTcs BCAKEA pas, Korja
T (€g, k,) sasucmr ot k,, To DpM WHTEpUpETalUM SKCHePUMEHTAJBHHX NaHHBIX
cleyeT OPOABIATL OCTOPOMHOCTE. KOHeYHO, MBI JOMKEK YYUTHBATD JAME OPOHTH
Ha noBepxHocti (DepMm, HOCKOJABKY B CHJIy OPUHNEHIA Ilay/im 3JIeKTPOHBI, IBHKY-
mpecA mo Gosee HUBKAM OpOHMTAaM, He MOTYT LOTIAOINATH dHEpruo0. HonnuecTBeHHER
pacueTs MOKAa3HBAKIOT, YTO PE3OHAHCHEE YACTOTH dalle BCEro OUPeNeNAIOTCsS TeMHd
opbuTamu, ANA KOTOPHX MUKIOTPOHHHMA NEPHO) DKCTPEMAIeH 0 OTHOWIEENIO K H3Me-
Hermo k,. OmHako moapoGHAA 3aBUCUMOCTD HOTJIOMEHAS YHEPIAM OT I8CTOTH MOKET
“MeTh CIOKHEI BUR. I[losToMy Heo6X0AUMO HPOSBIATH OCTOPOHXHOCTD U YYATHBATE,
9T0 He BCEerfa TAKUM 06pa3oM yIAeTCs u3MepPUTh sxcTpeManbuule sanauenusn 7 (€ p, k,),
a WHOTJA B HeHCTBUTEABHOCTH WH3MepPAIOTCH CIOKHEE CcpefHEe OT 3HaveHmi T,
B3ATHe mo noBepxaoctn Pepmm. Curyanus HEKorza He GHIBAET CTOJNhL HPO3PAYHOMH,
KaK Opu mccaemoBanumm sdderra me I'aasza — Ban Aubgena.

Tronasbe sKCHepEMeHTaNbHEE JaHHEE [JIA [UKIOTPOHHOTO PesoHAaHCA UPH-
BefleHH Ha ¢ur. 14.9. O6paTtuTe BHEMaHme, 4TO 37eCh EMeeTCS HECKOJBKO IKCTpe-
MaJBHBIX IepHoxoB. Boabmyio momomp Upy aHanwmae JOBONBLHO CIOMHON CTPYRTYPH
OKAa3EIBAET TO 00CTOATENHCTBO, YTO KAMK/IKM UEPHAO]] IOPOMKAAET IRKH, PACIONLOMKEH-
HEIE Ha PAaBHEIX PacCTOAHHUAX APYT OT APYyra, €CidW M0 OCH OTKAaxumBath 1/H.
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@ur. 14.9. TunuunHe NWKY OUKIOTPOHEOIC Pe30HAHCA B AJMIOMHHEM IPH JBYX PA3HAEIX ODHEHTa-
nuax noxnsA. (Us paGorar [14].)

B 1pom3poRHO# OT NONTOMEHHO MOLIMOCTA [0 MArHUTHOMY HOJI0 MOMKHO BHLINEIHTh UNKH, COOTBETCTBYIOMAE wue-
THPEM DA3NWIHHEM 9KCTPEMANBHEIM IEKJOTPOHHEIM Maccam. (IIMKu, OTBewaromue OXHON 9KeTpeManpHON macce,
PACOOJIO}HEHH HA PABHBIX PACCTOAHMAX N0 1/H, B YeM MOKHO YOeNWTHCA OPH BHMMATELHOM HBYYEHWHM KPMBBIX.)

PASMEPHBIE 2®@®EKTHI

CymecTByer eme ofHa IpyOIa MeTOHOB HCCIef0BauMa noBepxnocTm Depmm,
B KOTODHIX HCHOAB3YIOTCA OYeHb TOHKHME MeTaliuiecKye o6pasus ¢ HapalliejbHEMH
mIockuMu rpaHEavMu. Meron ocHOBaH Ha BHIABIEHUH pe3OHAHCHHX sdderroB, 00yc-
JOBAEHHNX 9JI6KTPOHHEME OPOHTaM®, TOYHO YKJANHBAIIEMUCA MEHEAY [ABYMA
rpaEamu. CaMsiit npocroit u3 Eux — addexr I'arTmaxepa !) B mapasirensaom mole
[14]. Hasa ero mabaooeHra TOHKYIO METAJIAAYECKYI0 IVIACTHHY HOMEMAIOT B Iapal-
JexbHOEe ee MOBEPXHOCTH MAarHUTHOe II0jie M HOABEpPraioT BO3HeHCTBHI0 MAKDPOBOJ-
HOBOTO W3JIydYeHHsA, MOJAPHU30BAHHOTO HMepUeHAMKYAApHO moxio (dur. 14.10).

PaccmorpuMm ofpasen, TOJNMEHA KOTOPOro BeJMKAa IO CPABHEHUIO ¢ IayGuHOH
CKMH-CIIOA, HO MaJja 10 CPAaBHEHMIO ¢ JIuHO# cBobonHoro mpobera (Aaa 3Toro HeoO-

1) 9dderr l'anTMaxepa B HaPANISAbHHX M HAKJIOHHOM HOJAX JaeT TAKKe NEHHYI0 HEPOpMA-
Ouio 00 »JAEKTPOHAHX BPeMEHAX peaKCanuu.
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XONMM IpeflebHO AHOMAaJbHHI pekmm). Torfla snexkTpwdeckoe mojie MOMKeT Heii-
CTBOBAThL HA HJIEKTPOHEI, JMIIb KOTZla OHM HAXOAATCA B IpeflellaX CKUH-CI0A BOIM3H
nosepxHoctn. C JApyrof CTOPOHH, 3JeKTPOHBI MOI'YT 0GyCHOBIMBATH M3JNyUeHHe
9HEPIWM W3 MeTalja TakKe, JAOIP KOTAA OHN HAXONATCA B Ipeleliax CKHH-CIOH
y HOBEpPXHOCTH.

PaccmMorpum Temeph 3IeKTPOHE, OPOMTH KOTOPHX B MarHHTHOM LOJe TPOCTH-
paioTca OT CKHH-CJIO0A HaBepXy INIACTHHEH [0 CKUH-CJI05A BHM3Y ee. MOKHO moKasaTs,
9TO BIEKTPOHE ¢ TAKMMHI OpGHTaMH CHOCOGHB BOCHPOM3BOAHUTE HA NajbHEH cTopoHe

fTadarwwee usmyvenue

Hanpasnenue nom E

Memasinuyecrasn naacmine
C napaiiens Heimu
TI0BEPTHOCITIAMU

Hpameﬁuzee USTTYHEHLE

®ur. 14.10. 3dpdext 'anTMaxepa B mapasieILHOM IIOJIE.

Korga Tonmyuma NAACTEHH COBOANAET C MUAMETPOM BKCTPEMAJBHON ODOGMTH (WM C LesIbiM YRCJIAOM TAKMX Juane-

TPOB), NOJKHO HAGMIONATHCA DPE3OHAHCHOE MPOXOMKAEHHME ueped NIacTUHY. IToJle MOMKET MPOHUKATH B ILIACTHHY

UMb HA NTYOMHY CKEH-CIIOA (3AMTPHEXOBAHHAA OGJACTH CBEPXY); €ro 9HEPrud MO;KeT GHITh M3JIYYeHA U3 METAJIA

TAKKE JUINE BJEKTPOHAMU B HpeResax CHHH-CIOA (aamTpnxonaHHaﬂ obnacTs cHuM3Y). MarnutHoe none H mep-
MEHNAVK YJIIAPHO NJIOCKOCTU YepTerKa.

OJaCTHHB TOK, KOTODHH BHBBAH NPHWJIOMEHHEIM CHAPYIKE DICKTPHICCKHM IOJIEM
Ha ee OamxHE# cTopoHe. JTO HPHBORWUT K W3JIYIEHUIO 3JEKTPOMATHATHOH SHEPrUU
¢ MaJbHeH CTOPOHH MJIACTHHH. [[03TOMY B TeX ciayYasx, KOTXa TONIMMWHA LJIaCTHHE
U BeJMYMHA MarHATHOTO HOJA HOAOOpPaHH TaK, 4TO IJisA OpOuT BHIOJIHAETCA YCIO-
BHE COTJIacOBaHUS, MOKHO HAGAAATHCH PE3OHAHCHOE BO3PACTAHME IIPOXOMKTCHUA
3JI6eKTPOMArHUTHOM SHEPIruH dYepes IIACTUHY. BHOBB 2Q(eKTHBHEMHE OKa3HBaloTCH
JNIIE 3J1eKTPOHH BOau3n noBepxuoctu Mepmu, DocKoabKy B cuay mpurnmna [layau
TOJABKO OHE MOI'yT 00OMEeHHBATBLCA sHEPTHeH ¢ mojeM. Briax B pe3oHanc KaoT Takme
JUmb OpOHUTH € KCTPeMAJLHEIMU JNWHEHHHEIMH DasMepaMu.

Usmeperus sdpderta ['anTMaxepa 9acro IpPOHBBONATCHA B MerarepueBoM Amama-
30He, 4TO0H M30emaTh CHOKHOCTEH, BOBHEKAKIEX OPH NEPEKPHTHAN YaCTOTHL pas-
MEePHOTO N IIMKJIOTPOHHOTO Pe30HAHCA, YTO MOTJIO OB IPOM30HTY B MEKPOBOJHOBOM
IuamasoHe.

B macrosmee Bpemsa ¢ MOMOMbI0 ONUCAHHKX W GAM3KWX K HAM METOLOB mMCCJe-
noBans nopepxHoctu Mepmu Goapmoro gncaa meranios. 0630p moNyIeHHOR TaKUM
oOpasom mEPopMammm maH B ria. 15.

3ATAYN

1. a) Iloxasxmre, 9T0 yciaoBue KBamtoBaEMa Omcarepa (14.13) mus CBoﬁonHHx 9JIEKTPOHOB He-
MOCPEJICTBEHHO JlaeT HMX YPOBHM 3Heprum (14.2), ecim moyomurh A =

0) Iloxazure, uTo BHpOmeHne (14.4) ypoBHe# cBoGoHEX snemponon (14.2) pasmO mpocro
9uCly YpOBHEH, KOTODHM 00JafilaeT B OTCYTCTBHE Nola cBOGOJEHIA 9JIEKTPOR ¢ 3afaHHKEIM 3HA-
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YeHUueM k, I/I] €O 3HAYEHHSMH ky U ky, JIeKAIUMH B IpPefesax ILIOCKoH obmacTu niomajepio AA
[em. (14.12)].

2. Hcnonpsys ¢ymmamenTanpHOe cooTHolmieHWe (14.1), ompejenuTte OTHOHIEHUE MJIOMAJEH ABYX
BKCTPeMalbHHX OpOHT, 06yCIOBAMBAOMUX H306paskeHHEe HA ¢ur. 14.2, 6 OCHMIIALNUA.

3. Ecan] B srcuepumente ge 'aasa — BaH Auab)eHa MArHHTHOE IIOJIe HEOZHOPOAHO B Ipejetax
ofpasia, T0 3T0 JOJIKHO OTPa)KaTheA Ha Beauumee g (§). Makcumymsr Gymmuu g (€) B PasHHX
ob6aacTaAX GYAYT COOTBETCTBOBATH PA3IMYHKEM HANPAKEHHOCTAM TOJSA, TOITOMY MOMET 0Ka3aThCA,
9T0 CyMMapHas BOCIPHUMYHWBOCTH C y4eTOM BKJAJO0B OT Bcex oGiactedl yKe He GyfeT OCLUIINPO-
Barb. YrTofm 5TOr0 He CHyYMIOoCh, M3MeHeHHMA 3Heprun §§,, 0OGYCIOBIEHHHEC N3MEHOHHAMUI
OH 0% B IPOCTPAHCTBE, AOIKHEL OBITH MaJs 10 CPABHEHHIO ¢ BeJHIHHON £, — &, Had
3KCTpPeMaJbHHX opbur. IMomesysack Tem, 4ro Bemuunsa 04 (g, k,)/dk, o6pamaerca B HYJIb LIS
IKCTPeMAJBbHHX OPOMT, BHYMCINTE JUIA HUX LPOMBBOAHYI0 0&.(k,)/0H ucXold W3 BEPAIKEHMS
(14.13). Joxkaure, 9TO /i1 CYMECTBOBABHNA OCHMUIANNI HEOTHODPOJHOCTh NOJA NOMMKHA YI0B-
eTBOPATH TPeGOBAHMIO

i < AA

H A
Tae BeamumHa AA oupepeaserca ¢gopmydoi (14.12).

(14.25)

4. a) Iloramure, 9T0 B MUKDOBOJHOBOM juanazone (o ~ 1010 ¢-1) ypaBuenue (1.33), onuckpaio-
mee pacupocTpaHeHHUe 9JIEKTPOMATHNTHOY BOJHE B MeTajJe, 1pHoOOperaer BUj

—V2E=( 4TICW )E.

= (14.26)
6) IMonyuute orciofla BeIpaskeHHe (14.21) mjasa KiIacCHYeCKOH riyGHIEI CKHH-CIOH.
B) lloueMy 9TO paccMOTpeHMe CTAHOBHUTCA HETOYHHIM, KOT/A II0JE CYIHleCTBEHHO MeHSieTCH
HA PACCTOSIHUAX NOPAMKa MIHHH cBoGogHOTO mpobera? (Vrasanue. Ciefiyer euwle pas Mpoamam-
3UpoBaTh BHBOJ 3akoua Oma, mpoBepeHHEH Jlpyne.)
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30HHAA CTPYKTYPA
OTJAEJbHbIX METAJLJIOB

IMEJOYHBIE METAJIJIBI
BJIATOPOJHBIE METAJJIEBI
OIBYXBAJIEHTHBIE «IIPOCTBIE» METAJLJIBI
TPEXBAJEHTHBIE «IIPOCTBIE» METAJJIBI
UETBIPEXBAJEHTHBIE «IIPOCTbLIE» METAJIJIBI
TIOJIYMETAJIJIBI
INEPEXOOHBIE METAJIJBI
PEIRO3EMEJILHBIE METAJJIBI
CIIJTIABEI

B sroii riaBe ommcaHE HEKOTOphle HamboJee MOHATHHE OCOOEHHOCTH B30HHOM
CTPYKTYPH pPsANa KOHKPETHHIX MeTAJJI0B, YCTAHOBJEGHHHE SKCOEPHIMEHTAJLHO
OOCPEeICTBOM MeTONOB, obcy:xmaBmuxcs B ria. 14. Hama raaBHasg meabs — mpocTo
IpOJeMOHCTPHPOBATh 60raTcTBO U pasHoobpasue 30HHHX CTPYKTYP METAJIHIECKHX
anemeatroB. Ocoboe BEEMaHme, OJHAKO, MK ofpaliaeM Ha CJIydad, KOTAA KaK0e-TO
CBOHCTBO 30HHOHM CTPYKTYPH MeTaJija HAXOJAUT YeTKoe OTpasKeHue B eTo (usmue-
CKUX XapaKTepucTmrax. B wacrtEocTH, OyIyT oTMedeHH moBepxHocTH DepMu, KOTO-
pHe MOTYT CAYKHUTH YeTKOH WIIIOCTpanuedl BIMAHWUA 30HHOE CTPYKTYDPH Ha KHHe-
THYecKme KodppmmmeHTH Mertasma, (cMm. ria. 12 m 13). MH BeTpermMesA TaKKe
€ PAZOM HOPOCTHX DPUMEPOB, HOKA3HBAIONUX BIWAHNE 30HHOH CTPYKTYpPH Ha Tell-
TOeMKOCTh W ONTHYECKHUE CBOWCTBA MeTaJJia.

MOHOBAJIEHTHBLIE METAJIJIbI

MoHoBaseHTHbIE METAJIIb UMEIOT mpocTeitmue HoBepxHocTH Mepmu. OHE meaAT-
cA Ha JiBa KJiacca — INEJOYHBIe W GIaropofiHHe MEeTaJIbl; WX aTOMHHEe KOHQurypa-
UMY U KPHCTAJJIMIecKmue CTPYKTYPH ykasauwel B tabx. 15.1.

Tabauya 15.1
MouHoBaleHTHBIE MeTAaJl1bl

[MenoYHHe MeTamubl (0. . K.) %) BiaropouLe MeTajiH (r. K. K.)
Li: 152 251 —

Na: [Ne] 3st —

K : [Ar]4s': Cu: [Ar] 310 4st

Rb: [Kr] 5st Ag : [Kr] 440 551

Cs: [Xe] 6st Au: [Xe] 47145410 Bst

a) IToBepxHOCTE PepPME JMTHA M3BECTHA INIOXO0, NOCKOJbKY Opu 77 K OH HCOHTHBaeT TAK HA3HBae-
MoO€ MapTEeHCHTHOe IpeBpallleAMe ¥ NEepeXONHT B CMeCh Kpmcrasnmuecknx ¢as. ITosromy o.u.K. dasa cyue-
CTBYET JIAIIL OPHA TEMOEPATypax, KOTODHE CJIMMKOM Bejdmkum IJA HabOmoperma sddexta pge T'aasa — BaH
AsbfeHa, a B HUBKOTEMIEPATYPHOII (ase HeT KPUCTAIINYHOCTH, HeoOXQnuMOR INA MCCIENOBAHMA C NOMOMELIO
abdexra ne 'masa — BaH Ansfena. Harpnil acONTHBaeT aHaJgormyHoe OpeBpamesave npy 23 K, OJHAKO npu
OOJIKHOfl OCTOPOMKHOCTH 9TO NpPeBpAlieHHNe MOX{HQ YAaCTHYHO OPedOoTBpATHTh, 4YTO MOSBOJHKJIO NOJYYUThH
xopoume pandule 0o afderry ne Taasa — BaH AJgbdheHa nua o.M.kK. dasn. (MH Talwke ONYCTHJIH M3 NepedHs
IeJTOYHBIX METAJLJI0OB HNEPBH ¢ nociexHmil 8J€MeHTH Irpyonn I A nepmoamdeckoll CECTeMBl: TBepPHBIA BOOOPONR
SIBIIAETCA OUAJEKTPUKOM (M NO3TOMY He MMeeT MOHOATOMHON pemieTK® BpaBs), XOTA M BHCKA3HBAIOTCA mpel-
OOJIOMKEHNA, 9TO OPA OYeHb BHICOKMX JABJEHHAX JOJMKHA NOOABJATHCA MeTalumdeckaa (asa; (pannpmi
pPamMOAKTEBEH W MMeeT IPesBHYaiiio KOPOTKHN mepuop nojypacrapga.)
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IloBepxnocru Depmu 3TUX METAINOB (KpOMe THTHA) UBBECTHH ¢ GOABIMON TOY-
HOCTBI0; OBH 3aKJI09A0T B cefe 00beM K-IPOCTpaHCTBA, B KOTOPOM MOJKHO pasMe-
CTUTH 10 OTHOMY DJIEKTPOHY HA aroM. Bce 30HH MOJTHOCTHIO 3aONIHEHBI HJIH IIYCTH,
3a MCKJII0YeHMEeM JIMINDL OJHOM YacTHIHO 3AMOJHEHHO 30HE IpoBOAUMOCTH. V3 ABYX
Ha3BAaHHHX Ipynn 61aropogHie MeTalihl Oonee caoxuw. Mx moepxuoctu Mepyu
o0snagaioT 6oJyee CIOKHOE TOmOJOTHEH; KPOME TOrO, HA MX CBOMCTBA MOMKET CHIBHO
BJIMATh BaTONHEHHAA d-30HA.

MEJOYHBIE METAJLJIBI

3apsaj NOHOB IMEJO0YHBIX METaLI0B PaBeH eJHHUNE. DJIeKTpOHH MOHHOHE cepire-
BuHb 00pasyloT aTOMHYI0 KOHQHrypAI(AI0 WHEPTHHX rasoB W CHJIBHO CBA3AHH
¢ AIpOM, IO3TOMY OHH JalOT HU3KOJe:Kampe 30HH, KOTOpPHIe 04eHb Y3KHU, LOJHO-
CTHIO 3aMOJNHEHH ¥ ONMCHBAIOTCH NPUOAMKEHHEM CHIBHOM cBsi3uW. DHe WoHHOHR
CepAIeBUHN HAXOAUTCS ONWH 3JEKTPOH IPOBOAUMOCTH. FEcam GbI MBI CUMTANHA 3JIEK-
TPOHE OPOBOJMMOCTH B MeTajjie COBEPIIeHHO CBOOONHHME, mOBEepXHOCTH Depmn
mpencTaBisina Ou cofoll chepy paxuycoMm & p, KOTOPHIE OIpenenaeTcs: COOTHOIIEHUEM
[em. popmyny (2.21)] \
k o
=n=a, (15.1)
Iie @ -— [INHA CTOPOHHE yCIOBHOH KyOmMdecKoi sgdefikm (B 0. I. K. pemeTKe DpaBa
uMeeTCd IO JBa aTOMa Ha OJHY YCIOBHYI sdeiiry). Pamumyc chepnt Depmm mosxHO
BHIPa3UTh B efUHANAX 27t/a (PaBHHX IIOJOBHHE [JIMHEI CTOPOHH YCAOBHOH KyGmde-
CKOJ g9eltkym B OGpaTHOH r. Il. K. pemIeTKe):

b () (22 ) =002 oE

Hpartuaiimee paccrosHme oT IeHTpa 30HH DpHWAIIOPHA 10 ee IpaHed eCThb
($ur. 15.1)

IN=2 3/ (4) + (5 +02 =0,707 (%) (15.3)

IlosToMy cdepa CBOOOTHHEIX B3JIEKTPOHOB HEJIMKOM JEKHUT BHYTPHA HEPBO 30HH
Bpunnniossa. bammke Bcero oHa mojXOomuT < ee rpaHWmaM B nampaBiaenum I'N, aas
rxoroporo kx/TN = 0,877.

Nsmeperus mapamerpos mosepxHocTr Depmu ¢ nomompio adderra ne I'aasa —
BaH AubdeHa ¢ OONBNIOR TOYHOCTHIO MOATBEDIKAAIOT 3TOT Pe3yabTaT TEOPHU CBOGON-
HHIX 9JEKTPOHOB, 0COOEHHO B HATPWM M KaJHu, I'le OTKIOHEHNA Kp OT 3HAYEHNA
IUis1 ¢BOOOMHEIX 3JEKTPOHOB COCTABJSAIOT IAINb AeCATHe ojd uponenra ). Oranuns
nopepxuoctelr Mepmm oT wheanbHEX cfep mpepcrasiens uHa ¢ur. 15.1, xoropas
IOKA3EBAeT HE TOJBKO TO, KAK MAJH 3TH OTJAUYUA, HO W TO, HACKOJIBKO TOYHO OHH
U3MepeHH.

CremoBaTesbHO, IMEJOYHLIE MOTAJIH NAIOT 3aMeYaTeJNbHHE HOpPHUMEp IpUMeHH-
MOCTH MOJeJH CBOGOJHEIX 3M6KTpoHOB 3omMepdennia. Opmaro Ono O omuGKOR
coerarTh OTCIONAa BEIBOX, 9TO B INEJOYHHX METAJIJIaX 09eHb mMaa aQQPeKTUBHEIN KpH-
CTalnnYeCKH# HOoTeHIMaJ. B HeflcTBATeNBHOCTH 5TO JUMb 03HAYAET, 9TO A ONU-
CAHNA BJIEKTPOHOB IPOBOAMMOCTA B IMENOYHEIX METAJJIAX XOpPOImO IOXXONHT METOZ

1) TpymuocTs HAOJIOMEHHS CTONL MAJAKX HAMeHeHHMH Nepmoja ocruiaaanwit ge Taasza —
BaH AnpeHa ¢ M3MEHOHHEM OPMEeHTanHu KPUCTAJJIA YHAeTCA NPeOR0JNeTh, IPOBOAA DKCIePUMEHT
B MIOCTOAHHOM MAarHUTHOM IIOJIe U HabilonasA n3MeHeHHe BOCIPMEMIMBOCTH NIPH I3MEHOHUN ODPHeH-
Tapuu Kpucramiaa. THIMYHEE SKCHepUMeHTAaJbHHE JaHHHE NOKasasH ma ¢ur. 15.2. Paccrosnne
MeKIy INMKAaMu OIpPeNeJfAeTCs W3MeHeHneM dKCTpeMadbHOH MIomann AA, cOCTaBIAIOMUM OOHIYHO
oxono 107% A. TakuM OyTeM yjaeTcs mOJXYIUTH IOBOJBHO TOTYHYI HMHPOPMAIIIO.
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Pyouduii Hesui

®nr. 15.1. OnpefesleAANe SKCHEPUMEHTANBHO MOBEPXHOCTH DepMu B mEA0YHHEX MeTajlaX.
(U3 patGotm [1].)

IIokagzaHbl KOHTYDH NOCTOAHHOrO YOAJIEHWA OT NEHTpa JJIA YACTH HOBEPXHOCTH, JIeKAlEH B NEpBOM OKTAHTe.

Huppm yRasuBAOT OTHIOHEHNA (B MIPOLEHTAX) BEJUUAHE k/k, OT CIHHUIL B FOUKAX MAKCUMAJILHOIO U MUHHAMAb

HOrO ymajeHuda, ko — paguyc chepsl CBOGORHBIX 5ANEHTPOHOB. HOHTYPH A Na u K mpoBemeHbl uepes HHTenBAJ

0,02%, nia Rb - uepes unrepsald 0,2 Y% (DOIONHUTENbHAA MYHKTUDHAA IHHNUA COOTBETCTBYET OTKIIOHEHHIO, pap-

oMy —0,3%), naa Cs — dvepez wmarepnan 0,5% (IONONHUTENLEAA MYHKTUDHAA JIMHUA COOTBETCTBYCT OTKIOHE=
HHI0, paBHOMY —1,259%).
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®nr. 15.2. Ocunananuu ge I'aasa — Bam AabdeHa, HaGiiofaeMele TpPH IIOBOPOTEe KPHUCTalia
KaJrA B 8aJJaHHOM MarHUTHOM 1oje. (s paGoTw [2].)

cnaboro nceBponorernmana (ra. 11). Boxee Toro, mcesgomnoTennuan naxe He HOJMEH
GBITH 0YeHB MAJHM, IOCKOJIBKY BCIOY, KDOMe HeIOCPeACTBeHHOHl OKpecTHOCTH Hpar-
FOBCKHX IJIOCKOCTeH, OTKJIOHEHHS OT Pe3yJabTaTa M CBOGONHEIX 3JEKTPOHOB OB~

&

g

AN

gap ?

I

!

t

{

|

1
Tl kp ;N k

~ 1
®ur. 15.3. Cxema, mOKaswBaomas, 9T0 XOTA 30HHE 0ph kp = 0,877FN HEBO3MOKHO OTIHYIThL
OT 30H CBO6OI{HHX 9JeKTPOHOB, TeM He MeHee BOBMO}KHA 3HAYUTEJIbHAS 9HepreTUveCKas meiab
Ha Gparrosckoil miaockocTa (N).

JNAITCA JTUMb BO BTOPOM NOPsAKe IO BO3MYINAIONEMY IOTEHIHANY (3afada O; CM.
rarske ra. 9). C ygeToM Bcero sToro MOKHO IMOKa3aTh, 9TO IPH HOUTH C(PepmIecKHx
noepxHocTAX DepMm Ha GPITTOBCKUX IIOCKOCTAX MOTYT CYIMECTBOBATH dHEPrETH-
deckue menan mupuHOi g0 1 3B (¢Pur. 15.3).
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CpoiicTBa MENOYHBIX METaJJI0B ABJIAKTCA YHHKAaNbHBIMA B TOM OTHOHNIEHWH,
9T0 TONBKO OHM 0GnafafT moutu cdepmuecKwmm noBepxHocTsamu DepMu, HenauwKoM
Je;RalMyMU BHYTPH OflHOM 30HH Bpmaasra. Braromaps sToit ocobennocTr gerasnb-
HBEIA DOJNYKJIACCUYECKUH aHaAm3, DPOBENEHHNN B I'l. 12, B OpUMEHeHNN K KUHETH-
9eCKHM CBOMCTBAM IEJOYHHIX METAJJIOB CBOAMTCA K IIPOCTON Teopwm CBOGOIHBIX
3JIeKTpOoHOB 3omMepdenbia, oOcymaaBmedcs B rix. 2. IocKOABKY mis CBOGOTHEIX
3JeKTPOHOB aHaJu3 IPOBOMHUTCA IoPasfo Mpome, 9eM AJA GI0XOBCKHEX 9JEKTPOHOB
B o0meM ciydae, IEJOYHEE METAJJIH IPEeNCTAaBJIAKT Co00H IeHHHRH «MCIEBITATENb-
HEIA IOJHTOH» [ HCCIHENOBAHWA DPABJIKYHHX CTOPOH NOBENEHUS 3JIEKTPOHOB
B MeTajie, NOCKONLKY 3/eCh HaM He OPHXOAUTCH CTAIKHBATHCA € KOIOCCAJLHEIMHE
AHAMHTAICCKIMHA TPYAHOCTAMHU, CBA3AHHEMH C 30HHOH CTPYKTYpOM.

B ocHOBHOM u3MepeHHHE KHHETHUECKHEe KOQQUIMeHTH HeJ0IHBIX MeTalaoB
XOpOomo COrJacylTcs ¢ HabnwomaemMoll cdepudnocThio ux noeepxHocreit Mepmu !),
T. €. ¢ IPEJICKa3aHNAMYU TeOPUHU CBO0ORHEIX 9eKTpOHOB. OnHaKko GHBaeT TPyLHO OpU-
TOTOBHUTH 0GPASIEl, B OCTATOYHOH Mepe CBOGOAHBIE OT KPUCTAJINIECKHX JeferToB,
9T0GH CTPOro UpOBepuTh 8T0. Hampumep, X0TA m3MepeHHs MAarHETOCOUPOTHBICHUA
AICHO MOKAa3KBAIOT, YTO B INEJOYHHEX METAJNJaX OHO 3aBUCHT OT IIOJS TOpasgo CJja-
fee, yeM B JpPYyrux MeTajjax, TeM He MeHee /0 HACTOAINEIO BPEMEHH He yAaJIoCh
DKCHEPUMEHTAJbHO YOOAUTHCA B OTCYTCTBUH 3aBHCHMOCTH 3TOH BEJWIMHEI OT IIOJS
npu GONBIMUX ®.T, KAK 5TO JOJKHO MMETh MeCTO IPH CPepnYeCKOo#l IOBEpPXHOCTH
Depmu. Kpome Toro, pe3yrsTaTH psfa HeJaBHUX HKCHEPUMEHTOB IOKA3BIBAIOT, UTO
3HAYEHNS] TOCTOAHHON Xo0Ja OTAMIAIOTCH HA HECKOJABLKO IPOLEHTOB OT BeJWYHHBI
—1/nec, xotropas moNydYaeTcs B TeOPHM CBOGOJHHIX 3JIEKTPOHOB (U KOTOpas MOJKHA
HaGmionaThca B ciaydae Jio6olt saMEHYTO# noBepxHoctm @epmm, comepmamieit
0 OflHOMY 3JIeKTPOHHOMY YpOBHIO Ha atoMm). llomoGHEle pacxopenusi mpuBean
HEKOTOPHIX UCCIEl0BaTeNIel K MPeil0JIOKEHNI0, 9TO 3IEKTPOHHANA CTPYKTYpa Weod-
HEIX METAJJIOB B JeHCTBUTENHPHOCTH MOKeT OHITH Golee CJOKHOM, 9eM OLNCAHO
BEINE; COO0pasyKeHUsI B MOJB3Y HTOTO, OAHAKO, Jaleko He yOeouTeabHH, U cehiuac,
KOT[la MHEI IINIEM 5Ty KHHTY, IpeobjajaeT MHeHue, 970 noBepxuoctu Mepmu memnod-
HEIX METaJIJIOB OpecTaBifaioT cofoif mouTm TogHBIe cepsr 2),

BJIATOPOJHBIE METAJIJIBI

Cpasrenme xanua ([Ar] 4s') u menm ([Ar] 3d'%s') nosBonser BHABUTH BaskHbIE
XapPAKTePHBE PA3NMUMA MEKAY IMEeJOYHHME 1 GIarOpOLHHEIME MeTaljaMm. B MeTa-
JIAYECKOM COCTOSTHUH Y 3THX 3JIEMEHTOB aTOMHEE YPOBHH C 3aNOJHEHHLIMHA 000 04-
Kamu KoHgurypanum aprona (1s?2s?2p®3s’3p%) maioT 30HE ¢ OUeHb CHJIBHOM CBA3BIO,
Jeskamye ropasfo HUKe SHepruil a060ro M3 OCTAJBHBIX DIEKTPOHHBIX YpOBHEH
B MeTajie. JJEKTPOHH HA HU3KOJEKAIMWUX YPOBHAX B GONBIIMHCTBE 3aflad MOKHO
CYATATH COCTABHON YaCTHI0 MHEPTHHIX MOHHEIX OCTOBOB, a IPH IOCTPOCHHUH OCTAJb-
HHIX 30H paccMaTpuBath aumbo o. I[. K. pemeTky Bpass, o6pazoBaHHYI HOHHEIME
ocroBamu K+ ¢ nofaBieEreM ONHOIO 2JEKTPOHA Ha KAKIYIO DJIEMEHTapHYI0 AUeiKy,
uam e T. 1. K. pemeTky Bpass monoB Cu''*, k xoropoii fofaBreHo mo OTMHHALLATE
21eKTpoHOB (3d'%s') Ha RaKAYIO0 9JIEMEHTAPHYIO AUEHKY.

B kaamm (1 npyrux MeTOYHBIX METAJJIaX) TaKue 100aBOUHEE 9JeKTPOHB 3aM0J-
HAIOT IOJOBUHY 30HBI, 09€Hb NOXO0Kell Ha 30HY CBOGOMHBEIX 9JEKTPOHOB; B pesyib-

1) MckaoogeHne COCTABIseT ANTHII, B KOTOPOM mOBepXHOCTh DepMH m3BeCTHA IIOXO B CHIY
OpHIMH, yHOMuHaBOinXcsa B Taba. 15.1. (JluTu#t, mo-BuanMoMy, mMeeT OTKDHTYIO IOBEPXHOCTH
®epmn. — pum. ped.)

2) OtmernM, 9T0 mpH 3ToM 9PPeKTHBHASA MACCA HAEKTPOHOB LICIOYHEIX METAJJIOB 3aMETHO
OTJINYAETCA OT MACCH CBOOOIHOTO 3JMEKTPOEA.— [ pum. ped.
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TaTeé B KajJuy MH HMeeM IIOYTU COBepIONEHHO cpepmyeckue noBepxuoctu Depmn, onm-
CaHHBIE BHIIE.

B menn (m gpyrux Gaaropomubix merasiax !)), 9To0H pasMecTUTh K0GABOYHBIE
ONUHHANNATH SJICKTPOHOB, HY/KHB IO MEeHBIIell Mepe MIeCTh 30H (ATOTO YHCIa B Jeil-
CTBHTEJIBHOCTH OKA3HBaeTcs JocraTouno). Mx crpykrypa usobpaskena ua dur. 15.4.
Bugso, uro mourn fis Beex BOMMOBBIX BEKTOPOB k mIeCTh 30H pacmafalTCA Ha HATh,

@ur. 15.4. ¢ — paccunTaHHHe DHepreTHIecKue 30HH B Meu. (Ilo paGote [3].)
Kpmame 8aBHCHMOCTH {6 ot k nokazaHut BOOJH HECKOJIbKUX Hanpanneunﬁ BHYTPHY M HA IIOBEPXHOCTHU uepnoﬂ 30HH

Bpunawoada, (Touka I' HAXOMATCA B HEHTPE 30HMHL) d-30HM BAHUMAKOT I'YCTO 3AIITPHXOBAHHYIO 001aCTh, MAPRHA
KOTODPOif nmopaagka 3,5 aB.

6 — manbolee HMBKO JeKaniile SHEPTAM CBOOOTHEX 2JEKTPOHOB BOJL TeX jKe HAaUpaBJIEGHHH, 9T0
1 Ha CcXeMe a.
Macwrabbl 110 OCH 3HepPrHi Ha cxemax a U 6 HeEOTUHAKOBBIL.

Je;kallAX B CPABHHTENBbHO YBKOM WHTepBage »Hepruil or 2 mo 5 3B mmme ép,
I ImecTyio, SHEprusA Koropoii koaeGmerca or 7 B Bume &, mo 9 oB mmxe €.

Ilare y3kux 30H HDpPHHATO HA3HBATh d-30HAMH, 4 OCTAJBHYIO YACTh ypoOBHell —
s-sonofi. ONHAKO HpH OPUMEHEHWHM JTHUX TEPMUHOB CjledyeT CoBaAaTh OCTOPOIK-
HOCTBH, HOCKOJIBKY JIJIA HEKOTOPHIX 3HaUYeHHH K Bce mecThb YpoOBHeil JesKaT GIUBKO
APYr K APYry W HPOBOAUTH pAa3iaudWe MEKAY YPOBHAMH d-30H M S-30HHI He MMeeT
cMpicia. B HamMeHOBaHHH OTDAJKEHO TO 0OCTOATEIBLCTBO, 9TO HPH TeX BOJHOBBIX
BEKTOpPax, OPN KOTOPHX YPOBHH OTUETIMBO pacHafaloTcad Ha HAThH I OUMH, HATH
13 HUX HOJYYaIOTCA W3 MATH ATOMHHEX d-ypOBHe#l B CMHIC1e OPHOJIMKEHHs CHIBHOM
cBsasu (ra. 10), a Ha ocramoimeMcsA IIECTOM YPOBHE MOMEIAETCSA DIEKTPOH, KOTOPHI
B aToMe ObLI OB 4S-3JIGKTPOHOM.

1) B 30i10Te 4f-30Ha JMeKUT JOCTATOYHO HH3KO, U €e 3JEKTPOHH MOHO PACCMATPHBAaTh KaK
qacTh MOHHOTO OCTOBA HapaBHE C 2JeKTpOHAMH u3 KoH¢urypanunm Xe.
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®ur. 15.5. a — B Tpex GiraropomHHX MeTannax cgepa CBOGONHHX 3JIEKTPOHOB BHIOAYNBAETCH
B HanpaBaeHnY {(111) 10 CONPHMKOCHOBEHNSA C IIECTUYTOJBHON I'PAaHLIO 30HH.
6 — neTaiabHOe n306paKeHNe cedeHN oBepXHOCTH PepMH g KayKI[OTO METaJjla B OTHEILHOCTH,
(A3 pabotur [51.)

Bri0Op cevennit AcCeH M3 COMOCTABJICHUA CXeM a U Oy

3amerum, 9T0 3aBmcUMOCTH OT k [iisi ypoBHeil s-30HH Besfe, Kpome obJjacreii,
rfie OHM HONXOOAT K d-30HaM, IO CBOEMY BHAY BO MHOTOM HALIOMWHA6T HESMIYIO 30HY
CBOGOJIHEIX 3JEKTPOHOB B T. II. K. KpucTajle (U300paskeHHYI0 AisA CpaBHEHNA
Ha ¢ur. 15.4, 6), ocofeHHO ecaM yduecTh IpeIUOJATaeMbie M3MEHEHHS BOIM3HW Tpa-
HENO 30HH BpuiniosHa, BO3HMKAIONWe LIPHW paciere MO METOAY HOUYTH CBOGOMHBIX
9JeKTPOHOB (TJ. 9). 3ameruM TaksKe, 4T0 ypoBeHb (DepMU JIEKUAT [OCTATOTHO BEICOKO
Haj d-30HaMM, TaR 9TO S-30HA Iepeceraer moBepxuocTh Depmm & p B Toukax, rie
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®ur. 15.6. Ocunansauuu pe Taaza — Bag AundeHa B cepebpe. (C mobesHOTO paspelleHnsd
A. C. Nixoseda.)
a «uefxe»

MaranTHOe mode NapajiiejpHo Hanpasnenmo (111). JlBa pasiuyHHX mepuONa CBA3AHH C opburamu H

¥ Ha «Iyse», IOKAAHHEIME HA BPE3Ke, IPUYEM BEHICOKOUACTOTHHE OCHWLIANMN 06 yCI0BIeHE Gosee mupOoKoll opbu-
TOH, NpOXoUAmed IO «Iy3y», IIyTeM MPOCTOrO IIORCYETA HMCJA BHICOKOYACTOTHHIX NEPHONOB, YKIANBBAOIIMXCA
B ONAH HASKOYACTOTHHI Nepuopn (T. €. MeMIY ABYMs CTPEIKAMHK), MOMKHO HENOCPEACTBEHHO NOJYYUTb, HTO
Ay1y (@ryson)/Ayy, («mefika) = 51. (O6paTure BHNMAHUE, U9TO LJA MO YIEHMs aTOl hyHILAMEHTANBHOM reoMeTpu-
yeckoit uHGOpMAanVY HaM He 00A3ATEe]NLHO SHATH BEPTUKAILHBIE UM TOPH3OHTAILHEE MacmrTabn Ha rpaduxe!)

06 CXOCTBO ¢ 30HOH CBOGONHEIX DIEKTPOHOB BCe eme oCTaeTca 3aMeTHHM '), Takum
o6pa3dom, paccunTaHHas 30HHAA CTPYKTYpa IOKashIBaeT, YTO NP KCIePUMEHTaslb-
HOM HCCIe0BaHmH moBepxHocth Pepmuy ¢ oHNpefeJeHHRM ycmexoM MOKEO IpPOHOJI-
JKATH MCIONB30BATH PE3YNBTATH PACYETOB HO METOAY HOUYTH CBOGOMHBIX JJIEKTPO-
HoB. OHAKO ciaefyeT BCerda MMeTh B BHAY, 9T0 Ha HeGoJbmoi ray6une mox mMoBepx-
HocTsi0 DepMm CKDHIBAeTCS OYeHDb CIOMKHAf cHCTeMa d-30H, KOTOPHC BIIOJHE MOTYT
BIAMATH Ha CBOMCTBA MeTajia TOpasgo CUibHee, YeM JI00ad M3 BaMOJHEHHBIX 30H

B IMEJOYHHX MeTajjax 2).

1) Opmaxo yposeHs (DepMu BCe }Ke. IGKHUT JOCTATOTHO 61usKo K d-30He, TAK 4TO Kiaaccupura-
[Es yPORHe 30HH TPOBOEMOCTH HA MOBePXHOCTH (PepMM KaK yPOBHEIl s-30HH HECKOJILKO COMEN-
rersEa. Bojee TOYHO® ONpeeNeHIe TOT0, OTHOCHTCA JIH JIAHHAI YPOBEHb K s- WIH d-THIY, AOIKEO
OCHOBHBATHCA HA NETANHHOM NM3YYEHHM €ro BOJHOBOH QyHKIuu. B aTOM cMmECIe 66npmasn 9acTh
yposgeit Ha nosepxHOCTH QDepMH (XOTA ANEKO HE BCe) MPeACTABJIAIT co(Goit YPOBHH s-THIIA.

2) () pa3amUHO# POINM 3aIMOJHEHHHX 30H B MIEJOTHHX U GIaroOPOMHEX METAJIAX BANOMUHAKT
AX aTOMHHe IOTeHHNUANH woHmsamum. YTo6H yaalimTh BHAYANe NMEpBHIT (45), a 3aTeM BTOpOi (3p)
SJIEKTPOH M3 aTOMa Kajawsa, HeoOXoauMH sHeprux 4,34 u 31,81 3B. CooTBercTBylomue nu@pH A3

mexn ecth 7,72 5B (4s) 1 20,29 3B (3d).



30HHAA CTPYKTypa OTAEIbHHX MeTAJJI0B 291

1

@ur. 15.7. Usobpasxenne HeCKOJLKHX OopOUT N3 TIOPABHTENILHO 6OJBILOTO YHCIa THIOB OPOHT,
10 KOTOPBIM MOKET /IBUTaTBCH BJACKTPOH B k-UPOCTPAHCTBE UPH UPMIOKEHMH K GaaropojmoMy
METaJIIy NOCTOAHHOTO MATHUTHOTO IONA.

HBHOMHMM, 4qTo ODGHTH TI0J1y4al0TCA CeYCHMEM NOBEpPXHOCTH @epMPK MJIOCKOCTAMH, NEPNEHTUK YIADHBMN IOIIO.

IlokasaMsl: 3AMKHYTAA DJIEKTPOHHAA OPGHTA (1); BAMKHYTasA AHPOYHAA OpGHTA (2); OTKPHTAA op6uTa (3), KOTOPYIO
MOHHO DPONOIBKUTL KO GECKOHEYHOCTH B OHOM HAIpPAaBJICHNH B CX€ME NOBTOPA:OIIMXCS 30H.

[Toepxuocts Qepmu A €IWHCTBEHHOH HANOJOBHHY 3aIOJHEHHON B0HHI CBO-
OOAHREIX 3TEKTPOHOB B I. I. K. pemeTke bpass mpencrasaser cobot cdepy, Koropas
[eJIMKOM PACHONI0KeHA BHYTPH IepBoi 30HH Bpmunisna m Giammke Bcero MOAXOXAT
K TIOBEPXHOCTH 30HH B HampasieHmu (111). B »Tux HampaBieEHSAX ee pacCcTOAHTE
OT 1ieATpa 30HH cocraBaser 0,903 paccrosEMA oT HeHTpa 30HH A0 NEHTpa INECTH-
yroapso# rpann. Vismepenus ofderra ne I'aasa — Ban Anbdera DOKasHBAIOT, 4TO
BO BCeX Tpex Omaropopex Meraijax noepxuoctn Depmm B menoM 09eHDb NOXOKHA
Ha cepy CBOOONHEIX »JIEKTPOHOB, HO B HaupaBieHmax (111) B meficrBmTenbEOCTH
OHM KacaoTca rpaneil 308K Bpuiaaiosna, nosTomy Habaropnaemue nopepxuoctn Qep-
Mo mMeT ¢opMmy, mokasamHyo na ¢ur. 15.5. BoceMn «meek» BHTArBalOTCA R
KacaloTeA BOCHMU MMECTAYTOJBHEX Ipaneil 30HE, HO B OCTaJILHOM IOBEPXHOCTEH MaJio
HCKa;KEHA [0 CpaBHEHMIO cO cepudeckoil. CymecTBoBaHmne «meek» Hambojaee OTIOT-
JUBO OPOABIAACTCA B ocnminAnuax je ['aasa — BaH AnpfeEa B MAarHUTHHX HOJAX,
mapamiedbHBIX HanpaBieHEuaM (111). Ity ocumunsanum cofep:KarT ABa HepHONa; OHH
0IpeeasaIOTCsa 3KCTPeMaJbHEIMU opOUTaMM Ha «ITy3e» (MAKCHEMYM) W «meiike» (MHHH-
mMyMm) (¢ur. 15.6). OTHOmMEHHE 5TMX ABYX NEPUONOB HEMOCPENCTBEHHO JaeT OTHOIIE-
Hpe MAaKCUMallbHOTO M MEHUMAaJBHOIO IIOINEPEYHHX CeYeHMH B HaImpaBleHAAX

A1) 1):

Meranu Aty («ny309)/A11y («meltxan)
Cu 27
Ag 51
Au 29

1) Cwu. [4]. 3Bauenne gas cepeGpa MOKHO ONPEEIUTH HENOCPEACTBEHHO 110 KCIPIMEHTAI D~
HOH KpuBoi Ha ¢ur. 15.6.
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T [00]] [0//]

Tnocrocime [010]
yepmeaca

[100]

[001]

®nr. 15.8. SIpro BHpajkeHHas 3aBUCHMOCThH MATHETOCONPOTUBJIEHHA OT HATIPABJIEHHA [UIA MEJH
B CHJBHHX 019X, KOTOPasi XapaKTepHa JuIA HoBepxHocTeit MepMu, cofepRamUX OTKPHTEE 0POu-
ter. (U3 paGorur [6].)

Hanpasaenus [001] u [010] kpucTamna megn ykasaunl Ha ¢purype, TOK Teder B Hanpapiaernu [100], nepnengur ynap-

HOM IIJIOCKOCTH YepTerka. MaTHHTHOE HoJe JIGHUT B IJIOCKOCTH d4epTesra. FiTO BEINYNHA HeHM3MEeHHA U COCTABIAET

18 kI'c, a HampamJeHue HenpepwBHO MeHsercs or [001] go [010]. ITpencrapiera mocTpoeHHAA B IONAPHBIX KOODIU-
HaTax 3aBHCHMOCTh BETHYNHBI

p(H)-p(0)
p(0)

oT opueHraiunu 00pasna. VavMepeHUs BHINOJIHEHBI HA OYEHb YMCTOM ofpaslie 1IpM OdeHdbh HM3KOM TeMmeparype
(4,2 K — TeMIepPaTypa MHUAKOTO TelisT), YTO0H NOGHTHCA MRKCHMANLHOIO BO3MOIKHOrO BHAYEHHA ®,T.

Xors meraskeHHas cfepa, «BHOAIHBANMAACAY HAPYKY 40 KOHTAKTA C MIECTH-
YTONBHBIMU TPaHAMM 30HBI, OCTAeTCH MOBOJIBHO HPOCTOU CTPYKTYpOil, TeM He MeHee
opu paccmorpenun HoBepxHocTn (DepMmm (IarOPOXHEIX METANIOB B CXeMe IOBTO-
PAOIIAXCA 30H MBI IOJYyIaeM MHOMKECTBO Pa3sHOOOPA3HEIX UPE3BHUAWHO CIOKHBIX
opbur. Herotopsie mpocrefimue m3 Hux mokasaHs Ha ¢ur. 15.7. OTKpHTHE OpOHTH
OTBETCTBEHHH 3a BechMa 3dQerTHOe MOoBeleHNEe MArHETOCONPOTHBIEHHWS 0Jaropof-
HBIX MeTaxnoB (dur. 15.8): 1aa HeKoTOPLIX HaNpaBIeHNi OHO He CTPEMHUTCA K HACHI-
MEHN0, 9TO OYeHb XOpOmo OOBACHAeTCA IOJyKiIaccHIeckod Teopmeil (cM. cTp.
237—242).

Xora Tomosorusa mosepxHocreil DepMm GIAaTOPORHBIX METANIOB MOMKeT 00yC-
A0BIWBATL OUEHDL CJIOMKHEIC KMHOTHYGCKHE CBOUCTBA, Y 9TUX HOBEPXHOCTEH €CTH
JWMb OHA NOJOCTh, [03TOMY Tpu u3ydeHMu 3PPHeRToB uepeHoca GiaropogHEHE
MeTaJLIE, MOMofHO MEeNOuIbiM, MOKHO CUMTATEL ONHO30HHHIMHU. Bce Apyrme maBecT-
Hple noBepxHoctn DepMu MeTANIMIECKMX IJIEMEHTOB MMEIOT HEeCKOJBLKO II0JIOCTel.

OnHaKo U3-3a HaJMIUA JesKAlUX HA HeGonbImoi riybune d-30H BIOJHE BEPOAT-
HO, ITO OJHO30HHAA MOJieab HeIpuMeHmMA AaA obbacHeHus 3PdHerToB, TpeOyIOmux
BHIXO[la 3a PaMKH IOJyKiaaccmiaeckoir mofean. OcoGeHHO OTIETINBO Hajmdme d-30H
OpPOABJIACTCA B ONTUYCCKUX CBOCTBaX 6GAarOpOTHBIX METAJIJIOB.
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OINTUUYECKUE CBOMCTBA MOHOBAJIEHTHBIX METAJIJIOB

IIser merangna ompefenasieTcs BaBECAMOCTBIO €ro KO3(HIMEHTA OTPaKeHHUs
OT 9YaCTOTH: HEKOTOPHe UYACTOTHI OTPAKAIOTCA CHUJbHee, deM NPyTHe. YiKe caMmo
pasnuupe nBeTa MeIH, 30J0TA W AJNIOMUHUA YKAa3hBaeT HA TO, UTO 3aBUCHMOCTE
K03 uImenTa OTpasKeHUA OT YaCTOTH MOKET CYIIECTBeHHO MBMEHATLCA TPU Oepe-
X0e OT OZHOTO MeTaJia K JAPYroMmy.

B cBow ogependb, Kak DOKAa3HBaeT CTAHAAPTHHA pacdeT TEODUM DJIEKTPOMAarHe-
TE3Ma (mpmioxenue JI), Kosduument oTpayKenMa MeTallla ONpellessAeTCA ero Ipo-
BONMMOCTBIO, 3BaBUcAImeN OT dacToTh. llomcranoBka Bepaskenua (1.29) mua ceobon-
HBIX BJEKTPOHOB B (opmyay (JI. 6) maer kosdduuuent oTpa)eHHms, B KOTODHIH
W3 BCeX XaPAKTePUCTHK KOHKPETHOTO METaJja BXOJAT JNIIb ero IIa3MeHHAA 9aCTo-
Ta ¥ (2AEKTPOHHOE) BpeMs peaaxcanunm. Ilostomy crpyrrypa kosddunuenta orpa-
JKEHNA, HOJyIaeMOor'0 B MOHenHu CBOOONHEIX 9JIEKTPOHOB, BeJOCTATOYHO CJIOMKHA,
9106 00BACHETD XapAKTEPHEE «HOPOTM» B HaGII0faeMbXx KosPPuImenTax oTpake-
HES peaxbHHX MeTAJUIOB; OHA He O0BJACHAET TakKe, HOoueMy 3TH Ko3(PUIMEHTH
CTOJb CHJBHO MEHAITCSA HOPHU HepeXofie OT OAHOTO MeTajla K ApYyroMy.

Peskue navenenus xospdunumenta oTpasKeHNs: CBA3AHH CO BCTYIJIeHHEM B Jiei-
CTBUE HOBHIX MeXaHMBMOB LOIJIOINEHWA »HepTru. B Mojeam cBOGOIHEIX BIEKTPOHOB
3aBHCHMOCTH KO3()QUIHMEHTa OTPAIKEHHS OT YACTOTHl OKa3KBAETCSA JOBOJBLHO IIPOCTOR
u3-32 TOTO, WTO B Hell CTONKHOBEHHA PACCMATPHBAIOTCH KAK eIMHCTBEHHWIH Mexa-
HH3M DoriomeHus sHepruu. llajgamomee wusnydeHwe JUmMb YCKOpSAET CBoGOH-
HEIC DJIEKTPOHB U, eciu OBl CTOJKHOBEHWA OTCYTCTBOBAJM, 3JEKTPOHHI OTaBaJH
O6bl BCI0 NpUOGPETEHHYI0 BJHEPIWI0 B (opMe HPOXOAAINEr0 U OTPAKEHHOTO
NBAYIEHH.

HockoapKy MeTann HempospadeH s W3IYICHUS ¢ TACTOTOH HIDKe IIa3MEH-
HO#l (cM. cTp. 33, a TaKiKe 3ajgady 2), B OTCYTCTBME CTOJKHOBEHWI BCe mNajaiomee
HA MeTaJlJI u3JydeHne JOJKHO OhI0 6B HOJHOCTHIO OTpaKkaTheA. VanydeHue ¢ 9acTo-
To# BHIIE IIA3MEHHON MOKET IPOXOIUTD Yepes MeTallyl, M OTPAKeHNe YMeHbIIACTCA.
EnuncrBeHHB 5PGERT CTONKHOBEHNHA B 5TOM CJiydae 3aKJI0YaeTcs B TOM, 9TO OHH
CLJIAYKUBAIOT PE3KUH Iepex oy oT MOJHOTO K YaCTUIHOMY oTpaskeHuIo. V3-3a croakHo-
BeHHA dYacTh 9Hepruu, upmobperaemoll 3JEKTPOHAMH OT NaJalolEero uaJydYeHHd,
mpeofpasyercA B TeNJIOBYIO 9HePTHIO (CKajKkeM, NOHOB WM IpuMeceii). B pesyasrare
KOJIRYECTBO OTPAKEHHON DHEPIMU YMEHBINAETCHA KAK BHIIE, TAK ¥ BU/KE I11a3MeHHOR
9acTOTH. 1I0CKOIBLKY CTOJNKHOBEBUS HNPUBOAAT K 9ToMy 9PexTy Ha BCceX dacrorax,
OHE He MOTYT o0yCHOBIMBaThL peskoil 3aBucumMocTu Kos(MImenTa OTParKeHHUA
OT YACTOTHL.

s 6I0XOBCKUX 3JIEKTPOHOB CHTYaIlus COBEpPIIEHHO OTIAMYHA. Temephb BO3MO-
JKeH [pyroil MeXaHm3M HOTJAOmEHWsA Najaiomiell »Hepruu, NalMuil CHABHYIO 3aBH-
CHUMOCTH OT YacTOTH. llpomme Bcero ero MoyKHO NOHATH, paccMaTpmBas majgalomee
HU3ITy9eHNE KaK HOTOK (OTOHOB ¢ sHepruei Zm m ummoyiabcom iq. DoTon cmocoben
HOTEPATH DHEPIHMIO, BEI3BAB HEPeXOfl BJIEKTPOHA C YPOBHA ¢ 3Heprueil € Ha ypOBeHb
c osueprueii ¢’ = € + ho. B ciayuae cBOGOAHBIX DJIEKTPOHOB B CHJY 3aKOHA
COXPAHOHUA EMIYJIBCA JOJMKHO BBRITOJHATHCA NONOJHUTEIbHOE ycaoBme p' = p -+
-+ hq, KoTOpoe He MOKET OBITH BHIIOJHEHO (CM. 3afady 3), BCHeACTBRE 4ero mopod-
HEle IIOTeDM 9HepIuH sampellens. OJHAKO B HPUCYTCTBHH IePHOAMYECKOIO IIOTEH-
H@aia TPAHCAALNMOHHAS CHUMMETPHSA CBOOOAHOIO LPOCTPAHCTBA OKABBIBAETCA HapY-
MEeHHOW ¥ 3aKOH COXPaHEHNA WMMIYJBCAa ye HecnpaBeJnuB. Tem He mMenee HEKOTO-
pHii Gojee cnabRid 3aKOH COXpaHeHHsA BCe JKe JTOMKEH BBHINOJHSATHCS, MOCKONBRY
mePUOAUIECKUHA TOTEHIUAN YACTHYHO COXPAHAeT TPAHCIAMMOHHYI CHUMMETDPHIO.
IJTOT 3aKOH COXpAHEHHs HAjaraeT OrpaHWYeHHe HA M3MeHEHHMe BOJHOBOTO BEKTOpA
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9JIEKTpOHA. COOTBeTCTBYIOHIaH d)opMy.na HaONOMAHAET 3aKO0H COXpaHeHHH AMIOYJIBCA:
‘—k+q+K, (15.4)

rie K — mi06o#i BexTop 0oOpaTHOH pemreTKm.

CoorHomenne (15.4) ABIsETCA YACTHEIM CJIYydaeM <«3aKOHA COXPAHEHHS KBa3u-
EMITYJIBCA», KOTOPHE HonpobHo ob6cyxaaercs B npmwrokernu H (1. 2). 3gecs Mu 1umsb
oTMeTHM, uTO Popmyaa (15.4) mpencraBaser cofoit BechMa IpaBIOmONOOHYIO MOIH-
PUKAMUIO 3aKOHA COXpPAHEHHA MMOYJbCA, CIPABEJINBOTO I IYCTOro OpPOCTPaH-
crBa. JleficTBUTENbHO, XOTA BJ6KTPOHHHE YPOBHM B IEPHORMYISCKOM HOTEHIIMAJE
W Hexb3sl CIUTATh OTAeNBHEIMH IIOCKHMM BOJHAMU, KAK B IyCTOM IPOCTPAHCTBE,
TeM He MeHee NX MOJKHO IpPefCcTaBuTh B Buje CYNepHIO3UIUH ILIOCKUX BOJH, BOJHO-
BHE BEKTOPH KOTODHX OTJIMYAIOTCSH JWMBb Ha BEKTOPH o0paTHOH pemeTKd [cM.,
HaOmpmMmep, pasnoskeHme (8.42)].

Tak Kar JJIMHA BOJHH BHIHMOTO CBeTa DOpAAKa 5000 A, BoxHOBOE BerTOp
doroHa q oGmHO0 mMeer BeamumHy mopazka 10° cm~l. Tnnmunme pasmeps 30HH
Bpwiniosna, ¢ Apyroi CTOPOHEL, OKA3LIBAIOTCA MOPARKA kp &~ 10%® cm~1l. Ilosromy
craraemoe q B (15.4) MoKeT COBHHYTH BOJHOBOHE BeKTop k jmm»s Ha JTecAaTsle HOIH
OpOIeHTA OT pasMepoB 30HH DBpummmosua. [lockonsxy /iBa ypoBHA B OTHOA M TOM
jKe DHEPreTMIEeCKOH 30He, BOJHOBEE BEKTOPH KOTOPHX OTIMYIAIOTCA HA BEKTOP
ofpaTHO# pemerkd, PaKTAIECKH MAEHTHIHEI, cMelleHueM Ha K TakiKe MOKHO Iipe-
He0peus, W MH OPAXOAAM K BajKHOMY BHIBOLY, 9TO BOJHOBOH BEKTOp GJIOXOBCKEX
DJIEKTPOHOB IIPAKTUYECKH He MEHAETCA LIPM HOIJOMEHWH (OTOHA.

YUro6H sHEPTHA DAEKTPOHA W3MEHMIach Ha BeJWInHY R, paBHYIO OOHYHO
HECKOJIbKUM 3JIeKTPOH-BOABTAM, OH NO/UKEH mepeliTu M3 ONHOH 30HH B APYyryio Ges
CYMECTBEHHOr0 M3MeHeHIsI BOJHOBOTO BekTopa. TaKkme mpoIecCH HA3HBAIOTCH MEK-
30HHEMHA mepexofamu ). OHM HAYMHAIOT IPOUCXONHTD, }corna IpHA HEKOTOPOM 3HA-
deHun k sHeprus goroHa fw IpeBHCAT pasHocTh sHeprmii &, (k) — &, (k) mByx
3o n’ m n, us Korophx &, (k) memar Hwxe ypoBHsa DepMm (4TOOH MMENCH DIEK-
TPOH, CIHOCOOHEIA K nepexony) a &, (k) — Bemme ypoBHs MDepmu (YTOGH OpUHIMD
ITaynm me 3ampemian mepexofa HA TOT KOHeYHHEIX ypoBeHb). IlogoOran KpuTndeckasn
PHEPTAA WIM YACTOTA HABHBAETICH IIOPOTOM MEK30HHEIX LepexonoB 2),

Mex30HHRIT Hepexof] MOKeT IPefCTaBIATh co00#t KaKk BO30YHAeHNE BI6KTPOHOB
73 30HB OPOBOTUMOCTH (CaMOH BHICOKOH 30HEHI, COlep:Kamieil aJeKTPOHH) HA GoJaee
BHICOKHE He3aHsTHE YPOBHE, TAK ¥ BO30Y;KIeHUE 9JEKTPOHOB M3 3aNOJHEHHHX 30H
Ha He3aHATHE YPOBHH B 30He IPOBOJHMOCTH (CaMOdl HH3KOH 30HEe, cofmep;Raliei
HEe3aHSTEE YPOBHMU).

B menouHBX MeTaaNax 3al0JHEHHHE 30HH JejKaT ropasfo HWKe B0HEL IPOBO-
OEMOCTH, LOITOMY NOPOT MER3OHHEIX IIEPEXONOB OHpefensercs Bo30yMmIeHueMm
BJIEKTPOHOB 30HH IPOBOJUMOCTH Ha 0Gosee BLHICOKME ypOBHH. ll0CKOJNBKY IOBEpXx-
HocTh DepMu B mMETOYHEIX MeTaldjaX oO4YeHBb OIM3Ka K cepe CBOGOTHEIX DIEKTPO-
HOB, 9HEPTeTHYeCKIUe 30HK BEHIIIE 30HH IPOBOJAMOCTH TAKIKE 0YeHB IOXOKHU Ha 30HHI

1) Tounee, OHN HABHBAIOTCH NPAMBMU MEHCIOHHWMU Neperodamu. AHANUS3 ONTHICCKUX [laH-
HEIX OOHI9HO 3aTPYNHEH 13-32 BO3MOKHOCTH HENDAMBLL MEICIOHH LT nepexodos, TPM KOTOPHX BOJHO-
Boil BexTOp k s7eKTpOHA He COXPAHAETCHA, M M3OHTOYHKIT KBA3UUMIYIbC YHOCATCS KBAHTOBAHHKIM
rosgebanueM pemeTkn (fororom). IIOCKOIBKY 2HEDPIuu gororos TOPABIO MeHbIIe DHEPTHIl ONTHIE-
CKHX fomoroé B MOHOBAJEHTHHX Meraiaax (ria. 23 u 24), gamnm o6miue BHIBOJH HE 0Y€Hb YYBCTBU-
TeIBEE K BO3MOKHOCTH HOIPSIMEIX IePeX0/i0B, 1 MBI GyneM nperebperate uMu. MIX, OJHAKO, HEJIB3S
HCHOPUPOBATL B Gojiee TOYHON KOXMYECTBEHHOI Teopnu.

2) B noayxiaccHIecKOil MopeJau, nanarasmieitca B 1. 12 u 13, Me30HHNE NepexoIsl 3alpe-
menst yenoBmem (12.10). Korpa wacrora CTAaHOBHTCS CPARBHHEMOII ¢ IIODOTOM ME3K30HHOTO Hepe-
XOfa, HONYKIACCHYECKNM BHPAasKeHNeM [JIs BHCOKOYacTOTHOH mpoBopumoctu (13.34) cuepyer
MOJB30BATHCS ¢ OOJBINOE OCTOPOIKHOCTHIO, TIOCKOJLKY HONPABKM K HEMY, faBaemble Gosee obmieil
dopmynoit (13.37), MOryT GHTH IPe3BHYANHO BaKHHIMH.
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®iur. 15.9. Oupefienente MOPOroRoil SHEPTHH MEKB0HHOIO IOTJOMEHHS B MOJIENH CBOGOMHHIX
3JIEKTPOHOB A INEJOYHHX METaJIOB.
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®ur. 15.10. Bexnmunsa Re ¢ (v), HaliienBas u3 maMeperHil Ko3dPUIEERTOB OTPAKEHHS Tpex
menouHHX MeTamnos. (G mobesnoro paspemernns H. CmumTa.)

X 0pomo BARKEH IOPOr ME}KSOHHEIX IEDPEXOR0B, DACTIONOMKEHHHIN HOBOJILHO GJIIMSKO K 0,64‘517, rae € F— depmuen-
CKasg pHEpruA CBOGONHHX 3JEHTPOHOB, IpMBeHeHHAR B Tabi. 2.1.



296 T'naBa 15

CBOGOJHEIX BIEKTPOHOB, ocobeHHO s BekropoB k BuyTpu «cdeprn Depmn, Koro-
pas He MOXORHT j0 TpaHed 30HHE Bpmamiossa. UToOw monyyuTh ONEHKY mOpPOTOBOMK
9HePru™ /o) B MOZENIH HOYTH CBOOONHEIX DIEKTPOHOB, 3AMETHM, UTO 3aHATHE YPOBHH
30HH IPOBOAMMOCTH, DHEPTHU KOTOPHIX JEKAT GIMKe BCOro K CIeJYIOINUM IO BHCO-
Te CBOOOIHHM OT DJAEKTPOHOB YPOBHAM C TeM jKe BOJHOBHM BekTopom k, orBeuaior
roaxaM mosepxHoctn Depmm, HaxopAmumMces 6GimKe Bcero K GPIrroBCKAM INIOCKO-
cTaAM, T. e. TeM ToukaM (cM. ¢ur. 15.1), rae cdepa Depmm mepecexaer mpsamme I'N.
Taxum o6pasoM, IJd mOpora Me;K30HHBIX IEpPEXON0B HMeeM

A LY
W (Zko—kp) —E,T‘ kF. (155)

ho =
3neck ky — manea orpeska I'N, coefuHAIOMEro eATp 30HH B puiaiosHa ¢ cepenunoin
oxHOR w3 rparei 30HH (¢ur. 15.9). Ona casara ¢ kp cooTHOomeHueM (cM. cTp. 284)
kr = 0,877 k,. Bupaaa k, qaepes3 kp, u3 (15.5) moxygaem

ho = 0,64 & 5. (15.6)

Ha ¢mur. 15.10 noxasans Beamunin Reo(w) fus HaTpus, Kaana u pybuums,
ompefieieHHEIe L0 W3MepeHHHM kosddurmuentam orpaskeHus. B obmactu Huskmx
9acTOT MPOMCXONUT Naferne Re o ¢ yBenrnuenueM 9acTOTH, KOTOPO€ XapaKTEPHO LA
MoJeau cBOGONHEIX 3JEKTPOHOB (cM. 3amady 2). BGuusum roukm 0,64 € p maGuio-
naeTcsd, OGHAKO, 3aMeTHHI pocrt Reo(w), 9To cay:kmT yOenmTeIbHEM IOATBEpKIIC-
HOeM pacyeTOB IMOPOTa MEK30HHHX HepPexof0B B NPuUONHKEHHN HOOYTH CBOGOMHBIX
BJIEKTPOHOB.

B 6umaropofHHX MeTajnax CUTYAIWs COBEPOIEHHO UHAA, 9TO CBABAHO C HAJH-
yuem d-soH. Ha ¢umr. 15.11 mpmBesiena paccumTaHHAs 30HHAs CTPYKTYpa Mend,
BKAIOYasA HAWHWBINEE COBCEeM IycThie 30HBL. OOGpaTmTe BHUMaHME, 94T0 OHH TaKMmKe
HANOMUHAIOT W300pasKeHHHe HIGKe Ha TOH ke (urype 30HE CBOOOAHEIX 3JEKIpO-
HOB, XOTA W HECKOJBKO uCkayReHHEE. llopor Bo3OykIenmsi 2IeKTPOHOB U3 BOHEI
DPOBONMMOCTE B BEDPXHWE 30HH JOCTHTAETCS B Touke b [rfie «mefika» HOBepXHOCTH
QepMmu mepeceKkaeT MeCTEYTOABHYI0 IpaHb 30HK Bpmaniosna (¢ur. 15.5, a)l. Ilopo-
ropasg 9HEPTHA IPONOPNWOHAJBHA [JINHEe BEDPXHEH BEPTUKAIBPHON CTpEeJKH Ha
¢ur. 15.11 m cocraBaser npmmepHo 4 3B.

OneKTPOHH u3 d-30H MOT'YT, OMHAKO, HePeXO[UTh HA He3aHATHE YPOBHM 30HEH
LpoBOAEMOCTE WM Tpm 6osiee Huskmx sHeprusax. IlomoOHb Depexox IDpPOMCXOTHT
B TO# Ke TOUKe b; pPasHOCTH YHEPIWH IPH 9TOM HPOUOPIUOHAJNBHA IJIWHE HUGKHEH
BEPTHKAJBHOH CTPeJKHE ¥ cocTaBiseT okoyo 2 3B. Eme onun, Hemuoro 6oJjiee HH3KoO-
YACTOTHEI NepeXxofi, HPOMCXONMT B TOUKE d.

lamepeHHH Kosgdunument norjiomeHus B mefu (fur. 15.12) meiicrBuTensuo
peako Boapacraer mpmmepro npm 2 9B. CuenoBaTenbHO, KpaCHOBATHI ITBeT MeAm
HEMOCPEICTBEHHO ONpeNleliseTcs MOBOJBHO HEU3KHM LOPOTOM BO3OYHIeHUs dJek-
TPOHOB d-30HH B 30HY mpoBopumocty. [eficrBrTentHo, sHeprua 2 »B mpuxonamrea
KAk pas Ha OPAHIKEBYIO 9aCTh BHAWMMOTO CHEeKTpa l).

OupenelieHne DapaMeTPOB 30HHOM CTPYKTYPH 110 ONTHYECKUM CBOCTBAM B HEKO-
TOPHX IOJUBAJIEHTHHX METaJiax OCTAETCA NOBONBHO LPOCTHM 2), RO Hanexo
He BCerga ero yfaeTcs IPOBeCTM TaKuM IpsiMBIM o6pasoM. Ha moepxmocrum @epmu

1) HenToBaTHIl HBeT 3010Ta TaKiKke 00bACHAETCH TEM, YTO MOPOT JIEIKUT ITPHMEPHO IIPH TOMH
sxe agepruu. Jaa cepebpa, ogHaKo, cuTyanus ojee CJI0KHA: B HEM HOPOT BO3OYKIEHUsS SIEKTPO-
HOB ¢-30H W IJIa3MEHHBIH IOPOT, BEPOSATHO, CANBAITCH NpuMEpHO Tipu 4 9B (¢ur. 15.12), at0 mpu-
BORAT K TOPasfo 60jiee PaBHOMEPHOMY U3MEHEHHNI0 KO3{duinenta oTpaskeHns B BUANMOM o6aacTi
coextpa (or 2 mo 4 »B).

%) CM., HaOpmMep, HPOBOZUMOE HIKEe O0CYs;KIeHHe CBOUCTB aJIOMHHLA.
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@ur. 15.11. Paccuurapnse Bépaukom [3] sHepreTudecKune 30HH MeH.

PacueT noxaswBaer, 9TO MOPOT HOIIOMEHU;T A1 IEPEXONOB BBEPX M3 30HBI IPOBOTUMOCTH COCTABJAET OKOJO 4 9B,

TOIla KaK ONOpoT AJA NEepeXonoB U3 d~30HEL B 80HY NPOBOIUMOCTI COCTABJAET JUIUb OKOI0 2 5B. MacwmTab no ocu

sreprait pased 0,1 pupbepra (= 1,36 »B). OfpaTnTe BHMMAHME HA CXONCTBO PACCUNTAHHHIX 30H (KpoMe d-3OH)
€ B0HAMK CBOOOIHBIX BIIEKTDPOHOB, M300DAKEHHBIMK BHH3Y.
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Our. 15.12. 3aBrcumocTs MHUMOH 9acTH AMBIEKTPHYECKON IPOHHIAEMOCTH &, (0) = Im & (w)
OT BeJINYMHH /e, HalileHHaA 00 naMepeHusaM Kospduuuenta otpamenus. (U3 paborw [7].)

OGparure BHUMaHAE HA BABUCUMOCTDb BUIa (1/w®) Hmke 2 3B B Menu n Hue 4 3B B cepebpe; Takas 3aBMCHUMOCTh
XapaKTepHa [ CBOOGOXHLIX SJAEHTPOHOB. UeTKo OCHAPYKMBAETCA HAYAJIO MEMBOHHOIO IIOTJIOIEHWMA.

MOT'yT, HaIpUMep, AMeThCsA TOIKH, I'Te 30HA NPOBOAMMOCTH BHPOKAEHA CO CIEAYIO-
meldl BHINEPACIONIOKEHHOH 30HOH. B pesyabrate Mem30HHBIe IEePEXOTE MOTYT IIPO-

HCXOJUTH IPH CKOJIb YTORHO HUSKUX PHEPTUAX, T. €. YOTKUA HOPOT MEK30HHLIX Iepe-
XOI0B OTCYTCTBYET.

JIBYXBAJIEHTHBIE METAJLJIBI

I ByXBaJeHTHEE METAJIH PACHOJOKEHH B CTOJNOMAX HePHONWIECKOH CHCTEMH
9JEMEHTOB CHOpaBa OT IMEJOYHHX W GIArOpORHHX MeTaiiaoB. Vx aroMHEE KOHPHUTY-
pagan M KPHCTANIMYECKHWe CTPYKTYDPH mpuBereEH B Tabx. 15.2.

Tabauya 15.2
JAByxXBajeHnTHBIC MeTaIbl

MeTanmu rpynnet II A Meraqias rpynoel 11 B

Be:1s22s2 r. . y.
Mg :[Ne]3s2 r. u. y.

Ca:[Ar]4s? .1, K. Zn: [Ar] 3d104s2? 1. m. y.
Sr:[Kr] 5s? r.u. K. Cd : [Kr]4d'95s% 1. 1. y.
Ba: [Xe] 652 0. 1. k. Hg : [Xe] 4f14 5310 652 )

a) Pom0OoaapHyeckaa MOHOATOMHAA pemerxa Bpasa.

B orauume oT meno9HEIX U GaaropoXHEX MeTaanaoB (rpymus IA u IB) ma cBoii-
crBa merannoB rpynn [IA m IIB B ropasgo mMeHsmeil cremeHHM BimsAeT NPUCYTCTBHE
WIN OTCYTCTBHE 3AIONHOHHHX d-30H. PacdeTH B0HHOM CTPYKTYPH IOKA3HBAIOT, ITO
B MUHKe U KaJMAN d-30HA IIQIHOCTHIO JIe;KUT HUKE THA 30HE NPOBOJUMOCTH, a B PTY-
TH OHA TePEeKPHBAETCA ¢ 30HOH IPOBOJEMOCTH JIAIIE B 09eHb Y3Koi ofaactn BOMM3H
ee nHa. B pesynprare d-30HH He HrpalT BaKHOM pOJE W Bapmamus CBOMCTB 3THX
MeTaJJI0B, 00YCAOBICHHAS PASANINeM UX KPACTALINIECKAX CTPYKTYP, HpoABIdeTca
ropasmo CHIbHee, 9eM M3MEHEeHHs, CBA3AHHEE ¢ IPUHAJIE;KHOCTHI0O METAJLIa K OfHOK
w3 »TUX [OBYX rpynoo i), :

HYBUUYECHUE [IBYXBAJIEHTHBIE METAJIJIBL

HKansmnit, crponmuit n 6apuit, y KOTOPHX HA 3IeMEHTAPHYI0 STIeHKY IPUXOXHTCA
0O TBA 3JIEKTPOHA, MOTJIE OH B HpMHKEOe OHTH Amdierrpmramu. Hasa Hux o6beM
cepsr Pepmu B MoIenm CBOGOXHEIX SIEKTPOHOB COBIARAeT ¢ 00HeMOM IIeDPBON 30HEL

1) Cm., ogmaxo, pabory [18*].— Hpum. ped.
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Bpunnwasna, mostomy chepa Depmu mnepecekaer rpamum 30uHe. Takmm o6Gpaszom,
moBepxHocTh Depmu CBOGOMHHIX 3J€KTPOHOB MMeeT HOBOJIBHO CIOIKHYIO CTPYKIYPY
B IepBOH 30HEe W NHIPOYHHE «KAPMAaHB BO BTOPoil. C TOYKYU 3pEeHHS TEOPHH HOYTH
CBOGONHBIX 3JIEKTPOHOB BOIPOC 3AKIIOYAETCH B TOM, nMeeT ju 3PPeKTuBHEIR TOTeH-
rmajx pemeTKy (T. e. HCEBIONOTEHIWAJN) AOCTATOYHYI0 BeJIWIHHY, UTOOB CIKATH
KO0 HYJS «<KAPMaHE» BTOPO# 30HH 1 3aIOJHUTH TAKUM 00pa3oM Bce He3aHATHE YPOBHI
B IepBoit 30He. OUeBHAHO, STOr0 He NMPOMCXONUT, HOCKOJBKY BCE DIEMEHTH BTODOM
FPYNUL ABAAOTCA Meradanamu. OfHako HeTaJabHH Buji wnoBepxHocrein (Depmm
merammoB u3 rpynnel ITA (mexoynoseMesabHBIX MerasljOB) M3BECTEH HEJOCTATOYHO
XOpOIIo, OOCKOJIbKY UX TPYAHO HOJYYUTH B 4nMCTOd dopMe, TAK UTO CTaH[AapTHEIE
METOMIBI HCCJe0oBaHUA HedPHEeKTUBHHIL.

PTYTD

Pryrs umeer pomGosapudeckyio pemeTky Dpaso, mosromy mpmxogumicsa mpuse-
ratb K He 0CO0eHHO UPUATHHIM ¥ HENPUBEYHBEIM TIeOMETPHYECKHM HOCTPOCHUSAM
B k-mpocrpancrse. IlpoBenensl, onnaxo, namMeperns sgderra ge 'aaza — Ban Anb-
dena [8], KoTopHIe TOKABHIBAIOT HANMIKE DIEKTPOHHBIX «KAPMAHOBY BO BTOPOM 30HE
W CI0KHOH OPOTAKEHHOH CTPYKTYDH B ICpBOii.

TERCATOHAJIBHBIE [IBYXBAJIEHTHBIE METAJIJIBI

Xopomne ranEHe no addexty fe 'aaza — Ban Aandena mmerorcs Ajasn Gepmi-
AWA, MAarHus, NUHKA W KaJMEsA. JTH YKCOEPUMEHTaJILHHE JaHHEE TOBOPAT O TOM,
qro moBepxHocTu (Depmu ykKasaHHEIX MeTAJI0B IIpefcTaBisioT coboil (Goxee mim
MeHee 3aMeTHO MCKAYKEHHYIO) YPe3BHYIAMHO CIOMKHYIO CTPYKIYPY, KOTOPYIO MOMKHO
0oayIuTh u3 cdeps CBOGOTHEIX JIEKTPOHOB, COTePRaLIeil 0 TeTHpe YPOBHA HA K-
YO 2JEeMEHTAPHYIO TeKCATOHAJBHYI0 AYedKy (HalOMHHAEM, 9TO B T. I. y. CIPYK-
Type Ha KaKIYIO SIeMEeHTApDHYI0 suefiky mpumxogurcsa mo ABa aTtoma). [las storo
ciefyerT HaiTu mepecedeHue cdepbl CBOOOTHBIX 3JIEKTPOHOB ¢ OpPIITOBCKUMHN ILIO-
cxoctamu. CooTBeTCTBYIOMee MOCTpoeHne IMoKas3aHo Ha ¢ur. 9.11 mas «umeanbHOTOY
ormomenus c/a = 1,633 ).

Ius Bcex T. m. y. MeTaJNIOB BO3HMKAeT XapaKTepHAas TPYAHOCTH, 00YCIOBJIEH-
Hasg oOpalieHHeM B HYJb CTPYKTYPHOTO (paKTOpa Ha IMECTHYTOIbHHIX I'PAHAX Mep-
BO# 30HE bBpmiiosna B ciydae OTCyTCTBHA COMH-OpOMTANBHORE cBasm (cTp. 179).
BeaencrBue aToro crabuli neprogndecKuit TOTEHIMAJ (1IN HCeBIOMOTeHIINA ) He BE-
3HIBaeT B MepPBOM HOPsTKe PaciellNIHUs 30H CBOOOIHEIX DJIEKTPOHOB HA TAKHX Ipa-
Hax. CkasaHHOe CIpaBelimBO He TONHKO B NPUOIMKEHWM HOUYTH CBOGOTHBIX HJIEK-
TPOHOB: €CJu IpeHeOpeds COMH-OPOHTANBHOM CBA3bIO, TO HA HOJOOHBIX T'PaHAX
Bcerfa GyferT UMeThCs [I0 MEHBLINeH Mepe ABYKpaTHoe BrpomAeHue. ClienoBaTesbHO,
B Tex CiydJadx, KOTa COMH-OpOMTAaIbHAA CBA3h Mala (KakK MJIA Golee JeTKUX aJe-
MEHTOB), IPH HOCTPOSHHM MCKAKeHHO# moBepxuHoctTn VepMu CBOGOFHEIX HIEKTPO-
HOB JIy9mie ONYyCKATH TaKue OpAITOBCKME ILIOCKOCTH; B PE3YJIbTATe MBI MONYYAM
ropasyo 6osee IMPOCTEIE CTPYKTYPEH, u3obpaskenurnle Ha ¢ur. 9.12. Kakaa us kaprun
0ojiee TOIHA — 3aBUCHT OT PasMepa JHePreTMIECKUX Mejeil, BOSHUKAIOMUX 34 CUeT
crupH-opdmTanbHoil ¢BaA3u. PasMmep mieam MoKeT ObITh TaKOB, 9TO [Jd aHAJIM3a
TaJbBAHOMATHATHHIX [JAaHHBIX B CAaGHX IHOJAAX OKAKYTCA UPUMEHHME CTPYKTYDH,
maobpaxiennne Ha ur. 9.11, Torma Kak B CWIBHBIX IOJAX HapacTaeT BepOATHOCTD

1) ¥V Oepmuams m MaTHUS OTHOLIeHHE ¢/a OJIM3KO K HIEAJILHOMY, 4 B UMHKE M KagMHU OHO
apumepHO Ha 15% OGoxbile wumealLHOIO.
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®ur. 15.13. Haiifenmasa sKcnepuMeRTanbHO nobepxuocTh Pepmu Gepuasmsa. (Ma paGorar [9].)

«MOHCTP» CBOGONHAEIX 3]IeKTPOHOB (BBEPXY CJI€BA) CTATUBACTCA B «BEHCK» (BBEPXY CIIPABA), a4 BCE OCTAJTbHBIE KYC-
Ku nopepxHoctn Pepmu CBOGONHBIX BIEKTPOHOB (BHM3Y CJIeBA), 32 HCKIOUYEHNHEM NBYX «CHTap» (BEHHM3Yy CIIpaBa),
ncYe3anT. B «BEHKE» CONEPHATCH ABIPKU, & B «CHTapax» — DIEKTDCHEI.

MarHuTHOro mpobos !) m ¢darkTuuecknm peanusdyercs CIPYKTypa, HOKazawpas Ha
¢ur. 9.12.

JdT1a TPYMHOCTH [leNaeT HOBOJBHO CIOKHEIM aHaAu3 Nanuwux 1o sdgdexty me Ia-
asa — Ban Agpdena B rexcaroHaJBHRIX MeTainnaX. HamGomee mpocTylo ToBepx-
HocTh Depmm (¢ur. 15.13) umeer, mo-BuauMOMY, Gepuianii (y KoToporo cnmu-opom-
TaJIBHAs CBA3H 0ueHb caaba). BHyTpu «BeHka» sakalodens ABPKW, a B (ABYX) «cura-
Pax» HaXONATCA DJEKTPOHE, HOSTOMY OePHUIJNMEA CAYHMUT HPOCTHM, XOTH W TOIOJO-
THYECKH KYPBe3HEIM IPHMEPOM KOMIEHCHPOBAHHOTO MeTaJla.

TPEXBAJIEHTHBIE METAJLJIbBI

CxopeTBO MEMKy pasiMYHEIMU TPeXBAJCHTHHIMH METAJJIaMH BHPAKEHO eIle
cnafee;. HmKe Gymer pacCMOTpeH JIMIDL CaMBIi IPOCTOH M3 HUX — aJIOMHUHBH 2).

1) MareaTEHE Opo6oii — TYHHENBHHI IePEeXOJ DJEKTPOHA € ONHONH KBA3WKIACCHICCKOIT
TPAEKTOPUU B MATHUTHOM TIOJ€ HA APYTYIO (cM. T, 12, cTp. 223). — Hpun. ped.

%) Bop sBusteTcs mOMynpoOBORHNKOM. KprucTaminueckas cTpYKTYpa Tauina (CIOMKHAS POM-
fmueckas) flaer B Mojeiu CBOGOZHHX BIEKTPOHOB TOBEpXHOCT: MepMi, NPOCTHPAIYIOCA IO
AeBATON 30HHL. WEmMit mMeeT NEHTPHPOBAHAYIO TeTPATOHAJNBHYIO PEINETKY, KOTOPYI MOMKHO pac-
CMATPUBATE KAaK T. 1. K. PEIIETKY, CleTKa BETAHYTYIO BIOIb OJHON U3 oceil Ky6a; 0 MEOTHM CBOAM
3JIEKTPOHHEIM CBOIICTBAM OH HE3HATUTEIBHO OTIMYACTCH OT AMIOMUHNA. Tasiuit — caMmplil TsIKeIBIH
T. II. y. MeTaJuI, ModTOMY OH obitanaer HauGonee CUNBHOM CIMHE-0POUTANBHO CBA3BI0. ET0 Iopepx-
HocTe (DepMu HAmOMUHAET, BHAMMO, IOBEPXHOCTH CBOGONHBIX DJIEKTPOHOB, M300Da)KEHHYK Ha
¢ur. 9.11, B KOTOPOiX COXPAHEHO PACHIEILIEHWE HA IIECTHYTONLENX IPAHAX (B OTIMIAE OT CAMOTO
JIETKOTO M3 T. I. Y. METAJJIOB — Oepuiius).
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AJIIOMUHUN

INosepxnocte (Depmu antoMuBmsa odelns Oim3KAa K NOBEPXHOCTH CBOGOIHBIX
DIEKTPOHOB [ I'PABEIEHTPUPOBAHHON KybmuecKoil MoHOaTOMHOMl pemeTku Bpass
€ TpeMs DIeKTPOHAMU HpOBOMUMOCTH Ha aToM, m3obpaskeHHonr ua ¢ur. 15.14. Momx-
HO IIOKa3aTh (3a7ada 4), 9T0 AJa aaoMUIHMs moBepxHOCTh DepMu cBOGOIHBIX pieK-
TPOHOB TEJIUKOM COLEPKUTCA BO BTOPOH, TpeThell u deTBeproit 3ouax (pur. 15.14, 6).
Ilpm m3o0paskeHNH B cxeMe OPHBEJEHHEIX 30H HoBepXHOocTh DepmMu BTOPOH 30HH
(¢ur. 15.14, 2) mpepcraBisaer cobol 3aMKHYTYIO CTPYKTYPY, COTep:RaIMyI0 He3aHA-
THEe YPOBHH, a IOBEPXHOCTH TpeTbeil 30HE (Pur. 15.14, ) mmeer Buj cromuol
CTPYKTYpHl W3 y3KUX TpyGok. UacTh DOBEPXHOCTH, PACHOJNOKEHHAsA B UETBEPTOR
30He, 0YeHb MAJIa; OHA OKPYIKAaeT KPOIIeYHHE (KAPMAHBD 3AHATHX YPOBHE.

2 J

Pur. 15.14. Iepsas (a), Bropas (6) 3oAsl BpuamosHa 1A T. U. K. KpucTagia 4 cdepa cBoboj-
HElX BJIEKTPOHOB AJA MGHCATOMHOH I. I. K. pemreTkn Bpas3 Tpexmajemrdoro metaina (e). (Ms
paGoru [10].)

Cdepa CBOGOXHBIX PIERTPOHOB IIOHHOCTHIO OXBATHIBAET HEPBYIO B0HY, MPOXOMUT YEPC3 BTOPYIO S0HY B TPETHIO M
(B YrONKA&X) [AXKE HEMHOI'0 IPOHUKAET B YETBEPTYIO 30HY.

2 — 9acTh clepH CBOOOJHBIX IEKTPOHOB BO BTOPOIl 30HE OCJIE BOBBPAINEHH S [I0CPEACTBOM TPaHC-
JAA0UN B 1IePBYI0 30HY Bpniniosra (BHYTPH BHTHYTOHR MOBEPXHOCTH COTEPIKATCH NHIPKH).

9 — "acTp chepH CBOGOZHLIX DIEKTPOHOB B TPETHGH 30HE IIOCTE BO3BPANMEHHA NOCPEICTBOM
TPAHCAANMH B NEPBYI 30HY DpuianiodHa (BHYTPH IOBEPXHOCTH 3aKJIOYEHH SJIGKTPOHL).

ITocue TpauCHANMIA MOBEPXHOCTE YETBEPTOM BOHBI COCTONT ¥3 MHUKPOCKOIMIECKHMX 2JIEKTPOHHBIX «KADMAHOB», pac~
IIOJIOYKEHHEX BO BCEX YIMIOBBIX TOYKAX.
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Ilpm yuere caaboro mepumoOAMYECKOro IOTEHNWAJA 3JIEKTPOBHEE «KAapPMAaHBD
9eTBEPTOH 30HH MCYe3aI0T, & HOBEPXHOCTE TPeThed BOHH HPEBPAINAeTCA B COBOKYII-
HOCTDb He CBA3AHHHIX APYT ¢ Apyrom «kojgem» (pur. 15.15). 3ro cormacyerca ¢ naHHE-
Mu mo addexry de l'aasa — Bar AnbdeRa, KOTOphie YKA3HBAKT HA OTCYTCTBHUE
BJIEKTPOHEMX «KapMaHOB» YeTBEPTOH B0HH W IO3BOJAKIT BIOJHE TOYHO ONpENeinThb
XapaKTepHHe pasMepH nosepxHocTein QPepMu Bo BTOpOH m TpeThel BoHAX.

ANOMPBRE MOMKET CIHYMMTH IOPA3UTEJBHKM IPHUMEPOM HPUMEHMMOCTH IIQJY-
KJIacCHdecKofl TeOpum BeaudIuHH KoddomumentoB Xoana. Kosddmnment Xoama
B CHJIBHOM Hoje foaKeR OpTh paBer Ry = —1/(n, — ny) ec, re n, u n, — 4HCIO

Qur, 15.15. Hopepxrocts PepMu anoMuHHA B TpeThed 30He B CXeme NpUBefEeHHHX 30H. (U3
paGoter [11].)

YypoBHeil Ha eIWHHIY 00'beMa BHYTPH DJEKTPOHHHX W AHPOYHEX HOJOCTed moBepx-
noctn Mepmm. Ilockonrky mepBas 30mna aIOMMHEMA NEIMKOM 3aL0JHEHA W B Hehl
COJIePKUTCA IO JBa SJIEKTPOHA HA aTOM, OCTAONMECA OJMH U3 TpexX BaJeHTHBIX
DJIEKTPOHOB Ha aTOM JOJIKEH 3al0JHATH YPOBHHM BTOpORl M Tperhedn 30H. IloaTomy

(15.7)

’

11 IIT - P
ne —{—ne ——d_

rfie k — IJIOTHOCTH HOCHTedeidl B Mofeau CBOGONHEIX 3JEKTPOHOB IPHW BAaJEHTHO-
crm 3. C Apyroif cTopoHEl, HOCKOABKY IOJHOIO 9UCIa YPOBHER B ni000 30He l0CTa-
TOYHO, 9TOON PasMEeCTHTH IO [BA 3JIEKTPOHA HA ATOM, MM HMEeM TaKiKe

ngI_*_nlIlI:g(_g_)' (15.8)
Brrumras (15.8) ms (15.7), moayuaem
Rl — 2 (15.9)

Ilosromy wosddumuument Xosana B CHABHRX NOJAAX AOJKeH AMETH TOJOKUTEIbHEIH
3HaK, a HalileHHas mo HeMy o(PeKTHBHas NJIOTHOCTH HOCHTeJeH NOMEHA OHTH
paBHa !/, ee sHavenns B Mofienu CBOGOMHBIX 3eKTpOoHOB. IMeHHO 5T0 1 Habmonaercs
B feffcTBuTensHocTy (cM. ¢mr. 1.4). Ilpm paccmorperun sdderra Xoina B CHIABHBIX
moyuAx yroOHee CYUTATH, 9YTO B AJIOMMHEM HA ATOM OPHEXONMTCA IO OTHOH MABIPKe,
a He N0 Tpu 3aeKkTpona. (Taxoi pesynrTaT modyUaeTes, €Ciim yuecrsb, YTO BO BTOPOR
30He Ha aTOM DPHUXONHMTCA HeMHOTO 0oiee WeM mo OBEON JHpDKe, a B TpeThed —
Majas Joad 3NeKTPOHA.)

Hoaddpunment orpawerus amomusms (fmr. 15.16, a) mmeeT oueHr pe3KHHA
MEHEMYM, KOTOPHI X0pomo 00BLACHAETCS B MOAEIM IOYTH CBOGOAHEIX 3JEKTPOHOB
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®ur. 15.16. a — KoapPuIUeHT OTpasKeHHAA aJIOMUEHA B mATepBase sHeprui 0 << hw << 5 »B.
(Az paGorw [12].)
6 — sHepreTHdecKHe 30HH B Hampasiesny I'X, a Taxyxe Ha KBaApaTHOM I'padH 30HH DpusiniooHa,
nepneRANKyXApHoE I'X (IyRKTHDHHE AMHENM).
¢ — u306paKeHHEE OTHeNHHO DHEPreTHYeCKHe 30HK HA KBRJApaTHOH TPaEM 30HEI Lpmimosea,
nepHeHfuKyIApHoi Hanpasjaesumo I'X.

Oaa caaforo NCeBNONOTEHINANA 9T 30HB! IIOUTH MAPAJIJIEJbLHE ¥ CMemeHn Ha paccroanne 2| U |. Korna sHeprus

ho pocruraer STOro BHAYEHHd, BNEKTPOHH, NEKAHINE B HHTEDBAIE mngmmﬁ ho B6iausu opeprun @epMn, MOTyr

8 pesyabTare BO30YHIEHHA NEPEXOaUTL U3 Hﬂ)iﬂilei’[ 30HHI B Be x}]ﬂ()no. THM OO'BACHASTCA BUX KPUBOIT HA (UT. a.
Cm. patory {131

KaK cJAeRCTBUEe MeRsonnoro mepexona ). Ha ¢umr. 15.16, 6 noxasaunl sHeprermye-
CKHe B30HH, HOJydYaeMbleé NpPH pacuere OO MeTONy HOYTH CBOOONHBIX 3JEKTPOHOB
nag npamo#t I'X (mpoxopsamei wepes mMeHTP KBafpaTHO} TpaEM 30HK Dpmaniossa).
Ha ¢ur. 15.16, ¢ msobpaskeHa 3aBHCEMOCTH PHEPTHH OT BOJHOBOTO BeKTopa k
Ha KBaJpaTHON IPaHy Ais JBYX sHepreTHueckux 30H. Hak Jerko noxasaTs, B MOfenn
mouare cBoOomHBX dieKTpoHoB [cm. (9.27)] somm Ba ¢umr. 15.16, ¢ cmemens Ha

1) Me:x30HHHe IePeXOJH B MEJI0YHNX METAIJIaX 00BACAAITCA B PAMKAX MOJENU COBEDIIeH-
HO CBOOOJHEIX JJICKTPOHOB, T. €. IJA HAX HET HeoGXOMMMOCTH UPMHMMATL BO BHEUMAHUE KaKume-
nu60 MCKakeHUA 30H CBOOOMHHIX BJIGKTPOHOB, OGYCIOBIEHHNEe IOTEHIMAJNOM pemerku. [lpumep,
paccMaTPHBaeMEI Temepb, 60JIee CIOKeH: COOTBETCTBYIOIMI MePeXo/] IIPONCXONT MEKIY OBYMS
YPOBHAMM, BOJHOBHE BEKTOPH KOTOPHIX JIEKAT Ha OP3rroBCKOM IJIOCKOCTH, M PACHIENIeHNe 3THX
YPOBHEH BOBHHMKaeT B IEPBOM MOPSAMKe IO MIEPHOJAIECKOMY IIOTOHIUANY B MOJENH IOYTH CBOOOI-
HHX BJIeKTPOHOB.
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nocTogHEy0 BeamamHy 2 | U |, ne 3aBmeamymo or k. Kak Bummo us ¢umr. 15.16, 6,
yposers DepMu 3aEnMaeT TaKoe MOJOKEHHNEe, YTO HA KBAfpPATHOM IPaHM CYMECTBYeT
HMHTepBaJ 3HaUeHUH K, IJIA KOTOPHX BOSMOMRHE LIEPEXOMLl C 3aHATHX HA He3aHATHE
YPOBHH, OPUYEM Da3HOCTh HEPruil MJd BceX DTHX ypoBHeR cocramiser 2 | U |.
B pesyanrTate BO3HHKaeT Pe30HAHCHOe Noraomenme npu fiw = 2 | U | m werko
BHIpyKEHHHI HpoBal B Ko3(puimeHTe oTpasKeHuA.

SuaueHnme | U |, HalifleHHOe IO TOJIOKERUIO mposasa Ha ¢ur. 15.16, ¢, Haxo-
AWTCA B XODOIIEM COrJAcHHM C BeJWYMHONM, MOJYYeHHOH m3 HaHHHX 1o addexTty
e T'aaza — Bam Aubdena !).

YETBIPEXBAJEHNTHBIE METAJIJbI

H guciay gerkpexBaJeHTHHX METAJNNOB OTHOCHTCH TOJLKO OJIOBO U CBHUHEI;
ME BHOBb DAaccMaTpUBAEM JWIIb OPOCTeMIMUE U3 HHUX — CBUHEI 2).

CBUHEL

ITomo6bHo amoMuHWMIO CBHHEIL, mMeeT I. I. K. pemeTky BpaBs, Tak 9ro moBepx-
goctu DepMu s STEX METANIOB B MOJENY CBOOOTHEIX 3JIEKTPOHOB OKAZHBAIOTCH
BO MHOTOM IOXOMRHUMH; Heo0X0uMO YIHTHBATH JWIIB, 9YTO y CBUHIA cdepa umeer
Ha Y, Gonbmmit o6bem m moaTomy ma 109% OGonsmmi pagmyc, 9T00H B HeH Moram
PasMecTUThCH UeTHpe DHIeKTPOHA, IPpHHAMIeKAMIX KaKIoMy atoMy (cM. ¢ur. 9.9).
BBuny aToro sieKkTpOHHHE «KapPMaHB 96TBEPTON 30HK 00JIbIIe IO CBOMM pasMepam,
TeM B aJIOMUHHHN, OJHAKO OHM, BHJAUMO, TaKKe HMCYe3aI0T IOJ AefcTBHeM KPHCTAJ-
JWIeCKOTO IOTeHInaNa. JIppouHas IOBePXHOCTh BO BTODPO# 30HE MEHBINE, YeM
B QIIOMEHUN, a pas3BeTBIeHHAsd TpyOodHAA SIEKTPOHHAA HDOBEPXHOCTH B TpeThbei
30He siBasercsa MeHee ToHKOM 3). ITocKoNBKy CBUHeI] UMeeT 9eTHYIO BajIeHTHOCTD,
BHYTPH IIOBepPXHOCTell BTOPOH U TpPeTheH 30H MOIKHO COJAEpKAThCA ONMHAKOBOE
Tmeyo ypoBueit, T. e. nfl = nlll. l'agpBanoMarAUTHLE CBOfCTBA CBMHITA OKAa3HBAIOT-
CA, OJHAKO, TOBOJBHO CJIOKHBIMU, HOOCKOJABKY He Bce opOuThl Ha MNOBEpXHOCTH
DepMu B TpeTheil 30He OTHOCATCA K OJHOMY KJIaccy HOCHTeXed.

TOJYMETAJJIBI

Yraepox B gopme rpadmra ¥ HPOBOKHAKA U3 IUCIA HATHBAJEHTHBIX 9JI6MEHTOB
OTHOCATCA K 9HCIY HOJayMeTaioB *). IToaymeranian — »T0 Takme METAJJIK, B KOTO-
PHX KOHIEHTpanus HocuTeJdeil Ha HECKOJIBKO TOPANKOB HIDKe TUOWYHOIO A
MerasnnoB 3Havenua 1022 cm—3.

1) B mopemu nodTn ¢BOGOJHHX IJIOKTPOHOB HONEPedYHKEe COYeHHsS HA OPITTOBCKOIl ILIOCKO-
CTE (KOTODHIE DKCTPeMaJbHH M MO3TOMY MOTYT OHTh HalileAH u3 u3MepeHnit sdggexra me aa-
3a — BaH AubfeHA) IOMHOCTHI0 OOPEENATCA MATPUIHHM 3IEMEHTOM HePHOJUIeCKOro IOTeH-
nnana | U |, orpewaiomum 970l 6parrosckoit miaockoctn. Cum. dopmyaay (9.39).

2) Vruaepop sBIAETCA [AUANCKTPUKOM HIHM IHOJXYMETTAJJIOM (CM. HUKE) B 3aBHCHMOCTH OT
KPUCTANAHTOCKO! CTPYKTYpH. Hpemamit u repmamuit — monynpoBogHuru (cM. ria. 28). Oxoso
MOJKeT IMeTh KaK MeTALIHIeCKYI0 (Gesoe 0J10BO), TAK ¥ HOJYIIPOBOTHEKOBYIO (Cepoe 0JX0Bo) daay.
Cepoe 0J0BO 0Gmagaer CTPYKRTYpO# anmasa, a Oemoe mmeeT 06beMHONEGHTDHPOBAHHYIO TETPArO-
HAJBHYIO PElIeTKy ¢ IByXaTOMHHM GasmcoM. ETo noBepxHOCTL, PepMu ORlIIa pacciuTaHA W OIpeje-
JIeHa YKCIePUMERTAJIbHO; OHA TAKKe IpefcTaBisieT co00H He CAMIIKOM CHIBHO HCKAKeHHYIO
TIOBEPXHOCTh CBOOOJHHX DIEKTPOHOB,

3) ITocKOABPKY CBUMHEI[ — OYGHH TSIKEJHH MeTaJlI, IPH pacdere MoBepxHOcTH DepMu BAKHO
YYHTHBATh COHH-OPONTANLHEYIO cBA3B, CM. [14]. ;

4) TToaymeTanns He CleAyeT OyTaTh C HOJYIPOBOJHMKAMHU. YUMCTHII MHONyMeTalaa MHpH
T=0 sABisAeTcd IPOBOJHEKOM: MMEKTCH 9YACTMIHO 3ANOJHEHHHE 3JEKTPOHHHE U JHPOYHBIC
30HH. IIOJYIpPOBOJHUK, HA0BOpOT, IPOBOJAT BJIGKTPHYECKHMil TOK JHMING 13-32 HAJNYHA HOCH-
TeJeli, KOTOpsIe 00 BO3GYKIeHH TemIOBHM 06pasoM, anbo BHECEHH ITpuMecAMU. YHCTHIl HOay-
nposogauk npu I' = 0 mpefcraBiaseT co6oll gumamexTpmK (ra. 28).
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TPAOUT

Ipadar mmeer upocryio rexcaroHaabHYI pemeTHy BpaBs ¢ YeTHPHMA aToMaMn
Ha 9IeMEHTAPHYI0 A9eHKYy. B HIOCKOCTAX pemeTKH, HepHeRAUKYAAPHHX OCH ¢,
ATOME PACHONOEHH B y3dax «mieamHHX cor» (Pur. 15.17). Crpyrrypa rpadura
cBoeo0pasHa B TOM OTHOIIGHHH, 9TO PAaCCTOAHHE MEKAY INTOCKOCTAME POMOTKH BOIE

®ar. 15.17. Kpacrarimdeckas CTPyKTypa rpadura (coOTHOmeHme MAcmTaboB HapymeHRo).

Paccrofnne MeixnY BEpXHEH © HmRHEN MIOCKOCTAMH TOYTA B 4,8 pasa 60npme pacCTOAHHUA MEMAY ONMmANIIUM B
COCEmAMM Ha IIT0CKOCTH.

OCH ¢ IOYTA B 2,4 pasa 60abme paccTosHAA Me:KAY OXMKARMIAMA COCOIAME HA BTHX
MIOCKOCTAX. JOHE WyTh-4yTh HOPEKPHBAIOTCA, M NIOBEPXHOCTh (DepME cOCTOHT
TIaBHEIM 05pa3oM M3 KPOMIOYHAX BIEKTPOHHHX M NHpPOIHAX (KADMAHOB ¢ ILIOT-
HOCTAMHI HOCATENOH 0KOIO m, = n, = 3-10'® cm-3,

[MATABATIEHTHBIE HOJYMETAJJIGI

He aBxaomaecs NA3IeKTPUKAME IATABAICHTHEE DIeMEHTH As([Ar]3d"%s*4p3),
Sh([Kr]4d'%3s%5p%) m Bi([Xel4f145d1%65%6p?) Taxme oTHOCATCA K MoMymeranam. Bee
TPE MMEIOT OAMHAKOBYI0 KPUCTALTAIECKYIO CTPYKTYPY: PoMGOAPHICCKYo pemrer-
Ky Bpasa ¢ nByxaTtommny Gasmcom (cM. tabm. 7.5). O6aamas 9eTHHIM THCIOM DHeK-
TPOHOB HA DJIGMEHTApHYI0 SNYeHKY, OHH BOOAHe MOrad On GHTH AmanexTpmRamm,
OMHAKO W3-32 HE3HAUATONHHOIO IEPEKPHTHN 30H ¥ HEX BCO )Ke IMEETCA Upe3BHYAL-
HO Mamoe gmcao HocaTeneld. [losepxaocts DepMu BECMYTA COCTOUT M3 HECKOABKEX
SKCHOHTPUTIECKE DACHONOKEHHHX M HMOOMUX JIUIHNCONATBEY (OPMY BIIek-
TPOHHKIX ¥ AHIPOYHKX «KapManoBy. [lonHasA HIOTHOCTE 276KTPOHOB (WIy e moxHAA
IJIOTHOCTb JBHIPOK — 3TO KOMUOGHCHDOBAHHHE NOJYMETANIH) COCTABIACT OKOIO
3:10"7 em™3, uro mpumepao B 10° pa3 HEKe THOWIHHX METAIIAIECKAX ILIOTHOCTeH.
AHanormuHNe «KapMaHH) HabIIOA0TCA B CypbMe, HO TaM OHH, 1I0-BAIAMOMY,
VMIOT He CTOJB HAeANBHYI0 HIIHNCORAANBLAYI0 GOPMY H COlep:kaT Goxbme piex-
TPOHOB (K AHIPOK) — 0K0y10 5 -10'® cm~%. B MhmbAKe MOJTHAA IIOTHOCTS 3JIEKTPOHOB
(2 netpox) pasma 2.10%° cm~3. (Kapmamm» eme meHbme mOX0osK® Ha SAJNHOCONIH,
HpEIeM JKDOYHLE (KAPMAHHD, 0YeBHLHO, COGJUHANTCA APYT € KPYroM Y3KHME
«rpyOxaMm», 9TO OPWBORAT K NpPOTMREHHOH mosepxmocT: [15].

Taxme maxme mrorHOoCTE HocmTemed oObACHAIOT, moYeMy OATHBAJCHTHEE
MOTAJAHN OpeAcTaBasa: c¢oboii ABHHe HCRINYeHAA B rabaunax ra. 1 @ 2, rae mu
OHTAAACE MOAKPENHUTH TOOPHIO CBOGONHHX dIEKTPOHOB IKCHEPHMEHTAILHKMT NAH-
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HEMH. MaJEIM «KapMaHaM» HOCHTENEHd COOTBETCTBYET Majad HIOMAajfb IOBEPXHOCTH
Qepmu, a CIEIOBATENBHO, Majas MIOTHOCTH ypobHueidl npu sueprau Qepmu. Ilosro-
My !) nunefiHHi wieH B TeNJ0OEMKOCTE BACMYTa COCTaBJseT JHIIL OKOJO O Y% 3Hade-
HEA IId OATHBAJEHTHHX 3JIeMEHTOB, OpefiCKa3kBaeMoro OpocTelmed Teopueil CBo-
GOfHEIX DIEKTPOHOB, M paBeH mpuMepHO 35% B cypsme (cM. Taba. 2.3). YieanHoe
conporuBierne BucmyTra B 10—100 pas Goxbme, wem y CoapmmHCTBA METAJIOB;
IS CyphMEL OHO IpeBHIIaeT TMNHYHYI0 Beamuumuy B 3—30 pas (cm. tabm. 1.2).

M HTEepecHO OTMETHTH, YTO KPHCTANJIMYECKAS CTPYKTypa BHUCMYTa (M ABYX ApPY-
TEX HOJAYMeTANJO0B) IpefcTaBiser co0of aumb ciraboe mCKaskeHHe mpocToi KyOm-
9eCKOM MOHOATOMHOR pemeTkd BpaBs, DOCKOIBKY ee MOJKHO IOCTPOUTH CIeAYIOUIDM
o0pasoM: B3HTH CTPYKTYPY XJaopuaa HaTpha (cM. ¢ur. 4.24), caerka pacrguyTh
ee BHoap Hampasiemma (111), Tar utoOm ocm kyGa oOpasoBanm ApPYT ¢ APYTroM
paBHBIE YTIBI, HECKOIBbKO MeHbmue 90°, 1 HEMHOTO CMECTUTH Y3JIH «XJI0pa» Ha OLHO
H TO ;Ke paccrosame B HanpaBienwmm (111). B crpykType BHCMyTa pacHoIOMeBO
10 OJHOMY 2TOMY BHCMYTa B KajKIOM M3 MOJYYAIOMAXCA Y3JA0B «HATPHAY I «XIOPar.

Takum oOpasom, Ha mprMepe NATHBAJEHTHHIX NOJYMETAJJIOB BUJHO, KaKoe
IOPaBATeAbHO BajKHOE 3HAYeHEHE B ONIpeflelleHHHM CBOMCTB MeTasia MMeeT KPHCTaJ-
amgecKas CTpykTypa. Ecam GH 5TH siaeMeHRTH ofaajaly DPOCTHME KyOmdeCKMMH
pemeTkaMu DpaBs, TO HpE HEeYeTHOH BaJeHTHOCTH OHU INpefcTaBinaam Obl cooit
npexpacusle Metayuanl. CieoBaTenbHO, IEIN MKy 30HaMM, BO3HUKAKINUe M3-32
OueHb €1a60r0 OTKIOHEHHA PemeTKH 0T mpocToil Kybmueckoit, B 10° pas mamensior
q@CciIo HocuTeleii!

NEPEXOJHBIE METAJIJIDBI

B ramxioM m3 Tpex psANOB NePHOAWYIECKOH CHCTEME 3JeMEHTOB Me/y MeJI0YHo-
3eMeIBHHIME (KanblIuit, cTpoHUmE m Gapuil) m GaaropoiHHMH MeTajiaMu (Mens,
cepeGpo @ 30J10T0) COREPIKHUTCA IO NEeBATH IEPEXONHHX sieMeHToB. B aTux smemen-
Tax OPOMCXOAUT MOCTEHEHHOe 3amojiHneHme d-060109KH, NyCTON B IMEI0YHO3EMeJb-
HBIX METAJJIaX U IEJUKOM 3aIOJHeHHOH B 0JaropofHEix Meraxinax. B crabmabuoit
¢dopMe Ipn KOMHATHOU TeMIepaType HepeXxofHbie daeMeHTH 00,afaloT MOHOATOMRBEI-
MH T. 1. K. WJIA 0. M. K. pemeTkamu Bpass ambo . m. y. cTpykrypoii. Bee onu —
MeTajJibl, HO B OTJIHYIME OT y:Ke o6Cy:KAaBmuxcA (61aropoaHbX M TaK Ha3BIBAEMbIX
«IIPOCTHIX») METAJJIOB HAa KX CBOMCTBA CYMECTBEHHO BIMSIOT d-dIEKTPOHEI.

Paccuuranusie 30HHEE CTPYKTYpH MEPEXONHHIX METall0B HOKA3HBAalOT, 4TO
d-30Ha He TOJBKO 3aXONHUT Y HUX B 30HY OPOBOAMMOCTH (Kak B 6IarOpOAHEIX MeTaJ-
Jax), Ho o6BUHO (B OTIMYMe OT OIarOpoOAHBLIX MeTajJloB) IPOCTHPAETCA BUNOTH A0
sueprun Mepmu. Ecim ypoBEm Ha mopepxHoct (Depmu mpuHajde;kaT d-30He, TO
npu oupepfenennn mopepxmocta Depmu iyyme UCXOAUTHL He HW3 MOCTPOeHMH MeToma
oouTH cBoGONHLIX diaekTponHoB (mmm OIIB), a u3 mpubiamkeHuA CHIABHOHM CBA3H.
ITosToMy Tenepsb HET OCHOBAHMIL OJRUAATH, YTO MOBepXHOCTE DepMu INIA DepeXOofHEIX
MeTaJLIoB Oyler HAOOMHHATH CJEeTKa UCKAaMKeHHYI0 cfepy CBOOOTHHIX DIEKTPO-
voB. Tunwusnit mnpmMep — mpenmonaraeMas noBepxHocTs Depmm Boasdpama
([Xel4f'*5d%6s®), mmeromero o. Ii. K. pemeTKy, moxasana Ha ¢ur. 15.18.

Ilo cpaBHenmIO ¢ THOMYHHIMH 30HAME HPOBONEMOCTH CBOOONHHIX DJEKTPOHOB
d-30HH WMEIT MEHBIIYIO MHPHUHY; KPOME TOTO, OHH COMEPIKAT JOCTATOYHO YpOBHEH
InA pasMelleHNsA OO [ECATH DJIEKTPOHOB Ha artom. llockoabrKy B d-3omax Goxbmie
YPOBHEH NpHUXOAHMTCA Ha 0oJjiee Y3KWil WHTepBAaJ 3HEPTUH, BeChbMa BEPOATHO, 4YTO

1) Ilpm 06 »AcHeERE MONOGHEIX OTKIOHEHNIT OT TEOPHM CBOGOIHKX DIGKTPOHOB BAMKHG TaKiKe
YYRTHBaTb, 9T0 3ipeKTHBHEIE MACCH B IISITMBAJEHTHHX MeTajjaX OOKHYHO 3HaYMTENHHO MEHBIIe
MaccH CBOOONHOTO JIEKTPOHA, IOITOMY PACXOK/ICANE B BeJIMIHEe IPOBOHMOCTH HE CTOJH BEIHKO,
KaK MOKHO ObLIO G IPeJmosaraTh HCXOfs M3 PA3iHYMA IIOTHOCTEH HOCHTENeH (IOCKOILKY NpH
amrobom k ux ckopocTn BHINE CKOpPOCTel CBOGOJHHX SIEKTPOHOB).
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®ur. 15.18. Ipennonaraemas mnosepxHOCTL Mepmm [iA Boabdpama, obIajanmero o. 1. K.
pemetroit. (IIo Toanmy, cm. paGory [1).)
TIeCTh «KaPMABOB»,/UMEIOMUX JOPMY OKTasKpPOB, PACIIOJNIOKEHH B YIIaX 30HH M CONEP:KaT AbPKN. Bce OHN SKBURA-
JIEHTHH, T. €. KaKObI N8 HUX MOYKHO mepeBecTy B JI0OO! AP Yroil MyTeM TPAHCIAMA HA BEKTOD OOPaTHOI peiieTHy, .
MO3TOMY JII000# 13 9THX OKTABAPO0B CONEePIKUT Bce PUaUIeCKH PA3NAYHbIE YPOBHH. JIBeHANUIATD MEHBIINX «KADMAHORBR)
B HEHTPAX rpaneil 30HH (BHOHE TOJHKO UATHL U3 HUX) TAKIKE ABIAKTCA AMPOYSHIMKH. CTPYKTYpa B NEHTPE npen-
CTABIfET COGOH SIEKTPOHHLIA «KapMan». BonbsdpaM o6nagaeT YeTHBIM YUCIOM 3TEKTPOHOBIM OTHOCHTCA NO3TOMY
K KOMIEHCHPORAHHBIM MeTannaM. OTCIOfA CIelYeT, 4To 0G'eM GOJIBIIOrO HBIPOYHOTO «KapMaHa» BICYMME C;IECTHIO
ofpeMaMu MANOTr0 NHIPOYHOTO «KAPMaHay PaBeH 00BEMY BIIEKTPOHHOTO «HAPMAHa» B IeHTPe BOHH. HaK M IOJDKHO
6uTh, GJA noBepXHOCTH Depmu, OOPABOBAHHON IEINKOM 13 3AMKHYTHX «(KapPMaHOB», HalaI0TaeMoe; MarHeToConpo-
TURIEHNE KBANPATAYHO 3aBucuT 0T H npu BCexX HAUPABICHUAX MIONA, YTO0 XapAKTEPHO IJIA} KOMIEHCHDPOBAHHOTO
meTanna §e3 OTKPHITHX OpOuT. 3aMeTuM, 4TO N300PAIKEHHAs IOBEPXHOCTE B OTIIMYME OT PACCMATPWBABIMUXCA pa-
Hee He MOMKEeT GHTH IO yYeHA NyTeM nedopManuy noBepXHocTH depmu cBOGONHBIX 97IEKTPOHOB. DTO CBA3AHO C TEM,
910 yporeHb MepMut JeUT B d-30HE, ¥ XAPAKTEPHO IJiA BeeX NEPEeXOXHBIX METANOB.

OJIOTHOCTh YPOBHe# B HEX OymeT ropasfo BHIE NJNOTHOCTH YpPOBHeH CBOGONHBIX
DIEKTPOHOB B TO#i 06nacTm »HEPIuWi, rie pacmoaokeBH d-3onn (¢mr. 15.19). Iro
MOKHO BHJETh 0 BKIANY DJEKTPOHOB B YHeAbHYI) TeIJOEMKOCTh NIPH HUSKHX
Temueparypax. B ra. 2 6hulo NOKa3aHo0, YTO OH OPONODPIHOHANEH INIOTHOCTH YPOB-
geit npw sneprum Pepmu [eM. Popmyany (2.80)]1 ). Wsyuenne raba. 2.3 moaTBepsmaer,
9TO YHENBHHE JNeKTPOHHHE TeITOeMKOCTH NEePeXOfHHX MeTajjioB NeHCTBHTeNHHO
ropasno BEONE, YeM (IPOCTHIXY METaJIoB 2)3).

TpyoHOCTE mCCAeOBaHHA LEPeXONHBIX MeTaJa0B CBA3aHA C TeM, YTO U3-3a
HAJIAYASA YACTHIHO 3AMOIHEHHEIX d-30H OHH MOTYT o01afaTh APKO BHPAKEBHHMHE

1) Ipu paBope ¢opmynn (2.80) He mCHONB30BANACH Ocofbe cBoficTBA NAOTHOCTH YPOBEEH,
XapaKTeDHEE A MOJiean CBOGONHEIX 2JI€KTPOHOB, IO3TOMY PE3YJBTAT CIPABeNAMB W Hist 6io-
XOBCKHX 3JEKTPOHOB.

) 3amersM Tak:Ke, 4TO IOJXYMETAIIE MMEKT ropasgo Gojiee HU3KWE TEMIOEMKOCTH, IO-
TOCKOJBKY Y HEX 09¢HL HH3KA INIOTHOCTH SIEKTPOHOB MPOBOIUMOCTH.

%) Heranproe cpasmerne popmyansr (2.80) ¢ 9KCHEPHMERTOM 3aTPYIHEHO HM3-3a CYMECTBOBA-
HES TIOOPaBOK, OOYCJNOBJIEHEEIX BJeKTPOH-DIeKTPOHHHM B3aMMOJeiicTemeM (O6KHYHO OKOMO
HECKOJLKUX NPOLEHTOB), 4 TAKKEe NONPABOK, CBABAHHEKNX CO BBAMMO/EHCTEHEM MEKIY DAEKTPOHAMY
n foHOHAME (KROTOPOE OypeT pacecMoTpeno B ri. 26); mocxegname MOTYT mocTuraTh 100%.
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MarHMTHHME cBo#creamu. CiemoBaTenbHO, 3Xech Heofxommmo (oiee TOHKOe pac-
CMOTpeHHe B3aWMMOJLHCTBUA MeKIy JIOKTPOHHKMHE COHHAME, 96M B ONHCAHHEX
BhIOIe METONaxX. JTH BOOPOCH ofcy:RmaoTca mofgpolHee B ra. 32.

B mepexonHEx Meraqiax TpynHee maMepATh # 9pdert me I'aaza — Bam Annde-
Ha, NOCKOABKY IS Y3KHX 30H 3HadeHAA 0A/J% BelMK:M W UAKIOTPOHHHE YACTOTH
coorBercTBeHHO Mauas [eM. dopuyay (12.42)]. Bemencreme aToro ropasmo ClIoKHee
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®@ur. 15.19. HagecTBeEHNe 0COOEHHOCTH BRIANOB d- M s-30HH B INIOTHOCTH YPOBHeH mepexopn-
rOoro metasiaa. (Ilo paGore [16].)

d-30Ha UMeeT MEHLI VIO INAPHHY U COTep:kaT Goabme ypoBHelt, ueM s-30H2. CleqoBaTellbHO, KOrEA yposeHb MepMnu
(pasgenAomuil 3AMTPUXOBAHHYIO W HE3aMITPUXOBAHHYIO OGIACTH) AT B UpeKenax d-30Hul, IOTHOCTb YPOBHeH

8 (‘5 F) TOpasx0 Bulme, YeM B clIydae OMHON s-30HH, DOXMKel HA 30RY CROGOTHHIX SJIEKTPOHOB, (PealrHag HIA0T-
HOCTb YPOBHell mMeeT HBJIOME — CM. O6CY:XNeHme ocobGennocTell Bag X oBa HA cTp, 152.)

HOCTHIHYTH Pe)KEMa BHICOKAX 3@aYeHmil ®,T. HecMoTpsa HA momoGHHe TPYXHOCTH,
B HacToAmpee Bpemsa 0onee 9eM AIA HOTOBHHH MEPEXONHHX METAJLIOB MOMYYSHH
mauaee mo adpPerty me l'aasa — Bam AmbdeHa, a TaKKe IPOBOISHH CTAHAAPTHEIO
pacIeTH 30HHOH CTPYKTYpH (KaKuMu GH COMHUTEABHHME OHH HHU GBUIH); 9KHCIe-
pHMeHTANbHEIE [aHHLE AMOIOTCH AasKe AxA (GeppoMarHaTHHX 006pasmoB.

PETRO3EME/IbHBIE METAJLJIBI

Mexny manTamoM W rapHEEmeM Je:KaT PelKO3eMelbHKHe MeTadnsl. [[asa Ax aToM-
HHX KOHPArypamuwi XapaKTepHO HAIWIMe JaCTAYHO 3aDONHeHHHX 4f-oGomodex,
KOTOpHE aHAJOTMIE0 JACTATHO 3aMOIHEHHHM d-060109YKaM MepeXOXHEIX MeTAaJIO0B
MOL'YT 05yCIOBIWBATH Pa3nWianle MarsnTHue 3fPexrsr. Tunwamoir mna penxose-
MeJBHOrO MeTallIa aToMuoid roupurypammesr amagerca [Xeldf*5d(1wra0) 652 Kpu-
CTAIJE MOTYT HMeTh Pa3HOOGpA3HYH CTPYKTYpY, ONHAKO HOPH KOMHATHOH TeM-
neparype HamGonee oOwdYHA T. O. y. CTPYKTYypa.

B macrosmgee BpeMsa MH pacloiaraeM He3HAUATONLHHM KOTMISCTBROM MAHHEIX
o mosepxaoctax Mepva peaKo3eMeIBHHX MeTaLI0B, HOCKOIbKY OHA OY6HBL HOXOMRA
Apyr Ha Apyra o0 XAMEYeCKHM CBOHCTBAM B HX TPYAHO BEIAEGIMTH B JOCTATOIHO
apcrom Bufe. BEIO MpoBeeH0 HeCKONBKO PACIETOB 30HHON CTPYKTYDPHL, HO B OTCYT-
CTBHE 3KCICPAMOHTAIbHHX MAaHHEHX o HoBepxmoctm PDepvm X HAAEKHOCTH Re
rapaHTHpPOBaHA.

O3BYHO0 UPHW PACCMOTPEHHH 30HH HPOBOAAMOCTE HOJATAIOT, UTO B HEed 9mCIO
BIEeKTPOHOB HA ATOM COOTBETCTBYeT HOMAHANIbHOR XMMHAIECKOR BATOHTHOCTH (KOTOpaA
4amge Bcero paBHA TpeMm). ECIR HMCKIOIATH BINAHAES ATOMHHX Od-ypOBHEH (KOTOpO®
MOMET OBITH 3HAYATEILHBIM), 30HA IPOBONUMOCTA CXONHA C HOIYdaeMOidl B MoNelu
CBODOJHKX 3JIEKTPOHOB, T. €. CKOJIBKO-HEAOYAb CYIIOCTBEHHOTO CMEIIABAHHEA C 4f-
ypoBuama He mpomcxonar. Ha mepBuit B3rasax sTo KasKeTcsa CTPRHHHM, DOCKOIBKY
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MOZKEO (H0 GH 03RBAATH, YTO ATOMHEEE 4f-YPDOBEN JOJAKEL PACIIEPATHECA B YaCTHI-
HO 3amonmeEBYI0 4f-somy ). Ilomo€mas soma amanormuBo n06o¥ vacTMYHO 3amOJ-
HeHHOH 30He copmepana 6w ypoperbs Depmu, W mosToMy xo1a GH wacTh ypoBHek
Ea momepxHocTEm (epmMm Ho cBOEMY XapakIepy oTHocmiack 6 K 4f-tumy. Tak
e CTBATENBPHO LPOMCXOART € YaCTAYHO 3aNOJHeHEHME 3d-, 4d- m 5d-ypoBHAME
B IEePEeXORHHEX MeTajjax.

HecMoTpg ma Taxkywo aHaJlOrmio, B peiKo3eMeJbBEHX MeTaljiaX 3TOro He HPOHUC-
XONWT, ¥ YPOBHA Ha NOoBepxEHOCcTH (DepMu cofieps;KaT O9eHb MalyIo 4f-KOMIOHEHTY.
Pemasomyio poadb @rpaer To 0GCTOATENBCTBO, 4TO B PEAKO3eMEJALERIX JeMeHTaX
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®ur. 15.20. e runoTeTHdecKne KPHBHE NJOTHOCTH YDPOBHEH [JIA PeKO3eMEJbHOTO MeTajlia.

@ = HEOPABMIbLHAA KPHBASA, B KOTOPOM H& HOBOJNLHO HIMPOKYIO S — D — d-80HY BOIM3N dHeprum MepMy IpOCTO
HaNOKEH DESKUM IBK f-BOHH.
6 — B XAKONi-TO Mepe NpPaBUILHAA KPYBAA, XAPAKTEPHUB YIOMAACA NOBOJILHO MIHPOKOM s — p — d-BOHOH B OKpecT-
nocty eHepruu epMu M NBYMA NMKAMM f-8OHEI, ONIMH 13 KOTOPHX IOpasio BHIUE, a AP Yroif — ropasgo HMKe sHep~
ren Qepmn. Bonee peanucTHuecKNt MOAXON 3aKJIIOYAETCH, BEPOATHO, B OTHAZe OT NpMONM/KEHWA HESABHCHMMEBIX
8MeKTPOHOB (& CJENOBATENHHO, M OT BOSMOMKHOCTM NPOCTOTO OlpefelieHNA ONHOSJEKTPOHHOM INNTHOCTH YPOB=
Heli) IpM PACCMOTPeHHM 4f-3JIEKTPOHOB,

aTOMEHe 4f-opOuTaim ropasfo cuibEee JOKAAM30BAEHHE, YeM HAHBHCIINE 3aHATHO
aTOMHHE d-ypOBHE B IepeXOJHKX MeTalJlax. B peayiasTate KaeTcsa BOOJHE BEPOAT-
HEIM, 9TO Aif 4f-31eKTpoHOB mpmOiEIKeENe He3aBHCEMEIX 3JeKTPOHOB CTAHOBHUTCHA
B IeJ0M HeCUpaBelJHWBHM, KGO OHE N30T B MeTOfle CHABHOH CBHBH y3KHe YaCTHIHO
3amOJHEHHEE B0HBI, a4 9TO KaK pa3 M BeoGXoJuMo AJA HapymeHES IPHMEHERMOCTH
mopo6uoro npmbnmsxenua (cm. crp. 190—191). OnexTpom-sneKTPOEHOe B3aMMO-
neficTBEe MeKAY 4f-5/IeKTpOHAMM Ha KajKIOM ATOMHOM y3Je OKasHBA€TCH CTOIb
CHJIBHEIM, 9TO HPHBOAUT K JOKANM3ANWHM MATHMTHHX MOMEHTOB (Ti. 32).

WHoTHa yTBEPKAAIOT, UTO B PeAKO3eMENBHHX MeTajlaaX 4f-30Ha pacHenaseTcs
Ha [iBe y3Kme 9acTH: OJHY, IOJHOCTHIO BAUOJIHEHAYI0 W Jie;Kamylo ropasio HIUKe
yposaa Qepmu, ¥ APYIyo, COBEPHEHHO NYCTYI0 B PAaCHOJOKEHHYIO IOpasfo BLIIIe
(dmr. 15.20). CopasegnmBocts H0f0GHOH KAaPTHHH COMERTEIbHA, ONHAKO, BEPOAT-

1) B GoapmMHECTBEe peAKO3eMENBHKIX METAJJIOB cBepx KoHPurypanmu [Xe] umeercsa meHbIne
14 DJIERTPOHOBE.
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HO, 3TO Jydmee, 9ero MO)KHO JOCTATHYTb, LPHMEHAA K 4f-2JeKTPOHAM MOHeJb
He3aBHCHMHX 3JexTpoHOB. Hannmumem menm Me:KAy OBYMA 9acTAMHA 4f-30HH MOKHO
TOrfa NONHTATECA O5BACHATH IPO3BHYANHO YCTOHIHBYIO COIMHOBYI KOHQHTypaIHio
4f-3716KTPOHOB B 3aHATOM 9aCTH 30HH, B KOTOPYIO HE MOI'YT BHOCHTh BKIAJ HAKAKIE
OpyrAe 3JIeKTpPOHHL.

Hax 60 MBI BE omucwBand 4f-37eKTPOHH, IPH PACCMOTPSHHHM 30HHOH CTPYK-
TYPHL PeKO3eMeIbHEIX METANI0B HX MOKHO, HO-BHAAMOMY, CIATATH IaCTHI0 HOHHEIX
0CTOBOB, HECMOTPA HA TO 4TO ATOMHEE 4f-050J0YKH 3aMONHEHH JIUNIL 9aCTATHO.

'CILJIABBI

3axanuuBasg 3Ty TaaBy, OOAY9ePKHEM, UTO JJiA MOJHAOTO AHAIA3A MeTajlInde-
CKOTO COCTOAHHA BEMIeCTBA HEJOCTATOYHO DPACCMOTPETH DJIEMEHTH HOepPHONHISCKOH
cucTeMul. Y Ke caMo IOCTpoeHMe CHIaBOB m3 Ooxee 70 XHMUYECKAX METANLIMIOCKAX
DIEMEHTOB HpeficTaBiAer coGol mpeaMeT 0co50i 09eHb BaKRHOU 05IacTH HCCIeN0Ba~
Hoi. Xora mo0ble ABA MeTalila COBePOIEHHO He 00A3aTeJbHO PACTBOPANTCS OAUH
B IpYyroM (AHAWIA, HAIPHAMED, He PACTBOPAETCA B rajidu), GOABMAHCTBO HApP BCe JKe
ofpasyer B MAPOKOM AMANA30He KOHIEHTPALUA TaK HA3KHBAEMHe OGUHADHBE CILAAGH.
Tlony9eHs I MCCIENOBAHEL TAKKE TPOXHEIS (TPEXKOMIOHEHTHEIE), Y0TBePHEE I 5060
cio;kHEe cmaaBe. Q4eBHHO, TAKAM CHOCOHOM MOKHO IOCTPOUTH I'POMATHOE IHCIO
pasHoo0pas3HEIX MeTasioB ).

CuoaBe yoofHO pasjgenars Ha JBa MHUPOKAX KJIACCA: YOOPANOISHHLE M HEYHO-
pAnoUeHHbie. YIOPSNOYeHHEe CINIaBh, MHOTKA Ha3hHBaeMHe TaKiKe cmeruomempl-
yeckKuml, WMEIT TPAHCHANUOHHYI CHMMerpuio pemeTkHm DBpaBa. Hx crpyrrypy
MOKHO 3a7aTh, pa3Meliass MHOTOATOMHEIA 0a3mc B KaKAOM M3 Y3JI0B pemeTKH
Bpass. Hampumep, cummaB, HasHBaeMHH B-maTyEplo, ofnamaer ymOpAXOYeHHOHR
¢asoii %), B KoTopoit 06a KOMmOHeHTa (MeIb W IMHK) COMep;KaTCA B PaBHHX IpO-
OopnuAX W 00pasyloT CTPYKTYpY THIA Xxaopmpa ne3ma (¢ur. 4.25). Ee mommzO
paccMaTpEBaTh Kak IPOCTYI0 KyGmuecKywo pemeTky DpaBs ¢ AByxrToueummM Gasm-
com: Cu B rouxe (000) u Zn B Touke (a/2) (111). [TepBas 3ona Bpunaosra mpocroit
KyOu4eckoil peImeTKH IpeqcTaBisfer cofoit Ky0, HOBePXHOCTHE KOTOPOrO Hepece-
KaercA cdepoil cBODOMHHX 3JIEKTPOHOB, COMepIKRAINed IO TpM BIEKTPOHA HA yCIOB-
HYIO A9efiKy (HOMHHATBHAA BAJNEHTHOCTh Me/ld PaBHA e[MHMUIE, a MUHKA — ABYM) °).

Onrako Momgerb CBOGOXHHIX 3JJIEKTPOHOB MOMKHO HCHOJB30BATH JHIMb IPH
yCIOBHA, 9T0 BCe KOMIOHEHTH CIINIABA —(IPOCTHIEY METAJIHl (HOSTOMY ee IphMe-
HOMOCTh A JATYHW COMHMTENBbHA). HKcam sTo ycixoBme He BHIIOONHEHO, CIOAyeT
1OJIb30BATHCA METOJaMu, OOMCaHHHIMA B ri. 11, mpoBofs coorBercrBylomue 0606-
meHnd Ha cjIydaidl MHOroaToMHOro Oasmca.

B meymopsanmoweHHoir ¢ase maTyHuW, cTa0HIBHOH IIpM JOCTATOYHO BHICOKHX
TeMIepaTypax, Jajke MJIA (¢CTeXHOMETPUIECKHX») KOMIO3UIWH, IPH KOTODHX BO3-
MOKHA YHOPAZOYICHHAS TeOMeTDPHsS, ATOMEL JeKaT B y3lax aGCTpaKTHON pemeTHH
Bpass (uam odens 61M3K0 K HAM), 8 OTCYTCTBHE MOPANKA CBA3AHO CO CIYIaHHOCTHIO
PaCHmONIO}KEeHAsA aTOMOB IBYX THOOB B y3aax pemerku. Hampumep, mpu ABm:KeHUM
Broab nanpaBiaeHud (111) B ymopsanodeHHoi j-IaTyHHM aTOMHE Mefn M OHHKA BCTpe-
gannch 661 B mocaegoBarensHocTr: CuZnCuZnCuZnCuZn . ... B meymopsmoden-
HOM (ase THNIMIHAA TOCHENOBaTeNbHOCTE MoKeT mMeTh Buf CuZnZnZnCuZnCuCu. . ..

1) HexoTophle CILUIABH, HANPUMEp WHIUN — CYPbMa; ABIAIOTCA He METAJIaMU, a IMOJy-
IIPOBOJIHAKAMHU,

2) CymecTByeT TaKKe HeyNOpPANOYeHHAs (asa M €eTKas TeMIepaTypa Iepexoja, BHIIe
KOTOpPO#l ymopsmodeHue oTcyTcTByer. [lepexof «mopsajgoK — 6eclopsagoKy MOKHO aHAIM3HpPOBATh
B paMKax mofeaun VamBra (upeCHBaHue B JAHHOM y3J€ aTOMa MeJ! COOTBETCTBYET TOTHA HAIIPAB-
JeHNI0 CIMHA «BBEPX», a4 aTOMa I[MHKA — HaOpasieHnio «BHU3»). CM. ria. 33.

3) Cm., mampumep, [17].
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Teopermuecroe HCCIeL0BAaHA® HOYIOPSN0ICHHNX CHIABOB OKA3EBAETCHA rOpasmo
6onee caomunM. J[3-3a crydaffHOCTE DPacCHOJOKEHHA aTOMOB B y3JaX pelmeTKH
He cymecTByer Teopemil Bmoxa, a Ge3 kBanTOBoro dmcia k HesacHO, Kak BooGmie
ONUCHBATH JJIEKTpPoHHEE cBo#icrBa. G Apyroit cTopoHH, mOH0GHEE BemecrBa ABHO
IpeRCTaBAAIT CO00¥ MeTAJIH; OHE YaCTO XOPOIIO ONMCHBAIOTCA HPOCTHIME pacde-
TaMd, OCHOBAHHEIMEH Ha Mofexz [pyhe, a B HX TEINIOEMKOCTH 9IOTKO BEHIABISETCH
3JIEKTPOHHEIA BKIAN, KOTOPHA, KaK MH 3HaeM, HOJKeH CYMEecTBOBATH B MeTaJlaxX.

YnuBurensHoe pasnmume MeKAY HEYIOPANOYGHHHIMA CINIABAMH H YHCTHIMHI
METaJLIAMH COCTOHT, OLHAKO, B TOM, 4TO, KAKWM Gbl YHCTHIM MHL HH CIEJIAJNH HOYIO-
PAMOYCHHKA CHONAB, B HeM He HaGJ0aeTcd CYNMIECTBeHHOI0 YMEHBLIIEHHS COIPO-
THBJIEHHA ¢ HOHWKEHHEM TeMOePAaTyPH, KaK 9TO XapaKTepHO A IUCTHX MeTallo0B.
Tax, omeKTpuYecKoe COIPOTHBIeHMe HamboJee YHCTOH HOYMOPALOICHHOH JaTYHH
OPU TeJIMeBHX TeMIepaTypax YMeHBIIAETCS BCer0 BABOS HO CPaBHEHHIO C €r0 BeJddyn-
HOM mpu KOMHATHOR TeMmmeparype (TOorja Kak B TOIaTeIbHO HPHUIOTOBIEHHHX YIO-
PAXOYEHHKX MeTajairax oHo ymeHsmaercsa B 10% pas). dro saBreHme MO)KHO LIOHATH,
paccMarpuBasd ONZH M3 KOMIOHEHTOB CIIaBa KaK OPAMeCHh 3aMeMEHUs C BHCOKOH
KOHIEeHTpanuel B pemerke, o6pasoBaHHOR ApyraM KoMmoneHToM. [lefcTBWTeaLHO,
B 9TOM CAYyIae OCHOBHOH (HE 3aBHCAMEE OT TeMIOepaTyPH) BKAAL B COIPOTHBICHHE
IIpH BCEX TeMIepaTypax BHOCHT paccesHme HA IpUMeCAX. B 09eHb IACTHX MeTadiax
paccesHHe HA OPEMECAX HOPOABIAETCSI, HA00OPOT, JHUML IpY YPe3BHYAAHO HA3KHEX
TeMOepaTypax. AJbTepHATABHO MOKHO HPOCTO OTMETHTh, YTO B HEYIOPSATOIEHHOM
cIIaBe HapymeHa NePHORMYHOCTH, a HOITOMY IONYKIACCHYECKWi aHajim3, JOKa-
3HIBAIOMUI BO3MO;KHOCTH CYI[ECTBOBAHHUA HE3ATYXAIN[UX TOKOB B OTCYTCTBHE MEXa-
HE3MOB pAaCCesHHs, Temeph yiKe HelPAMEHHM.

Taxum oGpasom, mpobiema BIEKTPOHHOR CTPYKTYPH HOYIOPANOYEHHHX CILIA-
BOB OYeHL CJIO0KHA; OHA IO CHX HIOD OCTAeTCA BO MHOTOM HEDENIeHHOH W IPUBIEKAOT
® cebe 0oanpmoe BHAMAHHE.

3ATAYN

1. HokaskaTe, 9T0 B KpHCTAJLie ¢ MOHOATOMHOH TI.I.K. pemerKod BpaBa oTHOmeHmWe pajpmyca
cfepu @epmE CBOGOAHHX JEKTPOHOB HOPH BaleHTHOCTE 1 K pPacCTOAHHIO OT IEHTPA 70 TPaHH

80K B Hampasiemam [111] cocraBaser (16/3n2)'/‘ = 0,903,

2. Ucuonssysa ofmumit pesyisraT, BHpakaomumicsa dopmynoit (JI.6), mccaepyitre KospdumuenT
OTpayKeHusi, HolyJalomumica m3 BepaykeHAsa (1.29) JIA NpOBONHMOCTE B MOIENH CBOGOJHEIX
SJEeKTPOHOB IPE ®T > 1. [lorkakaTe, 9T0 KO3QPUMAEHT OTPaKeHHS PaBeH eJMHALE HIKe [Jas-
MeHHOH dacToTH u uTo r = [0}/40%)? mpm @ > wp.

3. JloragaTe, 9T0 B CHIY 3aKOHA COXPAHEHWA BHEPIWH M MMIYIbCa HOCJOMEHAe (OTOHA CBO-
GOIHEIM DIGKTPOHOM HEBO3MOKHO. [3aneuanue. Ecim BH BOCHONb3yeTeCh IS SHEPTHHE DJIEKTPOHA
HepeJATHBUCTCKEM BHpWKeHEeM % = p?/2m, To oGHapy:;kduTe, 4T0 mOX00HOE IOTVIOIIGHHE BO3-
MOKHO, HO HPOHCXONUT JHMIML OPH CTOXb BHCOKAX SHOPrHAX (HOPAAKA mc?), IS KOTODHX He-
PeATHBUCTCKOEe NPHGIMKeHHe HecOpaBefiaEBo. IloaToMy, 9TOGH [OKa3aTh, 9YTO MNOTJOIMEHAE
$oToOHA HEBO3MOYKHO IIPH JIO00H SHEPTHUA IEeKTPOHA, HEOOXOJAMO HCIOJH30BATh PEIATHBACTCKOO

cootHOomeHEe § = (p2c? 4 m2ct)'/s.]

4, IloBepxHOCTH HMEPBOH 30HH BpHWILIOSHA A KpACTamiIa ¢ T.I.K. pelleTkod BpaBs ynajleHa

‘Goxee Bcero oT nentpa (I') B Touxe W, rae cXofATCA KBafpaTHAaA H JBe IMECTAYIOJbHEE TPaHR

(dur. 15.4). Iokakure, 910 chepa MepMm CBOGONHHX DIEKTPOHOB A BaJCHTHOCTH 3 IPOXORHT
. 1

BHITIE 9TOH TOYKE (KOEKpeTHO, kp/TW = (1296/125n2) /e = 1,008), moaromy mepBas 30Ha Bpma-

JII09HA IOJNHOCTBIO BAIMOJHEHA.

5. B memogEnx Meramaax cPepa MepmMu CBOGOJHKIX SIEKTPOHOB LEIHKOM COLEPIKATCA BHYTDH
mepBoi 30HH BpuianiosHa, moaToMy CIaOHE TICeBAONOTeHNHWAJ] BHBHBACT JAINL HE3HATATEIHLHYIO
HeopManuio sT0i cheps, He MEHAA NPHHNENZAJILHO €€ TOMOJOTHH (B OTIMYHE OT 0JaropPOJHEX
MeTanaoB). [asA Hcclef0BaHWA Pa3HOOODA3HHX CBOHCTB HO00HOH KedopMalWE MOKHO BOC-
Z0NB30BaTECA MeTofaMd TIi. 9.
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a) Ilpr caaboM nmepmoOfMYECKOM MOTEHIEANe B OKPECTHOCTE OAHOH GPOITOBCKOM NIOCKOCTH
MOKHO HMCIOJBBOBATh OPHOIHIKEeHHMEe JBYX INIOCKEX BOJEH (CTp. 162—166). IIycTh BOJBOBOH BekK-
T0p k g6pa3yer noaaprre yrau @ m ¢ ¢ Bexropom K o6paTHOll pemeTKE, 0TBeYalImuM pT0H 6par-
ToBCKoi miockocTH. Ilyers ¢ << (5%/2m) (K/2)* m moremmman Uy ROCTATOYHO MaJ; IOKa’sKuTe,
470 TOTHA ¢ TOYHOCTHIO JI0 YIEHOB Nopffka Uk oHepreTHvecKas NoBepXHOCTH ¢ 9Eeproed § onpe-

AedfAefCA BHPAKCHHAEM

I
kO.9= ) ZL (160N, (15.10)
rae
Uy 12/8
50) 1 Uk (15.11)

~ (RK)*—2hK cesB V 2m#i”

6) CunmTan pesyabTaT pacuera B NPUGIRIKEEUM eAVHCTBEHHON GPOITOBCKOM DJIOCKOCTH
COpaBefJIABHIM N0 Beell 30He, IOKAKUTe, YT0 CABAT 3HeprEn Qepmu m3-2a cialoro NepHOZRYECKOTC
noreEnmana paseH Er — €% =y, THO

4 Uy P .
N le (2kp)ln
8  $F Ky

Yrasanue. 3amersTe, 4To 2HePTrHsA (EPMEH YIOBIETBOPAET YCJIOBHIO

akl?
n= S—m 0 (fF_‘gk)’

1+ 2kp/K
1_%/1{“, (15.12)

rne 6 — crymervatas ¢ymruua [0 (2) = 1 gna =z > 0; 0 (2) =0 pua z < 0], m pasnoxuTe
O-dymrnuo mo y.

B menournx MeTadnax cdepa epmu cBoGOAERX 2JEKTPOHOB 0amsKe mopxoamt K 12 Gpar-
TOBCKHM INIOCKOCTAM, HO NOCKOABKY OHa He OGmBaeT Gam3ka cpasy K HeCKOJBKHMM H3 HEX, CJBHT
sHeprum QepMm MONyYaeTCs YMHOMKEEHEM IOJYYeHHOTO BHINE pesyinTata Ha 12,
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3A TIPEJIEJIAMH
«IIPUBJIMKEHNA

MEXABM3MBI PACCEAHNA 3JIEKTPOHOB
BEPOATHCOCTh PACCEAENA N BPEMA PEJAKCALIIN
OEIMEE ONNMCAHNE CTONKHOBEHHH
YPABHEHUE BOJBIMAHA
PACCEAHRHNE HA NNPRMECAX
3AKOH BHUJEMAHA — ®PAHIA
ITIPABHMJIO MATHCCEHA
PACCEARUNE B U30TPOIIHBIX MATEPHAJIAX

Ofmas nonykaaccmueckad Teopua mpoBopmmocTd (ra. 13), a Takmke paccymxpe-
BUA B Ii. 1 ® 2 ONECHBAJN 5IEKTPORELIE CTONKHOBEHMA KaK CayualiHHe, HEKOppe-
AAPOBAHEKE COGHTHS, KOTOpHE MOMKHO PacCMaTpHBaTh B DPHONMKEHEE BpPeMEHR
peaakcanue. 9T0 mpubaBKeEHe Dpellojaraer, 4To (opMa HEpPaBHOBECHOH dieK-
TPOEHOH (YyEKIEE pacmpellelieEVs He OKaSHBaeT HEKAKOIO BIMAHUA HA Ha 9acTOTY
CTOJKHOBEHUH JaHHOTO 9JeKTPOEa, HM Ha pacupefielleBRe JEKTPOEOB IIOCJIE CTOMK-
HOBEHHA ).

M= Ee crapanmEch 060CEOBATE STH AONYMeRnA. X DpEMEBAIOT JBIMB HOCTOIb~
Ky, HOCKOJBKY OHH HamGonee mpocThM 06pasoM Y9YHTHBAIOT KaK HAJRYHe CTOJIK-
HOBEERH, TaK ¥ TO 06GCTOATENBCTBO, 9TO IMEHHO CTOJAKHOBEHHS B KOHEYHOM CYeTe
IPHEBOAAT K YCTAHOBJEHUIO TePMOAMHAMHEYECKOIO paBHOBecHA. B nefictBurentuocTm
B JieTaisaX NOROOEHE AONYMEHEA ABEO HECUPAaBEeAJUBH. JacToTa CTOAKHOBEHRI
9JIEKTPOEA CHJBLHO BaBHCHT OT paclpefieleHEA JPYTEX dJeKTPOHOB (Hajke B IpH-
GAUKeBUHM He3aBHCUMHX 2JeKTPOHOB), NOCKCOJABKY B cmay npmenuna Ilaynm saex-
TPOEH B Pe3yJAbTaTe PacCesABEA MOTYT NEPEeXONUTH JEINS Ha NYCTHE 3JE€KTPOHHHE
ypoBEm. Kpome 7T0ro, pacmpefeneEme 5JEKTPOHOB NOCH€ CTOAKEOBEENA TAaKKe
3aBHCHT OT 9JEKTPOEEOM QYyBKNNE pacupefieleBEA — HE TOABKO 33 CY€T IPEEDUIA
Ilaynm, ms-3a KOTOPOIO JICHYCTEME E€ BCe KOHEYHHE YPOBBH, HO M H3-8a TOI0, 9TO
CYMMapEEH «BEHXOJ» ICCJe CTONKECBEERE 3aBRCHT OT ¢OPMH «BXOfa», a OHA Ompe-
nengercAa ¢yREN¥edl pacnpefeleHEA.

TakeM o00pasoM, IpE DPEMEHEENH De3yJLTAaTOB DacieToB B npubiamskenum
BpeMeERH pelaKCanyud CIeAyeT NPoABAATE G0NEmyI0 0CTOPOXKEBOCTh. BoobGme rosops,
monoGEEeE peayAbTaTH MOKHO CYHTATh HAJle3KEEIMA JEING B TOM CJy9ae, €CIH JleTaln
npomecca CTOJKHOBEERH 3aBefOMO HeCyIeCTBeBEH. Hanpmmep, BHCOKOYACTOTHAR
npoBofEMOCTh (0T > 1) m Kosddunment Xoana B cmasBoM none (0.7 > 1) Be
EBMEHAIOTCA OPH yJAyulieHME NpuGapsKeBEsS BpeMeHH peJaKCalMH, TaK KAaK OHM
ONKCHBAIOT OpefelbERE CATYaluHd, KOIZla YMCA0 CTOJKHOBEBRHE B pacdeTe HA OfRE
mepuon NOJA MJHE Ha ONWH 000pOT B IOCTOAHHOM MAarHETHOM IIOJie YDPEe3BHYaM-
HO Majo.

PesyabTaTH, CNpaBeRNMBOCTh KOTOPHX He CBS3aEa ¢ DPEOJMIKEHNEM BpEMEHE
pelakcanmy, o6HYEO OTHOCATCA K BeIMYRHAM, KOTOpHe He 3aBECAT oT 1. Hampumep,

1) Cu. etp. 246 m 247.
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roappunmenr Xoana B CAALHHX NoaAAX paBeH Ry = —1/nec. He cienyer, ogHAaKO,
Ha 9TOM OCHOBAHWH IOJATaTh, 9TO BCE BHIPAKEHHA, B KOTOpPHe He BXOUT T, COpa-
Be[INIMBH TAK/Ke W BHe OpPMOJMKEHNs BPeMeHH pelakcamdd. B KadecTBe mpmMepa
CcTONT YIOMAHYTH 3aKoH Bugemanma — ®PpaHpa, COrIAcHO KOTOPOMY OTHOIIEHHWE
TeILTO- W BJIEKTPOIPOBOTHOCTE MeTajia !) mMeeT IOCTOAHHOE 3HAYEHWE, PABHOE
(n?/3) (kple)® T mesaBmcuMo oT pyHKOmOHANBHOHE dopmu T, (k).

Eecan oTrazarhca or HpROIMKEeHAS BPeMeHA PONaKCAWMN, TO, KAK MH yBALHM,
sakon Bupmemana — (DpaHma ocTaHeTCss B CWJe TOJBKO HpPHA BHIOJIHEHUW TOTO
YCIOBHA, UTO HEPIAA KAIKIOTO JIeKTPOHA COXPAHAETCSA B KAMKIOM CTOJKHOBEHUH.

Ecam cymecrBeHHN KOHKpPETHH® OCOJEHHOCTH HpoOmecca CTOJKHOBeHWH, TO
OpudiImAkeHne BPeMeHH pedaKcanudd COXPaHsAeT CBOI MEHHOCTH A CIyIaeB, KOrma
TaKne OCOGEHHOCTH HOCAT WMHTETPAJbHHA, a He JeTalabHWE xapakrep. Tak, mpm
ONMCAHAN TOJYIPOBOLHAKOB 9aCTO CUYATAIOT, YTO HAGKTPOHK W IHPKA EMEIOT pas-
AOYHEE BpeMeHA PeJaKCAlNA, T. €. HOJB3YIOTCA 3HAYeHWEM T, KOTOpOe 3aBHCHUT
OT HOMEepa 30HH, HO He 0T BOIHOBOTO BeKTOpa. KclZ eCTh 0CHOBAHAA IPeJIONaraTh,
9TO HMPOMECCH PACCesAHHs B OTHOR 30HEe IPOMCXONAT ropasmo dJamle, 4eM B JAPyroi,
T0 MOLO0HOe YIPOIIeHAe BIOJHE MOKET OHTH MONE3HHM OpH aHAIM3e ofIIEX Cliel-
¢TBUii, BEITEKAIIAX A3 PAa3iIAYIdA YaCTOT CTONKHOBEHHIA.

OmaaKo Te pe3yabTaTh, KOTOPEE TYBCTBATEABHN K JETAJBHOMY BRAY QYHKIAHA
T, (k), Hexrp3A CUNTATH COBepHIeHHO HafeKHBIMA. IIpeqmono:xmM, HampmMep, 4TO
MH IerTaeMcs Haita T (k) MIA HeKOTOPO# 30HH, MCXOJA M3 COBOKYIHOCTH YKCIepH-
MEHTAQJIBHEX JaHHHX W D0Ib3YACHh TéOpHeil, OCHOBAHHOA HA HPHOIKEHAN BpeMeHH
perakcanma. B aTOM ciIydae HeT HMKAaKHX OCHOBAHEI OKENATH, UTO DPA3NATHHE
sKCOepUMEHTANbHLIe METONH OyAyT AaBaTh ofmHAKOBHe PyErnza T (k). B opnrbou-
sKeHAW BPEMEHN DeJaKCAlU\ He YIATHBAETCA TO OOCTOATENIBCTBO, 4TO XAPAKTep
paccesHAs 3aBHCHT OT BHfAa HepaBHOBECHOH (YHKOHM pacumpefeleHms, KOTOpas,
B0O0me TOBOPH, HEOJUHAKOBA B PA3ANIHHX PKCIEPHUMEHTAX.

B aroit riaaBe Mo FaeMm ommcaHze (0Jee TOYHOTO CIOCOGA PACCMOTPEHHS CTOMK-
HOBeHEH W CpABHEBAEM ero C HPUOIAKeHAeM BpeMeHd penakcandd. K atoMy cmocoby
npuberaloT BCAKHAA pas, KOTAA XOTAT HOJXYIATH (OJee TOUHHIE PE3yAbTATH, a He
rpy60 Ka9eCTBeHHOE ONMCAHME OPOBOLUMOCTA (UCKIOUCHASMHA ABIAIOTCA YKa3aH-
grle BHme ciaydan) 2).C

MEXAHI3MbI PACCEAHUA JSJEKTPOHOB

BrGop coocola omucaHAA 3I6KTPOHHHX CTOJIKHOBEHHA 3aBHCAT OT KOHKPETHOTO
BUAA BaKHEAMMUX MEXAHW3MOB CTOIKHOBeHmA. MH y)Ke oTMedanu 3) IOMHYIO HECO-
CTOATeNHLHOCTH uAew J[pyde O CTONKHOBEHHAX € OTAeAbHEIMH moHamm. COTJIACHO
Teopun Buioxa, smexrpor B HIealbHO HePHOAAYECKOR pemerTKe COBCeM He HCUH-
THIBAET CTOJKHOBeHUHA. B IpmbamKeHWH He3aBHCHMHX 3IeKTPOHOB CTOJIKHOBEHHA
MOTYT IPOHCXOAMTH JUMb 32 CJeT OTKIOHEHHA OT MAGaNbHOM NepPHOTUIHOCTH.
OHu fensiTcsa HA [Ba OCHOBHHIX THIA.

1. IIpamecm m kKpuctamimueckme aedexTel. Todednnle medekTh, HAIpEMep
BAKAHCHA W MOHBHI, CIyYaliHO OKasaBmmecsa He Ha cBoeM mecre (ri. 30), BeAyr celbs
BO MHOTMX OTHOMEHWUAX AHAJXOIMIHO NOPHEMeCAM, MABIAACH JOKAJIH30BAHHEIME

1) CM. crp. 2536.

2) Bce paccMoTpeHHe B 9TOI I'iaBe BeeTCA B IPEAI0NOKEHUY, ITO DIEKTPOHEL MPOBOLAMOCTHE
OpefcTaBIsIIOT cO00M MoUTH WileadbHER PepMu-ras. B geiicTBATeIbHOCTH GIATOADA MEKIICKTPOH-
HOMY B3amMOfeficTBII0 (KaK CHIOBOMY, TaK # OOYCIOBIeHHOMY HpHHUMLOM Ilayam) bIeKTPOHE
IPOBOAMMOCTH MPeJCTaBIAIT c000i (epMA-KUAKOCTE, AHANN3 MTOKA3KBALT, 9TO PEPMU-KULKOCT-
HEHIe CBOHCTBA IPOABIAITCA TOAbKO mpu ® {T) > 1, rae (T) — cpegHee BpeMsa pelAKCaLuH,
® — gacrora Bojaael. (CM. ro1. 17 u § 23 B xkaEUre {5*].) — [Ipunr. ped.|

3) Cum. cTp. 148.
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HeHTPAMHA pacceaHAsa. BepoArHo, 870 HamGoxee MPOCTOM A ONHCAHHA MEXaHH3M
cronkHoBeHmi. [loMamo Toro, ORHAKO, MOIYT HMMETHCA HPOTAMKEHHHE HePOKTEH,
B KOTOPHIX HePHOXAYHOCTH POIMSTKA HApymeHA HA JAHAN HIK Ja’Ke HA MeA0H Iio-
crocta 1).

2. CoDcTBenHsle OTKIOHEHAA OT MEPHOJUAYHOCTH HAEATHHOr0 KPHCTALIA,
odycloBaeHHBIe TEMIOBHIMU KoJAe0aHHAMA HOHOB., JlaKe B OTCyTCTBHE IpHMe-
ceit nnm NePSKTOB HOHH He OCTAITCA JKECTKO 3aKPOIUIeHHKEIME B y3JaX HAealdbHOR
HepUOAIECKOR peMeTKH, UOCKONBKY OHH HMEIT ONpedeleHHYI0 KHHETAISCKYIO
DHEPIrHWI0, KOTOpas BO3pacraeT ¢ HOBHmMeHAeM TemmepaTyper (ra. 21—26). Humke
TeMISPATypPEl IIABICHUS 3TOH 9HEPrA: OOBIYHO He MOCTAaTOYHO, YTOGH BHI3BATH
fonbmue OTKIOHEHMA HMOHA OT HAEANBHOTO IONO:KeHUS paBHOBecusa. Hanwmdue
TOILIOBOX HSHEPrAE LPOSBIAEGTCA T[NIABHHM 00pa3oM B MalHX KojJIeSaHHAX MOHOB
OTHOCHTEIBHO IIOJNOKeHW# paBHOBecHA. HapymeHme umeanbHOd UEpHONHIHOCTH
VWOHHOR PeuIeTKA, O0YCIOBIeHHO8 TAKUMHA KOXe0AHAAME, CIYKEAT HamG0Iee BaKHOK
OpPUYAHOR TeMmepaTypHOR 3aBECAMOCTH CTATHIECKOTO 3JIEKTPOCOIPOTHBIEHUA
(ra. 20); opm KOMHATHOR TeMmeparype 3TOT MEXAHM3M pPacCesHAA OOHYHO HIPAET
OCHOBHY!0 poab. [Ipm DOHWKEHAW TeMIEpPATYPH AaMIUIOTYJa KoXe(aHWA HOHOB
PO3KO YMEHBIAeTCA X B KOHETHOM CdeTe HPeoldaaaoliaM CTAHOBATCA PACCESHHS
Ha mpmMecax u Aedexrrax.

IToMnmo mexaHm3MOB pacceaHHd, ODYCHOBIGHHHX OTHIOHOHHAME OT HALATb-
HO# IepAOKHIHOCTH, €CTh eIL? OfMH HCTOYHMK PACCeAHHS, KOTOPHIM ImpeHeGperamT
B Opu0AMKeHAN HO3ABHCHUMHIX 3JIOKTPOHOB; OH CBA3AH C B3amMojleHcTBHEM MeKIY
9JeKTPOHAMHE. JISKTPOH-3JIEKTPOHHOS pacCedHne 2) MTpaeT OTHOCHTEIBHO MAIYIO
poNb B TEOPHA HPOBOAEMOCTH TBeDPHAHIX TeJd; IPHUYEHEL 2TOr0 OGyayr 00bACHEHH
B ra. 17. llpm BHCOKHX TeMOepaTypax OHO I'opasfo caabee PacceAHWSA HA TEILIOBHX
KoJNeDAaHAAX WOHOB, a OPH HH3KAX TeMIEpAaTypax Haj HUM Bcerfga mpeoliagaer
pacceaHne Ha OpUMecAX UAM JefeKTax pemeTKH (eclX He PacCMAaTPHBATH UPe3BHI-
9afiHO YHCTHE W COBEPIISHHEE KPUCTAJIJIHL).

BEPOATHOCTh PACCEAHNA N BPEMA PEJIAKCAOUN

IIpa Goiee peanmcTAY6CKOM ONHCAHAW CTONKHOBeHHA He mpmberaor K IpH-
ONMKeHA0 BpeMeHH peaakcamumua. BMecTo 3TOro IIpeAmonaraiT CYIeCTBOBAHHE
HEKOTOPOi BePOATHOCTH TOTO, 9TO 32 eJUHANY BPeMeHH 3JIEKTPOH M3 30HH 7 C BOJ-
HOBHIM BeKTOpoM k B peayiabrare CTONKHOBEHHA IepelieT B 30HY n' ¢ BONHOBHM
BexTopoM k', (9Ta BepOATHOCTH OIpeReNAeTCA ¢ MOMOMBIO COOTBETCTBYIOMAX MUK~
POCKOOMIECKAX pacderoB.) I[as IPOCTOTH OrpaHAYAMCA pPACCMOTPEHHEM Caydas
OTHOK 30HH 3), mpeAmoyaras, 94T0 HCHLTHBAINAA CTOIKHOBEHHA YJIOKTPOH OCTAET-
ca B ee mpefgenax (1. e. n’ = n). BygeM camraTh Taxme, 4YTO paccesHHe He MEHSET
HANpaBJIeHAA cOAHA 3JeKTpoHa *). HaxoHenm, MH mpegmonaraeM, 9T0 CTOJIKHOBEHHS
XOpOMIO JOKAJAN30BAHK B IIPOCTPAHCTBE W BPeMEHH, TAK 9TO CTONKHOBEHNH, MPO-
HCXONAm@Ae B TOYKe I B MOMOHT t, DOJHOCTHIO OHPEIeIAOTCA CBOMCTBAME TBEPAOTO
Tela B HEMOCPeNCTBOHHOM OKPECTHOCTHM 3Toi Toukm B momeHnt f. Ilockoabky Bce
BEeJUYAHE, BAAAOIEE HA CTOIKHOBEHHASA B TOYKE T B MOMEHT f, BIOCJEXCTBAA OYAYT

1) K 9T0MYy THIY MOKHO OTHECTH W Daccesidde HA MOBEPXHOCTH, KOTOPOe CTAHOBHTCH BaXK-
fbIM, HATPUMED, B KPHCTAMIAX C pasMepaMy IMODSAAKA MIUHLE CBOGOXHOTO Ipobera.

2) B KMHETHYSCKOI TEOPHA Ta30B CYMPCTBEHHO TOALKO PACCOAHAS TUIA AISKTPOH-3IEKTPOH-
HO[O, eCJId He YIHTHBATHL CTOJKHOBEHHA CO CTRHKAME COCyfAa. B 9TOM CMHICJe 3JEKTPOHHEIA ra3s
B METAJIJIaX COBOPIIGHHO He OXO0K HA OOHIHHI ras.

3) PaccMoTpenne Jierko o600muths Ha ciaydall Me:K3omanlx mepexogos. OgHaKo Bce 0cofeH-
HOCTH, KOTOPHI® ME XOTHM OTMOTHThH, IMOJHOCTHI0 OOHADYHIBAIOTCA K B CJIYIae OJHOH 30HH.

4) Curyamusa OKa3mBAeTCA WHOME IPHU PACCeAHHH HA MACHUTHHX IPEMECSX; HOCOXDAHOHUS
CIHA MOKET MPHUBOAATHL K PAAY OUYeHL MHETEpecHHX 3Ppdexros (cM. T. 2, crp. 302—30%).
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pPaccumTHBATECH EMEHEO B 3T0# TOYKe, JJf yOpCHEeRWs 0603HAYCHEH MK B Jaib-
BefimeM Ee OyleM yKasHBaTh 3TH LepEMEBHHE.

BeposaTHOCTE paccesBEs BHpaKaeTCsA depes BelHMUMBEY Wi yx/, KOTOPYIO MOKHO
BBeCTH caenyiommM obfpasom. PaccMOTpEM BepOATHOCTH T0r0, 9TO 3JEKTPOH C BOJ-
BOBHM BeKTOpOM k 3a 6ecKOE€uBO Malkii WETepBak BpeMeRn di HCOKTAET paccesHEe
u Depeiifier Ba n1060# #3 ypoBEed (C TeM jKe BanpaBieBueM CIEHA), COREPIKAMAXCH
B GecKOEeuHO MasoMm anemente ofnema dk’ B k-upocrpancrae oxono k'. Jra BeposT-
HOCTh PaBHA

Wy wodt dk’

S (16.1)

Ilpm 2TOM mpennmonaraeIcs, 9To ECe HATEPECYIOMEE EAC YPOBHE He BAHATH M L03TO-
My IepeX 0N Ba EWX He 3anpemers npuBnunom Ilayam. KoekpeTenit Brg ¢yEKnnn
Wy x 338BMCHT OT BHJAa MeXaBmaMa paccesEEsa. B ofmem ciyuae W mmeer oueHb
CNOKEYIO CIPYKTYPY ¥ MOJKeT 3aBHCETH OT (YEKOMHE pacnpefeneEms g. Humme Mu
paccmaTpEBaeM OfEO 3 HamGojee DPOCTHX BHpaskeHmit nasa W [gopmyna (16.14)],
a noxa OyleM HMCXOAUTH ARIb M3 CYMecTBOBanEA ¢YyEknmu W, a He m3 ee feTanb-
HO#A CTPYKTYPH.

3nag BeamumBy Wy i m 2J€KTIpOBEYI0 (YEKOUIO pacHpefeleBMsa g, MOKHO
8 SABECM BUjle NCHYUWTH BEPOSATHOCTHE TOTO, 94T0 33 €[MERNY BPEMEEHW 3JEeKTPOH
¢ BOJHOBHM BexTOpoM k mcmmraer kakoe-nmfo cTonkmoBemme. Ilo ompefeneHEIO
oTa Beamunea pasra 1/t (k) (c1p. 246); ee cTpyKTypa m08BOJAsAET BHABATH BEKOTO-
PHe oIpaHMYEHES DpulAMIKEEHs BpeMeBM penakcanud. Benmumea Wy y.dk'/(2n)3
IpeacTaBiasAeT co6oil BEPOATHOCTH TOTO, UT0 33 €JWBUIY BpPEMEHHM 3JEKTPOH G BOJ-
BOBHM BeKTOpoM k B pe3aynpTaTe paccesABUs NepeiijleT HA OIMH U3 YPOBHEH (C TeM ke
cOmHEOM), coiepskamuxca B siemeRTe dk’ ¢ mentpoM B k', ecnim Bce sTm ypoBEH
He 3aHATH. CieNoBaTeJlbHO, peajbHAS YACTOTA NEPEeXOf0B JOJKHA OGHTHL MeHBIIE,
nprUeM ee OTHOHIEEHe K BeamuamEe Wy x-dk’/(2n)® paBHO OTHOmMEEHIO YnCaa Re3aHA-
THX ypoBReil K ofmeMy uuciy ypoBRe# (n€o mepexoAk Ha 3aHATHE YPOBHM 3alpe-
menn npueEnunoM Ilayam). OTHOCHIenBHCE 4YMCAO HE3aHATHX YPOBHEH paBHO !)
1 — g (k’). Ilonrag BepOATHOCTL C10NKHOBEBMA B €IEHHMIY BpPEMEHH NOJYydaeTCHd
CYMMEDOBaHEEM IO BCeM KOHEYHLIM BOJXHOBHM BeKTOopaMm k':

1 dk’

0 = ) @ Ve l—g K] (16.2)

N3 supaserna (16.2) BunHO, 9T0 B oTImume 0T DPEOJIHAKEHA BpeMeHH pelaKca-
nun 1emepp T (k) He ABAAeTcA 3ajaBHOM ¢gymknuel k, a 3aBHCHT 0T KOHKPETHOTO
BEJla HepaBHOBeCHOH (YEKIUE pacIpefiejieHHA g.

CHOPOCTb MBMEHEHMA &OYHKIOHM PACHOPEIEJEHRUA
3A CYET CTOJKHOBEHUN

Hrdopmanmio, cofepsamyiocs B BHpaskenmm (16.2), yno6Ho DpencraBuTh
B HecKOJAbKo mEOH ¢opme. Onpenenum Benuuury (dg (k)/dt)oui, Uepes KoTopyio
BEIPasKaeTCA YHCIO HJIEKTPOHOB Ea eUBHANY of'heMa ¢ BOJTHOBHME BeKIOpamm B Gec-
KOHEYHO MaJjioM ajeMeHTe o6bema dk ¢ nenTpoM B k, HCOHTHBaKCIAX CTOJAKHOBERHE

v

1) Braap, BHOCHMHII B 9JEKTPOHHYIO IJIOTHOCTh 3JE€KTPOHAME (C ONpPENEJCHBHM CIEHOM)
n3 sneMenTa o6wema dk ¢ memtpom B k, pasenm (cm. crp. 245) g (k) dk/(2n)%. IlockombRy BEJaR
SJEKTPOHOB (C ONpefieICHERIM CIHHOM) M3 JAHHOTO JIeMEHTa 00HeMa HMEeT MAKCHMAJILEYIO EeJH-
4uny, paBEyIo dk/(2:)3, KOT/la Bce ypoBHM 3aHATH, QYHKNEIO g (K) MOMXKEO pacecMaTpmBaTh TaK:Ke
KaK OTHOCHTEJBHOE 4HCJO BaHATHX ypoBHe#l B siemenre o6vema dk ¢ memtpom B k. IToatomy
1 — g (k) ecThb OTHOCHTEILHOE YHCIO HEBAHATHX YpPOBHeIl.
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3a GeCKOHEYHO MaJH{ HHTepBalX BpemeHd df, T. e.

(Z5L). | ot (16.3)
out (2m)3

ITockonbry mATepBaX dk mMeeT 0OCKOHETHO MAJYI0 BeIWYAHY, PO3YIbTAT JA0GOTO
CTONKHOBEHHESA [ 3IEKTPOHA 3AKIIOIAETCA B TOM, ITO INEKTPOH YXOMAT U3 «CBO-
ero» snemenra obnema. IIoaTomy Bupamennme (16.3) MoRHO paccMATpPHBATH TaKe
KAK YHCIO 2JeKTPOHOB, HOKAJAIOMAX 3a cIeT paccesaus 31eMent odnrema dk ¢ meraT-
poMm B k 8a mHETepBa) BpeMeHH di.

Yro6u paccumrars Beamdury (dg (k)/dt)ey:, 3aMeTHEM IpPOCTO, YTO, HOCKOIXBKY
dt/7 (k) ecTh BepOATHOCTDH TOTO, UTO JIO0OH 2IEKTPOH B OKpecTHocTH k memurax pac-
cesiHie 3a WHATEPBaJ BpeMeBH df, IOJHOe YHCIO IJISKTPOHOB HA eXuHANy 00BeMa
g okpecrnocTx dk oxoxno k, KOTOpHE HCHHTHBAIOT CTONKHOBEHAR, PABHO BeIWIAHS
dt/tv (k), yMHOMKeHHOX Ha 9HCJIO JJEKTPOHOB Ha efuHmny obObeMa B anemente dk
oxoxo k, 1. e. ymaosxennoit Ha g (k) dk/(2x)3. CpaBrmBasa aror pesynsrar ¢ (16.3),
HAXOUM

dg (k k dk’
(Z8) =—E e g [ S Wewlt—g &) (16.9)

Paccesrme BamseT ma (YHKOUI0 pacHpeNedeHAS He TOABKO TAKEM IyTeM.
C opgHO# CTODOHEI, JIEKTPOHH W3-33 pacCedHAsA DOKHAAIT ypoBeHb k; ¢ Apyroit
CTOPOHBI, B pe3y/]bTaTe pacCesHAA OHA HODANAOT HA HEro ¢ APYLHX YpOBHeH.
Takge mpomeccil MH OyHeM ONHCHBATH NpA moMomu npou3Bommoit (dg(k)/dt)n,
ONpeReNAeMoit TaK, YTOOH BeJIWIAHA

dg (k) dk
(). e (16-5)

ObliIa paBHA YACAY IGKTPOHOB HA eNWHANY 00H6MA, KOTOPHE HPAXONAT B IeMeAT
o6bema dk ¢ mearpoM B k B pesynbpTaTe CTOIKHOBEHAA, IPOUCHEANIero 3a GeckoHed-
HO MAJHX WHTEpBaX BpeMeHH di.

Yro6u paccuntaTs Benmunay (dg (k)/dt),,, paccMoTpmM BKIax Tex 3IeKTPOHOB,
KOTOpHe HEemOCPEeNCTBeHHO Iepe]| CTOJKHOBeHHeM HAXOMAIHCHL B aJeMeHTe ofbpeMa
dk' oxomo k’. ITlommoe W@CIO TAaKEX 3IEKTPOHOB (C 3aMaHHKIM COAHOM) DAaBHO
g (k') dk’/(2n)3. W3 HuEx Immb OoTHOCHTeNBbHAasm 4acTs Wy dt dk/(2m)® memsrrama
651 paccessame B aiement dk owoxo k, ecxm OH Bce YPOBHE B 3TOM 3IeMeHT® 00beMa
ObUIM OyCTHIMA; MMOCKOIBKY, OMHAKO, IyCTHIMA ABAAIOTCA Anmb (1 — g (k)) n3 "HAX,
3Ty OTHOCHTEIBHYI 4YacTh CIEHYyeT COOTBeTCTBeHHO yMeHLmuTh. (CieroBaTeibHO,
MOJHOE YHCIO DIEKTPOHOB HA efAMANNY 00heMa, IPAXONAMAX B 3jneMedr odbema dk
¢ mertpoM B k u3 saemenTa o6hema dk’ ¢ nedarpom B k' B pesyabraTe CTOTKHOBEHH,
UpoHCIIeAIIeT0 332 WHTePBAJT BpeMeH:u df, paBHO

n 1dk’ dk
[ &) ] [P « gt | 1 —g (). (16.6)
Cymmupys mo Bcem k', Haxoxmm myTem cpaBHeHHA C BIpaKeHHEM (16.5)
dg (k) dk’ ,
(—‘ig )u=11—¢ (k)]S(z—n)fWk',kg(k) (16.7)

10 BHpaKeHme COBIamaeT ¢ BupaskeHuweM (16.4), 3a mcki odeBmem Toro, 4ro k
sameHgerca Ha k'.

[Ione3no cpaBHATH 3TH BHPAKEHHAS C COOTBETCTBYIOUIAMA sel@I@HAME, HOIY-
YeHHEIMH B UpAOAMKeHHE BpeMeHH pexakcanmmd. Bepamemme mas (dg (k)/dt)gut
B npnCAwHKenny BpeMeHN pexaxcanum orimgaercs or (16.4) roabko Tem, 9To B HeM
wacrora cronknoBeHEi 1/t (k) paccmaTpmBaerca Kak HeroTopas 3amgaHHAA PYHK-
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nusa k, xoropas [B ornmume or (16.2)] me 3aBmCET oT yEKNEE pacupeleneEma g.
Pasnmune mesay BupasxeEmeM (16.7) maa (dg (k)/dt)y, m cooTBeTCTBYIOmMAM BHIpa-
JKeHWeM B IpumOJM/KeHWE BpeMeHE peJaKcanuu oKasuBaerca 6oxee raybormm. [leii-
CTBHTENbHO, IpumbimsKeRre BpeMeHH peiakcanum Tpelyer, 9To0H pachpefeseHue
BJIEKTPOHOB IIOCJe CTOJIKHOBEHWS, IPOMCINENIIET0 B WHTEpBaje BpeMeHW df, OHIIO
paBHo Beamuwre di/t (k), yMHO}KeHHO# Ha JNOKaJBHO-PaBHOBECHYI QYHKIMIO pac-
npenenenus g° (k) [cm. (13.3)]. Pesynbprathl cpaBEeHEs cBeleHH B TaGm. 16.1.

Tabauya 16.1

CpaBEeBHe 00fIEro ONMMCAHMA CTOIKHOBEHHH ¢ ynpoIEHHBBIM ONHCAHEEM
B DpulauKeHMU BPeMERH pejaKcalun

i

Hpubnmienne BpeMeHN DPEIAKCALNH Ofmas Teopmsa
dg (k))°ut £ (k) S dk’
= — —\ = Wy o [1—g (k' k
(%5 ) eon () @y " w e (Ole
dg (k)\in g (k) dk’
bR —— Wi, k')y[1—
( dt )coll T (k) S @ e, xe O g (K]
3amewanna v (k)—sapamBas dynknua k w me W, ., —dynxnua k u k', xoropaz B 06-
sasucur ot g (k); g° (k)— nokans- meM caydae MoyKer BaBHEceTh or g (K)
HO-paBHOBeCHAA QYHKINA pacupe- win paske or QYHKOUM pacupejiejieHus,
feJeHUA OTMNCHBaWMeil TOKalIbHOE pacOpejesieHLe
paccenBaTedei

Ynobuo ompeneruts Beamauny (dg/dt)eon — MOJHYI CKOPOCTH M3MEHEHHS
$YHEROUU pacmpefelNeHHsA 3a cUeT CTONKHOBeHMH (collisions). 3a muTepBas BpeMeHH
df 9mcio 9NIEKTPOHOB Ha eJuHULY 006eMa, BOJHOBHE BEKTOPH KOTOPHX IpPUHAN-
aexar anemenTy obwema dk ¢ nenrTpom B k, B peayapTaTe CTOJKHOBeHHH HBMEHHTCH
Ha BeamamHy (dg (k)/df)con dt dk/(2n)®. IlockoapKy B peayabTaTe CTOJIKHOBEHHM
9JIEKTPOHH MOI'YT KAaK OPHXOJHTEH, TaK M yxommTh u3 dk, Beamumna (dg/dt)con
paBHa cymme (dg/di);, m (dg/dt)eyy:

(L8) == W g (0 1 —g ()= Wi g () [1—g (K1

(16.8)

B mpufamxerun Bpemenm peidakcarum (cM. Ta6xa. 16.1) 1o BHpameHHe OPHHAMAET
fonee mpocroit BHA:

( diik) )0011: ~—W (apmbnmmenue BpemeHm penaxcammn). (16.9)

HAXORJIEHUE &@OYHKIIUMN PACHPEJIEIEHUA.
YPABHEHWE BOJIBIIMAHA

OrkaszaBmucs OT OpubaMKeHAsS BpeMeHHA peJaKCal¥WM, MH YyiKe He MOKeM
IOJIYYATH SABHOTO BHIPAyKEHWA [Js HEPABHOBECHOH (YHKOWE pacHOpefeleHES g
4epes peImeHds UOJIYKIACCHYECKAX YPABHEHUHA NBMKOHHS OyTeM pacCMOTPEHHS
BCEX NpPOmMeENMUX MOMEHTOB BpeMeHH, Kak dT0 Omno cmenaHo B ra. 13. OmgHako
MOKHO OTBeTHTH Ha (ojiee CKpOMHHI BOIPOC — KaK HaiTkm QYHKOMIO g B MOMEHT I,
eCJ¥ M3BECTHO ee¢ 3HAYeHHe B mpefuAymumit Geckomeuno Oamskmit MOMenT @ — di.
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Yro6m pemmTh 5Ty 8ajiady, BHadaje 3a0yneM o BOSMOKHOCTH CTOJIKHOBEHWI
8a BpeMs oT ¢ — di fo ¢, a 3aTeM MCHpaBEM ClienaHEoe yoymesme. Ecanm cronkuOBe-
B He OPOHCXOIHT, TO KOODAMHATA I W BOJHOBOM BeKTOp k KajK[oOro siaeKTpOHA
MEHSIOTCS CO BDeMeHEeM COTJIACHO IONYKIaCCHIeCKEM ypaBHEHEAM ABmKennA (12.6):

F=v(k), hk=—¢(E+-—vxH)=F(@kK. (16.10)

IockousKy mETepBas di GeCKOHEUHO Majl, MH MOKeM ABHO PemATh 5TH ypPaBHEHUS
B ImHeHHOM MOpAAKe o di: BIeKTPOH, HAXOAAmMUKCA B TOUKe r, k B MOMEHT Bpeme-
BN {, TOMKeH 6mJI Baxonuthcs B Touke r — v (k) df, k — F di/k B momenT Bpemenn
t — dt. B oTcyTCTBEHE CTONKHOBEHMH 9TO €lEHCTBEHBAA TOYKA, M3 KOTOPOM 8a BpeMs
dt 97eKTPOH MOKeT UPHATH B TOUKY T, k; IPHA DTOM BCAKMIM BIEKTDPOH W3 HTOM TOYKHA
nocrareer Toukm r, k. CaemosateanHo !),

g, k, =g —v&dt, k—TFdi/n, t— di). (16.11)

Urob, yaecTs CTONKHOBEHHA, Heobxonumo BEiaounth B (16.11) nBa mompasou-
HEIX 4ieHa. Bo-mepenix, BHpaskeHue cupasa B (16.11) sanucaro B mpefUoJI0KeHHH,
9T0 3a BpemsA di B TOUKY r, k IpmxomaT Bce 3JEKTPOHEI W3 TOYKM I — v dt,
k — F dt/h, Toria KaK B eHCTBHTENBHOCTH YACTh M3 HUX WCHHTHBAET OTKIOHEHWE
B Pe3yJibTaTeé CTOJIKHOBEHRH. Bo-BTOPHX, B 3TOM BHPa)KeHAH HE YYNTHBAIOTCA T
BJIEKTPOHK, KOTOPHE OKasaJuch B Touke r, k B MoMenT { He B peayabraTe Gecmpe-
HATCTBEHHOTO IIOJYKJIACCHYCCKOTO, IBUKeBNsA B WHTepBale OT ¢ — di 70 f, a B
pesynbTaTe CTOJKHOBEHN, IPOUCIIENMIETO 3a BpeMa MemAy ¢ — df m t. Y4mTHBasg
5TH IONPABKH, MH IIOJydYaeM B TJaBHOM Iopanke mo di

g (I‘, k, t) =
=g(r—vi(k)dt,k—Fdi/h, 1~ dt)+ (GeccToNKHOBATENbHOE NEBUIKEHHE)
(mompaBKa: HEKOTOpHIE JJAEKTPOHET HeE

dg(r. k.t
+ (—g—(at——)—>out at}+ MoryT momacTh B Touky (r, k) ms-sa crox-
KHOBEHHOH),
de(rkt)\ (monopaBka: HEKOTOPHE IAEKTPOHEl IO-
-+ (#—)in dt nanaior B 10uKy (r, k) ammp Gaaromaps

CTOJIKHOBEHHSIM). (16.12)

Ecnu pasnomuts OpaByIo YacTh, 0CTaBHB JRINE JuHeHRKE N0 di wieHH, T0 B Opejene
dt — 0 u3 ypasmenma (16.12) noayuaem

og d 1 0 (o
_—+v'_¢3?g+F'T——g—(7)con' (16.13)

at ok

d1o 3HaMenuToe ypaBHeHme Boapnmanma. Unenw B ero JeBoif wactn o6EIHO HASH-
BAIOT «ApeiiOBEIMEY, a paBas 9acTh H3BECTHA IIO]] Ha3BAHHEM «CTOJKHOBHTEIBHOIO
wienay 2). Ecim B kKadecTBe CTOJKHOBUTEIBHOIO UYJeHA MCHOOJH30BATHh BHparKeHHe

Yy Yrobm 3ammcats Brpasxenue (16.11), mam Heo6GxopumMo Tax:Ke BOCIIONB30BATHCA TeOpPEMOH
JInyspana (opuiaoskeHue 3), COraaCcHO KOTOPO# NOJYRIAcCHIeCKMe YPaBHeHWA [BHKEHHS cOXpa-
HAoT 00beMHK B ¢a30BoM mpocTpaHcTBe. [IpOBefeHHNE B TeKCTe PACCYKAEHMA NOKASHBAKT JUIIb,
910

g, k, )dr (0)dk (t) = g (v — v (k) dt, k — F dt/n, t — dt) dr(t — dt) dk(t — di),
T. 6. 4T0 3neMeRTH ob6weMa dr(t)dk(t) m dr(t — di)dk(t — dt) comepkaT paBHOe YHCJIO DIEKTPO-
HOB. Teopema JImyBHIIA MCIOAB3YETCA AJsA TOTO, ITOGH ONPABJATH COKDAINEHHe BeIHIMHLI

aneMeHTa Pas3oBOTO 00BEMa B 00eHX JaCTAX yDABHOHHA.
3) Nan «uATErpasyia CTOJKHOBeHW».— IIpum. nepes.
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(16.8), 10 ypasuesus Boasuvama, Boo5m3 rosops, CTAHOBATCA HEJIMHOHHEIM HHTe-
rpogad pepeHuuansHEIM ypaBHeHHSM. IJT0 YpiBHEHHAe JKAT B OCHOBe TeopHH
adhoxToB mepsHOCA B TBOPAKX Teaax. [IpegaosKeHO MHOTO TOHKAX M OCTPOYMHHIX
MOTOHO0B, NO3BOIATAX C INOMOMbI0 9TOrQ YpPABHeHAS HOAyYarTh MHPOpPMAIHAIO
0 QYHKOAA pACIpPSAeMeHAs W PACCIYATHIBATH Pa3HOOOpA3HHE KHHOTHIOCKHS KO3(P-
$umuenTu ). Mu He cTaHeM yraydaAThCAd 30eCh B ITOT IPEAMOT, 4 BOCHOIB3YeMCH
ypaBHeHAeM BonboMaHa I@ms AAS TOTO, 9T00H C 6r0 HOMOINBI0 BHIACHATH IPAHHUITH
IPUMOHEMOCTA OPAGIMKeHASA BPOMeHH peIaKCANHH.

Ecnau 3aMeHATH CTONKHOBHUTONLHHA WiIeH B ypaBHeHAH DoabpMaHA BHIpaKe-
aev (16.9), T. e. Bocmons3oBaThCA HpUOIM;KeHNEM BPDOMOHHE pPelaKCamdd, TO ypaB-
HeHre YIPOWIAeTCH W CTAHOBUTCH JAHOMHHKM YPABHOHHOM B TaCTHHX HPOH3BOXHEHIX.
Momxao mOKa3aTh, 410 pyaKnuA pacupsgenendd (13.17), monyaennas B mpmbuamxe-
HHEM BPSMeHH PeJaKCANUHA, ABIASTCA pemIeHMEM TAKOro ypaBHeHAA (KaK H MOIKHO
‘GHTH, DOCKONbKY B OCHOBE 050WX METONOB BHIBOMA JEKAT OXUHAKOBHS MONYIIOHHAA).
MH mog4epKuBacM 3Ty JKBUBAJSHTHOCTh, MOCKONBKY OYOHBb 9aCTO pPe3yiIbTATH,
wonoGHsIe HAtMeHANM B T1. 13, moaydaor He mpaMo u3 ABEOro Bupamenad (13.17)
nasg QyHROHE pacHpeielNeHds B NPuOJW/KeOHAA BPpeMeHH PeIaKCcamAd, a HA HePBHiA
B3TJAAN COBEPUIPHHO WHBIM CIOOCO50M — IyTeM pemeddd ypaBHeHAA DBoaspmana
{16.13) co «cronxmoBHTenbHEIMY wiemoM (16.9), cooTBercTByHMuM HPASIMKEHHIO
BPOMOHZ PBIAKCANUAN. JKBUBANEHTHOCTHh ITHX JBYX HOAXONOB IPOXEMOHCTPHpPOBA-
Ha B 337a9ax 2 @ 3, rfe |[HEKOTOPHS M3 THOAIHKX Pe3yJabTATOB ri. 13 3aHOBO BHBO-
IATCA W3 ypaBHeHAs BoxpnMana B mpuOAn/KoHAM BPOMeHH DPeTaKCAIUM.

PACCEAHHUE HA TIPMMECAX

CpaBHEAM Teneps OpeACKa3atnd, IOAydaeMsle B IPHOIMKOHAN BDeMOHHA POJaKCa -
Y, ¢ pesyabpraTaMd, K KOTODHIM IPHBOLAT y4eT 00jee TOYHOT0 CTOAKHOBATOIBHOTO
anena (16.8). Horma maM momago0HTCsA KOHKPETHO® BHIPA)KeHHE [JIA BePOATHOCTH
cronkuoBermids Wy, -, B KauecTBe IpuMepa MH OyAeM pacCMATPMBAThH IPOCTeAmMi
B AaHAIATWIECKOM OTHOMEHHH CIyYaid: YOpyroe paccesHEme HA HEOONABUKHEIX
NpUMeCSAX 3aMeIeHnst, DPACIONOEHHHX CHydai#HHM o0pa3oM B y3idax KPHCTAJ-
JIMYECKO# pemeTrKu. JTO OTHIIb He MCKYCCTBEHHHIA IpPEMep, DOCKOJbKY IPH IOHU-
JKeHUN TeMIepaTypH paccesHUe HAa TEINIOBHX KojebaHMAX MoHOB (ra. 26) m asmex-
TpPOH-dJIEKTPOHHOEe paccessne (ri1. 17) cramoBarca Bce Gomee cinaGhMm, TOrJa Kak
HE KOHIGHTpAIUA HpuMeceil, HEH B3amMmofeHcTBHe MEKIY DIEKTPOHOM M OPAMECHIO
HpH BTOM HE MEHSIOTCSA CKOJIbKO-HIOYNB cymecrBenHo. CiefoBaTenbHO, HPH ROCTA-
TOYHO HH3KHX TeMmepaTypax B Jd00oM peanbHoM o0pasie paccesHme Ha TPEMECAX
CTAaHOBHTCA JOMUHHDYIOMHAM MeXaHU3MOM CTOXKHOBeHmA. Takoe paccesanme oxa-
3WBAETCH YOPYrHM, €CIE ODHEDPTeTHYecKas Medb MEKIY OCHOBHHEIM COCTOATIHEM
OpUMecH 7 €6 HIKHEAM Bo30Y/RAEHHEIM COCTOAHEEM (COCTAaBIAMANA 0GHIHO HECKOI -
KO BJIEKTPOH-BOJBT) BeJIAKa IO CPABHEHUIO ¢ k7. ITO IPABONUT K ABYM CIERXCTBH-
AM: a) 9UCT0 BO30Y:HIEHHEX MOHOB IPUMECH, KOTODHE IPH CTONKHOBEHHHAX MOTYT
meperaBaTh HHEPTHUIO IJAEKTPOHAM, OKA3HBAETCA O0IE€Hb MAJHM W () OYeHBH Majio
9UCa0 MYCTHX DJEKTPOHHBIX YpPOBHEH, JeKAM@X HACTOJBKO HH3KO, 9TO OHH CIO-
CcOOHK NPUHATH JJIEKTPOH, KOTKA OH HOTepseT 3HAYMTENbHYI OJHEPTHIO, mepeBels
MOH IPUMECH N3 OCHOBHOrO COCTOAHWS B BO30yMKIeHHOe.

Ecim rommeHTpanusa mpuMeceir pocraToyHo mana %), a moreHmmaxn U (r), onm-
CcHBamuAil B3amMoIeHcTBHE MEKAY 9JIEKTPOHOM B HOPHAMECHIO, PACHOJI0KeHHOHR

1) Ouenp moppodmaHit 0630p npmBefen B MoHorpagum 3aimana [1]. Mmeerca rar:ge mpesoc-
xoAHAas copua 0030pHHX crareil JInpmuana u Karamosa [2]. (CM. Taxxke Kaury [5*]. — I pux. ped.)

?) KommeArpanusa mpaMeced NoJKHA OHITH HACTOJBKO MAaXoH, YTOGH OHOBPEMEHHO 3JIEK-
TPOH MOT B3amMOJ6HCTBOBATH JAIMB ¢ OAHOH M3 HHX.
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B Touke I = (, ABIAAETCH NOCTATOYHO CIabHM, TO, KAK MOMKHO LOKAa8aTh, CIpaBel-
JIUBO CHENyIomee COOTHOIIEHWE:

Wi =25 (€ (k) — € () [(k|U KD, (16.14)
rie n; — 9HCJIQ Opumecedt B efmAnme obnema,
&IUIK) = { drie (1)U (1) i (1) (16.15)
u Ga0Xx0BCKEe (QYHKIUH CYMTAIOTCS HOPDMHPOBAHHEIMH TAKUM obOpasoM, 9T00H
S Ar | P (1)]2 = Veenr (16.16)
no Aveiixe

TE Vg — 00BEM sAgeiikm.

Qopmyny (16.14) MoxHO BhIBeCTH, IPUMEHAA «30J0TO€ IPABHJIO» HECTALUO-
HAPHO} TeopHu BO3MYIMEHHWN HePBOTO HOPAAKA ') K paccesHHI0 GIOXOBCKOTO DIEK-
TPOHA HA KamMON m3 mpmMecedl. JHAYMTENBHO CIOMKHEe UpoBoxuTes Goxnee dymma-
MEHTAALHHE BEBOX, B KOTOPOM HCXONAT W3 NONHOTO FAMHEJIBTOHEAHA IS SIAEKTPO-
HOB ¥ IpEMecell W IONydaloT HOJIHOe ypaBHeHme DoJbIMaHa €O CTOJKHOBATENBHEIM
4JeHOM, JaBaeMhiM Brpaskemmamm (16.8) m (16.14) ?).

My me Oymem 3aEmMaThCA 3/eCh BHIBOJOM BHpakenma (16.14), mockoapxy
B NanbHEAEM BOCHOIB3yeMCd JIHML HECKOJHKEMH CaMHMH O0IMuMHA CBOfCTBAME
3TOTO pe3yJabTaTa.

1. Bnarogapa manmumio O-pymkmum B (16.14) Wy i = 0, ecim & (k) 5=
=+ & (k'), T. e. paccesEme mABIfeTCA aGCONIOTHO YUDPYTHM.

2. Benmama Wy i+ He 3aBHCHT OT 3JEKTPOHHOH QYHKIAM pacUpefeseHUs g.
910 cnefcTBRe DPUONFIKEOHAA He3aBUCAMEX 3JIEKTPOHOB: XapaKTep B3aHMONeHCTBUSA
9JIEKTPOHA C NPHMECHI0 He 3aBHCHT OT APYTEX dJEKTPOHOB, 32 MCKIOYEHHMEM Orpa-
HAUeHWA, HajJaraemMux opuanmnoM Ilayrwm. 9To riaaBHOe ympomeHme, BOSHEKAIOIIEe
IS paccesHAA Ha UpmMmecax. lIpm pacceAHmm 5JGKTPOHOB Ha BJIEKTPOHAX, HALPH-
mep, Wy, 3aBucuT oT (yHKIHUE pachpefejeHHA g, ODOCKOABKY IOMEMO TPOCTHX
orpaHEYeHN, HAaJaraeMex OprEMANOM Ilaynm, BepOATHOCTHL paccesHHA 3JEKTPOHA
3aBUCHT ¥ OT TOr0, C KAKWAMH SJICKTPOHAMH OH B3amMmopeitcrByer. Onmmcanme
paccessHEA HA TEIJIOBHX K0Je0aHAAX MOHOB TakKKe OKaBHBaeTCA (oJiee CJIOMKHEIM,
TMOCKONBKY Torga W 3aBmcWT OT CBOMCTB HMOHHOM CHACTEMEH, KOTODHE MOryT OHITH
BeCbMa HENPOCTHIMH.

3. Beamumna W ynoBiaeTBopsAeT YCIOBHI0O CHMMETPHH

Wi, =Wy, x (16.17)

KOTOpOe cielyeT m3 Toro, 4ro omepatop U spmumtos ((k | U | k') = (k' | U | k)¥).
MoxHO DOKa3aTh, 9TO B3TO CBOWCTBO CHMMETPHH. He BaBUCHT 0T cialocTm BsamMo-
AeACTBHA MEKIY OPHMECHI0 M 9JEeKTPOHOM, a CUPAaBENIABO B HPOM3BOJBHOM Clydae,
ecln MOTEeHINAJH Op¥MecH M KPHCTajna [edCTBHTeJIbHH W NHBAPAAHTHH OTHOCH-
TENBHO HPOCTPAHCTBeHHON mEBepcHm. Y ciobue cummerpunm (16.17) oGeraEo Hasm-
BAOT OPUHIOWIOM [eTaJBHOTO paBHoBecma. Ilna Gosee o0mux MexaHmBMOB pacces-
HUA UMETCA aHAJOTHIHEE, HO 6ojlee C/OKHKE YCIOBHA CAMMOTPHE, KOTODHE HIpa-
10T B;KHYIO POJB IPW aHAJA3e NPuOAMKEHASA K TEPMOJAEAMAISCKOMY PABHOBECHIO.

1y Cm., sanpamvep, popmyay (43.1) B yaebnnke Jlampay u Jindpmuna [3].
%) OpHEMEZ W3 MEPBHIX TaKOH MOXHHI amamms mposexan Jlarrmammep um Kom [4].
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CpoiictBo cummerpuu (16.17) mosBoasieT YHPOCTHTH BHUJ CTOAKHOBHTEAHLHOTO
arera (16.8):

dg (k [ dk’
(42 )oon= = § i W v (8 () — g (K. (16.18)
3ameruM, uto Gamaromaps cBoitcTBy cmmmerpuu (16.17) kBampaTmuHEE IO g WICHH
B BHpaskeEmum (16.8), mosBiaAwmmecs TaM B cmay mpmHnEna Ilayam, B3amMHO
COKpaIIaTCs.

B ocraromeiica YacTu raaBH GYAYyT paccMOTpeHH HEKOTODHE THOWYHEE 3aJaun,
OpaBWJIbHAA GOPMYIMPOBKA KOTOPHX TpedyeT Gosee aKKYpaTHOTO ONMCAHUA CTOMK-
HOBEHUI1, 9eM 9TO MOKeT JaTh HpubimKeHNe BpeMeHH pejakcanmm !).

3AKOH BUJEMAHA—®PAHIIA

BriBon saxoma Bmpemana — parna B ra. 13 xasancs sumoane of6mmm. Pac-
CMOTDHEM, OJHAK(, BHOBH 3Ty 3afavyy, He mpuleraa x mpubameHnI0 BpeMeHH pelia-
rxcammu. Torma MOKHO IIOKasaTh, YTO HOMOGHEIN 3aKOH COPABENJUB JHEIb B TOM
ciydae, KOrfla SHEPIHEA JJEKTPOHA COXPAHAETCA B KaKAOM CTOJKHOBeHmu. Marte-
MaTH9eCKH 9TO O03HAYAET, 4TO JAaA Ji000# ¢ymknmm g (k) BepoaTHOCTH paccesHHsA
Wy, x+ HOMKHA YHAOBJIETBOPATH TpeGoBaHmIO

S dk' Wi, w8 (k') g (k') = & (k) | dk' Wy, g (k). (16.19)
Ono, oweBmgHO, Oymer BHIOJHATLCA, ecium VW ommChBaeTcsa BhpaskeHumeM (16.14),
COOTBETCTBYIOIIAM COXPaHEHHIO HEPTHH, HO OyjeT HeCUpaBe[IWBO, €CIH BeIMIMHA
Wy, x» otamusa or Hyxs Auaa 3Hadenmit k m k', mua xoropux € (k) 5= & (k').

AHanHTHYECKO0® [[OKa3aTeIbCTBO TOTO, YTO YCIOBAA YODPYroro pacCesHHA
(16.19) mocraTto4HO NIA BHIOJHEHNA 8aKOHAa Bumjgemana — (DpaHra, BhxondT 3a
paMKm Hameit kgumru. OZHaKO Qu3WYECKYI0 NpHYMHY HOXOGHOIrO YCIO0BHA HOHATH
HeTpYAHO. II0CKOABKY 3apsi KasKIOTo BJEKTPOHA BCEINa PaBeH —e, CTOJKHOBEHHA
MOTYT YMEHBIIATH TOK JNUIIb DyTeM W3MeHEHHS CKOPOCTH KaKIOTO dJIeKTPOHA.
Onmako B moroxk Temna [(dopmyana (13.42)] Bmecro sapsama BxoauT BeIWUHHA
(€ — p)/T. Mosromy, ecau PHOPTHA COXPAHASTCA B KK/ OM CTOJIKHOBEHUH (IOX0GHO
8apsARy), TO NOTOK Temaa OyNeT yMEHBINATHCA TOYHO TAKHEM jKe 00pasoM W TOYHO
B TOif jKe CTeNEHH, KaK W JIEeKTpuuecKmii Tok. Eciam, ofHaKo, CTOIKHOBEHHs He
COXPAHAIT JHEPrui0 & DIEeKTPOHA, TO CTAHOBUTCSA BOBMOMKHEIM BTOPOH MeXaHHAM
YMEHBUICHHA DOTOKA TelJa, He MMEIOMUil 3JeKTPHIeCcKoro ananora. CTOIKHOBEHHSA
MOTYT MEHATH He TOIbKO CKOPOCTH, HO M dHEPruio & saexTpona, IIOCKOABKY Takme
HeyIpyTHEe CTOJIKHOBEHHUS COBEPIIEHHO IO-PA3HOMY BIHAIOT HA IOTOK TEINa M 3JIOK-
TPHYECKAA TOK, MH YK€ HE MOKeM OKUJAATh, 9TO IJIAEKTPO- U TEINIOHPOBONHOCTH
OyAyT CBABAHHE IIPOCTHIM COOTHOIIEHHEM 2).

Ouesmano, 3axkon Bummemama — OpaEna OymeT BHIOOAHATHCA ¢ XOopomedl ToY-
HOCTBIO, €ClIm C MOCTAaTOYHOA TOYHOCTHIO COXPAHAETCA 3HEPrus. HpmTuuecKoe
TpeGoBaHme BaKIKYAETCA B TOM, 9TO HM3MEHEHH® 9JHEPIHWHM KajKOOTO BJEKTPOHA

1) Bouee mofpoOHOe M3NOKEHNe TuTaTelb HaliieT B Xamrax [1, 5*).— Hpun. ped.

2) Naorga MOJKHO BCTPOTHTh YTBODKJEHHA, YTO 3aKoH Bujgemana — (pamna cTamoBETCH
HOHNPHMEHUMEIM, MOCKOJLKY BPEMs DeJAaKCANME A TEmJIOBOTO MOTOKA OKASHBAGTCHA OTIMYHEIM
OT BpeMeHH peJaKCAlW| A BJIEKTPHILCKOro TOKAa. B mydmem caydae TaKoe yTBEp;KAeHWe Ipes-
cTaBiAeT coboif M3AMImIHEe YIPOIIEHHE, MCKAKAKIEe IeHCTBATENLAYI0 KapTuHY. 3aKon Bumema-
Ha — (paHNa CTAHOBUTCA HECHPABEJNHBHM IPH HAJIWYIHA HEYOPYrOoTO PACCEAHAA IO TOH NpHYM-
HO, 9TO MMEIOTCSA IPONEecCH PACCOAHHS KOTOPHE MOTYT yMEHBIIMTH IOTOK TEIJA, He yMEHhMIas
ameKTpEYecKnil TOK. HempuMeHEMOCTH 3aKOHA CBA3AHA He C PABIMIMEM uacmomy 3NEeKTPOHEEX
CTONKHOBOHUI, a ¢ Pa3auIneM offesmusnocmell Ka;KIOTO OTAEGNBLHOrO CTOJKHOBEHHSA B YMEHbIIe-
HEHE [BYX HOTOKOB.
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B pesynbTaTe CTONKHOBeHHS He HOJMKEHO nmpesmmarhk kpl. OkrasmBaercs, uTo pac-
cesHMe HA TEILIOBHX KojeGaHMIX MOHOB MOKET YA OBJIETBOPATEH 3TOMY TpeboBanuio
npm BHCOKEX Temmeparypax. IIOCKONBKY Takoe paccesHWe SBAAETCA OCHOBHBIM
MEXAHE3MOM CTOJKHOBEHHH NpH BHCOKHX TeMIleparypax, B3akoH Bumemana —
@dpanna o6HYHO XOPOIIO BHIOJHAETCS U IPH BHCOKMX, W IpH HEWBKEX ') Temmepa-
rypax. OfHAKO B NPOMERYTOUHOH o0jacTu TeMmepatyp (NPBMEpHO OT AECATH JIO
HECKOJBKHEX COT KEIBBMHOB, Ifle¢ HeyNpPYyTHe CTONKHOBEHHS NOMUHEDYIOT W CHO-
coOHEI JaBaTh NOTE€pH sHeprum HopAnkKa kT, caeyeT oxMaaTh HapYIMeEHEN 3aKOHa
Bupemana — ®pa=na, ® OHE JAeficTBuTeabHO HabaomanTCA 2).

IPABUJIO MATUCCEHA

Tipenmosnoxnm, 4To MMEIOTCA [Ba (PHBWISCKHE PABNPIHHX MEXaHESMA CTOJNKHO-
BeHEH (HANpHEMep, PACCesAHM® Ha IPHMECAX M PacCeaHme HA JPYTHX 3JEeKTPOHAX).
Ecay manmume ONHOIO MEXAHHMBMA He BJIWAET Ha JAPYrol MexaHmsM, TO DOJHAA
CKOPOCTH CTOJXKHOBeHmi VW OymeT paBHa CyMMe CKODOCTefi CTOJKHOBEHHMH [JIs
OTIEeNIBHEX MEXaHU3MOB:

W =W We, (16.20)
B npuCiawikeEnn BpeMeHH peaKcaliMy OTCIO[ia cpasy 3Ke crefyer, 9To
1 1 1
=z T (16.21)

Hpennonomnm, KpoMe TOro, 4To BpeMA penaKcalpy HIJIA naiHAoro MeXaHmsMa
He 3aBUCAT OTK; TOTla MOCKOJBKY CONpPOTHBIeHRE® NPONOPNHEOHAABHO 1/T, HoNydaem
m m 1 m 1

P = oy = % T T e 7 = PO+ (16.22)

JdT0 03HavaeT, YTO yAeabHOE CONPOTHBJIeHEE IPY HAAWINM HECKOJIBKHAX MEXaHU3MOB.
paccessHAA eCTh IPOCTO CYyMMa YAEIBHEX CONPOTHBJIEHMH, 00yCITOBICHHEX KazKIKM
73 HEWX 10 OTAEILHOCTH.

Ilocnennee yTBOprneEne HaguBaercd NpaBunoM Maruccena. Ha nepswii Barasapn,
ero IeHHOCTL COMHUTeNbHAa, 0o TpyAEHO HpedcTaBuTh cebe, kakK MoxHO GHio Gm
HCKJKYATH ONMH MEXAaHESM pPACCEsSHNWA, COXPAaHAs BCE OCTaJbHEE HEeWSMeHHHIMH.
Tem me meHee OHO AaeT PAA ONPUHOUNKAJIBHHX PEBYABTATOB, KOTOPHE MOI'YT GHTL-
nerxko mnpomeperH. Hampmmep, wactoTa Ympyroro paccesBEMs Ha LpEMeECHX He
MOJKHA 3aBHCETH OT TeMOePAaTyPH (HOCKOJNBKY HE 9HCJO pUMeceidl, By WX B3aWMO-
AeitcTBEE C DJEKTPOHAMHE HE MEHAITCA CKOJIBKO-HHOYAL CYMECTBEHHO C TeMIepa-
TYpO#i), TOTIa KaK YacTOTAa 3JEKTPOH-DJIEKTPOHHOTO DACCEAHHUs AOJKHA OHTH Ipo-
nopnmosanbua I? (B mpocrefimmx Teopmax: cM. Ta. 17). B srom caywae mpasmao
MaTrcceHa mpefCKa3KHBAGT, YTO KOT/AA TJIABHHME MEXaHEBMaMM SBISIOTCH paccesd-
HHE Ha NPEMECAX W 3JIEeKTPOH-JeKTPOHHOe pacCedHHe, YAEIBHOE CONPOTHBIIEHUE
mmeer Bux p = A + BT?, rie xospdunuentn 4 u B He 3aBHCAT OT TeMIepaTypkhl.

Herpynso nposepmrs, uTo mpasmio MartmcceBa mapymaercsa Naxe B mpmGim-
JKEHANW BpPEMeHH penaxcanuu, ecau t sasmcmT ot k. Torna mposomumocts ¢ mpo-

1) Kak y;xe oTMe4aJoCh, IIpH HEBKHX TEMIEPATypax IJIaBHHIM MEXaHABMOM CTOJIKEOBEBUit
ABNIACTCA PACCEAHW® HA IIPHEMECHX.

%) IlprunEa KBasHyOPYrOCTH CTOAKEOBEHWH ¢ KoNeOAHUAMM HOHOB CBHBaHA C TeM, 4TO
H3MEHEHME DHOPIHH dAeKTpOHa A§ He Goiplle SHEPrHE MaKCHMAaJbHOIO Kojebamus ~kpBp
(8p — Temueparypa Hebasa, cM. Ta. 22—24), a BHCOKMMME CIATAIOTCA TeMOEpaTypH, 00JabmEe 0O
cpasderuo ¢ Op. [Ipn Euskux Temueparypax A€ = kpT (8a cyer cronkEoBeRHA ¢ HomOmAME),

HO TaKue CTOJKHOBEHWA PpeJKH — 9Yalle 9JeKTPOH CTaJKmBaercd ¢ mpumecamm (A€ = 0).—
IIpux. ped.
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ODOpIHOHAJBbHA HEKOTOPOMY CpeaAHOMY T OT BpeMeHH peJaxkcanunm [cM.,Hanpnmep

dopmyay (13.25)]. Ilosromy yneapHOe CONPOTHBIEHHE O upomopmuoHadbHo 1/T,
m, coraacHo mpasmiy Marmccena, Mbl mMeeM

1g=1/TD41/73, (16.23)
Onmako m3 (16.,21) caepyior JEIDL COOTHOmEHWs THIA
(1/7) = (1/7) 4-|(1/x®), (16.24)

KOTOpHE He paBHOCHAbHA coorHomeHu (16.23), Kpome caygas, worma T m (@
HE 3aBHCAT OT k.

Ecnu mcxomnts m3 60/1ee pealmcTHIeCKOd KapTHHH CTOJKHOBEHHH, To ol0mas
OpEMEHUMOCTh mpaBuia MaTmcceHa BHIBHBAeT eme Gonbmue comHeHms. JlefcTBE-
TeAbHO, OPU OTKA3e OT IIPe[NoJ0KeHHA mpubImKeHAs BpeMeHH pelaKcanuu Cra-
HOBHTCA TrOpa3sjo MeHee XPABIOHONOOHEIM H IPEQHONIOMKeHHe o TOM, IT0 UaCTOTa
CTOJIKHOBEHUH, BEI3BAaHHHX OJHEM MeXaHM3MOM, He 3aBHCHUT OT LHPUCYTCTBHS APYro-
ro. Peanbuas 4acTora CTONKHOBOHMUA JaHHOTO 3JI6KTPOHA 3aBHCHT OT PACHpPEeNeJeHNs
APYTAX 3JGKTPOHOB, a HA Hero 00JbIIOS BIAAHES MOKET OKA3HBATH HAJNHINE JBYX
KOHKYDHPYOI{AX MeXaHI3MOB PaCCessHASI— eCIH TONbKO CAydIaiiHo He OKA3HBAeTCH,
ar0 (PyAROUS pacmpenejleHAd OFUHAKOBA IPM HAJHYAM Ka)KKOTO U3 BTAX MEXaHH3-
MOB 10 OTHeIbHOCTH.

Mosmao, oggaxo, 10Ka3aTh, He MOAb3YACh NpAGIM;KeHHEM BpeMeHH peJaKca-
ou|, 9T0 mpaBmio MarTmccena BHIOMHASTCH KAaK HepPaBeHCTBO 1)

p=pt -+ p2. (16.25)

KoangecTBenase aHaINTAYGCKAO ACCASKOBAHAA 00JaCTA IPEMEHAMOCTH IPaBH-
aa Maraccena mosoabHo cnokasl. OHO, KOHOUHO, MOJNE3HO NI NPAONMKEHHHIX
OUEHOK, OMHAKO BCOrfa CISLYyeT HOMHATH 0 BO3MOKHOCTH COPHEe3HHX OmMHAGOK —
BO3MOMHOCTA, KOTOpaA HE 00HAPY)KUBASTCA LOPH MCHOJIH30BAHAM HAWBHOLO IPH-
OnmwxeHUA BPOMOHH peIaKCcandd.

PACCEAHHNE B N30TPOIIHBIX MATEPHAJIAX

JWnorna rosopsar, uro mpubimKeHme BPeMEHH PONAKCANEA MOKHO OGOCHOBATEH
JUIA M30TPOMHGIX MATePHAAT0B. ITO HHTEPECHOS W MOJIe3H0e 3aMedaHde, HO HYMKHO
OMHATH O Hpexeixax ero cupaBegnamsocTid. OHO OTHOCATCA K ONHCAHAIO YOPYrLoro
paccesHMS HA IPEMOCAX B M30TPONHOM MeTakne. IIpm 5TOM JOMKHEI BHIOMHATHCS
JBa KPHTHYECKHX TpeGoBaEmA 2).

a) Jmeprusa & (k) momKHA 3aBHCETh JWME OT a0CONIOTHOR BelMImHH k& BOXHO-
poro Bexropa k.

6) BepoarmocTs paccesHns ¢ ypoBHsa k Ha ypoBers k' omrHA OHTH paBHA HYIIO
npm k =% k' (T. e. paccesnne JomKHO GHTH YODPYruM), OpAYeM BeJIHIAHA STORX BEPO-
ATHOCTH MOJKHA B3aBHCOTh TONBKO OT OOMEro 3HAYeHHWA JHEPTHA [BYX ypOBHEHN
n or yraa mexny k m k',

1y CM., Hanpamep, Kaury 3alimama {1] u 3amaqy 4.

2) Bomee mONpOGHKIA aHANW3 IOKA3HBAGT, UTO 3TH TpPe0OBAHHA NOJKHAE BHIIONHATHCH
JAms s yposHei B marepBane O (kg T) B6ian3m sHeprum Mepmu. ITO HPOMCXOAUT IOTOMY, 4TO
OKOHYATeNLHHA BuHJ (GYHROWE DacOpefeNeHAs OTIMYIAETCA OT JIOKAJIHHO-DABHOBECHOTO pacmpe-
neNeRuA JAMb B TAKOM HHTEpBale dHepruil; cM., Haupumep, Gopmyny (13.43). [Toaromy mocie-
Ayl aHAJA3 OTHOCUTCA HE TOJHKO K MeANLHOMY Trasy CBOGOJHHX 3JeKTPOHOB, HO M K MIEI0T-
HEM MeTajjiaM, nopepxmocTH (DepMm KOTODHX € BHCOKOHA TOYHOCTHIO cdepuunsl,— HEOOXOM{IMO
Jumb, 9To0H mpm sHeprmax BOmmsnm epmumeBCKOIl paccesHme OO0 MOCTATOYHO A3OTPOMHEIM.
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Ecam BHIONHAETCA YCJIOBHE «a», TO NIPH HAJWYEHA NOCTOAHHOTO NPOCTPAHCTREH-
HO-OJJHOPOJHOTO BJEKTPHIECKOTo IOASA M TpajmeHTa TEMIEPATYpH HEpABHOBECHAA
GyHRImA pacupefieleHuA 6 NPUGAUICCHUL 6PEMEHU DeAAKcAYUY WMEeT Clefyommit
o6mmit Bux lem. dopmyay (13.43)] 1):

g &) =g° k) + a (8K, (16.26)

rie BekTOpHAas (YHKI¥sA a 3aBWCHT OT k Tonbko 4yepes ero alCoalOTHYI0 BeamumHY,
1. e. Tonbko ueped & (k), a g° (k) ecTr noKasbHO-paBHOBeCcHas (YyRKOEMA pacmpee-
anenma. Horga paccesBme mpefcTaBiger cofoil ympyroe paccesEme Ha OpHMeCsAX
7 BHIOOJHAIOTCA YCIOBUA «a» 1 «6», MOKEO IOKa3aTh, YTO €CJIM pemeHne ypaBHEHAA
Bonsnmara B mpubunmxennu BpeMeHH pellakcanmu mmeeT Bmpy (16.26) 2), To oHO
CAYHUM MaKIHe DeueHueM NnoiHozo ypaenerus Boavymana.

Jaa aToro ROCTATOYHO HIPONEMOECTPHPOBaTH, YTO 0oJjee TOYHOE BHIPAKEHNO
(16.18) nas (dg/dt)eon mepexomuT B Bhipaenme (16.9), nmpepnonaraemoe B npuGian-
JKEHAM BpeMeHH peJaKcaluy, ecin QYHKIMA pacupefienerms g mmeer Bup (16.26).
Heo6xoxumo, Takum o6pasoM, MOKa3aTh, UT0 MOMEHO Hafitm ¢ymknuio t (k), KoTo-
pas He saBHCHT OT QYEKREH pacupenejerus g. VIEade roBops, MK JOJKEH IOKa-
3aTh, 9T0 B TOM cayd4ae, Korjga ¢ynknus g umeer Buj (16.26) m paccesnwe aBaseTch
MBO0TPONHHM YHPYIUM paccesHEeM Ha OPWMeECHX, BHIOJHAETCH COOTHOIEHHE

[ Wiewo e (00— (&) =555 [g (6) — 0 (W)1. (16.27)

ITopcraBuM QyErnmI0 pacnpefienenus (16.26) B ¢gopmyay (16.27) m samernmm,
4To [IJIA YOPYIOTO PaccesHNA BepoATHOCTh Wy - of6pamaercs B Byanb npu & (k) 5=
s & (k). Torpma, oueBmpHO, BekTop a(é’) MOmKHO BaMeEUTH BexTOpoM a (€)
¥ BHIHECTH M3-IIOJ] 3HaKa WHTeTpaaa, mocie uero ycaorpme (16.27) moxuo mepenmcars
Kak %)

a (8)- o Wi (k—K)==(-a (6) -k (16.28

G =Tm ’ -28)

Pasnommm rTeneps Bextop k' Ha cocraBaswmue, napansenpEy0 M nepUEHABKYIAPD-
HYI0 Bekropy k:

kK =kj+ky=(k-k')k+k;. (16.29)

Tlockonbpky paccesnme yupyroe ¥ BeposTHOCTE Wy (x+ BaBECHT TOABKO OT yria
mesxpy k m k', oma me moker 3aBmcerp or k), a caefoBaTenbHo, mMHTErpaa

Sdk' Wy, vk nomxen ofpamareca B Byab. IlosTomy
5 KW, k' = | dk' Wi, ik = ESdk'Wk, o (kK K. (16.30)

Haxoren, mockonbky Wy, x» ofpamaerca B Byab, Koria aGCONIOTHHE BeJAMYHEH
BexkTopoB k m k' He paBHE APYT ApPYry, MEOKETEJb k' B IOCHeAHEM NOAKHTETPAIE-
HoM BhIpaskenmn B (16.30) MosHO 8amMeBMTH Ha &k U BHHECTH W3-IOJ 3HAKA MHTEIrpa-

1) 9ToT BUJ| OHA COXPAHAET ¥ NPM BOSMYMEHHSX, 34BUCAIIEX OT BPEMEHH, & TAKMKe B IPH-
CYTCTBHU IPOCTPAHCTBEHHO-OJHODOAHOTO IOCTOSHHOTO MATHATHOIO noas. Ecam, opmako, amwboe
73 BHENMIEMX MOJeli MAW TPAAVEHTOB TeMIOPATYPH 3aBHCAT OT KOOPAmEAT, To fopmyna (16.26)
HeCOpaBefJ uBa, B A0Ka3aTh, 4TO pellieHne YPaABHeHUs BojbrMapa nMeeT TOT JKe BHJ, YTO H B OPH-
6ammeHnn BpeMEHE DeJIAKCANMM, y:Ke He YIAeTCH.

2) Kak otmeualiioch Ha crp. 320, nocrpoersas B ria. 13 gymKums pacupepenenua Caymmt
pemenneM ypapHeHnd DoiabnmapEa B mpuliauikeBnA BpeMeBN peJaKcaldH.

3) OdparaTe BHMMaHUe, YTO paBHOBeCHAS QYHKOHEA pacmpepenenua g° sasmcmT oT k aums
wepea ¢ (k) u mosToMy meuesaer u3 (16.28), ecam paccesmne ympyroe.
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Jia, Hoclhe 49ero B KOMﬁﬂHaHHH ¢ €MAHAIHLIM BEKTOPOM i( OH Jaet BeKTOp k:
Sdk’Wk_ vk =k [dk'Wype (k- K). (16.31)

PaBerncrso (16. 31) MOKa3hBaeT, 4TO JeBad JacTh pasencrsa (16. 28) neiicTBm-
TeAbHO MMOOT TAKOH ;e BHJ, KAaK U ero mpaBas 9acTh,— HEOOXONUMO JHWIIL OIpe-
genats T (k) caenyiommm o6Gpasom 1):

1 T
= Wi (1 — kR, (16.32)

Urak, B c1ydae IPOCTPAHCTBEHHO-OGHOPOXHHX BOSMYMIOHAN U B M30TPOLHOM MeTaJI-
Jie ¢ H30TPONHKIM yIOPyruM paccesHmeM Ha IPUMeCAX IPHOIM:KeHWe BPEeMOHH pela-
xcarun [B KOTOpoM Bpemsa pexaxcanum faerca Gopmyior (16.32)] HpHBOIIHT K Taxo-
My ’Ke OOACAHWIO, KAK W HOJHOe ypaBHeHme BoabiMana.

3amernmM, 4To ompefensemoe Gopmyioit (16.32) Bpemsa penraxcanun HpeacTaBiA-
eT co0oif B3BOMEHHOS CPeIHEe OT BOPOATHOCTH CTOJKHOBEHWH, B KOTOPOM O9YeHb

Mal Bec MPONECCOB PacCesHMA BHepes (k = k'), Ecim 8 — yrox mexny k =z k',

To muia Mamux yraoB 1 — k-k' = 1 — cos 0 ~ 0%/2. Bmomame ecTecTBemHo, UTO
paccesin@e Ha Madwe YIiH AOMKHO NaBAaTh OYGHbL MAalHii BRAaX B PPOKTHBEYIO
9acTOTy CTONKHOBeHHA. Ecium OH BCe CTONKHOBEHHA IPOACXONMIHN JUMb B XIPAMOM
HampaBieHAn:E (T. e. ecam Oul BepoaTHOCTh Wy - paBHAXach Hyawo gaa k 4 k'),
TO TaKme HPOIMECCH He mMedd OH HWKAaKHX mociaeAcTBHil. Ecam momycramie mame-
HeHHUs BOJHOBOI'0 BOKTOpAa HO DAaBHH HYJIK, HO BeChbMa MAaJH, TO CTOJKHOBEHHA
JAmb CHerKa M3MeHAT pAcHpeejoHMe BOJIHOBHX BeKTOPOB 3JIOKTPOHOB. Ilocie
OTHE/IHHOI'0 CTONKHOBOHHA 3JAOKTPOH He OygerT, Hampumep, «3alHBATEY 0 HONAX,
KOTOpH® [@iCTBOBAJIM HA HEro S0 9TOr0 MOMeHTAa, Kak 3To Tpebyerca mpmOiamme-
HueM BpeMmeHm penakcamau. Ilosromy, ecaim paccesHme mpomcxoguT HOpPemMyINe-
cTBeHHO Buepen, To d>PdexrmBHOe ofparHoe Bpems penaxcamuu (16.32) ropasmo
MeHBbIIe POAJbHOH YaCTOTH CTONKHOBeHHH (16.2).

Iro copaBefIuBO B B O0INeM Claydae: paccesH”e BIepef Bcerga AaeT MeHLIMH
BKJIAX B 3QPeKTUBHHE «IACTOTH CTOIKHOBOHMII», 4eM PACCOAHHe HA GONBIIHe YIJIHL;
MCK/IOIeHAe COCTABIAIOT JUIMb CATyaOWm, KOrfAa H3MepseTcA XapaKTepHCTHKA,
CYIHeCTBOHHO 3aBUCAMAs OT TOYHOTO HANpPABIGHHWA ABIKEHWA ONpeeleHHOH TpyH-
1Kl 9I6KTPOHOB. B ri. 26 Mu yBRaAM, 9TO 5TO 3aMeTaHNe OKASHBAETCA BRXKHEIM 1A
HOHMMAHUA TeMIepaTypHOH 3aBHCHAMOCTH CTATHI6CKOTO 3JIOKTPOCONPOTHBJICHHA.

3ATAYU
1. Tlyets h (k) — mobaA ORHOAIEKTPOHHAA XapaKTepHCTHKA, MOJHAS IJIOTHOCTH KOTOPOH €cTh
dk )
B {2 100 60, (16.33)

rie ¢ — QyEKNHUA pacOopefenenus 3deKTpoHOB. Ecam, manpumep, k (k) ecTs sHOPTHA BIEKTPOHOB
€ (k), To H — nnotHOCTH 3HEprud u; eciau h (k) — sapaAn amekTpoma -—e, T0 H — IIOTHOCTH
3apaAga p. 3HadeHde IIOTHOCTE H B OKPECTHOCTH Ji0G0# TOYKH MeHSETCH, IOCKOJIBRY 3JeKTPOHLL
YXOQAT U3 ITOH OKPECTHOCTA W BXOLAT B HEe KaK BCJIENCTBUE CBOGrO IIOJYKIACCHIOCKOTO JBH-
JKOEMSA, TAK W B Pe3yiabrare cToNKHOBeHMA. W3memenmne H m3-3a cTodKHOBEHH# DaBHO

(idHt-—)coll g [j.:(s h (k) ( dg )coll' (16.34)

3) OGpartuTe BrUMaHUe, 9T0 faBaeMoe Popmyioi (16.32) BpeMa peaaKcanum MOKeT 3aBHCETH
TONLRO OT BOJHUMHEI, 3 H6 OT HAOPAaBIeHAA BeKTopa k.
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a) Ucxops us (16.8), mokasrure, uro Beawuuua (dH/dt)¢o1y paBHA HYJIO, e€Ciad BCe CTOIK
HOBEHHs COXPAHAT BeJWYWHY h [T. €. eclM pacCcesHHe NPOHCXOAHUT JHMb Me:KRY YPOBHAMH
k u k', nan xoropmx h (k) = h (k).

6) Ilokamure, 4T0, ecian BhpaskeHue (16.8) samenntsh BHpaskenuem (16.9) B upubnumennu
BpPEeMeHW pelaKcamul, To Beaundnna (dH/dt)eoy OyAeT paBHA HYJIO, JUML eCIA HapaMeTpH W (r, t)
u T (r, t), xapaKkTepu3sylomye JIOKalbHO-PaBHOBECHOE pacupefielieHHe f, TAKOBH, 9TO DPaBHO-
BeCcHOe 3HaYeHwe H paBHO ero medicTBHTeNbHOMY smHademuio (16.33).

B) Bupepute u3 ypassenns Boabnvana (16.13) ypapHeRue HellPDePEIBHOCTA ¥ - j - 0p/dt =

r) Ipepmonaras, uto (du/dt)eoy) = 0, BuBeguTe us ypaBHenMsa Boxbumana (16.13) ypaBae-
gune (13.83) gnA moToka JEepPIHMH.

2. Ha wmetann pelicTBYIOT [OCTOAHHOE B I[POCTPAHCTBE dJIEKTPHYECKoe moJe M Ipa-
aueHT TemmepaTypul. Iloassysack gopmyroir (16.9) B npubinmxeHEnn BpeMeHM pejaKcanwmd (rie
go — JIOKalNbHO-PABHOBECHOE pachpejeleHne, OTBeYAIOmee IPHIOKOHHOMY TDajiMeHTy TeMmmepa-
TYpPH), pemnure ypaBrenue LoxsnManma (16.13) B numeiiHOM HOPAAKe IO TONI0 WM TPAfiMEHTY TeM-
nepaTypel W MpOBepbTe, UTO STO pellleHHme COoBUafaeT ¢ BHparkeHHeM (13.43).

3. Ha Merans, noMemeHHHE IpH MOCTOAHHON TemMOeparype B OJHOPOZHOE MOCTOSAHHOE MATHHTHO®
moJie, fAeHCTBYeT OJHOpPOJAHOE HOCTOAHHOE JJIERTpHYecKoe IoJe.

a) IToabsyscey dopmynoit mpnOiamkeEus BpemeHHM peiakcarmum (16.9), pemmre ypapHeHme
Boasmmara (16.13) ¢ ToumOCTHIO 0 JIAHEHHHX TIEHOB IO 3JIeKTPHYECKOMY HOJIO (B TOYHO IIO
MaTHATHOMY IIOJII0), cuuTad, 9TO

£ l0=20 (16.35)

Y6egurech, UTO NOJy4YeHHOO pemenue umeeT BHJ (16.26).

6) Iloctpofite, MoAb3yACHh BallUM pemIeHHeM, TeH30D IPOBOAMMOCTH ¥ YybGepuTech, dYTO
OH COTIACyeTCa C PesyibTaToM, moaydaeMeiM mo dopmyrnam (13.69) m (13.70) zam ommOE 30HM
CBOGOJTHKIX 3JIEKTPOHOB,

4. Paccmorpure ypaBuenue Bosbumana (16.13) mna meranaa, TOMEIIEHEOr0 B TOCTOSHHOE OJHO-
POXHOE 3JMeKTPMISCKO? MmOJe, CYATAS, UTO BXONSAMMAN B HEro CTONKHOBHTeNSLHHIE wieH (16.18)
OTBE4aeT YOPYrOMY pacceAHMI0O HA IIpAMeCHX.

a) Ilpenmomaras, 4ro mepaBHOBecHam (QYHKOWA pacnpejeleHHA HMeeT BHN

g (k) = f (k) + &g (k), (16.36)

rpe f — paBHoBecHaA ¢epmmeBckas QyHKnEms, a nompaska Og (k) mopsaka E, momyudre B JH-
HeffHOM mOpAXKe N0 F MATETpajibHOe ypaBHEHHE, KOTOPOMY mofummserca 6g, M MOKa)KATe, 4TO
UpPOBOJAMOCTL MOJKHO SamHCcaTh B BHJe

dk 17}
o=e | 2 (-Fé_) v (k) u (k), (16.37)
rie u (k) — pellerue HHTErPaJBLHOr0 YPaBHEHWS
. dkl ,
v(k)=§ s Wi o () —u (&) (16.38)
6) Ilycre « (k) u y (k) — mo6ee gBe dymrmunm ot k. Beemem oGosmauerume
dk 1 a
@ v=e | 5 (—2) e v k), (16.39)
¢ MOMOMBK KoToporo BuipaskeHme (16.37) moskao mepemmcath B Gosiee KommaxTHOH $opme
Guv:(vuy uy). (16.40)
Beenem Taxoxe ofosHadenme
dk 17} ©dk’
{o, y}=e? S T ( -gé—) o (k) 5 ‘(Z—n){Wk, ke v (K)—7 (k)]. (16.41)

Morasxare, wro {o, v} = {y, @} n 4ro m3 ypaBmemma (16.38) cmenyer paBemcTBO

{ugs v}= (v V), (16.42)
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& no3TOMY INPOBOAHMOOTb MOKHO 3alHCaThb B BHJE

qu={uu, Uy}, (1643)
B) [okakATe, 4TO JNA IPOUSBOJNLEHX G M § COPABEJJIABO CQOTHOMEHNUE
{a, v}?
fa, @) > ) (16.44)

v v+

(Yrasanue. Jloraskure, 9t0 {00 4 Ay, o -+ Ay} > 0 gna nwoboro A, 1 BufepHTe Takoe 3HAYCHHE
A, KoTOpoe MEHMMHSMDPYET JEBYI0 4YaCTh HEPaBeHCTBA.)
1) Honoxmus o = u,, NOKAKHATE, YTO Oy, Y7AOBIETBOPAET HEPABEHCTBY

. [ & (-—5%), v B 7 ()] w646
S T () 7 ® S é—,‘i)swk, w [¥ 0 —7 (k)]

ansa moOHX pyuruui .

7) Hpeanoaoskum, yto W = W 4 W@, IIycrh y ecTh Uy, A€ U — pellleHue ypaBHEHUs
(16.38). Ilyctp 6™ u ¢ — DpPOBOJUMOCTH, KOTODHE HMEAMCH OH HpHM Haauduu Jumb WO man
W) mo orpenpEOCTH., Mexopsa ua HepasBeHCTBA (16.45), mocKodbKy OHO npumeHuMo K o) 11 ¢,
[OKayKUTe, 9T0 BHIOIHAETCA COOTHOIIGHNE

1 1 1
o S st (16.46)
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3A ITPEJEJTAMA IIPUBJIVGKREHUA
HE3ABINCNMbBIX 3JIERTPOHOB

YPABHEHHSA XAPTPU
YPABHEHUSI XAPTPH — ®OKA
KOPVEJIALNA
SKPAHHMPOBKA: JIN3JEKTPUUECKAA OYHKIUA
TEOPUYN TOMACA — ®EPMH M JUHIXAPIA
JUHIXAPIOBCKOE!9KPAHNPOBAHUE, 3ABUCAIMEE OT YACTOTH
YUET 9KPAHUPOBKY B IPUBJMMAEHNN XAPTPH — GOKA
TEOPUA OEPMU-EMJKOCTH JAHIAY

Mpapnapesit Bubop nmorennmaia U (r), BXOAAMEro B OQHOSJEKTPOHHO® ypaB-
nernme [[Ipepuurepa

— G2 (1) + U (1) § () = Ep (r), (17.1)

npefcraBiger coboit crosuHylo 3amauy !). B ee ocmoBe aesmT Bompoc o ToM, Kak
nydme ydecTb 5PQEKTH JEKTPOH-2JEKTPOHEOTO B3aWMONEACTBUA, KOTOPHE MBI
DOKa COBepmIeHHO WIrHOPEpOBaju, paboTas B NpHMOAMKEHNH HE3aBHCHMBIX 3JEK-
TPOHOB.

C ¢ysmaMeHTanbHO} TOYKM 3pPeBMS TOUHOEe ONNCAHWE 3JEKTPOHOB B MeTalie
¢ IOMOMBI0 TAKOTO IMPOCTOTO ypaBHeHHs, Kak (17.1), Henbss monyumts %) Hu npn
Kakom camoM m3obpertaTenbroM BHOGope U (r) BBUAY OTPOMEHIX YCIOMKHEHHH, BHO-
CHMHX B3aMMOJIeiCTBIEM MEKIY dJeKTpoHaMu. Bosee crpormii pacder amekTpos-
HEIX CBOMCTB MeTajiOB JOJ;KeH OasmpoBaThca Ha ypaBHenmu Illpenunrepa ans
N-uactuunoit BonHoBo# ¢ynknmm ¥ (rysy, TySy, - - ., FySy) Aus Beex N 2JeKTPOHOB
B MeTajie 3)

N
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HY = Z; (=2 v W_Zé"z%-rrr_Tl‘l’) tg D Y=Y, (172)
i= ix7

3neck caaraemoe ¢ OTPHIATENbHOE LOTEHNMANbHOJ SHepPTHell yumTHBaeT NPHUTA-
TUBAOMU# 9JEKTPOCTATHYECKHH NOTEBNUAN TOJHX flep, 3aKPENJCHHHX B TOU-
kax R pemertkm BpaBs, a mocienmee craraemoe OOHCHBAET B3amMOJEHCTBEE DIEK-
TPOHOB ApPYI € IPYyIOM.

Her mpkaxoii Hafie;k/ibl PEMATh CTOAD CIAOMEOE ypaBHeHpe, Kak (17.2). Urto6m
nofitn janpme, HeoOXONMMO BOCHOJNB3OBATHCA KaKoi-1ubo ynpomaromei ¢uamue-
ckoif mieeit. K ofmo#l Takoi miee MOMKHO OPMHATH, 8a1aBIINCH BONPOCOM, IPH KaKOM

1) CM. ofcyskieHne ®TOTO BONpoca B mauaxe i, 11.

%) Maske B npuGnmKeHENM HeNOABIDKHKX HMOHOB. MH moxa 6yfieM mpmjiep/kXmBaThCH STOTO
npubamKeEns ¥ OTKasKeMCA OT Hero Jumb B I 21—26.

3) Mu yxaswBaeM B ABHOM Buje 3aBHCHMOCTH ¥ He TOJIBKO OT KOODJIMHAT I;, HO M OF COH-
HOB §; DJIEKTPOHOB.
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sufope U (r) onmosnexrponHoe ypasHeHme (17.1) oxasmBaercss mamGomee pasym-
ueiM. OueBmno, morennuan U (r) JoMKeH BKIKYATH B Ce6A MOTGHIMATH WOHOB:

ion 1
Ulo (I') = —Ze2 2 —I—:W, (17.3)
R

llomamo aToro xenarenbHo, YToGH motenmuman U (r) oTpamaxn (xora Gu mpubau-
JKEHHO) TO 00CTOATENIBCTBO, UTO BIEKTPOH OMYMaeT dICKTPHISCKNe IONS BCeX APY-
ruX 3JeKTpoHoB. Ecam paceMarpuBaTh OCTAIABHEE BJIEKTPOHH KAaK HENPEPHIBHOE
pacmpefieieHne OTPUIATENBHOTO 3apAfa C INIOTHOCTBIO O, TO DOTEHIUAJbHAA DHED-
ros AaBHOTO DIEeKTPOHA B CO3JaBAeMOM HMHA IoJe pPaBHA

' 1
Uel (r) = —ej ar'p () T (17.4)
ECJIH Oo-OpeRHeMy UPpHUAepKUBATHCA MIPEICTABJICHHAA HEe3aBUCHUMBIX BJIeKTPOHOB,

TO KaK[BIA DIOKTPOH, HAXONAMUHACA Ha ypOBHe ') 1;, To/Ken HaBaTh ClelyOMuit
BKJAX B IIOTHOCTH 3apsafa:

pi (r) = —e|P: (r)|% (17.5)
HOJIHHH OJOTHOCTH 3JIeKTp0HHOI‘O BapHJ:[a TOoraa eCcThb
o(r)=—e % ()} (17.6)

rIe CyMMHPOBaHHe BeleTCA IO BCeM B3aHATEIM ONHODIOKTPOHHHIM YDOBHAM B Me-
Taje 2).

Ioncrasnas (17.6) B (17.4) u momaras U = U'"? 4 U®!, npuxoauM K oRHO-
9JIEKTPOHHOMY YpaBHEHHIO

o V21 (1) 0 (1) (1) +
+[e 3 a1 @)t [ e @ =8bim). (7.D)

Cucremy ypaBrenuit (17.7) [mo opHOMY ypaBHEHHIO Il KajKAOro 3aHATOLO OXHO-
9JIEKTPOHHOTO ypoBHA P; (r)] HasmBaoT ypaBuemmamu Xaprpm. IIpakruuecku sTH
HeJZHeHbe YypaBHeHHA [JA ONHOYJIGKTPOHHHIX BONHOBHX (YHKOHH W 3HepPrui
pemarTCa mpu HOMOmu mrepanmit. BHawane qelanT HeKOTOpPOe UPENIOJIOKEHUO
o Bufe morednuana U® [amen B xBajpaTHEX ckoGkax B (17.7)] m, Bocmomb3oBaB-
much UM, Haxofxar pemeHne. [lo monyImBmmEMca B pe3yiabTaTe BOJHOBHM QYHKIUAM
P; (r) paccuateBaercs HoBHiE moreHmuan U®! m pemaercs HoBoe ypaBaerume IlIpe-
nuHrepa. B umease mogo0HY0 NpomeRypy ClefyeT IPOA0MKATE, DOKA HOCHeNYyOIKe
ATepalun NDepecTaHnyT CYMeCTBeHHO HM3MEHATH WOTEHI(HAN 3),

B mpuGamxenun XapTpu He yAAeTCA ydecTh, KAK BIMAET HA PaccMaTpHBAEMHNT
2JIEeKTPOH KOHKpeTHOe (4 He ycpefHeHHOe) PacIooKeHHe OCTaAbHHX N — 1 anek-
TpoHOB. [leficTBuresnHo, ypaBHeHme (17.7) yunTHBaeT AMmMb B3amMOJeiCcTBHE
9JEKTPOHA C IMOoJeM, HONYIaeMEIM IyTeM yCpeIHeHHUs Mo BCeM IOJIOKEHUSAM O0CTAIb-
HEIX DIEKTPOHOB (C BECOM, OIpeXe/asseMHM IX BOXHOBHMEA Qyaxnuamm). [laxe cToab

1) 3xech MHAEKC i YCIAOBHO 0003HAYAOT CIIMHOBOE M OPONTATHHO® KBAHTOBEIE YHCJIA OFHO3ICK-
TPOIHOTO YPOBHA. .

2y XoTA 3NeKTPOH HO B3aUMOMEHCTBYeT caM ¢ co0Of, Takoe B3amMoOJeficTBHe MOMHO HO
HCKN09aTh M3 cyMMH B (17.6), HOCKOABKY yd9eT OFZHOTO JWIIHEro, «Pa3MHITOro» B IPOCTPaHCTBO
yposrA Ha Pore mpumepHo 10%2 Ipyrux 3aHATHX YPOBHEN HACT JUMb IpeEeOpeKUMO Majoe U3Me-
HEeHHE IUIOTHOCTH.

3) Mo aroit upmunHEe HpubimKerne XAapTPH MHOIJA HABKBAT OPHOIMKEHHEM CaMOCOIJIA-
. COBAHROTO TOJA.
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rpyfas anmpoxcuManusa moaHoro ypaBHeHms Illpexunrepa (17.2) casama ¢ meo6-
XOIUIMOCTHIO CIOKHEIX YHCIGHHHX pacieros. VcmonbsoBaHme Gonee TOUHHIX mpu-
OnvKeHN# BCTPEIAeT Cephe3HHe TPYAHOCTH.

HmeroTcA, OTHAKO, B [PYTHEe BayKHEIE CBOACTBA 5I6KTPOH-3IOKTPOHHOr0 B3auMOo-
NeicTBNA, KOTOPHE HEJIb3dA ONMHCATH B MPOCTOM IPHOIMKEHHN CaMOCOTJI2COBAHHOTO
moJisA, Ho KOTODHI® TeM He MeHee yNaeTCA XOPOmo MOHATk. B oToil raase mur pac-
CMOTpHEM CJIefyIomue BOIPOCH:

1. Ofo0meHne ypaBHeHMA CaMOCOTJACOBAHHOTO MOJA, HOBBOJANINEE YIeCThb
TaK Ha3EBaeMhull «o0MeH».

2. flBneHne «OKPaHUPOBKH», KOTOPOe BajkKHO IPH HOCTPOGHHUH ele 0ojee TOU-
HOIl TeOpHH JIEKTPOH-3JAEKTPOHHOr0 B3AHMOAEHCTBHA WM HMCIOJNB3YeTCA IpPH 00BAC-
HeHHH peaKIUd 5JIeKTPOHOB MeTa/ia Ha 3apsyKeHHEIe YaCTHIH — WOHH, IpUMecH
IIn Apyrme 3JAeKTPOHH.

3. Teopus depmm-xupxocrn Jlaugay, KoTopas HO3BOAHET (EHOMEHOJIOTHUE-
CKE IpeCKa3aTh KadeCTBeHHEe 9PEKTH 3IeKTPOH-2IEeKTPOHHOT0 B3aUMONeHCTBNAL,
a TarKe JaeT o6bAcHeHme HeoOHYARHOTO ycmexa HpubaM:KeHnd He3aBUCUMHX 3JIEK-
TPOHOB. |

Mut He cTaHeM o0CYKNaTh HE OJHOH W3 MHOTOYHCHEHHHX OOOHTOK CO3TAHHA
OOMJIUHEHO CACTEMATHYECKON TOODHHT 9JIeKTPOH-2IeKTPOHHNX BaamMmojeitcTemit. Taxume
paboTH 00LTHO OTHOCATCA K 3afade MHOTHX TeJI, IJA PeImeHHuA KOTOPOR B HOCTeNHMe
TOlL WCHOJBb3YIOTCA MOTONH KBAHTOBOH TEOpHH HOJH, WM TPHHOBCKHX (YHKIHIA.

OBMEH. HIPUBIIMKEHUE XAPTPU—-®OKA

Vpaprerusa Xaprpu (17.7) comep:KaT NpUHNUONAIBHHE HEZOCTATOK, HE Ode-
BUAHHI 13 IPUBETEHHOT0 BHBOJA.ITOT HE{OCTATOK 00HAPY:KUBAOTCH, 6CIIH BePHYTHCA
K TouHOMY N-suexrpoHHOMY ypasHeHmio IlIpefunrepa m mpeoGpa3oBaTh ero K 9KBHU-
BaJICHTHOMY BapUaNUOHHOMY BHIY 1); Torma pemeHuwem ypaBHemua HY = EVY
Gymer awGoe cocroaEme ¥, Ha KOTOPOM JOCTHTaeTCsA CTATMOHADHO® 3HAYEHNE
BeJIM4UHEL

¥y, HY
Hyw =G (17.8)

rge
(¥, )= Z cee Z Sdri e dry W (rysg, oo, TSy) @B (TySy, e, TNSy). (17.9)
5y Sy

B wacTHOCTH, BOMHOBOR (yHKEHEeH OCHOBHOIO COCTOAHHA SBIACTCA TaKaf
dyaxnua ¥, xoropas MuHEmME3HpyeT Bexmauny (17.8). 9To cBoiicTBO 0CHOBHOrO
COCTOAHNA 1aCTO WCIONB3YETCSH NS NOCTPOSHAA NPUGAMKEHHX OCHOBHEIX COCTOA-
HOf myTeM MEHUMEA3anwy Bupaskenuda (17.8) e mo Bcem ¥, a 1umb mo orpaHudenHo-
My KIaCCy BONHOBHX (QyHRImE, ¢opMa KoTOopHx Goxee ymoOHA IS BHYUCHEHMIA.

MomHuo moxasaTs 2), 9T0 ypaBHeHHsS XapTpu ClefyioT u3 MuHmMmu3anud (17.8)
no Bcem ¢yarmuam ¥ Bamma

W (rysy, TaSz, - -, TySy) =Py (r181) Po(rass) .. .y (TySn)s (17.10)

rge ; — COBOKYOHOCT [N OPTOHOPMHDOBAHHEIX OJHOJIEKTPOHHEIX BOJHOBEIX
¢yuxnmit. TaxaMm o6pasoMm, ypaBmeHAma XapTpm AT HamAyImee OpuliriKeHUe

1) Cm. opuxoxkenue K. Tam oOcyspeHne OPOBOAUTCA [JIA OLHOIIEKTPOHHOTO YPaBHOHUA
[Mpeguarepa, HO OGm{ui caydail OKa3LIBAOTCA Ja)Ke 00766 MPOCTHIM.
2) MH ocTaBifeM 5TO B KaUecTBe YOPa)KHeHAA A 9uraTesis (3agaqa 1).
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K HOJHOH N-3JeKTPOHHO} BONHOBOH QYBKIUE Ha Kiacce YHKIMHA, NPeCTaBAMEX
B BH/Je OPOCTOTO IPOM3BEHIeHHA ONHODJIEKTPOHHKX YpOBHei.

Onnaxo BonmroBas ¢ynknus (17.10) BecosmecTuma ¢ mpmmnmnoM Ilayau, Koro-
puii Tpebyer, urobn ¢ymrnms ¥ MenAna 3HaK Opm mepecTaHOBKe JA00HX ABYX
ee apryMenrtos 1):

vy (1'131, ceey IgS3y o v oy TjSjy o - o, l.NSN) =
= — W (r181) « e vy TjSjy o« o oy TiSiy oo oy INSN). (17.11)

Coorromenne (17.11) He MOKeT BRIONHATHCA s nponsBefenns (17.10), sa mcriio-
YenmeM caydas, korfa ¢yEknma ¥ TosIecTBeHHO paBHA HYJIIO.

Ilpocreiiniee o6o6menne npmbamxeHusa Xaprpu, yumTHBaomee TtpeGoBanume
anrucummerpun (17.11), saxaodaercss B 3ameHe OpOGHOM BOJHOBOW (yHEIHE
(17.10) casmeposckum JemepmurarmoM, COCTABJICHHEIM W3 ONHOBIEKTPOHHBIX BOJ-
HOBHX Qymrumit. OB mpefcrasnsaer cobofi cymepmosmnmio mpoumsBenenmsa (17.10)
H BCeX APYTMX NpOM3BeleHMH, HOJydaeMHX M3 HEr0 OepecTaHOBKOM apryMeHTOB
rys;. T npousBefenna Gepyrcsa ¢ Becamu ~+1 wam —1, atobn cobaronanocs Tpebo-
Bamme (17.11):

V= (1) Py (v582) - - . Vi (FwSn) —
— Py (Tg89) Yo (1381) « « - Py (TN Sy) + .o - (17.12‘)}
JTo- aRTHCHMMETPUBHPOBAHHOE HOPOM3BENEHHE MOKHO 3amMCaTh B Gomee KOM-
nmakTHOR ¢opMe kKax meTepMmHAHT Matpune N X N 2):
By (£451) Py (T282) .- Py (rnSy)

’lpz (fisi) 1])2 (1'2.82) ‘e "~|32 (l;NSN) . (1713)

W (rysy, ToSp, -o., TySy)= .
Vv (F481) Y (T282) « - - Py (TaSy)

Ilpoctre, HO rpomospkme BHYMCICHUA (3afada 2) IOKas3blBAalOT, 9YT0, €CIH
aHeprua (17.8) onpenenserca mis cocrosnns Bupa (17.13) ¢ opTOHOPMUDOBAHHEIME
O/lHOJIEKTPOHHKIME BOJHOBHMEH (YHKOWAMEH Y;, ..., Py, TO PEBYIBTAT TAKOB:

Hys =3 § drgt @) (=3 V24U (1) % () +
5 3 [ dr e e 1 )12~

——;— 2‘ g dr dr'-]r—i‘T 5sisj’lb’i" (r) i (r') 9 (') ¥y (x). (17.14)

o

.7

damermM, uYTo mocienmee ciaraemoe B (17.14) oTpHIaTenbHO u BKIOYaeT B ceba
npomssefieEne Pf (r) P; () BMecro OOLIYHOE ONHOBJEKTPOHHOE KomOmHAIAN

1) Amtucummerpusi N-sneKTpommOil BONHOBOt ymKImmn ecTs Hamboaee ofmee TpeCoBaBne
npmanuna Ilaynu. AnsrepEatuBHas GOopMyAMpPOBKA 3TOr0 DPHENHUIA (COTJAacHO KOTOPOR HU Ha
KAaKOM OHOBJEKTPOHHOM YDOBHE HE MOJKET HAXOJETHCs Oojiee OJHOTO BNEKTPOEA) UMEET CMHCH
b B OPAGIMKeENn He3aBHCHMEIX 5JeKTpoHoB. Takas ¢opma npmanuna Ilayam B gasEOM OpHE-
OImKeHNH HEIOCPe[CTBEHHO CIeflyeT M3 TOTO, 4To pHpaemme (17.13) obpatutca B Hyas, €cam
OKaRercd, 4T0 P; = 1p; Aua Kaknx-aubo i n j. Bonropas ¢ysronsa Xaptpn yIIOBJIeTBOYHeT Tpebo-
BAHNI 3alpeTa MHOTOKPATHOTO 3al0JHEHWsA [X0TA m He aBTOMaTHuecKH, Kak (17.13)) mpuycauo-
BN, ITO HUKAKwe IBe PYHKINM p; He cOBIajainT. OfHAKO OHA HE YJOBIXETBOPAET 6onee dpympa-
MEHTaJbHOMY KPHTEPHIO aHTHCHMMETPAYHOCTH.

%) IlockonpKy mpn mepecTamoBKe JIOOKX ABYX cTONCMOB J®TEPMUHAHT MEHseT SHAK, YCIO-
Bue (17.11) aBTOMATHYECKN BHLIOIHNETCH.
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s (r) [®. MuHuMn3UpYA BHIPaAKE HUe (17.14) o0 OTHOmMOHWIO K Pf (3agaga 2), MH
tonyuaem obobmeHue ypasueHuit Xaprpm, M3BeCTHOE IIOJl Ha3BaHWeM YpABHEHHI
Xaprpu — Doxra:

- %:; V2y; (r) U (r) P (v) + Uf’" (r) P (r) —

-2 S dr'—,;ffr—,|¢? (0") e (") P (0) By s, = Exi (r),  (17.15)

rie moreuuan Ue! oupemensercs Bupaxennavm (17.4) m (17.6).

JTm ypaBHeHZA OTAWYAIOTCH OT ypaBHeHHmA Xaprpu (17.7) Hanmauem ciaesa
HOMOTHATEILHOTO CIAraeMoro, HassBaeMoro obomenHunm vaenon. Ilossienme oOMeH-
HOTO 4YjeHa 3HAYATelbHO yCaAoKHAeT caryamaio. Ilomo6HO camocoriacoBaHHOMY
noxo U (3To cnaraeMoe 9acTO HASHBAIOT NPAMHM), OH HEJIWHEEH Mo P, HO B OTIH-
q@e oT «IpaAMoroy wieHa He jumeer iBmma V (r) ¢ (r). Bmecro sroro oOMeHHH wWieH

s ——

sanmcuBaerca Kak § V (r, ') ¢ (r') dr', T. e. ABIAETCA MHTEIPAIBLHEIM ONEpPaTOPOM.
B pesyabrare B cBoeit oOmpeit ¢opme ypasmenma Xaprpm — (Doxra meobmuaitHO
TPYSHH OXA pemeHdas. EAWHCTBeHHHM HCKIOYOHUGM ABIAETCA CIydai rasa cpo-
GonHuIX smeKTpoHoB. Horza mepmonmieckuil MOTOHNHAAN PABeH HYdi0 (WM IOCTOSH-
HOIT Benm4uHe), ypaBHeHma Xaprtpam — (Doka ymaerca pemnThr TO4HO, BHOHEpas
B KauecTBe \; HaGop OPTOHOPMEPOBAHHEIX IIocKAX BouH !). Xora caydgair cBobox-
HHX 27eKTPOHOB BPAN JU MMeeT OTHOMOHHe K IpobieMe 3JI6KTPOHOB B PEaJBHOM
MeTallie, pemeHne MJIA CBODOMHHIX 3AGKTPOHOB YKA3HIBAeT HA BO3MOMKHOCTb JAlb-
HeAmux OPAGIMKEHm A, KOTOpHe HemaloT ypaBHeHuda Xaprpm — (Doka B mpmcyr-
CTBHO TEPEOAMIECKOro MOTeHO@axa Oojee UDPHrONHHEIMH [Iaa pacueroB. lloaTomy
MB KpaTKo o0cyqmM CAydait CBODOTHLIX 3JIeKTPOHOB.

TEOPUA XAPTPU—®POKA |JIA CBOGOTHLIX PJIERTPOHOB

PemenneM ypaBHeAus Xaptpn — (Dora Iia CBOSOMHEIX BIASKTPOHOB ABIAETCH
CIIATePOBCKMIA TeTePMIHAHT, COCTABISHHAIA 13 Y/Ke M3BeCTHOTO WaM Habopa mrockmx
BOJH

ik,-r

W; (r) = (6713-) X cumAOoBasg QyHKRIAA. (17.186)

B KOTODOM IIPEJCTABIOHH TONBKO BOJHOBHI® BEKTODH, MEHbMNUE Kp, H KaK[Iblit
BONHOBOH BEKTOD BCTpedaeTcA ABAKAH (II0 OXHOMY pasy QIA Ka)KA0A OopuHeHTAIuN
conHa). JleficTBUTeNbHO, 6CHA IIOCKA® BOMHLEL B CAaMOM Jele CAYKAaT pemeHnmeM, TO
3JIeKTPOHHASA IJIOTHOCTh 3apsfa, onpefensdomasn seananay [Jel, nMeeT HOCTOAHHYIO
seamaunry. Ho B Momenn CBOOOTHEIX 3IOKTPOHOBR MOHKI OMHCHBATCA KAK MOCTOSH-
HBIA (OH MDOJOKATENBHOTO 3apALA, INIOTHOCTH KOTOPOrO PaBHA MJIOTHOCTH 3JeK-
TpOHHOTO 3apsana. [losToMy mOTeRANWAN MOHOB B TOYHOCTH COKPAIASTCA C (IIPSAMEIMY»
caaraempim: Uion 4 el —= (. Ocraercs aumb OOMOHHEBIH 9IEH, KOTOPHI IErKo
BEYACINTH, 3aMUCaB KyJIOHOBCKOE B3amMomeiicrBme dgepe3 ero (ypse-ofpas (cm.
3agagy 3):

02

.
=g

1 1 , d ; ,
=4:n:e2—v— 2 Felq'(l'—rl — 4re2 S (2—]:')’—-(;1? glasir=ry (1717)
q

Eenn pasmomenne (17.17) moxcrasuts B obmemusiit wien B (17.15) u Bee P, camrars
amockuMn Boxaamm Bafa (17.16), To mesas cropona paserctsa (17.15) mpmammaer

(1) Bg;l)ﬂO)KHH TaK:Ke G0Nee CIOMMHHGO peOrMIeHWs, HASHBAGMEHS BOTHAMH CIUHOBON MAOTHO-
ctn (ri. .
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BHJ
& (k) i, (17.18)
rne
K2k2 1 < 4mes
€ (k)= ——— 2 Tk—k'|®
K <kp
n2k? dk’  4me? B2KE 22 k
“Tm S Cn)® [k—k |2 2m "’TkFF(k—F‘) (17.19)
k'<hF
u

F x)_____{_ 1—2z2 In | 1—f—z

4z

(17.20)

JTo MOKA3HBAET, YTO INIOCKUE BOJHHI [(efiCTBUTENbHO ABIAITCA PEmEHHeM ypaBHe-
susa (17.15) u u9ro SHeprua OXHOZJIEKTPOHHOIO YDPOBHA C BOJHOBHM BeKTOopoM k
maetcs gopmyoi (17. 19) Oyarnusa F (z) m3obpaxena Ha ¢ur. 17.1, a, a sHepras
€ (k) — ma ¢ur. 17.1,

3acayRaBaoT oﬁcymnonnﬂ HEeCKOJIbKO cBolicts smeprmm (17.19).

1. Xora onHObNEKTpOHHEE YPOBHM XapTpm — (DOKa OCTAIOTCA NJIOCKHMI
BOJHAMM, DHEPTUs HJEKTPOHA Ha ypPOBHe eX'T Temeps paBHa h*k*/2m maioc wiesH,
OMUCHBAIOMELE 3(PPERTH BIEKTPOH-2JEKTPOHHOro B3amMojeiicTBug. YTobn paccum-
TATh BKIAZ OT TAKOTO B3amMOAeilcTBHA B HOJHYIO Hepruio N-3JIeKTpOHHOH cuHCTe-
MBI, MH JOJKHE IPOCYMMHPOBATH 3Ty HMOOPABKY Ho BCeM k << kp, YMHOMKHTL ee
Ha 2 (IOCKOJBKY IpPH KaskaoM Kk 3aHATH [Ba COHHOBHIX YPOBHS) W HOZEJIATH Ha 2
(IOCKONBKY, CYMMHEDPYsi SHOPruUI0 B3aWMONEHCTBIA JAHHOIO 3JEKTPOHA II0 BCEM

DJIEKTPOHAM, MHE VUMTHBaeM KakAyI0 Iapy SJIeKTpoHOB ABaxkam). IIpomemap aro,
OO y9uM

ﬁ2k2 2 Kp—k® | etk -
E=2 Y “ir )_, [1+ b I gt 1] (17.21)
k<k

IlepBoe craraemoe y:e BEUmcAAnoch Ham® B ria. 2 [popmyna (2.31)]. Ecam mpen-
CTABUTH BTOPOE cjlaraeMoe B BWAe HWHTErpajia, ero BHUHCISHEE NaeT

E=N[$&—122]. (17.22)

4 " a

O6s9HO »TOT pesyabraT saumchiBaloT B puabeprax (e*/2a, = 1 puabepr =13,6 aB)
U HCIOAB3YIT mapamerp rga, (cMm. crp. 19):

E 2,21 0,916
= [ 5 (era0)? — 5 (kr00) | = [ i — ray | PEAGePT. (17.23)
Hocnonmcy B MeTaJJax 3HAUEHHe ry/a, Bapsupyercs oT 2 fo 6, Bropoe ciaarae-
moe B (17.23) cpaBEnMO mo cBoeil BewumEe C mepBhM. ClenoBaTenbHO, IPA BCAKOM
BEIYMCJICHNN 3JEKTPOHHOM sHEPIMH METAJna B MOJean CBOGOJHHX 3J1€KTPOHOB HYK-
HO YYHTHBATH 3JEKTPOH-3JIEKTPOHHO® B3aMMOJEHCTBHS.
2. C GonrmmM TpypoM Obum BoumcieHH (1] TouHLie SHauenms BECKOABKEX
HepBHX UJIGHOB PpAa3JIOMKEHHs SHEPIHM OCHOBHOTO COCTOAHWA 9JEKTPOHHOIO rasa
opn Gonvmux INIOTHOCTAX (T. €. IPH MAJHIX I'y/a,):

E 2,21 0, 916
7= T egr— T+ 0.0622 In (rs/ag) —O0, 09640 (ri/as) | pmacepr. —(17.24)

O6paTtnTe BHEMaHUe, UTO IepBHE [Ba WIeHA COBIANAIT C pe3yibraToM XapTpu —
Qoxa (17.23). ITockonbky B MeTalie 3HaueHHE ry/a, He Mal0, IPAMEHAMOCTE BTOLO
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®Qur. 17.1. a — rpadur ¢ymxmun F (r), onpemensemod dopmysoi (17.20).
X oTa npouspogHas sTof GyHKUMY obpamaerca B 6eCKOHEUHOCTh PN x = 1, PACXOAMMOCTb ABJIAETCA Jorapndmn-
SecKoll B ee Henb3sd OGHAPYHTh HM HPH KAKOM usMenesmn Macmrala rpaduka. Ilpnm 6oapmux x GyHRuUMA F (x)
Bemer celst Kak 1/3x%.
6 — smeprua Xaprpn — Doxra (17.19) mas rya, ={4.
DHepruio XapTpy — QoKa (HWKHAA KpWMBAasA) MOKHO OpEACTABUTL B BHAE

(5;‘ T,
‘6_%~= x2 — 0,663 P F(x) |y

rme x = k/hF. Ee M0KHO CPABHANTL ¢ sHeprueil CBOGOIHBIX 3NEKTPOHOB (BepXHAA KpmBad). O6GpaTuTe BHUMAaHOE,

qT0 O6MEHHHIt 9iIeH He TOJNBKO CYIECTBeHHO MOHNBNJ HHEPIUIO CBOGONHAIX 3/IEKTPOHOB, HO M SHAYUTENLHO YBEJIM-

qUJIT «PIYOMHY» BOHN (OT 1 jO 2,33 B BCOOAbYYEMHX 8eCh eAUHMIAX). DT0 He MOATBEPKAACTCA BKCIIEPEMEHTAME IO

MATKON peHTreHoBCHOl MWIn GOTODIIEKTPOHHOM 9MUCCAN, NMOSBONAIOIAMHA HEMEPHTH «TIYOHMEY» 30HH. («I1yGHHA»
BOHE! — DACCTOAHNE N0 S9HEPIUAM MEKOY JHOM 8OHH N YPOBHEeM ®repmMu.— IIpum. nepes.)
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PA3IOKeHAA COMHUTENbHA, OTHAKO ero BEIBOX CTAJ OJHO M3 MePBEIX CHCTEMATH-
4eCKUX MOMKITOK HOCTPOeHHA 0olee TOYHOR TEOPUH BIEKTPOH-IEKTPOHHOTO B3aHMO-
neicreusa. Ciexyomuae OBa wieHa B (17.24) u Bce ocTaabHEe HONPABKU K PE3YIbTATy
Xaprpm — Dora OPHHATO OTHOCATE K KOPDEAAYUOHHOU asuepeun. OTMETHM, UTO
BeIMUMHA KOPPEeNANMOHHON 3sHeprum He wuMmeeT (@UBUTICCKOTO CMHICIA — OHA
OPOCTO MOKA3KWBAGT, KAKYI0 ommOKy ME JOOYCKaeM, MOJAL3YACH NOBOJABHO IPyOBIM
npnlamKeHneM OEePBOTG HmOpPAKa ).

3. Cpednee OTRIOHeHHME PHEPrHHU OTHENBLHOTO IEKTPOHA OT BeawduHH 7%k2/2m,
obycioBIeHHOs «00OMEHOM», paBHO BTOpOMy ciaraemomy B E/N, 1. e.

3 ey 0,916 :
(gexchg)= __4_' enF —_ (rs/ao) pnn6epr. (17.25)

OcHoBHBagch Aa aromM Brpaennd, Ciarep [2] mpexmonomun, aro B HeogHOPOAHEIX
CHCTeMAaX W, B TACTHOCTH, IPX HANAIAN NePHOLUAIECKOT0 MOTEHINANA PONIETKE ypPaB-
nesna Xaprtpu — Doxa MOKHO YHDNOCTHTH, 3aMeHMB oOMeBHHA wien B (17.15)
NOKAJNbHOR sHeprueil, paBHOR yABoedHOH Benmamme (17.25), rae k p paccumreiBaerca
[0 JIOKAXBHON WIOTHOCTH. B HmpeliIo)KeHHOM UM ypaBHeHAM BIdAHEE o0MeHa yuu-
TEIBA@TCA HPOCTO IyTeM N00aBleHH K XapTpueBckomy wneny Ue! (r) momomamurenn-
HOro moTeHmmaga UeXhe (r), ompemeldaeMoro BHEIpasKeHHEM

{yexehe (r) = — 2,95 (a’n (r))l/,, panbepr. (17.26)

Xora nomoOHas mpomenypa rpyba m ee KOPPeKTHOCTh He AOKa3aHAa, ee 4acTo
HWCHONB3YIOT OPH pacueTax 30HHOK CTPYKTYpH. [mckytmpyercs (cM., Hampmmep,
{3, 4]) Bompoc, ayume am ycpegHATh OOMEHHEIA WIeH Nis CBOGONHHX DIEKTPOHOB
o BCEM 3HAYCHMAM k WU ;Ke PacCUHTHBATh ero Opm k = kp, OXHaKO m3-3a rpybo-
cTm upuOIMKeHHs TaKasA HOJeMHKa JHUIIeHa IIyOokoro copmepskammsa. Ilo mosomy
nogo0HOr0 YUPOIEHAS MOMKHO JMIIb 3aMETHTh, YTO OHO ANIPOKCEMEDYeT s(dekTH
«o0MeHa» IyTeM BBeHdeHHs IOTeHI[naka, KOTOPHE OXarompHATCTBYeT o00JacTam
¢ BHICOKOH IIOTHOCTBIO 3JIEKTPOHOB, TeM CaMEIM Tpy00 HMHTAPYA 3aBHCHMOCTL OT
IIOTHOCTH OOMEHHOT0 WieHa B BHIPA/KeHHHW [Jsi IJOTHOCTA JHEPrum CBOGOMHEIX
BIEKTPOHOB.

4. Ypasnenme (17.19) obGnajmaer OfHOA BecbMa HacCTOpaKmBalomeii ocoGeHHO-
cTpi0: mpousBopHas 0&/0k norapmMHUECKA CTPEMHUTCS K OECKOHEYHOCTH HpH
k = kg (cu. ¢ur. 17.1). Hockonsxy (1/4) 0€/0k | r—r, ecTs Kak pas cKOPOCTH Tex

BIIEKTPOHOB, KOTOPHE OHPENENAI0T XapaKTepHEe CBOHCTBA MeTalia, 9TOT Pe3yAbTAT
DoBONBbHO HenpuATeH. Hasimume 0COGEHHOCTH y ONHODJIEKTPOHHHIX SHOPIHH LPH
k = kp nmemaer HecumpaBeqiIuBHM pasioskenme 3omMmepdennga (2.70) m mpmBommr
K TOMY, 4TO IPH HE3KOHM TeMIepaType 3JIeKTPOHHAA TeINIOeMKOCTH OKAa3hBAETCH
nponopuuonansHoi He T, a T/|In T |.

Jaa mpoms3BOIBHOTO HEKYJIOHOBCKOrO IOTeHINANA OCOOEHHOCTH OTCYTCTBYET.
Mo:xHO mOKa3aTh, 9TO €@ BO3HEKHOBeHHE CBS3aHO € PacXOduMOCThI0 mpum k = 0
Pypne-oGpaza 4me?/k® sHepram B3ammosieiicTBusa e?/r. B cBolo ogepens Tarad pacxo-
IEMOCTH 06ycJa0BIeHA 0YeHb OONBIIAM PAagUycoOM NEHCTBHA CHJIH, IPOMOPIUOHAN b-
Hoit ofpaTHoMy KBafgparty paccroaHmsa. Eciam saMeHHTh, HaOpHEMep, KYJIOHOBCKOE

1y B peitcTBUTEIHHOCTH TePMHH (KOPPeJANUOHHAA SHEPTHA» yIOTPeOJeH 3[ech HE COBCEM
BepHO. [Ipubam:xerue XapTpu HTHOPUPYET 5J€KTPOHHEIE Koppenamuu, T. €. N-bIeRTPOHHOE pac-
TpejieJleHNe BEPOATHOCTH B HEM paclafiaeTcsi Ha Opou3BefieHne N ONHOIJISKTPOHHHIX PacIpejeie-
muit. Boaxmosas dymrnua Xaprpu — Qoka (17.13) He pacnmagaerca ma mogoGHOe npou3BefieHHE;
CIEeOBATEILHO, 3JCKTPOHELES KOPPENANYT YiKe YIATHBAIOTCA HA 3TOM CHERYIOMEM YPOBHe aNnpOR-
cumanuu. TeM He MeHee IO OUpeJieJIeHAIO «KOPPEIANANOHNAAS SHEPTUA» HE BRIWUAET B cels BRIaf

or «o6MeHa», a COSePRNUT JMIb CHEAYIONUe MONPAaBKHA, BHXO[AMKE 33 PAMKH TEOPHH XAapTpH —
Doxa.
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B3amMOelicTBUe B3amMofeiicTBEeM BUAA e (e~*0"/r) ¢ dpypbe-obpaszom (cMm. 3amaqy 3)
4ne?/(k* + k), To pacxomumocts mpm k = 0] mcuessa 6 ¥ MH He mmea:m OHl
Hedusmueckoit ocobeHHoctn B osHeprmax Xaprpu — Doka. MokeHO DORKa3aTh
(cM. HIKE), 9TO DOTEHIWAa, BXOAAMUE B 0OMeHHEIA WIeH, caeyeT MOLnHIIPOBAThH
MMEHHO TakuM 00pas3oM, 9TOOH y4ecTh LIOJNA, KOTOPHE CO3RAIOTCA APYTHEME 9JeK-
TPOHAMH, KPOME PACIONOKeHHEX B TOYKAX I W r'. OTU 5JEKTPOHH TaK IepecTpad-
BAalOT CBOE pacIpefereHAe B OPOCTPAHCTBE, 4TO 9YACTHYHO KOMIEHCHDPYIOT IoJe,
HefiCTBYIOMMEe CO CTOPOHH OXHOTO 3JMEKTPOHA Ha APyrofl. JderT, HasmBaeMHLHl
«KPAHNPOBROMY, MMeeT PyHIaMEOHTAIbHO® 3HAUEHHE HE TOJAHKO W3-32 eT0 BIMAHNA
Ha DHEPIHI0 SIEKTPOH-2JEKTPOHHOr0 B3awmMOfeiicTBAA, HO U B 60166 MUPOKOM CMEI-
cie, uGo UM oIpeNeaseTca noBeenne J06oro 3apayKeHHOr0 BO3MYIIEHAA B MeTaie 1).

9KPAHNPOBKA (OBIMAA TEOPUA)

IfderT IKPARUPOBKE — OJHO M3 IpPOCTedmux m HamboJjee Ba;KHHIX IpPOSBJe-
HEl 5JEKTpOH-pJeKTPOHHOIO B3amMOJeiicTBusA. MEI paccMaTpmBaeM 3feCh JNIOb
SKPAHHPOBKY B raze CBOGOZHEIX 3neKTPOHOB. llpw HaixwgAm peajpHOro mEPHOIAIE-
CKOTO HOTEHI(WAka TeOPHsA SKPAHMPOBKE HPHOOpeTaeT 3HAYUTENBHO Donee Cao:KHEIHA
BHJ, HO3TOMY [Jajke P M3YICHUM KOHKPETHEIX METAJJIOB 9aCTO OPHXOAMTCA IOJB-
30BATHCHA PE3YAbTaTAMK, MONYYCHHBHME AAA CBOOOTHHX 9JEKTPOHOB.

ITpenmosnosmum, 9T0 B 3IEKTPOHHHHA ras moMemieHa MONOKETENbHO 3aPAKEHEHAA
YacTHIA, KOTOpas KECTKO 3aKpemieHa B HeKOTOpol sapmamuOo# Toure, Oma Oymer
mpuTATHBaTE K cebe DIEKTPOHH, cO3faBad B CBOedl OKPECTHOCTH M3OHITOK OTpHLA-
TENBHOr0 3apAfa, KOTODHA yMeHbIIAeT (Wiu 9KpaHuUpyer) ee moje. Ilpu paccmorpe-
HOH TaKOTO SKpaHEPOBAHWA YOOOHO BBECTH JBA 3JEKTPOCTATHMYECKMX IIOTEHIHAJA.
Ileperiii m3 HEX, ¢°Xt, co3AaeTca TOJNBKO CaMOM HMOJOKHTENIBHO 3apAKeHHOR 9acTh-
meii u yAOBJAeTBOpAeT H03TOMY ypaBHeHHI0 Ilyaccoma

_ \-ngen (r) —_ 4npext (I'), (17.27)

rpe pe*t (r) ecTh INIOTHOCTDH 3apAfa Yacruiusi® ). Bropoii morernmuas, ¢, ecTh monHkIA
¢uspdecKmit moTeHNEAad, o0yCHOBIEHHHH KaK CaMOH WOJOMKHTENBHO 3apMAKeHHON
9gacTHNEH, TAK W CO3JaHHEM €10 00JaKOM SKDARaHHDPYOMUX 3J1eKTpoHoB. Iloatromy
OH yNOBIETBOPAET YPaBHEHHIO

—V2¢ (1) = 4np (r), (17.28)

rae p — MOJAHAA INIOTHOCTH 3apAna,
p (r) = p°=t (r) -+ p'nd (r), (17.29)

a p'nd (r) — moTHOCTH 3apANa, WAAYOUPOBAHHOIO B DIEKTPOHHOM rase Giarofaps
HANIQ4Wi0 BHEMHEH 9aCTUEL.

1) BakpHi#l 9acTHHIE caydail — MOHH B MeTaJjJe,
BaHWA MHE BepHeMcs B ri. 26,

2) Tepmmm «externals («BHeMHMIY) u HHAEKC «ext», MCIOMb3yeMHe HaMH [ 0603HAYOHHSA
BHECEHHOTO 3apsfa, BOBCe He 03HAYAIOT, YTO BTOT 3apAN HAXONUTCA BHE METAJNA; B AeHCTBUTENE-
HOCTH OH IOMENIEH KaK pa3 BEYTPH ‘Hero. OHU YKABHBAIOT JAINEL HA TO, UTO IPOHCXOMKACHNE ION06-

HOrO 3dpAfla CBA3AaHO ¢ HAXMINEM HCKOTOPOTO HCTOYHHKA, ABIAIMIETOCS BHENTHUM 110 OTHOIIEHHIO
K cHCTéMe 3JIeKTPOHOB.

K porm pnHAMUYeCKOTO >KpaHHPO-
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Ilo apajornu ¢ Teopmeil AWANEKTPUIECKUX Cpel NPeINoJaralT, 4To ¢ u ¢ext
auHe#HO CBASAHHL JAPYr C [APYroM COOTHONIEHHeM Bmia 1)

& (r) = g dr'e (r, ') ¢ (v'). (17.30)

B OpOCTPAHCTBEHHO~OAHODOAHOM B3JIEKTPOHHOM ra3e € MOMeT 3aBHCeTH JHUIMb OT
PacCcTOAHNA MEEIY TOUKaMU I B l", HO He OT X abCOMITHBIX KoopawHAT

e(ry, ¥) =g (r—1r). (17.31)
Torma (17.30) mpuuumaer ¢opmy
¢t (r) = ) dr'e (r—1') ¢ ('), (17.32)

OTKyZla cieayeT 2), 4T0 A COOTBETCTBYIOMUX ¢ypbe-o6pasoB CHpaBeRJHEBO COOT-
HONIeHTEe

7" (@) =¢ (a) ¢ (@), (17.33)

rae ¢ypbe-o0passl ompeNensOTCH Kak
e(q)= | dre=tare (r), (17.34)
()= | G e @ (17.35)

H aHAJOTHYHO AJIA ¢ m ¢t
Besuwunny € (q) Ha3mBaloT (3aBUCAMENl OT BOJHOBOIO BEKTODPA) HAUSJIEKTpHYE-

CKOH DpOHHIaeMOCThI0 Meralkna ). 3apuceBas coortHomebme (17.33) B Bune

| ¢ @@= #™ (@) (17.36)

MOMKHO CKa3aTh, 4TO (- (yphe-KOMIOHEHTA IIOJHOrO MOTEHIHWAja, BOSHUKAIOIETO
B 3JIEKTPOHHOM Taze, paBHa (-# Qyphe-KOMIOHEHTE BHEINHEro NOTeHI[HAJA, YMEHb-
mrenHo# B & (q) pas. llojgoGnre cooTHOmMeNnUA W3BECTHH W3 9IEMEHTADHOH TEOPUH
AW3JeKTPUKOB, I'Ne, OHHAKO, HOJA OOKUYHO OJHODPGRHH W HO3TOMY B3aBUCHMOCTH
OT BOJNHOBHIX BEKTODOB HE UMeeT 3HAYEHMUS.

1) Tlorenuman ¢e"t COOTRETCTBYeT B3JIeKTPHUecKoil mugyRnuu D (McTouHWKaM#A KOTOPO#
ABISAIOTCS «CBOOOTHEIEY 3apsjLl, BHEIIHNE 10 OTHOIIGHUIO K Cpefe); MOTeHIHAN ¢ COOTBETCTBYET
ajeKTpuieckoMy momio E, KoTopoe co3fmaerTcs IOJNHBEIM paciipeflejieHHeM 3apsfa, BRIYAA Kak
«cBOOOTHLIEY, TAK M «CBA3AHHKEE» 3aPsAAH, HaBelleHHHE B cpeje. CooTHOmEHNE

D(r) = S dr’e (r — ') E (r)

[mnu coorsercrByromee coorHOmeHnue (17.32)] mia IpocTpaHcTBeHHO-OAHOPOXHHX moiell D u E
cBofuTCH K 0osee 3HaKOMOMY cooTHOIeHu!o D (r) = eE (r), re quaieKTpudecKas IPOHULASMOCTD

€ ectb & = \ dre (r). [ITocrenuee COOTHOIIEGHNE OCTAETCH CUPABeNJIUBHM U B Goxee obdmem ciay-

gae, KOIfa MOJS MEHAMTCA HOCTATOYHO [JIABHO II0 CPABHEHHWI0 ¢ HEKOTODOH AJMMHOMN ry, ompene-
nsemoii U3 yciaosus € (r) & 0 mpur > ro.]

2) B cuily TeopeMH O CBepTKe B Teopuu Qyphe-pasuomennit. Kak npuuato y GuSuKOB, Mt
UCII0Jb3YeM ONVH M TOT K€ CHMBOJ AJA obo3HadeHns caMoil pyakuumu u ee ypre-o6pasa, pasiu-
9afg JBe BEJIMYUHHl 0 UX apTyMEeHTY. ;

3) IIpm »aeMEeHTAPHOM HBAO0MKEHUHM DIEKTPOCTATHKM WHOTNA TOBOPAT, YTO JAM3JIEKTPUYECKAn
TMPOHAIAEMOCTh MeTajaa 0ecKOHeYHA, T. €. 9TO 3apAJN MOrYT CBOGOJHO MepPejBHTATHCA M Cpena
nosToMy obuxagaer GecKonegHO OAAPE3YeMOCThI0. ME yBUIWM, 9T0 BHpasKeHme AJA € (q) xouy-
CKaeT TAKYI0 TPaKTOBKY, IOCKOJIBKY B Ipejefe NPOCTPAHCTBOHHO-OJHOPOAHOTO BHEITHETO IIOJNA
(¢ —~ 0) peamunna € (q) AelicTBHTeNHHO cTAaHOBHTCA Geckowewno Gonsmoit, [Cm. dopmyary (17.51).]
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Jaa mpaMoro pacuera ecrecTBeHHee BHIOpDaTh HE BeNHYHHY AMIJIEKTPHIECKOH
IpPOHUTAeMOCTH € (), & HJIOTHOCTH 3apsAfa pitd (r), Koropwm#l HABOAWTCA B BJEK-
TPOHHOM Ta3e HOJHEM HoTeHNuanoM ¢ (r). CrnocoOnl BBHIUNMCIEHHA JTOH BEIMIHHEL
Gyayr paccmorpenn: Hmke. Ecam p'"d m ¢ guHeiiHo cBsA3aHH Memnmy coboit (uro
cupaBefauBO s AOCTaTOYHO caabmx ¢), To mx ¢ypre-00pashl yHOBIETBOPAIT

COOTHONMIEHUAM
pind (a) =y (a) ¢ (). (17.37)

ME MoKeM CBA3aThH & (BeJUYAHY, UPEACTaBIAIONYI0 HeNOCpeACTBeHHHH $uam-
"Yeckuil mHTEpEC) M % (BEAHYMBY, KOTOPAaA €CTECTBEHHO BOSHHKAeT B XOJe BEUHCIIe-
Epii), BOCOOJIB30BABINECH CHE[YIOMUMEA DPAaCCYKACHUSIMHE.

Qypre-npeobpasoBanme ypasuenmii Ilyaccoma (17.27) m (17.28) maer

g2 (q) = 4npext (), (17.38)
g*¢ (q) = 4np (q)-

C yuerom (17.29) u (17.37) momygaem

L (¢ (@)— ™ (@0) =x (1) $ (a), (17.39)
IR
ex 4n
¢ (@=¢" @[ (1 -2 1@). (17.40)
Cpasrupas o1o ¢ (17.36), moxuo mpmiiTy K COOTHOMEHWIO
N 4me - 4n plnd (q)
e @=1—Fr@=1—F 55 (17.41)

Jlo BacroAmero MOMeHTa pacCMOTPeHU® OCTaBajoCh TOYHRIM (XOTA PaKTHIECK®E
OHO CBOAMJIOCh K Cepmu ompefenenmit). [leficTBuTeqbHO, MHE CHeaanyu JUIOb OIHO
JonyineHne, a HMeHHO DPUHAJM, YT0 BHeCOHHHH BHENIHHI 3apsAl TOCTATOTHO MaJl,
9T700H /1A 9IAeKTPOHHOIO rasa MOHO OBUIO OrpAHMYUTHCA M3YUEHHEM JHMHENHOTO-
oTkianka. Cepbespble OPHOIMIKEHWA CTAHOBATCA HEOOXOMWMBIMH NDPH NONEITKAX
pacueta ¥. Ilaa pacdera 5ToH BeIMYMHH MIMPOKO HCUONB3YIOTCA JBAa OCHOBHEIX
MeTola, ABJAKIMUXCA YIOPOIMMEHHHKIMH BapHaHTaMu o0Ie#l CXeMH pacuera sapsaia,
HHIYOUPYEMOTO NpUMechio, B Teopuu Xaprtpu. llepeuii m3 Bux, meroy Tomaca —
Qepmu, mpesicTaBiager coboil KiaccHIeCKWH (TOYHee, KBAasUK/IACCHYECKMIT) Ipeaen
treopuy XapTpu. Bropoit — meron Jlueaxapaa, HasuBaeMbl Takke NpuOIMKEHTEM
caydaiinnx ¢as (IICD), nmpencraBaser cofoil B CymHOCTH NpPOBONEMEIA IO CXeMe
XapTpu TOUHHI pacueT NIOTHOCTH 3apAja B IPUCYTCTBUH CaMOCOTJIACOBAHHOIO-
moJisl, CO3aBaeMOr0o BHEIIHUM 3apAfAOM H 3IEKTPOHHHM razom. B Hem nwmb yaTeno
¢ caMOro Hadaja, 4YTO HAM HYKHO BHYHCIUTH pi" TONBLKO B JIMHEHHOM HOPAMKe:
mo ¢, 6aaroiaps 4eMy pacdeTH TeopuM XapTPHU HECKOABKO YHPOIMAIOTCA.

Iipemmymecrso merona Tomaca — MDepMu COCTOMT B TOM, UTO OH OIPUMEHUM JaKe:
B OTCYTCTBUE JimHEHOM cBAsu Mexay p'"d m ¢. Ero megocraTok 3aKI0YaeTCA B TOM,
9T OH [aeT HaJe;KHHe Pe3yabTATH JIMIb JIJIA OY€Hb IIIABHO MEHAWIIAXCA BHEITHNX
norennuanoB. Ilocie juHeapusamum OKOHYATENBHOTO BHIPAKEHHNA, IOIYYAEMOrO:
no merony Tomaca — Mepmu, onHo coBmamaer ¢ pesyabraTom JlmHixXapia mpn
MalbX ¢ ¥ OKA3LBAETCA MeHee TOYHHIM, KOr[la 3HAYeHMA ¢ He Maie. Hmwxe mo
OTHEeABHOCTH pPAacCMOTpeHH ofa caydas.
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TEOPUA 9KPAHUPOBKH TOMACA—-®EPMU

B mpurnume, uro0b HafiTH NIOTHOCTH 3apsfa B OPUCYTCTBUM IOJNHOTO LIOTEH™
nuana ¢ = ¢°xt | Sind My JOMKEK pemEUTh OZHOYIEKTPOHHOE YPABHEHUE
Ipenmurepa 1)

—Eh;f Vop; (r) —ed (r) i (r) = Ens (1), (17.42)

a 3areM, BOCHOJb30BAaBIINCH ONHO3JEKTPOHHHIMEM BOJHOBHME (YHKIMAME, IOCTPO-~
HTh 3JEKTPOHHYI0 IWIOoTHOCT H0o fopmyne (17.6). ITomxon Tomaca — @epmm ocHo-
BaH Ha YOPOMIGHUH 3TOH OPOUEAYPH, KOTOPOe AOMYCTAMO, KOr/a MONHBIA TOTEHIIHAJ
¢ (r) — O9eHH MIABHO MeHAMAACH QYHKIHUA OT r. TepMuH «1naBHO MEHAOMAACAY
mMeeT 3[eCh TAKOH 7Ke CMEICH, KaK ¥ BTA. 2 1 12; Mu upefmoxaraem, 410 3aBECHMOCTD
9HEPTHE OT BOJHOBOTO BeKTOPA 3JIEKTPOHA MOKer OHTH 3aJjaHa B KamkIoil TOUKE T,
M cUuTaeM, 4TO 9Ta 3aBHCHMOCTH HMeeT BHJ

& (k) =2E e ). (17.43)

Takum o0pasoM, dHePrEa OTIMIAETCA OT CBOEro SHAYCHAS AJNA CBOOOAHHIX 3JIEK-
TPOHOB HA BEJIHYWHY IOJHOIO JIOKAJABHOI0 NOTEHIHAJA.

OueBunno, Bupakenme (17.43) mMeer CMHICA TONBKO [JIA BOJXHOBHX IAKETOB.
Ux TanmuHEas mMUpWHA B KOOPAMHATHOM NPOCTPAHCTBE COCTABIAET OKOIO 1/k p.
ITosromy HeoGxomumo morpeGoBaTh, 9YTOOH ToTeHNEaA ¢ (r) MeHMICA IJIABHO HA
paccrosruax TopAAKa ¢depMHeBCKOR MAMHEH BOJXHH. asa dypve-xosddmnuenton
8TO 03HATAeT, 4TO pacdeT JaeT HaJe:KHHE Pe3yJhTaTH TOJNBKO IPH 3HAYEHUAX ¥ (q),
oraOCAmEXCA K 9 & kp. CymecTBoBaEne DogobHoro orpaEmdenns 6yxer DpoBepeHo
B aBHOEM ¢opMe, Korga MH o0patuMca K aHaawmsy OoJiee TOYHOro HOLXO0a
Jlmagxapaa.

Wrak, MH OpeimosiaraeM, 9To pelreHMsa ypaBHeHHs (17.42) ommCHBAIOT COBO-
KYOHOCTh 3JEKTPOHOB C DHEPTHAMH, OIPENedAeMEIME IPOCTHM KJIacCHIeCKAM BHpA-
menneM (17.43). UToOH BHYNCANTH IJOTHOCTH 3apsfia, CO3aBAEMOT0 ITHMH 3JIEK-
TpoHaMHA, MOACTABAM WX JHEPTHMU B BHpa:KeEme (2.58) AiA IIOTHOCTE 9MCIA BIEK-
TpoHOB; Torga moxayuaem (3geck f = 1/kgT)

dk 1
n(r) =S T oxp B (PR 2m) —ed (N—mI+1 * (17.44)

VanynmpoBarHas MIOTHOCTE 3apAfa paBHa —en (r) -+ eny, Iie BTOpoe ¢liaTaeMoe —
INIOTHOCTD 3apAfa OXHOPOXHOTO HONOKUTeAbHOTO doHa. [limoTHoCcTs QoA 1y, paBHa
IJIOTHOCTH DJIEKTPOHOB, KOTAA IOTEHIMAN $°*t u, cle[0BaTelbHO, ¢ PABHH HYJI0 2)

dk 1
n () = | G T EEEET T (17.49)

1) ITOCKOABKY ¢ ~— MOJHEI IOTeHIHAN, CO3JABAGMEI KAK BHENIHAM 3apsfOM, TAK R ILIOT-
HOCTBIO 3apAfa, HABOAMMOTO UM B DIEKTPOHHOM rase, ypapHenne (17.42) HeABHO Y4MTHIBAeT ajeK-
TPOH-BIEKTPONHEIE B3ammopelicTua B npubamxerma Xaprpu. I[Ipobiaema camocoriacopanms
{mo kpajigeii Mepe B JMMHEAPH30BAHHOM BADHAHTS TEOPHR) CONEDIKUTCA B YCIOBHH, 9TO NOTOHNTAT ¢
mocpencTeoM Gopmyn (17.36) m (17.41) cBssaH ¢ 2MEKTPOHHON IIOTHOCTBIO 8apsAfa pird ompene-
nAeMoit myTeM pemennsa ypasmeHua (17.42).

2) 3HaveHms XWMEIECKOTO HOTeHNWaza p B BHpaxeHuAx (17.44) m (17.45) MoEO camTaTh
COBIAJAIOIIEMA, €CIU IPeNIeA0KNUTE, YTO HOTEHNHak ¢ (r) JIOCTHraeT CYIMEeCTBEHHOI BeJNINHH
JAOIB B KOHEIHOH 06acTH 3/6KRTPOHHOTO ra3a, BHe KOTOPOH BO3MyIleHNe PABHOBECHOH 3IeKTPOH-
®Oil NJIOTHOCTH HPEHEOPEKHMO MaJjo.
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Komburnpya (17.44) " (17.45), sammmem
pind (r) = — e [ (1 + e (1)) — 1o (W)]. (17.46)

910 — OCHOBHOe ypaBHeHWe HejmHeiHOH Teopmu Tomaca — Depmm.
B! panvuefimeM GymeM CYATATH, 9TO HOTEHIHAJN ¢ JOCTATOYHO Majd W BEIpasKe-
HAe (17.46) M0o/KHO Da3;OKHUTH NO ¢, COXPAHAA JWIIs UJeH IePBOro HOpANKa

pind (r) = — g2 ‘;ﬁo ¢ (r). (17.47)

Cpasrenme Brpaxennit (17.47) u (17.37) nokaswBaer, uTe BesuduHa ), (q) OKAa3bHI-
BaeTCA HOCTOSHHOK

¥ (q)= -—ez—aaﬁ& H He 3aBUCUT OT (. (17.48)

IlopcramoBka storo 3HadeHma B dopmyny (17.41) maer AusieKTpHIecKy0 IPOHH-
naemocts Tomaca — Mepmu 1)

e(@) =1+ T (17.49)
OGruHEO onpenensitoT BogHOBoH Bexkrop Tomaca — Mepmu ky:
2 on
k2 =4me? —# (17.50)
Torna
2
e(q)=1+%. (17.51)

Yrobrl BEHACHUTL CMEICI K, PACCMOTPUM CIydYail, KOrja BHENIHWII IOTEHITHAJ
COBIAETCA TOYCUHHIM B3apANOM

s =2 ¢ (q)= 4220 : (17.52)
Ilonuuii moteEnuan Merajyia TOTAA PaBeH
_ 1 ext, y_ _ 4nQ
b @)= ™ (@ = (17.53)
Paziomernne @ypbe MOKEO 06paTuTh, MOAYIUB B pedyabraTe (CM. 3ajady 3)
_ dq 400 O g
¢ (l‘)— By eiq-r Ry _._r-.e kor, (1754)

CremoBaTeabHo, HONHHEIA HOTEHIMAJ PABeH HPOH3BEICHUIO KYJIOHOBCKOrO LOTEH~
O@aJa Ha HKCOOHEHIMAJBHO CHANAIMUHA € pACCTOAHEEM MHOMHTEND; JJS pac-
crosumit Gonbme 1/k, ero BeawumHa npeHebpesmMo Maaa. Ilomo6uynw QyHKRIHIO
HABHIBAIOT SKPAHUPOGAHHUM KYAOHOSCKUM NOMEHyUuaiom 2) Biau (OO aHAJIOTHH
¢ TeopHell Me30HOB) nomenyuasom IOkasti.

Wrak, MH J0Ka3aju Hame OPeANOJOKeHNE, YTO HJEKTPOHH SKPAHUPYIOT II0Je
BHENIHero 3apsfa. Hpome TOTo, MH HAIJIW SBHOe BHPAasKeHHE JJIA XapPaKTepHOTO
PaccTosiHEs, [ajiee KOTOPOro BOSMYIeHHe NPAKTHYECKH IOJHOCTHIO 9KDPAHHPYETCAH.

1) Kak MH w OEmjiaiuw, 9TO BHD@KeHWE JJIA AUWIJIEKTPUYIECKOH HPOHMLAEMOCTH AelicTBH=
TeABHO CTPEMHTCA K GeckomeunocTu mpm g — 0. (CM. mpumedanmme 3 ma ctp. 338.) '
) Boepeue oHA DOABUAACH B TEOPHH BIEKTDOINTOB, co3gannoit JeGaem n Xokkemem [5].
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Yrobrr onpenenutsb k,, 3aMeTHM, 9TO i rasa cBoGOMHELX onexrponoB upr I & T'p
BeJUYAHA 8n0/6p, ecThb TPOCTO ILIOTHOCTh ypoBHei c¢ aHeprueir Mepmu: g (€ ) =
= mkp/bE®n? [popmyna (2.64)]. ITostomy

k4 mer 4 1 4 16 \¥af 15y,
B T Wkp W kpa, “( 3n? ) (_ao—) ’ 58
1/ 2,95 ¢
Foo = 0,815k, [ —=) P =~ At 17.55
0 ¥ ( ) ("s/ao)l/2 ( 7 )

ITockonsky mpu MeTalINYeCKAX INIOTHOCTAX OTHOIEHHUE I'g/a, cocTaBaseT ot 2 fio 6,
k, EMeeT TOT jKe HMOPANOK, 4TO 1 K 5, T. e. BOSMYHeHNe YKPAHUDYyeTCA HA PACCTOAHU~
X, CPaBHUMBEIX C MexaToMHbIM. CJjemoBaTelbHO, 3KPAHMPOBKA BHEIMHUX 3apAHOB
9JIEKTPOHAMY OCYIMECTBIsAETCA O4eHb »¢ddeRTuBHO.

TEOPUA I9KPAHUPOBRU JINHAXAPIA

s o6cysxnenus nonxona Jluaaxapaa (6] Bepremcs k ypasuenuio [llpegunrepa
(17.42) n me GymeM mCHOIB30BATH IONYRIACCHIECKOE NIPUOIMAEHNe, T. e. OTKaKeM-
ca or Tpe0OBAaHMA MelJeHHOro u3MeHeHHs ¢. Bmecrto aToro ¢ camoro Hagama BOC-
moib3yeMca Tem 00CTOATENBCTBOM, 9TO HaM HEOGXOHMMO 3HATH 3HAYEHHE HHIYIH-
POBAHHOH NJIOTHOCTE TOJBKO B JuHe#AHOM TOpsAAKe II0 IOJIHOMY TOTEHIMAJY.
Mosromy Mn momem oOnumsiM 00pasom pemuTh ypaBHeHue (17.42) B amHedinoM
NOpARKe Teophum BOSMyHmeHWH. 3Hasd B JMHeHHOM IOpAAKe O ¢ BOTHOBEE QYHKIUH
SIEKTPOHOB, MEl MOKeM BHIYUCINTH 10 opmyae (17.6) ImHeiiHYI0 9aCTh U3MEHEHUS
9MeKTPOHHOM MIOTHOCTH BapAfga. Bce »To IpoflenpBaeTcd CTaHTAPTHEIM 006pasoM
(3agava D), mOITOMY MHE NpPHBOAWM 37ech JKWIMb KOHEUHHE pesyabraT. Bmecto
BepasRennsa (17.48), monydaBmerocs B fuHeapusoBanHoil Teopuu Tomaca — Depmu,
uMeeM Temepb GoJsiee o0Imee BHIpasKeHHE

© dk fo—qo—1 2
X(q)=_e23 i e (17.56)

rfie fx eCTh paBHOBecHas epMueBCKas QYHRIUMA 1A CBOOONHBIX 3JIEKTPOHOB C 9HEP-
rueit 7%k%/2m, 7. e.

fxe=1/{exp [B (A2k*/2m —p)) + 1}.

3aMeTuM, 9T0, KOTJa BOJHOBOM BREeKTOP ¢ MAajl IO CPABHEHUIO ¢ K p, 9UCINTeNB
OOJIBIHTErPANBHOTO BHIPAKGHHS MOKHO Pa3a0KHTE B Touke q = O:
2 k-q 9 0 (a2
= —_——— —— . 17.57
fraqge=TIx=x T Tm o fx+0(¢?) (17.57)
Ecau orpanmaurhca B 5TOM pasjoKeHUN JUHEHHKIM IO ( ClaraeMbM, TO MOAYIaeTCH
peayiaprar Tomaca — Depmm (17.48). CiemoBaTesbHO, KaK 1 TPEANONAranochs,
M IJIABHO MEHAIIMUXCA BO3MYMmeHui Teopusa JlungxapRa CBOZATCA K TeOpHHA
Tomaca — @epmm ). OnHaro, KOrfa BeJnuKMHA ¢ CpaBHEMA C k p, BHpaskKeHne s
pM! q F
AMIEeKTPHIECKON IPOHUIAEMOCTH B TeopuH JIMHAXApAa OKAa3HBAETCA 3HAYUTENBHO
Goaee caomunmM. [Ipn I' = 0 narerpans B (17.56) nomyckaior aHaIuTAIECKOE BEIYH-
cleHne, W MB HAXOMHUM
—2? 14z
2 mkg ) [ 1 x
( 3 In

R2n? 1—2z

], z=1. (17.58)

X(q) = e

1y B camowm gexe, Berpaskenue aasg y (q) B reopun Tomaca — Depmm MOKHO pacCcMaTpHBATH
Kak Ipejes JuHXapAoBCKoil BeswduHH Y (q) npu g — 0.
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Benmunua B xBagparHmx ckoOkax, paBHas eXuHHUile npu r = (, OpefcraBaser
co0ofi AMHAXAPXOBCKYI0 mompaBKYy K peayiabraty Tomaca — Mepmu ). 3amernm,
910 nmpu g = 2k OWsNEKTpUYECKas HpOHHNAaeMocTb ¢ = 1 — 4ny/q® okasmBaerca
HeaHANUTUYeCKOd. MOmHO mHOKasarh, 4ro OaaroflapA »TOMY B 3KPAHUPOBAHHBIA
HDOTEHLHAJT ¢ TOUIEYHOTO 3apsfa HA OOJBIIAX PACCTOAHHUAX Temeph BXOAUT WieH,
Kotoprit (npu I = 0) umeer Bup

é (r) ~ —cos 2k (17.59)

Taxkum o6pasom, Ha GoAbmEUX pPACCTOAHMAX BSKPAHMPOBAHHHIH ITOTEHIWAJ HMeeT
B3HAYUTENHHO 00jiee CIOMHHIA XapakTep IO CPaBHEHHIO C NPOCTHM TOTEHIMAIOM
IOkaBs, momydaembiM B Teopum Tomaca — Depmu,— B HeM IOABILETCH TOPasio
Me[lJieHHee CHATAOMuil OCHMINUPYIOMui uleH. B pasHHX caywasx Takme ocunui-
aanuu  HaswBaT ocnumaaanuamMu Dpupens nau Pygepmana — Hurrena. Mu
BepHeMCA K ux o0cyxpaenuin B ria. 26.

JUHOXAPJOBCROE 3RPAHUPOBAHUE,
3ABUCAMEE OT YACTOTbI

Ecam miotrHOCTs BHemHeTo 3apsfa 3aBHCHT OT BpPeMeHM IIo 3aKOHY e~ i0t) ro
WHIYLUHIPOBAaHHEE IOTEHNMAJ W ILIOTHOCTH 3apsafga OyAyT 3aBHCeTh 0T BpeMeHH
0O TOMY e BAKOHY, a JUDJOKTPUIeCKas IPOHMIAEMOCTh OKa3bplBaercd 3aBucsAmei
He TONBKO OT BOJHOBOTO BEKTOPA, HO W OT YacTOTH. B mpejpensHOM ciyuae, Korjia
CTONIKHOBEHMAME MOKHO mpeHe(peub, paccy:meHns Jlmuaxapra jaerxo o6o0muTs,
BOCIIOJb30BAaBIINCH HECTAIMOHADHOH Teopmeil BosmymeHmit. OKaswBaeTcs, dTO
BCE M3MeHEHUe II0 CPAaBHEHHIO CO «CTAaTHIECKMM» pesyabratom (17.56) cBomures
K nobaBieHuio fiw B 3HaMeHaTelNb ITOJHHTErPAaJbHOTO BhpaskeHHs 2). Taro#t Goxee
o6muii pe3ynbTAT Ba)KEH g TeopHH KoaeOaHuil pelneTKH B MeTajiaX, a TaKiKe
IJIs TEOPUM CBEPXOPOBOXUMOCTH. 3/€Ch MBI JIMOIB 3aMETHM, 4TO, KOTAA BOJHOBOI
BEKTOD ¢ CTPEMHUTCH K HY.II0 Ipw PUKCHPOBAHHON vacroTe v, QopMyna s JudTeK-
TPUYECKON IIPOHHIIAaeMOCTH B Teopum JImuaxapma

4me? [ dk Jx—qi2 Tkqqre
e(q, o)=1+4 p 5 T kg o (17.60)
nepexofuT B BrpakeHme (1.37), momydaemoe B Teopuu [Ipyde B HpenmosoieHHH
0 DPOCTPAHCTBEHHON OMHOPONHOCTH BoamylneHns. Takum oGpasom, Gojee u30mpeH-
HH# moxxof JIuHaxapma cormacyercs ¢ SJeMEHTAPHKM PACCMOTpPeHHEM B CIydasx,
KOrga OHO IPHMEHUMO.

IMPUBJMKEHNE XAPTPU—®OKA C YYETOM 3KPAHUPOBKH

M ofcyRauiau, Kak sIeKTPOHE MeTaJjaa SKPAaHMPYIOT pachpefiesieHHe BHECEeH -
HOr0 BHemrHero 3apsana. OmHAKO JKpaHHMpPOBKA OygeT CKa3HBATLCA TaKMKe M Ha
B3aUMOJeHCTBUN ABYX SIEKTPOHOB APYT C APYTOM, IOCKONBKY C TOUKH 3peHHs
OCTAJIBHBIX BIEKTPOHOB BTH J[BA JIEKTPOHA MOKHO pPacCMATpPUBATh KAK BHeIIHMS
sapans. Ecam BepHyThes ® ypaBHeHmsm Xaprpm — (Doxa M OPHHATE 9Ty TOUKY
8peHHdA, TO TEOPHIO MOKHO 3HAUMTEIBHO YAYIHIHTH. MBI He MOKeM «HORIPAaBIATHY

1y BeanduHa B KBaJPaTHHX CKOOKax coBmagaer ¢ ¢yurumeil F (z), BXOIAMIER B BEpae-
gae (17.19) pas smepraw B Teopuu XapTpH HiS CBOGOZHEIX SJIEKTPOHOB H 300pasKeHHON Ha
dur. 17.1, a.

2) Horja 3maMeHATeJh OKA3LHBAETCS PABHHM HYNI0, A ONHO3HAYHOCTH WHTETPANa HYKHO
OpH ero BHMuCIeHun H06aBUTH K o GeCKOHETHO Majoe HOJOKHTEeILHOe MHIIMOE cjaraeMoe.
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XapTpHEeBCKUH WiIeH, COMlep:Hamuii caMOCOrJacoBAaHHOe moje, HGO HMMEHHO B3TOT
WieH B HepBYI0 0Yepelh W HPHBOAWT K SKPAHEpPOBKE. 3aMaHYMBO, OJHAKO, HODEH-
TATBCA B3aMEHHTh SJEKTPOH-9JIEKTPOHHOe B3amMofielicTBme B oOMeHEOM wuieme 1)
ero 9KpaHupPOBaHHOK GopMoil, yMEOKUB B cooTHOmeRnH (47.19) Benmanny 1/(k — k')?
Ha ofpaTHYI0 [AM2JIEKTpHYecKylo npomrmuaemocts 1/e (k — k'). 910 mossoaser
u36aBUTBCA OT CUHTYJIAPHOCTH, HPHBOAAMEH K aHOMAALHOH pacXOAMMOCTH O[HO-
aaexTpoHHOM cropoctn v (k) = (1/A) (9é (k)/0k) nmpm k = kp, mockonbRy sKpa-
HWpOBaHHOe B3amMofielicTBume B oKpecTHOCTH g = ( orpammueHo 3HadeHEeM e2/k3,
a He HapacraeT o GeckomegHocTH Kak e%/g°. Ecam Temepr paccusTaTh CKOPOCTB
v (k) npm k& = ky, TO MOXHO yBUAETH, YTO OpWM TUOMYHWX [/ METAJJIHNYeCKAX
ILIOTHOCTEHl 3HAYEHHMAX Iy OHA OTAHYAETCHA OT CBOEr0 3HAYEHHA [Jf CBOGONHEIX
BIEKTPOHOB Beero Jmmb Ha 5%. CaemosaressHo, Giaromaps sKpaHAPOBKE POIb
DIIEKTPOH-3JIEKTPOHHOTO B3aWMOJEACTBEA OKa3hLBaeTCA He CTOJb CYMECTBeHHOH 2),

TEOPUA SOEPMU-KUIKOCTHA

B saxiioueHme raaBE MH KOPOTKO PAcCMOTPHUM PAJ IMTYGOKEX A TOHKHX IOBO-
MOB, BHICKa3aHHKX B IMepBYI0 odepefs B paborax Jlarmay [7]. 9tm noBoam a) o6msac-
HAIOT, MoYeMy UpHOIMKeHNe He3aBACEMHX 5J€KTPOHOB OKa8aJ0Ch CTONb yCUEMHRIM,
HECMOTDPA Ha 3HAYUTENbHOEe IIEKTPOH-3JIEKTPOHHOe B3amMoJleiicrBEe, m §) mOKask-
BalOT, KAKHM 00pPa3oM BO MHOTEX CIydasAx (4 oco0eHHO Dp¥ BHYUCIEHNM KHHETHYE-
CKUX K03p(PUIueHTOB) MOKHO KAUYECTBEHHO yIeCTh 3Q(EKTH 9JIeKTPOH-2JeKTPOHHOT0
BaammopeiictBud. IToaxon Jlanmay msBecten kak «Teopus depmu-;xuparoctm». Ilepso-
HAa9aJIbHO OH IPEIHASHATAJICA [/ ONACAHHSA M30TOLA TeJNsA ¢ MACCOBHM YHCJIOM 3,
HaXOIAMErocd B ;JKUAKOM COCTOSHWE, HO B HACTOANIEe BPEMS €ro BCe MEpPE NPUM6-
HAIOT B TEOPHM SJEKTPOH-JIEKTPOHHOTO B3amMOJEHCTBES B MeTajjax 3).

ITpexpe Bcero saMeTHM, YTO IPOBENEHHHA HAMH AHQJIU3 DIEKTPOH-2NEKTpOH-
HOr0 B3aMMOJeH#CTBHsA IPHBEJ IOKA K CYIECTBeHHOMY H3MEHEHHI0 3aBHCEMOCTH
DHEPTEA OT BOJHOBOTO BEKTOPA [UiA OXHOZJEKTPOHHHKX YpOBEHe# [cMm., mampummep,
(17.19)], Ho npwEnEOmankHO He m3MeHWs camoli (YBNaMEHTAJBHOH cmpYKMYpH
MOZleJN He3aBHCUMHEX 3JIeKTPOHOB. HKIMU CIOBaME, MH DO-IPEKEEMY IPOLOJNAAEM
CUATATh, 9TO HJEKTPOHHEE CBOWCTBA METaJJaa CBA3AHHI € 3ANMOJHEHHWEM ONpeleseH-
HOl COBOKYNHOCTH OJHODJIEKTPOHHHX ypoBEeil. Tak, mamke B nmpubamxenwm Xap-
Tpu — (Doka MH DpONOJIIKAEM ONECHBATH CTANHOHAPHHEE COCTOAHE I'yTeM 3afaHAA
OJHOXJIEKTPOHHHX YPOBHeH: 1;, BXOAAMMX B CIITepOBCKMIE AerepmmuanTt (17.13).
Hostomy N-pieKTpOEHasS BONHOBaA (YHKUEA MMeeT TOYHO TaKYI0 jKe CIPYKIYpY,
KAaK U B cjJyuae HeB3aHMOJEMCTBYIOMHX 9JEKTPOHOB; EIMHCTBEHHOe H3MEHEHHE
BaKJII0YAEeTCS B TOM, 9TO B3aWMOJEHCTBHE MOKET BJIHATH Ha ¢OPMY ONHOBJIEKTDOH-
HHX BOJXHOBHX QYHKImHA §; %). Jlameko He sCHO, ABJAAETCA JM DTO PABYMHLIM CIO-
co0oM ommcaHEHS CTANWOHAPHHX cocTofgHmE [V-anexTpomHOf cmcremil. Ilpenmoso-
JKAM, Hampumep, 9T0 9¢)deKTHBHOE >JEKTPOH-3JEKTPOEHOE B3amMoJieficTBHe OKaza-
JIOCh TIPHTATABAKOMYEM M CTOXDH (OABMYM, 9TO mapH 3JIEKTPOHOB 06pasyioT CBAsaH-
mHe cocroguama 5). Torma ecrectBeEHO Ghuro OH ONECHBATH 9JEKTPOHH B MeTalJe,

%) Opso m3 upemMymecTB meToia dyHKmuil [prHa 8aKJIO9WaeTc B TOM, 4TO OH IIO3BOJASET
060CcHOBATh MONO0OHO® BBEJGHH® SKPAHMPOBKM B OOMEHHHI WjieH, KOTOpPOe HA NEPBHIE B3TIAL
KajKeTCA HMCKYCCTBEHHEIM.

2) B gaEHOM Cliy4ae y4er SKPAHUPOBKK OCOOEHHO BayKeH: BMECTO PACXOAMMOCTH MH IOJY-
qJaeM Jjuimb HeGOJNBIIYI0 MOIPaBKY B HECKOJIBKO HPOLEHTOB.

3) IlompoGHHIT W HOBOJHHO 9JAEMEHTAPHHIA 0630p TeOpPME 3apsA:KEHHHX QepME-IKHAKOCTeH
o ee cocroanuio HA 1966 r., MoskEO HaliTm B kuure [laiinca m Hossepa [8].

4) Jlns cBOGOSHEIX 3JI@KTPOHOB OTCYTCTBYET faske aT0 m3meHeRue. BoxEoBHe yEKnuu ocTa=

I0TCSA MAOCKAMU BOJHAMMU.
5 Heuro nogobGroe feficTBuTenbHO MMEET MOCTO B cBepXmpoBommmkax. Cu. ria. 34,
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NOAB3YACHL NIpefcTaBjienueM 00 3nexTpoHHmX napax. OmnucaEue B TepMEHAX CTa-
OUHORAPHKEX COCTOAHME Habopa He3aBECUMEIX OTAEJNbHHX BJIEKTPOHOB He GEIO Ont
IPUTOEO JJIA TAKOTO METAJIa, TOYHO TaK JKe KaK ONKCaHWe Ha fSHIKe He3aBHCEMBIX
aTOMOB KHCJIOpOJia HEOPHMIOJHO JJfA PacCMoTpeHUs cBO¥CTB rasa, ofpasoBaHHOrG
ero MOJIeKyJaMH.

Jlaske ecom HUUero CTOJbL ApaMaTHUECKOro, Kak ofpasoBaHme Iap, He HPOHC-
X0IAT, BCe PABHO HE OYEBHAHO, DOYEMY ONMCaHWE H3 s3LIKe HE3aBUCHMEIX BJIeK-
TPOHOB ¢ COOTBETCTBYIOIINM M3MeHEeHHWEM WX dHeprmil NOJkHO OHTH BCerja MPUTOM-
HHM JJIf PacCMOTPEHHA »JeKTPOHOB B peajbHOM MeTaJsuie. lIMeroTcsa, OfHaKO, OCHO-
BaHUA OMUIATE, 9T0 0HO NPUIOAHO A SJIEKTPOHOB ¢ YHEPIUAMY, OJIUBKEMHA K dHED-
ruu @epun ). Hosopsr Jlangay MoMumo paspenuTs Ha ABe dactd. [[OBOME, OTHOCHA-
mpecsa K NepBof 9acTH, ZOBOJIBHO DPOCTH, ONHAKO JOBOJAHK BTOPOMl JacTw [eiCTBH-
TeJIPHO OKAa3HBAIOTCA BechbMa TOHKNMM,

TEOPUA OEPMU-ENOKROCTH. POJIb NNPUHIIVIA ITAYJINA
nrPN JJIEKTPOH-3JIEKTPOHHOM PACCEAHNN
BBJIV3N OHEPTUN GEPMU

PaccmoTpuM cmeT My HeB3aHMOAEHCTBYIOMMX 5JEKTPOHOB M HaYHEM MEHICJIEHHO
BKJIOYATh B3aBMONEeHCTBUE MEMAY HWME. IT0 mpmeefeT K s¢dekTaM ABYX THIOB.

1. Ilpomsofiner maMeHeHHe BJHEPTMHU KaKIOIO0 W3 OJHOBIEKTPOHHHEIX YpPOB-
meit %), IlopoGunte adderTh ommcmBarTca npubamskenmem Xaprtpm — Doka m ero
6onee TourEME BapmaHTaME. ME BepHeMCA K HEM HUKe,

2. JNeKTPOHE CTaHYT HCORTHBATH paccesHue C ORHOAX ONHOPIEKTPOHHEIX
YpOBHEH Ha pyTHe, T. €. 5TH YPOBHE yike He Oy[yT CTalHOHADHREME. JTOTO HE PO~
umexonmt B mpubamxeEnn Xaprpa — Qoka, rie ofHOdIEKTPOHERE YPOBHE HO-IPEIK-
HEMY OCTAIOTCHA CTATHOHAPHEMM COCTOSHUAME B3aWMOAEHCTBYIOMEH CHCTEMEL.
fBanerca nm Takoe paccesHme NOCTATOYHO CHJABHEIM, YTOGH BCe DpeACTaBICHH®
0 He3aBUCHMEIX DJAEKTPOHAX OKAaB3aJ0Ch HECOPABE/UINBEIM, OHPEJeNseTCA TeM,
HACKOJBKO BEJIUKA YacToTa CTONKHOBeERH. Ecaum OHa HOCTaTOYHO HHBKA, MBI MOMEM
BBECTH BpeMA PpeJaKCalB¥ U PAcCMaTpWBaTh 3TO pacCessEMe aBaJOTHIHO JPYTHEM
MeXaHE3MaM, 00CY;RHaBIIEMCA UDW HB3JICKEHNE Teopuit mpomeccoB mepesoca. Ecanm
e OKayKeTCH, UTO DJIEKTPOH-IEKTPOHHOE BpEMs pelaKcalum ropasio Ooabme
OCTaNBHBIX BDEMEH peJlaKcanyy (KaK MB YBEARM, OCHYHO 3TO BMeeT MecTo), pac-
cessHmeM MOjEHO Boofme mnpeHe0Opedp ® COBEPMEHHO CHOKOHHO DOJB30BATHCS
MOJeJIbI0 HE3aBUCHMEIX 3JeKTPOHOB; HeoOXOAVMO YUWTHBATH JUINL USMEHEHNE
BuAa saBHcmMocTH 3Heprum ot k 3).

Mosxso 6bu1o 651 HapBEO LIPEANIONORATE, YTO YacTOTa 9JIEKTPOH-3JA€KTPOHHOr
paccegHENA A0JHA OHTH O9eHBb BEICOKOM, MOCKOJBKY faje NIDM HaJuuld 9Kpaun-
POBKN KYJOHOBCKOE B3aMMOMEHCTBYME OCTAETCS NOBOALHO CHAbLERM. OnHako Ha

1) s ®AEKTPOHOB, DHEPTHSA KOTOPHX CHABHO OTAMIAETCHA OT 3Hepr: u Mepmm, cupaseprn”
BOCTB Ipe/icTaBieHAA O HE3ABACUMEIX 3JeKTPOHAX JOKa3aTh He yaaercd. K cuacrpio, KaKk MH Buje~
ag B ra. 2,12 m 13, 6oasmuECcTBO HauGosee HHTEPECHHX DJICKTPOHHEKX CBOYCTB METAJNa OIpese-
JIAeTCS TeMM SJEKTPOHAMH, 3HEPruyM KOTOPHIX JesKaT B muHTepBade kg T BOnusu smeprum (Qepmu.
OpBako DIEKTPOH-PJIEKTPOHHO® B3aMMOMECTBH® MOKET OKAZHBATH CYIIECTBEHHOE BJMAHIE
Ha Teé XapaKTepUCTUKM, B OPMUDOBAHME KOTOPHX APHHMMAKT yYacTHEe YPOBHH, HAXOJAMUECsE
ropasgo HEME HJH TOpasfo Bume sHepruy Depmum (mamprmep, FA MATKOE PEHTT@HOBCKOE H3Iyde-
Bue, goroadderT mau ouTAYECKOe MOTJIOMEHue).

2) Mu OTKAAfHBaeM IOKAa oOCY:KJE€HHE BOOPOCA O TOM, MMEET JH CMHCHI BOOGI® TOBOPHTH
00 (OHO?JIEKTPOHHHEX YPOBHAXY NOCJe BKIIOYCHNA BaammofiehcTeua. (omeuno, 810 — peATpainb-
Hag OpobjeMa; MMEHHO IOSTOMY PACCY:KIAEHHUA CTOJAb TOHKH.)

) Kpome TOTO, CilefyeT YYIHTHBATH JOBOJLHO TOHKOP HBMEREHHe NOAX0[A, CBI3AHHO®
C BEJleHHeM «KBa3muacTuIp (CM. HHMKe).
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TOMOMb 31€Ch IPUXOMNUT NPUHNUN 3ampeTa Ilayan, KOTOPE 3HAYUTENBHO YMEHbIIA-
©T YaCTOTY CTOAKHOBEHHA BO MHOTHX HHTEPECYWHIMX HAC CIydadAx. OJTO HMeeT
Mecro, eClIH OTKIOHEHHWe pACIpefeeHHUS IEKTPOHOB OT TEPMOTUHAMUICCKH PaBHO-
BECHOTO HE3HATMTENBHO (KaK B afderrax mepeHoca, obCymmasmuxca B ria. 13).
Yrofs OPOMIIOCTPEPOBATHL BiUsgHWe OpmHIUNa [layam Ha 9acToTy paccesHus,
Openoa0KuM, HAaupAMep, 4T0 N-3J6KTPOHHOE COCTOSHHe LpefCTaBiasgeT Co00R
amonuenHyn cpepy Depmm (TepMoiuHaMudecKoe paBHoBecue mpm 7 = () maioc
0ZEH BO30YXICHHHHA BIOKTPOH Ha YPOBHE ¢ sHeprued &; > € p. Urobnl aroT
9JeKTPOH HCOHTAN paccesdHHe, OH MOMKEH IPOB3aMMOAeHCTBOBATL C BIEKTPOHOM
¢ pHeprueit &,, KoTopas [MOIKHA OHTL MeHbME & p, TOCKONBKY B3aHATH JUNTH
9JIEKTPOHHEIE YPOBHU ¢ pHepruaMm HmKe § p. Coraacao upmununy Ilaymm, mocie
PAaCCessHHS 3TH JBA 9JICKTPOHA MOTYT HepelTH JHIIb HA He3aHsmule YPOBHH, SHEPTUH
KoTophix €, m &€, MomKHH OHTh mo3TOMYy Goabme &€ p. Tak, JOMKHO BEOOTHATE-
¢l caelyiollee YCIOBWe:

€, <€p E>€p & >8&p (17.61)
Kpome Toro, ma 3akoHa COXpaHeHUS 3HePIWH CIeLyeT, UTO
81 '-{— %72 == 53 + 5‘4. (17.62)

Ecinu sueprusa €; B TouHocTH paBua €& p, ycuaoBua (17.61) m (17.62) mory
‘OBITH BHIIOJIHEHH , IAMWb ecau &,, €, u €, paBHE TOYHO & p. Torza paspemenHLe
BOJIHOBHIE BEKTOPH BTOPOrO, TPETHEr0 M YeTBEPTOro HIEKTPOHOB JEKAT B ofnacTm
k-mpocrpancTBa ¢ nysegum 06vemon (T. e. Ha moBepxHocT (DepMmu) M, cleToBaTeNb-
HO, MAI0T MCYE3AMMe MaJHi BKIAJ B MHTErpassl Ajis MOMEPEIHOT0 CeIeHUS ITOr0
npomnecca. Ha sA3pIKe Teopun paccesHns B TAKOM CJIydae roBOPAT, ITO MJIA HOJOGHOTO
mporecca HeT gasoBoro oGweMa. [103TOMY 6pems scU3HIL IAEKMPOHA HA NOBEDIHOCIU
Depmu npu T = 0 pasno 6Geckoneurocmu.

Ecnu &, HeMHOro OoTIHMIAaeTCA OT & p, ¥ STOTO IMPOIECCA HOABIACTCA HeHOIb-
moH paspemeHHHH 00heM B (asoBOM IPOCTPAHCTBE, IMOCKOJBKY Apyrue TPU DHEp-
MO Tenepbh MOTYT M3MEHATHCA B ClIoe MUPHMHOX mopanka | é; — & p | BOausu
mosepxHocrn Pepmu, ynosierBopsasa ycmosuam (17.61) m (17.62). 9ro mpusopmr
K JacToTe CToAKHOBeHuH mopsagka (€; — &€ p)®. 37ech Mbl EmMeeM KBaApaTHIHYIO,
a He KyOmYecKylo 3aBHCAMOCTH, u0o, 3afgaB &, m &, B mHTepBaje paspeMmIEHHBIX
9Hepruil, MBIl B CHIY 3aKOHA COXpPAaHEHHA HHEePLUH yrKe JMIMAaeMcsa cBOOOIE B BHIOO-
pe &,.

Ecau snexrpor Bo3OymIeH Ha (oHe TepMOIMHaMMYECKM DPaBHOBECHOIO pac-
OpefleNeHAs MpW OTIXYHON OFf Hyxs Temmeparype I', a He Ha (0He 3alOJHEHHOR
cpeprl Depmu, 10 B cioe mupunoit k57T 0koI0 & p UMEIOTCA TACTUIHO BAIOJHEHHHIE
yposum. ClemoBaTelbHO, DHEPLHMH MOTYT OTIMYATHCHA HA BeawduHy mopsamka kT
‘0T 3gaveHuil, ymoBiaeTBopAnmux ycaosumam (17.61) m (17.62), mosromy name mpm
€, = € gacrora paccesHus mnpomopumoHambHa (kpT)%. YuurmBam oba dakropa,
MOKEO 3aKJIIOUATH, 4TO HpH TeMoeparype I wacTora paccesunus 1/T qas sieKrpoHa
¢ sHeprmeit €, BOnusu mosepxuocrd DepMu 3aBUCHUT OT ero »HePIUHM W OT TeMIIepa-
TYPH 0 3aKOHY

L0 (8, —En)2 L b (kTN (17.63)

rie rosdpPunmentn ¢ m b ne zaBucar or & u T.

ITosToMy BpeMss KMBHH aIeKTpOHA, 00YCJOBJEHHOE 3IE€KTPOH-3ICKTDPOHHEIM
paccesHmEM, MOMKHO CEJIATH CKOJBL YIrOgHO OOJbmHM, HepexofA K JO0CTATOTHO
HUSKUM TeMOepaTypaM ¥ pacCMaTpHUBas 3J€KTPOHH, JesKallue JOCTaTOYHO Oim3ko
& noBepxuoctn Depmu. TToCKONBKY AN 3M€KTPOHH U3 MHTepBada mMupmHOR kT
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BOan3u oHepruu PepMm CcymecTBeHHO BANAIT Ha OOJBIMMHCTBO HM3KOIHEpreTHYe-
CKUX XapaKTePHCTAK MeTaya (HIKelesKamde DJIeKTPOHH «BMODPOMKEHED), a YHCJIO
BEIITEJIE/KAIMAX HIEKTPOHOB HmpeHeOpesRUMO MaJo), HolydaeM, YTo IpefcTaBlisdiommee
¢m3nuecKkmit MHTEpeC BpeMsA peJIaKCAIWHM AAA TAKHX 2J6KTPDOHOB M3MeHSAeTCA Kak
1/T2.

Urobpr x0T W rpy6o, HO KOJIMUECTBEHHO ONEHHTH BeJIMUNHY BPeMOHH ;KU3HH,
OymeMm paccyxmarth caefyiomum obpasom. [lomycerum, 4To TemImeparypHas 3aBHCH-
MOCTh BpemeHu T meiaukom ofycioBieHa muoskmreaem 1/7%. Vexoms us dopmyn
HU3Mero HOAAKA TeOPHH BO3MYIeHW# (GOpHOBCKoe HpHOImKeHHe), cIeflyeT OKH-
[aTh, 9T0 T Oy/IeT 3aBHCETh OT JJEKTPOH-3JEeKTPOHHOIO B3aumMofeHcTBUA depes
KBazpaT ¢ypbe-ofpasa morennmaia Bzaumopeiictusa. Obcymuenne sdpdeKToB 3Kpa-
HAPOBAHWA MONCKA3HIBAET, YTO MAJA ONMEHKHW BEJWINHE K03QPuImeHTOB (Qyphe-
PasiojeHus MOKHO MCHOJH30BATh dKPAHUPOBAHHHE HoteHnuan Tomaca — Pepmn,
JUIA KOTOporo Bce Qyphe-rkooddunuments He npesbimaror 4me®/kE. Tloastomy mpen-
NOJIOKUM, 9T0 3aBHCHMOCTh BPEMEHH T OT TEMIEPATYPH ¥ 3JIEKTPOH-3JIeKTPOHHOTO
B3aUMOleicTBUA GymeT MOJNHOCTHIO yYTeHa, eCiau HaIuCaTh

1 bre? \2
TN(k,g,T)Z( ’A‘%" ) (17.64)

Ilonwsysace Bripamenmem (17.55) mas k,, MOKHO IpelcTaBuUTh 3TO COOTHOIIEHHE
B BHJE

ni2he \ 2
L~ (kT2 ( m:F ) (17.65)

s oupemenenna KosdduiumeHTa NPONOPIMOHANBHOCTH MHl MOMKeM mpumber-
HYTh K QHAJIW3y pasMepHocTeil. B mamem pacmopsuKeHHE oCTaluch JUIIs HE 3aBH-
cAmue OT TeMIepPATYPHl BeJIWYMHE, XapaKTepusyOIlue ra3 HeB3aWMONEHACTBYOIUX
9JIEKTPOHOB, a UMeHHO kp, mu K. Ymuomus (17.65) Ha m?/A?, monyaum Beawauny
C pa3MepHOCTHI0 00paTHOrO BpeMeHH

1 4 (kpT)
=452l (17.66)

Ilockoasky us kg, m ® 7 Hexb3s HOCTPOMTH HWKAKNX 0e3pa3MepHHX BeIUYWH,
(17.66) ecth enMHCTBEHHOe BOBMOMKHOE BEIpaskeHuwe. BespasmepHoe uncio A Gyaem
cunTaTHh BaKJIIUYEHHEIM B uMHTepBasie or 1 mo 100.

ITpu wommuaTHO# TemmepaType Beawmuwmna k 5T mopsanka 102 »B, a & cocras-
asgeT OOKYHO HECKONBKO 3JaeKTPOH-BoabT. Ilooromy (kpT)%/ € r umeer mopamox
101 3B, gro naer Bpems ;xkus3EN T mopaaka 10-° ¢. B ra. 1 My Bufenm, 970 THOAY-
HEle BpeMeHa peJIaKCcaIllil B MeTaJllaX IPHM KOMHATHOH TeMIepaType OKa3HBAIOTCA
nopsanka 1014 ¢. Orcioga MOKHO cHenaTh BHIBON, YTO IPW KOMHATHOH TeMmeparype
9aCTOTa BIEKTPOH-2JIeKTPOHHOrO pacceanmsa B 10* pas MeHbme 9acTOTH paccegHns,
o6yclI0BIeHHOTO TIABHEIM MexaHU3MoM. llomoGHHIA MHOKATENHh JOCTATOYHO BEIUK,
9106k 3aBeffoMo nepexphBaTh omubky B 10—100 pas, KoTopas BmoJgHE MorJa
8aKpacThCA B Haml rpyOHIA «pasMepHOCTHEI® aHANW3; IPE KOMHATHON TeMHmeparype
3JIeKTPOH-2JIEKTPOHHOE paccesHue B MeTaiuie, 0e3YCIOBHO, He HIpPaeT 3aMeTHoH
poian. IJoCKOTBRY 9JEKTPOH-2JE€KTPOHHO® BpeMs pelaKcalliym BO3PacTaeT Kak
1/T? ¢ DoHMKeHHMEM TeMIepaTypH, BIOJHE BepPOATHO, YTO OHO He HMeeT 3HAYeHM
Ipu BCex TeMmepaTypax. Bo BcAROM cayuae, Jpmb I1epexofA K OYEHb HUSKHAM
TeMOeparypaM (4TOGE M30aBUTHCA OT TEIIOBOTO paccessiHUA Ha KoJebaHWAX pemer-
KHN) W HCUOJIB3Ysd 04eHb UucThe 00pasisl (4ro0b m30erKaTh paccesHHA HA MpuMe-
€AX), MOMKHO HaJeATHCH 00HAPYKUTD 3PPEKTH HICKTPOH-3IOKTPOHHOTO PACCeAHNA.
Iloka uTo MMeIOTCA MDD HepBHeE YKA3aHWA HA TO, 9TO HPHM HOXOGHHX SKCTPEMAlb-
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HHX YCIOBHAX AEACTBHTENHbHO BOSMOMKHO Habniofnerme ') XapaKrepHO# 3aBHCHMOCTR
puma 712.

Taxum o6pasoM, ITo KpailHeidl Mepe AiA ypOBHeH, JeKaMuX B MATEpPBAJe MUpPH-
Boit kT BOamsm moBepxmoctu (DepMmu, yuer dJIeKTPOH-IEKTPOHHOTO B3amMMOMEH-
CTBUS, HO-BUAEMOMY, He HapymaeT COPaBelJIiBOCTH IPefICTARJIERNA 0 He3aBACAMBIX
saexTpoHax. OfHaKO B HAmMEX pacCyMJeHUAX NMeeTCs cepbedHHiH mpoben, 4T0
¥ BaCTABJACT HAC UePEATH K PACCMOTPEHHI0 BTOpOH, 6ojee TOHKOH YacTH TeOpUH
Jlammay.

TEOPUA ®EPMU-FHUIKOCTH. KBASUYACTUL bI

[MpuBenenubie BHITE pPacCy;KAeHHA TOKA3HBAIOT, YTO, €CAH Npe/iCTABIeHHe
HE3ABUCHMBIX HJIEKTPOHOB SBJAETCA XOPOIIMM IepBHM IpHOIMKEHREM, T0 0 Kpai-
Helt Mepe s ypoBHe#l BOau3u osneprmum DepMu SIeKTPOH-3JIEKTPOHHOE paccesHne
HE Hapymaer 9T0H KapTHWHEBI, Ka)Ke KOTHA B3anmMONeHCTBHE OKABKBAETCA CHJIBHEIM.
Onuako, Korfia SJEKTPOH-DJIEKTPOHHOE B3aMMOJEMCTBHE NEeACTBUTEIBHO ABJIAECTCH
CHJIBGHEIM, TO COBEDHIEHHO He OYE€BHIHO, YTO XOPOIIAM NePBHM NIpubammxeHneMm
Oyner mpubamKeHne He3aBHCHMHX 3JEKTPOHOB, a NO3TOMY HEACHO, MMEIOT Jd BCO
DTH PACCYKLEHNS Kakoe-1m60 OTHONIEHWE K PeaJbHOMY CAydalo.

Jlampgay paspybua roppiueB ysea, OpeANONO0MKHB, YTO OpEACTaBACHEE HE3aBU-
CEMHX 9.€KmpoH06 HeAb3s CYMTATH UPAaBRIABHEM HCXOAHEM nyHKTOM. OH mongepk-
HYJN, OflHaKO, 9YTO OMMCAHHEE BHINE PAaCCYKAEHHS OCTATCA OPUMEHWMBIME, eClIH
B IepBom npubiawKeBEWN CUMTATH HE33aBHCHMHMM HE SJIEKTPOHEI, a 9TO-TO JPYyroe.
On oOKpecTma 3TO «YTO-TO» Keédsuuacmuyamu (Manm keasusiekmporamu %)). Ecam
KBAa3WYaCTHLE HONUUHAIOTCA DPHENEOY zanpera llayam, To UpuUBelleHEHe pae-
CY;K[eHAA COpaBeJJIUBH JJid BUX B TOH 3Ke Mepe, KaK W JJA He3aBUCAMBIX DJIEKIDO-
EoB. Takum o6pasoM, oEHm mpmofperaloT ropasfo Gojee IUPOKYH 001aCTH mpuMe-
HEMOCTH,— HYJKHO JEIIEL 0GbACEATE, YTO TaKoe KBasmuacTuinl. OupefieneEne KBasn-
9aCTHUIH, UpeJNoKeHHOoe JlaHjay, 3aKI0UaeTcs NPUMEPHO B ClelyHOImeM.

Ilycts mpu BRAKYEBEHM 27€KTPOH-BIEKTPOHHOTO B3aWMOMEHCTBUA BCE COCTOA-
HUs CHABHO B3aMMOJelcIBylOmed /N-9leKTPOHHOR cmcTeMH (BWawm xoTa OBl HUIKe-
Jealige W3 HHUX) BOBHHKAKT LyTeM HeNpepHBHOH TpancGOpManmyM COCTOAHWH
cucTeMhbl [V HeB3aWMOMEHCTBYIOIUX SJAEKTPOHOB W HAXOAATCA HOTOMY B OJHOBHAY-
HOM COOTBETCTBHE € BTHMH COCTOAHUAME. UT0o6H 3amaTh Bo30y:KJeHHOE COCTOAHHE
HEB3aWMOJIeHCTBYIOMEH CHCTEMHE, MOKHO YKa3aTh, YeM OHO OTJIMYAETCH OT OCHOBHO-
T0 COCTOSHEA, T. €. DEPEUnCInTh Te BOJHOBHE BeKTODH ky, ko, . . ., k,, IpeBrmaio-
myue kg, KOTOpHE OTBEYal0T 3aHATHIM YpOBHAM, ¥ Te BexTopH ki, ki, ..., kg,
MeEbmpe] kyp, KOTODHE OTBeYalOT HE3aHATHM YpoBHAM J), OumcmBag mnomo0HO®
COCTOSRME, MBI MOKeM CKa3aTh, 9TO 71 DIEKTPOHOB B peayabraTe Bo30yHKAeHUA NOKH-
HYIH OfHO?JAeKTpoHEHE yposHuU ki, ..., kp, a Ha OJIHODIEKTPOHHHX YPOBHAX
ki, . . ., k, mpECyTCTBYeT n Bo30YKIOEHHHX DJIEKTPOHOB. JHeprHs Bo3bymaeHHOTO
COCTOAHWSA paBHA PHEPTHH OCHOBHOTO CocTosHma Liwoc mompaBka & (k) - . . .
co o+ E(ky) — E (k) — ... — & (kp,), rme mas cBoGomHEIX BaeKTPOHOB E(k) =
= h*k?2m.

1y BsammojeficTBUE SJEKTPOHOB APYT € [PYTOM OTYETIUBO HPOABAAETCH IO YaCTOTHOH 3aBm~
CHMOCTH BpeMEeHM peJaKcaluy (B SKCIEPHMEHTaX IO ONTHYeCKOMY IorjomeHnusw).— [Ipux. ped.

2) B pycckoil ¢usmueckoil JuTepaType TePMUH (KBA3HIACKTPOH» He HPHAAT.— Ilpum. ped.

3) BameTum, 9TO, eciiu MH CpaBHEBAeM N-3JIeKTPOEHOE BO30YKIEeHHO® COCTOSHHAe G JV-3IeK-
TPOHHKIM OCHOBHHM COCTOSIHWEM, TO THCJA m U 1 IOJNKHH OHTH ofnHaKkoBEME. OBE MOTYT He COB-
majiaTh, €CIHM MH cpaBHuBaeM BoabGy:kpenaoe coctTosiAne N-3J€KTPOHHOM CHCTEMBI ¢ OCHOBHEIM
COCTOSHMEM CUCTEMH w3 N’ 3IeKTPOHOB. 3aMETHM TAKKe, 9TO, XOTH [ ONUCAHNSA 3allOJHEHHRIX
YPOBHEH MH IIONb3yeMCS SI3HKOM TeOPUH CBOOOJHEIX 3JEKTPOHOB, MHI MOTJM ORI NOBTOPHTH pac-
CYypeRHA RiaaA nopepxHOocTH (DepMu NpPOU3BOJIBHOE (OPMH.
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Jamum Tereph HegBHOe ONpefleJeHWe KBAa3HUACTUIEI, HPUHSB, 9TO COOTBET-
CTBYIOIEEe COCTOSHZE B3AWMONEHCTBYIOMEH CHUCTEMH! — 3TO COCTOAHME, B KOTOPOM
M KBa3WIACTHI B pe3yabraTe Bo30yKIeHUA HOKNHYJIHW YPOBHH C BOJHOBHIMH BEKTO-
pamm ki, ..., kp, a n Bo30Oy)KIeHHEX KBasHUacTHI HPHCYTCIBYIOT Ha YPOBHAX
¢ BOJIHOBEIMEM BexTopamu k;, . . ., k,. MH roBopuM, 4To 5Heprust 3TOro COCTOAHHA
PaBHA SHEPIHA OCHOBHOTO COCTOSHHMA mumio¢ mompaBrka & (ki) + ...+ & (k) —
— &k} —...— &(ky), THe BaBHCHMOCTH 5HeprHH KBasmuacTHOH & or k
B ofmeM ciaydae mMeeT KAaKOW-TO BechMa TPYAHHH JA oUpefleleHHS BHUI.

Komedno, moka He ACHO, HACKOJILKO HEIPOTHBOPEUHBOM OKaMeTCS TaKasd Hied,
HOCKOJBLKY U3 Hee CIefyeT, 9T0 CIeKTp Bo30y:KAeHMil B3anMONeHicTBYIOMEN CHCTeMEl
mo cBoell CTpyKType mopnoGeH CHEKTPY CBOOONHHX DIEKTPOHOB, XOTA YHCIEHHO
¥ orimyaercd oT Hero. OXHAKO MBI MOKeM BOCHOJB3OBATHCH PACCY;KIEHMAMH Hpe-
ORYymMero pasfesa M TOKA3aTh, YTO TaKoe IPeNNONOKeHHe BO BCAKOM ClIydae
HEOPOTABOPEINBO, HOCKOJIBKY €CJHH CHeKTp HeHCTBHTENBHO UMEeT TaKylo jKe CTDYK-
TYypy, KaK U CHEKTp CBoOOJHHIX d/6KTPOHOB, TO B CHay UpmHHuna [layadm B3amMo-
JleiicTBHe MEKAY KBa3MIACTUNAME HE MOJKET CYIMeCTBeHHO M3MEHHTH ee, I0 KpailHeid
Mepe A KBasmdacTun B6amsu moBepxHoctm Depmm.

Jra HesCHas Ujes eme BechMa JaJeKa OT COrJacoBaHHO# Teopuu. B wacrHocTH,
TpebyeTcss 3aHOBO paccMOTPeTh HPaBUiIa IOCTPOEHHMA W3 QYHKOWH pacOopefeseHns
TAKHAX BeJWUYNH, KAK DJIeKTPHUYECKUH TOK M NOTOK Temia,— Befb Temeph MH yTBep-
MJaeM, 970 9Ta QYHKOAA ONMCHBAET KBA3UTACTHIHI, 4 HE DJISKTPOHH. 3aMedaTenab-
HO, 94TO TH IPABUIA OKABEBAITCA OYeHb CXOKHAMHE (HO He HIEHTHYHBIMH) C HOJNY-
YaIOMUMACA B TOM CIy4ae, eCiId OBl MBH UMenm AeJ0 ¢ 3JIeKTPOHAMH, & He C KBas3W-
gactunamu. He nMes Bo3MOKHOCTH JHeTaJbHO paccKasaTh 3[ech 00 3TOM Ype3BHIYAi-
HO WHTEPeCHOM BOHPOCE, MBI OTChUIaeM umTaTeas K paGoram Jlammay [7] m x KHmre
ITa#inca m Hossepa [8], rme npuBeneno Gomee monpo6HOe m3NOMEHHS TEOPHMU.

Ecau cumcrema B3amMopmedcTBYIOMWX 4YacTul, NOAYMAAIMUXCA CTATHCTHKE
Qepmu — lupaxa, AOoNycKaeT ONMCAHMe HA S3KHKe KBA3WYaCTHMI[, TO €€ IPUHATO
HA3HBATh <(HODMaXbHOH (epMm-cmcTemoity. C UOMOMBIO TpoOBeeHHHX Jlampay
CIOKHEIX W OCTPOYMHHX PACCY:KIeHWA, HCHOJBL3YIOIUX METOXH TI'PHHOBCKHEX
¢ysrnmit, ynaercs moKasaTh, 9TO BO BCeX HOPANKAX TEOPHH BO3MYMIEHMI (M0 B3am-
MOMefICTBHIO) BCAKAsA B3amMOAeHCTBYIOMAA (epMU-CHCTEMA ABIACTCH HOPMAJIHHOM.
9To He 03HAYaeT, OAHAKO, 9TO BCE JIEKTPOHHEE CHCTeMH B MeTaljiaXx HOPMAaJbHHI,
IOCKOJBKY, KaK XOPOMmO M3BECTHO B HACTOAMEee BpeMsi, CBepXIPOBOJAMEee OCHOBHOE
COCTOAHME, a TaKKe HEeKOTOpPHe MAarHUTHO-YHOOpPAJOYeHHEE OCHOBHEIE COCTOSHHAS
HelIb3s HOCTPOUTE N0 TEOPUM BOBMYIIEHUH B3 OCHOBHOTO COCTOSHHS CBOGOJMEIX
37eKTpoBOB. MH MOjKeM IO3TOMY JHIMb CKa3aTbh, 4TO, €CaM (epMU-CACTeMa He fAB-
JqAeTcs HOPMaJbHOH, TO OHA, BePOSITHO, AOKHA NMeTh KaKme-To ocolHe, OUeHb
HHTepeCHHE W BajKHLIE CBOMCTBA.

TEOPUA OEPMU-FUIKOCTHI: f-OYHKIIUAA

B saraouenne, JOIyCTHB, 9TO MBL EMEEM [eJ0 ¢ HOPMAJBLHON (epMU-CHCTEeMOH,
KpaTko o0cymmM, Kak 5(PQEKTH 5IeKTPOH-DJIEKTPOHHOrO B3aWMOJEHCTBUA CKAa3bI-
BAIOTCA B LOBelleHHH B3JeKTPOHOB. [ciam chlpaBefsimBO INpeJCTaBIeHWE O KBa3W-
9YacTHIAX, TO OCHOBHOHW B3(eKT 5IIeKTPOH-2JIEKTPOHHOTO B3aEMONEHCTBHA BaKIIO-
9aeTCcsa B M3MEHeHHHN dHeprmi BosOy:mpenus & (k) IO CPaBHEHWIO ¢ WX BHAYCHHAMU
A cBOOOMHBIX BJIeKTPOHOB. JIaHAAy OTMETHJI, UTO BTO 0GCTOATENLCTBO WMEET Bajk-
HOe 3HaYeHHC JJIA Teopmu mepeHoca. Eciam B Meranne cymecTByeT aileKTPUIEeCKUH
TOK WJIH IIOTOK TeIJIa, TO 3JeKTPOHHAA QyHKNUA pacupenenenus g (k) oTamdHEa OT
paBHOBecHO#t f (k). nsa DONIMHHO HE3aBHCUMHIX 3JEKTPOHOB 3TO HE OKA3HLIBAET
BAWAHEA Ha BOJ 3aBHCEMOCTH & 0T k, HO OCKOIBLKY SHEPIUA NAHHOH KBABUYACTHILLS
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CBA3aHA C DJEKTPOH-3JIOKTPOHHEIM B3aMMONEHCTBHEM, OHA BIOJHE MOMKET HU3Me-
HUTHCA OPHU WN3MEHeHWH pacIpefeleHUs APYIUX »JIEKTpOHOB. JlaHZay ofpartax
BHMMaHIE Ha TO, UT0, eCAW QYHKIMA pacupejeseHHs OTINIAETCHA OT PaBHOBECHOH
na Beanmauny On (k) = g (k) — f (k), To B nuneapusoBaHHO# Teopum !) aTo Gymer
OPEBOJUTE K W3MEHEHHWIO DHEPIWyM KBaSWYACTAIHI )

88 (k) = S F (k, k') 8n (K"). (17.67)
<

Hmenno Tak obcromr neno B Teopum Xaprtpu, roe miaa | (k, k') umeercsa
aBHOe Bhpas;keHue 4me?/(k — k)2, B Goaee Tounoit Teopun Xaptpu — Poka ¢ yue-
TOM BKpaHHpOBKU QyHKOEA [ nmena 6n1 Bug 4ne?/[(k — k')? + k2. B o6mem cayuae
HHI OJHO W3 TEX NpHOAMKEHHEX BHPA)KEHWA HEBEPHO, M PACCYATATH TOYHO f-PyHK-
nmo oueHs TpyRHEO. TeMm He MeHee B IpDaBHJIBHOH TEOPAU ABIEHHUI HEePEHOCA CICAYeT
VIUTHBATL cymecrBoBaHme cootHomerusa (17.67). Takaa mporpamma BEIXOUT 3a
pamku Hameit kHmru. Opun us Haumbosiee BKHKIX BEIBOHOB 3aKJII0YaeTCHA, ONHAKO,
B TOM, 49TO JLJISI He 3aBHCANINX OT BpEMEHHA IPOIECCOB f~PYyHKIMA BHIANAET U3 TEOPHHA
mepeHOCa, a NEKTPOH-3JIEKTPOHHOE B3aHMOJEHCTBHE CYMIECTBEHHO JIHINL HOCTONb-
Ky, HOCKOJBKY OHO BIWAET HA JacCTOTy CTOJKHOBEHWH., JTO O3HAUAET, B 9aCTHOCTH,
YTO BAEKTPOH-3JNEKTPOHHOE B3aBMOJEHCTBHE COBEpPIIEHHO He BJIUAET HA CTallNO-
HapHBIE IPOIECCH B MAarHWTHOM IIojie IIPH GOAbIINX BHAYEHHWSX ®,T M TaKue Ipo-
necCH NPaBWIBHO ONKCHBAIOTCA Teopmedl He3aBHCHMBIX JEKTPOHOB. Tak Kak
FMEHHO 9TH IIPOIECCH AaloT Hambojiee MUAPOKYI0 W NEHHYI MHGOPMATINIO 0 HOBEPX-
nocta Depmu, yrazamHoe 00CTOATENBCTBO yCTPAaHAET HOCIeTHHe COMHEHHA B abco-
NIOTHOH NpaBUJABHOCTH TAaKOH MHGOpMALMU.

Xora ana pacdera f-QyHKIUH He CYMECTBYET HAJEKHBIX BHYIMCIUTE]BHEX
METOMIOB, MOYKHO HOOBITATHCA ONpEeNeJuTh, KaK KOMKHO BIUATH CAMO €€ CYIIeCTBO-
BaHUE HA pPAasAWYIHbE B3aBUCANHE OT YAaCTOTHl KUHETHYECKHE XapPaKTePUCTHKHU.
B GoapmmucTBe caywaeB sddert, BUAMMO, MAJ ¥ €r0 OYeHb TPYAHO OTHEIUTH OT
adpdexToB 30HHOH CTPYKRTYpPH. OfHAKO B TocaefHee BpeMsA NPeSIPUHAMAIOTCH
IOMBITKN M3MEPHUTH CBONCFBA, KOTOPHE KPHTHYECKUM 0Opa3oM 3aBHCAT OT f-PVHK-
UM, ¢ TeM 4TO0H Ompe/leNinTh ee 3HAYEHME U3 BKCIepuMeHTta (CM., Hampmmep, [9]).

TEOPUA OEPMU-KUIKOCTH: OCHOBHOE,
YTO CIEAYET 3AIIOMHUTDH

Urax, KapTHHA HEe3aBUCHMBIX 3JEKTPOHOB CKODee BCero cCHopaBedjuBa:
1. Ecau MB wMeeM AeJI0 JUME € JJEeKTPpOHAaMU, JeKallyMi B UHTepBaJjie mUupn-

ro#i kT BOamau € g.
2. Ecan me 3almBaTh, UTO B [EHCTBATEILHOCTH OHA ONWMCHBAET HE IPOCTO

9JIEKTPOHBI, 2 HKBa3WYaCTUIILL.
3. _ECJII/I y4ecTh, 4TO B3aWMONeMCTBHE MOKeT IOBAMATH HA BUJ, 3aBUCHMOCTH

€ or k.
4. Ecnm JOOyCTHTh BO3MOMKHOCTH BKIIOYeHUA f-QYHKUME B TeopHio sddeKToB
nepeHoca %). '

1) JluneapM30BAHHHMY ABJIAKTCA NPAaKTHIECKH Bce IPUMEHSeMHE TEOpUH HmepeHoca.

%) Vmo6ro mckmounth u3 (17.67) BriIax B U3MEHeHNEe SHEPIHM, CBA3AHHHEA ¢ MAKpPOCKONH-
9eCKUM BJIEKTPOMATHATHHIM IIOJEM, KOTOPO® CO3AeTCA TOKAMY M ILIOTHOCTAMM 3apAfa IPH OTKIO-
HEeHIM OT paBHOBecusA; Torna f-PyEKmusa Gymer OnucHBATEH JUb 3¢derTH 06MeHa 1 KOPpeAALUH.
9ddeKTH CaMOCOITACOBAHHOIO IOJNfA YUNTHBAIOTCH OTAEIbRO, OORYEHM 06pazoM.

3) OpnmO M3 BasKEGHIIEX CIENCTBHI §ePMI-HUIKOCTHOTO PACCMOTPEHUA TAKOBO: 9KCICPHMOH-
TaJbHbIE METOJH HCCIEIOBAHEA 3IEKTPOHHOTO YHEPreTHIecKoro cnextpa (mo spdexry me l'aaza —
BaE AnbfeHa, raTsBaHOMATHATHHM ABJISHHAM, IWKJIOTPOHHOMY PE3OHAHCY M T. I.) ONpeJeNAioT
c¢BoficTBa MMEHHO KBABHMYACTHI[, 4 HE HEB3AUMOMEIICTBYIOIUX 3JIEKTPOHOB. — Ilpum. ped.
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3ATTAYN
1. Bot60od ypasienuti Xapmpu us 6apuayu oHHOI0 RPUHUUNA

a) IToxaskuTe, WTO MaTeMATHIECKOE OJKMJaHHE TaMHJIbTOHRama (17.2) B COCTOAHMH BHIa
(17.10) ects?)

=3 { ot (=g Vet U0 @) 0+

1

2
+%Zdrdf’———|rir,, by (01 [y () ]2, (17.68)
=

Ipegnonaraercsa, 9T0 BCe 1P; YHAOBAETBOPHIOT YCJOBHI0 HOPMHPOBKHI Sdr ¢; 2= 1.

6) YunuTHBag yCAOBHE HODMHPOBKM s Kampmol OYHKIMM 1; ¢ 1IOMONBI0 IarpaHsKeBa
MEOUTENA §; u paccmaTpuBad O\; m 8} Kar meszaBHcWMEE BapuanuMu, MOKaMuTe, ITO yCIOBHE
CTAIMOHAPHOCTHA

8;(HY=0 (17.69)
HeNOCPEACTBEEHO OPHBOAMT K ypaBmemnio Xaptpm (17.7).

2. But60o0 ypasuenult Xapm pu—>Pora us 64 puUAUUONHO20 R PUHUUNA

a) Ilokaskure, 49TO MaTeMaTHYecKoe OKHAHMe TaMHJbTOHMARa (17.2) B COCTOSHUM BHAa
(17.43) nmaerca dopmyxnoit (17.14).

6) Ilokasxure, uTo, IPMMEHAS K BHpaxkeHMIo (17.14) onmcammyio B 3apjaue 1, m. «6» upo-
nenypy, MOXKHO HOAyduTh ypaBHeHus Xaptpu—@oxra (17.15).

3. Csoiicmea KYAOHOBCKO20 U IKPAHU POBAHRKOLO KYAOHOECHKO20 NOMEHUUAA06.
a) Hcxona M3 uHTETPaJbHOTO OpEACTaBIeHUA O-QyHKIMU

k i
0= | g (17.70y

& TaKKe M3 1T0r0, 9T0 KYJOHOBCKMH HOTeHUMANX ¢(r) = — e/r;yAoBIeTROpsAET ypaBReruo Ilyac-
COHA

— V2(r) = — 4med (r), (17.71)
AOKasKHATe, YTO NapPHHH NOTEHIMAJ JIeKTPOH-3JeKTPOHHOTO B3anMojeiictTeua V (r) = — ed (r) =
= ¢2/r MOJKHO 3AUHCATH B BHJE
. dk ik-r
V()= S N V (k), (17.72)
rae ¢ypoe-o6pas V (k) maeTcsa BHpaskeEHeM
4me? -
V (k)= k: ) (17.73)

6) Ioxrasxure, uto pypre-o6pas3 sKPaHUPOBAHHOTO KYJOHOBCKOTO BaaumMojeiictsus V, (r) =
= (e2/r) =7 ocTH

41102 -
Vs ()= 3o (17.74)
Has ororo wmopctasbTe (17.74) B mmTerpan Pypoe
Vo= | s oM, @ (17.75)

1)O6parure BHMMaHMe Ha OTPAHMYEHHE | 7= j (HECKONBKO NeAHTHYHOE, €CAM B CyMMY
BxoauT Goupimoe umcio yposmeii). Ilogo6EOe orpamwmuenwe OTCyTCTBYeT B BEIpaskemmm (17.14)
B Goxee ofmeit Teopam Xaprpm—®DoKa, NOCKONBKY TaM NPAMONK M OOMeHHHH WIeHH NpE { = ;
B3aHMHEO COKPAMAIOTCH.
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# BHYMCJHTE 3TOT HHTeTpall B cdepuueckoit cucreme koopaunart, (METerpan mo paamycy ynoGHee
BRYACJIATh KaK KOHTYPHHIL)
B) HMcxopa m3 urpaskenuda (17.74), noxasxure, 9ro V, (r) yAOBIETBOpAET yPaBHEHHIO

(—V34k2) Vg (r) = 4me2d (1). (17.76)

4, IPfhexmuenan macca 6 meopuu Xapmpu—=>Pora e6ausu k=0
llokakute, 910 BOIH3E MHEEMyMa 80HH (k = 0) OJHO3JEKTPOHHAS SHEPrEA XapTpH—
Dora (17.19) kBappaTMuHa 1m0 ki

R2k?

e
m* 1
m 140,22 (rlag) (17.78)
3. Pacuem aundxa pdoecroii fynruuu omrauxa
Vcnoapsyss (opMynay HepBOTO HOPSAKA CTAINWMOHADHOR TEOPHH BOBMYMIGHHHK
1
=P8 St o (42, V) e, 17.79
V=%t 2 %, — %, (s V) b ( )

Kk’
#1 3alHEChIBafd IJIOTHOCTH 3apAna KaK

P ()= —e 3] ficlPy (912 =p° (1) +p1n (1) (17.80)

{rme fx — paBHOBecHoe pacupefienenwe (Depmu), NOKAKATE, ITO B INEPBOM NPUGIMKEHHU IO
fIONHOMY IIOTeHIHANyY ¢ ¢ypbe-o0pa3 MHIYNUPOBAHHOIO 3apsna eCTh

: fx—q2—1
p"’"(q)=—e’j = e ¢ (@ (17.81)

{Torma ypasmemne (17.56) cnepmyer ms ompefmenerus (17.37) Bemmaunmnt Y (q).]
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IIOBEPXHOCTHBIE 3®®ERTDHI

PABOTA BBIXOOA
KOHTAKTHA{A PA3HOCTH IIOTEHIIMAJOB
TEPMOQJIEKTPOHHAA 9MUCCHUSI
ANDOPARIINA MEOJEHHBIX 3JEKTPOHOB
UOHHAA MUKPOCKONINA
9JIEKTPOHHLIE IIOBEPXHOCTHLIE YPOBHHU

ITocroabKy mHac WHTepecoBajam TJIABHEM 00pasoM 00beMHEE XapaKTepHCTUKI
MeTalJaa, Mbl He YIHTHBAJIN HAaJAWYMS MOBEPXHOCTeil m paboTanm ¢ MIeaus3upoBaH-
HOM MOfenbi0 OeCKOHOTHOTO KPUCTalia 1). ITo MOKHO ONpPABAATH TeM, 9TC B THOAY-
HOM II0 CBOMM pasMepaM MaKpPOCKOUHMYEeCKOM KPUCTAjlile, COMep/KaIllleM IPUMEepHO
10%% atomos (mo 10% aTomoB Ha mimHEe KaKmo# cTOpoHH), aumb ofmH u3 10% aromon
ae;kuT BOJM3N HTOBEPXHOCTH.

OrpaHn9IuBafAChH PACCMOTPEHHEM JUIb O0BeMHBIX XapaKTePUCTHK, ME He Kaca-
emcsa npuobperatomeit Bce Gojiee BajkHOe 3HaYeHHe (PMBWKN IMOBEPXHOCTHHX SBJE-
HOd, 3aHATOR m3ydeHmeM TakuX 5PPeKTOB, KAK KarTaau3 WIH POCT KPHCTAIIA, NIA
KOTOPHIX PEIIAOITYI0 POJb UI'PAeT B3aUMONeHcTBNe HOBeDXHOCTHHIX ATOMOB C aTOMa-
MH, YHADAOIUMACA o moBepxuHocTh. [JocKonbKy OOBYHO MUKpOCKOOMYECKAs
CTPYKTYpa HMOBepXHOCTH KpadiHe HeperyiafApHA W ee HKCIEePUMEHTATbHOe ompefele-
HAe HATAIKHBACTCA HAa CEPbe3HHIE TPYAHOCTH, (U3WKA IOBEPXHOCTHHIX ABJIEHHH
OYeHb CJOKHA — B3[ech HOT TAKOr0 IIHPOKOTo BhOOpa HPOCTHX, NONYCKAIODIUX
SKCIepUMEHTANBRYI0 OPOBEPKY Mopeinedf, Kak B (uauke OOBEMHEIX CBOHCTB TBep-
moro texa. [Tostomy mase B macTosmed TiaBe MH He CTAHEM PACCKABHBATH O IOKOG-
HEIX HOBEeDXHOCTHHX ABJIEGHHAX, 4 JUMb OIPAHNYMMCH ONHACAHAEM PHAA BAMKHKIX
METOIOB DKCIePHMEHTAIBHOTO OIpEeNle]eHns CTPYKTYPH IOBEPXHOCTH.

Onmako fMayge Korga HAC HHTEPECYIOT MG o0beMHHE CBOHCTBa, HaAM BCe
paBHO HPUXOLATCA MMETH /[eJI0 C MOBEPXHOCTRIO 1P HEOOXOMMOCTH OIHMCATEH HKCIe-
PHUMEHT, CBAB3AHHHIN ¢ y[AajJeHHWeM 9JEKTPOHA U3 MeTallia (HAOpHMep, H3MepeHue
HAUPKEHAA HOCPeNCTBOM BOABTMETpa). XOTA BHAYANE SJEKTPOH PACHOIO0KEH
B riybune meranna, Tpedyemas HAs ero U3BJAeUeHWs SHEPrAsA BCerfa 3aBHCAT He
TOIBKO OT YCIOBUil B 00'beMe oOpasna, Ho ¥ OT MOBEPXHOCTHHX YCIOBHi. ITO IPOMC-
XOUT MOTOMY, 4T0 BOAM3M HOBEPXHOCTH BO3HHKAIT OTKJIOHEHHA B paCIpefeseHUH
BIEKTPOHHOIO 3apsAfa, KOTOpHe BBuAy 00JbImIOro pajdmyca XeAcTBHA KYJOHOBCKOILO
B3aMMOReHCTBAA BIAUAIOT HA DHEPTHUIO YPOBHEH BHaxm or moBepxHocTHm. [logo0HBEIME
adderramu 00BACHAIOTCA ABJIEHAs KOHTAKTHOR PasHOCTH MOTEHOHAJIOB (CM. HIKE),
TEPMODICKTPOHHOR DMuCCHN (MCHAPEHUS 3JeKTPOHOB W3 METajda IpHW BHICOKHX

1y Mas ygobersa BmuiucaeHuii BMecTO (GeCKOHEIHOO TBEPJOro Teda OOHYHO MOMAB3YIOTCH
NePUORNIeCKH MOBTOPEHHKM KPUCTAIIIOM, KOTOPHII OMICHBACTCA IPAHMIHNMA YCJIOBHAMUA Bop-
ma — Hapuama.
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TeMOepaTypax), & Takme (QOTosneKTprdaecknil adderT (BhIOuBaHHEe 9IEKTPOHOB
magaomuMu QOTOHAMM) W BCe JAPYIWEe SBJIERNs, B KOTOPHX BJIEKTPOH IOKHUJAET
TBepAOe Texo UIu IepeXoiuT U3 OFKHOIo TBEPHOTO Telia B Apyroe.

B omucanmm Takmx sABaeHmil pemalomyio pPoJb UTpaeT padoma 6uxoda, KOTOpast
OnpefeNAeTCs KaK MUHUMAJNbHAs dHepTus, TpebyeMas, YTOOH u3BjIeYb JJIEKTPOH
W3 TBEPLOTO TeJa W IOMECTHTL ero BOAmM3W OT HoBepxHocTm. «BOamaum» osmawaer
37ech paccrosHme, Goabmoe Mo ATOMHHKM MacmrabaMm, HO Majoe M0 CPaBHEHUIO
¢ NUHEMHHIMHE pasMepaMu KpuCTajiia; Sosmee moupobHo aTo ycaoBue Gymer chopmy-
JRPOBAHO HUKE.

BJINAHNE TTOBEPXHOCTU HA SHEPI'NIO CBA3N 3JIEKTPOHA,
PABOTA BBIXOJA

Uro6n UpomeMOHCTPUPOBATH BIWAHMEe LOBEPXHOCTM HA DHEPIHIO, KOTOpaA
TpefyeTcs IS YAAJEeHHS DIEKTPOHA, CPABHEM NEPHOAMYECKME NOTeHImMan Oec-
KoHegHOTro Kpucraima Unf(r) c¢ moremmmasnom Ufin (r), durypupynomem B omgHo-
puIeKTpOHHOM ypaBHeRMu IllpeAmurepa Nis KoHedHOTO 00pasua TOTO jKe MaTepuasa.
Hist upocrorel 6ymeM pacCcMaTpuBaTh TOIBKO KPHCTAJIB KyOHYECKOR CHCTEMEI,
obafalomue CMMMeTpHIeH OTHOCUTENbHO MHBepcuu. B GeckoneyHOM (MM HePHOTM-
YecKM MOBTOPEHHOM) Kpucraiie moTewmmai UM ofpasyercs Kak cyMMa BRJIANOB
OT BCEX BJeMeHTapHEIX gieek Bmruepa — 3efiTHa ¢ neHTpaMm B TOYKAX PEIIETHH

Uint(r)= > v (r—R), (18.1)
R
rjge
4 ’ 1
v(r)=—eSdrp(r)—!r—_T,-l—. (18.2)
C

Wrrerpuposarme B (18.2) Bemerca mo sdeiike Burmepa — 3eiitma C ¢ menTpoM
B HAYaJjle KOOPAMHAT; p (I) — CyMMapHas INTOTHOCTH 3apAla 3JIeKTPOHOB M MOHOB 1),

Ha paccrogHusx OT sAveiiky, 6ONBMMX II0 CPAaBHEHHUIO C €€ PasMepaMu, MOKHO
BOCIIOJIH30BATHCA MYJIBTAIOJBHEIM PABJIOKEHHEM, NPUHATHM B 3IEKTPOCTATHKE,
A 3a0ACATH

1 1 4 1 1 ’ 1
T =T V) A (V)R =
1 I"-; 3 (r’.;)2__r’2 1 ro\3
=+ ST 0 (), (18.3)
moxydas B pesyabTrare
1
v(r)=—e (). (18.4)
rje
Q= S dr'p (r') (18.5)
¢
€CTh IOJHEI 3apag B Auerke, a
5 dr'r'p (r') (18.6)

— ee ODOJHHH JAMITOJBHBIA MOMEHT.

1) CnegopaTenbHO, HOJ OHOIMEKTPOHHHM ypaBHemwmeM IllpefuHTepa MBI TTOHHMAaeM 3JieCh
cAMOCOTJIACOBAHHOe ypaBHeHme XapTpu, paccmoTperHoe B ria. 11 m 17.
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IlockonbKy KpuCTaJJ bIeKTPUYECKH HEATpPaleH U ((r) BMeeT HepHONAYHOCTH
pemeTky Bpasa, Kaskaasa pieMeHTapHAA sUefika NOIKHA TAaKKe OBITH BIEKTPHIECKH
meliTpanbHOM, a, ciegoBaTensHo, @ =0. Kpome Toro, B KpumeTasie ¢ HEHTPOM HHBEP-
cHY TONHBH ANOOABLHEI MOMEHT svueliku Burmepa — 3eitna pase Hymo. B cmiay
KyOmuecKol cumMMeTpum paBen Hyxio ) n kKooddmnuent mpm 1/r® (KBagpymOABHEIMA
NOTeHImAJ), a MOCKOJIbKY CHMMETPUs OTHOCHTENBbHO WHBepcuu Tpefyer obpalieHusn
B HYJIb Ta¥me u Koaddwmiuenta npm 1/r%, MBI MOMKEM BaKNI0UATH, 9TO BKJAJ, AYEHKA
Burrmepa — 3eiiTua B motennuax v (r) ogens Grcrpo (kak 1/r%) cmapaer Ha Goasmux
yRAalleHnAX OT sa9efiku.

IlooTomy siuelikm, pacmodoeHHEE JaJeKo (0 aTOMHHM MacmTabaM) oT TOYKH
r, TaI0T OpeHefpe:KuMO Maunil BEaag B moreHumax U™ (r), m o xopomo anmpo-
KCHMHPYETCS CYMMOH BKIAJ[0B A9€€K, YAAJEHHEIX JWIIb Ha HECKOIBbKO NOCTOSHHBIX
PEmeTKEH OT TOYKH T.

Paccmotpum Temepsr Koumeunmit kpumcrtand. Ilycrs MOHE pacmoNOMEHB! TaKUM
o6pasoM, 4TO 3aHUMAKT HEKOTOPYI KoHeunywo obmacts V pemerkm Bpass Gecko-
HEYHOTo Kpumeraiiaa. [IpeimonoskuM, KpPOMe TOTo, YTO IJIOTHOCTh 3JIEKTPOHHOTO
3apsfa BO BCex Adeiikax Buruepa — 3eiiTua, majke B6Am3m mOBepXHOCTH, BCeria
OJWHAKOBA W WMEET TOT yKe BWA, 9TO U AiA OeCKoHeuHoTo kKpucrasna (fur. 18.1, a).
Torma kampmas saHaTasg gYeliKa IO-Ipe;KHEMY JaeT B HoTeHNuwan BEKiaajg v (r — R)
¥ CHOpaBeNJUBO COOTHOINCHHE

gt (r)=R§;Vv(r——R). (18.7)

Ecnu 651 pesyabrat (18.7) Obl1 BepHBIM, TO B TOYKaX I, PACIOJIO0KEHHEX BHYTPH KPH-
crajna ¥ Jajexo (I0 ATOMHBIM MacmTafaM) OT €ro HDOBepXHOCTH, HOTEHIHasI
Utin(r) ormgaxca 65 or UM (r) TonbpKO U3-3a TOT0, 9TO B KOHEYHOM KPHCTAJLIe OTCYT-
CTBYIOT A9edKN ¢ HeHTpaMU B KakuX-To Togkax R, ypanernnwx or r. [Jockonsky BRiag
TaKHX fA9€eK B MOTEHIUAJ B TOUKE I HpeHeOpeRAMo MaJl, B TOYKaX I BHYTPH KPHUCTAJ-
a4, OTCTOAMPX OT MOBEPXHOCTH 60j1ee WeM HA HECKOJbKO HMOCTOSHHHIX pEMIETHH,
moreHnmaja Un mpakrmueckm yme HEBO3MOKHO OBburo OB oTamumTe or UM (),
TloMnMoO TOTO B TOYKAX T, KOTOPHI® JIe;KAT BHE KPUCTAJLIA M YAajdeHH OT 6ro HOBepX-
HocTH Gojlee 9eM Ha HECKOIBKO IOCTOSHHBIX pemeTkH, moreBnmax UNR (r) 6w Gu
npeHe0pesRUMO Maj u3-3a OHICTpOro (mpomopmmoHadbHO 1/r°) cmamamus BKaamoB
B UIn o7 RasKpoil 3aHATON MOHOM AuedKm B KyOmueckoMm kpumeranne (ur. 18.1, 6).

ITosToMy sHeprusa HAWBEICIIETO 3AlIONHEHHOTO HJIEKTPOHHOrO YPOBHA B raybume
Kpucrajjga ocTaBajach O paBHOH smeprum Pepmu & r, paccumTaHHOM /A HAEANL-
Horo 0eCKOHEYHOTO KpHUCTajjga ¢ HepuoAmdeckmM moteHumanaom U™, KHpome Toro,

1) 9r0 cuepyer us TOrO, 9TO HMHTErpal S dr'rir’p (') nommen ofpamartscs B HYNL OpH
c
i 5= j U J0MKReH PABHATHCS CBOGMY CpPeJHEMY 3HAYeHHIO /g Sdr'r’zp (r") mpu i = j. Iloatomy

HnepBOe cjaraemoe B HHTerpaje
3('-r)2  r2
’
Sdr [-————-rs —0 p(r)
¢

COKpAmaeTcsa ¢O BTOPHM.

Ecay KpECTaWI He mMeeT KyOMYeCKOil CuMMeTpu¥, Hamy O0mmme BEIBOJEI HE MEHAKOTCH, HO
TOT/ia TpebyeTca yHeauTs ropasyo 6olipIiee BHNMAHNe KBAAPYHOnsEOMY aineny. Cama 3aBHCEMOCTD
Bufa 1/r® eme EHe maeT pmocTaTowHO OHICTPOrO CHAJAHMA ¢ PACCTOAHHEM, YTOGH TapaHTHPOBATEH
OTCYTCTBHE B3aMMHOTO BJIHAHZA OTHAJCHHEIX A90€K, DOBTOMY TPHXOIUTCH YINTHBATh TaKKe
1 YIOBYI0 3aBHCHMOCTH KBaAPYNOJLHOTO IOTeHIMaka. ITO JIeNaeT PACCMOTPERHe TeXHHIeCKH
GoJsree CIOKHENM ¥ NPEJIPHANMATE €T0 B HAMIHUX IEJAX He MMeeT CMHICJA.
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HAWHHUBIIAA HEPTHsA DJIEKTPOHHOTO YPOBHA BHe KpHCTaiIa GEula GH paBHA HYJIO
(mockoapKy motennuan UfincrpeMurcs K HYJII0 CHAPY:KHM KPHCTAJia, a KHHEeTHde-
CKYIO BHepTHI0 CBOGOIHOTO 3IEKTPOHA MOKHO CHeNaTh CKOIb YyrogHO Madmoi). Ilo-
aToMy, ecin 651 He GBLTO MCKa3KeHHUH pacnpefieNeHUs 3apANA B MOBEPXHOCTHHIX Adeii-

P
Q

U=-eg
d

@ur. 18.f. ¢ — WIOTHOCTH HIEKTPUUECKOrO 3apsga BOIH3H MOBEPXHOCTH KOHEYHOTO KPHCTAaLJIa
B OTCYTCTBHE MCKAayKeHHI s9eex BGIMBH IIOBEPXHOCTH.
II10THOCTH MB06PAKEHA BIOJL JUHUYE UOHOB, BePTHKAJIHHBIMM IITPUXOBHMH JIMHAAME HOKASAHE TPAHMIIEL SUEEK .
6 — Qopma KPHCTAIIMYECKOTO TIOTeRNAana [/ (MM JIeKTPOoCTaTHUeCKOro IoTeRnuana ¢ = — Ule)
BAOJD TOH JKe JIHHIHM.

Ha GoapnioM paccTosHuM OT Kpuctaana U u ¢ mamaioT K0 Hydas. JHepraa depmu (OTpUIATENbHAA) OTMEYEHA HA
BEePTHKAJBHON oOcW. 3amTpuxOBaHHAA OGAACTE HIHKE sHeprud DepMM YCIIOBHO u300pakaeT 3arOJHEHHBIC JJIeK-
TpOHHbIE YPOBHY B Meraiuie. IIOCKOIBKY HAMHMBIINE 3JIEKTDOHHBIE YPOBHY BHE METAJIA MMEIOT HYJEBYIO 9HeD-

TUIO, OJA YOAJNEHHA JJIEKTPOHA U3 MeTallla eMy CIeNyer coofwurh sHepraw W = —ygF,

KaX, MAHUMAJAbHAS dHePTH, HeoOXoguMasn A IepeMeleHAA 9IeKTPOHA U3 TIYOHHE
MeTania B TOURY CHAPY/KHE MeTajia BOIE3HM ero HOBePXHOCTH, Onura Gul paBHA 1)

W=O—8F=—SF. (18.8)

1) TToCKOJBKY 3JEKTPOHK YAEPKUBAIOTCS B METAJLIe, [ UX U3BIeYeHUs HOO0OXONIMO COBep-
AT BEKOTOPYIo pafoTy; cieoBaTeNbHO, dHEOPIUs §p JOIVKEA GHTH OTPUIATENBHON. ITO HE IPO-
THBODEIUT TOMY, YTO B TEODHE CBOGONHHX 3JIeKTPOHOB MEI cunraeM &z = h?k%/2m. Ilpocto

B TEOPHUAX, NpegHA3HAYCHHBIX NJAA pacdera 00beMHBNX XapaKTepUCTAK U HCHOOIL3YIOMUX MOZEJ]Ib
GeCKOEEIHOr0 MeTalia, BHOOD aJMTHBHON MOCTOAHHON B SJAEKTPOHHOH DHEPTHU OCTAETCA COBEP-
OICHHO IPOU3BOJIbHEIM; MK (AKTATIECKH COBEPIININ dTOT BHOOD, MOJOKUB PABHOI HYNI0 SHOPTUIO
HAWHUBITET0 2J6KTPOEHOTO YpoBHA. [Ipu TakoMm BHOOpe, ITOGH 3JI€KTPOHH YAePKABAIACH BHYTPU
MeTasllia, TIOTeHIHAAbHAA DHEPTHA HICKTPOHA CHAPYKE KPHCTAJIA AOMKHA OHTHL GOJbIION I0J0-
JKETEIbHON Bednanuoll (6ousme €y). B HacToAmeR riaBe Mbl, OJHAKO, BOCIIONL3OBAIMUCH TPA/HA-
HUOHHKM B DJISKTPOCTaTHKE BHIGOPOM ANIUTHBHON HOCTOSHHOH — IOTeHINAJN CIHTAETCA PAaBHEIM
HyI10 Ba GONBINEX PACCTOAHMAX OT KOHEYHOrO METAIHIeCKOTo obpasna. Yro6m moburscsa coraa-
CHA ¢ NPeAKHIM OTMHCAHNeM, K SHeDPLHI KaMKA0r0 SJeKTPOHHOrO YPOBHA B MeTajle HeOOXOHUMO
no6aBiuTh GOALMYI OTPAUATENIbHYI0 KOHCTAHTY. MOMKHO CHHTATH, 4TO 3TA OTPUIATEILHAS KOH-
cragTa rpy06o yYuThBaeT UPUTATHBAOMEI IOTeHNWAN MOHHON pemerkn. Ee 3HaueHHe He cyIme-
CTBEHHO IIPU ONpejeSeRur 00HeMHNX XapaKTOPUCTHK, HO KOFAAa MEH CPABHUBAEM dHEPIHMU 3JICKTPO~
HOB BHYTPHU 1 CHAP YKU KPUCTaJLIa, He06X0quMo Tub0 ABHO YIeCTh TAKOe claraeMoe, mz(o 0TKa3aTh-
CA OT NPEANO0KEHNA, 9T0 NOTEHI[UAJ PABEeH HYJIIO BAJH OT MeTaslaa.
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Jdror pesyapraT HeTodeH. PeanpHoe pachmpefeneHwme 3apAja B sdefikax BOausm
IOBEPXHOCTH KOHEWHOIO KPHCTAJJla OTIWYaeTcsA OT pacupefeseHMsa 3apsAfa B TiIy-
OuEHEX Adefikax. Bo-mepBEix, DON0KeHNA MOBEPXHOCTHHIX MOHOB B o0meM Ciaydae
clleTKa CMeIeHH IO OTHOMEHWIO K WX IOJIOMKEHMSM B HAeanbHOU pemerke Bpaba.
Bo-Bropuix, pacupefiereEne »JeKTpOHHOIO 3apAfa B sdYeliKax BOIM3H MOBEPXHOCTH
He 00:43aTeJbHO NOMYMHAETCH CHUMMETPHE pemeTKd BpaBa (¢ur. 18.2,a). OGmumo
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@rr. 18,2, ¢ — peanpHEI BAJ MJIOTHOCTH dJIEKTPUYECKOro 3apaia BOIM3H MOBEPXHOCTH KpH-
cTania (Oes yuera BOBMOIKHHX HeGOJBIMX CMeI(eHUIl MOROB BOJM3H MOBEPXHOCTH OT MX LOJOKe-
HU{ B GeCKOHEYHOM KpHCTAJie).

OGparnre BHHMaHVe Ha HENOCTATOK DJIEKTPOHOB B IBYX GMWHAMITNX K ITOBEDPXHOCTH S4efKax, a TAKKE HA npucyT-
CTBYE BIIEKTPHYECKOrO 3apANA B IepBOif «Auelike» B BAKYYMe BHe KpPUCTAJA. MMEHHO UCKAaXKEHUA TAKOTO THHA
CO3JAI0T «ABOWHON CIIO¥», ONMCHIBAEMEIN HWKE.

6 — BAJ KDHCTAJIMYECKOTO HoTeHNMaiga U, ONpefelseMoro INOTHOCTLIO 3apsfa, H300parkeHHOH
BBEDXY.

Ecau apouTuBRyO DOCTOAHAYIO BHOPATh TaK, YTOGK HA GOMBHINX PACCTOAHMAX OF KPMCTAJIA OTEHIMAN U Gmu
TOXO0M HA noreHiman, nsobparkeHHmit Ha gur. 18.1, 6, T0 cHapymu Kpucraina U 6yleT CTPEMATHCA He K HYII0,
& K HEROTOpOMY 8Ha4YeHmio W, paBHOMY pafore, TpefyeMolt IJIA IIepeHoca BIEKTPOHA Yepes SIEeKTPHUECKOoe moJe

B IBOWHOM ciioe. HawHHSImMe YPOBHN BHE KPHCTAJIA MMEIOT TEIEpb SHEPTHIO W MOBTOMY [JIS YIAJEHHs BileK-
TPOHA €My CciefyeT COOCMMTH SHepruw W = — € F+ W..

BTH AYEHKE HMET OTJIHYHKIMA OT HYJS 3JIEKTPAYECKUH MUIOJLHEA MOMEHT; Kpome
TOT'0, OHM MOT'YT J{ajke CO8aBaTh He DABHEI HYJI0 CyMMapHEA SJIeKTPUYECKHS 3apaf
Ha IIOBepPXHOCTH.

Honkpernmit Bum pacmpefieneHns 3apafa B adeikaX BOIM3M IIOBEPXHOCTH
(m caenoBaTeNbEHO, €TI0 OTKJIOHEHHE OT PACHpefeJieHNA B TAYOUHHELX guefiKkax MeTa-
7a) 3aBHCHT OT MHOTHX 0GCTOATENBCTB M, B 9ACTHOCTH, OT TOTO, ABJSETCS U MOBEp-
XHOCTh MeTaJljIa TIajikoll nam mepoxoBaToi; isa rIajKofl HOBepXHOCTH pachpesese-
Hge 3apafia 3aBUCHUT OT OPHEHTATHN €€ IJIOCKOCTH 110 OTHOMEHWIO K KPUCTAllorpa-
¢pumaeckum ocsaM. OnpeneneHne MCKajKeHMI pacupefeleHWs 3apaia IS IOBEPXHO-
CTeif PA3HOTO THIIAa TPeCTABIAAET COGOM CIOKHYIO 3afilaly (MBHKU MOBEPXHOCTel,
u MH He GyJieM ee sech KacaThesA. Hac mETepecyroT riiaBEEM 006pa3soM OOCTECTBHSA
TAKHX MCKajKeHuei.

Crawana paccmMoTpuM caydail, KOIfla MCKayKeHHE MOBEDXHOCTHEIX AYeeK He IpH-
BOJNT K IOABJIEHHIO OTINYHOTO OT HYJA CYMMapHOTO MaKPOCKONHYOCKOTO 3apaga



358 T'nasa 18

Ha mOBEPXHOCTH MeTajga. UTOGH MerTasn B IenoM OB 3AeKTPHYECKH HeHTpaeH,
BCE €TO HOBEPXHOCTH NOJKHE AMETEH ONMHAKOBYIO CTPYKTYpPY: aAnf0 TOTOMY, 4TO OHH
ABIAITCA KPUCTAMJIOTpaduIecKn SKBUBATEHTHHMHU IJIOCKOCTAME, aubo, rpyGo
roBOpsA, HOTOMY, YTO OHH HOPUIOTOBJIEHH ONMHAKOBEIM of6pasom. Ha Goapmux (mo
aTOMHBIM MacmTabaM) PacCTOSHHAX OT TAKOW HICKTPUIECKA HeHTPasbHOH HmOBEpX-
HOCTH pacupefieJeHne 3apAN0B B OTAGJbHBIX UCKAMKEHHHX HOBEPXHOCTHHIX SYeHKaX
TO-UPEKHEMY HE CO3JaeT CyMMaPHOr0O MAKPOCKONMIECKOT 0 BIEKTPUYECKOro moas L),
Onnaxo B pefiesaX DOBEPXHOCTHOTO CIOS,

Z THe A9edKM MCKAJKeHE, BOBHMKAIOT MOBO-

JbHO OonbIime 9JIeKTpHYECKHe IOJIA, HA
IpeofolieHne KOTOPHX NP mepeMelleHUN
9JIEKTPOHA CKBO3b HOBEPXHOCTHHIH CJOH
HeoOX0TUMO 3aTPATATH OIPEReJeHHYIO pa-

bory W, = SeE-dﬁ.

Beamunna W, 3aBHCHT OT TOro, Kak
MMeHHO pacupefe/ieHue 3apala B HOBEPX-
HOCTHHX fAYeHKaX OTIANWYAETCA OT pacipe-
JelleHHA B Tay0nHe MeTajia; OTAnYHe
B CBOIO 04epefib 3aBHCAT OT XapaKTepa pac-
cMaTpuBaeMoii mopepxHocTy. B HEKOTOPHIX
Mopenax (cM. 3afady 1, O. «a») HCKamKeHUs
3apaAla B HOBEPXHOCTHEIX AYEHKAX OIM-

o

Zi

A

E

®ur, 18.3. K paccmorpenuio paGOTH BHI-
xopa.
Ecin B3ATb BHYTDEHHMI 5JIeKTPOH ¢ pHeprueii Mep-

M)N, ITepeMeCTUTh €r0 II0 YKAa3aHHOMY KOHTYDPY, a 3a-
TeM BO3BPATUTH HA BHYTPCHHNIl YypOBEeHb C sHeprueit
depmu, TO HA TAKOe IepeMelleHNe Gymer saTpadeHa
HyJleBad nojiHad pa6ora. Ira pabora, OXHAKO, IIpen-
crasaner cofoi CyMmMy TpexX BRIamoR: W (Opu nepe-
Hoce or 1 K 2), e (¢ — ¢’) (IpH nepeHoce OT 2 K 3,
e ¢ U ¢’-— PIEKTPOCTATHYECKIIE IOTEHIHAJIB CHA~
py:u BOJINsM rpaHelt F n F’) w — W’ (upu BOBBDA-
oleHuy or 3 K 1).

CHIBAIOT TOCPEICTBOM LOCTOAHHOR MaKpo-
CKONWYECKOM NOBEPXHOCTHOH ILIOTHOCTH
OUIoJei; AMesd B BUIY TAKHUE MOEIH, 0 MO~
BepXHOCTHOM CJIO€ B OGIIEM CIydae d9acTo
FOBOPAT KAaK 0 «IBOHHOM Ci0e».

PaGory W,, cosepmaemyno moiem

IBOMHOrO CJ1oA, HEoOxoqumo H00aBHTH K

BolpaskeHnio (18.8), xoropoe ompemenaer pabory BrIxopa Oes ydera HCRKa)KeHHS IIO-

BEPXHOCTHHIX svieek. McTmEmas pafora BEIXOZA [aeTCs IO3TOMY BHIpasKeHmeM 2)

W=—§€z+ W, (18.9)

CoorBercTBylomasn (popMa KpmuCTallImdecKoro moreHnuana U (r) mokasaHa Ha ¢wur.
18.2, 6.

Ecan rpadnm Kpucrajia He 9KBHBAJEHTHH, HA KajKAOM I'DaHH HOMHAMO [[BOMHOTO
CJI0A BIOJIHE MOKET TIOABUTHCA M OTAWIHEN OT HYJA MAKPOCKONHYECKHA 3apsapm —
ofpamaTbCsa B HYJAB JOIKEH JAMEB CyMMAapHON 3apsajm BCeX IOBEPXHOCTEH MeTaJsia.
Crenyiomue coo0paykeHNA IOKA3LBAIOT, YTO MAJHH, HO OTIWYHHMA OT HYJIA IOBEP-
XHSCTHRIA 3apsAf 0043aTeNbHO NOJDKEH BO3HHKHYTH.

PaceMoTpuM KpHCTa ¢ ABYMsA HesKBuBajenTHMm rpasamu F u F’'. OrBewaro-
mue M paboTel Brxona W m W’ Moryr He coBOHAafaTh, IOCKOJIBKY KBOMHEIE ciroH,
KOTOpHIe AAI0T BKIaAe W, m W, B paboTy BEXOJa, IMEIOT PA3NTHIHYI0 BHYTPEHIOKO
cTpyKTypy. Bydem temepr maBieKaTh 2aeKTpoOH ¢ ypoBHa (Depmu B MeTaiiae depes
rpasn{F u Bo3BpamlaTh ero B MeTaJl Ha ypoBeHb ¢ oHeprueir Depmm depes rpamb
F’ (¢ur. 18.3). Ecnu smeprma coxpaHsercsa, To moxumag pabora, coBepimaeMas B

1) Cm., Hampumep, 3amady 1, m. «av, .

2) Topo6uo popmyme (18.8), Burpaskenune (18.9) sanucamo B mpeAmoNOKeHAN, YTO IIPU pac-
gere §p MIa 6eCKOHETHOTO KPWCTAJJIAa HCIOAB30BAJCH ONpPe[eJeHHE cnocoG BeGOpa ajmuTHB-
HOH HOCTOSIHHO B MePUOAMIECKOM MOTOHIHANe. ITOT BHOOD NPOHBBOTUTCA TAK, YTOOH VI KoHed-
HOTO KPHCTAJIA, IIA KOTOPOTO He YYMTHBASTCH HCKAKEHUO DPACIpPEle/IeHHs 3apAfa B IOBePXHO-
CTHHX sAueiixax, norennuanx U ofpamancsa B ByAn Ha CONBIUX PACCTOSAHHAX OT KPHECTAMLiIa.
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3TOM LUKJe, TOMKHa paBHATheA Hyao. OfgEako pabora, coBepmiaeMas OPHU H3BJe-
YeHNH 1 «BHeJ[DEHUM» dIeKTPoHA, ectb W — W' u Momer He ofpamartbcs B HYJIb,
eCJIM MOBEPXHOCTH He SKBuBaseHTHEL. CjefoBaTeqbHO, BHE METAJIA JOJKHO CYIe-
CTBOBATH JJIEKTPUYECKOE IoJe, padoTa OPOTHB KOTOPOTO IpH HepeMelleHHH DIeKT-
pona or rpanu F x rpanum F' KoMmmeHcupyeT pasHocTs pabor BEXxofa. 9TO 03HA-
9aer, UTO [Beé TPAHE KDPHCTAAIA NOKHB HMMeThb pasjiHdHEe 3JEeKTPOCTATHIECKUE
HOTEHOWANE ¢ U ¢’, YAOBISTBOPAIOMHUE COOTHOIIEHNIO

—e(p— @) =W — W', (18.10)

IlockonbKy OBOWHOM CIOH He MOMKET C0O3[aBaTh MAKPOCKOIMYECKHE II0JA BHE
KpHCTaJIa, 5T MOJAA AO0JIKHE BO3HEKATH O0JIATOHAPA HAAWYHI MAKPOCKONHIECKOTO
pacupeeIeHuss CyMMapHOTO BJIeKTPHIIeCKOro 3apAfa Ha IoBepXHocTaAx '). Benmunm-
Ha 3apsAfa, HepepacopefeneHHEOr0 MeKAy DOBEPXHOCTAMM 11 OTBETCTBEHHOTO 3a CO3-
JaHie TAKNX BHEITHUX WoJieH, Ype3BHUARHO Maja 110 CPABHEHNIO C BEJMUMHON 3aps-
14, IepepacupefeleHHOTO MEKRIY COCeNHIME MOBEDXHOCTHEIME sS49efiKaMp I OTBeT-
CTBEHHOTO 3a Co3JaHme ABOHHOrO cioA 2). COOTBETCTBEHHO 3IEKTPHIECKOE IIOJIe
BHYTPH JBOWHOTO CJIOA JOCTATaeT OFPOMHHIX 3HAaYeHWH IO CPABHEHHIO ¢ BeJIWYHMHOH
BHEIHEr0 3JeKTPUIECKOTO IO0Jd, CO3IaBaeMOr0 CyMMapHHEM IOBEPXHOCTHHIM 3apfA-
oM %).

Horga moBepxHOCTH TBEpHOTO TeJa He KBHBAJEHTHH, B paboTy BHX0Aa M
KayKI0# KOHKPETHON IOBEPXHOCTM NPHWHATO BKIKYATH UMb paGoTy, 3aTpadmBae-
MYI0 HA IpeofoJieHne IOJisA B ee JBOMHOM ciloe (KOTopas IpecTaBiAeT co0oi xapak-
TepUCTHKY MAHHOW MOBEPXHOCTH); IPU 3TOM IpeHeGperaT IOMOJHHTeNbHOH pabo-
TOH, KOTOPYIO HeoOXONANMO 3aTPATUTh HA IIPeoflojieHue BHEMIHMX Holel, BOBHHKAIK-
Mux n3-3a mepepaclpefeeHds MOBePXHOCTHEIX 3apafoB (sTa pafora 3aBUCHT OT
cBOHCTB Npyrux moBepxHOCTell MeTanna). IlocKoabKky mofo6Hele BHEMIHAE OJIA IPE3-
BHYATHO MaJIHl II0 CPABHEHMIO ¢ IOJAMHE B JBOMHOM cioe, paGora BEIXOMa [IA JAaHHOK
moBepXHOCTH OyJeT YIMTHBATH JUIIb BKIAK OT mosel ABoitHoOro caod. llpm sToM ME
nMeeM B BAAY, 9T0 paboTa BHIXOZA OIpefeisercs Kak MUHuMAaibhbHasg pabora, Heol-
XOIMMaA TS TOro, YTOOH yAAIUTH IJIEKTPOH M3 METAJNJa Hdepe3 3TY IIOBepXHOCTh
7 IepeMeCTUTh B TOYKY, KOTOpas pacHojoskeHa J0CTATOYHO JaleKO OT IOBEPXHOCTU
o aTOMHBIM MacmTabaM (ITOOE 9IeKTPOH Ipomes Bech IBOMHOM €10#), HO J0OCTATOU-
HO 6IU3KO0 IO CPABHEHHI0 C PasMepaMH MaKPOCKOIMIECKUX T'paHed KpmcTasna (4To-
OH WOJNsA, CYIecTBYIOMUe BHe KPUCTAJLIA, COBEDINUJIH HAJ SJEKTPOHOM JHUNIb Dpe-
gebpemumo Maayio paGory 4).

HOHTAKTHAA PA3HOCTH IIOTEHIIVIAJIOB

Ilycrs nBa Meranna coefUHEHH TaKuM 00pPa3oM, 9TO 3JEKTPOHH MOTyT cBoGONHO
mepexonuTh 0T OJHOTO U3 HHUX K JApyromy. Ilocie ycraHoBieHMA paBHOBeCHS JIEK-
TPOHH B KaKIOM U3 METAJJOB JOJIKHH MMeTh O0Mnid XEMUdeCKHH DOTeHRHUad. JTO

1) VcaoBue HeATPATBLHOCTH BCEro KPHCTAJIa TpefyeT Jaumb, 9TOOH CyMMa MAKpPOCKOIH-
9eCKHUX [OBePXHOCTHHX 3aPA0OB HA BCEX IPAHAX PABHANACH HYJIO.

2) CM. sapgagy 1, m. «O».

3) PasHOCTp MOTEHIMAJNOB MEKAY TIPAHAMH CPABEMMA ¢ IAJeHAEM NOTEHNNAAa BHYTPH
aBoitgoro caos [cM. (18.10)]. Opgmako B mepBOM ciydae Mel EMeEM PasHOCTh IOTEHIMAJNA MEMIY
TOYKAaMI, PACHONOKEHHKIMI HA MaKDOCKOINIECKUX PACCTOAHAAX (HOPAAKA pasMepoB rpaHel
XPHUCTANIA), a BO BTOPOM — MEKIY TOTKAMU, HAXOIAMIMUCH HA MUKPOCKONNIECKNX PACCTOAHUAX
{TOpAIKa TOJIUHE ABOMHOTO €051, T. €. HA JUINHE HECKOJHKUX MOCTOSHHRX DEHIeTKH).

4) Tasxe ecan BCe I'PAHN SKBUBAJEHTHH, B3ANMOOHCTBHE M3BJICYCHHOTO JICKTPOHA C DIEK-
TPOHAMH, OCTAIONMMIMACA B MeTajle, IPHBOAUT K TOMY, 9TO HA €r0 IOBEPXHOCTH OYIyT MHAYIUDO-
BaTbCA MAKPOCKOMUYECKNe TOBEDXHOCTHEE 3apAAHN (Jalomue TO, YTO HABHBAKT «u300paskenneM
3apAa» B 9IeKTpocTaTHKe ). COrlIacHO NPHBEJEHHOMY ONpeeIeHNI0, BEJA] TAKAX 3aPANOB B pabo-
Ty BHIXOJa TaKKe UpeHeOpesKuMo Mall.
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®ur. 18.4. a — Kpucramumueckuil nmoteEnuai U [HIu 3JeKTpOCTaTHYECKHH NoTeEmyaa ¢ =
= U/(—e)] pua metamna ¢ paGoroit Buxoja W u sHeprueir ®epmn € p. (9Ta durypa commayiaer

c ¢ur. 18.2, 6.)
6 — amaTOTHYHHEA rpaduK IJId BOTOpOro meranna c¢ paboroil Bmxoma W' u sHeprueit Depmm
&'y, KOITIA OH BIEKTPUIECKN M30JIUPOBAH OT NEPBOTO METAJLIa.

8 — KPI/ICTaJIJII/I‘IeCI(I/Iﬁ HNOTeHNOUAJ B ClIydae, KOrAa JBa MeTajja COeJMHEHBl IPOBOJHUKOM, TAK 4TO
3apAx MOMHeT CBO6OJIHO IepeTeKaTh OT OJJHOTO M3 HUX K APYroMy.

EQuHCTBEHHLI! pPE3YIbTAT 5TOI'0 COCTOMT B NOABIEHUM HEOOJHIIMX CYMMAPHHIX MOBEPXHOCTHHIX 3apPANOB HA KaK-

JIIOM M3 METAJIJIOB, KOTOPHIE NOBHMINAIOT (MM MOHMKAIOT) BCe YPOBHU B METAJNIAX a M 6 HACTOJBKO, YTO MIX DHEPTHMU

QepMU CTAHOBATCA OQUHAKOBEIMU. M3-3a HAJMMYMA MAllBIX ITOBEPXHOCTHHIX BAPANOB Ha METAIIAX IOTEHIIUAN CHA-

PYKHU YHE He IIOCTOSTHEH U MEHIY Me'rannamzl nmeeq;rlc)ﬂ p%gnoc% , TIOTEHIMAJNOB, ONHCHIBAEMAA BHPAMEHUEM
—e (¢ — = — .

HOCTATAeTCs IMyTeM MTHOBEHHOTO IEPETOKA 3apAfla ¢ DOBEPXHOCTH OXHOIO MeTaJliIa
HAa DOBEPXHOCTH Apyroro. IloBepXHOCTHEIM 3apaAN Ha KasKAOM MeTaule CO3[aeT BHYT-
pPH ero KOMOJHHUTEJHHBIN HOTEHIMAJ, KOTOPHA PaBHOBMEPHO «IOMBMMAET» MJIH «IO-
HERAOTY Bee IIYyOUHERE YPOBHE BMECTE ¢ XUMHUYECKEM HOTEHIIEAIOM (O9TOMY 06BeM-
HEI@ CBOMCTBA BHYTPH MeTaija He MEHAIOTCH).

IockonpKy Opomsomia INepejada 3apsAia, ABa MeTaauaa y:ke He OyayT MMeThb
PaBHEIE 3JEKTPOCTATHYECKUEe ITOTeHIuaJbl. Paznocts OOTEHIIMAJIOB MEXIY JI00BIMH
ABYMsi TPAHAMHE ABYX METAJJIOB MOKHO BHPAa3uTh uepes uX paboThl BHIXOAA, BOC-
I0JHb30BaBIINCH TEMH Ke COo00pajKeHNAMH, KaK ¥ OPH HaXOKICHNH PAsHOCTH IOTEH-
IHEaJ0B MEKIY [ABYyMs HEeSKBHBAJICHTHHIMHA I'PAaHAMHU B ofpasme W3 ONHOIO MeTallia
(cM. ¢mr. 18.3). BHOBb MOKHO BaMeTHTh, UTO, €CIH dJeKTPOH ¢ ypoBHA Depmu ')

1) B meranjax mpE KOMHATHOH u 60jiee HUBKHX TeMIlepaTypax XVMMHYCCKHH MOTEHHHAN
mpaKTHYecKH He OTiwdaerca or smeprum Mepmm. Cum. BHpaxkenwe (2.77).
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m3BJedYb Uepe3 IPaHp IepBoro Merajiaa (¢ paboroil BExoza W) m BBecIm ero uepes
IpaHb BTOPOTO MeTaia (¢ paboToil BHxoma W’') Ha (ToT me cammit) yporenb Qepmn,
TO AJA COXPAHEHWA HSHEPTHHU JOJKHO CYIECTBOBATH BHeIMHee SNEKTPHYECKOe Holle,
coBepmalomiee HaJ aneKkTpoHoM pabory W — W', Orciopa B cBOI0 ouepens caenyer,
49TO0 MEKAY ABYMSA IPAaHAMH JTOJKHA CYIIECTBOBATH PasHOCTh IOTEHLMAJIOB

—e (¢ — @) =W— W, (18.11)

Ha ¢nr. 18.4 cxemaTudeckn nu306paskeHH 1Ba MeTaJIa (40 M HOCIE TOTO, KAK HX
9JIeKTPOHH IpUINIM B paBHOBecue). IJOCKONBKY SIEKTPOHK MOI'YT NIPHHATH B paBHO-
BeCHe JUIMb NPH HAJWINA KOHTAKTA MEKIY HBYMS METAJJIaMM, PAa3HOCTH IOTEHIHA-
108 (18.11) Ha3mBaOT KOHTaKTHOH.

N3MEPEHME PAEBEOTBI BbIXOJA IIVTEM U3MEPEHUSA
KOHTAKTHON PA3HOCTU TIIOTEHIIAJIOB

Coorromenne (18.11) moxasnBaeT, 4TO DPOCTEIM crocofoM m3MepeHWA paboTH
BHIXOTa MeTaJIa !) MOMKeT CIY;KHMTh MBMEpEeHNe KOHTAKTHOUW pPasHOCTH IOTEHNEANOB
MEEIy HUM U METaJJIOM C H3BecTHOH palo-
TOH BEIXOfa. JTO HEJb3s CHeNaTh, LPOCTO
COEJIMHWB JBe I'PAHH Uepe3 TaJbBaHOMETD,
DOCKONBKY, €cau OH TOrja pasHoOCTh HO-
TEHI[EAJOB COXPAaHWIACh, TO OKA3aI0Ch
6bI, 9TO B 3aMKHYTOM KOHTYDE MOMKeT Cy-
MeCTBOBATh, TOK 0€3 IONAep:KMBAIOMET0
€ro HCTOYHWKA HHEPIWH.

CymecTByeT, OJHAKO, OPOCTOH METOL,
n3MepeHnsi KOHTAKTHOH PABHOCTH IOTEH-
OUAJ0B, LpeJIOMKeHHEH  KeabpBUHOM.
ITycTs aBa 06pasna pacmoNoKeHK TaK, 9TO
OBe TpaHM 9THX KpPHCTAJIOB 00pasymor
HOJI0CKOIAPAJJIeILHEA KOHTeHcaTop. Ecaim  ®ur. 18.5. Hamepemne xoETakTHOI pasHO~
MeKIy TpaHAME CYmecTBYeT pasHOCTh IOo- CTM NOTEHLHANOB.

- IIpn naMenennu PpacCcToAHNA MENKOY IBYMsA Iapal-
TeHOuaJa0B V’ ToO Ha eIIHHI/II[y nJIO]I[aJII/I 6y JEJIBHBIMM IIJIOCKMMH TI'DAaHAMHA M(‘?{HST(};\: eM}(gCTb

IeT OpUXOOUTLCA 3apAN, PaBHHH KOHJeHCaTopa. IIOCKOJNBKY DPA3HOCTH HOTEHIHAJIOB
TNOCTOSHHA M pABHA KOHTAKTHOI PA3HOCTH IOTEHINA-

E v JI0B, W3MEHEHHE EMKOCTH HPUBOOHUT K USMEHEHMIO

o= — (1 8_1 2) OJOTHOCTHM 8apAfa Ha rpaHax. Yro6e BelnunmHa

4T 4Td 8apAfa HA TPAHAX COXPAHAJACH OPU UBMEHEHWHU pac-

CTORHMA, noﬂcoennnmomemy UX TIPOBONHAKY MOJKEH
OATH TOK. MsMepeHWe MOMHO YIPOCTMTH, NOGABUB
roe d — paccroanue MeRIy TpansaMu. Ec-  pyemsmit merourmk 5. . C. ¥ TIONOODPAB BEIMTMHY

_ 9. X. ¢. TaKuM o6pasoM, 4YTOGHl NpM H3MEHEHUM o
JH NIaCTUHE! COCTMHEHN I K HUM HE IIpn 4yepes amIepMerp A He IPOTEKAN SJIEeKTpUYecKmil
1OeHO NOCTOPOHHEro nanmpAMeHndA, TO TOK.
paanoc'rx} IOTeHIIHAJIOB MeRNy HUMH paBHA
KOHTaKTHOH PaspocTH NOTEHIINAJ OB Vc. Hpn n3MeHeHn! pacCTOAHUA d MEXy mja-

CTHHAMI KOHTaKTHas PasHOCTDh MOTEHIMAJIOB He MeHAETCA, & HO2TOMY, 9TOOBI coxpa-
HAJOCh COOTHOIMEeHue

0= Ve

=t (18.13)

1) Horpa rosopAT 0 paboTe BEIXO2 METaJia, He YKa3HBasgd KOHKDPETHYI IDaHb KPHCTAXIA,
TO MMEIOT B BUAY 3HAYEHHE DTOH BeNMUMEE NIA TPy6oil (M0 MEKPOCKOIMIECKNM MacmTabaMm) rpa-
HE, KOTOPOe MPeCTARIAET I0STOMY 3HAYEHH® PaGOTH BEIXO/la, YCPEIHEHHOE II0 TOTHEIM KPHCTAI-
JorpaduIecKMM TDAHAM,
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ME;K/ly TPaHAME JOMKeH HepeTeKaTh 3apsafn. MaMepsas mOTOK 3apsama, MOKHO Ompe-
MeanTh KOHTAKTHYIO PasHOCTH HOTeHIHAN0B. [lJd yopomeHna OponeqypH B KOHTYD
MOHO BKIIYATh MOCTOPOHHUN HCTOYHHK 3. . C., HOROMpas BeJMIAHY 5. M. C.
TaKIM 00pa3oM, 4TOOH HpU HU3MeHeHUH ¢ He BO3HUKAJIO JJIEKTPUYECKOTO TOKA
(dmr. 18.5). Torma BeauuuHa 3.71. ¢. GyAeT paBHA W HPOTUBOMOIOMKHA MO 3HAKY KOH-
TAKTHOH Pa3HOCTH IIOTEHIHAJOB.

APYI'UE CIIOCOBbI M3MEPEHUA PABOTHI BBLIXOJA.
TEPMOQJIEKTPOHHAA 9MUCCUS

CymecTByeT psajg KApyruax coocofoB usMepenust paGorsl Bhxofa. B ocHoBe ofiHOTO
U3 HUX JIEHHUT (HOTOITEKTPUICCKHA >PPeKT — uU3MepAeTca MHUHUAMAIBHAS DHOPIUA
dorona, HeoOxonuMas A BHIGMBAHUA DIEKTPOHA Tepe3 OHPeleeHHYI0 IPaHb KpH-
cTana. JTy SHEPIHMIO CIMTAIOT paBHOH pabore Bmxoma W. _

Hpyroit MeTox, BaKHMI XIS CO3MAHUA KATOQHEX TPYOOK, OCHOBAH HA mM3Mepe-
HHU TeMIepaTypHOW B3aBMCEMOCTH MOTOKA DJISKTPOHOB C IIOBEPXHOCTH HATPETOTO

SO e
o

-« N e
A~
Vs
o PaspesicerHsi
Memasin MF?’Z/;;HHW p
= %
“~ -
i)

&2 /; J

®nr. 18.6. Ilpocteiimias Mojedb TePMOANIEKTPOHHOH 9HMHCCHUM.

TOK OT MeTAJLIA B CIy4ae, KOra IOKMIAONMe METANI SJIEKTPOHE HENIPEPHIBHO OTBONATCA OT HEro, MOMKHO DACCHH-

TaTh, UPENIONATaA, YTO METANL HAXOZUTCA B TEIJIOBOM{PABHOBECHH C Ta30M CBOGORHLIX 3JIEKTPOHOB, U OTOMIECT

BJISIA TEPMOBIIEKTDOHHEIA TOK ¢ TOKOM, KOTODHIH uepenoemcn)anekwponamn, ABINKYIMUMHUCA OT MOBEPXHOCTH (TeM-
HBIE KD YHKH)e

Meraina. UToOH MOHATH MPUPORY TAKOH MEePMOIMEKMPOHHOL dMUCCUL, PACCMOTPUM
BHaYaJe HeaJM3WPOBAHHEI CIydYail, KOTa HIOBEPXHOCTH MeTaliAa HAXOOATCA B Tem-
JI0OBOM DABHOBECHHN C PA3PEKEHHHM 3JIEKTPOHHHIM IasoM, HAXOXAMEMCH CHAPYHKHE
metaiana (¢ur. 18.6). DymExnua pacumpemeleHAs HIeKTPOHOB, OTBEIANIMAS TOMIe-
parype T, ectb
fk)= -

"~ exp [(8n (k)—n)/kpT]+1

Buyrpm meramna Bup Qymrumm &, (k) ompemeinsercs 30HHOR cTpyKTypoitl). Bme
MeTalla CIeLyeT CUHTaTh, 4T0 &, (k) omumchBaerca BhpaKeHHmeM HJH CBOOOTHLIX

(18.14)

1) ITpuBOfuMEL BHBOJ He TpeOyeT, 9roGhl 30HH GHLAM MOXOKH Ha BOHH CBOGOIHEIX DIIEKTPO-
u0B. Pesynerar (18.21) Be saBucHT OT JeTadeil 30HHOH| CTPYKTYPHL.
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49aCTuIL
R%2
€9, (18.15)
rie ¢ — JOKAIbHOe 3HAYeHNE BIEKTPOCTATHIECKOro moTeHnmaia !). Onpefennm
ANIUTHBEYI0 HOCTOAHHYIO TAK, 4TO0H NEpHOTWYeCKUI HOTEHHWAJN WMeJ BUJ, IOKa-
saHHHE Ha ¢ur. 18.2,6 [T. e. wro6m Bmpasxenue (18.9) maBamo paGory Bhixonal;
TOT/Ia BHe [BOEHOTO cxof moaysum (oM. gur. 18.2,6)

—ed = W.. (18.16)

IlosToMy pachpefeleHve BHENIHAX DJIEKTPOHOB Haj [ABOMHLIM CJI0€M ONUCHBAaeTCSH
dyaxrinein

1
1K) = e mm T W, =T 7T

(18.17)

C yuerom ¢opmynsr (18.9) nocaenmee BEpajkeHNe MOKHO 3aINCATh CIORAYIOMAM 06pa-
30M 2):
1
J (k) = Sy [wezm T Wy AT 71

(18.18)

rne W — pafora BrxoHa NI FAHHOM NMOBEPXHOCTH.

Ilockonbky paboTa BEIXOga OOEIIHO COCTABJISAET HECKONBKO 3JIEKTPOH-BOJIBT
(cm. Taba. 18.1), Benmwunna W/k 5 mmeer mopangox 10K. Ilosromy mpu TemmepaTypax
HU)Ke HOCKOJIBPKHMX THICAY IpanycoB (18.18) ceomurca k BmipaskerHmIo %)

f(k)=exp|[ - (i2k¥/2m + W)/kgT]. (18.19)

Urolu HaliT MIOTHOCTH MOTOKA 3JEKTPOHOB, YXORAMAX ¢ TOBEPXHOCTH MeTaJ-

Ja, cihegyer npocyManOBaTL BKJAJAEL B TOK OT BCeX 3JIEeKTPOHOB ¢ IOJOKUTEIb-

HHIMH 3HAYeHHAMHA OPOEKINM CKOPOCTH v, = fik,/m, I'/le HOJORUTENbHEM HAIpaB-
JIeHUeM OCHh xr MHE CUHTAaeM HallpaBJeHHe BHeIIHen HOPMAJHR K MeTaJuly:
. . dk -W/k_T dk kk h2R2/9mh

==——e5 vof (k) = e~/ () S Dy o WR2mhsT (18 90)

48 4T3 m

ky>0 k>0

MHTGI‘pHpOBaHHe BHIIOJHACTCA 9JIGMEHTApHO H JaeT IIpIZ[XOIU{DIHﬁCH Ha eJNHuIy
IomMaam TOK € IOBEePXHOCTU

J = — g (g2 e™/RaT —
=120 A.cm~2. K2 (T2e~ /"8, (18.21)

Jra ¢opMmyada, HasnBaeMas ypasHenuem Puuapdcona — Jawmena, moKasw-
BaeT, UTO, eCJHH HPefCTAaBUTh rpafuueckn BeauwdnHy ln (j/7°) wax ¢ymrnmio oT
1/k 5T, TO- MO/KHA HONYIUTHCH OPAMAs ¢ HAKIOHOM — W. Takmm myreMm MOKHO
ompefeauTs abCONIOTHYI0 PadOTy BHIXOXA.

IIpaxTngecknm poip HeydYTeHHHX Hamu 3(PeKTOB HPOCTPAHCTBEHHOTO 3apAda
MOKHO BHAYHTEJHbHO IOHMSHTH, OPHIOKUB HeGONBNIOE HIEKTPUIECKOe LOJie, KOTO-

1) Mu npeme6peraeM 3jeCh BKJIaZiOM, BHOCHMHIM B HOTeHIMA] CAMUM Pa3pesKeHHHM dJeK-
TpOHAKM razoM. ToK, paccuuTamguil B IpeHeOpeskeHNy MOTOOHEIMY ABICHAAMY (H3BECTHREIME KAK
3 PeKTH NPOCTPAHCTBOHHOTO 3aPA/a), HASHBAIOT TOKOM HACHINOHHA.

2) Cm. mpumedanue 1 Ha crp. 360.

3) 9KcIepUMeHTAJIBHO® HOATBePIKACHHe MaKcBea-GompnmanoBekoro Bruna (18.19) ¢dymrmun
pacnpe/ielieEAsa CHABHO IOMEIIAN0 OTKPHTHUIO TOTO, 9TO B JeHCTBATENLHOCTH HICKTPORLL B METAMe
mogunHAIeTCA cratucTuke Depmu — J[mpaxa,
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poe OynmeT yAaJATh SMUTTHDOBAHHEE DJEKTPOHE. Hpome Toro, urofm onmcaHHas
HaMy Mofiens Oka HPEMEHHMMa, B IOTOKE BJIEKTPOHOB OT MOBEPXHOCTH JOJKHHEL IIpe-
o0ianaTh 5JEKTPOHH, BHINEJINUe M3 FAyOMHE MeTanla, a He 9JeKTPOHH, HaXOJUB-
muecs CHapPY;KM M WCHIHTABImHe OTDaKeHme OT moBepxHocTH. Ecnm paccesHue Ha
HOBEPXHOCTH JlaeT CYIEeCTBeHHHI BKIaJ, TOK Oy/leT MeHbIne 3Ha9eHMA, onpefeise-
Moro BupameHmeM (18.21).

N3MEPEHHBIE PABOTBI BBIXOIA TJIA PAJA METAJLJIOB

B Tabx. 18.1 mpuBepmeEn 3HaueHMA paGoTH BHXOJA RIS HEKOTOPHX THOHIHEIX
MEeTaJIJIOB, HalileHHEe IPX IOMOIIY TPEX OMMCAEHKX MeTo0B. OGBaHO pasHEIe METOAH

Tabauya 18.1

PaGoThl BHIXOJA THNMIHBIX METAIAOB

Meranx W, B MeTani W, aB Merann W, 3B
Li 2,38 Ca 2,80 In 3,8
Na 2,35 Sr 2,35 Ga 3,96
K 2,22 Ba 2,49 Tl 3,7
Rb 2,16 Nb 3,99 Sn 4,38
Cs 1,81 Fe 4,31 Pb 4,0
Cu 4,4 Mn 3,83 Bi 4,4
Ag 4.3 Zn 4,24 Sb 4,08
Au 4,3 Cd 4,1 w 4,5
Be 3,92 Hg 4,52

Mg 3,64 Al 4,25

Jlan#vle B3ATH W3 CcOpaBouyBNKa OoMeHKo [1]. (3HavYeHNA, NPUBOOMMEE ABTOPOM, 0TOOPAHB NyTeM
aHAJIN3A Pe3YNLTATOB PAsNIMIHEIX SKCHEPUMEHTANBHHX ONpPencseHnit.)

TalT pesyibTaTH, pasimdalomumecs npumepHo Ha 5%. Ilockoabkry pasbpoc pabo-
TH BEIXOJa B 3aBHCHMOCTH OT BHOOpa mcciaefyemoii Kpucrajaiorpaduieckoli rpaHm
BIIQJIHE MOJKET JOCTHIATh TAKOM BEJWYUHBE, HE WMeeT CMEBICJia IPHBOJUTH HO OTHENb-
HOCTH PEe3yJbTaTH, HOJydaeMble pasiNuuBHMm MeTogamu. Ilomgepkmem TaKKe,
gT0 3Ha4eHusA W miis Merasna Booblle onpeflelIAI0TCSA Wb ¢ TOYHOCTHIO 10 HECKOJIb-
KOX INPOIEHTOB.

Mu 3akaEYEmBaeM pacCMOTPEHHE MOBEPXHOCTHHEIX CBOMCTB KPaTKUM aHAJIM3OM
OBYX OCHOBHEIX METONOB M3YyUEHHS CTPYKTYPH NOBEPXHOCTH.

JNOPARINA MENJEHHBIX 9JIERTPOHOB

MurpockonzuecKyo CTPYKTYPY Xopomell riafikof (B MEKDOCKOIHYECKOM MAac-
mrabe) DOBePXHOCTH KPHCTANINIECKOro 00pasna MOMKHO HCCJAE0BATH OPH HNOMOIGH
MeTofa EudpaRmouE MeMJIeHHHX 3iaeKTpoHOB (JIM3) !). B cBoeil ocnoBe 3TOT METOX
O9eHb OJHMB0K K AUQPAKIMK PEeHTTeHOBCKHEX Ny4ueill; He0GXOXUMO JAMb y94eCTh, YTO
IOBEPXHOCTH, HA KOTOPOH IpoucxoanuT fudpaKuus, Telleph HePUOAUYHA JUMb B IBYX
m3MepeEnAX (T. €. B cBoeil miockocTm). VICONTHBalomue yOpyroe paccesH@e dje-
KTpPOHH 60sbIme MOAXONAT [J1si H3YYEeRNs IOBEPXHOCTH, 9€M PEHTTeHOBCKHTe JIY9H, TaK

1y TMo-amraumiickn «<LEED».— ITpum. ped.
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KaK OHE IPOHMKAIOT HAa 096HHMaJIOe PACCTOAHUE B I1y0p 06pasia, u moaromy gudpa-
KOXOHHAA KapTWHA HOYTH MUCKIOIUTENHHO OIpeNeiasieTCs IOBePXHOCTHHIMH aTo-
MaMH.

JIerxo OmeHUTH YHEPTLHUIO HIEKTPOHOB, HEOOXOTUMYIO LIS TAKOTO dKCHePEMEHTa,
CBOGOIHE 2MeKTPOH ¢ BOAHOBHM BeKTOopoM k mmeer sHepruio

Rh2k2

E-—=2—m=(kao)2 punbepr = 13,6 (ka,)? 9B; (18.22)
CIeNOBATENLHO, €r0 JAWHA BOJHEI CBA3AHA C 9HEPTHEH, BHPAKOHHOH B DJIOKTPOH-
BOJIBTaX, COOTHOUIEHHEM

12,3 H

a3 18.23
(Epp)'/2 ( )

A=
ockonpKy HiMHA BOJHH DJIEKTPOHA AOKHA OHTH HOPANKA IOCTOAHHOH peIIeTHH
WM HiJKe, HEOOXOZUMEI 9HEDIHMH 3JeKTDPOHOB OKOJO JEeCATKA 3JIEKTPOH-BOJBT
¥ BEIIE. '

Urobn xagecTBeHHO pasofparbcs B KapTHHAX, MOJYYAeMBIX B 9KCIEPHMEHTAX
0 TUPPAKIAK DIEKTPOHOB, MPEAMOJOKAM, ITO paccesHue ympyroel) m aro magaio-
A W paccesHHbIN 3IeKTPOHK NMe0T BoaHoBEe BekropH k m k'. [Tycts, kpome Toro,
MOBEPXHOCTh ABIAETCA aTOMHOM IOCKOCTHIO, MePIeHIUKYIAPHOU BeKTOpy by oGpar-
Hoit pemeTKH (cM. cTp. 99). BrGepem 15 06 parHO# pemeTK: TPOAKY OCHOBHEIX BeKTO-
POB, BKINYAMYIO B cedsa by, a 1asa mpaMoil pemeTku BO3bMeM OCHOBHEIE BEKTODH
a;, yI0BIeTBOpANIIAe TPeOOBAHMIO

a;-by = 21dy;. (18.24)

Ecna 5/1eKTPOHHEIR IYYOK MPOHAKAST HA CTOAb MAJYI0 TAyOuHy, 9T0 CYMIECTBEHHO
JUIS paccesHne Ha MTOBEPXHOCTHOMR IIOCKOCTH, TO YCAOBHE KOHCTPYKTMBHON MHTEP-
depeHINN 3aKII0926TCA B CIEAYIOMEM: U3MeHEHHEe BOJHOBOrO BEKTOPA PacCesiHHOTO
3JMEKTPOHA [(OMKHO YAOBIETBOPATH ypPABHEHUIO

q-d = 2nn, q=k" —k, n — neJaoe YHCIO (18.25)

JUIST BCeX BEeKTOPOB d, COBNUHSIONMX TOYKU pPEIIETKH B INIOCKOCTH LOBEPXHOCTH
[em. ypaBuenme (6.5)].

Ilockoapky BerkTOpH d HmepueHAUKYIAPHH by, MX MOMHO 3aTUCATH CIHERYIOMUM
obpazom:

d = na; 4+ n,a,. » (18.26)
Ilpencrasms g B ofmeM Buie
3
q= 21 qibi, (1827)
1=

Haxoxum, qro ycaosma (18.25) m (18.26) mpmBomaT K ycaoBmAM

g1 = 2@ - (Wexoe 9mCIO),
g, = 2m - (mesroe 9HUCHO), (18.28)
qs = amoboe gucio.
TTockonsky BerTOp b; MepmeHAUKYIApER MOBEPXHOCTH, TH YCIOBUA OYyNyT BHITOX-
HATHCA HA OTHENBHEHX NPAMHT %) B (-IPOCTPAHCTBe, MEPHEHIUKYISAPHEX IOBEPXHO-

1y B peiicTBUTENBHOCTH, OMHAKO, YIPYTOPACCeAHALe DIEKTPOHE COCTABIAIOT OOHYHO JIHIIL
O9eHb MAJYIO 9aCTH IIOJHOTO MOTOKA OTPAKEHHEIX DIEKTPOHOB.
1y Vimoraa B IuTepaType MX HABHBAIOT TAKMKe «cTepREAMmy (rods).
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CTH KPHCTANJ2 (B IPOTHBOUIOJNOKHOCTE AMCKPETHHIM moukam B ciydae mudparmmn
Ha TtpexmepHO# pemerke). CiegosarenbHO, €cCJIH BOJHOBOM BEKTOP mafalolmXxX
9JIOKTPOHOB He CJIHMIIKOM Mal, TO Ja/Ke ¢ YIEeTOM YCJIOBUA COXPAHEHHSA SHEPIUR
k=1F%' Bcerma mMMeIOTCA HeTPMBUAJBHEIE peIIeHUSA.

Ucxomsa m3 ycaosmit (18.28) m (mCHonp3ys SKCIEPEMEHTAABHYIO YCTaHOBKY,
BEJIeIAOIIYI0 yOPYTOPAaCCesIHHYI0 KOMIOHEHTY), IO (opMe NOJIYYeHHOW KApPTWHE
OTpaKeHNd DJIEeKTPOHOB MOKHO oOpefexuTh pemerky bpaBs mosepxuocrum. Ecam
BKJIa]l B pacceAHHe Nal0T HECKOJIBKO MOBEPXHOCTHHIX CJIO0€B, TO o6mas CTpyKTypa
KapTHHH He MeHAeTCH, TaK KaK HIKeJe)Ralmue INIOCKOCTH BOCHPOU3BOMAT B 0CJIa-
OIeHHOM BHJe TY ke caMylo TUPPAKIMOHAYI0 KAPTHHY (0HA cirabee, MOCKOABKY JIMIIb
Majas 9acTh dJIEKTPOHOB MOMKET IPOHMKHYTH 0 CJAEAYIOMEro CJI0d).

HleranpHplii BHA pachpefefieHUf PACCESHHHX DJIEKTPOHOB COJEPIKUT TOpPasmo
Gonbmme MHGOPMALNH, 9eM HPOCTO CBEJIEHHES O PACHOJOKEHHM ATOMOB HA IOBEPXHO-
CTHOH MIIOCKOCTH, OJHAKO W3BJeYeEWe 3TON MHPOpMANUU W3 HKCOEPUMEHTAJIBHBIX
TaHHHX DpefcTaBiaseT co6oil TPYAHYIO 8aflauy, KOTOpas pemeHa eIe He MOJIHOCTHIO.

NOHHBIA MUKPOCKOII

Yupyras gudpaknus MeJJIeHAHX 3JEKTPOHOB JaeT BOSMOMKHOCTH OIPEIEIUThH
cTpyKTYpY $yphe-o0pasa MIOTHOCTH MOBEPXHOCTHOTO 3apsAfaa, T. e. ee $opMy B k-
mpocTpaucTBe. CTPYKTYPY B PeajbHOM IPOCTPAHCTBE MOMKHO YBMAETH, BOCIOIB30-
BABINHCH TEXHUKOE MOHHOE MUKpocKounu. 1lpy 5ToM n3ygaeTcs MOBEPXHOCTH OCTPUA
mraw (¢pur. 18.7), KoTOpoe HOMIKHO IIpPeCTaBIATH COGOH C JOCTATOYHO XOpomei
TOYHOCTHI) HOJNycPepy pamuycoM HOPAIAKA HECKONBKHX THCAY aHrcrpem. OGpasern
moMEImaeT B IAYOOKHMIA BaKyyM M pPacHoNaraloT Tak, 4To0H OH OB HaupaBieH
B CTOPOHY dISKTpofa. Mexay ofpasimoM ¥ sIeKTPOOM CO3MAIOT BHICOKOE HALIDsKe-
HEe, BHOUpadA ero HOMAPHOCTH Tak, UTOOH o0paser GhuI BapsKeH IOJOKUTENBHO.
3arem B BaKYYMHYIO KamMepy BBOAAT HEHTPaJbHHE ATOMEL TeJMA, KOTOPHE IOJAPH-
3yI0TCA mojeM. B pesayabTaTe B3auMOIENCTBUS WONSA C HABeJEHHHEIM AHUIIOJbHEM
MOMEHTOM aTOMHEI TeJHs YBIEKAIOTCA B 00JACTH C CAMEM CHABHEIM IOJEM, T. e.
K Bepmuue oOpasua. Ha paccrosEnm HECKONBKHX aHICTpeM OT BepHIMHE ITOJe CTa-
HOBMTCS CTOJBb CHJBHBIM, 9TO A3 aTOMa Iejns MOKeT OHTH BLpBaH ainexTpor. Horma
9TO HPOMCXOMMT, ATOM HPEBpAMAETCA B IIOJIOKUTENBHO 3apPsKEHHHN HOH TelUA B
SHEPTUYHO OTTAJIKUBASTCSA OT OCTPHSA K dIeKTpofy. Ecam manpssreHHOCTH mONs BHOG-
paHa TaKo#, 9TO MOHH3AOUs OCYMECTBIAETCA JIWINb 09eHL ONHW3KO K DOBEPXHOCTH,
TO Yri0BOe pacmpefieleHye BRUIETAIOIMMMX OT OCTPHMA MOHOB JIOJJKHO OTPAKATH MUK-
POCKOIMIECKYI0 CTPYKTYDPY IOBEPXHOCTH — 33 CYET CTPYKTYPH HOJSA B HEODOCPE[I-
CTBEHHOM GANB0CTH K MOBEPXHOCTH. ¥BeJMYeHNe MOAYYeHHOro n300paskeHusa moBep-
XHOCTH DPABHO OTHOIIEHMIO pajuyca coOMpalomiero dJeKTPoja K pajmycy moaycge-
pugeckoro obpasna.

(DaKTHICCKN TMOJYydaeMble TaKUM CIOCO0OM KapTHHH HE TOJNBKO BEIABIAKT Jie-
TANBHYK CHMMETPMI0 KPHCTaJjia, HO H II03BOJSIOT YBUAETH MOJOMKEHHS OTJelbHBIX
atomoB (¢ur. 18.8). [Togo6GHEI METO MOFKHO NCIOTH30BATE AJA N3YYeHNUA MOBeJleHH A
OTHEIBHEX ATOMHHX BHJIIOYEHUIH.

JJIEKTPOHHLIE IIOBEPXHOCTHBIE YPOBHU!)

HpH n1060H HOOBITKE HeTaJdbHOTO ONHNCAHUA MOBEPXHOCTH TBEepAoro Teja cle-
AyeT YYHTHIBATL TO 06CTOHT9JIBCTBO, 4To, Kpome 010X 0BCKHUX pemeHnﬁ OdHO?IEe-
KTPOHHOI'0 YpaBHEHNA I_HpennHrepa Jitu¥:e OOKTHOTO iepHoAuIeCKH IOBTOPEHHOTO

1) Jj1eKTPOHHBIE NOBEPXHOCTHHE YPOBHN OCHYHO HABHBAIOT TAMMOBCKHME YDOBHSAMH (CM.
[4*]).— IIpum. ped.
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Qur, 18 7. CxemaTuueckoe H30GparkeHne WOHEOTO MHKPOCKOIIa,
O6pasen (B OpMe OCTPHA MIIED) BAPIIHEH NONOIKUTENBHO IO OTHOIMEHUIO K ILIACTHHE, TAK YTO HUHWM HOJd Ha-
UPABIEHE ITO PagM yCy OT Hero. HelTpanbHeri aTom resms (CBETIEIN KD YHKOK) IPUTATUBAETCA K 00JaCTH C CHILHEIM
I10/1eM, OOCKOJLKY B HEM HABOAMTCA HIEKTPHUYECK Uil OUITOJIBHBIT MOMEHT. M
CHIILHO OTTAJIKMBATHCA B HAIIPABJIEHHWW BHOJL NWHWI IO
Telust, JUINbL HeNOCPENCTEEHHO BOJMBH OCTPHA.

OH refua (KPYMOK ¢ IIocom) Oynmer
na. TIone mocrarow:
MOB TeJIMA NCOBTHBACT UOHUBALNIO JIMIIb HEIoc

HO CHJBHO, YTOGH MOHM30BATH ATOM
IeHne CBORNTCA K TOMY, 4TO GOJBITUHCTBO ATO-
Haubombmux sHavueHmt, IIOCKOJBKY N3MEHEHNS

TYDPH, u3oGpaienue, NONyIaeMOe IPU YHApax

'

OcHOBHOe HOmy:;
PeACTBeHHO BOJI

aTOMHOIf CTpYK-
WOHOB O ITACTHHY, NAET NPENCTABJIEHNE 06 ATOMHON CTPVKTYPE
OCTDHST,

Onr. 18.8. Uonnan Mukporpadus ocrpus, maror

HeHRsA ORI MCHONB30BAH HEOH,
Mpr Grarogapum mpoge

OBJIEHHOTO U3 30J0Ta (INA TOJ
a He resuit). (M3 paGor [2].)
CelinmMana 3a npemocrasienye OPUTrAHAIIBHON MuKpodoTOrpadny.

y4eRus usobpa
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KPHCTAIIa, CYIHeCTBYIOT IPyIrUe pemeHnsa ¢ KOMIUIEKCHBIMY BOJIHOBHIMY BEKTODaMH,
KOTOpEI® OMHCHBAIOT YPOBHY 3JIEKTPOHOB, JOKAJIW30BAHHEIX BOIMSW HOBEPXHOCTH
‘peanbroro kpncramiaa. [Ipm ofcy:maennn o6eMHEX CBOMCTB MBI HMeeM MOJHOE Hpa-
BO mpeHe0peraTh TakuMu ypoBHAMU. OTHOmMEHMWEe TuCIA MOBED XHOCTHHX YPOBHEH K
qucay 0JIOXOBCKHX YPOBHEH He MpeBHIIAeT OTHOMIEHWS YHUCIA DOBEPXHOCTHHX aTo-
MOB K HOJXHOMY 9HCIY ATOMOB B KPHCTAJLIE, KOTOpPoEe AJSA MAKPOCKONMIECKOro 00-
pasna pasro npumepHo 10-8. B pesyapraTe mOBepXHOCTHHE YPOBHH [AlOT IpeHe-
OpeRIMO MAJBIH BRiam B 00BEMHEIE CBOHCTBA; MCKIIOYEHHE COCTABIACT JIHMIL CJY-

ARe Y{x)

Kpucmann Banryym

@ur. 18.9. Bonrosasg (YHKIMA ONHOIJIEKTPOHHOTO HOBEPXHOCTHOTO YPOBHS, N300pajKkeHHAd
B HAaIpaBlIeHNN r, NEPIeHIUKYJIAPHOM IOBEPXHOCTH.

‘Bametum, 4r0 PyHKIHA P CHagaeT NO SKCIOHEHTE CHAD VKU METAINIA U NMeeT BKCIOHeHIMAaJbHO YORBAIOMYIO Ord-
Garomiyio BHYTPH Hero.

gail upesBhdaiino Maakx oOpasuoB. OfEAKO OHM KOBOJBHO BajKHEL IPU OIpenelie-
HHA CTPYKTYPH KPHCTAIANZecKod moBepxHocTH. HampmMep, oHE JOIKHEI yIHTH-
BATHCA OPHU BCAKOM HONJIMHHO MAKPOCKOIMYECKOM pacdeTe CTPYKTYPH IIOBEPXHO-
CTHOTO JBOMHOTQ CJIOH.
Yro6H KadeCTBeHHO NOHATH UPUMWHY BOSHEKHOBEHMS NONOOHEIX IIOBEPXHO-
CTHHIX yPOBHeH, BepHeMCH K BHIBOAY Teopemu Bioxa, mpoBemeHHOMY B ri. 8.
Paccy:mpenus, npuBofamue K OJOXOBCKOMY BHPaKEHHIO

P (r) =e¥kery(r), u(r+R)=u(r), (18.29)

He TpeOyoT, 9TOoOH BOJXHOBOJE BekTOpk OHI JeficTBHTENLHEIM. OTO OTpaHUYEHHE
BOBHHKAET MO3[Hee, IPH HANOKeHNN IeproAndecKNX TpaHMIHEX yeiaosuil Bopra —
Kapuanma. Takue rpaHndHbe yCIOBUA SBIAITCA, OXHAKO, HCKYCCTBEHHEIM IIOCTPOE-
HAEM, TOMYCTHMEIM /i GECKOHEeTHOTO0 Kpucraina. Ilpm oTkaze OT HHX MOMKHO HAH-
TH ropaspgo Goabme pemernit ypasuermsa Illpemumurepa B Geckomedwnom KpucraJjie,
BMEMuAX BUT '

P (r) = [et&-Tu (r)] e—X°F, (18.30)

tne k Temepp ecrh MeficTBUTENBHAA YACTp BOJHOBOI'O BEKTOPAa, KOTOPHH MOKeT
HMEeThL W MHHMYIO 9aCTh %.
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Boauosasa ¢yurnmusa (18.30) meorpaHmgenHo Bo3pacTaer B HAOPABIGHAH, HPO-
THBOIOJOKHOM %, X cHafaeT M0 SKCIOHEHTe B o0paTHOM HAIpaBieHHH. [I0CKOIBKY
OJIOTHOCTE 3JSKTPOHOB BCIONy KOHeYHA, B 0ECKOHEYHOM KpHCTAXie TaKWe ypOBHE
HeBo3MoKALL. Eciu, ofHaKO, CymecTByer IJOCKAd IOBEPXHOCTh, HEPIEHAHKYJIAP-
Hast BEKTOPY %, TO MOMKHO HONIKTaThCA cmuth pemenue Bupa (18.30), mapacraromee
KCIOHEHITHAJBHO IPH HOAXO0Ae K MOBEPXHOCTH, C peImeHHEM, IKCIOHEHIHAJIHHO
3aryxaoomum BHe Kpmeraana (fur. 18.9). B oOmeM ciyuae mpm samamHOE cocras-
aAmed Bekropa k, mapalienbHON NMOBEepXHOCTH, TAKasd CIIMBKA BO3MOKHA JHIIb
A TUCKPEeTHOr0 MHOKeCTBAa ONIpeHeNeHHEIX 3HAUYEHWH % (KaK ¥ B J000H gpyrom
3ajade, KACAIOMEHCA JOKAIWM30BAHHEIX COCTOAHWMIT).

Hanbaeitmmee ofcymnenne 3agaqam BHXOJAT 3a PAMKH HACTOAMMEHR KHATH — HaM
gprnuioch OB BHAYake 3aHOBO PACCMOTPeTh BCe CBOHMCTBAa GJIOXOBCKAX (YHKIUH,
e Tpebys MeACTBHTONBHOCTH BOJHOBOTO BeKTOpa k, a 3aTeM HcciegoBaTh BOIPOC
0 TOM, KaK H0J00HKe 6J0X0BCKHEe PYHKIAN ¢ KOMIJIOKCHEIMHA BOJHOBEIMHA BEKTOPaMHA
MOTYT OHITH CHIUTH ¢ 9KCHOHOHIAAABHO CHAKAIOMUME BOTHOBHMHA QYHKOWAMHE B Iy-
cTroM mpocrpancrBe. Takue pemeHds B npuONMKEHHH HOYTH CBOGONHBIX DIIEKTPO-
HOB U3y9alOTCSI B 3amaue 2.

3ATAYN

1. Hexomopoie 3adanu saexm pocmamuKu, CGASANHbIE ¢ KOHMAKMNHON pas-
HOCMbIO NOMENUUAAL08 U 080TIHBIM crO0EeM

a) PaccMoTpUM TIOCKYI0 IOBEPXHOCTh METalja, HePUeHJUKYJISAPHYI0 ocH z. IIpocreiiias
MOJlelib HCHa)KeHUs IUIOTHOCTH 3apsga B fUeiiKax, ONU3KAX K MOBEPXHOCTH, B3aKII09aeTCA B
TOM, 910 Mui GyjeM mpeHeOperaTb BCARAMU H3MEHEHUAMH B MIOCKOCTH TOBEPXHOCTH ¥ ONUCHBATE
OTKJIOHeHHe MIOTHOCTH 3apAna OT ee 00beMHOro 3HaYeHWA Pymkrnueit Op (r), saBAcCAmeH TUMs
or ofHO# mepeMeHHOH z. Terga ycllOBHe OTCYTCTBHA CYMMAapHOTO MaKDPOCKOIHIECKOro 3sapsja
H2 TOBEDXHOCTH €CTh

0= Sdzﬁp (z). (18.31)

I1eTHOCTH 3apsfa Op (£) NPHBOIHAT K 3JeKTPEIeCKOMY moM0 E (z), Taxike DepUEHAMKYJIAPHOMY
moBepxHOSTH. BHBemuTe HemocpeacTBeHHo M3 3aKoHa [aycca (V . E = 4ndp), 910, ecam moxe
ofpamaercsa B HyJAb HA OJHON CTOPOHE ABOKHOrO cJOs (KaK 3T0 ROKHO GHTH BHYTPH METaJida),
TO OHO PaBHG HYNI0 X HA APyroil ero cropome. [lokasKure Takxke, 4re padoTa, sarpadnBaeMan
HAa TepeMeUleHHe 3JJIeKTpoHA depes IBOHHON cioll, paBHA

W, = — 4neP, (18.32)

riae P — AAOONBHHN MOMEHT OJURMIE HOBEPXHOCTH, CO3/laBaeMHl JBOUHHIM ciaoeM. (Y kaszanue.
IIpegcraBsTe pabeTy B BHJe MHTErpaja H NpeBeJUTe Da3yMHHM 0oGpa3oM HHTerprpoBaHHE IO
9acTAM.)

6) lMoxakaTe, 9TO IIOTHOCTH 3apAJa, KOTOPDHIl cleAyeT AONONHUTONLHO DPaBMECTHTH HA
npoBoasameii cdepe pamrycom 1 cu, 9TOOH yBEeJHIATH ee MOTeHIMAJ OT AyJAsA /o 1 B, cocrapager
exoxo 10-1° sjgexTpoHa Ha KBaJpaTHH{ AHICTpeM.

2. IneRM POHHbIE NOBEPITHOCMHBLE YPOGHU 6 CAACOM NEePUOIUUECKOM NOMER~
yuaael)

MeToqu ri. 9 MOKHO HCHOJB30BaTh AJAS PACCMOTDEHHS 3JEKTPOHHHX HOBEPXHOCTHHX
yposaeit. Ilycth MH mMeeM IONYOeCKOHEYHHH KPACTANJI € ILJIOCKOH NOBEPXHOCTHIO, HePUeHAH-
KyasipHod BerTOpy K o0parHOE pemeTKm (HOBepXHOCTH KpHCTa/Ia NapajielJbHH ATOMHHM
miocrocram). HanpasmM ock z mo seKkropy K m BHOepeM B KadecTBe Hagala OTCYETa OJIHY H3
rouex pemerrku Bpass. Torga Met MoKeM rpyfo aINPOKCAMAPOBATH IOTEHIMAT H0NYyGecKOHETHOrS
gpuctapia supakeaueM V (r) = U (r), z < a; V (r) = 0, 2 > a. 3aecp U (r) — neprnogudecKuit
HOTeRNHAN GeCKOHEYHOTO KpucTadxa. PaccTosdnme a ciefyeT BHOHPAaThb OTHENBHO A Ka:KIOH
KOHKDETHON 3afladd, TaK 4T00H MOJAydATH HoTeHHHAX V (r), KoTopHi (ollee BCcero HaloMUHAET
peasbHE DoTeEnnak B6amsm noepxHOCTH. OHO M@KET MEHATHCA OT HyAA X0 PACCTOAHMA MEMKLY
aTOMHHMH ILUIOCKOCTAME B CeMeiicTBe ILIOCKOCTeH, MapaslIeJbHHEX LIOBEPXHOCTH.

Mu no-mpesxEeMy IpepmoiaraeM, 4ro ¢ypoe-wommomnentst Uy pefictemrensHn. Onmako,
ecAW MH XOTHM, YT60H HAHAW3MUAH yPOBeHb BHE KPHCTAJJa HMel DHEDPIHIO, PaBHYI0 HYJIO, MH
ymxe Gonee He MOKeM IpeHeOperaTsh HyJaeBoH (Qypbe-KoMmomeHRToH U, BHYTPH KpHeTajlaa, Kak

1y Cx. pabory I'ynemma {3].
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2T0 MH fenand B ri. 9. CoxpaHmB XoMmoEeHTY Uy, MH C[BUHEM Ha 5Ty BEJWYMHY BCE DHEPTHR
ypoBHEeH B KpmcTaiie, faBaemue gopmyiamu ri. 9. 3ameTnm, 9TO [ NPIMEHEMOCTH METONOBR
ra. 9 komnoHeETa U, MOMKeT B He OHTL Manol B oTimIue oT $ypre-KoMnomenT Uy ¢ BeKTOpaMM
K 5 0.
v Paccemorpum B GeckomegHOM KpHCTanie GJI0XOBCKHUI YPOBEHL ¢ BOJHOBHM BeKTOpoM k,
KOTOPHH Ppacmoioen NoGIM30cTH OT GpATTOBCKON NIOCKOCTH, ompeneisemoll BekTopoM K,
HO Bfadd OT APYIMX OGPSTTOBCKAX INIOCKOCTEH, TaK 4T0 B cJaGoM NeprnofrvecKoM NOTEHORMAJe
BOJHOBas (YEKIAA 3TOTO YPOBHS €CTh JuHeHHAA KOMOMHAIMSA IJIOCKHX BOJH ¢ BOJHOBHMH BEK-
ropamMu k u k — K. B ra. 9 pedcteurennHOocTh BekTopa k TpeGoBanach JMIME JIST BHIOJHEHHA
rparnunEnx ycaosuit Bopaa—HapMana. B nonyfGeckoHeuHOM KpHCTajXle, ONHAKO, COCTABIAMIONAN
BeKTopa k, TepnenfuWKyIAspEAas NOBePXHOCTH KPHCTANJMa, MOKET H He OWTh JeHCTBHTeNbHOH,
TpebyeTcs JUMib, YTOGH OHA [aBajia BOJNHY, SKCHOHCHNUAJBHO CUAJANILYI0 B OTPHIATEIHHOM
HAaIpaBieHnt ocd z (B ray6s merania). Crapysm MeTaxna Giaoxosekast GynKums joJpxaa OHTH
cmmra ¢ pemenveM ypasmenwsi lpepumrepa asnsa cBoGoiHOro NpocTpasECcTBa, KOTOpPOE CHajaer
B NOJOKATEALHOM HAIIPABICHHH OcH x (T. €. B HallpaBieHmn oT meTaiadna). TakuMm ofpasom, BHE

MeTaiIa MH BROnpaem

- t
pry=ePETINE, 18.32)
a4 BHYTPHn
gx+ikgx+iky r _
ym=e 0 M e te_xe ), 1 <a, (18.34)
rpe ki — cocrasasowasn Bextopa k, nmapajnenpnas IOBepPXHOCTH, a Koadduimentw B (18.34)

OIIpeJIeJISIIOTCS IIyTeM pellesn s 3afaqu Ha cobcrennnie 3Haqcuns (9.24) (c sEeprued €, cuBuryTOH
Ha NOCTOAEHYW peamamay U,):

(E—E)—Ug) ey —Ugep =0,

—Ugex+(8—Ek g —Uo) ex_x=0.

a) Tloxrasure, 4To onpenedsemsue 113 ypasaeund (18.35) npn g =« 0 smepruu OynyT peiicTem -

TeNbHHN, eclu kg, =
6) IloramuTe, 9TO B3HAYEHNH BHEPITUM [pH kg = K/2 onNCKBalTCA BHpasKeHHEM

(18.35)

S LI BV GRS, 1/2 7 2
t= 5 (M K= )+ 0o £ Uk—( g oK) . (18.36)
B) IToxaswuTe, 9To W3 mempepsBHOCTH P N V1 Ha IIOBePXHOCTH CIENyeT YycioBHe
1 K
p+q=71<tg(-2—a+6), (18.37)
re
C .
X =20, (18.38)
‘k—K
r) Pacemarpusan cayuail ¢ = 0 M BOCHOJB3OBAaBIHCH TeM, YTO CHapY:KH MeTaJlIa
h2
=5~ (kfy—P*» (18.39)
moxaxkATe, UTo Qopmyian (18.35) — (18.39) paror pemenme
1 Ug .
q——-——T K-—‘é—o— sS1n 25, (18.40)
THe
(Us+Uxg) B (K \2
35— 0B = =
sec? §= % v G=— ( 5 ) . (18.41)

(3amerrM, 4TO 3TO pemende cymecTByeT, Aumb Korfga Uy # Uy orpunatensas, a| Uy | + 1 Ukl >

> €o.)
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NPNRJIOKEHNA

A

BAWHEWIINE YNCJEHHBIE COOTHOIIEHNA
TEOPUY CBOBOIAHBIX 3JERTPOHOB B METAJIJIE

Msl DpwBOAMM 3HeCh Te PERBYILTATH TEOPUH CBOOONHHIX DJICKTPOHOB uM3 ril. 4
H 2, KOTOpHE IOJe3HE IPH YHCACHHBIX ONEeHKAX PasINIHBIX XapaKTePHCTHK MeTaj-
710B. VICIOAL30BAKE CHelyIOMue sSHaYeHAA QYHAAMEHTaNbHEX IIOCTOAHHEX 1),

3apan anexkTpoHA e=1,60219.10"1° Ka=
= 4,80324.1071° en. CI'CO
CKOpOCTh cBETA c=2,997925.10' cm/c
locrosanpasn llnanka h=06,6262.10"27 »spr.c
h/2n =N =1,05459.10"%7 3pr.c
Macca saexTpoHa m=9,1095.10"2% r
IToctrosnuman Boapmmana kp=1,3807.1071¢ 3pr/K
=0,8617-10"% sB/K
Boporcku#t pagmye h2/me? = ay=0,529177A
PunGepr e2/2a, = 13,6058 3B
JI1eKTPOH-BOJABT 1 5B =1,60219.10712 spr =
=1,1604.10* K

UNAEAJBHBI ®EPMU-T'A3

kep=1[3,63A71]. [r /a1, (2.23)
vp=1[4,20-10% cm/c]-[r /ay]™d, (2.24)
ér=150,1 9B} [ry/ay]2, (2.26)
Tp=58,2- 104K} [ry/a,)~2. (2.33)

3HaveHNs BeJHIMEH r, [popmyna (1.2)] Aasa HeKOTOPHX MeTann0B IpHWBEEHH
B Tabua. 1.1; gyucaeEHO OHH OHpERENSIOTCH COOTHONIEHHEM

s __ —1/3
= 5,44 [ny] %,
Q
a IJIOTHOCTH DJIEKTPOHOB €CTh 1 = My,- 1022 cM~5.
1) Cm. pabory [1]. 3navenna ykasann ¢ ropasio GoJaplIeil TOTHOCTHIO, €M HTO HMEET CMECH

B pacueTax IO TeOPHE CBOGOXHKX 37eKTPOHOB. [ipyrre ¢yniaMenTaabHNE MOCTOSHHEE UPHBOJE~
HH Ha (opsame B KOHOE KHHMTH.



IIpnnoxenns

BPEMsA PEJIAKRCAIIMU N JJIUHA CBOBOJHOI'O MMPOBETA

1={2,2-107% c).[(rs/as)%/puls (1.8)
£ =[92A]-[(r./as)?/pul. (2.91)

Yepes p, oGosmatene yaeabHO® CONPOTHBIGHA® B MEKPOOMCAHTAMETDAX; €ro 3Ha-
90HMA [AA HEKOTOPHX METAIJI0B UpHBeqeds B Tabm. 1.2.

IUKJIOTPOHHAA YACTOTA

ve = 0./2n = 2,80H - 108 I'g
ho,=1,16H.10"% 3B = (1.22)
=1,34H .10 K, :

rme o, =2 eM/me [em. (1.18)] @ H — maranTHO® moJe B rayccax.

INIASBMEHHAA YACTOTA

v, = 0,/2n=[11,4.10% Tn}.(r,/as)~"'?,

1.40
ho,=[47,1 aB].(r,/ag) " (1.40)

3necer wp = [4mne®/ml'r {em. (1.38)l.

JUTEPATYPA
L, Taylor B. N., Perker W. H., Langenberg Dy N., Rev. Mods Phys., 41, 375 (1969).



XUMUYECHKUN TITOTEHLIMAJI?)

IlprEaTO cumTaThL?), UTo A Gonbmodl cucTeMhl cBoGonHasa oHeprad 'enpMrons-
oa elwEEIH o0beMa €CTh NIaBEafi (YEKNEA NJOTHOCTE W TeMIepaTypH:

lim —F(N, Vv, T)=f(n, T) (B.1)
N, Voo v
N/Von
g npu Goapmux N ® V ¢ npeKpacHO# TOYHOCTHIO BHIOJHSAETCSA COOTHOIIGHH®
FWN,V,T)=Vf(n,T). (B.2)
Ilockoasky [cormacEo (2.45)] xmmmueckwdi DOTeHNWaJ OHpPEfENAETCA KaK
”=F(N+1?V’T)_F(N’V9T)7 (B'3)

170 pasi Coapmoii CHCTEMH HEMeeM

p=v [ (55 7)1 (3, 7) =V [1(n 4. 1) =1 D]

of )
= (7). (B-4)
JlaBneEne ompefeasierca BHpaskenmeM P = — (9F/0V),;, KoTepoe ¢ yueTOM

coornomenn#t (B.2) n (B.4) ceopurea k P = —f + pn. Ilockoasky F = U — TS,
rie U — BHEYTpeHHAA 9HepTHsA, a S — DHTPONHsA, OTCIOAA CAEAyeT, 9TO XUMHUYe-
CKE IOTEHNEaJA paBeH TepMOAWHaMHUUecKOMy motenmmany I'mG6ca, npExenamemycs
Ha OflHY 4acTHny

p = G/N, G=U-—TS+4 PV. (B.5)

Tak xax 7 = (0u/ds), lrme mnorsocts sneprzm u = U/V u DIOTBOCTL SBTPODEH
s = S/V ompepensioTcs Tak e, KaK IJIOTHOCTH [ cBoGopHo# smeprmm (B.1)l. ms
(B.4) caenyer, 9To p MO3KHO 3ammcaTh B BHRE

p=(3x).s (B 6)
nian

b= (&), ®

JUTEPATYPA

1 . Lebowits J. L., Lieb E. H., Phys. Rev. Lett., 22, 631 (1969).
2%, Janday J. J., Jugwuy E. M. CratecTrveckas ¢usyka.— M.: Hayxa, 1976

1y CM. § 24 kmnrw Jlampay w Jludmrna [2*]. — [ pum. nepes.
%) Bo mHorEx cayuasx 9TO MOMHO HOKasaTh. CM., Hampumep, {1].



B
3OMMEP®EJBbAOBCRUE MHTEI'PAJIBI

Paanomenne 3ommepenbia OpEMEHUMO K MHTErpajaM Buja

o0

_jm dEH (€)1 (8), 1(&) =;—%mﬁ' (B.1)
e Hég) ofpamaerca B Hyab Opu & — —oo U pacter He GHICTPee HEKOTODOi cTe-
nenn é npm & — -+ oco. Ecium BBecTHm ompefeseHme
K (€)= f H (&) dé€’, (B.2)
TaK 4TO -
H (&)= 2E08) (B.3)

10, BemoaHas B (B.1) uarerpmpoBanme mo wacram ), mosyanm

[

OSO H (&) f (&) d€ = S K(S)(—%) dE. (B.4)

00

[MockonbKy QYHKIUA f OPAKTHYECKA HEOTIHIAMA OT HYJd, KOTAA & mpeBnma-
eT p Gomee 4eM HA HECKOABKO kpT, M HpaKTHIeCKH paBHA eXWHHANE, KOraa & MeHb-
me p Goilee 4eM HA HECKOABKO k zT', mpowsBogHas oT aroit QyHKmuA mo &€ mMeer
CYIECTBEHHYO BeJIWIWHY JHANIL B MHTepBAJe MAPAHOX B HECKONBKO kpT BOIH3E
p. Eciun H He mMeeT 0coOGHHOCTE!l M He MPHACTCA CAAMIKOM OHCTPO B OKPECTHOCTHA
€ = p, npm Buumciaenmm wmuTerpama (B.4) ecrtectBenno pasmokats K (8) B pAn
Teitniopa B6ausu € = p, cumras, 9T0 BAYKHH IUOIb HECKOJIBKO HEPBHX TICHOB
pasIoKeHU:

K (6)=K (w) + % [ S s, (B.5)
Ilocne mopcranoBra B (B.4) H:}:BOB ciaraemoe gaer upocro K (1), DOCKOIBKY

3? (—0f/0€)d€ =1.
Kpome rToro, mockonabry 0]‘/0_'5”— werdas QyHExoua or & —u, Briax B (B.4) na-
10T TonBKO ciaaraemue ¢ 3eTHKM n B (B. 5). Torza, Bupamana K depe3 HCXogHYIO

1) JIpu € — co MPOMHETErPHPOBAHMAOL CIATAEMOS 00PAM{ASTCA B HYIb IOTOMY, 9T0 opMaes-
cKasg QYHKIMA cTpeMATCH K HYJIW ropasgo Osicrpee, geM sospacraer K, a mpm & — —oo m3-3a
TOro, 4o depMueBcKas QVARQUSL CTpeMATCA K eUAUNe, a Beaudada K — K HYTIO,
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¢yernuio H ¢ momomsio (B.Z2), maxogmm

co

[ aer@ 1) | H<€>d€+2 [ Bl (o) ot S g ()l

—00 -0 n=1

(B.6)

Haxoren, genan umogcramoBry (&€ —p)/kgT =z, noaydaem

S H (&) f(€) d€ = S H (&) dc‘§+2 a, (kpT)2" dﬁ’;_ H (8))g=n, (B.7)

—o0 — o0 n=1

rge a, — 6e3pa3MepHme 9YHC/JIOBRIe IIOCTOAHHEIE, OIpenelIaeMbuie BRIpaHeHneM

¢ z2n d 1
an={ G (—5 w=1) &= (B.8)
IlyreM »i1eMeHTADHHIX BHYHCICHHHA MOKHO IOKa3aTh, 4TO
1 1 1 1
n=2 (=gt — g g — ) (B.9)
C momompio fAsera-pyEknum Pmmana ( (n) aToT pe3ynbTaT 3amMCHBAOT B BHE
1
e
L(n) =1 + o+ o + 7+ (B.11)
AT TR T T :
Juas mepsrix meckoubkux n QyEkuua § (2rn) mMeer ciaefyiomue 3HadeHHA '):
2n
C(Zn)zzzn—i (z;n)l_ Bn’ (B12)
rie B, HasmBawT ymciamMm BepHynmu:
1 1 1 1 5
Bi=—-6_ ) Bzz—s—ﬁ-, 'B3=E’ Blk:m, B5=W. (B.13)

B ¢usnxe merainnoB B 60JbmMHHCTBe HIPAKTAYECKHX PACIeTOB OGHIIHO HOCTa-
TOYHO 3HATB, 4To ( (2) = m?6; mmorga mcmombayercsa 3HaueHme § (4) = n?/90.
Ecam Bce jke moHAmOOHMTCA IPOZOMKHTH pasioxeHme 3ommepdeasiga (2.70) maa
n =5 [gaa gero morpelfyoTea 3nadenud B,, ne upusefenunie B (B.13)], To momno
BOCITONIB30BATHCA T€M, 9TO HpH 21 > 12 s BRYUCICHHA @, ¢ TOYHOCTHIO M0 OATH
3HAKOB [0CTATOYHO B3ATH IepBHE [Ba dWieHA B 3Harodepedylomemcsa pany (B.9).

JINTEPATYPA
{. Jahnke E., Emde F., Tables of Functions, 4th ed., Dover, New York, 1945, p. 272. (AmeeTcs

mepeBoj: Aure E., Imde @., Tabaamu cbym{mm ¢ dopMynaMu ¥ KPUBEIMU. M. ®uamarrus,
1959.)

1y Cm., mampumep, [1].



r

PASJIOWKEHNE TIEPNOANYECRUX OYHKIINU
10 IJIOCKUM BOJIHAM
B CGJIIYUAE HECROJIBRUX M3MEPEHUN

Haunem ¢ o6mero samevanms, 9To IJIOCKUe BOJEH ¢k T 06pasyloT noAHKM Habop
QyHKORA, DO KOTOpPOMY MO;KeT OHIThH pasiokeBa jaloCaa Qymknus (yAOBJIETBOPAIO-
masi oupefejeHHEM ycaoBuaAM peryiasaproctn) ). Ecan ¢yskums f (r) umeer nepmo-
AmdHOCTH pemeTkm DBpasa, T. e., ecim f(r -+ R) = f (r) nns aoboro r m Beex R
m3 pemeTkn BpaBa, To B pasioKeHNN MOT'YT IPHCYTCTROBATE TONBKO IJIOCKME BOJHH,
ofnagalomye MePHOAUIHOCTHIO pemeTKH BpaBs. I1oOCKOABKY COBOKYLHOCTH BOJHO-
BEIX BEeKTOPOB, OTBEYAIOMUX IJIOCKWM BOJHAM C IEePHOAMYHOCTHIO pemeTKH, obpa-
3yeT o6paTHYI0 pemeTKY, PasjoKeHHe IO INIOCKEM BOJHaM Hias (YHKLMH, DEpHO-
INYHOM B IpAMOHl pemeTKe, WMeeT BHUJ

f(r)= ; fxei¥er, (I'.1)

rie CyMMEpPOBAaHHE BeJeTcss Lo BCeM BekTopaM obpaTHoi pemerku K
Hosppuumenrsr Oypre fx ompenensiorca BHpamKeHNAMH

fk=— j dre=iK-tf (). (.2)
C

WaTerpmpoBaEne UPoBOAuTCHA no J06o0i (NpUMHTHBEOM) ajaeMmeHTapBO# sisefike C,
a v — obbem dToH sAvelknm Z). JT0 MOKHO Hokasark, ymuoxaa (I.1) ma e iXK-r/p
M MHTeTPHPYA No AYeiike C, ecam HaM yNaCTCA NpPEABAPUTEIBHO YCTAHOBHTEH °), uTO

S dretKer =0 (T'.3)
C

Ias awoGoro oramyEOoro or Hyas BerTopa K ofpartHoll pemeTkm.

Uro6m monyauTh cooTBomenme (I'.3), saMeTmM IpoOCTO, 9T0, NOCKONBKY QYHK-
nue ¢! ymeeT MepHOARIHOCTE pemeTKH (Tak kak K — BexTop o6parHO# pemeTkn),
EHTErpan 0T Hee 0 IPUMHUTHBHON sdeiike He 3aBHCHT oT BHOOpa »To#l gueiikm 4).

1) Mu He OHTaeMcCs 8fech HOOWTHCA MaTeMaTHUeCKOH cTporocTd. B cayuae Tpex mamepenmit
MaTeMaTH4ecKue TOHKOCTH He CJIOMKHEee, YeM B OHOMEPHOM ciaydae,n00 KaMkbhi pas ME MOKEM CUH-
TaTh, 9T0 (YHKOUA BABHCHT JMIIL OT OfHOH mepeMemmoi. Hac mmTepecyloT 3pech fopMaZbEEE
npaBuaa u 060o3Havenys, No3BoJaAlomue B HanGoxee cixaToil opme 3amEcaTh OCHOBEHE QOPMYIH
TpexmMepHOTO paznoxkeEna (Dypbe, a He HX CTPOTHH BHBOJ.

2) Bu0op sueilkum HecymecTBeH, MOCKOJBKY HONKHTETPAJILEOE BHPa){€BHe NePHOANYHO.
HrTrerpas oT mepuopmuecKoil (yHKOHHE HO NPEMUTHBHOH fAvellKe EHe 3aBHCHT OT BHOOpa sAdYeeK.
B aToM serko ybeanThCs, BCIOMHEB, UTO JI00YI0 DPUMHTHBEYI0 S9eHKY MOKHO pasbute Ha wacTm
¥, IepeHeCH UX Ha BEKTODH pemeTKa Bpapa, moay4nts u3 Eee N106yI0 APYryI0 IDEMATHBHEYIO Ageii-
Ky, a neprojnyecKas pyHKNHES He MEHAETCA IPHU TPAHCAANWE HAa BEKTOp pemeTkm Gpass.

3) He cTpeMsach K MaTeMaTHYeCKOi CTPOTOCTH, MH npeHeOperaeM BO3MOJKHEIMM TPYNHOCTH-
MH, CBABAHHKME ¢ H3MEHGHHEM MOPANKA HHTETPHPOBAHHMA M CYMMUDOBAaHHSA,

4) Cm. Bume mpEMedaHme 2.
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B wgacTHOCTH, OE HE HBMEEWTCH, €CAM Mb IepeHeceM NPEMATHBEYI0 avelixyC
Ha BekTop d (He o6AsaTeanHo coBmajalommii ¢ BekTopoM pemeTkn Bpass). Onmako
HETeTpaj N0 CMemeHHo# suefike C' MOMEO 3aDMCaTh K8K BRTEIPan oT elK-u+d
no mcxofuo# avedke. llostomy

[idr et [ ar emere | dr et (T.4)
{C c’ c
BN
(eiK+d 1) S dr'et&r =0, (I.5)
C

Ilockonrky Benmgmba (¢'¥-d — 1) Mmosker ofpamaThCa B HYJAb IPH DPOHSEOJB-
BoM d, smmp ecam ofpamaerca B BYJAb caM BekTop K, 8TO JIOKasmBaeT ¢opMyary
(I'.3) naa oramyHOTO OT ByJs sHaueHmsa K.

®opmyan (T'.1) 7 (T'.2) vcnonbsyloTes B pa3HbX NeiAX. MIXx MOKHO DPEMEHATE.
HEIOCPeCTBeHHO AN QYHKIWH B peaJibHOM ODPOCTPAHCTEE ¢ IEPHOJRYHOCTEIO pemerT-
ku Bpass mpmcranna, a Takske mas ¢yBRumi B k-IpOCTpaHCTBE, KOTOPHE MMEIOT
nepuoi¥4YnEoCcTh o6paTHOH pemerkm. B mocaenmem caywae, samedasi, uTo ofpaTsOM
K o6paTHO ABAAETCH NIpAMas pemeTKa 1 9To 06'beM IPUMBTUEROH Aueiiky of paTHOlH
pemeTkn pasen (2m)%/v, My mMoem sanmcats (I.1) u (T.2) B Bune’

¢ (k)= ge‘f“""‘%- (T'.6)

3necy ¢ (k) — aw6an  ¢ynknma ¢ Depmonmumocteio  ofpaTHO#  pemeTKn
[¢ (k +K)=¢ (k) nasa mo6nx kn Bcex BexTopoB K 06paTnOfl pemeTknm]; cymMmmmpo--
Bahpe BeJleTCA Mo BCEM BEKTOpAM HpAMOA emeTK: X

pr=v | 1 e~ (). @7

B nocnepmem BHpaskeEmm v — o0beM DPEMUTHBHOY fAYeMKnm | NpAMOH pemeTKe,.
a8 HHTeTPHPOBaHEEe NPOBOANTCSA 10 NI000H NPEMUTUBHOK AdYefiKe o6paTHOM permeTKH
(manpmmep, mo mDepBoii some DBpmimoana).

Momno mpuBecTn eme ofuE BasKHEKEI npuMep npuMenerns gopmya (I.1) u (T.2).
Paccmorpem ¢yBKOUE B peanbHOM LIPOCTPAHCTBE, UMEKOMEE JUINb NEPUOIMYEOCTD,
HaKJaJkBaeMylo TpaHmYBEME yciosmsamu Bopma — Kapmarma [dopmyna (8.22)]:

f(e+ Nap = f(r), =1, 2, 3. (T.8)

TaKle QYHKLIY NepPHOflNYHH Ha oYcHb Gonpmoi (n nedmsmueckoit) pcmerxke Bpasa,
KOTODPYIO HOPOX/laeT TPOKa OCHOBHEIX BeKTOpOB N;a;, i = 1, 2, 3. PemeTxra, o6part-
Hasfg K Hefl, WMeeT OCHOBHHe BeKTOpPH b;/N;, rme b; cBsisamm ¢ a; cooTHOmEeHmeM
(5.3). BerTop oroii o0paTHO}i pemeTKM MOMKHO LIDEICTABHTL B BHJE

3 »

m
k=2 T:gh"’ m;— TeJke TUCHAa. (T'.9)

i=1 7
Ilockonbky 06beM I pUMHTHBEOM AYeHikn B cayuae nepponnyroctn Bopra — Kapma-
Ha paBeH o0bemy V Bcero kpmcraamna, gopmyaw’ (I'1) m (I.2) npmemmaioT Bun

fx)="2 fueikr (T'.10),

k
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mas nwoboi pyHxuEuM f, yXOBIETBOPAOIMEHA rpaHAIHnM yciaoBuam Bopra — Kap-
maHa (T'.8). Cymuuposanuae B (I'.10) Begerca mo Beem k Bupa (I.9) m

| fu= - [ dre-iwerf @);

(T'.11)

3I6Ch MHTErPEPOBAHHE IIPOBOTHTCA MO BeeMy Kpmerasry. OTMETHM TaxKe aHAJIOT
dopmyar (I'.3):

g dr et =) (T.12)
7

Ans awboro oramunoro or uyaa k smma (I'.9).



a

CHOPOCTBb 1 9®OEKTHUBHAA MACCA
BJIOXOBCHUX 3JERTPOHOB

Iponssonaune 9€,/0k; u 0%°E,/0k;0k; momuo Haittu, 3aMedas, 4TO OHU SABIA-
gorcA Ko3ppuueHETaMY UpPH JXHEHHOM M KBAZPATHIHOM IO ( WISHAX PA3IOKeHUA:

&, (k+q) =8, <k>+2 T at z T 00 @), ()

ITockonsky, ommako &,(k + q) ecrs cobGcrBeHHOe 3HadeHme omeparopa Hiiq
{cm. (8.48)], Mbl MoiKeM BHYECIUTH TpeGyeMsle WIEHH II0 TGODHH BO3MYIEHMH,
BOCHOJB30BABIIACEL TeM, 4TO

Hk+q=yk+%q.(%—v+k)+2—’iﬂ2—q2. (1.2)

Teopusa Bo3MYIm{eHH# yrBep:kpaer, aro, ecan H =H, + V u nHopmMuapoBamHEe
€coGCTBOHHN® BOKTODH, a Tak:Ke COOCTBeHHbIe 3HaYeHNA omepaTopa H , oupenensaoTca
ypaBHeHHEM

Ho'lpn:E;‘Pn’ <H'3)

TO C TOYHOCTHI0 K0 BTOpOro mopsaxxa mo V omeparop H mmeer ciefyiomue cobcTBeH-
#He 3HAYeHUA:

En=Eb + | arav, + 3 oV | (I.4)
n’s#£En En—'En
Aaa pacdera JuHeHAHOro OO ( WIeHA MH TOIKHH ocraBuTh B ([1.2) numb wieH

epBOro HOPALKA HO ( X MOACTABATH ero B WiIeH nepBoro mopAxka B (I[.4). B peayas-
Tare HAXOXAM

Do =3 | drut - (L +k), g (11-5)

i i

{3mecs HATErPHPOBAHME BeIeTCS Au00 0 OHOM IPUMATABHON sdeiiKe, 1u6o Mo BCeMy
KPHCTAJIAY B 3aBHCAMOCTA OT TOTO, CIUTAEM JHM MH HODMHPOBOYHHIA MHTErpal

dr|unx |? paBHEHM eguHANEe IIPA HHTETPEPOBAHAU IO ONHOX HPEMHUTHBHOM
AYeHKe HAW Ke Io Bcemy Kpmcranny.) CrefoBaTelsbHO,
9% 72 « [ 1
L 5 drut (+ V+k) o (I.6)

Ecim BHpasmTh 3TOT pe3yabraT ¢ momomplo (8.3) ueped GaoxoBckme QyHRIEE
Ynk, OH HpHOGpeTaeT BUL

o€ h? 1
= ) Arbhr V.

(1.7)
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Iocroabky (1/m) (f/i) V — onmepaTop cKopocTm '), MH [OKaBajm, 970 BENMYHEA
(1/R) (0€, (k)/dk) ecT» cpenBsAs CKOPOCTH SJAEKTPOEA Ha 6J0XOBCKOM YpPOBHE, 8a-
IaBaeMOM HOMEDPOM 30BH I W BOJHOBEIM BekTOopoM k.

Uto6s Brumcanth 0°€,/0k;0k;, Bam Beobxonmmo smath &, (k -+ q) ¢ Toumo-
CTHIO IO YJIEHOB BTOPOTO NOPAAKA IO q. ypaBHeBHﬂ (1.2) m ([.4) masror ?)

2o+ Vk ) g 2

nk_‘én’k

dru¥,
1 62‘6,, 2 I S

ij ':,e'n
Hcoonrsysa BEOBE (8.3), ME MoskeM BmpasuTh ([[.8) wepes GaoxoBckme ¢yEKRnEE

|k 10w |n'k>|

2 2 61‘3:‘5621 94y= :z 9*+ 2 Err— Cnn (1.9)
n'en

rie BBefieHo o0osmadeHHME

S At X Yo = (nk | X | n'k). (11.10)
CaenoBaTenbHoO,
Gty = bt ()
(k| 5 V| k) (w'k | 2= V5] k) (nk | 5 V5| n7K) o'k [ V4| nk)
X F =%, ® .| (1.11)
n'sEn

Benmauna cupasa B (JI.11) (yMEOsKenEas Ha 1//%) ectdh o6paTEnf «TeE30p o¢ eKTHE-
HOli Maccmp (cM. c1p. 232), mostomy dopmyay (M1.11) wacTo HasmBaloT ¢TeopemoR
o6 sddexTEBEOE Maccer.

1y Omepatop CKOpOCTH ecTh v = dr/dt = (1/ik) [r, H] = p/m = EV/mi.
2) Ilepeoe caaraemoe cupasa B (J[.8) pO3EMKaeT Dpm DOLCTAHOBKE YJieHA BTOPOro NOPsAAKa
s Hy . [cm. ([1.2)] B gner nepsoro mopsfka B Gopmyne Teopmm Bosmymenmil (J[.4). Bropee

ciaraeMoe CIIpaBa BOZHEKACT DY NORCTAHOBKE WIEHA NePBOTO NOpsAKa B8 Hy . B 97€H BTOpOro
wopafKa B (OPMyJie TEOPHH BOSMYMEHHH,



HEHOTOPBIE TORIIECTBA, CBA3SAHHBIE
C ®YPBE-AHAJIN30M IMMEPNOAUYECKAX CUCTEM

Yrobul BuBecTH popmyan odpamenas Dypee, J0CTaTOTHO JOKA3ATh TOKIAECTBO

D) etk R= N, o, (E.1)

R

B3 KotopoM R mpoferaer N yaaos pemerku Bpass

3
R=21 na;, 0<.n;<<N; N\N;N;=N, (E.2)
i=

a k ecTb m00oit BekTop B mepBo# 30He Bpmaniosna, orBevalomumit rpaHIYHKNM YCI10-
susiM DBopra — Hapmama 1aA pemeTk:m M3 TOYeK, OUpeNENSeMHX COOTHOMIEHHEM
(E.2).

Ilaa qoKasaTeabCTBA STOTO TOKHECTBA LPOINe BCEro 3aMOTHTh, YTO, HOCKOIBKY
k orBevaer mepmOTMIECKAM IpaHEIHHM yciaoBuaMm Bopma — Hapmama, Beauumna
cyMMul B (E.1) e mamennrca, ecan rRa:kauid Bexrop R cmectnts Ha R, rie BexTop
R, mpencrasuser cobod moboir Bexrop Bmaa (E.2):

(E.3)

‘CireoBaTeabHO, CYMMa MO/HKHA OHITH paBHA HY/I0, OCAH TOJBKO DKCIOHEHTa eik-Re
me paBHa efmHANe mas Bcex R, smma (E.2), 1. e. nma Bcex Bexropos R, pemerxm
BpaBa. 9To BO3MOKHO JAMB B TOM Clydae, KOrxa k — Bexrop ofpaTHOH pemieTki.
Ho enmmmcTBeBHHIE BeKTOp 05paTHOH pemeTKH B IIepBOiX 30He DBpminwsma ecTb
k = 01'). ITosromy iaeBas cropoma pasercrBa (E.1) meitctBmrensmo ofpamaerca
8 Hyns 0pu k % 0 7 TpmBranbuo pasHa N npr k = 0.

ITpuBogmM eige ONHO BAKHOe TOMJECTBO, TECHO CBA3AHHO® ¢ UpPeXb{YLIMM:

g VKR g 'k (R+Ry) — pik+Ry ; eikeR

g e R—= N§g o, (E.4)

e R — awSoit sexrop Buxa (E.2), a cymma mo k Geperca mo Bcem TodKaM B mepBoR
3ode Bpuanwana, orsedaiomuv rpaHaIHNM ycaosaaMm Bopma — Kapmama. Cymma
8 (E.4) Temeps He MeHmeTCA, ©CIAW MOPeHECTH KaKAHY BerTOp k Ha ONMH M TOT e
seKTop k,, He:Ramuii B 0epBOi 3080 M OTBEYAOMHA TpaddAYHEM yciaoBuaM Bopma —
Hapmana. JeiicTBuTenbHO, NPAMATHBHYI0 AYeifiky, HOAyIaeMyl0 IyTeM CMOIMEHHS
sceit mepBOR 30HH Ha BeKTop k), MO:KHO BHOBB BepHYTH B UepByo 3ouy Bpuaaiosua,
pasbms ee Ha 9YacTH M CMECTHB MX Ha NOAXONAIIAE BEKTOPH OGDATHOH DPEMETRH,
[Tockonsky HE omEO crmaraemoe Bmaa e'k'R me mamenmres mpm casmre k Ha BeKTOp

%) Ecnua smawemns k me orpamuvenn nepsoit 30m0it, cymma 8 (E.1) 6yxer pasma mymo, Korga
k me commapaer a¥ ¢ oxHuEM 43 BexTOpoB K ofparTmoil pemerku, m paBaa N B IPOTHBHOM cHYdase.
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o6paTHOH pemeTKH, CyMMa IO CMeIeHHOM B80He TOKJIECTBEHHO PaBHA CyMMe IO
ucxonHoi some Bpmaawsma. Taxum oGpasom,

k'R — i(k+Ko)eR . pikoe R ik<R.
SetkRm 3 iR = etk R Y] them; (B.5)

cienoBaTeNbHO, cymMma caeBa B gopmyne (E.4) nomxna ofpamaTtics B HYnb, €CIm
TOJABKO DKCIOHEHTa ¢Ko'R pe paBma enmHmie i Beex BeKTOpOB k;, oTBevaromux
TpaHWYEHM ycaoBusam Bopna — Hapmana. EpmrcrBennmit Bextop R Bmpa (E.2),
Jas KOTOpOro 9T0 Bo3MOMKHO, ecTh R = 0. Ho npn R = 0 cymma B (E.4) 1puBRa-
nbHO paBHa NV,
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BAPMAIIVMOHHBIN NPUHIIUI
IJ1A YPABHEHNA IMPEINHIEPA

Hyers Yy — nuddepernupyemse GyBKRORY, yIOBIETBOPANmMES yeiobnio Baoxa
¢ BOJHOBHM BexTopoM k. Mm xorwM mokasatb, uro ¢ymxnmonan L [y] [dopmyna
(11.17)] mocruraer crTanmoEApHOTO BHAYeHMA JumL Ha Tex QyBKumAX Yy,
KOTOphle yRoBierBopsoT ypasmemmic Il pepmmrepa: '

— e V2 -+ U (1) = Ext. (K.1)

Mu mmeem B Bupy caepyomee. [lyers dynxnusa ) Cnnsxa k onnoil n3 ¢ymrnmi Py,
TaKk 49710

¥ = Pk + O, (F1.2)

roe Oy — manas BeamymHa. Ilycts Qynrums § yhopnersopseT ycaoemwo bBiaoxa
¢ BONHOBLIM BekTOpoM k w, ciefoBaTenbHO, TOMY jK€ YCIOBHIO yAOBAeTBopser Ov.
Torna

E [V] = E [pc] 4O (89)2. (H.3)
U161 yopocInTh 3a0nuch JOKAsaTenbCTBA, BBEJIEM ODpEleseHue
ﬁ2

i, x1= | dr (4 VE*-Vx+U () $*) (7K.4)

Z BOCHOABBYEMCA CTUHAAPTHEM 0003HaYeHTEM
(9, ) = | drg*y (7%.5)

3amerum, uro rorpa E [¢} saummerca B Bmue

_FIv 9l \

By =TS0, (7.6

BapyauponBE#l HPWHIUI HENOCPENCTBEHHO CJielyeT u3 TOro, uTo aaa a06o#
$ysKnEy - ¢, yooBaeTBopALmed yeioBuio Baoxa ¢ BoanoBEM BekTopoMm k, Bhmoa-
HATCA COOTHOMEHHS

F[¢‘1 ‘pk]=gk (Si’, wk)‘v
F [px, ¢]=& (Px, $)-

HleiicTBnTensro, ycnosme Baoxa tpefyer, uTo6H NOALETErpajibHHBE BHPAKENHS
B coorEomenuax (#K.7) mmenm mepmogmunocTs pemeTkn. Ho Torma ME MoxeM Boc-
HOJH30BATHCA CTAHNAPTHRMA GOPMYJTaMU WHTET PAPOBAHKS 110 YACTAM 13 NPUIOKEHNAA
1 m cpenats Tak, 9ToGH ofa rpafimenTa AeHCTBOBAaIX Ha QYHKIHIO Pi;¢ IOCTIE JTOTO,
YUATHBag, 9T0 Px yAoBierBopser ypasHenmio Illpenmmrepa (¥H.1), mm cpasy xe
noaygaem ¢opmyant (FH.7).

(.7)
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lenepp MoOmHO HammeaTh
=F [P, Pl +F 6%, Yl + F [P, SP1+ O (8)2 =

= & {(Pie, Pic) + (Yo SP) + (8, i)} + O (8p)2. (H.8)
poMe TOrO,
(b, ) = (P, i) (P, Op) + (8, Pic) + O (5)? (+(.9)
Momenus (#.8) ma (#R.9), moxyurm
E ) =Tt~ 0 (502, (#.10)

9TO M JORa3LBaer BapdanwoHuali upuanuua. [PasencrBo E [y == & caenyer ms
(H.10), ecan monomuts Benwauuy 81 paBHOHE HyIIIO.]

O6paraTe BHEMAHME, 9T0 B IPUB2ASHEOM BHBOIe He Tpebyerca, 4Tolu yHROUEA
P WMeNa HeUPepHBHY® NepBYI0 LPOU3BONHYIO,
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FTAMUJBTOHOBA ®OPMVYJIMPOBKA

IMOJIVKRITACCUMYECKUX YPABHEHUIT IBUHEHUA
N TEOPEMA JINYBUNJUIA

Ilonyrnaccugeckue ypaBHeRms JBmxkenms (12.6a) m (12.66) moskmo sanmcars
B KAHOHWIECKO® TaMHIBTOHOBOH Qopme:

£=%, p=—20, (3.1)
rAe TaMHRJIBTOHMAH [Jd 3JEeKTPOHOB B n-i 30HEe HMeeT BU
H(r, p)=8, (5 [p+SA @ 0])—epx 0. (3.2)
IToas BRpAKAIOTCH 9epe3 BEKTOPHHIA WM CRAAAPHHE IOTEHIIMAJ
H=VxA, E=-Vg——2 (3.3)

u nepemennas k, Bxonsamaa B (12.6a) r (12.66), ompenenserca caenylomum obpasom:
hk=p+-A(r, 1). (3.4)

Ilpoepra Toro, uro ypaBmenus (12.6a) m (12.66) caemyror u3 (3.1) — (3.4),
ABJACTCA XOTA U T'POMO3IKHEM, HO NPUHIUONAJBHO OPOCTHM yHOpasKHeHHMeM B Jug-
fepeHUPOBaEYY (KAK W B ciyIae CBOCONHHIX 3JIEKTPOHOB).

3aMernM, 9TO KAHOHWYECKHA KBABMEUMIYJIBC (IepeMeHHAsi, KOTOpAd HTPaeT
pOJb KAHOHWYECKOTO MMIYJBCA B TAaMHJIBLTOHOBOH (¢opMynupoBke) He paBeH Fk,
a mMeer BWY [Kak aTo cuemyer u3 ( 3.4)]

p=rk—=A(r, 2). (3.5)

Ilocroabky monykmaccHIecKkre ypaBHeHNA IBIKEHUA JJIA KaKI0H BOHHE MMEIOT
KaHOHNYECKYIO FaMIIbTOHOBY dopmy, Teopema JImyBuuaisa ) yTBepsimaer, 4ro ¢ Teue-
HUeM BpeMeH:m O0O0IacTH B MECTHMEDPHOM IpP-HPOCTPAHCTBE MOTYT MNpETepHeBaTh
qunIb TaKylo 9BOJMIONHIO, KOTOpas coXpaHsaeT mx ob6bemnl. Ogunaxo Bexrop h k oTanm-
9aeTCsI OT P UMb Ha H00aBOYHEIA BEKTOpP, KOTOPHIA HE 3ABUCHT OT P, NOTOMY Jdw0basd
061acTe B rp-IpOCTPAHCTBE WMEeT TOT 3Ke 00'beM, UTO W COOTBETCTBYIOMAA 00JIaCTh

B rk-mpocrpancTBe ?). JTo HOKa3HBaeT Teopemy JImyBmalis B TOM Bufie, KaK OHA
wenoapayerea B ra. 12 m 13.

JUTEPATYPA
1. Symon K. R., Mechanics, 3rd ed., Addison-Wesley, Reading, Mass., 1971, p. 395.

1) Oas ee poxasarelabcTBA TpeGyeTcsi Aump, 9TOGH YPABHEHUA [BIMKEHHA uMean QopMy
(3.1). Cm., manpmmep, yuebHuk [1].

2) MopmaasHo — aAxobuan 9 (r, p)/d (r, k) pasen egmmmme.



TEOPEMA T'PUHA
JJIA IIEPUOANYECKUX OYHKIIUN

Ecnn kax u(r), Tak m v(r) EMeloT IepHOANYIHOCTH pemeTkn Bpaps!), To cmpa-
BeIUBH CjlefyIOMue TOMKAeCTBA IJIA HMHTETPANOB N0 OPUMHTUBHON sAdefixe C:

§ druVv = — s droVu, (M.1)
C C

[ aruvw={ arnveu. (11.2)
C c

JlokaxeM »TH TOMKHIEcCTBa.
Iyers f (r) — #0628 GyHKIUA ¢ mepuoAndHocTh0 pemeTku Bpapa. Ilockoabky
C — mpmMuTEBHasA fAUeiiKa, MHTerpal

I(@)= 5 dr f (r4-r') (11.3)
C
He sasmeut ot r'. Ilostomy, B wacTHOCTH,
v'I (r'):S drV'f(rr’)= g drV§(r-+1')=0, (11.4)
¢ c
vl (r') = S drv'2f (r4v') = | drvef (e 1) =0. (11.5)
c c

Briumcnas »Tu BHpaskenus npu r’'= (, Haxogum, 9To HaA N1000H DepuoandecKoi
¢yHKIMU f cHpaBefJUBH COOTHOINEHHH

S drV(r) =0, (IL.6)
c
| drves(m 0. (IL.7)
c
Tomnecrso (1.1) monyuaercss nemocpencTserno us gopmyas (11.6), ecniu npume-
HUTH ee K caydano f = uv. UrtobH moxasars ToskmectBo (M.2), momomum B (U.7)
f = uv; Torma mMmeeM

S dr (Vau)v-+ g dru (V) +2 S drVu.-Vy=0. (11.8)
C c ¢

K nocaennemy caaraemomy B (M1.8) mosxno npumernts ToxAecteo (11.1), cauran nByms
nepuopudeckumu GynkimamMy B (U.1) OyHKIUIO v 1 pasniwdHRe KOMIOHEHTH TPajgn-
eHTa OT U. JTo Jaer

2 5 drVu. Vo= —2 S druVa, (1.9)
C c
u B peayabrare paBeHcrso (11.8) mepexoant B (M1.2).

1) Mo ucnoxsayem 0003HA9eHMA JJIs PEAJBHOTO IIPOCTPAHCTBA, XOTA TeOpeMa, pasyMeeTcs,
CIpaBeINBA M [JIA MEePUORUIECKHX PYHKNHE B k-TIPOCTPAHCTBE.
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YCJIOBUA OTCYTCTBUA MEM3OHHLIX TTEPEXOIOB
B OJHOPOOHOM SJERTPITYECKOM
nJjin MATHUTHOM II0JIAX

Teopusi BIEKTPUIECKOr0 W MarHWTHOTO HpofoeB, Jeamasi B OCHOBE YCIOBUi
(12.8) u (12.9), nosonvuo caomua. B sToM mpuaoskenum fano awmb camoe rpy6oe
ofbsacHenue TOMOOHRIX yCIOBWH.

B ppenene mcuesaiollle Majoro IePpHOTWYECKOTO HOTEHLHMANA 3JEKTPHYECKUHA
npoboit mMeeT MecTo BCAKEIl pas, KOTJa BOJHOBOM BEKTOpP 2JEKTPOHA DPOXOAUT
gepe3 GpPATTOBCKYI0 HiockocTh (¢Tp. 222). Ecam mepmopuueckuii moteHnmasa caal,
HO HE paBeH HYJIO, MOKHO 3a/]aThCA BOIPOCOM, IIOUEMY HO-IPEKEEMY CIAENYET OKU-
IaTh, uTo mpo0oi GyleT mpouCcXOoANThH BOAE3W G poTTOBCKOR WIOCKOCTH M HACKOIBKO
CHJIBHEIM JIOJI’KeH GHTH moTeBIyax, 4TofH TaKag BOBMCIKHOCTH (hura HMCKJIOYeHA.

B cayuae cina6oro mepuoindecKoro noTeHnuaya 3akucEMocts € (k) nmeer Gonb-
Myl KpuBm3HY !) B Toukax BOAm3W GPIITOBCKHX DJOCKOCTeH (CM., Hampumep,
dur. 9.3). B peayabrare pénusu 6PorroBeKoll naockoctn neConrmoii pastpoc B sua-
9YeHUAX BOJHOBOTO BEKTOpa MOMKET IPMBOAMUTH K GONbmoMy pasbpocy B CKOpPOCTAX,
HOCKONBRY
1

v
Ao() =5 Ak~ o (G

) Ak. (K.1)
Yrofn mHonyKIaccuueckas KapTHHA COXPAHANA CHOPaBedJiiMBOCTb, HEONpeRejeH-
HOCTH B CKOPOCTH NOJKHA OCTABATHCA MaJIOH 110 CPABHEHMIO ¢ XapaKTepHO# CKopo-
CTHI0 BJERTPOHOB Vp. ATO YCTAHABNHBaeT BepXBEH mpemen ausa Ak:

hvp

Ak L e

(K.2)

IlocKoAbKY DepHOANYECKUH IIOTEHNHEA ¢1ab, MBI MOKeM OLEeHHTH MaKCHMaJb-
Hoe sHadeHme §°&/0k>, npopuddepennyponas suepruio (9.26) nia mouTm CBOGOAHEIX
2JEKTPOHOE BIOJb HANPAaBJeHUA HOPManH K CPoITOBCKOH DJIOCKOCTH M B3AB BeJiN-
9uHY 9TO¥ NPOM3BONHOW HA CAMOU IIOCKOCTH:

¢ (WK/m)?

S~ (K.3)

Tark rak hK/m~ vy, a €gp~ |Uxg| lem. dopmyny (9.27)], nepasencteo
(K.2) upuwnmMaer Buj

Ak P (K.4)
qTO OmpefieNfeT HWKHUH Npefe HeonpeneneHHocm KOODJIWHATH DJIEKTPOHA:
D eE, (K.5)
gap

1) To ecrs obGnagmaer Gompmroil BTOPOt mpomdBOAHOI. — IIpum. nepes.



388 IIpunomenusn

HeonpeneneruocTs KOOpAMHATH 00YCIOBIHBAST HEONPeREICHHOCTL IOTEHI(H-
QIBHOA DHEPrUHW 3JJEKTPOHA BO BHOOIHEM IOJe

eA¢:eEAx>>f%Z§§-. (K.6)

HKorma HeollpefeneEHOCTh HOTeHIUWAJIbHON dHEPIMM CTAHOBHTCA CPABHAMOR C MUpH-
HO 3aIpeIjeHHO#l 30HH, MOKOT IPOHCXOJUTh MeK30HHHH Mepexol, He HApPYIIAK-
Uil 3aK0HA COXpaHeHWs dHeprad. YToOH TAKOR MeKIOHHHIA Iepexof O HEBO3-
MOMEH, TOJIKHO BHIOJHATECA YCIOBHE

8gap >>

Hockonbry FAvpla~ &g, rOa a — HDOCTOAHHAA pemeTku, uepasenctBo (K.7)
MOKHO OPOJCTABHTHL TAaKiKe B BHUNO

$za ‘
3= > eka. (K.8)

eEﬁvF
Egap °

(.7)

Amajorgunsie mpualiAMKOHHHE ONEHKH II03BOJAKNT IOJAYYATH yCIOBHE MATHAT
#Horo mpoboa. [Tockonpkry 0ToOpaTh 9HEPIHUIO OT MATHUTHOTO IO HEBO3MOKHO, JJIA
npo6os1 HeoGx0quMO, ITOOH Heompe/leTeHHOCTh BOIHOBOIO BEKTOPA dIEKTpOHa OBLIa

&)

N Sz,

Ak

®ur. K.1. K paccMoTpeHHI0 MarauTHOTO mpobos.

Horaa nBe 30HN GIM3KM DY K APYry, PACCTOAHME B A-IPOCTPAHCTBE MEKAY TOUYKAMHU ¢ ONMHAKOBO sHepruei
DPaBHO IPUMEPHO AR = ggap/ 18g /okf. 3mecn ggap eCTh MUHMMAaJNbHOE DACCTOSHNE [0 BEPTHKAJIM MEKIY ABYMA

30HaAMM.

CpPaBHEMA C PACCTORHMOM ME;K/AY TOYKAMH C ONWHAKOBOX 9HepTHed HA TBYX pasimd-
HHX D0X0CTAX moBepxuocTd Mepmm. B k-mpocrparcTBe 5T0 paccToAHMe MMEET IOps-
ok Egap/ | 0 E/0k | (fur. K.1), T. e. mpumepro &gup /Avp. YcaOBHE OTCYTCTBHA
Tpo6osA WOITOMY TAKOBO:

ﬁgap
Ak & - (K.9)

Ha crp. 233 wmu Bmmenu, 9T0 B MAaTHHTHOM IOJe MOJYKiIaccwdeckas opOura
B peaJLHOM IPOCTPAHCTBE HONYy4aeTcsa IyTeM HOBOPOTa opOUTH B k-IpocTpaHCTBE
ua 90° BOKpYr HANpABIeHAS NONA U W3MEHEHHWA ee Macmraba B orHOmeHmn fic/eH .
CnenoBaTensH0, W3 COOTHOINEHHS HEONPENEIeHHOCTH

Ay Ay > 1 (K.10)
moiay4aeM B K-mpocTpaHCTBe CHEYOIEe COOTHOMIEHUE:

H
Ak, Ak, > = (K.11)
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ITosToMy Upum HANWIMH MATHHTHOTO IOJA BJIEKTPOH HEBO3MOKHO JOKAJH30BATH
B k-IIpocTpaHCTBe TOYHee,” IeM B 00JACTH € pasMepaMé

Ak (1), (K.12)

B romGuuanmu ¢ mepasenctBoMm (H.9) aTo osHagaer, 4To B orcyTcTBEE HmpOGOA HOJ-
JKHO BHUOONHATHLCHA YCIOBHE

Cuuras € p = '/, mvy, MOMHO UpPENCTaBHTH BTO YCIOBWE B BHIe

$gap
h(l)c <<-W, (H.14)

)1”<< Eeap (K.13)

hUF *
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OIITNYECKUE CBONCTBA TBEPJBIX TEJ

PaccMoTpuM HmIOCKYI0 3JIEKTPOMATHATHYK BOJHY C YIVIOBO# YacToOTOl ©, pac-
DPOCTPAHANIYIOCA BIOJIb OCH z Yepe3 Cpely ¢ HPOBOTUMOCTBIO O () M JUDJIeKTPU-
4qeckoit mponmmaemoctsio ) e (@). (Mbr me racaemcs ceifgac caydas MATHATHBIX
Cpe; W cuMTaeM, 4TO MATHATHAS HPOHUIAEMOCTH | PaBHA eJUHHUIE, T. €. B ypaBHe-
Huax MaxcBeana wnosaraem B pasueiv H.) Ecam ompegemmnts D (2, o), E (z, 0)
1 j (2, ® obGeraEEIM 00pa3om:

iz t)=Relj(z, o) e~ u 1. 1., (J1.1)

TO JJIEKTpHYEeCKaAaA MHIYKRIIHA W HJOTHOCTb TOKAa 6y}IyT CBA3AHBE C 3JICKTPUICCKUM
nojeM COOTHOINEeHUAMU

j(z 0) =0 (0) E(z, 0); D(z 0) = ¢ (0)E( o). (J1.2)

NPEAIIOJIOREHNE O JOKAJDLHOCTH

Coornomenusa (JI.2) ABAAIOTCA JOKANBHEIMH, T. €., TOK MJIKM AHAYKIUA B HaH-
HOH TOYKEe IOJHOCIHI OHPEeJeNATCA BEAMIAHON JJEKTPHYECKOTO HOAA B HTOR
roake. IllomoGHOe HpeAmOJNOKeHHe cipaBemiauBo (cMm. crp. 31—32) upu yciosuum,
9TO XapaKTePHHA MACIITA( LIPOCTPAHCTBEHHOTO U3MEHEHU S II0JIeil MaJ T0 CPABHEHMIO
co cpefiHeil AnMHON CBOGOXHOrO IIpoJera 3JeKTPOHOB B cpede. Paccauras Bragamde
mOJNA B IPEANONOKEeHNHE O JOKAJIBHOCTH, MBI MOKEM 3aTeM JIETKO MPOBEPUTH BHIIOJI-
HEHHE DTOr0 MpPSNIOJIOMKEeHMA! OHO OKA3KBAGTCH COPABEAIUBLIM [ OLTHISCKUX
9acToT.

INPEAIIOJIOKEHNE Ob N30TPOIINI

s OpocToTHl HPEeRmOToMUM, UTO JUIA PACCMAaTPHBAEMOR Cpembl 0;; (W) ==
=0 (0) 8;;, £} (0) =¢°(w) 8;;, 7. e. D u j mapamnensnn E. OT0 cmpasennuBo, nan-
puMep, IIA JM050r0 KPUCTALIA ¢ KySHIecKod cuMmeTpumel, a TakiKe [JIA MOJUKDPU-
cra/uimgeckux ofpasmos. IIpw M3ydeHHH IBOAKONPEJOMJISAIONMUX KPUCTATIOB OT
TAKOTO TPEIIOJOKeHHS CJIe[yeT OTKA3aThCH.

YCJOBHBINT XAPAKTEP PA3JINUYUA MEKILY &%(0) n o(w)

IlesnerTpudecKkas HPOHANAEMOCTh U OIPOBOANMOCTL BXOJAT B BHpayKeHUA, ONH-
CHBaWIMHe ONTHIECKHEE CBOHCTBA TBEPHOrO Teja, JUMb B CHEAYIOMeH KOMOWHATMU:

g (0)=¢g? (w)—[—én—igo(—m%, (J1.3)

1) Mu moan3yeMcs TrayccOBO CHUCTEMOH, B KOTOPO{ AHAJICKTpUYeCKas IIPOHHMIIAEMOCTH
B IIyCTOM IIPOCTPRHCTBE paBHA efuwHuue; e’ 0603HagaeT JUAICKTPUIECKYIO IIDOHULAEMOCTD Cpe/IbL.
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TlosToMy MH MO;KeM IlepeompeferuTh BeauumHy &°, mo6aBmB K Hell J106yI0 QyHK-
I[M}0 9aCTOTH, eCJH OTHOBPEMEHHO COOTBETCTBYIOIEM 00pasoM IepeonpefiesnM Bejin-
gMHYy ¢ Tak, 4YroOH kKombmHanma (J1.3) ocramack HeMBMeHHOM:

0 (0) > 2 (0)+8e(0), 0(0)>0(0)—=8(0). (J1.4)

Takass cBoGona BHOGOpa OTpajkaeT HeOJHO3HATHOCTH QUBMYECKOTO OIpefese-
ausa BenwuWH €’ u g, KOTOpHe OTHOCATCH K Pa3NudHbiM (UIWIECKUM IIPOIeccaM
JUNb B CTATHYECKOM CJIy9ae,— BEJIUYUHA O OIMCHIBAET TOTHA «CBOGOTHEIE 3apsIbDy
(xoTOopEe MOTYT cBOGONHO LepelBHTATHCA Ha JI00HE PACCTOSHHSA IOJ AelcTBHeM
CTaTHIeCKOTO HOJA), & BednduHa &’ ONWCHBAET «CBA3AHHEE 3apAALY (KOTOPble IPH-
BABAHH K PABHOBECHBIM IOJIO;KEHMAM W JIUOIb CMeMAlOTCA K HOBHIM PaBHOBECHBIM
TOJIOKEeHUSIM TIPYW HAJWIAU CTATHYIECKOro IIOJA; KAK moKasano Ha ¢ur. JI.1).

B canyyae nepemeHHHX moJjeil Takoe paznuuaume ucgedaer. CBoOOIHEIE 3aPAIH He
VXOJISIT CKOJABKO-HUOYIH MATeKo, a KoJNe6II0Tea B3a i BIepe/ ¢ 9acToToil MoJisI, TOrja

bes nang B none

—@—— v=eEt/m COr—>@
Coooodnsnz  (APYe) Cansa st
sapAd —_—— 3apad

Dur. J.1. Peammﬂ ((CBOGOJ],HOI‘O)) 1 «CBA3AHHOTO» 3aPANOB HA IIOCTOAHHOE JEKTPHYECKOE IoJe.

CBOOOIHBII 3apAN MIPOTOJKAET OBUTATLCA BCE BPEMsA, JIOKA JEHCTBYET NOJIe, a CBASANLHBIA 3apAN YAEPKUBAETCH
BO3BPANAIOINUMHA €10 CHIAMH M MOMKET JIMIIb CMECTUTHCA B HOBOE HOJIOMEHNE PABHOBeCHA («IIOIAPHU30BATHCAN).

KaK CBA3AHHBIC 3aPAIE Y7Ke He CMEIMAIOTCs B HOBEE PABHOBECHHIC MOMOKEHU, a TAK-
7K€ OCTIWIIMPYIOT ¢ 4aCTOTOH HOJA.

Korpa wacrora nons gocrarouno uuska (o < 1/1), pasnndne MeRIY CBABAHHBIM
1 CBOGOJHBIM 3apANOM eIle COXPAaHAeTCs, HO N0 HeCKOJbKO WHHIM mpuamHam. llon
jieficTBUeM BHENIHEro TOJs W3MeHeHNWe CKOpOCTH CBOOONHBIX B3apsafoB MPOHCXO-
mur B Qase ¢ oTmM mojeMm [T. e. 0 (®) — OpeNMYIMECTBEHHO AeiCTBHTENbHAA
BeNWUMHA |, TOIJA KAK U3MEHEHWe CKOPOCTH CBABAHHKIX 33aPANOB HPOWCXORWUT B UPO-
TaBodasze ¢ mojeMm [T. e. &% (®) — HPEUMYIIeCTBEHHO HellcTEMTEIALHAS BeaWdmual.
Ha Gomee BrICOKUX wacToTax Jake aTo pasimume mcdesaer. CBoGoOmHBE 3apAIBI TOT-
2 MOTYT IBHTAThCA HOYTH B mpormBodase ¢ moieM [mpm omrmueckmx d9acToTax B
MeTajiax OPOBOAUMOCTS O () DOYTH YRCTO MEMMAs BeJIWYNHA|, a CBA3aHHEE 3api-
7Bl — pearmpoBaTh HA IOJe TOYTH B (ase ¢ HUM (ITO MMeeT MeCTO B HEKOTOPHIX Ma-
Tepmanax IPH ONTHICCKMX TACTOTAX).

HosTomMy Ha BHCOKMX YacTOTAX pa3amdye MeKIAY CBOOOTHEIMU U CBA3AHHHEIME
sapagaMu [a ciIegoBaTeNsHO, MEHAY O (o) m &° (w)] ABIAETCSA COBEPIIEHHO YCJIOB-
HeM. Ilpu paccMoTpeRmum MeTalaoB OOHYHO NPH/EPKHBAIOTCA ABYX IpaBHIL.

1. OGo3HadeHne O COXPAHAT AJA PeaKHUW 3JMEKTPOHOB M3 YACTHYHO 3AIOJ-
HEHHBIX 30H (T. €. JJA 3JIeKTPOHOB IPOBOJAMMOCTH), & ¢ IOMOMBI0 BeJIWIMHE &°
ONACHBAIOT PEAKIUIO JIEKTPOHOB B IIETMKOM 3aI0JHEHHLIX 30HaX (HaOpuMep, aJe-
KTPOHOB WOHHOFO o0c€TOBa) '),

2. Peakuuo Bcex sJeKTpOHOB (OPOBOJUMOCTH U MOHHOTO OCTOBA) BKIKYAIOT
B eNMHYI0 [W3JEeKIPUYEeCKYI0 IpPOHUIAeMOCTh

e (0) =& (o) - T (J1.5)

1) C TodYKM 3peHmA HOJyKJIacChIecKOi Teopum, u3N0KeHHOH B ru. 12 u 13, 3amoamneHHEe
30HH MHEPTHH ¥ He PeaTupyIoT Ha BEemHME I0jiA. OfEaKo UpK yueTe NOINPaBOK K IOIYKIACCHIe-
CKOH TeOPHM BOBHAKAET HEKOTOPas HONAPU3AIUSI MOHHOTO OCTOBA.
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Thae & ((1)) Tenephb COACPMHUT BKJIAAH B TOK KaK OT 9YaCTUYHO, TAK ¥ OT HOJHOCTHIO 3am0-
JIHeHHBIX 30H. HOI[O6H08 corJjiameHne NO3BOJiAET MCHOJB30BATH B TEOPHAM ONITUIECKUX
ABJIEHUHT B MeTajjaX TaKHe Ke 0603HaquI/IH, KaK U JJdA JUJNEeKTPUKOB, rae 3apaist
BCEerga CYHTAOTCA CBA3aHHBIMIA.

KOO®OUIIMEHNRT OTPAKEHNA

Ecim mmockasa BonHa ©ajaeT HOPMaJbHO K3 BaKyyma HA Cpefy C Amo-
JIeKTpHIeCKOl IpoHmmaeMocTelo € (o) [ompemensiemoin  coormomermem (J1.5)],
T0 KO(pPUIMEHT OTPAIKEHNSA I' eCTh OTHOIIEHHE OTPaKEeHHOW MOIHOCTH K HONHOM
MOIIHOCTH Nafalomeii BOJIHK M paBeH 1)

[ET]R |1—x

. 2_ (1—n)2 k2
TVEET |1+x

EGEOLEE

(J1.6)

rie nzVE, n=Rewx, £ =1Imx

OIIPEJEJEHMNE &(o) IO N3MEPEHUAM
KOIOOUIINEHTA OTPAJKEHNA

Uro6s onpepenuts n ¥ k (a ciefmoBaTenbHo, 1 € = (n -+ ik)?) ucxons us Koag-
¢unuenra orpaykenns (J1.6), neobfxoaumMo nIpuBIeYs JONOJIHUTEIBHYIO NHGOPMALNIIO,
IIpu 5TOM BOBMOKHEI J[Ba IOAXOMNA:

1. MoxHO BOCHOIB30BAaTHCA TeMm aKTOM,YTO R W &k CBA3aHH COOTHOINIEHWAMU
Kpamepca — HKponmra ?)

n@n=1+PS-%}k@L, Mmy=~PS-%}%%5;. (JL.7)

Wcnonrs3ysa n1060e U3 3THX PAaBEHCTB M SHaA QYHKOMIO 1 () AJA écex aCTOT, MOKHO
B IpUHEOWIG HafiTH DO oTAeabHOCTH 3HadeHWA i (w) I k (0). Ha npaktuke ducnen-
HEI aHAJIN3 MOKET ORAa3aThCA MOBOJBHO CIORHHM. HemocTaTkoM MeToja ABAAETCHA
Heo6XOIMMOCTY: NpOBeNeHNWS W3MepeHHW# IIs GOJNbINOTO UMCia 9acTOT, YTOOH HOIy-
9uTh HafEMAYI SKCTPALIONAINUIO BO BCEM YACTOTHOM AWaNa3oHe, KAk Toro TpebyioT
coorromenus (JI.7).

2. Mosxuo BocmonbsoBaThea obo0menueM pesyabrarta (JI.6) Ha caygail Kocoro
maperus (cM. {1]). OTo maer Bropoe BEpaskeEHe A Kos(dUImenTa OTpasKeHMA NPH
mpOom3BOJABHOM yrie Dajmenus 0, B Koropoe BxonAT 0, n (o), k (0) 1 nonApmsanus
mapaomero usnydeEns. CpaBHUBAsA €ro ¢ M3MEpPeHHKM Ko3(hGuuueHTOM OTpaKeHHA
opm yrae 6, monywalor BTOpoe ¥paBHeHHe, B KOTOpoe BXOAAT n (o) n k (w), mocxe
Yero MOKHO HAWTW 3HAYEHWA HTHX [ABYX BeJHMYHH.

1) BHBOZ 5TOTO BHPA;KOHHS MOKHO HANTH MOYTH BO BCeX yIeOHMKAX IO BJEKTPOMATHETH3-
My. CM., Hanpmmep, KAATY Jlaggay u Jlmbmnua [1]1. Beauauan Et u ET — aMOIRTYIH Dafa0MeEro
n 0Tpamennoro BIEKTPUYCCKUX IONel. 3HaYeHHe KBAJPATHOTO KOPHA B (J1.7) BHOWpPAIOT TaKEM
o6pasom, 9roOu BeawuwHA 1 OHLJIA HEOTPUNATEILHOMH.

2) Cm. kaury Jlasgay u JIndmuna [41]. (3mecs cumBoa P ykaskBaer Ea TO, 9TO HHTETpall
Oeperca B CMBICIe TJIABHOTO 3HAYEHUS.)
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COOTHONEHUE MEXIAY & U HKO3GOPUIMEHTOM MEK30OHHOI'O
IIOTrJIOIEHNST B METAJLJIE]

B meranme monspmsamums ocroBa 06OHYHO AaeT JeHCTBUTeNbHEH BEiajy B &l
a u3 ypasuerusa (J1.D) Ang MEUMOR dYacTH CllefiyeT:

Im az%Beo. (J1.8)

B monyknaccuueckoil TeOpuM BHICOKOYACTOTHAA IPOBOAMMOCTE (13.34) mmeer meii-
CTBATEIABHYIO COCTABJIAIOMYIO JUINb OGllarofaps CTONKHOBeRUAM. B oTcyTcTBRE CTOJI-
KHOBCHHH MOJYKJIACCHYECKAs HPOBOMUMOCTh — 9YHCTO MHUMAS, & € — UHCTO JIel-
CTBHTENbHAA BEJWYHHA, T. €. B MeTaJiie He DPOMCXOANT AMCCHUIANAHN HIEKTpOMAr-
HUTHOM sHeprum. Ecium, ofHEaK0, BOCIOAB30BATHCH HNONPABKOM K H0J YRIACCHIECKOMY
pesyabtary [em. (13.37)], To mpoBogmmocTs Gyner mMers HeHCTBHTENBHYIO COCTAB-
NAWIIYI0 [a)ke B OTCYTCTBUE CTOJIRHOBeHmﬁ, ¥ MB Toxydaem !)

hni2e? €n (k)— %€, (k)
tme =5 § 5 3 Done 0 6 (ZE 2 —0), (19)
Tae
(8 R)—f(6n (k) 1 ,
Dy (k) ="—— =% ® Z| (nk|viln'k) J2. (J1.10)

Benusuna D, (k) Beorpunarenbsa u (upm kp7 & € p) npene6pe;hnM0 Maja.
Mckarodenne cocTaBideT JUIIb CIyYad, KOra OAWH ¥3 HapH ypOBHeH rk, n'k
SABIAETCA BAHATHM, a Jpyroii — uycreiM. ITosroMy MOMONEMTENBHKMU BKiaj B Jedi-
CTBUTEJNBHYIO] (COOTBETCTBYIOMYI0 IOTJIOMEHNI0) YacTh NPOBOJEMOCTH BOBHMKAET
B TOM CJyYae, KOT[a BeJWYHWHA 7@ pPaBHA PaSsHOCTH SHEPTHH MEKNY ABYMA YpPOB-
HAMK ¢ OMHAKOBHM Kk, OVH 13 KOTODHX 3aHSAT, 8 BTOPOH OyCT. ITO K €CTh yCI0BHe
MEK30HHOr0 HOIJIOMmMEeHNsA, K KOTOPOMY Hac NpPWBeJ¥ WHTYUTHBHEIE pacCysKIeHHH
OTHOCHTeNBHO (GoTOHOB (cM. crp. 293).

JJUTEPATYPA

1. Janday Jdo J., Tugwuy E. M., ITeKTPOINHAMAKA COJNOMAKX cpef.—M.: T'octexnspart, 1957,

1) Mu orpammYmBaeMcs cilydaeM MeTajia ¢ Ky6Guueckoil cummerpueil, IIpu pacderax cie-
JiyeT NPHHATH, YTO 9acTOTA B 3HAMeHaTede BhpakeEus (13.37) mmeer GECKOHEYHO MANYIO HOJO-
MUTEALHYI0 MEWMYIO 9acTh 1), I BOCHOJB30BATHCA TOKASCTBOM

= —ind (z).

lim Im

1
n-0  T-im
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