H.Amxpodt, H.Mepmun
OU3UKA TBEPJOI'O TEJIA
Tom 2

I'naBa 19. Knaccudukarius TBEpIbIX TN

Knaccudukarms TudneKTpUKOB

Honnsle xpucTaIIBI

[Ilenouno-ranouaHbIe cCoeTMHEHUS (MOHHBIC KPUCTAUTB XUMHUICCKUX
coequHeHuit Tuna AIBVII)

Kpucramns! coeunenunii Tuna AIIBV (mpoMexyTOYHBIE MEXKTy HOHHBIMU U

KOBAJICHTHHIMH)

KoBanenTHBIE KpUCTAIIBI
MonexynsapHble KPUCTAIIIBI
Merannst

Kpucrannsl ¢ BoZopogHOH CBA3BIO
3agaan

Jlurepatypa

I'maBa 20. Kore3snoHnHas sHeprus

MonekynsapHbie Kpuctanisl. UHEepTHBIE Ta3bl
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BzaumogelicTBre ¢ U3TyIeHHEM

I'masa 22. Knaccudeckas Teopusi TapMOHHUYECKOTO KPUCTaJIa

I'apmoHudeckoe npubmKeHNe
Annabarryeckoe MPUOIIMKSHIE

VY iensHas TEIIOEMKOCTD KIIACCUIECKOTo Kpuctaiuia. 3akoH rononra u Iltu

HopmansHbie MOIBI OJHOMEPHOM MOHOATOMHOM pemeTKu bpasa
HopMmanbHbIe MOJIBI OTHOMEPHO# pemeTky ¢ 6a3ucoM
HopmansHbIe MOZBI MOHOATOMHOM TpEeXMEpHOU pemeTku bpasd
HopMmanbHbIe MOJIBI TpEXMEpHOH penieTky ¢ 6a3ucom

Cas3b € TEOpHEH yIpyrocTu
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Hopmansabie MO 1 GOHOHBI

O6miee BhIpaxkeHHE A1 TEINIOEMKOCTH PEIIETKU

TenmoeMkoCTh PU BEICOKUX TEMIEpaTypax

TenmoeMkoCTh IPU HU3KHUX TEMIIepaTypax

TenmoeMkoCTh IpU MPOMEXYTOUHBIX TeMnepaTtypax. Mojenu Jlebas u
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TemnoBoe pacimpenue. [lapamerp I'pronaiizena
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OddexTUBHOE dIEKTPOH-DIIEKTPOHHOE B3aUMO/ICHCTBHE
DOHOHHBIN BKJIAJ B 3aKOH JUCIICPCUU DICKTPOHOB
OnexTpoH-(HOHOHHOE B3aUMO/IeHCTBUE
3aBucsIIee OT TEMIIEPATYPHI DJIEKTPOCONPOTUBIICHHE METAIUIOB
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OIeKTPOCTaTHUKA JUIIIEKTPHUKOB

Teopus noxamsHOTO MO

Teopus noasipuzyeMocTu

KoBaneHTHBIE TUIIEKTPUKU

IInposnexTpuaecTBo

CerHeTo21eKTpUKHU

3agaan
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I'masa 30. J/ledexThl B kpucTamnax 233
Toueunsie nedextsl. OCHOBHBIE TEPMOJUHAMUIESCKHE XaPaKTEPUCTUKH 234
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obonoukamu. JlapMOpOBCKMIt THaMarHeTu3M



OcCHOBHOE COCTOSIHAE MOHOB € YaCTHYHO 3all0IHEHHBIMU 000JI0UYKaMHU.
IIpaBuna Xynna
BocnpuuMarMBOCTh JUDIEKTPUKOB, COEPIKAIIUX HOHBI C YACTUTHO
3anoaHeHHOU obonoukoii. [TapamarneTusm
TepMouHaMuUIeCcKHe CBOMCTBA MapaMarHUTHBIX TUIJIEKTPHKOB.
Anmnabatuyeckoe pa3sMarHUIMBaHUE
BocnpunmuarBocTs MetammioB. Ilapamaraerusm [laynu
JlnamMaraeTusMm >II€KTPOHOB POBOIUMOCTH
Hsmepenne napamarauTHO¥M BocipuuMunBocTy Ilaynu meronom siaepHOTO
MarHuTHOI'O pe30HaHca
JlnamMaraeTusM >IIEKTPOHOB B JIETHPOBAHHBIX MOIYIPOBOHUKAX
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OneHka SHEPTUY MArHUTHOTO JUIIOJIBHOTO B3aUMOICHCTBUS
MarauTtHble CBOMCTBA ABYXJIEKTPOHHON CHCTeMBl. CHHTTIETHBIE ¥ TPUILJICTHHIE
COCTOSIHUS
Brraucnenue pacienyieHus Mex Iy CUHIJIETHBIM U TPUILIETHBIM COCTOSTHHUAMHY.
HecocToarensHoCTh MPUOIMKEHNUS HE3aBUCHUMBIX JIIEKTPOHOB
CnuHoBEIH TaMUTETOHUAH U MOJIEIh [ eiizenbepra
IIpsmoit o6MeH, cBepx0OMeH, KOCBEHHBIH 00MeH U 0OMEH MEX Ty
JIETIOKATU30BaHHBIMH DJICKTPOHAMHU
MarautHoe B3aUMO/ICHCTBHE B T'a3e CBOOOIHBIX JJICKTPOHOB
Monens Xab6apna
Jlokanmi3zoBaHHBIE MOMEHTHI B CITIaBax
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nopsjka
CroiicTBa mpu HyneBoit Temneparype. OCHOBHOE COCTOSIHHE
reiseH0eproBckoro gpeppoMarHeTHkKa
CroiicTBa mpu HyneBoit Temneparype. OCHOBHOE COCTOSIHHE
reiseH0eproBckoro antudeppoMarHeTuka
IToBenenue reizen6eproBckoro peppoMarseTika Mpu HU3KUX TeMIIepaTypax.
CnuHOBBIE BOJIHEI
BricokoTemneparypHas BOCIIpUMMYHUBOCTD
PaccMoTpenue noBeIeHus] CUCTEMBI BOITU3U KPUTHICCKOW TOUKHU
Teopust MONIEKYISPHOTO MO
CrieacTBus TUTIONBHOTO B3aUMOJICHCTBHS B (peppoMarteTukax. JloMeHsI
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0O0630p OCHOBHBIX TTPE/ITIONIOKCSHUIHA 72
I'maBa 4. Kpucraanmudeckue pemeTku 76
Pemerka bpasa 77
BeckoHeunsle peleTKH U KOHEYHBIE KPUCTAILIBI 78
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IPEJIMETHBIA YKA3ATEJIb
Pumckumu 1mudpamu o603HaueH HOMEpP TOMa, apaOCKUMHU — HOMEP CTPaHMIIBI,
OykBa (C) psioM C HOMEPOM CTPaHMIIBI O3HAYACT, YTO COOTBETCTBYIONIMA TEPMUH
IIPUBEJICH B CHOCKE.

Amabatudueckoe NpubImKeHue
anamutrdeckoe obocHoBanue I1 155 (c)
B Metaiax II 139
Amiabaruueckoe pasmarauauBanue I 275—277
Axyctuaeckue Moas! II 64—66
u ontudeckue mowl I1 64, 65
U nnonuatoMHsle 6a3uckl II 66, Cu. maxace Konebanus pemerku; GoHOHBI
Axrnenrropasie mpumecu I 199. Cu. maxace p — n-nepexox; [lonynpoBoaHuky;
IIpumecH B MOTYNIpOBOTHUKAX
AwmopdHnsie TBepabie Tena I 74
aHoMaJsHbIe TeruioBkie cBolicTra I 133 (c)
Judpaknus peHTreHoBckux ydeit [ 104 (c)
Anrapmonmndeckue wiens! II 50, 115—137
u BTopoii 3Byk II 133—135
u MaTkue moxel IT 181
u napamertp I'pronaiizena II 136
U npoiiecchl nepedpoca I 129—132
u paccesnue ¢ononos Il 124—126
U pe30HaHCHAas JIMHU, COOTBETCTBYIONIAs
octatouHbM ydam II 176
U coXpaHeHue kBasuummyisca II 126
u Temnosoe pacmupenue 11 117—120, 122, 123
U TEIJIOEMKOCTh IIPH BRICOKMX Temreparypax II, 57, 82, 83
U TemonposoaHocTs I 123—133
U TepMoiMHaMudeckue csorctra II 117—120
u ynpyrue nocrossHasie I1 116
U n-poHoHHKIE mporiecck II 387
U mupuHa ogHo(GoHOHHBIX MakcuMyMoB II 104—106
KyOudeckue wieHsl U 3akoHbI coxpanenus I1 117, 136, 137
— — ¥ HecTabWIBHOCTh, 00ycnoBnennas umy, I, 117, 136
— — W TIepexo/ibl, poucxosanmue 6naromaps um, I1 125, 126
Annon II 12
AnoManbHbIl ckuH-d¢dexT [ 278
AHtunon nentpa okpacku Il 242
AntucesssiBaromue cocrosaus I 293 (c)
AHtHcToKkcoBa kommnonenTa II 209
AnTtudeppomarnerusm II 286, 309—311
BocnpuumunBocts I1, 315, 332 (c)



B Mojteru [eitzenGepra 11317, 318
B Mojtern Xab6apaa II 300
onHoMmepHas 1enouka (pemenue bere) 11318
cBoOOAHEBIX d1ekTpoHOB I 299 (¢)
teopus Monexysaproro nons II 332 (¢), 338
sHeprus ocHoBHOrO coctostHus [1317, 337
Armmpoxcumantsl [Taze 11 326 (c)
Aromasle ockoctu [ 99—103
unaekcsl Munnepa [ 101—103
cemeiictea [ 100
cornamenue 06 oboznavenmax [ 102, 103
COOTBETCTBUE C BekTOpamMu oOparHoit pemetku [ 99—101
Aromuniii ramunsToHuaH [ 182, 185 (¢)
AtomHBIH hopMm-daxkTop [ 116
Bazuc II 87
Bazonenrpuporannas pombuueckas pemerka bpasos 11 125
Becmeneras ceepxnposoaumocts I 341 (c)
Brnaropomgusie Merams [ 287—292
JBIpoYHEIe OpOuTH B HUX [ 291
30HHAs CTPYKTypa U noBepXHOCTh Depmu [ 53
ko3¢ dunuent Xomna [ 30
Marserocomnportusienue [ 71, 292
MOJTyJTb BCECTOPOHHETO CXKATUS
ontuyeckue ceoiicrea I 297, 298
noctosiHHas penetku I 82
TEII0EMKOCTS | 62
Bmmxaiinmii cocen I 83
brnoxosckas crenka Il 334—336
BnoxoBckue GyHKIIMHU S- U P-TUNA B IPUOIMIKEHUH TOYTH CBOOOIHBIX DIIEKTPOHOB |
165, 166
broxoBckue 3neKTPOHBI
B ofHOMepHOM ciyqae [ 152—156
BOIIHOBO# BekTop I 143—147
B ITIOCTOSIHHOM JJeKTpudeckoMm none [ 227
qaunamuka [ 216—244
qeipku [ 228—232
¥ cBoOOIHEIE d1eKTPOHEI [ 216
Ha noBepxHocTax [ 366—370
op6utsl B MarHuTHOM nodne [ 232—237
— — — — kBanToBaHue [ 271—273
— — ——mnepuoxa [ 236
OTCYTCTBHE CTOJIKHOBEHHH €O cTaTHIecKoi pemerkoii [ 218, IT 47
IUIOTHOCTH ypoBHEil I 149—152



ckopocts [ 147, 379, 380
teopeMa 00 > dexTuBHoit macce 1379, 380
s-tuna u p-tumna I 165
sddexTuBHas Macca (nuHamudeckas) [ 231, 232
Cm. maxkoice 3anpelneHHas 30Ha; 30HHas CTPYKTypa; MeTos CUIbHOU CBA3H;
IInotHoCTh ypoBHEe#; IloBepxHocTs @epmu;
TMomyxnaccuueckas Mojensb; [Ipubnrmxenue mouTu CBOOOIHBIX DJIEKTPOHOB;
Oddexturnas macca bosze-ras, uneamsusrii I1 81
Boze — Oitnmreitna konpencamnus [ 51 (c)
Bopna — Kapmana rpanudanoe ycnosue. Cu. I'panudHbIe yCI10BHS
Boposckwuit paguyc [ 79
JUIsl IPUMECHOTO YpOBHS B monrynpoBoauuke II 201
TOYHOE YuClIeHHoe 3HadeHue [ 371
Bpunmosnosckoe paccesaue 1149, 108—111
kaccudeckas kapruna II 108—111
CTOKCOBBI M aHTHCTOKCOBBI KOMIIOHEHTHI 11 109
Bpoarrosckue makcumyms! (muku) I 105
u MarautHbIe tuku 11 312, 313
u daxtop Jlebas — Bannepa II 385, 386
ipu 6echononnom paccesaun 11 100
Bpoarrosckue nnockoctu [ 107, 108
U TIOYTH CBOOOIHEIC 1eKTpoHE! [ 162—166
Bpoarrosckoe otpaxxenue [ 108, 109
— — nopsok I 106
Baxancum 11 233, 234. Cm. maxoice JledexTl B KpucTamiax
Banenrtnsie 30n51 I 155
B Metaiuiax [ 197
BonHOBHIe pyHkmu [ 197—199
— — CpaBHEHHME C BOJTHOBBIMHU (YHKITUSIMHU
HoHHOTO ocToBa I 198
B nonynpoBojguukax Il 185
Banentasie anexktpons I 18
U ¢yHIaMeHTaIbHBIE TPYAHOCTH B MOJIENTH CBOOOIHBIX d51eKTpoHOB [ 72
paspemeHue TpyaHocten [ 226
BannepBaanbcoBckue cuibl cu. OIykTyallMOHHO-AUITONBHEIE CHITBI
Bapuarmonsslii npuHnun A ypasHeHus bonenmana I 327, 328
— — juia ypasHeHus llIpenunrepa ¢ nepuoanueckum norennuanoMm I 383, 384
BzaumogeiictBue cu. JlanbHOAEHCTBRYOIEE B3aUMOICHCTBHE; J[UIOIEHOE MarHUTHOE
B3auMmoJieiicTBue; Mon-nonHoe B3anMoeicTeue; MaroiuTHOE B3aUMOJIEHCTBHE
OnexkTpOH-UOHHOE B3aUMO/IeHCTBUE; DIEKTPOH-(POHOHHOE B3aUMO/ICHCTRUE;
ONEeKTPOH-IIIEKTPOHHOE B3aUMOJICHCTBIE
Bexrop broprepca I 250—252
BexTopHBIi IOTEeHIIMA B NOMYKIACCHIECKUX ypaBHEHUIX JBrKkeHus [ 385



— — ¥ Mar"eTusm daexTpoHoB I 261
Bepxnee kputuueckoe none I 346
Burneposckwuii kpucramn II 299
Bunrosas mucnokarus I 249, 250. Cu. maxorce {ucnoxarmuu Buntosas ocs I 121 (c),
134
Buxpessie nuanm B cBepxnpoBoaHukax Il 347, 348
¥ kBaHT MarautHoro noroka Il 348 (c)
u Teopus 'unzbypra — Jlangay I 363 (c)
Bonnosoii Bextop @epmu I 49, 51
BEIp@XCHHBIN depes 1s [ 49
U DJIEKTPOHHAS IUIOTHOCTh B IPUOIMIKEHUH CBOOOHBIX dJIeKTpoHOB [ 49
COOTHOIIIEHHUE ¢ JieGaeBCKUM BOTHOBBIM BekTopoM II 86 (c)
Bonnossle BekTOpEI, X IOTHOCTH [ 48, 143
Bonnossle makets! pononnsie I 124
— — snekTponHsie [ 219, 220
Boanosele pyHKIIMM DISKTPOHOB B aTOMe U MexaToMHoe paccrosaue [ 181, 116
Bomusl cnuHOBOM miotHOCTH 11 299
BocnpunmuanBocts marautHas 11 260
antudeppomarsetuxos Il 315
atomHas II 261—265, 268—270
aTOMOB MHEpTHHIX ra3os I 264
B NpUOIMXEeHUU MoseKynsapHoro nois (3akoH Kiopu — Beiicca) IT 332
BBICOKOTeMIepaTypHas (B Mojenu I'elizendepra) I 323—326
— ¥ BBIYUCIICHUE KpUTHIECKOU TeMriepaTypsl II 326
quamarautHas Jlagmay I 280, 282
quamarautHas Jlapmopa II 263—265
Jlamxkesena I 264 (c)
HMOHOB B MIETOYHO-TANOHIHLIX coeaunenuax I 264
HMOHOB ¢ YaCTUIHO 3aMoIHeHHBIME 000a0ukamu I1 268—270
morsipHas 11 264
ocobennocts npu T 11315
napamarautHas [laynu cu. Ilapamaraetuszm
Bpewms Mexy cTOnkHOBEHUAMHU cm. BpeMs penakcanyu
Bpems pexombunanuu 11 223
Bpewms penakcanun [ 21
BEIPOXEHHOE Uepe3 yAenbHoe compotuBienue [ 23
JUISL ©30TPOIHOTO YIPYTOTr'0 paccessHUs dICKTPOHOB Ha npumecsx [ 326
Juis ouonos II 126—131
— — B Mporieccax nepedpoca 1 HopManbHbEIX nporeccax II 135
JUIst onekTpoH-poHoHHoTo paccesaus I1 151
JUISL DIIEKTPOH-DJIEKTPOHHOTO paccesaud [ 346—348
3aBucsmee ot koopauHat [ 250 (c)
— — — B nnonynposojuukax 11 221, 223



U BEpOATHOCTH cTOoNKHOBeHMA [ 316
u pacnpenencHue [lyaccona I 40, 41
Bponckuan I 154
Bropoii 3Byk II 133—135
Brmpamnsromee aeiicteue p — n-nepexoaa I 217—220, 225—230
Bripoxnennsie nonynposoaauki Il 195; cm. maxorce IlomynpoBogauku
I'a3 xnaccuueckuit
pactnipocTpaneHue 3Byka B HeM 11 134, 135
cpaBHeHHe ¢ razoM (ononos II 128 (c), 131 (c), 134
— — JJIeKTPOHAMH B HEBBIPOXKACHHBIX nonynposoaHukax I1 207, 208
I'a3 snexrponoB cm. IIpubnmxenue cBOOOIHBIX IIEKTPOHOB; DIEKTPOHHEIH ra3
I'ansBanomarautaeie 3pdexTr cu. Marnero-conporusnenue; ddpdext Xomna
T"apmonuyeckuii ociusatop (kBanTossli) II 371
T'apmonuyeckoe mpubmmkenue I 52, 53, 115
JUHAMUYIECKUHA CTPYKTYpHBIH (akTop B oToM npubnmxenuu I 383—385
ero mepocrarounocth 11 115, 116
U OeckoHeUHas TeronpoBoAHocTs 11 124
¥ 3aBUCHMOCTb YacTOT HOPMAaJILHBIX KojeGanmii ot o6sema I1 118, 119
ucnonb3yemoe s onucanus konedanuit pemerku II 50—78
u Teopus TemnoeMkoctu I 79—96
kBaHToBas Teopus Il 371—374
OTJIMYME OT MPEATONI0KEHUA 0 Majol ammutyje konebanwuit I 115
(dopMma B cirydae nmapHoro notennuana Il 53
sHepreTudeckue ypoBHU N-noHHoro kpucrasmia II 80.
Cm. maxoice Aarapmonudeckue wieHsl; Konebanus pemerku; ®oHOHEBI
I'excaronanbHas kpuctammmdeckas cucrema I 126, 127
I'excaronanbHas mIoTHOYIIakoBaHHas cTpykTypa I 86—91
U TpaHelleHTpUpOBaHHas KyOudeckas pemerka bpaso I 90
U rioTHas ynakoBka cep [ 90
¥ 04T cBOOOHBIC nekTponsl I 173—175, 299, 300
otuomenue c¢/a I 89, 90
cnuH-opOUTaNIbHOE B3auMoelicTeue B Heit [ 175, 299
cTpykTypHbIi paktop [ 117, 118
DJIEMEHTHI € 3TOH cTpykTypoii I 89.
Cm. maxoice IIpoctas I'excaronanbHas pemerka bpasa
T'enuii TBepabIi qaBnenue kpuctamtuszanuu (mpu 7' = 0) 11 28 (¢)
U rapmoHHnueckoe npudmmxenue I 53
Y TIPEJITIOJIOKEHUE 0 Majiol ammutyje konebanwmii I1 115, 117
U paccesnue HelrpoHos (B He?) I1 97
U Teopus KBaHTOBBIX kpuctasmioB II 51 (c)
T'enuxonsi [ 41, 42
I'enepamus nocurenent Toka Il 223. Cu. maxoice IlonynpoBoaHUKH
I'eomerpuueckuit crpykTypHsbIit paxtop cm. CTpyKTypHEI# (akTop



T'ubpuamnzamnus I 185
I'ucrepesuc (Marautaef) 11 335
I'ny6una nponuknoBenus I 353. Cm. maxoice CBepXIpOBOIUMOCTD; Y paBHEHHE
Jloumonos «I oixbeie» wonsl I 142
I'panenenTpupoBannas Kybudeckas pemerka bpaso I 81, 82
30HbI bpummosna Beimie niepsoi [ 169
P-30HBI B MeTOjIe CHIIbHOM cBs3u I 193
S-30HEI B MeTOJI€ CHIILHOM cBsa3u I 186—188
Y TeKCaroHaJlbHas IIIOTHOYMaKoBaHHas cTpykrypa [ 90, 91
¥ TioTHas ynakoBka chep [ 91
KoopauHaioHHoe uucio I 83
OCHOBHEIE BeKTOpHI [ 81
OCHOBHEIE BEKTOPHI 00paTHO# pemerku I 97, 98
niepBas 30Ha bpumoona I 99
— — — 0003Ha4eHus TOUeK BEICOKOI cummerpuu [ 188
nmoBepxHocTh Depmu B MpuOIMKeHH CBOOOAHBIX dnekTponHoB I 171, 172
pentetka, oOpatHas k Heit [ 97
pemerounsie cymmsl 11 30, 31
CBA3b C IEHTPUPOBAHHOM TeTparoHaIsHOU pemerkon I 124
YIaKOBOYHBIM MHOXHUTENS | 94
YPOBHH CBOOOJTHBIX DJIEKTPOHOB B Hell I 167
ycloBHas s4ueiika I 85
JIEMEHTHI € 3TOU pemeTkoit [ 82
sraelika Buraepa — 3eiitna I 86
I'panenenTpupoBannas pomOudeckas pemetka [ 125
I'panuna 3epen II 253
I'panuna xpydenus II 255
I'panvunsie ycnosus I 46
Bopna — Kapmana (nepuogudeckue) st OJ10XOBCKUX d1eKTpoHOB [ 142
— — B MeTojte cunibHOH cBa3u [ 183 (¢)
— — JuIs THHeHHo# nenouxu I1 59
— — Juis CBOOOTHBIX dIIeKTPOHOB I 46
— — s ciuHOoBEIX BorH 11 319 (c)
JUIs Ta3a CBOOOHEBIX DJIEKTPOHOB I 46
Ha noBepxHocTAX [ 368
I'pynna em. IIpocTpancTBeHHBIE Ipynnbl; To49edHbIe TPyNINBI
JaneHopelicTByromee B3aumoeiicteue u kojaedanus pemerku I 68 (¢), 76
— — — B HOoHHBIX kpuctamax II 170—173
— — — B Metamax [I 139
U pabora Bexoja [ 354
U pemerounsle cymmsl 11 34—37.
Cm. makace KymoHOBCKHIT MOTEHIIMAI
JBoitnukosanue II 250 (c), 254



JIBoiiHoi1 croit Ha moBepxHOcTH I 357, 358
JIBosixonpenommsromme kpuctamisl [ 390
JIByxBanentHsle Metamisl [ 298—300
JByxokunkoctHas mojens I 351
JlebaeBckas remnepatypa (Qp)
JUISl HEKOTOpBIX dneMeHToB II 88
3aBUCHUMOCTH OT Temmeparypsl I 87, 88
[IEIOYHO-TATOUHBIX KpucTaiioB I 87
JlebaeBckas gacToTa Wy, I1 86

— — cpasHeHue ¢ sHeprueit Gepmu II 155
JeGaeBckmit BomHOBO# Bektop (ko) II 85, 86
— — — cooTHoIIeHue ¢ pepMUEBCKUM BOTHOBEIM BekTopoM II 86 (c)
Je-bpoiina qnuna Bonss! 1 47
— — — YHCIICHHAs CBA3b C DHEpruei snekTpoHos [ 365
JensTa-cumBon Kponekepa [ 96
Jedexrs! B kpucramax I 233—258
rpaHuibl 3epex, II 255
asymepnslie I 233, 254, 255
Jedexth ynakosku I 254
qucaokarum I1 247—255
U IPOBOIMMOCTH HOHHBIX Kpuctaiwios II 238, 239
u npornecc Hamarauausanus II 335
U 11eHTphI okpacku II 239—243
Kak paccenBaromue 1eHTpsl [ 218, 314
MarautHele npumecH 11 302—304
omxur II 238
cmemannble, @penkend u lllorrku I 256
TEepPMOJMHAMHKA TUHEWHBIX U JByMepHBIX Aedekros II 237, 238
TEepMOAUHAMUKA TOUeqHBIX AedexToB (Ppenkens, lllortku unu cmemannsix) I
234—238, 256
TOYCUHBIE, TUHEHHbIE U AByMepHsbIe I 233
®penkens 11 237
IlorTku I 234
Cm. maxorce Jlucnoxanuu; Ilentprl oxpacku Jledhopmanuonnoe ynpounenue I1
253
Jedopmarmonnsiii apoiinuxk I 254
JIxoyneso terio [ 41, 254 (c)
Jlnamarnetusm
aToMHBIH (J1TapMopoBckwmif) I1 263—268
— B HOHHBIX Kpuctamax Il 264
— B TBEpABIX MHEePTHBIX rasax Il 264
— CpaBHEHHUE C MarHETU3MOM JJICKTPOHOB ITPOBOAUMOCTH B Metainiax Il 284



— — ¢ IapaMarHeTU3MOoM, ONKChIBaeMbIM 3aKoHoM Kropu I1 284
B JICTUPOBAaHHBIX MonynpoBoaHuKax Il 282
uzaeanbHbIl (3 dexT Meticaepa) 11 342, 345, 353
Jlangay I1 280
Cm. maxorce Bocnpuumuauocts; OddexT ae ['aaza — Ban Anbdena
Junamuka pemerku cu. Konebanus pemnrerku
Jlunamuaeckas matpua II 67
JUISl KpUCTAJIa ¢ T. 1I. K. pemerkoit II 77—78
cummerpus 11 66, 67
Jlunamuaeckuii ctpykrypHslit daxtop I1 383
— — — B rapMoHu4eckoM npudmmkenuu II 383—335
JlunoneHOE MarauTHOE B3auMoieiicTBue II 288
U o6MeHHoe (KynoHOBcKoe) B3aumoselictaue I 287, 288, 295
u ob6pa3osanue qomeHos Il 333—336
pasMaranauBaromuii gaxrop I1 337
Junoneuenii MoMeHnT (dnekrpudeckuit) cm. [IMpodIekTpudecKre KpUCTaILIhI;
ITonsanusyemocTh; CerHeTodIeKTPHIECTBO
Jucnoxamuu II 233, 247—255
Bextop broprepca II 250—252
BuHTOBEIE II 249, 250
B 00mem ciyqae I 250—252
u rpanuisl 3epe II 255
u aeovnukoBanue II 254
u nedextsl ynakoBku 11 254, 255
u nedopmanonHoe ynpounenue I1 253
U IPOYHOCTH Kpuctaywios II 252, 253
u poct kpucramios I 253, 254
u ckomexenue 11 249, 250
kpaessie I 249
"HaOmonenue 11 254
miotHOCTH II 249
ynpyras saeprus II 258.
Cm. maxoice JleexThl B KpUCTaUIax.
Jucnepcuonnas xpusas 11 61
JUIA THHEHHOM nenouku ¢ 6asucoM II 63—65
JUIS MOHOQTOMHOM JIMHEHHOW [IEMOYKH CO B3aUMOJICUCTBHEM MEXKTY
ommxaimumu cocemamu I 60—62
— — — — €O B3auUMOJIeHCTBUEM MEXTy m Ommkaimumu cocensamu 11 76
JUIs TPEXMEpHOM MOHOAaTOMHOM pemeTku bpaso II 69
JUIs TpeXMepHOoi perretku ¢ 6asucom I1 71.
Cm. maxorce Konebanus pemerku; OoHOHBI
Jucnepcuonnsie coornomenus (Kpamepca —Kponura) 1392
Judpaknus pearrenoBckux nydeit [ 105—109, 1T 385, 386



aToMHBIH GopM-pakTop I 116
6porroeckue MmakcuMyMsl [ 105
Opoarrosckoe otpaxenue [ 109
BIUsSHUE KoJleOanmii pemerku 1 49, 386
mudbysusni gon I 104 (c)
u ¢ononnsI criektp 11 108
Kak paccesaue gactui I 100, 386
xomnroHoBckui o I1 108
MeToj1 Bpamatomerocs kpuctama [ 110, 111
meron Jlayo 1110, 111
MEXaHHU3M NOYTH ynpyroro paccesaus [ 106 (c)
nopomkoBsIit Meron (Metoy Jebas — Illeppepa) I 111
noctpoenue JBanbaa [ 109
cTpykTypHbIi daktop [ 113—116
ycnosue bparra I 105
¢axrop Jlebas — Bamnepa I1 114, 386
dopmynuporka Bparra I 105, 106
dopmynupoBka Jlays I 106—108
SKBUBAJICHTHOCTH (hopMynupoBok bporra u Jlay> I 108, 109
Judpaknus snextponos I 364—366
Juddysuonnas obnacts (B p — n-nepexoje) Il 225—229
Juddysuonnsie qnunsl I 224, 225
Juddysuonnsrii Tox II 221
Jvonextpuky, oTnnaue ot MetamioB [ 72, 226, 227, 11 184
— — ot nonynpoBoaHukoB II 185
JlupnexTpudeckas NpOHUIIAEMOCTh
U k0o punment orpaxenus [ 392
HOHHBIX KpucTasuios Il 172—174
u ontudeckue moanl I 172, 173
U nokazarens npenomienus II 157
u npoBoaAuMOcCTh [ 390—392
KBaHTOBOMexaHuueckas ¢opma I 393
KOBaJICHTHBIX KpucTtawuios Il 177
merama [ 33, 11 141—144
noxynposoaukos 11 200, 201
IpH BeICOKUX Jactorax I 170
JluonexTpudeckas MPOHUIIAEMOCTh ceTHETOANeKTprKkoB I1 181
cootHomeHnue Knaysuyca — Moccortu Il 166
cootHomenue JIngnana — Cakca — Tennepa I 171, 172
HIEIOYHO-TaNOUAHbIX KpucTaiioB I 176
anexkTpoHHOTO ra3a [ 338—343
— —mo [pyne I 33
— —no Jluagxapay 1 342, 343



— — 1o Tomacy — Depmu [ 341. Cu. maxoice IlonspusyemMocts
JInuna xorepeHTHOCTH B cBepxnpoBoanukax I 352 (c)
— — ¥ pa3Mmep Kyneposckoi napsl I 356
Jlnuna paccesnus II 381
Jlnuna croboaHOTO pobera B Metamiax I 24
— — — BEIp@XEHHas 4epes yAenbHoe conpoTusieHue [ 65.
Cm. makoice Bpems penakcaiiuu
Jomensr 1 333—336
onoxoBckas noMmennas crenka Il 334, 335
jqunonsHas sHeprus Il 333—335
sHeprus anusotponuu II 335, 336
Jonopasie npumecu Il 199. Cu. maxoce p — n-nepexon; Ilpumecu B
noxynpoBojHukax; Ilomynposogauku
JlomnepoBckuii CABUT YaCTOTHI paccestHHBIX BOIH 11 112
JpeiidoBas ckopocTh BO B3aMMHO NEPIECHAUKYISPHBIX SJIEKTPUIECKOM U MarHUTHOM
nossix [ 236
Jpeiidossrii Tok 11 221
—uneH [ 319
Juipxu [ 228—232
U IPOBOAMMOCTH NOITynpoBoaAHUKOB II 185
U CTaTHYeCKas IpOBOAUMOCTS [ 252
U Tepmo-d.4.c. [ 259
u 5¢pdexr Xomna I 239—240
s exTuBHas macca I 232.
Cm. maxarce Tomyknaccuaeckas mojens; [lonynmpoBogHuku
Jsipounas noeepxHocTs [ 171
— — B amomunud [ 302
— — B ceunne [ 304
Jripounsie opbuts [ 233
— — B OnaropojaeIx Metaymiax [ 291
Enununa Jlebas (s qunonsHOro Mmomenta) 11 183
Kumxuit He’ u rpunnersoe cnapusanue 11 356
3agaua maorux texa I 331
3axon broxa T32 I 322
——TeI 152
3akon Bunemana — ®panmna I 35, 36
B KTaccuaeckoi teopuu [ 38
B nonykiaccudeckoi moaenu I 256, 257
B TEOpPUH CBOOOTHBIX 271eKTPOHOB [ 66
HEIIPUMEHHUMOCTH B CIIydae Heynpyroro paccesaus [ 323
cnydaiineii yenex I 38, 66
Cm. maxace TermonpoBogHOCTE MeTawioB; Yucno Jlopenma
3akoH I'pronaitzena cu. 3akon brmoxa T



3akoH Jle6as II 85. Cm. maxorce TennoemkocTs (pemerounas)
3akoH aeiictByrommx Macc II 197
3akoH /lrononra u Iltu II 54—58
u katactpoda Pones — Jxunca II 94
KBAHTOBBIE ITONPABKYU IPH BEICOKUX TeMmneparypax Il 82, 95
Hapymenue I 57, 58.
Cm. maxkoice TennoeMKOCTh pemeTouHas
3axoH u3nydenus Ilnanka II 95
3axon Kropu II 270—272, 284, 325
JUIsi CBOOOTHBIX MOHOB U TBepBIX Ten I 272—275
u 5 dexruBHOE uncno MmaraeroHoB bopa I1 272, 273
nonpaBku K Hemy II 323—326.
Cm. makoice BocipuuMYHUBOCTH
3axon Kropu — Beiicca II 326 (c), 332
3akon Oma [ 22, 23
3akoH paBHOpactpeaeneHus d>Hepruu [ 24
3akon Credana — Bonwimana II 95
3akxon ®uxka I 221 (c)
3akoH @ypre I 36
3aKoHBI COXpaHEeHHs U NpUOIKeHrne BpeMeHu penakcanuu I 326, 327
3amopaxxuBanue opoutaasHoro MoMenTa II 273
3anpemennas 30Ha [ 148
B muonexTpukax I 184
B ofHOMepHOM ciy4qae [ 155
B nonynpoBojguukax Il 185
— — u3mepenue 11 188—190
— — TeMneparypHas 3aBucuMocTs I 189, 190
Ha OporroBckux mockoctsax [ 167, 168
3apsn 3urertu I1 173
3apsy onexTpoHa, cornamenue o 3Hake [ 18 (c)
3aryxaHue yapTpa3Byka B cBepxmpoBoguaukax I 350, 351
— — u nosepxHocTh ®epmu II 275—277
3epxanbHas wiockocTs [ 131
3epkansHoe otpaxenue [ 105 (c)
3epkanbHO-TOBOpOTHAA o¢h I 129
3Byk
B KimaccudeckoM rase II 133—135
B Metaiiax Il 138—141
— — 3aryxaHue ¥ nosepxHocts Oepmu I 275—277
— — u cBepxnposogumocts II 350—351
Bropoii I 133—135
¥ MexaHuKa criomHon cpensl 11 140 (¢)
KaK JITMHHOBOIHOBEIHN npejien konebanuii pemerku I 69



cootHomeHue boma — CraBepa s ckopoctH 3Byka B Metaiax II 141.
Cm. maxoice Teopus ynpyroctu
3ona cm. 3ona bpummioona; 3oHa J[xonca; CxeMa moBTopsronuxcs 30H; Cxema
IpUBEJCHHBIX 30H; CxeMa pacIIupeHHBIX 30H
3ona bpunmosHa nepsas I 98, 99
JUIS TpaHelleHTpUPOBaHHON 1 00bEeMHOIIEHTpUpPOBaHHO# pemeTok [ 99
U CXeMa IIpUBEICHHBIX 30H I 149
3ona JIxoncal 175
3ona npoBoAUMOCTH B MeTayiax [ 226
— — B nonynposojHukax I 184
3onHas cTpykrypa I 147
Berumcnenue [ 195—214
METOJI OpTOTOHANM30BaHHBIX MIockux BoiH (OIIB) [ 209—211
— npucoeauHeHHBIX mrockux BoiH (IITIB) I 204—207
— ncepaonoTennmana [ 211—213.
Cm. maxorce TIpubnaxenue MouTH CBOOOIHBIX JIIEKTPOHOB
— cuneHOM cBs3u I 186—188, 193, 194
— — — B HEKOTOpHIX Metamiax [ 283— 312
————— nonynposojgaukax II 190-193
— — — B ogHOMepHOM ciy4dae [ 152— 155
— ¢ysxnuii I'puna (KKP) 1207—209
— sraeex [ 199—204
U pa3audue MEXTy TUDICKTPUKaMu U Metaiuiamu [ 226
u peppomaruerusm II 299 (c)
HIEIOYHO-TATOUHBIX KpucTaiios Il 14
30HBI
3anonHeHHsle [ 224—227
CpaBHEHHE ¢ aTOMHBIMH ypoBHsAMH I 186, 187
JacTUYHO 3anoiaHeHHsie I 226
3oub1 bpunmosna Beime nepsoi [ 169—172, 177—179
JUIs TpPaHelleHTPUPOBAaHHON ¥ 0OBEMHOIIEHTPUPOBAHHOM KyOUJeCKUX peneTok |
169, 170
Kak dIeMeHTapHsbIe sueiiku I 169
KBajpatHoH pemetku I 169—178
d-zome1 I 185, 288, 289
p-3oub1 [ 185, 193, 194
s-30mbI [ 185, 186—188
Hsnygenue gyepnoro tena II 94, 95
«Mz3o6paxenue 3apsaga» u padora Berxonaa I 359 (¢)
M3oronmuueckuii apdexr IT 353 (¢)
Nmiynec @epmu 149
HuBepcuonnas ocs [ 129
HuBepcus otHocutensHO ToukH [ 120, 131



HNupexce Mumnnepa 1101, 102
— — B Kybuueckux kpucramiax [ 101
Hueprasle rassl TBepasie 11 21, 22, 28—33
JIMaMarHuTHas BOCIpUUMUHBOCTS I 264
HyneBble konebanus uonos II 31, 32
napametp je bypa 1142, 43
napametpsl Jlennapaa-/Ixonca II 29
nonsapusyeMocTs I 168 renmmoemxocts I1 56.
Cm. maxkoice I'enuii TBepAbIi; MoeKyIspHbIE KPUCTAILIBI
Hurerpan Yambepca I 248 (c)
HuTerpans! nepexpoitus [ 184 (c)
— — u mupuHa 308561 I 188, 189
HNudpakpacHoe nornomenue B cBepxnpoBoanukax II 350
— — ¥ pEe30HAHCHAs JIMHUA, OTBEUAIONIAas OCTaTOYHBIM Jtyqam Il 176
HNon-nonnoe B3auMoieiicTBHE «Tonoe» U «oaeroe» II 139
Honnas nna3menHas gactota B Metauiax I 139
Honnas nposoaumocts II 238—239
Honnas cesa3s 11 11, 20
Honnsie xpucramis I1 9—11
A1Bvn (menouno-ranouanse) I 12—15
AnBwv1 1117-19
AnBv (mpomexyTodHbIe MKy HOHHBIMH B KoBaJieHTHRIMH) 11 19, 20
kore3zuoanas sueprus I 33—39
ko3¢ dunuent orpaxenus II 175
MoJiens aedopmupyeMsix noHoB II 54, 169, 172
ontuaeckue Moabl I 170—176
ontuyeckue ceoiictea II 173—176
octarounble myuu II 176
nocrossHHas Manenynra II 35, 36
nposogumocts I 238, 239
CpaBHEHHE ¢ KOBAICHTHBIMH KpucTauiamu I 20
YCTOMYUBOCTh KPUCTAILIMIECKOI CTpyKTypHI 11 43.
Cm. makace Monnsie paguycsr;, [lentpsl oxpacku; [llenouno-ranounasie
COCJIMHEHUS
Honnsie ocrorsl 11 5 (¢). Cm. makorce OTTaikuBanme Mexay cepAIlcBUHAMHI aTOMOB
WM MOHOB; DIIEKTPOHEI aTOMHOT'O OCTOBA
Honnsie paguyce! II 15
B coequuenuax tTuma AnBvi Il 15—19
JUIS IIEJTOYHO-TATOWTHLIX coeauuenui I1 15—17
CpaBHEHHE ¢ TIOJIOBUHON pacCTOSHUS MEX Ty ONKalIIMK aTOMaMH B MeTaJl1ax
23
Honnsiii Mukpockorn I 366, 367
«Kapmanb 2neKTpoHHbIe W/WaH Ibipounsie [ 172



Karactpoda Panes — Jlxunca II 94
Katuon IT 12
KBanpynonsHoe B3auMoieHiCTBHE B KpUCTaAIaX ¢ HU3KOM cummerpueii I 355 (c)
Krazuummynbsc
U BeKTOpHBIN noteHuain [ 385
u umnynec [ 146, 222, 1199, 100, 375, 376
U MEX30HHBIE ntepexoas! I 294
Y ONTHYECKUE CBOMCTBA nMomynpoBoauukoB I 189, 190
U npoiiecchl nepedpoca II 130
KJIaCCHYeCKas TOYKa 3peHus Ha 3akoH coxpaHenus [I 111—113
obmras reopus I 375—380
oneparop II 378
CoXpaHeHHe IpH paccesHuu HeltpoHos I 99, 100, 379, 380
— — ¢onoH-poHonHOM paccesuuu II 126, 378, 379
— — onekTpoH-poHoHHOM paccesauu 11 150, 380
anekTpoHoB [ 146 Cm. maxorce Ilpornieccrl nepebpoca
Kpasuxumuueckuii morenmuan I1 232
Ksazuuactuis! (kBazudaekTponsl) I 348, 349
Ksant marautnoro moroka II 348 (c), 364
KsanroBanue opbur I 271—273
KsanTossie kpuctamisl I 47 (c), 51 (c)
KBanrossle 5 ekt B TBEpABIX HHEPTHHIX ra3ax cu. HyneBble konebanus
Kunernueckas Teopus ra3oB B IpUMeHEHUH K MeTaiuiaM [ 18—42
————— K oronam II 127, 128, 133—135
Knaccuaeckuii npenen I 64—65
Koranentnas cea3p 1 11, 21, 177
B Metaiax II 22
nongpusyemocts I 177
KoBanentnasie kxpucramnsl I 7—9, 21
JUDNICKTpUIecKas mpoHuaeMocts 11 177
nongpusyemocts I 177
pacnpejieieHue deKTpoHHoro 3apsaaa II 8
¢ NOITYNpPOBOAHUKOBBIMHU cBoiicTBamH II 188, 189
CpaBHEHME ¢ HOHHBIMH KpucTaiuamu 11 20
KoranenTtasle paauycsi II 19 (c)
Koresunonnas sueprus I1 26—44
B HOHHBIX Kpuctamax Il 33—39
B TBEP/IbIX HHEPTHHIX razax II 32
Korezus
B KOBaJIeHTHBIX Kpuctamnax II 39, 40
B MeTaJlIaX, OMMMCHIBAEMBIX MOJIENBIO CBOOOIHBIX dNiekTpoHoB I1 40—44
B TBEP/IbIX HHEPTHHIX razax II 28—33
Kone6anus pemerku



aguabatudeckoe mpudbmnkenue I 53—54

akyctudeckas BerBs I 64—65, 70, 71

B3auMojiciicTBUe u3nydenus ¢ Humu I 97— 114

B HoHHBIX kpuctaymax I 157, 170, 173

B Metayutax II 138—156

— — noapo6Ho 3anucaHHbI 3akoH aucniepcuu II 155

— — cootHomeHus boma — Cragsepa II 141

B OJJTHOMEpHOM MOHOaToMHO# pemetke bpaso II 58—62, 76
B OJTHOMEpHOI1 pemeTtke ¢ 6a3ucom I 62—66, 76, 77
BOJTHOBBIC MakeTsl, I 124

B ClIydae TpeXMEepHO# MoHOaToMHOM pemetku bpasas I 66—70
B ClTyJae TpexMmepHoi pemerku ¢ 6azucom II 70, 71, 77, 78
rapMoHudeckoe npudbmmokenue I1 50—353
JaneHozeicTBYIOMEee B3aumoelictrue Il 62 (c), 68 (c), 76
JebaeBckas Mojienb criekrpa I 85—89, 92—94
JuHaMudeckas Matpuna I 68

3aBHCHUMOCTB 4acToT oT oObema I 118—121

u aarapmonudeckue s¢dexts! I 50, 115—137

u nudpaxius pentreHoBekux my4eit I 104 (c), 385—386

U TUDJIEKTpUYECKas MPOHUIIAEMOCTh MeTaloB, II 141—144
Y OTIEPATOPBI POKJACHUS U YHUUTOKEHUS HOpMaATbHBIX MoJ II 372
u paccesaue snekTponoB [ 218, 315, 11 149—152

u Teopus ynpyroctu [ 71—76

u TemtoBoe pacmupenue I1 118—122

u temtoeMKocTh 11 54—58, 81—91

U TemonposoaHocTs I 123—133

U Tepmo-d.4.c. [ 259

u ceepxnpoBoauMocTts 11 354

u snexrpoconpotusieHue I 315, 11 48, 149—154
kBazuumnynsc I 111—113, 375—380

kBanToBas Teopus II 79, 80, 371—374

knaccuaeckas reopus I 50—78

KpaTkuii 0030p OCHOBHBIX (pusnueckux cneacteuii I 46—49
OTpe/ICNICHHE CIIEKTpa ¢ MOMOMIBIO paccessHus Heiitponos I 97—107, 385
————— peHTreHoBCKHX ydel 385, 386
————— ceera I1 108—113

onrtuyeckas BeTBk II 64, 65, 70, 71

ocobennocTtu Bad Xosa II 92, 93

ocobennoctu Kona II 141

IUIOTHOCTh HOpMaNbHBIX Moj I 92—94

IUIOTHOCTH TeruioBo# sHepruu 11 81

nonspusanus II 68—70, 77,372, 374

SUHINTEHHOBCKas Mojensb crekrpa I 89—91, 93



Cm. maxoice AHTapMOHUYECKHe WieHb]; [ apMoHndeckoe npubmmkenue; Moenb
Hebas; Monens Oitnmreitna; [Tonspuzanus; GonoHb
KomnencupoBansbie Metasuis! [ 240
kodddunuent Xomna [ 241, 243, 244
Marserocomnpotusnenue I 240, 243
KomnonenTs! nedopmaruu 11 74
Komnronosckoe paccesaue I 108
KonrakTtHas pa3Hocts notennuanos [ 359— 361, 369
— — — MeToJ u3MepeHus, npeanoxenubii KenssunowM I 361. Cu. maxkorce
Pabora BrIxoga
KonTtaxTHoe (pepMueBckoe, cBepxToHKoe) B3aumoeiictaue II 281 (c)
Konnentpanusa Hocuteneli B nomynposoanukax II 194—199, 203—209
B HEpaBHOBeCHOM p— n-niepexoje I 218, 227
B HecoOcTBeHHOM nonynposoauuke I1 198, 199
B PaBHOBECHOM p — n-niepexoze 11217
B cobcTBeHHOM nomynposojauke 11 192, 193
TeHepaIlus Py TEIUIOBOM Bo30Yyxienuu 11 222
KOOpJAUHATHAs 3aBUCUMOCTSH 11 229
HeocHoBHBIX II 215 (c), 219, 226 (¢)
Koopaunanuonnoe gucio I 83
Koppenamuonnas anuna I 329 (c)
Koppensmuonnas saeprus [ 336. Cu. marxorce DNeKTPOH-DICKTPOHHOE B3aUMOICHCTBUE
Kocsennrrit o6men 11 296—297
— — u peako3zemensubie MeTaintsl I1 301 (c)
Kospuurusnas cuna I 335—336
Koaddumment nenonspuszanuu II 164 (c)
Koaddumment nuddysuu II 221
Koaddunuent orpaxenus u JeicTBUTENbHAS JUIJICKTpUYecKas nmponunaemMocts I 175
— — ¥ KOMIUIEKCHAs TUDJICKTPUICCKAs MPOHUIIaeMOoCTh I 392
Koaddumment Iensthe I 259
Kosddunment npoxoxaenus (pu npoxoxaeHuu uepes 6aprep) 1 153
Koadpdumuent Xomna [ 28
B JIBYX30HHOM Mojenu [ 243
B CWJIBHBIX MOJISX, NOMyYEHHBIN B IONyKIaccuIeckoi moaenu I 239
3nak [ 28, 29
KBAHTOBBIE OCIIMIIIAIIHY B CHIILHOM Tone I 265
dopmyna JIpyne [ 29
Kpaesas gucnokamus I 249. Cu. maxorce Jlucnoxanuu
Kpamepcosckoe Beipoxaenue II 275
Kpucrannugeckas cTpykrypa
anmasa [ 86—88
6enoro onosa I 135
BypuuTa II 18



reKcaroHaibHas mioTHoynakoBanHas [ 88—90
OnpeIeNICHUEe ¢ TOMOINBIO paccesHus Heittponos 11 100
— — — — peHTtreHoBckux ay4dei [ 104
nepoBckura II 181
xnopuna Hatpusd [ 91 ,92
xnopuza uesus [ 92
IMHKOBOM oOMankw I 88, 93
Kpucrammmaeckue cucremsl [ 121—128
rekcaronanbHas [ 126, 127
uepapxus [ 128
KaK TO4Ye4dHbIe rpynmnsl pemerkd bpass 121, 123, 127, 128
komuuectBo [ 121, 122, 127
Kybudeckas I 123
mouoknuaHas [ 125, 126
pombudeckas I 124, 125
terparoHansHad [ 123, 124
TpuronaneHas [ 126
TpukiauHHAA [ 126
Kpucrannorpadgudeckue roueunsie rpymmsl [ 121, 127—132
konmaectBo [ 130
Kybuaeckue I 129
MexXTyHapoHabie o0o3nauenus [ 127—132
Hekybuueckue [ 130
o6o3nauenus [llenpmuca I 129—132
onepanuu cummerpun [ 128—131
COOTHOIICHUE C KpUCTATMIeCKUMH cuctemami [ 127, 128.
Cm. makoce KpucTalmnaecknue CUCTEMBI
Kpucrannsl, npounocts I 252, 253
—pocr [ 252—254
Kputnueckas remnepatypa MarautHoro nepexoja Il 309, 316
B TEOPHUH MOJIEKYJISIPHOTO MO ¥ TOUHBIC 3HaueHus 11 331
B (heppoOMarHeTHke U BeIMIUHA JUNONBHOTO B3aumoeiicteus 11 288 (c)
Juis antadeppomaraeruxos I1 311
s peppumaraetukos I 311
Juis peppomarneruxos I 311.
Cm. maxoice AatudeppomaraeTusm; MarauTHoe yropsIoueHue;
®eppumarsetuszm; GeppoMarseTuszm
Kpurndaeckas Temmnepatypa cBepXnpoBoasmero nepexona Il 342
B marautaoM noine I 342, 346
npeackaszanus teopuu BKIII IT 359.
Cm. maxace CBEpXIPOBOJUMOCTD
Kputngeckas TemnepaTypa ceraerodnekrpudeckoro nepexona I 179—181.
Cm. maxoice CerHETODTIEKTPUICCTBO



Kpuruueckas touka II 316 (c), 326—329

runore3a ckenunra Il 327—329

— — B KoppensaiuonHoi ¢pyakmnuu II 329 (c)

— — ypaBHeHue coctosaus I 328

KpuTH4eckue nokasarenu crenenu I 314— 316

— — — B TeopuH Mojaekysaproro mous 11 338

— — — ana aymepHou mogenu Msunra I 327

Teopus MonekynsapHoro nons [1329—333, 338
Kpurtnueckuii Tok II 344

B INTMHApHYecKoi nposonoke II 369

s ekt Cunobu II 344
Kpuruueckoe mone (He) I1 343, 344, 346—348, 349

BepxHee (He2) I 346—348

B CBEpXIpOBOAHMKaX 1-ro poxa Il 346

B CBEpXIpOBOAHMKaX 2-T0 poaa Il 346—348

Hmxaee (He1) IT 346, 347

CBA3b CO CKauKoM TerioeMkocTH 11 368

CBA3b CO CKPBITOH Temnoroi nepexoxaa II 368

Cm. maxoice CBepXIIpoBOAUMOCTh; Dddext MeiicHepa
Kybuueckas kpucrammdeckas cucrema [ 123

0603Havenus TodeuHbx rpynn [ 132

CBA3b C TPUTOHAJIbHOU cucteMoit [ 126.

Cm. maxorce I'panenieHTpupoBaHHas KyOudeckas pemrerka bpago;

Ob6wemHoOIIeHTpUpOBaHHAsA KyOudeckas pemerka bpaso; IIpocras kybuaeckas

pemetka bpasd
KynonoBckuii moTeHIuan

U noHHag miasMma Il 139

Y KOTE€3HOHHAs JHEPrus HOHHBIX KpucTtamos [l 33—37

Y OTpaHUYeHUs Ha KoHIleHTpanuio aedexros II 237

U ONITUYECKHE MOJIBI B HOHHBIX KpHucTauax 11 170

U nnoBepxHocTHHIE dddexTrl [ 353

u pemerounsle cymmsl 11 34, 35

Kak «kJei» 1y TeepAbix Ten II 10

nocrosinable Magemynra II 35, 36

dbypre-o6pas [ 333, 351, 352

sKkpaHupoBaHHBIi [ 341.

Cm. maxoice JlansHOACHCTBYIONICE B3aUMO/ICHCTBHE; DKPaHUPOBAHUE
Kyneposckue nmaps! I 354—356

rpyOsr1it pacuer II 369

u 6030mH I 355 (c)

pasmep II 355 (¢), 356
Jlazepn! u onpenenenue pononnoro crnexrpa II 108
JlapmopoBckwmit quamaraerusm Il 263—265



JlerupoBanue nomynposoHukos I1 210
Jlen 11 24
JIuneiinag enouka
asyxaromHas II 76, 77
u nocrosiHHas I'pronaitzena I 136
moHoaroMHas I 58—62
¢ 6azucom II 62—66
CO B3aUMOJISHCTBIEM MEX Ty m Ommkaimumu cocensamu 11 76
Jluneiinas komO6uHanus aromMusix opouraneit (JIKAO) cu. Meron cunsHO#M CBsA3U
JIuneitnsie nedextnl Il 233. Cm. maxorce JlepexTrl B kpuctayiax; Jlucmokauu
Jloxamm3zoBannsle MomeHTHI II 300—304
U MUHUMYM d1ekTpoconpotusienus II 302— 304
kputepuii noxanuzaiuu II 301 (c)
JlonnonoBckas rimy6una nmponukHoBenus 11 353
Marneroakyctuaeckuu dddexr I 275—277
Marsneron bopa I 261
s exTuBHOE UNCIIO MarueToHOB bopa I 272—274
Marseroconporusnenue [ 28
6naropojaeix Metayuios [ 71, 292
B JIByX30HHOU Mojenu [ 243, 244
B KOMIICHCHPOBaHHBIX MeTauiax [ 240, 243, 244
U OTKPHBITBIE OpOuUTHI I 240—242
Haceimenue I 240
nonyknaccudeckas reopus [ 237—242
nonepeanoe [ 28 (¢)
POoOJIeMEBl, CBA3aHHBIEC ¢ TEOPHEH CBOOOHBIX dekTpoHOB [ 71
npojoasHoe [ 28 (c)
teopus Jpyne 1 27—31
MarnautHas aHU30TpOIUSA
Y HanpaBJICHUS «JIETKOTO» U «TpyaHOTO» HamaruuumuBanus [ 335 (c)
u o6pa3oBanue gqomenos Il 335
u ciuHoBBIe BouHHI I 322 (c), 338
¥ CIUHOBEIN ramunibToHuaH II 295
sneprus I 335
MarnuTtHas BOCIPUUMYUBOCTE cM. BOCTIPUUMYUBOCTE
Maraursoe B3aumoaeiicteue I 286—307
B ra3e cBOOOMHBIX dnekTpoHoB I 297—299
B AByXdJNeKTpoHHOU cucteme II 289—296, 304-306
JUTIONBHOE cM. JIUNONBHOE MarHUTHOE B3aUMOJICHCTBHE
U aguabarudeckoe pasmarauauBanue I1 276, 277
u 3oaHas Teopus I1 299 (¢)
U nokansHbeie MOMEHTHI 11 300—304
U MUHHMYM 31ekTpoconpoTtusienus II 302—304



u MoJiens Xab6apya 11 300
u mpasuwio Xysaa Il 265
u npuHnun [aymm IT 289
U criuH-opOuTansHas ceassb 11 288
anexrpocrarudeckas nmpupoxa Il 287—290. Cu. maxorce JlunionsHOE MaTHUTHOE
B3auMoJciicTBue; MarnutHoe ynopsaodenue; Mojens I'eitzendepra; CnuHOBEIH
raMUJIBTOHHAH
Maruautnoe oxaaxaenue I1 276, 277
Marnutnoe ynopsaouenue II 287, 308—339
B Mojteru [eitzenGepra I 316—326
B Mojzienu U3unra I1 327
u paccessaue Helitponos I 312, 313, 338
U Teopus Moaekymsapaoro mons II 329—333
U SIICpHBIM MarHUTHBIN pe3oHaHc [1 314
Kputndeckas temneparypa II 308
OTCYTCTBHE B OJTHO-U IByMepHO# u3orponHoii moaenu ['eitzendepra II 322
noBejieHue BOMM3u kputudecko Touxu I 326—329
tunsl I 287, 309—311. Cm, maxoce Autudeppomarunerusm; BocipuuMIUBOCTS;
Kpuruueckas Touka; MarautHoe B3aumoeiictsue; Mojens ['eitsenbepra;
Teopus monexynsapHoro nons; @eppumarsetusm; GeppoMarseTusm
MarnauTtHsle NUKY IpH paccesHud Heltponos 11 312, 313
MarnautHsle npuMecH B HopMaibHbIX Metaiax [I 300—304
— — B cBepxnpoBoanukax II 341 (c)
MaruuTtHble CBOWCTBA CBEPXIIPOBOAHUKOB cm. Kputudeckoe none;
CaepxmporoauMocts; I dext Melicaepa
MarnutHsle crinaBsl (pasz6asnennsie) 11 300—302
MarsurHbIii MOMEHT
HMOHOB Ipynnsl xenesa Il 274
Kaccudeckoe onpeaeneHue I 283
noxanusoBanHsli 11 300—302
peakozemMenbHBIX HOHOB 11 273
anextpoHoB Il 261, 262
addexTuBHOE YKciI0 MarHeToHOB bopa I1 272
s exTunnsrii I1 270
sanepHsii 11 281
Cm. makoice BocipuuMYHUBOCTH
MarnuTHsli po6oit cm. IIpo6oit MarHUTHEIH
Marnuroctpuxius [ 265
Maruons! cu. COMHOBBIE BOJTHBI
Maxkpockonuueckue ypaBHeHHsI MakcBelna B dinekTpoctaTudeckoM cirydae [ 158
Maxkpockonuueckoe dnekrpudeckoe noie II 158
— — — OJIHOPOJIHO ToNspu3oBaHHOM cdepsl I1 164, 182
Manoyrnosas rpanuna 3epeH I 255



Maprencutnoe npespamenue [ 94 283
Macca s¢dextuBHas cu. dpdexTHBHAI Macca
Mexnoysensabie aromel I 233, 236. Cu. maxoice JlepekTsl B KpucTalLIax
MesxryHaponasie 0603HaueHHs KpucTauiorpapudeckux Toueunslx rpymm I 131, 132
Mex3zonnsle nepexossl [ 221
U JUDIICKTpUIECKas MpoHUIaeMocts 1 393
U pekoMOuHaIus B noaynpoBoanukax II 223
U DIIEKTpONpoBOHOCTE [ 254
HenpsMmeie [ 294 (c)
nopor I1 294
npsimele [ 294 (c)
YCIIOBHE OTCYTCTBHS B OIyKiaccuaeckoi mojenu [ 222, 223, 387—389
Merammm4aeckas cBa3sb 11 11, 20 Merannsl, oTamane ot AUdIEKTPUKOB [ 72, 226,
227,11 184
MerTaiisl ¢ «a109Té CBOOOIHEIME dJIeKTpoHaMu» («apoctrien) [ 157, 306, 307
Mertoxa Bopna — OnmnenreiimMepa cu. Annabarudeckoe NpUOIKEeHHE
Meroa Bpamaromerocs kpuctamia [ 110, 111
— — —noctpoenue OBanpaa [ 112
Merton Jle6as — Illeppepa (mopomrkossrit merox) I 111—113
— — —noctpoenue OBanpaa [ 112
Merton audpakium MeUIeHHBIX 21eKkTpoHOoB [ 364-366
Metox KennBuna I 361, 362
Meroxa Koppunru — Kona — Pocrokepa (KKP) (Metox rpunoBckux ¢yHknuit) I
207—209
— — — — cpaBHEHHE ¢ METOJIOM IIpucoefuHeHHbIX mockux BonH (ITI1B) 1208
Meron Jlayo 1110
— — noctpoeHue JBanbaa [ 111
Merton oproronanu3oBaHHBIX mockux BojiH I (OIIB) 209—211
B IPIMEHEHUH K HEKOTOpHIM MeTauiaM I 283—306
U IpUOIMKEHUE ITOYTH CBOOOIHBIX dneKkTpoHoB [ 211
¥ ncepaonorennuan [ 211
Merton npucoenunennsix miockux BonH (ITIB) T204—207
Merton ncesnonorennuana 1 211—213
COMOCTABIICHUE C METOJOM OPTOTOHAIMIIOBAHHBIX MNIOCKUX BOJH [ 211, 212
— ¢ IpUOIIKEHUEM ITOYTH CBOOOIHBIX dNIeKTpoHOB [ 211—213
Meron cunbpHo# cBasu I 180—194
aHayiorus ¢ Teopueit konebanuii pemerku II 65 (c)
B pemeTkax ¢ 6azucom [ 190
30HbI p-Tina [ 193, 194
30HbI n-Tuna [ 186—188
u nepexox Morra I 191
u nepexoasie Metansl [ 306
U IpUOIMHKEHUE TOYTH CBOOOHBIX dneKTpoHOB [ 184 (c)



HecocToATeENsLHOCTL 191, 309
ydet cnuH-opoutansHoi cesa3u [ 190, 191
Meroa Tomaca — ®@epmu [ 339—342
BOIIHOBO# BekTop I 341—342
JUDJICKTPUIECKas MPOHUIaeMOCTh [ 341
u meroA Jlungxapna [ 339, 342, 343
HenuHennsn [ 341
Cm. maxkoice Jludnekrpudeckas IpOHUIIAEMOCTh; DKpPaHUPOBAHHE
Merton sueex I 199—204
— — tpyaHoctu I 202
Mertoan! rpuHoBcKUX QyHKIMI (B KkBaHTOBOM Teopuu mons) [ 331
U cBepxnpoBoauMocTs 11 342
u Teopus hepmu-xuaxoctu [ 349
u ¢ononsl B Merayuiax II 145 (¢)
U DKpaHHpOBaHHOE 0OMeHHOe B3auMoJIeiictue 1 344
Mexanugeckuii dsxkBuBasieHT TerioThl I 56 (¢)
Munumym anexrpoconportusnenus II 302—304
Msuororpanauk Boponoro I 85 (¢)
Msuorodononnsrii ¢pon II 104
MuorodoHoHHEIE poliecchl M aHrapMoHuYeckue wieHs! 11 387
Mopens Aaaepcona I 302
Mopnens I'eiizenbepra II 294—296
anmszotponHas II 337, 338
BBICOKOTeMIIepaTypHas BocnpuuMunsocTs II 323—326
ramuinsToHUaH I 296
OCHOBHO€ cocTosHue anTudeppomarneruka I1 317, 318, 337
— — ¢eppomarnetuka II 316, 317
OTCYTCTBHE yTIOPAA0UCHUS B H30TPOITHEIX OTHOMEPHOM U JIByMepHOM ciaydasx II
322
CIMHOBBIC BONHEI B anTU(eppoMarderuke 11 322
— — B peppomarnetuke I 318—323
Cm. maxoice MarautHoe B3anMo/iciicTBue; CIMHOBBIA TaMUIIbTOHUAH
Mopnens Jle6as pononnoro crekrpa I 85—89, 92—94
UHTEepHoIAIMoHHas Gopmyna s TemoeMkoctu I 86—89
napametp ['pronaitzena I 120
IJIOTHOCTH ypoBHeil I 92—94
cpaBHeHue ¢ Mozenbro OiHmTelHa [ 89—91 Cm. makorce TennoeMkocTh
pemeToyHas
Mogens aeopMupyeMbIX HOHOB (B HOHHBIX kpucTaniax) II 54 (¢), 169, 173
Mopnens Jlpyne [ 17—42
HEJI0CTaTKH, 00YyCIOBIICHHBIE KlTacCHUecKoit craructukoit I 34, 40, 44, 70
OCHOBHBIC npeanonoxenus [ 18—22
Monenr U3unra I1 327



— — ¥ (pa3oBsIit nepexox nopsaaok — 6ecnopsaok I 310 (c)
Mopnens Kponura — Ilennu I 155
Monens Xab66appa I 300
— — a7 Monekyansl Bogopoja I 305, 306
Monens Oitamireitna ans gpononnoro cnekrpa Il 89-91
IJIOTHOCTH ypoBHEH II 93
dopmyna ms Tremmmoemkoctu I1 90
Mopnyns BcecTopoHHero cxatust [ 52, 53
JUISl HEKOTOpBIX MeTaios [ 53
JUIsi CBOOOTHEIX dIeKTpoHOB I 53
JUIs TBepABIX MHEepPTHBIX Tasos II 32, 33
MIETOYHO-TAIOMIHEIX coequuenuii I 38
Monekyna Bogopoaa II 289—296
— — B Mozienu Xab6appa II 305, 306
MonexynapHasie kpucTtanisi I1 9
MEXMOIeKyspHoe B3aumoaenctaue I 21, 22, 28—30
xumudeckas cBsa3b B HUX Il 28—33. Cm. maxoice UHepTHBIE Ta3Bl TBEPABIC
Momnoaromnas pemerka bpaso I 87
MomnoknvHHasg Kpuctannmdeckas cucrema [ 125, 126
MT-norenmnman I 203
Mynstunner I1 267
Mynstumnersocts 11 267
MynsTunonsHoe pasioxenue [ 354
Msrkue mojet 11 83 (c)
— — B cerHeroanekTpukax I 181
Msrkoe peHTTeHOBCKOE H3Iyd9eHUE U U3MEpEeHHe IUPUHEI 30HHI [ 335
— — — ¥ mpubnmxeHne He3aBUCUMBIX dN1eKTpoHOB I 345 (¢)
Haxnonnas rpanuna II 255
HamaraudeHnHOCTS (MI0THOCTH MarHUTHOTO MoMeHTa) I1 259—260
Hamaraumuennocts Hackimenus 11 318
B nmapamaraetuke II 271
B eppomarnetuke I 318
Hampasnenus kpucramiorpadgudieckue, npasuia ux oboznauenus [ 102, 103
Hampsioxenne Xomna [ 27
Hesripoxaennsie nomynpoogauku Il 195. Cu. maxorce IlonynpoBogauku
Hesaryxaromue toxu II 344
BO3MOXHOCTE paspymenus I 365 (c)
teopus 11 364, 365 Cm. maxorce CBEpXIIpOBOAUMOCTD
Heiitpons! xonoausie (Termossle) I1 106
B3auMojieiicTBue ¢ anekTporamu II 98 (c)
COOTHOIIICHUE MEX Ty dJHeprueH u umiynscoM II 97, 98
————— cpaBrenue ¢ poronamu II 98 HemoxansHbie 3¢ deKThI cm.
IIpennonoxenue o TOKaTbHOCTH



Heoxnopoansie nomynpoBoaHuku cm. ITomynpoBoaHuku
Heocnosnsle Hocurenu II 215 (¢), 219
KOOpJAMHATHAs 3aBUCUMOCTh KOHI[eHTpauu I 229
toku 11 228, 229
Cm. maxorce p — n-niepexo; IlomynpoBoaHuku
Hemnpsmsie ontuueckue nepexos I 190
Hecummopdubie npoctpancTBeHHbIe rpynmns! [ 134
Heco6ctBennsie onepamnuu [ 132
Heco6ctBennsie nomynposoaauxu 11 186
— — KkoHIleHTpanusa Hocureneit II 198, 199
Heynopsnouennsie cinassl I 207 (c), 310, 311
Heynpyroe paccessaue u 3akoH Bugemana —®panna [ 322, 323
Hwxnee xpurnaeckoe none I1 346
Howmep 30mmn1 I 145 (c), 146
— — JUIS TIOYTH CBOOOIHBIX 1IeKTpoHOB I 153
Hopmansnas depmu-cucrema I 349
Hopmansasie Moabl rapmorudeckoro kpuctamna Il 58 Cu. maxoice I'apmonngeckoe
npubmnkenue; Konebanus penrerku; GoHOHBI
Hopmansnsie nporteccs! I1 129
U nporieccrl nepedpoca II 119
U TepMoHaMudeckoe pasHosecue I1 130
Hynesrle kone6anus noHos II 45, 47
BKJIaJ] B IULIOTHOCTH TeMI0BOM dHepruu I 82
Y HeaJIeKBaTHOCTh KJlaccuueckod Teopun konebanuit pemerku II 51 (c)
u napamerp ae bypa 1142, 43
IposBJICHUE B HauboJIee JeTKUX U3 TBEPABIX MHePTHHIX ras3os II 31, 32
O6eanennsii cnoit (06nacts npoctpancTseHHoro 3apana) I 211 Cu. maxorce p — n-
nepexo
O6MeH Mex Ty IenoKalIu30BaHHbIME dj1ekTpoHamu 11 296
O6Mmennas sueprus [ 333—337
— — u Kores3us B Metammiax I 41
Oo6mMennoe B3aumoxeiicTeue 11 294
koHcTaHTHI I 296
IpsSIMO€E, KOCBEHHOE, MEXTy JIeTI0KaTM30BaHHBIMHU dIIEKTPOHaMHU U cBepxoOmeH 11
296
OO6MenHEIi uieH B ypaBHeHun Xaptpu — Doxka I 333
B NpUOITMKESHUH, UCTIONB3YIONEM OTHODIEKTPOHHKIH noTennuain I 336
ero okpanupoBanue [ 343, 344, 11 144
— — ¥ MarHeTu3M JJeKTpOHOB nposoaumMoctH II 299
O6o3nauenus Illendmuca ansa kpucramnorpaduueckux ToueuHsIx rpymm I 129—131
O6parnas pemetka [ 95—103
JUI TpaHelleHTpUpoBaHHOM KyOudeckoii pemetku bpasos [ 97
JU1s 00BEMHOIICHTPUPOBaHHOM KyOudeckoi pemerku bpaso I 98



JUIs mpocToit kydudeckoit pemerku bpass 197, 103
Juis perrerok ¢ 6azucom I 96 (c)
Juis poMOodipudeckoi (TpuroHansHoi) pemetku bpass I 103
JI0Ka3aTeIbCTBO TOTO, UTO OHA SIBIIAETCS
pemetkoi bpass [ 95
u uagexcel Mumnepa I 101, 102
U pemerka, ooparHas k Heit [ 97
o6beM npuMuTHBHOH saetiku 1 98, 103
IIOCTPOCHHE OCHOBHBIX BEKTOPOB I 96
Cm. makoice AtomusbIe ockocTy; 3086 bpunmosna; Pemerku bpasa
O6veMHoOIIeHTpUPOBaHHAsd KyOudeckas pemrerka bpass [ 79—81
30HbI bpummosna Beime nepsoi [ 169, 170
Kak [pocTas KyOudeckas pemnieTka co CTpyKTypHsIM daktopom I 114
KoopauHaioHHoe uucio I 83
OCHOBHEIE BeKTOpHI [ 81
niepBas 30Ha bpumoona I 99
pemeTtka, obparHas k Heii [ 98
pemeToYHbIe CyMMEI 10 00paTHbIM ctenensM 11 31
CBA3b ¢ IIEHTPUPOBAHHON TeTparoHansHOM pemerkoi bpaso [ 124
YIaKOBOYHBIM MHOXHUTENS | 94
ycloBHas s4ueiika I 85
XUMHYIECKHE DJIEMEHTHI | 82
sraeiika Buraepa — 3eiitia [ 86
O6veMHoIIeHTpUPOBaHHas poMmOudeckas permerka bpaeo I 125
«Onernie» nousnl 11 142
U IMDJIEKTpUYECcKas MpoHUIaeMocTh Metamos I 142—144
HOoH-HOHHOE B3auMmoaeucTaue II 139
Onuaoonexrponnslil norennuan [ 139, 195, 329, 330
BIIMSTHUE OBEPXHOCTH Ha Hero [ 354—357
ydeT oOMeHa ¢ TOMOIIBIO OIHOdJIeKTpoHHOro norennuana [ 336 Cu. maxorce
VYpasrenus Xaptpu; Ypasaenus Xaprtpu — Poka
Onogo, 6enoe u cepoe [ 304 (c), IT 188
Omnepatop Tpancmsanuu I 140
— — BBIPaXXEHHBIN Yepe3 oneparop ummynsca 11 377
OmnepaTopsl poXKACHUSA M YHUYTOXKEHHS B ciiydae ocruuisaropa I 371
— — —— ¢ononos I1 372
Onepanyy rpynnsl CMMMETpUH A pemeTky bpass 1120, 121
Ompenenenuie POHOHHOTO CHEKTPa U3 onTudeckux JaHuex 11 108—111
Ontuueckue moawl I1 64, 70, 71
B HOHHBIX kpuctaax Il 170—176
B Mojienax JleOas u Diinmreitna I1 89
U akyctudeckue Mojsl I 65
u pamanoBckoe paccesaue I 109 Cu. maxoce Konebanus pemerku; GoHOHBI



Ontuueckue cBoiictBa I 293, 390—393
amomunus [ 302—303
6naropojueix Metayuios I 295—297
OpumtrooHoBckoe paccesaue 11 109
noHHBIX kpuctamos Il 173—176
U npubmmkeHre He3aBUCUMEBIX dNeKTpoHOB I 345 (c)
MmetauioB [ 31—34, 293—296
nomynpoBojHukoB I 189, 190
pamanoBckoe paccesaue I1 109
MIETOYHLIX MeTauIoB I 294—296
OpOGuransHeiif MOMEHT, 3aMopaxuBanue I1 273
OpO6uth! 6J10XOBCKUX DJIEKTPOHOB B MarHUTHOM mone [ 232—237
Jipounsie [ 233
kBaHToBaHue [ 271—273
oTkpseIThIe I 235
— B Gnaroponneix Meraiax [ 291, 292
— ¥ MarHetoconpotusienue [ 240—242
nepuox [ 234—236
COOTHOIIEHHE MeX Ty HUMH B k- u r-nipoctpanctse [ 234 Cum. maxorce
ITomyknaccudeckas MoJienb; DKCTpeMalIbHbIE OPOUTHI
OcHoBHBIE BeKTOpHI pemetku [ 77
— — — anroputM nocrpoenus I 94
OcHoBnble HOcuTenH Toka 1 219
Ocobennoctu Ban XoBa I 152, 156
B (hoHOHHO# mioTHOCTH ypoBHeii II 92, 93
B JJIEKTPOHHOM IIOTHOCTH ypoBHei [ 156
— — — — B MOJIEJM NOYTH CBOOOHBIX dnekTpoHoB I 176, 177
Ocob6ennoctu Kona II 141
Ocrarounoe conpotusnenue II 302
Ocrarounsie nyqu II 176
Ocnumnsnuu Pynepmana — Kutrens [ 343
Octuumnsnuu @puaens [ 343
Ocs (noBopota) I 128, 129
Ocs ¢ B rekcaroHaIbHBIX cucTeMax [ 88
— — B TETparoHaIbHBIX cuctemax I 124
Omxur 11 238
OrtHomenue c/a
JUISl TeKCarOHANBHOM IIIOTHO-YIIAKOBAHHON KPHUCTAIIIIMYECKOHN CTPYKTYpsHI I 89
JUIS penieTky, oOpaTHO# Kk rekcaroHanbHol I 98
«wgeansHoe» 1 90
OTtpaxenue Oparroeckoe [ 109
3epkansaoe [ 105 (c), 106 (c)
otHOcuTenbHO miockoctu I 120 (c), 129



nopsaok [ 106
OrtrankuBaHue MEXIy CEpAIleBHHAMU aTOMOB Uiy noHOB I 11, 27
B HOHHBIX kpucTauax Il 33
B cinyvae norennuana Jlennapnaa-/Ixonca II 28, 29
U TOTSIPU3yeMOCTh HOHHBIX KpucTaioB II 168
U ¢onons! B Metayuax II 154
noreHnuan bopaa — Maiiepa II 39
ITapamaruserusm II 268—275
Ban ®nexa I 269
B JICTUPOBAaHHBIX MonynpoBoaHuKax Il 282
3akoH Kropm II 270—275
ITaymm IT 277—280
— BIMSAHUE dIIEKTPOoH-poHOHHOTO B3aumoaetictus II 280 (c)
— — DIIEKTPOH-IJICKTPOHHOTO B3aumozercTeus I 285
— BocnpuuM4uBOCTS I 279
— TeMIieparypHsie monpaskH II 285
CpaBHEHHE ¢ IMaMarHeTU3MOM B MeTaljIaX ¥ IJApMOPOBCKUM JuaMarHeTusmom Il
284 Cm. maxorce BoctipunmanBocTs; 3akoH Kropuy; IIpasuna Xynna
ITapamerp I'pronaitzena II 120—122, 136
B Mojtenu JleGas IT 121
JUISL MIETTIOYHO-TATOMAHBIX Kpuctamios 11 122
Cm. maxoice TernnoBoe paciupenue
ITapamerp ne bypa Il 42, 43
ITapamerp nopsaka (8 Teopuu cBepxnposoaumocty) II 362
aHarnorus ¢ Teopueii peppomarnerusma Il 362 (c)
Cm. maxoice Teopus I'mn3bypra — Jlangay
Ilepexportue 301 I 152, 227
Ilepexon qudnexTpux — Metamt (nepexox Motra) I 191
— — — B Mozieiu Xab6apya 11 300
ITepexon mopsox — Gecnopsiok 1310 (¢)
p — n-niepexox 11 210—232
BOJIbT-aMIepHas Xapaktepuctuka I 220
BEIIpsAMILsTIOmee Aciicteue I 217—220, 225— 230
npeiidoBrrit Tok I 221
muddy3nonnas obnacts 11 225-228
— —nond B Hel 11232
muddy3nonssii Tok 11 221
u3ru6 3oH I1 214
usrorosnenue II 210, 211
KOHIICHTpaIlus HEOCHOBHBIX Hocutenei 11 217, 229
— Hocurenel pasHoBecHas [ 212—217
— — HepasHoBecHas [1 227
obeauennsIi cioi (obmacTs npocTpancTBeHHOTO 3apsana) [ 210—217, 225—231



— — B paBHOBeCcHOM ciydae I 212—217
— — pa3Mepsl B HepaBHOBecHOM ciydae 11218
— — — B paBHOBecHOM ciy4ae II 216, 217
— — toku B HeMm 11 225—227, 232
obparHoe cmemaromniee Hanpsoxenue I1 225
onHopoaHas obmacts I 226—229
najicHUE MOTEHIANa B HEpaBHOBECHOM ciydae 11 218
— — B paBHOBeCcHOM ciydae I 213—217
IUIOTHOCTH 3aps/ia B HepaBHOBeCHOM cinydae I1 218
— — B paBHOBecHOM ciydae 11 217
tok reHepamnuu I 219, 225, 230
ToK Hackmenus I1 220, 225
TOK HEOCHOBHBIX Hocutenei II 228, 220
TOK pexomOunamu I1 219
— — CBA3b ¢ TOKOM reHepanyu 1219
Cm. maxkoice IlonynpoBOTHUKH
IlepexonHble MeTAIIBI
MarHuTHbII MOMEHT HOHOB II 276
termoeMkocts I 721
ITepeokpanuposka I 145
Ilepuonudeckue rpaHuyHBIe YCIOBHS cm. ['paHUYHBIE YCIOBUS
ITepuonudeckue hyHKIINHU, pa3IoxKeHHUE IO IIOCKUM BoHaM [ 376—378
— — teopeMa I'puna [ 386
Ilepuognuaeckuii morennuan I 139, 140, 195, 196, 329, 330.
Cm. maxkoice YpasHenus Xaprtpu; YpasHeHus Xaptpu — Poka
IMTuposnexrpuueckue kpucramis I1 162 (c), 177—179
— — cummerpus [1 179
IInasnenue II 47
IInasnsiii nepexon 11212
IInazmennas gacrora I 33
uonHas II 139
H ONITHYECKHE CBOMCTBA MeTtaiuioB I 33—35, 293
yrcneHHsle Gopmynsl I 372
IInasmennoe xonebanue (mnasmoit) I 34
moBepxHOCTHOE [ 42
cnocoOrI HaOmoaenus I 35
ITnactuueckas aedopmarus 11 248
IInockue Bonnsl I 47
pemerounas cymma [ 380, 381
cyMMa 1o nepBoii 30He bpummosna I 380
ITnockocts cxompxenus I 121 (c), 134
ITnotnas ynakoBka cdep I 88—91
Y TeKCaroHaJIbHas IJIOTHOYIaKoBaHHas cTpykrypa [ 89—90



Y TpaHeIeHTpUPOBaHHAs KyOudeckas cTpykTypa [ 92
u apyrue crpykryps! [ 90, 91
YIaKOBOYHBIM MHOXHUTENS | 94
IInmoTHOCTH 3apsAa B MIETOYHO-TATOUAHBIX Kpuctamiax II 13
— — BOM3M noBepxHocTH Kpuctamia [ 358
IInoTHOCTE HOpMaNBHBIX MOJ cm. IIMOTHOCTH ypoBHE# ((POHOHHBIX)
IInotHOoCTH NONApU3amu II 158
IInotHOCTH MOTOKA Temna I 255
ITnotHOCTE ypoBHei# (B k-npoctpancTse) 148, 143
IInotHOCTE ypoBHE# (ponoHHEIX) 1T 92—94
B Mojenu Jle6as I1 93
— — Oiiamrreiina II 93
IInotHOCTE ypOBHEH (2JIEKTPOHHBIX) B IByMEpHOM citydae [ 67
B JIByX30HHOW MOJIETH JIJIsl HOYTH CBOOOIHBIX dNekTpoHoB [ 176
B nepexoHbIx Metamax [ 307, 308
B nonynpoBojauukax Il 196, 198, 202. 208
B penko3eMensHbIX Metammiax I 308. 309
Juist 6II0XOBCKUX dekTpoHoB I 149—152, 155
JUIsi CBOOOTHEIX dnekTpoHoB I 57, 58
u napamar"etusm [laynu I1 277, 278
U cnivH dektpoHa [ 149 (c)
Y TEMI0eMKOCTh [ 60
ocobennoctu Ban XoBa I 152, 156
0COOEHHOCTH B CHIILHOM MarHuTHOM noje I1 273, 274
nornpaska 3a cuet ¢ponoHos II 146
IInmoTHOCTH dnekTpUdeckoro Toka [ 22
IloBepxHOCTHBIE I1a3MOHKI T 42
IToBepxHOCTHBIC MTOTIPABKHU K OTHOAIEKTPOHHOMY IOTEHIHATY A OECKOHEUHOT'O
obpasma I 353
ITosepxHOCTHBIE ypoBHU I 366—370
u Teopema broxa I 368
TEOpHs MOYTH CBOOOHEIX ekTpoHoB I 369, 370
ITosepxnocTs @epmu I 148, 149
amomunms [ 301
6epumus [ 300
6naropouex Metayios [ 289—292
BONIM3U OpATTOBCKUX mIockocte I 168
B IIPUOMIHKEHUH CBOOOAHBIX d11ekTPoHOB cm. Chepa Depmu
B CXeMe noBTopstomuxcs 30H I 149
— — NpuBeAcHHBIX 30H [ 149
— — pacmupeHHbIX 30H [ 166
3HaueHue [ 264
onpenenenue [ 264—281



IOCTPOEHHE B NPUOIMKEHUN OUYTH CBOOOHBIX dekTpoHoB [ 168—172, 174,
178,179
IloBepxHocTs cBuHma I 304
meno4vHbIx Metaiios [ 285
JKCTpEeMaJIbHEIE TIoNaau ceaeHuii [ 267
IToBopots! u ynpyras saeprus 11 73
IToxsuxnocts II 185 (¢), 221. 222
IToxpemerku marautasie I 309. Cm. makoce AuTudeppomarseTuzm
Ilokazarens npemomnenus I 157
— — cootHomeHusa Kpamepca — Kponwura [ 392
Cm. maxkoice Jludnekrpudeckas IpOHUIIAEMOCTh
ITone Xomnna I 28
ITonuBanentHsie MeTaisl [ 298—310
30HHAA CTPYKTypa nepexoAnsx Metawios [ 306—308
— — npocThIx MeTaiuioB I 298—306
— — penaxo3emenbHbIX Metaios [ 308—310
Tomukpucranmuueckoe cocrosuue I 76 (c)
— — ¥ qudpaknus peHTreHoBckux tydeit [ 111
Ionyxknaccuueckas moaens [ 216—244
B CIyJae NOCTOSHHOTO MarHutHOro moss [ 232, 233
— — — snekTpudeckoro noins [ 227, 228,244
BBEICOKOYACTOTHAS JJIEKTPONPOBOAHOCTE [ 252—254
ramuiasTOHUaH I 385
U JIBKEHHE BO B3aMMHO NEPIECHAUKYISPHBIX JJEKTPUIECKOM U MarHUTHOM
moysx 1 236, 237
u abIpku [ 228—232
Y 3aM0JHeHHbIE 30HEI [ 224—227
U KBaHTOBaHue opbur I 270—273
U MarHetocomnpotusieHue [ 237—244
U MOJIENb CBOOOTHBIX dnekTpoHoB [ 216, 217
¥ HEOHOPOAHEBIE monynpoBogHukH 11 212
— — — BO3MOXHas HenmpuMeHumocTs 11 212
U IPUMeECHBIE ypOBHH B noiynpoBoanukax II 201, 202
U TEIIONPOBOAHOCTS | 254—257
U TepModnekTpudeckue dddexts I 257—260
¥ TANBI HOocuteneit [ 221, 222
u dxcutonsl 11 245, 247
u 5¢pdexr Xomna I 237—241
npeaensl npuMmenumoctu 1 222, 223,253, 387—389, 393
cTaTUJecKas dIeKTponpoBogHOCTE [ 151, 152
— — B HOCTOSHHOM MarautHoM noie I 260, 262, 263
teopeMa Jlnysuns I 225, 385
Teopus ABIeHUH nepenoca I 245—263



ypaBHeHus AsmxeHus [ 221

6a3oBoe mpoctpancteo [ 225

Cm. maxorce BrioxoBckue d1ekTpoHbl; OpOUTEI
ITonmymeramns! I 304, 305

u nonaynposoaauku I 304 (¢)

teroeMkocTs [ 307 (c)

addexTruBHAs Macca Hocutenel Toka I 206 (c)
ITomynposoxnukw II 184—232

BajicHTHBIE 30HHI II 185

Bpems pexomOunaruu II 223 (¢)

BeIpoXxieHHEIE I 195

reHepanus Hocutenei [I 222

JMaMarHeTusM (B JeTHMpOBaHHBIX MOMyNpoBoHuKax) I 282

muddepeHansHas TepMo-3. 1. c. 11 186

muddy3uonnas anuHa I 224

3aKkoH AcicTByrommx Macc II 197

3anpenieHHas 30Ha (dHeprerudeckas mens) [ 184—186

— — u3mepenue mmpunsl 11 189, 190

— — TeMneparypHas 3aBucuMocTs II 189

30HHag cTpykTypa II 190—193

— — aatumonua uEaus 11 192, 193

— —repmanus 11 192, 193

— — xpemnus 11 191, 192

30HBI npoBoguMocTu 11 184

u amonexrpuku I 185

u noxymetainisl [ 304 (¢)

KoHIeHTpanusa Hocurened I 194 —199, 205—207, 209

ko3 dunuent qudpdy3uu II 221

neruposanue II 210, 211

HeBbIpoXxIeHHBIE I 195

— aBneHus nepenoca II 207

HecoOcTBennsle 11 186

— KoHIleHTpanusa Hocutenei 11 198, 199

HocuTenu Toka HeocHoBHEIE 1T 215 (c), 219

— — ocHoBHsble [1 219

ontuyeckue ceoiicrra Il 189, 190

napaMarHeTHsM (B JIErMpOBaHHBIX NoOXynpoBoaHukax) I1 282

p —n-nepexoxn 11 211

II0THOCTH ypoBHeH II 184, 196, 208

— — npu Hanmuauy npumecei 11 202

nojBMxHOCTh HOocutenel Toka II 185 (c), 221, 222

noyykiaaccudeckas moaens I 212

nonspHsie 11 189



npumMecH cu. IIpumecu B NOIynpOBOHUKAX
nposBoaumocTts II 185—187
pexomOunanus Hocutenei I 222
cobcrBennsie I 186
— KkoHIleHTpanusa Hocutenei I 197, 198
conpotusnenue II 185—188
n-tuna Il 199
p-tuna II 199
ypoBens ®epmu I1 195 (¢)
doronpoBoaumocts I 186
xumudeckuil morernmai II 195, 197—199
— —u sHeprusa @epmu [ 149 (c), 1 195 (c)
IUKIIOTPOHHBIN pe3oHaHc I 193, 194. 208
anexktpoxumudeckuii morennuan Il 213, 214
ITonspuszanus xonebanuii pemerku II 67
B pemetke ¢ 6azucom Il 372—374
u paccessaue Heittponos II 104 (c), 385
u cummetpus pemetku I 77
npojonbHas u nonepedsas II 70
ITonapusyemocts Il 166—176
aroma Bojopoja II 182
atomHas I 166—168
aTOMOB MHepTHHIX ra3os I 168
U TUDJICKTpUYECKas MpoHuIaeMocth (cootHomenue Knaysuyca — Moccortn) 11
166
noHoB rajorenos II 168 noHosB menounsix MeTawioB IT 168
KOBaJIeHTHBIX Kpuctamos I 177—179
MoJens aedopmupyemsix nonos II 169, 173
cessu 11 177
cmemenus I1 166, 168—170
Cm. maxkoice Jludnekrpudeckas IpOHUIIAEMOCTh
ITonspuron II 174
Ionspusie xkpucramisl I1 179 (¢)
ITonspusie nomynposouuky II 180
Ionspons: II 243, 244
ITopomkossrit MmeTon (Meron Jle6as — Illeppopa) 1 111—113
— — mocTpoeHue OBanbjaa Juist Hero [ 112
ITocTostunast BonenMmana I 38
— — TOYHOE YucleHHoe 3Ha4yeHue [ 371
Ilocrossnnas Manenynra II 35, 36
ITocrognnas pemerku I 85
TreKCaroHaIbHOHU IJIOTHOYIAKOBAaHHOM CTPYKTYpHI I 89
O.IL.K. ¥ I.II.K. MOHOATOMHOM pemeTku bpaso I 82



poMbuueckux kpuctamion I 135
poMO0IIpUIecKUX (TPUTOHANBHBIX) KpUcTaLioB I 135
CTpyKTypsI anMasa [ 88
xnopuaa Hatpus [ 92
xnopuza uesus [ 92
IIMHKOBOM oOMaHKkH I 93
TeTparoHaIbHbIX Kpuctamwios [ 135
IHocTpoenne Oransaa I 109
B MeTO/I¢ Bpamaromerocs kpuctamia [ 112
B Metoje Jlaya 1111
B MopomkoBoM Meroze [ 112
Ilorennuan bopaa — Maiiepa II 39
IHorennuan «6—12» Jlennapaa-/Ixonca I 28— 30
— — — [apaMeTpsl U1 HHEePTHBIX ra3os II 29
IHorennuan pemerku cm. Ilepuogudeckuii moTeHITAAT
ITorenmnuan TOxassl [ 341
IIpasuna Xynna II 265—268
B IPIMECHEHHUH K MOHAM NepexoHbIX Metaiwios I 274
— — K peaxo3eMenbHbIM HoHau I 273
dopmymna II 283
IIpasuno Konepa 1263
IIpaBuno Maruccena I 323, 324
IIpenen Kazumupa II 133 (¢)
IIpeanonoxenue o nokansHocTH I 32, 278, 390
ITpubnmxenue BpeMenu penaxcauu (T-npubmxenue) 1 21, 246. 247
Juis oO1elt HepaBHOBecHOU (PpyHkIMu pacnpenencaus [ 247—251
U 3aKOHBI coxpaHenus [ 327
U TIOKabHOE coxpaHenue 3apsaa [ 261
u npaBuno Martuccena [ 323, 324
kputuka [ 313—328
IPUMEHUMOCTH JUISI U30TPOITHOTO YIIPYIor'o paccesiHUs Ha IPUMECAX U 3aKOH
Buaemana—®panna [ 322, 323
cpaBHeHue ¢ Oonee obmeit popmynuposkoit I 318
Cm. makoice CtonkHOBeHUS; YpaBHeHHe bonbimana
ITpubmmxenue I'atitiepa — Jlonpona I 293, 304, 305
B Mojtern Xab6apya s Mosekyasl Bogopoya II 305, 306
npeaensl npumenumMoct 11 293
dopmyna a1 BeTUIUHEI 0OMEHHOT'O paclleIUIeHUs B MoJieKyle Bojopoaa I1 294
ITpubmmxenue xectkux noHos II 168
— — —mwnegocratku 11 169, 173
ITpubmxenue Manoit ammnuryas! konedanuit I1 50, 115
ITpubnuxenne HezaBUCUMEIX d1ekTpoHoB I 21, 73, 139, 195



HEJIOCTaTOYHOCTh B MarHUTHBIX 3aadax II 287, 288, 290—294
— B peako3emenbHbIx Metamax [ 309
— B cBepxnposoHukax I 340
— B JJICKTPOHHOM ra3e Hu3KkoH miotHoctH II 299
— JIJI YaCTUYHO 3alOJIHCHHBIX 30H B paMKax METojia CUIbHOM cBsa3u [ 191
U npudImkenue cBoOOAHBIX dekTpoHoB I 21, 73
obocHoBanue I 344
YJeT dIEKTPOH-IIIEKTPOHHOT0 B3aumoeicTaus 1 329-337.
Cm. maxorce Teopus pepmxuakocty; YpasHenus Xaptpu — Doxka; DnekTpoH-
JJIEKTPOHHOE B3aUMOICHCTBHE
ITpubnmxenne nouru cBOOOAHBIX dIeKTpoHOB I 157—179
aHayiorus B reopuu kojiebanuii pemetku I 77 (c)
B oHOMepHOM ciydae [ 161
reoMeTpudecKkuil cTpykTypHslit paxrop T 173—178
3HaYCHUS DHEPIUU BONM3U OJ{HOM OparroBekoit miockoctu I 162—165, 175—178
— — BaIM OT OparroBckux mockoctei [ 160
30HBI p-THna 1 s-tuna [ 161
WJLTIOCTpAIMs Ha IPUMeEPE HEKOTOPBIX METAILIOB, I 283—306
U TIOPOT MEX30HHBIX ONTHYECKHUX NepexooB B amomunand II 302—304
————— B IIEI09HEIX MeTamnax I 294, 295
U criMH-opOuTansHoe B3auMmojeiicraue I 175
HOMep 30HHI I 158
COOTHOIIIEHHE ¢ METOAOM IiceBaonorennuana [ 211-213
cpaBHeHHe ¢ 00BIYHOM Teopueii Bo3Mymenwuii [ 159 (c)
TEOpHUs OBEPXHOCTHHIX ypoBHeil [ 366—369
YPOBHH B TpaHeIleHTpUPOBaHHOM KyOudeckoi pemerke [ 167
YPOBHH B CX€MaxX pacIIMPEHHBIX, IPUBEACHHBIX U MOBTOPAIOMUXCS 30H [ 164,
165
ITpubnuxenne caMocorIacOBaHHOTO ToJis (mpubmnkenue XapTpu) cm.
Ilepuoguaeckuii moTeHITUAT
ITpubnuxenne cBoO6OAHEIX dnexkTponoB I 21, 72, 73
B IByMEpHOM ciydae [ 67
BUTHEpOBCKUM kpuctann I 299
Bonna cnimnoBoii motHoctH I 299
muamaraetusm 11 280, 281
JUDIEKTpUIecKas mpoHuaeMocTts [ 33, 338—343
U B3aMMOJICHCTBHE MeX Ty dekTpoHamu [ 329—352
u xore3us B Metauiax 11 40—44
U IpUOIIKEHNE He3aBUCUMBIX dJ1eKTpoHoB I 21, 73
M mesovunnie MeTamibl [ 284—287
u dkpanuposanue [ 337—344
KBaHTOBaHUE ypoBHel B MarHuTHOM none [ 270, 271, 281
KoppensauonHas sHeprus [ 336



mojens Jlpyne [ 17—42
Mojiens 3ommepdensaa [ 43—69
MOJIyllb BcecTOpoHHero cxarus [ 52, 53
aegocratku [ 70—72
obmennas >ueprus [ 334
napamaraetusm I 277—280
— B HEBHIPOXJIeHHOM ciy4dae [ 284
OCHOBHOE COCTOSHHE, cBoMCcTBa [ 45—53
ocHoBHBIE (popmynsl [ 371, 372
IJIOTHOCTH DJIEKTPOHOB nporoaumoctH I 19, 20, 72
— — — BRIpaXeHHad depe3 k[ 49
IUIOTHOCTh DHEPTMH OCHOBHOT'O COCTOSIHUS B OTCYTCTBHE B3aumozeiicTeus [ 334
— — — — IIpY HAJIMYMHU B3auMojeiicTeus [ 52
— — temoBoii I 60
npeen BeIcokoH muotHocTH [ 334
npubnmxenue Xaptpu — ®Poxa [ 333—337
teopus pepmu-xuakoctu I 344—350
TemnoeMKocTs [ 60—63
TEPMOAUHaAMHYECKHe cBoMcTBa [ 53—63
ypaBHeHue cocTossHus [ 52, 68
YPOBHH B I.IL.K. pemerke I 167
xumMudeckuii norenmai I 60
ITpubmuxenne Criorepa ais oomennoro wieHa [ 336
ITpubmuxenne Xynna — Mymmukena I 293 (c)
IIpumecu
u OecmieneBas cBepxnpoBoagumMocts I 341 (c)
u npoBoauMocTs [ 218, 314
u 5¢dext Konno 1T 302—304
marautHele [1 300—304
yopyroe paccessHue Ha Hux [ 320—322
Cm. maxoice JledexTrl B kpucTamiax
IIpumecH B NOTyNpOBOTHUKAX
6oposckuit paguyc II 201
JIOHOPHI | akienropsl I 199
¥ KOHIIeHTpanus Hocuteneit Toka I 195, 196, 198, 199, 205—207, 209
U yaensHoe conportusieHue II 187
neruposanue II 210, 211
HaCeIeHHOCTh YPOBHEH Npu TepMoArHaMHuIecKoM paBHoBecuH 11 203—206
MIPOBOMMOCTH 3a CUET NMpUMeCHO# 30HHI 11 207
sHeprus casu II 203
Cm. maxkoice IlonynpoBOTHUKH
IIpumuTuBHas saeiika [ 83, 84



o6nem I 83

— B oOparHoii pemerke [ 98, 103
IIpunnun neransHOrO paBHoBecus I 321
ITpunnun aymu 1 45, 332 (c)

¥ MHEPTHOCTH 3anoaHeHHBIX 30H [ 225 (¢)

U KJIaCCUYeCKas TUHAMHKa diekTpoHa I 65

U Kyneposckue napsi II 369

M MarautHoe B3anmoaeicTeue 11 289, 290

U HenpoHuaeMocTs HOHOB II 11

U OCHOBHOE COCTOSIHME B IPUOIMIKEHUU CBOOOHBIX d51eKTPOoHOB I 48

U paccesiHue Ha nmpumecsx [ 321, 322

U 9acToTa paccesHus dnekrpona [ 313

Y DJICKTPOH-2IEKTPOHHOE paccesaue [ 345— 348
IIpunnun coorBerctBus [ 272
IIpo6oit 3unepa cm. IIpoboii snexkTpudeckuit
IIpo6oit marauTHb I 223

B F'eKCaroHaJIbHBIX JIByXBaJICHTHHIX MeTauiax [ 300

U cnuH-opOuTanbHOoe B3aumoeiicteue I 223

u ¢ynxiuu Banse 1 193

YCIIOBHS €T0 OTCYTCTBHS B OIyKiaccuaeckoi mojenu [ 222, 223, 387—389
IIpo6oit onexTpuueckuii [ 223

B HEOJHOPOAHBIX oynpoBogHukax II 212

u ¢ynxiuu Banse 1 193

YCIIOBHS €T0 OTCYTCTBHS B OIyKiaccuaeckoi mojenu [ 222, 223, 387—389
IIpomexyrounoe cocrosnue B cBepxpoBoaaukax II 346 (c)
IIpocras rexcaronansHas pemerka bpaso I 88

pemeTtka, obparHas k Heii [ 98

CBA3b ¢ poMOudeckoii pemerkoi I 127 (c)

— ¢ poMbooapudeckoit (TpuronansHoit) pemerkoii I 133 (c)

Cm. maxkoice I'excaroHanbHas IIIOTHOYNAKOBaHHASA CTPYKTypa
IIpocras xybudeckas pemerka bpaso I 78

KoopauHaioHHoe uucio I 83

IIPUMEpHl XUMHUYECKHUX JJIeMeHTOB | 82

pemeTka, obparHas k Heit [ 97

pemerounas cymma I 301

YIIaKOBOYHBIA MHOXUTEND [ 94
IIpocras monoxnuHHas pemerka bpaso [ 125, 126
IIpocras TerparonansHas pemerka bpass I 123, 124
IIpoctpanctBenssle rpynnsl I 120

xommuecteo 1 127, 133

cumMmopdusie U HecummopdHsie I 134

COOTHOIIICHUE C TOYEYHBIMU IpynnamMu U pemerkamu bpass I 133, 134

skBUBaNeHTHOCTH [ 122 ()



IIpocTpancTBEeHHBIE pa3Mephl aTOMHBIX BOMHOBHIX (yHKImi I 182
«Ipoctrie» MeTayibl (METAIIBI ¢ TOUTH CBOOOHBIMU dnekTpoHamu) [ 157, 306, 307
IIponecc namaranumusanus 11 335, 336
IIponeccr nepebpoca I 129, 130
BeIMep3anue I1 129
U BBIOOD dneMenTapHo# saetixu 11 130
U HopManbHBIe nporeccs! 1T 129
U cOXpaHeHue kBasuummynsca II 129
u TemonposoaHocTs I 131—133
u yBreuenue ¢ononos II 153, 154
u anekrpoconporusneHue I 152—154
IIpounocTts kpucTannoB uaeanbHbIX II 248
— — peanbHbx 1 252, 253
Cm. maxace Jlucnoxarumn
IIpsimas pemertka [ 95
ITpsamoit o6men 11 296, 297
IIpsmoii onTuaeckuii nepexox II 190
IIse3o0anexrpuuectro I 179 (c)
Pabora Brixoga I 354—359
JUIsl HeOKBUBAICHTHBIX NToBepxHocTeH I 359
¥ KOHTaKTHas pa3HOCTh noteHnuanos [ 359—361
U TepMOdIIeKTpOoHHas dmuccus 1 362-364
Pamuyc nonnslii cu. MonHbIe paguychl
Pamuyc xoBanentnslit I 19 (c)
Paznoxenue 3ommepdensaa I 59, 67
— —BeIBOA I 374, 375
PasmaranuauBaromuii daxrop II 337
Pasmepnsie sddextrr [ 280, 281
PamanoBckoe (komOunanuonnoe) paccesaue I149, 109—113
Kknaccuueckud mojaxon I1111—113
CTOKCOBBI M aHTUCTOKCOBBI KOMIIOHEHTH!I [I 109
Pacnipenenenue boze — Oitamrreiina II 81 (c)
Pacnpenenenue bonsiimana cu. Pactipenenenne Makcsenna — bonbiimana
Pacnpenenenue Makcsenna — bonsimana [ 41, 43, 44
U HEBHIpOXKACHHBIE nomynpoBoanuky II 207, 208
cpaBHeHHe ¢ pacnpeneiacHueM @epmu — Jlupaka [ 43—44
Pacnpenenenue Ilyaccona I 40, 41
Pacnipenenenune ®@epmu — Jlupaka [ 43, 44, 53-55
B ITPpOCTpaHCTBe ckopoctei [ 43, 63, 64
BoIBOJ [ 43, 44, 53—55
Kaccudeckuii npeaen [ 68
IIPH TEPMOIJIEKTpOHHOM dmuccun 1 362, 363
cpaBHeHHe ¢ pacipeneneHueM Makcsenna — bonsivana [ 43, 44



Paccesnue
BIepes (Ha Majble YIIIbl) U TeMIlepaTypHas 3aBUCUMOCTh YIEIbHOTO
anextpoconporuBineHus I 152
u Hesaryxaronmue Toku I 364, 365
Ha MarHuTHBIX npumecax 11 302—304
HEYTIPYroe ¥ HeNpUMEHUMOCTh 3akoHa Bugemana — ®@panna [ 322, 323
yopyroe u3otponHoe Ha npumecsx [ 320-322
JJEKTPOHOB, MexaHU3MHI [ 314, 315
anexktpoH-poHoHHOoe II 149—154
JIEKTpOH-dNeKTpoHHOE [ 21, 22, 345—348
Cm. makoice AHTapMOHUYECKHE WieHB!; bpuosHoBckoe paccesnue; Bpems
penakcanun; Jludpaknus peHTreHoBCKUX ydeit; [Ipubnmkenno BpeMenu
penakcanuu; PamanoBckoe paccesinue; Paccesnue HeiiTpoHOB; CTOIKHOBEHUS
Paccesnue neittponos II 49, 98—107, 381—385
6ecdononnoe I1 100, 384
nsyxdononnoe II 103, 104
JuinHa paccessaus I 381
3aKOHBI COXpaHeHus B 01HOGOHOHHBIX nponeccax II 106, 107
u BpeMs xu3HU Gononou II 103, 104
u kBasuumnynsc I 99, 100, 379, 380
u MarauTHOe ynopsanodenue 11 98 (c), 312—314
U OTIpefieNieHue CTpyKTyphl kpuctamios 11 100
u nonspusaius ¢pononos II 104 (c), 385
¥ COHHOBEIE BOJIHEI 11 322, 323
u ¢pakrop Jlebas — Bannepa II 114, 385
korepentHoe I1 97 (¢), 381 (¢)
marautaeie ouky 11312, 313
obmras reopus I 381—385
onunodononnoe II 103, 104
paccMarpuBaeMoe kak BoHOBo#U mponecc [1111—113
Paccesinue cBeta cm. bpummosHoBckoe paccesnue; PamanoBckoe (KOMOMHAITMOHHOE)
paccesHue
Pacmmpennas 3ona [ 175
Pacmennenue B kpuctamummaeckom none I 273
Pacmiennenue Mex Iy TPUILICTHRIM U CUHTJICTHBIM cocTostHusAMH I 290—294
Penxoszemensubie noHEL, 3 dexTHBHOE Yncio MaraeToHoB bopa II 273
PenxozeMensHbIe MeTalIbI, 30HHas cTpykTypa [ 308—310
, — — kocBeHHbIi oomen 11 301
Penopmanuzaruonnas rpynmna II 316 (c)
PentrenoBckue myqn, sHeprus [ 104
— — — — cpaBHeHHe ¢ dHepruei gononos II 108
Pemerxa I 74, 87 (¢)
Pemerku bpass [ 76—87



rpynna ux cummerpuu I 119, 121, 123
U KOHe4HbIe Kpuctamisl [ 78
konmuuectBo [ 127, 128
uetpanciasauonHad cummerpus [ 119—137
onepanuu cummerpun [ 212, 128—131
— — paspemeHHsIe yrisl nosopota [ 129, 137
onpenenenus [ 77, 78, 82 (c)
pouCXOxKAcHNE Ha3Banus [ 122
CUMMeTpHUs OTHOCUTENbHO uHBepcuu [ 136
CpPEeTHUX MONOKEHUH B TuHamMu4aeckoi cucreme II 52
tunsl [ 122—127.
Cm. makoice Kpucrannudaeckue cucteMsl; Tumel pemerok bpasa
Pemerka o6parnas cu. OOparHas penierka
Pemerka npsamas [ 95
PemeTtka ¢ 6asucom I 86, 87
— — — obparnas k neit [ 96 (¢)
Pemerounas temnoemMkocTs cu. TennoeMKkocTh peneToqHas
Pemerounas TemmonpoBOHOCTh cum. TemmonpoBOIHOCTh JUIIEKTPUKOB
Pemerounsie cymmsr 11 31
— — I KyJOHOBCKOTO noteHuana Il 34—37
Punbepr I 50, 371
Pon dazosoro nepexoaa Il 180. Cu. maxace Kputnueckas remnepatypa; Kpurudeckas
TOYKa
Pombuueckas kpucrammudeckas cucrema I 124, 125, 135
Pombooapudeckas (tpuronansHas) pemetka bpaso I 126, 135
pemeTka, ob6parnas k Heii [ 103
CBA3b ¢ KyOuaeckumu pemerkamu bpars [ 126 (c), 136
Poct xpuctannos Il 253—254
Caepxobmen II 296, 297
Csepxnposoaumocts II 340—369
6ecmenenas I 341 (c)
Buxpesble nuHUH 11 347—348
JunHa KorepeHTHocTH I 352
wkecTkue» ceepxapoBogHukH II 348
uaeanbubld auaMardeTusm I 341
uzotonuueckuit apdexr II 359 (c)
U 3aryxaHue ynbTpas3Byka Il 350, 351
U uaeanbHas npoBoauMocTs 11 345, 352
u uappaxpacuoe nornomenue II 350
Y TIOTJTIONICHHUE BBICOKOYACTOTHOTO M3mydeHus I 349, 350
u TpurieTHoe cnapuBanue I 356 (c)
kBantoBanue noroka Il 348 (c), 363, 364
KOHIIEHTpAIlHs CBEPXIPOBOAIMX d11eKTpoHOoB II 351



Kputudeckas temneparypa Il 342, 343
kputudeckuii Tok I 344
— — B IWIHHApUYeckor mpoBonoke I» 369
HaMarHu4deHHOCTS 11 347
ocHoBHOE cocrosiHue I 355
napametp nopsaka Il 362
nepBoro u Broporo poja I 346—348
npomexyrousoe cocrosaue Il 346 (c)
paspymenue Bo BHemHeM mnone Il 344. Cu. maxoice Kputndeckoe none
cBepxnpoBojanIe dmeMenTsl 11 341
cuneHag cBa3b 11 358, 360
CKpBITas TEIUIOTa Iepexoa B MarHuTHOM noje I 368
cmemanHoe cocrosaue I 346
TEIJIOEMKOCTh HU3KOTEMITepaTypHas snektponHas 11 368
— CBA3b ¢ BeNWIUHOU Kputudeckoro nons I 360
— ckavok II 360—361
termonpoBoaHocTs 11 344, 345
tepmouHamuka Il 368
TepMoanekTpudeckue croiictea [ 257, 11 344, 345, 365 (c)
dazoBas auarpamma II 346
addext Meiicuepa II 345, 346, 353, 361, 362
addextrl JIxo3edcona I 365—367
Cm. makace Kputnaeckoe none; Kyneposckue napsr; Hezaryxarommue Tokw;
Teopus bapauna — Kynepa — Illpuddepa;
Teopus I'unzbypra — Jlannay; TynaenupoBanue; Yparaenue JIOHI0HOB,;
OHepreTudeckas meinb
CaepxToHKOe (KOHTaKTHOE, (pepmueBckoe) B3aumoseiicraue II 281 (c)
Co6ojnas sneprus (I'emsmromeiia) [53, I 117
— — marauTtHas I 260
Cobousit 3apsan u cesa3anuskii 3apsan I 158 (¢), 1391
CessmiBarorue cocrosaus I1 293 (c)
Cas3s Paccena — Caynnepca I1 265
Ceasp xumuveckas 11 10, 11, 21
Cnasur Haiita IT 282
Casur (Tpancnsmus) pemetku bpaso I 82
Cnpurosas nedopmarus I1 240
Cnsurosoe Hampsbxenue I 249
Cerneroanexrpudaectso II 179, 180
Cxxumaemocts auabarudeckas u uzorepmudeckas I 119. Cu. makoce Monyns
BCECTOPOHHETO CXKATHS
Cuna Jlopenna [ 27
Cunosele nocrogassie I 54
CunbHas CBA3B DIIEKTPOHOB cM.. METON CUIIEHOM CBA3U



CuMMeTpusi OTHOCUTENEHO UHBEPCUH U (Pyphe-KOMIOHEHTHI IEPHOUIECKOTO
norenimana I 144
CummMmopdHBIe npocTpaHcTBeHHBIE rpynmsl [ 134
Cunrnernsle cocrosaus 1 289
Cxeitnmunr Il 327—329. Cu. makoce Kputudeckas Toqka
Ckun-cnoii, rmybuna I 278, 282
Cxonsxenne II 249
CkopocTth 610x0Bckux dnexrpoHoB [ 147, 380
— — — COTJIaCHO METOy CUIbHOM cBa3u I 189
Cmreposckuii aerepmuHant [ 332
CwmemanHoe cocTosiHuE B cBepxnpoBogHukax I 346—348
— — — — CpaBHEHHUE ¢ IPOMEXKYTOUHEIM cocTosiHueM II 346
s — d-cmemuBanue (rubpuauzamnus) I 185
Cwmemaroniee HanpspkeHHUE B p — n-niepexoje I1 219
Cob6crBennnie noaynpoBoAHUKH I 186. Cum. maxoice TlonynpoBoaHUKN
Cxkopocts @epmu I 50, 51
Cootnomenne boma — Crasepa II 141
Cootnomenne Knayzuca — Moccortu II 166
Cootnomenune Jlugmana — Caxca — Tenncpa 11 171
B cerHeroonekTpukax II 181
u Markue moxel IT 181
0606mennoe IT 183
Cootnomenue Jlopenna II 165
Coornomenue Momngo II 257, 258
CootHomenune Oinmreiina I 222
B BEIpOXIeHHOM ciydae II 231
BEIBOJI HA OCHOBE KMHEeTH4eCcKo# Teopuu I 231
Cootnomenns Kpamepca — Kponwura I 392
Cootnomenns Oncarepa I 263
Cocrosiaue u yposeHs [ 45 (c)
CoxpaHeHue UMIIynbca, CPaBHEHHE ¢ COXpaHeHueM kBasuumnynbcea Il 375, 376. Cm.
makaice KBa3suuMITyIbC
Crnapusanue cm. Kyneposckue napsl; Teopus bapauna — Kynepa — IIpuddepa
CrniunoBas xoppernsiuonHas ¢ynxkius I1 320
BUJ BOM3u kputudeckoit Touku I 329 (¢)
— IpH BBICOKMX Temmnepatypax I 324, 325
Cnunosasd saTponus I 275—277
CnuHOBBIE BOJTHEI
B aHu30TpomnHoi mozenu I'eiizenbepra II 322 (c), 337, 338
B anTu(eppomarnerukax Il 322
B (eppoMarseTukax 318—323
— — ¥ CHOHTaHHas HAMarHMIeHHOCTh MPU HU3KUX TeMmrepatypax Il 321, 322
Habmoaenue ux I 322, 323



cynepriozunus II 320, 321
CrniunoBrle MaTpuirsl Ilaynu, anre6pandeckue coiictsa I 283
CnunoBsnii ramunsroHuaH Il 294—296
uszotponus I 295
Y DHEPTUs JUIMONBHOTO B3aumojenctsus I 295
Cm. maxoice MarautHoe B3aumozeiicteue; Monens I'elizenbepra
Cnun-op6utansHas cBsa3b cm. CnuH-0pOUTANBHOE B3aUMOJICHCTBHE
CrniuH-opOuTansHOe B3auMoJIeiicTBHE
B JIByXB&JICHTHBIX Ir'eKcaroHaibHbIX Metamnax [ 299, 300
B METaJUIaX ¢ TeKCarOHAIbHOU IJIOTHOYNaKoBaHHOU cTpykrypoi [ 175, 299, 300
B MeTo e cunbHOH cBsizm I 190, 191
B pacueTax Jis oYty CBOOOAHBIX JIeKTPoHOB [ 175
U MarHuTHas anusotponus II 295, 335
M MarHuTHoe B3aumojercteue I1 288
¥ MarHUTHBIN poboii [ 223
Cnun snektpona I 48
— — ¥ wIoTHOCTH ypoBHeii [ 149 (c)
Cmnaser [ 310, 311
— pa3baBnennsle marautHeie [ 301, 302
Choonrannas HamaramdeHHocTts I1 286, 309
BUJI TIPH HU3KHX TeMIIepaTypax B pamkax mojenu I'eiizen6epra I 321, 322
— — — — B Teopuu MoJekyispHoro moias I 330, 331
0coOeHHOCTH B kKputHueckoi Touke II 315
Cm. makoice Geppumarnetnsm, GeppoMaraeTusm
Craruueckas mojens pemerku [ 74, 11 45—49
Crekiia, X TEIUIOEMKOCTE U TerionpoBoaHocTh I 133 (¢)
«Crepxuam» [ 365
Crexuomerpudeckue criassl [ 310
CrokcoBa xomnonenTa Il 109
CronkHOBEHU
6moxoBckux dekTpoHoB [ 218
BepoaTHOCcTh [ 316—318
BIMSHUE HepaBHOBecHOU (yHknuu pacupeaenenus [ 316—318
B Mojteru [Ipyne [ 21—22
U TepMOAMHaMHUYeCcKoe paBHoBecHe [ 22, 246
Mex Iy pononamu II 127.
Cm. makoice AHTapMOHUYECKHE WICHBI; BTopoii 3Byk
mexauu3mel [ 219, 314, 315
¢ marHuTHEIMH npuMecsami 1 302—304
¢ HEMarHuTHBIMU npuMecsMu (ynpyroe) [ 320—322
anexktpoH-poHoHHEIE I 149, 154 Cm. maxorce Bpems penaxcanum; [Ipubmbkenue
BpeMeHH penakcanuu; PaccesHue
CronknoBurenbHbId wieH [ 319



Crpykrypa anmasa I 87, 88
u npeobpa3zoBanue unsepcuu [ 136
cTpykTypHbIi daxtop [ 115
yron Mexay cBsasamu [ 94
YIIaKOBOYHBIA MHOXUTEND [ 94
Crpykrypa 6emoro onosa I 135
— Bypuura II 18
— rpadwura [ 305
— neposckuTa II 181
Crpykrypa THna muenussIx coT [ 78
Y TeKCaroHaJIbhas IIIOTHOYIMakoBaHHas cTpykrypa [ 90
Kak penrerka ¢ 6azucom I 87
Crpykrypa xnopuaa Harpus [ 91, 92
cTpykTypHBIH dakTop [ 118
y MEI0YHO-TATONAHBIX KpucTawios II 12
Crpyxkrypa xnopuaa nesus [ 91, 93
— — — y HIENOYHOTATOUIHEIX coeaunenuii 1 12
Crpykrypa rmuakoBoit oomanku I 88, 93
HOHHBIX KpHucTauioB Tuna AnBvi Il 18, 19
KpUcCTaLioB coeaunenuii Tuna AmBv II 19, 20
CBA3b CO CTpyKTypo# Byprwura II 19
cTpykTypHBIH dakTop [ 118
Crpykrypssiii pakrop I 113—116
B JIByXB&JICHTHBIX MeTaiax [ 299
TreKCaroHaIbHOM INIOTHOYNaKoBaHHOU cTpykTypsl I 117, 118
qunamugeckwii 11 283
o0BeMHOIICHTPUPOBaHHOM pentetku bpaBa, paccMaTpuBaeMoii kak rmpoctas
KyOudeckas pemerka ¢ 6azucom I 114
CTpYKTypsI THHA anMaza [ 115
Coepa Depmu 149
B I. II. K. MOHOBaJIeHTHOM MeTamte [ 283, 288, 311
BT. II. K. TpexBajneHTHOM Metamie [ 301, 302, 311
BT. II. K. YeTHIpeXBaJIcHTHOM MeTtaiuie [ 172
B 0. II. K. MOHOBaJIeHTHOM MeTtaie I 283
B IIEJTOYHBIX MeTamax 1 284—287
Cdepa OBampaa [ 109
Cxema nosropsromumxcs 30H I 149, 166
— npuBeAcHHBIX 30H [ 149, 166
— pacmupenssix 30H [ 105, 166
Temmneparypa Jlebas cu. JlebaeBckas TemmnepaTrypa
Temmneparypa Kiopu cm. Kputndeckas TeMneparypa MarHUTHOTO IEpEX0/1a;
Kputnueckas TeMnepaTypa CETHETOIIEKTPUIECKOTO TIEpexoia
Temneparypa Heens 11 314



Temneparypa @epmu [ 51, 52
Temmneparypa Oitamrretina II 91
Ten3zop aedopmartuu 11 72
Tenzop npoBoaumoctu I 243
B IF'eKcaroHalbHbBIX cucreMax [ 260
B KyOuueckux cucremax [ 251
Teopema brioxa I 140
JlI0Ka3aTenbCcTBa nepsoe u Bropoe [ 140, 143
U IOBepXHOCTHBIE ypoBHH [ 366—370
Teopema bopa — Ban Jlesen I 267, I 261 (c)
Teopema Burnepa — Oxxkapra II 269, 284
Teopema I'puna (g nepuogudeckux pynxiuii) I 386
Teopema JImysumna [ 225, 385
— — " BEIBOJ ypaBHeHus bomeimana 319 (c)
Teopema ®rnoke I 140 (c)
Teopema SIna — Tennepa II 275
Teopus bapauna — Kynepa — Ipuddepa (BKII) II 353—362
BO30YxIeHHbIe coctostHus 11 357
u xyneposckue napsi II 354—357
U Hesaryxaromue Toku 11 364
u 5¢dexr Meiicuepa I1 361, 362
Kputndeckas temneparypa Il 358
kputudeckoe none II 359, 360
ocHoBHOe coctosHue II 355
ckagok temroemkoctH II 360, 361
TEIJIOEMKOCTH (QIIEKTPOHHAs) pU HU3KUX TeMmeparypax 11 360
sHeprerudeckas mens II 357
sbdextusHoe B3aumoseiicraue I 357. Cm. makoce Kyneposckue naper;
CBepxnpoBOAUMOCTH
Teopus Bo3MyIIeHMI 1 TPUOIIKEHUE TOYTH CBOOOIHEIX nekTpoHoB [ 159 (¢), 161 (c)
— — W JJIEKTPOHHBIE YPOBHH B MarHUTHOM none II 262
Teopus I'maz6ypra — Jlangay II 362, 363
Buxpu I1 363 (c)
u ypaBaenue Jlogaonos II 363
kBanToBanue notoka Il 363, 364
tok II 362
Teopus Jlebas — Xrokkens I 341 (¢)
— — — s obequenuoro cuos 11 231
Teopus xuaKocTei, cpaBHEHHE ¢ TeOpUeH TBepAbIX Ten I 74
Teopusa Konno II 302—304
Teopus nokansaoro mons II 163—166
Teopus meramioB 3ommepdensaa [ 45—69. Cu. maxorce Tpubmixenue cBOGOHBIX
JJIEKTPOHOB



Teopus meramios Jlopenmna I 66, I 208 (c)
Teopus monexynsapaoro nomus I 329—333 B6nu3u kputuaeckoit Touku II 338
BocipuuMumuBocTh II 332, 338
3akoH Kiopu — Beiicca xputuxka ee I 329
HU3KOTEMIIEpaTypHas CIIOHTaHHasd HamMarHudeHHocTs I 332
omnpeieNieHue CIOHTanHo HamaranaeHHoctu I 330, 331
MIPUMEHUMOCTH B clTydae cBepxnpoBosmero nepexoja I 359 (c¢), 360 (c)
CpaBHEHHE KPUTHUECKOH TeMIIepaTypsl, HOIydeHHOH! B €€ paMKax, ¢ TOYHBIM
3nadenueM II 331
Teopus ynpyroctu I 71—75
CBsA3b C Teopueit konebanmii pemerku I 71—75
ynpyrue nocrosaasie I 73—75
— — ¥ anTapMoHudeckue ieHs I1 116
— — YHCIIO0 HE3aBUCHUMBIX ITIOCTOSHHBIX JUIS CEMH KpUCTALIMIecKUX cucteM I
74.
Cm. makaice MOJynb BCECTOPOHHETO CHKATHS
Teopus depmu-xuaxoctu I 344—350
kBasuuacTunsl I 348—350
Kkpatkwuii 0630p I 350
f-pynxnus I 349, 350
JIEKTPOH-DJIEKTpOHHOE paccesnue [ 345—348
Tennosoe pacmmpenue II 117—123
¥ 3aBUCHMOCTb YacTOT HOPMAJIBHBIX Kojebanmii ot o6sema I1 118, 119
U 3allpellleHHas 30Ha B nonynposoaHukax II 189
u napamertp I'pronaiizena I 120—123
k03¢ dunueHT Temiororo pacumpenus I1 119, 122, 123
metamios I1 122, 123
TeMIiepaTypHas 3aBucuMocTs 11 121, 122
Cm. maxoice ITapamerp I'pronalizena
TenmoemMkocTh MarHUTHAs
ocobeHHOCTh B kputnueckoi Touke II 315, 316
CpPaBHEHHUE ¢ PEHICTOYHON TermnoeMKOCThIO 11 285
Tennoemxocts pemerounas I 46, 47, 54—58, 81-91
BUJI U BEICOKMX Temneparypax Il 82, 83, 95
— npHu HU3KHUX Temneparypax II 79, 83—85
B ciryqae d usmepenuii II 95, 96
JUIS HENMWHEHHOTOo (IIpy MalbIX M) 3akoHa qucnepcuu II 96
moaenb Jlebas II 85—89
Mozens Dunmreina I1 89—91
— — cpasHeHue ¢ mozensio Jlebas I 89—91
HEJI0CTaTOYHOCTh Ki1accuaeckoit reopuu II 57, 58
o0mruit Buj B rapMoHudeckoM mpubmmkenuu I1 81
IIpY NOCTOSIHHOM 00BeMe U MpH nocTosHHOM AaBnenuu I 56 (c), 119



CpaBHEHME ¢ MarHUTHOM TermnoeMKocTho II 285

CpaBHEHHUE ¢ IIEKTPOHHOU TermoeMkocThio 11 91, 155
TennoeMKoCTh dIIEKTpOHHAS

B cBepxnpoBoanukax Il 348, 349

— — Huskoremnepatypsad I 360, 361

— — mpu cBepxmnpoBoaameM nepexoge I 360, 361

— — ¢BA3b ¢ kpuTHdeckuM nomuem II 368

U INIOTHOCTH ypoBHeH [ 61

kyOuueckuit wnen I 68, 72, I 155

muHeiasni wien [ 60—63, 72

— — ¢ononHas nomnpaska II 147 (c)

HECOCTOATENBHOCTh KJIacCHIecKou Teopuu I 39

IIpY NOCTOSIHHOM 00BeMe U MpH nocTosHHOM AaBneHuu I 62 (c)

cpaBHeHue ¢ pemerounoi II 91, 155

TEOpHs B MPUOIIIKEHUH CBOOOTHBIX dIeKTpoHOB I 56, 59—63
TennmonposoanocTs auanexTpuxos II 123—133

6eckoHeuHas B rapMOHHYecKkoM npubmmkenuu 11 124

OeckoHeuHas B OTCYTCTBHE TporieccoB nepedpoca I 131

u xonebanus pemerku 11 48

u nporieccrl nepedpoca I1 129—133

npenen Kazumupa I1 133 (¢)

IIpH BBICOKUX TeMmeparypax II 128, 129

IIpY HA3KUX Temmeparypax II 129—133

CpaBHEHHUE C TeIIONPOBOAHOCTRIO MeTayuioB I 35, I 124 (¢)
Tennonposoanocts Metamios I 36, 45—40

B Mojieru 3ommepdennaa [ 66

B nonyknaccudeckoi moaenu [ 254—257

B cBepxmnpoBoanukax Il 344, 345

CpaBHEHHUE € TEIUIOMPOBOAHOCTHIO AMdNIeKTpUKoB I 35, I1 124

dopmyna JIpyne I 38

Cm. maxoice 3akoH Bugemana — @pania
Tepmoamnamuyeckuii morennuan ['u66¢ca I 373

— — — a4 cBepxmnpoBoaauka Il 368
TepmoaunaMmudeckoe (TEMIOBOE) paBHOBECHE U CTONKHOBeHU: [ 22, 246

— — — nokansHoe [ 22, 246
Tepmomarautasie 3¢ dexTsl I 259 (¢), 261
Tepmoanexrpuueckue ddpdexts [ 39—41, 66, 257—260, 262
— — B cBepxnpoBojaukax I 257, I1 344, 345, 365 (c)
Tepmosnekrpudeckoe nomne I 39
TepmoonekTpoaBIKyIIas cuiia (TepMo-3. 1. C.)

middepennmansias [ 40, 257—259

B nonyknaccudeckoi moaenu I 257—259

B cBepxmnpoBoaaukax [ 257, 11 344, 345, 365 (¢)



B TEOpPUH CBOOOTHBIX 271eKTPOHOB [ 66
u xonebanus pemrerku I 259
u 5¢dexr ITenstre [ 259, 260
u 3¢ dpext Tomcona [ 262
HEJI0CTaTOYHOCTh KiIaccuieckoit reopuu I 40
Tepmoonexrponnas smuccus [ 362—364
TerparonansHas kpuctaumdeckas cucrema I 123, 124, 135
Tuns! HOcutenei [ 221, 222
Tuns! pemerox bpass
GazonentpupoBanHas pomouueckas [ 125
rpaHelleHTpupoBaHHas Kyouaeckas [ 81, 82
rpaHelleHTpupoBaHHas pomOudeckas I 125
o0seMHoOIIeHTpUpOBaHHas KyOudeckas [ 79—S81
o0seMHoOIIeHTpUpOBaHHas pomOudeckas [ 125
npocTas rexcaronansHas [ 88, 126
npocras kyouueckas [ 78
npoctast MoHOKIMHHAs [ 125
npoctas pomOuueckas [ 125
npocTas TerparoHanbHas [ 123, 124
poMbosnpudeckas (TpuronansHas) I 126
TpukiauHHAA [ 126
IICHTpUpOBaHHasi MOHOKIMHHAA [ 126
[ICHTPUPOBaHHas TeTparoHanbHas [ 124
Tok renepanuu II 219
— — ¢opmynsr 11 225—230.
Cm. maxkoice p — N-Iepexo.
Tox HachIEHHs
B p— n-niepexoje 11 219—225
— — IpH TEPMOIJIEKTPOHHOU dMmuccuu [ 363
Tok pexom6unanuu 11 219
— — CBA3b ¢ TOKOM renepanuy II 219.
Cm. maxkoice p — N-Iepexo.
Toueunsle rpynmns! cu. Kpucrannorpadudeckue To4eqHBIE TPYIIITHI
Toueunsie nedexts Il 234. Cm. maxoce Jledpexts B kpucTamiax
Tpexsanentnsie Metausl [ 300—304
TpuronansHas xpucrammyeckas cucrema [ 126, 135
CBsA3b C TekcaroHansHOM cucremoii I 133 (c)
— ¢ KyOuueckoii cucremoii [ 126
Tpuronansnas pemerka bpass cu. Pombosnpudeckas pemerka bpaso
TpuxnuaHasg kpuctanmudeckas cucrema I 126
Tpuxnunnag pemerka bpass 1 126
Tpunnernoe cnapusanue B xugaxoM Hed II 356 (c)
Tpunnernsie cocrosaus I 289



Tpy6xa Jlannay I 273, 274
Tynuenuposanue
W3 HOPMAIBHOTO MeTaia B cBepXIpoBoaHuK I 349
— — — — " dHepreruyeckas mens 11 349
MEXTy CBepXIpoBOIHUKaMH HopMaibHOE II 366
s dextrl JIxo3edeona I 365—368
anexkTpoHa B pemerke [ 190
Veneuenue ¢pononos II 153, 154
VrioBoii MoMeHT, cioco6 06o3nauenus I1 262
VYron Xonmna I 31
— — B BeI[ECTBaxX C OTKPHITEIMU opOutamu [ 241
YnakoBo4uHbEIN MHOXHTENS [ 94
VYrpyroe paccesnue u 3akoH Bunemana —®@panna II 322, 323
Vpasuenne bonbenmana [ 318—328
BapHalMOHHEIN npuHIun I 327, 328
U 3aKOHBI coxpaHenus [ 327
000cHOBaHME NPUOIMKEHUS BPEMEHH pellakCalliy JUIs U30TPOITHOTO YIIPYroro
paccesanus Ha npumecsx [ 324—326
pemreHue B mpubnmxeHuy BpeMenu penaxcaruu [ 319, 320
Cm. maxorce IIpubnkeHne BpeMeHH peaKkcalun
Vpasuenne Jloggonos I 351—353
Juts mmactunsl 11 368
u teopus I'unzbypra — Jlanmay II 363
VYpasuenne Puaapacona — Jlammmena [ 363
VYpasrenue coctosHus qudnekTpukos II 117— 122
— — — ¥ 3aBUCUMOCTH YaCTOTH HOPMaJIbHBIX Konebanuii ot o6vema I 117—
121
VYpaBuenus Makcsenna B cBo60oaHOM npoctpancTse [ 32
— — MakKpOCKONMYECKHE B IeKTpocTarndeckoM ciaydae I 157—162
VYpasrenus Xaptpu [ 330
— — BBIBOJ U3 BapuanuonHoro npuanuna Il 331-351.
Cm. maxarce Tlepuogudaeckuii MOTESHITAAT
VYpasuenus Xaptpu — @oxka I 343, 344
JUist CBOOOHEIX dnekTpoHoB I 333—337
U BOIIHHI 3aps10BoH miotHOCTH II 299
u BocnpuuManBocTh laymu IT 285
U «T1yOvHa 30HBD) B IPUOIIKEHUH CBOOOTHBIX d1eKTpoHOoB I 335
Y MarHeTu3M cBOOOHEIX d1ekTpoHOoB I 334, 335
u TemoeMkocTh [ 336
u dpdexruBnas macca [ 352
OJTHODIIEKTpOHHEIE ypoBHH I 349, 350
npubIKEeHNe, UCTIONB3YOIIee OHOIIEKTPOHHKBIN noTennuan I 336
Yposens @epmu B nomynpooanukax II 195 (c).



Cm. maxoice XUMHYECKHHA TOTEHIHAI
VYpouu Jlannay ;s cBo6oaabIx snextponos I 270, 271
VYcnosue audpakiiuy peHTTEHOBCKHX JIydel
dopmynuporka Bparra I 105, 106
— Jlayo 1 106—108
— — u obparnas pemerka [ 107
— — DJKBUBaJIEHTHOCTH popmymupoBke bparra I 108, 109
VYcnoBHas oneMeHTapHas s4aeiika I 84, 85
— — — JUId TpaHelleHTPUPOBaHHON U 00BEMHOIIEHTpUPOBaHHOH pemnreTok bpara
187
«Yceem 11254
®a3oBoe mpoctpancTBo [ 225
®azoBeni casur I 154
®daxrop Jlebas — Bamnepa I1 114, 384
g-daktop Jlanze IT 270, 388
— onektpoHHbIi [ 275, 11 262
®epmu-ras cm. Ipubnuxenue cBOOOIHBIX IIEKTPOHOB
®depmueBckoe (KOHTaKTHOE, CBepXTOHKOE) B3aumoelictue I 281
®eppumarnetrusm 11 310, 311
BocipuuMurBOCTh I 326 (c)
KpUTHUYECKas Temneparypa (temneparypa Kropu) I1 311, 314
otnuuue ot peppomarserusma I1 310, 311, 326 (c)
Teopus MoneKynsgpHoro nois II 338
®eppomarserusm II 286, 309—311
BocmpuuMumnBoCTs Il 315, 325, 326, 332, 333
B ra3e cBOOOMHBIX dnekTpoHoB JI 297—299
B 30HHBIX Teopusx II 299 (¢)
B Mojteru [eitzenGepra I1 316—323
rucrepesuc II 335
nomensl IT 333—336
" TUnoiasHoe B3aumojekicreue 11 288, 333— 337
xospuutuBHag cuna Il 335, 336
KpUTHUYeCKas Temneparypa (temneparypa Kropn) II 286 (c), 311, 314
KpuTHIeckue nokasarenu cremnenu Il 316 (c)
HanpaBJIeHUs JIErKoro ¥ TpyaHoro HamaranauBanus II 335 (c)
otnuuue ot peppumarnerusma II 310, 311, 326 (¢)
nponecc HamaranauBanus Il 335, 336
crinHOBEIE BONHEI [1 318—323
CIIOHTaHHAs HAMarHWYeHHOCTh ITPH HU3KUX Temmnepatypax Il 320—322
Teopus MoneKynsgpHoro nons I 329—332
sHeprus anusotponu I 335, 336
Cm. makoice MarautHoe B3auMozeiicTBie; MarHuTHOE yIops/J09eHUE;
CrioHTaHHas HAMarHUIEHHOCTh



OnyKTyalluOHHO-TUNONBHEIE (BaHAepBaalscoBckue) cuinl 11 21, 22
B HOHHBIX kpucTauax Il 33
u noteHuan Jleasapaa-J/xonca II 28, 29
npoucxoxacHue Il 24, 25
®moxkcoH II 364
DOHOHBI
akyctuueckue I 64, 66, 70
B3auMoJeiicTBue ¢ anekTpoHamu II 145—154
B HOHHBIX kpuctamax Il 157, 170—173
B Metayutax II 138—156
BONHOBEIE nakeTs! 11 124
Bropoii 3Byk II 133—135
BpemeHa xu3Hu 11 104
nebaeBckas Mojens crekrpa I 85—89, 92, 93
u BocmpuumauBocts [Taynu IT 280 (c)
U IMDJIEKTpUYecKas MpoHuaeMocts Metamnos I 141—144
U 3allpellleHHas 30Ha B nonynposoaHukax II 189
U KoHIIeHTpanus Bakancui II 235, 236, 256
U MEX30HHEIE nepexos [ 294
U ONITUYECKHE CBOMCTBa IomynpoBoHukoB II 189, 190
U INIOTHOCTH TeruioBoil sHepruu 11 81
u paccesHue HeltpoHos II 104 (c)
u ceepxnposoaumocTts I 353, 354
u TemoBoe pacmupenue II 117—122
u TemnoeMkocTs I 81—91
U TemonposoaHocTs I 123—133
Y IIMpYHA JTUHUH IIeHTpoB OoKpackH II 242
u snextpoconporusieHue [ 149—154
u dpdexruBHasg macca snextpona Il 145—147, 155, 156
KaK KBaHTOBaHHbIC HOpMansHbIE MOJEI [1 80
kBazuumnyisc I1 99, 100, 375—380
KBaHTOBoMexaHuueckoe onucanue I 371—374
KpaTkuii 0030p ocHOBHBIX (pusnueckux d¢dexron I1 46—49
HOpManbHbIe nporteccs! 11 129
OTIepPaTOphl POXKICHUSI U YHUITOKEHUS
— — — — g pemetku bpaso 11 372
— — — — s pemretku ¢ 6a3ucom 11 373
OTIpe/ICNICHHE CIEKTpa ¢ MOMOIMIBIO paccessHus HeiitpoHos I 98—104, 383, 384
————— pentrenoBckux ydett I 385, 386
————— ceera II 108—111
ontuueckue II 64, 65, 70—80
ocobennocTtu Bad Xosa II 92, 93
ocobennoctu Kona II 14



IJIOTHOCTH ypoBHeil I 92—94
nongpuzanusg I 68—71
nporieccel 6econonnsie II 100, 384
— 1-dononnsie I1 101, 102
— 2-ononnsie 11 103, 104
— n-ononnse 11 387
nporieccsl epebpoca I 129—133
poxaenne, yauaroxkeHue u paccesaue Il 125, 126
CMEIIEHHS U UMITYIIECHI HOHOB, BEIpRXKEHHBIE Yepe3 OIepaTophl pOXKIACHUS U
yauutoxkenus 11 372, 373
cpaBHeHHe ¢ Ki1accuaeckuM razom II 128 (c), 131 (¢), 134, 135
cpaBaenue ¢ ¢poronamu II 80, 94, 95
CpeHee YMCIO0 B TepMOAMHAMUIeCKOM paBHOBecuH I 81
cronkHoBeHus 11 126
gucna 3anonaenus I1 99 (¢)
SUHINTEHHOBCKas Mojensb crekrpa I 89—91, 93
JHEprus, CpaBHEHHUE C dJHEepruel peHTreHoBCckux dydei II 108
Cm. maxoice AHTapMOHUYECKHE WiIeHB]; [ apMoHUYecKoe MpuOImKeHue;
Konebanus pemerku; Monens Jle6as; Ilonspusamus; [Iponeccr! nepebpoca;
OnexTpoH-(HOHOHHOE B3aUMO/ICHCTRUE
®dopmyna Jlopenna — Jlopenna I 166 (c)
®opm-takrop aromnusrii [ 116, 117
®OTOHBI
COOTHOIIICHUE MEX Ty dJHeprueH u umiynscoM II 97, 98
cpaBHeHHe HeliTpoHamu [T 98
— ¢ pononamu II 80, 94, 95
®oronposoaumocts 1,11 186
®dotoanexrpuaeckuit dpdext
U u3Mepenue pabotsl Beixona I 362
¥ IOBEPXHOCTH TBepAbIX Ten [ 354
U npubmmkeHre He3aBUCUMEBIX dNeKTpoHOB I 345 (c)
O®ynkuuu Banse [ 192, 193
obnacte npumenenus [ 193
COOTHOIIEHUs opToroHansHocTH [ 194
O®ynkuusa bpunmosna 41 271
O®ynxknua Jlamxesena I 183
DyHKIIMA pacHpeaeTeHus
Boze—Oitamreitna II 82
MaxcBemna — bonenMvana 143 — 45
HEpaBHOBECHas DIIEKTPOHOB [ 245
— —BBIYHUCIICHHE B IPpUOIMKEHUH BpeMeHH penakcaruu [ 247 — 251
— —nuHeapusanus [ 250
paBHOBECHas d1eKTpoHOB [ 43—46



CKOPOCTh M3MEHEHHUS 3a cueT cronkHoBeHuii [ 317, 318
— — — — B npubnmmxeHuy 'Bpemenu penakcammu [ 317, 318
®epmu—/upaka [ 43, 45, 54—56
¢dononos II 81
Cm. maxorce: Tlpubnmxenue Bpemenu penakcanun; Pacnipenenenue Gepmu —
Jupaxka; Ypasuenne bonbiimana
Oynkiua Gepmu I 56. Cu.. maxorce Pactipenenenne Gepmu — Jupaka
f-pynxnus I 349
®dypre-oOpa3
KYJIOHOBCKOTO B3aumojerncteus [ 333, 351, 352
dhopmynsl obpamenus [ 376—378
JKpaHHUPOBAHHOTO KyJIOHOBCKOTO B3aumoaeiictaus I 341 3351, 352
XUMHYECKHI TOTEHITAAT
B coOcTBEeHHBIX nonynpoBoanukax I 197, 198
u oueprus Gepmu I 56, 60, I1 195 (¢)
KBazuxuMmuueckuii moreumnuai II 232
nokansHbIH 1 246 (¢)
— B [IEPEMEHHOM JIieKTpudeckoM mone I 261
TEeMIIepaTypHas 3aBUCUMOCTh B MeTauiax II 232
TepMOANHaMIIecKoe paccMoTpenue [ 373
JNEeKTPOHHOTO ra3a IpH HyneBou teMmeparype I 56
anexktpoxumudeckuit norenuan I 258 (c), 1 213—215
Xumuueckuii casur I 281
IlerTpupoBannas MmoHoKIMHHAs pemerka bpass I 125
IlentpupoBanHas TeTparoHansHas pemerka bpaso I 123, 124
Ilentps! oxpacku II 239—243
F-nentp II 241
— npocras moaens II 257, 258
Fa-nientp II ;243
H-nentp I1 241
M-nentp II 241
R-nientp 11 241
Vk-nenrp II 242
IIMpUHA JJMHUY onTH4YecKkoro nornomenus II 242
IMuxnorponnas macca [ 236, 243
B Metajutax [ 278
B nonmynpoBojHukax I 193
Cm. maxoice DddexkTuBHAsT Macca
IMuxnorponnas gacrora I 31
B nonmynpoBojHukax I 193
yucneHHsle Gopmynsi 31, 372
[IuxnoTpoHHBIN pe30HaHC
B Metaiiax [ 278—280



B noxynpoBojaukax I 278 (c), I1 193, 194
YertsIpexBaieHTHBIE MeTaLb! [ 304
Yucno Asoraapo I 19, 63
Yucno Jlopenna I 35, 36
— — Teoperudeckoe 3HadeHue I 66
Cm. maxoice 3akoH Bugemana — @pania
IIIupuna 30HBI
B MeTojie cuiabHOM cBs3u [ 187
B OTHOMEpHOM ciydas [ 155
JUIs CBOOOTHBIX DJIEKTPOHOB B npudmmkenun Xaprpu — Poxka I 335
cpaBaenue s- U d-30u I 306
Illenouno-ranouansie coequnenus I 12—17
nebaeBckas Temnepatypa Il 86
nedexrsl 11 237, 238
JaMarHuTHas BOCIIPUUMYUBOCTS 11 264
JUdNIeKTpUIecKkas mponuiaeMocts 11 176
30HHad cTpykTypa II 14
uoHHbIE paguycsl I 15—17
koreznonHas oHeprus 11 33, 34, 36
MOJYNb BcecTOpoHHero cxarus I1 38
ontuaeckue Moael II 170—174
napameTtpsl I 'pronaiizena [ 122
nonsgpusyeMocTs I 168
noctosiHHbIe pemeTtky [ 92, 93
nposBogumocTs 11 238
pactipeaenenue motTHocTH 3apsiaa Il 13
paccTosHue Mex Ty Onmkaimumu cocensamu II 38
1IeHTPHI okpacku 11 239—242
qacToThl onTHdeckux ¢onoHos II 176
Illenouno3zemenbuble MeTaIb [ 299
Illenounsie MeTaIITBI
aromusie 280
rapaMeTphl, OTBEUAIOIINE MOJIETTH CBOOOIHBIX dNIeKTpoHOB [ 51
IUIOTHOCTH U pasmep uona [ 42—44
nocrosiHable pemeTku [ 82 xondurypanuu I 283
30HHAsA CTPYKTypa U nmosepxHocth @epmu [ 284—287
koresus 11 40—44
KOHIICHTpAIIUS DIIEKTPOHOB NPOBOJUMOCTH B MOJIEH CBOOOIHBIX DJIEKTPOHOB |
20
k0d¢dunuents Xomnna I 30, 287
MOJYNb BCECTOpOHHEro cxxartus [ 53
ontuyeckue ceoiicrea I 33, 293—295
napamarsetusM Ilaymu II



oTeHITHaIEI HoHu3anuu 11 73
MPO3pavHOCTh B yabTpaduoneroroit oonactu I 33
conpotusnenue [ 24
TEII0EMKOCTS | 62
TEIJIONpOBOAHOCTE [ 36
OxpanupoBanue [ 337—344, I 142—145
B p — n-nepexoze II 231
B npubmmxenuu Xaptpu — @oxka [ 343, 344, 11 145—147
HOoH-HoHHOTr0 B3auMoaeiicTeus I 139
U eppoMarHeTusM dMeKTpoHHOTO ras3a I 299
Jlungxapna [ 342, 343
nepesxpanupoBka II 146
— u cBepxnposoaumocTs II 353, 354
Tomaca — Depmu I 340—342
DKpaHUPOBaHHBIN KYIOHOBCKUIT noteHman [ 341
— — — ocmwmrsanuu I 343
Oxcuronsl Il 244—247
Bannse — Morra II 247
®penkens 11 244
OkcTpeManbHble OpOUTHI
B IIUKIIOTPOHHOM pe3oHaHce [ 279
B addexte e 'aaza — Ban Anbdena I 267—270, 273
U MaraeroakyctHaeckuit apdexr I 277
U IIIOTHOCTH ypoBHeH [ 273
u 5¢dexr 'antmaxepa I 280, 281
Onextpudeckas naayknus I 158, 165
Onextpudeckuii npoboii cM. [Ipoboii snexTpudeckuii
Onexrpudeckoe none aokansHoe I 163—166
OnexTpoH 6IIOXOBCKUIT cm. 6I0XOBCKUE DIEKTPOHBI
OnexkTPOH-UOHHOE B3aUMOJICHCTBUE (CTATUIECKOE)
B moaemu Jlpyxe I 19, 20
U orpuriarensubie sHeprun Gepmu 356 (c)
Cm. maxarce Tlepuogudaeckuii MOTESHITAAT
OnextpoHHas mIoTHOCTH [ 19
B HOHHBIX kpucTaax Il 13
B KOBAJICHTHBIX KpucTamnax II 8
B Metajuiax [ 20
U kiaaccudukarus TBepasx Ten I 5—11
OnexTpoH-HeHTpoHHOE B3auMoeiicteue (Marautnoe) I1 98 (c)
Onexrponnoe cpojctro II 13 (c)
OIEeKTPOHHBIEC YPOBHH aTOMOB, pa3MbIBIUECS B 30HbI I 187
Onexrponnsiii rasz [ 17—22, 315 (¢). Cm. maxoice [Ipubmuxenue cBOOOTHBIX
JJIEKTPOHOB



OnexrpoHHsIi g-daxrop II 261, 262
OnexrpoH-poHonHoe B3aumoelicteue I 145—154

¥ MarautHas BocnpuuMuauBocth 1 280 (c)

U ojHOdIeKkTpoHHas sHeprus I 145, 146

u ceepxnposoaumocTts I 353, 354

u snextpoconporusieHue [ 149—154

u ddexruBHasg macca dnextpona I 146, 147

konctanTa cBasu 11 148, 149
OINeKTpOH-dIIEKTPOHHOE B3auMoienctaue [ 329, 352

B Mozenu Jlpyne [ 19—21

B npubmmxenuu Xaptpu [ 330

B npubmmxenuu Xaptpu — Doxka [ 332—337

U BpeMs JKU3HHU dnekTpoHa [ 346, 347

U MarHuTHasA cTpykTypa II 286—307

M MeToJ cunbHO# cBa3u I 191

u MoJiens Xab6apya 11 300

u napamaraetusm [laynu II 284, 285

u nepuoauueckuii norennuan I 138, 195, 330, 331

u npuHnun Iaymu I 346—348

u paccesaue [ 20, 21, 315, 345—348

u ceepxnpoBoauMocTs II 353—355

u Teopus hepmu-xuakoctu [ 344—351

¥ DHEPI'si OCHOBHOT'O COCTOSHUS T'a3a CBOOOHBIX dekTpoHoB I 334

yepe3 dononsl 11 144, 145

Cm. maxorce IIpubmmkeHne He3aBUCUMEBIX dJIEKTPOHOB; Teopus pepmu-

KUAKOCTH; YpaBHeHUs XapTpu — Doka, DKpaHUpOBaHUE
OnexTpoHkl aroMHOTO (MOoHHOTO) ocToBa [ 18, 115

BonHOBHIe pyHkimu [ 197, 198

CpaBHEHHME ¢ BaJICHTHBIMH dekTpoHamu I 197, 198
ONeKTpOHHI BaJIeHTHBIE cym. BalleHTHBIE DIIEKTPOHEI
OnexTpoHb! npoBouMocTH [ 18.

Cm. maxoice BrioxoBckue 3ekTpoHsl; [Ipubnmkene He3aBUCUMBIX DJIEKTPOHOB;

ITpubnuxenue cBOOOHBIX JJIEKTPOHOB
ONEeKTPONIPOBOAHOCTh BEICOKOUACTOTHAS

B Mmoaemu pyxae I 30, 71

B nonyknaccudeckoi moaenu [ 253

U IUDJIEKTpUYecKasd nmpoHunaeMocts [ 390—393
ONEeKTPONIPOBOAHOCTh BEICOKOUACTOTHAS

U MEX30HHBIE ntepexoas! I 254

KBaHTOBOMexaHn4deckui pacuaer [ 253

HelnokansHas Teopus [ 32
ONEKTPONPOBOTHOCTE CTaTUIECKAs

anmzotponus I 71, 251



B HEYNOpsA109eHHBIX craBax 1310
B OJJHOPOJAHOM MarHuTHOM 1one [ 260— 262
B nonyknaccudeckoi moaenu [ 253
B nonmynpoBojHukax Il 185, 190 u appxu I 252
3axoH broxa T> 11 192
UacanbHas, OTIMYKE OT cBepxnposogumoctH 11 345, 352
UjeanbHBIX KpucTauios [ 218
noHHBIX Kpuctamios Il 238, 239
U 3alpelenHas 30Ha B COOCTBEHHBIX nmoynpoBoaaukax I1 190
u xonebanus pemetku I147, 48, 119—154
Y 10majas nosepxHoctu Oepmu [ 261
U IIpuMecH B nonynposojHukax I 186, 187
TeMueparypHas 3aBucuMocTts [ 71, 148, 152, 185
Onekrpoconporusnenue [ 22, 23.
Cm. makoice DNEKTPONPOBOTHOCTh
OneKTpocTaTHIECKoe NoJe OHOPOIHO Mospu3oBanHoM cdepsl IT 182, 183
— — pemetku aunonuei 11 1
Onexrpocratuaeckoe npubmmkenue Il 171 (c), 172 (c), 175 (¢)
OnexkTpoxuMudeckuil moreHnuan I 258
— — B nonmynposoanukax 11 213, 214
OneMeHTapHas s4delika cu. [IpumuTuBHAS suelika; Y CIOBHAS dJIEMEHTapHas saciika
Oueprerudeckas 30Ha [ 147. Cm. maxoce 3anpemennas 30Ha; [InoTHOCTE ypoBHEH;
IIIupuna 30HBI
OHepreTuyeckas 1ielns (B HOPMAJIBHBIX MaTepUaiax) cum. 3anpenieHHas 30Ha
OHeprerudeckas mens (B CBEpXNpoBoaamux Matepuanax) Il 341
u 3atyxanue 3Byka II 350, 351
usMepennsie 3Hadenus Il 359
u mMarautHeie pumeci I 341 (¢)
Y TOTTIOMICHHE dIeKTpoMarauTHoM suepruu 11 349, 350
u TyaHenuposanue II 349
cootHomenue ¢ Te B Teopun BKIII IT 358, 359
Ouneprusg anusorponuu II 335, 336
OHeprus HOHU3AINN aTOMOB MENOYHBIX METAJUIOB U Bojopoza II 23
— — Mejy, cpaBHeHue ¢ kamueM 1 290 (c)
OHeprus 0OCHOBHOT'O COCTOSTHUS Ta3a CBOOOHBIX d1eKTpoHOB I 334
Oueprus cBa3u cu. Koresnonnas sHeprus
Oueprus @epmu
6moxoBckux deKkTpoHOB I 148
B noiynpoBoaukax I 149 (c)
B NpUOIMKEHUH CBOOOIHBIX d1eKTpoHOB [ 49, 51
U xuMu4eckuit morennuan 1 56, 60, 195 (¢)
oTpurarenbHbie 3HadeHus [ 356
cpaBHeHue ¢ gebaeBckoit wacroroit I 155



Cm. maxoice XUMHYECKHHA TOTEHIHAI
OHTpOonuA
ra3a CBOOOIHEIX IeKTPOHOB [ 67
Y HE3aTyXarol[ue TOKU B cBepxnpoBogHukax II 345
meya II 24
notok I 254
npousBoacTBo II 254
cnuHOBO# cuctemsl I1 276, 277
Oddext ae 'aaza — Ban Ansdena [ 265—275
B Onaropojueix Metaiiax I 290, 291
B IepexoHbIx Metamnax [ 308
B IIENOYHLIX MeTaiuiax [ 284, 285
usmepenue I 265, 266
¥ HEOJHOPOJHOCTh MarHuTHOTO mosis [ 282
U IIIOTHOCTH ypoBHeii [ 273, 274
u paccesinue 1 274, 275
KBaHTOBaHUe mromaau opouts [ 271—273
MUHUMAaIBHBIN pa3mep obpasma I 271 (c)
TeIioBoe ymupenue [ 274
Oddexr 'antmaxepa I 280, 281
Oddext 3eedbeka I 39, 40, 257 (¢)
— — OTCYTCTBHE B cBepxnpoBojaHukax I 251
Oddext Meiicuepa II 345, 346
u teopust BKIII 1T 361, 362
u ypaBaenue Jlogaonos II 353
Cm. maxoice Kputnaeckoe none; CBepXnpoBOAUMOCTh
Oddext Heprcra I 259 (c)
Oddexr Ienvrhe I 259
— — oTcyTcTBHE B cBepxnpoBoauukax Il 345, 365 (c)
Oddexr Puru — Jlemroka I 259 (c)
Oddext Cuncodu I1 344
Oddext Tomcona [ 41, 259, 262
Oddexr Xommal 27, 28
B amomunnu I 30, 302
B JIBYX30HHOM Mojenu [ 243
B KOMIICHCUPOBaHHBIX MaTtepuanax I 244
B Mozenu Jlpyne [ 27—31
B nonmynposojHukax Il 186
B CWJIBHBIX NTOJIIX B paMKax noiykinaccudeckoit moaenu I 237—241
Y 3HaK 3apsja Hocuteneu toka [ 28, 29, 239
¥ KOHIICHTpanus Hocuteneit Toka [ 29, 239, 240
U TPYAHOCTH MOJIeNH CBOOOHBIX d1ekTpoHoB [ 70
O¢pdexr lllybnnkoa — ne I'aaza I 265



Oddexr drunrcrayzena [ 259 (c)
OddexTuBHaAsS Macca
B onymertamiax [ 306 (c)
— npubmxenun Xaptpu — Doxka [ 352
Jeipok [ 231
U CTaTHU4ecKas »JIIEKTpONpoBOAHOCTH [ 252
HalieHHad 1o TermioeMkoctd I 243
temsop [ 232, 380, I1 191 (c)
teopema I 380
dononnsnii Brman II 145—147, 155, 156
IUKJI0TpoHHAd (B Meramax) [ 236, 243
— u3mepenue [ 278
OddexTurnoE gncno maraeronoB bopa I1 272— 274
Oddextn Ixozedcona I 3(15—367
OddexTh MPOCTPAHCTBEHHOTO 3apsjia B TEPMOINeKTpoHHOo#M smuccu [ 363, 364
Snepusiii MarauTHBIN pe3onanc 11 281, 282
u aatudeppomarnerusm I 313, 314
u napamar"etusm [laynu II 281, 282
Sgeeunas BoiaHOBas GyHKIUSA, cpaBHeHUE ¢ aToMHo# I 200, 201
Sgeiika cm. YcnoBHas sneMeHTapHad s4eiika; [[pumutuBHas sdaelika
Sueitka Burnepa — 3eiitia I 85, 86
anroputM nocrpoenus I 86
B 00paTHOM npocTpaHcTBe cm. 30Ha Bpumtoona nepsas
JUIs T.ILK. 1 0.11.K. pemerok bpaso I 86, 94



TJIABA 29

HEOJHOPOJHBIE TIOJIYTIPOBOJHNKN

NOJYKRJIJACCUYECKOE PACCMOTPEHUNE

HEOJHOPOJHBLIX ITOJYIIPOBOOJHUKOB

IIOJIA U KOHIEHTPALIUU HOCUTEJEN

B PABHOBECHOM p~ n-IIEPEXOJIE
SJIEMEHTAPHAS HAPTHUHA

BBINTPAMJIAIOMETO JENCTBUA p— n-IIEPEXOJA

JPEV®OBLIE U IU®OY3UOHHLIE TOKH
BPEMEHA CTOJIKHOBEHMI U PEKOMBUHAITUU
0JifA, KOHOEHTPAIIUM HOCUTEJIEN U TOKH

B HEPABHOBECHOM p — n-IIEPEXOJE

Koraa cioBa «pu3UKa TBePIOTO TeJay NPOU3HOCAT JIOOUTENHM MYBEIKH, TO IO CyTH
Iella OHU UMeIOT B BUY HeONHOPOAHKE MONYIPOBOAHMKHE, H, CTPOTo ToBOPHA, HMEHHO
BTH CJ0Ba MOJLKHE YKPAMIATh IepefEAe NaHe d (GecuyncieHHRX OPUEeMENKOB i yCHIN-
teseit. Takoe pacupocTpaBeEHOe IpeAcTaBieHye 0 PU3MKe TBepHAOro TejJa OTPaRaeT
T0T (aKT, 9TO Hamboee MUPOKoOe U SIPKOe UPUMeHeHHe B TeXHUKe OHa Hauuia (Jjaro-
mapA CcBoeoOpasHEM 9IEKTPOHHHIM CBOMCTBAM IOJYIPOBONHUKOBHX YCTPOHCTB.
B stux ycrpoicTBaX HCIOJB3YIOTCA MOJYIPOBOAHHKOBHE KPHCTAJJIB, B KOTODHIX
cHequajJbHO CO3NaerTcd HEOMHODPOJHOE pacUpeleseHHe KOHIEHTPAUHMH HOHOPHEX
U aKNenTopHHX IpuMeceil. Mul He OymeM mEITATHCSA MATh 31eCh ONHCAHHEE OTPOMHOTO
mcjaa pasHooOpasHHX MOJNYHPOBOAHMKOBEIX IPHOOPOB, a OCTRHOBHMCA TOJBKO HA
BOKHeHmMUX (UBMIeCKHX IPUHIHMOAX, Ha KOTOPHX ocHoBaHa mx pabora. Jrumnm
OpUHOEOAME OHpelesAeTcs paclpelleleHne 9JeKTPOHHERX U JHPOYHEX KOHIEBTDa-
MU W TOKOB B HEOJHOPOAHOM NOJYIOPOBOAHHKEe KaK B OTCYTCTBHME, TAK M IpH Ha-
JUYAN OPHJIOHeHHOTO 3JIeKTPOCTATHUECKOTo IOTeHIHAJA.

PaccmarpuBaeMile BaME HeoZHODONHEE HOJNYIPOBONHUKE IPERCTABIAIT coboi
B HEAaJBHOM Clyuyae MOHORDPHUCTAJIB, B KOTOPHX JIOKAJBHAH KOEIEHTDPAGHA JOHOD-
HHX ¥ aKOeOTOPHHIX IpHMeced MeHAeTCA 0T TOYKH K Touke. Onme u3 cmoco0oB mpn-
FOTOBJIEHHSA TAKHX KpPHUCTAJIOB 3aKIIOYAETCH B M3MeHeHHH KOHIEHTpAanUHM OpHMe-
ceft B pacmiaBe m0 Mepe TOT0, KaK M3 HEro MeJJeHHO BHTATUBAeTCA pPacTyMmi
KPHCTAJL; IPA 9TOM KOHIEHTpaunrsa IpaMeceil MEHZeTCA BIOJb 3aaHHOT0 IPOCTPan-
cTBeHHOro HampaBiaeHuA. Heo6XxomuME ToHKMe MeTONH BHPAMMUBAHHA KPHCTAJLIOB,
MOCKOJBKY 00huRO AJMA 3ddeKTHBHON pPabOTH YCTPOHCTB BeChbMa CYINECTBEHHO,
9100B B KPHUCTAJJIe HE NPOMCXOMUIO CUIBLHOTO YBeJWUeHHA PACCeAHHS 3JeKTPOHOB
Ha QUYKTYanuaxX KOHIEHTDAIHH IpuMeceH.

Yro6u cocraBuTh IOpeficTaBieHNe 0 (U3MKe HEOQHOPONHHX NMOJXYOPOBOTHHKOB,
pacCMOTpHM B KaueCTiBe IPOCTEHITero mpHMepa p — n-Hepexof. JT0 MONYIPOBOJ-
HAKOBKIA KPHUCTaJJ, B KOTOPOM KOHIeHTpaluA IpuMecell H3MeHAETCA TOJNBKO BHOJIB
HaHHOrO HampaBieHus (NPHHATOTO 32 OCh z) B y3Ko# obxactu (BGamsm z = 0).
IIpu orpHUmaTe pHHX z B KpHCTAJJIe IpeobrafgaloT aKIeOTOpHEe mpuMmecHd (T. e. OH
OTHOCHTCSI K p-THIY), 8 OPH MOJ0KHATEIbHEX £ — JOHOPHEE IpuMecH (T. 8. OH OTHO-
carca K n~tany) (gur. 29.1). Pacopenenenue kormeHTparnuii foropos Ny(xr) B axuen-
TopoB N ,(z) HasmBaercsa «mpoduiaeM JerMpoBaEMmA». TepMHH «HepeXof» HCHOJb-
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syeTcs KakK fis 0003HaueHHA ycTpoHcTBAa B IEJOM, Tak K B (oJjiee yBKOM CMEICI® —
maa o6ospaueHHMs HepeXxofHOH obmactm BOamsu x = 0, rge mpoduap JernpoBaHUA
HeoHOPOJieH.

Kak MH yBHAMM HE;Ke, HEONLHOPOZHOE pacupefesieHHMe IIpuMeceit BLIBHIBaeT
HeoJHOPOJHOEe pacIpejeleHne KOHIEHTPAIUH N (Z) BJIEKTPOHOB B 30He HPOBOAU-
MOCTH H KOHIIEETDAIHUH P, (r) NEPOK B BaJeHTHO# 30HE, YTO B CBOIO OYePeRh IpH-
BONWT K NOABJICHNIO HEOJHOPOJAHOTO moTeHmmana ¢ (x). Obmacts, rje yKasaHHEe
KOHI[eHTPal[ud BOCHTeJe# HEOJHODONHH, HAa3HBaeTCA «o0eMHEHHHM cloeM» (mim
o6macTbio POCTPAHCTBeHHOTO 3apAfa). Hak Me yBEnmM BEme, obeiBeHHBIHE CJ0i

Fonyenmpayus npumeced

n-mun

p-mun + + +

N

@pr. 29.1. Pacupefeiieare KOHIEHTpaUu# npuMecell BAOJbL p — n-Tiepexojia B cliydae «pe3KoTo
LIePeXofia», B KOTOPOM JOHOPHBIE IPHMECH AOMUHHDPYIOT IDH LOJOKHTEIBHEIX Z, 4 aKHEeNTOPHEE
npuMecH -— IOPH OTPUIATENBHHX .

HAoHODH 0603HAYEHH 3HAKAMM (--), 4 aKIEeNTOPH — 3HAKamMu (—), 4YTO YKAa3hBaeT Ha 3HAK MX 3apsana, KOrda

OHHM MOHM3OBaHH. YTOOH mepex oy Onul pesxnM, 06jacTh BOAM3M x = 0, The MEHAIOTCA KOHUEHTpaUUN npumeceit,

JOMKHA OWTh YSKOHW TI0 CPABHEHMI0 C OGEQHEHHEIM CJioeM, B KOTOPOM paclpefenenue 3apAia HEOOAHOPOIHO.

(Ha ¢ur. 29.3 nsofparkeHsl TWIMYHHE KPUBHIE HBMeHEHH? KOHIIEHTpalMil HOCHUTeJel, HaJOMEHHbEe HA 9TO pac-
npeneeyne.

MOKeT 3aHEMATh objacTh mEpHHOE mpuMmepHo or 10% mo 10* R Borpyr (o6Bramo
fonee y3koil) mepexomHO# obnacTd, rie MeHsercs Tpoduab nermpoBanus. Bespe
BHYTpH o6eHeHHOTO CJOsg, KPOMe HemoCPejCTBeHHOH OKDEeCTHOCTH ero TpaHWmI,
IIOJHAA KORIEBTpaluA HOCHTeJell 3HAUNTEILHO HUsKe, 4eM B 0JIHOPOIHEX obiaacTsix,
HAXOJAMMXCSA HA 6OJbIIeM paccTosnmm oT mepexopHoit obaacrm. CymecrBoBanme
06eTHeEHOTO €10 — OfHO W3 TCJaaBHeHMMX CBOMCTB p — n-mepexoma. Opma m3
HAaINX OCHOBHHIX 3a/[a¥ 3aKiouaeTcsl B 00bACHEHMH TOrO, KaK TaKOH CnoH obpa-
3yeTcA IPH M3MeHeHEHH KOHIEHTDAIMHU mpAMecedl W KaK H3MEHACTCS €ro CTPYKTypa
OpH HaJOJKeHUW BHemEero moreHmmana V.

Nns mpocroTs GygeM paccMaTpUBAThH TOJBKO (pesKHe Iepexoinl, B KOTOPHX
mepexomHEas o6iacTb CTONb Y3Ka, UTO M3MEeHEHHSA KOHIEHTPAIuH OpHMecei !)
MOTYT GWTH NpEACTaBIeHH B Bufe CKaukoB mpu r = 0:

Nd1 x>07
Nd(’”):{ 0, z<0, ,

0. a0, (29.1)
N“("‘)={ N., z<0.

CxaukooGpasHhe Hepexois He TOJBKO Hamfojiee IPOCTH € TOYKH 3PeHHA UX ONM-
CaEmMA, HO M IpecTaBiaA0T HamGosbmuid mpaxTudecknii mHTepec. Us mpoBemennoro
HI3KE pPACCMOTDEHHsI CTaBeT ACHBIM, HACKOJNBKO Y3KOH MO/KHA OHITh B HeHCTBH-

1y CopepimerHo He 00x3aTeabHO, 9700k B 06JaCTH Z-THMIA CYIECTBOBAIM TOJHKO KOHODHEIE
TpEMecH, a B O0NACTA p-THIA — TOIHKO AKIENTOPHEE. J{OCTATOTRO, ITOOH KaKIMil W3 TUION
IpuMeceil GBI OLpPefelA0MEM B cBoeil odnactn. B panbHeimeM peawdawHy N j MOJKHO PaccMarTpu-
BATHh KaK M30HTOK KOHHEHTpaIuy JOHOPOB II0 CPaBHEHMIO ¢ KOHNEHTpanueyl akmentopos, a N, —
KaK M30HTOK aKIENTOPOB [0 CPaBHEHWIO C HOHOPaMM. A
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TeJHHOCTH DepexofBad ob6iacts, uroOm ycaosme (29.1) maBaso pasymuyro momens
peallbEOTO p — n-mepexofa. Ml HaifileM, UTO mEPEXON MOKET CUMTATHCH PE3KHM,
ecaId mupuHa mepexofAHoR o6lacTd B Ipodmie JeTHPOBAaHUA Majia IO CPABHEHHIO
¢ MEpPHUHOK o0efHeHHOro ciofd. B GoasmuHCTBE CIyuaeB 9T0 yCIOBUE MOMYCKaer
CyIecTBOBaHMe IePexoNHHX obmacrelt mupmaoi 100 A u Gonee. Tlepexon, ®oTopsIA
HeJb3st PacCMATpPUBAThH KaK Pe3KUil, HA3KBAIT HJIABHEIM IePEXOMIOM.

IMOJYRIACCHYECKAA MOJEJIb

[l BHIYHCIGHNA OTKIMKA HEONHOPOZHOTO HOJNYIPOBONHHKA HA NPHIOMKEHHLIH
BHEITHHU{ 3JeKTPOCTARTHYEeCKHH MOTeHm@aJ H [Naske [As pacuera pacmpeneieHus
3JIEKTPHYECKOTO 3apANa B OTCYTCTBHE OPUJIOMKEHHOTO IOTeHIHWANa IOYTH BCerjma
ACHOOJb3YIOT MOJYKIACCAYECKYI0 MOMeNb, omucanuyio B ra. 12. Korga moremmman
¢ (z) HamaraeTcA Ha NMEPHOAWIECKOHl HOTEHNEAJ KPHCTAJIA, BIEKTPOHB n-il 30HH
MOHHO PacCMATPHBATH (B HOJYKIACCHYECKOH MOJENH) KaK RIACCHUECKHE HACTHILHI
(T. e. BOJHOBHE NAKETH), ONHMCHBAEMEE TaMAIbLTOHHAHOM

H, = &, (p/k) — e (a). (29.2)

Takoe paccMoTpeHNMe mMeeT CMBIC], €CHIE IOTeHNHa]d ¢ (r) m3dMeHSeTCA IOCTa-
TOYHO MemiaeHHO. Boobme roBops, oYeHb TPYMHO OTBETHTH HA BOHMPOC, HACKOIBKO
Me[JIeHEHM NOJUKHO OHITh 3T0 m3MemeHme. [lo meHbme#t mepe Hago moTpeoBaTH,
qT00H H3MeHeHHWe 3JIeKTPOCTAaTHUeCKOH oHeprumm e A¢ Ha paccTOAHHAX IOPANKA
DOCTOAHHOH pemeTEM OHJIO MajJo IO CPAaBHEHHIO ¢ HIHPWHOME 3ampeleHHON 30HEH
E,, Ho BmOonHe BO3MOMHO, 9TO YCJOBUe NOJIKHO OBITH naske Ooxee swecTiuM !).
B cayuae p — n-Tlepexofia TOTeHNEAJ ¢ HpeTeplieBaeT H3MeHeHHs NPAKTHYECKH
TOJBKO B Ipefedax 06eJHEHEOr0 caoA. B 31oM ciioe 3HeprEsa e¢ MeHAeTCA NPAMEPHO
Ha E, Ha paccTOAHNME, KOTOpoe OOGEMMHO COCTABJIfAeT HECKOJNBLKO COTEH AHTCTpeM
niam Godee (Tax 4To moiae B obemHeHHOM cioe MoykeT focrurars 10 B/m). Xorsa npu
9TOM BHIIOJHAETCA MEUHUMAJIbHOe HeoOXOoNmMoe ycHOBHe NPEMEHAMOCTH HOJYKIAC-
CHYeCKOH Mofeny (M3MeHeHme e¢ Ha MeKATOMHOM PACCTOAHWMI COCTaBIAeT He Oolee
monei mpomeHTa oT E,), H3MeBeHHUe Bce jKe JOCTaTOYHO CIUIBHOE U Hellb3A HCKIKIHATD
BOBMOMKHOU HeaJeKBATHOCTH IOJYKJIACCHYECKOTO ONHMCAHUA B OOeTHEHHOM CJoe.
IloaToMy He caefyeT ymyckaTh H3 BULY TOro o0CTOATENBCTBA, UTo moje B obefHen-
HOM CJIO€ MOKeT OKas3aThCH NOCTATOYHO CHIBHEIM, YTOOLL BHIBBAaTh TYHHEJIHDOBaHHE
8JeKTPOHOB ¢ yPOBHe#l BaJeHTHOH 30HK HA YPOBHM 30HH HPOBOKEMOCTH, NPUBOAA
K IPOBOJHMOCTH, HAaMHOTO IpeBHINAMIMeil 3HaueHHe, HpelcKa3LIBaeMoe MOJYKJIAC-
cuyeckoll Teopmed.

Cpexas 1o mpemympesjeHme, MH, ofHaKo, OymeM, Kak o0RYHO, CIUTATH IpH-
MEHHMEIM IOJYKJI2CCHIecKoe oNMcaHme, ITOOH HMeTh BOBMOJRHOCTH HCIIOIB30BAThH
ero caefcrTBas. llpempe uweM paccMarpuBaTH NOJYKIACCHYECKYIO TEOPHI0 TOKOB
B p — n-mepexofie, U3YIEM CIydail TepMOTMHAMHUYECKOTO PAaBHOBeCHS, KOTNla BHeI-
HHe HaNpPsDKEHHA W TOKH OTCYTCTBYIOT.

PABHOBECHBI p — n-IIEPEXO/]

OmnpenleuM KOHNIEBTpAalUH HOCHTeJeH M 9JeKTPOCTATHUECKUiT NoTeHNMAN "¢ (),
00yCI0BIeHHEN HEOTHOPOAHKM JerupoBaHueMm. [IpeamososkuM, 410 BO BCeM MaTe-
pHaje BHIOJNHJETCH YCIOBHE HEBHPOKICHHOCTH, W IO9TOMY KOENEHTDANMH HOCH-
Tellell B KaKI0HA TOUKe ¥ EMEIOT MAKCBeLIOBCKYI0 GOPMY, KaK M KoBRIMeHTpannu (28.12)

1) I'pyGoe paccMoTpeHHE IPAMEHHUTENBHO K METAJUIAM CM. B Hpmiao;eHuu K. Amajormaroe
mcciiegopanue (CToNb e rpyboe) MoKeT GHTH MPOBEEHO # A HOIYIPOBOTHUKOB.
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B OfHOPOXHOM Ciydae. B HEOMHOPONHOM Ciyuae HOJYKJIACCHUECKHH BHIBOJ BHpa-
MeHHA [V KOHUEHTpauuy HocuTeJel B Touke x B 00sacTd mepexofa HpH HANUYUH
HOTeRIMaNa ¢ (r) CBONMTCSA K HOBTOPEHMIO COOTBETCTBYIONMETO BHIBOJA NJA O[HO-
POIHOTO CAYYast, OMHAKO OIpH HTOM HANO HCIOAL30BATH IO YKJIACCHIECKYI0 GopMyay
ANA OfHO3IeRTpoHHONH dHeprum (29.2), B KOTOpo# Kapaslii ypoBeHL CABMHYT Ha
—e¢ (z). Ucnonrays pupasenne (28.3) mua omepruu é(k), mpuMeEmMoe mpH onm-
CaHWM ypOBHei BOJMSH MEUHEMYMa BOHH IPOBOAMMOCTH HJH K€ MAaKCHMyMa BaJeHT-
HO# B0HBI, MH BHJIMM, 9TO B pe3yibTaTe 3HAUEHHS KOHCTAHT &, U &, UBMeHAIOTCH
npocro Ba —e¢ (x). [ToaTomy BMecto Bpaskenmit (28.12) fna paBEOBeCHEIX ILIOT-
HOCTe# HoCHTeNxell B 9TOM ciydae MH nmMeeM Gosee oOmue BHpaReHEHA:

ne(z) =N, (T)exp{ Z‘ET(’)—”]} s
(29.3)

Po (@)= Py (1) exp { —l=Fpbre G},

ITorernman ¢ (r) clIemyeT oIpeielATh CAMOCOIJIACOBAaHHEIM 06pasoM (¢ MOMOMBIO
ypaBBeHnA IlyaccoHa) Kak HOTeHNHaJ, BOSHMKAIOMUI IpH KOHNEETPAUHUAX HOCH-
Tesiel, omuCHBaeMHXx BripaskeHmAMHE (29.3). PaccMorpuMm aTy 3amagy anad 4acTHOTO
cayuas (croBa Hambojiee MHTEpPECHOTO B NPAKTHIECKOM OTHONMIEHWEW), Korga mo obe
CTOPOHH 0T LepexopHO# ofbsacTH Ha GONBIOM pacCTOAHMEH OT Hee npeobiafaeTr
mpuMecHadg OPOBOLMMOCTb, a HPHEMeCH HOJHOCTBIO «HOHHM30BaHED (cTp. 205—206).
TakuM o0pasoM, BIanHM OT mepexona B n-obmactd obpasma KOHIEHTpAUHMSA dIEKTPO-
HOB B 30He IPOBOMMOCTH DOUTH paBHA KOHNEHTpanmum goHopoB N,, a B p-obmacth
KOHIEHETpam¥a [HPOK B BaJeHTHOH B30He IOYTH paBHA KOHIEHTpAIHUH AaKIeNTo-
poB NV,

Be— o0)—
Ny=n,(00) =N, (T)exp { —Le= 2=t}
(29.4)

e — 00

Na=py(— 00) = Py (T) exp { —=tot e (o0l

ITockoaBKY BeCh KPHCTAJNJ HAXOMUTCA B COCTOAHHM TepMOAMHAMHMIECKOTO

paBHOBecHsA, XHMHYEeCKHH HOTeHIWaJ OJUHAKOB BO BceX Toukax. B wuwactHOCTH,

B dopmynn (29.4) Bxommr ogHO M TO jKe 3HadeHme p. Orcioma HeDOCPEACTBEHHO

caegyer, 9TO IONHOe M3MeHeHHMEe MOTeHIHAJNa Ha HepeXofe omdchBaercd GopmMy-
n0i 1)

ed (00) — e (— 00) = E,— &y + Kzl In fzvvdg] (29.5)
niain
eA¢ = E,+kyT In [%‘g—] (29.6)

#e o JIHOTTA TOJIe3eH Apyro¥ cmoco6 sammen Gopmyan (29.3) m (29.6). Ecam BBecTn
BaBHCANME OT NPOCTPAHCTBEHHHX KOOPHHMHAT (3JeKTPOXMMHUUYECKHME IOTeHIUAJ»

e () = p + e (z), (29.7)

1y Nns pueoAa cootromenus (29.5) meoOxonumo, 4T00H cooTHOmenHs (29.3) BHIOIEANNCE
TOJABKO BaN® OT 06eTHEHHOTO CAOs, IJie MOTEHIHAJ ¢ MU3MEHAETCA MEMJEHHO0. [103TOMY COOTHOmIE-
Hue (29.5) orasHBaeTcA CIpaBeIMBHM, farke €cIM NOJYKJaccHuecKasg MOfeAb HENPLMeHHMA
B IIEPEXOJHOM CJIOE,
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&y
. ,/,/ —————————— He(T)
5, Lo
7
a
I
& ()& &c(x)
————————————————————— /L(
5yl o ba (%)
7
6

®ur. 29.2. [[Ba »KBEBAJEHTHHX CHoco0A ONHCAHMA BIUAHMA BHYTPEHHEr0 moTeHIMada ¢ (z)
HAa KOHNEHTPAnuio 3JeKTPOHOB M AHPOK B p — n-Hepexofe.

0 — HU3MEHCHME JIEKTPOXHMHUYECKOTO IOTEHIMAJNA Me {(X) = W -+ e (X) BAOIb p — n-niepexofa. HOMlenTpalun
HOCHTENeH B M1060H TOYKE x MMEIOT TAKYIO jKe BEHMUMHY, KAaK B ONHOPOJIHOM INIOJIYIHPOBOTHUKE, KOTOPBIH Xapak-
TEPUBYeTCA PUKCHMPOBAHHBIMN 3HAUEHMAMM BSHEDTMIt 30H M IPUMCCHHIX YPOBHEH § o B € am &y M XHMIYECKUM

IOTEHIMAJIOM Me ().

6 — gmech BeJMYMHA ‘5(: (x) = Ec—eo (x) npencraBiifeT COGOM DHEPIUIO JIOKAJM30BAHHOIO BOJM3M x BJIEK-
TPOHHOTO BOJIHOBOIO NMaKeTa, O0pa30BaHHOTO M3 YPOBHEN, GimKaimuX K OHY 30HH NPOBOOMMOCTH; aHAJOTMIHO
onpepgensercd BeJMUMHA ‘5v (x). DHepruy JIOKAJNBHHX IPUMECHHX YPOBHell MMEIOT 3HaueHMA € g &) = 3 d=

—ed (x) u (511 (x) = ‘6a — e¢ (x). IToxasaH TaKKe XUMMUECKMH HOTEeHLMAJ (MMEIONMIiI IOCTOAHHOE 3HAaYe-
Hue), KoHueuTpanum HocHTeel B J060i TOUKE X HMEIOT TAKYIO € BEIMYNHY, KAK B OOHODONHOM HOJIYIPOBONHNI~
K€, XapaKTepMayeMOM B3HA4YeHUAMH SHepruii 80H M NMPUMECHHX YPOBHeH, paBHRMHK ‘50 (x), g;;d (x), ‘ga (x) 1

(517 (x) npu (UWKCMPOBAHHOM XVMHYECKOM IOTCHIHAJE M.

TO MOKHO B3amdcaTh BHPAsKeHHA A KOHIEHTpamui Hocurenedr (29.3) B Bupme

nc(x)=Nc(T)exp{_£‘%%;Te_ﬂ},

Po (%) = Py (T) exp { — L@ %ol 4,
Bripaswerus (29.8) mMe0T B TOYHOCTH TaKoil ke BHA, Kak H Brpaxenua (28.12)
IJA OHOPOAHEX IOJYNPOBOAHMUKOB, 32 MCKJAOYEHHEM TOTO, YTO MOCTOAHHHN XuMH-
YeCKUil MOTeHIUAI L 3aMEHAETCH HA HJIEKTPOXUMUYECKHH HorTeHIuan p, (z). Taxam
ofpasom, Beamuuua U, (co) mpepcraBisger coGoil XHMAUECKH# IOTEHIHUAN OFBODPO.-
HOTO KPHCTANA n-THIa, 00Ja/{al0mero TAKAME e CBOWCTBAMH, KaK U HEOJHOPOA-
HHA KPHCTAJLI B n-061acTd BIAJH OT HEPEXONa, & [, (~— 00) — XuMHYecKHH HOTeH-
OHaJ OTHOPOXHOTO KPUCTAJiIa p-THOA, AHAJOTHYHOTO p-06J1acTd HEOXHOPOMHOTO
Kpucranna Baanad ot nepexopma. Coornomenue (29.6) MOKEO 3ammcaTh AKBUBAJIEHT-

HHM ofpasoMm !):
e Ap = 1, (00) — i, (—oo). (29.9)

1) 9r1o HEmOCPEACTBEHHO CIeRyeT us cooTHOmenus (29.7). CoorHomenue (29.9) mHOTHA (oOp-
MYJHpYIOT Kak TpaBujio, COTIACHO KOTOPOMY IIONHOE M3MEHEHW® MOTEHIUAJA TaKOBO, 9YTOOH
«yposam Qepmu coBnaganu Ha obomx Kommax mepexogay. Tarasg (OpMyAMpOBKa, OYEBHIHO,
OCHOBHIBACTCA Ha IPEACTAaBACHHH, KOTOPOMY coorTBercTByeT (ur. 29.2, 6.

(29.8)
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Ha ¢ur. 29.2, @ sneKTpoxuMHAgecKAH TOTEHIMAT IPEICTABICH B 32aBUCHMOCTH OT
KOOpAUHATH BROAb p— n-mepexona. Mu npenmonoxuau (HuEe 970 Gyner IOKas3aHo),
4T0 ¢ W3MeHAETCA MOHOTOHHO IO Mepe IIepexofa OT O[HOTO KOHIA K NPYIOMY.
Ha ¢ur. 29.2, 6 ta ke uHGOpManua mpepcTaBIeHA [PYrUM cIocoGoM. 3pech MpUHA-
TO, 9TO MHOTEHIUAN ¢, OIpeReNANMAN KOOPNUHATHYIO B3aBHCHMOCTh B BHpaske-
uun (29.3), usvenser Beauunny &, (uam &), a He p. B awboM caygae cMbiCa aTHX
AHarpaMM 3aKJIHYaeTCA B TOM, YTO B KO KOHKpETHOH TOUKe z BAOAB IEPexXona
KOHIEHTpAMAA HOCHTeJeld MMeeT TAKYIO ’Ke BeJWYHMHY, KaK U B KycKe OJHOPOIHOTO
MaTepHana C KoHIOeHTparuei mpuMeceil, paBHOH TOMY BHa4UeHHI0, KOTOPOe OHA
mMeeT B TOUKE I, B C XUMHYECKHM TIOTEHIMAJIOM, IOJIOMKeHNe KOTOPOTo 10 OTHOMIE-
HUIO K KpaAM 30BK MOKHO OHpeNeJdTh, PACCMATPUBAA BepPTHRAJIbHOE ceueHHe Ha-
rpaMMBEl B TOYKe Z.

Coornomenme (29.6) [mau ero sksuBamentnas ¢opma (29.9)] mpexmcraBuser
co00l rpaHHuHOoe ycaoBHe A AUPdepeHNUANBHOTO YPaBHEHHWA, ONPEHeNAIONEro
noreBnua’x ¢ (z). Ito nuddepeRnUMaIbHOE ypaBEeHHEe eCTh TPOCTO YPABHEHHE
ITyaccona 1)

d?¢ 4xp (z)

—_\2 = — 2% TP\
Vigp=—5 =T (29.10)
KoTOpOe CBA3BRIBAeT NOTEBIHaN ¢ (z) ¢ CO3JAXIMUM €ro pac pejelenHeM 3apsafma
p (z). YroOsl BHpasuTh p () uepes ¢ U HoayddTH BAMKHYTOE ypaBHEHHE, OTMETUM
BHAYAJE, YTO eciad (COrJacHO HAMeMy HpPelNoJIOKeHUI0) OpUMECH HOJHOCTHIO MOHH-
30BaHH BJaJW OT Iepexoja, To OHU DOJHOCTHIO HOHH30BAHK M Opu Beex x 2). Cmeno-

BaTeJbHO, INIOTHOCTh 3apfAfa, o0ycioBIeEHAasA NpUMeCAMHI U HOCHTENSMH, paBHa 3)
'o (z) = e [Ny (@) — No () — ne () + p, @)1, (29.11)

IopcraBiasns Bupamernna (29.3) u (29.1) piuA KoHmeHTpamui HocHTened W IpU-
Meceit B gopmyny (29.11) maa miroTHoCTH 3apAna, a 3aTeM pe3yabTaT B ypaBHeEHe
Ilyaccona, monygyaem menmmeiinoe nudpdepeEnmanbHO® ypaBHeHMme MIA ¢ (z), AuA
TOUHOTO PEeNIeHHA KOTOpOoro OGHYHO HpHAXOMHTCA HPUMEHATH IHCIeHHLIE METONH %).
OpnHAKO MOKHO TIOJY9dTH BIOJHE PasyMHoe ONMCAaHHWe NOTEBNUAna ¢ (z), HCHOIb-
3ysA ToT (PaKT, U4TO IOJHOE H3MeHeHMe e¢ mMeeT mopAnck E, > kpT. 3nauenme
aT0T0 (aKTa JErKo NOHATH, ecid obbemmuuTh dopmynm (29.3) m (29.4), samucas

n(z)= Nde—[¢(°°)—¢(x)]IhBT,

Do (@)=N ae-[¢(x)—¢(—w)1/k BT, (29.12)

[Ipennonoxum, 4T0 M3MeHeHHE ¢ NPOMCXONUT BHYTPH obaactn —dp, < = < dy.
Bre aroit o6nactn ¢ mocTHraer CBoero acHMITOTHYECKOTO 3HAYEHHUS, M, CIe0Ba-

1) 3mech € — cTaTHYECKAs NUIJEKTPMYECKAs NPOHULAEMOCTH TOJYIPOBONHMKA. McHomb-
30BaHHC MAKPOCKOIMYECKOT0 YDABHEHNs BO3MOKHO HOTOMY, 4TO ¢ MEHJETCA Ha PACCTOSHUR
nopsAfKa MHPHEL 00eHEHHOTO CJI0SI, KOTOPasA BEJMKA 10 CPABHEHKIO C ME/KATOMHBIM PAacCTOSHHEM.

%) Ecam noteEnman ¢ (Kax IOKA3aHO HWKE) MBMEHAETCA MOHOTOHHO, TO 9TO YTBEP:KICHHE
BEITEKAET M3 TOrO (paKTa, ITO CTEIEHh MOHU3AIMHM IPUMECH YBEIWMYMBAETCA IPY yHAJNCHUM XHUMH-~
9eCKOr0 IIOTEHNMAJa OT IpHMecHoro ypoBHA. Cm. dur. 29.2 u dopmyan (28.32) u (28.34).

%) KoHmenTpanusa JHPOK Ha H0NBMEX PACCTOAHUAX OT IEPEX0Aa B n-06JIaCTH UMEET, COrJac-
HO 33aKOHY JeHiCTBYIOIUX Macc, OYeHb Majioe SHAYCHUE Dy (o0) = nil N 4- OflHaKO, KOHNEHTpaNHA
9JIEKTPOHOB IPEBHIMaeT TaM N,y Ha Ty sKeé MaJYI0 BeJIWYIHMHY, TAK IT0 BHIIOJHSETCA PABEHCTBO
ne (00) — pp {00) = Ny. Eciu nmpu BHYHCAEHEE DOJHONW ILIOTHOCTH 3apAma npemebpeds [Kak
MH caesaan B (29.4)] aTolt Manoid monpaBroil K 1., T0O MB JOJUKHH TaK:Ke npeHefpeds MaJOd KOM-
NeHECHpYme II0THOCTHI0 AHPOK Ha AAISKHX PACCTOAHUAX B n-06RacTé KpuUCTaiia. AHAJTOIHI-
HHE 3aMEYaHUsA CIPABENNHBEL ¥ IJd1 MAJHX KOHUEHTPAUUH 9JEKTPOHOB B p-o6mactn.[IdTH KOHUEH-
TpalyH HEOCHOBHEIX HOCHTeJeldl BHOCAT mpemeGpemmmo Maislfi BRAag B ofmuil Gamamc 3apafoOB.
OpHaKo, KaK MH yBUAAM {HWKe, OHA WIPAIOT Ba;KHYIO POJIb B ONPEAENEHWH TOKOB IPH HAJNIUN
IPUIOKERHOI0 HANPAKEHHA.

4) Boxee moppo6HO 3To YpaBHEHHe HCCaenyeTca B sajade 1.
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TeabHO, N, = N, B n-9actd, p, = N, B p-vactu, a p = 0. Buyrpm yrasamnoi
obiacTd, 33 HCKIIOUYeHNeM OJmKaiimeldl OKPeCTHOCTH ee TPAHUN, OTKIOHEHHe BejH-
9HEH €¢ 0T aCHMITOTHIECKOI'0 3HAUEHHA BO MHOTO Pa3 IpeBOCXORMT k pT', mosTOMy
ne& Ng, pp, € N,. Taknm oOpasom, 3a HCKIIOYEEHEM OKPECTHOCTH TOUYeK I ==
= —dp U r = d,, INIOTHOCTH 3apaAna B obxacTh Meskay —dp 4 d, TOCTATOYHO TOTHO
ommcrBaerca ¢opmynor p (2) = e [N, (x) — N, (x)]. Ilpm sroM B yxasamHOH
obnacTH KOHNEHTpANuA HOCHTeJell OUWeHh Maja, TaK YTo OHM He MOryT HelTpaim-
30BaTh 3aPAMH «(HOHM30BAHHEIX» npumeceii. Touxn r = —d, w x = d,, onpegensior,
ClefOBATeIFHO, TPAHHNE O00eIHeHHOro CJ0f.

O6benmasaa mojydeHHBe BHIIe Pe3yibTaTHl B Hcmoab3ya gopmyay (29.1) mgna
KOHIEHTpanui npuMecel, moJyuaeM, 9T0 JJA BCeX z, KPOMe B3HAUeHHI, HEMHOTO
NpeBHIIAOMBX —d, WIA HEeMHOTO MeHbmEX d,, ypaBHenme Ilyaccoma MomHO
BIOJIHe AIIPOKCHMHPOBATH YpaBHEHHEM

0, z>d,, ]
_dmeNe g s.s0, |
¢" (z)= (29.13)
M , O>z>— dp,
€
0, —dy,>z. J
HenocpencTBeBHEIM HETEIPHPOBAHAEM LOJYIaeM OTCIONA
$ (c0), z>dy,
¢<0°)_(_2nz¢)(x_dn)2’ dn>x>07
¢ (2)=1 oo L (29.14)
¢(—°°)+(—‘g_a) (x+dp)2, O>x>—dp’
95 (_ 00)1 X < — dp-
Pemenne (29.14) ypoBnerBopser IpaHWYERIM YCIOBHAM (BeOpPePHBHOCTh NOTEH-
nuajna ¢ U ero mepBoil OPOM3BOIHOM) NpH £ = —d, U & = d,. [loTpeGoBas BHIOJ-

HeHAA 9TUX YCIOBHE ¥ 1Ipu z = 0, MOJKHO HOJNYYATH JB& AOMOJHHTEJBHLIX PaBEH-
. ’
CTBa, KOTODPHE ONpeNesfAloT pasMepH d, U dp. VI3 EenpepHBROCTH OPOM3BOJHOL ¢

npm xr = ( cremyer paBeHCTBO _
Nyd, = Nodp; (29.15)

T. €. KaK Pas ycjaoBHe TOTO, YTO W30HTOUHKIH IOJOKATEILHHN 3apAR B n-obxactn
Tmepexofia paBeH H30BHITOYHOMY OTpHIATeABHOMY 3apAay B p-oOmactu. VI3 BenpephiB-
HoCTH noTeHnmana ¢ mpu z = O ciaemyer yciosHe

() (Wudh+Nodh) = ¢ (00) — ¢ (— 00) =Ag. (29.16)
Bmecre ¢ (29.15) oro ompepmenser paccroaBEsa d, # dp:
d,, , = {WaNa* eboy e (29.17)

M Pl (N Ng) 2ne :
Yrobut omeEWMTHL SHAUEHHS JTAX BeJWYRH, MH MoeMm sammcars (29.17) B dopme,
Gonee ymoOHOM A 9YHCAEHHHX pacueToB:
_ (Ng/Ng)t! }1/2 ;
dn,p_33{10_18(Nd+Na) leeAglon} A (29.18)
Bennunmua eeA¢ mmeer o6nyB0 mopsamok 1 3B, m, mockoapky THHHYHEE KOH-
meHTpapu¥ npuMeceir cocraBiasanT ot 10 mo 10 atomos B 1 cM®, pasmephi d, 1 dp,
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ompefleasiomue ImUpmHY 06eIHEHHOTO
CI0s1, KaK IPaBHJIO, JeFKaT B Ipeflelax oT
10* o 102 A. IToxe BHYTPHU 00eHEHHOTO
coss mmeeT nopanok Ad/(d,-+dp), n, cie-
NOBATENBHO, MJS YKA3AHHHX 3HaYeHHH d
ono mmeer Beauuuny ot 10° mo 107 B/m,
ecqM IMHPWHA 3alpelleHHONl 30HH paBHA
0,1 »B.

HHonyuarmomasca B pesyabTaTe cxeMma
o0elHEHHOTO CJOs IpefcTaBieHA HA (PUT.
29.3. IloreHmmam ¢, KaK yKasHBalIOCh
BEHIIG, HU3MEHAETCH B CJ0€ MOHOTOHHO.
Besge BHyTpH cia0s, 3a MCKIIOYEHHEM €I0
rpaBAN, KOHIEHTpAaNuu HoCUTedel Ipe-
HeOpesRuMO MAJIH 10 CPaBHEHUIO ¢ KOHIEH-
TpanusaM¥ IpHMecell, MWO3TOMY IIOTHOCTB
3apsaAa 06 ycaoBIeHA HOHR30BAHHEIMY IPHA-
MecaMHU. BHe o0efHeHHOro CJI0A KOHIEHT-
pauum mpuMecell W Hocuresell cOamaHCH-
POBaHHL, ¥ IIOTHOCTH 3aPsAfa paBHA HYJIIO.

Mexanusm BosHMKHOBeHHs. [oGaacTu
¢ Ppe3KOo YyMeHBOIeHHON KOHNEHTpanuei
HOCHTeJelt OTHOCHTEJbHO mpoct. [Ipenmo-
JOKUM, 9TO B HAYAJBHHIE MOMEHT MBE
CcyMeJu 3afaTh TaKde KOHIEHTPAUU HOCH-
TeJeil, YTOGH B KaJKIOH TOYKE BHIIOIHA-
JOCh yCIOBMe 3JIeKTpoHekhTpaabHocTh. Ilo-
go0Hasg KoHQUrypanmusa He MOeT 0CTa-
BAaThCA HEU3MEHHOH, TAK KAK 3JEKTPOHH
HauHyT nudPyEEEpoBaTh ®3 n-obaacTm
(rme ux KoHIeHTpamusi BHCOKa) B p-00-
aacts (rfe uX KOHNEHTPANUA 0YeHDb MaJia),
a IHPKN — AUPPYHAUPOBATH B IPOTUBO-
IOJOHOM HanpaBiaeHun. [[uddysusa byaer
CONPOBOKAATHCSA IePeHOCOM 3apsamga, 9To
IpuUBeJeT B Pe3yaAbTaTe K BOSHAKHOBEHHIO
BIEKTPUIECKOTO I0JsA, NPEINATCTBYIOIEro
muddysuoHHEM ToKaM. B KoHIe KOHIOB
Oymer moCTUTHYTa paBHOBECHAsi KOHQUIY-
panusi, B KOTOpO¥ feHcTBUE IOJA HAa TOKU
B TOYHOCTH KOMOEHCHPYeT s¢deKTH, 00y-
ciropaenane Auddysmeir. Ilockoapky Ho-
CHTeJH BechbMa IOABWKHH, B PaBHOBEC-
HO#i KOHPHUrypanuu KOHNEHTpANHAU HOCH-
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Konyenmpayun nocumened

p-mun n-mun N
+ + 2
Na - = =ttt
P (x\ A
- - -+ + 4
" " X
le—(dedHeHHbIE CIr0E—]
—dp dy
a
Mnomocms sapsada
ENd
+ +
+ + +
x
]

lomeHyuan

B(oo)=p(0)+ LZeN, a7
| ]
_dp dn

x

@(-o0) =g (0) - Z2E

8

A N}

Onr. 29.3. HoruemTpanmm mocureneil (a),

OJOTHOCTH 3apApa (6), morernman ¢ (z) (s),

npeficTaBJeHHERE B 3aBHCHMOCTH OT ITOJIOKE-

HHA TOYKM OTHOCHTEJNBHO PEe3KOro p — n-
nepexoja.

B ananugse, NpPOBENEHHOM B TEKeTe, Mb DpuGIuKeH-

HO DUPHHHMAINH, YTO KOHIEHTpAIUU HOCHTene#l #u

TJIOTHOCTL 33pAMAS KMEIOT NOCTOAHH YIO BEINIUHY BCIO-
Iy, KpoMe TO4eK x = —dp U x = d,,, I'ie OHI MCTbl-

THBAOT cKadKu. Bojee TOYHOE paccMOTpeHue (CM.
safa4yy 1) noxkasbBaeT, 4TO 9TH BEJIMIUHE MCIILITHIBA~
10T PESKNEe U3MEeHeHudg BHYTPH OGJAacTH, OTHOEHUEe
INUPUMHE! KOTOPOi#i K IONHOH INMpuHEe OGEeqHEeHHOro
CloA UMeeT WOpANOK (hpT/E Y12, Tuowanas mu-

PHHA OGeNHEHHOro c¢j08 cocraBiaer 102 — 10¢ 4.

TeNed 0UeHDb MaJH TaM, IJie HoJe MMeeT 3aMeTHYIO BeauuuHy. FIMeHHO TaKoe HoJO-

eHWe Jlea M oTpasKeHo Ha ¢mr. 29.3.

3JIEMEHTAPHOE PACCMOTPEHHE
BBINNPAMJIAIOMEIO TENCTBUA p — n-NEPEXOJA
PaccmoTpum Temepr HoBeleEme p — r-Iepexofa, KOTAa K HeMY NPUJIOMKEHO

pHenrHee Hampsuwenme V. Bydem camrars Hanpsmenme V HoNOMKHTEIBHEIM, eClIm
OHO yBeIWYHBAeT MOTeHNOWAJ B p-o0JacTW B yMeHbmmaeT ero B n-obmnactu. Kak mm
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p(x) | v

+_ 1)l

+ +|l x

fl
Q

g(x)

V>0

v<o

— -

8

Dnr. 29.4. [I10THOCTL 3aPANA P M TOTEHIIAT
¢ B 00eHEHHOM CIO€ B OTCYTCTBHE CMEIAlo-
mero sanpspxeans (a); mpu V > 0 (upsamoe
cMemanmee HAaUpsyKeHEWe Ha Tepexome) (6);
mpu V < 0 (oOpaTHOE cMemalomee Ha Ip AxKe-
Hue) (8).
Tpannisl O0ERHEHHOrO CJI0s, PACHONOMEHHbE IUpH
V = 0B T0uKaxX x = d,, ¥ x = —-dp, UB0GpaKEHH

MTPAXOBEIME NUHUAMN. IIIUpHHA OGEIHeHHOTO CIO0A

¥ BellM9UHa MSMEHEHYA MOTEHIMANa ¢ YMEHbIIAIOTCA

Opy OpAMOM H YBeJHYMBAIOTCA NpH OGPATHOM CMe-
MAomeM HanpAHKEeNNH.

vV oy
dn, 5 (V) =0, O [t — 55 |

T'naBa 29

BHJeJW paHee, BOKPYT TOM TOYKH, B KOTO-
POH JeTMpoBaHMe p-THIA NEPeXONuT B le-
rupoBanue n-tuna, npum V=0 cymecrsyer
O0elHeHHBI CI0H mHpPUHOM IIPUMepHO
102—10* A, rue xoHneHTpanuUs HocHTeMdelt
3HAYATEJbHO MEHBIIEe, YeM B OJHOPOTHHX
06sacTAX, paclosoKeHENX Najgbme. Ilo-
CKOJBKY KOHIEHTpANuA HOCUTeJel B obey-
HeHHOM CJIOe¢ 3HAUKTeJbHO MeHBLIIE, ueM B
OHOPOXHBIX 06.1acTAX, OH 061a1aeT ropas-
Ao 0oJee BEICOKIM CONPOTHBICHUEM, a BCIO
cucCTeMy MOKHO PacCMaTPUBAThL KaK Iellb ¢
TOCTeOBATENBHO COeIMHEHHEIMA COLPO-
TUBJAGHUAMU, B KOTODPOH OTHOCHTEIBHO
OoubIIoe COMPOTHBIICHNE MOMEIIEHO MELY
IByMsa MaJuMHu (caEnBHY). Ecau K takoit
Lenu IPUJIOKEHO HanpsikeHue V, To MOYTH
BCe IafieHHe HAUPAKeHU NPUXOAMTCA HA
06J1aCTh ¢ BHICOKUM CONpOTHBIeHHeM. 1lo-
9TOMY [asKe IPM HAJWIAH BHENTHET O Haups-
sKeuusi V norennuan ¢ (z) Gymer MeHATbCA
3aMEeTHEIM 00pPasoM TOABKO B 00eIHEHHOM
ciaoe. Hpu V = 0 M Hamawm, 9To yBeam-
dJeHHMe NoTeHOMada ¢ (r) mpu mepexofe U3
p-o6aacTd B n-o6aacTh 00eIHEHHOTO CJIOS
[KoTOpOe MEL Tenepb 0503HaIMM Kak (A¢),]
onucriBaeTca gopmymaoit (29.6). Ioaromy
MOKHO CllelaTh BHBOX, 4r0 mpu V =<0
HU3MeHeHMe IOTeHIMaga B 0GeHeHHOM CJI0e
GyneT paBHO i

Ad = (Ad)y — V.  (29.19)
VzMeHeHNTe Pa3HOCTH MOTEHIAAIOB HA
00elHeHHOM CJIOe CBA3aHO ¢ H3MeHeHHeM
pasmepoB ciaos. Bemmumnm d, u dp, T. e.
PasMepH ci0d B n- u p-o0jacta, ompeje-
aajoresa popmyaamu (29.15) u (29.16). B stn
(GOPMYJIB BXOIZMUT TOJBKO TOJHOE N3MeHe-
Hue I0TeHOUAaJa B ¢JI0e; KpOMe TOT0, IPH BX
BHBOJIe HCIO0Jb30BAJOCH MPEeNIONOKeHne,
9T0 KOHOEHTPAMH HOCHUTeJeH NpaKTHde-
CKH BO BCEM CJI0e 3HATHUTEeIbHO MEHBINE, 1eM
BHe ero. Mu noxaskem HuUsKe, 9TO HTO MpeEJ-
DOJIOKeHHe 0CTaeTCsI BePHHM u npu V=40,
noaromy dopmyrna (29.17) pas d, u d,
0CTaeTcd NPABHIDBHOM, €CIM 3aMEHHTH A¢
Ha (A¢)o— V. IlockoaBKY B COOTBETCTBAI
¢ dopmymnoir (29.17) d, u d, meHsores
OPONOPIHUOHANBEO (A$)Y/2, MOIKHO CHeaaTh
BHBOR, 4ro npu V =£0

o

(29.20)
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Hobenerne ¢ m muUpPHHH 00eJHEHHOTO CJOA NOKazaHO Ha ¢ur. 29.4.

UT0o6H BHBECTH 3aBUCHUMOCTH BEJHWYHHH TOKA 4epe3 p — n-Iepexox oT BHeNI-
Hero CMeIMAloIero HaupsyKeHHd V, MH MOJKHEL PacCMOTPETh OTHEJBHO 3JIEeKTPOH-
Hple U JHpOYHHe TOKH. B manpHeitmeM GymeM o003Ha4aTh CEMBOJOM J IIOTHOCTB
TOTOKA TACTHIL], 4 CHMBOJOM j — ILIOTHOCTH 3JEKTPUIECKOTO TOKA; TOTIA

jo = —eJe,  In = el (29.21)

IIpu V = 0 gak J,, rak n J,, obpamaiorcs B Hyab. ITo 03HATAET, KOHETHO, HE OTCYT-
CTBUE [BUJKEHWs OTHEeJbHHX HOCHTeNeH depes Hepexofil, a TOJBKO TO, 9TO B 000MX
HANPABIEHUAX NBUAYTCA PABHEE KOJHIECTBA DIEKTPOHOB (mau mupok). llpu V =0
famanc Hapymaercs. PaccMorpuM, Hampumep, AHPOYHHE TOR depe3 obemHeHHEIHA
cnoit. OH BRIYAET CJAEAYIOIMEEe [Be KOMIIOHEHTHI.

1. Tok zenepayuu, T. e. IHPOUYHHE TOK, TeKymmii m3 r-obmacTu B p-obmacTs
mepexofga. ak BHIHO W3 HA3BAHUHA, 3TOT TOK 00yCHOBIAEH AHPKaMM, TeHEPHPYEeMbI-
MU HEIOCPeJCTBeHHO B n-00JacTH 00eNHEHHOTO CJAOA IPHU TEII0OBOM BO30yKmeHUHN
9JEKTPOHOB ¢ ypOBHe# BaNeHTHON 30HEI. XOTA KOHUEHTPAIHS TAKUX MHPOK (Heoc-
HOBHBIX HOCHTeJeH) B n-o6iacTH 4pe3BHYaifHO Maja IO CPABHEHHWIO ¢ KOHIOEHTpa-
nuell piIeKTPOoHOB (OCHOBHHX HOCHTeJeH), OHH HTpaioT BaJKHYI DOJb B mepeHOCe
TOKA depes mepexof. JT0 NMPOMCXOAHT IOTOMY, 4TO KasKAas RHpKa, Momajaiomas
B 00eJHeHHHH CJ0#, TYT e HmepeOpacHBaercs B p-00JacTh HoJ [AeficTBEEM CHIb-
HOTO 3JIGKTPUYECKOr0 MOoJsg, KOTOpoe MMeeTcs BHYTPH caof. B pesyiabrare BeandnHa
BO3HHKAWINEr0 TOKA reHepanWH He 3aBUCHT OT 3HadYeHHs HM3MeHEHHs IOTeHIHAJIA
B o0eHeHHOM cJi0e, MOCKOJIBKY Iio0as AHpPKA, OKa3aBmascsa B cioe, mepebpach-
BaeTcss W3 n-obxacTd B p-06aacThl).

2. Tok pekomburayuu, T. e. AHPOUHHIT TOK, TeKymmuii s p-obaacty B nr-00-
Jacth %). JIeKTpUUecKoe ImoJe B OOeHEHHOM CJl0€ NPENsTCTBYeT 3TOMY TOKY,
¥ TOJLKO Te AHPKH, KOTOPHEe IONAfaioT HA TPAHMNY o0efHEHHOTO CI0sd, HMes
HZOCTATOYHYI0 KUHETHYECKYI0 9HEPIHI0, IToOH IPeofosaeTh NOTeHIUWAJLHHA Gapsep,

BHOCAT BRI B TOK peKoMOnHamuu. UKCIO TAKAX AHIPOK NPONOPIAOHATIBHO e-eAd/kpT
H, CIeJ0BATENBHO %),

JTC o g el(A8)—V/hpT (29.22)

B orauume oT ToOKa reHepanHMH TOK pPeKoMOWHANWY YPe3BHYARHO TyBCTBUTENEH
K BeJWYdHE NPUJIOMKEHHOTO HaupssxeHus V. MBI MoKeM CPaBHUTD BeJIMYUHE DTUX
IBYX TOKOB, 3aMeTwB, 970 IpH V == 0 cyMMapHHEI TOK Yepes mepPeXof OTCYTCTBYeT:

Jilly—o=J5". (29.23)
Orcioma u u3 gopmyas (29.22) cuaemyer, 4T0

JiEe — iVt (29.24)

1) HompemTpanmus JHpPOK, OT KOTOPOH 3aBMCHT TOK IeHEPAalN¥, HEYYBCTBUTEILHA TAKKe
K peandnHe V, ecan peanuuHa eV Maia 00 CPaBHEHMIO ¢ Ky, TAK KaK, COrMacHO 3aKOHY fieHCTBYI0-
IIHX Macc, 9Ta KOENEHTPANUs HONHOCTHIO ONMpefielAeTcA KORNEHATpanuei saeKTporos. Ilocmenasas
JHUIOb HEMHOTO OTJIHMYaeTcsi OT 3Ha4eHus N, BHe 00efHeHHOH o0jacTH, eciu 3HaueHue ¢V Malo mo
cpaBHEHUIO ¢ Eg, Kak 5TO BHIHO u8 GoJee IOAPOOHOTO PacCMOTpeHNs, IPOBEJEHHOIO HIDKE.

2) Om Ha3Bagm TaK m3-33 CYAbOH JHPOXK, HONMAJAIONINX B n-00JacTh HEpPEXofa, Iie Kawoi-
EHOYb u3 w3OHTOYHHX HI6KTPOHOB B KOHIE KOHIOB 3aMOJHAET OYyCTOH ypOBEHb, KAKOBEIM
ABJIAETCA JBpKa.

3) Vreepmpas, 9ro (29.22) ONUCHBAET OCHOBHYI) 9YacTh BaBHCHMOCTH OHPOYHOTO TOKA
pexoMOrmanmy OoT V, MM DpexmoJaraeM, 970 KOHIEHTPAIUA NHPOK BOIM3E TpaHMOE p-o0iaacTu
00e/JHCHHOTO €051 TOABKO HEMHOTO OTIMgaercs ot V,. Kak 6ymer moxasamo, m 5TO IpefIoN0KEeHA®
BHIOJHAGTCSH, eClIM BelWduHA eV Maja II0 CPaBHOHWIO ¢ MIMPWHOH 3amlpemenBoi 30HH Eg.
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Honnwii AHMPOYHHA TOK, TeKyIU# U3 p-obaacTH B n-o0aactb, mpeicraBigeT coboii
Pa3HOCTh MEKAY TOKAMH PeKoMOMHAUWM ¥ TeHEPAIHH:

Jr=J5 — JE" = J&™ (e /*8T — 1), (29.25)

Amnanorugsoe paccMOTpenne HPUMEHMMO K KOMIOOHEHTaM 3JeKTPOHHOIO TOKa
C TeM TOJABKO H3MeHeHHeM, 4YTO TOKH TreHepanmum M peKOM6I/IHa]II/II/I 9JIEKTPOHOB
HallpaBJeHhl UPOTUBOIOJOHHO COOTBETCTBYIOIMUM [BIPOYHEIM TOKAM. HOCKOJII)Hy,

V)= e(Jgen +Jéqen)(eeV/kBT_1)

] _eUhgm +Jgem)

@nr. 29.5. 3aBHCEMOCTh TOKA 4epe3 p — n-IePexoj| 0T IPHUJIOCKEeHHOTO HalpshkeHUs V.
Ora 3aBUCHMOCTb HMMeeT MeCTO, KOIZla BeJNUuYMHA ¢V Mana N0 CPABHEHMIO C IIMPHUHON SampellleHHOH 30HB Eg.
en en ~EglkgT
Humxe Gyner NOKAa3aHO, 4TO TOK HAckUeHusn (eJ hg + e eg ) HBMEHJETCA C TEMIEpaTypoli Kak e .

OAHAKO, 3JEKTPOHB UMEIOT IIpOTI/IBOIIOJIOHGHLIﬁ 3apan, d9JeKTPHYeCKHe TOKH reHepa-
oyl u peKOM6I/IHaIII/II/I 9JeKTPOHOB COBHAMAIOT N0 HANOPAaBJEHHIO C 3JeKTpHUYECKHMHU
TOKaMM reHepanmuu M peKOMﬁl/IHa]II/II/I ABIPOK. HOBTOMy IOoMHAA MIOTHOCTL 3JEKTPH-
YeCKOro TOKa ecThb

J=e(JE" 4+ TEM) (R8T —1). (29.26)

JdTa 3aBHCEMOCTb HMeeT BeChbMa HeCHMMeTPUUYHHI BHJ, XapaKTepHHH A8 BHITDAMHU-
teaeir (pur. 29.5).

OCHOBHBIE ®U3SNYECKNE YEPTHI HEPABHOBECHOIO CIOYYAA

Paccmorpenue, mpoBemenHoe B HpefHAyIIeM pasfeiie, He JaeT BOSMOMHOCTH
omeEuTs Beamuaury e (Ji -+ JE), Bxomamyio B dopmyny (29.26). Kpome Toro,
B HepaBHOBecHOM ciayuae (V=£0) JoKanbHEe KOHIOEHTpAaLUH HOCHTeJei, BoobIie
roBOps, He BHIPaMaOTCA depe3 JOKAIbHHA NOTEHOUAN ¢ ¢ IOMOINbI0 HPOCTHIX
PaBHOBECHEIX MaKCBeJJIOBCKEX cooTHomeHmH (29.3). B Takoit curyamum tpebyercs
NOMOJHUTeNbHEI aHAAM3, 9TOOH IOCTPOMTH CTOND Ke NETANbHYI KAPTHHY KOH-
OeHTpanuit HocHTeJed B OKDPeCTHOCTH HmepeXxOogHOX 00JgacTH, KaK ¥ B PaBHOBECHOM
caydae.

Hpnu raxom Gosee jerTasbHOM NONXOAe pasfeleHue SAEKTPOHHHX ¥ JBIPOTHBIX
TOKOB 4epe3 mepexoj HA TOKM TeHEDANWH M PeKoMOMHANWH He JaeT 0COOMNX HpewH-
mymecTB. BMecto aToro sammmem MJIf Kajkgo#l TouKu r (KaK BHe, TaK W BHYTPH
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00eIHEHHOTO ClI0A) YpaBHEHHS, CBA3HBAKIUe MOJHEE IeKTPOHHHE ¥ FHPOYHEE
okl J, () u J, (), KOHOEHTpAaHY BJIEKTPOHOB U AKIPOK n.(z) u p,(x) ® moren-
muax ¢ (x) [mmm, wro To e camoe, daeKrpmueckoe moxe, E (z) = —d¢ (x)/dzl.
ME Doay9IuM IsSTh ypaBHeHHH, KOTOpHe IIO3BOJAT B INPUHIWIE ONPEAEIUTH 3TH
oars BexamumH. Takoit Merom mpefctaBiasger coboil HemocpeacrseHHoe obGofmenue
mOAX0/la, KOTOPHA MH NPUMEHANW IpH aHaau3e paBHOBecHoro ciaydas (V = 0).
IIpm paBHOBeCH¥ BJIEKTPOHHEE ¥ IHPOYHEE TOKH 06pamaiorcA B Hylb U HMEIOTCA
TOJNBKO TPH HEM3BeCTHHE BeJMIHHE; B 9TOM CJIydae WCIOJB3YIOTCS TPH yPABHEHHS:
ypaBHeEHe IlyaccoHa m ABa ypapHeHHA (29.3), cBA3HBaIOue OPH TepMOAMHAMU-
9eCKOM DaBHOBECHH n.(z) ¥ p,(r) ¢ é(x). Mrak, MOMKHO CINTATH, 9TO HepaBHO-
BeCHAsd 3af1aua 3aKJI0YaeTCAd B HAXOKJACHUN NOAXONSMUX YPABHOHWH, 3AMEHAIOMMUX
paBHOBecHHe coornomienms (29.3), korma V 540 @ cymmecTByoT TOKH.

OrMeTEM HpesKIe BCEro, 9YT0 OpH HAJAWYAM JIEKTPUUECKOT0 IOJA M I'pagueHTa
KOHNEHTPAMUY HocHTedeH IIOTHOCTH MOTOKA HOCHTEJeH MOMKHO HpeICTAaBATL B BHJE
CYMMH [BYX WJIGHOB, ONMH M3 KOTOPHX IpOIOpOMoHaJeH moiuio (dpelighogwii mok),
a ApYyro# — rpagueHTy KoHOeHTpanmun (Juddysuonusll mok):

Je= —pnE—D Lne

nsz

d
Jn=nppoE— Dy L=

(29.27)

Honomxurenprsie ') KosYPUNMERTH OPONOPOUOHAIBHOCTA |1, @ pp, BXOAAIIHe
B (29.27), Ha3HBAIOTCA COOTBETCTBEHHO nROJSUNCHOCMAMU DIEKTPOHOB H JBIPOK.
MH BBedqH DOABWKHOCTH, & He 3amUcaJW APeHPOBHA TOK dYepes NPOBOIAEMOCTE,
91005 BHIEJIUTH ABHO 3aBUCHMOCTH fpeifipoBOro TOKa 0T KOHIEHTPATHH HOCHTENEH.
Ecnu mmeorca TOMBKO SJIEKTPOHH, KOHMEHTPANWA KOTOPHX OXHOPOAHA, TO 0F =
=j= —eJ, = eu,nE. Wcnonnays dopmyay Ipyme (1.6) maa nposommmocrm
o = ne’*t/m, HaxomuM

coll
et
n
Wy =———, (29.28)
n
B QHAJOTHIHO
coli .
et
14
Mp=—3"1 (29.29)
coll coll
rjge mp W mp — COOTBETCTBYOIMHEe ddhPeKTHBHHE MaccH, a T, M T, — CpemHHe

BpeMeHA MeKAY CTOJIKHOBEHHAMH HOCHTeNel ).
[onoxurennuue ®) xoopdunuenTs nponopunonanbrocts D, u Dy, Bxoasmue
B (29.27), HazuBaiores kKoaguyuenmanu duggysuu. OHm cBA3aHH ¢ MONBIKHOCTAMY

1) 3maru B (29.27) BHOpPAHH TaK, 9TO0H NOXBIKHOCTH GHIIM ITONOKUTENBHE; HIPOYHEIH
npeiiQoBEil TOX BamnpaBlled TO IOJI0, 4 DIAEKTPORHEI — TPOTHE MOJA.

%) B monynpoBOgEMKAX MMEETCs emie OJHO XapaKTePHQe Bpems, Hrpaomiee $yHIaMeHTalb-
HYIO PO, — épens pexombunayuu (cm. HzKe). Uapexe «colly (collision — cronkmoBeR™E) BBEfEH,
qT00H OTINYNTL CPEJHHE BPEMEHA MEMIY CTOIKHOBEHHSAMU OT BPeMEH peKOMOMHAIMU.

%) OHNM HONOKUTEeJBHH, Tax Kax ;ndGYysHOHAHII TOR HANpAaBIeH u3 OOIACTH BEICOKOM
B ofmacTh BHSKOH KOHIEHTpANUM ROcHTemell. IIpH HyJIeBOM IoJe cOOTHOmMeHHs (29.27) mHOTHA
Ha3HBAKT 3akoHOM Ouxa. .
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coomruouteRuAMY JUHUIMeliRa 1):

D
= Pn it (29.30)

Bp= k) Yo ="%.T -

CooTHomeHUs JMHmMTeHA caeyioT HeMOCPEeACTBEHHO M3 TOT0 (paKTa, 4TO IPH TepMo-
IWHAMUIECKOM DABHOBECHH 3JeKTPOHHEE M [HPOYHHEE TOKU NOJKHB obpamarbcs
B Hyab. ToABKO €CIN NOABMMKHOCTH M KodpPunumeHTH auddysnun ymoBIETBOPAIOT
paserctBam (29.30), ToKm, ompemenasemuie gopmynamu (29.27), obpararca B HyAB
IpY paBHOBECHHIX 3HAYEHUAX KOHIEHTpamuit Hocurexeir (29.3) 2) [aro merxo mpo-
BepuTh mpaMol moacraxosrout (29.3) B (29.27)].

Cooromenus (29.27), sepaaiolue TOKA Yepe3 IOJNA U IPafiHeHTH KOHIEHTPa-
numit, 1 Gopmyan (29.28) — (29.30) nna moagsmxHOCTEH N KoadduuuenTop Angdysun
MOKHO HOJAYIUTh TaKiKe HEIOCPEACTBeHHO IpPH IOMOINH IPOCTOr0 KHMHETHIECKOTO
PaccMOTpeHAA THIA HCIOAb30BAHHOTO B TaA. 1 (cM. samagy 2).

OrMeTsM, dTO OpHM TepMOAMHAMHYECKOM paBHOBecMH cootHomenms (29.27)
m ycaopmss J, = J, = 0 comepsar Bcio mHpopManmio, HeoGXoEMyI0 JJIA OIpe-
[eJieHUs] KOHIOEHTPANWH HOCHTeNed, HOCKOABKY B OTCYTCTBHE TOKOB MBI MOJKeM
OpoMHTETpupoBaTh ypasHeHHs (29.27) u (¢ mOMOmBIO COOTHOIEHHWH OJifHINTeiiHa)
He3aBHCHMHEM 0Gpa30M BHIBECTH BEIPAKeHUs [JIs1 PABHOBECHHIX KOHmeHTpanuit (29.3).
Hpu V 5£0 u Hanuuum ToKOB HeoOXONUMH eme ypaBHEHHsd, KOTOPHIE MOKHO pac-
cMaTpuBaTh KakK 0000meHHe Wa HepaBHOBeCHHI caydyail paBHOBECHOTO YCJAOBHS
oTCyTCTBEA TOKOoB. Ecaum O wneao Hocurteaedl coXpaHsIoch, To Heobxopumoe
06o0ImeHue cBemoch OH DpPOCTO K YpPaBHEHHAM HEIPEPHBHOCTH

one 0J e
g oz !

29.
9po _ _ 0n (29.31)
a ox

JTH ypaBHeHHS OTPAIKAIOT TOT aKT, 94T0 M3MeHEHHe THCJa HOCHTeJeit B HOKOTODOil
061aCTH TOAHOCTBIO OMPEENAeTCS CKOPOCTHIO, ¢ KOTOPOH HOCHTeJIU BTEKAIOT B BTY
o0macth u BETeKaOT U3 Hee. OMHAKO 4MCI0 HOCHTEJIeH He COXpaHAETCA. JICKTPOHK
30HH IPOBOJUMOCTH ¥ [HPKHE BaJeHTHOH 30HH MOTYT 26HEPUDOSAMbCA B Pe3ydbTaTe
TenNOBOro Bo30yMIEHUA 3AeKTPOHOB ¢ yPOBHeH B BajeHTHoit 30He. Ilommmo sToroO,
PJAEKTPOH 30HH NPOBONEMOCTH MOMET peKomOUHUposamb € AHPKOH BaleHTHOM
30HH (T. . DJACKTPOH MOKET 3aHATH IIYCTOM YPOBEHb, KOTOPHIA U ABAAETCSA ABPKOIL),
YTO NPUBOAUT K HMCYe3HOBEHHI0O 000oMX HocuTexed. B ypaBHeHHA HeHOpepHBHOCTH
ciefyeT no0aBATH 9JIHBI, ONMCHBAKINKE BCe NMPOIECCH, KOTOPHEe M3MEHSAOT UHCIO
JacTHI, B BHAeNeHHOH obaacTu:

ane __( dng ) _ aJ e
= gr

at dt dx ?

29.32
dpy z(dpv ) ___a-’h ( )
ot dt Jgr Oz "

Yro6m ompenenuts BuA upousBofubx (dn/dt)g, u (dp,/dt)s,, orver:m, dro,
KOr[ja KOHM@HTPAIAN HOCHTeJeH OTKIOHAIOTCH OT PABHOBeCHHX 3HAUeHHH, TeHepa-
mus W peKoMOMHAIMSA BeIYT K BOCCTAHOBJIEHHIO TepMOAMHAMAYECKOTO PaBHOBECH:A.
B o6aacrax, rue n, u p, DpeBHITAaIT paBHOBeCHHE 3HAUeHN, PEKOMONHATIAS MPOHC-
XomuT GHICTpee, 4eM reHepanysa, OPUBOAA K yMeHbIIeHNI0 KOHIEHTpauy HOCHTe el;

1} Coormomenns JitEmTeHa UMEIOT BechbMa OOl XapaKTep; OHNM BOBHMKAIOT PH PaccMo-
TpeHHH JMIOOHX 3apsyKeHHHEX YacTHIl, MOJIMHAIONMXCA CTaTHCTMKe MakcBeara — LoasiMana,
HAaDpUMED HOHOB B SJIEKTDPOIHTAX.

2) O6oomenme cootnomenuii (29.30) ma BHPOXKAeHHHI ciaydail gamo B 3ajaie 3.
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TaM jKe, Ifle HOCHTeJell MeHbIne, 9eM HY/KHO, reHepaIus NpeBHINaeT peKoMOHBEAnHIO,
IPUBOAA K POCTY KOHOEHTpanuu HocuTeaedl. B mpocreimux MoReJaAX 9TH LPOIECCH
ONNCHBAIOTCA BpPeMeHAMM JKU3HM 3JeKTPOHOB M NHDOK '), T, u Tp. CKopocTh mame-
HeHHA KOHUIEHTPAOWN HOCHTeJeH KayKAOTO THIA OpH peKoMOMHAmUU U TeHepanuu
OpoNOpIAOHAIbHA OTKJIOHEHHIO ee OT 3HAWEHWsA, onpefeiaseMoro KOHIEHTpanmel
HoCHTedeHd Jpyroro THOA ¥ 3aKOHOM feicTBylomux Macc (28.24).

(dre) _ e

a e o (29.33)
( apy ) - _ (Po—1y)

dt g-r Tp '

rae nd = nip, 1 py = nin..

Yro6H HOHATH CMEICA 3THX YpaBHeHUH, OTMETHM, 4TO, HaIPHMep, HepBoe
Y3 HOX ONNCHBAaeT M3MeHeHHe KOHIEHTPAIUM 3JeKTPOHOB, 00yCIoBIeHHOE TeHepa-
nueit u pexoMOmHanueil, 3a 6eCKOHEYHO MAJHU IPOMEKYTOK BpemeHH di: -

ne (- dt) = ( —%) ne (t) -+ (%) ne. (29.34)

Ilep®erit 9aeH B npaBo# gacTu ypasHenus (29.34) onucupaer yuraroxenne (dt/t,) X
X R (t) 2AEKTPOHOB Ipu pexKoMOWHaImM; TaKUM oGpas3oM, BeJWdWHA T, IpecTaB-
asier coboil cpepHee BpeMs JKU3HH dJeKTpoHa [0 pexomMOmHanmmu. Bropoit wien
B mpaBoii JacTH ONMCHBaeT pOKJeHNe ne/T, SAEKTPOHOB B eAuBmie ofrmeMa 3a enu-
HAIYy BpeMeHH, o6ycloBieHHOe TelloBoil reHepamueil. 3amMeTnM, 4T0 KOHIEHTpA-
nuu HocHTeNdell, cordacHo ypasuHemusaM (29.33), Kak ®m mOMKHO OHTBH, yMEHB-
maioTcA, €CIH OHHM HpeBHINAlOT paBHOBeCHEE, M YBeJAWYHBAIOTCH, 6CIH OHH MeHBIIe
PaBHOBECHHEIX, W 0CTaloTcAd HeM3MEHHEIMH, €CIH OHM WMeOT PAaBHOBECHOEe 3HAUEHUe.

BpeMena HU3SHE T, U T, 00KYHO 3HAYUTEJIHHO GOJbIIe BPeMEBH MeK/AY CTOJIKHO-

BEHHAMH JIJIA 3MeKTPOHOB U AHPOK 1o u 120, Tak Kak pexoMOmEATHA (WIH TeHe-

panus) sleKTPOHA W AHPKE CBA3aHA ¢ MeK30HHEIMM Oepexofamy (Ipy reHepaunuu
5JEKTPOH HEePeXONMT M3 BaJeHTHOH 30HH B 30HY HIPOBOAWMOCTH, a OpU peKombu-
HauU¥MM — M3 30HH HPOBONUMOCTH B BANEHTHYI0 30HY). OCHIHHE CTONKHOBEHHUA,
KOTOpHeE COXPAaHAIOT 9YMCJI0 HOCHTeNeH, NPUBOAAT K BHYTPH3OHHHM IepeXogaM.
R coorBercTBME ¢ pTEM BpeMeHa ;KU3HU 00HgHO jieskart B mETepBage 107°2—10-% ¢,
a BpeMeHa MEKAY CTOJKHOBEHUAMY HNDAKTHYEeCKH HMMEIOT TaKyl0 jKe BeJWInHY,
Kak B Meramiax, T. e. 10712 ngm 1013 .

B nmpucyrcTBEE cTaTHYIeCKOTO BHEMIHETO HOTeHIWaja p—n-Tepexon, He Oymyum
B TePMOJMHAMHYECKOM DPABHOBECHN, HAXONUTCSI TeM He MeHee B CTAIMOHADHOM
COCTOSIHAM, T. €. KOHIEHTDAIMHE HOCHUTeJeill He MeHAITCA CO BpeMmeHeM, dn./dt =
= dp,/dt = 0. Ucnoasays atot gakT u gopmynst (29.33) nas cKopocTedl U3MeHeHUS
9ncaa HOCHTEeJNedl 3a CdeT TeHepanWHE M peKoMOMHANWH, HAXORHM U3 ypaBHeHMH
HenrpepsiBHOCTH (29.32)

—no
‘fl':’ne + nc'\: . =0,

n
i (29.35)
&= T, O

Jtm ypaBHeHHs 3aMeHgioT npd V =£0 ycmosus pasmosecus J, = J, = 0.

1) HasmBaeMbMH TaXsKe «BpeMeHaMu pexkomMOummanum». M3 ycaoBHA COXPAaHEHHs IIOJHOTO
SIEKTPHYECKOTO Bapsfa CIeyeT, 9T0 CKOPOCTH PeKOMOWHAIIUH JOJKHHE GHTH IPOMOPIEORANLHE
KOHNeHTpanuamM HocuTenedl mpyroro tuma: (1/v,)/(1/7,) = po/n,.
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PacemorpuM Brpamenns (29.35) u (29.27) B ogHOM oueHB Ba)KHOM CJydae,
a mMeHHO i ofnacreil, B KOTOPHX dJeKTIpUYeckoe moje £ mpeHeGpemuMo Malo
M KOHIEHTPan#s 0CHOBHEX HOCHTeJel IOCTOSHHEA. B aToM ciydae MoxHEO npenefpeds
ApedoBHIM TOKOM HEOCHOBHHX HOCHTeledl IO cpaBHeHMIO ¢ AUQPY3NOHHEIM TOKOM
u BHpaxenns (29.27) u (29.35) cBomarcs K ofHOMY ypaBHEHWIO JJsA KOHIEHTPAIUH
HeOCHOBHHX HOCHTeJell ¢ NOCTOSHHKM BpeMeHeM peKoMOMHATHH:

dng ne—ng l
e
. (E ~ 0) (29.36)
D d?p, _ Po—D,
Pdgr T 1p

Pemennsa ypasuemmit (29.36) skcnomeHnmaapHO 3aBUCAT OT /L, OpudYeM NJIMHH
w=(Data)®  L,=(Dpv,)" ©(29.37)

Ha3HBAIOTCA dIAEKTPOHHON U AmpodHOH Judgysuonnvimu daunamu. llpegnomosxum,
HampuMep (Iro0H paccMoTpeTh cAydail, BaKHHIE 1A JalbHeimmero), 910 MH Haxo-
guMcsi B 06i1acTi MOCTOSTHHOTO HOoTeHNMAaNa Ha n-CTOPOHe Iepexofia, I03TOMY paBHO-
BeCHaA KOHNEHTPamHAA p) WMeeT NOCTOSIHHOe 3Hadenme p, (oo) = nj/N,; Ecam
B TOYKe I, 3a(HKCHPOBATH 3HAUGHHe KOHOEHTpAruu [AHPOK p,(r,) == p,(o0),
10 pemeHne ypasHenums (29.36) nas x > x, uMeeT BHR

Po () = Py (00) + [Py (Zo) — Py (00)] €™~V Ep, (29.38)

Taxkum oOpasoM, nuddysuoHHEas JJIUHA oNpeledseT PacCTOSHHe, HA KOTOPOM KOB-
LeHTPaNUs peJlaKcHpyeT K CBOeMY PABHOBECHOMY 3HA4YeHHIO.

MoxHO mpenmosoMuTh, 4TO paccTosHue [, HAa KOTOPOM MOTYT COXPAHATHCA
OTKJIOHGHUs OT PABHOBecHWH, JOJIKHO B BecbMa rpyboM NpHOIMKeHHE COBHAJATH
¢ paccrosiHdeM, OIPOXOAMMEIM HOCHTEJeM TOKa 710 ero peKomMOuHanum. IT0 He cpasy
BUIHO m3 BHpaykeHmit (29.37) naa nuddysuonnux miawH L, # Ly, ofHaKo BHABIAET-
cs1, ecaum mepemucars (29.37), ucmoasaysA a) cooTHomeHma OiEmTeitHa (29.30)
Memxay xoddunmenrtom puddysmm m momgBmIKHOCTBIO, 6) dopmyny Hpyme (29.28)
mam (29.29) maa momBE:KHOCTH, B) cooTHOomeHWe Y/ muiy = 3/,kpT Mmempay cpen-
HAM KBaJpaToM CKOPOCTH HOCHTEeNA W TeMIepPaTypod W r) omlpefieleHue £ = vy,T¢0l
cpeinedl AAMHEL CBOGOJHOTO mpoGera HOCHTENAS TOKA MEKAY CTOJKHOBOHHAMA,
Tlpofenas 9T UONCTAHOBKH, HaXONHM

1
Ln = (__T'n'—) la’gm

3,‘;:..011
. 1/ (29.39)
LP:( 3T£u ) 4y
P

Ecan npeimonosRuTh, 970 HaNpaBlIeHKE [ABIKeHHI HOCHTENA HOCHe Kamoro CTOJK-
HOBEHHSA IPOW3BOABHO, To /N mocienoBaTeAbHHX CTOJKHOBEHHH MOKHO paccMaTpu-
BATh KaK caydaiiHoe GaysjaHme C maroM AJUHOX £. Jlerko mokasats '), 4ro mpm
TaxkoM OGIOy/KIaHUE MOJHOe cMemeHde coctaBaser NYz£. IIocKoAbKy 9HCI0 CTOIKHO-
BeHUi, KOTOpHEe HOCHTeJb MOKET MCIETATh 32 BPeMs PeKOMOMHATINK, PABHO OTHO-
IIEHUWIO BPeMeHN DeKOMOMHANWE KO BpeMeHH MEKLY CTOJKHOBEHHAMHM, BEIpajKe-
Husa (29.39) meiicTBMTENBHO MOKA3HBAIOT, 4YTo AudOY3NOHHAA JAKWHA €CTh Mepa pac-
CTOSAHUsA, KOTOPOe MOKeT NPOHTH HOCHTelIb N0 peKoMOMHAIMH.

1y Cm., mampumep, wmurm [1, 2%*].
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Vcenons3ys THONYIHBIE 3HAUEHHs BpeMeH MeK[y CTOJKHOBeHWAME H (TOpasmo
fosiee HAWTENBHHX) BpeMeH peKoMOWMHALIWHM, mpuBefeHHEle Ha cTp. 223, HaxopuMm
uz (29.39), aro guddysuonnas pamua cocrapasier ot 102 mo 10° cpeguux pamm cBo-
fopgHoro mpobera.

Mpl MOeM OIEHUTH BeJUUYUHB TOKOB reiepaliuy, BXOAALUX B OPMYILy HNJs
BOJBTAMIOEPHOH xapakTepucTHEH (29.26), BHpasuB #x gepes gu(Qy3MoUHLE JIMHEL
¥ BpemeHa j;Ku3HE HocutTeaedl. OTMeTHM BHA4ale, 9TO IO OIPEMEJEHUI0 BpeMeHH
JRU3HN OPHU TEIIOBOM BO3GY/K/IeHHE CKOPOCTH TCHePALUN EPOK B efuHmIe 00beMa
paBHa p}/tp. B caydae ecau AHpPKa BO3HUKIA HA PACCTOAHNH, MeHbeM AnPdysnoH-
HO# pgamHE L, oT rpaHmmsl 00efHEHHOTO CHIOs, CYLIECTBYeT GOJblias BEPOATHOCTD
TOTO, 4TO [LIPKA HomajeT B o0eJHeHHHH cioll (w 3arem OGymeT GrcTpo mepebporneHa
B n-obxacts), He ycHeB pexKoMOmHHpoBaTh. llooTOMYy KOJMYECTBO TepMHUYeCKH
reHepUPOBAHHEIX AHPOK, OpoTeKaoMmux 3a 1 ¢ wepes efuumunyio mnomanaky B oben-
HeHHE# ciioil, mmeer MOPAROK L,p¥1,. llockoasky p) = ni/N,; umeem

gen i Lp
JY #( Nd)?, (29.40)
U aHAJOTHYIHO
2
Jeen (.;_)én_ (29.41)

CyMmMa [EBYX TOKOB reHepanum, Bxojsamas B (29.26), naswBaercst mokom Hacwi-
wenus, MOCKOJBKY HTO MAKCHMAJNBHHEN TOK, KOTOPHA MOKeT Te4h yepe3 Iepexof,
KOTJla HampssKeHme V oTpuUuaTelbHO (T. e. IpH «oOpaTHOM cMelDaloneM Hampssxe-
Humy). llocKoapKy 7TeMIepaTypHas B3aBHCUMOCTH R} ompefeaseTcs MHOKHTEIEM

e~ELe/kBT [em. (28.19)], TOR HACHIENMA CYIMECTBEHHO 3aBECHT OT TeMIEPaTypH.

BOJIEE NETAJIDHAA TEOPUA
HEPABHOBECHOIO p — n-IIEPEXOIA

Vcnoapsys moHsatmsa apeiioRoro W nudy3mOHHOTO TOKOB, MBI MOKEM HATh
Oojee meTaJbHOE oUmHMCaHWe HPOLECCOB B p — n-mepexone mpu V 0. B pasuosec-
HOM p — r-Tepexojie HMEIOTCA JiBe XapaKrepuble obgacrn: o00eHeHHHH CJI0i,
B KOTOPOM BeJUKH 3HATEHUs HOJsA, 00BEMHOTO 3aPsija U IPajieHTOB KOHIEHTPAIUH,
¥ OfHOPOmHBE oGsacTu BHe 00E[HENIOT0 CJOM, Tje 9TH 3HAYEHHSA BeChMa MaJibl.
B nepaBHOBeCHOM cayuae IpaHMUBl Tex oOjgacteil, Ije MaJbl DIEKTPUIECKOe IOJe
7 00LeMHBIA 3apAf, He COBHANAIOT ¢ COOTBETCIBYIOMIMMU TPAHUIAMHA AJA I'pafgueH-
T0B KoHeHTpauuii. llogromy mpm V =£0 B p—n-nepexojie uMeioTcs He ABe, a TPHU
pasaugHble 00jacTd (XapaKTePUCTUKU KOTOPHIX B KOMIAKTHOM BHME IPHUBECHH
B taba. 29.1).

1. Obeguennsiii caoii. Hak n B paBHOBecHOM clydae, aTo 00;1aCTh, B KOTOPOH
BeJIMKHA 9JIEKTpUdecKoe moJe, 00beMHHE 3apsAM W IPajueHTH] KOHIEHTPAUWN HOCH-
texeir. 1lpm V s£0 obemmenssiii caoit, corsiacHo (29.20), okaspiBaeTCH yiKe HIAHU
mupe, 9eM npu V = 0, B 3aBECEMOCTH OT TOro, KaKO#l 3HAK HMeeT HampsiKeHme V;
HoJI0MRUTeNBbHEIH (IpAMOe cMelaioniee HaIps;Kelye) UM OTPHUIATeabHEL (0GpaTHOE
cMemaiolee HalpsKeHne).

2. Juddysuonnnie odmactu. ITo 06,7aCTH, IPUMHKAWINAE K I'PaHUIaM 0GeXHEH-
HOTO CIOf W WMeoIue ToAIMUEy Hopsgxa nudQysnoHHOd JITHK], IIe 3JeKTPHIeCKoe
nojde m 00'beMHBIA 3aPAM MaJH, HO Te COXPAHATCS 3aMeTHHe IPajHeHTH KOHIEHT-
panum (XOTs OHM W He CTOJhL BeJIHKM, KaK B o0efHeHHOM CJoe).
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Tabauya 29.1

Tpn xapaxkrTeprble 00JacTm p — n-UepPexoAa
upH OTIAMYHOM OT HYIA CMEIAlIieM HANpsiKeHnn )

OmHOpONHAS HduddysroHRasa Obenuen BBl HuddysmonHans OnHNPORHAA
obnacrb obnacrb cuolt obJiacTb ofacrs
p-THNA +~—0 (Lp) ——=[e—d~ wdy——|+—0 (L) —= n-TROA

dunexTpudecKoe

OJIe Wiau 00%- MaJH BeJHKEN MAaJIBI

eMHHI 3apafn
Vp, Vn MAJIBL BeANKR MaJIhl
D BEJHKA Maja
n MaJjaa BEJIHMKA
drift ~ i i ~ ~
iyt & ] o Y ~ 0 ~ 0
Ldiff . . R o~
joi ~ 0 o (7) b 0 (j) ~0
it ~ 0 0 () i 0 (j) ~ 0
drift » - . , .
le T ~ 0 ~ 0 >7 0 (]) ~

a) Tloaosenne ¥ mupuHa obsacreft yrasausl B Bepxy Tabioupsl. B crosnduax s kasmpoit obxacrm
yHas3aHbl NOPANKHA BeJUYMH OCHOBHBIX (M3UUECKHX XAPAKTEPUCTHR P — n-Iepexoia.

3. OnHopognsie o6mactu. Bue puddysnonnmx obaacreit u sneKrpudecKoe moJe,
¥ 00BeMHBI 3apAN, ¥ TPagUenTH KOHIHTPAIME OYeHb Majbl, KAK B B PaBHOBECHHX
OJHOPOAHHX 00JacTsX.

B paBHoBecHOM caydae mudysmorHas obaacrs (2) orcyrcrsyer. OHa BO3HH-
kaer upu V £0 mo cienyomigM IpAIEHAM,

ITpu pasroBecun (V == () msMeHeHMe KOHIEHTpaNmWii HocuTeJed B oGegHeHHOM
cJioe KaK Pas MOCTATOYHO 1A CIIUBKA PaBHOBECHLIX 3HAUGHMIT B OMHOPONHEIX o0ua-
CTAX, Tjle KOHIeHTpaums BHCOKa [n, (c0) = Ny, p, (—o0) = N,], ¢ paBHOBECHH-
MH 3HAYEHMAME B OTHOPONHEIX 00JaCTAX, Iie KoHlmeHTpanusa HusKa 1) [n, (—o0) =
=n;?/N,, p, (-+o0) =n;%/N4l. OnHakro, Karg Ml y:e oTmeuagm, opu V =« 0 mupn-
Ha 00eNHEeHHOTO CJOS M BeJUUYMHA T3MeHeHNSA HOTeHIHMAJa B (J0e OTIHTAIOTCH

1) OGcyxaas Bume ORBOPOREEIN caydail, Ml CYNTANH, UTO KOHLEHTPAILUS HEOCHOBHKX
HOcWTedeil (T. e. ee PaBHOBECHO? 3HAYEHNE B ONHOPOARON 0oGJacTH ¢ HU3KOH KOHIEHTpamwmei)
OpuGRIrKenHo PaBHa HYJIO (cM. npumedanuce 3 Ha c¢rp. 215). 910 MMeN0 CMEICH, MOCKOJBKY MbL
paccMaTpiiraill TONBKO INIGCTHOCTL O0TLEMHOTO 3apAjia, B KOTOPYIO HEOCHOBHHE HOCHTEIN BHOCST
ogenb Malslll BRI IO CPABHEHUIO C OCHOBHLIMU HOcHTexsmu. OJHAKO BRKJIAIOM HEOCHOBHEIX
HOCHIENeH 1 TOK yiKe HeJn3st npenedpeds, TaK 9To HEOOGXOANMO MCNONB3OBATH NPHBEICARLIE 31ECh
8HAYEHNA KOHIEHTPAIHil, KOTOPHeE OIPeeNsA0oTC KOHIEGHTPAIUAMMY OCHOBHEX HOCHTeJlelt u 3aKo-
HOM JeACTBYIONHX Macc.
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0T paBHOBecHNX 3HaueHmil. CiemoBaTenbHO, W3MeHeHUe KOHIEHTpanuil HoCHTesei
B Cjoe yie He OymerT paBHO PasHOCTH Me/RIY PABHOBECHHIMUW 3HAYEHHAMHU B GRHO-
pomunrx ofaacTax (B ABHOM BHUie 3T0 Gymer Nokasamo Hmke). Otciofia BEITEKaer,
970 [OJKHA HOABUTHCA elle ofHA 00JacTh, Tme KOHIEeHTpAauuH BOCHTeled IIaBHO

V>0

+ -
il

Pu(-dp)=Ng+n.(-dp)

T |

| |

| | Puldp)=

| | =po(eole"T

! ! ooy = 1.

: Py(oo) = Ny
0(Lp) dntdp 0(L,)

d + d}‘;
@ur, 29.6. KoaneaTpanusa AHPoK (RUpHAs Kpusasd) B p — n-Tiepexofie upn V > 0 (IpaMoe Cie-

mapiee HalpsyKeHUe).

CILJIONIHBe BEPTHKANLHBE JHHUE OGO3HAYAICT IPAHNIE OGEHEHHOr0 CA0A W aupdysuoHHEX obnacreit. OGparm-~
Te BHUMaHME H2 DPASPHB BePTHKAJBHON IMKaAH. [liiA CPaBHEBUA TONKOM Nupned n3o6parkeHa IJIOTHOCTH IBIPOK
opu V = 0 (B OTCYTCTBIte CMEMAINEr0 HAUPMHKEHNs), & IITPHXOBHINM BePTUKAIBHNMU IIPAMEMA-—TDAHUIE 06ex~
HEHHOIO CJ0A B 9TOM cny4yae. HOHIeHTpauus 8leKTPOHOB Befer cc0A avanornyssM ofpason. Ipn V < 0 (o6par-
Hoe cMmemalolilee HanpsmKeHne) INOTHOCTL AMPOK B nnddysnonnoii ofiactit mamaer HiKe ee aCHMITOTHNECKOTO
sHadeHMsg. OTMETHM, 9TO, XOTA M3MEHeHME KOHNEHTpalUnM HOCHTeJell noj AeiicTBHeM CMeNIAONMIEr0 HAODAMKeHEA
HMeeT ONHY M TY jKe BeNWIMHY B ofGeux MrpPysnouspx 00IacTAX, B p-00Jacty OHO COCTABIAET COBEPIIEHHO
He3HAYHTEIbHYIO YacTh NONHON KOHIEHTPALMN, TOTAA KakK B n-06JacTH MH MMeeM GONLIIOe OTHOCHUTEeNHHOe W3Me-
HEHHE.

U3MEHAITCH 0T CBOMX 3HAUeBHME Ha rpanmnax o0egHEHHOTO CJ0O# [0 3HAYEHMI,
OTBegawIuX GoJjee OTHAJEHHHKM ONHODPOAHBIM obaacTam (gur. 29.6).

B raba. 29.1 cyMMupoBaHH BCe DTH CBOHCTBA, a TaKKe yKasaH XapaKTep
u3MeHeHNA ApeiifoBoro m AUPPY3MOHAOro TOKOB DIEKTPOHOB M JAWPOK B KajKIOR
u3 tpex obxacreil IpW IpoTeKaHUE TOKAa | depe3 p--n-mepexch !):

1. B o6ednennom cioe cymecTByIOT Kak ApefidoBble, Tak u nu)QysncunEe TOKH.
B papHOBecHOM ciayYae AJA KajKIOTO TAIA HOCHTEleil OIM PABHE I IPOTHBOMOJIOK-
HH [0 HaNPaBJEHUIO, TAK 4TO CYMMADHKNI 3MeKTPpOHNLIHA WX AHPOYHEIA TOK pPaBeH
Hyaio. B HepaBHOBeCHOM cllyJae CyMMapHEI TOK depe3 o0GefHEHHHHR ciao# 06ycioB-
JeH TeM, 4TO AJiA KaKIoTo THHma Hocutenedl RpeddoBEi M AudysHOHHNA ToKH

1) B cTal@OHADHOM COCTOSHHMHU TIONHLII DJICKTPUYECKUiT TOK B IepeXojie HOCTOSAHEH: | HO
MOKeT 3aBHCETh OT Z.
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caerka HecOanaHCUDPOBAHH, T. €. W APed(oBEIH, n qudPy3HOHHEIN TOKH B OT/IEJdb-
HOCTM BeChbMAa BeJIMKH IO CPABHEHMIO C HOJHBIM TOKOM. [[0CKONBKY MH IOCTDOMIH
DOJHYI0 KapTHHY TOKOB B IiepeXOfe, 9T0 JeI'KO IoKa3aTh crporo (cm. samagy 4).
Taras cuTyaunms ABIAETCA CJIEACTBUEM OYeHDH GONBIKX 3HAYEHWH SIEKTPHUICCKOTO
IoJA ¥ IPajueHToB KOHOEeHTPAauuil HocuTesedl B o6eHeHHOM cjoe {ITO ¢ M30OHTKOM
KOMICHCHPYeT MaJiylo KOHIEeHTpanmulo HOCHTeNeH).

2. B ougppysuonnvir obagcmar KOHIEHTPAIUH HOCUTeJNed OJMMKe K 3HAYCHUSM,
XapaKTepHEIM JUJIsA OgHODPOOHEIX obmacreil. HoHuenTpamms OCHOBHHIX HOCHTeJel
CTAHOBUTCH CTOJH GOJBIIOH, YTO COOTBETCTBYIOMUA APePOBEIA TOK BeChMAa 3HAYH-
TejeH, XOTA HANPAKEeHHOCTh IOJisi B HaHHOM ciaydae odeHp Mmana. JlpeddoBrit ToK
HEOCHOBHBIX HOCHUTeJeil OpeHe6pesKUMO MaJ IO CPAaBHEHNI0 C TOKOM OCHOBHEIX
vocurenet. Tlockoapky B nuddysnoEHON 00JacTu KOHMEHTpAOMH HOCHTeNed Ipo-
TORAIOT MEHATHCs, 00a AuPy3noHHEX TOKA (IpONOPHHOHAJHHEE He KOHIEHTPA-
OUusAM, a4 WX IPAagHeHTaM) WMe0T 3aMeTHYK BeJuuuHy. TunnmuHble 3HAUEHUA BCEX
TOKOB B qudy3uoHHOR obgacTd, 3a UCKIIOUEHHeM HNpeHeOPEeKUMO MaJjioTo mpeitdo-
BOT0 TOKa HEOCHOBHHIX HOCHTeJieli, COBOANAIOT IO MOPAAKY BEJUIHHE C j.

3. B o0nopodnwx o06aacmsar nud@y3noHHbNe TOKU NpeHeOPERAMO MaJH U IIOJ-
HHIl TOK HIPAKTHIeCKN COBIANaeT ¢ APeitoBHIM TOKOM OCHOBHEIX HOCHTEIeH.

Pacuosiarasg kapTuHO# npeitoBrix u ANPPY3HOHHEX TOKOB OTHENBHBIX HOCH-
TejeH, JeI'KO BHYUC/AHTH HOJHHI TOK j Wepe3 Hepexof HpHW 3aJaHHOM 3HadeHHH V.
Yro6Hl yOpPoCTUTh PACCMOTPEHUE, CIeNiaeM ellle OJ(HO IpejIofosReHne 1): MomycTuM,
YTO HOCHUTEJHW CTONEL GHCTPO HpoXomAT gepe3 OOeMHEHHHI CJ0OH, 4TO BHYTPH HeTro
reHepanueit W peKoMOuEanmeir MoyKHO mpeHeOpeds. Kcam 310 TaK, TO MOJHHE TOKH
DICKTPOHOB W AHPOK J, u J, 6yAyT ofHOPOAHHME B 00eIHEHHOM CJIO€ IIPU CTAIHO-
Hapuom pesxume. CiuemoBaTenpHo, B BHpameHmu j — —eJ,+ e/, pasg moaHoro
TOKA MK MOMKGM IO OTHEJBHOCTH BhumciIuts J, m J; B Tex Toukax oGeqHEHHOTO
ca0s, Tie HaM yno0Hee BCeTO 3TO CAeNnaTh. JJIeKTPOHHBIA ToOKR yjno6Hee BceTo BRIYHC-
NATH B TOYKe, JejKamiedl B p-obiacTu Ha rpaHuUIe MesKAy oOGeqHeHHEIM cjioeM #u aud-
$y3umoHHOR 006JacThIO, OHPOYHHE TOK — B TOYKE, Jieskalleidl Ha OPOTHBONOIOKHOMN
rpanune cjios 2). Ml MomeM mosToMy 3amHCaTh

j= —ed, (—dyp) + ey (dy). (29.42)

Taroe mpepcraBieHWe I0Je3HO, HOTOMY 4TO HA TPAHUIAX MeRAy obemHeHHHIM
caoeM U AUGPY3UOHHBIMA 00JaCTAME TOKH HEOCHOBHEIX HOCHTENEeH HMEIOT YHCTO
naddysmonnnii xapakrep (cm. ta6a. 29.1). CaemoparenrsHo, ecanm OB MH HANLIH
KOOPHEHATHYI0 3aBHCEMOCTH KOHmeHTPALMY HEOCHOBHHIX HocHTeled B muddysmon-
HBX 06/acTAX, TO MOTJAH OH CPasy BHUMCINTH COOTBETCTBYIOIIME TOKU, MCIOJb3Y:
dopmyusr (29.27) (mpu £ = O):

dng
Je(—dp) = —Dx dr x=—dp’
L tdo— . P (29.43)
h( n) P dr |x=d *
n

O@HAKO, TOCKOIBKY ApeiioBrle TOKH HEOCHOBHEIX HOCHTedeil MpeHeOPesREMO MAaJH,
KOHI[eHTPAAH He0CHOBHEIX HOCUTeJIe# YHOBIETBOPAIOT ypaBHeHuIo nuddysnu (29.36).
Odosmagum wepes p, (d,) KOHNEHTpaNWi® AHPOK Ha rpaHmOe 00eJHEHHOTO CJIOA
B n-o6JacTd; TOrAa OPU ydeTe TOro o6CTOATENHCTBA, 4T0 B 1-00/1aCTH BRAJH OT DTOH

1) OGeuHO 0HO TOME BHIOJHseTCSA. Llorja 9To He TaK, HY)KHO IHTeTPHPOBAThH B Hpefexax

00eJHEHHEOTO CJI0SI MOJHYIO CHCTeMY ypaBHCHUI.
2) B nipuBe/leHHOM BHIIe Gollee DIeMEeHTAPHOM DPAcCMOTDEHHII p — n-IePexofa Hac TaXrkKe

WHTEPECOBaJ TOK DHJICKTPOHOE, BO3HUKaoIMil B p-obiacTu, u Hao6OPOT.
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TPAHHLH p, CTPEMHATCS K 3HAWeHUI0 p,(o0) = ni/N,, pemenne (29.38) ypapHenni
aupdysum (29.36) mpuEEMaer BHL

Py (x) :'j%+ [pv (dn) -

AHaI0ormyHO BHpaKeHNe [JA KOHIEHTPALUN DIeKTPoNoB B Inddysuonnoi obaacru
¢ p-CTOPOHBL HMeeT BUJ

"1 (x—d )L
NdJe c=dpllp 2>, (29.44)

e (2) =t [ me(—dy) = | €51, o —d (29.45)
c =N, c p Ng ’ = p* '

Iopcrapadasa 5TH KoHOeHTpanum B coormomenus (29.43), HAXONHM TOKHM HEOC-
HOBHHX HocuTeJieili Ha rpaHunax o0egHeHHOTO CJIO:

Jo(—dp) = == ne (—dp)— 5|,

©(29.46)

Dy n? .
Tl =75 [ pod) 57 |
ciegoBaTeapHe, MIA HOoIHOTO ToKa (29.42) umeenm
i <Dn oy, P M 99.47
]- Ln [nC( dp) NaJ i Lp {pv(dn) Nd;l. ( ‘ 1)

Ham ocramockr TonpKO HalTH, HACKOABKO KOHLEHTPANHWH HEOCHOBHBIX HOCH-
TeJe#l OTIWYAIOTCA OT WX PABHOBECHBIX 3HAUEHW Ha Ipanmiax oleflleHHOTO Cilod.
B paBHOoBecHOM Cjydae MB HaXOjMIU U3MeNeHne KOHUEHTPALUN HOCHTeded B Ipefe-
aax o0eIHeHHOTO €JI0A, WCHOAB3yA pPaBHoBecHble Bhparkenua (20.3) mis KoHIEHT-
panuil HocuTenxedl B 3ajallHoM HoTeHImade ¢ (x). Bmmre MH oTMmeuanu, 4T0 OTH
BBIDQKEHNA BEITEKAIOT W3 TOTO, 970 B paBHOBeCHH fpeiioBEe TOKU PaBHBL oaddy-
3WOHHBIM [0 BeJUYUHEe W UPOTHBOMOJIOMIB UM 110 HanpaBJeHulo. B HepaBHOBECHOM
ciydae, BooOme rosops (Hampumep, B aud@ysnorHoit obaactn), Apetifonyie U -
¢ysmOHHEe TOKE He KOMIEHCHPYIOT ApYr APYra M cooTHomeHusa (29.3) me BHIOJ-
HAoTca. OpgHaKo B o0egHEHHOM cJjoe CymecTByer npuGIm3mTelbHOe DPABEHCTBO
Megy npengoseivm n auddysuonmmvm Tokavu !). CieroBaTelbHO, B PazyMIioM
NPUONMKeHNY KOHIeHTDAaIU® HOCHTeJNell ToNumHsjoTCA BHpaskenuan (29.3),

namensasace B e¢29/kpT pas npu mepexope uepes ofefHEDHBH CIOHU, T. €.

re(—dp) =ng(dy) e BT — [n, (d,) eV nl T T,

Po(dy) = py(—dy)e s = [p, (—d,) e Do T] VBT,

(29.48)

Ecan eV < £, 1o BeamunBa V Maja 0o CpaBHeHUIO ¢ (A¢), U KOHIEHTPAIUE ie0C~
HOBHHIX HocuTedeil [n.(—d,) u p, (d,)] ocrajoress maasiMm Ho CPaBleHHI0 C HX
BHAUEHUAME B Tofi 06aacTH, Tae OHU ABIAIOTCH ocHOBHBME [(n. (dy) 1 p, (—dp)l,
Kak 510 mMeeT Mecto npu V = 0. CaemoBatensno, yciaoBusi o0palleHus B HYJIb
o0beMHIoro 3apsja Ha IPAHUNAX OGEHEHHOTO CJios

ne (dn) — Py (dn) - Ndv
Py (—dp) —n . (—dp) = N, (29.49)

OIpefielIAI0T 3HAYeHWUs KOHIEHTPANUil OCHOBHBIX HocuTede#t n,. (d,) u p, (—dp),
KOTODHIE OTAMYAIOTCH OT WX PABHOBECHHIX 3HaueHmit Ny m N, TONIBKO MHOMKHTEIEM,
fnnsKuM K epuHHNe. IlostoMy ¢ BHCOKoit TouHoCcTEO Tpm eV & E, GyZyT BHIOI-

1y 3ro mowasamo B 3ajave 4.
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HATHCA PABEHCTBA
—e(Ad)o/kp Ty VIR AT
ne(—dp)=1[Ng4e ¥F BT e B,

29.50
Dy (d,) = [Nae"’(A¢)°/hBT] eeV/kBT’ ( )
HIU OKBUBAJIGHTHO !)
"P VR, T
nc (_— dp) = _jv—— 4 B [}
a
"} eViRgT (29.51)
1 e
Py (dy,) = Ny e '"BY,
Ilopctapnsaa »1n peayiabrTaThl B BripaskeHue (29.47) mas HOJNHOTO TOKa, HAXOMUM
= en} (—2n Dp ViRpT
]—enl< LN, + Lde ) (e 1). (29'52)

dta Qopmyna mmeer Bup (29.26), rpe TOKH reHepauUM 3aNWCAHE B ABHOM BHfe:

chn:( n} ) Dy,

N, | Ly
gon s\ Dy (29.53)
I =) T

Ecam ¢ momompio coorHomenunit (29.37) mckaioduts KoapdunueHTH AUPHy3UH,
Bxopsamue B (29.53), To BRIpasKeHuUA NJA TOKOB TeHepardd COBHANYT C Ipy6GrMu
ouenkamu (29.40) n (29.41).

SAJIAYI

1. O6ednennviii cr0li nPU MePMOIURAMUMECOM DABHOBECUU

a) IToxaskuTe, 9TO €cau COXPAHHUTH A KOHIEHTPANWH HOCHTeNeH TOUHHE (B HeBHPOMKIEH-
moM cayuae) Qopmyant (29.3), To ypasrenue Ilyaccona [KoTopoe MH anppPOKCUMZDOBAIN B TEKCTe
ypasaenuenm (29.13)] cBogurca K caepyiomemy auddepeanuaibEOMY YpPaBHEHUIO s NePEMEHHON
P = (e¢ + p — w)kgT:

d? AN
RS (shw———z—;l(ii)—) : (29.54)

rie K% = 8nn;e*/kgTe, AN (z) — upodnns nermposamua, AN (z) == N4 (z) — N4 (2), a n;
M U; — KOMLEHTPAIA HOcHUTeJel M XmMmdecKHil noTeHnnaya B obpasne Ges mpuMeceil IpH ToMH ke
Temneparype.

0) B rmexcre paccmaTpuBalicsl caydail p — n-Lepexopia, H3TOTOBIEHHOTO M3 CHJIBHO JeTH-
POBAIHOrO MaTepuaia, B KOTopoM N4, N, > n;. B IpoTrBONcnoKIOM Lpe/leIbHOM cliydae caafo
JIrNPOBAHHEOTO PAKTUYECKH COGCTBEHHOro LOJYIPOBOJUIKA, B KOTOPOM

n; >> Nd: Nav (29.55)
MBl MOKEM C BLICOKOU TOYHOCTBIO HANTH HIEKTPOCTATHYECKUH MOTEHIMAN HOPH IPOU3BOJLHOM
npodirne Jrernposamns, feiictsys caenyronmM o0pasoM:

1) ITyers P € 1, Torma shp ~ ¢. ITokamnre, 9ro B 9TOM Ciydae pemenie (29.54) MOMHO
sanucaTh B BUIC

[ )\ AN (&
Vo= K | e s 2D (29.56)

2) Ioxrasure, 910 M3 9TOoro peuienms npu ycaosui (29.55) pneiicTBuTeabHO clegyeT, 9TO
P € 1 B coOTBETCTBUH ¢ HNCXOAEBIM JONYIIEIEM.

1) Bror pesyanrar caenyer us fopmyx (29.6) mam (Ad), u (28.19) mus n;. On Taxske Hemo-
CPe/CTBEeHHO BHITEeKAeT U3 TpeboBamus, 9To0m Bhipamennsa (29.50) upu ¥V = 0 paBanu mpaBnIbHME

PAaBHOBECHEIe BHAYEHHs KOHNeHTpauudt n, (—dp) = n%/Na " pp (d,) = n%/Nd-
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3) [Moramkute, 910 ecan AN sapiasgerca (ymxuueir 6osee weM OgHOH KOOPHMHATH, TO B
¢aydae mo9ty COOCTBEHHOTO HOJYIPOBOTHUKA

e—K[r—r’l
¢ (M=e | ar'AN () . (29.57)
v' II'~—I' '

4) HaiieHHE{1 BHIIe TTOTOHNMA MUMECT TAKOM jKe BU[], KaX I MOTeHNUAJ MPUMECH B MeTaJIe
fpn sKparnpoBarny Tomaca — Depmu [cm. (17.54)]. [Toraxure, 910 BOAHOBOH BeXTOp TOMaca —
@opmu [cm. (17.50)] gma rasa cBoGOMEHX 3JEKTPOHOB OMPENENACTCA TOYHO TAKHM 7Ke BHIpajKe-
HueM, Kax n K, eclid 3aMEHUTD Vg CcPegHell TemIoBoil CKOPOCThIO, oTBeYaoIell cratucture boabI-
M3aHa, & KOHIEHTPANUIo HOCcUTeIeil IPHAATL paBHON 2n;. (OTRyna Gepercsa mmokuTexanb 2?) Bemn-
gpna K npexcrapiaser coboll gamEy skpamupopanns B rteopum ebag — Xioxreds.

B) HexoTopoe mpencraiepue o6 ofmem pemennn ypaBuenns (29.54) MOKHO IOTYIHTH,
€CaM TPOCTO TIPOMBBECTH 3aMeHY HepPEeMEHHEIX

P —u, z—>t, Kz——>—r1n— (29.58)

Torjla ypapueHHe OIMCHBAET CMEIIeHHe U JacTULl C Maccoil m, ABMRymENcH Ioj [eicTBHeM
CILINE, 3aBHCAImEIl OT KoopAWHEATH (u) u BpeMenu (t). B caygae peskoro mepexoga sra cujia He 3aBH-
CUT 0T BpeMCHU [0 W mocje MoMeHTa ¢ == (. M306pa3ure CXeMATHIECKN «IOTeHIMANLHYI0 HED-
THIo» Jio U nocie ¢ = 0 ¥ MOJYINTE ¢ MOMOINHIO Balllelf CXCME KaueCTBEHHOE [OKAa3aTelbCTBO TOTO,
9T0 peuleHne ypasHeHusa (29.54), KoTopoe ¢TpeMMTCA K IOCTOSTHHAIM BHAYEHHAM IIpH £ — 00,
MOKeT 3aMETHEIM 00pasoM MEHSTHCS TOJIbKO B OKpecTHOCTH z = (.

r) Hexoma us 3aKoHa COXPAaHEHMs «HEPTMM» A0 n mocie ¢ = 0 B ONUCAHHON BHINe MeXa-
HAYECKOI MOIENN DPe3KOro llepexofa, HOKaKMTe, 9Te TOYHOE BREIPajKeHHe JJiA NMOTeHnpajka IpH

z = 0 mpepcraBaser cofoit cyMmy npubiamkerHOro perdenust (29.14) u nompasku A¢, MMenImeh
BUJL

kgl (VNETGR— Y NI
o =—=E( e ). (29.59)

Ofcynure, HACKOABKO BAAKHA 9TA MOMpaBKa K ¢ M HACKOJABKO HANC/KHKE 3HAUCHMA KOHIEHTPanuil
HocuTe el B 00eiHeHHOM cioe AatoT gopayds (29.12) npu nCnonb30BaHNE NPHOIMKEHAOTC pelle-
Bnst (29.14).

m) Kark m B p. «1r», gafijure n obcynuTe TPpHOIMIKCHEOS M TOYHOE BRpPAMKeHUA JJs HAIPA-
JKeHHOCTH 9JIeKTpUIecKoro Imoxs npu z = 0,

2. Boleod coomuowenuil Jiinwmerina w3z vunemurecroti meopuw

IToxrasknte, 910 HeHOMEHOJOrMICCKUE COOTHOMEHH (29.27), cBA3HBAOIIME TOKY PA3NNIHEX
ROcuTeldeil ¢ DIIEKTPHYECKHIM IIOJeM M TPagMeHTaMH KOHIEHTpAauNd HoCHTeNeH, clefyioT u3 die-
MEHTapHOTO PACCMOTPEHHs KNHETHKH mpolecca (moio6Horo mposeflearoMy B ria. 1), ecam B3ATH
nopBuKHOCTH B BHje (29.28) u (29.29), a koodduinentn guddysun B suge

D= % {v?) Teoll, (29.60)

Ioxakute, 910 cooTnomerns ditmmTeiina (29.30) BHT0/LHAIOTCS, 6CAN cPefHUil KBAIPAT TEIIOBOM
ckopocTn (v?) ompefessieTcss CTaTHCTHKOI MaKcneama — Boabnmana,

3. Coomnowenua IiHWMENHA 6 GHIPOHIEHHOM CaAyuae

Hasi BEIDOKIAGHHKX REOJABOPOJHEIX LOJYIPOBOJHNKOB HEOOXOIHMO CeflylOmMM OGpasoM
0600muTs BEpazkerua (29.3) IS paBHOBECHHX KOHINEHTPANUIl HOCHTeJeil:

ne (z)=nd (W4 (x)),
° (29.61)
Po (z)=po (1+-ed (2)),

0 0 .
re ne (W) ¥ pp (W) — KOHIERTPALUM HOCUTeNell B ONHODOJHOM TOJIYNIPOBOJHHIKE, PACCMATPHBAE-
MBIe Kax QYHKIUM XMMUIECKOTo IOoTenluama 1):

a) Iloraure, uto Buipa;renne (29.9) nna A¢ n npedwecmeywwyas emy unmepnpemayus Cie-
aylor HemocpencTsenio w3 (29.61).

6) Hemmoro o6o0muB paccMOTpeHue Ha cTp. 221, MOKaKHTe, UTO

1 on 1 ap

HnZCDnT—EF N Hp=-—€Dp———‘, (29.62)

1) Ormernm, 9ro ysxumoHanpEAA dopma rl (B) u p? (n) ne sasucum oT cremenH nerupo-
BAHHNA (XOTsA, KOHEYHO, OT Hee 3aBUCIIT 3HAUEeHMe W).
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B) Jas oImMcaHNs HAXOJANMETOCS B HCPABHOBECHOM COCTOSHHNHU HEOJNHOPOTHOTO WOAYIPO-
BOJBEIKa ¢ KOHIEHTPanMUAMU Hocureteil n, (2) M p, (z) MHOTZA BBOJIST K6ASUTUMULECKUE NOMERYUA~

A5 3IeKTPOHOB M TBIPOK 1), I, () B fih (), KOTOpHIe BROMPAIOTCs TAaK, YTOOM KOHIEGHTPAIUA HOCH-
Tesieil 1MeJu paBHOBECHYIO dopmy (29.61):

ne (z) = nl (e (z) + € (z)),
Po (z)= DY (un (2)+ e (2)).

IlorasknTe, 4TO B cuay cooTBHoIIeRuil Diipmreiiva (29.62) cymMMapHEE TOKH 3JEKTPOHOB M IHPOK
(muddysnonnsie mwaroc fipeiioBric) OMICHBAITCA BBIPAKeHHAMU

1~
Jo= ""l‘*nnc'd—af - Ve (z),

(29.63)

L (29.64)
Jh=P«pvaLTTP'h(I)-

OTMmeTuM, 9r0 3nech N J,, M Jp MMEIOT BIT 91¢TO APelipOBEX TOKOB B BJeKTPOCTATUYCCKOM ITOTEH-
r~ ‘
muare ¢ = (—1/e) p.

4. Apeiighoevte u dudhpysuonnvie moru 6 06CIHEHHOM CA0E

B ofejmennon Cjoc DIEKTpAYECKOe Tlojle €CThL Bealunma mopaaka Ae¢/d, d = d, 4 dp,
a KOHLCHTpanuu HOcHTeaell Beajie B cjloe, KPOMe ero TPaHill, CYMECTBCHHO MIPEBHINAX0T 3HAYeHAA,
XapakTepuble /A TeX objactell, rpe maHHHIT T HochTeJell spasercss HEOCHOBHBIM. McXomsa
H3 3TOr0, MOKAKNTe, 4TO IIPCAIIOJIOKEHNe, COrIacHo Kotopomy apelifoBhe (a caegoBatelLHO,
n auddy3noEnbe) TOKI B 00eAUCHAOM €JI0€ BHAYNTCJIBLHO NPCRBINAIT GOJHEIT TOK, 09€Hb XOPOHIO
BHIOJIAETCA.

5. Monas 6 uPhyauonnoii obaaemu

[IpoBepbTe NMPEIOIOMEHNe, 9T0 ¢ TICIHITHBACT YPC3BRUAiNO Manble naMeneHust B auddy-
3MOHHOH 00JacTil, OIEHAB DPa3HOCTL IOTEHINAJIOB Ha €€ rpanniax ciaepyomnm ofpasom:

a) HafignTe npeiioBHII TOX DACKTPOHOB NI x = d,,; [JIA HTOro0 BHYICAUTE TOUHO ;uddy-
3IOHHBII TOK, OTBOUAIOINI KOOpimHaTCe d,, I BOCTONB3YiiTeCh HEHPEPHBHOCTHIO TOJHOTO TOKA
4gepes o0ejuCHHHIT cJo0il.

6) 3amcuad, 4TO KONIEHTPALIA DICKTPOIOB B TOUKe d, odcnb Gauska 1 N, saligure BEIpa-
JKeHNE JJIs1 3JIeKTPHICCKOro TOJA B HTOII TOUKE, HCOGXONIMOTe, 9700k BH3BATL npeiidoButil TOK,
BBIIHUCICHHHIT B II. «a».

B) Ilpeamoinaras, 910 1oJe, HaiifieHroe B H. «06», ompepnesisieT MOPAAOK BEJUYNHB JICKTPH-
gecKoro moJsist B aud@ysmomHoll ofjgacTi, MOKAKNTE, WTO N3MCHCHRE ¢ B yKazamHoil obiaacTu
umeer nopsanok (kg T/e) (n;/N ;)2

r) JlcHicTBUTCOBHO JU HTHM I3MErenieM MOKHO mnpenelpedn?

6. Torn HacvlUeHUR

Onennre BeJAWIUHY OJEKTPLYIECKOr0 TOKA HACHIMENIs B p — n-lepexojie MpH KOMHATHOR
TeMIlepaType, €CJI IMPHUHA 3alpenenHoil 308K cocrapiacT 0,5 0B, kopnenrpanus JOHOPOB (MR
axnerntopos) 10® cw~3, Bpemema pexomOunanum 10-° ¢ u anddysuopmbie pammer 10-2 ca.
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1. Reif F., Fundamentals of Statistical and Thermal Physics, McGraw-Hill, New York, 1965.
2%, Peigp @. Craructnueckas ¢uamrxa.— M.: Hayra, 1978.

1) TlocKOILKY DPaBHOBECHE OTCYTCTBYET, BeJUYHHA [, 1i¢ 06A3aTelbHO PaBHA Wp.
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JEOERTHI B RPUCTAJIJIAX

TEPMOJUHAMUEA TOYEUYHLIX JEOEKTOB
JEOQERTHI OPEHLREJNA M IMOTTKYU
OTHUI
SJIERTPOIIPOBOAHOCTE MOHHBIX KPUCTAJIJIOB
IIEHTPBI OKPACRU
[NOJIAPOHEI U 3KCUTOHLI
JUCIORATIUN
IIPOYHOCTH KPUCTAJIJODB
POCT KPUCTAJIJIOB
JEQERTHI YIIAKOBKM U TPATINIIBI 3EPEH

MedexToM B Kpucrajie o0GHYHO HasbBaoT a00yi0 ofGnacTh, Xapakrepmaylo-
Myiocs Ha MUKDPOCKOIWYECKOM YPOBHE TeM, 4r0 HOPAJOK PAacloJOKeHHA UOHOB
Pe3Ko OTJIWYAETCS 0T CBOWCTBEHHOTO WeajikHOMY KPHCTAIAY. B saBmcmmocTn
0T PasMepPHOCTH HMCKUKCHHON objacTu neeKTH B KPUCTAdjie HA3HBAKTCH pByMep-
HBIMU, JAHEHHBIMEA WU TOUCYHHIMHU.

IlogoGHO wuesoBeWeCKHM HemocTATKaM, fe(eKTH B KpucTalnaaX GecKOHeYHO
MHOT006Da3HBl, MHOIHe N3 HUX CKYYHHl U TATOCTHH, HO HEKOTOPL® BeChMa IpPUBIe-
KaTeabHH. B 970l riraBe MH onumeM pAN TAaKUX fe(eKToB, Hagudne KOTOPHX CYIIe-
CTBEHHO BimseT M0 KpaifiHell Mepe Ha OJHO M3 OCHOBHEIX CBOMCTB TBEPHOLC TeJa.
IIpaBma, MOKHO CKasaTh, 9TO TAKOMY TpPeGOBAHMIO YHOBJIETBOpPSAET IOYTH KayKubIi
medeKT; HampuMep, W30 TONUICCKAsI TPUMECh MORET N3MEHUTE KaK OHONHBII CIeKTD,
TAK ¥ XapaKTep paccesHUs HelATpoHoB. OmHAKO MBI PACCMOTPHUM IPUMEPHI, B HEKO-
TOpOM cMEICie Gosee sddeKTHsc 1), YKakeM Ba Haubolee BazHBIX THIA Ne(eKTOB.

1. BaxaHcuu 11 MeIKNOY3€AbHBIE ATOMBI, JTO TOUedHBle naeeKTH, KOTOpHIe
CBA3AHBl € OTCYTCTBHEM HoHA (WiIMW HajinumeM numiHero uoHa). Takwme medeKTH
HOJAHOCTBIO OTBETCTBEHHH 33 HAOMIONAEMYIO 3JEKTPOIPOBONHOCTh MOHHBIX KpHCTAJ-
JOB W MOTYT CYLIECTBEHHO W3MEHUTH WX ONTHYECKHUe CBONCTBA (B 9aCTHOCTH, NBET).
Dbonee Toro, HaJu4me TAKUX JieeKTOB OPU TePMOAUHAMMIECKOM DPAaBHOBECHH LPEfi-
cTaBafeT co(oil HopMaJbHOE SBJIeHWE, T. €. OHW BHYTpPeHHe IPUCYMM PearbHHEM
KPHCTALIAM.

2, Hucmoramuu. OHM TpencraBianior coboil nubelinpie nedeKTH; XOTs BepoAT-
HOCTh 06pasoBanms TAKAX AeQEKTOB B TEPMOJIMHAMUIECKH PABHOBECHOM HJIEaJbHOM
KpucTajllie Hcue3alomie Maja, OPAaKTHYeCKd OHM Bcerfa IPHCYTCIBYIOT B n000M
peansEOM oOpasme. [uciokanum cymiecTBeHHH [[iIA o0biacHeHWA HabalomaeMoi
NpPOYHOCTH (MJIM, CKOpee, HeJIOCTATOTHOM CABUTOBOM OPOYHOCTH) PealbHBIX KPHCTA-
I0B U HaGMIOgaeMbX CKOpOCTeidl POCTA KPHCTAJNOB.

1y Pesko orpamnump KPyT PacCMOTPEHHHX 1edeKTOB, MH, OARA ., BKIIOUUIN B BTy riaBy
onmcague 00LEKTOB (ONSIPOHOB M BKCUTGHOB), KOTOPHIC 06IHO BooOme He canTaloTeA edeKTaMu.
Ho nocrosnbKy oHM OYeHh HAIIOMMHAKIOT JpyTue o0LeKTH, KOTOpHe IPHUHATO CINTAThH jedeKTaMu,
nX PaccMOTPEHME IIPECTABIACTCS BeCcbMa €CTeCTBEHHHBIM B TAKOM KOHTeKCTe.
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TOUEYHBIE JE®EKTHIL
OCHOBHBIE TEPMOMHAMNYECKNE XAPAKTEPUCTUERN

ToueuHne feeKTH WMEIOTCA fajke B TePMOJUHAMUIECKH PABHOBECHOM KPHCTaJ-

Jie, 4TO MOKHO TPOMIIIOCTPUPOBATH, PACEMOTpPEB HPOCTOHMINWH W3 HUX: 8AKAHCUIO
unn depexm Ilommru B MOHoaTOMHOU pemeTKe bpass. BakaHcmsa BosHHKaer,
Korja yseda pemerku Bpass, Ife B mgeaibHOM KPHCTaJLie JOJUKEH HAXOXUTHCA HMOH,
oKaszpiBaercss HeszaHATHM (ur. 30.1). Ecam d9ncao n rakmX BaKaHCHHA ecTp DKCTEH-
CHBHAS TepMOgUHAMAYECKAs HepeMeHHasa (T. €. eClI¥ 0HO IPOHOPNUOHANLHO o0IMmemMy
qucay uonoB N, Korpa N o9eHb BeJHKO),

TO MBI M N EeHUuT H -
COO0OO0O0OO00OO00O0O0O0O0O0O0O 0 OKeM OI€EHUTH ero BeJU4YuHYy, MH

COO0OO0OOO0OO0O00OO0OO0O60 HOMUSUPYA  COOTBETCTBYIOWAN TEPMOTH-
O0O00O00O0OD0O0O0O0D0 OO0 O HaMUYeCKU# moTeHNuan. Kcaw KpHCTANI
600000 000000000 HAXOWTCs Ipu HOCTOSiHHOM gaBjeHwn P,

O 0000000000000 O0Oo

TO HAJO MAHUMU3HUPOBATH TepMogHaAMHUYIEC-
OO0 000000000000 O0oOCO0 R P PMOn €

DO OO0O6000000OGOOGGOGO cruit morennuan I'uG6ea:
- Al
®nr. 30.1. YacTs MOHOATOMHOIN pelneTku G=U-—TS + PV.
Bpass, copgepyamas BaKaHCHIO  (nedeKT

Yrobrt mousth, Kak G 3aBUCHUT OT 7,
Jerde BCEr0 NPEACTABATh KPHCTAAI U3 NN
WOHOB C ;i BAKAHTHBIMM y3JaMd B BHUIe
mpeanskHOTO Kpucradaa ¢ (N - n) monamu, us KoToporo ymanews n momos. Torma
B mepBoM Hpubamkenun o0beM V (n) MOKHO 3ammcars UpocTo Kark (N -+ nr) v,,
rae v, — 00beM, DpUXofAMUIACA Ha OOUWH WOH B MpeajbHOM KpucTalie.

Jlia Kaykmoro KoHKpeTHoro Habopa n y3JOB, W3 KOTOPHIX YHAJIAIOTCS MOHE,
ME MosKeM B UpuHNmie BHUmcaunts F, (n) = U — TS moaywaromerocs upu sToM
HempgeaJbHOTO KpucTadia. Ecam gucio n oueHnp Mao ') mo cpasneHuio ¢ N, T0 MOMK-
HO ORHOaTh, yto F, OyfeT 3aBHCeTh TOJIBKO OT 4HWCJa BAKAHCHIA, a He OT UX HPOCT-
PAHCTBEHHOTO pacmoixoskeBud ?). Msl goipxuel foGaButh K duTponum S (QUKCHpO-
BapHON KOHPWIypamuum BaKaHCHUil eme ofHO cjaraemoe S°onfig  orpasmaromee Oec-
HopAnOK, BOSHUKAKIMUA m3-3a Toro, 910 MMeeTcss (N —+ n)!/N!n! cnoco6oB pacoo-
Joxenus r BawaHcuit cpenu N -+ n y3iioB:

[MorTrnR).

N !
( NT';Z)‘ , (30.1)

CriemoBaTeapbHO, MOJHOE BEIpa)keHNe IJIA TEePMOIMHAMHUYECKOTO ITOTEHITMAJa
Tn66ca mMmeer BUJ

Sconflg — kB in

G (n) = Fy(n)— TS (n) + P (N +n) v,. (30.2)
Ucnoassys ¢opmyny Crupiunura, cupaBefiausyio miaa Gomasmux X,
In X!~ X (In X — 1), (30.3)

1) 3ro oTHIONH HE NPOTHBOPEYHT BAIICMY YTBEDFKICHHIO, 9TO N -— YKCTEHCWBHAS II€PEMEH-

"as, NponopnuoEansEas N. IloEATHe JKCTeHCHMBHOCTH O3HauaeT, 970 lim (rn/N) = 0. TpeGopanne
- 00

K6 MAJOCTH n 1O cpaBmenwlo ¢ N 03@agaeT He TO, 4TO OTOT Hpeiea AONKeH 06pamaThCA B HYIb,

a TOJMLKO TO, 9TO OH JOJKeH OBITh 3HAUYATENHLHO MeHbLIIE equEMIE. OTo Tpedopamme BCErja BE-

MONHAETCA B ciaygae TodewHHX mederTor B Kpucranne. JleicTBuTeasHo, ecan 6 qucio fedexros

OhIZIO0 CPABHTMO € 9HCJIOM MOHOB, TO MOHATHE KPHUCTAIIA BOOOmE TIOTEPSIO OH CMEICIH.

2) 3ro mapepHAKaA He TaK nuaa Komdurypanuil, B KOTOpPHX 3HAYUTEJIbHOE UUCHO BaKamcuit
PACIOIOIKEHO Ha OJMBKMAX PACCTOAHUAX JIPYT 0T Apyra, IOCKOJILKY CYMeCcTBOBAaHNE OJHON BaKaH-
€V MOKeT UOBIUATH Ha BeJHUYHHY sHepruu, Tpebyemoi mia ofpasoBamua apyroit. OgHaro mpu
n € N Takue KOEQUIYpaluil BCTPEUaXOTCA BEChMa DPeTKO.
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MOMHO BHYHCINATH

aScontig N N
T:kBln(%)szln (—n—), n& N; (30.4)
oTcona
oG oF N
=T Py,— kT In (_n_) (30.5)

Ecnm n € N, 10 MOKHO 3amlmcaTh

or, ~ ar,
on " on

=& 30.6
n=0 ’ ( )
rae & we sasucur ot n. Ms (30.5) cmepyer mosromy, 9r0 moTeHnuan (G uMeeT MHHWU-
MajbHOe 3HAYeHUe IpH

n=Ne (ETT0/RpT ~(30.7)

na seaucacuus & moxuo 6600 OH (Kak u B Ta1. 22) 3anmcath NOTeHIMANBHYIO

BHEPTUMIO TUITHYHOIM peuteTky u3 (N -+ n) HOHOB ¢ n BakaHcusamd B Buge U == Uea |

+ Ubarm [ey. (22.8)]. Torma mut cmoriu Get maiitn F o 43 BRpameHus A CTATHCTH-
YeCKOH CYMMBEL:

=0T — 3 ¢ -bE — =60 S ¢~PEharm 5=T:T_’ (30.8)

E Eparm

rge Eyarm Dpoberaer Bce coGcTBeHHHe 3HAYeHWsI TapMOHNYECKOH YacTH TaMHIb-
tonana. [Ipm atoM, odeBngHO, ME moayauM F, B Bujge CyMMH PaBHOBeCHON HDOTEH-
OUAJABHOU DHEPTUU PeImCTKHN ¢ BaKAHCHAMHU U CBOGOmHON sHeprum (GOHOHOB

Fo=U"+ F", (30.9)

Bropoit wien o6b9HO MaJ Ho CpaBHENMIO ¢ HepBHIM, W B HylZeBoM Hpubammenun &

ompefesisgeTcss IPOCTO BHPateHAEM

g _ Ue
07 " on  |n=0"

(30.10)

T. e. HpeJicTaBisieT cobodl He 3ABUCAIMYIO OT TeMIEPATypH HOTeHIMAIBHYIO 3HEp-
I'PI0, HeoOXOMEMYIO AJsi yaajieHus omHoro moua. Ilpm ofHYHEIX maBiIeHHmAX (Hampu-
Mep, Ipu atMocdepHOM faBieHun) BeawanHo#r Pv, MoKHO npeHefpeds IO CpaBHe-
HHWO ¢ &, Torma

n=Ne-b%, (30.11)

IToCKOABKY MOIKHO CUHATATH, UTO € , HMEET HOPAMLOK HECKOJIBKHX BJIEKTPOH-BOJBT 1),
oTHomeHue n/N feificTBHTeBpHO OymeT MaJbiM, HO He PaBHHEM HYIIO.

Qononnasa mompaBrka K (30.11), Bosumrajpmas Opd ydeTe BTOPOro dWieHa
B (30.9), o0LluHO IPWBOAUT K HEKOTOPOMY yBeamdeHWIO n. IT0 00BsICHseTCH TeM,
9T0 BaKaHCHU OOYCHAOBIMBAIOT MOHWKEHUE HEKOTOPHX HOPMAaJBHHX dacToT (a 3HA-
YUT, U DHEPrHil COOTBETCTBYIOINUX (OIIOHOB); B pe3yabTaTe Ipou3BomHAs OFPh /gn
OKassIBaeTCH oTpHIATeNbHOM. [lpocTas mMomens, onmcwBawoimas aTtoT 3derT, pac-
cMaTpuBaerca B 3apmade 1.

Brime myt mpegnosiaranu cyImecTBOBAHEE TOJBKO OTHOTO THIA TOYEUHHIX HedeK-
TOB — BAKAHCUA B y3aax pemeTkr Bpams. B o0meM ciyduae, KoHeTHO, BO3MOKHE
BAKAHCUHM PA3IAWTIHEIX THHOB (B pemmerKax W3 MHOTOATOMHHX MoJekyls). Hpome

1) CuegyeT osKupaTh, 4TO &, COBIAJaeT IO IHOPANKY BeJIUINHK ¢ KOTe3UOHHOH dHEpTHei
B pacdere Ha ogHy gacTumy. Cm. ra. 20.
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TOTO, B MEKAOY3IUAX, KOTOPHE He 3aHATH B WAeaJbHBIX KPHCTAJNIAX, MOTYT HaXo-
OUTHCA JUNTHEE HOHE. TogeqHHe MeQeKTH TAaKOTO TALNA HOCAT Ha3BAHUE MeHIoy3eb-
nor amomog. IloaTomy ME MoskeM 0600muTEr Hame paccMOTpeHHe Ha Ciaydail, KorHa
UMeeTCsa n; TOYeIHBIX NedeKTOB j-To THHA. Ecim BCe n; Majipl IO CpaBHeHHWIO ¢ IV,
TO 9uca0 neeKTOB KaKAOT0 THIA [aeTcs Caeqyiomedl ¢opmysioH, KoTopas Ipef-
cTaBasier coGoil oueBmmHOe obobmeHme dopmydnt (30.7) (MH mpemeGperaeM MaJioR
nonpaBkoi Puv,):

n;=N,e—881, & =20 (30.12)

an,- n].=0'

rie N; — 9YHCIO y31I0B, B KOTOPHX MOKET HAXORUTHCA AeeKT j-ro THIA.

3nauenus &; OOBYHO BechbMa BeJHWKU Lo CPaBHeHWI0 ¢ k7' ecam, KpoMe
TOTO, PA3HOCTh MEKAY ABYMA HamMeHbmumu &; (o6osHaumM wmx gepe3 &, m €&,)
TaK;Ke HamMHOTo mpeBnmaeT kz7, To n; Gymer ropasgo Goasme BceX APYIUX R,
T. €. HONaBIsAomee GOARPNIMHCTBO medekToB OymeT obaafaTh HAMMEHBIIMM 3HAYE-
HueMm €.

GQopmyaa (30.12) copasemimBa, OfHAKO, TOJABKO B TOM cjydae, KOIfa YHUCIIO
JedeKTOB KaKoro-iu6o THIAa He 3aBHCHT OT HANWYUAA APYTUX JedeKTOB, MOCKOIBKY
aTa (QopMyJa HoaydaeTcs IPH MHHUMH3anwu CBOGOTHON pHePTrHW He3aBHCHMO
oo KaKuoMy nj;. Ecinm jxe uMeioTCsa KaKue-iuGo OrpaHmueHus Ha nj, TO 3apady
ciegyer pemartp 3aHopo. CaMoe BajkHOe W3 TAKHX orpaHuYeHmi — TtpeboBaHue
9JIeKTPOHEUTPAABHOCTH. B HOHHOM KpmeTajje He MOMKeT CymecrBoBaTh Haop
oedeKToB, COCTOAIMHA TOJNBKO W3 BAKAHCHI B mojpelIeTHe MOJORUTENBLHEIX HOHOB,
IOCKOJIPKY W3-33 BO3HHKHOBEHHA M30BITOYHOTO OTPUIATENRHOIO 3apsija KyJNOHOB-
cKasg BHepTuA TaKoro HaGopa medeKToB Gbiia Gbl YPe3BHIYANHO BeJauKa. JTOT M30H-
TOYHH 3apA7 M[oMKeH OHTh CKOMHOEHCHPOBAN MM HOJOKUTEILHBIMA HOBAMHI
B MERIOY3INAX, WIN BAKAHCHAMH HA MeCTe OTPUIATEJBHEX MOHOB, WU JKe HEKO-
Topo#l KoMOmHamwei#l stux peeKToB !). CiaenoBaTelipHO, HYHHO MUHEMH3UPOBATH
cBOGOIHYI0O HBHEPIUI0 IPH YCIOBUH

0 = g, (30.13)
roe ¢; — 3apAn fedekTa j-ro TmHa (¢; = --¢ Iis BaKAHCUXE HA MecTe OTPHIATeNB-
HOTO MOHA WIH Ke [JJA HOJOMRUTeBHOT0 NOHA B MEK/OY3INHN 1 ¢; = —e s BaKaH-

CHM Ha MecTe HOJOKUTeNHHOT0 HOHA WIN }Ke OTPUIATeJIbHOTO MOHA B MEMKJ0Y3JIuu).
Ecam BBectnn MHOmHUTEND JlarpaH:Ka A, TO MBI MOMEM YyUe€CTh YKA3amHOE yCIOBHE,
MuHUMEABTDYA He G, a Beamumny G + A (D'g;m;). B peayasrate (30.12) samensercs
BHIpaKeHHeM

ny= N e 8611y, (30.14)

rfi¢ HEM3BECTHHIH MHOMKHUTENb A oIpemensercs m3 TpeGoBaHUsI, YTOOH IUCIO fedex-
toB (30.14) ymoBmerBopsAmo ycaosuio (30.13).

OO6nuHO pa3HOCTh MEKAY CaMoil HU3Koil pHeprmei 2']- n Onwsxaliienl K meit
pHeprumeil BO MHOTO pa3 IpeBwmiaeT BeawauHy k7 2). CremoBaTedpHO, KaKRAOMY
3HaKy 3apAna 6YyAyT 0TBeUaTh TOJNBKO nedeKTH OfXHOTO, OCHOBHOTO Tmha. HoHIeHnT-
pauum >TAX fAePeKTOB HAIOTCS BHIPAKEHUAMHI

ny = N e—B(E+ire)

n_—=N_eB6-—2a €, — min (€)).
(quie)

(30.15)

1) Mst npenebperaeM BOBMOMHOCTHIO 00PAa30BAHUA HEHTPOB OKPACKU (CM. HIKE).
2) Horja 9To He TaK, HeJb3s1 NPOBECTH YKA3aHHOTO HIDKe pasnugust Meskay pedexramn Hlor-
TKU u ®OpenKeasa. CMm. szagagy 2.
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MocKonbKy KOHIeHTparmuu AedeKToB BCeX APYTHX THNOB yAOBIETBOPAIOT YCIOBHAM
n; & n,, g; = e,

ny L no., g =6 (30.16)
TpeGoBaHMe DIEKTPOHEHTPAIPHOCTH HPHUBOMUT K DPABEHCTBY
Ny = N, (30.17)

KOTOpPOC BHIHOJIHAETCA [C BEICOKOH CTeIeHBI0 TOYHOCTH. Tax xar m3 (30.15) caexyer
TaK;Ke PABEHCTBO

+ - 4 = 4+ - 4 = -

non. = N, N_e PET€)  (30.18) e e e — e 4
nojgyvaeMm + -+ -+ =+ =+ -
SR — - - 4+ — 4+ =+~ o+
ne=n.=V N N_e PETEIN2  (30.19) R

Taxum o6pasom, rpeboBanHme BIEKTPO- e — 4+ -+ =+
HeHTpaJbHOCTH NPHBOIUT K yMeHBIICHUIO a
KOHIleHTparmy Hauboyee PACIpPOCTPAHEH-

Horo ThOAa MedeKTOB OAHOTO BHAKA M K bk — k=4 -
yBeJuYeHHI0 KOHIEGHTPAIUH CaMOIo pac- e
OpocIpadeHHoro JedeKTa ¢ 3apALOM Hmpo- o - - 4 -
THBOMOJOKHOT0 3HaKa. Pesyaprupylomasn S - e = =t
KOHIIeHTPanua fAedeKTOB paBHA CPeIHEMY bo— o w — =4 -
TEOMETPAYECKOMY TeX MABYX KOHIEHTpa- b e s -+ — o~
nuil, RoTOpHe CyIecTBOBajM OB B OTCYT- 4

cTBMe YKA3aHHOTO TpeboBanus.

Jae B HPOCTHIX HOHHEIX KpHUCTaJ- - — = =4 =
Jax, COCTOSIMIEX M3 WOHOB ABYX COPTOB, S - - =k =y
BHILIOJIHEHAE YCJAOBUA DIEKTPOHENTpanb- b oy — o =T -
HOCTH MOEET 00ecleInBaTECH HECKONBKE- D h — 4w =t
mu cnocobamu (Pur. 30.2). Moryr GuTh s o2t - s -
APaKTHIECKN PaBHLIME KOHIEHTPAINU Ba- 4t - 4 — =4
RaHCHH X0 0RUTOABHBIX 0 OTPHIATeIbHBIX s

HOHOB; TAKOT0 THIA BAKAHCUN HABLIBAIOTCH
depexmamu Mlommxu. C gpyroi cropoust, ®nr. 30.2. ¢ — npeanpHEsi TONHKHE KPHCTAILL.
NOTYT ORGSATLCH UpaTISCOR panmi 6 I xpictuan ¢ orenmot o
ROHI];QHTpaHE/II/I Me?ﬂﬂ({yBeﬂbI{IﬂX HoHoB M I1a MeCTaX MOJIOMKUTEJNLHBIX H oTPUIATEeNLIbIX
X BAKaHCHi; B TAKON CHTYAaI[Ud TOBOPST HOIOR).

o Oepermar Dpenkeas. B imemodHo-ra- 6 — HOHEHIH Kpucrama ¢ federrtamu Dpen-
TORUIIX. xpueTALIAX WielTOR Jefextsc Ot (Jamss womtecns womowinein
liforTrn, a B TamoreHmmax cepebpa — fe- BaBIIII/I)}(’(DH Ha y3JaX, ¢ KOTOPHX oTHt TTOHEL
derter Pperkens. (Tperbs Bo3aMoKHOCTD, yimi).

0TBEYAIOIAST PaBHHM KOHIEHTPAIEAM HO-

NORATENBHBIX W OTPHENATENBHEX HOHOB B MEKIOY3AUAX, HO-BHIAMOMY, He pealn-
3yercsa, TaK Kak o0pasoBanme MeKJ0y3eAbHOTO HOHA TpebyeT 0GKIHO GONbITNX DHEP-
TeTHIeCKUX 3aTpaT, YeM oOpasoBanme BaKaHCHM HA eT0 MecCTe.)

JAEOEKRTBI 1 TEPMOJUTHAMUYECKOE PABHOBECUE

B pricmeii cTeneHn MasoBepOATHO, ITOOH NPN TepMOAMHANUICCKOM PaBHOBECHH
KOHIEOHTPALMA AUHEUHWL W JeymepHuvir [edeKTOB Obxa oTANIHA OT HYJA,
DO00HO KOHIEHTPAUE TOIeTHHX NedeKToB. JHepras oGpa3oBaBus IHHEHAHOTO
UIH  [ByMePHOTO HedeKTa NpPOMOPTEOHAJNBHA JHHEHHEIM pasmepam (IN's)
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uiay nounepeatoMy ceuenmio (V¥/s) xpmcrasiga. OQHAKO 9HCIO cHOCOGOB 00pasoBa-
HpA TAKOrO KeeKTa, ecliM TOABKO OH He CINITKOM (H3BHJIMUCTY (B JIMHeHHOM clyzae)
IR «A30THYT (B clIydae HOBEPXHOCTH), HO-BHAAMOMY, KAK M IS TOYeYHHX Hedex-
TOB, OHHCHBaeTca QyHKIHeN, pacrymeil He GoicTpee dorapmpma N. Iloatomy, ecam
(me saBmcaman ot N) sHeprus, saTpadmBaeMas Ha o0paszoBaHme OTHENBLHOTO TOUed-
HOro fedeKTa, ¢ M3GHITKOM KOMOEHCHDYeTCS BHETPHIIEM B DHTPOOHHE (HOPATKA

I+ +
+ 1 |
I+ +
+ | |
I+ +
+ I
i+ +
+ -t 1
} +
+ |
! +

@Qur. 30.3. B ujeanpHoM Kpucrtajie J(BHIKe-

Hye I110JI03KIITETHHOTO Nolia 09CHD 3aTPYTHEHO

(a), OfHaKO TPH LOCTEHOBATEILHOM LiepPeXofe

HOJOKNTENHHOTO NOHA HA COCeIHUE BAKAHCUY

CIUHUYHHH JOJIOKHTCIBLHBIA 3apsj MOKET

CPaBHATCJBHO JErKO JBITATLCA deped KpI-
craan (6 — e).

In N), vro B caydae uamHeHHBX @ IBY-
MEpHHX [eeKTOB TAaKad KOMIEHCALWA
CKopee BCero e OCYuIeCTBIIAETCA.
Jlunefinble m [gByMepHHE JeeKTH
0 BCeM OpH3HAKaM OpefCcTaBJAINT Co0Oo#
MetacrabWibHBle KOHQUTYypaldd B KpH-
crasire. OfHAKO YCTaHOBIOHNE TePMOINHA~
MHAYeCKOTO PaBHOBECHA MOMKET HTPOMCXOo-
OUTH CTOJb MeIJIeHHO, YTO 9TH AedeKTh
NpPaKTHIeCKH MOMKHO CYHTATH 3aAMOPOIKEH-
HBEIME. JleTKo TaksKe co37aTh HepaBHOBEC-
HYI0 KOHIEHTDPanWi0 TOYeTHHX nedeKToB,
KOTOpas MoMKeT OBITH BechMa GTabHIbLHOM
(rampuMep, OHCIPO OXJAJUB KPHUCTAILI,
HaxXoAUBmUHCA B COCTOSHIN TePMOJAHAMU-
gecKoro paBuoseendA). Ilyrem Memunensoro
HArpeBaHMA U OXJIAKIEHUA MOKHO BOCCTA~
HOBHTHb DPABHOBeCHOE MaKCBeJLI-GoJabIMa-
HOBCKOE B3HAYeHNE KOHIEHTPAIUH T09ed-
HHX #edeKToB, KOHINEHTPANUA e JIUHel-
HEIX H [JIBYMepHHX [e(eKTOB yMeHb-
maercsa npu atom mo Hyxs. Taroi crocob
BOCCTAHOBJIEHUS PABHOBECHOH KOHIEHTpa-
uuy feeKTOB HABHBAEGTCI OMNMCUZOM.

TOUYEYHBIE NEDPEKTHI
n JIJERTPOIIPOBO/HOCTD
HNOHHBIX RPUCTAJLIOB

B nounmx kpmeramnax o0LIwHO 0TCYT-
CTBYIOT 9JEeKTPOHBl HPOBOJIMOCTH, TeM
He MeHee TaKue KPUCTAJIB HPOBONAT HIeK-
TpudecKni# Tok. Beamumna wx ymeabHOro
conmpoTuBiendst o0HIHO CHILHO B3aBHCHT
0T TeMIepATYpPhl M YHCTOTH 00pasna;
HAOpHUMep, B IIEJOYHO-TANOHTHHIX KpH-
cTAaJIax oHa meHsercs B npededax 10°—
108 Om-cM (3ameTWM, YTO THIIMYHBIC 3Ha-
YeHHA DAeKTPOCOTPOTHUBICHNS MeTalIoB
umeiot nopsigok 1078 Owr-cm). liposopm-
MOCThH 37eCh e MOmeT ObiTh CIeACTBUeM

TeruioBoro mepefpoca »AEKTPOHOB U3 BaJEHTHOR 30HHB B 30HY IPOBOAHMMOCTH, KaK
3TO WMeeT MecTo B moayuposofnmkax [cm. (28.20)], mockonpRy mupuna sHepreTmIe-
CKOH el MeAY 30HAMH CTOJb BeJHKA, UTO ToJbKO Hemuorme m3 10%3 amexrpoHOB
CMOTYT €e IIpeofioseTh {ecad cmoryT BooOme). VMeloTca mpAMble yKasaHumA Ha 1O,
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9TO 3apAMK INEepeHOCHTCH He dJeKTPOHAMHM, a CAaMHMH WOHAMH: OPHM HpPOXOMKJCHUR
TOKA HA DIEKTPOJAX OCAKAANTCA ATOMBI, COOTBETCTBYIOIUE WOHaM KpHCTaJia,
OpH9eM HX YHUCJIO0 HPONOPHEOHAJBHO IOJHOMY 3apsly, NepPeHeCeHHOMY TOKOM.
CoocobHocTh MOHOB HePeHOCHTh TOK 9Upe3BHYAWHO BO3pacTaeT NpH HAJIWYNHU
paxaHcEi. YroOH IepeMecTHTh BAKAHCHIO II0 KPHCTAJLIY, TpeOyeTcs BaTpaTHTh.
Topasao MeHbnyio paboTy, 9eM [JA TOTO, YTOGH 3acTaBHTh MOH OpobwmpaTbcs gepes
DAOTHOYHAKOBARHYI0 pelieTKY HieanbHOTO Kpucraina (¢pmr. 30.3).
CymecTBy0T MHOTOYHCHCHHEIE JAHHEIE, CBANETEIBCTBYIOHNE 0 TOM, YTO HOHHAS
HPOBOMMOCTD B3BHCHUT OT IBIRKeHHWA Bakamcuil. IlpoBonmMocTh SKCIIOHEHNWANBHG.
Nat  Cr Nat CF Na*  CI° Na* CI” Na* (I

TN

CI” Na* CI© N2t CI° Na* CI (a » CI"  Na*

N O NG OF NG OF NS OF Ne o CF
Crr Nat €I Nat CI" Na* CI° Nat CI" Na'
Nat  Cr (\’ \) cr N&& Cr Ne® CF Nat (O
(r Ne OF Ne' CF Ne OF Nt CF Na'

Nat €I Nat T {Gat) Cr Nat CIF Nat o CF

Cl Na* CI° Na* CI° Na* CI°” Na* CI' N

Na* Cl° Na* CI° Na* O Na* CI°” Nea* (I

cr { Jocr M Cr N o N&b U Na
Nt CI" Na* CIF Na* C Naf CF Nt Cr
cr Na* CF Nat CI° Nat CI°” Na* CI'  Na*
Qur. 30.4. Brecesue n uomos Ca** B NaCl mpuBoput K ToMy, 9To n moHOB Nat samemalorcs
moramu Ca**; upH 9TOM JJA COXPaHEHUs 3JEKTPOHEHTPalbHOCTH 06pasyloTCsa TakKike n BaKaHCHI
Ha MeCTax moHOB Na*.

pacTeT ¢ TemMmeparypol Kak ¢yHkmma 1/7, orpaykas TeMIeparypHYH 3aBHCHMOCTH
TePpMOAMHAMAUIECKH PaBHOBecHOH KoHmeHTpammm eaxadcuii (30.14) ). Kpowme Toro,
6BLIO yCTAHOBJNEHO, YTQ OPH HE3KUX TeMIeparypax HpoBOAUMOCTh KpUCTAJLIa,
COCTOAINETO N3 OJHOBAJEHTHHX WOHOB ¢ [o0aBKo#l [BYXBaJeHTHHIX IpuUMecei
(rampumep, Ca 3 NaCl), mpomopnwoHansia KOHHMEHTPAIWE [ABYXBAJCHTHHX TpUMe-
cell, X0TA Ho-IpeHeMy IPH OPOXOKJEHAH TOKA HA KarTofe OCAMKIAITCH ONHO-
BajcHTHEe aToMH. Hak mokasaHo =Ha ¢ur. 30.4, IpmMecn WrpamT BasKHYI POAs,
TOCKOJBKY B CHJIY YCIAOBHs DIEKTPOHeHATPANBHOCTH OHM 06eCHeUNBAIOT BOZHUKHOBE-
HEe BakaHcum (Ha MecTe moHa Na't), coorBercrmyromell Kaskmomy us moroB Cat?,
KOTOPGLI B KayeCTB® NpWMecCH 3aMeDleHHsd BHe[pAeTcA B peImIeTKY, 3aMemas WOH
Na* 2). IlosTomy, wem Goabme BBemeno mouos Ca, TeM 60onpme BOBHAKACT BAKAHCHI
B moppemertke Na*, a 3Haudt, pacTeT W NPOBOJEMOCTH ).

HEHTPBI OKPACKU

Kaxr yrasmBanoch Brime, B cuiy TpeOOBaHHUA DJICKTPOHEHTPANbHOCTH B KpPH-
CTAJIaX, COCTOAIMX W3 MOHOB ABYX COPTOB, UACJ]O BaKaHCUIl HOHOB OfiHOT'O COPTA

1) 7o camo mo cefe we prciaEe yOemWTeNbHO, TOCKCJABKY Koaddunuert ymddysun noHoB,
OImpeelAeMbIll BEPOATHOCTBIO TOTO. YTO TEMJIOBAA SHEPINA MOHA JIOCTATOUHA JIA IPCONOICHEWA
MOTeHNUaJbHOTO 0aphepa, TOMC SKCIIOHEHIBaNbHO 3asucut or 1)/, CueoBaTenbHO, ARANOTUIHLIM
o6pasom OyAyT BeCTH ceOH DOARMIKBOCTL U TPonofumMecTh. (Onpepenerusa roaddunuenta auddy-
3HU U LOUBUKHOCTH CM. B Ti. 29.)

2) DpAMEM TOATICPHRSIEENEM 9TCGIO SIPIAETCA MEBLINAA NAOTHCCTH KPHUCTAANA ¢ TPUMECAMR
TI0 CPABHEHNIO ¢ WHCTHIM KPMCTANJIOM, XOTS MAcca aTOMA KANGLILA (oJbhTe MacCH aT0Ma HATPHA.

3) MaxTruecky aHAJOruYHOe sBIEHH® HafiaiofaeTca UPH JETrHPOBAHUM LOJYNPOBOLBHKOB.
Cu. ra. 28 m 3ajavy 3.
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DOIDKHO YPABHOBEMIHBATHCH JUOO PABHBIM YUCJOM TeX Ke HOHOB B ME;RIOY3IMAX
(meextsr Dpenrens), nuGo pPaBHEIM YHCAOM BaKaHCHA B IPYroll mojpemeTre
{megextri Mlortru). Hemocrawmuil sapag BaKAHCHH OTPUIATENBHOT0 HOHA MOMKET
OBITE TakyKe KOMIEHCHPOBAH 3apANOM 3JIeKTPOHA, JOKAAM30BAHHOTO BOJU3H Hee.

MosxHO camTaTh, 9TO TAKOIl HIGKTPOH CBA3aH C HOJOMKHTEIBHO B3apAKeHHBIM
nenTpoM; o0pasoBaBImasgcs cucTeMa Gymer mMeTh, BOOGHIE TOBOPH, IENBIH CHEKTp
pHepreTHIeCKnX yposuei ). ITepexoms! MemAy »THMU YPOBHAMH HPHBORAT K BO3-
HUKHOBEHHIO DAAA JWHHH NOIJIOMEHHS B ONTHYECKOM [MANA30HE, AaHAJOTHIHBIX
JUHEAM TOTIOHIeHWA M30JMPOBaHHLBIX aTtoMoB. CooTBeTCTBYIONHe SHEPTUH JiesKaT

Koagpguuyuenm nozrouienus

4000 6000 8000 10000

Qur. 30.5. Ilukn B cmexTpe mordomenusi KCl, ofycnosiennne pasiu4apiMi KoMOHHAIMAME
F-1gHTPOB, HanpuMep camMuM F-neaTpoM, M-umentpom n R-memTpom. (U3 paGor [1].)

B 00JacTH ONTHYECKON 3aOpemeHHON B30HE HACAJBHOTO KPUCTAIIA ME&KIY Ay
¥ Ry, (ra. 27), 1opToMy B CHeKTpe 0HTHYECKOTO IOTIOIHeHHs HOABISIOTCH OTIeTaH-
Bole mukn (pur. 30.5). Otm u apyrue moxOGHEE MM CBA3AHHLIe CHCTeMbI DIeKTPOHOB
U fleeKTOB HA3BIBAIOTCA UEHTPAME OKPACKH, HOCKOIABLKY MX IPHUCYTCTBHe 00YCI0B-
JIEBAeT NOBOJIPHO CHIBHOE OKpANUBAHUE LPO3PATHLIX HMAEAJNBHBIX KPUCTAJJIOB.

Mupoxro HccaeOBANKCH HMEHTPH OKPACKU B INEMOTHO-TANOUIHBIX KPHUCTAJIAX.
OxpanmmBaiue TAKMX KPHCTANIOB MOKeT BOSHUKATDH HoJ AeCTBHEM PEHTTeHOBCKOTO
wiu y-06iydenus (B 9T0M caydae gedeKTH cosmarorca QOoTOHAMEA BHCOKON DHepPTHH)
Hiy Ke, 910 GoJjlee HOYUUTENBHO, LW HATPEBAHUEM KPUCTAIIA B aTMocdepe mapon
MeJOYHOTO MeTajuia. B mociexieM M3 YKasaHHBIX €m0Co00B MBGHITOYHBIE ATOMBI
WEJI0YHOTO0 MeTaLia MOryT, Kak HOKasHBaeT TOCJICAYIOMAA XWMUIeCKNH aHAIHAS,
IpPOHHKATh B Iiy0h KpHCTaJduaa (OTHOLIEHWEe HX 9nCi1a K olmeMy 4HCIy ATOMORB
MoKeT maMeHsTbea oT 10-7 go BechbMa omytumoro smavenus, pasHoro 107%). Ognaxo
OJOTHOCTD OKPANIEHHOTO KPUCTAIIA YMEHBIIAeTCs ITPOHOPUHOHAIBHO KONIEHTpa-
yuu H30BITOYHLIX ATOMOB MIEJOYHOro MeTakja; »TO NOKA3bBaer, 4To LOCJejHHE
He pPACIIONATAalOTCH B MeMIOOysaumsAx. Bmecro sToro aTombi IEI0IHOTO MeTaJLIa
HOHUBYIOTCS ¥ 3aHAMAlOT MeCTa B y3JaX HOJpellerKH IYOJAOUTeJbHHX HOHOB
HIeANBbHOTO KPUCTAJia, a wusbHTOYHEE HIeKTPOHHE OKa3HBAOTCA CBA3AHHBIMH
¢ 00pasoBABMIMMACA B TOM jKe YHCJe BAKAHCHAME B HojpeleTKe OTPHIATENHHBIX
mornoB (¢pur. 30.6).

Breuatiasomee M0Ka3aTeiabCTBO MPAaBUJIBHOCTH OHHWCANIION KAaPTHUHBL JaeT TOT
arr, YTO CHEKTP IOTJIOHNIeHWSI LOYTH Ife MeHseTCs, eClu, HampuMep, Harperb
KpUCTaan XJTopHWia Kalug B IPUCYTCTBUM MapoB Harpus, a He Rammsa. Ciepoba-
TeJbHO, OCHOBHAS POJb HAPOB METAJJIA 3AKJIKIaeTcA B TOM, 9UTO OHH CO3HAIOT
BAKAHCUHU Ha Mecte OTPHUIATeNLHBIX MOHOB M 00ecreynBaloT HOABJICHHAe KOMIGHCH-
PYIOHOIUX 3JeKTPOHOB, HHEPreTHUECKHMIN YPOBHAMEH KOTOPBIX M OHpeJessAeTcs
CHeKTp MOTJIOLeHAA.

1) Cm. sapmauy 5.
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JIeKTPoH, CBABAHHEIA ¢ BaKAHCHEN HA MecTe OTPHIATEJLHOTO moHA, o0pasyer
TaK HA3HBaeMHH F-meHTp 1), COEKTP KOTOPOro KaveCTBEHHO BeChMa HANOMHUHAET
ofuaHNe aTOMHHEe CHeKTpH. CHTyanmsa, ofHAKO, YCIOMKHAETCHA TeM, 9TO BIEKTPOH
OBEKETCA B oJe He cPepraeckolt, a KyOngecKoll cuMMeTPUN. 3[eCh IPeAOCTABILAST=
ch crydadf HOYOPAKHATHCA B OPUMeHOHNH TeOPHYU IPYNO (HAIPHMEpP, ONpPEelesinTh,

+ - + - + - + - + ~ + - +
-+ - + - + -+ - + % + -
+ - + - + - — + # + - + — +
-+ - + = /717}002@ + - + - + =
+ -+ -+ - + -+ — 4+ — +
-+ - + - + —_— -+ & + - + -
+ - + - + - Tap + - + - + % +
-+ - + - + -+ -+ - + -
Hieansusit npucmons .= ORpauleHRsIL Kpucmas

®ur. 30.6. Bosrnkdosenne /efeKTOB B MealsHOM INEI0YHO-TAJONTHOM KpHCTajle IIpd Harpe-
BamumE B atMochepe IApoB IIEIOYHOTO MeTalia.

IIpy TAKOM HarpeBAHHU 00pasyeTCa KPHCTANI C M30BITKOM HOHOB IIENIOYHOI'0 MeTajlde ITOABJIAETCA TaKie COOT-
BeTCTBYIOIlee KOJMYECTBO BAKAHCHR B IIOFDEINETKe OTPMIATEJIbHMX MOHORB; ¢ 9TAMM BAKAHCHAME CBASAHH Telepb
(CMIbHO TOKAJIMBOBAHHEIE) WNIOHITOUHEIE BJNEKTPOHBI.

KAk COOTBETCIBYIOIIHe OpOUTANbHBE MYJNBTHIUIETH PACHIEMAATCA B KyOHYeCKOM
noxe). JlefictBuTenbHO, TeQOpMEPYA KPHCTAJI, MOMKHO HOHH3HUTH €ro CHUMMETpPHIO,
co3[aB IpPH HTOM XapaKTepHLe BOBMYIIeHHA, HOMOTAOmMe paciIudpoBaTh BCIO
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Q@ur. 30.7. a — M-ueHTp, B KOTOPOM /iBeé COCEfHNE BAKAaHCHH B MOAPEMIeTHE OTPUIATEIbHEX

HoHOB, Haxoxsmuecs B 1rockoctu (100), oGpasyloT cBsasaEHOE COCTOsSIHME [BYX 3JeKTPOHOB.

6 — R-IleHTP, B KOTOPOM TPHM BaKAHCUN B HOJpellleTKe OTPHIATEIBHHX HOHOB, HAXOJAIMUECH
B miaockoctn (111), obpasyioT cBs3aHEOE COCTOSHWE TpeX 2JeKTDOHOB.

GoraTyio cIpyKTypy cmexrpa moriomenusa. ClosKHOCTD CTPYKTYPH CHOEKTpa CBaA3a-
Ha ¢ TeM, 9TO OKPAIMBAHHEe KPHCTAJLIA MoeT OHTb 06ycioBieHO He TOJBKO ofpa-
30BaHHeM OPOCTHX F-TEeHTPOB 2), Kamybli 13 KOTOPHX IIPefCcTaBigeT co0oil BaKaH-
cdI0, CBSBAHHYIO ¢ dJeKTpoHoM. VMelorcs ellle IBe BOBMOMKHOCTH, a MMEHHO OKpa-
mpBaHme MoxeT OHTbL ofycaosieRo M-neErpamm u R-merrpamu. B M-meAtpe
(pur. 30.7, @) nBe BaKAHCHA COCERHHX oTpHuUATEeNLHEX HMOHOB B miuockoctd (100)
00pasyioT cBA3AHHOE COCTOSHHE IBYX BJIEKTpOHOB, a B R-meHrtpe (dur. 30.7, 6)

1) CorpameHEe OT COOTBETCTBYIOIEr0 HEMEMKOro Tepmuma Farbzentrum (memTp okpackn).
2) Tem He meHee F-nemTpm HauGoliee MHEOTOYHMCICHHH.
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TPH BaKAaHCHHU COCeJHHX OTPHOATENBHHEX WOHOB B miockoctm (111) ecBasmBaror Tpm
3JIEeKTPOHA.

ITorpeboBamack Macca m3obperaTeabRoCTH, 9T06H NMOKazaTh, 9To HabI0IaeMble
CIOeKTPH [efiCTBHTeNAbHO 00yCcaoBAeHE BTIUMH PAa3JIHIHEIME THOaMH HedeKTOB.
VimenTHdmRamEA CTajla BO3MOMKHONW, KOINA BHACHHIOCH, 4TO CTPYKTYpa ypoBHE
KaJK/IOTO TEeHTPa BechbMa WHIMBHAYAJIBHBIM 006pasoM W3MEHASTCA NON BIUAHHEM
HABJIeHNA HIAW 3NeKTPHIeCKOTO MOJIA.

Pezonance B onTmwecKoM morjomennn, o6yCHOBJeHHBe IEHTPAMH OKDACKH,
BRHIpaseHE MeHee pesKo, 4eM B CIIEKTpax HOIJTOMEHHA H30JAUMPOBAHHEIX aTOMOB.
JT0 CBA3AHO C TeM, 4TO MUPHHA JIWHMH OGPATHO MPONOPIMOHANBHA BPEMeHH KUSHRA

+ -+ - + - + - + -
- 4+ -+ = 4+ - + - +
+ -+ 2 - + -+ -
—+—+ - 4+ — + Vi-ueump
+ -+ - 4+ - + - + -
-+ - 4+ - 4+ - + - +

@ur. 30.8. IlenTpr oxpacKu co CBABAHHBIMU JIHPRaMI 00pasywresa Ges yuacTua BaKaHcni B HON-
PelleTRe II0JOIKUTeNIBHRX HOHOB.

CymecTBoBaHue Vi -leHTpa OGYCIIOBIEHO BO3MOMHOCTBI) OGPAa30BAHMA CBABAHHOTO COCTOAHUA MNHIPKK M ABYX
€0CeHNX OTPHIATEJBLHHX MOHOB,

BO3OYMACHHOTO COCTOAHAA. MB0MMpOBaHHBIE aTOMBl MOTYT BEPHYTLCS B OCHOBHOE
COCTOSTHHE TOJBKO B Pe3yibTaTe CPABHUTENHHO MeJIEHHOTO IPONECCa — WBJIYdeHus
oToHa, B TO BpeMA KaK «aTOMY, COOTBETCTBYIOIU F-IeRTpy, CUABEHO B3aumMopencT-
ByeT ¢ TBEPIBIM TeJIOM, B KOTOPOM OH HAXOJXMUTCHA, W MOKET TepATh SHEPTHUI0, MCIY-~
ckas (OHOHEL.

Mosno 6p10 6H OpPeJOONI0KATH, UTO IPH HATPeBaHWH MEINOYHO-TAJOUFHOTO
KpHCTa/Ia B HPUCYTCTBHH Ta3000pasHOro edgaozeHa B HONpeMETHe MMIEIOYHOTO
MeTajla MOJKHE BO3HHKATH BAKAHCHE, 00pas3yiOMue CBIBAHALIE COCTOAHUS € THIP-
Kamua. Opmako Takme armunodu F-TIEHTpPA W €0 ¢PORCTBEHHHKORY He OBUIM [0 CHX
mop ofHapysxensl. J[BIPKE MOTYT 00Pa30BEBATE CBABAHHEE COCTOAHHA ¢ TOYSYHHIME
deeRTaMm, HO eme He OLLIO OTMEUEHO CAYYAA, 9TOOH DTUMHU feeKTaMB 0Ka3aIHUCh
BARAHCHH Ha MecTe HONOKUTeNLHEX WOHOB. [lefictBuTenpHo, cymecrBOBaHME
Han6ojiee XOPOIO W3YIEHHOTO NHIPOYBOTO TEHTpa, Viy -NeHTpa, Boobme He CBA3aHO
¢ paKkaHcmamm. Taxoit NeHTp BO3HUKAeT B TOM Ciy4ae, KOTa OHPKA CBA3SLIBAET
ABa COCEJTHWX OTPHIATENbHBIX MOHA (HApmMep, MOHH XJjopa); B peayibrate oGpa-
3yeTcA CcHCTeMa, CHeKTp KoTopo#d BechMa HamomuHaer cuertp Clz (¢mr. 30.8).
TMoxomuit «IBIPOUNBIi UeHTPY, H-TEHTp, MO-BIJAMOMY, BOBHHKACT, CCJIE MemT0-
V3eNBHHH WOH XJopa OKA3HBAETCA TAaKUM ke ofpa3oM CBABAHHBIM IOCPERCTBOM
NLpKE ¢ (CHMMETPMYHO pACIONOKeHHBIMA) MOHAMI B pemieTHe, T. €. OJHOKPATHO
MOHW30BAHHASN MOJIEKYJa XJ0DA 3aHMMaeT B pemeTKe MeCTO ONHOI0 OTPHUIATeIb-
goro woua (dumr. 30.9). Cmerrpnr Vi - m H-meHTpoR [OOBOJBHO MOXOMH, dTO
CHJBHO MEmIaJ0 YeTKOMY HX PasfleleHIo.

Hauap ¢ ngerTnduranyy m co3naHmMA MEeHTPOB OKPACKH, MO;KHO IOATH HajbIle.
Happumep, MOKHO HONEITATHCA HAHIE WAW CO3MaTh NpocToil F-meHTpP, B KOTOPOM
HOH NPUMECH 3aMemaeT ONUH W3 IIeCTH HMOJOMKHUTEIbHHX MOHOB — GImKafmuX coce-
meit mauuod Bakamcun (Pur. 30.10). B srom cayuae peus muer o6 F ,-menTpe, MOHM-
JKeHHASA CHMMETPHA KOTOPOTO BEChbMa pafyeT CHeKTPOCKOMHCTOB.
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VI #akoHem, HpomoJKad IOUCKE HIPOTHBOMOJOMHOCTEH, ClefoBajo 6 IOME-
TATHCA BHISICHETH, HAGJNIOHANCH JIA aHTANON V x -HeHTpa, & WMeHHO JOKAJIU30BaHHEH
2JIEKTPOH, CBASHBAIOIIM BA COCENHMX IOJOKHTENbHO 3apsKeHHBX moHA. Ha atoT

+ -+ -+ - + — + - +
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Qur. 30.9. H-1leHTp, KOTOPHI IPUHATO PACCMATPHBATH KaK Pesylibrar 00PasoBaHUSA CBABAHHOIO
COCTOAHUA MEIKAOY3CABHOTC HWOHA XJA0pa U TAKOrO e MOHA, CHMMMETPHAYBO PACHONOKEHBOTO

B pemeTKe (CBs3h OCYIMIECTBIAECTCA C MOMOIMBIO ABIPKM).

TaxuM 06pasoM, BOBHMKAeT OJHOKPATHO HOHHBOBAHHAsA MONEKYJA XJIOopa, KOTopas AOMKHA BAHUMATH B pemerKe
MeCTO ONHOIO OTPUIATENbHOTO HMOHA.

BOTIPOC CAEAYeT OTBETHTE OTPHUIATENBHO, HOCKoALKY Mosekyaa Cl, (¢ koBameRTHOI
CBfI3BI0) cymecTByeT, a MmoJekyas Na,, Boobme rosops, Her. [leificTBHTenbHO,
ACHUMMeTPHA MeKTY SICKTPOHHBIME W NLIPOTHEIMA HeHTpaMu 00yCIOBIeHA WMEHHO
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Q@ur. 30.10. F 4-IIeETP, B KOTOPOM OfMH U3 NIECTH GIMMARIMNX II0JOMKITeIBHEIX HOHOB, OKPYKAIO-
DX BaKaHCHI0 B TOApPeNIeTKe OTPUIATENBHHX HOHOB, 3aMCIeH NPHMECHEIM HOHOM.

Hpy 8TOM NOHUKAETCA CUMMCTLHMA YPOBHEN CBA3AHHOTO SiEKTpOHA. Takoit rumll ofpeluHeHAA NpUMeCH U BaKaH-
CHH 4YacCTO OXa3pBACTCA VYHEPreTHICCKH BRITONHRIM.

0TAMYHeM BaJeHTHRIX BIEKTPOHOB HATPHA (3aHMMAIOMMX S-ypOoBHEW) H Xjaopa (saHm-
MalOIUX p-yPOBHM): TOJBKO p-dieKTPOHEL MOT'YT 06pa3oBHBATh KOBAJEHTHYIO CBA3b.
Oppaxo Hekoe o0pasoBaHme, MeHee JOKAJNH30BamHoe, WeM AHTHOON Vi -TieHTpa,
peasIbHO CYMECTBYeT ¥ HA3LIBAGTCHA NOAADOHOM.

IIOJIAPOHBI

Ecin moMecTuTs 5JI€KTPOH B 30HY IPOBOJIEMOCTH HeaibHOTO MOHHOTI0 KPHCTAJ-
18, TO MOKEeT OKAa3aThCH HHEPTETHYECKH BLITOMHLIM, YTOOH OH 3aHWMaJ JOKAIN30-
BaHHLIE B OIPOCTPaHCTBE YPOBEeHB, 00Pa30BaHAe KOTOPOTO CONPOBOMKAAETCA JOKAJIb-
Ho# medopmanmeit mepBOHAY8ABHO MPABHIBHON MOHHON pemeTKH (T. e. ¢ IOJApH-
sammeif). Jra Jedopmanma obecrieuusaeT SKpaHMpoOBaHMe IOJs 3IEKTPOHA M YMEHb-
MaeT ero ajeKTpocTaTHueckylo sHepruio. Ilomobsoe obpasoBaHme (IMEKTPOH MIIOC
HapelleHHast MOJIAPH3allHA PEINeTKN) OKA3HBAeTCHA 3HAYMTENHHO 0ojlee MOJBILKHLIM,
eM Te IePeKTH, ¢ KOTOPHME MH HMeJH fAeJo Ko cux nop. OOHYHO ero paccMaTpEBaIoOT
coBCEM He KaK He)eKT. a KaK HEYTO CYNIECTBEHHO YCHOKHAIOMEE TEOPEeTHIECKOE
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paccMoTperHe HOABIKHOCTH B MOHHLIX MJIM 9aCTHIHO MOHHHX Kpucramiax. Teopun
TIOJNAPOHOB BECHMa CJHOKHEl, HOCKOJBbKY TpeGyeTrcs paccMaTpPUBATh BJICKTPOH,
CHJIPHO B3aMMOMERCTBYIOIMA ¢ HMOHHBEIME CTeleHAMH CBOOOEH 1),

9KCHUTOHBI

Jlerge Bcero HarJIAKXHO LIPeNCTaBUTh cebe Takue TodedHEle Me(eKTH, KaK OTCYT-
cTBYIONIEe WOHH (BaKamchm), W30HTOYHEE (MeKOY3eabHHe) WMOHBI WJIHM K€ HOHH
mnpyroro tuma (mpumecu samemenng). Ile crons oueBmAeH ciydail, Korma HoH
B HNEaJIbHOM KpPUCTAJLIe OTJIHYAETCA OT CBOHX COCeell TOJBRO BO3OYKIeHHEM
BIEKTPOHHOTO cocToAHHs. Taxoil «pmedexT HasEBaerca akcumonom Dpenkeas.
ITockoanbKy B BO3OY:KICHHOM COCTOSHHE MOKET HAXOMHTHCA NI000H HMOH, a MemIy
BHEIIHVMHU HJICKTPOHHALIME 000/09KaMyl HOHOB HMeeYCs CHJIBLHOE BaamMojelcTBHE,
SHEPTrUA BO30Y:KIEHUA MOKET B PeAJbHON CHTYALHH IePeiaBaThCsa OT OKHOTO HOHA
gk gpyromy. CiemoBaTennpHo, Hepememenme oKcuToHa @DpeHKeldsa Do KpPHCTANILY
He CBA3aHO C M3MEeHeHUeM HOJOKeHHA WOHOB, II0PTOMY OH (KaK M IOJSPOH) HMeeT
ropasfo 00JBINYI0 MOABHKHOCTD, T€M BAKAHCHH, MEAKIOY3eJbHbEe aTOMHE U IPUMECH
saMerenns. B GoapmmHCTBE 3a71a9 BOOOIe He HMeET CMbICIA CIUTATH DKCHTOH JIOKA-
nmzoBaHHBM. [Ipu Gosee cTPOTOM ONUCAHWHU BIEKTPOHHYIO CTPYKTYpPY KpHCTaLia,
cofiepRALIero SKCHTOH, NMPefCTaBAAINT KaK CYNepIO3HIUI0O KBAHTOBOMEXaHHFECKUX
COCTOAHNIM, B KOTOPOH BO30Ym[eHHe ¢ PaBHO# BepOATHOCTHIO MOKeT OHITH OTHe-
cenno K mi06oMy MoHY B Kpuctasue. [lociemHmit momxop cBA3aH ¢ LpefcTaBleHHEeM
0 KOHKpeTHBIX BO30YKJeHHEIX MOHAX COBEPINeHHO TaK jKe, KaK B TEOPHH 30HHONA
crpyrrypsl (ra. 10) onmcanme ¢ momompio GH0XOBCKMX YpOBHel B IpuGIMKeHHR
CHIBbHON CBA3HM CBA3AHO C HPEACTABICHHEM 00 YPOBHAX OTAEJIBHHX ATOMOB.

Ilosromy oKCHTOH, BO3SMOKHO, JNydme paccMaTpuUBaTh Kak ofHO u3 Oosee
CJIOKHBIX NPOSIBJIEHHNA 30HHON CTPYKTYPHI, a He Kak AeeKT B Kpumcranie. [lefrct~
BHTEJBHO, 6CJIH IPU3HATH, 9T0 (ojlee HPaBMIbHOE ONUCAHAE DKCUTOHA IPeJCTABIAEY
co00l 3ajagy BOHHOH TeOpHH, MOMKHO PACCMOTPETh 5T0O ABJEHWe C COBepHIeHHO
Ipyrod TOYKH 3DCHHSA.

Hpepnonosxum, 970 MH HANIIK 0CHOBHOE COCTOAHHE HIEKTPOHOB B NHAJIEKTPHKE
B mpubimmeHNN He3aBACUMHX 3JeKTpoHoB. Husmee Boz0yjeHHOE COCTOAHHE
nuoMeKTpEKa OymeT, OYeBHAHO, OTBEYATh IEPEHOCY DIEKTPOHA C CAMOTO BEICOKOTO
ypoBHA B HamboJiee BRICOKO PACIOJIOMKEHHON 3aI0NHEeHHOA 30He (T. e. B BAJICHTHOH
30He) HA CAML HWKHUA ypOBeHb HAMHUBMIEH He3arojHeHHON 30HH (30HBL IPOBO-
pmmocti) %), Tarkoe maMeHeHHe pacupeelieHHst DJI6KTPOHOB He BJIMAET HA CaMOCO-
TJIACOBAHHBIA TOTEHIHAN, B KOTOpOM oHH ABIRyTCH [eM. (17.7) mam (17.15)]. 3o
06BACHACTCA TEeM, 4UTO OJOXOBCKWE DJCKTPOHE He JIOKamm30BaHH (| Y, (1) |* —
mepumonngeckas (QYHKOWA), HOTOMY JIOKaJbHoe H3MeHeHHme NJIOTHOCTH 3apsfa,
06yCIOBJIeHHOe HepeXojioM OFHOTO 3IEKTPOHA Ha APYyroit ypoBeHH, MMeeT HOPANOK
1/N (nmockoawsky Toabpko 1/N wacts 3apsama »aeKTpoHA OKKETCA B HEKOTOPOW
BHIGDAaHHON »ieMeHTapHON sAuelike), T. e. mpemneOpesxumo Maxo. IlosTomy mus
BO3OYKIeHHOH KOHQUTypanuuW He HAJ0 HPOBOZUTH HOBOTO PACYeTa »JIEKTPOHHBIX
HHEPTETHIeCKUX YPOBHel; SHEPIrHs HepBOro BO3OYKIEHHOTO COCTOAHMA Gymer
npeBHIMATh DHEPTHI0 OCHOBHOTO COCTOAHMA Ha Beguwamny &€, — &,, rme &, —
MUHAMAJbHASL DHEPTHA B 30He IPOBOAAMOCTH, a &, — MAKCHMAJbHAs BHEPIH
B BaJEHTHOW 30HE.

1) Tloxpobryo nEGOPMALHIO 0 HOALPOHAX MOMHO HANTH B Kuure [2] u 0630pHOit craTee [3],
CilenyerT NPEHYHpPefuTh YHTATEAA, 9TO PAcCMOTPeHwWe IOJSAPOHA KAK IOABHIKHOIO AHTHIONA
Vyg-LeHTpa OTPAKaeT TOIBKO OTUASHHEE YCHIHA ABTOPOB CHEJNATH HMBJIOKEHME IIOCIE[OBATEIb-
HHIM. 9TO OTHIONL HE OPTOOKCANLHAS TOWKA SDEHHUSA.

2) Mu mcnoandyeM TepMUEONOINIO, BBeIeHHYI Ha cTp. 184.
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OnHako wMeeTcA M ApPYro# cmocob cosmarh BosbyspenHoe cocTosHme. [lpen-
HOJIO}KEM, 9TO OHOIEKTPOEHHA yPpOBeHL QOPMUPYeTCA KaK cymepHo3unus KaKoro-
TO YHCIA ypOBHef[ BOAM3H MyHHAMYMa 30HH NOPOBOOAMMOCTH, KOTCPOEe INOCTAaTOYHO
IS TOTO, ITO0H 06pas’oBaCsa Xopomo J0KATA30BAHILIN BOJHOBO! naker. IlocKoab-
Ky BOJHOBOI HaKeT JoJKeH OHTH 06pasoBaH YPOBHAMH, JEKAMAMHA B OKPECTHOCTH

MIHAMYMA, SHEPTUA BOJIHOBOTO HarkeTa €, HeCKOABKO mpeBmmaer € .. Hpome Toro,
MPesImoOKHAM, YTO YPOBEeHb BAJIEHTHON 30HH, C KOTOPOTO YXOIUT JIeKTPOH, TOMKe
mpefcTaBiAeT coboll BOJHOBOR HaKeT, 06pasoBaHHBIH YPOBHAMH BOJH3H MaKCAMYMAa

BaJIeHTHON 30HH (TaK 4TO €ro sHeprus ¢, HeCKOJbKO MeHpme &,), H 9T0, KpoMme
TOTO, IIEHTp 9TOT0 BOJHOBOTO IAKeTa PACHOJOMEH B UPOCTPAHCTBE 0YeHb GIU3KO
0T IEHTPA BOJHOBOTO TIAKEeTa W3 30HH IpoBoguMoctd. Keam 6n MBI mpeHeSperanm
DIEKTPOH-2IeKTP OHHLIM B3aMMOJEHCTBHEM, TO SHeprus, HeoOxX ofuMasn A HepeHoca
BIEKTPOHA C BOJHOBOTO IaKeTa B BAJIEHTHOW 30He Ha COOTBeTCTBYWINWi NaKeT
B 30HE IPOBOXEMOCTH, Ohuia Gh papna é, — &, > €, — ¢ ,. OfHAKO, TMOCKONBKY
VPOBHH JIOKaJIW30BaHE, OyAeT CyIMECTBOBATH TaK/Ke B3aMeTHBIH OTPHLATeIbHbIH
BKJIAJ B SHEPTHIO 34 CUIeT KYJOHOBCKOTO NpUTAKenus (JOKAaJM30BAHHOTO) DIEKT-
POHa W3 30HBI HPOBOMUMOCTE ¥ (JOKANM30BAHHOH) AHPKE B BaJEHTHON 30He.

dTa MOMOJHMTENHHAS »IEKTPOCTATHYECKAA OTPHIATEJbHAs SHePTHA MOKeT
NOHW3NTh LOJHYI0 SHEPrui0 BOo3Gy:HAeHUA [0 3HAYEeHUH, MEHbIIero, gem &, — €& ,.
Takum o0pasom, HE3mMee BO3GYHKIeHHOe COCTOAHNE KPHCTAMIA B MeWCTBETEIBHOCTH
mpepcraBiger coboll Gosiee CiOMHHE THI BO30YKIEHHOTO COCTOAHHA, KOTOpOE
xapaKkTepusyerca HaJIWYHeM NPOCTPAHCTBEHHON KOPPENANHH MEKTy 3ICKTPOHOM
OpPOBOMUMOCTH W NBIPKOI, OCTaBIIeHCA Ha ero MecTe. JTO HOATBEPIRIAETCA HOJOMKE-
HHeM KpasA OUTHYeCKOr( MOTJIONEeHHA, KOTOPHH HAaX0JUTCA HEUKe Iopora HelpephiB-
HOTO cHeKTpa, o6yCioBIeHHOTo MeKsoHHEME nepexomamu (fur. 30.11). B osrom
e MOMKHO yOeIHMThCA ¢ MOMOIIBI0 CIENYIIEro nJeMeHTApHOTO TeopPeTHIECKOTo
pacCMOTpeHHs, TOKA3HBAIOMEro, 9TO Yy9eT 9AeKTPOH-IHPOYHOTO NIPHTIAMKEHU
BCEr/a NPUBOJMT K IOHWKEHHIO SHEPTHH.

Paccmorpem corywait, Korma mpocrpaHCTBeHHEe pasMepsl ofjactum, B KOTOpoi
JIOKAJIM30BAHE 9JIEKTPOHHEE ¥ [HpPOYHbE YPOBHH, BHAYUTENHHO IIPEBHINAIOT
DOCTOAHHYI0 pemeTKH. IlosToMy MH MoseM HIpOBECTH KBA3HKIACCHIECKOE pAac-
CMOTpEHHE THHA TOr0, KOTOPOe HCHOJB30BAJOCH HAMU OPH ONMCAHHH IIPEMECHEBIX
ypoBHe#t B noxynposomEnKax (ri. 28). BymeMm paccMaTpuBaTth 2ieKTPOH H NHPKY
KAK YacTHIB ¢ MACCAMH M, ¥ M,. ITU BeJUINHE OpeacTaBisoT coboil agdeRTHBHEE
MacCH HOCHTeJeH B 30He NMPOBORMMOCTH W B BajdeHTHO# 3ome [cM. (28.3)], Korophie
MBl JJIg OPOCTOTHL CYMTAEM W30TPONHLIME. DJIEKTPOH M ABIPKA HCHOLITHBAIOT KYJIO-
HOBCKOe IPHTSKeHHe, KOTOPOe SKPAHHAPYETCA 34 CdeT HHIJIEKTPHYIeCKON OpOHUIae-
MocTH € KpmcTajuia. OueBHAHO, MBI HMeeM IQJHYI0 aHAJOIHWIO ¢ 3amadeil of atome
BOJOPOZa, B KOTOPO¥ HIpHBEeNeHHYI0 BOZOPOMHYH Maccy W (OIpejesisieMyio paBeH-
ctBom 1/p = 1/ Myror + 1/mel &= 1/me)) ciienyer saMeHuts Beawaunoli m* — mpm-
BefieRHOM 3¢pertuBHON Maccorn (1/m* = 1/m,+ 1/m,), a sapan smexrpoHa — Be-
suuntol e/e. CaremosarensHo, GyayT CyMEcTBOBATL CBA3AHHBIe COCTOAHHA, HAMHH3-
Imee W3 KOTOPHIX JOKAJIM30BAHO B 00JACTAX C MPOCTPAHCTBEHHHIM pPasMepoM Mo-
pAnKa GOpPOBCKOTO pajmyca, OMpeensieMoro Kak

k2 m
dex=m=8%;ao. (3020)
OHeprua CHA3aHHOIO COCTOAHMS MeHbIMe SHepraum (€, — &,) HeB3amMmoneicTByIO-
MUX IEKTPOHA W NHPKA HAa BeJIWUYWHY
e?/e m¥ 1 e?

* 1
Eex=_2a=____o=_”;7£_2(13,6) aB. (30.21)
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@ur. 30.11. ¢ — sonnasn crpykrypa KI, noxyserras @uinuncom [5] myTeM HcclemoBaHAs OITH-
9eCKOT0 CHeKTpa (OTJIOIMEeHNs DTOr0 BemecTBa.
6 — CIeKTDP DKCHTOHHHX COCTOSAHHHE, 06PasoBaBIINXCH BOIM3U Pa3iIUIHKHX MAKCUMYMOB M MUHM-
MYMOB BaJleHTHOH 30HHK H 30HH IPOBOJUMOCTH (COTJacHO peadyibTaTaM paGoTH [6], nmpusegeHHBIM
B o63ope ®ummunca [7]).
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Takaa Mofielb NPEMEHHMA, €CIH BEINYHHA @, TOPasA0e 00Jbile MOCTOAHHON
pemerkE (T. e. d.; > @;). OAHAKO JUAIEKTPHKM ¢ Majiofl MHUPWHOA 3ampelleHHOH
30HE 00BYHO XapaKTepU3yIOTCH MaJHMW deKTHBHEIME MacCaMd HOCHTelNeill ToKa
1 GOJIBIIAME [ADJIeKTPHIeCKAME HPOHANASMOCTAME, MOBTOMY HETPYHRHO A00HTBHCA
BHITIOJIHEHH A YKa3aHHOTO YCJ0BHA, 0co0eHHo B mojymnpoBogEnkax. Takoi Bomopomo-
MOMO0HBY CHeKTp [efcTBATENbH0 HAOMIONAJCA LpPH HCCle[OBAHNA ONTHIECKOrO
TOrJIoNieHUA HUKe HOpPOra BOSHMKEOBEHWA HENPEPHBHOrO CIEKTPA, OTBEYAlOIIero
MeRK30HHEIM IePeXOofaM.

DKCHTOH, OMMCHBaeMHEIl mOfoOHON MOMENbl0, HOCHT HasBaHWe skcumoHna Baw-
Hve — Momma. Ilo Mepe yBelnueHHA JOKAINBANUA ATOMHBIX YpOBHEH, B3 KOTOPHIX
dopMuEpyI0TCA YPOBHE 30H, € ¥ a¥ yMeHpIMATCA, m* pacreT W SKCATOH CTAHOBHTCS
foJiee JIOKAJIM30BAHHBIM; B KOHIle KOHIOB
Kapruua Bamawse — MoTra, 09eBUIHO, CTa-

- . ° ° . . * .

HOBHTCA HeIpUMeHWMo#. OKcuToH Bam-
L] L] * . . L4 L]

Hbe — MoTra 1 skcuton DpeHKeass — 5TO
OPOTHBONIONOKHBEe IpejeIbHbeE clydad LA
OJHOr¢ HW TOT'O jKe ABJIeHHsS. B sKcuTOHE IR P
Dpenrens, o6A3aHHOM CBOMM CYIIeCTBO- e e s e s -—-I‘
BaHHeM BO30YKIeHHOMY YPOBHIO TOJBKO 4
OTHOr0 MOHA, DICKTPOH H ABIPKA HeCTKO a

JIOKAAM30BAHE HAa AaTOMHHX MacmTabax. e e s e e e
K yRazaEHOMY KiacCy 0OTHOCATCA 3KCHTOH-

Hble CIIEKTPH MHEPTHHX Ta30B B TBEPIOM A af-é‘i”‘i&"iii
cocrostHNR ). I i/‘,
JUHEVHBIE JTEGEKTDI e e e e gj
(IIMCJIORAITUN) el

Onmol w3 caMplXx ABHBIX HeyZay MoO-
Iend, B KOTOPOIl TBepMoe TeJIO paccMaTpHh- e o e s e e e
BaeTcA KaK HIeasbHBIM KpPUCTaja, GBLIA
ee HeCII0COOHOCTH 00BACHATD MOPAMOK Be-

JAYRAR CHILI, HeOBXOMMMON HJA MIacTH- e s - ’
9eCKo# (T. e. 0cTaTo9HON ¥ HeoHpaTmMOIi) ¢ v e e ’_’/‘ fggggﬂf’:ﬁ;
nefopmanuu wpumerasyia. llpenmososums, ¢ ¢ ¢ o o e A

410 TBep/0e TeN0 — BTO MNeANBHBIH KpH-

CTaJl, JIerKO OHEeHHTh TAKYI0 CHIY. 8

EOHyC’I.’,HM’ ng KpUCTAIIL OPONCTAB-  qp 30,12, HenedopmupoBaEREE KPACTAILI,
asger co00il  CeMeHCTBO UAPAJIENBHHX  peImTHBAIOIWE IOCTENCHHO yBeJIHIHEAI-
IUIOCKOCTeH, KOTOPHEe 06pa3oBaHbl yaliaMu IMyI0Cs CABULOBYI0 JiedhopMamiio.
pelieTKH I HAXOJATCA Ha paccToAHuU d a -— MEEANBHEH KPHCTaul.

6 — pedOpMUPOBaHHBI KpucTail.
Apyr oT [Apyra, Kax 3To ﬂ306pa}KeH0 HA ¢ — xpucramny, methopMHpPOBAHHHII HACTOJIBKO cu(.gb-
_  HO, YTO OH HMeeT TAKYO yKe BHYTPEHHIO® KOH{n-
(i)ﬂl‘. 30'12' PaCCMOTpHM CHBHPOBqune(bOP rypamnuio, Kak B HenedOpMUPOBAHHBI HKDPHCTAJ.
Malu KpHCTadla, OpH KOTOpoU Kam-

Jasg IJIOCKOCTh CMellaeTCA IapaiijelIbHO

camoii ceGe BIONb HEKOTOPOIO BHGPAHHOTO HANDABIGHWS N Ha PACCTOAHWE T OTHO-
CUTEJNbHO HUReJNemamien nnockoctu. Ilyers momonnmrensHas sHeprua Ha eNHHAINY
o6bema, ofycloBieHHAsA CHBHroM, paBHa u (x). MomHO TpemoNoMHATh, UTO IJIA
M&aJIBIX X SHEPTUA U [OJKHA OHTH KBajgpaTwuHol ¢ymrnueir x (sHauenme x = ()
0TBeYaeT PABHOBECHIO), W ee MOIKHO PACCMaTpHBATh B paMKaX TEOPHH yLIpYTrOCTH,

1) MopgpoGuas meEdopMannsa 06 SKCHTOHAX mMeeTCH B KaMre [4).
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u3nomenHo# B ria. 22. Hampmmep, ecam Kpmctamil KyOH9ecKmi, T0 AiA INIOCKO-
creit (100) m manpapuaenus [010] moxyamm (cM. Bapmagy 4)

u=2(—§—)zc“. (30.22)
Boiee 06lige BEIpakeHUe HMeeT BHI
1 z \2

rae G — 3HaueHmMe TUNHMYHOTO YIPYLOTO MoAyisa, HMmelomge mopsamox 1011—10%2
nua/cm?® (cM. taba. 22.2).

Qopmyaa (30.23), ecrecTBeHHO, HecOpaBe[JJIHBA B clydae 09eHb OOJBIIHX .
Ecanm paccMoTpeTh IpeielbHBIA Ciaydad, KOrJa cMemleHAe & DABHO HAHMEHBIIEMY

H3 BEKTOPOB pemieTKH DpaBd a W HAIPABIEHO @O N, TO CMeWgHHYI0 KOHQUIYpauwio

_d
u(x) fo)—a';(du)
1%p | —
sd 1
/1
000-——//' -
AR
)
|
f
1 ] l I
0 als a z 0 alé afe 4 %
a 7

@ur. 30.13. ¢ — moBefleHHe [OMOJEUTENLHON sHePrv: (a eAMHEENY o6BeMa) u (r), cBA3aHHOM
co cnBuUroBoil jedopmanueii z.
OTMeTHM, 4TO % (X -+ a) = U (x)e
6 — 3aBHCHMOCTH CHJE (B pacueTe HA €QUHWIYY ILIOIMAAN B KayKgoll IJIOCKOCTH), HEOOXOTMMOM
A mohfepskanna gedopManyMy 2, 0T BeJIUYUHH 2.

B 5TOit MPOCTOIl MORENH HOPAAOK BeJMYMHH MaKCEMAIBLHOTO MM RPHTHYECKOTO HANpSKEHHA Oc MOMHO OLCHUTD.
eCJIH B3AiTh 3HAUCHHE G B TOYKE x = a/k, WJIK e, BOCIOJIb30BABIINCH HHEIM CIIOCOG0M, JKCTPAIIONNPOBATL OGNACTD
nuHEHHOr0 pocra ¢ (x) AO sHAUeHHa x = a/fk.

(mpene6peras moBepXHOCTHHMH d¢(eKTaMu) HeNb3s OTIAYATHL OT HeAePOPMUPOBAH-
HOTO KpHCTa/Jia B BeJWYMHA U (@) oKamercA paBHoM Hymo. [leACTBETENBHO, U €CTH
nepHopAdeckas QYHKIUA Z C IEPHOXOM &, T. e. U (Z + a) = u (z) u nprmobperaer
sz (30.23) Toapko npu z € a (pur. 30.13, a). B peayabrate, ecin B3ATh B Kade-
CTBe MCXOMHOTO WAEaJbHHH KPUCTAILT M PACCMOTpETh CHIY O (X) (Ha eIMHHNY IUIO-
AT B JAaHHOH ILIOCKOCTH), KoTopad Heo0Xxommma, 9TofH IOAfep)KHBATH cMeile-
Hue z (9Ta CHJA HA3HIBAETCA CABHIOBHIM HAIPAKeHUEM), OKasHBaeTcs, 9T0 3Ta CHIa
He OymeT HeorpaHH49eHHO BO3pacTaTh ¢ yBejuueHmeM L. Ee makcuManbHOoe 3HaYeHHE
MOJKHO OHeHHUTH CiaefylomuM obpasoM.
Ecan xpucrain noctpoed m3 N mirocKocTtell MIOMANbIO A, 10 ero 00BeM paBeH
V = ANd m coBurosoe HalpsKeHHe oNpefeindeTcs (opmyiol
o= = (Vu)=d (5 ). (30.24)
D710 BHpaskeHHe HMeeT MAKCHMYM OpH HEKOTOPOM CMEIUEHHH I, JeKallleM Mexuy
myieM 4 a/2 (Qur. 30.13, 6). Ecam Mb rpyGo oleHnM MaKCHMaJbHOe 3HAa9Y6HHE T,
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SHCTPANOJNPOBAB JVHeHHOe H3MeHeHENe O (2) (MMeloMiee MecTo MPH MAJKX ) [0 BHa-
9eHUA T = a/4, TO TONYIUM TaKyl0 ONEeHKY BeJWIWHH KDPUTHIECKOTO CABHIOBOTO
HaIIp AIKeHHA:

d 1 22 1 a

N = -_— = e — —~ 11 2 4
0. X5 T o =% 3 G ~ 10" nmu/cM2. (30.25)

Ecan npuiosxenHoe cABUroBoe HAaNpsyKeHHE HPeBHIIAeT BEJHIAHY O, TO HAYTO
He OPeHATCTBYET CMEMEHWIO IUIOCKOCTeH OTHOCHTENALHO APYT APYra, T. €. KPUCTAJIL
ACOHITEBaeT ckoabscentie. Vi3 dur. 30.13, 6 Bupno, ar0o dopmyna (30.25) maer ToabKO
rpyGyI0 OmEHKY KpPUTHYECKOTO CHBUTOBOTO HampsoxeHmsa. OpHako HaGiionaemble
BHAYEHMA KPHTHYeCKOTO CIBHTOBOTO HANpSIKEHWA AK€ B 3aBeJOMO XOPONIO MPHTO-
TOBJICHHEIX MOHOKPHCTAJJIAX MOryT OGHITH MeHbmIe Hafienmbix!mo, gopmyie (30.25)

Hanpagnenue
BLUICEHIIT
duconany

Slunus

ducnoia (V

Hanpaenernue
CHOJTS HCEHUA ¢

Qur. 30.14. o — cronbKeHUEe B KpHCTalle, 0OVCIOBIEHHOEe ABUIKEHHEM Kpdesol JMCJIOKAIUU.
6 — CKOJIbjKEHNE B KpHcTaiuie, o0YCHOBIEHHOE JIBUYKEHHEM guHmMO060Y [ICIOKALUN.

ayth nm He B 10° pas! Taxaa Benmamua ommOKN HoKasHBAaeT, 9T0 OLMCAHNE CKOJb-
MeHUsI, Ha OCHOBaHWMH KoToporo OBLia momyueHa omerka (30.25), mpocro Hempa-
BHJIBHO.

B meficTBUTENBHOCTH IPONECC BO3BHWKHOBEHHA CKOJbKEOHHA OIpefensercd
B GonpmwHCTRe CiydaeB Gosee TOHKEM MexammamMoM. Pemaiomiyio poldib HIPaloT
snech JuHelHble NedeKTH ocoGoro THHA, HaskiBaeMble Jucaokayusmi. J[Ba caMbIx
OpOCTHIX BHAA AMCIOKANHUE, suHmossle W Kpaeasie, m3obpaennt Ha ¢ur. 30.14
¥ Gozee mogpo0HO onucaHH HmKe. llroTHOCTR MuciaoRanuil B peaJbHHX KPHCTAJLIAX
3aBHCAT OT cliocofa W3roToBIeHUH ofpasna !) m MOryT mMaMeHATHCH B Ipefeiax
102—101% ¢m~%. Bpoap anHe#HoH NWCIOKAanUM JToKAJBHAsA fedopMamuda KpPHCTaJLla
CTOAD BEJHKA, YTO M Toro, 4To0H CABUHYTH AHCIOKAMIO B CTOPOHY Ha ONHY
OOCTOAHHYK pEMeTHEH, T. €. COo3%AaTh NOIOJHUTEABHYW pedopmanmio, Tpebyercs
OTHOCHTeJIBHO Majioe HOIOJHWTeNbHOe HampsmeHme. Boisee Toro, mnepeMemenue

1) Kax 6puUI0 yKasaHO BHIIe, 00pasoBaHHe JMEEHHHX NePeKTOB He eCTh TEPMOIHHAMUICCKH
paBHOBecHOE ABJenme. [109TOMY HE CYMECTByeT KAKOTO-Tu00 BHYTPeHHe HPHCYIIETO NAHHOMY
KPUCTAILTY 3HAYCHNA IUIOTHOCTH NUCIOKANuil (KOTOpoe BeNb3st OHLIO §H 3HAYUTENHEC CHUBUTH
opu OTIRUTE).
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[UCJIOKANWH HA PACCTOSAHWE, BO MHOTO pa3 IpeBHIaOllee MeRaToMHOE, OIPUBOINAT
& TOMY, 9TO JBe MOJOBMHE KPHCTAJIA, pasfeleHHble IIOCKOCTEIO, B KOTOPO# mpouc-
XOUT cMellleHHe AWCIOKAIUE !), CABHTAlOTCA HA PACCTOAHW®, PaBHOE MOCTOAHHOH
pemeTKH 2).

MosxHo mpegcTaBuTh ceGe, uro Kpaesas guciokanua (¢ur. 30.14, a) oGpasyer-
cs, eCIAM Y[aJHWTh U3 KPHUCTAJIA ATOMHYIO0 I0JYIUIOCKOCTH, OIPAaHNYeHHYIO JUHHEH
BUCIOKALMY, & 3aTeM AaKKypaTHO COeJUHHUTH [BE INIOCKOCTH, PacIOJ0KeHHHE
mo o6e CTOPOHHL OT yRaJIeHHOH, TaK, 4TOOLI PacHoJIO}KeHHe aTOMOB, CBOMCTBeHHOE
Anea bEOMy KPHCTAJLY, OCTAJloch HeM3MEeHHHM Besfle, KpoMe Oamxaiimedl okpecT-
HOCTH JUHHH HHCIOKALAH 3).

AHaJoTHIHO MOKHEO (CKOHCTPYHPOBATLY BHATOBYI0 nuciaoranuio (fur. 30.14, 6),
paccMoTpeB DIIOCKOCTh, OTPAHUICHHYIO JUHWeH NUCIOKANY, ¥ IpeIcTaBuB cebe, 4TO
BHIIE 5TOH IJIOCKOCTH KPHUCTAJI cCHAdaka cMeIaeTcd Ha BEKTODP TPAHCIALMAA pelmeT-
K, DapaJilebHEN JHHUE QUCHOKAIAH, a IOTOM COeAWHAETCS C HUIKeJeRammeil
9aCcTh0 KPHCTAILIA, HNpPHYEM CYIIeCTBOBABMME HOPAAOK B PACIONOKEHHH ATOMOR
KpHCTAJIa HapynaeTcd TOJbKO BOGJIU3HM CaMol JINMHUH.

B of6meM caydae pucioKanum He 0683aTeIbHO MOJGKHEH OHTH IPAMOJINHEAHBIMHA.
MomHO OOHCHBATH AMCIOKATHIO KaK HEKOTOPYIO JMHHUIO B KpHCTalle (3aMKHYTYIO
MM JKe OKAHYWBAIONIVIOCA HA ero TIpaHmMnax) co ciaefyollEMA CBOHCTBaMu:

1. Bpaiu ot oTO¥ JMHUEM KPHCTAJA JOKAIBHO HPAKTAIECKYW He OTIMYAeTCH
OT HJeaJBHOrO.

. BO6ausi 9T0# JHHWK aTOMH! 3aMETHO CMEINEHK OTHOCHTEJHHO Y3JI0B PEIIeTKH
HCXOMHOTO KpHCTAJLIA.

3. Hmeerca ornmamniit or Hyas eekmop Bopeepca.

Bexrop Bioprepca ompefeaserca ciaemyiomuM o6GpasoM. PaccMoTpuM saMKmy-
TYI0 KPUBYI0, HPOXOQAMYIO depe3 HOCIe0BATEIBHOCTH Y3JI0B PEIIeTKH; 9Ty KPUBYIO
MORHO IOJYYATH, COBEPIIMB PAJ CMeIeHNH Ha BeKTOp TpaHCHALHME pelieTKn Bpass
(pur. 30.16, mwwHAs kpusasa). Temepp HpojesaeM Ty e IOCIEOBATEIABHOCTD
CMelleHWA B KpHCTaJde, rfe, BO3MOMKHO, EMeercs IHCIOKAIHA (BepXHAA KpuBad
ga Qur. 30.16). KourpoasHBlt KOHTYp HoJDKeH HOPOXONMTH AOCTATOYHO [AJIeKO
0T IUCIOKATHE, 9T00B KpHUCTaJi BOJH3E HeTo ApaKTHYeCKH He OTIMYaIcA 0T Hefe-
$OpMHUPOBAHHOTO, IOCKOJBKY JAMb B 9TOM CIYdYae CJIOBA «Ta Ke HOCHeTOBATEIb-
HOCTh CMEIIeHHIN» HMEIOT OfHO3HAYHLIA cMbIci. Eciu B pesynbTaTe MOCIE0BATeIb-
HEIX CMeIIeHHI MH He BepHeMcA K HCXOKHOH TOWKe, TO OTCIOAA CJeAyeT, YTO KpUBasd
mpoBejieHa BOKpYT mmciokanmu. Bekrop pemerkm Bpass b, Koropsil coemguHser
HCXOQHYI0 TOUKY ¢ KOHe4HOW, HasniBaeTcs BexropoMm Broprepca mamuoir mmcaoka-
oy %).

1) Yacto mpoBORAT AHAJOTHIO C IBWKEHNCM MIMHHEOH CKIAAKM 10 KOoBPY. B pesyustate
KOBE) HEeMHOIO CHBUTAETCS, HO Ais dTOre Tpe(yeTcs HOTPATHTh SHAYUTEILHO MEHHIIE YCIUINI,
ueM [Jis [ePEeMeIneHIss BCero KOBpa HA TO Ke PacCTOAHUE.

2) CymecTByeT JpYroil THI CKOJbKeHUs, 06YCIOBICHRAI INCIOKALUAMHE, KOTJa CTPYKTyPa
KPHCTAJIA, UCHEITHBAIOMEro CKOJbKeHne, 0ojiee CIOKHHM 00pa30M CBfA33HA € CTPYKTYpPOi
HEeTIO[BIDKHOI 4acTH (CM. HHyKe OMUCAHNE OBOIHNKOBAHMA).

3) Opgnako TOJLKO IIPeNCcTaBI€HNe O JUMAWH IUCIOKALNYE HMEET CaMOCTOATENLHYIO [[eHHOCTD.
CymecTByeT HeOrPAHHISHHOE YNCI0 CHOCO00B, HO3BOMANINIX HOJYIATL TAaHEYK KPaeByl JHUCIO-
Kanuio myTeM yIaJleHHss ONHOIl u3 ATOMHHX HJIOCKOCTe. MOKHO Tak/Ke Hpe/cTaBUTh, 9T0 NHCIO-
Kauua o0pasyerTcs, eciad BCTABUTH NOMOJHUTENIBHYIO TJIOCKOCTb MEMRIY INIOCROCTAMM IeaibHOTO
kpucramna (pur. 30.15). To ke camoe orHOCHTICS W R BHETOBOH JUCHOKAIUH.

4) IIpu b = O aumeiinnil pedeKT He mBIAETCA MHCIORAUmell (ecau TOJLKO HE BO3HNKAaeET
TaKasj cuTyamuA, KOTma KOHRTYP OKPY/KaeT /ipe AUCJIOKALNY ¢ DABHEIMH IO BeJuYHMHE U TIPOTHBO-
MOJIOJKHO HAIpABICHHHIMH Bekropamu Dloprepca). JlumeitHan memogyka BaKaHcud yjosieTsopsaer
Kputepuam 1 u 2, HO oHA HE mpexcTaBAsier coOol mucaokanuo. (Eciu ypanurs Kakoi-ERGYNHL NOH
u3 obGiaactu, KOTOPYI0 OKDY;KaeT HWKHAS Kpusasd ma ¢ur. 30.16, KORTyp BCe DPABHO OCTAHETCA
3aMKHYTHIM. )
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PDar. 30.15. HeosEo3HauHOCTL, (KOHCTPYKTHBHOTO» oupejenentst nucrokauuu. (M3 paborer [8].)

TloxazaHa OOHA IIJIOCKOCTb B KpyCTajule, UEPUECHOMKYNADHAA JIVHUM OTHXeNibHO¥ KpaeBoil mucioxamuu. (TOuKy,
rae JUCAOKALMFA IIePeCeKaeT IJIOCKOCTh, Jierde BCEro OOHADYMHWTH, DACCMATPUBAA DPHUCYHOK IO MAJBIM YIJIOM
BJOJb KaKOro-Hubyas M3 ceMeiicTR napajielbHHX JABWI). L{ACHOKAINI0 MOKHO OIMCATDH KAK pPe3YJbTAT Bneime-
HHUA [ONOJHUTENbHOI aTOMHOII IIJIOCKOCTH, KOTOpas IepeceKaeT BEPXHIOK 4YACTb PHCYHKA 10 JIMHUA 6, HO C TeM
e YCIIeXOM MOMHO YTBEPHHATH, YTO [AOUOJHMTENbHAA INIOCKOCTh IIepeceKaeT BCPXHIOKn 4acTh PHCYHKA IO Ji-
Huy F. MOHO OmicaTh NUCHOKAIMIO M MO-GPYIrOMY, & HMEHHO KaK pesyibTaT yIajeHHA aTOMHOH IIJiOCKOCTH
U3 HMAHEH IOJIOBUHEI PUCYHKA; 9Ta IIIOCKOCTD MOMKET JICHKATD WY MEMKY JIMHUAMU 5 M 7, MIN MEXKLY JIMHUAMN
E n G. TIocrpOeHNe OCHOBAHO HA HOJYYeHHBIX Bporrom m Haewm [8] gororpadmsax cucreMpl MeIKHX ITY3bIPHKOB.

®nr. 30.16. J[Ba KoHTYpa B HEKOTOPOH ATOMHOM INIOCKOCTH KPUCTAJLIMIECKol peureTu.

HmxHnil KORTYp npoBegeH B o6iactu Ges mucioxaryit. Eciiv BRUiTH M3 TOUKM A U crenarh NATL IIArOB  BHEZ,
MeCTL HADABO, IATH BBEDPX M IIECTH HAJEBO, TO Mbl OIATHL BepHeMCA B A. BeDXHMIt KOHTYD OKpYMKaeT MCJIOKa-
IMI0 (JINHAS JMUCJOKANNA HepNEeHANK YIApIa ATOMHOR IJIOCKOCTH). ECJI BHINTH N3 TOYKY B M UPOENaTh TY e
I0CIIen0BATENILHOCT MATOB (MATL BHM3, IECTHh HAIPABO, IATH BBEPX, IIECTh HAJEBO), ME! [1011agaeM B TOUKy C,
4 HE B HCXOQHYIO TOUKY B. BeKTOD, COefuH ABOUMI TOuKy B ¢ C, n ecTb Bektop Broprepca b, (Jlucioxanmio, KOTo-
PYIO OKPYKAET Be PXHI P KOHTYp, JieTde BCEro OGHAPYKHTh, PaCCMATPUBAA CTPABUIY IIOf OuUeHb MAJBIM YTAOM).
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Ecan memHoro mopymars, TO MOKHO y0OemmTheA, 9TO BeKTop Broprepca mis
NaHHOM [HCAOKAIME He 3aBHCHT OT TOTO, HO KaKOMy KOHTYpY MH ee 00XO0nnM.
Berrop Broprepca meprneHIaKyasiped KpaeBod QHCIOKANNE U HaPaJielieH BAHTOBOM
pucaokagum. Jmcmoxammu, Godee cJaOMKHBIe, WeM KpaeBaA WM BHHTOBas, TAKKe
MOryT GBITH ONWMCAHEL eRHCTBeHHHIM He 3aBHCANUM OT KOHTYypa BeKTOpoM Dioprep-
ca, XOTH COOTHOINGHWE MMMy HaIpaBleHHeM BeKTopa Bioprepca wm reoMerpumeit
HCRaKeHHOR ofxactum OymeT He CTOXB NPOCTHIM, KaK JJIsi KpaeBo# W BRHTOBOM
ancioKanum 1),

IMPOYHOCTD KPUCTAJLJIOB

Hmnaxada mpo9HOCTH XOpPOIMEX KPHUCTAJIOB B Te9eHUEe MHOTHX JeT IpPeAcTaBJiA-
pachk 3aragko#. OrgacTm, KOHeYHO, 3TO OBLIO 0DYCIOBIEHO TeM, YTO SKCIepHMEH-
TaJbHEE NAHHBE JIeFKO MOIJIM OPHBECTH K HeNpaBHIBHBEIM BrBoxam. Brimo ob6Ha-
PYKEHO, 9TO HPOTHOCTH CPABHATENBHO IJIOXO IPHUTOTOBICHHEX KPHCTAMIOB GIH3KA
K TeM BHICOKMM 3HAYeHMSAM, KOTOPHE MH HOJIYJIWJIH BHAYaJE, ONEHWBAA OpPOYHOCTH
wieallbHOTO KpucTamia. OgHako OKMIO yCcTaHOBIEHO TaKiKe, YTO, KOIJA CTPYKTypa
KpHCTaJUIA yiayduialachk (HaOpuMep, OpH OTKHUTe). ero HpOYHOCTh Pe3KO majaja,
CTAHOBACH HAa HECKOJBHKO HOPSAKOB HIKE B OUeHb XOPOINO NPHIOTOBACHHEIX KpHC-
rajuiax. EcTectBenno 0BIo 61 Ipefnosararh, 9ro HabiaogaeMasa OpodHocTh B Godee
coBepIeHHbIX o00pasiax [oJKHA HpUONMKATHECA K BHAYEHHUAM, CBONCTBEHHBIM
ANeanbHOMY KPHCTAJLIY, HO B [eHCTBHTeALHOCTH Bce HpoHCXommio HaoGopoT.

Tpum wenoBera HezaBuCHMO ApYyT 0T Apyra mpenmioxuam B 1934 r. ?) oObacHenne
TAKOTO HOBejeHHs, CBA3aB ero ¢ HaawyheM aucioKarnmit ¥). OHm BBICKasajw mpej-
TOJIOKeHUe, 970 HOYTH BO BCeX PeajbHHX KDPHCTAJLIAX CONEPMKATCA AUCIOKAIAN
7 mractmueckasg AedopManusa OPOHMCXOMHMT 32 CYeT MX ABHMREHHS, KaK MBI DTO YKe
onncHBajgd BHie. UTak, mMewTcs nBa OYyTH CO3TaHWA OPOYROTO KpWcTamia. Onue
H3 HEX 3aKJII0YAETCA B CO3AHUN ASHCTBUTEIBHO MAeANLHOrO KpHCTALia, He cofep-
Mallero HHKAKHX AHCIOKATHM, HO 3TOTO KpaifiHe TpyAHO HOCTHTHYTH *). J[pyroi
IyTh — OOOKITATHCH BOCHPEIATCTBOBATbL [IBIKEHUI0 [UCHOKANUH, IOCKOJBRY,
HeCMOTpA Ha TO, 9TO AWCJIOKANWN CPABHUTEIBHO JerKo NepeMelllaloTcA B MAeaibHOM
¥pucrayie, pabora, 3aTpaumBaeMas Ha WX IOepeMellleHme, MOKeT BHAYUTEIBHO
BO3PACTH, €CJHHM Ha HX IIyTH BCTPEYAIOTCA MEIKAOY3eJbHBIe aTOMBI, IpHMecH HId
JasKe HPyrAe MHCIOKAIUH.

CaepoBaTelpHO, IJIOXO HPHTOTOBIEHHEH KPHCTAJUI OKA3LIBAETCHA TBepP/BIM,
IOCKOJNBKY OH HaOWT pguciaoKamuaMu w JedeKTaMu, KOTOpHE HACTONBKO MeIIalor
IpyT ApYyry ABUFATHCA, 9TO CKOJbAKeHWe MOKeT IPOHCXOIUTH TOJIBKO IOCPENCTBOM
OUMCAHHOr0 paHee MexXaHw3Ma, TPeCyIolero 3HAYATELHO Ooibiell 3aTpaTsl pHEp-
rua. OpHaKo ecil¥ KPHUCTAJII caexaTh 00Jiee YMCTHIM W COBePIIEHHEIM, T. €. BhIBECTH
00JNBMUHACTBO JUCHOKANWHA M3 KpHCTandIa, YMeHBITUTH UMCIO BAaKAHCHHA W MejKIo-
y3eJdLHEEIX aTOMOB [0 (BeChbMa HH3KOTO) TePMOAMHAMHUYIECKN paBHOBECHOIrO 3Hage-
HHUs, TO OCTABIHHECA OUCJOKANUH CMOTYT 06CIpPeNATCTBEHAO ABHTATHCA U KPUCTAII

1) Bo3HVWKHOBEHNHE B3aMKHYTOI [UCIOKALMN MOKHO HOHMATH, OOPATUBIIACL K OIHCAHHON
HIJKe MOJIeTH ¥ BOCIOJL30BABIINCL CKANBIENEM H KiIeeM. PaspesxeM KplcTamm II0 MOBePXHOCTH,
HaTAHYTOH HA HEKOTODHII KOHTYD, CMECTHM IOBEPXHOCTM IO 00e CTODOHK OT paspesa, a 3aTeM
ONATH CKIeUM, YIAJNUE IIN 106aBUB ATOMH, HEOOXOUMBIE [JIsl COXPAHEHNA UIeATLHON CTPYKTYPEL
B pesyabprate Taxoil omepanumu ME IOAYIMM JUCIOKAIUI0 ¢ BEKTOpOM Bloprepca, coBIamaiollunM
¢ TeM BEKTOpPOM, Ha KOTOpHII GHIM cMemeHn HoBepXHoctu. Tomojiorwdeckoe oupepeierne (KOTO-
pPoe 9KBHBAJEHTHO), BO3MOKHO, JIeTrie¢ BOCIPUHUMAETCH MHTYUTUBHO, IHOCKOJIBKY OHO HE Tpefyer
pasMelllIenuif HAj 9THUMU He COBCeM IOHSATHERIMI OTePaLMAMMU.

2) 3ro 6mam Teitnop, Oposau u IlompsEn (cM. paGotsr [9—11]). IIpencraBienye o qUCIOKA-
ORAX B PAMKaX RIACCHIECKOi Teopuu yupyrocta seex B. Boasreppa npumepno sa 30 et go aroro.

3) IIpAMble SKCIEPUMEHTAJbHRE HOKAB3ATENLCTBA CYMECTBOBAHMA AUCHOKANuH OBIJIM TOIY-
YeHH! JuIip dYepes 10 mer,

4) Cm., ofHAKO, HIDKE OINHMCAHUE (YCOB».



HedekTsl B KpucTajiax 11253

6yner serko nedopMmpoBaThecsa. B TaKoM COCTOAHEM KPHCTALI 09eHBL MAroK. Eciam
MOJXHO GBLIO 6H HPONOJAKUTH HPOIEece 10 MOJHOI0 HCUYe3HOBEHUA BCeX NUCIOKALM,
TO KpHUCrTajJ CHOBa cTaJX 6Ll TBepAbIM. B HeKoTopHX caydasdx, KaK MH yBHIAM
Hye, 9TO NelCTBUTeIpbHO HalJII0MaeTCs.

HTE@OPMAIIVMOHHOE YIIPOUHEHUE

Xopowo W3BECTHO, 9TO CTepP:KeHb W3 MATKOr0 MeTayia Hocje pAma crubammi
m pasrubaHuii HepecTaeT B KOHIE KOHIOB CrH6AThCA H JjOMAeTcA. JTo HpHMEp
depopmayuonnozo ynpournenus. Ilpum RamaoM cruGaHun Bce HOBHE W HOBHIE UCIO-
Kanmuy BO3HHKAIOT B MeTajljie, MOKA WX YHUCIO HE CTaHEeT CTOJh OOJLMHUM, 9TO OHHU
yiKe MemaiT FBATAThCA APYT Hpyry. Torma KpucTasa TepAeT CII0COGHOCTh K IJIACTH-
gecKol medopManuy ¥ Ipu AajibHemeM Bo3feHdCTBHm HA HETO JoMaeTCHd.

JNCJHAOKRANUN U POCT KPUCTAJJI0B

IIpoGaemy mmactmueckoro (T. e. HeoOpPaTHMOro) TedeHHA YNAJOCH PA3pelInTH,
CBA3AB ee ¢ JBHKeHWeM puciaoKanmit. Croasn ke samyTamHoOR 6BLIa XpobieMa pocra
KPHCTaJIn0B, pellleHHe KOTOPO#A OHIO HONYyYeHO JHIIB IOCHe TOro, KaK OblIa
OpUHATA BO BHHEMAHWEe BO3MOMHOCTE CYLIeCTBOBAHMWS BHHTOBHX JIHCIOKAIIHIH.

Pa

/W////ﬂi%,

O®ur. 30.17. Pasauunble BO3SMOKHBIE MeXaHH3MBL POCTa KPICTAJIOB.

ATOMEl CpaBHMTENLHO €Jla00 CBA3AHL! € IJIOCKON IIOBEPXHOCTBIO MOealtbHOro KpHCTaLIa (a), CHIIbHEE CBA3AHBI

€0 CTYNEeHDbKOH, O06pa30BAaHHON KBYMA ILIOCKOCTAMK (6), W Ham0OJjiee CMIIbHO CBASAHBI B YIJy, O6GDas0OBAHHOM

ABYMA CTyHeHbKaMu (6). Ecim B XKpucCTalljie MMeeTCsi BUHTOBAsA RUCIOKALHUA (2), TO HpU gobaBieHun aTOMOB JO-

KaJbHO ILIOCKAs CTPYKTYpPA MOMeT 0GpAa30oBhIBATL GECKOHEUHYIO CIMpalib BOKDPYI HUCIOKAIMHY. POCT KpHCTAliIa

TAKHM CIIOCOGOM NPOMCXOAUT 3HAUKTENbHO OhICTpEe, IMOCKOJBKY IpHN 9ToM He TpelyeTcs ofpasOBaHue 3apOmmlIa
HOBOI INIOCKOCTH, KaK B ciyyae a.

IIpepmonoskmmM, WTO MH BHpami@BaeM OOJBMION KPHCTALI, HOMECTHB MajleHBKHR
KyCcOgeK KpHCTAJLTa B Iaph COOTBETCTBYIOIIEro BellecTBa. AToMaM IIapa Jierde
BCETO 3aHATH Te Y3JBl PEIIETKH, KOTOPHeE OKPYAEeHH yKe 3AMOJHeHHHIMH Y3JIaMH.
Tloaromy aToM cpaBHHTeJBbHO HeIPOIHO CBA3AH ¢ IUIOCKOH MOBEPXHOCTHIO HMAeasb-
HOTO KpucTainia; Oojee CHIBHOR OKRABHBAETCA CBA3b CO CTYNEHBKOH, 006pasoBaHHON
OBYMA IUIOCKOCTAMM, 4 HauboJBIOYI0 BeJMYHHY CHJIA CBS3W HMeeT, KOrmga aToM
pacnoxoken B yray (¢ur. 30.17). ByseM cuuTarh pacTymuil KpHCTAIN HREATIHHBIM;
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KpoMe TOTO, HpefmoJoEHUM, YTO POCT MPOUCXOAHT MOCIENOBATENBHO INIOCKOCTE
3a mIocKocThIo. Torga o0pasopaHne KaKION HOBOM IUIOCKOCTH 00A3aTeIbHO JOJAHO
HAa9MHATBCA ¢ KOHJEHCANNHA aToMa Ha HOBePXHOCTH, KaK m306paskeno Ha ¢ur. 30.17,a.
Ilockonpky B 8TOM cirydae CBA3H CPAaBHHTeNbHO ciaaba, TaKo# mpomece (KoTophii
Ha3bBaeTcA «00Pas0BaHUEM 3apofbMa CIeAYIOMEro CJI0A») M0JKEH HpPOUCXOIUTH
3HAYMTENBHO MeMJIeHHee, WeM HYXKHO A o0bsiCcHeHHA HabiaomaeMoll CKopocTnd
pocra xpHcraxna. Ecinm, ofHaKo, B KpHCTajlle HMEETCA BHHTOBAA MUCIOKAIEA,
TO coBCceM He 00A3arTefbHO, 4TO0H BOBHMKAJ 3apONBIN ATOMHOR IUIOCKOCTH, TaK
KaK JIOKaJbHO ILTOCKAsA CTPYKTypa Mosxer OeCKOHeUHO HAKpPYYMBATHCA HA NHCIO-
Kanuio momoGHo BwHTOBoM JectHunme (dur. 30.17, e).

YChbI

Mpm onmcamrOoM BHIme cmocofe PoOCTa KPHCTANIOB MOTYT 06Pa3OBHBATHCA
049eHb [JINHHEE TOHKHe HWTeBHAHBIE KPHCTANXNB — «ycuy (whiskers), koropire
HAaBHBAOTCA HAa ONHY BHHTOBYI0O MUCIOKANHWI0O W TeM CAMEIM HNPOLOJIKAIOT €e Ha
o4eHb Ooxpmylo gawHy. Takme ychl MOryT CONepKaTh TOJIBKO OJHY MUCJIOKAIUIO
(camMy 3aTpaBOYHYIO BUHTOBYIO JHUCIOKANWMIO) W OGHAPY/KHMBAIT HPOYHOCTH, CpaB-
HEMYI0 ¢ OpeficKa3mBaeMoii B MOJeNHn HAeaNbHOTO KPHCTAJLIA.

[HABJIOJEHVE TUCJIORATIMN U IPYTIUX JE®EKTOB

OpHo w8 caMBIX DepPBHX HOATBEepAAeHUH TOro, UT0 AHCIAOKANUK (M ApyTHe BHIE
nedeKToB) HEeHCTBHTENBHO CYMECTBYIOT B KPUCTANIAX, BHPAlleHHBIX B OOGBIYHEIX
yeaoBusx, 6buio monydeHo Bpsrrom u Haem [8], uccnemosasmumu cacreMB ofmHA-
KOBBIX IY3HIPBKOB, IUIABAIOMYWX HA HOBEPXHOCTH MBIIBBOTO pacrBopa. [IBymepHast
CHCTEMA NY3HPHKOB, CANMAIOMINXCA IO feficTBHeM CHI HOBepXHOCTHOrO HATAMKEHNAS,
04eHb XOPONI0 ANNPOKCHMHpPYeT HEeKoTOpOe ceueHHe KpHcrajaa. B cipyxrypax,
00pasoBAHHHIX HOY3HpBKam#, ObLIm OGHapyeHbH M ToueuHHe fAeeKTH, X JHCIO-
Kayg¥W, W TpaHUUEl 3€peH.

BoocuepcrBum fedeKTH B TBep[HX Telax HalbloONanuch ¥ HeIOCPeACTBEeHHO
MEeTOIOM DIEKTPOHHOH MUKpPOCKOmENM (B IpoXofdllieM OYYKe 2J1eKTpoHOB). C Io-
MOIIBI XWMHYeCKOTO TPABJEHHS TaKKe YAaJOCh BHABHATH TOUKH IepecedeHHs
AUCHOKAMiA ¢ HOBePXHOCTHIO TBepablx Tejg. OKoNo TaKmX TOYeH TBepHoe Telo
CHIBHO nedoPMHUPOBAHO W HOJ KeHCTBHEM XMMAPYeCKY AKTWBHHIX BelleCTB B OCHOB-
HOM YHAJNAKTCS HMeHHO aTOMBI, jJe)Kallwe B medopMuEpOBaHHOHE obiacTH.

NEO®EKTBI YIIAROBKU KAK NPUMEP IBYMEPHBIX JTE®EKRTOB

CymectByeT 6o0Jiee CIOKEEIA TN CHOJbKEHHWA, 00YyCIOBJIeHHBIH MHCIOKANHA-
mu. OHO BO3HHKaeT B TOM Ciydae, Korjja NpHIOKeHHOe YCHIHe BHI3HIBAET KOI'ePeHT-
HOe pOKIeHile OUCAOKANUI B CiaegyOIHEX ApPYT 3a APYroM aTOMHBIX IIOCKOCTAX.
Ilpn nBmwxenny n6oA AUCNOKANME IO KPUCTasiAy DO3aTH Hee OCTaeTCA aTOMHAA
IJIOCKOCTh, CABMHYTAas HA BOKTOP, He COBIAAWINME ¢ BeKTOpOM pemeTknm Dpass;
B pesynbTaTe jKe MPOXOMKIOHNA HeJoTo ceMeficTBa mMCIoKALui o6pasyerca o0xacTs,
B KOTOPOH KpHCTaJJIH9ecKas CTPYKTypa OKA3LIBACTCA B3EPKAaJBHEIM OTpPaykKeHHeM
(oTHOCHTEJNBEO INIOCKOCTH CKOJBKEHHS) HepBOHAYAIBHON CTPYKTYpH KpucTajia.
Taxo#t mpomecc Ha3HBalOT JBONHWKOBAHWEM, 4 CaMy H3MeHeHHYI0 o00JacTb —
nedopMATHOHHHM [BONHUKOM.

Hanpumep, B HmeanbHOM TpaHENEHTPHPOBAHHOM KyOMYeCKOM KpHCTAJLIE
HoCHe0BATEIbHOE paCHoJOMeHNe ImiocKocreir Tmma (111) Momer 6mTH mpepcraB-
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JIEHO B BHJIe CXEMEL

TN TN TN

...ABCABCARCABC. . ., (30.26)

Kak 310 maoOpaskeno Ha ¢ur. 4.21. Tlocie croxpxenmsa, npuBopAmero k o6paso-
BaHHI0 JeoPMAIMONHOr0 ABOMHWKA, CXeMa NPHHWMAeT CHeRyloOIuWi BWII:

NN A \U/ -~ N
... ARCABCARCABCRACBACBACEA. . ., (30.27)

I7ie MBOMHOU CTpPeNKOH oTMedeHA rpaHmna obaacTi, B KOTOPOH HPOUCXOMAIO0 CROIb-
menne.

Cumeinernrle TaKHM 06pasoM AaTOMHEE NJIOCKOCTH HOCAT HasBaHHe NeeKTOB
yoaxkoBKH. B KagecTBe Npyroro mpmMepa Mo;KHO OpUBECTH TaKoe PAaCIOIOMEeHIE
IJIOCKOCTel:

P ¥
... ABCABCARABLABCARL.. (30.28)

3jiech aHHAA INIOCKOCTh (OTMEYeHHAs ABOHHOM CTpemKoil) HaXOMUTCA He Ha CBOEM
MeCTe; ee pacloJiokeHdHne COOTBETCTBYET HOCHef0BATEIbHOCTH IIOCKOCTeH B TreKca-
TOHAJBHOH WJAOTHOYNAKOBAaHHOH pemeTKe, a He B rpaHeleHTpUpOBanmol KyOmue-
CKoil; 3a 3TO¥ INIOCKOCTBIO MPOROJIKAETCA
00bIYHOe (He 3epKaJbHO OTPaKeHHOe) pac-
NoJIoMKeHHe II0cKoCTeH, XapakTepHOe HJA
T. I. K. pelleTKH.

MAJIO¥TJIOBBIE TPAHUIIBI 3EPEH

I'panuya sepen oGpasyercs, eciay IBA
MO-Pa3HOMY OPHMEHTHPOBAHHLIX KPHCTAILIA
HMel0T Oo0myIo IUIOCKYI0 IIOBEPXHOCTD.
Horpa pasiumume B opueHTAIllUW Ma.o0,
MH uMeeM [ejl0 ¢ Maaoy2A060U TpaHuUIeh
3epeH. B KagecTBe COOTBeTCTBYIOMEro Opu-
mepa na ¢ur. 30.18 nzobpaskena HakioH- ®ur. 30.18. MajoyrioBas HAKJIOHIAN rpa-
Hasa rpasmna. OHa ofpasoBana JWHEHHOR HUNl@ (BHA ME3ePenHoii Tpamuibl).
HOCHe[0BaTeLHOCTbI0 KDAeBhIX jmestoRa-  1Ruyd TRy, BOnns ThCiComar Ten nacms 5
onu. CyHIGCTByeT TaK)Ke TpaHuma Kpy- KPHCTAJIIA NOBEPHYTA OTHOCHTENBHO HacTH A Ha Ite-

6oNbILoil Yyroj BOKPYr IOKA3AHHON Ha (urype ocu,
4eHus, O0PABOBAHHASA TOCHEJOBATENBHO- gy TPAHULE [OSBIACTCH (B JONOMHEHHE) KOMHO-
CTHIO BINTORX JmCTOKaMui. B ofiow  Heita Wywic Thaw s (oo
clydae MaJOyLJoBHe TPAHWIEL IIPeICTaB- BUHTOBHX AMCIIOKAIMits
NA10T co0OH CMeCh 3TUX JBYX THHOB IpaHuUII.

BoabmmHCTBO peanpHEIX KPUCTALIOB, 32 HCKIIOYeHNEM OYeHb TIIATENBHO
TPHTOTOBJIEHABX, COCTOWT W3 MHOTHX CJeT'Ka pasopHeHTHPOBAHHEIX 3epeH, pasfe-
JeHHHX MAaJOYTJIOBHIMH TPAaHHIAMA. PazopueHTHPOBKA JOCTATOIHO Maja, TAK dTO
npn nudpakOud PeHTreHOBCKWX Jdyuell GpsrroBCKWe OWKH OCTAlOTCA pe3ko BIpa-
JKeHHBIME, OJfHAKO HallWdHMe 3epeH OKa3hlBaeT CYIMIeCTBeHHOe BIMAHNE Ha HHTEHCHB-

HOCTHP 9THX IIHKOB.
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3ATAYM

1. PoHOHHAA NONPASKA K KOHUECHM PAUUU 6AKAHCULL

Bouee Toumslil pacieT paBHOBECHON KOHIEHTPAINY BaKaHCUH JUid pelneTku Bpasa, B yaiax
KOTOPOH HAaXOMUTCS II0 OJHOMY aToMy, Ipuseld Osl K IOsBIeHII0 B ¢opmyde (30.11) nonpasogroro
MHOKUTeNA, obyciosmendoro doxHodamu [ecm. (30.9)]:

n=Ne - BEug—BOFP!/om) (30.29)

ITocTpoiiTe mpoOCTYH0 SHHMTEHHOBCKYI TeOPHI0 HOPMANBHAEIX KoJeGanHil B KPHUCTAJie ¢ BaKaH-
CHAMH, T, &. PAcCMATPUBAIITe KayKIHIH MOH KAK HE3aBUCHMEIH OCHUILIATOD, HO cUUTaiite, ITO

9aCcTOTa OCHIILIATOPA €cTh Ju60 Wg, M160 @y B 3aBECHMOCTH OT TOTO, NMEETCH N HET BAKAHTHEIN
ysea cpepu z GamwRalinx coceneil AaHHOro uoHA. IIoKa)kmTe, 9To B 9TOH MOuen#l BHpayKeHNe
{30.29) mpuoGperaer up

R ] =y © (30.30)
—e

TlocKOMbRY G << O (Houemy?), pomonmas MompaBra ofieruaer obpasobanne pakamcmit, Jccae-
ayire ee sug upu T > Op u T £ Op.

2. Cxecvr degienmoe Ppennean w Hlommru
PaccmorpuTe MOHEBIT KpUCTai, COCTOAIMIA N3 aTOMOB 1BYX copTos. IlycTs aEeprun obpa-
30BaHUS BaKaHCMII B NOJpemeTKaX IOJOMUTEJIbLHHX M OTPUIATENHbHEIX HOHOB, a TAKMKE MeKuo-

y3eJdLEBX MOHOB DPAaBHEL COOTBETCTReHHO %, &°, €%, €:. Ecim ob6pasoBaHuE OTPUIATENHHEIX

MEIRIO0Y3€JIbHEX HOHOB B3aHpPEmeHo, T. e. 9HePTusg %) sHaUUTeJLHO GOJNBIIE OCTANbLHHX (B Mac-
nitabe k5 7), TO eIUHCTBEHHO BO3MOMKHEIMM IedeRTaMH ¢ OTPHIAaTeJHHBIM 3HAKOM 3apsna GymyT
BakaHCHN. VX Bapapn MomeT OBIThL HefiTpaau3oBaH i1n00 BAaKAHCHMAMHE OTPIINATENbHEX HOHOB
(me¢exTtamu HloTTKN), AMG0 TIONOKUTeNLHMIMH MGKIOY3eJLHHMN noEamu (fedexramu (Dpenkeis)

B 3aBUCHIMOCTH! OT TOTO, KAaKO#l ciydail peajiusyercs: ‘6i — €’ > kT uan €° — ‘61 > kgT.
Iusa pederros IlorTRE dopmyrna (30.19) paer

(2)s = (n2)g= [NTNe—BUET+BD)a, (30.31)
a pas pedexros  (Dperkens —
(n2)7 = (o) = [VINEe - BCEL+ B2, (30.32)

Horakute, 9TO B IpPOMEMYTOUHOM caydae (1. e. ecan % — €° = O (kzT)) BHpameHNs A
KOHI[EHTpaluu JcHeKTOB 3TUX TpeX THIOB UMEIOT CHeRyIOmuil Bufm:

Rl =[(n})2+ (D",

i
= (30.33)
L (g
n-= v
ny

Y6eanTech, 4TO 9TH BEIDAMKEHHMS B COOTBETCTBYIOIIMX HIpEEJNBHEIX cXydasax cousTcsa K (30.31)

u (30.32).

3. Toueunvie degierkmovt 6 LAOPUCTIOM HAM PUU C NPUMECHIO HANDUUSA
Paccmorpurte kpuctain NaCl ¢ mpumecslo Ca, copep:eamiuil ngy aromor Kaieiud B 1 cu?,

Ormerus, aro B guncrom NaCl xomuenrpammsa pederxro loTTknm pasra

RS = n?— ny= (NN_) 12 o~BCE++ €2 (30.34)
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OOKAKUTe, 9T KOHNEHTPANuH JeeKTOB B KPHCTAJLIO C IPHMECAMHA OLPOAeJAIOTCS BH payke HEAMR
q -
v_.
n, -‘—2" [V-4n3+n%ja+ "Ca],
. (30.35)
v_ 2 1L n2
nt=— [ 4} + nga— ncals
{OGparmre BHAMaHHe HA aHAJOTUI0 C TeOpUeld JNerApoBAHHHX NOXYNPOBOJHMKOB, cM. (28.38).]
4. Coeucosan deio pmayus wdea@AbHOZO % PUCAAAA

Hcenoaraya (22.82), noxaskure, 9ro paBeHCTBO (30.22) BHIOJHASTCA NIA KyOHISCKOTO KPH~
CTaJyaa.

JLnuHe 8onwe, HM
400 600 800 400 600 800 400 600 800 400 600 800 400 600 800

I Tl T T T 1 1T 11 VT 117 | T T 11
Lict NetCl RCL RbCl CsClL
| | ! i I 1 1 L |
% 3 Z 3 P4 3 a 3 4 3 2
Jnepeusn, B a
Jnuna sonus:, mim _
Lz L0 08 0.6 0% 0,2
(IR | [ I I
o
g —=s
8 — *
K REr——— " o
¥ 6 Rl / S
s KBr”” Reu s
s — NoBr / /
8 Nac
g KF L |
S NaF \
: wir
NS
! | l ! l !
1 2 4 6
NMonoscenue maxcumyme F-nonocsr, 3B ¢

®nr. 30.19. Ilonock mornomeRds F-NeHTPOB AJIs HOKOTOPHX XJOPHJOB meMOYHHX MOTaJLIoB (a)
B 8aBUCHMOCTH IC/A0REHAA MAKCEMYMa NOJOCH NOIVOMeHNA F-HEHTPA OT BeIHYHHEl II0CTOAHHON
pemetkn (6). (M3 paGorm [12].)

5. IIpoemaa modeav F-uenmpa

Ha ¢ur, 30.19, 6 nokasamu "NONOMKEHAA MAKCAMYMOB IIOJIOC TOIIIOME NS F-nerTpOB B 3aBH-
CHMOCTH OT BOJMYHHH NOCTOSHHOW POIIOTKH @ (CAMM IIOJOCH A HOKOTODHX XJODH/OB INSa0Y-
HHEIX MeTannoB waobparxent;ga dur. 30.19, a). B rauecrse mojelin F-meATpa npmmuTe, 9T0 3JIEK-
TPOH BaXBaveH NOTEHOUANOM BaKaHCHH, AmelomuM Bujg V (r) = 0, ecam r << d, V (r) = oo, ecinm
r > d, t/e BelwImHA d NPONOPOAOHANLHA HOCTOAHHON PemeTK: g. I[oKaRETe, 9T CHOKTp 3aBH-
cut OT d Kak 1/4%, mosromy ecadm mAKW OGYCOBIEHH HMePEXOJaMU OXHOIO M TOTO 3He THOA, TO

Amax ~ a2, (30.36)
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rae Amax — AAEHR BOJHH, OTBedaomas HaOIoOgaeMOMY MaKCUMYyMy HOJOCH HOTIOMEHNA F-meH-
tpa. CoormomeHue (30.36) masmBaerca coorHOmeHHMeM MOoJLIBO.

6. Bexmop Biopeepca
Karoit Mmouammanpeai Bektop Broprepca B mampasienun [111] MoeT mMeTh mACIOKanms
B I. 0. K. KpHACTaxie?
7. Ynpyean sneprus 6uNM0oB0YH ducaorauyun
PaccmorprTe 06JacTh PajumycoM r B KPHCTAJJIe BOKPYT BUHTOBOH AMCIOKandm ¢ BeKTOPOM
Broprepca b (¢ur. 30.20). IIpm pocraroymo GodpmInX 3HAYGHMAX r BeJwYHHA CIBATOBOH pedop-

r

v
@®umr. 30.20, BraToBas AucioKanusa ¢ BeKTopoMm Bioprepca b,

mamun pasHa b/2zr. (Yto mpomeXonmT HeNocpejcTBeHHo BOIMBE pucaoranmm?)., Cumras, 9To
Aedopmanya W HANpsKEHNe CBA3AHH paBeHCTBOM (30.23), MOKaskuTe, 9T0 NOJHAA yOpyras sHep-
TAA B pacdere HA OJMHUIYY MJUHE BHHTOBOH AUCIOKAOWH PaBHA
b? R
G—In—,
4n T,

rae R u ry — BepxHAN m HwxHWI npegexas r. Kakue usmzeckme coobpaskeHma JeKaT B OCHOBE
BHOOpDa pa3yMHHIX SHAYEHWH 5TUX BeJIUIHH?
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JUAMATHETI3M N ITAPAMATHETH3M

B3AUMOJEUCTBUE TBEPJBIX TEJI C MATHUTHBIM IIOJIEM
JIAPMOPOBCKUN NTUAMATHETHU3M
NPABUJIA XVHIA
IIAPAMATHETU3M BAH ®JEKA

3AKOH KIOPM J1J11 CBOBOJLHBIX HOHOB

3AKOH KIOPY JJIA TBEPJ(BIX TEJI
AJIMABATUYECKOE PASMATHUYUBAHUE

NAPAMATHETHU3M NAVJH
IMAMATHETU3M BJIEKTPOHOB IIPOBOJMMOCTH
ANEPHBIN MATHUTHBIN PE3OHAHC. CIIBUT HAUTA
IIMAMATHETHU3M JIEKTPOHOB B JIETUPOBAHHBIX IOJYIIPOBOJHUKAX

B npepgmpymmx raaBax MH PacCMAaTpHBaJHE BO3EHCTBEe MArHWTHOIO HOJSA
TOJBKO Ha METAJIIH U TOJIHKO B CBA3H C TEM, YTO [BH;KeHHE JeKTPOHOB B HoJie IOMO-
TaeT BHABUTH CTpoeHEEe moBepxHocTm (Depmu. B mocaegyiomux Tpex raaBax ME
COCpPEIOTOYEM CBOE BHUMAaHMe Ha HEKOTOpDHX MarHATHHIX cBo#cTBax, (ojee Hemo-
Cpe/ICTBeHHO CBA3AHHEX ¢ BHYTPeHHUM CTpOeHHAEM TBEPAHX Tel, T. 6. 6yneM E3yIaTh
MarHATHHE MOMEHTH, KOTOpPHME 00JaflaloT TBepjble TeJa B NPACYTCTBAHA (a MHOTHKA
ga’ke @ B OTCYTCTBAE) NPHJIOKEHHOTO MAarHMTHOTO HOJAA.

B 7ol raaBe MBl BHaYaJe PacCMOTPAM TEOPHIO aTOMHOTO MarHeTHama. IloToM
MBl OCTAHOBHMCA Ha TeX MArHHTHHX CBoiicTBax TBEpAHX [H3JIeKTPHKOB, KOTOpHE
MOKHO UOHATBH, 3HaA CBOicTBA OT/IEJBHHX aTOMOB HJIM HOHOB, BXOQAIXX B COCTAaB
STHX BEIIeCTB, I YYATHBAA (TaM, rje 910 Heobxoqumo), 9P PeKTH, CBA3aHENE ¢ BIKA-
HAEM KpHCTAJJIAYECKOr0 OKpys;keHAs. Ml onmmeM TaxyKe Te MarHATHHE CBONCTBA
MeTaJI0B, KOTOpPHEE MOMKHO X0TA GH Ka4eCTBEHHO HOHATH, HCHOAB3YA Upnbin/KeHEe
He3aBHCEMEIX 3JeKTPOHOB.

Hu B ogHOA ®W8 3ajgad, pacCMOTpPEHHHIX B 3TOM TrJuaBe, MH BooOme He GymeM
KacaThCA BOUpoca 00 9JIEeKTPOH-2JMEKTPOHHOM B3aHMOJeHCTBEH. IT0 00YCIOBISHO
CIelyIOIEMA Ccoo0pakeHHAMA. B caydae [AWSJAEKTPAKOB Hame pacCMOTPeHE®
OCHOBHIBAeTCS HA pe3yJbTaTax aTOMHOA ¢u3mxd (UpH DOAYYeHAW KOTOPHIX 9TO
B3amMopeficTeAe (Ge3yCI0OBHO YIMTHIBAJAOCH), a B CAydae MeTAJJIOB sApieHHA o6mAC-
HAWTCA, IO KpailHell Mepe B o6HIMX depTax, B paMKaX MOJIeJH HE3aBACHMBIX BJIEKT-
poHOB. B ri. 32 MH ofpaTEMCA K H3y4YeHHI0 NIPHPOAH 3IEKTPOH-3IEKTPOHHOIO
B3aUMOJeiCTBAA, KOTOPOE MOKET OKa3uBaTh ri1y00Koe BIMAHWE MMEHHO Ha Xapak-
TepHEEe MATHATHHE CBOHCTBA METAaJJIOB M AMAJAEKTPHAKOB. B ra. 33 omacams mpyree
MarHUTHHE ABJAeHHA (TaxuWe, Kax $eppoMarHeTMsM B aHTAQEppPOMATHETH3M), KOTO-
pHe MOryT GHTEH 00yCIOBIAEHH 9THM B3aMMOMEHCTBHEM.

HAMATHMYEHHOCTh 1 BOCIHPUNMYNBOCTDH

Ilpr T = O namaenuuennocmo (4n® naomuocmv Mazrumuozo momenma) M (H)
KBAaHTOBOMEXAHAYECKOH cmCreMEl o0beMoM V B OJHOpONHOM MarHMTHOM Doae !) H

1) Bynem cumrath, uro H — »T0 Hoje, AeHcTBYIOmIee Ha OTAEILHEE ATOMHEE MAaTHUTHHE
MOMEHTH B TBepaoM Tejde. Hak m B ciryuae TBepaoro ausieKTPHKa (1. 27), ono He 06A3aTOJILHO
JOJKHO COBIAjaTh ¢ BHEIIHUM nHojeM. OfHAKO B MapaMarHUTHHX U JHaMaFHUTHHX BemecTsax,
KOTODHE ME paccMaTpyBaeM B 9TOi riase, JOKaJbHbE IIONPABKH K IIOJI0 MaJbl, ¥ MK He GyHeM
UX Y9IUTHBATE.
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ompenendeTcsa XKax ')

Mi(H) = ——-22e(). (31.1)

rie Ey (H) — sHeprusa 0CHOBHOTO COCTOAHAA B upucyrersud uonst H. Ecmau cucrema
HaXO[UTCA B TepMOAMHAMHYECKOM paBHOBeCME IpH Temueparype 7, To HaMaruu-
9eHHOCTE ONIpefiesiAeTcsA KaK Pe3ysbTaT TepMOJUHAMAYECKOTO yCpefHeHns HaMarHm-
WeHHOCTEi, COOTBETCTBYIONAX KajKIOMY BO3OY:KAEHHOMY COCTOSHHIO C sHeprmei

E, (H):

E Mn (H) e—En/hBT
M(H, T)= 2 S — (31.2)
rne "
M, (H) = ——- 2En) (31.3)

“Dopumyny (31.2) MOKHO TaK;Ke 3amUCaTh B BHJe TEPMOGUHAMAYECKONO COOT-
"HOIMeHA A

1 oF
rae F — cBoOojHas pHEPTHS CACTEMH B MATHATHOM IIoJe, KOTOPAs ONIpeHedsercHd
¢yrramerTanbHON (OpMYJSOH CTAaTHCTHYECKOH MeXaHHKH
e F/RET _ N =Eq(DikpT (31.5)
n

Boenpuumuusocme onpefiesnsieTcss ciaegyomEM o6pa3oMm 2):

8M . 1 &F
=T = TV oEE. (31.6)
. HamarnuueHHOCTh MOKHO H3MePHTH, HAXOAA CHNY, ¢ KOTOPOji HEOXHOPOJHO®
none, caabo meHsomeecAa BIoAb 00pasla, AeHCTBYeT HA HEro, MOCKOJABKY H3Me-
HeHmEe CcBoOONHOA dHepruW mHpd nepememenmu oGpasna ®) u3 touxkm £ B z + dz %)
EMeET CIely0Uyl0 BEeJUYUHY: ,

AF =F(H (z+da))—F (H (@) =22 S gom _yyr 2 gz, (31.7)

Takmm o6pasom, caia f, ReficTByOMaA CO CTOPOHH I0iA Ha eXuHURY ofbeMa o6pas-
Ia, paBHA

f=—Lt 9 _ pyoH -~ (31.8)

f) Iina mpocTOTH MH IIpejnoJjaraeM, UTe HaMarandesHocTk M napammenarma mosato H.
B Gomee o6mem ciayJae HYKHO 3alCaTh BeKTOpHoe paseHcTBo M, = — (1/V)0Ey/4H, a Boc-
HpUMMIHBOCTE (oupejenenHas Huwxe) OyzeT TeHsopom. Hak 1okasano s sajade 1, 6omee IpHBE-
poOe ompejieleHnme Amnepa, OOHYHO MCIOAL3yCMOE B KJIACCHYSCKOH MaKPOCKONHYECKOH 3JIeKTpO-
Q[EHAMUKe, 9KBuBajeHTHO ompepeXeHmmo (31.1). )

?) Kax Mu yBEuM HIJKe, IPH JOCTIKAMELX MATHATHHIX NOJAX 3aBECEMOCTe M or H obuano
O¥Y6HL TOUHO CJIeAYyeT JHHeABOMY 3aKOoHY; B STOM CJy4ae OIpefelleHAe ¥ NPAHEMAST BHJ ) =
= M/H. OtMeruM TaKme, 9TO ¥ — Oe3pasmepHas Beiaminea (B egmHmIax CI'C), mockoabky H?
BMeeT _PA3MEPHOCTL BHEPTAN, [IQJOHHOH Ha oﬁfbellx. )

3)" PaBHOe MexanmvecKoit paboTe, coBepimaemMoil Hax 06pas3noM OpH LOCTOAHNOY TeMIePATYPe.

4) M cumTaeM Hoje HaIPaBJGHHHM IO OocH z, a opasern IepeMemaeM BJOIbL OCH .
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PACUET ATOMHBIX BOCHPUMMYHUBOCTEIN.
OBIAAA OOPMYJINPOBEKA
Ecnan nou (unm atoM) HaxogATcs B OTHOPOZHOM MAarHATHOM II0JIe, TO ONACHBAIO-
muii ero raMEJBTOHEAH NpeTepreBaeT CleJylINde OCHOBHH® H3MeHeHHA ).
1. B BHpaKeHWH [ NOJHOM KAHETHYeCKOHX BHeprum 3djeKTpoHoB T\ =
= Xp}/2m MMOyanC KKAOTO IEKTpOHA (¢ 3apAmoM —e) mpeofpasyerca clefyio-
muM obpasoM 2):

Pi—DPi +*:— A(ry), (31.9)
rie A — BeKTOpEH poreHnwasj. B sroll rnase Mel BHOMpaeM A B OgHODONHOM
nore H B BEmE

A=—LrxH, (31.10)
TaK 9TO BHIOJHAWTCA 068 ycaoBHA: .
HesVXA 1 V.A=0. (31.11)

2. B raMEABTOHHAH [0KHA OHTh BKJIIOUEHA HHEPTHsA B3aUMOJIeHCTBES CIEHA
s! = 1/,6, KakmOro W3 PIEKTPOHOB ¢ moyeM 3)

AdE=goppllS;  (8:=2s). (31.12)
3necs py — maznemon Bopa, oupenedseMuil Kak
hp = =0,927.102° apr/Tc=0,579-10- oB/T, (31.13)

1) OrMeTHM ClefyOmue N3MEHEHAA, KOTOPHO o6KYHO He IPAHEMAKTCS BO BHAMaHHe. [10YTH
BCerfa NpeHeGperaloT BIWAHEGM MArHHTHOTO IOl HA IOCTYNATEJbHO® [BHKEHHO uoxa, T. €. HO
coBepmalor npeobpasosarnsa (31.9) onmepaTopa MMIyibca, ONHCHBAIINEI0 ATOMHOe AApo. Hpomd
TOT0, He PACCMaTPHBAIOT B3AAMOJIOHCTBYA ANGPHEX CIIHOB C HOJIOM, HePIris KOTOPOro ONHCHBAST-
cA BHDAKOHHOM, AHANOIMUHHM (31.12); HCKIOWeHHe COCTABIAIOT TOJABLKO ciaydam, Korga sddex-
TH, CBASAHHHS ¢ AJSPHBIMA CONHAMY, IPEACTABIAKT 0COOKH AHTepec (KaK, HADpEMEp, B SKCOSPH-
MOHTaX [0 MATHNTHOMY pe3oHaHCY). B oGomx cayvuasx ynpomeHusa OUpaBJaHEl TeM, 9TO Axpa
HMOIOT 3HAYWTEJHLHO GOJBIOYIO Maccy, # IOITOMY SAAEepHHEI BKJIAJ B MATHHTHHA MOMEHT TBOPAOIo
teaa npumepHEO B 10°-——108 pas Mmemnmie sjexTpomHOTO. M Hakomern, mpeofpasosamme (31.9)
OLIepPATOPOB HMIIYJAbCA, KOTOPHE BXOMAT B WIGHH, ONHCHBAIIIHE CHUH-0PCHTAILHO® B3AMMOJOH-
CTBH®, IPABOAAT K MONpPABKAM, MAJEM II0 CPABHOHUIO ¢ SHEPIHel HOIOCPEeACTBOHHOTO B3aMMOMeili-
CTBHA CIIMHA 3JEKTPOHA ¢ MATHATHHM IOJeM, MOSTOMY TaKoe mpeo0pasoBamme Taxske OOEMHO
HO IPOBOJIAT.

2) B 9mCTO KIACCHYOCKOH TeoprM (eCJH CIMTATH CYMECTBOBAHWO CIFHA 3JI6KTPOHA KBAHTO-
BEIM ABJIGHHUEM) BANSHEHE IOJA CBORHMIOCE OH TONLKO K TAKOMY H3MOHOHEHIO HMIIYJbca. cmoabaysn
KJIACCHYeCKYIO CTATHCTAYECKYI0 MEXaHUKY, JIeTKO IOKasaTh, YTO HAMATHWYEHHOCTh IPH TEPMO-
AEHAMEYeCKOM PaBHOBeCHH OGpamaercsa B HYJb (Teopema Bopa - BaH JleBem), Tak] Kak cymma
B ONpepejieHNH CBOGOMHOM SHOPTHE NepexXoauT B umuTerpaJ no 6 N-mepHomy dasoBomy NpOCTPAH-
¢TBy cHcTeMH [N 9J6KTDPOHOB:

N
-BF ! .
e ==S H dpjdriexp[—PBH (Yyy oy IN}  Pis »+ - PN)]-
=1
IOCKONBKY MarBMTHO® HOJje BXOAHT B GOPMYIY moabko B BUI® BHPaKeEEA Py - eA (ry)/e, ero
MOKHO HOJHOCTBI0 MCKAKYATH OyTeM CABHTE Hadaja OTCUeTA HMOYJahca (mATerpaim Cepyrcs
B pefielax OT —oo JIO0 oo, MOTOMY TaKo# cABHT mX He MeHAeT). Ho ecam F me sasmemt oT H, TO
HAMarHMYeHROCTh, HpPONOpRUORANLHaA AF/OH, oGpamaeTcs B Hymb. II0aTOMy pia 06LACHGHHA
a1060T0 MATHHTHOTO ABJEHHA C CAMOTO HaYajaa TPeGyoTCA KBAHTOBAA TEODHA.

3) B MATHETHMX 3a7a98X MH [0Jb3yeMCH 00O3HaUeRneM &F i1 TaMHILTOEEAHA, YTOOH
n36emaTh NYTAHROK ¢ MATHATHEM 10geM H. Mul mCOONBBYeM Takixe GespasMepHHe COMHE (EME-
Ife neJiiHe WA MONYnelkie 3HAYeHNA), TaK UTO CHNHOBKH MOMOHT PABOH YMBOKOHHOMY Ha / CIHEY.
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8 g, — YIeKTpOHHHIH g-giarmop
e? 1

go=2[1+—;7+0(a2)+...J=2,0023, g=alm,  (31.14)

KOTOPHI, eCAN y9eCTh TY TOYHOCTh, ¢ KOTOpo&k maMepsercsa OOMBMIAHCTBO IpeCTaB-
AAOMAX HHTePEC XapaKTePACTHK TBEPIOrO Teaa, MOKHO CYATATH LPOCTO PAaBHEIM 2.

B pesynprate mpeoGpasosaEna (31.9) omepaTop moaHO# KmHeTHYECKOH sHep-
THH 9ACKTPOHOB MPUHHEMAET BUN

T=g S [+ A ) | =g 3 (n—onxBH)’ . (31.15)
i i

Qopmyny (31.15) MoKHO mpelCcTaBATH B BHAE

T=To-+pgl - Ht ol N (44 1)), (31.16)

8mc?
rge L — cymmapEH# opOHTanBHHI MOMEHT 3JIeRTpOHOB ')
AL=2\r; X ps (31.17)
i

O6begmusna (31.12) u (31.16), momywaeM, 9T0 3aBHCAMOCTH OT HOJA ONpEAENAETCH
CIONYOMAME WIEHAMH B TaMHIJIbTOHHAHE:

AGE =i (L +8S)-H+ gy H? D) (a1 +11). (31.18)
i

HKak MH yBuuM HHKe, H3MeHeHHe speprud (31.18) naske npm MakcuMaNpHHX HOJAX,
[oJIy99eMHX B Hacrosmlee BpeMd B JafopaTopmsaXx, OKasHBaercA 0OOBRMHO MalbM
0 CpaBHEHHIO C PHepIHAMEH aTOMHHEIX Bo30y;kpeHmi. Iloasromy caBmr sHeprertuue-
CKAX ypOBHeH B mojle MOKXHO pPacCYUTHBATE C HOMOINBI0 OOKYHON TEODPHH BO3MYIIE-
gafd. [las BEYACIeHHSA BOCHPpAAMYHBOCTH, T. €. BTOPOM HPOHSBOIHON 110 HOAIM,
Heo0X0QUMo Y4UeCTh UJeHH BILIOTH A0 BTOporo mopsAaxa mo H; ciaegosaTtensHo,
HY/KHO BOCHOJB30BATBECHA IMAPOKO M3BECTHOM (OpPMYNoil TeopmH BO3MYymeHHH,
BIJIOYAIOMe WIeHH BTOPOro IopAxKa 2):

E,~E,+AE;; AE,=@®|ASK|n)+ Zmbffl_;’)ﬁ_

n’'#£En
Iopcrasnsas (31.18) B (31.19) u yguTHBast TOABKO JWHEHHHE W KBajpaTHYHHE
po H 4nesn, BaXOfHM, 9TO ¢ TOYHOCTBIO 0 WIEHOB BTOPOTQ HOpsfKa !)

AB, =ppH (| L+ g8 |my+ 3 Wkl LEeD) IO,

+82inm (n] Sattv fn). (31.20)

1) Mu wusMepsiem L B rakux ke GespasMmepHHX eJWHANAX, KaK O CIOHMH, TAK 9TO KaKaas
KOMOOHEHTa opbmranbHOTO MOMeHTa L mMeeT pesoumclieHHNe COGCTBEHHH® SHAYCHHA, a OpOm~
TaAbHHE MOMEHT, H3MeDAeMHH B OOHYHWX eguHANAX, ecTh kL. OmnepaTopm yIiIoBOro MoMOHTa
o06osHaYeHH KUPHHM pyOiaeHniM mprdrom. OtMeTum, uro moj L Me MOHHMAaeM BOKTOPHLIM onepa-
Top ¢ Komrorentamu L,, Ly m L,. (Amajgormumsie 3amevaHuMsA OTHOCATCS K OIEPaTopy cuuHa S
H K OIepaTopy HOJHOTO YIJIOBOrO MOMEHTA d.)

2) CMm. 1o, 8 B kmmre [1]. OTmeTEM, 9To ecau n-d ypoBeHL BHPOKIeH, KaK 9TO IaCTO HMEET
MeCTO, TO COCTOSHMASA n AOJKEN OHTH BHODAHH TaK, YTOGH AHATOHAJHM30BATL AFY B MOAIpPOCTPAH-
CTBO BHDOMKICHHKX cOCTOAHMA. Hak MH yBARUM HIKe, 2T0 CleJIaTh HETPYMHO.

3) BeumumHa e?/mc? MOMeT GHTL BammcaHa Kak ola,.

(31.19)
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Buipaskenwe (31.20) meRuT B 0CHOBE TeODPeTHYECKOrs ONMCAHHA BOCTIPHUMYU =
BOCTH OTHeALHEX aTOMOB, HOHOB m Monexya. IHa mem Gasmpyerca ramsxe TeopmA
BOCHPAEMYABOCTA MOHHHIX W MOJEKYAAPHHX KpHCTAJJIOB, T. €. TeX TBepPAKX Tel,
KOTOpH® MOT'yT GHITH NpPefCTAaBAEHH KaK COBOKYUHOCTL ¢xabo medopMmpoBaHHEIX
¢BoGONHENX HOHOB. B 9THX caydYasx BOCIPAMMYABOCTL BEIHCIAAETCS IOCPENCTBOM
CYMMHOpPOBAHAA BKJAAZOB OTHAEABHEIX HOHOB.

Ipexnae uem npumeHATs Popmyny (31.20) maa pacdeTa KOHKDETHHX CIydaes,
OTMETHM, 9YTO UN6H, JUHedHH# mo I/, modTH Beerma OymeT OCHOBHEIM, Oa)Ke IPH
oueHb CHILHNX Noasx ( ~10* I'c), ecnm, KoHeuno, 0H He ofpamaeTcs TOMKIECTBEHHO
B BHyJs (Kak »10 MHOTHa caydaercA). Ecan oH He ofpamaercs B HyJb, TO MATPUIHELH
saemenT {(n | L, + £,S;: | n) Oymer mopAnka efWHHOH, TaK YTO

psH -2 | (L +£0S) |m =0 (usH)~ “E  ha, (31.21)

Ilpm H nmopsapka 10* I'c sra smeprma mmeeT BeamumEy Hopsaaxa 10-¢ »B (taxmm
00pasoM HOATBepIKAAeTCA CHeNaHHOe paHee HPENNONOKEHHE O TOM, 4TO CHBEIH
9HepreTU9eCKuX ypopHe# Mankl). UToOH ONEHATHL BeJWIAHY HOCHETHErO WISHA
B ASY, ormermM, uro {n | (2§ + yi) | n) uUMeeT NOpANOK KBafpaTa THOAIHOTO
aTOMHOTO Dasmepa, MOITOMY

n >:= 0 [(

2
g 12 (7| 2 @t
1

Hockonbry e*ay ~ 27 9B, waern (31.22) mempme auHeiiEore wiena (31.21) opm-
mepuO B 10° pas mame B cmapHHIX mossax, gocrmraromex 10* T'c. Momuo morasats,
910 Bropoii wieH B (31.20) TakiKe MeHBHIE mepBOTO (UX OTHOMEHWE — BEJAYAHA
mopAnka Ao /A, rne A = min | E, — E,, | — Tanrusas sHeprua aTOMHOLO BO3-
6ymnenusa). B GonpmuHECTBE caAyvaes 3HAYeHEE A JOCTATOYHO BeJWKO, YTOGH OTHO-
menne iw /A MOAKHO OGRUIO CUMTATH BeCEMA MAJIhIM.

eH
me

)Zmag] ~ ho, (%)-) . (31.22)

BOCOPUNMYINBOCTD [IUIJNEKTPIIKOB
C IIONHOCTBIO 3ANTOJTHEHHBIMI ATOMHBIMI OBOJTOYKAMIU.
JJAPMOPOBCKII JUAMATHETHA3M

Ilpome Bcero HpUMEeHUTh NOJYYeHHEE BHIIG pe3yJAbTaTHl K TBeDAHM TexaM,
COCTOAMAM B3 HOHOB ') ¢ HOJHOCTHIO 3aLONHEHHEIMHA DI6KTPOHHBIME 000JOUKAMH.
Y rtaroro moHa B OCHOBHOM coeTosAHmd |() cmumH W Op6HTANRLHEI MOMEHT PaBEH
Hyao %)

J[0)=L]|0)=8(0)=0. (31.23)

CaenoBaTenpHO, W3MEHEHHe SHEPrAM OCHOBHOIO COCTOSIHHSA TOXN pHedcTBHEM
1o BO3HEKAET TOABKO 3a cueT Tpernero wiesa B (31.20) 3)

AEy=gos H? <0[Z (+uD|0) = pr #2073

1) Kak B B mpejuyIlux TIaBax, Mu OyJeM IPOROIKATL HCHOAB30BATH TEPMUH HOH» NS
0603Ha9eHNA KaK MOHOB, TAK M aTOMOB. ATOM — 3TO HOH C HYJOBHM 3apajoM.

2) Takoir peayusTaT CBA3AH C TeM, YTO BOJHOBaA QYHKOHA OCHOBHOTO COCTOSHHA HOHA
€ 3a00JHEHBRIME 000J09KAME CepHIeCKE-CHMMETPUIHA. Y Ka3aHHOe CBOMCTBO ABJIAGTCA TAKKe
ofumM ®3 Haubojee OdeBUAHHIX CJEJICTBHM mpaBua XyHaa' (cM. Hmxe).

3) Ilocaenpee pasercTBO B (31.24) o6ycaoBieno chepraeckoii CHMMETPHRH HOHA ¢ 3aIOJHEH-
HHME 060I0UKaMu:

O] 2 24[0y=(0| T 53[0y =(0| 3} 22 0)=5-(0| X 1| 0).

0>, (31.24)
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Tabauya31.1

MonspEsie BOCUPAEMYEBOCTH 2TOMOB HHEPTHRIX ra3oB
¥ HOHOB B INEJOYHO-TAJOMAHBIX cOeuHeHHAX 3)

DnemeHT BocnpauMYABOCTD dueMenT BoCOpHAMYHBOCTL dneMeRT BocnpuuMInBoCTh
He —1.,9 Li* —0,7
F- —9,4 Ne -—7,2 Na* —6,1
Cl- —24,2 Ar —19,4 K* —14,6
Br- —34,5 Kr —28 Rb+ —22,0
I- —50,6 Xe —43 Cs* —35,1

)B epnHAnAxX 10=6 cM3/Moub. MOHE! KaMIOro ropM3oHTANbHOrO DANA HMEKT OAHY H TY e O9IeKT-

POHHYI0 KOHburypaumio.
HaHAme B3ATH ¥3 KHArwM [2].

Ecam npu tepMoanHAMAYECKOM PaBHOBECHH BePOATHOCTh OGHAPYRHUTH MOH B KaKOM-
auGo COCTOAHHME, OTAMYHOM OT OCHOBHOTO, UpeHeOpe:kKEMO Majaa (910 yCIOBHE
BHIOJEAeTCA HPAKTEYECKE IpH BCEX He 049eHb BHICOKAX TeMIeparypax), TO BoC-
OPHEMINBOCTL TBEPAOr0 Tema, coctosmero w3 N TAaKHX HMOHOB, ompefieasercs
BHpa;KeHHEeM
N G%AE \
V= — = — s (0|\r,|0>. (31.25)

910 — sapmoposckas duamaznumruas eocnpuumuueocms ). Tepmunom duamae-
Kemugm NOJB3YIOTCH B TeX CIy4asgX, KOUKA BOCHPHEMYMBOCTH OTPHUIATENHHA,
T. €. HaBefleHHHH MArHATHHH MOMEHT HAUPaBJeH HIPOTUB DOJA.

Bupamenne (31.2F) moEHO wWCHDOAB30BATH [Js ONHWCAHEA OTKJIHKa HA
BHEIHEe II0Jie HHePTEHX ra3oB B TBepllOM COCTOAHNHA H HPOCTHIX HOHHEIX KPHCTAJI-
J0B, HampuMep MEeJ0YHO-TAJTOAIHEX, HOCKOABKY B 9THX TBepP/IHIX TeJaX MOHE 0YeHB
crabo pmedopMEpyIOTCS WON BAWAHAEM KPHCTAIIAYECKOTo oKpyskeHmsd. [leicrsm-
TeJBLHO, B MIEAOYHO-TAJIOMAHHX KPHCTAILJIAX BOCHUPHMMYMBOCTH C TOYHOCTHIO 1O
HECKOJBbKAX NPOLEHTOB MOKHO IpE/CTABATH KAK CYMMY BOCODPUEMYHBOCTEH oTHeab-
HHX [OJOKATENBHHX ¥ OTPHLNATeNHHHX HOHOB. JTH MOHHHE BOCIHPHAMYABOCTH
I03BOJIAIOT TAKKe MO0BOJBHO TOYHO OIpe[eJdTh BKJAJ IIEJ0YHO-TaJOHEHEX COeNH-
HeHHY B BOCHPAMMYIHABOCTH HX PacTBOPOB.

O6nYHO mpEBONAT MOJApPHEE BOCIPHEMYWBOCTH, OUpejeiseMble HaMarHHYeH-
HOCTBIO IPaMM-MOJeKY/IH, a He Ky0@dIeckoro cauTAMeTpa Bemectsa. ClenoBaresanHO,
BeJHUWHa YP0laT papHa BOCHPWUMYHBOCTE Y, YMHOKeBHOH Ha 00beM rpaMM-moJe-
Rynst, N J[N/V], rge N, — gucao Asorappo. llpmHATO TarKe HCHOJB30BaTh
CpefHAl KBafpaT pajguyca HOHA, ONpejeaseMHH Kaw

1
(riy=z- 21 (0]1[0), (31.26)
TAe Z; — NOJHOE YHUCJIO BJIeKTPOHOB NaHHOrO HOHa. TakmMm o6pasoM, MOIAPHYN
BOCHPEEMYABOCTH MOKHO B3aIHCATh B BHJIE
RO = — ZyN g oz () = — 2 (= )ZNA“S« r/ag))?. (31.27)
Hockonsky aq = 0,529 A, e/hic = 1/137, a N, = 0,6022-10%, mmeem
ymolar — — (0,79Z;-1078 ((r/a,)?) cM3/Moxs. (31.28)

Beamunna ((r/a,)?) mmeeT MOpAROK eAWHHUOH, KaK W YHCJIO rpaMM-MoieKyn B 1 cm®
[Ea KoTOpoe clemyeT YMHOKNTH MONAPEYIO BOCHPHEMIHBOCTB, WToGH IIOJYYHTH

1) Ee 4WacTO HASHBAIOT TAKKe BOCHPHMMYHBOCTHIO Jlam:KeBeHa,
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GeapasmepHyi0 BocupruMaEBOCTH (31.6)]. Mbl BugwM, 910 THOWYHLIE 3HAaYeHUS @A~
MarHENTHOH BocumpuMmmamBocTr mopsagka 107%, 1. e. HamarEwaeHHOCTh MM 3HAYUTEdB-
HO MeHpme moua I.

MonsipENE BOCHPHEMYEBOCTH HHEPTHHIX Ta30B B KOHOB MIEIOYHO-TAJOHANHEX
coegmHennit upmBegeHn B Ttaba. 31.1.

Ecau TBeppoe Te0 CONEp/KUT HOHH ¢ He3aNOJHeHHHMHE 0J6KTPOHHKIMA 0001049~
KaMHE, TO ©€ro MarHuWTHOe TiOBeleHHe OKAasHBaeTCH COBepmIeHHO WHHM. Ilpesxpe
9eM mpEMeHATH of6mmit pesyastaT (31.20) ® sromy ciaywaw, HaM HeoOXomuMo pac-
CMOTpeTh OCHOBHEIE (JaKTH, Kacalollmecs HESKOJEKAMMX €OCTOAHWA TAKAX MOHOB.

OCHOBHOE 'COCTOTHUE WOHOB
C YACTHNYHO 3ANOJHEHHBIMHA OBOJIOYKAMU,
HPABUJA XYHIA

PaccMorpmM CBOGORHEIA ') aToM mam HOH, y KOTOPOrO BCe BIAEKTPOHHEE 060-
JI09KA, KpOMEe ofHOH, WIA NOJHOCTHIO 3aNOJHEHEH, WJIH COBEPIIEHHO LIYCTH, HpUYeM
OIHO3JIeKTPOHHbIe YPOBHH 9TOH efuMHCTBeHHOH 000J0YKE XxapaKTepmsyioTcs op6m-
TaxseEM moMeHTOM I, [lockoasxy mpum AaEHOM ! mpoeknus !, mosxer mMerb 2! + 1
sHawenmir (I, I —1, 1 — 2, ..., —I), a RamgoMy [, oTBedaroT ABa BO3MOKHBIX
HaOpaBJeH@A COMHA, TO B Takoil obonouke mmeerca 2 (21 4+ 1) omHO3IeKTPOHHEIX
yposHe#i. IlyeTs n— uncao aaextpoHOB B obomouxre, npmieMm O < n < 2 (21 4+ 1).
Ecam 65 amexTpoHH He B3aMMOMEHCTBOBAJH APYT C APYLoM, OCHOBHOE COCTOSHN®
noHa Gblmo OH BHpOMKIEHHHM, TaK KaK HMeeTc MHOTO cI0c000B pasMeMleHAA n
9JIeKTPOHOB Ha ypOBHAX, YHCIO KOTOpPHX mnpeBhmaer n. OXEAKO KYJOHOBCKO®
B3aUMOJICACTBAC MEKIY AeKTPOHAMHA M CIMH-OpOHTaAbHOE B3amMOJeidcTBHe B 3Ha-
9ATePHOY CTemeHm CHAMAIOT 3T0 BHpOMIeHHWe (X0TA, BoOOmE roBOps, He UoJ-
Hocrei0). Ecam me paccMarpmBarth HamGojlee TsKeible HOHHL (rie 0YeHb CHIIBHO
CIAH-OPOMTAaNBHO® B3aHMOJEHCTBHE), TO HOCJHe CHATHS BHpO;IeHns Hambosee
HIBKOJEKATAe ypPOBHA MOTYT GHTL ONHCAHEI HPOCTOH CHCTEeMOH HpaBmi, cIpaBer-
AWBOCTH KOTODHIX NOATBEP;KAAaeTcA KaK JOBOJBHO CJIOKHEIMHA pacdeTaMH, Tax
H aHAJAM30M aTOMHEIX cUeKTpoB. MH mpocro copMyampyeM 9Ti npaBhia, DOCKOIBKY
AX CBA3h ¢ MATHATHHIMA CBOMCTBaMA TBepAHIX TeJA WHTepecyeT Hac (oabme, d4eM
mx cTporoe ofocHoBamZe 2).

1. Céssv Pacceaa — Caynoepea. C xopomeil TOGHOCTHIO ¥) MO;KHO CIATATH,
49T0 TAMHJBTOHHAH aroMa WIM HWOHA KOMMYTHpyeT C OHepaTopaMmH CyMMAapHOTO
COMHOBOTO M OpOHUTaNbHOTO MOMeHTOB, S m L, a TaKmKe ¢ omeparopoM IOJHOTO
momenta, J = L + S. IoasToMy cocrosEms moHa MOryT OHITH OHNHCAHE KBaHTO-
puimm amenama L, L,, S, S,, J, J,, orBewaomumna coGCTBeEHEM COCTOSHAAM olepa-
Topos L2, L,, S2, S,, J2, J, ¢ coGCTBeHHNME 3HAUCHHAME, COOTBETCTBEHHO paB-
v L (L + 1), L,, S(S + 1), S,. J(J + 1), J,. Ilockoapky masa sanoaHeH-
HEIX 060/7109eK 3HaYeHHS COAHOBOTO, OPOHTAIBLHOTO B HOTHOrO MOMEHTa pABHH HYJIO,
yKazaHHHE KBAHTOBHE YHCJIa OIHACHBAIOT 3ACKTPOHHYI0 KOH(GATypamEi0 HE TOJBKG
YaCTHYHO 3all0NHeHHOH 000/109KH, HO U Bcero moHA B LEIOM.

1) Ha ctp. 272—275 M obcynum, Kak MeHAOTCd NOBeJeHW® CBOGOJHOTO aToMa YUIM HOH&

00j BIHAHWEM KPHUCTAJIHYECKOTO OKPYIKeHuA.
?) 9T upaBuAa OOGCYHAAIOTCA B OOJBIIHHECTBe Y9YeOHUKOB 110 KBAaHTOBOR MOXAHHKE,
CMm., Hanpumep, KEury Jlasmay @ JIndmuna [3].
3) Ilosqami MomenT J BCerfia SIBJSETCA XOPOIIMM KBAHTOBHM YHCJIOM fJis aTOMA HJIH HOHA,
a L m § — xopomme KBaHTOBHE YHCJA, TOJBLKO e€clu CHHH-OpOHTaILEOe B3AMMOMeicTBHEe HECy-

INeCTBeHHO,
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2. Il epeoe npasuao X ymnoa. s MHOKEeCTBA COCTOSAHMAH, KOTOPHE MOKHO 00-
pasoBaTh, pasMemas n dieKrpoHoB mo 2(2! 4 1) ypoBHAM, HaunHm3me# »Heprmei
-obnamaer coCTOAHAE ¢ MAKCHMAJHHHIM 3HAYEHNEM CyMMapHOTO cumHa S, JoHycKae-
muM nprHOAnoM Ilayan. Yrobn Haiith, KakoBo »To 3HAYECHNE, OTMETHM, 4T0 MaKCH-
MaJbHOe 3HaueHue comHA S paBHO MaKCAMAJIBHON BeJANYAHe KOMIOHEHTH CUHHaA S .
Ecnm n < 21 + 1, To Bce 2neKTPOHBI MOI'YT MMeTh HapajJe]bHbe CHEHE, 3aHAMAS
YPOBHH ¢ pasHHMH 3HaueHWAMH l,; IpH 3TOM HA Ha KaKOM H3 ypOBHeH HE OKajKeTcHd
Gonee oxHOrO ?exrpona. [losroMy S = Y,n, ecim n <L 20+ 1. lprn = 21 + 1
cumHE S WMeeT MAKCEMAIBHO BO3MOKHoe 3HaueHHe | - 1/,. Ecam ameno snexrpoHoB
cranoBuTcsA Goavlme 21 4 1, To, cormacHo npmmEmany Ilayam, gOmONHHTEIBHEE
9JeKTPOHH [O/PKHH HMETh CHOWHH, aHTHNApaJileJbHEEe couHam nepBex 27 4 1
9JeKTPOHOB; CleoBateJpHO, Ao6aBieHWe KasKmoro siaeKrpoHa mocae (20 + 1)-ro
OpHBOMAT K yMeHbmeHHAI S Ha Y,.

3. Bmopoe npasuao X ynoa.CyMmMapBHA opOuTansHEHi MoMerT L HamHM3-
IOAX COCTOAHMA mMeeT MaKCAMaIbEoe 3HaYeHAE, OIycKaeMoe IePBEM upaBamaoM X yH-
ma u npuEnrooM [Tayan. Yrobu onpeneanTs 970 3Ha4eHA, 3aMETHM, 9TO OHO COBIA-
JaeT ¢ MaKcAMAJAbBOH BeamumBod L,. IlosToMy mHepBHIl 9JeKTpoH B 060J0TKe
8aHEMaeT YPOBEHb ¢ MaKCEMaJbHEIM 3HagdeHmeM | I, |, paBumm [. Caepyromumit
82 HEM 3JEKTPOH [OJIHEH, COrJIacHO TpaBHAY 2, WMeTh TAKoH ke cOmMH, Kax ¥ Hep-
BHIi, IO9TOMY B criy npmenmna [laynm oH He MokeT ofaajaTh TeM ke 3Ha9eHHEM I ,.
Haun6onrmee sHageHWe OpOMTAABHOIO MOMEHTa, KOTOpDOE OH MOJKeT WMeTh, ecTh

|1, =1 — 1; opu sroM cymmapusl op6uTansHe MomedT L paBen [ - (I — 1) =
= 2] — 1. Ecam o6osouxa 3amoisHeHa MeHbIIe 4eM HANOJOBHAHY, TO, LPOBORA
aHaJOrWYHEE pacCykmeEms, moaywaeM, aro L =14+ (I —-1)+ ... + [l —

— (n — 1)]. Korma ofonodxa samosiHeHa B TOYHOCTH HAIOJOBHHY, JOMKHE GHTH
HCHONB30BaHH Bce 3HaueHWA [,, ®, caefgoBatempHo, L = (. Bropas momosmHa
000/I09KE 3amOIHAETCA 3JMERTPOHAMA C OPOTHBONONOKHO HAIPABACHHEHNMH COHHAMHI
¥ IO3TOMY B COOTBeTCTBAH ¢ HpmEUmmoM Ilayam L Moser mpoiitm Ty ke DocJaemo-
BATEABHOCTh B3HAYEHHH, 9T0 W OPA 3aNONHOHWN NepBO# IOJAOBMHHL

4. T pemve npasuro Xynoa. llepBre 1Ba npaBmia onpefeasoT 3HAICBEAA
L n S B cocroamun ¢ Hammmsmiedl sHeprmeit. Beero moayuwaerca (2L -41)(2S +1)
BOBMOJKHHIX  cOCToAHEE. MoKHO DpoBecTH HX JajbHeAmyl KiaccudmKa-
QA B COOTBETCTBHH ¢ HOJHHM MOMEHTOM J, KOTODHIA, COIIACHO OCEOBHHM HpPaBH-
NaM Cl0MeHAA MOMEHTOB, MOKeT HPAHMMATH BCe Iefbe sHAYeHAA, Jeamue MerK-
ay |L— S| u L+ S. Bupoxperue cosorynsoctm (2L + 1) (25 + 1) cocrosa-
HE¥ CHAMaercs 0aarofapsA CHAH-OpOWTANBLHOMY B3aHMOJIEHCTBHUI0, KOTOpOE B Ipe-
genax 3TOH COBOKYIHOCTA MOKeT OHITH OOMCAHO WeHOM B raMAJAbTOHHAHEe, HMEI0-
mum mpocroir Bmi: A (L:S). 3a cuer cnmH-OpOWTANBHOTO B3aEMOASHCTBEA IpH
A<0 craHOBUTCA BHIONHEM COCTOAHHAE ¢ MAKCUMAJAbHHEM 3HaueHEeM J (0p6HTadb-
HEJ MOMEHT HapaJjiieseH CHAHOBOMY), a mph A > 0 — cocTosiHAe ¢ MEHAMAJIbHBIM
sHageHAeM J (opOHTanapHEIE MOMEHT aHTHIAapajieleH cOWHOBoMY). OKasmBaercd,
9T0 mapamerp A moJoKETeNeH #jis 060J09eK, 3al0JHEHHENX MOHeEe 96M HAIOJOBHHY,
H oTpHIaTesaeH [af 060/09eR, 3a0IHOHERX 0ojlee yeM HaNoJOBHEY. B pesyabrare
COCTOSIHUA ¢ HaWMeHbINeH dHeprueil XapaKTepusyoTCH CASAYIOIAMA 3HaTeHAAMEA J &

J=|L—=S8| n<@+1), (31.29)
J=L+58  n>@+1.

B MarEATHHIX 3afadaXx OGHYHO MMEIOT [eJ0 TOJdbKO C coBoKymEocTrO (2L -
4+ 1) (2§ + 1) cocrosmmit, ompeneaAdeMBIX IBYMsS NepPBEIME NpaBmiaM#d X YHS;
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Tabauya 31,2

OcHOBHBIE COCTOAHHMS HOHOB ¢ YACTAYHO 3alOJHEHHLIMH -
n f-oGonoukamu, najinennnie No upasmiaM XyHna 2)

d-obonoura (I = 2)

5 |L=131l J e
n ol =2 1 0 —1 -2
1 4 H, 2 3y Dy,
2 { 4 1 3 2 } J=|L-S|| 3F,
3 v 4 ' 3/, 3 3/, Fy,
4 4 ¥ { { 2 2 0 5D,
5 v ' v 4 4 5/, 0 5/ 65/,
6 " 4 1 1 1 2 2 4 5D,
7 ¥ h 1 t 1 3/, 3 o | S Lts Fy,
8 ¥t ¥t "t 1 t 1 3 4 S,
9 %) i vt %) 1 1, 2 5/4 *Ds,,
10 " % 2 2 Vvt 0 0 0 18,
f-o6omoara (I = 3)
s fL={X) I Oenma”
n [, =3 2 1 0 —1 -2 -3
1 ' 1y 3 5/s Fs,,
2 4 y 1 5 4 3H,
3 ¥ { i 8/, 6 9y 4,
4 Voo 2 6 4 7715 51/42
5 4 ooy ¥ 5/, 5 5/g “Hy),
6 4 4 Voo { 4 3 3 0 F,
7 i ¥ Vool 4 4 ' 7/, 0 7/, 852,
8 it t ot 1 1 1 3 3 6 7y
9 2 7 B S 1 1 4 5/, 5 15/, SHys,,
10 V2R % SR Y B 1 1 * 2 6 8 I
11 VIR % S S B2 1 ? 1 3/4 6 %/, J=L+S)| 45,
12 R 2 BT ST t 1 1 5 6 3H,
13 % Y R S R Z S 2 2 * Y, 3 s 2Fa,
14 L L 2 A2 S Y N S B 2 0 0 0 1S,

8) t+ =comm 1/9; § =coma —1/;.

9HEPIHM MPYTAX COCTOSHAN CTOMH BEJHKH, 9TO OHA He IIPEJICTABJAIOT HHTEpeca.
Bonee Toro, wacro mocrarouHo paccMoTpers TOMBKO 2J -+ 1 HEamEmX cocTOAHmA,
OIpEAeTAGMEIX TPETHAM IPABHJIOM.

JTH UpaBWJa, KaK OKABHBAETCS, Jierde HPAMEHATh, 4eM 9TO MOMHO Omjo On
OpeioN0KATh, ACXOAA N3 NX OUHCAHUA; AeHCTBUTENBHO, IPA HAXOKICHUE HAWHUS-
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mero J-Myapruniera (HasKBaeMOTO mepMom) I NOHOB B TBepAOM TeJe HPHXOXUT-
cA, 0O CYTH fiedia, CTAJKNBATLCA TONBKO ¢ 22 caydafgMU, mpejCcTaBIAIIEMA HHTe-
pec: ot 1 1o 9 saeXTPOHOB MOryT HaxojAThCH HA d-obonmouke (I=2)m or 1 mo 13—
Ha f-o6omoure (I = 3) ). ITo wcTopmueCKH CIOKUBLIEHCs, HO HeyoadHo#l Tpagmnum
OCHOBROH MyJBTHIVIET B HTHX CJIydYasgXx He ODHCHBAeTcd HpPOCTO TPoHKo# umcen
S, L, J. Buecro atoro opbmrampuiii MomeHRT L o6osHavacTca GYKBO#H COTITacHO oc~
BAMEHHOMY BpeMeHeM CHeKTPOCKOTHYECKOMY KOXy:

L=0 12 3 4 5 6, (31.30)
X=8S PDFGHI

3Havesne cOMHA 3ajaeTcsA ¢ YoMompio wmeaa 25 + 1 (HasEIBaeMOTO MyJbTHO/ET-
HOCTBIO), KOTOpOe saumchiBaeTcs mepej OyKBoél Kak BepXHEA WHIGKC, W TOJBKO
nns J mumercsA HemOCpe[CTBEHHO ero sHAa4YeHHe B BHfle HEKHEI0 MHIEKCA CHIpaBa.
Wrak, mammmsmuil J-myastumner oGozHadaercsa cAMBOjgOM (35+D) X

Ciryuan, wnpeacraBasiomue HanGoapmuitk HHTepeC OPHW W3YYeHAW MAarHATHHIX
CBOMCTB TBepAHX Tes, npusejiessl B tabm. 31.2.

BOCIIPUNMYHNBOCTh IWUIJIEKTPUKOB,
COEPKANMX MOHBI C YACTHYHO 3ANOJHEHHOHN OBOJIOYKOH,
IMAPAMATHETN3M

Crnengyer pasiuuaTs iBa caydas.

1. Ecam ofomoura xapaKTepmayerca sHaueHmeM J = 0 (Kak 310 mMeer MecTO
Ias 000109eK, KOTOpPHE COZEPIKAT Ha OOWH 3AEKIPOH MeHBINE, 4eM HaHoJOBHHY
3aN0JHeHHHBE), T0 OCHOBHOE COCTOSIHAE He BHIPOKAEHO (KaK H B ciydae 3amoJHEH-
HOH o6omouxn) m nmHeiEmi wner B dopmyne (31.20), ommemBaromel cmemenne
PHEPTeTHYeCKAX YpOoBHEH, ofpamaerca B Hyab *). OmHaKo (B DpOTHBONOJOKHOCTD
CAy9al0 3amoJIHEHHOHE oGomoukm) Bropoit wier B (31.20) me pomxen ofpamarsca
B HYJIb, U W3MeHeHAe PHEPIHHA OCHOBHOTO COCTOAHAS IOH [efCTBEEM IOJA NaeTcsd
BHparKeHUEM

AEy= gy H? ]S atw

E.—E,

O>-—— Z [(O[upH-(L+£,S)[n) |3 . (31 .31)

Ecau B TBepmoM Tele Ha egmHENY 06meMa npmxopurcs N/V Takmx HOHOB, TO BOC~
OPHEMYHABOCTh pPaBHA

N 0E, _
N 2
="‘—17[4—,,ic?<0|§ (x3+11)
i

IlepBrft wnen mpemgeraBiAer CoGOH paccMOTPEHHYIO BHIIE JapMOPOBCKYIO AHA-
MATHUTHY® BOCUDHAMYHBOCTH. SHAK BTOPOr0 WieHa HIPOTHBONOJNOMKEH 3HAKY Tiep-

E,—E,

0>_2M232|<0|Lz—gosz|n)|2 . (31.32)

v

1) YacTu9HO BaNOJHOHHHE p-0GO0JOUKH, CO/OD/KAIIEe BAJGHTHHE JJEKTPOHH, B TBEPHHIX
TeJax BCEr[ja PasMHBAIOTCA B 30HH. I103TOMY KOHPHIypamuio HAXOAANIEXCA HA HUX JICKTPOHOB
HIKaK HOJIb3fl CINTaTh HeGONBIIHM BUOMBMEHeHMEM KOHQEUTYpamumd, xapaKTepHOH [isa cBoGof-
HOTO aTOMa, M PAaCCMOTPOHM®, NPOBOIEMOS B dTOM IVIaBe, K HUM He NPHAMEHAMO.

?) Kak mokasaHO B 3apgade 4, 3TO o0yCIOBIGHO CHMMOTDHeH COCTOSAHMH ¢ J = (.
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BOT0 (DMOCKOJNBKY 9HEPIHA BO30Y/KIeHHHX COCTOSHHUYE 3aBeloMO (oJbINe SHePIUH
ocEoBHOro). CiaegoBaTespHO, BTOT YiIEH cHOCOOGCTBYET OpHEHTAIIMA MAarHATHHX MO-
MeHTOB HO [IOM0; Homo0HOe HoBe[leHMe HOCHT HasBaHme napamazhemusma. Takas
mapaMarHATHAA NoOpaBKa K JapMOPOBCKOH mHaMarHWTHOH BOCHPAMMYUBOCTE HA3H-
BaeTcH napamazremusmonm Ban @Paera '). MarEuTHOE HOoBelleHUEe WOHOB, B 060J09Ke
KOTOPHIX COJEP/KHTCS HA OfMH dAeKTPOH MeHbOIE, YeM B HANIOJOBMHY 3aHOJHEHHOH,
oupenenaeTcs COOTHOMEHWEM MeK[y JapMOPOBCKHM [JWAMArHETH3MOM M IapaMar-
gernaMoM Bam Quera npu yci0euu, 970 B TePMOARHAMHUYIECKOM PABHOBECHU BepoAT-
HOCTh BaIOJHEHHS BCEX COCTOSHHN, KpOME OCHOBHOrO, Maja, M, CJIeI0BaTejbHO,
c¢BoGoHAsA PHEPTHA MPOCTO COBUIAJAET C dHeprhell oCHOBHOro cocroamma. OgHaKO
BO MHOrAX HOXOOHKX CIy4asdX SHEprHA J-MyJIbTHIIETa, Cjae[dyHOMmero 3a HABIIAM,
JOCTATOYHO GIHM3Ka K 9Hepra® OcHOBHOTO cocrosanmsa ¢ J = 0, Torga aroT Myaprunier
Oyner maBaTh 3aMeTHHIH BKJaj B CBOGONHYI 9HEpPIuio (4 3HAYMT, ¥ B BOCTPHAMYH-
BOCTB), W Y% oumcuiBaerca dopmymnoit, Gomee caommoir, gem (31.32).

2. Paccmorpmm oGomouxry ¢ J 540 (aro mMeeT MecTo s Beex 060m09eK, Kpome
TMeJAKOM 3al0JHeHHOM WA cofepskallleii HA OJUH 3JeKTpOH MeHpMme, Y6M HAaIoJo-
BHHY 3amOJIHEeHHasA). B 2T0M caydae TeppHii wieH B (31.20) He o6pamaeTca B HyJIb
¥, KaK MH yKasHBaJ® BHIE, OyIeT HaCTOJBKO BeJidK, 9T0 [BYMS [PYTUMHE WICHAMH
Mo;KkHO mpeHeGpeun. IIpm aTOM OCHOBHOEe cocTOsH®e B HyaeBom moxe (2J -+ 1)-
KPABTHO BHPOKIEHO, ¥ MH CTANKABAEMCS C 3afadcH BEHYHACICHAS U JUATOHAIHU3ALAN
(2J -+ 1)-MepHo#t KBajpaTHO# MaTpAIE Z):

(JLST,| (L, + 8Se) |[JLST;  Jp Jom —J, <oy J. (31.33)

Pemernne 3amaum yupomaercs, eci:m HCHoab30BaTL Teopemy (Bursepa —
DxrapTa) ), coracHO KOTOpPO# MATpPHYHHE 3JIeMeHTH m1000ro BeKTOPHOTO omepa-
topa B (2J + 1)-mepHOM mpocTpaHCTBe COGCTBeHHHX (yHKumit omeparopoB J°
¥ J, UIpn 3aJaHEOM 3HA9eHHA J OpONOPHHOHAJHHH MATPAYHHIM 9jeMEHTAM omepa-
topa J. Orciopa

(JLSJT,|(L+8,S)|JLST3) =g (JLS)(JLSJ,|d|JLST}. (31.34)

BaskHOe CBOMCTBO 3TOTO pe3yaAbTaTa 3aKIN0YaeTCA B TOM, 9T0 KodpPHmmeHT
nponopuuosaisHocta g (JLS) He saBmemt oT J, m J3.
B wactHOCTH, HOCKONBKY MaTpHYHHE 9JeMeHTH oOeparopa J, HMEIOT BHJ

(JLSJZ , JZ I JLSJ;) = J26J'IJ;7 (31 .35)
ns cootromenua (31.34) caemyer, 910
(JLST, | (Lo+80S:) [ TLST3) =g (JLS) T 83 zs. (31.36)

TakuMm o6pasom, sajgaga Ha coOcTBeHHbIe BHAYCHHWsI OKASHIBAETCA PpeIIeHHOH, T. €.
s COCTOAHWE ¢ oUpefleIeHHHIMA 3HadeHWAMHA J , MaTpaIa yke N@arOHAJBHA, H,
caegosatensso, (2J -+ 1)-KparHO BHPpPOKIEHEHOE OCHOBHOE COCTOSHME paciiemader-
¢g Ha COCTOAHWA ¢ OUpEeIeJeHHHMHA 3HAYGHHAME J,, pasgeleHHEE OJUHAKOBHIMHE
pHEepreTAYeCKAMA wWHTepBaiaMd, paBHEMA g (JLS)p  H.

v

1) Tlapamarmetusm Bam (Djieka BOZHMKAeT H B TOM CJIy4ae, KOIJa MK HMEeM JieJl0 ¢ MOJOKY-
JaMd ¢ TOpasfo Gojiee CAOKHOA CTPYKTYPOH, YeM Y PACCMATPUBAGMHX 371€Ch OTAeJLHHX HOHOB.

2) Cm. npumeuanme 2 ma crp. 262.

3) Ee pmoKasaTeabcTBO HMEETCd, HaOpHMeD, B KHure [4].
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3HaveHHe Roapdmmmenta g (JLS) (HasmBaemoro g-parropom Jlampe) aerko
BHUHUCaseTes (cM. mpuaoskeHme P):

1 1 L(L+1)—S(S+1
gULS) = (go+1)— g (g—1) ——L =2 (31.37)
I, DONOMUB BIEKTPOHHHA g-paKTop g, B TOYHOCTH PaBHHMM 2:
3 1 S(S4-1)—L(L+1
gULS) =+ [ J[J()J+1)( b1 (31.38)

Neorma ¢opmyany (31.34), koTopas pgomycxaer ciefyiomylo SKBHBAJCHTHYIO
8alHCh:
(JLSJT,| (L +goS)|JLSJg)=(JLSJ,|g (JLS)J|JLST}), (31.39)

IpefacTaBIAIT B oUmepaTopHOH ¢opmes
L + &S =g (JLS) J. (31.40)

MH vopgdYepKuBaeM, 9TO 5TO COOTHONIERUE CUHPAaBERNIWBO TOABKO B Ipexesiax
(2J + 1)-mepHOTO MHOKECTBA COCTOSHMIL, KoTophie 06pazylor BHPOKIEHHOE OCHOB-
HOE COCTOSIHHE aToMa B HYJEeBOM N0Je; MHEIME caoBamu, cootHomenume (31.40)
AMeeT CMEICH TOJPKO MAf MATPWYHHIX 2JIeMEHTOB Tlepexopa MeyK1y COCTOSHEAMHA
¢ oquaakoBkiMu J, L B S. Ecam paccrosiEme MesKIy OCHOBHEIM @ IePBHIM BO30YX-
AeHHHIM MYJABTAMIETAMHA BeIHKO IO CpaBHeHHIO ¢ Azl (470 9acTo mMeeT MecTo),
TO 3aMeTHHH# BKAag B cBoGOAHYI »Heprmio BHocAT Toabko (2J -+ 1) cocroammit
OCHOBHOTO MyAbTHINeTa. B 2TOM (¥ TOJIBKO B 9TOM) ¢JIydae MOKHO, UCXOJiA A3 COOT-
Homrenus (31.40), camTars, 970 mepBHit uren B BHpakennd (31.20) orpaskaer B3am-
Mopeiicrsae TAna (— u-H) MarEmTHOro MoMeHTa, DPONOPUHOHAJHLHOTO IOJHOMY
YIJIOBOMY MOMEHTY HWOHA, ¢ IojieM 1), mpmaem

p = — g (JLS) p pd- (31.41)

N3s-3a TOTO, 9TO B OTCYTCTBA® MOJAS OCHOBHOE COCTOAHMAE BHIPOKIGHO, HO B KOeM
ciydae HEJAb8A BHYACHATH BOCHPAMMYABOCTH, HpApaBHABasA CBOGONHYH SHEpPTHIO
DHEPI'UA OCHOBHOTO COCTOSHAA (KaK MH [[eJIaJIA B CIyYae HEBRIPOKIEHHEX 000m09eK ¢
J = 0), n0CKOABKY UpH CTpeMAMmEeMcs K Hyawo mode pacmemienne (2J -- 1) Emsko-
JeKAmIAX cocToAHmI OyneT Majo mo cpaBHeHHIO ¢ k g7. Tlosromy, urolr HadTm
BOCIPHAMYGABOCTh, MH JOJKHH HPOBECTH [ONONHATEJbHEE CTATHCTAKO-MEXaHN-

YeCKHe BRIMHUCJIEHHA.

HAMATHNUYEHNHOCTDb COBOKVIIHOCTU OAUHAKOBBIX HOHOB
C ¥yIJIOBBIM MOMEHTOM J.
3AKOH RIOPU

Ecanm BepoATHOCT TEINIOBOT0 Bo30YIeHHA MMEET 3aMETHYIO BeJHYNHY TONBKO
ansa 2J 4+ 1 BamHm3mumx cocToAH@H, TO cBoGomHas aHeprma (31.5) oumpepenserca

BHpasKeHETeM
J

e-BF= S| e8I, y=g(JLS)pp ﬁ=k_:,T‘- (31.42)
Jz=~J

1) CiepoBaTeJbHO, B IpeAeAax 0OCEOBHOIO MYJbTHNJETa d9EePrus HoHa B none H onpegenaer-
¢ omepatopoM — W -H. D10 096HL NPOCTOH NpuUMepP CIEHOBOTO TAMWILTOHKHAHA (CM. eTp. 294—296).
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TeomeTpmueCKas OpOTPECCHs JETKO CYMMHDYOTCA; B pesyibTaTe HMeeM
BYH(I+1Y/3) __ ~BYH(I+1/3)

-BF —
€ BYHIZ _—BvHZ .

(31.43)

W3 supaskenus (31.4) mosmywaem, 4T0 HaMarmm4eHHOCTE N TaKEX MOHOB B 00beMe.
V ecrh

N oF N
rae gynwyus Bpuaswosna B (z) onpemensercs caemyiomuM obpasom:
By(z)=-ptt eth -2ZEL o — Loz, (31.45)

I[ToBegenme aTo#k GyHKIAN HpE HeCKONBKAX 3HaUeHHAX J msobpakeno majur. 31.1,
OrmeruM, uro ecnim mpm (¢mkcmpoBamHom H remumeparypa T —~0, 10. M —
— (N/V) »J, T. e. MOMEHTH BCEX HOHOB OKa3HBAITCH BHCTPOGHHHIME TOYHO IO MOa

B;{x)
A

1,0

48

06

04

0,2

B A T R R S A S
1 z 3 %

0,0
®ur. 31.1. Oyaxnus Bpranosna By (z) npu pasjdvBEKX 3HadeRHAX J.

a0, mpHu sroM | J, | mMeeT MaKcuManbHOe 3HadeHEe (WAM, WHa4e TOBOpHA, «3HAaYe-
BEe HaCHINeHHsA»), paBHoe J. DToT eciayuall peanmsyercs Toabko mpm kT & vIH;
O[[HaKO, HOCKOJBKY B moae, paBHoM 104 I'c, Beamunna yH/k 3 &~ ko /k 5 cocraBager
npumepHEO 1 K, 06HYHO OpEXONATCS AMETH A0 C HPOTHBOMOJOKHEM TPEAeIbHEIM
ClryuaeM, eCI¥ Peuh He MAST 0 CBEPXHMBKMX TeMUepaTypaX U CBepPXCHIBHHX HOJAX.

Ilpr yH < kT MOKHO DpOM3BECTH PasioiKeHHe IO MaJoMy HapaMerpy Z:

cthz s —+524+0(2%), Bi@)~ THlato@), (31.46).
q9T0 Naer
N 2T (J 1 '
x = B IEED (6,7 > g, (31.47)
NiIA BHa4Ye '
Xmolar — NA(gl;B)z J (kJB—; 1) ' (31 48)

Nsmerende BocppumMUmBOCTH, 0GPATEO NPONOPHHOHAALHOE TEMIEpAaType, Ha--
3pBaeTcd 3akoEoM Hiopu. OH ONHECHBaeT HapaMATHHTHYIO CHCTEMY € «IOCTOAHHM
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MU MOMEHTaMH», IPAYEM MATHATHOE IoJe CHoCcOOCTBYeT UX yHOPAJOYeHHIO, & TeIwIo-
Boe ABWeHHE HpPeUATCTBYeT eMy. XOTA YCI0BAe IpmMeHHMOCTE 3akona Hopn
kg7 > guzH BEDONHASTCA B MHApoYaiimeM MHTepBaJde IoJed H TeMIeparyp, BasK-
Ho He 3a06n1BaTh, 9T0 3TOT (3aKOH» CUHPABEUIMB TOJIBKO LUPH YKa3aHHOM OrpAaHWYe-
aud ).

TlapaMaraaTEan BocopmmM4mEBOCTh (31.47) mpm KoMHATHON TeMuepaType LUpH-
mepro B 500 pas Gosbime He 3apucHIIeH OT TeMIepaTypH JapMOPOBCKOM NAAMATHAT-
Ho¥l BocupmmmauBocTh (31.25) (cm. samawy 7). CrenmoBarenpHO, €CE HMEETCA MOH
€ 9aCTHYHO 3aI0JHeHHOR 06omouKoi, mas woropolt J == 0, 10 3Ta 060J09Ka BHO-
CHAT B HOJHYI0 BOCIPAMMYABOCTH BKAAM, BO MHOIO pas mpeBHMANOWA# AmaMarsmT-
HE BKIaJ OCTaJABHBIX (3amoiHeHHHX) ofonouek. CormacHo IpoBeJeHHOR HaME
OIeHKe, AMAaMArHHTHEIC BOCHPpHEMYHBOCTH mMeioT mopamok 1078 (crp. 265), oTkyna
cleflyeT, 4YTO HapaMarHATHAS BOCOPHEMYHBOCTE NPH KOMHEATHOH TeMIeparype
noxEa OHTL mOpsAgKa 1072 — 10-3.

3AKOH HKIOPU IJIA TBEPIBIX TEJI

PaccMoTpEM Temeph BoIpoc O TOM, B KaKo#l Mepe W3joKeHHAS BHINE TEOPHSA
mapamMarHeTA3Ma CBOOOMHHIX HOHOB UPHMEHEMA [JA OUMCAHAS NOBEeHAS HOHOB,
BXOOAMIAX B COCTAB TBEPAOTO Tela.

Brino o0Hapy:KeHO, 4TO [dA [OHBJIEKTPHYECKHX KPHCTAJIOB, CofeprKamux
penKozeMeJbEEE HOHH (Y KOTODHX HMEIOTCA YacTHYHO 3al0NHEHHHE f-060109Km),
3aKOR HIOpH JOBOJIBHO XOPOOIO0 BBITOJHAETCA. 1:fIEI('JTO 9TOT 3aKOH 3aIHACHBAIOT B BH-
e

1 N
=g e, (31.49)

rae p — «d¢QeKTUBHO® IUCAO MaTHeTOHOB Bopa», ompefensemoe CileényomuM o6pa-
30M;

p=g(JLS)J (J + 1)1/ (31.50)

B ra6a. 31.3 sHauenne p, HalifeEHoe Mo Koaddunmenty upm 1/7 B WBMepeHHOH Boc-
NPUUMYABOCTH, CPAaBHABaercA CO 3HAUYeHWeM, BHUACIAeHHHM mo0 ¢opmyae (31.50)
¢ yaerom Buipaskerma (31.38) pgma g-dpaxropa Jlampe.

Ha6mopaeTcs OTIM9HOE COTAache MesKAy TEOPETHYECKAMHA K SKCIEPHMEHTANh-
HEIMA 3HA4E€HHAMH p; HCKIIOYEHHE B DTOM CMHCJIE COCTABIAIOT CAMApH# H eBPOUUI.
HOas espomust J = 0, » Hame paccMoTpeHEe, OYeBHAHo, HeOpmMmenmmo. OpmHaxo
masg ofoux 3IEeMEeHTOB pacxosKieHme OGBACHAETCA TeM, 4To J-MYJInTHOIET, pacho-
JI0KEHHEIA HeuocpeicTBeHHO HaJl OCHOBHEIM COCTOSIHEEM, 0OYeHBb MAJIO0 OTAMIACTCA OT
Hero no sHEPrhH, I03TOMY a) 9HepreTudecKre BHAMEHATEAA BO BTOPOM WieHe POpMyaH
{31.20) (xoTopHM MK OpeReOperan IPE BHBoIE 3aKoHa Kiopu) 0Kas3HBarOTCA HACTOMB-
KO MallbIMHA, 9TO BTOT 9/¢H CTAHOBHTCA CYMECTBeHHEIM; () HOABJIACTCA 3aMeTHAs
BEpPOATHOCTH TOTO, 910 MOHH B pe3yJbTaTe TEIJIOBOro Bo30yKAeHHS NOKWHYT Ham-
pasmui J-MyapTAmTeT (3Tod BepOATHOCTBIO MH TAaKKe HpeHeGperalim mpu BEBOJE
saxora Hiopwm).

Takmm 06pa3oM, BO BCeX CIy9adX MOKHO NOAYYHTH XOpomiee ONUCAHAE MarHe-
TH3MA PefKO3eMeNLHEIX MOHOB B TBEPAOM [WAJIEeKTPAKE, DPACCMATPHBAs HTH MOHH
KaK M3oiEPOBAHHEHE. JTO, OfHAKo, He OTHOCHTCA K MOHAM NEPEXONHBIX METaJloB
B MUDNeKTpHKe. JIBHCTBHTBJIBHO, XO0TA A NOHOB UEPeXONHHX METAJIOB T'PYIIEL

1) C ppyroil ctopoHHI, 3aK0H HIOpH BHIIOMHAGTCA HpU O96HL BEICOKHX TeMIEpaTypax, maze
@CJIH MKy MOHAMH HMeeTCA AOBOJIBHO 3aMETHOe MATHUTHOE ssaumodeticmeue. CM. (33.50).
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Ta6auya 371.3

BriuaciieHHOe B H3MepeHHOe 3(deKTIBHOE YACIO MATHETOHOB P
V1A pefiko3eMeJbHBIX HOHOB 2)

Sneﬁggs((;;;?;bggfﬂo H%%E’%%%?:‘%Z OcHOBHOMT TepM p (seramea. ) 0) p (mamep.) ®)
La 4f0 18, 0,00 BAuaMarunTed
Ce 4f1 *Fy, 2,54 2,4
Pr 4f2 3H, 3,58 3,5
Nd 4f? 41, 3,62 3,5
Pm 414 57, 2,68 —

Sm 4f5 SHs), 0,84 1,5
Eu 416 Fy 0,00 3.4
Gd 4f? 88, 7,% 8,0
Th 418 Fy 9,72 9,5
Dy 419 CHys,, 10,63 10,6
Ho 410 5T, 10,60 10,4
Er 41 455,, 9,59 9,5
Tm 4f12 SH, 7,57 7,3
Yb 418 2F4, 4,54 4,5
Lu 4f14 1S 0,00 HAUuAMATHHTEH

a) OTMeTnM, 4TO PACXOHeHHe B ClyuasX Sm ¥ Eu o6YCIoBIeHO HU3KOJSKANEMA J-MYJbTEOJICTAMH,
KOTOPHIEe He YYNATHBAINCH NPH I10CTPOEHNH TEODPHM.

) Pacuer no dpopmyae (31.50).
B) Cm. (31.49).
Janxsle B Ta0aune B3aTH W3 KHArE BaH @aexa [5]; ¢M. rtaxske pabory [2].

Mees3a 3aKoH Hiopw u BHIoAHseTCA, 3HAYeHHE p, HOJNYIeHHOe JKCIEePHMEHTAIBHO,
cosnagaer ¢ (31.50) Tonpko mpm sHawemusax S, L m P, He BOOXHEe COTNACYIOMUXCSH
¢ mpasmaamu XyHAa. TouHee roBops, S mo-mpekHEMY OIpPeNeNsAeTCA HNpaBHAJIAMHE
XyHpa, no L = 0, m, ciegosateabHo, J = S (ra6a. 31.4). Iro ABIeHEe Ha3HBaeT-
€A 3amopascueanuem opOUTAaILHOIO MOMEHTA; OHO Hpe/ICTaBiaseT c000l KOEKPETHHIA
npuMep Gosiee 00Iero sIBIEHAA, M3BECTHOTO HOJI HasBaHUeM pdacljenaeHus 6 Kpu-
CMAAAUYECKOM ROAE.

Pacmennenre B kpucramnmyeckoM Iojie HeCyNECTBOHHO A PEAKO3eMENbHEIX
HOHOB, HOTOMY 9TO KX 9aCTHYHO 3aNoJHEHHHE 4f-000109KH Jekar ray0oKko BHYTpPHE
noHa (HHKe 3al0JHEHHHX 5s- @ Sp-06omouek). B oTanmume oT 9TOro ¥acTHIHO 3a10JI-
HeHHHEe 000JOYKH HOHOB IEPEXONHHEX MeTaJJoB HAXO[AATCHA AajbIIe BCero oT AApa
¥ I03TOMY TOPasio CHhHEe HOJBepsKeHE BIAAHAI0 KPHCTAJNIAYECKOr0 OKpPYeHNA.
Ha aieKTpoHH 4aCTHYHO 3aNOJHEHHHX (-000J096K AeHCTByeT 3aMeTHOe 3JIeKTpH-
9eCKOe HoJe, KoTOopoe oOsagaer He cdepmaecKoil cmMMmerpHeii, a TOJLKO CHMMET-
pueli, 0TBeYalomed MoJIOKeHAI0 yalda KpHCTaATndecKoil pemerkd, B KOTOpOM Haxo-
gurca AaEHEM @oH. IlosTomy npasmaa XyHAa 0TYacTH TEPAKT CBOIO CHTY.

OxasnBaerca, 910 HepPBHE [BA UPaBHaa XYHAA MOTYT OCTAaThCA CHPaBelIMBH-
MO Ja)Ke IpH y9eTe BAHAHEA KpHCTALIAIecKoro okpymenus. HeoGxommmo, ogma-
KO, paccMarTpHBaTh KpHCTAJAJAWYecKOoe IoJle KaK BO3MYMeHAe, [eHCTByloINee Ha
(28 4 1) (2L + 1)-MepHOe MHOeCTBO COCTOSAHMI, ompefeiseMoe HEePBEIME IBYMA
OpaBHJIaME. 3TO BO3MyHIeHNe H00aBadeTcd K CORH~OpOUTANILHOMY B3aUMOMEHCTBHIO.
IToaToMy Tperhe mpaBmio XyHia (KoTopoe 0GYCHOBIEHO TOABKO CIMH-OPOHTAABHEIM
B3aOMOJIeHCTBEOM) HOMKHO OHITH H3MEHEHO.
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Ta6auya 31.4

Briyacaennoe ¥ n3mepenHoe 5¢QeKTABHOE YHCIO MATHETOHOB P
JUisi AOHOB rpymibl jKexe3a (3d-woHOB) 2)

dnexTPOHHAA 6
. I A T
Tid* 34? 203/2 1,73 1,55 —_
Vit 3dt 2D3/2 1,73 1,55 1,8
va+ 342 3p, 2,83 1,63 2.8
Ve 33 4Fs,, 3,87 0,77 3,8
Cr3+ 348 aFy, 3,87 0,77 3,7
Mn#+ 3d3 Py, 3,87 0,77 4,0
Cr2+ 3d+ 5D, 4,90 0 4,8
Mn3+ 3ds 5D, 4,90 0 5,0
Mn2+ 345 655/2 5,92 5,92 5,9
Fe3+ 345 655/2 5,92 5,92 5,9
Fe?* 34° 5D, 4,90 6,70 5,4
Co?* 3d7 4Fy,, 3,87 6,54 4,8
Njz 348 3, 2,83 5,59 3,2
Cu2+ 3d9 205/2 1’73 3’55 1,9

9) Hs-sa saMoOpaHMBAHMA OpPOMTATBHOTO MOMeHTA TeOpeTHUeChue 3HaUeHMA OKASHBAITCA TOPASKO
TOYHee, eCiM CYATATH YHCIo J PABHEIM CYMMapHoMy CHEHY S, a4 He 6paTh COOTBeTCTBYIOmEe CBOGOXHOMY
WOHY sHaveHne J=| L £ S|,

) Pacuer mo dopmyme (31.50). B cnyuae J = § Hamo 1OJ0oM*ATh L = 0.

By ¢m. (31.49).

JaHRnie B TaGunie B3ATH B3 KHET [2, 5].

B cayvuae noHOB mepexONHHX MeTaJJIOB IpYIIIH jKeae3a (¢ 9aCTAYHO 3aNOJHEH-
BEaME 3d-060J109KaMN) KpHCTAIINYeCKoe HOJe WrpaeT sHAYUTENBHO Gojee CyIecT-
BeHHYI0 podb, UYeM CHORH-0pOWTannhHOoe B3aWMOJeHdcTBHE, MOPTOMY B IEpPBOM
OpWOAMKeHNM  BAJOM3MeHEHHOE TPeThe HpPABHIO NOJNydaeTcs HPH IOJHOM
npeHe0pe;xeHMH BO3MYIeHHEM, CBASAHHHKIM CO CIOWH-OPOATAJIBHHM B3aWMO-
neficTBHEM, IO CpaBHEHHWI0 C BO3MYHIeHMeM, BHOCAMEM KPHCTANIAYECKEM
nonev. Hpmeramnmueckoe Iosie He ¢Humaem CUAHOBOIO BHIDOJKAGHIS, TaK KaK OHO
S3BHCAT TOJNBKO OT NPOCTPAHCTBCHHHX NepeMeHHHX H HOBTOMY KoMMyTupyer ¢ S,
HO MOKeT NOJHOCTHI0 CHATH BEIpORAeHMEe OopOUTAIBHOrO L-MyJIbTANNIETa B TOM
ciyuae, KOrfa oHo ofnapgaeT KOCTATOYHO HHUBKo# cmmmerpuei !). B pesyuabrarte
OCHOBHOMY COCTOAHHIO OyHeT OTBe9aTh MYABTHINIET, B KOTOPOM CpefHee 3HAUCHHIO
a06oit KommoHeHTH L o6pamaercsa B Hynn [HecMoTps Ha T0, 4T0 cpejiHee 3HAUeHUTE
L? ocraerca pasmeM L (L -+ 1)]l. Hnaccmwecknm rakoit pesyabraT MOMKHO HHTEp-
TNpeTAPOBATh KaK CJeACTBME HpelleccHM OpOHTANIBHOTO MOMEHTa B KPUCTAIIHIECKOM
moje, OpH KOTOpoil BeamumHa MOMEHTA ocTaeTcd HEHM3MeHHOH, Ho CpefHue 3Hades
HAA BCeX ero KOMHIOHEHT o6pamjaloTcs B HYJIb.

1) Ecam B raMWwiIbTOHMAHE B KAYECTBE AONOJHHTONLHOrO BOSMYIIEHHS KPUCTAILINIECKOrO
HodsA y4ecTh CIMH-opGUTalbHOE B3amMojeiicTeHe, To cHMMaeTcsa paxe (28 -+ 1)-KpaTHoe BHPOMX-
JAEHZE OCHOBHOTO cocTOsmuA. OJHAKO 9TO MOIIOJHUTeJLHOE PaCcIelieHue YPOBHEH BIIOJHE MOMKET
OKa3aThCA MAJIKIM II0 CPABHCHUIO KaK ¢ kT, TaK 1 ¢ pacHIeIIeRNeM BO BHEIIHeM MaTHIUTHOM 10Je,.
i TOTEa WM MOKEHO UpereGpedsn. O9YeBHIHO, YTO MMEHHO TaKasA CUTYANHA DEATH3YeTCA B [IOHAX.
IePexXONHEX MeTAJIJIOB TPYNNH ’Keje3a.
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Jlas MOHOB MepexONHHX MeTaJuIoB W3 IPYrAX mepumofoB Tabammu MeHpeseeBa
(EMeIMAX YACTHYHO 3alONHEHHHE 4d- mam S5d-060m09Km) CHTyanus OKa3HBaeTCH
Gonee CIOMHOM, THOCKOJBKY B HOHAX TAMKENHIX BJIEMEHTOB CUHH-OpPGETAJbHOE B3a-
mMofleicTBHEe mMeeT 0OJIBINYIO BeJWUMHY. PacllenyieRne MyJdbTHIIETA 34 C9€T CIHH-
Op6UTANBHOrO B3aMMONEACTBAA MOKeT OHITH CPaBHAMO ¢ pacllemieHHeM B KPHCTAJ-
aAdecKoM nojie (Mam faxke Goabpme ero). B momoGuEIX caywasx paccMoTpeHEe Iepe-
pacupefieJleHAS YpOBHe#l B KPUCTALIMYECKOM Noje ¢ o0pa3oBaHHEM CTPYKTYD,
OTIMYIHLX OT TeX, KOTOPHe CJe[yIoT M3 NpaBHa XyH[a, OCHOBRBAETCS Ha mpAMeHe-
HAOX BechbMa TOHKHX METO0B TeopwHE rpynu. Mbl #e GymeM mpoBOMHTEH 3mech 3TO
paccMOTpeHUe, HO YKajKeM 1BA BajKHBIX HPMHIMIA.

1. Uem amzKe cAMMeTpAA KPACTANIAIECKOT0 TI0JiA, TeM MeHbIIe T0JKHO GHTH BH-
POKJIeHNE TOYHOTO OCHOBHOTO cocTosENA noHa. CymecTByer, OHAKO, BaykHas TeopeMa
(norasarmaa KpamepcoM), yTBepsKAaoMman, 910 He3aBACAMO OT CAMMETPAN KPHACTAN-
JN9eCKOro IOJs OCHOBHOE COCTOSHWE MOHA ¢ HEYETHHIM IHMCIIOM 9JeKTPOHOB BRIPOIK-
IeHO 1O MeHpmed Mepe JABYKDATHO, Ja’Ke CHM YIHTHBATE U KPECTALIAICCKO®
Hoje, W COMH-opOuUTadBHOE B3amMofeHcrame.

2. MoxBo GBI0 GH IpefmoJoKuTh, 9T0 KPHCTAIIAYeCKoe Woje 9acto Gyner
AMeTH CTONb BHICOKYI0 CUMMETpHIO (HapEMep, KyOMYecKym), 9TO BHPOKIEHHAE OKa-
Merca Oonplle MAHWMAJBHOTO BHPOMKIEHHSA, MOIYCKaeMOro teopeMoit Kpamepca.
CymectByeT, ofHaKo, Jpyras TeopeMa, jokasanrasa flmoMm m Temmepom; oHa o0T1HO-
CUTCHA K MarENTHOMY HOHY, KOTODHI HaXO[UTCA B y3je KPHACTAAANIeCKOH pemeTKH
CO CTOAb BEHICOKONH CHMMETpHeH, 9T0 BBRIPOKIEHHE OCHOBHOTO COCTOSHMS MOHA Ipe-
BHINaeT KpaMepcoBCKOe MHHMMAanpHOe Bhipo;igende. COraacHO HX TeopeMe, B dTOM
caIydYae sHepreTHYeCKE BHITOJHON Oyer Takad gedopMmanms KpucTajna (CBA3aHHAMA,
HaIlpAMep, €O CMellenueM MOHOB M3 PaBHOBECHHIX HOJOKEHHH), MpH KOTOPOH IpoO-
H30MeT [NOCTATOYHOE NAA CHATUA BHPOKAGHHS HOHHKEHME CAMMeTpmu. eopeMma
flma m Tennepa He rapaBTApYeET TOTO, UTO CHATHE BHPOKIEHAA GyIeT N0CTaTOIHEIM,
97106H MIPaTh CYMECTBEHHYIO POJb (T. €. 9TO COOTBETCTBYSOMEe pacijelyieEae ypoB-
Beil Gymer cpaBEUMO ¢ kT mim ¢ paciiemsieHMeM ypoBHe#l BO BHemHeM MAarHUTHOM
noie). Ecam oHO OKazkercda HeqocratouHo GoapmaM, To 3aMerHoro sgdexra Jaa —
Tennepa me Oymer.

TEPMOJIWUHAMMWYECKUE CBONCTBA TAPAMATHUTHBIX TNIJEKTPHKOB.
ATMABATHYECKOE PASMATHUYUBAHUE

ITockonrry cBoGopmasa asHeprusa ects F = U — TS, rne U — BryTpeRHAR
9Heprad, MarHWTHAS YacTh BHTPOHHH S (H, T') oupepenserca ¢opmyimoit

1
S = kgp? aﬁ , ﬁ:m (31.51)
[rax wax U = (0/08) pF]. U3 Bupamenna (31.42) gna cBoGogmo# sHeprmm CcoBoO-

KyDHOCTH NapaMarHMTHHX HOHOB BHAHO, 4TO 1ns HuX PF ecrs ¢yHKnmsa mpomsse-
MeHu 5H T. e. F mmeer Buj

F=-§ch(5ﬂ). (31.52)
CJIBJIOBRTBJIBHO, 3HTpONNAA Oupeaeasaerca Bmpamenneu
S =lky[— O (BH)+BHD (BH)], (31.53)

KOTOpOe 3aBHCHT TONBKO 0T mpoussenennss BH = H/kzT. B pesyapTate moaydaem,
970 eca B aguaGaTHUeCKEX YCJAOBHAX (T. €. IpE QuKCEpoBamHOM S) yMeHbWIATH
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BeANYUHY M0JiA, AeHCTBYIOWEro Ha CUWHOBYIO CHCTEMY (MOCTATOYHO Me[IeHHO, YTO-
6B BCerja COXpPaHANOCH TEPMOAMHAMUYECKOe DPaBHOBECHE), TO LPONOPIHOHAJILHO
monlo Oydger yMEHBMATHCA W TeMIEpPATypa CUMHOBOHR CHCTeMH. DTo 0GBACHAETCA
TeM, 910 UIPHA HeW3MeHHO# Benmdmue S He MojkeT MeHAThes W H/T; caemosaTennHo,

Ty Ti (7)), (31.54)

rge mHAEKCH { (initial) m f (final) oTHOCATCA COOTBETCTBEHHO K HAYAJBHOMY U KO-
HeYHOMY COCTOSHHAAM.

YrazamHOe 06CTOATENHCTBO MOMKHO UCHOJIB30BATH 51 HPAKTAYECKOTO HmOJyde~
HUs HABKAX TeMuepatyp (ToJAbKo B TOM TeMHepaTypHOM HMHTepBaje, Ije TelaoeMm-
KOCTP CHOEHOBOM CHCTeMH BHOCHT JOMHHUpPYIOMEH BKIajy B HOJHYI TemJoeM-
ROCTb TBepAOTro Tesa). IIpakTWdecK:m 3TO CBOMMTCA K YCHOBHIO, 9TO TeMIepaTypa

S S(H=0)_coenacro
A npocrrrow megpun

Hy<Hy<Hz<Hy

T

Ty T;

@ur. 31.2. TemmepaTypHas 3aBHCHMOCTh SHTDOIHE CHCTEMHl B3aUMOJCHCTBYWOMWX CIIMHOB IIPH
pasavYHKX B3HAYEHWAX BHODIHET0 MATHMTHOTO Noiaa H.

TITpRXO0BAs JAHAA OTBEUAET NOCTOSTHHOMY SHAYEHMIO BHTPONMHA CHCTEMEHl He3aBUCWMBIX CIIUHOB B HYJEBOM IIONe,
pasHomy Nkpg In (2J + 1). TInka OXIaKOeHus TakOB. 13 HAYaJILHOrO COCTOAHUA A (Ti- H =0) cacrema uzo-

TepMUYeCKH IepeXONMT B COCTOAHME B, IIPW BTOM MOJIe yBeAmumBaeTcs OT Hyna 1o Hy. Clegyomuit mar cocTonT
B ToM, 4TO II0JIe IIPA afnabaTHIeCKNX YCIOBHUAX (T. e. IPU IOCTOAHHOM 3HAYCHUN S) YMEHbINAETCH 00 HYNA. TakaM
06pasoM, cHCTEeMa OKABHBAETCA B COCTOsHMEM C, a ee TeMIIEparypa [OCTATaeT 3HAYCHAA T'

noiaskHA OLITH 3HAYATEABHO HEKe neGaeBckoit (cum. zagawy 10). Ommcamabi MeTon
NpUMEHSeTCA RIA OXNaKAeHHA OT HECKOJLKHX KeJbBAHOB N0 HECKOJHKHEX COTHIX
(2 TDpE JOMKHOM MCKYCCTBE M THICAYHHIX) KeJbBHHA.

Hmxasa rpaEuna TeMmepatyp, HOCTIKEMHX NpM agnafaTAYecKOM pasMarHd-
9WBAaHAHA, OOpefeNseTcs NpefesaMd TPAMEHAMOCTH YTBeP:KAEHHA, 4T0 SHTPONHSA
sapucntT Toinbpko 01 H/T. Ecam 6H 3T0 yTBep:KIeHMe OBLIO TOYHHM, MOMKHO OBII0 6HI
NOHMMAKATE TEMIEPATYPY Lo a6CONIOTHOrO HYJA, YMEHBIMAA [0 HYJAA HAODAKEHHOCTD
mosis. OnEaKo IpH MajHX HOJNAX 9HTPOUAA NOJKEA Bectd cefa mo-mpyromy, Tak
Kak mHade suTpounsa S npu H = 0 me 3aBmcena 6w 0T TeMueparypsl. B geficTBurens-
HOCTH 9HTPONMAs IPU HYJeBOM I0Je MOJKHA 3aBUCETh OT TeMIePaTypH, MOCKOIBKY,
COTJIACHO TpeTheMy Hadaay TePMOIMHAMHAKHA, OHa CTPEMATCA K HYJI OpU IOHEKe-
AU@ TeMuepaTypH. TemueparTypHas 3aBACAMOCTH PHTPOLNH B HYJIEBOM HOJIe 00ycio-
BAUBAETCHA CYLIeCTBOBAHWEM MATENTHOFO B3aMMOJeHCTBAA Medy mapaMarHATHHEIME
_FOHAMJ, YBEJIMYGHAEM POJHU PACHIeIIeHHWA ypoBHeH B KPHCTAIMIECKOM NOJe HpH
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HU3BKUX TeMIepaTypax ® Apyrumu nogoOEkMu sdpeKTaMm, KOTOpHIE ME He paccMaTpH-
Banu npm BeBoge opmyiun (31.53). Ecam mx ywects, 10 dpopmyay (31.54) gua xo-
HEYHO} TeMIepaTyphl clegyer 3aMeHHTS Gonee obmmum coorBomermeMm S (H;, T;) =
= S5 (0, T;). llpm aToM g5 BHYHCIEHEEA KOHEUHON TeMIepaTyphl HEOOXOMHUMO pac-
nosararth nogpobHo# mEopManuedl 0 TeMIepaTypHO# 3aBHCEMOCTH SETPONNE B Hy-
aesom moste {(gur. 31.2).

OueBupHO, Ham0oJsiee HPHTLOAHRE! AJdsA agmabaTH9ecKOro pasMarHUYEBAHUA Te
BeIecTBa, Y KOTOPHX Hem30eKHOe yMeHbINEHNe SHTPONHE ¢ TeMIepaTypod B HyJIe-
BOM IOJIE HAYHMHAET NPOABIAATHCH IOPH MUHUMAJBHO BO3MOKHOH TeMmeparype.
OGHMEO0 BCOOIB3YIOT MapaMarHUTHEE COJAH, B KOTOPHX MArHATHEE HOHH 06IafaioT
rry6oro JiemamuME 060s109KaMn (gro6H CBeCTH K MEHUMYMY pacilelllieEre B KpH-
CTaMIWIeCKOM IOJe) B PACIOJIOMKeHH JaleKo APYT oT Kpyra (4ToOH CBECTH K MOHH-
MyMy MarHmTHOe BaammopnelicTme). IlpensTcTBUeM TYT OKa3BIBaeTCH, OYEBUIHO,
YMEHBOIEHUE MATHUTHON TEMIOSMKOCTH IPH TOHWKEOHHY KOHOEHTPAIWHM MATHUTHHIX
nouoB. M3 MmCHONB3yeMEX B HacTofllee BpeMs BelllecTB HauGolee HONYIAPHEL COENH-
Henpma tuna Ce,Mg 4(NO,),,-24H,0.

BOCHPUMMYNBOCTL METAJIJIOB.
HAPAMATHETU3M HAYJIU

Jlo cux mop ME COBCeM He KacaJIECh BOIPOCA O BRJAfie dJeKTPOHOB HPOBOIMMO-
CTH B MarBEHTHH{ MOMEHT MeTajula. JVIOKTDOHH IPOBOJUMOCTH B OTIHYHE OT DIEKT-
POHOB YaCTHYBO 3aNOJEEHHBIX 0060JI096K HOHOB He ABIAIOTCA HPOCTPAHCTBEHHO-JIO-
KaJn30BaHHBIMHA; BMECTe C TeM H3-34 JKOCTKAX OTPAHMYCHUN, HAJAT2OMHIX NPHUH-
numoM Ilayiau, Hennssi TaKKe CUUTATH, ITO OHHM, KAK U DJIEKTPOHBI, JOKANHB0BAH-
Hhle Ha PA3dINYHEX HMOHAX, B3auMOReHCTBYIOT ¢ MOJeM He3aBHCHMO APYr OT ApPYra.

OpHako 3aaga 00 ompefieJieHAUW MATHUTHHX CBOMCTB BIeKTPOHOB IPOBOAUMOCTH
MosKeT OHITH pemeBa B paMKaXx TpHOJM/KeHWS He3aBHCHMEX 2JeKTpoHoB. Peurenme
OKas3hBaeTCsl JOBOJBHO TPOMOBIKHM H3-38 CJA0KHOTO XapaKTepa BIHSHAS MAarHHUT-
HOTro NoJis Ha OpGHTAILHOE HBHKeHHE DJIEKTPOHOB. KM He yIMTHBATEL 5T0 BIHAEHEE
(1. . cumTaTh, 9TO BIEKTPOH 00JafaeT CUMHOBBIM MarHUTHEIM MOM@HTOM, HO He HMe-
eT sapana), To MOMKHO [AeHCTBOBATH CIAENYIOMEM 0Gpa3oM.

Hasmphil 91eKTPOH BHOCHT B HAMATHWYIeHHOCTL BRJIAJ], PABHHE —p 5/V (cum-
Tas g, = 2), eCJH ero COME HapajiedeH mojio H, m paBeb# U 5/V, eciu ero cumE
aETEOapanienes monio. CaegoBaTenbHO, eCIAM N.—OTHECEHHOE K emHHNe 00beMa
4RCJIO BJAEKTPOHOB €O CHOHHEOM, NAapPAJUINLHEM () MM aBTHOApaiIeabHBM (—)
momro H, To HamarumueHHOCTH GyfeT paBHA

M = |25} (n+ - n_). (31.55)

Ecam sneKTpoHH B3aMMOAEHCTBYIOT ¢ I0JieM TOABbKO Giaaromaps umelomeMycs
y BEEX MargMTHOMY MOMEHTY, TO eUHCTBOHHEIM PE3YyIbTATOM AeHCTBUA MarsHUTHOTO
mosisa OyrmeT HaMeHeBUe 9HEPIME KamKIOT0 DJIEKTPOHHOTO YPOBHA Ha BEeIWIHHY
+ upH B 3aBmcmMoCTH OT TOro, mapailened (--) wianm aETHmapaieieH (—) CUHB
moaro. MBI MokeM ommcaTh 5TO, BBOAS ILIOTHOCTH yPOBHEH, 0TBeYAOIIUX TaRHOMY
8HageHE0 cumHa. Ilyets g. () dé — oTHeceHHOe K egmEHMIIe 06bEMA YUCIO BIOKT-
POEOB 1) ¢ ompefiesleHENM 3Ha4uenHeM CIUHA W ¢ oHeprmeil B mETepBaie ot € go € +
+ d€. B otcyTeTBHe mola MH EMeJH GH

g+ (8)=—4g(€) (H=0), (31.56)

1) Yrolm He IyTaTh IIOTHOCTH YpoBHEH ¢ g-PakTopom, Mu Beeraa OyfeM yRasslBaTh apry-
MenT %, 0T KOTOPOTO B3aBHMCHT INIOTHOCTH YPOBHeH. WHMEKC B CHYMKUT AJs TOTO, YTOOK OTINIATH
MarEeToH Bopa pp OT XIMHUYECKOIO IOTEHOWAJIa M.
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rae g (€) — o6muHas mIoTHOCTH ypoBHEH. [T0CKONBKY DHEPIHA KasKIoro BICKTPOH-
HOTO YDPOBHfA, OTBEYAMIIEro COMHEY, HapajIeJbHOMY HOJIO, CABHTaeTcs Ha W pH
BBEPX OTHOCHTEJLHO ee BHAUeHHs ODH HYJeBOM IIole, YHCIO YPOBHEH ¢ pHeprmeit
& npm menyneBom mone H coBmajaeT ¢ UMCIOM YPOBHeH, MMEOINHX 3Heprmio & -
+ ppH wpm H = O:

g+(6)=5 g (§+unH). (31.57)

ABajornaeo
g (€)= 5 g (€ — ppH). (31.58)

Yucno 3JeKTPOHOB B efuHEIE 00beMa, HMEIOIUX [AHHOE 3HAYCHWS CIHHA,
onpejeaseTcs Kak

My = S dé g (€)1 (€), (31.59)
rne f — ¢ynrnma pacmpepenernus Depmn: '
1
1€)== (31.60)

Yrobx HalTEH XEMOYeCKH HOTeHNHAam [, BCOOMHHM, UTO NONHASN KOHIEGHTPAITWH
SAEKTPOHOE ©CTh
n = ny 4+ n_. (31.61)

Hckarouas (i ¢ DOMOMBIO 3TOr0 COOTHOIIERHA, MBI MOJKeM WCI0Jb30BaTh BHpasKeHHSA
(31.59) m (31.55) nua HaxoMpgeBHA HaMarHMIedHOCTH KaK QYHKOWE KOHNEHTPAINH
91eKTPOHOB 1. B meBHpoennoM crydae (f ~ e-B€-w) 510 mpuBomuT K pacemoTpen-
Holi HaMH; paHee TeOpHE IapaMarHeTH3Ma, M HaMAarHHIeHHOCTH GyJeT OMHCHIBATHCA
BHpasKeHmeMm, coBmagatommM ¢ (31.44) opu J = Y/,. (Cm. sapauy 8.)

OpHaxo B MeTasllaX MBl MMeeM JIei0 CO Cayd9aeM CHALHOTO BHpomkgenms. Tlaor-
HOCTBL ypoBHeit g (€) cymecTBeBHHIM 06pasoM MeHAeTCA TONbKO B macmtabe &,
8 MOCKROABKY W pH mMeer mopsapnok 10~*€, naske B moxe 10°Tc, Mu Momem, He fomy-
CKas OpH 5TOM NPAKTHYECKHM HHKAKofl ommMOKE, HCIOOJB30BATD PABJIOKEHHE IMJOT-
HOCTH ypoeHei

g4 (6) =5 g (¢ + ppH)=2g (¢) =5 ppHg' (€). (31.62)
Tlopcrasaaa (31.62) s (31.59), momywaem
Ry = S g(6) 1 (€)dE = —pgH S dEg’ (€)1 (€); (31.63)
npm atoMm m3 (31.61) caemyer
n = S g (6) f (€) dE. (31.64)

Ho 3To BHpayeHue B TOYHOCTH COBIAfaeT ¢ POPMYJIOH /g KOBNEBTPAaNUH IeKTPO-
HOB B OTCYTCTBHE IOJs, MODTOMY MOJKHO CYHTATh, 4TO XUMWYECKHH MNOTeHIIHAJ W
mMeeT TaKoe e sgadenume [cM. (2.77)], Kak m B myaeBom mome:

“ng[uo(’%?Z)z], (31.65)
Hs (31.55) m (31.63) monysaem BEpasKeHEWe Aif HaMarHEIeHHOCTH:
M= uyH S g (€)1 () dE, (31.66)

HJI¥M, HHTEIPpHPYS HO YacTaM,
d
M = uuH S g (€) (-—%)d%. (31.67)
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Tabauya 31.5

CpaBHeHMe BBLIYMCICHHOU BOCOPMMMYMBOCTH Trasa CBOJOJAHBIX JIEKTPOHOB
¢ m3MepeHHO# BocmpummumsocTnio Ilaymm

106.XP

Meraaa o (pacter 50 898 (ocmepmrporny  TERATIDE
Li 3,25 0,80 2,0 [6]
Na 3,93 0,66 1,1 [7]
K 4,86 0,53 0,85 9]
Rb 5,20 0,50 0,8 £9]
Cs 5,62 0,46 0,8 [9]

IIps mymneBoli Temmeparype —Of/0€ = 6 (€ — &z) =m

M = u%Hg (éF). (31.68)
Mockoapky (cM. Ti1. 2) TeMOepaTypHEHE NOOpaBKM K —Jf/0€ mMeT HOPANOK
(kpT/€r)?, ¢dopmyma (31.68) ocraercsa copaBegaHBOH BIIOTH A0 OYelh BHICOKHX
remueparyp (I =~ 10% K).
Ws (31.68) monyuaeM BOCOIpHEMYHBOCTDL

| x=ubg (€r).| (31.69)

OHa HAa3BIBAETCA RAPAMASHUMHOL 60cnpUUMuUeOcMbi0 [Tayiu. B mpoTmBOmOMOs K-
HOCTh BOCOPHHMYHBOCTE NapaMarBUTHEIX HOHOB, onpepmenstemoil saxonmom Hiopw,
pocnpuumyuBocTh Ilayim 21eKTpoBOB HPOBOAEMOCTH HPAKTHYECKH He 3aBHCHT OT
teMoepaType. B ciyuae cBOGONHBIX 5JEKTPOHOB IIOTHOCTH yDOLHEH MMeeT BHJ
g ({ p) = mkg/R’n®, u BocopummausocTh Ilaynm yp onmchBaetca npocroit popmynoi

2 lord
1= (3z)" (@okr), (31.70)
roe o = e*/fic = 1/137. Moskno rTaxyKe mpemcTaBHTB Yp B APyroii dopme:
2,59 -
o= (2 10~ o110

OTH BHpaKeHHOA MOKa3HBAIT, 9TO Yp UMEET 090Hb MAJYIO BEJWYHHY, XapaKTePHYIO
IJiA AEaMarsMTHON BOCIDEEMYHBOCTH, B OTIIMUME OT TOpasno GoJbIneil mapaMaramT-
HOH BOCHPHHMYMBOCTH MATHHTHHX HOHOB. TaKoe COOTHOIEHHE BOCIPHEMYHNBOCTEH
o6yciaoBiieno TeM, 910 npumHnuo Ilaymm ropasmo Gosee apdeKTHBBO, UYeM TEILIOBOE
pasynopHanodYeHne, HOKABISAET CTPeMJeHNWe CHOUEOB BHCTPOHTHCSA HIAPANJIEJbHO HO-
ao. CpaBHeEMe ImapaMarHeTd3Ma JJeKTPOHOB TPOBOAHMOCTH C NapaMarHeTH3MOM
MarBHTHEX HOHOB MOKHEO IPOBECTH W APYIEM CHOCOGOM, IPEACTABIAA BOCHPHUMYH-
Bocth Ilaynm B dopme saxoma Hwopm (31.47), B Kotopom temumepartypy 7 HYMmHO
saMeHNTL (EKCHPOBaEHOH Temmeparypoil mopsaaka Tp. Iloatomy naske mpm KoMHaT-
HOM TeMIepaType BOCHDHEMYWBOCTH Ilayim oKasmBaeTca B COTHH pas MeHbmieit
KJIaCcCHYeCcKOro 3HaYeHHsA 1),

B ra6a. 31.5 npmBesienni KaK M3MEpeHHLIe, TAK U PACCUMTAHHBIE TEOPETHIECKH
[mo dopmyte (31.71)] sEavernsa BocnpumMumBocty [layim pus melOYHEX METAJJIOB.

1) /1o cospamma TeopHM Ilayam OTCYTCTBME Y METajJioB 6OJBLIIONH MapaMarHMUTHON BOCHPH-
HEMYUBOCTH, NOMUUHANIIEHCA 3akoHy KIOpH, CYMTAJOCH O/HUM W3 OCHOBHBIX IAapajOKCOB 3JIEK-
TPOHHOM TEOPUH METANN0B. Kak U B cIydae TemIOeMKOCTH, 9TOT HMAaPafOKe GBI paspelleH, KOTAA

6m1510 06HAPYIKEHO, UTO BIOKTPOHL B METAJJIe NOAYHHAITCA HE KIACCHIECKON CTATHCTHKE, & CTa-
ructure Depmu — Jmpaxa,
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JloBonpHO 3HAYMTENbHEE PAacXOMIEHHS MKy oTHMH IBYMA HaGopamm umces oGy-
CJIOBJEHHE TJIaBHEKRM 00pa30M TeM, 9TO He YIHTHBAJIOCH 5J6KTPOH-2JIEKTPOHHOE B3am-
MopeiictBme (cM. 3amauy 12) ).

JMAMATHETUSM JOJEKTPOHOB HIPOBOIUMOCTU

B mpoBemeBHOM BEIIIe pacCMOTPEHHM MATHHTHHX CBONHCTB 3JIEKTPOHOB IIPOBO-
JUMOCTH MBEL OGCY/KAAAM TOJLKO TapaMarHeTHsM, oO0yCJIOBIEHHHE BsamMmopeiict-
BUEM COGCTBEHHOTO CIMHA 3JEKTPOHOB ¢ BHEIMHUM MarBUTHHM mojeM H. Ilommmo
aTOTO, CYImEeCTBYET fEAMATHETH3M, BOSHEKAIONIAA 34 CYeT B3aUMOCBASH N0 ¢ opbn-
TAJBHEIM JBMKeHHEM 2JeKTpOHOB. MEl yie kacaameb »TOTO Bompoca B rii. 14, rae
OPHEMAN K BEBOAY, 9T0 OPHU OYeHHL HU3KUX TeMIIEPATypPax B CHJBHHX HONAX B 9pes-
BEIafHO YHCTHX obpasnax (0.1 = eHt/me >> 1) o6rapy:RuBaeTca CI0MRADBIE OCIAI-
aaTopHEil xapaktep sasucuMocT M or H. B oGerunsix obpasmax ycaorme o7 1
He BEIIOJIHSIETCA K OCHIJITATOPHAasA CTPYKTyPa He HabmogaeTcs. OgHAKO cpefHee 3Ha-
gesme M (H) He oGpamaercsa B HyIb B HMeeTCA PE3yIbTRPYIOMAs HAMATHWYeHHOCTS,
aHETHOApajnenbBas . OrTo ABieHme, HasmBaeMoe OJuamasnemusmom Jlanday,
o6ycIOBNeHO OpPOGHTANIBHEIM [BUKOHUEM DIEKTPOHOB B MarHHTHOM moie. Mo;kHO
IOKa3aTh, 9T0 fJis CBOGORHHIX 3AEKTPOHOB 2)

1
XLZ_'3—XP’ (3172)

rie %; — BocmpmmMYHBoOCTH Jlampmay.

Ecam saexTponsl ABMKYTCA B OepHOEYOCKOM IOTeHHHMANE, HO BO BCeX APYIHX
OTHOMEHHAX ABIAIOTCA HEe3aBUCHMBIME, TO PACCMOTpeHHe CTAHOBHICSA MNOBOJIBLHO
CHOKHEIM, ONHAKO B PE3YIbTaTe NOJYYaeTCHA [AHAMArHUTHAS BOCOPHUMYHMBOCTE
TOTO JKe@ MopAAKa, uTo m mapaMaruuTtHas. Ha mpakTuke, KOHewHO, OIpHM M3MEpPEHHUH
MarEMTHOTO MOMEHTd, MHAyNHPOBANHOTO NOJEM, NPOABAAETCA NOAHAA BOCHPUAM-
9UBOCTH, paBHaA CyMMe DapaMarBumTHO# BocupmumumsoctH Ilaynm, amamarEmTHOM
BocupmmMumBoctE JlaEgay ©m JapMOpOBCKOH [RMAMarsHTHOH BOCHPHEMYUBOCTH
(o6ycnoBnenBoll samosHeRHEME 060jJ09KaMun MOHHHIX OCTaTKOB). B pesyarrare

1) Yuratens, KOTOPHH NOMANT, KaKue GOJNBIINE NONPABKH K 2JIeKTPOHAOH IIOTHOCTH COCTO-
AHENE pgaeT yueT sumerTpoH-PomommHOre BlaumMmopeilcTBha (cM. ril. 26.— Ped.) mpu BRYHCIEHUH
3JIEKTPOHHOM TEIJIOBMKOCTH, MOMKET YAWBHMTH, 9YTO IPpH pacdeTe BOCHpPHMMIUBOCTH Ilaynm croap
Gonpmiue mONPABKM HE BOSHMKAWT. MesKmy >TUME ABYMA CIYYadAMH MMEeTCST CYINecTBeHHOS
pasimaue. [Ipy BHUMCIEHHN TEIJIOEMKOCTH HaXO[AT He SaBUCATNYI0 OT TeMIePaTypH HONOpPaBKY
K 9JeKTPOHHAON INIOTHOCTH ypoBHEil, a 3aTeM IOJICTABAAIT 3TY uKCcUPOGAHHY0 HIOTHOCTD y]OB-
Eeit 8 fopmyan [momobmuie (2.79)], onucHBaoImiue A3MeHEHHE 9HEPIUH B 3aBHCHMOCTH OT TeMIe-
parype. Korjia 3e MenaeTcs MarHUTHOE IOJIe, N3MEHsAeTcsA HENOCPeCTBeHAO IIOTHOCTh YPOBLEH.
Mu yixe oTmenasnn, manpumep, gro (Ge3 y1eTa YOHOEENX NONPABOK) NPH HANRYAN NOUS MWIOTRCCTH
ypoBHeil, oTBeYaOmasa PasTHIHKM 3HAYeHNAM CIONHA, CABUTAeTCA IO SHEPIWH BBEpPX MIM RLM3.
QoxoEAas MONpPaBKa K MIOTHOCTH YpPOBHeH cymecTBeEHa BOnusdu ypopHsa @Pepmu (B obnacrm,
HIMpHEA KOTOPO# %@ ;, BeANKa OO CPABHEHUIO CO CIBUIOM %, 06yCHOBIeHHHM mojeM). Onnaxo
MAaTBATHOE II0JI€, H3MEHAIMEee IAOTHOCTh ypoBHeH (Ge3 QOHOHEHHX NONpABOK), He BIUSIET Ha
nono:kenwe ypoBEs (Depmu. I[09TOMY Helb3s IIPOCTO MOACTABUTE IJIOTHOCTE YPOBHEH ¢ Qonom-
HEME Tnoupapkamu B (31.68), Kark 9T0 MOkHO OHIO cpeaaTs B (2.79), HOCKOIABKY B3aBHCHMOCTD
CKOPPEKTHPOBAHHOH IJOTHOCTH YpPOBHe#l OT HOJA B KOPHE OTJHYARTCA OT COOTBOTCTBYIOMet
3aBUCHMOCTH JJS HECKOPPEKTUPOBAHHOH NJOTHOCTA ypoBHeH. BHuMaTelbHOE paccMOTpeHW®
IOKABKBAET, 9T0, MOCKOJABKY (OHOHHAaA IONpaBKa CBA3aHA HeIoCpeAcTseHHO ¢ yposHeM Depmm,
OHA OKABHBAET 0YEHDH MaJIOE BJIMAHNE HA 3aBUCUMOCTh HAMATHUYEHHOCTH OT IOJA, NIPHUBOAA K OTHO-
CHTeJLHOMY HM3MEHEHNUI0 BOCIPHEMYMBOCTA HA BEJHIHHY IOPAAKA (m/M)"2 (8 ornnume or Temio-
OMKOCTH, COOTBETCTBYIOmMAA NMONpPAaBKa K KOTOPOH COBIajaeT IO MOPAAKY BeJUIMHH ¢ Heil camoii).

2y Cu., manpumep, Kuury Ilafiepmca [10]. PacemoTpeRue, B KOTOPOM Y4YUTHBAeTCst 30HHAA
CTPYKTYDa, MOKHO HaWTH B cTathe [11] m B nurmporammoil B He#l JUTepaType.
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OKasHBAETCA COBCEM He NPOCTO BHJENHMTH B 9KCHepHMeHTe KaKoB-imGo ompemeseH-
HBII BKJIajg B mpoBogmmocTh. [losTomy BocmpmmmuusocTH Ilayiam, npusemeHHHE
B ta6a. 31.5, GbhuIM NOJNyYeHH BeChbMa KOCBEHHHIME METOJAMH, ONMH U3 KOTOPHIX
MBI Cefigac pacCMOTPUM.

N3MEPEHHNE ITAPAMATHINTHOM BOCHPUVMYHBOCTU HAYJIN
METOJAOM AAEPHOI'O MATHUTHOIO PE3OHAHCA

Uro6u 0oTHENNTh BRJIAJK B BOCOPUEMYHBOCTH MeTajlla, 00YCIOBICHBEIM 2JeKT-
POBHEIM COYHOBHIM TapaMarHeTH3MOM, OT HPYTMX MeXaHU3MOB, BBIBHIBAIOINUX Ha-
MarHW9eHHOCTH, HYeH HeKH# NAaTIYHK, KOTOPHH B3auMoneHcTByeT CO CIEHOBHIMH
MATHUTHHIME MOMeHTaMH 3HAYHMTeJHbHO CHJBHEee, 4eM C IOJNAMH, BO3HHKAKOIIEMA
OpHd ABMKEHHH 9JeKTpoHOB. TarMM jaTamkoM MoKeT CIYKUTL MalHETHHI MOMEHT
aToMHOTO sdpa.

flgpo ¢ yraosmiMm MomeHTOM [ 0GiajaeT MATHUTHEIM MOMEHTOM m y = Y I
(oTHOMIEeRUE KOTOPOro K MArBEUTHOMY MOMEHTY 2JIeKTpOHA 00KYHO BEJIMYMHA TOTO KO
HOPARKA, 9T0 ¥ OTHOMEHNEe MacCH BIEKTPOHA K Macce fAnpa). Bo BHemHeM Marsur-
moM mone (2/ 4 1)-xpaTHoe BHPOKAEHWE COHHOBHIX YpoBHeHd sAfpa cHuMaercs,
op@YeM pacuielllieEne pasHo yyH. J10 pacmenmienme Mo;KHO oGHApy:RATH, HabJio-
nas pe3soHAHCHOe MOTJIOMEHMe aHepruE Ha wacrore yyH/E L), 2).

Hone, oupepensawmee FacToTy ANEPHOr0 MATEUTHOTO pe30HAHCA, AedCTBYyeT,
KOHEYHO, HeNOCPEACTBeEHO Ha AApo. B HemapaMarBEMTHHX BelecTBax moJe, Aedcr-
ByoIlee Ha ANPO, OTIUIBETCA OT BHENIHEIO IMOJA TOJHKO Ha Malyl0 NUaAMarBATHYIO
HompaBKy (Ha3BBaeMyl0 XHMAYECKUM CHBHroM). B Merannax, ogHako, Gosee cyme-
CTBEEHHI %) BKJIAaj B BelHYEHY HOJIsd, HeHCTBYIOMEro Ha fAApo, BHOCHT Clelylomee
SIBJIOHHE.

Bonrossle QyHEnuu 31eKTPOHOB IpoBoZEMOCTH (KOTOpHe Io Kpalfimeidl Mepe
TACTHIHO O0OPABOBAHE M3 ATOMHEIX S-ypoBHeI) UMEIOT OTIHYHBIE OT HYJIA 3HAYCHHA
Ha aTOMHHX AfApax. Horga smeKTPOH peasbHO MPOXONHT deped ANPO, BO3HUKAET
npsaMoe B3aEMOEHCTBHE WX MAarHHTHHIX MOMEHTOB, IPOMOPIUOHAILHOE M, - m x%).
Ecam ras aieKTpoOHOB IPOBOAMMOCTA He MMEET CyMMAapHOTO MArHHTHOIO MOMEHTA,
9T0 B3amMofelfCTBMe He OPHBONUT K COBUTY YaCTOTH ANEPHOTO MArBEMTHOTO Pe30-
HaHCa, HOCKOJBKY BOJH3H fAgpa ¢ PaBHOH BepPOATHOCTHIO MOryT HaXOQHTHCA DJIOKT-
poEH ¢ nio6oi opmenranmell comua’®). OpEako moj peficTBHeM moJisl, B KOTOPOM mpe-

1) Ha npakTtuke B 9KCIEPUMEHTAX 110 SIIEPHOMY MaTHUTHOMY PE30HAHCY MEHSIOT HAIPSIKEH-
HOCTDH NPHIOFKEHHOT0 MOCTOSHNOTO MArHUTHOTO MOJNA IpHu $UKCHPOBaHAOH WacToTe IiepeMEHHOTO:
Pagmo9acTOTHOrO MOJS,

2) OTaMYHEM BBOJHKM KYpPCOM TIO AGPHOMY MATHUTHOMY PESOHAHCY MOKET CAYIKHTH KHHTA
Canxtepa [12].

3) ITocKONBKY ¢ WB0JMPOBAHALIMEA SLPAMU TPYAHO paGoTaTh, OGRYHO IIMEIOT €J0 C OTHO-
CHTeJIbHHM C[(BETOM ypOBHEH. M3BecTHO, YTO cABUT YpOBHeil 6ojiee cymecTBeH B MeTaljax,
IOCKOJIBKY OH OTJAHNYAETCsA OT CABHTA B COJNAX HTOr0 yKe METajija Ha BeJIWIWHAY, 3HAUYNTEJHHO IIpe-
BHIIAIIYI0 Pa3HOCTh MEJIY CBUraMH B PasiNYHEIX COJIAX.

4) OHO mMmeeT pasanymbe HasBaHWA: CBEPXTOHKO® B3amMopeiicTBne, EPMHEBCKOE B3RUMO-
JIeiCTBUEG, KOHTAKTHOE B3AWMOMEHCTBUO.

5) [Ipm TakOM onwcapu¥, KOHEYHO, IPENOIATAGTCH, 9TO HA SAPO AeiicTBYeT cpepmee Yoje,
€03[aBaeMO€ 3JI6KTPOHAMH, T, €. YTO AAPO YCIEeBaeT B TeYeHue O/{HOTO [Iepuosia Ipeleccuy IPOB3an-
MOJIEHCTBOBATh CO COMHAME MHOTHX 3JEeKTPOHOB., IIOCKOJNBKY ANUTENHHOCTH NMEPHO/a NPENeccus
B CHIBHHKX 10JAX o6s1Ho cocTapuseTr 10-% ¢, ykasagHOe yciioBue XOpouIo BHIIOJHSETCH, TAK KaK
3JIKTPOH IIPOBOTUMOCTY JBUIKETCH cO CKOPOCTEHIO vy (mopsixa 108 cm/c) m emy TpeGyerca oKoxo
10-2! ¢, urobl mpoiiTH wepes AApo (paguyc Kortoporo nopsajgka 10-13 cm). [Ymesno smexrpoHOB,
DPOXONAMUX Yepe3 Afpo 8a BpeMs NpeleccHu, 3aBHCHT OT Al, — BpeMeHN, KOTOpoe HeobXommMo-
9JJeKTPOHY, ABIDKYIEMYCS CO CKOPOCTBIO Vg, 9TOOH NPONTH CpefilHee pacCTOSHUE MEKY DIEK-
TpoEaMHI Ar, < a; Bpems Al, & a/vy cocTaBuaseT okono 10-8/108 = 10-18c. Ilocnemusas Benm-
YMHEA BO MHOTO pa3 npessimaeT 10-21 ¢, mo goctarounpo mMana, 91066 GEINO cpaBeINEO BHCKABaHHOE:
pumie yreep;enesme: 10-6/10-18 = 101 — [Tpum. ped.]
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feccupyeT SAPO, HACEJEeHHOCTH 3IeKTPOHHHX CHOHHOBHIX COCTOSHHH CTAaHOBATCA
pPasHEIME, T. €. BO3HMKaeT napamarHetuaM llayam. B pesynwsrarte mossaserca cym-
MapHHE MarSNTHB MOMEHT 3JeKTPOHOB, co3jalolimi Ha sape sdderTmBHOE moIIE,
OpoNoOPNEOHANBHOE CIHMHOBOH BOCIPHEMYHMBOCTH 3JI€KTPOHOB NPOBONUMOCTH.

CrnBur, o0ycaoBIeHHLIA 9THM moJieM, HasuBaerca cugpuroMm Hafita; ero momuO
ompefelInTh MO PA3HOCTH 9acTOT AAepHOr0 MATrHHTHOTO pe30HAaBCA MIJs aToMa Me-
Tajaa, HaXOAAMErocA, HaOpUMep, B COCTaBe HellapaMarHHTHON COJE W HeHmOCpen-
CTBeHHO B Metasie. K comanennio, casur HaliTa npomopnuoHaieH He ToALKO mapa-
‘MarHETHO# BocmpmuMdmpocTm Ilaynam, HO W KBaJlpaTy MOAYJA BOJHOBOH QyHKOHH
‘9JIeKTpOHA NMpoBOAUMOCTH Ha anape. IloaTomy HeoGxonmMo MMeTH ONEHKY 2To#l Bean-
9gpHE (KOTOpy0 OOHYHO HAXOAAT DyTeM BWYHCIeHWT), 9T0GH BHJEJHNTH BOCOPHADM-
guBocTh Ilayam ms mamepeHHoro ciapmra Ha#Ta.

AUAMATHETU3M OSJIEKTPOIIOB
B JEIrnPOBAHHBIX HNOJYITPOBOTHUKAX

JlerupopaBHsie HOJYDPOBOGHUKN HPeRCTABIAIOT co0ofl OpEMep UPOBOFAIMIEX
MATEPHAJIOB, B KOTOPHX AWAMATHETH3M 3JIEKTPOHOB NIPOBONHUMOCTH CYIIECTBEHHO
npeBbllaeT HapaMarHeTHaM. BHauase H3MepAIOT BOCOPHUMINBOCTH COGCTBEHHOIO
OO YIPOBORHHUKA IpH O9eHb HU3KWX TeMIEepaTypax, KOTopasd HPAKTAYeCKHW NO-
HOCTHIO OUpeAeNaeTcd ANaMarHeTH3MOM HOHHLIX 0CTaTKOB. CoOTBeTCTBYOIA BRAAL
B BOCHPUMMYHBOCTb COXPAHAETCH B JeTHPOBAHHOM MaTepHaje, W, BHYHTAas ero Hua
TOJHON BOCOPHMMYMBOCTH, MOMKHO BHAGIUTH BOCOPHEMIEBOCTE, OGYCIOBJICHHYIO
HOCHTEJAMY TOKA, HOSBUBINUMUCA B pPe3yabTaTe JErHpOBAHHA ).

Pacevorpum caydadi, Korga HOCHTEJIH HONAafalT B cHepudecKE-CHMMETPHIHEO
soHH, T. . & (k) = A2k%/2m*. ({na ompeneneHrOCcTE GydeM paccMaTPEBATE AOHOP-
HEe TIPUMECH W OTCIMTHBATh k oT MmEEMYMa 308 OpoBomumoctn.) CormacHo dop-
myne (31.69), pnapamarEmTHafg BOCHPUEMYMBOCTH OPONOPIHOHAIBHA ILIOTHOCTH
ypoBrei %). Ho niorHOCTE ypoBHe# MpomopnuoHanbBa diheKTHBHOH Macce DIeKTPO-
HOB, MO3TOMY BocUpmmMInBOCTh Ilaymm, CBABARHAA ¢ HOCHTEJAMH TOKA B TOJY-
NpPOBOJHIKE, CofiepsKuT MEOKHTEND m*/m? ®). C ppyroi#l cropoHH, BOCOPANMIABOCTE
Jlangay yeeamumBaetcsa 00paTI0 HPOMOPIIEOHAIBIO m™*, HOCKOJIbKY BIMAHEE DO
Ha opOWTanmpHOE NBW/KEHHe 9JIeKTPOHOB oIpefenasercs BeiawmdnHo#l e (v/c) x H.
B pesyasrate nmeeM

YL m \2

L (=) (31.73)
IloaToMy cymEecTBYOT HONYOPOBOJHUKH, B KOTOPHX AMaMarHerusM JlaEpay mopas-
JAI0OME BeJAK OO CPaBHEHWI0 CO COMHOBHIM DHapamarHetmamoM Ilayam. Boiumras
#3 H3MEpeHHOH BOCIPHEMYHBOCTHE BEJIMYHEY, OTBEUAIONIYI0 YHCTOMY MartepHany,
HaXONAT HENOCPeNCTBEHHO BKJIAJ, CBA3AaHHHE ¢ pmaMarHetmamom Jlampay %).

JTEM MBI 3aKaHYUBaeM 0030p T€X MATHUTHHX CBOHCTB TBEPABIX TeJ, KOTODHE
MOFKHO IIOHATL, He YYWTHIBasA SBHHM 00pasoM BaauMojelicTBEe MEKIY HCTOYHUKAMHE
MarHATHOro MoMmeHTa. B ra. 32 mu ofpatumMcda K Teopmu, Jekameil B ocHoBe pac-
.CMOTPeHUA DTHX B3AaEMOHEMCTBHN, a B ri. 33 OPOJONIKEM HU3YyYeHHe MATHATHEIX
CBOMCTB TBEPJHIX TOJ, HO Y:Ke TAaKHX, KOTODEIe B 3HAUMTEJNbHO# Mepe 06yCoBJIeBE
B3aUMOMICNiCTBMEM MArHWTHBIX MOMEHTOB.

1) WaMenmenme AUAMATHUTHOH BOCIIPMHMYUBOCTH, CBABAHHOE C TeM, YTO JOHODHEE IIPUMECH
HMel0T APYIYI0 CTPYKTYDPY SalodmeduHX 000J709eK, BHOCHT (09€Hb MalyI0 HONPAaBKY.

2) Kax MO:KHO TOKa3aTh, 9TH COOOPaKeHMSA OCTAXOTCH CIPaBe[JIMBHMHA [laJKEe B TOM ciydae,
HOT7a 9JIEKTPOHEL B 30H€ IIPOBOJUMOCTH HE BBIPOK[ICHH.

3) Ormomenme m*/m o0HYHO pasHo miau membuie 0,1,

4) Cm. o6sop [13].
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3ATAYM

1. CorsjacHO KjacCH9YeCKOMY OIpefeeHuio AMIepa, MAarHUTHHIT MOMEHT M YacTHOH ¢ 3apAAOM
— ¢, 00YCHOBICHAHI ee OPOMTANbLHHIM JBHJKEHHEM, €CTh CPeJHee II0 OPOHTE OT BeIMYHMHE

__2% (rxv). (31.74)

ITokamuTe, IT0 Hame oupefeieune m = -—3dk/0H cropnres k (31.74), ecau, ucxoas us cooT-
gomenusa (31.15), moKasaTp paBeHCTRA

4 €
= % nxH :
me ——t Snx (p—g uxH) (31.75)
[}
)]
oH 1 e
== (p—L-rxH :
e (pe— gy rxH). (31-76)
2. CnupoBrie Marpuiul Ilayam yaoBIETBOPAIOT CIEAYHOIIEMY IPOCTOMY DPaBEHCTBY:
(a-0) (be6) = a-b +i(a X b).o, (31.77)

ecJIM BCe KOMIOHEHTHI MATPUL, & IT b KOMMYTHPYIOT ¢ KOMIIOHCHTAaMH MATpUIH ¢. Ecan KoMIoaeHTH
MATPHOH A KOMMYTHDPYIOT MeAy cofoii, To a X a = (. IlockoJpKy KOMIIOHEHTH #MIyIbca P
KOMMYTHPYIOT, MBI MOTIM OH B OTCYTCTEHE MArHMTHOIO IIOJISL ¢ TE€M jKe YCHeXOM BANMCATh KUHe-
THYeCKY0 DHEPIHIO 9ACTHIHI cO cITuHOM 1/, B euse (0 -p)2/2m. Opuako ecurn Hoie OTINYHO OT MY,
TO KOMIIOHEHTHI BEKTOPA p ~ eA/c yiKe e KOMMYTHDYIOT MexAy coboii. Mcxoss 13 9TOro, moxa-
wmute, uTo 13 (31.77) BHITEKaeT DABEHCTBO

1 [ p+_)] ____( LA )+fiia.n, (31.78)

KOTODO® ;aeT BOBMOJKHOCTD HPCHCTABUThL U CIUMHOBELH, 1f OpOMTANBLHEI BKIAJ B MArHNTHYIO 3acTh
TAMITLTOHHAHA B BUJIE O1HOII KOMIDAKTHOW GopMydnl (eciin CYnTaTh, 910 £, = 2).

3. a) Ioramnre, 4ro nmpaBmiaa Xymga aist 060x0YKH ¢ 0pOHTAJBHBIM MOMEHTOM I, copmep:xarieil
n BIEKTPOHOB, CBOAATCSH K caegyomum dopmylanm:

S =3 [@+)—|2+1—n]],

L=§|2+1—n], (31.79)
J=|2—n|S.

6) Y6equTech, 910 [OBa cnoco®a BHYUCJIEHWs CTEIeHHN BHIPOKACHHWSA NTAHHOTO LS-MyIbTH-
naeTaIPHBOIAT K OJHOMY H TOMY jKe Pe3y/abLTaTy, T. €. HOKajKuTe, UTOo

L+8
QLA @S+)= > (27+1). (31.80)
IL-8]

B) ITorakute, 4Wro cyMMapHOe packienjemme LS-MyJpTHIUIETa, OOYCJOBIEHHOS CIHH-
opburaspaeiM B3aumopeiictsuem A (L-S), pasmo,

By g =M CL+D, 1>, (31.81)

=AL (28 4-1), S>L.
IToxrakuTe TaxsKe, YTO PacCTOAHNE MEKIY cocegHUMN J-MyapTHIIeTamMu B LS-MyapTHmieTe paBHO
Ejp—Er=A({T4+1). (31.82)

4, a) KoMMyTanuopHkKe COOTHOMEHUA s YTIOBOT0 MOMEHTA CBOAATCSA K CJIeYIOIUM PaBEHCTBAM,
CBASHBAKIUM BEKTODHEE ONEPAaTOPHI

LxL=il, §XS§&=iS. (31.83)
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Hcnonpdys 9TH PaBeHCTBA W YUMTHBass TOT (AKT, 9TO Bce KOMIOHEHTH OlepaTopa L KoMMy-
TUPYIOT CO BCEMU KOMIOHEHTaMM OIepaTopa S, molyumre HopMyiy

[L+goS, ned]=in X (L +£S), (31.84)

~ LY ar
e n — J060il (c-9uciHOBOM) eUMHUYHKEII ECKTOP.
6) Hns cocrosnusa | 0) ¢ HOMTHEM YIJIOBEM MOMEHETOM, DPAaBHHIM HYJIIO, BHIIOJHAGTCS PABEHCTBO

e 10)=4dy|0)=4d,]0)=0. (31.85)
Nokamure, aro us (31.84) cuemyeT paBeHCTBO
O1(L+ &S)10=0, (31.86)

JiayKe HecMOTDPS Ha TO, 910 L2 n 82 me 00s3aTeIbHO PAaBHK HYJIIO B cocTosiauu | 0 ) M 4To BeJANYMHA
(L + £¢S) 1 0) me mosxma OWTH papHA HYIIO.

B) Jloxaskute Teopemy Bmrmepa — Oxxapra [cM. (31.34)] B wactmHOM cxywae J = 1/,,
UCTIONb3YA KOMMYTAIUOHHEE cooTHOWEHUst (31.84).

5. IIpemmonoskuM, uro B nognpocrpamctse (2L-1) (28-4-1) manGosee AUBKOJIEKAIIMX COCTOAANI
KPUCTATNTIECKOe ToNe MokeT GHTh omucamo dopmyaoit alL? - bL% - cL% ¢ mepaBEBIME MesKIY
co6oil a, b u ¢. ITokaKuTe, 9TO €CJaHW B 9aCTHOM ciydae L = 1 KpUCTANIWYECKOE MOJIe SIBJIAETCH
ONpeieNAI0MUM BOSMyINeHNeM (IO CPABHEHUI0 €O CINH-OpGuTaJbHHIM B3aWMOJEHCTBUEM), TO
mony4uBlieecss OCHOBHOe cocTosnue 6ympeT (2S5 - 1)-KpaTHO BHIPOMKAEHHHIM, IpudeM MaTpHUHES
9JeMEeNTH KajK[0M W3 KOMIIOHEHT oleparopa L, BHUMCIeHAHE ¢ (YHKIUSAMI OCHOBHOIO COCTOSI-
HUf, PAaBHH HYJIO,

6. ONeKTpPOHK NPOBONUMOCTH BHOCAT B BOCIPHMMYHNBOCTH HODMAJIBHOTO METAJIA BKAAA Y. es

a BRJAJ, CBASAHHKWH ¢ AuaMarHeTUBMOM 3AIOJHCHHHX 000J09eK HOHHHX OCTAaTKOB, PaBeH Yjon.

ITycTh BOCHPUUMMYHMBOCTE 3JIEKTPOHOB NPOBOJAMMOCTH ONpenetsercss GOPMydaMH Hisi BOCIIPHIM-

yupocTeil [Taynu m Jlagmay rasa cBOOOJEBIX 3JIEKTPOHOB; MOKayKuTe, ITO B 3TOM CJIydae
Taon L Ze ((rpryay. (31.87)
Yc.e 3 Zy

rie Zp — BAaJeHTHOCTh, Z, — 9uCJIO DJIEKTPOHOB MOHHOTO CCTATKA, a (r?) — cpepmmil KBajpar
paguyca moma, oupepneasemsiii dopmyaoii (31.26),

7. PaccmoTpuTe MOH ¢ 9aCTMYHO BamOJHeHHOH 0G0N0UKOll, mmelomell MOMERT J, m ¢ Z 2I€KTpPO-
HAMV HA 3al0JHEeHHHX ofonodkax. [Toka;kuTe, 9T0 OTHONEEWE HapaMarAuTHOH BOCIPUMMYNBOCTH,
onpegenseMoli 3axoHOM KIopH, U JapMOpOBCKOil JuaMarHMTHOI BOCIPHWMMYHBOCTH PaBHO

woar 2T (1) A2
e = " ZhT ) (31.88)

7 TOJYIUTE OTCIONA TUCIEHHYIO OIEHRY, NDHBEJACHEYI Ha cTp. 272,
8. IlokaskuTe, UTO HAMATHUYEHHOCTH HeswpoXdennozo DIEKTPOHHOTO Tasa OlpefiessAeTcs BHpPa-
srepmeM (31.44) AuA HE3aBHCHMEX MATHHTHEIX MOMEHTOB (T@e cJIexyeT IONoxuTs J = 1/,); nua

aTor0 monctaBbTe B (31.59) pasnomenue ¢yskumu Qepmu B Ipejene MaJoH IIOTHOCTH [ =
~B(E-w).
e

9, Ecau sanmcaTh cBoGogHyIO smepruio (31.5) B BHfE
ePP= 2 e~8Fn— D) (n|e B | n)=sp B, (31.89)
n n

TO JIETKO BHEecTH 3aK0oH HIOpW IpH BRICOKHX TeMIepaTypax HemocpesncrsenHo us (31.89), me mpo-
Boja mpeobpasoBammit Ppymakoum Bpuaniosma, MOCKoIbKy npu &% & kpl MBI MOMKeM BOCIONB-

80BATBCA PABNOIKEHHEM e—B%) =1 — % 4 (Bd%)¥/2 — .’. . . Bruucanre cBo6OFHYIO 9HEDTHIO
¢ TOYHOCTHIO 10 WIEHOB BTOPOTO NOPSAAKA [0 HOJI0, HCIOAb3Ys TOT PaKT, UTO

Sp (Judy) =-.'_13>_' 6uv Sp J?,

¥ TOXYuHTe BHCOKOTEMIEDAaTyPHYI0 BOCIPHEMMHUBOCTL (31.47).
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10. TloxakuTe, YTO AJisA KAEAaNbHOTO MapaMarHeTHKa, CBOOOAHAS DHePrusa KOTOPOrO MMeeT Buj
(31.52), TenioeMKOCTH NPH IOCTOAHHOM IIOJEe CBA3aHA € BOCOPHMMYMBOCTHIO NPOCTHM COOTHO-
menneM

_ Os _ Hzy
cH—T(—-—-aT )H___T , (31.90)
HAM, B TOM Cjy4Yae, KOTja BHIIOJIHAeTcA 3aKoH Hiopu,
=t N kps (T41) (___g”BH)z (31.91)
37V kgl )

OnenuBast BRJIAf KoJeGamuil pemeTKu B TEIJIOEMKOCTh, ¢ MOMOINbI0 GopMyns (23.27) mokas;KkuTe,
4ro pemeTOYHHI BKJay CTAHOBHTCA MEHBIIe CIMHOBOTO NpH TeMIlepaType

N \Ys { gugH \2%s
Ton (ALY (8L Yo, 31.92

0 ( Ni kB@D ( )
(3mecs N; — MOJIHOE UMCJIO MOHOB, a N — UHCHO NMapaMaTHUTHHX HOHOB.) KHakoBo TumuniHOE
spatenne gupH/kp® , B mome, pasmom 10% Tc?

11. IoxamuTte, 9To ecaum TemmepaTypa T Maja IO cpaBHeHHIO ¢ (epMUHEBCKOM TeMIIEpaTypoii,
TO BABHCAINAA OT TeMIEPATYypH NMONpPaBKa K BocnpumyanpocTy [laynnm (31.69) paetca BepaskeHIem

3132 ’ 9 "

1M=10 (1= -0 [ (£ )= (£} ]), (31.93)
e g, ¢ ¥ g" — NIOTHOCTh YPOBHEH W ee IpousBojHEE, orBedaromme smeprunm @epmu. Iloxa-
METe, 9T0 AJIA CBOGOMHKEIX HJEKTPOHOB 5Ta POPMYyia MPHHUMAET BT,

2 2
1M =20 (135 (22-)°). (31.94)
12 E&r

12. W3-3a Haamunsa 2IEKTPOH-3IEKTPOHHOTO B3aMMOJEHCTBUS M3MEHEHN® DHOPTHH 9JeKTPoHa,
00yCJIOBICHAOE B3ANMOFLIICTBIeM eT0 CHNHOBOTO MATHHTHOTO MOMEHTa ¢ moxem H, 6ymer copep-
#aTh JONOJHUICILHKH YJeH, BHPAKAOIINA N3MeHeHUe paclpe/ielieHns JIIEKTPOHOB, ¢ KOTOPEIMII
B3aMMOJCHCTBYeT Aambbil aaeKTpon. B npubnmuennn Xaprpu — ®oxa [cm., Hanpumep, (17.19)]
9TOT UNEH WMeeT BHJ

B (=80 (6) £ ppl— e o (k=K D) ] B (). (31.95)

Hoxrasgure, uro opn kzT € 6 9Ta dopMyla CBONUTCA K MHTETPANLHOMY YpPaBHEHHIO OTHOCH-
TeapHo 4, — %-, KOTOpOe HMeeT DeIlleHue

2upgH
& (k)—&_(k)],_, =—-—<HBE 31.96
182 (6) 8- () = 22 (31.96)
I[e v, — CPe[HCE SHAUEHUE U IO 6cex TEJNOCHHM YIiaM:
1

1)02%- V dxv(]/2k%,(1—x) ). (3197)
2
Kak m3MemsieTcs npu 5TOM BOCIPHUMAUBOCTh Ilaymnm?
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B3AVIMO/IEICTBHE 3J/IEKTPOHOB
N MATHUTHAA CTPYKTYPA

BJIEKTPOCTATHYECKAS IIPUPOIA MATHHUTHOTO B3AMMOJENCTBUA
MATHHTHBIE CBOMCTBA JIBYX3JEKTPOHHOU CHCTEMBI
HECOCTOATEJBHOCTE IIPUBJIMKEHNA HESABUCUMBIX 3JEKTPOHOB
CIIUHOBBIE TAMHJILTOHHUAHDI
TUNbI OBMEBHOTO B3AUMOIENCTBUA:

HPSIMOY ¥ KOCBEHHLIN OBMEH, CBEPXOBMEH,

OBMEH MEKIY JEJOKAJIN30BAHHBIMU 3JIEKTPOHAMMU
MATHHTHOE B3AUMOJENCTBHIE B I'A3E CBOBOJHBIX 3JEKTPOHOB
MOJEJL XABBAPJA
JIOKAJTN30BAHHBIE MOMEHTbI
MUHEMYM 3JIEKTPOCOHPOTUBJEHNA U TEOPUA KOHJIO

B mpoctoii Teopum napamarseTH3Ma TBepHEIX Tel, ONHMCaHHO# B ria. 31, mpea-
IOJarajoch, 9TO OTAEJbHHE WNCTOYBHKHA MATHNTHOIO MOMeHTa (B [UAJeKTpUKaXx,
HampHEMep, 9TO BJIEKTPOHHHEE 000/0YKM HOHOB C HEPABHHIM HYJII0 MOMEHTOM, a B
TIPOCTHX MeTajlaX — BIEKTPOHH HPOBOAUMOCTH) He B3aUMOJEHCTBYIOT APYr € ApPy-
rom. ME Bujesu, 910 HeoGXOMMO BHIITH 3a PAMKH DTOr0 UPeAlOJOKEHHS, ITOOH,
HaIOpEMep, OpPeACKa3ars BelWIWHY HaMHU3Med TeMIepaTypH, NOCTHKMMON Ip®
agmabaTuaeckoM pasMarHWYABAHUM, WM AKKYPATHO OMEHUTH COFHOBYIO BOCHOPH MM~
q@BocTh Ilayam aieKTpOHOB OPOBOAHMOCTE B MeTajule.

CymecTByI0T, 0fBaKo, 0oJiee BIEUATJHAIONINE CJICNCTBHA MarEHTHOTO B3AUMO-
meiictBuA ). HexkoTophie TBepjhle Tenad, Ha3kHBaeMbe QeppoMarHeTHKaMu, 0GIaNaf0T
OTIMYHKEM OT HyJSl MarHATHHM MOMEHTOM, MM, KAK TOBOPAT, CHOHETAHHOR HaMarHm-
9eHHOCTHIO, Ja’Ke B OTCYTCTBHe MarHuTHOro nojs *). Ecim OH me cymecTBoBajiO
MATHATHOTO B3aHMOJEHCTBHSA, TO B OTCYTCTBUE HOJH TINIOBOE JBUKCHNEe PasyHOPA-
IoumBajJ 0 OH OTHEJbHHE MArHMTHEHE MOMEHTH, WX HAUPaBICOHHA OKAsajWCb ObE
COBEPIICHHO NPOM3BOJBEHME B CYMMAapPHHIT MOMEHT TBEPAOTO TeJa Kak Iejoro Onum
Osl pased myaw (fumr. 32.1, a). Ilosromy DapanmensBas opHeHTamuEA MOMEHTOB
B heppomarnernke (Pur. 32,1, 6) KomKHa GHITH CBA3aHA ¢ B3AMMOMNEHCTBHEM MEKNY
Humu . Jipyrue 1Bepasie Teja (0HEM HasHBAIOTCH AHTHQEPPOMATHETHKAMH), XOTA U He
06IagalT CyMMapHHM MArHEETHHIM MOMEHTOM, HO OPOCTPAHCTBEHHOE pacHpeneieHue
OT/IeJBPHBIX MAFHOTHHX MOMEHTOB B HUX JjajeKo He ciydafino. B aTmX BemecrBax
MarHATHOE B3amMOJecTBHe COOCOGCTBYeT aHTHOApANNENbHOH OpHeHTAIEuM COCef-
HEX MoMeHTOB (dur. 32.1, e).

1) Mu menmonp3yeM TEPMUH «MATHATHOE B3amMojeHcTBHe» [JIA oOmMCaHus JA000H 3aBUCHMO-
CTil PHEPTUMA ABYX MAN GOJBIIET0 9UCIA MAaTHATHEX MOMEHTOB OT NX HANPAaBJICHHES OTHOCHTEJHHO
apyr apyra. Kak 6yzmeT nokasamo mmke, HauGoiee BaykHBIA BXJAJ B BTy BaBHCHMOCTh UMeeT 0OHY-
HO 5JIEKTPOCTATUYECKYH0, a He MATHUTHYIO npupony. Takaa TepMUHOJIOTHS MOMKET BBeCcTH B 3abiry-
JKJIGHHE, eC/Ii He HOMHUTH 0 TOM, 9T0 CJIOBO MAarHUTHEI» OTHOCHTCS TOJBKO K PesyJbTaTy B3auMo-
neifcTBug u me 00A3aTe)dbHO CBABAHO C €ro IPOHCXOMK/IeHHEM.

2) CnomTagHEAaA HaMATAMYEHHOCTH YMEHBLIASTCH ¢ HOBHIIEHNEM TeMIepaTyps ® obpamaercs
B HYJb BHIIE HEKOTODOH KpuTHYecKo# TemmepaType (cM. Ti. 33). ['oBopa o geppoMarmeTuxe,
mb GyieM nMeTh B BAAY $eppOMATHETHEI MaTepHajl IpH TeMIepaType HIDKe KPHTEYeckoH. B Tom
e CMBicHe 6ymeT yHOTPeGNATHCA TepMuH «aHTRPOPPOMATHETHKY.
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Teopus, ommcwBalomas OPAPORY MATHUTHOTO B3aMMONCHCTBEA, MPeNCTABIAST
cofoli ofHy m3 HamMeHee paspaGoTaBHHX (GYHZAMEHTaJBHEIX o6aacTeil QH3mKE
TBepAoTO Tesa. Hammyamee normManue npo6ieMsl JOCTETHYTO B Ciydae JAHEaJeKTpH-
KOB, Tle MBrHHTHHE HOHB DAaCHOJIOKeHHl JOCTaTOYHO HajieKo ApYr OT ApYyra, XOTA
lajKe B 9TOM CJydae TeOPHA BechMa CaomHa. UToGH ImpefiesbHO YOPOCTHTH pac-
CMOTDEeHHE, MH IOPOMIIIOCTPUPYEM OCHOBHEE QH3WUeCKUe 0COGEHHOCTH MATHHTHOTO
B3aMMOJEHCTBHA B [UBJIEKTPHKAX Ha OpUMepe OTHEJbHOH MOJEKYJIH BOXOPOAA,
06paTHBMIACE K CHECXOAHTEIBBOMY WHTATENI0 ¢ OPOCHGOIl CauTaTh ee TBEPIBIM Te-
aoMm ¢ N = 2, aBe ¢ N ~ 10 (¢ HeKOTOpDHME H3MeHEHUAME I YJIyUNIeHHAME 3TOT
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®ur. 32.1. Tanussni BAJ pacnpereNeRns AOKaJIbHHX MATHETHHX MOMEHTOB 110 HAIDABJIeHIAM
B OTCYTCTBHE MArHETHOTO MOJsI.

a — B TEBEPALIX TENAX, IIe¢ MATHMTHOE BaamMoieliCTBMe HecyIieCTBEHHO;
6 — B (eppOMarHuTHOM TBEDROM TeJle H¥DKE TeMIepaTypnl IepexOia;

6 — B aHTH(eppOMAarHMTHOM TBEPIOM Tejie HWIKE TemIepaTyph nepexona.
B cnyqaAx 6 X 6 MH HMeeM MazHUMOYnopRdoueHHbe COCTOAHMA.

IpuMep TOAXOAMT U JJIA ONHCAHEA CHTYANUH B MeTaliax). 3aTeM MBI HOKAarKe,
Kak MOKEO 0GOGmMETH HiieH, BOSHAKAIOMHUe OpH PACCMOTPEHAN MOJEKYJIH BOJOPOIA,
Ha caydait pealbREIX TBOPABIX TeJ, COCTOAMMX M3 GONBIIOro Ymeaa aToMoB. M ma~
KOHEI, MEl ONHIIEM Te HONOJIHHTEJAbHEIE CIOKHOCTH, C KOTOPHIMH IPHXOAMTCH CTATI~
KUBATBCA B TEODHM MArHHTHBIX MOMEHTOB M WX B3aMMOJEHCTBEA B MeTAJLIAX.

UnTaTesn, KOTOpPHe XOTeJHW OBl HPONYCTHTH 9T0 OCTABNAKIIEE TYBCTBO HEY~
NOBIETBOPEHHOCTH KOMIODOMMCCHOE ONHCAHEe, HABA3HBAeMoe HAaM CJIOMKHOCTHIO
7 Hepa3paGoTaHHOCTHIO IIPOGIEMEI, MOTYT TPOCTO OTMETHTh Aas cefs IBa OCHOBHEIX
nyHAKTa, 0oJlee DOXPOGHOMY PACCMOTPEHHMIO KOTOPHX IOCBAIMEHA 9Ta IABA.

1. Kazamocs 6w, HaumGonee eCTeCTBeHRO UPEATIONOKWUTH, YTO B3aHMMonelCcTBUE
MEHAY OTAeJbHHIMH MarBHTHHIME MOMEHTAMH CBS3AHO C UX MATHATHEIME HOJAMR
B OCYmMECTBAeTeA JIu00 HeIOCPeACTBEHEO 34 CYeT MATHHTHOTO AHIOJNBL-THIOILHOTO
B3amMopeiicTeus, au60o Gojiee KOCBEHHHM 06pasoM, MOCPeCTBOM CUMH-OPOHTANIBROM
cBasm. OpHako dalme BCero OCHOBHEIMH OKA3HBAOTCA OTHIONh HE HTH B3aHMO-
peiictTemA. HampakBeAmUM HCTOYHUKOM MArHHETHOTO B3aEMONEHCTBHA SBIACTCH
0GBIIHOE 2AeKMpOCMAMUyECKoe dJIeKTPOH-dJIEKTPOHHOe BaamMmofeiicTeme. Il peii-
CTBUTEJBHO, BO MHOTHMX TeOPHAX MarseTH3Ma B NepPBOM NPUCIUMEHNV COBEpIIeHHO
He Y9YATEIBAETCS HH [MNOIb-JUIONILHOE, HU CIOHH-OpOHTAlbHOE B3amMONelicTBHE,
a pacCMaTpHBaeTCA TOJIBKO KYJOHOBCKOe B3aUMOJEHCTBHE.

2. B mopaBnsApomemM GONBIEHCTBe ClydaeB AJA OOBACHERMA MATHETHOLO YIIO-
pANOYEHHAS B TBePABIX TeNaX HeoOXOmUMMO BHHTH [ajeKO 34 paMKH HPHOIMKeHWS
Ue3aBHMCHMBIX DBJEKTPOHOB, HA KOTODOM OCHOBAHA B30HHAs TEOpHs, HPHBORANIAS
K BUEY3TAAOMAM ycmexaM UPW OUMCAHRE HEMATHUTHHIX CBOMCTB TBeDAHX Tel.
HMrorma, XoTa B peKo, HOCTATOTHO y4ecTh B 30HHON TeOPUH BJIeKTPOH-dIeKTPOTHO
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B3ammopeiictBre B gopme camocorsacoBarnoro noid. [lo cyrm mena, mocrpoeHue
AOCTaTOYHO MPOCTOH MOMedH, KOTOpad MOria OH OUUCHBATHL KaK XAPAKTePHYI KOp-
peJIAIII0 3IeKTPOHHKX COWHOB, TaK M 2JeKTPORHEE KUBOTHYECKHe CBOHCTBA, mpej-
CHKa3HBaeMEle IPOCTON 30HHON Teopmeii, ocraeTcs OTHOH M3 TVIaBHHIX HEPEIIeHHHX
3a7a¥ COBPEMEEHOH TEOPHRM TBEpHOTO Texa.

OLNEHKA 9HEPI'MY MATHUTHOI'0 TUNOJBHOIO B3AMMOIENCTBU S

Ilpexne wem nmpmcrynats K OGBACHEHHIO TOro, KakmM o0pasoM MAarHETHOE
B3auUMONeHCTBUEe MOKET BOBHHKATh B DPE3YJbTaTe YHCTO BJIEKTPOCTATHIECKOro B3a-
mMOneficTBHA, OIeENM dHepruio NPIMOro B3auMOAeHCTBHSA BYX MAHMTHHX JEOoaei
m; ¥ m,, Haxogdmw@xcs Ha PACCTOAHHA I APYr OT Apyra:

Uz':T[mi'm2—3(mi‘;)<m2';)]' (32.1)

MaruuTHe AEIOJIbEEE MOMEHTH ATOMOB MMEIOT BeJIHYHHY My & My & fUp =
=~ eh/me (cM. ctp. 261 m 270). Iloatomy sragenme U (ecim He OpHEMMATh BO BHUMA-
HUe YIVIOBYX B3aBHCHMOCTH) OKA3HBAETCH CIEMYIOIM{MM:

Uzi’%fi)jm ( e )2 (ﬂ)?’i ! (&)3 pugbepr. (32.2)

T r) G T EENT

B TBeproM MarHeTHKe MOMEHTH OOBIYHO OTCTOAT ApPYT OT Opyra Ha PacCTOAHUS

npumepHo 2A, cnemoBaTensHo, U e mpebnimaer 107* 9B. Jro 3HaIATENBHO MeHBIIE
PABHOCTH DIEKTPOCTATHYeCKNX DHEPIWA pPA3AUYHEIX ATOMHHIX COCTOSHUE, cocTaB-
amiomedt o0BYHO Fonu aaeKTpoHBoubTa. llosToMy Ham Heo0X0oEMO LHACHUTEL LpH-
4YEHYy, B CHUIY KOTOPOH 9JIEKTpOCTaTHMYOCKas 9HOPrHs Haphl MAarHHTHHIX MOHOB (MR
DJCKTPOHOB) 8aBHCHT 0T HAUPABJIEHHs MX MarHHTHHX MoMeHToB. Hak MH yBmmum
HEDKe, TaKas 3aBHCHMOCTh o0yciaoBamBaercs mpuhnunom Ilayam. WMerno Guaroma«
pA HeMY 3IeKTPOCTATHIeCKHe, 8 He AUNONbHEE CHJAH HIrpaldT OCHOBHYIO POJEH B BO3-
HEKHOBOHHE MAarHUTHOTO BaamMopeiicTBHms 1).

OOGHYHO M3 YECJA OCHOBHEX HCTOYHMKOB MAarHHTHOIO B3aUMONEHCTBHA MOJKHO
MCKII0YUTH ¥ CIEH-0pOHTalbHOe BaamMopeiictBEe. OHo, HeCOMHEHHO, BeChbMa Baik-
HO AJf ONpefieIcHAsA ITOIHOTO MAarHUTHOTO MOMEHTA OTHEJBHHX aTOMOB H, CIE0Ba-
TeJEHO, faeT CYIeCTBeHHHH BRIAJ BO BEYTPHATOMHEOe MArHUTHOE B3aHMojeficTBHe.
Opnako faske B 8TOM CJydYae HepBhe ABa upaBmia XyHpaa (crp. 266) ocmoBamm
HCKIIOYATONRH0 Ha ydeTe 3JeKTPOCTaTHYeCKoii sHeprmm. Toabko TpeThe NpaBuUio,
onpejensAoNiee oKOH4YAaTeAbHOe pacmenienme LS-MyIpTHIIeTa, OCHOBAHO HA ydeTe
couH-0p6UTaIbHOro B3ammopeiictTsus. OJHAKO B Tex HapaMATHATHHX JU3JIeKTPHKAX,
rae opbmTalbAEe MOMEHTH 3aMOPOJKEHE M3-3a paclieljieHMsa ypoBHell B KpHCTal-
amgeckom moae (crp. 273), Bce jKe UHCTO SASKTpocTaTHyecKde 3QeKTH momas-
asi0T agdeRTH, 00yC/OBIeRNANe CHUB-OPOHTANIBHON CBASBLIO.

1) BamH0oe ykasaEMe HA TO, 9TO JMIOJbHOE B3anMO/CiiCTBHE BapBeJoMO CIMIIKOM MAJo,
AaloT TeMIepaTyps MarguTHOTrO nepexona B AeJese, Roﬁam;re 1 HUKeJe, COCTaBaAIINIe HECKOIb-
KO COTEeH KeJNLBEHOB. Ecaum 6K COMEH BHCTDANBAJINCH 33 CYeT MAaTrHUTHOTO JMIIOJBHOTO B3aWMO -
peiicTBuA, TO $eppoMarnuTHHN NOPAXOK Wcwesan O yiKe IpH HaTPeBARMM BEIIE HECKOJBKUX
xexppuaoB (1K ~ 10-4 3B). C gpyroit cTOpOHH, B TBEPJHX TeJaX, A€ MarHUTHHE MOMEHTH pac-
[ONOKEHK IAJIEKO APYT 0T APYyTa, AHIOJNBHOE B3ANMOJEHiCcTBIEe MOKeT IPEBOCXOUTDh IO BeJINIAHE
B3aMMOJEHCTBAE DIEKTPOCTATHIECKOTO HPOMCXOKNSHNA. YueT TUIOJbHONO B3aIMOJeHCTBUA Upes-
BEMaflHO BayKeH JA 00bACHEHHs ABJEHUIl, CBABAHHEX C MAUHATHHME JOMeHaMH (cTp. 333).
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MATHUTHBIE CBOMCTBA JIBYX3JEKTPOHHOWU CUCTEMBI.
CHHTJIETHBIE N TPRIIJIETHBIE COCTOAHNUA

UrofH moKa3aTh, Kak OpwHnwO Ilaynn MoxeT npuBOAWTE K MarsuTHEM 2ddek-
TaM gaske B TOM CIyd9ae, KOrjga B TaMUJILTOHHAHE OTCYTCTBYIOT 3aBHCHIIHEE OT COAHA
QICHKI, PACCMOTPUM [BYXDJIEKTPOHHYIO CHCTEMY € TAMBJIbTORHAHOM, He 3A8UCAUUM
om cnura. Tlockonsky H He 3aBUCHT OT cHMHA, craquoHapHoe cocrosiame ¥ B 06-
meM cliygae MOsKReT OBITH IIPEACTABIEHO B BWJe NPOUBBEJEHHS YUCTO 0pOHTAIBHOrO
CTAI[MOHAPHOTO COCTOSHWSA, BOJHOBasA QYHKOUSA KOTOPOTro P (ry, r,) MOTIHHAETCH
ypasHenmio Illpenmurepa

Hip= — o (V- V) § 4V (v, 1) =B, (32.3)
n ool nmHefiBO#d KOMOMHAmum deThpex CHHHOBHX COCTOAHHI ') .
I r T ST % P GAO) (32.4)

JTu nuHeHBHEe KOMOMHALUK MOTYT GRTH BRIGPAHEl TakK, YTo0H TOJRBN cuuld S W ero
npoekiusa S, EMeIH oupeneleHnue 3HadeHns. CooTBeTCTBYIOIMIYE JTMHEHAbe KOoMOH-
HAlWA MOJKHO IPeRCTaBHUThL B BmAe CIefylomed Tabaum 2):

Cocroande S 8,
——1—(|N>~IH>) 0 0
/2

| 44D 1 1
1
_— [T o I ) 1 0
g (I 1)
44y 1 -1

3ameTHM, 4TO BOJHOBaf (QYHKOuA ogHOro cocrofmmsa ¢ S = 0 (HaskBaeMOro
CUHIJIETHEIM COCTOSHHEM) HM3MEHseT 3HaK IpH oOMeHe CINHOB BJIOKTPOHOB, TOINA
KaK 3HaK BOJIHOBOH YHKIUE TpeX cocTosHmil ¢ S = 1 mpm ofMeHe CHMHOR OCTaET-
cx npeskEmM. Cornacro mpmununy Ilaynm, nosmes BosHOBas ¢yBrRnmsa ¥ moisxBa
MeHATH 3HAK OPHM ONHOBPEMEHHOH 1lepecTaHOBKE CHWHOBHIX M HpPOCTPAHCTBEHHEIX
KoopauBaT d1exTporoB. IlocKonbky DodHas BOIXHOBAaA (GYHKIHMSA; DpejCTABIAET
co00if mpom3BefeHWe CHOWHOBON M opOmranpHON dacTedl, OTCIOfa caegyer, 4TO Te
pemennsi ypasHenmsa Ilipenmurepa (32.3), Kotophle He MeHAIOT 3HAK NpH 3aMeHe
r, Ha r, (CUMMeTpWIHHe pelieHNA), HOJUKHEL ONHCHBATh coctofrma ¢ S = 0, a Te,
KOTOpHie MEHSAIOT 3HaK (AHTHCHMMETPHYHBIE pEIIeHHs), COOTBETCTBYIOT 3HAYEHHIO
S = 13). CymectByeT H02TOMY 4YeTKaf KOPPEIANUs MEKHY TPOCTPaHCTBeHHOH
cuMMeTpHeit pemenus ypasHeHna lllpeguHrepa (He 3aBHCAMEro 0T CHMEA) B HOIHHEM
COUHOM: CHUMMETPWIHEIM peHIeHEMsAM OTBEYaf0T CUHTJeTHBHE COHEOBHE COCTOSHHSA,
a AHTMCUMMETPHIHBIM — TPHUINETHHE.

1) 3tn cuMBOJIK 00603HAYAIOT CIMHOBHE COCTOSHHS, B KOTOPHX 00a 3IEKTPOHA HAXOXATCA
H3 YPOBHAX € OIPEREJEeHHBIMN 3HAUEHUAMU s;. D cocrogHmm |14y, Hanpumep, s, = 1/, gisa
aeKTpora 1, s, = —1/, mius 3iIeKTpoHA 2.

2y Cm., manpmmep, Kuury [1].

3) Bce pemernus ypasraeHus (32.3) MoryT GHTh BHOpaHi 1u60 CUMMeTPWIHHIMY, 100 AHTH-
CHMMETDHYHKEIMYU, YTO OOYCIOBJIEHO CHMMeTpHedl noTeEnuana V (KOTODHIU BKJIOYAaeT BCe WIEHH,
ONUCH BAKIINE 3JEKTPOCTATHYECKOE B3aUMMOAEHCTEIE IBYX BJIEKTPOHOB M JBYX NPOTOHOB ¢ (UKCH-
popamEbBME KopAmwEaTamMu R; m R,). Cm. sagzawy 1.
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[Iyctys E, w E, — HEpsmue coGCTBeHHHe sHadeHus ypapHeEma (32.3), coormer-
CTBYIOIIYE CUHIJIETHHM (CEMMETPHYHKIM) M TPHIUIETHHM (@HTHCHMMETPHIBEIM) pe-
meHHAM. TOrga B 0CHOBEOM COCTOSHWE CUMH OyieT paBeH HYJIO WIH efHHAIE B 3a-
BUCHMOCTH OT TOT'0, KaKoe 3HadeHue Goxawme, K, mam E;. llogueprEeM cHOBa, 4TO
VI OKOHYATEJHHOTO PEIIeHHUs 3TOT0 BOIPOCA JOCTATOYHO WMCCIEHOBATH He 3Q6UCH-
wee om cnuHna ypasHenme Hlpemmurepa (32.3).

OxasbiBaercs, 9TO A JBYXOJIEKTPOHHHX CHCTEM CIpaBeNINBA djIeMeHTapHad
reopeMa, COrjgacHO KOTOpoil BoiHOBasg (YHKIUA OCHOBHOTO COCTOSHUSA IS ypaBHE-
Hos (32.3) momwxHa OnTh cumMerpmuHoi 1). Cregosatenbuo, E g NOMKHEO GHTH MEHb-
me E; W OCHOBHOMY COCTOAHHMIO JOJUKEH OTBeUAaTh HOJHHI COMH, PaBHEIA HYJIO.
Onnaxo T3 TeopeMa BHITOJHAETCA TOJNBKO JJIA ABYXDJIEKTPOHHLIX CHCTEM °), M H03-
TOMY Ba/KHO HAlTH MeTO]] ONeHKH BemuwduHbl E, — K;, KoTOpBHIA MOKHO 0600mUTH
Ha aHAJOTMIHYIO 3amady B caydae /N-aTOMHOrO TBEpROro Tela. MH Ho-mpesKHeMy
0yneM HCIOJb30BATH [BYXDJNEKTPOHHYIO CHCTeMY I HJLIIOCTPATIAE BTOT0 METO[a
(HecMOTpA Ha TeopeMy, COIJIACHO KOTOpPOH cuErJeTBoe COCTOAHMe ofiajgaeT Hau-
MeHbinell PHeprueil), MOTOMY 4TO HMMEHHO B TaKoH cHCTOMe 0COGEHHO IPOCTU BHIAB-
aseTcs HeaJeKBATHOCTh OPHOJUIKEHHsI He3aBHCHMHX 9JICKTPOHOB [Js peIIeHds
MArHHTHBIX 3ajad.

BBIYNCJIEHNE PACHIENIJIEHWA
MEXROY CUHIJIETHBIM U TPUILIETHBIM COCTOAHUAMU.
HECOCTOATEJABHOCTD NPUBJIKREHNA HE3ABUCUMBIX 3JJERTPOHOB

Pasmocrs »Heprmii cHMTIETHOrO H TPHILIETHOIO COCTOAHHWY IOKA3HBaeT, Ha-
CKOIBKo oiiee BHITORHA AHTHHAPAJJIEIbHAS OpHEHTAIMS CHHHOB ABYX 3JeKTPOHOB
{S = 0) mo cpasmenmio ¢ mapamaenasuoil (S = 1). Tockouasry K, — E; npencras-
Jaser coGoOf PasHOCTh MeKAY COOCTBEHHHIMU 3HATCBHMAMU FaMHILTOHHAHA, BRJIO-
9AIOLIEer0 TOJABKO 3JeKTPOCTATHUECKHNE B3aUMOJefCTBHSA, aTa 9HepIHsA [AOJIKHA OHTH
MOpPsiIKA PasHOCTH MEKAY DASIMYHELIME BOBMOJKHHMU 3HAYeHHSAMH 2JIEKTPOCTATU-
geckoii omeprau. IlosToMy BHONHE MOJKET OKa3aThCA, ITO HMEHHO OHa SBIAETCH
OCHOBHBIM HMCTOYHHKOM MAarHUTHOIO B3aMMONEHCTBHA Hake B TOM CIydae, KOrja
B raMUNBTOHHAHE UMEIOTCH WIeHH!, ABHEM 00paszoM saBmcsamue or cumEa. MK onu-
meM HeKOTOpble OPUGIIFKeHHBe MeTONBl BEUHCIeHHA pasHoctd E, — E;, crpeysacs
OpU BTOM He CTOJBKO MOJYIHTH YHCIEHHEIE pPe3yabTaThl (XOTA pacCMaTpHBAaeMEHe
HIKe MeTOMbl HCOOMb3VIOTCA [l 9TOH 1eJin), CKOJBKO IPOJeMOHCTPHPOBATE HA Ipo-
cTefimieM IpuMepe HEaNeKBATHOCTH NpHONMKeHUs HE3aBHCHMEX JIEKTPOHOB. JTa
HeafeKBaTHOCTh, OPOABIAINAACA IpH OOHCAHNN KOPPENANEE MEKAy COHHAMH,
umeer, ocobeuHo npm Goabmux [V, BecbMa TOHKUN XapaKTep.

ITpepmomosuM Temepb, 4TO MBI IEITAEMCA PeINIUTh ABYXBJIEKTPOHIIVIO 3ajady
(32.3) B mpmlan:xeHuyu He3aBUCHMHIX 3JI€KTPOHOB, T. €. MpeHeOperaeM Ky 1OHOBCKHEM
B3auMoOHeNcTBHeM MEKHY aleKTpoHamu V (r;, Tp) B YIHTHBAEeM TOJBKO BU AHMOfeli-
cTBUE KayK0ro 9JIeKTPOHA ¢ AByMd MOHAME (mososKkeHms KoTtopHx R; m R, ccraores
¢uxcuposanuuMA). B aToM caywae ypasHeHue IHpemmurepa mas ABYX 2JIeKTPOHOB
(32.3) mpmHuMaeT BH[J

(hy + ho) ¢ (ry, Ty) = EY (ry, 1), (32.5)

1y Cm. samagy 2.

2) B odnomepHom clydae MOKa3aHO, 9TO AJH OCHOBHOTO COCTOSHUA JNIO0OT0 UHCAA DIEKTPO-
HOB C Il€ 3aBHCAIUM OT CIIMHA B3aNMOJEHCTBIIeM MPOUBBOJBHOIO BU/A MOJHHI CIUH AOJKeH OHTH
pasen myno [2]. dta Teopema He fomycraeT 0600meHNs HA ciaydail Tpex n3MepeHU, 1A KOTOPOro,
nenoNp3ys HpaBuna Xysaa (eM. ria. 31), MoxHO HaliTH MHOKeCTBO IDUMEDOB €e HapyIIeHwus.
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)
h% s e
hi— ———Vi— l

2m r;—R; |  |r—Ry|°*

2 e2

i=1, 2. (32.6)

TockoapKy raMmabroEuaH B (32.5) paBeH cyMMe ONHOIEKTPORHHX raMUJLTOHHA-
HOB, pemieEne ypaBueHHa (32.5) MOKHO mMOCTPOHTDH M3 COOCTBOHHEX (PyHKOmMI ogHO-
9JIeRTPORHOTO ypasHeHus Illpempmurepa

hy (r) = & (r). (32.7)

Ecnm ¢, (r) m ¢, (r) — gBa pemeHnms ypasuenms (32.7), oTBegaroumive HaHHASIIAM
sHEPrEAM &, m &,, mpmuem €, < €, To NpPEGAMKEHHOE ABYXDJACKTPOHHOE ypaBHe-
une Hipepmurepa (32.5) mveer cienyoinee cUMMETPHIHOE POIIEHNE ¢ MAHAMAIBHBIM
9HAYCHMEM HSHePIHH:

Ps (17, o) = o (vy) Py (ry), E, = 2€,. (32.8)
ABTHECEMMETPHYHOE pellieHMe ¢ BHamMeHbIWeH 9Heprueil mMeeT BHJ
Pr (ry, T) = Yo (13) Y1 (Fe) — o (xa) Yy (ry), E;y = &, + &, (32.9)

Pacmennefme MeXAy CHHTJeTOM W TpHIUIeTOM COCTaBJAET
E,— E, =&, — &, (32.10)

9ro coriacyeTrca ¢ ofMell Teopemoil, corlacHO KOTOPOH A ABYXSJIeKTPOBHHEIX
cucteM E, << E,.

Tonygaa BEpakenme pjs sHEPIHH OCHOBHOTO coCTOAHmA 28, MH ITpPoCTO
CJIeoBAJIM 3TAOAM MOCTPOEHUS 30HHOH TEOPMH B JaCTHOM Ciydae (TBEPAOTO TeJa»
¢ N = 2. lImeBBo, BEauajie MH PemEIE ONBHO3JIeKTPOHHYI0 3amady (32.7), a sarem
samoaEmau N/2 BamEH3IIEX OFHOSJCGKTPOHHHIX YpOBHeH, moMemas Ha KayKhik
3 HMEX U0 JBa 3JeKTPoHA (C HPOTHBONOOMKHEO HANPARIEHHENMA cumeaMa). Hecmor-
pA Ba 310 OGHANEKUBAIOWEE CXOACTBO, BonHoBasA QyHKiua (32.8) aBro oKasuiBaeTCA
0YeHb LJIOXMM UPHGIU;KeEHEM MJIA ONHCAHHS OCHOBHOTO COCTOSHMS TOYHOTO ypaB-
senun Ulpegunrepa (32.3) B ToM ciaydae, KOrjga HPOTOHBI OTCTOAT AANEKO Jpyr
or npyra. Heficrsmrensno, B 9TOM caydae BeipaskeHHe (32.8)coBepmeHHO He paer
BO3MOKHOCTH Y9eCTh KYJOBOBCKOE B3aHMOMNENCTBHEE MEKAY JIeKTpOHAMH. 3TO CTa-
HOBHTCH OYEBHJHHM LNpPH PACCMOTPEHAH CTPYKTYPH ONHODICKTPOHHHX BOJIHOBHIX
¢yarOEA P, (r) m P, (r). Ecam aiexTpoHS pacuosIoKeHH JajieKo APYTr OT JPYTa,
To Meroy cuabHo# cBasm (ra. 10) mosBoaser ¢ o9eBs Xxoponre# TOYHOCTHIO NOJYYUTh
pemresmst ypabHeHms (32.7) B wactHOM caydae N = 2. B merope cmanHOH cBaAsu
OJHODIEKTPOHHYI0 BONHOBYI0O PYHKOWIO CTAl{HOBAPHOTO COCTOAHHA TBEPHOrO Teja
TPeACcTaBIAT B BHEe JHHeHHOH KOMOGEHANEH OZHOBIEKTPOHHEIX aTOMBEIX BOJHO-
BHX (YEKNu#, B3ATHX B COOTBETCTBYyIOMEX yailax pemeTkd R. Ilpm N = 2 mMeem
cleRyoIlEe NP3BHJIbHEE JmAeiHHe KoMOmHanmm 2):

Po (r) = ¢ (¥) + ¢, (1),

Py (1) = ¢; (r) — ¢, (V), (32.11)

1) IlposommMoe HEKE DPACCMOTPEHHE OCTajoch OBl CIPaBENUBRM, ecau GH 2MEKTPOM-
BJEKTPOHHOE B3AMMOAEHCTEHE YUMTHBAJIOCH B NPHOJNMIKEHNH ' CAMOCOTIACOBAHHOTO MOJNSH, =TO
opupedo OH K BHJOU3MeHEHNI0 HCXOXHOTO BJIEKTPOH-HOHHOIO KYJIOHOBCKOTO B3amMOJeHCTBHA
{cM. 1. 4, cTp. 195).

2) CM. samagy 3. Ecam Mu perGepeM Takue askl, 91000 GyHKNUE ¢ GHIM [eHCTBRTEIHEEIMA
M TIOJIOMKATET BHEIMY (3TO MOKHO CHeJIATh JIIsi OCHOBHOTO COCTOSHNA aTOMa BOJOPOJA), TO AUHEHHAN
KoMOUMHAn@s €O BHAKOM I[UIoc He GyfeT mMeTh Y3IIOB, W, CIJ0BATEILHO, €@ DHOPTHA OKAIKETCH
MeHpIIe.
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rme ¢; (r) — sJeKTPOHHEAS BOMHOBAA (YHKOUA MJSA OCHOBHOTO COCTOAHMS OTIENbHO-
ro aToMa BOZOPOZA C IPOTOHOM, HaxogsauEMmca B Touke R;. Ecan ogHosnexTpormme
YPOBHE HMMeIOT TaKoil BUA (KOTOPHIH (aKTEYeCKE MOMKHO CYHTATH TOYHHM, KOTHIA
TPOTOHEL OTCTOAT HAJOKO JAPYT OT APyra), TO ABYXaJeKTPOHHHE BONHOBHE (YHKIHH
(32.8) m (32.9) (3 mpubamKeHUN He3aBHECUMEX BJICKTPOHOB) 3aIHECHBAIOTCA CJAEHYIO-
muM o0pasoMm:

Py (rg, To) = ¢y (1) Do (v2) -+ g (1) Sy (o) + P4 (vs) ¢4 (Tp) + ¢ (¥y) @2 (r2)  (32.12)
Pt (Tyy T2) =2 [y (ry) by (v2) — b4 (1y) P2 (X2)). (32.13)

Dopmyna (32.12) ¢ oueBb XopomIedl TOIHOCTHIO OMHECHBAET OCHOBHOO COCTOSHEE
s ypasEenus [Ipegmurepa (32.5), B KoTOpOM He yUMTHBAETCH BIeKTPOH-dIEKTPOH-
Hoe Baammogelicteue. Opuaro (32.12) orasslBaeTcs 0YeHDL MIOXHM HPHOIM;KCHUEM,
ecnm paccMaTpEBaTh ucxopBoe ypapBernue Illpenuarepa (32.3), 8 KoropoM e oT6po-
MEHO JJIeKTPOH-dIEKTPOHHOe B3aumopelictre. YToOH y6eIuTHCA B DTOM, 3aMETHM,
9T0 DepBHIl B BTopoi wienH B (32.12) cymecTBeHEHEO 0TINTAIOTCA OT TPETHETO H YeT-
BepToro. [] epBhle Ba wieHA OMHCHBAIOT CHTYallWl0, KOTAAa 062 DJIEKTPOHA JIOKAJIM-
30BAHBl Ha BOJOPOAODOHOOHEIX opbGmTax BOIM3M pasHHEX suep. Horpa paccrosnme
MeKy TPOTOHAMH BeJHKO, & 9HepPrus B3aUMOJEHCTBHS ABYX 3JIeKTPOHOB MaJja,
onucaHme MOJeKYJH [maBaemoe mepeuimMm mByMa wieHamm B (32.12)] rar cmcremsr
ABYX cjerka MCKa)KeHHEIX ATOMOB OKA3hIBaeTCH BeChbMa Hemnoxmm. OmHaKO KayKmblA
H3 IBYX HOCHERBuX wieHoB B (32.12) ommchiBaeT fBa aMeKTPOHA, KOTOPHE JHOKAJIH-
30BaHE HAa BOROPONOmONOOHHIX oplurax gbausu odmozo u mozo xe mnporora. Mx
DHEPIruA B3amMoJeHCTBUA OKasHBaercs (oanmoll BHe 3aBHCHMOCTH OT PACCTOSHHSA
Mmeny mporoHamu. CiemoBaTtelbHO, IOciAegBHe Ba gdneHa B (32.12) ommcuBaroT
MOJEKYTy BOJOPOAA KAK COBOKYIHOCTH HMoHA 1~ m rosoro mpoToHa, T. €. HPEBORAT
K Upe3sBHYafiHO HeYy[ag9HOMY ONHCAHWIO, eCJIH JONYCTHTh CYIIECTBOBAHHE BJIEKTPOH-
BJIEKTPOHHOTO B3amMojefcTBuA 1).

Taxum o6paszoM, B 0CHOBHEOM cocrosiHmE (32.12), monydeBEROM B OpubimKeHAN
He3aBUCHMBIX 2JIeKTPOHOB, BEPOSTHOCTH HAXO/KJICHUA O60MX HICKTPOHOB Ha OfHOM
B TOM e mome coctapaseT D0 % . Tpunnerroe cocroaume (32.13), monydgenroe B ToM
ke mpulawKeHAN, He HMeeT aTOro HepocraTka. IloaroMmy ecau MBI yareMm B raMmin-
TOHHAaHE IEKTPOH-YIeKTPOHHOE B3aBMONeCTBHEe, TO A ZOCTATOTHO JANEKO 0TCTOA-
MuX FPYT OT APYra MPOTOHOB CpefHee 3HadeHHe sHeprmu Tpmnnera (32.13), Hecom-
HeHHO, OKajKeTcs MeHBIIC CpemHedl oHepruum cmHTIera (32.12).

JTO0 He o3HauwaeT, OFHAKO, UTO MCTHHHKM OCHOBHEIM COCTOSHWeM 0yneT TpuI-
aer. COMMeETpHYHOe COCTOARHE, B KOTOPOM BJIEKTPOHEI HEKOTHa He OKa3HBAIOTCA
BOJIM3M OXHOTO W TOTO JKe HPOTOHA M KOTOPOE, CIEH0OBATeNBHO, 0TBEYaeT 3HATMTE I b-
HO MeHbmell »Heprus, 4eM OCHOBHOE COCTOSHHEe B OpUOIMKeHEE He3aBHCHMEIX
BIEKTPOHOB, HMONYIHTICH, €CIE PACcCMOTPETh TONBKO [Ba HePBHIX WieHa B (32.12):

Ps (T1, To)= @1 (r1) Oy (T)+ &5 (ry) @y (rs). (32.14)

Teopus, B KoTopoil mpmGIIKEeHHEe BHPaKeBUA JUIA CUHIIETHOTO W TPHILIETHOTO
OCHOBHBIX COCTOAHWH MOJHOr0 TaMAJbTOHHaHA (32.3) cumTanTcs HpOUOPIEOHAJb-

1) 9ra meyJgada OONHTKY KOPPEKTHOTO ONKCAHUA MOJIEKYJNH BOJODPOAA € NOMONIBIO IIPH-
OMnKenNs HEBABUCHMBIX HJIGKTPOHOB HMEET TAKOE JKe IIPOMCXOMeHNE, KAK U Te HeJOCTATKH dTOTO
UpubImKernA, KOTOpsle 06CyKIanuch NpH PAcCMOTPeHHH MeTOqa cHIbHOK cBAsu B ria. 10. Coor-
BOTCTBYOIAA Npo0ieMa He BOSHHKAET [ IOJHOCTHIO 3aIIOJHEHHHX 30H (WJH, €CJH IPOBOJUTH
apaJIOTHIO ¢ MOJOKYJOH, ANA ABYX OJUBKO PACHOJOKEHHHX aTOMOB TeJHs), HOCKOJBKY JaKe
Gonee Tounas BoNHOBasA QyHXOUA GyAeT OTBEYATh ABYM DIEKTPOHAM HAa Ka;KAOil JIOKAJTM30BAHHOM

opOuraan.
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aumu (32.14) m (32.13), HocmT HasBamme mpubawreBus Iafitaepa — Jlompoma !).
OueBmHo, 4TO raiiTiaep-JORAOHOBCKOe CHHTJIeTHOe cocTosiHme (32.14) ommcmBaet
cay4ail gajeKo OTCTOAIMEX APYT OT ApyTa OpoToHOB ropasao ojee TO9HO, YeM CHHT-
JeTHOe COCTOAHNe B NPHOIWMEHHM HezaBHCEMHX siuekrpoHoB (32.12). Ilostomy
06o0menHas cooTBeTCTBYOmMUM o00pasoM cxema [afitmepa — JlonpmoHa [oMKER
O6HTL Gollee TWPWTOgHa JAJS PACCMOTPEHMS MArHUTHEIX HOHOB B JHOJIeKTPHIECKHX
KpHCTaJIax.

C pmpyroft CTOPOHH, ecim HPOTOHH HAXORATCA 0YeHb GAM3KO APYr K APYLY,
To mpm6JIEIKeHHe HEe3aBHCHEMHIX 3JeKTpoHoB (32.8) maer Gosee DpaBHIBHO® OLHKCA-
HEE HCTHHHOTO OCHOBHOTO COCTOSHHSA, deM NpEOGamxenme Iafitiepa — Jlommona
(32.14). 370 JMerxo BUAETL B DPEHEIBLHOM CIydae, KOTHa HoJo:KeHUA 000X IpoTo-
HOB coBIafgaioT. B mpmGimkeHEMH He3aBHCHMHX HJIeKTPOHOB B KAa9eCTBe MCXOXHOTO
PACCMATPHUBAGTCA COCTOAHEE C ABYMs OJHODJIEKTPOHHHIME BOJHOBEIME (YHKIIHAMH,
OTBEYAKOMUMY OMHOMY ABYKPATHO 3apssKeHHOMY ARpPY, B TO BpeMs Kak mpuGirmske-
ume T'aiitiepa — JloHmOHA mMeeT Jes0 ¢ ONHO?JIEKTPONHLIMY BONHOBEIME QYHKIHA-
MHE OpU eZMHUYHOM sapsge anpa. Bomuosnie ¢pyurnum [afitnepa — Jlompona mme-
10T CIUNIKOM GOJLHIYI0 NPOTHKEHHOCTh B HPOCTPAHCTBE, YTOOBI CIYKUTH B Kade-
CTBE HCXONHHX [JIA OUMCAHUWA CHCTEMbI, KOTOpas IpefcTaBisieT coboil yike He Moe-
KyJIy BOJOPOXA, &4 aTOM Leidus.

TnaBHas mTenap OpPOBeJeHEOTO BHIME WCCAeJOBANMA COCTOANA B TOM, ITOOH
Ha OpHEMepe NBYX2JEeKTPONHOM CHCTeMBI IIOKA3aTh, YTO NpeACTaBIeHHA B0HHON Teo-
pHH, OCHOBAaHBON Ha DpuOJM;KeHEHM He3aBHCUMBIX BIeKTPOHOB, HeNPHMEHHMEI s
ONHMCAHHS MAarHUTHOTO B3AaMMONEMCTBHA B JM3JIeKTpHIECKNX Kpucrainax. Yro xe
KacaeTca Merona T'aditmepa — JloEmoHa, To M OH mMeeT cBou HegocTarkd. [leiic1BE-
TeJIbHO, HECMOTPA HA TO, UTO DTOT METOJ AAeT 0YeHb TOUHILle 3HAYEHNS dHePruil CHHT-
jJeTa W TpUIIeTs HpHM GOABIINX DPACCTOAHMAX MEKIY AXpaMm 2), ero pe3yibTaThl
I 09eHBb MaJoro PACHICINIEHNs MEKIY CHHIIETOM B TPHIVIETOM OKA3HIBAIOTCA I'O-
pasfgo MeHee oupefeJeHHBIMA. JTOT MeTOo]| BHOJHEe MOJKET UPHUBECTH K HEBepPHHM
3aKJII0YeHEAM, eCIu OPUMeHsTH ero HeKpuTHiecKH 3). Tem Be meHee HM:Ke MBI IIpH-
BefeM BeipaskeHue [afitaepa — JlompoHa pas B, — E;, DoCKoJpKy Ha HEM OCHO-
BaHH W 00jiee CTPOroe PACCMOTPEHHE, M TePMHEHOJOTHMA, € KOTOpoil OYeHb 9acTo
OPHEXOAATCH MMETh fleJi0 NPHM M3YIeHHE MarHeTH3Ma.

B mpmbamxenmm Taiitnepa — JloHmoma pasa onedKm paciemieHHS MeEKKY
CHUHIIeTOM U TPHINETOM HCOONbL3YIOTCS CHHEIJIETHHE W TPHIUIETHHe BOJIHOBEIG

dymxnmn (32.14) m (32.13):

J— — (1‘—[)81 Hl—Ps) __(llptv H'lpt)
B b= (bs» bs) (Pt Pr) (32.15)

1) B smoseKynapuoil ¢usuKe ONMCAHWE, OCHOBAHHOE Ha NPUOIMKeHHH He3aBHCHMEIX DJEK-
TPOHOB [c OcHOBHHM cocTosiEmMeM (32.12)], HocuT maspanme npubnmxenus X yuga — Mynaukesa,
UM METOJa MOJNeKYIspHHX opOurajel. [[pyrue HasBaHWS CBASAaHH ¢ TeM (aKTOM, YTO B HpHU-
6nmmenuu [afitrepa — JIOEAOHA BOMHOBYI0 (YHKIUIO OCHOBHOTO COCTOAHEA MOKHO 3aIHCATH
Kak JUHEHHYI KOMOMEAOWIO [BYX PABJIMYHEX ABYXDJIEKTPOHHHKX COCTOSHUIN, OTBEUAIONIUX HPH-~
O6NMKeHnI0 HeBaBHCUMHIX BIEKTPOHOB:

P (ry, Ta) =Py (Ty) o (T2) — Py (1) Py (T2)-

3fech MBI HMEEM INpOCTOH NpHUMep CUTyaluu, Ha3KBaeMoli {nepeMelinBamieM KOH(GUTYpamuiiy,
TaliTaep-IOHTOHOBCKYE COCTOAHUA g ¥ P; HOCAT HABBAHUA (CBASHIBAIOIUX» U (AHTHCBABHIBAIO-
HuX» COCTOSAHUIM.

%) B otauume OT mpuONIKEHMA HEBABHCHMHX DJEKTPOHOB.

8) JleTanpHOEe KpUTHYECKOE paccMoTpeHmHe MeTona [aiitmepa — JIOH0HA UMEETCS B CTAThe
Xeppmara, ony0nuKoBaEAON B KEHre [3].
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rie H — nonsmi raMEibToBnal (32.3). B mpemesne 6oapmmx MesKaTOMEBIX PaccTos-
HEfi MOKHO MOKasaTh (cM. samady 4), uro (32.15) cBogmTea K BHIpaskeHHIO

'%'(Es—Et)z S drydry [¢, (ry) ¢, (r2)] X

o2 22 o2

AT TRERT T TRRT T TR e () i ()l (32.46)

IlpaBaa gactes Bupaserus (32.16) mpepcraBiaser cofoii MaTPHYHEA DIEeMEHT
MERIY COCTOAHHAMY, KOTOPHle MmOJYTaloTCA APYT H3 [APYra, €cal 9JeKTPOHH
MeHAOTCA MecTaMH. Ilo 9Tofi mpmumHe pasHOCTH 9HEPrHWil CHHrJIeTa ¥ TPHILIETA
HA3BHBAGTCSH OOMEHHBLM DACUeneHuUeM, eCIH 3Ta PA3HOCTh PACCMATPHBACTCH KaK
HCTOYHHK MAarEETHOTO B3aEMONEHCTBHA, TO FOBOPAT 06 06MmeHHOM 63aumodeiicmeun 1),

AromHas op6ETANB ¢; (r) CHIBHO JOKANM30BaHA B OKpecTHoCTH r = R;, mos-
TOMY BaJmiHe COMBOKHTelel ¢, (r,) ¢, (ry) B ¢, (ry) ¢, (r;) B TOOHETErpaTbHOM
BHpakeEnu (32.16) mpmsBogET K HOBOJBHO GHICTPOMY CHAfaHUI0 BeIHYMHE PacHien-
JIeHHs MEKAY CHHIJIETOM H TPHILIETOM IPH yBEINYSHWH PACCTOSHEHS MEHEKY IpOTO-
mamzm |R; —R,].

COMHOBBLIN I'AMUWJIBTOHUAH U MOJE.Ib I'EV3EHBEPTA

[omrraeMes ompegesnTs 3aBHCEMOCTH CHOUBA2 HBYXJJICGKTPOHHON CHCTEMBI OT
BeJIUYMBE YHEPTEeTHYECKOTO paCIIelsie ns Me:RAY CHHIJIeTOM H TpumieToM. IIpaspa,
cmocod HaXOKICHHS TAKOM 3aBHCEMOCTH (oJjiee CJIOMeH, 9eM 3TO HeoGXOAmMO Mg
oupmcaEmsa HaIIero IPOCTOTO Ciydas, OTHAKO OH mrpaer QyHHaMeBTaJbHYIO POJb
IpE pPacCMOTPeHUH 3HEPreTHKHM COWHOBBIX KOHQUIypanmili B peadbHHX TBepIHX
gmanexTprkax. CHadasia ciiefyeT 0TMETUTE, 910 €CJIH IBA MPOTOHA HAXOMATCA HaJe-
KO [PYr OT JIPYra, TO OCHOBHOE COCTOSHHE OTBEIAET ABYM HE3aBHCHMEIM aToMam
Bomopoga. CrnemoBaTenbHO, OHO WETHPeXKDPATHO BHPOMKEHO, TAK KaK y KajKEFOTO
DIERTPOHA MOTYT OHRITH ABe opmeBTamuu cimHa. PaccMoTpmm Temepb mpoToHBI, pac-
HmoJio}KeHHBle HeMHOTO OIMKe Apyl' K APYry, Tak 9YTo HOABIAETCA paCIelieHne
(E; %= E,) 9eTBIpeXKpaTHO BHPOKIEEHOI'0 COCTOAHHUSA, 06YCIOBIeHHOE B3amMOfeii-
CTBEEM My aroMaMd. JTO pacliemjieEne, OgHAKO, MaJIo 0O CPAaBHEEHHIO ¢ BHEPIHs-
MU BCeX APYTHX BO3OYKIeHHKX COCTOSHWHA ABYXaJeKTpoHHo# cmcreMmul. Ilpm rakmx
VCIOBUAX YKazaHHHE YeTHIPe COCTOSHUA ONpeHessaioT MHOIHe OCHOBHHE CBOHCTBA
Moneryam 2). IlosToMy onmcamme gacTo ympomiaoT, COBepmeHHO IpeHeOperas coc-
TOAHAAMH, Je/RallUMH BHINe IO 9HEPTHH, W PACCMATPHBAIOT MOJEKYIY KaK CHCTe-
MY ¢ 4OTHIPHMA COCTOAHHMAMH. Ecam mMbl GymeM onmchiBath 11000 COCTOAHEHE MOJIe-
KyJH KaK JIHHeHHYI KoMOHMBADWIO YeTHpeX HHEBNIAX COCTOAHHE, To ymoOHO mo-
CTPOHUTHL OIEPaTOpP — TAaK HASKIBAEMEIH CIMHOBHI IaMHJIbTOEMAH, KOTOPHIA 00aajiaeT
caenywomumMu cBoficreamu. CoGCTBeHHBle 3HATEHHA CHMHOBOrO TaMHJIbTOHHMAHA AN
paccMaTpuBaeMoll COBOKYHNHOCTH WeTHpeX COCTOABHHA COBHAgalOT ¢ COGCTBEHHEEIMH
30a9eHMAMHE HCXOMHOTO I'aMHJIBTOHHAHEA, 2 ero coGCTBeHHHe QYBKOWH OUNpEemesior
CIEH COOTBETCTBYIONIMX COCTOAHMIA.

Yro6H mOCTPONTH CHMHOBHI TaMHUJILTOHMAH IBYXDIEKTPOHHON CHCTEMHI, OTMe-
TOM, 9T0 OHEPATOP CHEHA KAKAOI0 OTHEJHHOTO BIEKTPOHA YAOBAETBOPAET paBeH-
ctBy S? = Y,(*/, + 1) = 3/,, DosToMy p[Jia MOXHOTO COHMHA S MOMKHO 3aNHCATH

1) Opmaxo He Hy;KHO 3a0HBaTh, 9T0 06MeHHOE B3amMoeiicTBHe CBBAHO TOJNBKO C pHEpIrmel
9JIEKTPOCTATHYECKOI0 B3auMofieiicTBua u npmEOunoM llaynwm.

%) Hanpumep, TepMOJUHAMHYECKH PaBHOBECHHIE CBOMCTBA, eCiH BeJuumHa kpT cpaBEHEMA
¢ E; — E}, HO JIOCTAaTOYHO Mala [JIA TOY0, YTOOH HE HYKHO GblI0 yYUTHBATH HHKAKUX COCTOSI-
Hulf, KpomMe YKAa3aHHKX YeTHPOX.
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COOTHOIIECHHE ¢
szz(si+s2)2=%+231.32, (32.17)

TockonbpKy coGcrBeHHOE 3HA4YeHuHe omepatopa S2 muas cocroswmit co comHoM S pas-
o S (S -+ 1), us coorrnomenns (32.17) cmexyer, uto omepartop Sy+S, umeer cober-
BeHHOe 3HawenMe — 3/, gua cmuridernoro (S = 0) cocrosnua n -+Y/, gna Tpumwier-
aeix (S = 1) cocrosuuit. CiegosaTtennHo, oliepaTop

G = 1 (B4 3E) — (E,— E1) Sy S, (32.18)

BMEIOIMA co0CTBEeHHOe 3HAYeRHe F, A CHHIJETHOrO COCTOAHEA ! £, NMiIA Kamkaoro
W3 TpeX TPHILIETHHX COCTOAHHWI, M eCThb MCKOMEN COWBOBHEIA TIaMHIBTOHUAH.

CaBmEYB HauaJIo 0OTCUeTA SHEPTHH, MBI MOJKeM ONYCTHTh KoHcTanty (E, + 3E,)/4,
OIMHAKOBYIO IJf BCEX HYeTHpeX COCTOAHEWI, M 3ammcarh CHWHOBHIHA raMHJIbTOHHAH
B BHJIE

PP = —JS,.S,, J=E,—E,. (32.19)

IocronpKy S#SPIn mpencTaBigeT coGoll CKalgpHOe NPOM3BEJeHME BEKTOPHEIX
omepaTopoB coMBa S, w S,, IpHE HoJ0KATeIbHOM 3HaueBnu J Oosiee BRrogHa mapai-
JeapHas OpPHEHTAMsA COMHOB, a4 IpH OTPUNATENBHOM ') — aHTHIapaJIedbHAs.
OT™eTnM, 9T0 B OTJIHIHAE OT MATHATHOTO AULOJIHHOTO B3amMopeiictems (32.1) Bzammo-
HefcTBEE, OTBEYAKONEe COHHOBOMY TaMHJbTOHHAHY, 3aBUCHT TOJBKO OT B3aMMEOMH
OpHCHTAIMW ABYX CIOMHOB, a He OT MX HampaBieHmii mo otmomenmio K R, — R,.
JTOT pe3yabTAT IpercTaBiseT coGoil oOlllee ClefiCTBHE HE3aBHCHMOCTH HCXORHOIO
raMuIbTOEEAHA OT COMHA W COPABERJIHB (4TO CiefyeT 0co0O OTMETHTDH) HE3aBHCHMO
0T ero TpOCIPaHCTBEHHOM cumMeTpmd. UToGbl HONYyIHTh CHMHOBEIA TaMUJILTOHHAH
¢ AHE30TPOUHKM B3amMOfieficTBHEM %), K HMCXOZHOMY TaMUIBTOHHAHY CJaeiyeT moba-
BUTH WIeHH, HapyMalomue cPepHIecKyIO CUMMETPHIO B CHMHOBOM LpOCTpaHCTBe (Ta-
KHe, KaK AMIOJbHOE WIN COEH-OPOMTAJBbHOE BzauMojelicTBHe).

Ilpy Gonpmux N COMHOBEIA raMHJIBTOHHAH yiKe HeJb3f CIUTATH NPOCTO HHEIM
cuoco6oM BEIpayKeHHS] H3BECTHHIX pe3yanrTaroB (Kak B caygae N = 2). Temeps oE
COeP/KHAT B 0UeHEb KOMIAKTEON GopMe IpesBRYaiizo CIOKEYIO HEQOPMANHIO O HU3KO-
ne;xamux yposHsAx 2). Korga N mMoHOB co cumHOM S pacmoioseHs Ha GOJTBMINX pac-
CTOABHAX APYr OT Apyra %), ocHoBHoe cocroaume (2S5 -+ 1)M-KpaTHO BHpPOKIEHO.
COpHOBHI TaMEIJIBTOHMAH ONUCHBAET PACIIETUIEHHE 9TOTO CHUIBHO BHEIPOFKIEHHOTO
OCHOBHOTO COCTOAHHA, KOIJIa MOHE HEMHOIO COJMIKAIOTCHA, HO OPOROJIKAIOT OCTa-
BATHCA JOCTATOYHO AaJeKO APYT OF Apyra, 4To0H pacmelieBre GBLIO MaJo IO CpaB-
HeHHMIO C 9Heprued nw06oro apyroro BosGyKAOHHEOTO COCTOAHAA. Bo3MoKHO (pasind-
HEIMHE cnocofaMm) MOCTpOUTS 3aBHCANLYI0 0T S; onmeparopuyw GyBKOHIO, COOCTBEH-
HEle 3HaYeHMA KOTOPO# ompefiesiaT pacmennennsie ypoBEn. HeofxogmMo ot™MeTHTS,

1) IlockonpKy 8HAR J 3aBHUCHT OT TOTO, KaKaa sHeprua Goapme, E; mam E,, 9To MpocTo
Apyroil coco6 BEICKA3aTh YTBePKICHNE O TOM, 9TO CIMHE NapaJllelJbHH B TPHIJIETHOM COCTOSHUR
I AaHTUNAPAJIeNhbHE B CHHTJETHOM.

2) Taxas aHEU30TPOINA HMEET YPE3BHYANHO BaKHOE BHAYEGHTE I MOHNMAHUA BO3MOMKHOCTR
CyIIECTBOBAHNA HANMPaBICHUi JeTKOTO M TPYAHOr0 HAMATHHYMBAHUA, a TAKKEe HTpaeT HEKOTOPYIO
poJab B TeCcpHu 06PAa30BAHNA MATHATHHX NOMEHOB (cM. cTp. 335).

3 ) B obmem caydae 57y madOpPMANUI0 NOJYIHTH HENPOCTQ, fake BHAA CHWHOBHII raMILIBTO-
HHaH. B oramune or caydaAa N = 2 HUBKOJeKaIlle YPOBHK alpHOPH HEU3BECTHH M HAXOJK/ICHUE
CIIMHOBOTO TaMUJILTOHIAHA — 3TO TOJNBKO MONOBuHA 3agadn. (OcTaercss faseKo @e TPUBWAJbHASA
337aga HaXOKNeHusa CcOGCTBEHAHX BHAYEHWH CHMHOBOTO TaMWIBTOHMAHA (CM., HAIpUMeEp,
cTp. 316—323).

4) s ODpOCTOTH MH NpPeRUmOJaraeM, 4TO [jia Kaskporo momaJ = § (r. e. L = 0). 3ro
OTpaHNYEHNe HECVIIECTBEHHO HiA BHBOMIA CNUHOBOr0 TaMHUJIBTOHHAHA.
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OHaKO, 9T0 BO MHOTIMX WHTEPECHHX CIydasXx COMHOBHII raMmibTOHWAH HMeeT Ta-
KOH ke BHJ, KaK TaMHJbTOHHAH CHCTEMBl J[BYX CIOHHOB, IPOCYMMUPOBAHHEIA HO
BceM DapaM HMOHOB:

%spin: _%’; Jijsi's]" (32.20)

Mu me GynmeM paccMaTpmBaTh OYeHb CJIOKHHE BOIPOC O TOM, KOrjia CHPAaBeNJINBO
Bupaskerne (32.20) !). OpgHaro HYKHO OTMETHTDH Clefyloliee.

1. Hocronpry 8 rammapronman (32.20) BXojsT ToABKO HollapHHE LIpOM3BEje-
HEfA COMHOBHX 0@epaTopoB, BCe MATHUTHLIE MOHBI JOJNKHB HAXOIUTHCS JOCTATOYHO
DaJeKO APy OT APYra, 9To0b MepeKpHITHe UX 2NeKTPOHHKX BONHOBHIX (yHKIUA
OBIO OYeHBL MAJo.

2. Ecnu yrioBoil MOMEHT KajXHOI'0 MOHA CONCPHKHAT KaK OpOMTANLHYIO, Tak o
COMHOBYIO 4aCTh, TO B3aEMojeiicTBHe, ONMCHBAeMOe CIWHOBHIM TIaMBJIBTOHHAHOM,
MOKEeT 3aBHCeTh He TOJBKO OT OpHMeHTAallUi CHOUIOB NpPYr OTHOCHTENBHO ApYyTa,
HO ¥ OT HaOpaBJleHHA KajKJOoTO CIWHA B OTHEJBHOCTH.

Counosuii ramuiabTonuas (32.20) HassiBaeTca raMuabsronradom 'efisenGepra 2),
a BeamuuHH J;; — KOECTaHTaMuM (A TakiKe IapaMerpamMy uau KosdduumeHTamnm)
o6menHoro BaauMopeiicreus. IlomydeHme wundopManuu Jame U3 raMUIBTOHHAHA
TefizenGepra npepcrasiser coGoit, BooGme ToBops, BecbMa TPYIHYI0 3ajagy, Ha
perreHEE KOTOpPO#l OCHOBHIBAIOTCH MHOTHE BechbMa TIyGoKMe NCCIeR0BAINs Marfde-
TE3Ma TBepHbx Tes. OmEaKo Heo6XONEMO HOMHHTB, UTO JasKe il BHIBONA TaMHJIb-
toHmaHa l'eiizenbepra HeoOGXONMMO HCIOJNB3OBATHL MHOLO EeChbMA TOHKUX (usmuec-
KHX CcoobpaskeHW#E B cheiaTh HOBOJHHO CJHOMKHEIE IPHOIIKEHHUA.

IIPAMOII OBMEH, CBEPXOBMEH, KOCBEHHBIII GGMEH
U OBMEH MERAY JIEJORAJN30BAHHBIMH 3JEKRTPOHAMII

Tonpko 4WTO paccMOTPEHHEH TUI MATHETHOTO B3aBMOJeHCTBAS Ha3BIBAETCHA
npAMBLM 00MeHOM, TTOCKOJIbKY OB CBA3aH ¢ IPAMHM KyNOHOBCKMM B3auMofleficTBueM
MEKAY 9JeKTpOBAaME AByX mMonoB. OAHAKO YacTO MATHUTHHE HOHH OBIBAIOT OTHEJE-
HEl IpYyr OT Ipyra HEMAaTHHTHHM HOHOM (T. €. MOHOM, y KOTOPOrO BCEe IEKTPOHHELIE
06os09KN 3a1t0iHeHH). MaranTHoe BzauMmojeiicTBHe Me:RAY MONOGHEIME MOHAMY MO-
’KeT OCYIMIECTBIATHCA Yepes HOCPE[CTBO 3NeKTPOHOB o0Iero pid HUX HEMarHWTHO-
T0 cocefa, IpUYeM TaKoe B3amMOJEHCTBUE OKashiBaeTcA (ojiee CYNIeCTBEHHEIM, YoM
mpsaMoe oOMeHHOe B3amMofeiicTBue. TaKo# THI MarHUTHOTO B3aMMOMIEMCTBUS HA3BI-
Baerca ceepxobmenom (dur. 32.2).

O6GmMeBHOE B3aPMOJEHCTBUE 3JIEKTPOHOB YAaCTMIHO BalOJHEHHHX f-060J0UeK
PenKO3eMeIBHNX MeTAJJI0B 06YCIOBIMBAETCH WHEIME IpUYREaMu. 37eCh f-aieKTpo-
HEl CBABAHE MKy cobGoil He TONBKO HOCPEXCTBOM MpAMOro o0MeHHOTO B3amMOel-
CTBHSA, HO M 33 CUET B3aEMOMEHCTBHA ¢ DIEKTPOHAMY NPOBONUMOCTH. JTOT MeXaHU3M
(ABnAIIAACA 1 METAJLJIOB aHAJOTOM CEePXOOMeHA) HA3EIBAETCH KOCGEHHbIM 00Me-
rom. OH MOKeT oKasaThes GoJiee CHIBHBIM, geM OpAMOH 00MeH, HOCKOJABKY 00BIYHO
f-o6onoukE odeHBL cIaGo MepeKpHBAIOTCA.

CynmiecTByeT TaK;Ke OYeHb BAKHEM Tun 0OMEHHOIO B3aMMORENCTBHA HeHoCpen-
CTBEHHO MEKAY SJIEKTPOHAME IPOBOJUMOCTH B MeTaJle, KOTODHIH 9acTo HasHBaer-
cs1 06MeHoM Mexcdy Oenokarusosannbimy saemponany (itinerant lexchange) ). Yrobm
OOg4epKHYTH OOIMHOCTD PASIMYHEIX THOOR OGMEHHOTO B3auMoONeHcTBHA, HH;KEe MBI

1) Ogenp HonpoGHOe OOCYMKIEHNE ITOTO BONPOCA MMEETCs B CTaThe XeppHHTa B Kmure [3].
2) B 6oJiee cTapoil JmTeparype OH HasmrBaeTcs raMuibToHMaHOM Ieiisenbepra — mpaxa.
%) 9ror TuN 06MEHHOTO B3auMOAelicTBEA 09eHb ONPOOHO paccMoTper X epPPHHETOM B Kpure [4].
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KPaTKO paccMoTpuM o0MeH MesKAY NeJ0KaIW30BAaHHLIMH 3JIeKTPOHAMH [IA ciaydasd,
cuIbHee BCEro OTINYAIMErocs OT CJIy4as XOpOIIo JOKAAM30BAHHEIX YJIeKTPOHOB,
aas Korophelx OpIa paspaboraHa TeopmA
opaMoro obmena I'aitrnepa — Jlommona,
T. €. [JIA ra3a cBoOOTHHX 9JIEeKTPOHOB.

MATHUTHOE B3AUMOJENCTBUE a
B T'A3E CBOBOJHBIX 39JIEKTPOHOB

COBepHIeHHO 04eBHUIHO, YTO ¢ HOMO-
mMpI0 TEOPUH MarHeTu3Ma rasa ¢BoGOTHEX
3JIEeKTPOHOB e IMeeT CMBICA JaKe HBITATh-
CA OonmMcCaThb MAarHuMTHOe B3aﬂMOJIeﬁCTBI/Ie
B peaJbHEIX METAJIJIaX. OJIHaKO 9Ta TeopHuA i
He JuIIeHa mHTepeCa B CHUIy psAga HpH-
ypH. a) JT0 HPOCTasi MOMEJL, MO3BOJAI-
maf 00bACHUTD BOSHUKHOBEHAE MATHUTHO I
CTPYKTYPH B OTCYTCTBHE B3aUMOJEHCTBUH,
ABHO 3aBUCAmEX OT comHa. 0) Ee caom-
HOCTB JIaeT yKasaHue Ha Maciural npobaem,
C KOTOPBRIMHA HOpPUXOAUTCA CTAJKHMBATLCA
OpH ONMCAHHM PEAaJBHEX MeTaJIoB. B) B 4
OpaBUIbHOR o0Me#l TeopH:m MarHermaMa
MeTaJIIIOB (KOTOPO# B HACTOAIIEe BpeMs He ®ur. 32;2. CxemarnuecKasd HINIOCTPALIT g HP -

N 6 moro oGmeHa (a), cBepxofnmera (0) 1 KocBeH-
CYIEeCTBYeT), HECOMHEHNO, JOJKEH GHTH HoTo obMena (s).
HaiifleH cmocol 00HoepemenH020 OMMCAHAA Opu OpAMOM OfMEeHe MATHUTHEIE IIOHH B3AMMO-
ocobeHHOCTE 0OMEHHOTO B3aPIMOJlef'/ICTBPIH IelCTBYIOT TOJBKO 32 cueT IEPEeKPBITUSI pacmpenene-
N ? Huii 3apsANa pABNHYHBX UHOHOB.
CBA3AaHHBIX KK C JIOKaJIN3auuen (‘ITO OBIIIO 6 — mpu cBepXoGMeHe MATHHTHHE MOHH @ Helepe-
7] KPHIBAKIINMMCH PaCIPENeNIEeHUAMA 3aPAN0B B3aUMO-
CHieJIaHo BHIIE), TAK U ¢ JeJOKaJam3anmei HefiCTRYIOT 3a CUeT HEPeKpHITHA C OJHUM U TeM 3Ke
(aro Oyger cpesgaHo HuIKe) dJIeKT)POHOB. HEMATHUTHEM HOHOM;
8 — IIp1 KOCBEHHOM ofmeHe B OTCYTCTBLE HepeKpPbI~

Baox [5] BlepBHIe HOKAa3aJl, YTO IPHW-  THA MaTHMTHOE B3auMomeHCTBWe OGYCIOBJIGHO B3au-

6HHH{9HH€ XaprI/I‘—‘(DOKa MOKEeT HpI/IBeCTI/I MOJICWCTBHEM € 9BIACKTpOHAMH TIpOBOIMMOCTIL.
K feppoMarHeTH3MY ras3a 9NeKTPOHOB, MEKIY KOTOPHIME MMEETCSA TONHKO KyJIOHOB-
CKOe B3aumMopeiictBue. B pamkax aroro mpuGamsmeHust Msl B ri. 17 moxasanm, uro
eCIM KayIplil ORHOBIEKTPOHHHH yPOBeHL, OTBEYAIOMUA BOJTHOBOMY BEKTODPY, MeHb-
meMy kp, 3aHAT ABYMsA BJIEKTPOHAMH ¢ IPOTHBONOJOKHO HAIPABICHHKIMH CUUHAMH,
TO DHEPrHA OCHOBHOTO cocTOAHHs N CBOOONHEIX 9JIeKTPOHOB paBHa [cM. (17.23)]

AR
Q000
YO e
PR
SRR
LG
RERE

o

3 3 - 2
E:N[—5—(/1%10)2__2?j (kFao)J puabepr (1 pnnﬁepr-—_—é—o—), (32.21)

llepeuit wien B Bopamenuu (32.21) mpeacraBisier co0o¥ HONHYH KHHETHYECKYIO
9HEPIHMIO, a BTOpoH, Ha3HBaeMo@ OOMEHHOH dHeprueil, OMMCHBAET B HpHOJMKOHUU
Xaprpun — DoKa KyJI0HOBCKOe B3AMMOJENCTBHE MEMKIY BJIEKTPOHAMH.

Ilpu BHBope BHpaskeHus (32.21) mpepmonaramoch, OfHAKO, YTO HA KajKIOM
32HATOM OFHOYIEKTPOHHOM YpOBHEe HAXOAATCA ABA 9IEKTPOHA C IPOTHBOLONOKHO
HalpaBJIeHHEMHA cOopHamn. B Gomee ofmem ciygae mMebTCA BOBMOKHOCTH, HPHBO-
AAmas K cyImecTBOBAHMIO CyMMapHoro comHa. OHa 3aKII0OYAETCH B TOM, YTO KarKBLi
OTHORJIEeKTPOHHLIA YPOBeHSD ¢ &, MeHBIIMM HeKOTOpOro k;, 3aII0JHACTCA dIeKTPOHAMHU
CO COEHAMYM, HANPABICHHBIMY BBePX, & YPOBHU ¢ k < £, B3amONHAITCA JIeKTpoHA -
MH CO CHMHAMH, HanpaBaeHnbiMu BHE3. [lockoasky [em. (17.15)] B Teopun Xaprpu —
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Moxa o6MeEHOE B3aMMOEACTBYE AMEeeT MECTO TOJHKO MEKIY 9IeKTPOHAMH ¢ OJ7HA-
KOBHIMN CINHAMH, AJMA KAKJOTO HAIpaBIeHMA COMHA MH 0yaeM HMeTh BHpasKeHHA

tuma (32.21):
3 3
Ey =Ny [? (kya)* — 5— (kfao)] punGepr,
3 3
Ey=N, [+ (ka0)*— 5= (k4a0) | punGepr.

Tormga momHas dHePrHA W DOJHOE IUCHO 3AEKTPOHOB GYyAYyT PAaBHHEI COOTBETCTBEHHO

(32.22)

E=E,+E,,
N Ny N K3 k3 k3
7=—VT+'T/£: G+ 6;2 = (32.23)

Ecan cunrats, uro Ny = N, = N/2, ro E npunumaer Bup (32.21). Bosauka-
€T BOIpOC, He MOJYyIUM JHA MH §0ree HUSKYIO 9HEPTHUIO, OTKA3aBIIUCH OT 9TOTO Hpej-
moxomeHuA. B 3TOM ciydae OCHOBHOMY COCTOSHHUI0 GymeT OTBeYaTh OTAWIHAS OT
HyJs HaMarHUYeHHOCTDH

N,—N
M= —gug _LV—_‘ (32.24)
u Ta3 ?JIeKTPOHOB OyaeT (eppOMarHMTHBIM.

Ilas mpocToTH paccMOTpEM JPOTHBOMOJOKHEIA Hpele bHHE caydai ), moia-
rag Ny = N u Ny = 0. Torga eneprma E Gymer pasma E, a k, [B cooTBeTcTBH:
¢ BhipaskeHuneM (32.23)] oxamerea paBumm 213 ko orcioma

E=N [ 3 2" (kpa)? — e 2\ (kray) | (32.25)

ITo cpaBHeHmI0O ¢ HEMATHUTHHIM CJIydaeM, KOTOPOMY COOTBETCTBYeT BLIpasKeHHe
(32.21), momokuTencHan KuHeTmYecKas sHeprua B (32.25) Goapme B 22/3 pas, a o1-
punareabHas ofMmeHHas dHeprasf — Goabme B 213 pas. IloaTomy sHeprusa moJno-
CTHI0 HaMarHWIEeHHOTO COCTOAHMA HUKe, 96M HEMAaTHHUTHOTO, B TOM Ciydae, eCJH
o0MeHHAs 9HepPIruA MpPeBHIIAeT KAHETHUYeCKYI0. JTO MMeeT MeCTo OpH MaaHx Kp,
T. €. OPA MaJHX IJIOTHOCTAX. IlpHM yMEHBIEHWN WAOTHOCTH HPOHMCXOAUT IEPEX O
73 HeMArHATHOTO0 B MOJHOCTHIO HaMarHM4YeHHOEe cOCTOsHHMe. TaKoil mepexom mMeeT
MecTo, Korga sHeprum (32.21) u (32.25) craBoBATCA paBRLIME IpYT APYrY, T. €. OpH
5 1

kFa():-ﬁzl/_a—*_i—, (3226)
uau, mHade roBopa [cm. (2.22)], xorga
rs 2 gy 9 \s
=5 (2041 (T) =5,45. (32.27)

Hesuit — egmHCTBEHHH MeTannudecKuil 971eMeHT, B KOTOPOM IIIOTHOCTE DIOKT-
POHOB HPOBOAMMOCTHA CTOJIb Majia, 94TO Ty NpPEBHIaeT 9T0 3HAUEHMe, HO HMEIOTCHA
TaKKe COGNMHEHHUS MeTaJIoOB 2), IiIf KOTOpHX r/a,>> 5,45. Hm y omHoro us yka-
3aHHHX BemecTB He OO0 o0HApYKeHO PeppOMATHUTHHX CBOHMCTB, HECMOTps Ha TO,
9TO WX 30HHAA CTPYKTypa M0BOIBHO XOPOmO OUNUCHBAaeTCH DpubamKeHmeM cBOOOM-
MEX 2JeKTPOHOB.

Opnaxo Gosee rry6oKue TeopeTAIecKre cOO0paskeHu s HOKA3HBAKT, YT0 HPOCTOH
xpurepni (32.26) cymecTBoBaHEAA PeppoMarEeTusMa MpH MAJoi MIOTHOCTHA 9IEKTPO-
HOB He MOKeT OBITH CHpaBeNAMB IO CIeVIOUUM OpUIMHAM.

1) MosxHO MOKasaTth, 9TO IPH Nf u N&’ Jle’KamuX BHYTPH WHTEpPBAsa, OTPAHMYEHHOTO 3Ha-
YeHnAMA NT =N, = N/2 n N1 (mnm Ny =N, N1 (man N,) = 0, pHepIus OKA3KBAETCA

BHINE, YeM B OJHOM N3 YKA3aHHEHX OPeJIeNbHHX CIY4aes.
?) Hampumep, aMuHH MeTajxinoB; cM. kaury [6].
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1. Jame B pamiax npumbamuenma Xaprtpu — Doka BoaMomeH BHOOp Gomee
CJIOKHHX ONHOBJIeKTPOHHKX YpOBHeH, KOTOpPHIM OTBegaeT MeHBIIAs dHePIHsA, IeM
UOJHOCTLI) HAMATHHYCHHOMY NMJIH HeMarHWTHOMY cocTosiEusM. CoOTBeTCTByOmME
peXieHHsI, Ha3hBaeMble BOJTHAMM CHUHOBOH IUIOTHOCTH, Obiam obmapysensr OBep-
xaysepoum 1); OHE ODPUBONAT K aHTH(HEPPOMATHMTHOMY OCHOBHOMY COCTOSHMIO IpH
MIOTHOCTAX, OAMBKUX K TeM, KOTOpHe ompenexsioTesa Qopmymoi (32.27).

2. Momuo ynyamurs npabiamwkerne Xapipu — Doka, ecanm TooycTHTs BO3MOMK-
HOCTD 9JeKTPOHHOT0 9KPAaHUPOBaHMs 00MeHHOro B3aumopeictBus (cMm. T. 1, crp. 343),
B pe3yapTaTe 9ero B3amMOAEACTBHE CTAHOBUTCH (0Jiee KOPOTKOAEHCTBYIOIUM. JTO
yIyYmeHWe CyImecTBeHHKM o0paszoM. M3MeHAeT pe3ylIbTaThl Teopmu XapTpH —
doxra. Hampumep, B ciydgae mpefespHO KOPOTKOJAEHACTBYIOIMEro HoTeHIHaxa (UMero-
mero BuO OedabTa-QyHKOWM) OHA HpeacKasboBaeT GeppOMarHeTH3M WpH GoAbWUL
IUIOTHOCTAX U HEMATHUTHOE COCTOAHZE HpU MA.ibir MIOTHOCTSX.

3. Tlpm o9eEs ManNbX IIOTHOCTAX MCTUHHOE OCHOBHOE COCTOSHHE rasa c60600-
HBLT DIEKTPOHOB COBEPHIEHHO He IOXOMe HM Ha O[fUH M3 CIYYaeB, PacCMOTPeHHBIX
Brime. MoKHO mOKa3aTth, YT0 B MpefeJie Majoil MIOTHOCTH a3 CBOOOMHBIX 3JeKTPO-
HOB KpPHUCTALIN3YeTcsi, npmobperas KoHQuUrypanuilo (HA3HBaeMYIO 6UZHEDOSCKUM
Kpucmaaaom), OWHCAHAE KOTOPOH JEKHT [ajeKo 3a NpefeiaM IPUMEHHMOCTH
npubamxKeEns He3aBMCHMHX 3JIeKTpoHOB [9].

TaxkuM 06pasoM, cOBepUIEHHO He 09eBUIHO, KaKoe OCHOBHOE COCTOfHME B HpH-
6ammenun Xaprpu — Dora Oyaer Hamaywmum. HKpome Toro (uro eme xyixe),
OpOCTHe MOMBITKA yIydmmuTh Teopuio XapTpum — QDoka ODPHMBOAAT K PATHKAIBHOMY
H3MEHEHWUIO ee pesylbTaToB. B Hacroamee BpeMsi CymecTBYeT MHeHWE, WTO ra3 CBO-
6OMHHIX 2IeKTPOHOB, BOBMORHO, He fABiAETCH (epPOMATHUTHHEIM HN OpY KaKuX 3Ha-
9eHMAX MIAOTHOCTH, XOTA CIPOToe A0Ka3aTeNbCTBO 9TOro orTcyTcTByeT. DaKTmueckm
deppoMarHUTHEE CBOWCTBA 00HADYKUBAIT TOJALKO Te MeTAJJH, OTJAeIbHEIE NOHH
KOTOPHX COJep/KaT YACTHYHO 3aMOJHEHHHe (- Wil f-000I0YKH, a Takad CATYalHs
fesHameKEO fajieRa orT o0NacTH TPUMEHUMOCTH MOJedM CBOGORHEIX DIEKTPOHOB.
YUTo6n 00BACHNTH MAaTHUTHOE YHOPAHOYeHHNe B MeTalaax, Heo6xomumo paccMarpi-
BaTh 00MeHHOe B3aMMOAEHCTBHE MeKIY MeJMOKaJIM30BAaHHBIMA 3JeKTPOHAMU, YIMTHI-
Bas HpHU HTOM KOHKpPeTHHEe 0COOEHHOCTH 30HHOM CTPYKTYPH 2) B (miau) ocobenHOCTH
GTPOEHUsI aTOMOB, KOTOPHE Ie/RaT B OCHOBE LpaBHa XyH7A.

1) Cm. crarpn Osepxayasepa [7], a Taksxe o0sop Xeppnura B Kuure [4]. Beepenne sxpanu-
POBKH MCKII0YaeT 06pa3oBaHue BOJH CIIMHOBOM miioTHOCTH. OJHAKO HEKOTOPHE KOHKDPETHEIE YePTH
30HHOH CTPYKTYPH XpOMa HO3BOJAIT BOCKPECHTL BOJHK CINHOBOIl IIOTHOCTH, €CJH JOBOJHHO
DPOCTHM CIIOCOGOM Y4eCTh B TEOPHM HAJuW4ue 30HHOH CTPYKTYPH. B HacrosAmgee BpeMs CIUTAIOT,
970 Takag Teopud oObAcHAeT aHTHPeppomarmEeTnsm xpoma. CM., Hampmmep, cratsio Paiica [8]
U ATHPOBAHHYI0 B Hell Iuteparypy.

2) [[lupoKO pacHpOCTpaHEHHAH MOJICNb, OIMCHBAIINAA, HapnMep (eppOMarHeTH3M HUKe-
1A, ODpPocTo o0befuHAeT HpefgcTapieHue o QgeppoMarHeTnsme CBOOONHHX DIEKTPOHOB C 3CHHOM
reopuell, IlosToMy pHepreTHdecKue 30HbI HUKeJIH PacCINTHBAOT OGBYHEIM CIIOCO00M, OJHAKO IpN
®TOM BBOJAT CAMOCOTJIACOBAHHOE OOMEHHOE II0Jle (€r0 YacTO CYUTAIOT IIPOCTO MOCTOSHHRIM); IPM
Pa3ANTHOM 3aI0JHEeBUN CIIHHOBEX COCTOAHU 3TO I0JE MOMKET OTIAMIATHCA g DIEKTPOHOB ¢ IIPO-
THBOIMOJIOKHO HANPABJIEHHKMY CIMHAMH. BHOpPaB MOAXOAAMMEM 006pazomM 0OMEHHOE II0Je, MOYKHO
IOCTPONTb OCHOBHOE COCTOZHME HUKeJA (aTOM KOToporo cojepkur 10 3ieKTPOHOB, 3aHHMAIOMIMX
3d- u 4s-ypoBHm). B aTOM CcOCTOSHME OfHA d-30HA (5 DIEKTPOHOB HA ATOM) 3AHATA DIEKTPOHAMHU
€O COMHOM BBEPX, a BTOPas d-30HA CONEPIKHUT BIEKTPOHH CO CIIHHOM, HAIIPABICHHKM BHU3, OJHAKO
OHA cMeIIeHa BBEPX HO OTHOIIEHMIO K IEPBOM HACTOJNBKO, 4TO €€ IepeceKaeT yposeHbr (DepMu.
Hoaromy BTOpas d-30Ha OKa3HIBAGTCA HE COBCEM 3aMOJHEHHOH (@# OTBeYawT 4,4 DIGKTPOHA Ha
arom). OcraBmuecs 0,6 siaeKIpOHA Ha aTOM 3aMONHAIOT 30HY CBOGOJMHHX 3JEKTPOHOB M HMEIOT
IpPOM3BOJBHO HAUPABJEHHbe CIOMHEL. IIOCKOJNBKY B3alOjHeHNe B0HE, T/ CIOWHE HANPAaBICHH
BBEDX, NPEeBHITAST 3al0JHEHNe 30HH, T/ CIOMHH HaIpaBjeHH BHu3, Ha 0,6 sJexTpoma Ha aToM,
TBep/Oe TeJo 00jajjaeT CyMMapHEIM MarHUTHHM MOMeHTOM. CM. 0030p paHmEMX paGoT M0 STHM
BOHpOCAM [B4]c’I‘aTL9 Cromepa [10]; Gosee coppeMeHHOe ONMCAHNE MOMKHO HaTh B paGore Xeppuura
8 Kpure [4],
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MOJIEJIb XABBAPOA

Xa66apy ') mpemsosKua KpadlHe yHpomMeHHYI0 Mofiedb, B KOTOPOM J€MaeTCs
MOIHTKA HOZOHTH BILIOTHYI0 K YKa3aHHHM IpolaemMaM. JTa MOHEENb COHEp/KHT MH-
HEMYM CBOHC1B, HeOOXONMMEIX, YTOOH HOJYYNTH B COOTBETCTBYIOMUX IPEesax Kak
30HHOE, TAK W JIOKAJIM30BaHHoe ouuncanme. B momennm XaGlapna ma orpoMHoil COBO-
KYOHOCTY CBASAHHHX M IPUHAMLIESKAMUX HEIPePHBHOMY CHEKTPY 9I€RIPOHHBIX
YpOBHe#l KajKmoro HOHA O0CTaBiAeTCA eNMHCTBeHESI JTOKAJN30BAHHEIA ypPOBEHB.
CocToAHNs 9IeKTPOHOB B 9TOM MOIENW 3aJal0T, YKA3KBaA 9eTHPe BO3MORHEIX BIIeK-
TPOHHHBIX KOHQUIYPAaI X OTAeJBHOTO MoHA (ero ypoOBeHH MOKeT OBITH MM IYCTHIM,
HIA COMEepKaTh OJUH 3JeKTPOH ¢ ONHWM W3 JBYX HalpaBleHWH COWHA, MJIH COMNEp-
JKATH BA JIEKTPOHA C NPOTHBOIONOMKHO HANPABIEHHKIMH CcHmHaMM). 1 aMuiapTO-
HuaH Mofenu XaG6appa CONep/KUT YICHLL CJAeAYIOMUX ABYX THIOB.

a) Uzen, muaroHAaJBHBIA II0 STHAM COCTOSHMAM. KOTOPHIE HpeAcTaBiaseT coboit
Opou3BereHne HOMOKHUTEAbHOoN dHeprum [/ Ha WHCHO MBYKPATHO 3aHATHX MOHHHX
VpoBEe#l [mmioc (HecyIecTBeHHEIH) wieH, paBRBIA POU3BENEHNIO pHePruyu & Ha wwmc-
70 BIEKTPOHOB].

6) Yien, He(MAaroHaIbHBHA 110 THM COCTOAHUAM , AIMEIOIIHIL OTIMIHBIE OT Hy s MaT-
PUYHBE ?JIeMeHTH { MeMK[y TeMH IapaMu COCTOSHHE, KOTOPHE OTIMYAITCH TOIBKO
HepeHOCOM OfHOr0 JdeKTpoHa (6es M3MeHeHWs COWHA) € JAHHOTO HOHA HA OJWH
U3 COCENHUX.

Unens: mepBoro Tuma B OTCYTCTBHE BTOPHIX CHOCOGCTBOBaJM OH CYMECTBO-
BAHUIO JIOKAJIPHEIX MATHATHHEIX MOMEHTOB, HOCKONLKY OBM HOJABJAIN OB BO3MOK-
HOCTH HaXOKeHAA BTOPOrO AeKTPOHA (C MPOTHBOLOJIOKHO HALpaBIeHHENM COINHOM)
Ha OJHOKPATHO 3aHATHIX y3iaX. MO)KHO II0Ka3aTh, 9TO YJeHH BTOPOr0 THIA B OT-
CyTCcTBHE HepBHIX IpuUBeJam O K OGBYHOMY 30HHOMY CHEKTDPY M ONHOSIEKTPOHHBIM
0JIOXOBCKMM ypOBHAM, IAe KaKABIM 9JIeKTPOH pasMasaH OO BCeMy KpPHCTAIay.
Horma mmerorcss ofa Tuma wiIeHOB, fajke TaKasg IpocTad MOJenb OKAa3HBaeTcs
YpesBBHMAWHO CHOAKHOM AMs TOYHOI0 PACCMOTDEHHS, XOTHA LIpPH MCCIe{OBAHUHM TacCT-
HHX CJydaeB OBUIO mOJYIeHO MHOTO IMeHHOo# mHPopMmanun. Ecan, nanpuMep, moaHOe
9HCIO0 9JNEKTPOHOB PABHO HOJHOMY YHCJIY Y3J0B, TO B Ipefele OpeHeOpesKHMO
MaJjoro BHYTPHATOMEOTO orTrajrmBamEums (¢ > U) Mu OymeM uMeTs THOMYEYIO RAA
MeTaljJa HamoJOBMHY 3amOJMHeHHYI0 30HY. OABAKO B HPOTHBONOJOMKHOM Hpeaeib-
HOM caygae (U > t) MoEO moayuuts aHTH(EpPPOMArHUTHEA COMHOBEIA TaMUIb-
roruaH [eizenbepra (¢ oOMennoit Koncrautoit | J | = 4t*/U), onucrBaiomuii HA3KO-
JesKaIye Bo30Y:RIeHHBe cocToARUs. TeM He MeHee 0 cuX mop HEKTO emie He HMOIy-
94U CTPOTOr0 peeHHs BOIpoca O TOM, KaK IPOUCXOIUT B pAMKaXx 3Toil MOREIN mepe-
X0l OT HeMarHMTHOTO MeTanna K aHTH(HeppPOMArHATHOMY AW3IeKTpHKY IpH H3MeHe-
umn Bexausuun {/U.

JORAJN30BAHHBIE MOMEHTHBI B CIIJIABAX

My yrasaau Ha OMACHOCTH, BOSHHKAIOINE IPH MCHOJB30BAHUM TUCTO 30HHOTO
TOAX0/Ia AaA ONMCAHNs MarHeTu3Ma OpoBogHMKOB. C gpyrof cTOpPOHH, IpH paccMoT-
peHN? MeTaNsoB, B KOTOPHX MArHWTHHE MOHL BMEIOT 9acTWIHO 3amoJHeHHbe d-000-
I09KH, XapaKTepHHe Aas CBOOOJHBIX aTOMOB, €CIECTBeHHO Obijno B LOMEITATHCA
BOCHOJB30BATHECA APYTAM IpeAelbHHEM CIydaeM, OOHCHBAasA d-dIeKTPOHH C IIOMO-
mpI0 TOTO e ammapaTra, KOTOpHH HpMMeHsAeTCHd MpH PAacCMOTPeHMH MArHUTHHIX

1y Cm. paorm XaGGappa [11]. B 3agave 5 nra MOJieip IPMMEBAETCA JJIsA OMMCAHNA MOJEKY I
BOTIOPOAA.
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OABJIEKTPUKOB, T. €. MCXO/iff M3 KOHNENIMH HpAMOro o6MeHa (JOMOIHEHHOR YIeTOM
KOcBenHOTro o0MeHa, KOTOPHIA TaK/Ke MOMKeT HMeTh MeCTO B MeTajiax) !). 9tor moj-
xof Tome Tamr B cefe omacHocTH. VoH, KOTOpHE B CBOGOXHOM COCTOSHHM HMMEET
MarHUTEYIO DIEKTPORHYH 0GOM0YKY, MOMKeT COXPAHUTH TONBKO 9acTh CBOEr0 Mar-
HATHOTO MOMEHTA HJIM Ja’Re COBCEM JIUIIUTHECH ero, OyHydn HOMENIeHHBM B METaJIJI.
ITocnemnee xopouro BUEHO HAa mpuUMepe CBOHMCTB pasGaBieHHBX MATHUTHHIX CILIABOB.

Horma mamoe Koam4ecTBO aTOMOB HepexOjHOTO MeTAlla pacTBOpsercs B He-
MAarEATHOM MeTajure (33a9acTyi0 XOPOIIO ONMCHBAEMOM UPHOGIMKEHUEM CBOGOTHBIX
9MEKTPOHOB), HOIYIABIINHACA CIIAB MOJKeT MMeTh JOKAJIN30BaHHEE MOMEHTH, & MO-
skeT W He uMeTh ux (rabxr. 32.1) ?). MomeHT cBOGOXHOTO MOHA ONpeJeNAeTCs HpaBuUIa-

Tabauya 32.1

Haauuue uam OTeyTeTBHC JOKAJM30BAHHBEIX MOMEHTOB Y ATOMOB HePeXOJHBIX MeTaLIOB,
pPacTBOPEHHBIX B HeMArHHTHBIX MeTajlax &)

Mera:1a-pacTBOpPBTEND

IIpnMech

Au cu Ag Al
Ti Her — — Her
v ? — — Her
Cr Ha Ila Ha Her
Mn Ja Ia Ha ?
Fe Ha Ja — Her
Co ? ? — Her
Ni Her Her —_ Her

a) Hanage MoMeHTa 0003HAYaeTCsI C.I0BOM «Ia», a OTCYTCTBUE — «HCT». BOIIPOCHTE IbHBINA BHAK YHaA-
3plBaeT Ha HeolpefeseHHOCTb curyanuua. JLT1a HEKOTOpHX KoMOMHAnWil paCcTBOPUTENA U NPHUMeCH CYIeCTBY-
10T TeXHOJOIrMYEeCKue TPYHHOCTH T1OJYYEeHUA BOCIPOU3BONMMHX pPa3faBJICHHHX cnjJaBoB, 00YCJOBJEHHble
riaBHbBIM 00pasoM MA0XO0# PACTBOPEMOCTBIO. ITUM 00bACHAeTCA 6OABIIMHCTBO NPOYEPKOB B Tabjuie.

JLaHHBe B3ATH U3 CTATHLA Xuiepa, ony6.IMKOBAHHON B KHure [12].

v XyHma (crp. 265—267), KoTopbie B CBOI 0Yepefb OCHOBAHEL HAa pacCMOTPeHUH
BHYTPUATOMHOr0 KYJOHOBCKOTO (M B MeHBIIEH CTEHNOHW CHMH-OpOMTAIBHOTO) B3a-
umofieiicTBUsi. Teopus JTOKAIM30BAHHHIX MOMEHTOB B pa30aBIEeHHHX MATHUTHHX
CIIaBaX MOJKHA JaTh OTBeT Ha BOIpPOC, Kak MOgUQUIUpyeTCHd 9TO pacCMOTpeEHe,
KOria MH MMeeM JIeJIo He Co CBOGONHEIM MOHOM, a ¢ MOHOM, HaXONAMUMCA B MeTaln-
ae 3).

Ilaske ecan Obl MBI mpeHeOperad B3auMOJICHCTBHAMEA MEMIY 9I6KTPOHAMH Mar-
HATHOTO HMOHA, & TaKKe MeMKAy 2JIeKTpOHAMH M MOHAMHM MeTala-pacTBOPUTENs,
BCe paBHO ocTajica DM MPOCTO# MeXaHM3M, KOTOpPHIA MOKET NPUBECTH K M3MEHEHHIO
[MOJHOTO MOMEHTA MOHA. B 3aBHCHMOCTH OT HOJOMEHMSH yPOBHEH MOHA OTHOCHTEID-

1y s f-o60m09eK pefKO3eMENbHEIX MEeTAJJIOB BTO, BO3MOKHO, PasyMHAS LpOLEAypa.

2) KpurepmeM CYmeCTBOBAHUA JOKAJIH30BAHHKX MOMEHTOB CIYKHT HaJudue B MarHUTHOH
BOCHPUAMIABOCTH 1I€HA, 0GPATHO IPOIOPIHOAAJIBLHOTO TeMIepaType, ¢ Kospduunearom, Mpomop-
OMOEAJNLHEIM KOHIEHTPALUMH MAarHWTHHIX MOHOB B COOTBETCTBHMH ¢ 3aKoHOM Kiopm (31.47).

3) B ra. 31 MBI paccMaTpUBAJIM aHAJOTHYHYIO 3a7ady, BOZHMKAIOMIYIO, KOTIA HOH HAXONUTCH
B [[MDIEKTPUKe, ¥ O0HADPYKUIHN, ITO BJIMAHUE KPUCTAIIMISCKOTO MOJSI BIOJIHE MOMKET 0KAa3aThCA
Gosee CymecTBeHHHM, U6M B3aUMONEHCTBHA, ONMCHIBAeMEIe IpaBuiaMu XYH[A; IPH DTOM IIPO-
HCXOJINT COOTBETICTBYIOMEE N3MEeHERNE BeJMUYMHE CYMMapPHOT0 MarHUTHOTO MOMEHTA.
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Ho ypoBHA (DepmMy d1eKTPOHEI MOTYT ;uGo HepeiiTH ¢ MOHA B 30HY IPOBOTUMOCTH
MeTaJlIa-pacTBOpPHATes, 00 HepefiTH W3 30HH MPOBOTEMOCTH HAa HH3KoJeMKAI(ue
VPOBHH HOHA U WM3MeHHTL, TaKmM 06pasoM, ero MAarHATHEIA MOMEHT, a B HeKOTOPHX
CIy4asnx NPUBECTH fake K MOJHOMY HCIe3HOBEHMIO IocaelHero. HpoMeToro, mocKos-
Ky HEKOTODBle YPOBHHM HOHA M 30HBI IPOBOTUMOCTH MeTAJIIa-PacTBOPUTedA o6aaganT
OfMHAKOBOM] BHEPIrHell, BOSMOMH O IepeMemnBatue ypoBHei. Ilpn 9ToM OpocTpaHCTBEH-
Has IOKAaJW3alUsa MOHHHX YPOBHeH yMeHBINAeTCH, Torja KaK paclpefe]eHue sapsd-
Ia Ha YPOBHAX B0HH HPOBONUMOCTH WM3MeHsAeTCA BOIM3E MAarHUTHOTO HMOHA. JTO
B CHOK) OYepeilh DPANMKAJBHO H3MeHsieT BHYTPHHOHEBIE SHEpPIHME, KOTOpPHE OIpe-
AEJASIOT pe3syIbTHPYIOMYI0 COMHOBYIO KOHQHUIYpPaIWIO 3JEKTPOHOB, JIOKAIH30BAN-
HBIX BOJuUsM WoHA. llampumep, mpm yMeHBIMEHHH JNOKAJM33IUKM MOHHEIX YPOBHCH
mMOCTeIeHHO YMEHBIIAeTCA M POoJb BHYTPUHOHHOTO KYJOHOBCKOIO OTTAJKHBAHEA.

Hopoue rosops, samada oKasBIBaeTcd BecbMa caoMkHo#. HekoTopoit scHOCTR
yaanoch [ocTHYL Gmaromapst Mojgenu AHgepcoHa 1), B KoTopo# BCe ypoOBHE MATHHT-
HOT0 MOHA 3aMeHeHL! eUHCTBeHHBIM JIOKANW30BAHHHIM ypoBHeM (momo6HO -TOMY,
Kak B Mosiean Xab60apma paccmMaTpMBAIOTCs MOHE), a B3aUMOIEHCTBHE MEIKAY JIOKA-
JU30BAHHBIMN W 30HHEBIMH YPOBHAMH CBeJeHO K MUHEMYMY. 3ajadl, B KOTOPHIX
BajKHYIO POJb HTPaloT KaK JOKAJM3aIWs DIeKTPOHOB, TAK U MX 30HHHE CBORCTIBa,
O4YeHb CJOMKHIEL;, 00 9TOM TOBOPHUT OTCYTCTBHE TOYHOTO PeMIeHHs Hake s KpaliHe
VOpOIEeHHO Mofesun AHEepcoHa, HecMOTps Ha TO uTo OHA Obla mMpegMeToM APOCT-
HBIX aTaK TEeOPeTHHOB.

MHHUMYM JJERTPOCOIIPOTUBJIEHNA
H TEOPHA ROHJIO

CymecrBoBanue B pas0aBiaeHHHX CIJaBax JOKaIW30BAHHBIX MOMEHTOB, KOTO-
pHle B3aWMONEHCTBYIOT ¢ BJICKTPOHAMY HPOBOJUMOCTH, OKAa3hBaeT 3aMeTHOE BIMA-
HEUe Ha JICKTPOUPOBONHOCTE. MarHATHEE mpUMecH BEICTYHAOT B POJH PacCeMBalo-
MuxX HeHTPOB, W eCMU OHH HPefcTaBiaAlT coG0f 0CHOBHOR THHN mpHMeced iy mAedek-
TOB pPemeTKH, TO Hpum HEASKHMX TeMIepaTypax HMMEHHO OHM OyayT ompefessATh Be-
IUYUHY ddeRTpoconpotHBiaeHdsn ¢). B ra. 16 Mu mokasan®m, 4To Hanuuwe HeMArHUT-
HBHX PacCemBalOMUX [eHTPOB IPHBOAUT K MOSBJIEHMIO WieHA, HE 8aBUCHILEr0 OF
TeMHepaTypsl (TaK Has3HBAEMOTO OCTATOYHOTO CONPOTUBIEHHA), & MOJIHOE COIPO-
THBJIEHNE NpU LOHIKEHHN TeMIepaTyphl MOHOTOHHO YMEHBINAETCSA, HpHOIMIKasich
K 9TOMY HoCcToAHHOMY 3HaweHmo. Opmaro eme ¢ 1930 r. [14] 6nimo m3BecTHO, 4TO
COOPOTUBJIeHNEe MATHUTHHIX CIJIaBOB He YMEHBIIAETCA MOHOTOHHO, 8 mMeeT LpHA
nmakux (~ 10 K) remueparypax e canmrkoM raybokmit MUHAMYM, HOJMOMKEHEE KOTO-
poro crafo 3aBUCHT 0T KOHIEHTpAIMH MATHUTHHEX mpuMmeceid (dur. 32.3).

Toarro B 1963 r. Konpmo [15] (em. tarme [16]) moxkasam, 910 MUEEMYM BO3HH-
KaeT (rarofaps HEKOTOPHIM HEOMUJAHHHEIM O0COOSHHOCTSAM pPacCesHUA BJICKTPOHOB
OPOBOUMOCTH, KOTOpHe OPOABIAIOTCH, KOT/1a PacceMBalOIuil eHTP UMeeT MarHAT-
HBIE MOMEHT. B 9ToM caydae oOMeHHOe B3amMOJefCTBHe MeIy 9IeKTpPOHAMM IPOBO-
OUMOCTH U JOKAJHHEM MOMEHTOM LDPHBOIHT K 8KTaM paccesiHnsi, B KOTOPHX COUH
BIEKTPOHA IepeBopauuBaeTcs (4To KOMUEHCHPYETCS COOTBETCTBYOIMNM M3MEHEHHEM
comHa paccemBaiomero meHTpa). o Toro kak HoHI0 IpoaHaImsMpoOBaa CHUTYAIHIO,
paceMoTpeHne PACCeAHMs TAKOT0 TUIA HPOBOIWIOCH € TOYHOCTBIO 0 HEPBOTO He-
MCYe3AMMWEro WICHA B TeOPHUM BO3MYINEHWA: IPHU 3TOM He OHLIO HallfieHO KadecTBEH-
HOTO OTAWYUA OT PACCeSHNA HA HeMarHUTHEIX HPUMeCAX, ONMCAHHOro HamMu B Ta. 16.

1) Cm. crareio Anpepcona [13], a Taxske oGsop Xwmrepa B Kuure [12].
2) HamoMHMM, 9TO BKJAX B CONPOTHBIIeHuc, oOyciosieHHHIN paccesauem Ha ¢POHOHAX,

YMEHBIDAeTCst MpOomopuuoHainuo T3,
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Temnepamypa, K

@ur. 32.3. MuHHMYM 3JeKTPOCONPOTUBIEHHMSA y PAa3iINIHHEX pasfaBieHHHX CIIaBOB jKejesa
¢ meppo. (M3 crateu [17].)
Ra — ypmensHoe cornpoTmBienne npuw 0° C, IIonosKeHWe MWHAMYMA 3aBACAT OT KOHIIEHTDAIMH 3eseza,

Kompmo, ogHako, o6Hapy:Kuii, 9TO BO BCeX BHICIIMX HOPATKAX TeOpUN BO3MYIEHHA
CoYeHNe MArHUTHOTO PACCEeSAHMA PACXONUTCA, NPHBOAA K GecKOHEWHOMY COIpPOTHB-
JEHUIO.

PacxogumocTs B 0CHOBHOM ompefesifieTcss HaawdneM pesKoll 'DaHUIE pacmpe-
JleNeHAsT JIEKTPOHOB TPOBONUMOCTH B HPOCTPAHCTBE BOJHOBHX BEKTOPOB, YTO UMEET
mecro mpu 7' = 0. Tlocaepyromuii anaaus, npoBegerEnd Korno u npyramu aBropa-
MII, IOKa3aJ, YTO TeIm0oBOe PAa3MEITHE pacHpefieleHAA 2JeKTPOHOB JMKBAAMDYET
PACXOMMOCTD ¥ IPUBOAXT K MOABJIEHHUIO B BHpasKeHANU AN BKJIAAa IOpuMecedl B co-
OpOTHBIEHAE WiIeHa, KOTOPHA pacmem Npu NMOHM;KEeHMM TeMHIepaTyphi. OmEOBpeMeR-
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HEI y9eT 9TOro WwieHa U (OHOHHOIO BKIAfA, YMEHBIIAKINErocH ¢ TeMIepaTypoili,
00BACHEAST CYMECTBOBAHMEe MHHEMYMAa 3JeKTPOCONDPOTHBJIEHHA.

B s70i1 ri1aBe M smmb Gerigo 3aTpoHYJIm TPYAHEE, TOHKHE M 3a9aCTyI0 yBJe-
KaTeJbHEIe IPOOIEMEl, ¢ KOTOPBIMH IPHXONUTCH CTAJKWBATLCA MOYTH NPU KamKgo#
TIOOEITKe Pa3ofpaThcAd B MAarHWUTHEX B3aumopeictBusix. QpHAKO 3TO TOIBKO HMOJ0-
BuHa 3amaun. Jame ecau sadarwa HoAXOZAmMAA TPOCTasg MOJEIb, YIMTHIBAIOINAsN
OCHOBHEIE 4eDPTH MarHHTHOI0 B3auMojeicTBHs [Hampmmep, ramuabToHHAH [efizen-
Gepra (32.20)], meoGxopuMo eme MONTYINTH ¢ IOMOIIBI0 BTOH MOJAelN- GM3MUeCKH
mATepecHyI0 nEpopmarnmio. logobras samava okaswBaeTcs, Boolime roBopsi, He Me-
Hee TPYAHOH, TOHKOM M yBIEKaTeJbHO@, YeM HOCTpOeHWe MCXONHOM Momenu. [Pac-
CcMOTpeHHe DTOrO acHeKTa TeOpHH MarHeTH3Ma IpPOBOAWTCH B ria. 33.

BATTAYN

1. ummempusn 08YraInekmp oHHON OPOUMAALHOI 60AHO60I PYHKYUN

Hoxrasxure, 9To CTalMOHADHBIE COCTOHHIA ypasHemus lIpepmmrepa mias ABYX9JMeKTPOHHOI
CHCTeMBbI ¢ CHMMETPHYHEIM TIOTEHI[MAJOM, T. €. ypaBHeHHsa (32.3) ¢ V (ry, ry) = V (ry, 1;), MOTYT
ORITH BEIODAHEI 00 CHMMETPUIHEIMY, aH00 aHTHCUMMETPRIHbIME. ([l0KasaTelpCTBO BechMa GaH3-
KO K IepBOMY JHOKasaTelbCTBY Teopemsl bioxa B ra. 8.)

2. Jorasameanscmen moeo, 4o 0CHOEHOE COCTROARUE 08YLINCKINP OHH O cucmembt
C He 3ABUCAUUM OM CNUHA 2AMUALMOHUAHOM npedemasadent ¢co6oi
cuHerem

a) CpegHIO0 HHEPTUIO NBYXDJIEKTPOHHOI CHCTeMSHI ¢ raMIIbTOHIAnoM (32.2) B COCTOAHUM 1

MOJKHO 3arnucaTh (Iocle HHTeTPUPOBAHNA 110 9aCTAM WICHA, OTBCUAIOINET0 KHHeTNIeCKOH SHePTHHM)

B BUE

~ %2
B= arydr, [ 5 (100 141 Vab 194V (1, 1) 1912 ] (32.28)

IToraxuTe, 9T0 HauMeHDLIIee 3HAUYeHUE, KOTopoe dHeprusa (32.28) uMeeT HA MHOJKECTBE BceX HOD-
MUDPOBAHHHX AHTUCHMMETPHYIHBIX NudpdeperuupyemMux OyExmui P, obpamaomnxca Ha GecKo-
HEYHOCTH B HYJIb, PaBHO 3HEPTHU TPHILIETHOTO OCHOBHOTO COCTOSHUA Ey, a ecI¥ NCHONb3YIOTCA
cuMMeTpuYHbe QYHKIMY, TO HauMeHbIIee 3HAYEHNE COBIAJAeT ¢ sHeprueil CHHITIETHOTO OCHOB-
HOTO cocTosHnA .

6) Hcmonb3ys pe3ydbTaT M. «a» M TO OOCTOSITENBCTBO, 9T0 BONHOBAs (PYHKIA TPWMILJIET-
HOTO OCHOBHOT'O COCTOSHHA P; MOKeT OKITH BHOpaHa fAelicTBHTeNLHOIT, Korga moremuuax V pei-
CTBUTeJEH, W YT0 | ; | — cUMmeTpmuHas QymKums, moKakute cooTHollerne E, < Ey.

3. Cummempusn 00NOINERMPOHHBIL OPOUMANDHBIL 60AHOEHLL HYHKUUTL
6 cayuae MoaeKYavt 6000poda

JoraykuTe (UCTOIL3YA MPAKTHUECKU TaKOUl e MeTOj, Kak 1 B 3afaue 1), 910 ecan omaO-
HJCKTPOEHBII [TOTEHLIAN He MEHHAeTICH IPU 3ePHKAJLHOM OTPRKEHHM B HEKOTOPOH HNOCKOCTH, TO
CTaLMOHAPIEE OJHOYIEKTPOHHEE BOJHOBHE (yHKHEM MOTYT OBITH BHIODAHBl TAK, 9700l OHH Ju60
0CTABaNMCh HEN3MEHHEIMH, Ju(o MEHAJH 3HAK IPH OTPasKeHNU B OTOI miIockoctit. (910 moprsep-
saer, 910 popmyna (32.11) naer B caydae ABYXNPOTOHHOTO MOTCHNNAJA NPaBUJIbHHE JIHCIIHEE
KOMOMHAUMY ATOMHBIX OpOuTaiei.]

4, Pacwenaenue mMeincoly CUnL L emoMm u mpunaemom 6 npubaunricenun I'attmaepa —
Jdondona

MoxyanTe raiiriep-i0HNOHOBCKYI0 oOHeHKY (32.16) pasa pasHocTH SHEPrHil CHHIJIETHOTO
U TPUILJIETHOTO OCHOBHOTO COCTOHHHUA MOJEKYJIH Bojiopoaa. UToGel II0Ka3aTh, 9YTO BHPasKeHUe
(32.15) cBogurcs ® (32.16) nus HOPOTOHOB, HAXOXAIMUXCA HAa GOJNBIINX PACCTOSHHAX, BAKHO
VOACTh CIERYIOINe O0OCTOATeNhCTRA.

a) OnHO?JIeKTPOHHEIE BOJHOBHE QYHKIUM ¢; ¥ ¢y, U3 KOTOPHIX IIOCTPOCHHEl COCTOSHUA
(32.13) m (32.14), apnAOTCA TOYHHEIMH O[JHODIEKTPOHHEIMH ,BOJHOBHIMH (PYHKIUAMI OCHOBHOTO
COCTOSIHMA ATOMOB BOJOPONA, DACIOJOKeHHHX COOTBETCTBEHHO B Toukax R; u R,.

6) Kpurepuit Toro, 910 IpPOTOHH PACHOJOMKEHEL JOCTATOYHO AAJNEKO NAPYT OT APYIa, 3aKiio-
gaeTcs B OGOJBINOI BeJIUYMHE OTHONIEHMA PACCTOAHHSA MeKTY NPOTOHAMH K HPOCTPAaHCTBEHHON
UPOTSPKEHHOCTH OJHO3JIEKTPOHHOH BOJHOBON (YHKLIHH aroMa BOAOPOJA.

B) daeKTpocTatuiecKoe Toae BHE CHepUYeCKU-CUMMETPUTHOTO pAaCHpeJeJeHNs 3apana
B TOYHOCTM PaBHO TOMY IIOJI0, KOTOpOe €O37aBay Ol 3TOT 3apAJ, €CJM ero CKOHI@HTPUPOBATH
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B OJHY TOUKY ¥ IIOMECTHTL B LEHTP cOepil. Y7o6HO TaKKe BKIIYWTL B FAMWILTOHHAH HHEPTHIO
B3aNMOJIEHCTBUA [BYX HpPOTOHOB, e?/| Ry — R, | (0CTal0myIoCcs HEH3MEHHOIH).

5. Modeav Xab6apda 0ast MoserYavt 6000poda

B mopenn Xa66appa aToM, Haxonsamuiica B Touxke R, 3aMeHAETCHA eQUHCTBEHHEIM JJIEKTPOH-
ghM ypoBHeM | R). Ecam ypoBeHb mycT (Ha aTome HET BJIEKTPOHA), TO DHEPTHA PABHA HYIIO;
ecJill Ha yPOBHE HAXOJUTCH ONUH 3JIEKTPOH (C NPOM3BOJLHEIM HALPABJICHWEM CIIMHA), TO DHEPIMA
paBHa €, I, HAKOHeI[, ecay Ha YPOBHE MMEIOTCH /(B DJIEKTPOHA (00A3aTeJbHO ¢ IPOTHUBOIIOJIOFKHO
HaIPaBJICHHEIMH CIMHAMIH), TO 9HePruaA paBHA 2€ - U; noGaBouHas HOJMOKHTeNbHad pHEPTUua U
ONUCHIBACT BHYTPHATOMHOE KYJIOHOBCKOE OTTAJKMBAHHE [BYX JIOKAJM30BAHHEIX 3JIEKTPOHOB.
(B cnny mpumnnuna Ilayau Ha OfHOM YDOBHE He MOKET HAXOAUTHCA Gojee NBYX DJIEKTPOROB.)

B mopmenu XaGOapma IByXaTOMHAA MOJIEKYJa BaMeHsAETCA JABYyMA Takumu yposHAMH | R)
it | R'), COOTBETCTBYIOMUMM DIGKTPOHAM, JOKaAN30BaHALM BOU3K Todek R n R’. [{a1a npocroTs
OYACM CIUTATh HTU J(BA YPOBHS OPTOrOHAJIHHEIMU:

(R|R)=0. (32.29)

Bradane paccMOTpuM 3aJady O [JBYX «IPOTOHAX» I ogHOM 3jxekrpone (uoE HF). Ecau Om
OIHOBJIERTPOHHKI raMuabToEMAH b Obin a4 arosasnesx mo | R) u | R’), To craiMoHapHEEE YPOBEM
OLMCHBAJH OBl aTOM BOXOPOJA M IUIPOTOH. OJHAKO MBl 3HAEM, 9TO €CIM IPOTOHE HAXONATCA
HE CJUIIKOM JajieKo Apyr OT Apyra, TO CYMECTBYeT HEKOTopas BEPOATHOCTh TYHHENHPOBAHUNA
DIEKTPOHA ¢ OJHOTIO IIPOTOHA HA APYTOH, B peayiapTate 4ero 00Pa3yercsa MOHU3OBAHHAA MOJICKYJIA
Boziopoma. MEL onumicM BepOSTHOCTh TYHHEJINPOBAHMSA ¢ TOMOMbIO HeAHATOHAJIHHOTIO TICHA B O{HO-
3JCKTPOHHOM TaMUIbTOHHAHE

(RIEIRY=(R'[h|R)= —1; (72.30)

daszer y | R) u | R') momxmo BHGpaTh Tak, 97006l 9UCIO0 ¢ GELIIO JEHCTBHTEJBHHM M HOJOMHTETb-
BEIM. C momompIo (32.30) m AMaroHaNLHBX YJCHOB

(RIE]R)y=(R"|2| R) =% (32.31)

OMHOBJIEKTPOHHAA 347393 OIpefesferca IOJHOCTHIO.
a) IMoxamuTe, 9TO OTHOSJIEKTPOHHE® CTAI[HOHADHEIE YPOBEU KHMEIOT BU/[

1
—=(IRYF | RY), 32.32
V3 (I1RYF R ( )
a COOTBETCTBYIOIIME COGCTBEHHLI® B3HAYEHUA pPaBHEL

€ + 1. (32.33)

B xauecTBe IepBOHAYaJbHOTO HOJXOa K JBYXDJEKTPOHHOH 3ajade (MOJEKYJa BOZOPOJA)
OUIIeM CHUHTIETHOE (IPOCTPAHCTBEHHO-CHMMETPHYHOE) OCHOBHO® COCTOSIHME B paMKaX Opu6au-
JKEHUA He3aBUCHUMBIX 9JIEKTPOHOB, IIOMECTHB 002 3J6KTPOHA Ha OTHOBJIOKTPOHHHY yPOBeHH C MUHH-
MAJBHOI DHEPTHEeH, M MOAYIMM IIOJHYI0 DHEpruo, paBaywl 2 (§ — t). Ilpm »TOoM coBepIICHHO
He YYUTHIBAETCA DHEPTUA [/, 0TBeUaomas B3aMMOEHCTBHIO ABYX 2MEKTPOHOB, CBA3AHHKX ¢ OHUM
npororom. CaMeiii Tpy6sii cmocof iicnpaBiaeHus OuneHKM 2 (8 — ¢) Bai0YaeTCs B TOM, UTOOH
n0GaBNTL K 9TO{I BeauunpEe JHEPTHIO [J, YMHOKEHHYH Ha BEePOSATHOCTh, HAUTH JIBA DJIEKTPOHA,
CBAIBAHHEIX C OFHIM TPOTOHOM, B CJYd9ae KOTHd MOJEKyna HAaXOQHTCHA B OCHOBHOM COCTOSIIINH,
OTReUalomeM TPUOIMHCHAI0 HEe3aBHCUMBIX DJIEKTDOHOB.

6) Ioxakute, 970 T4 BePOATHOCTL PaBHa 1/,, MODTOMY HMCIPABIGHHAS OLCHKA IJIA JHEPTUM
OCHOBHOTO COCTOSIHIIA B TPiOJIIFKEHNTT He3aBUCHMEIX DJIEKTPOHOB (ie) TaKoBa:

Eie=2(‘(5—t)+% U. (32.34)

9TO OTBCYAET IPOCTO PE3YALTATYy MPUMEHeHUs HpubiamKenna Xaprpu (npubmmKeHus caMOCOTIa-~
COBAHHOTO MMoJsa) K Mopean Xabbapma. Cm. ra. 11 u 17.
IMeeTcst caemyiomyii oaHbi #Hab0op CUHTAETHHRX (IIPOCTPAHCTBEHHO-CUMMETPHIHEIX) COCTOMA-
Huil 1A [BYXSAEKTPOHHOI jamadu:
1 , ,
’
%3 (1 RYIR)+ [ R’) | R)),

®;=|R) | R), @,=|R’)[R),

rage B cocroxEmu | R) | R’) saexrpor 1 Haxogurcs ma mome R, a DaeKTpoH 2 — Ha uoHe R',
T .

Bo= (32.35)
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B) Ilokaskure, 910 NpUOAMKEHHYI0 BOJNHOBYIO (JYHKIUIO OCHOBHOTO COCTOSHWA, COOTBET-
CTBYIOMYI0 IPUOIIKEeHNI0 He3aBUCHMHEIX 3JIEKTPOHOB, MOKHO ClenylomuMm o0pa3oM samEcaTh
¢ TOMombIo coctomuuii (32.35):

1 1
Die=—75 Bo + - (1P, (32.36)
NIanII‘IHHe JJIeMEHTH 7041020 ABYXJJIEKTPOHHOTO raMUJIbTOHUAHA

He=hyt-hy Vi, (32.37)

B HPOCTPAHCTBE CUHTJCTHHX cocTommuli pasEM H;; = (®;, HDy), rne

Hyy Hyy Hpy 28 —V2t —y 2t
Hy Hy Hy|=| —V2t 26+U 0 . (32.38)
Hy,y, Hy, Hy —~V2t 0 261U

OTMeTHM, YTO AHATOHAJILHEE MATPWIHKE JIeMEHTH 110 coctogHuAM O i1 D, KOTOPHE COO0T-
BETCTBYIOT IBYM 3JIEKTPOHAM HA OIHOM IIPOTOHE, BKJIIOYAIOT TaKiKe U KYJIOHOBCKOE OTTAJKHBa-
mre U. KyaoHOBCKOE OTTAalKMBaHUE OTCYTCTBYET B MATOHAILEOM MATPMIHOM DIEMEHTe IO COCTOA-
gnio Oy, TOCKOABKY DJIeKTPOHH B BTOM COCTOSHMN HAXONATCA HA pasywdHsXx mportoHax. Iloasme-
gne [/ ¢BSA3aHO TOJBKO ¢ WIEHOM Vi, B TaMUJbTOHWAHE, KOTOPHI ONWCHBAST 3JEKTPOH-3ICKTPOH-
HOe B3amMopeiicTBue. OTMETHM TAaKJKe, 4TO OHHODIEKIPOHHHN MATPWYRHI 3JeMEHT TYHHEILHOIO
nepexoyia ¢ CBABHBAET TOJBKO COCTOSHUA, KOTOPHE OMIMYAIOTCH HEPEHOCOM OIHOTO 3IEKTPOHA
¢ IPOTOHA HA NIPOTOH (JJIA TOro 4TOOH MMEJHCH HEDABHHE HYJII MAaTPUYHEE HJIEMeHTH Ilepexoja
MKy COCTOSSHUAMII, OTJUYAI0IIMUCH USMEHEHNCM [ONOKeHNA JBYX 3JIEKTPOHOB, IIOTPeGoBaIoch
OBl BBECTU [OIOJHHUTEALHOE ABYXYACTUIHOE B3auMoOjeicTBwe). ¥OemuTech B ToM, 4To B (32.38)

MHOKUTeNh DU ¢ felicTBHTEeNLEO UMeeT 3HAYCHWE, PABHOE —1/2.
B npuGmmxennn Tafitinepa — JIOEf0HA CHHIVIETHOE® OCHOBHOE COCTOSiHMe — 3To mpoctojdy,
i, CJe10BaTeJIbHO, rafTieP-JOHOEOBCKAA ONEHKA [JsA JHEPTUN OCHOBHOTO COCTOSHMSA COBIAJIaeT
c H, T. €
00 .

Eyr=2%. (32.39)

r) IJoraskuTe, 4T0 TOYHOE BRIDAKEHUE [Jd SHEPTMH OCHOBHOI'O COCTOSHHA TaMHIBLTOHIAHA
(32.38) 1nmeeT Bup

1 1
E:27§—|—7U—l/4t2—}—-4— U, (32.40)

Iocrpoiite rpadur dToif PHEPrAM, a TaKKe HHEPTMH OCHOBHHX COCTOSHMNI, OTBEYAIOMMX NMpHGIA-
sKEHNIO He3aBMCHMEIX dJeKTpomnos (32.34) u npubamuenuw lalitnepa — JloHAOHA, B 3aBUCIIMOCTH
oT U (upu pukcupoBagEHX & ¥ #). PaccMOTpUTe MOBejeANe STHX KPUBHX HpH GONBIIMX M MaJBIX
U/t m obpacEuTe, ModemMy OHO (u3MIecku pasymuo. CpasHNTe dTH TpH dHepruu npm U = 2
II TIOfCHITE Pe3yJbTar.

1) Ioxaxkure, 970 ToUHad BOAHOBAaA PYHKIMA OCHOBHOTO COCTOAHNA rammintornana (32.38)
myeeT BHI (¢ TOYHOCTBIO JI0 HOPMMDOBOYHOII KOHCTAHTHI)

@:-1—/1—_5 (Do—}—( |/1+(%)2—7%) %(CDI—}—(DZ). (32.41)

Yemy paBHA B 9TOM COCTOSHHYM BePOATHOCTL HANTH JIBA BJIEKTPOHA Ha ojHOM Mome? M3oGpasure
TOTY49eHHHIT pe3yJIbTaT B 3aBECHMOCTE OT [/ (IpM QUKCHpPOBAaEHHHX € M {) U IOACENTE IOBeNeHNe
OJyuenHoll KpuBO# mpm Maamx u Gompwmx U/ft.
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MATHUTHOE YHOPATOYEHUNE

THUIIBI MATHUTHBIX CTPYKTYP
HABJIOAEHUE MATHUTHON CTPYKTYPEI
TEPMOIUHAMUYECKHE CBOIICTBA BBJIU3H
TOYKU BO3HUKHOBEHHUA MATHHTHOIO HOPAIKA
OCHOBHOE COCTOAHHUE TEN3EHBEPTOBCKUX OEPPO-

1 AHTHOEPPOMATHETHUKOB
HU3KOTEMIEPATYPHBEIE CBONICTBA. CIIMHOBLIE BOJIHEI
BBICOKOTEMIIEPATYPHBIE CBOMCTBA. NIOMMPABKH K 3AKOHY KIOPU
PACCMOTPEHHME NOBEJEHNA CHUCTEMBI BBJIU3U KPUTNUYECKON TOYKU
TEOPUA MOJEKVIAPHOI'O MOJA
ABJEHNUSA, OBYCJIOBJIEHHBIE JUIIOJBbHBIM
B3AMMOOENCTBUEM: NOMEHEI, PABMATHUYHUBAIOMUE ®AKTOPEI

B nByx mpegHAymmx riaBaX MH PacCMATPHBAJW IMaBHEKRM 00pasoM OpHAYHAHY
MOABJACHAA MAarHWTHHEIX MOMEHTOB B TBep[HX TeJax, a TaKKe BOIPOC O TOM, Kak
KYJI0HOBCKOE B3amMOJelCcTBHe MesKAY aiaektpoHEamm n unpuweEnun [layam moryr mpm-
BecTH K 5PPeKTHBHOMY B3aMMOJeHCTBHIO MATCHATHHX MOMEHTOB. B 9TOH riaBe MH
OylmeM WCXOJWTH M3 TOr0, 94TO TaKWe B3aMMOJAEHCTBYIOIHE MOMEHTH CYIIECTBYIOT,
u He OymeM yrayGasaTecA B Teopuio, o0BACHAKMYI0 NX HPOUCXOKAeHMe. Mu onm-
meM TUOE MATHUTHHX CTPYKTYD, 00Pa30BaHHHX 9TUMH MOMEHTAMH, U PacCMOTPHAM
HOKOTOpHE XapaKTepHHE B8afadd, C KOTOPHMH IPUXOJUTCA CTAIKUBATLCA IPH
MONKTKaX 00hACHATH HOBEIeHNE TAKAX CTPYKTYP. JTH 331291 BOBHIHKAIOT Jake B TOM
ciaydae, KOrga B KadeCTBe OCHOBBL PacCMOTpeHHsA (epeTcs He MUKpPOCKONOICCKAR
raMmJIbTOHHAH, a «mpocTtasy (eHOMeHOIOTHMYECKas MOJeJb B3amMOReHcTBYOIMHX
MOMEHTOB.

[Ipn onmcammm HaOmIOJaeMEX CBOMCTB MAaTHATHEIX CTPYKTYp MH He Oymem
onmpaibcs Ha KaKyo0-I1u00 KOHKDPETHYH MOJedh MATHATHOTO B3aMMOMNEHCTBHA.
OpHAKO TeopeTHuecKuil aHaau3 6yAeT OCHOBHIBATHCA [NIABHEIM 00pasoM Ha CIHHO-
BoM rammabsToHHame [eizentepra (32.20). OxrasmiBaercs, 4To, AaKe MCXONA U3 MO-
nemn ['eiizenfepra, TpesBHYAHHO TPYAHO HAHTH TOBefleHHe MATHUTHHX CBOHMCTB
TBepOro TeJa MpU H3MeHeHHN TeMIepaTypH U BHemEero moxs.[lo cux mop He moxy-
49eHO 0o0INero pemeHHMA JaKe [Iif 9TOM YHpPOMEeHHOR MOMEJLHON 3agadu, XOTA u3y-
YeHHEe pPANA BAKHBIX YacTHHX C€JyJaeB OaJ0 MHOTO KOHKPeTHEIX CBeleHHH.

My ofcyguM ciaeRyioliiie OCHOBHEE BOLIPOCHI.

1. Ha6monaeMsle THON MarHUTHOTO YIOPATOUYECHHA.

2. Teopus HamGomee HUSKOJNEKAIHAX COCTOAHNEA MarHHTOYHOPANOYeHHHX CH-
CTeM. _

3. Teopus BEHCOKOTeMHEPATYPHHX MATHUTHLIX CBOHMCTB.
4. O6macty BOME3M KpUInIecKoil TeMImepaTypHl, I'le MCIe3a6T MATHATHOE YIO-

pAfovYeHNe.
5. BecpMa rpy6as (enOMeHOIOTrmYecKas TeOpPHA MAarHUTHOTO YHOPAXOYeHAA

(Teopma MomeKynApHOro IOJA).
6. HexoTopeie BasKAHe CJefCTBES MarHMTHOrO AWMOJBHOTO B3aMMOAeHCTBHA

B TBepAHX Tesax ¢ QeppOMATHATHHIM YHOPATOYCHUEM.
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TAIIbBI MATHUTHBIX CTPYKRTYP

Mu GymeM moab30BaTBCSA HPEICTAaBIeHNEM O TBEPAHX TexaX, B KOTOPHX Mar-
HATHHE HOHH JOKANM30BAHH B y3maX pemeTkW. HmsKe MBI mOKasKeM, KaK Takoe
paccMoTpeHEne MomeT OHTH 0600MmeH0 Ha ciay4ail MarHeTH3Ma AeJOKAaaU30BaHHHX
BNEKTPOHOB.

Ecam 68 He cymecTBOBajo MArHUTHOTO B3aMMOMEACTBUS, TO OTAeJBLHBIe Mar-
HATHHE MOMEHTH B OTCYTCTBHE HOJA OHLIM OH pasymopAgodeHKl IpH J000i TemIe-
paType B ycpegHeHHOe IO BCeM HAUpaBJeHHsAM 3HAYeHUWe MATHETHOIO MOMEHTA PaB-
HANOCh 6H mymo !). OmHako B HeKOTOPHX TBEPAHX TejaX HpHE TeMIOPATypax

a ]

®ur, 33.1. Herotopwie npocthie aHTUQEPPOMATHUTLLC CTPYKTYDH.

& — anTEQepPOMATHATHOE YIOpANOUeHNe B 06beMHONEHTPHPOBAHHOM KyOnueckoil pemeTke. OIMHAKOBO Hapak-
JNeHPEle COMEH 00pasyioT JBe BJOMeHRBIE NPYr B APYra NPOCTHE KYONYeCKWe pemeTKd.

6 — ammbepﬁpomarnmnoe ynopAmodeHMe B OpocToil KyOmueckoll pemerke. ONMHAKOBO HAaDpPaBNeHHHE COMHB
o0pasyoT nBe BIOMKEHEWE JApPYI B OPYra IpaHeneHTPHpOBaHHbe KYOMIeCKHE pelleTHH,

HEKe KpuTudecKoir 7', cpejiHee 3HaYeHNe MarHUTHOTO MOMEHTA OTHeIbHOr0 MOHA He
obdpamaercss B Hyab. Takme TBepAble TeJa Ha3EBAIOTCA MASHUMOYNOPAGOLEHHBMU .
Jlokanu3oBanHble MAariNTHHE MOMEHTH B MAarHUTOYNOPAMO2€HHOM TBepIoM Te-
Jle MOT'YT W3MEHATh WJM He M3MEHATH HAMATHHYEHHOCTH TBEpAoro Tejla B IeJOoM.
Ecan oHE ee naMeHAIOT, T0 MAaTHEUTHOE YHOPAA0UIeHHe, CYMECTBYOMee Ha MUKPOCKO-
OAYeCKOM ypoBHe, IposABiasgeTcd (maske B OTCYTCTBHE BHENIHETO MOJA) B BHAE MAKpPO-
CKOIMYecKo# 00heMEOR HaMarHWYeHHOCTH, HABHBAEMOR CROHMAHHOU HAMAZHUMEH-
Hocmoio. Takoe YHOpAROUYEHHOE COCTOSIHWE HASRIBASTCS (HeppoMaeHUMHELM.

Yame Berpedaercsi CUTYalls, KOrAa CyMMa OTAEABHBIX JOKAJBHHX MOMEHTOB
PaBHA HYI0, T. €. CHOHTAHEAS HaMarHMYeHHOCTH OTCYTCTBYeT, M YHOPsARoUeHHE,
CymecTByOMee Ha MUKPOCKOMAYECKOM YpOBHe, He HPHMBOAMT K MaKpOCKoNMuYecKok
HaMarHEn4eHHOCTH. Takme MarENTOyHOPANOYeHHHE COCTOAHMS HA3HBAIOTCA aHMU-
deppomazHumnublmu.

B mpocreitimux geppomarueTukax Bce JOKAJbHBIE MOMEHTH UMEIOT ONWHAKOBYIO
BeJMYHHY H OHO ¥ TO 3Ke cpefHee HampasaeHme. [Ipocreiimee anTudeppomMaranTHO®
COCTOfAHNe BOBHMKAET, KOTHa JOKaJbHbe MOMEHTH 00pasyioT iBe BIOMKEHHEE ApPYr
B Apyra nodpewemru ¢ OMUHAKOBOM CTPYKRTYpo# 2). B KasKmo#l u3 MOApemeToR Bejn-
9MEa H cpeflHee HampaBleHEe MATHUTHEIX MOMEHTOB OAMHAKOBHL, HO CYyMMapHHE MO-
MeHTH ABYX HOAPENIeTOK MMEIOT IPOTUBOIOJIOKHKE HaOpaBlIeHMA, TAK ITO MOTHHIR
MOMEHT OKashBaeTcs paBHHM Hymio (dmr. 33.1).

Tepmur «peppoMarmeTuk» ymoTpeGasercda Tax:xe B 6oidee y3KOM CMHICIe, KoOI-
fa Haj0 IPOBECTH pasjdiue MeKNY pasHoOOpasHHME (eppOMArHMTHHEIMH COCTOM®

1) 910 Ormo mokasamo B ti. 31. U3 Bupaykerus (31.44) cnexyeT, 4ro npn Mook TeMneparype
M =0, ecau H= 0.

2) HampeMep, HPOCTYI0 KyOHYECKYI0 DEIIeTHY MOMKHO PaccMaTpMBATh KaK JBE BJOHEHHHO
APYT B Apyra TPaHeleAETPUPOBAHHEE KyOndecKue pemeTky; 00 ELeMHOIEHTPUPOBARAYI0 KyGHIECKYIO
pelreTKy MOHO pasbuTh Ha jBe mpocThHe KyOwdeckme peileTkH. OHEAKO I'pPaHeIeHTPEPOBAHHYIO
KyOH4ecKyI0 peIleTKy Heab3s HpeJcTaBUThL B TAKOM BHE.
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HISIMH, KOTOpHle MOI'YT CyNIeCTBOBATH, €CJAN Ha BIeMeHTAPHYIO AYefKy MPUXOTUTCH
HeCKONLKO (He 006A3aTejbHO OJUHAKOBEIX) MarHMTHHIX HMOHOB. B momo6HOM KOH-
TeKcTe TepMHAH «PeppoMarHeTHKY 9acTO 0003HAYaeT Te MATHATHEE CTPYKTIYpH, B KO-
TOpPHX éCe NOKATBLHEIE MOMEHTH MMEIOT IOJIORATeIbHYI TPOeKNNI0 Ha HampaBIeHHE
CHOHTAHHOM HaMarEWdeHHoCTH. TBepphe Tela, MMeMUe CHOHTAHHYIO HaMarHHYeH-
HOCTB, HO He YAOBIETROPAIOMTe 3TOMY
1 T T I T T T T T T 1 t t KPHUTEPHIO, Ha3LBaTICA ¢feppumazrhemu-
kamu '). B mpocrom ¢eppumarHeTmKe 06-
t t 1 t t T r MeHHOe B3auMojeiicTBHe MeRAy OJammmai-
} 4 t t t { MEME COCeTAMH MOSKeT CIOcOBCTBOBATH
AHTHIAPAJIeIbHOMY BHCTPANBAHHIO CIH-
SN NSNS HOB, HO, IOCKOJLKY COCeTHMNE MarHUTHHE
WOHK He OMMHAKOBHI, NX MOMEHTH He KOM-
meHCUPYIOT APYT OPyra, W B pPes3yabTaTe
TBEpHOe TeJ0 KaK IeJoe mMeeT OTIMIHBIA
0T HYJS MOMEHT.
T 1 I l T 1 T l T J T l Hexoroprie us MHOKECTBA THIIOB Mar-
HUTHOT'O YHIOPSAMOICHHUSA CXeMaTUIHO Ope]-
e S craBimeRsl Ha ¢ur. 33.2. Muorme MarHuT-
PetaN T /‘2-—\\\_}_1/»‘—’\ r /~> HHE CTPYKTYPH CTONb CIOMHBI, 9TO HX
Jydille ONACHBATH HEMOCPEACTBEHHO, UeM
] HOfIBOANTD MO OfHY W3 TpeX yKasaHHHX
BHINIe KaTeropui.
AmanoruuHas KIaccHPAKAUA MOMKET
T ' f ; t ; [ ; T ' T ; 7 OHTP HpoBefeHA W Oasg MArHATOYIOpH-
OOUeHHBIX MeTaJLjI0B, HeCMOTps Ha 7o,
9TO KOHMNEONHs JOKAJIH30BAHHOILO Mar-
1 t l 4 T t 1 t I ¢ 1 $ I HATHOTO MOHAa, HO-BHAWMOMY, K HHUM He-
npHUMeHNMA. [|nA omncaHu s yIOPAMOIOHN A
8 BRBOAMTCS COHHOBAs INIOTHOCTH §, (r) ==
@ur. 33.2. JIuneiipHe ENOYKH COIUHOB B ¢Iy- = 1/2 [n¢ (r) —ny (I‘)], KoTopasa ompene-
9ae $eppOMArHUTHOIO (a), AETU(EPPOMATHUT-  JAETCH B KaiKI0M TOUKe I BIOJIb HEKOTOPO-
HOTO (6) W (eppPEMATENMTHOTO (6) YHOPANO- ~
—— ro ODpOM3BOABHOTO HampaBieHus z. Yepes
ny (r) 1 n, (r) 0003EadeHL! BRIANE K-
TPOHOB, HAXOOAMUXCH B COOTBETCTBYIO-
MuX COMHOBHX COCTOSHHUAX, B HOJHYH 3JIeKTPpOHHYI0 IJIOTHOCTH, IPH 9TOM HMe-
I0TCA B BHAY UPOCKIHUY COWHA HA OCh Z. B MarHEMToynopAmo9eHEOM MeTAJIe JOKAIb-
HaA COMHOBAsA INIOTHOCTH He o0pamaeTcs B8 Hydb. B (eppOMarEATHOM MeTaiIe He

ofpamaercd B Hyab; (Zpd HeKOTOPOM HAHpaBIeHMN 2Z) TaKKe W MHETErpak
drs, (r), B To BpeMs KaK B aHTH(QeppOMAaTHATHOM MeTaije OH pPaBeH HYJKO IpH

ao6oM BEIOOpe 7, XOTA caMa CIEHOBAas ILIOTHOCTH §, (r) MMeeT HeHyJAeBoe 3HAYCHME .

B Mertaamax TamiKe MOryT HaOmIOMAThCA CJIOKHBEE MAarHHTHHE CTPYKTYpH.
Hanpumep, XpoM mpeficTaBiseT coboil aHTH(eppOMArHeTHK, XapaKTepu3yomlui-
CA MepPUOTUICCKHAM pacIpeeieEueM COMHOBOW INIOTHOCTH, MpHYeM Hepuof He CBA-
38H OpU HOPMAJBHEHX YCAOBHAX C HepHOJOM PEHIeTKM, a OmpefeldeTcA FeoMeTpmeil
noBepxHOcTH Depmu.

Hexotopre TpuMeph MATHUTOYHOPANOYEHHBIX TBEPHARX Ted IpPUBENEHE
B tabm. 33.1—33.3.

1) JTOT TepMuE HPONMCXOAMT OT cioBa «peppurr. O630p COOTBETCTBYIOMMX BOIPOCOB CM.
B paGore [1].



Tabauya 33.1

Kputnyecexas remneparypa T,
M HAMarHHYEHHOCTh HachIeHnsi M, HeKOTOPbIX (eppoMarHe THKOB

Belllec1B0 T, I My, Tc @)
Fe 1043 1752
Co 1388 1446
Ni 627 510
Gd 203 1980
Dy 85 3000
CrBr, 37 270
Au,MnAl 200 323
Cu,MnAl 630 726
Cu,Mnln 500 613
EuO 77 1910
EuS 16,5 1184
MnAs 318 870
MnBi 670 675
GdCl, 2,2 954

&) ITps T =10 K.
JaHupe B3ATH U3 pabor Hepdepa [2] m Xenacpa [3].

Ta6.1uya 33.2
KRpurnueckasa temuepatypa T'. HeKOTOPBIX aHTH(heppoMarHeTHHOB )

BeliecTBO T.. R BeniecTBo T.. R
MnO 122 KCoF; 125
FeO 198 MnT, 67,34
CoO 2N Fel, 78,4
NiO 6010 CoF, 37,7
RanF3 54,5 MnCl, 2
KFelF, 115 Vs 1040
KMnl, 88,3 Cr 311

3) Nammne B3aATH U3 paborn Hedpepa [2].

Tabauya 33.3

Rputuyeckasa temmneparypa 7',
E HaMATHHYeHHOCTH HacpileHns M, HeKOTOPBIX (heppuMarHeTHKOB

BeweceTso T.. K Mg, Te a)
Fe;O, (marmetnr) 858 510
CoFe,0, 793 475
NiFe,0, 858 300
CuFe,0, 728 160
MnFe,0, 573 560
Y Fe;04, (IHHT) 560 195

A mpr T=0 K.
Ilannsle B3ATsH U3 paborel Keddepa [2].
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HABJIOJAEHUE MATI'HUTHBIX CTPYRTYP

MarunTHOe yHOpSAMOYeHHMEe B TBEPHOM Tesae, MMeEIOMeEM CHOHTAaHHYI0 HaMarHu-
9¢HHOCTH, 0CHApyuBaerca Gaaronaps HANAUUM0 MAKPOCKOOUMIECKOTO MATHHTHOIO
moas ). OpgHako B aHTH(EPPOMArHMTHBIX TBePABIX TeJaX MAarHUTHOe YyIopAgoYe-
Hfe He OPUBOANT K BO3HUKHOBEHMIO MAaKPOCKONNIECKOro MOJA, TaK 9T0 B 3TOM €Iy~
9ae caefyeT LpHEMeHATH OGomee TORKHe CHOCOOH. ITpeKpacHHIM MeTOOM BEHIABIEHUS

MnV,0,
T = 45K
{220}
(111)
§ / (200)
S ML VY . (220)
E [ ~—-7 .
)§ L § ry
x S
S g
= g N T SR N S B
S E
§ R (1r1)
g g
S [
=X
X g
]
= o
i s
R N VO AR O T O O T A I O ! | | | b |
5° 20° 0 20 30 40 S50 60 710
T, K
o g

@ur. 33.3. PesyabTtaThl OKCHEPUMENTOR [0 PACCCAHHIO HEWTPOHOB B aHTAgeppoMaruernre. (Ma
padoru |5].)

a — GPSITOBCHUME TIMKM TPH paccesHVM HeliTpOHOB B BaHajuTe Mapranna MnV,0,, apiamolieMca aHTudeppo-

mardetukoM ¢ T¢ = 56 K. Ilpm T < T¢ HATEHCUBHOCTH NMKOB YMEHbIIACTCA C NOBRMEHAEM TeMIEepaTYPHI.
6 — TeMIepaTypHas B3aBUCHMOCTb WHTEHCHBHOCTH HUKeB (220) u (111). Bhme T MHTEHCHBHOCTb _OHEHL cNalo
BABMCUT OT TEMIEDATYDHL .

JOKANBbHKIX MOMEHTOB ABIsieTCsA paccesHUe MeIJeHHHX HeliTpoHOB, MNOCKOJBRY
He#TpoH ofiamaeT MAarHUTHEIM MOMEHTOM, B3aUMOgeHCTBYIOMUM CO CIMHOM BJIEKT-
pPOHA TBepHOTO Teja. JTO HPUBOAMT K IMOABJEHMIO HONOJHMTEJbHEIX NUKOB B Ccede-
HUE yOpyroro paccessHUA HEATPOHOB, MIOMUMO TeX OUKOB, KOTOPHIe 0TBeYanT Gpar-
TOBCKOMY OTDPRKEHMI0 TIPH paccesHWN HEHTPOHOB aTOMHBEIMK SAAPaMM B HEMATHUT-
noMm cayuae (crp. 100). MarunTuple ODMKXA MOKHO OTIMYMTH 0T HeMATHHTHHIX, IO-
CKONBKY OHU YyMeHBHIAIOTCA M M[POUAJAIOT, KOrja. TeMIepaTypa, HOBHIIIAACE,
IPOXOAUT Yepes3 KPUTHIeCKOe 3HaUeHWe, NpH KOTOpOM HMCYe3aeT MaTHUTHHIA HOpS-

) Cnexyer mMeTh B BHAY, 4TO JOMEHH3f CIPYKTYypa 9acro MacKMpyeT CYMECTBOBAHUE
MarguTEOTO moxA. Cm. ctp. 333—336.
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Qur. 33.4. PesyiapraThl HCCTEOBAHUS AHTH(QEPPOMATHCTIKA METONOM $jlePHOTO MArHUTHOTO
pesonaHca.

a4 — TEeMOEPATYPHAA 3aBHCHMOCTDL YACTOTH ANEPHOTO MATHNTHOTO pe30HaHCAa B HYJNeBOM mole IaA agpep F'* B an-

TudeppomarteTnke MnF,. PesoHaHCHAA gacToTa obpamlaercsa B HYJNb OpH KPATMYECKON TeMIepaType asTudeppo-
marHetnka Te = 67,336 K. (M3 pa6orn [6].)

6 — TeMneparypHad 2ABKCHMOCTD KY0a 9acToTW ANepHOTO MATHUTHOTO pPEIOHAHCA B HYJEeBOM moje guu F!P B

MnF, B Maloil OKpecTHOCTH KpuTrIeckoil Temuneparypw T¢ (o6paTéTe BHUMAHWe, UTO TEMIEDPATYpHAA IMKaJja

SHAYATENbHO PAcCTAHYTA IO CPABHEHMIO cO ciydaeM a). Eciu cumTaTh 9ACTOTY NPONOPHUIOHANBHON HaMarHmdeH-

HOCTH DOAPEemieTHY, TO 2TO NOKABLBAET, 9TO HAMATHATEHHOCTD CTPEMATCA K BYIIO 110 3aKoRY (T¢ — T)l/ 3, BuMON-
HAKMEMYCA ¢ OYeHb BHICOKON TOYHOCTBIO.

JAOK; K TOMY e 9TH HMKHW MEHAIOTCA B 3aBHCHMOCTH OT HPHJOKEHHOI0O MArHETHOI'O

moas 1) (fur. 33.3).

1) HcdepusiBaiomee PaccMOTpPeHHE PACCeAHUA HEHTPOHOB B MATHHTOYLIOPSAJOYEHBHX TBEP-

JIBIX TeJaX, 0XBATHBAIINEe KaK TEOPUIO BOIPOCA, TAK U PE3YJIBLTATH dKCIEPHMEHTOB, MOMKHEO BalTH
B KuHHTe [4].
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Jlns mccnemoBaHUSA MHKPOCKOIMIECKOH CIOMHOBOH CTPYKTYpH TpHMEHSETCH
TaK;Ke A/ePHBIA MAarHUTHHE pe3oHaHc !). AToMHoe sfipo YyBETBYyeT MomdA, 06yCIOB-
JelHbIe AHTOJALHEIM MArEWTHRIM MOMeHTOM OJImaieskamuX sJeKTpoHOB. lloaTomy
ATePHBIA MArHUTHHIE DE30HAHC MOKeT HAOmIONaThCs B MAaTHHTOYIOPATOYEHHBIX
TBEPJIBIX TeJdax fajke B OTCYTCTBHE BHeIIHero moas. [leficTByoMiee Ha smpo Tode
(u, cmefoBaTeIbHO, PE3OHAHCHAA YACTOTA), B DTOM CIydYae OLHOZHAUHO ompefensieT-
€A HaaudueM yHOPAMOYEHHHIX MArHMTHEIX MoMeHTOB. Takum ofpasoM, smepHBIH
MarHHTHBIA Pe3oHAHC MO3BOJAET, HAPUMED, H3MePUTH He MPOABRJIAIMYIOCT MaKpo-
CRONUYEeCKH HAMArHMYeHHOCTb KaMA0A M3 HoApemeToK aHTH@eppoMarmeTHKA

(pur. 33.4).
TEPMOJNMHAMNYECKHAE CBONICTBA
BBJM3IT TOYRW BO3HNKHOBEHUA MATHUTHOIO HOPANKA

Kpuntuaeckas temueparypa 7', Bl KOTOpOJl HCue3aeT MAaTHUTHOe YIOPANO-
uenme, B Geppo- m deppuMarHeTHKaX HasHBaeTcs TeMmmeparypoit Kiopnm, a B anTH-
deppomarseTmrax — TemmepaTypoit Heens (mocmegmsas wacro ofosmauaerca depes

5

InX
Cd

-3

[ 3
I L1 L 1%
g0z Qo5 6r 6z 05 10 20 5 10 1520
T-T¢, R
@ur. 33.5. Bocnpuumumsocts xesesa (¢ HeGoublnolt Ko6aBKo# BoibdpaMa) BEINE KPATHECKOL
TeMmnepatrypu T, = 1043 K. (U3 paGotu [7].)

B oTol 0GnacTH 3aBMCAMOCTE BeChMa GIMEKA K CTeNeHHOM; 10 HAKIIONY KPUBOH MOMKHO HalTH, 4T0 ¥ — (T Te)™232,
Yurnre, 9t0 1g % = 0,4343 In'%.

T ). Ilpm mopxome K KpMTH4YeCKO#d TeMOepaType CHH3Y CHOHTAHHAS HAaMATHHYEH-
HocTb (2 B aHTHpeppOMArHETAKAX — HAMarEMYeHHOCTH HOAPEIIeTOK) HempephBHAM

1) Cm. crp. 281.
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®ur. 33.6. XapaxrTepHasa TeMmIlepaTyPHas 3aBUCUMOCTL BOCUPHIMIIBOCTH apTu(eppoOMarHeTHKa
BOJN3N KpHTHuecKod remreparypii. (Ilo pabGore [8].)

Hmke T¢ BOCOPAMMYHMBOCTL CHUJIBHO B3aBMCHT OT TOTO, mapadjejJbHO UM NEPIEeHANKYJIAPHO I10Jle HAPABIEHNWIO
H#aMaraUM4YeHHOCTH MOJpemeToOK. 3aMeTuM, IT0 eciu Obl aHTH(eppOMarHernk Oo0naman woealbHOM W30TpONMel, TO
cATyarna Omna 6W MHOM: npn A06oM HAODPABICHWH IONA OPOUCXONHMI Obl DOBOPOT BEKTOPOB HAMAarHUYEeHHOCTH
Ka)KIOM ITONpemeTHy, B peayabTare XOToporo OHu onprobpenn Onl Hanbosee sHePreTHUYECKM BHITOMHYIO OpmeHTa-
LU0 (OYEeBHIHO, NepHeHINKYIAPHYIO NOM0), U cymecTBoBalla 0K TONBKO ONHA BOCHPHMMUIMBOCTD (% _I_)' 3aBuCH-

MOCTBb OT OpHeHTanun HWHe Tc 06ycaoBiIeHa aHM3OTponneil Kpreranaos. C aHM30TPONKE CBABAHO TaKKe HeGONb~
HI0e pasNMINe MeKNY X || ¥ % Bumre Te. [Axpexco YKASHBAIOT HANPABJICHNA, 1APANJAENbHOE B epIe UK YIApP-

HOE OCH, BOONb KOTOPO HmKe T¢ OpHeHTAIUA HAMATHMYeHHOCTH HOXpemeTOK HaubOoJlee BHIrOmHa (W3-34 aHN30-
TPONHMH),

o6pasoM cmamaeT M0 Hyasa. HaGaogaeMoe HoBeleHMe HaMaTHMY@HHOCTH HUKe TeM-
mepaTypH I, HemocpeaCTBEHHO BOJM3HM Hee XOPOMO ONMCHIBAETCS CTEHEHHBIM 33KO-
HOM

M(T) ~(T.—T)°, (33.1)

rjle THOAYHOe 3HaueHwme P aemut Mesxgy 0,33 u 0,37 (em. dur. 33.4).

Ilopor BosHUKHOBeHUA yHOPANOYEHHst HPOABIACTCA U B TOM Ciaydae, ecin
opnOauskatees K 1', cBepXy. 910 0co0eHHO 3aMeTHO Ha IPHMepPe BOCIPUUMYMBOCTH
B HyJAeBOM Hode. B 0TCyTcTBEe MAarHMTHOTO B3aMMONEHCTBHSA BOCHPUHEMIMBOCTH
U3MeHAeTCA NpH J0OLX TeMmepaTypax obpaTHo OpomophuoHaidbHO 7' (3akom Hio-
pm, crp. 271). OnHako B deppOMarEeTnke BOCIPUUMYHMBOCTE HEOTPAHMIEHHO BO3pa-
craer, Korma [ mpmOamskaerca K I'.. Ilpm sToM oHa m3MeHSfieTCA IO CTeHeHHOMY
3aKOHY:

1(T) ~ (T =T, (33.2)

THe THONYHOe 3HaUeHme Y meskuT memay 1,3 m 1,4 (dur. 33.5). B anrudeppomarne-
THKe BOCHPUMMYUBOCTH AOCTHTaeT MAKCHMYyMa LIPHE TeMOepaType HeCKOJbKO BHIIe
T., a saTeM HajgaeT ¢ MOHMIKEHHMEM TeMIepaTyphl, mpmdeM HpomsBomHas ot ¥, (7))
uMeeT Pe3KUil MaKCUMyM B KpurddeckKodl Toure (fmr. 33.6).

NmeeTcss Takse xapaxTepHas 0co0eHHOCTh TemaoeMKocTu (B HyJleBOoM Hode),
OTBeYaRmMas KpUTHIECKoH ToYKe MAarHUTHOIO Hepexofia:

e(T) ~ (T —T)™% (33.3)
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9Ta 0cOGEHHOCTH He CTOJb CHJIBHO BEParkeHa, KaK Y BOCIPHUMIMBOCTH, MOCKOIBKY
mOKa3aTeab CTemeHM o OKaswBaeTcs mopsaka 0,1 mam mame memsme ).

O6aacts B6AM3U KPUTHYECKOH TeMIepaTypH, MO-BHIUMOMY, Hambodee CIOHHA
IJIs TeopeTHYecKoro aHaamsa. Huske MBI eme oCTaHOBHMCS HA TeOPHMH KPUTHUIECKUX
ABJEHWI, OHAKO cHavana ofpaTuM BEHMaHme Ha obmactm muskux (7 < T',) ¥ BH-
cornx (T > T,) TemmepaTyp, KOTOpHe Jerde HOAIAITCS H3YICHHI.

CBOVICTBA IIPU HYJIEBOI TEMITEPATYPE,
OCHOBHOE COCTOAHNE
TEV3EHBEPTOBCKOI'O ®EPPOMATHETUKA

Pacemorpum HaGop MAarEMTHBIX HOHOB, PACHONOKEHHHX B yamax R pemeTkm
Bpass. IIpenmomoskum, 4T0 HUBKOIEKAIHe BO30yHICHUs HOHA MOTYT GHTH OLHCA-
HH ¢eppoMarEUTHEIM TaMuiabToHmaHoM ['eiizenbepra (32.20) 2):

I = —% >, S(R)-S(R)J(R—R')—guzf > S, (R), (33.4)
R, R’ R
J(R—R")=J (R"—R)>0.

Mu mHaszmBaeM 9TOT ramMAAbTOHHAH (eppOMATHMTHHM, HOCKOJBKY IOJORUTEIBHA S
KOHCTAaHTA OGMEHHOr0 B3amMopeicTBus J CHOCOGCTBYeT MapalliefibHOW OpUeHTALNE
comHOB. DPPeKTH, CBA3aHHEE ¢ MAarHUTHBIM JMOOJBHEM B3amMomeHcTBHeM MOMEH-
TOB, He BKAIOUEHH B J, HO HX MOJKHO y9eCTh, COOTBETCTBYIOMIM 06pasoM oHpeaennB
none H, meficTBylomee Ha OTJAeJbHEe COMHE (HaIPaBIeHUE TOTO MOJA MH HPUHH-
MaeM 3a och z). Bosee moapoGHO 8TOT Bompoe MEL oGeyruM Huke (cTp. 337), amech ke
ykamem, uro H npepmeraBaseT coGoit nokaasHoe moxe (B cmbicse ra. 27), meiicTByoO-
mee Ha KayKIbi MarHMTHHA MOH M He 00f3aTeJbHO PaBHOEe HPHJIOKEHHOMY BHeNI-
HEMY MOJI0.

Ecan paccmaTpmBaTh CHMHH, BXOAAMMe B raMmabsToHmaH (33.4), kak Kiaaccu-
YecKHe BEKTOpH, TO ClefyeT OMHMAaTh, UTO B COCTOSHUM ¢ HaWMHH3Med oHepTueR
BCe COHHLL HOJIKHH OHTH OPHEHTHPOBAHH BIONL OCH Z, HAPAJNeIbHO MATHETHOMY
LOJII0 ® ApyT ApYyry. 9To MO3BOJsAET OPeI0RITh B KadecTBe KaHIUAATA B KBAHTOBO-
MexaHHIecKoe ocHOBHoe cocrosiEme |[0) coGcTBemHOe cocrosmme omepatopa S,(R)
(nns wasxgoro R), oTBewamomee ero MaKCHMaIbHOMY COGCTBEHHOMY 3HAYEHHUIO S, T. €.

|0y = Ll 1S)R, (33.5)

rne
S; (R)|S)r=S|5r. (33.6)

Uro6u ybepursed,, 910 | 0) — meiicTBETeNBHO COGCTBEHHOE COCTOSHHE TaMUIb-
rormaHa &% (33.4), sammimmeM HmocIegHER 4epe3 OMEPATODPH

S+ (R)=8,(R) = iS, (R), (33.7)

1) MoKHO BBECTH DAL APYTMX KPUTRUECKHUX NMOKasaTejeil W M3MEPHTHh HX HA DKCHEPHMEHTE.
MmetoTcs orawansie 063opw dumepa [9], Xenxepa [3], Kaganosa w ap. [10], B KoToprX pacemar-
PHBAIOTCA KpWTHIeCKHe TOUKM MATHMTHHIX U JDYTHX mepexonoB. Teopust gpienuit pOIH3M KpHTH~
YyecKOH TOYKH, HO3BOJAIOMIAsA IPOBECTH UNCTEHHHI PacdeT KPUTHIeCKUX IOKasareieif, GHIA pas-
Buta Buancomom. OEHa OCHOBaHA HA METOJAX DPEHODMAJIMIAMUOHHON TPYNIH; 3JeMeBTaPHHH
0030p 9TOro Kpyra BOmpocoB mMeeTca B crathe Ma [11]. CM. raxke padory umepa [12].

%) Odenp 9acTo OIEpPATOPH B ramuiIpbronvane I'ejiseE0epra HaSHBAIOT COMHOBEIMM OIEPATO-
paMu, XOTA OHH OTBEYAIOT no4xoMy MOMEHTY MOHA, MMEIOmeMY KaK CIOUHOBYIO, TaK U OpOHTaIb-
By "9acTh. Taxke OOHYHO IIPEEATO CYUTATH, 9T0 TH (UKTHBHEE CIINMEH HapaliejbHHE MarguT-
HOMY MOMeHTY HOHA, a He ero IOJHOMY yIJIOBOMY MOMEHTY, T. €. mepeq wieHoM ¢ H B (33.4) cTouT
3HAK MHMHYC (ecim BeJMYUHa gUp NOJOKHUTENbHA), Korfa moie H Hanmpasiaemo BHoab OCH z.
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KOoTopHle 061afailoT CBOHCTBOM 1)
Ortpenss wineHH ¢ S, 0T WieHOB, cofepXamuX Si m S_, MOKHO 3aUHCATH
1 ‘ '
H=—a 3 JT(R—R)S,(R)S,(R)—guzH 3 S, (R)—
R, R’ R
1 ’ ,
—5 ) J(R—R)S_(R") S+ (R).  (33.9)
R, R’

Mockompry S+{(R) | S,))r = 0 mpu S, = S, Tonapko unenwm ¢ S, CRamMyTCHA
Ha peayaptate peiicrsua J¥ Ha | 0). Ho cocrosmme | 0) mocrpoeHo Takmm obpa-
80M, YTO OHO sABJAeTCsi COOCTBEHHEIM COCTOAHmeM Kampuoro omepartopa S, (R)
¢ co6CTBeHHBIM 3HaYeHHEM S; CJEL0BaTeJ]bHO,

5010y = 4]0y, (33.10)
rnpe
By —5 82 ) J (R—R')—NguHS. (33.11)
R, R’

Taxum ofpasoMm, |O) nelCTBETeNLHO SABAAETCHA COGCTBeHHBIM COCTOMHEEM
raMuabTOHMaHA S . Jlaa moxasarenbcTBa TOrO, uwro £, mpepcraBiseT cofoii sHep-
THIO 0OCHO6HO020 COCTOAHEA, PACCMOTPHUM A000e Ipyroe co0cTBEHHOE COCTOHTE I'aMuIb-
ToHmaHa &%, ckaxkem | 0'), ¢ coGersennnim sHadenmeM E,. Tak Kak

E,=(0'|5£]07), (33.12)

QTCIOfA ejielyeT, 9T0 mph Bcex moaokmrTeapHex J (R — R’) cymectsyer HmxHAN
rpaEmna 3HaueHmHd K :

1 ’ '
— 4 3 JR—R)max(S(R)-S (R)—g.H 3 max(S, (R)), (33.13)

R, R’ R
rge max (X) — nanboapmull JUATOHAJGLHSM MATPpHYHHA 57TeMeHT, KOTOPHM MOKeT
o61anats omepatop X (B mo6oM cocrosamu). B samaue 1 moxasamo, 9T0 2)

(S(R)-S (R)<S, R+R,
(S, (R)<S.

[TogcraBass oru HepaBeHcTBa B BhIpaskeHme (33.13) mas E| m cpaBHHBAaA HOJYyInB-
meecs HepaBeHcTBO ¢ Qopmymoi (33.11) nan E,, maxopmM, uTo E, He MOXeT GEITH
MeHbme F, u, caenoBarelbHO, DHEPTHA OCHOBHOTO COCTOJHHA AOKEA OBITH paB-
Ha E,.

(33.14)

CBOVICTBA TIPM HYJIEBON TEMIIEPATYPE.
OCHOBHOE COCTOAHWE
I'EV3EHBEPIOBCROI'0 AHTU®EPPOMAT'HETHKA

3anada 006 OCHOBHOM COCTOSHHE reli3eH0eproBcKoro aHTHQeppoMarHeTHKa RO
CuX Op He pelleHA; MCKJIOYeHNE COCTABjsIeT YACTHEHIA ciayuail ofHOMepHOH IeHo%-
KI HOHOB CO CIEHOM Y/, M ¢ B3amMONeHCTBHEEM TOJNBKO Me/KIy OAmRalMUME coce-

1y Cm., mampumep, kKmury [13].

2) DTH Pe3yabTATH MOTYT MOKABATHCH «OYEBUJHEIMAY ¢ TOYKU 3DEHOS KIaccHIecKOH mETyH-
OuM, OJHAKO ciexyeT MMeTs B BHAY, 4ro Beauduea min (S (R)-S (R’)) paBEa Be —52,
a —S8 (§ -+ 1) (samaua 1). Kpome Toro, KOHedHp, npx R = R’ Beamauma max (S(R)S (R’))
paBEa He S%, a S (§ -~ 1).



318 Taana 33

aamu [14]. TpynHOCTS 9TOR 33BaTH MOKHO IPOWLIIOCTPAPOBATE HA OPAMEpe Caydasd,
KOTJa CUHHBl 3aHAMAOT J(Be HOLPENIeTKH U KAKIGIHA cOUH B3aUMOAEHCTBYeT TOJb-
KO O cIMHAME Apyrofl HojpemeTKn. B oTcyTcTBHe BHemIHeTo HoJisi FAMHAJIBTOHHAR
mMeeT BHUJ

=5 3 |7 (R—R)|S(R)-SR). (33.15)

R, R’

ITpocTeitmee mpegmosiosKeHne 0 CTPYKTYypPe OCHOBHOIO COCTOAHWA 3aKIIOUALTCH
B TOM, 4TO Ka;KAas ToApemeTKa HaxoAuTcs B eppOMarHHTHOM OCHOBHOM COCTOS-
mnu (33.5), a HanpaBieHns HaMarHUYeHHOCTH HOAPEIIeTOK HPOTHBOHOJNOKHE. Ecnn
Obl cOMHH GBLIN KIACCHYeCKUMHE BEKTOPAMH, 3TO COCTOsHMe OKazajoch OB HamGo-
Jiee BHIFOAHBIM OpH aHTAQYEePpPOMArHUTHOM B3AHMONEHCTBHH, 8 DHEPrHS OCHOBHOTO
coctoanusi Owma OB paBHA

Ey= —=+ 3 |J(R—R')|S2, (33.16)

2
R, R’

Oppaxko B oTnEYHe OT (PEPPOMATHHTHOTO CAyZasd, OOUCHIBAEMOI'0 TIaMHJIbTOHHA-
nom (33.9), wnernst S (R)S+ (R'), neiicTBys Ha TaKoe COCTOsIHMe, He BCeTHA Ja¥0T HYb,
a OpUBOJAT K COCTOAHMIO, THe B HOApelneTHe ¢O COAHOM BBepX 3HAUEHME Z-KOMIIO-
HeHTH CIMHA yMeHBIIAeTCS Ha €IWHHILY, TOTfd KAK B IOJIpemeTKe CO COMHOM BHH3
9T0 3HAueHHE COOTBETCTBEHHO YBeAMYUBAETCsH. 1aKmM 06pasoM, HOCTpOeHHOe HAMH
COCTOSIHUE He séaiemcs ¢OGCTB@HHBIM.

EnwHcTBeHHOE 3aKnIoueHMe, K KOTOPOMY JErKO HOPHHATH, COCTONT B TOM, 9TO
(33.16) upepcraBasier coboii BEPXHIOW TPAaHHLy WCTHHHON 3SHEePrUEm OCHOBHOIO
cocTosaHMs (3amaua 2). Momuo HaliTh TaKKe M HIDKHIOIO rpasuny (sajaza 2). B pe-
3ylIbTaTe MOJNYy4aeM HEePaBEHCTBO

— 5SS+ SRR <LE< —582 D |/ (R—R)|. (33.17)

R, R’ R, R’

B npepene Gonpmoro cumHa (Korga mo CyTH fiefia CHEHEL CTAHOBATCA KiaccHie-
CKIMH BEKTOPaMd) OTHONICHHE »THX TPAHUYHEX 3HAYEHHH CTPeMHATCA K ejuHmIe.
Ommaxo yecnosue (33.17) sBasiercsi BechMa caalbiM OrpaHHYeHHeM IpU MAaJHIX S.
Haopumep, B ofHOMepHO# NeDoYKe COMHOB, PABHHEX !/,, 9T0 HepaBeHCTBO CBOJHTCA
kK —0,25 NJ=E,>=— 0,75 NJ, a cornacao TounoMy pesyaprary bete, K, =
= —NJ[n2 —1/,] =-— 0,443 NJ. TlosToMy AAA TOYHOH OIeHKH HHEPTHUH OCHOB-
HOTO COcTOSIHAA aHTHQeppoMarHeTmka TpebyeTcs OoJiee TIATeJpbHBIM aHAIHS.

NOBEAEHUE T'EN3EHBEPI'OBCKOTI'O ®EPPOMATHETHKA
11PN HU3KUX TEMIIEPATYPAX. CIIMHOBBIE BOJIHbI

Mer MoKeM He TONBKO YCTaHOBHTH TOYHOE OCHOBHOE COCTOsIHHE IeiiseHOeproB-
CHKOTO (peppoMarHeTHKa, HO H HalTW HEeKOTOpHIe ero HA3KoJerKalume Bo30yKIeHHEe
COCTOSARAA. ITH COCTOAHNA ACOONBIYIOTCA OPHA TOPETHIeCKOM PacCMOTPeHAHR HU3KO-
TeMIOepaTypHBIX CBOHCTB reii3eHGeproBcKoro (eppomMarHeTHKa.

Iipm aGconzoTHOM Hysde TemMHepaTypH (eppoMarHeTHK HAXOLHTCH B OCHOBHOM
cocToaunu (33.D), cpegHee 3HaueHHWe «COWHA» KajKIOro WOHA paBHo S, a HAMAarsm-
9eHHOCTE (Ha3biBaeMas HAMAZHUYEHHOCMbI0 HACHUEHUA) eCTh

M =gus-3- 5. (33.18)



MarauTHOE YHOPAJOYCHUE 319

ITpr T £ O MBI KO/KHH yCPEIHUTH HAMATHHIeHHOCTH BCEX COCTOSHHME ¢ 60MbH-
MaHOBCKEM BecoBHM wHOmmTeneM ¢ - BT, Hemocpencteenno s6mmsm T = 0
TOALKO HASKOJEKALAE COCTOAHUS BHOCAT 3aMeTHE BrAan. UTo0H NOCTPOUTE HEKo-
Topble W3 HUSKOJEKAIAX COCTOABHUE, mcciaenyeM cocroaume | R) 1), oramuaromeecs
oT ocHOBHOTO cocTosudsi | 0) ToAbBKO TeM, UTo Z-KOMIOHEHTA cumHa na ysie R mmeert
Ha eIMHUINY MeHbINee 3HAUCHHUE:

IR) = —

V28

Cocrosnme | R) ocraerca coGcTBeHHHM] cOCTOARHEM N WIEHOB B IaMUJALTO-
Huage (33.9), cogepmamuax S ,. OgHAKO H3-3a TOrO, YT0 Z-KOMOOHEHTA CIMHA B y3ie
R me gocturaer mMakcmMaiabsBoro sHadeHHdA, S, (R) | R) Be oOpamaerca B Hynb, a
S_ (R’) S, (R) mpocto mepeMemaer yMenbiennsii cnuH 13 R 3 R’. Urtak, nMeem 2)

S_(R)|0). (33.19)

S_(R) S+ (R)|R)=2S|R"). (33.20)
Ecam, kpome TOr0, 3aMeTHTH, 4TO
S, (R)|Ry=S}R), R'=£R,
(R)|R)=S|R) 7 (33.21)

=(§—1)|R), R'=R,

TO HOJIy4aeM

S |Ry = Eo|R) +-gupH|R)+S ;‘, J (R—-R’) [|R)—|R"], (33.22)

rie E, — 9Heprus OCHOBHOrO cocrosHuA (33.11).

Xorss | Ry — yme He co0CTBeHHOE COCTOAHHe TAMHJABTOHHAHA J#, COCTOSHEE
& | R) asasemcs nubeitHoll womGuHanmedr | R) m gpyrux cocrosmmii, y KOTOPEIX
YMeHBIIWIOCH 3HAYEHHE TOJABKO ofHOTO cumHA. [lockoarky J sasmcur or R 1 R’
TONBPKO HYepe3 TPaHCAAINAOHHO-HHBApHAHTHYI0 KoMOmHanmo R — R’, MB MoKeM
HeHOCPEACTBeHHO HAHTH JnAeliEbe KOMOHHAIUK, KOTOPHE A61410MCs COOCTBeHHEMHA
cocroanusama 3). Ilycrs
1

o =—7

D) e R|R). (33.23)
R

Us ypasrernsa (33.22) monyuaem
k)= Ex|k), (33.24)
Ey=E,+gugH+ S8 g J (R) (1 —eik Ry,

BocooannsoBaBmucs ycaopmeM camMerpum J (— R) = J (R), MOXKHO HpencTaBUTEH
suepruio BozGy:kaenus € (k), oreuatomyio cocrogHE0 | k) (T. e. BeamumHy, Ha
KOTOPYIO er0 SHePTHA IPEBHMIAeT 9HePrHI0 OCHOBHOTO COCTOAHEA), B BHJE

€ (k) = Ex— E,=28 3\ J (R)sin? (3 k-R) + gupH. (33.25)
R

1) B kadecTBe yIpayKHEHHs IpeanaraeM guTaTesio ybegurhes, 910 cocrogume |R)  mOpMu-
POBaHO HA eTHHHLY.

%) B radecrse ympa;kHEHHS y(enuTech, 9T0 YNCJICHHKIE KoapdunuerT B (33.20) meficTBUTEN -
HO papeH 28.

8) IlpoBemeHHOe HIJKe DPACCMOTpPeHIe AHAJOIMYHO OLHCAHHMIO HODMAJNbHBIX MO IAPMOHU-
9ecKOTO KpucTajja B Ti. 22, B gactHocTH, cocrosmue |K) momer 6BTL 06pasoBano TOIHO AAa N
PABNMYHLIX BOJNHOBHX BEKTOPOB NEPBOH 30HE DpminiosHa, ecim NpUHATH IPAHNYHOE YCIOBUE
Bopra—Hapmara. Ilockonabky 3Hauesus Kk, oTimwalommecsa HA BeKTOp 0OpATHOH peUIETKH,
OPUBOJAT K DKBUBAJEHTHHIM COCTOSHMAM, JOCTATOYHO PAacCMOTPETh TOABKO 3T N 3Hademuil. Um-
TaTedh TAKIKE MOKET yOenuThes, MCMOJNB3Ys COOTBETCTBYIOMYE TO;KAECTEA W3 Npuioenus E, aro
cocroaunsa | k) opromopmmposams, 1. e. (kk') = Oyycr-
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U061 1aTh PU3HUECKYIO UHTepUpeTannio cocTonums | k), oTMeTEM caegyomee.

1. Ilockoanky | k) mpeficraBisier co6oit CYyNEPUO3HIEIO COCTOAHEIN, B KaKIOM
73 KOTOPBIX NOJHBIA COMH MeHbIIe MaKCHAMaJBHOro sHauenusi NS Ha enmmmmy, TO
u B caMOM cocTossHuA | k) monmmil comn mMmeer smawemme NS — 1.

2. BeposiTHoCTh OGHADY/RHTH yMeHbIIeHHOe 3HAUeHMe COMHA HA KOHKPETHOM
vare R B cocroaunu |k) pasma |(k|R)|> == 1/N, 1. e. yMeHbImeHHDI CIXH ¢ paBHOH
BepOATHOCTRIO MOMET UpPHHAIEKATh M060MYy MaTHUTHOMY HCHY.

3. Ompenennmv HomepedHyIo COMHOBYIO KOPPEIATMAOHAYIO QYHKIAIO Kak cpeJHee
sHageHUe B cocrogHmu | k) or omepatopa

SL(R)-8.(R')=S,(R)-S,(R")+ S, (R)-S, (R'). (33.26)
HenocpencrserHOe BHUHCAeHEWe (3afava 4) UPABOAUT K BHPAMKEHHIO
kIS. (R)-S, (R)|k) = ZF-cos[k-(R—R)J, RAR.  (33.27)

[Mosromy KayKALI CHMH AMeeT MAJYI COCTABJAIOIIYI0, TePIeHAUKYIAPAYIO HanpaB-
JeHHMI0O HaMAaTHUYeHHOCTH, PaBHYI0 B cpefueM (2S/N)Y:; opHeHTanmum HomepeYHEIX

TTTITITTET

@ur. 33.7. CxeMaTI9ecKoe NPeJICTaBACHIE NEMOYKY CIIMHOB AJ1a (epPOMATHUTHOTO COCTOSAHUA (a)
U COCTOSHHUA €O CINHOBOH BolHOH (6).

COCTABIAIMAX ABYX COHHOB, HAXONSMEXCs Ha paccrosasuz R — R’, oramualores
ga yrox k- (R — R’).

Mukpockonugeckoe pacnpefellenre HaMarHA9eHHOCTH B cocrogHmm | k), mo-
CTPOEHHOE B COOTBETCTBUM C YKA3aHHEME cooGpakeHnaME, n3oGpameno va gur. 33.7.
Cocrosame | k) paccmMaTpHBaoT KaK COCTOAHHE CO CHMHOBOH BOJHOHR (HIM «MarsHo-
HoM»), mMewmeil BosHOBOH BeKTop k m sHeprmio € (k) (33.25).

Takue cocTosiEAsA ¢ OfHONW CUWHOBOM BOJHOM ABAAIOTCA TOYHRIME COGCTBEHHEIMT
cocrogHEAMM TamujgbTonuada lefizenGepra. Ilpm pacuere HuU3KoTeMOepaTypHHIX
CBOMCTB 9acTO HPeALOJAraioT, uro co0CTBeHHbIE COCTOAHHS C MHOIHMUI CHEHOBBIME
Bos;HamH, nyveomue suepruio & (ki) + ¢ (k) + ... + é(ky,), Moryr 6urts mo-
CTpOEHD! KaK cynepmosumua /N, COMHOBHIX BOJH ¢ BOJHOBHME BeKTopamu k,,
..., kyo- llo amasornu ¢ poronaMu B rapMoHAYECKOM KpucTauie (rje MHOro§OHOH-
HEIe COCTOAHHS TaK ke, KaK H OXHOQPOHOHHEIE, ABJIAIOTCH TOYHEIMU CTAIEOHAPHEIMA
COCTOSIHUANN) BTO LPEIICJIOKeHAe HPeACTaBIAeTCs NOBOJBHO pasyMmueM. OmgHakKo
B cJydYae CUMHOBBIX BOJII OHO BBHILOJHSETCHA TOJBKO TpHOAMmKeHHO. [l CHEHOBHIX
BOJH He 66INOAHAeMCA TOYHHE NPHBNMI cymepOosunuu. TeM He meHee GHUIO HOKA-
3aHO, UTO pACCMATpHBaeMoe HOpubimKeHMe NPAaBHALHO BOCHPOM3BONHT OCHOBHOMR
4JieH HAMArHAYeHHOCTH OPH HESKEX TeMmepatypax. IlosTomMy Mm GyleM HCHOJB30-
BaTL 910 OpHONMMeHHe, B wacTHocTH Aad Baaucierms M (7). Cnremyer, ommako,
npeqynpeduTh, 9YTO i HOJyueEHs (oJiee TOYHOT'O pesyJIbraTa, dYeM IJIABHBIR
UONPABOYHEN WwieH K HAMAarHMUeHHOCTH, otBedaromedl 7 = 0, meoOXxommMO HOIB-
30BaTHCH 3HAYHTENbHO GoJlee CAOKHEIMH MeTONMAMH.
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Ecazm oHeprum HZ3KOIEKAMEX BO30YHNEHHHX COCTORHUWE (eppoMarHeTAKa
HMeIOT BHJ,

S E&) e, =0, 1,2, ... (33.28)

TO CpeflHee 9UMCIO CIMHOBEX BOJH C BOJHOBHM BeKTopoM k mpwm temmepatype T’ omm-

CHIBaeTCH BHpasKeHHAeM 12)
1
n (k) = (ng) =

(eﬁ(k)/u 5T __y)

TlockonbKy Kampnas COEHOBasA BOJHA YMeHLINIAET MOJHKLE COWH Ha eJAHMIY IO
CPaBHEHHIO € 6T0 MAKCHMAJbHHM 3HaueHEeM /NS, HaMarHEIeHHOCTH IpA TeMIEpPaTy-
pe 7 ounucrmiBaerca dopmyioi

MT)=MO)[1 -5 n k)], (33.30)

. (33.29)

HIH

14 dk 1
M(T) =M (0)[1 —g { s O ] (33.31)
CncnmaHiy0 HaMarHAYeHHOCTE MOKHO BHMHCAETH 10 ¢dopmyre (33.31), ecam Boc-
moan3osaTtheA i é (k) Beipaskenmem (33.25) B caydae HYIeBOro MarHWTHOrO HOJAS

€ (k) =28 3| J (R)sin? (3 k-R)., (33.32)
R

Tlpm oweHL HM3KEX TeMmueparypax mHTerpax B (33.31) sraucusercs Tem e
MeTOIOM, KOTODHI OpAMeHSICH 1A HaX0KAeHAs HAZKOTeMIepaTypHON PeleTOYHOM
remioeMKoCTH B 1. 23. Ilpn 7 — 0 ToNbKO CIMROBHIE BOJHE ¢ YPe3BRYAMHO MajoH
sHeprue#l GYAYT BHOCHTH 3aMeTHBI BKJIaQ B MHTerpaa. Tak KaK MBI CuMTaeM Bce
o6menHHe KorctauThl J {R) Do0:KETeNLHEMY, SHEPIHASA CIMHOBEIX BOJH EMeeT 04eHb

Manylo BeJU4EHY TOXBKO B mpefene k — 0, B KoTopoM oHa oHpepenseTca BHpake-
HAEM

¢ k)~ 5 7 (R) (k.R)z. (33.33)
R

OTOT pesyaLTAT MOMKHO HORCTaBATH B BHpakenwe (33.31) mpm mpomapoasmmx k,
DOCKOJBKY B Toli o6mactd, rie mpubamkerme (33.33) HepectaeT GHTH COPABENIH -
BRIM, KaK TOUHEE, Tak ¥ npubamxennsie sHadeHUA & (K) OKABHBAIOTCA CTOIb GOIB-
nama, 910 npu 7' —( OHE BHOCAT OpeHe(pesKEMO MajEl Beaaj B mHTerpaa. Ilo
TOH K€ HpHYWHE MBI MOKeM HHTerPHPOBATH He MO HmepBoi 8oHe LpmanwsHa, a mo
BCeMY k-mpOCTpaHCTBY: IPH HE3KUX TeMIepaTypax COOTBETCTBYIOMAA ommOKa IIpe-
HeGpemumo Maina. HaxoHen, czenas samery mepemenHoit k = (k p7)Y2q, npuxomam
K CJelylIeMy pe3ylibTarTy:

M(T)=M (0)[1 — - (kaD¥e | s {exp [ 37 (R) L] -1} 7],
R

(33.34)

Hocnenree BHpaskeHHAe NOKAa3HBaeT, YT0 NpH MNOBHIIEHAW TeMOEPAaTypH oOT

T = 0 cuooRTaHHas HAMATHMYEHHOCThE NOJUKHA OTIHYATHCS OT HAMATHAYeHHOCTH
HACHINeHAA HA BeJANYUAY, TPONOPHHOHAJIBHYIO 7%2. JTOT pesyiabTAT HOCHT HasBa-

1) CM. amajlormgHEOE DPaccMoTpeHme xisa $omomoB Ha cTp. 80—82.

2) Bosepckmii xapakTep QyHKODEE pacnpefeneHns MArEOHOB (32.29)—ciencTsme NpaBmi
KOMMYTannn aas MomeHToB (31.83) ¢ ygeTom Toro, aro (S,(R)) ~ S.— ITpum. ped.
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Hme sakoHa 7%z Baoxa. 3awkon T2 xopomo mopTBeppaercs pesyiabTaTaMi sKcHe-
puvenTos *) (gur. 33.8). Bruo raxxe mokasamo %), uro (33.34) mpencramiser coGolt
TOYHOe BHpPaKEHHE JIA OCHOBHOrO wieHa B HUSKOTeMIEGDATYDHOM pasioKeHHAR

OTKJIOHeHWH HAMarHW4eHHOCTH OT ee Ma-

P KCHMAaJNbHOTO 3HAYCHUA.
TN Eme opmu BrBon ma (33.34) 651 moa-
Ny TBepKeH TOuHO. B opmmo- m nByMepHOM

09 Ny crnydasx mATerpaa B (33.34) pacxommres

. \x op® Manmx g. OO6LuHas wuHTepHpeTamus
§ 08l Ny BTOTO Pe3yJbTaTa 3aKIIUAETCH B TOM, YTO
= \x\ Opr 060# OTIMYHOH OT HYJsA TeMuepa-
s ok x\ Type BO30Y/RAAeTCA TAK MHOTO CIEHOBHX
o BOJH, 9YTO HaMarSMYGHHOCThH IOJHOCTHIO

sk ncyesaeT. Y TBepHEeHue 06 OTCYTCTBHE

’ NN N N IS S CHOHTAHHOH HaMarHAYeHHOCTH B OJHO-

0 o1 a4z 65 04 45 05 47 I [ByMepHO# m30Tpomnoi Mmonenn [eiizen-

(/) Gepra GBLIO CTPOTO HOKA3aHO 63 WCHONB-

®@ur. 33.8. 3aBACHMOCTE OTHOMEHNS CoHTan-  30BAHM CHMH-BOJHOBOTO NpHGIMKends ).
HOIl HAMATHIIEHHOCT! (epPPOMATHATHOTO Ia- Hanmume comuoBeX BOSH XapakKTepHO

poanuua (I'o = 293 K) npu temuepatype I go 1onpko mis H30TPOOHOIO Treii3eHOep-
K HaMaTHMYeHHOCTH HachHmenug (7 = () oT

(T/T,)/>. (M3 padorst [15].) roBcKoro (eppoMarHernra. CymmecTByeT
JImHeiibli X0 KPUBOH HAXONMTCA B COTVIACHN C 3a- COMH-BOJIHOBAs TEOPHA HHBKOJEHaIHX
xorom T'/: Buoxa, BO3OYMIEeHHLIX COCTOsIHUIT aHTH(eppomar-

HEeTHAKa, Koropas ropaazmo GoJjee CIoKHA.
JTO E clIef0BAJI0 OKAMATH, MOCKOJABKY Jaske OCHOBHOE COCTOAHHE aETHEeppOMarHe-
THKA HaM Hem3BeCTHo. B oTamume oT geppOMArHHTHOTO clydad TeOpUs opencKa-
3HIBACT JWHeHHYIO 3aBHCAMOCTD dHepIuH Bo30V:KIeHHA COMHOBON BOJHEL OT k B ope-
Dene GONMBIMMX NAXH BOJH %).

Driip mocTpoeRn TaKde TeOPHH COWHOBHIX BOJH B 30HHBIX MONEISIX MarHeTH3-
Ma. BooGme roBops, cUMHOBEE BOJHBI, HO-BHIMMOMY, TOJIKHEL CYIMecTBOBATH BO
Beex TeX CAy4asX, KOTJa EMeeTCs CBA3aHHOE C JIOKAJBHHM yIOPAHOUeHHEeM HaHpPaB-
JieHHE, KOTOPOe MOMKeT WH3MeHATHCsH HENPEepHBHEIM 00pas3oM, OpHueM NpPOHTPHIT
B HEPIUE 33 CUeT TAKOr0 H3MEHEHHH CTAHOBHTCH OUEHBH MAJBIM B mpefeie GOXBIIEX
IJAAH BOJH.

Kax ynommHan0oCh BHINE, yOpYyroe MarHATHOE PaccesHHme HeHTPOHOB HO3BOJAET
YCTAHOBHTH MArHATHYIO CTPYKTYPY, HOHOOHO TOMY KaK YOpPYroe HeMarBHTHOe pac-
cesHUe HeHTPOHOB I[03BOJAET ONPEJENNTh IPOCTPARCTBEHHOE PACHON0KeHAE HOHOB.
Amagorms pacupocTpaHseTcs H Ha cAyual Heympyroro pacceanus. Heynpyroe
MarEATHOE paccedHMe HEMTPOHOB BHIABJIAET COEKTDP COMHOBBIX BOJIH, HOLOGHO TOMY
KaK HeMarHHTHOe HeYHPYTroe paccegHue HeHTPOHOB HO3BOJIsAeT HAHTH (HOHOHHBIA
cinertp. TakuM o6pasoM, CYMECTBYIOT «ONHOCIHHBOJIHOBHEEY ONKA B MATHATHONR JaCTH

1) B u30TponEHX (eppOMArHETHKAX; ©CHM MMEETCS 3HAYMTENbHAS AHM30TPONHAS 06MEHHOrO
B3auMogeHcTBUA, TO DHEPTHA BO30YIKICHNA CIMHOBLIX BOJNH HE 0GPAMACTCS B HYNb IPH Maibx k
u saxkon T°/? me pumommserca. Car. 3agaqy 5.

%) B paGote [laiicora [16]. [lajicon BEMmCINI TaKiKe HECKONbKO MONPABOYHKX WICHEB Gojiee
BBICOKOrO TOpAnKa. JTo OH BechbMa Ba)KHEIM pesyabrat — 10 pabotsl J[aficoma KOIIYecTRO He
COLJIACYIOMUXCA MeKRy co0oil «IONPABOK» K WieHy T2 6o mouTH PaBHO UnCAY ONYOJIHKO-
BaHHHX pafoT Ha 3Ty Temy.

%) Howasarenncrso (cM. [17]) ocEOBaEO Ha MeTope, mpemnoskerHOM Xo0oHGeproM. CoOTBET-
CTBYIONe BONPOCH NOAPOGHO U3JOkeHH B 0630pe MepmnHa [18], rie omucams n ppyrue OPUIO-
IKEHNA HTOTO METOZAa B (UIMKE TBEPHOTO Tela.

%) dmemenrapHOe demOMEHONOTMYECKOE DPACCMOTPeHHMe namo B crathe Keddepa [19).
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CeueHHA HEYIPYroro paccesHus, AAd KOTOPHX H3MeHeHye BHEDPIuy M BOJHOBOTO
BeKTOpa HeATPOHOB oI peeNisaoTcs d9HePruel 1 BOTHOBHM BEKTOPOM CIINHOBOM BOJIBH.

o [ 111 ] 100 -
o fle | = Hanpasnerue pacnpocmparesus 001)
0951~ a [100] - | eHanpasnesue pacrpocmpanenus (100)
)
@ f —
3 - I
g 00 :
3 8
Q -
2 003k i S 50
g s 3
% '74 8
% Q02— %
: 7 3
3 on &
§ % Vil 3
= .ﬁﬁ"
I l A I R S U OO O
a1 0,2 0 05 5,0
ag/2s Bonno8olk 6eXmOP §fGrux
o

O@ur, 33.9. XapaKkTepHEE CHEKTPH CINHOBHX BOJH, IHOJXYYeHHEe NPH BEYIPYTOM pacceARNI Heit-
TpoHOB B $)eppomarEeTHKe (2) I B aHTH(eppoMarHeTHEe (6).

a -~ CIIMH-BOJIHOBOI CIEKTD IJIA TpeX Kpucrajljorpaduueckux HampaBjeHuit B CIlaBe Ko0ajbra C IKeJE30M,
comepmameM 8% enesa [20]. KpuBas, xak u clegyer O:xupaTh B Cilyuyae (eppOMarHeTHKA, NpeIcTaBiAeT co6ol
napabony. IIp® ¢ = 0 nMeercs Ilesb, 06ycHOBJIeHHAss aHM30TpOnuell (CM. samady 5).

6 — CIMH-BOJIHOBOl CIleKTp IJA OBYX KpUCTallorpadnueckux HanpaBienuit B MnF, [21]. 3aBucuMocTs nuneiing
OpH MaJBX ¢, 970 XapaKTepHO IJIA aHTH(EppPOMATHETHKA. 37ech Takike uMeercd ODYCJIOBIIEHHAA AaHM30TPOIIHelR
meab mpu g = O

UccnenoBanue sTHX OMKOB DOATBEPIKIAET 3aBMCHMOCTE TAHA k% [j1s BeIMYMHBI 9HEP-

rad Bo3OyKIAeHNsi cIImHOBOH BOJHH B (peppoMarHeTuKax (a TaK/Ke JHHCHHYIO 3aBH<
cuMocTh oT k& B anTudeppoMarunetukax) (gur. 33.9).

BBICOROTEMIIEPATYPHAA BOCIIPUNIMYNBOCTD

Eme HmKOMy He yHaBajaoch HOIYYATH B 3AMKHYTOH (opMe BHpaKeHHe NIA
BOCHpHEMUYEBOCTY B HysneBoM moae ¥, (T) nns Monenm DeitzenGepra, T. e. mpu majn-
9WN MaTHHETHOTO B3aMMOJEHCTBHA; MCKI0UEeHHE COCTABJAIOT JHIIbL HCKYCCTBEHHO
yopomeHHBe Mogequ. OnHAKO 0Ka3aJ0Ch BO3MOKHEIM BHIYUCAHIEL MHOTO YJICHOB
B DagyoKeHuM BOCHPHIMYHEBOCTH N0 o0paTHBEIM cremeHsaM teMmepartypsl. OcHoBHOH
wieH, o6paTHO UPOHOPHUOHAABHEH 7', He 3aBHCHT OT 0OMEHHBIX KOHCTAHT M CaM
mo cefe oTBedaeT BOCHPHAMYHMBOCTH, HONUYEHAKNINeica sakory Riopu (ctp. 272),
KOTOPHI XapaKrepusyeT HeB3auMOieHcTByIOM#Ae MoMeHTH. Ciegylomue wWieHb KaloT
monpaBKu K 3aKony Kiopwm.

Hagnem paccmoTpeHue BHCOKOTEMIEpaTypPHOTO DAa3jIoKeHHUA, 3alHCAB TOYHOH

paBeHCTBO 1)
(1) =82 L [(3s.R))], =
R

:Ta_%T_(g”B)z <[Z S, (R)]2>H=0, (33.35)

1) Ecau 61 cInHEK B raMmibTOHHaEe (33.4) OBUIM KiIacCMYecKMMH BEKTOPAMI, TO PABEHCTBO
(33.35) memocpencTBeHHO ciefoBano O u3 ompesenenns (31.6). Ho mase Ipu ydere Toro gaxra,
9TO OHM ABIAKTCHA ONEPATOPAMH, COOTBETCTBYIOMME BRIKJIANKH OCTAITCH CIIPABEIJIHBHMIE, €CIH
TOJBKO MPOEKINA MOJIHOTO CIMEA HA HANPABIEHHE II0JA KOMMYTHPYET ¢ TaMILILTOHHAHOM,
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3pmeck yraoBble CKOOKE 03HAYAIOT yCPejHeHMe IO TePMOIMHAMNYeCKH PaBHOBECHOMY
COCTOAHAID B HYJEBOM HoJe:

S @l Xjaye PFa spxe P
XYoo =2 = :
(XDE=0 Ze_BE“ P (33.36)
rne
Ho=—= S J(R—R)S(R)-S (R (33.37)
R+R’
yn06HO opencTaBUTh cpeJ:(H]aﬁ KBaJpaT 2-KOMIIOHEHTH COWHA B BHIE
<[§ SZ(R)]2\=R2R' T' (R, R, (33.38)

rme I' — cnmHOBas KoppenAmuwoHHas (yHRKOHUA

I'(R, R') =(S;(R)S, (R"))r=0- (33.39)

OcHoBHO# wiieH B BOCOPHAMIABOCTY IP¥ BHCOKAX TeMIepaTypax MOKHO HAaiTH,
prremcaas T npn T — oo (1. e. mpa e 9¢"*8T . 1). B npepene GeckoHeuHOR TOM-
OepaTypH B3amMOJeHCTBHe He mrpaer poau (PopmalbHO e~ 78T 1 gar B mpe-
feJe BEICOKMX TeMHEpPaTyp, TAK W B Ipefejie KCUE3AI0NIE MAJIOr0 B3aHMOJEHCTBHSA),
H NO3TOMY CHUWHB Ha DPAasjIMYHHX Y3JaX COBepIIeHHO He CBA3AHH MEKIY COGOM.
TaxaM oGpasom 1),

(S:(R) S, (R'))e=(S; (R))(S,(R"))=0, R=R, (33.40)
HO
(S:(R) S;(R)o= 5 (S (R)2y =5 S (S+1). (33.41)
Q6benuEAA 5TE [Ba paBeHCTBa, AMeeM
(S:(R)S, (R))o= 55 (S +1) br, n- (33.42)

OcHoBHas nmoupaBka K Bepaykennio gas I upu 7' — oo Hoaygaercs, eciiu yuecTh
Qe pBHI 3aBACAMMIE OT TeMIePaTypHl WieH B Pa3JI0/KeHAH CTATHCTAYECKOTO BECOBOTO
MHOMKHUTEN S

e PFo — 1 —BSity -+ O (B )2 (33.43)
IoncraBasgsa ato Bhpaskenue B (33.39), moayuaem

1/38 (S-+1) 8g, g —B(S2 (R) 8, (R') )
1—B(FHe) )

Ilpr Gecromewnoit Temmeparype I (T. e. B OTCYTCTBHE B3aHMOJEMCTBUA) HMeeM

(S (R) S (Rl))o = O’ R ?l: R'y
(550)0 = 07

I'(R, R") ~ (33.44)

(33.45)

1) Mu BBOomuM ofo3mavesme {(X), = lTim {X). OrmernM, uro (X), = SpX/Spt.
! e
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0aTOMY 3HaMeHaTenb B (33.44) ocrtaerca pasmbiM emmEmNe. OXHAKO HMeeTCR
OOOpPaBKa K OCHOBHOMY UJIeHY B WHCAHATEd e, paBHAd

Bz 3 J (Ri—Ry) (S, (R) S, (R) S (R)-S (Ro)h. (33.46)

Ri, Rz

IlocKonBKY CHEHH, HaXonslIEecAd HA DPA3NHYHBIX y3laX, He3aBHCHME B Ipefiele
T — oo, monpasKa (33.46) He oGpamaercss B Hyab Tonbko mpd R, = R, R, = R’
(rau HaoGopoTt). Ilpm sToM OHa CBOAMTCA K BHPAKeHUIO

B/ (R—R") X (82 (R) Su (R))o (Sz (R') Su (R'))e- (33.47)

R=x, Y,

Tar ®ax pasiuyHHe KOMIOOHEHTH NaHHOTO COHHA He KOPPeXAPYIOT Mexay coboi,
Boipaskerue (33.47) MoykHO 3ammcaTh B elle Gojiee mpocToM BHIE:

BJ (R—R')(SH(R))o(SHRNe=BJ (R—R') (=EFL)* (33.48)

O6req@EAsA 9TH pe3yJbTATH, IOJNYYaeM, 4TO BHCOKOTEMIepaTypHOE PpasjioskeHHe
(33.44) mpmoGpeTaer caepylomui BHA:

TR, R) =255 [op o+ 255 7 R—R)+0 (BI)2].  (33.49)

Taxum o6pasoM, IpH BEHCOKMX TeMIEpAaTypaXx KOPpedAnHOHHaA GyHKnuA ABYX
PaaNEIHEX COHHOB OKashBaeTCsA NPONOPHEOHAJBHON BelmMuWHe 06MEHHOI0 B3AHMO-
AeACTBHA. JTO IPEJICTABIAECTCA PA3yMHEIM, HOCKOABKY CIELYeT OKHAATH, UTO IOJO-
muTenbHOe (T. e. deppoMarEuTHOE) 06MeHHOE B3aEMOJEHCTBHe NOMKHO cO0COGCTBO-
BaTh NapajulebHON OpHEHTAIUH [BYX COWHOE (H, CAeHOBATeJBLHO, IpHEBEIET K TOMY,
9T0 3HAadYeHMe MX CKAJAPHOrO OPOHW3BEfeHHS OKayKeTCA LOJOKUTENbHHM), TOTa KaK
orpunmatensHoe (T. e. aHTHQEepPPOMArHHTHOe) o0MeHHOe B3amMoOmeHcTBHe ROJIKHO
cnoco6CTBOBATE aHTHIADANIedbHOE opueHTanmu. ONHAKO 3TOT Pe3ydbTAaT He ydUH-
THBaeT BO3MOKHOCTH TOr0, YT0 KOPpeJANUs ABYX PasAWuYHHX COUHOB, 06yCJ0BIEH-
Hag ofmuM s HEX B3amMofeHCTBEEM C OCTAJBHEIME COIHHAMH, MOKeT HrpaTh Golee
CymIeCTBEHHEYIO pOJB, 4eM HX NpAMoOe BaamMopeiicTsde. UNeHH, KOTOpble MOKHO
AHTEPOPETUPOBATH TAKUM 00pasoM, AeHCTBATEIBHO BOZHUKAIOT, 6CIIH OPOBeCTA BHCO-
KOTeMIOepaTypHOe PasjiokeHne ¢ TOYHOCTBIO 0 Goliee BRCOKoro mopamka mo J/k 5T

IlogcraBusaa KoppeasumosHRylo ¢yEKnmo (33.49) B BHpaskeHUe 1A BoCHpHEM-
quBocTd (33.35) ®m mcuoabaysa coorHoweHHme (33.38), HaXOAUM BHICOKOTEMUEPATYpP-~
HYX BOCOPHEMYEBOCTH

N 2 0 6 \2
(D)= F-L8 s S+ [1+4+0 ()], (33.50)
rae
_ S+ _S7
b=="SF—4, Jo }‘;J(R). (33.51)

Bocopummunsocts (33.50) nmeer Bup 3akona Kiopu (31.47) ¢ monpaBounEM MACKHATE-
aem (1 -+ 6/T), roropHit MoseT GHTL GoJIblle MM MeHBIIE ¢AWHAIE B 3aBHECAMOCTH
OT TOr0, ABIfETCH AU B3aEMONEHCTBEEe IPEeHMYN[eCTBEHHO (ePPOMArHUTHHM HIH
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aatudeppomarHuTHEM !). Takmm obpasoM, pamke NpH TeMIepaTypax 3HAYUTEJLHO

BHIIe KDPATHYECKOH MMeeTCH BO3BMOKHOCTH pazobpaTbcs B XapaKTepe MAarHATHOTO

yoopsinoueHus HmRe T ., eClid H3BeCTHA TeMOepaTypHAs 3aBECHMOCTH BOCHPHEMUH-
2

BoCTH 2).

PACCMOTPEHWE IIOBETEHUA CHUCTEMbI
BBJIN3N KPUTUYECKON TOYKU 3)

Haun6omee rpynHo# samadelr OKasajoch HOCTpOeHHe KOJIHYECTBeHHON TeopH:
MACHHETHOTO YOOpso4eHWs BOAHSHM KpHTmdecKoidl rtemmeparype 7., Op:m KoTOpo#
yOopsifiodeHre HeuesaeT. JTa TPYLHOCTh XapaKTepHa He TOMBKO [JIA MATHETHHIX fABJIe-
HE. AHANOIMYHOe HOBeJeHWe mWMeeT MecTo, HAIPUMep, BOIM3U KPHTHUYECKUX TOUEK
Hepexoja JKEIKOCTE — Hap, CBepXIPOBOJAIIero Hepexona (ra. 34), Hepexona B CBepX-
treKkydee cocrosinme y He?, npm nepexomax mopamok — GecmopsAmor B cuiaBax. Bo
BCOX 9THX CJIYYasiX OPUXOMUTCH CTAJKABATHCA IO CYTH 7leJla ¢ TeMH Ke TeOopeTHYe-
CKEMHA TPYAHOCTAMH.

Onms u3 MeTomoB pacdera %) 3aKJI0YaeTcs B BHYHCICHHW MAKCAMAJIBHO BO3-
MOKHOTO UWCJA YJIEeHOB B BRICOKOTEMIEPATYPHOM pAasjioKeHHH (HAOpUMEpP BOC-
OPEEMIUBOCTH) # 9KCTPALOAANUNA pesyasTata B o61acTe Gonee BAsKAX 1 BOAOTE KO
caarynapHoctd. llpm sToM moamy4arT KaK KpHTHIecKylo TeMIepaTypy, TaK W HOKa-
zatenp Y [em. gopmyny (33.2)]. Buanm paspaGorambl BechMa CIIOMKHBIE METOJBL
DKCTPATIONANUY 5); HonydeHHOE TAKEM 00pasoM 3HAaYeHHe Y BIOJHe COIIaCyeTcs ¢ aKe-
HepEMeHTANBHEIME TaHHEME. K cokaseHmIo, mogo0HEIA HOAXO7 TPYAHO HPAMeHHTE
AJsA BHUHCIeHAS CHOHTAHHOH HaMarHAYeHHOCTH B Mopennd l'eiiserbepra. Ecam 6w
6b10 maBectHO pasnoskenme M (T) B psp B6amsu T = 0, To MomHO OBHIIO OH BK-
CTPAaNoJNpPOBAaTE ero K (ojiee BEICOKHM TeMIepaTypaM BIJIOTHh N0 CHHTYASPHOCTH.
JT0 mano OB BO3MOKHOCTh HpPOBepKM KaK 3HaueAds 7', BEMHCIEHHOIO HYTeM
SKCTPATIOJIANAN BOCOPUEMYIBOCTY B 00MACTh HUSKHX TeMOEepaTyp, TAK W BeJUYMHEL
xpuTAgecKoro morasareas P (33.1). K comanennio, oqHAKO, N5 HOMyUeHHs HASKO-
remoeparypHoro pasuomenns M (7) TpeOyeTcAs BHUHCAATH HOOPABKW K CHOHH-
BONHOBOMY HpHOIuKeHHI0. XOTA 3T0 W BO3MOKHO B HeKOTOPHX OrpaHAYeHHEIX Hpe-
Ienax, TaKoe BhIYWCIeHWe He YOAeTCA HOBECTH IO YPOBHHA, X0TA OH OTHANEHHO HALNO-
MAHAOMET0 PeryjspHYI0 OpOmefypy DOAYYeHHs BEICOKOTEMIEPATYPHOIO pasiio-
HeHu.

HApyroit Dogxon 3aRaI04aeTCs B TOM, YTOOH eme Oojiee yOPOCTUTE TaMHAJILTOHHAH.
3a TaKoe yOpomenue HPUXOAATCHA PACILIAYEBATBECS TeM, 9T0 MOJAYdAeTCH MOMEJNb,
BMeIOmas BechMa OTJ[ajieHHOe CXOMCTBO ¢ HCXOGHOK (mawuecKoir sagaueit. ToaBKO
HMHOTAA, B OTHEeJBHBIX YaCTHBIX Clayuadx, oOHapy:xuBaeTcs (OOEMHO YiKe 3amHEM

1) Ecnin 06006murs paccMOTpeHHe Ha ClIydail 0oiiee CJIOKHHX KDPUCTAIINISCKHX CTPYKTYP
(910 NOBOJBLHO JNerko CeJaaTh), TO pea3yasTar (33.51) maeT BO3MOKHOCTH OTINTHUTH HPOCTHE deppo-
MarHETHKM OT IPOCTHX (}epPMMATHETHKOB: €CJN CIIOHTAHHAS HAMATEWICHHOCTH (Hmke I',) 00y-
CJIOBJIEHA IIOJIOKHUTEJBHEIM OOMEHHHM BaamMmojeiicTBmeM (eppoMarHeTusMm), TO WjieH MHOPAIKA
1/T? B BHICOKOTeMIIEDATYPHOIl BOCHPHMMYHBOCTH NOJIKEH OBITH MOJOKATENbHBIM, €CJH ke OHA
o0ycaoBileHa OTpUIATEABHNM (aHTH)EPPOMATHMTHEIM) B3aMMOfeilcTBHEM MeKAY HEOLWHAKOBHMHU
CIIMHAMIE, TO WieH IopAgka 1/T? B BEICOKOTEMIIEPATYPHOH BOCHPUMMYIMBOCTH HOJKEH OHTH OTpPH-
[ATeIbHEIM.

%) B oroM 3aKJI092€TCA OCHOBHOI CMEICH eHOMEHOJOTHIeCKOH MoguduKanun 3axona Kiopu,
Hocsimiell HasBaHmWe 3akoHA Hiopm — Beiicca. CM. HIDKe PaccMOTDEHHE TEOPHH MOJEKYJISPHO-
ro HOJH.

%) HpnTudeckme ABJEHUA B HOCTYNHOH ¢$opMe U [OCTATOYHO IOJNHO H3JIOKEHH B . 14
rauru Jlaugnay n Jdudmuna [33*].— Hpun. ped.

4) O= onmcan B 0630pe Qumepa [9].

5) HauGosee BaskeH Meron ammpokcumanT Ilajge. OG30p mo atoMy Bompocy ¢M. B pabote
Beitrepa [22].
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9mEca0M) HEKOTOpast aHAmOrHsA ¢ peaanBoil cumryanumeil. Ho saro M mmeem mopmens,
I KOTOpPOW HecpaBHEHHO NIpONe HOJYTIHTh aHAJIHTUUYECKEE pesayiabTaTH. [leranb-
HEII TeopeTHUeCKHH aHaju3 TaKHX Mojese#l BajKkeH, BO-IIEPBHIX, HOTOMY, 9TO OH
HaeT BO3MOKHOCTE CHIeJlaTh HEKOTOpHIe LPeNUmoJoKeHus OTHOCHTeNIbHO (oliee pea-
auctudHo#t Momenu I'efizenGepra, a Bo-BTOPHX, CAYHUAT /s HpeBAPATEILHOR OTpa-
GOTKA pasiAUYHEIX OpPHCIMWKEHHHX METOHOB.

Haubonee BamubM yopomenmeM Mofean IeitsenGepra siBasiercd Mofenn Usms-
ra, B KOTopo#l WieHH ¢ S, u S_ mpocTo BHOpackBaloTes U3 TaMuIbTOHUAHA ['eiizen-
Gepra (33.9). Torma ocraercst caenymomee BEIpasKeHHE:

gpsing _ __%_ > J(R—R')S,(R) S, (R")—gusH 2 S.(R). (33.52)
R

R, R’

Tlockonbky Bee omeparopn S,(R) KoMMyTupyorMesxay coboit, raMIIbTOHEAH SFI8ing
OKAa3EIBAETCH NHATOHAJLHEIM B HPeICTABIeHMH, B KOTOPOM ANATOHAJNEH KajHbIA
otaensEu# omeparop S,(R), T. e. u3BecTHH BCe COOGCTBeHHEE PYHKOUN ¥ COGCTBEH-
Hble 3HAUEHWA raMuJbToHHAHA. HecMoTpa Ha 8T0, BHUACIEHUE CTATACTHIECKOR CyM-
MH OcTaeTcsA dpe3BBUaiiHO TpynHo# 3agaveit. OpHAKO BhHICOKOTEMHOepPAaTypHOE paa-
JoKeHNe MOJydaeTcs OUeHb JieTKO ¥ MOjKeT OHTH MpOBeNeHO ¢ TOTYHOCTLIO 10 4JIeHOB
Gosiee BHICOKOTO NOpsgKa, 4eM B mofead [eitzeRGepra; mcue3a0T ¥ 3HAYHTEJTHHEIE
TPYAHOCTH, CBA3AHHEE C HASKOTeMOEGPATYPHEM pasjomeHmeM (K COMKajeHUIO,
BMecTe ¢ GIOXOBCKUM 3aKoHoM I'%/2).

Oxnaro BOJM3A KPUTHIECKOH TOYKU [0 CAX HOP HPUXOAHTCS OTPAHHYABATLCS
DKCTpAHoONANMell BHICOKOTEMIEPATYPHOr0 H HHE3KOTEeMIOEDPATYPHOTO pa3ioKeHud;
HCKIAOYeHNE COCTABIAAeT ABYMepHast Mofenb UawHra ¢ B3amMOJeHCTBHEM TOJBLKO
MexIY Onammaimumu cocedsma ). B oToM efWHCTBEHHOM ciiyuae Hisi HeCKOJBKHX
IPOCTHIX PemieTOR (HaHpuMep, KBaApaTHO#, TPeYrOJbHOM, MIeCTHYI0NBHOM) N3BECTHO
TOYHOE BEIPaKeHUe 51 CBOOOAHON »HEPIUY B HYJAeBOM MATHUTHOM TIOJie W JJisi CIOH-
TAHHOM HaMarumueHHOCTH ). CiepyeT HopuepKHYTH, YTO HOJYdYeHUWE ITUX PE3YIAbTA-
TOB OpefcTaBisgeT co0oi ogHo m3 Hambojiee BHEUATISAOMUX TOCTHREHUH TeopeTH-
yecKoil (WBWKHU, XOTHA Ijis DOCTPOEHHS pellaeMoif ¢ TAKUM TPYNOM MOJeJH @ HOpH-
miaoch NoHTH HA 3HAIWTEJbHBE YIPOMEHHA.

CormacHo Tounomy pemenuio OHcarepa, TeHi0eMKOCTh IByMepHO# Monenn Vsun-
ra B HyJIeBOM HOJe HMeeT JOTapAQMAYECKYI0 0cO0eHHOCTb, €Cad OPUOImIKATHCH
K KpuTHueckoil Temneparype 7 . Kak ¢cBepxy, Tak u cumgy. CHoHTanBasg HaMarHWYeH-
HOCTh crpemutcss K Hymio kak (I, — T)Y3, a BOCTIPHIMYMBOCTE PAcXONUTCSA KaK
(T — T.)""+. OtmeTuM, 4uTO 5TH HOKa3aTeJHN CTeHEHH HOBOJBHO CHJIBHO OTIMYAIOTCS
ot HabmogaeMux sHagenuii (cM. crp. 319); mCKAOUeHUE COCTABAsET, MO-BATEMOMY,
0cO0EHHOCTh B HOBEASHHUH TEILIOEMKOCTE (CTEHeHHYIO PACXORAMOCTH ¢ OUeHBL MAJHIM
IOKA3aTeJeM CTeIeHH 04eHL TPYAHO OTIHYATL OT JOrapAPMEAUECKoR 0coGeHHoCTH).
Taxoe nosefenue 00YCIOBICHO ABYMEPHON CTPYKTYpPO# Mojmein. Pasio:KeHNe B DAL
B TPEXMEPHOM CIy4ae YKasbiBaeT HA Haawune ocobeHHocTelt, Ooaee ODamsKEX K HaGaio-
JHAeMBIM.

HakoHel, oTMeTHM eme OQUH HOAXOA K PAacCMOTPeHMI0 KPHTHUECKOH 00aacrd,
OCHOBaHHHI Ha TaK HasHBaeMoll rmOooTese MacmTaGHoR HWHBapUAHTHOCTH HMJW CKeH-

1) Cwm., ogHako, upumedanue 1 Ha c¢Tp. 316 0 MeTONE PEHOPMANUMBATMOKHON TPYINEL. Moednb
Waunra mosmer GHTH TaKie IONHOCTBI0 IPOAHANN3UPOBAHA B ONHOMEPHOM ciydae, KOTOPHI,
OHAKO, XapPaKTepH3yeTCA TeM, 9TO HII IPH KAKOM KOHEYHOM pajuyce B3aUMOJNEHCIBHA N HE DK
Kakoil TeMIepaType MarHHTHOrO0 YIOPAAOYCHUs HE CYLIECTBYeT.

2) Pemenue OwLI0 Halimeso Omcarepom [23]. Ilepsrif ony6auKOBAaHHBIE pacyeT CHOHTAHHOMN
mamarEnuentoctr (OHcarep coofuiua pe3ynbpTaT, HO HUKOIJA He IMYyGJIMKOBAJ CBON BREIYUCIICHUS)
npusamieskuT fary [24]. CpaBAuTe IbEO JOCTYNHHI BapHAHT OHCAT€POBCKOTO pacueTa mis cBooj-
HOY »Heprum mmeercs B crathe Hlyabua m ap. [25].
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amera '), B JaHHOM ciydae 3akiogalomeiica B ToM, 9to B6ausa I’ = T, opu H =0
MargATHOe yDaBHeHHE COCTOSAHMA MOJUKHO EMeTh B[

__u M
|T.—TB+Y =f*( ToTP )’ r=r,. (33.53)

Ecan Takoe ypaBHeHHMe CyINeCTBYeT, TO MOKHO HONYIRTH HEKOTODHE COOTHOIIEHHR
MEKNY NOKa3aTeJsAMA CTeNeHH, ONECHBAIOMUME 0CO0EHHOCTE B KPATHYECKON TOUKe,

&-10°

24 [— A 610K
| o417,5K
w 620,0K
W= o 62258

| ©6255K
T<T,

T>T,
o 630,0K
® 632,5K
o 635,0K
n §37,5K
8 540,08

by
o 4 8 12 ) 20105

H\1 - T/Tc)P*?
M1~ T/ TR

®nr. 33.10. MaruuTHOE ypasHeHNe COCTOSHHSA HHKelds BGimsm T, = 627,4 K. (3 paGorn [32].)
Ecnnm BHIONHAETCA M’ELOTESa CKelJIMAra, T0 ROJKHE CYIeCTBOBATh NBA HEe BABUCAIIAX OT TeMIepATYDHIOKasaTe A
crenenu f #@ vy, TaKkme, wro senaunHa H/| T — T¢ | B+ sapucer or nepemMeHERX M B T TOJNBKO B KOMOMHAIIMA
M/|T— T¢} B8, (Onrako BEO ¢ YHKIMOHAJILHOM SaBMCIMOCTHY Dasiydded Brume @ Hisxe Te.) [IpepcraBmB Besmam-

uy [M/ | 1 — (T/Tc) | Pl 8 sasmcemocrn or [H/ | 1 — (T/Te) | BHYYIM/ | 1 — (T/T¢)B), mosro moxasats, B ka-

KOl CTeneHH BRINONHAETCA 9T& rumoresa. JIJA NATH PAsiMUHHX TeMneparyp Bamme T¢ BCe MOCTPOEHHHE TAKHM

cnocoboM TOUKH JIOKATCA HA OIHY YHUBEPCANBHYIO KPUBYIO; aHAJOTHYHOE MOBENeHNe OORAD YKABASTCH NPE OATH

pasiMuHNX TeMueparypax Hmse Te. HCHONB8OBAHH CAENYIOIEE SHAYEHHS NOKasaTeneil cremeHdm: § == 0,378
7 y = 1,34, (H usmepserca B rayccax, 8 M » epmaenax CI'CM Ha rpamm,)

Hampamep o -+ 2 + y = 2 [cm. (33.1)—(33.3)]. 3TH cooTHOmMEHAA MOKHO dokasamb?)
aums B Gopme HepaBeHCTB, HO B PeaJbHEIX CACTEMAX 3TH HePABEHCTBA MO-BHAUMOMY
mpeBpamlaloTCa B CTPOTHME PaBEHCTBa. ] mWNoTe3a CKeltnmHra GHUIAa IpHMeHeHa K pac-

1) Cm. pabotm [26, 27].
2) B paGore T'puddurca [28] npupeneno Gonpmoe Iucio TepMOANHAMHAYOCKAX HEPaBeHCTB,
KOTOpHe MOKHO /I0KasaTh [ CHHIYIAPHHX BEIWIHH BOJMBH KPATAYECKOH TOYKH.
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CMOTPEHHIO CTATHYECKOH KOpPpeNANHOHHON QyRKnuH 1) m fnajke aasmesAmed oT Bpe-
MeHH KoppesanmoHHoM QyHrmmd 2). OHa ompeneimia HADPABJIeHNHe MHOTEX DKCIe-
PEMEHTaJBHBIX HCCHeJOBAHEN B KDHTHIeCKOH o06JacTd, KOTOpHE B CBOI OUYepelb
OOATBEPIR/IH WCXOQHOE Hpexmooenne (cM., HanpuMep, dnr. 33.10). Opraro nnms
Gaarogapsa HepasERM paboram BumascoHa renoresa CKeHIMHra mONYUmMIa HAJEHKHYIO
OCHOBY ®).

TEOPUA MOJERYJAPHOI'O IIOJIA

Hanbosee paHHss DODHTKA KOJAYECTBOHHOTO ONKCAaHWA (epPOMArHHTHOTO
mepexopa ObIa DpefnpuAATa DBeficcoM; HOCTpoeHHAS EM TEOPHA HOCHT Ha3BAHHE
TeopHd MojeKyaapHoOTo (Aam cpenHero) moas ). Teopms MomexkynspHOro mois maeT
YpesBEMANHO HeafleKBaTHoe ONHMCAHEe KPHTHYECKOH 06J1acTH, He NUpelCKasHBaeT
CYIIeCTBOBAHAA CHNHOBHX BOJH LPH HH3KHX TeMIEpaTypax H [asKe UPHE BHCOKHUX
TeMIePATYyPax NPaBENBHO BOCOPOM3BOAUT TOJBKO OCHOBHYIO LIONPaBKY K 3aKOHY
Kiopu. TeM He MeHee MH ymoMHHaeM 0 Hell 3[eCh HO CIefYIOIIHM HPHUMHAM:

a) JTa TeopHA CTONB IMHAPOKO HPHMEHAIACH M HA Hee CTOJb YACTO CCELIAIOTCH,
4T0 Heo0X0QuMO YMeTh ee y3HABaTh H HPEACTaBIATE cefe ee BOSMOMHOCTH H HEHO-
CTATKH.

6) Horpa mpmxogarca cTagKHBaThCS ¢ HEKOTOPOR HOBOHR cETyanueld (Hampumep,
¢ 0cob0 CH0MKHOM CHEMHOBOM KoHQErypauueil B KpucTajje ¢ HECKOJILKUME THHAME
B3aMMONEHCTBHR), TEOPHA MOJOKYHAPHOTO mOJA JaeT HPOCTeHRMIHA, XOTA JOBOJIBHO
rpy6si# coocof BHEEIWTE BO3MOKHBIE THOHE CTPYKTYP.

B) TeopHa MONEKYJIAPHOro HOJA MOKeT OHITH WHOr[a BaATa B KAa4eCTBe MCXOM-
HOM My GoJsiee CHOMKHBIX pPacYeToB.

IIpegnonomuM, 9To B rammanroEuaHe leiisenbepra (33.4) mu cocpegoTounum
CBO¢ BHAMaHHe Ha HeKoTopoM ysie R u Bhjexnmnd B §¥ wieHH, cogepaamuae S (R):

At =—SR)-( > J(R—R)S R)+gusH). (33.54)
Jd10 BHpaKeHEe 0TBe4YaeT mO (opMe SHeprud cumHa B >PPeKTHBHOM BHENIHEM TOJN¢

Hee=H+—— 37 (R—R)) S (R), (33.55)
<

HO «moae» Hey mpefmcTaBaser coGoit omepaTop, AOBOJABHO CHOKEEM o0pasoM 3aBm™
cAMEHA OT KOHKPeTHON KOHQUIYpPaN®EHE BCEX OCTANBHEIX COMHOB, PAcHmOJOKeHHHX
Ha gpyrax ysaax mommmo R. B mpmbawkeHunm MoXeKynsapHOTO Hoas OOGXORAT 3TY
TPYIHOCTH, 3aMeHAsA «moae» Herr €70 CpeIHEM 3HAYEHHEM, OTBEYAOIIEM TePMOIAHA~

1) B cBoeit mpocTeiinieit fopme TuIOTe3a cKefliMHra CBOgUTCA K Ipeanoos;xennio [29], wro
KOPPeJAIMOBHAA QYHKIHMA HMeeT BHUJ

r® =1 ().

rfe Benndnsa § (7), naskBaeMas KOPPEIANMOHHON MINHON, PACXOANTCA IPU KPUTUYECKOH Temme-
patype. M3 Toro axra, 9T0 BOCHPHEIMIHBOCTE PACXOJUTCA B KPUTHIECKOH TOUKe, ¢ O9eBEIHOCTBIO
ciefyer, 9TO Pajmyc KOppeaAnum KOJeH OHTh Upesphryaiino Benwk BGumau T, [cM. (33.35) u
(33.38)]. Tnmmotesa ckelinmEra OTBEYAeT KOLOJHUTEABHOMY IPEIIION0KEHAI), COTIAACHO KOTOPOMY
KoppensanuoHHasa QYHKNHMA cOafaeT OpH Temmeparype I, kak R B HOKOTOPOH CTeNEHHM H 3aBHCHT
OT TeMHePATYDPH TOIBKO 4Yepes nepemenuyio R/E (T).

2y Cm. paboty [30].

3) Cm. npmmeganne 1 ma ctp. 315, a Taxske paGory [31].

4) 3Ta TeopHmA FONYCKaeT HEIOCpPe[cTBeHHOe 0000menne, HO3BOIAIONMEe IIPOBECTH PACCMOT-
peHNMe BCeX BO3MOKHHEIX THIIOB MAaTrEMTHOTrO YIODAJOYeHHS; OHA OYeHb IIOXO:Ka Ha Teopuio Bam-
mep-Baanbca, ONMCHBAWIIYI IePexOf, KUAKOCTb — HAapP, W ABAACTCA KOHKPETHEIM IPEMEPOM
BecbMa 00med Teopmm (asOBHX IepexonoB, paspaGoramHoit Jlampay.
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MIYeCKOMY paBHOBecHio. B caydae deppoMarmernka !) cpeHUe sHadeHUA BCeX CIH-
-HOB OIWHAKOBEl U MOTyT OHTBH BEpa;KeHE Yepes DOJHYI0 HAMAarHWYeHHOCTh

(S (R) =4 —p—

‘Ecan 3amenuts Kayrabii coul B (33.55) ero cpepumm snavennem (33.56), To momyumm
-clefyoniee BHpayKeHme st 9PPeKRTHBHOTO HOJA:

(33.56)

Herp == H M, (33.57)
TIae

=V _J —

R J,,_%,J(R). (33.58)

CornacHo TpefmoIOKeHNI0, IPUHAMAEMOMY B TEOPAU MOJEKYISAPHOro HOJd [Id
-eppoMarEeTHKa, B3aUMOIEICTBHEe OPUBOIUT TOJBKO K OnHOMY 3hdeKTy, 3aKIH0uaz-
meMycs B TOM, 4TO HmoJie, AelicTBYIOMee HA cOmH, 3aMeHdeTcsaA Ha Hgpp. ITO mpepmo-
JIOReHKE PeJJKO OKA3HBAeTCH CHPABeNJNEBHIM B CIYYafiX, MPeICTABAAIIMUX OPAKTA-
gecKa# mHTepec. [leficTBATENBHO, OHO MOKET BHIOOJHATHCH TONBKO B CJCGHVIOMHAX
ABYX cayuasax: 1) Korga oTmesbHBE COWHEI HCULITHBAIOT JUIE HeGOoabIIHe OTKIoHE-
HES OT CPOHNX HaIpaBieHuH m 2) Korga pagayc 06MeHHOTO B3aMMONERCTBUS CTOAb
Beauk, uro BKaan B (33.55) ofycaosnausaerca GONBIIAM 9UCIOM COEHOB H BX (IYK-
TYyanmueE BOKPYT CPeNHWX 3HAYeHWH B3aMMHO KOMIEHCHPYIOTCH.

Ecnm MH TeM He MeHee BOCHOJB3yeMCA HpuOAMKeHEEM MOJEKYIsSPHOrO HOJA,
TO HOXYYAM, YTO HAMarHWYeHHOCTH YAOBIETBOpPAET CHeNyIOMEMY ypPaBHEHHIO:

Hegy

M:Mo( p ) (33.59)

rne M ,— HaMarHH49eHHOCTE B moJie H mpu remmeparype I', orBewalomas OTCYTCTBUIO

MarHuTHOTO B3aHMOfeiicTBHA. Mul Boiaucauan Beamuuny My B ra. 31 u oGHapysxu-

am, 910 oHa 3aBucuT oT H m T ToabpKo uepes mx oTHomenme |cm. (31.44)], kak aro

n sanucano B (33.59). Ecam mpm tremmeparype T mMeercsl CHOHTaHHAS HaMarHmueH-

gocte M (T'), TO oHA oUpejessieTcss KaK HeHyJdeBoe peinenme ypaseHus (33.59)
B oTcyrcTBMe BHemmHero mois. llockonvry Hep; = AM mpum H = 0, Honyuaem

AN .
M(Ty=M, (T) (33.60)
BosMomuOCTE CyMlecTBoBaHUA pemenumit ypasuerms (33.60) merwe Bcero ofma-

PYRETH HpHu rpadudecKoM mcciegopaEnd. Ecam mbl sammmeM (33.60) kak cmcremy
_ABYX ypaBHeHui

M (T)=M,(z),

. 7 (33.61)
M(T)=—=z
o oHa Oymer EMeTh pelueHHA B TeX TouKax, rige rpadux ¢ymknum M, (r) mepece-
xaetcsa ¢ opamoit (T/A) z (Pur. 33.11). Ilepeceuenue NPOUCXOAUT OPYE HeHYJIEBHIX &
B TOM H TOJIBKO B TOM cJydae, KOrja HAKJIOH mpsmMoil suauu I/A npeBhimaer HAaKIOH

N

1y Ipyrue caydam paccMOTpeHH B 3agade 7. OGHUHO [1€1al0T HEKOTOpOE HAYAJBHOE MOIY-
feHNe O PABHOBECHOM CpejHeM 3Ha9eHHH Xasimoro ciomua S(R), HCIONB3YIOT €ro Ajifd TOro, 4To-
Ol onpefiesiuTh cpepnee oddeKTHBHOE MoJe, a 3aTeM HAJAramT YCJOBHe CaMOCOIJIACOBABHOCTH,
3aRJI0YAOmeecs B TOM, YTOOH PaBHOBeCHOE cpejHee 3HaUeHHe Kaskgoro cumaa S(R), BEYUCIeH-
:HOe JIjis cBOGOIHOTO CUNHA B cpefHEM 30¢eKTHBHOM [I0Jie, COBIIANAJO ¢ IEPBOHAYAJIBHO 3a/aHHEIM,
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M; (0) xpusoit M, (z) B Havamse koopaurat. Ho npouasomryio M, (z) MomHO 3ammcaTh
9epes BOCOPEUMYHABOCTD B HYJNEBOM LOJE ¥,, BEMHACICHHYIO B OTCYTCTBHE B3AHMO-
neicTBHAL

oM Mg (0
yo = _an"‘)H,:o:—"}L)—- (33.62)
Cpasuampas (33.62) ¢ sBEEM BHpasKeHHWeM s 3akoHa Hiopm (31.47), maxomam
Ty T: T T; T3 Ty
MJM TI Tl‘ —X“.Z‘ —X—x —xx 2 Z
MY |/ /7 e
e S At S Sy S ek e
M) — = A ~M =My (x)
M(T) N -
M(Ty) V
v
/
/,
/,
x

Our. 33.11. T'padumueckoe pelleHne ypaBHeHwWii Tcopun MoJeRyIsapmoTo mons (33.61).

Ecan temneparypa T npessmmaer Te (Hanpumep, T = T,), He cyllecTBYeT HMKAKUX pemeHud, kpome M = 0,
Ipn T, meabmux T¢ (Hampumep, T = Ty, . . ., 1), UMEIOTCA pelIeHUsA C HEHYJEBHIM MACHWUTHBIM MOMeHRTOM M,
Kpurnyeckoe 3HayeHuwe T, paBHoe Te¢, ONpPeReNAeTcA PeOMETPUYECKMM VCJIOBUEM, COIJIACHO KOTOPOMY HAaKJIOH
KpuBo#t M, (x) B Haualle KOOPAUHAT HOJ’KeH OHITh paBeH TC/)\,. Yepes M A 0003HaYeHa HaMarHU4YeHHOCTh HACHIIe-

HUf,

M (0). 910 mo3BOAAET OHPEHENIATh KPHETAUSCKYIO TEMHEPAaTypy, HuUe KOTOPOi BO3-
MOMKHO CYMeCTBOBAHME CHOHTAHHOH HaMarHAYeHHOCTH:
N (ewp) _ S5+
T.= T S(S—{—l)?»__TJO. (33.63)

B r1a6a. 33.4 monyd4eHHEI# pe3yabTAT CPABHABAETCS ¢ TOYHHIME 3HAUCHASAME KDHTH-
9eCKOM TeMIepaTyphl [Jid HECKOJbKAX THHOB ABYMEPHBIX B TpeXMepHEIX W3WHIOB-

Tabauya 33.4

OTBollenrHe TOYHBIX 3HAMeHMHA KPUTHYECKO TeMIepaTyphl K 3HAYEHMAM,
noayiaeMpiM B TeOpuu MOJeKyaspHoro moas (MFT),
J7s1 PasiuIHbIX MBHArOBCKHAX PelleTOK ¢O B3aMMoOJeiicTBMeM Meskay Ommxaiiamu cocenamm 2)

Tun pemerkn PasMepHOCT ffgggé“‘.‘f,*,%ﬁ‘,’g‘ T,/ TEIFT
HlecTuyronsuas (I9eJMHEE COTH) 2 3 0,5062173
Heapparnas 2 4 0,5672963
TpeyroasHas 2 6 0, 6068256
Tuma anMasa 3 4 0,67601
Tlpocras xyGudeckas 3 6 0,75172
OGbeMBOIGHTPUPOBAHHAS KyOudecKas 3 8 0,79385
TI'pamenenTpupoBaHHasA Kyfudeckas 3 ) 12 0,8162

2} Bpauenna T, Aas ABYMEPHHX PelleTOK HMOJYYEHH NyTeM TOYHOTO PACYETA, & HJIA TPEXMEePHOTO Ciy-

Yas BBMMICJIEHB MeTOO0M BKCTPANOJAIMH ¢ Toil TOYHOCTBI, C KaKO{l OHH MpHBeleHH B TabiMbe.
JlaHHbne B3ATH M3 ob6zopa Gumepa [9].
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cknx pemerok !). Hpurmueckme TeMmepaTypsl B Teopmm MOJEKYJASPHOTO HOJNA
OKagbIBAIOTCA WYTH AW He B [Ba pasa Gojblme MCTHHHEX 3HaueHmil. OgHaKo, KaK
H cleQyeT OKUAATH, COTJIACHE YIYUINAeTCs ¢ yBeJIHIeHAeM PasMepHOCTH B KoopauHa-
MHOHHOTO YWCJIa pEemIeTKU.

Ilpm 7, messauntenbHo MeHbmux 7', m3 ypasHerus (33.60) caenyer, 4T0 COOH-
TaHHASA HAMArHEYeHHOCTh MeHsAeTca Kak (7, — T)'/: He3aBHCEMO OT PasMepHOCTH
pemerku (cM. 3agauy 6). 3TOT BEBOJ HAXOAHTCH B PE3KOM IPOTUBOPEHYHM C U3BECT-
HEIM pe3yibTaToM, 3aKaiouaiomeMcs B oM, 9to M ~ (T, — T)8, roe P = Y/ nns
nByMepHoi Momenn MamAra, a nusa GONbPHIMHCTBA PeaNbHHX H MOAENBHBIX CHCTEM
B TpexMepHOM caydae f = 1/;. OTMeTHM, OIHAKO, YTO U 37ieCh COTJAcHe ¢ Pe3yJbTa-
TAMHU TEOPHE MOJEKYJIAPHOIO HmOJA yJAydliaeTcs ¢ POCTOM PasMepHOCTH 2).

B6amsn a6comoTHOTO HYJIsl TeMOEPATYpPH TeOPHA MOJEKYISAPHOTO HONd Ipef-
CKaakiBaeT, UTO HAMATHAYEHHOCTH [OJPKEA OTAXYATHCH OT CBOEr0 MaKCHMajabHOTO
sHaYeHHA Ha BejJmumHy mopsimka e JoS/hpT  (3apmaua 9). dto HaxommTcs B ABHOM
HPOTHEBOPEUAE C 3aBHCHMOCTLI0 I'%/2, mosyueHHOM mpH Gosee CTPOTOM PACCMOTPeHAR
m3oTponHoit 3) Momenu IeiiseHGepra ¥ MOATBep)KAeHHON Ha dKCHePHMEHTE.

Bripasxenue g BOCOPHEMYHBOCTH B HpHOIIKEHUH MONOKYAAPHOTO HOJA
Haxopurca myteM nuddepeHmUpoBaHEs BoipaxeHnsa (33.59):

oM _ oM, OHett

= = By om = Yo (1 -+2%). (33.64)
Orcrona
X =125 (33.65)

rie Yo,— BOCHpHHUMYHBOCTb B Tole, pasEoM Hey . Ilpm Temmepatypax srme T,
B OTCYTCTBZe OPHIOKEHEOr0 BHemHero Hojsi Hepe oOpamaercs B HYNb B BOCIPHAM-
9ABOCTD ), HoRuEEAeTcsH 3akoRy Hiopn (31.47). Ilpm arom u3 (33.65) nonyuaem cie-
Ayiomee BHpajkeHNe [JiA BOCHPAMMUYEBOCTH B HYJEBOM HOJE:

. %o
X =TTy (23.66)

JTa 3aBEHCEMOCTB, KOTOpas HOCAT HasBaume 3aKoHa Kiopm — Beiicca, mmeer
OpaKTH9ECKY TOT jKe B, 9T0 I 3aKoH Kiopz nna npeanpHOro mapamarsetaka (31.47),
TOMLKO B 3HameHaTene I 3aMensercs Ha I — T.. OgHAKO TepMHEH «3aKOH» OKAa3H-
BaeTcsa 3[ech COBEDIIEHHO HeHOAXONAMNM, HOCKOJBKY BOAmam T, HasMepeHHHe
¥ paccYUTaHHEE BOCHPUUMINBOCTY TPeXMEPHEX (eppPOMATHETHKOB DPAcCXofATcs Kak
1/ (T — T.) B crenenm npmMepHo ot 5/, no 3/,, a He mMeroT mpocroit dopmsr, Open-
crasuBaeMont gopmynoir (33.66) ¢). Opmmakro ocHoBHas mompaBka (mopapgxa 1/72)
K 3aKoHY Hiopm [/is1 BOCHpHEMYHBOCTH HPH BHCOKHX TeMIepaTypax, KOoTOpYIO AaeT
dopmyna (33.66), cormacyercss ¢ tourmM pesyabratoM (33.50). Toapko B 5TOM
8aRJIOUWAETCS peasbHBIM cMEIcH 3akoHa Hiopm — Beiicca: oH, B cymHOCTH, DOKashI-
BaeT, UTO BEICOKOTeMIepaTypHas HoUpaBKa yBeiWYuBaeT 3HAUeHHe BOCHPHMMYHBO-

1y Ecam IPEMEHRTH cooTHomemne (33.63) k mogemt Wawmra, To mmommreas /48 (S + 1)
ciefyeT 3aMEHNUTH TEM BEHPajKeHHeM, U3 KOTOPOTo OH GELT IIONY9eH, T. €. CPEIHNM 3HAYCHUEM Ole-
paropa S} mius npousBOJLHO OPHEHTHPOBAHHOIG CIUHA.

2) B TOM ciaydae, KOTHAa PasMepPHOCTE NPOCTpaHcTBA (OJbIIE YETHPEX, TeOPUA MONEKYJIAp-
HOTO II0JIfA, MO-BHAAMOMY, IIPHBOAUT K NPABHIHHEIM 3HAYCHMAM KPHTHIeCKHUX [IOKA3aTelei.

3) B ammsorponHoM Mopeau IeiideEOepra HaMarHm4eHHQCTH TOMe OTJINYAETCS TOABKO Ha
MaJblil OKCIOHEHNWAJLHEY YTeH OT ee MaKCHMajdpHOro smademmsa. Ogmaxo mpu stom Jo/kgT
sameHseTcsI Ha AJ/kgT, rie AJ XxapaKTepu3yeT aHH30TPONHID 00MEHHOIO B3alMOJEHCTBHUSM, U DU
caaboit agmsorponrmun AJ/J, € 1. Cm. sapgauy 5.

4) B pBymepHO# Mojenn VismHra BOCHPHMMEMBOCTGL pacXoputed Kak (T — T,)7/%, 1. e. ee
LIOBeEeHVE eme CHIbHee OTAHYaeTcA OT 3aKoHa Kiopm — Beiicca. OpEako ¢cHoBa 0TMeTHM, 9TO
C yBeJMdeHHeM PasMePHOCTH TeoPHsA MOJIEKYJIAPHOrO [0JisA NaeT Bee 6ojiee HaJleyKHEE PE3YIbTATHL
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ctn GeppoMarHeTHKa IO CPABHEHMAIO ¢ TeM, KoTopoe faer 3akoH Hiopm !). Ilonpasku
$ostee BEICOKOTO MOPAAKA He COTJACYIOTCA ¢ Pe3yibTataMid, DoxydaeMeMH n3 $op
myan (33.66), m moaTomy BHe BEHICOKOTeMuepaTypHoil obaacrr 3akor Hiopm — Beiic-
ca — 3To He DoJiee 4eM BeChbMa OPOCToH, HO He CAMIIKOM HAfeAHHIE cnocob sKcTpa-
HONANKA BHCOKOTEMIGPATYPHOTO DA3NOKeHHA B 001aCTh, JesKAMy0 HEmAe OO TeM-
mepatype.

CIEICTBUA INIOJBHOI'O B3AUMOJENCTBUA
B ®EPPOMATHETUKAX. TOMEHbBI

Xora kpurmuecKas TemuepaTypa sxexesa Bhmre 1000 K, caywaitno BaaThiE
KYCOK jxeje3a OOKHYHO Kajkercs HeHaMaroudeHHEM. OfHAKO TOT Me KyCOK jKejesa
B3aEMOJeHCTBYeT ¢ MAaTHATHEIM HOJEM 3HAYHTeJHHO CHIbHee, YeM HapaMarHATHOE
BeIEecTBO, M MoMeT OHTh HAMarHWYeH, €CIM IONHECTH K HeMY NOCTOAHHLIA MarHuT.
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@mr. 33.12. MaranTHas AWOONLHAA SHEPTUA TBEPAOrO Tela B PePPOMATHATHOM COCTOSHIN MOYKET
YMEHBIIUTHCA 33 C9eT 00Pa30BaHMA CJOMKHON JIOMEeHHOH CTPYKTYDHL.

OnHODOMEHHA CTPpYKTYpPa (a) MMeeT SHATUTENBLHO GOJIBINYI0 DHIOJBLHYIO SHEPrHIo, yeM CTpYKTypa (6), cocToA-
maA ¥3 ABYX A0MeHOB. (To0H YOEeRUTLCA B 9TOM, IpeucraBbrTe cefe, ITo ABEe MOJOBAHH CTPYKTYDH 6 -— 9TO
8a HAMATHUYeHHBIX CTepHR. JIJia o6pasoBaHNs OMHOrO AOMeHA (a) OMHH W3 MAarHNTOB B (6) mOILkeH OHITH II€De-
8EDHYT; OpHA 370M KoRPATYpamasa, B KOTOPOM pasHOAMEHHEE MOJIIOCR HAXOBATCA PAROM, OpeBpaniaeTca B KOHQHU=-
TYPALN0, TNe PAZOM OPYT ¢ EPYI'OM OKARLIBAIOTCA ONHOMMEHHLIE NOJioca.) JUMoNbHAS 9HePIud HBYXTOMeHHOHN
CTPYKTYDPH MOKeT emle (oJiee IMOHMSATHCA Np® OGPA3OBAHKMM [OMOJNHATENHHHX HOMEHOB (8).

Yro6el 00BACHATD 9TH ABICHAA, HeOGXONEMO PACCMOTPeTh AMIOJBHOE B3amMO-
JlelicTBHe MesKIy CUMHAM¥M, KOTOPHIM MBI [0 CHX mOp HpeHeGperaauw. Mul orMeTmim
B Ti. 32, 4r0o 9T0 B3amMojelicTBAe Upe3BHUAHO c1af0: OUIOJBHOE B3amMojeHCTBHE
Me;KIy 6amraimmMu cocenamu oberggo B 1000 pas caafee ofMenHoro. OgHako
00MeHHOe B3anMOjieicTBHe BeCbMa KopOTKofieiicTByomee (B feppOMAarHATHOM AEIIeK-
TpHKe OHO DKCOOHEHNINAIHHO CIaflaeT UPH yBeJIMICHHN PACCTOSHAA MEIKAY CUAHAME),
9ero Hedb3s CKa3aTh O AUIOJILHOM B3amMofeicTBHE (cHafaromem oOpaTHO IPOHmop-
nuoHaNbHO KyOy paccrosmms). B pesyasrate MarHuTHasg KoH(Erypamus obpasma
MAKPOCKOIMYeCKHX DPa3MepoB MOKeT GHTB JNOBOJBHO CAQKHOH, IOCKOJBKY IpH
OTPOMHOM UHCJIe COHHOB [AHHOOJLHAS DHEPrAf oKA3HBAETCH CYMECTBEHHOM H ee
BAHAHNE MOKeT 3HAYATEJbHO A3MeHHATH CONHOBYI0 KOHQHTYPALAI, BHTOLHYIO C TOY-
K7 SpeHHA KODPOTKOJeHCTBYWOIero 00MeHHOro B3amMOUeHCTBHA.

B wacrHOcTH, KOHQUrypauma ¢ ogHOPORHOH HAaMarHWIEeHHOCTHIO, KOTOPYIO MHI
OOBYHO HpHBACKANTE NAA OOHCAHWUA (EepPOMATHETHOTO COCTOAHWA, UPE3BHYANHO
HEBKOHOMHYHA C TOUKHM 3PEHHMA [UOONLHONW dHepruE. JumojbHas sHePIES MOKET
cymecTBeHHO ymMeHbmATHCA (Pur. 33.12) mpum pasGmennmm o6pasua Ha OFHOPOTHO

1) B anTrfeppoMarseTHKAX TeOPHs MOJEKYIAPHOTO IOIA UPUBOSAT K aHAJormIHOMY {33.66)
BHPAKEHHI0 A BOCIPMAMYHMBOCTH Beime T, ¢ HOJIOCOM, J€KAIMUM B OGJACTH OTPHUIATENBLHEIX
sHavennit T (cM. 3anaqy 7). DTOT Pe3yabTaT TaKyKe HeHANEKeH, OHAKO 3HAK BEHICOKOTEMIEPATyp-
HOH TONPaBKA K 3aKOHY I{10pH OXa3uBaeTcsa NpaBHIbHKIM.
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HAaMarHU9YeHHbIe JoMenbl MaKPOCKOOWYeCKHX pasMepoB, y KOTOPHX HaHpaBlieHHA
BEKTOpPOB HAMArHMYEHHOCTH OTIWYAIOTCA BechbMa cmabHO. Takoe pasOmenwe mpmBoO-
AT K OPOATPHINY B OOMeHHOR »HepruM, NOCKOJLKY B3aHMOJCHCTBHe COMHOB, HaXO-
HAMuUXCsA BOJMSE I'PAHANBL JoMeHa, CO COHAHAME W3 COCeHEr0 JoMeHa, MMeIOUEMMA
Apyroe HallpaBjeHWe, pHepreTHYecKH HeBHIIofHO. OpgHAKO M3-3a KOPOTKOHAEHCTBYIO-
mero XapakTepa OOMEHHOro B3aHMOAeHcTBHA ofMeHHAs BHEPrHsA yBeJHYMBAETCA
TOMBKO IS COMHOB, HAXOHAMEXCcA BOANBH I'PAHUN TOMEHOB. B OpOTEBOHOIOKHOCTh
9TOMY BHIWUTPHII B MAarHETHOW AUDOJBHON SHeprmu mpejcraBiser co6oi 06beMHER
afderT: B CcHAY HadBHONEMCTBYIOHEr0 XapaKTepa B3aWMOIEHCTBASA IHOOILHAS
9HeprusA Kaxcdoezo copHa yMeHbIIaeTCA UPH obpasosBaHmm moMeHoB. [losTomy, ecim

EYERERASY’

-————

a ]

®ur. 33.13. IogpoGuoc maolpasKeHWe YacTy JOMEHHOIl CTEHKII B ciydae PesKodl TpaHunsl (a)
U pa3MHTO# TpaHNIL (6).
Ipourpeix B OOMEHHOJi 5HEp!¥y MeHbHIE JJsi TPAHWLL THIOA 6

JOMeHH He CAWINKOM MAJH, uX o0pasoBaHme 6yler BHIOJHEIM, HeCMOTPA Ha HecpaB-
HeHHO OOJBIIYX BeJHUIWHY OOMEHHOTO B3amMofeicTBHsi. ¥ KAKIOTO COHHA MOMKeT
OOHH3UTHCSH ero (Majasi) AWOOJLHAS BHEPIUs, HO TOJBKO y HEKOTOPHIX CIUHOB (Ha-
xXogAmuxca BOAWSW TpaHUL HAOMeHOB) yBeamumpaercd ux (Oonpmasi) oOmenHas
9HEpIuUA.

Jlerkocrts, ¢ Koropoi deppoMarHeTHk mpy Temneparype Huae I, coxpadAaer nin
Tepsier (13-3a pasCHeHHs Ha JOMEHH) CBOIO COOHTAHHYIO HAaMarHHYeHHOCTD, & TAKIKe
TPOIEecC BOCCTAHOBIGHUSA CIOHTAHHON HaMaTHWIeHHOCTH HOJ HeHCTBHEM IPHJIOKEeH-
HOTO BHEINHEro HOJd, TECHO CBA3AHH ¢ (H3MIeCKAMU MEXaHW3MAMHA H3MeNHeHHA
pasMepoB ¥ opHeHTanuu HoMeHOB. CTPYKTypa rpaEEOB Me:KAY IBYMS IOMeHaMH
(naspiBaeMoOil JoMenHOH, WiE GAOXOBCKOM CTeHKoH) HIpaeT BaKHYK DOJE B 3THX
nponeccax. O6pasosamume peakodl rpasumisl (Pmr. 33.13,a) OpEBORAT K CAHIMIKOM
Goabmomy mpourpHimy B o6meHHo# sHeprnu. [JoBepXHOCTHY™ 3HepIrmio JOMEHHOH
CTeHKH MOKHO HOHW3UTDH, PacupefienB HOJHOe M3MeHeHHWe HAlpaBJeHWs HaMarHu-
geHHOCTH MeXAy MHormmu cuomEamn !). Eciu nepepopoT comHa pacupejesed MeXAy
n cOHHAMHE, TO, KAK JIeTKO BUIETh, OpY HepeXxojie yepes CTeHKY HampaBJeHHA cocell-
HEX COEHOB oTAMUaiTcsA Ha yroa n/n (dur. 33.13,6). B rpyGoi kinaccmueckodl cxeme
o6Mennas DHEPIWS LADH COCEJHEX cOUHOB OYRET uMeTh He MUEAMAABHYIO BeJAYHHY
—J82 a owamercsa pasHOM —JS? cos (n/n) &~ — JS2 1 — 1/2 (wn)?). Mlockonsky
IJIs1 mepeBOPOTA COHMHA HEOGXONIMO COBEpIIATEL 7 MAroB, u3MeHeHme HaUOpaBieHAA

1) Me pacecMaTpuBaeM ZOMeHHYIO CTeHKY He CIMIIKOM GONBIION TONIAHL, IOTOMY ee c06-
CTBCHHYIO AMIIONBHYIO SHEPTUI MOMKHO He NPWHMMATH BO BHAMAHME.
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cimAa Ha 180° B menoure w3 n cumHEOB TpeGyeT BATpaTH SHEpPIUE, PaBHOM
A 2
AE=n[ —JS2c0s () —(—J58) |=5- 787, (33.67).

410 B 2n/n? pas MeHbIIe OPOUrPHINA B DHEPIUY HPH peskoM (OJHOLIATOBOM) IEPEBO-
poTe CIOEHA.

Ecanm GH sT0 coofparkerne Obl0 eMHCTBEHHBIM, TO IHPHEHA JOMEHHOH CTeHKH
orpaHHmYHBajach OH AUOOABHHEM B3auMogeiicTBmeM. OIHaKOo B HpOBeJeHHOM BHIIIE-
paccMOTpeHMH Mbl CUMTANH, 4T0 o0MeHHOe B3amMopeiicTBme oOiafaeT HAealbHOH:
W30TPONUMER, T. €. BABUCUT TOJIBKO OT yIjia MeKAy cocegBumm cnuHamum. OOMeHHO®
B3aUMOJeHCTBHE, OLNHCHIBAeMOe raMuabToHHaHoM leiizenGepra (33.4), msorpomHo,
OHAKO ITO CBA3AHO TOJBKO ¢ T€M, UTO HpPH BEIBOJE raMUILTOHHAHA He YYUTHBAIOCH
comH-opOuTanbHOe B3auMojelicTBue. I3 pealbHOM TBepIoM Teae mMeeTCHA CBA3h CIH-
HOB C pacHOpeleJeHneM 3JeKTPOHEOH NJIOTHOCTH, 00YCAOBIEHHAA CIIHE-0POHATAIBHAIM
B3amMMO/ieficTBEeM, TIO9TOMY SHEPIUA CHHHOB OyfeT A0 HeKOTOPOHA CTeNeHHW 3aBUCETH
0T WX OPHWEHTANWHN OTHOCUTENHLHO KPUCTAMNOTpAPAUecKAX ocell, a He TONBKO OT HX
B3aEMHOH opmeHTanuu. XOTA 3aBHCHMOCTH CHHHOBOM »Hepruw OT HAIpaBICHAS
B HpOCTPaHCTBe MOMeT OBITH BechbMa ciaboif, oBa OyfeT B cpeflHeM M3MeHATH PHepP-
ruio NeHOYKE Pa30pUeHTUPOBAHHEIX COWHOB HA OOpeqeleHHYIO BeJIHYHHY B pacuere:
Ha ofme comH. (HacTh 5Hepru®, 3aBUCAIMYI0 0T HANpaBieHus, HAa3HBAIOT dDHepruei
aHm3oTponnd.) B KoHme KOHIOB IpW yBeJMYEHHM TONI{AHHE JOMEHHOH CTeHKH BT&
HOHOJHATENbHAA »HepPrHmA HpeBHCUT IOCTeNeHHO YMEHbIIAoMmieecs OTKJIOHEHHE
00MeHHO 9HeprHHE 0T MUHUMAJHHOTO 3HaueHus. [[osToMy TonmumHa HOMeHHOH CTeH-
KE onpefiesisieTcs Ha NPAaKTAKe GajJaHCOM MeRIY OOMEHHOI sHeprmedl W SHeprumei®
anmzoTponmn ).

HamarumuuBaHzEe KYcKa HeHaMarHWYeHHOIO jKeje3a, o0ycioBlieHHOe Halloe-
H¥eM BHeWIHero mond (Opd TeMOepaType 3aMeTHO Hme I',) mpemcraBisier coboib
mpoIece, IpH KOTOPOM MeHAIOTeA dopMa m opueHTanuA JoMeHOB. Horga npuiomKeHo:
caaboe HOjIe, TOMEeHEI, OpHEHTHPOBAHHEIE MO I10JI0, MOTYT PACTH 32 cYeT MeHee Guaro-
TpHAATHO OpPHEHTHPOBAHHBIX [OMeHOB HyTeM ILIABHOrO IlepeMeMeHus JOMeHHBIX
creHOK (¢ur. 33.14) 2). Ilpomecc HamMarEEuHBaHEsA B caabeX moasx ofpartaM. Ecam
CHATE HOJIe, CO3[aBllee HAMATHMIEHHOCTH, TO JOMEHH HpHHUMAIOT ¢BOH HepBOHA-
YaJbHBIE BUJ (OTBeUAOMHHE OTCYTCTBHMIO HAMATHHYeHHOCTH Y 00pasia B I€JIO0M).
OpHako ecadm HaMarHAYUBAIONIee HOJe He MAJO, TO POCT BHIOLHO OPHEHTHPOBAHHEIX
IOMEHOB MOKeT IPOMCXOAWTH B pe3yiabTarte HeoOPATWMHX HponeccoB. Hampummep,
meeKTH KPACTAINYeCKOH CTPYKTYPH MOTYT HPeUATCTBOBATH 00paTEMOMY JBHKe-
HUIO JOMeHHBIX CT€HOK, I 4TOOH IIPeofoieTh uxX AeicTBHe, [OMeHHAs CTeHKA JOJLKHA
IOJIYYATh 0T BHEUWIHETO IOJsI JOCTATOYHO Goapmyio sHepruo. Ecil cHATL HaMarsu-
qmBaiomee Ioje, 9TH AedeKTH MOTYT HOMewaTh NOMEHHBIM CT€HKAM BepHYTBLCS
B MCXOfHOe HOJIOJKeHWe, OTBedalomee OTCYTCTBHIO HAaMarmdmdenHocTd. TaKoe siBjae-
HHe HA3HBaeTCA 2Ucmepesucom, a nojle, HeoOXoEMOe A BOCCTAHOBICHAS HYJIeBOl
HaMarHEN9eHHOCTH (0OBIMHO M3 COCTOSHWA HACHIUEHWs), HABHIBAGTCA KOIPYUMUEHOL
cusoti. BeanamHa KOSPIUTHBHOH CHIBI, 0UeBHHO, 3aBUCHT OT cHOCOGA LHPHrOTOBIE-
HEsA o0pasma.

B ogens Goanpmmx DONAX BHEPreTHUCCKH 0olee¢ BHIMOJBHIM MOJKET OKABaThCHT
DOBOPOT OTAENBHBIX [JOMEHOB B IejioM, XOTA OH M COHOPOBOKAAETCH IIPOUIDPHIIEM

1) C ameprueil aHHBOTPONUH CBABAHO TAKIKE CYMIECTBOBANNE HAGHIONAEMEX DHCTIEPHMEHTAN b
HO HallpaBJEHHI «JIETKOTO» U «TPYAHOT0» HAMATHUYUBAHUA.

%) IocTelenHH -XapaKTeD MEPEBOPOTA CTIMHOB B JIOMEHHOM CTEHKe BEChMAa CYIIECTBEH JUIS
e¢ NJIaBHOTO JIBWKeHHA. UTOOH pesKasd TPaHHHa CMeCTHIACh B Pe3yabTaTe pH/Aa IepeBOPOTOR

OTHeJBHBIX CUuHOB Ha 180°, Kampmli cIMH [omKeHn IPeoONeTh BRICOKMIT (mopsaaka o0MeHHO
SHePrIN) HOTeHIHAJIbHBIT Gapbep.
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B DHepPruHM 8HHU3O0TPOINH. Ecau mamarsmueHHOCTD BemleCTBA COOTBETCTBYET TAKOMY
COCTOABHIO, TO B HeM HPAKTHYECKW YyiKe He MOKeT BHOBh BO3HHKHYTH NOMEHHAHA

'
%
Vi

a 0 8

{Tosopom

B=H+4M
domenos

Heobpamumoe
RamMaeHUNuBaHuE

\B=H + 4nM DOpaITIMOE HAMUL2HILYUSHTE
H

-HL‘

fx

]

2

O®umr., 33.14, Tlpomecc HaMarHAYNRAHHAHA,
a — HeHaMaTHMYeHHLIX O6pasern.
6 — ofpaseny cmaboM r101e, 8 KOTOPOM CIVHAM BHTOTHO OhITh HANDABIIEHHWMA BBEPX, JIOMEH CO CIIMHAMHA BBEPX
pacTer 5a Cyer OOMEHa CO COIMHAMM BHMY; IIpHM 9TOM HOMEHHAs CTEHKA IepeMeImaeTcA BIpPaBoO.,
8 — OPRJIoKEeHo 0oJiee CMIIbHOE IOJie, W HAYMHAETCHA MPOLecC BPANIEHNs KOMEHOB.
2 — KpuUBAA HAMATHUYMBAHWs, OOBIYHO M300paskaeMas KaK 8aBUCAMOCTb BeinuuHn B = H -+ 4nM or H,
Hag Helt BBepXY CIpPABA DOKABAHA YACTb HTOH KPHBOH OT TOYKM, OTBeuayoMled HyNeBol HAMArHUIEHHOCTH (KOH-
durypanua a B OTCYTCTBUE moJnA), N0 HAMarHu4eHHOCTH HACHIIlenNA. KECIn mMOoTOM YMEHbIIATL II0Jle, TO HAMArHA-
qeHHOCTh Re ofpamaerca B HYAb npu H = 0, T. e, BO3HMKaeT HeTaA rucrepesuca (2). Ilpu mode, pasnom —He,
BemuunHa B ofpamaercs B HYJIb. VIHor@a 970 06CTOATENLCTBO NCHONBIVIOT HAK AIBTEPHATHRHOE OIpeneleHHe
KODPLUATABHON CHJIbl,

CTPYKTYPA, eCIH TOJBKO B HeM He COXPAHHIHCH OCTATKHA TAKOH CTPYKTYpH, KOTOPEe
MOTIE OB CHY/KUTE 3apORBIIIAMA JJSA MeHee KaTacTpoUYHOTO POCTA [OMEHOB 38
CueT NBHMEHHA CTEHOK 1), '

1y JlomMeHHEAs CTPYKTYDPA BO3HZKaeT B 06pa3lax Koneunwz PasMepOB, MpHYEM B IpocTeiimem
1
caydae pasMep OTAEJBHOIO JOMeHa Iponopnuonalen L /2 rne L — numma ofpasna B HampaBle-

gun gomena (pur. 33.12 m 33.14). Cm., Hampumep, KBury Jlampay u JInpmmma [34*], § 39.—
ITpum. ped
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CJIEICTBUA AMIOJBHOI0 B3AUMOIENCTBUA.
PASMATHUYNBAIOMUE ®AKTOPLI

B 3akiiogennre 0TMETAM, 9T0 MArHATHOE AMIONHHOE B3aEMONEHCTBAE MOsKeT IIpH-
BOJATH K IOABJIOHHIO CHJIBHHX BHYTPEHHAX o6, NeHCTBYIOMUX HA KK OTSNb-
HHii cIIMH, B pesyabraTe 4ero joXanbHoe noie H, KoTopoe COMH 9yBCTBYeT HAa CaMOM
mejie, CYIIeCTBEHHO OTJAHMYaeTCA OT IPHJIOKEHHOIO BHEHIHEeFO IOdA. AHAJOTHIHOE
ABIIeHAE NJA DJICKTPAYECKOTO IOJA B NUDIEKTPHKAX NOBOIBHO moapobHO pasbm-
painock B ri1. 27. 3gech MHL TOJIBKO TONOJHATENHHO OTMETHM, ITO YKa3aHHHH sddexT
B ¢eppOMATHUTHEIX MaTepHanaX MoskeT GHTb BeCbMa BENHK: BHyTpeHHee JOKATbHOE
moJie B JeppoMarHeTHRE MOKeT FOCTUI'ATH B OTCYTCTBHE BHemMHero moJjifd THCAY raycc.
Hax @ B ery4ae NuajleKTPUKOB, 3Ha4eHHe BHYyTPEHHErO IOJSA BeChMa CIOMKHEM 00pa-
30M 3aBUCHUT OT fopmer o6pasma. Yacro g1d yecTaHOBIEHUA CBA3ZYU MEKIY HPUIOKeH-
HHM BHEIMMHEM IOJIeM U MCTHHHHM JOKAJHHEM IIOJeM BBOMAT HOHATHE <PasMarHuYm-
Bapmero ¢axTopay.

3ATAYN

1. Opanurenus, HALALAEMBIE HA NPOUSBEOLHUR CRUHOBBLL ONEPALMOPOE

a) Mcnoapays TOT daxT, 9T0 COOGCTBEHHBIE COCTOAHUSA »PMHTOBOM MaTpuIH 06pa3yioT HoJ-
HYI0 OPTOHODMUPOBAHEYI) CHCTEMY, AOKAKUTE, 9YTO MAKCHMANbHOe (MHHUMAIHHOE) 3HAYCHHE
AMATOHANBHOIO MATPHYHOrO dAEeMeHTA HPMHTOBA OLePATOPa PABHO MAKCHMAILHOMY (MUHHMAJb-
HOMY) cOOCTBeHHOMY 3HA9YeHHIO STOTO oIlepaTopa.

6) Hokaxure, 9T0 HanOOJbIIEe 3HAYGHHO HUATOHANLHOTO MATPHYHOTO DIEMEHTA OHEPaTopa
8 (R)-S (R’) npu R % R’ paBHo S%. [VEkaesanue. 3anumnte 5TOT omepaTop wepes,_KBajgpar olie-
paropa S (R) -+ S (R’).]

B) JloKaKuTe, 9T0 HaMMEHbINEE 3HAYEHNE AHATOHAJILHOTO MATPUTHOTO HJIEMEHTA omepaTopa
S (R)-S (R’) passo —S§ (S - 1).

2. Oepanurmerusil, HAALATAEMBLE HA IHEPLUI OCHOEHOL0 COCMOAHUR
anmupeppomarnemura
Toayuure mwxani upegea (33.17) sHeprau 0CHOBHOTO COCTOAHHUA TeiiseHOEProBCKOrQ aHTH-
¢deppomaraeTuKa, HCHOJL3YA ONUH U3 peayabraroB 3ajgaun 1. IMogyuure Bepxmuit mpegen (33.17)
9HePrud OCHOBHOI'O COCTOSHHS C JIOMOIMBI0 BapHANUOHHOr0 IPHHUENA, HCHOIALSYA B KadUecTBe
npoGHOre OCHOBHOE COCTOsHHe, ONHCAHHoe Ha cTp. 318.

3. Tounan sanepeun OCHO6HOZO COCMOANUR NPOCMOLO «aHMughepp omazHemura»

IToxaskuTe, 9T0 SHEPrEA OCHOBHOTO COCTOSHHA IICHOYKH MX YeTHPEX CIHHOB, OINHCHBaeMoi
aHTH(epPOMArHUTHHM ramMmibTonmaHom DeiisenGepra co B3amMOpeHCTBHEM TOJIBKO Me:y Ganm-
FallmMu cocelAMu

FH = J(81°Sy + 83-83 + S3-Si + S 8y), (3368)
paBHa
By= —4Js? (1+-%), (33.69)
Yxazarnue, 3amumute TraMUILTOHUAH B BUJAE
= T [(S1+ Sy Sy 80— (81-+ 8ot —(Sa+ 8]+ (33.70)

4, Ceoticmea CNUHEOANNHOSHIL COCTROANHUT

a) Y6egutech B HpaBWIBHOCTH HOPMUPOBKH B dopmymax (33.19) m (33.20).

6) BuBegmre cootHomesnue (33.27).

B) Ilowaure, wro (k| S, (R) |ky =0, T.e. 4r0o ¢asa CHOEHEOBOE BONHK B COCTOAHHU
| k) ocraeTcs HeonpepneneHHOM, .

5. Anusomponnas modeas Ieiizenbepea
PaccMoTpuTe aHM30TPONHEIN CHHHOBHE rammiasToHmaH IeiizenGepra

= —5 S V:(R—R)S,(R)S, (R)+J R—R)S, ®R)S, R)},  (33.71)
R, R’ '
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rie
J,(R—R)}>J(R—-R)>0.

a) IlokasxuTe, 9TO OCHOBHOE COCTOAHEE (33.5) H COCTOHNE ¢ OBHOM CIHHOBOM BOJHOIT (33.23)
0CcTAlOTCA COOCTBeHHKRMH COCTOAHHAMHE TaMHJIBTOHHAHA &F, HO SHEPIHH BO30YMKIEHMSA CINHOBBIX
BOJIH BO3PAcTalOT Ha BeJIUYHHY

S ; [V, (R)—J (R)]s : (33.72)

6) IlokaskuTe, 4TO CHOHTAHHAA HAMATHAYEHHOCTh IpH HU3KHX TEeMIEPATypaX OTJIRYaeTrcs
OT HAMATHMYCHHOCTH HACHIICHHA Ha BEJWYHHY, SKCIOOHEHIMAJbHO 3aBmcAmyo or —1/T.

B) IlorakmTe, 9TO MOKa3aTe€AbCTBO OTCYTCTBHA CHOHTAHHO HAMATIHWYCHHOCTI B IByMep-
HOM cjaydae, HpuBeleHHOe HA CTp. 322, 3[6ChL YKe HENPHUMEHMMO.

6. Teopusft MOREKYARPHOLO NOAR 60.4UIU KPUIMULECKOT MOUKY
ITpu Mansx z GysKnuA BpunniosHa By (z) uMeet Bug Az — Bz®, rpe A n B mON0MUTeNBHEL.
a) IlokakuTe, 9T0 B TEOPHM MOJEGKYJISADHOr0 HOJA CHOHETAHHAH HAMATHHYCHHOCTHL (eppo-
marmeTnka Befer ceba Kaw (T, — T)1/2, rorma T upuGmmmxaerca K T, cHHU3Y. :
6) TlokaskuTe, ur0 mpu I = T, mamarmusenrocTs M (H, T;) B Teopay MOJEKYIAPHOIO

noiisi BefeT ce6a mpu Maawx H Kak H 13, (IKcnepuMeHTAIbHBC H PACYOTHHIC JaHHBIE yKa3RBAIOT
Ha TO, WTO 3HAYEHWE NOKa3aTeJA CTeleHH JJIA TpeXMepHNX cucTeM Ommxme ¥ /5. Jlas psyvepmof
Mopenu M3uHra 3TOT MOKa3aTelab paBeH 1/;5.)

7. Onucanue PeppumasHemMusma u aHMmuPeppPoMasHeMUIMA 6 PAMEAL
Mmeoputs MOAEKY ARPHOLO NOAA

PaccMoTpHTe MATHHTHYI0 CTPYKTYPY, HOCTPOSHHYX) 43 CIMHOB ABYX THIIOB, 38HNMAIOUMINX
y3I6 B BYX BJIOMKEHHHX APYr B Apyra mojpemerxax. IIycTh KOHCTAHTH OOMEHHOrO B3ammopeii-
CTBUs COHHOB B MOJpemeTKe 1, B HMoppemeTke 2 M MeKIY HOAPEIIETKAMH PaBHH COOTBETCTBEHHO
']17 .]2 n J3. .

a) O606muTte TeOpMIO MOJEKYIAPHOIO MOAA A LPOCTOro PeppOMATHETHKA HA 3TOT CIy-
gall, moKasaB, 9T0 ypaBEeHUI0 (33.59) Axa cnoHTAaHHON HaMATHHYEHHOCTA GYAYT COOTBETCTBOBATH
CBABAHHHE MEKAY co00H ypaBHeHWA A HAMATHHYCHHOCTH KajKHoH H3 IOIPEIIeTOX:

My=M,[(H+M MM+ AsM,)/T],
Ma= Mg [(H Ao My Ny M1)/T].

. 6) cunons3ya TH yPaBHEHUA, IOKAMKUTE, 4To Bhme I, BOCIPHAMYABOCTG B HYJICBOM IIOJE
€cTh OTHOIMEHHE [BYX I[OJUHOMOB, JuHEeHHOro ® KBajgpaTuuHoro mo 7.

B) V0enuTech, 310 BHpaReHHe [ANA BOCHPUUMIMBOCTI CHOBA IPHHNMAET BHJ 3aKkoHA Kiopn —
Beiicca, KOrga mOHH [BYX HOLPEINeTOK OJMHAKOBHE H CBA3AHH (epPOMarHATHEIM B3aUMOJeHCTBHEM
(A = Ay >0, A3 >0). )

r) Y6egmrech, 9TO B TOM CiIyZae, KOI/la MOHH HBYX HOADPEMETOK OQUHAKOBH (A, = Ay > 0),
HO cBASAHH aHTU(EPPOMAarENTHEM B3ammopeiicTsueMm (Ag << 0), remmeparypalTl, B 3akome Kiopu —
Beijicca CcTaHOBHTCA OTPHIATENBHOMN.

(33.73)

\

8. BocnpuumMMueocms hepPUMATHEMUKOE W aHM UPEPP OMAHeMUKOE
NP GHICOKUL MEMNEPAMYP AX .
O600muTe BHCOKOTEMIEPaTypPHOE Pa3iosKeHne [JIA BOCHPHUMYUBOCTH ®a CAYIA# CTPYK-
TYpH, ONUCAHHOH B 3ajiaue 7, X CPABHATE TOYHOE BEIpakeEme Aus ocaoBHOH [0 (1/T%)] monpasxn
k sakomy Kiopu ¢ Tem, kotopoe IoaydaeTc B TEOPHM MOJEKYIADPHOTO MOJS.

9. CnoOHmMaANnHAA HAMAZHUMERHOCMS NPU HUSKUX MEMNEPAMYpar ¢ meopuw’
MONERYAAPHOLO NOAA
TTorasxure, gT0 Ipw 7', MEKAMIUX 3HAYNTEAHHO HIKe T, TEOPHA MOJEKYAAPHOTO HOJIA IPH-
BOIUT K 3HAYEHNAM CHOHTAHEOW HaMarHMYeHHOCTH (eppoMarHeTHKa, OTJAMIAIIMUMCA OT HaMar-
HUYeHHOCTH HACHIEHHWA Ha BEJUIMHY, SKCIOHCHIMAJBHO 3aBHCAMYI0 o1 —1/T.
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CBEPXITPOBOANMOCTH

KPUTUYECKAA TEMIIEPATYPA
HE3BATYXAKRIMNE TORH
TEPMO3JIEKTPUYECKUE CBONCTBA
9®OEKT MENCHEPA
KPUTHYECHUE 1014
TEIIJIOEMEOCTB
9HEPTETHYECKAA INEJb
YPABHEHUWE JIOHOOHOB
CTPYRTYPA TEOPUH BRI
PE3YJIBTATHI TEOPUN BRII
TEOPUA THH3BYPTA — JIAHIAY
KBAHTOBAHHUE IIOTOKA
MUKPOCKOIINUYECKAA TEOPUA ! HE3ATYXAKIMUE TOKHU
9OOEKRTLI IHO3EDCOHA

B ra. 32 mur BHsicHWAH, 9TO NpHGJIMKOHHS He3ABHCHMEIX 9JeKTPOHOB He [AET
aJleKBATHOrO ONMCAHUA GOJBIOWMHCTBA MATHATOYNOPAMOYEHHHX TBEpAHX Tell. Bo
MHOTHX MeTajlaX, I[e OTCYTCTBYeT KaKoi-im00 MarHHTHBIL HOPAMOK, HECOCTOsN-
TeJIHHOCTH OPBOAMKeHAA He3aBHCHMEIX 3JIeKTPOHOB HmpoABiseTcd emle 6oJee 3aMeT-
_HEIM 006pasoM, Korfa HUKe oIpefeIeHHOH TeMIepaTypH yCTaHABIUBAETCS COCTOSHHE
¢ BJIEKTPOHHEIM yHOPsAHOYeHHEeM [PYTOT0 TUIIA, HABHIBAEMOE CBEPXIPOBONAIEM
cocrosinmeM. CBepXIpOBOAMMOCTE — BTO OTHIOND He pefKoe ABJIeHUE, XapaKTepHoe
IJIs HeCKoABKAX MetannoB. Borxee 20 Merananveckux 9eMeHTOB MOTYT CTATh CBEPX-
mpoBopEUKaMH (taba. 34.1). [laske HeKoTOpHeE TOJXYIPOBOSHUKH IPH ONpefeieHHBIX
yeaoBmaX ') MoKHO HepeBect:m B CBepXIpOBOAAIIEe COCTOAHWE, 8 CINCOK CIJIABOB,
B KOTODHX Halm0Janmch CBepXIpoBONAI[HEE CBOMCTBA, BRIIOYaeT B cefA THCAIH
HaMMeHOBAaHHUA 2).

XapakTepHbIe CBOMCTBA METAJJIOB B CBEePXIPOBOJAIMEM COCTOSIHWUEW IIPEICTAB-
JAIOTCA COBEPHIeHHO AHOMAJBHRIMA € TOYKE 3DeHHA NpUGAMKEHAA HE33BHCUMBIX
asekTpoHOB. Ilepeamcnum HamGosiee HOpasmTedbHHEe CBOHCTBA CBEPXIPOBOJHMKOB.

1. IloBemeHuWe cBePXIpPOBOSHUKA IPW OPOTEKAaHUE IO HEMY IOCTOAHHOIO TOKA
TaKoBO, KaK 6yATO OH COBepmeHHO He 006;1aaeT CONPOTUBIeHEM. 3a BpeMs, B Tede-
HHe KOTOPOTO y HcciefoBaTelieir XBaTajJo TepIeHHs HPOBOAUTH HabGmiomeHHsA %),
He OO0 OCHAPY/KeHO CHONB-IH00 3aMeTHOr0 3aTyXaHWA TOKOB, CYINECTBYIOMUX
B CBepPXIpPOBOJHWKE B OTCYTCTBHE BHENIHWX WCTOYHUKOB.

2. CepXIpoBOEHAK MOKeT BecTu ce0s KaK WeanpHHHE nuamarHeTHK. B Tepmo-
IHAMO9ICCKA PAaBHOBECHOM o0pasme, IOMEIEHHOM B He CIMOIKOM CIJIbHOe BHEIIHee
MATHHUTHOE ToJie, UMEIOTCA IMOBEePXHOCTHR® TOKU. JTH TOKU CO3RAIT JOMOJHATENbHOE
MarHATHOE HoJie, KOTOPOe BHYTPU CBEPXIPOBOXHNKA B TOYHOCTH KOMIEHCHpPYeT Ipu-
JiOJKeHHOe BHeIIHee MarHutHoe IoJe.

1y Hanpumep, oo AeCTBHEM BHCOKNX AaBaeHUI MM TPH NCHOJb30BAHNA B KagecTse o0paa-
LOB TOHKUX INeHOK. flpKuUM mpumepoM HEOKMTAHHOIO YIYUIICHHA CBEPXIIPOBOJAINMX XapaKTepn-
CTHK MOJKET CIY)KHTh BUCMYT: aMOpQHHI BECMYT 0CTaeTCHA CBePXIIPOROJHUKOM IIPH 604ee 8HCOKUT
TEMIIEPATYPAX, YeM KPUCTAIIAIECKUN. DTO MOKa3biBaeT, 9TO NCHOIb30BaHNe NIPHOIIKEeHNSA He3a-
BHCHMEIX 3JIeKTPGHOB JAINEHC B JaHHOM CJaYy9ae BCAKOrO CMBICJA.

2y Cm. cratsio [1].

3) PeKopAHO® BpeMs COCTABJACT, MO-BHAMMOMY, [iBa ¢ moixosBmuoi roga. (CornmacHo IpuBe-
nenroil B kaure JimaroHa [3] cchnke ma pabory Komnuusa.)
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Tabavya 34.1
CpepxmpoBonammne dIeMeHTHI 2)

H/ /He
° - : / /
1t | Be | 5 5%
' A S ° P /1 S///Cl A
i r
Ne | Mg M B 7.2, )
] A O { 7
K |Ca |Sc T Zn | Ga | Ge As/ Se r /%
[} ) 7
Rb {Sr{Y [ Zr Cd 1 In} Sn {Sb | Te I /Xe
L ]
Cr. Bu,. Lu JHE | Ta JW | Re JOs | Tr § Pt [Au | Hg | TL | Pb | BL Po/ At/;z{n
Fr | Ra

Pm

v

Ac Np.

3) Anements, TPOABNAIOMINE CBEDXNDOBOAAMNE CBOKCTBA TONbKO NPH OCOCHIX YCIOBMAX, OTMeUeHH
oTpenbRo. ObpaTETe BHUMAHME Ha HECOBMECTHMOCTH CBeDXTPOBOAAILIEr0c M MATHATHONO NOPANKA.
Haugwie I'tefCToyHEa U Ip. U3 KHATH [2]:

Al CRepXIPOBORHUK

° [
si CBepXIPOBOAHUK IPH BHCOKHX JaBJeHHAX Wjm B BuAE TOHKON IIeHKR
Li Merana, ¥ ®0TOpOro cBepXmpPOBOJHMOCTH LIOKA He OGHApYReHa
B Hemerana

Z 5
s JIeMeHT € MArHUTHLIM YIIOPSZOYcHIEM
7

3. CeepxmpoBogaUK 06HIHO Befier cefs Tak, Kak GYATO B CHeKTpe paspemies-
HBHIX ORHOBNEKTPOHHHX ypoBHedl BOsusm smeprmm (Depmm mMeerca INean MMpHHOM
2A ). IloaTomMy 8NeKTPOH ¢ BHepruedl & MOKeT GHITH HOMEIEH B CBePXIPOEOIHUK

B

!) Tpu HEKOTODPEIX CHeNUANBHEX YCAOBUAX CBEPXIPOBOZMMOCTD MOMET AMETEH MECTO I B OT-
CYTCTBHE HEPreTHYCCKOoM men. BecmeaeBast cBEpXIPOBOTNMOCTS MOMKET OHITh, HaIpHUMep, OCyIe-
CTBJICHA 1IyTeM BBeJleHHs Heo0XOANMOTO YMCJIA MATHHTHHX upmmeceil. CM. 0630p MaKu B KHE-
re [2]. Korma peds meT 0 CcBEPXMPOBOJMMOCTH, TePMUH «3HEPTETHYECKAA MIEJAbLY» OTHOCHUTCH
K BeJuuYmue A.
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(unw W3BJEUEH W3 Hero), TOAbKO ecau Beanguna é — & p (unu € p — é) npesnumaer
A!). DHepreTudecKas Iiedb YyBenIWYuBaeTCss ¢ NOHHIKeHHEM TeMIEPATYPH, CTPEMACH
K MakcumaibHOMY 3Hadenuio A (0) mpu oveHbP HH3KUX TeMIepaTypax.

Teopus cBepxnpoBoguMOCTH BechMa 00MMUPHA W B BHCHIE CTelleHn clennduaHa.
Hak u npyrue teopmy, KoTopEe MH pacCMaTpUBAJIN B 3TOM KHUre, 0HA OCHOBaHa Ha
HEPeJATHBUCTCKON KBAHTOBOM MeXaHUKe BJIEKTPOHOB M HOMOB, HO IpH Gosee Tay6o-
KOM IIOZ[X0/le €€ CXONCTBO ¢ OCTAJNHHBIME M3yYeHHEIMU HAMH MOJEJIAMH W TEOPHAMU
GricTpo ymeHpmaercA. MHUKDOCKONNIECKYIO TEOPHUI0 CBEPXIPOBOTUMOCTH HeJb3s
U3JI0KUTH, MONB3YACH NPENCTABICHUAMY IPUGIMKOHNA He3aBUCUMHX 2JIeKTPOHOB.
B teopunm cBepXOPOBOIUMOCTH JajKe CPABHHETENHHO dJIeMEHTADHHE PACYeTs Ha MUK-
POCKOINYECKOM YpOBHe TPeOYIOT BechbMa cIenmdu9gecKOro MaTeMATHYeCKOro amma-
pata (MeTomoB KBaHTOBOH Teopum moisA). XoTA B IPHHIUIE 3TH METORH He CIoKHee
0GBIYHBIX METOOB KBAHTOBOH MeXaHUKH, TeM He MeHee, JJisl TOr0 4TOGH IPAMEBATH
uX yBepeHHO W ¢ HOHUMAHWEM, Heo0XONMMa 3HAYMTENbHAA NMPAKTUKA.

B cuny yrasaHHBIX DpHYUH MH B ropasgo Goxsmeil cTeneHn, 9eM B XPYTrUx ria-
Bax, OymeMm orpaHM9MBaAThCA B HaieM 0630pe TeopHu CBepXIPOBOANMOCTH KageCTBeH-
HHIM ONMCAHWEeM HEeKOTOPHX OCHOBHHX KOHIENNUA M IepeducieHHEM pPsa IpocTeii-
mMuX pe3yanpTaToB. Unrateds, KOTOpHIA XoTea 6B IpumoOpecTH XorsA OBl daeMeHTap-
HHe HaBHEKN PAaGOTH B pTOH 06JacTH, MONMKEeH BOCIOJB30BATHCA OHOM M3 MHOTUX
UMeIONUXcs B HACTOsIIEe BPeMs KHHT 2).

Hacrosmaa rnaBa umeer ciaemyiomylo CTpyKTypy.

1. O630p OCHOBHHEIX SMINPUIECKHX CBeNeHUE 0 CBepXIPOBOAMMOCTH.

2. PaccmoTpenme ¢(eHOMEHONOTHIECKOTO ypaBHeHus: JIOHTOHOB W €ro Cesisu
¢ UAeaNHHHM [AMAMATHETH3MOM.

3. KagecrBeHHOe usnoxenue MEKpocKonmmueckoit teopum Bapgusa, Hymepa
u lilpuddepa. .

4. KpaTtkoe waiosKeHME HEKOTOPHIX (yHIAMEHTAJBHHX pe3yJbTaTOB MHUKpO-
CKOIMYECKOH TeOpUH, OTHOCAIMMXCA K COCTOAHUIO Te pMOTUHAMUYECKOr 0 PaBHOBECHS,
U cpaBHEHHE WX C 9KCIePHMEHTOM.

5. KagecrBenHoe o6cyieHne B3aUMOCBA3H MeIKIY MEKPOCKOINTeCKO Teopueil,
IOHATHEM «IapaMeTpa HOpAAKA» U ABICHAAMY HNePeHOCA B ¢BePXIPOBOTHUKAX.

6. Ommcanme mpexcKa3aEHHX [{o3edcoHOoM HHTepECHHX ABIEHHH TyHHEIHDO-
BaHUA MEKIY CBePXIPOBOTHIUKAMH.

HPNTUYECKRAA TEMUIEPATYPA

B MaccuBnmix ofpasnax HabiaofaeTcA Pe3KHil Iepexol B CBepXIPOBOfAIlee
cocrosinne. Brime rpuruueckoidl Temmepartyphl ®) T MeTassm mMeeT cOBepHmIeHHO Hop-
MaJbHEE CcBoiicTBa; Hmme I, OpOABIANTCA CBEPXIPOBOAsue cBolicTBa, Haubojee

1) HauGonee ABHO 3T0 OOHAPY/KUBALTCA B DKCIEPUMEHTAX II0 JJIEKTPOHHOMY TYHHEIHPOBa-
guo. OHE GygyT omMCaHHW HUYKEe, HApAAY C PACCMOTPEHHMEM JPYLIX IIPOABICHUI CYIECTBOBABHA
9HEPIeTHICCKON eI,

2) Umemwtca ase dyapamentannunte mororpadun Jormona [4] u IllerGepra [5], kacaromuecs
deHOMeHOOTMIECKOIT Teopuu. KpaTruil 0630D OCHOBHHIX BOIPOCOB gaH B kHure Jimartoma [3).
Muxpockonnueckas Teopus nanomesna B xuure [Ipuddepa [6] 1 s mocaenmelt rnase Kuurn AGpu-
rocosa, T'operosa u Jlagmomuaackoro [7]. JleTadpunlit 0630p TEOPETUIECKAX ACHEKTOB CBEPXIIPO-
BOIMMOCTH HMeeToA B Kuure Puraiizena [8]; HecKoIbKo MeHee NogpOGHO 9TH BOHPOCH PACCMOTPCHEL
B kuure [le jKema [9]. OG30p BCeX acmeKToB CBEPXMIPOBOTUMOCTH, KAK KCIEPMMEHTAIBHAIX, TAK
U TeOPeTHYECKUX, HAITMCAHHEIA MHOTMMY BeIYIIMMH CICHUAJIHCTAMA B STOH 00JacTH, COJEPKUTCA
B KmEHOre [2].

3) Kpurmdaeckoli HaswBaeTCH Ta TeMOEPaTypa, HPH KOTOPOM MPOHCXOMUT IEPEXON B OTCYT-
CTBHE IPHIOKEHHOT0 MAarEATHOrO mMoja. C POCTOM MarguTHOrO HOJA (CM. HEJKe) TemMmepaTypa
nmepexoja IIOHHKAETCA; LIPH STOM HMEeT MeCTO Iepexoj yKe He BTOporo, a mepeBoro poda, T. e.
CyImEeCTByeT CKDHTaa TelJoTa IlIepexoja.
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Tabauya 34.2
3navenusa T, u H, nisg XNMHYECKUX 3JeMEHTOB,
B KOTOPBIX Ha0aI0adach CBEPXIPOBOIAMOCTD 2)

DiteMeHT Tes H H,, Tc 0)
Al 1,196 99
Cd 0,56 30
Ga 1,091 51
Hf 0,09 —
Hg o (pomGoaap.) 4,15 411
3,95 339

In ' 3,40 293
ir 0,14 19
La o (r.my.) 4.9 798
B (r.u.x.) 6,06 1096
Mo 0,92 98
Nb 9,26 1980
Os 0,655 65
Pa 1,4 —
Pb 7,19 803
Re 1,698 188
Ru 0,49 66
Sn 3,72 305
Ta 4,48 830
Te 7,77 1410
Th 1,368 162
Ti 0,39 100
Tl 2,39 171
Ua 0,68 —
Uy 1,80 —
AY 5,30 1020
W 0,012 1
7Zn 0,875 53
Zr 0,65 47

) Mua CBEPXIIPOBONHMUKOB BTOPOro pona 3HAYEHHA KPUTHUECKOrO MoJIsd, IpUBedeHHble B TadmuIte,
TOMYYAKOTCH C TIOMOIILIO MPOIENYPH MOCTPOCHUA PABHBIX Ijouafdeli: HAMarHAYeHHOCTb B CJa0BIX NOJIAX
(H < Hc1) JIHeHHO BKCTPANOJUPYETCA N0 NOoJad Hc, BEHIOMpaeMoro TakuM o0pasoM, 4TOOH NiouUanyM TOM
SKCTPANOIUPOBAHHONW U PeadJsbHONl KPpUBO HaMArHMYMBAHUA COBNAXAMU OPYI C APYIOM.

) Tpu T =0 K.
Hannste B3aTH U3 paboT Pobeprca [1], I'TencToyHa B KHMTe [2, 27%], a Tamxe u3 cupapounuxa [10].

APKEM ©3 HAX SBISETCS OTCYTCTBHE CKONBKO-HUOYNDL 3aMeTHOTO CONPOTHBIEHMS
LMOCTOAHHOMY TOKY. V3Mepennble 3HAa9eHHA KpPUTHYECKUX TEeMIEpATyp JeMaT
B WHTEDPBAaJIe OT HECKOJBKHUX THICAYHHX KeJnBUHA !) 1o TemmepaTyph, HemHOTO GOJb-
meit 20 K. CoorBercTBylomas temmoBas sHepruA k zT . H3MeHseTCA IPEMEDPHO OT
10-7 M0 HECKOABKUX THICAYHHX DIEKTPOH-BOJBTA. JTH 3HAYEHWS BHEPrHH BechMa
Maisl MO CpaBHEHHUIO ¢ TEMU, KOTOPHE Mbl IPUBHKIHA CIMTATH CYIECTBEHHEIMEA I
TBepAEIX Tex 2). B tabx. 34.2 mepeamcaent: TeMmepaTypH Imepexofa TeX X MMIYECKUX
DJIEMEHTOB, B KOTOpPHX Hali0Omajsach CBEPXIPOBOXEMOCTD.

1) Havmmsmue  TeMiepaTypsl, IPE KOTOPHX [0 HACTOANIETO BPEMEHM HPOBOJAIUCH NOUCKH
CBEPXIIPOBOJJUMOCTH.

2) TaI{, ‘517"" 10 QB, h(;)D~ 0,1 3B.
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HESATYXAIOMUE TOKU

Ha ¢ur. 34.1 norazaHa 3aBUCHMOCTH yREJIBHOTO CONPOTHBIEHNA CBEPXIPOBOLA-
mero MeTajula 0T TeMIepaTypH B TOM Ciydae, KOTHA TeMIepaTypa OPOXORUT depes
KpuTudecKoe 3HaveHue 7 .. Bome 7, TeM-
P, mepaTypHas 338BECHEMOCTE CONPOTHBIEHUS
wMeeT BHUJ, XAPaKTepPHHH NS HOPMAaJb-
Horo metasna: p (T) = p, -+ BT®, rnme
HAJMYMe KOHMCTAHTH P, 00yCIOBIEHO pac-
ceAHWeM Ha mpumecsax ') m Ha HedeKTax,
Po a aner ¢ 75 obs3am paccesHmIO Ha (OHO-
Hax. Hume T aTu MeXaHUBMEI He CIIOCOGHEL
YMEHBIIUTE DJAEKTPHYECKHUH TOK, I COIpPO-
T THBJeHNe pe3Ko mamgaeT mo Hyxsa. Tokm
B CBEPXIPOBOJHIKE MOTYT Teyb 0e3 3aMeT-
HOW nuccHmanum aHepruum 2). O@EHAKO Cy-
MmeCcTBYIOT HEKOTOPHe OrpaHUYeHUs.
p(T) 1. CBepxIpoBOIMMOCTE PaspyIaeTCH
IOR fieficTBUEM JOCTATOYHO CHJBHOTO Mar-
HATHOTO ToJA (CM. HHKe).

2. CpepxupoBojsmee cOCTOAHAE Pas-
pymaercsa, eCal TOK CTAaHOBUTCA GoNbIIe
HeKOTOPOTO (KPUTHIECKOTO ToKay (adderT
Cuinc6m). BenmumEa KPHTUIECKOTO TOKA
(roTopas momer moctmrats 100 A B mpo-

| o  BOJOUKe amamerpoM 1 MM)3aBHCHT OT IpH-
Te POIH E reoMeTpum o6pasnma u CBA3aHA ¢
4 KPUTHYECKHAM 3HAYeHWeM IOJISI: CBepXIpo-
BOIMMOCTh paspymaercd, eCHAH MarHHuT-

Hoe WOJle, CO3/1aBAEM0OE TOKOM, IPEBHICHUT

(H=0)

®ur. 34.1. a — ypgeabHOE COHPOTHBIIEHHE
HOPMAJbHOTO METalfia ¢ HEMarHHUTHREIMH TpPH-

MecsMU IpH HM3KAX TeMIepaTypax Hpmnqeqsﬂoe 3HaYeHHe Ha IIOBepXHOCTH
(o (T)=pq + BTH). obpasua 2).
6 — cONpOTHBIEHHNE CBEPXNIPOBOJHUKA C He- 3. Ecau TeMIIepATypa CBepXIPOBOJI-

MArHUTHLIMH MPUMECHAME HPU HUSKHX TOMIE-  ppuyy sgaqumTeJbHO HHKE KPHTHIECKOMH, TO
patypax (B HYJIeBOM MArHHTHOM IOJE). ’

IIpn temneparype T'c 3Ha4YeHNE p CKAYKOM Nauaer B H,,eM OTCYTCTBYeT JUCCHIANUA U IIPA BO3-

oo Hynd. JeuCcTBUN IIEPEMEHHOTO 3JACKTPOMATrHHT-

HOTO II0JIA CPAaBHUTEJDHHO HHU3KOH 9aCTOTH.

Hepexon oT GeBI[I/ICCI/IIIaTI/IBHOI‘O K HOpMAaJBpHOMY OTHJHUKY OPOUCXOJAT IIPU YacCTO-
Te © HopAmgka A/, rge A — MEpUHA DHEPreTHYeCKOH HIenH.

TEPMOJJIEKTPUYECKNE CBONCTBA

B OpuCaueHMwM He3aBHCWMBIX 3JEKTPOHOB XOpomMe IpOBOEHUKA TOKA
ABAAIOTCA TAKKe XOPOMHKMH TPOBOJNHUKAMHE TeII4, IOCKOJBLKY BJIEKTPOHH IPOBO-

1) Mu npepmojaraeM, 4T0 MATHHTHBEIE OPUMECU OTCYTCTBYIOT, cM. cTp. 302.

2) Korpa AMuep BuepBhle BLICKa3ad IPEANOJOKEHHE, YTO MATHETU3M MOKHO IOHATH, OCHO-
BHBAACh HA HPeACTABICHUH 06 dIeKTpuuecKuX TOKaX, TeKYIUX B OTAGALHHIX MOJEKYIaX, oMy
BO3pasyKay®, 9T0 He M3BECTHH eIe TaKue TOKH, KOTOPHe TeKan 6n 0e3 guccunmanun. AMIep macTau-
BAJ HA CHPABEJIMBOCTH CBOMX BIIAXOB, KOTODHE BIIOCTEACTBUH LOJATBEPAHIIA KBAHTOBAA TEOPHS,
AOIYCKAOMAA CYyIEecTBOBaHNE ¥ MOJEKYJ CTANUOHAPHEEIX COCTOAHUN ¢ OTIMYHBIM OT HYJAA CyMMap-
HEM ToKoM (ria. 31). TBepfioe Tejo B CBePXIPOBOASANIEM COCTOSHHMH BejeT ceGs KaK OrpOMHAA
MojeKyaa. CyumecTBOBaHEe B CBeDXIPOBOJHHKEe OE3IHCCHINATHBHEIX TOKOB ABJIAETCH APKHUM
OposBAEHWEM KBAaHTOBOMEXAHMIECKOro sdekra HA MAKPOCKONHMIECKOM YPOBEHE.

3) Cm. s3agady 3.
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JUMOCTH IIePeHOCAT KAK JIeKTpHUuecKud 3apAf, Tak um sHTpomuio !). B mporuBomo-
JOKHOCTh 3TOMY CBepXTPOBOJHHKH ITOX0 HpoBopAT Temio (¢ur. 34.2) 2). B mnmx,
KpoMe ToTO, He HalmiomaercA ekt [lexpThe, T. e. ajeKTpmueckuil TOK B CBEPX-
IpOBOJHAKe IPHW IOCTOAHHOM TeMIepaType He IPUBOSUT K BOZHUKHOBEHWIO TEILIO-
BOTO MOTOKA, KAK 9TO MMeeT MeCTO B HopMaJbHOM metamire. Orcyrcrsme asdiderTa
IlespTHe MOKA3HBaeT, YTO B HE3ATYyXAIOIIEM
TOKe 3JIeKTPOHH He HepeHOCAT SHTPOIHH. ol %,
IInoxas TeIIONpPOBONHOCTL YKaasbiBaer Ha ’ .
TO, 4TO, J3/K€ eCI’ II0 CBePXIPOBOJHUKY - .,
He NpoTeKaeT SIeKTPHIECKUUA TOK, TOIBKO .,
9acTh €r0 3JIeKTPOHOB IPOBOXWMOCTH MO- o
/HeT TmepeHOCUTh HHTPONHIO ). — .y

WIEANBHBIN TNAMATHETI3M

MarrutHO® mose (eca® ToONBKO OHO
He CJIMINKOM BENWKO) He MOKET IPOHAKATH — -
BHYTpPh cBepxUpoBoxHmka. HawmbGoxee sp- o
Kol murocTpanueill aToro cuy:RuT a¢derT o®
Meiicrepa — Oxcendensnga: eciam Hop- I N Y Y N R
MaJIBHEIH MeTajul OXJAAUTH B MATHATHOM 6,0 70 Te
nose ) HmKe TeMIEPATYPH CBEPXIPOBO- T, K
IAIero Iepexoma, TO MATHUTHHIE HOTOK  (@umr. 34.2. TeumonposogEocTs cBHHNA. (U3
cpasy jKe BHrTankmBaercsa u3z ob6pasna. Ilo- pabora [11].)
9TOMY €CJM Iiepexox IPOMCXOUT B Mar- IIpn Temmepartypax, MeHbmuX Te, HWKHAA KpHUBAsg

OLMCHIBAET TEIJIODPOBOIHOCTh OGpasua B CBEPXIPO-
HUTHOM IIOJIe, TO OH COIIPOBOKIAETCHA IO- BOOAINEM COCTOSHMM, a BEePXHAA — B HOPMAJbHOM

ABJEHNeM TAKAX NOBEPXHOCTHBIX TOKOB,  po Gooronine, HOMthannen soremmmbe oon i
KOTODHle He00X OTMMHI [JJIA IIOJIBOH KOMIIeH- M%&";@”ﬁﬁ?g“ﬁ;ﬁ,’;’ﬂgo,;°".fegﬁoﬂ’;;,%ﬁ§%%€§f“a'
camuy MarsUTHOTO WOJA BHYTpH o0pasmna.

3aMeruM, uUTO 3TO He CJaeqyeT TOJBKO H3 daKTa CymecTBOBaHHA HIeaJbHON
npoBoguMocTd (T. €. 0 = 00), XOTA UAeaIbHaA IPOBOMMMOCTD IPHBOAUT K MOXOKEMY
CBOMCTBY: eCJIH WeaJdbHHU IDOBOMHUK, HAaX OJMBUIRICA BHagale IIpu HYJeBOM Mar-
HAUTHOM IOJe, IOMECTHTh B Iojie (MM BHKIIOUHUTD I0Jie), TO IO 3aKOHY BIIEKTpOMAr-
muTHOH wEAYyKIuE Dapamges MOJKHEL BOSHAKHYTE BUXDeBHe TOKu, Oaarogaps KoTo-
pHM TOJe BHYTpPU IPOBOXHUEKA obpaturcd B HyIb, OgHAKO, ecad MarHUTHOE IIOJ@
y#e uMmeeTcA B IPOBOAHHKE, Te jKe TOKHU NPeIATCTBYIOT er0 BHTANKMBa¥UO. Ecam
moMecTUTh o6pasen B o6macTh, rpe HeT MATHUTHOTO IOJA (nam BHENIOWHTH HOJE),
B HeM BO3HHMKAIOT BUXPEBhEe TOKH, KOTOPHE IOJfep;KUBAIT CYIeCTBOBAHUE IIOJA
B o0pasne. ClrefoBaTesHO, UEaIbHAS IPOBOAAMOCTE 00ecIegrBaeT CyIlleCTBOBaAHUE
He 33aBUCAINEro OT BpeMeHHW MAaTHHTHOTO IOJs BHYTpE HPOBOZHMEA, HO He OHA OIpe-
felideT BeJHINHY 3TOro IoiA. B cBepxmpoBogHmKe sKe IOlle OKa3HBaeTCA He IPOCTO
He 3aBHCSIMAM OT BpeMeHH, a paBHHM Hyaw. Hmxe, Korma M GymgeM o6CyEAaTh
ypaBHeHUe JIOH[0HOB, MH IIpoBegeM HECKOJNBKO G(oJee KOJNWUeCTBEHHOe WMCCIE0-
BaHHMe B3aNMOCBABH MEMKAY WHJeaJbHOE NpoBogmmocTh0 u addertom Meiicrepa.
T ) Cm. 1. 1, crp. 254.

Z) 9T0 CBOHCTBO MCHONB3YeTCs LPH CO3JAHAM TEILIOBHX TepeKJIouaTete.

8) Io-Bugumomy, o¢PEKTUBHOCT: (GOHOHHOTO MEXAHH3MA TEILIONPOBOJHOCTY HE YMEHbIIAOT-
cA, OfBaKo OORYHO (POHOHH BHOCAT B TEINIONPOBOJHOCTD HE CTONL CYNIECTBEHHHLI BRIAN, KAk
BIEKTPOHBL IIPOBOJUMOCTH.

4) MeTana B BOPMATHLHOM COCTOSHHM 0GIafiaeT TOMBKO CIACHM IApa- WM JEAMATHETH3MOM
(HMKaKUe MarHHTOYHODAFOUCHHEHE METANIL HE ABIAIICA CBEPXIPOBOJHHKAME), H MATHATHOE
1I0J€ MOYKET B HEr0 IPOHHKATH.

N
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MATHHUTHBIE CBOMCTBA. KPUTHYECKOE IIOJIE

PaceMoTpuM cBepXNIpOBOTHUE Ipu TeMuepaType I HUKe KpUTHHeCKoi TeMIepa-
Typu T .. Ilpu BRiIovennn nona H HeKoTopas sHePrus TPATUTCS Ha cO3[aHUE dKpa-
HUpYIOIMUX TOKOB, KOTOpHe NPHBOAAT K o0pallleHHI0 B HYJb IOJs BHYTPE CBEpX-
npoBojENKa. Ecnm mpuiokeHHoe mojie HOCTATOYHO BeAWMKO, TO o0pasenm BO3Bpa-

maeTcA B HOPMaJNbHOE COCTOSIHME, B KO-

TOpOM IoJie IpOHWKaeT BHYTPHh Hero,

HopmansHoe cocrmonnue TOCKOJBHKY TaKoe COCTOAHHNE 0Ka3BIBAGTCA
pHepreTHYecKu Oojee BHITONHEM. XOTA

HeAT) Hue 7. B paBHOM HyJIio moJyie cBoGonHasA
9HePTUA HOPMAJTBHOIO COCTOAHUS BhIIIE,

yeM CBePXIPOBOAAMNEro, 3T0 yBeamdeHUe
cBoboHoOl SHEepPIUH ¢ H3OHTKOM HepeKpH-
BaeTcA yMeHbMeHNUeM d5HepPIui MATHATHOT O
Te 1mossA, KOTOPOe UMeeT MeCTo, KOrga Hhcde-

3al0T SKpAaHEPYIOI¥e TOKH W Ioje Ipo-
‘Our. 34.3. QagoBas rpaHMIa HA IUIOCKOCTH  HEKaeT B oGpasen.

H — T Meay cBepXIIPOBOAAMIIM U HOPMAJIb- Coocob NPOHUKHOBEHAA MNOJA IpH
HHM COCTOAHMAMH CBePXUPOBOAHIKA NEPBO-

ro pona. YBeandeHUY ero HAUpsUKeHHOCTH 3aBUCHUT,

Tpanuna onpemenserca sasucumocTbio He (T). BooOme TOBOPA, OT reoMerpum obpasna.

Opnako axA o6pasmos mpocTeiimeidl Pop-

MBI — JUNHHBIX, TOHKMX OUJINHAPOB C OCHIO, IAPaJdJdeJNbHOH NPWJIOMEHHOMY Mar-
HUTHOMY IOJI0,— BO3MOKHEL IBA YeTKO PA3AMYAIMUXCA THHA IMOBEJCHHA.

Ceeprnposcodnuru 1-zo poda. llpu monsax, MeHBIUX KpUmMuUueck0zo noas
H . (T),xoropoe mpu 7T << T, yBeauuyuBaercsa HpU HoHWKeHuu 7, NPOHUKHOBEHHA
MarguTHOTO HOTOKA He IPOWCXONNT; KOTHA sKe IoJie NpeBHCcHT sHaueHue H , (7), Bechb
0o6pasel] BO3BpPAMAeTCA B HOPMaJbHOE COCTOAHWE M MMeeT MeCTO IOJHOe MPOHUKHO-
Benme 1m0y ). Ilosyuaromasca gasoBas guarpamma B mwiockocetu 1 — H uszobpaske-
Ha Ha ¢ur. 34.3 %). Takoi cmocol6 mpoOHAKHOBEeHAA MATHUTHOTO IOJA 9aCTO OMHUCH-
B3IOT ¢ HIOMOMBIO TpaduKa 3aBHCHMOCTE MAKPOCKOIMIeCKoH (fmaMarHmTHOI) HaMar-
HuuenHocT® M ot mpuiosreHHOoro mwouA H (¢ur. 34.4,a).

Ceepxnposodruru 2-20 pooa. Ilpu noxe, MEHBIIEM HUXCHEZ0 KPUMUYECKO20
sHadennd H . (T), MarHUTHHE NOTOX He HmpoHmKaeT B ofpasel; KOrAa IPHJIOMKEH-
Hoe [oJie IPeBHIIAT geprHee Kpumuueckoe sHavenne H ., (1) > H ., (T), Bech obpa-
3el BosBpalgaercA B HOpMaJbHOEe COCTOAHNE W MMEeT MeCTO HoJHoe NPOHMKHOBEHHE
mons. Korja Besuauna OpuUI0KeHHOT0 oA neKUAT My H o, (') v H o, (T'), uponc-
XOIUT 9aCTUYHOE IPOHNKHOBeHIe HOTOKA, U B 00pasie BOBHAKACT {OBOJIBHO CIOMKHASA
MUKPOCKONIMYECKAA CTPYKTYpa depeqyIOMUXCA HOPMAJBHHX W CBEPXIpOBOAMEUX
ofiiacteif, KoTopas HA3HBAGTCA CMeWaHHBLM cocmosnuem ). KpuBasg BamMarHuIuBa-
HUS, 0TBEYAINasd CBepXIpPOBOAUMOCTA 2-r0 poma, HoKasaHa Ha ¢ur. 34.4,6.

Ceepxnposodawee
COCITIOARUE

1y Ecau He npuHAMATh BO BHUMaHWE >§HQPEKTH, cBA3apgHbIE] ¢ HEGONBIIUM [MAMATHETH3MOM
I MapaMarEeTY3MOM HOPMAJbHEIX MeETaJJOB.

2) HeROTOpHE KOJIUYECTBEHHHE CJEACTBHSA TaKOro IOBEHCHHUA, KacalImuecA TepMOAMHA-
MHKHA CHCTEMH, WCCJeOBAaKE B 3ajaue 1.

3) He caeqyeT OyTaTh €ro ¢ RPoMeXNYmoLkum cocmofnuem, T. €. ¢ KOEHQUTYpanued, Xapak-
TepHOH [JIA CBEDXIPOBOAHHKA 1-ro pofa, uMmeomero ¢opmy, 6ojiee CIORHYIO, YeM IUIHHEID
¢ 0chl0, HApaenbHOl Homw. B Tawoit Komdurypanuu CBepXOpPOBOAAMAA W HOPMAdbHAA (ashl
paccranBaloTCAa Ha 061acT MaKpPOCKONUIECKUX PA3MEDOB Tak, YTOOH SHEPTHA MATHUTHOTO IOJA
TOHN3WIACh HA BENNYHHY, NPEBAIIAIONYI0 HPOMIPHII B CBOOOJHOR sHeprum mpH o6pasopamum
HOPMANBHEHX o6xacTeit.
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Csepxniposodrux I-20 poda
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Qur. 34.4. @ — 3aBHCHMOCTL HAMATHHYEHHOCTH OT OIS Iasl ceepXmpoBopHuKa 1-ro popa.
llone, mennmee Hc, He mpOHMKAET B CBEPXNDOBOAHMKE, B = 0 (mam M = —H/Ln) (cm. npumeyanme 1 wa cTp. 332

OTHOCHTENbHO DA3NMYMA Mexny B m H B cBepXupOBOIHHKE).
6 — 3aBMCHMOCTb HAMATHHYEHHOCTH OT IIOJS JJsL CRePXHPOBOMHMKA 2-T0 pPojd.

Hioke Hc, mOBeneHme TaKoe e, KAK U Y CBepXODOBONKUKA 1-T0 pona. Memugy Hey, u Hey, mHaMarHugyeHHROCTE M
niapHO YOHBAeT N0 HYAA, B NIABHO YBEIMUMBAETCA JO BHAYEHWH, DABHOTO Ha

Qur. 34.5. TpeyronpHas peMeTxa BUXDPeBHIX JINHMM, BEXOTAMMX Ha TIOBEPXHOCTh CBEPXIIPOBO-
aAmei Gonvrm m3 Py gelng, ., moMemeHHON B mowe 80 Tc, mampaBieHHOe HepHeRIMEKYIAPHO
moBepxHOcTH. (Qortorpadus mobesHo mpefgocTapieHa CHIKOKCOM M Hoaauom.)

BHXPH BHABJAKNTCA C MOMOMBIO MENbHAMIIMX 4HacTHYeK (eppOMATHATHOTO NOpOmKa, KOHIEHTPYD yiolluxca
BONuan Hux, PaccTosHme MEXNY COCEHMMM BUXDAMH COCTABIIET opumMepHo 0,5 MKM,

A. A. AGpPuUKOCOB IpeHONOKUI, B BTO BIOCIECTBHY §HLIO BKCIIepUMEHTAJIbHO
noxTBep;kAeno (Pur. 34.5), 9TO B cMeMIAHHOM COCTOAHUE HoJe YACTEYHO IPOHAKAET
B ofpasen B BHJle TOHKAX BEXPeBHX HETel. BHYTpm Kaioil HATE moie BeJIUKO, 1
BeIeCTBO He sIBAAETCH CBePXNpoBogHuKoM. BHe cepanesunn auTu BemecTso ocraeTca
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®nr. 34.6. HuskoTeMnepaTypHas TeMIOEMKOCTh HOPMAJBHOTO M CBEPXIPOBO/AMIETO ATIOMHHUA.
Us paGota [12].)

Hopmanpnas dasa npn T < T¢ cosgaercs ¢ noMompo cnagoro (300 I'C) MATHUTHOTO MOJA, KOTOpPOE paszpymaeT
CBEPXOpOBOIAINee YIOPALOUYEHHE, HO He BIIMAeT HA BelIMUMHY TemjoeMKoCTH. Temneparypa e6aA AJA alIOMUHRA
BECbMa BHCOKA, MO9TOMY B PacCMATPHBAEMOM TeMHOEPATYPHOM HMHTEPBAJie ONPENeNdIOlNIM OKaSHBAETCA DIIEK=
TPOHHEI BKIam B TEIJIOEMKOCTH (HA YTO YKAawBaeT OJM3KMI K JIMHENIHOMY XOH, TEIJIOEMKOCTH B)HOPMAJILHOM
COCTOSHMM)., BelmuyMHA CHAYKA TeJOeMKOCTM Npu Temmeparype T¢ XOpOmIO COTNACYeTCH C NpelCKashBaeMbIM
Teopuelt peayabTaTOM [CM. (34.22)); (s — cn)/c = 1,43. BHAUNTENBbHO HIKe T¢ TelLIOEMKOCTH c, majaer HO

BEJINYMHE], CYINeCTBEHHO MeHbIIeH &n, YTO YKAa3HBAET HA BO3MOMKHOCTH CYMIECTBOBAHMA YHEPreTHUECKOH  IMelHs

CBepXIpoBOJAIUM, W HoJe CHafaeT o 3aKOHY, OIpefeldeMOMYy ypaBHeHmeM JloH-
HOoHOB (cM. HuKe). BoRpyr KasKkmoil HUTH DUPRYNUPYeT BEXPH ToKa, DKPAHUD YO AR
noye !).

Tunnuarie 3HaYeHNA KPUTHIECKOTO IoJA B CBePXNIpOBOAHHKAX 1-ro popga mpu:
TeMIepaTypax BHAYMTEJHPHO HMKe KpUTHUeckoil cocraBusior mpumepHo 107 T'c.
OpHako B Tak HA3HBAeMHX (KECTKHX» CBePXHpOBOJHMKAX 2-To poja BepxHee KpH-
THdeckoe mose MokeT fAocturath 10° T'e. BaaromapA atoMy cBepXupoBogHHKH 2-TO
pofa mpefcTaBiAAIOT 60JBmON IPAKTHYECKHHA HHTEpEC HPH KOHCTPYAPOBAHHM MAar-
HATOB, PACCYMTAHHEIX HA CHJLHEE IOJA.

Kpurrueckme mosisA OpU HE3KHX TeMIepaTypaX NS CBePXHPOBORAINAX 3JIeMeH-
TOB TpHBeleHH B Tabx. 34.2.

TEINIOEMROCTD

pr BEuaKEX TeMIepaTypax TemIOeMKOCTh HOPMAIBHOTO MeTajljia HMeeT BHL
AT + BT?, rpe nuHeiHHE ujeH 06ycIOBIeH 3JeKTPOHHHEME BO36Y)KICHHAMH, a
KyOmuecknit — KoseGanmsamu pemeTkn. Hmke KpHTHIeCKOH TeMOepaTypH CBepx-
TpOBOMAIIET0 Iepexofa IOBefeHUe TEINIOeMKOCTH H3MeHAeTCA CYIECTBeHHEM oGpa-

1) TepMuEH «BHXPE» 9aCTO HCHOIL3YyeTCA Has 0003HAUEHHA KAK caMMX HWTEH, TaK u cTpyK-
TYPH TOKa B OKPECTHOCTH Ka;KIOH 13 HuUX. MOYKHO IIOKA3aTh, 9TO BEIWYMHA MAarHATHOIO MOTOKA,
3aXBaYeHHOr0 OTHAGNLHEIM BHXPEM, PaBHA Kak Pa3 oJHOMY KBAaHTY MATHHTHOIQ IQTOKA hc/2e
(cM. mpumeganme 1 Ha cTp. 364 .
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som. Ecam temnepaTypa magaer amke T, (B oTCyTCTBHEe MAarHUTHOrO IIOJA), TO Tel-
JTOEMKOCTH CHAadYaja CKAaYKOM YBEIWYMBAETCA, 4 3aTeM MEIJIeHHO YMeHBIIAeTCA, DoKa
B KoHIe KOHI[OB He JOXONUT A0 3HAYeHHH, OKA3HBAIOIIMXCS 3HAYATEIHHO HIKE TEX,
KOTOpHE MOJKHO GHUIO GH OKUmATh Nisf HopMajabmoro merajuia (gur. 34.6). Ilepe-
BOJA MeTa ¢ HOMOIMBI0 MATHHTHOTO IOJSI B HOPMAJBHOE COCTOSHHE, MOKHO CPaB-
HATE TEIIOEMKOCTE CBePXIpPOBONAINETr0 W HOpPMAJNLHOIO COCTOSAHWII HIMKe KpHTHIe-
ckoii tTemmepaTyput !). Ilogo6Hoe MccaenoBanMe MOKA3HBAET, 4TO B CBEPXIPOBOAA-
meM COCTOSHNHM JuHEeHHHI Ho TeMIlepaType 4jieH, ONHCHBAIOMAN BKJIAJ 3JIEKTPO-
HOB B TEILIOEMKOCTH, 3aMEHAETCA APYIEM, KOTOPHI yOHBaeT IpU 0YeHb HUBKHUX TEM-
meparypax ropasfmo OHCTpee: ero HH3KOTeMIePAaTypHOE II0BelleHHEe OIpeJieJIAeTcA
B OCHOBHOM 3aBuCEMOCTBIO Bupia exp (—A/k zT). Takoe moBeneHue mpu u3MeHeHUH
TEMOEePATYPH XapaKTepHOo AJA CHCTeMH, Y KOTOPOii Bo36y:KIeHHEE YDPOBHH OT/e-
JIeHHL OT OCHOBHOTO COCTOAHHSA pHeprmeil, paBHoit 2A 2). Kak teopus [cm. (34.19)],
TaK W 9KcuepuMeHT (cM. Ta6a. 34.3) MOKa3HBAIOT, 9T0 PHEPreTHIECKAA INEJb UMeeT
Benw9uRy mTopsaxgka kgT ..

APYTNE HNPOABJEHNA CYIECTBOBAHUA 3HEPITETHMYECHON IMEJAN
HOPMAJIBHOE TYHHEJINPOBAHNE

OJeKTPOHH NpPOBOJUMOCTH B CBEPXNIPOBONHUKe W HOPMAJHHOM MeTajjie, HAXO-
OADEXCA B ONMBKOM KOHTAaKTe, T. €. PasfeeHHHX TOJBKO TOHKAM CJI0eM JHDJIeK-
TpuKa ), MOTYT HaXONUTHCA B TePMOTAHAMIAIECKOM paBHOBecUH Apyr ¢ xpyrom. Ilpm
9TOM 2JIEKTPOHH MOTYT IPOXOJUTH Yepe3 cliod AuaieKTpuka Oaaromapsa KBaHTOBO-
MexaHWYeCKOoMY TyHHenupoBanmio. [Ipu repmogmHaMugecKkoM paBHOBECHH U3 OJHOTO
MeTaJiia B IPYToif IepexoAUT AOCTATOYHOE YHCIO DIEKTPOHOB, YTOOH XHMHIecKHe
TOTEHIHAJH SJIEKTPOHOB B ofomx Merajutax Obim omuHakoBhimu *). Horma o6a
MeTayjla HaXo[AATCA B HOPMANBHOM COCTOAHHH, IpHI0KeHHOe HANpPsKeHNe IOBHI-
maeT XAMEYECKHH IOTEHI[NAJX OJHOTO METallna II0 CpaBHEHHMIO ¢ APYTUM B gepes cioi
JuaIeKTPHKA TYHHEeJUpPYeT eme HeKOTopoe YHCJIO 3NeKTPOHOB. Takme «TyHHEJbHEE
TOKW», HaGAIOJaeMble IpU KOHTAKTe HOPMAJBHEIX METAJJIOB, HONUWHAITCA 3aKOHY
Oma. Ognako, KOTKa OAWH W3 METAJIOB SABIsAETCA CBEPXIPOBOAHUKOM W HAXOJUTCH
Ipn TeMIlepaType 3HAYRTEJLHO HUKe KpHTAYecKOo#, TOK He HabiiogaeTcs no Tex mop,
JOKa NOTeHNHAN V He TOCTHTHeT HMOPOroBoro sHaveHHus eV = A (¢ur. 34.7). 3nave-
HEe A XOpomo coryiacyercd co 3Ha4eHHEM, KOTOpOe IojaydaeTca u3 HE3KoTeMOepa-
TYPHHX W3MepeHWii TeIIOeMKOCTH. JTO NOATBEp/KIAAeT TpeNcTaBjieHNEe 0 CYMecTBO-
BAHAM SHepreTHYecKOd meJH B INIOTHOCTH ONHO3NGKTPOHHHX ypoBHeil cBepXmpo-
soauanka. IIpm npmbnmxennn temmepaTypl k 1. DopoToBoe HalpsiKeHMe yMeHB-
maercs %), 910 yKa3HBaeT Ha yMeHbIIeHUWe pHepTeTHdecKoi Mead OpH MOBHIMEHUH
TeMIepaTypH.

BBICOROYACTOTHOE ITIOTJIOHIEHNE

OTRIuk MeTania Ha SIEKTPOMATHATHOE M3IydeHWe (HampmMep, IPU TPOXOKME-
HUW H3JydeHHs Yepe3 TOHKWe IJIGHKM MJM IIPH ero OTPaKeHMH OT MACCUBHHX
06pasnoB) xapakTepusyercA 3aBUCAIEH 0T gacTOTH npoBoguMocThio. IlpoBognmocTs

1) TelIOBMKOCTh METaJa B HOPMANHHOM COCTOSHHN HE MEHSeTCSH CYIeCTBEHHRIM 00paszoM
B NPUCYTCTBHH MarsuTHOTO HOJA. ~

2) Cm. myHKT 3 Ha crp. 341.

%) Haupumep, TOHKEM cJOeM OKHCIA HA IIOBEPXHOCTAX oGomx o0pasmos.

4) Cm. 1. 1, crp. 361.

%) Ilopor Takke pasMhBaeTCA Gaarogaps OPUCYTCTBUI0 TEPMUIECKH BO3GYHKISHHEIX 3JIeK-
TPOHOB, KOTOPHIM sl TyHHEAHPOBAHEUA TpefyeTcHa MeHbIIAsg SHEPIUA.
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@ur. 34.7. ¢ — poONbLTAMIOEPHASA XaPAKTEPHCTUKA UPN TYHHEIWPOBAHNI JIeKTPOHOR Jepe3 TOHKHMIL
AuaTeKTpUdecknil Gaprep MeMIy AByMsA MeTajlaMH B HOPMAJLHOM COCTOSgHHM.
Ina MalblX TOKOB M HAUPMKEHMII XAPAKTEDUCTHKA JMHEHHP,
6 — BOJpTAMIEPHAH XaPAKTePUCTHKA IPH TyHHEJIHPOBAHHM JIEKTPOHOB Wepe3 TOHRUI AuoieK-
Tpugeckuii Gapeep MeKIYy CBepPXNPOBOJHNKOM U HOPMAILHEIM MeTajJiOM.

Bug Kpupoit CANBHO 38BUCHT OT Temueparypn. Ilpu T = 0 mmeeTCs peskKuil mopor, KOTOPHI pasMbiBaeTca Mpu
follee BHICOKMX TeMIEpaTypax, Ma3-3a TENIOBOIO HepeGpoca BIEKTPOHOB 4eEPe3, HeJIb B SHEPTeTHYeCKOM CHEKTpe
CBePXNPOBONHUKA. Vi), —— HOPOIOBOE 3HAYEHWE HAIDAHEHMT.

B CBOX0 OYepefh 3aBHCHT OT MeX3HHW3MOB TOTJOINEHNA SHePIuH dIeKTPOHAaMA LPOBO
AUMOCTH OpE NaHHO#K gacrore. I[lOCKONBKY CIEKTD B3JIEKTPOHHHX B030ymRpeHMil
CBepPXIIPOBOHAKA XapPaKTePH3yeTCA HAIWdHeM dHepreTMdecKodl mexam A, ciepyet
0JKUJATh, 970 IPU YACTOTAX, MAJLX IO CpaBHeHWI0 ¢ A/A, 3aBMCHMOCTb UPOBOMIH-
MOCTH OT 9acTOTH B CBepPXHOPOBOJHHKE [O/KHA CYmECTBEHHO OTIMYATLCH OT COOT-
BETCTByIOIel 3aBUCHMOCTH B HODMAJBHOM MeTajuie, TOT/ia KaK OpW 9acToTax, mpe-
pemanomux A/f, oma GymeT IpaKTHUeCKU OFAHAKOBOR fiasa obomx cocTosHmid. llpm
TeMuepaTypax, He CHWNIKOM ONU3KAX K KpuTmdeckoi (cM. crp. 358), wacrora A/h
nomajgaer B AMATA30H OT MHJJHAMETPOBHIX PAJHOBONH 70 wHPpakpacHod obmactu.

IIpu onTHYeCKAX 9acTOTAX He HAGMONAIOTCA PasiWius B IOBeeHHN CBepXIpo-
BOJANIEro d HOPMAJBHOro MeTAILI0B. OTKIOHEHAS OT MOBENEHUA, XapaKTepHOTO s
HOPMAJIPHOTO COCTOSIHU S, BIEPBHe HOABIAIOTCA B MHQpaKpacHOi 06aacTH, U TOTBKO
B [MaNa30He MAJLIAMETPOBHX PaJHOBOJH B YaCTOTHEIX XaPaKTePUCTHKAX IIOJHOCTHIO
IposABJsAETCA yMeHbIIeHHWe IOTIOIMeHNs dHePIMH dIeKTPOHAaMHU, CBA3aHHOEe C HAJM-
yueM PHEpPreTHYIeCKOH IeJn. :

3ATYXAHUE 3BYEKA

Ilpu pacmpocTpaHeHun 3BYKOBOA BOJNHBL B MeTajie HOHB MCHLTHBAIT MAKpO-
CcKOIMYecKHe cMellleHNA. BosHuKaoliee B pesyJbTaTe dleKTpUYECKOe II0Je MOKeT
ofecreunTh Iepeaady SHePIUMY dIeKTPOHAM, HaxofsmuMcs B6ansn yposusa Depun,
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sabupast mpu aToM dHeprmio y BoamuH !). Ilpm temmeparype suaswrenpHO Hume I,
m upu Ae << 2A Bean9WHa 3aTyXaHUA 3BYKOBHX BOJH B CBepPXIPOBOTHHKE 3aMeTHO
MeHbIe, 9eM B HOPMaJBLHOM MeTalljie, KaK U CJIe0BaJI0 OKUJATE.

YPABHEHUE JOHIOHOB

@. Jlougor u I'. Jlounou NmepBHMEA KojmuecTBEHHO HCCHCAOBATHA TOT PyHjiaMeH-
TAJNBHBL (aKT, 9TO MATHUTHOe IIOJe He WMEeeT BOBMOKHOCTM IPOHUKHYTH B TIYy0hH
MeTaJIa, HAXOHAAIMErocs B CBepxmpoBomsameM coctosHmn [4, 13, 14]. B cBoem pac-
CMOTPEHUE OHN OCHOBEIBAJHCH HA ABYXKHAKOCTHOHE Momenu 'oprepa u Kasumupa 2).
Mu Bocmoab3yeMcsA TOJBLKO ONHEM BAa/KHHM IOJIOKEHHEM 3TOH MOgenad, a HMeHHO
TeM, 9YTO B CBepXIPOBORHUKe IpH TemmepaTtype I <C T, TONBKO 4acTh DJIEKTPOHOB
IPOBOJAMMOCTH [T0JsI KOTOPHX cocraBaser ng (1')/n] MosKer yuacTBOBaTH B epeHOCE
cBepxupoBogAmero tToKa. Benmanna ng (7') HocnT HasBaHWe KOHIGHTPAIMU CBEPX-
nposopAmux saeKTpoHoB. OHa mpulnmkaeTcs K IOJHOH KOHIEHTPAUUU DIEKIPO-
HOB IPOBOAWMOCTH 1, Korna 7/ 3HaYWTedbHO MeHbme 7', HO IafaeT [0 HYJA, KOTKa
T crpemurcs k I'.. llpm s10M Dpenmosaraercs, 4TO OCTAJBbHBIE JIEKTPOHB 00pa-
3YIOT «HOPMAJNBHYI0 JKETKOCTEY C INIOTHOCTBIO I — RN, KOTOPas HE MOKeT NepeHo-
cuTh TOK Oe3 HopMaabHo# guccunanuu. CunuTaercs, 4T0 HOPMAJLHBI W CBEPXIPOBO-
OAMAR TOKM TEKYT KAaK OH II0 HapaieJbHBIM IeIAM.

HockonbpKy CBepXIpOBOJANME TOK He HCIOEITHBAeT CONPOTHBJIEHHsd, OH Iepe-
HOCHT BeCh TOK, BO30yKeHHHA ¢ IOMOImbBI J0G0TO0 ¢1aGoro HecTanuoHAPHOTO
DJIEKTPUIECKOT0 IOJA, TOTAA KAK HOPMAJBHEE dJIEKTPOHEL OCTAHICH COBEpIleHHO
uHepTHEIMHA. 1loaTOMY B IpOBeleHHOM HIKE pacCMOTpeHHHN MH OynmeM npeHeOperaTh
CYMecTBOBAHMEM HOPMAABHEIX BIEKTPOHOB.

ITpepmonouM, 970 BHYTPH CBepXIPOBOJHMKA MIHOBEHHO BOSHUKIO 2JIEKTPH-
geckoe mose. CBepXIpOBOASAMUe BIEKTPOHN GymyT cBoOOnHO Ges BCAKOH AmccmOa-
OUE YCKOPATHCH, MX CPENHsS CKOPOCTh V, OymeT YHAOBICTEOPATH ypaBHEHHUIO °)

dvg : )
- = —¢E. (34.1)
[locKoaBbKY ILIOTHOCTH TOKA, IEePeHOCHMOTO CBEPXNDOBOJALIAME BEKTPOHAMH,
paBHA j = — evghn,, ypaBHenue (34.1) MoKHO 3ammcaTh B BUMe
d . nget?

3amerum, uTo npn GecKoHedHo 0OJBIMIOM BpeMeHH pesjakcanuu T Qypbe-npeobpaso-
BaHUe ypaBHeHHA (34.2) gaer o6HYHYIO 3aBUCAINYIO OT 9aCTOTH TpoBoguMocTh (1.29)
DJIEKTPOHHOTO Ta3a ¢ IJIOTHOCTHIO 1, B Mojeau pyme:

j(0)=0(0) E (o),

o(w)=1i pepral

(34.3)

Ilopcranoska ypasHenna (34.2) B 3akoH aaekTpoMarHutHoit mEnykuuu Qapanes

VxE=—-12 (34.4)

v

1) Cm. ctp. 275—277.

%) JABYXsHIAKOCTHAS MOJENh UCHOAL3YETCHA TAKKE HPH OUMCAHHM CBEPXTEKYZero Telds-4;
9Ta MOfENb paccMOTpeHA B oboux tomax Kuuru @. Jlommoma [4, 15].

3) B avoil raase Ml npenefperaeM d>PPeKTaMu, CBASAHEHME C 30HHON CTPYKTYpOH, M Cu#t-

TaeM, UTO MOBEACHUE DJEKTPOHOB ONUCHIBAETCH NHHAMHYCCKHMH 3aKOHAMHU, XapPaKTeDHEIMH ANA
CBOGOJHKX YacTHIl.

v
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IIpUBOAUT K CHeJYyHIMmeMy COOTHOUIEHUIO MEeHAY ILIOTHOCTBIO TOKA W MATHUTHEIM
aoJieM:

_6‘?t_(v><j+—"%B)=0. (34.5)

JTO CooTHOIeHWe COBMECTHO ¢ ypaBHeHmWeM MakcBeaaa !)
4,
V —_ —
X B — i (34.6)

ompefiessieT MArHUTHHE IOJas ¥ INIOTHOCTH TOKAa, KOTOpHE MOTYT CyIIeCTBOBATH
B WeaJbHOM IPOBOJHUKE.

JameTuM, B 9aCTHOCTH, 9TO ni0foe craTHvecKoe noie B ompemensier, coraacho
ypaBuenuio (34.6), crarmueckyio mioTHOCTh TOKa j. IlocKoabky Mio6kle He 3aBHCHA-
mue oT BpeMeHU B um j ABAANTCA TPUBHANbHHME pelleHUSAMH ypaBHenma (34.5),
9TH [(BA yPABHEHMS COBMECTHH UPHA IPOH3BOJIBHOM 3HAYEHWH CTATHYECKOIO MATHUT-
Horo mous. Takoit pe3yiapraT MPOTHBOPEYAT HAGIIONAEMOMY IIOBEIEHUIO CBEPXIpPO-
BOTHWKOB, BEYTPHL KOTOPHIX He IpoHmKaeT HuKakoe mone. O. Jlonmon u T'. Jloumon
O0HAPYKUIAN, YTO TAKoe XApPAKTepHOe s CBepXIPOBOAHHKOB IMOBEJCHHE MOJKET
GHTH ONMCAHO, ecaH BHOpaTh M3 IOaHOro Habopa pemeHmil (34.5) Taxkue, KoTopie
VIOBJETBOPAIOT CleAYIOMeMy yPAaBHEHNIO, HA3HBaeMoMy ypaBHeHumeM JloHmoHOB 2):

. nge?
Vxj=—2Cp, (34.7)

N3 ypaeuennsa (34.5), onmcriBaromero a0y cpexy, KoTopas IPOBORUT 3JIEKTpH-
deckmd ToK (es mUCCHOANUM, CiefyeT, 970 BHpamenue V X j + (ne?/mc) B ne
3aBUCAT OT BpeMeHHU. Y paBHeHWe JIOHOHOB, XapaKTepUu3yoliee UMEHHO CIeNUPUKY
CBEPXIPOBOIHIKOB ¥ OTIMYA0INee AX OT UAeaJbHHIX IPOBOTHHKOBY, HAKIA[HBAET
HOIOJHATeNEHO (0Jiee HeCTKoe yc¢ioBhe — TpefyeT ofpameHnms 3TOTO He 3aBHCA-
mero oT BpeMeHH BHpPa’KeHAA B HYJIB.

1) Mu cyuTaem, 9TO BCAKNE U3MEHEHHA BO BPEMEHU IPOTOKAIOT CTOXD MEJJICHHO, YT0 TOKAMHU
cMemeHHs MOKHO npeHeOpeus. MH TaKike moJjaraeM, 4T0 B ypasHemue (34.6) Bxopmut mose B,
a He H, mocKonbKYy j mpejcTaBiseT co6oil cpefHUNl mukpockonuueckuli TOK, TEKymuil Mo cBepx-
npoBoauuKy. Ilome H BosaIKIO Gbl, ecam 65 MH NpefcTaBmin j Yepes spPeKTuBAYIO HaMArHWIEH-
HOCTH, yAOBIeTBOpAOMYI0 paBercTBY V X M = j/c, m oupegeanan 6u H o6sanmimM ofpaszoMm —
kak H = B — 4nM. B »10oM caydae Bmecto (34.6) mMur 651 umenu ypasmenme V X H = 0. Ecau
HCI0NH30BaThs NIpuBeJeHHKe Bhme ounpegeneHnad H w M, To 5Tu ypaBHEHHA COBEPIIEHHO 3KBH-
BAJICHTHH HAaIOHM.

2) 970 COOTHOIIEHNE JIOKAJIBHOE, T. €. TOK B TOUKE I OIpeHelfAeTCH IOJeM B TOH Ke TOYKe.
Iunnapf mokasadx, 9To B Gojee ofImeM ciaydae TOK B TOUKe T JOJIKeH OIpeJelAThCS MOJeM B HeKO-
TOPOH €e OKPECTHOCTH 4 CBA3aH C HHM COOTHONICHHEM

VXi@E=— S 'K (r — 1) B(r'),

rae aapo K (r) uMeeT 3aMETHYIO BEJIHTHHY, TOJBKO ecau r menbe §,. Beanunna §, mpepcrasaser
c000it OHY ¥3 HeCKOJBbKHX (YHJaMeHTAJbHHX [JIUH, XapaKTepU3YIOINIX CBePXIPOBOJHUK, IpU-
9eM BCE OHM, K COKAJIEHUIO, NMMEIOT OJHO U TO K€ HA3BAHUE «IJIHHA KOTepPeHTHOCTH». B umcThx
MaTepuajax Ipu TeMIepaTypax 3HAYMTENBHO HIJKE KPUTIiYecKOil BCe 9TH AJMHEI KOTEPEHTHOCTH
ORAMHAKOBH, HO BOW3u I, HIN B MaTepuaiax ¢ Maloil AauHoil cBoGogHOTO IIpodera, 00ycIOBIeHHOI
NPUMECAMHU, JINHE KOTCPEHTHOCTH» MOTYT OBIThL DA3HEIMH B 3aBHCHMOCTH OT KOHTeKcTa. Ham
He LPUJIETCA UMETh AeN0 ¢ 9TOM HyTaHunei B MOHATHM [JINHKE KOTCPEHTHOCTI, IOCKOJBKY MH
orpaEuIuMcs OOCYK/IEHUEM ero CMEBICJIA TOJbKO B CAyZae YUCTHX MaTepHaloB IIPH HU3KHX TCM-
mepaTypax, KOrja Bce [JMHE KOTEDPEHTHOCTH COBIAJAIOT APYr ¢ apyrom. OKasmBaercs, 9TO
B TONOOHHIX CJIy9Yasix pasawgie MeKAy CBePXHOPDOBOJHMKamMu 1-To m 2-To Pofa oIpejenseTca
OTHONIEHWEM JJUHE KOTePeHETHOCTH K JOHJOHOBCKOH rayOwHe NMpoHuKHOBeHHMA A [cM. (34.9)].
Ecau piauHa KOTepEHTHOCTH BeJWMEA II0 CPABHEHHIO ¢ A, MH MMeeM CBEPXIpoBOAHMK 1-ro poja,
fcau Maixa — 2-ro poja.
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Cumeicn 3amenH ypaBHeHEA (34.5) ypasmenmem JlommoHoB, Hamarapommm Golee
JRECTKUE OrPAaHMYEHUs, 3aKA0YAETCS B TOM, 9YT0 U3 ypaBHeHUA JIOHKOHOB Hemocped-
CTBEHHO cjeflyeT cyllecrBoBanme s(perra Meiicaepa !). Ws ypaBmermit (34.6) u
(34.7) momyuaem

v2g — Ase® p

me? '

oy et (34.8)

mc?

JTU ypaBHEHUA B CBOI0 O4depels MOKA3ZHBAIOT, YTO TOKR W MAarHHTHEHE IOJIA B CBepX-
OPOBORHAKAX MOLYT CYI[ECTBOBATH TONBKO B IPHIIOBEPXHOCTHOM CJIO€ TOJIIMHOM
A, rme Bermamua A, HaskEBaeMas JOHJOHOBCKOW INTyOMHOH NPOHMKHOBEHHA, JAeTCA
BHpa'KeHHEM 2)

me? /e { n \l/2 §
A=(W) _419( ) (n) A. (34.9)

Urax, us yparuenusa JloHnoHOB cuexyer appexr Melichepa, a Takke KOHKpeT-
Hasg KapTHHA IOBEPXHOCTHHX TOKOB, KOTOPHE SKPAHHPYIOT IpPHJIOKeHHOEe IIoJe.
9THE TOKU TeKyT B IPAIOBEPXHOCTHOM cjioe ToimuHoh 10°—10% A (s71a omeHKa clupa-
BeJJIMBA 3HaymTeNsHO HIKe 1',, a B6awmsum T ., rjie BeruywHa n, 6¥3Ka K HyIIO, TOJ-
IMPHA oS MOKeT OHTH 3HAYMTenbHO Gospme). BHyTpm Toro ke cios moxe mocTe-
IeHHO cHajfaeT A0 Hyasd. ITH OmpefcKasaHuWs IOATBEepKIAOTCA TeM PaKToM, 9T0 I0Je
He HOJHOCTHI0 HPOHUKAeT B CBOPXIpPOBOAsAINUE IVIEHKH, TOJIMPHA KOTOPHX paBHA
UIu [asKe MeHbOICe TAYOCWHH NpPOMHKHOBeHMA A.

MHNEKPOCROIINYECHAA TEOPUA. KAYECTBEHHBIE YEPTBI

Muxpockonugeckas Teopus CBepXIpOBONHMOCTH GHia mocrpoeHa Bapamuow,
HKymnepom u Illpuddepom B 1957 r.%) B o630pe o6mero xapakrepa, Moxo0HOM HameMy,
HET BOSMOKHOCTH pPasBUTH QopMaiusM, HEOOXOAUMEA N aJeKBATHOr0 ONHCAHUA
AX TEOpHH, a4 MOMKHO TOJBKO PacCMOTpeTh HAa KayeCTBEHHOM YDPOBHE (u3WIeCKHUe
NPUHIUIH, jeKalllde B 0CHOBe TEOPHMH, 4 TAKKe ee OCHOBHEIE Pe3YJIBTATHL.

NexogueiMm TYHKTOM CIy;KUT Haigwuade 9(QPEeKTHBHOIO NpUMANCEHUS MERIY
paerTpoHaMu BOmusd HoBepxHocTd Pepmm. XoTA mpsaMoe sleKTPOCTaATHYECKOe B3aH-
MofieficTBHe HPWBORWUT K OTTAJKUBAHUIO, MOKET OKA3aThCH, YTO 34 CYOT JBHIKEHUA
WOHOB KyJIOHOBCKOe B3amMofeiicTBue OyZer «IepesKpaHHPOBAHHHEM® W BO3HAKHET
pesyasTHpyIOee HPUTs/KeHMe MeKAy dieKTpoHamn ‘). MH ommcHBanm aTy BoB-
MOJKHOCTH B Ti. 26, Ime B paMkax mpocTeiimeil Mofgenw GBLIO IOJYYEHO, UTO ECHH
HOOYCTHTH ABHKeHHe WOHOB, CBA3aHHO® C [BUKEHNEM 2IeKTPOHOB, TO 9TO IpHBefeT
K 8)eKTUBHOMY IPUTS;KEHUI0 MEKY DIEKTPOHAMHE ¢ BOJHOBHME BeKropamu: k u k',

1) Kax Mpl YBUAHM HUKe, YPaBHeHUs JIOHJOHOB — CJIEXCTBUE HEKOTODHX 9Y6PT MEKPOCKOIIH=
9eCKOI0 9JIEKTPOHHOTO YIODANOYEHHUS.

%) PaccmoTpuM, HampmMep, caydall HOAYyOECKOHETHOrO CBePXIPOBONHUKA, 3aHUMAIOWEro
nogynpocrpanctso = > 0. Torga ua ypasrenuit (34.8) caegyer, 9ro umeomue GHU3MISCKU CMBICI
pellleHNa SKCHOHGHUUAJIBHO YOHBAIOT:

B (z) = B (0) exp (—z/A).

Cnyqan ¢ [Opyroit reomerpueil MccaemoBaHH B 3agaue 2.

3) Cm. cTateio [16]. ITa Teopma 0OHYHO HABKHBAETCA TeoPHE BHLH (BCS).

4) IIpamoe yKasaHue Ha POJb ABWKEHMA WOHOB IpH BOBHMKHOBEHHN CBEDXIPOBOJEMOCTH
IaeT ugomonuveckuli agPerm. Rpurtuueckue TeMIepaTypsl OTAHYAIOTCA ¥ PABHEIX H30TOIOB [JaH-
HOTO METAIN9eCKOT0 SJEMEeHTA, IpideM qacTo (HO He BCerha) OHM MEeHAITCSI 06paTHO MPOmMopIMo-
HaJbHO KODHIO KBAJPATHOMY U3 MacCH MoHA. Hajwdme Kakoii-TO 33BHCHMOCTH OT MAacCH HOH&
IOKA3HBAaeT, YT0 HOHE HE MOTYT UIPaTh UHCTO CTATHYECKYI0 POJb, a BAKHA UX JUHAMHKA.
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IMeromemy BAf ')
Vorr (k, k') = —ae % (34.10)

IR oy

rfie i@ — pasHOCTh MEMIY DHEePrHAMH 9JeKTPOHOB, kK, — BOJHOBOH BeKTop Toma-
ca — ®epmu (17.50), q — pasHOCTH BOJHOBEIX BEKTOPOB 3JEKTPOHOB, 4 (g —
gacToTa (OHOHA € BOJHOBBHIM BEKTOPOM (.

ITosToMy sKpaHUpOBAHNE 33 CYeT ABWKeHUsi MOHOB MOjKeT OpuBecTu K adder-
TABHOMY IpPHTMHEHUIO MEKAY BIEKTPOHAMH C JOCTATOYHO OIMBKEMH 3HAYEHUSIMU
suepruu (rpy6o roBops, HX 9HEPTHU JOJKHEI OTJWYATHCH HA BeJWYMHY, He TPEBEHl-
MAanIyln TUINYHYI0 2Hepruio (oHOHOB, paBHYIO A® ). OTo UpUTAKeHUE 2) JemmAT
B OCHOBE TEOPUHA CBEPXIPOBOIMMOCTH.

Ecau pomycTuTs, 4TO 9I€KTPOHE, sHEPIUH KOTOPHX OTIMYAIOTCA HA BEJUYHHY
mopsAgKa R p, MOT'YT HCIHTHBATh 3QQeKTHRHOe NPUTKeHNe, TO Bo3HHKaeT BO3-
MOKHOCTh 00pasoBaHUs CBA3aHHHX Ilap Takux siaekrpoHos %). IlpemcraBasercs
BEeChMa COMHHUTENHHEIM, YTO TaKad BO3MOJKHOCTH OCYHIECTBUTCH, HOCKOJBKY s
o6pazoBanusA CBsi3aHHOHM WAapH B TPEXMEPUHOM ¢JIydae CHJIa B3aUMOMEHCTBUA dacTHL,
HOJ}KHA IpeBHIOIATH HEKOe MHHHMaJbHOe 3HAaYeHWe, a BechMa cjaboe addexTuBHOE
OPUTs;ReHNe BPAJN JU MOMET yHOBJETBOPATH sToMy ycaopmio. Omgnako Hymep [17]
mMoKasaj, YyT0 TaKag HeIpaBmolomo0Has Ha IePBHE B3IJIAL BO3MOMKHOCTbD MOKeT
peanmzoBaTtbca 0aarofaps BIHAHWIO HAa B3aWMOJEHCTBYIOIYIO IApy OCTAJIbHBIX
N — 2 bmeKTpoHOB, KoTopoe 00ycnoBiaeHO mpmHnumoM [layawm.

Kynep paccmoTtped 3amady o ABYX saeKTpoHax, LPUTsIKeHNe MEKRY KOTOPBIMH
OHI0 OH CAWIKOM caafbM 7id o0pa3oBaHUsi CBA3aHHOIO COCTOSHUA, eCJIHM H30JHU-
poOBaTh Ux 0T ApyTux dAeKTpoHoB. OH, OfNaKo, HoKasal, 9T0 OPH HAJNUIHEUN QepMA-
cepsr ¥) mpuurun [laynyw OpUBOIKT K pagdKadbHOMY W3MEHEHHUIO ABYX2AeKTPOHHON
3a/aYq, ¥ CBA3aHHOE COCTOSIHUWE CYIIECTBYeT y:Ke He3aBUCHMO OT T0T0, KAKHM GH
craleiM uu Gbio mpuTskenve. BrigyucineHusi, mpoBexenHiie Hymepom, mokasaud,
910 11 00pasoBaHuUs MapH >PPeKTHBHOe B3aHMONeHCTBYe He 00s13aTeJbHO MOJKHO
TIpEeBHIIATHL HEKOTOpPOe MUHMMAibHOe 3Havenne. Hpome Toro, OBA NO3BOJMIN HOHATS,
moYeMy TEMIIepaTypa CBepXIpOBOMSAIMIEro Iepexoga CToJb Maja 110 CPABHEHHIO ¢ 0C-
TAaABHEMHA XapaKTepPHCTUIEeCKUMU TeMICPATypaMH TBEPAoro Teja. JTO ciaefyer U3
KyIepPOBCKOTO PeMeHUs, NPUBOAINEr0 K 3H3UeHHI0 DHePTUM CBS3H, KOTOpOe B CIy-
gae caaforo HPUTAMEHUS 3HAYNTENHHO MeHbIIe IOTeHOUANLHON DHepruHM NpUTHA-
SKEHOA.

Pacemorperme Kymepa orHOCHTCA K OTHEABHO# mape 2JeKTPOHOB B IPHCYT-
CTBUH J[OUOJHATEJBHBIX BJIEKTPOHOB, Nogymusiomuxcs pacupeneienuio Depma.
B teopum Bapamuea, Kymepa u Ilpuddepa nensaerca cymecTBeHHHI mar Buepen,
33 KJI0YAK0 MAIACA B TOM, YTO CTPOUTCA OCHOBROE COCTOSAHNE, B KOTOPOM 6Ce DIeKTPOHE

1) Cm. ctp. 144—145. To 06GCTOATENBCTBO, UTO TAKOC TPHUTAMKEHHE BO3MOKHO U MOMKET
CHYKUTh MCTOUHUKOM CBEPXIPOBOJVMOCTH, BIEDBEIC IOgYepKHYTO DpEInxom.

2y JIwo6oit npyroif MexaEM3M, UpHBOAAMMIl K 5¢PEeKTUBHOMY IPHTSKEHHI0 MEKIY SICKTPO-
gamu BOmmau 1noBepxHOCTH Depmu, TAKKe HpUBEa OHl K CBePXIPOBOZMMOCTI UPU JOCTATOYHO
HH3KHX TemmepaTypax. OHAKO B METAJJIaX HE B OZHOM CIy4ae He GRUIO C JOCTOBEPHOCTHIO ycTa-
HOBJICHO CYIIECTBOBAHME CBEPXIPOBOJHUMOCTH, 00YCIOBIEHHON APyIuMM MeXaHH3MAMH.

3) Boo6me roBops, MOMKHO OBUIO OH HMCCIEHOBATH BO3MOKHOCTH 00PASOBAHNSA CBASAHHOTO
COCTOAHMS n 9JeKTPOHOB, OJHAKO Gmarofaps caalomy B3ammoAeiicTsiio M npusgumy llaymou cay-
9ait n = 2 oKaseBaeTcs HauGoJee MPEJIOYTUTENHLHBIM. .

4) Poap pacupegeneunss (epmy, ONUCHBAIIMEre BHPOKISHHE BCOX SIEKTPOHOB, KpoMe
JBYX, OPOABIZETCHA TOABKO B TOM, 9T0 OHO 3anpemiaeT ABYyM H30paEHHEM 9IeKTPOHAM BaHHMATh
n00Ke YPOBHEH C BOJHOBWMU BEKTODAMH, MEHBIIHOMH kp. CaemoBaTenbHO, pacuer Kymepa Gbur
IO CYTH JleJia JBYXDJAeKTPOHHHM, OBHAKO PAacCMOTPEHNUE OHIIO OTPAHWYEHO COCTOSHMAMU, IOCTPO~
CeHHEHMHA N8 OJHEOZJIEKTPOHHEIX YPOBHeH, HpeAcTaBaAfiomux coGoll MIOCKNE BONEH ¢ BOJHOBHIMA
BeKTOpamu, He MeHpmuMu kp. CM. 3amagy 4.
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00pasyioT CBAzaHHHE Haph. TaKad Mojedk ABIAeTCA ropasgo Goxee obmeii, wem
Momenb Kymepa, HOCKOABKY KasKABIA 9IeKTPOL HTpaeT Telleph ABOAKYW poab. Bo-
IepBHX, B cmny NpuEnAna Ilaynm om ofecmedmBaeT HeoO0XORUMoOe OTpaHMYeHNe HA
paspermeHHke 3HAYEHNA BOJHOBHX BEKTOPOB, 4TO N3eT BO3MOKHOCTH JPYTUM DJICK-
TpOHAM 06pa30BaTh CBJ33HHEE Iaphl, HECMOTPA Ha ¢aabocTh HpHUTAKeHUA. Bo-Bro-
PHIX, €CaM DTOT BJIEKTPOH BXOOUT B COCTAB OHOH M3 CBA3AHHLIX Hap. :

B npuGmumennu BRI BoanoBas $yBEKIUA oCHOBHOTO COCTOAHHA 3JIeKTPOHOB
MoskeT OLITH ommcaga caemylommMm obpasom. Crpymnmiupyem N 9ieKTpOHOB IPOBORH-
MocTu B N/2 map !) u gomycrum, 9T0 KajKmas Imapa oINHMCHBAaeTCA BOJIHOBOR QyHKOumed
CBSI3AHHOTO cOCTOsIHMA ¢ (rs, r's’), Tme r — KOOpAMHATA JJIEKTPOHA, & S — €ro
CIMHOBOE KBAHTOBOE YHMCJIO. 3aTeM paccMoTpuM /V-9JeKTPOHHYI0 BOJHOBYHI (yHK-
OUi0, ABIAKILYIOCA NPOCTo HpomsBemenmeM N/2 udewmuunbslz IBYXBJIEKTPOHHBIX
BOJHOBHX (QYHKIU# yKazaHHOTO THUIA:

W (resy, <« TySy)=¢ (reSy, raS2) «-+ ¢ (Xy-1Sn-1» TnSn)- (34.11)

Jra BoNHOBasA YHKOUA ONNCEIBAET COCTOAHWE, B KOTOPOM BCe BIEKTPOHH CBA3AHE
B mapH, T. €. 00pa3yioT COBOKYIHOCTh TOKEECTBEHHHX JBYX3JIEKTPOHHHX COCTOA-
Huii. OgHaKo oHa He o0iamaeT cmMMeTpuedi tpeGyemoit mpuanmmom Ilaynu. Urobu
TOCTPOATH COCTOAHWE, KOTOpOoe MeHseT 3HAK IPH IepecTaHoBKe IPOCTPAaH-
CTBeHHHX ¥ CHEHOBHX KOODHWHAT JIOOHX [BYX 9JeKTPOHOB, HAM HeoGxomuMo
AHTHCHMMETpPU30BaTh cocrosuue (34.11). ITo mpwBoAWT K OCHOBHOMY COCTOSHUIO

e teopun BKII %):
Ypes=AY. (34.12)

Mosker moKaszaTbCA yOUBHTENbHHM, 9T10 cocrosHme (34.12) ymoBaerBopser
upunnuny [layam, XxoTa Bce BXofAmue B Hero NapHHE BOJHOBHE (YHKOUU ¢ UIeH-
t9gHH. [lefictBuTeNbHO, eciau OH MH HOCTPOWIH COCTOAHWe, anajormunoe (34.11),
Kak mpowsBefeHue /N UASRTHYHHIX 00H0s1eKMPOHNNL YPOBHEH, TO 0HO HOC/IE AHTH-
cummerpusanuu obparuioch Ok B Hynb. DynmameHTanpHoe TpeGoBaHHe aHTHCHM-
MeTpHHU 03Ha9aeT, YTO HU OQUH M3 OJHOJIEKTPOHHHIX ypoBHeill He MOKeT GHITH IBY-
KpaTHO BaHATHIM, €CIN COCTOAHHE NOCTPOeHO M3 aHTHCUMMETPM30BAHHHKX TIPOU3Be-
meHU# 0fHOYNEKTPOHHEX ypoBHed. OnHako TpeGoBaHWe aRTUCEMMETpUM He IPUBO~
IOUT K COOTBETCTBYIOIEMY OTDAHMYEHWIO HA 3aIIONHEHNWe TBYXDIEKTPOHHHX ypPOBHeH
B COCTOSHUAX, KOTOPHE ABJIANTCA AHTHCUMMETPU30BAHHKMY IPOU3BEJIeHN AMU ABYX-
BJIeKTPOHHHX YpOBHe ).

MosxuO m0Ka3aTh, YTO ecau cocrosgHue (34.12) B3ATH B KawecTBe mMpoGHOTO Ay1a
OIeHKN YHEPrHH OCHOBHOIO COCTOAHHA C IOMOIIBI0 BapHAnMOHHOTO IPHHIUOA, TO
IpH CKOJb YrOgHO caaboM HOPUTAAHEeHNH MeKAY 2JIeKTPOHAMF ONTHMAJLHEHIL BHGOP
¢ Jo/yKeH NpHUBeCTH K MeHMbIIeidl sHeprum, yeM BRIODAHHHE HAMJAYIIIUM 06pasoM
CII9TePOBCKUE NeTePMUHAHTH (T. €. HamnyYmue npoGHHe QYHKNWH B NpUOIHKEHAHR
He3aBUCHMHIX BJIEKTPOHOB).

1) Jlns MaKpPOCKOIHYECKOH CUCTeMbl JHIMHUI 9JAGKTPOH (ecim N HOYETHO) HE HTPAET POIM.

%) NejicTBHe OmepaTopa aHTHCHMMETPU3AIUM o# CBOAMTCA K TOMY, 9T0 K (yHKIUH, HA KOTO-
pPyIo oE geficTByeT, IpocTo gobasasgercsa NI — 1 npyrux ¢yHKROUH, DOXyIaeMEIX ¢ TOMOMBIO BCEX
BO3MOJKHEIX TIepecTAHOBOK apryMeHTOB, mpuZeM »tu (YEKIUU YMHOKAITCA Ha -1 maum —1
B 3aBMCHMOCTH OT TOrO, ABJIAETCA JU JaHHAA IIePeCcTAHOBKA Pe3yabTaTOM IETHOrO UJIM HEYETHOIO
9uciia HapHHX HePecTaHOBOK. ’

3) menHO MO3TOMY Hapa (EPMHOHOB MOIKET BeCTH Ce€0A C TOYKH 3PEHHS CTATHCTUKN Kak
6osom. [lelicTBUTeNbHO, eciin Oh DHEPTHA CBA3M KajKJod maphl Omza OLL cTOmb BeamKa, 9TO pas-
MepH IapH 0Ka3ajuCh O MeHbLIle CpeJlHero PacCTOSHHA MEKAY YaCTHNAME Iy, TO B OCHOBHOM
COCTORHMY UMeJ0och On N/2 6030HOB, CKOHIEHCEDOBAHHLIX HA OJJHOM U TOM 3Ke [BYXDJIEKTPOHHOM
ypoBHe., OpfHaKO, KaK MH YBUJHM HIFKe, PasMephl KYNepOBCKOH HApH BOJUKH OO CPABHCHHI>
C ry, ¥ OHIO GH HEIpPaBMILHEIM PAaCCMATPHBATH KYNepOBCKWMEe TMapH KAK HO3aBHCEMHE GO30HH.
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B reopun BRIl napHele BonHOBHE (YHKIUU ¢ CYATAOTCA CHHTIETHHIMEI 1),
T. €. BJIeKTPOHH B Iape MMelT IPOTHBONOJOKHEE COWHH, a OpOUTAIbHAS 9YacTh
BoJHOBOH (yHKNME ¢ (r, r') cuMMerpmeHa. Ecam cauTath cocTOsHME HapH TpaHCHA-
UHOHHO-MHBAPHUAHTHLEM (IpeHeOperas BO3MOKHBIME YCIOKHEHHAMH, 00yCJIOBIEH-
HEIMHI MepHOJUYeCKHM IOTeHIINAJIOM pelleTKH), T. €. IPHHATH, 910 ¢ (r, r') mMeeT
Bug y (r — r’), To MOKHO 3ammCaTh

xir—r')= —11; 2 yxetk-re—ik-r’ (34.13)
k

CremoBaTe IbHO, | MOKHO PACCMATPUBATH KaK CyLNepHO3UIAI0 IpoW3seieHuil OfHO-
DIIGKTPOHHHX YpPOBHeH, B Ka3K/OM CJIaraeMOM KOTOPOM 3JIeKTPOHH ¢ OMMHAKOBHMH,
HO IpPOTHBOIOJOMKHEO HANPABISGHHHMW CIHHAMEU CHOAPEHH 2).

OnuH U3 peaynsTaToOB BAPUAMHOHHOTO pacyeta ¥pcs 3AKIIOYAETCA B TOM, YTO
XapaKTepHHI IpocTpaHCTBeHHEE pasmMep &, BoxHOBO#A GyHKIAY OapH 3) oueHb BeXUK
0 CpaBHEHHIO ¢ PACCTOAHUeM I'y MeKIY aJeKTpoHaMu. ['pyGyi0 omeHKY BeXHIMHEI
£, MoKHO mpoBecTH ciexyiommm oGpasom. IlapHas BoaHoBas ¢ymknms ¢ (r), mo-
BARAMOMY, OPeACTAaBIAeT co00f CyNepmosHUHI0 OTHOBIEKTPOHHEX YpOBHEH ¢ sHep-
THAMA, JeKAMUME B 00JaCTH HOPAKKA A BOausu € p, NOCKONBKY, KAK IOKA3HBAIOT
TYHHeJbHHE dKCIepUMEeHTH, BHe dTo# 00iacTH SHepPIrHWi IJIOTHOCTH OXHO3IEKTPOH-
HHX YypOBHell mMeeT IIOYTH TAKOH ’Ke BHH, KAK U B HopMaiapHoM meTasue. Ilostomy
pasbpoc EMIyIbCOB OXHOBIEKTPOHEHX yPOBHEH, yuacTByoMuX B 06pasoBaHUM 1ap,
3a/{aeTcsl yCJIOBUEM

Azagzs(zp—;)z (L) 6p ~ vsop. (34.14)

Taxnm o6pasoM, XapaKTepHEH NIpPOCTPAHCTBEHHHII pasmep QyHXmmm ¢ (r) mmeer
clemylomuid HOPAXOK BEJNWYUHEL:

h hl)F 1 (6F
B~ ~ ot~ L B (34.15)

Iockonbky BeauwunHa & ; 06sraHo B 103—10* pas npeBnmaer A , a k » ©MeeT HOPATOK

108 cm~1, TmnmuHoe 3mawenme §, pasHo 103 A.

CaemoBatenbHO, BHYTPH 06JIACTH, 3aHUMAaeMoil no000Hd Hapoil, OKayKyTCA HeH-
TPH MEOTHX (MHJIAMOHOB UJIH KasKe Golee) map. ITa gepra CBepXIPOBOAIET0 COCTO A~
Husl Kpaiine BajkHa. Ilapel Hesbadg mpencTaBAATH B BUAe HE3aBUCHMHIX YaCTHI, —
OHW 3aMEICJIOBATHM 00pa3oM HepellieTeHH B IPOCTPAHCTBe, YTO BEChMA CyHIeCTBeHHO
oA crabuiabHOCTH COCTOAHMUA.

1) Ecau Ob Hapuble COCTOARAA OBIIN TPUINIETHRIMHE (CIIMH 1), T0 9T0 npuBeno 66 K HATUIHIO
XapaKTePHKIX MATHUTHHIX CBOHCTB, KOTOpHE B JlelicTBNTeaAbHOCTH He Habmopaotcda. OpEakKo TpH-
NIETHOE CHAPUBAHME HAGIIOZAIOCH B SKHJIKOM rejun-3 — BRIPOKAEHHOHE depMH-KRUIKOCTH, KOTO-
pas BO MHOTUX OTHOmIEHWAX HAIOMUHAET HJICKTPOHHHU rasd B Merajmax. (M., mampumep, [18].

2) 910 cBOMCTBO OCHOBHOrO COCTOSHMS HacTO HMOAYEDPKUBAKT, U [AEJAeTCA YTBep:H/IeHHE,
9T0 9NeKTPOHH ¢ MPOTUBOLOJOMRHO HANPABJICHHEIMH CIIMHAMHN U BOJHOBHIMM BeKTODaMH CBASHIBA-
I0TCA B mAPHL. JTO yTBep:KAeHue He Goslee (1 He MEHEE) CTPOrOe, 9YeM TO, COIIACHO KOTOPOMY B JAI000M
TPaHCAANMOHHO-UHBADHAHTHOM CBA33aHHOM COCTOAHWH [BYX TOMKAECTBEHHHX YaCTHI, 3TH
HacTUI[Rl HMEIOT PABHEIE TIO BEJUYNMHE ¥ HPOTUBONONOMKHO HAPABJCHHEE HMIYJLCH; B IOCICIHEM
YTBEDKIACHNU [eNAeTCH NIPABRIBHBII aKmeHT Ha ToM (aKTe, 9TO IONHEINA UMIYILC CBA3AHHOM
TapH PaBEH HYJIO, HO OTBJIEKAeTCH BHUMAHWE OT APYroro ¢QakTa, 910 9T0 COCTOSHHE ABIACTCA
Ccyneprnosunueil mogo6HEIX map, MO9TOMY JOKAJIN30BAaHO B IPOCTPAHCTBE OTHOCUTEIBHHX KOODP-
auHAT (B OTIAWYME OT OTAEJBHOrQ HPOU3BEJEHHA WJIOCKHX BOJH).

3) B wHCTHX CBEePXUPOBOJHUKAX LU TeMIepaTypax sHauareasHo Huwske T pasmep &, cosma-
JlaeT C [UIMHON KOrePeHTHOCTY, OPeIedeHHOM B mpuMedanun 2 Ha cTp. 352. IlosTomy oHa 0603Ra-
YaeTca TeM ’Ke CHMBOJIOM.
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Brume MBr fanm KpaTKoe oNHCaHWe Hambolee Ba)KHBIX 9epT OCHOBHOI'O COCTOA-
HOA 9JAEKTPOHOB B CBepXIpoBopHNKe. [laa onncanws Bo30 yKIeHHHNX COCTOSHNIE NIH
jKe TePMOAWHAMHYECKAX W KHHETHYECKHX CBOUCTB CBEPXIPOBOAHHKA He06X0mHMO
moab30BaThCH Goadee caokHEM (opmanamsmoMm. MH He GynmeM paccMaTpHBATH ero
37eCh W IMOJYEePKHEM TOJIBKO, UT0 uaHdecKas KapTHHA, HAa KOTOPOH# OH OCHOBAaH,
TaK;Ke OTBETaeT CHCTeMe CIAapeHHHX B3J€KTPOHOB. B HepaBHOBECHHIX COCTOAHHAX
B TaKOH CHCTeMe IapHEE COCTOSHHA MOTYT OHTH Gogee cuomunmu. IIpm oTamaHo#
OT HyJXs TeMIepaType 4YacTh ITap OKA3HBAeTCA TePMUIECKH NUCCOLNMUPOBAHHOH H
KOHIIEHTpanuA CBepXIPOBOAAMMUX 3JIeKTPOHOB 1t OMpeAeNnsAercs HoJiell ocTaBOIAXCA
nap. Boxee Toro, W3-3a CAOKHOE CAMOCOTIACOBAHHON HPUpPOAH CHAPHBAHHA TeMJIO-
Basd JUCCOLMALHAA AP MPHBOANT K TEeMIePaTypPHOH 3aBHCHAMOCTH XapaKTepHHX mapa-
MeTpOB TeX map, KOTOPHE OCTANUCHh CBABAHHHEIMEM (HAOpHMED, OPOCTPAHCTBEHHEIX
pPasMepoB X BOJHOBHX (yHKnuit). ITpm yseanvernun 7 1o 3HaueHHH, TPEBHMIAOIINX
7., Bce maphl 0KA3KBAIOTCA ARCCONUAPOBAHHLIME, 8 OCHOBHOE COCTOSHHE CBEPXIPO-
BOMHWKA NOCTeIeHHO IpeBpallaeTcss B OCHOBHOE COCTOsIHNE HOPMAJIbHOTO MeTaxJia,
OIMCHBaeMOe HpHOIMKeHNeM He3aBHCHMEIX 2JeKTPOHOB.

ROJNYECTBEHHBIE PE3YJIBTATHI
JJEMEHTAPHON MIKPOCKOIIMYECKON TEOPUN

B mpocreiimeii dopme teopun BRI menatorcs mBa upesBruaitno rpy0rx gomy-
MeHAs OTHOCUTENbHO BH[A OCHOBHOI'O TAaMHJILTOHHAHA, ONNCHBAIOMETO HJAeKTPOHLI
IPOBOEMOCTH.

1. TIpm paccMOTpEHHE SIEKTPOHOB NPOBONEMOCTH HCHOIL3YETCA IPHGIMKEHHE
CBOGOMHEIX 3JeKTPOHOB; oddeKTsI, cBABaHHLIE ¢ HaJHIWeM B0HHOHW CTPYKTYpPH, He
YYHTHBAIOTCH.

2. 9dderTHBHOE HPHTSAIKEHNE MKy 3SIeKTPOHAME BOJIH3H IIOBEPXHOCTH
QepMu, #mMelOmee [OBOABHO cIomELH Buu (34.10)1'), ympomaercs m 3ame-
Hraercad »QQeKTHBHHM IpHTAKeHmeM V. MartpuuHsii siqeMeHT V MeXRAY OAHEM
ABYX3NEKTPOHHHM COCTOSIHHEM, ONNCHBAEMBIM BONHOBEIMH BeKtopamu k, u k,,
W OPYTHEM COCTOSHHMEM, ONHMCHBaeMbiM BekTopamu k, u k,, Boifmpaercs B oObeme Q
B BHJE

ki |V [kske) = —-g-, xorma ky +ky =ks ki,
(€ (k)= Ep|<ho, i=1, ..., 4, (34.16)

=0 BO BCEX OCTAJBHBIX CAyYasiX.

Orpanmvenme, HaKIagHBaeMoe Ha BOJHOBHE BEKTOPH, MOJKHO BHINOJIHATHCA
mas ai06oro TPaHCAANMOHHO-WHBAPMAHTHOrO NOTEHNHANA, BajkHOe e CBOHCTBO
BzammopeiictrA (34.16) sakaiogaercs B TOM, YTO NPHTHMEHHe BO3HHKAET TOILKO
B TOM CJIyJae, KOT/[a BCe UeTHpe 3IeKTPOHHBE DHePTHH HONAAa0T B 061aCTh IEPUHOM
o (o6ruHO mopsapgka hwp) B6amsm sHeprmm DPepmn.

Buipaskerne (34.16) BecbMa yIpoOILNEHHO ONHCHBAeT PealbHO CYIECTBYIOIIEe
s¢peKTHBHOE NpPATAMEHNE, TAK IT0 K Pe3YIBTATAM, BABHCSIAM OT €T0 KOHKPETHOTO
BHJA, He CIeAyeT OTHOCHTBCA ¢ CIHIIKOM OoJbmuM goBepHeM. K cuacTwnio, Teopms
IPHBOHT K PARY COOTHOMEHHH, KOTOPEIe He 3aBHCAT 0T (e HOMEHOTOTHTECKHX Tapa-

1) He caenyer sabGmBaTh, 9T0 fasie BHpakenne (34.10) faeT cpaBHATENLHO IPYG0oe ONMUCAHTE
MOJIHOTO TUHAMMYECKOTO B3aNMOACHCTBIA MEKIY dIeKTPpOHaMHU, 00yca0BaeHHOr0 hoHOoHamMu. B Tak
HAa3KBAEGMEIX CBEPXNPOBOJHHKAX C CHJABHOM cBA3BIO (cM. HUKe) gayke pEIpaskenme (34.10) oxa-
3EIBAETCH HEameKBATHBIM.
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me1poB V, m hw. Takme cooTHOmMEHHA JOBOJABHO XOPOMIO BRIOXHAITCA AJA HIAPO-
KOTO KIacca CBepXIpOBONHEKOB. IIpaBma, mMeeTcs HECKOJBKO MOCTOMHBIX BHEMA-
HOA HCKIKYeHnA (Takme, KaK cBuHenm M pTyrh). OfHAKO fake 9TH HMCKIIEHHSA,
Ha3bIBaeMble «CBePXIPOBOMHAKAME ¢ CHIBHOH! CBABHIOY, OB JOBOJBHO yOeguTelNh-
HEIM 06pasoM BRJII0YeHH B pamkd Ooxee mupokoit Teopur BRI npm otkasze ot ympo-
meHHil, ACHONb3yeMEIX B NpHOAWKeHHOM BHpamkennn (34.16), onmcupanmenm Baan-
MofeiicTBHe Me;KIY SIeKTPOHAMH, a TAaKKe OT APYIMX H3JIHIMIHE YIPOWEHHHIX HMpel-
cTaBieHHZ 0 QoHOHHEX 3¢deKTax 1).

Vcxons u3 MofenbHOro ramunsToHRasa (34.16), Moxu0 B pamrax Teopun bRKII
TOJYIATH CIeAYIONHe HAKe Pe3yNbTATH, KacaloIlEecs PaBHOBECHHIX CBOMCTB CBEepX-
TIPOBOTHAKOB.

KPUTHYECKAA TEMIIEPATYPA

B HyneBoM MarHHTHOM IIOJ© CBePXIPOBOMALIee yUHOPAMOYeHHE BO3HHKAET IIPH
KpUTHYeCKOA TemIlepaType, ONpeNessAeMoil COOTHOHIEHHEM

kpT.=1,13h0e-1/NoVo, (34.17)

re Ny — IIQTHOCTh BJAEKTPOHHBEIX ypPOBHEH, 0TBeTAlOMAX OJHOMY W3 HAUpaBJeHMH
cOFHA, B HOPMAJBHOM MeTaxje %), a ® u V, — mapamMerpl MOJEIbHOI'0 TAMHEIBTO-
HuaHa (34.16).

VI3-3a 2KCHIOHEeHMUAJBHOTO BHIA 3aBHCHMOCTH 3QQeKTHBHOe B3amMOjeiicTBHe
Vo Henb3A oUpemeNUTH XOCTATOYHO TOYHO. B cmay »Toro MH He MOKeM HPOBECTH
BIOJNHE Hale)KHLe PACTIETH 3HAYEHHA KPUTHYECKON TeMIepaTyphl, HCXOAA H3 COOT-
pomenusa (34.17). Opmako sTa iKe JKCIOHEHHHANBHAS 3aBHCHMOCTH O0BACHSAET
HH3KNe B3HAYeHWS KPHTHIECKHX TeMIepaTyp (KoTopsle 00HYHO Ha 2—3 mopsagka
HuKe nebaeBcKoil Temueparypsl). [ledcTBHTenbHO, XOTA 2w #EMeeT MOpAROR Xk 30,
cunbpHag 3aBHCEMOCTh oT NV, V, mpuBoamT K ToMy, IT0 BceMy HHTepBajy Habmiogae-
MBIX 3HAYeHWH KPHTUYECKOH TeMIepaTyphl cooTBeTCTByeT mamermemme NV, ot 0,1
mo 0,5, r. e. mamenenme Vyn B mpepenax 3) ot 0,1 € mo 0,5 & p. BameTum TaK:Ke,
9TO BHe 3aBHCHEMOCTH OT TOI0, HACKoOIbKo ciato Bzammojeiictsme V,, Teopusa mpep-
CKa3HBaeT CYMmeCTBOBAHHE Mepexofa, XOTA TeMuepaTrypa mepexona (34.17) momer
6HTh MCYE3AIOIE MAJIoH.

IHEPTETHUYECEAA IEJIDL

Ilna sHepreTWuecKoil mead Opu HyXeBoil TemuepaType moayuaerca Qopmyia,
aHanormuHas (34.17):

A (0) = 2hwe—1/NoVo, (34.18)

Beps orHomerne Beqnuns (34.18) u (34.17), monyzaem dyHmamedTaabHyI0 POpPMyLY,
He 3aBHCAMYI0 0T (EeHOMEHOJOTHYECKWX IIapamMeTpoB:

AQ) _
= 1,76, (34.19)

1) B TeopHM CBEPXUPOBOJHHKOB C CHJIbHOII CBA3HI PACCMATPHBAIOT IOJHYIO HJIEKTPOH-
(OHOHHYIO CHCTEMY, He IEITAasCh ¢ CAMOTO HAYAIa UCKINYUTH QOHOHEL 32 CYET BBE;leHUA dQQeKTHB-
HOro BzauMojeficTsug puga (34.16) mnm game (34.10). B pesynbTaTe B3aHMOMCICTBIE MeKAY dieK-
TPOHaMH OKasbiBaeTcsa 0oJee CIOMKHEIM M HOCHT Y3Ke He MTHOBeRHHI, a sanas/rsaomuil xapaxTep.
Hpome ToT0, 27eKTPOH-POHOEHO® DPACCEAHHe MOKET CHILHO OIDAHUYHTH BPEMEHA KUIHN DJIEKT-
POHOB Ha OJHOJJIEKTPOHHEIX YPOBHSX, HAXOJANMXCA BHYTPU DHEPreTHICCKOro HHTEPBajia MUPU-
ol o p BOKpYT sneprun Mepmum. Torma KapTnAa, OCHOBAHHAS HA CYIECTBOBAHIIL XOPOLIO OHp e-
AeNeHHBIX OJHOYJIEKTPOHHKX YPOBHeil, W3 KOTOpHX GOPMUDYIOTCA TApH, TAKKE JOJKHA IDETep-
eTh W3MEHEHWS.

?) Benmunna N, pasHa mpocto g (€p)/2. Taxoe o0003HaTeHH® JJIA IJIOTHOCTH YPOBHeI
mMHPOKO HCIONb3YeTcA B JAUTEPATYPe MO CBEPXIPOBOSUMOCTH.

3) Beanuuna N, umeer nopamnok n/ép. Cum. (2.65).
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9T0T Pe3yARTAT OKABHBAETCA CIPABEJIEBHM C TOYHOCTHI0 mpumepHo fo 10% musa
6oabUIOro Tncila CBepXupoBofHAKOB (Taba. 34.3). Te Ke cBepXmpoBoEUKHE, K KOTO-

Tabauya 34.3
smepennsre 3pavenns orHowenus 2) 2A (0)/kp T,

dJIeMeHT 2A (0)/hBTc
Al 3,4
Cd 3,2
Hg (@) 4,6
In 3,6
Nb 3,8
Ph 4,3
Sn 3,5
Ta 3,6
Tl 3,6
\% 3,4
Zn 3,2
a) Beamunna A (U) onpenesseTci M3 TYHHeIbHBIX SICHepuMeHTOB. OTMETHM, 410 B Teopum BKUI aro

OTHOWIeHUEe paBHo 3,53. ToYHOCTH OOBMMHCTBA NPUBENCHHHX B Tabimae sHAYeHUH JIOHKNUT B Iipexeaax 40.1.
IlaHHBIe B3ATH M3 cTaThbn Mepcesena m IlIBapua B xHUDPe [2].

PHIM OH HeIPUMeHHM {HampuMep, B cIydae CBUHIA ¥ PTYTH, TI¢ PACXOKIEHHE COCTARB-
asier oxouo 30%), ofHAPYKUBAKT HOCADIHE CHCTEMATHIECKUN XapaKrep OTKIOHe-
HEA W 0T APYIEX HpeACKasaHmd yOpolmeHHo#l Teopwd. ONHAKO IPH HCHOIB30BA-
HEH Gosiee CIIOMKHBIX METOJOB TEOPHH CBEPXIPOBONHHKOB C CHIBHOM CBA3BIO NaHHES
HJIA TAKAX BeHIeCTB TaKiKe MOMKHO IPUBeCTd B HeUJOX0€ COOTBETCTBHE ¢ TEOPETH-
YeCKEMH IpefCKa3aHHAMH.

JineMeATapHAs TEOPHA LpPeACKA3HBACT TAKKe, 4T0 BOAMBH KPHETHIECKOH TeM-
aepaTypH (B HyIeBOM II0Jie) PHEPTeTHUECKAs INEedb H3MEHSETCH B COOTBETCTBHE
¢ YHNBepCAILHHM 3aKOHOM 1):

A(T) _
A

RPUTUYECKOE HOJIE

Pesynprathi amemenTtaproii Teopum BRI gna H, (T) wacro BHpamkaloT depes
OTKJIOHEHHA OT OMIAPHYECKOr0 3aKOHA 2):

He(I) _ . T \2
He (0) Nl_(f) : (34.21)

1) Bupasxenue (34.20) npefcTasaaeT coGoii XapaKTepPHHIN pe3yIbTaT TEOPHY MOIEKYIAPHOTO
HoJs [HampuMep, COTIACHO IIpeAcKasaHUsAM TEOPHE MOJEKYJIADPHOTO IOJA, CIORTAHHAS HaMaCHH-

9eHHOCTH 00pamaeTca B HY b 1o 3akony (T, — T)V2; cm. ri. 33, samaua 6). MssecrrO, 910 B dep-
POMAarHeTHKAX TeOPHUA MONEKYIAPHOTO IOJA OKa3HBAETCSA HeCIpPaBeIJIUBON NpH TeMHmeparypax,
ROCTATOYHO OJAMBKIX K KPHTIUccKoif. Ilo-BuauMoMy, 0Ha HecIpaBeAMBa TAKMKE H B CBEPXIPOBO]I-
HHKE [I0CTaTo9H0 O6au3Ko 0T T, OfHAKO MMEIOTCA CoOOpaKeHus, FOBOPAMIAE B HOAL3Y TOTO, 9TO
06macTh, BHYTPH KOTOPO# HECHPAaBe[JINBA TEOPUA MOJEKYJIAPHOTO NOJsA, Upe3pHYaiiHo Y8Ka
fobrrm0 (T, — TV/T, << 10-8]. CBepXIIpOBOIHUKE TpeNCTABAAIOT coBOil PefKRAH rpuMep cHCTe-
MBI, I/ie A30BAIH NePeXos XOPOIIO ONMCHBACTCA TEOPMel MOJCKYAAPHOLO OAA JOCTATOTIHO Gans-
KO K KPHTHYECKO#l Touke.

%) Pesymwratet Teopmm BHRII cHOBa MO3KHO mpmBecTH K opme, He 3aBHCAmEN OT lapaMeT-
pos. Ilpu Euskmx Temueparypax i, (T)/H, (0) ~ 1 — 1,06 (T/T,)?, Torfa xar B6musu 7, mmeem
H, (D)/H, (0)= 1,74 [1—(T/T,)l.

1,74 (1-4)", T=T. (34.20)

c
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Ha ¢ur. 34.8 noxasana sesmunna [H, (T)/H, (0)) —[1 — (7/T.)?] nas HecKoabKHX
CBePXIPOBOJHMKOB BMECTe ¢ KpHBOH, paccuuTamHoH mno teopmm BRIN. Bo Bcex

003
(11174 et Couney
S g0 f
S myims
&
. 0
T Teopus 5K,
S A\ . lenywad cnaou
= -001 - N\ AHdut c8a3U) /
b \ !
= \ /4
(:; - 402~ \ //
s \
\ OJnoso "/
/4
-g03 1~ 4
. 4
Amamunuiz \\
| = !
- 0,04 =
0 0,2 0% 06 g8 1,0
(T/Te)?
@ur. 34.8. OTknonenns ot rpyGoro sMiupuueckoro cootrolenus H, (T)/H, (0) &~ 1 — (T/T,)%,

HOJNyIeHHble DKCHePUMEHTANBHO sl HEKOTOPHIX METallllol B NpeAcKashBaeMsle IPocToll Teopueit
BRIN. (M3 paGotsr [19].)

HecoorBerctBne memny pesynsrarama npoctoit Teopnu BRI M pKCOepUMEHTOM BRIDAMEHO HauGojee’ 3aMETHO
B ciyyae CBEPXIPOBOAHMKOB C «CHIIbHON CBABLION— CBUHLIA W PTYTH.

CiIy9adaXx OTKIAOHEHHA MaJbl, HO cleflyeT OTMETUTH, UTO CBEPXNPOBOJHHKH C CHJIb-
HOHW CBA3BI0 — CBUHEI W PTYTh — B ropasno Gonpmeii CTelleHH BHIAZAIT H3 ObIeH
3aKOHOMEPHOCTH.

TEINJIOEMKOCTbH

dnementapran Tteopus BRI mpenckassiBaeT CKauoK TENI0EMKOCTH HpPH TEM-
mepatype, paBHON KpuTEdecKoi (B HyJeBoM moje). Benmumny cKauKa MOMKHO Ipef-
CTAaBHTH B BUjle, He 3aBHCAINEM 0T IapaMeTPOB MOJeJbHOTO raMuabTOHnAaHa (34.16) 1):

S0 | —1,43. (34.22)
Cn Tc
ITOT Pe3yABTAT J[OBOABHO Xopomo (¢ TouHocTel g0 10%) cormacyercs
¢ SKCHePHMEHTOM; HCKIIOYeHNE COCTaBIAKT CBEPXUPOBOXHHKH C CHJIBHOM CBABBIO
(tagu. 34.4).
INeKTPOHHYI0 TEIJOEMKOCTh IpH HH3KAX TeMOepaTypax MOMKHO 3alHCaTh
B (opMe, He 3aBHCAMEH# 0T MapaMeTpOB MOJEIBHOTO raMHILTOHHAHA:

%=1’34 ( AI('O) )"‘/Ze_uow; (34.23)

1) Hanmuume ckaduka TeNJI0eMKOCTH Ipu TeMmmepaType I, — TakKe Pe3yabTaT, XapaKTepHELI
IJs TeOpUH MOJEKYJAPHOro HokdA. Ilo-BmpumoMy, npm Temmeparypax, ouens Ommskux x T,
MOKeT HAOMIONAThCA PACXONHMOCTb TEIIOEMKOCTH.
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Tabauya 34.4
Nsmepentbie 3HadeHnsa OTHOWEHHUA 2) [(cs—cen)/enlyp
c

JJleMeHT [—CS—C%JT
Al 1,4
Cd 1,4
Ga 1,4
Hg 2,4
In 1,7
La (r.m.y.) 1,5
Nb 1,9
Pb 2,7
Sn 1,6
Ta 1,6
Tl 1,5
v 1,5
Zn 1,3

a) CoruacHo npocToi Teopus BRI [(cS — cn)/cn]TC =1,43.
JTaHHBIe B3ATH U3 CTaThy Mepceseda m IllBapna B kHure [2].

3lech y — KooddunueBT Ipm JIWHEHHOM wWieHe B TeMIepaTypHO# B3aBHCHMOCTH
TEIIOEMKOCTH MeTajnia B HopMmaunbHOM cocrosHmd [cM. (2.80)]. O6parure BumMaHme
Ha 9SKCHOHEHNWAJBHHI XapaKTep WUBMeHOHHA TeIIOeMKOCTH; MacmTal H3MeHeHmA
olpeneasercA IMHPHHOUA aHepreTmiecKoin meaz A (0).

MUKPOCKOIINYECKAA TEOPUA U 3OPEKT MENCHEPA

Ecau Ba MeTannm, HaxopAmuiicsi B paBHOBecHH, AeficTByeT MarHHTHoe Hoje,
TO B HEM CYMIECTBYIOT TOKH. TaKpe OTBeTCTBEHHEHIE 33 [MAMATrHETH3M TOKHM BO3BHE-
KalOT BCcerfla He3aBHCHMO OT TOTO, ABJIAETCA AH METAJJ HOPMAJbHBIM HJIW CBepPX-
OpPOBONAIIAM, ORHAKO TOKH B CBEPXIPOBOXHHKE HMEIOT Topasno 0oapmIylo BejH-
gyuHy. B Momenum cBOGOIHEIX 9/I€KTPOHOB TOK OIpeAesfeTcd C TOYHOCTHIO ][O Iep-
BOTO MOPAJKA IO NOJI0 ypaBHeHHeM BmAa 1)

VX i) = —jdr’K r —r') B (). (34.24)
Ecam sgpo K (r) ymoBaeTBOpAET YCROBHIO
Sdr K (r) = K, 0, (34.25)

TO B clydae MAaTHATHHX YO0Je#H, MeIJeHHO MeHMIOmMUXCHd Ha PACCTOSHAAX LHOPATKA
xapaktepHo# ofmnacte m3MmeHenusi K (r), ypaBHeHue (34.24) cBommTeA K ypaBHEHHIO

V X j () = —K, B(r), (34.26)
T. e. kK ypaBHeHnI0 JloEmOoHOB (34.7), rme n, ompemenAeTCsi BHpaKeHHEM
ny=—r K. (34.27)

1) fAnpo K B ypasuenuu (34.24) coBmajgaeT ¢ SAPOM, YIOMHHABIINMCSA B mpEMeJaHuM 2
Ha CcTp. 352.
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Tlockonsry m3 ypaBHeHusa JloHHOHOB cnenyer Hanmume sddexra MeiicHepa,
TO ACHO, IT0 B HOPMAJIBHHX MeTajulaXx MocTosaHHAs K, AoJyKkHA OHTH paBHa HYIO.
Yrobu morasarh, 9ro teopusa DRI mpmeopar k sdderty Melichepa, BHUHCIANT
¢ IOMOINBIO TEOPHH Bo3MyMeHnil AfApo K (r) B OTINYIHOM OT HYJA I0JEe ¥ Heuocpes-
cTBeHHO yOempatoresa, aro K, =% 0.

Horrpernnit pacyeT, nokaseBalomumit, uro K, <0, npencraBuasier co6oit Bech-
Ma caOoKERE npuMep npumeHeHnsi Teopuu BRI, Ommaxo ®. Jloumgon = T'. Jloumon
OJHOBPEMEHHO ¢ BHBOJOM CBOEr0 VPAaBHEHHA NPEMJIOMKHIA H WHTYUTHBHOE
obwpacHenne. IlocaegHee MOMKHO clesaTh HECKOJBKO (ojiee yOeTHTeNBHBIM, HCIOIb-
3yA GeHomeHoNOTHHECKYIO Teopro B. JI. I'muabypra u JI. Il. Jlasmay [20], Koropas,
xoTA H OblTa mpejokeHa 3a cemb neT a0 teopmm LK, momyckaer moBonbHO ecte-
CTBEHHOE ONHCAHAE MHKPOCKOIMYECKOH TEOPHH ¢ IIOMOINbI0 HEKOTOPHX (yHma-
MEHTAJNBLHBIX IpeJCTaBIeHUH.

TEOPUA THUH3BYPTA — JJAHJIAY

T'mus6ypr u Jlaspgay mpemmosomau, 9TO CBEPXIPOBONAMEe COCTOSHUE MOKET
OHTE 0XapaKTePA30BAHO KOMIJIEKCHHM IapaMeTpoM HopsAmka ¢ (r), KoTopHE ofpa-
maeTcsl B Hydb BHHIe ! . ¥ BeJWYMHA KOTOPOTO OIpefiensieT cTeleHbh CBePXHPOBOAA-
Hlero HOpANKA B TOYKe r OpH Temmeparypax Hme 7', '). C Toukm 3peHHAs] Teopum
BHHI napamerp mopAfKa MOKHO pPacCMATPHBATH KAK OAHOYACTHYHYIO BOJHOBYIO
$YHRIUIO, ONUCHBAIM Y0 MoJ0KeHHe MeHTpa Mace KymepoBcKoit mapH. llockonsKy
BCe KyNepOBCKHE HAPH HAXOAATCA B OTHOM W TOM jKe [[BYX9JIE€KTPOHHOM COCTOAHUH,
OgHOH BoAHOBOHW (GyBKIEM nocrarogHo. Tak Kak IDapaMeTp HOPAZKAa He 3aBHUCHT
0T OTHOCHTEABHHX KOODAWHAT [JBYX 9JeKTpPOHOB B IIape, oUWCAHHE CBEPXIPOBON-
HUKA ¢ HOMOIIBIO | (r) HMeeT CMHBICH TOJIBKO IPH PACCMOTPEHHHA T€X CBOMCTB, KOTOPHIE
Mali0o MEHAOTCA HA PACCTOAHUAX ) IOpAAKAa pasMepa Iaph.

B ocHOBHOM cOCTOAHWE CBePXHPOBOTHHKa COCTOsIHME KajKJA0M HapH TpaHCIA-
OWOHHO-WHBAPHAHTHO ¥ He 3aBHCHT OT KOOPAHHATH II€HTpPa Macc, T. €. IapaMeTp
mopsAgKa npeAcTaBiaaeT coGoi KoHcTaHTY. Horfa B o6pasie TeKyT TOKHM UM OH mOoMe-
mMeH B MArHATHOe IIoJe, BO3HHKAeT HHTepecHas CTPYKTypa HapaMeTpa HopsafKa.
(DysnaMesTanbHoe IpeAnosoKeHne Teopmu ['mH3Gypra — JlaHmay Kacaercs TOKa,
CYLIECTBYIOMIET0O B CBepPXNPOBOJHHKE, XapaKTepmM3yeMOM IapaMeTpOM NopAaKa
Y (r), B IOPHCYTCTBHH MArHUTHOTO IOJA, 337aBAeMOr0 BEKTOPHKM IOTEHIHATIOM
A (r). Tlpemnonomenne ['muaGypra — Jlaugay sawrmiogaeTcd B TOM, 9TO BTOT TOK
ompepensercs OGBIHON KBAaHTOBOMEXAHWYECKo# GopMynod fas ToKa, 00yCaoBJeH-
HOTO YaCTUIAME C 3apAnoM —2e¢ m Maccodl 2m (T. e. CaMHMH KYUEDPOBCKHMHE IIapa-
MH), ONHCHBAEMEIMEH BOJIHOBO (QyHKIHe# ¢ (r), T. e.

(v Za) p{(Av e a) ) y] s

i=—

1y Wmorpa monesHo HMeTh B BHIY AHAJIOIHMIO ¢ reiisenfeproBckum ¢eppoOMarHeTHKOM, THE
B KaJecTBe MapaMeTpa IOPAKAa MOMKHO PAcCMaTpPHBAaTh Cpe/lHEe 3HAYEHHE CNIIHA B JJAHHOH TUYKE,
s (r). Brme T, Benmnguna s (r) ofpamaercs B Bynab, a HUKe T, 0HAa ompefenseT JOKaJdbHOe 3HA-
YeHne CIOHTAHHOW HAMATHHYEHHOCTH. B OCHOBHOM COCTOSHHH § (I) HE 3aBHCHT OT I (M COOTBET-
CTBEHHO B OJTHOPOTHOM CBePXIpoBofHuKe 6e3 Toka Y (r) — xoHcTamTa). OfiEaKo B PeppomMarueTHKe
MOMKHO paccMaTpUBaTh u GoJiee croKARe KOHQUIrypannyu, B KOTODHIX, HAIpUMep, II0J fAelicTBHeM
BHEIIHCTO MOoJA HAMATHOYEHHOCTH HMeeT PasHoe HAaNpaBleHMe Ha IPOTHBONOJIOMHEIX KOHIAX
ofpa3ua. 3aBucAmAA 0T KOOPAUHATH CIITHOBAA IJIOTHOCTB § (I) MOKET ORITH TAKKe I10Je3HOI Ipu
W3YIeHHN XaPaKTePHHIX 4ePT IOMEeHHAOH CTPYKTYypa. AHAJIOTHYHO 3aBHCANAA OT KOOPAMHATH
BoJIHOBag (QPyHKOUA VP (r) MCHoNb3yeTcsA A MCCIETOBAHNA TOKOHECYIMMX KOHQHIYypaIuil cBepx-
NPOBOJHIKA.

) 3maunTensHO HIKe T, 5TO PACCTOSHEE COBHANAeT ¢ JIMHON KOTepeHTHOCTH &,, BBeHeH-
Hoit Ha cTp. 356.
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VY pasuenne Jlounonos (34.7) momygaerca ms (34.28), ecim, Kpome Toro, momy-
CTHTSH, UTO H3MEHEHHe IapamMeTpa Hopafka Y= | P | ¢! B mpocTpaHcTBe oNpefenAeT-
cA TJaaBHLIM oGpasom ero (dasois ¢, a He ero MomgyuneM | ¢ |. Ilockomsky Momyns
nmapaMerpa OOpPAKKA  CAYKET  Mepoil  CBepXIOPOBOAAMIEr0  yHOPAJOYEGHHS,
3TO JONyIIEHHEe OTPAHMIABAET PACCMOTPEHUE TEMU BO3MYMEHHAMH, IpDH KOTOPHX
He OPOHCXO/IUT CYHIECTBeHHOT0 NBMEeHOHNA KOHMEHTPAI Y KyNePOBCKAX Hap IO CPaB-
HeHHI0 ¢ ¢e 3HaUeHHeM, OTBEUAIOI(HM OJHOPOTHOMY TePMOINHAMHIECKH DABHOBEC-
HOMY COCTOAHTI. JT0 MOMKHO HMETH MECTO B TeX CIYYasaX, KOTHa maphl MOryT Hepe-
MemaThesA, HO He MOIyT HAKAIIMBATHCA HIW YHHITOMKATHCH ).

Ecim cupaBemTEBo U0f0o0HOe HoNymeHHe, TO BHpaKeHme (34.28) ympomaerca
o NpAHEEMAeT BHJ

= [ 4+ V4o o4

IlocKonbKy poTop A060TO rpagHeHTa obpamaeTcs B Hylb, a | { |? ABisercd, B cym-
HOCTH, HOCTOSHHON BeJMIHHOM, MB cpa3y e HonyduM ypaBHeHHe JloHmoHOB (34.7),
OTOM[IeCTBUB IUIOTHOCTH CBEPXUPOBOAAIMEH KoMIOHeHTH n, ¢ 2| |?, uTo BuouHe
PA3YMHO, €ClH HHTEPIPETHPOBATH V) KAK BOJHOBYIO PYHEIMWIO, XapaKTePH3yIIIYI0
qacTHIEI ¢ 3apsAIoM 2Ze.

KBAHTOBAHHE IIOTOKA

Vs ypasmerna (34.29) momkHO monyduTs ee 6osee RATepecHOe CASJCTBAE, deM
ypaBuenme JlomnoHos. Paccmorpum ceepxupoBopHmK B dopme Koapma (dpur. 34.9).
TponuTerpupyem ypaBHenme (34.29) 1o
KOHTYpPy, JEXAmeMy B TIyCHHE CBepX-
OPOBOIAMEro MaTepuajia I MPOXONAMEMY
BOKDPYT 0TBepCTHS B Kouble. lIoCKOABKY
3aMeTHHE TOKM MOTYT TPOTEKATh TOJABKO
BOIM3W TOBEPXHOCTH CBEPXIPOBOJHUKA,

nojayvaem
2e? eh
=3 .t == —v .
O=Hi-dl= §(+ A+—-V4)-dlL
(34.30) Onr. 34.9. Ioapuo m3 cBepXupOBOAALIETO
Cornacao Teopeme Crokca, MaTepuaja, B KOTOPOM ITOKA3aH HPOXOJAIHIH
. B rIy0nHe CBEPXIIPOBOJHNKA KOHTYP, OXBa-
SA-dl = S‘;’V X A-dS = S B.dS = @, THIBAIOIMHT OTBepCTHe,
(34.31)

rge P — moToK, mpoxofAmmi Yepes Koasmo 2).Kpome Toro, mocKoabKky mapamerp
mopAfKa —— OfHO3HAYHAA BeJWYHHA, ero ¢asza Ipm o06Xofe KOJBIA NOJIKHA N3Me-
HATHCA HA 20in, THe n — LEj0e YHCIO:

b Vdl = A =2mn. (34.32)

1) B Gousee ofmem caydae, Korfa Hapamerp CBepXOPOBOIAIIEr0 HOPsH/Ka NCHLITHIBAET CYIECT~
BeHHABIC W3MEHEHHA B IPOCTPAHCTBE, [JIA OJHOBPEMEHHOIO OHpEe/IeleHna Kak TOKa, Tak u | Heol-
XO[IMMO HCHOJNDb30BATh COBMECTHO ¢ (34.28) BTopoe ypaBmemme ['mus6ypra — Jlammay. Bropoe
ypaBHEHNe CBA3KBAET CKOPOCTh HPOCTPAHCTRBEHHOTO M3MEHEHAA IlapaMeTpa [OpPs/IKa ¢ BeKTOPHEM
HMOTeHLAJIOM U HMEeT CXOJICTBO (10 HEKOTOpOil cTememy 06GMaHIMBOE) ¢ OJHOYACTUIHHIM YpPAaBHE-
muem llpeamurepa. Menoas3oBanue moNHOH cHCTeMH ypaBHeHni Fums6ypra — Jlaujmay cymect-
BEHHO, HANPUMED, OPH ONHMCAHAH BHXpeil B CBEPXIPOBOLHUKAX 2-TO pofid, MOCKOILKY B cepie-
BHHE BHXPA BEJHYMHA HapaMeTpa NmopAAKa OHICTPO majaeT fo HYNs; B pesyabTaTe BO3HHKAET
obmacTh, B KOTOpOH HMEETCA 3aMCTHHIII MArHUTHEI ITOTOK.

%) I[locKoNbKY MarHATHOE NOJEe HEe MOMKEeT MPOHHKATH B rIyGh CBEPXNPOBONAMETO MAaTEePHa-
7a, HOTOK, UPOXOAMMIL Yepes Koabl0, HE 3aBUCHT OT BHGOpa KOHTYpa, 0Ka 2TOT KOATYp Haxo-
nuTca B rayGume MmaTepumaJa.
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OGpeAuHAA 9TH Pe3yABTATH, MH 3aKI0YaeM, YTO MATHUTHHHA HOTOK, HPOX O~
My gepes KoOJABIO, MOJKeH OHTH KBAaHTOBaH, T. e.
nhe ’
| @] = 5 = nd,. (34.33)
Benmumna @, = he/2e = 2,0679-10-7 T'c-cm? masmBaerca QIIOKCOHOM WM KBaH-
TOM I0TOKa. KBaHTOBaHWE NOTOKA HabJIOMAad0Ch;, OHO ABJIAETCA HaumboJgee yGemum-
TeJbHHIM CBHJETENHCTBOM CIPAaBEMJIHBOCTH ONHCAHHS] CBEPXIPOBOJHHKA ¢ HOMOMBIG
KOMIIJIEKCHOTO mapaMerpa mopsaka 1).

MHURPOCROIIMYECKAA TEOPUA 11 HE3ATYXAIOIUE TORN

HmenHo To cBoiicTBO, Giarofapsa KOTOPOMY CBePXUPOBOAHHKH HMOJNYTIHIUN CBOE
HauMeHOBAaHHWe, TPy[HEe BCETO IO[IAeTCS OMACAHMIO B PAMKAX MHKPOCKOIHYECKOH
tTeopur. MOKHO cKasarb, YTO HmAeaJbHasg HPOBOTUMOCTH 00ycaoBIeHa 3ddeKToM
Meiicuepa, Tak Kak A TOTO, 9TOGH B PABHOBBCHOM CIy9Yae MOJHOCTHIO DKPAHHPO-
BaTh MAKPOCKOIMYeCKoe MarHUTHOE IoJe, B 0fpasime JOJIKHH CYIecTBOBATH HE3ATY-
xamue MAaKpPOCKomHYIecKHe TOKH. JleicTBHTENpHO, HENOCPOHACTBEHHLIH MHUKPOCKO-
IAYeCKHI BHBOJ CymecTBOBaHWA HA3aTyXaIOIHUX TOKOB nMeeT HEKOTOPOE CXOACTBO
¢ BHBOAOM 3dderra MeitcHepa. BHMHCIAIOT ¢ TOYHOCTHIO 10 THHEHHHIX WIEHOB TOK,
06YCIOBIEHHHH DIIEKTPHIECKEM HOJEM, B IOKABHBAIOT, YTO B BHPAKEHUH JJIsT NPO-
BOJIEMOCTH, 3AaBHCAIEN OT TACTOTH, WMeeTcs uwieH BEAA (34.3), oTReyarommil 2jieKT-
poHHOMY rasy 6e3 nuccmuanud. I[s 9T0TO HOCTATOYHO NOKA3ATH, 4TO 2)

lim o Imo (w)£0. (34.34)
00
Beanuywua He paBHOH HYJIO KOHCTAHTH ONpejieisAeT Ho aHamorum ¢ (34.3) KOHIEH-
TPAIHI0 CBEPXIPOBOMAMIHX 3JJIEKTPOHOB N4

JlokaszaTs cIpaBeIRBOCTD yeaoBHsA (34.34) ropasgo TpyaHee, 9eM cIeIaTh TO jKe
camoe i ycaosua (34.25), oTHocamerocss K sfdexty MeiicHepa, NTOCKOIBKY B
BTOM cllydae CyllecTBeHHOE 3HaYeHume HMeeT yueT addeKToB paccesanna. Ecau Gu pac-
cesAHns He CYINECTBOBAIO, TO yciuoBme (34.34) BHOonHANOCE OBl [uiA ni060T0 MeTajIa,
HO QNajKe B OTCYTCTBHE PAacCesAHHsA BHYUCIeHNE AHAMATHUTHON BOCIPHEMYHBOCTH
HOPMaJbHOTO Mertajna He mpuBoguT K sddexrty Meiicaepa. Ten He MeHee cooTBeT-
CTBYIOIHI pacdeT GHJ ImpofeaaH *); OpH 5TOM OKasajoCh, UTO 3HAaUEHHE N,, WOIY-
YeHHOe M3 BHPAKEeHAH A NPOBOIUMOCTH IpH HU3KAX TACTOTAX, COTIACYETCA ¢ Hal-
JIeHHEIM IpH paccMoTpeHnH sdderrta Meiicaepa. Pacder, K cosxaneHnIo, HOCHT BeCbMa
dopManbHEI Xapakrep ¥ He AaeT BOBMO;KHOCTH KAaYeCTBEHHO O0DBSACHHTH TOT IpHMe-
gaTeabH# GaKT, 910 HE OfWH W3 H3BECTHHRIX MEXaHU3MOB paccessHHs He DPUBOAAT
K YMeHBIIEHNIO TOKA, OMHAKIE BO30YIKIeHHOTO B CBePXIpOBOAAILEM MeTamie. age-
cTBeHHOEe O0GBACHEeHWe 3TOro aKTa MOIKHO, IO KpailHedl Mepe YacTHUYHO, HOJYYHThH
¢ IOMOIBI0 CIETYIOIHX PACCYKACHUHA *).

1y Cm. paboret [21, 22]. Teopua Tuusbypra — Jlanygay Taksme IpeAcKasnBaeT (U HKCIEpH-
MEHT DTO HMOATBEpP;KAaeT), 9T0 KayKAKN BHXPb B CBEPXIPOBOAHUKE 2-TO POJA HeceT OJHH KBAHT
MarHNTHOTO HOTOKA.

%) Brpaxenne (34.34) mo cBoeil CTPYKTYPe HECKOJBKO HAIOMHUHAET YCJIOBIE CYIIECTBOBAHNAA
s¢pdexta Meiicnepa (34.25): mETerpas; mo BceMy MPOCTPAHCTBY OT Ajapa K paseH B upenene k = 0
€ro HPOCTPAHCTBEHHOMY Qypbe-06pasy. B o6oux caygaax Heo0xoaumo IOKa3aTh, 4T0 HEKOTODPas
QyuKuna, OMHCHBAIOmMAA OTKINK CHCTEMH HA 2JE€KTPOMATHMTHOE moje, He ofpamiaercs B HYIb
B COOTBETCTBYIOMIEM mpejeje— WA (OJBMIAX JJANH BOJE, MIH MAajKX 9acTOT.

3) Cm., manpmmep, KHHTY [7].

4) Nina ob6bacHeHEHMs; YKasaHHOrO (akKTa DIpemjaraluch pasHoo0pasHHe «KaTeCTBEHHEIE)
paccy;KeHust, MHOT'He u3 KOTOPHX OHIH coBceM ommbognmMu. CymecTByeT, Hanpumep, paccMoT-
penue (OCHOBAHHOE Ha CTApPOM MOKA3aTeJbCTBE, MpeqioeHHoM Jlanpay nia ofLsCHeHHA CBEpX-
TeKkydJecTn He?), muraomeecs CBA3aTh He3aTyXalomye TOKH € (GaKTOM CYMECTBOBAHWSA LIEIH
B CHeKTpe OLHO3AEKTPOHHEIX BO36y:;xpeHmil. OXHAKO 0HO HpoCcTO 00BACHAET, IMOUYEMY ONHOIIEK-
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HpenmonoxuM, 9T0 MH BO30y:KIaeM TOK B MeTaJlle ¢ OOMOINBIO SIeKTPHIECKOTO
ToJA, 3aTeM BHEKJII0YAeM IOJe H H3y4aeM 3aTyXaHme Toka. B HopMmanpHOM MeTasine
TOK MOJKET YMeHBIIATHCH 3a C4eT OTASAbHLIX 2JeKTPOHOB, T. €. B IPONeCcCce paccesHns
IOJHHA MMOYAbC DJIEKTPOHHOH CHCTEMB! yMEHBIIAETCA B Pe3yabprare paAga CTOIK-
HOBEHUH OT[ENBHHX 2JeKTPOHOB ¢ mpuMecamu, PoHoHamu, gedexramm ¥ T. A. llpm
ITOM KasjKjoe CTONKHOBEHIE B CpefHeM cI0ocoGCTBYeT BOBBPAMMEHHIO pacIpefeleHAA
0 MMOYJABCAM K ero paBHOBECHOMY BHAY, 9TO COOTBETCTBYeT OOpAaINeHHIO MOJHOTO
TOKa B HyAb. Horga TOK BO3HMKaeT B CBepXIPOBOJHMKE, BCe KyIepOBCKHe Iaphl [BH-
JKYTCH COBMECTHO, NpHYEM e[NHOe [ABYX3JIEeKTPOHHOE COCTOSHHE, OHUCHIBAIO-
IMee KaKAyI0 U3 Hap, ecTh COCTOAHHE C OTINYHHM OT HyJA HMIYJILCOM IeHTpa Mace !).
MosxBO0 GHI0 OB 0KHJATH, 9TO TAKOHA TOK Gy/ieT yMEeHBOIATHCA 3a CUET CTOJKHOBEHHE
OTAeNbHKX Iap B HOJHOH &HAJOTHH CO CTONKHOBEHHAMH OTJEJABHHIX 9JIeKTPOHOB
B8 HOPMAJIHLHOM MeTaJljie, IPX KOTOPHX HMIYILC IeHTPa Mace HEKOTOPHX Hap Bo3Bpa-
maeTcs K HyjeBoMy sHadeHmio. OfHAKO TaKoe IpPenloNoKeHWe yIOycKaeT U3 BHIY
B3aMMO3aBECUMOCTH MeKIY HapaMrM, HMEMYI0 BechbMa TOHKHA Xxapakrep 2). Cyimle-
CTBEHHHIM YCJIOBHEM CTAGHIBHOCTH MapHl ABJAeTCA QaKT CyIMecTBOBAHHA BCEX OCTANb-
HHIX Tap, ONHACHBAEMHX TOYHO TAKHMM jKe BOAHOBsIMU QyHKIuaME. [losToMy Heanss
M3MEHHTH BOJTHOBHE (yHKIWH OTHEJBHHX Iap, He PaspymnB IHOJHOCTHI0 COCTOAHHA
€O CIIApPeHHHME 9JeKTPOHAME, a 9T0 HOTPeGoBaJ0 GH OTPOMHLIX 3aTpaT cBOOOmHOM
SHEpPIHH.

YcnoBasa, npm KOTOPHX HCYe3HOBEHHE CBEPXTPOBOIAIMETO TOKa He TpefyeT
¢ronb GONBIIAX SHEPTEeTHYSCKHX 3AaTPAT, 3aBUCAT, BOOGINE TOBOpPH, OT IeOMETDHN
o0pasna; o6GHYHO OKasHBaeTCA HeoOXOQAMEM, YTOOH cmapuBaHWe pPaspyHIAIOCh
B HEKOTOpPOH gacTH ofpasia, UMelomeidl MaKkpocKonmueckre pasmepsr °). Takme mpo-
IeCCH BO3MOKHE, HO OHE COOTBETCTBYIOT CTOJIB (OJBIIOMY IPOHTPHINY B CBOGONHOM
SHepPruH, 4TO BpeMfA CYMIECTBOBAHHA CBEPXTPOBOAAIMEIo TOKA OKAa3bIBaeTCs Hpak-
THIeCKA HEOTPaHHYeHHHM %),

CBEPXIIPOBOJAIMEE TYHHEJIUPOBAHUE.
IPPERTHI KO3SEDPCOHA

M= onmcamm (cTp. 349) TyHHeampoOBaHHe OTHEJIBHHIX 3JIEKTPOHOB H3 CBEpX-
OpPOBOJAMET0 B HOPMAIbHHIA MeTal Yepe3 TOHKHA AHaIeKTPpIIecKnil Gaphep | moKa-
34, KAK IO PesyabTaTaM H3MepeHHH TYHHEeJbHOTO TOKA MOMKHO IOJNYy4HTh HHQOP-

TPOHHHE BO30Y:K/EHVsA He MOTYT NDHBORUTH K OCHAa0NEHHIO TOKA, HO OCTABIAET OTKPHITON BO3-
MOKHOCTDH 3aTyXaHHsA TOKA 34 C4eT paccesnusa nap. [IpuBOmuMEeE HAMU PACCY:KACHHA BCTPEIAITCA
B JHUTepaType B PA3JHYHBIX BUOM3MEHEHHHX .«DOPMax; B HUX HCOOJNb3YIOTCA IOHATHA GKECTHO-
CTH BOJHOBOH (YHKUMH», (HEIMATOHAJbHOTO [AJBHEr0 NOpsAAKa», «KOTepeHTHOCTH (asH Ha
GOABMNX PACCTOAHMASAXY.

1) Ycxona M3 MpeACTABICHUS O CIAPEHHHX HJIEKTPOHAX, KOTOPHE BCE HAXOMATCH B OIHOM
H TOM 7K€ KBAHTOBOM COCTOAANE, MOKHO HOJYYUTh OYeHb XOPOIee ONMMCAHWE CBEPXUPOBOIAIMErO
ToKa. IloATBEDIKNEHIeM DTOTO MOJKET CIOYRUTh OTCYTCTBHE TePMO3JIEKTPHYeCKUX dPEKTOB B CBEPX-
npoBofAnKe (cM. ¢Tp. 344). Ecait 6u TOK B CBePXIPOBOJHEKE, KAK H B HOPMAJILAOM MeTaljIe, Ipef-
CTaBAAN COOOH Tedemne HEYNOPANOYCHHHX OICKTPOHOB, TO OH COIPOBOAAACH OH TEIJIOBEM
morokoM (addert Ilensrne).

%) HamomunM (cMm. cTp. 356), 9To BHYTpH 0GiacTH, 3aHAMAEeMON JAHHOI mapoil, HaxomATCAa
OeATPH MIJLIMOHOB NPYTHX Hap.

3) Xors Om gast TOro, 9ToOH (BEITYCTATHY MATHHTHHEE CHJIQBEIC JIHHIH TOKA, 3alepTHe
BHYTpu o0Opasua.— ITpum. ped.

4) TakuMm 06pasoM, COCTOSHMA CO CBePXHPOBOANMM TOKOM ABJAKTCA B HPUHIMIE MeTa-
crabmnbEEiMu. IIpu cooTBeTcTBYMOMmMEH reomerpnu (T. e, AJA 06PA3MOB, PA3MEPHL KOTOPHIX MAJbl
B O{HOM HJIH HECKOJbKHX IIPOCTPAHCTBEHHHX HAaNpPaBIeHUAX) QIYKTYyamud, BHBHIBAIONIEE paspy-
IeAne CBEPXIPOBOAAMET0 TOKA, HEe NOJIKHE OKTh HEBepOATHO GONLWIUMII, Tak 9TO YOAeTCH
gabIofaTh 3aTyXaHHe «He3aTyxawmere Toxas. OUeHb MATEDECHAs MUKDOCKOOMYECKas KapTuHa
TOfOOHKX HPOLECCOB CONEPIKMTCA B cTaThe [23].
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MaNui0 O MJIOTHOCTH OfHO3JEeKTPpOHHKEX ypOoBHeH B CBepXIpPOBORHEEE. MOiKHO TaKie
IPOBECTH H3MepPeHHsA TYHHeIBLHOr0 TOKA, KOTfa o0a MeTajla ABJIAITCA CBEpX-
OpOBONHMKAMH. PesyinbTaThl yHaeTca XO0pomio OODbACHHTH, €CAW IPeJIOJI0RUTH,
9T0 B 000EX MeTaJurax BUJ IJOTHOCTH OMHOBIEKTPOHHEIX COCTOSHUA ONMCHBAETCA
treopner BRHI (¢pur. 34.10). B 1962 r. [xosedcon !) mpemckasan, 4T0 KpoMe HTOTO
HOPMAJBHOTO TYHHEIWPOBAHMA OTHENbHHX 3JIEKTPOHOB [OMKHA CYIIecTBOBATh

Apyrada COCTABMAKMAH TYHHeJLHOTO TOKA, KOTOpas OGYCIOBjIEHA CHAPEeHHRIMM
snexTpoHamu. Ecam Gaprep uMeeT He ciHmI-

KOM GOJBOIYI0 TOJIHEHY, TO OapH MOTYT

Sn-Pb: T=570K He Pas3pymasch HepeceKaTh 06J1acTh KOH-
— Teopemuveckan rpusan TaKTa MEeIKAY ABYMA CBEPXIPOBOJHHKAMH.
®  JRCnepumMeHIIa b HbIe N3 sroro pesyipTaTa HeIOoCpPeACTBEeH-

noyxu HO cjefyeT, 9T0 CBepXIpOBOJAIMHA TOK,

o0yclIOBIeHHHE IapaMé, MOMKeT TeUb de-
pe3 KOHTAKT B OTCYTCTBUE LPUJIOKEHHOTO
BJIEKTPUYECKOTO HOJA (CTAnMOEAPHHIA ad-
dext [[3x0o3edcona). [TocKkoabKy nBa CBEPX-
OPOBOJHEKA I0BOJbHO CN1a(0 CBABAHE MEK-
oy coboii (T. e. HOCKOJBKY CHOAPEHHHEM
BIEKTPOHAM HeoOXOQUMO Iiepecedb IIeJb,
BAIOJHEHHYI) HECBEPXIPOBOAAMIAM MaTe-
prajioM), THOAYHEE 3Ha4YeHUsl TOKOB, Te-
- Kymux "epe3 TyHHeNBHHH mepexof, sHa-
3 guTeNbHO MeHbMIe THOMYHHIX KPHTAYECKHX
Hanpasxcenue, mB TOKOB B KaJKJIOM M3 CBEPXIPOBOIENKOB.

@ur. 34.10. Hopmadomblit TyHHeJNLHBHI TOK Jrozedcon mpemckasan pax APYTUX
MERIY /IBYMsl cBepXnpoBopmuEamit (omoBom 9PE@eKTOB, IPeIUONOKHB, YTO CBEpPX-
u csumiom). (Ls padorsr [25].) npoBOfiAllee ymopsfodesne mo obe cro-

CIJIOIMHASA KPUBask COOTBETCTEYET pe3VIbTATAM Teo-
pun BRII. CrpenKoif OTMedeHa TOYKA, 10 KOTODOU POHBL OT KOHTAKTA MORET 6rrrh ommcano
onpefieedhl NAPAMETPH! TEOpEeTHYECKOW KDPUBOIL, C IOMOLIBIO OOHOI'O0 M TOIO e ImapaMmerpa

nopsagka ¢ (r). OH moKazan, 9T0 TYHHENb-
HHI TOK OIIpefieIAeTCA H3MeHeHneM (Ja3hl HapaMeTpa mopsgka B obnacTe KoHTaKTa. [lo-
MHEMO 9TOTO, HCHOJNB3YA CBOMCTBO KATHOPOBOYHON HHBAPHARTHOCTH I HAX O IEHA A
cBA3E MeRAy (asoil mapamerpa IopsAKa ¥ 3HaYeHWEM BEKTOPHOTO LOTEHIMANA,
OH CMOT II0Ka3aTh, UTO BeJWIMHA TYHHEABHOTO TOKA 0YeHHL YyBCTBHTENRHA K HaIM-
T1I0 11660T0 MarHETHOTO IOJA B objacTd Lepexofa. HOHKpPeTHO roBops, TYHHENb-
HBIl TOK B IPHCYTCTBAW MArHUTHOTO IOJS NOJKeH MMeTh BHJ

in n®/PD
[=1, 800D (34.35)

Tox

rae @ — HoJHHIH MAaTHETHELL TOTOK B TYHHeJBbHOM KoHTakTe, ®, — KBaHT IOTOKA,
paBHHI hc/2e, a BermumHA I, 3aBHCHT OT TeMIepaTypH K CTPYKTYpPH KOHTAKTa,
HO He 3aBHCHT OT MArBUTHOTO Hous. Takue »QQeKTH OHIM BOOCIEACTBEE OGHADY:Ke-
HH (Qpur. 34.11). IT0o mocay;RmNO eme ofHEM yGeIUTeNbHHEM HOATBEpKIcHHEM (QyH-
NaMeHTalIbHOU POJE mapaMeTpa HOPAAKA AJA ONUCAHHA CBEPXUPOBOAAINETO COCTOA-
HEA. Kpome Toro, TaKkuMm myTeM GHa foKazaHA pealbHAs OCYHIECTBHMOCTH 09eHb
KPacWBOTO OpPHJOMKEHAsS TeopwHM, yKasauHoro Il:KosedcoHoM 2).

C moMompio aHAJNOrHYHHX coobpakermil [[;xosedcory ypajoch TakKe Ipef-
CKa3aTh, UTO €CAM IPHUIOKHATH K HoHo0HOMY KOHTAKTy HOCTOSHHOE DIEKTpHIecKoe

1) Cm. cratsio [xosedcona [24], a Tamsxe cratom [xosedcoma m Mepcepo B Kuure [2].
?) BennmguHa KBaHTA HOTOKAa KpaliHe MaJa, Gaarojgaps 4eMy yKasaHHEM 3QQeKT MOJ0KeH
B OCHOBY 4YPe3BHYAHHO TYBCTBHTEIHLHOTO METONA H3MEPEHHS RALIPA)KeHHOCTH MATHATHOTO IIOJA
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HanpssReHHe, TO BeJIMIWHA CBEPXIPOBOJAMETO TOKA OymeT OCHRMIINPOBATH C TACTO-
To#

(34.36)

(mectammonapiibtii addert IKosefcoHa). ITOT 3aMevaTeNbHHE pe3yiabTaT, MOKa-
BHIBAIOMAH, YT0 HOCTOAHHOE BIEKTPHIECKOE II0Jie MOKET BHI3BAaTh NepeMeHHHE TOK,

T =1390K
Sn—38n0 - Sn

5

I

Ei

g

z

s

S

2

Qt

| ] | A1 |
—4,0 -3,0 —Z,0 -1,0 g 1,0 2,0 3,0 4,0

Maenumnoe none, I'c

®unr. 34.41. JxosedcomoBeKni TynumeanHni TOK B xoHTakTe Sn — SnO — Sn B 3aBrCHMOCTH
0T BeJHYMEH MarguTHOTO Touas. (I8 cratem Mepcepo B kmure [2].)

He TOJBKO IOATBEP;KAeH DKCIOEPHMEHTAJIbHO, HO ¥ HOJOKEH B OCHOBY Upe3BHYANHO
TOYHOTO METOfla W3MepeHHs HAUPsIKeHHs, a TAKKe BeINIUHH (YHEaMeHTAIbHOK
KoHcraHTH e/h [26].

BecsMa ygadHo, 9T0 JaHHAA KHHTA 3aKAHYIUBAETCA HMEHHO HTHM CXEMaTHIHBIM
H, K BelHuaiilieMy HaumleMy COKaJleHHI0, OYeHb HENMOJHHM 0030poM CBepXIpOBO-
numoctz. IlnomoTBOpHBE B BechbMa OPHTHHAJBHELIE TEOPHA, KAK MEKPOCKONHIECKHE,
Tak " (PeHOMEHOJOTHIECKHe, KOTOpPHE OBIIH yCUEMHO COBJHAHBl 33 NOCJegHHe [Ba
OECATANETHA pis O6bACHEHHS MABJIEHHSA CBEPXUPOBOGHMOCTH, IOKA3HBAKT, 4TO
COBPEMEeHHAs TeOPHA TBEPAOro TeJa HMeeT 3[0POBYI0 OCHOBY W ofemiaeT ycmexu
B Gyaymem. HecMmorps Ha HOBHBHY, 8 WHOIZla M HA MPENEAbHYI0 CJAOMHOCTh KOH-
OeTONiA, Ha KOTOPOH OCHOBAHA TEOPHS CBEPXIPOBOAHMOCTH, Helb3s 3a0HBATH,
9T0 OHA IOKOWTCA Ha OOMHEPHOM QyHAaMeHTe, BRJIIOHAKMEM B ce0a IOYTH BCe
OCHOBHHE 00JacTH TeOPHMM TBEPHOTO Tela, KOTOpPhe MH DacCMATPHBAJHM B IPejHI-
nymux riaapaXx. Ha B omHo#t m3 Apyrmx obGaacreit mBa (yHHAMEHTAABHEIX HAIpaB-
JeHUA QE3AKNA TBEPIOTO0 TeIA— JHHAMMAKA dIEKTPOHOB H TeOPU A KoleGaHn# HOHHO pe-
OIeTKE — He IepeleTal0oTcsl TaK CHJIBHO M He HPEBOJAT K ¢Todb 9QPeKTHHM Cienl-
CTBUAM.
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3ATAYM

1. TepmoduHAMUKA CEEPLNP 060IAULEL0 COCMOAHUA

PaBrHOBeCcHOE COCTOSHHE CBEPXNPOBOJIHMKA B ONHOPOIHOM MATHUTHOM I10JI€ ONpeNenAeTCs
samangmeM Temmepatypw I m MarHuTHOro Ions H. (Hpe,HHOJ'Ial"aOTCH 970 pgaBieHHE P (bmccn-
POBAHO H 4TO CBeDXIPOBOJHUK IPeACTABIAACT co00f pIMHHHI NUIAHAP ¢ OCHIO, MapalIeabHOR
mMONI0, MOBTOMY >(PPEKTH pasMarHMYMBAHIA HeCYMecTBeHHH.) TepMopmBamMudeckoe paBeHCTBO
yno6HO 3ammcaTh Yepes TepMmoimHamMmiecKHid morenmman [uGbca G,

dG = —S dT — M dH, (34.37)

rre S — oHrponud, a I — wmommeii MarEWTHEE momenT (M = MV, rme M — HamMarguded-
HocTh). (DasoBoil rpanueil MOy CBEPXIPOBOJANIM H HOPMAIBBKNM,cOCTOAHUAMA B H — T-muI0-
CKOCTH CIYKHT KPUBasA TeMIepaTypHOHR 3aBHCHMOCTH KpuTugecKkoro mond, H, (T) (cm. dur. 34.3).

a) Ucnoansys 10T dakrt, yro G MEeHAETCA HOIPEPHBHO HPH mEPeXONe qepes ¢dasopyio rpa-
HANY, BHBEIUTe CIeAYIOmMY0 $opMyry:

dH  (T) _ Sp—3Ss
daT — My—My,

(34.38)

(re HHOEKCAMM s M n OTMEYEHH BEJIMYMHE, OTHOCAIHECS COOTBETCTBEHHO K CBEPXIPOBOIAmMEH
u HopMaubHOK (asam).

6) Vcnonn3ya TOT QAKT, YTO CBEPXIIPOBOASMIEMY COCTOAHHMIO OTBEYAET WACAJHHEI IUa-
margetnam (B = 0), B TO BpeMs KaK B HOPMaJbHOM COCTOAHNH JHAMAarHUTHAs BOCIPHMMYHBOCTH
mpenebpeskumo mana (M =~ 0), mokaskure ¢ momompio dopmyint (34.38), 9TO CKAYOK SHTPONHUN
npu Hepexoje depe3 asoryd TPAHUIY DaBeH

14 [i7:4

Sn_Ss:_EHc_ch‘, (34.39)

o, ClefloBaTe]bHO, CKPHTAA TEInoTa $asoBOro mepexoia B MPHUCYTCTBHH MArHATHOTO II0Js PaBHA
. H., dH,

Q=—TV = —*. (34.40)

B) IlokayKuTe, 9TO €CJIH NEPEX 0] IPOHCXOIUT B OTCYTCTBHE N0 (T. €, B KPUTHIECKOH TOUKE),
TO CYMECTBYeT CKadgoOK TelwJoeMKOCTH, OIpejesseMuil gopMmyioil

2
O - (34.41)

2. Ypasnenue JJoOHOOHO8 OAA CEEPTNP 0COIAULCTE NAAC I UHBL

PacemoTpum OGeCKOHEYHYIO CBEPXIPOBOAANIYI0 IUIACTHHY, OTDAHMYEHHYI0 BYMA ILIOCKO-
CTAMIH, HePHEHIAKYJIAPHEMA OCH y M NepeceKalomuMH ee B TOUYKaX y = -+d. Ilycrh ogHOpOmHOE
MaTHUTHOE 110Jle BeJNMUnHOH /|, HampaBJeHO BLOJb OCH 2z.

a) Mcnonsdys B KadecTBe TPaHUYHOTO YCJOBHMSA HEMPEPHBHOCTH TAHTEHUHAILHOU KOMHIO-
HeHTH B Ha NOBEpPXHOCTH, MOJNyuuTe U3 ypasHenns JloamonoB (34.7) m ypasHeHuA MaKcpeJia
(34.6), uTro BHYTpH CBepPXIPOBOJHHKA

ch (y/A)
0 Ch (d/A) *

0) IloramuTe, 9TO INIOTHOCTH TOKA, 00eCeumBalOmMEero AMaMarHeTH3SM B PABHOBECHOM CJy-
9ae, paBHA

B=B@y)z, B(y)=4H (34.42)

s Loz Sy sh (y/A)
]_](y)x1 ](y)'— 4TA 0 Gh(d/A)
B) HamarHE9eHEHOCTh B HEKOTODPOH TouKe BHYTpH IuacTmak: pasHa M (y) = (B (y) — H,)/4m.
ToxasmTe, uTO CpefHAA HaMAarBHYeHHOCTH (YCPefHEHHAs 170 TONIMHe IIACTHHH) PaBHA
—  m, A, d
M_—Z—n—(i——g-thx), (34.43)

1 HalifluTe BHPa’KeHNe AAA BOCOPHAMINBOCTH B IPeleILHEIX CIAydYasX TojacToi (d > A) M TOHKOII
{(d € A) mnacTuH.
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3. Epumuuecruit morx 6 4uLuHnIpULecKolii npososoKe

ToxR, paBuKi [ (A), Te9eT 10 UUINHAPAIECKON CBeDXIIPOBOIAIIEH IPOBOJOKE PaguycoM I (¢M).
ITokaskire, 9T0, €ciu IHoJje, CO3JaBaeMOe TOKOM BHE HPOBOJOKH B HEHOCPE[CTBEHHON 6JamsocTn
OT ee MOBePXHOCTII, jpocTuraeT sHademna K. (I'c), To Sy

I =5rH,. (34.44)
4. Badawa Eynepa

PaccMOTpUM Tapy BJEKTPOHOB B CMHIJIETHOM COCTOAHHH, OINCHIBAGMYI0 CHMMETPHIHON
IIPOCTPAHCTBEHHOH BOJHOBOH ¢yHKRumeil

0 =)= o 1@ e, (34.45)

B ummynbcuoM mpejcTasienun ypasaenme IlIpeaunrepa umeeT BH

(E—zi;:%)x(k)zj (2;3 V (&, k') (k). (34.46)

[Ipeamno1o:xumM, 970 ABA DIEKTPOHA B3auMOJEHCTBYIOT B IPHCYTCTBHU BHPOMICHHOTO dJIeKTPOH-
HOTO Ta3a, CyNeCTBOBAHHE KOTOPOrO OmIYLIAETCA TOJbKO Ojarofaps npuHuuny Ilayam, T. e

AJEKTPOHHEE® YPOBHU C k < kp ABIAITCA 3aUpPemEHHHMU /A KajKAoI'o u3 ABYX 3JIEKTDPOHOB,
II ATO NPHBOJUT K YCIOBUIO

(k) =0, k<kp (34.47)

ITycrs B3aumofelicTBie Me)KAY BSIEKTPOHAMM HapH (COOTBeTCTBYIOmMEe MX IPHTAKEHHIO) HMeeT
cunegywinuil mpoctoii Bum [em. (34.16)]:
a5 « 5 .
< o npu i=1, 2 .
am ~ Grho T 2 (34.48)

=0 B OCTAJbHHX CIyyasX.

Bynem nckars pemienua ypasHennsa Ulpepmarepa (34.46), oTBedalomue CBASAHHHIM COCTOSA-
HUAM 1 YOBIETBOPsIOMKE ycixoBnio (34.47). 110CKONBRY MH paccMAaTPHBAEM TOJNBKO OJHODIEK-
TPOHELIC YPOBHH, KOTODHE B OTCYTCTBHE NDUTHAMKEHNA NMEXT dHEePruu, npeBmmlawmue 2E g,
CBA3AHHOE COCTOAHIE IIMEeeT dHepruio £, MeHbIylo 2€,, a DHEpPTUA CBASH PaBHA

V(kli k2) E'—'V7 ‘gF<

A= 2%y — E. (34.49)
a) !lokamuTe, 9TO CBA3AHHOE COCTOAHME CYIIECTBYET, €CJHL
€ pthe
B N (€) d%
1=V g et (34.50)
€r

rjae N (4) — NIOTHOCTh ONHOJIeKTPOHHHX YpOBHEI, OTBeYawmux AAHHOMY CIHHY.

6) Ilorkaute, 9To ypaprenue (34.50) umeeT pemenune ¢ £ << 2€pupy CKOIb YTO[HO Ma-
aom V, ecin N (‘éF) = 0. (OTMeTnM pemarnryio pois, KOTOpyIo urpaeT mpmanun Ilayan: ecau Gl
HIDKHAA TPAaHNUIA DHEPTHH COOTBETCTBOBAJA He 3HAYEHHIO €, a HyI0, TO, mocKoabKy N (0) = 0,
He cyujecimeosaso Obl PEIIEHNst NPH CKOJb YTOAHO MajioM B3anMOJIe1710TBHH.)

B) Ilpegmonaraa, wro N (€) mpakTndecku He ormaudaerca or N (€r) B ofjactd
€r << € << $p -+~ ho, MOKaKNTE, UTO DHEDPIUA CBA3M JAETCA }BHPAKEHHEM

A=2h ——-—__e_z/N(%F)V 34.51
= (0] . .
1_6—2/N(‘5F)V ’ ( )
I B Ipepede ciaaboil cesizu
A=2n0e” INERT (34.52)
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NPNJIOKEHNA

M

KBAHTOBAA TEOPUA
TAPMOHNYECKHOI'O KRPUCTAJIJIA

Paccmorpum cHauasa KBaHTOBYI TEOPHI0 OTAEHXBHOTO (OTHOMEPHOTO) Tapmo-
HA9EeCKOTO OCIOWJIAATOPA, ONHCHBAEMOr0 TaMHJbTOHHAHOM

__r 1 2.2
=3om T g Mo (M.1)

CTpyKTypa 2TOro TaMEJBTOHHAHA YHPOIMAETCH, €CHH BBECTH OIEPaTOp YHHUTOKe-
HES

mo , 1
a=]’/_27q+l‘/2fimm—p’ (M2)
a TalKe CONPsKeHHHHN eMy omepaTop pomneﬁna
_q/ mo 1
at=7, 2h g—1i |/ e P (M.3)
Vs kaHOHHWYecKHX KOMMYTAIHOHHHX COOTHomeHmE [q, p] = ik cuemyer, dTO
la, at] =1. (M.4)

Ecanm BHpasuTs raMEABTOHEAH 9epes onepaTops a u a¥, a He depes ¢ m p, T0 O npm-
ofperaeT caefyoIIHi HpPOCTOi BHI:

h =ho (ata + 1/,). (M.5}

Hetpynuo moxasars !), 4T0 KoMMyTanHZoOHHHE cooTHomeHma (M.4) mpwBomsaT
K COGCTBEHHHIM 3HAaueHEAM rammibroHmaHa (M.D5), mmeommm BEm (R -+ '/,) Fo,

rmen =0,1,2, .... Ecaz ]|0) — ocHOBHOE COCTOAHHEe TaMHJILTOHHAHA K, TG
n-KpaTHO BO30YKIEHHOE COCTOSAHHE |n) HaeTcs BHPAKEHHEM
1
n) =——(at)" | 0). M.6
|7 = e (@1 0 (M.6)

IIpw sroM |n) ymoBaeTBOpAeT ciaegylINUM COOTHOIIEHHAM!:
ata |n) =niny, hin) =@+ Y,)hoe in). ™m.7

MatpudHbe sIeMeHTH ONEPATOPOB ¢ W a! puA 310l NonHOM CHCTEMH COCTOAHHE
AMEIOT BHJ,

n'la|n) =0, n' #=n —1,

(n —1la|n) =Vn, (M.8)

“lat |n) =(nla|n).

Bce aTm pesympTaTH HENOCPENCTBEHHO CIeAYIOT H3 cooTHomeHm#H (M.4) m (M.5).

1) Cm., mampmmep, kmmry [1].
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FapMoHM9eCKHA KpUCTAJI OHNHCHIBAETCA AHAJOTMIHEM obpasoM. B stom cay-
d9ae raMHAbTOHHAH 3aflaetca Gopmymoir (23.2) !). llyers o, (k) u &, (k) nmpencras-
AT c060# COOTBETCTBEHHO YACTOTY M BEKTOP HOJAPHBANUE KJIACCHIECKOH HOp-
MaJbHO# MOAH KoneGaHmit ¢ MonApH3anmedl s ¥ BOTHOBEIM BeKTOpoM k (cm. crp. 67).
ITo amamormm ¢ (M.2) ompemenmm Temeps %) omepaTop YHHYTOMeHHA (POHOHOB

1 ik /" Mog (k) , 1
o=y 3¢ wre, () [ L2 u(R) 41} g PR (M.9)

¥ COOpSMKeHHHA eMy oHepaTop pOKAeHHA (OHOHOB

+ 1 . /" Maog (k) . 1 -
aksz-V—NE etk RSS (k) [-l/ ——ES;Z—-II(R)—I I/WP(R)J' (MiO)
R
I/ICHOJIBBYH KaHOHINYEeCKNne KOMMYTAaIHOHHLIE COOTHOHICHHUA
[, (R), Py (R')] = ihb,y0r, ry

, , M.11
(24 (R), uy (R)] =[Py (R), Py (R")] =0, (M.11)
TOMKIECTBO 3)
E eik,R:{ 0, ecam k He sABIAercs BeK'roopOM o6paTHOl peIreTKH, (M.12)
R N, ecam k— BexTop oOpaTHOH pemerkH,

¥ OPTOHOPMHPOBAHHOCTH BEKTOPOB Hoispusamum |cm. dopmyny (22.61)), momkuO
MOJYIUTH KOMMYTAIMOHEHE COOTHODIeHHs, aHaxormuubie (M.4):

+
[aksy ak’s’] = ékk’ass’v

PR 0 (M.13)

[aks, s} = [@ksy Qirs] = 0.

JanmmeM BHpaskeHHA, oGpatHeie (M.9), # BHpasaM, TAKEM 06pas3oM, HCXOHEE
KOOPIXHATH H UMIYJBCH Yepes dxs; B dis:

1 ]/ h T ik R
u(R)= VE > ’m(aks+a—ks) g, (k) etk R,
ks
e (M.14)
—i on + ik -
P(R):—ﬁ ZJ ]/——T—(aks-—a_ks) &, (k) etk R,
ks
B cupasemnmBocTn paBeHcTB (M.14) MoxHO yGemmThes, MONCTaBMB B HEX BHIpaie-
HES [JI8 ONePaTopoB pomeHus H yHmurokeHma (M.9) m (M.10) m Bocmomb3oBaB-
much, IpH 9TOM COOTHOMEHUAME IONHOTH, KOTOpPble BHOONHAITCA NIA JA06o#
MOJHOW CHCTeMH RefiCTBHTENBHLIX OPTOTOHAJIBHEX BeKTODOB,

[ 3
Eséig[ss“(k)]ui[ss (k)]v = 6uvy (M15)

B 1) Mu mpoBofiuM paccMOTpPeHHe TOJBKO NJisi MOHOATOMHOH pemerkn Bpass, HO yKaseiBaeM
HIDKe, KaK MOKHO 0000muTb IOJydYeHHHE pe3yabTaTH Ha caydail pemieTKM C IIOJHATOMHBIM
Bazucom.

?) Ecau og (k) = 0, »T0 ompepeseHue TepseT cMmeica. Ilogofuas 1pobiemMa BOSHUKaeT
TOIBKO A Tpex u3 N HOPMAJLHHEX MOJ (1A akyctmgeckrx moj ¢ k = 0), u 06KIHO ee MOYKHO HE
UPHHEMATH BO BHEMaHHE. ITO OGCTOATENBCTBO OTPayKaeT TOT (GAKT, 9TO TPH CTemeHH cBOOOIHL,
OTBEYAIONIIE NEPEMENEHNI0 KPHCTANIa KaK IeJ0r0, He MOTYT PaccMaTpuBaThCA KaK KouebaTeldb-
HHe crerenn cBobogu. ToabKO B Tex samadax, rpe TpebyerTcsa paccMaTpuBATh HepeMemieHne KpH-
CTanaa Kak IeJIOT0 MM HY/KHO BHATH NMOJHHHA MMITYJIbC KPHCTAJLIR, HeOOXOAUMO KOPPeKTHO yim-
THIBATH TaKKe U 3TH cTeleH: CBofonr. Jannmeiimee 00cymfenne 3aTPOHYTOH HpOGiIeME UMeeTCA
B OpuaoxkeHEmnm H.

3) Cm. 1.1, mpunoxenue E.
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a TamKe TOmpmecTBoM?)
DletkR=0, R=£0. (M.16)
k

ME MoKeM BHpPA3HTh TaMHJIBTOHNAH TaPMOHAYECKOrO KPHCTAJIIA depe3 HOBHE
oCHmAMATOpHKEe uepeMeHHruie, moxcraBmB (M.14) B (23.2). Ecam wmcmonszoBars
TomgecTBo (M.16) m opTOHOPMHPOBAHHOCTH BEKTOPOB NOJNAPU3AUHN, OTBEUAIIIHX
maaHoMy k, TO MOHO IOKa3aTh, 9TO KHMHeTWdecKas dHEPTHA NaeTCA BHPAKeHHEM

1 1 + .
o7 2 P2(R) = D Fio, (k) (@, — @’ k) (aks — k). (M.17)
R ks

IloTeHnHaABHYI0 HEPIHI0 MOKHO 3allMCATh AHAJIOTMIHHIM 06pasoM, YyIHTHBAs TOT
daKT, YTO BEKTOPH MOJAPH3ALHA ABIATCA COGCTBEHHHIMH BEKTOPAMH [MHAMH-
geckoi Marpumit D (k) [em. (22.57)]:

U=t S ho, (k) (axs+ 0 i) (ais+ aks). (M.18)
ks
O6bemnusan supamkenus (M.17) = (M.18), monyuaem
1
H == 3 ho, (k) (exks -+ 0k Oxs) (M.19)
iy, HCOOIb3YA KOMMYTAlMOEHEeE coorHomeHms (M.13),
1
H=> %o, k) (af(éak,—}——?), (M. 20)

Taxmm oGpasom, ramrasTorEa® H npepcrasisier coboil He 9410 nHOE, Kak cymMmmy SN
HE3aBHCHMEIX OCHMJJIATOPHHEX TaMHJIBTOHHAHOB (IO OJHOMY Ha KayKIoe 3HAYeHHE
BOJHOBOTO BeKTODa H Nodspusanuu). Horga raMmpuapToHmaH paclafaeTca HA CyMMy
KOMMYTHDYIOINMX MeKAY co00H 9YacTUYHHIX TAMHIBTOHHAHOB, €ro CofcTBeHHEe
COCTOAHAA UPEefCTaBAAIOT c060H HPOCTO BCEBO3MOKHEE IPOU3BEleHHA COOCTBeHHEIX
COCTOAHHHM TAKHX YACTHYHHX TaMAJHTOHHAHOB, a COOTBETCTBYIOIHE COGCTBEHHBIE
3HAYEHUA ABJAITCH CyMMaMH COOCTBEHHEX 3HAYEHHA PA3AMIHEIX YACTHIHBIX TaMH-
aeroHEaBOB. [JoaToMy MBI MoKeM Bajath COOGCTBEHHOE COCTOSIHHME raMHJIbTOHHAHA H
¢ NoMoIlpo Habopa 3N KBAaHTOBHIX WHCEN Nig, I0 0QHOMY Ha Kammeni w3 3N Heza-
BHCHMEIX OCHMJIIATOPHEIX TaMAJIBTOHHAHOB hw, (k) (af k. + '/,). OHeprma momo6-
HOTO COCTOAHHAA €CTh IPOCTO

E=3 (nks+__§:) ho, (k). (M.21)

1A MHOTHX NpPHIIOKEHRA (AHAJIOTHIEHX pPACCMOTPOHEHIM B ria. 23) HeoGxomumo
3HaTh TOAbKO BUY (M.21) coGerBenunix 3HaveHmi rammasTounasa H. Onrako B 3afia-
9ax, KacalOMmHEXCHA B3AaNMONEHCTBHS KoJeGaHHH pemeTKHM ¢ BHENTHAM H3IyIeHHEM
mJd APYT ¢ ApyroM (T. e. B 33jja9aX, Ie CYMECTBEHHYI0 pOoJb UIPAIOT AHETapMOHAYe-
ckme 4aemH), cootHomemusa (M.14) okaspBAalOTCA Upe3BHYAAHO HOJE3HEIMH, TaK
KaK HecMOTps Ha 70, 4T0 QH3HTIECKHe B3aMMOMEHCTBHA MOBOJHHO HIPOCTO BHpPAaKa-
10Tcs gepes u 1 P, mmenHO 1151 omepaTopoB @ m a' nerxo HaiTH MaTpRYHbIE BIEMEHTH,
0TBeYAOIIKe CTANMOHADHEIM COCTOAHHAM TapMOHHYECKOT0 KPHUCTAJLIA.

AHallormyEHE MeToJ, HCUOJB3YeTCA A LpeolpasoBaHHA TaMUIbTOHHAHA B
B ciydae pemieTKU ¢ IONMATOMHHM 6asmcoM. ME mpuBejeMm 31ech TOABKO OKOHYA-
TEJIbHHA pE3yJabTarT.

1) MoHO TaKmke BOCIIOJIB3OBATHCA TeM OGCTOATENLETBOM, UTO B MGHOATOMHOII DEIIETHe
Bpaey o (k) = o, (—k) n g (k) = g (—k).
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Brpaxensna (M.9) n (M.10) (kKoTopHe Temeps IpemcTaBAsOT coGoit ompepee-

HHs ONEPATOPOB a4k, M ake, s =1, 2, ..., 3p, TIe p — 4HCHAO WOHOB B Gaszmce)
OCTaioTCA CHpPaBefIWBHIMK, eCAW CHEAATH CieAylolone 3aMeHH:
u(R)—u'(R),
P(R)— P (R),
M- M, (M.22)

e, (k)—> )/ Mgl (k) B (M.9),
g, (k) 1/ Mie* (k) 8 (M.10)

W OpPOCYMMHDOBATH L0 mWHAeKcY i (KOTODHIA omIpefiesisieT THLI GasHCHOTO WOHA).
Temeps & (k) mpemcraBnAoT CoGolf BEKTOPH NOJAPH3AMAM KIAaCCHIECKHX HOp-
MaJbHBIX MOJI, ONpedejaseMse B COOTBeTCTBEM ¢ Gopmymnoii (22.67) m yroBIeTBOpsI0-
mye COOTHOIMEHHIO OpTOHOpMEPOBaHHOCTE (22.68), COOTHOMEHHI0 HOIHOTH
3p L
) (&8 (k)] [ (K)ly = 7 6138y (M.23)
s=1
7 ycaosumwo 1)

el (—k)=¢e¥* (k). (M.24)

Qopmynn obpamernsa (M.14) ocTaroTes cupaBefJmBEIME, €CJIH CHEJIATL 3SaMEHH %)
(M.22), a KommyTammoHHsie cooTHomeHmsi (M.13) ® BHI rapMoHWYeCKOTO Ta-
muaproHAaHa (M.20) ocraBuThr HeM3MEHHLIMH.
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B ClIy9ae MHOIOATOMHON pemeTKH BEKTOPH IONApm3anuu, Boobme TOBOpA, He 00A3aTeabHo Jei-
CTBHTEJIbHEI.
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H
COXPAHEHME KBA3SHUMITYJIbCA

KamnoMy TuOy CHMMETPHH raMHJIBTOHHAHA COOTBETCTBYeT HEKOTODHH 3aKoH
coxpaHeHHA. I'aMHMIBTOHHAH KpHCTanIa o0gajijaeT CHMMeTpHel, TecHO CBA3aHHOM
¢ TPaHCIANAOHNOMA cuMMeTpUell pemeTKA BpaBs. JTa cuMMeTpHA IPHBOAHAT K 3aKOHY
cOXpaHeHN A, NMeloMeMy BechMa OOMmil XapaKTep, a HMEHHO K 3aKOHY COXPaHEHHA
keasuumnysbca. PaccMOTpEM raMATBTOHHAH

H=S2® . LS s Rtu®—R —u®)+
R

R, R’

+ 2 %JF% 2 Vi (t— 1) + Z w;(r;—R—u(R)). (H.1)

i=1 i*j R, i

[lepebie gBa wiaeHa npepcTaBnsAl0T c060fl TaMEIbTOHHAH, ONHCHBAKINUA WOHHEIE
ocratkr. OTMeTHM, ITO MH HE BOCIOJIbS0OBAJACH TaPMOHHIECKHAM NpHOAMmKeHHEM 1),
a IOpefCcTaBHIN WOH-HOHHOEe B3amMOjelicTBHe B BechMa o0ImeM BHe KaK CyMMYy
mapHEKX OOoTeHnuanos 2). Caegyiomme mBa HieHA — HTO [aMHJILTOHHAH, OIMCH-
BAIOMUHA 7 JOOOJHUTENBHHX YaCTHI, a IOCIENHHHA WieH 0TBe4aeT B3aWMMOJeHC TBUIO
ATAX dacTul ¢ HoHaMH. YToOH coxpaHETb OOGMHOCTH PAacCMOTpEHHS, MH He KOH-
KpeTH3WMpyeM MTPHPOAY YKA3aHHHX YACTHI,, XOTA HHTePeC UPeJCTABIAIT CIeIylo-
e BO3MOMKHOCTH:

1. Ecaz n = 0, 10 pewsr mueT 06 OTHeNBHO B3ATOM AWIIEKTPAIECKOM KpH-
cTajLIe.

2. Eciw n = 1, MH MoKeM IPHMEHHTh Hamlie PacCMOTpeHWe AJNA OMHCAHHS
paccessHHS ONHOM dYaCTHAIH, CKajKeM HEATPOHA, B [AHJIEKTPHUIECKOM KpHCTaaie.

3. Ecam MH x0TEM paccMOTpeTh MeTaJJl ¢cam o cefe, TO MOMKEM CUHTATh, UTO N
"4aCTHI] — 3TO DAEKTPOHH mpoBomuMocTd (n =~ 10%%); B aToM ciywae Bce m; paBHH
Macce 2JeKTpOHA m, a Bee v;; (r) mpemcTaBaAioT coGoil of@HaKoBHe QYHKIWE OT r.

4. Ecam Ham Tpebyerca paceMOTpeTh pacCesinme HeATPOHOB B MeTaJjie, TO n
YacTHI — 9TO 3JeKTPOHH NPOBOZAMOCTH W HCHOHTHBAKMAA pacCeaHMe BHENIHAA
4acTHIIa.

1) Ham, ognako, IpUETCSA BBECTH OMEPATOPH, OIpEfleleHHE e Yepe3 POHOHHEEe ONEePATOPH a
u at (cM. upnnoxenne M). T GOHOHHBIE OHEPATOPH HE ABJIAKTCA XOPOIIO ONPEIeIeHHEMHU, eCIH
CHCTEMa HACTOJBKO OTAMIAETCA OT rapMOHHMYECKOTO KpHcTania ¢ pemerkoir Bpass {R}, uro ee
COCTOAHNA JIeKAT B COBEDIMIEHHO MHOM ruas0epToBoM IIpocTpancTBe. 1109TOMY HECMOTPA HA TO,
YT0 Hame PaccMOTPeHNHe (POpPMAIbLHO HPUMEHHMO s JI060IH cucTemm (T. €. A SRANKOCTH HIH
A KpucTajana ¢ pemerkKoil Bpaes, oramguoit ot {R}), moiydJeHnre pesymbTaTh HUMEET CMEICJ
HCIOJb30BATh TOJBLKO ANA Kpucranua ¢ pemeTkoir Bpass {R}.

2) Jlarke IpejmOnO’KeHME O IAPHOM XapaKrepe B3amMONEeACTBHA HE ABJIAETCH 06I3aTeNb-
HEaM. OHO cleJano TONbKO /A TOro, 9T00K raMAAbTOHHAH H WMen KOHKDeTHHI BHJ, HE CIUIIKOM
CIOKHEIE, 9To0H HE 3aTPYIHUTH PacCMOTpPEHWE.
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Ormetnm, wro rammawrTornas (H.1) ocraeTcs nHBapHaHTHEM OpH OJHOPORHOM TpaHC-
JANAH:

ri’+ri+r07 i=11 coey Iy
u(R)—>u(R)+r, aas Beex R.

Jdro ofEYHOe Npeobpas3oBaHHe CHMMETDHH IPHBOAUT K BAKOHY COXPAHEHHA IOJHOTO
uMnyabco WOHOB W HACTHI, HO 3TO He Ta CHMMETDHS, KOTOpasg HAac WHTepecyerT.
CoxpaHeHHe Keasuumnysvbca ABIAETCH CIENCTBHEM Toro (GarTa, 4T0 JiA BeKTopa
TPaHCAANHHA, PaBHOTO BeKTopy R, pemerkn Bpass, MosKHO mpeficTaBuTh N3MeHOHHE
I0JIOKEHHSI HOHOB ¢ MOMOMBI0O HPOCTOTO H3MeHeHWs 0GO3HAYeHHA HOHHEIX Oepe-
mMeHHEX. VIHBIME cnosamm, ramuabronnaH (H.1) uHBapHaHTeH TakKe OTHOCHTEIBHO
npeo6pasoBaHAsA

r; ->r; + R, i=1, ..., n, (H.3)
u (R) »-u (R —R,), P (R) —-P (R — R,) naa Bcex R,
B 7eM MOKHO y0eguThCsa ¢ MOMOINBIO ImpsaMoil moucTaHoBkm B (H.1).
Yrob6s mopgepkrHYTH pasHmmy mexpy cmmmerpmedt (H.2) (¢ ry = Ry) u cmm-
merpneir (H.3), paccMoTpuM wWieHH CaefyoOm#X ABYX THUOB, KOTOPHE MOLIH OB

Hapym#ATh CHMMeTpHI0 rammiasronmada (H.1):
1. Mo Moram OB [06aBHThL YieH

K S u®p, (H.4)
R

(H.2)

KOTOpHI IpPHBA3LIBAET KAKABH HWOH K €ro IOJOKEeHHI0 DAaBHOBEeCHA ¢ HOMOMBIO
rapMOHHYECKOH OPYKHEHH. JTOT WieH HapymiaeT TPaHCAANAOHHYI0 camMerpuio (H.2)
raMEIbTOHAAHA, A B €70 IPHCYTCTBEM MMIOYILC He coxpaHsercs. OxHaro wner (H.4)
HHBapHAHTeH OTHOCUTEeNBHO IepecTaHOBOYHOTO mpeoGpasoBaBma (H.3), moaromy
ero jofaBileHHe He IpuUBefeT K HapymIeHNIO 33KOHA COXPAHEHUH KBA3MUMIYJIHCA.

2. C gpyroit cTOpOHH!, IPEANIONIOKAM, YTO Mbl H3MeHsieM raMmiproHman (H.1)
TaKEM 00pasoM, YTOOH COXPAaHWTH TPAHCAANWOHHYIO CHMMETPHIO, HO HapYIIHUTH
IlepecTaHOBOYHYI0 cAMMeTpmio. ME Morju Obl, HaOpmMep, CYHUTaTh, ITO Bce HWOHM
MMeIOT Pa3iNYHHIe MAacchl, ¥ 3aMeHHTL WiIeH, OTBEYAIOUIl KMHeTHYIecKoll sHeprunm
HOHOB, BHpaKeHEEM

S AEQL (HL.5)
2 (R)

R
lloryguBmuiica TaMHIBTOHHAH OCTAETCS WHBAPHAHTHBIM OTHOCHTEJIBHO IIPOCT-
pascTBeHHEX mepememenuit (H.2), Tak 9ro monEHi mMOyasc 6yaeT COXPaHATHCA.
Onpako 9TOT raMmJIBTOHWAH He OCTAeTCA HHBAPHANTHHEM OTHOCHTEJBLHO Iepecta-
HoBkH (H.3) 7 xsasunmnynsc coxpausTrcd He OymeT.

Ecnm cpaBEETE [ABa yOOMAHYTHX 33aKOHR COXPaHEHHsd, TO 38KOH COXpaHEHHA
KBazHHMIyJabCa BHAINTeJbHO Gomee BaskeH. HpHCTAII KAk Ienoe NPAKTAYECKHU He
MOKeT HCOBTHBATH OTJAYy, @ ecam OB W MOr, TO MHBepHOe M3MeHeHIe MOJ-
HOTO HMIyJIbCa KPHCTajina, oOYCHOBIeHHOEe paccegHHEM ONHOTO-eIMHCTBEHHOTO
HeHTpOHA, He OBIO GBI MOCTYIHO [JIA NPAMOrO M3MEPeHHs.

BbIBO/] 3AKOHA COXPAHEHUA

Yro6sl BHBECTH 3aKOH COXpaHeHHs, oGychaoBieHHHH cummerpmedn (H.3), mmr
HDOKHEL PACCMOTPETh KBAHTOBOMEXaHWYeCKHe 0IepaToOpH, OCYIIecTBIAIIINE COOT-
BeTcTByIOWee IpeoOpaszoBanme. l'a wactb npeoGpasoBaHHA, KOTOpas [eicTByeT
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Ha KooppamHaTH gactdn, r; —r; + Ry, ocymecrBiasercs omepatopoM cpsara Tge
(ra. 8). CornacHo $yHmAMEHTAJBHOMY KBAHTOBOMEXaBHYECKOMY pe3yJlbTaTy, 2TO
mpeoGpa3oBanme MOKeT OHTHL B3aNMCAHO ¢ HOMOINBI0 YEHATAPHOrO mpeo6pasoBaHHA,
BABHCAMET0 OT ONEPATOPA HOJHOLO EMIYJbCA YaCTHIL 1):

r;—~>r+Ry= TR.I'iTﬁo1 = ¢(/MPRop,g—(i/MP-Ro (H.®
n
P= 2 Pi'
i=t

Hpome Toro, Ham morpebyeTcsa oNepaTop, OCYIMECTBIANNUA TpeofpasoBaHue HOH-
Hex mepeMeHHHX (H.3). 3akoH coxpameHMs KBasHAMIYJibca DprEobpeTaer HpocTOR
BHUJ B IEPBYI0 od9epefb TOTOMY, 9TO TO Hpeo0pasoBaHHMe MMeeT CTPYKTYPY, 09eHb
HanoMuHaomyo (H.6):

u (R) - u(R—Ro) = Tp,u (R) Ig, = ' Tou (R) ¢ ",
P(R) P (R__RO) ngoP (R) 51;”1 _ e‘i@%/'-ROP (R) e-—-'i%‘-RO.

OmnepaTtop &% HmkomM o0pa3oM He CBf3aH € OLNEPATOPOM CYMMApHOTO HMIYALCA
moHoB P = XP (R), a onpenensercs 2) RKak omepaTop, UMeIOmui Te ke coGCTBEH-
HBe COCTOAHWs, 9TO M TAPMOHHYECKas 9acTh HOHHOTO TaMUJIbTOHEAaHA. IIpm sToM
ero co0CTBEHHOE 3HAYEHNE B COCTOAHMM ¢ QOHOHHBIMM GHCIAMH 33NOJHEHHA Mg
3agaerca popmynoi

(H.7)

K | {rus)) = (g kns) | {rcs))- (H.8)

Yro6s yGenmTbes, uTo omepaTtop ¢4, ompegensieMuii $opmyroir (H.8), nedicr-
BHTEJBHO OCYIIecTBjseT HpeofpasosBamme (H.7), HyKHO BOCHOIB30BATHCH COOTHO-
mennem (M.14), serpaaromum omeparops u (R) m P (R) uepes oneparopsl pospe-
HUf M YHEITOMEHHS ONIA KyKHOH HOPMaiabHOR MOAHN XKonebapuii:

1 4 IZ + .
u(R) = 2V e @ (ks ali) e Re (k). (H.9)
ks

VN
[Mer pacemarpmBaem aBHO toasko u (R). Jas P (R) paccmorperue oxassiBaercs
B cymuocTH TaxuM xe.] [lockonbky B dopmyay (H.9) BxomaT Tonsko omepaTopsl ays
u aly,, moxygaem

i Koy (R) ™" R0 =

[

1 . i Ro,  —igh *Re | igh' Re T ~igh *Roy ik :
:—ﬁ 2 l// m(eicﬁ Aks€ i —f—e’% ‘al xse i )8“( RSS (k). (H10)
ks

CiemoBaTebHO, MBI CMOKEM CYUTATH MoKazaHHEIM paBencrBo (H.7), ecaum cymeem
ybeguTbCA B TOM, UTO

I i R N

e'lo%/' “Qy € 1 Rogk =e‘“"Rvaks,

G Rogh R pmtiortgh (HA1)

1y Cm., maupumep, Kaury [1]. .

2) OmepaTop ompefedseTcA 3afaHUEM IIOJHON CHCTEME COOCTBEHHBIX COCTOSHHN U COOTBET-
CTBYIOIIUMX UM COOCTBeHHHX 3HAYeHNII, MOCKOABKY JIH000® COCTOAHN® MOKHO IPEfCTABHTDL B BHE
JanBeitHoi KoMOuHanmm coGcTBeHHHX coctosHml. OTMETMM, 4TO 37|6Ch B CKPHTOM Buje OPUCYT-
CTBYeT NONYIIEHNE O TOM, YTO TBEePAOe TeJO ReilcTBUTENHHO SIBAAETCA KDPHCTAIIOM C PemeTKoR
Bpass {R). Ecin Om 5T0 OHIO He TaK, TO €r0 COCTOSHNA HEJB3A OBLIO OH HpeJCTABHTHL B Bufe
anHelHO¥ KoMbnEamIy cOGCTBEHHRIX COCTOAHMIT FapMOHNTECKOI¢ KpuUCTaia ¢ pemerkoi Bpasa { R}.
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Tag kKak momeramoska (H.11) B (H.10) BuoBs mpmsomur (H.10) k smmy (H.9), rme
tedephb BexTop R yske 3amened Ha BekTop R — R,.

O6Ga pesyaprata (H.11) 6ynyr gorasassl, ecadm Mbl cyMeeM YOeAMTHCH B CIpa-
BEJIABOCTH OJHOTO PAaBEHCTBA

el Tagp o™ o — etk Rogl (H.12)

mockonbKy nepBoe m3 paBeHc1B (H.11) ABasgercs spMATOBO CONpSIKEHHHM paBeH-
crey (H.12), a Bropoe cnefyer m3 mero upm 3amene k — —k. Pasencrso (H.12)
GyZeT NOKa3aHO, €CITH MH CMOjKeM YOeqUThCA B TOM, 9T0 OHePATOPH B 006MX YaCTAX
paBeHCTBA OHWHAKOBO AeHCTBYIOT Ba MOJIHYIO CACTEMY COCTOAHMAMA, TAK KaK OHA OyAyT
aHAJOTHYHEM 00pazoM AeHCTBOBATH Ha JOOYIO JuHeAHYI KOMOWHAIAIO COCTOAHAN
U3 3T0# cmCTeMBl, a CJlefoBaTeJbHO, W Boobmie Ha nwboe cocTosame. CHoBa BHOEepeM
B KaveCTBe IOJHOTO HAalopa COCTOSAHWHA COGCTBEHHHIE COCTOAHHA TapMOHWYECKOTO
ramManpToEMaBa. OmepaTop ayx,, OYAYYHA oUmepaTopoM pPOKACHAA AJA HOPMAJIbHOR
rosebareapHOR MoIH ks, melicTByeT IPOCTO Ha COCTOAHEE ¢ OUpefelieHHEIM HaGOpOM
$OHOHHBIX YHWCeJ 3aNONHEHHA, NTPHBOAA K 00PasoBaHUI0 COCTOAHMA, COBIANAIOMIETO
(¢ To4EOCTLI0 OO HOPMAPOBOYHOH HOCTOAHHOH) ¢ COCTOSAHHEM, B KOTOPOM THCIO
3all0JHEHHA Jiifd HOPMAJIbHON Mons ks okaselBaeTcs Ha efmuHOy 0oJIbmmM, a Bee
IpYyTHe 9HciIa 3aNOJHEHEAA OCTAIOTCA Npe;KEEME. [[s1a Hadaga MH MOjKeM 3alUcaTh
paBeHCTBO

ei%'R"aLe"i%'R“ | {rKs}) = exp ( —_ i;k’nk's-Ro) ei%'R‘aL | {rx:})), (H.13)

KOTOpoe npocTo BETeKaeT md oupefesaenna (H.8). IMockoasky cocrognme ar, i{mi,})
oTamgaeTcA OT | {ny,}) TOABKO YBOIWYCHHEM Ha eIWHUIlY YHCJIA 3aNOJHEHHA MJIA
mopist ks, oHO Taxxe GylleT COGCTBEHHEIM COCTOSHHEEM ONepaTopa %% ¢ cOGCTBeHHBIM
snageHueM 2k'ny., - k. Taxum o6paszom, KaKnpli uiaeH B BHpPJKeHHH HaA COO-

:ar R
CTBEHHOI'0 3Ha4YeHHA onepaTopa e"” Oaﬂs COKpamaeTca ¢ COOTBETCTBYIOMHAM WICHOM

_igy R
BE[PasKeHHA [T COGCTBEHROro 3HAYeHns omeparopa e~'% "o 3a mcxmouenmem enma-
'CTBeHHOTO NOMOJHATEJIBHOTO uieHa elk'Ro, mw MH mMeeM

exp (—i S k'nis-Ry) % Rogk | {nies)) = €™ Moagy | {na))- (H.14)
K’s
Pasenctea (H.14) m (H.13) morasmBaioT cupasegimsocts paBemcrsa (H.12), cae-

JIOBaTeJIbHO, OLEepaTop ¢4 ocymecTBiAeT HeobXoammoe npeobpasosanme. OmepaTop
hi#% HaspBaeTcAd oNepaTOpPOM KBA3HAMIYJbCA.

NPUMEHEHNA

IlpomamrocTpupyeM Ha HECKOJBKEX HpHMepax JeficTBHe 3aKOHA COXpaHeHHA
KBa3AMMITYIbCA.

1. Haoauposannstii Ouraexmpur. Ecin mMeroTcs ToIbK0 HOHK, TO B3 WHBA-
PHAHTHOCTH OTHOCHTEJIbHO Ipeofpasosaunns (H.3) caenyer, 9To raMAIbTORAAH KOMMY-

iof R
TAPYET € OUepaTOpOM % Ro ak xax

G R (fu (R), P(R)) e~ R = H ({u (R—Ro), P(R—R,)})=H, (H.15)
nan FH Ry [ AR

i R
9T0 03HAYAET, 9TO ONePaTop Jr, = ¢! Ro gpnsercs WETErpasoM IBEIKeHHSA, T. e.
eCId KPHCTaJgi B MOMEHT Bpemenm ¢ — ( omHCHBaeTcs cOOCTBEHHBIM COCTOSHEEM



H. CoxpaHerme KBaBHUMIYJIbCA 3179

omepaTopa] JRr,, TO OH OCTaeTCsA B BTOM COCTOAHME BO Bee IOCIEAYIOMAEe MOMEHTH
Bpemenu. B gacTHOCTH, Ipeamoso;KmM, uTo npH ! == () KPpHECTAJUI ONHCHBaeTCA 00~
CTBEHHHIM COCTOSHAEM TapMOHHYECKOTO TaMHJbTOHHAHA ¢ (OHOHHHMHA YMCIaMU
3aMOJIHEHANA 7k, [IOCKOIBKY HMONHHE raMHJIBTOHWAH He ABNAETCA TapMOHAYECKEM,
3TO COCTOAHHmE He OyaeT cTammoHapEEIM. OQHAKO, COTJIACHO BAKOHY COXPaHEHUA
KBasmEMIIYJIbCa, OHO HOJIKHO OCTaBATHCA COOCTBEHHEIM COCTOAHEEM omepaTopa J g,
Ias BceX BEKTOpOB TpaHcaAmmm pemetk:m Bpass R,. 9ro osmagaer, 4To Bo BCe
nocaeyolne MOMEHTH BpEMeHH COCTOAHONE MOKeT HPEACTaBIATH COGOH TOIBKO
JnHeAHY0 KoMOMHAIMAIO COOCTBEHHHIX COCTOAHHI TapMOHAYECKOTO TaMilIbTOHEAHA
¢ GOHOHHHIMA YHACIaMHA 3aIMO0JHERUA Nk, NPAIEM cOOCTBEHHOe BHAYEHMe OmepaTopa
Jr, HNOMKHO GHTH TAKHM JKe, KAK I B HAYaNBHOM COCTOAHUM:

exp (i Y kng, Ry} =exp (i D) kng,-Ry). (H.16)

IlockonbKy »TO paBeHCTBO HOJKHO BHIONHATHCA OPH 7POUSSOAbHWL BEKTOPaXx
Tparcaanud pemeTkr Bpass R, (omepaTops Jg, , 0TBeUalomne pasHbIM BeKTopaM Ry,
KOMMYTAPYIOT MEKAY coboii), moayaaem

exp {i [ (knyg,—kni,)-Rol} =1 nma scex Ry (H.17)
OTKyZla caefyeT, 4TO
E kny, = 2 kngs -+ BerTOp 00paTHO# pemeTKH. (H.18)

CirenoBaTeibHO, B aHTAPMOHAYECKOM KPHCTAJIE CYMMADHWL 604HO060U eKmop giono-
KO8 COTPanaemcs ¢ mouHocmbio 00 addumuerol nocmoannol, pasroll éekmopy obpam-
HOU peutemiu.

2. Paccessnue netimporos 6 duasaexmpure. llpennmonoxum, 9To B Hagaune
3KCIepPEMEHTA KPHCTAJNJ ONUCHBAETCS COOCTBEHHNM COCTOAHAEM T'apMOEMYECKOTO Ia-
MHEJBTOHHAHA C POHOHHHMI dUCAAMNA 3aI0JIHEHAA Ny, 8 HOATPOH HAXOAUTCA B COCTO-
AHDHE ¢ deilcmeumesbHblM 3HAUYCHEEM NMITYIBCA P, KOTOPOE YIOBIETBOPAET PABEHCTBY

Tr,p (r) = e®/WPRop (r) (1. €. (1) = e(t/WP-Ro), (H.19)
rige Tr, — OHepaTop TPaHCAANUD HeHATpoHa. WEBapHaBRTHOCTL HOJHOIO HEWTPOH-
HOHHOTO TAMHJIBTOHUAHA OTHOCHTEJNhHO NpecbGpasoBamms (H.3) mpusommr kK Tomy,

q9T0 DpoM3BefeHAe ONEePAaTOPOB HNepeMelNeHAs HEATpPOHa W DePeCTAHOBKE HOHOB
rommyTEpyeT ¢ H mpm miobGom R,:

[Tr, IRy H]=0. (H.20)
B Had9aJdbHOM COCTOAHNANA CI) nMeeM
TrJr, @ =exp [i (p/2+ X kny,)-Ro] @, (H.21)

HOBTOMY BCe HMOCAEAYIONHe COCTOAHUA NOJIKHB OCTABATHCA COGCTBOHBEIMH COCTOS-
HUAMHA C TeM ke CaMBIM CoGCTBeHHEIM 3HaueHmeM. CJIeOBATeNBHO, HX MOKHO IIpef-
CTAaBUTE B BHJe JHHeHHHX KOMOWHAIO# COCTOAHWE, B KOTOPHX HeHTpoH obaapaeT
aMIyabcoM p’, a GOHOHHBIE YHCHa 3aNOJNHEHHS B KPHCTAJIO DPAaBHH Nk, Ilpm sToM
JOJKHO BHIIOJIHATHCH YCIOBHE

p' +% Y kng,=p--k Y kng, -k X Bexrop obparmoir pemerxm. (H.22)

TakmM oGpasoM, uaMeHeHlUe UMRYAbcd HelmpoHa O0ascHO 6umb CKOMREHCUDOSAHO
usMereHuem keasuumnyavea 1) doronos ¢ mounocmuvio 8o addumuenoii nocmoAHHOL,
pasHoli eekmopy o6pamHoli pewemru, YmHOdceHHOMY Ha h.

1) Cobersennoe smauenme %Zkng, omeparopa KBasmuMmmyibca KAo% HA3HBAETCA KBA3H-
mMOyabcoM {cm. crp. 99).
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3. Uzoauposannviii mema.n.a. Eciid 9acTAITH NPeICTaBIAOT cO00H DIIEKTPO-
HH IPOBOJAMOCTH, TO TpH {=0 MBI MOKEM PAcCMOTPETh COCTOSHEEG, B KOTOPOM DJIEKT-
POHEL ONUCHBAIOTCA ONpeNieIoHEHM HaGopoM 6I0x0BcKAX ypoBHeil. B TakoMm ciywae
RamAui 6aoxoBeKuit ypomemb [cM. (8.21)] aBasmercs COGCTBEWHBIM COCTOSHHEM
ollepaTopa IepeMemeHns 3JJIeKTPOHA, T. €.

Tr, Pk (r) = ik Ropy (v). (H.23)

Ecau, nomumo sroro, upu ¢t = 0 Kpucrana onucuHBaerca cOGCTBEHHEM COCTOSHAEM
rapMOHAYECKOTO IaMUIbTOHHAHA, To omeparop I'rySRr,, OTBEYAIOmMUA KAk Iepeme-
DIERHI0 3JEeKTPOHOB, TAK M IepecTaHOBKe MOHOB, GYAET UMeTh COGCTBEHHOe 3HAYCHTE

exp li(ke"P_Eknks)'RO]? (H24)

rie k, — cyMMa BONHOBHX BeKTOPOB 9J€KTPOHOB HAa BCeX BaHATHX OJIOXOBCKUX
ypoBHaX (1. e. Ak, — WOJNHEII KBa3MUMOYJNbC 2IeKTPoHOB). [lockoabKy sToT ome-
paTrop KOMMYTHDPYeT ¢ 3JIeKTPpOH-MOHHKM IaMIJIbTOHAAHOM, METAJLT 0CTaeTcsA B Bada-
AHHOM COCTOAHHE BO BCe HOCHAENyIOmime MoMeHTH BpemeHHW. CienoBaTedbHO, UsMe-
HeHle NOAH020 KBASUUMNYILCA IACKMPOHOE OOANHO KOMREHCUDOBAMBCA USMEHEHUEMN
NOAH020 K8ABUUMRYALCA UOH06 ¢ MOUHOCMbIO 00 adO0umuenoll nocmosHHOU, DPASHOU
sekmopy 06pamuoli pewemrlu, YMHONCCHHOMY Ha .

4. Pacceanue Hellmpona 6 memaaae. AHaATOTHIHEM 06pa30m MBI MOJKeM
TNOJY9IHTh, YTO N PU PACCEAHULU HEUMPOHOE 6 MEMAALEe USMEHEHUE UMNYABCA HelimPOoHa
KOMNEHCUPYEMCA USMEHEHUEM CYMMAPHO20 KEASUUMNYALCA IAEKMPOHOE U UOHO06
¢ mounocmyuio 00 ad0umueHol nocmosuHoll, pagHoll éekmopy o6pamuoil pewemru,
ymuoxcenHomy na h. OmHaKo HedTpoHH BechMma ¢i1alo B3amMOmEHCTBYIOT € SJIEKT-
pOHAME, W OPAKTHYECKH M3MEHsETCA TOJNBKO KBASHUMNYJIbC pemeTkn. B sToMm
ciydae CHTyards aHAJOTMIHA PAcCMOTPEeHHOH B 1. 2. OTMeTHM, 9T0 PEHTITeHOBCKUE
JAY9E CHJIBHO B3AMMOMEHCTBYIOT ¢ SJAEKTPOHAME, II0ITOMY HpPH PacCeAHMM peHTre-
HOBCKHUX Jyd9ell KBasmUMNYJbe MOKeT OBTh NepeldaH 3JIEKTPOHHON CHCTeMe.

JUTEPATYPA
1. Gottfried K., Quantum Mechanics, vol. 1, W. A. Benjamin, Menlo Park, Calif., 1966.
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TEOPUA PACCEAHNA HENTPOHOB
B KPUCTAJLIIE

IlycTs HeATPOH ¢ AMIYILCOM P B pe3yJbTaTe paccedHNA B KpHcTajuie mpuobpe-
taer uMmuyabe p’. [IpemmososxuM, 4To KpHCTAJI UMeeT cTeNeHH CBOOOAH, 00yCIOB-
JIeHHBIe TOJBKO JBHKEHAEM HOHOB, a TaxiKe GyqeM CUUTATh, 94TO A0 PACCETHUA MOHBI
ONMCHBAWTCA COOCTBSHHEIM COCTOSHWEM TAMMABLTOHNAHA KPHCTAJIA, OTBEYAKTINM
sHeprum E;, a2 mocie PacceAHUS — COCTOSHHUEM, oTBedalmuM smHeprum E;. Bymem
ONUCHEBAThL HAYaJbHOE W KOHETHOE COCTOSHMA M COOTBETCTBYIOLIME JHEPTHM CYM-
MapHOH HEeATPOH-MOHHOHM CHCTEMH CIEIyIIIMM 06pasoM.

o paccesmmsa

IFI' - ‘pP (I') ch'a ¢p = l/iT: eip-(‘/h ’ 1
éi=E;-}p*/2M,,. (0.1)

Ilocne paccesrus

1,
Tf:lpp' (I') ch’ ‘lpp’: T/_ ip ‘I'/}l’
& =E;+p'22M,. |

¥no0HO BBeCTH LepeMeHHBIE ¢ U (, ONHCHBAIOIINE H3MEHEHWe »HEpPruu HeliTpoHa
¥ HepeJaHHHHA eMy UMIYJIbC

’2 2
2M, 2M, (0_2)
hq=p —p.
ByneM ONIUCHIBATH HGﬁTpOH-I/IOHHOG Bsam\mneﬁcmﬂe ¢ ODoMombl0 IIOTeHIIHaJJda
— _ 1 Vo, pik-[r—r(R
V()= Dve—rR) = D ugelkrrml (0.3)
R k, R

Tlockoabry pammyc HeficTBEA HOTeHnuaia v mveeT Hopsamok 10~ em (xapaxrepmmii
AIEePHBI pasMep), MacmTab H3MeHEHHA €ro ()ypPhe-KOMOOHEHT COCTaBIAET TPH-
mepro 10'? ¢cm~?, m MosTOMY OHE O CYTH [ela He 3aBHCAT OT £ [JIA BOJTHOBHIX BEKTO-
poB mopsagka 10° cm~!, 1. e. B o6aacTa, manbosee MOAXOAAMEH IIA SKCIEPUMEHTOB
IO OmpefeJeHUI0 (POHOHHEIX CHEKTPOB. HoHcTanTa v, 06HYHO 3aNWCEIBAETCS Yepes
IANHY G, KOTOpas HasHBAaeTCs MIMHOHR pacceaHms M oUpPENeNAeTCd TaKMM 00pasoM,
970 HOJHOEe CedeHHWEe pacceAHNd HEeHTpPOHA Ha ONHOM H30JMPOBAHHOM HOHE MMEET
B GopmoBcKOM NpuGamKenun pejuaumy 4ma® ). Tlpm stom dopmyna (0.3) sanumcri-

1) Mu mpepmoisiaraeM, 9T0 Afpa EMEIOT CIMH, PABHHMA HYJNIO, U NPAHAMICIKAT TOIAHKO OFHO-
My m3oTonmy. BooGme roBopsA, Heo6XOXMMO PACCMOTPETH BOSMOMKHYI0 3aBMCHMOCTH @ OT AIEPHOrO
CocTOAHMA, JTO NPHUBOLKT K WIeHAM ABYX THIOB B BHIDQ}KEHHH Wisd cedeHus paccesmuA. Opum
q9jieH OTBe9AeT KozepenmHoMy PACCEAHHI0; OH MMeeT TaKOH ke BHJ, KaK M IONYyIeHHOe HaMMI
HIDKE COYeHHe PaccesHNs, B KOTOPOM, OfHAKO, [JAMHA PACCeSHWs ¢ 3AMEHEHA 6e CPeJHEM 3HAde-
mneM. Bropo#i, Tak HasmBaeMslll nexocepenmubiil WieH, caaGo 3aBHCUT OT DHEPTHM M HaDARY
¢ MHOropOHOHHEIME HIpPONECCAMH BHOCHT BKiax B muddysuoHmHil (oH.
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BaeTcs ciaenynmmM obpasoM:
V(r)= Znh; 2 eik.[r—r(R) (0_4)
kK, R

BeposaraocTs Toro, 4To 3a eJWHAIY BpeMeHH HEATPOH 3a& CUET CBOEro B3amMo-
I[eHCTBHH ¢ MOHAMH HCUHITHBAET Paccesnre, 0TBEUAOMEee H3MPHOHA) AMIYILCA OT P
fo p’, TMOYTH BCETNA PACCIATHIBAETCH C IOMOINBIO ¢30JI0TOTO HPABHAIAY, CIIPABEIIABO-
TO B HEBIIEM NIOPAJKe 3aBHCAMmEN 0T BPeMeHH Teopum BoaMyIeHmir !):

P=3 2“ 2n 5 (& —&,) | (¥, V) 2=
_Z_G(Ef“ Ey— ho) '%S dreiq"(q)i,V(r)ch)F:

=((ng%? a2 > 8 (E;— Ey+ ho) | D) (D, garmdy) |2. (0.5)
f R

Yacrora nepexomoB P cBaszaHa ¢ HabmoopgaeMum cedenneM do/dQdE, TOCKOJBKY
CedeHME pPaccesHAsA, YaCTOTA MEPeXofioB U MNalalomui HOTOK HEeATPOHOB, j =
=(p/M,) | $p 2 = (1/V) (p/M,), yI[OBJIeTBopHIOT paBeHCTBY 2)

—_P__ _ PVadp’
]deE dRdE == deE g WAE =G =
__ PVp'?dp'dQ _ PVMn,p' dE dQ
=TT @mRE T (@2nhp (0.6)

Ecmm 3ajano HauaabHOe cocrosgmde i (m Bce KOHEUHEIe cOCTOSIRHA f, JOMyCKae-
MEIE 33aKOHOM COXPaHeHUsd DHePTHAW, KOTOPHHA yumthiBaerca B (0.9) mamuumem
8-pyurmum), To w3 popmya (0.5) m (0.6) caenyer

d N
BT =% T Si(a, v), (0.7)
rme
Sl.(q, (,)):-}/-26(&;__&_}_(0) , eiq.r(R)(Dj) 2. (08)
f
Jlas Boamesenma S; npeacTasuM O-QpyHKIUIO B BHUie
8 (0) = S It giot (0.9)

H OTMETHM, uTO HXI0Goil olepaTop A yHOBIETBOPSET PAaBEHCTBY
¢ Em BN (D AD)) = (D4, A (t) D)),

rne
A (1) = etHth do—iHI/n,

1) CM., manpumep, Kuury Ilapka [1]. AHaiu3 HaHHHX, 0O HEHTPOHHOMY DAacCesHMIO B 3HA-
9uTeNBHON CTeHOHH OCHOBHIBAETCA HA MCHONH30BAHMAM HE3MEro HOPSAAKA TEODHH BO3MYIIEHMH,
T. e. 60pEOBCKOTO HpHbAMKennA. Yaens Goxee BEICOKOTO HMOPAJKA OPUBOJAT K TAK HABKHBAGMEIM
HOHpaBKaM 34 CUET MHO20KPAMHROZ0 PacCearui.

2) MH BOCHOJB30BATHACH TeM (AKTOM, 9TO 2JieMeHT ofneMa dp’ comep:kut Vdp'/(2n#)® meir-
TPOHHBIX COCTOAHMI ¢ HAHHHIM COMHEOM. ([{OKAa3aTeJNBCTBO HTOTO YTBEPKAEHMA HPOBOJUTCA TOTHO
TAK jKe, KAK M B CIydYae dIAEKTPOHOB; CM. Ii. 2.)
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Kpome Toro, masn moboit mapu onmepatopoR A m B uMeeT MecTo cOOTHOINEHME

Z (Di, AD;) (D, BD;) = (D;, ABD;). (0.10)
Orcioma

Si(q, 0)= 5 et Z e=iaR-RY (@;, exp [ig-u(R')] exp[—iq-u (R, )] Dy).
R (0.11)

B ofmem caydae KpACTala HAXOMUTCH B TOPMOINUHAMAYECKOM PABHOBECHM, MOBTOMY
MH JOJUREER YCPERHUTH CeUeHNWe PacCesHUs, 0TBeUalomee NaHHOMY i, IO MaKCBeJa—
GoNBUMAHOBCKOMY pachpefelieHWI0 PABHOBECHHX COCTOAHH#A. JTO 03HAYaeT, 4TO
BMECTO BeJHYUHH S; HeoOXOAMMO B3sATH TeMIepaTypHoe cpegHee, T. €.

S{q, m):—_-j%— 2 e—i‘HR*R')S—%eim (explig-u(R)]exp[—iq-u (R, t))),|] (0.12)

R, R’
rie
—E;/hgT
Be VB (D, ADy) '
(4)= Z o EilkgT (0.13)
B pesyaprate monydaem
d " Na?
dQ(;E :PT = S(q, o). (0.14)

Beamumea S (q, ), HaswBaemana OUHAMUNECKUM CMPpYKMYpHoM GAEMOpoM:
Kpucmaang, BOJIHOCTHI0 OIPERENHeTICA TONBKO CBOMCTBAMH CAMOT0 KPHCTAJNIA H
HAKaK He CBf3aHA cO CBoHcTBamE meitTpoHos !). KpoMe Toro, B mosyueHHOH HaMu
dopmyne (0.14) coBceM He mcmoabayeTcs rapMoHmYeckoe npubamwenue. CiefoBa-
TeJAbHO, OHA IMEET COBepIIeHHo o0muit xapaKTep, W ee MOKHO NpEMeHHTH (ecad coot-
BETCTBYIOMMAM 00pasoM H3MEHUTH O0OSHAYEHM) fAajkKe JJA ONUCAHHA PacCCeAHHA
HeATPOHOB B JRANKOCTAX. UTOOH BHIEAUTH XAPAKTEPHEE OCOGEHHOCTH PaCCeAHHSA
HeHTPOHOB B MOHHOH pelieTKe, BOCHOAb3YEMCs Teleph rapMOHHYECKHEM NPUGIUKe-
HueM. '

B rapmonmgecKoM Kpucraiie WoJ0KeHMe KayXJ0T0 WMOHA B MOMeHT BpeMeHHU
npeAcTaBaAeT cofof JamHeHHYH (GYHKOIWI KOODPAMHAT W UMIYJbCOB BCeX HOHOB
opu ¢t = 0. OgEako MOMHO MOKazaTh 2), uro eca 4 u B — oHepaTopH, JUHeHHbE
oo u (R) =z P (R) B rapMoAWYeckoM KpHcTaiie, TO

(eAeB) — el/2¢A%+2AB+B?) (0_15)
ITOT pesynbTAT MOKHO HENOCPEJCTBEHHO MCUOJNb30BaTh B BHipamenmu (0.12):
(exp [iq-u (R")]exp[—iq-u (R, ?)]) =
1 ’ 1
=exp (— 5 (q-u R)D)—5 (a-u (R, O+ (a-u (R)] [g-u(R, ))). (0.16)
Y) 8§ (q, ©) mpexcraBusger coGoii mpocro Qypre-o6pas Koppeaanmommoil Pymxnum THOA

INIOTHOCTE — ILIOTHOCTD.
2) BecpMa KOMOAKTHOE [OKAa3aTeJbCTBO JAHO B pabore [2].
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JTO BHIpasKeHHe eme Gojee YUpOINAeTCHA, ©CAH Y9ecThb, 9TO IPOM3BEeHUA oIlepa -
TOPOB 3aBUCAT TOJBKO OT OTHOCUTEJBHBIX KOOPAUHAT W BPEMEH:

(lq-u (RY]2)y=(q-u (R, t)]2) ={[{q-u (0)]?) = 2W, (0.17)
(Ig-u (R)][q-u (R, t)) =(q-u (0)][q-u (R—R', )]},

n, CclejoBaTeJnuo,

S(q, ) =2 [ feior S e-iRexp((q-u (O)][g-u (R, ). (0.18)
R

Bripaskenue (0.18) apaserca mounwm caenctsuem dopmyansr (0.12) gaa S (q, o)
VI8 TApMOHMYECKOTO KPUCTAJLIA.

B ra. 24 Mu raaccudmmupoBasdm paccesHme HEETPOHOB B COOTBETCTBHM € GHC-
a0M (OHOHOB 7, UBIYYeHHHWX W (UAU) HOTIHONMEHHHIX HefiTponoMm. Ecau pasmossuts
HKCIOHCHTY, BXOJAMYI0 B DONBIHTETpAlbHOE BHpakeHUe B Popmyae maa S,

oo

exp((q-u(0)][q-u (R, )= D

m=0

—-(lg-u (0 [q-u (R, )", (0.19)
T0 MOKHO TI0OKa3aTh, 4TO m-# 9YjJeH B 9TOM PAa3JIOMKEHEHH B TOYNOCTH OHUCHIBAET
BRI m-)OHOHHHEIX IpPOIECCOB B NONHOEe ceueHme paccesums, Mo orpammuumcs
3fecs paccMoTpenmeM wieHOB ¢ m = 0 u m = | ¥ DoKaskeM, 4TO OHM HPUBONAT
K TOH ’Re caMoH CTPYKType, KoTopas OBLUIa TOJy9eHa HaMu B Tu. 24 mpu MeHee
CTPOTOM PaccMOTpeHnE 0eCOHOHHHX B O0JHOPOHOHHBIX IPOIECCOB.

1. Becghoronnniit 6iaao (m = 0). Eciu 3amMmeRuTs equHNNEd KpadHIOO IPaByio
sKcnoHeHTY B BEpaskenun (0.18), o cymma no R BhuuciseTca ¢ moMompbio Hopmy-
asr (M.12), a unTerpas mo Bpemenm cBomutes, Kak u B (0.9), ® §-dyuritun. Tornma
OecpoHOHEEIH BKjJag B S (¢, «) 3an@mieTcs OPOCTO B BHE

So(d, @) =e 2o (w) N ?.;_ Oq, - (0.20)

Haaugue 8-¢pymErnuu orewaer ynpyromy pacceanuo. MHTerpupys mo Komed-

HBEIM BHEPTUAM, HAXOIUM

o= | B g — e (Va) D) b x (0.21)

dQ dQdE 1, K =

K

Touno rtakoe sKe BBIpaykeHHE TOKHO HOJYYaThCA OPH Op3IrOBCKOM OTPAYKEHUH
He#ITPOHOB, OCKOJBRY pacCedHUe YOPYyroe W HepelaHHBl MMOyJIbC PABEH BEKTOPY
o0paTHOW pemeTHKH, YMHOKEHHOMY Ha 7. DpasrroBckoe paccesHMe HpeACTABIAET
co00H KOTepeHTHHI Npomecc. JTO HAXONHT CBOEe OTPAJKEHHE B TOM, YTO CEICHME
paccesHUus MPOHOPINOHAILHO CEUeHUIO PACCeSHAN a® IJA OTAENBHOTO IeHTPA, YMHO~
merHOoMY Ha V2, a He npocto Ha N. CiegoBaTenHo, amnaumyds paccesans (B oTan-
que 0T Ce9eHMIT) 0Ka3HBAOTCA afiUTUBHEIMHA. Bausamde TennoBHX Koge0aHUA MOHOB
OTHOCUTEeNbHO PABHOBECHEX MOJIOMKEHMIT IOMHOCTBIO YINTHBAECTCA MEOMKUTEIEM ¢ 2W
XOTOPHII HaseBaercsa garTopoM Jebas — Banmepa. IlockoapRy cpegHHE KBagpat
cMemeHni moHa m3 Hoxokenus pasHoBecda {([u (0)]%) pacrer ¢ Temmeparypoii, ME
BHOUM, 9TO TELIOBhle Koje(GaHWA MOHOB, YMEHBINAs WHTEHCUBHOCTH GPIITOBCKEAX
NUKOB, HE YCTPAHAKT WX NOJHOCTHIO ') (KAK ollacajmch HepBble MCCIE[OBATESH
paccesHMA PEHTTeHOBCKUX JIydei).

1) Aro ABAAETCA YKA3aHHEM HA CYIIECTBOBAHIE JAJbHEIO NOPAAKA B PEAIBLHOM KpMCTAJJIe.
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2. Oonogporonnnii 6xaad (m = 1). Jlna seauciaeHna srxana B do/dQdE,
obycuoBxerroro uneHom ¢ m = 1 B (0.19), Hy:XKHO HaliTH BeamumEy

(lq-u (0)} [q-u (R, B)]. (0.22)
JdTo merKo cpenars, mcmonsaya dopmyny (M.14) u caegyromue pasemcTBa !):
ks (1) = axge "Mt gl (1) = af &,
(@ sreg) =15 (K) S ery  (@hstthrsr) =0, (0.23)
(aksai’s’> = [1 +n (k)] 6kk’Gss’v (Agslyr ) = 0.

Orciona HAXOOUM

Sy (4, @) =e=2W 2 W(fs@‘ (-85 (a)1? ([1+ ns (a)]8 [0 + 0, (a)] +

+n,(q)8[o—ws(q)]). (0.24)

ITopcrasasa aTo Bepaskenue B (0.14), monygaeM ogHOGOHOHHOE CeyeHHe pacCesHHA

= Ne W L g2 3o (e, (@ (1 . (0] 8 [0+ o0, (@)] +

+ns(q) 60— @, (q)]). (0.25)

OTMeTHM, YTO 9TO CeueHme AEHCTBUTENHHO OTIAUYHO OT HYJIA TOJIBKO B TOM Ciydae,
eciid yIOBIETBOPAIOTCA 3aKOHK coxpanenusa (24.9) wam (24.10) mas ogHOoOHOHHEIX
IIPOIECCOB; CJEeIOBATENbHO, B3aBUCHMOCTL d0/dQdE oT sHeprum mMeeT BHX PALa
PesKux feabTao0pasHHX NMKOB, OTBEYAIOIMX pPa3peHIeHHHM KOHEYHHIM 3HAUYCHHAM
SHEPTHHA HEUTPOHOB.

Taraa cTpyKTypa I03BOJsET BHOEJIATH OXHOPOHOHHLIE MPOIECCH CPefd BCeX
OCTaNbHHX WIEHOB B MHOTOPOHOHHOM pAa3jOKEHMM S WM B CEYeHUU PACCeAHHA,
OOCKONBKY MOJKHO ITOKAa3aTh, 9TO BCe WIEHH, KPoMe OnHOPOHOHHHX, IPefCTABIAIOT
€060if OTHOCHTeIHHO MEJIEHHO MEBAIOMUECH YHKINN KOHEYHOR 9HePIUE HeATPOHOB.
OTMeTM, 9TO WHTEHCHBHOCTH OFHOPOHOHHHX TUKOB MOAYJIHPYETCA TeM ke (HaKTO-
pom [eGas — Bannepa, KoTOPHIE yMeHbIIAeT WHTEHCUBHOCTH OP3ITOBCKEX HHIKOB.
OrMeTHM TaK:Ke Hanumume MHOKEUTENA [(-€, (q)]%?, KoTopwii mO3BoAAET WOJYIUTH
AHPOPMANMI0 0 BEKTOpax HOAApU3anud (OHOHOB. U HaKoHem, MHOKHTENH, 3aBU-
cAMEe OT TeMmepaTypsl, ng (q) 1 1 + n, (q) 06ycioBiIeHN COOTBETCTBEHHO IpOIec-
CaMH, B KOTODHX MCHOYCKAIOTCA MM NOTJOMATCHA (POROHL. ITH MHOKATE A, TANNAYI-
HEIE [ IPOIECCOB, OTBEYAIOMMAX MCIYCKAHWIO MM IOTJIOMEHHI0 (03e-0HHEMTeAROB-
CKHX JacTHI[, YKa3HBAaT Ha To (IpefCTaBiAIIEecs NOBOJBHO PAsyMHEM) 0GcToA-
TeJIBCTBO, YTO IPH 04eHb HU3KUX TEMIEPATYPax HPONEccH ¢ mCHycKaHmeM $OHOHOB
ROJUKHH OHTH NOMUHWPYIOMUME (KOrJa OHU [OYCHAIOTCSA 3aKOHAME COXPaHeHHs).

PACCMOTPEHUE PACCEAHWS PEHTTEHOBCRUX JIYYEN

Ecam He mpumHUMATh BO BHEMaHWe MHOEUTeNh (p'/p)a®, XapakTepHHH 1as
AWHAMUKY HeWTPOHOB, TO BHIpKEHHe IJIA Ce4eHHSA HEYIPYI'OI'0 PAcCeAHHA PeHTre-
HOBCKHX Jyu4eil HMeeT B TOYHOCTH TaKoil ke Bup, Kak 1 (0,14). Onnaxo o6r4HO pas-
pemieEre OKAa3BBAETCS HENOCTATOYHKRIM HJIsA TOTO, YTOGH BRAEJUTHb Maijkie (0o cpas-
HEHHWI0 € pHEprueil pEHTreHOBCKMUX Jiydeil) u3MeHEHHA »HEPruu, UPOUCXONAIMIAe

1y Bpgech Tak e. Kak u B dopmyae (23.10), n, (q) — Gose-siiHmTeiiHOBCKAA GYHKINA pac-
upenenenus Aas GOHOHOB s-II MOJE ¢ BOJHORHIM BEKTODOM U 3ueprueil Ao (q).
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npn OJ.IHO(X)OHOHHBIX npomeccax; (i)a}cmqecxn HO9TOMY NPHXOHHTCA HHTErpupOBaTH
CeJeHNe pacCeAHHA No BCeM KOHEYHBIM 3HePruAM:

3—8 - V doS(q, ©) ~ "2V Y e~ Rexp((q-u(0)][q-u(R)]).  (0.26)
R

9TOT pesyabTaT JEerKo CBA3aTh C NPOBEAeHHHM Hamm B Ii. 6 paccmorpeEmeM pac-
CesIHNA PEHTIEHOBCKHAX Jyde#l, KOTOpOe OCHOBHBAJIOCH HA CTATHIECKON MONENH KPH-
CTaJIAYeCKod pemeTKH. B rua. 6 MH Iokasaam, 910 paccesHHe DPEHTTeHOBCREX
Ayueit B MoHOATOMHOH pemerTke LpaBs onpepenseTca MHOMKHTEIEM

| S etanf (0.27)

Qopmyna (0.26) asaserca ofoblmeHmeM 5TOr0 pe3ynsTaTa Ha cIy4Yai, Korga HOHH
MOT'YT CMemaThcAd M3 CBOWX IOJOKEHHH PaBHOBeCHA, B peayiabTaTe uero R same-
Haerca Ha R -+ u (R) m Heob6Xommmo paccMaTpHBaTh jjTeMuepaTypHEE CpenHme
00 HWOHHHM RoEPurypammaM.}

Ecau pasaosurs (0.26) B psag no 9ucay $OHOHOB, TO WHTErPAJH L0 GACTOTAM
B OT[AEJBbHBIX WIEHAX 3TOT0 pAja OyayT TaKUMHE ’Ke, KAaK B MHOI'OOHOHHOM pasio-
JKOHHU [ HeHTPoHOB. DecdoROHHHE WIeHH B NaHHOM CIyd4ae OLOMCHBAIOT GP3rroB-
GKHe NHKEW, WHTeHCHBHOCTH KOTOPHX yMeHbIIeHA 3a cuer pakrtopa [lebas — Bax-
agepa (B HameM pPacCMOTPeHHE B Ii. § MBI He Kacajuch BoIpoca o6 MHTeHCHBHOCTH
GparroBckmx nmKoB). ONHOQOHOHHEIA WiIeH HPMBOAMT K CEYEHHIO PACCEAHHs, MPO-
TOPIHOHAJNHHOMY BeJIUINHE

i 11
[ d0S (@, 0) =" 3 ol (q-e, (@) oth 7 Bhoy (@) (0.28)

Ifle ¢ — H3MeHeHNe BOJHOBOIO BEKTOPA [AJA pPEHTreHOBeKuX aydehi. [lockombry
W3MeHeHHe pHeprAd $OTOHA MCYe3aI0Me MaJI0, ( IOJHOCTHIO OHpeleJAeTcsa sHepraei
HagaloliuX PeHITeHOBCKUX Jyded m HampaBiaeHHeM Halaopenusa. Brnapu s (0.28),
00yCca0BIeHEEE PABINYHHME BeTBAMA (OHOHHOIO CHEKTPA, MOKHO PA3NeaNTh, IIPO-
TeJIaB KCHEPHUMEHT HPU PASIAYHEX 3HAYCHUAX (], OTIIMYAIOMAXCA Ha BEKTODH 06paT-
BHoll pemerku. OgHAKO OCHOBHaj mpofiieMa 3aKIIOYAETCA B TOM, 4TOOH OTIUIATH
Biurag B (0.28) onHOPOHOHABIX IIPOIECCOB B MOJAHOE CEYCHHE PACCESHHA 0T BRIANOB,
CBABAHHHEX ¢ MHOTO(POHOHHKMHA WIEHAMH, HOCKOJbKY XapaKTepHafd CTPYKTypa OXHO-
(OHOHHEIX WIEHOB O0GYCIOBIEHA TOJHKO 0COOEHHOCTAMHI HX sHEPreTHYeCKOW 3aBU-
CHMOCTH, KOTOPHE TepATCA OPU WHTETPUPOBAHUMA I0 ». Ha nparTtuke He ocraercs
HAYero Jyumero, Kax HOMBITATHCA ONEHATH MEOTO(OHOHHKHA BRJIAJ ¢ IOMOIMIBIO 06IIero
cootnomernna (0.26). [Ipyrodl cmoco6 3aka0gaeTcss B TOM, 9T0 W3MEPEHHUSH MPOH3-
BOZATCA IPH CTOJNb HA3KAX TEMIEPAaTypax W CTOAb MaJHX TepeflauaX HMIYJXbCa ¢,
970 pasaosxenne (0.19) cranoBaTes GHCTPO cxogamuMcs. Ecan 6B kpucTamasl 6bum
CTPOTO KIACCHYECKUMHE, 9TO BCETIA MOKEO OBLI0 OB OCYMIECTBHTh, HOCKOJIBKY OTKJIIO-
HeHHA HOHOB OT PAaBHOBECHHX IOJOKEHHN NOCTeleHHO, ofpamanuck OH B HYIb
npa 7 — 0. Ogaako, K cOKaJI@HAIO, HyJleBHe K0Je0aHNA MOHOB HMEIOT MeCTO W NP’
T = 0; cuemoBaTesbHO, GHICTPOTA CXOMEMOCTH MHOTOQOHOHHOTO PAIa OrPAHHYHBA-
eTcsi CaMOM HPHPOOH KPHCTAJLIA.
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2. Mermin N. D., J. Math. Phys., 7, 1038 (1966).
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AHTAPMOHMYECEHME YJIEHbBI
N »-®OHOHHBIE ITPONECCHI

AnrapMormuecKdii wieH n-ro NOPAAKa 10 ¢MeHIeHEAM HOHOB u, corxacHo (M.14),
MOKHO BHIPA3ATh Uepe3 ONepaTopsl POIKACHUA W yHHuTOjeHHA a u af jpas Hop-
MaJIbHOA MonB KoneOaHmid. TaKoil WieH 3ammCHBAaeTCA Yepes JAHeWHEe KoMOmHATTAN
OpousBefeBAN, BKINIAIEX B ceba m oNepaToOpoB YHHYITOKEHHSA dkygyy -« - -5
e+ Gkyg, O N—M ONEPATOPOB POKNEHHA Ak, s v « - affﬂ,n 0 mLn)
Hasxgoe Taxoe mpomsBejleEme, [eHCTBYA Ha COCTOAHME, XapaKTepU3yeMoe oIpe-
mexeHHEM HaGopoM (OHOHHHKX 9YUCEJ BAL0JHEHHA, HPHBORHAT K HOABIEHHIO COCTOA-
HUS, B KOTOPOM BCE Nk, OCTAIOTCA UPEKHUMU, C TeM TOJNHKO HCKIIOYeHAEM, 9TO IpHA
ks = k;8;, . . ., k;;Sp, OHEH yMeHbmalTeA Ha egmBUny, a nphd ks = Kp ySmuq, - - -,
.. ., k,s, yBeamumparoTcA Ha egdHHANY. LaKmM ofpasoM, aHrapMOHWYECKHAH WieH
n-ro HOPsARKA WMeeT HeWCuye3alompe MAaTPUIHBIE DBJIEMEHTH TOJABKO MEKAY €0CTOA-
HASAMHA, B KOTOPHX POBHO N 9HCEJ 3aNOJMHEHAA OKA3HBAIOTCA PA3NIAYHEIME 1).

1) V mopamasomero GOJbIIHHCTBA CIATAEMHX B PA3JIOMEHUH JIOO0TO AHrapMOHMYECKOIO
giieHa Bee K;s; 6yAyT pasimumEIMM, eclOu TOJBKO MH HE HMeeM JeJO ¢ KPHCTAJIOM MUKPOCKOIX-
YeCKM MaJIHX pasmepoB. UiieHnl, B KOTODHX 9YHCJIa 3alOJHEHUs sl NaHHOI HOPMAIBHOH MOIN
U3MeHAIOTCA Ha JBa U Gosee, BHOCAT B clydac GOIBUIOrO KPICTaina npenebpeskuMO MaJbH BRIAM.



P
BBEIUNC/IEHUE ¢g-®AKTOPA JIAHJIE

YMHEOREM CRaApPHO 06 gacT paBeHcTBa (31.34) Ha Berrop (JLSJ; | J\| JLSJT,)
B BO3bMeM cyMMy oo J; mph ¢mKcuposamHoM J. TIoCKOABKY MATPHYHHE DIeMEeHTH
omepaTopa J MKy COCTOSHUAME C OTIAYAOMEMECA 3HadeHEAMA J oOpamaoTcs
B HyJb, MBH MOMeM HOPOCYMMHUDOBATH IO BCEM COCTOAHHAM, OTBEUAIMAM (PHKCH-
posamueM L u S, koropwie obpasyior (2L -+ 1) (2§ + 1)-MepHOe mpocTpaBCTBO.
OTMeTHB 3TO, MOKHO HCHOJbL30BATH COOTHOMEHWE IOJHOTH

S| JLSID(JILST| =1, (P.1)
JJz

9TOGH 3aMEHATh CYMMBE DpOW3BefeHMi MaTPU4HHX DIEMEHTOB Ha MAaTpHUYHEE
BIIGMEHTH OWePaTOpPa IPOU3BE/IeHN

(JLST, | (L4 20S)-J | JLSJ ) =g (JLS)(JLSJ, | J2| JLSJ ;) (P.2)
Tenepb 3aMeTIM NIPOCTO, 9T0 OHNepaTOpPHEE PaBeHCTBA
St=(d—L)2=J24-L2—2L .4,
L2=(J—S)?=J2 4 S2—2S.J,

J2 J(J +1)
(JLSJ, | {LZ} | JLSJ,)= {L (L+1)} (P.3)
S2 S(S +1)

MO3BONAT BHIMCANTh MaTpuaasie siemenTs B (P.2). Ilpu sToM HoayuaeM paBeBCTEO

gLS)J (J+1)=(JLST, | (L+d) | JLST )+ go(JLST, [ (S+J) | JLST )=
= U +D)+L(L+1)—S(S+ 1)+
+G T+ +S(S+1)—=L(L+1)), (P.4)

KOTOpoe »KBHBAJEHTHO HIpHBefeHHOH# B Tekcre dopmyue (31.37).



BAJKHENMINE TABJINIBI

Huxe nmpusepen cmucor Hamfosee BajskKHBIX TalJuI, COJEpKANIAX SKCHOEPH-
MeHTaJbHHE JaHHbe 1) u TeopeTudecKue pe3ynbTarsl. UTOGE TOMOTHL YHTATENIO B OTH-
CKaHWMA HYKHO# eMy TaGJauIEl, MH Pa3geauNd UX HA HECKONBKO GONLINMX IPYIM.
TeoperuuecKkne pe3ynbTaTsl COTEPIKATCA JUMEL B TaGANIAX, NEPEYUCHCHHEX B pas-
Helie ¢ CCOTBETCTRYIOIIMM HA3BaHWEM; JAHHBIE g MATHUTHHX U CBEPXIPOBOIAMEX
MeTaJI0B HaxonAaTca He B paspeiae (Merannsly, a B pasnenax «Maruerusmy u «CBepx-
npoBoAmMOCTEY. Tounble sHavenus ¢yHOAMEHTAJbHBIX IOCTOAHHEIX IPUBeAeHb
Ha (opaame B KoHme KHuru u B T. 1 Ha erp. 371.

Teopemuueckue pesyavmanivl

HexyOnueckue kpmcrannorpadudeckue todednsie rpynme T. 1, cip. 130

Hy6udueckme EKpucramiorpadudeckue rogesnsie rpynos T. 1, crp. 129

CpaBHeHUe CBOHCTB 30MMep(elbIOBCKAX M GIOXOBCKHUX 3J6KTpoHOB T. 1, cTp. 217

CpapHenne o0mIETO OLUCAHUA CTOJKHOBEHUH ¢ UX ONMCAHMEM B TPUOIILKEHUH Bpe-
MeHH pexakcamu# T. 1, crp. 318

Pemetounsie cymmbr o0patHHIX n-X CTeOeHel A KyOmYecKHX pelleTOK bpasa

T. 2, cTp. 31

Hocrosrare Mageayura pnas HEKOTOPHX RyGHYeCKHX KDPUCTAJIIWYECKAX CTPYK-

Typ T. 2, cTp. 36

Yucna He3aBUCHMBIX YOPYTUX NOCTOAHHHEX IJIA CEMH KPICTAUTAYECKHX CHCTEM T. 2,

crp. 74

3Hauenna pnebaeBcKOH yneapHOH TemioeMkocTH T. 2, cTp. 88

CpapueEme ¢goHOHOB m ¢oToHOB T. 2, cTp. 94

CpaBHeEHne rasza MOJieKya u rasa ¢oHOHOB T. 2, crp. 134

XapaKTepHHE MJIWHH B p — n-mepexome T. 2, crp. 226

OcHOBHEIE COCTOSHMs] MOHOB ¢ YaCTH4YHO 3aloJHEHHEMEH d- WIH f-000jg09KaMu

T. 2, c1p. 267

CpaBHeHHe KPUTHYECKOH TeMIlepaTyphl, HaileHHOR B HpUONMKEHUM MOJEKYIAp-
HOTO WOJSA, ¢ TOYHHM 3HAYEHUEM JJis HECKOJbKHX Mofenel VisuHra T. 2, ctp. 334

TnaBEHe uncieHHHe (OpPMyIB Teopum cBOGOXHBIX sieKkTpoHOR T. 1, cTp. 371

K pucmaanauueckas cmpyrmypa

JneMeHTH € TpaHEeleHTpUPOBAHHOH KyOmdueckedr crpykrypoit T. 1, eTp. 82
JneMeHTH € 00HeMHOIEHTPHPOBAHHON KyOugecKoli crpykrypoir T. 1, crp. 82
JNeMeHTH ¢ TPHUTOHaNbHOM (poMGosApuuecKoit) cTpykTypoir T. 1, crp. 135
JieMeHTH € TeTParoHAaJbLEOH crpykTypodl T. 1, erp. 135

»

1) Jlaunsle B Tabaunax JOJKHBEL JIUIDH TOMOYE YUTATENI0 COCTABUTH MpE/ICTaBIeHNe O TOPAS-
KaX BeJWYME I COOTHOINEHHAX MEKAY BeJMdmHaMM. I103TOMYy OOHYHO MEL OTpaHUIMBAEMCA yKasa-
H¥eM 9UCIeHHRX 3HAYeHUN ¢ TOYHOCTHIO 10 OFHOU-IBYX 3HATAMMX IUEP U HE CTPEMUMCA IPHBECTH
Bau(oJiee TOYHHEe 3HAYeHuA. Untareiu, JisA KOTOPHX TOYHOCTH JAHHHX HMeeT NPUBIUNNAILHOE
3HaUeHMe, NOJYKHK o0pamarsca HeNocPefCTBEHHO K IMNTHPOBAHHEIM MCTOYHHKAM.
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JJlleMEeHTH ¢ TeKCArOHaJbHOM IJIOTHOYDaKOBAaHHOE cTpyKTypo#r T. 1, crp. 89
JJIeMEHTH €O CTPYKTypoii aamasa t. 1, crp 88

HeroToprie xmmMmueckme coefHHEHHS €O CTPYKTYpPO# Xiopupa Hatpusa T. 1, eTp. 92
HeroTopse xmMmgecKkrme coefmHEHHsS €O CTPYKTYpoid xsopupa mesms T. 1, ctp. 92
HeROTopmg3 XUMHYEeCKAe COeNHHEHHA CO CTPYKTYpoH I[@HKOBOH OOMAHKH
1. 1, cTp.

Memaaan

ITnorHOCTH CBOGOTHEIX 9IEKTPOHOB W OTHOmeRUe r'Ja, T. 1, crp. 20
YnexpHOe 2JeKTpPocompoTHBIEHMEe T. 1, c1p. 24

Tunmynsle BpeMeHa pexakcanmm T. 1, crp. 25

TenmonpoBogrocts T. 1, cTp. 36

JHepTUA, TeMIepaTypa, BOJHOBHE BeKTOpH ® ckopoctm Depmm . 1, cTp. 51
Mopynu BcecTopommero c;xatma T. 1, cTp. 53
Humsroremneparypras ypeapHas Tteruioemrocts T. 1, ctp. 62
PaGora Brixoma . 1, crp. 364

¥Yopyrae nocrosEnbe T. 2. ¢rp. 79

Temmeparypa [ebas T. 2, crp. 88

Hospdunmenr smmeiiboro pacmmpenmsa t. 2, crp. 123

Husaekmpuru u noaynposoonuru

Honmve pagmycs JiA ImeaouHO-TAXOWIHLIX coeguHeHmH 1. 2, crp. 17

Uonunie paguycel mas coeguueHuii tmma ApByr 1. 2, ctp. 18

HocrosaEe pemeTKH s HEKOTOPHX coefmHeHw# Tmma ABv T. 2, crp. 19

CpaBHeHHE PAfinyCOB METAJIMYECKAX HMOHOB C PACCTOAHAAMY MEKAY OamKafmuMn
cocelAME B Meraxie T. 2, c¢Tp. 23

Horesmounass sHepras IMexoIHO-TaJIOMAHEIX KDPHCTALXOB T. 2, crp. 36

Mogayae BCecTOPOHHEIo C/HATHA NIEIOYHO-TAJOEZHHX KpHCTAWLIOB 1. 2, cTp. 38

Temueparypa [le6ana HeKOTODHX HEJIOYHO-TANOHMAHHX KPHCTALIOB T. 2, cTp. 87

MapameTp I'pronaiizena m KoodPAUEHT TAHEHHOTO PACHIAPEHUS HEKOTOPHX MEI0Y-
HO-TANOHAHHX KpHcTamios T. 2, crp. 122

AToMHAs WIOAAPHU3YEMOCTh aTOMOB WHEPTHHX Ta30B W WOHOB MEJAOYHBIX METAJIIOB

p rajorenos T. 2, ctp. 168

CratugecKas W ONTHYECKAS NMSIOKTPAYECKAs NPOHEANAEMOCTH W 4ACTOTH IoUeped-
HEX ONTHYECKAX (OHOHOB [JIf IHEJI0YHO-TAJOEAHHX KpHECTaIoB T. 2, crp. 176

IlapameTpsr morennuaia JlemHappma-/[3oHca nas WHEPTHEIX raszoB 1. 2, crp. 29

HocronrAan pemeTkn, KOTe3HOHHAs SHEPrAA W MOAYJIb BCECTOPOHHETO CHRATHA
TBePIHX HHEPTHHX raszoB T. 2, crp. 32

IMapamerp ge Bypa mias mHepTHHX rasoB T. 2, crp. 42

Yupyrue nmocrosingee T. 2, ¢Tp. 79

Temmeparypa He6Gas 1. 2, ctp. 87, 88

CratHuecKas NE3JIEKTPAYECKAss OPOHENAE6MOCTh KOBAJICHTHHX H KOBaJeHTHO-HOH-
HHX KpPHCTaJixoB T. 2, cTp. 177

CerHerosaeKTpUIecKre KpHECTaxaw T. 2, crp. 180

IMupura sampemeHHOH 30HH HOJYOPOBOAHAKOB T. 2, cTp. 188

[IpumecHbie ypoBHE B KpeMHAHN m repMaHmm T. 2, crp. 203
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Maenemusm

Moaspuan BOCHpUUMIMBOCTL aTOMOB MHEPTHHIX I'a30B W MOHOB B INEJ0IHO-TAJIONI-
HHX coejmHenusax T. 2, crp. 264

SHaueHNA JQPPEKTUBHOrO YUCIa MarHeTOHOB Bopa [aa peaKo3eMEeIbHHX HOHOB
T. 2, ctp. 273

3HaueHua BPPeKTUBHOTO uMCIA MarHeToHoB Bopa st MOHOB TPYHOBL jKejesa
T. 2, crp. 274

Bocupuuvaumsocrs Ilayam memodnsix Mmerammos T. 2, crp. 279

JlokanbHEIe MOMEHTH arTOMOB I MaNoJeIMpPOBAHHHEIX cmmasax 1. 2, crp. 301
Hpatadeckaa rtemaeparypa u HaMArHWIEHHOCTb HACHIIEHHA (epPOMArHeTHKOB
t. 2, crp. 311

Hpurrgeckas remMmepaTypa # HAMArHHYeHHOCTH HACHIMIEHNA ¢epPUMATHETHKOB
T. 2, crp. 311

Kpuruueckas Ttemmeparypa anTudeppoMmarsetukoB T. 2, crp. 311

Ceepanposodumocms

CBepXIIPoBONANIME BIEMEHTH T. 2, c1p. 344

Hpurngeckas temieparypa M KpHTIHYecKoe [OJE [IA CBEPXIPOBONAMUX 3JIEMEHTOB
T. 2, ctp. 343

Hlmpura sHepreTWYecKoil Imenu [aA HEKOTOPHX CBEPXOPOBONANIUX DJIEMEHTOB
T. 2, crp. 359

CKa40K TemI0eMKOCTH JUIA PAAA CBepXUPOBOMAIMUX BdieMeHToB T. 2, crp. 361



HPEJMETHBIN

Apnabatudeckoe NpuOIMIKEeHME
aganuTHdeckoe obocmoBamme II 155 (c)
B Merannmax II 139

A;maﬁazmqecxoe pasmaramuuBagne 11 275—
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Arycrudeckre mopm II 64—66
u omrmdeckme moper [1 64, 65
¥ moamatoMuble Gasucw II 66.

Cx. marxce KomeGamnsn pemerku; QOOHOHH

Axnenrtopusie mpumeca IT 199. Cx. manwce

p — r-nepexop; ITonynposoguauru; [1pu-
MecH B HOJIYHPOBONHHKAX
Amopdrmue TBepnme Tema 1 74
aHOMAJIbHHE TenJioBHe cBoiictBa II 133 (c)
magparnua penrreHoBckux aydei I 104 (c)
AnrapMormaeckue wienw 11 50, 115—137
u Bropo# 3Byk II 133—135
u MArkge moxm II 181
u napamerp I'promaiisena 11 136
u mponeccH nepebpoca I1 129—132
un pacceasue ¢omonoB II 124—126
M DPEe30HAHCHAA JMEUS, COOTBETCTBYIOWAN
ocrarogHEM Jydam II 176
cOXpaHeHHe KBasmmMmyJsibca II 126
Telfgglzoe pacmupenue 11 147—120, 122,
¥ TelJIOeMKOCTHL IPU BEICOKMX TeMIepaTypax
I1, 57, 82, 83
TeIIonpoBogHOCTs II 123—133
TepMOZMEaAMKYeckne cBoiictBa II 117--120
yupyrue nocrosauakie IT 416
n-Qouomnsie npomeccw 11 387
MApPMEA OFHOPOHOHHEIX MaKcumymoB 11
104—106
KyOmdecKne WieHH M 3aKOHH coxpaneHus 11
147, 136, 137

— — u HecTaOHMIBHOCTS,
nvu, 11, 117, 136

— - W mepexofH, mpoucxopamue Giraropa-
pa mm, 1T 125, 126

Ammom II 12

ApoMaasuuil ckup-2¢dexr I 278

ApTHmom meHTpa oKpackum 1I 242

AnpTucpsaseBaomue cocrosHuA II 293 (c)

AHTHCTOKCOBAa KoMmoHenTa II 209

= o
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0bycioBiiennasn

1) Pumckumn 1ugpamMu 00603HAYEH HOMEP
TOMa, apaGcKUMu — HOMep CTDAHHIN, GYKBa
(c) pAxOM ¢ HOMepPOM CTPAaHMI(H O3HAYAET, YTO
COOTBeTCTBYIONINIl TEePMUH IpHMBEJeH B CHOC-
xe.—ITpum. nepes.
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Antudeppomaruernsm 1I 286, 309—311
BocmpuumumBocTh II, 315, 332 (c)
B mofesiu leitsembepra II 317, 318
B mofesn XaG6apma II 300
oanoMepHAsA nernouka (pemenne Bere) IT 318
csobogumx saerTpomoB II 299 (c¢)
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Aromunie maockoctu [ 99—103
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Atomuniit gopm-parxTop I 116

Basuc II 87
LasonenTpupoBaEHass pomGuyecKas pelieTRa
Bpass I1 125
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¥ cBoGosinbe DIeKTpoHH 1 216
Ha nosepxHOcTAX I 366—370
op6utel B MaramtHOM THoye I 232—237
— — — — kKBamropamme I 271273
— — — — mepuog 1 236
OTCYTCTBME CTOJKHOBeHHIl cO craTlidecKol
pemerronl I 218, 11 47
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s-tuma u p-tuna I 165
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232
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Bparrosckue miockoctu 1 107, 108
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B merajurax 1 197
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B moaymnpoBopEmkax II 185
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u GyHIAMEHTAJbHHE TPYJHOCTH B MOJeJNHn
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cragma I[ 80.
Cm. mawyxe AHrapMOHHYecKme Lienkl; Ho-
aebamnsa penierkn; DOHOHE!
lekcaromanpHas KpHcTAJLIWIecKas cHcrema [

126, 127
TI'ekcaronanbHasd IJIOTHOYIAKOBAHHAS CTPYK-
Typa I 8691

X rpaHEleHTPUPOBAHHASA KRybHueckas pelret-
Ka bpass I 90
M TAOTHasA ynakoBka cgep I 90
¥ mo4TH c¢BOGOAHbIE BJIERTpoEn I 173—175,
299, 300
orgomenne c/a I 89, 90
couE-0p6uTaNbHOe B3aMMOjeiicTBHe B Hell
I 175, 299
CcTpYKTYpHHE® ¢akrop I 117, 118
MEeMEeATH ¢ 3TON cTpyKTypoii 1 89.
Cx. marxe Ilpocras rekcaroHallbHAs pe-
meTKa bBpass
TCenuit TBepsIit
JapiaeHne Kpucrajmsauwn (mpu 7 = 0) II
28 (c)
7 rapmonudecxoe npubGmxenme I1 53
U HPeJHONOKeHre O MAJOH aMIJNNATyRe Koje-
b6amumit 11 115, 117
u ppaccesHme HeidTpoHOB (B Hed) 11 97
X TeopHsa KBaHTOBHX KpuctaixoB II 51 (c)
Teauxommr 1 41, 42
Tenepanusa mocureneit Toka 11 223. Cxu. makace
o IToxynpoBonEUKHI
TeoMmeTpudeckuii CTPYRTYpPHHE (akTop cx.
Crpyrrypru# dakrop
TuGpupusanusa I 185
Tucrepesuc (MarmuTeEG) IT 335
Tny6una nporukroBenus II 353. Cm. marwxce
CBepXmpoOBOMMOCTE; ¥ paBHeHKMe JIoH-
JIOHOB
«Tonmey mommr II 142

[TpemverHNi yKasaTeab

I'pamenenTpupoBaEHaA KyOudecKasd pemeTKa

Bpaes I 81, 82

308K bpmnamiossa Beime mepsoit I 169

p-30HEI B MeTOfle CHIbHOU cBsazm I 193

$-30HK B MeTofe cUJIbHOU cBasu [ 186—188

M TeKCATOHAJbHAA NIOTHOYNAKOBAHHASA CTPY-
krypa I 90, 91

M IUIOTHAA ymaxoBka cdep I 91

KOOpAMHAIMOHHEOEe dmcao [ 83

OCHOBHHe BeKTopn [ 81

OCHOBHBIE BeKTOpH 00paTHOi pemeTkn I 97,
98

nepsaf 30Ha bpuimosma I 99

— — — 00603HaYeHHA TOYEK BHICOKOH CHM-
merpun I 188

moBepxuOCTs PepmMH B HpubimKeHUU CBO-
GomEEIX aJexTpoHoB I 171, 172

penterka, oOparmass K meit I 97

penierounnie cymmm 11 30, 31

CBA3h ¢ NEHTPHPOBAHHOI TeTparoHAJAbLHOH
pemerkoit I 124

YHOaKOBOIHEN MHOuTesdb [ 94

YPOBHH cBOOOTHEIX BIEKTPOHOB B Heil I 167

ycaopHast sAdeitka 1 85

3JIeMEeHTH C 370l pewertkoir I 82

sdelika Burmepa -— 3eiitza I 86

T'parenenTpUpOBaHHEAS DOMOHMYecKad pemerKa

I 125

Tpamnna sepem II 253
I'pamuna kpygenumst II 255
T'paununnie ycinosmsa I 46
Bopra — Hapmama (mepuopmuccrme)
6M0XOBCKUX »AeKTPouoB I 142
— — B MeTofe cudbHOH cBasum I 183 (c)
— — paaa JauHeitgo# memoukr II 59
— — [3a cBOOOJHKIX 3JIeKTPOHOB I 46
— — gaas couwaoBHX Boma II 319 (c)
A ra’a cBOGONHMIX 3JeKTpPoHOB 1 46
Ha moBepxmoctsix I 368
I'pynna cx. IIpocrparcTBeHEHEe Tpynmnbi; To-
4qeUHHE [PYIUbl

it

HansaoneiicTByomee B3auMOeicTBIE
u roxebamusa pemerkn II 68 (c), 76
— — — B nOHHHIX Kpucrasiax II 170—173
— — — B meraumax IT 139
u padora Bexona I 354
u pemetodHkie cymmst 1T 34—37.
Cxm. marxe HynosoBckmii moreHmHMan
IeoitrukoBanune IT 250 (c), 254
I Boitroit cioit ma mosepxmocT 1 357, 358
JBosronpenomigomue Kpuerajans I 390
JByxBanenTHEe MeTaJasl I 298 —300
I eyxmugroctran mMofeds 11 351
Ilebaesckaa Temmeparypa (0p)
IS HEKOTODPHX 3jeMeHToB II 88
3aBUCHMOCTH OT Temmeparypw 1I 87, 88
IMeJ0IHO-TaJoNHNX Kpucrayuos 11 87
Jebaescraa wacrora wp IT 86
— — cpaBuernue ¢ smeprueit Pepmu II 155
le6aesckmit BonmoBoit Bekrop (kp) II 85, 86
— — — cooTHOMEHUE ¢ epMUEBCKUM BOJ-
HoBeM BekTOpoM II 86 (c)



IIpeaMeTHEIZ yKa3aTelb

He-Bpoiina gmmma sosmpw I 47
— — — YHCJeHHAf CBA3L C DHEPTHell aeK-
TpoEOB 1 365
Hexabra-cnmBoii HKpomexepa 1 96
Hedertnr B kpucranmax II 233—252
rparunst 3epen, II 255
nBymepubie II 233, 254, 255
mederThl ymakopku II 254
mucyorkamuu 1I 247255
X OPOBOZMMOCTE MOHHHX Kpucrajos 11 238,
239
w upomecc Hamarmvdmsammsa II 335
u TeHTpH oKpackm II 239—243
KaK paccemBaiomue ueHtpsl 1 218, 314
MarauTHHe npumecu 11 302—304
omamr II 238
cmeumranasie, Ppersrens u Morrkr II 256
TePMOIMHAMMKA JMHEHHHIX W JBYMEpPHHIX
negexros II 237, 238
TepMOIZHAMHUKA TOYedHHX AedertoB (DpeH-
kena, WMorrka wnau cmemamrnx) II
234—238, 256
TOdeuHEle, nMEeHHWe u ABymepmmie II 233
Openrena II 237
WMot I1I 234
Cxn. marsxce Imcaoranun; LeBTpul oxpacku
HJedopmanuonroe yupounerme II 253
Hedopvanuonrnii asoitaur II 254
Hxoymepo memmo I 41, 254 (c)
JnaMargeTu3M
atomHHE (aapmoposckuit) II 263—268
— B HOHHHX Kpxcrajamax II 264
— B TBepAnlx WEePTHHX razax 11 264
— CpaBHEHHE ¢ MAarHeTH3MOM OJIeKTPOHOB
nposoqumocTa B Merammax II 284
IlapaMaTHeTU3MOM, OIIMCHIBA@MEIM
saxosoM Hiopu II 284.
B JeTHpOBaHALIX HONyNpoBogEMKax II 282
m[:%aﬂbnmﬁ (apdexr Meitcaepa) 11 342, 345,
3
Jlaggay II 280
Cn. marwe Bocopuumunsocts; ddpdert ne
T'aaza — Bam Axasdera
Jdnaavuxa permmeTku cu. Romxefamusa pelieTHA
JAurammnaeckad marpuma I[I 67
A KPHCTAaNa ¢ T. 1. K. pemeTkoit [T 77—78
cummerpus 1T 66, 67
Jumramugeckni cTpyxrypmerii gaxrop II 383
— — — B TaPMOHUYECKOM IpUOIMIKeHAN
II 383—385
Hunonsroe MaraurTHoe B3auwmogeicreme 11 288
# obMeHHOe (KYJOHOBCKOE) B3amMopeiicTBHe
I 287, 288, 295
u obpasopamine jgomedAoB 11 333—336
pasvaramauBafomuit paxrop II 337

— —c

JAunonsasrii MOMeHT (3JIeKTpUUeCcKuii) cH.
TupoanerTpuaeckue Kpucradner; Ilo-
aapusyemocTp; CerHeTo3JeKTPHIeCTBO

Hucmoranuu 11 233, 247—255
pexkTop bioprepca II 250—252
purTOBRIe 11 249, 250
B o0memM caydae 11 250—252
u rpapuis 3epem II 2355
u npoitaukoBagme 11 254
u gebextm ymawosrm II 254, 255
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u gedopmanmonnoe ynpozmenme 11 253
M OPOYHOCTh KpHcTaiioB II 252, 253
1 pocr Kpmeramaos II 253, 254
u croabxerme II 249, 250
KpaeBme II 249
rabmoenne II 254
mwirornocers 11 249
yopyraa smeprus II 258.
Cx. mawxce [JedeKTH B KpucTaldax.
Hducnepcuonras kpuBas 11 61
I JrEenpoi nemouky ¢ Gasucom 11 63—65
s MOHOATOMHON JMHEMHON MHEelnoYKH cO
B3auMOJieicTBIEM MEKAY OJmKalimuMm
cocegamu II 60—62
— — — — CO B3AHMOJEHCTBHEM MEXKIY m
Gnwranmmmn cocegamu 11 76
JJIs TpeXMEePHOK MOHOATOMHOH perreTku bpa-
B3 I 69
1A TpexMepHOil pertetku ¢ Gasucom II 71.
Cn. maxrxe KoneGamus pemerku; DOHOHH
HAucnepcuonnsie coormomenus (Kpamepca —
Kpomnra) 1 392
Dudparnusa penrremoperux yydeil I 105—109,
IT 385, 386
aToMuui Qopm-paxTop I 116
Oporrosckne Makcmmymur I 105
Gparroscroe orpakenme I 109
BIuARMe KomebGamuit pemerku II 49, 386
supdysaeiit gor I 104 (c)
u ponornand cmekrp II 108
KaK paccesmue gactury 11 100, 386
Komnronosckuit ¢gor II 108
MeroJ Bpamatmerocsa Kpucradna 1 110, 111
merton Jlays I 110, 111
MeXH(HI/ISM moITH ynpyroro paccesmnsa 1 106
¢)
OOpOIIKOBEIT MeTon (merox [deGas — Illep-
pepa) I 111
mocTpoerne IJsaanga I 109
CTPYKTypHELT dgakrop I 113—116
yciosue Bparra I 105
daxrop [deGas — Baumepa II 114, 386
dopmyauposra Bpasrra [ 105, 106
popmynnpoka Jlays 1 106—108
9KBHBAJGHTHOCTh (OpPMyIupoBok Bparra u
Jlays I 108, 109
Anpparnua amexrpomoB [ 364—366
Juddysuonnaa oGmacts (B p — n-Iepexone)
IT 225—229
Ouddysnonnne pmumsr 11 224, 225
Onddysnonnsii ok II 221
JM3ieRTpuKHU, oTaudue oT Metauaos 1 72, 226,
227, 11 184
— — or mnoaympoBogEnkoB II 185
JmameKkTpudeckas TpPOHMIAEMOCTH
u KoatpduuuenT orpasxenusa I 392
mOHHBKIX Kpucranmos 11 172—174
¥ onrtmaeckme moxaer I 172, 173
u DOWasaTelir mpejomuerud IT 457
u mposoguMocth I 390—392
KBaHTOBOMeXaHMdecKasa ¢opma 1 393
KoBanenTHHX KpmcTajuos II 177
merasma 1 33, II 141 —144
noxyopoeopaukos 11 200, 201
Opu BricOKMX dactoTax II 170
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Huosnerrpudeckas UpoOHNNIAEMOCTH
cerseTosjaekTpukos II 181
cooTromenne Haaysuyca — Moccorru 11 166
coornomenne Jlugpana — Cakxca — Teue-
pa 11 171, 172
IMeJO9YHO-TaOuAHNX Kpucramiop II 176
anexTpomnoro raza 1 338—343
— — mo Hpyme I 33
— — mo Jluepxapay 1 342, 343
— — no Tomacy — Pepmu I 341.
Cxu. makxce IlodsapusyemocTb
JiinHa KOrepeHTHOCTH B cBepXmpoBogHnkax II
352 (c)
— -— ¥ pasmep KymepoBcKoi mapu II 356
Huuna paccessuma 11 381
Jamra cvo6opsoro mpofera B mertalimax I 24
— — — BHpaKeHHasd depe3 yJeJbHOE CO-
npormBaernue I 65. Cx. marace Bpems
peJakcanuu
Homenn 1 333—336
O6noxoBcrag pmomenmmas crtemka II 334, 335
gunonvEaa smeprusa II 333—335
speprua apmsorponmu II 335, 336
Hdonoprse npumecn 11 199. Cu. makae p — n-
nepexon; IIpumecn B IOAYNPOBOJHAKAX;
ITonynposopaukn
JLOTLIICPOBCRMI  CIBUT
soan 11 112
I peiigoBass ckOpocTh BO B3aMMHO IepOeHINKY-
JSIPHBIX  BAEKTPUYCCKOM M MATHUTHOM
monax I 236
Hpeiidopmii Tox II 221
— unen 1 319
Hderpra I 228—232
U TIPOBOJMMOCTH HOJYmpOBOmEuKOB II 185
U cTaTHYecKas NOpoBOIMMOCTE 1 252
¥ TepmMo-3. A.c¢c. I 259
u apert Xoana I 239—240
adpperTuBHAs Mmacca I 232.
Cm. makae llodryraaccHdeckas MOpedb;
llomynposogauky
Huipouras moeepxsocts 1 171
— — B amomuunn 1 302
— — B ceurme I 304
JEepognsie opbuter 1 233
— — B OnaropopmHX Metamax I 291

YacTOTBL pacCeaAHHBEIX

Ennenna ebas (mns numoabroro momenta) 11
183

HRupruit He® u rpunnersoe conapusanne 11 356

3apmaga mEorux Tea 1 331
3axom bBmoxa 7T3/2 II 322
— — 7% II 152
3akon Bupemama — ®panma 1 35, 36
B KJIaccuieckod Teopum I 38
B OOJNYKJIAcCcHIGCKOM mopeam I 256, 257
B TeOPHH CBOGOJHHX 2JeKTpoHOB I 66

[IpemmerHnit yKasaTenn

HeOPUMEHUMOCTE B CJiydae HEyHPYTOTO pac-
ceanna 1 323
caydaiinnit ycuex I 38, 66
Cxn. makae TenmonpoBOgHOCTH METAJIOB;
Uncno Jloperna
3akoH I'pomnajizena cx. 3axou bioxa 7%
3axon Jlebana II 85. Cxm. makace TennoemMrocTh.
(pemerounas)
3aKoH jelicTBylomnx macc 11 197
Sakor Jlomonra u ITtm II 54—58
u Katactpopa FPoues — Jlmmmca 1I 94
KBaHTOBHEe IONPABKU HPH BHCOKHX TeMIe-
parypax II 82, 95
Hapywenue 11 57, 58.
Cm. marawe TennoeMKocTh pelleTOYHASA
3akxoH n3ayuenua Ilaamxa II 95
3axorn Kwopm II 270-—272, 284, 325
Jast ¢BOOOJHBIX MOHOB II TBepAWX Tex 11
272—275
u ogderTnBHOC THCIO Marmetonos Lopa I1
272, 273
noupaskn k mHemy II 323—326.
Cxn. marme BocupuumuuBOCTbH
3axon Kiopu — Beiicca I 326 (c), 332
3akom Oma I 22, 23
3aKoH DaBHOpacupefelenus smeprum 1 24
3axon Crepasa — Boabumama II 95
Sakou ®nkra II 221 (c)
3aron Dypre I 36
SaKoHH coXxpamenus u upubiuxenne BpeMeHN
peanakcanum I 326, 327
3amopasruBague opOuTanbHOro Momenta 11 273
3anpemennas 30Ha 1 148
B auayiekTpurax II 184
B opHOMepHOM caydae I 155
B moaymposopgankax 11 485
— — wusmepenne II 188—190
— — remneparypnas szasucumocth 1I 189,
180

Ha OparroBckux miockocrsx I 167, 168
3apsag 3urertm II 173
3apsAj 2AeKTPOHa, coryamenne o suake 1 18 (¢)
3aTyxaHue yIbTpa3BYKa B CBePXHPOBOJHUKAX
II 350, 351
— — u nosepxnocts ®epmu II 275—277
SepRanpHasa njockocts 1 131
3eprannuoe orpaskenne I 105 (c)
3epKaJibHO-1I0BOPOTHAsA OCh I 129
3BYK
B KiaccndeckoMm rase II 133—135
B metayiax 1I 4138—141
— — gzaryxamue u unosepxmocrs Depmu I
275—277
— — m cBepxuposoanmocTs 11 350—351
Bropoir 1I 133—135
T MeXaHHMKa cmiomnoil cpeant 1T 140 (c)
KaK [JIMHHOBONHOBHII mpepaesl KoageGanmit
pemerku 11 69
coornomenne Boma — CraBepa pmnA CKOpO-
cru 3ByKa B Mmertasnax II 141.
Cx. marxe Teopnsa ynpyroctu
3ora cu. 3oma bpuanwsna; 3oma J[MmoBca;
Cxema mnosropsiomuxcs 3o0m; Cxema
npuBeileHERX 30H; CXema pacIiMpeHHBIX
30H
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3ona Bpuanrwsma mepsaz I 98, 99
sl TPaHeNeHTPUPOBaHHOH u OOBEMHONEH-
TpupoBaHHO# pemerok I 99
u cxeMa npusegeHHHIX 30H [ 149
3oma Jlsxonca I 175
Jona mpoBOgUMOCTH B MeTadadax I 226
— — B mnoaynopoBogHukax [I 184
3ommasn crpykrypa 1 147
serancaenne [ 195—214
MeTO[ OPTOTOHANN30BAHHKX IJIOCKUX BOJH
(OIIB) T 209—211
— IpHcoeJUHeHANX mrockux BojaH (ITIIB)
1 204—207
-— mcespomorenimama I 211—213. Cau.
maxrxce Ilpubmwxenne modrn cBoGOI~
HBIX BJEKTPOHOB
— cunpHOll cpsasu I 186—188, 193, 194
— — — B HeKOTOpHIX Merammax I 283—

312

— — — — — IOXYOPOBOJHHKAX 1T
190—193

— — — B ogHOMepHOM caywae I 152—
155

— ¢ynenmiz [puma (KKP) I 207—-209
— sageek I 199—204
¥ pasnamume MeIy OUaIeKTpHEAME H Me-
raanamMu [ 226
u ¢eppomarmeruav 11 299 (c)
IMeJ0THO-TAMONIHEIX Kpuceramaos II 14
30HH
samojaEennne I 224—227
cpaBHEHIE ¢ ATOMHHME YpoBuaMuU I 186, 187
9JacTHYHO 3amojaHeHHEe 1 226
3ousl Bpunawosma sstime mepsoit [ 169—172,
177—179
IU1sI TPAHEGHTPUPOBAHHOA U 00BEMHONEHT-
PUpPOBAaHHOH Ky§umuecKux pemerork I
169, 170
KaK sjJeMeHTapHHe gueiiku 1 169
KBajfipataHoit peuretkn I 169—178
d-soun 1 185, 288, 289
p-3oun I 185, 193, 1%
s-sounl I 185, 186—188

Wsanydenne weprnoro tema II 94, 95
«306paskenne 3apAgay um pafora Buxoga I
359 (c)
U3oronrmueckmii adderr IT 353 (c)
Nmuyasc @epyvu 1 49
Nasepcuonnas ocb I 129
nmsepcusa ormocurensuo rtodku I 120, 131
Numekcar Mumaepa T 101, 102
— — B KyOuueckux Kpucrammzax 1 101
Muepruste rasst tBepmasie II 21, 22, 28—33
AMaMaTHWTHAA BOcIHpumwm4uBocTh [I 264
gyaeseie Kojebammsa wuomoB I1 31, 32
mapamerp je Bypa IT 42, 43
mapameTpul Jlemmapma-/[»xomca II 29
monsipusyemoctb II 168
temroemrocts II 56,
Cam. mawxe eauit Teepanil; MoaekyaspHbie
RpHUCTAJLIEL

Unrerpax s4ambepca I 248 (c)
Harerpaael nepexpurasa [ 184 (c)
— — u mupuHa 30HK I 188, 189
Nudpaxpacuoe IOrIOMEHNe B CBEPXIPOBOIHI-
xax II 350
— — U pe30HAMCHASl JUHHS, OTBEIAIOMAS
ocrarounuiM aydam II 476
WNoH-uoHHOE B3AUMMOMENCTBUE «TOJ0€» U «OJe-
roe» II 139
Wonnan maasMeHHass 9acToTa B Meraiaax Il

Hornasa nposogumocts II 238 —239
WUonnas cBsasp 11 14, 20
UNonnne xpucraiaam [I 9—11
AByyy  (meaoumo-ramonpmeie) 11 1215
AByr 1T 17—19
A v (IpOMEKYTOIHEIC MKy HOHHAMYU
u KoBanegtHeiMu) 11 19, 20
KoresuonHas sHeprua II 33—39
Koa(puunenT orpaskenus II 175
Mopeldb aedopMupyeMsix momoB II 54, 169,
172

omruaeckne Momer II 170—176
ourudecKkue cpoitctBa II 173—176
ocraTounsie aydum II 176

noctrogHHasg Mapmenyura II 35, 36
nposogumocts 11 238, 239

cpaaggﬂne ¢ KOBAJIGHTHHIMU Kpucrtaamamu 11

YCTOUUBOCTD KPHUCTAJINIECKOH CTPYKTYPEL

Cx. marwce Wownsie paguycel; I|eHTpe OK-
packu; [leaouno-ranounusie coeAUHEHAA
Monnne ocroBu II 5 (¢). Cx. marxce Orranku-
BaHOEe MEKAY CepANeBUHAMYU ATOMOB
HIR HOHOB; JAGKTPOHK ATOMHOLO OCTOBA
MNounwe paguycn I 15
B coepuEeHnsx Tuma AyByp IT 15—19

IJIS THeJT09HO -TATOUTHAX coequaenuii 11 15—
17

CpaBHEHUE C JIOJIQOBUHOII paccTosgmms Me:RILY
dammaioimyu aroMaMi B Metaaaax 11 23
Womnmit muxpockon I 366, 367

«RapMaHE» DIEKTPOHHBEI® W/MAM ARpoumbie I

Karacrpoda Poamen — [mumca II 94
Katuom II 12
HBagpynonsuoe B3auMogiicTBIE B KPUCTAILIAX
¢ HU3ROH cummerpueit I 355 (c)
KBasuaMnyise
u BeKTOpHusId motemmuaxn I 385
u umiayasc 1 146, 222, 11 99, 100, 375, 376
U MeK30HHEE Tepexoanr I 294
¥ ONTHYECKHAE CBOHCTBA MONYIIPOBOJHUKOB
IT 189, 190
u mponmeccs uepedpoca 11 130
Kaaccu9ecKas TOUKA 3DeHNA HA 3aKOH cOXpa-
meamsa 1T 111 —113
obmasn reopus II 375—380
omeparop II 378
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KBasuuMiryasc
cOXpaHeHMe IpM pacceAHMH HelTpoHOB 11
99, 100, 379, 380
— — ¢onou-¢oHoHHOM paccesruk 11 126,

378, 379
—— -— 2WIeKTPOH-OHOHHOM pacceanuy I
150, 380

anextTponOB I 146
Cx. marsce llponecch mepebpoca
HBasuxumudeckuit motennman II 232
Kpaswgactunh (kBasmaneKTporb) I 348, 349
HBamtr marmmrgoro motoka II 348 (c), 364
HBansroBaHume opbur 1 271-—273
HpanToBsie kpucramas II 47 (c), 51 (c)
HBaHTOBHEe d(¢eKTH B TBeDJAHX HHEPTHHIX
rasax cx. Hynesne Konebamus
KRunmerrdeckas Teopusa Ta30B B MPUMEHEHMM K
meTasiam 1 18—42 \
————— K ¢omomam II 127, 128,
133—135
KRaaccugeckuii mpemen 1 64—65
Kosaneurnass cBssp II 11, 21, 177
B metamiax II 22
noxApuayemocts 11 177
KHopanenrmee kpucramawm 11 7—9, 21
JudJieKTpUYecKas mpoHumaemocts II 177
noasapusyemocts II 177
pacupefiesienue 2JeKTPOHHOTO 3apsafa II 8
c HOJI%’HPOBOHHHKOBHMIII cBolicrBamu 11 188,
189
CPaBHeHNe ¢ WOHHKRIMU Kpucraaxamu II 20
Hosanentane papmychk II 19 (c)
Horesuonnas ameprua II 26—44
B MOHHEIX Kpucraaaax II 33—39
B TBEePAKX MHEPTHBHIX raszax II 32
Koresus
B KoBaNeHTHHX Kpucraaamax II 39, 40
B MeTAaJJaX, OMNCHBASMEX MOJEJBLIO ¢BOGOJ-
BEHX 3deKTpoHoB 11 40—44
B TBepABIX MHeDPTHHX rasax II 28—33
Konebanus penieTku
amnadarugeckoe upubGamxenue 11 53—54
aKyctnueckas Berss II 64—65, 70, 71
Bsanmoixeﬁcmne usayqdenus ¢ gumn 11 97—
11
B MOHHMX Kpmcrammax II 157, 170, 173
B meragaax II 138--156
- — TMOAPOOHO BaUHCAHHKH 3aKOH JHUC-
mepcun 11 155
— — coornomenusi Boma — CraBepa IT 141
B OQHOMEPHO} MOHOATOMHOM peiterke Bpass
IT 58—62, 76
B OfHOMepPHOH pemerxe ¢ Gasucom II 62—
66, 76, 77
BOJIHOBH¢ TIaKeTsl, II 124
B CJIyd4ae TPeXMEePHOM MOHOATOMHOI penreTkn
Bpass 1 66—70
B CJIydae TPeXMepHOIl pemeTkHd ¢ Hasucom I
70, 71, 77, 78
rapMoungeckoe npubawxeane 11 50—53
NajdbHONelicTByomee p3aumopeiicteme 11 62
(c), 68 (c), 76
nefaeBcras mofenb cuekrpa I 85—89, 92—
94

Iupamuieckas marpmpna 11 68

8aBMCHUMOCTL 9acTOT OT o6Bema II 118—121

¥ aarapmornieckue agdextn 11 50, 145—137

u pudpaknus pentreHoBcKux aywein I 104
(c), 385—386

H JUDNEKTPUYECKAS HPOHUIAEMOCTH METal-
aoB, II 141—144

¥ OmepaToph POMACHHA U YHHITOKEHAS
HopManbHBIX Mop Il 372

" paci%e;Hne amextponos I 218, 315, IT 149—

Teopua ympyroctu 1 71—76

TensioBoe pacmupenre II 118—122

TenaoemMKoctTs I1I 54—58, 81—91

renionpoBofgocts 11 123—133

TepMoO-3. I. ¢. 1 259

cBepxupoBogumocTh 11 354

u aneié'zpoconpOTHBneHne 1 315, IT 48, 149—
1

SEEENER

KBasummnyasc 11 111—113, 375—380

kBanroBaa teopus II 79, 80, 371—374

Kaaccuueckas Tteopusa II 50—78

KpaTKHi# 0030p OCHOBHEIX (H3UYECKHAX
cuencremii I1 46—49

ompejiesieHHe CHEKTPA € MOMOINLIO PacCceAnns
melitpopos 11 97—107, 385

————— PeHTTeHOBCKMX Jydeit

————— ceera 11 108—113
onrudeckas setBb II 64, 65, 70, 71
ocobennoctu Bam XoBa II 92, 93
ocoGennoctu Koma II 141
MIOTHOCTh HOPMAadbHEX Mof II 92—-94
II0THOCTE Temynosoll sHepruu II 81
noaspusanus 1I 68—70, 77, 372, 374
SHHINTEHHOBCKaA Mojelb emekrpa 1I 89—
91, 93
Cm. maksce AHrapmMoHudeckue umeHsl; I'ap-
MOHWIecKoe mpuOnmwrenne; Moneas He-
6as; Mopensr Jitmmreitna; Ilomsipmaa-
nuA; QoroHK
KomnencupoBasniie metanab 1 240
xoagdunuent Xoxmna I 241, 243, 244
marEetoconporuBmenne I 240, 243
Komnonertn pedopmanum 11 74
KoumnromoBckoe paccesmme I1 108
Honraxrsaa pasmocTh moTemAuasos I 359—
361, 369
— — — MeTOJ| N3MePeHuA, TIPeJIOKeHHAR ]
Keasenaom 1 361.
Cxm. maxae Pabora BHXOHA
Konraktaoe (jepmueBckoe, CBePXTOHKOE) B3a-
umogeiicreue II 281 (c)
KHounenrpagusa Hocurededl B NOAYIPOBOXHH-
rax IT 194—199, 203—209
B HOPABHOBECHOM p— n-mepexofie 1T 218, 227
B HecobcTBeHHOM monymposonuuke II 198,
199
B PABHOBeCHOM p — n-mepexopme 11 217
B coGerBemnom moaynposonmure 1T 192, 193
TeHepauvs mpu TemaosoM Bo3Oymaenmu II
222
KoOpavHATHaA 3aBHcuMOcTh II 229
meocHoBHEX II 215 (¢), 219, 226 (c)
Kooppumanuonnoe uamcao I 83
Koppeasanuonnas ammma II 329 (c)
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Koppeasiumornas apeprusa 1 336. Cx. maxce
OJIeKTPOH-3JIeKTPOHHOE B3aHMMOjelicTBHE
Kocpenunit obmen I1 296—297
— — u pegrosemeabube Metasasl 11 301 (c)
Kospuutusras cuna II 335—336
Koogdunuent pemonapusamuu II 164 (c)
Koagdunguent auddysuu II 221
Koadounuent orpaykemusi u JeHcTBUTeJbHAA
AudAeKTpATeCKas mpoHmiaemMocTs 11 175
— — U KOMILIeKCHA A JUaJieKTpHIecKas IMpo-
wunaemocts 1 392
Koapdumuenr [leaptse I 259
Hoadounuenr npoxosxyerus (IpH IPOXOXKJe~
Huu 4depes Haprep) I 153
Hoadduguenr Xomma 1 28
B [BYX30HHOI mopeam I 243
B CWJIBHHIX MOJAX, MOJAYISHHEH B MOJyKIAac-
cudecKo mopmeam I 239
sgak I 28, 29
KBaHTgBI:Ie ocnmnsiquy B cunbEOM moue 1
265
dopmyna Lpyme I 29
Kpaepas gucaoxanusa I1 249. Cx. maxace Juc-
JIOKAL MK
KpamepcoBckoe Bripoxpenme 11 275
Kpucraanudeckas crpyKTypa
anmasa I 86—
Oemoro omosa I 135
pypuura IT 18
TeKcaroHaJpHAA WAOTHOyHaKoBammasg I 88—

ompefieieHNe ¢ IIOMOMIBIO paccesHuss HOHTPO-
mos II 100
— — — — penrrenoBckux ayweit I 104
neposckura II 181
xaopupa Hatpua 1 91 ,92
xJjopuna nesus 1 92
nuuKoBOH ob6mamku I 88, 93
Hpucraanmaeckue cucremm 1 121—128
reKkcaromgaabHasg 1 126, 127
uepapxus I 128
KaK TOYeUHHE Ipynns peiterkn bpasa I 121,
123, 127, 128
roaugecTBO I 121, 122, 127
Kybugeckag I 123
MOHOKJuHHAA I 125, 126
pomOuaeckaa I 124, 125
rerparoHanbHan 1 123, 124
tpuroHagbHad 1 126
TpukanaEas I 126
Kpucranaorpaduaeckue TO9eIHBI® TPYNIEL I
121, 127—132
roxugectso I 130
Ky6uueckme 1 129
MeKIyHApOTHEEe oboamagemus I 127—132
mexybugeckue I 130
o6osmauemusi IMemdaumca I 129—132
omepamun cummerpun I 128—131
COOTHOMEHNE ¢ KPUCTANINICCKUMHE CHCTeMA-
mu 1 127, 128.
Cxn. marxe Hpucraanudeckue cHCTEMEH
Kpucraaaw, npoumocts IT 252, 253
— pocr II 252254
Hpmrudgeckaa Temmeparypa MarHHTHOTO Tepe-
xoma II 309, 316

B TEOPHH MOJIEKYJISPHOTO IOJA M TOYHEIE
sHaderusa 11 331
B eppoMarHeTHKe ¥ BEJIRMIUHA JRIOJLHOTO
B3aumogetictensa 11 288 (c)
IiA aETudeppomargerukos 11 311
Iaa ¢eppumarmermkoB 11 311
paa geppomarmeruxos II 311.
Cn. maxace Autudeppomarmerusm; Mareur-
HOe ynopsapodgenue; (DeppHMATHETU3M;
(DeppoOMATHETU3M
Hpurtugeckas reMmeparypa cBepXIPOBOJAIIEro
nepexona II 342
B MarautEOM mojye II 342, 346
npefckasanuss teopun BKII IT 359.
Cxn. marxe CBepXIPOBOJUMOCTH
Hputugeckas temmeparypa CerBeTODJEKTpHIE~
ckoro mepexofa II 179—181.
Cx. maxxe CerHOTOINEKTPHIECTBO
Hpurmaeckas touxa II 316 (c), 326—329
runoresa ckeimmura [I 327—329
— —— Bupi KoppensnuopHON ¢ymskmum Il
329 (c)
— — ypaBmenue cocrosuusa II 328
KpuTHYecKHe IOKasarteau ctemeHn 11 314—
316
— — — B TEOPUH MOJEKyasApHOTO mois II
338 -
— — — pqsA asymeprO# mopeau Maunra 11

TeOpHA MoJeKyaapmoro moas II 329—333,
338

Hpuruaeckuit tox II 344
B OUIAMHAPHMIecKOii nposoaoxke II 369
adpert Cunobu I 344
R%ggnqecxoe none (H.) Il 343, 344, 346 —348,
sepxHee (H ) 11 346—348
B cBepxmpoBonuukax 1-ro poma II 346
B CBePXIpOBOgHNKaXx 2-ro pona IT 346—348
mmrgee (H ) II 346, 347
€BA3b CO CKAUKOM Temuoemkoctu 11 368
CBA3L CO CKPETON Temroroil mepexona 11 368
Cx. mawae CBepxIpoBOREMOCTh; OPdexT
Meiicuepa
Ky6uueckas KpHcrajdamdeckas cucrema I 123
o6o3madeHus TOodewHEX rpymm I 132
CBA3b ¢ TPUrOHANBHON cmcremolt I 126.
Cn. marace I'papenenrpupoBannas Kybuue-
cKas pemerka Bpass; OGbeMHONEHTPH~
poBanmas KyGudecKasi peitterka Bpass;
ITpocras KyGudeckass pemerxa bpaso
KynoHoBcKuil morenmuan
¥ nopHasA nuasma I1 139
1 KOTe3VOHHAA DHEPTHA MOHHBIX KPICTAJIOB
IT 33—37
U OTPAHUYEHUA HA KOHLUEHTPAMMI0 JeeKTOB
IT1 237
U ONTHYecKHe MOJE B MOHHHIX KpPHUCTallax
IT 170
u mopepxHoctHbe dfipextnr I 353
® pemerounnie cymmu 11 34, 35
Kak «kae#» gas teepmmix tex I1 10
nocroaaarie Magemymra II 35, 36
¢ypre-o6paz I 333, 351, 352
9KpammpoBamuHil I 341.



400

HynowoBckuit morennuan
Cn. marae J[anpHOMSHCTBYIOMEE B3aUMO-
JelicTBue; JKpaHUPOBAHHE
Hyneposckue napu II 354—356
rpyosiit pacder II 369
u Gosomnr II 355 (c)
paamep II 355 (c), 356

JIasemeu onpefenenue HOHOHHOrO cmexrpa 11
108

JlapmopoBcruii gmamarsetusM II 263—265
Jlerupopanue mnoxymposogumukos II 210
Jep 11 24
Jinpeiinaa nemouKa
nByxaromuasg 11 76, 77
u mocroanHaA I'pronaiizena II 136
monoaromMuas II 58—62
¢ Gasucom II 6266
co B3auMofeiicTBHEM MERAY m OmmRaiimnMu
cocemamu  I1 76
Jinneiinas KoMOuHAnuA ATOMHHX OpOuraieit
(JIKAO) cm. MeTox cumbHOR CBsA3H
Jluneitarre gederrnr 11 233. Cxu. marace [[edex-
TH B KpucTajuax; JuMcaoxkamuu
JlokanuzoBanusie moMmentnr 11 300—304
u Mng&wym aneKrpoconporuBiaenus 11 302—

Kpurepuit moraiamsamuu II 301 (c)
JlormoHoBCKasa raybuna npoHuKHOBeRUs 11 353

Margeroakycrugeckuit agderr 11 275—277
Marmeron Bopa II 261
appexTuBHOEe umcHO MarmeroHOB bopa II
272—274
MargeTtoconporuBienue I 28
OGraropogmerx mMeranios I 71, 292
B OByx30HHOH Momemu 1 243, 244
B KOMZ[ZHCHPOB&HHBIX meraanax [ 240, 243,
2
uOTKpHITEE opOuTH 1 240—242
Hacumerune I 240
noJyKaaccuaeckas reopus I 237—-242
mounepexnoe 1 28 (c)
npoGieMs!, CBA3AHHEIE C TeOPHel CBOGOAHKIX
amexkTpono I 71
npogonbuoe I 28 (c)
reopus [pyme I 27—31
MaruurAass aHU30TPOMUSA
I HAMPABIGHUA «JeTKOTO» U «TPYJHOTO» Ha-
varamausagus I 335 (c)
u obpaszosamme momenoB II 335
u cnuroBsie poamsr IT 322 (c), 338
U cOvEOBHIA ramMuwiabromuaH 1I 295
smeprna I 335
MarunrHas BocnpuuMInBOCTS ¢.x. Bocnpunman-
BOCTH
Maruurnoe Bsammopeiicreue II 286—307
B rase csofommsix saexrpomoB I 297299
B IBYXaierTpoHHO cmcreme 11 289—296,
304—306

peamerTHHE ykasaTelb

JUIOJABHOe cx. [MI0oAbHOe MAaTHHTHOE B3a-
UMO/eHCTBIE

u agnabatmieckoe pasmaramuusanue 11 276,

277

u 3omHasa teopus II 299 (c)

u JokaabHele MoMeHTH 11 300—304

i MPIHé(IZi/IyM anextpoconpoTusaenus 11 302—

u mopear Xab6Gapma II 300

u mpaBuno Xympa II 265

n upumHnun llayau II 289

u couH-opbuTanbmass cBasp I 288
aleKTpocTarudeckasa mpupoma II 287—290.
Cx. maksce JJUIOABbHOE MAFHUTHOE B3aHMO-

fgeiicrBue; MaTHMUTHOS YHOPSJOUSHUS;
Mopens Ieiizenbepra; CHUHOBHE Ta-
MHUJABTOHUAH

Margutnoe oxnmampenue II 276, 277
MarenraOe ymopsinouenme JI 287, 308—339

B Mmogexun [eitsembepra II 316—326

B mopeau WMaummra II 327

u paccesuune Heidtporos II 312, 313, 338

u Teopus Moaexyaspuoro moas II 329—333

U ANepHH MATHUTHHA pesomanmc II 314

Kpurmueckas Ttemmeparypa II 308

OTCYTCTBHE B O[IHO-M [BYMEDHOH H30TPON-
goii momenn [Leiizembepra II 322

nosejienpe BOMM3u Kpurmueckoir Touxm 11

326—329 rumm IT 287, 309—311.

Cxn. makace AHTH(QEppOMarTHeTH3M; Bocmpu-
HMIUBOCTh; hpuruueckas To9gka; Mar-
HUTHOe B3aumoneiictsue; Mopmean I'eii-
senbepra; Teopus MOAEKYIAPHOrO MOJA;
®eppumaraerusm; @DeppoMarHeTHIM

MargurHee THKH IPH paccessHNH HelTpoHOB 11
312, 313

Maraurasie mpuMecH B HOPMAJIhHbIX MeTaJddax
11 300—304

— — B cBepxuposonuuKax II 341 (c)

MaruurHele CBOMCTBA CBEDXIPOBONHHUKOB CM.
Hpurnaeckoe none; CBepXIPOBOIIMOCTE;
9dderr Meiicuepa

Marﬁm%me crmnasel (pas6asiennne) IT 300—
302

Margurepii MOMEHT

MOHOB Tpymnu jkemesa II 274

Kimaccuueckoe ompejgenenue II 283

moramuszoBameeit 11 300—302

penkosevenpunx umoHOB II 273

anexkTpoHos 1I 261, 262

sddexTrBHOS TuCi0 MarmeTronoB Bopa 11 272

agdexTunnil II 270

anepani IT 281

Cx. maxae BocupumManBOCTh

Marsurastit npo6oit cx. IIpoGoit MarHuTHBIM

Marmurocrpukuua I 265

Marnous! cax. CINHOBEE BOJHE

Makpockomudeckue ypaBHeHHsa MaKcBeiia B
aJeKTpocTarmyeckoM ciaydae II 158

Maxpockonuaeckoe saexrpuueckoe momae 11 158

— — — ONHOPOAHO TOAAPH30BaHHON coe-

pu IT 164, 182
MaaoyrsioBaa rpammna sepes IT 255
Maprencnruoe upeBpamenue 1 94 283
Macca »ddexTuBHAR cx. IPPeKTUBHAL Macca
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Me:xmpoysenpnnie aromer 11 233, 236. Cx max-
ae JledeKThl B KpHCTAlIax
Memjyrapoausie 0603HageHUA KPUCTAJLIOTPa~
¢ugeckux rtodeunnix rpyonm I 131, 132
Me:xsonnne mepexopn 1 221
1 JUdNIeKTpHUecKad HpoHumaemocts 1 393
u pexomOvHaNusA B Hoaynposoguurax 11 223
U dAEKTPOIpOBOJHOCTE I 254
Hempsamule I 294 (c)
mopor II 294
upsameie 1 294 (c)
YCIOBUE OTCYTCTBUSL B IOJYKJIACCHYECKOI
mopenu 1 222, 223, 387—389
Merauangeckas cBass 11 11, 20
Metanant, orangue 0T JuasekTpukos 1 72, 226,
227, 11 184
Meranas ¢ «moaTH CBOOOJHEIMYU DJIEKTPOHAMID
(«apocteer) I 157, 306, 307
Meronx Bopma — Onnenreiimepa cx. Apuaba-
TUYECKOe HPHAOTMIKEHNE
Metoy, Bpamamoomerocs xpucramaa 1 110, 111
— — — nocTpoeHme Jpaapma 1 112
Meron [ieGass — lleppepa (HOpOUIKOBEHII Me-
rop) I 141—113
— — — mocrpoenue IdBauapga I 112
Meron pudpakuuy MeJIeHHHX 3ICKTPOmOB I
364—366
Merog Heapsmma I 361, 362
Merog l{oppurru — Hona — Pocrokepa (ILIKP)
(MeTo rpuHOBCKUX pyHKOuUR) I 207 —209
— — — — CcpaBHEHNME C METOAOM Mpucoe-
JuHeHRHX mIockux soan (IIIIB) I 208
Merom Jlays 1 110
— — mocrpoenne Jpaabga I 111
MeTox OpTOrOHANM30BAHHHX ILIOCKUX BOJH
I (OIIB) 209—211
B IPMMEHeHUU K HEROTOPHRIM MeTajitam [ 283—
1 UpUOIAWKeHNe TOITH CBOGOJHLIX DIEKTPO-
mos I 211
u tceBgomorenuuaa [ 211
Metos mpucoeguneERNX naockux soau (IITIB)
I 204-—-207
Mertox mceBmomoremmuasa I 211—213
COITOCTABJIGHHE ¢ METOZOM OpTOTOHAJH30BAII-
oeX nmockux soam I 211, 212
— ¢ npubamKedueM MOITH cBOGOTHEIX 6K~
tporoB 1 211213
Meton cunpmEolM cBsasu I 180—194
aHaJorusa ¢ Teopueil xomebaumit pemerru 11
65 (c)
B pemmerKax c¢ 6asmucom I 190
soHel p-tuma 1 193, 194
3onel s-Tuma 1 186—188
un nepexom Morra 1 191
H mepexonmsie MetaJuan I 306
U mpubamsKeHne MOITH CBOGONHWX DIEKTPO-
voB I 184 (c)
HCCOCTOSITEILHOCTD 191, 309
yueT cnun-opburaabnoit cBasm I 190, 191
Metoy; Tomaca — @epmu 1 339—342
poanoBoit Bextop I 341342
JIMBJICKTpUYccKad Hpomumaemocts 1 341
u merox Jlumpgxapma I 339, 342, 343
neauneineiit 1 341
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Cum. makxe JludliekTpHdecKas NpPOHUIAE-
MOCTh; OKpPAaHUPOBAHHE
Metoy, ageek 1 199—204
— — TpyanoctH I 202
Merogn rpuHOBcKuX (yHKHni (B KBAHTOBOI
reopuu uons) I 331
¥ CBePXIpPOBOAuMOCTHL 11 342
u Teopusx ¢epmu-xupxoctu I 349
u dononsl B mMeraamax II 145 (c)
4 3KPAHAPOBAHHOe OOMEHHOEe B3aMMOJEiicT-
Bue 1 344
Mexaundeckuii
56 (c)
Muruamym anexrpoconporuBaenus 11 302—304
Mnororpanank Boponoro I 85 (c¢)
Mmporojounonnnii ¢on II 104
MBOTOQOHOHHEIC IPOHECCH U AHTAPMOHUYECKHE
guaenaw 11 387
Mopens Ampepcoma [I 302
Mopear Ieiizendepra 11 294—296
anusorpounasn II 337, 338
BEICOKOTeMIEpaTypHaAa BocupHuMIuBOCTh 11
323—326
ramuabroauas 11 296
OCHOBHO® cOCTOsHUe anTudeppomarnerura 11
317, 318, 337
— — d¢eppomargetura 11 316, 317
OTCYTCTBHe YHNOPANOYEHUs B WMBOTPOIHKEX
O/JHOMCDHOM ¥ AByMepHOM cayvanx 11 322
CHUHOBEE BOJHH B auTHdeppomarmeTure II
322
— — B deppovarmerure II 318—323
Cxm. mawxe MarHANTHOE B3AUMOAEHCTBUE;
COHHOBHIH TaMUILTOHHAH
Mopens HebGast dporonnoro cuextpa 11 85—89,

9KBHBAJICHT  TeNIOTH I1

HHTEPUONANNOHHAST QOPMYyda M5l TEIIOEM-
roctu II 86—89
napamerp I'pionaiizema 11 120
IIOTHOCTh ypoBHeili 11 92—94
cpaBHEHHe ¢ MOfeJblo Jitnmreiina 1T 89—91
Cxu. maksxce TelnIoeMROCTbL PeINETOYHAS
Mopens nedopMUPYeMHX UOHOB (B HOHHBIX
rpucrannax) Il 54 (c¢), 169, 173
Mogean Hpyme 1 17—42
HEROCTAaTKU, OOYCIOBIGHHEIE KIAcCHUYECKO
cratuctuxoii I 34, 40, 44, 70
OCHOBHBlE TpeAnonoxenust I 18—22
Moyean Maunara 11 327
-— — u $a30BHIl WEPexoj HOopsmIoK — Oec-
nopaAxok I 310 (c)
Mojtens Kpomura — flemnn I 155
Mopensr Xa66appma 11 300
— — @Oas MoJeKyast sofopoza II 305, 306
Mojean gﬁrgineﬁna st §oHOHHOTO ceKTpa 11
80—
mIOTHOCTL ypoBme# II 93
dopmyrna masa remaoemrocru 1T 90
Mogyas Bcectopommero cxkarms 1 52, 53
JUTSL HEKOTOpBIX MeTajiaoB I 53
s cBOGO/THEIX 3JeKTpomoB 1 53
JUIsT TBEPJBIX UHEPTHHIX razosB II 32, 33
[IEJIOYHO-TAJONAHELIX coeqnmeHmit 11 38
Monexyna Bosiopoga II 289—296
— — B Mmoylean Xab6Gapma II 305, 306
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Moaexyasapunie kpucramas II 9

MeKMOJeKYASApHOe B3aumojeiictBme II 21,

22, 28—30

XuMuYecKad ¢BaA3b B mHuUXx 11 28—33.

Cx. makwe IHEPTHEE Ta3H TBePInie
Monroaromuas pemerra Dpasas 1 87
MoHOKIMHHAA KpHUCTaAAMIecKass cucreMa I

125, 126
MT-norennman I 203
Myastunaer I1 267
Myastunaernocts 11 267
MyasTHnonsHOe pasmoxkenme 1 354
Msarkue mogm 11 83 (c)

— — B cerHeToajextpukax Il 181

Msarxkoe peHTreHOBCKOe U3JAyYeHHEe U H3Me-
peHve MUpPHHH 30HH I 335
— — — n npubamKeHnue He3aBUCUMBIX dJe-
KTpoHOB I 345 (c)

Harknomsas rpamuma I1 255
Hamaramgesnocts (IIOTHOCTL MATHUTHOrO MO-
merTa) II 259—260
Hamarauuesmocts maceimenua 11 318
B mapamarHeruke II 271
B ¢eppomarmetuxe II 318
Hampasnerus Kpucramiaorpadudeckue,
Buia ux o6Gosmawemus 1 102, 103
Hanpsxenne Xomma I 27
Hesupomaenunie noayupopoguuxy 11 195, Cau.
makxe [loxynpoBogHUKK
Hesaryxawmue toxm II 344
BO3MOKHOCTh paspymenus II 365 (c)
reopus II 364, 365
Cn. marxe CBepXIPOBOTUMOCTH
Heiitponn xoaopgmbie (remiosbie) 11 106
B3aumonieiicreue ¢ aaextpomamMu Il 98 (c)
COOTHOIIEHN® MeKAY dHEpTruell I HMIIYIbCOM
IT 97, 98
————— cpasuerue ¢ Qoromamu II
98
Henoxanpuse apdexrn cxu. I[Ipepmonoxenne
0 JIOKAJIbHOCTH
Heopgnopoguric monyupoBogmukn cau. Ilomy-
TNPOBOTHUKH
Heocrosrre mocmrenu IT 215 (c), 219
KOOpAMHATHAS RABUCUMOCTL KOHI@HTDAKUY
11
Toku II 228, 229
Cx. marwe p — n-mepexon; Iloaymposon-
HUKH
Henpamue ontugeckue mepexopst 1T 190
HGCI/IMMOZ(I)HBIG TIPOCTPAHCTBCHHEE TPYINEL I
13

npa-

Heco6crBennnie omepanum 1 132
HecoGcrsennste moayupoBopruxyu 11 186
— — komnenrpamus mocuregeit II 198, 199
Heynopsapogsennse cumasw I 207 (c), 310, 311
Heynpyroe paccesinue u 3akoH Buaemama —
@panma T 322, 323
Hmxuee kpurnaeckoe moxe I1 346
Homep 3omer I 145 (c), 146
— — pag modrtu cBOGOIHBIX DIEKTPOHOB [
153

Hopmansras ¢epmu-cucrema I 349
HopmasisHEEE MOAE rapMOHUIECKOT0 KPUCTAIIA
II 58
Cxu. mawxyce I'apMOHUTECKOe HpuGnKeHue;
Honebanns pemwersku; QOHOHH
Hopmaabuse mpopeccer II 129
u mpoueccH mepebpoca II 119
M TepMOJiMHEaMudIecKoe pasuosecne 11 130
Hynepbie komebanus unomoB 11 45, 47
BKJIAJ, B INIOTHOCTh TeIioBoil suepruum 11 82
U HEAJeKBATHOCTh KIACCUIECKOU TeOopiin
kosxeGanuil pewerkn II 51 (c)
u mapamerp ge Bypa IT 42, 43
nposiBieHHe B HambOJee JerKux U3 TBePIHX
usepTHHX rasos II 31, 32

Obeguennnlii caoi (06JacTh NPOCTPAHCTBEHHO-
ro sapsapa) II 241
Cm. makxce p — n-niepexox,
ObMenr MeRAY HETOKAJTHMIOBAHNLIMU JIEKTPO-
pama 11 296
Oomennas apeprusa I 333—337
— — u Koresmsa B Merasnax 11 41
O6mennoe B3aumopmeiictBue 11 294
komctantH II 296
1psMoe, KOCBEHHOE, MEKIY [eJOKAJNH30BAH-
HEIMH dAeKTpoHaMu 1 ceepxobmen 11 296
OO0mennsrit Wien B ypasuenuu Xaprpu — Doxa
I 333

B NpubINKeHHY, HCHOIb3YIONEM OTHONICK-
TPOHHHM norennmai I 336
ero skpammposanue 1 343, 344, 11 144
— -— ¥ MATHeTH3M JJCKTPOHOB IIPOBOJMMO-
cru 11 299
O6ospavenuss [Mendamca aas KpucTaiaorpa-
¢udecknx ToweyHnx rpymu I 129—131
O6parmasa pemerxka I 95—103
JUis TPAaHeHeHTPUPOBAHHON KyOmueckoil pe-
uetku Bpams I 97
A  o0'beMHONGHTPUPOBAHHONU KyOGHYecKol
pemerkn bpasa I 98
IJIs1 mpocToil KybGudeckoit pemerku Bpass I
97, 103
Ias pemeTok ¢ Gasmcom I 96 (c)
JIss poMOOafPUYEeCcKO (TPUTOHANBLHOH) pe-
merku bpass 1 103
JOKA3aTeJbCTBO TOTO, YTO OHA SIBJIACTCHA
peurerkoit BpaBa I 95
u uagekcs Munaepa I 101, 102
W peunleTKa, ob6parHas X meit I 97
ofbeM mpumuTuBHOIl sueiixn 1 98, 103
TIOCTPOeHHEe OCHOBHBIX BeKTopoB I 90
Cx. makme ATOMHBIE TIJIOCKOCTH;
Bpunniosna; Pemerkn Bpass
O6peMBOLIIEHTPUPOBAHHA L KyOIecKa A PCMETKA
Bpaes I 79--81
30mn Bpmaniosna Beime nepsoit 1 169, 170
KaK mpocTas KybuiecKas pelreTra coO CTPYK-
rypubiM ¢akropom 1 114
Koopaunanmomuoe uwmcyjgo I 83
ocHOBHEIE Bextopsr I 81
meppas 30Ha Bpummiosma I 99
peiterka, obparnaa x meit I 98

30HL
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penmieTOYHbEe CYMMDLE IIO OﬁpaTHBIM CTeneHAM

CBA3h € NEHTPUPOBAHHON Te-
TPArOHANBHOM
pemerkoit Bpass 1 124
YIaKOBOWHHRIN MHOKUTeNh I 94
yeaoBaas saeiika 1 85
XAMUIeCKNe djeMeHTsr 1 82
Adefika Burmepa — 3eiitna 1 86
O6BbeMHOIEHTPUPOBAHEAS PoMOUYECKas pemner-
xa DBpasa T 125
«Opereie» wmomsr IT 142
U JudaeKTpuIecKas MPOHHNACMOCTH MeTai-
noB I1 142—144
HOH-MOHHOe B3ammoneicreume 1T 139
Opnoanexrponusii morennuan 1 139, 195, 329,
330
BIMSHIE IOBEPXHOCTM Ha mero I 354-—357
yder ofMeHa ¢ TIOMOUILI0 ONHOIIEKTPOHHOTO
noreanuaga I 336
Cxn. maxace YpaBrenns Xaprpu; Y pasneHAs
Xaprpu — Doka
OuoBo, Gesoe u cepoe I 304 (c), IT 188
Omnepatop Tpamcaamun I 140
— — BBIpAKEHHHII YePe3 orepaTop UMITY b=
ca IT 377
OnepaTopsl POMKEHAsI U YHAYTOKCHVUS B CIY-
gae ocoumiaaropa I1 371
— — — — domonon IT 372
Omepanuu TPYyOOH CUMMETDUH [Jis PereTKH
Bpass T 120, 121
Onpenenerue GOROHHOTO CHEKTpa W3 ONUTHYe-
cknx mammerx IT 108—114
Onrnucexkue monut 1T 64, 70, 71
B nogHEIX Kpmerajanax 1Y 170—176
B Moneanx JleGaa u Jitmmreiina 1T 89
n akyctuueckme Monk I 65
H paMaHOBcKoe paccesHme IT 109
Cxn. mawsxce Wonebamma pemerknu; Pomporu
Onrnaeckue cnoiicrsa I 293, 390—393
amommanst I 302—303
6xaroponmeix mertanmos 11 295297
6pniTiopHOBeKOe pacceannme 1T 109
nornerx Kpucramaos IT 173176
n npubImKenue HE3ABNCHMBIX BIEKTPOHOB I
345 (c)
metannos I 31—34, 293-~296
moxyupoBoarmkos 1T 189, 190
pamanoBcKoe paccesawe [T 109
MeXOIHHIX MeTaIor 1 294296
Opﬁmangnmﬁ MoMeHT, 3amopaskusanme 11
27
Op6uTer OGIOXOBCKMX BJIPKTPOHOB B MATHHT-
oM moyte 1 232—237
npogrste T 233
kpamroBamme I 271273
orrkprtiie T 235
— B 6Gmaropoxmsix merammax I 291, 292
— u marmeroconmporusiacane 1 240—242
neprony I 234236
COOTHOITIEHNE MeKAY HWUMH B k- W r-mpo-
ctparctee 1 234
Cx. marxe Uomyrmaccuueckas MOMeND;
JKerpeMaxbHie OpOWTH
OcnoBeble BeKTOPH pemerku I 77
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— — — aaropmt™ mocrTpoenms I 94
OcnopHnie HOcHTenu Toka II 219
Oco6ernoctn Bam Xosa I 152, 156

B fomonnoi miaotaocTu yposmeit 1T 92, 93

B 3JeKTPoHHOII mioTHOcTH ypoBHeir I 156

— — — — B MOfieJdH TOYTH CBOGOIMHBIX

anexTtpoHnos I 176, 177
Ocobennoctn KHoma 1T 141
Ocrarounoe conporwsienme 11 302
Ocrarounsie ayuum II 176
Ocunnaannu Pynepmana — Kurrtena I 343
Ocnmnaanun @pnpeas 1 343
Ocs (mosopora) T 128, 129
Ochb ¢ B TeKkcaroHaJbHEIX cHcremMax I 88

— — B TeTpParoHaJIbHHX cHcTeMax I 124
Ormur IT 238
OTHOnteHne c¢/a AJA TEKCATOHANLHONW IJIOTHO-

YIaKOBAHHON KPHUCTALINIeCKOH C¢TpYK-
Typsr 1 89

mas p(ggeﬂm, o6paTHO K TIeKCATOHAJILHON
I

«pmeanproey I 90
Orpaxenne Gparrosckoe I 109

sepkaxsroe I 105 (c), 106 (c)

oTHOCHTENBHO Miaockocrm I 120 (c), 129

mopsagok I 106
OTraJKABaANE MEKIY CePANEeBHHAMK aTOMOB

nan nomoe 11 11, 27
B WOHHHZX Kpucrayiax IT 33
B cayuae norennuaya Jlemmapna-Imonca IT

L]

B TIONAPN3YeMOCTh NHOHHKX KpucTammop IT
168

1 pononn B merammax IT 154
moreannax bBopra — Maitepa II 39

Mapamaraetnam IT 268—275

Bam Mmxexa II 269

B JeTrmpOBamHLIX nogynposonmmkax 1T 282

saxon HKropu II 270—275

TMaynn 1T 277—280

— BJUSH¥E JJICKTPOH-OOHOHHOTO B3aMMO-
neticteust 11 280 (c)

— — JIEKTPOH-3NIEKTPOHHOTO B3aMMOJIei-
creua IT 285

— pocmpummauBocTh 11 279

-— TemmepaTypuisle monpaBkm IT 285

CpaBHeHHWE C JMAMATHeTW3MOM B METAJIIax
17[8 JIAPMOPOBCKHUM juamarmeTmamom 11
284

Cx. makae Bocnpunmanpocers; 3akon Kiopn;
Tpapmiaa Xyrna
Mapamerp Tpromaitsema 11 120—122, 136
B momenu JIeGaa 11 121
JUIA TMeX0THO-TaJONTHLIX Kpuctanmos 1T 122
Cxn. marxe Tenmopoe paclupenne
Mapamerp me Bypa IT 42, 43
Tlapamerp mopsnoka (B TEOPWH CBEPXIIPOBONH-
mocrn) IT 362
apagorna ¢ Teopmeit deppomarmermsma I
362 (c)
Cn. maxwe Teopwsn TmmaGypra — Jlamnay
Mepexpurrue 3om 1 152, 227
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Ilepexop puanexTpur — merayr (nepexos Mort-
ta) I 191
— — — B Mopenn Xa66apma IT 300
llepexop, mopsinok — Gecuopsinok T 310 (c)
p — n-nepexon II 210-232
BOJIbT-aMIIepHaA xapakrtepucrura 11 220
Bmup%%nﬂmmee neitctpue 1T 217220, 225—
2

npeiiposerit Toxk II 221

mnpdysuonnan obmacte II 225--228

— — moaa B meii 1T 232

raddysnonnniit Tox 11 221

u3rud 3om 11 214

n3roroBrenue 11 210, 211

KOHMeHTpamusa HeOCHOBHWX HocnTemeit 11
217, 229

— Hmocureyell paBHoBecmas IT 212217

-— — mepaBHOBecHasa II 227

obenpeHunii caofi (06aacTh NPOCTPAHCTBEH-
noro 3apana) 11 210—217, 225—231

— — B paBHOBecwoM caygae 11 212217

— —mgaamepm B HepaBHOBecHOM cxyuae IT

— — — B panmosecHOM cayuae IT 216, 217
— — TOoKH B mem IT 225—227, 232
ofparHOe cMemaromee marpAykenme 11 225
onmopommas obGmacte IT 226-—229
nafieAne MOTEHNYAJA B HEPABHOBECHOM CJY-
vae IT 218
— — B pasHOBecHOM ciywae 11 213—217
IIJIOTHOCTH 3aDSla B HePABHOBECHOM clyvae
1T 218
— — B PpaBHOBecHOM cayuwac 1T 217
TOK remepannu IT 219, 225, 230
TOR mackmenus [T 220, 225
TOK HEOCHOBHBIX Hocuremeit IT 228, 220
TOK pewkomOmmanum 11 219
— — ¢BA3B ¢ Towom remeparnuu 11 219
Cxn. marace TonynpoBomaurn
Tepexonnnie MeTanr
MArHUTHLIIT MomewTt momop 1T 276
Terroemroets 1 721
TMepesxpannporka IT 145
TMepuonwgeckne rpagnmemsie veaoBus ca. T'pa-
HHMYALE YCNOBWUSA
Tlepunonnueckne GyARNNAM, Pas3TOKERNC HO TII0-
cknM Bonmam I 376378
— — Tteopema I'pmma T 386
Mepuonnuecknit wotemnman 1 139, 140, 195,
196, 329, 330. Cx. makaxce VpaBrHCHIS
Xaprpu; Vpasmeaus Xaprpn — Moka
Inpoanextpnueckne wpucrammr 1T 162 (c),
177—179
— — cummerpus 1T 179
Nnasmennce 1T 47
TInasauii mepexon TT 212
Tnasmennas wacrora T 33
nommast 1T 139
n ou;ngecrme cpoiicTra meranmon T 33 —35,
9
anciennsie dopmynm T 372
TTnasmennoe wonebamme (rmasmon) 1 34
nosepxunocrroe 1 42
crocofr mabaonerns 1 35
ITnactuveckas nedopmarmsa IT 248

Mnockne pommm 1 47
peweroggaa cymma 1 380, 381
cymMa 1o nepBoii 3ome Bpmastosua 1 380
Maockocrs ckommxenun [ 121 (c), 134
ITrotnast ynakoska cdep I 88—91
W 'eKCATOHANBHAA INIOTHOYMAKOBAHHAS CTPY-
krypa 1 89—90
1 TPaHCUEHTPUPOBAHHAs Kyfnueckas cTpVK-
rypa 1 92
u gpyrme crpykrypwm I 90, 91
YIaKOBOUHKH Mmomnrens I 94
MroTHOCT 3apAna B MEIOIHO-TANONUAHKIX KPH-
cragmax II 13
— — B6iman noBepxHocTH Kpretamia T 358
IMaoTocTr HOPMAJBHEHX MOA cx. ILIOTHOCTL
ypoBreit (POHOHHHX)
TMaorwocrs moxstpmsanum 11 4158
TaoraocTrh morowa Temma 1 255
”JIOTH(;(‘};T;) yposmeit (B k-npocrpaucrse) I 48,

Naoreoctn yposmeit (homommmx) IT 9294
B momenu [eGas IT 93
— — Jitamretiga 11 93
IMTroTHOCTE ypOBHEH (3MEKTPOHAKIX)
B IIByMepHOM cJaydae [ 67
B NIBYX30HAOH MOMENN Mia noutn cBofonnx
sxeKTporos 1 176
B mepexonmabix mMerannax I 307, 308
» monynposonnvkax 1T 4196, 498, 202, 208
B penxozemenbunx metaanax 1 308. 309
nast 6noxoBekux anekTporos 1 149—152, 155
nas cpobonmnx smexkTpomos [ 57, 58
n mapamaruerusm IMavmm 1T 277, 278
n cnive aderrpora T 149 (c)
u Temroemroets 1 60
ocobenmoctnn Bam Xosa T 152, 156
ocofernocTi B CMALHOM MarmutEOM moje TT
273, 274
momparka 3a c9eT dpomomos 1T 146
TlrorrocTh BXEKTPUYecKoTO TOKAa [ 22
MorepxrocTarie naaszmornt 1T 42
MoepxHOCTHEE TTOWPABKM K OIHORICKTPORHO-
MV ToTeRnmany nas Geckomewanoro of-
pasra T 353
TMogepxuocranre yvpopan T 366—370
i reopema Baoxa T 368
TeopHs ot crofonnix amertponon T 369,
370
Mogepxuocrn @epmvn T 148, 149
antommausg T 301
Gepmums T 300
Gnaroposwnrx meranron T 289—292
p6ausn 6parrocknx waockocrtelt T 168
B IPUOIKCHNA CBOGOTHHX DNCKTPOTIOR ¢
Chepa @epyr
B cxeme moptopsiommxes son T 149
-— — npusenennnx zom T 149
— — pacmupeawsrx zor 1 166
smaverme 1 264
onpenencane T 264284
nocrpoerne B wpNGAMIKeHnn nouatH cBoBON-
wwx axextporiop 1 168--172, 174, 178,
179
Morepxnocth curma T 304
men0o9rnX metamigos I 285
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aKCTpEManbHbie IIomann cevennii I 267
ITosoporsr w ympyras ameprus 11 73
Hogsmxuocrs 1T 185 (¢), 221, 222
Moppemerkn marnanrtasie 11 309. Cu. marxce

AnTndeppomarmerusm
Tlokasarcnb npenomiaerna II 157
— — coorHomenusa Hpamepca — I{pounra
I 392
Cx. marwe J[UDIEKTPHICCKAS [IPOHHIAC-
MOCTB
Moaxe Xomma I 28
TonnBanentusle metanasr 1 298--310
30HHASA CTPYKTYpa MCPEXOJIHHX METaloB

I 306—308

— — TpocTHX MetannoB I 298306

- — peiKO3eMeNbHHIX Meramnmos I 308—

10

MMonukprcranindeckoe cocrosume 1 76 (c)
— — n pudpaknua PEHTTeHOBCKNX Jydei
111

Tlonykaaccmaeckast momensb 1 216244
B CJydae TOCTOAHHOTO MATHMTHOTO moas [
232, 233
— — — sgexrpudeckoro moasa I 227, 228, 244
BEICOKOYACTOTHAA DIICKTPONpOBOTHOCTE |
252—254
ravunbrornan 1 385
M IBIJKeHAe BO BBAVMHO NEPIEHIUKYIIPHBIX
DJIEKTPAYECKOM W MATHHTHOM IOmAx 1
236, 237
n auprn T 228—232
W 3amoNHedHse 30HB I 224227
n KBamroBamme opbur I 270—273
T marHeroconporrBienne [ 237-—244
" Momeds ¢BOGONEHX anerTponos [ 216, 217
M HEONHOPONHLIe NojyrnpoBomunkn 1T 212
— — — BO3MOKHAS HetrpumenmvocTs 1T 212
¥ MpUMECHHEe YPOBHU B MONynporoaumKax 11
201, 2
u TenmyionpoBorocTh 1 254257
n tepmoaniertpraeckne ahderrr I 257--260
W THOH wocuTemedr T 221, 222
n sxcuTonnr 11 245, 247
n sddert Xoama I 237241
npeneser npMenuMoctn I 222, 223, 253, 387 —
389, 393
cratnueckas aiaexTponponosmocth T 151, 152
— -— B MOCTOAHHOM MaTHWTHOM Troame T 260,
262, 263
Teopema Jinysumna 1 225, 385
Teopua Apmenuit mepemoca 1 245263
vpaBmerusa Jnpmyenus I 221
dazoroe mpocrpancTso T 225
Cxn. marxe Brnoxorcrne axexrporir; Op6nTu
Monymerannmr T 304, 305
w nonynposonmnurn T 304 (c)
Termgoemrocth 1 307 (c)
adperTnBHas macca wocnrereit Tora I 206 (c)
TMonynpoBonankn 1T 184—232
Bagerntnte 3omer [T 185
Bpems perombmmaran 1T 223 (c)
saposenennawe 1T 195
remiepannsy woentegeir TT 222
JMAMATHETH3M (R NeTHPOBATHEX MOJynpo-
ponankax) 11 282

muddepennuannnas Tepmo-s. 1. ¢. 1T 186

nuddysuonnan namuma 11 224

3aK0H fmelicTrytomnx mace 1T 197

sanpemenHas 30Ha (omepretityeckan niean) 11
184--186

— — wnsamepenne mupuuant 1T 189, 190

— — TeMneparypuad 3aBucumocts II 4189

sormast cTpyrTypa IT 190—193

— — amrumomuma muHana 11 192, 193

— — repmagnsg IT 192, 193

— — xpemmna IT 191, 192

30wt nposogumoctn 11 184

n auanektTpuru I 185

n moaymerannst 1 304 (c)

KoHIerTpanus nocutedacit 11 194 -199, 205—
207, 209

roaddunuenr puddysun 11 221

meruposarwe 11 210, 241

AepuiposKnennne 1T 195

— saABJenna nepemoca 11 207

necoGersenmsie 1T 186

— Komnenrpamnus uocuregeii 1T 198, 199

HOCHTCNU TOKa HeocHosmeie 11 215 (¢), 219

— — ocuHoBmue IT 219

onrngeckne csoiticrea¥IT 189, 190

mapaMarpeTH3M (B JETHPOBAHHHX TIONXYHPO-
‘gopanKax) 11 282

p — n-nepexon 11 211

mroraocTh ypommeit IT 484, 196, 208

— — @Opn Hajgudun npnmeceit 1T 202

IONBIKHOCTEL FOcnTeRedr Toka II' 185 (c),

221, 222

monyKjaaccnaeckas mornens 1 212

nonstpusie 1T 189

apuMecn cx. MpuMmecn B MOXynpoBoxHIKAX

mpososimmocts 1T 185—187

pexombuwanms wocuremeit 1T 222

coberBermnie 11 186

— Xomuenrtpanns mocnreneit 11 197, 198

conporupyienne 11 185—188

n-tama 1T 199

p-rana 1T 199

yposear Mepyn 1T 195 (c)

dorouposopumoctr, 1T 186

xumugeckirit motenmuan 1T 195, 197—-199

— — u smeprus Mepmu T 149 (c), 1T 195 (c)

nrnorponwsii pesowanc 1T 193, 194, 208

BIIERTPOXMMIUCCKNiT morennnan 1T 243, 214

Nonsipusanmsa woxebamwit pemerkn TI 67

B pemerke ¢ Gasmcom TI 372374

n paccesanmne wueitrporos 1T 104 (c), 385

n cwmmerpna pemrerxir IT 77

mpofoskbHas W Toflenewras 11 70

Noaspuayemoctr, 1T 166—176

atoma nonopoma TT 182

atomaas TT 166168

aTomMos mAepTREIX raszoB IT 168

W AMDAeRTPHUeCKas TPOHMIACMOCTE (COOT-
momenne HWnaysmyca — Moccorru) 11
166

oo ranorenoB 1T 168

HOROR wwesounwx wmeranxor 1T 168

KOBANCNTHWX KpueTanmon 1T 177--179

mogrenn nehopmupyemsrx nowon T 169, 173

cestaw 1T 177
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cvemerust IT 166, 168—170
Cx. marsne J[MINEKTPHICCKASN
MOCTb
TonsipuayemocTs
Moastputon 1T 174
Monapusle Kpuetaaant 1T 179 (c)
Tlonaprnie moaynposomuuen IT 189
TMonapousr 11 243, 244
Topomxosuiit Metor (Meron Jle6as — Uleppepa)
I 111113
-— — mocTpoenme IBaabjia mias mero 1 112
Mocroannaa Boaromama T 38
— — TOYHOe 4ucjeHHOe 3Hadenme I 371
Mocrosaunaa Mapeayura IT 35, 36
Mocrospnas pemerkn I 85
TeKCATOHAJHHON IJIOTHOYIIAKOBAMHOM CTPYK-
Typu I 89
0. 1. K. M T.IH. K. MOHOATOMHOH peHIeTKN
Bpass 1 82
pombuvecknx kpucraymos I 4135
poMGO3pUUecKNX (TPUTOHAJBHEIX) KPUCTAI-
soB I 135
CTPYKTYPH anmasa T 88
xmgopuna marpms 1 92
xygopuna nesus 1 92
nuHKOBON of6mamkm I 93
TeTparoHabmbiXx KpucTajgaos I 135
NMoctpoerne Ipaxrma I 109
B Me;(inzxe Bpamaromerocsa kpacrania I

ITpOHAmae-

B Merone Jlays T 111

B nopourkesoM Metone 1 112
TMorennuan Bopma — Maiiepa 1T 39
TMorernnnan «6—12» TMemmapna-Jimonca 11 28—

— —1—2 napaMerpsl JIIS HHePTHHX Ta30B
11 29
Torennuan pemersn cx. Iepuommrecknit To-
TEHIAA I
TMorennman TOwraBm T 341
TIpasuna Xymna 1T 265268
B IIPHMEHAeHNN K WOHAM MEepeXONiHbIX MeTal-
aoB IT 274
-— — K peprosemennmim momam IT 273
dopmyna IT 283
Tpasmino Hogepa I 263
TpaBnso Maruccerra T 323, 324
TMpenmenr Waammupa IT 133 (c)
Hpennongmenne o nmokanpmocTn I 32, 278,
39
Mpr6anskeAne BpeMerym peldakcamuu (T-npmn-
Ommurernwe) T 21, 248, 247
na ofmelt mepaBroBecHO (VHKNMM Dac-
nmpenencansa 1 247254
W 3aKOHK coxpameHusa I 327
m JoKanbmoe coxpanmenwe zapsma 1 264
w apaBuno Martnccena I 323, 324
kpurnra T 313--328
MPUMEHNMOCTh IS WBOTPOMHOTO YIPVIOro
paccesHNs Ha IPHMECSX W 3aKOH Bme-
mama—®panua T 322, 323
cpaBg;\gm} ¢ Gonee obmeit opmyauporroit T
Cxn. marxe CTONKHOBEHNS;

YpasHeHWNe
Bonvnmana

ITpemmernnit yKasaTelb

TMpudmwrenne Tafitaepa — Jlomgora 11 293,
304, 305

B mostearn Xa66apaa nnsa MOJEKYAH BOJOPO-
na IT 305, 306

rpemensl npumeRumoctn IT 293

dopMyna IS BeXMYUHH OOMEHHOTO pacHiel-
IIeHUA B MoJeKyie Bogopona IT 294

TIpnGawkenue xecTkux wouoB 11 168
— — — mepoctatkn II 169, 173
Mpubnnxerne Majoil aMmauTyas Konebawwit
1T 50, 115
TTpubamskenre HE3ABUCUMBIX
21, 73, 139, 195
HeNoCTaTOYHOCTh B MATHMTHHIX 3anagax 11
287, 288, 290—294

— B peprosemennHHIX MeTannax I 309

— B cBepxnposopEnKax 11 340

— stJéeKT]')OHHOM rase En3K0it uroTaoctn 11

9

-— JIsi 9aCTHYHO 3aTIOJIHEHHHIX 30H B PaMKax
Merofa cunbuoi ceasm I 191

n npnbamKesrne CBOGOTAKX 3JeKTPOHOB I
21, 73

obocuoBanme 1 344

yder 3JeKTPOH-2JIeKTPONHOTO B3amMojelicT-
Bust T 329—-337.

Cx. maxace Teopus fepmu-swumkoctn; Ypan-
reansa Xaptpn — Mora: DaexTpon-3ie-
KTpOHHOe B3awMmofeiicTBre

TTpubamxenne moaTy ¢BOGOTHHX DIEKTPOROB 1
157—179

ananornd B reopHnm KoxebaHmwit pemerxu I
77 (c)

B oxHOMEpHOM ciyuae 1 161

TCOMETPUYECKUIT CTPYRTYPHHIT
173—178

HAYCHMS JHEPTUH BOIWAT ONHOH 6poHrToR-
ckoit mmockoern T 162—165, 175—178

— — Bpanm ot Gparrosernx mxockocTeit 1

anexrporos 1

daxrop I

30AK! p-Trma n s-rAma 1 164

HTOCTPANNA HA TPHUMEDE HEOKOTOPHX Me-
tasros, 1 283—306

M MTOPOT MEKBOHHBIX ONTHIECKNX TIePeXOyioR
B amommantt 1T 302—304

~~~~~ B mexounnx meranmax T
294, 295

u cung-opburannmoe BranmoseiicTmre 1 175

woMep 3omer I 158

COOTHOMIENNE € MCTOJOM TCEBIOMOTEHITNANA
I 211--213

cpasricame ¢ OOWYHON Teopmel BO3MYWCHRAIT
T 159 (c)

Teopus moBepXHOCTHHX yposmeit T 366369

YDOBRW B TpaHeNeHTPHPOBaHHON KyGuuecKkoit
pemetre T 167

VPOBHH B €XeMaX PacIMpeHHBIX, TPUBEJICH-
HEIX W mosTOpAtommxcs 3om I 164, 165

TTpubamrenrne caMoOCOTNACOBARHOTO OIS (TIPH-
Gnmwuerne Xaprpu) cm. Iepmonudve-
CcKMit moTennuan
Mpn6awrenne cpobomaux sxexkTpomon T 21,

72, 73

B fisymepHOM cnydac T 67

BUTHepOBCKHUi Kpucrama 11 299
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BosiHA crnmHOBOH miaorHoeTd II 299
quamarzetnsm I 280, 281
JuaieKTpudgeckas npoHnnaeMocts I 33, 338—
343
¥ B3aHMOJEHCTBHE MCKAY adeKTpoHamu I
329--352
¥ Koresmsa B MeTawnax I1 40—44
u np;lfnnmenne He3aBUCHMEIX 3JeKTponoB 1
, 713
W THedOo4YHble MeTaaam 1 284—287
u oHpamupoBame 1 337—344
KBaHTOBaHMEe YDOBHeil B MarHuTHOM Iojie I
270, 271, 281
KoppeaAnuoHHas sueprug 1 336
mogieas Hpyme 1 47—42
Mozienb 3ommepdeanga I 43—69
MOJIyJIb BCECTOPOHHETO0 cartuma I 52, 53
vHegocratku I 70—72
obmennas sHeprms 1 334
napamarsetusm 1 277—280
— B HeBHPOKAGHHOM cjaydae I 284
OCHOBHOe cOcTOsaHM®, cBoiictBa I 45—33
ocHOBHHe ¢(opmyart I 371, 372
INTOTHOCTH 2JNEKTPOHOB mpoBogumocTtu 1 19,
20, 72
~— -— —— BHIpasKeHHasf d9epes kp I 49
IDIOTHOCTh 9HEPLHYM OCHOBHOTO COCTOSHUS B
oTcyrcTBHe B3aummojeidicteus 1 334
— %I 5— — NPU HAJUYUM B3amMOJEICTBUA
2
~— — renaosoit I 60
npefen BHICOKON mimorHOcTH I 334
npubmmwxenue Xaprpu — Poxa I 333--337
Teopus Qepmu-Rugroctn 1 344—350
Temroemkocts I 60—63
TepMOAMHAMAYeCKue cBoiictBa I 53—63
ypaBHenue cocTosinua 1 52, 68
YPOBHHE B T. . K. pemetke I 167
xuMUgecKnii moreapmaa I 60
HpHGJIgg%enne Cratepa s 00MeHHOTO wieHa |
Ipn6amrenne Xyuga — Myanukena 11 293 (c)
Ipumecu
u 6ecmexepas cepxmpoBoaumocts 1T 341 (c)
u nposBogumocth 1 218, 314
u adderr Kommo IT 302—304
marantaeie 11 300—304
ynpyroe paccesnue Ha mux I 320322
Cn. makace JleQeKTn B KpucTajiax
IlpuMecn B HOXYyIpOBORHHUKAX
GopoBckmit paguyc II 201
JorOpH m axmenropsr II 199
W KOHImeHTpamus HocuTededn toxa II 195,
196, 198, 199, 205207, 209
H ypmeabHoe conporusmenue II 187
aJerupoBamme 1I 210, 211
HaceJleHHOCT: YPOBHedl TNPH TepMOAMHAMH-
yeckom pasHOBecun II 203—206
NIPOBOTMMOCTH 32 cHeT mpnMecHoit 30HH 11 207
sHeprua ceaAsm II 203
Cx. maxxce 11oayTIpOBOJAUKY
ITpamMnTuBHas sueitka 1 83, 84
o6pem 1 83
— B ofparHoil pemerke 1 98, 103

[lpupnun geranproro pasHoBecist 1 321
Ipuenun Hayau I 45, 332 (c)
¥ HHEPTHOCTh 3alojaHeHHHX 3o 1 225 (c)
M KiaccHdecKas JUHAMHKA dJCKTpoHa I 65
¥ Kyneposckme mapu 11 369
¥ MATHHTHOe B3aumopneiictBue 11 289, 290
¥ HeupoHunmaeMocTs momos II 11
M OCHOBHOE COCTOSIHNE B IPUOJIMKEHUHN CBO-
00aHBIX 27eKTpoHOB I 48
u paccessiHue Ha npmMmecax I 321, 322
4acToTa paccesiHHs 3smeKTpoma 1 313
SﬂgZTpoﬂ-aneKTPOHHOG paccesiame 1 345—
8
Npurnun coorsercrBus I 272
lipo6o#t 3unepa cx. I1poboii siierTpuvecKmi
Ilpo6oit mMarmmramit 1 223
B re}cIcarémaanmx ABYXBaJeHTHLX MeTalaax
300
u cnmH-0p6uTanpHOe B3amMopjeiictBue 1 223
u ¢yoxuue Bammbe I 193
YCAOBUSL ero OTCYTCTBUS B LoayKaaccude-
ckoit mopenu I 222, 223, 387-—389
ITpoGoit saerTpuveckmit I 223
B HEOJHOPONHNWX mnoaympoBojgmmkax II 212
u ¢ysknvu Bammre I 193
YCAOBHSA eT0 OTCYTCTBHSA B MOJYKJACCHISCKOMH
mopenu 1 222, 223, 387—389
ITpoMeKyTOIHOE COCTOAHHE B CBEPXIPOBOTHM-
rax II 346 (c)
IIpocras rexcarosanbuas pemerka Bpasa I 88
penretka, obparHas K meil I 98
cBA3b ¢ pomOudecKoli pemerkoit I 127 (c)
— ¢ pomBOaIpPHIECKON (TPUTOHANBLHON) pe-
merkoit 1 133 (c)
Cxn. maxrwe Tekcarogaasmas mMIOTHOYHAKO-
BaHHAS CTPYKIypa
IIpocraa xyGmueckas pemerka Bpasa I 78
KoopAuHAnHOHHO® dwmcyio I 83
NpUMeps XuUMA4ecKHX 3jaeMeHToB 1 82
pemerka, obpatHas K meil I 97
pemerounasa cymma I 301
YIaKoBO4YHHN MHOMKHTedb 1 94
HpOCTaiﬂzéVIOHOKJII/IHHaﬂ pemetka Bpaso 1 125,

==

Ipocras TeTparoHambHQA pemeTka bLpasd I
123, 124
I 120

IlpocTpaHCTBEHHBIE TPYIUI
roamvectBo I 127, 133
cuMMoppuEe u HecmmMmopdmbie I 134
COOTHONEeHNE ¢ TOYEUHHIMM TPyIIIaMH ¥ pe-

merkamMu Bpass 1 133, 134
sxBmBajesTHOCTE I 122 (c)
IlpocrpancTBEHHbIE pPa3MePEl ATOMHEIX BOJHO-
BeIx ¢ymKnmir I 182
«ITpocThie» MeTanakl (MeTaJJIbl ¢ JI0UTH CBOOOJ-
oEMu axexrpomamu) I 157, 306, 307

Mponece mamarmmumeammsa II 335, 336

IMponeccrr mepe6Gpoca 11 129, 130
BeiMep3anue II'129
n BHGOD sxeMenTapmoil suefikm IT 130
" HOpMaJbHHe nuponecch II 129
N coxpaHeRAWe KBasuummyiabca II 129
n remaonpopogmocts 11 131 —133
it yBiedenne gomonoB 1T 153, 154
u aneKrpoconpoTusienne 11 152—154
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[IpodnocTs Kpmcranmor upgeandbrelx 11 248
— — peaxpunx Il 252, 253
Cx. marxe Jlucrokanuu
IIpsimas pemerka 1 95
llpamoii obmen II 296, 297
Hpamoii onrnueckuii mepexog 11 190
IIvezoaaexTpuuccteo II 179 (c)

PaGora Berxoma I 354—359
Jid HeaKBUBAJCHTHWX mpoBepxmocrteil 1 359
M KOUTAKTHAH Pa3HOCTD moreuiiHaion I 359 —
361
H TepMoO3dJieKTpouHaA amuccusa 1 362---364
Pajuyc momsmil cu. VoHunie papuycit
Pagnye roBamemromit 1I 19 (c¢)
Pasnomenne 3ommepdenbga I 59, 67
— — BuBox 1 374, 375
PasmarauauBaromuii gaxrop I1 337
Pasmepnnie agdertnr I 280, 281
PamaroBcKoe (komMOumanmonHOE) paccesnue 11
49, 109—113
Kjaccuueckuit nogxom II 111—143
cmucggm M QHTHCTOKCOBB KoMIoneHTbl I
1
Pacnpepenenue bose — Jiimmreiina 11 81 (¢)
Pacnpepenesne Doabumama cax. Pacmpepele-
"ue Maxcseaaa — Boannmana
Pacupepenenne Maucseaaa — Boanumana 1
41, 43, 44
u HCBI(:)I[)O}KJI,OHHHG nonyunposopunkn II 207,
208
cpaBEeHue ¢ pacupepeiennem Depmu — Jln-
paxa I 43—44
Pacupepeaenie Ilyaccoma I 40, 41
I’ac11pe;1eneﬁ5ue Gepmu — Oupaxa 1 43, 44,
B @mpocTpaHcTse ckopocreil I 43, 63, 064
puBOg I 43, 44, 53—55
KiraccudecKui mpefenx I 68
IIpH TEPMODICKTPOHEHOIT amuccun I 362, 363
cpaBHeHHe ¢ pacmpepelieHucM MaxcBewaa - -
Boasmmana 1 43, 44
Paccestrue
Bllepell (Ha MaJjble YTJbl) B TeMOepaTyphas
3aBMCHUMOCTH YJEJILHOTO DICKTPOCOTIPO-
tuBaenusi 11 152
n mesatyxatomme Toku 11 364, 365
na MarEuTHEX npmMecax 1T 302—304
HeYOPyTOe ¥ HeHPUMERUMOCTHL 3akona Buje-
mana — @Opanma I 322, 323
YIpyroe u30TponHoe Ha npumecax I 320--322
_3JIeKTPOHOB, MexaHm3Mul I 314, 315
aacKTpoH-pomonnoe I1 149—154
aJeKTpoH-2eKTpoHHOe 1 21, 22 345-—348
Cn. makxce AETapMOHMYecKHC uliennl; Dpui-
JII09HOBCKOE paccesHue; Bpemsa penakca-
yuu; Judpaknus pellTTeHOBCKHX NY9eil;
Ipubmmxenne BpeMeHH peJaKcaiin;
PamapoBcrkoe paccesane; Pacceanue
Helitponos; CTOAKHOBEHUSA
Pacceanme meiitponos I1 49, 98--107, 381385
Gecornonnoe II 100, 384
asyxgonornoe II 103, 104
JurnHa paccessmust 11 381

ilpeamernuii yranareit

3aKOHEL COXPAHCHUA B ORHODOHOHHHX HPO-
ueccax II 106, 107

u Bpems ku3HEM ¢ouonos 11 103, 104

1 KBasmmmmyJbce II 99, 100, 379, 380

u MarHHTHOe yuopsipodenne II 98 (c), 312—
314

W OlIpefedeHHe CTPYKTypnl KpHcTamios 11
100

nonsipuzanud Qomonos 11 104 (c), 385
coupoBeie BosHE 11 322, 323
i Qaxrop Jebas — Banmepa 11 114, 385
rorepertrOe II 97 (c), 381 (c)
margutawe nukn 11 312, 313
obmas reopms II 381--383
omnodounonnoe 11 103, 104
paccMaTpUBaeMoOe KaKk BONHOBOII npomecc 11
111—113
Pacceanue cBeTa cx. DpuniaoonoBekoe pacce-
Agne; PaMaHOBCKOe (KOMOMHAILMOHHOE)
paccesnme
Pacminpernasa soma 1 175 -
Pacmennenne B KpucTajgiaudeckom moje 11 273
Paciueunnesne Megy TPUILJIETHBIM U CHHTIET-
HEM coctogrusMu 11 290294
Penrosemeanune uMOHH, s(dexTuBHOC UUCHO
MareetoHoB Bopa II 273
PepxosemenbHBIe MeTaIb, 30HHAsL CTPYKTypa 1
308—310
.— — KocBeHHBIT 0o0Men 11 301
Penopmanuzanuonnas rpynma II 316 (c¢)
Peutrenosckne ayuwm, smeprusi 1 104
— — — — cpaBHEeHHE ¢ 3Eeprueil JoHOnoB
IT 108
Pemerra I 74, 87 (c)
Pemerkn bpass I 76—87
rpymma ux cummerpuu I 119, 121, 123
1 KOHEUHBIC KpucTtamiael I 78
roamuectso I 127, 128
HCTPaHCJAANNOHHAsA cumMerpusa 1 119—137
olicpamun commerpun I 212, 128—131
3penieHHALIE YTILl nosopora I 129,

= o

137
onpejgenenus 1 77, 78, 82 (c)
npoucxoxpenne maspauua [ 122
CHMMETpUA OTHOCHTEJLHO umBepeun I 136
CPeIHUX TOMOKeHuil B AMHAMHYECKOM cucre-
me 1I 52
runet [ 122—127.
Cx. marxce Hpucrammaeckue cncremsr; Ti-
e pemeTok Lpasa
Penierka obpatnas cu. OOpaThHas penleTka
Pemerka npamasa I 95
Pewerra ¢ Gasucom 1 86, 87
— — — obparmasg K meil I 96 (c)
Pemerognas TemioeMKocTh ca. TcClllI0eMKOCTD
pemeToIHa I
Penterounas TemIONpoOBONHOCTL cx. Temronpo-
BOJTHOCTEL AU3JIEKTPHKOB
Pemerogsirie cymmer 11 31
-~ — JIIA  KYJOHOBCKOTO
34—37
Punbepr 1 50, 371
Pox daszonoro mepexoma II 180. Cm. marace
{putngeckan remnepartypa; HKputide-
cKag TOYKa

norepnnana 11



ITpegmernnii ykasateab

PoMmOuveckass Kpucraidnmdeckas cucteMa I 124,
125, 135
Pomboagpudeckast (TPUTOHANBHAS) pemeTHa
Bpasa I 126, 1
peiietka, ooparHad K meit 1 103
CBA3h C KybOuMuecKUMu peuieTKamu bpasa
I 126 (c), 136
Pocr wpucrammoB II 253 —254

Ceepxobmen IT 296, 297
CsepxnpoBogumocts 11 340—369
becmemeBas II 341 (c¢)
Buxpesnle auEun 11 347-—348
pauga xorepeaTtHoctH II 352
GHKecTKHe» cBepxmpoBogmukm II 348
ujieadbHHd guaMarmerusm 11 341
usoronndeckui addexr II 359 (c)
3aTyxaHue yasrpassyka II 350, 351
nneadbHaA mposogumocTh II 345, 352
unadpakpacmoe moraomenume II 350
TIOTAOMHNe BRICOKOYACTOTHOTO H3Iy4e-
pua II 349, 350
u Tpumilerdoe cmapmsasme II 356 (c)
KBamroBanme moroxa II 348 (c), 363, 364
KOHIleHTpaIlHH CBerHPOBOﬂHMHX 9JIeKTp0‘
gos IT 351
KpuTHiecKad Temmepatypa 11 342, 343
kputHdeckuil Toxk I1I 344
— — B OUAHHAPUYECKOH mpoBojoxe [I.369
HaMarEUdeHgocTh 11 347
ocHOBHOE cocrosnue 1I 355
mapaMeTrp mopsagxa II 362
nepsoro u Broporo poga II 346—348
npome:xyrodnoe cocroanme II 346 (c)
paspymenue Bo suemmeM Node II 344, Cx.
marxce Hpurudeckoe moiue
cBepxlpoBogAmue 3JaeMedTnr 11 341
cuabgasg cBAsp II 358, 360
CKpHITad TelJioTa IIepexoja B MATHATHOM
noxe II 368
cmemanHoe cocrogHme I 346
TGILTOEMKOCTh HHU3KOTEeMOSPATYpPHAsd BJIeK-
tponHasa II 368
— C¢BfA3b ¢ BENMYMHON KPHTUIECKOTO IOJA
1T 360
— cxagok 11 360--361
TemaonpoBogmocts 11 344,
tepmoauHamMuka II 368
TepmodneKkTpudeckue cpoiicrea 1 257, II
344, 345, 365 (c)
dasopasg puarpamma II 346
adert Meitcuepa IT 345, 346, 353, 361, 362
aperTrr [Iykosedcona II 365367
Can. marwe Hpurnueckoe mnone; Hymepos-
ckme mapu; Hesaryxamomue Toku; Teo-
pua Bapauna — Kynepa — lpuddepa;
Teopus I'umsbypra — Jlaugay; Ty=m-
HEJIUPOBaHUWe; Y paBHeHHe JIOHJOHOB;
JHepreTHYecKas IIeNAb
CBepxT0HKOE (KOHTAKTHOe, {epMueBCKOe) B3a-
umopeficteue 1I 281 (c)
CsoGognas sneprus (Feasmroanna) 1 53, 1T 117
— — Mmargmraaa 11 260

297—03847

= EER

345
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CBoGopaunlit 3apsy u cBasammud 3apsag 11 158
(), T 391
CeasuBalomue cocToanusa 11 293 (c)
Cesasp Paccema — Caympepeca I1 265
Ceass xummueckasa II 10, 11, 21
Coemr Haitra 11 282
Casur (rpadcasuus) pemerkun Bpass I 82
CpBurosast fedopmanus I1 240
CrBuropoe mampsurerue [I 249
CerneroasekTpugecTso II 179, 180
CoxuMaeMOCTh aguabaTUYecKass W M30TepMUTe-
crag II 119. Cx. marxe Mogyab Bce-
CTODOHHEIO CHATHSA
Cuna Jlopesma I 27
CunoBere mocrosimanle 11 54
Cunsgasi CBA3HL 3JEKTPOHOB c¢cx. MeTon cuib-
HOI CBA3U
CHMMeTDPHA OTHOCUTEALHO WHBepCHH U Qyphe-
_4HROMIOHEHTH MHePUOJANISCKOr0o MOTeHIM-
ana 1 144
CummopdrEe npocTpaHcTBeHHNe rpynns I 134
Cunrxerunie cocrosgaua II 289
Creitnmur 11 327—329. Cx. marace Kprrudec-
K& TOUKa
Crum-caoit, ray6maa I 278, 282
Croapixenune 11 249
CropocTh Groxosckux axekrpomos I 147, 380
— — — COIJIACHO METOAY CHAbHOH CBASH
I 189
CuarepoBckuil ferepMunant I 332
CMeIIaHHO® COCTOfHWE B CBEPXIPOBOJHMKAX
11 346—348
— — — — cpaBHeHHe C IPOMEKYTOTHLIM
cocrosiamem II 346
s — d-cMemuBagne (rubpwmpusanss) 1 485
CMemaoniee HATpSIKeHWe B p — n-mepexojie
IT 219
Coficteesnnie moayuposopuaku 11 186. Cm.
maxrae [loaynpoBojpHuKu
Cropocts @epmu I 50, 51
Coormomenue Boma — Crasepa II 141
Coorpomenne Kiaysuca — Moccorru II 166
Coortromenune Jingmama — Cakca ~— Teniepa
I 171
B cermeroanekrpuxkax II 181
i maArkue momer II 181
o6o6mennoe II 183
Coorsomenne Jlopenma 11 165
Coorsomienne Moaaso II 257, 258
Coorromenue Jitmmreidna 11 222
B BHPOKIeHHOM ciayuae 1T 231
BHIBOJ Ha OCHOBe KuHerudeckoil Teopum 1I
231
Coormomennss Hpamepca — HKpomura I 392
Coorpomenusi Omncarepa I 263
Cocrosane u ypoBeHb I 43 (c)
CoxpaHeHHme uMUYJXbCa, CPaBHeHHe C COXpa~
HeHmeM Ksasuummmyasca 1I 375, 376.
Cxm. marxe Hpasmummyiabe
CrmapuBanme cx. Hymepockue mnaps;; Teo-
pua Bapauma — Hymepa — Hlpmdde-
pa
Cumeopast Koppeasuuonsas ¢ymrmua 11 320
Boy BOAwan KpmTEIecKoil Toukm II 329 (c¢)
— upu BHcOKux remmepaTypax Il 324, 325
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CnunoBas sTponusa II 275—277
COrHOBE® BOJHE ~
B aEM30Tpomsod wMmojenu [IeiizemGepra II
322 (c), 337, 338
B aHTHdeppomarmermkax II 322
B ¢eppomarmermkax 318—323
~— — H CHOHTAHHAA HAMATHUYEHHOCTH LpH
HU3KUX Temmeparypax II 321, 322
mabarogenue ux II 322, 323
cyumepmosmuus II 320, 321
CrnmroBbie matpmisl Ilayau, aarefpauueckue
cBoiicrBa II 283
CoumoBnil ramunbpToHEa® II 294—296
usoTponusa II 295
u 9555)51“14;1 IUIOJABbHOTO B3ammopeiictema 11
P a
makxe Marmutaoe B3amMoOfeiicTBHE;
Mopgeas TeitzemGepra
Crnun-opOutanenas c¢Ba3b cu. CouH-opOUTaB-
HOe B3aUMOeHCTBUE
Cunn-op6uTanbHoe B3aEMOJEHCTBHE
B JBYXBaJeHTHHX TeKCAarOHAJLHHX MeTaj-
aax 1 299, 300
B METaJUJIAX ¢ FeKCATOHAJbBHOM IUIOTHOYNAKO-
BaHHOU cTpyKTypoi 1 175, 299, 300
B MeToje cuabuOU cBasu I 190, 191
B pacueTax JAJsi IOYTH CBOGOJHHX 9JeKTpPO-
soB I 175
n maraartHass ammsorpomms II 295, 335
W MarHnTHOe B3auMopelictBme II 288
¥ MarHATHHE mpobor 1 223
Cnur anexrpona I 48
~— — ¥ IiOTHOCTH ypoBmeil I 149 (c)
Conasm I 310, 311
— pas6asienmnie Marmurame I 301, 302
Conontamuass maMarmugennocts II 286, 309
BU IpW HH3KMX TeMOepaTypax B paMKkax
mogenu [eitzembepra II 324, 322
— -— — — B TEOPHHU MOJEKYISPHOTO LOJS
IT 330, 331 oco6eHHOCTE B KPHTHYECKOIL
Touke II 315 Cm. maxrwe Deppumarse-
TusM, Peppomaruerusm
Craruveckass mojens pemerku I 74, IT 45-—49
Crexna, UX TEMI0eMKOCTb U TeIJIONMPOBOIHOCTD
I 133 (c¢)
«Crepsxum» 1 365
Crexuomerpnaeckue cmiaaBsl I 310
CrokcoBa Kommomenrta 11 109
CTONKBOBeHUSA
670X0BCKHX 3jaeKTpoHOB I 218
BeposaTHOCTh I 316—318
BAVAHUe HEPAaBHOBECHOHW (QyHK@UM pacupe-
nenenmsn I 316—318
B mopmenn JHpyme 1 21-—22
0 TepMOJUHaMW4ecKoe paBmoBecme I 22, 246
meay ¢omomamu 11 127. Cxm. marwe An-
rapMoHNYecKHe 9iIeHH; BTopoil 3BYK
mexammamu I 219, 314, 315
¢ marautEEME npaMecamu IT 302—304
¢ HeMATHUTHHIMU OpnMecsmu (ynpyroe) I
320—322
anexTpou-gononusie II 149, 154
Cu. marxe Bpema penaxcanum; ITpn-
GammeHNe BpeMeHU pelaKcanum; Pac-
cessHNO

Cn.

IpeaMeranil yxasaTean

CronkuoBuTeabEEI 9nen I 319
Crpyxrypa anmasa I 87, 88
¥ npeoGpasoBadme unBepcuu I 136
CcTpyKTypHaHil ¢dakTop I 115
yron Mexjy cBsasamu I 94
YHOAaKOBOYHHI MHOKATens 1 94
Crpykrypa Genoro omoma I 135
— Bypuuta II 18
— rpagumra I 305
— meposckura II 181
CTpykTypa THIA mYeJuHHX cOT 1 78
¥ reKCaroHANbHASA INIOTHOYIAKOBAHHEAA CTPY~
krypa I 90
Kak pemletrKa c¢ Gasmcom I 87
Crpykrypa xaopuja marpus I 91, 92
cTpyxTypaEil daxrop I 118
Y meJO0YHO-TaJONAHBIX KpucTananoB IT 412
Crpykrypa xaopupa nesmss I 91, 93
— _II —12y [eJ0YHOTAIONHNX COeHHeHNIT
Crpykrypa nEEKOBOH ob6mamkm I 88, 93
HOHHHIX KPHUCTAAmOB Tuoa ApByy IT 18, 19

KPHCTAJIJIOB COCAUHCHMUI THIIA AHIBV 1119,

20 =
cBA3L CO CTPYKTypoil Bypmmra II 19
cTpyKrypand Qakrop I 118
Crpykrypumii ¢gakrop I 113—116
B IBYXBaJeHTHHX MeTaiainax I 299
reKcarOEQIBHON JOTHOYNAaKOBaHHON CTPyK~
typu\ I 117, 118
JusaMmdeckuii 11 283
0o0'beMHOIIEHTPHPOBaHHO# pemeTku bpasa,
paccMaTpuBaeMoil Xak mpocras KyGuue-
CKas pemerKa ¢ Gasmcom I 114
CTPYKTYpH ThHa ajamasa 1 115
Coepa @epmu I 49
B T. I, K. MOHOBaJIeRTHOM Mertajxe ] 283,

288, 311

B T. 0. K. TpexsaxenTHOM MeTayiae I 301,
302, 311

B I. I, K. YeTHpexBaJeHTHOM MmeTajjc I

172
B 0. II. K. MOHOBaJeHTHOM MeTajie 1 283
B meJouHHXx meraimmax I 284—287
Cdepa 9Bamppa I 109
CxeMa moBropspomuxca zon I 149, 166
-—— mpuBegenukix 3om I 149, 166
— pacmupesnsix 3om I 165, 166

Temmeparypa [Jebas cxu. [le6aeBckas Temie-
paTtypa
Temneparypa Kiopum cu. Kpurugeckas rtemmne-
patrypa MaTHATHOTO mepexopna; Npu-
THYeCKad TeMIepPaTypa CerHeTO3JeKTpI-
9ecKOro nepexopa
Temmeparypa Heeaa II 314
Temneparypa @epmm I 51, 52
Temneparypa 9iimmreiina II 91
Tenzop nedopmanmu IT 72
Tenzop mpoBognmmoctu 1 243
B TeKCaroHAJBHEIX cucTemax 1 260
B KyOmueckmx cmcremax I 251



IlpenmeTnni# yKasaTeab 411

Teopemal Baoxa 1 140
noxaf:érenbcma nepsoe m Bropoe I 140,
¥ nosepxHOCTHHe ypoBEHM I 366—370
Teopema bopa — Bam Jlesen I 267, 11 261 (c)
Teopema Burmepa — 3kkapra I1 269, 284
Teopema I'puna (gnA nepmofuuecKUX ¢QyHK-
unit) 1 386
Teopema JimyBuans 1 225, 385
~— — U BHBOJA YypaBEeHus DBoxbmmana 1
319 (c)
Teopema @uaoxe I 140 (c)
Teopema flma — Teasepa II 275
Teopuss Bapauna — Hymnepa — Ilpudgdepa
(BRI II 353—362
B03OympaerHble coctosiEna 11 357
u KymepoBckme mapel 11 354—357
¥ HesaTyxalomme TokKum 11 364
un sddext Meiicaepa II 361, 362
KpuTuuecKas Temmepatypa II 358
Kputuieckoe noxe II 359, 360
ocHOBHCE cocTosigme II 355
cKagok Temaoemkoctn II 360, 361
TeIJIOBMKOCTb (9ACKTPOHHAA) NpPH HRHBKUX
repmmeparypax II 360
aHeprerniecKas mexan 11 357
aderruBHOe sammopeiicteue I1 357.
Cx. marxe Kyneposckme napsr; Cepxmpo-
BOJAIMOCTEH
Teopra poamMymenu#l ¥ HpHOINKeHUE IIOYTH
cBoGopHEIX anexTponoB I 159 (c), 161 (c)
— — 7 DJIEKTPOHEKWE YPOBHH B MaTHUTHOM
moge 11 262
Teopusa TI'musbypra — Jlampay II 362, 363
suxpn 11 363 (c)
u ypasgeHue Jlompouos II 363
KBaRTOBaHme moroka II 363, 364
Tox II 362
Teopnsi Jebaa — Xiokkens I 341 (c)
— — — paa obegmenmoro cioa II 231
Teopna KAJKOCTeH, cpaBHeHMe C Teopueil
TBePARIX Tedx I 74
Teopua Kompo I1I 302—304
Teopus moxanasmoro moas II 163—166
Teopusi meramios 3ommepdensnma I 45—68.
Cxu. maxxe Ilpubamsxenne cBOGOZHBIX
9JIEKTPOHOB
Teopua wmerammos Jlopemnma 1 66, Il 208 (c)
Teopus modexyaspuoro moas 11 329—333
BOMMBM Kpmruueckoil touku II 338
pocupmmygnBocte 11 332, 338
3akon Hiopm — Beiicca
Kputuka ee II 329
HM3KOTeMIepaTypHass COOHTAHHAA HaMaTrHH-
geHpocTh II 332
olpejelieHNe CHOHTAHHOH HAMATHHYEHHOCTA
II 330, 331
NPUMEHAMOCTE B cJiyuae CBEPXNPOBOAAINETO
nepexopa II 359 (c), 360 (c)
CcpaBHeHNEe KPUTHYECKOU TeMIepaTyph, IoJy-
4eHHOH B ee paMKaX, ¢ TOYHHIM 3HAUYCHU-
em IT 331
Teopusa ynpyrocru II 71—75
CBA3H C %eopneﬁ roxebannit pemerku II
71—17

yOpyrae IOCTOSHHLI® 73—175
— — @ aETapmomdueckme wiean II 116
— — YHCAO He3aBUCUMHX NOCTOAHHAIX JJIft
ceMH KpmcTajuumdeckux cucrem II 74.
Cx. marsce Monyap BCeCTOPOHHEIO CIKATEA
Teopus ¢epmu-srugrocta 1 344—350
KBaaugacToon 1 348—350
Kpatkmii 063op I 350
f-oymxmua I 349, 350
3JIEKTPOH-2JIeKTPOHHO® paccesnue I 345—348
Tennosoe pacmupenme II 117—123
U 3aBUCHMOCTHL 9aCTOT HOPMAJLHHX Koaeba-
mm# or ob6wema II 118, 119
u aanpgmennaﬂ 80HAa B moaynporopumkax lI
18

u napamerp I'promafizema II 120—123

KO?(uIMeRT TemaoBOro pacmmpenus 11
119, 122, 123

metannoB 11 422, 123

TeMIlepaTypHas 3aBucmmocTs 11 124, 122

Cx. maxxce Ilapamerp [plonaiiazena

TennoeMKOCTE MATHMTHAA

ocobeHHOCTE B KpuTHueckoli rouke 11 315,

3

CPa2BHERHE C PemeTOYHOH TemaoeMKoCThI0 I

TennoemkocTs pemetodnas 11 46, 47, 54—58,

BEJ, gngns cokux Temmepatypax II 82, 83,

- USPSH HUARNX TemuoepaTypax II 79, 83—

B cayuae d mamepeHuit II 95, 96

AiA HeJIMHEHHOTO (OPH MAJHX k) 3aKOBa
pucuepcnu 1T 96

mopens HeGas II 85—89

Mofienb Ofmmreitma I 89-—91

— —gicpaBHeHne ¢ mopennko Nebas 11 89—

HEJIOCTATOUHOCT: Kaaccudeckoir Teopuum IF
57, 58
obmuil BHJL B TAPMOHMYECKOM IpUGAMKOHUR

IPA OOCTOAHHEOM 00'beMe M IIPM TIOCTOAHHOM
pasaernm 11 56 (c), 119
CPaBHEHNEe C MATHHTHOH TemioeMKocThio 11

285
CPaBHEHHE € BISKTPOHHOH TEIIOeMKOCTHIC
II 91, 155

TenaoeMKocTh 9IeKTPOHHAA
B cBepxnposopmmrax II 348, 349
— — muakoremreparypnas II 360, 361
— — TpM CcBepXNpoBoAsmeM nepexoge I1F

360, 361

— — CBABHL C
368
U UJAOTHOCTL ypoBHedr I 64
KyOuueckmit uaen I 68, 72, IT 155
awmeitnnid ayen I 60—63, 72
— — dononmas wompaBka II 147 (c)
HECOCTOATENLHOCTh KiaccH9eckoil Teopmm I

KpmTHYecKmM noxem Il

OpPH 1NOCTOAHHAOM O0heMe h IPH HOCTOSHHOM
paBaenuu I 62 (c)
cpasuenue ¢ pemerognoi II 94, 155
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TemmoeMKoCTH dMeKTpPOHHAA
TeOPHA B IPAGIMKeHNN CBOGOAHNX 3ISKTPO-
g0B I 56, 59—63
Temsonposogaocrs Amanexrpuros I1 123—133
fecKOHeUIHass B TapMOHWIECKOM NPHOIMie~
maam 11 124
OeCKOHeYHAA B OTCYTCTBHEE MPONECCOB Iepe-~
6poca II 131
n xoneGamua pemerku II 48
n Tnpofleccw mepebpoca II 129133
mpefen Kaammupa II 133 (c)
NpH BHICOKNX TemmepaTypax II 128, 129
Opn HH3KHX Temmeparypax II 129—133
CpPaBHEHU® ¢ TEIIONPOBOLHOCTHIO MeTaJUIOB
I35, 11 124 (c)
Temnonposogrocts meraminoB I 36, 45—40
B Mmofexan 3ommepdeasga I 66
B TMOXYKJaccmuecKoir momeam I 254—257
B ceepxmposogauxax 11 344, 345
CPaBHeHN® ¢ TeILIONIPOBOJHOCTHIO [(HaleK-
Tpuros I 35, II 124
dopmyna pyme I 38
Cm. marxme 3axom Bugemama — ®panma
Tepmoguramuaeckuit motegquan I'nd6ea I 373
— — — nua csepxupoBogmamra II 368

— — ¢opmyanr II 225—230,
Cx. makxe p — n-mepexof,
Toxr macumenns B p — n-mepexoge I1 219225
—- — IpHA TepMO3JIEKTPOHHOI smuccun I 363
Tor pexombumamuu II 219
— — CBsI3b ¢ TOKoM remepamumu [I 219.
Cx. mawrdice p — n-TIepPexox
Toueantte rpymust cu. Kpucrammorpadudeckue
TOYeTHHe T'DYHIIL
Toueannie pederTsl II 234. Cu. marwe Teder-
TH B KpHCTaIIax
Tpexsanenarunie merayau [ 300—304
TpuroHasbEasg KpUCTAMIMICCKAs cucTemMa I
126, 135
CBA3b C rercaroHaysmoll cucremoii I 133 (c)
— ¢ RyOmueckoil cmctemoit I 126
Tpuroganpaas pemerra Bpasa cm. Pombo-
sapudueckas pemerka bpasa
TpuxanEAasd wKpHcTannudecKas cucTema I 126
TpuxknueBas pemeTka Bpass [ 126
TPHHH%E%O? coapmsamde B supxkom He® II
c)
Tpunneruss cocroaamua 11 289
Tpy6ra Jlamgay I 273, 274

T ‘a/T/YHHeJII/IpOBaEHG
epMOJMHAMITIECKOE (TOILIOB0S) PaBHOBeCHe U3 HOPMAJbHOTO MeTaJJa B CBePXIPOBOIHMK

cronkmoBenua 1 22, 246
— — — JorauxsHOe 1 22, 246
Tepmomarmarasie apdpexrsr 1 259 (c), 261
TepmoanekTpudeckue »d pextar I 39 —41, 66,
257—260, 262
— — B ceepxupopogumkax I 257, II 344,
345, 365 (c)
TepmoaneKkTpugeckoe moie I 39
TepMo3TeRTpoABIMRY MAsicA cala (TepMO-3. X. ¢.)
nupdepenuuancmas I 40, 257-—259
B HOJyKIaccudeckoil mogexu I 257 —259
8 cBepxuposonuurax I 257, I 344, 345, 365
(c)

B TeOpUH CBOGOJHHIX DIeKTpOHOB I 66
u xoiebanug pemersn [ 259
u apdenr IMeantne I 259, 260
u apderr Tomcoma I 262
HOIOCTATOYHOCTEL WIaccuueckoidl Teopuu I 40
TepumoaitekTporHasn asmmccass I 362—364
TerparoHadbuas KpdcTauimdeckas cicrema I
123, 124, 135
Tunsr mocmrexeir I 221, 222
Tuusr pemerox Bpasa
GasoneaTpupoBamHan poMbmueckas I 125
rpaHeneRTpupoBamEaA Kybmdeckas I 81, 82
TpameneHTpHpoBaHHAasf poMOudeckaa 1 125
o6$elé4iloueHTpupoaaHHaﬂ Rybuaeckas I 79—

06'EOMHAONEHTPHPOBARAASA pomOndeckasn [ 125

npocTasi rekcaromaanHas I 88, 126

mpocTasg KyGudeckas I 78

npocras MomHOKAuUEEAx [ 125

npoctasd pombGuaeckas I 125

npocTtas rerparomampHaf I 123, 124

pomBoanpmaeckas (rpuroHambHad) I 126

Tpuxiaunnas I 126

MeHTPEpOBaRHAst MOHOKjuamas 1 126

HmeHTPUPOBaHHAS TeTparoHajpHasm I 124
Tox remepamumz II 219

II 349
— — — — U dHepreTudecKasn meuas LI 349
g«g;ﬁny CBePXNPOBOJHAKAMH HopMaibHOe J1
6
spdertn [mosedeona II 365—368
sueKrpoHa B pemerxe I 190

Ysaegenue $ounomor II 153, 154
Yraosoi moMerdr, cnoco6 o6osmauenus II 262
Yron Xoama I 3
-—— — B BemecTBaX ¢ OTKPHTHIMU OpOUTAMHE
I 241
YnakoBouHHE MHOKHTEAb I 94
Yupyroe paccedmMe u 3aKOH DBugemana —
Qpauma II 322, 323
Ypasmenne BoabuMama I 313—328
BapuanuoHuEl mpuanun I 327, 328
1 3aKOHH coxpamemus [ 327
ofocHOBaHME NPUOIIKEH!sI BPEMEHH peJa-
KCamUA IS I30TPOILIOro yIpyroro pac-
cessiHUA wa npumecsx [ 324—326
peiredue B NPubAWKedud BpeMeHU pelia-
wcarmuan [ 319, 320
Cx. maxoce lpudnureane BpMEHN PoaKca-
uu
Ypasueane Jlongomos I 351—353
naa maactans 1T 368
u teopust T'mE3dypra — Jlampay 1I 363
Vpasaenaue Pugappcoma — Jamvema I 363
VpaBuernue cocrosunus nudaexkrpuros 1I 117—

— — — I 3aBHUCHMOCTb 9aCTOTH HOPMAJb-
HeIX KoxeGamumit ot o6mema IT 117—121
Ypasaeans MaxcBeana B CBOGOLHOM HPOCTPaH-
cree 1 32
— — MaKDPOCKOIHYeCKMe B 3JeKTpocTaTHie~
ckom caydae IT 157—162
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Ypaemenna Xaprpu I 330
~— — BEIBOJ] M3 BaPHWANAOHHOTO NprENuma 11
331—351.
Cx. maxace Hepnogudeckull motTeHmuan
YpaBuerusa Xaprpu — Doxa I 343, 344
nasa cpobonabix aaekTporoB 1 333—337
I BOJHHE 3apAfoBoil muormoctu 11 299
1 BocwpumMmumBocTh Ilayam II 285
u «rayOnpa 30HED® B npubamsenul cBoGoOf-
HHX 3JeKkTponoB I 335
¥ MarseTuam cBobopenix anekrponos I 334,
335
u TemaoemKocth 1 336
u addexTnBHAA Macca I 352
opmoaneKkTpounne yporan I 349, 350
UpubiAUKeHEre, MCIOAL3YIOMee OJHODICK-
Tpounni# moremmman I 336
¥Yposerr @epmm B nonyuposopuukax IT 195 (c).
Cx. marxe XUMHUYECKUH TIOTEHIHAJ
Ypoeru Jlampay fmas cBoGOAEEIX BIeKTPOHOB
II 270, 271
YcnoBue gmppaknum PEeHTTEHOBCKAX Jydel
dopmyaumposka Bparra 1 105, 106
— Jlays I 106—108
— — u ob6parHas pemmeTka 1 107
— — SKBEBAJEHTHOCTH fopMyarporke Bpar-
ra I 108, 109
Ycnopras amementapHas suelika 1 84, 85
— — - A TPAHENeHTPMPOBAHHON M 00B-
emgonempnponaﬂnoﬁ pemeTok bBpass
187
«Ycur I1 254

®azosoe mpoctparcTBO I 225
®aszoBuit cuur I 154
®axrop Heban — Baamepa II 114, 384
g-dartop Jlampe II 270, 388
— oaxextpoEHNH I 275, IT 262
Mepmu-ras cx. lpunbammenne cBOGOIBHX DICK-
TPOHOB
QepmueBckoe (KOHTAKTHOE, CBEPXTOHKOE) B3a-
mmopeiictene 11 281
@eppumarrernsm I1 310, 314
BocuprumanbocTh II 326 (c)
KpHTHYeCKasA TemIeparypa (TemImeparypa
Hwopun) II 311, 314
oramume oT deppomarmermsma II 310, 311,
326 (c)
Teopusa MoJeryaspuoro moas II 338
®eppomarmerusm I1 286, 309—341
BocnprumansocTs 11 315, 325, 326, 332, 333
B rase cBoGopEHX ayiexTpoEoB JI 297—299
B 30HHHX Teopuax II 299 (c
B mopean [lelhaenbepra IT 316—323
rucrepesuc 1T 335
nomentr 11 333-—-336
u mmg.nbuoe paammopedicreme 11 288, 333—
337
xoapumruBEas cmpa 1T 335, 336
KpATHUECKasi TeMieparypa (TemuepaTrypa
Kiopm ) 1T 286 (c), 311, 314
KpuTuvecKue HoKasateam cremenn 11 316 (c)
HaTpaBJeHUA JErKoT0 W TPYJHOTO HaMarHBH~
unBaana IIF 335 (c)

oramune or deppumarmerusma II 310, 311,
326 (c)
nponecc mamaramgusamms 11 335, 336
cnuEOBHe BojHN 11 318—323
CIIOHTAHHAA HAMATHHYEHHOCTH IPH HO3KHX
Temueparypax II 320—322
TeOpusA MoJgeKyjapuoro moas I1I 329—332
sHeprua ammsotpomnmm I 335, 336
Cx. makwe MarmmrTHOe B3amMoOpelicTBHe;
MarauTrOe ynopapogenwe; CnoHTaHHAA
RAMATHHYEHHOCTH
OnyKTyanuoHEHO-IUTIOABHEE (BaHAEPBAAIbCOB-
ckne) canur 1T 21, 22
B HOHEHX Kpmcramaax II 33
n notennman Jlemmappa-Ilmmoncaf 1T 28, 29
npoucxoxrenme II 24, 25
Onorcon 11 364
@ orOHN
axycTuueckme II 64, 66, 70
B3aumopeficTBre ¢ saekrporamm 11 145—154
B HOEHHIX Kpucraanax 11 157, 170—173
B Mmerammax I1I 138—156
BOJNIEOBHe DakeTe I1I 124
Bropoii 3ByK II 433—135
Bpemera msEm 11 104
neGa%%cnan mopenn crextpa 11 85—89, 92,

H Bocnmpummunpocih Haymu II 280 (c)

H AMBJeKTPAYeckas NPOHHMIAeMOCTh MeTaj-
so 1T 141—144

u Islanpemennaﬂ 30Ba B NOJYUPOBOJHMKAX

KOHmeRTpanus sakamcmit 11 235, 236, 206

Me30BHEe nepexonst 1 294

onTHYecKUe CBOHCTBA HOJYIPOBOAHRKOB

11 189, 190

IAOTHOCTH TewaoBoil smeprum 11 81

pacceanme meiitporoB II 104 (c)

cBepxnposopuMocts 11 353, 354

TenaoBoe pacmwmpenme 11 117—122

TenaoemkocTs 11 81—91

TennonposoprocTs 1T 123—133

mupypa JuAERHE] nep1poB okpackm 11 242

ajexrpoconpotmpiaenne II 149—154

sddexTUBHaA Macca sneKrpoBa I1 145~

147, 155, 156

KaK KBaBTOPaNEHe HOPMajdbube monu 11 80

kBasuumnynse 1I 99, 100, 375—380

KBaH§02011exaBnqecxoe onucanme 1I 371—
7

KpaTkunit 0630p OCHOBBHX (uamdeckux d¢-
dexro 11 46—49

HOpManbEEe mpomecch II 129

OIlepaTOpH POMJCEUA K YHUYTOKEBHAA

— — — — qas pemerkm Bpass II 372

= — = — qng pemerknu ¢ 6asncom II 373

onpejleJeENe CHEKTPa ¢ NOMOUIBIO PACCEARNA
mefitponos 11 98—104, 383, 384

=— =— —' — — penrreHoBcknx ayuei IT 385,
386

~— — — — — cpeta II 108—111

ouTtmueckne 11 64, 65, 70—80

ocobepnocTm Bam Xosa Il 92, 93

ocoGermpoctn Koma 11 14

nxoTaOCTH ypomReit 1T 92—094

B

SMEEEREERX
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Dononn

noaapmaanus 11 68—74

npomecesl Gechomomune II 100, 384

— 4-pomommrte 1I 101, 102

— 2-pomonmme II 403, 104

— n-ouonnrre II 387

mponeccel mepeGpoca II 129—133

poIeHne, YHWITO}KeHEWe ® paccesgue II

cMelleRds ¥ UMOYALCH HOHOB, BHIPA;KeHHEE
9epe3 OUePATOPH JPOIMNEHAA M YHHITO-
wmeana 1T 372, 373

cpaBHeHWe ¢ KiaccmdeckmM rasoMm II 128 (c),
131 (c), 134,135

cpasmegume ¢ ¢oromamu II 80, 94, 95

CpeIHee YHCHO B TePMOAAHAMHISCKOM PaBHO-
Becmu JI 81

cronraoBenusa 111126

guofta s3anonmeHusa I 99 (c)

sﬁnnégeﬁnoacnaa Mmojtens cuextpa IT 89—91,

9Heprus, cpaBHeHU® ¢ IHEPrueil peHTreHOB-
cxux aydei, |IT 3408
Ca. marwe AurapmonudecKde gnemn; Iap-
MoHmdecKoe mpuOimrenme; HoneGamua
pemerkd; Moxens [e6asa; Ilomapusa-
nusA; [Iponeccr uepeSpoca; JiIeKTpoH-
dororHOe BaAEMO/IecTRHE
Dopuyaa JIrperma — Jloperna II 166 (c)
Dopm-parrop atommstix 1 116, 117
Dorounr {1
COOTHOINGHHO MERIY PHOPTHORA H UMIYJIHCOM
IT 97, 98
cpaBHeHue medrpomamm II 98
— ¢ Pomomamu II 80, 94, 95
Dortonposogumocts (II 186
Doroanerrpugeckait spdexr
1 u3MepeHHe paborwBmxomga I 362
4 TmoBepYHOCTA TEepEHX Tex I 354
" up%c’zgumenue}neaanncuuux BIEKTPOHOB I
c
Dynrnuan Baagne I 192, 193
ofnactTs mpaMeneHna I 193
cooTHOTAHUA OproroHansmocTd I 194
Qymrnus Bpammoana 11 271
Dyuxnua Jlamresena [T 183
DyBEKNASA pacmpeneaenusd
Bose — digmreitna I1 82
Maxcaeasa'— Boxsmada I 43 — 45
HepasHOBecHad 3JjeKTpoHoB I 245
— — BHYACJeHH® B HPUbGIMIROHAE BpeMOHU
pemakcamum 1 247 — 251
— — JaEeapasanui 1 250
paBHOBeCcHAS 3JIeKTpPoHOB I 43 — 46
CKODOCTH W3MeHeHMAA 8a CIOT CTONKHOBeHMI |
347, 318 vy~
— — —— B Opubum:Redud ’BpeMenn pemxa-
reamuu 14317, 318
Depvu — Tupawa 1 43, 45, 54 — 58
dononon II 81
Cx. marxnce! IlpuGnm:Reare BpeMeHH pela-
Kearmu; Pacupepesneame Pepmu — (a-
para; YpaBHeHme Boabnmana
Oyarnna Pepma 1 56, Cx. marwe Pacupene-
nerue {QPepmu — {apaka

[IpenmeTHHI YKasaTedb

f-byaroua I 349
®ypre-06pas
Kynongmcxoro paanmopeiicreua I 333, 351,
352
¢opmyan obpamenuna I 376—378
9KPAHUPOBAa HHOTO KYJIOHOBCKOTO B3auUMOZEH~
creus I 34t 3351, 3520

XumuyeCKnil mOTeROuan |
B coGCTBeHHRX MoaynposonauKax I1 197, 198
1 sueprusa ®epmu I 56, 60, II 195 (c¢)
KpazuxuMudeckun motemmuan II 232
noxanbHEIE I 246 (c)
— B IepeMeHHOM 2JeKTpHIecKoM mojye I 261
Temngggl*ypnaﬁ 3aBUCHMMOCTH B MeTanmax 11

TepMopuHAMUYIECKOe paccMmoTpedue I 373
9JIeKTPOHHOTO Ta3a HpHU HYJNeBOll TeMmepaTy=-
pe I 56
JIeKTPOXUMUYECKUIT moTeHmuaa I 258 (c),
II 213—215
Xumuueckuii cpsur IT 281

IleaTpupoBaHHas MOHOKINHAAS peiieTka Dpa-
Ba I 125
1{enrpupoBagHas TeTparOHAJNbHAA pemeTHa
Bpass I 123, 124
Mearpst okpacku II 239-—243
Femeatp II 241
— mpocTtas momeasb II 257, 258
F ,-nearp II 1243
H-negrp II 241
M-uentp II 244
R-meurp 11 241
Vg-mearp II 242
mnpnz; JURUA ONTHYECKOro moriomenns 11
2
Murxorpornas Macca I 236, 243
B MmeTajymax 1 278
B molrynposomHukax II 193
Cx. marxxe IPdeKTHBHAS Macca
Muraorponnass gacrora I 31
B noixymposogaurax II 193
qucieERNe Gopmyns 1 31, 372
HuKIOTPOHHHI PE30HAHC
B meranmax I 278—280
B noayuposogunkax I 278 (c), IT 193, 194

JeTsipexBajienTBE® MeTaJan I 304

Jucmo Aporagpo I 19, 63

Yucno Joperuma I 35, 38
— - TeopeTmuecKoe 3mHaueHW® I 66
Cx. maxwe 3arkon Bmraemama — Ppanna

Hlmpusa 30HH
B Merofxe cuabmOil cpasu I 187
B OfHOMepHOM ciydag I 155



I pegmeTusiii yKazaTeib

Aast cBOGONHKIX NEKTPOHOB B IPUCAMKeHUH
Xaprpu — Poxa I 335
cpaBHeHue d- u s-3om 1 306

dlenouno-ramoupunsie coenunenusa 11 12—17
JebaescKasa TemmHeparypa 11 86
megextnr 1I 237, 238
AMaMATHUTAAA BocmpuuMuusocth II 264
IWajieKTpudecKas mporHunaemocts 1I 176
3oHHasg cTpykrypa Il 14
nounste paguyce 1I 15—17
KoreauonHas smeprus II 33, 34, 36
MOAYJb BcecTopoHHero cykatua 11 38
ontmgeckme Momer II 170—174
napamerpil [plomaiizema [ 422
noaspusyemocts II 168
nocTosHHNe peinetku 1 92, 93
npoBogumMocTs II 238
paciipegexenue mioTHOcTU 3apsja 11 13
paccrosinie MeKIYy OAMKAWUINME COCefAMH
II 38
nenTpsl OKpackm 11 239—242
9acTOTH omrTudecKux ¢onomos 11 176
[llenounoseMenbusie MeTanasi 1 299
dllesounnie MOTAJNIH
aromasie Komgurypamuma 1 283

30HHASA CTPYKTypa u moBepxHocTh Pepmum I
284—287

roresuss II 40—44

HOHMEHTPANHA 3JAEeKTPOHOB IIPOBOJUMOCTH
B MOJeNH cBOOONHEX smeKrpomoB 1 20

roadpdunuenru Xoama I 30, 287

MOAYbL BcecTOpoHHeTO cyatus I 53

onTudecKue csoictBa I 33, 293—295

napamarsetusm [layam 11 280

mapaMeTphl, OTBEYAIONIHe MOJEIH CBOGOXHAIX
axmexrpoos I 51

WIOTHOCTH H pasmep moHa I 42—44

1OCTOAHHEE permeTku 1 82

moTeHniaNkl momms3amue II 73

npospaggocu B yabTpadunoaeToBoil o6racTa
I

conporusaenne 1 24
TeIJIOeMKOCTs 1 62
TenaoupoBogHOocTs I 36

JrpamnposaBmne [ 337—344, 11 142—145
B p — n-nepexopme II 231
B npubamwxenun Xaprpu — Doxa [ 343, 344,

11 145—147

HOH-HOHHOTO B3amMmogeiictema II 139
i feppoMaTrHETU3M DIEKTPpOHHOTO rasa 11 299
Jlunpgxappa I 342, 343
mepesxparuposKa II 146
— wu cBepxmposoguMocts 11 353, 354
Tomaca — ®epmu 1 340—342
9Kpa111n§08aﬂﬁmﬁ KYJIOHOBCKUH MOTeHIHAJI

— — — ocmwrAnuu I 343
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9xcmronn II 244—247
Banapre — Morra 11 247
Opeurensa II 244
IKcTpeMaNbHEE ODPGUTH
B HUKJIOTPOHHOM pe3OHaHce 1 279
B a¢ppexte e I'aasa -- Bam Aubpena I 267—
270, 273
I MarHeTOaKycrudeckuit adpdext 1 277
U ILIOTHOCTH ypoBHe# I 273
u apdextT Tamrmaxepa I 280, 281
daerrpugeckas unpykousg II 158, 165
dnexrpuiecknil mpodoii cm. IIpoGoit saexTpn-
gecKui
dneKTpUIECKOe 1Oa® JAOKaapHOe 1I 163—166
JnexTpoH 6A0XOBCKUil cx. BaoxoBckue diex-
TPOHK
9JeKTPOB-NOHHOE B3aMMOJleHCTBIS
CKOe)
g mMogmenn [Hpyme I 19, 20
1 orpunateanHnie aHepruum Pepmu 1 356 (c)
Cn. marxwe llepuogudecKuit moTeHIHAN
JAeKTPOHHAA ILIOTHOCTE 1 19
B HOHARLX Kpmcraaxax II 13
B KOBaJeHTHHX KpucTasmax II 8
B Mmetammax 1 20
u Kiaccuuxamma tBepasx tex IT 5—11
JneKTPOH-BedTPOHHOe B3aumopeiicTBue (Mar-
muTHOE) II 98 (c)
JnexTpoHHOE cpojctBo II 13 (c)
JIeKTPOHHHE YPOBHU aTOMOB, Da3MEIBIIHECH
B 30HH I 187
daexrporukii ras [ 17—22, 315 (c). Cx. maxsce
IIpubnuwkenue cBOGOAHKX BIEKTPOHOB
AneKTPOEHHHA g-paxTop I1I 261, 262
SJIGKTp{);ll;(bOHOHHOG B3aumopeiicteue II 145—

(cratuge-

M MarHEUTHasg BOocHpmmmauBocTh II 280 (c)
1 ofgmoaneKTpoHHas ameprus I1 145, 146
u cpepxmposopuMocts 11 353, 354
1 anexTpoconporusienue I1 149—154
u sdderTUBHAA Macca saexTpona 11 146, 147
komcraHTa cBsasm 11 148, 149

SJIGKTp?())glz-I).TIeKTPOHHOG B3amnMoneitcreme I 329

B monmeau Hpyme I 19—21

B npubmmxenun Xaprpu 1 330

B upnbamrennyu Xaprpu — QPoxa I 332—337
7N BpeMdA KUBHI dJeKTpoHa 1 346, 347

u MargdTHas cTpyKrypa II 286-—307

1 MeTO[ cmabHOW cBa3nm I 191

n moment XaG6apma I 300

n mapamarserusm llayam IT 284, 285

i He%g(;nuqecxnﬁ uorennuman I 138, 195, 330,

npuanun [laynm I 346—348

paccesmme I 20, 21, 315, 345—348

cBepxmposognmocts 11 353 —355

Teopusa depmu-muprocty I 344—351

9HEPTUS OCHOBHOTO COCTOFHHUA Trasa CBO-
Gonmbix amekrporoB [ 334

qepes Qomomst 11 144, 145

Cx. marxe Ilpubavkenue He3aBUCAMBIX

aneKkTpoHOB; Teopus ¢epmu-KuUxKOCTH;

¥Ypasuenua Xaprpu — Pokra, IKpanu-

poBamme

SEREES
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JNeKTPOHK aTOMHOTO (MOHHOTO) ocroea 1 18,

BosinoBre (ymkmuu [ 197, 198
CpPaBHEHNE C BAJEHTHRIMH 3jaeKTpoHamu I
197, 198
JIEeKTPOHB BAJICHTHH® M. BajieHTHEIE BJeK-
TPOHEHL
JIeKTpoHR mpoBopumocTd I 18. Cm. makae
Brnoxosckue anexrpons; Hpubamxenne
HEBABACHUMEIX 2JeKTPOHOB; Ilpubamxe-
HAe C¢BOGOJHEX 3JEeKTPOHOB
9 IIeKTPONIPOBOHOCTD BHICOKOYACTOTHAS
B mopeaun Jpyme I 30, 71
B MOJYKJaccuuecKonm mopmenu | 253
U AU3JieKTpuYecKas NpoHHIaemocth I 390—

JNEeKTPOIPOBOIHOCTE BEICOKOYACTOTHAA
1 Mex{30HHEIe Iepexofs 1 254
KBaHTOBOMeXaHWYeCKni pacger I 253
HelloKaJabHaa teopuma I 32
9NeKTPOUPOBOJHOCT CTaTHYECKAS
amgusorpomus 1 71, 251
B HeyNOps/09eHHENX chaBax I 310
§6§ﬂH0p0ﬂHOM MarEMTHOM moxe I 260—
B moaykiaccmdeckoir mopenu I 253
B moxymposogamxax I1I 185, 190
u gepku I 252
sakoH Bmoxa 7% II 192
HnjeanbHadg, OTIAYHe OT CBePXIPOBOZMMOCTH
II 345, 352
afeaNbHNX Kpucrannos I 218
AOHHHX Kpuctajaos II 238, 239
¥ BaIlpemeHHAs 30HA B COOCTBeHHHIX IONY-
npopogrurax II 190
u xoneGamus pemetkum I1 47, 48, 119—

u mwromazns noBepxuoctu Qepmu I 261
4 mpuMecH B moaynposopmmkax II 186, 187
remmepaTypHas saBhmcmmocTh I 71, II 48,
152, 185
daextpoconporusienue 1 22, 23. Cx. makaxce
9JIEKTPOIPOBOHOCTD
JIAeKTPOCTATHIECKO® MOJie ONHOPORHO HMOJXAPH-
sopamHoil cdepm II 182, 183
— — pemeTku paumoteit II 1
duexTpocTaruieckoe npubamuenue 1T 171 (c),
172 (c), 175 (c)
JmeKTpoXuMAYecKuil noteHumanx 1 258
— — B moxynpoBomauxax II 213, 214
dnemeHTapHasn sueiika cx. IpmunTuBmas aueii-
Ka; YCIOBHas 3JeMeHTApDHasA sAYeiKa
JHepreTuieckas 3oHa 1 147. Cm. maexxe 3a-
npemenHas 3o0Ha; IlaormocTs ypoBmeii;
IMupnea 30HK
JHepreTU4ecKad menab (B HOPMAaJABHEIX MaTe-
pHanax) cx. 3allpemeHHAsl 30HA
JHepreTuyeckas INedb (B CBOPXIPOBOJAINMX
MaTepuaiax) II 341
n 3atryxamue 3ByKa II 350, 351
usMepenHnle 3Hadsemus II 359
u marauTHBie mpumecu II 341 (c)
H [OOTJOIPHHEe 3JeKTPOMATHATHOM SHEPTHH
II 349, 350
u TyHEeaupoBaHme II 349

[IpexMerHH yKasaTelb

coorromenue ¢ I', B Teopun BRI II 358
359
dmeprmsa amusorporun II 335, 336
JHepras HOHM3ALMN aTOMOB HIGJOYHEIX MeTal-
aoB u Bogopoma II 23
— — Mmeju, cpaBHeHMe ¢ KajueMm I 290 (c)
JHeprus OCHOBHOTO COCTOSHMA rasa cBobopm~
HbIX 3JaeKTpomoB 1 334
JHepTust cBaA3u cx. Koreauonuas sHeprus
Ineprua Pepmn
GI0X0OBCKUX aJaeKTpoHOB I 148
B poaynposoguuKax I 149 (c)
B npubauxeHnyt cBOOOJHEX 3aeKTPOorHOB 1 49,
51

u xmmudeckunid morennmax 1 56, 60, 195 (¢}
OTpuiaTeabHHe 3HaYeHHA 1 356
cpaBrenne ¢ pebaeBckoil nacroroii II 155
Cx. makxe XUMUYeCKMIl HNOTeHNUAN
dHTpOIAA
rasa cBOOOABEIX 3JeKTpoHOB 1 67
¥ He3aTyXalomue TOKH B CBePXIPOBOAHHKAX
II 345 .
aspa I1 24
norok 1 254
npoussofcteo II 254
cuuHOBOM cucrtemunr 11 276, 277
9ddexr ge l'aasa — sam Axngena I 265—275
B Oaaropojmbix Meraianax 1 290, 291
B mepexoineix Mertamiax I 308
B meaodHeXx Mmerajiax I 284, 285
nsMepennme I 265, 266
¥ HeOTHOPOABOCTh MATHUTHOTO moasx I 282
¥ JIOTHOCTH ypoBmedt I 273, 274
n paccesmme 1 274, 275
KBaHTOBaHHE ILIomazu opomtw I 271—273
MUHAMANBHHIE pasmep o6pasma I 271 (c)
TelIoBoe ymupenue 1 274
odgert I'anTmaxepa 1 280, 281
Idderr 3eebexa I 39, 40, 257 (c)
-— — OTCYTCTBHE B cBepXIpoBojHuKax I 251
9pdert Meiicrepa II 345, 346
u teopus BRI II 361, 362
u ypaBseHue Jlomgomos II 353
Cxn. makxxe Hpurudeckoe noue; CBepxmpo-
BOJUMOCTD
o¢derr Hepucra I 259 (c)
dddexr Ieanroe 1 259
— — OTCYTcTBHE B cBepxnpoBommuxax II
345, 365 (c)
O¢pext Purm — Jlemoxa I 259 (c)
o¢dert Cmmcom 11 344
Apdexr Tomcoma I 41, 259, 262
Apperr Xomma 1 27, 28
B axfomuuuy 1 30, 302
B JIBYX30HHOH mopmennm I 243
B KOMIIeHCHPOBaHHKIX MaTeprajax I 244
B mojeau Ipyge I 27—31
B moxympoBogmmkax II 186
B CIJIBHEIX HOJAX B pPaMKax MOJYKaaccude-
croi momemu [ 237—241
U 3HAK sapsapma Hocwredeil Toka I 28, 29, 239
u KOHHEeHTpaunus Hocuresxeil roka I 29, 239,
240
1 TPYAHOCTH MOJENH CBOGOJHHX BJIEKTPOHOBR
170



IpegMeTHH# yEasaTennb

3dbdert MlyGpurxopa — ae Taasa 1 265
Addexr DrTumrcraysema 1 259 (c)
9ddexTuBRan macca
B noaymertaaaax 1 306 (c)
— upubnmresun Xaprpu — Qora I 352
gbipor 1 231
H  craThdecKast
252
Halijengaa mo TeujoemrocTu I 243
Tepsop I 232, 380, II 194 (c)
Teopema 1 380
dononnwii Bruan 11 145—147, 155, 156
DEKJOTPOHHAA (B MeTaanax) I 236, 243
— msmeperue 1 278
9ddexrnsroe unciao maraeToHoB bopa IT 272~
274

9JeKTPONPOBOAHOCTE |

47

AdderTrr Jsrosedcona I1 3(5—367
AdQeKTH TPOCTPAHCTBEHHOIO 3aPsijna B TEPMO-
BJeKTporHOA ®Mmuccun 1 363, 364
Speprpit marEnTHRI pesonanc 11 281, 282
n avTudeppomarseTusm IT 313, 314
u papamarsermaMm llaynu 11 281, 282
flueeymass BoNHOBaf QYHKINA, CPABHOHHE O
atomuoit I 200, 201
sgeiika ca. YcioBHas sleMeHTapHas HUeilks;
IlpuMuTnBHEan Aueiika
flselika Buraepa — 3eiitua 1 85, 86
aaroputM nocrpoemus I 86
B 00paTHOM NpOCTpaHCTBE cM,. 30HA Lpua-
JI09Ha IepBas
JA5 T. L. K. 4 0. L. K.
86, 94
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I'aasa 21: HenocraTiu MoAeNH CTaTHYECKOH
peueTKn

Tnasa 22, Raacemaeckan Teopusa rapMoHHges
CKOro KpucTajsia
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Huaccnduranua AndIEKTPUKOB

Honasie kprcranmas

[l{erouno-ranowsignie coegudenAst (MOHHEE
KPHCTAJUIHL XAMWYOCKUX COofAHeHAil THia
ArByry)

Rpucrtaxnn coeguaennit Tuna AyryBy (mpome-
JKYTOYHEIE MOJKAY MOHHLIMU U KOBAJIOHTHEIMH)
HoBameHTHEIE KPHCTAIK

MoxerynApare KPHCTAMIB

MeTaian

Kpucraans ¢ BOZOpPOAHOLl CBA3BIO

3ajiaqu

Jluteparypa

MouaexryuspHae KpucTauiasl. NEepTHHE Ta3n
Wonnre KpucTainb

Koresusi B KOBANGHTHHIX KPHACTANNAAX U Me-
TaJlIax

3apaqn

JImTeparypa

PapHoBecusie cBoficTsal
Ruanmernaeckue csoitcTBa
BaanMopeiicTeHe € H3INy4YeHHAOM

FapMorngecKkoe upaGINKeHNO
AnuabaTugecKkoe UPHONUKCHHS

Y menpHAA TENJI0EMKOCTh KJIACCHYECKOTO KPH~-
craana. 3akon [lionorra o [Itn

HopMmanbanie MO 0gH0MEPIIOTT MOHOATOMHOR
pemeTkn DBpaso

Hopmanpreie Moxe oJHOMepHO!I pemeTHn
¢ Gasicom

Hopmanbauie MOZAW MOHOATOMHEO{ Tpexmep=
HOif peureTkn D papa

HopManbHEE MOAN TPeXMepHOil PpeleTKH
¢ 6asucom

Cass ¢ Teopueil ynpyrocru

3ajgaan

Jlureparypa

v

Hopmanerne Moxn # GoHOHE

OGigee BelpakeHde 1A TEMIOBMKOCTH pe-
eTKH
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parypax. Mopean Hebas m OlimmreiiHa
91 Cpapmennme pemeToYHodl ©  3AEKTPOHHOII
YHeJIBHHEX TenJaoeMROcTeil
292 IIn0THOCTH HOPMAABHKX MOJ (INOTHOCTE (o=
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95 3apmaum
96 Jlureparypa;
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209 Jlmrepartypa
Tmasa 29. Heofnopoaupie moaymposoaHmem 210
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239 IlenTpn oKpackyu
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244 OxcuTOHH
247 Jlubeiigwe pedexTH (fHCHoKAmUN)
252 TIpOYHOCTH KPHUCTAJLIOB
253 JedopmanmoHHOE YHpOYHEHUE
253 Jlmcrioxangu B POCT KPRCTANAOB
254 VYen
254 HaGawojenre gECAOKanuil U Apyrox nedexToB
204 JledexTH ynakopKM KaK nplMEp ABYMepHHNX
mepexTon
255 MadaoyraoBee TpaHHIE 3epen
256 3apaun
258 JlmTepaTypa
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259
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HaMaruuueHHOCTh ¥ BOCHPAUMYHBOCTH
Pacuer aTomuHX BocmpumMm4usocTeil, O0mas
dopmynnpoBKa
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BocupaAMYMBOCTE AWBACKTPUKOB € IIOAHO=~
CTHI0 BAMOJHEHHHIMA ATOMHBIMI 000JOYKAMM,
JlapMoposckmil graMargeTH3M

OcHOBHO® COCTOAHNE HOHOB C HACTUIHO 3a10-
HOHHHIMA o0oxouxkamn. IIpasmma Xyupma
BocupnaMYABOCTE [HIJIEKTPUKOB, COJepP:Ka~
MAX HOHH ¢ YacTRIHO 3an0JHEHHON 000J04Y-
Koit. [lapamarmeTnam

TepmopuraMrgeckne CBOCTBA TapaMaranT-
HEIX [U3JIeKTPAKOB., AJnafaTyyecKoe pasmar-
HA9ABaHNE

BocopaumansocTs MeTamioB. [lapamMaraeTnam
[Taynm

JuamarseTasm 3J6KTPOHOB HPOBOAMMOCTH
Wamepenne napaMarEATHO! BOCIPAAMIABOCTH
[Taynm meTofoM ANEPHOTO MATHATHOTO Pe30=
HaHca

JuaMarseTnsM sJAEKTPOHOB B JETHPOBAaHHLIX
O0JYIPOBOEAKAX

3agaun

Jluteparypa

Onmenxka »5HEPrId MATHHTHOTO JIAIOJILHOTO
B3aUMOJIeACTBU S

MarsnTeEHe CBOHCTBa [BYX3JEKRTPOHHOII CH-
cremel. CHHTIOTHbIE U TPHAIUIETHEE COCTOAHUSA
Buuncaenune paciliendenns MeKIY CHHTJIET-
HHM ®H TPUNJeTHHM cOocTosEAAMA. HecocTos-
TOALHOCTh HpHOIAKEHNA HE3aBACHMEIX DIEK-
TPOHOB

CouHOBHE raMHEABLTOHUAH W MOJean I eitsen-
fepra

IIpamoit o6men, cBepxoGMeH, KOCBeHHHI 06-
MeH W OOMEH MEKIY [eAOKAJM30BAHHLIMN
3JIEKTPOHAMU

MargnrEOe B3amMOjeiicTsiHe B rase cso0o/-
HHX 3JIeKTPOHOB

Monenn XaGbappa

Jlorann3opanEbEle MOMEHTHI B CIJIaBax
MuaauMyM 3NeKTPOCOUPOTUBJAGHUS ¥ TEOPHS
Horno

3agaqn

Jnreparypa

Tuas MarAuTHHX CTPYKTYP

Ha6xogerne MaTHATHHEIX CTPYKTYp
TepMogmEaMAYecKNe CBOHCTBA BOIM3W TOUKU
BO3HMKHOBEHHSI MATHHTHOTO NOpPSIKa
CeoiicTa npn mymeBoil Temueparype. Ocnos-
HOE cocTognue reitaenbeproBeckoro gepponar-
HEeTHKA

CroiicTBa npu myaesoil Temueparype. OcHOB-
HOe COCTOAHWMe reiideEGeprosckoro amtudep-
POMaTHETHRA

IloBenenue reitaeEOeproBcKoro deppoMare-
THKa HPHA HU3KHX TemmepaTypaX. CHumHoBbIe
BOJTHEL

BorcokoTemmepaTypHaA BOCTPUEMYUBOCTL
PaccmoTpenne moBejeHHS cucTeMbl BOJH3R
KPHTHYECKOH TOUKE
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Oruasnenue

Teopusa MOJEKYJIADPHOTO LOJHA

CrefcTBus JUOONBHOTO B3aMMOJENCTBHsA
B (eppoMargseTurax. JlomeHH

CregcTeus quOOABRHOTO B3auMofelicTBus, Paa-
MargEnYuBapnye QaxTopu

3apgaun

Jluteparypa

Hpnrtuueckas remmepaTypa
Hesatyxaomue Tokn

TepmoaneKkTpudecKkne cpoiicTBa

MarputaEHe cBoiicTBa. HJeannEH#l pEaMar-
HETH3M

MarenTene cBolicTBa. HpmTuuecxkoe mone
TenioeMKOCTb

Jpyrie OposABIEHHA CYNECTBOBAHUA DHEpTe-
TUYECKOH Inean

Ypasresue JIoH[IOHOB
MuKpocKonudeckas TeOpHA.
gePTH

HoanvecTserakie PesydpTaTH BDIEMEHTAPHO!
MUK DOCKOTINYECKOM Teopuy
Muxpockonmdeckasi Teopust @ agdert Meiic~
Hepa

Teopusi T'musbypra — Jlasgay

HpanToBamme wnOTOKA

MuKpOCKONUIECKAsA TEOPHA I HeaaTyXalouiue
TOKHA

CpepxmpoBogsainee TyHHeXHpOBamHEe. Jddek-
Th J[3K03edcoHa

3agagu

Jluteparypa

HavecTBerEHIe

JlmTepaTypa

BriBoj 3akoHa COXpaHeHNS
IIpumenerua
Jlutepatypa

PaccmoTperne paccedHRsA PEHTEEBOBCKHUX Iy-

geit
JluTeparypa





