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IIpenucnoBue

B xonme 50-x, ragase 60-x romoB MpOILIOro BeKa B TEOPUN KOHIEHCHPOBAHHOTO CO-
cToAHUA (Jalle HasbIBaBllelica TOTIA Teopuell TBEPAOTO Tela i KBAHTOBBIX JKHUIKOCTEN )
MPOM3OIIEN TIEPEBOPOT, CBA3AHHBIN C TPUMEHEHNEM METOIOB, pa3pabOTAHHBIX HeCATUIIE-
THEM paHbIlle B KBAHTOBO TeOpUHU MOJIA, B OCHOBHOM — MeTOHa (hbelHMAaHOBCKUX ITHa-
rpamMM. C TeX TOP 3TH METOIBI COCTABJIAIOT OCHOBY HAHHOTO pa3iesa TEeOPETHIECKOMH
Jusuku, mx 3HAHWE HEOOXOAUMO KaiKIOMY IDAMOTHOMY TEODETHUKY.

CyliecTBYeT pdAl XOpOIINX KHUT W YIeDHWKOB, TIe JOCTATOYHO MOAPOOHO mW3JjIara-
erTcd oblad CTOPOHA Jejia — BBEIEHNE NMATPAMMHOTO MOAXOAA JJIA Pa3JTUIHBIX THIIOB
Baaumomeficreuii [1, 2]. Pasymeercd, B aTUX KHUTAX U3JIATAIOTCA U KOHKPETHBIE MPUJIO-
JKEeHNA K TeM WM WHBIM (DUIHIECKUM 3a7adaM. BMecTe ¢ TeM, 10 HACTOLAIIETO BPEMEHH
MPaKTUIECKH OTCYTCTBYIOT KHUTH, B KOTOPBIX HOCTATOYHO TOIPOOHO, CO BCEMHU HETa-
JIAMU BBIYUCIEHUN W METOAMYIECKUX MPUEMOB, pasbupaauch-Obl MPUMEPHI TPUMEHEHU A
9TOI TEXHWKW K PENIEHWIO KOHKPETHBIX 3a/1a4 Ha yPOBHE, 3aBEIOMO MTOCTYTHOM JIJId Ha-
YHHAOWIETO TeopeTuka |. 3a mpollene JecATH/ICTHA TaKHX 330t Pellagoch BeJKoe
MHOXKECTBO U PE3YJIbTAThl PasdpPOCaHBI O MHOTOYNCIEHHBIM OPUTHHAJIBHBIM CTAThAM,
0630paM B MOHOTpaduaM.

lempo HacTOAMUX JIEKTIUH ABIAETCA UMEHHO JEMOHCTPAIMA TOTO, KAK AHATDAMM-
HBIE METOBI IPUMEHAIOTCA K PEIEHNI0 KOHKPETHBIX 33aa9 TEOPUH KOHIEHCHPOBAHHOTO
COCTOAHMA, KOTOpPBIE yXK€e HOCTATOYHO HABHO BOILIN B “30/0TOl doHA’ »Toil Teopun,
a COOTBETCTBYIONINE TOHATHA W MPUEMBI COCTaBIAIOT pabounii “dpoabkaop” coBpeMeH-
HOTO TeopeTHuKa. BrIOOp MpUMepOB OOYCJIOBJIEH KaK UX BaKHOCTBIO, TaK W JIMIHBIMU
HAYYHBIMEA WHTEpecaMu aBTopa. MHOTHe U3 »THX 3a1ad ellle He pPelleHbl “I0 KOHMA”
u JaJibHeifliiee pasBUTHE PE3YJIbTATOB, W3JIATaEMBIX MOYTH B KAaXkKIOM DPas3lesie, MOKET
COCTABHUTDH TMPEAMET CAMOCTOATENBHOTO UCCIETOBAHNA. MBI CO3HATETBHO OrPAHUIMINCE
TOJTBKO U3OPAHHBIME 33Ja9aMU 3JIEKTPOHHOW TeOpuu TBEPIOTO Tesa, OIYCTUB BOIPOCHI
Teopun 603€e — KUIKOCTH, OOMBIUTMHCTRBO 3aa4d TEOPUH MAarHETH3Ma U TEOPHUIO KPUTHIE-
ckux sBieHuii. HyxHO 9eTKO MOHMMATh, YTO KaXgad W3 TJIAB 3THUX JEKIUH Morsa-Obl
COCTABHUTH MPEIMET CAMOCTOATETBHOIO CIENKYpPCa W, B 9TOM CMBICJE, HAIlle H3JI0WKe-
HIEe He TIPETEHIYET HA CKOJIBKO — HUOYIb 3aMKHYTHII 0030 3TUX HapaBJIEHUN TEOpUH.
Pasymeercs, mpuMeHeHrEe TOJEBBIX METOIOB B TEOPHUH KOHIEHCHPOBAHHOTO COCTOAHUSA
HE WCYEPIBIBAETCA TOJBKO MUarpaMMHBIME MeToZamu. B gacTHOCTH, BeJWK OBLI CO-
6J1a3H yHeanTh BHUMAaHUE METOIaM, OCHOBAHHBIM Ha (DYHKIIMOHAJIBHOM HHTETPHPOBa-
HUU W peHOpMAaJIH3alnoHHoi rpynme. Tem He MeHee, MBI PENIUIN OTPAHNINTHCH TOJIBKO
AUarpaMMHBIM TOIXOIOM U 3aJadaMu, KOTOPBIE PEMAIOTCA B paMKaX TEOPUH BO3MYIIIe-
HUif, TPAKTUYECKN OMyCKad COBPEMEHHBIE BOIMPOCHI TEOPUU CUJIBHO KOPPETUPOBAHHBIX
CHCTEM. DTO BBI3BAHO KaK KeJaHWEM CHeIaTh JIEKIIUA AOCTATOYHO KOMIAKTHBIME, TaK
U CTpEMJIEHHEM TPOJEMOHCTPUPOBATE HOTATCTBO PE3YJIBTATOB, KOTOPHIE YIAETCA TOTY-
9UTH HA TOM MYTH.

Hlia moHuMaHusA JIeKIuii HeobXOMMMO BJIAIEHNE OCHOBAME IUATPAMMHON TEXHUKH,
npumepHo B o6beme Tur. IT u 1T snamenuroit kauru “ATI” [1], usnoxenune B KOTOPBIX
JIO CHX TIOP OCTaeTC HEMPEB3OUIEHHBIM OOPA3IIOM.

M.B.CanoBckuii, Exarepunbypr, 2002 r.

1 ABTOpy mW3BecTHa TOJBKO ONHA TaKad TIOMHITKA [3], ocTaBaBuIagca MOJTOe BpPEMdA He OMYGITHKO-
BauHOU. [louTn Bceobbemarounii 0630p MPUMEHEHHIT TOJIEBBIX METONOB K PA3INIHBIM 3ada9aM TE€OPUN
TBEPIOTO TeJla W KBAHTOBBIX KIOKOCTeH comepRurTca B [4], HO 3To mMeHHO 0630p, a He yIeOHUK.
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IHpencenarens Mao-13s1yn

Oh? The man works and doesn’t tell his assistant what he is doing...*

He will never give that seminar.

W.Pauli to R.P.Feynman



JIL.II.I'opekos, A.A.A6pukocos, U.E. /Izanomuuackmii, Argonne, USA, 1998






ConepxkaHue

1 BBEIEHWUE 7
2 39JIEKTPOH - JIEKTPOHHOE BBAHMOﬂEﬁCTBHE 9
ITpaBmia TUArpaMMHOR TEXHURT. . . . . . o o o o v v v v et e e e e e e o 9
DIEeKTPOHHBI ra3 ¢ KyJOHOBCKUM B3aUMOMEWCTBAEM. . . . . . . . . . . . . . . 10
[MonapusamuonubIil onepaTop mid raza cBOOOMHBIX ssiekTporoB ipu 7' =0. . . 16
HsmekTpudeckas TPOHUIIAEMOCTD 3JIEKTPOHHOTO Ta3a. . . . . . . . . . . . . . 18
CobCcTBEHHO — dHEPTETHYECKAad JacTh, 2(pdeKTuBHAA Macca U 3aTyXaHWe KBa-
BUYACTHIL. . . o o o o o e e e 22
Ddbdext Pymepmana — Kurrema. . . . . . . . ... 25
JIMHEMHBIT OTKITIK. . . . . .« . o v v e vt e et et e e e e e 28
MukpocKommIecKe OCHOBBI TEOPUH (PEPMU — KUAKOCTH. . . . . . . . . . . . . 34
BsaumopmeiicTBre KBa3sHIacTHIl B (PEPMHI — KHUAKOCTH. . . . . . o o o o o o . . . 39
HedepMmEKHAKOCTHOE MOBEMEHME. . . . . o o o v v v v e e e e e e e e e e e 59
3 9JIEKTPOH - POHOHHOE BBAHMOﬂEﬁCTBHE 63
ITpaBmia TUArpaMMHOR TEXHURT. . . . . . o o o o v v v v et e e e e e e o 63
CoBCTBEHHO — SHEPTETHYECKAA GACTD DJIEKTPOHA. . . . . . . . « . . o o . . . . 66
Teopema Murmasta. . . . . . . . . . . e 74
CobCTBEHHO — HEpPreTHYecKasd 9acTh U CIEKTP (OHOHA. . . . . . . . . . . . .. 7
[InasMeHHAA MOOEIB METAJIIIA. . . . . « o v v e e e e e e e e 82
DOHOHBI U DIYKTYAIMMI. . . . o . o o o o oo e e e e e e e 87
4 DJIEKTPOHBI B HEYIIOPAOOYEHHBIX CUCTEMAX 91
HuarpaMMHad TEXHUKA /I PACCEAHNA HA “HPUMECAX . . . . . . . . . . . . . . 91
Onmosnekrponnad dyukmug [puna. . . . . . . . . . ... 94
Mopens Kempimma. . . . . . . . . . . . e 107
[TposommmocTs u AByxvYacTw9Had pyHKua [pura. . . . . . . . . . . . ... .. 113
Ypasuenne Bere — Conmurepa, “muddyson” u “kymepon”. . . . . . . . .. .. 122
KBanToBBIE TIOTpaBKH, caMOCOTJIacOBaHHAadA Teopud U mepexon Anmepcona. . . 133
KBaHTOBBEIE MOMPABKU K MPOBOIAMOCTT. . . « « . o « o o v e v o e o oo . 133
CaMocorniacoBaHHAA TEOPUS JTOKATMIAIMMM. . . . . . . . . . . . . . . . .. 143
“TpeyrosibHad” BEPIIMHA. . . . . . o o o o o oot 151
Ponb 31eKTpoH — 37I€eKTPOHHOTO B3aUMOHENCTBAA. . . . . . . . . . . .« . . .. 154



COOEP>XXAHUE

CBEPXITPOBOOINMOCTD 165
QPenomen Kymepa. . . . . . . .o L 165
YpaBHeHUA [OpBKOBA. . . . . . . . .. oL 173
CBepXIPOBOANMOCTD B HEYIOPATOYEHHOM METAJIIE. . . . . . . . . . . . . . .. 186
Pasnoxenwe I'musbypra — Jlammay. . . . . . . . . . ... 194
DIEKTPOMATHUTHBIE CBOMCTBA CBEPXIPOBOMHUKOB. . . . . . . . . . . . . . . . . 207

3JIEKTPOHHDBIE HEYCTOMYUBOCTU U ®A30BLIE IEPEXOIbI221

HeycroitanBocTh POHOHHOTO CIIEKTPA. .+ « + « o o v v o v e e e e e e e e e 221
ITaitepACOBCKMIT MUATTERTPIK. . . « « « o v v v v e v e et e e e e e e e 231
Pazsnoxenne ['musbypra — Jlanmay m/ia mafiepJacoBcKoro mepexoma. . . . . . . . 244
Bounabl 3apamoBoit m CIMHOBOH MJIOTHOCTH B MHOTOMEDPHBIX CHCTEMAaX, 3KCHTOH-
HBI MBOJIATOD. . .« « v v v v vt i e e e e e e e 247
IlceBOomesIb. . . . . . . . e 258
QaykTyanun maiepacoBCKOTo BANKHETO TOPAIKA. . . . . . . . . . . . . . 258
DIEKTPOH B cAydaifHOM mosie GayKTyammid. . . . . . . . .. ... 263
DAEKTPOMATHUTHBI OTKJIHK. . . . . . . . o o o oo e e 268
Mogenn Tomonara — JlarTnmkepa n HepepMIKIIKOCTHOE TIOBEAEHME. . . . . . 284
IToBepxHocTh PepMHU, KAK TOMNOJIOTHIECKUU OOBLEKT. 295

DIEKTPOH B CIIYYAWHOM TOJI€E M UHTETPAJBI IO TPAECKTOPUSIM. 299



InmaBsa 1

BBEJIEHUE

Xopotliio w3BeCTHA OMPEIEIAIoNad poJb, KOTOPYIO B COBPEMEHHON TeOpUH KOHIEHCHPO-
BAHHOTO COCTOSTHUA UI'PAET KOHIEMINs KBasndacTuil. [losHoe obocHOBaHMe 5Ta KOHIIET-
us MoJTyIaeT B pamkax dbopmaauama byHKuil ['puHa, KOTOpBI# ABIAETCA CTAHIAPT-
HBIM alllapaToM COBPEMEHHON Teopuu cucteM MHOruX dactull. Meron dyukmuii ['puna
JlaeT BO3MOKHOCTB YeTKO cHOPMYyIUPOBATH KPUTEPUU CYIIECTBOBAHUS KBA3HIACTHUI B
KOHKDETHBIX CHCTEMaX, a TakKke TPEICTaBisgeT coboll yHUBepCaJbHBIE MeTom TMpoBe-
JIeHUs PacYeToB MPAKTUYECKH JIOOBIX (DU3MIECKUX XaPAKTEPUCTUK MHOTOYACTHIHBIX
CHCTEM € YUETOM Pa3JIMIHBIX TUIOB B3auMojaeicTBuii. [JaHHbil MeTO BOSHUK B CBA3H C
3a/ladaMi KBAHTOBOR TEOPUH TOJI4, TIe BIEepBBIe OBLI ¢hOPMYIHPOBAH Ype3BhIYaiiHO 2
bexTUBHBIN W yHOOHBIN MTOMXO, OCHOBAHHBIN Ha MCIOIB30BAHUN Juazpamm Pelinmana.
[Mocnemytotee mepeneceHne >TUX uaeil 1 METOIOB B TEOPUIO CUCTEM MHOTHX YaCTHII, TIO
CyTH Jesa, W TPUBEJIO K CO3TaHUI0 COBPEMEHHOW TeopHH KOHIECHCHPOBAHHOTO COCTOAHUA
L, 2].

B pamkax manHOTO Kypca MBI HE MPUBOIUM MOCTEIOBATEHFHOE U3JIOKEHUE CAMOTO
Merona ¢yuknuit ['puna, Haiell 1MeJpio ABIASTCA OOYIUTH HCIOTB30BAHUIO STOTO Me-
TomA JIJIA pellleHnsd KOHKPETHBIX 3aaad. [Ipeamosaraercd, 910 OCHOBHBIE TPUHITAIIBI 1O~
CTPOEHUs TUATPAMMHON TEXHUKW JJId PA3JUIHBIX BUIOB B3aWMOAEHCTBUI, TakKe Kak
u obume cpoiicTBa yHKuil ['pwHA YUTATEN IO W3BECTHBI, KaK B dhopMaan3Me HyIeBOH
Temieparypbl T = 0, Tak W 114 CJIydas KOHEUHBIX TeMmeparyp (MamybapoBckie byHK-
muu ['puna) [1]. CtpykTypa Kypea dcHa us oryasiennd. OTaebHBIE TIaBBI TOCBAIIEHBI
PACCMOTPEHHIO OCHOBHBIX BHIOB B3amMOIeHCTBUH, M3yJaeMbIX B paMKax 5JIEKTPOHHOM
TEOPHUW TBEPIOTO Tesa, a TakkKe PALY OCHOBHBIX THIIOB 3JIEKTPOHHBIX HEYCTORINBOCTEH
(dbasoseix mepexonos). Kak mpapuiio, cHadaaa Mbl GOPMYTHPYeM HpaBuIa THATPAMM-
HOW TEXHWUKW, a 3aTeM pacCMATPUBAEM Pa3JIHYHBIE 3aa4h, 10 BO3ZMOKHOCTH TPUBOIA
JIOCTATOYHO TOAPOOHO Bee meTan BhraucaeHuii. [[pu 3ToM MBI, TpaKTHIECKH BCIOLY, CTa-
PaJIUCh CJIEAOBATE IPABUJIaM i 0G03HAYCHUAM, UCIIOIB3YEeMbIM B KHUTe [1], X0T4 moHoro
OTCYTCTBHA “pasHoboa’ B 0003HAUEHUAX TeX WJIM MHBIX (PU3MIECKUX BEJIUINH n36ekKaTh
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BBEOEHWE

BPAI-JIN yaaJochk. Kaxkmas ryiaBa, TakuM obpa3soM, MOXKET PaccMaTpUBATHCA KaK HEKO-
TOpoe BBeIeHIE B KPYT COOTBETCTBYIONINX MPOOJIEM TaHHOTO pasfiesia TeOPUH TBEPIOTO
Tesna. B 9TOM cMBICJIe OHU MOTYT YUTAThCA HE3aBUCHMO, HO CJIEAyeT UMeTh B BUILY, 9TO
BCe W3JIaraeMble BOMPOCH, Ha CAMOM JieJie, BeChbMa TeCHO CBA3aHbI IpyT ¢ Apyrom. [loabop
MATHPYEMOH JTUTEpaTyPhl He TPETEHIYEeT Ha MOJHOTY, IPUBOIATC CCBLIKY JIMIIL Ha Te
UCTOYHUKHN, U3 KOTOPBIX 3aMMCTBOBAH COOTBETCTBYIONINY MaTepuaJl, IpUIeM MpenouTe-
HIle OKa3bIBAJIOCh paboram 0630pHOTO U yaebHoro xapakTepa. COOTBETCTBEHHO, CCHIIIKT
Ha pabOoTHI MPHOPUTETHOTO XapakTepa MPaKTHIeCKH OTCYTCTBYIOT, B Hanbosee BakHbIX
cJIydadx TakKoro pofia MBI CChLJTaeMCH TPOCTO Ha (aMuanm aBTopoB. CilenyeT WMeTh B
BHUIY, 9TO MHOTHE pasiesibl JIEKIHI OCHOBAaHBI Ha CODCTBEHHBIX “pasbopkax”’ aBTopa, B
TaKWX CJIyYadX CCBUIKH Ha HCTOYHWK, KAK MPABUJIO, OTCYTCTBYIOT.

OcHoBHad Wied AMATPAMMHOTO MOAXOAA B TEOPHWH KOHIEHCHPOBAHHOTO COCTOAHUSA
COCTOUT B MPOBEAECHUN CYMMEUPOBaHWUA OECKOHETHOTO pafa (helfHMAHOBCKHUX JUATDAMM
IJ18 OTHOYACTUIHON WM MHOTOYAcTHIHBIX GyHKN ['puna (Bepmmuubx gacreii). Ipn
9TOM pPedb HJAET, KaK MPaBUIO, O CYMMUDPOBAHUHU OMPEAETEHHBIX MOATOCTIETOBATETHHO-
cTell MOJTHOTO p#Ala TEOPUH BO3MYIIEHUH (THIOB AHArpaMM), JAOIINX JOMUHUDYOUHIT
BKJIJI IO TOMY HJIM MHOMY HapaMeTpy 3amaqn (HespasMepHas KOHCTAHTA CBA3M, IJIOT-
HOCTH 9WC/Ia YaCTHI, IpYyTrue KOMOMHAINN MapaMeTpPoOB, XapaKTEPU3YIONNX CHCTEMY).
B 6osbuimaCcTBe W3yIABIIXCA 3a/1a49, TaKUe TMOANOCAETOBATEIBHOCTH OB BHIABICHBI
yKe Ha paHHeM sTalle pasBuTus Teopuu [1, 2], u MBI paccMOTpUM 1esbill psj XapakTep-
HBIX TPUMEPOB U CJEIYIONNX U3 HUX GU3HIECKUX BBIBOAOB. B oUeHb peikux ciydadx,
IJ18 IPE3BBIYAHO YyIPOIIEHHBIX (MOIEIBHBIX) 38124 YAAeTCA TPOCYMMIPOBATE HOTHBIN
definmanoBckuii pazg (Bce mumarpammer). Takue caydanm ropasfgo MeHee H3BECTHBI, HO,
KaK TPaBUJIO, BEChbMa MOYIUTEJbHBI. MBI PACCMOTPUM HECKOJIBKO MPUMEPOB TAKUX MO-
JeJieli, Kak g WATIOCTPAINd TEXHUIECKOU CTOPOHBI JeJia, TaK W CJIEHYIONHUX U3 HUX
HETPUBHUAJBHBIX BHIBOMIOB, CBA3AHHBIX C BO3MOXHOCTHIO Pa3pyIUIEHUA caMol KOHIENTINH
KBa3sWIaCTHUI], KOTOPas, HECMOTPA Ha €€ yCIENIHOCTh, eCTeCTBEHHO NMeeT OTpaHuIeHHbIe
MpefesTbl IPUMEHUMOCTH U HEe TOJIKHA CIUTATHCA CAMOOYEBHITHOM.

[IpakTwgecku BCIOLY MBI UCIOJB3yeM cuUcTeMy enumuut, h = ¢ = 1, BoccTaHaBIMBadA
h u ¢ TONBKO B HEKOTOPBIX UTOTOBEIX dopmysax u orneHkax. [locrogunas Boabnvana
kp = 1 Bcerna.



IntaBsa 2

IJIEKTPOH — 9J/JIEKTPOHHOE
B3AVMMOOENCTBUE

IIpaBuia nuarpaMMHONM TE€XHHUKH.

PaccMoTpuM cucTeMy B3anMOgeHCTBYIOMNX (HEPETATHBHCTCKUX) dbepMmu — gacTui. B
maJibHelieM, B OOIBIIMHCTRE CIIyIaeB, UMEETCA B BUILY CHCTEMA 3JEKTPOHOB B METAJLITE.
laMubTOHWAH B3aNMONeRCTBUA 3aTUIIEM B BUE:

Hine =5 [ dvndeasid () 0F )V 1 = 305 (r2) 1 (1) (2.1)

rme V(r) — notennman (crarmdeckoro) BsamMmomelicTeua wactut, ¥} (r), ¢ (r) — omepa-
TOpHI POKICHAA M YHUYTOXKEHHA (P€PMUOHOB B TOYKE I, (v — CIMHOBHII MHICKC.

O6mne mpapna ARarpaMMHON TEXHUKW [IJId BHIYUCJEHHWS MONPABOK IO B3amMOjIeii-
CTBUIO K odnovacmuynotl gynxuuu I'puna B UMy IbcHOM Tipencrasiennu G(p) cdopmy-
auposansl B [1]. lpuBeneM ux cBoaKy aJid ciaydasd HyJsieBoll remueparypsl T = 0:

e [lmarpaMma n-ro HOpAIKa 1O B3aMMOAENRCTBUIO COHAEPKUT 2n BepiimH, 2n + 1
CIJIONIHBIX (3JIEKTPOHHBIX) JUHHUI W n BOJHUCTBHIX JWHEUN B3anMomeiicTBuga. Beem
JIMHUAM TPUIUCHIBAIOTCA OTPENeTEHHbIE 4—MMIYIbCH, KOTOPBIE COXPAHAIOTCA B
BEPIIUHAX B3aUMOIENCTBAM.

o DiekTpoHy (PepMHUOHY) COMOCTABAAETCA CRAOUHEA JTHHIAA, KOTOPOil COMOCTaBIA-
eTcd BRIpaXkeHwue Aid ceobodunoti dyukmn ['puna:

_ bap _
Go(p) = = —&(p) + idsigné(p) roe 6 —+0 (2.2)
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DJIEKTPOH — 2JIEKTPOHHOE B3ANMMOJENCTBUE

npuyem
2

&p) = 5 —n~ vr(lpl = pr) (2:3)

— PHEPreTHYECKH CIEKTp CBOOOMHBIX (HEPMUOHOB, SHEPTUA KOTOPBIX OTCUYUTHI-
BaeTcA oT ypoBHA ®PepMn (XMMHYECKOTO TOTEHIHANA (), pp U Up — WMIYJIbC 1
CcKOpocTh Ha moBepxHOCTH Pepmu.

o Boanucmot MUHUK conocTaBiagerca Gypbe — obpas notennnaia V(q).

o IIpoBoANTCA WHTErpWpOBAHWE 110 7 HE3ABHCHMBIM HMMIYJIbCAM M HgacToTam (4-—
HIMITYJTBCAM).

e Ilepen mosry9uBIIAMCA BRIpasKeHmeM cTaputca Koaddumment (i)™ (27) 4" (—1)F,
rge F' — 9mcjI0 3aMKHYTHIX (GepMHOHHBIX IIEeTEb.

g cotydas KOHEYHBIX TeMIlepaTyp, B MallybapoBckoii Texuuke [1], coorBercTByIONIIE
IpaBmiIa /s BBIUUCJIEHNA HOMpaBKn k-ro nopanka mada G(en,(p)), dopmyaupyorcea
TaK:

o [Imarpamma k-ro mopanka mmeer k BepumH, 2k + 1 crniomHbX (2/1€KTPOHHBIX )
auHul 1k BonHUCTHIX auHE (B3anMomeiicTBugA). JIMHUAM COMOCTABIAIOTC NM-
myabchl U (ManybapoBCKMe) 9acTOThI, YAOBAETBOPAIOIINE B KaXKI0/ Bepumae 3a-
KoHaM coxpaneHus. YacToTel GozeBckuxX MuHMIT Beerma deTHbIE (wy = 27mT), a
9acTOThl (pepMUEBCKUX JIMHMIIT — HedeTHBIE (£, = (2n 4+ 1)7T).

o Ilo BceM He3aBUCHUMBIM UMITYJIECAM W 9aCTOTAM IUATPAMMBI TPOU3BOIUTCA WHTE-
TpUpOBaHNUE U CYMMUPOBAaHHE.

L 4 Ka}K,D;Oﬁ CILJIONIHOW JIMHWN! C UMITYJIBCOM P 1 9acTOTOM Ep COIIOCTABJIAETCA BBIpa-
KeHne:

da
Go(enp) = m

a Kaxk 10! BOJTHHCTON JIMHUH ¢ HMITYJIBCOM ( B 9acTOTOH wy, conocTaBiagerca V (q).

(2.4)

e Ilepes OTy9eHHBIM BRIPAZKEHEEM CTABUTCT MEOKATEND (— 1)* %(25—1—1)51 (-1,

rae F cHoBa oboszHadaeT 4ucsao epMUOHHBIX HeTe b JuarpaMMbl, a s — CIIMH dhep-
MUOHA (I JIEKTpoHa § = 1/2).

DJIEKTPOHHBIIA ra3 ¢ KYJIOHOBCKHM B3aMMO-
nelicTBUEM.

Ecnn momeiTarbcd 3aHATHCA MPAMBIME BBIYHCIEHHAME TONPaBOK K hyHKIuE ['puna
2JIEKTPOHA B HOPMAJBHOM MeTaJlJIe, PYKOBOACTBYACH C(hOPMYINPOBAHHBIME BHIIIE Mpa-
BHUJIAMH AUArpaMMHON TEXHUKH, TO Cpa3y OKaXeTcd, YTO COOTBETCTBYIONINE BBIPaKEHUA
pacxogdaTcd U3-3a CHHTYJIAPHOIO XapaKTepa KY.40H06CK020 B3aNMOIeHCTBHIA IPU MaJIbIX
nepegaBaeMblX UMIYJIbCcax (:

Vid) = —; (2.5)
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Puc. 2-1 Tpadudeckoe onpegenerne schheKTUBHOrO B3aUMOLENCTBUA.

9TO ABIAETCA HEMOCPEMCTBEHHBIM CJIEACTBIEM HAJTBHOMERCTBYIONIETO XapaKkTepa KyIo-
HOBCKOTO B3amMOJeficTBUA. DTa mpobieMa ycTpaHAeTCda CYMMUPOBaHUEM OECKOHETHOMH
MOCJIEAOBATEBHOCTH IHATPAMM, OMACHIBAIOIIENH IKpaHUPOSaHUE KYTOHOBCKOTO TIOTEHIIN-
aaa CBODOITHBIME 3JIEKTPOHAMME.

Ist sTorO BBOAMTCA 5 PEeKTUBHOE B3anMOaeicTBIe, m3obpaxkaeMoe “KUpHOI~ BOJI-
HUCTOI JuHUER, KOTOpad ONPEneIaeTCs MOCTET0BATEIBHOCTHIO TnarpaMM, MoKa3anHOi
Ha Puc.2-1, roe nosaapusauuonnvii onepamop maercd CyMMOW TuarpamMm, MOKa3aHHBIX
Ha Puc.2-2. BaxHo mog4epKHYTh, UTO B pasJIOKEHUH, MoKasaHHOM Ha Puc.2-2, orcyT-
CTBYIOT rpaduKH, paspesaeMble IO OIHOW JIMHIHN B3auMONeICTBUA, THITA TIOKAa3aHHOTO HA
Puc.2-3, Tak 910 9TO pazokKeHUe OMpeHeTaeT HenPpusoduMbili TOTAPU3AIMOHHBIN Ome-
patop. Torma paznoxenne, mokasanuoe Ha Puc.2-1 aHAIOTMYHO IO CMBICTY yPaBHEHIIO
Halicorna. B anammTudeckom Buze 2ddeKTUBHOE B3aNMOIAEHCTBIE 3aTUCHIBAETCH KaK:

V(gw) = V(aq) + V(g)lI(qw)V(qw) (2.6)

AdbderTusHOE B3anMozeiicTBre V(qw) ABAAETCA, BOOOIIE TOBOD, 3aBUCAIINM OT Ya-
CTOTHI W, 9TO COOTBETCTBYET yuery 5 deKTOB 3ana3IbiBaHus, CBA3aHHBIX C XapaKTep-
HBIM BPEMEHEM 3JIeKTPOHHOIO OTKJINKA Ha MIHOBEHHOE KYJOHOBCKOE B3aUMOAeHCcTBHIE.

Pemraz ypasuenue (2.6), morydaem:

Via) Y

) = T )i ae) = d(aw) @7)

7€ BBEJIN IM3JIEKTPHIECKYI0 DYHKIMIO (TPOHNIIAEMOCT):

e(qw) =1 = V(q)ll(qw) (2.8)
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@ O D DD

Puc. 2-2  [uarpammbl ons HenpuBogMMOro MosspuU3aLMOHHOrO onepaTtopa.

E (T

Puc. 2-3  [lprnmep npusoanmon amarpammbi.
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p+q

(a)

:\/\N\f\f\+u'\/\.m'\/©lvmm (b)

Puc. 2-4  Tpubnuxenune xaotuyeckux das (RPA) ans nonspusaunonHoro onepaTopa u
shpekTnBHOrO (9KPaHNPOBAHHOIO) B3aMMOAENCTBUA.

Tak HasbiBaeMoe npubmamkenne xaorndeckux das (RPA) ! coorBercrByer ncmosbso-
BaHUIO IpocTelilllero BapraHTa MOJAPU3ANMOHHOTO OlepaTopa, MOCTPOCHHOIO Ha CBO-
Gonupix dbynknuax [puna (T.e. msobpaxkaemoro mpocrefineii muarpammoli Puc.2-4(a))
2.

4

flo(qe) = ~2i [ (;lT’;ALGow 0)Go(p) (2.9)

CootBercTBymolee »hdeKTHBHOE B3aMMOECTBHE ONpeme sdeTcda Toraa rpaduKaMy
Puc.2-4(b). D10 ypasnenne mia sbdeKTHBHOIO B3aNMOAEHCTBIA MOKHO TNPEICTABITH
ellle M JIpyroM Buie, HOKasaHHOM Ha Puc.2-5(a), Tiie BBemeH NPUBOIMMBIIH TTOTAPI3aIi-
OHHEIl omrepaTop f[(qw), ompenenaemsiii rpadgukamu Puc.2-5(b):

V=V4+ViIv (2.10)

19ta TepMUHOIOTHA HOCHT YHCTO HCTOPHYIECKHIt XapakTep.
23aMeTHM, 4TO B JIITEPATypPe YACTO HCIOIb3YeTCH OIpeae/eHIe II(qw), ormaaromeecsa sHakoM [5],
MBI e TpHuaepKuBaeMca obo3HadeHni KHurH [1]
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Puc. 2-5 [lpeactaeneHune adhpeKTNBHOrO B3aNMOLENCTBAA Yepes MPUBOANNMBIA MOMAPA3a-
unoHHbIn onepaTop II.
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+ +
+ &+ + +

Puc. 2-6 [uarpammbl gna marHuTHORM BOCMpUMMHMBOCTU. = obosHavatoT HanpaBlieHue
cnuHa.

W3 Puc.2-5(b) acto, 4T0:

_ 0,
M= — 2.11
1 - VIl ( )
Torma us (2.10), ¢ mcnonbsoBanmeM (2.11), monydaem:
. 1N
= 1+11 = 1+ —— | =
V=V(1+4+1V) V( + 1—VH0)
v __Y (2.12)
1 - VIl €

970 coBnagacT ¢ (2.7), ¢ IU3IeKTPUIeCKOH TPOHUIIAEMOCTHIO, B3ATOH B TPUOIMKEHHN
RPA. Buipaxenue (2.11) omucBIBAET MONHYIO TOTAPH3YEMOCTE CHCTEMBI.

AHaJOTHIHBIM 06Pa30M MOKHO TMOJYInTh 1 RPA — BEIpaxkeHnme mas MarHHTHONR Boc-
IPUIEMYIHBOCTH. [JId 9TOT0 HYKHO PACCMOTPETh OTKJINK CHCTEMBI Ha GECKOHETHO cy1aboe
BHEIIHee MAarHUTHOE TIoJIe, TepeBopadnBalolice sJIeKTpoHHBH cinH. Omyckad TeXHmIe-
CKHe IeTasl, 3aMeTHM, YTO IJIA 9TOT0 JOCTATOYHO PpacCMOTPETh MOCJIENOBATEHHOCTE
JuarpaMu, mokasanuyo Ha Puc.2-6. Ecim nMeTs BBULY TOMYIAPHYIO MOLEb ¢ (TOUed-
HBIM) “Xab6apmoBcKEM’ B3anMomeillcTBHEM JIEKTPOHOB H;ny = Un;n;| 5T AHAIDAMMEL
JIETKO CYMMUPYIOTCA B TAOT:

X(qW) _ Xo(qw)

= 15 Ull(q9) (2.13)
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rae Yo(qw) mpomopimonansho Ig(qw) s (2.9):

xo(aw) = —%gzufgﬂo(qw) o (qu) = —%Xo(qw (2.14)

IHp
IIe g — THPOMArHWTHOE OTHOIIeHHEe (00bIUHO ¢ = 2). OTMEeTHM N3MEHEHNE 3HAKA B 3Ha-
MmeHaTesre (2.13) no cpaprenuio ¢ (2.8). D10 cBA3aHO ¢ TeM GaKTOM, 4TO MPU PacUeTe
€(qw) MBI IMesH Jes1o ¢ HYHKIMeR OTKINKA THIA IOTHOCTE — IIOTHOCTh U CYyMMIPO-
BaJIM TeTIN (KaXkI0H M3 KOTOPBIX COMOCTABIAICA) HOMOJHATENBHBIH MHOKHTETb —1.
3mech XKe, IpW pacdeTe JHHEHHOTO OTKJINKA, MBI cyMMupyeM (cM. Puc.(2-6)) “nectand-
Hble” IuarpaMMbl (ET/IH 3apelleHbl H3-3a COXpAHEHNA CIIHHA — JIMHIH JaCTUIL i IBIPOK
Ha Puc.(2-6) cooTBETCTBYIOT pasHBIM HaNpaBIeHIAM clnHa). TeM He MeHee, BHIpaKeHH
014 €(qw) 1 y(qw) BIIOJTHE aHAIOTHYHBI U OHPENETIATCH, PaKTUIECKH, ONHOI 1 Tol Ke
emmaunHoil Mg (qw) us (2.9).

ITonsipusalimoHHbBIA ollepaTop OJis rasa CBO-
OOIHBIX 3JIeKTpOoHOB npu 1 = 0.

Mpucrynum K pacuery Ilg(qw), ompenengemoro BeipaxkenneM (2.9). DKBUBATEHTHAT 32~
MUCh UMeeT BUI:
( ) 2 / & / e ( ) ( ) (2 15)
My(qw) = —2¢ Gole Gole-p- .
olq (27)3 o7 0 +P+)ole-p

— 00

meer =t 5, pr=p= %q. B paccmarpuBaeMoMm mHTETpaJie Hanbosee CyNIeCTBEHHBI
obstacTu WHTerpupoBanuda BOJM3K ToBepxHOCTH PepMu, MOTOMY TpH ¢ <& pp MOKHO
Hanucarh |pi| =p =+ %qu cos @, tme # — yros Mexay BekTopamu p u q. Torma:

1
Go(e+pt) = 1)+ PignEs (D) (2.16)
rue
1
££(p) = &(px) = £(p) £ Surqeosd (2.17)

Murerpuposanne no € B (2.15) MOXHO MpOBECTH, 3aMblKasg KOHTYP WHTETPHPOBAHH
B BepxHell NOJIYIJIOCKOCTH KOMILJIEKCHON TepeMeHHo#t £  pacKJalbiBasd TPOU3BEIcHNE
nByx (o Ha npocreiitiine npobu. UHTErpas OTInYeH OT HYJId, eCJIH MoJ0ca obenx hyHK-
nuit ['pura Gy sexar B pasHBIX MOJIYILIOCKOCTAX. B mrore momydaem:

- de
/_oo (e 4% — & +ibsignéy )(c — 2 — & + ibsigné_)
— 2mi(n(€-) — n(éy))
 w—vpqcost +id(signty — signé_) (2.18)

rue:

n(€) :{ é o §§8 (2.19)
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— dbepmuerckaa yukiua pacupenesnenna upu 1 = 0. [lockoabKy HAC HHTEPECYIOT Ma-
JIble ¢, pasHocTh n(é_) — n(€4) OTINYHA OT HYJIA B TOHKOM CJIO€ BOJH3H MOBEPXHOCTH
Pepmu. [loaTomy, BMeCTO TOJTHOTO WHTETpaJa MO p MOKHO CUUTATh WHTErpaJ Mo JUHE-
apU30BAHHOMY CIEKTPY &, MOJB3YACh TPOCTHIM MPABUIOM:

/(;lil))g...zw/_o; de... (2.20)

mpr
= — 2.21
vE 272h3 ( )

e

— IJIOTHOCTH COCTOAHUN Ha YpPOBHE cI)epMI/I B pacdeTe Ha OOHY IPOCKIHWIO CIIMHA. B sa-
BHCHMOCTH OT 3HaKa cos BO3SMOKHEBI ABa CJjydad:

1. cos# > 0 — Torma Beipaxkenne (2.18) ornmuno or Hyna mpu —ELcosh < & <

2
224 cos 0, mpuuem n(é_) —n(éy) = —1;

2. cosf@ < 0 — Torma Bepaxenue (2.18) ormmdano ot mysna mpm “Hlcosf < { <
— =L cos 0, npuuem n(é_) —n(éy) = +1.
B pesyJsibTate, ocTaeTcd CJASLYIONANA HHTErpas MO yIIaM:

1

vpqcos @
dcosf rd
1

My(qw) = I/F/ (2.22)

w —vpqcosf + idsignw

Dr1otT HMHTErpaJl BIYUCJIACTCA HEIOCPEACTBECHHO, C UCIIOJIB30BAHUEM COOTHOINECHNU A

1
xdx
=A+1iB 2.23
/_1 xg — x + 16signxg t ( )
0 mpm |zg|>1
‘ B = —mrg nupu O0<wg<l1
7rg upun —1<wxyg<0

l‘o—|—1
1‘0—1

A=-24+2z9ln

B urore IIOJIyHJaeM:

My(qw) = —2vp {1 — 2;(] In

“+UFQ‘+EM9<1—M)} (2.24)

w—vpq 2 vpq vpq

g w = 0 mmeem:

My(gw =0) = —2vp = —N(Ep) (2.25)
rJe BBeJIN:
mpr
N(Ep)=2vp = 27,3 (2.26)

— IJTOTHOCTH cocTogHmil Ha ypoBHe Pepmu miad obenx mpoeknuit ciura. [lpu w > vpg

HMEEM:
1 viq? 3 v5q?
- 14+ -—— 2.2
3 w? +5 w? (2.27)

My(qw) =~ N(Ep)

IMonyuennnie dbopMysisr 6yIyT HEOTHOKPATHO UCIOIB30BATHCA B HAJIbHERIITEM.
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HusiiekTpudeckas IPOHUIIAEMOCTH 3JIEKTPOH-
HOTO rasa.

Mcnompaysa (2.25) B (2.8) mosiydaeM IUsJIEKTPUIECKYTO MPOHUIIAEMOCTE, COOTBETCTBYIO-
uryto oberanoit (mebaeBekoii mianm Tomac — hepMuEBCKOl) K paHNPOBKE:

2
K
(a.0)ly~0 = 1+ 2 (2.28)

re KBagpar o6paTHOTO paanyca 5KpPaHMPOBAHUA ECTh!

4¢? 6rne?
Kd = 4 N(Ep) = — ;on = gf (2.29)

3
_ Pr _ _
rie n = zfz — miaoTHocTh »sekTpoHoB. Torma dbypbe — obpas adbdekTnHOrO B3anMo-
IIelicTBUA eCTh:

Ame?
V(q,0) = ——= (2.30)
q“+ kp
B koopamHaTHOM TIpeAcTaBJIEHAN 3TO COOTBETCTBYET MOTEHINAY BHIA:
o2
V(r) = —e "7 (2.31)
r
Ecou ucnonbsosars B (2.8) acumnroTuky (2.27), To B npenene ¢ — 0 moaydanm:
w2
_ P
fw)y=1- o7 (2.32)
rae KBaapaT IIasMeHHON 9acTOThl OIpPeae aeTcsa OOBIIHBIM BBIpaKeHNEM:
dmne?
2
wl= 2.33
2= (233

YauTsiBag BRI BTOPOTO caaraeMoro B (2.27), ns ypasaennd ¢(qw) = 0 HAXOIWM CIIEKTP
ILJIA3MOHOB B BUJIE:
YR

W (g) = w2+ Svhg (2.34)
Bosee akkypaTHBIli aHaans, ¢ y9eTOM MHHMON 9acTH TMOJAPUIAMUOHHOIO OMEPATOPA,
[O3BOJIAET POAHAIN3NPOBATE X 3aryxamue [5, 10]. TIpu pocte ¢ crekTp (2.34) nomagaer
B 0BJIaCTh »HEPTHil OJHOYACTHYHBIX BO30OYXKIeHu# (map gacTuma — OBIPKa), Kak 370
nokasano Ha Puc.2-7(a), Tme BO3HHKAeT CHJIBHOE 3aTyXaHWE W IJIA3MOH HCUYe3aeT Kak

XOopolo onpeacJdeHHOE KOJJICKTUBHOE BO36y}KILeHI/Ie CHUCTEMBI.
DHepruda Bo30yKIeHUA Iapbl YaCTUIA — OBIpKa B CHCTEME CBOGOTHBIX (PEPMUOHOB:
2 2 2
(pta) »° _9ap_ g

+ = (2.35)

0 _ —
“pa = §p+q B fp - 2m 2m m 2m

CrekTp »THX BO3OYKIeHUI ¢ UMITYJIBCOM ( o6pasyeT KOHTHHYYM, JIEKAIMHI B IIpenesax:

0<w0pq<qp—F—|—i upu g < 2pp
- - m 2m
2 2
SPE T g < BE L mpn g > 2 (2.36)

m 2m m 2
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(a) (b)

W o Im x(q,w)
6‘0
29
™~
allowed

~. particle-hole

excitations

2kp q QU w

Puc. 2-7 (a) - 3awTpuxosaHa obnacTb paspelleHHbIX 3HaYeHUA 2Hepruu Bo3byXAeHUA
571eKTPOH AbIPOYHbIX Nap B depMu-cucTeme — obnacTs saTyxaHus nnasmoros. (b) - MmHumMan
4acTb 0bOBLLEHHOR BOCMPUMMYMBOCTI MAOTHOCTb — MAOTHOCTL B KaHase YacTuua — AbIpKa.

9ra 06J1acTh I IOKa3aHa 3alITpuxoBaHHOM Ha Prc.2-7(a). B masmsmelinreM MBI eme mokaxeM, 9T0 MEAMAA
JacTh (2.24)7 mpu w > 0, ¢ TOYHOCTBHIO MO 3HAKa COBHATAET C MHHUMOH YacThio (YHKIHUH OTKJIAKA
(0o606MIERHOH BOCIPHAMYABOCTH) IVIOTHOCTD — INIOTHOCTD, 9TO IoKasaHo Ha Puc.2-7(b).

TTo cMBICTY MPOBENEHHOTO BHIIIE pacdeTa sCHO, 9To BhipaxkeHue (2.24) cripaBemimBo
TOJTBKO B 06JIaCTH MAJIBIX w U ¢. DakTHYIeCKn, TOAAPU3ANMNOHHBI OTIeEpaTOp MOKET OBITH
paccunTan qag nponsBoabHbIX ¢ u w (J.Lindhardt, 1954). IlpuBemem pesyabraTsl co-
oTBercTBY0OIUX pacueToB [5]. CraTudyeckas AUSIEKTPUYECKad IPOHUIAEMOCTh JIaeTCs
CJIEIYIONINM BBIDaKEHUEM:

4me’pp q
=14 e Pr [ 1 ) _
«(2.0) * Tq? ! 2pF
4N3 o\ ;
=1 — = =1 667, | =— = 2.
+ = xzu(x) + 0.66r p u 0r (2.37)
rie ,
1 1—x 1+

=<1+ ——In|—— 2.38
wa) =g I I (2.38)

B (2.37) BBEmEHO CTaHTAPTHOE B TEOPHH 3J1€K TPOHHOLO Ta3a 0G03HATMEHNE T 5, KOTOPO€E OIPENeIACTCA

3,3
dmriag

COOTHOIIEHUEM = %, TOe 7 — IJIOTHOCTDL 3JIEKTPOHOB, a9 = mhe2 — 6opoBckuii pagunyc. Takmm
06pasoM BeJIMYMHA T'¢ IMPEICTABIAET COOON CpelHee paccTOAHNE MEXKIY 3JT€KTPOHAME B €IMHUIAX 60-
POBCKOTO pagmyca.

INapamerpoMm MasocTn paccmarpuBaemoil Teoprnn (RPA) aBiserca orHOmEeRMe XxapakTepHOIl KyJT0-

HOBCKOM »Heprun K suHeprun Pepmm:

V 2 2 h a
RACRN meNh ~ ~ L, (2.39)
Ep PE VR PFA0 a0

B meramnax ob6erano mmeem 1 < rs < 5, tak yro RPA npubiamxkenmne saBasgerca oA HAX, B TPUHITATIE,
nmocraTrodro mwiioxuM. OHo xopomo “paboraer” HJis CHIBHO CKATOTO Ia3a 3JIEKTPOHOB U IIO3TOMY YacTO
Ha3BIBAETCA MPUOJIMKeHIEM BBICOKOM MJIOTHOCTH.

Ipaduk dynrmun u(z) nokasan Ha Puc.2-8. lpu ¢ — 0 oTciona, ecTeCTBEHHO, MOy~

qaeM mpocToit oreer (2.28). CyuiecTBeHHO 06CyINTE 061acTh ¢ ~ 2pp. N3 (2.37) n (2.38)
. 9e(q,0

BIJIHO, YTO BEJMYMHA MPOMBONHON —5 = — 00 LpH ¢ — 2pp. DTO TPUBOAUT K DALY

aHoMaJsnii pusndeckux BesimanH. Hampumep, mpocTpaHCTBEHHAS 3aBUCUMOCTD 2K PaHU-

POBAHHOTO MOTEHINNAA B3aUMOAeicTBIA He CBOAMTCA K mpocToii dbopmyne tuma (2.31).

Jleno B TOM, 9TO acUMITOTHYECKOE HOBeleHue ypbe — unrerpana tuna [ dge'?” f(q)
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(/] az g4 && 08 LB L2 L

Puc. 2-8 Tpaduk dpyrkuum u(x). Mponseoaran ston hyHKUMM MMeeT norapnMuyeckyro
ocoberHocTb npu @ = 1.
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OIpeneTAeTCA 0CODBIMI TOYKaMu (CHHTYAApHOCTAME) f(q) U ee TPOM3BOAHBIX, TOMAIA-

IOIIMMHU BHYTPB HHTEpBasIa WHTerpupoBanusa. Hanpumep, ecin f(¢) — 0o B ToUKe ¢ = o,

ckaxeM f(q) ~ 8(q¢ — ¢o), To B f(r) BosHEKaeT ocHm/LINpyIOMmii BRIaI ~ €. Ana-
s Je —

TIOTHYHBIM 00Pa3OM, CHHTY.IAPHOCTH NPOUSBOAHON 52 NP ¢ = 2pp NPHBOANT K TOMY,

YTO B TIOTEHIUAJIE B3aNMOIECTBIA BOSHUKaeT daavHodeticmeyowuti u ocyuaiupyrowui

BKJIaJ BHIIA:

cos(2ppr + ¢)

V(r)lr—oo ~ S (2.40)

r

CoOTBETCTBEHHO, >KpAHUPYIOIINI 3apdal BOKpPYT, HaIpHMep, 3apdAkKeHHOH IpHMeCH,
Takke oCIUInpyeT cormacHo (2.40) (dpumeseBckue OCIUIAINAN).

Emie 6ostee Baxken anagorudHbiil 3¢ dekT B TeOPUN MAarHUTHBIX B3aMMOIeRCTBUil B
MeTasaax. Beillle MBI BUIEW, YTO TMapaMarHUTHAd BOCIPUUMYUBOCTH 3JIEKTPOHHOTO
rasa, hakTHIECKH, ONpeneaaeTca Toil ke moadpmsanuonnoil merneit (em. (2.14)). To-
roa:

392 u%in
Xo(qw:O):ﬂu 4

— 2.41
8Ep 2pp (241)

COOTBGTCTBGHHO, CIIMHOBAad IIJIOTHOCTBb S(I‘) Ha HEKOTOPOM paCCTOAHMHU 7 OT MarHUTHOM’
IIpuMecru CO CIIMHOM Sa, KOTOpad OollpedesideTCd BbIpaXK CHUEM

J .
s(r) = —— > vo(a)e'ds, (2.42)
9°HKp q

Gyner ocnmanupoBaTh anagorndHo (2.40). 3necs J onpemensder KOHTaKTHOE 0OMEHHOE
B3amMoeiicTBIE MeXK Ty IIPHMeChIO U 3JIeKTpOHAMH IIpoBoauMocTh: —J S, s. Ecom Temepn
HOMECTUTh B MeTaJL1 IpYrylo MarHUTHYIO IIpUMech Sy, TO oHa 6yleT B3auMoaeicTBoBaThL
¢ 3JIGKTPOHAMHU IIPOBOJAMMOCTH aHAJOTMYHBIM 06pa30oM, a COOTBETCTBEHHO BO3HUKHET U
s dexTuBHOE O6MEeHHOE B3auMoeficTBIe CIIMHOB IIpUMeceil Yepes »J1eKTPOHbI IPOBOIH-
MocTn (B3anmogeiicteue Pynepmana — Kurrena — Kacyfia — Hocuasr). Dto BsaumMoeii-
crue (PKKI) umeer Bu:

J? . _ J? cos(2ppray +
JRKKY(ra — I‘b) = _ﬁ Zxo(q)elq(ra rb) ~ E—M (243)
g /’LB q P rab

W OCIUJLTHPYET, Kak HYHKIUA PAacCTOAHNA MEXK LY IPUMECAMH Tqp. VI3 TaKOI oCIiuLsaIm-
OHHOI GOPMBI B3aNMONEHiCTBIA JTOKATU30BAHHBIX CIIMHOB B METAJLIIE BO3HUKAET IEJIBIi
pan ciaencTeuil. BosHukHoBenne B (2.43) obacteit (B KOOPIWHATHOM TPOCTPAHCTBE) C
pasHbIMHM 3HaKamu (T.e. B3amMOneicTBHil (peppOMAarHNTHOTO M aHTH(EPPOMArHUTHOTO
THUIOB) TPUBOAAT K TOABIEHHIO CJOKHBIX MAarHUTHBIX CTPYKTYP, HAIDEMED B COCIH-
HEHWAX, CONEPKAINK PEIKO3eMeIbHBIE 3JIeMeHTHI (crupaJsn, reankonasl) [6]. Ecan xe
pedb UAeT O NMPUMeCHAX, CAy9YailHO PacIOJIOKEHHBIX B HEMATHHTHOM METAJLIE, TO B3a-
umogeiicTBre (2.43) IPUBOAUT K BOSHUKHOBEHWIO COBEPIIEHHO HEOOBIYHOTO MATHUTHOTO
COCTOAHNA — CIHHOBOTO cTekJia [7].
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CobGcTBEHHO — »Heprerudeckass 4acTb, 3¢-
dekTUBHaA Macca U 3aTyXaHue KBa3u4acTHII,

B koneunom urore, Halell 3amadeil aBAgeTCA pacdeT ogHOYAcCTHIHON dyHKkiun ['puHa B
CHCTEME C KYJIOHOBCKUM (MJTH KaKuM — JIHOO IPYTHM ) B3aUMOIeficTBIHEM, KOTOpas BCera
MOXKeT OBITH 3amucaia B JaliCOHOBCKOM BH/IE:

1

G(pe) = pp— e} (2.44)

rae J71A COOCTBEHHO — SHEPTETHYECKON JacT L(pe) MCHosb3yerca Kakoe — Jaubo TpH-
b6auxkenne. YTo w3 »TOro MOKHO moryanth! Mul 3HaeM, uto dpyukiug ['puHa cBOOOTHBIX

2
5J1eKTPoHOB (7o(P¢E) HMeeT MOJIIC IPH &y = g—m — p. IHpednoaosicum, 910 U B CUCTEME C
B3aumognelicteueMm Gyuknua ['pura uMeer momaocHbI BU;

1
£—&

G(pe) ~ (2.45)

Ihe £, IpeacTaBydeT cobofl ciekTp “NepeHOPMHUPOBAHHEIX  KpasmdacTnui. CpaBHeHne c
(2.44) mokasBIBAET, ITO CIHEKTP &) OUpENeNAeTCA ypPaBHEHHEM:

€—ep— ReX(pe) =0 nim £, —&p — ReX(pép) =0 (2.46)
L€ A MPOCTOTHI paccykaennii Mbl (mokal) mpenebpersin ImX, onpenensiomeli sary-
xaHne KBasudacTul,. IIpoBenem B (2.44) pasyioxkenne B OKPECTHOCTH TOJTIOCA!
1 1

Gpe) = — & —B(pe)  e—ep— N(pey) — Bloce,(c — &) (247)

C yaerom (2.46) mepenumrem (2.47) B BHIE:

1

1 —o= .. Z
G(pe) = ————% = ey 2 (2.48)
€—&p — Gle=z, (6 = &) c—&p £—&
rlle BBeIeH “BbIUeT B HOJCce” :
1
Zy = (2.49)

1 - %Ls:ap

49 1]
Nsorna Benuunny Z, HasblBalOT Takke GpakTOpoM “HEepPeHOPMHPOBKU BOJIHOBOI (yHK-
uun” . W3 obuux coobpaxennit acHo, 4ro Z, < 1, IpudeM paBeHCTBO 30eCh UMEET MECTO
TOJIBKO IJ1d HIeaabHOro ¢gepMu — rasa. CloekTpasibHad IJIOTHOCTH, COOTBETCTBYIOMIA
dyaxumu I'puna (2.48):
Alpe) = Z,8(c — &p) (2.50)

u uMeeT (Kak W B HIOeaJIbHOM rase) BUI OeCKOHEUHO y3KOLO MHKa IPH & = &, (PHEPIuu
kBasuIacTusl). PakTHTIeCKH, HEPABEHCTBO Z, < 1, O3HATAET, UTO B CHCTEME C B3aMMO-
JelicTBHEM KBasHIaCTHIHBIH BKIag B A(pe) HECKOMBKO MOIABIEH, HO JOMOJHUTETHHO
BOSHIKAET “MHOTOYACTHYHBI” (HEKOT€PEHTHBIN) BKJIAL B CHEKTPAIBHYIO IIOTHOCTS [8],
OTOPOIIEHHBIN TPU MTPOBEIEHHOM HaAMU YIIPOIIEHHOM paccMoTpernn. [Ipenebpexenne 3a-
TyXaHNEM KBa3sWYIACTHIL MPOABIIOCH 3[€Ch B TOM, UTO KBasNIacTHIHBIH BKIaL B A(pe)
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uMeeT § — oOpasHbIH B, 3aTyXxaHue (Kak MBI YBUIWM HIDKE) IPUBOIUT K MOABIEHHIO
KOHEYHOU MUPUHBI 5TOTO MHKA.

[IpenmosokuM Temephb, YTO CHEKTp “MEPpEHOPMUPOBAHHBIX” KBA3UYIACTUI] MOKET
OBITH OMHCAH B TPHOIMKEeHIH >)dEKTHBHON MacCh:

— (2.51)

Torma HeTPYIHO MOJTYINTH:

1 05, 0e {az ox aép}
B

om0 007 T\ 0GR T 95, 0p))

1 b)) b)) g,
L % (2.52)
nJjn a a
1 b)) 1 b))
1— =ee | = =1+ = 2.53
m* ( 86' ") m( +86p) (2.53)
TaK 49TO o5
* 1— 57 |e=¢ 1 1
mo_ &Lz AR ——— (2.54)
m 1 + Fe. Zp 1 + E

9TO JACT BaXKHYIO CBA3b “MEPEHOPMUPOBKH” Macchl m*/m ¢ BbIYeTOM B moJiioce dhyHK-
mnu I'puna Z,. B npocreituiem cirydae, Korga coOCTBEHHO — sHEPreTHYECKad YacThb HE
3aBHCHT OT UMILyJIbca p (WJIH, ITO TO XKe, OT &), 5Ta CBA3b HMeeT OCOOEHHO MPOCTOlH
BT

mo_ 1 (2.55)

Tak 910 3hEeKTUBHAA MAcca B CHCTEME C B3aUMOIEHCTBUEM YBEIUIUBACTC, MO CPaB-
HEHUIO, CO CJydaeM HIeadbHOTO Tasa.

Ob1iiee TOBemeHMEe 3aTyXaHusd, cBa3aHHOTO ¢ ImX, OymeT mompobHee paccCMOTPEHO
mo3ke, HO YykKe Ha »TOM TpocTeliiieM ypoBHE pacCyKIEHWH CHO, YTO MOJIYUeHHBIE
bopMyJITBI TO3BOALAIOT paccIUTATh 3hdEKTUBHBIE XapaKTEPUCTHKN MHOTOYACTUIHON CH-
cTeMBbl (KBa3sWYACTHUIL), UCXONA W3 TOTO WM WHOTO KOHKPETHOTO HPUOIWKEHWA IJId
COBCTBEHHO — SHEPTETHYECKOH dacTh (HOMYy9aoNerocs U3 paccCMOTPEHNA KOHKPETHBIX
JUarpaMM TEOPUH BO3MYIIEHHIL).

B kauecTBe mpuMepa, BepHeMcd K 3allatde O CHJIBHO CKATOM Tase 5JIeKTpoHOB. Pac-
CMOTPHM TIPOCTERiIIIe BKIAABI B COOCTBEHHO — 9HEPTETHIECKYIO 9acTh sJeKTpona. Dak-
THYeCKU, XapTPUEBCKHE TUATDAMMBI yUUTHIBATH HE HAJ0, OHM COKPAIIAIOTCA C yIeTOM
BKJIaJa B3aMMOICHCTBIA 9JIEKTPOHOB C MPOCTPAHCTBEHHO — OMHOPOTHBIM “doHOM” TO-
JIOKUTEJFHBIX MOHOB, BBOAMMBIM JIst obecniedenus sjaekTpoHnefirpaabuoct. B camom
JleJie, paccMaTpuBas CyMMY MPOCTEHITNX AuarpaMM TaKoro THIa, MTOKa3aHHyo Ha Puc.
2-9, mMeeM B OYEBHIHBIX OOO3HAUEHUAX:

Qi/dp’V(O)G(p’) - Qi/dp/V(O)Gi(P/) =
Y / dp' / deV (0)G(ep') — 2i / dp’ / d=V (0)Gi(ep') =
=2V(0) [/ dpnp — / dpni)] =2V(0)(n —n;) =0 (2.56)
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Puc. 2-9 TllpocTedune xapTpnesckne guarpamMmbl, OMMCbIBAtOLLME B3aUMOLEACTBAE DreK-
TpoHOB Mexay coboii n ¢ nonoxnTesnbHbiM “doHom” noHos (PyHkuma [puna noxos
nokasaHa MyHKTUPOM).

TaK, YTO MPOUCXOANT WX TOJIHAd KOMIeHcalwd (IIOTHOCTH (3apama) 3JeKTPOHOB N
paBHa MJIOTHOCTH (3apsana) nonos “boma” n').

Taxkum obpazsom, B RPA mpubnuxennn meso cBoguTcd K pacdeTy rpaduka Ajad cob-
CTBEHHO — 9HEPTEeTHYECKON JacTh, oKaszanuoro Ha Puc. 2-10, rme “skupHasgd” BoJTHECTAA
JIMHUA COOTBETCTBYET 3 HEeKTUBHOMY (9KPaHNPOBAHHOMY) KYJIOHOBCKOMY B3aWMojefi-
cruio Puc.2-4(b):

4

X(p) = l/ 4 V(9)Go(p +9) (2.57)
(2m)*

Xora Go(p) n V(¢) W3BECTHBI TOYHO, COOTBETCTBYIONINE HWHTETPUPOBAHNA BEChMa TPO-

MO3IKM W MBI HX ONyCKaeM, NPHUBOIA JIHIIb OKOHYaTesdbHBle oTBeTHl (J.J.Quinn,

R.A .Ferrell, 1958) [5]. OkaspiBacTcs, 9T0 SHEPIH#A KBASUIACTHUIL, OTCIHTAHHAA OT YPOBHS

@Pepvu Ep, B paccMaTpUBAEMOM TPUOIIKEHUN MMEET BU/I:

2
¢, = Ep {p_2 — 0.166r, [ﬁ(ln re +0.203) + Inr, — 1.80] } — Ep (2.58)
PF

pr

,ZLH?{ 3aTyXaHnd KBAa3sMY9aCTHUIL B 3TOM HpI/I6.HI/I}KeHI/II/I IIOJIyHJaeTCd:

2
o] = Ep(0.252r1/2) (;LF - 1) (2.59)

TaK ITO OHO MaJo IPH p — PF, B CMBICJIE BHIIOIHEHUS HePaBEeHCTBA |Ep| > ||v,], 4TO
HAXOJUTCHA B HOJTHOM COOTBETCTBHHU C ODIIMNMHE BBIBOJAME (HEHOMEHOJIOTHIECKON TeOpuH
dbepmu — kugroctu Jlanpay [2, 9, 10]. D10 06¢TOATENBCTBO U O3BOJIAET TOBOPUTH O “XO-
polIo onpeeeHHbX” KBasndacTunax Boansn mosepxunoctn ®epmu. M3 (2.58) u (2.59)
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Puc. 2-10 CobcTeeHHo — sHepreTudeckas HacTb anekTpoHa B RPA npubnuxerun. “Camo-
OenAcTBMe  MOCPEACTBOM 5KPaHUPOBAHHOrO KYNOHOBCKOrO B3aMMOLENCTBUA.

dcho, 910 B RPA npubianxennn moHATHE KBASHIACTHUIIBI UMEET CMBICJI TOJBKO B 0bJIa-
ctu |€,| < Ep /5. U3 (2.58) HeCTIOKHO MIOJIYIUTh U BHIpazkeHne nJid 5P deKTUBHON MacChl
9JIEKTPOHA!

L_ 10
P=pr —

m* ~ pr Op

—[1 —0.083r;(Inr; + 0.203)] (2.60)
m

Kax msBecTHO, 57I€KTPOHHAA TEIMLIOEMKOCTD TpoTopImoHaabia m*. Torma s (2.60) coe-
IyeT pesy/bTaT, BuepBble moaydennsiit Lemn — Mannom (1957) [B]:

£ = 140.083r,(Inr, +0.203) (2.61)

Co

rIe ¢y — TEMJTOEMKOCTh HIeaJIBHOTO hepMu — rasa.

B sakntodeHme HAMOMHWM, YTO BCe BBIMUCAHHBIE PE3YJIBTATHI CHPABENIUBHI 4
CUIBHO CKATOW CHCTEMBI 3J1eKTPOHOB, KoTa 1y < 1. B peanbHBIX MeTamax 1 < ry < 5,
Tak ITo HmoJThb3oBaThcd RPA mpubiauxeHnneM HamO ¢ OCTOPOKHOCTHIO!

Idbdektr Pynepmana — Kurress.

Bepremca k Gosee neranbHOMy paceMoTpenuio adgdekra Pymepmana — Kurreas [3].
IycTh mMeeTcsa JOKAMU30BaHHBI (B HadaJse KOOPIWHAT) CIIMH S, OKPYXKEHHBIH naea b-
HBIM (PEPMEU — Ta30M 3JIEKTPOHOB, M B3aWMOIEHCTBYIOINH ¢ WX JIOKAJBHON CIMHOBOMH
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IIJIOTHOCTBIO ITIOCPEACTBOM KOHTAKTHOT'O (TO‘Ie‘IHOFO) B3aHMOﬂ;eﬁCTBHﬂ BUIa:
Hini = J / drSi8(r)t (r)6 v(r) (2.62)

Cumnrast oOMeHHBI’ nHTErpaJi J MaJTbIM, IIOIIBITACMCA HallTH IIOJIAPU3AaNUIO 2JICKTPOHHBIX
CIIMHOB!:

ol(r) =< T (r)ai(r) > (2.63)

Kak (QYHKIOUIO paccTodHug |r| or cruHa S.

ITposenem cuauama paccmorpenune npu 7' = 0. Beinumem cradana gyukmmo ['puna
CBODOIMHOTO 3JIEKTPOHA B KOODAWHATHOM WPEACTABIEHUN. B MeTOOMYeCKUX MMesIdX, U
9TOOBI OIMEHUTH TOYHOCTH YACTO HMCIMOJIB3YEMBIX MPUOJIMKEHUH, MTPOIeTaeM 9TO IBYMHA
criocobamu. Hautwem ¢ WHTErpHpOBaHUA IO YTJIaM:

G(E ) /oo /7T dpp2 sin #do eipr cos f
r)= =
’ o Jo 272 e —&(p) + ibsigne

1 e dpp sin pr
= / PPER P (2.64)
2x%r Jy € —E&(p) + ibsigne
Ilepsoiit m mpocTefinmii crmoco® maabHEIIero BEIUUCACHHA — MEepelTH OT MHTETPHPO-

BaHWA MO p K MHTETPUPOBAHUIO 1O JIMHEAPU3OBAHHOMY (BOIW3E moBepxHOCTH Pepmn)
CIEKTPY & W B34Thb UHTErpajl BHIUYETAMU:

Ge,r) ~ 5 12 /Oo 4 w — _ " ir(signeprtil/vr) (2.65)
m2r J_oo vp € — &+ ibsigne 27r
BuguMm, uro dyaxnua 'puHa OCHU/LIMPYET C IEPUOIOM paBHLIM (hepMHUEBCKOH [IauHE
BOJIHBL Afp = ?—Fﬁ. Ns-3a sdpdexToB depMueBCKOil cTaTHCTHKH dasa >THX OCIIHIAITR
MeH#AeT 3HaK Ha yposHe ®epmu (mpu € = 0).
Bropoii ciocob cocTouT B TOM, YTOOBL BBIIOJIHUTEH HHTEIPUPOBAHHUE 110 p TOYHO. I1oJh-
3yACH YETHOCTH MOAMHTETPATBHOTO BhipakeHus B (2.64), pacupocTpaHuM HHTETPAJI O
P Ha BCIO BEILIECTBEHHYIO OCh U IOIEJIMM [IOIOJIAM, TaK 4To:

1 /Oo dpp sin pr

Gle,r)= — 2
(&:7) Am?r J_ oo e — -+ Ep + ibsigne

(2.66)

Paszmaraa 30€Ch MOAUMHTETIPAJIBHOE BBIpAa2KE€HHUE Ha HpOCTeﬁLHI/Ie ,D;pO6I/I, IIpOBOOVM HMHTE-
I'PUpOBaHUEC U IOJyYdacM:

m /OO dp si 1 1 _ m isignerr (2 67)
dr2y J_ pEmpr k—p K4+p| 9 s ’

G(e,r) =

rie k = \/2m(e + Ep + iésigne). Cpasrusas ¢ (2.65) BUAUM, 9TO yHpOLIEHHBI c1I0co6
MHTErPUPOBAHUA 10 & JaeT XOPOIUIYIO TOYHOCTH 1pH || €« Ep, T.e. IpU paccMOTpeHUU
HEMoCPeACTBEHHON OKPeCTHOCTH MoBepXHocTH PepMu.

Mlepeitnem Temepb K pacdery cnuHOBOH mosdpusanuu (2.63). 3amuireM 5TO BbIpa-
KeHwe epe3 TouHylo dyHKkmuio ['puHa (yYMTHIBAIONIYIO B3aMMOIEHCTBIE 2JIEKTPOHOB C
JIOKQJIM30BAHHBIM CTTHHOM ):

&'(r) = li { [Sp&iG(rt; 't} (2.68)

= 1m
t'—t4+0r=r"'



DJIEKTPOH — 2JIEKTPOHHOE B3ANMMOJENCTBUE 27

Imyp 3meck BBIYHCAAETCS IO CIUHOBHIM HHIeKcaM ¢° u (. ®yuknuio I'puna (G BosbMeM
B IIEPBOM TOpANIKe MO B3anMoelicTBHATO (2.62):

G x, 1) = 0 s Go(er)Gole, —1') 5" (2.69)
Torma nonctasagz (2.69) B (2.68) u yaursmag Spoic! = 269 momyaunm:
i i [ de o
o'(r) = =2iJ S ﬁGO(EI‘) (2.70)

9T0 GaKTHIECKN COBNAMAET C BLIMMCAHHBIM Bbillle BhipaxenneM (2.42). Bocnonbayemcs
31ech BhlpaxkenueM (2.65) u Haiimem (mia ppr > 1):

d 1 2 e 7 4 2 —17 r4 2224
St = () (v )
27T 0

2 \27r

. Mpp COS2ppT
= —_— 2.71
Z(271')3 r3 ( )

TaK 9TO J/IA CIUHOBON IJIOTHOCTH TIOJIy9aeM MEIJIEHHO 3aTyXalolhe OCILIAINN C TIe-
PHOIOM T /pp:

mpg Cos 2ppvr
473 r3
BOJ‘Iee AKKYpPaTHOE BBIpaAXCHUE IJIA CIOIHOBOH IJIOTHOCTHU B TOYKE 7 MOJKHO MMOJIYYINTH, UCIIOJIbB3Yd

TOYHYI0 r—3aBHCHEMOCTH dbyHKImE ['prHa (2.67) B mpomHTerpEpoBaB €e KBampar B (2.70) mo =. Torma
moJIydaeTcd:

a(ry=J8" (2.72)

. 2mp§; (COS 2pprT sin2pp7°) (2.73)

ol (r) = JS° _
(2ppr)®  (2ppr)*
B acumnrormaeckom mipemesie p pr 3> 1 BRIpaKeHme (2.73) Bce HBostee TpUOIMKAETCA K (2.72)7 <ITO COTJIa-

cyercd ¢ “mmeosoruett” maTerpmpoBaud 1o £. OTMeTHM elne, 9TO CHHTYIAPHOCTH TOYHOTO BhIPaKEHMIA

2

(2.73) mpm MamsIx 7 EMeeT xapakTep 1/r. [losToMy npm B3ATHE HHTErpasa o d®r pacxommMocTH moJI-
HOII MoJIApM3aluy HE BO3HUKAET. BbIpaxkeHme (2.72) Gostee cuHryasApHo mpum 7 — 0, omHaKO B »TOl
06J1aCcTH OHO HEPUMEHUMO, ITIOCKOJIBKY MHTETPHPOBAHNUE TI0 £ TAPAHTHPYET HPABUIBHOCTE OTBETA JIUIND
Ha 6OJIBIINX PACCTOAHUAX.

HpOBe,D;eM TEIeEpb aHAJIOTHIHOE pacCMOTpeHUE OJIdAd CJaydad KOHCYHBIX TEMIICPATyp.
CuoBa BbIMHCINM cBOGOTHYIO (MarybapoBckyio!) dyukmmio I'puHa B KOOPIWHATHOM

HpeacTaBIeHnn, aHaaorndto (2.65):

. ; £
43 ipr 00 s {prF+ )T
Gler) = [ 5 2w et )

(27)3ie, — E(p)  pr J_o ien — &
— vr /00 d eZ(PF-l'f/UF)T — e_Z(pF-I—E/UF)T — _ﬂei(PF-I-ian/vF)rsignan (274)
2tpr J_ o 1€, — & 27r

Touno Tak¥ke, Kak ¥ BBIIIEe, BRIPA3UM IJIOTHOCTH CIIMHA Yepe3 TounHyo dyuknmio ['puna.
Bce BRIKTamKW oTIMYIAIOTCA UL 3aMeHOlt —¢ TyT u TaMm Ha —1. B mTore mmeem:

o'(x) =2J 8T Gi(en,r) (2.75)
qTO aceT:
. . 2 . .
O,Z(r) —927S'T (%) Z eZzpFr—Zanr/vp + Z 6—2ZpF7'+2En7'/’UF (276)

en>0 e, <0
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CyMMbI IO 9aCTOTaM BBIYIUCJIAOTCA 2JIEMEHTAPHO U MBI ITIOJIYy9a€M:

2
; m*T cos2ppr
2.2 2nTr
2mir® sh=-

a'(r)y=JS (2.77)

IIpu T — 0 »T0 BBIpaxKeHUe MEPEXOMAUT B MOJydeHHOE panee. [lnHa, HA KOTOPOIt mpo-
o - Aup

HCXOJHUT 3aTyXaHHe OCIU/LIANN, OKashiBaeTCd Telepb paBHOH 34 (Cp. apryMeHT ru-

nepbonudeckoro cunycal). Takum o6pasoM, MpH KOHETHBIX TEMIIEPATYPax, OCILLIAIHAN

PKKII coxpaHAIOTCH Ha PACCTOAHUAX, HE MPEBBILAIOIINX “TelioByo” auuny lp = e

T
1 9KCIHOHEHIINAJIbHO MaJlbl IIpH 7 > lT.

JIMHeHHbIU OTKJIUK.

Bamadua BLIYUCJEHWS JIMHEHHOTO OTKJIMKa MHOTOYACTHYHON CHCTEMBI Ha BHENIHEE BO3-
MyIlleHne ABJIAETCA OJHON M3 IMEeHTpaJIbHBIX B TEOPHM KOHIEHCHPOBAHHOTO COCTOSAHWS.
TMocmoTpuM, Kak »Ta 3a1ada pelraeTcda B paMkax dbopMmannsma GelHMaHOBCKUX (Maly-
Baposckux) dbynknni I'puna.

BepreMmcsd kK paccMOTpeHHIO IuaJ1eK TpHYecKoil mpornnaeMoctn. CTporo ropops, mpo-
HHUIAEMOCT, onpefenennad B (2.8), ne asademea dyukmmei orkaukal Ona, B 9acTHO-
CTH, He 00IaaeT IPABIIBHBIMA AHAJIUTHIECKIMI CBOHCTBAMMT, TOCKOIBKY (cM. (2.24))
y Hee UMerTcd OCOBEHHOCTH M B IOJYILIOCKOCTH Imw > 0, dero He JOKHO OBLITE.
D10 xe BunHO n w3 (2.18), rae, B 3aBUCHMOCTH OT 3HAKOB &1 1 &_ HOJIOC MO W MOXKET
OKa3aThCd B BEpXHell MOIYIJIOCKOCTH, B HUKHEl, MJIN Ha BEIeCTBEeHHOH oCH. DTO aBTo-
MaTHIeCKN MPUBOAUT K HAPYUIEHNIO IPUHIIA TpudnHHOCTH (cooTHoueHnit Kpamepca
— Kponwra) [11]. Heso 3mech B TOM, 9TO TPW BBIYUCIEHUN MOJIAPH3AMMOHHON MeT/IN
(mpu T = 0) ucmosbayioTca npununnsie (befinmanosckue) gyukmun ['puHa, cooTBET-
crBerno II(—w) = II(w), Torma Kak oGOBIIECHHAA 60CHPUUMNUSOCMY (3ATAZTBIBAIOIIAL
dbyHKIMA OTKINKA) JO/IKHA YIOBJIETBOPATE ycsoBnio X (—w) = y*(w). lToaromy, 3amada
BBIYHCJIEHNA TIPaBUIBHBIX (DYHKIHMII OTKJIMKa TpebyeT CHenmna bHOro 0b6Cy K IeHN.

CranmapTHBII MeTon paboThI ¢ BOCHIPUHMYMBOCTAMM MCIIOJB3YeT TeMIepaTypHYIO
TEXHUKY W MOCJEAYIOIEe aHAAUMUNECKOE RPoJoarCcenue C MEUMBIX TACKPETHBIX 9aCTOT
Ha JeiicTBUTEeIbHBIE BelleCTBEHHBIE, 9TO, KaK MPaBUJIO, W J1aeT COOTBETCTBYIOILYIO 3a-
nasgpiBamollyo Gyukmmio [puna (BocompnuManBocTh). Kak 9To genaercd B JOCTATOTHO
obIeM BHIe MBI ellle YBHIMM, HO €CJIM pacCMaTpHBaeTCd CHCTeMa HeB3amMOomeidcTByTo-
HUX YaCTUIl, TO AHAJIU3 CYLUIECTBEHHO yrpolnaercd [3].

BocnpnuMunBocTh BeIMInHbl A 10 oTHONIeHNo K Betndante B (roe A u B — HeKOTO-
pBle KBAHTOBBIE ollepaTophl) maerca dopmyoi Kybo [11, 12]:

Yap(w) = i/ooo dte™! < [A(t), B(0)] > (2.78)

Crosmmii 31ech KOMMYTaTOpP (YCPETHEHHBIH O OCHOBHOMY COCTOAHMIO Mu 10 ['ubbey)
mpencTaBiager coboil BKJIAL OT COOTBETCTBYIOIIEH 3amasmbiBaioliell IByXBpeMeHHOM
dbynxunn Ipuna Boromobosa — Tabaukosa [11, 12]3. Ytobbt HaiiTh cpetee 1o BpeMeHn
OT TOr0 KOMMYTATOpa Mo OCHOBHOMY cocrosumio (T = 0) cucTeMbl nesszaumodeticmey-
JOWUT TACTHULL, 3alULIEM OllepaTopbl A 1 B B IpeIcTaBIcHIN BTOPHIHOIO KBAaHTOBAHNA,

SBxondmas B ompenesaeHne 1ol byHKIHN 6(t) mpuBesIa K BOSHHKHOBeHMIO B (2.78) HHTerpasa mo
BpeMenu ot t = 0 mo t = oo.
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HCHOMB3Y A H3BECTHBIE (10 Tpeanoioxkennio!) cobcTBeHEbIe DYHKIIUN )y U COOCTBEHHBIE
sHaueHus (ypoBHU) sHeprun F,, namell cucrembr®:

At) =Y Appatage™ Pr=Fn)t (2.79)
mk

B(t) = Bupashage™ (Fx =Lt (2.80)
mk

rae App 1 By — COOTBETCTBYIOIINE MATPUIHBIE 2JIEMEHTHI HAIIMX OTIEPATOPOB MO (HYHK-
HUAM Yy W g, a @b, ar — bepMUeBCKHe olepaTophl POXKICHUA M YHUYTOXKEHHUs B CO-

OTBETCTBYIOIINX cocToAHu#AX. [loncTaBias >Tu Bhipaxenusa B < [A(t), B(0)] > u memo-
CPENCTBEHHO BBIUYUCIAA KOMMYTATOP, NCIOAB3Yd TeopeMy Buka, mosrydaem:

(Em) — n(Ex)
—FE,+w+1b

n
XaB(@) =Y AmiBim T (2.81)

mk

rae n(EBy) =< dz'dk > — cooTBeTcTByfoaa Gyukina Pepmu.
B coydae, korma cobGCTBeHHBIE DYHKINH HEM3BECTHBI (HAIPUMED, KOTJIA pedb HIET
06 ypOBHAX B KOHKDETHOW peajnsaliy cIydafiHoOro MOTEHIHAaIa), TOJIE3HO BBIPA3snTh
BOCIIDHAMYHBOCTE Yepe3 aJeKTpoHHble dhyHKIuN 'puna. HamoMHEM, B CBA3H C »THM,
ompeneseHNs 3alas3aplBaoleil u onepexaromeil dbyaxnuii ['puna GR(E) il GA(E). 9t
dbyHKIMHE cBA3AHBI ¢ TpUIRHHON (pelinvanoBekoil) dyukmmel ['puna cirenyonmm obpa-
zom [1]:
R / ’
Gt 1) :{ Clt) >t (2.82)
()  t<t

ITocsie dypbe — mpeobpasoBaHms:

1
e—&(p)xid
Tak 4To B definmManoBCcKol dyukmun ['puHa BOZHUKAIOT BKJIAIL OT YaCTHUI U IBIPOK:

G(ep) = (1 — n(p))G™(ep) + n(p)G* (ep) =
1 —n(p) n(p)

GEM) (ep) = (2.83)

IEEEOET A R .
The
1
n(p) = { R (2.85)

— depmuenBckoe pacupenesnenne mpu 1 = 0.
Y1068 BHIPA3UTH BOCIPUIMINBOCTE Y€PE3 GR(E) u GA(E), IpeAcTaBUM HeEpreTuye-
ckuli sHamenares b B (2.81) B Bue nHTETpasa MO BCIOMOTATEIBHON MepeMeHHO:

1 1 1
= — d =
Fi— Epp +w + 6 2m'/_ (e—w— By —ib)(c — By + 1)

oQ
1 o0
=— deG(e —w)GE (¢) (2.86)
271 J_ oo
4Ha.l_IpI/IMep AJId 1OcaJIbHOTO (bepMI/I - ra3a — 3TO IPOCTO IIJIOCKHWE BOJIHBI, IJId TAKOTO K€ ra3a BO

BHEITHEM MarHATHOM IIOJI€ — 3TO YPOBHHI .HaH;[ay, OJ1d 3JIEKTPOHAa B Cﬂy‘{aﬁHOM IIOTEHIINAJJIBHOM II0JIE
— 3TO BCerga CYUIeCTBYIOUTHUE (HO Hen3BeCTHBIC HaM') TOYHbIC BOJIHOBBIC (byHKH,I/II/I " YPOBHHU sHeprum
3JIEKTPpOHA IJIA KOHerTHOﬁ peama3almn 3Toro Cﬂy‘{aﬁHOI‘O ImoJjid, U T.II.
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Moncrasmiasa s10 BeIpakenne B (2.81), momydaem obiee omepaTopHOe BBIpaKEHNE I
BOCHPUUMYUBOCTH:

vap(w) = / " deSp([GA (e — w)B, G () Alp) (2.87)

2me f o

L€ p — MATPHIlA MJIOTHOCTH (B IHATOHAJIHHOM IPENCTABIEHIN UMEEM P = N(Fp)omp ).
OcHOBHOE MpenMy1IecTBO Bhipakenn# (2.87) mo cpasrennio ¢ (2.81) B ToM, 9T0 OHO BEPHO
B TMIPOM3BOJIBHOM 0as3Wce W, MOTOMY, MOXKET OBITH HCIOJIB30BAHO MAXKE €CJIH TOYHBIE
OHOYACTHYIHBIE PYHKIINN HEMIBECTHBI.

[TposenenHoe Bhillle paccMOTpeHne HCMOJB30Ba0 Texuuky 1T = 0. IIpu T > 0 cue-
JIyeT UCIOJB30BATH MAIybapOBCKYIO TeXHUKY. Moxker mokasarhbcsd, 9TO IJd pacCMOTpe-
HUs IMHAMUKI B PeaJbHOM BpeMeHn ¢ (qTo Tpebyerca mid pacdera (2.78)) mamybapos-
ckuit (popMaau3M GecoIe3eH, MOCKOJIBKY B HEM MBI IMEEM JIETTO ¢ MHUMBIM BDEMEHEM T.
Tem He MeHee, Kak MBI ceifgac YBUINM, € TIOMOIIBIO MAIllybapoBCKON TEXHUKHU PACCIUTATh
JIMHEHHBI OTKJINK JOCTATOYHO JIETKO.

Bremem tak HasbiBaeMyio MaIybapoOBCKYIO BOCTPUHMYHBOCTD:

1 /7 o :
D) () = 5/@ dr < T, A(r)B(0) > ¢'n" (2.88)

OkasbiBaercd [1], uro MOKHO chHOPMYIHPOBATE CJIELyIolIee 3aMedaTe/IbHOe YTBEPIK 16
HHUE:

(M

o OyuRIIA XAB)(Wm)a aHaJIUTUYECKH MPOJO/IKEHHAA ¢ JUCKPETHOTO MHOXKECTBA TO-
YeK Ha TOJIOKHUTENBHON MHUMON moyocn w = iw, (n > 0), Ha BElIECTBEHHYIO
ock Imw = 0, maeT B TOYHOCTH HHTEPECYIONYIO HAC Y ap(w).

ITa TeopemMa MO3BOJAET HAXOANTH BOCIPHUMYUBOCTE Y a4p(w) ¢ TOMOIIBIO ng‘é)(wm),
KOTOPYIO MOKHO BBIYUCIIATH ¢ MOMOIIBIO MallybapoBcKoil muarpaMMuoil Texuuku. B o1-
CYTCTBUE B3aUMOACHCTBHS, Mauy6ap0BCKaﬂ BOCHpI/II/IM‘II/IBOCTb JaeTcs BCEro OIHOM nua-
rpamMmoit — nemaet (Win “HONAPUBAIMOHHBIM” OLMEPATOPOM) C OTIEPATOPAMMI AuBs
BepminHax. B Texanke T = () BOCHPUMMYNBOCTD U MOJIAPU3AMUOHHBIA OTEpaTOP UMEIOT
pasHble aHaguTHYecKue cBofictBa. Ho cormtacHo mpuBemeHHON Teopeme, MJid TIOJTyUe-
HUs BOCIPUUMIHBOCTH JOCTATOYHO BBIYUCIUTE “MOJAPU3ANMMOHHYI0” METI0 ¢ Malyba-
poBckuME bYHKIUAME ['puHa, a 3aTeM MPaBUIBHO TPOAOIKHUTEH €6 Ha BelleCTBEHHBIE
qaCTOTHI.

HokaxeMm Temeph Hallle OCHOBHOE yTBepkIaeHUe. MBI HOKHBI paccanTarh “KyboB-
CKY10” BOCHPHAMYHNBOCTD:

Yap(w) = i/ooo dte™t < [A(t), B(0)] > (2.89)

rie < ... >= Sp(e P .)/Sp(e=PH) — ycpenmenne mo I'm66ey, fl(t) — it feitH _
omepaTop B reifseHGeproBckoM mpenctaBiennu. Herpyamno BumgeTs, 410 (2.89) MOKHO
3aIHMCATh KaK:
i [ . . .
Xap(w) = Z/ dteWtZe_ﬁE" (6_“‘)’”’” < n|4|lm >< m|B|n > —
0

mn

—enmt < | Blm >< m|Aln >) (2.90)
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TIe Wom = Fp — By, Z = Spe™PH  mpudem n u m 3mech myMepyioT ToumBIE YPOBHE
MHO20%ACMUNHOU CUCTEMBI (C ydyeToMm B3a,I/IMO,H;eI7[CTBI/Iﬂ!). HepeCTaBHﬂﬂ BO BTOPOM YJICHE
CYMMBI WHIEKCHI M U N 1 HHTETPUPYA 1O ¢, MOJIyIacM:
|« ¢=PEn _ o=BEn
xaBWw) = = E ——— < n|Alm >< m|B|n > (2.91)
Z W —wnm + 16

MuuMag JacTh 16 BO3HHUKJIA 30eChb N3-3a MHOXKHUTEJIA G_M

, KOTOpHI Hamo M0OaBUTH B
dopMaabHO pacXoAdIIniicsa WHTerpasl mo ¢ Iasd obecledeHns ero CXOINMOCTH.

Temeps BBIYUCIUM aHAJOTHIHBIM 0Opa3oM MaIybapOBCKH OTKJIHK:

1 f# : .
XM () = 5/ dre®m” < T, A(1)B(0) > (2.92)
-8

The 121(7') =e "H Ae™H  neewm:

1

A
XEL‘J%)(Wm) = ﬁ‘/o dretom™ Ze—ﬁEne—wan < n|A|m S< m|B|n S 4

mn
0

1 .
t57 dre™™" Ze_ﬁE"e‘l'w"’”T < n|B|lm >< m|A|n > (2.93)
-8

mn

Onare MeHAA MeCTaMU WHAEKCHI BO BTOPOI CYMMe, € YIETOM W, f = 27Tm, U BBHITOJTHAA
WHTETrpUpOBaHUE TIO T, IIOJIy9acM:
—BEy —BEm
M 1 e —e
@) = =3 ——— < n|Ajm >< m|BJn > (2.94)
A4 Wy, — W
mn

Teneps Bce ToToBo! BocupuumMuanBocTh X ap(w) HpenctaBiageT coboii aHATHTHIECKYIO
GyHKIUO w B BepxHEH MOMYIJIOCKOCTH YacTOTHI. JTO €CTh CJEACTBHE TOTO, YTO OHA
npencTaBigeT coboit mpeobpasoBanune Pypbe oT GYHKIIUU, OTIUIHON OT HYJIA JIUIIb TPH
t > 0 [11]. 3nauuT ee MOKHO NPOAOIKUTH C BEIICCTBEHHOW OCH HAa MHUMYIO IOJIOXKH-
TeJbHYO mosiyock. [lpu 2ToM B TouKax wy, = 27m/1 oHa COBIMANET C ng\é)’ 9TO OYEBUIHO
u3 npsamoro cpasrernd (2.91) u (2.94). TIpeanosoxkuM, 970 CYIECTBYET aHATUTIIECKOE

mn

MPOIOJIKEHIE XAJ% ¢ BepxHell MHUMOH TOJIyocH Ha BCIO BEPXHIOK MOJYILIOCKOCTh W.
Torga »To aHAJTHTHYIECKOE TPONOJIKEHNE JOKHO COBIACTD ¢ Xap(w), MOCKOJIBKY, CO-
IJIaCHO M3BECTHOHR TeopeMe Teopuu GYHKIHHE KOMILIEKCHOTO TIepeMeHHOT0, Be (byHKITHH,
aHAJUTUYIECKHE B HEKOTOPOH 06IacTi KOMILJIEKCHOU TJIOCKOCTH U COBMAaAalolniue Ha Hec-
KOHEYHOM MHOXKECTBE NUCKPETHBIX TOYEK (MMEIOUIeM MPEAETbHYI0 TOUKY, M — 00),
COBMAIAIOT BO Beell obytacTu.

Bamerum, aTo u caydait 7' = 0 mwHOrma ymobHee paccMaTpUBaTh B MalybapoBCKO
Texauke. [Ipu 3TOM MPOUCXOIUT TEPEXOM, OT CYMMUPOBAHUS O MAIyOapOBCKUM K HHTE-
IPHPOBAHNIO TTO HEMPEPHIBHBIM (MHIMBIM ) 9acTOTaM, HOCKOIBKY TpH T — 0 TOUKH iw,y,
CJIMBAIOTCA B MHUMYTO OCh Ha TJIOCKOCTH KOMILJIEKCHOU MepeMeHHOM w, COOTBETCTBEHHO
Ty . .. — g—‘; [Tpu Takom criocobe BHIUHUCIEHNH HEe BOSHUKAET CJIOKHOCTER ¢ 06X0-
JoM mostiocoB dyHKIHH ['prHa, DOCKOJIBKY HallpaBJIeHne 00X0ma OKa3biBAETCA MPABHIb-
HBIM aBTOMATUYIECKH.

IMocmoTpuM Kakx Bce »To “paboTaer” Ha MpUMepPE BBHIYHCJECHHA TOJIAPU3AMTOHHOTO
oflepaTopa raza CBOOOIHBIX 3JIEKTPOHOB M, COOTBETCTBEHHO, TUAJIEKTPUIECKON TPOHH-
naemocTh (pyurmun orknukal) 8 RPA npubmanxennn. Nveem:

100 =20 Y [ 4B GemIen + o p+a (295)
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CHagyaaa BBITOJHUM CYMMUDOBAHUE 1O £,. [IpemcTaBuM WHTEpPECYIOMY HAC CYMMY B
CIENyIONEM BHUIE:

1 1
Tzn: ien + twm —E(p + q) te, — E(P) -

1 1 1
= Tzn: W, —5([’ + (I) +€(P) (iEn —f(p) - ien + twm _g(p T q)) (2.96)

Bo BTOPOM cCJiaracMOM MOXKHO TeEIIepb CAEJIaTh CABUT HepeMeHHOﬁ CYMMHUPOBaHUA N —
n — m, IIpu KOTOPOM M3 HEIO0 MCHE3IHET Wy, . B KaXIOM M3 CJdaracMbIX B cKobKax Bellle-
CTBE€HHAadA YaCTh CYMMBI CXOJUTCA, a MHUMAA (bOpMa.HI)HO PacCXoguTCd. B Toxe BpeMd
2Ta MHUMad 9aCTh HEYECTHA II0 N, & IIOTOMY COKpallacTCd TP CYMMHWPDOBAHUN YJICHOB C
IIPOTHUBOIIOJIO2KHBIMHA 72. C.HG,D;OBaTe.HI)HO, HaM JOCTATOYHO BBIYUCJINTH CYMMY:

S =Ty Ezgfgz (2.97)

Ee MoxHO BRIYHCIUTD C IIOMOII B0 U3BECTHOTI'O TO}K,D;GCTB&SZ

> 1 =x
Z_: (2n+1) 71'2 + 22 ﬂth§ (2.99)
Torma:
56 = gthon = 5 —n(©) (2.100)
or — 37" '

s -1
tne n(€) = (eT + 1)1 — dynrmma Pepmu. B pesysabrare mosrydaeM TOXKIECTBO, KOTOPOE
OYeHb YIO0OHO MCHOJIB30BATh IPH BRIYHCICHAN IIOIAPU3allHOHHOTO OIEepaTopa W APYIHX
BOCHPUUMYHBOCTEH B bepMH — Tase:

1 _
() pa— . _ _nEp +a) = n(Ep) (2.101)
— (ien + iwm — E(P + q))(icn — &(P)) iwm — &P+ a) +£(p)
Mcnompsysa 910 ToxkIecTBO B (2.95), monydaem:
d3 -
(27)? iwm — E(p + Q) +¢(p)
Pacemorpum Teneps npenen T = 0. B srom ciaygae umeem n(€) = 0(=£). Tepeitnem
OOBIYHBIM 06pa30M K MHTErPHPOBAHMIO 10 £ M PACCMOTPHM MaJible ¢ < pr. Torma mveem:
dp  on vq Q) vpq
N, :_2/ —opp [0 VED 2.103
(©Wma) (27)3 0¢(p) twm — vq = W, — VFQ ( )
531y dpopMyay MOKHO HOIYyIHTD, HaIlHCAB
1 _ L { 1 1 } _
(2n 4 1)272 + 22 T2 Lla+ r(2n + 1)+ & —im(2n + 1) -
— L dze—mz[e—iﬁ(2n+1)z + 6i7-r(2n+1)z:| (2.98)

2z

U IIPpOCYMMHPOBAB IIPOTPECCHUIO IO 3HAKOM HMHTETrpaJia.
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Borancisaa wHTErpas mo yriaaM Takke, Kak 970 Obl1o cuetano B (2.22), moaydaem:

1D (w0 q) = —2up {1 fm gy m qu} (2.104)

upq  iwm +URq

Hia Toro, 4ToObl AHATUTHIECKH MPOJOJIKUTH 3TO BbIpaXkKeHHWe Ha BEIECTBEHHYIO OCh
9aCTOTHI, TOCTATOYHO CAETATh 3aMEHY W, — w + 1. B pesyabTare momaydum:

— 5
HR(w+i5Q):—2VF{1+ w lnw vpq+ }

2.1
20pq¢  wHvpqg+idb (2.105)

YTO W OIpemesideT IU3JIeKTPHYeCKYo IPOHAIAEMOCTD 3JIeKTPOHHOrO rasa B RPA mpu-
Gmmkenwn (Kak QyHKIMIO OTKJIMKA HA BHEIIHEE 3JIeKTPHIECKOE TOJIe).

Orgensas B (2.105) neflcTBUTEBHYI0 U MHUMYIO 9acTH (M MeHsdAdA obumil 3HaK), 1o-
JydaeM GyHKIUIO OTKJNKA ILIOTHOCTb — IJIOTHOCTH B BHUJIE:

W —Vvpq
w4+ vpq

Rex(wq) = 2vp {1 + 2;(] In

} (2.106)

w
Imyx(wq) = mvp—0(vpq — |w|) (2.107)
vrq

B omsmune oT aHAJIOTHIHOTO BhIpaxennsa (2.24) (BosHUKIIEro U3 qnarpaMm dheffHMaHOB-
ckoit Texanku npu T = 0), 31eCh BBIMOJHEHBI Bee TPeOOBAHNA AHAJTUTHIHOCTH, HaJIara-
emble Ha dbynkuum orksanka [11]°. B wactHOCTH, BHIMOHAETCA cooTHONIeHne KpaMepca

— Kponunra:
L, Imy (W)
x(w) = /_Oo du’ ———— (2.108)

Takum obpazoM, OUsJIeKTpUYecKad MPOHUIAEMOCTh CHCTEMBI, pacCMaTpUBaeMad Kak
GyHKIIUA OTKINKA, ONPENeTAETCA KaK:

4me?
e(qw) =1+ e x(qw) (2.109)

rae x(qw) — samasgeiBaiomad GYHKINA OTKAWKA IIOTHOCTH — IIoTHOCTH [10], mosry-
Jaomaaca (¢ TOTHOCTBIO 0 3HAKA) aHATHTHYECKUM IPOIOJIKEHHEM MAaIybapoBCKOTrO
HOJIAPU3AIMAOHHOTO OIEepaTopa.
IusaekTpudecKas MPOHUNAEMOCTH HENOCPEACTBEHHO OIpelesideT U IpOBOAUMOCTE
cucremsl [12]:
. . 5
o(qw) = % (1 —e(qw)) = —qu—zwx(qw) (2.110)

B camom meste, mioTHOCTH TOKa, BOSHUKAIONIETO B CUCTEME IO deficTBHEM »/IeKTpudecKoro moiasa E =
—V¢ (¢ — ckaJApHBI DOoTeHNHAJT) paBHA:

j(aw) = o(qw)E(qw) = —io(qw)qe(qw) (2.111)
3aKoH CoXpaHeHWH 3apAlia AMeET BUIL:
2]
egn(rt) + Vi(rt) =0 (2.112)

i B ypbe — KOMIIOHEHTAaX:
— iwedn(qw) + 1qj(qw) =0 (2.113)

8Umenno (2.107) mokasana ma Puc. 2-7 (b).
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roe én — OTKJIOHEHHE ILIOTHOCTH OT IIPpOCTPAHCTBEHHO OTHOPOOHOIO PABHOBECHOTO 3HAYECHUA 7. ITo
OTKJIOHEHHE oNpene/ideTcd B Teopun JIMHeTHOTO OTKJ/INKA KaK [10]

én(qw) = ex(qw)e(qw) (2.114)

KomGuampy= (2.111) — (2.114), memensenHo mosrydaem (2.110). 3aMeTnmM, 9TO 5TO pacCMOTpeHHE CIpPa-
BEITABO TOJIBKO IJIA TaK HA3BIBAEMBIX “HOPMAJbHBIX” MPOBOTHUKOB. B CBepXNMpPOBOTHWKAX, KAK MBI
YBHINM HIK€E, OCHOBHOE COCTOAHHE HapylIaeT KaaHOpOBOYHYI HHBADHAHTHOCTH (3aKOH COXpaHEHHA
sapﬂ,z[a), moaToMy dopmyJia (2.110) oKa3bIBaeTcda HelpuMeHuMoii. Pusmdeckuil CMBICTT TAKOTO HapyIIIe-
HAA CHMMETPHH CBA3aH C T€M, 9TO B CBEPXIPOBONHUKE 3apAIBl MOTYT yXOIHTH (IPHXONHTH) B Gose —
KOHIEHCAT KYTIEPOBCKHUX TIap.

B IKCIIEpUMEHTE O6BIqHO nMeeM AeJ10 C IpeaesjioM ¢ — 0 (O,D;HOpO,D;HOe BHEIIIHee HO.He).
TOF,D;a, IIPOBOOUMOCTD OIIpeAcIdCeTCAd KaK:

ie?
o(w) = = lim —wx(qw) (2.115)
¢g—0 q

B PaCcCMOTPEHHOM BBINIEC HpOCTeﬁH.[eM cJiydae, Korjga BbBIYUCJJIAJICA HOJISIpI/I:SaL[I/IOHHbIﬁ
OIl€paTop rasa CBO60,D;HBIX JICKTPOHOB, IJ4d BBIYUCJICHUA IIpeaejia ¢ — 0 IIpu KOHEYHBIX
w ucnoapsyeM (2.27) u moaydaem (w — w + 46, & — +0):

ie? 2up vhq? ph e’ ne?  §
-] = ;- - 2.116
o(w) ql—[}f1J 2 3 w? 3T ?m w m w48 ( )

T.e. 0bbrunHy0 dopmysy [pyme miad npoBomuMocTn HeCCTOKHOBUTETBHOTO Ta3a CBOOO-
HBIX 9J€KTPOHOB (MaeasabHbI mpoBogank!). B gactHOCTH:

2

w ne
R =7 = —7é 2.117

eo(w) g me(w) - 78(w) ( )

rie yum wim = %—iﬂ'é(w). deHOMEHOIOrHYeCK I yUeT CTOKHOBEHNH CBOIUTCH K BBe-

JIEHNI0 KOHETHOR 9acTOTHI paccesdHusd § — y = % (r)le T — BpeMs CBODOIHOTO Hpo6era).

MukpocKonu4iecKue OCHOBBI Teopuu drepMu
— XKUOKOCTH.

B peanpaBIx MeTamax ¢ s ~ 2 — 3, B3aUMOIEICTBIE 3JEKTPOHOB HE ABIAETCA CJAa0OBIM,
TaK UTO HEJIb3d OTPAHNINTHCH CYMMUPOBaHUEM KakKoii — inbo crennaabHOl mocIemoBa-
reapHOCTH quarpamum (tuma RPA, cipaseminBoro B mpezesie 1y < 1). B Toxe Bpems, de-
HOMeHoJIOrMYecK asd Teoplid depmu — kugkoctu Jlangay — Cununa [10] aigerca Buosne
YCHENHOW Py OMIcaHun CBORCTB dhepMu — CHCTEM C CHJIBHBIM B3anmMozeiicTemem. Pac-
CMOTPHM BOIIPOC O MUK POCKOIMYECKOM 000CHOBaHUY »Tol Teopuu [2, 8, 9].

Jlanmay dakTHYeCKH TOCTYJIMPOBAJ, YTO OCHOBHOE COCTOAHWME (DEPMU — KUIKOCTH
Ka9eCTBEHHO HE OTJIMYAETCA OT OCHOBHOTO cocTodHuMdA dhepMu — rasa, a ciaabo Bosdy-
KIEHHBIE COCTOAHIA MOTYT OBITH OIICAHBI KAK K8A3UYACMULYdl, AHAJOTHIHBIE TACTHILAM
U OBIPKaM B (epMu — raze, HECMOTP4A Ha CHJIBHOE B3aNMOIEHCTBIE B CHCTEME PEATBHBIX
bepmuoHOB (371€KTPOHOB B MeTasle, atoMoB He®| HyK/IoHOB B dnpe u T.1.). Baxneii-
UM, TIPU 3TOM, ABJAETCA MPEAIOJIOKEHHE O CYUIECTBOBAHMHM XOPOIIO ONpeneseHHOR
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nosepxHocTH PepMT ¢ PaINycoM pr, YIOBJIETBOPAIONNM “TasoBoMy” COOTHONIEHWIO!
3

N_ rp

Vo 3x2R3

CBA3BIBaONIEMY €I'o C MOJIHON TIJIOTHOCTBIO YacTHUIl B CHCTEME. 1o YTBEPXKIACHUE, (baK—

n—

(2.118)

THYECKU, MOXKeET ObITh Joka3ano B KakJIOM TOPAAKE TEOPUH BO3ZMYIIECHUH MO B3aWMO-
JIeficTBUIO ¢ UCHOJb30BaHKeM o0Imux cBolicTe dbyHkiuit ['pura m m3BecTHO Kak meo-
pema Jammunorcepa (J.M.Luttinger, 1960) [1, 2]. CoorBeTcTByIOIIEce TOKA3ATETHCTBO
JOCTATOUHO IPOMO3IKO M MBI €ro He mpusomuM’. Hano 4eTko HOHHMATE, 4TO OCHOBHOE
COCTOAHUE HOPMAAbHOT bepMU — KUIKOCTH He ABJAETCH CAMHCTBEHHBIM BO3MOMKHBIM
COCTOAHNEM CHCTEMBI B3aNMONEHCTBYIOMNX 21eKTpoHOB (dbepmuonos). Hampumep, Mol
3HaEM, 9TO CHCTEMa MOXKET HAXOANTHCA B CBEPXIPOBOIAIIEM (CBEPXTEKYUEM) COCTO-
SHUW, Korma Teopema JlaTTWHKepa He BBINOTHAeTCA 1 moBepxHOCTH Pepmu nem (oHa
“sakpbiTa”’ sHEpreTHUEcKoil menbio!). B HacToAIee BpeMs:, KoTma ocoboe BHIMAHNIE yie-
JIAETCA PACCMOTPEHUIO CUCTEM C CUABHBMYU KOPPEAAUUAMU, AKTHBHO OOCYKTAIOTCA Pas-
JugHble “ciieHapun”’ (GopMHpPOBaHUA HedEPMIKHAIKOCTHOTO TMOBEICHNA TAKUX CHCTEM.
3mech, 0lHaKO, MBI CKOHIIEHTPUPYEMC Ha PACCMOTPEHUN MHUKPOCKOMUYIECKUX OCHOB Te-
opum HOpMaJbHON dhepmu — xuakoctu [8, 9].

OcHoBHOW dU3nIecKOil MPUIUHOH TOTO, ITO B CHCTEME B3aUMOIEHCTBY IOTIIX hepMuO-
HOB COXPAHLAIOTCA YePThI MOBEACHUA, THITHIHOTO T4 Ta3a CBODOMHBIX (GePMUOHOB, ABIA-
erca npuaiun [laymu. Menro o, Kak MBI cefidac yBUIUM, TO3BOJAET BBECTH XOPOIIO
olpeeeHHbIe KBA3UIaCTHIHBIE BO3OY K IeHnsa BOmsn ypoBHA (moBepxHocTr) Pepmu. B
BeckonewHOl onHOpOnHOl cucTeMe dyrknua ['puna Gos(p) DHaroHaIBHA O CIHHOPHBIM
WHIEKCAM W OJWHAKOBA s OOOMX 3HAYEHHH MPOEKINH CIHHA (B OTCYTCTBHE MarHHT-
HOTO TIOJTAl MJIH CIHOHTAHHON HAMATHHYEHHOCTH), MOSTOMY JaJlee 5TH MHIEKCHI OMyCKa-
forcd. Beemem, kak oOBIYHO COOCTBEHHO — 9HEPTETHIECKYTO TaCTh W 3alUlleM ypaBHEHUEe
Haitcona:

2
G Hep) = — L 4 i — S(ep) (2.119)

2m
IMocMoTpuM ITO TYT MOXKHO cKa3aTh U3 “obmmx coobpaxennii” . OMeHNM BKJIaJd B MHH-
MYIO 9aCTh Y. OT MPOTECCOB POXKIEHUA TPEX KBAa3sUIacTHIl — IpocTefiiuil mporece Takoro
Tuna (IpUBOIAIINH K KOHETHOMY BpPEMEHN JKM3HM KBasWIacTHIbI) cBomnTca (cMm. Puc.
2-11) x BO3OYXKIEHNIO APYTOTO 3JIEKTPOHA W3 MO MoBepXHOCTH PepMu, T.e. K POKIEHHIO

9JIEKTPOH — ABIpoYHON Tapbl. MeeM OOBIYHBIE 3aKOHBI COXPAHEHUA:

P1+P2=pP3+pPs c1tea=e3+eq (2.120)
opu4deM B JaHHOM CJIyvac:

Ip1l, IP2], P4l > pr, a |p2| < pr
£1,€2,84 Z 0, a &9 S 0 (2121)

Otciopa gcHO, 4T0 Upu |p1| — pr, AJid BceX OCTAJbHBIX 4acTull Takke |pz|, |ps|, [pa| —
pr, ans g; — +0 BeiTekaer, uto u £, (v = 2,3,4) — 0. Korga p; HeckonbKo “BbIle” pp,
BCe ocTasbHbIe (|po| — pr) omuorO Mopanka ¢ (|p1| —pr). CooTBETCTBEHHO, BEPOATHOCTE
IpoIecca, ONMMCHIBAEMOTO PACCMaTPMBAaeMOll IMarpaMMoii, TpoIopInoHaJ IbHA:

1
W=_~ /5(61 + £ — £3 — £4)dpadps (2.122)

"B INpmioxennr A IpHBOMATCH TOIOJIOTTICCKTE COOBPAKEHHA TOCTATOTHO OGIIEro XapaKTepa, Io-
TBEpKIAIONIIE yCTounBoCcTh moBepxaHocTr PepMmu K ammabarundecKomMy “BKJIIOUEHHIO” B3anMOaeHCTBUA
mexny gacrunamu (I.E.Bososux, 1999).
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Y
Y

Puc. 2-11 Tlpouecc poxxaeHna Tpex Keasu4acTul.

B camom mene, mMIryIibC p1 3a0aH, a P4 = P1 + P2 — P3, TAK 9TO OCTAETCA TOJIBKO IBa
HE3aBHCHMBIX MMIIY/IbCA WHTETPUPOBAHUA, Kak W MokasaHo B (2.122). IlockoabKy p2 u
ps 6inskn x pr, uMeeM (|pas| — pr) ~ (|p1]| — pr). Jonycrumere obracTn msMeHeHHA
Monysell p2 U p3 ecTh: pp < p3 < p1+p2—pr U 2pp—p1 < pz < pp. YTOJI MEXIY P1 U P3
MOKeT GBITh JIIOOBIM, & YTOJ MEXLY P3 M P1 -+ P2 ONpeessaeTca U3 yeJaoBAsA COXpaHeHU
SHEPIHH W WHTETPaJI O 5TOMY Iy cHuMaeT § — dynkmuio B (2.122). CoorBeTcTBEHHO
unTerpaJ no dpsdps Geperca npu ps & ps & pp u gaer an4 (2.122) onenky ~ (|p1]|—pr)?.
[TosToMy obpaTHOE BpeMs KHU3HH 3JIEKTPOHA C HMITYJIHCOM P OIEHUBAETCA KaK:

1
—~ImS~ (p—pr) ~ ¢ (2.123)

Herpynmao y6enurhed, 9T0 CTATHCTHYIECKUN BEC COCTOAHUN ¢ GOJIBUIMM YMCTIOM KBA3HIACTHIL HAYNHAETCA
¢ Gostee BBICOKHUX cremeHed . Hampumep Im¥s ~ |53|s [8]. Tlpn KoHEeWHBIX TeMIepaTypaX, Pa3sMbBITHE
depMueBCcKOTrO pacupenesieHnd ~ 1, 9T0 MPUBOINUT K BKJIANy B 3aTyXaHWe OT TEPMUIECKU BO3OYKIeH-

2
HBIX KBA3SHIACTUIL ~ g— CooTBeTCTBEHHO, OO bEMUHAA UX C (2.123)7 TIMEEM:
F

1 e? T2 2 T?
S=Al—+ — ) mMar| —, — (2.124)
tae A ~ 1. Ecsom BocmiosbsoBarbesa obbranoii popmysiott pyme mira mpoBomumoct::

7’L62

o= —7 (2.125)
m

2
¥ B3ATH T = AT—7 To (mcmomp3ya Takxke (2.118)) MOy IHM ONEHKY CONPOTHBJIEHHHA B BHIE:
F

E

1 T%m 1 T \?

R= -~ = —— ([ — (2.126)
o Eppye e’pp \Ep

Takmm obpasom, xapaKTepHadA TeMITEpATypHAA 3aBUCHMOCTH COTTPOTHBJICHUA, BEI3BAHHOTO 3JIEKTPOH —

57I€KTPOHHBIM pacceaHneM R ~ T2 (JI.0.Jlamnay, U.¢1.ITomeparayx, 1937). Tunmanasn onelka pp ~ %

2 2
(rme a — mMexxaToMHOe paccTomHme) maeT R ~ ’Z—g (EL) ~ 10730M cM (EL) , 9YTO HaeT IpeHeGpe-
F F
JKAMO MaJIBIH BKJIA B COIPOTUBJIEHUE IPU TUIMYIHBIX SHAYEHUAX 1, KOTOPHIN HOTHOCTHIO MACKUDYeTCA

OpYTHEMH MeXaHU3MaMF paccedHN# (HanpuMep Ha ¢doHOHax). PeassHoe Habaromenne ~ T? Briama B
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COMPOTHUBJIEHUH METAJIIIOB BO3MOKHO TOJIBKO B “yibTpadncThix’ obpasmax mpu 1 < 1K, Korma MoXHO
npeHe6Gpedh paccedHneM Ha (POHOHAX. DTO MPOCTOE OOCTOATEIBCTBO 9acTO 3a0BIBAeTCA B COBpEMEHHOM
JUTEpaType.

Taknm obpasom, BOamsn nosoca € = £(p) dyuxumn Ipuna (2.119) Ml Bcerma nMeem
Ree(p) = vp(p—pr) > Ime(p) ~ 71 ~ (p—pr)?, uTo u 03HAUAET CylIECTBOBAHHE “XO-
po1Io onpeeaeHHbX” KBasndacTurl Bonsn yposua Pepmu. Bosee akkypatho (Hexen,
HATIpUMep, To Aesanock B (2.45) — (2.49)) nyxHo meficTBoBaTh cenyomnM obpasoM. B
OIHOPOITHOW 1 W30TPOIHON cucreMe (bepMn — KUIKOCTH) BenndnHa ReX(sp) 3aBucut
ToBKO 0T Moayad p = |p|. Oupenenum umnynase PepMu pp B cUCTEME ¢ B3auMOeli-
CTBHEM C TOMOMUIBIO CJAEAYIONIETO ypaBHEHN:

P _

L+ S(pr,0) = (2.127)
Pasnarag X(pe) B paAm [0 CTENEHAM p — pp W £, HodydaeM Beipaxkenne maa G(pe),
crpaBennBoe BOU3H mosepxHocTn ®epmu (¢ — 0, p — pr) B CIeOyoOleM BHIE:

2

“epyme - P4 _ (%= oy (9% o
G (ep) e +p = X(pr,0) <3P)F(p PF) (85 F€+za|5|5_

2m
- ()T (),

(2.128)

roe yaan (2.123) n obecmednan MpaBHIBHYIO CMeHY 3Haka MHWMoi gactn (definma-
HOBCKOii) dyukmun I'puna mpu ¢ = 0. Takum obpasom ybexmaemcsd, 9T0 GYHKIHIO
I'puna BzaumomeficTByomell cucTeMbl dhepMuoHOB BOIU3N moBepXHOCTH PepMu MOKHO
sanncarh Kak [8]:

7
e —wvp(p —pr) +ialele

G(ep) = G (ep) (2.129)
rne GT¢9(ep) — peryndapHad 9acTh, HE NMeONIAdA MOJOCOB BOIN3H TToBepxHOCTH PepMmu
(v cBA3aHHAA ¢ MHOTOYACTHYHBIME BosOyxmennamu B cucteme [8]). lpu sTom B (2.129)
MBI BBEJIN CJIeayonme 0603HaATeH

1 ox aG—1
——1-( = - 2.130
Z ( de )F ( de )F ( )
IJI4 BBIMeTa B noJioce yukiun ['puna, n
we(2), (%)
vp = P/R_ N FE =gy (2.131)

(aG—l) (aG—l) ’
de F de F

IJIg cKopocTH Ha noBepxHocTu Pepmu. Beipaxkenue (2.129) ompenesser oOumit B, o/~
HOuacTHIHOW GyHKIUN ['prHa B cncreMe B3anMoaeicTByomux depmu — qactu (dbepmu
— KUIKOCTH). JIETKO BUIETH, YTO OOCYKIABIINECH BHIIIE YaCTHBIE BBIPAKEHNA, CIIELY-
fotne n3 RPA| uMetor nMeHHO Takoii Bu (HoBemeHHE).

Tenepb HeTpyaHO yoemnThesd, 910 U3 (2.129) HEmOCPEnCTBEHHO CIIEAYET CYUIECTBO-
Bauwe (mpu T = 0) ckauka B pacupelesIeHUN “acmuy TTO UMITYJIbCAM Jake B CHCTEME
B3auMogeiicTByonmx dpepmuonos (A.B.Murgan, 1957). B camom mesie, BEITHCIUM pas-
HOCTB 3HaUeHNH GYHKIMN pacnpenenennd n(p) mo obe cTopoHsl 0T HoBepxHOCTH Pepm,
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wilhoul interactions ;
" Fermi-

\ — liquid

o L A

ke k
Puc. 2-12  KayecTseHHbinl Bug pyHKUMKN pacnpeneneHns YacTuy B hepmMmn — KUOKOCTN Npu

T=0.

T.e. mpenes pasuocth n(pp + ¢) — n(pr —q) npu ¢ — +0. Pacupenenenne 9acTuil mo nM-
myJIbcaM, KaK M3BeCTHO, BhIpazkaeTcd depes pyHknmio ['prHa cIedyomuM HHTETPaIoM

[1]:

oQ

2 e=ietG(ep) (2.132)

=— 1
n(p) im 5

t—=0J_

Bocnonesyemces smech (2.129). Beuay perysnaproctn dbynkuun G79(ep) sapanee dACHO,
9TO Pa3sHOCTh MHTETPAJIOB OT Hee OymeT crpeMmuthed npu ¢ — 0 k mHymo. [lostomy mo-
CTATOYHO PACCMOTPETH PA3HOCTH MHTETPAJIOB TOJIBKO OT HMOJIOCHOTO BKJIaga B (2.129).
Torna nmeeM:

n(pr — q) — n(pp + q) = —i/oo de { Z 4 } (2.133)

Ooﬁ e—l—qu—ié_e—qu—l—ié

L€ Y9Ir, 9T0 BOIU3HN Hosoca signe = sign(p—pp), a TakKKe TO, ITO BBUAY CXOTHUMOCTH
5TOr0 HHTErpaJia OT PA3HOCTH, MHOKHUTEL e~ ¢! (mpu t — 0) MOXKHO OIYCTHTE. 3aMBbIKas
Tenepb KOHTYD MHTETPUPOBAHNA DECKOHETHO YIATEHHON MOTYyOKPYRKHOCTHIO (BCE pABHO
B BEPXHeH MW HIDKHER MOJIYIIIOCKOCTH ), HAXOINM:

nprp—0)—n(pr+0)=7 (2.134)
Mockoabky n(p) < 1, orcrona cremyer 4ro:
0<Z<1 (2.135)

npudeM Z = | mocTuraercd JIMIb B Mpenesie uaeaabHoro depmu — rasa. Takum obpa-
30M paclpeneeHne JacTUIl 0 UMIyJbcaMm B depmu — kugkoctu npu 1 = 0 umeer,
KaK W B rase, CKa4oK Ha moBepxHocTH PepMu, KaK 3TO KAYeCTBEHHO TOKa3aHO Ha Puc.
2-12. B ornugne ot caydas rasa, BeJIMIUHA CKAIKaA MEHBIIE eIUHUIIEI, & caMa DYHKITHA
pacipenesenua n(p) ocraeTcd KOHeYHOH W B obacTu p > pp (9acTHIB “BbITAJIKHBA-
foTca” B a1y obstacTh B3anmogelicTBuem!). PakTHUECKH, CYIIECTBOBaHME CKadka GyHK-
IUH PACIpelesIeHns U MO3BOJIAET BBECTH CaMO TMOHATHE ToBepxHOCTH PepMu B cUCTEME
B3aUMOIeACTBYONMIX (hePMUOHOB.

CrekTpasbHadg IIOTHOCTE A(psg) = —signE%ImG(ep), COOTBETCTBYIONIAdA (DYHKIIUN
I'puna (2.129) uMeeT BHI pasMBITOTO 3aTyXaHHEM KBasHIACTHIHOLO IHKa IPH £ = &
(sHepTHM KBa3WYACTHUIIL), HA CPABHUTENBHO I[JIABHOM (DOHE OT MHOTOYACTHIHBIX BO3-
OyXKIOeHmil, Kak 5To ToKasaHo Ha Puc. 2-13 (b), TOTOAa KaK B MIeaJbHOM Ta3e OHa
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(a) (b)

Ak, w) Alk,w)

e

- | o
T

7 €k w 1t Ek W

Puc. 2-13  CnekTpanbHas nnoTHocTb B hepmun — rase (a) u depmu — xuakoctn (b).

CBOIMTCHA K COOTBETCTBYIONIel & — dbynknnm, mokasannoit Ha Puc. 2-13 (a). 3amernm,
9TO CIHEeKTpasbHas MJIOTHOCTD 9JIEKTPOHOB B PEaJIbHBIX CHCTEMAaX B3aMMOIEHCTBYIONIITX
9JEKTPOHOB, HaKTUIECKH, MOXKET OBITH W3MepeHa B 9KCIepUMeHTax Mo (HhOTOIMUCCHE C
yrioBbiM paspeneinem (ARPES)®, B KoTopbix Takke yjaeTcs U3y4uTh U peasibHbI{ BuJl
nosepxHocTel PepMu, B TOM YHC/IE /1A BEChMa, CJIOKHBIX coennnennii’. [IposeneHnbie B
TOCJIEIHIE TOIBI M3MEPEHN MOATBEPANIN KadeCTREHHBIE MPEICKA3aHAA TCOPUH hepMT —
KUIKOCTH! IJTA OOJIBIIMHCTBA “MeTaJslandecknx’ cucteM. HadbionaeMble OTKJIOHEHUA OT
GEPMIKUIKOCTHOTO MOBEAECHN OOBITHO CBABBIBAIOT C MPOABJICHUAME 5 HEKTOB CU.Ab-
nox Koppeasyut [13].

BszaumoneiicrBue kBasum4dactuil, B depMu —
2KUIOKOCTH.

BsanmoneitcTBue kBasmdacTuil, HakTHIECKH, ONUCHIBAeTCH deyruacmuunot pyHKImed
Tpuna [8]:
K =< To(D@)it (3)6+ (1) > (2.136)

KOTOpagd OIpenesdeTcd CyMMol Bcex rpadUKOB, MEPEBOIANINX IBE YaCTUIIBI U3 TOUEK
(1,2) B Toukn (3,4). Tyr, mpexk e BCero, MOKHO BBIIEINTH Tpadukn 6e3 B3anMoaeic TBHS
MEXKIY ODEMMH YacTHIIAME, HO CO BCEMH BO3MOXKHBIMHU B3aUMOICHCTBUAME KaxkK ool u3
JacTuIl, ¢ “‘doHoM”, THIaA MOKasaHHBIX Ha Puc. 2-14. OueBuaHO, ITO 3M6Ch BO3SHUKAET
JBe HE3aBUCHMBIX COBOKYITHOCTH T'padUKOB, KaXkIasd W3 KOTOPBIX CBOAUTCS K TOJIHOI
omaodacTuuHOi dyuknmn I'puaa . COOTBETCTBEHHO MMEEM:

Ko = G(1,3)G(2,4) — G(1,4)G(2,3) (2.137)

3HaK MUHYC Mepel BTOPHIM (OOMEHHBIM) WIEHOM CBA3AH 3I6Ch CO CBOHCTBOM aHTHCHM-
MeTpuu HEPMUOHOB TIPH TEPECTAHOBKAX.

8J.C.Campuzano, M.R.Norman, M.Randeria. Photoemission in the High T\ Superconductors. ArXiv:
cond-mat /0209476.

9 A.Damascelli, D.H.Lu, Z.-X.Shen. From Mott insulator to overdoped superconductor: Evolution of
the electronic structure of cuprates studied by ARPES. Rev. Mod. Phys. 75, 473 (2003)
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Puc. 2-14 Hesasucnumoe pacrnipocTpaHeHune aByx dacTuu B hepmMu — XUOKOCTU.
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Bce ocranbubie rpadukm gyia K comepiKaTl aKThI B3aMMOIEHCTBUA TacTHI APYT C
apyrom. ObosHadnM depes V coBOKYIHOCTh TakuX TpadUKOB B3aNMOIEHCTRIA, KOTOPHIE
He MOTYT OBITH pasfeseHbl Ha JacTH, COSANHEHHBIE IBYMs 3JeKTPOHHBIMU JIUHUAMM,
KakK »To mokasano Ha Puc. 2-15. Torma mnaa apyxdactuanoit dyuknmm I'pura K MOXKHO
HanucaTh ypaBHEHHE:

K = Ky — VGGK (2.138)

MOCKOJIBKY CyMMa Bcex rpaduKoB, ciaenyommx nociae V| caoBa obpasyer K. Pazyme-
etTcd, ypasHenne (2.138), Ha caMoM [ese, HHTErpaJbHOE, a ONMEPATOPHOE YMHOXKEHHE
dbyuxumii Tpuna obosnadaer 3mech (1 Jajee B aHAJOTHIHBIX CJIydasdgX) COOTBETCTBYIO-
1ue NHTErPUpPOBAHUA.

Il ommcaHud caMOTO MPOIecca B3anMOAECTRBISA YaCcTHI Y IOOHO BBECTH BEPITUHHY IO
qacTh (AMITHTYDY paccedtusa) ' ¢ MOMOIBIO CIEAYIOMETO COOTHOMIEHUA:

K — Ky = —GGIGG (2.139)

Besmuuna I' npencrapiger coboii cyMMy BceX I'padUKOB, HAUMHAIOIIAXCA U KOHYAO-
HUXCA B3auMOAelicTBHEM MeXIy 4YacTHIIAMU, T.e. B Hee He BKJIOYAIOTCA BXOMALINE
U BBIXOJAIINE JHHAK dacTur (00pybmaenst “BHemanme” Koninsl). IMogcrasmaa (2.139) B
(2.138), nomyvaem:

K — Ko = —GGTGG = ~GGVEK = ~GGVEK, + GGVGGTGG (2.140)
I/ICHOHb3yeM Oo4YeBUIHOE COOTHOIICHHUE!:
GGVEKy =GG(V - V)GG (2.141)

roe V obosmadaer V ¢ mepecTaBJIeHHBIMU BBIXOIAIIMME KOHIaMu. Torma ms (2.140),
nmocjie yMHOXKEHUs clipaBa U CJeBa Ha (GG)_l, MOy YaeM:

=V -V -VGGT (2.142)
s onpenenennsa I' u K caenyet, ato
I'(1,2;3,4)=-T(2,1;3,4) = -T(1,2;4,3) I'(1,2;3,4)=T(3,4;1,2) (2.143)

9TO OTpaXkaeT aHTHCHMMETPHUIO BOJTHOBHIX (DYHKINN B cucTeMe (DEPMUOHOB.

VYpasuenue (2.142) mra T MOXKHO HOMYIHTH U HETOCPEICTBEHHO, He HCHOMB3YA YPaB-
uwenue niag K. Beimenaa 60k V| HETPYIHO TOAYYUTh Tpaduueckoe ypaBHEHME, TTOKa-
sanHoe Ha Puc. 2-16, cumMeTpusaua KoToporo naet (2.142).

Hna obocHoBanna HEHOMEHOTOTHIECKON Teopun hbepMu — KUIKOCTH YIOOHO 3allu-
caTh ypaBHeHnue aid [ B npyrom Buzme. Broiiiie Mbl Boimesiaau 010k V', KOTOPHIH HeTb3d
GBLITO paspesaTh MO ABYM JIMHUAM B KaHaJle acTHIA — qacTuia (T.e. 6JIOK, HEIPUBOIH-
MBIl B maHHOM KaHase). MOXHO MOCTYNUTh WHAYE U BBIIEIUTH U3 BCell COBOKYMHOCTH
rpadukoB miaa [ 6mok U, HenpuBOaAUMBIN B KaHaJe 9acTUIla — IBIPKaA, KOTOPHIA HeTb3d
pasbuTh Ha 9ACTH, COEIUHEHHBIE JIMHUAME YacTUNBl U ABIPKH. COOTBETCTBYIOIINE TPa-
¢urn mokazansl Ha Puc. 2-17. Torna nna ' Mox#O Hanucarh rpadguieckoe ypaBHEHHE,
mokasaHHoe Ha Puc. 2-18, unn B aHAJIUTHIECKOM BHUIE:

I'=U+UGGT (2.144)

B wmmysbcHOM TpencTaB/IeHHEH PAsHOCTH 4-UMITYJIBCOB, BXOMANIMX 3MeCh B (DYHKIHH
Ipura G (1 ynoBIeTBOPAIONINX 3aKOHY COXpaHEHHs p1 + P2 = ps + pa), PaBHA Tepena-
BaeMOMY UMIYJBCY ¢ = P — P3 = P4 — P2, KOTOPBIH paBeH CyMMapHOMY HUMIYJILCY B
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Puc. 2-15 Tpacuueckoe onpenenerune bnoka V. 3auepkHyTbl rpachuku, paspesaenvble no
OBYM NUHUAM YacTuu.
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Puc. 2-16 Tpacdnyeckni Bna ypaBHeHun AnsA sepwuHbl I ¢ BbieneHnem KaHana Yactuua
— YacTuua.
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Puc. 2-17 Tpacuueckoe onpenenerune bnoka U. 3auepkHyTbl rpacduku, paspesaenvble no
SAMHUAM 4acTULbl U ObIPKU.
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Puc. 2-18 Tpadnyeckni Bna ypaBHeHun AnsA sepwuHbl I ¢ BbiOeneHnem KaHana 4actuua
— Ablpka.
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KaHaJle 9acTUlla — ABIPKa U ONWHAKOB B KaXJIOM CEYEHUHU 3TOTO KaHaJa. B ypaBHeHHUN,
mokasaHHOM Ha Puc. 2-16, cymMa UMy IbCOB, BXoaamnx B [’ paBHa MOJTHOMY UMITYJIBCY
CHCTEeMBI I3 ABYX 9acTHIL ¢ = p1 +p2 = p3 -+ p4 ¥ ONMHAKOBA B KakKJIOM CeYeHNH KaHAJIa
IBYX dacTuil. BbimesieHWe Tex WM WHBIX OJIOKOB, THIA TPOBENEHHOTO BBIINIE, OKa3bi-
BaeTcd yJOOHBIM, KOTZIa BBIIEJIEHHBIN OJIOK OKasbiBaeTCd Ccaabo 3aBUCAIIAM OT CBOWX

HepeMEHHBIX (MMITYIBCOB), TOTIA OH MOXKET ObITh 3aMeHeH (b deKTHBHON KOHCTAHTOM.

OTrcrynieHnue o “mapkere”.

B mekoropeix caygaax ymob6Ho BeecTm 6i10k W, HepaspesaeMmblii mo OBYM JIMHUAM KaK B KaHaJe
IBYX 9aCTHIL, TAK M B KaHaJle YaCTUIa — ObIpKa. 1orma Hapdamy ¢ ypaBHeHHAMI (2—16) n (2—18) HYXKHO
ellle HaNWCATh ypaBHeHUd, cBasbiBatoume 6yoku U m V' ¢ 6iokom W, kak »To mokasano Ha Puc. 2-
19. CoBmecTHO ¢ ypaBHeHHaAMHU Puc. 2-16 m Puc. 2-18, ypaBHenna Puc. 2-19 o6pasylor cucremy Tak
Ha3BIBAEMBIX “MapKeTHBIX ypaBHeHHH. 3mech mom W moHIMaeTcsa CHMMETPU30BAHHOE BRIPAKEHUE, T.€.
A depyum — gacrur pasHocts W gys(p1,p2:p3,04) — Wa, 8,6~ (1,025 P4, p3). B anamarmaeckom sume:

V-V =W4+UGGI (2.145)
U=W - VGGT (2.146)

Vcnonbsy=a ypasrerne maa I’ B popme Puc. 2-18, mosrygaem ms (2.145):
U4V -V=W4+T (2.147)

DT0 Ke MOSyIUTCA U3 (2.146)7 ecomm nuig I mecmosib3oBarhk ypaBHeHue Puc. 2-16. DTu ypaBHeHHA MO3BO-
JIAIOT BBIPasuTh |’ depes Henmpusonmmyo Bepuimay W. B pesyibrare BosHUKaeT Cilenyrollee HeTMHERHOE
(mETETPAIBHOE) ypaBHEHHE:

1 1
=W+ SWGGT — “TGG(T 4 W)GGT (2.148)

Biiok W B mMmy ibcHOM IIpencTaB/ieHUH o6BIYHO €JIa60 3aBUCAT OT BXOIAINIMX U BBIXOIAIINX UMILY IHCOB,
Torma Kak corsacto (2.146), 610k U mpu MaIoM CyMMapHOM HMITYJIBCE 3aBHCHT OT HETO CYIIECTBEHHO.
Awmasnormano, 610k V', corsracHo (2.145)7 CyHIeCcTBEeHHO 3aBHCHT OT HepedabBaeMoro UMITyIbca g — 0.

Baok U nenecoobpasuHo BRBOIUTH IJid M3ydeHWdA CBOUCTB ' mpm MaJibix mepemaBa-
eMBIX WMITYJIbCax, TOorJa Kak Bhlgesnenue Oiaoka V' (un mcnosnbsoBanue ypaBHeHnsa Puc.
2-16) ymobro, Koraa MaJl CyMMapHBIH NMIY/IbC 9acThIl (CM. HUXKe aHAJIN3 KYIEPOBCKOI
HeycToffanBocTn!).

B teopunm mopmambHOil depmu — xumkoctu Jlammay ypasaerme Puc. 2-18 umrpaer
BBIJIEIEHHYIO pOJib. McXOnHO, TO ypaBHEHNE COOEPKHUT (BO BTOPOM WieHe B TpaBoif
YacTn) WHTETPUPOBAHUE MO O0IACTAM Kak OJH3KWM, Tak W JAJeKHM OT MOBEPXHOCTH
QPepmu. Jlarmay mokazaj, 9TO MPU MAJBIX TepenaBaeMbIX IMIYJIbCaX MOXKHO M3 3TOTO
ypaBHEHH TOJIYyIUTh Ipyroe (“mepeHopMupoBanHoe” ) ypaBHeHue A1 [' ¢ IMIyIbcaMu
BOsm3m moBepxHOoCcTH PepMu u He comepkKaliee MHTEMPUPOBAHKH 10 0OTACTAM, TAJTEKUM
oT ypoBHA Pepmiu (T.€. TOTYIUTH 3aMKHYTO€e ypaBHeHne 1t ' Ha oBepxaocT Pepmu. ).

SanumieMm ypapHenue Puc. 2-18 B ABHOM BUIe B HMITYJITBCHOM MPENCTABIEHNN:

L(p,p' q) = U(PaP’aQ)—iZ/

d4p// q q
38 ’//’ G(// —)G(//——)F //’ /’
@) (", )G (P +35) G =5)T0" P 9)
(2.149)
rie Z O603Ha‘1ae’1‘ CYMMHUPpOBaHHUE IIO0 CIIMHOBBIM MHACKCAM BHYTPCHHHUX JII/IHI/Iﬁ, a Cco-

OTBETCTBYIONINE WHIACKCHI MBI, IJIA KPATKOCTH, He BHIMHUCHIBAEM. 3HeCh TaKkKe BBEICHBI
0bO3HAYCHUA:

L(p1,p2, p3, pa) = L(p, 0/, 0)(27)*6(p1 + po + p3 + pa)

U(p1,p2,ps,pa) = U(p, o', 0)(27)*6(p1 + p2 + ps + pa) (2.150)
mpuaeM BXogdlme (p1, pa) U BEIXOOdAIINe (ps, pa) 4-MMITYJIBCH CBA3AHBL ¢ p U P Kak:
_ a4 —y
pPL=p+ 9 p2=p =5
_ q o 1
Ps=pr=3 pa=p +§ (2.151)
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Puc. 2-19 VpasHeHus ans sepwuH B ‘napkete’ .
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ITOOBI epeIaBaeMbIil HMITYJIbC PABHANCA ¢ = ((,w) W BBIIOJHAICH 3aKOH COXpaAHEHH
p1+ P2 = ps + pa. B mepBoM mopAnKe Teopun BO3MYIIEHUH TIO B3aMMOAECTBIIO TMEEM:

Ulp,p',q) = /d(r1 —1y)e T ATTTI Y (g ) (2.152)

rae V(ry — rz) — HOTEHIMAT MEKYIACTHIHOTO B3aNMOAEHCTBIA.
Berre B (2.129) MBI BBEITHCAJIN OOLIMit BIA, ogHodacTuIHON dyukmun ['prHa B Teopun
depMu — KUIKOCTH:

4 reg
G(p) = )+ ) + G (p) (2.153)
rne e(p) = vr(p — pr),
77t = (6(56_ )F; v(g) ~ e?signe (2.154)

Mpu ¢ — 0 mostoca aByx dynknuii Ipuna B ypasuenun (2.149) cObnmkatorca u B mo-
JUTHTETPpaJIbHOM BhIpaXKeHnH 5 HeKTUBHO BOSHUKAET 6 — 0OpasHBI MaKCHMyM BOJI3H
mosepxaocTr Pepmu. CooTBeTCTBEHHO, Tpon3Benenne byuknuii ['pura, B cMbIcie ero
poJIH B A1pe WHTerpaabHoro ypasHenus (2.149), MoxkHO 3anmcaTh B BHIe (BCE SHEPIHN
OTCUNTBIBAIOTCHA 0T ypoBHA Pepmu, T.e. o1 £ = Fp = 0):

G (p—l— %) G (p— %) ~ 7%6(¢) /_O:o deGy (p+ %) Gl (p— %) + B(p,q)  (2.155)

e

1
€ —e(p) +iysign(e)’

Golp) = v — +0 (2.156)

— dakrnaeckn, csobomgnan pyukmua ['puna. MaTerpas, sxomaumii B (2.155) namun yxe
dbaxruaecku Beranciaaca B (2.18). Tloap3yach MOTydeHHBIM TaM PE3YIbTATOM, HMEEM:

/Oo deGly (p+%) Gl (p_z) :_27”@_E(R(Nq/?)_n(p_q/?)

—oo 2 P+a/2) +e(p—a/2)+iysignw
(2.157)
rie
1 mpm |p|<pp
n(p) { 0 mpu |p[>pp (2.158)
Orciona Jierko mosryauth (cp. (2.18), (2.22) n T.4.):
Gy (p + 2) Gy (p — 2) =i7%(¢)2m EAM S = pFDm* + B(p,q) =
2 2/ ¢—0 W — qVv + ysignw pF ’
=A+B
(2.159)
rae v = 0¢(p)/dp = EEp/p — ckopocth kBasudacTun Ha nosepxmoctn ®epmm, m* —

sddexrTuBHag Macca, a bynknua B(p, ¢) He CONEPKUT CHATYAAPHOCTER 1, ¢ TOTHOCTHIO
10 4JeHoB nopanka ¢ /ph u w?/E% MoxeT cuutaThcd He 3aBHCAlleil oT g.
Bosspamtasgch kK mosiHO# Bepumue I, samuimem ypapuenue (2.144) B Buge:

I =U+TGGU =U+T(A+ B)U =U 4+ U(A+ B)I (2.160)
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DTO paBEHCTBO MOJIyYaeTcd U3 TpaduIecKoro ypapuenunda Aid |, ecoim cobpats rpadukn
B “obparnom mopanke” . Beemem Temeph ammanTtymy 'Y, onpemenseMyio ypaBHEHHEM:

I'Y=U+UBT* =U4+T“BU (2.161)
Jlerko BuneTh, uto I'Y ecTh npemet:

r“= lim T (2.162)
w—»O,%—»O
ITopsmox penesIbHBIX TEpeXoA0B 37eCh BeCbMa BaXkeH — cHadaJsa ¢ — (0, a yXKe MoToM
w — 0 (JI.O.Tanzay, 1958). pu stom Benmunna A B (2.160) cTpeMuTcs K HYJIIO, 9TO 1
OpUBOANT ¥y ypaBHeHuio (2.161).

Yuvuoxkasd (2.160) cinesa va 1 + 'Y B, nonyanm:
r=T%+TYAI' = T¥ + T AI'¥ (2.163)
B camom geste, mMeeM:

(1+T“B)T = (1 +TB)U + (1 + T“B)U(A+ B)T =

=T“+T¥A+B)I'=T*+T“AT +I“BT

— MOIYEPKHYThIE WIEHB COKPAIIAIOTCH U MBI TostydaeM (2.163).

Bepuuna ' sasucur ot p?, (p')?, pp’ u €, ¢’ (noka oTBiekaeMcd oT CIUHOB!), HO Ha
nosepxuoctu Pepmu umeeM |p| = |p’| = pp, ¢ = ¢’ = 0, Tak uro 'Y 3aBuCUT TOJIBKO OT
yTJla MexXay BekTopamu p u p’. Besmmuwnna ' Ha mosepxrocT PepmMu 3aBHCHT ellle U OT
HepenaBaeMoro uMmysibca. [lockoabKy nHTerpuposanue B (2.163) (B cuiy ABHOTO BHIA
A ms (2.159)) npoucxomutr mo mosepxHoctn ®epmu, To mpw |p| = |p'|=pruec=¢ =0
OHO TIpencTaBAdgeT coboli 3aMKHYTOe ypaBHEHWE HJjid OnpeneseHnd | Ha TOBEPXHOCTH
®epmu (JI.10.JTanmay, 1958).

IIpu BBRIBOME MBI mpemmoaraan, 9To 610k U He mMeeT 0COOEHHOCTH TIPHU TEPeIaBa-
emoMm mmmysbce ¢ — (. IloaTom, cTporo roBopsd, Hallle paCCMOTPEHWE HE TOTUTCA [
cydasd KyJOHOBCKOTO B3anMofelicTBuA Mexay dbepMuoHamMu (T.e. HAIPUMED, JJIA 3JI€K-
TPOHOB B MeTassel), HO MpuMeHEMO mig GepMU — KHAKOCTER ¢ KOPOTKOIEHCTRIEM,
tuma xugkoro He?. HeobxommMoe oboblienne Ha caydail maibHOmelcTBHA BymeT eme
MPOBEIEHO HUKE.

Banuuiem ypasaenne (2.163) B ABHOM BHIe, OTPAaHHIMBAACH CIIYyIaeM MaJbiX ¢. Pac-
CMOTpHM CHadaJsia cjaydail, korma [ He 3aBHCHT OT CIHHOBBIX MEPEMEHHBIX UACTHII.
Torma cyMMUpPOBaHIe 1O CIMHOBBIM WHAEKCAM BHYTPEHHUX JUHUI (TACTHIIBI W IBIPKN)
IPUBOANT TPOCTO K MOABJIEHNIO MHOKHTENA 2 (1ad dhepMmoHoB co cumuoM 1/2). Me-
HOJIb3ys ABHOE BBIpakenne mia A s (2.159), nonyanm:

['(n,n',q) =T¥@n,n") +

Z2prm* qv dQ,
—_— y—=1 7 ' q)— 2.164
+ 72 / (nanl)w —qv, _1_27(“}) (nlan aq) A ( )
rae y(w) = ysignw, (v — +0), n,n’,n; — enqWHWIHBIE BEKTOPHI HaUpaBjacHul p,p’ u

vy. Unrerpupopanne B (2.164) mpoucxomuT mo yrjaam BEKTOpa Vi.
PaccMoTpuM B KadecTBe TpuMepa cayvalt, korga ['Y (n, n') He 3aBHCHT OT yruia MeX Iy
nun'. Torgau I He 3aBUCHT OT 5TOTO yIUIa U cpasy ke HAXOANTCH U3 ypaBHeHu: (2.164):
Fw
INqw) = (2.165)

1 1 v
1 - iq)o f—l dxw—qvqx+i'y(w)
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. .
rne &y = erwmﬂ#. Besmmanna “-5F 3mech ecThb HPOCTO IVIOTHOCTB COCTOAHMIL Ha
yposHe Pepmu.

Murerpan B (2.165) Bbuncagerca Takxke, Kak u Boie B (2.22) u (2.24), Tak 410

IIOJIyHJaeM:
v

wqu
w—qu

Iqw) = (2.166)

1+ @ {1—2“?111 —|—i71'2|°;—1|)9(qv—|w|)}

B ciyuae kymorOoBCKOrO B3auMmomneiicTeud, npu ¢ — 0 cpenn rpaduKoB, ONPEIeTAI0NnK

6ok U (em. Puc. 2-17) mocrarodno (B mepBOM NPUOJIMIKEHHI ) OCTABATE TOJIBKO CAMBII

mepBhIit TpaduK, HAKCAB:
4ge?

U= pe

obpamatonuuiica B 6beckoneunocts pu ¢ — 0. [lomaraa Z = 1 u orbpackiBag HEMOJIIOC-
Hbiil BKJTan B GG, mostydaem:

v, (2.167)

v
T(qw) = ! = (2.168)
m w v . w
14 72y, [1 — 55 ln ‘w—_gv + mmﬁ(qv - |w|)]
ITpm w > vq oTcioma UMeeM:
4re? 1%
llqw) = 2 _ mpr 21 qw 2 (2.169)
¢ — S Are 3T ( —w%)
2
Te. ew) = 1 — :—5, rae wf, = 417;'”_62 — KBaApaT IIasMeHHoil wactoThl. Ilpm vg > w
noJiygaeM oOBIYHYIO ne6aeBCKY0 KpaHNpPOBKY:
4re?
I'qw =0) = ———- 2.170
(0 =0) = 7 (2.170)
e K%, = %. Otr bopMyJIBI, €CTECTBEHHO, COBIIANAIOT C C TOJyTeHHBIMHA BHILIE B
RPA.

ITposenenusnrit Boille oOMUE aHAIA3 TMOAPA3yMEBAJ OTCYTCTBHE CHHTYJAAPHOCTH
6moka U mpu ¢ — 0, XapaKTepHOTO /14 KYJIOHOBCKOTO B3auMoelicTBrud. [losTomMy Kop-
PEKTHBIN yUIeT KYyJIOHOBCKOTO B3aUMOIeicTBUA B paMKax obieit Teopun dhepMu — JKUITKO-
ctu Tpebyert, Booblie ToBopA, clenunanbioro obcyxaerng (B.I1.Cunnn, 1957; P.Nozieres,
J.M.Luttinger, 1962) [9, 10]. PaccMoTpuM MpoH3BOIBHYIO AMArpaMMy [JIs BEPIIMHHON
gactu ['. Hazosem auarpaMmy “nopxonsuieii” [9], ecu Mamblii uMIyJsibe nepegadu ¢ He
MOABJIAETCA HA B OMHON W3 ee JIMHWI B3auMojelicTBudA. B mpoTUBHOM caydae KJIacCH-
dunupyem mmarpammy kKak “Hemomxonaiiyio” . COOTBETCTBYONINE MPUMEPHI TOKAa3aHBI
ma Puc. 2-20. “lIlogxonsmme” amarpaMMbl JafoT peryadpHbie BKaagbl mpu ¢ — 0. Obo-
sHaunM depes [ cymMy Beex “mogxomgammx” AuarpamMM s BeplimHHOR uwactu. OHa,
0YEeBUIHO, TakxKe peryiagapra npu ¢ — 0. Torma dcHO, 9T0 TPOW3BOIBHBIN BKJIAM B TOJI-
HYIO BEpIINHY WMeeT CTPYKTYpy, HmokasaHuHyio Ha Puc. 2-21. Takmm obpasomM MoKeMm
3almuCaTh:

[ =T+7TVTl (2.171)

[Ie AuarpaMMbl 1ig 610KoB V (9KpaHUpoBaHHOE B3anMoieiicTue!) u T ToKasaHbl Ha
Puc. 2-22. B anammrudaeckom Buge (Puc. 2-22(a)):

V=V, + VIV, + VIV, IV, + ... (2.172)
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ptP P
(a)
p+P P p+P P
p+P p p+P p
(b)

Puc. 2-20 MMpumepbr “HenoaxopAwmx” (a) n “noaxoaswmx” (b) anarpamm B sapade ¢

KYJTOHOBCKUNM B3aMMOAeNCTBNEM.
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il

l
+

i

Puc. 2-21 Ob6wasn CTPYKTYypa NOSIHOW BepLUMHHOM 4YacTn B 3aja4ve C KYJIOHOBCKUM B3auMO-
nenctenem.
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IpH9eM ﬁ, TaKKe Kak u 1 (Puc. 2-22(b)) He comepxkar “HemoAXOAAINX’ THATPAMM.

HAcwo, uTo:
v
1=V,
TaK 9TO L
~ TV, T
Pt Ll (2.174)
1=V,

Benuuanan f, T, II o6.1amator XOPOIIIO OpeIeTeHHbIME Tpeaenamu mpu ¢ — 0 (Tuma ['Y).
TosToMmy, Bce obline ypaBHEHNA IAA aMIJIATYH paccesdHus (BeplimH) Teopuu dhepMn —
KUIKOCTH, BEIBEIEHHBIE BBIIE, OCTATCA, GAKTHIECKH, CIPABEIIUBBIMHI IJTd “TIOAXOI A~
X’ BePIINH (aMILINTYI), TaK 9TO HPH HAJHIUN KYJTOHOBCKOTO B3aWMOAEHCTBHA HaL
HUMHU HaJO TPOCTO MOCTABUTh 3HAK THIbAE. PWsmdeckn 3To 03HAYAET, YTO MBI pasfe-
JdeM TOJHYO BepimHY ' Ha KOPOTKOIEHCTBYIOIIYIO JacTh T u qacTh, BKJIIOYAIOULYIO
camocorjacoaHnoe 1noJie L'igpn gt

[=T4Tiony (2.175)

KaK 5To ToKasaHo Ha Pmc. 2-23. Bemwmunna I,y B TOYHOCTH COOTBETCTBYeT 3ddek-
THBHOMY CaMOCOTJIACOBAHHOMY TO.TIO (CKa/IApPHOMY TIOTEHIHATY ), KOTOpOe BBOAWTCA B
reopuu Jlangay — Cununa [11, 9, 10]. Tlpu asToMm Benuuuna I onucbiBaeT KOPOTKONEHCTBY-
olIne Koppesayuontsie >HdeR T, 1A Hee B KYJTOHOBCKON (MeTasin) hepMu — KUIKOCTH
MUNIyTcsd Te ke PeHOMEHOTOTHIECKHE BRIDAKEHN, ITO U B HePMHU — KHUIKOCTH C KOPOT-
koneiicteuem (tuna He3) (cm. Huke). B npocTpaHCTBEHHO OMHOPOIHOM cHcTeMe BKJIaJl
Tiong mpu ¢ = 0 DOTHOCTBIO KOMIEHCHPYeTCA MOTIOKUTENBHBIM (HoHOM (moHOB). Ero
POJIb CYIIECTBEHHA B KMHETUYIeCKOM ypaBHennn Jlanmay — CusimHa, OMHCHIBAIONIEM KOJI-
JIEKTUBHBIE KoJlebaHud MeTaindeckoit dpepmu — kugkoctu [10].

U3 mpenpaymero paccMOTpeH s ACHO, 9TO IMEHHO BesimunHa 221 u urpaet aMinu-
TYIBI paccesdHns KBasHIacCTHI B GepME — JKUIKOCTH. 3aMeTuM, 4To Besmanua [ (npn
w — 0) BemecTBeHHA (SPMUTOBA 1O CIMHOBBIM MHIeKcaM). B camom mese, ['Y mpemcra-
BJIAET OO0 aAMILIUTYIY paccedHns IBYX YacTHIl B cpefe (KUIKOCTH) Ha HYJIEBOH yroJ
(vg € FEr). MauMasg 9acTb aMIUINTYAbl PACCEAHNSA BIEPE, ¢ TOMOIIBIO OMTHIECKO
TeopeMBI KBAHTOBOI TEOPUH pACCedHNs, BRIPAKAETCA YePe3 TOJTHOE CeUeHne PACCEAHU
qactuil. Ho cedenne paccedgrmsa dacTuil obpainiaercd B HYIb, KOTIA HMITYJIBCH aCTHUIL
cTpeMaTcd K UMIyJIbcy PepMiur, MOCKOJIBKY B 3TOM CJIydae CTPEMUTCA K HYJO (Da30OBbIi
obbeM KoHeuHBIX cocToanmii. Umenno mia [ u BBommTca oObIaHOE (hEeHOMEHOTOTHIE-
ckoe nipencrasaenne (JI.II.JTangay, 1958):

WwM'PP _ e o
7T =5 = f(poip'e’) = [+ (57 (2.176)

npudeM f° u f® 3aBHCAT 3m€ch TOJBKO OT YIyia MeXay p W p’ (KOTOpbe JieKar Ha
noBepxaocTH PepMur), Tak 47O OOBITHO BBOIAT passIokKeHHe 1o HoanHOMaM Jlexanapa:

2 (o)

T
500 = —— FPPi(cos b 2.177
SUEF= DI (2.177)

roe F'*% — GespasMepHble mapaMeTphl (KOHCTaHTHI) Jlanmay, omuchiBamoume GepMu —
KUIKOCTHOE (KoppendIuoHHoe) B3anmoseficTue kpasuaactui!’.

10 B paMKax (beHOMeHOJ'IOI‘I/I‘{eCKOI‘O Imoaxona »3STH KOHCTAHTBI IIOAJIEXKAT OIIPpeme/JICHUuI0 Hu3
IKCIIEPpUMEHTA.
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(b)

Puc. 2-22  uarpammsl ans sddektusHoro (skpaHnposaHHoro) ssaumopencTenn (a) u

onpepenetne bnoka T (b).
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Puc. 2-23 TlonHas BepwuHa B Teopun chepmMn — XUBKOCTA C KYJTOHOBCKUM B3aWMOAEN-
cTeuem. Bropoe cnaraemoe B npasoi YacTu npeactaBnseT a¢dhekTMBHOE camocornacosaHHoe
none (ckanApHbIA NoTeHUnan).
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Petrenne nuTerpansHoro ypasaennd (2.164) gna ' MoxHO, TPH 5TOM, HCKATH TaKKe

B BHJIE:

sz pF

['=e¢+ (7)Y (2.178)

Torma nms ¢ w ¢ BOSHUKAIOT CAEAYIONNE YPABHEHNA:
¢(n,n’,q) = f'(n,n’) +

s ’ avy '
_— — 2.1
[ ) =t ) (2179)

Y(n,n’,q) = f*(n,n) +

/f n,n'y) % ———————¢(ny,n’, Q)dgl

2.180
w—qvy + iy(w) 47 ( )

Ecsin uaTEpECOBATBCA KOMJIEK TUBHBIME BO3OYKIEHUAME B GEePMHU — JKUIKOCTH, TO CJIE-
JIyeT MMEeTh B BUIY, UYTO OHU OMPEAETATCA MOJTI0CAME IBYXIacTudHOl hyrkmun ['puHa
B KaHaJle JacTHlla — JBIpKa, KoTopas olpenenderca ypapHenueM (2.139):

K = Ko + GGTGG (2.181)

Caaraemoe K 3[1ech IMEET MOJTIOC, COOTBETCTBYIONINT TOJTBKO CyMMapHOH HepTUN IBYX
CBODOIHBIX 9ACTHUIL, TAK 9TO TMOJIOCAa K| COOTBETCTBYIOIINE KOJIIEKTHBHBIM BO3OY K Ie-
HUAM, UMefoTca ToabKO B ['. Béamsu Takoro momoca B (2.144) MoxHO mpeHebpedn He-
OIIHOPOIHBIM 9JIEHOM U HAMUCATH:

I = UGGT (2.182)

Ecsm Temeps orpaHndnThCH BO3OYKIEHUAME ¢ MAJbIMEI ¢ & pp 1 w & Fp, TO MOXKHO
BOCIIOJTB30BATHCA MMEPEHOPMUPOBAHHBIM ypaBHeHWeM 1d [

[ =T%+T¥AT (2.183)

pellieHne KOToporo cyenyer uckarh B Bume (2.178). CooTBETCTBEHHO, B CHCTEME BO3-
MOXKHBI 3BYKOBble KoJiebanus (Hysepoil 3yk)!!, omuchiBaeMble ¢, 1 CIMHOBBIE BOJIHBI,
ommchBaeMble 1. PaccMoTpuMm mompobHee ciydail HysdeBoro 3BykKa. W3 ypaBHeHHS
(2.179), BO/IM3M TOMTIOCA, MOJTYdaeM:

ds)y

— 2.184
. (2.184)

/ _ s / qvy /
el = [ 1 (') (')

B6ausu IIOJIIOCaA, COOTBETCTBYIOMIECTIO KOJIJICKTUBHBIM KoJIebaHuAM CO CIIEKTPOM Wy, BeE-
JI9WHa @ MOXKET OBITH 3allCaHa B BHUIE!:

o(n,n’) = fw%q (2.185)

Takad cTpyKTypa pellleHud MOKeT ObITh olpaBiaHa U3 obumx coobpaxenuit [8], nus
HAC JOCTATOYHO CKa3aTh, 9TO MBI IPOCTO MINEM pellleHne B TakoM Buae. Torma mua y(n)
BO3HUKAET ypaBHEHHUE:

dQ
- [ et S e R (2.186)

11 Iast mpocToThI MBI ceffdac orpaHMYHBAEMCH PACCMOTpeHHeM GepMH — KHIKOCTH ¢ KOPOTKomeii-

crBueM. Pusmdecku HyTeBOH 3BYK IIPeOCTaBIAeT coHOM He MpocTo KoaebaHusA IIOTHOCTH KUIKOCTH, &
ocrmsnraAnmE dopmel osepxHocTH Pepvm [10]
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Beenewm, mo onpeneneHnio, BeTUINHY

_ va n ,
pn) = — —— i'y(w)X( ) (2.187)

I mee w3 (2.186) BosHUKaeT ypaBHEHNE:

( — va)p(n) = vq/ Fo, nl)p(nl)% (2.188)
KOTOPpOE COBIIAIAECT C KUHEMUHECKUM YPASHEHUEM (beHOMeHOHOFquCKOﬁ TEOpUN ﬂaHﬂ;ay
IJ1d u3MeHeHud GyHKIMU pacipeneiennd Kpazugactul, [10].
IMogcuum sTo nogpobuee. Masoe usmenenue byHKIUN pacipenesieiud ¢hepMu — rasa
(a kBazmIaCTUIHI B (bepMU — KUAKOCTH, PpakTHIecKn, 06pasyloT IMEHHO TaKoil ra3) npu
MaJIbIX ¢ U W MOAYNHACTCA KUHETHICCKOMY YPaBHCHUIO BHOA:

(w—va)ifq(p) = —q%%(p) (2.189)

rae fo — paBHOBecHas (dbepMueBcKasn) GYHKIMA paclpeneNeHus, a cCaMOCOTIACOBAHHOE
nodste (morennuan) V,(p) cBA3aHO ¢ H3MeHeHHeM (GYHKINH PaclIpeleseHHs CIIeLyOIImM

COOTHOUICHUEM ™~ d ,
Vy(p) =2/U(p,p’)6fq(p’)# (2.190)

rue U(p, p/) — AMIIJINTYda B3anmMoJieiicTBUA MeEXK Ay YaCcTUIlaMi B UMITYJIBCHOM IIpeacTa-
BJICHUH. I/ICHO.HI)TSyﬂ TEIEPh!:

9fo _ P
- = 0p[=p 2.191
W TepenuchiBasg HepABHOBECHYIO M00aBKY K (YHKIMN PaclpeleneHus KakK:
8fq(p) = 6(lp| — pr)p(n) (2.192)
HOJTydaeM:
m*p dS?
(w—va)p(n) =vq WZF /U(p;pl)P(nl)T; (2.193)
upu |p1]| = |p| = pr. Cpasuenne ¢ (2.188) naer:
2
Ulp,p1) = f(m,ni) = Z°T%(p, p1) (2.194)

m*pp

rae depes I'Y 06osHaYMIN GECCIMHOBYIO YacTh aMIJINTYIbL.
Pacemorpum perenne (2.188) mma npocteiinero caydasn, korma ff(n,n’) = Fy, T.e.
CBOINTCA K €IMHCTBEHHON KoHcTaHTe. Torma (2.188) CBOIMTCA K:

vq ddy
— F - 2.195
ply = 41y [ ) - (2.195)
BoimosiHAA MHTErpUpOBaHMe 1O yiiaM (Kak MBI 9TO yXKe [Iesajii paHblle), TMoIydaeM
ypaBHEHHE:
R N ) (2.196)
——=1l——In|——|+ir—0(vg — |w :
Fy 2vq w — vq 2vq 1

12 menno x Vq(p) B Teopunu Jlanmay — CuimHa HyXHO eule IT06aBUTH BKJIAI CAMOCOTTIACOBAHHOTO
CKaJIApHOTO MOTEHITHA/Ia, OIPEIe/IAIOIErO 3JTeKTPHIECKOe TI0Je, KOTOPBI OoIpene/IaeTcA COBMECTHBIM
pellleHneM KHHETHYIeCKOTO ypaBHeHNA U ypaBHeHHU:A |lyaccona.
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pellleHre KOTOPOTO W JIaeT 3aKOH HUCIEPCHMW HYJEBOT'O 3BYKa. BelllecTBeHHad dacToTa
(oTCyTCTBHE 3aTyXaHUA) COOTBETCTBYET OOIACTH |w| > vq, HMIN, eCIH ODOSHAUUTD Wy =

sq:
1 s s+1

— —=2n _

Fy 2 s—1

Hepr,D;HO BHAECTH, 9TO IIpaBad 9aCTh 34€ChH IIOJIOKUTEJIbHA, IO3TOMY Hy.HeBOﬁ 3BYK BO3-

1, rme s>1 (2.197)

MOXeH ToJbko npu Iy > 0. B npenespHBIX cirydadax:
2
Spo—0 = 1+ 2e To S$Fy—oo =V F0/3 (2.198)

B zakmiouenne, mpusenem 6e3 metaseil BHIBOAA DAL OCHOBHBIX COOTHOIIEHUH CTAHIAPT-
Hoit Teopun dbepmu — xkugkoctu [10]. B gacTHOCTH, € UCTIONB3OBAHUEM TaJIMJICEBOM MH-
BapMaHTHOCTHU, MOXKHO TIOKa3aTh, 9T0 ¢ deKTuBHAA Macca m* onpeneaeTcd MPOCTHIM
COOTHOIIEHUEM:

m* F?
S I 2.199
m + 3 ( )
CoOTBETCTBEHHO, TEMJIOEMKOCTD (PEPME — KUIKOCTH (HpI/I T = 0):
m*
c=—cy (2.200)
m
rage ¢p — TellJIOEMKOCTDb (bepMI/I — ra3a.
MaI‘HI/ITHaSI BOCIIPUUMYNBOCTDB!
_m ! (2.201)
X= 1+ Fg Xo .

rge Xo — BOCOpUUMYHNBOCTDH NOEAJIBHOTO (bepMI/I — rasa. AHAJIOTHYHBIM o6pa30M, CKHUMa-
€MOCTb (bepMI/I — KUIKOCTH €CThb:

1

— 2.202
T (2.202)

m*
K=—
m
TIe Kp — CIKUMAaeMOCThb (pepMu — Trasa.
Ucmonb3ys 3T COOTHOUIEHUA MOYXKHO MPUATH K HEKOTOPHIM obiimM BhiBomam. Ha-
mpumep u3 (2.201) u (2.202) cpasy caeayoT yCIoBHA YCTOHIHBOCTH OTHOPOIHOM dhepMn
— KUIKOCTH:

1+ F§ > 0; 1+ F5>0 (2.203)

B camom mene, 1 + Fj < 0 npuBesio 6B K OTPHUIATENBHON CKUMAEMOCTH (UTO MOKET
03HAYATh, 9YTO B CHCTEME TMPOUCXOMNT CTPYKTYPHBIN dhasoBhIil Mepexo, KOTOPHIA mepe-
BOJMT CUCTEMY B HOBOe ycroliunBoe cocrogume!). Obmmnii ananns ycrofiausoctn depmn
—xkuaroctn (.51.omepanayk, 1957) maer ciaenyroline HepaBeHCTBA, KOTOPBIE HOTKHBI
YOOBIETBOPATHCA s Beex [: .
1+ mFﬁ’a >0 (2.204)
Hanpuwmep, gna | = 1 yciosue (2.204) rapanTupyeT HOTOKATENBHOCTE M* 13 (2.199). M3
(2.201) BUOHO, YTO AJIA CHCTEM, OJIM3KNX K MATHUTHOH HEYCTOHIMBOCTH, MOXKET OBITH
14+ F§ <« 1. Bernauny »Toro mapaMeTpa MOKHO 5KCIEPHUMEHTAJIBHO ONPEIeJIUTh U3
U3MEPEHUH BOCIPUMMYNBOCTH W TEMJIOEMKOCTH, HAXOMdA TaK HA3BIBAEMOE OTHOIIEHUE
Bunbcona: )
aixT 1
Ry = —%—=

= = — 2.205
3ube 14 F¢ ( )
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HedepmmxmnnokocTHOe mmoBeneHUue.

Kpowme HOpManbHOW dhepMu — KUIKOCTH CYHMIECTBYET ellle MeJIbI Pl THIIOB OCHOBHOTO
COCTOAHUA MHOTO3JIEKTPOHHBIX CUCTEM. B 9acTHOCTH, CHCTeMa MOXKET mepeifiTu B CBepX-
MPOBOAAIIEE COCTOAHNE, BOSMOKHBI PA3INIHBIE THUIB MATHUTHOTO YIOPATOYEHUS WJIH
COCTOAHNA ¢ HEOTHOPOIHBIM PaclpeeseHneM 3apana (BOJTHON 3apAa0BOH MIOTHOCTH —
CDW). HekoTOpBIE U3 9THX COCTOAHMIT MOTYT GBITH IMa/ieK TprdecKnuMu. MHorMEe 13 9 THX
BO3MOKHOCTEH MBI eltie OymeM obcyxaarh Huke. Ho cytecTByeT u obmuil mp uHIUITHATb-
HBII BOMPOC — ABAAETCA-JIN (PEPMU — KHUIKOCTH JlaHTay €TUHCTBEHHBIM BO3MOKHBIM
COCTOAHUEM HOPMAJBHOTO MeTaslia, B KOTOPOM He BO3HHUKAeT Kakoil — Jubo masibHui
TOpAIOK ! DTa mpobjaeMa aKTUBHO obCyXKIaeTcd B MOCTEIHIE TOIBI, OCODEHHO B CBA3H C
dbusmkoli BeIcOKOTeMIEpaTypHBIX cBepxmpoBogunkos (BTCII) Ha ocHOBE OKCHIOB Me.
HedepmmkuakocTHoe TOBeeHre, KaK MPABUJIO, PEAJTHIYETCAd B OTHOMEPHBIX MOIEJIAX,
ocHOBoIMoaraomuii mpumep momenn Tomonara — JlarTuaxepa OymeT pacCMOTPEH B ca-
MomMm kowte Hammx Jeknuit. BTCII cucreMbl oTHOCATCA K TMOTPAHUYHOMY CJIYYIAlO JIBY-
MEPHBIX (KBasWABYMEPHBIX) CHCTEM, BONPOC 00 MX OCHOBHOM COCTOSIHHW OCTAETCHA, B
3HAYUTEJBHON Mepe, OTKPBITHIM. [Ipw 9ToM [Jid HUX CYIIECTBYeT IeJbIil pan “clieHa-
pues” dopMmupoBaHna HedEePMHUKUIKOCTHOTO TOBEICHNA.

3/1ech MBI OCTAHOBHMCSH TOJBKO HA OYEHB KPATKOM OOCYXKIEHNN MOIEJN TaK Ha3bIBA~
emoit “maprunaabhoii” dbepyu — xuakoctu [13]. B aroit Teopuu npednosazaemeat®, aro
HOJIAPU3ANNOHHBI] oTlepaTop »/IeKTpoHHOl cucTembl II(qw) He nMeeT 3aMeTHON 3aBHCH-
MOCTH OT (f, & €70 YaCTOTHAaA 3aBUCHMOCTDb €0 MHUMOIl 9acTh UMeeT BUI:

—N(Ep)7 mpn w LT

Imll(qw) = —N(Ep) mpn T<Kw <K w,

(2.206)

3mech w,. — ompeneseHHass TacTOTa 0Ope3aHud, MPUIeM IpeamosiaraeTcs, ITo w, <& Fp.
Ncnonb3ya aucrnepcuoHHbie cooTHomeHna Kpamepca — KpoHnra, MoXKHO BOCCTaHOBHTD
Bu neficrBuTenbHoit vactu I, coorBeTCcTBYIOMIMI (2.206):

Rell(qw) ~ N(Ep)In (%) (2.207)

C TmOMONIBIO 5TUX COOTHOINIEHUN MOXKHO OIEHHTH CODCTBEHHO — SHEPIETHYECKYIO YacTh
3JIEKTPOHA, ONpeesideMylo nuarpamMmmoit Puc. 2-24:

S~ Ae [In— + igsigne (2.208)

c

rne x = Max(¢,T), a A — HEKOTOpasA KOHCTaHTa B3aHMOJEHCTBHIA.
Torma, ucnonbsy# (2.49) cpasy ke moydaem:

1 1

T ()

Taxum obpazom mosydaeTcs, 9T0 BbIUeT B nodoce GyHKIu ['piHa cTpeMuTCA K HYJTIO

7= (2.209)

IpH Tepexofie Ha caMy moBepxHOCcTh PepMu, Tak YTO KaK pa3 Ha Hell KBA3HIACTHUITHI
yXe He onpenenensl! 3aTyxaHne KBa3HIacTHII, ONpenengeMoe MHNMOR qacThio X (2.208)

13:’)TI/I IIPEOITIOJIOKEHUA COOTBETCTBYIOT KAYEeCTBEHHOMY IIOBEOCHUIO 3JICK TPOHHBIX ceoiicts BTCII Ky-
IIpaToB B HOpMAaJIbHOM COCTOAHWUH.
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Puc. 2-24 CobcTeeHHO — sHepreTudeckas HacTb B Teopun ‘MapruHanbHoi depmu —
XULKOCTH.
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JWHeRHO 1o »HepTuu, orcuntannoii ot yposus ®epmu: v ~ . [losToMy KBazwdacTUIIBI
olpeIeseHbl TOMBKO “MapTuHagbHo” (B oTIndne oT Teopun Jlaugay, B KOTOPOii, Kak MbI
BUJIEJIH, UMEEM OIEHKY ¥ ~ £2).

Y10 MOKET IPUBECTH K TAKOMY MOBEIEHUIO B HACTOAIIEE BpeMd He BIOJHE ICHO, XOTA
derHOMeHOTOTHA “MapruHaIbHON” (hepMu — KUAKOCTH HEIJIOXO OIMNCHIBAET OCHOBHBIE
anoMaJsinn »J1eKTporHBIX cBoficTB BTCII B HopMasibHO# dasze. [losromy, B 4acTHOCTH,
OHa TIOJIB3YeTCd ONpeNeJeHHON MOMyIAPHOCTHIO TP MOATOHOYHOM OIMUCAHUE KCIEPH-
MeHTOB [13].

BameTum, 910 0bCyKAaeMasd MpobaeMa TECHO CBA3aHa ¢ MOHMKEHHOH pasMepHOCThIO
u3ydaeMbix cucteM. Kak yke oTMedasioch, B OMHOMEPHBIX MOAEIAX B3auMoIeHcTBYIO-
HIUX 3JIEKTPOHOB Teopuda dhepmu — kKugkocTu Jlanmay “#He paboraer” mumkorma. Muorue
TEOPETUKY CUUTAIOT, 9TO AHAJOTHIHAS CUTYAIllUd PEau3yeTcd U B IBYMEPHOM CJIydae,
xapakTepuom g BTCII cuctem. Ilpu sToM cautaercd, 94To dhusmdecKas NpuInHa aHO-
MaJIbHOTO MOBENECHUs CBA3aHA C HAJUIUEM CUADHBIL MEHCIACKMPOHHBL KOPPeAAUUT,
KOTOpBIe HE YIaeTcd OMucaTh B OOBITHOM (HepMUKUIKOCTHOM MOAXOE, TaK W WHATe
CTapTYIONIEM ¢ KapTUHBI OCHOBHOTO COCTOSHUS TUIA WaeadbHoro dhepMu — raza. B Toxe
BpeMd, TeJbIil pas JTeTaJbHBIX HCCJIEIOoBAHU MoKasaj, 4To, cKopee Bcero, depmm —
KUIKOCTHOE ONMICAHNE COXPAHAETCA U IJA IBYMEDHBIX (KBA3HIBYMEPHBIX) CHCTEM.
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ItaBa 3

IJIEKTPOH - ®OHOHHOE B3A-
NMMOOEUCTBUE

IIpaBuia nuarpaMMHONM TE€XHHUKH.

DOHOHBI MPEICTABIAIOT COOOM KBaHTHI Kosaebanmil Kpucraainieckoil pemerku. PoHOHBI
OBIBAIOT aKyCcTUUIeCKUE U oniTuvdeckue. OTandne MeK Ay HIME COCTOUT B TOM, 9TO 4aCTOTAa
akycTuiaeckux GhOHOHOB obpaiaercda B Hy b mpu k — 0, a gactora ontudeckux ¢GhoHO-
HOB OCTaeTCsd B 3TOM Ipelesie KOHedHoll. AkycTudeckue GOHOHBI CYIIECTBYIOT BCETIa —
5T0, (paKTUIECKH, TOJACTOYHOBCKAA MOIA, CBA3AHHAA C HAPYIIEHWEM TPAaHCIATTHOHHON
HHBAPUAHTHOCTH cucTeMbl. Onrrdeckre (HOHOHBI CYIIECTBYIOT TOJBKO B KPHUCTAJLIAX,
comepkalmx H60Jiee OTHOTO aTOMa B 3JeMeHTapHOl ddeiike.

Ja4a onucanug cuekTpa GOHOHOB 4acTO MOJb3YIOTCS YIPOIIEHHBIME Momesamu [le-
Gada n Ditamrefina. B Mmogenn ebasa cuekTp dhoHOHOB mosaraerca paBHBIM wy(k) = ck
(¢ — cropocTh 3ByKa) mpu Bcex k < kp. B mMomenm Diinuireitna dactora $HOHOHOB MO-
JlaraeTcd He saBHCAIIEH oT BOTHOBOTO BeKTopa: wo(k) = g mpm Bcex sHadeHHAX k.
HebaeBckue GHOHOHBI — YIpOIIeHHAA MOAETb aKyCTHIecKuX (HOHOHOB, a »UHIITEHHOB-
CKHe — ONTHYECKUX.

W3-3a Toro, 9To Ampa KPUCTATJIMIECKON PENIETKN 3apAKEHBI, (POHOHBI MOTYT B3aH-
MomelicTBOBaTH ¢ asekTpoHaMu. [Ipu KomebaHuAX PeleTKr 3JIEKTPUIECKOe MOJIe AIep,
HelicTByIOIee Ha 3JIEKTPOHBI, OTKJIOHAeTCA OT cpenHero. [loTernnan BOSHUKAIONIETO JT0-
6aBOYHOTO MO/ MPUHATO HASKIBATE JefopMaAuuoORRbM NOMenyuaLoMm. B npuanume, ws-
3a TOTO, YTO KYJOHOBCKHE CHJBI JaJbHOIEHCTBYIOIINE, B3anMoAeicTBIE 3JIEKTPOHOB C
dorOHaME MOTJTO OBI OBITH CHJIBHO HEJTOKAJIBHBIM. B mefic TBUTeNbHOCTH, KAK MBI BHIETN
BBIIIE, 5T0 5JEKTPUUECKOe HoJe (B METaJIe) XOPOIIO 9KPAaHUPYETCH, TO9TOMY, B HOJIb-
NIMHCTBE CIYyYa€B, 2JIEKTPOH — (DOHOHHOE B3aUMOMECTBIE MOKHO CINTATE JIOKAJTBHBIM.
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Crasb medopManrOHHOTO MOTEHIIAAIA CO CMEIIEHNEM PENIETKH PA3INIHA I OMTH-
YecKUX W aKycTudaeckux GoHoHoB. [Ipu akycTrdeckux KoaebaHNAX COCETHNE ATOMBI CMe-
MafoTCd MOYTH OANHAKOBO. [lo3TOMY 3JIeKTpUYecKoe MoJie TOYTH He MeHdAeTcd. Ero ms-
MeHEHWE MPONOPIHOHATBHO PASHOCTH CMENIEHN COCEMHNX aTOMOB, a IedOpMAaIHOHHBI’
noteHmnan Ug_q. ~ diva, tie u(r) — cMemenne. B caydae onTudeckux ¢$HOHOHOB CO-
CenHMe aTOMBI KOIeOII0TCA B IpoTHBOdase, Tak 970 Ug— oy ~ u(r). UTobsl IpencTaBuTs
B3aUMoIeficTBIE eMUHBIM 06pa3oM, BBeleM (5pMHUTOB!) oriepaTop GOHOHHOTO MO B BUIE

[1]:
. o wo(k) ; ikr—iwo(k)t i+ —ikr+iwe(k)t
o(rt) =i gk 1/ v [bke ()t _ bye (%) (3.1)

roe by, I;k — omepaTophl POXKIEHNSA M yHHITOXeHns (hoHOHOB, V' — obbem cucrembl. Torma
o(r) ~ Vu(r) mra akyctnaecknx GoHoHoB 1 ¢(r) ~ u(r) a1 ontudeckux gpoxonos. Co-
OTBETCTBEHHO, TAMUJILTOHIAH B3aMMOACHCTBHA 5J1KTPOHOB ¢ (hOHOHAMHU 3aIMCHIBACTCS
caenytoummM obpazom [1]:

Himi = g / dript (x)d () p(x) (3.2)

[e g — KOHCTaHTa 371eKTPOH — GoHOHHOTO B3anMogelictBuga. lavmasronnan (3.2) comep-
KUT TPOCTO MPOU3BEIEHNE 3JIEKTPOHHON TIJIOTHOCTH Ha 1eOpPMAIMOHHBIN MTOTEHITHA.

[IpaBuma mwarpaMMHOW TEXHUKHW JId JEKTPOHOB U (HDOHOHOB BBITVIAAAT MOUTH
TakXKe, KakK M IJd IByXdacTudHoro Bzammomedicrsuga [1]. dua pacuera sekTpoHHOR
dyuknun [puna npu T = 0 umeem:

e OTUYHBI OT HyJAd TOJBKO IHAarpaMMBl 9€THOTO TOPAIKA 0 B3aWMOIEHCTBHIO.
Huarpamma nopsnka 2n comepxut 3n + 1 BHyTpeHHHUX (57€KTPOHHBIX W GOHOH-
HBIX) JIUHUH 1 2n BEpIINH, 9TO COOTBETCTBYeT 3n — 1 — (2n — 1) = n HesaBHCHMBIM
HHTETPUPOBAHUAM. BceM JIMHWAM TPUOUCHIBAIOTCA ONpeNeseHHbIE 4—UMIYJIBCHI,
KOTOPBIE COXPAHAIOTCH B BEPIINHAX B3AUMOIEHCTBAM.

® DIIEKTPOHY COMOCTABIAETCA CRAOUHAA JTUHEA, KOTOPOH 0TBEIAeT BEIpaKEeHUe JIJTd
cpobomuolt dyukmmn ['prHa:

_ bap
Go(p) = ST e D) T e (D) rue 5 — 40 (3.3)
npuyemM
2
§(p) = 5 — i~ vr(lpl — pr) (3.4)

— PHEPreTHYECKH CIEKTp CBOOOMHBIX (HEPMUOHOB, SHEPTUA KOTOPBIX OTCUYUTHI-
BaeTcA oT ypoBHA ®PepMn (XMMHYECKOTO TOTEHIHANA (), pp U Up — WMIYJIbC 1
CcKOpocTh Ha moBepxHOCTH Pepmu.

o [Tynxmuprodi MuHUE comocTaBigeTca Gpypbe — obpas doronHol GyuKIMN ["prHa:

A0
Do(k) = —2 L 6 .
W= s e T (35)

o IIpoBoANTCA WHTErpWpOBAHWE 110 7 HE3ABHCHMBIM HMMIYJIbCAM M HgacToTam (4-—
HIMITYJTBCAM).
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e Pesyabrar ymHO)aerca Ha Kosddumment (¢)%" (27)~ 4 ()" (=)', tne F — wmcno
3aMKHYTBIX (DEpMHOHHBIX II€TE.

IMpw 7" > 0 Bce aHAJIOTHYHO:

o Kaxmoft critomHol (2/1eKTpOHHOI) JTHHUN ¢ UMIYICOM P U Maly0apoBCKoil da-
cToToli £, = (2n + 1)7T comocraBigeTca BHIpaKeHMe:

Golenp) = wné_a% (3.6)

o Kaxmoit pononmoit (HyHKTMpHOI‘/’I) JIMHUH ¢ UMITyJabcoM k u gactoToit wy, = 2omT
CONOCTABIACTCA: N
wi (k)

Dok =~ 0w

(3.7)
e Pesynprar yMHOKaerca Ha kKosddumment g2 (—1)" L (%)3” (2s + DI (=D)F tne F
cHOBa 0603HAYaeT YUCI0 (bepMHOHHBIX IeTe /b AHarpaMMBbl, a § — CIINH (hepMEOHa

(mns smekTpona s = 1/2).

[TpuBemeHAbIl B THATPAMMHEBIX TIpaBHUIaX BIO GoHOHHOH byHKIIH ['prHa COOTBETCTBY T IPHHATOH
B (3.1) HOpMEpOBKE doHOHHOTO OIepaTopa [1]:

wo(k)

o(k) = (g +5%,) (3.8)

B nmreparype Wacro mcmosbsyerca W ApyTad HOPMHPOBKA [5]:
— +
e(k) = b + b—k (3.9)
Torma dyrkmua I'pura cBoGomubIx GoHOHOB TpHHUMaET BHI, [5]:

1 1 B 2wp (k)

Do(kw) = — =
o(kw) w—wo(k)+16 wHwo(k)—16 w2—w0( )+ 6

(3.10)

CoOTBETCTBEHHO, IIPU HCIO/IB30BAHIN PA3HBIX HOPMHPOBOK, BOSHUKAIOT OIpeesIeHHbIe OTJINIUA B 3a-
[UCH MATPHYHBIX 2JIEMEHTOB 3JIEKTPOH — (DOHOHHOTO B3aHMONEICTBHA, KOTOPble KOMIIEHCHPYIOT 3TH
pas/mHusd, TaK 970 GpU3HIeCcKHe pe3yJIbTaTbl OCTAIOTCH ONUHAKOBBIMI. DT0 BayXKHO OHUMATh IPH CpaB-
HEHUH pe3yJIbTaToB Pas/MYHBIX aBTOPOB. llpm mcmosbsoBanuu (3.9) raMusIbTOHHMAH B3anMoneicTBus
(3.2) sammceBaerca kax [5]:

Hiny = gZ ap (b +5% ) (3.11)

Ho ecsmm mcnosnpsoBars HOpMHEPOBKY (3.8), To mMeeM:

znt—g g

qTO IPUBOOUT K Pa3/JINYUIO B OIIPp€AE/ICHIN KOHCTAHT 3JICKTPOH — CbOHOHHOI‘O B3amMOIENCTBUA. B wacrhrOo-

p+kap (b +07) (3.12)

CTH, OJIA COOTBeTCTByIO].L[eﬁ 6e3pa3MepH0]‘/’1 KOHCTAHTHI B OT€IeCTBEHHON JUTepaType 4Yalre UCIIOJAb3YIOT

1) 2
(=g"vp (3.13)
ToTHa, KaK B “samaTHoil” JHTepaType oOBITHO TIHITYT:
972
A= 22 OF (3.14)
wo (k)
ITpamoe cpasrenne (3.11) m (3.12) maer:
wo (k
G=g o(k) (3.15)
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B mampHelinrem MBI cTapaeMcd TpHAepKHBaThCA obosHadennit [1].

Berancsienne cobcTBEHHO — 3HEPreTHYECKON YacTH 3JI€KTPOHA TO3BOJIAET, B TPUH-
mume, HafiTu CIeKTp 3JeKTPOHOB C YYETOM 3JIEKTPOH — (POHOHHOTO B3aUMOIEWCTBUMA.
g onpenesienna cnekTpa GOHOHOB HYXKHO HailTu mosoca ¢ononnolt dynknmn ['puna
D(wk). Kax u noa dyuximun ['puna snekrporos G(Ep), nis doronuoit Gynkmun ['prura
MOXHO HMPOBECTH BBIeIeHNE COOCTBEHHO — HEPreTHYecKoil JacTu, KoTopasa dakTude-
CKU ABJIAETCA MONAPU3ANMOHHBIM oneparopoM II(wk) ¢ monpaBkamu oT 31eKTpoH — do-
HOHHOTO B3amMojelicTBudA, Kak »To TMokasaHo Ha Puc. 3-1. Ypapnenwe [Haiicoma masa
domonnoit dyukmun ['puna mmeeT BUI;

D(wk) = Dy(wk) + Do(wk)g? I (wk)D(wk) (3.16)

1 UMECT pEUICHUE!:

DY (wk) = Dy H(wk) — ¢*TI(wk) (3.17)
CooTBeTCTBEHHO, CIEKTP HOHOHOB ONMPENENAETCH YPABHEHUEM
Dyt (wk) = ¢*TI(wk) (3.18)

Ecnu BBecTH HespasMepHYIO KOHCTAHTY 3JIEKTPOH — (HOHOHHOTO B3amMOIeHcTBHA Kak
¢ = g*vr (vp = 3285 - nnoTHOCTH cocToAmmi Ha ypoHe PepMm B pacuere Ha OfHY
[POEKITHIO CITMHA), TO ONEHKA W3 OOIINX coobpaxeHuit maer obbraHo { ~ 1. TosTomy,
Ka3aJoch Obl, CBA3b JEKTPOHOB ¢ (HOHOHAME BCErfla ABJAETC TOCTATOYHO CHIABHOM.
Ho okasbiBaeTcd, Kak MBI YBUIUM HUXKe, B paccMaTpUBaeMol 3amade cyliecTBYeT HO-
MOJTHUTEBHBIA TTapaMeTp MaJIOCTH, TO3BOJIAIONIHH HAWTH JOCTATOTHO TPOCTOE PellleHre
6e3 MPENmoIOKEHNA O MAJOCTH (. DTO TaK HA3BIBAEMBI mapamMerp annabaTHuIHOCTH
=~ \/% < 1 (3mech wp - nebaeBckag gacToTa, m — Macca »JaeKTpoHa, a M — macca
nona). Ileslo B TOM, UTO MOHBI, BBULY WX GOJIBIIOH Macchl, IBUTAIOTCA TOPA3I0 MEIIEH-
Hee, HeXen 371eKTpOoHbl. COOTBETCTBEHHO, 3JIEKTPOHBI HE MOTYT “packadaTh’ pelIeTKY,
BMECTO 5TOI0 OHH “IIOICTpamBaloTca’ MOJ, ee JIOKaJIbHYI0 KOHGHUTryparnio. Mbr yBuamM,
49TO B pe3yabTaTe 5JeKTpoH — HOHOHHOE B3aUMOIeHCTBIE He MPUBOIUT K PA3PYIIEHUIO
bepMIKUIKOCTHOW KapTHHBI.

CobGcTBEHHO — »HepreTuvyecKasi 4acThb BJIeK-
TPOHA.

Paccmorpum [3] mpocrefimiuii BkJiag B cOBCTBEHHO — 3HEPreTUYECKYIO YACTh DJIEK-
TpoHa, onpenengembiii rpadukom Puc. 3-2. CoorTBeTcTBYyIOlIEe aHAJTUTHIECKOE BBIpa-
KeHIe UMeeT BUJL (/1A CJTydas B3aNMONEHCTBIA ¢ aKyCTHIECKUMI (DOHOHAMM ):

.9 3 27,2
g dwd>k c’k
YX(Ep) = Nl

(Ep) (27)? / E—w—£&(p—k)+ ibsigné(p — k) w? — c2k? 4+ i6 (3.19)

3meck uMerorcd momoca IpH w1 = E — &(p — k) + #ésigné(p — k) n wo 3 = £(ck — 16).
MoXHO 3aMKHYTb KOHTYp HHTEIPUPOBAHHA TaK, 9TOOBI BHYTPH HErO 0Ka3aJicd TOJIBKO
OIWH W3 HoJIiocoB dpoHoHHON dyHKIuEN ['puna. NHTErpaJs Mo 6eCKOHEYHO yIaJIeHHON Mo-
JIyOKpYKHOCTH obpamaercd B HyJib. COOTBETCTBEHHO, MOC/IE 3JIeMEHTapHBIX BBIKJIAI0K
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H(q)=@++®++

Puc. 3-1 [pacukn ans cobcTBeHHO — sHepreTnyeckonm YacTu ¢poHOHa.

67
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Puc. 3-2 Tpocteiiwnia Bknan B cOBCTBEHHO — SHEPreTUYHECKYIO 4HacTb SJIEKTPOHA OT
3J1eKTPOH — (POHOHHOIO B3aMMOLEACTBUA.

IIOJIyHJaeM:

S(Bp) = —g? >k 2k >k k2
PTG p<o B ek € =K) =i () J, | Eoch—&(p-k) b 2ok [
p- p-

g% / kd®k N kd®k B
" 1678 E—ck—¢(p—k)+ié E+ck—¢p-k)—is [~
'fp_k>0 ( ) 'fp—k<0 ( )

g% {/ kd®k +/ kd®k }
- 3 — o - — — —
167 p—K|>pp E—ck—vp(lp—k|l-pr)+ié Ip—k|<pp E+ck—vp(lp—k|—ppr)—16
(3.20)

O6ozHadnM "epes & KOCHHYC yTIJla MKy BekTopamu k u p, Torma nmeem p? = |p — k|? =

p? +k? — 2pkx u d®k = 27xk?*dkdz, Tax uro p1dp; = —pkdz. Torna (3.20) sanuckiBaercs
KaK:

S(Bp) = — g3c k2dkdprp1 n k2dkdprp1
8m2p oL Spe E—ck—vp(p1 —prp)+16 oL <pr E+ck—vp(p1 —pp) — 16

(3.21)
OcHoBHOII BKJTa/l B HHTETPAJBI 3/IECH TAET OKPECTHOCTD MOJIIOCOB, HO B Hell MOXKHO IMO-
JIOKUT P & P & Pp, TOCKOIbKY wp <& Ep. [losToMy MOXKHO MpeHeOpedYh OTININEM Py
OT p U 3aIIUCATh:

() = g k2 dkedpy . k2 dkedpy (322
82 oy Spr E—ck—vp(p1 —prp)+16 oL <pr E+ck—vp(p1 —prp) — 16

Torna nag MEUMON 4acTu E(E) MOy YaeM:

2
ImX(E) = % {/ §(E —ck —vp(p1 — pp))k°dkdpy — /
4 P1>PF

P1<pp

S(E 4 ck —vp(py — pp))k2dkdp1}

(3.23)
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ITepBoe cimaraeMoe 31ech (OTINIHOE OT Hy 1A 1pn £ > 0) maeT BpeMs JKU3HU 57T€KTPOHOB,
a BTOpoe (omamaHoe oT Hyad npu E < 0) — Bpem# XKusHN IbIpoK. PaccMoTpuM Temeph
TpeneabHOe TOBENERNe 3aTyXaund mpu I K wp u F > wp.

e Cayuait £ € wp

Mlpu £ > 0 BKAamg maeT ToJBKO HepBbIil wien B (3.23), ne MHTErpupoBaHHe MO
k HyxHO mpoBoauTh 10 obmactu k < E/¢, umaue pi, onpemengembiii aprymMmeHToM 8-
dyuknn, okaxerca Menblie pr. [losTomy mmeem:

2 1 2 ES
ImS(F) = H/ — k= S (3.24)
8T Jop<cE VF 24mvpc
Beosa 6e3pasMepHylo KOHCTAHTY 3J1€KTPOH — dboHOHHOTO B3aumoneiictsua ( = g vp,
HOJTy JaeM:
(nl3
ImX3(F) = =—— 3.25

Mpu F < 0 BkJIan; maer ToJbKO BTopoft dwien B (3.23). Borunmciaa mHTErpas, CHOBa
noaydaeM (3.25) — mw3-3a 9JI€KTPOH ABIPOYHON CHMMeTpHH 3a7adu (CHpaBelInBof npn
F <« Er) vunmag dacts ImY(F) asngerca HederHoil dynkuneit F.

Bumnwm, ato mpn B — 0 nveem ImX(F) < E, Tak 4To 2/1eKTPOH — GOHOHHOE B3aNMO-
neifcTBHe e paspywaem dbepMIKHAKOCTHYIO KapTHHY, IpHieM B cIIy E° saBHCEMOCTH
3aTyXaHug poJib (GoHOHOB pu £ — ( BoODIIe cTAaHOBUTCA MpeHEOPEK MOl 1O cpaBHe-
HUIO ¢ OOCYKIABIIUMCSA BHIIIE 3aTYXAHUEM OT 3JIEKTPOH — 3JEKTPOHHBIX CTOJIKHOBEHMU,
KoTopoe ~ E?. B Toxe BpeMd fCHO, UTO 3TO yTBepKIeHHe CIPaBeIINBO JIHIIL IPH

E—0(T—0).
e Cayuait £ > wp

B s1oMm ciaydae nHTerpupoBanue no p1 B (3.23) He cosmaer orpaHudeHni Ha 06J1aCTh
WHTETPUPOBaHNA MO k, KOTOpasd paclpocTpaHAeTCs Tenepb BILIOTH 1m0 k = kp. Beram-
caad wHTerpas Tuna (3.24), mosyanm:

9> k3 g k3 me

ITTLE(E) = STUFC?SZ"QTLE = m

signF (3.26)

Beipaxkag onaTh 3aTyxaHme depes Oe3pasMepHYIO KOHCTAHTY (, HMEEM:

(mke
ImX(E) =
mX(E) 1202

signF (3.27)

Herpynmo Bumetsh, uTo B ganuoM mpemene ImY. ~ (wp. Takum obpasom maxe mpu { ~ 1
JoHOHHAA MEPEHOPMUPOBKA MaJja B CUIy wp € Fp.

Mepeitnem Teneps k pacuery ReX(E). U3 (3.22) umeem:

2 2 2
g2 k*dkdpy k*dkdpy _
ReE(E)_—ﬁ{/ E—ck—UF(pl_pF)+ E+ck—vp(p1—pr) =
p1>pE P1<PF

2
-2 dkE? I (k) (3.28)

2
8m k<kp

e

dp1 dp1
I (k :/ +/ 3.29
1( ) Pi>pE E—ck’—UF(Pl_PF) p1<pF E+C]C—UF(p1—pF) ( )
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PopMaSbHO TEPBBI WHTErpaJd PAcXOMUTCHA, HO 3Ta PACXOAUMOCTH HeMU3MIecKad, Mo-
CKOJIBKY TIpHU OOJBIIOH PAsHUIE p; W p HYKHO YINTHIBATH OTKJIOHEHWE 3JIEKTPOHHOIO
CTIEKTpa OT WCIOJIB3YyEeMOTO HaMM JNHEHHOro NpuOIMKeHuA (4 TakkKe U KOHETHYIO IIH-
puHy 30HBI). ITo9TOMY MOXKHO TpocTO o6pes3aTh MHTETPUPOBAHWE Ha p1 = p* ~ pp.
Tounsrit BEIOGOP TOr0 mapaMerpa obpe3aHnd HECYIIECTBEH, OH HE BJINAET HA BBIpaKEHUE
IJI CTIEKTPA, a MPUBOANT JINITH K IEPEHOPMUPOBKe XUMITOTeHITHaa (BKIagy B ReX(0)).
Taxkum obpazom moJrydaem:

1 E+ck 1, E—ck—vp(p*—pr)
Lk)=—h————— — —1 3.30
1(k) v nE—i—ck—i—vaF vpn E —ck ( )
Bbraurag meperopmupoBky xummnoTernuana du = %(0), nomyvaem:
2
ge 9 m E—ck
S(E)y—-X% =2~ [ dkk®—1 31
Re(2(8) - 5(0) = £ [ o 2| £ (3.31)

XapakTepHas OCOOEHHOCTH COOCTBEHHO — PHEPTETUYECKON HaCTH 3JeKTPOHA, 0DYyCsI0-
BJIEHHO 2JIEKTPOH — HOHOHHBIM B3aUMOIECTBIEM — OTCYTCTBHE 3aBUCHUMOCTH OT HM-
MyJbca p. ITO CBA3AHO C “MEIJIEHHOCTHIO” (POHOHOB, MO CPABHEHWIO C 3JIEKTPOHAMH,
MPUBOAAIIER K JOKAJTBHOCTH IPOIECCOB TOTJIONIEHN W UCIyCKaHnd. PaccMoTprM CHOBaA
npeneabHoe moBenenne npu K <€ wp u B > wp.

e Cayuait £ € wp

B sToM ciydae mMoxHO JsorapudM B (3.31) pasnoxuts, caurad, uto B < ck. Torna
HMEEM:

2mg’E ko mgzk% ¢ k% .
Re(X(E) —%(0) = — St2pr /0 dkk = — St2pr FE = _ZEE = —-A\F (3.32)

k2
T7le BBEJIM KOHCTAHTY MEPEHOPMUPOBKH A = ip? ~ (.
F

e Cayuait £ > wp

Teneps umeeM E > ck, Tak 9ro cHOBa pasjaraeM jorapudm B (3.31) u mosydaem:

2.2 kp k3dk 2024 2p4
Re(S(E) — X(0)) = —M/ __myekp e i (3.33)
872pr Jo B 327%pp B 16ps. B
Tak 4To mpHu E ~ wp poct ReX(F) ¢ sHepruel cMeHAeTCA yObIBAHNIEM.
CrekTp xBaswdacTul, B obsactu £ <« wp onpenesnseM U3 ypaBHEHU:
E —&(p) = Re(X(E) — X(0)) (3.34)
rae £(p) = % — p. Torma cpasy xe mostydaem:
2 2
p Pr
E= - F Er = 3.35
2m* F E= ome ( )
rae > dexkTUBHAA Macca ONMpeNeTaeTca KakK:
m* CkZ
— =14>L =142 3.36
m + Ap? + ( )

Py
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Puc. 3-3 KoHTyp uHTerpupoBaHuns, ncnonb3yembii Npu cyMMUpoBaHnn no mauybaposckimm
YyacToTaMm.

[MosToMy, ompenemeHHYI0 TaKuM O6pa3oM A MOKHO Ha3BaTh KOHCTAHTOH HEPEHOPMHE-
poeku Macchl. Takum obpasoM, sJIeKTPOH 3a cueT B3auMoeiicTBus ¢ pononamu sddex-
TuBHO “yraxkesgercda . COOTBETCTBEHHO “ToApacTaeT’ MIOTHOCTH COCTOAHUN HA YPOBHE
®epmu (~ m*) n >AEKTPOHHBIH BKJIAI B TEMIOEMKOCTb.

Pacemorpum Temephb moBefeHEE COOCTBEHHO dHEPTETUIECKOW YacTH 3JIeKTPOHA TIPH
KOHETHBIX TEMIEPATYpPaxX. IJTO MOJESHO M METONMIECKH, MOCKOIBKY TIPH TOM MBI H3Y-
quM oI MeTO CyMMUPOBAHUA TI0 MailybapoBckuM dactotaM. Mmeewm:

Y(ep) = —(g;T?B > / &’pG(e1p1)D(e —€1,p — P1) (3.37)

Bce wacToThl 31ech MamybapoBckue!

O6mmit MeTom BEIMMCIEHNS CYMM IO MaIybapoBCKMM 9acTOTaM OCHOBAaH Ha MCIIOJThb-
30BaHUM caenylouiero npuema [5]. Paccmorpum caydail cyMMUPOBAHHSA 110 HEYETHHIM
(bepmuonubM) acToTaM ic, = i(2n 4+ 1)7T. CooTBETCTRYOIIYIO CYMMY MOXKHO 3alli-
caTh B BHJEe KOHTYpPHOTO MHTErpaJia B KOMILIEKCHON MJIOCKOCTH YaCTOTHI &:

Tn;oo Flien) = =50 |1 = am L em w1~ ami Jo a7
(3.38)

re KOHTYp mHTerpupoBanua C' OKpyXKaeT MHUMYIO OCh, KaK 3To MokasaHo Ha Puc. 3-
3 u BHYTPH KOTOPOTO, IO TPEANOJIOKEHNIO, HET HIKAKUX ocobeHHocTel dyHKImMn F'(£).
CrpasemnBocTs (3.38) BeITeKaeT U3 TeopeMbl Kol 1 TOro 06CTOATENBCTBA, UTO e’ 41
u e~ + 1 (rme, xax obbrumo, 3 = %) UMeIOT TPOCThle HYJHW B TOYKAX £ = ig,, UTO
MPUBOAUT K CYNIECTBOBAHUIO COOTBETCTBYIOMIMX MPOCTHIX MOJIIOCOB MOIUHTETPAIBHOIO
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BhIpazKeHnd (3.38) B COOTBETCTBYIONINX TOYKAX HA MHUMOI OCH. AHAJIOTHIHAA CUTYAIH
BOSHWKAET W MPW MCHOTBb30BaHNN ths B MocaemHeM paBeRcTBe B (3.38).

s BBIYHCIEHNA CyMM IO YeTHBIM (GO30HHBIM) 9acToTaM iwn, = (277'mM MOXKHO
BOCITOJIB30BATHCA COBEPIIEHHO aHAJOTHIHBIM PABEHCTBOM:

(o]

T Z F(zwm):%/ dwﬂiw):—i, dw#:i d(.aF((.u)cthi

it m Jo efv —1 2 Jo e -1 4m J- 2T

(3.39)

Tle TOJCca MOANHTEIPAJBHOTO BRIPaXKEHUA PACIONOKEHBI B TOUKAX Wy, = 1271 'm.

Hambrelimmii mpreM, Kak TpaBUJIO, COCTOUT B TOM, YTO KOHTYp WHTerpupoBanusa ('
“pactarmBaeTrca’ Ha OECKOHEYHOCTBH, MPU 3TOM BO3HUKAIOT MOAIEXKAIINE BBHIUUCIEHUIO
BKJIanbl 0T ocobenHoctell dbynkunii F(¢) nnm F(w), KoTopble 00XomauT “pacTaHyTHI’”
koHTYp C'. B GonbuInHCTBE cIyvuaeB, OCTAIOIMIAACA HHTETPAJ MO OKPYXKHOCTH ODecKoHed-
HOTO pajamyca ncdesaeT us-3a GeicTporo yosBanua F(e) w F(w) Ha 9T0M KOHTYDeE.

TponmocTpupyeM Takoil MeTo[ cueTa Ha mpuMepe BbrancaeHns (3.37). 3meck HaM
HY’KHO BBIYHCIUTH CYMMY IO 9aCTOTaM CJIEAYIONIETO BIIA:

S=TY G(eip1)D(e — e1,p — 1) (3.40)

€1

L€ CyMMHUPOBAHWE NAET 10 HEPMUOHHBIM dacToTaM i€, = i(2n+1)aT. TlosTomy, HyKHO
noctynuTh B gyxe (3.38). Iloia onpenenennoctr 6yIeM CIUTATh, UTO € JIEKAT B BepXHeil
HoJIymaockocTu' . PacemorpmyM yHKIHIO!

z

flz) = G(z,p1)D(e — z,p — Pl)thﬁ (3.41)

KOTOpas UMeeT MOJIIoCa MPU 3HAYEHUAX 2 = i€y, = 4(2n + 1)a7T u BBIYHCANM HHTETpaJI:

I:/Cdzf(z) (3.42)

B3ATHI 10 KoHTYpYy C, TokasanHoMy Ha Puc. 3-4, rie obxomarca npamsie Im(e—e1) = 0
u I'me; = 0, coorBeTcTBYIONME paspesam Tounbix Gynkumit Ipuna B (3.40)2. Bo Beeit
KOMILJIEKCHOH IIIOCKOCTH, KpOMe 3THX paspesos, byuknua f(z) ananurtnana. MaTerpas
(3.42) MoxkHO Teleph MOCYMUTATh BBIYeTaMmu. Berder f(z) B mosioce z, = #(2n + 1)aT
paBeH MpOCcTO:

Res.=., f(z) = 2T'G(2n,p1)D(e — 20, P — P1) (3.43)

Tak 9ro mHTerpat (3.42) cogurca Kk I = 475 u onpenesigeT NHTEPECYONYIO HAC CYMMY
(3.40). C mpyroit CTOPOHBI, MBI MOXKeM IMepefiTn K “pacTaHyTOMY” KOHTYPY WHTEIDHPO-
BaHUsd, MokasaHHoMy Ha Puc. 3-5. Temeps Hall WHTErpaJl CBOAMTCA K WHTETpPAJiaM IO
MpAMBIM, TOKa3aHHbIM Ha Puc. 3-5 m uayunumM BIOJIB paspesoB, TaK UTO BKJIAI Pa3HBIX
“GeperoB” KaxIOro W3 Paspe3oB ONPEIeIAeTCs COOTBETCTBYIONIMME CKATKaAMHM:

e 5
[= / dey {(G(e1p1) — GA(E1p1) DA (e — 1,0 — p)th S
g—£
~Gf(e +ep) (DM e p - p) = DU eup - ) (a0

1B koHeuHOM CUeTe MBI XOTHM CIIe/IaTh aHAJHTHIECKOe IPOIOIKEHIE 16y — & + 16!
2 AHAJINTHYIeCKOe MPOIO/IKEHIE I3 BEpXHEH N HIBKHEH Mo Ty IiockocTell maet pasnvte GyHkmmu ['puaa
GE u G4 coorercrento [1].
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Im(-€,)=0

) me,=0
Ve

Puc. 3-4 KoHTyp uHTerpupoBaHuns, MCnonb3yembid NMpu CyMMUPOBaHNN Mo MauybapoBckinm
YyacToTam B CODCTBEHHO — SHEPreTUYECKOM 4acTh 3J1EKTPOHa.

Puc. 3-5

“PacTAHYTbIA" KOHTYp UHTErpUPOBaHUsA, UCMOJb3YEMbIA MPU CYMMUPOBAHUN MO
MauybapoBCcKMM YacToTaM B CODCTBEHHO — SHEPreTUHECKON YacTn SNeKTPoHa.



74

SJIEKTPOH — ®OHOHHOE B3AMOJENCTBUE

e—¢3

YuaursiBag, 910 € = ¢(2n + )77, MoxeM Hamucarh th = cthk. Kpome Toro, Mbr

2T
UCIIOJIB3YeM:
GE(ep) — GA(ep) = 2iImGE (ep) (3.45)
U AMCIepCHoHHOe cooTHouenue [1]:
1 % ImGEA) (wp)
R(A) —— —— 4 4
G (ep) 71'/_00 w—cFib “ (3.46)

Toncrapmas >tn cooTHomeHuA B (3.44), morydaem:

2 I R ImDE —
E(Ep) _ g /dEldwd?’pl{ mG (€1P1) m (wp pl)thE—l—l—

(2m)4w w—c+e —1id 20T
ImGE(wp1)ImDE(e1p —py) |, &
th— 4
+ w—cte—ib “hor (3.47)

Mengaa mecramu InepeMeHHbIe MHTEIPUpPOBaHA €1 I W BO BTOPOM cCJIaracMOM, 3alllIlIeM
OKOHYAaTeJIbHO!

2
g 3
Y(ep) = —5— [ derdwd’py
(<p) (2m)tw
31eck MHTErpupoBaHme yXkKe BeIeTcd IO BelleCTBEHHBIM £1 U w. Ilocsie mocTaTovHo Tpo-
MO3IKOTO aHaansa [1], MoXkHO mokasars, 410 u3 (3.48) mpu ¢ € T K wp (mocse aHaIH-
THYECKOTO MPOAOIKEHNA i€, — € + $8) coaenyer:

ImGE(e1p1)ImDE(wp — py)
w—¢e+4+¢e —1b

&1 W
(thﬁ + cthﬁ) (3.48)

T3

R

(3.49)
Tak 4T0, PaKTHIECKH, 3aTyXaHne 3JeKTPOHOB 33 CUET 9JIEKTPOH — (POHOHHOTO B3aMMO-
neiicteug mpn € K wp 11 € wp MOXKHO 3alUcaTh €INHBIM 0OPa3oM Kak (BCHOMHI/IM

(3.25)):

M T3 3
ImuF(e) ~ c% (3.50)
c’p%
Mpu £ > wp w3 (3.48) crenyer:
ImER(E) = const ~ wp (3.51)

W3 s1ux dopmyn AcHO, 9TO 3aTyXaHMe KBa3MIACTHIL (3JIEKTPOHOB) CPABHUBAETCA C MX
sHeprHel pu € ~ wp. B Toke BpeMdA ACHO, UTO NPH JaJbHEHIIEM pocTe SHEPTHH BO3-
OyXKIeHuil 3aTyXaHne 3a cYeT B3auMomeHcTBud ¢ GOHOHAMH MEepecTacT PACTH W CTAHO-
BUTCHA ONATH MEHBIIE SHEPIMM KBaswdacTull. Takmm ofpasoM mMeercd nBe obJIacTH, B
KOTODBIX MOHATHE KBA3sMYaCTHI[ HMeeT CMBICT: |¢| < wp u |¢| > wp. B obenx s1ux
ob1acTAX sHEPrud 2JIeKTPOHOB UMeeT BUI Up (P — pr ), HO ckopocTh vp (addexTnBHBIE
MACChl) Pa3JIUIHEL.

Teopema Murmasia.

BBI]_HG, IIpu pacdeTrax CODCTBEHHO — E)HepFeTI/I‘IeCKOﬁ HJaCTH 2JICKTPOHA 3a CHET 3JICKTPOH
- (bOHOHHOI‘O B3aI/IMO,D;eI7[CTBI/I$I, MBI OTPAHUYIUJIUCH HpOCTeﬁLHI/IM BKJIQJOM, ITOKa3aHHBIM
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£+

Puc. 3-6 [lpocTenwas nonpaska K BepLinHe 31eKTPOH — (DOHOHHOrO B3aNMOLEACTBUA.

Ha Pnc. 3-2. KazaJsiock — 661 Hy’KHO y9ecTh U ApyTue rpad WK, CBA3aHHBIE C TIONPaBKaAMK

K OIHOW M3 BepINWH 5Toil guarpaMMbl. PakTHUECKH, STOro JesaTh He HaJo, HOCKOJBKY

COOTBETCTBYIOIINE TIONPABKY K BEPIIHHHON YacTH MaJibl [0 aguabaTHIecKOMYy IIapaMe-
wp un

py o~ Vi <1 (Teopema Murgana) (A.B.Murgan, 1957). TTokaxem 5To, ONEHNUB

npocTeiinryio MoMpaBKy K BeplinHe, onpeaeademMyo rpadgukom Puc. 3-6. Sannmewm, ana-

JIMTUYIECKOE BBIPpaXK CHUE, COOTBETCTBYIOIICE 3TOM AJuarpaMmMe:

d®prdz,
(2m)*
IIpoeeneM Tpybylo ONMEHKY 3TOTO BBIpaKeHHdA. PaccMOTpHUM CHadaJla MHTErpaJl IO £1.
IMonaras, 910 XapakTepHad Iepelada HMIYJIbCa 3a cYeT obMeHa (hOHOHOM IOpPAAKa
kp ~ pp, n yautsiBag, 9410 D(£ — £1) KBaJApaTHIHO camaeT B o0aacT ¢ — £1| > wp,

HOJIydaeM, YTO OCHOBHOM BKJIa/ B MHTErpaJ JaeT obaacTh | —¢1 | ~ wp. Torma uarerpasn
10 €] MOPAAKa Wp, M Mbl MOXEM HalnucaTh:

P g3 / G(p1e1)G(p1 + K, 21 +w)D(e — £1,p — py) (3.52)

e~ QSWD/ —— by —
(e1 —&(p1) + ibsigné(p1))(e1 +w — E(p1 + k) + i8signé(p1 + k))
PaccMmorpuM ocTapmmiicss WHTerpaJ IO p;. XapaKTepHasd Iepelada HMIYJIbca M 30ech
nopsanka kp ~ pp. [loaToMy MOXHO cumrarh Bee sHaMeHaTenn ~ Ep, a [ d®py ~ p?.
Torna nmeeM:

2 2

Er P
W~ B, L2 8 PF 3.54
9 WD oF E% g UFEF WD ( )

OtHocHTeIbHAA BEJIMUMHA >TOM IIOIIpaBKM:

r 9 p% wp m
TNQ UFEFWDNCE—FNC o (3.55)
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ptk

Puc. 3-7 TlpocTeiiwas nonpaska K BepllMHe 3/1eKTPOH — (POHOHHOTO B3aUMOOEACTBUA B
“UMNYyNbCHO — BpeMeHHOM' ' MpeacTaBneHnn.

T7le UCIOJIBb30BAJIH ‘E—? ~ \/% DIEKTPOHBI MHOTO JIerde HOHOB (AI€ep ), TOITOMY PaCCMO-
TpeHHad MOMpaBKa K BepUIMHHON YacTh AelicTBuTEIbHO TpeHebpexnmo masa! [Iposemen-
HOE PacCMOTPEHNE He COBCEM CTPOTO, HATIPUMED, OHO OMIMOOYHO IPpH w ~ vpk 1 w €& wp,
Kornma nosoca Gyukimit I'puna B (3.53) cOnuxaoTcsd 1 HaJo TPOBOIUTE HoJlee aKKypaT-
Hbiil anaans. OgHako, B OOJIBIIMHCTBE CIIYyYaeB, BKJIAM 2TOR 006JIaCTH HECYIIECTBEHEH B
CclIy ¢ L vp.

YrobB JIydIille TOHATH CMBICT MPOUCXOMAIIETO, MPOBEIEM OIEHKY BEPIIMHHON MO-
MpaBKH B CMEIMIAHHOM “HMITYJIBCHO — BPEMEHHOM TPEINCTABIEHUH. DTO MO3BOJHAT MPO-
CJIENNTH POJIB PA3HBIX MacIiiTaboB BpeMeHN. B ¢BA3M ¢ »TUM, BBEIEM CHavYasla COOTBET-

crByfomue ¢yuknun ['puna dhonoHa u 37€KTpPOHA:

D(kt) = / ;Z—C;D(wk)e_m = —%e—”k“l (3.56)
G(pt) = —ie~ it { zgé(g();)) o - (3.57)

Bamernm, uro D(kt) aBnsercs ropasno 6osee MeneHHO MeHsomelca GyHKIHei ¢, Tem
G(pt).

BanuireM Temeph BEPIIMHHAYIO monpaBky Puc. 3-7 B aHAIUTHYECKOM BHIE:

d3
T — —g3/ ﬁ/dt(}(pl,t —11)G(p1+k,ts —1)D(p —py,t1 — 1) (3.58)

Ipw p; ~ pp 2/eKTpoHHBIE GyHKIME ['pUHA CYNIECTBEHHO MEHHAIOTCA 33 XapaKTEPHOEe
Bpema ~ ', [losTomy MoxkHO cantarh, 4To B (3.58) [t —t| ~ [t —t| ~ [t1 —ta| ~ E51.
®ononnasa dynknua ['puna 3a TakKme BpeMeHa NPAKTHYECKH HE MEHAETCA M €€ MOXKHO
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B34Th 1pu 11 & {3. [loaTOMY OHA MPOCTO HPOMOPIMOHAJBHA ¢|p — Py | ~ wp, YTO U OpH-
BOJMT K BOSHUKHOBEHUIO MapaMeTpa MaJIOCTH ‘E—? NabIME cI0BaMU, 37K TPOHBI OBICTPO
(3a Bpems ~ Egl) MOTJIOAIT (GOHOH, TTOACTPANBAACH O, TedopMaruio peteTku. [Ipu
5TOM OHH HE YCIIEBAIOT 33 CUYET CBOETO ABMKEHMS “pacKadaTh’ peleTKy — Ha 9TO Tpeby-
eTcd BpeMd wBl. DTO ecTh MPOABJIEHNE aqnabaTHIHOCTH JIBUKEHUA MOHOB PENIETKH — B
cuity cBoeit BOTBIOR MAaCChl HOHBI ABUKYTCA MEIJIEHHO U 3JIEKTPOHBI BCETIA yCIEBAIOT
“MOACTPOUThCA” MO UX JIOKAJBHYIO KOH(MUTYPAITHIO.

Teopema Murmana BaXkHa UMEHHO TIOTOMY, 9TO TIO3BOJMET BBIICIUThH U3 MHOXKECTBA
JHarpaMM TOJBKO CYIIECTBEHHBIE BKJIAILI €3 HCTOIB30BAHNA MPEATIOIOKEHUA O MAJIO-
CTH caMoli KOHCTAHTHI 3JIeKTPOH — GOHOHHOTO B3aUMOAECHCTBHS .

CobOcTBeHHO — PHepreTUYecKasi 4YacTh U CIIEKTP
doHOoHA.

Bepremcs K paccMoTpeHnio ypasHeHuit g dornonuol dyukunmu 'puna (3.16), (3.17)
u (3.18), onpenensomux cnekKTp GOHOHOB B CHCTEME ¢ B3amMomelicTBHeM (MeTasne).
BocnosibayeMca npocTefimM TpubImKeHneM I HoIApH3aHOHHOTO OllepaTopa JIeK-
TPOHHOTO Ta3a U 3aIUIIeM:

2ig? / dEd3p

(2m)* ) (£ = &(p) + 16signg(p))(E +w — &(p + k) + idSigné(p Jr(k)) )
3.59

Beitirte MBI yKe TpoBesTH pacdeT TAKOTO MOJAPU3AIMOHHOTO OEPATOPa W MOJIY YUJIH BbI-

paxenne (2.24), NCIOMB3YA KOTOPOE HMEEM:

w—opk| im|w] |w]

+ 61— — 3.60
w+vpk ‘ 2upk ( vk ( )
Mer yike Bumesn B (3.17), ato dononnas ¢bynknnga ['puHa B cucTeMe ¢ B3auMoieiicTBIeM
ompenendgerca n3 ypasuerusa [lalicona Buma:

¢’y (wk) = —

¢’y (wk) =

gzmpp w
— 1-— n
w2 Qupk

D™ Ywk) = Dy H(wk) — ¢*T(wk) (3.61)

CooTBeTcTBeHHO, criekTp POHOHOB onperensercd ypasaenuem D~ (wk) = 0. [lockosbky
CKOPOCTB 3ByKa TOpas3/i0 MeHBIIe CKOPOCTH 3JeKTpOHOB Ha moBepxHocTH Pepmu, TO
MOXHO CIIOKOWHO cUmMTaTh, 4To w & vpk. Torma mosiapuwsainoHHBI omepaTop, ompe-
Iendomuit (GOHOHHYIO COOCTBEHHO — SHEPTETHYECKYIO YacTh, JOCTATOYHO B3ATH B CTa-
THaeckoM mpenesne (w = 0) u HamucaTh:

2
Gy~ L5 9 (3.62)

2
CoorsercTBenno (3.61) cBogurca K:
w? — cgk2

D™ Hwk) = Dyt (wk) — ¢*11 = 55
cqk

+ 2 (3.63)
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e cgp — “3aTpaBodHad CKOPOCTH 3ByKa , a “MepeHOpMHUPOBAHHBIN CIeKTp (HOHOHOB
uMeeT BUJ w = ck, TJie CKOPOCTh 3BYKa OMpeIesdaerca Kak:

¢ = c3(1—2) (3.64)

BI/I,D;I/IM, q9TO 3a CYET 2JICKTPOH — (bOHOHHOI‘O B3anmMoJieiicTBUA IIPOUCXOONT “cMArge-

Hue” pelieTkn (yMeHbIIEHNE SHEPIHN (GOHOHOB), B CHJIYy OBICTPOTO “TOACTpanBaHW:A”

JICKTPOHOB IO ,D;e(i)OpMaL[I/IIO pPEeIIeTKN, MMPpOUCXOANUT HUX CKAaIlJIMBaAaHUE B MHWHUMYMax

ﬂe(bOpMa,HI/IOHHOFO ImoTeHnmnaJIa C O6H.[I/IM ITOHM2KEHUEM D2HEPTUHN CUCTEMBI.
Moxer mokasarbed, aro us (3.64) cnemyer meycroftamsocts pemerku (w? < 0!) mpum ¢ > 1/2. On-
HaKo, GaKTHIecKH, 3Ta HeycTolanBocTh Hedmsmaeckad. [lemo B ToM, aTo Gostee metabHBII anams [14]
TOKA3BIBAET, 9TO HCTHHHAA KOHCTAHTA 3JIEKTPOH — (POHOHHOTO B3aHNMOIeHCTBHAA A CBA3aHA C BBEOECHHON
BEIITe KOHCTAHTOH B3aHMOIeHCTBHA ( CIIEITYONIAM COOTHOIIEHIEM:
2
A=¢ o ¢ (3.65)
w 1-2¢

W3 »Toro Beipakennd sicao, uto A & ¢ mpu ( <€ 1, Ho 1ipH yBeimdeHUn ( KOHCTAHTA CBA3H A HETIPEPHIBHO
BO3pacTaer, o6pamaach B 6eCKOHETHOCT B caMoii Touke “Heycroiamsoctn” . [ToaTromy ycmosme ¢ < 1/2,
dakTHaeckn, He HaKJTaObIBacT OTpaHWMYIEHUN Ha BeTWYmHY A. Boobuie, HAIO 3aMETUTh, 9TO yCJIOBHE
¢ < 1/2, B HEKOTOPOM CMBICTIE, HecconepKaTeIbHO, TOCKOJIBKY B paMKax oberanoi monemm Ppemmxa
2JIEKTPOH — (POHOHHOTO B3aMMOIEHCTBHA HE CYNIECTBYET METOIa ONPEIEJIeHuA 3TOW BEJMIWHEBI, & pe-
aJIbHO HabJomaeMoll AB/IAETCA HIMEHHO IIepEHOPMHpOBaHHaA KoHcTaHTa A. V3 (3.65) MoxHO HammcaTrs

o6paTHYI0 CBA3D:

(= A

T142)

W3 KOTOpoil BUIHO, 9To mpwm Jo66x A > 0 mel, pakTmaeckn, mmeem ¢ < 1/2.

(3.66)

QPusudeckuii cMbICT “3aTpaBodYHBIX” TapameTpoB Momean Ppesmxa, B 0COOGEHHOCTH, YaCTOTHI
wo(k) = cok, He BHoOJHE #ceH, a peasbHBI CIeKTp (OHOHOB OIPENEJIACTCA PACCMOTPEHHBIM BBIIE
ypasuerneM [laticoma nmma domonnolt ymakmmm ['puwra, yanrsBarommm B3amMomelicTBHE C 3JI€KTPO-
HAMH, KOTOPOE JTaeT:

wp (k)
w? —w? (k) + 16

rne w(k) — mcruansii Gonorsi cnexrp. Torna HCTHHHAA KOHCTaHTa JIEKTPOH — (POHOHHOTO B3aHMO-

D(wk) = (3.67)

neficreua onpenenaerca [14] marerpasom mo k or D(w = 0,k):

2
\ C/ PP dkk w2 (k) (3.68)
= — .
0 2p%, w? (k)
Ecoam Temeps npereGpeds oTHOCHTENBHO caabolt sasncumocTsio [y or k m BocmmosbsoBarbed (3.62), To
3 (3.68) HEMEOJIEHHO CIIEMyeT (3.65). IlpuaaTo caurarh, YT0 UMEHHO A BXOIUT, HAIIPUMED, B H3BECTHYIO
dopmymy BKII nus TemmepaTypbl cBepXIpOBOAANIETO epexona [14].
st Toro, 9T0oOBI HAlTH 3aTyXaHne GOHOHOB, YITEM Teleph I MHUMYIO YaCTh TMOJIA-
pusannorHoro ofeparopa (3.60):
2 ||
¢“Imlly(wk) = —a{— (3.69)
]CUF
IMoacraBagas 1o BhIpaxenne B ypapHenne [lajicona maa ¢pomorHol dyukmun I'puna, B
KOTOPOM Teleph HYXKHO WCKATh pEIlleHne Jjid CIEKTpa B BUAe w = ck + iy, HETPYIHO

IIOJIYHYUTh:

T, T, c
=5 o 5 vo (3.70)

XoTd 3aTyXaHIe W OKa3bIBAETCHA MPOMOPIUOHAJBHBIM dacToTe, HaKTHIECKH OHO MAJIO
1o cpaBHeHUIO ¢ Rew 10 mapamerpy ¢/vp ~ v/m/M.

B o6pranmrerx KHUOKOCTAX U ra3aXx 3aTyXaHHe 3BYKa II0 IOpAIKY BEJIMYUHBI PABHO!:

nw?

o~ P (3.71)
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TIe 77 — BASKOCTD CPEIbl, a p — €€ IJIOTHOCTh. [loaToMy MOXKHO cKasarh, YTO B 3JI€KTPOH — (pOHOHHOM
CHUCTEME BCbeeKTI/IBHaH BA3SKOCTH 3JIEKTPOHHOTO Ta3a pacTeT C yMEHBUICHUEM YaCTOTBHI: 77((,«}) ~ w_l.
@I/ISI/I‘IGCKI/I7 60J'IL].I.[&H BCbeeKTI/IBHaH BA3KOCTE 30€Ch CBA3aHa C BBICOKON MJIOTHOCTBHIO JJIEKTPOH — OBI-
pouHBIX Bo30yKIeHnii ¢ sHeprueil w < ck, KoTopble Bo30yXKmatoTca hoHOHAMM.

B npenwinyiieit ryiaBe yKe 0TMeYaJIOCh, UTO MPH ¢ = 2pp MOJAPW3ANMOHHBIN omlepa-
Top My(¢0) mmeer morapudMnrueckyio 0cOBEHHOCT B TTPOU3BOMHOM ﬁgqﬂ“q:zpp DTa
0COBEHHOCTh cTAaHOBUTCA HoJlee 3aMeTHOM Iad AByMepHO# cuctembl d = 2 u, ocobeHHO,
B omHOMepHOM ciiydae d = 1, Korga uMeeTcd JorapudmMudeckas 0COOEHHOCTD B CAMOM

nosapusannorHoM oneparope Ig(¢0) (A.M.Adanacses, 10.M.Karan, 1962):
Io(q0) ~ Inlg — 2pr| (3.72)

Kauecrsennoe nosenenne Ily(¢0) mra pasandubix pasMepHocTeil mokasano Ha Puc. 3-8.
Hanuame Takux ocobeHHOCTEN MPUBOAUT K BaKHBIM CJEACTBHAM. B camMoM mese, CyTh
MpeabIayieil TUCKycCHn CBOIUTCA K TOMY, 9To ¢oHoHHad dbyHKNma ['puna, ¢ ygeTom
B3aMMONEHCTBUA C 2JIEKTPOHAME, UMEET BUI;

1 _ wi(q)

D(wq) = = 3.73
WD = BT g — o)~ 77— o0 - Py T

TaK 9TO CHEeKTp (POHOHOB MMEET BHI;
w*(q) = wi(@)[1 + g°Ho(wq)] (3.74)
Torma us Iy(g0) — —oo npu ¢ = 2pp (g caydas d = 1) gcHo, 910 dacrora ¢do-
HOHa ¢ ¢ = 2pp cranoBuTca Muumoll (w? < 0), npu moboM (maxke CKOJIb — YromHO

MaJIOM) 3HAYEHHN KOHCTAHTHI B3aMMOAEHCTBHA g. DTo O3HAYAET Heycmoltnusocmsy CH-
CTEMBI, IPUBOALAIILYTO K BOSHUKHOBEHHIO CIIOHTAHHOI (KOHETHOM) cTaTndecKoil medopma-
n (CBEPXCTPYKTYPHI) ¢ BOJIHOBBIM BeKTOpoM ) = 2pp (T.e. ¢ mepuomom L = %T) D10
Tak HasbiBaeMad naflepacosckas HEYCTORIMBOCTD, K AETAJHHOMY PACCMOTPEHHUIO KOTO-
poif MBI eme BepHeMmcd B nocsenuedt riuase’. daxe miaa d = 3, Korga oco6eHHOCTD €CTh
TOJIBKO Y TPOM3BOIHON TOJIAPUBAIUOHHOTO OTEpaTopa, BCe PABHO BO3ZHHKAET aHOMa-
sus dbonorHoro cekTpa npn ¢ = 2pp (W.Kohn, 1959) (rak HaswiBaeMasa “KoHOBCKas”
aHoMasnd, g1d d = 1 mHOTHA TOBOPAT O “rMraHTCKOR” KOHOBCKON anomasnn). Takue
aHoMaJnu JeficTBuTeIbHO HabIIoAAI0TCd B GOHOHHBIX CIIEKTPAX METAJJIOB B 9KCIEpPH-
MEeHTaX Mo HEeYTPYTOMY paccesHuio HeHTPOHOB.

Ho cux mop, MBI BCerfa UMeJd B BUIY CHUTYAIHIO C U30OTPOIMHBIM 3JIEKTPOHHBIM

CeKTpoM THIa £(p) = 5% B Toxe Bpemsi, B peaJIbHBIX MaTepHaJax, 3JEeKTPOHHBII
CIIEKTDP MOXKeT OBITH aHH30TPOIHBIM, a COOTBETCTBYIomue HosepxHocTn Pepmu He 06-
3aTe/IbHO ABAATCH chepavu (d = 3) wam okpyxHocTaAME (d = 2). HacTo OHI NMEIOT
JIOBOJIBHO cJI0XKHYyIo dopMy. B wacTHocTH, Ha moBepxHocTH ®epMH MOIYT BO3HHKATH
naockue ydactku. Hanpumep, 11g d = 2 1 KBaapaTHOH pelleTKH, B IPpUG/TMKEHIH CHIhb-

HOJl CBA3M MMeeM CIIEKTD BHIA:
g(p) — pt = —2t(cos pya + cos pya) — p (3.75)

rae { — HHTErpaJi MepPeHoca, KOTOPHI CANTAeTCA OTJINIHBIM OT HYJIA TOJIBKO /14 OJTIIK afi-
nmx coceneii. sosHepreTnyeckie MOBEpXHOCTH B 30He BpmisiosHa, cOOTBETCTBYIOINITE
TAKOMY CIEKTDPY TDH PasJNYHBIX 3HAUEHHAX XUMIOTEHNNa a ( (KOHIEHTPAIWN 3JIeK-
TPOHOB), MoKasaubl Ha Puc. 3-9. B wactHoctn, mia p = 0 (moaysamosiHEHHAA 30HA,

3llna d = 1 Takad HeycTOWIHBOCTEL MPHBOINT K 06Pa30BAHMIO WIEIH B SHEPLeTHIECKOM CIIEKTDEe
3JI€KTPOHOB HpU £pp, T.€. K MEPEXOLY METAIIHIECKON IETIOYKN B TU3JIEKTPUIECKOE COCTOAHIE.
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o

3 d=2 =1

AT1400) A-T1{q0) 4T1{0)

v

20 g 2P g 2P,

Puc. 3-8 KauecTeeHHoe nopefeHMe CTaTUHeCKOro NonApmU3auMoHHOro onepaTtopa (B 3aBn-
CUMOCTKN OT q) rasa CBO60,D,HbIX SNEKTPOHOB ONA pa3JZINyHbIX paSMepHOCTeVI npocTpaHCTBA.
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Puec. 3-9 VISOSHepFeTI/I‘-IECKVIe NOBEPXHOCTW, COOTBETCTBYHOLLNE I'IpOCTOI7I MOoAenn cnekTpa
CNNBbHOW CBA3W ANA KBa,D,paTHOVI peweTKn.

OZINH 5JIEKTPOH Ha aToM), MoBepXHOCTH PepMn nMeeT Buj KBaapaTa. [JocTaTodHO mpo-

cTOli pacder moKasbIBaeT, 4T0 B 3ToM ciydae Ig(q0) mmeer mpn q — (E, E) ocobeH-
a a

HOCTh “omromepHore” THia: Ig(q0) ~ In|q — Q|, Tme Q = (g, g), YTO OMATH MPUBOIUAT
K “rmraHTcKoii” KOHOBCKOW aHOMaJnu (GOHOHHOTO CIEKTpa W CTPYKTYPHOMY MEpexomy
mafiepsicoBcKoro Tuna (yIBOESHNIO TEPNOna PENIETKHN).

B 6Gostee obmieit cuTyammm, Oasd BOSHHKHOBEHHA MMOJOOHBIX “THTAHTCKUX aHOMAa-
auit TpebyeTcs crenmasbHOe CBOMCTBO MoBepxHOCTH PepMu, mMeHyeMoe “HecTHHIOM
(nesting). Dro cBOWCTBO 03HAYAET, UTO ONpPEIEEHHBIE yIacTKN HoBepxHOocTH Pepmu Ha-
KJIaJBIBAIOTCA APYT Ha ApyTa (KOHTPY?HTHBI) IPH CABUTE Ha ONpede/eHHBIH BekTop Q
(BekTOp HecTHHTA). B mpuBemeHHOM BHIlIE pHMepe Q = (g, g), HO BO3MOXKHBI U GoJtee
obume caydaun. Maremarudecku TpebyeTcsd TOJBKO BHITIOJHEHHE CAEAYIONIETO YCIOBUA
Ha CIEKTP 5JEeKTPOHOB:

ep+Q)—p=—c(p)+pu (3.76)
YTO W Ha3bIBAIOT yCJOBHEM HeCTWHTa. Buanmm, HampuMep, 4to cnekTp (3.75) yaoBaeTso-
paAeT sToMy ycaoBuio g 4 = 0 (mosysanonHenHas 30Ha) 1 Q = (g, g) AHasoruIHBIM

0bpasoM, 5TOMY YCJIOBUIO yIOBJIETBOPAET CIIEKTP IPUO/IMKEeHIA CHIIbHOM cBa3n mid 1K
pemerkn (d = 3), ananoruansrii (3.75):

e(p) — p = —2t(cospya + cospya + cosp,a) — i (3.77)

mpu = 0um Q = (g, = g) [MosepxrOCcTh PepMu B 3TOM ciydae 0bIamIaeT CBORCTBOM

HECTHUHTa, XOTA U HE MMeeT IJIOCKHX y4aCTKOB.

Bo Bcex caydadx ¢ HECTWHTOM, BBIUWCJIEHNE MOJIAPU3AIMOHHOTO OMepaTopa MpUBO-
JUT K TOABJIEHWIO PACXOIUMOCTH TIpH q = (Q W, COOTBETCTBEHHO, K TMOABJIEHUIO TUTAHT-
cKOli KOHOBCKOH aHOMaJuu (HOHOHHOTO CIHEKTPA W COOTBETCTBYMIOIIE(l HeycToiiYnBOCTH
pemieTkn (CTPYKTYPHOMY $HasoBOMY MEPEXOAY ¢ BOSHUKHOBEHHEM CBEPXCTPYKTYDHI C
BOJTHOBBIM BEKTOpOM Q.)
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Il1asMenHast MOOeJIb MeTaJlJia.

PaccmoTpum mpocTeiiinyio “mocsiemoBaTe bHYI0” MOIE b MeTa IIa U 3JeKTpoH — (pOHOH-
Horo B3aumomeficrug [5; 14]. Hautem ¢ miasmbl, cocTodnieil U3 sJ€KTPOHOB U MOHOB ¢
HEe’KPaHUPOBAHHBIM KYJIOHOBCKHUM B3amMojeiicTBrueM. CoOCTBEHHBIMI MOJaMH KoJeba-
HUil B Takoil cucreMe sBAsAOTCA, HPAKTHIECKH, COOTBETCTBYONUINE ILJIa3MEHHBIE KOJIe-
OaHUs 3JeKTPOHOB U MOHOB. IloKaxeM Kak HOCJAenyOUMil 3JIeKTPOHHOR 3KpaHUpPOBKHU
TMO3BOJIAET BBECTH “OOBIYHBIE” (DOHOHBI M ONMUCATH BO3HUKAIOIIEE IPH 9TOM 3JIEKTPOH —
dononHOE B3auMmoeiicTBre. McXoqHbI 2/IEKTPOH — HOHHBI FraMUJILTOHUAH UMeeT BU;

1
H = Z Ekal‘:ak =+ Z Qq)\ (bakqu + 5) +
k qx

+ 3 skt (ki 1) +

kk/a
1
+ ot
—1—5 Z anp+qak_qakap (3.78)
rkq
rme Vq = 42—;32, a FJ — sHeprug 6/I0XOBCKOTO 3JIeKTPOHA, olpeesisdeMas ypaBHEHHEM
I penuarepa:

;_m + ) Veilr = Ry) + Un(x) ¢ ¥ (v) = Byt (v) (3.79)

rae Vei(r — R,,) — moTeHIMaI 971K TPOH — HOHHOTO B3anMoneiicTud, Uy (r) — xapTpu-
eBCKMii BKJIaJ, OT MEX3JIEKTPOHHOTO B3aumoeiicTud, {qy — “sarpaBodnble” 4acTOTHI
KosebaHuil MIa3Mbl HOHOB.

B mpocreiiteit modeau sceae, B KOTOpOil HOHBI CANTATCA OTHOPOIHOI GecCTpyKTY -
HOW cpenoil, nMeem:

Q2 = Amn(Ze)® (3.80)

rIe n — IJIOTHOCTh MOHOB, / — uX 3apdan, a M — ux macca. B Momesn xkeje 10 ecTh
eIMHCTBEHHAA (TPOIOJIBHALA) MO HOHHBIX kosrebanmit?.

Koncranra 3arpaBoqHoro »/1eKTpot — (hOHOHHOrO B3aMMONEHCTBIA (|, ONPEACId-
ercd Kak:

1/2

n
Jkkir = — W < k’|VZ»V€Z»|k > eqa, (q =k - k/) (3.82)
A

4B kpHcTa/Ie CYyIeCcTBYeT TPH BeTBH HOHHBIX KoJtebammit A = 1,2, 3. W3 HEX IBe molepedHble HMEIOT
3BYKOBOIl xapaKTep, a 3aTpaBovYHad HpoHoJjbHad BeTBb HMeeT XapaKTep ONTHYEeCKOTO IIJIa3MeHHOTO
Kosebanud. [Ipr 3T0M BBIMOIHAETCA IPABUIIO CYyMM:

2 amn(Ze)?
ZQCM == (3.81)
X
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e eqy — BEKTOp HOJIAPH3AIA 3aTPaBoIHLIX GoroHOB. HeTpyaHo mOHATH, 9TO B HpPO-
crelftreit MoziesIn TUTIA KeJie Ta 3aTpaBOYHasd KOHCTAHTA, TOUHEe gf{klk, UMeeT CHHTY-
JAPHOCTH “KYJIOHOBCKOTO  THIIA:

1
2
Ik ™ (k — k') (3.83)
Temeps Hy:XKHO HepeliTH K IEPEHOPMHUPOBAHHBLIM BEJIMYMHAM, C YIETOM 3KDaHUPOBKH,
yCTpaHsIoell TaKue CHHIYAsApHOCTH. a8 KyJIOHOBCKOI'O B3aUMOIEHCTBIA 3JIEK TPOHOB,
KaK MBI BHIAEJN BRI, MOXHO cpa3sy Hamucarhb RPA — Boipaxenme:

Ame?
Vw) = —— 3.84
(1) = 2 (3.51)
rie
4 2
ce(qw) =1— ;1'26 My (gw) (3.85)

— IU3JIEKTPUYIECKad MPOHUIAEMOCTh Ta3a CBODOTHBIX 3JIeKTpoHOB. COOTBETCTBYIOIIEE
IuarpaMMHOe TIpelcTaB/IeHne IpuBeneHo Ha Puc. 2-4(b). AnanoruaabiM obpasoM, Kak
»T0 moKazaHo Ha Puc. 3-10, MoxkHO ommcaTh W KpaHWUPOBAHUE 3JIEKTPOH — (DOHOHHOM
BEPUINHBI:

9(q, )
€. (qw)
a 4 ompenesieHus “mcTUHHOTO  (HOHOHHOIO CIEKTpa HammcaTh ypapHenme [lajicoma,
nokasanHoe Ha Puc. 3-11:

9(g, ) =g+ gV llo + gV, oV, Iy + .. = (3.86)

D™ g\ w) = Dy (gh,w) — ¢°lg(qw) — ¢*o(qw)V, g (qw) — ... =

2(q,N) 1
— Dy (gAw) - L) (— - 1) 3.87
0 ( ) Vq €e(qw) ( )
TIe
ng
Do(gd,w) = WM (3.88)
Torma us (3.85), (3.87) u (3.88) HeMenIeHHO MOJTydaeM:
QZ
D(gh,w) = a2 (3.89)

2 2
2 CUN go [ g2 s
Vaee(q0) 2 Vq
B 5TOM BhIpaxKeHHN MBI IPeHEOPENIH YacCTOTHON 3aBHCHUMOCTBIO €,(qw ), TOCKOJIBKY TpH
MaJIBIX W MOPAAKa (POHOHHBIX YaCTOT 3Ta 3aBHCHMOCTEH HECYIIECTBEHHA.

B mpocroit Monenn xkejte, Kak Jerko BumeTh 13 (3.80) u (3.82), BHIIOIHAETCSH paBEH-

CTBO:
9*(¢)
Vy

=1 (3.90)
B s1oMm cayqae (3.89) ympoutaerca mno:

2,
Dlghw)= —— 22 (3.91)

Q .
wz—T‘j;O)—l—zé
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Puc. 3-10 JkpaHnpoeka BepLuMHbl 31eKTPOH — (POHOHHOMO B3aUMOLENACTBUA.
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Puc. 3-11 VpasHenne [ancoHa ansa doHonHon dhyHkunn [puHa B 0bobwieHHon mogenn
xene.
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Puc. 3-12  3JddbekTusHoe B3anmonencTene sNeKTPOHOB B MeTane.

Ilosmoca  sToOTO BbIpaXKCHUA ONpeIJeJIAI0OT YaCcTOThlI NEPEHOPMHPOBAHHBIX (bOHOHOB

(D.Bohm, T.Staver, 1950):

QSA ~ QSA _ mZz 2 2 3 92

~ — = —Upq (3.92)

66((]0) 1_|_ kD 3M
72

W (qA) =

re yaan (2.28) u (2.29), rme IIOTHOCTB 2JIEKTPOHOB CJIEAYET B34Th paBHOW Zn (mid
obectiedenns sJieKTpoHefiTpasbHOCTN ). BHINM, 9T0 MepeHOpMUpPOBaHHBIE HOHOHBI B MO-
JleJH 3KeJle HMeloT aKyCTUHecK il 3aKOH IUCIePCHH CO CKOpOCTbIo 3ByKa ¢ = (FZ) 12 vp.
B a10M )Ke MoXHO yoemnThes i B Gomee obieM (deM MoIesTb Kesle) corydae, Koraa MoTeH-
mran Ve;(¢) oTmdaercsa oT 9NCTO KYJIOHOBCKOTO, MOCKOJIBKY PH MAJIBbIX ¢ U3 YCIOBHA
5JIeKTpoHeliTpasbHocTH caenyet, uto V;(q) Bce paBHo pasen mpocto Ze?/q?.

B paccmaTpuBaeMoii MOZeTH MOKHO €llle ONPeIenTh U MoTHOe (5hdeR TUBHOE ) MeXK-
2JIEKTPOHHOE B3aMMOJIeiicTBIe, KOTOPOe HyKHO, HAIIPAMED, I/ BHUUCJIEHNAA CBEPXITPO-
BOJAIINX CBOMCTB MeTAJLJIOB. DTO B3auMoeiicTBIe m300paXkaeTca AunarpaMMaMi, MOKa-
saHHbIME Ha Puc. 3-12 m pasHo:

dre? n gz(qA) ng
PPec(quw)  €(q0) w—w2(qA)

Vers(qw) = (3.93)

riie w?(gA) — cHeKTp nepeHOpMUPOBaHHBIX GOHOHOB, ciaemytomuii us (3.87):

W (gh) = 02 {1 - gzg/qj) (1 - 66(1(]0))} (3.94)

B momenn xese Vs (gw) cBommres K:
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4ge?
Verr(qw) = —— 3.95
eff( ) qZEeff(qw) ( )
roe €57 (qw) — noanaA TH>TEKTPHIECKasd IPOHUIAEMOCTS!
QZA
cerslgw) = colqw) — — (3.96)

B Gonee obuiem coaydae (deM Momesb Kese), MeK3JIeKTPOHHOE B3auMOAECICTBIE TaKKe
ceomuTed X Buny (3.95), Ho €.57(qw) uMeer BUI:

gz(fJ/\) Qg,\
2(gX
Vi wzooz 1o 2]

ceplqw) = ee(qw) — (3.97)

YesioBre yeToluMBOCTH peleTku cBoguTesd K Tpebosanuio w?(¢A) > 0, Tak uro us (3.94)

HonyqaeM:

9*(gA) 1 = ec(q0)
Vi eelq0)

U3 3tux $hopMys1 MOKHO ONPENESUTh, Koraa 2 deKTUBHOE B3aNMOAENCTBIE B MeTaJIIe
MOXET CTaTh RPUMALUSAIOWUM, B TACTHOCTH IJId ¢ ~ 2pF, 9TO HEOOXOAUMO 1d pop-
MUPOBaHUs CBEPXIPOBOAAIIEro cocToanud [14]. Pazymeercd, B peaabnbir MeTasIax Tpe-

6yeTCﬂ BBIXO/[ 3a paMKH HCIIOJIB30BABHICTOCA HAMM RPA
Brrpaxenne (3.94) nyiz GoOHOHHOTO CIIEKTpa MOXKHO 3allICaTh B GoJlee oflIeM BHIE KaK:

W2 (N = 92, {14 22 (e\)x(a,w(eN) } (3.99)

roe BBeIOcHA 0606]].[6HH&H BOCIPpHUMYHUBOCTH BHGKTPOHHOﬁ IIOOCUCTEMBI, CBA3aHHAaA C COOTBeTCTByIO].L[eﬁ
,Z[I/IBJ'IGKTPI/I‘{GCKOI‘/’I IIPOHHUITACMOCTBIO COOTHOUICHUEM

Xelqw) = : (ﬁ —1) (3.100)

T Vg \ee(qw)

1+

>0 (3.98)

W y9TeHa 3aBHCHMOCTH OT W, KOTOPOI BEIIIIE TTPEHEOPErasioch, 9T0 COOTBETCTBOBAIIO annabaTHIeCKOMY
TpUGIMKEHAIO IIA TIA3MEHHON MOoMes T MeTaJlla. PacdeT MoNpaBoK Ha neaduabamuunocmy CaemyeT
OCYIIECTBJIATH I[yTEM PEUIEHHA TpaHCIEHIeHTHoro ypasHennd (3.99). Herpynao y6enmrbea, ato ms-3a
MaJIOCTH CKOPOCTH HOHOB, II0 CPaBHEHHIO ¢ (pepMHMEBCKOH CKOPOCTBIO, yI€T 3aBHCHMOCTH Xc(gw) oT
FACTOTHI MPUBEET K W3MEHEeHMo POHOHHBIX TACTOT HA MAJIYT0 BETUTHHY ~ 4/ 3r.

Orcioma fAcHO, 9To “cMArdeHme”’ 9acToOT peaJbHBIX (POHOHOB M HEYCTOHYMBOCTH PEUIETKH MOIKHO
CBA3ATH C W3MeHeHneM 3 () dEK THBHOTO MEKHOHHOTO B3anMoNeicTBIA, 00y CJTOBJICHHBIM, B CBOIO O9EPETh,
M3MEHEHUEM CTATHIECKON TI3JIeK TPIYeCK Ol TPOHUIIAEMOCTH 3JI€K TPOHOB. TakoBa, HAITpAMED, CHTY AITAA
B ONHOMEDHBIX M KBa3HOINHOMEDHBIX METa//IMIECKHX CHCTEMaX (a TakKe B yCJIOBHAX HECTHHTa IpPH
d = 2,3), the, KaK y&Ke OTMeYaJIoCh BBIIE, MOJIAPH3AlIOHHBII OepaTop, a ¢ HAM X €c(qw) mpr T = 0
WMEOT JIOTapHPMIIECKYI0 0COGEHHOCTD U o0pamaeTcd B 6eCKOHEIHOCTD TIpH ¢ = 2pp. B aToM cirydae
donornaz gacTora m dpypbe — KOMIIOHEHTA 3¢ PEKTHBHOTO MEKHUOHHOTO B3anMonelicTBud Ipw ¢ = 2p g
obpamaroTca B HyJTb.

DoHOHBI 1 (PIIYKTYyaITUMN.

Paccmorpum, cieys [3], KOppeaduoHHyIo (hYHKIUIO ATOMHBIX CMEIIeHWIA:

Cr(r) = Z < ua(r)ug(0) > (3.101)
af
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U M3YUNM €€ acCHMITOTHKY Ha GOJIBIINX PACCTOAHUAX i — 00. Benmunny (3.101) MoxHO
BBIPA3UTH YEpPE3 COOTBETCTBYIONIYIO MarybapoBckyio dyakmuio I'puaa dounomos. [pu
5TOM HYKHO y4ecTh, 4To cTaHIapTHad doHonHad dbyukima ['puna [1] onpenenger, dbak-
TUIECKH, KOPPETATOP 2paduenmos CMEINIEHnii, 9T0 obeclednBaeT yAOOHYIO 3aINCh Ta-
MUJIBTOHWAHA 3JEKTPOH — GOHOHHOTO B3aumMonelicteuga. Pyuknua ['puHa aTOMHBIX cMe-
menuii mosyuaeTca geseHueM »Toit GyHkunm Ipuna Ha BenmuuHy pwi (rae p — mioT-
HOCTB CILJIONIHOM CpeJibl, colocTaBsgeMoil KpucTasty) u cMenoil snaka®. Torna nmeem:

ddk cikr
Z et (3.102)

rae wy — cuekTp doroHoB. CyMMHupoBaHUe MO (YETHBIM) MalybapoBCKUM 9acTOTaM B
(3.102) BBIOJHAETCA C IHOMOIIBIO COOTHOIIEHU

oQ

1 T
mj_oo m = ECthﬂ'a (3103)
B pe3yJabTaTe MoJydacM:
1 d%k 1 Wi ik
= — th !XT .104
Cr(r) =57 / m)dw, 2T (3.104)

Orcioa MOXKHO [0 OTAEIBHOCTH BBIIEIHTH BKJIAIBI TEMIOBBIX I KBAHTOBBIX (HY/IEBHIX)
(T'=0) baykryannii (Kosebannii) ¢ MOMOMBIO GOPMYJIBI:

1 1

Seth— = = 3.105

pethor = g tnel) (3.105)
roe np(w) = 2 — — ¢ynkuma Bose. Ouesmano, ato ng — 0 npu T — 0, Tak 9T0

eT —1
COOTBeTCTByIOH_[I/Iﬁ BKJIa[ olIpedeJideT TEIIJIOBBIC d)HyKTyaL[I/II/I6 .
I/IT&K, BBININIIEM JdBa BKJIada B NCKOMBIIL KOppeadTop:

d ekr
Co(r) = Creo(r) = % / (;ZF’)“ — (3.106)
AC(r,T) = 1/(;;?; %:’“)eikf (3.107)

Hac muTepecyer moBenmenne stux yukmmit mpu r — oo. Iostomy B AC(r,T) mator
BKJIaJ, TOJBKO CaMble MaJibie k ~ %, takue 4To wi & T. Ilostomy 6osze — dyHKIIIO
MOJKHO alPOKCHMAPOBATh Kak np(wy) & wT—k 7 3alHcaTh:

dj, kv
AC(r,T) = T/(;lﬂ_]; w% (3.108)

ScHo, uTo 3Ta dopMyna ABIAETCA MPOCTHIM CJAEICTBHEM 3aKOHA DABHOPACTIPENETeHN S
[11] kaccuyeckolt cTaTHCTURY.

5B s1oMm merpynHo yGemnrhea, cpasuubasd dopmystst (7.9), (7.10) u (7.13) B xuure [1]

63ameTuM 4TO, BCe 3TH DOPMYJIBI MOMKHO BBIBECTH U He HCIOJNbL3yd MalybapoBckue byHKITHN
I'puna, a mpocTo ycpenH#As BTOPUYHO — KBAHTOBAHHBIE OMEpATOpHBI CMemleHuit ¢ rub6GcoBckoil Marpu-
el IJIOTHOCTH.
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Tabnuua 3.1 AcumntoTnka (r — 00) KOPPENALMOHHOR OYHKLNM KBAHTOBbLIX N TEMAOBbIX
hYKTYauUnin aTOMHbBIX CMELLEHWA ONA pPasfinyHbIX pa3sMepHOCTEN MPOCTPaHCTBa.

d | Co(r) | ACT(r)
3] ~ % ~T
2] ~1 [~Thht
1| ~InLZ | ~7TL

HanbHelinmme pacaeThl MpoBeIeM IJId pa3TAYHBIX pasMepHocTeil mpocTpaHcTBa. CHa-
gasa pacemorpum Co(r).
g d = 3 umeem:

3 47 © dkk? sin kr 1
)= e [

= A
(2m)3p ck  kr 472 per? (3.109)

s d = 2:

C(z)(r):L/ZWﬁ/OO dpeikreoss _ L /Oo dkJo(kr) = 1 (3.110)
0 dmwpc Jo 27 J, dmpc J, 4mper

rae Jo(r) — coorBercrRyfomada dbynkuna Beccens.
Hakonen mia d = 1 nmeem:

1 < dk 1 < dk 1 L
C§H(r) = / — etk = —/ — coskr = In — (3.111)
drpe J_ oo |k 2ape Jo  k 2apc?

Mpu BerAMCIEHNH TTocaenHero (PopManbHO pacxoadlerocs!) mHTerpata 6610 TPOU3Be-
JIeHO obpesanne jJorapudMUIECKol pacXoguMOCTH Ha BEpXHEM Ipeaese npu k ~ % (mpm
GoNBIINX k& OCHMAIATIMN TacAT ApYT apyral), a Ha HIZKHEM TpH k ~ % (L — pasmep
CHCTEMBI).

PaccMoTpuM Tenephb TEIIOBbIE (DJIYKTYAIMH.

g d = 3 umeem:

T «© dk T
ACH () = / = sinkr = 112
Cp(r) 2x2per fo  k SHLET Amper (3 )
s d = 2:
T 27 [e%) dk )
A (2) — 7/ da/ G ikrcosd 11
C1T (7“) (271')2p62 0 0 k‘ € (3 3)

DTOT WHTErpas TaKk¥kKe PACXOMUTCA W ero HYKHO 0b6pe3aTh, aHAJOTHIHO TOMY, KaK 9TO
nenanock npn pacdere C1(r). B nurore nomydanm:

ACSI(r) = L (3.114)

C 2@per T r

s d = 1, aHaJJOTHIHBIM 06pa3oM:

T  dk
AC(Tl)(r) = w/o 77 o8 kr = ConstL (3.115)
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B aTOM coiyuae mHTETpaJI MpH MaJIbIX k& pacXoAMTCs CTENEHHBIM 00pa3oM U OlpeieIeHre
koaddunmenTa B obmemM BHIe HEBOSMOKHO — B 9aCTHOCTH OH 3aBHCHUT OT I'PaHMYIHBIX
YCJIOBHil, a TaK¥kKe OT TOTro, KaK TOYKH CPe/lbl, B KOTOPBIX N3MepSATCA CMEIIEHNs, pac-
MOJIOKEHBI TI0 OTHOINEHHIO K TPAHHUIIAM.

N Torn HammMX BHIMHACIEHHI CBEJIEHBI B TPHBeAeHHOI BhIe Tabmuie. 9T pesyabTaTh!
[O3BOJIAIOT M3YYNTE BOIPOC O PaspylIeHUN NaJbHero (B TaHHOM cJIydae KpPHCTaJLIHde-
cKoro!) maapHero MopsAaKa KBAHTOBBIME 1 TEIIOBBIMEI (IIyKTyatuaAMy (KoIeOaHnAMHE).
B camom mese, msd »TOro, Kak pas, JIOCTATOYHO paccMOTpeTh acuMmmroruku C(r) npn
r — oo. Ecou npn stoMm C(r) — 0, To magbHuil TOpAIOK (KpUCTALIHIECKasd PENIETKA )
dbayKTyannaME He paspyliacTcd — Jake 3HaunTeNbHoe oTKJoHeHHe 4(0) oT cpenHero
3HaYeHNs He MPUBOAUT K cuiabHoMY maMenernnto u(r). Ho ecnu C(r) — oo, 10 3T0 03Ha-
YaeT, 9YTO JaJbHWI MopAnoK ncuesaeT. Takad cHTyald MMeeT MecTO JJisi KBaHTOBBIX
dayxryanuit npu d = 1, a g5 remwiopeix — upu d = 1, 2!



I'naBa 4

IJIEKTPOHDBI B HEVYIIOPA 10-
HYHEHHDBIX CUCTEMAX

HuarpamMMHasi TeXHHUKAa MOJis paccessHUs HA
“npumecsax”’.

Pacemotpum saekTpoH, ABMKYIHICA B MPOCTpaHCTBE B TOJIe, cozmaBaeMoM N paccen-
BaTe aAME (“TIpuMecAMn” ), KOTOPbIe PACIOIOKEHBI CIyIallHbIM 06pa3soM (XaoTHIEeCKN)
¢ durcupoBaHHON MIOTHOCTBIO (KOHIEHTpammei) p = J‘\;’, rae V. — obbeM CHCTEMBI.
Cymmapueiii morenruan (coydaiinoe mosel), cosmaBaeMbiil TpUMeECAMN eCTh:

z

V(r)=> v -R;) (4.1)

ji=1

rme v(r — R;) — moTeHIWA OTIENBHOTO PaccenBaTe s, PACIOIOKEHHOTO B (Cc/Iydaitnof!)
Touke R;. ABGcomfoTHo caydaiiioe pacupenesnenne paccenpaTesiefl B mpocTpaHCcTBe COOT-
BETCTBYET WX (DYHKIMH PACIpele/eHnd BUIA:

PiR;} =V~ (4.2)

Ilna samannoll KoHUrypanun paccemBaresieit dynknna ['puHa 37€KTpOHA YIOBJIETBO-
pAeT ypaBHEHUIO:

s gt S e - Ry) b GOt {R,)) = 6 — 2)6(0) (4.3)

ji=1
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1 3aBNCUT GYHKIMOHAIBHO 0T Beex R;. OBBIUHO, B TeopnN HeyHOPAZOIEHHBIX CHCTEM

npennonaraercd [15], aro dusndeckne BeIMINHBL (H3MepAeMble Ha 9KCIEPUMEHTE ) OTIpe-

IeNdI0TCA KaK CpPegHue 10 aHCcaMbJIII0 06pasIoB cO BCEMH BOSMOXKHBIME MTOJIOKEHUAMMI
€ 99

“npumeceii” (ycpentenmne mo npumecam). Takum o6pasoM, HAC HHTEPECYIOT, MPEKIE
BCETO, ycpenHeHHad (pyHKIWMA |'puHa, KOTOpad ONpene aeTcd KakK:

N
Gr—1',t) =< G(rr't) >= % / / H dR;G(rr't{R;}) (4.4)

CunTad moTeHIMAJ paccemBaTeseil cabbIM, MOXKHO PasBUTh TEOPHIO BO3MYIICHMI, 3a-
nucaB BTOPUYHO — KBAHTOBAHHBI raMHJIbTOHMAH B3auMOJeficTBHA 5J1eKTpOHA ¢ IOJIeM
(4.1) kak:

Hint :/dm/ﬁ"(r)V(r)d)(r) (4.5)

Takas Teopusa BosMylueHuft (mo “Brenrnemy” mostio [1]) odens mpocra. CooTBeTcTBY-
o pan Teopun BosmyiueHuii qua dynkmum [puna (4.3) uMeeT XOpONIO M3BECTHBIN
BT

G(1,1) = Go(l,l’)—|—/d2G0(1,2)V(2)G0(2,1)—|—
+/@@%@®w®%@@wm%@mmm. (4.6)

roe 1 = (r,t), I/ = (v',t') m 1. n. Tpadudeckn 270 pasioxeHne NPEICTABIACTC THA-
rpaMMaMi, ToKasanueiMu Ha Puc. 4-1. Ho Hac unTepecyet yepennennada yukmna ['pura
< G(rr't) >, oupenenennasa B (4.4). CooTBeTCTBEHHO, Mpn ycpenHennn paga (4.6) mo
(4.2), BOBHUKAIOT CpETHNE BHIA

<V@)>  <VERVE) > < VERVEVA)>,.. (4.7)

Hisa cnydaitHo pacmosIoReHHBIX mpuMeceit (caydgaiinoro monga (4.1) n pacmpenenenusa
(4.2)) Bce »TH cpeldHMe MOKHO paccIWTaTh B obmieM Buie. JIad »Toro, Mpekae BCero,
BBeZleM dypbe — MPeaCcTaBIEHUE!

V() =33 u(p)e PR (48)
P

rae v(p) — dypbe — 06pas MoTeHIMaNa OTAEIBHOTO paccenBarend, v(—p) = v™(p). Hua
IPOCTOTHI 6YIEM CYUTATh, B GOJBIIMHCTBE CJIYYaeh, 9TOT NOTEHINAJI TOYEUHBIM, TaK 9TO
v(p) = v = const. D10 orpaHUUEHNEe COBEPIIEHHO HEMPUHININAIBHO.

C yuerom (4.8), samada BEIYHCAEHUA CpETHUX THIA (4.7) CBOAUTCA K BBITHCIEHHUIO
BEJIMYNH THUIIA:

M;(p1,p2, .-, Ps) =< p(P1)p(P2).-.p(Ps) >= <ZZ ZGXP(—iZPlej)> (4.9)

Pesynbrar ycpentenns ¢ (4.2) o4eBUIAHBIM 06pa30M CBOANTCA K 3aMeHe KakIoH U3 cyMM
110 TOJIOKEHUAM TTpuUMecell MHTErpaJsioM Mo BCEMY NMPOCTPAHCTBY, YMHOXKEHHBIM Ha KOH-

LeHTpaluio HpuMeceii p:
Z...Hp/de... (4.10)
l
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v Voy
I I I
I | I

G —— + o+ L .
o112 1 1 2 31

Puc. 4-1 Paccesitne anekTpoHa Ha noTeHumane, cosnaBaemom hUKCUPOBAHHON KOHUTY-
paunen paccenBaTenen.
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Iocoenytomye BHIYUCICHUA JOCTATOYHO HPOCThI, HAIO TOJBKO aKKypaTHO BBLIEJIUTD
crenuaJsibHbIe CIydYad, KOTAa MPOUCXOJUT COBIAIeHHEe WHISKCOB CyMMHUDOBaHWA (TIpH-
Meceit) B (4.9). lIpamoit cuer maer:

l

Mi(p) = <Zexp(—ipR1)> /dRe_ZpR (27)°pd(p) (4.11)

M>(p1,p2) <Z exp[—i(p1 + p2)Ri] + Y _ exp[—(p1Rs + Psz)]>
1 I#m

= (27)%pb(p1 + p2) + p*[(27)°6(p1)(27)°8(p2) — (27)°8(p1 + p2)]
= p*(2m)°8(p1)8(p2) + (27)°(p — p*)8(P1 + P2)
=< p(P1) >e< p(p2) >c + < p(P1)p(p2) > (4.12)

I7Ie BBEJIH, TI0 ONMPEIeIeHII0, KYMYAAHMbL < ... >, 1. AHATOrHIHBIM 06Pa30M MOy daeM:

Ms(p1,p2,P3) =< p(P1) >c< p(P2) >c< p(P3) >c + < p(P1) >.< p(P2)p(P3) > +
+ < p(p2) >c< p(P1)p(P3) >c + < p(P3) >c< p(P1)p(P2) >c + < p(P1)p(P2)p(P3) >

(4.14)

B urore, mocsie ycpennenna passioxenns (4.6) BOSHHKAIOT CJIEIYIONINE 57T€MEHTB HOBOTO
(YyCpPEIHEHHOTO) pAda TEOPUH BOSMYIIEHMH:

v < p(p1) >e= (27)°pvé(p1)  (a) (4.15)

v < p(p1)p(p2) >.= (27)°(p — p*)v*é(p1 +p2) (D) (4.16)
02 < pP1)p(P2)p(P3) >e= (27)°0%(p = 3p* + 20°)6(P1+ P2+ P3) () (417

)
vt < p(p1)p(p2)p(Ps)p(pa) >c= (2m)°v* (p—Tp" +12p° —6p*)6(P1+P2+P3+P4) " 58;

KOTOPBIM COMOCTABIAIOTCA ANArpaMMbl, HoKasaHHble Ha Puc. 4-2 (a-d). Kymyaantsr 60-
Jlee BBICOKUX TIOPAIKOB UMEIOT elile HoJiee TPOMO3IKHIT BHU/I.

OnuosiexktpoHHasg pyHKINA ['puna.

Uror mpenbimyiieli OUCKYCCUH CBOAUTCA K TOMY, UTO AUATPAMMHOE DPas3IokeHue s
OITHO3JIeK TPOHHOR dyHKIHu ['puHa, yepemHennol mo caydafinbiM KOHGUTYpAITHAM pac-
cenBatesieli (mpuMeceit), mpencrapisgerca B Bue, HokasanHoM Ha Puc. 4-3. MIHoTImA roBo-
PAT, ITO JIMHUHU B3aNMOACHCTBHA ¢ TPUMECIME COOUPAIOTCA B “MydIKn” , OO beaANHAEMBIE
“kpecramu” (“kpecroBaa” amarpammvuada Texuuka (S.F.Edwards, 1958)).

1@0pMaJ’ILHOe COOTHOIIEHWE MEXAY CPeOIHMMHU MOMEHTAMH U KYMYJIAHTAMHA JAacTCAd PABEHCTBOM:

<exp2ajp(pj)> = exp <exp [Z ajp(pj)] - 1> (4.13)
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X S
I X~ // I \\
P A e /b 1P2 Np3
(a) (b) (c)
///7(\\\\\
¢ N (d)

/p /p \p NP
1 2 4
v / \3 N

y2

Puc. 4-2 Tpaduku, conocrtapnsiemblie pasfinyHblM KYMYMsiHTaM B YCPEOHEHHOM psine
Teopumn BO3MYLLEHUNA.
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H~ ¥~ K~
/~ ™ /~ ™\ /*(7\\ ™
Lty L 5 1y 4+ Ly lyl iy 4
%\
// \\ /)F\

Puc. 4-3 [NunarpammHoe pasfioxeHue ycpeaHeHHon chyHkumm [pruHa cnydainHom none
obuiero smaa.
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Mpu masoii kKounenTparun (p — 0) paccenBateneii (nIpumeceii) Mbl MOXKEM OIpaHH-
YUTHCA 37eCh YeHaMW JUHeiHbIME 1o p. Torma, ¢ yueToM TIpeamosaraeMoii MaJlocTh
notennnana (v — 0), MOXKHO OrpaHHINTHCA TOTBKO BRIagamu ot (4.15), (4.16), miu, co-
OTBETCTBEHHO, TpadbuKaMi A/Id KyMyIAHTOB (B3anMozelicTBuii), mokasanHbIME Ha Puc.
4-2 (a,b). Hpu s1om BrJIam or (4.15) TpuBHAIEeH U CBOAUTCA K KOHCTAHTE, MPUBOAAINIEH
K CIBUTY HadaJia OTCYeTa SHEPTUN 3JIEKTPOHA HA BEJMUMHY pv (MM K COOTBETCTBYIO-
mell nepeHopMUpoBKe xuMnoTennuasa)?. Bropoit e kymynant (Puc. 4-2 (b)) ceomurca
npu >1om k (27)3pv?8(p1 + p2). Torna pasnoxkenue s ycpennentoit dynkuun [puna
CBOONTCA K CyMMe TpadhMKOB, IOKa3aHHBIX Ha Puc. 4-4. 9ToMy cJiIydalo COOTBETCTBYET
npocTeituiasg Paxmopusayus Koppeaaropos ciaydaiinoro nong (4.7) “mo Buxy”:

<V(V(2) >#0

<V()>=0 < V(OV(2)V(3) >=0

— 1 T. 0. JJId BCeX HECUCTHBIX CTeHeHeﬁ,

VIV )V (B)V(4) >=< V()V(2) >< VBIV(4) > + < V()V(4) >< V(2)V(3) >
— 1 T. II. JJId BCEX YETHBIX CTEIICHCU.

(4.19)

YTO, ¢ TOYKH 3pEHUA MAaTEMAaTUKN, OIIPEACTaACT 2aYCCo60 CHy‘IaﬁHOG HO.HGS.

B paccmarpuBaemoii 3amade “ABYXTOUYEUHBIH KOPPETATOP CJydailHOrO mMoJid B KO-
OPIMHATHOM IPOCTPAHCTBE UMEET BUI:

ddpz
(2m)?

_ 2 ddpl iPL(ri-T2) _ 26
=pv W@ = pv°é(r; — ra) (4.20)

ePr26(py + po) =

< V(r)V(ry) >= (27)3pv? / (2:)13 eiplrl/

[TosToMy OBBIMHO TOBOPAT, 9TO 37ECh paccMaTpUBaeMad 3alada CBOAUTCA K M3YIEHUIO
IBUKEHUA 3JIEKTPOHA B TayCCOBOM CJYYAHOM TOJIE ¢ KOPPETATOPOM THIA “Heraoro
mryma’ .

Paznmoxenne Puc. 4-3 MoXkHO 3anmmcaTh B Bulle ypabHeHna [laiicona:

G(1,1) = Go(l,l’)—i—/d2d3G0(1,2)E(2,3)G(3,1) (4.21)

WM, B UMITYJTbCHOM TIpeicTaBIeHnn (MaiybapoBckad TexHuka)?:

G(pen) = Go(pen) + Go(pen) Z(pen )G(pen) (4.22)

rae cOBCTBEHHO — 9HepreTndeckasa dacTh L(1, 2) npeacraBagercs rpadpukamu, TOKa3aH-
seiMU Ha Puc. 4-5. PaccmoTpum BRJTam mepBoii aumarpaMMbel Ha Puc. 4-5, cooTBeTCTBYIO-

?Tlo»ToMy, MOKHO TPOCTO CAUTATH, UT0 B (4.7) < V(2) >= 0 M 0oTCINTHIBATEL HEPTHIO OT CPEIHETO
YPOBHA ciIydaifHoro mosd. B caMoM mdese, oTpaHHYHBAACH AAA COBCTBEHHO — >HEPTeTHHecKoil TacTm
3/IEKTPOHA BKJIAIOM OHarpaMMer Puc. 4-2 (a) mmeem X = pv(0) = p f drv(r) m, coorBercTBeHHO, GYHK-

o ['pura: G(enp) = y, ITO U JOKaSHIBaET CHE/IAHHOe yTIBEPKICHNE.

1
a ten —&(p)—pv(0
MoKHO moKa3aTh, 9T0 3TOT K€ pe3y/IbTaT BO3SHHKAET U3 BCETO pAda TeOPHUH BOSMYINeHHIIt B IIpeme.Ie
p — 00, v2 — 0, HO pv2 — const!
4Vepennennas dbynkmusa ['puHa < G(rr'en) >= G(r — r'ey) 3aBucur TosbKO OT |v — v/| — ycpennenue

“BoccTaHABJINBAET TPAHC/IAIMAOHHY IO HTHBAPUAHTHOCTE CHUCTEMBI.
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o EN
/ \
> = > + >l +
RN PN Py P alN
/ \ / N\ / /7 \ \

Puc. 4-4 [wnarpammuoe pasnoxeHue ycpenHeHHod dyHkunn [ puHa B rayccoBom cnydHanHom
none.
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q/ ~d Y- e K~
/ X N qV)Fq\q'lqz p *7\\ N
B I + + Ly Ly iy
P pg p p-q,P-g:d,
/""X“\
e ~
// 2 \\ PAARN
e N AN AR
+ —fb(—b—Lb—l— + _L,_/_,A_;.L +

Puc. 4-5 [uarpammbl 4ns cobcTBEHHO — SHEPreTUHECKON 4acTM SEKTPOHa B CNYyHalHOM
none.
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melt, Kak MBI ceff9ac yBUANM, IIepBOMY GOPHOBCKOMY IPUO/IMKEHUIO A pacCedHnsd Ha
npumecax (1BA) (v(—p) = v*(p)):

S ep) = p 3 ) g =0 3 =)
n D’

q

9 1
| Py &) (4.23)

e, Kak Beerna, £(p) = &, — p = vr(|p| — pr)-

B tunumananix metamanax EFp ~ TeV ~ 80000K uw B 6OJIBIIKHCTBE CIyIaeB HAC WHTE-
pecyioT aJiekTponbl BOm3u yposHa Pepmu Ep & pu. Hampumep, mna T < 800K mmeem
EL < 1072, Taxum obpasom, mam mamo sHath LP4(e,p) mpn |p| ~ pr u° |ie, —
e+isign(e,)8| < Ep. KpoMe Toro, n3 MpoBEJEHHOTO BHIIIE PACCMOTPEHN 9KPAHNPOBKH
KYJOHOBCKOTO B3aUMOIEHCTBISA 3JIEKTPOHOB ACHO, ITO COBEPUIEHHO AHAJOTHIHBIM 0Opa-
30M 9KpaHUPYeTCd W MOTEHIHAJ] HPUMecH, Tak 4uTo, dbakTudecku, v(p — p’) ABAAeTCA
JOCTATOYHO IJIABHO MeHgdonelica dyuknueli va unrepsase 0 < |p — p’| < 2pp.

C y4eToM COCJIaHHBIX 3aMeYaHuii u IIpoBEACM IMMOCJICOYIOIINE BBIYUCJICHNA. Nnmeem:

1
1BA » — —p?
Y5 (p, e+ isign(e, )d) = P%; lo(p — )| e — (D)) + isign(en)d

_ N2 5_€(p/) .. /
= p%; [v(p — p)| {(E )+ — isign(en)mé(e — E(p ))} (4.24)

Mockonbky |v(p — p’)|? MengeTca mocTaTouHO MeIIEHHO U Hac WHTepecytoT e —E(p')| <
Ep ~ i, MBI IMeeM KadecTBEHHYIO KapTUHY, oKasaHHYIO Ha Puc. 4-6. B wactHOCTH, M3

1
TOTO 06CTOATENBCTBA, ITO % ABIAETCA HedeTHOH byHKImel € —£(p'), cnemyer,

aro ReX1B4(pe,) ~ 0°. Torma (4.24) cBommTca K 9HCTO MHEMOMY BBHIDAKEHUIO:

.. e 1 L Ep
SP4A(pe) = —imsign(en) Y _ plo(p — p)[*8(e — £(p)) = g = i (4.25)
p/ n P n
e, ¢ yueroM € & £(p) (BOsm3n nomiocal) BBesn
1
— =2y = 20 plo(p — p)I*6(¢(p) — £(p')) (4.26)
P P’

— YacTOTy paccedHud 3JIEKTPOHA Ha IPUMECAX, MOCIHTAHAYIO B OOPHOBCKOM IpHO/IH-
xkernun (“sosoroe mpasuio” Pepmu).

Ecou, 0 mpocToTh, cpa3y BBECTH TOYEHHBIH MOTeHIWa  npumecn v(p) = v u Jiu-
HEeapU30BAHHBIH CIIEKTD 3JIEKTPOHOB BOJIM3M HoBepxHOCTH PepMH, TO BCe BHIYHCICHUSI
YIPOIIAIOTCA U MBI HEMEIJICHHO MO/TydaeM:

1 o den + &
L84 (pe,) = pov? ,7%—1;21// dé-—— =
(p n) P %,: ic, — g(p/) P F . ggrzl + gz
© ¢ £
= —ipvivparctg—— = i apviup (4.27)
n oo lEnl lenl

5Vwurem, uro, B KoHIIe KOHITOB, HAM HYXHO BHITOIHUTEH aHAJHTHIECKOE IPOIO/IKEHIE Ha BElIeCTBEeH-
HYI0 OCh U3 BepXHell HoJIyILIOCKOCTH £, > 0, T.e. i€y — € + 6, WM U3 HIKHeH IOJIYILIOCKOCTH, TOe
en < 0, T.€. 18y — € — 36,

8Crporo rosops, urTerpat mo p’ B mepBoM wirene (4.24) MoxkeT GHITH pasbuT Ha mBe YacTH: 1O p’
JaeKuM oT pp ¥ 1o p' B6Mm3H pr. IIpede/ sl BTOPOTO WHTErpasa MOKHO B3ATH CHMMETPHIHBIMI IO
p' — pp, 9T0 W mact Hy b (B mpeHeOpexennn msMeHeHneM v(p — p’) BOsmsm pp). MaTerpan mo nmase-
KHUM 06JTacTaAM JaeT OelficTBUTeThbHYI0 KOHCTAHTY, KOTOPYIO OIATEH MOKHO BKJTIOYUTH B TEPEHOPMUPOBKY
XUMITOTEHTTHAIA.
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Puc. 4-6 (a) — cpaeHenue p|v(p)|? n dyHkumn %, sxonslen 8 ReX1 B4 (pe).
P

(b) — cpasHenue plv(p)|> n dyHkunn m, sxonswen B ImXtB4 (pe).
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97O, MO CYTH JeJia, coBhagaer ¢ (4.25), mpudem:
vy = 7pvivp (4.28)

" gBJIgeTCd MPOCTO KOHCTAHTOM, onpenesigaeMoil MOTEHIINAIOM IPUMECH U IJIOTHOCTBIO
3JeKTPOHHBIX COCTOAHMIT Ha ypoBHe Pepmu.

Takum o6pazoM, B pacCMaTPUBAEMOM TPUOIUKEHUH, TOJTYIAeM YCPEIHEHHYIO OIHO-
sJIeKTpoHHY0 QyHKINO ['puHa B Bue:

1

GPA(pe,) = - — 4.29
(pen) ien — E(p) + typsigne, ( )
4TO, TOCJIe TPOAOJIKEHU 1€, — 2, TAET:
-1
GlBA(pz) — Z—E(p1)+i7p ﬁmz = 8 (4.30)
z=€(p)=17p mz <

unpn z — £+i6 (tae § — +0) onpenenser G4 (pe). Takum 06pasom, B COOTBETCTBHE
¢ obmmvu Tpebosanmamu [1], G1BA(pz) mmeer paspes Bmosb meftcTBuTENBHON OCH U
aHaMTHYHA (10 OTAETBHOCTH) B BEPXHEH M HUAKHEH MOJYILIOCKOCTH 2.

Iocse asteMenTapHOro npeobpasobanud Pypbe HMeeM:

de  e—iletio)t
pry = [ 2 gpemeon e 431
G(o) = [ = i e (1.31)
U aHAJIOTUYHO!
3 i
GR(I‘E) :/ d P etPr _ Eeikpre—r/ﬂp (432)
(2r)e—&p) +ivp  prr

rie [, = vpTp 7. Takum o6pasom Yo = ompenesigeT BpeMEHHOe W IPOCTPaHCTBEH-

1
27y
Hoe (Ha IINHe l,, aHAJOTHIHOH AynHe cBOGOIHOTO mpobera) “saTyxaHne” ycpenHeHHOMH
dbyuakmmn ['puna.

CrekTpasbHad MIOTHOCTH, cooTBeTcTBYoman (4.30), WMeeT BUI HPOCTOTO JIOPEHT-

IoraHa C H.[I/IpI/IHOﬁ Vp:

A(pe) = — %ImGR(pE) = %Mﬁ% (4.34)

9TO, ecTeCTBEHHO, NepexomuT B A(ps) = §(e — &(p)) rasa cBOGOIHBIX 3JIEKTPOHOB DU
¥ — 0.

PacemorpuM Temepb poJib OTOPONIEHHBIX JHATDAMM K BO3MOXKHBIE OOODIIEHUA.
MoxkHo BBecTH “mojHoe” GOPHOBCKOE NPHOJAMKEHHE, TOUHOE B HUIIIEM MOPAIKE IO
KOHIIEHTpAIUN TpUMecell p, W yUIUTBHIBAIOIIEe MHOTOKPATHOE paccednre 3JeKTpoHa Ha

"B camom meue, (4.32) MoxHO 3ammcaTh Kak (BocmosmbsyeMca p — pp = &/up):

[ee) .
GR(re) = ”F/ de——_ —
PFT J_ =&+ 52

z =
P

= I cippr T vy (4.33)
prT

- 2ip T

vy /oo " exp(ippr + Z%T) — exp(—ippr — Z%T)
oo s =&+ 5

27p
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onuoii mpuMecu. COOTBETCTBYIOIINE ANArPAMMBI I COOCTBEHHO — SHEPTreTHIeCKOoi da-
CTH HoKasaHbl Ha Puc. 4-7 (a). CooTBeTcTByOIIEE BEIpaXKeHIe MMeeT BU/I;

2FB4(pe,) = tpplen) (4.35)

U CBOAMTCA K JUATOHAJILHOMY 3JI€MEHTY MATPHIBI paccedanud ({-Marpupt) {pps, KOTO-
pas oIpeIenaeTca ypaBHEHHEM, IPEICTaBIeHHBIM B Tpadndeckom Buje Ha Puc. 4-7 (b),
UK, B aHAJUTUIECCKOM BHIE:

tpp(en) = po(0)éppr + Y v(p — P")Go(P")iprp(en) (4.36)
o

Bagada omATh CYIIECTBEHHO YIIPOIAETCH 1A 2JIEKTPOHOB BOIM3HN oBepxHOCTH Pepmu.
HeiicTBuTe/bHad JacTh AMArOHAIBHOIO 3JleMeHTa (-MaTpuubl tpp(ic,) MpaKTHYECKH
ABJIdeTCd PU |p| ~ pp KOHCTaHTOH M MOXKeT OBITH BKJIIOYEHA B onpepesnenue p. To-
rma ocraercd paceMoTperb Imipp(ic, ). llpumenda onTuyeckyio TeopeMy KBaHTOBOI

TEOpUN paCCGﬂHI/ISIS

Imipp = Im Y _ t35,Go(p))tpp (4.38)
pl
HMEEM:
tpp'|?
ImS"P4(pe,) = Imtpp(en) = Im % = —signe,m »_ [tpp/[*8(c — £(p"))
P’ €n — g(p ) P’
(4.39)
L€ B OCTEIHEM PABEHCTRE i€, — € +18signe, . Boipaxenne (4.39) coBmagaer mo ¢opme
¢ (4.25), ¢ yueTom samenst plv(p — p’)|? Ha |ipp/|*:
1
vFBA(pe,) = —isigne, — = —i5ignenyp (4.40)
27,
rae )
— =y = 20 Y [tpp*8(4(p) — £(p')) (4.41)

P P’
Ecnu B (4.26) samenuts plo(p — p’)|* Ha |[ipp/|?, To uMenHo 510 M moaydnM. B sTom
CMBICJIE, MOKHO OTPAHHUUTBCA TOJBKO BTOPOW mwarpammoli Ha Puc. 4-7 (a), Kak 270
U JeJTaJIOCh BBIIIE, HO HMOApasyMeBaTh, 910 v(p — p’) mpencrapiager coboli MaTpuaHBIi
5JEMEHT AMILINTYIBI pAcCesHns Ha OIHON MpuMecH.

Tenepb MOKHO TepefiTi K PacCMOTPEHHIO CaMOCOTJIACOBAHHOTO GOPHOBCKOTO TPH-
GIIKEHN A, CBOIANIEIOCH K MPOllenype “yKUpHeHHs BHYTPEHHUX 3JIEKTPOHHBIX JHHUI
B COBCTBEHHO — 9HEPreTHIecKoll JacTn, Kak »To nokasano Ha Puc. 4-7 (¢). B ananuntu-
YECKOM BHUJIE TIOJIYIaeM:

T3P A (pe,) = pu(0)épp + Y v(p — P)G(D en)tpp (4.42)
p/

8Umeem ms (4.36): t = v+ vGot, vt = v, Tak wTo v = —t+G3'v +ttmt=v+ (tTGot - t+G3'vG0t)

", B CHJIy 5PMHTOBOCTH V I tt G(-)I' v(GEot, moaydaem:
Imtpp = Im < p|tTGotlp >= Im E t;;p,Gotp,p (4.37)
pl

aro m maer (4.38).
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/*\
FBA ! 20
2 o p P p 7
a
A @
A /1N
+ Ll b Ll
Y p P Y
X
i AN ZN
tppl - p pl + p;’_Lpl + p » » p. + -—
(b)
X IP-p" X
| | | RN A
= L+ L f Ll + L + Ll 4
P P PP P P P o" o

+ ‘l l} + _—L,J..;/ =+ ...

Puc. 4-7 (a) — rpacuku AnsA cobCTBEHHO — 3HepPreTWHeCKOR HacTh, y4nTbiBatoLLne
MHOrokpaTHoe paccesHune Ha npumecu. (b) — ypasHernune pna ¢ — matpuubl. (c) — rpadukn
AnsA cobCcTBEHHO — BHEPreTUHECKON HacTu B CaMOCOrIacoBaHHOM MpubnmxeHnmn, ¢ y4eTom
MHOTOKPaTHOrO PacceAHUsA.
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e, o cpaBHeHnio ¢ (4.36), mponsonia samena gynkinun [puna G, Ha:

1
ien —&(p) — X(pen)

Tak 4710, GaAKTUIECKH, BOSHUKAET MPOIEAypa caMOCOTJIACOBAHUA JIJIs ONpeaeaeHusa cob-
CTBEHHO — sHepreTHdecKoil Yactu (dbyukmun I'puna).

Jamee jornKa Halrero paccMoTpenns nopropdercd. [lonbsyemea Tem, 910 tpp crabo
BABUCUT OT 3HepIuu 1pu |p| & pp u ¢ € Fp, a Takke, 4TO paccedHue ABAAETCs yMEPEH-
HBIM, B CMBICJIe BHITOTHeHNA HepapercTBa |L°CP4| <« Fp, cHoBa mostyqaeM pesyabrar
tuna (4.39). Ipu sToM poab urpaer Toabko ImX, a ReX mMoxer O6bITh “crparana’ B
XuMOoTennuan (. B utore momaydaem:

G(pe,) = (4.43)

2
SCBA _ _ ltpp'| N
ImX% (pen)_Imtpp_ImZiE e (p) = ilmy A () ~
p/ n n
~ —sign(en — ImXSPN TN “jipp|i(e — €(p))  (4.44)
pl

[Ie mpubIMKEHHOEe PAaBEHCTBO cIpabemsnso mpr Masaeix ImE ¢B4 . Tna camocorma-
coBaHHOCTH Hamo Tpocto B3ath ImY “BA (e, ) ~ ¢, 4aro mposepserca mpocToit mo-
cTaHOBKOM. PasHuIla MexXy pacCMOTPEHHBLIM Bblllle GOPHOBCKMM HPUOIMIKEHHEM U ero
CaMOCOIJIaCOBAHHLIM BApUAHTOM BO3HUKAET TOJILKO B cIydae JOCTATOYHO CUILHOIO Pac-
ceanud, Korga 6 — bynknua B (4.44) 3aMenseTCA JOPEHTIMAHOM KOHEYHON NIMPUHBI, 1TO
B MOJIEJTH C TOYEUHBIM paccednneM (cp. (4.27)) He MeHdAeT BOODIIE HUUETO.

UTak mMeeM OnAThH 3HAKOMBIT OTBET:

vICBA(pe,) = —isign(&n)% = —isign(en )Y (4.45)
[Ie T, U ¥, OUpemenstorcd Kak B (4.41), a mid cirydad TOUedHBIX IPHMecell BEIpakeHHEM
tuna (4.28)°.

Haire mpubsimkenne, TakuM 06pa3oM, COOTBETCTBYET B pasiokenun dbyHKIwmn ['puna
yueTy, mokazanuoM Ha Puc. 4-4, ydaeTy Bcex nmarpamMm 6e3 nepecenenuti TUHUE B3awMO-
neiicteuga. IlodeMy m mpum KakmX YCJIOBHAX MOXKHO HMpeHeOpedh “IepeKpecTHBIMU’ Tpa-
dukamu. PaccMoTpuM 5TOT BOpoc moapobHO Ha MpUMEpPE CpaBHEHHA IBYX THATPAMM,
nokasanHeix Ha Puc. 4-8. Tlpm pacuere BrJama nmarpammbl Puc. 4-8 (a) mMmysibeh
UHTEIPUPOBAHUSA Pi U Pa MOTYT HPUHUMATH JTIOOBIE 3HAUEHUS B CHEPUIECKOM CJIOE TOI-
wmaoit Ak ~ 1/1. CoorercTBytfommit dbasopblii obbem Q, =~ (4npahAk)%. B ciyqae
muarpamMmel Puc. 4-8 (b) cymiecTByoT Takume ¥e orpaHMYeHHs Ha 3HAYEHHA P1 H P2,
HO KPOME 9TOr0, JIOJIKHO elllé BLIMOJIHAThCA yeaoBue |p + p, — p1| & pp. lpu dbukcu-
POBAHHOM P2 W3MEHEHHUe Pj OTpaHHUEHO OBJIACTHIO TEepecedeHusd ero CJod U COOTBET-
CTBYIOIIETO CJIOA UMIYJIbCA P + Py — P1, 9TO COOTBETCTBYET ABAXKIBI 3AIITPUXOBAHHBIM
obsactam Ha Puc. 4-8 (b). @asopsiii 0bbeM TOr0 KoJIbIA, 06pa3s0BAHHOIO Hepecede-
HEeM 1ByX chepHHuecKnx cyioes, ecTh 2y & (4mphhAk)(2mprph?Ak?). [ostomy, oTHO-
IeHne BKJada OUarpaMMbl ¢ “mepekpecTtamMn’ K “HEIMEpeKpPEecTHOR” ecThb, O MOPAIKY
BEJIMINHBL, 3—2 EPA—Fk = 1% < 1 (“cnaberii” GecnopAmOK COOTBETCTBYET HOCTATOTHO
Goabloii minne cBobomHOTO TTpobera, ppl/hi > 1). Takum obpasom, mapamMeTp MaaoCTn
Halllell Teopun ecTh 1% < 1, 9TO, OYEBUIHO, S5KBUBAJICHTHO TAKKe YCJIOBUIO Elpr < 1.

~

9Tlpu paccMOTpPEHHE 30HB KOHEYHOM! IIMPHHEL, B 5TOM CIydae vy 0603HAYAET IIOTHOCTD COCTOAHMI
Ha ypoBHe Pepmu, ¢ ydeToM BaudgHud 3G PEKTOB paccesHUs.
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(@) (b)

L e L

/ ~¥S \ N
r/ / A0 // p-p// \PsP;
P P P P P o ptpp P, P, P
Ak

Puc. 4-8  [narpamma bes nepeceverns nuHnii esanmofeiictsns (a) u ¢ “nepekpectamn” (b).
MokasaHbl Take cooTBETCTBYOWME OBNACTN UHTErPUPOBAHUA B UMMAYBLCHOM NPOCTPaHCTBE.
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C yuerom prp ~ hfa (Tme a — MeXaTOMHOE PACCTOAHME), MAJOCTh 3TOTO TTapaMeTpa
COOTBETCTBYET BBIMOJIHEHHIO ycJoBua | > a, Tak 9TO AJimHA Tpobera IOJKHA CYIIe-
CTBEHHO MPEBHIIATH MEXKATOMHOE paccTosdune. PaKTHIECKH, 3TO €CTh OOBITHOE YCIOBUE
NIPUMEHUMOCTH KMHETHYECKON Teopuu.

Monear Kesmnpbimia.

Kpurepuit ppl/fi > 1(I > a) mosBosger, Kak MBI BUAETH TOJBKO UTO, OTPAHHIHTHCH
HEKOTOPOH TOANOCIEN0BATENBHOCTHIO TOMIHUPYIONINX IHATPAMM (IrarpaMMbl 3 mepe-
cedyeHuil JTuHUi B3aI/IMOILe]7[CTBI/I${) delirMaHoBCKOTO psAga TeOPHH Bo3MylleHui. B 60/1b-
WAHCTBE 3allad, pellacMbIX JuarpaMMHBIM MeTOHOM, NMPHUXOIUTCA IMOCTyIaTh WMEHHO
TakuM o6pasoM, T.e. oTOUpaTh (MONB3YACh HEKOTOPHIM (U3HYECKUM KpuTepueM) Hec-
KOHETHYIO TOIMOCTENOBATENBHOCTD AUATPAMM, KOTOPYIO ydaemcsa TpocyMMupoBaTh. C
TOYKH 3PEHUs MaTeMaTUKHU 5TO, KOHETHO, He oueHb Xopolio! OThpolieHHbIe TuarpaMMbl
(XOTS OHU M MaJIBI IO (PU3HIECKOMY TTApAMETPY ) TOKE COCTABJIAIOT GECKOHETHYTO TTOITIO-
CAedoBaTETLHOCTE TIOJTHOTO PAMIA U BKJIA] UX OCTaeTCd, CTPOTO TOBOP4A, HEM3BeCTHBIM. B
HEKOTOPBIX (04eHb penkux!) ciaydaax ymaeTcs MpoCcyMMEPOBATh 6ect pal dhelfHMaHOB-
CKUX IUarpaMM W MOJYyYHTh, TaKUM 00pa3oM, TOYHOEe pelienue 3amadn. K coxaaeHmo
5TO yHAeTCsdA, KaK MPaBUIO, CIETATh JIMIb B OYEHb YIPOIEHHBIX (MHCTO MOIETBHBIX!)
3amadax. TeM He MeHee, BBIBOMBI, MOJIyIEHHBIE U3 TAKUX Mojesell MOoryT OBITH BEChMA
TOJIE3HBIL.

B xagecTBe mpuMepa pacCMOTPH MOJIeTb OBMKEHNUSA 3JIEKTPOHA B TAyCCOBOM Caydaii-
HOM TIOJIe, KOTJa TUarpaMMHBIA pam miad GyHKnn ['puHa mMeeT BUI, MOKAa3aHHBIA Ha
Puc. 4-4, ¢ Mo#eTbHBIM MMAPHBIM KOPPEJIATODOM, 3aJaBAEMBIM B UMITYJIECHOM TIPEICTa-
Brienun Beipaxenuem W2(q) = (27)2W?28(q). B aTom coyuae uMiysibe, nepenaBaeMblii
3JeKTPOHY KaXK[Ioit JImHuell B3anMONelcTBUA paBeH HYIO. B KoopamHaTHOM TpemcTa-
BJICHHH 3TO COOTBETCTBYET IIapHOMY KOPPeJdATOpY CJydalHbIX NoJell Braa:

<V(E)WV(E') >= / %eiq(r_rl)(Qw)SWzé(q) =W? (4.46)

9TO COOTBETCTBYET CIydalo “TPeNeTbHO JaIbHONEHCTRY oMK KOPPeIAlnii CIyIaliHOTO
o V(r), T.. HPOTHBOIONIOKHOMY HPEIeTBHOMY CIy9alo, MO CPABHEHHIO ¢ KOpPeJd-
Topom Tuna “Gesoro myma’ (4.20)1°.

OxkaspiBaeTcd, 9TO B TOIl MOHEIN MOXKHO JIETKO MPOCYMMHUPOBATh BeCch delinMa-
wHoBckuit pan (JI.B.Kengemr, 1965). Bepuemea k paAgy mid HeycpeaHeHHOH GyHKIMN
I'puna, mokazsannomy Ha Puc. 4-1. [Ipu ycpenHerun mo rayccoBy caydaiiHOMY MOJIIO, JIH-
HUU B3aUMOIEHCTBUA ¢ BHEITHUM TIOJIEM OOBEINHAIOTCA “TIONAPHO” BCEMU BO3MOXKHBIMI
crocobaMu U MBI TIOJTydaeM guarpaMMusiii pam Puc. 4-4. CooTBETCTBEHHO B n-M MOPAIKE
IO KOPPEJIATOPY TayCCOBa MOJA B KaXkJIOM 9JIeHE Pa3jIoKeHUd yCpeaHeHHoW (yHKIun
IpuHa nMeeTcs 2n BEPIINH, COSTNHEHHBIX TOMAPHO JTHHUAME B3anMogeHcTBrA (Bce qua-
TPaMMBI 3TOTO MOPAIKA MOy IAI0TCH, €Cn MepedbpaTh Bce MomapHble COeNUHEHNA TUHUH
B3auMoJieficTBUA B WieHe Hopsaika 2n Ha Puc. 4—1). Ecan kaxmaa auHud B3anMomIei-
CTBUA TEPETAET 3JEKTPOHY HYJIEBOW WMITYJIBC, TO BKJAIBI BCEX TUArpDaMM B JTAHHOM

10B o6mem cmygae, kKoppeaarop < V(r)V(r') > xapakTepusyerca HEKOTOPOil koppeadyuonmod dau-
notli & purykryanuii caydatinoro mosia. “Bessrit mrym” coorBercTByeT & — 0, B paccMaTpuBaeMol 31ech
Momesm & — 0o
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HopsAnke Teopun (BKJ0OYad “mepekpecTHbie”!) BosMyleHuil TpOcTO paBHBI. B pesyib-
TaTe, pasnoxenne GyHKIN ['puHa npencraBageTca B BUIE!

G(ep) = Go(ep) { L+ > AW GF"(ep) (4.47)

n=1

rie Ap — TOJHOE 9HC/IO AHarpaMM B n-M MOPAIKE 9TOro pAga (B mopsake 2n MO aMILIH-
Tyne B3anMmoneiicTeusa ). Briam mponsBoIbHON AHATPAMMBEL TPOCTO PaBEH:

WnG2t(ep) (4.48)

4TO COOTBETCTBYeT 2n BeplimHaM (MHOXKUTe b W2"), coe/IMHEHHBIM TIONAPHO TYHKTHP-
HBIMU JIMHUAME, & TaK¥XKe nponspenennio 2n+1 crobonubix dyukumit ['pura. MaOKHTETH
A, JIETKO OTMPENeauTh U3 KOMOMHATOPHBIX COODpakeHui — 9TO IUCIO CIIOCODBOB, KOTO-
PBIMU MOYKHO TIOTIAPHO COENMHUTE 2N BEPIIWH MyHKTUPHBIME JHHUAMHA B3anMoaelicTBIA.
Jlerko BUIeTH, 9TO

A, = (2n — DN (4.49)

B camowm meste, B Kaxkaoit nuarpaMme uMeeTcd 2n BepIInH u 2n + 1 a/iekTpoHHAad JIMHUAA.
Bribepem mpousBosibHy0 Bepiinay. Ee MoxuO coegmanTh 2n — 1 crmocobom ¢ moboit u3
ocTaabHbIX 2n — 1 BepuinH. [Tocsie »T0TO ¥ HAc B pacnopaXeHUW OCTaeTcd elle 2n — 2
“cBobomubIx” BepinH. CHOBa Hepd JTIOOYIO W3 HUX, MOKEM COEIMHATE €€ C OCTABITUMUCSH
2n — 3 cnocobamu. Ilocse sToro ocraercsa 2n — 4 “cobogubix”. Jlobyio w3 HUX MOXKHO
COEMHUTE C ocTaBUmMucH 2n — b cmocobamu, u T. a. Takum obpazoMm, MOJTHOE UHUCIIO
cocobOB COEMMHNTD 2n BEPIIMH B JaHHOM Top#Aake pasHo (2n — 1)(2n — 3)(2n — 5)... =
(2n — D! aro u naer (4.49).
Tellephb MOXHO BOCIIOIL30BATHCHA H3BECTHLIM HHTETPAIBHEIM IIPeIcTaBIcHIeM |

1 e 2
(2n — I = —/ dtt* ez (4.54)
V2T J_oo

Torma (4.47) cBoguTCA K:

s 1 o0 12
G(ep) = Gy(e 1+ —/ dtt? e T W Golep)?” » =
(ep) = Go(ep) ; i e o(ep)

1o onpemnestenmto: (2n)! = 2.4.6...(2n) = 2"n!. Amasormano:
(2n— 1) = 1.3.5..(2n—1) = 2" —=T" (n + 1) (4.50)
N3 2

TMoapsyscs mHTErpaIbHBIM HpencTaBiaeHneM |'-byHKIIM:

I'(z) = /OO dor?~le™® (4.51)

JIETKO IIOJIYYHUTH BEChbMa IIOJIE3HOE, OJId ,Z[a.J'H)HGI‘/’H.I_[GI‘07 COOTHOIIICHUE:

nt=T(n+1)= / dez™e " (4.52)
0

1 %) %) -
r (n + —) = / e / dex~2 e % (4.53)
2 0 0

9TO TOCTIe 3aMeHk ¥ — t2, m ¢ yaeroM (4.50), maet (4.54).

a TakKXe
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1 * —ﬁ - n n n
= E/_Oochte 2G0(6p){1—|—2t2 W Gs (Ep)} =

n=1
Gi(ep)W? }

= 22 (ep) T (4:55)

1 o° 2
= — dte” 2 (G 1+
2T /_oo ‘ O(EP){

rie, Mo XoAy JAeJia, Mbl IOMeHAJJIN MecTaMH CYMMHPOBaHHE W MHTErPUpPOBaHUE, W MPO-
CYMMEPOBaJIN BOSHAKIIYIO Iporpeccuio’ 2. Ilocate smeMeHTapHEIX TpeobpasoBanuil MoTy-

qaeM:
G(ep) 1/Oodt‘ﬁG() !
£ = — e 2 £ —_——— =
Y= T WG (ep)
1 e 2 1 1 1
= — dte™ Z Go(ep)= + } 4.56
V2T ~/—oo 0( p)2 { 1-— tWGQ(Ep) 1+ tWGo(Ep) ( )
TaK 9TO OKOHYATEJILHO:
1 e _ 2 GQ(EP) 1 /oo _ 2 1
GF(e :—/ dte™ = = dte™ 2 -
(ep) V21 J_ o 1 —tWGo(ep) V27 J_o e—ep —tW b
(4.57)
e yasam asubit sun G (ep) = ﬁ’ I maJiee MONPAasyMeBACTICH &p = % 13, Tocne
mepeobosnauenna tW = V mepenminem (4.57) B DoJlee HaArJIAIHOM BHIE:
1 o0 v2 1
GFE ep) = 7/ dVe aw? ——— 4.60
(ep) V2TW J_ oo E—g—m—V—l—ié ( )
PuanmaeckKnii CMBICJI TOTO pe3yJbTaTa OYeBHAEH — 3JIEKTPOH IBIKETCA B MPOCTpaH-

CTBEHHO — OJHOPOMHOM ToJe V, BeJIMYMHAa KOTOpPOTO pacipeneieHa mo [ayccy ¢ mm-
punoit W. ¥Ycpenuennaa ¢yuknua ['pura onucsiBaer ancamM6bib “0bpasinoB”, B KakKIOM
w3 KOTOPHIX ToJie |V TOCTOAHHO BIOJb BCEro 0Opasiia, HO BEJIMYNHA €70 B KaXKIOM U3
“obpasros” (s/1eMeHTOB aHcaMOJIa) coyvalina.

TIpuBeseM ellle OnMH BapWaHT BBHIBOIA 3TOTO KpacuBoro pesynbrara (JI.B.Kemmgpur,
1965, A.J1.9dpoc, 1970). 3amuimem ypapuenune [Jaiicona:

2

Gl (ep)=¢ — QP—m — Y(ep) (4.61)

re COBCTBEHHO — PHEPTETUIECKAdA TaCTh MOKET OBITh MpeacTaBiaeHa rpadukom Puc. 4-9
(a) ¥ B aHAJIMTHYIECKOM BUJE NMEET BUI:

S(ep) = / %F(p, p—q,9)G(ep — Q)W (q) (4.62)

3mech T(p,p — q,q) — ToYHAA BepIIWHHAA JaCTh, ONpeneadeMas AnarpaMMaMil, HOKa-
sarnpivMu Ha Puc. 4-9 (b)!. C yuaerom Toro, uto B pacemarpubaemoit samate W2(q) =

12Menosbsopanmbriil 3mech IpueM B MaTeMaTHKe Ha3bIBACTCH CYMMuUposanuem no Hopearo.
130npenemum GyHKITHIO KOMILIEKCHOM mepeMenHoi 2:

0oy = —— [ gt (4.58)
z) = — e —_ .
V2T f_ z—t
Torna (4.57) MOXKHO 3almCaTh:
1 1
€ =—VY | — 4.59
(=P) = 3 (WGO(sp)) (4:59)
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e ’X‘\
4
..’_._A. (@)
P P9 P

.9 | . .
A = /\ +/\\ + +
—% %
pq P —X= X

+ ... (b)

Puc. 4-9 [lnarpammbl gnA TouHOR cOBCTBEHHO — SHEPreTW4ecKol H4acTu S1eKTpoHa B
rayccosom criydaiiHom none (a) u onpepenstowen ee BeplunHHoi Yactu (b).
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(27)®W?26(q), ypasuenna (4.61), (4.62) cBomares k:

=5~ —G7(ep) = G(p)I(p, P, 0) (4.63)

Bepumua I'(p, p, 0) ynosieTBopsAeT ToXKIecTBY Yopua Buaa:

dG~(ep)
U(p,p,0) = ——— (4.64)
€
KOTOPOE JIETKO BBIBOAUTCH HPAMBIM O pepeHTUPOBAHNEM AUATPAMMHOTO PAIA I
cobcTBeHHO — 9HepreTndeckoii vactn X(ep). Torma us (4.63) BosHukaer muddepenin-
anabHOe ypaBHeHUe Hida pyHkimn ['puna:

d
W2£—|—Gx— 1=0 (4.65)

2
rae BBesn ¥ = £ — £+ ié. Ilpamoe pemenne (4.65) ¢ rparmanbM yenosnem G(z) = -

opu & — oo HeMenieHHo naet (4.60).

Pesynbrar (4.60), HOMyYeHHBI mounbM CYMMHUPOBAHHEM BCero (el HMaHOBCKOTO
pama (4.47) noBosbHO HoKasaTesen. Hanpuwvep, crekTpaabHas IIOTHOCTE, COOTBETCTBY-
fomas (4.60), umeer Bu:

11 [~ e P 1 (e — L)
A(Ep) = ;?_ dVe 2W?2 (S (E — % — V) = _27”1- exp (—271/132 (466)

U TpeAcTaBIsieT coboil pasMBITHI rayccoB MHMK. Boobile, Hy*KHO 3aMeTHTh, UYTO BhIpa-
xenne (4.60), ¢ oUeBUIHOCTBIO, He cBOANTCA K demy — To Tuia (4.30), T.e. Kk GyHKIHN
I'puta ¢ pasMBITBIM “KBasMIacTHIHBIM  IIOJIIOCOM, OHA BOOOIIE HE HMEET MOJIIOCOB.

M3 (4.60) u (4.66) HETPYIHO PAcCINTATh IIOTHOCTE 5J€KTPOHHBIX COCTOAHMIL:

Ve = =2 [ gatmen =2 [ s aten) =

2 0 vz d3p p?
= /_Oo dVe /(27)35 (5— L v) (4.67)

e MHOXKUTEJIb 2 IIPOUCXOOUT OT CYMMHUPOBAHUA 11O CIINHY. CoOTBETCTBEHHO:

23/ 431277 1/2 c
N(e) = 273 0
m2h VoW

(4.68)

rie G6espasmepras dbyaknua Go(z) onpenesena Kak:

Golz) = % / "y (o — ) (4.69)

a Bun ee mokazald Ha Puc. 4-10. lIpu ¢ > 0 u ¢ > W, umeem:

14 3ameTM, 9TO 064 57IEKTPOHHBIX “KOHIIA” 5TOH BEPUIMHBI COOTBETCTBYIOT 3alla3IbIBaroeH (omepe-
xaromelt) dynxknpn ['pura GR(A) B cooTBeTCTBHM ¢ TeM, KoTopas U3 >THX dYHKIH OIpeNeIAeTCH U3
(4.61). iMeHHO 5T0 06CTOATEIBCTBO MO3BOJIAET BOCIOIB30BATHCA IJIA BHIMHC/IeHNA BepmnHs! 1'(p, p, 0)
npocteM nud depeHIEaIbHBIM ToXKIecTBOM Yopma (4.64)
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G{x)
4

T

Puc. 4-10  ®ynkuna G(x), onpepenstowas NNoTHOCTL cocTosHnA B Moaenu Kenabiwa.
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(2m)3/2W?
1672h3e3
r7e BTOPOE CJIaraeMoe MpeicTaBideT coboll MaJIyio MOMpPaBKy K IJIOTHOCTH COCTOAHMI

cBOBOMHBIX 91€KTPOHOB (IyHKTHD Ha Puc. 4-10):

(Qm)3/2
2m2h3
Haubouiee CYIIEeCTBEHHONR 0COBEHHOCTBIO MOJIYyYEHHOI'O TOYHOI'O pelIeHUdA dBJIdeTCs IO-

aBjaeHue “xpocrta’ MIOTHOCTH cocTogtuil B obmactu ¢ < 0. Ilpu € > 0 u |e| > W nna
“xpocTa’ MOJIyIaeM TayCCOBY acHMIITOTHKY:

3/2
o 2T (AT
O T s e P T2

N(e) = No(e) — (4.70)

No(e) = Ve (4.71)

(4.72)

ObpasoBanre “xBocTa” MJIOTHOCTH COCTOAHUN B 3aMPEIIEHHON 30HE ABIAETCH OOIIIM pe-
3YJIBTATOM 2JIEKTPOHHON Teopuu HeylopsamaoueHHbIX cucreM [15]. Pasymeercs, KoHKpet-
HBIl B[ JIOTHOCTH COCTOSTHWH B 3TOl 00JIaCTH SHEPTUH He ABIAETCA yHUBEPCATILHBIM

U 3aBUCHT OT MOIENHN caIydaitioro nossa (“Gecropanka’).
B wactrOCTH, “xBOCT” TUTOTHOCTH cocTOAHWE y KpadA 30HBI TPOBOIMMOCTH BOSHUKAET W B PACCMO-
TpeHHOII BBe Momen “6estoro nryma’. Ymaercs MoKasaTh, 9To B 3Toil Mogesm npu € < 0 [15]:

N |6|1/2h3 .
~ — t— 4.73

() ~ exp cons Y ( )

npm |e| > FEoe ~ m3(pr?)/h8, wro coorsercrnyer yemomio |g| > (c), tme ~v(¢) = mpv2No(e) ~
2 777,3/2

PUT T3 \/E

A momesm rayccoBa cIy9aliHOTO TIOJIA ¢ KOPPEIATOPOM, XapaK TepH3YIONIMMCA KOHETHOH Koppe-
nATIOHHON NTHHOM £, BOSHWKAIOT XapaKTepHble 06IacTH PHEPTHH, MOKa3aHAbe Ha Puc. 4-11, tme mos
TpOoCTpaHCTBa pasMepHOCTH d < 4 »Heprua F.., ompenessdmomad pasMepbl ob/iacTu “cuibHON cBA3M’
(ms ycnosna v(g) = ) onpeneszerca kak (M.B.Camosckmit, 1977):

a

mi-d oy =2
Fee = W(pv )4—d (4.74)
Kpowme Toro, B aToil 3amade BoOSHIKAET €llle OOHA XapaKTepHAad >HEPIUA:
h2
By~ —— 4.75
L (4.75)

IIpu »arom dopma “xBocta’ mwioTHOCTH cocTommmil B obnactu E.. € |¢| € Ey ompenesmerca BhIpakKe-
HueM, obobmarommm (4.73) (M.B.Canmosckmit, 1979):

e~ he RS
N(e) ~ exp {_Ade =exp<{ —Ay (Esc) (4.76)

rne Aq = const, saBucaman Toabko oT d. B obmactm |z| > Fy acmmmrormra “xBocra’ cTaHOBHTCH
TayCCOBOI:

gd
N(e) ~ exp{—pWEQ} (4.77)

9TO aHAJIOTHYHO HO/IyI€HHOMY BBINIE pe3ysbrary (4.72).

IIpoBommMocTh M OByXdYacTUYHASA (DYHKIIHS
I'puna.

TpomomkuM paccMOTpeHNe 3aJadn 06 3JeKTpOHe B MoJie CIydaiiHbix mpuMeceit (rayc-
COBOM CJIydaifHOM MoJIe ¢ KoppeadaTopoM Tuma “Gesoro myma” ). BaxHeiiumit Bonpoc —
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OBNACcTE CHNEHOR CBA3W CBnacTe cnabol cBAzu
Y(€)~€
T T >
D e
_E sC E sC

Puc. 4-11 XapakTepHble obnactu sHepruia B 3afadve ob s1eKTpoHe B CliyqaiHOM Mosie.
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obmuit MeTom pacdera MPOBOAMMOCTH TaKOH CHCTeMBI. BEINIe MBI yKe BUAEIH, 9T0 I
BLIYHCJICHUS IIPOBOIMMOCTH HYKHO 3HATh (bYHKIMIO OTKJIMKa THIIA IJIOTHOCTDH — ILJIOT-
HOCTH X (qw), Torma MoXKHO ucnoabsoBarh (2.110) u (2.115). Tpu sToM MBI yOEIH/INCH,
470 Ta HYHKIMA OTKJIMKA (C TOTHOCTBIO 10 3HAKA) MOXKET OBITH MOJIyHYCHA AHAJIUTH-
YEeCKUM TIPOIOIKEHNEM (iwy, — w + i§) Marmy6apoBCKOTO TOMAPU3ATMOHHOTO OIEPaTOpPa
M (iwpmq) 2/1eKTPOHHOTO Ta3a;
ie? . de? . .
o(w) = — lim —wyx(qw) = lim —wl(qiw, — w + 8) (4.78)
0 g2 0 g2
¢—U q ¢—U q

Mpr paccmarpuBaeM cBoGOIHBIE (HeB3aMMOAEHCTBYONE MEKIY cOGOM) 2JEKTPOHBI B
HoJte cayuaiiHerx mpuMeceit’®. C TOUKE 3peHHA KBAaHTOBOW MeXaHUKH 3aata dBJIAeTCA
OIHOYACTHYIHOM, /I TAKOTro 91€KTPOHa BCETIA CYIIECTBYIOT HEKOTOPHIE (HEM3BECTHBIE
HaM!) mounvie cOOCTBEHHBIE (DYHKIMI 1 SHEPTHH B HOJE, 3aTaBAeMOM 3aIaHHOl (duk-

CMpOBaHHOI‘/’[) KOHUTYpaInei HpMMece]‘/’[16:
Hepn(r) = enpn(r) (4.79)
rie
+ v?
o= /dw ()]~ -+ Zi:v(r “R) b y(r) (4.80)

CooTBETCTBEHHO, MOKHO BBECTH (HeycpenHeHHbIe!) 3alasaplBAONINe U OMEPEK AIONITE
dyuxunn I'puna ypasuennsa [penunrepa (4.79) kax:

R,A/ .t _ en (1) (1)
G (rre) = pap—— (4.81)

WK, mocsie pyphe — MpeodpasoBaHud MO KaXK IO U3 KOOPINHAT OTHEIBHO:

on(P)en (P
GHA(pp’ ¢) = 75(—5) i(ié) (4.82)

Paszmaraa JICKTPOHHEBIC OIIEPATOPHI B IPpEACTAaBJICHUN TOYHBIX CcODCTBEHHBIX (byHKL[I/IﬁZ

V) =Y anpn(r) () =) anph(r) (4.83)

n n

OTIPEIETUM OTEPATOP TLJIOTHOCTH JIEKTPOHOB KaK:
plr) = ¢ ()e(x) = D eh(x)pm(r)at an (4.84)
mn

Torma coOTBETCTBYIOIYIO (BYHKINIO OTKJHKA ILIOTHOCTH — IJIOTHOCTH MOMXKHO BBIYH-
CINTH 10 0b1elt cxeMme, onucanuoit Boiure B (2.81) — (2.87), rak uro npu 7' = 0 noayvaem:

Xy w) =i / dte' i < 0[[p(r, 1), p(x', 0)]|0 >=
0]

=2 e () () (0) L = (4:55)

1506uee 06CyKIIeHNe M3/ IaraeMOT0O HUKE ITOIX0Ia MOKHO HaliTh B [167 17].

16 Imenmo ofcyxmaBuIascsa BhINIE MPOIedypa YCpeOHEHHA IpHIaeT 3aTadn bopMasbHo “MHOTOYa-
CTUYIHBIN' BUI, HO ycpemHeHHbIe GyHKIUM [ puHa yiKe He aBaAtoTca byHKIaMu | puHa xeanmosomera-
nurecxot samaau! OHI ONUCHIBAIOT KAPTUHY, yCPEITHEHHYIO II0 CTATUCTHYECKOMY aHcaMb1i0 “obpasmos”

CO BCEBO3MOXKHBIMHI KOH(bI/II‘ypaH,I/IHMI/I pacceHBaTeﬂe]‘/’L
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IlIe yCpenHeHue BEeIeTCs MO OCHOBHOMY COCTOAHUIO, & MHOXKHTEIb 2 YUUTHIBAeT 0ba
HATpaBIeHUA CIHA 37IeKTpoHa. Boipaxenne (4.85) maer konkperusiii Bug (2.81) mia
paccMmarpuBaeMoii sanaan. PakTudecKn, Hac MHTEpecyeT ycpednennan (IO TPUMECHBIM
KoHurypanuam) byHkmma orkamka x(r —r',w) =< x(rr',w) >, HpocTpaHCTBEHHBIH
dyphe — obpas KoTopoit MoxKeT OBITH 3aIUCaH KakK:

n(em) —n(en) > _

() =25 5 (o) (0 D0 (o) 2

PP’ nm
1 o0 , )
= 2pzp:’ %/_Oo de {[n(e +w) —n(e)] < GR(pyp'_,e +w)GA (P _p_,e) > +
+n(e) < GR(pyp'_, e +w)GE(p' _p_,e) > —
—n(e+w) < GXpyp'_ e +w)GA(p' _p-,¢) >}
(4.86)

e BTOPOE BhIpaKeHHE MPOBEPAETCA HEMOCPEACTBEHHO ¢ NCTob30BanneM (4.82), 1 MbI
BBEeJIN P+ = P *+ %q. Boipaxenue (4.86) MOKHO Tepenncarh Kak:

W) = = [ de{lnle +0) — 00" () + ()8 () — e + )0 (cwa)

(4.87)
rage BBeJIR obozHaveHHE:
4 (cwq) = Ly Z <GR(pyip' e +w)GA(p'_p_,e) > (4.88)
2mi = -

pp’

I aHAJOrMYHEE Bhlpazkennd gaa PF u &44 . Bamernm, 9T0 MBI BK/IIOYH/IN B 5TH OIpe-
JIeJIeHHs CITHOBYIO “IBOHKY” .

IIpensigyuiee paccMoTperue oTHocHaoch K 1 = (. Ybegumcs, 4TO aHAJIOTHYHBIE IJId
T # 0 BBIpaKeHUd MOJYIAIOTCA U AHATUTHIECKUM MPOIOIKEHIEM COOTBETCTRYIONIAX
MaIybapoBcKuX (byHKIHIA.

ITonb3ysack mpaBuIaMu “OpUMecHOl” OuarpaMMHOR TEXHUKU, MBI MOXKEM IIpeacTa-
BUTh MallyOapOBCKHII MOJIsApU3alMOHHEI omepaTop B BHje, HOKa3aHHOM Ha Puc. 4-12
(a). B aHAINTHYIECKOM BIIE HMEEM:

M(qwm) =273 > G(pea)G(P + aen +wm)T (P, P+ 4, En, n + @) (4.89)
" D

a ypasHeHu# 1714 Bepiunn I u 7, mpencrasiensl rpadudeckn Ha Puc. 4-12 (b),(c). Cymmy
o gacroraM B (4.89) MOKHO paccunTaTh, MOJB3YACH ODIINM METOIOM, OIMCAHHBIM BBIIIE
B cBasn ¢ (3.40) — (3.44). Hammuwe B (4.89) nByx dyuxuumii I'puna (¢ gacroTamu, o1-
JMIAIONIMECH HA Wy, ) TPEBOIAT K TOABJICHNIO B UX NPOU3BEICHNN IBYX pa3pesos!’ B
KOMILJIEKCHOM MJIOCKOCTH 9aCTOTHI — OTHOTO BIOJb Z = £, & IPYTOr0 — BOOAb Z = £— Wy, .
Torma, noaesyack Gopmysioit (3.38) MoxkHO 3amucaTh BXoaAinyo B (4.89) cymMMy B BHIE:

S(iwm) =T flicn, icn + iwn) = _/C d—z,n(z)f(z, 2+ W) (4.90)

2w

tae f(z, z4iwm ) = G(2)G(z4iwm )T (2, z+iwpm ) (AMIYJIbCH 1JIg KPATKOCTH OIycKaeM!),
a n(z) — dyuxmua Pepmu. Ipu aToM KoHTYp mHTerpupopanna C' nokasan Ha Puc. 4-13.
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an-CD + (D + D+ G +
+®+® .
O D - B

(@)

4 T ] Ng”
r = x + x x + X + (b)
1 L . .

AN AN A

+ ... (c)

Puc. 4-12 [narpammHoe pasnoxxeHue NoNspn3aUNoOHHOro onepaTopa B NPUMeCHON cucTeme
(a) v onpepensitowmx ero sepwnn I' (b) n 7 (¢).
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el b N
- ~
7 N\
V2 AN
/ \
» \
; z=e—ioy,
/ \
/ \
\¢ A
\ //
N - ’
> 7=
T 1 7= €
\ ]
\ /
\ /
\ /
\ /
AN e
S~ X Y

Puc. 4-13 KoHTyp wHTerpupoBaHus, NCronb3yemblii NMpu BbIHUCIEHAN CYyMMbl Mo Mauyba-
POBCKUM YacToTaMm.

CoorBeTcTBeHHO, pactuchiBad (4.90) B Bie WHTEIPAJIOB IO YE€THIPEM MPAMBIM Y IACTKaM
kouTypa C' (WHTerpasbl mo GeCKOHEYHO YAAJEHHBIM IyraM OKPYKHOCTH HCUYe3aioT!),
oJIyYacM:

S(iom) = _/Oo %n(e)[f(e—l—ié,e—l—iwm)—f(e—ié,e—i—iwm)]—

_/Oo 8 e — i [F(e — iwm, & + i6) — (e — dwrm, & — i6)] (4.91)

oo 271

Crmenas 3aMeHY wy, — w + 8, TMOJIyIUM:

S(w) = —/_Oo A O (e, eeo)— FRA (e, eteo) b A (emww, £)— fAA (e €)] (4.92)

oo 2T

rie obosmauenna tuna fI4 (e ') osmagator f(e — i8¢ + i6) m 1. . CaBuUT MepemenmHoil
€ — £ + w B MOCJIEAHAX ABYX WJIeHaX IaeT:

5@ = [ i) —nle + ol e ba) -

oo 2T
* de
- / S n(e) R e 4 ) m(e @) (e e + )] (4.93)
A sro, mo cyTu mena, conanaet ¢ (4.87), ecom BBecTH 0GO3HAYEHNE!
1 1
RA _ RA _ R A
e ewa) = —o ST (e e tw) = — 52 ZP:G (etwp + @)G7(ep)T (P, P+ q, ¢, e tw)

(4.94)

T"Hanomunm, aro dyukmua ' prHa G(pz) mMeeT paspes B KOMILUIEKCHOH IJIOCKOCTH z BIOJIb IPAMOIL,
ompeneasaeMoit yciaosuem Imz = 0.
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9T0 ecTh MpocTo apyrad dopma sammcu (4.88), rime Bce ykKe BBIpakKeHO UYepes yCpeil-
nemmbie bynkmun [puna GR(e + wp + q) u GA(ep), a TakKe ycpemaHeHHYIo BepIImHY
T(p,p+4q,¢,¢ + w). Kpome Toro, MocKoJbKY PacUeThl BEIUCH B MalybapoBCKOR Tex-
HuKe, dbepmuenckue dbynkunn B (4.93) B3aTel Teneps npu T > 0. Taknum obpasom, npu
T > 0 nmeeM:

oQ

V(aw) = ~fqion, —w+i8) == [ de {[nfe + ) — n(E)0" (o) +

— 00

+ n(e)@F (cwq) — n(e + w)®* (ewq)}  (4.95)

YTO €CTh HOJIHBIH 9KBUBAJIEHT (4.87), KaK U CJIeIOBaJIO OXKHUIATh!

Bepremcst k Boipaxenuto (4.88). Menombsya GA(pp’,¢) = [GE(p'p, )], momyamm
OFR(00) = —[@24(£00)]*. [Tasee, HETPYIHO BHAETH, ITO:
®FE(£00) = Lo 9 GH(pp’,e) > (4.96)
27i o Oe ’ '

e < GHA(pp/,e) >= G4 (pe)é(p —p') u

1
€ — Io+p—XRA(pe)

GHA(pe) = (4.97)

— samasgpiBaionan (omepexarnian) GyHkimua ['puna, onpeersdeMas OMUCAHHON BHIIIe
“npumectoii” mumarpammuoil Texnukoit'®. Hetpynno y6ennTbed, 4T0 BLINOIHACTCH CJle-
JIyIollee TOXKIECTBO:

/Oo den(e)Im { —27i®fH (00)} = 7N (EF) (4.98)

— 00

9TO MoJydaeTca npAMol monacraHoskoil (4.96) B (4.98) u mocsenyomUM HHTErPUPOBa-
HUEM TIO JacTdM, C YI€TOM ONpeNeseHns MIOTHOCTH COCTOAHMI:

N(e) = —% > ImGF(pe) (4.99)
P

lpu T < Ep nmeem™™:

(- 675(65)) ~ §(c) (4.100)

1 COOTBETCTBEHHO!:

n(e +w) —n(e) = —wb(e) (4.101)
Torma us (4.87) wm (4.95), ¢ ucnonbsoBanneMm (4.98), mig Manbix ¢ < pr 1 w < Fp,
IMeeM:
Y(qw) = w®f4 (qu) + N(Er) (4.102)
rie BBeJIH Obo3HaUCHUE
P (qu) = @4 (que = 0) (4.103)

18Tpn pacuerax B Mamy6apoBckoil TexHmKe mosydaeM R min A GyHKIHEM HOC/Ie aHAJIMTHIECKOTO
TPOMOJIKEHHAA 1y, — € L 16

Y HanomanmM, uro y mHac Ep urpaer poJib Hadaja OTCUeTa SHEPIHH, TaK 9TO, (baKTHIECKH, BO BCEX
dopmymax Fp = 0.
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Ilpu ¢ = 0 dyHKIUA OTKJWKA MJIOTHOCTH — IJIOTHOCTH MOJIKHA 0OpalaThcd B HYJIb
[PU HPOU3BOJIbHBIX 3HAYEHUAX w U3 obuux coobpaxenuit [10]. Dro dcHo, Hampumep, us3
cpasaenns (2.113) u (2.114). Coorsercrrenno, us (4.102) nonyvaem:
N(EF
4 (0w) = _N(Er) (4.104)
w

9TO MpeNCcTaBIgeT cobOil HEKOTOPHI BapHaHT TOXKAECTBA YOPHa, CBA3AHHOTO C 3aKOHOM
coxpaHeHus 3apsana. Torma MoxHo mepenncars (4.102) kax:

Vaw) = w {74 (quw) — 2F4(0w)) (1.105)
a oblee BhIpakeHne I MPOBOANMOCTH CHCTEMBI (2.110) CBOIMTCA K:
2
o(w) = — lim ie? o {4 (qu) — BFA(0w)} (4.106)
g—0 q

DTO BHIpaKeHWE UPE3BBIYANHO yHOOHO MPW KOHKPETHBIX BBIYHCJIEHUH, TTOCKOABKY I
pactera nByxdactmanoit dynkmmu [puna (metmm) @4 (qw) mMoxmo mcnonszosats pac-
CMOTPEHHYIO BBINIe “TIPUMECHYI0” AMarpaMMHYIO TEXHUKY.

Yacto, mi1d pacdera MPOBOIUMOCTH CHCTEMBI TUATPAMMHBIMU METOJAMHI HCIOJIb3Y-
eTcsd HeCKOJIBKO WHOU MOIXO/, OCHOBAHHBIH HAa PACCMOTPEHUHU OTKJIMKA Ha BHEIIHUH BEK-
Top — noternuat. Oblee BEIpakKeHne IId TeH30pa IPOBOIUMOCTH HMeeT TOTAa BHAZC:

T () = = (D (@0 4+ 8) = By (a0 +i6)) (4.107)

rme
PR ,
B 1y (qitom ) = T/ dr/ dr'en (=) < T T (ar) Ty (=, 7') > (4.108)
0] 0]

rae J(p) — bypbe-06pas oneparopa (T.H. “TapaMarHITHOTO” ) TOKa:
te

J(q) = 5 dee™ " [y T (1) Vi (r) — VT (r)y(r)] (4.109)

CXeMaTI/I‘IeCKI/I, BBIBOM, 3TUX Bpra)KeHI/Iﬁ BBITJIAONAT CJICAYONINM o6pa30M. PaCCMOTpI/IM
OTKJIMK CUCTEMBI Ha BHEITHU BeKTOprIﬁ IIOTEHIIUAJT, B3amMojieiicTBre C KOTOPBIM OITH-
ChIBacTCAd ,D;O6aBKOI7[ K IIJTOTHOCTHU I'aMMJIBTOHHaHAa CJCAYIOUIECTO BHAA:

Heze = —J(x)A(xt) (4.110)
Ipu4IeM BO3BMEM A(I‘t) B BHJE IIJIOCKOII BOJIHBI:
A(rt) = A(qu)e'dr—iwt (4.111)
TaK 9TO COOTBETCTBYIOIICE 2JICKTPUYICCKOE IIOJIE UMEECT BU/L:

DA(rt)
ot

Torma, B coorBeTcTBUE ¢ obmmM Gopmanusmom Kybo [11], nonywaem (“mapamartut-

E(rt) = = iwA (qu)e X —iwt (4.112)

€2 )

HbIN ) OTKJIMK CHCTEMBI B BILOEC!:

iwA”(qw) = ME”(qw) (4.113)

X (aw)
W w

Ju(aw) = Xy (qw)A” (qw) =

20PaSyMeeTCﬂ7 B HSOTPOHHOﬁ CHCTEME I B OTCYTCTBUE BHEUIHETO MATrHUTHOTO IIOJIA Ty = 0'5;“/
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rie
Gulaw) =i [t < U at), o (—q0)] > (4.114)
0]

3 mpoBeeHHOTO BHINIE OBIIEro OBCYKACHNA CBA3H JIMHEHHOTO OTKJIMKA ¢ MallyGapob-
ckuM dopmamsmom saco, uto x¥,(qw) = @4, (qw + i6), T.e. moTyHaeTCa aHATATHIE-
ckuM mpogosikenuem (4.108).

Mol saeKTpudecKuil TOK B CHCTeMe, B IIPUCYTCTBHN BHEIIHETO BEKTOP — IOTEH-

nyuaJsa, paBeH:

7'L62

Jr=3 - A (4.115)
m

€2 )

I7le BTOpoe cJiaraeMoe TMpeicTaBiageT coboli “IuaMarHUTHBIR TOK, CBA3AHHBIN ¢ TeM,
_ 1 o

4TO CKOPOCTD 3JIEKTPOHA B 5TOM C/Iydae uMeeT Bui v = = (p — eA). C npyroii cTopomsr,

mpu w = 0 (cTaTndeckuii BEKTOp — MOTEHIMAN (MATHUTHOE TOJIE)) 9JEKTPUIECK Ui TOK B

cucTeMe (HOPMATBHOM METaJLIe) OTCYTCTBYET, TaK ITO “THAMATHHTHAA COCTABJIAIONIAL

B (4.115) mosnHoCTHIO KOMIIeHcHpyeT “mapamarauThyto” 2!, Torna umeem:

7'L62

Xuv(qo) = q)uu(qo) = W(Suy (4116)

OTKYIa HeMeIJIEHHO cjemyeT obinas dpopMmyia (4.107) IJidg pooguMocTH. PakTHYIECKT
(4.116), momobHo (4.104), TakKe ecTh HEKOTOPBIIl BapHAHT TOXKIeCTBA Yopra.

Temeppb gcHO, YTO AMaroHAJIBHBINR 5JIEMEHT TeH30pa IPOBOAUMOCTH IpH (¢ = 0 MOXKHO
3alUcaTh B BUIE:

1
Opp(W) = — {Ppp(w +i8) — Py (0 + i6)} (4.117)
W
rae, aHagorndto (4.89), MOXHO HaHCATH:
. Pr
b, m) = —2eT —JziPyPsknson m n n m 4.11
(iwm,) e gn Ep mJ(p Pen,én +wm)G(enp)G(en + wmP) (4.118)

IIpm »ToM MBI BBeJI “TOKOBYIO” BEPIUINHY:

Ju(P P, €nsén +wm) = —PuE(P, ensen +wm) (4.119)

[
m

azJI0XKeHne KoTopoil, oupenengercd rpadukamu Puc. 4-12 (¢), B KOTOpBIX “3aTpaBod-
) )

€2 )

HOII” BEpUIMHE COMOCTABIACTCH MHOKUTETD =Py, .
CoorBercTBeHHO, lepenncas (4.118) B Buge:

2
B (iom) = —2°T Y S P2 2(p, e, e + w0 )G(enD)GlEn +wmp) (4.120)
m
n P

W BBITIOJITHUB CYMMHPOBaHHUE IO N 1 aHAJUTUYICCKOE TPpOAOJJIZKEHNE iwm — W —I—Z(S B TOYHO-
CTH TaKXKe, KaK 3TO JCJIAJIOCh BBILIE, ITIOJIYYUM OJIA cTaTu4ecKoi IIPOBOINMMOCTH ((.d — 0)

e’ Pi = R A

27 m2-
P

e BBesleH crarndeckuit mpenen Z(p) = Z(p, 0 — i, 0 + ¢6).

21C TouHOCTBIO MO MaJloro BKJANa MHaMaTHeTH3Ma Jlarmay! Bomee mompobroe obcyxkmeHue »>Toik
cuTyanum 6yIeT TpoBeleHO HIDKE B TJlaBe, MOCBANIEHHON CBEPXIIPOBOIAMOCTH.
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IpmBenem mas crmpaBok mW 6e3 BBHIBOMA AHAJIOTHIHOE oOlIee BBIpAXKEHHWE 1A HEIHATOHATBHON
(xoJToBCKOiT) IpoBOmEMOCTH B HpHCyTcTBHE (caboro) sHemHero MarautHoro nona H (H.Fukuyama,

H.Ebisawa, Y.Wada, 1969):

ouy =2 Z 22 2(p) {65 (9,0)5 =6 (00) - 5 —G"(p,0)G (p,0) | (4.122)

m 4m

9TO HaeT OuarpaMMHBIN MeTom pacdera s¢dekra Xosita.

YpaBHeHue bere — Cosmnurepa, “mudpdyson’”
n “KyrepoH”’

WMrak, cornacuo (4.105), nnga pacdera GYyHKINE OTKJIHKA ILIOTHOCTE — IIOTHOCTD X (qw ),
a ¢ Helt n mposommmoctn cucreMbl (4.106), HaM HEOOXOONMO HAYUHUTHCA BBITHCIATH
BeJIMYIHHY 22

@ (wq) = ——2 Y <GRpyp' E+w)GA(p _p-, E) > (4.123)
PP’

KOTOpasd, B CBOIO OYEPEID, ONPEneIdeTcd IByXIacTudnoil dyuknueii ['puna suma:

1 R A
iy (Fwa) = 5= < G(p4p'_, B+ )G/ _p_, ) > (4.124)
U KoTopas ompelendercd rpadukamn, TokasaHuHsiMn Ha Puc. 4-14 (a). YoobHo BBecTn
sepumunyio dynknmo ['pp:(qw), onpenengemyro paBeHCTBOM S

pp(Ewa) = —%GR(P+E+W)GA(P—E) {6pp’ + Tppr(aw)GH(p' L B + )G (p'_E)}
(4.125)
u Tpadukamu, nokasanHbME Ha Puc. 4-14 (b).

HaJutee ynobuo nposectu KiaccuduKaluio TpaduKOB A BEPUIHHBI Ha TPUBOIAMBIE
(paspesaemble MO IBYM 5JEKTPOHHBIM R W A JWHWAM) W HENPUBOIWMBIE B “R — A —
kanase” (kanane “gactuiia — geipka’ ). Hanpuwvep, na Puc. 4-14 Bropoit n maThiii rpa-
¢buku B mpaBoli 4ACTH TPWBOIMMBI, a OCTaJbHBIE ABJSIOTCI HempuBomuMbiMu. Torma
ACHO, YTO HOJHag BepumHa 'pp/(qw) onuceiaeTca HHTErpaIbHBIM ypaBHeHneM Bere —
Coumurepa, mokasanubiM rpadudecku Ha Puc. 4-15 u uMeomyM aHATATHICCK U BU/I:

I'pp/(aw) = Upp'(qw) + Z Upp (aw)GH(E +wp” )G (EP"_)Tprp(aw) (4.126)
p//

rae 670k Upp/(qw) obosHadaeT cymMMy BCeX AuarpaMM, HepaspesaeMblX (HeIpHBOIU-
MBIX) B R — A — KaHase, Tuna nokasanHbXx Ha Puc. 4-15 (b).

B mpocreifimem npubmukennn, aua Upp:(qw) MOXKHO B34Th TOJILKO HEPBYIO IHAa-
rpamMmy u3 npasoit wactn Puc. 4-15 (b) wm:

Us(p—p)=plu(p —p)I*  wm Uy = pv° (4.127)

22B nasmbreiinieM, mid KpaTKoCTH, BCIOMY HompasyMeBaerca = FEp = F, T =0
22 B masbHeiieM M3/ I0KCHAR B 5TOM B CISIYIONHX PasaeaaX JAHHOM TIaBhl MBI, B OCHOBHOM, CJICTY €M
[16] m [17].
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P, .
 RA -1 T <
2nid  (qw) = + x o+ x x + >g‘< +...
PR —— <l |l »
p_
E+® Py Py
s — > >
= + I (a)
—_—— < <
E P_ P
Eto
p+‘ P, R R //a("\\
_ T B g% I
I’ = x + x x *t + b +
L | L ya <
P e e
KN

Puc. 4-14  [uarpammbl ana asyxuvactudron dhyrkuymm [puna (a) n sepwumHHOR HacTy
Ipp/(qw) (b). BepxHas snekTpoHHas NnHUA COOTBETCTBYET 3amasabiBaroller hyHKLAN
Mpuna GE(pLF + w) (“uactuua”), a Huxnan — onepexatowen GA(p_E) (“poipka”).
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Py P+ . E+to I:)-l-_ f+ P,
r | = U + | U r (a)
P : E p_ " P
p, Ete P, s XN
T \iz( ™ T
Ul = x + + X 4+ X x +...(b
L RN o [
R P D ) )
E

Puc. 4-15 VpasHenue bete — Connutepa nns sepwmnnnoin Yactu ['pp(qw) (a) n rpadukn
HU3LLero nopAaka AnsA Henpusoaumoin s [t — A — kanane sepwunel Upp/(qw) (b).
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[Je BTOPOE PABEHCTBO CHPABEIJINBO IyiA TodedHbIX npuMeceit. Torma (4.126) mpuobpe-
TaeT B, TOKasaHHBI Tpadudeckn na Puc. 4-16 (a), pemreHne KoTOporo HMeeT B

I (qw) = Uo
PP T T, T GR(E + wp ) GA(Epo)

(4.128)

u onpenesiger Bepiuiy I'pp/(qw) B Bujie CyMMBI “TeCTHHYHBIX” IHarpaMM, IOKa3aHHbBIX
ua Puc. 4-16 (b).

[epefimeM K ABHBIM BBIYUCJIEHUAM, MPUUEM MPOBEIEM HX Jid TPOCTPAHCTBA TIPO-
w3BOJTbHOI pasMepHocTn d. “OcHoBHON” ssemenT, onpenengaonmii (4.128), MmoxeT 6BITH
3aMucaH Kak:

Ii(qw) = Z GR(E +wpy)GA(Fp_) =
P

:/(;iil))d(;l% (E—I—wp—l—%) GA (Ep_%) :/(;i;l.]))dGR(E-i'wp—q)GA(Ep):

_/ d'p 1 !
) @m0 E+w—E&(p)+opqeosl+ iy E—&(p) — iy
(4.129)

[Ie B341M ycpenHeHHble GyHKIMN ['puna B mpocteiiniem npubmanxennn (4.29), (4.30).
Baeck ckopocTh Ha yposHe ®epMm vp = 4/ %, a 3aTyXaH#e B MOJEJH TOYeYHBIX Pacce-

usareseit v = 7pv?v(E) = aUgv(E), rae v(E) — MIOTHOCTH COCTOAHUI 2/IEKTPOHOB Ha
yposHe ®epmu E B d — MEpHOM NPOCTPaHCTBE I OJHOTO HAllpaBJIeHWs CIHHA.

Berpegarompecs Huke MHTETpAJIBI O TOIAPHOMY YIUIY 6 B d — MEPHOM IIPOCTPAHCTBE,, BBIYUCIAIOTCA
C IOMONIBIO CJIeAYIONETO MPOCTOTO IIpaBUJIa:

dd—pf(p 8) = o - dpp?~tQ Wde sin=2 8§ (p,0) =
(2md’ 2m)d J, =t ’

Qq o Qa7 as Qe [T 4l
= dpp o df sin 0f(p,0) =~ v(E) dé 0 df sin’ 0f(¢,6)
2™ J, d Jo —0 d Jo

(4.130)
opd/2
rme Qg = W — MOBEPXHOCTH Cephl eIMHIIHOTO pagnyca B d — MeEPHOM IIPOCTPAHCTBE.
1A MaJIBIX W T ¢ MOXKHO HammcaTb’t:
1 o~
E+w—£&(p)+vpqcost + iy -
N 1 wxovpqcost (w £ vpqcosf)? (4.131)
E—¢&p)+iv (E—&p)+iy)*  (E-¢&(p)+iy)? '
TaK 9To:
e Qd_l /ﬂ- . d—2 1
1, w%VE/ d dfsin® " —F—— x
d(q) ( ) _ooggd 0 E_g_lf}/
" { 1 __ w—i—quc?sﬁz (w—I—quc().sG??? } (4.132)
E—&+iy  (E-&+iy) (E—¢&+iy)

243 moc/IedyIomero pacCMOTPEHUS ACHO, UTO pedb HaeT o w < v H vpqg <



126 SJIEKTPOHbI B HEYTNOPAOOYEHHBLIX CUCTEMAX

P, Pl p, Etmp, Py
—D—I—b > i > >
I = X + X I’ (a)
<+ < .4_L<. < ] -t
P P P EP p.
Py [
- —_— -
'l =x + xx + x xx + (b)
0 o L N .

Puc. 4-16 Vpasrerne bete — Connutepa ans sepwunnron Hactu I'pp/(qw) B “nectHuy-
Hom" npubnuxenun (a) n cooTseTcTBytowme rpacdhnkn HU3WMX nopsakos (b).
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I/IHTeraHbI 110 f AJIEMEHTAPHO BBIYUCJIAIOTCA METOOOM BBIY€TOB, TaK 9TO ITOJIYyYacM:

Qq- B 1 6 0)?
Lu(gw) ~ v(B) 127”./ désind_ze{— w + vpq cos +(w—|—qu<:os ) +..}:
0

Qq 2y (2iy)? (2i7)3
T Qa1 [T . dg w w? Wrpq  UFQW vhe?
= —v(E do 0 [14+— - — — 0 — 6
71/( ) Q, /0 sin + 2 T 1 + o 27 cos 17 cos
(4.133)
WaTerpassl mo 0 »jaeMeHTapHBL:
Q _ ™
d-1 / dfsin®=?0 =1 (4.134)
a Jo
Q _ ™
-1 / dOsin? %0 cosf =0 (4.135)
a Jo
Qq_ T 1
édl /0 dfsin®™?0 cos? 0 = p (4.136)
Torma, ¢ ygeTom %I/(E) =Upyn~y= %, OKOHYATEJILHO MoJIydaeM IJId 3HaMeHaTeJd B
(4.128):
w w? q> . 9
1= Uplg(qw) = _Z—i— W—i—Doﬂ ~ —iwT + Do1yq (4.137)
1 — Upl}(qw) ~ iwT 4+ Dorq* (4.138)
rue
1 12F 1 F
Dy==vir=-"Z2r= 22— 4.1
0= SUPT = 5 dmy (4.139)

€2 )

— obwranbIl “mpymeBckuil’ kKosddunment nuddysun B d — MepaoM mpocTpancTBe. CooT-
BeTcTBeHHO 13 (4.128), mosywaem ciieyioliee THINIHOE 1 BEChMa BakKHOE BBIpaKeHHE
JLA BEPIIUHBI C JuPPy3uoHHbIM N0A0COM:

UQT_1 . 2U0’y
—iw 4+ Dog?  —iw + Dgq?

Ipp(aw) = (4.140)

IJIN, TaK HasbeBaeMErl duddyson?®.
NuTepecHo u BechMa BaKHO 3aMETHTh, YTO MPU HAJIMYIUN B CHCTEMe HHBAPUAHTHOCTH
110 OTHOWICHNIO K 0OpallleHuIo BpeMeHH, IO/ THAaA BeplinHHad acTh I'p pr(q,w) obnanaer

CAEAYIONIIM OOIIIMM CBORCTBOM:

Pppi(aw) =Typoprq ip-p+q(P + P w) (4.141)

B camoM menie, paccMOTPHM BepIINHY 00IIero BHa, ToKasanHyio Ha Puc. 4-17 (a). 3mech
MPOBENEHO “yHopamovdeHne’ HyMepalui UMITYIbCOB: Ha HUXKHeH JUHUU HOMEDPA MMITY Th-
COB UeTHBbIe, & Ha BepxXHell — HedeTHBIe. [IpU 5TOM MeHBIINIT HOMEpP COOTBETCTBYET BXO-
Odieit auHnn, a 6oabinii — Beixomdanieit. UMeem obuimii 3aKoH coXpaHeHN:

P1+P2=pP3+ps=p+p (4.142)

TaK 49TO

1 1
q=Pi —Pi=DP3— P2 p= §(p1 +p4) p = §(p2—|—p3) (4.143)
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Py Py P=p, Py=p

= r (b)

23 P P -p+gf2  -ptai2=p 4

Puc. 4-17 Bepwunnas vacTb obliero supga (a) u BepliMHa, NONyHaloWasca M3 Hee
obpalleHnem HanpasreHusi oAHoW M3 anekTpoHHbix nuHui (b). Mepsbii rpadpuk (b)
nonydeH npocTbiM “passopoTom” rpacuka (a), o4eBMaHoO, 4TO OH MpocTo cosnapaert ¢ (a).
Bropon rpacduk (b) nonydaerca us nepsoro obpalueHunem HanpaBieHWs HUXHER NUHWN,
4TO BO3MOXXHO MpU HaNMYUN UHBAPUAHTHOCTM OTHOCUTENbHO obpalleHns BpemeHu.
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Ho npu HaI@mYuy HHBAPHAHTHOCTH OTHOCHTEJIBHO O6palleHnd BpeMeHH OJHO9aCTHIHbIE
COCTOAHUA P M —P IPOCTO dKBHUBajaeHTHBI! Torma MBI MoxkeM O6paTHTh HalpaBJcHHE,
cKaxkeM, HuXKHell (“IbpouHoil” ) IMHMHN, TOMEHAB 3HAK ee UMITyJbca. Torma mmarpaMmma
Puc. 4-17 (a) mepeiiger Bo BTOpyIo uarpammy Ha Puc. 4-17 (b). IIpu a10M, cooTHONIEHNA
(4.142) n (4.143) nepeiinyT B:

P1+PpP2=P3+Ps=gq (4.144)

, 1 1 , 1 1.,
P+P =P1—P4=P3—P2 §(P1+P4) = §(P—P +a) §(P2+P3) = §(P -p+a)
(4.145)
Takum obpasom, obpallieHre HalpaBJIeHNA HIXKHell qnann Ha rpaduke Puc. 4-17 (a),
JOMYyCTUMOE TPH HAJUYIUU cuMMeTpuu ¢ — —t, 3KBHBAJIEHTHO CJEAyOlIell 3aMeHe B
apryMeHTax »Toil BEPIIUHHI:

1 1
a—p+p’ p—sP-P+a P —50 -pP+q (4.146)

910 U maeT coorHomenne (4.141).

TIpuMeHnM paccMOTPEHHYIO mponenypy K muddysony (4.140) u rpadukam Puc. 4-16
(b). Bumum, uro obpallicHie HalpaBJIeHNA HIXKHEH JIMHNE Ha 9THX JHarpaMMax Iaer
“mecTHHIy” B KaHaJe “JacTHIla — 9acTUIA’, WIH, ITO TOXKE CaMoe, MOCJIEI0BATE b
HOCTH “MakCcHMaJbHO MHepekpentuBaiommxca”’ rpadukos (rpaduku Jlanrepa — Huma
(J.S.Langer, T.Neal, 1966)), uro nokasano na Puc. 4-18. AHanuTndaeckoe BBIpaXkeHUe
IJIF CYyMMBI TAaKWX JHarpaMM JIETKO MoJIydaeTcsd 3aMeHol mepeMenHbix (4.146) B BBIpa-
wenun 114 auddysona (4.140)%C:

29Uy /
: ; ~— 4.147
—iw + Do(p + P')? p p ( )

ng,(qw) =

ITo mpwamram ovdeBumHOIl aHamorny ¢ rpadUKaMK, BOSHUKAIOIIAME TIPH pacdeTe KyIie-
POBCKOIi HEYCTOWIMBOCTH B TEOPUH CBEPXIPOBOINMOCTH, 5Ta CyMMa i pesysbrar (4.147)
wasbBator “kynepornom” (JI.IL.Topwkos, A.M.JTapkun, 1. E.XMensuunguii, 1979). Yeno-
BHE P &~ —P’ C OYEBMIHOCTBIO CJIEAYET W3 KPUTEPHEB MPUMEHUMOCTH Auddy3HOHHOTO
npubauKenna (ManocTh ¢ 1 w B (4.140)) u cOOTBETCTBYET B KYIEpPOHE PACCMOTPEHHIO
YACTHUIL ¢ TOYTH TPOTHBONOIOKHBIME UMITYJIbCAMN (paccednne “MovTH Hazal’ ).

3aMeTuM Teleph, 4TO MOCJIEI0BATENBHOCTE quarpamMm Puc. 4-18 nenpusoduma B RA
— kanaJsie (“gactnna — geipka’). Taknm ob6pasom, Beipaxkenue (4.147) MOXKHO HCIOMB-
30BaTh B KauecTBe HeIpUBOIMMOIll Bepuunbl Upp:(qw) B ypasrennu Bere — Commrepa
(4.126), mokasannom rpadudeckn Ha Puc. 4-15. TIpu 9ToM MBI, KOHETHO, MOJyYaeM TO-
pasno Gonee “padunnpopannoe” npunbauxenune, Hexenn (4.127), KoTopoe yUNTHIBAET,
KakK OymeT MOKa3aHO HUXKe, KBAHTOBBIE (MOKAJIM3AlNOHHBIE) MONPABKN K PacIpocTpa-
HEHWIO 9JIEKTPOHA B CHCTEME CJIyYaliHO PACHONOKEHHBIX B IPOCTPAHCTBE TpuMeced (1,
COOTBETCTBEHHO, K MPOBOIMMOCTH CHCTEMBI ).

2501meTnM, UTO COKpallleHMe BKJama He 3aBUCAIMETO oT w U ¢ B 3HaMmeraTese (4.128), mpmsoma-
Iee XK cymecrBoBanmio nuddysnoraoro mosoca B (4.140), bakTHaecKn, ABIAETCA CIENCTBAEM 3aKOHA
coxpaHeHHA 9HcIa JacTHl (Toxaectsa Yopna) (C.B.Masees, B.I1.Tonepsepr, 1975).

26Pasymeercs, CcyMMEpOBaHHe TaKoll MOC/IEIOBATEILHOCTH TPadHIKOB MOKHO IPOBECTH H IPAMO “B
1067 !
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Py, Py

c T T -7

Ul =x + xx + %xx +...=
b . L L .
T - ——
= x + 'f + D¢ + ..
L Ll
Puc. 4-18 “Kynepon" — obpalueHne HanpaBneHus 31eKTPOHHORA nuHun B ouddysoHe

naeT “nectHuuy’ B KaHane “4acTuua — YacTuua’ MMM NOCNEAOBAaTENbHOCTL MaKCMMasibHO
nepekpewimparolmxca’ rpacpkos B KaHasle 'HacTuua — ablpka’ .
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BosBpaiasch kK obuieMy aHaansy, Bocnosbsyemcd (4.126) B (4.125) u sanuirem ypas-
Hernne Bere — Conmmrepa mia apyxdacTuaroi dhyHKInn ['pura B BUIeE:

1
RA R A RA
Cppr(qw) = GH(E +wp)GH(Ep-) 4 —5—d(p —p) + > Uppr(aw)®fip (aw)
pl
(4.148)
moKasaHHOM rpadudeckn Ha Puc. 4-19. Bxoagiiee cioma mponsBeneHne IByX IPUHOBCKITX
GYHKIII MOXKHO TepenncaTh CASIYIONNIM 06pasoM:

GR(E—I-wp—I—%)GA (Ep—%) =
1
(Efw—E(py)— SE(E+w,pi) (E+&(p-) —SA(E,p-))

1 1
= {E—&(P—)—EA(E,p_)  E+uw _g(p+)_ER(E+w’p+)} X
1
) — ) S A
_ AGp S ahign
oy + (€(p_) - f(p+)) YR AT (GR)_l — (GA)_l (4149)

rme AGp = GA(Ep_) — GR(E + wpy). Torna, ¢ yuerom (4.149) n &(p-) — &(py) ~
—%pq, nepemnuceiBaeM (4.148) B Buze:

1
— —pq-X&FE —Y4(Ep_) s ®F4, =
{om Tpa= M +upy) - Ao | 2 (a0

1
= AGp ¢ 5=0(p —p') — > Uppr®fiy (qw) (4.150)
pII

Muorna (4.150) Ha3BIBAIOT 0OOOIEHHBIM KHHETHIECKIM yPaBHEHUEM.

IIpuBemem 6e3 mokasaTeIbcTBa TaKKe TOTHOE TOXIECTBO YOpa, KOTOPOE CBA3LIBACT
COOBCTBEHHO — HEPTETHIECKUE TaCTH W HEMPUBOOAUMYIO BEPIIMHHYIO 9acTh B pacCMaTpH-
BaeMoii Hamu mpumecHoit cucteme (D.Vollhardt, P.Wolfle, 1980):

SHE +wpy) — S4(Ep_) = Uppr(qw)AGp (4.151)
pl

STO TOXKIOECTBO UI'PACT Ba2KHYIO POJIb IIPpU IIPOBEPKE CaAaMOCOIVIaCOBaAHHOCTH MCIIOJIB3YyE-
MBIX IHArpaMMHBIX Tpubamkennii. [losie3sHo oHo W mpu BRIBOAE OOIINX ypaBHEHHIA, 1MC-
IIOJIB3YEMBIX HU2KE IIPpHW IMOCTPOCHUN caMOCOIJIaCOBaHHOM TEOpUHN JIOKaJIA3allNN.
IIpuBemeM TOJIBKO OCHOBHYIO HIEI0 IOKa3aTelbCTBa ToXOecTBa Yopma (4.151). ®axrmaeckn, sTo
TOKIECTBO OTpazKaeT ToT baKT, ITo Bee AMATPAMMEI [UTd Hempusommmoll sepumibl Upp:(qw) Moryr
GBITH TOJIYYEHBI U3 “CKeJIETHBIX TpadUKOB I/1dA COOCTBEHHO — PHEPTEeTUIECKON 9acTl My TeM ‘paspesa-
HuA" 3JIEKTPOHHON JIMHAW BCEMH BO3MOKHBIME criocobamu. PaccMoTpuMm B KadecTBe mpumepa rpaduk

o 2 o
BTOPOTO MOPHAIKA A COOBCTBEHHO — SHEPTeTUIECKON 9acTu E(p), nokasanssni Ha Puc. 4-20 (a). Torna,
TIPAMBIMHE BBEIYHUCTICHIAMA, MOKHO IOJIYIATD:

(2) _ wR(2) A(2) _
Ay =ng® - 24 =

— R R R A A A _
= Z U(p1)U(p2) {Gm—plGp+—pl—szp+—p2 ~Gp_-p,%p_-p,-p-"p_ —p2} =
P1P2
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E+(ﬂ p+ p+
—— > >
20y {qo) = + T =
pp —— <+ <
E P_ p_
E+o P+ Py Py < [

|T|n
e

1

-U-
o
< 4
o

Puc. 4-19 VYpaeHenue bete — Connutepa ans asyxyactudron dyHkuun puna.
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— R R A
=> U(Pl)U(P2){Gp+—p1Gp+ p,-p:2GP-p, + Gp, —p, AGL_p, -p,Gp_-p,+
P1P:z

A A _
+ AGp-p,Gp_—p,-p.%p_-p, }—
= Y {UE0Ue- 0968, p,6f _p ~UEDUR- '~ DG, p, Gy 4 +
- 1
Pi1P2

+U(p - P (p2)G _pp Gh__p, }AGP/ ZU&)’, aw)AGp: (4.152)

2
Temepb MOXHO HEMOCPENCTBEHHO YOEOUTHCH, ITO MOJIyIEHHOE 3/IeCh BBIPAKeHUE 1A Ué)[)) (qw) (ompe-

IesIAieMoe BBIpaK€HHEM B (QHIYDHBIX CKOOKaX B IPENIIOC/IENHEM BHIpAkKeHHH) HaeTCA OHArpaMMaMH,
nokasarasME Ha Prc. 4-20 (b), KoTopsre moyIaroTca BceMH BOSMOXKHBIMEA “‘paspe3aHUAME’ BHYTPEH-
HUX 3JI€KTPOHHBIX JIMHUH B 2(2)(p) (m obpameHHMEM HalpaBJIEHWA ONHOI M3 OCTAFOWIUXCH HEpaspe-
samasmMu). OGoOMIEHnEe TaKHX pacCyXKIEHHI Ha IPOH3SBO/IBHBIN MOPANOK TEOPHM BOSMYIIEHHH M IaeT
IIOKa3aTeIbCTBO TOXKIECTBA YOpIaa (4.151).

KBaHnTOBBIE HOIIpaBKU, caMoOcCOIJIacOBaHHasd
Teopusa U nepexond AHaepcoHa.

KBanroBsblie IIoIIpaBKMU K IIPOBOOWMOCTH.

Mudopmarms, conepkaiaaca B apyxdacTuaroil dbynknnu [puna (4.124), asagerca, B
HEKOTOPOM CMBICJIe, W3sniHeli. Mbl Bumen, 910 mid pacdeTa TPOBOIUMOCTH CHCTEMBI
HaM J0CTaTovqHO 3HaTh (4.123), T.e. mByxdacTuunyo GyHKImo ['pUHA, MTPOCYMMEPOBAH-
HyIo 1o nMmysabcaMm p u p’. g wee nz (4.150) MoxkuO mosryanTh (HpubankeHHo!) 3a-
MKHYTYIO CHCTeMy ypaBHeHnii. [Iyia aToro mpocyMMupyeM 1o p n p’ obe 9acTn ypapHe-
mus (4.150), BoCHOIB30BaBIINCEH IPH 3TOM TOXRIecTBOM Yopaa (4.151). Torma cpasy xe

IIOJIyHJaEeM:
wd (wq) — vpg®it(wq) = —N(E) (4.153)
rae BBeJIX
ot (wq) =2 (pd)Php (wa) (4.154)
PP’

3mech P u  — eQMHMYHBIE BEKTOpa B HAlpaBJeHUAX p U q, |p| = |p'| = prp, vFr =

e —  J2E N(FE) - mnorHocTh coctoannit Ha yposHe Pepmu niaa obenx mpoekmii
m m

JICKTPOHHOTO CIINHA!:

N(E) =2v(E) = —% > ImGR(Ep)=— lim Z AGp (4.155)

w—0,g—0 27‘(2
P

[Ie TOABJIEHNE CIMHOBON “mBOMKN’ cBA3AHO ¢ ee HasmunmeM B omnpeneneHusax (4.88),
(4.154). MbI mMoxeM orpaHudnThes B mpasoii dactu (4.153) mpemesioMm, ykasaHHBIM B
(4.155), mockonbky N(FE) MpakTHYeCKW MOCTOAHHA HAa WHTEepBaJe sHepTui w < |
vpqg L F.

Ho Temneps y mac moasumiack Hosaa dynkmua ®F4(wq), onpenenenmas B (4.154). Mg
Hee TOXKe HYXkKHO HAIMCATh ypaBHEHNE, KOTOPOe MOXKeT ObITh BhiBeneHO 13 (4.150). s
s1oro yMHOKIM (4.150) Ha (PG) ¥ oMATH HPOCYMMUPYEM 0be YacTH yPaBHEHUA [O P U
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p1 p2
/*7‘%\\
—LD—LD—\LD—\L (@)
A p_;p1 p,_‘p2 P,
PLPIP,
P1
/’X\\
AT PP
R, I P 7 P, ’_I' Py
p‘p1 \ 7/
| , \% o b
£ pp /\ X pp (b)
I lx X\ p_p2| p'_p2
P ptop \ y P!
1 - '+ 4 _\\ / -
p_ p- P p1 -~
p2

Puc. 4-20 TunnyHela rpacuk BTOpOro nopaaka Ans cobCTBEHHO — SHEPreTMYECKOR YacTu
(a) m cooTBeTcTBYtOWIME eMy rpachuKki ANA HenpuBoauMon sepwmtbl Upp:(qw) B ToxaecTse

Yopaa (b).



SJIEKTPOHbLI B HEYTNTOPAOOYEHHBLIX CUCTEMAX 135

p’ ¢ ucmonbzoBanmeM ToxaecTBa Yopaa (4.151), a Takke caemyromero mpubIMAKEHHOTO

Hpeﬂ;CTaBHeHHﬂZr
AG U
Z B, (wa) T B —P_ Z {1+d(pa)(p"Q)} PRty (wa) (4.161)
pII
nmoJiy4aeM ypaBHEHUE:
1
[w 4 M(qw)] ®F4(wq) — Equq)RA(wq) =0 (4.162)

e BBEJIN TAaK HA3BIBACMOEC PEAAKCAUUOHHOE ﬂ@po:

id .. .
(B > (P@)AGPUpp: (qw)AGp (Pd) (4.163)
w(E) 55

M(qw) = 2iy +

re v = mpv?v(E) — onpenenennas Bbillle G0PHOBCKag 9acTOTa pACCesHus Ha MPUMECHX.
VYpasuenus (4.153) u (4.162) obpasyor 3aMKHYTYIO CHCTEMY, O3BOJIAMILYIO BHIDA3NTh
WHTepecylolyio Hac AByxdyactuanyio bymxmmo &4 (qw) gepes M (quw), KoTopas, B cBotO
odepelp, onpenesdgerca coraacho (4.163) depes menpusonumyto sepumny Upp:(qw).

Texuudeckmne JeTalJid BbIBOIa:

Iepeiinem Teneps k mompotaoMy BBBOmy (4.162) m (4.163). YMHOXeHHE obemx gacreil (4.150) HA % u

Toc/Teayiolee CyMMUpoBaHue o p 1 p’ maer:

Pd Pq
2 : — |v- = -SF(E+wpi) + 24 (Ep-) | Sppi(aw) =
m m

PP’
— Zp” Upp(4«)AGp
P P
Z P ncp 2—5 p—-p) Z P ncp Z Uppr @81 (aw) (4.164)
PP’ PP’ p"

273aMeTHM, YTO IpeICTABICHIE (4.161), paxTHaeckn mpencras/IAeT coboil yIeT MEPBEIX OBYX I/ICHOB
CIEOYOUIETO Pa3JIOKEHNA B A 1o mosmHoMaM Jlexannpa:

[ee)
D RS = Plcostpq)®h & @ + cosIpq P + - (4.156)
P’ =0

rae pq — yroya Mexnmy pekropamu D u (. [losaras @% ~ @%) ~ AGp, MOKeM HaIUCATh:

O}, = —[2riv(B)] T AGp > @fh (wa) (4.157)
plpll
CI)%) = —[2rw(E 1AG Z <I>pup/(wq) (4.158)
pII

aro u 6b110 caenano B (4.161). Ilpu w — 0, ¢ — 0, ¢ yuerom (4.155) u |p| = |p’| = pr, umeem:

Z@pp/ - 27721/ ZAGP Z q>P”P' - Z <I>R”P’ (4.159)

pp’ p'p”’ p'p”’

q)ofA, = Z q)orA 4.160
Z( VOhp = =5 ,,,( aelii,, (4.160)
PP PP

e d — pasMEpPHOCTH IPOCTPAHCTBA.
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Yopna (4.151). Torna mMeeM

Py (a )_Z (pd)

pp’

pp’

dm

= > s

- m 27
p

9TOo JaeT:

PCI
w

PP’
PP’

pp’

3aHy/IAeTCA PN MHTEIPUPOBAHUN 1O yTJIy!
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CI)RA

pp/(qw) - Z %

pp’

TIOe pa3sHOCTh cobCcTBEHHO — SHEPTETUICCKUX JacTell B JieBOll wacTu ImepenrucaHa C IOMOIIBIO TOXKIOeCTBa
RA

D UppnAGpn ®p (qw) =
pII

Pd RA
Z:I ?AGP ZI: Uppu@pup,(qw) (4 165)
pp P

- P4 A > Uppr@fity (aw)

p’

pp’ p’

(1)
Pd
= Z > UpprAGpn @i, (qw) —q

Z Ppp ()

(10
PaccMmorpum mo ornessrOCTH BEIanst (1)

pp’

(4.166)
(II). C mcmosbsoparmeM (4.161) mveem
n=S Elacpuyp S ef4 =
P~pp
m
pp’ P
q AGn
_ Pq p 1"~ RA  _
=2 ARl iy 2 [+ AT /] a5 =
pp// p/p//
i R
= Y PlAGpUppraGpr y ofihy +
pp// p/p//
(I11)
id p'"'q
(pq)AGpU nAG II 1t
QWU(E)p%‘ Z;/ pp p . PP
PP P'p
(4.167)
AmasormaabiM o6pasoMm
(I1) = Z pd > UpprAGps Z@RA, =
p//
AG
Y a2 i 5 (et ot -
p// p/p///
id
=(III _
(1D + 2rv(E) Z
P \,—/

pII
1/d

p p///
(4.25) kax ©4

(II) = 22’72

pp’

id

ppl 2mv(E)p

pp’

(1) + > UpprAGpn Y p” qcbp,,,p, = (1D +2i7 Y el
p//

2: p’ q@RA

p///p/ -
p'p’

(4.168)
pp’
Ille IpH Iepexole K IIOC/IeIHeMy PaBeHCTBY CHOBA HCIIOJIB30BAJIH ToKIecTBo Yopna (4.151) n mepermn-
caJIH pasHOCTb COGCTBEHHO — SHEPreTUYecKUX JacTell, BOCIOIb30BaBIINCE IPOCT MMM TPHG IR CHIEM
SR = 2iImEA = 2¢~. Torna ms (4.167)
(-

u (4.168) mosrygaem:
= > (PA)AGPUpprAGp: (p4)
F

_q@RAI —
m

pp’

M (qw) E E@pp, (4.169)
pp’



SJIEKTPOHbLI B HEYTNTOPAOOYEHHBLIX CUCTEMAX 137

rme M(qw) oupeneseno B (4.163). B pesysbrare (4.166) ceommrca k (4.162), aro m rpeGoBastocs!

B npunmume, Bce st manunmysiamun “mouru Tounbie” . Hambosiee cepbesHoe yIpolieHme, KOTOpOe
OBLTO CHesIaHo, CBA3AHO C MCHOTb30BAHUEM ITPOCTEHNIero TpuGIMKEeHIA NJTA COOCTBEHHO — SHEPTETHIe-
cKoll JacTm (4.25) upHu mpeobpasoBaHUT (4.168). Ecan um He mosb3oBaThcd, BO3SHUKHET IIPOCTO HoJtee
obmee (o cpasreHmIo ¢ (4.163)) BEIpaKeHNe OJ1A PEIAKCAITHOHHOTO ANPA:

Z AGp [EH(E +wpy) — 24 (Ep-)] + ﬁ Z(PQ)AGPUPP’AGp' (p'a)
B

P pp’

MQw) = ————
2miv(E)

(4.170)
Jlanpire Bce 3aBHCHT OT TOTO, KaKoe IMPUG/IMKeHHe MBI 6yIeM HCIOIb30BATH IJIA HEeIPHBOIUMON Bep-
urest Upp/, HO KOHKDETHBIE Pesy TbTAThI MOKHO MOJIY IHTE TOMBKO HCIIOTb3Y sl Oy IeHHBIE BRIIIE MPH-
6IMKeHHBIe BBIpAXKEHUs, KOTOPBIE, CTPOro TOBOPH, OIpaBIAHbl JMIIL B Ipedesie TOCTATOYHO CIaboro
Gecnopanka: v < E. Tem me MeHee, MBI yBHIMM, ITO BBefeHIe HEKOTOPOI IPOIeayphl CAMOCOT/IACOBa-
HEA IIO3BOJIUT BBIATH 3a IIpeNesIbl 3TUX IpoCcTelmmx Tpub Ik eHmii.

Pemraz reneps cucremy ypasuenuit (4.153) u (4.162), nHaxommum:

w—+ M(qw)
w? + wM(qw) — %v%qz

®F A (qu) = —N(F) (4.171)

Mcnomnpsysa eipaxenne (4.102), HeMenaeHHO ToTydaeM QYHKITHIO OTKJINKA IOTHOCTE
— IJIOTHOCTH B CJEHYIONEM BHIE:

1p2,q?
w) = wd (qu) + N(EF) = vpq@F4(qu) = —N(E d_I
(4.172)
[pn Masbix w, nperebperad w? B snamenarese (4.171) unn (4.172), MoxkeM HamucaTh:
1
N (qu) = —N(B)—————— 4.173
(40) = =N(E) (1173)
iDp(qw)q®
w)=NF)————————— 4.174
Waw) = N () L2E (1174)
Tle BBEJIH, TIO ONPENeIeHII0, 0606wennnill koadduyuenm dupdysuu:
28 1 v? i
D ==t 4.175
£ (aw) Yim M(qw) d M(qw) ( )
HETIOCPEICTBEHHO BBIpaKkaloluiica depes pejakcaluonHoe a1apo.
WMcnompsysa obiiee Boipaxenue (4.106) 114 IpOBOIMMOCTH, IOy daeM:
(w) el i 2D (00)N(E) 0 (4.176)
clw)y= ———— — ¢ mpu w — .
m w+ M(0w) = P
Ifle Y9I, 9TO ﬁ = % (n — MIOTHOCTD 3JIEKTPOHOB).

Taxum o6pasom, Bce MHTepecHBIe XapaK TEPUCTHKH PacCMaTpHBaeMoil CHCTEMBI BhIpa-
KaTCA Yepes penakcanmonnoe a1po (4.163). Bech Bompoc B TOM, B KaKOM IPHOTHKEHUN
ero MoxHo nocuurars! Ecm gna Upp:(qw) B (4.163) B3are npocreiiniee npubimkenue
(4.127), 1o w3 (4.163), B mpemete cnaboro Gecniopsanka (Korma 9To NpubIMKEHNE Kak pas3

u cnpaBeJlJH/IBo!) nMeeMm2S:

12

M(00) = — =27ip 6 ( E— 2| ju(p — p)’(1 - D) (4.177)
pl

Ttr 2m

2B AGp TyT mpocTo B3AT mpenen Y — 0.
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— OOBIYHOE BHIpaXKEHWe A1 MPAHCROPMHOZ0 BPEMEHN PEJTaKCalluh Tt 34 CYET pacce-
AHWA Ha TPAMECAX B MeTaJlJIe, ONpPeAe Aollee BeTHInHy OCTATOTHOTO COMPOTHBJIEHN
(Hamomumm, uTo y Hac B = Ep u Pp’ = cosbpp:), a (4.176) cromured K cramgapTHOI
dopmymne pyne:

7'L62

o="r, (4.178)

npu w = 0, mn

ne’ Tir

olw)= ——F"— (4.179)
m 1 —iwr,
[IJTA KOHETHO! 9acTOTH BHEIIHETO TIOJIH.
Bosbmem Teneps B Kauectse Uppr(qw) kynepon (4.147). Torma nonaTHo, 4To Hasm-
e nncdy3MOHHOTO MOJTIOCA MOXKET, BOOOIIE TOBOPHA, MPUBECTH K pacroduMocmu peTax-

cannontoro aapa M (0w) mpu w — 0, mockoAbKy mpu w — 0:

k=1 L od=1
dk—" Ve 4.1
/ w + iDok? { hw d=2 (4.180)

Dra (“undpakpacnaa”) pacxomumocTh BosHuKaeT npn d < 22°. TlosTomy, Hapamy c
OOBIYHBIM JIPYIEBCKUM (KOHEYHBIM 1pH w — () BKJIAJOM, MOXKeT BOSHUKHYTEH CHHTY-
napubli (B “nadparkpacHom” mpemene w — 0) Bkaan B M (0w), KOTOPHIH TPpHBOIUT K
CepBE3HBIM TOCIENCTBHAM (JMoKanusanna Angepcona). Hama mansHefimas samada co-
CTOWT B aKKypPaTHOM BBIJIEJIEHMH TaKOTO BKJIAJIA.

Moncrasmas (4.147) B (4.163) umeem (¢ — 0, w — 0):

2id . X
M(0w) = 2iy — ——=—5 > (p@)ImG" (Ep)Upp (0w) ImG* (Ep')(p'd) =
w(E)rr 55
_ o 4dUoy ~ R 1 R / I a
=200+ pr:I(pq)ImG (EBP) pnp T o mC (P (P'D) (4.181)

4dU0’}/ . R R N
M Qim 4+ 0T I Ep)——— I Ep — k)(k§) —
(Ow) W+W<E)p% le(pq) mG( p)WriDOk2 mG(Ep — k)(kq)
p
4dUqy e " 1 "
— g};(pq) ImG (Ep)eriDoszmG (Ep —k)

(4.182)

3aMeTnM Tenephb, 9TO BTOPOE CIATAEMOE 3[eCh KOHEUHO PN w — 0 (MOKHO cKa3aTh, 4T0
OHO TIPOCTO “NepeHOpMUpYeT” UieH 2i7y), a B TPETbeM CHHIYIAPHBIH Tpu w — 0 BKJIAL
BO3ZHUKAET U3 4ieHa pa3JiokKeHHd HOAMHTErPaIbHOrO BhIpaXKeHud HyJ1eBOro HopaaKa 110
k — 0 (rorma moaBnserca narerpan tuna (4.180)). B urore sammnimrem:

M(0w) & 2iy — 4U3 > (ImGR(Ep))” > :

- 4.183
D n w +1Dgk? ( )

1

29z d > 2 B (4.180) HyXHO eme BBecTH ofpesaHne Ha BepXHeM Tiperesie ipu k ~ {1 ~ vy (aro

CBA3AHO C KpUTEPHEM IIpHMeHHMOocTH nud GysHoHHOrO IpHb/IIKeHnA (CM. CHOCKY B cBasm ¢ (4.131)).
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Temeps yaTeM, 9TO B UCHOJIB3YEMBIX HAMH TPUOIUKEHUAK:

N .
Zp:(“”G (Ep)) ~ (E)/_oo df[(E_€)2+72]2 o (E) (4.184)
e 2Uq Z(ImGR(EP))z =alov(E)y " =1 (4.185)
P

CoorBercTBenHo, (4.183) cBomnTea K:

1
M(Ow) = 21y — 2U, _ 4.186
(00) = 207 =200 Y (1.156)
k
PaceMoTpuM Tetiephb HOapobHO cayvalt nByMepHOl cucremsl (d = 2).
Ham Hy®)HO IocUMTaTh MHTETPAJT:
A A
1 Q 1 1 1
I'= Z ' = dkk——— = — | dkk———— =
- w +1Dgk?2 (2m)? 0 w4+ 1Dgk? 2 J, w 4+ 1Dgk?
A A A - W
1 1 1 1 1 T +igs
= — dz _ = _ — = . dxiDg (4.187)
47 o w4+ 1Dgx 471 Dg o T+ Do 471 Dg o 22 + %
0
Bunum, aro:
A2 1
1
Rel = adl de——F5 — 0 opu w—0 (4.188)
47 Dg Dy 0 2 + D_g
B CIUTy cXogmMocTH mHTerpada. C mpyroit cTopoHBI:
1 A
ImI=— dp——— (4.189)
47Dy 0 r2 4«

A4
1 1 1 DZA%
dz > =- In (14— (4.190)
87Dy o 4+ % 87Dy w
0

CooTBeTcTBEHHO, IpH W — 0 UMeeM:

1 DZA% 1 Do A?
Iml~ — In 20— = In 22~ =
87Dy w? 47 Dg w
1 1 1 1
= - In—=-2 In— (4.191)
47 Dg wT 2 2rET  wr

IIle MBI BEIGpasin mapamMerp obpesanusa A ms ycaoBma:

1
DoA% ~ = =24 (4.192)
T

2m 1 2m
Anmy | =2 =2 =y~ 4.193
VE-"VE" (4.193)

e | = vpT — nyimHa cBobomHOoro mpobera, Win

9TOo JaeT:

1
vpA ~ — = 2y (4.194)
T

30Hmxe MpI eme o6cyauM >ToT BEIGOp mompobHee!
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C ydeToM vp = % u Dy = % A d = 2. CooTBETCTBEHHO, IOy 9aeM

1
In — (4.195)

— 2U0[ ~ ZT)’LUO
2rET  wr

VYurewm emte, aro ma d = 2 v(E) = &, rax aro mUp = % = %
B nrore, (4.186) cBognrcs x:
1 11 1
MOw)=—+———1In— 4.196
(0w) T+T27TET nwr ( )

Mcnompsys a1o Beipaxkenne B (4.175), naxomum o6obienHblil Koaddbunnent muddysun
JIBYMEpHOI CHCTEMBI B BHJIE:

D) =D v 1 Dy
w) = — = ~
OTM(w) 1+ 52—InL
1 1
~Dyql— ——In— 4.1
0{ 2nET nwr} (4.197)

r7ie B MOCJETHEM PABEHCTBE VUM, YTO BCE HAIIU MPOIELY Pl ABAAIOTCA 0O0CHOBAHHBIMHI
JIUIB B yCJAOBHAX ciaboro Hecmopaaka, KOrma BRIIOJIHAETCA HEPABEHCTBO 27 ET > 1.
Bropoe ciaraemoe B (4.197) onmchiBaeT KBaHTOBble TOMPABKH K mporieccy anddy-
3Un (IPOBOAMMOCTH) B ABYMepHO#t cucTeMe »yeKTpoHoB ¢ npumMecamu (JI.IT.Topbkos,
AN . Mapkun, I.E.Xmenpaunkuit, 1979). ITockoapKy 3HAK 9THX HOMPaBOK (B JaHHOM
HpOCTERITEM CIyYae MOTEHNNATHLHOTO PACCEARNA ) OTPUIATENBHBIH (OHI YMEHBIIAOT KO-
sdbdunment auddysun Mo cCpaBHEHWIO C €ro KJIACCHIECKUM “IpYIeBCKUM~ 3HaTeHHEM
Dg), TO 4aCTO roBOpPAT TakKe O ABIEHUN “ciaboll Jokamumsanun’ L.

Bce pacemorpenme mposommimock moka mad I = 0. llpw xkoHewHBIX Temmeparypax
CYIIECTBEHHBI MPOIECCH HEYNPYTOTO PACCEAHMA 3JIEKTPOHOB, MPUBOAMAIINE K MPOIEC-
caM “cbosa dasbl” (HEKOTEpEHINN) BOJTHOBHIX (GYHKIWH, ¢ XapaKTEPHBIM BpeMEHEM
75 = AT™P (cTeleHB p 3aBHCHT OT THIA HeyIpyroro mpormecca). IlostoMmy, BeIpaxe-
uue (4.197) samenserca Ha:

L ! (4.198)

~ 2nET Mazx [w L] T

’7—¢

D(w)=Dp{1

B YaCTHOCTH, OJA W = 0, IIOJIyHaeM CTaTUYICCKYIO IMMPOBOJUMOCTDH B BHIE:

1 P To

= l— ———— b+ = 1]———In— 4.199

7 UO{ QWETIH%} UO{ mEr T} ( )

rie Ty — HEKOTOPBIH MacuiTad TeMmeparypbl (sHeprun). Mcnonbsys ﬁ =2r>=F

(aTo cupaBenauBo AIA d = 2), HoJIydaeM oy = ”mir = %ET, tak 910 (4.199) nepemnu-
CHIBAETCA TaK¥XKe KakK:

SRS PR S (4.200)

T T BT T ’

M Ecau dbopMaTbHO YyCTPEMUTH B (4.197) w — 0, To, B ciity JorapudpMIUecKOl pacXoOUMOCTH, KBaH-
TOBad MOMPaBKa CPABHUBAETCA U IIPEBOCXOMUT KJIACCHIeCKUH BKIa, YKa3biBasd Ha BOSMOXKHOCTE obpa-
LIEHNA CTATHIECKOH MpoBoaMMOCTH cucTeMst npn I = 0 B Hysb (Iepexom MeTaslI — NU3I€KTPHK HJIF
nepexon, Arnepcona). Pasymeerca, mpm sToM MBI BEIXODEM 3a 06/1aCTh IPHMEHUMOCTH PacCMaTpHBae-
MBIX BBIpa)kKeHUU u TyT TpebyeTcsd CIeluaIbHOE PACCMOTPEHNE, KOTOPOe B6YIeT TPOBEIEHO HUKE.
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2 2 2 2
e” _ e _ € £ .et
BaMeTI/IM, qTO % — 3xh — A OolpeaesideT KBaHTOBBIN Maciarab IIPOBOOMMOCTH: =

2.5-10 %M1,

Jlorapndmudeckas TeMmmepaTypHad 3aBHCHMOCTH MpoBoguMocT Tuma (4.199),
(4.200) meficTBUTETBHO HABIIONAETCA SKCIEPUMEHTATIBHO MIPH JOCTATOUHO HI3KHUX TEM-
mepaTypax TPaKTHYECKH A JOOBIX JABYMEPHBIX METAJIHIECKHX CHCTeM (TOHKHE
IJIEHK N, IBYMePHBI s1ekTponHblii ras B MOII — ctpykrypax u 1.11.) [18, 19].

HaI‘J’IfI,H,HafI HHTepIipeTallud KBAHTOBBIX IIOIIPpAaBOK.

Paccmorpum dpusmaecknii cMbIc/T Hafi IEHHBIX HaMP KBaHTOBBIX IIONIpaBoK K nposomumoctH (A .U, Jlapkws,

I.E. Xmenprumgmnii, 1980). Mur (moxa!) paccmarpusaem cirydaii ciraboro 6ecnopanka, IInHa CBOGOIHOTO
mpobera [ > % mwm (B cHcTeMe h = 1) ppl > 1, E7 > 1. Craprya c o6braHOr0 “MeTasIMIecKoro”

peRUMa ITPOBOAUMOCTH, HIIEM IOTMpaBKH oT “ciaboil jiokamsarun’ :
o =09+ bo; 6] <€ oo (4.201)

O6braman OpyneBcKad MPOBOIAMOCTD (PE3yJIbTAT CTaHNapTHO KHHETHIECKOH TEOpHN), KaK MBI TOJIBKO
<ITO BHAEH, 00 ~ %—zET. B »Toil Teopun, nocienyompe aKkThl pacCeAHNA PACCMaTPUBAIOTCA KaK He3a-
BHCHMEIE (HeKoppesmmpoBaHHSBIE ). [Ipr 5ToM 2/1eKTpoHBI coBepuraroT o6braHyI0 (Kitaccmaeckyro) muddy-
3HI0, TAK 9TO OJId YacTHITLI, Haxondameiica B MoMeHT BpeMeHH { = 0 B To4UKe I, BepOATHOCTD OKa3aThCA
B MoMeHT ¢ > 0 B TOoYKe I maeTcd pelleHHeM ypaBHeHN:a nuddysum u B d — MEPHOM IPOCTPAHCTBE

paBHa:
_lr-rg|?
P e 4.202)
)= —— .
) = e Denyar2 (

TIe KJaccuaeckKuh Kosdunuent muddysuun Dy = U%T/d. ITa BEPOATHOCTDH CYUIECTBEHHO OTJIMIHA OT
Hy/IA B Ipemesiax obbeMa Vs 5, OLPeIeIaeMoro ycaoBmeM | — Iy |? < 4Dgt, toe:
1 1

= (4.203)

P(rt) ~ ——
=9 Vaigs  (Dot)/?

Bce 10 umcro kimaccmaeckaa KapruwHa. PaccMoTpum Temeph xeanmosyro KapTHHY Ha A3bIKe delHMa-
HOBCKHX TpaeKTopmil gactunsr [20], pacnpocrpanatomeiica us Toukn A B Touky B, Kak 3T0 IOKa3aHO
Ha Pmc. 4-21 (a). Kaxnoyro TpaeKTOpHIO MOXHO paccMaTpHBaTh KakK “TpyOKy”’ ¢ KOHeYHOH TosmumHOM
nop#Anka (CooTHONIEHHe HeOIpeneIeHHOCTER! ):

h

muvp

Ap = (4.204)

IIpm »ToMm momepeunoe cedenme “Tpy6bkm”’ mopsAnOKa /\?,_1. B xstaccmaeckom mpemeste i — 0 m Ap = 0.

ITpm cmabom Gecriopanke Ap /1 = piFl < 1, T.e. “Tpy6xm” mocrarogno Toukme. [lycTh Temmeparypa Toxe
JOCTATOYHO MaJla, TaK 9YTO HEYIIPYTHUE IIPOIECCHI, XapaKTEepPHU3yeMbl€ BpEMEHEM T¢7 JOCTATOYHO PpEOKM:
Ty > T.

Bepoaraocts nepexona A — B mo @efinMmany ecTb:

2
W= ZAi = Z |4 2 + ZAiA;‘ (4.205)

i i i#]
e A; — aMIIATyoa BepoATHoCTH nepexona A — B 1o i-# TpaekTopun. B 6oabmMmaHoBCcKOil KmHeTHIe-
KOl TeOpHM, ecTeCTBEHHO, IpeHEGpeTacTCA HHTepdEpEeHINORHBIM (KBaHTOBEIM!) BKIamoM B (4.205). B
GOJIBIIMHCTBE CIIy9ack TO ONpaBIaHO — IIyTH (TPaeKTOPHH) HMEIT pPasHBIE IJINHBI M aMILIATYIBL A;
mMeroT pasHble (caygaiiasie!) dassr. OmHAKO €CcTh ONHO HCKJIIOUEHHE, a HMEHHO, ciaydail korna A m B
COBITATAIOT, T.¢. TyTH C CaAMOTIepecedeHneM, THITA ToKasanHoro #a Puc. 4-21 (b)*2. Takoii samMxmyTHIit
Iy TH MOXKET IMPOXOIUTHCA B IBYX IIPOTUBOMOIOXKHBIX HAIIPpABJIEHUAX 1 U 2, HO MMOCKOJIBKY ItyTr 1 1 2 co-
Buanarot, dpassl amuaaryn A; m Ay KorepeHTHEI B BTopoe ciaraeMoe B (4.205) maeT KoHedaHBIH BKIIa!
CooTBeTcTBYOMAA KJIaCCHTeCKas BEPOATHOCTD mepexona B caydae A1 = Ay = A ects W, = 2|A)?
(HepBLI]‘/’[ JIEH B (4.205))7 HO B KBAHTOBOM CJIy9Yae BO3HHUKAET €lle W HEHYJIeBOH MHTepdepeHITMOHHBIN
BEJIazn (BTopoil wieH B (4.205)), Tak 9rTo:

Wem = 2|A]2 + 24, A} = 4]4)? (4.2086)

32Peun, TakmM o6pa3oM, WHET o MpoTeccaX pacceArns ¢ BossparoM (backscattering).
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A= B (b)

Puc. 4-21 ®@ennmaHoBCKMe TpaeKTOPUM YHacTULbl, pacnpocTpaHAtolenca U3 Toukn A B
Touky B (a) u npumep TpaekTopun ¢ camonepecederuen (b).

TaK 49To

Wom = 2W,; (4.207)
Takum o6pasom, BEPOATHOCTE 68036PaMa KBAHTOBOI YaCTHIILI B IBa pa3a 6oJIbllle, 9eM y KJIACCHIECKOM
— kBaHTOBad Muddysud “MemieHHee” KJIACCHIECKOR >, DTO M HPHUBOINT K CHUMHCEHUIO IIPOBOTHUMOCTH
0 — TEHIEHINN K JTOKAJIM3AIn!.

Ounennm temepb Besmauny §o /og. V3 Hammx paccykmeHmil ciemyeT, 9To 3HaK §0 /o) OTPHIIATE/IB-
HEIH, a caMO H3MeHEHHE IIPOBOIUMOCTH IPOIOPIHOHAIBHO BEPOATHOCTH BOSHUKHOBEHNH (B Xome nud-
dysun!) myrm ¢ camomepecedenmem. Paccmorpmm myTs (“rpy6ky” ¢ cedeHmem /\?,_1) B d — MepHOM
HPOCTPAHCTBE. 3a MHTEPBAJI BpeMeHU di 3JIEKTPOH MPOXOIUT paccrodnne dl = vpdt, cooTBeTCTBYOIMHI
obbemMunk “Tpybrm” ecthb dV = vpdt/\?,_l. C mpyroii cTOpOHBI, MAKCHUMAJBHO ITOCTYIHBIN 06beM mId
mudbysmupyoueil 9acTUIbI ecTh, KaK MBI BUIIEJIH, Vdiff (4.203). Torma BepoATHOCTH 3JIEKTPOHY OKa-
3aThCA B 3aMKHYTOH Tpy6GKe MOXKHO Ipy60 OIEHUTH, KaK MHTErPAsl OT OTHOUIEHUHA 3THX ABYX 0OHEMOB:

T, T,
4V S dt
W= / — = UFAdF—l/ ——r (4.208)
, Vaiss + (Do)

Hikauil npenes MHTErpHpoOBaHUA OHPENEIAETCA 3[1€Ch KPUTEPHEM IPUMEHHUMOCTH Iuddy3noHHOTO
Opub/IMKeHNA, & BEPXHUI — IIPeTeIoM IPUMEHIMOCTI KBAHTOBOW KapTHHBI KOT€PEHTHOTO PACIIPOCTPa-

HeHndA TacTHUIB. BemoMmmas, aTo o ~ %—EET, Mo Ty9aeM TMPOCTYTO OMEHKY:
()7 4
—~——4q hn(2) d=2 (4.209)
(%) s
Ecmm 7_1—¢ ~ TP 1o (4.209) maer:
bo h s d=1

—~—2 hplnTe 4= (4.210)
T
oo BT pere g=3

33:’)TO €CTh CJIEOCTBHUE GOANOG0T Ipupoabl YacTHUIl, B KBaHTOBOM MexaHmKe. Bce Hamm paccyxmeHuA
CIIpaB€OJJIABBI TaKXKe€ U OJId KJIACCHIECKHUX 60AH. HpI/IMep — YCHJIEHHE 3Xa B J'IeCy!



SJIEKTPOHbLI B HEYTNTOPAOOYEHHBLIX CUCTEMAX 143

WcnonbsoBanroe Bhime yciaoume A1 = A mpenmosiaraeT »KBHUBAJIEHTHOCTH COCTOAHUM 3JI€KTPOHA C
HMILYyJIbCAMU P U —P, T.€. HAJIU9INe CAMMETPUN OTHOCUTEBHO obpaneHnd BpeMenn ¢ — —t. 9TO BEpHO
B OTCYTCTBHe BHEIIHET0o MATHMTHOTO ITOJIA M MarHuTHBIX npuMeceii’. B mpucyrcrsun nmons H sti nse
aMILIUTYIBI Hepexona TpuobpeTatoT Gasbl MPOTUBOMOIOKHOIO 3SHAKA:

Ay — Are'® Ay — Age™'¥ (4.211)
TIe
e 21
= — diA = 4.212
Y7 he f hefe ( )

rme ¢ = HS — moTok MarHHTHOTO HOJIA Yepes cedeHHE S 3aMKHYTOTro IyTH (Tpaekropmnn). Ilockompky
3JIEKTPOH coBepliaeT muddy3moHHOE OBIKeHUe, nmeeM S ~ Dgt, tak aro ¢ ~ HDgt. B pesymbrare,
BMECTO (4.206)7 IJIA BEPOATHOCTH BO3BpAaTa MBI IMeEEM:

Wy = 2|A? {1 + cos (2w¢£) } (4.213)

0

roe ¢g = % — KBaHT IOTOKa TeOpHHU cBepxmpoBomuMocth [11], coorBeTcTByrommii sapamy 2e! Ymso-
€HHBIH 3ap#Al BOSHUKAET 3ECh MOTOMY, 9TO y HAC WHTepdEPUPYIOT BKJIAIBI J6YT 3JEKTPOHOB C P W
—p (aHaJIOTHYHO TOMY, KaK B TEOPHH CBEPXIPOBOIHMOCTH CIaPHBAIOTCA NBa 3/1€KTPOHA C IPOTHBOIIO-
JIoRHBIME EMITysIbcamu). [Ipm H = 0 croBa mmeem Wy—o = 4|A]?. CooTBeTCTBEHHO, TIPH HATITHT
BHENIHETO MATHHTHOTO ITOJTA BOSHUKAET OMPUUATEALHOE MATHATOCOIPOTHBIICHAE, BEJIMINHA KOTOPOTO

omnpenesideTCdA Pa3sHOCTRIO KBAHTOBBIX ITOIIPABOK:

Ac(H)=6c(H) = 6c(0) ~ Wy — Wy ~

~upAET? /T¢ (Diﬁ {1 — cos (2w;40) } >0 (4.214)

n CBA3aHa C IIoJABJICHHMEM KBaAHTOBBIX (J'IOKaJ'II/ISaH,I/IOHHZbIX) IIOIIpaBOK BHEIMIHAM MATHHUTHBIM IIOJIEM.

. HDoT
fcro, aro Ac(H) mBnaerca dymxumeit %. “Kpurmaeckoe” 1moJie, MpuUBoOOgAllce K TpaKTHIECKH
HcDoTy
HOJIHOMY HONABJICHUIO JIOKATU3AIMOHHBIX TONPABOK, OMPEIEIACTCA yCIOBHEM — =t 1, 9ro mia
0

tunraasx Do w 74 maer He ~ 100+ 500tc. 9ddexT orpumare /bHOT0 MATHETOCOMPOTHBICHHA B CIAGBIX
HOJIAX B HEYIMOPATOYEHHBIX METAJIIAX TeHCTBUTEIBHO HAbII0HAeTCA U TaeT METO N3y YeHNA KBAHTOBBIX
TMONPaBOK K MPOBOAMMOCTH M XapaKTEPHBIX BPEMEH THUIA Ty [18, 19]35.

CamMocoryiacoBanHas Teopud JIOKaJdHu3alluu.

Bepremca k obuieit muckyccun. OkasblBaeTCAd BO3SMOKHBIM ITIPEIJIOKHUTH HEKOTOPYIO
CXEMY CaMOCOIJIACOBAHNU, TIO3BOJIAIOINIYIO PACCMOTPETD U 0DJACTD JOCTATOYHO CHIBHOTO
Gecnopanka. [ sToro BepHeMcsa K Bhipakennio (4.186). OcHoBHas WA caMOCO2AACO-
sannoll meopuy aokasusayuy (W.Gotze, 1979, D.Vollhardt, P.Wolfle, 1980) coctont B
3aMeHe KJIaccHieckoro Koaddurnmenra muddysun Dy B snamenamene (4.186) Ha 0606-
meHHbIH Koaddbunnent mudddysun (4.175), Koropsiil caMm BBIpakaeTcsa Uepes pesrakca-
[IOHHOE AApO, onpeendeMoe (4.186). B pesynabraTe mosrydaeM cleayoliee ypasHeHUue
camocozaacosanua g onpenenennd auapa M(0w)3S:

. 1 i
M(w) =2iy{ 1+ T > — (4.215)
|k|<k‘g dm M(w)

34Ouenn acHoe obcyxIeHHE TPOGIIEM, CBAZAHHBIX C OMMUCAHIEM HHBAPHAHTHOCTH OTHOCHTEIBHO 06pa-
LIeHUA BpeMeHHU U €€ OTCYTCIBHA B CHCTEMAaX, HaXONAUMXCA BO BHEIIHEM MArHUTHOM IIOJIE HJIH COINEpP-
JKAIEX MATHUTHBIE IpuMecH, MoykHo Halitn B [ur. VIII xawrm [21].

35HyxHO WeTKO OTAMYaTh PACCMOTDEHHBII 3ddeKT OT KIacCHIecKoTo MarHeTOCONPOTHBIICHHA

Ao(H H
40—2 ~ —(WHT)27 Toe wi = fn—c Besmmunaa Kj1accmaecKoro MarHeTOCOIPOTUBIIEHHH, B COOTBETCTBY-
0

FOUIUX ITOJIAX, Ha MHOTO IIOPATKOB MEHBIIE (4.214) u uMeeT Opyrol 3Hak!
36 3aMermM, 9TO TIPH 5TOM MBI IpeHeGperaeM BO3MOKHON IpoCTpaHCTBEHHON Aucmepcmeii: M(qw) —

]\4(0(,«))7 DE(C]W) — DE(OW).
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win skBuBasieHTHOE (B ey (4.175)) ypasaenue mia obobuieHHOr0 Koad durmenta nnd-
dyszum:

Dy 1 1
Do)~ T mE |k|Z o + D)k (4.216)
<ko

BuiGop BESMUYHHBI HMIYJbCa Obpesannd ko 6yIeT obcyXKIaTbea HIKe . |

TIpek e 4eM saHMMATBCHA JTeTAIBHBIM anaan3oM pemennii (4.215) u (4.216), mocmo-
TPUM, 9TO MOXKHO CKas3aTh “m3 obimx coobpaxenuit”. [ 9Toro BepHeMcs K BBIpaxkKe-
nuio (4.173) nna &4 (qw). Mo oxunaem, uto M (w) MOXKeT OKa3aThCA CHHTYJIAPHBIM
mpu w — 0. B ycaoBugax cylecTBOBaHUA TpeIesia:

2F . 1

2 (E) = lim ———
REo(B) = — 3 lim —r s

(4.217)

OIPEIETAIONIETO XaPAKTEPHYIO IIHHY Rjoc, 13 (4.173) BolmeigeTca CHHTYIAPHBIN BKJIAT
Bua’® (1714 IpocTOTHL NoIpasyMeBaeTca TakKe npeses ¢ — 0):

N(E 1
PR (qu) = — fd )1+R2 pe (4.218)

loc

B a1Hx XKe yc/IoBHAX yIOOHO BBECTH XapaKTEPHYIO 9acTory wo( F):

28 1
)= — limwMWw)= ———— >0 4.219
SH(E) = = limw M (@) = Z0 s > (4.219)
TaK 9TO
28 1
wel By =/ F——— 4.99
R ( ) dm(.Uo(E) ( 0)

Hunaa Rj,. uMeeT cMBICT paduyca A0KaAU3AUUY 3TEKTPOHHBIX COCTOAHUIN B MOJIE CJIY-
gaitnoro norenimana npumeceii [16]. B ycioBugx cyiecTBoBatus yKa3aHHBIX MPEIETIOB
BJIEKTPOHHBIE COCTOAHUA Ha ypoBHe Pepmu F oKas3bIBAIOTCA JTOKAJM3OBAHHBIMU U CH-
cTeMa OKa3bIBaeTCd B COCTOAHUU audepconosckozo duasexkmpuxa. llepexonm Ammepcona
WIN ABJIEHUE JIOKAJTMIAINN JIEKTPOHOB B HEYTIOPAIOYEHHBIX CHCTEMAX OTHOCHTCH K W~
CJIy OCHOBHBIX MOHATHI COBpeMeHHOl Teopuu Heynopgaaodenubix cuctem [22]. Huke Mbl
VBHINM, 9TO PACCMATPUBAEMasd TEOPUA HOCTATOYHO YCIENTHO OMUCHIBAET 3TOT MEPEXO]I.

Hanuane jgokaansanny (BOSHHKHOBEHNE IM3JIEKTPUKa AHIEPCOHA) CBASBIBACTCH B
JAHHOM TIOIXOMe ¢ CyllecTBOBaHMeM mpenena (4.217), T.e. ¢ KOHEYHOCTBIO XapaKTePHOH
qacTorhl wy(F), onpenendemoit (4.219). MHbIMEI coBaMm, 9TO COOTBETCTBYET BO3HUK-

2
wi(E
HOBEHHIO PACXOANMOCTH pesakcanuonnoro anpa: ReM(0w) = —% mpu w — 0. ITo
O3HAYaeT, YTO peJaKcalnoHaoe aapo pu ¢ — 0 u w — ( mpencTaBageTcd B CaeqyIONeM
BHUIE:

= (meTamnm)
MOw) =4 7 2m

TE w

(4.221)

(mmssiek TpUK AHIepcoHa)

37TPasymeeTcs, IpeIOKEHHAS CXEMa CAMOCOIIACOBAHIA BHOCHT B TEOPHIO 5JIEMEHT “HEKOHTPOJIHPY-
eMocTH” , 9TO XapaKTE€pHO U IJId pAla Apyrux ‘camocorsgacoBaHHBIX” Teopmii. Boofume rosops, MoxHO
nposectn u Gosee crpormii BeIBOL, ypasHeHmit (4.215), (4.216) (D.Vollhardt, P.Wolfle, 1982), ocroBan-
HEI Ha o0IEM IMarpaMMHOM aHaJIM3€ C OTGpAacHIBAHWEM MeHEe CHHTYJIAPHBEIX (IpH w — 0) BKJIANOB,
HO MBI He Oy/IeM Ha 3TOM ocTaHaBJIHBaThcA. ONpaBIaHneM TIOTOTBOPHOCTH TAKOTO TIOIX0Na ABIAIOTCH,
B KOHEYHOM CY€TE, MTOJIyIacMbIe B €70 paMKaX (PU3HIeCKHe PEe3y IhTaTHI.

38 Hamuame Taxoro sraama B 74 (qw) cooTBercTByeT 06IIEMY KPUTEPHIO JTOKATASATINN 3JI€KTPOHOB
B TIoJTe CIIy9aifHOTO MOTeHMrAasIa MpAMeceil, T.e. TIEPEXoy CHCTEMBI B TH3IeKTPHIecKoe cocToAHue [16].
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Bompoc To1bKO B TOM, MOXKHO — /I HafiTh Takwe pelienns ypapuenna (4.215)7

Tpu obcyxkaenun BeIGOpa mapamerpa obpesanud B (4.215) un (4.216) samernm, 410
w3 Beipaxkenus (4.163) u mpocreiitieli omenkn (maa ciaydad csaboro Gecmopaakal)

2

AGp ~ ImGE(Ep) ~ 6 (E— g—m) [ACHO, 9TO CyMMapHBII mMmmyasc k =p+p’ B
Upp'(qw) moxer merarbeda (o momymmo) or 0 mo 2pp. C Opyroit CTOPOHBI, CaMO Bbi-
paxenne nig Uppr(qw) (4.147) (“kKynepon” ), ucnosbsyeMoe HaMu, CHPABEIIMBO JIHIIL
ang |p + p’| < 17! (kpurepnit npumenumoctn auddysnontoro npubamkenus). Orciona

SICHO, 9TO UMIyIbc obpesannd B (4.215) u (4.216), mo mopAIKy BETWIWHBI, MOKHO Olle-
HUTH KaK:

ko ~ Min{pr, "'} (4.222)

PaxTuveckn, nepexo AnmepcoHa mpoucxonut npu prpl ~ 1 (Tax HasbiBaeMbIli KpuTepuii
Nodde - Pereﬂﬂ) [22], Tak 9TO A €ro UCCIACHOBAHUA AOCTATOYHO ITOJOKUTh:

ko = zopr = zoV2mE (4.223)

roe xg = const ~ 1 = 2.
Ilepeitnem Teteps K pelieHnio ypaBHeHns camocoraacopannd (4.215) (A.B.Macuukos,
M.B.Cagosckuii, 1982). Bpemem 0GespasMepHy0 MEPEMEHHYIO WHTEIPHPOBAHUA Yy =

k .
s7op 4 nepennuem (4.215) B puze:
' 1
e 2i7+dAxg_2M(w)/ dyd ™ g (4.224)
0 y = 4x§E2M(w)
e A — mapaMeTp Hallleif TeopuHu BO3MYIIeHi (Ho 6ecnop;{;1Ky);
1 Y mad/2 g1
A= T B (_) v 4995
2nEr  7wF I R (g) pv ( )

rae yunn, uto ¥ = wpv’v(E) u BUM IJIOTHOCTH COCTOSHEI CBOGOIHBIX 3JIEKTPOHOB B
MPOCTPAHCTBE PA3MEPHOCTH d:

m\ /2 51
V(E) = (_) (4.226)
2 I (%)
Meranmu4deckasa dasza.
Monaras B (4.224) w = 0 w paccMarpuBag MeTaanudeckuii pexxnm us (4.221), korma
ReM(w=10)=0wu ImM(w =0)=1/7g, cpasy nonydaem us (4.224):
1 d
= —l———Aaxfi? 4.22
= 27{ d—2""" } (4.227)

Torma us (4.176) HeMeJIeHHO MoJydYaeM CTaTHIeCcKylo MPOBOAUMOCTE CUCTEMBI B BUIE:
2 £\ 7
ne - 2
= — 1= = ; 2<d<4 4.228
o= o { ( T ) } ; <d< ( )

d l‘g_z _d
E, = {m @ (27)% } B, (4.229)

e
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rJe BBEACHA XapaKTepHad sHEPTUA:

By = mT1 (po?) 77 (4.230)
yX&e BcTpedaBinasgcs HaM B (4.74) u onpenendmoniasa 061acTh “CHabHOR ¢BA3N” (CUIBHOTO
paccesdHnd) Ha OCH HEPTHUH JJIA 3JIEKTPOHA B CJIyYallHOM MOJIe TpUMeceii, i BOSHIKA-
folag w3 npoctefimedi onerku v ~ pv?v(E) ~ E (¢ yuerom (4.226)), coorBercTByIomIeii
kputepuio Nodde — Perena (n mpeneny TpUMEHHMOCTH WCIOJIb3YeMON HaMH TEOPHN
Boamyuenuii!)3°. Jlerko Busers, uro sHeprus E. ~ FEg. (4.229) urpaer posb nopoea
nodsustcnocmy [22]. Heficturensro, npn F > E, u3 (4.228) nonydaem:

> | (4—d\ (E-E\ FE-FL
o 2 ~ (4.231)
m Py(EC) 2 Ec Ec

TaK 9TO CTaTHU4YeCKad IMPpOBOAMMOCTL CHUCTEMBI IIpH T=0 o6pamaeTc9{ B HYJIb, KOT'4a

sueprug Pepymu £ — E.. DT0 u 03HAIAET, YTO B CHCTEME TPOUCXOINT AHAEPCOHOBCKMIA
HEPEXOI METAJLT — JUSAEKTPUK (JToKagn3aua AHIepCoHa).

IIpuBenem siruble Bhipaxkenus miia d = 3. [Ipunumasd, nad onpenesieHHOCTH, Lo = 1,
nMeeM:

E m?(pv?)? (4.232)

e = —
27
HeTpynHo BHIETH, 9TO B TepMUHAX 6e3pasMepHOTO TTapaMeTpa TeOPHH BOSMYITeHTt A

u3 (4.225) 5T0 COOTBETCTBYET KPUTHIECKOMY 3HAYEHUIO A, = d=2,2=d — 1 /3 ym
¥ p y 4 ‘o

E 3 3
Py(E) E=F_. G G
roe | = g—i — “DopHOBCcKaga” IANHA CBODOIHOTO Mpobera, KOTOPYIO MOKHO paccMaTpHBaTh

B KadeCcTBe Mephl Oecriopaaka B cucteMe. Torna (4.233) MOTHOCTHIO COOTBETCTBYET OOBIU-
Hoit popmyanposke kputepua Modde — Peresta: gamua cobomaoro npobera B MeTaJLIe
HE MOMKET OBITH MEHBIE XapaKTEPHOW BEIUYUHBI MOPAIKA MEKATOMHOTO PACCTOAHUSA
[22], ¢ manbHelUM pocToM Gecnopsika CUCTeMa [EPEXOAUT B COCTOTHUE aHIEPCOHOB-
ckoro nmasiekTpuka. “Kpnrndeckoit” maute cBoboguoro npobera us (4.233) coorBeTcTBO-
BaJsIa — OBl “ApymeBcKas’ MPOBOINMOCTD:

ne 1 e’pp (ppl)

0Cp = ———— = ——— 7

m 2y(E.)  3%%h?

2
_ € PF
m3h2

(4.234)

E=E,

3
rhe Y4JIH, 9T0 1 = &{-)TFEC’: 1 Besme “BoccTaHoBWIH h. BBUOY prp ~ %, THe @ — MEKATOM-
HOe paccrosHue, Beandnna o, (4.234) mo mopAnKy cOBIamaeT ¢ MOTTOBCKON OIEHKOM
“MUHEMAaJIbHOW MeTaImIecKoil MpoBOANMOCTH

1 e?
7 w3 ha ( )
9TO IPHU @ ~ 34 maer Ormm ~ 2 - 10%om™ tem !,
BanuceBaga (4.227) kak
1 3 1 E
2y Tk 2y Y(Ee)
39Vike M3 »THX HpocTHIX (POPMyYJI BHIHA BHIIEICHHAA poJb pasMepHocTell mpocrpaHcrBa d = 2 M

d = 4, urparommx poJib HIDKHe 1 BepXHEU KPpUTUIECKOI pasMepHOCTH IJid Hepexona AHIepcoHa.
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MOXKHO HepernucaTh (4.228) B Buze:

a:ao{l—ﬁ}zao—ac (4.237)

(oo}

2
«@ ” _ne’ 1
rae "ApydeBCKad IPpOBOAUMOCTE 0g = Wﬂ BBICTYITIa€T B Ka49€CTBE MECPBI 6eCHOpﬂﬂ;Ka.
Mpu cnabom Gecopanke (6ombioit minte cBobomgHoro pobera) oy > o, u us (4.237)
caenyer oObIYHBIA pesyibTar 0 & op. llpu pocre Gecmopanka (YMEHBIIEHUN JIJIMHBL
mpobera) o — 0 pw 0g — T, & Omm . OTCIONA BUIHO, UTO Oy, ONPEIENIAET XapaKTep-
HBIf MaciITad MpoBOIUMOCTH, Ha KOTOPOM IMPONCXOINT HENPePbieHbitl (BONPEKH PAHHIM
uneaMm Morra [22]) mepexom MeTaslT — TUSJIEKTPHK, WHIYIWPOBAHHBIN OeCmopAIKoM.
y,D;I/IBI/ITeJ'H)HO, YTO 2THU IPOCTHIC d)OpMyHBI IMOATBEPKOAIOTCA IKCNEPUMEHMAABHO OJIA
MHOTTX peaabHbIX cucTeM [16].

W3 mammx omeHOK BHOHO, 94TO OjIdA d = 3 MOPOT MOIBHKHOCTH F. momamaer B obJsacTh “‘cUIbHOMR
cpasn” Fsc = m?(pv?)? (M.B.Camosckmit, 1977), rme GespasmepHbIil mapaMeTp TEOPHH BO3MYIIEHFL
A ~ 1 m, cTporo ropops, HyXKeH ydeT 6cexr AUarpaMM TeopuH BosMmylleHuii. C mpyroii cTOpOHEI, IIpH
d— 2 us3 (4.229) BUIHO, 9TO0 . — 00, B COOTBETCTBUM C KAPTUHON MOJIHON JIOKA/IM3AIIUHA IPH CKOJIb
— yrommo cinabom Gecnopanke ma d = 2 (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless,
1979).

To 06cToATEIBCTBO, YTO MOPOT MOABHKHOCTH IIONATaeT B 06/1aCTh “CHIIbHON CBA3N” ABJIAETCA OMHOMN

W3 OCHOBHBIX IIPUYXWH HE3ABEPIIEHHOCTH TEOPHUH JIOKAJIN3alluu 1 Tpe6yeT Pa3BUTHUA HOBBIX, CYNIECTBEHHO

HeIepTypOaTHBHEIX, MeTOH0B paccMorperusatl,

JusnexkTpuk AHuepcoHa.

TlepeitneM K paccMOTpeHHIO OBJIACTH JOKAJIN30BAHHBIX cocTodAnmit F < E, (ams/iek-

tpuka Angepcona). Miem perenne (4.215) B Bume Broporo Beipaxenus B (4.221). Boi-

Ienad geficTBurenbhyio dacTh (4.215), mpu w — 0, HaXOAUM ypaBHEHHE, OTNPEIEIoNIee
2017

wi(F):

1

dw3(E)

(4.238)
y2 + 4r2E?

1
1= d/\xg_z/ dyy?=1
0

AnayorngHbIM 00pasoM, u3 MERMOH gactu (4.215), mpn w — 0, HaXonNM ypaBHEHHE [1JI4
Tg B 0DJACTH JIOK AJTH3ATIAN:

1
1
1 —2yrp = d/\xgl‘z/ dyytt ——— (4.239)
0 [ 2 4 dwﬁ(E)]
y 4r2E?
Ucnonbsya (npu wi — 0) mpocreiimyto onenky murerpaaa*l s (4.238), umeem:
1
1= d/\xg_z / dyy?=3 =
aw2(B) 1/2
(%)
)\ T
dxxd—zL{l—(%) ’ } 9<d<4
= 0 a2 4ol ( ) (4.240)
2x§E2 _
Aln e (d=2)

40Bo1ee monpo6HO ¢ HTHME BOIPOCAMH MOKHO IO3HAKOMHTBCA Ho obsopam: M.B.Canopckuii. YOH
133, 223 (1981), L.M.Cycaos. YOH 168, 503 (1998).

41 rTerpas 3mech MOKHO BEIMHC/INTE U TOYHO, 5T0 MPHBEIET JIHNIb K HeCYIeCTBEHHOMY M3MEHEHIIO
HEKOTOPHIX KOHCTAHT B OKOHYATETbHBIX OTBETAX.
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OTKYyZa, NCMOb3ya onpenenetue (4.229), morydaem:

wg(E) — %l‘%EZ {1 — (E_c) } (2 <d< 4) (4.241)
2¢3E% exp (—1) (d=2)

[TostoxxeRne mopora MOABMKHOCTH Ha OCH HEPTHil, eCTECTBEHHO, ONMpPeeaaeTCs yCI0-
BueMm wi(FE,.) = 0. Ina d = 2 Besuuuna wi(E) > 0 auag nobbix F, 9To cOOTBETCTBYET
KapTHHE MOJTHO JIOKaJM3alil B JBYMEpHBIX CHCTEMaX, /Jake IPU CKOJIb YTOIHO CJia-
Gom Gecopanke (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J. Thouless, 1979).
BameTum, ofHaKo, uTo Hpu caabom Gecropsake (A < 1) w2 (E), B aToM ciyuae, sKcIo-
HEHIMAJIBHO MaJia, 9TO JeHCTBATEIBHO COOTBETCTBYET 4460 JTOKATASAINN.
Mcnompsya “npencrasienne enunuisl’ B Bume (4.238) B (4.239), monydaeM cBasb Tg

cwi(E) B BugeE:

dwi(E) ! yi!

_ d—2 @@y ~

2v1E = dAzg 122E /0 dy ]
+ 4r2E?

d—2
1 dwz(E) dwz(E) 2
r dhrpl=? 0 - 0 d<4 4.949

Yo g1 { 122 E? <4x3E2 (d<4) (4.242)

tak uTo npu wi(E) — 0 (B6u3HM nopora MOABUKHOCTH) MUMEEM:

d—2
— dwg E 2
e ? (4x§(Eﬁ) (2<d<4)
A

d
e I CES)

[ (4.243)
20202

2v1p =

Us (4.220) n (4.241) naxonum pamuyc Jokaausanuu®?:

i-dN —723
ko= —fi (£ 1
feidy) 2mE Ec PFr

rue Kpumu%ecmu’l undexc v:

-V

r-F,
E.

. E<E. (4.245)

1
V= —— 4.246
T (4.246)
BBemeM Temeph XapaKTEPHYIO A0KAAUSAUUOHNYIO KOPPEAAUUOHHYI Odauny (coBmamaro-
myio ¢ Ry tpn B < E,, T.e. B IU2JIEKTpHUIeCKOl dase) ¢ HOMOUIBIO COOTHOIIEHH:

1=a1— T
. [1 - (Ei) ? ] . E<E,
Cloe(B) = ——= = . tak 9o (4.247)
roV2mkE o Azt] T
1- (f) 2 ; E>FE,
1 |E-E.|""
Eroc(E) ~ — ;  E~E. 4.248
: ( ) Pr Ec ( )
427119 d = 2 aHAJOTHYHO TIOJIy9aeM
1 TE
Rioc(E) = xo\/ﬁexp{mpv2} (4.244)

TakK 4TO B 3TOM CJIy49ae paanycC JIOKaJIA3allud 5KCIIOHECHIINAJJIBHO BEJINK B CJIyYdae caaboro paccedanud.
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DTa BeJUYMHA ONpelesieHa Takxke u npu £ > F. T.e. u B MeTaysnndeckoit ¢asze. Torma
MOJKHO IepelncaTh Bhipaxkenne (4.228) myd MpOBOANMOCTH B MeTA/INYECKOl dase B

BUE:
2
ne” 1 9_d 00 (d—2)v
o= ——(zopré& =——~(F—-F 4.249
m 27( o) (2opFéioc)?=? ( e) (4.249)
— Tak HasblBacMbIl 3akoH Beruepa (F.Wegner, 1976) ¢ KpUTHIECKUM MHIEKCOM TTPOBO-
JUMOCTH:
s=(d—2) (4.250)
B wacrtaOCTH, 11 d = 3 (Honaraﬂ rg = 1) HMeEeM:
7 (E—FE);, E>E (4.251)
o= —/—— ~ — ; .
ngloc(E) ‘ ‘
U KpUTHIeCKuii wHaekc nmpoBomuMmocTn s = 1. IMeHHO Takoe MOBeleHUE TPOBOINMO-

CTHU 9KCIEpUMEHTAIbHO HabI0IaeTcd B OKPECTHOCTH MEPexoia MeTas I — U3 JeKTPHUK,
BBI3BAHHOIO Pa3ymnopsioueHueM, jijid 1eaoro paga cuctem [16]. Ograko, B nesoM pajie
caydaeB HabJIIOTAeTCA MOBEIEHHE MPOBOANMOCTH, COOTBETCTBYIONIEE KPATHIECKOMY MH-
nekcy s & 1/2. O6bIMHO 9TO HECOOTBETCTBUE MPUIMUCHIBACTCA POJIU MEKIIEK TPOHHOIO

B3aI/IMO,D;eI7[CTBI/I$I, KOTOpO€ HE YIYUTBIBAJIOCH B ITPOBEJCHHOM BEBINIC aHAJIN3€E. O,D;HaKO I10JI-

Had ACHOCTBH B 3TOM BOIIPOCE B HaCTOAIlEEC BpeMA OTcyTCTByeT43.

OTMeTHM, 9TO BCE 5TH COOTHOIIEHUA 3AIMCAHBI NCXONA M3 aHAJIOTHI CO CK3UIMHTOBBIM OIMCAHUEM
KpuTmdeckux ABjaeHmui npu dasoBbix mepexomax 1l poma [11] m cooTBeTcTBYIOT KapTmHe cksflaunea
na nopoze nodsuorcnocmu (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J. Thouless, 1979). B Toxe
BpeMs 3aMeTHM, Bo u3bekaHUe HeNOPasyMeHU, 9To Imepexon AHIepcoHa He ABJIAETCH (HA30OBBIM ITe-
pexonom Il poma B o6BIYHOM TEPMOIMHAMHYECKOM CMBICJIE, €T0 OIFCAHUE 3aBEOOMO ABJAeTCA Goslee
CJIOKHBIM. B dacTHOCTH, IJIA HETO OO CHX HOP OTCYTCTBYET OOUIENPUHATOE OHpeHe/ieHNe MapamMeTpa
nop#Anka. TpyIHOCTH B MOCTPOEHHN IOC/IENOBaTEIBHON TeopruHu Iepexola AHnepcoHa (make B omHOYa-
CTHYHOM IpHG/IIDKEHAN ), B SHAYATE/IBHON Mepe, CBA3AHBL C TEM, 9ITO HOPOT MOABIKHOCTH IONafaeT B HE
pas yXKe yIOMHHABILYIoCA 00/1acTh “CHIIBHON cBASH” Ha OCH HEpTHil (AB/IAIOULYFOCH IIPAMBIM aHAaI0TOM
THH36YProBCKOM KpUTHIECKOH 06JIACTH T€OPUH KPUTHIECKUX ABTCHUIT (N[.B.Ca,ELOBCKI/I]‘/’I7 197'7))7 Toe He-
06XOIMMO yUUTHIBATE 6Ce OUarpamMMbl (GpeHHMAHOBCKOTO pAla TEOPHUH BOSMYINEHHI MJIN MCIOIB30BATH
CyMIeCTBeHHO HemepTypbarupibie Merombitt . Ormmane or o6braHO T€OPUH KPUTHUIECKUX ABJICHII 31eCh
B TOM, 9TO B Hell BsamMomelicTeue GIyKTyanuii B KpUTHIECKOH 06JI1aCTH CTAHOBUTCH KaK pa3 caabpIM,
o KpaliHeli Mepe B IIpocTpaHCTBe ¢ d = 4 — €.

B xauecTBe elle OJHOrO HpHUMepa IHOBelecHUA (GU3MYECKMX BEJIMYUH HIpH Iepexome
AHzepcona paccMOTpUM IM3IEKTPUYIECKYIO TPOHMIAEMOCTE (B dase aHIepCOHOBCKOTO
mussekTpuka). s obiero onpenenennd (2.109) umeem:

4me?
e(qw) =1+ pe x(qw) (4.252)

roe x(qw) — 3anasapiBalomaa GyHKINA OTKIMKA IJIOTHOCTH — ILIOTHOCTH. Torma mc-
nomb3ysa (4.173), (4.174) n (4.221), (4.245), HeMeOIEHHO MOJTyYaeM:

w2 E—Ec —2v
(w—0)=1+ L =1+rHR: (EF) ~ —

) (4.253)

43TIpo6irema ycyrybagerca TeM 06CTOATENBCTBOM, 9TO AOBOIHLHO MHOTOYHCICHHBIE PAGOTHI TIO HH-
CJIEHHOMY MOJIEIMPOBAHUIO Iiepexona AHIepcoHa B CHCTEMe HeB3aHMOAeCTBYIOWNX /16K TPOHOB, PO~
BeJleHHBIE B [TOCJIETHHE TOMIBL, TAIOT BEIMTHHY HHIEKCA IPOBOIEMOCTH § ~ 1.5.

4B cBasm ¢ 9TEM, BpAN-JTH HIMEET CMBICIT CEPHE3HO OTHOCHTHCA K TOJTY IEHHBIM 3/1€Ch TEOPETHEECKIM
BBIpaYKEHUAM [1 KPUTHIECKHX HHIEKCOB Iepexona AHnepcoHa. B Toxe BpeMs, HelpepbIBHBIE Xapak-
Tep 3Toro mepexorna A d = 3 MOXKHO CIHTATH TBEPHO yCTAHOBJICHHBIM (BOLpEKH M3HAYaIbHOH TodKe
speana Morra [22]).
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rae wf) = 4”mL€2 — KBaJpaT IJIa3MeHHOH 9acToThl, k% = 4we’N(FE) — obparHblil KBa-
Ipar pagnyca 1ebGaeBCKoro sKpaHupoBaHus B Merasie. 13 Beipaxkenus (4.253) Bumno,
9TO CcTaTmIecKas OUIJIEKTpUIEcKad MPOHUIIAEMOCTD PACXOMUTCA Ha TMOPOre MOIBUIKHO-
CTW, KOTHA CHCTeMa MpHOJIMKAETCA K MEPEXONY B METAJIHIECKOE COCTOAHNE (U3 [TH-
sJaeKTpuKa AHmepcona). B mpuHnnme, 510 Toxe HabIOIaeMbIH 5 dEKT, TO3BOITAOIIT

HallTH KpI/ITI/I‘IeCKI/Iﬁ MHIOEKC V pagnyca JIOKAJIN3allun.

YacToTHas gucnepcust 0b6o6mennoro kos @ puimmenta aud pysun.

ITostyaenmbie BBINIE pEe3yIBTATHI CIPABEIJIABEI B pemeste w — 0. MokHo TTpoBecTH U MoJIHOE HCCTeno-
BaHWe 9acTOTHOH 3aBHCHMOocTH obobmenHOr0 Koad dumnenrta nuddysun (D.Vollhardt, P.Walfle, 1982).
Ms1 mpEBeneM TOJIBKO CBOOKY COOTBETCTBYIOUIHMX pe3yJIBTaToB. YpaBHeHWe (4.216) mya obobureHHOTO
xoaddunmenta muddysnn MoxKeT GHITBH IepeNNCcaHO B BUIE, aHaormaHoM (4.224):

1
D dA jwD a=2
Dp@) _y_ A a2y gy ga- [— Mio] dy——— (4.254)
Do d—2 279Dg(w)l J, T3 - %
B

IIpm BEImOSTHEHUN yCIOBUA | % #(Dw) | < 1, BepxHUll Ipene/r MHTETPUPOBAHUA B (4.254) MOXKHO yCTpe-

MHATBH K GECKOHEYHOCTH M HOJIyIUTh aiarebpamdeckoe ypasHeHue miA Dp(w):

Dg(w A A ww D =
ﬂ:1——+pd—{———0} (4.255)
Dy Ae Ac 2v Dg(w)
_ d=2_2—d @ ”
e A = g — “xpurmdeckoe” sHaueHme Ge3pasMepHOTO MapaMeTpa A B TOYKe MEpexona,

pg =T (g) r (2 - g) Us (4.255) cnenyer, aro Dg(w) (m mposommmocTs o(w)) yHOBIETBOPAIOT CK-
> THATOBOMY COOTHOUIEHTIO BUIA:

a—2
D ; a
ﬂ — cr(w) — (_ﬂ) Fy (i) (4.256)
Do oo 27y We
rae mpu w & W, UMeeM:
. 2
a
Fy (i) ~ (_ﬂ) ; A> A (nm>1eKTPHK) (4.257)
we we
L 2-d
T
Fy (i) ~ (—ﬂ) ; A< A (merasw) (4.258)
we we
a Ipu w > We:
Fy (i) ~ const (4.259)
We
Ilpu »ToM XapakTepHas 9acTOTa we ONPENe deTCd KaK:
A =
—2
we &2 ‘1 - ~ 29[préioc(F)] ¢ (4.260)
C

HepaBenctBo, ncrosabp3oBaHHOE TIpU CBEOEHUH (4.254) K BUIY (4.255) BBIIOJTHEHO TpU Wwe K 27, YTO
3aBENOMO BEPHO BOJIM3H MOPOTA MOIBUKHOCTH.
Iz d = 3 ypapaenne (4.255) npuHIMaeT BRI
Dg(w) A oA iw Do }1/2 1

; Ae= — 4.261
= 3m ( )

——=1

Do e " 2x;. U 2v Dglw)

W MOXKeT OBITH pemeHo B ABHOM Bue. C MoCTaTOIHON /1 MHOTHX TPAMEHEHUH TOTHOCTHIO, 0606IIeHHBIT
xosbdurment mud bysum samncsBaerca B sume [16]4°:

Dg; (w € we, E> E) (merasw)
Dy(w) = Dy (—%) o ; (w > we) (MeTa/LT B OEAIEKTPHK ) (4.262)
D _7; , E E
2 3f>2E 22(B) (w < we < E.) (mmastex TpuK)
F
s d = 2 ¥ OpemeabHO MaJjBIX 9acToT w & A Tle” X~y (A € 1), camocorimacoBaHHaA TEOPHA

ne?~y 2 w? 2.-% 2
JIOKaJmsanm naet o(w) = o tex Mo B)T 0, mpr w — 0. ITpm A7%e™ Xy € w < A%y oz D(w)

BOCIIPOM3BOOUTCA 3aBUCHMOCTH THIIA (4.197).
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toe Dp = #D(E)' Ha camom mopore mopprmxHOCTH HMeeM (oo (F = E.) = co, Tak 9r0 we = 0, B MBI
HoJIy9aeM Tak HasblBaeMbl saxoH wl/3 (W.Gotze, 1981):
S N1/3
iw
DE(W) = DO (——) (4.263)
2y

1/3
YacTora w, dakTmaeckn, onpenesnaerca yciaosueM Dg(we) ~ D ~ Dg (;’—;) . Heomroxpartro mc-

HOJIB30BaBIIEECH BhIllle yCJIoBHe w — 0 HYXHO HOHMMATH B CMbIcTe w € we. OTMeTHM, HAKOHEI, 9TO
IpH w » 27 U3 ypaBHeHHI caMocoIIacoBaHHOU TeopHH JIOKaJIH3allni HeTpyOHO HOJIydHTh Hepexon K

; 1
obsranomy “mpymesckomy” moeemermro: Dy (w) & Do [1 - %] .

“TpeyrosibHasi” BepIIHHA.

Cymecrsopanue audbysnonnoro nomoca (4.140) B “gernipexxpocrke” I'pp/(qw) u Bo-
obiie B mByxdacTHIHBIX dyHKInAx ['puna (Hanpumep tuma (4.173)) npusomuT K 1o-
ABJICHIIO AHAJOMMYHBIX BKJIAJOB B APYIHX “6sokax”Hamell Teopun Bosmymenuii?®. B
YaCTHOCTH, TIOJE3HO PACCMOTPETDh yKe BCTPEUYABIIYIOCA HAM “TPEYTOJIBHYK’ BEDIIUHY,
ompeneaaeMyto TpadukaMi, TokasanHsME Ha Puc. 4-12 (¢). B obumem coydae, ona omnpe-
JeIAeTCs MHTETPAIbHBIM yPaBHEHHEM, OKa3aHHBIM rpadudecku Ha Puc. 4-22 (a). XoTa
B JaJbHeleM MBI OyIeM paccMaTpHBaTh TOJIBKO Caydail ciaaboro Hecmopamka, KOrma
nocrarouto orpannuuThed Ug(p — p’) = pv? (“nectHuna’), a4 Hauasa IpoBeleM J10-
cTaTovHO 0DIlllee PacCMOTPEHNE, HOMyCKaollee MOAXOMN B IyXe CaMOCOTJIACOBAHHON Te-
opun JokaJsmsanuu. BeoMunag obiiee onpenesienne apyxdactudnoi dyuknuu ['puna,
npuBeneHHoe B rpadudeckoM Buae Ha Puc. 4-14 (a), win anamutudeckn B (4.125), cpasy
JKe THUIIeM IId “TpeyroJbHo#’ BepIImHbI ’Tfffp_ (qw) crenmyrolliee BBIpasKeHNe 9Yepes
@R’f‘),(qw)uz

P
TRA GE(E GAEp_) = —omi [ 4V gra 4.264
p+p_(q"") (E+wpy)G*(Ep-) = —2mi (21)? pp'(q"") (4.264)
nJin xKe
27 d%p
RA _ RA
- 0) = G oy | () (1269

Bocrnonpsyemca Terneps npencrasiaenuem (4.161), Torma (4.265) mepenmiuierca B BHIE:

TII;pr-(q“) =

= ! AGP ddp/ ddp// d ~ "a RA _
T v(E)GE(E 4+ wpy)GA(Ep_) / (27)? / 2m)7 {1 + g(pq)(p q)} Ohitp (qw) =
1 Adp

= I/(E) GR(E + wp+)GA(Ep_) {(I)RA(qw) + d(f)(Al)q)fLA(qw)}

(4.266)

e MCIoNTb30BaIn Takxe onpenenennsa (4.88) u (4.154). Monbsydack cucreMoli ypasHe-
nuit (4.153) u (4.162) naa 74 (qu) u @14 (qw) ver moayamam (4.171) m (4.172), otkyna,

46910 e yIBepKICHME CIIPABEIINBO U [/IA BOSHIKHOBEHHA BKIAIOB “KYIePOHHOro” THIIA OT (4.147).
47 [l19 ompemesIeHHOCTH CINTaeM BEPXHIOI 3/IeKTPOHHYo JIMHHNIO Ha Pmc. 4-22 (a) samasnemBaromeit.
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P, E+w
Py E+m
= >‘\/\ + U jb’\/‘
qw « «
PE P_E
(@)
= >’\/‘ + I )’\/‘
Rp+ E+w AP+E+(:J RP+ Et+m AP+ E+®
= =1
]: qo ]: qo E qo E qo
Ap E Rp E RpE Ap E
(b) (c) (d)

Puc. 4-22  WnTerpanbHoe ypasHeHne ans “TpeyronbHoR  BeplunHbl (@) U pasinyHble
BapuaHTbl paccTaHoskn Tunos (R unu A) snektpornbix nunun (b), (¢), (d).
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B 9aCTHOCTH, BUIHO HYTO!:

R (qu) = ﬁx(q@ (4.267)
Torma:
AP (a0) = (pa) -7 (ae) (4.268)

a ¢ ucnosbsoBanuem (4.149):

AGp
GR(E +wpy)GA(Ep-)

= L0 - S )+ 2 o)) (4260)

u (4.266) mepennchiBaeTCA Kak:

Tfl)%fp_(qw) = V(lE) {_W + %(PQ) + S (prE4w) - EA(p_E)} X

x {@RA(qW) + (pa)—2 2X(qW)} =

vpq
w+ M(qw) + -(pa)
w?+wM(qw) — %v%qz

— {w—i(pq)—l—Qi } w—l—M(qw)—l—%(pq)
m 7 wz—i—wM(qw)—%v%qz

= { et L+ S ) - o))

(4.270)

rae MBI elie uenosbsoBaan (4.171) n (4.172), a Takke, B caMOM KOHIIE, W HpocTeiliee
mpubIMKeHne 11 cOBCTBEHHO — sHepreTndeckux dacteii. B pesyabrare, B penese w —
0 wq — 0, BBOIA onaATh 0boOmEeHHBIH Koaddurnent muddysuu (4.175), nonydaem
cJaenyonmii TpocToit Bum “TpeyrosbHOR” BepmumHB B RA — KaHaJe, MOKasaHHON Ha

Puc. 4-22 (b):

TRA(quy ~ — 20 (4.271)
—iw + Dg(qw)¢?
Pasymeerca, B “nectHuynOoM” TpuOMIKeHUn (c1abbiii Gecmopanok!), Korma HCHoIb3y-
erca (4.127), Beipaxenne tuna (4.271) ¢ samenoit Dg(qw) — Dy mostydaercs cpasy xe
w3 ypaBHeHus Puc. 4-22 (a) myTeMm sseMeHTapHBIX Bbrancsennii. Iponemanueiii HaMu
6oJtee TPOMO3IKIUH BBIBOZ, JOMYCKAET, OfHAKO, 0boblieHne Ha caydali cuiabHOTO Gecto-
pagka ppl ~ 1, korga gna Dp(qw) HCTONB3YIOTCH BBIPAKEHNA, HOMYIEHHBIE BBHIIIE B
paMKax caMoCOTJIACOBAHHOMN TEOpWH JIOKAJTH3AINH.
AnasoruanbiM 06pa3soM, MOXKHO MOKa3aTh, UYTO JIjd “TpeyroabHoil” Bepimabl B AR
— KaHaJle, mokasaxuoit Ha Puc. 4-22 (c):

2y
TAR N — 4.272
(aw) iw+ Dp(qw)q? ( )

a nd Bepume B RR u AA xananax, mokasaHHbIX Ha Puc. 4-22 (d):
TRE(qu) = T4 (qu) = 1 (4.273)

u B HUX quddy3uOHHBI MOIOC HE BOSHUKAET.
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B wmamybapoBckoil TexHuKe oOmmMi BuI “TpeyroJibHO#® Temepb TaKkKe BIIOJIHE

O‘IeBI/I,D;eH481

T(qumen) = 0(en)0(en +wm) — 8(—en)0(—€n — wm) +

0(en)0(—en —wm) = O(—en)0(ep +wm)
2 4.274
* 7{ _Wm‘i‘l)Oq2 Wm"i'DOqz ( 7 )

2

v ')
Ille MBI cpasy Halmcasn Bbipaxenna ¢ Dy = Jvpg’t = 245 » TIOCKO/IBKY B OCTaBIIefica
YacTHU >TOM IJIaBBI MBI 6yﬂ;eM HMHTEpeCOBaThCAd TOJIBKO IIPpEeeJIOM CHa6OFO 6eCHOpSI,D;Ka
pFl > 1.

PoJab AJIEKTPOH — 39JIEKTPOHHOTIO BBaHMOILeﬁ-
CTBUA.

B peanbHOM HEYNOPAIOYEHHOM MeTaJIIa 3JEKTPOHBI, KOHEYHO XK€, B3aUMOLENCTBYIOT
Mex Iy coboil 3a cueT KyJIOHOBCKOTO B3anmoelicTBusda. CoBMeCcTHBI yueT 2ddhekToB B3a-
UMOIEHCTBUA W TTPUMECHOTO PacCEdHUd MPENCTABIAET coDOll BeChMa CJIOKHYIO 3a0ady
[17, 19]. Huxe Mbl OrpaHUYHMCH JIUITH PACCMOTPEHUEM IIPOCTEfIIero npuMepa BIUdHE s
5>TuX 3P PEKTOB HA MITOTHOCTE 3JEKTPOHHBIX COCTOARMI BOMU3n ypoHa Pepmu.

Paccmorpum mpocTefinyo monpaBKy K OgHO3JAeKTpoHHON dyHKImn ['prra 1o B3an-
MogeficTBHIO, m30bpakaeMyio (B MamybapoBckoit TexHuKe) amarpammoii Puc. 4-23 (a).
3/ech BOJHUCTAdA JIMHUA COOTBETCTBYET MEKIJIEKTPOHHOMY B3aWMMOIEHCTBHUIO, a “Tpe-
YTOJIbHBIE” BEPIIUHBI OMUCHIBAIOT TIEPEHOPMUPOBKY 3TOTO B3aUMOIERCTBUA 38 CIET MHO-
TOKPATHOTO PACCedHUs 3JIEKTPOHOB MPUMECAME.

Cuagamna, ogHAaKO, MBI IpoBemeM pacdeT B Texuuke T = (. CooTBeTcTByIOIEE aHA~
JUTHUECKOe BEIpajkKeHne AJid IONpaBKH K GyHKINE |'pHHa mMeeT BT :

s6(om) = i67(ep) [ 4 [" T e - -0 (2m)

rae V(q) — dypee - obpas notennnasa pzanMoieiicTeusd. CooTBETCTBYIONMAA MOIPABKa
K IJIOTHOCTH COCTOAHMII onpeneadeTca TOTIa KakK:

SN(E) = —wm/—oo df(p)/ (;igd/dw‘/(qﬁz(qw) x

71' 27

1 1 2
“F—w— E(p+q)+iysign(F —w) (E —¢(p) + i'ysignE) (4.276)

MMycts £ > 0, Torga uxTerpas mo £(p) oTnnden or Hyad, ecan sign(E —w) < 0, T.e. upn
w > E. CooTBETCTBEHHO NMEEM:

%?) ~ gt /Z dé (p) / <§lw§d /Eoo S (@I (@G (E—wp + )G (Ep)?
(4.277)

S Mer yamm, G(en, > Op) mpomomxaerca na G (Ep), a G(en < 0p) ma GA(ED), iwm — w + 1§ ma
m>0um<0n T o

493amernM, 9ToO 3Imech W masee B 5TOM IuaBe apryMeHT F oGosmadaer yxe He sHeprmio ®epmm, a
sHEPrUIo omcyvumannyro or sHepruun Pepmu. DHeprua Pepmu oboszHagaeTca najiee Kak Kp.
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v(q) V(a)
R A R
—» > >— —» > >—
Y grew, P*q  Enp Ep E+m p+tqg Ep

(@) (b)

Puc. 4-23  TlpocTedwas nonpaeka K 0a4HO31eKTpoHHON hyHkumn [ prHa oT B3aumoaencTsus
B HeyrnopAaao4YeHHOM MeTanse.
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910 cooTBeTCTBYET rpaduky Puc. 4-23 (b). ®akTuueckn 370eCh yKe MOKHO HPAMO BOC-
MOJTBE30BATBLCA BBIPAXKEHNUEM [IJTd BEPIIWHBI U3 (4.271). IloncraBnsaga B (4.277) ABHBIE
soipaxenna maiaa GA(Ep) m GE(Ep) (mecymectrennoit sasmcnvoctoio G4 ot w m ¢
B mpenene w € ¥ U vpq < ¥ MOXKHO MPOCTO MpeHebpeds), MoJIydaeM:

ON(E) _ 1, iy [ de e [ 1 1 B
N(Er) ~ Al /(%)d/E rdCUCRRCT) /_oodgE—f—iv CETET

d * dw
=gz [ G [ ST @l V(@)
(4.278)

YTO MMOCJIE MOJCTAHOBKHI (4.271) naeT oKoHYareJ bHO oud 1 = 0:

ON(E 1 de e 1
(E)_ L z/—q/ dv———_V(q) (4.279)
N(Ep) T (2m)? Jg (—iw + Dgq?)?
Crtporo ToBopd TYT HaJo OLLIO - GBI ellle BBeCTH obpesaHhe WMHTeTpaJia 10 w Ha W ~
1/7, 4106l yAOBJAETBOPUTH KpUTEpUi TpuMeHuMocTH Muddy3HOHHOTO TIpUBIUKEHN s,

HO 3TO He 00A3aTeTbHO, MOKHO OCTABUTH U OECKOHEUHBIN MPEIes, MHTErPaJl Bce PAaBHO
CXOONTCA.

Pasymeerca, TouHO Takoll XKe pPe3yJibTaT MOXKHO MOJYINTE U U3 MaIybapoBCKOil Tex-
HUKY B ipenesie T — (. [TocMoTpuM, Kak 3To nenaercda. Mmeda B BUAy, 9TO HAM, B KOHIIE
KOHIIOB, Hy’KHa IOIpaBKa K IJIOTHOCTH COCTOAHUI, BBeAEM:

§N(cn) = —%/ (;lil))dé(;(enp) (4.280)

910, B cooTBeTcTBHN ¢ Puc. 4-23 (a), cBoguTea K:

SN (en) = 2/(;{ ngZV(q)TZ(qwm)/(;ZTZ))dGz(enp)G(en—l—wmp—l—q) (4.281)

™ ™

BeraucsiuM cHadasia mHTErpaJl Mo P, B KOTOPOM TIPH Upq <& ¥ MOXKHO BooDIIIe MpeHebpedb
3aBUCHUMOCTBIO OT ¢:

dd dd
/ (27Tl))d G*(enp)Glen +wmp +q) & / (27rl))d G*(enp)G(en + wmp) &
oo 1 1
~ N(Er) /_oo W e — €1 iysignen 2 ien T aom — €+ iysign(en T om)
- 0(en)0(=¢n —wm) _ O(en +wn)0(=€n)|
= —2miN(Ep) { (2iy —iwm)?  (2i7 + iwm)? } -
~ —iN(Ep)27m{0(,)0(—cp — wm) — 0(en 4 wm)0(—cn)} (4.282)

L€ WHTErpas mo & BBIUNCIAACTCH OOBIYHBIM KOHTYPHBIM WHTEIPHPOBaHHEM (OH OTJIH-
YeH OT HYJIA TOJBKO MPH MPOTHBOMOIOKHBIX 3HAKAX &, U £y + Wy ), & TPH TEPEXOJIE K
HOCJEIHEMY PABEHCTBY UCIIOIB30BAIM |w,, 7| < 1.

[Tycrs Teneps, nnia onpenenenHnoctH, £, > 0. Torma “paboraer” nepsada napa 6 —
dbyuxumii B (4.282): ¢, > 0, €, + wy < 0, 970 Ha€T Wy, < —£,. B pesynbrare (4.281)
CBOJIUTCH K:

6N () = 2T N(Ep)7? _Z /(;lﬁgd(/(q)’]'z(qwm):
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= —2iTN(Er) _Z / V() (4.283)

Wm"i'DOq )

Mpu T — 0 306Ch twpy, — w+ 8, T.e. Wy, — —i(w +18), ie, — B+ {6 u, coOoTBETCTBEHHO,

iry o= g—‘; ..., TaK 4TO B 3TOM Ipeesie HOJTydaeM:
SN(E E dw 1
—= = 2] =
N(Ep m/ / (iw + Dyq?)?
1
=21 4.284
" n 27 / —iw + Dyg?)? ( )

9TO, eCTECTBEHHO, coBranaeT ¢ (4.279), monydeHusM B Texauke T = 0.
HambHelinme pacdeTsl BIOJIHE 3aeMeHTapHbI. Meem:

fV]\(fi__ﬂ /E / ww++(ll))ooqqz))2]
=[5 [ wZil?go;)ZP:

= Q/E / 7)1 w—ﬁ()iquq) (4.285)

TaK 9YTO OKOHYATEJIBHO HonyqaeM:
SN(E) 1 dq Dy¢?
_— = —— vV 4.286
N(Er) / (27)? O e (Dog?)? (4.286)

OrmeHnM 5Ty TOIpaBKy K IJIOTHOCTH COCTOSHUI I CJIydasd TOUETHOTO MEXKIIEKTPOH-
HOT'O B3aMMOoJIeiicTBISA V(q) = V;. Torma nmMmeeMm:

SN(E) _ _ Dog?
d —_ =
N(Ep) Sd/ M B (Deg)?
F1/2 1/2
1 d+1 1 E
T Do/ 0 Ei4x T Do/ E1/2

e BBean ofpesaHme Ha BepXHEM mpemese py ~ [~ 4ro coorsercreyer E = Dyp?, u
Sy = Qq/(27)¢ = 2_(d_1)ﬂ'_%/F (%) [locenHee paBeHCTBO HAeT MPOCTEHNIYIO OLEHKY
CTOAIIEro 37eCh HHTerpaa. PasyMeeTca ero MOXKHO IIOCYMTATh M TOYHO, HO 3Ta ONEHKa
JaeT NpaBUIbHBIL OTBET, ¢ TOYHOCTBIO 0 HECYIIECTBEHHBIX KOHCTAHT HOPAIKa ¢INHAIIEL.
B pesysabTaTe MBI IOJIy4YaeM CJIEAYOILYIO IONPaBKy K ILIOTHOCTH COCTOAHUI BOJIH3H
ypoHa @epyu (A.T.Aponos, B.JI.Ansrimytep, 1979):

d—2 ~ d—2
ﬁsddl—z{ww—ET} (d>2)
== AsmlEl (a=2 (4.288)
e

B gacrtrocTu, naa d = 3 oTcioma BOSHUKaeT 3HaMeHUTad ‘mruwaka’ ApoHoBa — AmbTiry-
Jiepa B HEPreTudeckoil 3aBUCHMOCTH MJIOTHOCTH cOCTOARUN BOIM3n ypoBHa Pepmu:

SN(E) IE]
NG R (4.289)
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N(E)

Puc. 4-24 XapakTepHblii BAg MOMpaBky OT B3aMMOAERCTBMA K MIOTHOCTU COCTOAHUIA
B6nn3u yposHs Pepvun B HeynopALOYEHHOM MeTasne.
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mokasaHHad Ha Puc. 4-24. 3aMedaTesbHO, YTO WMEHHO TaKasd OCODEHHOCTH HabIIOIa-
ercd B TYHHEJBHBIX 9KCIIEPHUMEHTaX BO MHOTUX HeylopsmodeHHBIX Merasiax [17]. C
pocToM Gecnopgaaka MPOUCXOANT yMeHbIleHne Kosddunuenta nuddysun Dy, Tak ITO
aHOMAJINA B IJIOTHOCTH COCTOAHUN yBennduBaeTcd. UTo MPOUCXOAUT BOJIU3IU TEPEX0Ia
MeTassT — aueaekTpuk (npu ppl ~ 1), B HacTosdllee BpeMs, He BIOJIHE ACHO, TOCJIE-
JIOBaTeJIbHAA TEOPHUA TOTO TMEPEXOA C YIETOM MEXKIJIEKTPOHHOIO B3aUMOMENCTBAA He
zasepiiena [17, 19]. Tlo mueHuo GonbuMHCTBA UccaeqoBaTe el ocobeHHOCTE ApoHOBa —
AJbTHIyIepa IJIaBHO MEPEXOOUT B 5Toi 0OJTACTH B TaK Ha3bIBAEMYIO “KyJIOHOBCKYIO’
mens Ddpoca — IIkIOBCKOTO B MJIOTHOCTH COCTOAHUIT, KOTOpas BOSHHUKAET B 0bJIa-
CTH JIOK AJIM30BAHHBIX cocToAnmil [23]. B nputimie, noBegeHre TaKoro TUIIA MOy 9aeTCs
MPH TPOCTHIX ODODIEHNAX PACCMATPUBAEMOl TEOPHH B IyXe CAMOCOTIACOBAHHO Teopun
sokanusanuu [16], Ho MBI He OymeM OCTaHABIMBATHCA HAa OOCYKICHUH 3TUX CJIOKHBIX
(HepelreHHBIX) MPOGIeM.

BumecTo »T0TO, TOCMOTPUM KaK MOXKHO MPOBECTH HAIlle PACCMOTpeHne g 6oJiee pe-
AJTUCTHIECKOTO CIIy9asd KyJOHOBCKOTO (A bHOMEHCTBYIONIEN0) B3aNMOIEHCTBHA MEK Ty
BJIEKTPOHAMM, KOT/IA HYKHO YUYUTHIBATH 5dHEKTH NUHAMUYIECKOTO 9KPaHUPOBAHUA. 3a-
OIIHO y4uTeM W (] deKThl KOHEYHOI TeMIlepaTyphl, IPOBENd PacIeThl B MaIybapoBCKOit
rexanke. Temepb BosHUCTaA AuHueA Ha rpaduke Puc. 4-23 (a) obosHavaeT HMEHHO 9T0
B3amMogeiictere. Bosppamasch k (4.281), mepenuiineM »To BhIpakeHHe TPHMEHATETBHO
K paccMaTpuBaeMoil 3amade anagorndno (4.283):

N (gn) =

= —2iN(EF)7'2TZ (;lﬂ_(id V(qwm)T 2(qwm ){0(en)0(—cn — wm) — 0(—n)0(en + wm)} =

_ —2iN(EF)TZ diq Vigom) {H(EH)H(—EH —wm)  0(=¢n)b(en —l—wm)}

™ (277)d [_Wm + D0q2]2 [Wm + D0q2]2
(4.290)
9T0 IIA £y > 0 CBOAWTCA K BHIpaXKEHWIO, aHAIoTHIHOMY (4.283):
— ddq V(qwm)
SN(ey) = —20%TN(E 4.291
(¢n) ? ( F)w Z;Oo/ (27) (—wm + Dog?)? (4.291)
Bmech (cp. (2.7), (2.8)):
Ame?
V(iqum) = 54— 4.292
(gwm) Zelgom) (4.292)
4 2

e(qwm) = 1 — ;T,f 11(qwnm) (4.293)

rie IMoJIApU3alMOHHBIN ollepaTop, YYHThIBAIOWN paccedHne Ha MPUMECAX, OIpeneid-
erca rpadukavn Puc. 4-12 (a) n Beipaxkennem (4.89):

U(qum) = QTZ/ %G(p&n)(}(p + qen + wm)T (qwm) (4.294)

Monbaysack onath (4.282) n (4.274) u nonaras, Iaa TpUMepa, wy, < 0, HoaydaeM:

HRA(qwm) =T Z

0<en<—wm

—W

27N(E
=) = N(Er T Dog?
—Wm 0q
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Cayuaaii w,, > 0 cunTaercd aHAJOTHIHO, U MBI HMEEM:

Wi O(wm, —w (=W,
HRA((]WTTL) = N(EF) {w _|_(D0q)2 + -y _1(_ Doqg} (4296)

Tenepsb HyXHO HallTh ere BKaag oT RR u AA — kanasoB, Korna, coryacao (4.274):
T (Qwmen) = 0(en)0(en + wm) — 0(—e)0(—cn — wim) (4.297)

Beumy orcyTcTBEA 37€ch CHHTYIAPHOCTH (Anddy3HOHHOTO MOTIOCA) MOKEM HPOCTO MO~
JOKUTH Wy, = 0, ¢ = 0 u HamucaTh:

AR (00) 4+ T144(00) = 27> >~ G*(en) = —=N(Er) (4.298)
n P
Yyrs monpobuee:

dép 1
177 (00) + 144 (00) = 2T =
(00) + (00) Zn:/ (27)? (ien, — E(p) + tysignen)?

o0
a 1
=2T N(E e
Z ( F)/_OO gafisn—f—l—iwsignsn
n

~ N(Er) Z/_OO dga%ml_g = N(E) /_OO dé (_ag_(;)) = —N(Ep) (4.299)

re n(€) — dyaxnma pacupeneseana Pepmvm.
B pesyabrate, Kk (4.296) mHyxuO eme mobauth —N(Ep){f(wm) + 0(—wn )} u Mol
HoJTy9aeM OKOHYATEeJIbHO MOJIAPU3AMOHHBI OlepaTop MeTa lIa C MpAMeCIMEA B BHJIE:

O(wm) O(=wm)
(qwm) = —N(EFr)Dog? 4.300
(@m) (Er)Dog {wm + Dog? | Zam + Dog” (4.800)
Orciona, ncnonbsyd (4.293), cpasy ke HoaydaeM:
Dolﬁ?zD Dolﬁ?zD
m) =14+ ——=0(wn, ——f(—wn 4.301
e(qwm) JererDoq2 (w )+_Wm+D0q2( W) ( )

rie k% = 4me’ N(Ef) — obpaTubiit KBagpaT paamyca nebaeBckoro sKpanuposanud. [Ipu
wm = 0 w3 (4.301) notyuaem obbrunblit pesysabrar®’:

sz
e(q0) =1+ q—? (4.302)

— CTaTHYIECKOE 3K PaHUPOBaHIe KYJIOHOBCKOTO B3anModeiicTBua. B obieM ciiydae, BIpa-
xenne (4.301) onpenesaer AN MEKTPHIECKYIO TPOHUIIAEMOCTD METAIa ¢ TPAMECHAMNA B
nepenene |w, 7| € 1u ¢l < 1.

B pesysbTare, Ipu MaJIbIX (B yKa3aHHOM CMBICTE!) Wy U ¢ TOTyIaeM s>d ek TuBHOE
MeK3JIEKTPOHHOE B3anmMoielicTBIe (4.292) B BHJIE:

4ge?

V(qwm) = q% — 4me? T (qwnm) ~

" 471'62(—wm + Doqz) _ TWm + D0q2 (4 303)
A7e?N(Ep)Doq?>  N(Ep)Dog? '

50 yueroMm moompenestenmsa: O(wm) = { (1) Z Z 8 .
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I7e, O/ OIpelesIeHHOCTH, BhIINCAaH cJaydail wy, < 0. lIHTepecHO 3aMeTHTh, 9TO B TOM
HPUBIMKCHUN 3aBUCHMOCTE OT 3JIEKTPUYECKOro 3apaia e Boobllle coKpalaercs!

B pesyabTate, g AMHAMUYECKH 3KPaHUPOBAHHOIO KYJIOHOBCKOTO B3aMMojeiicTBus
(4.291) cBomuTCa K:

—e, _2

SN(en > 0) m 20T Y Do/ 7 +D0q (4.304)

W, =—00

JJis TodedHOTO B3amMOIEHCTBHA aHAJOTMYHOE BhIpaxkeHue, cienyioniee u3 (4.283),
HMEeET BUI;

-2
§N(en > 0) & —2iN(Ep)T Z / — q+D0q2]2 (4.305)

Koukpernsie pacuerst mposenem mid d = 3. Umeem:

—&n

ZT Po
N (g, > 0) / Kyson 4.306
( X 5] mes e (4.306)

N (g, > 0) g Z / (Dod? ]2 (KopoTkozeiicTBHE) (4.307)
0

rne g = N(Er)Vy — 6espasMepHasd KOHCTAHTA B3aUMOIEHCTBIA /1A CJIydas TOUETHOTO
noTermmasa. Ilocse saMensl HepeMerHoil ¥ = Dyg¢?, 5TH BEIpaKeHNd HepelnCHBAIOTCA
B BUJE!

T —&n
§N(zn > 0) = —ﬁ ST @(wm) (4.308)
T2 Dy

Wm=—00

e

D(wm) =

CCU 2dx K
{ ey (Kyzon) (4.300)

gfo ez (KopoTkozeiicTBHE)

Tenepb HaM HaJ0 HAYYUTLCH CUMTATh BXOAAIIYIO CIOHA CYMMY 10 GO3EBCKHUM MaILy-
—N
6apOBCKHM YacTOTaM Zw o Plwm) = D00 Plwp,). Honesyacek wy, = 27mT 1

gn = (2n+4 1)7T, sanuineM ee B BUIE CJIEAYIONIETO HHTETPAJIA [0 KOHTYDPY, TTOKA3aHHOMY

Ha Puc. 4-25:
dz —len=o0 gy
T m = [0} = — [0} =
m_z_:oo w f?ﬂ'l B( ) (Z) /—ian-l-oo QTMRB(Z) (Z)
*d *d
= _/ 2—;713( —ien)®B(z — igy) = /_Oo Q—;n(z)q)(z —iey)  (4.310)
re np(z) = 6%1_1 — BoseBckad, a n(z) = e%1+1 — depmueBcKkad HYHKIUA paclpeme-

sennsd, Bee s10 “paboraer”, ecnm $(z) me mmeer ocobenHocreli npu Im z < —gp W
JOCTATOYHO ObICTPO cranaeT npu |z| — oo. Torma, mjid KyJOHOBCKOIO CJIydas 3alulieM:

z2 4+ iz

d(z) = /000 _dr (4.311)
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1 -n I

Puc. 4-25 KoHTyp nHTerpupoBaHus, NCronb3yemblii Npu BbIHUCIEHAN CYyMMbl Mo Mauyba-
POBCKUM YacToTaMm.

a OJad cJrydad KOpOTKO,D;eﬁCTBI/ISIZ

< drx?
P(2) Ig/ —_—— (4.312)
o (% +iz)?

YébiBanue npu |z| — 0o 3mECh HEHOCTATOYHO BBICTPOE, HO TO HaeT, KaK OyIeT BUIHO
HWUXKe, HECYNIECTBEHHYIO /1A HAIIWX Meseli GecKOoHedHyo KOHCTaHTY (B oTJimdme OT
(4.309) snecy HanmcaHbl WHTerpasbl Hes obpesannsa Ha BepxHeMm mpenese!). INenasa B
(4.310) sameny i, — FE + i§ (upm €, > 0) W BHUHCAAA MHUMYIO YacTh C yIeTOM
Im®(z) = —Im®(—z), moaydaem:

/00 dzn(2)Im®(z) = %/00 dz[n(z + E) — n(—z + E)]Im®(z) =

- /Oo defn(z+ E) — n(—z + E)Im®(z)  (4.313)

TOI‘,D;& IIoIIpaBKa K IIJIOTHOCTH COCTOAHUM IpeacTaBJIdeTCd B BUIE!

1 00
roe y4Jm, 4TO —n(—z) =1+ n(z), 9TO MO3BOJINJIO BBIIEJIATH MOCJIEIHUN YJieH B KBa-
OpaTHBIX CKO6KaX, KOTOPBI 1 JaeT (HO,D;JIG}K&H.[I/Iﬁ O6pe3aHI/IIO!) pacxonamuiica BKJan,
He3aBUCAIIAN OT E, ¥ IIOTOMY JlaJiee He pacCMaTpUBAacMBbIi.

,ZLH?{ KYJIOHOBCKOTI'O CJIy49ad HUMecM:

X

e 2 iz < dx
Im®(z) = -1 d = — =
ma(z) m/o v (22 +iz)(x? — iz) ZA rt+ 22

1 ©  dr T
- — 4.315
ﬁ/o zt4+ 1 2722 ( )
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Torma, ncnobaya (4.315) B (4.314) (omyckas HecyllecTBEHHBIN cefivac Iaa HAC BKJIAL
MOCJIEIHETO CATAEMOTO, 3aBUCAIINI OT ITapaMeTpa 0Ope3aHus ), MOTyIaeM:

1 o0 1
0
WJITH WHTETPUPYS MO HACTAM:
T2 E
ON(F)= ——— — 4.31

( ) 23/27{2D3/280 2T ( 3 7)

e
p(x) = L/Oo dyy'/? ! (4.318)
V2 Jo ch?(z —y) + ch?*(z + y) ’

D1 BbIpaXKCHUA ONIMCHIBAIOT IMOBEICHUEC “OTHYKK’ B IJIOTHOCTH COCTOSHUM IIpu KOHEY-
HBIX TeMIIepaTypax. OTMeTHM aCHMIITOTHKIH:

() = %1-@)5(1;1);11.07 mpu  x — 0 (4.319)

Takum obpasoM, 1 1ig KyJIoHOBCKOTO caydas (pu T — 0) mosydaem:

SN(E) ~ gl—/fJ (4.320)

YTO BIIOJIHE AHAJOTMYHO Oy IeHHOMY BbIlle pesysbrary (4.289) miga ciaydad KOpOoTKo-

IeiicTBuA.

Haﬁ,ﬁ[eHHLIe BBINIE ITOTIPABKMW K IIJIOTHOCTH COCTOAHUN MOXKHO HaAT/IdOHO MHTEPIIPETUPOBAThH U3 CJIe-
AYOUUX 3BPUCTUYICCKHAX COO6pa.)KeHHﬁ. PaCCMOTpI/IM BSaHMOI[eﬁCTBHe IJIEKTPOHA, HAXOOAUIETOCA B HE-
KOTOpOM KBAHTOBOM COCTOAHUU N C BHGPI‘I/Ieﬁ E C OPpYTHUM 3JICKTPOHOM, HAXOOAIMMCA Ha ITIOBEPXHOCTHA
®epmu. OTHOCHTETBHAA IIOMPABKa K €ro BOJIHOBOH GpyHKIINE B EPBOM MOPIAIKE TEOPUH BO3MYIICHUIA:

6 [ee)
bk / dtHipe (1) (4.321)
¥n o

rme t = 0 — MOMEHT BKJIIO9UeHHA BsanMoneiictsns, a H;y () — raMuibroHnaH BsanMoneiicTen= (B3ATHIT B
IIpecTaBJIEHAN B3anMONeHCTBHA). 3a BpeM# ¢ 3/1€KTPOH B HEYIIOPAIOIEHHOM MeTaslte TuddyHIHpyeT
B mpenesax obbema ~ (Do t)d/ 2, Torma BeIMYHHY MATPHIHOTO /IeMEHTA B3aHMOICCTBIA IPH Ha I
KOPOTKONEHCTBYOIETO OTTaIKHBaHIA MOKHO OlleHHTD Kak Vo (Dot) ~4/2  (Jo0TBETCTBEHHO HMEEM:

t
Son maw —d/2 Vo 1-4 1-4
oy Vo/t dt(Dot) =42 ~ Dg/2 to2 — tmas (4.322)

min

3mech toip €CTECTBEHHO OIpPENe/IUTh W3 yCIoBuil mpuMeHHMOCTH MrdEdy3HOHHOTO IPUOIMIKEHHI:
(Dotmm)l/2 ~ 1, aro u maer tpmin ~ (Dol™2)™! ~ E~1. Bpema tmqr ompemenmerca TeM, 9TO Ha
BpeMenax t > |F|™! ms-3a (BpemermbIX) ocrmaATIIl BOTHOBHX GYHKIIMIT MATPUIHEIH 3/T€MEHT B3am-

MoIelicTBHA 3bdeKTHBHO 3aHy /IdeTcd. Torma, mosarasd %%% ~ ‘if: w3 (4.322) mosrygaem (4.288).
Bce 210 He KoHer, a JinIb HAYAIO HEOKOHYEHHONW HCTOPUH O POJIH MEKDTEKTPOHHOTO
B3aUMOMEHCTBUA B HEYNOPANOYEHHBIX CACTEMaX. BbIlile MBI OTPAaHUYIMIIACH PACCMOTPE-
HUEM JINIIB OJHOTO (Tak HaskiBaeMoro “dokosckoro”) rpaduka Puc. 4-23, yuntsiBaio-
HIETO TIOMPaBKY HU3IIEro mopsaaka. CyHIecTBYIOT M MHOTHE Apyrue rpaduku, POk KOTO-
PBIX HOKHA OBITH MpOaHAJMIWPOBAHA Haxke B mpemese ciaboro becnopanka ppl > 1.
BazkHple mompaBku (aHaJOrMYHBIE O GOpPME PACCMOTDEHHBIM BBIIIE KBAHTOBBIM IO
IpaBKaM) BOSHHKAIOT HE TOJBKO B IUIOTHOCTH COCTOAHWH, HO W B MPOBOANMOCTH. 3a-
HHTEPECOBAHHBIN YnTATE/ B MOKET HAliTH mOApOoOHOE 0OCYKAEHNE BCEX TUX MPODIEM B

opurMHaJaBHLIX 0630pax [17, 18, 19].
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CBEPXIIPOBOINMOCTD

®enomen Kymnepa.

PaccmoTpum mpocteiimuil mporiecc paccedHUA IBYX 3JeKTPOHOB APYT HA IPYyTe 3a CUeT
obmena (HboHOHOM, MOKazaHHbIl muarpammoii Ha Puc. 5-1. [lyaktupHoil iuanm Ha 5TOM
rpaduke, Mo OOIIMM MpaBUIAM, COOTBETCTBYET BBIpAKEHUE:

2

9’ D(ez —£1;p3 — p1) = ¢° Wp;,—plz (5.1)
(63 — 61) — ""pa—pl
Ecsm B3auMomeficTBYIOT 2JIEKTPOHBI ¢ MAJIBIM CYMMEPHHM UMITYJIBCOM, TAK 9TO P3 +
p1 ~ 0 (oYTH TPOTUBONOIOKHBIE UMIYIBCH!), TO TepenaBaeMblii UMIYJIbC P3 — P1
He MaJs 1 (Mo MOLYJIo) ~ 2pp. B ToXe BpeM# I/ 5JT€KTPOHOB, HAXOMANMKCA BOIMIN
noBepxaocTn ®epmu, umeem €3 ~ &1 ~ 0. Tosromy, dbarkruaecku, Beipaxkenne (5.1)
CBOIUTCA K:

9*D(es —e1;ps —p1) = —9°> <0 (5.2)

9TO O3HAYaeT HaaW4Yne 3(PPEKTUBHOTO MPUTAKEHNA TAKUX 3JIEKTPOHOB IPYT K APYTY.
Takum 06pazoM BOSHUKAET UAeA MPUTAKEHNA DJIEKTPOHOB € MPOTUBOIOIOKHBIME MM-
nysabcaMu (M, B cuay npuHmmna Ilay/iu, TpOTHBOMONIOKHBIME CIMHAMH), JEKAIAd B
ocuose teopur BKIIT [1, 21]. B mpocreiinieM BapuaHTe MOIEIBHOTO IaMUJILTOHHAHA
BKIII [1, 11] peasbhoe B3aumMozeiicTBue 3a cuer obMeHa (poHOHAMU 3aMeHgeTcH (D dek-
TUBHBIM TOYEYHBIM MPUTAKEHUEM, KOTOPOE OTJIMYHO OT HYJIA B CJIO€ MIUPUHONR ~ 2wp
BOsII3m moBepxHOCTH PepMu.

KymnepoBckyto HEyCTONIMBOCTE, BOSHUKAIOIILYIO 33 CUYET TAKOTO MPUTAKEHNH, MOKHO
paccumTaTh paccMaTpuBad ‘JECTHUYHBIE  IHATPAMMBI, OMUCHIBAIOIINE B3aUMOIEHCTBIE
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Puc. 5-1 3nemeHTapHbIii NpoLecc B3aUMOAEACTBUA LBYX SNEKTPOHOB MOCPEACTBOM ObMeHa
choHoHOM.

IBYX KBasmIacTuil BOm3n nosepxuoctn ®epmn, nokasanuse Ha Puc. 5-2 (a), rae BoaHI-
cTasd JIMHNA COIOCTABIAETCH STOMY IPUTATHBAIONEMY BsauMometictsmio!. CyMMa »Toro
pama (6e3 BHEIHNX “XBOCTOB” ) maeTcd BepumHoli I, KoTopas onpene/isgeTca HHTErpalb-
HBIM ypaBHEHHEM, MOKa3aHHBIM Ha Puc. 5-2 (b), uMerommym ciienyommnii ana nTudeckuii
BT

L(pspa; pip2) =< papa|Ulpipe >=<p' +¢,—p'|Tlp+¢,—p >=

] d4p//
=Vp-p)+ l/ WV(p’ =G + )Go(—p") <"+ ¢,-1"|Tlp+¢,—p > (5.3)
B cupasensmBoctn ypasHenus (5.3) jserko ybennThea WTepannagMi — BO3HWKAET, Kak

pas, “nectamunsiii” pan. B momenun BKII wsanmoneiicteue V(p — p') Momenupyerca
CIIEIYIONIMM 00Pa3OM:

Vip—p')—V(p,p') = dwpwp (5.4)
re
1 I&p| < wp
w, = 5.5
b { 0 [épl>wp (55)
B paccMoTpeHHOI BbIle mpocTelinreil MOIEH /IeKTPOH — (POHOHHOTO O6MeHa A = —g°.

Teneps ypasrenne (5.3) ynerko pemraerc:

AWp! 14 Wptq (5.6)

L(pspa; pipe) =< p + ¢, =P |Tlp+q,—p >= , 5
1—i) [ gbrwdy Go(p + 0)Go(—p)

1H0,Z[pa.3yMeBaeTCﬂ CIIEMYIOIN BBIGOD BHEITHUX 4-UMITY/IbCOB: p1 = p+q; P2 = —p; P3 = p'-l—q; Ps =
—p!, TaK 9TO ¢ €CcTh MaJBIi CyMMAapHEIH 4-HIMITy/IbC.
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P, Py
(a)
Py Py
T =
P, Py

Puc. 5-2  “JlectHuua" B Kyneposckom kaHane (a) M MHTerpanbHOe ypaBHeHue AnA

cooTseTcTBYoLWeR BeplunHbl (b).
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9TO MPOBepsAeTCd HEMOCPEACTBEHHON TOACTAHOBKOM B (53) PaccmoTpum Bxoasmit croga
WHTETpaJ:

0 [ Gzt Goto+ 0Go(—) = it [ G Gan)Gata - 1) =

Iy d3p % 9 1 1
‘“/ @rp | 25— e(p) + ibsigne(p) oo —f — Ela —p) T iosigné(a —p) V)

rie ¢ = [wo, q] = [e1+¢€2; P1+P2]. Bolllonugas sineMenTapHOE KOHTYPHOE HHTEIPUPOBAHKE,
oJIyYacM:

de 1 1
/ 21 e — £(p) + i6signé(p) wo — € — &(q — p) + idsigné(q —p)

_ _iwo—g(p)—%(q—p)ﬂ'& npn &p)>0; &(q—p)>0
iwu—f(p)—é(q—p)—ié mpu  &(p) < 0; {(q—p) <0

(5.8)

Moncrapisag >ToT pe3yapTar B (5.7) U HepeXoia K WHTEIPUPOBAHHIO IO SHEPIeTNIECK Ol
nepeMenHol £ = £(p), ¢ yueToM TOTO, 9T0 dHakTOp wf, obpesaeT 3TO MHTErPUPOBAHNE HA
1ebaeBCKOl 9acTOTe wp, MOy IAEM:

i/\/ %wf,(?o(p)(}o(q —p)

mpr [“P ! 1 1
A —A d d .
272 /0 €‘/0 x{wo—l—%—i—qux—ié—i—2£+qux—w0—i6 (5.9)

e Bocmoib3oBaInch £(q — p) & £(p) — vpq cos § u BBem nepeMennyto & = cos fl. lanb-
Helllline MHTETPUPOBAHUA /I€MEHTAPHEI, M MBI IIOJIy 9aeM:

A kG Gota )~

mpp 1 2wp — 16 1 2wp — 16
~ =) 1+-h— 4+ -ln ——m
271'2{ +2nwo+qu—i5 2n—w0+UFq—i5
wo wp — 16 vpq — wo — 10
1 1 1
+2vFQ<nwo+qu—i5+n —wg — @6 )} (510

TnaBublil (ToMUHEpYOWNH) BKJIaI B 5T0 BEIpaKeHNe TPH MAJBIX (0 CPABHEHUIO C Wp )
Wg U YFpq UMEeT BUI:

- A

mpr “D
1 A1
972 Max[2wo; viq] (5.11)

7€ BO3HUKAET GOIbINol orapnudMm (B mpenese — jorapudMuieckas pacxoguMocTh). B
pesyabTaTe, LA HHTEpecyolell Hac BepumHbl (5.6) morydaem:

U(pspa; pip2) =< 1"+ ¢, =0 |Tlp+ ¢, —p >= L(q)wpr 4 Wpiq (5.12)
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rie (mpu wo > vpq)?

. -1
mpp 2Wp im 1 wg wo Wy — Vpq
T(g) =A<1+ A 1 — —+ =1
(9) + or2 | € wo + 2 + Tl w2 —vpq? 2upq n wy +vFgq
(5.15)

MpoananusupyeM Tellephb cBoficTBa BepiinaHOH dactn (5.15). i TPOCTOTHI paccMo-
TpuM cHadada caydait ¢ = 0. [Ipuw BelllecTBEHHBIX W MOJAOKUTETBHBIX W) UMEEM:

A
1+ 2B [ln

T(wo) = (5.16)

ZLUD
Wao

272

+%T]

Bynem paccmarpusath Tenepb I'(wg) Kak GyHKIMIO KOMILIEKCHOI epeMeHHOi wq, ompe-
Jendad ee Kak aHaauTudeckoe npogoskenne (5.16) B BEPXHIOW MOMYIITIOCKOCTE [mwy >
0. Torma, mosaraa B (5.16) wg = |wyle’®, momydaem:

A
2 ] :
o]+ — i)

T(wo) = (5.17)

1+ 222 [In

FEciu BsaumMopeficTBie »JIEKTPOHOB HOCHT XapakTep HpuTakeHus, 7o A < 0 u (5.17)
IMeeT IOJTIoC, oNpeneIdeMblil ypaBHeHneM®

mpr 2wp T
1+ A In | =22 — (__ ) —0 5.18
+ onz | wo "\3 ( )
T.e. IpH ¢ = T u 1 4+ ATED [ln 2;"—5“ = 0. Urave roBop4d, MOTIOC IMeeTCd HA MHUMOU

qacToTe, Wy = tWw, TJe:

272
w=2wpexp | ——— 5.19
DY (5.19)
B okpectHOCTH 3TOTO ToMMoca ['(wp) nMeer Bu:
2 2 .-~
T(wp) & ——— (5.20)

Mmpp Wy — W

DTO 03HaTAET BOSHUKHOBEHHE KYNEPOGCKol Heycmotinusocmu — MOAIOC BEPUINHHOR Ta-
CTH B BepxXHell TOJTyIITOCKOCTH JacTOTHI O3HAYAeT BOSHUKHOBEHUE B CUCTeMe HeyCTOM-
9UBOH KOJIJIEKTUBHOI MOIBI C 3KCHOHEHTTNAJBHO pacTyIeit (co BpeMeHeM) aMTLIATYION:
eTIwWol o T HET | oW 1o pesrer K HEYCTOWINBOCTH CHCTEMBI M HEOOXOAMMOCTH TIEpe-
CTPOIKT €€ OCHOBHOT'O COCTOSHMUSA M CIEKTPa BO3OYIKICHIMI.

23,HGCL HaO0 BOCIIOJIB30BATHCA U3BCCTHBIM COOTHOIICHUECM:

Inz=1In|z|+7arg 2 (5.13)
roe
arctg% mpu z>0
arg z = arg(z + 1y) = T+ arctg% opu r<0;y>0 (5.14)

-7+ arctg% mpu r<0; y<O0

3B cayvae orramkmsanmaA (A > 0) HEIeTo 0cobeHHOTO He MpomWcXomuT. Bripaxerme (5.17) maer mpm
5TOM CyMMY BCeX “JIECTHHYHBIX TOHpaBoK K “3arpaBodnoit” A. Boabuioil iorapudm Bener Torma mpocto
K »ddexTuBHOMY yMeHbUIEHHIO B3anMoelicTua. Hukakoit “nmarosiormu” B »ToM ciiydae HEe BOSHHKAET.
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IIpu OTAWYIHBIX OT HYJIA vpq BeIpaxkeHne (5.15) MOXKHO Mepenucarh B CJASTYIONEM
Buze (mid wg > vpq):

-1

m 2w o 1 vhg? w woy —
T'(q,wo) = A 1—1—/\27];5 lnew—ol)—i—?—zgo—§ln 1- Z;] —1—2012(]111 wz-l-vig
0

(5.21)
TaX 9TO IMOCJe NPOIJOJIKEHH B HOJIYIIOCKOCTD Imwy > () U MCHOJIb30BaHUA OIIpenesIe-
g @ w3 (5.19), Haxomum:

-1

27? w 1 vhq? w Wy — v
I(q,wo) = — 2 14 on(1- L) 20y, (0=t (5.22)
mpp 1w 2 wp 2vpq wo + VFq
ITpu Manbx vpqg € © UMeeM:
27? 10w
I'(q,wo) ~ — ——i g (5.23)
MPE Gy — 0 + 1=
O1cioma HaXoouM TOJ0KEHHE MOJTIoca KaK GYHKITHIO ¢:
2 2
e Vg
= 1--£ 5.24
wq = 1w 602 ( )

TakK 9T0 abCcOJTIOTHAS BEJHYNHA Wwo YMEHbIIaeTcd ¢ pocToM ¢. [Ipu HEKOTOPOM U ¢mas
TOYKA MOJIOCA Wy CTAHOBUTCA PABHON HYJIIO, MOCJE Yero, Upu GOJIBIINX vpq MOJIOC B
I orcyreryer. [ockombKy BesWunHA ( MPEACTABIAAET CODOR MMMYJIbC CHCTEMBI IBYX
9JIEKTPOHOB KaK IIEJIOT0, 3TOT PE3yJIbTaT O3HAYAET, YTO TEHACHIINIO K 0OPAa30BAHUIO Tap
MPOABISIOT 3JIEKTPOHBI, ABIKYIIHECS TOYTH HABCTPEUY IPYT APYTY.

Kymepopckas “nectHuma” maeT BKJIAIL B COOCTBEHHO — YHEPTETHIECKYIO 9acTh 3JIEK-
TpoHa, NoKasaHHbIl Tpadndeckn Ha Puc. 5-3 (a). EcrecTBeHHO, 9TO CYIIECTBOBAHNE TIO-
JIIOCHOM ocobeHHOCTH B “AecTHUIE” MPUBOANUT B K COOTBETCTBYIOIIEH CHHTYIAPHOCTH B
Y(p) n B onpenensoleii ee Bepiinne, mokasaHHoi Ha Puc. 5-3 (b).

[MomuepkrHeM eliie pas, 9TO UITOKEHHBIE COOOPaKEHNs CBUIETEIBCTBYIOT O HEYCTOM-
YUBOCTH OOBITHOTO OCHOBHOTO COCTOAHUs dhepMu — rasa ¢ mpuraxenuem mnpu 1T = 0.
DTa HEYCTORIMBOCTH COCTOUT B CIOCOOHOCTH YACTHIL, MEHTDP WHEPIUU KOTOPHIX TMOYTH
MOKOUTCH, 0OpA30OBBIBATH CBABAHHBIE MApHBI, T.€. CBOETO pojia 6o3e — YacTHUIlhl, KOTOPBIE
MOTYT “KOHIEHCHPOBAThCs’ Ha OCHOBHOM ypoBeHb. TeMmmeparypa, mpu KOTOPO#l BOEpBbIe
BO3HUKAET TaKasd HEYCTOWINBOCTD U ABJAETCS TEMIIEpaTypoli epexoa B CBEPXIIPOBO/IA-
ee coctosgume. [ToCMOTPIM, HO2TOMY, Ty XK€ 3aady B TeMIepaTypHOil (Mamy6apoBcKoit)
TeXHUKE.

B npubamkennn, B KOTOpOM MBI TipeHebperaeM paccedHueM CBA3aHHBIX Tap ApyT Ha
IpyTe, OHU obOpasyioT UIeaJbHBIA Oo3e — ra3, m TeMmmeparypHas (yHKud ['puna mid
HETO UMeeT BUJ:

1

. (]2
Wi = gpe TH

G(q,wm) = (5.25)
rae wy, = 27m1, q — UMIYJIbC CBA3aHHOM mapel, a m* — ee Macca, paBHad yABOSHHOIL
Macce asiekTpoHa. Ipu w,, = 0 (5.25) ceomures k [pp—¢?/2m*] 1. llpu nekoropoii Temie-
parype T' = Ty, HasbIBaeMoll TeMIepaTypoil 603¢ — KOHIEHCAINH, 9Ta BeJIMINHA BIIEPBLIE
obpamaerca B GeckoHETHOCTH mpu ¢ = (. DTa TeMmepaTypa, O9€BHIHO, COOTBETCTBYET
i =0, B coryiacuu co CTaHIAPTHLIM paccMOoTpeHueM Goze — Konpencanuu [11].

Ilpu ydeTe BHYTpeHHEHl CTPYKTYpBI KYNEPOBCKOW mapwl, anasoroMm (5.25) aBjid-
eTcs AByxdacTUdHad depMmuoHHad byHKIMaA ['puHa. B Touke mepexoma oHa IOJIKHA
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BT - e

(@)

j>m= )\/\N\+jd\,\A W+ we o+

Puc. 5-3 [lonpaskn k cobcTBeHHO — 3HEPreTNHECKON HacTu S/EKTPOHA 3@ CHET pacCesHus
B KyrnepoBckoM KaHane (a) n rpadukn ans cooTseTcTsytoLen BeplunHbl (b).
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obstamaTh aHAJOTHYHBIMU CBONMCTBAME B CMBICJE CBOEH 3aBHCHMOCTH OT IT€PEMEHHBIX
wom = (€1 + €2)p W @ = P1 + P2, COOTBETCTRBYONINX MEHTPY nHEpIHN mapbl. Pepmu-
ounble dyuknun ['prHa 0CODEHHOCTAMHE MO 3TUM MEPEMEHHBIM HE OOJIAIA0OT — HYKHO
pPacCMOTPETH COOTBETCTBYIONYIO BEPIINHHYIO dacTh ['(qwp), KoTopasd JaeTcd TeMu Ke
JIECTHUYHBIMHE IUArpaMMaMe, 9TO W BHIIIE, HO B MalybapoBckoil Texuuke. Bea pasumuia
B TOM, 9T0 BMecTO (5.7) HYyKHO TelEPh PacCMOTPETh:

1 1
ATE:/)%“ e, — &(p) iwom — e, — &(q — P) (5.26)

rae wom = 27meT (mgy — nenoe gaucno). Mel we 6ynem Beraucaats (5.26) mpu mpons-
BOJILHBIX 3HAYEHUAX Wo,, U (, T.K. U3 OBIUX coobpaskeHHi 4CHO, 4TO KaK U B 603e —
raze, momoc B ['(qwg) BriepBble nogaBAeTca IiA 3HadeHnii wy = ¢ = 0. [losTomy Ham
JIOCTATOYHO PacCMOTPETh TOJILKO 3TOT caydail. Torga HaM HaJo MOCYUTATH TOJILKO:

B A 3 9 1 1 o~

2r)? Z/ e )

mPF “p L ompp [¥PdE €
¥ A LKWDd€2;5%+£2___A272LA €hor o

L€ CyMMa TI0 9acTOTaM BBIUNCIIAIACH ¢ HoMomibio (2.99). MTHTerpupy# 31ech Mo 4acTaM,

HOJIyYaeM:
mpr wp *“ lnz

I=-)—(In—=— de—— 5.28

27?2 (n 2T /0 xchzx) (5.28)

rJe B OCTaBHIEMCA MHTErpaJie 3aMEHUJIN BerHI/Iﬁ opegesja r = C;—? Ha 66CKOH€‘IHOCTI), C

y9IeTOM €ero OBICTPOll CXOMUMOCTH U WHTepecylomux Hac 1 < wp. DTOT WHTETPAJ paBeH
In 2%, rae Iny = C' = 0.577... (mocToanuaa Diigepa), Tak 4ro 7 & 1.78, a 2% ~ 1.14. B

nTOore nmoJgaydacM:

A
r(0,0) = - ro” (5.29)
L+ A5 pF In ZTD
IIpm A < 0 3mech omATH BOSHUKAET TOJIIOC, B6.HI/I3I/I KOTOPOTO:
o2x2 T,
1'(0,0) = — _— 5.30
( ) ) mpF T _ Tc ( )

re memnepamypa ceeprnposodauteeo nepexoda 1. omnpenengerca dopmysioit BKIIT

(J.Bardeen, L.Cooper, J.Schrieffer, 1957):

2 272 2 1
T. = le exp (—L) = le exp <——) (5.31)
™ ™

|A|mpr [Alvr

Obparute BHUMAHIE, UTO 37€Ch BXOAUT IJIOTHOCTH cocTodAHUR Ha ypoBHe Pepmu vp B
pacuere Ha oJHY NPOeKIMIO ciuHa. Benuuuna |A|lvp urpaer posab GespasmepHOil KOH-
CTAHTHI CIAPUBATETBHOIO B3anMoaelicTBIsA. BakHO TOMIYEPKHYTH, UYTO 3aBUCHMOCTE OT
510l KoHCcTaHTH B (5.31) neanasumuveckas — 5TO BBIpaXKEHUE HETb3dA PA3JIOKHUTH B
pam o creneam A mpu A — 0!
Beemennas Boime B (5.19) gacrora @, XapakTepusyolias HEYyCTONIHBOCTD CHCTEMBI
npu T' = 0, paBHa
a:%n (5.32)
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YpaBHueHnusi I'oppKoBa.

U3 mpenwimgyiero sacHo, uro B obmactu Temmeparyp 1 < T, Tpebyerca cmenuanabHOe
paccmorpenue [1, 2]. Mcxonum us yrnpouieHHo# Momeaun dhepMu — ra3a ¢ TOYEUHBIM HPU-
TAXKEHNEM, FAMUJIBTOHNAH KOTOPOl MMeeT BUI:

H=Hy+ H;n: =
-y [ v [_—vz—u] Yl Z [ttt @it 639

DopMasIbHO 9TO COOTBETCTBYET MOTeHIMATY B3anMomeiicteua V(r —r') = Aé(r — r'), HO
B JaJbHelllleM NpY BBIYUCACHUE MHTEIPaJIoB M CYMM MBI GyIeM MoapasyMeBaTh orpa-
ungenue tuna (5.4), (5.5), 970661 yuecTh peasbHyo IPUPOLY HPUTAKEHUA B CBEPXIIPO-
BOITHHKAX.

B reitseH6eproBckoM IpeacTaBJIeHIA MOXKHO BHIINCATh CTaHAAPTHEIE ypaBHEeHH JBH-
JKEHHdA JJ1d 5JeKTPOHHBIX ONEPaTOPOB:

d
151/@(1‘) = [a, H] (5.34)

KommyTaTop B mpaBoil 9acTu BEIYUC/IAETCA HETIOCPENCTBEHHO, ¢ NCIOTH30BAHNEM OCHOB-
HBIX KOMMYTAITHOHHBIX COOTHOWIEHME [IJIf ONEPATOPOB g ():

Yo, DU () + 0 (0, (2, 1) = b — 1) (5.35)

1/)a(1‘,t)1/)@(1‘/,t) + 1/)@(P/,t)1/)a( )
U DUt () + 0 (0, 00 (e, )

[TpsmMble BEIYHCIEHHSA, CBA3aHHBIE C TIOCJIENOBATEIBHONI KOMMYTaIeil ormepaTopoB ¢ O1-
IOeJBHBIMU CJaraeMbIMU B FaMUJIbTOHUAHE (533), oaioT:

0
0

(5.36)

[alx), Ho] = — (% + u) Ya(z) (5.37)

[ta(x), Hini] = —AZ% Yal(2) (5.38)

2

[ (), Ho) = (Z—m + u) vt (2) (5.39)
[YF (), Hindd = A Z vk (x b (x) (5.40)

TaK 9TO B dBHOM BHUIEC YpPaBHCHHNA IBUXKCHUA BBITJIAOAT CJICIYOIIUM o6pa30M:

.a o vz
Z% = — (% + /,L) ’l/)a — /\’l/),-yl_’L/)ry’l/)a (541)
vt _ (v
2 (2 )¢++w+¢% (5.42)
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L€ 10 TOBTOPAIINMCA IPEIECKUM (CIITHOBBIM ) WHAEKCAM TOIPa3yMEBAETCA CYyMMUPO-
BaHUe.

CorytacHO TpeAnogaraeMoii HaMM KadeCTBEHHON KapTHHE OCHOBHOTO COCTOAHUA
cBepxmpoBonuuka, npu 1 = 0 B cucreme mMeeTcsa koudencam KyIEPOBCKHX Iap, CO-
JepXKalmii orpoMHOe (MaKpocKommIeckoe) qucao dacturl. OYeBUIHO, 9TO COCTOAHUE
Takoil cumcTeMbl, (PaKTHIECKH, HE MEHAETCA MPU M3MEHEHUU HA E€IUHUILY YHCIa Tap B
kongencare®. MareMaTudeckn »To BbIpakKaeTcsd HaJuuheM OTJMYHBIX OT Hynsd (B Tpe-
Jeste gucaa qactun N — 00) 3sHaUYeHHH MaTPUIHBIX 5JIEMEHTOB:

J\;im < m, N|g(e2)a(z1)|m, N+ 2 >= J\;im <m,N + 2|1/)I(x1)1/);(x2)|m, N >*#£0
(5.43)

Bmeck Yg(22)1q(21) mpemcrasager coboll omepaTop YHHUTOKEHNA ABYX 5J€KTPOHOB, &
1/)1’(1‘1)1/);(1‘2) — aHaJIOTMYHBI OoIlepaTop poXOeHHd Iaphl. B masbHelimeMm MBI H6ymeM,
JIJId KpATKOCTH, OTIYCKATh 3HAK B3ATHA peesia, a TaKkKe OMyCTUM U JHArOHATbHBIH Ma-
TPUYHBIH UHIEKC, HyMepyIouuil “oqnHakoBbie” COCTOAHUSA CHCTEM € PABTUIHBIM IHCTIOM
JACTHII.

Takum 0b6pazoM, Npu TEPEXOe CUCTEMBI B CBEPXIPOBOIAIIEE COCTOAHIE MPOUCKO-
IOAT CROWMAHHOE HAPYWeHUE KAAUGPOSOUHOT cuMMeMPuU®, COOTBETCTBYIONMIEH 3aKOHY
COXpaHeHWd 9WUCJIa TaACTUI] — 3JEKTPOHBI MOTYT TOMAPHO “yXOAWTH” B KOHAECHCAT WJIH,
HaoboOpOT, “BO3HHKATHL W3 KoHOeHcaTa. MaKpOoCOCTOAHNE CHCTEMBI TIPH 9TOM HE M3Me-
Haerced (mpu N — ool).

TMosromy, Hapamy ¢ oObIaHON (HOpMasbHOl) dhyHKIMel ['pruHa:

iGap(x1,22) =< N|Toa(21)¥F (22)|N > (5.44)

HeO6XO,D;I/IMO BBECTH TaKXKe 1 TaK Ha3bIBacMbIC AHOMAADHDBLE (byHKL[I/II/I FpI/IHa6Z

iFap(x1, 22) =< N|Ta(z1)Pp(22)|N +2 > (5.45)
Z'F+ﬁ(l‘1, l‘z) =< N+ 2|T’l/);|:(l‘1)’l/)g(l‘2)|N > (546)

(a4

AnomaJsibHEIE (byHKI_[I/II/I FpI/IHa Fa@ n Fo-zl_ﬁ YOOBJIETBOPAIOT CJICAYIOIIHUM O6I_L[I/IM CBOTi-
CTBaM CHUMMETPHM, CJICOAYIOIMUM N3 KOMMYTaIllOHHBIX CBOICTB BXOIAIINX B HAX olepa-
TOPOB!:

Fa@(l‘l,l‘z)I—F@a(l‘z,l‘l) F+ﬁ(l‘1,l‘2)2—Fﬁ+a(l‘2,l‘1) (547)

(a4

B HaJIbHEWIIEM MBI BCIOOY paccMaTpHWBaceM TOJIBKO CHHIJIETHOE (HO CHI/IHy) KYIIEepOBCKOE CIlapH-
BaHHE, pea/im3ymoueecd B IIOTABJIAIOUIEM GOMBIMMHCTBE METAJLINIECKAX CBerHpOBO,E[HI/IKOB7. OT,E[GJ'II/IM
CIIMHOBYIO 3aBUCHUMOCTH 3allucaB:

Fop = AgpF F;B = B,gF™ (5.48)
Ho, B coorBercrsum ¢ mpuamummoMm [laymm, mmeeM < ¥q(z)Ya(z) >= 0, tak aro Faaq = Ff, = o
CoorBercTBeHHO Anq = Baa = 0, uw marpuist A uw B MoryT 6BIThH IIpEACTABIECHBI B BHAIE:
_ 0 a1 _ 0 bl
ae (0 m) ma(0 -

4OTMeTHM 0YEeBUIHYI0 AHAJIOIHIO 5TOTO IPEIOIOKCHE ¢ AHAJOTHIHOM THIOTe30H, IPHHIMAaeMoil B
Teopun 6o3e — rasa co ciabeM B3anMomelcTBreM 1o Boromo6osy [11].

5 K OHIIenmus CIIoHTAHHOT 0 HapyUIeHH A CHMMETPIE HIPaeT MeHTPaIbHy 0 POJIb B COBPEMEHHOR Teopmn
dasoseix mepexomnos 11 pona [24]. OcHoBHOE cocTomHme “KoHmeHcHpoBaHHONW dha3bl, BOHUKAIIEH TpH
TeMIepaTypax HIDKe TOYKH mepexona 1, BCErIa NMeeT CHMMETPHIO HUJCE CUMMETPHUH TaMUIbTOHUAHA,
OIUCHIBAIOIETO TaHHBIH (pa3oBbIil mepexo [1 1]

SOTMeTHM TeCHYI0 CBASEH MOABJICHHA B TEOPHM aHoMa/IbHEIX (yHkmmit ['puna ¢ mmeosormeii kpasu-
cpenamnx Boroso6osa [11, 24, 25]

" TpuILIeTHOE CHAPHBAHUE HMEET MECTO B CBEPXTeKydanx dasax He® H B HEKOTOPHIX MeTa LIHIeCKHX
coemHEHnAX, HanpuMmep B S7o RuOy.
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Jz cnmrnernoro cnapmsarma F(xr — v') = F(r/ — r), Torma us (5.47) cuemyer Aag = —Agy u Bog =
—Bgqo, Tax arod:
0 a 0 b
i (08) me(20) -
u u3 (F: )* = —Fap nonydaem B* = — A, rak uro u b* = —a. Coorsercrpenmo:
3 0 1 {0 1
A_a(_1 0) B=—-a (_1 0) (5.51)

Torma cimHOBad 3aBUCHMOCTD AaHOMAJIBHBIX hyHKIHNH ['prta cRonuTCA K €IMHTIHOMY
AHTHCUMMETPUIHOMY CIUHOPY 2 — paHTa:

0 1 . 9
Japg = ( 1 0 ) = wiﬁ (§7)ap = —bap (5.52)
rme ¢¥ = ( ? _OZ ) ITosToMy MBI MOKEM 3allucaTh aHOMaJibHbIe (GYHKIUMKM B BHUJE:

Fop(ar, 22) = gapl' (21, 22) F;@(ﬂﬁl, 29) = gapF (21, 22) (5.53)

The clpaBa CTOAT (GYHKIME CHAMMETPHUHBIE MO X1 U &5. CIHMHOBas 3aBHCUMOCTH HOP-
MaJsibHO# dyrkmmu I'pura Gop (115 HEMATHUTHO CHCTEMBI) CBOIMTCH K Gap = 008G
Kpowme Toro, B OTHOPOIHOI ccTeMe TpuHoBckTe dbyHKMmn G, F', Ft saBncat TopKo oT
pasHOCTel KOOpAMHAT TOYEK U PA3HOCTH MOMEHTOB BPEMEHMH.

Benem anoMaJsibible GYHKINK B COBIHAIAIONINX TOYKAX:

[1]

() = iF(x, ) = (z) = —iF T (2, z) (5.54)

KOTOpBIE HHOTIa Ha3BIBAIOT BOJTHOBBIMHU (DYHKIMAMY KYNEPOBCKNX TTap, HAXOAANINXCA B
KOHIeHcare. B cramuoHapHoil MakpOCKOTHYECKH OTHOPOAHON crncreMe Z(#) CBOIMTCA K
MOCTOAHHOI, TpHYEM HaJIekalliM BBIOOpoM a3 1 — omepaTopoB MOKHO CHEJATh 3Ty
IMOCTOAHHYIO OefiCTBUTE/ILHOM.

BaiiMemcsa Temeph 3ajadeil BHIYUCJEHAS paccMaTpUBaeMbix ¢hyHKImid ['puHA B MO-
Jenn GepMu — rasa ¢ IpUTAKeHneM, onpeendeMoii ravmasrornanoM (5.33). YpapHenua
JBUKeHUs /g oniepaTopos ¢ u ¢ Buinucans Bbie B (5.41) u (5.42). Umeem®:

(1)

a Gozﬁ = —1 <T7’l/)@(l‘2)> - i(sa@é(l‘l - I‘z)(S(tl - tz) (556)

aty o0t

Tak 4T0 momcTaBaaa cioma (5.41), mosydaeM ypaBHeHWe NBIDKEHW# [JId HOPMAaIbHOMN
dyukmun ['puna B BUIE:

a v?
(155 + g + 1) Gasle =) = i3 < NITUF () (D ()F @IV 5= 8,500 - &)
(5.57)

8 [I1s TPUILIETHOrO CIIAPHBAHHMH KOODAMHATHAA 9acTh aHoMasbHoll dymkmmm [punma anrTmcmMme-
TPUYHA, a CHUHOBad, Ha060pOT, CHMMETPUYIHA.
9 1151 TIoJTy 9eHms BTOPOTO CJIATAEeMOTO B (5.56) HyKHO BCIIOMHHUTE IIPO pa3pHIBHOCTH Gapmpuiy = ta:

Gaglty=tato — Gaplty=ta—0 = =1 < Waltr,r1)dT (t1,12) + 11/?3' (t1,r2)Ya(ty,r1) >= —ib4p6(r1 — 1r2)
(5.55)
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Qurypupyroiuii 31eCh TNATOHAJIBHBI MATPUIHBIN 3J€MEHT TPOW3BENEHUA IETHIPEX 1
— OTepaTopoOB MOXKHO pacmucarh (“mo Buky”), BHINNCaB BCe BOSMOXKHBIE CIADWBAHUA
(CyMMBI IPOM3BeNEHNH MATPUIHBIX 3JIEMEHTOB [ap ONMEPATOPOB):

< NITUF @y (2) a0 (2) [N 55 Gy (0)Gap( — 2/) = Gan(0)Grp( — 2') +
< NIT (@)ba(@)IN +2 >< N + 2|76 (2)6 (2)|N >
(5.58)

Ynenw tuna GG 0Jia HaC celivac HECYNIECTBEHHBI, TOCKOIBKY OHU MPUBEAYT TOJBKO K
HEKOTOPOI MEPEHOPMUPOBKE 3HEPTUN BO3OYXK IEHWIT B HOPMaJIbHOM cocToannn. [TosTomy
B JaJIbHERIIIEM MBI COXPAHNM TOJIBKO BKJIa Hocaenteit crpokn B (5.58), rme comepxkarca
MaTpUIHBIE 3JIEMEHTHI JJId TePeX0oAoB ¢ m3MeHeHUeM uncia dactun N «— N + 2, tak
70! 0

< N|T1/)j'(x)1/)7(x)1/)a(x)1/);(x/)|]\7 >—
< NITUy (2)a ()N +2 < N + 20T (2)} (2N >=
= —Fyo(z, x)FW‘I'ﬁ(x, 2') = =80 F(O)FH(z — ') (5.59)

rae yann (5.45), (5.46) u (5.52), (5.53). C yuerom (5.59) ypasuenue (5.57) cBoguTCA K:

o V2
=4+ — 4+ G(z)+ \EFt(z) = é(x 5.60
(155 + 5 +1) Gl)+ 027 ) = 8(2) (5.60)
IJle 3aMeHIJI apTyMeHT  — ' Ha x, a mocroannyto ¢ F'1(0) obosHaumin Kak =.

Ho MBI mOoTXKHBI TeNeph HAINCATh €llle W YPAaBHEHWE NBUKEHWA IJIA aAHOMAJIBHOM
byuxumn [pura FH(z)! g 3Toro BHIMHCIAM TTPOU3BOTHYIO:

0 ()
0ty

iF;;j(ge —z) = <N +2 ‘T

oty 1/)2;(36/)

N> (5.61)

Bamernm, 4To UseH ¢ § — pyHKIMEH, THIA BToporo ciaaraeMoro B (5.56), smeck He BO3HE-
KaeT, HOCKOMNBKY Flop(x — ') (B ornmuane ot Gop(x — ') Henpepsisra mpu t = ¢ (B cuiy
aRTHKOMMYyTaTuBHOCTH ¥F (t,1) 1/)2; (t,r")). Hoacrasnaa (5.41) B (5.61) n cHOBa TpO-
BOJIA BBIIEJIEHNE KOHIEHCATHOTO BKIaIa, aHAJOTMIHO TOMY, Kak 5To Aeaaioch B (5.59),
HoJIydaeM ypaBHEHHE:

(i% - Z—m - ) FH(2) + AE"G(x) = 0 (5.62)

Taknm 06pasoM MbI TTOJTydaeM 3aMKHYTyIo cucTeMy ypasHennit (5.60) u (5.62), onpene-
nsomnyio dyakunn [puna ceepxnposonnuka (JI.IT.Topskos, 1958).
[Tepexona x UMIyIBCHOMY MPEICTABIEHNIO, YypaBHeHnA ['OphKOBa MOXKHO 3alHCATh

B BHJE (p: (e,p), &(p) = %— ):

(e —&(p))G(p) + AZFT(p) =1 (5.63)

(e+ &) FT(p) + AE"G(p) =0 (5.64)

10B mopMmaabmoit dpepmm — cucreme (6es KOHIeHCaTa) OHH, €CTECTBEHHO, paBHBL HyJI0. Ho 3mech sTn
aHOMAaJIbHBIC BKJIaOEI BeAyT K KadecTBEHHO HOBBIM BBIBOIAM.
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Uckmiouad s »Tolt cucremer F'T aToft cucTeMel ypaBHeHHII cpasy Ke HaXOIHM:
(e* = €(p) — 1AP)G(p) = ¢ +&(p) (5.65)

e BBEJIX obo3HaUYeHHE:

A= \Z (5.66)

OTa BeMWYMHA, KaK MBI yBUAMM HUXKe, OyJIET UTpaTh POJb 3Hepeemuveckot weau B
CIleKTpe Bo30YXKIEHM CBEpXIIPOBOSHAKA W, OMHOBPEMEHHO, RAPAMEMPA NOPAJKA CBEPX-
IPOBOIAIIETO IIEPEXoIa.

PopmanbHoe pemrenne (5.65) nmeer B

cHE) Y

e2—e2(p) e—e(p) e+e(p)

e(p) = V& (p) + A (5.68)

CIIEKTp »JIeMeHTapHBIX Bo3Oyxmennit teopun BKII (¢ memsio 2|Al), a u, # v, ecTsb
usBecTHbIE Koo duimentol Boromwtosa [11]:

2
Yp } _ 1 (1 + &) (5.69)
w [72 Eo) + AP
Boipaxenue (5.67) ellle HETOONPENETEHO — HYKHO €llle 3a7aTh CHocob 00Xoma MoTo-
COB, MHa4Ye OCTaeTCs HeollpeaeseHHol MAnMas JacTh ¢pyHknma G. [leo B ToM, 910 OHAa,
oueBHIHO, coepkuT &(c & £(p)) u noToMy BhImagaeT npu ymHoxenun Ha (2 —e%(p)) B
(5.65). Tlo obmnm axa uTHUYeCKHM cBoficTBaM [1] sHak MHEMOH Yactn ynkmun ['prura

IIPOTHUBOIIOJIOKEH 3HAKY HepeMeHHOﬁ £, MIO3TOMY B YJICHaX C IMOJIOXKNTEJIbHBIMHA U OTPH-
DaTeJIbHBIMHA IIOJIIOCAMHI 3TY IMEePEMEHHYIO HYXKHO 3aMEHNTh Ha & + Z(S, TOrOda

G(p) = (5.67)

e

u? v? e+ £&(p)
G(ep) = P4 r = - - 5.70
(ep) c—e(p)+i6 e+e(p)—ié (c—e(p)+id)(e+e(p)—1id) (5:70)
Tenepn waxomum u F'* u3 ypasrenns (5.64):
AZ* A*
Ft =- , — = — , , 5.71
(ep) (e —e(p) + i) (e + e(p) — i6) (e —e(p) + i8)(c + =(p) — i6) (5.71)
B Toxke BpeMsa HMeeM, IO ONpeAesIeHHIO:
© de d3p
= = Ft(e=0)= — | ——F*T 72
i @=0=[ & / Gl ) (5.72)

Moncrasmsag ciona (5.71), BEIIOTHAEM HHTEIPHPOBAHEE IO € MYTEM 3aMbIKaHUA KOHTY DA
B BepxXHell MOJAyIJIOCKOCTH, TaK YTO MHTErpaJ BhIpaxkaeTcd depe3 BbIYET B MOJIIOCE € =

£(p). B pesysbTare, mocae cokpalleHnsa Ha 2 HOTydaeM:

1=

A / 1
— d®p (5.73)
2(27)3 /€2(p) + A2
— ypapuenne i menan Teopun BKII. HamomumMm, uto vy Hac A < 0, KpoMe TOTO MBI
nunieMm A yxe 6e3 3HaAKa MOIYJid, MOCKOJBKY, KAaK OTMEYEHO BBINIE, B HAHHOM CJIY-
Jae MBI MOJXKEM CUMTATh IIeJb BelllecTBeHHON. Pacxommmocts nHTerpasa B (5.73), xak
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U3BeCTHO, 00pesaeTca ncxoua u3 ycaosud, 9o B Mogean BKII BsanmoneiicTBytor (mpn-
TATUBAIOTCA ) TOJBKO 3JEKTPOHBI C 9HEPTHAMH, JICKAITAMHE B CJI0€ TOJIIHHON 2w OKOJIO
nosepxuoctn Pepmu (cp. (5.4), (5.5)). Torma nmeem:

|A| / § APE / _ [Almpr . 2wp

d 1 5.74
2(2m)? p\/é’z(P) TAZ  Adrtup \/62 TAz 22 A (5:74)

tak uro (5.73) cBomuTCA K:

mPF 2wp
1=1A — 5.75
N E 1y 2 (5.75)
9TO JaeT cTaHmapTHbIH pesysabTar BKII:

Ag = 2wpe Tmrr = 2upe” Tom (5.76)

Cpasnusag ¢ (5.31), umeem:
Ay = %Tc (5.77)

ITonesno paccumTaTh MJIOTHOCTH cOCTOAHUNA »Js1ekTpoHOB B Momesin BKII. Ncxoma us
obuero onpenenennd (4.99) u (5.67), (5.70), numeem:

N(e) = —EVF /Oo deTmGH (e, €)

2 6—|—€
= ——Vpszgnefm/ df o = —|e|lIm / 52 n A2 =
rie yumm, ato mpu T = 0 BemMosHAeTcA coorHomrenne ImGE(ep) = signeImG(ep)

[1]. Torma, BBOIA TIOTHOCTH COCTOAHUI CBOGOTHBIX 3JIeKTPOHOB Ha ypoBHe PDepmu misa
obenx mpoekunii criuna N(Ep) = 2vp, nMeeM:

N(e) \/al;_l—y npu le] > A

N(EF) 0 upu le] < A (5.79)
D710 — 3HaMeHuTHI# pesysabrar Teopun BKIII. TlnoTHOCTE cocToganHuil paBHa HYJIIO BHYTPH
nieau, T.e. B obaactu sHepruit mmpuHOit 2A Bokpyr ypoBHa Pepmu. llpm ¢ = +A B
Hell UMeIoTCd KOpHEBble OCOOEHHOCTH, a MpH |£| — 00, 3HAYeHUE IIOTHOCTH COCTOAHM
BBIXOIUT Ha ACHMIITOTHKY MOZIEIN CBODOIHBIX 2/1eKTpoHOB N (F ).

YpaBaernus ['opbKoBa MOXKHO MPEIACTABUTEH B JHATPAMMHOM BHIE, KAK 9TO MOKA3AHO
ua Puc. 5-4, rme sursarootpasuas muHua obosnadaer “korepentHoe” (KoHmeHcar!) moste
mapaMeTpa nopsaaka A, a s aHoMaabHol dyHKImu ['puHa ncmoab3yercd cTaHgapTHOE
obosHaTeHne ¢ TPOTUBONIOIOKHO HaIpaBAeHHBIMIE CTpeIKaMu' . B aHaIuTHIecKoM BHe

5THM rpadUKaM COOTBETCTBYET CUCTEMA ypaBHeHmiil:

L1
e—¢(p) e—-&(p)

N Ns06paxemntsie Ha 5THX IpadUKaX IPOMECCH B3aMMOICHCTBHA ¢ A MOKHO HHIEPIPETHPOBATD KaK

G(p) = AF*(p) (5.80)

“yxom” »JIEKTPOHOB B KOHIEHCAT Map UJIHA UX “BOSHUKHOBEeHME W3 KOHOEHCATA.
12 [Tna KpaTKoCTH MBI OIIy CKaeM 3/IeCh 6E6CKOHETHO MaJible MHUMOCTH B GYHKIMAX | prHA CBOGOIHBIX
9ACTHIL.
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P P
e—t— =
-Eﬂ—hp =

Puc. 5-4 [uarpammHoe npenctasnerne ypasHeHun [opbkosa.
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1

Fr(p) = T i)

A*G(p) (5.81)

skBuBaseHTHad (5.63), (5.64).
Mcnomnsya (5.66) u ypaBHenue, conpskentoe (5.72), Hannurem:

© de d3p
A== =1\ — | ——F .82
i | Gertew) (552)

oo 2T

9TO MOKHO m306pasnuTh guarpammoii Puc. 5-5 (a), mocie gero us rpadukos Puc. 5-4

BosHUKaeT rpaduueckad 3anuch ypashenuii lopbkoba, nokasannag na Puc. 5-5 (b)!3.
YacTo mcHoab3yeTca MaTpHIHAA 3allich ypaBHeHmWH ['ophbKoBa, MpedIokKeHHad BIepBble Hamby.
[Tpu srom, mapany ¢ G, F* u F (1.e. (5.44), (5.45) u compaxentoii k (5.45)) BBomar enre:

iéaﬁ(l’l,l’Q) =< N|T’¢J;|: ($1)¢5($2)|N > (5.83)
KOoTopasd BXOINUT B CHCTEMY ypaBHeHmil tuma (5.80), (5.81):

~ 1 1

G(p) = T D) + 7 g(p)A*F(p) (5.84)
F(o) = gy AGW) (5.85)

Torma moxkHO BBecTHm MaTpudHyo dyHKImo ['puHaa Buna:
(58 1)

¥ sammcaTh o6e napsl ypasHeHnil 'oppkosa ((5.80), (5.81) m (5.84), (5.85)) enmHBIM 06pasoM Kak:
~ 1 N ~
{51 —6:6(p) = 5 (At +are™) } Glp) =1 (5.87)

IOe BBeIEHBI cTammapTHele Marpumst [laymm 64, 64, 6. u ux guHelHbIe KOMOMHAIII 6t =6, + 15y,
Jlerko mpoBepHUTh, 9TO

iG(z1,02) =< T(e1 )bt (z2) > (5.88)
roe

Do) = ( we ) P (e2) = (W 2),va(02) (5.59)

— crmmHOpBl Hamby.

Ecsm cBepXnpoBOmHUK HAXOOUTCA BO BHENTHEM 3JIEKTPOMATHUTHOM TOJE, TO (DyHK-
nuu ['puna yxke He OyayT 3aBHCETH TOJBKO OT PA3HOCTH KOODAWHAT. BBemeHe 2/1eKTpo-
MAarHUTHOTO [OJIfA JIETKO TIPOBECTH B ypaBHeHnax ['opbkoBa B dopme (5.60), (5.62). 9o
nestaeTcd OOBIYHOI 3aMeHOI:

VY — (V—ieA)p Vit — (V +ieA)pt (5.90)

rome A — BHelIHU# BeKTOp — morermuan?. Torma ypasHerndg nag G u F'T nmpuanMaior
BUIL:

{z% + ﬁ(v —ieA)? + p} Gz, x') — iAF(x,2)FT(x,2") = §(x — &) (5.91)

é — L o 2 _ + / . + N
{Zﬁt 2m(V+zeA) N}F (z, 2"+ iAFT (2, 2)G(z,2") =0 (5.92)

133ameTHM, 4TO 3mech, KAK ¥ BhINIE, MBI IPOCTO IIpeHeGperaeM BKJIAIOM CIIAPHBATE/ILHOIO B3AMMO-
ImefcTBUA B COBCTBEHHO — SHEPreTUIECKY0 9acTh HOpMaJIbHON dyukimu ['puHa.
4TTonpasymepaercs BBIGOp KaIHOPOBKHM, B KOTOPOI CKAJIAPHBIH moTenmast ¢ = 0.
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& @)

Puc. 5-b CobcTBeHHO — sHepreTMyeckas 4HacTb OT CMNapUBaTENbHOMO B3aUMOAEACTBUA
Ha aHomanbHol dyHkuuu puHa (a) u ewe opHa dopma rpadnyeckoro npeacTaBeHNs

ypasHenun [opbkosa (b).
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IIpu rpagmenTHOM TTPEOOPA3OBAHNIN:
A—-A+4+Vyp (5.93)

dyuxuuu [pura G, F u Ft npeobpasytorca Kak:

G(z,z') — Gz, x’)e‘ie[w(r)_w(rl)] (5.94)
F(z,z') — F(z, x/)e+z’e[¢(r)+¢(r’)] (5.95)
Ft(z,2') — F*(z, x’)e‘ie[w(r)'l'W(rI)] (5.96)

TTOCKOJIBKY 3apAJicenHbte TIOJA JIEKTPOHOB TPeodbpasyIoTcs, IPH 9TOM, KaK:
(x) — sz(r) 1/)"’(90) _ ¢e—iw(1‘) (5.97)

Torma “menn” A(z) ~ |A|F(z,z) mmm A*(z) ~ |A|FT(z, ), KoTopble Bo BHENTHEM MOTe
ABIATOTCA, BooOIIe roBopsd, GYHKIMAMHA £, TpeobpasyroTcd 110 3aKOHY:

Fle,2) — F(x,z)e?ee®) Ft(z, ) — Ft(z, z)e” 2wl (5.98)

9TO, B COOTBETCTBMM ¢ Obllel uieosorueli teopuu kaaubposounbix moseit [20], o3na-
Yaer, 9TO MapaMeTp MOpAIKa TeOPHN CBepXIpoBoguMocTn (“mens’) A aABngerca 3a-
PAANCEHHBLM TIOJIEM C 3apAIOM 2e, PABHBIM YIABOCHHOMY 3ap#Aly 5JeKTpoHa (KOHIEHCAT
KYIIEPOBCKUX Tap)!
[epetimeMm K paccMOTPEHUIO CJIydasd KOHEUHBIX TeMieparyp. B mMamybapoBckol Tex-
€ 99

HUKe, HApALy, ¢ “HOpMaJibHOH’ dyuknmeit ['puna siekTpona, AAd CBEPXIPOBOIHUKA
HYKHO BBECTH M “aHOMAJIBHYIO !

Fop(mi,11;70,19) = Sp {60+u§—HTT(1/;Q(7'11‘1)1/)@(7'21‘2))} (5.99)
F;ﬁ(ﬁ,rl; T2,T2) = Sp {69+“§V—HT;(1/Ja(7'11‘1)1/;@(7'21‘2))} (5.100)

TIae
Yolrr) = eTH#N g (1)e T HN) g (rr) = eTH 0Ny (r)e =T H=#N) - (5.101)

u ycpenuenwe B (5.99) u (5.100) Bemerca mo GOJBIIOMY KaHOHHIECKOMY aHCAMOJIIO
T'u66ca (£ — coorBeTcTBYIOMNH TepMOITHAMUYECK U moTen mas), T, — omeparus ymo-
panoueHus no MEUMOMY (Maiy6apoBckomy) Bpemern s,
CriuHoBad 3aBUCHMOCTD 5THX GYHKIHMI oTesnstercd B Buje (anamornuno (5.53))1°:
_ + _

Fa@ = ga@F Fozﬁ = —ga@F-I_ (5103)
Kax u G, dynxmun F' u F'T 3aBucaT oT pasHOCTH T = T| —T9 U YAOBJIETBOPAIOT YCAOBHAM
“aHTHUIEPUOTUIHOCTH

1 1
Firy==-F |17+ = Fr(ry=—-Ft (14 = (5.104)
T T
15,)1)151 HOopMaJstbHOH dyrkImm ['prHA onpasyMeBaeTca cTanmapTHOe ompenesienue [1]:
Gaﬁ(ﬁ,rl;ﬁ, 1'2) = —Sp {BQ-HL’J{V_H T-,—(wa(ﬁrl)dj/@(ﬁh))} (5.102)

16O rmame B 3HaKe, IO CPaBHEHUIO C (5.53)7 CBA3aHO 3[eCh OTCYTCTBHEM B OIIpPeHeIEHUAX (5.99)7
(5.100) MHEOXHATENA ¢, KOTOPSIL 6611 B TexauKe 1 = 0.
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TaK 910 paAasl Pypbe MO T 14 3TuX GYHKINI COMEPKAT TOTBKO HEYETHBIE YACTOTHI £, =
7T (2n+1). Manybaposckue ¢ — onepatopsl Ipu T = 0 COBHANAIOT ¢ Teif3eHOEPTOBCK MMM
upu ¢ = 0, mosToMy n3 cpaBHenns omnpenenennii (5.99), (5.100) ¢ (5.45), (5.46) u (5.54),
HaXOIIIM:

F(0,r;0,r)= Z(r) F*(0,r;0,r) = Z*(r) (5.105)

U TaK OlpeesieHHasd = MOKeT pacCMaTpUBAThCA KaK KOHAGHCATHAA BOJIHOBasA (hyHKITHS,
ycpenneHHaa mo I'mbbey.

YpaBrenusa “mBukenusa’ ad Manmybaposckux dyukiuit I'pura cBepxuposogauka G,
F, F'* BeiBonaTca BnosHe anasorudso Bbisomny (5.60), (5.62), npuuem Bmecto mudde-
peHnupoBanus 1o ¢ nuddepenmupyem no T u BMecto (5.34) mosnbsyeMca UMI Ke, HO ¢
saMeHnoli it — 7. B pesyabTare mosydaem ypaBHEHUS:

a vZ / ! = 4 / / / /
(—a—T+%+ﬂ)G(T,I‘,T,I‘)+/\HF (rye; 70"y = 6(r = 7)é(x — 1) (5.106)
i—kv——i—p Fr(r,e; v') = AZ*G(r,x;7,v') = 0 (5.107)
or  2m R - Y .

[Tocse mepexona K pypbe — KOMIOHEHTAM 3TH YPABHEHWA MPUHUMAIOT BUIL:

(icn — £(p))G(enp) + AFT(enp) = 1 (5.108)
— (ien + E(p))Ft(enp) — A*G(g,p) = 0 (5.109)

rie BBEJIH:
A = A2 = AF(0r;0r) A* = A=* = AF*(0r; Or) (5.110)

Petrenne cucremsr ypasuennit (5.108) u (5.109) numeer Buz:

_ ien+&(p)  _ itn +E(P)
CenP) =~ o) + [AF = 2 1 22(p) (5111
Ft(e,p) = A - A (5.112)

g+ P +IAP & +e%(p)

rae £(p) maercd cHoBa BhIpaxkenneM (5.68):

e(p) = VEi(p) + A2 (5.113)

B ornuune or caygag T = 0 3mech BCe OOHO3HAYHO W HUKAKOTO TOOMPENETEHAA 3TUX
dyukmuit ['puma He Tpebyercd.
YpaBHeHue, ONpeeTdollee SHEPIETHIECKYIO e, HAXOINM U3:

—_ k - d3
==t r=0r=0=T /#F"’(Enp) (5.114)

910 TocIe moacTanoBkH (5.112) maer:

|A|T AT
Z /62 _|_€2 _|_|A|2_ 27‘-3 Z /62 —|—€2( ) (5115)
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CyMMEpoOBaHIE MO 9acTOTAM ONATH MOXKHO BBIIOJIHUTH ¢ MoMolbio (2.99), uro maer
ypaBHerue 114 mesn Teopun BKII nig caydaag KOHETHBIX TeMIEpaTyp:

_ A 1 §2(p) + A3(T)
/ FOTED )th - (5.116)

CpoliicTBa TOr0 ypaBHeHud Xopoino usBecTHbl [2, 5, 11, 21], nostomy MbI He GyaeMm 3a-
HIMAThCA HOAPOOHBIM pemrerneM (5.116), a mpocTo OTMETHM, ITO OHO JaeT W3BECTHYIO
Temieparyphyio 3apucumocts menn A(T) reopun BKII. B wactHOCTH, 1enb obparia-
erca B Hystb npu T = T¢, onpenengemofi (5.31). D10 cienyer us toro, ¥to mpu A = 0
ypasHenue (5.116) cBomurca k:

1=

wﬂ/ ﬁthg (5.117)
0

272 13
KoTopoe, pakTHIECKH, COBIIAIaeT ¢ YpaBHEHIEM, OIPEIe/IaOIINM II0I0KEeHIE OJTI0Ca B
kyneposckofi “mectanue” (5.30). Mpu T = 0 (5.116) cBomntca k (5.73), Tak 4T0 CHOBa
nonygaeM (5.76), (5.77) Ag = %Tc.
VYpasuenusa Toperosa (5.108) u (5.109) MoxkHO Hepenucarh B BUIE:
1 1
Genp) = - + -
)= ) T =)
1 1
—A*G(epp) = —————
e AL =
anasnorngaoM (5.80), (5.81) w mpemcrTaBiIeHHOM B AMarpaMMHOM BHIe Ha Puc. 5-4, rme
TeTephb CJIENyeT MOHUMATh p = (£, p). UTepupya (momcrasaaa muorokpatso (5.119) B

(5.118)) mosrydaem mig HopMasbHOH ¢yHKIEN ['prHa pasiokeHWe B DAL TEOPHH BO3-
MyIIeHni# mo A:

AF*(e,p) (5.118)

Ft(enp) = A*G(enp) (5.119)

1 1 A2
CEn) = 2 ") T — ) (e e e =€) T
1 A[* L
e —€) (ien +E0)2ien —E)? T
icn +&(p)

(127 -~ €(p) — AT (420
nokasamnHoe Tpadudeckn Ha Puc. 5-6 (a). Pesynprar cyMMHpOBaHH, TOTO PAAA, €CTe-
cTBeHHO, coBnanaet ¢ (5.111). AnasornaabiM obpasoMm, MOXKHO ypaBHenue (5.118) moa-
craBiaath B (5.119) “renepuposars” mmarpamMmubiil pan aua F1(g,p), mokasaHHBI Ha
Puc. 5-6 (b), B KaxkmoM dyieHe KOTOPOro (HbUIypupyeT HedeTHOE HYHCJIO JIMHUH B3au-
MogneficTBua ¢ “nonem” A, m KoTopwit cymmupyerca B (5.112). O6parum BHEMaHwE,
9TO B PA3JIOKEHNH aHOMAaJbHOU hyHKIN ['prHa OTCYyTCTBYeT WJIeH HYJIEBOTO MOPAIKA

o B3amMoelicTBuio — “cBobomHoll” aHOMa IbHON OYHKINN He cymeCTByeT17. 3aMeTuM
TaKKe, 9To aHOMaJbHad GyHkmua ['pura F+ aBHO 3aBucHT oT pasw “mona” (mapamerpa
mopanka) A.

Anayornyno (5.82) Beipaxkenns qig mesn (5.110) n (5.114) MoxkHO 3ammcarh Kak:

A=XE= Z / F(enp) (5.121)

n—=—oQ

17Ona BoSHHKAaET IIpH BBENEHNH GECKOHETHO MasIoro “Goro/ro60BCKoro” HCTOMHAKA KYIIEPOBCKAX Hap
B paMKax HIeoJIoTHn KBasucpenaux [11, 25], koTopsrii neficTByeT Kak 6eckoHedHO citaboe “mose” A.



CBEPXTPOBOONMOCTb 185

A
p % - % P
-P—i—p = —E— + —E E p— +

A*
ﬂ_.£’=4p—éL+

*

A A A* ()

-pép § -pgp
+ « P « > + ...

Puc. 5-6 [unarpammuoe pasnoxeHue HopmansHon dyHkuun [pruHa B psig no creneHsm A.
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1 1300pasuTh rpaduKoM, HoKasaHHBIM Ha Puc. 5-5 (a), Tak uro ypasHeHus ['OpbKoBa

OpUMYT BH[, TOKasanHbIl rpadudeckn Ha Puc. 5-5 (b).

MoxHo, pasyMeeTcd TOCTPOUTD B GoJI€€ COBEPITEHHYI0 TEOPHIO CBEPXITPOBOINMOCTH, OCHOBAHHYTO
He Ha IPAMeHEHHH MOIEJIBHOIO ciapubaresbHoro BsamMoneticrsna BKII — I'opskosa (5.33), a Ha Go-
Jlee “peasmcTHaecKoil” Momesm 3/IEKTpoH — (QOHOHHOTO B3amMomelicrema (rammisronman Ppesmxa).
DTa TeopHA CTPOUTCA HAa OCHOBE CHCTEMBI ypaBHEHUIT JIA HOpMAaJTbHOI 1 aHoMastbHON dyrkmii [ praa
CBEPXIIPOBOINHEKA, HoKa3aHHoOI rpadmaeckn Ha Puc. 5-7. Crpykrypa s1Ex ypasrernii (I M.Damambepr,
1960) dcHa 6e3 majpHelmX mosacHeHnil. PasymMeercs, peuieHne aTUX 4HMELPAALHLT yPABHEHUH, C yde-
ToM ocobeHHOCTEN peaslbHOTO CIIeKTpa (POHOHOB, IPENCTABIIAET cobGOll BechMa TPYHHYIO 3amady. lem
He MeHee, 30eCh GBI NOCTHTHYT cymectBeHHSNI mporpecc (W.L.McMillan, 1968) m Teopma rpamm-
IHOHHBIX CBEPXIPOBOIHUKOB, OCHOBAHHAA HA KapTWHE CIIADWBAHUA 33 CIET 3JE€KTPOH — (DOHOHHOTO
B3aMMOIEHCTBUA ABIAETCA TPUMEPOM BeChMa yCHENTHOTO TTpUMeHeHnA MeToma GyHKmui [ 'pura. [Tpe-
KpacHOe W3JIOKEHHe METOIOB aHAJIN3a yPaBHEHHH Danambepra U pe3yIbTATOB WX MPAMEHEHHUHA MOJKHO
HaliTh B [26].

B remmeparypHoil TexHEKe Takke yHoOHO WCIIOIB30BAaTh MATPHIHBIN dopmanmsm Hamby, Korna B
nmonoserwe K (5.99), (5.100) m (5.102) BBODHMTCA emre:

- QtuN—H _
Gaﬁ(Tl,rl;TQ,I'Q): —Sp{e T Tr(wa(Tlrl)’tlJﬁ(Tgrg))} (5.122)
u marpuna yskmui ['puma:
A G(enp) —F(enp) )
G = ~ 5.123
o= () e (5-123)
KOTOopasd yIOBJIETBOPAET IMHOMY MATPHIHOMY YpaBHEHHIO BUIA:
~ 1 N ~
{¢5n1 —6.¢(p) — 3 (Aer+ + A*&—) } Glp) =1 (5.124)
KoTopoe comepKuT B cebe (5.108) m (5.109) B aHAJIOTHIHBIE ypaBHEHHA IJIA GuF
(ien — £(D))F(enp) + AG(e,p) =0 (5.125)
(ien + £(P))G(enp) — A*F(epp) =0 (5.126)

Marpranas pysxnua ['pura (5.123) Moxer 6Tk sanucana Kak (¢ = (7,1)):

A _ o = < Toalz1)¥p(z2) > — < Talz1)¥p(z2) > \ _ “ -
Gersen) = (25 Tl )in(zs) > — < Tl )ig(ws) > ) = < Tt E) > 512

TIe YIJIOBBIE CKOOKHT 0603HA4YAI0T ycpemueHne mo 1 'mb66cy, a comaopst Ham6y mmeror Brm:

P(z1) = ( g;gx; ) Ot (2) = (91 (22), ¥s(22)) (5.128)

BosuukaoBerne marpuanbix dyakmuii ['puia tuna Hamby, Brkimogatonmx B ceba “amoMasibabie” dyHK-
LIyH, AB/IAETCA THIMIHBIM B CHCTEMaX CO CHOHTAHHBIM HapylleHHEM CHMMETPHH (IIpETEPIEBAIOMIIX da-
soBBte mepexonst 11 pona) [24]. Yno6crBoM Takoro mpencTaB/IeHAA ABIACTCA TO OOCTOATENBCTBO, ITO BCE
IuarpaMMBbl MOKHO H306pakarh KaK B TEOPHU “HOPMAJIBHOTO COCTOAHUA, HO IIPHU 3TOM TpadmaecKum
2JIEMEHTAM CJIEITY €T COIOCTABIATH MATPHIHBIe DYyHKIHH | pHA, TaK 9TO PEaJbHO BOSHHKAIOT CHCTEMBI
CBA3AHHBIX YpaBHEHUH m/idA “HOpMaJbHBIX W “aHOMaJbHBIX byHKITHIL.

CBerHpOBO,ZLI/IMOCTL B HEYIIOPpAOJOY€HHOM Me-
TaJljJjie.

PaceMoTpuM cBepXIpOBOAHUK, B KOTOPOM HMEIOTCA CJydIailHO pacmnpeneseHHble B Mpo-
cTpaHCcTBe (¢ KOHIEHTpalueil p) MpUMecH, MOTEHIMA] KOTOPBIX (TodHee ero ¢yphe —
obpas) ecth v(p). B mpuHnume, 5Ty 3amady CJENyeT paccMaTpUBATh TaKkKe, KakK BBIIIE
paccMaTpuBaJINCh MPUMECH B HOpMaJbHOM MeTasiie. OTInYrne CBEPXIIPOBOIHIKA B TOM,
9TO B HEM WMeeTcd “HOpMaJjibHad u “aHomasbhasa ¢yskun ['pura. CooTBETCTBEHHO,
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Puc. 5-7 [uarpammHoe npeactasneHme ypaeHenuin Inuawbepra. [yHkTupHas nuHus
obosHauvaeT dpyHKkumnto [prHa doHoHa.
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HYKHO ACAaTh CHCTEMY YpaBHEHWH 11 0benX 9TuX HYHKIH, yCpETHEHHBIX IO Xa0THIe-
CKHM KoHdurypamuam npumeceii. “IIpumecnaa” mmarpaMMHas TeXHUKA TMeeT OOBITHBIH
BUJI, TOJIBKO Tellephb B rpadukax Gurypupyor “Hysepbie” (B CMBICIE TEOPUH BO3MYIIe-
HUil o TpuMecHoMy paccedHmio) dbyrknumm pwaa G m FT. Tyr, mpasma, ecTh omHa
TOHKOCTH — BBEIEHWe TpuMeceil, Boobllle TOBOp#A, MPUBOIUT K M3MEHEHHIO (T.€. TpH-
MECHOH 3aBUCHMOCTH) sHEpreTHIecKol menn (mapaverpa mopagka) A(r), A*(r). 9o
0b6CTOATETBCTBO MOKET CHJIBHO YCJOKHUTH AMATPAMMHYIO TEXHWKY, TOCKOJBKY COOT-
BETCTBYIOIIHE TTOMPABKU K A yIyT ONpeIeaThcd U3 HHTETPAIbHOTO YPABHEHU S, BBUILY
Toro, 910 A(r) = AF(z, ). TloaToMy 0OBIYHO TIPEIMOIATAETCA Camoycpednaemocmy (He-
Ty HaifHoCTh) CBepXImpoBoasIIero mapaMerpa nopsaka: < A(r) >= A (rme yriossre
ckobkn obosHavaloT ycpennenue 1o npumecam), < AZ(r) > — < A(r) >?= 0, rax 4ro
BCe MONPABKH OT IPHMECHOTO PacCedHHdA 3aHyIAI0TCA. DTO MpedmooKenne'® B maan-
HefileM TOATBEPANTCA HANINM KOHETHBIM PE3yJIbTATOM, B3 KOTOPOTo OyIeT BUIHO, 9TO
BCe BeM4nHBI Tuna F'(z,x) He MeHAOTCA Ipu HobaBieHnl (HEMAarHUTHBIX) TpUMeced.
[MosToMy mmarpaMmHas TEXHUKA [JId pAcCedHUd Ha MPUMECTX COXPAHAET W3BECTHBIH
HaM BUJ — MyHKTUPHOH JWUHUKM C KPECTHKOM, TIO — MPEKHEMY, COMOCTABIACTCA MHO-
®uTesab pv’(q), a 9acTOTAa 3JEKTPOHHON JHHWE B TPUMECHON BeplIWHEe He MEHACTCA.
Bce onenku, mosposigmolie mpenedbperaTh mepecedeHneM MyHKTHPHBIX JIMHUH OCTAloTCa
B cusie. Y paBHeHUsA 11d ycpemHeHHBIX G(p) m FT(p) mmeror rpaduyeckuil Bum, moka-
3aHHBI Ha Puc. 5-8 u monaTHbIil 6e3 maspHERINX TOACHEHNH. DTy CHCTEMY ypaBHEHU,
MOJTB3yACH ABHBIM BHIOM yHKImi ['praa “ancroro” ceepxmposogunka G0 u F (0 ko
TOPBIii MBI HAIILIH BHIIIE, HETPYIHO HIPUBECTH K CJEAYIONEMY (OTHOCHTENBHO) IPOCTOMY
sumy [1]°:

(ien —&(p) = G)G(p) + (A + Fo)FF(p) = 1 (5.130)
— (ien +&(p) = G-o)FF(p) + (A" + FF)G(p) = 0 (5.131)
rie:
~ d>p' N2 /
G.=p OIS lv(p — P)IFG(H) (5.132)
o d*p' N2 (o]
Fr=p (27)3|v(p—p)| Fr(p') (5.133)
TIe CHOBa MoApas3yMeBaeTcd obosHadeHne p = (p, En). - -
Petirenne »Toit cucreMsbl ypaBHeHHI nMeeT Buj (HUXKe MBI yBHIUM, 910 (. = —G_.):
ien, — G. +£(p)
Gp) = — ! 5.134
(p) —(ien — G)? + E2(p) + (A + FiF)? ( )
A4 FF
Fp) = + L (5.135)

_(ign - Ga)z + fz(P) + (A + Fa+)2
HOILC?&HOB{(& 3TUX BBIpAXKEeHUN B (5.132) u (5133) naeT IBa ypaBHEHHA IJid onpenee-
g G u F.¥. Kak u panbure (mpm PacCMOTPEHNH NpUMecell B HOPMaIbHOM MeTasle),

cOOCTBEHHO — 3HepreTmdecKasd YacTh (7, CONEPKUT HEKOTOPYI KOHCTAHTY, KOTOPYIO
MOXHO PacCMaTPUBATh B KAYECTBE aJIUTUBHON T0O6ABKH K XUMIOTEHITHATY. DTOT BKJIA

18 ®akTHaecKn, OHO MOKeT GBITH OIpaBIaHO B Impemese ciaaboro Gecopanka prl > 1, Epr > 1.

Tlpw pv(p)? — 0 ypasuenua (5.130), (5.131), ecrecrsernno, nepexomar B (5.108) m (5.109). Hyxmo
TOJIBKO y9€eCTh, 9TO B COOTBETCTIBHM ¢ obosHadeHmAMH [1], BMecto (5.110) m (5.121) MBI onpemendem
30ecCh:

A= \F(z,2)  A* = |\FT(2,2) (5.129)

9TO NPHBOIUT K HEKOTOPOMY Pa3/IHYHIo B 3HaKaX (o cpasHeHmro c (5.108) m (5.109)).
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\IVVVVVWD‘

/"'X\\ f/*\\
———— > + e + = = | ——pengulgep
&
A
/*\\ ,/*\‘
—n = s + + +—

Puc. 5-8 VYpasHeHun [opbkoBa ans cBepxnpoBogHMKa € MPUMECANN.
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He 3aBHCHT OT TEeMIIEPATYPHI I IIPOUCXOINUT, B OCHOBHOM, I3 — 33 HHTETPUPOBAHEL 110 d°p’
BraJim oT noepxHocTu @epmu. [losTomy sTOT dneH, dakTUIECKH, TOT kKe CaMblii, YTO U
B HOpMaJIbHOM MeTaJsljIe:

6u%p/%lv(p—p’)|2@ (5.136)

Mosromy, daktudeckn, B (5.132) n (5.133) mocTaTouHO MPOMHTErPHPOBATE IO JIMHEAPH-
30BaHHOMY cHeKTpy (BOam3u mosepxuocTH ®Pepmn), Tak uro (5.130) u (5.131) nepemnn-
IyTCd Kak:

(18, —E(P))G(p) + AFT(p) = 1 (5.137)
(ign + £(P))F T (p) + A*G(p) = 0 (5.138)

rie - N
i&, = ien — G = ie, + pvivp /_Oo dg_(iéngz":é e (5.139)

. _ oo A
A:A+F€:A-FpUZI/F‘/_OOd&_(iENn)z—i—&z+A2 (5140)

IIe MBI yXKe TEPENLTH K MOIEJU TOYEYHBIX HpuMeceil. 3aMeTHM, YTO BKJIAM BTOPOTO
caaraeMoro mog uHTerpasoM B (5.139) paBen Hyso (13 — 3a HEYETHOCTH), TakK UTO:

G. F.
- === 141
1€y A (5 )
Tenepb MO2KHO HallllCaTb: N B
A=A+ F. =Anp. (5.142)
i€y, = ign — Ge = igun: (5.143)

TIe 7). onpenensercd (cp. (5.139) u (5.140)) ypaBHEHUEM:

T

S i/ S (5.144)

62 —|— AZyp? 20T . /e2 + A2

e 271'7'

rie y<€am, 9To pvlrp = 2;7
1
2r\/e2 + A?

Taxkum obpazom, ycpeTHEHHBIE TI0 TIOJIOKEeHTAM npuMeceit byakmunu ['prHa cBepXIPOBOI-

ne =1+ (5.145)

wnka G(p) u F'T(p) mosyvatorcs us cooTBETCTBYOIMX FOPHKOBCKUX GyHKIHI “aucToro”
ceepxnposonauka (5.111) u (5.112) mpoctoii sameHoii:

{Ena A} - {Ennaa Ana} (5146)

Torma noBTOpsAaA BeUHCAeHNA, Beqyime K (5.114), (5.115) u (5.116), moxHO ybeamThes,
9TO BEJIMHMHUHA 1), MPOCTO BBHIIAIAET W3 yPAaBHEHUA I cBepxnposomamei memm A(T),
HOCKOJIBKY TIOCJIE TIepexoa K IIepeMeHHOH MHTerpupoBaHud ¢ MOXKHO CAeJaTh 3aMeHy
mepeMerHo# & — £/7, KoTopasd HW Ha YeM He CKas3biBaeTcd. 1l0CMOTPHM KakK >TO TIO-
smydaercs nogpobree. 3amena (5.146) B (5.114) u (5.115) maer ypaBHeHUme Oaf 1IeIN
CJIeYIOIIEro BUAA!

IAIT / / ne
A T
Z TETEw TamEE < H_Z_w T+ A AP
(5.147)
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VYpasuenue qna T, mosydaem, mosarad B (5.147) A = 0:

AT / / _one
1= G Z_: oy +€2 ~ |AvpT Z e (5.148)

n=—oo Y ~WD

DTS .
S I 5.149
7 2|en|T ( )

Tenepb ,D;O6aBI/IM 1 BBIYTEM B INOJWHTEIPAJIBHOM BBIDAXKECHUN TOoTJa, UCIIOJIb3YyA

1
ez +€2”
croBa (2.99), nepenuchiBacM ypaBHenne mas T, Kakx:

“Pdg 5
1= |/\|I/F/ —th —|—
T

e 1
A — 5.150
D S [ 5.150)

n=—oo Y ~WD

Bo BTOpom mHTerpane (BBULY €ro BBICTPON CXOIMMOCTH) MOXKHO YyCTPEMHTH Wp — OO.
Torua, ocse 3aMeHbl IepeMeHHOM nHTerpupoBanud & — &£ /1. B IEPBOM CJIaraeMoM, OHO
OKa3BIBAETCH PABHBIM BTOPOMY, TaK YTO OHH B TOYHOCTU KOMIIEHCHUPYIOT ApyT Apyral
B pesynprare (5.150) cBommrea k ypasaenuio (5.117), ompenenstomemy 7, “ancroro”
cBepxnpoBogHuKa (5.31).

AHaJOTHYIHBIM 00pa3OM MOXKHO PAcCMOTpeTh U “mosnoe” ypasHenue (5.147), ompe-
nengiotiee A(T) B IpUMECHOM CBEpXTPOBOIHNKe. B pesynbrare oHo cBemercs K (5.116)
OJIA “ameToro” caydas.

Takum obpasom T, u A(T) cBepXIPOBOIHNKA ¢ “HOPMAaJBHBIME” (HEMATHUTHBIMN)
IPUMECAME BOOOIIE He 3aBHCAT OT HAJUIHA >THX MpuMeceit B Meraswie (A.A. AGpuKocos,
JLIL.Toprkos, 1959)%°. Mel mosty4usin »ToT pesysbTaT B Ipeese caaboro Gecrnopsika
prl > 1, Epr > 1, xorma MoXKHO IpeHebpedb “MepekpecTHbIMEI TpaduKaMyi MPIMec-
HOTO pacceanund. PaKTUIECKH, 3TO yTBEPKIEHNE NMeeT Haxke Hosiee MUPOKYO 0671aCTh
npumMenumMocTr [16], moKa MbI mpefnosaraeM CaMoOyCpeIHAEMOCTh CBEPXIPOBOAAIIEIO
mapaMeTpa mopAgka (uesn). Bce 10 HOCTATOYHO XOPOIIO COOTBETCTBYET 3KCIIEPH-
MEHTAJBHO W3BECTHOW 0MHOCUMeAbHOT YCTOWINBOCTH CBEPXIPOBOAAIIETO COCTOAHISA B
OOJTBIIMHCTBE METAJJIOB K BBEIEHUIO HE CAUIMIKOM OOJBIIOTO KOJIMYIECTBA HEMATHUTHBIX

npuMeceil (pasynopamodeHns ).

Pasymeerca, BBumy upessrraaiinoii ympomerarnoctn momesmm BKIT, momygernstii BrBom aBeTca no-
craTogHo orparmdeHHBIM. HampuMmep, pasymopamogenme BemeT K pocTy 3¢ddEKTHBHOTO OTTATKHBAHHAA
(3a c9eT pocra KyJIOHOBCKOTO IICeBIoIoTeHNHama [11, 21]) 2/IEKTPOHOB, COCTABIJIAOMAX KyIEPOBCKYIO
mapy, W COOTBETCTBYIOUIeMy CHIDKeHHUIo 1. [16]. DTo BEIBON HecpaBenws w B pamkax Momesan BKII,
KOT[a pedb UIET O CBEPXIIPOBOMHUKAX C aHW30Tpomueil sHepreTmaeckoii mean Ha moBepxaoctr Pepmm
(HampEMep OJ1A CHCTEM, B KOTOPBIX 00pasylTCA KyHEepoBCKHE Haphl B COCTOAHHAX C BHICHIIME opom-
TaJIbHBIMA MOMEHTAMU, TUITA CJIydad d — CIIApHBAHUA B BBICOKOTEMITEPATYPHBIX CBEPXITPOBOIHMKAX Ha
ocHoBe oKcHIoB Menw). B aToMm ciryaae, BBenenne nprmeceii, Kak IpaBHIIo, CHJIBHO IIOHABJIAET CBEPXIIPO-
BomuMocTh [16]. OcobeHHO APKMM MPHUMEpPOM TaKOTO pola ABJIAETCHA IONABJICHHE CBEPXIIPOBOINMOCTH
MAarHWTHBIMH (IIapaMarHATHBIMI) IPAMECAMHE (T.€. IPAMECAMH, 06/IaTafolAMA CBOGOIHBIM HECKOMIIEH-
cupoBanusM crmHoM S) (A.A.A6pukocos, JI.ITL.T'opekos, 1960). PaccMoTprM KpaTko CyTh mena.

Ecam B cBepXmpoBomHWKE MMEOTCA MMapaMATrHUTHBIE TIPUMECH, TO B ITOTEHIHAJIE B3aNMOIEHCTBAA
2JIEKTPOHA C MIPAMECHBIM ATOMOM €CTh WJIeH 0OMEHHOTO B3aMMOIeHCTBIA:

Vr) =v(r) 4+ J(r)(S-s) (5.151)

rre J(r) — coorBeTCTBYFOIMiT OOMEHHEIN HHTETPAJL, S — CIIHH IIPAMECH, § = %cr — CIIWH »JIEKTpoHa. B 3ToM

ciydae, IPH paCCMOTPEHUN OAUArpaMM IIPUMECHOTO pacCedHNA B ypaBHeHNAX [ OpbKOBa, MOKa3aHHBIX HA

20 morma 510 yIBepEIeHMe HASHBAIOT TeopeMoil AHIepCcoHa, KOTOPBIA He3aBHCHMO IIOJIyYHI TaKoil
JKe pe3yJIbTaT HeCKOJIBKO HHBIM MeTomoM [21]
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Puc. 5-8, HyKHO aKKypaTHO yIecTh CIIMHOBYIO CTpyKTypy G u F't. Berure Mbr Bumesn, 9ro Gap = Géqag,
Foap = gapt, F(;I'ﬁ = —gaﬁF‘l', Iae gapg = iazﬁ (cm. (5.52)). B pesysbrare okaseBaeTcs, 9TO BKJIAIBL
oT Broporo ciaaraeMoro B (5.151) B IpuMecHbIe COGCTBEHHO — HEPTETHYIECKHE 9aCTH B ypaBHeHHAX Puc.
5-8, HOCTPOCHHBIE Ha HOPMAJILHBIX I aHoMAa/IbHEIX (yHKIIAX | opbKoBa, omauxaromcs snaxom? . Torma
BMECTO 00unaKk0s0Y IEPEHOPMAPOBKY sy B A trma (5.142), (5.143) m (5.145) BOSHEKAIOT ypasrenus:

1€p

iEp =dep 4 ————— (5.152)
27’1'\/ 5% -|— A2
< A
A=A ————— (5.153)
27’2'\/ 5% -|— A2
Toe
1 1
— =27pup (v2 +=5(S+ 1)J2) (5.154)
71 4
1 2mpyp (v2 - lS(S-|- 1)J2) (5.155)
T2 4

Ile MBI OIPUHAJIN MOIEIbL TOYETHOTO HMOTEHIINAIBHOTO U OOMEHHOTO PacCedAHNsdA, a TaKKe yCPETHUIN
10 OpHEHTAIMAM IPUMECHBIX CIUHOB, 3ammcaB < S° >= %S(S + 1). KpoMe Toro, MBI ywim, 910 mIA

3JIEKTPOHHOTO CIIHHA S2 = %02 = % PasrocTs BhIpakenni, croammx B (5.154) m (5.155):
1 1 2 1 s
—_——_-—_—= = T.e. — = —7mpJ?upS(S+1) (5.156)
T T2 Ts Ts 2

olpenesAeT o6paTHOE BPEMA paccedHAA (B TOM 9UHCJIE, C IIEPEBOPOTOM CIMHA) Ha OOMEHHOM HOTEHITH-
aste. Xord, GpaKTUIECKH, BCETHA BBIMOJIHAECTCA HEPABEHCTBO _}—S < %, TOe T — BpeMd IIOTE€HINAIbHOTO
paccedHUdA, UMEHHO T: ABJIAETCH CYUIECTBEHHBIM IIapaMeTpOM MHJIA CBepXmpopommmocTu. llociemopa-
TeIbHBIN aHAIH3Z? YpaBHEHUA /I CBEPXIPOBOIANUIEN IIIe/TM, BOSHUKAIOUIETO W3 (5.134)7 (5.135) nm
(5.137), (5.138), c ncmosbsoarmeM (5.152), (5.153), IPUBONAT K CJIEMYIOLAM BEIBomaM. PaccesHme Ha
MATrHHTHBIX OIPUMECAX IPUBOMUT K CHJIBHOMY IMONABJICHUIO TEMIIEPATYPHI CBEPXIIPOBOIALIETO IIEPEXONA,
KOTOPO€E OHUCHIBaeTCcA ypaBHeHneM AGpukocosa — ['oppkoBa:

o) ()

rae T.o — TeMIepaTypa CBEPXIIPOBOIAINETO MEPEXOIA B OTCY TCTBHUE IIPUMeCeid,

o(z) = D) -y % n f: (% _ 1t ) (5.158)

In

I'(z) n+4z

— sorapudMudeckan nponsBonHad | — dyEkmmn (muramma dyskmma), Iny = ¢ = 0.577... — mocTo-
AHHadA Dilytepa. XapaKTepHBII BUI BOSHUKAIOIUEN 3aBUCHMOCTH TEMIIEPATYPBI epexona 1. 0T 9acTOTHL
obMeHHOTO paccedgHnd HmoKasaH Ha Puc. 5-9. CyuiecTByeT KpUTHYIECKOE 3SHAYEHHUA JACTOTHI PACCEAHMA
(ompenesAToNIce KPATHIECK YO0 KOHIEHTPAIMIO MarHATHBIX IIpHMecei):

1 s TcO AO

Fis
- = = e Ag = — 5.159
TE 27y 2 0 ¥ <0 ( )

[IPH IOCTHZKEHNH KOTOPOro (C pOCTOM KOHIEHTPAIIMA MarHATHBIX IIPAMeceil) CBEPXIPOBONAMOCTD HCTE-
saer (1. obpamaerca B Hysb). [Ipn caabom paccesnnn (MasIoll KOHIEHTpamyy IpAMeceil) T, — 0o H B3

(5.157) mmeen:
T

T. = TcO —

(5.160)

TaK 9TO MpoHCcXomuT HeGosbmoe camKkerne .. OTMeTHM, 9TO 3aBUCHMOCTD 1 OT KOHIEHTPAITHHA MAaT-
HATHBIX OpuMecell, onpenenaemasn (5.157), HEMOCPEICTBEHHO MONTBEPKIAETCA Ha SKCIEPHMEHTE.
Hpyroii samegareTbHON 0COGEHHOCTHIO MOIEH ¢ MATHATHBIMEA TTPAMECAMY ABJTACTCA CYNIECTBOBA-
aue Ha “dasoBoit numarpamme” Puc. 5-9 yskoil o6acTu rie, KaK ITOKA3bIBAIOT OETAJIBHBIE PACIETHI Ha
ocHoBe ypasHeHmH (5.137), (5.138) m (5.152), (5.153), cymecTByeT Tak HasbIBaeMad GeCULEAESAA CBEPX-
nposogEMOCTh. B aT0M cocroanmn T m mapamerp mopanka A ocraoTcA KoHedHBIME (A ofpamaerca B
mysns npu I = T.), Torma Kak sHepreTmdecKad WIEIb B CHEKTPE 31€MEHTapPHBIX Bo30yKIeHHIL (TogHEe
B IUIOTHOCTH 3JI€KTPOHHBIX COCTOHHMUI) oTCyTcTBYeT. lleJio s3mech B TOM, 9TO IpH Ha IHIHH IpHMecei
mapamMeTp mopanka A yxe He HTpaeT, BOOOIIEe TOBOPHA, POJIb IEJH B CIIEKTPE, 4 PACCEAHNE Ha MATHHUT-
HBIX TPUMECAX Ty IMEJTh “3aMBIBaeT”, 9TO MPUBOAUT K XapaKTEPHOMY BHIY ILUIOTHOCTH COCTOAHHH C
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Hopmanswsid Memann

becwenegod
CBEPxNPo8odrL K

£6epxnpogoduux
co wenero

/TS

Puc. 5-9 3asucumocTs TemnepaTypbl CBEPXMPOBOAALLErO MNepexoAa OT HacTOTbl paccesaHUs
Ha MarHUTHbIX MNPUMeCAX N obnacTb cyllecTBoBaHMA BeclieneBoin’ cBepXnpoOBOAUMOCTN.

—={ ¥ (&)/N(0)

Z(Ars /k)?

ﬁ/Z‘t'S &

Puc. 5-10 [1n0THOCTb 3/1€KTPOHHBIX COCTOAHUA B DECLUENeBOM CBEPXMPOBOLHMKE.
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“mceBmomesnbo’ , KadecTBEHHO oTamIHOMYy oT pesyiabrara BKIII (5.79) m mokasamroMy Ha Pmc. 5-10.
CrepxmpoBomAnHii OTKJIMK CHCTEMBI TIPA 3TOM COXPAHAETCH.

[Mouemy cBepxmpoBoOIsIlee COCTOHUE YCTOHINBO K BBEIEHUIO HOPMAJTBHBIX MTPUME-
ceil, HO HEyCTOWYMBO MO OTHOIIEHUIO K TpUMecdaM MarHUTHBIM? [leno smech B ToM, 9TO
OoOBIMHOE MOTEHTMAIBHOE paccednne MeficTByer Ha oba 3JIeKTpOHA, COCTABJIAIONINE KY-
MEPOBCKYIO TIApy OIMHAKOBO, MOTOMY THapa u “BbiKuBaeT”. B Toxke Bpems, MarHUTHOE
paccesHne MO PAsHOMY NefiCTBYET Ha 5JIEKTPOHBI Maphl, MOCKOIBKY (s paccMaTph-
BAEMOTO HAMH CHHIJIETHOTO CHADWBAHUA) UX CIUHBI HANPABJIEHBI MPOTHBOMOIOKHO —
TPOMCXOANT “pacmapuBaHue”, T.e. paspylleHne KyIepoOBCKUX TMap.

Pasnoxenune I'mu3oypra — Jlanmay.

XopoIo u3BECTHO 3HAYEHWE, KOTOPOE UMEET B TEOPHUH CBEPXIPOBOAUMOCTH UMEET (hEHO-
MEHOJIOTMYECK i TIOAX0J, TpeaaoKeHublil [nasbyprom n Jlanmay (1950) n ocHOBaHHBIIH
Ha pasIokKeHuH CBOOOMHOI HEPTHUH 110 CTEMEHAM TapaMeTpa MOPAIKA, U TO3BOJIAIONIHH
OTNCATh OCHOBHBIE CBOWCTBA CBEPXIPOBOIHWKOB BOJIM3M TEMIEPATYPBI CBEPXITPOBOI M-
wero nepexoga [2, 11, 21]. TTokaxkem, Kak 3T0 pazsiokKeHHe MOXKET ObITh BHIBEICHO U3
mukpockonndeckoli Teopun BKII. Bruepsoie »To &b10 caenano Topbkossim (1959), Ho
HUXKe MbI HCIOJIb3YEM HECKOJIBKO MHOH MeTos [16].

ParTUUECKN HAM JOCTATOYHO PACCMOTPETH 3JI€KTPOHBI B HOpMaJsIbHoM MeTasie (T >
T,), pacupocTpaHsiomuecs B ciaydaliiom “mose” Tepmomunamudeckux baykTyarmmii?
CBEPXIPOBOSAIIETO HapaMeTpa Mopaigka Aq, XapaKTepu3yeMblX MaJjIbiM BOJTHOBBIM BeK-
TopoM (. Torma MOXHO 3aMuCaTh CIAEAYIONANE TaMIJIbTOHNAH B3AUMOIENCTBAA 2JIEKTPO-

HOB ¢ >TUMH BJIYKTyanmaMmu>®:

Hiny = Zp: {Aqa;’,+afp_ + Aaa_p_am} (5.161)

Ile, Kak 0ObITHO, HCIOJIb3yeTcs obo3HaueHne py = p & 1q.

PaccumraeM Temeph TMONPAaBKY K TEPMOANHAMUYECKOMY MOTEHIHATY (CBODOTHON
SHEPTHH) CHCTeMBI, cBasanuyio ¢ (5.161). Cormacuo [1] mompaBka K TepMOIMHAMHYeE-
CKOMY MOTEHIHMAJy OT JIo00ro B3anMOoAeiicTBUA BhIpaXkaeTcd depe3 cpeqHee 3HaYeHUe
Maiy6apoBCKOit S - MaTPHIIBI:

AF=-Thh< S > (5.162)

Te YIVIOBBIE CKODKHM 0bo3HaIaloT rubOCOBCKOE cpemHee, a

S =T, exp —/T Hind(7) (5.163)
0]

u onmpenesideTcd nemacevimM pal3jIO’dKECHIEM 110 CBA3HBIM JUarpaMMaM:

AF = -T{< 5 >, -1} (5.164)

21910 coemyer us Oayb 6058 = OasTsp = o? 8ap B OCayg 5063 = —02ga5, rme 02 = 3.

22[TompobHocTH pacIeToB MJId AHAJIOTHIHON 3a0a9u 6yIyT IpUBEIeHs B ciemyonel [Uase.

2391n QUIyKTyanunm CIATAEM CTATHYECKHMHE B JOCTATOYHO “IIIaBHBIMK’ B IPOCTPAHCTBE.

243roT TaMEIBLTOHIAH MOKHO PACCMATPHBATh TaKKe KaK OIMCHBAIONIM B3anMonelicTBIe ¢ cIydali-
HBIM “HCTOYHUKOM KYIIEPOBCKHX IIap.
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HOuarpammer ana < S >, —1 UMeOT BHI 3aMKHYTHIX METEJb W CTPOATCA 1O OOBIU-
HBIM TTpaBHJIAM JAMATPAMMHOI TeXHWKW (/g JaHHOTO BHIA B3AMMONEHCTBHUSA), C TeM
OTTMYHEM, 9TO B N-M TOPANKE TEOPHHM BO3MYUIEHHU{ Tepen Kaxao# mmarpammoil (ecsiu
CYMTATh OTJAMIHBIMH TOJBKO TOIOJOIMYECKH HEIKBHBAJICHTHBIE NUArDAMMBI) MOABJIA-
ercs MHOXUTEb + [1].

B orcyrcTBHE BHENIHETO MArHUTHOTO MMOJIA~® pasioxkenuwe [mHsbypra — Jlammay
(TJT) mns pasHOCTH CBOGOIHBIX HEPTHIT CBEPXMPOBOALAIIETO N HOPMAJBHOTO COCTOAHNS
0bBIYHO 3anuchiBacTCd Kak [21]:

25

B
Fy — F, = AJA(x)|* + 5|A(r)|4 + C|VA(r)[? (5.166)
Ecnan wanmcars dypbe — passiokeHne:
Alr) =) Aqe't” (5.167)
q

I OCTABUTH TOJBKO OIHY yphe — KoMIonenTy, 170 (5.166) cBemeTca K:
B
Fy— Fp = A|Aq* + 5|Aq|4+cq2|Aq|2 (5.168)

U 3a7a9a MUKPOCKOTIMIECKON T€OpUU CBOIUTCA K BBIUUCIEHUIO K03 dunmentos A, B u
C'. U3 obumux coobpaxenuil uzpecTHo ToabKO, uto A ~ T — T, [2, 11, 21].

Suanne kosddunuerToB pazaoxenns ['J] mosBosigeT, Kak W3BECTHO, HANTH OCHOBHBIE
XapakKTepUCTUKH CBepXipoBoguuka Boausu T, [2, 11, 21]. B wacTHOCTH, ATMHA KOTEPEHT-
Hoctn (7)) ompenenaer XapakTepHbIH MacTad HEOTHOPOTHOCTER MapaMeTpa HOpsAIKa
A, T.e. baxTHIecK 3amaeT “pasmMep”’ KYMEPOBCKON mMaphi:

C

Ty = —= 5.169
&(T) 1 ( )
[nybuna TpOHUKHOBEHUA MAaTHUTHOTO TIOJTA BhIpa)aeTcd depes Koad purments [V xaxk:
2
B
A(T) = —— 2 1
(1) 32me2 AC (5.170)

e MBI “BOCCTaHOBHAM CKOPOCTH cBeTa ¢. 1ak HasbIiBaeMBIi mapamerp ['mmsbypra —
Jlanmay paBeH:
/\L(T) C B

A C DN 5.171
" T 1ecV o (5.171)
B6HI/I3I/I Tc BEPXHEEC KPUTUICCKOEC MAarHuTHOE IOJIE ch OIlpedesideTCd KaK:
A
Hp= 00— %0 (5.172)

27€2(T) 27 C
rae ¢o = whe/|e| — kBauT MarauTHOro noroka [2, 11]. Hakowner, ckadok TeIrioeMKOCTH
B TOYKE CBEPXIPOBOIAIIETO MEPEXONa B pacdeTe Ha eIWHHIYY 00beMa eCTh:

T/ A \?

25 yaeroM Toro, Uro “mosie” A sB/IHEeTCH 3apaAKeHHBIM U 3apAll €T0 paBeH 2¢e (5.98), B3ammonelicTeme
C BHENTHUM MATHUTHBIM TI0JIEM MOJKET OBITH BBENEHO C ITOMOINBIO CTAHIAPTHONW 3aMEHBI:

V — V 4 2icA (5.165)

cooTBeTCTBEHHO Mid A m A* | rme A — BeKTOp — IOTEHITHAJI BHENTHETO ITOJIA.
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C TOYHOCTBIO A0 9JICHOB YE€TBEPTOT'O MOPpAIKa UMECM:

LT 1T
<sso-t=0 [ an / drs < Ty (Hine(r) Hint(72)) > +
- JO 0
L T 1T
—1—5/ dTl.../ dry < TT(Hint(Tl)...Hint(TA})) >, (5174)
s JO 0

PaccMoTpuM monpaBKy BTOPOro mopsanka K cBobomHoil sHeprun (5.164):

T ouT 1T
AR =T / dn / dry < T (Himi (1) Himg(72)) > (5.175)
0] 0]

[Ipw BBIYHCITIEHUN 5TOM MOTPABKH CJIEAYET HCIOJIB30BATh TeopeMy Buka, MO3BOIAIONIY IO
CBECTHU CPeJIHEE OT BXONAIINX B Hee TMPOW3BENEHNT HePMUEBCKUAX OMEPATOPOB K MPOMW3-
BeJleHHAM CPETHIX OT MApHBIX IPOH3BeIeHnH, cogepxamnx’® onque omepaTop a U OAUH
omeparop at. Torma 3 (5.175), mocsie COOTBETCTBYIOMMX BBIKJIAJIOK, MOJTY TaeM:

T T 1T
AFy = —5/ dm / draAgAq ZG(p+, T —12)G(—p_, T — T2)+
0 0
p

+ZG(P+,72 —m)G(=p-, 2 —71) ¢ =
P

1/T 1/T
= —T/ dﬁ/ drs|Aq* Y G(py, 11 — m2)G(—p—, 71 — 72) (5.176)
0 0
P

rie
G(p, 71 — 1) = — < Trap()af(r2) > (5.177)

— dbynknna ['pura cBobomHOro 916K TpoHa B (P, T) — IpeacTaBienHnn. Pasiaras o1y GbyHK-
nnto I'pura B pam Pypbe MO T W BHIYACIAA HHTETPAJB, TTOTyIaeM:

AFZ = _|Aq|2TZZG(p+a€n)G(_p—a_En) (5178)
P n

e

o
iEn - g(p) ’

— cTaHOApPTHBIT Bua cBoGomHOM Mamybaposckoil dyukmun ['puna ssekTpoHna.

G(pen) = en = (2n+ )aT (5.179)

AHaJIornIHBIM o6pa30M, AJ1d TIOMIPpaBKW Y€TBEPTOTO NOPpAJKA, UMECM:

1 YT YT
Ay = _T512|Aq|4/ d7'1~~~/ dryG(p, 71 — 13)G(=p, 71 — T14) X
! 0 0
XG(pa T2 — T4)G(_pa T2 — TB) (5180)

rae B dyaknnax ['pura momsoxuan ¢ = 0, 9T0 COOTBETCTBYET IPeHEOPEKEHUIO TPOCTPAH-
CTBEHHBIME HEOTHOPOTHOCTAME IPHU BBIYUCIEHUE K02} DUIMEHTA IPU YJIEHE YeTBEPTOrO

26 Hukakux aHOMAJILHBIX CIApUBaHUil 3Iech pacCMaTpUBaTh He HAIO — Mbl PACCMATPHBAEM HODPMAJIb-
HBIH MeTasw1, Haxonaummiica mpu 1 > T, B KoTopoM “paboraer” dIIyKTyaIllmoHHBII NCTOYHUK KYIEPOB-
ckmx map (5.161).
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mopanka B pasnoxerun ['JI. CooTBETCTBEHHO, TTOCIE TEX Ke MPOIENYD, YTO U BBIIIE, MO~
JydaeM:

AP = 18ql Y Y 6P £) G, ) 6D, ) Gl—p, —<0) (5.181)
P n

B wmrore, ¢ TOYHOCTBIO IO 4IEHOB HeTBEPTOro Hop#AiKa 10 Aq, IoNpaBKa K cBOOOAHOM
SHEPTHUH 3JEKTPOHOB, HAXOAANMXCA B MMOJe (PIYKTYUPYIONINX KYIEPOBCKUX Map, HMEET
BUI:

AF % —|AGPT S0 S Glps, en)Glpo—20) + w1Aql* S 3 Glp, )G, —20)
P n P n

(5.182)
Pazsnoxenne I'JI giia pasHocTu cBOOOOHBIX PHEPTHU CBEPXIPOBOIHUKA W HOPMAJJIBHOTO
MeTasta moyanteda us (5.182), ecoim MBI mepenmieM ero Tak, 4To0bl KoadduimneHT
mepen, |Aq|2 npu ¢ = 0 obpamasica B uyJsib npu 1 = T, u 6611 oTpunaresnes qia T < T,.
Takoe MoBeeHNe JIETKO 0BECIETNTh, €CJIN BEIYECTh U3 MpaBoii dacth (5.182) BripaxeHwue,
pasroe nonpaske AF5 (5.178), Baroii ¢ kosddurmenrom npu |Aq|? BeraucIeHHBIM 1714
T =7T, nwq=0. B pesynbrare, pasnoxenne ['JI sanuckiBaeTrcd B BUIE:

Fy—Fo=—|Aq)*TY > G(ps,en)G(—P-, —cn) +

p n
HAGQPT. Y Glpt . en)G(—p—, —en)lr=r, +
p n
1.
5 18q1* DY Gpen)*G=p, —2n)* = (5.183)
P n

TIe MBI ellle y4au, 9T0 Koaddurment B mnpu |Aq|4 koHeden npu I = T,, Tak 4TO B
HeM (TTOMHUMO TPEHEOPEKEHNA ¢ — 3aBUCUMOCTBIO) MOKHO cpasy nonokuts T = T,. C
yaerom ypasuenusa BKII gna T, ssartoro B Buge (5.115) ¢ A = 0, Bunnm, 910 BTOPOH
wieH B (5.183) cBommTca mpocTo K %|Aq|2, TaK 9TO 3TO Pa3JaoKeHNe MOKHO EPENUCaATh
B CJIEAYIONIEM Doslee KOMIAKTHOM BUJE:

1
Fo=Fo= 1 |8q* = 1AqPTY Y | G(p+. )G (=P, —en) +
P n
T , ,
+51Aql ZP:ZH:G(P,%) G(=p, =) |r=1. (5.184)

Ipaduaeckn (5.183), (5.184) MoxHO IpeacTaBUTEH AHATPAMMaMI, TOKa3aHHBIMI Ha Puc.
5-11. Beruntanue BTOPOil nmarpaMMbl Ha 3TOM PUCYHKe KakK pas U 0DecledmBaeT Ipa-
BUJIbHOE TOBeneHue Koadduimenra pasioxennd A, T.e. oOpallleHIe ero B Hyb U CMEHY
sHaka npu I = T..

[Tepeiimem Temepsb HEMOCPEACTBEHHO K pacueTaM Ko3duineHToB passioxenna 1.
M3 (5.183) umeem na kosddunnenrta A:

A=-T3 3 G(pen)G(—p,—en) + 1o Y > G(pen)G(—p, —en)lr=1. =
P n» P n

o0 1 o 1
:_TVF/_wdng vz T TCVF/_OOdng e

T=T,
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g, P*0
A A
F-F = y
_%_p
€&n F

o

Puc. 5-11 [wnarpammuoe npegctasneHue pasnoxeHusn [nHsbypra — Jlanpay.



CBEPXTPOBOONMOCTb 199

:_VF/ é[thi—th;T] (5.185)

~ lyp € o lyp € | Te=T 1 :
Ipu T =~ T. mmeem gthzT & fchTc + 52 he i TaK 9TO:

T, -1 [ 1 T—-1T,
A=— dé— = 5.186
r 4T /—oo €chz% or 1. ( )

IIpu pacuere ko3 dunumenta C HYXKHO PasaoKUTh MpousBenenne Gyuknuit ['puna B
mepBoM ciaraeMoM (5.183) B psn 1o cTenenam ¢:

~ 1 B (ap)? _ den(ap)
G en)CoP— =) ¥ ) ~ (2 + () (22 1 E(p)

£(p)g? e2 —&%(p) 5

T 1 EEY | R 1 Ep)E W)
(5.187)

1 5 3e2 —¢?

~T. Zp: Z G(p4en)G(—p_,—cn) & —T¢ Zp: Z {75,21 T2 (p) — (ap) Am2(e2 +€‘52?1)’))2 }

(5.188)

¥ MBI TIOJIy9aeM BbIpaXKeHue HJ1 Koa(b(bMuMeHTa C B BUzE:

En _€2
C= TVFdZ/ 2mm (5.189)

rie d — pasMepHOCTB HpocTpaHcTBa. Beumy OwicTpoit cxommmoctn naTerpaa B (5.189)
OCHOBHO BKJIaJ TaeT HEMOCPENCTBEHHASA OKPECTHOCTD ypOoBHA PepMu u MBI MOXKEM MO~
JIOKUTH p & pp = mvup. Torma oKOHYATETBHO!

7C3) vi
C = T I/F Z | = VvFp 2dﬁ

2
o Vg2 (5.190)

rlie Mbl ONpENe U JJIMHY KOrepeHTHOCTH cBepxnpoBoanuka &y [21] kak:

7¢(3) vi
1672d T2

£ = (5.191)

roe (3) = 1.202... ({(x) - ¢ - dbyskuna Pumana). B s1ux dopmysiax, Kak n BbIIIe,
BBeJICHA!

B d=2 (5.192)

mp _

nda d=3

vp = { 272
27

— TJAOTHOCTH COCTOSHWH CBOBOIHBIX 3JIEKTPOHOB Ha TOBepXHOCTH PepMu Jid OIHOTO
HampaBJIeHUs CIUHA.

Haxkownern, snadenne koaddumuenta B cpasy ke MOTyIaeTCs U3 IHATPAMMBL C e~
TRIpbMA “xBocTamMu’ A, mokasannoii Ha Pumc. 5-11:

B=T, G*(enp)G*(—en, —p) = vrT. ﬁ =
ZP:ZH: Z/ (€2 +&2(p))?

w 7¢3)
=vry eF - e (199)
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Pesynbrarer (5.186), (5.190) u (5.193) mator cranmapTHBE BHIpaXkeHus AJIA Koadhdum-
enroB passnoxkennsa [JI, monydenusie TopbropsiM (1959) nna “aucThix” ¢BEPXIPOBOMI-
HUKOB. X mcnosb3oBaHue B (5.169) — (5.173) JaeT W3BECTHBIE BHIpAXKEHUd /1A 3TUX
BeJIMYHWH, ToJrydaioinnecs soansn 1. 3 Teopun BKII. Takum obpasoM, MOKHO cKa3aTh,
qro Teopud ['mu3bypra — Jlanmay mosrydaer moJHOE MUKPOCKONAYIeCKOe 0OOCHOBAHIE B
pamkax momenu BKIII. B Toxe Bpems, ata Teopua ropazmo yaobHee W Mpolle PH aHa-
JII3€ MEAPOKOTo Habopa CBOMCTB CBEPXIPOBOIHUKOB, HEKEIHU TIOJTHAT MUK POCKOTIHIECK A
Teopus.

[Monyuennble pe3ybTaThl IOMYyCKAOT IajbHelinme obobiierunsd. Pacemorpum, Ha-
MpUMep, TaK Ha3bIBAEMBIE “I'DA3HBIE” CBEPXIPOBOIHUKHU ¢ HEMATHUTHBIMHU ITPUMECAMH.
Pazsnoxenne ['JI mma sToro ciaydad moaydaercda TPAMBIM OOOOIIEHWEM TTPOBEIEHHBIX
BBIlle paccyxkaennii. HyxHO TOMBKO ydecTh B AmarpaMmax IMpOIECCHI paccesHus Ha
MpUMECHAX, 9TO HAMHU yXKe He pa3 Hesajioch. HeTpyIHO MOHATH, YTO COOTBETCTBYIOIIEE
0bo0ienne passioxennsa ['JI onuceiBaeTca rpadukamu, nokasanasiMu Ha Puc. 5-12, roe
BBEJIEHBI (PAcCMOTPEHHBIE B MIPEABIIYIIER TyIaBe) “TpeyrosibHbe” BEPIINHBL, YyUUTHIBAIO-
e MPUMECHOE PACCEAHUE M MMEETCA B BULY, YTO JIMHIN TPUHOBCKUX DYHKIUHA “omeTnr”

HpI/IMeCHMI/I27Z

1 1
G(enp) = , v = 9. = Tpvivp (5.194)

ien —&(P) + 72y T
n UMeeTCd B BUOAY HpOCTeﬁLHa,ﬂ MOJIeJIb TOYE€YHBIX HpI/IMeCeﬁ.

Hekoropoe orsinume or paccMoTpeHud, MTPOBOAUBIIETOCH B MPEIbIIYINel TyiaBe, co-
CTOWT B TOM, 9TO 3[IeCh PACCMaTpUBaeTCA “KyNepoBCKuil” Kanas u nerin Ha Puc. 5-12 (a)
OIIpedeJIAI0TCA (B O603Ha‘IeHI/I9{X, aHaJIOTHYHBIX UCIIOJIB30BaHHBIM B Hpe)lbmyu[eﬁ TJIaBE,
1 B MaiybapoBCKoOil TEXHMKE) Kak:

1

U(qumen) = —5 = > < G(p4ply, —en + wm)G(—P_, P, —€n) > (5.195)
PP’
gyro mokasaHo Ha Puc. H-13 (Jlﬂﬂ WHTEPECYIONIETO HAC CIAyYIad Wy, = 2€n). Torma us

pasjiokeHnd, mokasanuoro Ha Puc. b-12 merpynuo mosnyunthk mada kosdgdunuentos [J1

A n C craenyonme JOBOIBHO OBIINE BLIPAKCHHAZS:

1
A= B + 2miT E U(q =0,wm = 2e,) (5.196)
) 0?
C =inT gn a—qz\ll(q,wm = 2¢p)|q=0,7=T, (5.197)

Jeno HECKOJBKO yIPOIIAeTCAd B TOM OTHOIIEHWH, 9TO HPHU HAJUIWH MWHBAPUAHTHOCTH
[0 OTHONIEHWIO K OOPAIIEHNIO BPEMEHH (T.€. B OTCYTCTBIE BHEIIHETO MATHUTHOTO MOJIA
WJIM MArHHTHBIX MpHUMeceil) MBI MOXeM (Kak »T0 00CYXKIAT0Ch B HPEIbIIyIIel riase)
“obpatuTh’ OmHY W3 AuHUR B meTyiax #Ha Puc. b-12, 5-13 u ybegurhcs, aTo

U (quwmen) = P(qwmen) (5.198)

27B mcIro/Ib30BaBIIEMCA HAMHA IPHO/IMKEHIH “HellepeKpelUBaoIInXca’ quarpaMM, CIpaBed/InBOM B
mperesie OCTATOYHO ciaaboro Gecmopanka, Koroa ppl > 1, Ept > 1.

28He ocraHaBImBagch Ha HOIPOGHOCTAX BRUMCIICHM, yKaxkeM, 9T0 mid Kosddummenrta B u mis
CBEPXIPOBOMHUKA C IIpUMecAMU, u3 rpaduka Puc. 5-12 (b) II0 TIPEXXKHEMY CJIEIyeT BBIpaKeHUe (5.193)7
osIy9eHHoe Bbiule miIA “amcroro” ciydadn [16]. [ToaToMy HIKe MBI OrpaHHYIHMCA PACCMOTDPEHUEM KO-
s burmentos A u C'.
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g, P*0
A A
F-F = y
—£. P
(@ "
€&n F
2
- Iy
A —&,7H A*

Puc. 5-12  [NuarpammHoe npeacrasneHune pasnoxerus [un3bypra — Jlangay nna ceepxnpo-
BOAHMWKA C MPUMECAMU.
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P é&n PER P'€n PEn
—2mhy(@Qm=2¢ )= Q + r = £ >
PEn peen  pley -pen

Puc. 5-13  unarpammnoe npepctasnequne ana ¥(qwy, = 2g,) B cucTeme ¢ npumMecamu.
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rie Y(qwmen ) — odeBHIHOE MalyGapoBCKoe 006001IeH e By XdacTHIHON dhynknn ['prHa
(meTsn), cTOTB MOAPOBHO paccMaTpUBaBluelica HaMu B Mpenblayiieii riaase (cp. (4.88),
(4.274)). TMosToMy pacdeThl HaM celigac, IpaKTHIECKN, HUKAKWEe W He HYKHBI. [Koaddnu-
menTsl IJI onpenensdorcsd s $(quw,, = 2¢,), Bui KoTopoii Jerko “yranars”, BCTOMUHAL
COOTBETCTBYIONINE Pe3yTbTaThl MPEABLIY e TUIaBhl:

1
dlqup)= —————— 5.199
(@om) = =T+ iDor? (5:199)
roe Dy = U%T = %nEl—,Fy — OpyaeBckuii kosddurnment nuddy3mn, Koab CKOPo pedb MIET

o cucreme ¢ HebompumM HecopankoM (prpl > 1, Epr > 1) u MOXHO HOJTB30BATHCA
“NecTHIIHBIM” TpHGIMKeHHeM 14 BepIINHEL I’ IPUMecHOTo paccedHuda .

Mcnompaya (5.199) u (5.198) B (5.196), Haxommm:

1 LN 1 2ywp
K VF;Qn—i—l DT
T T-T,
—ypln — & pp——t 9
vpln 7~ vp—r (5.200)

o * _ WD
e BBen obpesanne (orapndMIIecKn pacxoasineiics) CyMMBI 1o 1 Ha n® = 2. llpn

IM;VF) Teopun BKIII,

TaK 9TO TeMIlepaTypa Iepexoda OKa3bIBACTCA HE 3aBUCAIleil oT HaamInd HpI/IMeCeﬁ, B

2
3TOM y HAC BO3HUKJIO CTAHIAPTHOE BRIpakeHue T, = %w[) exp (—

HOJTHOM COOTBETCTBIH € PACCMOTPEHNEM, IPOBENEHHBIM B MPENbIIYIIeM pasgene (“Teo-
pema’ Aunmepcona). PopmaabHO, BRI IpuMeceil “Bbimas” BMecTe ¢ Dy H3-3a TOTO, 9T0
B (5.196) HyxHO mosOXRHUTH ¢ = 0.

I kosddunmenta C', HanpoTus, nmeeM u3 (5.197):

1
— _inT - | =

¢ i VFZ@qz 2ilen| + iDog?

1 vrDg 1 T
=7a1TveD — = = —vpD 201
e 0;2@% T ;(271—1—1)2 g7 0 (5:201)

Ecau samucars (5.201) xak:

9 T T 1, T VR T VR
= — = —— —[=0.1 —l 202
C=vrl =g b= g vrT = g T = g, T OB (5.202)

roe | = vpT — aamHa cBobomHoro mpobera, TO, ¢ yIETOM CJIEAYIOIIErO U3 (5.191) (Jlﬂﬂ
d = 3) pe3ym>TaTa BKHI & = 0.187,
Teopur “TPASHBIX” CBEPXTIPOBOAHUKOB mJid AInHbl KorepenTrocTr (JI.I1.Toppros, 1959):

HEMCEIJICHHO IIOJIyHYaceM OCHOBHOI pe3yJjabTaT

E bl mm € /Eol (5.203)

Taxmm obpazom 2 dHeKTUBHBIN pasMep KYIEPOBCKHX Map B “TpA3HOM Ipeaene” , Korma
| < &y, yMeHbIIaeTcs Mo cpaBHennio ¢ “aucteiM” ciaydaeM. Cormacuo (5.172) a1o, Hanmpu-
Mep, O3HAYAET, YTO pasynopAaoveHne (BBefeHNe IPUMeceii), TpH HEM3MEHHOM 3HAYEHHN

29Ha camom mee, Berpakenne (5.199) “paboTaeT” W B paMKax caMoCOT/IaCOBAHHO TEODHH JTOKAJTH-
samun [16], Tospko Dy — D(|wm|), T.€. 3aMenAerca mHa cooTBeTCTBYIOWMIT 0G0CIEHHBLT K02 dumuenT
mudysun.
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T., MOKET IPHUBECTH K 3aMETHOMY POCTY BEPXHETO KpPHTHYECKOro Imond H.o, Tax d9To
cBepxnpoBoganku (nHornaY) mosesHo pasynopamouuBaTh!

Mcnompsosanne (5.202), (5.203) B (5.172) mo3BosgeT HOMYINTH 3aMeYaTeTBHOE CO-
orHomenwe ['0pbKOBa, CBA3BIBAOIIEE MPOM3BONHYIO (HAKJIOH KPHBO TeMIepaTypHO# 3a-
BUCHMOCTH ) BEPXHET0 KPUTHIECKOTO TToad H .o (BOmm3m T,) ¢ TPOBOAMMOCTBIO CHCTEMBI

2
o=""T7T= 2¢2vp Dy 1 MJIOTHOCTHIO COCTOAHMH Vp:

c (dH 8e?
- (=2) =Z—4 (5.204)
ve \ dT" /5. m2h
rie ¢g = ”%ﬁ — kBanT notoka. Crpasa B (5.204) croar yHnaMenTaTbHbIC KOHCTAHTHI, &

caeBa — HabJII0JaeMble BEJTHIHHBL. B 9acTHOCTH, pocT Gecropanka (KOHIEHTPAIny IpH-
Meceit), B IepBOM HPUOIUKEHNH, He OU€Hb CHJIBHO MEHAET Vp, TOTIA KakK IPOBOANMOCTE
JIMHEHHO aaeT ¢ pOCTOM KoHIleHTparun npumeceii (a conporusienue pacrer!)®t. Torna
u3 (5.204) chnenyer MuHERHBIH pocT HAKJIOHA KPUBOH TeMIepaTypHOH 3aBUCHMOCTH H .o
(B6m3m T} ) ¢ pocToM GecopaIKa. DTO JOBOJBHO XOPOIIO COOTBETCTBYET 9KCIEPUMEHTY

Ha TPpaIUIHMOHHBIX CBEPXITPOBOOJHUKAX.

IIpoBemenHoe BhINlE paccMOTpeHNE “TPASHBIX CBEPXIPOBOMHUKOB OTHOCHUTCH K He OYE€HB CHJIBHO
pasymopanoYeHHBIM CHCTeMaM. B crily Toro, 94To THONWYHBIE SHAYEHUHA IJINHBI KOTEPEHTHOCTH £ ~ %
B OOBIYHBIX CBEPXIIPOBOTHUKAX Ha HECKOJIBKO IMMOPANKOB MPEBBINIAIOT MEKATOMHOE PACCTOAHNE @, B HUX
HE COCTABJAET TPYIa yIOBJIETBOPUTH ycaoBue “rpasHoro’ mpemesa | € & OpH OTHOCHUTEJIBHO HGOJIb-
mmx mmHax mnpobera { > a (cooIBeTcTByIOMHX ci1aboMy GECIOPANKY B CMBICJIE HCIOJIB30BABUIETOCH
BbIle Kpurepud prl > 1). BosHukaer mATEpecHSI BoIpoc 0 ToM, KaK H3MEHATCA 5TH PE3y/IbTaThl IpH
masbHeHIEM yMeHBIIEHNN IJIMHBL cBoGomHOTO Ipobera (pocre Gecnopanka), BIIoTh Oo | ~ a, Korma,
KaK MbI BUIE/JIN B MPEeIBLAYyIIel II1aBe, B CHCTEMe MOKET MPOM3ONTH aHIEPCOHOBCKUH ITEPEX O METAILIT
— nuasteKTpuK [16]. PakTHIeCKH, MBI IOHIMAaEM, 9TO BhIpakeHue NJid IByXIacTuaaol Gyrkmmm ['puaa
trna (5.199) coxparzer cBoil BUn, TobKO npynescknii kosddumment nuddysnn sameraerca Ha 0606-
wennsit Dy — D(|wm|), KoTopsti onpenenaerca obobmenHbIM (I1f cIygasn Mamy6apoBCKHX 9acTOT)
ypaBHEHHEM CaMOCOTJIACOBAHHON Te€OpHUHU JIOKAJIM3AIAN THIIA (4.255)7 KOTOpoOe (,Z[J'IEI d= 3) mMeeT BHUI,
[18]:

Dplom) _y A 72 [ Do w’"]m (5.205)
Do Ae 2 Xe [ Dglwm) 29 ’
rme Bce 0BO3HAMEHHs Te JKe, UTO M IIPH HalleM OGCYKIeHHH »Tol Teopuum B Ipenbrayied raase’?.
Anasiormano (4.262) M C JOCTATOYTHON NyId HAIMX IejIed TOYHOCTBIO, pelleHue (5.205) MOZKHO 3aIlICaTh
B BHIE:

Dp(wm) &~ Maz { D vm D (wm)l/g (5.206)

Blum) =~ axr B ; o | — .
wm—I—SDEWS(E)/U%7 2y

toe Dg #D(E) — mepeHOpMHpOBaHHBLI Koaddumnent nuddysun (obpamarommuiica B HyIb Ha

mopore HO,Z[BI/I)KHOCTI/I), a wp — XapakTepHad JacToTa, onpeleseHHAad B (4.219).

Torma oxaswsBaercsd, aro KosddumumenTsl pasioxernud [JI A uw B, 1o mpexkHeMy, COXpaHAIOT BUIT
(5.200) n (5.193)7 a xKoapdumment C' CyurecTBEHHO MeHAETCA. |Ipw ero BBIYHMCI/IEHHN B OKPECTHOCTH
aHIEePCOHOBCKOTO MEPEXOIa PENIAIOILY0 POJIb NPHOGPETAeT JacTOTHAA OUCIHePCHa 060OIMIEHHOTO K03 ]h-
dunnenra muddysnn (4.263), onpenenaemasn (B MamybaposckoM dopMaIHsMe) BTOPHIM BBIPaKEHIEM
B durypubIX cKOOKax (5.206).

B Merammmaeckoli obractn, He cammkoM 6smsKo K mopory moasmkHOCTE Dg(wm) = Dy, m xoad-
bumment C ompenesigerca Kak:

a? 1
C = —inT - | =
o ”FZaq2 2ilen| +iDEe? | g
€n

30K omeyHo, MBI CHJIBHO YIIPOIIAeM peaibHYIo CHTyalmio. HampuMep, Kak yixKe 0TMedasIoch Bhinre, e
MOJKET CYNMIECTBEHHO 3aBHCETh OT Gecropanka [16].

31TTpyr uHTEpecyOIMX HAC HOCTATOYHO HESKHX TeMIIEPATyPaX, MOKHO OTPAHIIHTHCH PACCMOTPEHHTEM
TOJIBKO OCTATOYHOTO COMPOTHBJICHUHA.

32B wacTHOCTH, /1A KPATKOCTH, BMecTo K i mcmospsyeM obosmauenme F.
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1 D 1
:WTUFDEZ—: YrE :LUFDE
€n

2e2 T 2 1)2 8T
€2 T nzo(n—l—)

(5.207)
B nmasexTpmaeckoil o6sracTh, HO ToXKe He CIIMIIKOM GJIM3KO K IIOPOTY HMONBIZKHOCTH, corsacHo (5.206)):

Wm

D =Dp—m ————— 5.208
B(wm) Ewm—I—SDng/v% ( )
u Mbl mosydaeM (Rj,. — pagmyc Mokaamsanum, onpenesaeMsti s (4.219)):
™ 1
0= Tvp Z g17]5(2|5n|)
En
mTvpD Z !
= PR
- (2n+1)? + (2n + 1)3Dpw3 /27 Tv%,
2 2
vpu 1 3Dgpuw 1
Y ERRLIE AN
3w§ 2 4rTvy, 2
1 Dy (1)
=vpR? 4 _—E ) -
F e [w (2 + 47TTRZ206) 2
1.78D
2 E
~vpRj, In R (5.209)

Ile NPHGTIKEHAOE PaBeRCTBO CpaBenymBo, nokyna DgRZ > 47T.
B memocpencTBeHHOM OKPECTHOCTH TOPOTa MOABIKHOCTH, KaK B METa/LIMIeCKol, TaK W B IH3JIeK-
TpEIecKoll obsracTh, MoKeM Hammucarh (cp. (5.206)):

Dr(wm) & Do(wmt)M? x (Dol)2/?wi!? (5.210)

TakK 9TO

_T 1 2/3 1
C= ETVFZQDEME”D (Dol) TUFZW
£n €n
D01)2/3 1
( T UFZ (2n +1)5/2
n>0

~¢ (g) v (%)2/3 (5.211)

Brrpaxenue (5.211) JTOMHUHHUPYET, II0 CPABHEHUIO C (5.207)7 B 06/1aCTH HapaMeTpPOB, KOTIa BRITIOJTHAECTCA
HEPaBEHCTBO!

Dp/Te % Dol/&1.T. < D (1/T.)%° (5.212)

B pesynbrare monygaem cienytonree moBemenne Koaddummenra C' Bo Beell obaacTH W3MEHEHUA TTApa-
METPOB OT MeTaslla K aHmepcoHoBckoMy nuasektpuky (JI.H.Bymaesckmit, M.B.Canosckmit, 1984):

- Dp  mna Eloe(E) < (£012)Y? wpm E > E.

2/3
Cz=vre mur{ (52 P % (€2 nam e(B) > (02)H° mpu B~ B (5.213)
R}, (B)in—zp s ana Rioe(E) < (6°)'/* mpn E < E.
€ Moc

rue, Kak ®u Bbmte, {g = 0.18vp/T., | - npyneBckas mimHA pobera.

B merannmaeckoii dase, mo mepe Toro, kax smeprua Pepmm mpmbIIMIKAETCA K TTOPOTY TTOABHIKHO-
ctu E., Koppe/AnHoHHaA OJIMHA T€OpHN JoKamsarmmn (4.248) &;,. yBeamamBaerca n koaddurument C'
CHaYaJla yMeHbITaeTCcA BMecTe ¢ 06o6meHHbIM Koad dumuenrom muddysuun Dy, T.e. ¢ yMeHbIUIEHHAEM
TTPOBOAUMOCTH CHCTEMBI B HOpMaJbHOM cocrodrmn. OmHAaKO, B OKPeCTHOCTH Tepexoma AHmepcoHa, B
To BpeMda Kak ¢ — 0, mamenme xoaddunmenra C' mpeKpaniaeTcAa W OH OCTACTCA KOHEYHBIM [Iake B
obnactu F < FE., T.e. B aHmepCcOHOBCKOM mmaiaekTpuke. C magapHeliuimM moHmKenueM I/ B obsacthb
JIOKaJIN30BaHHBIX cocTofHmi (mam pocroM E. ¢ poctom Gecropanka) xoadunument C' onpenesserca
pammycoM JioKammsanun R;,., KOTOpEIl yMeHbIIaeTcA ¢ HadbHelmmnM mermkeHaneM F Briry6n obsactm
JIOKAJTA3ATTHAH.
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Konmeanocts I'J] koad burmenra C' B okpecTHOCTH Iepexona AHIEPCOHA O3HAYAET, YTO B 3ToH 06J1a-
CTH COXpaHAETCA CBEPXIpoBonAmmil (MeficcHepoBCcKmMil) OTK/IMK crcTeMbl. COOTBETCTBEHHO, B IPHHIIAIIE,
mpu T < T, cmcrema MoXKeT TepeliTh U3 COCTOAHMA aHITEPCOHOBCKOTO MUIEKTPUKA B CBEPXITPOBOIATIEE
cocroznrne (JI.H.Bynaesckmii, M.B.Canosckmnii, 1984). Pasymeerca, paccMoTpeHn=s Ha OCHOBE pa3JIoiKe-
mua ['J1 w npocrelimett momenn cnapubarebaOTo B3anMonelicrsua tana BKII memocrarouno maa roro,
9TOo6BI yOemuThCA Hake B TMPUHITANHAAIBHON BO3MOXKHOCTH CTOJIb 3K30THIECKOTO TOBEIEHUA CHCTEMBI
B YCJIOBHAX CHJIBHOTO PA3yMOPANOYeHUA. B 9acTHOCTH, Bce pacCMOTPEHHE OCHOBBIBAJIOCH Ha KapTHHE
HE3aBHCHMOCTH 1 OT cTeleHH pasynopanodenud (“reopema’” AHnepcona). Bemre yxe ormegastocs, aTo
TaKoe yTBEPXKICHWE COXPAHAET CHJIY W JJIA JTOCTATOYHO CHJIBHO PA3yMopATOIEHHON CHCTEMBI, BIIOTH
o mepexona AHIEepcoHa, B TpeHEOpeKeHNT BIUAHAA Pa3syOPAIOIEHUA HA CAMO CIIADHBATETBHOE B3au-
mogetictere. B mefictBuTebHOCTH, TpW pocTe GecmopaKa HEN36EKHO MPOUCXOOUT pocT 3¢ HeKTHBHOTO
KYJOHOBCKOTO OTTAIKHBAHUA 3JIEKTPOHOB, 06pa3yoIyX KynepoBcKyto mapy [16]. IlosTomy, mpu Gosee
WM MeHee THUIIWIHBIX IMapaMeTpax CBEPXIPOBOMHUKOB, TeMIEpaTrypa mepexona 1. Tomapiaerca Gec-
TOPAIKOM 3aJI0JITo 1Io Tepexona AmHmepcona. Tem He MeHee, IpH COGJIOIEHUH TOCTATOYHO JKECTKHX
ycJoBrl (HaopmMep HOCTaTOYHO BBICOKOM mcxonuoil T B cmcTeMe Ges GecrmopAmka) MOKHO HANEATHCA
Ha COXpaHeHWe KOHEIHBIX . BIUIOTH IO HEMOCPEICTBEHHON OKPECTHOCTH aHOEPCOHOBCKOTO MTEPEXONa
(mm maxe B nmssaekrpmaeckoil dase) [16]. IMeHHO myIA TaKWX CHCTEM H IIPENCTaBIIAIT HHTEPEC IIPH-
BemeHHBIE BhIle (HOPMYJIBI W oleHKHU. K coxkasleHWI0, B paMKaX ITaHHBIX JIEKTIHH y HAC HET BPEMEHH
u MecTa id Gosiee MOTPoGHOTO OGCYKICHUA >THX HHTEPECHBIX BosMoxkHOocTel. [lamprefimme mompo6-
HOCTH, TaKKe KaK W oOCYyXKIIeHWe PAMla dKCIIEPUMEHTATBHO U3y 9IABIIAXCA CHCTEM TAKOTO THIIA MOJKHO
HaliTh B [16].

Ymo6ro mepemmcars (5.213), HCHOIB3YA CBASH MeXK LY NPOBOOUMOCTHIO M 0G00MIEHHBIM K02db drpm-
eara muddysun (tnna (4.176)) m mosyaennsie pomre dopmyster (4.234) m (4.237). Torma mosesyacs
ollpeneseHNEM XapaKTepHoH mmasl ¢ m3 (5.213) MOKHO JIETKO IIOJIy9IHTH CIIELYOUIEe BBIpasKeHWE [JIA
TeMIepaTypHO 3aBucAmel nma KoreperTHOCTH & (1) [21] HEymOPAIOYEHHOTO CBEPXIPOBOIHAKA:

TC folo__l_Lo_ CT>CT* (E>Ec)

TToT ) (822 s<or (E~E) (5-214)

te, B coorsercTum ¢ (4.234) 0. = 2pp /(72 h?), a xapaxTepmbiil MacITab TPOBOMHMOCTH 0¥ oTIperTe-
JIfeTCA KaK:

1/3
g) (5.215)

* —1/3
ot oc(préo) P moe (

E
Takwum o6pasoM, B 06JIaCTH 09€HDb MaJIBIX IpoBogAMocTell ¢ < 0% Macmra6 mymes korepertHocTH & (7))
ompeneaserca He & ~ /&ol, Kak B o6br9HON Teopuu “TpaA3HBIX” CBEPXIPOBOTHUKOB, PACCMOTPEHHON
BEIIIEe, a HOBOI xapakKTepHoil mamHOoi £ ~ (5012)1/3 ~ (fo/p%)l/g’, KoTopad ompedesideT XapaKTep-
HBIH pasMep KyTEepOBCKUX Map B CBEPXIPOBOMHUKE, HAXOOANIEMCA B OKPECTHOCTH Mepexola AHIepcoHa
(JI.H.Bynaesckmit, M.B.Canosckmii, 1984).

[T/I0THOCTE CBEPXIPOBONAMINX 3JIEKTPOHOB ns B Teopunu ['JI MoxeT GbITh onpenesena kax [21]:

ne(T) = 8mOA?(T) = 8mC(—A)/B (5.216)
B6J’II/ISI/I nmepexoma AH,Z[epCOHa 3TY BEJIUMYHUHY MOXKHO OII€CHUTH KaK:
ns ~ mN(E)E2A2 ~ mpp(Eo/p2)2 2 A2 ~ (T2 ) E2)2I3(T. - T) (5.217)
TOe n o~ p% — MoJIHAZA JIOTHOCTH 3J1eKTpoHOB. Ecau B3are 3mech 1 ~ 0.5 T, To MOIyduM IPOCTYIO
OICHKY:
T, 4/3
ne~n (—c) (5.218)
E

9TO, MO MOPANKY BEJIMYMHBI, COPABEIINBO BIUIOTH mo 1 = 0. Orcroma BHOHO, YTO TOJIBKO HeGOIbIIAA
9acTh 3JI€KTPOHOB B CHJIBHO HEYIIOPAIOYEHHOM CBEPXIIPOBOMHUKE OCTAETCH CBepXupoBonsAmeii. Tem He
MeHee, 5TO MOATBEPKIAET CaMy BO3MOXKHOCTH CBEPXIPOBOOUMOCTH B OKPECTHOCTH AHIEPCOHOBCKOTO
HEPEXoia METAT — JIU3JIEKTPUK.

Beamanra nposommMmocTn 0%, onpenestenran B (5.215), samaeT xapakTepHBII MacmTab IpOBOIEMO-
CTH, HAYNHAA C KOTOPOTO HPOABIAOTCA 3P PeKTH BINAHUA JIOKAJIH3AINH Ha CBEPXIIPOBOMANINE CBOM-
crBa. Ecmm 0. mopanka “mMmHIMAIBHO MeTaIImIecK ol mpoBommmoctr” o Moty [22], To Bestmamna o
eme mMenbue. OOHAKO, IJIA CBEPXIIPOBONHAKA C HOCTATOYHO HEGOJIBIIMME KyIEPOBCKUMI ITapaMy (9ITo
XapaKTEPHO IJIA CBEPXIIPOBOTHHKOB C CHJIBHON CBA3BIO U BHICOKOTEMIIEPATYPHBIX CBEPXIPOBOIHUKOB)
o* Goslee WM MeHee TOPANKA Oc. DKCIEPUMEHTATBLHO 3Ty MTPOBOANMOCTEH MOKHO OIPEIEUTh KaK TOT
MacmTab IpOBOOMMOCTH, IIPH KOTOPOM (¢ HaapHeHmmM pocToM GecnopdAlKa) HaUWHAIOT IIPOABJIATHCIH
CYIIECTBEHHBIE OTKJIOHEHUH OT MPENCKa3aHni cTaHmapTHON Teopun “rpa3HBIX” CBEPXIPOBOOHUKOB.

[Tpamyio mrdopMarmio o BesuauHe MTHHB KorepenTHocTH £2 (1) MOKHO MOIyYHTH W3 M3MepEHMUH
BEPXHETO KPAUTHIECKOTO IIOJIA (5.172). B wacrtaocTn, HETPpYAHO y6EemUTHCH, UTO UCHOIB30BAHIE (5.213)
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u (5.214) mpusBonuT K cienyromeMy obobumeHmro coorHomeHHA | opskosa (5.204) (JI.H.Bynaescxmii,
M.B.Canosckmit, 1984):
2

o (M) sRd0 o>t
dT ) %o ~ 9o

Bumm, 9ro ojia o < o, T.e. BOJIM3T aHIePCOHOBCKOTO TEPEXoia MeTa Ll — AW IeKTPHK, CTaHIapPTHOE CO-
orHourenue (5.204) cTaHOBUTCA HeCIPABEIIUBHIM U (B IIPEIIOIOKEHIH TOCTATOTHO C1ab0r0 H3MeHEeHI A
vy u Te ¢ pocToM Gecopanka) oberanbii poct nponssonsoit (dHeo /dT )1, (Haxmona xpusoit Heo(T))
¢ pocToM BecTopaAIIKa BEIXOMNT Ha “HachIeHme”, TaK 9TO 3TOT HAKJIOH CTAHOBHUTCA He 3aBHCATIAM OT
BEeJTMIHHBI 3/ TEKTPOCOTPOTHB/ICHAA CHCTEMBI B HOPMAaJIhHOM cocToanmm. KadecTBeHHO, Takoe TOBeTe-
HIe HaKJIOHA BEPXHETO KPHTHIECKOTO MOJIA Hab/I0MaeTca B MeJoM pAde CHIBHO PasyHopATOTeHHBIX
CBEPXIIPOBOTHUKOB [16].

(5.219)

g g *
vE o (E012)27°T, brrgie <7

SﬂeKTpOMaI‘HI/ITHBIe cBOHCTBA CBEPXIIPOBO/I-
HHNKOB.

B sT0M pasmesie MBI pacCMOTPHM MHKPOCKOIHMYECKYIO TEOPUIO OTKJINKA CBEPXITPOBOIHIE-
KOB Ha BHEIIHee 3/IeKTPOMarHUTHOE II0J1€, C IeJIbIo MOHATh HX NPUHIAINAILHOE OTINIHE
OT HOPMAJILHBIX METaJLI0B.

Haunem ¢ obieii nocranoBku 3anadu [5]. PaccMoTpu 0IHOCBABHBI MACCUBHBILH CBEPX-
IPOBOJHUK EIUHUIHOrO o6beMa B CI1aboM BHEIIHEM 316K TPOMArHITHOM IOJI€, OIIUCHIBA-
eMOM BEKTODHBIM W CKaJApHBIM HoTeHmmaaamu A(rt) m ¢(rt), BMecTe obpasylomumu
4-BekTop (2 = (r,1)):

Ai(z) it p=i=1,23

M@= ) =0 (5.220)

ITle MBI CHOBa “BOCCTAHOBMJIN’ CKOPOCTE cBeTa ¢. B mepBoMm mopaaxe mo A, BsamMomeii-
CTBUE 3JEKTPOHOB C 3JeKTPOMAarHHTHBIM IIOJIEM JAETCs CJASLYIOUIUM BBIPaKeHUEM:

1= =2 [ @) = = [ @A —pea] G20

DTO TAaMHJIBTOHWAH B3aUMOJeHCTBHA ¢ “TapaMarHHTHBIM” 4-BeKTOPOM (MJIOTHOCTH)
TOKA, MEIOIIUM BU/I:

ooy = ] 3@ = 55t (@) Vi(e) - [Vt (@)l(2)},  p=i=1,2,3
sl = pe(x) = —eT (x)(x) = —p(x), w=0 (5.222)

[onias MIOTHOCTH TOKA j, () B IPHCYTCTBUE BEKTOD — HOTEHIHAIA A 5JIEK TPOMATHIT-
HOTO MOJIA ABJIAETCH, KaK MBI yKe OTMeJaJIl BB, CyMMOil mapaMarHuTHOW m “mma-

MarHuTHOH” wacTeil:

Julw) = jh(w) + ji(x) (5.223)
rge IMJIOTHOCTh AMaMarHUTHOTO TOKa JAac€TCAd BBIDpAXKCHUECM:

. “p.(2)A(x L =:1=1,2,3
THOES I (m)m( )uzo g (5.224)

COOTBGTCTBGHHO, MOJIHOE B3auMoeiicTBue JICKTPOHOB C BHEITHUM 3JICKTPOMAaTrHUTHBIM
IIoJIeM NMeeT BUI:

Hipy = HP + HY (5.225)
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roe JuaMarHnTHad 9acTh B3amMOoOJeiicTBUA OIIpedesideTCd BhIpaXK CHUEM

He = ¢

/d?’rpe(x)Az(x) (5.226)

2mc?

Tenepb MBI MOKEM BOCIIOJIB30BATHCH PEACTABIEHIEM B3anMonelicTsua no My, (nmpea-
nomarad, 910 A, — 0 Opu t — —o0), 4TO OUPEeUT CAeAyollee H3MEHEHNE OCHOBHOTO
COCTOSAHUA CUCTEMBI co BpemeneM [1]:

|®(t) >= T exp {—i/_oo dt/Hint(t/)} |0 >=U(t,—0)|0 > (5.227)

oQ

Torma BesnuYnHa IJIOTHOCTH TOKA B COCTOSHNH |<I>(t) > HmaeTcd BHIpaXKeHUEM:
Tu(#) =< Oiu(E0)|D(1) >=< O[T+ (1, —00)ju(xt)U (1, —o0)[0 > (5.228)

Hac urTepecytoT B J,(2) WIeHBI IepBOTo MOpAnKa M0 A, I Ioc/Ie IPAMBIX BEIIHCICHI]
MBI TTOJIy4aeM:

Ta(x) = % < 0pe(2)]0 > Au(2)[1 = 0] — i < 0|[j5(ms),/oo ' Hinp(1]]0 > (5.229)

— 00
Bce wwaeHsl HysleBoro mopAnka B J, () paBHBL Hymo, KpoMe < jo(z) > — cpenteil miIoT-
HOCTH 3ap#1a, HO OHa Hac He MHTepecyeT W MoToMy omyuieHa. Mcnonbsysa (5.221) —
(5.226), HaXOIWM, 4TO JUHEHHBI OTKJINK CUCTeMBbl J, W BHeNTHuil moreHnnan A, cBd-
3aHBI CASTYIONNM HeJOKATBHBIM COOTHONIEHNEM C TIOMOIIBIO HHTETPAIbHOTO Anpa K,y :
c

Ju(z) = K (et 't A, (') dPr dt! (5.230)

47
Ie UHTerpaJ o BpeMeHn OepeTcsd B DECKOHEUHBIX MpeHesiaxX, a saapo:

. 4me . . 4me
Ky(z,2') = ——5 < 0[5 (), 45 (2")]10 > H(t—t/)—w < 0lpe(2)]0 > 8(x—2")é,,[1—6,0]

(5.231)
Ecau cucrema TpaHC/IANUMOHHO HHBapHaHTHa, TO K, 3aBUCHT JIMLIL OT PA3HOCTH KOOP-
OWHAT U yoobHO mepeiitu kK dypbe — MpeacTaBAEHHUIO:

Ku(q,t—t') = /[(NV (@, $/)6_iq(r_r1)d3rd3 =

4me . . dmrne?
== < 0l[j%(at), 2 (—at)]|0 > 0(t — ') + —

(L — 1), (1= 6,0)  (5.232)

mc

L€ N — MOJIHAA [IOTHOCTE 9JeKTPOHOB. [TockobKy Bropoft wien B (5.232) (nmaMaraut-
HBIif OTKJINK ) H3BECTEH TOUHO, TO (HaKTHIECKN HYKHO BBIIHCIUTH TOJIBKO HapaMarHuT-
HBI BKJIaz (TTEpBOe caracMoe):

Ru(at) = —i < 0[5 (at), 35 (~q0)][0 > 0(t) (5.233)
DTy BeSHIHHY MOXHO HallTw ¢ HoMolrbio 1 — ymopamodenHolt ¢pyrxnun I'pmra srmass:

Pu(at) = —i < 0[5 (at)j (—a0)[0 > (5.234)

33 Amasormuanasn GyHKIHA | prHa paccMaTpHBaIach HaMK (B Mauy6ap0BCK01‘/’1) TEXHUKE B (4.108).
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CpaBHuBag CHEKTPAJbHBIE IPEICTABIEHNA I BpeMEHHBIX dypbe — 00pasos (5.233) u
(5.234) [1], Herpynao ybemurhed, 9TO meficTBUTENbHBIE YacTH Ry, u Py, coBIamaior, a
MHEMBIE YaCTH OTJIMYaioTCd 3HAKOM IpH w < 0:

RePpuy(qu) = ReRyy (qu) (5.235)

ImPNV(qw) = SignWImRuV (qw) (5236)

4YTO U JaeT HyXKHOe HaM Bhipaxenue R, depes P,,. Ilockonbky anpo K, BK/IIOYaeT
TOJIBKO XapaKTePUCTUKHN CHCTEMBI B OTCYTCTBHE BEKTOD — MOTeHIHa a A,, omepaTops
Ju U Ji, coBlanalor, U Mbl OLlyCKaeM JaJjlee HHIEKC p.

B urore, oTkJIMK cHCTEMBI HA TPUJIOKEHHBIN CTa0bIfi BHENTHIN BEKTOP — MOTEHITHA

Au(q) = [A(q), c(q)] (rme ¢ = [q,w]) umeer Bux:

Tu(0) = = K (@A (@) = = | 3 Kuil@)Ai() = Kpo(0)ee(a) (5.237)
rie: 7 471- 1
ANV(q) = C_ZR/“’(q) + Eéuu[l - 6;“/] (5238)

2 _ .
npudeM 37ech Af = o — KBaJpaT JIOHJOHOBCKOI IyOMHBI HPOHMKHOBEHUS IPU
remmeparype 7' = 0. Isa ciaraembix B (5.238) oTpaxaiorT BKJa[ MapaMarHUTHOTO W
IMaMarHUTHOTO TOKOB.

B nanwreiiiiem MBI 6yeM HCTIOAB30BATE CIEYIONIEE COKPAIEHHOe 0DO3HAYEHNTE:

Qup(a) = == Kap(q) (5.239)

PaceMorpuM cHadasia uaea bHBI depmu — Tas (HopMaabHbil Metaswn) [3]. Haitzem o1-
KJIHK (TOK j), BOSHUKAONMIl B pe3y/IbTaTe JefcTBIA TPOCTPAHCTBEHHO — HEOTHOPOIHOTO,
HO CTATHIeCKOro, BeKTOp — moTeHmuata’? A. B IMIyJIbcHOM HpencTaB/IeHn, JuHeiiHoe
COOTHOIIIEHIE MEXKTY j U A 3alMUCBIBACTCH KaK:

iq = Q(a)Aq (5.240)

B nmpenbiayineii riiaBe MBI yKe oTMedaJiM, 9TO CTATHYECKUil BEKTOp — MOTEHIMAJ He He
IPUBOANT K BOSHUKHOBEHMIO 9JIEKTPUIECKOTO TOKA B HOPMATHHOM MeTasne (Man wie-
aTbHOM bepMI — Taze) B JIMHHOBOJHOBOM Ipefeste. DTo osnadaet, 9to Q(q = 0) = 0,
Tak 910 pH = ( NPOMCXOAUT MOJHOE COKpalleHne AWaMAarHWTHONH W ImapamMarHHT-
HOW coctaBnaomux B (5.238). B Toxe Bpems#, mpu q # 0, Ho w = 0, B OTKJHKe BCe
JKe OCTaeTcs MaJblii BKJIJ, ONMUCHIBafommil caabbrii mmamarmeTwsm Jlammay. Paccmo-
TPUM 3Ty CHUTyallMio NoapobHee. BbramciieHwsa mpoBemeM cpasy [IJId CIydad KOHEUHBIX
TeMIepaTyp, NoJIb3yACh MallybapoBckoil Texaukoil. 3 paccMoTpenus, TpOBEIEHHOTO B
npenpiayuieit Tase, B cBasu ¢ (4.108) — (4.120), ¢ oueBHIHBIMI TepeobO3HAYEHIAMNT
ACHO, ITO /1A HAeATbHOTo bepMHI — Tasa MapaMaTHUTHOE AIpo-’:

P = ) = — L 2 TS i PaPp d*p
=0 == Im2m T & e e o O

34TlonpasyMmeBaerca Kaaubpobka: divA =0, ¢ =0

3517 MeTas/laa ¢ IPEMeCAMH BCe OeIaeTca TOUHO TAaK ¥Ke, TOJbKO HYXHO YUHTHIBATH KOHETHOE
3aTyXxaHWe B 3HaMeHaTeiax ¢pyHKmuii ['puHa 3a caeT paccedHMA Ha MpUMECAX. BepIImHHbBIE TTOTpaBKA
OT TIPIMECHOTO PACCEAHHMA K TOKOBBIM BEPIIMHAM B MOJIEIN TOYEIHBIX MpHMeceil obpaniaoTca B HyJIb
IIPY HHTETPUPOBAHUH IO YTJIAM.
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Bocnosbsyemcs 0UeBHIHBIM COOTHOIIEHWEM, CIPABEIJIMBLIM IJid CBOOOMHON bYyHKIHE
I'puna:

pGi(enp) = mVpGo(enp) (5.242)
u mpeacrasuM (5.241) B Buge:
62 d3p
= —2T) o n 24
0) me & /p Vs Gole p)(273) (5.243)

NuTerpat mo d>p MOXHO OCIATATH O JacTAM, IIepeHocd OeltcTBue Vy,; Ha Py, TAK 9TO:

2

rs(0) =— aﬁQTZ/GO )] 2 s (5.244)

mc

9TO MOJHOCTHIO COKpAIaeT ANAaMarHUTHYIO JacTh (5.238 .
[Mocmorpum Temeps cayuait q # 0. Pasnoxenne Q(q) B P4 O  HAUMHAETCH C

wieHa Bropoii crenenu: Q(q) = ag? 4+ O(q*), B ueM MOXHO yBeIUThCA HETIOCPEICTBEHHO,

TIPOBOIIA TaKoe passiokeHNe B AuarpaMme, mokasanaoit Ha Puc. H-14. Torma mmeem:

i=QA = —d’V?A (5.245)

C ,D;pyI‘Oﬁ CTOPOHBI, KaK M3BE€CTHO W3 3JICKTPOAJWMHAMMKHN, TOK MOXKET OBITH CBSA3aH C
HaMaTrHU4Y€HHOCTbIO CUCTEMBI COOTHOIICHUEM

J=crotM = ¢ rotxoB = yoc rot rotA (5.246)

TaK UTO, MOJIL3ydch rot rotA = grad divA — V? A 1 KaIubpoBOIHEIM ycaobueM divA =
0, MOXKHO HAIWCATh:

j=—x0cV’A (5.247)

L€ Xo — MarHUTHASA BOCIPHUMYNBOCTD 5JI€KTPOHHOTO Tasa. Torma, cpasansag (5.245) u
(5.247), maxomum: xo = %, a BeJIMYMHY @ MOXKHO paccuMTaTh U3 auarpamMmmbl Puc. 5-14.
B camom meste, w3 370l gmarpaMMbl HMeEM:

2 . d3
Qe =l T e [ e ey 62

§(p+ a))(ien —E(p)) (27)°

te vx(p+4q) = 96(p +q)/Ips n vy(p) = JE(P)/Ipr — COOTBETCTBYIONIE TPOEKITHI
CKOpPOCTH 3JIeKTpoHa. IIpeanosoxuM gasee, A4 KOHKPETHOCTH, 9TO BOJHOBOH BEKTOD
q HaIlpaBJIeH 11O OCH z. B OTJIMYHMe OT CIIMHOBOI BOCHPHUMYHBOCTH, OpOHTaIbHAA BOC-
OPUIMYHBOCTE OIpEeIdeTcsd He TOIbKO OKPECTHOCTBIO IIoBepXHocTH PepMEt, HO M BCEMI
COCTOAHMAMM TOJI, Heil, MOCKOJIBKY KBaHToBaHMe JlaHoay 3aTparmBaeT BCe COCTOAHUS C
FE < Ep, Tak 9TO KOHEYHOE 3HAYeHWe BOCIPUUMYHBOCTH Yo BOSHHKAeT W3 — 3a OTJIH-
YA CyMMBI KBAHTOBAHHBIX HEPIHil 0T 0OBITHOrO MHTErPasIa IIo HereprBHOMy CIIEKTDY.

Orpamnuammest c/IygaeM cBOGOIHBIX 5/1eKTPOHOB, Koraa &(p) = +— — Ep. Pasnoxnm Qe
B DAL IO ¢ = ¢, 1, C y4eToM vy(p + q) = vx(p) = pg/m, 3anMIIEM:
2.2 92 3
. e“q : 1 d°p
= —lim2——T eren’” 5.249
@ea =0 ¢ Zn: / p) 9p2 ic, — E(p) (27)3 ( )

MNaTerpupyd Mo 9acTaM, ToaydaeM:

2 d3
Xo—hm2 TZ i / & v Z(p e })’ (5.250)
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st p+k

Puc. 5-14 [unarpamma, onpefnensArowas oTKJNK WAeasibHOrO (hepMn — rasa Ha BHELHURA
BEKTOP — MOTeHUMan.

Yepennas (BbIIONHAA HHTETPHPOBaHKe) 1o yriaMm, nmeeM [3] < viv? >= %, TaK 4To
2 oo 6
. e : 1 p
= lim2——T erfn’ — dp—""—7— 5.251
Xo = I “T5ezme Zn: 272 Jy p(zen —&(p))*t ( )

Bosnukimuit 3mech uHTErpaJ 1Mo p TPOEKPATHBIM MHTEIPUPOBAHUEM IO HacTdM IIPUBO-
auTed K Bugy [3]:

[’} 6 3 [’}
p 5Y27) dp
d - 5.252
/0 Plicn + Er — p2/2m)? 2 /0 itn + Er — p?/2m (5.252)

HocJie 4ero, cyMMupoBanue o n B (5.250) naer mpocto GyHKINO pacnpenencana Pepmu
[1], u MbI TOTY9aeM:

oz [ amteton = e (5.253)

C1272me? C1272me?

— OOBIYHBIN Pe3yJIbTAT /Jid AUAMATHUTHOW BOCHPUMMYMBOCTH Ta3a 3JeKTpoHoB [11].
Fc/in BCIOMHWUTH aHAJOTHIHBIN pe3yIbTaT /I HayIHEBCKOH (CIHHOBO) BOCIpHIMYIH-

BOCTH: 9
\o = 2uhvp = Tl (5.254)
TO TOJIyYaeM XOPOIIO U3BecTHBIH pesyabrar [11]:
1
Xo==3Xp (5.255)

BepHeMCﬂ TENeEpb K paCCMOTPEHNIO CBEPXITPOBOJHUKOB. Paccunraem orksuk Ha cra-
TUYIeCKU BEKTOpP — INOTECHIUAJI OJIdAd 2TOrO CJy4dad. B orsmuane ot HOPpMAaJIBHOTO MeTaJlJia
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(cBoGoaHOrO hepMu — Taza), Kak MBI yBUANM, 37€Ch OTCYTCTBYET MOJTHOE COKPAIEHIE Ma-
PaMarHuTHOTO U AMAMarHUTHOTO BKJIAJ0B B bYHKIME OTKAUKa. [losToMy, Haxe mostaras
q = 0 B coornourernu (5.240), MBI MOJTyINM KOHEUIHBI OTKJINK BHIA:

) nse

r)=— Alr 5.256

i) = " A ) (5.256)

T.. ypaBHeHue JIOHZOHOB — OCHOBHOE ypaBHEHHE 3»JeKTPOJAMHAMHUKH CBEPXIPOBOI-

HUKOB. BenwuawHa n; HasbBaerTcd (IO ONPEHENEHUIO) MIOTHOCTBIO CBEPXIMPOBOIANINX
(cBepxTeKyUnX) 2JIeKTpoHOB. Ypapuernue (5.256), ¢ OUEBHIHOCTHIO, HAPYUIAET KaJl-
OPOBOYHYIO WHBADHAHTHOCTH Teopuu. [lerno B Tom, 4To dbusmdyeckad NPUYNHA OTCYT-
CTBUA COKDAIEHNA IMaMarHHTHOTO 1 HapaMarHWTHOTO BKJaaoB B dAape (J(0) kak pas
U 3aKJI0YAETCA B TOM, UTO KaJHOPOBOYHAA WHBAPHAHTHOCTH (M 3aKOH COXpAHEHUA 3a-
pAma), Kak yKe OTMEeYasioch BHIIIE, B CBEPXIPOBOIHIKAX CROHMANHKO Hapywend. VIMeHHO
B 3TOM TPOABJIAETCA MOHUKEHNE CHAMMETPHUHN CHCTEMBI, TIPU MEPEXO/E OT HOPMAJIBHOIO
K CBEPXIPOBOIAIIEMY OCHOBHOMY COCTOAHUIO. B HOpMaabHOM MeTase, sanytenne Q(0)
obecmeunBaeTcd, GaKTHIECKH, TOKIECTBOM YOPIa, CBA3AHHBIM HEMOCPEICTBEHHO C 3a-
KOHOM COXPaHEHU 3ap4a/la U KaJuOPOBOIHON HHBADUAHTHOCTBIO as1eKTpoaunamMuku [20].
B cBepxmpoBomHUKax 5To HE Tak!

Mepeitnem x HemocpencTBeHHOMY pacdery ((0) mia cBepxnpoBomHuka. JnaMarauT-
HBIIl BKJTAJ, ¢ OY€BUIHOCTHIO, COXPAHAET MPEXHUN BUI U MOXKET OBITh 3alUCaH KakK:

2
2
Q2(0) = —2—6.5 (5.257)
m
A BOT IIpU pacdeTe MapaMaronmTHOI'O BKJIada, B OTJUYME OT HOPMAaJIBHOTO METaJlJia,

HyXKHO ydecTh BKJIal B (J(0) Kak oT HOPMAaJBHBIX, TaK W OT AHOMAJBHBIX DYHKIHIT

I'pura. B camom mene, mapaMarHWTHBI BKJIAT Q(alg(w, q), AHAJOTWIHO TPOBEIEHHOMY
BBIIIE PACCMOTPEHNIO, MOIyYaeTcsa (g KOHEUHBIX TeMIeparyp, MamybapoBcKasd Tex-
HWKA) yCpenHeHHeM IPOU3BEIcHUA IBYX TOKOB I JAETCA CJIENYIONNM BhipaxenueMm (o, o’
— CHMHOBBIE HHIEKCHI):

1 s : . .
Qfxlﬁ)(wma Q) = % ; /—ﬁ et /dSTequ < TT,l/);I'— (I‘T)joz1/)a(r7-)1/)j’(00)j5¢0’(00) >
(5.258)

re j = —i,=Vy. Tenepb Hy*KHO BBIIIOJIHUTD BCe ClIAPUBAHUA ) — ONIEPATOPOB, yIHTBIBAA
KaK HOpMaJIbHBIE, TaK U aHOMaJbHBIEe cpennue. Takum oOpazoM, morydaem:

< TT,l/);I'— (I‘T).;oz1/)a(r7-)1/)j/(00)3ﬁ¢0’(00) >= _.}.QGO'O"(I‘T).}.ﬁGO"O'(_I" _T) -
—Ja P (27)j5 Frrg(—1, —7)  (5.259)

Torna Qup(wmq) IPHHAMAET BHI;
1 ’ qr o ;
Q(alg(wm, q) = % Z/@ grmt /dSTGqu{QjaG(I‘T)j@G(—I‘, —7)+

+2jo F(x7)jp F*(—r, —7)} (5.260)

3aMeTuM, UTo 3HAKH IMeTeb, cofepXKamuX Gyaknun G o F | oKasaanch ofHHAKOBBEIME .,

MepenuceiBas (5.260) B UMY IBCHOM TPEICTABIECHNIE, HMEEM:

Qap(wm, q) = —2§TZH:/ %va (p - %) vp (p+ %) X

36B caemyromell TaaBe MBI YBHIHM, ITO 5TO He TakK IJIA IMeTeJb CO CKAIAPHBIME, a He “TOKOBHIME’

BepuinHaMM”.
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X {G (Enp — %) G (en 4+ wmp + %) - F (Enp — %) F (en 4+ wmp + %)} (5.261)

Torna npu wy, = 0, q = 0 nmeeMm:

QL(0) = —;;chZ/ (;li]))sz{Gz(Enp)—l— |F(¢,p)?) (5.262)

Obvennnsasa Bmecte (5.257) n (5.262), yanTeiBasd onpeneneHue n,, caeayoiiee us (5.256),
a Takke ABHbIH Bz dynkuuit T'opskosa (5.111), (5.112), nonyvaem:

B 2wpph o0 A? 42 g2
n—mn, =-—— TZH:/_OO e (5.263)

DTO BBIpaXKEeHHUE HE BIIOJIHE KOPPEKTHO, TIOCKOJIBKY MOJHAA IJIOTHOCTH 9JIEK TPOHOB OIpe-
IendgeTcd, B TOM YUCJIE, I COCTOAHNAME nasekuMu oT nosepxaoctu @epmu. [losTomy me-
pexo K HHTEIPHPOBAHKIO 1O JIMHEAPU30BAHHOMY CIEKTPY &, KoTophIil crenan B (5.263),
He ABJIAETCH, BOODIE TOBOPH, ONPABIaHHBIM. B TOXe BpeMd MIIOTHOCTH CBEPXTEKYUHNX
BJIEKTPOHOB Ny, HECOMHEHHO, ONPENETIAETCA OKPECTHOCTHIO moBepxHOCTH Pepmm, mo-
CKOJIBKY TOJIBKO TaM W TIPOUCXOIUT MEPECTPORKa 3JEKTPOHHOTO CIIEKTpa, CBA3AHHAA
¢ BOBHHKHOBEHHEM CBEPXIPOBOAIIETO cocToAHNA. B riiybune ke cdepsl Pepmu (T.e.
upu & ~ Ep) HUdero He mpoucxoauT. I1oaToMy, KOppeKTHBIH crocob aeficTBuii cocront B
crenytomieM. Berarem us (5.263) 910 &e BhIpaKeHWe [I/1d HOPMAIBHOTO METAJLIA, T.€. C
A = 0. Torna BrJtan riyboKHX cocTOAHMI TpocTo BeimageT. [Ipu oM OymeT obecriedeno
u oueBuaHOe TpeboBanue ny = 0 npu A — 0. B pesynbrare, momaydaem:

vk 5 [ e[ £ A e
L= T d - 264
Sl D) IR (R A e B O L I

Boinostaum MHTETrpUpOBaHME TIO f, IIOJIB3YyACHh CTaHJAPpTHBIMUA MHTEI'paJiaMHA:

e dx T e dzz? T
-7 = O 5.265
/_Oo (22 +a?)?  2a3’ /_Oo (x2+a?)?  2a ( )

TOI‘,D;& IIOJIyHJaeM:

2wpph TA?
= — LTy EESYE (5.266)
n
Tenepb MOXKHO IMPOaHaJIU3NPOBATH PpA3JIMYIHBIC TPEACJIBHBIC CJIYYal.

e Cayuait T'— 0. 3aMeHAEM CYMMY HHTETPAJIOM W MOy IAEM:

2wpph TA? /Oo de 2upph  pr
ng — = = —
3m o 2m J_ (24 A2)3/2 2m 37?2

=n (5.267)

Bunmwm, ato mpu T = 0 cBepxXTeKydad MIOTHOCTH PABHO MOJTHON TIJIOTHOCTH 3JIEK-
TPOHOB, KaK ¥ JIOJIZKHO OBITH B TPAHCJAANUOHHO WHBAPUAHTHON cucTeMe.

e Cayuwait T'— T.. B arom ciayuae moxHo npenebpeur A? B snamenarese (5.266).
Ocraromagaca cyMmmMa 1o 9actoraMm, hakKTHIeCKH, HaM YiKe BCTpedasach, OHA BBI-
paxkaercd depes ( — GYHKINIO, 9TO HAET:

ny  TC(3)A? T
—=——=2(1- = 2
n 47272 T. (5.268)

TaK 49TO IIpHn T — Tc CBEPXTEKY4Yad IMJOTHOCTh CTPEMHUTCA K HYJIIO.
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PaccesHme Ha MpuMecsX yMeHBIIAeT CBEPXTEKY4yl IJIOTHOCTH 1s, OJHAKO OHa OCTa-
eTcd KoHeUHOH. YToObl MOHATH, YTO TMPW TOM MPOUCXOAUT, poBemeM pacder (0) ¢
yaeTroMm mpmuMeceii. IIpm 3ToM HOCTATOYHO BBIYHCJNTH OTKJIMK IIPOCTO PacCMOTpPEB IIe-
TJIeBBIE TpaWKH, MOCTPOEHHBIE HA PACCMOTPEHHBIX BBINIE YCPEIHEHHBIX MO MPUMECAM
dyuarmuax ['opbkoBa, KOTOpBIE TOJAYYIAIOTCI U3 COOTBETCTBYIONMX GYHKINHE “grucToro”
ceepxmpoBogauKka (5.111) n (5.112) ¢ momourpio samenst (5.146). Bepuinaable mompapku
(amarpaMMBl ¢ TpuMecHOil JnHMel, coemmusaomeli pasuble yHkun ['puna B meTe)
MOKHO HE yYHTHIBATH, IIOCKOIBKY OHH OOpAINatoTCA B HYJIb M3 — 33 HHTETPUPOBAHUA 110
yry1aMm (BEKTOPHOTO XapaKTepa BEPIIHH B3aNMOIeHCTBIA ¢ BHEITHIM 5JI€KTPOMArHHTHBIM
nosem). Hostomy, dopmyry mida ny MOXKHO cpasy samncath B Buae (cp. (5.263)):

_ ©  £2 4 A? _ 2
nTRs T/ €+~—€” (5.269)
n (€2 + A2 4 22)2

rae £, u A Gputn onpenenensl B (5.145), (5.146). CHoBa BBIYTEM W3 TOrO BHIpaKeHH
ero sHavenne npu A = 0 M B OTCyTCTBHE TpHMeceil, 9TOOBI UCKIIOUATH BKJIaM, ToIy6o-
kux yposHeli BHyTpu cdepbl ®Pepmu. Torma, mocsae WHTETPUPOBAHUA MO &, HOJIyYacM

obobenne (5.266):
B _ WTZ o Az)g/z (5.270)

win, ¢ yaerom (5.145), (5.146):

2
— =Ty A (5.271)

n (2 2\3/2 S
(&R + ADYE (14 s

IIpm mastoit KOHIEHTpAIUK TpuMeceii, B cMBIC/Ie HepaBeHCTBA AgT > 1, 9T0 BBIpakeHme
cpomnTed K (5.266), a B “rpasnom” npenene Agr < 1 oHo maeT:

A
AL QWTZ o AZ) = mrAth (5.272)

Taxkum obpasom, B “rpasaoM’ cBepXnpoBomuuke yxe mpu 1 — 0 umeem:

ns(T — 0)

n

=711Ag < 1 (5.273)

T.€. CBEPXIIPOBOLAIIER ABIAETCA HESHAUNTETbHAA YaCTh OT TOJTHOTO YHCJIA DJIEKTPOHOB.

MpomomkuM 0BIILYI0 TUCKYCCHIO, BEPHYBIINCH K NCXOTHBIM 06o3HadeHuaAM (5.230) —
(5.238) n nmosarag ganee ¢ = 1. B usorponHoii cucreMe, KpoMe TOTO, I/ AApa, OMHCHI-
BafOIero 31eKTPOMATHATHBIN OTKINK, nMeeM K, = K6, . VITOT Ipenpiayimero paccmo-
TpeHud, PaKTUIECKH, CBOIUTCA K TOMY, 9TO HEOOXOMMMBIM W HOCTATOYHBIM YCIOBHEM

HAJIMYHA CBEPXIPOBOIAIIETO OTKJINKA CHCTEMbI dBJIAeTCA BLIIOJIHEHHE TpeboBaHma’
hr% hm K(qw) = hm hm K(qw) = K(0,0) #0 (5.276)
¢—0w—0

3T/ImeeTcas mBa BKJIama B I(My(qw): TmapaMarHATHBIT I(ﬁy 1 OmaMarHATHBIR I(ffy. HumamaranTHBI
BKJIaI, IPOIOPIIOHAJIEH HOJTHON IIOTHOCTH 3JI€KTPOHOB M HE OTJIMIA€TCA OT TaAKOBOT'O B HOPMAJIBHOM
cocTogunn. B HOpMaJIbHOM COCTOAHMM, TIOJTHBII TOK , BRISBIBAEMBIN CTATHYIECKUM BEKTOP — MOTEHITHAIOM
OpeHeGPERUMO MaJl (I/I OHpe,Z[eJ'IﬂeT TosIbKO amaMartermsM Jlarnay). [osToMy, ¢ BEICOKOH TO9HOCTBIO
mmeem: K77, (q0) = K.E(q0) + K fi & 0, Tax uro K2 (q0) = —I(ffl, (ToIHOE PaBEHCTBO BBIIOIHAETCA
smech mpu q — 0). HJ‘IOTHOCTL TOKa B CBEPXIIPOBOTHMKE TOTIa paBHA:

Ju(qw) = ——{I(W,(qw) - K0(a0)} A (5.274)
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npudeM, coryiacho (5.266), umeem:

1 n, 4
K(0,0) = — 2 = Amnse? QWTZ

/\%n m

o A2 e (5.277)

rie, Kak M BBbIIIE, /\% = — KBaJpar JIOHIOHOBCKOW ITyOWHBI MPOHNKHOBEHUSA TIPH

drne?
Temmeparype 7' = 0.
3 (5.230) nmeem:
L v
Ju(qw) = _ERW(Q“’)Aqw (5.278)
TaK 9TO, C y9IeTOM ONpee/IeHIs 3JIEKTPUIECKOTO MOJIA:
0A .
E = o IR Equ = iwAqu (5.279)
MOKHO BBECTH IIPOBOAMMOCTE CHCTEMBI KaK:
1
o (qw) = —mKW(qw) wITH o(qw) = —mK(qw) (5.280)

T7ie BTOPOE PABEHCTBO CIIPABEMINBO JJId W30TPOMHOTO ciayvad. B CONBUIMHCTRE CITyIaeB
HHTEPEC MPENCTaBAAET MpeHes >THX BhipaxkeHuil npn q — 0 (OTKJINK Ha OXHOPOTHOE
[OJIe), OITOMY JaJiee Be3lle MMEETCA B BHAY TOJIBKO 5TOT HpEIes.

Yn0o6HO BBECTH CJIEAYIONIYIO 3alUCh:

o(w) = o5(w) + Tege(w) (5.281)
e K(0
oi(w) = — ;T(iw) (5.282)

— IPpOBOAMMOCTB CBEPXIIPOBOOANICTO KOHIOCHCAaTa, a

1 K(w) = K(0)

47 w

Oepe(w) = — (5.283)
— MPOBOAMMOCTE OJHOYACTHIHBIX Bo3Oyxkaennit. Bugnm, aro (5.282), ¢ yuerom (5.277),

CBOJUTCHA K:
2

nge 1
s = — ) 284
os(w) e — 40 (5.284)
Tax 4To:
nse’
Reos(w) = 78(w) (5.285)

YTO COOTBETCTBYET BE3ANCCUTTATHBHOMY BKJIAIy KOHIEHCATa B MPOBOINMOCTE (T.€. cOob-
CTBEHHO CBEPXIPOBOIAMOCTH).

Ilepeiinem Teneph K MOAPOOHOMY PACCMOTPEHMIO Tepe(w) — MPOBOIUMOCTH OT OJHO-
YaCTUIHBIX BO3OYXKIEHU CBEPXIPOBOMHUKA, KOTOPad OMPEAEAeT, B 9aCTHOCTH, TIOTJIO-
HIEHHUE 3JIEKTPOMATHUTHONW 9HEPTUN B CBEPXIPOBOJHIKE Ha KOHEUHBIX 9acTOTaX (ONTH-
JecKne CBOHCTBA CBePXMpoBOTHUKA). PaKTHIECKN, MBI JOKHBL BepHyThea K (5.260),

l_IOBTOMy7 KaK YXe€ OTM€YaJIOCh BHRIIIE, CYUTaThk peasibHO HaOdO TOJIBKO HapaMaI‘HI/ITHI)Iﬁ oTKJanK. Pas-
HOCTB TOKOB B CBEPXIIPOBOMTHUKE U HOPMAJIBHOM MeTaJlJIe MOXKHO 3alucaThk B CJCOYONEM BUIEC:

Jilaw) = Jii(aw) = {K}, (aw) — K}, (q0)}Aq, =
= {KD(aw) — Kpl(aw)} Ag, (5.275)
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(5.261) n mpoBecTH Bce pacUeThl s KOHEYHONW JacTOTBI BHENIHETO O Wy, — w + 16
n q — 0. Nmeem:

e? d*p q)*
Qaa(wma q) = _23m2TZn:/ (271')3 (p + 5) %

X {G (enp — ﬂ) G (en +wmp + ﬂ) —F (enp — ﬂ) r* (en +wmp + ﬂ)} (5.286)

2 2 2 2
CIO,D;a, HaOO TMOACTAaBUTH ABHBIC BBIpaXXCHUA OJId TOPBKOBCKHUX d)yHKHI/Iﬁ, BBIYUCJINTH
CYMMBI IIO Y9acCTOTaM H HepeﬁTI/I K MHTETPUPOBAHUIO IIO JMHEAPU3OBAHHOMY CIIEKTPY
& = £(p) B okpecTHOCTH MOBepXHOCTH PepMu, IIe p A& pr U €r0 MOXKHO BBHIHECTH U3
10, 3HaKa HWHTETrpaJia. STI/I BBIYUCJICHUA OJOBOJBHO I'POMO3AKH, U MBI OIIyCKacM COOT-
BETCTBYIOIIME JeTaan>c. B mrore, mocse 06GBLIMHOTNO NPONOIKCHUA Wy, — W + 8, MBI
IIOJIYHYHNM:

262 oo EpEptq + Eplpyg + A2
Qaa(wm,q) = —WVFP%/ g, { Lopte - Ep _:H_q {n(ep) = nlepsq)} ¥
o0 pEp+g

1 1
X{5p_5p+q+“+i5+5p_5p+q_w_i5}+

2e? *© EpEptq — Eplpag — A?
e VrrE /—oo d€p { — EpEZ;-:)q q o nlen) = n(Gr)h <

1 1
X ~ + -
{51?‘1‘51?+q‘|“""|‘“S 5p+5p+q_w_“5}
(5.287)

Tle BBeleHo obOsHAYeHNe £, = 4 /fg + A2 — gna cmekTpa »JekTpoHa B Momean BKIIL

(5.68), n(ep) — dbyukmua Pepmu ¢ >TuM ciekTpoM. B mpenesne 7' — 0 3meck ocraerca
TOJIBKO BKJIaZ, BTOPOTO CJIATaeMoro, MocKoIbKy n(e,) — 0 mpu T — 0 ms — 3a Haan-
unga menn B ciekTpe BKII. B Toxke Bpemd, Hac mHTepecyeT mpenea q — 0, a Torma,
Kak Jerko ybemnThes, obpamaerca B Hy b dhakTop (T.H. hakTop KOTEpEeHTHOCTH), CTO-
ANl B 9UCIUTEE B MEPBBIX PUTYPHBIX CKOOKAX 3TOro ciaaraeMoro. Takmm obpasom,
MBI TTOJTy9aeM HYJb, U BCA HPOBOAMMOCTB WCUEpPIBIBacTCA BRIagoM (5.282), (5.284). B
YaCTHOCTH, HAefiCTBUTEbHAA YacTh TPOBOIMMOCTH COCPEIOTOYEHA B 6 — (QYHKIIUU Ha
HyseBoit gactore (5.285), mpudeM ny = n, T.€. B Hee JAIOT BKJIA[ BCE 3JIEKTPOHBI.
I‘ITO6I)I pa.306pa.’1‘]>CfI7 9TO IIPpOW3O0IJIO, BCIIOMHHUM, 9YTO MBI pacCMaTpUBacM OTKJ/IMK Ha KOHEYTHBIX
TacToTaX B CBEPXIIPOBOTHUKE 663 ITpHUMECHOTO (I/I KaKoro — J'II/I6O ,E[pyI‘OI‘O) JAUCCUIIATUBHOTO pacCedAHNA.

CKOpOCTb {-T0 2JIEKTpOHa BO BHEUIHEM II0OJI€ ONpeNesIAerca us: mv; = p; — £A(r;). Torna mosmsrii Tox
C

B CHCTEME paBe€H:
62

J:eZ<Vz‘ >= %Z<pi>—%ZA(ri) (5.288)

[lepBoe craraeMoe 3mech TPOTOPIHOHATEHO TPHIOKEHHOMY 3JIeKTprudeckomy mostio E(rt) = Eetdl —1wit

TaK YTO:
2
€
I(rt) = o(w)E(rt) — —nA(rt) (5.289)
mc
roe IIph 3allucChu BTOPOTO CJarac¢Moro MBI IPEOIIOJIOKW/IA OJHOPOMTHOCTH CHCTEMBI. C y41eToM E =

1 8A(ry)

< , mmeeM A = L—CE Torna ypasrenme Jlommonos (5.256) ¢ ns = n (mpm T = 0) mosayga-
erca ms (5.289), ecm o(w) = 0. MimerHO 2T0 MBI I oIy anH B3 (5.287).

38B ciaenyromeil riiaBe aHAJIOTHMYHBIE BBIYHC/ICHHAA GYIyT IPOBEIEHBI (miz mpyroii samadm) Bo Beex
TETATIAX .
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[MosTomy, mocmemoBaTenbHOE PACCMOTPEHHE MPOBOAMMOCTH B CBEPXIPOBOIHUKE
HY’KHO TPOBOANTH ¢ yUeTOM, HAIpUMep, npuMecHoro pacceanns (S.B.Nam, 1967). Co-
OTBETCTBYIOIINE PACIETH TAKKE BECBMA IPOMO3IKI. MBI BOCITONIB3YEMCH YIPOIUEHHBIMI
pacCyKICHUSMHE, KOTOPBIE JAIOT PABUIbHBLI oTBeT B “rpasuom” npemese [4]. Bocmosb-
syemca (cp. (5.280), (5.239)) onpenesicHneM TPOBOAMMOCTH B BUJIE:

- Q(qw) 1
o(w) = lim ——=, Reo(w) = —Im@Q(0w) (5.290)
g—0 W oY)
49
U BBIIETHM MHUMYIO dacTh (5.287) na caydas w > 0. Kpowme Toro, yarem, 94To B “rpsas-
HOM” CBEPXIPOBOIHUKE UMIIYJABCHI P U P + ( HE ABJAIOTCA “XOPOIINMHI~ KBAHTOBBIMH
gnciamu s/aeKTpona. Torga MOKHO MpeanosIoKnTh, 9T0 B aToM npenene &p 4 {piq B
(5.287) cnemyeT cANTATH HE3AGUCUMLMU TTEPEMEHHBIMHI W 3aIHCATH:

C e e EE/—ffl—Az
Reo(w) = 70/ dfp/ dgzl,é(w—Ep—ep/) PP 6’;? =
o oo pEp

= %/:o de/:o de'N(e)N(e')b(w — e —&") (1— g) (5.291)

rle B MocJeqHell CTpoOKe Mepeln OT WHTEMPHPOBAHNA M0 { K MHTETPUPOBAHUIO MO CIIEK-
Tpy (5.68) € M, COOTBETCTBEHHO, BBeH MIOTHOCTE coctoanmnit BKIII, onpenenennyio B
(5.79). B (5.291 BBenmena rakxke Konctanta Cy, KOTOPYIO OYIeM OMpPENeNaTh N3 yCJIOBUA
“ciimBKM” ¢ MPOBOJUMOCTBIO B HOpMaJIbHOM Metase (mpu A — 0). W3 (5.291), caumas

OJTHO WHTETPUPOBAHUE C TOMOMUIBIO & — QYHKIIAN, MOy IAEM:

Reo(w) = 26w — 24) /w_A deN ()N (w — ¢) {1 - L} -

w A g(w —¢)
Co woa (w—¢)—A?
= 0w - 2A)/A & = Af)l/z[(j — Ay (529

Tepexomsa K MepeMeHHOM WHTErPUPOBAHUA & ¢ MOMOIIBIO COOTHOIEHNA 28 = w + #(w —
2A), umeem:

1

10, 1— az?
R = —— 0w —2A)(w — 2A d 5.293
colw) = 520w - 280w -28) [ et oy
e o = z;gﬁ Murerpan B (5.293) BeipakaeTca depes s/INNTHYECKHE DYHKINN KakK:

Reo(w) = %[(w + 2A)E(a) — 4AK (a)])0(w — 2A) (5.294)

B nopmanbrom MeTaste (A = 0) morsomienne onpeengercs sennanaoit Cy (4T0 BHIHO
u3 (5.291), seranciennoit npu A = 0). CooTBETCTBEHHO, OTHOIIEHHE ONTHIECKNX TPOBO-
IUMOCTell B CBEPXIIPOBOIHUKE U HOPMAJIbHOM METAJIIIE ONPENEIAETCA BHIPaKEHUEM:

Reoyw) _ a16@) _ Lr, L onYB(a) = 4AK (a)]0(w — 2A) (5.295)

Reop(w) — o1p(w) w

D10 Tak HaskiBaeMad popmysa Marruca — Bapauna (D.Mattis, J.Bardeen, 1958), koro-
pad JaeT MPeKPACHOe COTJIACHE C PKCIEPUMEHTOM, B YeM MOXKHO yOeIuThCHd, MOCMOTPER
Ha Puc. 5-15.
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FREQUENCY £ {cm™)

Puc. 5-15 [leficTenTenbHas 4acTb ONTUYECKON NMPOBOANMOCTMN CBUMHLUA B CBEPXMPOBOAALLEM
coctoarum npu 7' = 2K (L.Palmer, M. Tinkham, 1968).
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B mmpokom mHTEpBase 9acTOT BHEITHETO 3JIEKTPOMATHUTHOTO TIOIA KAIeCTBEHHOE TIOBEIeHNE TTek-
CTBATEJIBHON 9acTH HPOBONMMOCTH (ONTHYIECKOTO HMOIJIOMIEHAA) B CBEPXIIPOBONHHKAX BBILJIANUT KakK
nokasano Ha Puc. 5-16, Tme mpuBeneHbl pe3yIbTaThl 60Jiee TTOIPOGHBIX PACIETOB OIITHIECKOH IPOBOIHT-
moctu B Momesu BKII, ¢ yueToMm mpuMecHOro paccesHUA ¢ KOHKPETHBIM 3HAUEHHEM 7y = % = A.B
HopMasbHO dase (mpm T > T.) IpoBOOHEMOCTS, 3aBHCAIIAA OT IaCTOTHI, ONPENe/IAETCA OGBIIHOM dhop-
mystoii Hpynme (4.179), ¢ BpeMeHeM CBOGOIHOTO IpoGera, OMpENeTAEMBIM, HAPAMED /1A SOCTATOTHO
HU3KUX TEMIIEPATYP, PACCEAHUEM HA TIPAMECAX. DTO TAeT XapaKTepHOE TTOBEIEHNE TeHCTBATEIHHO Ja-
CTH TIPOBOMMUMOCTH, TIOKa3aHHoe Ha Puc. 5-16 crutommroil kpwsoii. [locsie mepexonma B cBepxmpoBomatree
CoCToAHNE, B IIPOBOMAMOCTH BosHHKaeT §(w) — BKaan (5.285), cBaAsaHHBII CO CBEPXTEKYIHM OTKJIHKOM
KOHJIeHCaTa KYIIEPOBCKHX Tap, a KOHEYHOE IOTJIONICHHe BO3HWKAET B obstacTh w > 2A, 9TO COOTBeT-
CTBYeT BO3OYKIEHUIO OIMTHOYHBIX 371K TpoHOB depes niesb BKII. Ilpu 7' = 0 »1Tu 3/1eKTpOHBI BOSHUKAIOT
B pesy/brare “paspbiBa’ KyIEepOBCKHX ITap BHEIIHHUM IIOJIEM (9TO COOTBETCTBYET PUSHIECKOMY CMBICILY
BesimauHBL A, KaK 5HEPIHM CBASH 3J1€KTPOHA B Iape). lIpoBonuMocTs 060l CHCTEMBI yIOBJIETBOPAET
CITENyIoNeMy TOTHOMY npasuay cymam [10]:

o] 2 2
mne “p
dwReo(w) = = = (5.296)
2m 8
0
2
Tae w?, = 47;71—6 — KBampar ILIasMeHHOU JacToThl. [l cBEpXIIpOBOOTHUKOB 3TO MPaBUJIO CYMM O3Ha-

JaeT, YTO WHTETrpaJsl oT Bcell obiracTh, samrpuxoBanHoit wa Puc. 5-16, T.e. 3amrpuxoBaHHAdA ILJIONIATH
o, KpUBOM, ONMUCHIBAIOIIEN OpPYIEBCKOE MOBEAEHNE B HOPMAJIBHOM METAJIIIE, TOCJIE IIePEXoia B CBEPX-
TpOBOMMAIEe COCTOAHUE “yXomuT”’ B aMIUIATYLy & — (QYHKIIMOHHOTO BKJIAIa (5.285)7 a ocTafoladgcda
HE3AIITPUXOBAHHON 06/I1acTh OO KPUBOM ITOTJIOEHNA B obyactu w > 2A obecriednBaeT BBIMIOJTHEHHIE
(5.296) BMeCTe C 3THUM BKJIATIOM CBEPXTEKYYIeTro KOHOeHCATA.

OTHOCHTETBHO MTPOCTOE PACCMOTPEHHE, TPOBEIEHHOE BBIIIE U OCHOBAHHOE HA MOJEJTH
BKIII, maer mpaBUABHBIH OTBET MJid OTKJINKA CHCTEMBI HAa BHEITHHE NONEPEUHBIE DITEK-
TPOMATHUTHBIE TTOJId, HO B OOIEM cJIydae, OHO He JlaeT MPaBUJIBHOTO Pe3yabTara IJid
OTKJIHKa Ha npodoavroe mone’®. @uantveckad mpupofa »Tolf TpyIHOCTH 06yCI0BIeHA
TeM, 9TO TPOIOJILHBIN TPATUEHTHBIH TOTEHITHAJ CBA3aH HETIOCPEICTBEHHO ¢ KOJLIEK THB-
HBIMH BO30yXKaeHUAME (DIIYyKTyannaMu) a/IeKTPOHHOI IoTHOCTH. B Momesn 6e3 mab-
HOZEHCTBYIOMIETO KYJIOHOBCKOTO B3aMMOJAEHCTBUA TaKue BO3DYKICHUA B CBEPXITPOBO/I-
HHKAX COOTBETCTBYIOT TaK Ha3BIBAEMOMY OOTOTIOO0BCKOMY 3BYKY, MPEACTABIAONIEMY
coBOll TOJIICTOYHOBCKYIO MOJY, CB3aHHYIO CO CIHOHTAHHBIM HapylIeHHEM KaJaudpoBOY-
HOW WHBApUAHTHOCTH. ¥ 9eT HAJHHOAECHCTBYONMX KYJOHOBCKUX CHJI MPUBOIUT K TOMY,
9TO GOTOTIOOOBCK I 3BYK MEPEXOauT B OOBIYHBIE MJIA3MOHEI B MeTaslte. ['paguenTao wh-
BapUaHTHAZA TEOPU /LA 5JEKTPOMATHUTHOTO OTKJINKA CBEPXIPOBOIHUKOB MOKET OBIThH
noJstydeHa, ecym 0bobumTh cxemy BKII takum obpasom, 9ToOBI BKJIOYATE B Hee MOm00-
Hble BO3OyXIeHnd [5].

39Mz1 Bcerma moapasyMebaJIn BoIGop Kammbposkm divA = 0, ¢ = 0.



220 CBEPXTPOBOONMOCTb
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Puc. 5-16 ,D,eI7ICTBI/ITeJ'IbHaﬂ 4acTb onTu4eckom npopoagnMoOCT MeTanna B HOpMaJZibHOM
n ceepxnpopogAaLlemM COCTOAHUN, C YHETOM KOHEeYHOM 4acToThbl pacceAaHnAa Ha npumMecax

F:%:QA.



Iy1aBa 6

3JIEKTPOHHBLIE HEYCTON Y-
BOCTHU NN PASOBDLIE ITEPEXO/IBI

HeycroliunBocth (pOHOHHOrO CHEKTpaA.

IIpoBeneM pacdeT mepeHOPMUPOBKH (bOHOHHOTO CIIEKTPa 34 CUET 3JIEKTPOH — (POHOHHOTO
B3aMMOJEIiCTBIA B 0drnoMepHoM MeTasLTe. [Ipn aToM MBI Gy meM McxoauTh n3 obmmeil dpop-
MYJTUPOBKH 3a/IaH1, OMUCBIBacMoil ypasHerusamu (3.16), (3.18) u (3.74). Kak MbI yBHINM,
5Ta IepeHOPMHUPOBKA BeleT K HeyCTONYMBOCTH (POHOHHOTO CIEKTpa, KPaTKo yiKe YIIo-
MUHaBlIelica BhIIE B IVIaBe 00 3/IeKTpoH — (poHOHHOM B3amMomehcTsum. Temeph Halla
3a7a49a COCTOUT B TOM, 9TOOH oApobHee pa3odpaThcd B 9TOM BOIpOCE.

Ona d = 1 mondpmsamMoHHBI onepaTop raza cBOOOIHBIX 3J1eKTpoHOB mpu 1 = 0
olpeAesIdeTca CASHYIONIM BhIpaKeHIeM:

fdp [d
T (kw) = —21/% iGo(Ep)GO(E—I—wp—I—k) (6.1)

TIe MHOKUTENb 2 YINTHIBAET CIIUH. BEIUncAdad, KaK 3TO OesIaa0Ch paHbllle, HHTETPAJI IO
€, MIOJIyYaeM:

M(kw) = —l/dp n(&p) = n(Epr) (6.2)

T w—pyr + & + 10(signéppr — signéy)

2
rme BBesn obosHaderue &, = £(p) = g—m — {4 OJid SHEPTUN 3JIeKTPOHOB, OTCYNTAHHOR OT

yposaa Pepmu. OTIUYIHBIA OT HYJId BKJIaJ B WHTEPAJ B (6.2) JaloT aBe obsracTu:
1. & >0, Eptr <0

2. & <0, Eptr >0

221
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3JIEKTPOHHLIE HEYCTONYNBOCTUN N ®A3OBLIE MEPEXOObI
nrade n(€p) — n(€p4x) = 0. s koHkperHoCTH, ycTh k > 0. Torma »tu obsacTu coot-
BETCTBYIOT:
1. —pr—k<p< —pr
2. prp—k<p<prp

CooTBETCTBEHHO 5TUM HEPABEHCTBAM ONpENEIAETCA U 3HAK +i18 B 3HameHarese (6.2).
Mosromy (6.2) MOKHO TMepenncarh Kak:

1 —PF dp 1 PF dp
H(kw) = __/ 52 pk —+ _/ k2 ok <
T pptw— o —E2 —46 Ty pw—s——2 4146

2m m 2m m
m o [ (5= ris) (£ - 222 o i)

_m (6.3)
(e i) (B o)

Pacemorpum mosenenne I(kw) npn w = 0 w B6msu k = 2pp, monaraga k = 2pp + ¢ (T.e.
q=k—2pr, |q| < 2pr). Torma:

mlpF_ m PFr
s -

( et w=0) mpr || 7TPFn|k—2PF|

(6.4)

DarTUIeCKn TOT Pe3yabTAT yXKe YIOMUHAICA HaMH Bbile B (3.72), B cBA3W ¢ MpeBa-
PHUTEJIBHBIM OOCYKICHNEM “TUTAaHTCKOH KOHOBCKOI aHOMAJIHH.

Tenmepb mepeiiieM HEMOCPEICTBEHHO K OOCYXKICHUIO MEPEHOPMUPOBKH (HOHOHHOTO
crekTpa. JanuuieM ¢oHoHHYy0 dyHKunio ['prura B Bume (cp. (3.18) u (3.74)):

D7l (kw) = Dyt (wk) — ¢*TI(kw) (6.5)
B6MsH k = 2pp, ucnonbsya (6.4)1, umeem:

2 2 2

w?—w
B T L (6.6)
Wiy, apr |k — 2pp]
wn ,
2 2 myg pPFr
= 1- 1 6.7
¢ w2pF{ TpE n|/€—2PF|} 6.1

Orcroma BUgHO, 9TO 14 k, TOCTATOYHO OJUIKUX K 2pp, BTOPOI 4I€H MPEBOCXOIUT TIEP-
BBIH, Tak 4TO wacToTa (hoHOHA cTaHOBHTCA MHUMOM (w? < (). YMeHblleHHe YacTOT
dboHOHOB ¢ k ~ 2pp Ha3BIBAIOT BOSHHKHOBEHMEM “MATKON’ MOmbl (“cMArdenuem” pe-
HIETKH), 9TO MOKasaHo Ha Puc. 6-1, a BOSHHKHOBEHHE COOTBETCTBYIOMIEH HeycToidn-
BOCTH (POHOHHOTO CIEKTPa MPUBOAUT K TOMY, UTO PellleTKa CTPEMUTCH CIOHTAHHO Je-
dbopmupoBaThea. OkaspiBacTcs (Kak MBI YBHINM HIZKE) TEPMOANHAMUIECKH BBITOIHBIM
BO3HUKHOBEHHUE MOIYJIANUN TJIOTHOCTH ATOMOB PENIETKH C TEPHOIOM Zzp—”F = ﬁ, T.e.
BOSHUKHOBEHUE cmamuyeckol medopmarun ~ Ree ~ cos(2prx + ¢). B cucreme
MPOUCXOMUT TaK HA3BIBAEMBIN nafiepacosckuil CTPYKTYpHBIH mepexom. CoOTBETCTBEHHO

I2pFa

TaKHM CMEIEHUAM aTOMOB BO3HHKAET M MOMIYJIANNSA ILJIOTHOCTH 3JICKTPOHHOTO 3apiala:
p(2) = po+p1 cos(2ppar+¢), min, Kak TOBOPAT, BOSHUKAET 60AKA 3aPAJ060H naomuocmy
(CDW). Bee s1o mntoctpupyerca Puc. 6-2.

1Crporo rosops 3meckh c/IemoBaIo GBI HCIIOJ/IB30BATh II(w, k = 2pp) nprm w # 0, HO HIpeHEGPEXKEHAE
2Tol 9acTOTHON 3aBUCHMOCTBIO HE MEHAET KAIECTBEHHBIX BEIBOIOB.
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Puc. 6-1 BosHnkHoseHne HeycTonumneoi ( “MArkoi” ) poHOHHOR MOABI 3a CHET FUraHTCKOI
KOHOBCKOW aHoManmu.

Puc. 6-2 CmelweHune aTomMoB Lieno4kn Npu UameHeHUU nepuopna um obpasoBaHMe BOMHbI
sapanoson nnotHoctn (CDW) npu namneprncosckom nepexope. lMokasan cnyvan yasoeHus
neproaa NCXOQHOM peLueTKU.
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2 EP

Puc. 6-3  JluHeapusosaHHbiii (86nnsu yposHa Pepmn) criekTp 1eKTPOHOB B OfHOMEP-
HoMm meTanne. ‘TlosepxHocTs” Pepmu npeactaBnAeT cobo NpsAMYO NUHUIO, 3amMoOSHEHbI

5/1eKTPOHHbIE COCTOAHUA B obnacTu (—pp, pr), KOTOpas 3alITPUXoBaHa.

PeaHbHO,paCCManHBaeMﬁ&[HeyCTOﬁqHBOCTbCHeKTpa,BO3HHKaeTIHHIHGKOTOpOﬁ]“}

Heunolt Temneparype T = Tpg, Korjga KBaJIpaT 4acTOTHL w?(k = 2pp) BuEpBbIe obpala-

ercd B HYJib. YTOOBI TOHATH Kak 3TO MPOUCXOANT, PACCMOTPUM TOIPOOHEE CHTYAIIIO
mpu 1" # 0. Paboraem, kak Bcerna, B Maiybaposckoil Texunke. [na ¢ynkmum ['pura

¢dbononos onarh nuueM ypapnenue laiicona:
D_l(kwm) = Do_l(wmk) — gZH(wmk)

rue
w?

Dolkwp) = ——F——, m = 2mmT’

o(kwnm) o) —o? w mm

ITonapusanuonHbIit oepaTop:
W m 2 - 2 n n my

Hac waTepecyet obmacts k ~ 2pp, TaK 9TO 3aIUIIEM:

k=2pp+q, lq| < 2pF

IMockompky mHTepecymomme Hac 3¢ dEKTH ONPENENAIOTCA 3JIEKTPOHAME

(6.8)

(6.9)

(6.10)

(6.11)

n3 CpaBHH-

TeJIbHO y3Ko#l okpecTHocTrn ypoBHA ®Pepmu, B maJsTbHeIIEM WCIOIB3YEM MOIENb JIH-

HeapHW30BaHHOTO CIEeKTpa, MokasanHyio Ha Puc. 6-3. Torna nmeem:

§p—r = =& +vrg opa  p~ +pr
—&p — VFq Opu  p~ —pF

€p+k

(6.12)
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darTUIECKH, TO CHPABEIJINBO [IJid JIOOOTO BHIA 5JIEKTPOHHOTO CIEKTPa B OTHOMED-
HOM MeTasiyie BOmsn AByx “Konnos” juann ®epmvn (“rouek” ®epmn). CoOTBETCTBEHHO,
3aMNChIBAEM HOIAPU3ANNOHHEIN onlepaTop (MMes B BHIY onaTh k& > 0) B Buze:

= de, 1 1 B
U(qwn) = TN(EF) Z/ o 2mi iy o S

signen,

— 27T N(Ep) Ze[en<6n Bl Fe——

(6.13)

rie cnuHoBasg “mBofika” Brmodena B N(Ef). 3mech darrop 0e, (e, — wim )] obectiedn-
BaeT signe, = sign(c, — wm), ITO, B CBOIO OUepens, MOMeIIaeT MOJIoCa 1o &, B pasHble
HOJIYILJIOCKOCTH COOTBETCTBYIOMIEH KOMILJIGKCHOM mepeMeHHol, 4To 1 obeclieduBaeT OT-
JIMYne OT HyJlf HHTerpasa 1o &, KOTOpblil TpHBHAIBHO cunTaeTcs 1o TeopeMe Ko,
YMHOKAA GUCAUTENb U SHAMEHATEb HA Signe, = sign(e, — Wy, ), HOTYIUM:

Mgwm) = =27TN(Er) Zn: len] + len — wm1| + tvpq signe, -
= —2rT'N(Er) Zn: |26, — wn | —I-liqu stgne, (6.14)
THe YUI |en| = £psignen; |en —wm| = (60 — wm)signen; |26, — wy| > 0. Torna:
I(qwpm) = —20TN(Ep) HZZ% e w; ks
—27TN(Er) HZZ:O e w; - (6.15)

Bxomganime cioma cyMMBbI pacXOoATCd, €CJIN HE YIUTHIBATH, ITO caMo 1O cebe, 3JeKTPOH
— dononnoe B3amMoseiicTBue (“KoHcTanTa” B3anMmonehcTu#a ¢) adderTuBHO 06pesa-
eTcd Ha 4acToTaxX ~ Fp, T.e. HopAlKa IHPHHLI 30HBI Iposogumoctu’. [losTomy cym-
MUpPOBATH 3/1eCh HaILO 10 €, ~ Ep! Torma, nobaBissd M BHUHTad B CyMMax (6.15)

27TN(EF) Zn>0 7o, tie N* = [;—FT], MOXKEM 3alliCaTh:
N
M(wmq) = —4xTN(Ep) %
€n
n>0

1
27T N(E - =
i £ Z_: [25n—|—wm—|—wpq 25n]

—QWTN(EF)i[ L —L] (6.16)

2en +wm —vpq  2e,

rlie B CXOOAINXCA CyMMaX BEPXHUI MpenesT yKe MOKHO B34Th PABHBIM OECKOHEYHOCTH.
Honbaydach Temephb TeM, IT0°:

N 9 Ep
ATTN(EFp) Y 5 = N(Er)n =,
n>0 "

(6.17)

2He IIyTATh CO CRAPUSATIEADHDIM B3aMMOIENCTBUEM B CBEPXIIPOBOMTHUKAX, KOTOpOe, KaK MBI BUICJIN
06pe3aeTCﬂ Ha JacToTax ~ wWp.

= In(4vN).

33,HGCL UCIIOIB30BaH M3BECTHBIN pesyJsibpTar: 2 E n=0 2n+1
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HonyqaeM:
E
(qwm) = —N(EFr)In Z_TF —
1 > 1 1
_§N(EF) 1 wm . 95 i
v [ e i e i v i
1 > 1 1
——N(Ep . — 6.18
MU L T e m el (6.18)

MMonbaysack Teneph onpenesnenneM () — GYHKIMN B BHIE:

¢($)=—C—§;[ SE— ] (6.19)

n+xr n-+1

roe C' = Invy = 0.577..., 3anuireM ModpU3AIMMOHHBII ONIEPATOP OMHOMEDPHOTO 3JIEKTPOH-
HOTO rasa B cJIeAyIolleM OKOHYaTeJIbHOM BHIE:

al 2 2 AxT  AxT
1 Wm wpq 1 _
Y (2 YT 47TT) Bk (2)] -

EF 1 1 Wm “}Fq
= N(Ep)ln = E 4 S N(E Sy Ym
(Ep)In 575 + 5 M F>[¢<2+47T+47T)+

(e

(gn) = =N (Br) In 2222 4 LN (Ep) [¢ (1 g Ym iqu) N

47T 47T
1y _
rhe y9IM, 970 (5) = —In4~.
Onpenenum Oe3pasMepHYIO KOHCTAHTY 3J€KTPOH — (HOHOHHOTO B3aMMOIERCTBUA
4
Kak":

A=g¢*N(Ep) (6.21)

Torma wHTEpecyolliee HAac ypaBHeHne mid GoHonHON dbynkuun [puna (6.8) mepenuchi-
BaceTCd B BUJe:
Ep

wgpFD_l(qwm) = (iwm)z _ w%pF {1 —Aln m—k

A 1wy tvpg 1 wnm  ivpg _
+2|:1/)<2+47TT+47TT +¢<2+47TT_47TT -

2vE
:(iwm)z—wgpF{l—/\ln et

_|_

T

A 1 W, Wrq 1 W, Wrq 1
- -+ — -4+ — — -2 - 6.22
+2|:1/)<2+47TT+47TT)+1/)<2+47TT 47T ¥ 2 ( )
OTciona JIeTKo ompefenTh TeMIepaTypy mepexona 1,o, Kak TeMIepaTypy, TpH KOTopoit

obpaiaerca B HyJib dacToTa (HoHOHOB ¢ k = 2pp (T.e. ¢ = 0). Iosaraz B (6.22) ¢ =0 u
wm = 0, mosTydaeM ycJioBme:

WE
DY0,0)=1-Aln 2 —¢ (6.23)

7Tp0

4He myrars ¢ pasMepHOH KOHCTAHTOH A\ CIApHBaTeIbHOTO B3aMMOeCTBH#A, HCIIOJIb30BaBUIeiica B
mpembiayeii rase!
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410 maetr dopmyry tuna BKI masa TeMuepaTypsl mepexona (HEyCTORINBOCTH PENIETKHN ):
2

Ty = L Epe3 (6.24)
™

BanuceiBag (6.23) kax:

Ep 1
L= Ao g+ 0y (5) =0 (6.25)

U BBIYHTadA 5TO BBIpaKeHNe W3 NpaBoit gactn (6.22), mosydanm:

_ . T
wgpFD 1((.umq) = (zwm)2 — wgpF/\ {ln %—I—

1 1 Wm wpq 1 Wm wpq 1
+3 [¢ (5*@* w) + (5*@‘ w) —W (5)]} (6.26)

,D;J'Iﬂ HaXOXIOeHUA OUCIICEPCUOHHOTO YpaBHECHHA MATKOU MOIBI HYXHO CcOeJiaTh 30eCh obGBpIraHOE Ipo-
JOoJIKeHue zwm — W 1 BOCIIOJIB30BATHCA Pa3JIOKEeHUEM ’L,ZJ - (byHKH,I/II/I (KOTOpOe HECJIOXKHO IIOJIYYUTH U3

(6.19)):
1w qu) = [ 1 1 ]
— + ~—C — _
w(2+47rT 4rT Z n+1/2 n+1 +
n=0

1 w ,qu]
S + _
+ Z (n+1/2)2 [ 4rT Z47T'T

o]

> i [ i) =
(n+1/2)° | 2T = '4xT]

_ T W, 2 U%q2 wupq
=v(/)+ 3 (_7 = qu) 7O | Torezz * ToreT T 5277 (6:27)
Torma osiygaeM ypaBHEHEE, ONpeAessioliee CIeKTp MATKON MOIBI B BHE:
_ T T 7¢(3) v3 7¢(3)
2 1 _ 2 2 F 2 2| _
wzpFD (q(.d) =W —wzpF/\{ln%— 8—T(.d+167ﬁq +WW —0 (628)
Paccmarpusag T ~ T, B BBOIA XapakTepHyo gmauny “KorepentHocTn” &4(T) Kak:
7¢(3) v3
207y vE
&) = Jp=2 72 (6.29)
neperuiieM (6.28) B Buzge (D.Allender, J.Bray, J.Bardeen, 1974; B.Patton, L.Sham, 1974):
T—1T, T 7¢(3) v?
2 2 PO 2 2 o2l

[Ipenebperas, B mepBoM MPUOIMKEHUHT, 3aATyXaHUEM, TIOJIYIAEM CIEKTP MATKONE MOJIBI B
BHJIE:
T —1T,0

T (631

2 2
w R Aws,,
Orciona U c/lemyer olHMcaHHAas BRIl KadecTBeHHad kKapTura: npu 1 — Tpo (B obmactu
T > T,p) IPOUCXOOUT yMeHBIIeHNe YacTOTEL GhOHOHOB ¢ k ~ 2pp, Tax ato npu T = Tpo
KBaJpaT 9acTOTH Kostebanug ¢ k = 2pp obpaiaeTcd B HY/Ib, CTAHOBACEH OTPUILATETBHBIM
B obstact T' < Tpp (4TO U COOTBETCTBYET HEYCTOHINBOCTH PELIETK).
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Bosspamrasch x (6.26), sanniieM Tenepb:

1 1
D(qwm =0) = — — = (6.32)
M B8 MR G (T

Kax ormegasiock Bhile, B cBa3u ¢ (3.101), (3.102), koppeadnnonuas HKIIMA aTOM-
) ) )
HBIX CMelleHnit orndaerca oT ¢yakiun ['puHa doHOHA TOJTBKO 3HAKOM W MHOXKHTEIEM
(pwgpF)_l (e p — WIOTHOCTH CPEBL), Tak ITO:
Tho 1
2 T— TpD 5
P2 p A=+ 50( )

Clq) = / doe®® < u(a)u(0) >= (6.33)

roe MHOKHTeIb I = T,0 BOSHHK OT “CyMMEpPOBaHH#a IO MaIlybapOBCKHM TacTOTaM (Cp.
(3.102)), B KOTOPOM MBI OCTABIJIN TOJBKO WIEH € Wy, = 0, 9TO COOTBETCTBYET BBICOKIM
TeMiepaTypaM (Haubotee CIIBHO GUIYKTYUPYIONi BKJIaI, COOTBETCTRY IO TEPEXomLy
K KJiaccndeckoli TepMonnnamMuke). Kopode ToBop#, 3annieM:
2

A TpO
s rae A= ,
(T —Tpo) + Byg Aw

2PF

Clg) = B = Tp0&5 (Tyo) (6.34)

TOI‘,D;& B KOOPIWHATHOM IIPpEeICTAaBJICHUN NMEEM:

B * dq —igr _ / _cosqx
)= /_oo 27 (W = —Tyo + By?

|]

~ 3 B(T—Tpo)exp (T (6:55)
The .
(1) = & (Tyo) 7 ”OTpo (6.36)

Herpyamo coobpasuTh, 9T0 MBI MOJIYIIIR, TAKUM 0Opa3oM, oObIdHOe “cpemHenosieBoe”
onucanme ¢asosoro mepexoma II poma mpu T = Ty, a (6.34), (6.35) u (6.36) coor-
BETCTBYIOT KapTHHe HeBzauMomehcrsylomux duykryaunit cmemenuit upu 1 ~ Thp, ¢
koppeagropom Opnurreiina — [epruke [11].

Bce aTo MBI cefiac mpoaestamm WIITIOCTPAPYET ob1mii MUK pPOCKOIIYECKHT MeTO, HCCIeToBaHuA dha-
30BEIX Tepexonos 11 poma ¢ momonpro muarpamm. CHa9asia Hy KHO HCCIENOBATH (MJIyK Tyallun IapaMeTpa
nop#AnKa B KBanpaTHIHoM ( “rayccoBoM” ) mpubsmxennu. B narnoM citywae, napamerpoM nmopanka, gpak-
THIeCKH, ABIAeTCA Pyphe — KOMIIOHEHTA CMENIEHUA aTOMOB PENIETKH C BOJTHOBBIM BEKTOPOM k = 2pp.
Ecam dasoserii mepexon meficTBATETHHO MMEET MECTO, TO MOJIKHA CYyIIECTBOBATEH TEMITEPATYPa, IIPH KO-
Topoil cmcTeMa “cMmArdaerca’ HACTOJIBKO, 9TO craTHIecKard (wy, = 0) KoppenammonHaz pyHkmmza (B
FIMILy/IECHOM IPENCTaBIeHNH ) 0OpaliaeTca B 6ECKOHETHOCTD. DTO yCJIOBHE U OLPENEIAET TEMIEPATYPY
mepexoia B KapTuHe ‘cpemaero mosia’ . [lajiee HyKHO M3y dYWTh IIMHHOBOJJIHOBBIE (DIIYKTYaIlHN apaMe-
Tpa MOPANKAa W UX B3AUMOIEHCTBHE B OKPECTHOCTH TOYKHT Pa3zoBoro mepexona. 1aa 3Toro HyKHO BEIHTH
3a IpemeJIsl KBaIpaTHIHOIO (rayccoBa) IpubG/IDKeHHA. B paccMoTpeHHONH MOome Il HYKHO yIecTh “aH-
rapMOHHSMBL , 00y CJIOB/IEHHBIE 2JIEKTPOH — (POHOHHBIM B3anMoIeiicTBreM (HaopHMep OHATPAMMEL IJLA
CBOGOMHON »HEPIUM C Y€THIPbM:A BHEITHUME “XBocTaMu’ oT (pIyKTyaluii mapaMeTpa MmopaaKa, KOTOphIe
6yIyT pacCMOTpEHB HaMH B masbHeiimem). B pesynbrare, paxrmaeckn, morydaeTca COOTBETCTBYIONIEE
passioxenne tuma | maszbypra — Jlammay, ¢ momMombI0 KOTOPOTO W TMPOBOMUTCA WCCIIEOOBAHUE TEPMO-
OWHAMWKW CHCTEMBI B OKPECTHOCTH TE€MIEPATYPHI ITepexona. Takad cxeMa pacCMOTpPEeHHA yiKe ObLIa
peasm30BaHa BHINIE TIPH PACCMOTPEHUHN CBEPXITPOBOIMMOCTH.

PakTUIecKH, A OMHOMEPHBIX CHCTEM ITPOBEIICEHHOE BHINIE PACCMOTPEHWE ABJIACTCA GIPE3MEPHO
yupomerssM. Mbr yxe BEmemm (cp. paccyxmenna B cBasm ¢ (3.111) m (3.115)), ato nyra d = 1 da-
30BBIH mepexon ‘“‘cpemHernoseBoro” THIla Booblle HeBO3MOKeH. B masbHellIeM MBI enre BepHEMCHA K
06CyKIEHMIO 5TOTO BOIpPOCA W yBHAMM, 4T0 B obactu Temmeparyp I ~ Tpg B cHCTeMe BOSHHKAIOT
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pa3sBUTHIE CbJ'IyKTyaH,I/II/I GImKHET O mopdnkKa, a CTa6I/IJ'II/ISaH,I/IEI HUCTUHHOTO MAaJJIBHETrO IIOpAdKa BO3HH-
KaeT TOJIBKO IIpU y4YeTe€ TPpeXMEPHBIX B3amMOIecTBUI B cucTeMe OIMTHOMEPHBIX ITEIIOYEK aTOMOB (T.e.
B TpEXMEPHOM aHU30TPOIITHOM KpI/ICTaJ'LJ'Ie).

IIycTh Temeph B cucTeMe €cTh ellle M XaOTUIeCKH pacupene/eHHbe npuMech. B sToMm
caydae MOJTAPM3AlIOHHBIN onlepaTop ompenesideTca rpadbuKaMi, ToKa3aHHBIME Ha Puc.
6-4 1 3amncBIBaeTCAd KakK:

d
W(wpk) = QTZH:/ %G(Enp)G(en — wmp — BT (e, Wi, k) (6.37)
e
Glenéy) = ! s (14— L _ o? (6.38)
T e g T T T :
a “TpeyrosibHad” BepiimHa B “JdecTHnaHOM” npubamxennn Puc. 6-4 (b) onpenendercs
ypaBHEHUEM:

T(Enagn—ma q)
—1€p)(&p —VvPq + i€nm)

1 (o]
T(en,encm,q) =1 — %/_Oo d¢, @ (6.39)

TTle TIepellIn, Kak 0OBIIHO, OT HHTETPUPOBAHNAA IO dp K NHTETPUPOBAHNIO N0 df,, BBE/N

1 .
57+ OTciona cpasy ke nojydaem:

0B0O3HATEHNE £y = Ep — Wiy W YIJIH, ITO pvzyp =

€n 1

mén + Cnem — VFq

1
-1 _
T (en,6n—m,q) =1+ ;9(€n€n_m) (6.40)
g ynpolennsa pacueToB, MbI IPENIIOJIAraeM, 9TO TPUMECHBIE JIMHUY B “JecTHHIE Ha
Puc. 6-4 (b) He mepebpackIBAIOT 3JIEKTPOH ¢ OAHOTO KoHIa auann ®epvu Ha gpyroii. B
mpoTHBHOM caydae B (6.40) BosHHKAeT CHMMETPI30BAHHAA CYMMa UJIEHOB ¢ +¢.
B pesyabTaTe, HOIAPHIAMMOHHEIT OlepaToOp 3aluchIBaeTCA KaK®:

_ T(cnEn-m)q) _
Mgwm) = TN(EF)ZH:/CZ&” (180 — &) (Enem + & — ivrg)
€n 1

= —QFTN(EF)ZG(ETLEH—W) x

mén + 5n—m - iqu

1 €n 1 !
X l+ —0(epén_m)——= — - 6.41
{ +T (6 c )|5n|5n+5n—m_“}Fq} ( )

YTO CBOOUTCA K:

signen,

U(qum) = —27TN(Ep) Y 0len(en — wm)] (6.42)

. 2 .
2en — wm — tWpq + Zsigney
Ilasee Bce mpeobpasoBaHna MOKHO MPOBECTH aHAJTOTHIHO TEM, KOTOPBIE AeJIAJINCh BBIIIE

mpu mepexoze ot (6.13) k (6.22), Tak 4TO MOy UNM:

1
U(qwm) = —27TN(Ep) e =

2 . .
—wm| + 2 — ivpgsigne,

= —27TN(Er) Y ! -

2 .
502 twm+ - —ivrg

5B OTJIMYINE OT AHAJIOTHUIHBIX pPacYeTOB, IIPOBOMUBIINXCA B IIPEABIAYIINX IJIaBaX, 34¢Ch HaAM y;[06Hee
CHa4vaJIa BBI9YUCJ/IUTH UHTETrpaJI 1o fp.
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=>M}M>
- e - >

Puc. 6-4  TlonApnsaunoHHbIi onepaTop AAA cucTembl € NpuMecsamn (@) 1 cooTBeTCTBYOWAs
“TpeyronbHas” sepuHa (b).

+ ..
(b)
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1
20 +wm + 2 +iveg

—27TN(Ep)

n>0

2vE 1 1 m 1 )
= N(Ep)In £ — —N(EF>{¢ (—+ L + qu) +

al 2 2 AxT 27Tt 4T
1 W, 1 wpq 1
- - -2 - 4
+¢<2+47TT+27TTT 47TT) ¢<2)} (6:43)
Orcioma nMeeM ypaBHeHHue AJid boHoHHONR dyHKmmn ['puma:
27 FE
wgpF D_l(qwm = (iwm)z _ w%pF {1 —Aln % +

)
A 1wy 1 ivpq
) [1/’ <§+ T 2T T 47TT) +

1 Wm 1 wpq 1 _
+v (2 YT T o 47TT) - (2)]}_

T
= (1w, 2 w2 Adln—
(Z(.d ) WZPF n TpO +

1T (1 wm 1
+—[¢(—+“ + +qu)+

2 2 AxT 27Tt 4T
1 Wm 1 wpq 1
- - -2 - 44
+ 1/)<2+47TT+27TTT 47TT) ¢<2)]} (6-44)
Orcropa, ananorudno (6.23), me. us ycaosua D71(0,0) = 0, Haxomum ypasHeHwue,

onpenendoliee TeMieparypy 7, maiepscoBCKOro mepexofga B CHCTEME C IPUMECHAME
(JI.H.Bynaesckuit, M.B.Cagosckuii, 1974):

T 1 1 1
In =2 -4 — ] - -1 =0 6.45
Tho u (2 + QTTPT) ¥ (2) ( )
KOTOpoe 1o GopMe MACHTHIHO ¢ 0OCYyRKIaBIINMCA Bbille ypasHeHueM (5.157), onpene-
JIAIONIIM KPATHIECKYIO TEMIIEPATYPY CBEPXIPOBOIANIETO TIEPEXOIa B CHCTEME C MAaTHIT-

HBIMH TpuMecamu. Takum obpasomM, obbIIHEIE (HEMATHUTHBIE) TPUMECH (Pasynopamsode-
HFE) CHJIBHO TOABIAIT TEMIEpATyPy HalepsICOBCKOTO CTPYKTYPHOTO MEPEXOa.

ITaliepJsicoBcKUli TU3JIEKTPHUK.

Kaxk yxe ormeuasoch BbIlie, MaliepacoBCKad HEYCTORINBOCTh POHOHHOTO CIIEKTPA MPH-
BOJAMT K BOSHHKHOBEHWIO CIIOHTAHHOW AedopMarun pemreTkn (MENoYKn) ¢ BOJHOBBIM

BekTOpoM () = 2pp. IlocMoTpmMm, Kak omMCHIBaeTcd “KoHAeHCHpoBaHHas dasa, Cy-
HecTByIomadA pHu TeMmmepaTrypax 1’ < 1j,¢. 3amniieM TraMIIbTOHNAH CHCTEMBI B BHIE!
_ + + + +
H_ngap ap—i—Zwkbk bk—i—ngap_I_kap(bk—l—b_k) (6.46)
4 { pk

rge onpeacJanJan KOHCTAHTY CBA3U KaK:

W
g =9\ (6.47)
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HOCKOJIBKY MBI 3/1eCh MCHOJIb3yeM obosHadenus [1].

BosunkHOBeHNE TaltepJICOBCKOI CBEPXCTPYKTYPHI ONNCHIBAETCA BBENEHUEM CJIEMYTO-
HIETO AHOMAJIBHOTO CpeHero [25], HapyIIalouero TpaHCAAIMUOHHYI0 CHMMETPHIO UCXOJI-
HOW peleTKu:

A=gopp <byp +bF,, >#0 (6.48)

Tle YIJIOBBIE CKOOKH 0603HAYAIOT CTATHCTHIECKOe CpeHee. BOSHUKHOBEHTE TAKOTO aHO-
MaJIbHOTO CPEIHETO MOKHO TPAKTOBATh Kak 003e — KOHIEH AN (POHOHOB B COCTOAHUT
¢ KBasUUMITYIbcoM () = 2pp. B koopaunaTHOM mpencrasienun (6.48) onnceiBaer moTeH-
UAaJbHOE TOJIe BOJIHBI TallepJICOBCKOM medopmManun:

V(x) = Ae'PrT L A*e™ 07 Z 9|A| cos(2pri + ¢) (6.49)

rae |A| npencraBasger coboii Monysb, a ¢ — dasy COOTBETCTBYIOUIETO apaMeTpa Mo
pamka: A = |Ale’?.

Y106bI HAWTH CIEKTp 2JIEKTPOHA, ABIKYIIeroca B nose (6.49) HyxkHo, darTndecKn,
pelnTh 3a7a9y O JBKEHWH 3JIeKTPOHA B OJHOMEDHOM IepuoandeckoM moJe. Kak at1o
JleJTaeTcsd XOPOIIO W3BECTHO W3 JI060TO Kypca Teopuu TBepAoro tesa. Ho mocMmoTpum,
KaK »TO MOXKHO cielaTh B paMkKax merona ¢yuknuit ['puna. g Hekoropoit obimHocTH
PACCMOTPUM IABUKEHUE 3JEKTPOHA B TEPHOINICCKOM MOJIE ¢ TPOU3BOJIBHBIM BOJTHOBBIM
BEKTOpOM ():

V(r) = Ae'@" 4 A*e197 = 2|A| cos(Qx + ) (6.50)

Torma, orpaHUYNBAACH MEPBBIM TOPAIKOM 1O V| BCe MOXKHO ONMMUCATEH CUCTEMOI ypaBHe-
Huit nua dyaknmit ['pura tuna ypasueruit ['oppkoBa, mokasanuoit rpadudeckn na Puc.
6-5. B wactHOCTH, B TexHWKe T = ( MBI MOXKeM 3aMWCATh 3TY CHCTEMY B CJIEHYTOIIEM
BUE:

iG(ep) = iGo(ep) + 1Go(ep)iAiF (ep) (6.51)
iF'(ep) = iGo(ep — Q)(iA)"iG(ep) (6.52)

e HOpMaJbHasd U aHoMadbHad GyHKIMH [prHa (B NMIYIBCHO — BPEMEHHOM MpPEICTa-
BJICHUN) ONPENETAIOTC KaK:

G(tp) = —i < Tay(t)at (0) > (6.53)

F(tp) = —i < Tay(t)a_,(0) > (6.54)

Anomanwsrag pyukmua [puna F (6.54) onnckiBaer 3mech sJIeMEeHTADHBIN IPOIECC Tepe-
6poca p—() — p, KoTopbiii BosHEKaeT B epuoandeckoM noste (6.50). Cucrema ypasHeHnit
(6.51), (6.52) J1erko MepennckHBaeTCa B BHIE:

(e —&)G(ep)+ AF(ep) =1 (6.55)
(e = &-@)F(ep) — A™G(ep) = 0 (6.56)
pellleHre KOTOpOoil maet:
ep) = £—E&p-q
G = T e 6]~ AT (6.57)
Flep) = A (6.58)

(e=&)e—&—q) — 1A
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A
Lo . _p ., _pieap
.

Puc. 6-b [Hunarpammyoe npeactasneHue “ypasHenuin [opbkoea” nna snekTpoHa, OBMXKY-

Lieroca B nepnogny4eckom none.
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s £(p)

1 1 »
>

-a2 ar P

Puc. 6-6 CrekTp snekTpoHa, ABNKYLLErOoCA B NEPUOANYECKOM MOJSe C BOSHOBbIM BEKTOPOM
Q) (“nByxBonHosoe" npubanxeHne).

Hynb snamenaTestedi (mosmioc) onpenensaeTcs 30ech ypaBHEHTEM:
(= &) —&-q) — 1A =0 (6.59)

KOTOpO¢€ onnpeaejdeT CTaH,D;apTHbIﬁ OTBET OJdA CIICKTpa “HOBBIX” KBa3sU4YaCTHIL:

pZ

2(0) = 36+ Gm0) 2 16— el + AR, = L (6.60)
m
T.e. “30HHBIA” cnekTp B “aByxBosnHoBoM” mpubsmkenun [27], KoTopbiil mokazan Ha Puc.
6-6. EcrecTBeHHO, 9TO BCe pacCMOTpEHNE CHMMETPHYHO OTHOCUTENIBHO () — —@Q).

Hna @ = 2pp ypoBerb MepMu p OKasbIBAeTCAd B TOYHOCTH B MEHTpE 3alpelieHHoH
30HBI (IIEN) WHPHHON 2A, TaK YTO CHCTEMA CTAHOBUTCA Juasexmpurom. IIpu 5ToM B of1-
HOMEPHBIX CHCTEMAaX JIJIF CHEKTPa CBODOTHBIX 3JIEK TPOHOB BCET/IA BBITTOJTHIETCS YCIOBHE
“HecTuHTa” :

&p-@ = &p—2pr = —&p (6~61)

B UeM JIETKO yOemuThed, B3MIAHyB Ha Puc. 6-7. Torma crnektp (6.60) cBommTesa X Bumy

BKIII:
e12(p) = =4/ + AP (6.62)

a oz, £, MBI MOXKeM, KaK 0OBIUHO, TOHAMATh CIeKTp, JUHeapU30BaHHbIH BOIM3N ypoBHA
Pepmu.

I‘Ia.CTO OTpeacTaB/JIdeT HHTEPEC paCcCMOTPEHUE 3JIEKTPOHHOTO CIIEKTPa B HpI/I6J'II/I)KeHI/II/I CHJIBHOM CBA3H
[27]. Hampumep B Momesnm ¢ WHTerpaJsioM ImepeHoca .J, OTJIMYHBIM OT HyJIA TOJIBKO [IA GJIFKARmmx
coceneit (B I_LerlotIKe)7 MMeeM CHeKTP BHIIA:

ep = —2J cospa, Ep =ep — u=—2Jcospa (6.63)

Tae a — IIOCTOAHHAaA pEelleTKHA (paCCTOHHI/Ie MEXKIYy aroMaMH B I_Iel'IO‘IKe)7 a BTOpO€ paBE€HCTBO CIIpaBel-

JINBO NJIA HAIIOJIOBHHY 3allOJIHEHHOH 30HEI (OIMH 2JIEKTPOH IPOBONHMOCTH Ha aToM), KOIOa pp = %,
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Puc. 6-7 T[padnyeckas nnntocTpaums BbINMOJHEHNA YCIOBUA HECTUHra ' A4NA OQHOMEPHOrO
cnekTpa ceoboaHbIx anekTpoHos: K = () = 2pp.

u yposenb PepMm mpoxonut B ToUHOCTH B IeHTpe 30HE (Ep = 2.J, ectm OTCIMTHIBATD HEPTHHE OT NHA
sombl, Ho Ep = p = 0, ecsm oTcanTsBaTh Heprum oT yposHA Pepmu). B srom cirywae Q = 2pp = %,
9TO COOTBETCTBYET IallepJICOBCKOMY II€pEeXOdy C yOBOEHHEM IepHoaa WCXomHol memodkm. [Ipm sTom
OIATH BBIMOJIHAETCA yCJA0BUE “HEeCTHHTA B BHIE:

gp—Q = —fp, Ep_g = —¢€p (6.64)

Bun criek rpa mocste maftepsrcoBCcKoro mepexoia IjId 3TOTo CIydad MoKasaH Ha Puc. 6-8. [laansrit mpuMep
TUMWYEH IJIA Caydad cousmepumozo nepexona llaliepsica, Korma mepmon BO3SHUKAONIEN CBEPXCTPYKTYPBL
COCTaBJIAET PAaHOHAJIBHOE OTHOUIEHHE C IEPHOIOM HCXONHOM IIEM0YKH (B 9aCTHOCTH, PaBEH IEJIOMY TH-
cay mexonmsix nepmuonos). Corydali, Korna HCXONHBIA CIEKTP 2JIEKTPOHOB B LENOYKE GEPETCA, KaK 3TO
I€JIaJIOCh BBINIE, B IPHG/IIDKEHAN CBOGONHBIX 2/1eKTpoHOB (Prc. 6-7), aBagerca xopomeil Monesbo nis
necousmepumozo nepexona llaiiepiica, Korma mepmo HOBOM CBEPXCTPYKTYPHI HUKAK HE CBA3AH C IIEPUO-
oM HCXOTHOH IenouKn (HecomsMepHM ¢ HEM). B wacTHOCTH, T0 CBA3aHO C TEM, 9TO B MOIEJIN CBOGOTHBIX
3JIEKTPOHOB ypoBeHb PepMu oIlpemneAaeTcsa TOAbKO KOHIEHT paItiell 2/ IEK TPOHOB IMIPOBOIMMOCTH U HUKaK
He CBA3aH C MEPHOMOM UCXOmHOU pemrerku. B maspHelimrem Mbr Bcerma GymeM paccMaTpUBATh MMEHHO
5TOT TMOCJIETHI corydaii.

Mepemmiiem cucremy ypasrenuii (6.51), (6.52) B MamybapoBckoii TexHUKe:

G(enp) = Go(enp) + Golenp)AF (enp) (6.65)
F(enp) = Golenp — Q)A*G(enp) (6.66)
win (IpH BBIIOHEHNH YCIOBHA “HecTHHTa” ):
Glenp) = ——— + — L AF(e,p) (6.67)
nP) = iEn — fp iEn - gp nP .
1
Fe,p) = ————A*G(e, .
(enp) F— G(enp) (6.68)
YTO ellle MOXKHO IIepelucaTh I TaK:
(len, — &p)Genp) — AF (epp) =1 (6.69)
(len + &) F(en) — A"G(enp) =0 (6.70)
410 o popme (mourn!) conamaer ¢ (5.108) u (5.109). Peurenne sToii cucrems gaer:
en + &
G(epp) = — 6.71
(6 p) (Zgn)z_gg_ |A|2 ( )
A*
F(enp) = (6.72)

(ien)? =& — A
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Puc. 6-8 CrekTp 2nekTpoHOB B NaliepICOBCKOM AM3MEKTPUKE B CyYae NCXOLHOrO CreKTpa
MOLENN CUNBHON CBA3UN, ANIA Cry4as yABOEHWUA Neproaa.

970, OMATH — Taku, mouTH copmagaer ¢ (5.111) u (5.112). Orandane ToNBKO B 3HAKaX

(5.112) u (6.72).

Kakns TE€OPpHUU CBEPXIIPOBOANMOCTH, OJIdA HaﬁepJ'ICOBCKOI‘O AA3JICEKTPAKa MOXKHO BBECTH MATPUIHY IO

byukmmo ['puna Buma:

N ien —A¥*
G l(enp) = ( b _pr P ) (6.73)

wm (F~ = F)

N € F= G++ G+_

Gi(enp) = ( oo ) - ( el (6.74)
rme obosHavweHns + coorBercTByIoT “KoHmam’ mosepxHocrm (ymEun) Pepmu (tpp) B ogeBHIHBIM Ire-

pexonaM »J1€eKTpoHA B paccMaTIpuBaeMoll cucreMe. JacTo ropopar o + (“mpassix” mmm “1eBBIX”) 2JIeK-
TpoHax. B momosHenme ¥ (6.69) u (6.70) 3[eCh ellle BOSHMKAIOT OYeBUIHBIE YPABHEHMA:

(ien + €p)Glenp) — A¥Flenp) = 1 (6.75)
(ten — fp)F‘I' (en) — Aé(snp) =0 (6.76)
W3 (6.71), mocte aHATATHYECKOTO TPOIOIKEHNUA i€, — £+48, HeTPYAHO (AHAJIOTHIHO

(5.78)) mocumTaTh MIOTHOCTE SJIEKTPOHHBIX cocTodaHm BOIMsN yposHa ®epmu, KoTopas
uMeeT TOT Ke Bui, uro u (5.79) reopun BKIII:

N(Er) 0 npu le] < |A]

XapakTepHBIfl BUI MIOTHOCTH cocTodHmit mokazan Ha Puc. 6-9. HecmoTpa ma mouTn
MTOJTHOE COBIAJEHNE TIOJIYIEHHBIX 3/1ech Bhipaxenuii ¢ Teopueit BKIII, us Bcero mpempi-
JYHIET0 PACCMOTPEHU sACHO, YTO BO3HMKAIOIIAs 3[eCh dHepreTHYecKad eab |A| umeer
Juasexmpureckyro IPUPOIY.

IToka mbI eme cmenanu “mosigena’ — HYXKHO ellle HANUCATh ypaBHEHUA JId Ca-
MOCOTJTACOBAHHOTO OTpEIEJIEHNA BeAUIUHb A, KoTopasd MOKa 4TO BBemeHa “pyKamu’ .
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Puc. 6-9 T[lnotHocTb snekTpoHHbix coctosinmi BKLL — Tuna B namepncosckom ausnek-
TpurKe.

TMockoapKy A ompenensgercd aHOMATBHBIM cpegnuM (6.48), MBI TOIKHBI BBIIACATH (Ma-
ny6apoBCcKHe) ypaBHEHNA TBHKEHNS IJId ONEPATOPOB bg 1 bg U yCPeTHUTH nX 1mo I'mbbey.
C nomombio TamuibToHHaHA (6.46), CTAHZAPTHBIM 00PA3OM MOJIydaeM:

)
<_8_7' - wQ) <brg(T) >= —g09 E < a;'iQap >= —gg E FE(pr=-0) (6.78)
P P

)
<_8_7' + wQ) < bIQ(T) >=gq Z < a;'jFQap >= —ygqg ZF:F(])T =—-0) (6.79)
P P

Orciofa, KcTaT, cpasy e BHIHO, 9To “GoHOHHOe” anoMasIbHOe cpennee (6.48) mporop-

IMHOHAJIBHO “5JIEKTPOHHBIM” aHOMAJIBHBIM CPEIHUM THUTA < a;'iQap >5. B cpasu ¢ 5THM

HHOTIa TOBOPAT, UTO 37IECH MBI IMEEM JIETIO C IAEKMPOH — JbiPOUHBIM CTTADIBAHIEM.
ITocsie mepexoma Kk pypbe — KOMIOHEHTAM IO MaIybapoOBCKOMY “BpeMeHn” , CHCTEMa

(6.78), (6.79) cBomuTCH X:

(iwm — wQ) < brg >uw,=—gg > > F*(pen) (6.81)
P n

(iwm +wQ) <blg >w.=00 > > FF(pen) (6.82)
P n

801croma xe scHO, 910 B cucTeMe posHEKaeT CDW — ee mapaMeTp mopaoKa eCTh < a;iQap >. Hoa

dypbe — KOMIIOHEHTHI IIOTHOCTH 3apAna uMeeM (Q = 2pp):

< pg>=pobla) +o18(a £ Q). p1~ Z <afygap > (6.80)
r

aro m maet < p(z) >= po + p1 cos(2ppz + ¢).
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Orcioga uMeeM:
9Q
<bg+bty >u,= _WQWQTZZFWWJ) (6.83)
m p n
s wy, = 0 (6ose — koumencar!) orciona uMeeM:
+ A +

<bg+bty >u,=0= " d&, Ty " F¥(enp) (6.84)

Ijle Mepeuuin, Kak OObIMHO, OT CYyMMUPOBAHHSA 1O p K HMHTEIPHPOBAHUIO HO &, U yUIH
ompenenenne (6.21). Torma ns (6.48) u (6.84) monydaem:

Ep
A=gq <bg+bty >u,z0= —/\/ de, TS F*(e,p) (6.85)
—Ep -

TIe ellle BBEJIM obOpesaHne pacXomdlilnerocd WHTerpasia Ha »HEPIugAX mopanka £ Fp, ama-
JIOTHYHOE 00CyKIAaBIIEMycs Bhille obpesannio o dactoraM. [logcraias ciona (6.72) u
TPOBOIA OOBITHBIE BEIUHCACHNA, aHAJOTHIHBIE BBIMOIHABIIAMCS BBIIIE B TEOPHH CBEPX-
TIPOBOIMMOCTH, TTOJIydaeM ypaBHeHme mis menan A tuma BKII:

N 1 £+ A7)
1_A/0 d¢ €2+A2(T)th T (6.86)

U3 KOTOPpOT'O HEMEAJICHHO CJeNYET, 9TO TeMIIEpaTypa HaﬁepHCOBCKOI‘O nepexoga n BeJIn-
YWHa IIeJIN IIpn T=0 OIIpedeJAI0TCA CTaHJaPTHBIMU BBIpDAa2KCHUAMM

Tho= LEpe™,  Ag= Ty (6.87)
™ 2

B wacTHOCTH, BeJIMUHHA TeMIEPATyPH Mepexona T,p, €CTeCTBEHHO, coBlanaeT ¢ (6.24),
TOJIYIEHHOW U3 paccMOTPEHNs HEYCTORINBOCTH “HOpMaJIbHOW (a3l

[MoyuurespHO paccMOTPETh KOHIEHCUPOBAHHYIO (ha3y maliepIcoBCKOTo MuaIeKTPUK A
¢ y4eTOM paccedHHd Ha HEMATHHTHBIX HpuMecax'. [leficTByeM cTaHAapTHBIM 0OpasoM
U BBIIWCBIBAEM CHCTeMY ypaBHeHnii ['OpbKoBa ¢ y4eTOM NPUMECHOTO paccesdHnd (IId
caydaa cnaboro becniopsanka ppl > 1), mokasannyio rpadudeckn #va Puc. 6-10 (cp. Puc.

5-8 u mocsenyolee pacCMOTPERNE /1A CBEPXIPOBOTHIKOB):

G(Enp) = GO(Enp) + GO(EHP)E(ETLPP)G(EHP) + GO(Enp)AF(Enp) +
—I-Go(EnP)E(EnPP - Q)F(Enp) (688)

F(enp) = Golenp)X(enp — Qp — Q) F(enp) + Golenp — Q)A™G(enp) +
+G0(5np - Q)E(Enp - QP)G(EHP) (689)

Bce obosHadeHnd 37eCh CaMOOYEBUIHLL. PellleHne »Toll cHCTeMBl ypaBHEHHH, ¢ y9eTOM
ycaosua “mectuHra’ &,_g = —&, (mpu () = 2pp) mMeeT caemyrommuii Bug (cp. (5.137),
(5.138), (5.139), (5.140)):

G(enp) = [i8, + &) Det™! (6.90)

73aO,ZLHO MBI JOCTATOYHO HO,E[pO6HO IIpOBE€OEM BC€ BBIYUCJICHHUA, TPAKTUYICCKH TOXICCTBECHHBIC TEM,
KOTOpHbIE GhLIII OIIYIIEHBI BRHINIE IPU PACCMOTPEHUHN CBEPXIIPOBOMHUKOB C MAarHUTHBIMHU IIPUMECAMM.
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A
—— T | e | + el
A*
rEN /*\‘
Yopm = bl + + i

A >

Puc. 6-10 VpaeHeHun [opbkoBa AnsA nanepncoBcKoro AM3MeKTPrUKa C YYETOM MPUMECHOTO
pacceAHNA.
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F(enp) = A*Det™? (6.91)
rie
i€p, = ien — B(enpp) = icy — Tplen) (6.92)
A =A+Y(eap—Qp) = A+ Talcn) (6.93)
Det = (i5,)* = &2 — |A, (6.94)

Ipu4IeM, aHaJIOTUIHO TOMY, 9TO IIOJIYy9aJIOCh B 3aJa9e O MpUMECAX B CBECPXIIPOBOJHUKE,
1 3JeChb NMeEEM:

e r 1€y
Yolen) = pvzyp/ dé,Genéy) = ) = (6.95)
- &+ [An]?
o r A,
Sa(en) = vaI/F/ A6y F(eny) = — 5 ———tees (6.96)
> &+ |An]?
rme [ = % = 2mpv?yp. Torma us (6.92) - (6.96) umeem:
r e
i€, = ey + 5 e (6.97)
\En + [An]?
- r A,
Rp=An—g (6.98)

VER A+ 1A

ObpaTwre BHUMaHNe Ha pasHble 3HAKN B (6.97) 1 (6.98), 4T0 0T/IHIAET 5TOT PE3YIHTAT OT
(5.142), (5.143) u (5.145) m genaer ero ananornanbim (5.152), (5.153) (MarEuTHBIE TPH-
MeCH B CBEPXNPOBOMHNKAX). DTO €CTh MPAMOE CJIEICTBHE OTMEYEHHOTO BHIIIE OTIHIHA

(6.71), (6.72) ot (5.111), (5.112).
Beoma

Uy = = (6.99)

3 (6.97) u (6.98) Haxomum:

€n T 1
77 G [ — 6.100
A { A\/u%—l—l} ( )

Do ypaBHeHUe OlpenedeT U, Kak GyHKIMIO oTHomeHui £, /A u T'/A. 3uad u,, MOXKHO
HaiiTu:

1 U,
En=€n+ z[—— 6.101
2 Jui+1 ( )
Ap=Aqir—L (6.102)
" 2 ul + 1 .

Anayornyno (6.85), mapamerp nop#nka (1esib) A ompegenaeTcs Tenepb ypaBHEHTEM:

A= —ATZ/dgpF+(engp) (6.103)
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A_
A2

- _’\TZ/ fp 52

nJjin
Hpeﬂ;eﬂbl HMHTETPpUPpOBaHNAd ITOKa HE ITUIIEM yMbIH_LHeHHO' Brrarem TEnepb ClipaBa U CJIEBa

BbIpaxKCHHE, CTodllee B IIpaBOM YaCTU IIpH A —-0us OTCYTCTBHE IIpUMECEN TOI‘,D;&

1—|—/\TZ/ dgp .

-
(6.105)

IIOJIYHYHNM:

_/\TZ/ d&p{(ien)z —e2 - EE  (ien) &2}

n —00
Hpe)lem:l TYyT YK€ MOXKHO B34Tb OeCKOHEUHBIMHI BBUIY 6bICTpOI/[ CXOOUMOCTH MHTErpa-

Tpo _

(6.106)

JIOB.

Breraucagaa JIEMEHTAaPpHBIC MHTET'PAJIBI, ITIOJIYHa€EM
Q’yEF
=Aln
T

1—/\TZ| |_1—/\1
A,
A _ 1

= -AT _—e
Zn: NEITNrEN

rlie IpH BBIMUCJIEHUU CYMMBI 110 B JIeBOll YacTu BBesu obpesanue Ha |¢,| ~ Ep, Kak
510 OBLIO chesano Bhilie B (6.16), a B mpaBofi yacTu MOXKHO BECTH CYMMHDPOBaHHE IO
* bl

A } (6.107)

1
2 _ar - =
" ;{m Vi

BCeM n 10 GeckoHednocTH. B pesymbrare, ncnonnsya (6.99), cpasy ke moaydaem

rae uy, omnpenenserca ypastenneMm (6.100). Tpu A — 0 us (6.100) numeem
unA—>5n—|—F|€ | (6.108)
(en + Tsigney) (6.109)
(6.110)

U, = A~
1
~llen| + 11

\/1—1—11721—>|un|:A

Torma
u w3 (6.107) nonywaem cieayroliee ypaBHEHHE I/IA TEMIEPATYPHI TEPEXOIA

In ——2 Tp;{gn €n+r

TaK 49TO

(6.111)

9TO, C HCHOJIB30BAHUEM (6 19) CBOJHUTCA OIATH K yXKe 3HAKOMOMY HaM YpaBHEHHUIO
(5.157), (6.45):
Tho 1 r 1
In =L = - - - 112
S dta= Rty @11
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il (6.113)

Mpu mamsix T' orcioga, anamorngno (5.160), umMeem
T

I'="T,— —

PO 4r

Tp ~ Tpo — Z

It xpuTmdeckoro 3Hadenud I'., IpHW JOCTIKeHWH KoToporo 1, obpalljaeTcd B HYJb
A

0o (6.114)

MOy YaeM:
.= — = — = —
T 0 2
e Agg obosHadaeT 37ech mesb Ipu 1 = 0 B B 0TCyTCTBHE MpUMecei (6 87)
Paccmorpum Teneps cayqait 7' = 0. Bremem obosuaueHus:
Ngo=A(T=0;T=0) (6.115)

Ag = A(T = 0;T),
B paccMoTpeHHBIX BBINIE ypaBHeHndAx, npu 7' — 0, HyKHO TIpoBecTn 3ameny: Ty ... —
g—;... B wacrHOocTH, (6.104) cBOmMTCA IPH 5TOM K
de A
1:—/\/—/d€ —a - (6.116)
o) E g 1A
e & m A OIPENENATCS aHAJINTHIECKHM pogosKerneM (6.97) — (6.107):
Ee=¢e+ = L (6.117)
< 241 — u2 '
~ T 1
A=Ay — ——— A1
N (6.118)
€ r 1
—uql - ———— 6.119
Ay { A1 — w2 } ( )

Boranras us mpasoit n seBoit gacreli (6.116) BopaxeHnne, crosdliee B IPaBoil 9acTH €ro
Ke, B3dAT0e IpH A, — Ag u & — £, mosryunM (yCTpeMJIAd K OECKOHETHOCTH MPENeIbl

I/IHTeI‘pI/IpOBaHI/Iﬂ B 6bICTpO CXOOAINXCA I/IHTeI‘pa.HaX)
2F
—14+An=2E = _\In =
0

1+/\/
/€2+A2 0
:_/\/Oo de/ B 1 _
— A2 2 €2 A}
A/
= — de 0 —
2 J_o \/Ag—é2 VAL — €2

Tak uTo A4 mesn 1npu T = 0 uMeeM cienyioliee ypaBHeHHe
1 1 1
V1= 22

AO _ (o] Ao—l B _ (o] N
lnA—oo_/o dE{\/l—uz \/Ag—é}_/o ! {\/l—uz(x)
(6.121)

B mepeom mnTerpase B (6.121) mepexoauM oT HHTErPUPOBAHNA MO & K WHTETPHPOBAHHIO
- = bl

(6.120)

l>l>
—

o u, ompenensgeMoMy ypasHeHueM (6.119), 9To, ¢ yaeToM & = 00 = U = 00, & =
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2
OHUO:OHpHALog1,1/19::0<—>u0:4/£—g—1HpMALD>1,HpI/IBOJ1MT(HOCJIe

BBIYUCJICHUA 3JIEMCHTAPHBIX I/IHTeI‘pa.HOB) K:

A —%ALD npu ALD <1
hl—o = 1 2 —-1/2 A 2 1/2 T 2 1/2 r
Aoo —garcly (A_) + T (A_) —Injx;+ (A_) mpn x> 1

(6.122)
Orciona, HampuMep, caexyeT, 9ato A =0 mua I' > T, = Ago/2 = 71,0/27 (cp. (6.114)).
II10THOCTD EKTPOHHBIX COCTOAHMUIL OlpeneageTcd Kak:

N 1 [ z,
(2) :__/ dﬁplm%:
N(EF) T oo £2 -2 — A2

Ee U
s I (6.123)
Az a2 Vi—u?

=Im

Ime U = u (ALD’ ALD) ompenengerca us (6.119). fcho, uro Benmunna (6.123) He paBHA

HyJ1io ipu |u| > 1. Besuduna xe 1iesau B CleKTpe onpenesdercd obJacThio €, B KOTOpoit
(6.123) pasra mymo. Torga ms (6.123) HeTpyAHO BUAETH, YTO HOJIYUIHPHHA IEJN OMpPe-
nengerca kak Mawxe = ¢4, upu koTopoM (6.119) emre mmeeT meflcTBHTEIBHOE pellleHne

&
OJ1d U (A_u)’ npudeM Takoe, 9ro |u| < 1. OueBUIHO, 4TO TaK ONpeIeJcHHAS BEJIUTHHA

€4 3aBHUCHUT OT OTHOINCHHA ALD. IIpn I' = 0, ouennano, mMeeM €, = Agg. Makcumusupysa

npasyio dacTs (6.119) HaxommM u, (ALD) =u (ALD’ Z—i):

r 1 g

— _ € _ -4
s ycnosusa F'(uy) = 0 uMeem:
r 1 u) r
1—— — g — =0 6.125
Do Si—wz (L=ug)?? Ao (6:129)
TaK 9To r
(1—u2)®? = ~ ul <1 (6.126)
0
OTKy/Ia CJIEIYET:
T\ 2/3
Uy = A1 — | — 6.127
== (%) (6.127)

Moncrasmaz (6.127) B (6.125), monydaeM OKOHYATETBHO:

3/2
23 /
s =200l (5 (6.128)

Taxmm obpasoM, nmeeM ¢, = 0 mpn ALD > 1, Korma TJIOTHOCTH COCTOAHUIT CTAHOBUTCA

“GeciesteBoil”, HecMoOTpA Ha TO, UTO (mMapamerp mopanka) Ag # 0. CoorercTByIOMIALd
obsracts onpenensderca (npu T = 0) HepaBeHCTBOM:

A00

Ag<T< =7 (6.129)
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Mpu T' = Ag us (6.122) cenyer Ag = exp (—%) Agg, Tak 9To cooTBeTcTByfoIIEe ' =

2 exp (—%) . =~ 0.91T,, garo u ompenensger y3ocTh OeciieneBoii obmactu Ha daszoBoii

Aauarp ELMMG8 .

Passoxxkenue I'muz6ypra — Jlanmay noJist mmaii-
epPJICOBCKOTO IIepexoja.

I obnactu Temmeparyp 1 > Tpo, AHAJIOTHIHO TOMY, KaK 3TO OBLIO CIEJIAHO HJid
CBEPXIIPOBOAHUKOB, MOXHO IIPOBECTHU DPAa3JIOKEHUEC CBO6OILHO]7I SHEprum CHUCTEMBI, HUC-
OBITBIBAOLICH Naliep/JICOBCKUNA CTPYKTYPHBIN Hepexol, B pdll IO CTEIeHAM HapaMeTpa
IIopdiakKa:

Ag =gq < bg+bl>, Q ~ 2pp (6.130)

Cpasy Oynem paboTarh B CTATHYECKOM NMPUOIMKEHUH Wy = 0.

Haireii miesibto sgBgeTCd MOTydeHIEe MUKPOCKOMUYIECKUX 3HAaUeHUH K02hHUIIEeHTOR
B pa3JIOKEHNN /1A Pa3HOCTH CBOOOTHBIX 9HEPTHH “KOHAEHCHPOBAHHON 1 “HopMaJsIbHOI”
dbas caenyiomero Buga:

F(Ag; T) = F(0; T) = a(Q)|Ag* + 0] Ag[* + - -- (6.131)

Cam Buz pasnoxennd (6.131) ciaenyer us obeii Teopun Jlanmay $hasoBHIX MepexonoB
IT poma [11].
Brutagst or (6.130) BosHukatoT u3 dboHOHHON YacTw TamuabToHnaHa (6.46):

Hyp =Y wobbbe (6.132)
Q

" 9aCTH 3JJCKTPOH — (bOHOHHOI‘O B3anmMOoJieiicTBUA:

Hing =Y Aqat, qap (6.133)
PQ
OcraBigsa BKJIaJ TOJBKO OT OMHON MOABI ¢ (PUKCHPOBAHHBIM (), IMeEM:
[Aql* _ N(EF)
=
295 A

< th >=wqg < bng + thb_Q >=wq |AQ|2 (6134)

Torna, NOJAB3YACh CTAHAAPTHBIM METJIEBBIM Pa3JIokKeHHeM CBOOOIMHON sHepruu [1] B paz
o cTeneHaM H;p¢, HEMeIJIEHHO TIOYINM pasJiokeHNne, moka3anHoe Ha Puc. 6-11. dcHo,
aro Bkaan Puc. 6-11 (a) onpenenstor Bkaan a(Q)|Ag|?, a rpaduk Puc. 6-11 (b) maer
b|Ag|*. Mpwn BBruCcHeHnAX ciaexyer nmoMHuTH [1], 9To BKIan rpadmka Puc. 6-11 (a)
HY’KHO YMHOXWTH Ha JONOJMHNTeNbHBIH dbakTop 1/2, Bkian Puc. 6-11 (b) ma 1/4 co-
oTBeTcTBeHHO. KpoMe Toro, mpym BRIMMCIEHNN TIeTeJIb HyXKHO YYECTh BKJIAIBI OT 000MX
“konrnos” moBepxHocTH (uHNK) PepMu, UTO JaeT HOMOTHUTENBHBI] dhakTop 2.

8Bce »Tm pesyILTATH M METOI HX IOJIYYeHHA HEIOCPEACTBEHHO MepeHoCATCA Ha 3a0a9y O MATHHT-
HBIX TPUMecAX B CBEPXTPOBOIHUKAX, 06GCYKIABIUIYIOCA B TpembImyineil riase. PakTHIecKW BIIEpPBEIC
OHH BO3HHKJIH [P PacCMOTPEHHN UMEHHO »Toif 3anadu Teopun cBepxnposomumoctu (A.A.ABpuKocos,
JLIL.Topbkos, 1960)
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N(EF)lAglzl}“ +

Puc. 6-11 [paduyeckoe npeacrtaeneHme pasnoxeruns [nH3bypra — Jlanpay ona nanepsn-
COBCKOro nepexofa.
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®axTUIECKH, BCe PACIETHI, CBA3AHHbBIE ¢ BhIAUCacHHEM a(()) yKe GBbLIM MpoBemeHbI
B cBasu ¢ (6.10) — (6.32). Hosromy cpasy MoxeM HammcaTh (¢ yaerom @ = 2pp + ¢,

W =01 Ep_9pp = —&p):
%[Pm. 6-11 (a)] = —TZH:/ Z—iGo(engp)Go(gn’ €+ vrq) =
e (on B g (3 5) o (-3 - ()]} o
Torna umeem:
w=ven 5w e b (e i) o o 5) - ()]}
(6.136)

IIpu BBIYBCHIeHUn Ko3ddurmenta b cpasy npeHebperaeM ero 3aBUCHMOCTBIO OT ¢, TaK
qTO UMEeM:

1 1 d
b= [Puc. 611 (b)] = iT;/ﬁc;g(engp)Gé(en, —&,) (6.137)

W
signen,

1 de, . . 1 1 B . B
b= 5TN(EF)/2—7T7’Z,27rzznj TS st —TN(EF)QmZn: G~

_ N(Er) Z 1 O T¢(3)
T 16n77 2 (n+ 1/2° 16771

N(EF)
(6.138)

Bepremca x ananusy a(q), sanaBaemomy (6.136). IIpoBomsa passioxeHne MO CTEMEHAM ¢
(kak mpm BBIBOZE (6.28)), mosydaem:

_ I S S A N EARON
a(Q)_N(EF){lnT,,O+2¢<2+47T)+21/’ (2 47TT) ¢<2)}N
~ T_TPO 7C(3) 2 2| _

~ N(Er) { Too  16m2rzTT (7

= N(Er) {ﬂ +5§<T>q2} (6.139)

e BOCIOJIB30BAJINCH Takke obosHadeHneM (6.29) myid mimHsl “KorepeHTHOCTH” .
B utore, pazsnoxenne I'musbypra — Jlanmay maa maiiepJICOBCKOTO TEpexoia MMeeT
BUIL:

F(8qs T) = F(05 T) = N(Er)*—— 2 [ Aql? + N(Er)E} (Tn)|Aal(@ — 2pr)* +
P
7¢(3
o) N () |Agl

(6.140)

Orciofa, KcTaTh, fACHO, YTO BBEIEHHAdA BBINE KOppendnnoHHad manHa (6.36), meii-
CTBUTEBHO ABIAETCA KOPPEJAUOHHON MInHOl (rykTyaruii mapamMeTpa MOpaIKa IpH
T ~ Tpg B TaycCOBOM TIPHUOIMKEHNN.
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ITpr maswann nprMeceil Bce BRMUCIIEHAA MuIA a(g) BIOJIHE aHAJIOTHYHBL IIPOIE/IAHHBIM BHIUIE IPH
BEIBOE (6.43) (,Z[OCTaTO‘IHO B3ATh YaCTHBIN ciaydall wy, = 0). B pesysnbrare mosrywaem:

T 1 /1 1 iqu) 1 (1 1 iqu) (1)
N A e 1o(: - Y 6.141
@ (=) { " Tpo * 2¢ (2 + 2nTr + 4rT + 2¢ 2 + 2rTr  4AnT ¥ 2 ( )

CoorBercTBenHO, ipu Vg & 471 mmeem:

a(q) ~ N(Ep) {ﬁ + B2 2} (6.142)

Tp 16n272 F1

rne T, onpeneszeTca yKe XOpolIo M3BECTHBIM HaM ypaBHeHHeM (6.45)

1 1
TPO + o ( %TPT) — (5) =0 (6.143)

IIpm »Tom xKoHCTanTa B B (6.142) olpenesigeTCca Kak:

B= Z = ——¢<2> ( %ITT) (6.144)

n=0 n+ +27-rT‘r)3

(jOOTBeTCTBeHZ[—IO7 C Yy9€TOM l'IpI/IMeCeI!/’I7 MOZKHO ITOJIYYHUTH CJIeAYIOUINE aACHUMIITOTUKH OJIA “,E[J'II/IHI)I Kore-

peHTHOCTH :
1
2 2
Dk ()
&(T) 327 2T2 3222 2nTr
7((3)”1? 1
~ { Tgragz  em oy <ArT (6.145)
VT upu > 47T
EcrecrBenno, 4To Besie MpeIoIaraeTcd, 9To T > Te = —A— = 2A0_01. Yro kacaerca I'J] koadpurmenta

7T,
0
b B cucreme ¢ OTprUMECAMMI, TO €TI0 BBIYUCJICHUE ABJIACTCA JOCTATOYTHO I'POMO3AKWM 1 MBI €T0 OITYCKaeM.

Bouisbl 3apsaooBoid ¥ CIIMHOBOM IIJIOTHOCTHU B
MHOTOMEPHBIX CHCTeMaX, dKCUTOHHBIA H30-
JISATOP.

MoxkeT BOSHUKHYTH BONPOC — 3aYeM MBI CTOJb MOAPOOHO PACCMATPHUBAJIN 3a1a9y O
naitepscoBckoMm mepexone? 3amada paccMaTpUBAJIACh OJHOMEDHAdA, a B OJHOMEDHBIX
cucTeMax, Kak Mbl yOemuinch Bbilie, GasoBblii mepexon (ymopamodeHne), cTporo ro-
BOpdA, HEBO3MOXKEH. B 3TOM CMBIC/Te, pacCMaTpUBABININIiCA BBITE TIOIXO0H, OCHOBAHHBIN Ha
ormmcanny GhasoBOTO Mepexoia B HPUOIUKEHIH CaMOCOTJIACOBAHHOTO MOMA (B TTpeHebpe-
KeHUW GUIYKTyannaMu mapamMeTpa MOpAIKa), KakKeTcsa COBEPIIEHHO HeOOOCHOBAHHBIM.
Hesmo, omHako, B TOM, 9TO B “peasibHON KU3HW MaliepJICOBCKU TepeXo 3KCIIepUMeEH-
TaJIbHO HADIIOIAETCA B MEJIOM DANE K6aA3UOTHOMEPHBIE CUCTEM, THe maxke ciaaboe B3a-
UMOIEHCTRIE 3JIEKTPOHOB (MM MapaMeTpa HopsAnKa) Ha COCETHNX “NENmoIKax”’ aToMOB
(3 bekTh TpexMepHOCTH) TPUBOAAT K CTABUIM3AIME 5TOTO Tepexoja’.

Bosee BaxkmO celivac njia Hac APYyroe — TeopeTHUecKad CXeMa, CTOJb MOAPOOHO
olWCaHHad BBIIIE, MOYTH MEJTHKOM (MIH ¢ HEGOMBIINME W3MEHEHUAMN) TTEPEHOCHTCA HA
OTMHMCAHNE CTPYKTYPHBIX U MATHUTHBIX (DA30OBBIX MEPEXOIOB B IBYMEPHBIX W TPEXMEPHBIX

9C OCHOBHEIME pe3y/IbTaTaME PAHHUX 5KCIIEPHMEHTAJbHBIX I TeOPEeTHIeCKIX MCCICIOBAHM TaKmx
CHCTEM MOXKHO O3HaKOMHTHCA o 0630py: JI.H.Bynaesckmit. YOH 115, 263 (1975).
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cucTeMax, obsiamalnx cBofictBoM “Hectmura” moBepxHocTeli ®epmu (MM nxX KOHEH-
HBIX yJacTKoB) [6]. AHAJOrMYIHBIM 06pasoM onuChIBaeTcA U dhasoBBI MEpEXol B MOIEN
TaK HA3BIBAEMOTO “9KCHTOHHOTO M30JIATOpa’ — OMHOI M3 Ha30BBIX Mojesell B TeOpHUH
MEPEXOI0B METAJI — AUAJAEKTPUK. [lesio B ToM, 9T0 B yCJOBHAX, KOTHA 3JIEKTPOHHBIH
cekTp £(p) YAOBIETBOPAET YCIOBUIO “HECTHHTA’ BHIA:

e(p+Q) = —<(p) (6.146)

rae Q — HEKOTOPBIi BeKTOp (HecTHHTa) B 06paTHOM MPOCTPAHCTBE, (GYHKITHH OTKJIHKA B
cooTBeTCTBYIONIEl (MEOTOMEpPHOIT) crcTeMe (MOMAPH3ATMOHHBII OMlepaTop, MeT/Id . T.11. )
OIMCHIBAIOTCA TPAKTUIECKH TeMH Ke dhopMyaaMu, 9T0 U B omgHoMepHOM ciaydae. Co-
OTBETCTBEHHO, TAKWE CHCTEMBI OKA3BIBAIOTCA HEYCTONIMBLIMI K OOPa30BAHMIO BOJIH 3a-
panosoii (CDW) miorHocTn (medopManun pelmreTKn) ¢ BOJHOBBIM BeKTOpoM Q, eciin
JOMUHUPYIOUIYIO POJIb HTPaeT 3JeKTPoH — (HoHOHHOe B3amMoaeiicTBue. Ecim moMmuHI-
pyeT 2JIEKTPOH — 3JEKTPOHHOE B3anMofeiicTBie (OTTANKWBAHUE), TO, KaK NPaBIIO, B
TaKWX CHCTEeMaX aHaJIOTHYHas HEYCTONYMBOCTH, KaK MBI YBHANM HIKE, BO3SHHKAET B
“cimHOBOM KaHaJie” W B CHCTEME BOSHUKAET BOJIHA CIUHOBOH miorHocTH (SDW).
Yenopue (6.146) BoimostHgAeTca Ha Beeli moBepxHocTH Pepmu, HAIPUMED, B TPOCTe-
1reit MoJesin JAeKTPOHHOTO CIIEKTpa B NPHOJANKEHNN CHIBHONE CBA3M C MHTETPAJIOM IIe-
peHoca J, OTJIHIHBIM OT HYAs, TOJABKO IJTa OJIMKARIIIX coceneii B KBaApaTHOI pelreTKn:

g(p) = —2J(cos pya + cos pya) (6.147)

Yenopue (6.146) B s10M coiydae BuimodHAeTcd gida Q = («/a,w/a) (e — nocrogHHad
pelleTKN), a ToBepXHOCTH PepMiu, I/ CAydasd HOTYy3aMOTHEHHON 30HBI (OIHH 2JIEKTPOH
IPOBOIMMOCTH Ha aToM), MpencTaBiafeT coboli KBaapaT, mokasaHHbi Ha Puc. 6-12 (a).
Bugum, ato npu “mepenoce” Ha BeKTOp (3 MPOTHBONOJIOKHBIE YIACTKH TTOBEPXHOCTH
PepMu MOJTHOCTBIO COBMEIIAIOTCH, UTO W IPUBOAUT K MOABIEHHUIO JIOTAPUPMUIECKHUX
ocobeHHOCTel “omHOMepHOro” THia B (GYHKIHAX OTKJIMKA, a Bcd MoBepxHOCTh Pepmn
OKa3bIBAETCA “3aKPBITON” AW IeKTPUIECKOM IeabTO.

MoxkeT BCTpeTUTbCA CHTyallusd, KOL[Ia MPH TepeHoce Ha BeKTop () coBMematoTcsd
TOJIBKO HEKOTOPBIe y9acTKu mnoBepxHocTn Pepmu, Kak »To nokasano Ha Puc. 6-12 (b).
Torma HEYCTOWIMBOCTE CIEKTPA BCE PABHO BO3HUKAET, HO YHEPTETUIECKAA WIEJD B CIIEK-
Tpe “OTKpBIBaeTCd’ TOJBKO Ha 3THUX ydacTKaxX mMoBepxHocTH PepMu, a ocTajbHBIE €€
JacTH OKa3bIBAIOTCA He3aTPOHYThHIME. [logobHble aBIeHnA HADIIOHAIOTCA B HEKOTOPHIX
“croucTBIX” COEAMHEHNAX MEPEXOTHbIX MeTannoB (NbSes, TaSs w mp.) [28]. B Heko-
Topbix w3 HuX (Hampumep oA T — T'aSs) MPOMCXOANT MPpaKTUUECKH TOJHBIH Mepexom
MeTaslJl — JAM3JIeKTPUK (M3 — 3a CHJIBHOTO “HecTHWHTa”), Tak 49To WIeJb “3aKpBIBacT”
mouTn Bcio moBepxHocTh @epmnu. B npyrux (H — NbSes) mosepxuocts ®epmn “3aKkphi-
BaeTca’ TOJBKO YaCTUIHO, TAK UTO CHCTEMA OCTAETCA METAJIOM 3a CIET “OTKPBITHIX
yayacTkoB nmoBepxaoctn Pepmu. Ongnako, mepexon ¢ obpazoBanuem CDW npogsagerca
B OCOOEHHOCTAX TEMIIEPATYPHOTO TMOBEIEHU 3JEKTPOCOMPOTUBIIEHN, TakKkKe KakK W B
TEPMOAMHAMIYECKIX XapakTEPUCTHKAX (HAIPUMED B TEIIOEMKOCTH).

AHastoruvdnble ABJAEHUA MTPOUCXONAT W B 3aMevYaTebHON MOHIen “9KCHTOHHOTO M30-
ggropa” (JI.B.Kennsi, FO.B.Komaes, 1964). 9ra Momesnb ocHOBaHa Ha KapTHHE 3JI€K-
TPOHHOTO CIIEKTPa, Mmokasanuoit Ha Puc. 6-13. CyTs mesna 3mech B HAJUIUH TTEPEKPHIBAIO-
IUXCS 30H 5JEKTPOHOB | IbIpoK. Takas 30HHaA CTPYKTypa (MPH AOCTATOYHO MAJIOM Iie-
PEKPBITHI 30H) XapaKTepHa JJId Tak Ha3biBaeMbIX HOoIyMeTasnnoB. s Puc. 6-13 BumHo,
910 B 06oux ciaydaax (a) m (b) cyuiecTBYIOT 5I€KTPOHHBIE H IBIPOUHBIE “KapMaHbl” Ha
moBepXHOCTH PepMU 1 BBITOJIHAECTCA YCJIOBHE “HeCcTHHTA” BHIA:

£1(p) = —e2(p) IJIA CIeKTpa (a) (6.148)
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Puc. 6-12  “Hectunr” nosepxrocten Pepmu B AByMepHON cucTeme: (@) — nosysanofHeHHasn
30Ha npubnuxeHua cunbHoml cesasn ¢ @ = (w/a, /a), (b) — obwnn cnyyan.

e1(p) = —e2(p+ Q) g cruektpa (b) (6.149)

Torma B cucTeMe BOSHUKAET HEYCTOWINBOCTE HA HYJIEBOM BOJTHOBOM BEKTOPE MIJId CJIyIad
(a) mnm Ha KOHeYHOM BeKTOpe Q mya ciydad (b), cBasannad ¢ obpa3soBaHUEM 24EKMPOH
— Jupounnr map, BOSHAKAONAX 33 CYeT BCETIa CYUIECTBYIOUETO MPUTAKEHUA TPOTH-
BOIOJIOKHO 3apsKEeHHBIX 5JEKTPOHOB 1 IBIPOK (KaK IJIA OOBIYHBIX 9KCHTOHOB BaHbe —
Morra), ¢ mocenyomeit ux “6o3e — KoHmeHcanueli” (MHOrIA TOBOPAT 0 603€ — KOHAEHCa~
man “skcuToHOB” ). KadecTBEHHO, CHTYAINsA OUeHb MOX0XKa Ha 00pasoBaHie KYIePOBCKUX
map B CBEPXIPOBOIHUKAX, TOJBKO 3JEKTPOH — IBIPOYHBIE MAPHI, ECTECTBEHHO, 2JIEKTPO-
HeHTpasbHEl (He3apsKeHBI), HO B CIIEKTPE OMATH 00pasyercd sHepTeTHIecKasd MeThb Ha
ypoBHe PepMu, cBA3aHAAA ¢ TAKUM Pa30BBIM MEPEXONOM, KaK TO MOKA3AHO (I CJTy-
vas (a)) Ha Puc. 6-14.B pesynbrare, cucreMa CTaHOBHTCA SKCHTOHHBIM JHSIEKTPUKOM.
B ciiyuae HeycTORUMBOCTH Ha KOHETHOM BOJIHOBOM BEKTOpe (3, OIpemensdeMoM 30HHOM
cTpykrypoii Tuna Puc. 6-13 (b), B cucreme obpasyerca n Boana sapagosoit (CDW) nin
cnimroBOH mnoTHOCTH (SDW).

Maremarudecknii aHaans »Toil Mofesin BrosiHe anasoruden 3amade BKII umu, eme
B Oosibllieli cTeleHu, TPOBENEHHOMY BHINIE PACCMOTPEHUIO MAREPJICOBCKOIO MEPEXOIA.
IosToMy 37€Ch MBI OTpaHEIHMCA TOJIBKO CXeMATHIECKHM paccMoTpenueM'’. JLna KoH-
KpeTHOCTH 00cy UM caydaii cnektpa Puc. 6-13 (a), Korga cekTp »IeKTPOHOB U ABIPOK
uMeeT npocTedmnii Bum:

p* PP

= 4 —
£1,2(p) 2my 2 2my s

(6.150)

DKCHTOHHAA HeyCTOﬁ‘II/IBOCTI) olpegeJsidercd (aHa.HOI‘I/I‘IHO KyHepOBCKOﬁ HeyCTOﬁ‘II/IBO—
CTI/I) CyMMOﬁ JICCTHUYHBIX JUarpaMM B KaHaJi€ 9acTUlla — ObIpKa, noxkasanHoit Ha Puc.
6-15 (a) Bce Buruncaenuna BroosiHe aHAJIOTHIHEL IIPOBEACHHBIM BBINIC B CBA3M C BBIBOJOM

10 erampHoe paccMoTpeHme 5KCHTOHHOM HeyCTORYMBOCTH U PA3/IMIHBIX €€ CJICICTBHA MOKHO HalTH
B o6zope: 10.B.Komaes. Tpyner P1TAH 86, 3 (1975) u B xuure [14]
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LE(P) ep)

Eiip) EL(P)

€,ipl

@ (b)

Puc. 6-13  JnekTpoHHbIA CMEKTP UCXOAHOrO MOAyMeTanna B MOLENN SKCUTOHHOFO U30NA-
Topa: (a) — npsimoe nepekpbiThe 30H, (b) — obLnii cnyyail, sSKCTpeMyMbl NePeKpPbIBAIOLLNXCH
30H pa3dBUHYTHI Ha BekTOop Q.
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E(p)
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251

Puc. 6-14 InekTpoHHbIA CMEKTP 5KCUTOHHOFO U30NATOPa B MOAENU C NPAMbIM NepeKpbi-

TNEM 3J'IeKTpOHHOI7I n ,D,prO‘-IHOVI 30H.
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(5.15) — (5.17), u MBI TToJTy9aeM I BEPUIMHBI, ONPEIEIAEMON HHTETPAIBHBIM ypaBHe-
unem Puc. 6-15 (b), Beipaxkenne tuma (5.17):
A

r = =
(¢=0.w) T+ A (In |2

(6.151)

~73)

3mech w, — acToTa 0bpe3aHms JIorapupMUIeCcKoil pacxoguMocT ~ Fp, ¢ n w — cym-

MapHBbIE UMITYJIbC U 3Heprud B cucTeMe e — h. BespasMmeprnada KoHcTanTa cBaA3m A < 0
(mpuraxenue!). A Momen sKpaHIPOBAHHOTO KYJIOHOBCKOTO € — h — B3auMomeicTBrA,
MOXKHO IIOKa3aTh, YTO:

m62 K?Z
A= D 6.152
2o 2p% ( )

[Tpuraxenne B KaHaJle 4YaCTHIA — ABIPKaA MPUBOJIMUT K BOSHUKHOBEHUIO B (6.151) HOJI0Ca,
Ha MHUMOH dactore w = i), Te (cp. (5.19)):

1

Q= 2wee T (6.153)

9TO I yKasbIBaeT Ha HEYCTOHUMBOCTH CHCTEMBI K 00pasoBaHmio € — h map (“okcnToHoB”)
U3 3JIEKTPOHOB W JIBIPOK PasHBIX 30H BOIM3H WX (HAKJIAIBIBAIOIINXCA IPYT Ha apyral)
moepxHocTeit Gepmu.

Y1o6bl HARTH CIEKTp BO3OYKICHMN CHCTEMBI B “KOHIeHCHpoBaHHOI ¢dase, HyKHO
neiictBoBaTh aHasgorudHo Teopun BKII waum maitepsicoBckoro mmasieKTpuKa. JammuiieM
B3amMoeficTBIE TaCTUIl U3 PA3HBIX 30H KaK:

Hine= Y V(a)al,(p + a)ad, (0’ — a)ase (p')ars (p) (6.154)
PPY

T7e ABHO BBIMNCAHBI CIIMHOBBIE W 30HHBIE MHIEKCH. Boimenaa “Hambosiee pacxomdinnecad’
BKJIAJBI B aMIJIUTYOY paccesdHud (Bep]_L[I/IHHyIO qaCTb), COOTBETCTBYIOIINE PaCCEeAHUIO
3JIEKTPOHOB U3 30HBI | Ha ABIPKAX W3 30HBI 2, MOXKHO MPUBECTH 3TOT TAMHJIBTOHUAH K
KBaJApaTUIHOMY BUAY, BBOIA COOTBETCTBYIOIINE aHOMAJbHBIE CPETHUE:

Hiny ~ af,(p')ad, (p)azs: (p')a1s(p) —< ai, (p)ais(p) > af,(p)az,(p’)  (6.155)

Torma ero MOXHO AMATOHAJW30BATH U — U MpeobpazoBanueM BorosoboBa, aHATOTHYIHO
ToMy, Kak 910 jgenaercd B Teopun BKI [11]. Ho MOXHO HamucaTh U COOTBETCTBYIONIHE
ypaBHeHus ['opbKoBa A TPWHOBCKUX GyHKIWA obenx 30H G1(ep) n Ga(ep), BBOIA
TakKe aHoMaJTbHBle byHkmun ['pura F u F'T, “mepeMemmparormne” 30HbI:

F(I‘ltl; I‘ztz) =1 < T1/)2(I‘2t2)1/)1|—(1‘1t1) > (6156)

F+(I‘1t1;1‘2t2) =1 < T1/)1(I‘1t1)1/);—(1‘2t2) > (6157)

Ilamee MOXKHO BHITUCATH ypaBHEHNSA IBUKEHNdA, HanpuMmep mig (1, I OCTABUTH B “mpa-
Boft wacTn” ToMBKO BKJIaIL! Tria (6.155). AnasorndHo Hy)HO mocTynuTh u ¢ F'. B ntore
BO3HUKAIOT ypaBHeHus ['opbKoBa BHIA!

(e —e1(p))Gi(ep) + AF(ep) =1 (6.158)
(e —e2(p))F(ep) — A"Gi(ep) = 0 (6.159)
rIe
. [ dp'de / /
Ap) = l/ WV(p —p)F(p'e) (6.160)
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Puc. 6-15 BepwurHas 4vacTb, onucbiBarollan “SKCMTOHHYL' HeycTomumsocTs: (a) —

Yy —

A
y 3

(b)
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JIECTHNYHHOE an|6n|/|>KeH|/|e ANA B3aUMOAENCTBUA YacTuubl 1 ablpKku, (b) — WHTerpanbHoe

YpaBHeHNEe ONA BEepLUUHDbI.
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Petrenne cucremsr ypasuennit (6.158) u (6.159) numeer Buz:

¢ —e(p)
Gi(ep) = 6.161
o) = )+ e + 21 ()ea(p) — AP (0461
A(p)

F(ep) = 6.162
)= )t m @) + a)mm) - AP (0162

OTKYyIa BOSHUKAET CIEKTP 3JIEMEHTAPHBIX BO30YKIEHU:

1 1 y y

B1(p) = 5[61(0) + 2(p)) £/ 71 (0) — 20 + A (6.163)
Pemrenme ypaBHeHua mJis Imesm maeT, Kak u Beine B Teopun BKII, A = Q, tme Q

ompenesero B (6.153).

Taxkum 0b6pasoM MBI TTOJTYyIaeM Juasekmpuyeckud criekTp, Mokazanubiil Ha Puc. 6-14,
a PACCMOTPEHHBI MEXAHW3M €ro 00pa30oBaHud, KaK yiKe OTMeYaJIOCh BBIIIE, PACCMaTpPH-
BaeTCcd B KaYecTBE OMHOIO W3 “0a30BBIX’ B TEOPHWH NEPEXOAOB METAJII — IUIJIEKTPUK.
KakoBetl ocHOBHBIE pusmdecKkme cBOICTBA sKcuTOHHOTO m3oaaTopa’ Ha mepBoiit B3rman
3mech cymecTByeT npamaga anasorung ¢ BKII cBepxmpoBogHuKoM — B CHCTeMe BO3HMU-
KafoT HeWTpaabHBIE 2JIEKTPOH — IBIPOYHBIE TAPHI, KOTOPBIE 0OPa3yoT 003€ — KOHIEHCAT.
[TosToMy W3HAUAIBHO CYMTAJIOCH, YTO TAKON HUMATIEKTPUK MOKET 0DIagaTh aHOMAJTh-
HBIMH CBOHCTBAMN, CBA3AHHBIMI C BO3SMOXKHON CBEPXTEKYIECTHIO € — A map (IT0 MOTJIo —
GBI IPOABUTHCH, HAPUMED, B ABJEHUN “cBepxTemionpoogroctn” ). OnHako, crernnaib-
HBIE UCCJIETOBAHNA MOKA3aJM, 9TO HIKAKUX “CBEPXCBOMCTB’ B ITaHHOW MOIEJH HE BO3-
HUKAET, ¥ MBI IMeeM JeJio ¢ Oojlee Wi MeHee OOBIYHBIM IU3JAEKTPUKOM. K coXKaaeHuIo,
B “94mCcTOM BHIE” COCTOAHUE HKCHTOHHOTO AUAJIEKTPUKA HADJIIOMAETCA JOBOJIBHO PEIKO.
TToBHIIMOMY, 5TO CBABAHO C TEM, YTO TOUHBIE cBoficTBa “Hectunra” Tuma (6.148), (6.149)
C TIOJIHBIM “HAJIOKEHWEM 3JEKTPOHHOW M IBIpovHOl moBepxHOCTEll Pepmu, TpyaHO mM0-
CTUIKUMBI, & OTKJIOHEHUA OT TOYHOTO BBITTOJIHEHUS 3TUX YCJIOBHUIl MPUBOIAT K TOIaBJIE-
HUIO KCUTOHHON HeycToiumBocTu. KpoMme Toro, aHAOTHYHO CJIydYal MaliepsIcOBCKOro
mepexofa, HopMaJbHble TpuUMecH (GeCIopANIOK) TakkKe MPUBOAAT K HMOJABICHUIO 5TOM
HeycroitamBocTu. B Toxke BpemdA, ¢ mepexomaMu B COCTOAHWE TUIA 3KCHTOHHOTO H30-
JIATOpa B page paboT CBASBIBAETCA BOSHUKHOBEHHE PAs3sJMYHBIX THIOB (3apAmOBOTO U
MaTrHUTHOTO yTIOPAIOYEHNA) B HEKOTOPHIX PEATBHBIX CHCTEMAX.

Ho cux mop paccMaTpuBaJIOCh B3amMOAelcTBre Tuia npuTaxennd. OrasbiBaeTCd,
9TO maXke B CJyYae OTTAJIKHBATEBHOTO B3aUMONEWCTBHA, B CHCTEMAaX C “HECTHHTOM’
moBepxHOCTel PepMu BOSHUKAIOT HEYCTOWIMBOCTH, HO B “CIMHOBOM KaHaJie” | BELyIue
He Kk CDW, no K mepexomy B cocrogume ¢ SDW (A.W.Overhauser, 1965). na Toro,
9TOOBI MOHATH 5TO ABJIEHNE, BEPHEMCA K MOJIYUIeHHBIM Bbiiie dbopmyrnam (2.13), (2.14)
JIJIF MarHUTHOW BOCIPHUUMYIBOCTH B cHCcTeMe ¢ “xabbapmoBckum”’ B3amMomeicTBHEM:

~ xolaw)  xo(qw)
X(aw) = 1+ Ullg(qw) 1-— gzufé Xo(qw) (6.164)

HamoMHIM, 9TO B COOTBETCTBWU ¢ MPUHATHIMI HaMu onpenenenuamu [Iy(q0) < 0, a ¢
YUEeTOM ¢ = 2, MOXKHO HAIUCATh Yg = —u%ﬂo.

B ommOMepHBIX, a TakkKe B IBYMEPHBIX M TPEXMEDHBIX CHCTEMAX C “HECTUHTOM
MarHWTHag BOCIPHIMYHBOCTE Yo ~ Ilp(q) mMeer sorapudMudecKyo ocoBeHHOCTD IPH
q = Q, rme Q — BexkrTop HectuHTa. COOTBETCTBEHHO, B coydae oTTankusanuda (U > 0),
HOJTHAA BOCTIPHUMYNBOCTH (6.164) mMeer mosmoc (pacXxoguMoCTh), TOTO XKe THIA, 4TO
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UMeeTCs B 3apAI0BOil GYHKIMN OTKINKA (M3 IeKTPHIECKOH MPOHNIIAEMOCTH) B CJTydac
OPUTAKEHUA (SKCUTOHHBI H30/14TOP). 3/1ech aTa 0COBEHHOCTh yKasblBacT Ha TEHJIEH-
U0 K MarHUTHOMY ymopamodeHnnto — obpasoBanuio SDW ¢ BoaHOBBIM BekTOpOM Q.
HeycrofiunBocTs ondaTh BO3HUKAET Jake IJid CKOJIb YIOIHO Caaboro oTTajJkuBanud U.
KoneuHo, mpn HemosiHOM “HecTHHTe” (WJIN JaXke B €ro OTCYTCTBUE) MOKET OKa3aThCH,
9TO IJid BO3HUKHOBEHWA TaKOW HeycTORIMBOCTH Tpebyercd MOCTATOYHO CHIBHOE B3amu-
MomelicTBHE, TaK 94TOOBI BBHITOJHAIOCH YCIOBHUE!

Ule(Q,0)] > 1 (6.165)

DTO ycJI0OBME TPAUMEHNMO M B TEOPUH KOJIJIEKTUBU3MPOBAHHOTO heppOMarHeTnsmMa, Koraa
Q = 0. Torna nmeem Iy(q — 0,0) = =N (Ep), Tak 910 (6.165) cBOAMTCA K:

UN(Ep)>1 (6.166)

9TO IaeT WIBECTHBIN KpuTepuii CToHepa IJid BOSHUKHOBEHUA (PEPPOMATHUTHOTO YIOPA-
HOYEHN.

PopmanbHad CTOPOHA Jesa 37ech TaKXKe aHAJOTHYHA PACCMOTPEHHOMY BBIIIE CIIY-
"Jafo mafiepscoBckoro mepexomna. g TpocTOTH pacCMOTPUM ONATE OMHOMEPHBIT corywait
n xabbapaosckoe BsamMopeitcTeue Un;in;|. B MMIy/IbcHOM TpencTaBIeHNN TaMUIbLTO-
HraH Xabbapaa MOKHO 3amucarh Kak (L — IauHa CHCTEMBI):

U
H= Z(Ek — /J)azaaka + T Z aZ’TakHTaZ’,lak/_ql (6.167)
ko kkiq

CrnuHoBasd IJIOTHOCTH B TOYKE X OIlpedesideTCd KaK:

. 1
§*(x) = 5lef (2)er(2) = ef (w)ey (2)] =
1 (b BN
~ oL Z[CkJrTck’T — cfjerle (k=F") (6.168)
Ek!
TMockonpky BocmpunMUInBOCTH (6.164) pacxomuresd, B JaHHOM CJydae, MpH ¢ = 2pp,

ocrasum B (6.168) Tosnbko k — k' = £2pp. Torna umeem!L:

1

(@) = 57

Z[< CZ—TCk+2pFT >—< CZle+2pF1 >]e?PFT 4ococ. (6.169)
k

Beenem obosnadenne:
. 1
< S >= |S|e“z’ = Z Ek [< CZ—Tck-I-ZPFT > =< cz—lck-l-ZpFl >] (6.170)

U BBLIEJIHB COOTBETCTBYIONINE AHOMAJIBHBIE CpeIHIe B TaMusibToHuaHe (6.167) (ocTaBiuan
TOJIBKO UJIEHBI ¢ ¢ = +2pF), TOTYINM:

_ + +
H = E {era;, aro + (Aak-l—ZpFO'akU + h.c)} (6.171)
ko
NYnen ¢ k' = k — 2pp OKa3bIBaeTCA KOMILJIEKCHO CONPAKEHHBIM IIEPBOMY dUJIEHY B (6.169) mocJjie

3aMeHBI MHIEKCa CyMMupoBanuda k — k + 2pp.
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rae (N — 9uciao aToMOB B IENOYKE)

A= v < 8% >= £1R6(< S > etrT) = £|S| cos(2ppa + ¢) (6.172)
N N2 N
Bee 911 COOTHOIIEHNA ABIAIOTCA IPAMBIM aHaoToM (6.46) — (6.50), Tak 910 1 CTPYKTypa
pelleHns COBEPIEHHO ACHA. B 94aCTHOCTHU CIEKTP JIEKTPOHOB B TAKOW CHCTEME MMEET
BU;
Er=px(er — )2 +|A)? (6.173)
u m3obpaxaerca tem xe Puc. 6-6.

BosHukarolyio 3mech MarHUTHYO cTpyKTYpy (SDW) MoxHO TpencTaBuTh cebe Kak
00pa30BaHHYIO IBYMdA BOJIHAMH IJIOTHOCTH 3JIEKTPOHOB CO CIIMHAMHU | U |, HAXOIAIIN-
MuCA B mpoTuBodase, Tak UTO IJIOTHOCTH 3apdAfia OCTAETCA OMHOPOIHONW, a CIMHOBAA
IJIOTHOCTE OCIMJLINpYET ¢ TepuogoM 27/2pp (napamerp mop#agka (6.172)). Takasa cu-
Tyanud HasbiBaeTcd cunyconmaapuoit SDW. B npunmnumne, BOSMOKHBI U IPYTHE PEIIEHUA
— HAIIpUMeD, TaK HasbIiBaeMad requkonnaabiads SDW, B koTopoil BesimduHa ClimHa OCTa-

eTcs HEM3MEHHO, Ho ero HalpaBJIeHne BpallaeTcd B IJIOCKOCTH Ty, KaK 9TO MOKa3aHO
Ha Puc. 6-16:

< 8% >=|S|cos(2prz + ¢), < SY >=|S|sin(2prx + ¢) (6.174)

Obp19HO Takad CTPYKTYpPa HECKOJIBKO H0Jlee BBITOMHA IO SHEPTHUH.

Pasymeerca, cranmapTHBIM 0OPa30M MOKHO UCCJIENOBATH W TEPMOAWHAMUKY TAKUX
mepexonoB. B mpubanmkeHnn caMoCOT/IACOBAHHOTO MOJIA BOSHUKAET KPUTHIECKAT TEM-
mepaTypa, npu kotopoit SDW mcuesaer u mpomnamaer Imesb B 3JIEKTPOHHOM CIEKTPE.
CooTBercTByfolme GHOPMYJIBI OUEHD MOXOKHM HA AHAJOTHYHBIE BBIDAXKEHUA B TEODUH
BKIII wnwm maiiepsicoBckoro mepexona. B 9acTHOCTH, IJid TEMOEPATYPHI TEpPEXoma To-
sgyanTcs medro Tuia (6.24), ¢ 6espasmeproit KoncTanToll cBasu A = UN(Er).

AHaJIOTHYHOE PACCMOTPEHHE MOKET ObITH TPOBEIEHO W [IJIs1 MHOTOMEDHBIX (JIByMep-
HBIX WJIN TPEXMEPHBIX) CHCTEM ¢ “HecTWHToM” . DKcmepuMenTaabHo SDW takoro tuma
HaOJTIOHATICE B PAle KBA3HOIHOMEDHBIX OpraHudeckux coemunuenuit. Oqunako, Hanbomaee
W3BECTHBIM MIPUMEPOM TaKO# MarHUTHON cTpyKTypsl aBagerca SDW B Cr. Marmerusm
C'r nonyvaer cBoe o0bACHERNE B TONOOHON MOIe N (TOUHeEe B €€ IBYX30HHOM aHAJIOTe —
THTTA MOIEJN KCHTOHHOTO W30IATOpa), MOCKOIbKY B C'r nMeeTca moBepxHocTh Pepm,
COCTOAIIAA I3 HJIEKTPOHHBIX U IBIPOYHBIX “KapMaHOB” ;| 00JIaNaoNX CBORCTBOM TOYTH
MTOJTHOTO “HeCcTHHTa” .

B kadecTBe mpyroro moyvYnTeBHOTO TPUMEpPA MOXKHO PACCMOTPETH IBYMEPHYIO CH-
cTeMy ¢ “HECTHHTOM” — KBaJAPaTHYIO PEMIETKY C 3JIEKTPOHAME, OMUCHIBAEMBIMHT TPHOJIH-
KeHneM cHIbHOM cBasm (6.147). MBI yXKe oTMedasn, 9TO B cydae MOIY3aloJHEHHON
30HBI TOBEpXHOCTH PepMu B Takoll crcTeMe MpeIcTaBIgeT CODOM KBaIpaT, MOKa3aHHbIH

Ha Puc. 6-12 (a), Tak 4T0 MMeeTcsd HOJHBIR “HecTWHI” ¢ BeKTOpoM () = (7/a,w/a).
CoOTBeTCTBEHHO, B CJydae MeX3/JeKTPOHHOIO OTTAJKMBaHMA 31ech moaBurca SDW c
@ = (7/a,7/a), xoropaa “zakpoer” BCIO MoBepXHOCTHL PepMU dHEPreTHIecKOil mie-

Jbi0 A, a cucTeMa cTaHeT AW3JIEKTPUKOM. B Toke Bpemsd, HETPYAHO cOOOPa3UTh, 4TO
SDW ¢ TakuM BOJTHOBBIM BEKTOPOM COOTBETCTBYET “OOBITHOMY’ HBYXIOIPENIETOYHOMY
aHTHdEPPOMArHETHKY (¢ “ITaXMaTHBIM” PaCHOIOKEHNEM IPOTHBOIOIOKHO HAPABJICH-
HBIX CIIMHOB Ha KBaApaTHOl pemerke). OnnH TpUMep Takoil CHCTEMBI XOPOIIIO H3BECTEH
— »T0 amdsaekTpudeckoe cocrodnme LasCuQ4, Toe WMEHHO TaKuM 0Opas3soM pacroJsio-
XKeHbl crnuHbl B mwiockoctn C'u(s. ITa cucreMa oCODEHHO MHTEPECHA, TMOCKOJBKY TPH
HE3HAYUTEJIBHOM JBIPOTHOM JIETHPOBAHUN OHA TPEBPAIIAcTCAd B THNHIHBIH BBICOKOTEM-
neparypHbIli CBEpXIPOBOAHUK. [109TOMY MOmE M PAcCMOTPEHHOTO THIA MOTYT HIDaTh
CYTIECTBEHHYIO POJIb B MOCTPOSHUH TEOPUU TAKUX CHCTEM.
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WOOOOOO OO

Puc. 6-16 “lenukonganbHaa” BonHa CnWHOBOWR NAOTHOCTMU.
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IlceBooiiessn.

(DJ'IYKTyaU,I/II/I HaﬁepJTCOBCKOFO 6J'[I/I}KHEI"O rnop4danoxka.

Bepremca K paccMOTpeHIIO OOHOMEPHO# cucTeMbl ¢ maiiepsicoBckoit CDW. Yxke He pas
OTMEYAJIOCH, YTO B 9HCTO OJHOMEPHOM CJydae yCTaHOBJACHHE JAJBHETO MOPAIKa HEBO3-
Mok HO. ObcyauM Ha KadeCTBEHHOM YPOBHE BOIIPOC O TOM, 9TO K€ MPONCXOANT B 06JIaCTH
temmeparyp 1’ < 1,0, ipu ydaeTe QuryKkTyanuii, paspymaomnx 1adbHnil mopamok. 3amnm-
1eM CHOBa oJiHOMepHOe pasjoxenne 1'JI (6.140) B BUJE:

F(Ag; T) = F(0; T) = a(T)|Aq|” + c(T)(Q — 2pp)*|Aql* + b(T)|Agl*  (6.175)

rie koadduruentsr a(T), ¢(T) umeroT BU:

a(T) = N(EF)T _ TpO s Tpo = Q—VEFG_% (6176)
TpO T
T¢(3)v%
oT) = N(ERE(T),  §r) = Ol (6.177)

a maa kosddurnuenta b(T) HammieM CAEAYOUYIO HWHTEPHOIATHOHHYIO GOpMYITy

(P.A.Lee, T.M.Rice, P.W.Anderson, 1973):

_ T | N(Er) _ 7 _¢B)
"= {bo (0 - bO)Tpo} (e b= 272’ b1 = 1672 (6.178)

Torna pasnoxenue I'JI (6.175), dopmanbHO mosyderHoe Bhie ais obmacta I ~ Tpo,
MOXHO MPUMEHUTD JJIg KAYeCTBEHHOIO aHAJM3a P JOBIX TeMieparypax. B gacTHo-
ctu, nna T — 0 mosrygaem:

F(A ~ Ag) = —%N(EF)Ag +2N(Ep)(|A] — Ag)* + - - (6.179)

1
roe Ay = % po = 2Epe™x — mens upn T = 0, nosyderHad B TPUOINKEHIN CAMOCOTIa-
CcOBaHHOTO Tosid. lJ1g TeMiepaTy pHOI 3aBUCHMOCTH HapaMeTpa MOPAIKa, CTAHIAPTHBIM
obpazom [11] nosmyuaem:

0 npu T> Ty

1/2 _
AT =1 — (&)= (N<§;F>) (Tp;pDT) mpu T < Tho (6.180)
Ao =z 20 opu T < TpO

5

Taknm obpasom, pasyoxenne (6.175) — (6.178) KadecTBEHHO BOCIIPON3BOIUT PE3YIBTATHI
IPUOIUKEHNA CAMOCOTTIACOBAHHOTO MOJI (MHKPOCKOITMYIECKOH TEOPHH) BO BCEM MHTED-
BaJsie Temieparyp. Ho »To mpubiimkeHme, Kak W3BECTHO, HE YUUTHIBAET (BIYKTyarui,
KOTOPBIE UT'PAIOT PENIAINIYI0 POJb B PaspyIIEHUH TaJbHETO MOPANKAa B OTHOMEDHBIX
CHCTEMAX.

B mpunmume, B cmcreMe MOTyT BOSHHKATH MHOXKECTBO MPOM3BOJBHBIX dIyKTyaInmii
napamerpa {Ag}. BepoatHocTs KOHKpeTHOR duaykTyanun Ag ompemenderca kax [11]:

P(Ag) NeXp{—%[F(AQ,T)—F(O,T)]} (6.181)



DJIEKTPOHHLIE HEYCTOMYUBOCTU U ®A3OBbLIE MEPEXOAbI 259

Torma crarcymma cucTeMbl (JIyKTyanuil onmuceiBaeTcd (byHKITMOHATBHBIM HHTETPAIOM
[20] Buna:

Z = /{mQ} exp {—%[F(AQ, T) — F(0, T)]} (6.182)

CooTBeTCTBEHHO, TTOJIHAA CBOOOMHAA SHEPTHA cucTeMbl ecTh F' = —T'In 7.

s omsomepHoii mogenn IJT tuma (6.175) MOXKHO TPOBECTH MPAKTHIECKH TOYHOE
paccmorpenne (D.J.Scalapino, M.Sears, R.A Ferrell, 1972). M1 o1um sanumarbes He Oy-
JIeEM, a TPHUBEIEM TOJBKO HamboJiee WHTEPECHBIE IJId HAC KAYECTBEHHBIE PE3YJIBTATHI.
OrcyTcTBUE MAaJBHETO MOPAAKA O3HAYAET PABEHCTBO HYIK TEPMOIUHAMUIECKOTO CPEJ-
HETOo:

<Ag >= %/{MQ}AQ exp {—%[F(AQ,T) - F(O,T)]} =0 (6.183)

B Toxe Bpemsa cpennekBampaTudHaa HIYKTyalld MapaMeTpa MOPAIKa, O9EBUIHO, HYTIO
He paBHa: < |AQ|2 ># 0. CooTBeTCTBEHHO, KOppendnnontaa dbyukmug dbayKTyamnnit
napaMeTpa mopdaiKa, B paccMaTpuBacMoll MoJiesin, paBHa:

ot
< A(2)A(x) >=2 < |A]* > exp {—%} cos 2pp(x — ') (6.184)
[oBenenne napameTpos, onpenenstomux (6.184), nokasano'? na Puc. 6-17, 6-18, rae

t= TLD, a BeanmunHa At ompenesdeT MHAPHHY “THH3OYPToBCKoil” KpHTHUIecKoit obIacTn
P

[11], koTopas B JaHHOW MOAEIU PABHA:

2/3

At_AT_2<pr0)2/3 , (N(ER) Ty 1 ( 1 )2/3 X
- Tpo - alzfo Tp20 (o N(EF) N(EF)UF

(6.185)
roe a' ompeneneno coorHomenneM a(T) = a'(t — 1), a B mocsienHeil orieHKe YUTEHO,
ato N(Ep) = WiF. KcraTu, To 06cTOATeILCTRBO, 9TO MIMPUHA THH36Yprosekoil obma-

CTH TOPAIKA EIUHUIBI I COOTBETCTBYET, GaKTHIECKH, OTCYTCTBUIO B CHCTEME (ha3s0BOrO
nepexoa (IaJbHETO TOPAIKA).

OcHoBHBIE Ka9eCTBEHHBIE BBIBOIBI W3 KAPTHHBI, MpeIcTaBIeHHON Ha Puc. 6-17, 6-18
caenytomme. Ipy6o MoxHO omennthb, 9to < |Al? >~ A(T) ~ T,y B BecbMa HMPOKOii

obsractu Temneparyp. Koppenamuonnaa guuna &(T) ~ 50,/T?—"7‘30 npu T > 1,0, HO
P

&(T) — oo Tombko mpu T — 0. B Toxe Bpema, mpu Temneparypax I < Tp,q, KOppeJIdiy-
OHHAsA IJIMHA CTAHOBHTCH BeChbMa OOJBIIOH — B CHCTEME BOSHHUKAIOT HOJIbIITE 0DIACTH
Gausicne2o nopadka, B KOTOPBIX MOKHO TOBOPHTH O CYIIECTBOBAHNH (DJIyKTyaImOHHON )
naitepicoBckoit CDW ¢ BOJTHOBBIM BEKTOPOM () ~ 2pp.

PeasbHbie cuCTEMBI, B KOTOPBIX HAD/IIOIAIOT Maflep/ICOBCKUI TIEPEXOT, TPAK THIECKH
BCETIIA ABIAIOTCA K6G3UOTHOMEPHBIMY, T OTHOMEDPHBIE MEMOYKH ATOMOB B HUX CBA3SAHBI
JIOCTATOYHO CJIa0BIMU MEKIETIOYEIHBIME B3aNMOIEHCTBUAMMT, KOTOPBIE IPUBOIAT K CTa-
buIm3anuy naiepJacoBCKOTO HAJIBHETO MOPAIKa TP HEKOTOPOH KOHEYHO TeMIiepaType
U K BIOOJHE peajbHOMY dasoBoMmy mepexony. Mexienodednoe B3anMOAEHCTBIE MOKET
O6BITH 00YCJIOBIEHO TYHHEJMPOBAHUEM 3JIEKTPOHOB C TEMOYKH HA TEMOYKY, T.€. TeEM 0b-
CTOATEBCTBOM, UTO 3JIEKTPOHHBI CIIEKTP BCe Ke TpPEXMepeH (XOTdA M CHJIBHO aHMm30-
Tporer). MoxeT urparh posab u “OpaAMoe” B3aumMoelicTBHE MapaMeTPOB TMOpHAIKA Ha

2Tlaftepiacosckomy mepexomy ¢ CDW ¢ mepmomoM HeCOMSMEPHMEIM C IMEPHOIOM HMCXOIHON IMemOUKT
COOTBETCTBYeT KOMIIIEKCHBII MapaMeTp HopAOKa, COM3MEPHUMOMY ciIydalio — OeficTBUTe TLHBIHA.
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COMPLEX

Puc. 6-17 TemnepaTypHoe noeeaeHne cpeaHekBagpaTuyHom chiykTyaunn napameTpa
nopaaka B ogHomepHoi mogenun [J1. MNokasaHbl criydyan LeACTBUTENBHOMO U KOMMJIEKCHOTO
napameTpos nopsigka. [lyHkTnp — pesynbtaT npnbrin>xeHns camMocornacoBaHHOro NosiA Ans
KBajpaTa napameTpa nopsaka.
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5.0 T T T T T

Puc. 6-18 TemnepaTypHoe noeeneHne obpaTHOR KOPPENALMOHHON AJINHBI B OQHOMEPHONM
mopenu [J1. TokasaHbl cnydan OeACTBATENBHOrO M KOMIMIEKCHOrO MapaMeTpoB MOpALKa.

[lyHkTUp — pesynbTaT NpubnuxeHNsi CamMOCOrnacoBaHHOMO MOA OJIA KBagpaTa napameTpa
nopaaka.
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P

Puc. 6-19 Vnopapouenune CDW Ha coceaHux uenodkax B npoTusodbase, obycnosneHHoe
UX 2IEKTPOCTaTUHECKUM B3aUMOAENCTBUEM.

cocenHuX nenovykax. Hampumep ydurem, dro mafiepiacosckas CDW cosmaer peasibHyIO
MOJYIANIMIO IJIOTHOCTH 3JEKTPUYECKOTO 3apaia BAOJb IEMOYKN:

A
p(x) = ne o cos(Qx + ¢) (6.186)

KOTOpad, B CBOIO OUEpEelhb, CO3MAaeT BOKPYT MEMOYKHU 3JIEKTPOCTATUUECKUH TMOTEHIHAT
BUIA:

o(ry, ) = 2ne cos(Qz + ¢)Ko(QrL) (6.187)

A
AL
e Ko(r) — ¢dyuknma Beccenast oT MHEMOro apryMmenTa (B ACUMIITOTHKE cIIajiatonias 110
aKCHOHeHTe). Taxmm 0bpa3oM, BOSHHKAET HEPTHA 3JAEKTPOCTATHIESCKOrO B3amMOIei-
creugd CDW (Ha €MUHUIY OJIUHBI uenquM) CJIeAyToIIero BUIA:

U=UsY > cos(¢n — 6m) (6.188)

n <m>

re BTOpad cyMMa OepeTcsd MO HOMEpaM IMENMOYeK — OMmKARMNX cocemell MEMOUKH 7.
Bunum, uro CDW cocennux memnovek 3HEPreTHIECKH BBITOIHO BHICTPOUTHCH B TIPOTHBO-
dase, kak 370 okazsano Ha Puc. 6-19. B pesysibraTe BosHUKAET TPEXMEPHOE YIIOPALOUE-
HIe W B CHCTEME IPOUCXOIUT peas bHbIi dhasoBbiil mepexon. KadecTBeHHO, TEMIIEpaTypa
TAKOTO Mepexoia onpeenderca oueBuIHbIM yenoBueM Uné(T) ~ T, 410 maer ypaBHeHHE
I OTIpeieIEHUs COOTBETCTBYIONIEN KPUTHIECKON TEMIIEPATYPHI THIIA!

I~ TicUog(Tc) (6.189)

C nonmxkenwem T Benmumua &(7T'), Kak MBI BHIEJN B ONHOMEPHON MOmesH, pacTeT
(&(T) — oo mpu T — 0), Tak 4r0 peuienne (6.189) cymecTByer maxe Ijd CKOJb
yrogao masbix Uy, Hy a B peasbHOCTH BCe 3aBHCHUT OT KOHKDETHBIX 3HAUEHUN MMa-
paMmeTpos. Brmomme moxer 6u1TE 1. ~ 1,0, a Moxer Ob1Th W T, < Tp,p. IlosTomy, B
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KBA3MOIHOMEPHBIX CHCTEMAX MOMKET CYIIECTBOBATH [TOCTATOYHO MUPOKad 00JIaCTh TeM-
nepatyp 1. <« T <« Tpo, B KOTOPOii HaIBHAI MOPAIOK OTCYTCTBYET, HO CYMIEeCTBYIOT pas-
BUTHIE DIIYKTYyanny OJIUKHETO MOPAIKA, XapaKTePU3yeMbIe KOPPEJIANMOHHON byHK el
(6.184). IIpu mocTaTo4HO BEICOKHX TeMieparypax I ~ T, 5TH dIIyKTyalnn MOKHO pac-
CMaTpPUBaTh Kak rayccossl, mpn 1" < T},¢ 970 3aBenoMo He Tak. KoppendannonHad 1inHa
dbaykryanmii amxkHero nopsanka £(T) MoxKeT CYIIECTBEHHO NPEBBIIATE MEKATOMHOE

pacCTOAHHUE.

PaccMorpuM Bommpoc 0 BOSHUKHOBEHHH TPEXMEPHOTO YIOPANOYEHHUA B CHCTeMe caabo B3amMoeii-
CTBYIOUIMX ITAPAMETPOB MOPANKA COCETHUX IENMOYEK HECKOJIBKO MonpobHee. Jlada cucTeMbl B3amMOIen-
CTBYIOIIUX ITapaMeTpPOB HOpPANKa Ha LENOYKaX (HyMepyeMBIX HHIEKCAMH I, ), U3 IHCTO (PEHOMEHOJIO-
THYeCKHX coobpakeHuil, MOXXHO Hammcars passoxernue ['J] ciaenyromero suna:

T ‘ 2
F{Ai}z/d— Z[a|m<x>|2+b|Ai<x>|4+c‘dA

&o dx

] + % 3 MA@ (@) (6.190)
<ig>
roe rmoapasyMeBacTCd yIeT B3aHMOﬂeﬁCTBHﬂ TOJIBKO 6ﬂH)KaﬁmHX COCeﬂeﬁ.
3aHI/I]_I_[eM cpenqHee 3HaYCHUE IMTapaMeTpa IIopAldKa B BHUOE:

_ 1 da! , 1 ’ ’
<A >=7 1/{5A}Ai(x)exp _T/g_o Zi:Fi(Ai(l’ ))-I-EZU:/\;‘]Ai(x)A](x) -

-z /{6A}Ai(x)exp —%/ dfio ZFz(Az(l’/)) + %Z/\i]Ai(x/) <Ay >
7 1

(6.191)

IZle Bo BTOpOil CIpOKe CHesIaHO NPUG/IKEHNE “MOJIEKY/IAPHOro” (CaMOCOIIACOBAHHOLO) IIOJIA IO MEK-
nenogednoMy B3aumoneticrsuto. [lpm T — T mmeem < A; >— 0, Torma MoKHO HAIIUCATh:

. o~ -1 . _l d_lJ . L d_lJ (! =
<A SN /{5A}Al(1’)exp T &ZE 1+ gOZAl(x)<A]> -

)

1 da!
=7 | = ZAU < Ai(@)A () >< A >
J
(6.192)
TaK 9TO KpUTHU4YIEeCKad TeMIIeparTypa Tc onpenesjideTcd YypaBHECHUEM:
A da!
1= [ < A@)Ae) >, A=Ay (6.193)
<3>
TJIN, UCIIOJIb3Yy A
< Ai(@)Ai(a) >=< A% > exp {—|o — #'[¢TH(T) } (6.194)
nosty9aeM npaAMoil arastor (6.189):
A T
1= —<A?> ) (6.195)
2T &o

C TeéMH K€ BBIBOITAMMH, IYTO U BHIIIE.

DJIeKTPOH B cjaydaliHoM 1oJie pJayKTyaliuii.

PaccMoTpuM 2JIeKTPOH, paciupocTpandioniica B caydaiinom mose duykryamnit A(z),
KOTOPBIe OyIEM CIUTATEH TayCCOBBIMEI. Tora 3amady MOKHO PENIATh, MOJIb3YACh OOBITHOMN
“npumecHoii” nHArpaMMHON TEXHUKOI, TpUIeM JTUHUN B3anMOAeHcTBHA (paccedaHus) co-
Hocrapiigerca KoppeaaTop (6.184). B uMmy ibcHOM HpencTaBIeHNHN JUHIH B3auMojeii-
CTBHA CJIENYeT COMOCTaBUTH dyphe — obpas (6.184):

S(Q) =247 { T + CFSTS HZ} (6.196)
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p p-Q p

Puc. 6-20 T[pocTedwnn rpacduk ons cobcTBEHHO — SHEPTETUHECKON HacTU 3JIEKTPOHA.
BonHuctan nuHns nsobpaxaet koppenaTop S(Q).

re k = E-YT), a < |A]> > ana kparkoctu obosHaueno kak AZ. B jasbHeiimem Mbi
PAcCMOTPUM Ype3BhIYailHO YIPOIIEHHBIN, HO BeChMa MOy IUTEILHBIN, BApUaHT TaKo#h MO-
I, COOTBETCTBYONi npeneny € — oo (k — 0), T.e. B aCHMIOTOTHKE OYeHb BOIBIINIX
KOPPeIANNORHEIX AJMHH GayKTyanuit 6mmkHero mopanka'®. OkaspiBaeTcd, ITO Takad
3a/lada JIOMycKaeT TOYHOE PelleHne, MBI MOKEM MPOCYMMUPOBATH 6ce (pefiHMaHOBCKIE
rpad UKy Teopun BOSMYIIeHHH ¢ “B3anmMozeiicTBuem” Buma (6.196), koTopoe mepexomnt

B pacCMaTpHUBacMOM IIpedeJic B14Z

S(Q) = 2rA%{6(Q — 2pFr) + 6(Q — 2pr)} (6.197)

Paccmorpum mpocteiiniuii BK1am B COOCTBEHHO — PHEPTETUUYECKYIO YaCTh 3JIEKTPOHA,
m3obpaxkaembiii quarpammoii Puc. 6-20, koTopsrii mimieM B MaybapoBCKOR TEXHUKE:

dQ 1 © dr & 1
b3 n — _S _—_— 2A2 - =
=[5 O e | wwie ien +& —vrz
= QAZ/OO dz " — - ! =
oo 2w (2 — 1K) (T + 1K) i, + & — vpT
AZ

- (6.198)
ien + &p + UFK

THe, IJd ONPEeNeNeHHOCTH, TOJATadl p ~ +pp, €, > 0 U U oTpede/ NN HOBYIO IepeMeH-

HYIO WHTEIPUPOBAHUA & ¢ TTOMOIIBIO () = 2pp + & (TosiesHo ellle pas B3MIAHYTH Ha Puc.

6-31).

13Bo usbexamue HemopasyMeHmi, Cpasy 3aMeTHM, UYTO B JAHHOM CIydae, Iepexol K TaAKOMY IpeIesTy
He O3HaYaeT BOSHUKHOBEHUA NAJIBHETO MOPAIKa! DIIeKTPOH NBHKETCA B TayCCOBOM CJIydaiiHOM moJte co
crenudUIecKUM TapHBIM KOPPEJIATOPOM, a He B IMEePHOIMYIECKOU cucrteMe. B nmerasaax »to 6yHeT BUIHO
M3 HoCJIeayIoNero pacCMOTpeHHd.

14 OrMeTuM OYeBUIHY0 aHAJIOIHIO 5T0H MOIE/ N ¢ pacCMOTpPeHHOM Bhire Momebio Kesmpia,



DJIEKTPOHHLIE HEYCTOMYUBOCTU U ®A3OBbLIE MEPEXOAbI 265

Murepecytoumit Hac npenes £(T) — oo (k — 0) ceqyeT MOHUMATH B CMBICJIE:

vpk = vpé Tt <€ Max{27T,€,} (6.199)
IR
vpk = vpé & 2T, E(T) > lp—pr|™! (6.200)
Torma (6.198) mepexonut B:
AZ
Ylepp) 8 —— 6.201
s (6.201)

Teneps ana “Bsanmonelictsua’ (6.197) Her mpobiieM BBIIICATh BKJIaI rpaduka JT0O0TO
mopanka aiaga yaknun ['puHa, Tuna mokasanuoro Ha Puc. 6-21. B takom rpaduke n — ro
nopsnka 1o S(Q)) uMeeTcs BCero 2n BEpUINH, COSTNHEHHBIX MEKTY cO00H THHUAMNI B3aH-
MomelicTBUA BceMr BO3MOKHBIME criocobamu. [Ipw aToM 11 uHIN moouepeqHo “yHocaT”
U “mpmHocaT” MMIyJabchl () = 2ppl®. B pesysbTare, B COOTBETCTBYIONEM aHAJNTHYC-
CKOM BBIPayKEHUN JJId TAKOTO rpadiKa BOSHUKAET MOCTEIOBATETBHOCTD 9€PEIY IOINXC A
dbynxonmit 'pura suma m (n urtyK) u m
Has) z’anl—gp 16 Kpowme Toro, ecThb emle MEOXHUTeb A?". B nTore, BKIAIE BeeX rpadHUKOB
B IaHHOM TIOPAIKE TMPOCTO COBIAMAIOT, & MX CYMMAPHBIA BKJIA OMPENETAETCA UX TOJI-

(TOXKE N MITYK ), IJTIOC elle OfHa (HaTa b

HBIM YHCJIOM, KOTOPOE JIETKO IOACYUTATEH U3 KOMOMHATOPHBIX COOOpakeHuii — OHO paBHO
nl. B camom gmesie, mMeercs 2n ToUeK (BepIINH), Kyda “BXOgdT” WM “BBIXOAAT JHHHN
B3auMopelicTBusd. I3 HUX n TOYEK UMEIOT “BBIXOIAILYIO” JIMHKIO, KOTOpas JIFOOBIM 13 1!
crtocoboB MoKeT “BoiiTH” B ocTaBlImecs “cBOOOTHBIMU N BepiiuH. Vcmob3yeM Temephb

17.
(o] oQ [o'e) (o] 1
HZ::On!z" = HZ::O/O d¢e ™ (¢2)" :/0 dCe_Cm (6.202)

TOXKIECTBO
Torma serko cymMmupyeM eect pafn Ajid GyHKIuN ['puHa u moIydaeM TOYHOE pelleHne
paccmarpuBaemoii sagaun (M.B.Canosckuit, 1974)18:

= Ap! I n B
G(ep) = HZ:% (i — & )" (ie1 + &) (ier — &) HZ::On!z (e1,&p)Goleéy) =
[e%) _ . +€
= /0 dCe C(igl);g—l fg iCAz =< GCAz(Elfp) >, g = (2[ + 1)7TT (6.203)

e UCIIOJIb30BaJ Il obo3HaUYeHHE:

z2(e1,&p) = A*Goler, &) Goler, —&p) (6.204)

159 1a moouepemHOCTH BakHA, YTOOHI 2JIEKTPoH “He yxomma' Hajaeko oT yposHa ®epmu (Touek +
) F

sa Puc. 6-3 mmm Puc. 6-7 (9ro npuseso — 651 K MOABIJIEHHUIO GOIBUINX >HEPTHIL B 3SHaMeHATEJIAX COOTBET-
CTBYIOIIWX BKJIAIOB TEOPHH BOSMyIIeHHil). DTo He Tak HJIA CiIydas COMSMEDPHMSEIX GJIyKTyanmi, Thma
YIBOEHUA IIEPUOIIA, KOTIIa paboTaeM Co CIIEKTPOM, ITIOKa3aHHBIM Ha Puc. 6-8 m “mnpuxon” mim “yxom” Jsro-
Goro wmcsa EMIyIbcoB Q = (7m/a,m/a) ocraBizer asekTpor B6HsH yposHA Pepvu. CooTBeTCIBEHHO,
IUIA TOTO JACTHOTO CJIy9dad BOSHHKAET HECKOJIBKO WHAA KOMOHHATODHKA OUATPAMM, KOTOPYIO MBI HE
6y/IeM pacCMaTPHBATH W3 COOOpaKeHHH KOHOMHUH BPEMEHH W MECTA.

16PasyMeerca TodHO TaKXKe pellaeTCA 3a8atda U ¢ IPOU3BOIBHEIM GUKCHPOBAHHBIM BEKTOPOM Pacces-

HEAA (), KOTIA IIPOCTO YePEMYIOTCA . Ms1 6epem Q = 2p p O/ KOMIIAK THOCTH 3AITACH

ten—E&p " ian—lﬁp_Q
u B cBA3U ¢ pu3ukoii maliepsicOBCKOTO ITepexoia.
17KaK Y&XKe OTMEYTaJIOCh, B MAaTEMAaTUKE 3TO Ha3bIBaAcTCd CYMMHUIPOBaAHUEM I10 BOpeJ_IIO.
1SCJIe,Z[yeT MMOMYEPKHY THh IPUHITUIINAJIBHOE OTJINYIHNE I[aHHOﬁ 3801491 OT 3a1aYI1 O IBUKECHUH 3JIEKTPOHAa

B KOT€pEHTHOM IE€PHOIMIECKOM II0JIe, KOTOpad pacCMaTpHBaJIach BBIUIE B cBASH c (6.57), (6.58).
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Puc. 6-21 [paduk npomssontHoro nopsigka ofiAa ogHoasekTpoHHon chyHkunn [puHa.

Wy HaC BO3HUKJIA “HopMaJibHasa GyHKINA ['puHa maiiep/IcOBCKOTO I3 IEKTPHKA

€ + fp
Gaz(eip) = (e — &2 —A? (6.205)
P
o[, 3HAKOM “yCpemHeHusd
<. ><=/ d¢e ... (6.206)
0

Herpynzo coobpasuts (dopManbHoe HOKa3aTe bCTBO TpuBeneto B [Ipmnokennn B), 410
(6.203) mpencraBager cobolt dbynkumio I'puHa s/1eKTpoHa, ABUKYIIETOCHA BO BHEIIHEM
noste Buga 2W cos(2prx + ¢), aMIInTy1a KoToporo “GayKTyupyer” ¢ Tak HasbIBAEMBIM

pacnpeiaesicHneM PE).Heﬂl 9 :

PW) = e a7 (6.207)

a daza ¢ pacnpenesieHa OTHOPOAHO Ha mHTepBaJe oT ( 10 27.
BoimostHaAA aHaIHTHYECKOE TPOAOKERNE t€; — £ £ 6 u3 (6.203) momydaem:

ImGRA(6,) = F(e +6,) /000 dCe™08(e* — €2 — (AY) =

2_,.2
?-¢3

(64 &)0(" — & )e” 22 (6.208)

T

::FAZ

TaK 49TO CIICKTpaJibHad IIJIOTHOCTH

Ae,) = —%ImGR(E&fp) (6.209)

€2 )

uMeeT “HedepMUKUIKOCTHBIN BUI, MOKa3aHHBIN Ha Puc. 6-22.



DJIEKTPOHHLIE HEYCTOMYUBOCTU U ®A3OBbLIE MEPEXOAbI 267

Ale.8))

0,2 |

elA

Puc. 6-22  CnekTpanbHas NNoTHOCTL B MOAENMN MceBpollenesoro coctosHuaA: (1)—&, = 0;

(2)—¢, = 0.1A; (3)—¢, = 0.5A.

L NE/NE)

T Y T T
-2 -1 [o} 1 2
E/A

Puc. 6-23 TnoTHocTb cocToAHUN ¢ NceBaoOLLENbLO.
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IlpuBeneM nuist TOMHOTH TaKKe W AHAJIUTUIECKUE BRIPAKEHUA OJIA ReGHA (€p):

e —& _ .2
—EZEP e~ 2z Ei (E A;") mpr & — (23>0

ReGTA(€)) = (6.210)

le2—¢2]
EZEP ~=az FEi (lE A2‘f |) pu 2 — 5123 <0

rne Ei(z) m Ei(z) — nHTerpasbHBlEe MOKasaTebHble QyHKnmH. [lomdepkHeM, 9T0 HOTy<IeHHaA HAMMK
dyrxupa I'prra (6.203) He 061amaeT 0COGEHHOCTAME MOJIOCHOTO THIA B OKpecTHocTH ypoeHA Pepym
¥, B 5TOM CMBICJIE, HE OIHCHIBAET CIIEKTP “a/IEMEHTapHBIX Bo30yKneHni” (KBasHIacTHIL), TEMOHCTPHPYH,
TakuMm obpazom, “HedepMIDKHIKOCTHOE MOBEIEHUE.

ILnorHOCTH COocTOAHMIL 2JICKTPOHOB UMEET BUL:

S 2
ot =13l s elale (<o) ori(5) -

(1 opu le] — o0
N 2;—2 npu le] — 0

(6.211)

roe NO(EF) - H.HOTHOCTI) cocToAHUl CBODOMHBIX 3J€KTPOHOB Ha ypoHe ®epmm, a

Erfi(x fo dre®” — WHTETpasl BEPOATHOCTEN OT MHUMOTO apryMeHTa. XapaKTepHBIi
BU 3TOI MIIOTHOCTHM COCTOAHWI MoKa3aH Ha Puc. 6-23 m meMOHCTpUpYeT HAIUYHe pas-
MBITOl (“MaATKON” ) ncesdowesu B okpectHOoCcTH ypoBHA Pepmu. Ilo cyTn mesa, 310 ecTh
IJIOTHOCTE COCTOAHUN TalepsICOBCKOTO quaaekTpuka (6.77), mokasanHad Beile Ha Puc.

6-9, ycpennenHast 110 bUIyKTyaluaM HesIH, olpeiesgeMbiM pacipeneaernem (6.207)°

SﬂeKTPOMaFHI/ITHbIﬁ OTKJIUK.
3aMedaTesbHOI 0COGEHHOCTBIO paccMaTpHBAECMON MOIEIH ABJIACTCA TaKKe BO3MOK-
HOCTB TIOJYYIHTH TOYHOE pemeHue (MpOCYMMHUpOBATh 6Ce IMATPAMMBI) M A (QYHK-
MM OTK/JIWKa HA BHEIIHee 3JICKTPOMArHUTHOE ToJie (MOIAPH3aMOHHOTO OMepaTopa)
(M.B.Caznosckuit, 1974).

BeimmmieMm cHadaJsia HEKOTOpPBIE COOTHONIEHHs oOIIero xapakTepa B TexHHKe 1 = ().
IlogpeprueM cucreMy BosaeicTBUIO c1abOro BHEIIHErO BEKTOD — HOTEHIMAA!

mc

§Hint = ——/d?’m/f"( )P - SA(rt)(r) (6.212)

rae bA(rt) = 6Aqw etdr—iwt CooTBeTcTBYOIIAaA BapHAIAA OTHOSJIEKTPOHHON hyHKINH
Cpuna sanuceiBaetca B Buge [1]:

§G(ep) = G(Ep) (p §Aqu)G(e+wp+q)+

3 d3p’ de’
—I—%G(ep)G(e—l—wp + q)/—p/ c —T(ep,e'p’; qw)G(e’ p) (p 6Aqu)G(e' +wp' + q)

(27)3 27

199106 pacpemeseHIe MMPOKO UCIIOIb3YeTCA B CTaTHCTHIeCKoH pamnodusuke: C.M.Pritos. Benerme
B cTaTUCTHYEeCKYIo pammodusuky. Jacts . “Hayka”, M, 1976.

200 rmernM, 9TO MOXKHO HpoBecTH 0GOGIIEHIE HAIIETO PACCMOTPEHHA U Ha Topasmo Goslee CIOKHBIL
cay9ail KoHEIHBIX KoppesaannoHasix mimH ¢ (1) (mm k), KOTopoe NEMOHCTPHPYET IOCTEIEHHOE “3aMBI-
BaHme” TICEBIONIE N, TTOKa3aHHol Ha Puc. 6-23, mo Mepe yMeHbIIEHUs KOPPEJIATTHORHON MJTHHBI OIHK-
mero nopanka &(71). Ilpm sToM mIo0THOCTH cocTOAHMII B MEHTpe HCEBIONIE/N CTAHOBHTCA KOHETHOM.
O6s0p cooTBeTCcTBYIOIWNX paboT MOKHO HocMoTpeTh B crarbe: M.B.Canosckmit. YOH 171, 539 (2001)

(6.213)
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nJjin

6G(ep) = G(ep)I(ep;e +wp + q)G(e + wp + q)0Aqu (6.214)

910 moKasaHo rpadmudeckn Ha Puc. 6-24. Orcroma, KcTaTw, siCHO YTO OJiA CBODOTHOM
dyukmmn ['punra:

6Go(ep) = —Go(Ep)%pGo(Eerp + q)0Aqu = Go(ep)Jo(p; P+ @)Go(e+wp + q)6 Aqu
(6.215)

rmoe
€

Jo(p: = 6.216

olp;p+a) —p ( )

— cBobGomHasa “rokoBad”’ BepiinHa. [losHasg BepunHa onpenenserca us (6.214) kak:

8G~!(ep)

(6.217)
5Aqu

Jp;ip+q) =-

COBepH_[eHHO aHaJIOTUYHbIE (bOpMy.HbI BO3HUKAKT U IPpU OIIMCAHUN pEaKIIN CUCTEMBI HA
CKa.H?IprIﬁ IIoTEHIIaJI:

SHipnt = e/d3r1/)+(r)6g0(rt)1/)(r) (6.218)

e 6p(rt) = Spque’ P~ B uacrrocTn, anasornano (6.213) nmeenm:

8G(ep) = G(ep)edpquGle + wp + q) +

; d3 / de!
—iG(Ep)G(E +wp +q) / _p3 / —TI(ep,e'p’; qw)G(e'p)ebpquG(e’ +wp' + q)
2 (27) 2w
(6.219)
wIH
8G(ep) = G(ep)Jolep;e + wp + q)G (e + wp + q)dpqu (6.220)
7€ BBEEHA, [0 ONpeneneHnio, “ckandpHasa’ Bepumnaa Jo(p;p + ¢q):
§G~1(e
I(pip+4q) = 96 (ep) (6.221)
(Sgﬁqw

Tpaduueckn (6.220) usobpaxaercs onars Puc. 6-24. Anamoruano (6.215):

8Go(ep) = Go(ep)Gole + wp + q)ebequ = Go(ep)Jy (P; P+ 4)Gole + wp + q)dequ

(6.222)
rne J(p;p+ ¢) = e — “cBobonnas” BepiuHA.
Boobe yno6Ho BBecTH oblliee ollpeeacHIe BepITHHbL:
§G~(ep)

JHpp+q) = ———7F7r— 6.223
PP = = () (0229

roe A, (qw) = {¢qu, Aqw}, Tak dTo “cBobonHaa” BeplIMHA paBHA!

il . _ _%p H = 1a 2a 3

7o (p,p+q)—{ A (6.224)
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p
p P b
g + L }—q = -q
pt+q pt+q P
pt+g

Puc. 6-24 WsmeHenune dbyHkunn [puHa BO BHELIHEM 3MeKTPOMArHMTHOM MOJE.
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GJI.?

ep ep-0 ep epl  ep ep0 } p-Q+g prqp-Org po
} S+ £+ &M Et
|
|

g

Puc. 6-25 [pacunk npoussosbHoro nopsigka ANA BEPLUVMHHON 4acTW B3aWMOOEACTBUA C
BHELUHWM 3/TEKTPOMArHUTHBIM MOJEM.

AN
6Go(ep) Ju
— = : .22
54 (qw) Go(ep)Jy (p;p+ ¢)Go(e +wp + q) (6.225)
Torma Kak JJid “mostHoit” dpyuknmm ['prHa:
8G(ep)
——— =G(ep)J(p;p+ q)G(e + wp + 6.226
54 () (ep)J*(p;p + 0)G( p+a) ( )

Tenepsb nopa nepeiitu K gemny! U3 mpenbiayiiero obcykaeHus ACHO, YTO MPOU3BOJIbHALA
IuarpaMma, ONUCHIBAIONIAA OTKJINK HA BHEIIHEE ITOJIe, MOKET OBITH TMOJIy9eHa U3 Mpo-
W3BOJIbHOM muarpammbl auia pyukmun ['puna (tuma Puc. 6-21) “BeraBroit” B si00yio u3
5JIEKTPOHHBIX JMHUI JIMHIK BHEIIHETO MOJIA, KakK 5TO MoKasaHo Ha Puc. 6-25 (mpuuem
HYKHO HepebpaTh Bce Bo3MoXHBIe “BeraBku” ). IIpoBona Takum obpasom “muddepen-
nuposanue” paga (6.203)?1) noayuum (m — Homep “6iioka’ z, B KOTOpbIl BeTaBIdeTCs

nuana A* (qw)):

6G0 et .
S (qw) <Zl;l Cz(ep) " g ( T (g (2 F P+ ) Gole Fwp + )+
5G0( p)
+ Cz(ep))
Z Aulaw) [
(6.227)
3nech 7;555;3)) ompenengerca us (6.225), a npouwssognaa “Gioka” z(¢p) onpenendercs

Puc. 6-26 um paBHa:

210 cyTu mesa MBI 37iech B ABHOM BHIe IPoBoanM GYHKIHOHAIbHOE Hub depeHITHpoBaHue IO/ THOTO
paAa TEOPUH BO3MYUIEHUH /1A OTHO?JIeKTpoHHON dyHKIuu ['puna u “renepupyem” Bce rpadukm mjida
COOTBETCTBYIOMEN BepUTHHHON TacTw.
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o] Q 6] o}
> > + > ™ >~
epletew El® ep € 1 et

lprg  pOrg pQ | p-O+g
|
|

Puc. 6-26 Tpadukn ans dyHkunoHanbHol nponssoaHon “6noka” z(ep).

5z(ep)
§A,(qw)
+A%Go(ep)Gol(ep — Q)T (P - QAP — Q+ q)Go(e + wp— Q+q) =
= Go(ep)J{(pip+ d)z(e + wp +a) + 2(ep) ' (P—a;p — Q+ Q) Go(e + wp — Q + q)

= A%Go(ep) ¥ (PP + @)Go(e+ wp+ @)Go(e+ wp— Q+q) +

(6.228)

Moncrasmas (6.228) B (6.227), u yunreiBad (6.225), nosyanm:

n

= <Z S (G ep) ™ (€ + wp + @) Go (=p)JE (D3 D+ @) Gole + wp + a) +

n=1m=1

I

+) 0 (P ™M (CHe + wp + @) T Go (e + wp - Q+ @) (P — Qip — Q+ 4)Go(e + wp + q)

n=1m=1

II

+ Z(CZ(EP))"Go(sp)J(’f(p; P+ a)Go(e +wp + q)>

IIr ¢
(6.229)

HepBbIﬁ n TpeTI/Iﬁ BKJIQJAbBI B 3TOM BBIpAaXKCHUN O6’be,D;I/IH$HOTC$I 1 OJaroT:

n=0

+ YD T (ep) T T (e wp + q)}> =(m-1-m)
¢

n=1m=1

<THIIT>.= <J5‘(p;p+q)Go(6p)Go(6+wp+q) {ZC"Z(EP)-I-
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= J¥(p;p+ 4)Go(eP)Go(= + wp + q) <Z Z MM (ep)¢ T2 T (e + wp + q)> =
¢

n=0 m=0

n=0 m=0

= <Jg(p;P+ q)Go(ep)Go(s + wp + q) ZC"Z"(sp) Z ¢ (e + wp + q)>
¢

(6.230)

e TakXKe WCIOJIb30BaHO mpapmio yMHOKeHHs panoB: (> o an) (S o bm) =

ZZOIO ZZ’LIO a”b”_m'

Torma, ucnonbsy# (6.203), monyvaem:

<I+III>=J(p;p+a) < Geaz(ep)Geaz(e +wp + q) >¢ (6.231)
rie
£+& ,
GA2 (Ep) = m (E —cx Z(S) (6232)

— HopMaJIbHada GyHKINA ['prHa maliepJICOBCKOTO IM3JIEKTPHUKA.
AHaJOTHYIHBI cYeT OJIs BTOPOTO CJIaraeMoro B (6.229) JaeT:

<II>=J'(p-Qp—-Q+q)Go(c +wp— Q+q)Go(s + wp + q) X

X <§: Zn: (MM (ep)CtTMEN T e+ wp + q)>
¢

n=1m=1

o0 7 1
=J'(P-Qpr-Q+aq) <Z Z ¢ (ep)¢" T (et wp + q)@> =
¢

n=1m=1

=J{(p-Qip - Q+a) <@%Z<"Z"<sp> 3 cmzm<s+wp+q>>
¢

n=1 m=1

= I8 (P~ QP - Q+a) < Feaz(ep)F (s +wp+a) >¢
(6.233)

Te BO3HHUKJIO “( — cpemHee” OT MpOM3BEAEHNA ABYX anoMarbuuiy yakimit ['puma maii-
epJICOBCKOTO IUAJIEKTPUKA:

A

+ _ .
FAQ(E) = m (E — e+ Z(S) (6234)
e =&
HECMOTp4 Ha OUeBUIHOE OTCYTCTBUE B CHCTEME IIailepJICOBCKOro naJibHero nopdankal Ilpu
(o] (o] (o] n
5TOM MBI HCIOIB30BATH (Y " 1 an) (O - o bm) = > 0 1> 0 1 dnbp_mi1 B DpocyMME-
poBa/Iy MPOTPeccHn B mpeanocaenteM dieHe (6.233).

Takum 06pa3oM, OKOHIATETBHO MOy IAEM:

0G(ep)
6A,(qw)

= / d¢e™ {Geaz(ep) TS (PP + @)Geaz(c +wp + q) +
0

= G(ep)J'G(e+twp +q) =

+Feas(ep) (P — Qip— Q+ @) F (e +wp + q)} (6.235)

qr0 m3obpaxkaercda rpadukamu, mokasaHHbiMEA Ha Puc. 6-27. [lomuepkrem, 910 3TOT
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p+q ptq

-9+ --—q

Puc. 6-27 T[paduyeckoe npeactasnenune dyHkunoHansHon nponssoaHon G(ep).

pe3yJIbTAT TOJYYaeTCd CYMMUPOBAHUEM 6Cex TUATPAMM TEOPUH BO3MYIICHUR I Bep-
NIMHHON 9acTH. DTOT OTBET “MOYTH OYEBUIEH , €CJIM BCIOMHHUTEH XapakTep CIyJIaliHOTO
HOJIA, B KOTOPOM [IBIZKETCA 9JIEKTPOH B PACCMaTpUBaeMOl Mosie T (¢p. 3aMedaHne MocIe
(6.206)) — y HAC 1 JOKEH OB BOSHUKHYTH “IH3IEKTPUIECKNH” OTKIINK, yCpeTHEHHBIH
M0 IAYKTYAIUAM [IEJIH.

Temepb MOXHO Cpasy BHIIKCATH W COOTBETCTBYOUIMH MOJTAPU3AMUOHHBIA omeparop
(KoTopblii muieM yxe B ManybapoBCKOH TeXHUKE):

(o) (o) d
M{quwm) = / dCe_CQTZ/ % {GCA2(€np)GCA2(€n +wmp+4a) +
0] n —00

+FCA2(€”p)FC+A2(€” + wmPp + q)} =< HCAQ(qu) >¢ (6236)

9TO TPENCTABIAETCA AHarpaMMaMu, MoKasaHHbIMEU Ha Puc. 6-28. Bugum, uTo nom 3Ha-
KOM YCpeTHEHNA MO (BhAYKTYAIUAM IS TYT CTOUT MPOCTO MOJAAPA3AIMOHHEI] oepaTop
mafiepsicoBckoro amsiiekTpruka. CooTBeTCTBEHHO, CTPYKTypa (TodHOTrO!) pelieHnsa misd
5JEeKTPOMAarHUTHOTO OTKJINKA B PACCMAaTPHBAEMON MOIE/IN COBEPIIEHHO sICHA — HYKHO
paccunTaTh OTKIWK Malep/ICOBCKOTO AMa/IeKTpuKa (¢ hUKCHPOBAHHON IIETBIO B CIIEK-
Tpe), a TOTOM YCPETHUTE PE3yaAbTaT Mo GUIyKTyanmaM mesan. TakuM obpasoM, B Xofe
JAJbHEHIINX BHIYUCACHNNE, MBI aHAJIU3UPYEM CPa3y OBe 3aJadl — OTKJIMK Maiiepsicon-
CKOT0 OM3JeKTPUKA B OTKJINK B TOTHO pPelIaeMoil MOIean ICEBIOIIETEBOT0 COCTOAHNA.

Mposenem nogpobuerit pacder Il az(qwy,) — TONTAPU3AMHOHHOTO OEpaTopa naiep.i-
COBCKOTO IMAJIEKTPUKa ¢ PUKCHPpOBAHHO 1Iesbio. [logcTaBisaa B cCOOTBETCTBYIONIEE BhI-
paxkenne, cieaytoiiee us (6.236), HopMaabHYIO I aHOMaNBHYIO GyHKINH ['prna naiiep-
COBCKOTO IM3JICKTpUKa B BUme’ :

1}2

2
L L 6.237
iEn_Ep+i€n+Ep ( )

u

GA2 (Enp) =

22B nagpHelimeM A MOKHO CIHTATH BEIeCTBEHHOMN.
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ptg eto pta &ta, p-Qtg

O ' Q
pe, p e p-Q

Puc. 6-28 T[lonsipusaunoHHbIA onepaTop B MOAENN MCEBAOLLENEBOIO COCTOAHUA.

A
(len — Ep)(icn + Ep)

soifef) eilog) e

roe B, = 4 /€§ + A?, sannceiBaeM cyMMy 1o hepMUEBCKAM TacTOTaM B BHJIE KOHTYPHOTO

Fhi(eqp) = (6.238)

e

uHTerpasa (3.38) u mosydaem:

[e%) dp dE u2u2
Ao m) =2 @y “e P ptq
arlaen) =2 | 2w/c2w”<€>{(e—Ep><e+wm—Ep+q> !
2,2 2,2
4 Yp¥p+q 4 UpUptg i
(e + Ep)e +iwm + Epyg) (€= Ep)(e + iwm + Epiy)
4 “§U5+q i A*
(e+ Ep)e +iwm — Epyg) (€4 Ep)(e + Ep)(e +iwm — Epyg)(e + twm + Epyg)

(6.240)

rae KOHTYp mHTerpupoBanua C' mokasaH Ha Puc. 6-29 (a). D1oT KOHTYp MOKHO Jedop-
MHPOBaTh, Kak MokasaHo Ha Puc. 6-29 (b), a sareMm “pacTaHyTh’ Ha GECKOHEUHOCTH.
Torma unrerpaJs oupenesIAeTcda BK/IAJIOM HETBIPEX HOJIOCOB € = +E, u ¢ = +F,4,.
Bbraucsagasa cooTBeTCTBYIONINE BBIYETHI, UCIOJB3Ys cBolcTBa dhepMueBCcKol dYyHKITHN:
n(e + twm) = n(e), tae wy, = 2emT, u n(—c) = 1 — n(e), npuBomA MOTOOHBIE WIIECHBI
I MEPEXOIA OT HHTETPUPOBAHUA 10 dp K HHTErPHPOBAHUIO IO df, (yINTBHIBAA MPU 3TOM
BKJIas 0T obonx “KoHIoB” noBepxHocTH PepMu, ITO TaeT TONOJTHUTENbHBIH GakTop 2),
MoJIydaeM:

o]

A2
2, 2
[n(Ep) — n(Eptq)] {upup-l'q + M} +

HA2 (qwm) = 2N0(EF)/

— o0

1
r Ep — Eptq +iwm
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A A
TN S e ~—_ &
3 // ~
/ \
S
/ \
/ \
Y 3 / \
! l
x—x r—x—> lﬂ@— EED==
-E -E +E + _E - !
g pw Ep Ep+q \\ Ep+qu +Ep +Ep+q
/
3 \ /
\ /
N /
\J/ =

(@) (b)

Puc. 6-29 KoHTypa uHTerpupoBaHus, ncrnosbsyenble Mpu BbIYACIEHNN CYyMMbI MO hepmun-
€BCKUM 4acToTam B MOJIAPU3ALMOHHOM onepaTope.
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1

2No(E dép———— [n(FE,) — n(E 202 e
+ 0( F) /_OO p By — Eprq — iwm [”( p) ”( p+q)] {Upvp-l-q + 4B, Epyq } +

e 1 A2
2Ny (E dé,———— [n(E E -1 R —
+ 0( F)/_ épEp"'Ep-l-q T iwom [”( p) ‘|‘”( p+q) ]{upvp-l-q 4EpEp+q} +

e 1 A2
2Ny (E dé,———— [n(E E | R AT ————
+2No F)/_OO ngp+Ep+q—iwm [n(Ep) + n(Eptq) ]{Up“p+q 4EpEp+q}
(6.241)

rne No(Ep) — mnorHOCTH cocToAHnmil cBOGONHBIX 3/1€KTpoHOB Ha ypoeHe Pepmu nsa obenmx mpoekmmil

CIIMHA. I[aﬂee, CIoTa HaOdo IMOACTaBUTH:
1 1
“129“2+q =-d1+ Eplpta + f_p_l_ Eptq ; U123U123+q =-{1+ Eplpta _ f_p_ Eptq
4 EpEptq  Ep  Eptq 4 EpEptq  Ep  Eptq

1 1
W, =41 Eplpta n Ep  Eptg 7 wul, =41 Eplptq  Ep n Eptg (6.242)
4 EpEptq  Ep  Eptq 4 EpEptq  Ep  Eptq

Ysensr aumeiirsre 10 £p U {p4 ¢ BHINATAIOT IPY HHTETPHPOBAHIHE H3-3a HEIETHOCTH.

Ilocne amaauTnaeckoro IIPOOOJIZKECHU A iwm — w4+ 16 OKOHYATEJILHO HonyqaeM23:

o0 2
Nas(aw) = g No(Er) [ dey { RSt T2 () — ()

1 1
X{Ep_Ep+q+“+i5+Ep_Ep+q_W_i5}_

1 ® (E,Epiy — — AZ
~gotize) [ { PR S S () = ()]

— 00

1 1
X — + — 0 (6.243
{Ep‘i‘EpH‘1“""1‘“S Ep+Ep+q_W_“S}( )

D10 U ecTh 00lliee BhIpaXkKeHMe JId MOJAPUIAIMMOHHOTO OMEpaTopa nailepcoBCKOTO -
ssekTpuka ¢ dukcupoantoil mesabto A% Ipu A? — ( Bropoe ciaraemoe B (6.243)
CTPEMUTCA K HYJIIO, & MePBoe JaeT OOBIYHBIH (3amasapiBaoNii) TOIAPU3aNOHHBI] Olle-
parop ssexTporHoro Tasa. C apyroit croponsr, npu T — 0, Ho A? # 0, mepBoe coraraemoe
B (6.243) obpamaerca B HysIb, Tak 9TO I HOJAPH3ANMOHHOTO omeparopa mpu 1T = 0

nMeeM:

~ d€p {EpEp+q - €p€p+q — AZ} { 1

1
Maz(qw) = —=No(E 4
2e(@) 2 of F)/ EpEptq Ep+ Epyg +w b

— 00

1
* Ep+Ep+q_W_i5}
(6.244)

23 AHa TOTHYHbIe BBHIYMC/ICHHNA /I CBEPXIPOBOIHHKA HAIOT DPEe3y/IbTAT, OTIMYAIOUIMIC 3HAKOM Ie-
pen A% B YmcAETee HOAMHTEIPAJILHOTO BBIPAKEHHs, UTO CBA3AHO C aHTHCHMMeTpHell ropbKOBCKO
dysxmEm 'pura I,z mo cimHOBRIM HHAECKCAM (5.53). CooTBETCTBEHHO, B BBIpaKe€HUH [JIA IOJIAPH3a-
LIOHHOTO omlepaTopa cBepxmpoBomHuKa [, 2(qw), Io cpaBHEHHIO ¢ COOTBETCTBYIOIINM BEIpakKeHHEM H3
(6.236), mponcxonuT saMeHA FFt — —FF%. Takoe BeIpaxeHHe olIpefe/sdeT, HAIPEMeD, HOTIOUICHEE
yIBTpPasByKa B CBEPXIPOBONHWKE [4], OMHAKO OHO HEIPUTOIHO NJIA BBEIYHCJIEHHA IPOBOIMMOCTH, IIO-
CKOJIBKY, KaK yJe OTMEYaJIoch BEIUIE, B CBEPXIIPOBONHUKE HeJIb3:A MOJIb30BaTbca popMysIoit mia o(w)
trna (2.110), 9To cBA3aHO C HapyNIEHWEM KaJ/IAGPOBOYHON HHBAPHAHTHOCTH B OCHOBHOM COCTOSAHHH

BKIII.
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[IpoBong mpocThle pasaoXeHna’* B paj Mo cTelmeHaM ¢ B Ipegese vpq < A moIydaeM:

1 o 1 1 1 &
Az — _ZNy(Ervdg? d - _ >
az(qw) = =5 Nof F)UFQ/O gp{QEp—I-w—l—ié—i_QEp—w—ié}{Eg E;}}
(6.245)

Orciona:

1 o 1 1 1 2
Rellaz(qw) = _§N0(EF)UM2/0 “ { 3E, +w | 25, —w } {ﬁ N E_Z} (0:240)
P P

Il () = FNo(Er)ibe [ d@{%— s }{6<2E ) = 6(2E, — )}
' (6.247)

[Tepeiimem Temeph K BHIYUCIEHUIO IU3JIEKTPUIECKON MTPOHUIIAEMOCTH U TPOBOINMOCTH.
Mcnompsysa cranmapTHoe onpenenenue (2.8), uMeeM:

2

4
Reeaz(qw) =1 — 71'26 Rellaz(qw) (6.248)
4 2
Tmeas(qw) = ———ImTl o2 (qw) (6.249)
Torma us (6.246) u (6.247) mosyanm:
wZ [e%) 1 1 2
Reeps(qw) = 1 + —p/ déy———5 4 = — L (6.250)
4 pEg —« | E, E3
I _T2 [ A’ §(2E §(2E 6.251
mEM(qw)—Z“p ; €pw{( p—w) —O6(2Ep +w)} (6.251)
rJe BBeJIN:
w? = vpKp, k7 = 8me?No(EF) (6.252)

— KBaJpaThl MJIa3MEHHON 9acTOTHI 1 O6paTHOI‘O paguyca 3KpaHI/IpOBaHI/I$I25.

Mpu w = 0 (6.244) cBoguTcH K:

as(40) = —2No(Fp) [ dg 2P0 Sy A7 1 (6.253)

0 EpEpyg By + Epyg
Mpu vpg <€ A orcroga (nm us (6.246)) nonygaem:

il = e [Cde (1o ) L 2 Ly (e Ui -
A2(q0)——§ o EF)ving ; &p —ﬁ =3 o(EFr) 2 (6.254)
P

24 A mMeHHO, A p ~ +pp U g > 0, EMeeM: Cptqg R Ep + qu,

¢
Eptqg= /&y T A2 R Ep+ 3 3 Fq +quép + 5v54° B3

CoOTBETCTBEHHO:
£p£p+q ~ f + Uqup

¢
EpEpyiq = E2 + qu + qu2 Eg

Tak 9To BXomAmad B 112 (qw) K0M6I/1Han;1/m

- 1 26 1 2 A2

2 —
EpEptq —Eplptq — A" & —qu - —qu B2 T —qu 2+a2°
2 2,2 1

2
25C yueromM Toro, uro oaa d = 1 umeem n = pF , Pr = 5” nMeeM U%HD = 8re vy Py

= 462UF =

2
4e2 pFF = 4”%, 9TO COBIIAIAET C OGBITHBIM OIpene /IeHIeM ILIa3MeHHOI 9acTOTHI.
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910 maet (moapsyeMcsa Takke (6.252)):

Ame? No(Er)v w2
AmENo(Er)opp _ g, “n (6.255)
3AZ2 6A2
— CTaTHYECKYIO AU3JICKTPHIECKYIO IPOHANAEMOCTD HaliepICOBCKOro AUaIeKTPHKA.
Mpu vpg > A us (6.253) monmydaeM (IeTaan BEIYHCIEHHUI OMyCcKaeM):

eaz(q0) =1+

s (q0) = 2No(Ep) = 2 (6.256)

4me?

TaK 4YTO:

sz
e(q0) =1+ q—{j (6.257)

rae onath yaun (6.252). Bepaxenne (6.257) o4eBUIHO COOTBETCTBYET nebacBCKOM sKpa-
HHUDOBKE B Memaase — TpHA vpq > A malfepsIcoBCKasd 1MeJb CTAHOBUTCH HECYIECTBEH-
HOIA!

Bosppamascs k ciydaio w # 0 n vpg <€ A, sanumem (6.246) xak:

1
R6€A2 = 1—|— —/ gz n A2)3/2 é’z n A? ﬁ (6258)

Mprnw — 0 (w < 2A) o1ciona ecrecTBeHHO caenyeT (6.255), a mpnw > 2A MBI oIy daeM
OOBIYHBIN TIa3MEHHBINH Tpemet:

2
Wy
Recpz(w > 2A)=1— E (6.259)
Mosroe BBIpaKenne (6.258) onnckiBaer miIaBHbI mepexon oT (6.255) k (6.259), mpouc-
Xomammit npu w ~ 2A. IlogpobHee meso BRIMIAAUT CAeLyIOIHM obpasoM. Mcmosbsys
B (6.258) sameny mepementoil £, = Ash(z), mocse IPOCTHIX HpeobpasoBaHUi U B3ATHA
TabJIMIHBIX HHTErPaJIoB, HMEeM:

Reepz(w) = —Z—Zz 1+%ﬁ [arctg( 4:%2—1) —g mpu  w? < 4A?
= _ (6.260)

Reepz(w) =1 - Z—Zz 1- %%1 larcth ( 1-— 4:%2) -1 mpu w? > 4A?
= _ (6.261)

OTKyJa U CJAEAYIOT YKa3aHHBIE BBIIIE TPENeIbHBIE CITyYal.
Pacemorpum Terneps nonpobuee Imeaz(w). Boipaxenne (6.251) sannceBaerca Kak:

ImeAz(w):Z f,/ooodg W{é(z/guy )-5(2,/5;+A2+w)}

(6.262)
Borancisaa HHTErpasl HoIb3yAch U3BECTHBIMI dhopMyaamu é(ax) = %6(1‘) n fyoo ded(x —
a) = f(a — y), mosyanm:

O(|] - 2A)

w2
4AZ T 1

Imepz(w) = A p (6.263)
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Reoc

(O]

Puc. 6-30 YacToTHas 3aBMCHMOCTb LEACTBATENLHON 4acTW MPOBOAUMOCTU B MamepsicoB-
CKOM [U3neKTpuKe.

Orcioga maa meficTBUTeNbHON TacTH TPOBOINMOCTH HMEEM:

ﬁ+% mpu  |w| > 2A

Reopz(w) = i[meAz(w) = ™/ (6.264)
Am 0 npu lw| < 2A

CooTBeTcTByIOIAA YaCTOTHAA 3aBUCHMOCTH KadeCTBEHHO mMOKaszaHa Ha Puc. 6-30.
Bumgum, 9ro morsiolienre »JeKTPOMATHUTHOW HEPTHH TPOUCXOAUT IIyTeM BO3DYXKie-
HUs KBAa3sWYaCTHUI depes TalepsICcOBCKYIO Wb MUPUHOH 2A ¥ OTJIUYHO OT HYJIS TPH
w > 2A. DTo TUNUYHO AW3JIEKTPUIECKOE MOBEIEHIUE.

IIpr w > 2A nmeem:

2
AN 2 2 2 AN
Imepz(w) ~ 27 (—) “p , Reopz(w) & L (—) (6.265)

W W mw W

B IIcepaoie/J1eBOM COCTO?{HI/II/I26 BCE€ 3THU BbIpaXKEeHUAd HYXKHO €lllc YCPEOJHUTD 110 (bHyK—

TyarmuaM A, omuckiBaeMbIM pacnpenenerneM (6.206) wam (6.207). Takum obpasoMm us3

(6.263) u (6.264) morydaem:

w? % ¢
Ime(w) = m—g/ d¢e* (6.266)
(o3} w?2
0 a7 — ¢
w2 A g ¢
Reo(w) = ] Ce : (6.267)
u 4<.UA2 - C

26 PasyMeercs pedb UOET TOJIBKO O Halllel UpesBEIYailHO yIIPOUIeHHOM MOIe I, COOTBeTCTRYoIel Kap-
TuHe rayccoBbix duaykryarmuiit CDW — tuna ¢ koppemsanmmonHott nymaolt £ — co. O6obuienue Ha corydaii
xoHeuHBIX ¢ cymecTeHHO cooxaee: M.B.Camosckmit. YOH 171, 539 (2001)
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Im £(c)

Puc. 6-31 YacToTHas 3aBUCUMOCTb MHUMOW YacTu ,D,I/ISJ'IEKTPVI‘-IECKOVI NpoHNLUaemMoCTn B
2

w
Moaenn ncepgoLleneboro COCTOAHNA. 3Ha‘-IeHI/Iﬂ ITTLE((.U) AaHbl B €QMHMUaX A—’;.

PesynpTaThl 4MC/IEHHBIX pacdeToOB 3TWX BBIpaxeHWit mokasansl Ha Pumc. 6-31, 6-32.

Ananutudaeckn u3 (6.266) n (6.267) jerko mokasarh, uTo MpH w & 2A “paboraior”

cJIeaynuue aCI/IMHTOTI/IKI/I27Z

w2 1 (w2 2
A—Z;, Reo(w) = (—p) w—0 mpm w—0 (6.268)

Ime(w) &

T\ A

o

Mpu pacdere Ree(w) MOKHO KOHETHO TPOBECTH INCJIEHHBII 06caeT HOpMyI, CITeNY oK
3 (6.261), (6.260) ¢ mocaenyromum ycpentennem (6.206):

w2 [o° 4¢ A2 1 [4¢ A2 T
2 =1--Z dCe {1 1 —_— 1] -=
Reeps(w) o7/ Ce { + - \/m arctg 2 5

mpu w? < 4A% n

2 00 2
4CA 1 4CA2
Reepz(w) =1— w—g dée {1 — < arcth 1— C—z -1
w? Jo w w? —4CA? w

(6.270)
npu w? > 4A?. Topasso mpole, OMHAKO, BOCTOMb30BaThca BMecTo (6.261), (6.260) mpo-
creiinieil mHTepIOIAIMOHHON dhopMy.Toii:

wZ

R6€A2 ((.d) =1- (,uz—iPGAz (6271)

KOTOpas MPaBUJABHO OMUCKIBAET TpeNebHOE MoBeneHne ph w € 2A  w > 2A. Torma
MoJIyYaeM:

o [T ¢ 1 P J—
R@E(W) =1 —(.dp‘/o dC@ m =1- @6 6a? [y <—) (6272)



282 DJIEKTPOHHLIE HEYCTOMYXUBOCTU U ®A30BLIE MEPEXOAbI

Re 0 0)

Puc. 6-32 YacToTHas 3aBucumocTb AEeNCTBUTENBHON YacTn npopoagnMoOCTI B ncepaoLlene-
2

BOM COCTOAHWNN. npOBO,D,I/IMOCTb AdaHa B €QMHMUax 47TPA'

Re g(w)-1

Puc. 6-33 [eicTBuTenbHan 4acTb AU3JIEKTPUYECKOA MPOHULAEMOCTN Kak PyHKUUA
vacToTbl BHelwHero nonsA. (1) — 3aBUCUMOCTb, MOMYYEHHARA YUCIEHHBIM PacqeToM Mo

TouHblM dopmynam, (2) — 3aBUCUMOCTb, NOAYHEHHAA W3 UHTEPNOAALMOHHON hopMYybI.
2

w
,D,VISJ'IeKTpVI‘-IECKaﬂ NPOHNLaeMOCTb AaHa B eguHUNLUax A—Z.
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HernocpencTBentsiil ancaeHHbIH cueT mokassiBaet, aro (6.269), (6.270) u (6.272) mator
KOJIMIECTBEHHO OYeHb OJIU3KUE PE3YJIbTAThl, Kak 3To BuAHO m3 Puc. 6-33. Ucnonassya
U3BECTHBIE ACHMIITOTHKH:

=\ % opu r>1
Ei(z) = { C+lnz+ .. npu r — 0, C=lIny (6.273)
MoxkHO n3 (6.272) HafiTu:
w2

Ree(w) — 1 — w—g mpu w > 2A (6.274)

2 2

~ “p w
Ree(w) =~ 1 — GAZ ln'y@ (6.275)

Jorapndmudeckas pacxoauMocTh Ree(w) Ha MaJIBIX 9acTOTaX JEMOHCTPHPYET HpOMe-
KYTO4HOe (He MEeTaLTMIecKOe, HO U HEe NU3JeKTPUIEcKoe) TOBeIeHne PAacCMaTpHBAeMOil
YIIPOIIEHHOM MO/ IICEBAOUIEIEBOI0 COCTOAHMS.

AHaJJOrHm9HBIM 06pa30M MOKHO PacCMOTpEeTh ¢ — 3aBHCHMOCTH IH3JIEKTPUYeCcKOoi
NPOHUIAEMOCTH B cTaTmdeckoMm Tipenese w — (. Hanmmem mpocreiiinyto mHTEpMONSA-
[IOHHYT0 GOPMYJTY, CBA3BIBAOILYIO Npeeabhble caydan (6.254) u (6.256):

v2q?
Ma2(q0) = —2Noy(Ep) —Lt1—— 6.276
2+(00) = ~2No( ) s (6.276)
TaK 49TO
KD
Up
9TO WHTEPTOJUPYET MEKIY (6.255) u (6.257). Torma B Hallell MOIeaN ICEBIOUIEIEBOTO
COCTOAHUA:
2 2 A2
00 ¢°+ Ky 4+ 6C= LK via? v2 g2
_ —< Yr _1_ Yrhp . VR4
€(q0) = /0 dcCe —q2 Yok T 1 GAz € Ei ( 6A2) (6.278)
Up

CooTBeTcTBYyIOIIEE MOBEHEHNE MOKa3aHo Ha Puc. 6-34, W3 KOTOPOTO BUIHO TaKXkKe TIpe-
KpacHOe COTVIache WHTEPIOIATNOHHONE (DOPMYJIBI C PE3YJIBTATAME PACIETOB MO TOYHBIM
dbopmynam (KoTopble MBI omyckaeMm). IIpu vpg > A HCHOTB3yeM aCHMITOTHKY DU

> 1 Bi(—z) — —%. Torpma, Kak u cjeayeT OXUIATh, MOJYIaEM:

2
kb
T.e. “Meranmnudeckoe’ (mebaerckoe) mnopemenne. OnHako, mpH vpqg < A, MOJB3YACH
acumnrorukoit Fi(—z) = Inyz (z — 0), nmeem:

2 .2 2 2

~1_ YFKD vr4q
€(q0) = 1 GAZ Invy GAZ (6.280)

Mpu rakom nosenennn €(¢0) B mpemesie MaJbX ¢, 3G dHEKTUBHOE KYTOHOBCKOE B3aNMO-
neficTBue TpUHUMAET BUI:

47é%(q)
V(g) = ——52 (6.281)
q
27310 cpasy MHOIy9aeTcA € yIeTOM aCHMITOTHIECKOTO IOBENEHWA HHTerpata HpH o — O
a —r_ x a T _ 4 _3/2
fodace \/m_}dex — = za/%.
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e(q,0)-1

vea/B

Puc. 6-34  [nsnektpnueckan npoHnuaemocTs kak dhyHKLUA BonHoBoro sekTopa. (1) —

3aBUCNMOCTb, MOJYHEHHAA YUCEHHbIM pacHeToM No TouHbIM dhopmynam, (2) — 3aBncMMocTs,

MosnyyeHHas U3 MHTeprnonAunoHHon copmynel. [dusnekTpuyeckas npoHuuaemocTs gaHa B
wp

eanHnuax z%.

rme
62
52((]) = 2 .2 2 5 0 1Ipn q — 0 (6282)
AN

YTO HATIOMUHAET U3BECTHYIO CHTYAINIO “HYJIb — 3apdna’ B KBAHTOBOI JIEKTPOIHHAMEKE
[20]. Takum o6pazom, bAYKTYAIMH [IEJIU B CIEKTpe Hallell MOje/ I NPUBOAAT K TIOJTHOM
KpaHUPOBKE 3apdA/ia, XOTd U BechbMa crenududeckoro Buaa. OnaTh Mbl BUIUM TOBEMe-
HYE TIPOMEKXYTOYHOe MEKIY TUINYHO “MeTasandecKum” 1 “mmsnaekTpudeckum” 28,
OcHoBHOIT BBIBOZ, KOTOPBIN MOXKHO CHEJATh U3 MPOBEIEHHOTO PACCMOTPEHUA HTOM,
Ype3BbIYAfiHO yOPOIUEHHOR W MCKYCCTBEHHOW MOMENH, HOBOJBHO BakKeH. Pesyiabrarhi
TOYHOTO pelteHns ([MOTHOTO CYyMMUPOBAHNA JHAIPAMMHOIO PAA) MOTYT OKa3aThCsd Pa-
BUTEJIHHO OTJIHIAIONIUMHACS OT PE3YJIbTATOB, MOJYYaeMbiX TPUOIUKEHHBIMI METOTAME
(9acTHIHBIM CYMMUPOBAaHHEM IHATPAMMHOTO pana). K coxasennio, MoaHoe CyMMUpO-
BaHUE yTaeTcsd MPOBECTH, KaK MPABUJIO, JIWIIb s YIPOIIEHHBX U He OYeHb PeauCcTH-

HYeCKHUX 3aJa4.

Monesp Tomonara — Jlarrumkepa um Hedep-
MKW IKOCTHOE TIOBeIeHUe.

[IpakTudeckn BO BceX paCCMOTPEHHBIX BBIIIIE 33/1a9aX MBI HCXOIUIN U3 KAPTUHBI hepMu
— KugkocTn JlaHmay u, Ipexk e BCETO, W3 MOJIOCHOTO XapaKTepa OMHOYACTHIHON (hYHK-

28 PasyMeerTcs 5TH aHOMAJINH, B 3HAYHTE/ILHOM Mepe, ABJIAIOTCH CJICICTBHEM TOCTATOYHO HCKYCCTBEH-
HBIX IPEINOI0KEeHUN, HCIOIB30BAHHBIX P (GOPMYJIMPOBKE HallleH MO N IICEBIOUIETIEBOTO COCTOAHUS,
U MCY€3a0T, HAIIPUMED, IIpU ydeTe 3P HeKTOB KOHETHOCTH KOPPETANNOHHON IJINHBI GJIFKHETO MTOPAIKA.
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nuu ['puna:

z +
e—vr(p—pr)+ié

G(p) = (6.283)
rme 0 < Z < 1 — HekoTOpad TOCTOAHHAA, ONpeNendoniasd, KaK MBI BUAEN, CKadOK
dyukIUN pacnpenesnenna gacTul Ha moBepxHocTH Pepmu p = pp. Takxe MbI mocTy-
TaJIM ¥ TP PACCMOTPEHUN OTHOMEPHBIX 3a7a4. B ToXke BpeMd, B MPENBIOYIEM pasese
MBbl BUJEH, YTO TOYHOE PEUIeHNe OJHOMEPHON 3a7a9u MOXKET MPUBECTU K COBEPUIEHHO
unomy Buny dbyHKnmm ['puHa, He comepxkailieil TOJTIOCOB U HE COBIAMAIONIER C MPEICKa-
3aHUAME Teopuu dhepmu — KuakocTu. Ha camom meste, 910 aBigeTcd obIMUM CBOHCTBOM
TEOPUN B3aUMOMAEWCTBYIONINX 3JEKTPOHOB B OIHOM H3MEDPEHHH — (PePMIKUIKOCTHOE
HOBEIEHNE OTCYTCTRYET 6cezda. B KadecTBe, MoxeT ObITh, Hanbosiee ApKOro (H 06IIero)
MpuUMepa B 3TOM pasiesie Mbl OerIo pacCMOTPUM TaK Ha3bIBAEMYIO Mojes b ToMoHara —

JlaTTuHKepa.
ITa MoIesb ONUCHIBaeT ras (pepMm — YACTHUIL ¢ IIOTHOCTHIO n (uMmysnbe Pepmu
pr = an/2), maccoii m (ckopocts ®epMu vp = pp/m) W TOTEHIHATIOM B3amMOIeH-

crud A(|z]), dypbe — KOMIOHEHTH KOTOPOro A(k) OTAWIHBI OT HYJIA JIHIIB B IPEIETBHO
Yy3KOM mHTepBase uMinyabeoB |k < A < pp. CooTBeTCTBYIONMA TaMUIBTOHUAH UMEET
B

2

2: P~ o+ 1 +,+

H= %ap ap + 5 E /\(k)ap Ay lp/—k Gptk (6.284)
P pp'k

Tomonara mokasaJs, 4TO B cJiydae HpeNeIbHOrO HAJbHONEHCTBUA, T.€. B TpeHebpexe-

HUU BCceMU BesmunHamu tuna A/pp — 0, cnekTp rammuasroHnana (6.284) coBnagaer co

CIIEKTPOM CHCTEMBI §030H06, OMMMCHIBAEMBIX OllepaTopamu by, b;’wz

2
H=Y wlk)kbfby,  v’(k) = v+ %A(/ﬂ) (6.285)
k

Huxe MBI oKaxkeM 510 auarpaMMusiMiu Metogamu (M.E. dsanommucknii, A. M. JTapkuH,
1973), Takxke Kak 1 10, ITO OJHO>JIeKTpoHHadA dhyHKImeA ['prHa coxpansder Bug (6.283) B
obnactu |p— pp| > A, HO uMeer coBeplieHHO Apyroil Bun BOIu3M nosepxuoctu Pepmu,
T.e. mpu |p— prp| < A.

Umesa B BUOy CHEKTp OMHOMEDHONW CHCTEMBI CBODOMHBIX 3JIEKTPOHOB, MOKA3aHHBIN
na Puc. 6-3, Oymem Borumcsaars dyaknun ['puwra BOam3m “mpasoii” um “geBoit” Todek
®epyu £pp, obosHadasa ux coorBercTBerHo Gy (p) u G_(p) (£ — depmuonsr). ra rasa
CBODOIHBIX TACTHIL:

oo L P (6.286)
e—p+pr+id e+p+pr+id
rae, IJid KpaTKOCTH, HepellId K CUCTeMe equHuI ¢ vp = 1.

Yactunsl BOJIM3K IpaBoil U JieBoil ¢pepMU — TOYKH MOXKHO, IO CYLIECTBY, CUMTATh
pasHbiMU (HEPMUOHAMEU U B CUCTEME ¢ B3aUMOJCHCTBIEM, axe B obacth |p—pp| > pr,
HOCKOJIbKY B mpemesie A/pp — 0 BzaumomelicTBue He MOXKET IEDPEBOAUTH MX IPYL B
Ipyra. 9To 03Ha4YaeT, B YaCTHOCTH, YTO C TOR XKe TOYHOCTHIO BEJUYUHBI p — pp OJId
“+”— gacTum u p+ pp Oad “—” — FacTUIl MOT'YT MEHAThCA B Ipedesiax 0T —o0 0 +00.

IIpexae Bcero HaMm HYXKHO BBIYHCJIUTH 3¢ dekTuBHOE B3auMoieiicTBue, obo3Havyae-

moe pastee D(k) w BosHHMCTOW nmHMelH, a Takke “rTpeyrosbHyo” Bepumuy I'(p, k). B

29 VIHBIME CJIOBaMHE, B CHCTeMe BooOIIE He ocTaeTca (pepMHOHHBIX BO3OYKICHHUH, a e CIEKTp HCIep-
TBIBAETCA KOJIEKTUBHBIMHE KoJlebaHuaMu “3ByKoBoro”’ THIIA.
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e

Puc. 6-35 Bsaumopeiictsus yactuy B Mogenn lomoHara — JlatTuHxepa.

cuny yceaosuda A/pp — 0, Bo Bcex BepUIMHAX CYIIECTBEHHBI TOJIBKO UMIYJIbCH k <€ pp,
mosToMy 0be TprHOBCKUE DYHKINN (HEPMUOHOB, BXOoOdAlNe B I' MOJLKHEL JeXaTh Ha OJI-
HOM  TOl ke dbepMu — ToUKe +pp WK —pp, Tak 9To MOoKHO BBecTr ['1(p, k) u T_(p, k).
IIpu »TOM MBI PacCMOTpPUM HeKOTOpoe obobuieHne Mogean ToMoHara, a UMEHHO, OymeM
CUNTATH, UTO B3aUMOIEHCTBUA YaCTUIL ogHOrO “sHaKka” (4 WM -) W PasHBIX “3HAKOB”
PasJIMYHBL, KaK 2TO mokasaHo Ha Puc. 6-35. CooTBeTCTBEHHO BBOOUM 00O3HAUECHMA:

A++ =A__= Al, A+_ = Az, D_|__|_ = D__; D_|__ = D__|_ (6287)
Vpasuenna [laitcona nnsa D umeror BUI;
D_|__|_ = Al —|— A1H+D++ —|— AQH_D_+ (6288)

D__|_ = Az —|— A2H+D++ —|— A1H_D_+ (6289)

Bxonanime cioma mosiapusauoHHbIE OMEPATOPH W300paxkaroTcda IpaduKaMu, TOKa3aH-
ubiMu Ha Puc. 6-36. Ypasuenne [laiicona mna ¢yuknun ['puna (¢ umeer craHmapTHBIH
BU;

Gi'=cFp+pr—Ts (6.290)

rme Y4 ¥ X_ mokasanBl Ha Pmc. 6-37.

Ob6bIuHO, KaK MBI BHAEAN Ha pasHBIX MpHMepax BHINIE, BEpUIMHHAA 9acTh I’ ompe-
negerca BeCKOHETHBIM PAIOM AMarpaMM, B CHJIY Hero TaKue 3aJadl pellafoTcd JINIIb
npubanxkerHo. OgHAKO B paccMaTpHBacMOil MoOIean 3aJady MOXKHO PEllnTh TOYHO B
npezesie A/pp — 0, BOCHOJIB30BABUIUCH TOXKIECTBAMEU Yopia, cBasbiBalomumu ' u G u
HMEIONINMHE CJIEAYIOINHA TpoCToil BII:

Gilp) —Gi'(p—k)
w—=k

Iy(p, k)= (6.291)
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Puc. 6-36 [lonspusaunorHbie onepatopbl B Mogenu lomonara — JlaTTuHxepa.

Puc. 6-37 CobcTeeHHO — sHepreTMHeckMe 4acTu 5>1eKTpoHa B Mogenu |omoHara —
JlatTuHxepa.
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Puc. 6-38 T[lpumepbl KOHKpeTHbIX rpachukoB ANA COBCTBEHHO — 2HEPreTUHECKOM 4YacTu
3/eKTpoHa B Mogenn TowmoHara — JlatTuHxkepa.

’ w+k
3mech, Kak u BhIe, k B aprymentax Gyukmuit I'puna n Bepumu obosnadaer napy (k,w).
CoorHomrenns (6.291) u (6.292) MOKHO BBIBECTH HETOCPEICTBEHHO, PACCMATPUBAA THA-
rpaMMBI Pa3HBIX [OPSNKOB U WCIONb3y# chemytoinee n3 (6.286) ToxmecTBO:

= (@ -+ b) (6:29)

(6.292)

GV G (p+ k) =

Heno B ToM, 9T0 B3auMonelicTBre (BOJHUCTAA JNHIA) MEPETacT TPAKTHIECKN HYIEBOR
mviyase (< A) — 0. Torma Bo Bcex amarpammax mig G winm L nMeeTcs HENPEPHIB-
Has JUHUA JacTHIbl “OJHOrO 3HaKa” , MepeHocAllas “BHEIMHUHA’ MMITYJIbC P, KaK MOXKHO
BUIETH, paccMaTpuBadg MpUMeEpPHI rpadukoB, mokasanusie Ha Puc. 6-38. [lostomy Bce
AuarpaMMbl IJid | MOXKHO MOJIYIUTh, BCTABIAA TPOM3BOJIBHBIM 0OPA30M BHEIIHIOK JIH-
HUIO B3aUMOMeHCcTBIA B rpaduKy IJid COOCTBEHHO 2HEPTETHIECKON JaCTU. DTO MOKAZAHO
na Puc. 6-39, rme mpuBenensl rpaduky A7 BEPIIUHBI, MTOJYyJYEHHBIE U3 JUATDAMM g
cOOCTBEHHO — 3HEPreTHYECKON YacTH, mokasaHHbIX Ha Puc. 6-38. Ecau teneps B MecTe
KaXKJoil BCTABKW TaKOW JIMHWN B3amMOOeHCTBHA BocmoJb3oBaThed (6.293), MBI HeMes-
JIEHHO TOJIyInM ToxkaectBa (6.291), (6.292). TIpn sTOM BaKHO OTMETHTH, UTO B pac-
cMaTpuBaeMoli samade ¢ masbHomelicTBHEM M “sarpaBouHbIME’ byHKIHAmMu ['puHa (c
JIHHERHBIM ciekTpoM) Bua (6.286) MOKHO MOKa3aTh, 9TO BCE ANATPAMMBL, COIEPKAIITE
3aMKHYTHIE TTeTau 13 HoJiee, YeM IBYX (pepMUOHHBIX JIMHWI, paBHb Hy 0. TouHee, paBHa
HYJIIO COOTBETCTBYIONIMM 0Opa30M CHMMETPU30BaHHAd UX cymMMa. [losToMy, Hampumep,
ArarpaMMbl THIA TOKa3aHHBIX Ha Puc. 6-40 MOXKHO He paccMaTpUBaTh, TAK 9TO 6Ce TPa-
UKy 0JiA BEepUINHBI BOSHUKAKT TaK, KaK »TO mokasaHo Ha Puc. 6-39. JlokazareabcTBO
5TOTO yTBEPKIEHUA OCHOBAHO Ha 3aKOHE COXpAHEHNA YMCJa + — JacTull (10 OTIeTbHO-
CTW) W ABJIAETCA aHAJIOTOM YCIOBHA MOMEPETHOCTH TOKA B KBAHTOBOM 2JIEKTPONNHAMIKE
[20] (rme Takwme qEarpaMMbl TaKkKe BBIIAJAIOT I3 PACCMOTPEHH TOXKIECTBA YOpa).
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+ + + — +

Puc. 6-39 Tpumepbl KOHKpeTHBIX rpachUKoB ANA BEPLUNHHOMA 4acTu B Mogenn |owmoHara —
JlatTuHxepa.

+ + + + + +
+§Z§i+ —i;—
+ + o+ o+ + o+ o+ o+

Puc. 6-40 Tlpumepbl KOHKpeTHBIX rpachUKoB ANA BEPLUNHHOMA 4acTu B Mogenn |owmoHara —
JlaTTuH>XXepa, KOTOpble MOXHO HE paccMaTpuBaTh.
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B camom aeJie, 3alluileM YpaBHEHUA NBVXKECHUA IJIA CBO60,Z[HI)IX ormeparopos + — gacTwHIr:

Oy 0Py
t—— +1—— =0 6.294
ot + ox ( )
OTKyIa CIIeHyeT 3aKOH COXpaHeHHA THC/Ia IacThl, (3apamna):
9p+ | Oi+ 4 +
— 4+ — =0, = = 6.295
5t o0 P+ = J+ =l ( )
Hna — — gacTum aHAJIOTHIHO:
oY 9P
t—— 4+ 1—— =0 6.296
ot + ox ( )
dp—  Ij— . +
s Y =, = _ 6.297
ot + dx P +=vIy ( )

Tlockoabky mpomsBoJIBHAA 3aMKHYTasd HeTJId INpelncTaBiasder coboili kommornenty Pyppe or cpenmero
II0 OCHOBHOMY COCTOAHWIO OT HIpPOU3BEeNCHHUA COOTBETCTBYIONIETO WUHCJIA OIEPATOPOB IJIOTHOCTH <

Tp4+(1)p4+(2)...04(n) > (m amanorm9IHO myIA — — 9YacTHI), TO U3 3aKOHOB coxpaHeHH= (6.295), (6.297)
ciienyer:
(wl — kl)(WQ — k2)(wn — kn) < p+(k1)p+ (kg)p+(kn) >=0 (6.298)
(wl + kl)(WQ + k2)(wn + kn) < p_(kl)p_(kg)...p_(kn) >=0 (6.299)

Torma crmesiaHHOE BBINIE YTBEPKIECHUE O TMETAAX CJIETYET W3 (6.298)7 (6.299)7 ecJIm BCe MHTETPAJIBI 1O
uMILyIbcaM HEPMIOHOB CXOOATCA. JIerko BHOETH, UTO €10 TaK B OOCTOUT HJIA MeTe b, COCTOANMX U3
Tpex u 6osree JIMHMIA.

INersiz, cocroAman ns NBYX JIMHHIL IPONOpOHOHA/IbHA (1A + — 9aCTHI) HHTETPaJLy:

o 1 1
d°p - - (6.300)
e—p+tprptibe—w—p+k+pp+1é

KoTOphIil popMaabro pacxonurcd. [lo dpusmaeckoMy cMBICIIy KOHEYHOCTD 3TOTO MHTerpaJsia obecredn-
BaeTcd KBAAPATUIHON 3aBUCHMOCTBIO SHEPIUH YaCTHUIL OT UMILYJIbca Ha GOJIBUINX PACCTOAHUAX OT MO-
sepxaoctr Pepvm (koTopoil MEI 3meck npeHeGperaeM). TeXHITeCKH 5T0 MOXKHO 0GECIIETHTH , BBIIOJIHAR
CHaJYaJla WHTETPUPOBAHUE IO €, a Yy HOTOM IO p. PesynabpraT TaKoro MHTErPUPOBAHUA OKA3BIBAETCH

KOHEYHBIM U JAE€T BEJIUYHUHY, IPOIIOPITUOHAJIBHY O wka
Tenepb MBI MOXKeM BBIIHCATh 3AMKHYMY cUCTeMy ypabBHeHWii ana G m D, BbI-
paxkasa ¢ momombio (6.291), (6.292) Bepumast [' uepes (' B Bolpaxenuax gag I u X,

ompenengembix Puc. 6-36, 6-37. Takum obpasom mosaydaem:

(0 = 55— [ Epl64- 1) - G o) (6.301)
M) =~ 55— [ @G-t — b = G- (6.302)

Ipu4IeM ypaBHCHUA OJIA G:t NMET B

(e—p+pr)Gi(p) =1+ # dzk%(kk)(h(p—k) (6.303)
D__(k)

(c+p+pr)Gi(p) = 1+ — [ &k

_(p—k .304
el K IR (6:304)

Beraucaum reneps Iy u II_ . Beenem o6pesanue no umnysbey |p—pr| < A < pp. Torna
HMEEM:

i 1 pr+A [eS]
I (k) = —ﬁm/p D dp/_oo de [G(p— ke —w) — G1(p,€)] (6.305)

Bruiag ot obnactnu [p — pr| > A He Moxer 6bITh Hailnen s (6.301), (6.302) nockoapKy
roxaecTsa (6.291), (6.292) crupaBensimBel TOBKO BOM3H HoBepxHOCTH Pepmu. MoxHO
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yOEennThC, 9TO 9TOT BKJIA PaBEH HYJIIO, €CJIN €r0 BRIYUC/INTH C TOMOIIBIO “CBOOOIHBIX”
dyuxumii T'puna (w0 Bepumn). Borancaga B (6.305) uHTerpas o £, uMeeM:

1 pr+A
() =~ / (b)) (6.306)
rJe MbI BOCIIOJIB30BaJINChH TaKXKeE O6H.[I/IM BbIpaXKCHUEM OJIA (byHKL[I/II/I pacnpeacsiceHnd:
.1 T ode iy
ny(p) = =4 lim, T Gy(ep) (6.307)

Murerpan mo p B (6.306) MOXKHO HepenucaTh Tak:

pr+A pr—A pr+A
/ dp...= / dpny(p) — / dpn4(p) (6.308)
14 14 14

FeA F—A—k FHA—k

rae, ¢ TogHocThio A/A — 0, MOXKHO cunTarh, 9To ny(p) = np(p), Toe np — CTyNEeHBKA
QPepvu ipu 1" = 0. [osToMy Toydaem:

k

Iy (k) = S

(6.309)

AHaJIornIHBIM o6pa30M IIOJIyHJaceM H:

k

m-0=—G+n

(6.310)

Mcnompaya (6.309), (6.310) B (6.288), (6.289) u pemras >Tu ypaBHEHUA, HAXOINM:

Mw+k)+ (M= ADk/7
w2 —ulk? 46

Diy(k) = (w— k) (6.311)

rae )
2 2\ 1/2
w= (1 42 gﬁ) (6.312)
T T
Taknm 06pa3oM B CHCTEME BOSHHKAIOT KOJIIEK THBHBIE (6030HHBIE ) BO3OYKIEHNA, CIIEKTP
KOTOPBIX onpenendercs momocoM (6.311). Tlpu Ay = Aa = A amu popmyisl, pakTudeckn,
nator pesynbrar Tomonarn (6.285) (HamoMunM, uTo y Hac cefidac vp = 1).

Jlna HaxoxgeHUd OmHO»JIeKTpoHHON dyHKnmm ['puHa ocTasoch penmuTh JIMHEWHBIE
uHTerpasbioe ypasHenne (6.303) ¢ usBecTHBIM Temepb Dy y . MBI He OygeM 2THM 3aHu-
MaTbCd TMOAPOOHO, a PACCMOTPHM TOJIBKO TIPOCTERIINE CIyYdan, MPUBOAA MTOTOM 0ObIne
pe3yIbTATHI.

MMycTtes Ay = 0, Torma gacTuIlsl Ha ofHO cTopore moBepxHocTn Pepmu (+) Boobiie
He B3aMMOIEeHCTBYIOT ¢ YacTHIaMu Ha Apyroi cropore (—), Tak a4to D_4 =0, a

a(w—1)(w —k)
Di(by= ———— 7 6.313
++ (k) o wkt s ( )
rie
A
w=1+2t (6.314)
T
Ypapuenue nisg G4 UMeeT TOTHA BUI:
1 w—1
— =1+ — | & B P —— 31
(e = P)G(P) + 47 / Glp )w —wk + 16 (6.315)
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Bnech n pasee onyckaeM nugekc + y G4 u oTcunThiBaeM p ot +pp. HenocpencTennoi
HOJICTAHOBKOW MOXKHO y6eanThesd, 910 ypasHenuio (6.313) ymosnerBopsaer dbyHKInA:

G(p) = {(c — p+i6)(c — wp +i6)} ~H/? (6.316)

T7ie paspes Ha KOMILJIEKCHOM MJIOCKOCTH € BRIOpaH B BUIE OTPE3KA, COETUHATONIETO p—10 U
wp—1ib (signé = sign(p)). Taxaa Gynknua ['puna He NMeET HOTIOCOB, COOTBETCTBY FOIIHX
OIHOYACTHIHBIM BO30OY XK AeHnAM, HO pacdeT 1o (6.307) mokassIBaeT, 4To pacupeneIeHne
YaCTHUIL 0 UMIYJIbCAM OCTaeTCd (HPEPMUEBCKUAM:

n(p) = np(p) (6.317)

Hasiee MOXKHO MPOAHAJN3NPOBATE CAyYall MaJbIX A; 1 A9, Korma u u3 (6.312) 61msko K
ennnnte (vp!). Mecnenosanne (6.303), (6.311), (6.312) mokassiBaer, 9TO B 9TOM CJIydac
OonHO?JIEKTpoHHAad dyHKIUaA ['prHa Halmell Momesm nMeeT BU:

_ —1/2 A A
G(p) ={(e —p)(e —up)} " "“exp {—mlnm} (6.318)
rie )
— A A3
u=1l+—+ = (6.319)

Borancas ¢ momoursio (6.307) u (6.318) dynkumio pacnpenenennsa qacTur n(p), MOKHO
y6emuThbesd, 910 npu Az # 0 ckadok mpu p = 0 OTCYTCTBYET M Ha €ro MeCTe OCTaeTCs
suib ocobernocts Buma (E.Lieb, D.Mattis, 1965):

A2

11 pres
n(p) =5 -3 (%) sign(p) (6.320)
Paccmorpum, nHakomern, dbusndeckn “peasmcTrdeckuit” caydait Ay = As = A. B aTom
cJIydae mMeeM:
Mw? — k?)
Diy(k)= ———F+—17—— 6.321
++( ) wz—vzkz—l—ié ( )
e
22\ 172
v = (1 + —) (6.322)
T
u qyig (G uMeeM WHTerpaJibHOe ypaBHEHHUE:
i AMw + k)
— =14 -— [ &k k) .32
(e =p)Gp) + 472 Gy )w2 — v2k? 446 (6.323)

FEro Takke MOKHO DENNTH (TEPEX0os K KOODIANHATHOMY TIPEICTABIEHUIO &, 1). MBI 2TOTO
JesiaTh He OyIeM, a TOJBKO TIPUBEIEM pe3yabTar A GYHKIWHA PACIPEIeTeHNs TaCTHIL
o uMmmysibcam n(p) Bosmsn dbepyn — toukn p = 0. llpn cnabom B3amMonelicTBum, Korga
A — 0, v — 1 umeem pesynbrar (6.320) ¢ Ay = Az = A. D1a dopmysia coxpaHaeTcs 1o
Tex Mop, MoKa B3auMoeficTBHe He CJUITKOM CHIBHO:

1
n(p) = 5 — const|p|**sign(p) (6.324)

e
(v—1)°

3 , npugem a<1/2 (6.325)
v

o=
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Onrako, KOrma BeJTUIHHA ¢« IPEBBICHT 1/2, BEAYIINM 4ICHOM passioxeHnsa n(p) Bomsn
depMu — TOYKHN CTAHOBUTCA JIMHEWHBIN WJTEH:

1
n(p) = 5 const - p (6.326)

B JmofoM caydae ckadka GpyHKINE paclpeaeseHnd B Touke Pepmu Her!
TIpuBeneM pesyabTaThl HCCAEIOBAHNA acCHMITOTHYECKOro oBenernsa G(ep) B oba-
ctup~¢e KA Tlpu o < 1/2:

1
G(e ~p) ~ oy (6.327)
Mpu « > 1/2:
G(e ~p) ~ A4 Be?o! (6.328)
Opu 3/2 > a > 1
G(e ~ p) ~ A4 Be + Ce?*™ 1 W T.IL (6.329)

Taxkum obpasom, B Momenn Tomonara — JlarTuHkepa He BBITIOJTHAIOTCA OCHOBHBIE TIPEI-
MOJIOKEHUA Teopun depmu — KuakocTr Jlarnmay. Yike Ipu CKOJIb YTOTHO cJiaboM B3am-
MogneficTBun ocobeHHOCTH BOM3H noBepxHocTH Pepmu citabee nomocHol (cp. (6.327)),
a TP B3aUMOIENCTBUAN JOCTATOUHON cruibl GyHKImA ['praa BooObIle ocTaeTcd KOHETHOM
B Touke Pepmu (cp. (6.327), (6.329)). Cama Toura Pepmu HpoABIAETCA TP HTOM JINITH
KakK ocobad TOUKa B MPOU3BOLHBIX JOCTATOYHO BBICOKOTO MOPAIKA.

PaccMoTpennble aHOMAJIMM CBA3AHBI C TEM, 9TO B OTHOMEDPHBIX (epMHU — CHCTEMAX
HMeeT MeCTO CBoeobpasHad “mHppakpacHaa kKaracTtpoda’ . Jliobad gacTuna, jgexairad
BO/II3Y OHOM U3 Touek PepMu, MOKET UCIYCTUTH, C CODITIOIEHNEM BCEX 3AKOHOB COXPa-
HEeHUsdA, J0D0e 9UCI0 PeAbHBIX Tap YacTUIa — ABIPKA, TAaKKe JIeXKaInX BOIusn hpepmMu
— Touek. MareMaTu4eckn 3TO MPOABIAETCA B TOM, UTO B DALY TEODUU BOSMYINEHUN HJ1d
COBCTBEHHO — SHEPTETHYECKON dacT L(p) HOABIAIOTCA MOJIOCHBIE BKJIAIBI BBICOKMX
MOPAIKOB THIIA!

An

—_— 6.330
(e—pn-t (6-330)
B camoMm fesie, paccMOTPUM BBIpasKeHNe JIJIA X, COOTBETCTBYIONIEe, HAMpuMep, (6.316):
S(p) = ¢ —p— (e = p)e —p—Ap/m)]'"* (6.331)

Pasznaras ero B pam mo A, mosaydaem:

Y /\2 2

S(p) = 2L P (6.332)

T o 812(e — p) +

Bee wirenst s1oT0 pAga (KpoMe TIEPBOT0) UMEOT CTPYKTYpy (6.330).

BuiBombl 3 mpoBemeHHOTO paccMoTpeHna Momesnm Tomonara — JlaTTmHkepa odeHB
BaXHBI W Oy4InTe bHBI. PakTraeckn, GOJBITMHCTBO THX BHLIBOJOB COXPAHAETCA W MPH
pPacCMOTpEHHN B3aMMOIECTBYIOIINX 3JIEKTPOHOB B OJHOMEPUM B paMKax Gojee obHIMX
Mogeseii BsanMmoneiicTBusa. PepMIKIAKOCTHOE TIOBEIEHNE OTCYTCTBY€ET BCETa, 3aT0 BO3-
HUKaeT ABJIEHNe 6030HU3AUUY CIIEKTpa »JEeMEHTapHBIX Bo30OyxaeHnii. B aToMm cmbicte,
OJHOMEPHBIE CHCTEMBI C B3aMMOJE/ICTBIEM OIMCHIBAIOTCA KapTHHOM, aJbTepHAaTHBHOM
obBIaHOI Teopum hepMu — KHUAKOCTH. [I[pUHATO TOBOPUTH, YTO B HUX pean3yeTcs Kap-
THHA “JTaTTUHXKEPOBCKOH” KuakocTu. B mociemnme rogbl ocoObIl MHTEpEC BBISBIBAET
aHaJIN3 CHUTYallil B TMOTPAHMYHOM JBYMEPDHOM CJydae, THEe NP ONUCAHWU CUCTEM C
CHJIBHBIME 3JIEKTpOHHBIME Koppenanuavn (tuma BTCII — okcnaoB) WMeHHO “clieHa-
puii” dpopMUpOBaHUSA JIATTHHKEPOBCKOM KUAKOCTH KOHKYPUPYET C KapTHUHOI OOBIMHOM
(nam ynoMmuHaBIIeHca BBlle “MapruHaabHoil”) depmu — kuaroctn [13].
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IIpunoxeunune A

IloBepxHOCThr PepmMu, KaK TOIIOJIOTH-
YeCcKHUi 00beKT.

IIpu obcyxmennn ocHOB Teopuu dhepMU — KUIKOCTH MBI HCXOAUJIN W3 TOTO, ITO MOBEPX-
HocTh PepMu coxpaHgeTcd W IpHu agmabaTHdecKoM “BKIIOYEHUN IPOM3BOJIBHOIO B3a-
uMopelicTeua Mexay depmuonamu. [IpuBemeM W3ANHOE HOKA3ATETBCTBO 3TOTO YTBED-
KIEHNs, OCHOBaAHHOE Ha Tonosorndeckux coobpaxennax (I.E.Bomosuk, 1999).

B nneanproM depmu — rase moBepxuocTh Pepmu npencTaBager coboll eCTECTBEHHYIO
TPaHUITY, Pa3IesANy0 B HMIYJIbCHOM MPOCTpAHCTBe obyacT 3aHATHX (n(p) = 1)
u nycteix (n(p) = 0) cocroanmit [11]. fAcro, uro B TakoM rase moBepxHOCTH PepMmu
npencTaBigeT coboli yecToWIuBbIfi 06BEKT — MaJble W3MEHEHUA HHEPTHH JaCTUIL JUIIH
cyierka nedopMupyIOT TPAHUIY MEKIY 3aHATHIMU U IIYCTHIMU COCTOAHUAME, MPUBOIA K
COOTBETCTBYIONIEH Mamoit medopmanuu moBepxuoctr Pepmu.

Ecnn “Britodaerca” BzamMoeiicTBIE MEKIY 9aCTUIIAME, TO, KAK MBI BUIEJIH BHIIIE,
dbyHKIMA pacupeneaeHna dacThIl n(p) B OCHOBHOM COCTOAHHUN CHCTEMBI HoJlee He paBH:-
erca npocto 1 mwam 0. Tem He Menee, moBepxHOCTh PepMu cOXpaHAETCHA U MPOABIAETCA
B Bujie ocobernnoctn B n(p). Takad ycrofianBocTs moBepxHOCTH PepMU ABIACTCH CIE-
CTBHEM HEKOTOPOTO TOTIOJIOTHIECKOTO cBOiicTBa hbepMmuonnoit dyuknnn ['puna. 3anuimem
5Ty byEKIMO I'pUHa B HIealbHOM rase A4 3aTaHHOTO IMITYJIbca P I MHUMOT' TacTOTEL
z = po:

1
ipo — vr(p — pr)
OueBunnO, 9T0 3Ta GyHKINA ['pUHA Bce pABHO IMEET CHHTYJIAPHOCTD HA THIIEPIIOBEPXHO-
cti (pp = 0, p = pr) B 9€TBIPEXMEPOM NPOCTPAHCTRE (Pg, P), Te Ta GYHKIHA TPOCTO
He oTpenesieHa. DTa CHHIYJIAPHOCTDh YCTORYINBA, T.€. HE MOXKET OBITh yCTpaHEHA MAJJTBIMU
BOsMYylIeHuAME. [IpudnHa sTor0o B TOM, 9T0 daza ¢ dyukuuu ['pura, paccmarpuBaemoit

G(po,p) = (A1)

IMunMas gacToTa BBOOUTCH, 9TOOBI N36€3KATh OGBITHON CHHIY IAPHOCTH IPH 2 = &(p), m me cBABaHA,
BOOOIIE TOBOP, C MaILy6apoBCKUM (hOPMATA3IMOM.
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MoeepxHocTb Depmn, Kak TOMOJSIOrMYECKNii 0O BHEKT.

KaK KOMILIeKcHoe umcsio, T.e. G = |G|e'®) mengerca ma 27 mpu obxome 1o JroboMy
koHTYpY C', OXBATBIBAOIIEMY KaKOil — OO 3JIEMEHT YIIOMAHYTON THIEPIOBEPXHOCTH.
B sToM MOXHO yOemmThCH, €CIU MBI OMYCTHM OIHO MPOCTPAHCTBEHHOE W3MEDEHNUE,
TaK 4TOOBI MOBepXHOCTH PepMu TpencTaBiaia cobOil 3aMKHYTYIO JUHUIO B JBYMEPHOM
npocTpaHcTBe (pg, py). Cunrynaprocrn ¢yuknun I'puma (A.l) mexar Torma Ha Ha 3a-
MKHYTOH JIMHHK B TPeXMEPHOM IPOCTPAHCTBE (Po, Pr, Py ), MIOKA3aHHON Ha HIXKHEH JacTH
Puc. A-1. ®asa pyuknun ['pura MeHdeTca Ha 27 MpH KakIOM 0OXOHE TPOM3BOJILHOIO
KoHTypa (', OXBATLIBAIOWIETO 060 37IeMEHT 3TOro “BHXPEBOrO KOJbHa 2 B TpexMep-
HOM IPOCTpPAHCTBE (Po, Po, Py). COOTBETCTBYIOIIEe “IEPKYy/IANHOHHOe dncso” N = 1
HE MOMKET MEHATHCA HEMPEDPBIBHBIM 00pa3soM W YCTOWYHMBO, MO OTHONIEHWIO K agmaba-
THYIECKOMY “BKJIOUEHUIO” JIIOH60T0 B3amMomeiicTBus. [losToMy CHHTYIApHOCTD GYHKIIIH
I'pura v HaawYHe HYJIEBBIX »HEPTHl BO3OyXKIeHWdA B cucTeMe (EPMUOHOB MPH 3TOM

TaK2Ke COXPpaHAITCA.

B obmem ciywuae dymxmma ['puna dbepmmona aB/isteTcda Marpuneil co COMHOBBIMH WHOEKcaMu. B
TMEPHOANIECKOM KPHUCTAJIIE OHA XapaKTePH3yeTCA IIOTOJHUTETHFHO 30HHBIM WHIIEKCOM W T. 1. B Ta-
KOM cJIydae, ToHATHE (a3bl TPHHOBCKONH GyHKINH TEPAET CMBICJI, OTHAKO OMUCAHHOE TOMOJIOTHIECKOH
cBolicTBO, dhakTHIecKH, coxpandercda. MoXHO mmoKasaTh, 9T0 B B TAaKOM OOIIEM CJIy9ae MOYKHO BBECTH
TOIOJIOTHIECKUH MHBAPHAHT, KOTOPHII 3AlACHIBAETCA B CITEAYIONIEM BHUIE:

dl aG—1(po, p
Ny =5p b (o, py 28 (P0:P) (A.2)
- 271 al

roe dymxkmma ['pura mpencrabiAeT coboii COOTBETCTBYIONYI0 MATPHILY, & WHTErPaJ GepeTcda o Mpo-
w3BoJIbHOMY KoHTYpY C' B mpocTpaHCTBE (po, P), OKpyKaoUIeMy THIEPIOBEPXHOCTD CHHTY/IAPHOCTEH B
5TOM IIPOCTpaHCTBe (KakK »To MOKa3aHo Ha HIKHel dactm Puc. A-1). B (A.2) Sp 6eperca mo cnmHOBEIM,
30HHBIM W TTPOYAM BO3MOKHBIM WHIIEKCAM.

B depmu — xunkoctu Jlammay ommouacTmuHad (yHKIud ['puHa, KaK MBI 3HAEM,
nMeeT BUI:

Z

¢po.p) = ipo — vr(p — pr) +

(A.3)

B orsmane or upeanbuoro dbepmu — rasza ckopocth ®epMu vp He paBHAETCd OOJBIIE
OpOCTO pp/m, a ABAdeTcsd OTIebHON “dyHnaMenTa bHOl KoHcTanTOR” Teopun depmu
— xuakoctu. Ona onpenender adb ek TUBHYIO Maccy KBazsudacTulbl m* = pp/vp. Uame-
HEHWE vp W BBIUeTA 7 He MEHAIOT BEJMUNHY TOMOJOIHYecKoro naBapuanta (A.2). 91o
MOITBEPK TAET TIPENNOJ0KeHMe Teopun Jlanmay o6 OMHOIHAYHOM COOTBETCTBHH MEXKITY
HU3KOSHEPTeTHICCKUME KBA3SHIACTUIIAME B (hepMU — KUIKOCTH U TACTUIAME B UAEATb-
HOM depMu — rase.

TTosToMy (ec/in B CHCTEME He BOSHUKAOT “WHpakpacHbie” ocobeHHOCTH, THIa 06Cy-
KIABIINXCA BHIIIE B CBA3M ¢ Mofiesbio Tomonara — JlaTTHHKepa) B W30TPOMHON depmu
— KHUIKOCTH CIEeKTp HEepMUOHHBIX KBA3WIACTHIL OMUCHIBACTCS yHUBEPCAJIBLHON 3aBUCH-
MOCTBIO:

e(p) — vr(lp| - pr) (A4)

¢ gBymMa “‘dyHIaMeHTAJbHBIMI KOHCTAaHTaMHU vp W prp. WX BeJWUInHA OMpemesideTcs
“MUKPOCKOIMHUIECKIMHI B3aMMOAEHCTBAAMMT, HO B TeopHu hepMH — KUIKOCTH OHH ABIs-
10Tcd HPEHOMEHOTOTHICCKUME KOHCTAHTAMH.

Tomnosorugeckas ycroftausocth nmosepxuoctn ®epmu ozHagaer, 410 J10HOE HEMpe-
pPBIBHOE M3MEHEHHE CHCTEMBI He MEHsEeT TOTOJIOTHYecKui naBapuanT. B wactHoCTH, Ta-
KUM U3MEHEHWEM MOXKET OBITh U aauabaTudecKoe BKJIIOYEHHE B3aUMOACHCTBUS MEXK Iy
gactumamu u (mim) agnabarwdeckasa medopmanna noBepxaoctn Pepmu. B ycmoBnax

?3mech mMeeTcsd mpAMas AHAJOTHA C TOIOJOTHIECKOH yCToHYHMBOCTHIO abpHKOCOBCKHX BHXpell B
ceepxnpoBonuuKkax 11 pona, rme mapaMeTp mopdnka MMeeT, KaK U3BeCTHO, B W = |‘1J|e’q’ [21].
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E=0

Fermi surface as topologically stable
singularity of Green function:
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Puc. A-1 TlosepxHocTt Pepmu, KakK TOMONOTMHYECKMA ODBEKT B UMMYNLCHOM MPOCTpaH-
ctee. Hasepay: B upeansHom cpepmuesckom rase, nosepxHocTs Pepmu orpaHnumsaet cdepy
3aMONHEHHbIX COCTOAHUMA C OTpuULaTenbHOl sHepriuen. Brusy: noeepxHocTh Pepmun coxpa-
HAeTCA paxe npu “BkarodeHuu” BaaumopedcTens. [NpuumHa B Tom, 4To oHa npencTaenseTt
coboi TOMOMOrNYeckn yCTOMHMBbIA ObbekKT — “BUXpb’ B YeTbipexMepHOM MpPOCTpaHCTBe

(PO,P)-
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MoeepxHocTb Depmn, Kak TOMOJSIOrMYECKNii 0O BHEKT.

TaKuX aanabaTwIecKuX BO3AeHCTBUIl sHepreTHvecKre YPOBHU CUCTEMBI HE MOTYT TI€pe-
cekaThb nmoBepxHOCTh Pepmu. Cocroguue Ge3 BO3OYKICHABIX KBA3WIACTHL, TPaHCHOPMHE-
pyeTcd B IpYTroe TaKoe XKe COCTOAHNE, T.€. BAKYYM CHCTEMBI IIEPEXOINT B APYToit BaKyyM
(OCHOBHOE COCTOAHME). DTO M HPUBOANT K CIPABEIIHBOCTH TeOpeMBl JlaTTHHKEepa, KO-
TOpad yTBEPKIAET, 4TO 0bbeM moBepxHocTr Pepmu aBAdeTCcA “anunabaTHIecKUM HWHBa-
praHTOM” (€C/IH MOJTHOE YHC/IO YACTUIL B CHCTEME HE M3MEHAETCA).

Hia wsorponHoit dbepmu — KuIKocTu co cdepudeckoil moBepxaOcThi0 Pepmu, Teo-
pema JlaTTHHKepa CBOOUTCH K YTBEPKIECHUIO O COXpaHEHUN OOBIIHOTO (rasoBoro!) co-
OTHONIEHUA MEKIY TJOTHOCTBIO YacTHIl U uMIyabcom Pepmu:

3

P
n= 3;;71 (A.D)

[MosepxrOCTE PepMu, XapakTepusyeMasd TOMOJOTHIECKUM HHBAPHAHTOM /N1 CYIECTBYET
JLAd CHCTEM JIOOBIX PasMepHOCTER B OOBIYHOM MPOCTPAHCTBe. B mMByMepuu, Kak MBI BH-
JIeNn, OHA TPEACTABIAET CODO 3aMKHY TYIO JIMHWUIO B IBYMEPHOM UMIYIbCHOM MIPOCTPAaH-
CTBE, COOTBETCTBYIONIYIO “BUXPEBOMY KOJIBITY B TPEXMEPHOM MPOCTPAHCTBE YACTOTHO
— UMIYJIBCHOM IIPOCTPAHCTBE. B OMHOMEPHBIX cHcTeMax MOBepXHOCTH PepMu ABIAETCA
TOYETHBIM “BHXpeM” .

Mge1 Bue Tl BBINIE, 9TO B OMHOMEPHBIX cucTeMax byHKIuA ['puHa MOXKeT MMETh BUI,
COBEPIIEHHO OTJIMYHBIH 0T KaHOHIMIeCKOH dhopmy.isl (A.3) Teopun Jlanmay. B vactHOCTH,
B Mozmesin Tomonara — JlarTuHxkepa ee MoOCHad CTPYKTYPa IpomagaeT u3 — 3a “mHdpa-
kpacHbIX  pacxomumocTteil. Tem He MeHee, Kak MoBEPXHOCTH PepMu, TaK U yTBEPKIECHUE
0 HAJWIUHU B CHCTeEMe BO30OYKIEHUN CO CKOJIb YIOOHO MaJjioli sHeprueil coxpaHAOTCA
(715 CHCTEMBI ¢ JIOCTATOYHO CJIa0BIM B3anMOIEHCTBIEM ), BBUIY COXPAHEHN TOTOJIOTH-
veckoro mHBapumanTta N1 = 1. B camoMm mene, ecsim B TOJIYYEHHBIX BBINIE BBIPAKEHUAX
nna dyuxmun I'pura B Momenn Tomonara — Jlartumkepa (tnma (6.318)) mepeiitn
£ — ipp, TO B HUX BOSHUKHET BCe Ta ke ocobeHHoCTh TpH (po = 0, p = 0). IosToMy 10-
BepxHOCTH PepMu cOXpaHdgeTCd, HECMOTPA Ha HAPYIIEHNE OCHOBHBIX MOJIOKEHU Teopun
Jlarmay.

Ornmame ot Teopun depMu — KUAKOCTH JlaHmay B OTHOMEDHBIX CHCTEMAaX MPO-
ABJIAETCA TPU PACCMOTPEHUU JeticmeumesbHbs 4aCTOT: KBA3HIACTHYIHBIE MOJIOCA OT-
CYTCTBYIOT, BMECTO HUX MMEETCH Pa3pe3 B KOMILJIEKCHOW TJIOCKOCTH 9acTOTHI, TaAK ITO
OIHOYACTUYHBIE BO3OYKIeHNA He ompemeneHbl. OyHKIUA paclpele/IeHnd JacTUIl Ipu
5TOM, Kak MBI Bujgenan B (6.324), He mmeer ckauka Ha noBepxHocTn ®Pepmm, omHaxo,
BOODIIIE TOBOPHA, MOXKET COXPAHATHCA CTEMEHHAT OCODEHHOCTE B €€ MPOW3BOIHOM.



IIpunoxenue b

DJIEKTPOH B CJAyYalHOM II0Ji€ U HH-
TerpaJibl 10 TPAEKTOPHUAM.

Bosepaiadchk K 3amade o IBUKEHWHN 3JIEKTPOHA B TOJe CAYYallHO PacHoOKEHHBIX B
MPOCTPAHCTBE paccemBaTesielf, MOKaX)eM, KaK MOXKHO HOJYYUTh (POPMAJJIbHOE BBIpa-
KeHIe I YCpeTHEHHON OXHO3IeKTpoHHOl dyuknun ['puna B Bume (ellHMaHOBCKOTO
uHTerpasaa 1o TpaekropudM [20], SKBHUBAJEHTHOIO CyMMe pijia BCEBO3MOXKHBIX JIUa-
TpaMM TeOpWW BO3MYIIeHWi. [d »/IeKTpoHa, HBWKYIIETOCA B TMOTEHIHAJIBLHOM TOJE
(4.1), B KOOpDAMHATHO — BPEMEHHOM IpencTaBaeHHN GYHKIWMA [prHA 3alUCBIBAETCA B
BHUJIE CTAHIAPTHOTO MHTETpAa MO TPAEKTOPUAM cJemytomero Buaa (N — MOTHOE THCIO
paccenBateeii):

I‘(t):I‘ Z t ml-‘z N
G(rr';t) = /r Dr(r1)exp ﬁ/o dr - Zv(r - R;) (B.1)

(0)=r'

r(t)=r
r(o)=r'
®eiinmana [20], npudem r u 1’ OpemcTaBAAIOT cOOON KOHEUHYIO M HAYAIBHYIO TOYKH
IBHXKEHWA, COBEPIIAEMOTO 33 MHTEpBaJl BpEMEHN {.

PaccmoTrpuMm mocTtaTodHo obmmii corydaii, Korma samaHbl N — dacTWYHBIE yHK-
mnu pacupenesnennd [11] paccemBareneit Fiy(Ry, ..., Ry). Torma, mpoBons ycpenHeHne
Bkaaga B (B.1), saBucaiiero or KoHdUrypamnumii paccenBaonx MeHTPOB, HOIYIaeM:

roe Dr(r) obosnavyaer GHyHKINOHAJIBHOE WHTEIPHpPOBaHHWE Mo Mepe BuHepa —

exp —% Z/o dro(e(t) — R;) =

1 i K
= V—N/de.../dRNeXp _ﬁzj:/o dro(e(t) —R;) ¢ Fn(Rq,...,Rn) =

299
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9J'IeKTpOH B C/Iy4aliHOM MoJie N NHTEerpasbl Mo TPAeKTOPUAM.

= exp i (é)”%/otdﬁ,,,/otdm <Zi:v(r(7'1)—Ri)...Zv(I‘(Tn)—Rj)> =

J

(B.2)

rae < ... >, — KYMyJIAHTHbIE cpelHNe, onpeneaennble cornacho (4.13), V - obvem cu-
crembl. B pesynbrare, ycpenunennaa dyuknua ['pura umeer Bum:

r(t)=r i 13 mi‘z i n
< G(rr';t >:/ Dr(7)exp —/ dr—— — <—) Ky bE.3
( ) r(o)=r' ( ) h 0 2 Zn: h ( )

OrpannamuBazick n = 2 (BKJaj, cooTBeTcTBylomuit n = 1, maeT TpuBHagbHBIH daso-
BBIIT MHOKHUTEIB), T.€. TayCCOBBIM MPHUOIIKEHIEM s CTATHCTHKN CJIy9altHOTO MOJIA,
oJIyYacM:

r(t)=r it el 1 t t
< G(rr't) >= / Dr(7)exp {—/ dr—— — —2/ dr’/ drWle(r) — r’(r’)]}
r(o)=r' h 0 2 2h 0 0

(B.4)
rime

Wr—1)=<V(@)V(E') >, (B.5)

€2 )

9TO /A 3a1a9M XaOTHIECKH PACIOJIOKEHHBIX B MPOCTPAHCTBE “MpuMecei OHpeILe.HSI—
etcd ¢ nomomibio (4.12), (4.16) u cBoanTesA, B HTOTE, K KOPPENATOPY THIA “6eoro mryma”
(4.20).

B kadectBe mpumepa npuMeHenus (B.4) ma pelieHns KOHKPETHBIX 3a/1ad, PaccMo-
TPUM 3JIEKTPOH, ABUKYIINICA B OTHOMEDHON CHCTEMe B IayCCOBOM CJIyYaiiHOM ToJe ¢
KoppesaTopoM THia (6.184), nHTEpecOBABIIMM HAC B CBA3H C PACCMOTPEHUEM MOJENN
MICEBIOIETIEBOTO COCTOAHNA:

[r =7l

&(T)

Pypbe — 06pas »TOro KOppeaaTopa UMeeT, Kak Mbl Bugesan, Bu (6.196):

W(r—r)=2<|A]? > exp {— } cos 2pp(r — ') (B.6)

S(Q) = 247 { T i i e } (B.7)

rme k = !, U OpencTapadeT coboif IBa JOPEHIEBCKIX IUKa ¢ IHPHHON ~ £ ~1 menTpu-
poBaHHBIX Ha () = +K = +2pp. BBouga nepemennyio ¢ (OTKIOHEHHE OT IEHTpa MHKA)
KakK ¢ = K + ¢, MoKeM 3amucaTh:

[ ar [ arwire) - vy = / 5@ [ ar [ arearnean -

dT/ iKr(T)eiqr(r)e—iKr(T)e—iqr(T’) +

—|—A2 ﬁ K / dT/ dT/e—iKr(T)eiqr(r)eiKr(T)e—iqr(T') —
0 0
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= 2A? " +H2/ dT/ dr'eier(r) g=iar(r’ ) cos K[r() — r(7')] =

dqg K
T q2+52

= 2A? / dT/ dr'eitr(n) g=iar(r') {cos Kr(r)cos Kr(r') +
0 0

+ sin Kr(7)sin Kr(7")}  (B.8)

Beiiite MBI paccMaTpUBAIH ACHMITOTHKY OOMBIINX KOPPETANHOHHBIX IJIHH & — 00 (W
k — 0). B a1oM corydae mveem:

t t t t
/ dT/ dr'Wir(r) —r'(7)] ~ 2A2/ dT/ dr’ {cos Kr(7) cos Kr(r") +
0 0 0 0

2 2

+ sin Kr(7)sin Kr(7')} = 2A? {/Ot dr cos Kr(r)} + 2A7 {/Ot drsin Kr(r)} (B.9)

TOI‘,D;& JICTKO IIOJIYHJacEM cJieayronmee IpeidcTaBJICHUE OJId HeTpI/IBI/IaJII)HOﬁ HacCTH 3KCIIO-

nenter B (B.4):
exp {_#/Ot dr /Ot dr'Wr(r) - r(T/)]} =

S [ A

:/oo d_$ z +22x f cos Kr(r )/ dy Y +22y fotSinKr(T) (BlO)

Coo VT

re B MOCTETHEM DABEHCTBE UCIOJAB30BAJIN M3BECTHBIN mpueM Xabbapma — CTparoHOo-
Buva. B pesysibTaTe, mocsae 0UeBUIHBIX 3aMeH MePEeMEHHBIX, MOJTYTaeM THTEPECYIONTYTO
Hac ycpemHeHHyO QyHKIMO ['puHa B Bue:

°dV, _vE [ dV, _vi [T C o omid(r)
< G(rv'st >:/ LT a7 -~ _F/ Dr(r exp{/ dr —
( ) —00 ﬁ \/_ r(0)=r! ( ) 0 2

t t
— 2/ drVy cos Kr(r) — 2/ drVy sin Kr(r)}
0 0

(B.11)
[epexona x moMApHBIM KoopauHaTaM B mitockoctd (Vs, V,), T.e. BBOOa W =  /V2 + Vy2
u¢= arctg“i—z, HOJIydaeM:
2W I de
<(rr,)>/0 A A/o o <
r(t)=r i )
X / Dr(r)exp {/ dr [mTQ(T) — 2W cos(Kr(r)+ (b)] } =
r(0)=r' 0
00 27
:/ dWP{W} Gow cos(Kr+¢)(rr/;t) (B12)
0 0

rae P(W) — pacipenenernne Panes (6.207), a Gow cos(ir4¢) (773 1) — OnHODIEKTPOHHAS
dbyuxuma Tpuna B nepuomgmdeckoM mosie Buga 2W cos(Kr + ¢). Ecaun reneps mepeiitn
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9J'IeKTpOH B C/Iy4aliHOM MoJie N NHTEerpasbl Mo TPAeKTOPUAM.

B UMITYJIbCHOE TIPEACTABIEHNE W HaliTH HOpMaJsbHYIO dhyHKIHIO ['puHa B TAaKOM MOJIE,
To B mpocrefitieM (nByxBOHOBOM) mpubamkennu [27] moayaum (6.57), (6.60) u (B mMa-
my6apoBCKOl TeXHMKe W B yCJIOBHAX “HecTwHra”, cupasemanebix mpu K = 2pp (6.71)
(cp. Puc. 6-7)). Torga sacuo, uro (B.12) cBemeTca K MOJIyUIEHHOMY BBIlE CYyMMUPOBAHHEM
muarpaMm pesyabrary (6.203). CoorBercTByIoman aHoMaibHad Gyukmua [puna (6.72)
obpalaerca B Hy/Ib IIpH ycpearernio mo dase B (B.12), 910 coOTBETCTBYET OTCYTCTBHIO
B CHCTeMe HaJIbHEero mopanka. Takum obpa3somM, paccCMOTpEHHAA BBINIE YIIPOIIEHHAS MO-
JIeNb TICEBIOIIETIEBOTO COCTOAHUSA MeRCTBUTETBHO 3KBUBAJEHTHA PACCMOTPEHUIO DJIEK-
TPOHa, pacmpocTpaHdlieroca B mose suga 2W cos(Kr + ¢), ammanryna Kotoporo W
He 3aBHCHT OT KOODAWHATHI U pacrpelesiena mo Pameio, a ¢asa ¢ oIHOPOIHO pacipene-
sera Ha uHTepBane (0, 27). BosHUKHOBEHNE 371ech pacnpeelcHnsa Pajied TeCHO CBA3AHO
C TPENTNOJIOKEHNEM O TAYCCOBCKOM XapaKTepe CAYyJIailHOTO MOJid, B KOTOPOM IBUKETCH
BJIEKTPOH.

Ucmonp3oBanme acCHMITOTHKE & — OO, T.€. TIpeHeOpeXenne MUPUHON JTOPEHIIEBCKUX
mrKOB B S(()), OUEBUIHO COOTBETCTBYET NPEHEOPEKEHNIO KPYTHOMACIITAOHBIME DIy K-
TyaIuAME aMILTATYIE HALlETo CJIydaltHoro IoJid Ha paccTOdHuAX mopanka & ~ k1. s
Jusnaeckux coobpaxkennii ACHO, 3TH HIYKTYAIUH TPUBOIAT K TOTOJTHITETEHOMY pacce-
SAHUIO C XapaKTEePHBIMEU BPEeMEHAME TOPAIKA T ~ % ~ (vpk)~! (cp. (6.198)). SIcuo, uro
BJIMAHUEM TAKOTO PACCEAHNA MOKHO MpeHebpedsb A1a 00IacTl 3HEPTH, YIOBIETBOPAIO-
mux ycaosnio vpk < &p. OHo TakXKe He UTpaeT posm Ipn vpk < 1. OTH ycaoBuA OBLIHN
BeIHcanbl Boilie B (6.199). Bosee mocnenoBatenbHoe (HO U TpoMosmkoe!) paceMorpe-
HUIO 331291 ¢ KOHEYHBIME K MPUBOIUT K TAKWM YK€ KadeCTBEHHBIM BhIBomaMm. LutaBHBIH
s derT paccedHud Ha KPYTHOMACIITAOHEX hIYKTYaIIaX' — BOSHHKHOBEHHe KOHeTHOI
IJIOTHOCTH COCTOAHUI 3J€KTPOHA B IMEHTPE TCEBIOIIETN U €€ TOJTHOe “3aMbiTHE” TPHU
vpK ~ A.

IM.B.Camosckmit. YOH 171, 539 (2001)
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