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IIpenncaosue

B xonne 50-x, ragase 60-x rooB MpoOILIOro BeKa B TEOPUH KOHIAEHCUPOBAHHOTO CO-
cToAHuA (Jallle HasbIBaBIIelica TOMIA Teopuel TBEPAOro TeIa U KBAHTOBBIX KHUIKOCTEN )
TPOM3OIIIEN TIEPEBOPOT, CBA3AHHBIN C TPUMEHEHNEM METOOB, pa3pabOTaHHBIX AECATUIIE-
THEM paHbIlle B KBAHTOBO TeOpUHU TMOJIA, B OCHOBHOM — MeTOoAa (helHMaHOBCKUX TUa-
rpamm. C TeX TOp 3TH METOMBI COCTABJIAIOT OCHOBY AAHHOTO pa3fesia TEOPETUYECKONH
¢usukn, nx 3HAHWE HEOOXOAUMO KaXkKIOMY IPAMOTHOMY TEOPETHUKY.

CytecTByeT pdl XOpOINX KHUT W yIeOHWKOB, TIEe JOCTATOYHO MOApOOHO W3Jjara-
eTcd obladg CTOPOHA Jejia — BBEIEHWE AMATPAMMHOIO MOAXOAA JJIA PAa3JIUIHBIX THUIOB
B3aumoneficteuit [1, 2]. Pasymeercd, B 3TuX KHUTAX U3JIaraloTCd U KOHKPETHBIE MPUJIO-
JKEHUS K TeM WJIM UHBIM (DU3UYECKUM 3a7adaM. BMecTe ¢ TeM, 10 HACTOLAIIETO BPEMEHU
MPaKTUIECKNH OTCYTCTBYIOT KHUTHU, B KOTOPBIX JOCTATOYHO TOIPOOHO, CO BCEMU HETa-
JIAMU BBIYUCIEHUN U METOMUYECKUX MPUEMOB, pasbupanch-0bl MpUMEPHI TPUMEHEHU A
5TOI TEXHWKM K PENIEHWIO KOHKPETHBIX 3a/1a4 Ha YPOBHE, 3aBEIOMO JTOCTYTHOM JJid Ha-
YHHAIOWIETO TeopeTuka |. 3a mpolleqmne JecATHICTHA TaKIX 3a0at PellaIoch BeJuKoe
MHOXECTBO U PE3YJIbTAThl PazdpOCaHbl IO MHOTOYUCJIEHHBIM OPUTHHAJIBHBIM CTAThAM,
0630paM 1 MoHOTpaduaAM.

[lenpo HacTOAMNX JIEKIUH ABIAETCA UMEHHO JEMOHCTPAIMA TOTO, KaK AUATPAMM-
HBIE METOIBI TPUMEHAIOTCA K PEIEHNI0 KOHKPETHBIX 3aa4d TEOPUH KOHIEHCUPOBAHHOTO
COCTOSAHNA, KOTOpPBIE yXK€ JOCTATOYHO HAABHO BOILIN B “30J0TO# doHa’ »Toil Teopun,
a COOTBETCTBYIONINE TIOHATHA W MPUEMBI COCTABIAAIOT pabounii “doabkaIop” coBpeMeH-
HOTO TeopeTuka. Beibop MpuMepoB 0DYCJIOBJIEH KaK UX BaXXHOCTBHIO, TaK W JUIHBIMU
HAyYHBIMEA WHTEpecaMu aBTopa. MHOrMe U3 »THX 3amad €llle He pelleHbl “mo KOHMa”
U nasibHelfliee pasBUTHE PE3YJIbTATOB, M3JaraEMBIX MOYTH B KaXIOM pPa3Iesie, MOKET
COCTABUTDH TMPEAMET CAMOCTOATETBHOTO UCCIAENOBaHUA. MBI CO3HATETHHO OrPAHUININCE
TOJTBKO U3OPAHHBIMU 33aJa9aMU 3JIEKTPOHHOW TEOpUHU TBEPIOTO TeJsia, OMYCTUB BOMPOCHI
Teopuu 603€ — KUIKOCTHU, OOJBUTMHCTRO 338434 TEOPUHN MAarHETU3MA U TEOPUIO KPUTHIE-
ckux aBjeHuit. HyxHO 4eTKO MOHMMATh, YTO KaXJad W3 TJIAB 3TUX JEKIUi Morsa-On1
COCTaBHUTH MPEIMET CAMOCTOATEIBHOIO CIENKYpPCa W, B 9TOM CMBICJE, Hallle W3JI0XKe-
HIUEe He TIPETEHIYET HA CKOJIBKO — HUOYIb 3aMKHYTHIT 0030 3TUX HalpaBJEHUR TEOPUN.
Pasymeercd, mpuMeHeHME TOJIEBBIX METOIOB B TEOPUU KOHIEHCHPOBAHHOTO COCTOAHUSA
HE WCYEPTBIBAETCA TOJBKO MUarpaMMHBIMEU MeTofamu. B dacTHOCTH, BesuK OBLI CO-
6J1a3H yHAe nTh BHUMaHWE METOIaM, OCHOBAHHBIM Ha (DYHKIIMOHAJIBHOM UHTETPUPOBa-
HUU W peHOpMaJTm3anuoHHoi rpynne. Tem He MeHee, MBI PENUJIN OTPAHUIATHCA TOJTHKO
AUarpaMMHBIM TTOIXOIOM U 3aJadaMy, KOTOPBIE PEMIAIOTCA B paMKaX TEOPUU BO3MYIIIE-
HUii, TPAKTUYECKN OMyCKad COBPEMEHHBIE BOMPOCHI TEOPUU CUJIBHO KOPPETUPOBAHHBIX
CHCTEM. DTO BBI3BAHO KaK KEJAHWEM CHAEIATh JIEKIUA AOCTATOYHO KOMIAKTHBIME, TaK
7 CTPEMJIEHUEM TPOIEMOHCTPUPOBATH HOTATCTBO PEIYIHTATOB, KOTOPHIE YIAETCA TOJTY-
YUTH HA TOM MYTH.

Jia moHuMaHusa JeKnuii HeoOXOAMMO BJIAJEHNE OCHOBAME IUATPAMMHON TEXHUKH,
npumepHo B o6beme Lut. IT u 111 snamenurtoit kuurn “ATI1” [1], uzsioxkenue B KOTOPBIX
JIO CHX TIOp OCTaeTCs HEMPEB30UIEHHBIM 00Pa3IoM.

ABTop BBIpaxaer cBoio mpusHaresabHOCTh C.I HoBOKIIIOHOBY 3a GOJIBIIYIO TOMOIIH
MpU PETAKTUPOBAHUY MTEPBOHAYAJIBHOTO TEKCTA 3TUX JIEKITHH.

M.B.CanoBckuii, Exarepun6ypr, 2002 r.

1 ABTOpY W3BeCTHA TOJIBKO OflHA TaKad TIONBITKa [3], ocTaBaBIIAZCA TOJITOE BpeM# He OIryGJmKo-
BauHON. [Tourn Bceobbemmronnii 0630p mpuMeHEHHI MOIEBBIX METOHOB K PA3/INIHBIM 3ada9aM TEOPUN
TBEPOTO TeJla W KBAHTOBBIX KUIOKOCTeN comepkurTca B [4], HO 3T0 mMeHHO 0630p, a He y9eGHUK.
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He will never give that seminar.

W.Pauli to R.P.Feynman
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ImaBsa 1

BBEJIEHUE

Xopoliio u3BeCTHA OMPEIEIAONIad POJh, KOTOPYIO B COBPEMEHHON TEOPUU KOHIEHCUPO-
BAHHOTO COCTOSHUS UIPAET KOHIEMIU KBasudacTuil. [losiHoe obocHOBaHME 5Ta KOHIIET-
1ug mosyvYaeT B pamkax dopmasuama byuknuit ['puHa, KOTOphI# ABJIgETCA CTAHIADT-
HBIM amfapaToM COBPEMEHHON Teopuu cucreM MHOrux dactull. Meron dyukiuit ['puna
JlaeT BO3MOXHOCTEH YeTKO C(HOpPMYyJIUPOBATH KPUTEPUU CYIIECTBOBAHUSA KBA3UIACTHUI] B
KOHKDETHBIX CHCTEMAaX, a TakKke TPEICTaBIsgeT coboll yHUBEpCaJbHBIE MeTOM TpoBe-
JIeHUs PACYETOB MPAKTUYECKU JIIOOBIX (PU3UUIECKUX XaPAKTEPUCTUK MHOTOYACTUIHBIX
CUCTEM C YYETOM Pas3IMYHBIX TUTOB B3auMojeiicTuii. [TlaHHBIE METOI BOSHUK B CBA3M C
3a/ladaMu KBAHTOBOI TEOPUU TOJI4, TIE BIEpPBBIE OBLIT chOPMYJIMPOBAH Ype3BBIYAHO 2~
ek TUBHBII W yAOOHBIN TOMXO, OCHOBAHHBIM Ha MCMOIb30BaHUU Juazpamm Peliinmana.
IMocaenytolee nmepeHeceHne STUX uaeil 1 METOIOB B TEOPUIO CUCTEM MHOTUX YACTHII, TIO
CyTH Jiesia, U TPUBEJIO K CO3aHUI0 COBPEMEHHOW TeOpUN KOHICHCUPOBAHHOTO COCTOAHUA
[1, 2].

B pamkax maHHOTO Kypca MBI He MPUBOIUM MOCJTEIOBATEIHHOE U3JIOKEHUE CAMOTO
Merona ¢yuknuii ['puna, Hameil 1mespo ABIAETCA OOYIUTH UCTOTB30BAHUIO HTOTO Me-
To/a JIJIs pellleHns KOHKPETHBHIX 3aja4. [Ipemnonaraercs, 9T0 OCHOBHBIE TPUHITATIBI MO~
CTPOEHUs TUATPAMMHONM TEXHUKU JJId Pa3JUYHBIX BUIOB B3aUMOJAEHCTBUI, TakKe Kak
u obume cBoiictBa yHuknuit ['puHa YnUTaTE IO U3BECTHHI, KaK B (hopMaIu3Me HyJIeBOH
remreparypsl T = 0, Tak u 14 cIydas KOHEUHBIX Temneparyp (MamybapoBckue dbyHK-
mun [puna) [1]. CrpykTypa Kypca dcHa u3 oryiasaennd. OTAeTbHBIE TIaBBl TOCBATIEHBI
PACCMOTPEHMIO OCHOBHBIX BUJIOB B3aMMOICHCTBUH, M3yJaeMbIX B paMKax 3JIEKTPOHHOM
TEOPUM TBEPIOTO Teja, a TaKkKe PALY OCHOBHBIX THUIIOB 3JEKTPOHHBIX HEyCTOWYUBOCTEH
(dasossix mepexonos). Kak mpasusio, cHadasaa Mbl GOPMYJIMPYeM MpaBUiIa THATPAMM-
HOW TEXHUKU, a 3aTeM PacCMaTPUBAEM pPa3JIMYHBbIE 3aJa4d, 0 BO3ZMOXKHOCTHU TPUBOILA
JIOCTATOYHO TIOAPOOHO Bee feTasu Bhraucaenuii. [[pu 3ToM MBI, TpaKTHYECKH BCIOIY, CTa-
paJIuch CJIeA0BATh IpaBUJIaM 1 0O03HAYEHU AM, HCTIOIb3yeMbIM B KHUTe [1], X0T4a mosHoro
OTCYTCTBUSA “paszHobosa’ B 0003HAUEHUAX TEX MJIM MHBIX (PUINIECKUX BEJININH U36ekaTh
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BBEOEHWNE

BpAI-JU yaasioch. Kaxkgas ryiaBa, TakuM obpa3oM, MOXKET paccMaTpUBATHCH KaK HEKO-
TOpoe BBeJICHIE B KPYT COOTBETCTBYIONIMX MPOOJIEM MTaHHOTO pasfiesia TEOPUHU TBEPIOTO
Tesa. B 9TOM cMBICJIe OHU MOTYT YUTATHCA HE3ABUCUMO, HO CJIEIYET UMETh B BUJY, 4TO
BCe W3JIaraeMble BONPOCHI, Ha CAMOM JieJie, BeChMa TeCHO CBA3aHbI IpYyT ¢ Apyrom. [logbop
IMATUPYEMOHl JTUTEPATYPBI HE TPETEHAYET Ha TOJHOTY, HIPUBOAATCA CCHIIKY JIWIIL HA TE
UCTOYHUKU, U3 KOTOPBIX 3aMMCTBOBAH COOTBETCTBYIONIMH MaTepUaJI, IpUIEM MpenodTe-
HIEe OKa3bIBaJIoCh paboram 0630pHOTO 1 yuebHoro xapakTepa. COOTBETCTBEHHO, CCHIIIKA
Ha paboTHI MPUOPUTETHOTO XapaKTepa MPaKTUUYEeCKU OTCYTCTBYIOT, B HaubosIee BakHBIX
cJydadx TaKoro pofia MBI CChlJTaeMcd TpocTo Ha (amusanu aBTopoB. CllenyeT UMeTh B
BUIY, YTO MHOTHE pas3feJibl JIEKINI OCHOBAaHBI Ha CODCTBEHHBIX “pazbopkax” aBTopa, B
TaKWX CJIy4YadX CCBHIJIKU Ha MUCTOYHWK, KaK MPABUIIO, OTCYTCTBYIOT.

OcHoBHag waed AMATPAMMHOTO TOAXOAA B TEOPWHM KOHIAEHCHPOBAHHOTO COCTOAHUA
COCTOUT B TPOBEAECHUN CYMMUPOBaHWUA OGECKOHEUHOTO pafa (peifHMAHOBCKUX JUATPaAMM
JJ1 OIHOYACTUIHON MIn MHOrOYacTHYHBIX dyHKui ['puna (Bepmmnnubx gacreii). Ipn
9TOM pedb WJET, KaK MPaBUI0, O CYMMUPOBAHUU OMPEAEIEHHBIX MOITOCEIOBATETHHO-
CTell MOJTHOTO p#AJla TEOPUH BO3MYIIEHUH (TUIOB AMarpaMM), JAONIUX JOMUHUDYONTHIL
BKJIaJI 110 TOMY WJIM WHOMY NapaMmeTpy 3anadn (6espasMepHasd KOHCTAHTA CBA3M, ILJIOT-
HOCTH YWUC/Ia YaCTUIl, JPYTHe KOMOMHAIMN TApaMeTPOB, XapaKTEPU3YIONUX CUCTEMY ).
B 6osbumHCTBE M3yYaBUIUXCA 3a/1a4, TaKUe TMOANOCIEAOBATETLHOCTH OB BHIABICHBI
yKe Ha paHHEM ?Tale pa3BuTusd Teopuu [1, 2], u MBI paccMoTpuM Iiesbiit psag XapakTep-
HBIX TPUMEPOB U CJIEAYIONMX U3 HUX PU3NIECKUX BBIBOJOB. B oUeHb pelkux cirydadx,
JJT YPE3BBIYANHO yIPOIIEHHBIX (MOIETBHBIX) 3aa4 yAAeTCA TPOCYMMUPOBATH MOTHBIR
definmanoBckuit pazg (Bce muarpammbr). Takue ciaydan ropasfo MeHee W3BECTHBI, HO,
KakK TpaBUJIO, BEChMa MOYyYUTEJHHBI. MBI PACCMOTPUM HECKOJIBKO TPUMEPOB TAKUX MO-
JeJielt, Kak JIJid WJLTIOCTpAllMd TEXHUYECKONH CTOPOHBI JieJia, Tak U CJIEHYIONUX U3 HUX
HETPUBHUAIILHBIX BHIBOJIOB, CBA3AHHBIX C BO3MOXHOCTHIO paspylleHUsa caMol KOHIETTINN
KBa3WU4aCTHUI], KOTOPas, HECMOTPA Ha €€ YCIENIHOCTh, eCTeCTBEHHO UMeeT OTpaHUYeHHBIE
Mpeiesibl IPUMEHUMOCTH U HE JIOJIKHA CUYATATHCA CAMOOYEBUIHOI.

IIpakTUdecku BCIOAY MBI UCTIOJIb3YyeM cUcTeMy enuuui h = ¢ = 1, BoccTanaBuBas
h U ¢ TOMBKO B HEKOTOPBIX UTOTOBBIX dopmysiax u ornenkax. [locrogunasa Boabnmana
kp = 1 Bcerna.



IntaBsa 2

IJIEKTPOH — 9J/JIEKTPOHHOE
B3IAMMOOENCTBUE

IIpaBuia nuarpaMMHONA TE€XHHUKH.

Pacemorpum cucteMy BaanMmomeHcTByOmNX (HEPETATUBUCTCKUX) (bepmu — dacTui. B
nasbHeiteM, B OOJBIIMHCTBE CJIyYaeB, UMEETCA B BUAY CUCTEMA 3JIEKTPOHOB B MeTAJLIIE.
lamMuabTonnan B3amMomelicTBAA 3aNUIIEM B BHUIE:

1
Hipnt = E/drldrgy’)z(1‘1)1/;5(1'2)1/(1'1 —12)1Pg(r2)Ya(r) (2.1)

rie V(r) — notenrmas (crarmaeckoro) BzammonelicTeua gactut, v} (r), ¥4 (r) — omepa-
TOPHI POXKJICHAA W YHUYTOXKeHNd (hepMUOHOB B TOUKe I', & — CIMHOBLI MHAEKC.

O6mpe npaBuIa AMarpaMMHOI TEXHUKY IJ1A BEIYUCJICHUA HONPaBOK IO B3auMoeii-
CTBUIO K odnovacmuynot pynxyuu I'puna B uMIyabcHoM npencrasiennu G(p) chopmy-
sauposanbl B [1]. llpuBeneM ux cBoaKy g caydad HyJseBolt remmeparypsl 7' = 0:

e J[lmarpaMma n-To TOpAIKa TO B3aWUMOAEMRCTBUIO COAEPKUT 2n BepiuH, 2n + 1
CIJIOIIHBIX (3JIEKTPOHHBIX) JIMHUI U N BOJIHUCTBIX JTUHUN B3anMozeiicTBuda. Becem
JUHUAM TPUNUCHIBAIOTCA OTPENETEHHBIE 4—MMIYIbCH, KOTOPbIE COXPAHAIOTCA B
BEPIIUHAX B3aUMOIEWCTBAL.

e DiekTpoHy (PpepMHUOHY) COMOCTABIAETCA CRAOUIHEA JTUHUA, KOTOPOil COMocTaBId-
eTcd BRIpaxeHwue Jia ceobodnoti pyukiun ['puna:

_ bap _ iy
Go(p) = = —&(p) + ibsigné(p) rae 6 —+0 (2.2)
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3/IEKTPOH — 2JIEKTPOHHOE B3ANMOJENCTBUE

npudeM

€p) = 5~ —n~vr(lpl-pr) (2.3)

— PHEpPTeTHYECKU CHEKTp CBOOOMHBIX (HEPMUOHOB, PHEPTUA KOTOPBIX OTCYUTHI-
BaeTcs oT ypoBHA PepMn (XMMHUYECKOTO TOTEHIMANA (), Pp U Up — WUMIYJIbC 1
CcKOpocTh Ha moBepxHOCTH Pepmu.

e Boanucmot muHUM conocTaBiagerca Gypbe — obpas norennnaia V(q).

e IIpoBoANTCA WHTErpWpOBAaHWE TI0 7 HE3ABHCWMBIM WMIYJIbcaM W HgacToTam (4-—
UMITYJTECAM).

e Bosmukinee sepaxenne ymuoxaercd na (1) (27) 74" (2s+ 1)1 (=1)F, rme F — wmeso
3aMKHYTBIX GEPMUOHHBIX TIETENb, a § — CIHMH dhepMnona (a1 s/ekTpona s = 1/2,
TakK 4TO y Hac Bcerga 2s + 1 = 2).

Ilsia corydasd KOHEYHBIX TeMIlepaTyp, B MalybapoBckoii Texuuke [1], coorBeTcTByIONIIE
NpaBuIa /s BBIUACJIEHNdA TomnpaBku k-ro nopanka masa G(e,(p)), dopmynupyorcsa
TaK:

o JImarpamma k-ro mopsaaka mMeer 2k Bepu, 2k + 1 cromHbx (9/1€KTPOHHBIX )
quHul u k BosHUCTHIX JuHUi (B3anMomeiicTBu#A). JIMHUAM COMOCTABIAIOTC NM-
myabehl n (Mary6apoBCKHE) 9acTOThI, YAOBIETBOPAIONINE B KaX IO BeplIMHE 3a-
KoHaM coxpaHenus. JacToTsl 603eBCKUX JIMHUI Bcerma deTHble (wy,, = 27mT), a
9acTOThI (hepMUEBCKUX JnHMi — HedeTHble (£, = (2n + 1)7T).

o [lo BceM He3aBUCHUMBIM MMITYJTbCAM W 9aCTOTAM JUATPAMMBI MMPOU3BOIUTCA WHTE-
TPUPOBAHNUE U CYMMHUPOBAaHHUE.

° Ka}KﬂOﬁ CILJIONIHOW JIMHUU C UMITYJIBCOM P 1 gacToTO Ep COIIOCTABJIAETCA BBIpa-
KEHUe:

Golenp) = mé_c‘ii(m (2.4)

a KaXk IO BOJTHUCTOMN JIMHUM C UMITYJIBCOM ( M 9aCTOTON wy, conoctaiagerca V(q).

k
o Ilepen mosrydeHHBIM BBIpaKEHNEM CTABUTCA MHOKHUTETh (—1)’“ @zﬁ(?s—i—l)F(—l)F
rae F' cHoBa 0bosHadaeT 9nucsio PEPMUOHHBIX METEJD JUATPAMMEIL, a § — CIIUH dep-

MUOHA (3JEKTPOHA).

DJIEKTPOHHBIA ras ¢ KYJIOHOBCKHM B3aWMO-
nelicTBUEM.

Ecam mombiTarhcd 3aHATHCA MPAMBIMU BBIYUCIEHUAME TOMPAaBOK K (yHKIuE ['puma
3JIEKTPOHA B HOPMAJBHOM METAJIJIE, PYyKOBOACTBYACH ChOPMYTNPOBAHHBIME BHIIIE MPa-
BUJIAMM AWATPAMMHON TEXHWKU, TO Cpa3y OKaXeTCHd, YTO COOTBETCTRYIONINE BBIPAKCHUA
pacxomdaTca U3-3a CHHTYJIAPHOTO XapaKTepa KY40H06CK020 B3aNMOIACHCTBHA TPU MaJTbIX
nepegaBaeMbiX UMIYJIbcax q:

V(q) = 47 (25)
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Puc. 2-1 Tpaduyeckoe onpegenerne 3hheKTUBHOrO B3aMMOLENCTBUA.

YTO ABIAETCA HEMOCPEMCTBEHHBIM CJIEACTBUEM HAJTBHOMEWCTBYIONIETO XapaKTepa KyJIo-
HOBCKOTO B3amMoJieficTBud. DTa mpobiieMa yCcTpaHAeTCda CyMMUPOBaHUEM OeCKOHETHOMH
MOCJIEAOBATEBHOCTH AUATPAMM, OMUACHIBAIOIIEN IKPaAHUPOSAHUE KYTOHOBCKOTO TIOTEHTIN-
as1a CBODOIHBIMU 3JIEKTPOHAMMT.

It aToro BBOAMTCA > dEKTUBHOE B3aNMOIelicTBIE, n3obpaxaeMoe “XUpHOH~ BOJI-
HUCTOR JuHUER, KOTOpad ONPENEIAETCA MOCJIENOBATETBHOCTHIO TUarpaMM, MoKa3aHHoOi
na Puc.2-1, roe nosaapuszayuonnsii onepamop maercd CyMMOl muarpaMm, MOKa3aHHBIX
Ha Puc.2-2. Bax®Ho momdepkHYyTbh, UTO B pa3JIoKeHUHU, ToKa3aHHOM Ha Puc.2-2, orcyT-
CTBYIOT rpaduKu, paspe3aeMble 10 OIHOM JUHUYN B3auMOAEHCTBYA, TUIIA TIOKAa3aHHOTO Ha
Puc.2-3, Tak 910 9TO paszsokKeHUWE OMpENETAET HENPUSOJUuMbLl TOTAPUBANMMOHHBIN Ore-
patop. Torma paznoxenne, mokazanuoe Ha Puc.2-1 aHaIOrMYHO O CMBICTY ypaBHEHUIO
Haticorna. B anamutudyeckom Buze 3¢ GdeKTUBHOE B3aNMOIEHCTBIE 3aTUCHIBAETCA KaK:

V(gw) = V(a) + V(@)TI(qw)V(qw) (2.6)

Db dexTusHOE B3anMozeitcTBIe V(qw) ABIAETCA, BOOOIIE TOBODS, 3aBUCAIIMM OT Ya-
CTOTHI W, YTO COOTBETCTRBYET yueTy 3hdeKTOB 3ana3AbiBaHUsd, CBA3AHHBIX C XapaKTep-
HBIM BPEMEHEM 3JIEKTPOHHOTO OTKJIMKa Ha MTHOBEHHOE KYJOHOBCKOE B3auMoelcTRuE.

Pemras ypasuenue (2.6), monydaem:

V(a) G

@) = T g mqe) = daw) @1)

TJIe BBEJIN JNAJIEKTPUYIECKYI0 DYHKINIO (TPOHUTIAEMOCTH ):

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

Puc. 2-2  [Quarpammbl ons HenpuBOAMMOro MoOSspU3aLMOHHOrO onepaTopa.

G CE )

Puc. 2-3 [pumep npnsoanmorn gmarpammbi.
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p+d

()

:mnm+u\nmr©¢vmm (k)

Puc. 2-4  Tpubnuxenune xaotuyeckux das (RPA) ans nonspusaunonHoro onepaTtopa u
sthpekTuBHOrO (3KPaHUPOBAHHOrO) B3aMMOJENCTBUA.

Tak HasbiBaeMoe npubsamkenne xaotudeckux das (RPA) ! coorBercTByeT mcmosnbso-
BaHUIO TIpocTeliliero BapraHTa MOJAPU3ANAOHHOTO ONEepaTopa, MOCTPOESHHOTO Ha CBO-
Gonubix dbynkuuax [puna (1.e. msobpaxkaemoro mpocrefineit muarpammoii Puc.2-4(a))
2.

4

flo(qe) = ~2i [ (jT@Gow 2)Golp) (2.9)

CooteercTBylomee 3hdeKTUBHOE B3aMMOJECTBIE ONpemedeTca Toraa rpaduKaMm
Puc.2-4(b). D10 ypasuenne mns sbdeKTUBHOTO B3anNMOAEHCTBUSA MOXKHO TPEACTABUTH
ellle n JIpyroM Buje, MokKasaHHoM Ha Puc.2-5(a), r1e BBeseH TPUBOIUMBIH TTOIAPU3AIN-
OHHEI{l omlepaTop f[(qw), onpenengeMsiii rpadukamu Puc.2-5(b):

V=V4+ VIV (2.10)

13ra TepMuHOIOrAA HOCHT YHCTO MCTOpHYecKuil XapakTep.
23aMeTHM, 9TO B JIMTEpATypPE YACTO HCIIOIb3YEeTCH OIpeNe/IeHIe I(qw), ornAaaromeeca sEakoM [5],
MBI e TpuAepKuBaeMca obosHadeHn KHATH [1]
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Puc. 2-5 [lpencranermne adhpekTVBHOro B3avMOOENCTBAA Yepe3 MPUBOLNMbIA MOMApPU3a-
uunoHHbln onepaTop II.
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+ +
+ &+ + +

Puc. 2-6 [warpammbl onsa marHuTHOM BOCmpuMMYmMBOCTU. + obo3HavatoT HanpaBrieHue
cnunHa.

N3 Puc.2-5(b) acwo, 4ro:

~ g
IT=———— 2.11
1 - VI, ( )
Torma us (2.10), ¢ ucnosbzoBanuem (2.11), monyaaem:
~ o,V
= 1411 = 1+ —— | =
V=V(14+1V) V< + 1—VH0)
A (2.12)
1—- VIl €

970 coBnamaeT ¢ (2.7), ¢ AN3JIEKTPUYECKOH TPOHUIIAEMOCTHIO, B3ATOH B MpUOIMKEHUN
RPA. Boipaxenue (2.11) onucsiBaeT MOJTHYIO HOJIAPUSYEMOCTE CUCTEMBI.

AHaJornaHBEIM 06pPa30M MOXKHO TOJyInTh 1 RPA — BhIpaxkeHnme 11s MarHuTHONR Boc-
TPUUMYUBOCTH. [1J1 9TOTO HY)KHO PACCMOTPETh OTKJIMK CUCTEMBI Ha, HECKOHEYHO cJ1aboe
BHENIHEe MarHUTHOE TIoJe, TTepeBoOpadnBaloliee sJIeKTPoHHBIN crmH. Omyckasa TeXHmdIe-
CKWE IeTajl, 3aMeTUM, YTO JJId 5TOT0 JOCTATOYHO PACCMOTPETH MOCJIENOBATEIHHOCTE
IuarpaMum, mokasanuyio Ha Puc.2-6. Ecin umers BBULY TOMYIAPHYIO MOAETH ¢ (TOYed-
HBIM) “Xab6apIoBckuM” B3anMomeiicTBIEM »IeKTPOHOB Hiny = Unjn;| 5TH qUarpaMMBIL
JIETKO CYMMUPYIOTCA W JTAIOT:

X(qw) _ Xo(qw)

= ¥ Ullo(q9) (2.13)
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rae Yo(qw) mpomopumonansho Mg(qw) us (2.9):

Yo(aw) = —~g¥ubTp(qw)  To(qw) = —%XO(qW) (2.14)
4 9°Hp

rie g — TUPOMarHUTHOe oTHOIIeHNe (00bI4HO ¢ = 2). OTMETHM N3MEHEHNe 3HAKA B 3HA-
Menateste (2.13) no cpasnenuio ¢ (2.8). D10 cBA3aHO ¢ TeM GaKTOM, YTO MPU pacdeTe
€(qw) MBI uMesH J1es10 ¢ bYHKIMeH OTKINKA THIA [IOTHOCTE — IJIOTHOCTh U CYyMMUPO-
BaJIN TeTaM (KaXk/J0f M3 KOTOPBIX COMOCTABJIAJICA) AOMOJHUTETBHBIH MHOKHUTETH —1.
3mech Xe, IpW pacdeTe JUHEHHOTO OTKJINKA, MBI cyMMupyeM (cM. Puc.(2-6)) “mecTHny-
Hble” marpamMMbl (TIET/IH 3ampelleHbl U3-3a COXpaHEHN A CITUHA — JIMHIYN YaCTUIL U IBIPOK
Ha Puc.(2-6) cooTBETCTBYIOT pasHBIM HaNpaBJICHUAM clinHa). TeM He MeHee, BhIpaXKeHus
4 €(qw) 1 x(qw) BIIOJIHE aHATOTUYHBI U ONMPENETAIOTCH, DaKTUIECKH, OIHO U Tol XKe
BeuuuHoii My (qw) us (2.9).

ITonsipusalmoHHbBIA ollepaTop OJis rasa CBO-
OOmHBIX 3J1eKTpoHOB npu 1 = (.

Mpucrynum k pacuery Ilg(qw), onpenenaemoro BeipaxkenneM (2.9). DxkBuBaseHTHAA 32~
MHUCh UMEET BUI;
( ) 2 / & / de ( ) ( ) (2 15)
Mo(qw) = —22 Gole Go(e-p- .
olq (27)3 o7 0 +P+)Gole-p

— 00

Tmeer =c+ %, pr=p=x %q. B paccmarpuBaeMom wHTErpaJie HanbosIee CyeCTBEHHBI
obstacTu WHTEerpupoBaHua BOJM3M ToBepxHOCTH Pepmu, MOdTOMY TpU ¢ & Pp MOKHO
HanucaTh |p+| = p =+ %q cos f, rme 6 — yrosa Mexay BekTOpamMu p u (. Torma:

1 &
rae
1
£+(p) =&(p+) =&(p) £ Equcosﬁ (2.17)

Murerpuposanne no € B (2.15) MOXHO MPOBECTH, 3aMblKas KOHTYD WHTETPUPOBAHUS
B BEpXHEel MOJTYTJIOCKOCTH KOMILIEKCHOHN TlepeMeHHO#t £ 1 pacKkjagblBad MPOU3BEIEHNE
nByx (G Ha mpocreiinue apodbu. MHTErpas oTaudes oT HyJid, eCJin mosoca obenx hyHK-
nuit ['pura Gy Jexar B pasHBIX MOJIYILIOCKOCTAX. B mTore mosydaem:

” de
/‘0" (e +% — &4 + ibsignéy)(e — 5 — & +idsigné_)
_ 2mi(n(é-) — n(éy)) .
 w—vpqcosf +id(signty — signé_) (2.18)

rae:

n(€) :{ (1) o §§8 (2.19)
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— depmuerckaa ¢yukiua pacnpenenennd npu T = 0. [lockoabKy HAC WHTEPECYIOT Ma-
Jble ¢, pasuocth n(é_) — n(€4) oTINYHA OT HYJIA B TOHKOM CJIO€ BOJIM3W MOBEPXHOCTH
Pepmu. [ToaTomMy, BMECTO TTOJTHOTO WHTETPAJA TIO P MOXKHO CHUTATh WHTErPAJ MO JUHE-
apu30BaHHOMY CIEKTPY &, MOJIb3YACh TPOCTHIM MPABUJIOM:

d3p vp [ 1
= d d ay... 2.20
/(W, . _005/_1<cos> (2.20)
rue
mpp e
VF = 7255 (2.21)

— MJIOTHOCTH COCTOAHUN Ha YpOBHE (DepMI/I B pacdeTe€ Ha OAHY HNPOCKINIO CIINHA. B za-
BUCHMOCTHU OT 3HaKa oS fl BOSMOXKHBI ABa CcJjy4dad:

1. cos@ > 0 — torma Bepaxenne (2.18) ornmuno ot myms mpm —ELcosf < & <

2
“£L cos B, mpuuem n(é_) — n(éy) = 1;

2. cosf < 0 — rorma Berpaxenue (2.18) orsmumo ot mysna mpm “Flcosd < £ <
2L cos ), mpuaem n(é_) —n(éy) = —1.

B pesysbTare, ocTaeTca caemyromnii WHTErpaJI MO yTJIaM:

1
My(quw) = I/F/ dcosf

1 w —vpqcosf + ibsignw

vpqcosf

(2.22)

IT1oT UHTETPaJI BBIYACJTACTCA HENOCPEACTBEHHO, C UCITOJIB30BAHUEM COOTHOINEHN A !

1
xd
/ vdr 4B (2.23)
_1 2o — x + i6signzg
0 mpm |zo|>1
‘ B = —mrg npu O0<zg<1
mxg mpu —1<zy<O0

CL‘Q—|—1

A=-242z9ln
Io—l

B utore TIOJTyHJaEM !

Mo(qw) = —2vp {1 — 2;q In

w+qu‘+EM9<1—M)} (2.24)

w—vpq 2 vpq vFq

g w = 0 mmeem:

Mo(gw =0) = —2vp = —N(EF) (2.25)
e BBEJIN:
mpr a ¢
N(Ep)=2vp = 275 (2.26)

— IJIOTHOCTH cocTodumit Ha ypoBHe Pepmu mmaa obenx mpoekmuit ciuua. [Ipu w > vpq
nMeeM:

11,2 2 31}2 2
Mo(qw) ~ N(Er)3 53 <1+ 55—3) (2.27)

Monyuennsie dbopmysisl 6yAyT HEOTHOKPATHO UCIOIB30BATHCA B HAJTbHERIITEM.
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JuasiekTpudeckasi IPpOHUIIAEMOCTh 3JIEKTPOH-
HOTO rasa.

Ncnonbaya (2.25) B (2.8) mosrydaeM IusJIeKTPUYECKYIO MPOHUIIAEMOCTE, COOTBETCTBYIO-
uryio oberanoit (nebaeBckoii wan Tomac — hepMUEBCKOH) 3KpaHNPOBKE:

2
K
(@ 0)ly—o =1+ "2 (2.28)

r7e KBaJgpar oOpaTHOTO paJnyca >KpaHUPOBAHUA ECTh:

4¢? 6rne?
K% = 4 N(Ep) = — ZWF = ?; (2.29)

3
— Pr _
rie n = zf; — maoTHOCTH 3sekTpoHoB. Torma dbypne — obpas acdbdekTnHOTO B3aNMO-
TIeicTBUA €CTh:

dme?
V(q,0) = 5— (2.30)
7“+ Kp
B koopamHaTHOM TIpeACTaBJIEHAN 3TO COOTBETCTBYET MOTEHINATY BHAIA:
e? _
V(r) = —e "7 (2.31)
r
Ecsin ucnosbzosars B (2.8) acumnroTuky (2.27), To B npenene ¢ — 0 nomydum:
w?
_ P 5 a¢
fw)y=1- o2 (2.32)
IJle KBaJpaT TJIa3MeHHO| 9acTOTh OMpeAe aeTcs OOBIYHBIM BhIpakKEHIEM:
dmne?
2 ¢
w = 2.33
i tm (239)

YuursiBag BKJI1a BToporo ciaaraeMoro B (2.27), us ypasaenns ¢(qw) = 0 HAXOIWM CIIEKTP
MJIa3MOHOB B BUJIE:

3
w(g) = wp + Zvpe” (2.34)

Bosee akkypaTHBIli aHa/ M3, ¢ yI€TOM MHHMOR YacTW TMOJJAPUIAMUOHHOIO OMEPATOPA,
[O3BOJIAET IPOAHAIN3NPOBATE X 3aryxanue [5, 10]. lIpu pocre ¢ cektp (2.34) nonagaer
B 0b6JIacTh »HEPTUH OJHOYACTUYHBIX BO30OyXKieHu# (map gacTuma — ABIPKA), Kak 37O
nokasano Ha Puc.2-7(a), rme BOo3HMKaeT CHJIBHOE 3aTyXaHWE W IJIA3MOH HCYE3aeT Kak

XOpouIo ompeacJacHHOE KOJJIEKTUBHOE BO36y}KILeHI/Ie CHUCTEMBI.
DHepruda Bo3OyKIeHUA Mapbl 9aCTUANA — IBIPKa B CUCTEME CBOGOIHBIX (PEPMHUOHOB:
2 2 2
(pta) »° _ap _ g

+ — (2.35)

0 — —
“pa = Ep+q B fp - 2m 2m m 2m

CrekTp »TUX BOo3OyKIeHUN ¢ MMITYJIbCOM  o6pasyeT KOHTHHYYM, JIEXKAIMI B Ipenesax:

0 awr | 9°
0< w < —+4+ — upm <2
=%pa = T om P q PF
2
wr 2 Swopqﬁqp—F+q— npu ¢ > 2pp (2.36)

m 2m m 2



3JIEKTPOH - 2JIEKTPOHHOE B3ANMOOENCTBUWE 19

(a) (b)

W Im x(q,w)
¥
allowed
~. particle-hole
excitations
2kp q qup w

Puc. 2-7 (a) - 3awTpuxosaHa obnacTb paspelleHHbIX 3HaYeHUA SHeprum Bo3byXKAeHUs
571eKTPOH AbIPOYHbIX Nap B dhepMu-cucTeme — obnacTb saTyxaHus nnasmoros. (b) - MHuman
4yacTb 0bObLLIEHHOR BOCMPUMMYMBOCTI MIOTHOCTb — MAOTHOCTL B KaHase YacTuua — ObipKa.

Sra obsacTh I IOKa3aHa 3alTpuxoBaHHol Ha Puc.2-7(a). B nassmelinrem MBI eme mokaxkeM, 9T0 MEAMAasA
JacTh (2.24)7 mpu w > 0, ¢ TOYHOCTBHIO MO 3HAKA COBHATAET C MHUMOHU YacThio GYHKIHAHM OTKJIAKA
(0o606mEHHOI BOCHPAAMYABOCTH) IVIOTHOCT — IUIOTHOCTD, 9TO IMoKasaHo Ha Puc.2-7(b).

Mo cMBICTY TPOBENEHHOTO BBINIE pacdeTa fCHO, YTO Bhipaxenue (2.24) crpaBemimBo
TOJTBKO B 06J1aCTH MaJIBIX w U ¢. PaxTuUecKn, MoadpU3aANUOHHBI OTIEpaTOp MOKET OBITH
paccunTan A npousBoabHbIX ¢ U w (J.Lindhardt, 1954). Mpusenem pesyabraTsl co-
oTBeTcTBYyOIIUX pacueToB [5]. CTaTudyeckasd AU3JIEKTPUUECKad MPOHUIAEMOCTh JIaeTCH
CJIENYIONINM BBIPaXKEHUEM:

4m62pF q
O=1 _ — | =

@WO=1t

4 1/3r or 2 7
=1 — “u(z) =1+ 0.66r, | =— 2.37
+ 971,4 mzu(r) + r q u ZPF ( )

rie
1 1 — 2?2 1+

-1y 2.
w) =5 Mt T (2.38)

B (2.37) BBeIEHO CTaHTAPTHOE B TEOPHH 3JI€KTPOHHOLO Ta3a 0G03HATEHNE T s, KOTOPOE OIPENEIACTCA

3.3
4mwria 2 o
COOTHOUIEHUEM TSD = %, TOe N — NJIOTHOCTH 3JIEKTPOHOB, ag = 7562 — 6oposckuit pammyc. Takum

06pa3zoM BeJIMYMHA T's TMPENCTABIIAET COOOM CpellHee paccTOAHME MEXKITY 3JIEKTPOHAMH B €IMHUNAX 60-
POBCKOTO paamyca.

INapamerpom MaJsocTn paccmarpuBaemoil Teopmn (RPA) aBiserca oTHOmeRme xapakTepHOil KyJI0-
HOBCKOW »Heprun K sHeprun Pepmu:

Vi e? 2 h a
RASINNY meNh ~ ~ (2.39)
Ep P vp  PFA0 a0

B meramnax obsrano mmeem 1 < r¢ < 5, tak yro RPA npubimxenune sAaBasieTcd mjd HAX, B TPUHITATIE,
mocraroaro miioxuM. OHo xopomo “paboraer” MJisi CHIBHO CKATOTO Ta3a 3JIEKTPOHOB U MTO3TOMY 9aCTO
Ha3BIBAETCA MPUOIMAKEeHTEM BBICOKOH MIOTHOCTH.

Tpaduk dynkmun u(z) nokasan na Puc.2-8. llpu ¢ — 0 oTciona, ecTeCTBEHHO, MOTY-

vqaeM mpocroit oreer (2.28). CyuiecTBenHO 06CyANTE 061acTh ¢ ~ 2pp. U3 (2.37) n (2.38)
. 0¢e(q,0 f

BIJIHO, YTO BEJIMYMHA MPOM3BOAHON —5 = — 0O HpH ¢ — 2pp. 9TO TIPUBOAUT K PALY

aHoMaJsnii pusndeckux BesimuwH. Hampumep, mpocTpaHCTBEHHAA 3aBUCUMOCTD 2KPaHU-

POBAHHOTO MOTEHNNATA B3aNMoIelicTBIA He cBoAMTCA K mpocToii dbopmyse tuma (2.31).

Jlesio B TOM, 9TO acUMITOTHYECKOE IOBeneHue ¢ypbe — uHTerpata tuna [ dge'?” f(q)
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[/ az g4 && 08 L L2 L4

Puc. 2-8 Tpaduk dyHkuun u(z). MNponseoaran ston hyHKUMM UMeeT norapubMuyecKyro
ocobeHHocTb npu z = 1.
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ompeneaeTes ocodbiMn Toukamu (cuHryaaproctamu) f(q) n ee TPON3BOAHBIX, TOMAIA-

IOIIMMHY BHYTPB HHTEpBaJsia WHTerpupoBanusa. Hanpumep, ecin f(q) — oo B ToUKe ¢ = qq,

ckaxeM f(q) ~ 6(q — qo), To B f(r) BosHUKaeT ocumIupylommii BKIam ~ €97, Ana-
e D€ _

TOTHYHBIM 00Pa3OM, CHHTY.IAPHOCTE NPOU3BOANOH 5 NPHM ¢ = 2pp NPUBOAUT K TOMY,

YTO B TIOTEHNIMAJIE B3aNMO/IeiicTBIA BOSHUKAeT daavHodeticmeyrowut u ocyuaiupyrouut

BKJIaJ BUJIA:

cos(2ppr + ¢)

V() |y oo ~ . (2.40)

r

CoOTBETCTBEHHO, >KPaHUPYIOIIN 3apdan BOKpYT, HaIpUMeEp, 3apAXKeHHOH IpUMECH,
Takke ocnuaupyet cormacuo (2.40) (dbpunenesckue ocnuuIANNN).

Eme 6ostee Baxken anagornyubiit 3¢ dekT B TeOpUN MATHUTHBIX B3amMOIelcTBUN B
MeTasax. Bellle MBI Bumesm, 4TO TapaMarHUTHAA BOCTPUUMYUBOCTL 3JIEKTPOHHOTO
raza, $bakTHUECKW, ONMpeneaaeTca Toll ke momapusanuonnoit meraeit (em. (2.14)). To-
roa:

39°upn (g
vl = 0= "5 g

(2.41)

COOTBGTCTBGHHO, CIIMHOBad IIJIOTHOCTH S(l‘) Ha HEKOTOPOM PaCCTOAHUU T OT MarHUTHOM
npuMecr CO CIAHOM Sa, KOTOpad ONMpeIcideTCA BbIpAXK CHUEM !

s(r) Xo(q)eiqrsa (2.42)

= 35,2
gF‘Bq

Gyner ocummaupoBath anagorndno (2.40). 3necwk J onpenenser KOHTaKTHOE 0OMEHHOE
B3amMozelicTBIE MeX Ty IIPUMEChIO U 3/IeKTPOHAMH IIpoBoauMocTH: —J S,s. Ecsm Tenepn
MOMECTUTEL B MeTaJL1 IpYTyio MarHUTHYIO IpUMech Sy, TO oHa 6yJeT B3auMogaeiicTBOBaTE
¢ »JIGKTPOHAMHU TIPOBOANMOCTH aHAJOTMYHLIM 06pa30M, a COOTBETCTBEHHO BO3HUKHET 1
s dexTUBHOE 06MEHHOE B3auMOoielicTBIE CIIMHOB IIpUMeceil depes 3J1eK TPOHBI IPOBOIT-
mocTu (B3anmonelictsue Pynepmana — Kurrena — Kacyiia — Wocunst). Dro B3aumozeii-
creue (PKKI) umeer Bu:

2 G
S xo(@)ei i mn o L ST £0) -y g
a

J2
JrEKY (Tq —Tp) = —
(ra = s) 9*p

p] 3
B Ep Tab

W OCIIUJITMPYET, Kak (hyHKINA PAaCCTOAHNA MEXK Y TIPUMECAMH T'qp. VI3 TAKOM OCTIMIIIATIH-
oHHOII GOpMBI B3amMOeficTBIA JOKATU30BAHABIX CIIMHOB B METAJIIE BO3HUKAET MEsThIi
pan caencrteuii. Bosnukuosenue B (2.43) obacteit (B KOOPIMHATHOM TPOCTPAHCTBE) C
pasHBIMU 3Hakamm (T.e. B3amMoneicTBUii peppOMAarHNTHOTO W aHTU(EPPOMATHUTHOTO
THUIOB) TPWBOAUT K TOABJICHUIO CJIOKHBIX MArHUTHBIX CTPYKTYP, HANPEMED B COEIW-
HEHWAX, COMEPKAIUK PENKO3eMEIbHBIE 3/IeMeHTHI (crupasn, reaukous) [6]. Ecin xe
pedb UAET O NPUMECHAX, CIYyIaiflHO PACIOJIOKEHHBIX B HEMArHUTHOM METAJIe, TO B3a-
nMozeitcTre (2.43) IPUBOAUT K BOSHUKHOBEHWIO COBEPIIEHHO HEOOBIYHOTO MATHUTHOTO
COCTOAHNA — CITUHOBOTO cTekJia [7].
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CobcTBEHHO — 9Heprerudeckass 4acTb, 3¢-
dekTUBHasA Macca U 3aTyXaHue KBa3u4acTHII,

B xoneunom utore, Halel 3amadeil aBageTca pacdeT ogHodacTuIHON pyukiun ['puna B
CHUCTEME C KYJIOHOBCKUM (MJTH KaKuM — JIOO APYTUM ) B3auMoielicTBIEM, KOTopas Beeria
MOXeT OBITH 3amucana B JaliCOHOBCKOM BH/IE:

1

G(pe) = pp— ) (2.44)

rae 1A COOCTBEHHO — HEPTeTHYecKoit yacTu Y(pe) Mcnosbayercd Kakoe — Jubo mpu-
6aumxenne. YTo u3 »TOro MOKHO mosryunth? Mul 3naem, uto pyukiug ['puHa cBObOTHBIX

2
571eKTpoHOB (Fo(PE) MMeeT MOJIIOC IPH £p = 5_m — p. Ipednoaosicum, 9To U B CUCTEME C
B3anmMogelictBuem yuknua ['puna uMmeer momocHbIi Bu:

1
€—&p

G(pe) ~ (2.45)

The £, TpeacTaBIdeT cobofl ciekTp “NepeHopMUpOBAaHHEIX” KBasmdacTui. CpaBHenne ¢
(2.44) mokasBIBaET, YTO CIHEKTP &) OUpENeNAeTCA ypaBHEHUEM:

€ —¢ep— ReX(pe) =0 €, —&p — ReX(pép) =0 (2.46)
Le I MPOCTOTHI paccykaenuii Mbl (mokal) npenebpersin ImX, onpenensiomeii sary-
xaHne kBasudacTull,. [IpoBenem B (2.44) pasyioxkeHne B OKPECTHOCTH TOJTIOCA:
1 1

Glpe) = — & —B(pe)  e—ep— N(pEy) — Lloce, (e — &p) (247)

C yuerom (2.46) mepenumem (2.47) B BUIE:

1

1 —oT |, . Z
G(pe) = ———% = Tl P (2.48)
€—&p — Gole=z, (e = &) €—&p e—&
rIe BBEIeH “BbIUeT B moJoce” :
1
Zy = (2.49)

1 - %L‘:sp

[43 1]
Unorna Benuunny Z, Has3blBAIOT TakXke GakTOpoM “NEPeHOPMHUPOBKN BOJIHOBOM (yHK-
unu” . W3 obuux coobpaxennit facHo, 410 Z, < 1, IpudeM paBEeHCTBO 3[eCh UMEET MECTO
TOJBKO IJ1d WacaabHOTo depMn — rasa. CnekTpasbHad MJIOTHOCTH, COOTBETCTBYIOMIAA
dyukunu T'puna (2.48):
A(pe) = Z,6(e — &p) (2.50)

u uMeeT (KaK M B MOeaJIbHOM rase) BUJ OeCKOHEYHO y3KOLO NHKa IPU & = £, (PHEpruu
kBasudacTunsl). PakTUYeCKH, HEPABEHCTBO Z, < 1, 03HAYAET, UTO B CHCTEME C B3aNMO-
JeficTBUEM KBa3sHYaCTHYHBIH BKJag B A(PE) HECKOIBKO MOMABIIEH, HO JOMOJHUTETHHO
BOBHUKAET “MHOTOYACTUYHBII” (HEKOTEPEHTHBIN) BKJIA B CHEKTPAIBHYIO JIOTHOCTS [§],
OTOPONIEHHBIN TPU MPOBEMEHHOM HAMHU YIIPOIIEHHOM paccMoTpenun. [Ipenebpexenne 3a-
TyXaHWeM KBa3sWYaCTUIL MPOABUIIOCEH 3/IECh B TOM, YTO KBa3sWJIacTUIHBIH BKIan B A(pe)
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nMeeT § — obpasubIli BUI, 3aTyXaHne (Kak MBI YBUAUM HUKE) TPUBOAUT K MOABIECHUIO
KOHEYHO! MUPUHBI 3TOTO MUKA.

IIpeanosokuM Tenepb, YTO CHEKTp “MEPEHOPMUPOBAHHBIX” KBA3UYIACTUI] MOXKET
OBITH OMUCaH B MpHOJIMKeHN >HPEKTUBHON Macchl:

— i (2.51)
Torma HETPYAHO TOJTYINTH:

1 05, 0e {az ox agp}
B

am* 00 00?) T \0GR) | 95, d(p))

1 ) 0% 0¢,
= om +t "t a—|a:£pa 1; (2.52)
o 1 ox 1 0%
1o ez | = — (14— 2.53
m*( (‘36' ") m( +86p) (2.53)
TaK 9To s
m* 11— 5= 1 1
— = £ L= — = 2.54
m I+ 41+ (2.54)

9TO JaeT BaXHYIO CBA3b “MEpPEHOPMUPOBKH” Macchl m*/m ¢ BBIYETOM B moJiioce dhyHK-
muu ['puna Z,. B npocreiiniem cirydae, Korga cOOCTBEHHO — sHEPreTHYECKad YacTh HE
3aBUCHT OT UMILyJbca p (MJIH, ITO TO XKe, OT £p), 5Ta CBA3b MMeET OCOOEHHO IPOCTOl
BU/I: .
m_ 1 (2.55)
m Zp
Tak 4TO 3 PeKTUBHAA Macca B CUCTEME C B3aUMOAEHCTBIEM YBEJIUIUBACTCS, MO CPAB-
HEHUIO, CO CJIy9aeM WIea hbHOTO Tas3a.

O61iee TOBeNEHNE 3aTyXaHWd, CBA3aHHOTO ¢ ImX, OyneT moapobHee paccMOTPEHO
mo3¥Xke, HO ykKe Ha 3TOM TpOocTeiiiieM ypoBHE pacCyXICHWH sCHO, YTO MOJIyYeHHBIE
GopMyIIBI TO3BOIAIOT paccUuTaTh 3P PEKTUBHBIE XapaKTEPUCTUKN MHOTOYACTUIHOI cH-
cTeMbl (KBa3WYaCTHUIL), UCXOMAA W3 TOTO WM WHOTO KOHKPETHOTO MPUOTUKEHUSA e
COBCTBEHHO — SHEPTETUYECKO YacTu (MOTy9alonierocs U3 paccCMOTPEHUA KOHKPETHBIX
JIUArpaMM TEOPUU BO3MYIIECHU).

B kauecTBe mpuMmepa, BepHEMcd K 3allade O CUJIBHO CKATOM Ta3e 3JIeKTpoHOB. Pac-
CMOTPUM TIpOCTefilme BRIl B COOCTBEHHO — 9HEPTETUIECKYIO YacTh sekTpona. Dak-
TUYECKU, XapTPUEBCKUE TUATPAMMBI yUUTHIBATH HE HAJ0, OHM COKPAIAIOTCH € yIETOM
BKJIAIa B3aMMOICHCTBIA 9JIEKTPOHOB C MPOCTPAHCTBEHHO — OJHOPOAHBIM “donomM” To-
JIOKUTEJILHBIX MOHOB, BBOJAMMBIM JIjis obecniedenus ajaekTponeiirpansbuoctu. B camom
JleJie, paccMaTpuBas CyMMy MPOCTEHIMX AuarpaMM TaKoro TUMa, MoKazaHHyio Ha Puc.
2-9, nMeeM B OYEBUIHBIX 0003HAUEHUAX:

2i / dp'V(0)G(p') — 2i / dp'V(0)Gi(p') =
Y / dp’ / deV (0)G(ep') — 2i / dp’ / dzV (0)Gi(ep’) =
=2V(0) U dpnp — / dpni)] =2V(0)(n —n;) =0 (2.56)
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Puc. 2-9 T[pocTedilune xapTpnesckue guarpamMmibl, OMMCbIBAtOLLNE B3aUMOOEACTBME DrIEK-
TpoHOB Mexay coboii n ¢ nonoxuTenbHbiM “doHom” noHos (yHkuma [puHa noros
nokasaHa MyHKTUPOM).

TaK, YTO MPOUCXOAUT WX TOJHad KOMIeHcanus (IJIOTHOCTH (3apafa) 3JIEeKTPOHOB n
paBHa MIOTHOCTH (3apana) nonos “dona” nt).

Takum obpazom, B RPA mpubauxennn mesio cBoguTca K pacdeTy rpaduka Ajad cob-
CTBEHHO — PHEPreTUYeCKoil YacTu, mokazanuoro Ha Puc. 2-10, rne “xupHaza’ BoJHECTAA
JINHUA COOTBETCTBYET 3 dHEKTUBHOMY (9KPAHWPOBAHHOMY) KYJIOHOBCKOMY B3auMojieii-
cruio Puc.2-4(b):

[ dY
X(p) = 2/ ——3V(@)Go(p+9) (2.57)
(2m)*
Xora Go(p) m V(q) W3BECTHBI TOUHO, COOTBETCTBYIONINE WHTETPUPOBAHNA BEChMa TPO-
MO3IKM W MBI WX ONyCKaeM, TPUBONA JINIIb OKOH4YaTeabHble oTBeTHl (J.J.Quinn,
R.A Ferrell, 1958) [5]. OkasniBacTcs, 9T0 SHEPTH# KBA3NIACTHUIL, OTCIUTAHHAS OT YPOBHS
®Pepmu E'p, B paccMaTpUBAEMOM TPUOJIMKEHUN UMEET BUT:

2
&, = Ep {p—2 — 0.166r, [ﬁ(ln ry+0.203) + Inr, — 1.80]} — Ep (2.58)
PFr PF

,HJISI 3aTyXaHWd KBAa3sMYaCTHUIL B 3TOM HpI/I6JII/I}KeHI/II/I TOJIydaeTCd:

2
lvp| = Ep(0.252r1/2) <;LF - 1) (2.59)

TaK 9TO OHO MaJjo IIPH P — Pp, B CMBICJIE BBINIOJHEHNA HepaBeHCTBa |&p| > |7,|, 41O
HaXOJUTCH B MOJTHOM COOTBETCTBHUE C OOIIMMU BBIBOJAMHU (HEHOMEHOJIOTHIECKOR Teopun
dbepmu — kugkoctu Jlangay [2, 9, 10]. D10 06¢TOATENBCTBO U MO3BOJIAET TOBOPUTE O “XO-
poIIo onpeeeHHbX” KBasndacTunax soamsu nosepxunoctn ®Pepmu. N3 (2.58) u (2.59)
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Puc. 2-10 CobcTeeHHo — sHepreTudeckas HacTb anekTpoHa B RPA npubnuxerun. “Camo-
nenAcTBne’ MOCPEACTBOM SKPaHWPOBAHHOrO KYNOHOBCKOrO B3aMMOOENCTBUA.

sgcHo, 9To B RPA mpubsimkennn moHdaTHE KBA3UIACTUIIBI UMEET CMBICJ TOJBKO B 0bJia-
ctu |€p| < Ep /5. U3 (2.58) HeCTOKHO IOJIyIUTh U BhIpaXkeHne 11 3¢ deKTUBHOHN MacChl
9JIEKTPOHA!

1 _ 195
m*  pp Op

1
lo=pr = —[1 = 0.083r,(In 7, + 0.203)] (2.60)
m

Kaxk msBecTHO, 716K TPOHHAA TEIIOEMKOCTD TIponopimonaabia m*. Torma us (2.60) ce-
JIyeT pe3ysbTaT, BuepBble moaydenusiit Lemn — Mannom (1957) [5]:
c

= = 1+40.083r,(Inr, +0.203) (2.61)

Co

T7e ¢y — TEMJIOEMKOCTD HIEaJIbHOTO hepME — ra3a.

B saknaiodeHme HAMOMHWM, YTO BCE BBIMUCAHHBIE PE3YJIbTATHI CHPABENIUBBLI 14
CHJIBHO CKATOW CUCTEMBI 3JIEKTPOHOB, Korma 1y < 1. B peanbHBIX MeTasmax 1 < ry < 5,
Tak 4To HmoJib3oBaThcda RPA mpubiaumxkeHueM Halo ¢ OCTOPOKHOCTHIO!

Adbdekr Pynepmana — Kurress.

Bepremca k Gosee nerasbHOMy paccMmoTpenuio addekra Pymepmana — Kurreaa [3].
IycTh uMeeTcs JTOKAIM30BaHHBI (B HauaJse KOOPAWHAT) CIIMH S, OKPYXKEHHBIH naea b-
HBIM (EPMEU — Ta30M 3JIEKTPOHOB, W B3aWMMOIEHCTBYIONNN ¢ WX JIOKAJBHONW CIUHOBOMH
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IIJIOTHOCTBHIO TOCPEACTBOM KOHTAKTHOTO (TO‘IG‘IHOI‘O) B3amMOoJieiicTBUA BUIA:

Hine = =7 [ drS'5(6)0* @) 6(0) (262)

Cuwnrass o6MeHHBII MHTETpaJI J MaJIbIM, IIOIIBITAEMCA HaliT] TIOJIAPU3ANUTIO 3JICKTPOHHBIX
CIIMHOB!

al(r) =< T (r)e y(r) > (2.63)

Kak YHKIWIO pacCTOAHUA |r| oT cnimua S.
ITposenem cuauasa paccmorpenue npu 7' = (. Beinumem cuagana dyukmuio ['puna

CBO60,HHOI‘O 3JICKTPOHA B KOOPAWMHATHOM MIpeACTaBJICHUU. B METOOUYIECCKUX IECJadX, 1

r

9TOOBI OIIEHUTH TOYHOCTH YaCTO MCIIOJIb3YEMBIX HpI/I6.HI/I}K6HI/II71, npoacJJgaaceM 3TO OByMA
crnocobamu. Haunem c MHTETPUPOBAHNMA IO yrJjiaM:

G(E ) /oo /7T dpp2 sin 0do eipr cos f
r) = =
’ o Jo 272 e —&(p) + ibsigne

1 e dpp sin pr
= 2.64
22y /0 e —&(p) + ibsigne (2.64)

IMepsoiit m mpocTeiimmuii crmocod maJabHERIIEro BEIYUCIEHUA — TEepelTH 0T MHTETPUPO-
BaHWA MO P K MHTETPUPOBAHUIO O JIMHEAPU30BaHHOMY (BOU3M moBepxHOCTH PepMn)
CTeKTPY § M B3ATh UHTErpajl BHIYETAMU:

=——¢
272 J_ . vp Fe - & + ibsigne 27r

Gle,r) ~ 1 /Oo d€  sin(pr +&/vP)r M ir(signepptlel/vr) (2.65)
Bugum, uro dyuknua ['puna ocnmiaupyer ¢ NEpUOAOM pPaBHBIM (PepMUEBCKOR IJiutHe
BOJIHBI Ap = if—Fh. N3-3a sdpdexToB hepMmueBcKoit cTATUCTUKYT (asza 3TUX OCIUIAAI
MeH#AeT 3HaK Ha yposHe Pepmu (npu € = 0).

Bropoit ciocob cocTonT B TOM, 4TOOBI BEITOJHUTH WHTETPUPOBAHEE TIO P TOUHO. [ToTh-
3yACh YETHOCTH MOJANHTETPATHHOTO BhipaxkeHus B (2.64), pacmpocTpanuM MHTETPAJT TIO
P Ha BCIO BEIIECTBEHHYIO OCh U TIOJEUM MOMOJIaM, TakK 9TO:

Gler) = e [ (2.66)
dmer J_ o e — % + Ep + t6signe

Pasnaras smeck mogmHTErpabHOE BHIpaXKeHNe Ha MpOCTelne JIpobu, TIpOBOAMM MHTE-
IPHPOBAHME W TIOJTYydaeM:

o0
'm2 dp sin pr ! ! = —_ﬂemg"”r (2.67)
dmir J_o 27r

G(e,r) =

—p K+Pp

rie k = \/2m(e + Ep + iésigne). Cpasuusas ¢ (2.65) Buaum, 9T0 ynpoueHHblil cnocob
UHTErpUpoBanus 1o & JaeT XOPOUIYIo TOYHOCTL 1pH || € Ep, T.e. IpU paccMOTpeHUN
HENMoCpeACTBEHHON OKpecTHOCTH moBepxHocTn Pepmu.

Mepeitnem Temeph K pacdery cnuHoBoit mosdpusanuu (2.63). 3amuiem 5To BhIpa-
Kenwme epes TouHyio Gynkmuio ['puHa (yYUTHIBAIONIYIO B3aMMOICHCTBIE 2JIEKTPOHOB C
JIOKQJIN30BAHHBIM CITUHOM ):

G (r)=—i lim _ Spé‘G(rt;r't') (2.68)

t'—t4+0r=r’
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[Imyp 3mech BBIMUCAAETCA TIO CIUHOBBIM UHAekcaM 6 n G. @ynkiuio I'puna G Bo3bMeM
B TIEPBOM TIOpAJIKE MO B3anmMOieficTBHTO (2.62):

el e,r,v') = —c' ,Go(er)Go(e, —1')J S° 2.69
B B

(84

Torma noactasagz (2.69) B (2.68) u yanrsmag Spoic! = 269 momyamwm:
i i [ dE -
o'(r) =2iJS %Ga(er) (2.70)

970 PaKTHIECKN COBMAMAET C BBIMMCAHHBIM BbIle BhipaxkenneM (2.42). Bocmosbayemca
31ech BhipaxenueM (2.65) u naiinem (na ppr > 1):

de 2 1 m \?2 o i2ppr4 2y —i2ppr4 2y
27TG3(67'): 5 (27rr) /0 de (e PRI 4 e PP T ) =
. mpF cos2pFr )
= 1(27)3 —5 (2.71)

TaK 9TO A/ CHMHOBON MJIOTHOCTH MOJTydaeM MEIJICHHO 3aTyXalollie OCIUJIIANAN C TIe-
pHOIOM T /pp:

. - Mpp COS 2ppT
o'(r)y=-JS" PP

Bosee akkyparHoe BBIpa)keHUE [1JIA CIUHOBOM IVIOTHOCTU B TOYKE 7' MOYKHO HOJIY9IUTH, UCIOIb3YH
TOoYHyI0 r—3aBHCHEMOCTH byHKnmn ['pura (2.67) B mpomHTerpEpoBaB €e KBampar B (2.70) mo e. Torma
moJIyJaeTcd:

(2.72)

(2.73)

; Qmp‘; cos2ppr  sin2ppr
w3

o'(r)=-JS" -

(2ppr)®  (2ppr)t
B acumnrormaeckom tipenesie p pr 3> 1 BRIpaxkeHue (2.73) Bce Bostee TpUOIMKAETCA K (2.72)7 YTO COTJIa-
cyercd ¢ “mmeosormett” maTerpmpoBannd 10 £. OTMETHM €lle, 9TO CHHTYIAPHOCTH TOYHOTO BHIPAKEHUA
(2.73) mpm MassIx r mMeeT xapakTep 1/r. [losToMy npm B3ATHE HHTErpasia IO d®r pacxommMmocTH mo-
HOI MoJiApM3anuy HEe BO3HHUKAaEeT. BoIpakeHue (2.72) 6osiee cuHryasipHo mpu 7 — 0, omHAKO B »TOl
06 1aCTH OHO HEMPUMEHUMO, TIOCKOJIBKY WHTETPAPOBAHUE TI0 { TAPAHTUPYET HPABUIBHOCTE OTBETA JIUIND
Ha 6OJIBIINX PACCTOAHUAX.

IIpoBeneM Temepb aHaJIOTAYHOE PACCMOTPEHME JJId CJIydasd KOHEYHBIX TEMIIEPaTyp.
CuoBa BbrunCIUM cBOGOMHYIO (MarybapoBckyio!) dyukmuio IpumHa B KOOpAWHATHOM
HpecTaBIeHnn, aHagorndto (2.65):

. : 3
43 ipr 00 sm{prp+ o) r
Glenr) = / p_¢ vr / d sin (pr + 35) v

@rPic, — &) pr ) ien — €
vp o ei(pF‘i'E/'UF)r — 6_Z'(pF+E/UF)T m . . .
= / d — eZ(PF+ZEn/vF)rszgnsn (2.74)
2tpr J_ o i€ — & 27r

Touno TaK2XKe€, KaK 1 BBINIE, BBIPA3UM IIJIOTHOCTH CIIMHA 9E€PE3 TOYHYIO ('byHKI_[I/IIO FpI/IHa
Bce BBIKJIQAKHA OTJIAYAIOTCA JIAIL 3aMEHON —1 TyT U TaM Ha —1. B nrore nmeem:

oi(x) = —2JS'T Y Gi(en,r) (2.75)
qTO OJacT:
5 ) 2 ) B
0,2(7,,) — _9JS§'T (;;’:r) Z 62zppr—2anr/vp + Z 6—22ppr+2anr/vp (276)

en>0 e, <0
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CyMMbI IO 9aCTOTaM BBIYUCJIAIOTCA 3JIEMEHTAPDHO U MBI TTIOJTy9a€EM:

) . m2T 2
o) = —J§ = = LT (2.77)

V22 2nTr
2m2r Sh—’UF

Ipu T'— 0 »T0 BBIpaXKeHUE MEPEXOAUT B TOJyUeHHOE paHee. [InHa, Ha KOTOpOi mpo-
o - Aup

HCXOIUT 3aTyXaHUe OCHU/ILIANN, OKashiBaeTCA Temeph paBHO# 34 (Cp. apryMeHT ru-

nepboaudeckoro cunycal). Takum o6pasoM, TpU KOHEIHBIX TEMIIEPATYPAX, OCIUIIATAN

PKKI coxpaHAIOTCA HAa pACCTOAHUAX, HE MPEBBILAIOIIAX “TemioByo” amauHy lp = WE

T
1 3KCHOHEHIINAJIbHO MaJIbl IIpA T > lT.

JIMHeUHbIU OTKJIUK.

3amaua BHIYUCJEHWA JMHEHHOTO OTKJIMKA MHOTOYACTWYHON CHCTEMBI Ha BHENIHEE BO3-
MyTlleHne SABJIAETCA OJHON M3 IMEeHTPaJbHBIX B TEOPUM KOHJIEHCHPOBAHHOTO COCTOSHWA.
MMocmoTpuM, Kak »Ta 3a/a4a pelaeTcsa B paMkax dbopMmaansMa peHMaHOBCKUX (Maly-
Haposckux) bynknnii I'puna.

Bepremcs kK paccMoTpeHNUIO MUaJIeK TprYecKoii mpoantaeMoctn. CTporo ropops, mpo-
HUIAEMOCTh, onpefenennad B (2.8), ne asasemea dbyuknmeit orkaukal Ona, B 9acTHO-
cTH, He 001a/IaeT NPABNIBHBIMI aHAJTUTHIECKUMI CBOHCTBAMM, TTOCKOBKY (cM. (2.24))
y Hee uUMeroTca O0COBEHHOCTH W B TMOJYIJIocKocTH Imw > 0, 4ero He JODKHO OBITL.
Do xe BuaHO n w3 (2.18), roe, B 3aBUCHMOCTH OT 3HAKOB &4 1 &_ TMOJIOC MO W MOXKET
OKa3aThCdA B BEPXHEll MOJIYNJIOCKOCTH, B HUKHEN, MJIM Ha BEIECTBEHHON ocl. DTO aBTO-
MaTWYeCKN TPUBOAUT K HApYUIEHNIO TPUHIMIA MpuduHHocTr (cooTHomennit Kpamepca
— Kponura) [11]. Heso 3mech B TOM, 9TO NpHU BBIYUCJEHUN MOJIAPUIANMOHHON METIN
(mpu T = 0) ucnosbayiorca npuvunnse (befinmanosckue) yukmun [puna, coorBer-
crBenno II(—w) = II(w), Torma Kak oGOBIIECHHAA 60CAPUUMUUSOCM (3aTA3IBIBAIOIIAL
dbyHKIMA OTKIMKA) TO/IKHA YAOBIETBOPATE yesoBuo x(—w) = x*(w). [Toaromy, 3amaua
BBIYHCJIEHNSA TIPaBUIBHBIX (DYHKIMIA OTKJIMKaA TpebyeT CHenmasbHOTO 0b6CyKIEHN.

CranmapTHBI MeTonm paboThl ¢ BOCIPUAMYMBOCTAMM MCIIOJB3YeT TeMIepaTypHYTO
TEXHUKY W MOCJIEAYIONEe GHAAUMUYECKOe NPpodosdcenue C MHUMBIX JACKPETHBIX 9aCTOT
Ha JeficTBUTEbHBIE BENMIECTBEHHBIE, 9TO, KaK MPaBUJIO, W JJaéT COOTBETCTBYIOIIYIO 3a-
nasgpiBaolryio ¢ynkmuio ['puna (BocnpuuMynBocTh). Kak 9To menaerca B JOCTATOTHO
ob1IeM BHE MBI €llle YBAIMM, HO €CJIM pacCMaTpHBaeTCsA CUCTeMa HeB3amMOJeicTByTo-
IUX YaCTUIl, TO aHAJIU3 CYLIECTBEHHO yrpoinaercd [3].

BocnpnumunBocTh Bemunnbl A mo orHontenuio X Benunne B (roe A m B — HekoTo-
phle KBAHTOBBIE onepaTophl) gaerca dopmyoi Kybo [11, 12]:

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

Crosammii 31ech KoMMyTaTop (yCpeaHEHHBI 0 OCHOBHOMY cocTofHMIO man mo ['ubbey)
mpejicTaBiageT coboit BKJIaL OT COOTBETCTBYIOIIEH 3amasmbiBaiolieil JBYyXBpeMeHHO
dbymxnmm [puna Boromobosa — Tabaukora [11, 12]3. Ytobbr maiiTn cpemmee o BpeMeHn
OT 3TOTO KOMMYTATOpa 1o ocHoBHOMY cocrosumuio (7' = 0) cucteMbl neszaumodeticmey-
J0WUT TACTUIL, 3alHIIEM ONlepaTopsl A 1 B B IpeICTaBICHAN BTOPAYHOTO KBAHTOBAHNA,

3Bxongdmas B onpeleaeHne 3T0d GyHKIHN 6(t) mpuBesla K BOSHHKHOBeHMIO B (2.78) mHTerpaJa mo
BpeMenm ot t = 0 mo 1 = oo.
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UCTIOTB3Y U3BEeCTHBIE (M0 Tpennosioxennio!) cobeTrennble GYHKINY 1)y, U COBCTBEHHBIE
sHavenus (ypoBHU) sHeprun E,, nameil cucrembr®:

At) =Y Appatape™ Pr=Fm)t (2.79)
mk

B(t) = Bpaf,ape” (P Ent (2.80)
mk

rae Apmp 1 Bk — COOTBETCTBYIONIME MATPUIHBIE 3JIEMEHTHI HANIIMX OTIEPATOPOB MO (hYHK-
IUAAM Yy U Yp, a G dr — dbepMueBcKue onepaTopbl POXKACHUA W YHUYTOXKEHUA B CO-
OTBETCTBYOINX cocToauuaAX. [loncTaBias sTu Buipaxenua B < [A(t), B(0)] > n nemo-

CPENCTBEHHO BBIYUCIAA KOMMYTATOP, UCIOAb3Yyd TeopeMy Buka, mosydaem:

XaB(w) =Y ApiBim EZ(_E”%L__RCEE_’“)M (2.81)

mk

rae n(Ey) =< d;’&k > — cooTBeTcTByomaa Gpyukiua Pepmu.
B ciydae, korma cobCTBeHHBIE DYHKIMN HEM3BECTHBI (HANPUMED, KOTIA pedb HIET
06 ypOBHAX B KOHKDETHOW peasn3alliy CJIydaifiHOro MoTeHIMaJ a), MoJIE3HO BBIpasnTh
BOCIIPMAMYNBOCTE Yepe3 3JIeKTpoHHble hyHKIuu ['puna. HamoMumM, B CBA3H C 3THM,
olpeneseHns 3amasablBaouieil u onepexatomeit byaknuii ['puna GR(E) il GA(E). 9t
dbyukuMHN cBA3AHBI ¢ TpUYUHHON (elinManoBekoit) dyukiueii ['puna ciemyonum obpa-
zom [1]:
R / ’
Gt 1) :{ ClE) >t (2.82)
(1)  t<t

MMocoe pypre — mpeobpazoBanus:

1
e—&(p) £ ib
Tak 4TO B (pelHManoBCKoi Gyukinu ['prHa BOSHUKAIOT BKJIAIB OT YACTHUIL U JBIPOK:

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

GEM) (ep) = (2.83)

IEEEOET AR OR: (250
TIe
1
n(p) = { o b (2.85)

— dbepmuenckoe pacupenesenne npu 1 = 0.
Y106BI BEIPA3UTh BOCIPUAMIABOCTD YEPES GR(E) n GA(E), peACTaBUM HEpPreTuye-
ckuii sHamenaresh B (2.81) B Bue nHTErpasa Mo BCIOMOTraTEIbHON MepeMeHHO:

1 - L/Ood L _
Bt —Epm —w—i6 2 (6—w—Em—ib)(e— Ep+i8)

— 00

1 e .
=—— deGA (e — w)GE(¢) (2.86)
27 J_ oo
4HE].I_IPI/IMep JJ1d mOaeaJIbHOTO (bepMI/I - ra3a — 3TO MpPOCTO MJIOCKWE BOJIHHBI, IJIA TAKOTO XK€ ra3a BO

BHEITHEM MarHATHOM IIOJI€ — 3TO YPOBHH .HaH,z[ay, OJ1d 3JIEKTPOHA B CJ'Iy‘{aﬁHOM IIOTEHIINAJIBHOM II0JIE
— 3TO BCerjga CyuieCTByOUme (HO HEeU3BECTHBIEC HaM') TOYHbBIC BOJIHOBBIE (byHKH,I/II/I " YPOBHU >HEPTrUA
AJIEKTpOHA IJIA KOHerTHOﬁ peaausala 3TOTO CJIy‘IaﬁHOI‘O moJId, U T.II.
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Moncrasmiaa s1o Bepaxkenne B (2.81), momyyaem obiee onepaTopHoe BBIpaKeHUE e
BOCIIPUUMYUBOCTHU:

Yap(w) = / T deSpGR() B, GA(e — w) Alp) (2.87)

o

271

e f — MaTpHIlA MJIOTHOCTH (B INATOHATIBHOM MIPEACTABIECHUN UMEEM P = N(Fp )omp ).
OcHoBHoOe mpenMyecTBo Bhipaxkenus# (2.87) mo cpasuenuio ¢ (2.81) B ToM, 9T0 0OHO BepHO
B TIPOU3BOJIbHOM 0asWce M, TMOTOMY, MOXKET OBITH WCIIOJIB30BAHO MAXKE €CJU TOYHBIE
OIHOYACTUIHBIE PYHKIIUU HEMIBECTHDI.

ITposenenHoe BhIllle paccMOTpeHUE UCTOJb30Baa0 Texuuky 1T = 0. Ipu T > 0 coe-
JIyeT UCTOJIb30BaTh MaIybapoBcKyto TexHUKY. MoxkeT mokas3aThcsd, 9TO IJd paccMOTpe-
HU# AMHAMUKA B PeaJbHOM BpeMeHn ¢ (uTo Tpebyerca nua pacdera (2.78)) mamybapos-
ckuit popmasu3m GecnoIe3eH, MOCKOJIBKY B HEM MBI IMEEM JIEJTO C MHUMBIM BDEMEHEM T.
Tem He MeHee, Kak MBI cefi9ac yBUIUM, € TIOMOIIBIO MaIlybapoBCKOW TEXHUKHU PacCINTaTh
JUHERHBI OTKJIWK JOCTATOYHO JIETKO.

BBezeM Tak HasbIBacMyo MarybapoBCKYIO BOCTIPUAMYNBOCTD (wy, = 2amT):

1 ? S :
X (W) = 5/ dr < T, A()B(0) > e*m7 (2.88)
-8

OkaspiBaercd [1], aro MOXHO cHOPMYIUPOBATE CJIEAYIONIEe 3aMedaTeTbHOE Y TBEPK Ie-
HHUE:!

M
° (DyHKL[I/ISI XE43) ((.u‘m), AHAJUTUICCKHU ITPOAOJI2KEHHaA C JUCKPETHOTO MHO2KECTBA TO-

YeK Ha TOJIOKUTENBHOH MHUMOR Tosyocn w = iw, (n > 0), HA BENIECTBEHHYIO

och Imw = 0, maeT B TOYHOCTH MHTEPECYIONYIO HAC Y AB(W).
DTa TeopeMa MO3BOJAET HAXOAUTH BOCIPHUMUUBOCTH Y 4p(Ww) C MOMOIIBIO X(Aj‘?(wm),
KOTOPYIO MOXKHO BBIYUCIIATH ¢ MTOMOIIbIO MallybapoBcKoit nuarpaMMuoil Texuuku. B oT-
CyTCTBUE B3auMozelicTBU, MallybapoBcKasd BOCIPUUMYNBOCTD JAETCA BCETO OHOM /Ha-
rpaMMoli — nemaetl (MM “NONAPUBANMOHHBIM” OMEPATOPOM) C OTEpATOpaMn AuBs
BepminHax. B Texauke T = () BOCHpUMMYNBOCTD U MOJIAPUSAMUOHHBIA OEpaTOp UMEIOT
pasHble aHaJuTHYeckue cBoiictBa. Ho cormacHo mpuBemeHHON Teopeme, IJid TIOJTyde-
HU$ BOCTPUUMYUBOCTH JOCTATOYHO BBIYUCIUTH “MOJAPUIANUOHHYIO” TETJII0 ¢ Maiyba-
poBckuMu dyHKIUAMEU ['puHa, a 3aTeM MPABUILHO TPOAOJIKUTEH €6 Ha BElleCTBEHHBIE
YaCTOTHI.

JokaxeM Termephb Hallle OCHOBHOE yTBepXkjeHUe. Mbl JOIKHBI paccuntarh “Kybos-

CKy10” BOCHPUAMYHNBOCTD:

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

e < ... >= Sp(ePH..)/Sp(e=PH) — ycpennerme mo T'uébey, A(t) = ¢itH fe—itH _
omepaTop B reitsenGeproBckom mpenctaBienun. Herpyano Bumers, 910 (2.89) MoXHO
3ammMcaTh KakK:

. oo
xap(w) = %/ dteMZe_ﬁE" (eiw’”’”‘t < n|Alm >< m|Bn > —
0

mn

—e~Wnmt < n|Blm >< m|A|n >) (2.90)
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e Wnm = Fn — B, Z = Spe™PH  mpudaem n u m 3mech mymepyior Toumbie ypoBHEI
MHO204ACMUYHOT CUCTEMBI (C ydyeTomMm B3aHMO,H;eI7[CTBHﬂ!). HepeCTaBﬂﬂﬂ BO BTOPOM YJICHE
CYMMBI WHAEKCHI M W 1 M1 MHTETPUPYS TIO ¢, TMOJTydaeM:
1 < ¢=PEn _ ;=PEnm,
xaB(Ww) = = E —— < n|Alm >< m|B|n > (2.91)
A e~ wpm — W — 16

MuuMag JacTh 16 BO3HUKJIA 30ECh N3-3a MHOXUTEJIA E_M

, KOTOpHIit Hamgo HoOaBUTH B
¢opmaabHo pacxomanuiica uHTErpaJt Mo ¢ AJd 0DeCTIeYeHNA Er0 CXOINMOCTH.

Teneps BBIYUCTUM aHATOTUIHBIM 00pa30M MallybapoBCKU OTKIHUK:

() [ i
Xap (Wm) = 5/ dre™m" < Ty A(t)B(0) > (2.92)
-8
e 121(7') = H Ae="H . Nmeem:
IR
ng\é)(wm) =57 A dre’m” Ze"@E”ew"’"T < n|A|lm >< m|B|n > +

mn

0
1 ; _ -
+57 dre'™" E e PEne=wnmT < | Blm >< m|An > (2.93)
—p mn
NATH MEHAA MECTAMU WHIECKCHI BO BTOPOH CyMMe, C YI€TOM Wy, 3 = 27m, U BBITOIHAS
O ) 2 )
MHTErPUPOBAHNUE TIO T, TOTydaeM:

M 1 e PEn — e=PEm :
Xap (@m) = 7 > ————— < nlAlm >< m|Bln > (290

Teneps Bce ToroBo! BocnpunmunBocth Y ap(w) mpenctaBaser coboil aHATUTHUECKYIO
GyHKIUIO w B BepxHEH MOTYMJIIOCKOCTH YaCTOTHI. DTO €CTh CJEACTBUE TOTO, YTO OHA
mpencTaBigeT coboit mpeobpazoBanune Pypbe oT GYHKIINU, OTJIWIHON OT HYJIA JIUNIH TPU
t > 0 [11]. 3nauuT ee MOKHO MPOAOIKUTH C BEIICCTBEHHOW OCH Ha MHUMYIO TIOJIOXKU-
TeJIbHYIO moJiyoch. [Ipu aTOM B ToUKax wy, = 27m1 oHAa COBIAAET C X(AJ\?, 9TO OYEBUIHO
u3 npaMoro cpasaennd (2.91) u (2.94). lIpeanosiokuM, 970 CYIECTBYET aHATUTUIECKOE

MPOIOJIKEHIE XAJ% ¢ BepxHeil MHUMOM TOJIyocH Ha BCIO BEPXHIOK MOJIYIIOCKOCTh W.
Torga »To aHATUTUYECKOE TPOJOJIKEHNE JOIKHO COBMACTh ¢ X ap (W), MOCKOJIBKY, CO-
IJIACHO U3BECTHOHR TeopeMe Teopuu GYHKIUH KOMILJIEKCHOTO TIEPEMEHHOT0, IBE (DyHKITUN,
aHAJUTUYECKUE B HEKOTOPOH 06J1acTi KOMIIJIEKCHOH TJIOCKOCTH U COBMAAAIoNIue Ha Hec-
KOHEYHOM MHOXKECTBE JUCKPETHBIX TOYEK (MMEIOUEM TPEAETbHYI0 TOYKY, m — 00),
COBMAJAIOT BO Beell obJtacTu.

3amerum, uTo u ciaydait T = 0 mHOrma ymobHee paccMaTpuBaTh B MalybapoBCKO
Texauke. [Ipu 3TOM MPOUCXOAUT TIEPEXOM, OT CYMMUPOBAHUS O MAIyDapOBCKUM K HUHTE-
IPUPOBAHMIO TIO0 HEMPEPHIBHBIM (MHUMBIM) 9acTOTaM, TOCKOIBKY TIpn 7' — 0 TOUKY iw.y,
CJIMBAIOTCA B MHUMYTO OCh Ha TIJIOCKOCTH KOMILJIEKCHON MepeMeHHOil w, COOTBETCTBEHHO
Ty ., . — ‘21—‘; ITpu Takom criocobe BHIYUCIEHUH He BOSHUKAET CJIOKHOCTER ¢ 06X0-
JoM mostiocoB dbyHKIUH ['puHa, NOCKOIBKY HallpaBJeHne 00X0/1a OKa3bIBAETCA TTPABUITH-
HBIM aBTOMATUYECKH.

I[MocMmoTpuM Kakx Bce 310 “paboTaet” Ha MpUMEpPE BBHIUYUCJECHHUA TOJIAPU3AIMOHHOTO
oriepaTopa rasa CBOOOIHBIX 3JIEKTPOHOB W, COOTBETCTBEHHO, AUAJIEKTPUIECKONW TPOHU-
naemocTu (pyukmun orkaukal) 8 RPA npubmmxennn. Nveem:

O™ (w,,, q) = QTZ/ %G(Enp)(?(en +Wm, P+ q) (2.95)



32

3JIEKTPOH — 2JIEKTPOHHOE B3ANMOJENCTBUE

Cuadvasia BBITIOJTHUM CYMMWPOBaHUE MO £y. [IpencTaBuM MHTEpECYIONYIO HAC CYMMY B
caenyloleM BUIE:

1 1
Tzn: ien + twm — (P + q) ten — E(D) -

1 1 1 .
= Tzn: Wy —f(P + Q) +€(p) (iEn —f(p) - iEn + 1w _g(p T q)) (2.96)

Bo BTOPOM CJiaracMOM MOXKHO TEIIEpb CAcJaTh CABUT HepeMeHHOﬁ CYMMUDPOBaHUA N —
n — m, Ipu KOTOPOM M3 HETO MCHEIHET Wy, . B KaXIO0M M3 CJaracMbIX B cKobKax Belle-
CTBEHHAA 9aCTh CYMMBI CXOJUTCHA, a MHUMAA (bOpMa.HbHO PaCXOJUTCA. B Toxe BpeM4d
9Ta MHUMad 9aCTh HEYECTHA IO N, & TOTOMY COKpallacTCd NP CYMMMUPOBAHUN YJICHOB C
IIPOTUBOIIOJIO2KHBIMHA 72. CJIG,HOBELTGJH)HO7 HaM JOCTATOYHO BBIYUCJIUTH CYMMY:

S@ =T ;TEQ (2.97)

n

Ee M0XHO BBIYHUCJIUTD C IIOMOIIBIO U3BECTHOTO TO}KﬂeCTBaSZ

> 1 1 =
n;oo (2n + 1)%72 + 22 - %th§ (2.99)
Torma:
S(€) = 2th 2 = L _nge (2.100)
ey T " '

3 -1
rne n(€) = (eT + 1)~ — dynrmua Pepmu. B pesyabrare mosydaeM TOXKIECTBO, KOTOPOE
OYeHb yI06HO MCHOIb30BATh IPH BRIYUCICHAN TOJIAPU3aIMOHHOTO ONepaTopa W JIPYTHUX
BOCHPUUMYUBOCTEH B hepMm — Taze:

1 _ _n&p+a))—n¢P)

T ; ; ; = —- 2.101
DI o ) e ) R T ey B G
Mcnonbaysa a1o ToxkaecTBo B (2.95), noaydaem:
d3 -
(27)% iwm — &(P + q) +£(P)
Pacemorpum Tenepn npenen T = 0. B arom cayuae umeem n(€) = 0(=¢). Tepeitnem
OBBIYHBIM 06pa30M K MHTErPMPOBAHMIO TI0 £ W pacCMOTpUM MaJible ¢ & pp. Torma mveem:
d3p  On vq dQ  vpq
M) (w,, :—2/ =2 — 2.103
(Wma) (27)3 0¢(p) twm — vq i Wy, — VFQ ( )
531y dbopMyay MOKHO HOJIyIHTE, HAITHCAB
1 _ L{ 1 1 } _
(2n + 1)272 + 22 T o Lz + ir(2n + 1) z — ir(2n + 1) -
— L dze—mz[e—iﬂ-(2n+1)z +ei7r(2n+1)z] (2.98)

21‘0

" IIPpOCYMMMPOBaAB IPOTPECCUI0 IO 3HAKOM MHTETrpaJia.
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Boruncisia wHTErpas mo yriaam Takke, Kak 970 610 caemano B (2.22), mosydaem:

(2.104)

M) (w,q) = —2vp {1 4 gy 2 “Fq}

n -
2upq  iwm +UFq

Hia Toro, 4ToOb aHAJUTUIECKH TPOAOJIKUTH 3TO BbIpaXKeHUWEe Ha BEINECTBEHHYIO OCh
YaCTOTHI, TOCTATOYHO CAETATh 3aMEHY W, — w + 6. B pe3yabTare moaydum:

. w w—vpq+ 16
nf 5q) = —2 1 1
(w—i—lq) VF{ +2qu nw+qu+i§}

(2.105)

YTO W OIpefesdeT AW3JICKTPUYEcKYo IPOHUIAEMOCTD 3JEKTPOHHOrO rasa B RPA mpu-
6amkenwn (kak (yHKIWIO OTK/JIWKA Ha BHEITHEE 3JIEKTPUYECKOE TOJIE).

Ornensaza B (2.105) neficTBUTEBHYIO U MHUMYTIO YacTH (M MeHAdA OO 3HaK), TO-
JygaeM GYHKIUIO OTKJINKA ILJIOTHOCTh — MJIOTHOCTDL B BUJE:

W —Vvpq
w+vpq

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

} (2.106)

w
Imx(wq) = rvp—0(vpq — |w|) (2.107)
UFq

B omsimune ot ananoruynoro Beipaxenns (2.24) (BosHuKIIEro U3 quarpaMm dbeiiHMaHoB-
ckoit Texuuku npu T = 0), 3/1eCh BBIMOJIHEHBI BCe TpeGOBaHNA aHAJINTHIHOCTH, HaJara-
emble Ha bynknum orkanka [11]6. B wactHocTn, BRIMOHAETCA cooTnontenne Kpavepca

— Kponunra:
1 [ 1 !
X(w) = —/ oo XD (2.108)

; -
o w —w—16

Taxum o6pa30M, ANDJICKTPUYICCKAA TMPOHUIMAEMOCTb CUCTEMBI, paCcCMaTpuUBacMad KaK

yHKIIUA OTKIUKA, OMPEIETAETCA KaK:

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

rne x(qw) — samasgeiBaomas GYHKINA OTKIWKA [IOTHOCTH — IIoTHOCTH [10], mosty-
vaomaaca (¢ TOYHOCTHIO JI0 3HAKA) aHAJINTHIECKUM MPOIOJIKEHNEM MalybapoBCKOTO
HOJAPU3AIMOHHOTO OlEpaTopa.
JuasiekTpudeckas MPOHNIIAEMOCTh HETIOCPEACTBEHHO ONPEIENAeT U TPOBOIUMOCTD
cucremsl [12]:
ie?

o(4) = o (1= clgw)) = = rex(aw) (2.110)

B camoM neste, IIIOTHOCTB TOKa, BOSHAKAIONIETO B CHCTEME IO, MeHCTBHEM 3/IeKTpHIecKoro oA E =
—V¢ (¢ — ckaraApHSII TOoTEHINAI) paBHA:

j(aw) = o(qw)E(qw) = —ioc(qw)ae(qw) (2.111)
3aKOoH COXpaHEHWH 3apAlia AMEET BHIL:

e%n(rt) + Vj(rt) = 0 (2.112)

mm B ypbe — KOMITOHEHTAX:
— iwedn(qw) + 1qj(qw) =0 (2.113)

8Mmenno (2.107) moxasana ma Puc. 2-7 (b).
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roe én — OTKJIOHEHHWE ILJIOTHOCTH OT MPOCTPAHCTBEHHO OTHOPOOHOTO PABHOBECHOTO 3HAYEHUA 7. S L)
OTKJIOHEHHME OoNpene/ideTcd B Teopun JIMHEeTHOTO OTKJ/IMKA KaK [10]

én(qw) = ex(qw)e(qw) (2.114)

KomGuampy= (2.111) — (2.114), memensenHno moaydaem (2.110). 3amMernmM, 9T0 2TO paCCMOTPEHHUE CIPa-
BEIJINBO TOJBKO JIJIA TaK HA3BIBAEMBIX “HOPMAJIBHBIX' IPOBOMHWUKOB. B CBEpXIpPOBOIHUKAX, KAK MBI
YBHIHM HEXK€E, OCHOBHOE COCTOAHHME HapylIaeT KaaHOpOBOYHYI0 HHBAPHAHTHOCTH (3aKOH COXpaHEHH:
sapﬂ,z[a), noaTomMy dopmysia (2.110) OKa3bIBaeTCd HempuMeHUMOol. Pusmdaeckuil CMBICST TAKOTO HApyIIIe-
HHA CHMMETPHH CBA3AH C TEM, 9TO B CBEPXIPOBOINHUKE 3apAIBI MOTYT YXONHUTH (IPHXOIHUTH) B Gose —
KOHIEHCAT KYIIEPOBCKHX Iap.
B IKCIIEpUMEHTE 0OBIYHO UMEEM AEJI0 C IIPEACJIOM ¢ — 0 (O,D;HOpO,D;HOG BHEIIHEE HOJIG).
TOI‘,H& IIPOBOAUMOCTDH OMPEACTACTCA KaK:
ie?
o(w) = = lim —wx(qw) (2.115)
¢—0 q

B PaCCMOTPEHHOM BBINIE HpOCTeﬁH.[eM cJiydae, Korja BbIYUCJIAJICA HOHS{pI/IiSaL[I/IOHHbIﬁ

omepaTop Tasa CBOOOJHBIX 3JIEKTPOHOB, /A BHIYUCJIEHNs TpeAeaa ¢ — ( Mpu KOHEIHBIX
w ncnoassyem (2.27) u mosydaeM (w — w + 18, & — +0):

. 9 2 9 3 2 2 ;
() . ie” Wpuvpq” P _ he ! (2.116)

€
= 71— _—
=0 ¢2 3 w? 3r2m w m w+ 16

T.e. 00bIuHyI0 dopmysty Ipyne 04 TPOBOAUMOCTH HECCTOKHOBUTETHHOTO Ta3a cBOOO-
HBIX 9JIeKTPOHOB (nmeaabubiit mposognuk!). B wactHocTn:

2

w ne
R =—7 = T 2.117

eo(w) pp me(w) - w8(w) ( )

rie yum wim = %—iﬂ'é(u). deHOMEHOIOTHYeCK A yIeT CTOIKHOBEHNH CBOINTCH K BBe-

JIEHNI0 KOHEYHOI 9acTOTHI paccednusd § — y = % (r)le T — BpeMs cBODOIHOTO Hpo6era).

MukpocKonu4iecKnue OCHOBBI Teopuu dhepMu
— XKUOKOCTH.

B peanpaBIx MeTamIax € 5 ~ 2 — 3, B3aUMOAENCTBUE 3JEKTPOHOB HE ABJIAETCA CJAAOBIM,
TaK 9TO HEJIb3d OTPAHUYIUTHCA CYMMUPOBAHUEM KakKoil — jinbo crenuasibHON moc/IemoBa-
reaprocTH quarpamum (tuma RPA, cnpasemusoro B mpezene ry < 1). B Toxe Bpema, de-
HOMeHoJIoTnYecK ad Teopus dbepmu — xuakoctu Jlannay — Cununa [10] aigerca Buosne
yCHenHoit mpu onucanuum CBORCTB (hepMu — CHCTEM C CUJIBHBIM B3amMopeiicTeuem. Pac-
CMOTPUM BOIIPOC O MUKPOCKONMYECKOM ofbocHOBaHUY »Toll Teopun [2, 8, 9].

Jlanmay dbakTUYecKyW TOCTYJIUPOBAJ, YTO OCHOBHOE COCTOAHWME (DEPMU — KUIKOCTH
KadeCTBEHHO HE OTJIMYAETCA OT OCHOBHOTO cocTodnumdA dhepMmu — rasa, a ciaabo Bo3dy-
KIEHHBIE COCTOAHUSA MOTYT OBITH ONMCAHBI KaK K8a3UYACMUYbl, AHAJTOTHIHBIE TACTUIIAM
7 OBIpKaM B epMu — raze, HECMOTP4A Ha CHJIBHOE B3aWMMOAENCTBUE B CCTEME PEATBHBIX
dbepumuonoB (371€KTPoHOB B MeTaslTe, atoMoB He®, HyksoHOB B anpe u T.1.). Baxneii-
UM, TIPU TOM, ABJAETCA MPEATIOJIOKEHNE O CYUIECTBOBAHUM XOPOIIO ONpEIeTeHHOR
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nosepxaoctu PepMu ¢ pagmycoM pr, YAOBJICTBOPAIOIIAM “Ta30BOMY” COOTHOUICHUIO:
3

N_ _rp

vV 3m2Zm3

CBA3bBIBAIONIEMY €TI0 C MOJTHON TJIOTHOCTBLIO YaCTHUIl B CUCTEME. S 4e) YTBEPAKIACHUE, (baK—

n—

(2.118)

TUYECKU, MOXKET OBITh (JoKa3ano B KaXJOM TOPAJKE TEOPUU BO3MYIIEHUH MO B3aMMO-
JeficTBUIO ¢ UCTOJIb30BaHueM obmux cBolicTB dyukiuit ['puna m m3BecTHO Kak meo-
pema Jlammunsicepa (J.M.Luttinger, 1960) [1, 2]. CoorBercTByIOlEce TOKA3ATETHCTBO
JOCTATOYHO IPOMO3IKO M MBI €ro He mpusoguM’. Halo 4eTKo MOHMMAThL, 4TO OCHOBHOE
COCTOAHUE HOPMAALHOT PepMU — KUIKOCTH HE ABJACTCH eIMHCTBEHHBIM BO3MOXKHBIM
COCTOSTHMEM CHUCTEMBI B3aWMOAEHCTBYIOMNX 31eKTPpoHOB (dbepmnonos). Hampumep, mMb
3HAEM, 9TO CHCTEMa MOXKET HAXOANUTHCA B CBEPXIPOBOIAIIEM (CBEPXTEKYYEM) COCTO-
SAHUW, KOTZa Teopema JlaTTumKepa He BBINOTHAETCA 1 ToBepxHocTH Pepmu nem (oma
“sakpbiTa” sHEpreTHUecKoii mesbio!). B HacTosee BpeMs:, Korma ocoboe BHUMAHNUE yie-
JIAETCA PACCMOTPEHUIO CUCTEM C CUABHBLMYU KOPPEAAUUAMU, AKTUBHO OBCYKTAIOTCA Pa3-
JnYHble “clieHapun’ (GOpMHUPOBaHUA HeMEPMIKUIKOCTHOTO MOBEICHNA TaKUX CUCTEM.
3mech, OIHAKO, MBI CKOHIIEHTPUPYEMCH Ha PACCMOTPEHUN MUKPOCKOMUYECKUX OCHOB Te-
opuu HOpMaJbHO dhepmu — kumkoctu [8, 9].

OcuoBHoli pusnyeckoit mpuduHoOil TOTO, YTO B cCUCTEME B3auMoAeicTBY 01X hepMuo-
HOB COXPaHAIOTCH YePThI TTOBEACHUA, TUTTUYHOTO JIJIS Ta3a CBODOJAHBIX GEePMUOHOB, ABJIA-
erca mpuniun [aymau. MenHo oH, KaK MBI cefiyac yBUIUM, TIO3BOJAET BBECTH XOPOIIO
ompe/esIeHHble KBa3U9IacTHUHbIe BO3OYKaeHna BOm3n yposHa (noBepxuoctn) Pepmu. B
BeckoHewHO onHOpOnHOl cucTeMe dynkuua ['puna Gop(p) DuaroHa bHA IO CIHHOPHBIM
MHIEKCAM W OJMHAKOBa JJsA OOOMX 3HAYEHUN TPOEKIWU CIUHA (B OTCYTCTBUE MarHHT-
HOTO TIOJIAl MJIM CHOHTAHHONW HAMArHWYEHHOCTH), O3TOMY Jajlee 5TH MHIEKCHI ONMyCKa-
forcd. Beemem, Kak oOBIYHO COOCTBEHHO — 9HEPTETUUECKYTO YaCTh W 3alUIIeM ypaBHEHUE
Haitcona:

2
G~'(ep) = ¢ — me + 4 — X(ep) (2.119)

[MocMoTpuM 9YTO TYT MOXKHO cKa3aTh U3 “obmmx coobpaxennii” . OneHnM BKJIaJ B MHH-
MYIO 9acTh X OT IPOIECCOB POXKIEHNAA TPeX KBa3sndacTHl, — IpocTefinuii mpoece Taxoro
Tuna (IPUBOAAIINHA K KOHEYHOMY BPEMEHN JKU3HU KBasudacTUIbl) cBogutca (cm. Puc.
2-11) X BO3OYXKAEHUIO APYTOTO 3JIEKTPOHA U3 MO/ NoBepxHocTH PepMu, T.€. K POKIECHUIO
2JIEKTPOH — ALIPOUYHO maphl. MIMeeM oOBIUHBIE 3aKOHBI COXPAHEHUA:

P1+P2=pP3+pPs e1tea=¢e3+eq (2.120)
Ipu4eM B JaHHOM CJlyvac:

Ipil, P2, [pal > PP, a |p2| <pr
£1,€92,€4 Z O, a &2 S 0 (2121)

Otcioma AcHO, 9T0 npu |p1| — pp, A/ BceX OCTAJbHBIX 4acTUll Takke |pa|, |ps|, [pa| —
pr, aus e; — +0 BuiTekaer, uto u £4(a = 2,3,4) — 0. Korna p; HeckosbKo “Bbilie” pp,
Bce ocTasbHblE (|po| — pr) onHoro nopaaka ¢ (|p1|—pr). CoorBeTcTBEHHO, BEPOATHOCTE
Tporiecca, OTNMMCHIBAEMOTO PacCMaTPMBAaeMOll TMarpaMMoii, TpoTopInoHaJ IhHA:

1
W=_~ /5(61 + €2 — €3 — €4)dpadps (2.122)

"B Ipuioxkennn A IPUBOIATCSH TOIOIOTHIECKHE COOGPaKEHNA TOCTATOIHO OBLIETo XapaKTepa, Ho-
TBEpXKIaume ycroiunBocTh mosepxaoctu Pepmu Kk ammabarudeckomy “BKITIOYEHUIO” B3auMomecTBUsA
mexny dacrunamu (I E.Bososnk, 1999).
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\ 4
\

Puc. 2-11 T[lpouecc poxnaeHna Tpex KBasu4acTul.

B camom gmese, mMmysibe p1 3a7iaH, a P4 = P1 + P2 — P3, TaK 9TO OCTAETCA TOJIHKO JIBa
HE3aBUCHMBIX MMIYJIbCA WHTETPUPOBAHUA, Kak W mokasano B (2.122). IlockoabKy pa u
ps 6inskn x pr, uMmeeM (|p2a| — pr) ~ (|p1]| — pr). Honycrumere obacTn nsMeHeHns
MonyJell pz U P3 ecTh: pr < p3 < p1+p2—pF U 2pp —p1 < p2 < pp. YTOJI MEXIY P1 U P3
MOXKeT GBITh JIIOOBIM, & YTOJI MEXJY P3 M P11+ P2 ONpENeTAeTca U3 yCJIOBAsA COXpaHEHUS
SHEPTMU W WHTETpaJsI Mo 3ToMy yriy cunMaer & — dynkmmio B (2.122). CoorBercTBEHHO
unTerpas no dpadps 6eperca npu ps & ps & pp u Aaet a4 (2.122) onenky ~ (|p1|—pr)?.
IToaToMy obpaTHOE BpeMs KW3HU 3JEKTPOHA C WMITYJThCOM P ONIEHNBAETCA KaK:

1
—~ImZ~ (p—pr) ~ ¢’ (2.123)

Herpynso ybemurbesd, 910 cTarucTHYeCKU BeC cocTogHUM ¢ 60JIBUIMM YMCIIOM KBA3HYIACTHIL HAYNHAETCA
¢ Gostee BoIcOKUX creneHed €. Hanpumep ImXy ~ |s3|s [8]. Tlpm KoHeUHBIX TeMIepaTypax, pasMbBITHE
depMueBcKOTO pacupenesieHud ~ 1, 9T0 MPUBOINUT K BKJIAAy B 3aTyXaHWe OT TEPMHUYECKU BO3OYKIIeH-

2
HBIX KBA3SHIACTHUIL ~ g— CooTBETCTBEHHO, OGbEIMHAA UX C (2.123)7 MMEEM:
F

1 e? T2 g2 T?
—=A| —+ — | ® Maz | —, — (2.124)

te A ~ 1. Ecsom BocmosibsoBarbes obbranoit popmyitoit pyne miia mpoBomumocTna:

7’L62

o= —r (2.125)
m

2
¥ B3ATH T = AT—7 To (Emcmosp3ya rakxke (2.118)) HOJIyIHM OIEHKY CONPOTHBJIEHHHA B BHJIE:

Ep

1 T2 1 T\?

R= —~ ——— = —— (—) (2.126)
o Epppe e’pp \Ep

Taxmm o6pa30M, XapakKTepHad TeMOepaTypHad 3aBUCHUMOCTH COMIPOTUBJIEHU A, BRISBAHHOTO 3JIEKTPOH —

h

57IEKTPOHHBIM paccesHrueM R ~ T2 (J1.0.Jlarnay, U.51.ITomeparayx, 1937). Tunwarasn onenka pp ~ =

2 2
(rme @ — mexaromHOe paccromHme) maer R ~ Z—g (EL) ~ 10730M cm (EL) , 9TO HaeT mpeHeGpe-
F F
JKHAMO MaJIBIH BKJIA] B COITPOTHUBJIEHUE IIPU TUIIMYHBIX 3SHAYEHUAX 1, KOTOPHIA MOJTHOCTHIO MACKUDY €TCA

OpYTEMHE MeXaHW3MaMF paccedHH# (HanpuMmep Ha doHoHax). Peassroe Habmronenne ~ T? Brnama B
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COMPOTHUBJIEHUH METAJIJIOB BO3MOYKHO TOJIBKO B “yibTpadncThix”’ obpasmax npu T < 1K, korma MoxHO
npeHebpedh pacceaHNEeM Ha (POHOHAX. DTO MPOCTOE OOCTOATEIBCTBO 9AaCTO 3a0BIBAETCA B COBPEMEHHOM
JUTEpATypE.

Takum obpasom, BOusn nosoca € = e(p) dyukuun Tpuna (2.119) Ml Bcerma nmeem
Ree(p) = vp(p—pr) > Ime(p) ~ 771 ~ (p—pr)?, 9To u 03HAYAET CylIECTBOBAHUE “XO-
po1o onpeneaeHHbx” kBasngacTurl Bénsn yposua ®epmu. Bosee akkypaTho (Hexen,
HATIpUMep, »To Aesajoch B (2.45) — (2.49)) nyxHo aeficTBoBaTh cienyommm obpasoM. B
OIHOPOIHON M W30TpOMHON cucreMe (bepmu — KuaKoCTH) Benndnna ReX(ep) 3aBucut
TobKO oT Moaysd p = |p|. Oupenenum ummnyiabe PepMu pp B cUCTEME ¢ B3auMoeli-
CTBHEM C TIOMOMIBIO CJEMYIONIET0 ypaBHEHNS:

P
2m

+ X(pr,0) = p (2.127)

Pasnaraa X(pe) B pam N0 CTENEHAM p — pp W £, Hojay4aeM Bolpaxkenne maa G(pe),
cripaBenuBoe BOU3M mosepxHocTn ®epmu (¢ — 0, p — pr) B CJAEAYIONEM BUIE:

2

1 p ox ox .
RE— -X | = - - |5 =
G (ep) m ¢ +p—X(pr,0) <3P)p (p—pr) (36 ; £+ id|ele

2m
- ()T (), Jo e

(2.128)

rne yain (2.123) n obecmeunsiv MpaBUIBHYIO CMeHY 3HaKa MHUMON wactn (definma-
HoBckoii) dyukmun 'puna mpu ¢ = 0. Takum obpasom ybexmaemcsd, 9To DYHKIHMIO
Ipuna B3aumomeiicTByIomell cucTeMbl hepMuUOHOB BOIU3U MoBepXHOCTH PepMU MOKHO
sanmncath Kak [8]:

7
e —vp(p —pr) +ialele

G(ep) = G (ep) (2.129)
rne G™*9(ep) — perysidapHada 9acTh, HE UMeOMIAA MOJTIOCOB BOIU3N ToBepxHOCTH PepMmu
(v cBA3aHHAA ¢ MHOTOYACTHYHBIME Bo3Oyxaenuamu B cucteme [8]). Mpu sTom B (2.129)
MBI BBEJIU CJIeIyonme 0603HaYeH

1 0% aG1 o
1o (3),- (),

JId BbIYeTa B Toqioce dbyuknuu ['puna, n

v (%), ()
vp = F__ L. a=7Zd (2.131)

(aG—l) N (8G—1) k

de F de F

JJ1d cKopocTr Ha moBepxHocTn Pepmu. Beipaxkenue (2.129) ompenesigeT obmit B of1-
HodacTHYHOI ynKIun ['puna B cucreme B3anMoneicTByomux dpepmu — qacrur (dbepmu
— KUIKOCTH). JIETKO BUIETH, YTO OOCYXKIABIINECH BBINIE YACTHBIE BBIPAXKEHNA, CIIEIY-

fomne u3 RPA| uMeror umenno Takoii Bug (HoBemeHue).
Teneps HeTpyaHO yoemuThesd, 410 U3 (2.129) HEMOCPENCTBEHHO CIIEMYET CYNIECTBO-

Banue (npu T = 0) ckauka B pacupelesIeHUN “acmuy O UMITYJIbCaM JlaXke B CHCTEME
B3aMMoIecTBYIOMIX (HhEepMIOHOB (A.B.MI/IFILaJI, 1957). B camom pesie, BBIYUCJIUM paz-
HOCTh 3HaueHnH GyHKIMN pacnpenesnennda n(p) mo obe cTopoHs! 0T noBepxHocTH Pepmu,
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wilhoul interactions

T!"kﬂ' .......... AR

kp k

Puc. 2-12 KayecTtseHHbin B byHKUMM pacnpeneneHns YacTuy B hepmMmn — XUOAKOCTH Npu

T=0.

T.e. mpenen pasuocty n(pp +¢) — n(pr —q) npu ¢ — +0. Pacupenesnenne gacTuil mo nm-
myJIbcaM, KaK M3BECTHO, BhIpaxkaeTca depes pynknuio ['prHa cJaedyonyuM HHTETPaIoM

[1]:

o0

L ==t G ep) (2.132)

i
n(p) ¢ lim 5

t——=0J_ o

Bocrnonesyemes smech (2.129). Beuny perysnaproctu dbynkuuu G7°9(ep) 3apanee dcHO,
9TO pa3sHOCTh MHTErPAJIOB OT Hee OymeT crpemuthed npu ¢ — 0 x mymo. [losTomy mo-
CTaTOYHO PACCMOTPETH PA3HOCTH MHTETPAJIOB TOJBKO OT MOJIOCHOTO BKjaga B (2.129).
Torma umeeM:

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

o 2T 5+qu—z'6_5—1;pq+i6

re ydau, 9To BOIN3N nosoca signe = sign(p—pr), a TaKKe TO, YTO BBUAY CXOTUMOCTH
5TOr0 MHTErpaJIa OT PASHOCTH, MHOKHUTED €~ ¢! (mpu ¢t — 0) MOXKHO OMYCTUTE. 3aMBbIKad
Teneph KOHTYD WHTETPUPOBAHNA DECKOHETHO YIATEHHON TIOTYOKPYKHOCTHIO (BCE pABHO
B BEPXHEH MM HIKHER MOTYTIIIOCKOCTH), HAXOMNM:

n(pr—0)—n(pr+0)=7 (2.134)
Mockoabky n(p) < 1, orcioma ciemyer 9ro:
0<Z<1 (2.135)

npudeMm Z = | mocTuraerca JuIb B Mpelesie umeajbHoro depmu — rasza. Takum obpa-
30M pacrpefeseHne YacTull 0 UMIyJbcaM B depmu — xkugkoctu npu 1 = 0 umeer,
KaK W B ra3se, CKa4okK Ha moBepxHocTn Pepmu, KaK 3TO Ka4eCTBEHHO TIOKa3aHo Ha Puc.
2-12. B oriuune ot caydas rasa, BeJIMIMHA CKAYKa MEHBIIE eIUHUIIBI, a caMa (DYHKIUA
pacnpenesenua n(p) ocraeTcd KOHeYHON W B obsacTh p > pp (9acTHIBl “BHITAJIKHBA-
foTca” B a1y obstacTh B3anMozeiicTBuem!). PakTHUecKH, cylecTBOBaHNE CKadKa dyHK-
U7 PacIpelesieHns U MO3BOJIAET BBECTH CaMO TMOHATHE ToBepxHOocTH PepMu B cucTeMe
B3aUMOAEHCTBYONNX (hEPMUOHOB.

CrekTpasbhada maoTHOCTE A(pe) = —signE%ImG(ep), COOTBETCTBYIONAA (DYHKIIUN
I'puna (2.129) uMeeT BHI pasMBITOTO 3aTyXaHWEM KBa3sHIACTHIHOLO IHMKA IIPH € = &,
(oHepTMM KBa3WYACTHUIL), HA CPABHUTEJBHO IMJIaBHOM (hOHE OT MHOTOYACTUIHBIX BO3-
OyXKIeHmil, Kak 9To ToKaszaHo Ha Puc. 2-13 (b), TOTJa KaK B HIcaJbHOM Ta3e oHa
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(a) (b)

Alk.w) Alk, )
it o (e — )

- | o
T

H €L W b € w

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

CBOIUTCA K COOTBETCTBYyIOMEeh § — dyHknuu, mokasannoit wa Puc. 2-13 (a). SameTumM,
YTO CEKTpaabHad MIOTHOCTE 3JEKTPOHOB B PEAJIbHBIX CUCTEMAX B3aUMOAEHCTBYIONINX
BJIEKTPOHOB, (PAKTUIECKU, MOKET OBITH U3MEpPEHA B 3KCIEPUMEHTAX 1O (DOTOIMUCCHUE C
VIJIOBBIM pas3penieHneM (ARPES)S, B KOTOPBIX TaK¥Ke yAAETCA U3YUUTh U PeaJbHBI BUI,
nopepxHocTelt PepMu, B TOM YHUCIC 1A BEChbMa CJIOKHBIX coeantenuii’. [IpopemeHnbie B
TTOCJIEHNE TOIBI M3MEPEHN MOATBEP NN KadeCTBEHHBIE MIPEICKA3aHAA TeOpun hepMu —
KUJIKOCTH IJId OOJILIIMHCTBA “MeTadandeckux’ cucTeM. HabsrrogaeMble OTKJIOHEHUA OT
GEPMUEKNIKOCTHOTO TMOBEACHNA OOBIYHO CBA3BIBAIOT C MPOABJICHUAME 3D PHEKTOB CUAL-
nwx Koppeasyud [13].

BsaumoneiicrBue kBasudactuil, B depMu —
>KUOKOCTH.

BsanmoneitcTBue kBasnvacTuil, hakTUUECKY, ONUCHIBAETCA deyruacmuunot pyHKImel
Tpuna [8]:
K =< Ty()p@u* (3w (4) > (2.136)

KOTOpasd ONmpenessderTcd cyMMol Bcex rpadUKoB, MEPEBOAANINX IBE YACTUIIBI U3 TOYEK
(1,2) B Toukm (3,4). TyT, mpex e BCEro, MOKHO BBIIETNTH Tpadukn 6e3 B3anMoaeicTRu
MEXKIy 0DeMMM YacTHUIIAMM, HO CO BCEMU BO3MOXKHBIMU B3aWMOJIECHCTBUAMY Kaxk oW n3
qacTuIl ¢ “¢oHoMm”, TUIa MoKa3aHHBIX Ha Puc. 2-14. OgueBuano, 9TO 3/76eCh BO3SHUKAET
JIBE HE3aBUCHMBIX COBOKYITHOCTH T'pacUKOB, KaXk/dad W3 KOTOPBIX CBOAUTCHA K TIOJHOI
omaodacTnunoit pyuknum 'puna . COOTBETCTBEHHO MMEEM:

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

3HaK MUHYC TMepes BTOPHIM (OOMEHHBIM) YJIEHOM CBA3AH 3/IECh CO CBOHCTBOM aHTUCHM-
MeTpuu (HEPMUOHOB TIPU 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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K0=

Puc. 2-14 Hesasucnmoe pacrnpocTpaHeHue OByX HacTuu B hepMu — XKUOKOCTU.
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Bce ocranbubie rpacdukn gia K comepxaT aKThl B3aMMOIEHCTBUA YaCTHIL IPYT C
apyrom. Obosaaunm depes V coBOKYIHOCTh TakKuX TpadUKOB B3aNMOIEHCTBIA, KOTOPHIE
He MOTYT OBITHL pasfeseHbl Ha YacTH, COSAMHEHHBIE IBYM: 3JeKTPOHHBIMU JTUHUAMM,
Kak »To mokasano Ha Puc. 2-15. Torma mnaa asyxdactuumnoit dyuknum I'pura K MoxHO
HammcaTh ypaBHEHHE:

K = Ko— GGVK (2.138)

MOCKOJIBKY CyMMa BceX rpaduKoB, cjemyommx nocae V, cuoBa obpasyer K. Pazyme-
ercd, ypasHenue (2.138), nHa camMoMm Jesie, MHTErpaJbHOE, a ONMEPATOPHOE YMHOXKEHUE
dbyukunii Tpuna obosnavaer smech (1 Jajiee B aHAJOTHYHBIX CJIydasXx) COOTBETCTBYIO-
e NHTEIPUPOBAHNUA.

i onmrcaHud caMoTO poIiecca B3anMOAENCTBISA YaCTHI YIOOHO BBECTU BEPIIUHHY IO
qacTh (aMIuTyny pacceanusn) [ ¢ MOMOIIBIO CIIEAYIONIETO COOTHOMIEHHA:

K — Ky = —-GGT'GG (2.139)

Besmuuna I' mpexacrabiger coboii cymMMy BceX IpadUKOB, HaYMHAIOIIAXCA U KOHYAIO-
MUXCA B3aUMOAEHCTBMEM MeXJy 4YacTHIIAMU, T.e. B Hee He BKJIIOYAIOTCA BXOAALIUE
u BBIXOHAIINE JUHUN dacTur (o6py6senst “BHerrnme” Konisl). IMomcrasmaa (2.139) B
(2.138), nomyvaem:

K — Ko = —GGTGG = ~GGVK = ~GGVKy + GGVGGTGG (2.140)
I/ICHOJII)3yeM O4YeBNAHOE COOTHOIICHUE!
GGVEKy, =GG(V - V)GG (2.141)

rae V obosmauaer V ¢ mepecTaBIEHHBIMEU BBIXOAAIUME KOHIamu. Torma u3 (2.140),
ocjie yMHOXEeHUd clipaBa U CJeBa Ha (GG)‘l7 TOJTy YaeM:

=V -V-VGGT (2.142)
N3 ompenenenna ' w K caenyer, 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)

YTO OTpaXaeT aHTUCUMMETPUIO BOJTHOBHIX (hYHKIMH B cucTeMe (DEPMUOHOB.

Ypasuenue (2.142) g T MOXKHO MOTYIUTH U HEMOCPENCTBEHHO, HE UCTIOTB3Y yPaB-
nenne niga K. Beimesnaa 60k V|, HETPYIHO TMOJAYyYUTh Tpaduueckoe ypaBHEHUE, TTOKa-
3anHoe Ha Puc. 2-16, cuMmmeTpumsanmsa KOTOporo maeT (2.142).

Ha obocHoBanus HEeHOMEHOTOTUYECKON Teopun hepMu — KUIKOCTH yAOOHO 3alm-
caTh ypaBHeHnue aja [ B apyrom Buze. Boiiie Mbl Boimesianu 6,10k V|, KOTOpBI Heab3d
6BIJTO paspesarTh M0 JABYM JMHHAM B KaHaJle YacTHiia — qacTuna (T.e. 6JIOK, HENPUBOIH-
MbIfl B maHHOM KaHase). MOXHO HOCTYNNTh WHAYE W BBIIEIUTH U3 BCEll COBOKYHOCTH
rpadukos giga [ 6ok U, HempuBOoAUMBIN B KaHaJe 9acTUIA — JbIPKaA, KOTOPBIf HETb34
pa3buTh Ha YACTH, COEAUHEHHBIE JIMHAAMY YaCTUNBI U ABIPKH. COOTBETCTBYIONINE Tpa-
¢ukn nokazansl Ha Puc. 2-17. Torma mia [' moxHO Hanucath rpadudeckoe ypaBHEHHE,
mokasanHoe Ha Puc. 2-18, niu B aHATUTHYECKOM BUIE:

I =U+UGGT (2.144)

B wmmysbcHOM TpencTaBiieHUEM Pa3sHOCTH 4-UMITYJIBCOB, BXOMANIMX 3M€Ch B (DYHKIIUH
Fpuna G (u ymoBJIETBOPAIONINX 3aKOHY COXpaHeHWsd p1 + pa = ps + pa), pPaBHA Tepena-
BacMOMY WMIYJIBCY ¢ = P1 — P3 = P4 — P2, KOTOPBIl paBeH CyMMapHOMY UMNYJILCY B
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Puc. 2-15 T[pacuueckoe onpenenerune bnoka V. 3auepkHyTbl rpachuku, paspesaemble no
OBYM NUHUAM YacTuu.
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Puc. 2-16 [padnyeckun Bna ypaBHeHusn onsA sepwuHbl I ¢ BbioeneHuem kaHana Yactuua
— YacTuua.
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c
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Puc. 2-17 Tpacuueckoe onpenenerune bnoka U/. 3auepkHyTbl rpacuku, paspesaemble no
SIMHUAM 4acTUUbl U ObIPKA.
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Puc. 2-18 [padnyeckun Bna ypaBHeHusn onsA sepwuHbl I ¢ BbioeneHnem kaHana Yactuua
— AblpKa.
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KaHaJie 9acTua — AbIPKa U OJUHAKOB B KaXJOM CEYCHUM 3TOTO KaHaJIa. B YpaBHEHNUU,
nmokasanHoM Ha Puc. 2-16, cymMma uMmy ibcoB, Bxoaamux B [, paBHA MOTHOMY UMITYJTHCY
CHCTEMBI U3 IBYX 9acTull ¢ = p1 +ps = p3 -+ p4 U ONMHAKOBA B KaXKJIOM CEYCHUH KaHaJIa
ABYX YaCTHUII. BbIJleJIeHI/Ie TE€X WJIN NHBIX 6JIOKOB7 TUlla TIPOBEACHHOTO BBIIIE, OKAa3bI-
BaceTCd y,HO6HbIM7 Korga BbIJle.HeHHbI]'/’[ 6JIOK OKa3bIBacTCA Cﬂa60 3aBUCAUIUM OT CBOUX
HEepEMEHHBIX (MMITYJIBCOB), TOT/IA OH MOXKET ObITh 3aMeHeH () dEKTUBHON KOHCTAHTOM.

OTcrynienue o “napkere”.

B mekoropwix ciaydaax ymobro BBecTm 610k W, HepaspesaeMblii 1o IByM JUHHAM KAaK B KaHAJE
IBYX 9aCTHIL, TAK M B KaHaJIE YaCTUIa — IbIpKa. Torna Hapsaay ¢ ypaBHEHHAMUI (2—16) n (2—18) HYXKHO
ellle HANWCATh ypaBHeHUd, cBasbiBatoume 6yiokm U m V' ¢ 6iokom W, kak »To mokasano Ha Puc. 2-
19. CoBmecTHO ¢ ypaBHeHHsAMHE Puc. 2-16 m Puc. 2-18, ypaBHenns Puc. 2-19 obpasymoT cucreMy Tak
Ha3BIBAEMBIX “‘NapkKeTHBIX” ypaBHeHHH. 3meck mom W moHUMaeTcss CHMMETPU30BAHHOE BRIpAKEHUE, T.€.
A epmu — gacrur pasHocts W g45(p1,p2iP3,04) — Wa 5,6~ (P1,02; P4, p3). B anamarmaeckom sume:

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

Vcnonbsy=s ypasrerune maa I’ B dopme Prc. 2-18, mosrygaem ms (2.145):
U+V-V=W+T (2.147)

D10 Ke MOSyduTCA U3 (2.146)7 ecomm nuis || mcmosib3oBarhk ypaBHeHne Puc. 2-16. DT ypaBHeHHA MO3BO-
JIATOT BEIPA3suTh | depes HenpuBommmyto Bepuimay W. B pesyabrare BosHUKaeT caenyroniee HeTmHERHOE
(mETETPanBHOE) ypaBHEHHE:

1 1
=W+ -WGGT — -TGG(T + W)GGT (2.148)

Buiok W B mMny ibcHOM TipencTaB/ieHUH OGBIYHO CJ1a60 3aBUCHT OT BXOIANIAX M BBIXOIAIIAX UMILY JTHCOB,
Torma Kak corsacso (2.146), 610k U mpn MaIoM CyMMapHOM HMITYJIbCE 3aBHCHT OT HETO CYUIECTBEHHO.
Awnasnormyano, 610k V', cormacHo (2.145)7 CyHIeCTBEHHO 3aBHCHT OT IlepedaBaeMoro mMiryabca g — 0.

Baok U nenecoobpasto BBOAUTH Mg M3ydeHuda cBoOicTB I' mpm Masibix mepemaBa-
eMBIX WMIIyJIbCax, Torfa Kak Bblgesenue 61o0ka V (1 ucnosbsoBanue ypaBHeHuda Puc.
2-16) ynobro, Korma MaJ CyMMapHBIH NMIYJIbC 9acThIl (CM. HUXKe aHaJIN3 KyIEepOBCKOil
HeycroftunBocTnu!).

B teopun nopmasbuoit hepmu — xkumkoctu Jlammay ypasaenme Puc. 2-18 umrpaer
BBIJIEJIEHHYIO poJib. MCXONHO, TO ypaBHEHUE CONEPKUT (BO BTOPOM dYJIeHe B TpaBoil
9acTN) MHTETPUPOBAHUE MO 06IACTAM KakK OJU3KUM, Tak W JAJEKUM OT MOBEPXHOCTH
Pepmu. Jlanmay mokazaj, 4TO MPU MAJTBIX TEPEIaBAEMBIX UMIYJIbCaX MOXKHO M3 3TOTO
ypaBHEHU# TOJIyUuTh aApyroe (“mepeHopmMupoBantoe” ) ypaBHenue ays [ ¢ uMmyabcaMu
BOsM3m moBepxHocTH PepMu U He comepkaliee MHTETPUPOBAHUN IO 0OTACTAM, TATEKUM
ot yposHaA Pepmu (T.€. MOJTYyINTH 3aMKHYTOE ypaBHenue aa [ Ha nosepxuoctu Pepmu. ).

3anumem ypaHenue Puc. 2-18 B aBHOM BUjE B MMITYJTHCHOM MPEACTABIEHNAN:

L(p,p',q) = U(P’P/JJ)—Z'Z/

d4p// q q
Up,p", G(// —)G(”——)F "o
@) (" )G (P +35) G (' = 5)T0" P 9)
(2.149)

rae Z O603HaqaeT CYMMUWPOBAaHUE TIO CIIMHOBBIM MHACKCAM BHYTPECHHUX HHHHﬁ, a Cco-
OTBETCTBYIOIMIUE MHACKCHI MBI, IJ4d KPATKOCTH, HE BBITUCHIBACM. B,HGC]) TAaK¥XK€ BBCICHBLI
obo3HaYeHNA:

T(p1,p2,p3,p4) = D(p,p', q)(27)*6(p1 + p2 + p3 + pa)

U(p1,p2,p3,pa) = U(p,p', 0)(27)*6(p1 + p2 + p3 + pa) (2.150)

npuydeM Bxogdume (p1, p2) M BHIXoAAme (ps, pa) 4-MMIYJIBCH CBA3AHBI ¢ p U p’ Kak:
p1=p+

P3=p— (2.151)

N2 N
N[ N2
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Puc. 2-19 VpasHeHus ons sepwuH B ‘napkere’ .
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9TOOBI TIEpeAABAEMBIl UMITYJTHC paBHANCA ¢ = ((,w) W BBITOJHAICH 3aKOH COXpAHEHNs
p1+ P2 = p3s + ps. B mepBoM mopAnKe TEOPUN BO3IMYIUIEHUH TIO B3aMMOAEHCTBIIO MMEEM:

Ulp,p'q) = /d(rl —1y)e ATTI Y () ) (2.152)
rae V(ry — rz) — MOTEHIMAT MEXYACTUIHOTO B3aNMONEHCTBIA.

Brrmre B (‘2.129) MBI BBEITTACAIN 0OUIMit BUA ogHodacTu4IHOl dyuknum ['puna B Teopun
depMu — KUAKOCTH:

Z reg c .
G(p) = c )+ + G (p) (2.153)
rae e(p) = vr(p — pr),
77! = <a§6— )F; v(g) ~ e?signe (2.154)

Mpu ¢ — 0 mosttoca aByx dynknuii Ipuna B ypasuenun (2.149) cbimxkatorcsa u B mo-
JUHTETPAJTHHOM BhIpaXKeHnn 5 HeKTUBHO BOSHUKAET 6 — 0Opas3HbIi MaKCUMyM BOJIM3N
moBepxaocTu Pepmu. CooTBeTCTBEHHO, MTpou3Benenne dhyuknuii ['puna, B cMmbiciie ero
posu B A1pe nHTerpasabHoro ypasHenus (2.149), Moxmno 3anucarh B Buie (Bce sHEPTUN
orcunTHIBalOTCA 0T ypoBHA Pepmu, 1.e. o1 £ = Ep = 0):

G+ 8o (p-1) =750 [

e

deGo (p+2) Go (b= 2) + Br,a)  (2155)

(e}

1
€ —&(p) + iysign(e)’

— dakruuecku, ceobomrnan pyukmua ['puna. Mnrerpas, sxomaumii B (2.155) namn yxe
dbaxruuecku Borancasaaca B (2.18). Tloap3yach MOTydeHHBIM TaM PE3YIBTATOM, NMEEM:

/oo deG (p—|—%) Go <P—_g) :_QM-W_E(n(P+Q/2)—n(P—Q/2)

Go(p) = v — +0 (2.156)

—oo 2 P+a/2) +e(p—a/2) +iysignw
(2.157)
rie
I mpm |p|<pr
= = 2.158
n(p) { 0 mpum [p|>pr (2.158)
Orcrona Jsierko mostyunts (cp. (2.18), (2.22) n r.a.):
Gy (p + 2) Gy (p — 2) =i7%6(¢)2m v utid _pF)m* + B(p,q) =
2 2/ q—0 W — qV + 1ysignw PF '
=A+B
(2.159)
rae v = 0¢(p)/dp = EEp/p — ckopocth kBasmuacTui Ha nosepxmoctn Pepmm, m* —

sdbderrTusnag Macca, a bynkuua B(p, q) He COTEPKUT CUHTYIAPHOCTER U, C TOTHOCTHIO
2 2 2 2 .
710 9JIEHOB TIopAaKa q*/ps n w?/Ef MoXeT cuuraThesa He 3aBucdeil ot q.
Bosspamniasch k moJiHoii Bepumne T, samuiem ypasuenne (2.144) B Buge:

I=U+TGGU =U+T(A+ B)U =U 4+ U(A+ B)T (2.160)
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DTO paBEHCTBO MOJyYaeTcd U3 TpadUIecKoro ypapuenua aiiq I, ecsim cobpath rpadukn
B “obparnom mopanke”. Bremem Temeph ammanTymy [, onpenengeMyio ypaBHEHHEM:

I'Y=U+UBT* =U+T“BU (2.161)
Jlerko BumeTh, uTo I'Y ecTh mpemet:

r“= lim T (2.162)
w—»O,%—»O
Iopsmox peneTbHBIX TIEPEXO0B 376Ch BeChMa BaXkeH — cHadaJja ¢ — (0, a yJKe MoToM
w — 0 (JI.II.Tanmay, 1958). lIpu srom Benuuuna A B (2.160) cTpemurca K HYJII0, 9TO 1
npuBOANT ¥ ypasHenuio (2.161).

Ywvuoxkas (2.160) ciaesa na 1 + ' B, nonyunm:
r=I%+TYAl =T¥ + TAI'* (2.163)
B camom geJie, nMeeMm:

(I1+T“B)l =(1+T“B)U 4+ (14+T“B)U(A+ B)l' =
=T“+T¥A+ B)I' =T*+T*AT +I“BT

— MOYEPKHYTHIE YIEHBI COKPAIIAIOTCH U MBI TTosrydaeM (2.163).

Bepuuna ' sasucur ot p?, (p')?, pp’ u €, (noka oTBjiekaeMca oT cnuHOB!), HO Ha
nosepxuoctu Pepmu umeeM |p| = |p’| = pr, € = ¢’ = 0, Tak uro 'Y 3aBUCUT TOJIBKO OT
yTJTa MexX Ty BekTopamu p u p’. Besmmunna ' Ha mosepxaocT PepmMy 3aBUCHUT EIE U OT
nepemaBaeMoro ummyJibca. [lockosbky nHTerpupoBanue B (2.163) (B cuty @BHOTO BHIa
A u3 (2.159)) npoucxomur mo mosepxuHoctn ®epmu, To npu |p| = |p’|=prue=¢ =0
OHO TIpefcTaBadgeT coboli 3aMKHYTOe ypaBHEHWE s OonpenesieHnd | Ha TOBEPXHOCTH
®epmu (JI.1.JTanmay, 1958).

IIpu BBIBOme MBI mpeamoJiaraju, 94To 60k U He mMeeT O0COOEHHOCTH TIPU TEpPEma-
BaemoMm ummyibce ¢ — (. [osTomy, cTporo roBopd, Hallle pacCMOTPEHHWE HE TOMUTCA
JJI CJTy9as KyJOHOBCKOTO B3aWMOJEHCTBIA MeXIy depMuoHamMu (T.€. HAIPUMED, JJIA
5JIEKTPOHOB B MeTaslle! ), Ho TpuMeHnMo A5 bepMu — KUIKOCTER ¢ KOPOTKOAEHCTRIEM,
tuma xugkoro He3. HeobxoamMoe obobienne Ha caydail magbHomelicTBua 6ymeT eme
MPOBEIEHO HUKE.

Banuuiem ypasuenue (2.163) B ABHOM BUIe, OTpaHUYIMBAACH CIyIaeM MaJbX ¢. Pac-
CMOTpUM CHadaJia cjaydail, korma [ He 3aBHCHT OT CIUHOBBIX MEPEMEHHBIX YACTHII.
Torga cyMMUPOBaHUE IO CIMHOBBIM WHAEKCAM BHYTPEHHUX JIMHUI (YaCTHUIIBI W JIBIPKN)
HPUBOIUT TPOCTO K MOABJIECHNIO MHOXHUTENA 2 (M1 dbepMuoHoB co cumuoM 1/2). c-
HOJTb3ys ABHOE BhIpaxkeHnue mia A usz (2.159), nomsyunwm:

[(n,n’,q) = T¥(n,n’) +

Z2ppm* qv dQ,
— N—=1 T ' q)— 2.164
+ 72 / (nanl)w —qv, _1_27(“)) (nlan aq) A ( )
rne y(w) = ysignw, (v — +0), n,n’,n; — enquHUYIHBIE BEKTOPHI HaNpaBjeHuii p,p’ u

v;1. Murerpuposanue B (2.164) mpoucxoanT mo yriaM BeKTOpa V.
PaccMorpuM B KadecTBe puMepa cayvait, korma [ (n, n') He 3aBUCHT OT yryia Mex Iy
nun'. Tornau I’ He 3aBUCKHT OT 9TOTO yIJIa U cpasy Ke HAXOAUTCA U3 ypasHenus (2.164):
Fw
I'qw) = (2.165)

1 Ve avz
1- §<I)0 f—l dlw—qu-}-i’y(w)
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. .
rne &g = Z2me7r#. Besmauna "-5F 3mech ecTh HPOCTO MIOTHOCTH COCTOAHMI Ha
ypoBue Pepmmu.

Murerpan B (2.165) Buuncagerca Takxke, Kak u Boime B (2.22) u (2.24), Tak 410

IIOJIydJaEM:

I"CU

wqu
w—qu

Iqw) = (2.166)

1+<I>0{1—;W1n

+indelo(qu - lw))}

2qu

B cayuae kysmoroBcKoro B3aumomeiictsud, npu ¢ — 0 cpenu rpaduKOB, ONPEIETAIONIUX
6ok U (em. Puc. 2-17) nocrarodno (B mepBoM NpUOIMKEHUN) OCTABATE TOJIBKO CAMBIii
MepBbIf Tpad ¥k, HAMKCAB:

dme?

U= e

obpamatonniica B beckornednocth npu ¢ — 0. [Tosarags 7 = 1 n otbpacsiBas HEmoIIOC-
el BRJIan B GG, mosrydaeM:

v, (2.167)

v,
M(qw) = 7 - (2.168)
14+ maey, [1 — =l ‘j—fgg + i i< g(qu - |w|)]
Ipu w > vq orcioma uMeeMm:
dme? v,
I(qw) = = (2.169)
¢ — ThrAme o ( - ”—)

Te. €w) = 1 — :—2, rie wg = %Lez — KBapaT IJiasMeHHoi wactorwl. Ilpm vg > w

moJTy4aeM OOBIYHYIO 1ebaeBCKYIO 3KPAaHUPOBKY:

4me?
9"+ Kp
2
rae th = 46%. Dt d)OpMy.HbI, €CTECTBEHHO, COBIaJalOT C C IMOJIYyYECHHBIMHA BBIIIEC B
RPA.

ITposenennsiit Boille o0mMUK aHAIW3 TMOAPA3YMEBAJ OTCYTCTBUE CHHTYJIAPHOCTH
6moka U mpu ¢ — 0, XxapakKTepHOro Ajd KYyJIOHOBCKOTO B3auMogelicTBud. [losTomy Kop-
PEKTHBIN yYeT KYJTOHOBCKOTO B3auMOIeicTBUA B paMKax o0ieli Teopun hepMu — KUITKO-
ctu Tpebyer, Boobuie roBop4, crenunaabuoro obcyxaenna (B.I1.Cuaun, 1957; P.Nozieres,
J.M.Luttinger, 1962) [9, 10]. PaccMoTpuM Mpou3BOIBHYIO AMArpaMMy IJIs BEPUIMHHOIN
gactu ['. Hazosem auarpammy “nopxompaiuieir” [9], ecau Masbiit uMmysibe nepegadu ¢ He
TMOABJIAETCA HA B OJHON W3 e€e JIMHWI B3amMonelicTBrsA. B MpoTUBHOM ciydae KJacCh-
¢unupyem mmarpammy kakx “Henomgxondiryio” . CoOTBETCTBYIONNE TPUMEDHI MOKA3aHbI
na Puc. 2-20. “Ilogxopsgmue” aumarpaMMbl Jal0T peryadpHbie BKaagsl npu ¢ — 0. Obo-
sHaunM depes [ cymmy Beex “mopxomammx” auarpamMM s BepuimHHOR uwactn. Oma,
0YEBUIHO, TakkKe perysgapna npu ¢ — 0. Torma fcHo, 9T0 TPOW3BOIBHBIN BKJIAM B TOJI-
HYIO BEpIINHY MMeeT CTPYKTYpy, Hmokasaumyio Ha Puc. 2-21. Takum obpazom MoxeMm
3ammucaTh:

[ =T+7TVT (2.171)

The auarpaMMbl LTs 6J10KoB V (9KpaHupoBanHoe BaanMonehcTrue!) n T' mokasaHsl Ha
Puc. 2-22. B ananmrnyaeckom Buge (Puc. 2-22(a)):

V=V, + VIV, + VIV, IV, + ... (2.172)
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(a)

P-P

(b)

Puc. 2-20 MMpumepbr “HenoaxopAwmx” (a) n “noaxoaswmx” (b) nmarpamm B 3apade ¢
KYJIOHOBCKUM B3aMMOAEACTBIEM.
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=

=t
+

=1

Puc. 2-21 OB6wwan cTpykTypa nponsBonbHOro BKNAana B MOSHYH BepLUMHY B 3ajade C
KYJIOHOBCKMM B3aWMOJefCTBAEM.
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npuYem ﬁ, raxxe Kak u T (Puc. 2-22(b)) we comepxkar “HemopxomAmnx” muarpaMm.

Acno, aTo:
v
1=V,II
TaK 9TO o
- TV, T
P =t Ll (2.174)
7!

Beanunnst T, T, IT o61amaior XOPOIIIO ONpeeeHHBIME TpefetaMn npu ¢ — 0 (Tuna ['Y).
MMosromy, Bce obline ypaBHEHNdA /1A aMIJIATY/ paccedHns (BepumH) Teopuu dhepMn —
KUIKOCTH, BEIBEAEHHBIE BBIIIE, OCTAOTCA, GAKTUIECKH, CIPABEMIUBBIMUA IJId “TIOAXOI -
mux” BepnH (aMIUINTYM), TaK 9TO MPU HAJUYUN KYJOHOBCKOTO B3aWMOAEHCTBHA HaL
HUMU HaJO TPOCTO TMOCTABUTEH 3HAK TUIbALI. PU3mdeckn 3ToO 03HAYAET, YTO MBI pasfie-
JdeM TOJHY0 BepmmHy [ Ha KOPOTKOMENCTRYIOIIYIO YacTh [ u gacTs, BKJIIOYATONIY IO
caMocoracoBaHHoe moJie L'jgpng:

[ =T+ Tiony (2.175)

Kak 5To Tokasano na Puc. 2-23. Bemwunna I'jpngy B TOYHOCTH COOTBETCTBYET 3dbek-
TUBHOMY CAMOCOTJTACOBAHHOMY TO.TIO (CKAJAPHOMY TIOTEHIHAITY ), KOTOPOe BBOAWTCA B
reopun Jlaunay — Cusana [11, 9, 10]. TIpu aT7oM Bestuuuna I onuckiBaeT KOpoTKOIeHCTBY-
olne xoppeaayuontsie 3bber T, 1A Hee B KYJTOHOBCKOM (MeTasw) depMu — KUIKOCTH
nunryTCs Te ke HPeHOMEHOJOTHIECKHE BBIPAXKEHU, YTO U B HePMHU — KUIKOCTH C KOPOT-
koneiicteuem (tuma He3) (cm. Huxe). B mpocTpaHCTBEHHO OHOPOIHON cHcTeMe BKJajl
Tiong mpu ¢ = 0 DOTHOCTBIO KOMIEHCHPYeTCA MOIOKHUTEIBHBIM hoHOM (MoHOB). Ero
POJIb CYIIECTBEHHA B KMHETUIECKOM ypaBHenuu Jlanmay — CusimHa, OMUCHIBAIONIEM KOJI-
JIEKTUBHBIE KoJslebaHua MeTaindeckoit dpepmu — kuakoctu [10].

13 mpembIAyIero pacCMOTPEHHs ACHO, UTO UMEHHO Bemumia 22T u urpaeT po.b
aMIIJIATYIBI paccesdHus KBa3sUYacTUI] B PepMu — KUIKOCTU. 3aMETHM, UTO BEJIUUUHA
'Y (mpm w — 0) BelmecTBeHHa (PMUTOBA MO CHWHOBBIM HHIeKcaM). B camom neue,
'Y mpencraBisger coboit aMIJINTYAy paccesiHUs JABYX 9YacTHIl B cpefe (KUIKOCTH) Ha
HyaeBoit yron (vg € Fp). MHuMad 9acTh aMIUIMTYIBI PACCEAHUA BIEDE, C MOMO-
IIHIO ONTHYECKON TeopeMbl KBAHTOBOW Teopmu paccesdHus, BHIpAXKaAeTCA depes3 TOJTHOe
cevenne paccednus dacTuil. Ho ceuenne paccednus dacTuIl obpairaerca B HYJIb, KOTAa
AMITYJIBCHI 9aCTUTL CTPEMATCA K UMY Ibcy Pepmu, MTOCKOIBKY B 9TOM CJIy9ae CTPEMUTCA
K HyJi0 daz3oBbiil 00beM Koneunbix coctoguuii. Umenno mna 'Y u BBommTcA oOBIYHOE
dbenomenonornyeckoe npenacrasaenue (JI.J.Tanmay, 1958):

w M PP

7Z'T —— = f(po;p'a’) = f° + (67 f° (2.176)

npudeM f° u f? 3aBHCAT 37€Ch TOJBKO OT yryla Mexay p u p’ (KoTopble Jiexar Ha
nosepxHocTn PepmMu), TaK ITO OOBIYHO BBOAAT pazsIokKeHue Mo noauHoMaM Jlexanmpa:

2 o0

T
50 = —— FP%Pi(cos b 2.177
SOEE= WL @.177)

rne F*% — GespasMmepnble mapaMeTphl (KoHcTaHThl) Jlanmay, onuckiBaone depmu —
KUIKOCTHOE (Koppesdruonnoe) B3anmoseiicTsue kBasugactui .

10 B paMKax (beHOMeHOJIOI‘I/I‘{eCKOI‘O moaxona 3STHU KOHCTAHTBI IIOAJIEXKAT OINpeneJIEHu0 u3
SKCIIEPpUMEHTA.
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(b)

Puc. 2-22  uarpammsl ans sddektusHoro (akpaHnpoeaHHoro) ssammopencTenn (a) u

onpepenetne bnoka T (b).
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Puc. 2-23 Tlonnas BepwuHa B Teopun chepMn — XUAKOCTA C KYNOHOBCKUM B3aWMOAE-
cteuem. Btopoe cnaraemoe B npasoi YacTu npeactaBnseT a¢ekTMBHOE caMocornacosaHHoe
none (ckanApHbIA NoTeHUNan).
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Pemrenne nnTerpansroro ypasuenna (2.164) ana ' MoxHO, TpU 5TOM, UCKATh TaKKe
B BUIE:
*
2 ™M pF - ‘
7 = [ =p+ (3 )0 (2.178)

Torma A7a ¢ U 1 BOSHUKAIOT CJIEAYONINE ypaBHEHUS:

Qo(n7 n’, q) =f (n: n/) +

s qvy / dQl P
+ [ rem) e 2 (2179)
Y(n,n’,q)= f*(n,n') +
a qv, ’ dQl .
_— — 2.1
+/f (n,n1)~ _qv1+i7(w)¢(n1,n ) (2.180)

Ecsim unTEpECOBaTHCA KOMIEKTUBHBIME BO3OYXKIEHUAMEI B HEPMU — KUIKOCTU, TO CJIE-
JIyeT UMETh B BUY, YTO OHU OMPEAETAOTCA MOJTI0caMu IByXdacTudnol dyukmun ['puna
B KaHaJle JacTulla — JbIpKa, KoTopas onpesesdeTca ypasHenueM (2.139):

K = Ko — GGTGG (2.181)

Cuoaraemoe K 3/1eCh IM€EET MOJTIOC, COOTBETCTBYIONINY TOJTHKO CyMMapHO# sHeprun IBYX
CBODOIHBIX YaCTHUII, TAK YTO TOJIOCAa K, COOTBETCTBYIOIINE KOJIJIEKTUBHBIM BO3OY XK Ie-
HUAM, UMefoTca ToabKo B ['. B6smsu Takoro nomoca B (2.144) MoxHO mpenebpedn He-
OJTHOPOJHBIM YJIEHOM U HAMUCATH:

I =UGGT (2.182)

Ecsan Temeps orpaHndnThcd BO3OYKIEHUAME ¢ MaJIbiME ¢ & pp 1 w < Fp, To MOXHO
BOCIIOJTE30BATHCA MEPEHOPMUPOBAHHBIM ypaBHeHWeM mad [

[ =T%+T¥AT (2.183)

pelienne KoToporo cyenyer uckarh B Bume (2.178). CooTBeTcTBEHHO, B CUCTEME BO3-
MOXHBI 3BYKOBbIe KoJiebanua (Hysesoit 3yk)!!, omuchiBaeMbie ¢, 1 CIMHOBBIE BOJIHBI,
onmchIBaeMble 1. PaccMoTpum mompobHee cJydail HyJieBoro 3BykKa. U3 ypapHeHHmsa
(2.179), BO6/IM3M MOMTIOCA, TTOJTydaeM:
v dQ
’ _ s av, ’ 1 ‘
e(n,n',q)= [ ff(n,n)——————p(ny,n’, q)— (2.184)
w— qvy + iy(w) A7
B6smsn mosmoca, COOTBETCTBYIOLUIETO KOJIIEKTUBHBIM KOJIEGAHUAM CO CIEKTPOM Wq, Be-
JIMYMHA (0 MOXeT OBITH 3almmcaHa B BHIE:

(n,n’) = 7X£2)'_"Edr‘2/)2wq (2.185)

Takad cTpyKTypa pelleHUs MOXKET ObITh olpaBiaHa W3 obumx coobpaxenuit [8], nma
HAC JOCTATOYHO CKa3aTh, 9TO MBI IPOCTO UINEM pelleHue B TakoM Buie. Torma mga y(n)
BO3HUKAET ypaBHEHHUE!

(n) = s n.n qvy (n ﬁ ‘ .
x( )—/f( D) qv1+i7(w),x( Db (2.186)

11711 mpocToTHI MBI ceffdac OrpaHHmYMBAEMCH PACCMOTpeHmeM (GepMH — KUIKOCTH C KOPOTKOIel-
crBueM. Pusmdecku HyeBol 3BYK mpencrasiser coboll He TpocTo KosieGaHus MIOTHOCTH JKUIKOCTH, &
ocrusraATHR dbopMmbl ioBepxHocTH Pepmu [10]
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BBG,HGM, IO ONIpeAeJIEHNIO, BEJINYUHY !

vq

p(n) = mx(n) (2.187)
I nee us (2.186) BosHUKaeT ypaBHEHUE:
dQ2
(w—vaq)p(n) = vq/fs(n, nl)P(nl)T; (2.188)

KOTOPOE COBIAMAET C KUHEMUYECKUM YpasHeHueM HEHOMEHOIOTHIECKOH Teopun Jlangay
IJ1d u3aMeHeHus GyHKIMA pacupeneiennd Kpazudactur [10].

MMogcrum sT0 mompobuee. Masioe namenenne byHKIUE pacipeneseHnsa hepMu — rasa
(a kBasm9acTUIBl B HhepMn — KUIKOCTH, HaKTHIECKH, 06pa3yloT MMEHHO TaKO| ras) mpu
MaJIBIX ¢ ¥ W TMOAYNHACTCA KHUHETUIECKOMY YPaBHEHUIO BUIA:

(w—va)ifq(p) = _q%i;vq(p) (2.189)

rae fo — paBHOBecHas (dbepMueBckasn) GYHKIMA pacrpeseseHus, a cCaMOCOTIacOBAaHHOE
nodte (morennnan) V,(p) cBA3aHO ¢ H3MeHeHHeM JYHKINH PaclpeleseHUs CIeLyOInM

COOTHOH.[GHI/IGMlZZ

vie) =2 [ U(ILP')Wq(I)')% (2.190)

rne U(p, p’) — ammautyna B3anMozieficTBIA MEX Ty JacTUNAMA B MMITYJIHCHOM TIPEICTa-
Biiennu. Mcnonb3ys Tenephb:

9 _ P,
dp Ip|

U TIEPENUCHIBad HEPABHOBECHYIO M0OABKY K DYHKIINNA paCTpeIeseHns KakK:

(Ipl = pr) (2.191)

6fq(p) = é(Ip| — pr)p(n) (2.192)

IIOJIyH9aEM:
m’p dQ o
(w—vq)p(n) = vq TQF /U(pypl)P(nl)T; (2.193)

npu |p1]| = |p| = pr. Cpasuenue ¢ (2.188) naer:

2

Ulp,p1) = ff(n,n1) = Z°T¥(p,p1) (2.194)

m*pp
rae depes 'Y obosHaunau GecCIUHOBYIO YacTh aMIJTUTY/IbI.

Pacemorpum perienne (2.188) mna npocteitero ciydasn, korma f*(n,n’) = Fy, T.e.
CBOINTCA K €INHCTBEHHON KoHcTaHTe. Torma (2.188) CBOIMTCA K:

) = —Lri [ plan) 52 (2.195)

w—vq 4T

12 menno x Vq(p) B Teopuu Jlanmay — CuimHa HyXHO enle I106aBUTH BKJIAl CAMOCOTJIACOBAHHOTO
CKaJIApHOTO MOTEHITHAJIA, OIMPEIEIAONIErO 3JTEKTPAIECKOE TI0JI€, KOTOPBI Oompene/IaeTCA COBMECTHBIM
pellleHneM KHHETHYIeCKOTO ypaBHeHUA W ypaBHeHHU:A |lyaccoHa.
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BoimosiHaAs mHTErpUpoBaHue 1o yriaMm (Kak MBI 3TO yXKe Jesajiu paHbllie), ToIydaeM
ypaBHEHUE:

Lo
e = 1-"Z1n
Fo 2vq
pelllenre KOTOPOrO W JaeT 3aKOH JUCIEPCUU HYJIEBOTO 3ByKa. BelllecTBeHHad 4acToTa
(oTCyTCTBHE 3aTyXaHUA) COOTBETCTBYET OOIACTH |w| > vq, HMIH, €CIH ODO3HAUATD Wy =

svq:

W+ vgq
w — vq

-l .
+ m?vq O(vg — |w)) (2.196)

1 s 1 s+1

— =21 _

Fy 2 s—1
Herpynmo BumeTh, 9To MpaBad 9acTh 37eCh MOJ0KUTETbHA, TO3TOMY HYJIEBO 3BYK BO3-
MOXeH ToJsibKO Tipu Fy > 0. B npenebHBIX ciaydadx:

1, rme s>1 (2.197)

sPm0 =142 % sp_oo =\/Fo/3 (2.198)

B zakmiouenue, npuBeneM 6e3 meTaseil BHIBOAA PAS OCHOBHBIX COOTHONIEHWH CTaHIApT-
Hoit Teopun dpepmu — xkuakoctu [10]. B wacTHOCTH, € UCTIONB30BAHUEM TAJIMJICEBON WH-
BapMAHTHOCTH, MOXKHO TTOKa3aTh, 4TO > deKTUBHAA Macca M™ OMPeNeTaeTca MPOCThIM

COOTHOIIIEHUEM | " FS
m
— =14 L 2.199
- +3 ( )
CoOOTBETCTBEHHO, TEMJIOEMKOCTD (DEPMU — KUIKOCTH (HpI/I T = 0):
m*
c=—cg (2.200)
m
rage ¢g — TEIJIOEMKOCTD d)epMI/I — ra3a.
MaI‘HI/ITHaSI BOCIIPUUMYNBOCTD!
m* 1
O — 2.201
X m 1+ Fg Xo ( )

TJE Xo — BOCOpUMUMYNBOCTDH NOEAJTBHOTO d)epMI/I — rasa. AHAJOTUYHBIM o6pa30M, CXKHUMa-
€MOCTb ('bepMI/I — KHUIOKOCTH €CTh:

1

-, 2.202
T (2202)

m*
K=—
m
Tle Ko — CKUMaeMOCTh (pepMu — rasa.
Ucmonb3ysd 3T COOTHOUIEHUA MOXKHO MPUATH K HEKOTOPHIM obmimM BbiBomam. Ha-
npumep u3 (2.201) un (2.202) cpasy cieayorT yCaoBuA YCTORINBOCTH OMHOPOAHOM dhepMn
— KUIKOCTH:

1+ F§ >0 1+ F; >0 (2.203)

B camom mene, 1 4+ F§ < 0 npuBesio 661 K OTpPUIATENBHOM CKUMAEMOCTH (UTO MOXKET

03HaYaTh, YTO B CHCTEME MIPOUCXOANT CTPYKTYPHBIH (asoBbIil mepexon, KOTOpHIi mepe-

BOJIMT CUCTEMY B HOBOe ycToluuBoe cocrosuue!). Obmmnii ananns ycrofiuusoctn dhepmn

— KUIKOCTH (I/I.H.HOMepaquyK7 1957) JaeT cJIeAyoline HEPaBEHCTBA, KOTOPHIE TOJTKHBI
VIOBJIETBOPATHCA AJIA Beex [:

1

1+ —F"*>0 2.204

204171 ( )

Hanpuwmep, ana | = 1 ycoosue (2.204) rapanTupyer nosoxunreabrocTs m* us (2.199). Us

(2.201) BumHO, YTO AJIA CUCTEM, GJIU3KNX K MAaHUTHON HEYCTOHYMBOCTH, MOXKET OBITH
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1+ F§ < 1. Beauuuny »Toro mapamMeTpa MOXKHO 3KCIEPUMEHTAIBHO OMPENENTh U3
M3MEpEeHnii BOCIPUUMYMBOCTHA M TEIJOEMKOCTH, HaXold TaK Ha3bIBAEMOE OTHOIICHUE
Buibscona:

2T 1

Rw = =
VT BuLe 1+ F¢

(2.205)

HedepmmxknaokocTHOe mmoBeneHUe.

Kpome HOopMaabHOW hepMu — KUIKOCTH CYHMIECTBYET ellle MeJIbI Pl TUIIOB OCHOBHOTO
COCTOAHUA MHOTO3JIEKTPOHHBIX CUCTEM. B 4acTHOCTH, cCUCTeMa MOXKET mepeiiTu B cBepx-
MPOBOAAIIEE COCTOAHUE, BOZMOKHBI PA3INYHbIE TUMBI MATHUTHOTO YIOPATOYEHUS WU
COCTOAHNA C HEOJHOPOJHBIM PaclpeiesleHueM 3apana (BOJTHOR 3apaa0BOH IIOTHOCTH —
CDW). HekoTOpBIE U3 9TUX COCTOAHMIT MOIYT OBITH Tna/ieK Tpudeckumu. MHorne us sTux
BO3MOXHOCTEH MBI ettie OyieM obeyxk math Huxke. Ho cyuecTByeT u obmuit mpuHIUIHAb-
HBI{l BOMPOC — ABJAAETCA-JIN (DEPMU — KUAKOCTH JlaHAay €IMHCTBEHHBIM BO3MOXKHBIM
COCTOAHUEM HOPMAJBHOTO MeTasljia, B KOTOPOM HE BO3HUKAET KakKoil — Jiubo masibHui
mopanok? IYra mpobsieMa aKTUBHO 0OCYXKIAETCA B MOCJETHUE TOIBI, OCOOEHHO B CBA3H C
dbusukoii BricoKoTeMIIEpaTypHBIX cBepxmpoBogunkoB (BTCII) Ha ocHOBe OKCHIOB MeN.
HedepMmmkuarocTHoe OBeicHne, KaK MPABUIIO, PEAJUIYETCHd B OJHOMEPHBIX MOJIEJIAX,
ocHOBomoTaraomuit mpumep momean Tomonara — JlarTuukepa OyIeT pacCMOTpEH B ca-
MomMm kowte namwux Jeknuit. BTCII cucteMbr oTHOCATCA K TMOTpAaHUYHOMY CJIyYaio JIBY-
MepHBIX (KBasWABYMEPHBIX) CHCTEM, BOMPOC 00 MX OCHOBHOM COCTOSIHUW OCTAETCA, B
3HAYUTEJHHON Mepe, OTKPBITHIM. [Ipu 9TOM [Jid HUX CYIIECTBYET TeJbil pay “ciieHa-
pues” dhopMupoBaHusa He(HEPMUKUIKOCTHOTO MTOBEACHUA.

3/1ech MBI OCTAHOBUMCSH TOJIBKO HA OYEHB KPATKOM 00CYXKIEHUN MOIEIN TaK Ha3bIBa-
emoit “maprunasbuoii” dbepvu — xuakoctn [13]. B aToit Teopun npednoaazaemeal®, aro
MOJIAPUBANMOHHBI oTlepaTop a/ekTponHoii cuctemsl I(qw) He nMeeT 3amMeTHON 3aBUCH-
MOCTH OT (], & €r0 YaCTOTHadA 3aBUCUMOCTE €r0 MHUMOIl 4acTu UMeeT BUJ:

—N(Ep)% upn w T

—N(Ep) mpn T<LKw <K w, (2.206)

Imll(qw) =

3mech w, — onpeaeseHHasd IacTOTa 0Ope3aHud, MpPUYeM TMpeamoJiaraeTcsd, 9To w, <& Fp.
Ncnonb3ya aucnepcnonubie cooTHomenna Kpamepca — Kpornra, MoXHO BOCCTaHOBHTH
BU netictBuTenbHOM vactu II, coorBeTCcTRYIOMNMI (2.206):

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

C mOMOIIBIO 3TUX COOTHOIIEHUN MOXKHO OIEHUTH COOCTBEHHO — YHEPTETHYECKYIO YaCTh
3JIEKTPOHA, ONpeesigeMyio nuarpammoit Puc. 2-24:

S~ Ae |In— + igsigne (2.208)

c

rne © = Maxz(e,T), a A — HEKOTOpas KOHCTaHTa B3auMoeiicTBIA.

13E)TI/I IIPEOIIOJ/JIOKEHUA COOTBETCTBYIOT KAYECTBEHHOMY IMOBEAECHUTIO 3JICKTPOHHBIX ceoiicts BTCII Ky-
nmpaToB B HOpMaJIbHOM COCTOAHWH.
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Puc. 2-24 CobcTBeHHO — sHepreTMdeckas 4HacTb B Teopun 'MapruHanbHoi cepmu —
XULKOCTH.
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Torna, ucnobay# (2.49) cpasy ke mosydaem:

1 1
7= s ™ (2.209)

= (%)

Takum o6pasoM TosTydaeTcsd, 9T0 BBIUET B oJtoce yHKIuM ['prHa cTpeMuTed K HYJTIO

mpu Tepexofie Ha camy ToBepxHOocTh PepMu, Tak YTO KaK pa3 Ha Hell KBA3WIaCTUIIHI
yXe He onpenesnensl! 3aTyxanne KBa3NdacTHIl, oNpeIeaaeMoe MHNMOi acThio X (2.208)
JUHEHHO 1o 3Hepruu, oTcuuTanHHoi oT ypoHa Pepmu: v ~ €. [losToMy KBazmIacTUITHI
OIpeesIEHBI TOTBKO “MapTuHaIbHO” (B oT/IM4ne OT Teopun JlaHmay, B KOTOpOii, Kak MBI
BUJIE/TH, IMEEM OIEHKY ¥ ~ £2).

Y10 MOKET TPUBECTH K TAKOMY MOBEIEHUIO B HACTOAIIEE BPEMA HE BIOJHE ACHO, XOTH
deroMeHoTOTMA “MapruHaIbHOR” (hepMu — KUAKOCTH HEIJIOXO OMUCHIBAET OCHOBHBIE
anomaJsnu 3aekTporHbix cBolicts BTCII B Hopmassmoit daze. [losTomy, B wacTHOCTH,
OHA MOJIB3YETCH ONMPENEJIEHHON TOMyIAPHOCTHIO TPU TOATOHOYHOM OMUCAHWN 3KCIEPU-
menTOB [13].

3amMeTuMm, 4TO 0OCYyXK gaeMasd MpobiieMa TECHO CBA3aHA C MOHMKEHHONW PasMePHOCTHIO
U3y4aeMBbIX cucTeM. Kak yke oTMeYasioch, B OJJHOMEPHBIX MOJEJIAX B3aUMOAEHCTBYIO-
WX 3JIEKTPOHOB Teopuda dbepmu — kugkoctu Jlammay “me paboraer” mukorma. Muorue
TEOPETUKY CYUTAIOT, YTO AaHAJOTUYHAA CUTYAldd PEAJTUIYETCH U B IBYMEPHOM CJIYUAE,
xapaktepaom assa BTCII cucrem. [Ipu aTom cuntaerca, 9to pusndeckad TPUINHA aHO-
MAaJIbHOTO TIOBEMEHNA CBA3AHA C HAJIUYUUEM CUADHBIT MEHCIACKMPOHHBIT KOPPEAAUUL,
KOTOPBIE HE yIAETCA OMUCATH B OOBIYHOM (HEPMUKUIKOCTHOM TIOHAXOMAE, TAK WU WHAYE
CTapTYIONIEM C KapTUHBI OCHOBHOT'O COCTOAHUA TUNA UAEAJTbHOTO hepmu — raza. B Toxe
BpeMd, TEJbIl pA AeTAJbHBIX UCCJETOBaHW MOKa3aJi, 9TO, CKOpee BCero, ¢gepMu —
KUJKOCTHOE ONMUCAHNE COXPAHAETCA U JJIA IBYMEPHBIX (KBa3sMABYMEPHBIX) CUCTEM.
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I1aBa 3

IJIEKTPOH — ®POHOHHOE B3A-
MMOOEUCTBUE

IIpaBuia nuarpaMMHONR TE€XHHUKH.

DOHOHBI MPEACTABAAIOT cobol KBaHTHI Kosebanuit kpucrasiundeckoit pemrerku. PoHOHBI
OBIBatOT aKycTuIecKue u onTudeckue. OTandne MexX Ay HIMHU COCTOUT B TOM, 9TO 4aCTOTa
akycTudeckux GHoHOHOB obpaiaercda B Hy b mpu k — 0, a gacTtora ontudeckux ¢GHoHO-
HOB OCTaeTCd B 3TOM Tpelesie KoHedHolt. AkycTudeckue ¢hOHOHBI CYNIECTBYIOT BCETHA —
570, paKTUIeCKn, TOJACTOYHOBCKAA MOMIA, CBA3aHHAA C HAPYIIEHWEM TPaHCIIATMOHHON
nHBapuUaHTHOCTU cucTeMbl. OnTudeckre (DOHOHBI CYIIECTBYIOT TOJBKO B KPHUCTAJIIAX,
conepkanmx H6oJiee OTHOTO aTOMa B 3JEMEHTapHON d9elike.

Jaa onucanug cuekTpa POHOHOB 4acTO MOJB3YIOTCH YIPOIIEHHBIME Momeaavu [le-
Gaa n Ditnmrefina. B monenn ebasa cuekTp dboHOHOB Mosaraerca paBHbIM wo(k) = ck
(¢ — ckopocTh 3ByKa) mpu Bcex k < kp. B mMomenm Diinuireitna yactota GHOHOHOB MO-
JlaraeTcsl He 3aBHCALIEH OT BOJHOBOrO BekTopa: wo(k) = g mpm Bcex sHaveHuAX k.
HebaeBckue (HOHOHBI — YIPOIIEHHAsA MOJAETh aKyCTUYECKUX (hOHOHOB, a IUHIITEHHOB-
CKUe — ONTUYECKUX.

N3-3a Toro, 4To Aapa KPUCTATIMIECKON PENIETKN 3apAKEHDI, (POHOHBI MOTYT B3am-
MozelicTBOBAaTH ¢ aJiekTpoHaMu. [Ipu KosrebaHuaX PEueTKr 3JIEKTPUIECKOE TOJIE AIED,
HelicTByIOIee HA 3JIEKTPOHBI, OTKJIOHAETCA OT cpenHero. [loTennuasn BOSHUKAIONIETO T0-
6aBOYHOTO TOJA MPUHATO HA3BIBATH JePopMAUUOHHBIM NOMENYUALOoM. B punnAnEe, M3-
3a TOTO, YTO KYJOHOBCKHE CHJBI JAJbHOAEHCTBYIOMNE, B3anMOACHCTBIE 3/IEKTPOHOB C
¢oroHaMU MOTJTO OBI OBITH CHIBHO HEJTOKAJIBHBIM. B meficTBUTeTbHOCTH, KaK MBI BUIETN
BBIIIE, 3TO 3JEKTPUUECKoe Mose (B METaJIe) XOPOIIo 9KPaHUPYeTCs, O2TOMY, B OOJIb-
NIMHCTBE CJIYYa€B, 9JIEKTPOH — (DOHOHHOE B3aUMOAEACTBUE MOXKHO CINTATEH JIOKAJTBHBIM.
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CBa3b gedopMaIrOHHOTO MOTEHIIAAIIA CO CMEIIEHNEM PENIETKY PA3TUIHA JJId OMTH-
YecKUX W aKycTuIecKuX GoHoHOB. [Ipu akycTrdeckux KoaebaHnAX COCEMHNE ATOMBI CM€e-
AOTCA MOYTH OAMHAKOBO. [lo3TOMY 3/IeKTpUdecKoe ToJIe OYTH He MeHdaeTcd. Ero ns-
MEeHEHWE MPONOPIMOHATBHO PA3HOCTU CMENIEHU COCEHNX aTOMOB, a JeOpMAaIMOHHBI{
notentman Ug_q. ~ diva, tae u(r) — cMemenne. B ciaydae ontudeckux ¢GHOHOHOB co-
CelHMe aTOMBI KOJIebIoTed B IpoTuBodase, Tak 910 Ug—,p ~ u(r). UTobsl mpencraBuTs
B3auMoIeficTBIE eMUHBIM 06pa3oM, BBeleM (5pMUTOB!) orepaTop hOHOHHOTO MO B BUIE

(1]:
PYSI wo(k) 15 ikr—iwo(k)t 54+ —ikr+iwe(k)t .
G(rt) =i gk 1/ v [bke o _ bye X (3.1)

rae by, Bk — omepaTophl POXJIEHNA M yHHYTOXeHNns (hoHOHOB, V — obbeM cucrembl. Torma
o(r) ~ Vu(r) mia akycrnaeckux GoHoHoB 1 ¢(r) ~ u(r) a1a ontudeckux dononos. Co-
OTBETCTBEHHO, TAMUILTOHNAH B3aMMOACHCTBIA 376K TPOHOB ¢ (hOHOHAMNU 3aNMCHIBACTCH
caemyionumM obpazom [1]:

Hint = ¢ / drit (x)d(r) p(x) (3.2)

e g — KOHCTaHTa 3J1eKTPoH — doHoHHOTO B3anMozeiicTBuga. ['amuiasronuan (3.2) comep-
KUT TMPOCTO MPOU3BENEHUE 3JEKTPOHHON TIJIOTHOCTH Ha AeDOpPMAIMOHHBIN MTOTEHITHA.

lIpaBuna mmarpaMMHOW TEXHUKHW [Jid 3JEKTPOHOB U (DOHOHOB BBITVIAAAT MOYTH
Takke, KaK W IJd IByXdacTudHoro Bzammonehicrsuga [1]. Ilsia pacuera asekTpoHHON
dyukmun [puna npu T = 0 umeem:

o OTiMYHBI OT HYJAd TOJBKO JWAarpaMMbl 9€THOTO TOPHAIKA 10 B3aWMOIEHCTBUIO.
Huarpamma nopsanka 2n comepxuT 3n + 1 BHyTpeHHUX (37€KTPOHHBIX U POHOH-
HBIX) JIWHUH U 2n BepUINH, 4TO cooTBeTCTBYET 3n — 1 — (2n — 1) = n HesaBUCHMBIM
UHTETPUPOBAHUAM. BceM JIMHMAM TPUNUCHIBAIOTCA ONpENesEHHbIE 4-UMIYJIbCHI,
KOTOPBIE COXPAHAIOTCA B BEPIINHAX B3aUMOMIEWCTBA.

® DJIEKTPOHY COMOCTABJIACTCA CRAOUHAA JTUHUA, KOTOPOW OTBEYAET BHIpAXKEHUE JJI
cBoboanoi Gpyukmun ['puna:

_ 6@/3 a9 «
Go(p) = = €(p) + ibsigné(p) e 6— +0 (3.3)
MpUYeEM
£(p) = fm —pu~op(lp| - pr) (3.4)

— DHEPTeTHYECKU CHEKTp CBODOMHBIX (HEPMUOHOB, PHEPTUA KOTOPBIX OTCYUTHI-
BaeTcs oT ypoBHA PepMn (XMMUYECKOTO TOTEHIMANA (), PF U Up — WMIYJIbC 1
CcKOpocTh Ha moBepxHOCTH Pepmu.

o [Tynxmupnoti JuHUE comocTaBigeTca Gpypbe — obpas doronnol Gyukiun ['puna:

wii(k)
)= m T e ST 35)

e IIpoBoANTCA WHTErpWpOBAHWE TI0 7 HE3ABHCWMBIM WMIYJIbcaM W HgacToTam (4-—
UMITYJTECAM).
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e Pesyanrar ymuoxaerca na kosdbdumment (¢)2"(27) 7 (1) (2s + NI (= 1), e F
— YUCJIO 3aMKHYTHIX (DEPMUOHHBIX TETENb, & § — CIUH (hepMUoHa ([J1g 2JIEKTPOHA
s = 1/2, rak uro dbakTudeckn y Hac Bcerma 2s + 1 = 2).

IMpu 7" > 0 Bce aHAJOTHYHO:

o Kaxmofi crtomuoi (2/IeKTpOHHOl) JUHUN ¢ UMIYJIBCOM P U Maly6apoBCKoOi da-
croToii €, = (2n + 1)aT comocraBiageTcs BbIpakeHUE:

Sap

Go(EnP) = m

(3.6)

o Kaxmoit pononmoii (HyHKTMpHoﬁ) JuHUN ¢ uMayabcom k u gactorolt wy, = 2amT
COTOCTaBIACTCA:

wi(k)

Do(k) = ————2— 3.7
O = am G0
e Pesyabrar yMHOKaerca Ha Koabdumment g2 (—1)" sl (27r)3” (2s + DI (=1D)F  tne F

OIATH 0DO3HAYAET YUCJIIO (bepMI/IOHHbIX neTesib guarpaMMbl, a § = 1/2 — CIIMH
AJIEKTPOHA.

TTpuBenennsiil B muarpaMMHBIX TpaBuiiax BUI dboHOHHON dyHKIUN [ puHa cOOTBETCTBYET TPUHATON

B (3.1) HopMuposke dononnoro oneparopa [1]1:

wo(k)

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

B smreparype 9acTo ECHo/b3yeTcA U Apyrad HOPMHEPOBKA [5):
o(k) = by + b+, (3.9)
Torma dyrkmma I'pura cBoGomabIx GOHOHOB TPpUHEMAET BHI [5):
1 ~ 1 3 2wo (k)
w— wo(k) + 16 w+w0(k)—i5_w2—w0( )+ 168

(jOOTBeTCTBeHZ[—IO7 IIpHU UCIIOJIb30BAHUMW PA3HBIX HOPMHWPOBOK, BOSHUKAIOT ONpEeNe/JIEHHBIE OTJIMYIUA B 3a-

Do(kw) = (3.10)

IHCH MATPHYHBIX 3JI€MEHTOB 3JIEKTPOH — (OHOHHOTO B3aMMOIeHCTBHUHA, KOTOPhIe KOMICHCHPYIOT 3TH
pasamgud, Tak uTo PUIMUECKHe Pe3yIbTaThl OCTAIOTCHA OJMHAKOBBIME. DTO BAXKHO IOHMMATE IPH CPaB-
HEHUW pe3yJIbTaToB pa3/IMYHBIX aBTOpoB. llpm mcmosbsoBaHmn (3.9) TaMHMJIBTOHMAH B3amMonelcTBhA
(3.2) sammceBaerca kak [5] (@A kparkocTr mostaraeM smech Vo= 1):

Hint = gza;+kap(bk +oh) (3.11)
prk

Ho ecsmm mcnonpsoBars HOpMHEpPOBKY (3.8), To HmMeeM:

Hipp = gz V2 ) af  xap bk + 67 (3.12)

YTO IPUBOOUT K PaA3/JINYUIO B OIIPENEJIEHNN KOHCTAHT 3JIEKTPOH — (bOHOHHOI‘O B3amMOIeNCTBUA. B wacrhrO-

CTH, IJIA COOTBeTCTByIO].L[eﬁ 6espa3MepHof/’1 KOHCTAHTHI B OT€9E€CTBEHHON JATepaType 49alie UCIoJab3yIT

[1]:
¢ =g%vp (3.13)
Torga, Kak B “samamHoit” smmreparype o6BIYHO TIMIIYT:
272
A= 2 F (3.14)
wo (k)

1 orommoMy unTare 0 mMOIE3HO YOEIUThCA B GHM3HIECKOH 5KBUBAICHTHOCTH 3alucell, IPUHATHIX B
(3.1) m (3.8.)
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ITpamoe cpasrenne (3.11) m (3.12) maer:

WO(]C)
2

s=21 (3.15)
B manpHeliniem MBI cTapaeMcs MpHIIEpKHABATHCA obosHadeHmi [1].

Boruucsienne cobCcTBEHHO — 3HEPTETHYECKON YacTU 3JI€KTPOHA TO3BOJIAET, B TPUH-
1uIe, HafiTH CHEKTP 3JIeKTPOHOB C YYETOM 3JIEKTPOH — (POHOHHOTO B3aUMOMEWCTBULA.
Il onpenesienns cnekTpa GOHOHOB HYXKHO HaiiTu mosoca ¢ononnoit dynknun ['puna
D(wk). Kak u mgoia dyukiun I'puna ssexrponos G(Ep), nius dononnoit dynkmun ['puna
MOXHO TMPOBECTH BhiejeHnE COOCTBEHHO — HEPrETUYECKOil dacTu, koTopasa dakTude-
CKU ABJIAETCA NOJIAPU3ANMOHHBIM onepartopoMm II(wk) ¢ monpaskamu ot a1ekTpoH — do-
HOHHOTO B3amMoJieficTBUsA, Kak »To mokasaHo Ha Puc. 3-1. Ypasuenme [laiicona miis
domnonnoit dyukmun ['puna mmeer BU;

D(wk) = Dy(wk) + Do(wk)g?Tl(wk)D(wk) (3.16)
1 MMEET DEUICHUE!:
D™ (wk) = Dy (wk) — ¢*TI(wk) (3.17)
COOTBGTCTBGHHO, CIIEKTD (‘l’)OHOHOB ONpeaeadeTCd ypaBHEHNEM!
Dyl (wk) = ¢’ TI(wk) (3.18)
Ecan BBecTnm 6e3pasMepHyio KOHCTAHTY 3JIEKTPOH — (POHOHHOTO B3amMMOAEHCTBHA Kak
( = g21/p (I/F = 2”;1;;3 - TJIOTHOCTH cocTodAHuUit Ha ypoBHe PepMu B pacyeTe Ha OIHY

MPOEKITNIO CITMHA), TO ONEHKa W3 oOINX coobpaxeHuit naer obbrano { ~ 1. MosTomy,
Ka3aJioch Obl, CBA3b 3JEKTPOHOB ¢ (hOHOHAMU BCEr/la ABJAETCH TOCTATOYHO CUJILHONM.
Ho okasbiBaeTcd, KaK MBI YBUIUM HUXKE, B pacCMaTpUBaeMoOl 3ajade CyNIeCTBYET HO-
MOJTHUTETLHBIA TTapaMeTp MaJIOCTH, TTO3BOJAONINH HARTH JOCTATOUHO TIPOCTOE PElleHIE
6e3 MPENmoIOKEHN: O MAJOCTU . DTO TaK HA3BIBAEMBI mapamMerp ananabaTHuIHOCTH
o~ \/% < 1 (3mech wp - nebaeBckas gacTora, m — Macca »JdeKTpoHa, a M — macca
nona). Jlesio B TOM, 9TO MOHBI, BBULY WX GOJIBIION MacChl, IBUTAIOTCS TOPA3I0 MEJIIEH-
Hee, HeXen 37eKTpOoHbl. COOTBETCTBEHHO, 3JIEKTPOHBI HE MOTYT “packadaTh’ peNIeTKY,
BMECTO 5TOTO OHM “TOJICTpamBaioTca’ TOJ, ee JIOKaJIbHYI0 KoHpuryparmnio. Mbl yBUANM,
YTO B pe3yabTaTe 3JeKTpoH — GOHOHHOE B3aUMOJIEHCTBIE HE MPUBOIUT K PA3PYIIEHUIO
bepMUKUIKOCTHOW KapTUHBI.

CobcTBeHHO — HeprerTrnu4dYecCckad 4YacCTb 3JIEeK-
TpPOHA.
Paccmorpum [3] mpoctefimuii BkJIam B COBCTBEHHO — 3HEPreTUYECKYIO YaCTh JIEK-

TpoHa, onpenesigembiii rpacdukom Puc. 3-2. CoorBeTcTByIOlIEe aHAJTUTUIECKOE BBIpa-
KeHUe UMeeT BUJ (N1 coiydas B3auMOJEHCTBIA ¢ aKyCTHUEeCKUMHU (DOHOHAMM ):

: 9 3 27,2
g dwd>k c’k )
=(Ep) = (2m)* / F—w—§&(p—k)+ibsigné(p — k) w? — ?k? + 16 (3.19)

3meck nMerorca nmosmoca IpH w1 = E — &(p — k) + iésigné(p — k) n wy 3 = £(ck — i6).
MoXHO 3aMKHYTh KOHTYp MHTEIPUPOBAHMA TaK, 9TO6HI BHYTPH HETO 0Ka3aJICd TOJIHKO
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H(q)=©++®++

Puc. 3-1 Tpadmkn ons cobcTBeHHO — aHepreTnHeckom YacTu poHOHa.

67
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Puc. 3-2 TlpocTedwnia Bknan B cobCTBEHHO — DHEPreTUHECKYK 4HacTb 3JIEKTPOHA OT
3J1EKTPOH — (POHOHHOIO B3aUMOJEACTBUA.

ONIVH U3 TOJTIOCOB (poroHHON (yHKIUu ['puna. UuaTerpasn mo beckonevno ymasenHol mo-
JIYOKPYXKHOCTHU obparraerca B HyJib. COOTBETCTBEHHO, MOCIIE 3JIEMEHTAPHBIX BBIKJIAI0K
IOy YaeM:

(Ep) —g2 d>k k2 >k k2
p)=—" . - . =
(2m)3 tp_k <0 E+ck—¢(p—k)—1i6(—2)ck Ep_ k>0 E—ck—¢(p—k)+16 2ck

g% / kd®k N kd3k
" 1673 E—ck—¢(p—k)+ 6 E+ck—¢(p—k)—ié
ﬁp_k>0 ( ) ﬁp_k<0 ( )

g% {/ kd®k +/ kd®k }
- 3 — T - — — —
167° | Jip_kspy B~k —vr(lp—kl—pp)+i6 * J\o_y ., E+ck—vp(jp—k~-pp)—is
(3.20)

O6oszHaunmM 9epes £ KOCUHYC yTia My BekTopamu k n p, Torma nmeem p? = |p — k|? =
p? + k? — 2pkx u d®k = 2wk?dkdz, Tax uto p1dp; = —pkdz. Torna (3.20) sanuckiBaerca
KaK:

(Ep) g2c k2 dkdp1p1 n k2 dkdp1p1
P)=— 5 5
8m2p oy Spe E—-ck—vp(p1 —prp)+16 oy <P E+ck—vp(p1 —prp) —16

(3.21)
OcHoBHOI BKJIaJi B UHTETPAJIBI 3/IECH TAET OKPECTHOCTD MOJIIOCOB, HO B HEl MOXKHO MO-
JIOKUTh P1 & P & Pp, TOCKOIbKY wp & Fp. [losToMmy MOXHO MpeHeOpeYh OTINYINEM P1
OT p W 3aITUCATD:

S(E) = g% k2 dkdpy + k2 dkdp; (3.22)
82 oy SPr E—-ck—vp(p1 —pr)+16 oL <pr E+ ck—vp(p1 —prp) — 16
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Torma goga MEUMON YacTu E(E) MOy 9aeM:

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

8(E + ck —vp(p1 — pp))k2dkdp1}
p1<pfF

(3.23)
ITepBoe citaraeMoe 311ech (OTINYHOE OT HyJIa pu £ > 0) maeT BpeMs JKU3HU 3JIEKTPOHOB,
a BTOpoe (oram4uHoe oT Hyad npu E < 0) — BpeMms# ®usHu AbIpoK. PaccMoTpuM Teneps
TIpeNieTbHOE TOBENMeHMe 3aTyXauud mpu £/ K wp u F > wp.

e Caywait £ € wp

Mpu E > 0 BKJam maeT ToJBKO MepBBIil wien B (3.23), rme mHTerpmpoBaHue Mo
k HyxHO mpoBoAMTL O obsacTu k < E/c, unade pi, ompemengeMblit aprymeHTOM 8-
dbynxnun, okaxercda Menbine pr. [losToMmy nmeewm:

2 1 2 ES
ImS(E) = E/ —R2dk = L (3.24)
8T Jeh<r VF 24mvpc?
BBona 6e3pasMepHylo KOHCTAHTY 3J1€KTPOH — doHonHOTO B3ammoneiictsua ( = g vp,
Hosyvaem:
(nE® .
Im3(E) = —— 3.25

Mpn E < 0 BkjJajg gaer ToJabKO Bropoit dien B (3.23). Borumesnaa murerpas, cHosa
nosydaeM (3.25) — u3-3a 9JIEKTPOH ABIPOYHON cCMMMeTpuM 3a7adn (CHpaBelInBoi npu
F < Erp) vuumasg dacts ImY(F) asnaerca HedeTHoit bynkuneit F.

Bugum, 9to npn ' — 0 umeem ImX(F) < E, Tak 4To 2JIeKTPOH — POHOHHOE B3aNMO-
neiicTBue He paspywaem bepMIKHAKOCTHYIO KapTHHY, IpudeM B ity E° saBHCEMOCTH
3aTyXaHug poJib ¢GoroHoB ipu E — 0 BoobIe cTaHOBUTCA MpeHEOPEKUMOl IO cpaBHe-
HUIO C OOCYKIABIIUMCS BBIIIE 3aTYXAHUEM OT 3JEKTPOH — 3JIEKTPOHHBIX CTOJIKHOBEHHUI,
kKoTopoe ~ E?. B Toxe BpeMd fCHO, UTO 3TO yTBEpKICHHE CIPAaBEIINBO JINIIL IPH

E—0(T—0).
o Cayuait £ > wp

B aToMm corywae wnTerpnpoBanue mo p1 B (3.23) He cozmaer orpaHndeHuit Ha 06J1aCTh
UHTErpupoBanud 1o k, KOTOpasd paclpocTpaHdeTca Teleph BIJIOTL A0 k = kp. Boran-
caas unTerpas tuna (3.24), mosyanm:

2 ](73 2](73
ImX(E) = Sich?DsignE = %sign!ﬂ (3.26)

Beipaxkag onaTh 3aTyxaHune depe3 Oe3pasMepHYI0 KOHCTAHTY (, UMEEM:

(mk3e
ImY(E) =
m(E) 12p%

signF (3.27)

Herpynmo Bumernh, uto B ganuoM npemeie ImY ~ (wp. Takum obpasom maxe mpu { ~ 1
doHOHHAA TEPEHOPMUPOBKA MaJa B cuity wp <K Ep.

Mepeitnem Teneps k pacdery ReX(E). W3 (3.22) nmeem:

%e K2dkd K2dkd
ReS(E) = -2 / 1 +/ - _
8 P1>PFE_Ck_UF(p1_pF) P1<PFE+Ck_UF(pl_pF)

2.
=7 ;/ dkk2 L (k) (3.28)
8m k<kp
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e

dp dp1
I (k :/ +/ 3.29
1( ) Pi>PE E—Ck—UF(Pl_pF) P1<pF E+C](7—’UF(p1—pF) ( )

PopMasIbHO TEPBBIl WHTErpPaJ PacXOAUTCHA, HO 3Ta PACXOAUMOCTH Hedusmdeckad, Mo-
CKOJIbKY TpHU OOJBIION PasHUIlE P; W P HYKHO YIATHIBATH OTKJIOHEHUE 3JIEKTPOHHOIO
CTIEKTpa OT WCIOJIb3YEMOTO HaMU JIMHEHHOTO pUOIMKeHUA (2 TakkKe U KOHEYHYIO IIH-
puny 30HBI). [T09TOMY MOXKHO TIpocTO 06pe3aTh MHTETPUPOBAHWE Ha p1 = p* ~ pp.
Tounsrit BEIOOP TOr0 mapaMerpa oOpe3aHua HECYIIECTBEH, OH HE BJIUAET Ha BBIpAXKEHUE
JJIA CTIEKTPa, a MPUBOAMT JINIIH K IEPEHOPMUPOBKe XuMIToTeHIMaa (BKaaay B ReX(0)).
Takum obpazom moJTydaem:

1 E + ck 1 E—ck—vp(p* —pr)
(k) vpn‘E—Fck—}-vppp +UFH‘ E —ck (3.30)
Boruanras nmepeHopMHpOBKY xuMnoTeHnuasaa 6y = 3(0), noaygaem:
2
ge g m E—ck o
Y(F)—-X = dkk®—1 31
Re(2(8) - 2(0) = 55 [ a2 E0 (331)

XapakTepHasd OCOGEHHOCTH COOCTBEHHO — PHEPTETUYECKON UaCTH 3JIEKTPOHA, 00yCiI0-
BJIEHHO 9J1eKTPOH — HPOHOHHBIM B3aUMOAENCTBUEM — OTCYTCTBUE 3aBUCUMOCTH OT WM-
myJbca p. ITO CBA3AHO C “MEIJIEHHOCTHIO” (POHOHOB, MO CPABHEHUIO C 3JIEKTPOHAMH,
MpUBOAAIIER K JTOKAJTHHOCTHU TPOIECCOB TOTJIONIEHU W UCIyCcKaHugd. PaccMoTpum cHOBa
npeneabHoe moBeneHne npu K € wp u B> wp.

o Caywait £ € wp

B sTom ciydae MoxHO sorapudm B (3.31) pasnoxuts, cuurad, yro F <K ck. Torma

nMeeM:
2mg*E [P 2k} k3
Re(3(F) - 5(0)) = ——4 / dkk=-"2"bp_ S"Dp— _\gp (332
872pr Jo 87ipr 4 pp
TJE BBEJIN KOHCTaAHTY TEPEHOPMUPOBKHA )\ = iizD ~ C
F

e Cayuait £ > wp

Teneps umeem E > ck, Tak uro cHoBa pasJyiaraem jorapudm B (3.31) u mosmyuaem:

2.2 ko 1,3 2.27.4 - 27,4
mg-c k>dk mg-c ky Cc'kp
Re(L(F) —X(0)) = — = - =— 3.33
«(B(E) = 20) = —37, /0 E 167°prE  8pLE (3:33)
Tak 4ro mpu E ~ wp poct ReX(F) ¢ sneprueit cMendaerca yObIBaHIEM.
CrexTp xkBaszudacTui B obstactu £ € wp onpenesseM U3 ypaBHEHUD:
E —&(p) = Re(S(E) — X(0)) (3.34)
rne &(p) = % — p. Torma cpasy xe moJrydaem:
2 2
E=L__pBp Ep=1Ir (3.35)

2m*
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rae 3(1’)(1’)6KTI/IBH&§I MacCcCa ONpeae/JdeTCd KaK:

m* k2

RS |
m +4p%

=142 (3.36)

IMosToMy, ompeseseHHYIO TaKuM O6pa3oM A MOXKHO HA3BaTh KOHCTAHTON HNEpEeHOPMU-
poBku Macchl. Takum obpa3oM, 3JIEKTPOH 3a cueT B3aumoeiicTBus ¢ pononamu addek-
TuBHO “yraxkesgercda . COOTBETCTBEHHO “ToApacTaeT’ MJIOTHOCTH COCTOAHUN HA YPOBHE
®epmu (~ m*) 1 >7TEKTPOHHBIH BKJIAI B TEMIOEMKOCTb.

PacemorpuMm Temeph TOBeIeHUE COOCTBEHHO dHEPTETUYECKON YacTu 3JeKTPOHA TIPU
KOHEYHBIX TEMIEPATypax. JTO TMOJEIHO U METOAUIECKH, MOCKOJBKY TIPU 3TOM MBI U3Y-
quM OB MEeTOJT CyMMUPOBAHUA TIO MallybapoBckuM dactotaM. Nmeem:

Y(ep) = —(.g;T??, Z/d3p1G(61p1)D(6 —€1,P—P1) (3.37)

Bce wacToThl 31ech Many6apoBckue!

O6mmit MeTo/ BRIYNCIEHN CYMM IO MallybapoBCKMM 9acTOTaM OCHOBAaH Ha MCIIOJTh-
30BaHuM cjenyiouiero mpuema [5]. Paccmorpum caydail cyMMUpOBaHHS 110 HEYETHBIM
(dbepmuonnbiM) vactoram ie, = i(2n 4+ 1)77T. CooTBETCTRYOIIYIO CYMMY MOXHO 3alli-
caTh B BHJe KOHTYPHOTO MHTETpaja B KOMILJIEKCHON MJIOCKOCTH 9aCTOTHI £:

- , 1 F(e) 1 F(e) 1 €
T Flic,) = — de—2)_ — de— _ — [ deF(e)th
> Flien) 2m'/c “oP 1 27ri/c Cm 1 ami ), Tt og

(3.38)

re KOHTYp mHTerpupoBanna C' OKpyXKaeT MHUMYIO OCh, KaK 3To TMokasaHo Ha Puc. 3-
3  BHYTpH KOTOPOTO, O TPEANOJIOKEHNIO, HET HUKAKUX ocobenHocTel dynkmun F'(g).

n=—0oa

CrpasemuBocts (3.38) BoITekaeT n3 TeopeMbl Kot 1 T0ro 06CTOATENBCTBA, 4TO e’ 41
u e~ + 1 (vme, xax obbramo, 3 = %) WMEIOT TPOCThIE HYJIW B TOYKAX £ = i€,, UTO
MPUBOAUT K CYNIECTBOBAHUIO COOTBETCTBYIOIMIAX MPOCTHIX MOJIOCOB TOIUHTETPATBHOTO
BhIpakeHud (3.38) B COOTBETCTBYIONINX TOYKAX HA MHUMOI OCH. AHAJIOTHYHAS CUTYAIH
BOSHWKAET W TMPU MCTIOTb30BaHNY ths B MocaemHemM pabencTse B (3.38).

JI71sl BHIYUCIEHUSA CYMM IO YeTHBIM (GO30HHBIM) 9acToTaM iwn,, = (277'm MOXHO

BOCIIOJIB30BaThCA COBEPIIEHHO aHAJIOTUIHBIM PAaBEHCTBOM!

T i F(iwm)zi/cdwmz ! ./chM_L dwF(w)cthw

2 P — 1~ 2mi e=Pe — 1 4ri J, 2T
(3.39)

TOe TMOoJIt0Ca IMOJUHTETPAaJIbHOTO BhIpAa2KEHNUA PACIIOJOXKEHBI B TOYKAX iwm = 27T'm.

m=—00

Hambrelimuii mpueM, Kak TpaBUJIO, COCTOUT B TOM, YTO KOHTYp mHTerpupoBanus C'
“pactaruBaeTca’ Ha GECKOHEYHOCTD, MPU 3TOM BO3HUKAIOT MOJJIEKAIINE BBIYUCIEHUIO
BKJIasbl 0T ocobennocteil dynkunii F(¢) nnu F(w), KoTopble 00XomuT “pacTAHyTHIR”
kouTyp C'. B GosbuInHCTBE CJIy4YaeB, OCTAIOIAACA UHTETPAJ 10 OKPYXKHOCTH ODecKoHed-
HOTO pajnyca ncyesaeT u3-3a GpicTporo yosiBanua F'(¢) u F(w) Ha 9TOM KOHTYpeE.

ITponsuTiocTpUpyeM Takoit MeTo/ cueTa Ha mpuMepe Bbruncaennd (3.37). 3nech nHam
HYXHO BBIYUCJIUTH CYMMY TI0 9aCTOTaM CJIEHAYIONIETO BUIA:

S=TY G(eip1)D(s —e1,p— py) (3.40)

€1
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Puc. 3-3 KoHTyp uHTerpupoBaHuns, ncnonb3yembid Npu cyMMUpoBaHum no mauybaposckum
YyacToTaMm.

rIe CyMMUPOBAHWE UAET 10 (HEPMUOHHBIM YacToTaM i€, = #(2n+ 1)aT. loaTomy, HYKHO
noctynuTh B gyxe (3.38). Ilsia onpenesnennoctu 6yIeM CYUTATh, 9TO € JIEKUT B BepXHeil
noJtymIockoctu?. PacemorpmM $yHKIHIO!

£(2) = G(z,p1)D(e — 2,p — pl)th% (3.41)

KOTOpas MMeeT TOJTIOCA MPU 3HAYEHUAX z = i€y, = 4(2n + 1)@ T u BHIYUCIUM WHTETpa:

I:/Cdzf(z) (3.42)

B3ATHIN 1Mo KoHTypy C, mokasanHoMy Ha Puc. 3-4, rie obxomarca npamsie Im(e—e1) = 0
u I'me; = 0, coorBeTcTBYIONME paspesam Tounbix ynkuuit [puna B (3.40)3. Bo Bceit
KOMILJIEKCHOI TIJIOCKOCTH, KpOMe 3ThX paspesoB, dbyukunga f(z) anamurnana. Marerpas
(3.42) moxHO Temeph MocuMTaTh BHIYeTamMu. Beraer f(z) B mosioce z, = i(2n + 1) T
paBeH MpOCTO:

ReSz:znf(Z) = 2TG(Zn,p1)D(E — Zn, P — pl) (343)

Tak 910 nHTerpas (3.42) ceogurca k I = 47iS n onpenengeT MHTEPECYIONIYIO HAC CYMMY
(3.40). C mpyroit cTOPOHBI, MBI MOXeM TepeliTn K “pacTanyToMy” KOHTYPY WHTEIPUPO-
BaHUA, okaszanHoMmy Ha Puc. 3-5. Temneph Hall WHTerpaJ CBOANTCA K WHTETpasaM MO
TMpAMBIM, TTOKa3aHHBIM Ha Puc. 3-5 v nayumM BAOJIb pa3pes3oB, Tak UTO BKJIA PasHbIX

2B KOHEYHOM CYeTe MBI XOTHM C/IeJIaTh aHAJTATHIECKOe IPOIO/IKEHHE (e — & + 16!
3 AHAJIMTH9ECKOe MPOIO/IKEHNE U3 BEpXHEH 1 HIDKHEH moJtyIiockocTell maer pasnvie Gyrxmmu [ pruaa
GE u GA coorercrenno [1].
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I (2-£,)=0

) me;=0
Ve

Puc. 3-4 KoHTyp nHTerpupoBaHuns, NCNonb3yemMblA NP CyMMUPOBaHUM no mMauybapoBckinm
YyacToTam B CODCTBEHHO — SHEPreTMYECKOM 4acTn 3JEKTPOHA.

Puc. 3-b  “PactsaAHyTbiA" KOHTYp MHTErpupoBaHnusA, NCMOMNb3yeMblA NPN CYMMUPOBAHWN MO
MauybapoBckMM HYacToTaM B COBCTBEHHO — SHEPreTUHECKON 4acTu SNeKTPOHa.
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“beperon” KaxI0ro W3 Paspe3oB ONPENETASTCA COOTBETCTBYIONNMI CKATKAMM:

o €
1= [ e {(G"p) - AP - - i
e—¢
~GM(e +ep)(DMerp - p) - DAGLp - T ()
YuaursiBag, uro € = i(2n + 1)77T', MoKeM HamuCcaTh th=:t = —cth k. Kpome Toro, mur
HCTIOJIB3YEM:
G (ep) — GA(ep) = 2iImGE (ep) (3.45)
U aucrnepcuonHoe cootHourenue [1]:
1 [ ImGRA) (wp)
R py = L [T G wp) 3.4
GMep) = < [ IR, (3.46)

TloncraBidaa T COOTHONUIEHUA B (3.44), TOJTyYaeM:

2 R R
g 3 ImG (61p1)ImD (WP—P1) €1
S(ep) = derdwd thos
(ep) ('27r)47r/ o pl{ w—cter —if o
ImG®(wp1)ImDE(e1p — py) €1 ;
+ w—¢c+e —16 Cthﬁ (340

Mengaa mectamu TIeEpeMEHHBIE UHTETPUPOBAHUA £€1 U W BO BTOPOM CJlaracMOM, 3allullIeM
OKOHYAaTEJ/JIbHO!

2

g
Y(ep) = @nyin /deldwd?’pl

ImGE(e1p1)ImDE(wp — py)
w—¢e+e—1b

€1 w .
(thﬁ + cthﬁ) (3.48)

3mech WHTErpUpOBaHHUe yXKe BEIETCH 110 BEMECTBEHHBIM £1 1 w. ITocse 10cTaToqHo Tpo-
Mo3znKoro anaansa [1], MoxHO mokasarh, 4to u3 (3.48) nmpu ¢ € T K wp (mocse anaan-
TUYECKOTO MPOJOIKEHNA i€y, — € + 18) cemyer:
3
R . T .
c2ps.
TaK 4TO, PAKTHYECKH, 3aTyXaHUEe JIEKTPOHOB 3a CUET 3JEKTPOH — HOHOHHOTO B3aNMO-
nefictBud mpu € € wp U T <€ wp MOXKHO 3alncarh eIUHBIM 00pa3oM Kak (BCIOMHUM

(3.25)):

M TS 3
Tmyfi(e) ~ Mozl (3.50)
c?p%
Mpu £ > wp u3 (3.48) cnenyer:
ImER(E) = const ~ wp (3.51)

N3 s1ux dopMys ACHO, 9TO 3aTyXaHWE KBAa3WIACTHI (3/IEKTPOHOB) CPABHUBAETCA C WX
sHepruell pu € ~ wp. B Toke BpeM#A ACHO, UTO NpHU JabHelIeM pocTe HEPTUN BO3-
OyXJIeHuii 3aTyXaHne 3a cYeT B3auMozelcTBuga ¢ GOHOHAMH MEpecTaeT PAcTH W CTAHO-
BATCHA ONATH MEHBIIE 9HEPIMU KBazmdacTuil. TakmM o6pasoM mMeeTcd nBe obJacTH, B
KOTODBIX MOHATHE KBa3sWYaCTHUI[ UMeeT CMBICT: || € wp u |e| > wp. B obenx stux
o61acTAX 9HEPTHUA 3JIEKTPOHOB UMeeT BUX Up (p — pr), HO ckopocTh vp (adbdexTnBHBIE
MAacChl) pa3JInIHbL.
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£+

Puc. 3-6 [NpocTenwan nonpaska K BepLIMHE 3NeKTPOH — (DOHOHHOrO B3aWMOENCTBIUA.

Teopema Murmasa.

Bprle, mpu pacueTax coBCTBEHHO — 3HEPreTUIeCKOoll YacTH 3/1€KTPOHa 3a CUET 3JIEKTPOH
— (bOHOHHOTO B3aMMOIEHCTBUA, MBI OrPaHUYMINCH TPOCTENIINM BKJIAIOM, HOKa3aHHBIM
Ha Pnrc. 3-2. KazaJtock — 661 Hy>KHO y9ecTh U JpyTue rpachWKn, CBA3aHHBIE C TIONPaBKAME
K OIHOM M3 BepIIMH 3Toi AuarpaMMbl. PakTHYECKN, STOrO JeaTh He HaJ0, HOCKOJIBKY
COOTBETCTBYIOIINE TIONPABKY K BEPIIMHHON YacTW MaJibl MO aAuabaTHdecKOMy HapaMe-
Py 2~ \/% < 1 (reopema Murmamna) (A.B.Murman, 1957). ITokaxkem 270, OIeHUB
mpocTeiinryto oMpaBKy K BepllnHe, onpejaeasemyo rpadukom Puc. 3-6. 3annmewm, ana-
JINTUYECKOE BBIpaXKEHNE, COOTBETCTBYIONIEE STOi quarpammMe:

d3p1d61

“ant (3.52)

P = g3 / G(p1e1)G(P1 + k&1 +w)D(e —1,p — Py)

IIposemem rpy6yio OIEHKY TOro BhIpaxKeHHsa. PacCMOTpHM CHadaJja MHTErpaJl Mo £1.
Iostaras, 4To XapakTepHasd Ilepefada HMMOYJbca 3a cueT obMeHa (bOHOHOM MHOpHAAKA
kp ~ pr, n yanteiBag, 910 D(€ — £1) KBaJpaTU4HO cragaeT B obaactn ¢ — 1| > wp,
HOJIy9aeM, 9TO OCHOBHOM BKJIa/ B MHTETpaJl 1aeT obJ1acTh | —&1| ~ wp. Torma uaterpas
IO €] HOPANKA Wp, I MBI MOXEM HAIUCATD:

M gSWD/ d*py
(g1 — &(p1) + i8signé(p1))(e1 +w — &(p1 + k) + isigné(p1 + k()) |
3.53

PaccmoTpum ocrtamiuiica mHTeTpaJ Mo pp. XapakTepHad Mepemada UMIYIbca W 3/IeCh

mopanka kp ~ pp. [losToMy MOXHO cUMTaTh BCe 3HaMeHaTe i ~ Fp, a fd?’pl ~ p%.
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ptk

Puc. 3-7 TllpocTeiiwas nonpaska K BepllMHe 31eKTPOH — (DOHOHHOrO B3aUMOOEACTBUA B
“UMNYyNbCHO — BpeMEHHOM' TMpeacTaBNeHUN.

Torma umeeM:

P%‘ Er - g3 P%‘

'~ gPupfL wp 3.54
g vE E%v (2% ad EF ( )
OTHOCI/ITGJH)H&SI BeJIMYNMHA >TON TIOTIpaBKMU:
rw p? w m
2 PP »“D . ’
g (2% ad Ep Ep M
r1e UCII0JIb30BaJIn ‘E—’; ~ 3 /%. DIIEKTPOHBI MHOTO JIETYe MOHOB (ﬂ)lep), O3TOMY PacCMO-

TpeHHad MOMpaBKa K BEPUIMHHOW YacTu AelicTBUTEIbHO TpeHebpexumo mMasa! [lposemen-
HOE PAcCCMOTPEHNE HE COBCEM CTPOTO, HATIPUMED, OHO OMMMOOYHO IpH w ~ vpk 1 w €K wp,
Korza nosoca Gyukmuit ['puna B (3.53) cbauxkaoTcs 1 HaJI0 TPOBOAUTE Hoslee aKKypaT-
ubiit anaauns. OnHako, B OOJIBIIMHCTBE CIYyYaeB, BKJA 2TOR 00J1acTH HECYIIECTBEHEH B
cuay ¢ L vp.

YT0bBI JIyUllle TIOHATH CMBICT TPOUCXOAAIIETO, MPOBEIEM OIEHKY BEPIIMHHON MO-
MpaBKU B CMEIMIAHHOM “UMITYJIbCHO — BPEMEHHOM TPENCTABJIEHUHN. DTO TO3BOJHUT MPO-
CJIENUTH POJIh PA3HBIX MacIITaboB BpeMeHNU. B cBA3U ¢ »TUM, BBEIEM CHAaYajla COOTBET-
crByiomue ¢yukiuu ['puna doHoHa u s7eKTpOHA:

D(kt) = / g:D(wk)e_m = —%e—”’““l (3.56)
G(pt) = —ic~ i€ { ‘i(g((f)g(p)ﬁpﬂnpftt . (3.57)

3amMeTuM, 4TO D(kt) ABJIAETCA TOpas3ao bojee MeIJIeHHO MeHdoneiica hbyHknmeii ¢, yem

G(pt).
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3anuieM Tenmephb BEPIMHHYIO TonpaBky Puc. 3-7 B aHamuTrdeckoM Buie:

3
r = _g3/ (27513 /dtG(pl,t —11)G(p1 + k,t2 —t)D(p — py,t1 — t2) (3.58)
Ilpu p; ~ pp sgektpounsie GpyHKIUN ['pUHA CYIIECTBEHHO MEHAIOTCA 3a XapaKTepHOoe
Bpema ~ B!, TlosTomy MOXKHO cuntarh, 4T0 B (3.58) [t —t| ~ [t —t| ~ [t; —ts| ~ E5'.
®ononnaa pyuknua ['puHa 3a Takue BpeMeHa MPaKTUIECKU HE MEHAECTCA W €€ MOXKHO
B34Th TipH {1 & t5. [loaTOMY OHA MPOCTO MPOMOPIMOHAJIBHA ¢|p — Py | ~ wp, YTO U TpH-
BOJUT K BOSHUKHOBEHHUIO lTapaMeTpa MaJsocTH . IHBIME cJI0BaMu, 2/TeKTPOHBIL GBICTPO
(3a Bpema ~ EEI) MOTJTONAIOT (POHOH, TIOACTPANBAACH TIOJ, TedopMaruio pemerku. [pu
5TOM OHU He YCIIEBAIOT 33 CYET CBOETO ABMKEHUA “pacKadaTrh’ PpeleTKy — Ha 9TO Tpedy-
ercd BpeMs wf)l. DTO ecTh MPOABJICHNE aAnabaTUIHOCTH ABUKEHUS UOHOB PEIIeTKH — B
cuity cBoeit 6OBIOR MACCHl MOHBI ABUKYTCA MEIJIEHHO U 3JIEKTPOHBI BCETMA yCIEBAIOT
“momcTpouThca” MO NX JIOKAJBHYIO KOH(UTYPaIHIo.

Teopema Murmana BaXkHa UMEHHO TIOTOMY, YTO TIO3BOJIAET BBIIEJIUTH U3 MHOXKECTBA
JHarpaMM TOJBKO CYIIECTBEHHBIE BKJIAILI 663 UCTIOJIH30BAHUS MPEATIOJIOKEHNA O MAJIO-
CTH caMoli KOHCTAHTHI 3JIEKTPOH — GPOHOHHOTO B3aUMOAEHCTBHUS.

CobOcTBEeHHO — sHepreTUuYecKasi 4acTh U CIIEKTP
doHOoHA.

Bepremcsa K paccMoTpennio ypasHenuit gms dononnoit dbyukunu ['puna (3.16), (3.17)
u (3.18), onpenenaomux cnekKTp GOHOHOB B CHCTEME C B3auMomelicTBheM (Merasie).
BocnosibayeMca mpocTeiiimM npubImKenneM 114 MoJIApU3aMOHHOTO OIlepaTopa 3JI1eK-
TPOHHOTO Ta3a W 3aIULIEM:

2ig? / dEd3p

2m)* ) (E—=&(p) + idsignf(p))(E +w — &(p + k) +iéSigné(p + k))
(3.59)

Beitite MBI yKe MpoBesM pacdeT TAKOTO MOJIAPU3AIMOHHOTO OTEPaTOPa U MOJIY YU BbI-

paxenue (2.24), nCMOIB3ysA KOTOPOE NMEEM:

w+opk| im|w] |w]

(1 ——- 3.60
w—vpk‘—}_ 2upk vpk ( )
Mper yxke Bumenn B (3.17), uro dononnas dynknna [puna B cucTeme ¢ B3auMoeiicTBrueM

onpenendercd u3 ypaBuenua Jlaficona suaa:

D™ (wk) = Dy (wk) — ¢*TI(wk) (3.61)

¢°To(wk) = —

2

— n
w2 2urpk

CoOTBETCTBEHHO, CIIEKTP (POHOHOB OMpeIeaaeTcsd ypaBHEHTEM D_l(wk) = 0. ITockoabKy
CKOPOCTh 3BYKa TOpaslio MEeHBIE CKOPOCTH 3J€KTPOHOB Ha moBepxHocTu Pepmu, TO
MOXHO CIIOKOHO cumTaTh, 4To w & vpk. Torma moadpusanuoHHBIR OomepaTop, ompe-
JESAOMNIH POHOHHYIO COOCTBEHHO — HEPTETUUECKYIO HacTh, JOCTATOYHO B34Th B CTa-
TrdeckoM mipeene (w = 0) u HanucaTh:
9 g2mPF . .
g Mg~ ———— = —=2( (3.62)

T2
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Coorerctrenno (3.61) crogurca K:

W? — 22
D~ Ywk) = Dy} (wk) — ¢*T = ka +2¢ (3.63)
0
e cg — “3aTpaBodHad CKOPOCTh 3ByKa , a “MepeHOPMUPOBAHHBIN’ CIEeKTp (HOHOHOB

NMeeT BUI W = C]C, TJe CKOPOCTh 3BYKa ONPEACJIACTCA KaK:
¢ =c2(1-2) (3.64)

Bunum, uro 3a cueT 3JeKTpOH — GOHOHHOTO B3aMMOIEHCTBUA MPOUCXOANT “CMATIE-
Hue” pemeTkn (yMeHbIIEHNe >HEPTUN GOHOHOB), B CUJIy ObICTpoOro “mojcTpanBaHus”
9JIEKTPOHOB TION AedOPMATINIO PENIETKU, TTPOUCXOMUT WX CKATTMBAHUE B MUHUMYMAaX

ﬂe(l)OpMa,HI/IOHHOFO InmoTecHIInaJIa C O6H.[I/IM ITOHM2KEHUEM 2HEPTUN CUCTEMBI.

Moxer nokasarbcd, ato us (3.64) cnemyer meycroifamsocts pemerku (w? < 0!) mpm ¢ > 1/2. On-
Hako, GaKTHYIeCKH, 3Ta HeycToHInBoCTh Hemsmdaeckad. Jlesto B ToM, 9To Gostee metaapHBI anamns [14]
TOKAa3BIBAET, 9TO HCTHHHAA KOHCTAHTA 3JIEKTPOH — (PDOHOHHOTO B3aMMOIEeHCTBAA A CBA3aHA C BBEIEHHOMN
BEIIIE KOHCTAHTOH B3amMoJIeHcTBrHA ( CIIEIYIONIAM COOTHOIIEHUEM

2
A=¢ o _< (3.65)
w 1-2¢
W3 aToro Beipakennd sicHo, 9T0o A & ( mpu ( € 1, HO ipy yBesimdeHUH ( KOHCTAHTA CBA3U A HEIIPEPHIBHO
BO3pacTraer, obpamasack B 6eCKOHETHOCTD B caMoil Touke “Heycroiamsoctn” . [Toaromy yciosme ¢ < 1/2,
dakTraeckn, He HAKJTATBIBAET OTPAHWYEHWH Ha BeawmdwmHy A. Boobuie, HAIIO 3aMeTHTH, 9TO yCJIOBHE
¢ < 1/2, B HEKOTOPOM CcMBICTIE, HeccomepKaTeIbHO, TTIOCKOJIBKY B paMKax obbranol monemm Ppemmxa
2JIeKTPOH — (POHOHHOTO B3AaMMOIEHCTBHA HE CYNIECTBYET METOIIa ONPEIEJIEHNA 2TOW BEJMIHWHEI, a pe-
aJIbHO HabJIromaeMoll AB/IAETCA IMEHHO IEpEHOPMHEpOBaHHaA KoHcTaHTa A. M3 (3.65) MoxHO Hanmcars
obpaTHYI0 CBA3B:
(= A
T 1422
w3 KoTopoll BEIOHO, 9To mpH JIobsx A > 0 MbI, dbakTmaeckn, mmeem ¢ < 1/2.
®usuaeckuil cmbica  “3aTpaBodHBIX” TlapameTpoB wmomnesan @Opemmxa, B 0COOGEHHOCTH, YaCTOTHI
wo(k) = cok, HE BHoNHE 7ceH, a peasbHBIH CrEKTp (DOHOHOB ONPENEIAETCA PACCMOTPEHHBIM BBIIIE
ypasrermneM [laficoma nmia donronnoilt byrakmmm ['pmHa, yanTeBarommM B3amMomeldcTBHE C 3JE€KTPO-
HAMM, KOTOPOE JTAeT:

(3.66)

2
wg (k)
w? —w?(k) + 16
rre w(k) — meruanbl boHOHHEI ciekTp. Torna mcTHHHAA KOHCTAHTA 31€KTPOH — (GOHOHHOTO B3AUMO-
neficreua onpenenaerca [14] marerpasom mo k or D(w = 0,k):

2pfp 2
dkk w2 (k)
A= -0 3.68

C/o 2p% w? (k) (5.68)

D(wk) = (3.67)

Ecnm Temeps nperebpedn oTHOCHTENBHO cnaboit sasmcumocTsio [y or k m BocmosibsoBarbkca (3.62), To
u3 (3.68) HEMENJIEHHO CJIENYeT (3.65). TTpuaATO CAMTATH, YTO UMEHHO A BXOIIUT, HATIPUMED, B M3BECTHY IO
dopmyy BKIII nuis remmeparypbl cBEpXIpOBOAANIETO Tepexona [14].

L1 Toro, 9To6BI HATH 3aTyXaHre POHOHOB, YITEM TENEpPh U MHUMYIO JacTh TOJIfA-
pusanuonHoro oreparopa (3.60):

g*Imlly(wk) = —7( — (3.69)
ka

MoacraBaaa 3To BeIpaxenue B ypaBuenue /laficona mima ¢ouonnoit dbynknuu ['puna, B
KOTOPOM TeIeph HYXKHO WCKATh pEIleHne s CIEKTpa B BUAE w = ck + 1y, HETPYIHO
TIOJIYYHUTh:

2
T.C T, C Q-
—(—k=-(—uw (3.70)

7:2 vEp QUF
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XoTda 3aTyXaHWe W OKa3bIBAETCHA MPOMOPIUOHAIBHBIM YacToTe, (paKTUIECKH OHO MAaJIO
no cpaBHenuio ¢ Rew 1o mapamerpy c¢/vp ~ v/m/M.

B o6prambeix KUOKOCTAX U rasax 3aTyXaHMe 3ByKa IO IMOpAIKY BEJIMYUHBEI PaABHO!:

nw?

pc?

Iie 7) — BA3SKOCTH CPEIBI, a p — €€ IJIOTHOCTh. [[059TOMy MOXKHO CKa3aTh, 9TO B 3JI€EKTPOH — HOHOHHON

CucTeMe B(b(i)eKTI/IBHaH BA3KOCTH 3JIEKTPOHHOTO rasa pacTeT C YMEHBUICHHUEM YaCTOTHI: 77((4}) ~ w_l.

g~ (3.71)

Pusmaeckm, Gompmaza 3¢dpdbeKTHBHAA BASKOCTD 3/I€Ch CBA3aHA C BBICOKOH IIOTHOCTBHIO 3JIEKTPOH — IIBI-
pouHBIX Bo30OyxkmeHnit c aneprueilt w < ck, KoTopble Bo3byxkmaoTcsa ¢poHOHAMME.

B npenpiayieit ryiaBe yxke oTMedaJsIoch, 9TO TP ¢ = 2pp MOJAPU3AIMOHHBIN onepa-

o 6 . 9IIp(q0) )

rop Ig(¢0) umeer sorapudMnueckyio ocoOBEHHOCTH B TPOU3BOAHOM qu:QpF' Ta,
0cOoBEHHOCTD CTAaHOBUTCA OoJlee 3aMeTHO IJ1d AByMepHOl cucTteMbl d = 2 u, ocobeHHO,
B OIHOMEPHOM CJiy4ae d = 1, KOorga mMeeTcd .HorapI/I(bMI/IlIeCKaH OCO6€HHOCT]) B CaMOM
nongapusanuonnom oneparope Ig(¢0) (A.M.Adanacses, F0.M.Karan, 1962):

MMo(q0) ~ In g — 2pr| (3.72)

Kauecrsennoe nosenenne Io(q0) mia pasandubix pasMepHocTeit mokasano Ha Puc. 3-8.
Hanuuame Takux ocobeHHOCTEN MPUBOAUT K BaXKHBIM CJEACTBUAM. B camMoMm mese, cyTh
MpenbIayleil TUCKyCCUU CBOAUTCA K TOMY, 4To ¢doHoHHad dbyHKnma ['puna, ¢ ydeTrom
B3aUMOJAEHCTBUA C 3JIEKTPOHAME, UMEET BUJI;

1 _ wi(q)

D(wq) = — = 3.73
“D = e - Pl @ e T

TaK WTO CHEeKTp POHOHOB UMEET BU/I:
w*(q) = wi(@)[1 + g*Mo(wq)] (3.74)
Torna us Mg(g0) — —oo npu ¢ = 2pp (ana caydaa d = 1) gcHo, 9To wacrora ¢o-
HOHA ¢ ¢ = 2pp cTanoBuTca Muumot (w? < 0), mpu moboM (maxke CKOJIL — YromHO

MaJIoM) 3HAYEHUN KOHCTAHTHI B3aMMOAEHCTBUA g. DTO O3HAYAET Heycmolnusocms Cu-
CTEMBI, IPUBOAAIIYIO K BOSHUKHOBEHNIO CIIOHTaHHOI (KOHEYHOM) craTudecKoil nedopma-
1un (CBEPXCTPYKTYPBI) ¢ BOJTHOBBIM BeKTOpoM () = 2pp (T.e. ¢ mepuogom L = %r) 910
Tak HasbiBaeMasd nafiepaco6ckas HEYCTORIUBOCTD, K JAETAJIHLHOMY PACCMOTPEHUIO KOTO-
polt MBI elle BepHeMcd B mocenmelt roase*. Jaxe ama d = 3, Korma ocobeHHOCTD eCTh
TOJIBKO Y TIPOM3BOIHON TOJIAPU3AIMMOHHOTO OTIEpaTopa, BCe PaBHO BO3HUKAET aHOMa-
qua bononnoro crnektpa npn ¢ = 2pp (W.Kohn, 1959) (rak maswiBaemasa “KoHoBcKasn”
aHoMasind, A d = 1 mHorma roBOpAT O “rmraHTCKO#” KoHOBCKOW anomasnu). Takue
aHoMaJinu JeficTBuTe IbHO HabogaloTed B GOHOHHBIX CIIEKTPAX METAJJIOB B 9KCIEPHU-
MEHTaX M0 HEeYTNPYrOMYy pacCesHUIo HeHTPOHOB.

Jo cux mop, MBI Bcera UMeSad B BUAY CUTYAIUIO C U3OTPOMHBIM 3JIEKTPOHHBIM
crekTpoMm THna £(p) = 212*. B Toxke BpeMs, B peaJsibHBIX MaTepUaJiaxX, 3JIeKTPOHHBIR
CHEKTP MOXKeT OBbITh aHU30TPOIHBIM, a COOTBETCTBYIOMINE MoBepxHocTH Pepmu He 064-
3aTesbHO ABaATCH chepavnu (d = 3) mam okpyxuoctamu (d = 2). HacTo oHI UMeIOT
JIOBOJTBHO CJIOKHYI0 dopmy. B wactHocTu, Ha moBepxHocTu ®PepMu MOTYT BO3HUKATD
naockue yaactku. Hampumep, aig d = 2 w KBagpaTHOW pelieTku, B MIPpUOIMKEHUN CUTh-
HOW CBS3M MMeeM CHEKTp BUjA:

e(p) — p = —2t(cos pya + cos pya) — p (3.75)

4llna d = 1 Takaa HeycTOWIHBOCTEH MPHBOIMT K 06Pa30BAHMIO WIEJIH B SHEPreTHIECKOM CIIEKTDE
3JI€KTPOHOB HpU tpp, T.€. K MEPEXONY METAINIECKON METIOYKU B UAIEKTPUIECKOE COCTOTHUE .
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AT1400) A-T1{q0) 4T1{0)

\J

2P g 2p g 2p

Puc. 3-8 KauecTeeHHoe nopeneHMe CTaTUHeCKOro nNonApnu3auMoHHOro onepaTtopa (B 3aBn-
CUMOCTKN OT q) rasa CBO60,D,HbIX SNEKTPOHOB ON1A pa3JINYHbIX paSMepHOCTeVI NpoCTpaHCTBA.
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n
I

77

N

1
(ST

N
N7

N

1
SR

Puc. 3-9 VISOSHepFeTVI‘-IECKVIe NOBEPXHOCTU, COOTBETCTBYHOLLINE I'IpOCTOI7I MOOenn cnekTpa
CUNBbHOW CBA3W ANA KBa,D,paTHOVI PELUETKMN.

rae t — MHTerpaJl mepeHoca, KOTOPhIil CIuTaeTCa OTANIHBIM OT HYJIA TOJIBKO JIJ14a Ok aii-
mmx coceneli. UzosHepreTndeckne MOBEPXHOCTU B 30He BpuiiaiosHa, COOTBETCTBYIOIINE
TAKOMY CHEKTDPY TP PasJIMYHBIX 3HAYEHUAX XUMIOTEHNMaTa g (KOHIEHTPAIWA 3JIeK-
TpoHOB), MokazaHbl Ha Puc. 3-9. B wactHocTn, mia p = 0 (mosysamosiHeHHAs 30HA,
OJINH 3JIEKTPOH Ha aToM), moBepxHOCcTh PepMn nMeeT Buj KBaapaTa. [JocTaTodHo mpo-

cToli pacder ToKasbIBaeT, 4To B aToM caydae Ig(q0) wmeer mpm q — (1, E) ocoben-
a a

HocTh “omuoMepHoro” Tuma: Ig(q0) ~ In|q — Q|, tme Q = (%, %), YTO ONATH MPUBOIUAT
K “ruraHTckoii” KOHOBCKOW aHOMaJuu (DOHOHHOTO CIEKTPa M CTPYKTYPHOMY TMEpPEXOIy
nafiepJsicoBcKoro Tuna (yABOECHUIO TEPUOIa PENIETKH).

B 6Gostee obmeit cuTyammm, O BO3SHUKHOBEHWA TOMOOHBIX “THTaHTCKUX aHOMa-
anit TpebyeTcsa crenmaabHoe cBOCTBO MoBepxHOCcTH PepMu, mMeHyeMoe “HecTUHTOM”
(nesting). DTo cBOWCTBO 0O3HAYAET, YTO ONpPENEEHHBIE yIacTKN noBepxHocTn Pepmu Ha-
KJTaJbIBAIOTCA APYT Ha Apyra (KOHTPY?HTHBI) DU CABUTE Ha ONpeAe/JeHHBIH BekTop Q
(BekTOp HecTmHTa). B MpuBemennoM Bhilie puMepe Q = (g, g), HO BO3MOXHBI U GoJiee
obmme caydau. Maremarudecku TpebyeTcd TOJBHKO BBITIOJIHEHUE CJEAYIONIETO YCIOBUA
Ha CTHEKTP 3JIeKTPOHOB!

eP+Q)—p=—e(p)+u (3.76)

YTO ¥ HA3BIBAIOT yCJOBUEM HecTWHTa. Buanm, Hanpumep, 4to cnektp (3.75) yaoBiaeTso-
pAeT aToMy ycaosuio md p4 = 0 (mosysanonHenHasa 30Ha) U Q = (%, g) AnamoruansiM
06paz3oM, 3TOMY YCJIOBUIO YIOBJIETBOPAET CIIEKTP MPUOIMKEHNA CUITbHON cBazn guia [TK

pemerku (d = 3), anamornunsrii (3.75):

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

mpu g = 0w Q = (%, = %) IMosepxrOocTh ®epmMu B 3TOM ciydae 0bIamaeT CBORCTBOM

HECTUHTA, XOTA W HE UMEET IJIOCKUX YHaCTKOB.
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Bo Bcex caydadax ¢ HECTHHTOM, BBIUHUCJIEHWE TMOJIAPUIATMOHHOTO OMEPATOpa TMTPUBO-
JUT K TIOABJIEHWIO PACXOAUMOCTH TIpU q = (Q W, COOTBETCTBEHHO, K TIOABJIEHUIO TUTAHT-
CKOli KOHOBCKO# amoMasnu (HPOHOHHOTO CHEKTPAa W COOTBETCTBYIOIIE(l HeycTofiYnBOCTH
pemieTkn (CTPYKTYpHOMY $Ha30BOMY TEPEXOAY ¢ BOSHUKHOBEHMEM CBEPXCTPYKTYDHI C
BOJIHOBBIM BEKTOpOM Q)

IlnasMmenHas MOdeJIb MeTaJlJia.

PaccmoTpum mpocTeiinnyio “mocsiemoBaTebHyo” MOIe b MeTaJljIa U 3JeKTpoH — (POHOH-
Horo B3aumoneficteug [5, 14]. Haunem ¢ mrasmel, cocToduieil U3 2J€KTPOHOB U MOHOB C
HEeKPaHUPOBAHHBIM KYJOHOBCKUM B3ammojeiicTBrueM. CobCTBEHHBIMI MOJaMK KoJieba-
HUil B Takoil cucTeMe ABJIAIOTCH, (PaKTUIECKHU, COOTBETCTBYOLINE IIJIa3MeHHbIE KoJeba-
HUdA 3JEKTPOHOB M MOHOB. IloKaxeM KaK IIOC/IeIOBAaTE IbHBIN yUeT 3/IEKTPOHHOI 3Kpa-
HUPOBKU TO3BOJIAET BBeCTU “0ObIYHBIE” (HDOHOHBI M OMUCATHL BOSHUKAIONIEE TPH HTOM
2J1IEKTpOH — POHOHHOE B3auMogelicTeue. McxonHblil 371€KTPOH — MOHHBIA TaMUJIBTOHNAH
AMeeT BUI:

1
k qx

+ 3 ndendtae (ks 0 ) +

kk'x
1
+ ot .
+§ Z anp+qak_qakap (3.78)
pkq
rae Vg = 4252, a FE) — sHeprua OJ0XOBCKOTO »JIeKTPOHA, Oompe/eadeMasd ypaBHEHNEM
MIpenwnrepa:
k2
S+ Y V(e = R) 4 Unn(x) v (1) = By (v) (3.79)

rae Vei(r — R,,) — moreHmas ajeKTpoH — HOHHOTO B3anMoneiicTud, Uy (r) — xapTpu-
eBcKuil BKJ1aJ] OT MEX3JIEKTPOHHOTO B3anmMozeiicTud, gy — “saTrpaBodnbie” 9acTOTHI
KoJebaHuil mIa3sMbl HOHOB.
B mpocreitieit modeau sicene, B KOTOPO MOHBI CUUTAIOTCH OFHOPOITHON HeceTpyK Ty p-
HOW cpenoii, nuMmeem:
o 4wn(Ze)?
qx — M
rjie n — TJIOTHOCThL MOHOB, Z — WX 3apdn, a M — ux macca. B Momesin xeje 3TO ecThb
enMHCTBeHHAdA (TTPOIOTbHAA) MOJIa MOHHBIX KosteGanmii®.

(3.80)

5B kpucra/ie cymecTsyeT TpH BeTBH HOHHBIX KouteGanmit A\ = 1,2, 3. 113 HuX IBe IOmepedHbIe HMEoT
3BYKOBO#l xapaKTep, a 3aTpaBoYHadA HIpPONOJbHadA BETBb HMMeeT XapaKTep ONTHYEeCKOTo IIJIa3MEHHOTO
kosebanud. [Ipu 3T0M BBIOTHAETCA IPABUIIO CYMM:

2 amn(Ze)?
ZQM == (3.81)
X
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Komcranra 3aTPaBOYHOTO 3JIEKTPOH — ('bOHOHHOI‘O B3amMOoJieiicTBUA ‘(]kk,A onpeneJida-
€TCd KaK:

1/2
n

Ikkr = — | =77 <K|V;V.lk > eqn, (q=k-k') (3.82)

MQ

kx

IIe €qa — BEKTOp TOJIAPU3aluy 3aTpaBodnbix dononos. Herpyano monats, 970 B mpo-

crelimieit MOJECJIN TUIIa KEJIEC 9Ta 3aTpaBOYHadA KOHCTaHTa, TOYHEE glzik’)\’ nMeEET CUHTY-

JAPHOCTH “KYJIOHOBCKOTO” THIIA!

1
2 q g
g ~ (3.83)
kk'a 7 (k — k)2
Tenepb HyX)HO TepelfiTu K TEpEHOPMUPOBAHHBIM BEJMYUHAM, C YUYETOM >KPAHUPOBKH,
YCTpaHSIIOH_[eﬁ TaKNE CUHTYJIAPHOCTH. ,ZLJISI KYJIOHOBCKOTO B3auMoIecTBUA 3JIEKTPOHOB,
KaK MbI BUJEJIN BBINIE, MOXHO Cpa3y HalluCaThb RPA — BbIpaXKECHUE!

4re?
V(qw) = ——— 3.84
(1) = 3.0
rie ,
4dme .
ce(qu) =1— 7 Mo (gw) (3.85)

— IU3JIEKTPUYEcKad MPOHUIAEMOCTh Ta3a CBODOMHBIX 3J1eKTpoHOB. COOTBETCTBYIOIIEE
JMarpaMMHOE TIpeicTaBeHne npuBeneHo Ha Puc. 2-4(b). AnanoruunsivM obpasoM, Kak
»T0 mokazaHo Ha Puc. 3-10, MoxkHO omucaTh U >KpaHUPOBAHUE JTEKTPOH — (DOHOHHOMH

BepH_[I/IHbIZ
9(¢, )

i(¢,\) =g+ gV, Iy + gV, IV, Iy + ... = =2~ 3.86
G(q,A) = g+ gViIlg + gV, IV, 11y . (2) (3.86)

a 14 omnpeaesieHnd “mcTmHHOTo” (hOHOHHOTO CIEKTpa HammcaTh ypapHenwme [laficoma,
nokasannoe Ha Puc. 3-11:

DY g\, w) = D7 (gA,w) — ¢*Tp(qw) — g*Mo(qw)V, p(qw) — ... =
_ Dil(ghw) — L@ ( ! 1) (3.87)

V,  \eelqw)
e o
Do(gh,w) = Wg—kzé (3.88)
Torna us (3.85), (3.87) u (3.88) HemenseHHo moJsTydaeM:
D(gh,w) = i (3.89)
T e

B »TOM BBIpakeHnW MBI peHebperyn 9acTOTHON 3aBUCAMOCTBIO €, (qw ), TOCKOJIBKY TIPH
MaJIbIX W HOpAgKa (POHOHHBIX YaCTOT 3Ta 3aBUCHMOCTL HECYUIECTBEHHA.
B mpocToit Monenn xkeste, kKak jerko BugeTh u3 (3.80) n (3.82), BuimoIHACTCSH paBEH-

CTBO: 9
9°(q))
v

-1 (3.90)
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Puc. 3-10 JkpaHnposka BepLUMHbI 31eKTPOH — (DOHOHHOIO B3aUMOLENCTBUA.
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— — — = —_—_——— g —— — — =
S o, ____Q___+

+ — — — _—_+
+_—_ N +

Puc. 3-11 VpaeHenne [lancoHa ans cdoHoHHon dyHkuun [puHa B 0bobuieHHon mMogenn
xene.
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B atom cayuae (3.89) ynpouaerca mo:

D(gA,w) = o, . (3.91)

Ilosioca  sTOTO BbIpaXKCHUA ONPpEACJIAI0OT YaCTOThI TEPEHOPMUPOBAHHBIX (bOHOHOB

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

wi(g)) =

2 2
O o O _mZ, 0, (3.92)
+

.(q0) ~ ! ’;_% SH vpq

rae yaan (2.28) u (2.29), rie NMIOTHOCTB 3JIEKTPOHOB CJIEAYET B3ATh paBHOW Zn (g
obecriedenns ssieKTpoHeiiTpasbHocTn ). Bugum, 410 nepenopMupoBanHble (POHOHBI B MO-
JIEJTN JKeJle MMEIOT aKyCTUIeCK il 3aK0H AWCIEPCUN CO CKOPOCThIO 3ByKa ¢ = (%) 12 vp.
B a10M ke MOXHO yoemuThes u B Gosee obiieM (4eM MofIe b KeJle) cilydae, KOraa MoTeH-
mast Ve;(¢) oTm9aerca oT 9MCTO KYJOHOBCKOTO, MOCKOIBKY MPU MAJIBIX ¢ U3 YCJIOBU
»JIeKTpoHeliTpasbHOCTH caenyeT, uto V,;(q) Bce paBHO pasen mpocto Ze?/q?.

B paccmaTpuBaeMoii MOIe TN MOXKHO €llle ONPENeInTh U MosTHoe (3dder TuBHOE) MeXK-
3JIEKTPOHHOE B3aMMOJIEfiCTBIE, KOTOPOe HyXKHO, HATTPUMED, JIJIA BRIYUCJIEHNAA CBEPXIIPO-
BOJAIINX CBOWCTB MeTaJLJIOB. DTO B3amMoJeiicTBIE M306paXkaeTca AMarpaMMaMH, TOKa-
3aHHbIMU Ha Puc. 3-12 m paBHO:

4re? g%(q\) ng

Veps(qw) = 72c.(qw) + €e(q0) w — w?(qA)

(3.93)

ryie w?(gA) — cHeKTp nepeHOpMUpPOBaHHBIX OHOHOB, ciaemyromuil us (3.87):

WA(gh) = Q2 {1 - gz%A) <1 - 66(20))} (3.94)

B mozmenu xeste Veps(qw) cBomures K:

47e?
Verr(qw) = —— 3.95
eff( ) q2€eff(qw) ( )
TIIe €of g (qw) — noanas AMdIEKTPUUECKas TTPOHUIIAEMOCTh:
2
A .
cerfqw) = eclqw) — — (3.96)

B Gosiee obuiem cirydae (demM Momesb Kese), MeK3JIeKTPOHHOE B3anMoIeiicTBIE TaKKe
csomured K Buny (3.95), Ho €.57(qw) nMeer BUA:

gz(q)\) Qg,\
2(gX
O

cefp(qw) = celqw) — (3.97)

Yesi0Bue yeTORYMBOCTH peleTku cBoauTed K Tpebopanuio w?(gA) > 0, Tak 4to u3 (3.94)
HOJ‘[y‘IaeMZ
9*(q)) 1 = e.(q0)

1+
Ve o ee(q0)

>0 (3.98)
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Puc. 3-12  JddbekTnsHoe B3aumMoneicTBNE 2NeKTPOHOB B MeTane.

N3 s1ux $hopMys1 MOKHO ONPENEUTh, Koraa 3¢dGdEKTUBHOE B3aUMOAEHCTBIE B MeTaJIIe
MOXET CTaTh RPUMAUSAIOWUM, B JaCTHOCTU IJId ¢ ~ 2Pp, 9TO HEOOXOAUMO g (op-
MUPOBaHUs CBEPXIPOBOAAIIEero cocroauus [14]. Pazymeercd, B peaabnbir MeTaLIax Tpe-
OyeTcd BBIXOJ 33 pPaMKH HMCMOJIb30BaBiierocsa namu RPA.

Bripaxenne (3.94) myiz GOHOHHOTO CIIEKTpa MOXKHO 3allEicaTh B GoJiee obIIeM BHIE KaK:

w?(g)) = 92, {1+ g% (aV)x(g,w(aN) } (3.99)

Traoe BBeIeHaA 0606HL6HH&H BOCOPpUUMYHUBOCTH BHGKTPOHHOﬁ IMOOCUCTEMEI, CBA3aHHAaA C COOTBeTCTByIO].L[eﬁ
,Z[I/IBJ'IGKTPI/I‘{GCKOI‘/’I IMIPOHUITAECMOCTBIO COOTHOUICHUEM

Xe(qw) = _ (Ee(l—) —1) (3.100)

Vy qw

M y9TeHa 3aBUCHMOCTH OT w, KOTOPOil BhIllle TpeHeGPEraaoch, 9T0 COOTBETCTBOBAJIO aAnabaTndaecKoMy
OpubJIMKEHUIO JIJIA IJIa3MEHHOU MOJIeIn MeTaslja. PacdeT mompaBokK Ha neaduabamuinocms CIEIyeT
OCYIIECTBJIATH IIyTEM PEUIEHHA TpaHCIEHIeHTHOro ypasHernnd (3.99). Herpynro y6emmrnea, 9To ms-3a
MaJIOCTH CKOPOCTH HOHOB, IIO0 CPaBHEHHIO ¢ (pepMHMEBCKOH CKOPOCTBIO, yI€T 3aBHCEMOCTH Xc(gw) oT

YqaCTOTHI IPUBENET K U3SMEHEHUTIO (bOHOHHI)IX qaCTOT Ha MaJIYI0 BEJIMYUHY ~ 4 / %

Orcioma AcHO, 910 “cMArdeHme” 9acTOT peasbHBIX (POHOHOB M HEYCTONYMBOCTH PEUIETKH MOMKHO
CBA3ATH C H3MeHeHUEM 3 (b HEKTHBHOTO MEKHOHHOTO B3anMoeiicTBIsA, 00y CJIOBJIEHHBIM, B CBOIO O9EPETH,
M3MEHEHWEM CTATHIECKON I3/ IeK TPIYeCK Ol TpOHAIIAEMOCTH 3JI€KTPoHOB. TakoBa, HATpAMEp, CUTYAIAA
B ONHOMEPHBIX W KBa3HONHOMEDPHBIX META/JIMIECKAX CACTEMaX (a TakiKe B yCJIOBHAX HECTHHTa IpPH
d = 2,3), tme, KaK y&Ke OTMedaJIoCh BHIIE, MOJIAPA3AIPOHHEII oepaTop, a ¢ HIM X €c(gqw) mpr T = 0
MMET JIOTapuPMIIECKYI0 0COGEHHOCTD U obpamaercd B 6ECKOHEIHOCTD TIpH ¢ = 2pp. B aToM cirydae
dononnaz gacTora m Gpypbe — KOMIIOHEHTA 3] GEKTHBHOTO MEKHOHHOTO B3amMoAelicTeus ipw ¢ = 2p g
obpamarTca B HYJTb.
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DoHOHBI 1 (PJIIYKTYyaIlUMH.

Paccmorpum, cienys [3], KoppeaanuoHayo GYHKITMIO aTOMHBIX CMENIeHH
= E < ua(r)ug(0) > (3.101)
af

W U3YYNM €€ aCUMITOTHKY Ha GOJBIINK paccTOAHUAX r — 00. Benuunny (3.101) MoxHo
BBIPA3NTh YEPE3 COOTBETCTBYIONYIO Malybaporckyio dyuknmio ['puna dboronon. [pn
5TOM HYKHO y4UecTh, 4To cTaHmapTHad dononHad dhyukiua ['puna [1] onpenesnger, dpak-
TUYECKW, KOPPEeJAToOp 2paduermos cMelleHuit, 9To obecneunBaeT ymoOHYIO 3amuch Ta-
MMJIBTOHWAHA 3JIEKTPOH — (hoHOHHOTO B3aumofeiicTBuda. Pyuknna ['pura aTOMHBIX cMe-
meHnit nosTyyaercs mesneHneM »Toii dbynknun ['puHa Ha BemuumHy pwi (Tae p — MmIoT-
HOCTB CIJIONIHOM Cpesibl, comocTaBgeMoil KpucTaaty) u cMenoit snaka®. Torna nveem:

dk zkl‘
Z/ G T (3.102)

rie wy — cuekTp dononoB. CymmupoBaHue Mo (YeTHBIM) MalybapOBCKUM YacTOTaM B
(3.102) BBITIOJHAETCA C TTOMOIIIBIO COOTHOIIEHU:

= 1 T o
B pe3yJjabTaTe MoJyvdIacM:
1 ddk’ 1 Wi kr
=— th—e" 104
Cr(r) 2p/(27r) —cthore (3.104)

Orcioa MOXKHO MO OTAETBHOCTH BBIIETNTH BKIAIBI TEMJIOBBIX 1 KBAHTOBBIX (HYJIEBHIX)
(T' = 0) daykryannii (Kosebannii) ¢ moMombo GOPMYJIBI:

1 w 1
§cth 5T =5 T np(w) (3.105)
e nB(w) = %1 T dyukmua Bozse. Ouerugno, uro ng — 0 mpm T — 0, Tax 91O
COOTBETCTBYIOWINH BKJIA OMPENEIAET TEMIOBBIE BhIYKTYAINN " .
Wrak, BeImuIeM ABa BKJaga B MCKOMBI KOPPEJIATOP:
1 dd]{i ezk].‘
C =Cp_ = — 3.106
o) = Crootr) = 52 | s (3.106)
1 d%k Ter
AC(r,T) = —/ o (k) ik (3.107)
pJ @2m)T w

6B arom merpymHO y6emuThea, cpasuuBas dopmyss (7.9), (7.10) u (7.13) B xHure [1]

73aMernM u9ro, BCe 5TH GOPMYJIB MOXKHO BHIBECTM H He HCIONb3Yyd MaIyGapoBckme yHKIEE
I'puna, a MpocTo ycpenHsAs BTOPMYHO — KBAHTOBAHHBIE OMEPATOPHI cMemeHuit ¢ Tmb6coBCcKoil Marpu-
el MJIIOTHOCTH.
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Tabnuua 3.1 AcumntoTnka (r — 00) KOPPENALMOHHOR BYHKLIMMA KBAHTOBLIX N TEMAOBbIX
pNIyKTyaunin aTOMHbIX CMELLEHUA ONA PasfivyHbIX pa3sMepHOCTEN MPOCTPaHCTBa.

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

Hac mnrepecyer moBemenne stux $yukiuit npu r — oo. Ilostomy B AC(r,T) nmator
BKJIaJ, TOJBKO caMble MaJbie k ~ %, Takue 4To wp K T. [losTomy 6oze — dyHKIHIO

MOXKHO allTPOKCUMHUPOBaThH KaK npg ((.dk) ~ g_k 1 3alIucaTh:

T dek 6ik1‘ .

Scno, uTo aTa GopMysTa ABIAETCA MPOCTHIM CJECICTBHEM 3aKOHA PABHOPACTIPEIETCHN
[11] kstaccuyeckolt cTaTuCTUKY.
HanbHeilnme pacdeTsl IPOBEIEM JIJIg PA3INYHbIX pasMepHocTeil mpocTpancTBa. CHa-

vasa pacemorpum Co(r).
Hoa d = 3 umeem:

C7(r) =

4 > dkk? sin k 1
T / sin kr (3.109)
0

(2m)3p ck  kr 472 per?

1€ BBEJIN o6pe3aHI/Ie ('bOpMaJH)HO PacXomgdAIeTocd Ha BEPXHEM IIpeaecJjie MHTErpaJia Ipu
k ~ %, TTOCKOJIBKY TIpn’ boabmux k OCIIAJIIATTAN TTOOAWHTETPAJIBHOTO BBIpAXKEHUA TacAT

JpYT OpyTa.
g d = 2:
2T [e%] [ele]
@y = L ‘ﬁ/ dhettreosd — L / dkTo(kr) = ——  (3.11
Co(r) = 47Tpc/0 27 Jy ‘ ~ dape Jq Jolkr) = Amper (3.110)

rne Jo(r) — coorBercTByfomada dbynknua Beccens.
Hakonen mia d = 1 nmeem:

Wy 1 ooﬁik;«_#/ooﬁ b — 1 1£ 3111
Co (r)_47rpc/oo |k|€ - 2mpe Jo Kk coRET= 27 pe e (3.111)

Tpu BBIYUCTIEHUN TOCJETHEr0 WHTErpaa ObLTo cHoBa (amamornuno (3.109)) mpousse-
JIEHO obpesanue JorapudMIIECKON PaCXOAUMOCTH Ha BEPXHEM TpeNesIe mpu k ~ %, a Ha
1
HmkHeMm 1pn k ~ ¢ (L — pasmep cucTemsr).
Paccmorpum Temeph TemsioBble (BIIYKTYaInn.
g d = 3 umeem:

T > dk T
ACE () = / k= —— 112
Cy(r) = - ) sin kr yr—— (3 )
g d = 2:

27 oo
(2) _ T dk ikrcos® c c
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DTOT MHTErpas TaK¥kKe PACXOIUTCA W €ro HyXKHO 0bpe3aTh, aHAJOTHYHO TOMY, KaK 3TO
nenanock npn pacdere Cy(r). B nrore nomydnm:

T L

ACH () = ——In= 114
CF) = gz (3.114)
Hia d = 1, aHaJIOrMIHBIM 06pa3oM:
T  dk
AC(Tl)(r) = W/o 7z 08 kr = ConstL (3.115)

B aTOM ciiydae mHTETpaJI MpHM MaJIbIX k pacXoAWTCA CTENeHHBIM 06pa3oM U ONpe/ieIeHre
koaddunmenTa B obmemM BHie HEBOSMOXKHO — B YACTHOCTH OH 3aBWCUT OT IPAaHMIHBIX
yCJI0BHil, a TaKXkKe OT TOTro, KaK TOYKH CPe/Ibl, B KOTOPBIX N3MEPSATCA CMEIIEHNs, pac-
MIOJIOXKEHBI TI0 OTHOINEHWIO K TPAHUIIAM.

M Torn HammMX BBIYMUCJIEHWI CBEJIEHBI B TpUBeAeHHOI Bhine Tabsnme. 9T pesybTaTsl
[O3BOJIAOT U3YYNTH BOIPOC O PaspyIIEHNN JAJbHEro (B JaHHOM CJIydae KpPUCTaslInde-
cKoro!) MajbHero MopaaKa KBAHTOBBIME 1 TEIJIOBBIMU (IIyKTyaruamMu (KoaeOaHuamu).
B camom meste, mss 9TOTO, KaK pas, JOCTATOUHO paccMoTperh acummroruku C(r) npn
r — co. Ecou nipu stom C(r) — 0, To magbHuit mopAnoK (KpUCTaIIudecKas PENeTKa )
dbaykTyanuamMu He paspymaercd — gaxke 3HaunTesNbHOe oTKJoHeHWE u(0) oT cpemHero
3HaYeHWs He MPUBOAUT K cusbHoMy naMenennio u(r). Ho ecou C(r) — oo, 10 270 03Ha-
YaeT, 9To JaJbHWUI TopAnoK ncuesaeT. Takad cHTyalusa WMeeT MecTO JJii KBaHTOBBIX
dayxryamnuit npu d = 1, a gas remiopsix — npu d = 1, 2!



InaBa 4

IJIEKTPOHDBI B HEVYIIOPA 10-
HYHEHHBIX CUCTEMAX

IMunarpaMMHasi TeXHHUKAa MOJisI paccessHUs HAa
“npumecsx”’.

PaccMoTpuM 21eKTpoH, ABMKYIIAiiCA B TPOCTPaHCTBE B MOJE, cozmaBaeMoM N; paccen-
Barenamu (“mpuMecaMn” ), KOTOPbIe PACTIONOKEHBI CIyIaltHbIM 06pa3oM (XaoTUYecKn)
¢ dbukcnpoBaHHON MIOTHOCTHIO (KOHIEHTpanueii) p; = %, rne V — obbeM CHCTEMBI.
Cymmapubiit morennuna (caydaitnoe nosel), cosmaBaeMbil TpuMecaMn ecTh:

i

V(r)=> v(r—R;) (4.1)

ji=1

rme v(r — R;) — moTeHIMaJI OTIEIBHOTO paccenBaTe I, PACcIOIOKEHHOIO B (CiIydaitnoii!)
Touke R;. AbcomrorHo cydafinoe pacmpenesenne paccempaTesieif B mpocTpaHcTBe COOT-
BETCTBYET WX (DYHKIUU PACIpENeEHAA BUIA:

P{R;} =V~ (4.2)

Hlia sagannolt Koudurypanun paccemBaresielr dynknua ['prHa 37€eKTpOHA YIOBJIETBO-
pAET ypaBHEHUIO:

12 ol

zha% TomY T Z v(r — R;) ¢ G(rr't{R;}) = é(r —1")8() (4.3)
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7 3aBUCUT byHKMWOHATBHO oT Beex R;. O6BIUHO, B Teopnn HeyMOPATOYEHHBIX CHCTEM

npennosaraercd [15], uro dusndeckne BeMUNHBI (M3MeEpAEMbIE Ha 9KCIEPUMEHTE) OIpe-

IeNdI0TCA KaK CpPeJHUe 10 aHcaMbII0 06pasIoB CO BCEMH BO3MOXKHBIME MTOJIOKEHUAMMA
v 99

“npumeceii” (ycpentenne mo npumecam). Takum o6pasoM, HAC MHTEPECYIOT, MPEKIIE
BCeTO, ycpennennad (yHkiuga ['puHa, KoTopad ONpene/iaeTcd KakK:

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

Cunras TOTEHIMaJ paccemBaTesell ciabbiM, MOXKHO pPa3sBUTh TEOPWIO BO3MYIIEHNil, 3a-
nucaB BTOPUYHO — KBAHTOBAHHBI TraMmUJIbTOHMAH B3auMoelicTBUA /1eKTpOHA ¢ TOJIEM
(4.1) kak:

Hipe = /dry’ﬁ(r)V(r)'l/)(r) (4.5)

Takasa Teopusa BosMylienuii (mo “suennemy” moutio [1]) odenn mpocra. CooTBeTcTBY-
fomnii pan Teopun Bosmyienuit nua dbynknuu puna (4.3) uMeeT XOpouIo M3BECTHBIN
BU/I:

G(1,1') = Go(l,l’)+/d2G0(1,2)V(2)G0(2,1’)+
+ / d2d3Go(1,2)V(2)Go(2,3)V(3)Go(3,1') + ... (4.6)

rne 1 = (r,t), I/ = (v',¢') m 1. n. Tpadudeckn 70 paziokeHNe NPEICTABIACTC THA-
rpaMmMamiu, mokasanusiMu Ha Puc. 4-1. Ho mac nnTepecyet yepennennaa dyukinsa ['puna,
< G(rr't) >, onpenenennaa B (4.4). CoorBeTCcTBEHHO, PN ycpenuenun pama (4.6) mo
(4.2), BO3HUKAIOT CpeMHUE BUIA

<V@)>  <VERVE) > < VEVE)VA) >, .. (4.7)

Ina cnydaitHo pacmosiokeHHbIX mpuMecelt (caydvalinoro nona (4.1) n pacrpenenenus
(4.2)) Bce »TH cpeaHMEe MOXHO paccyuTaTh B obmeM Buie. IIaa 2Toro, Mpexae BCero,
BBeZleM dypbe — MPEACTABIEHUE!

V() =3 v(p)e PR (4.8)
P J

rie v(p) — dypbe — 06pas moTeHnmMasa OTAEIBHOTO paccenBarend, v(—p) = v*(p). Haa
IPOCTOTHI 6YIEM CYMTATh, B 6OIBIINHCTBE CIYyYaeh, 9TOT MOTEHINA TOYEUHBIM, TaK 9TO
v(p) = v = const. D10 orpaHNYEHNE COBEPIIEHHO HEMPUHININATBHO.

C yuerom (4.8), samaya BeIYUCTeHUA cpeaaux Tumna (4.7) CBOANTCA K BBIYUCIEHUIO
BEJIUYNH THUTIA:

M;(p1, P2, .-, Ps) =< p(P1)p(P2)...p(Ps) >= ZE EGXP(—iZPjRIj) (4.9)

[ ls

Ynob6Ho nepelTi K pacCMOTPEHNIO HECKOJIBKO WHOTO (HECKOIBKO HoJlee ob1Iero u “pe-
amuctudeckoro” ) BapnanTa Hamelt Mogesn. Ilycts N; paccenBatesieii (mpumeceit) pac-
HpeesIensl ciydaiiibiM obpasom mo N ysJjiaM peryadapHoli (1718 TpocToThl KyOudecKoit)
pemerku. Torma BMecTo BBEIEHHO BhIlIE pasMepHOil MJIOTHOCTH p; BBeleM Gespasmep-

JJ\\T;, KOTOpad MOXKET UBMEHATHCA B MHTEPBAJIEC OT 0

HYTIO KOHIIEHTpAaINIio mpuMeceit p =
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v Voy
I I I
I I I

G —— + o+ L e .
o112 1 1 2 31

Puc. 4-1 Paccesine anekTpoHa Ha noTeHuuarne, co3naBaemMomM hUKCUPOBAHHON KOHDUIY-
paunen paccenBaTesnen.
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no 1. Torma pesyabTaT ycpegHEHUA TPOU3BOJBHOW CYMMBI MO TOJOKEHUAM TpUMecei

O4Y€BUAHO CBOJUTCHA K:
dR,
Z...HZ...:p/a—S... :pi/de... (4.10)
l; l

rjie BTOpas cyMMa yxke Gepercd Mo BCeM y3JjaM Halllell pelieTku, a BeJuduHa a obo-
3HAYaeT MOCTOAHHYIO peuieTku. [Ipu 9TOM MBI y4au, 4TO BBEIEHHasd BBIIIE pa3MepHasd
MJIOTHOCTH paccenmBateseit p; = J‘\ﬁ = % = pa~3. Mlepexon X paccMaTpuBaBlleiica
BBINIIE “HEMPEPBIBHON~ MOMIe N cOOTBETCTBYET @ — (), Tak 4TO PUKCHPOBAHHOE 3HAUE-
HUE p COOTBETCTBYET MPENEy p; — 00. B Toxke Bpems, ecsi hUKCUPOBATE p;, TO TPEIEIT
a — 0 osHawaer p = p;a’ — 0. Ecom e, KaK 3TO 9aCTO IPUHIMAETCA B TEOPHU TBEPAOTO
TeJla, TMOJOXKUTL 06beM cucTeMbl V = 1, To N = a3, To pas/muna B onpeneIeHIN KOH-
HeHTpanuit mpocto ucyesaroT. [losToMy B JaJbHERIIIEM MBI UCTIOJIB3YEM JIJId Hee eIUHOE
obozHaveHUEe p.

MMocaemytonue BEIYUCIEHEA JOCTATOYHO MPOCTHI, HAJIO TOJBKO aKKYpPATHO BHIACTUTE
crenuasbHble CIyYan, KOrfa MPONCXOIUT COBNAJEHNE MHIEKCOB CyMMUpoBaHuA (Ipu-
Meceit) B (4.9). Ipamoit cuer maer (/14 PEUIETOYHONR MOsIEH):

My(p) = <ZeXp<—z’pR1)> =p / dRe~ PR = (27)%ps(p) (4.11)

1

Ms(p1,p2) = <E exp[—i(p1 + p2)Ri] + Z exp[—(p1R1 + p2Rm)]
] I#m

= (27)%p8(p1 + P2) + p°[(27)%8(p1)(27)?8(p2) — (27)°6(P1 + P2)]
= p*(27)°6(p1)6(p2) + (27)°(p — p*)6(P1 + P2)
=< p(p1) >c< p(P2) >c + < p(P1)p(P2)) > (4.12)

TJIe BBEJIN, IO OMPEIEJIEHNIO, KYMYAAHMDL < ... >, 1. AmnasiornyssiM o6pa30M TIOJIyHJaEM!:

M3(p1, P2, P3) =< p(P1) >c< p(P2) >c< p(P3) >c + < p(P1) >c< p(P2)p(P3) >c +
+ < 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, nmocsie yepennennsa passioxennus (4.6) BOSHUKAIOT CJIEAYIONINE 57IEMEHTH HOBOTO
(ycpenHeHHOro) pAfa TeOpUH BO3MYIIEHUH:

vt < p(p1)p(P2)p(P3)p(Pa) >c= 2720  (p—Tp* +12p° —6p")6(p1+p2+Ps+pa)  (d

V< p(p1) >e= @nPpus(pr) () (4.15)

v? < p(p1)p(p2) >o= (2)(p — p*)v*6(p1 +p2) (D) (4.16)

VP < p(P1)p(P2)p(P3) >e= (27)*0°(p = 3p* + 20°)6(P1+ P2+ P3) () (417)
)

)

KOTOPBIM COMOCTABJIAIOTCS ANArpaMMBbl, Tokasauubsle Ha Puc. 4-2 (a-d). Kymyaanter 60-
Jlee BBICOKUX TIOPAIKOB UMEIOT ellle HoJiee TPOMO3IKWI BU/I.

1qDOpMa.JILHOe COOTHOIIEHWE MEXAY CPEIHUMU MOMEHTAMU U KYMYJIAHTAMHU JA€TCA PABEHCTBOM!:

<eXpZa]p(pJ)> = exp<exp [Z a]p(p])] - 1> (4.13)
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X S
I - // I \\
:O [EAREN
P b e /by 1Py \p3
(a) (b) (c)
///7(\\\\\
¢ N (d)

A
7 P1 /P2 APy NP
\

Puc. 4-2 Tpaduku, conoctapnsiemble pasfnyHbIM KyMYMsiHTaM B YCPeOHEHHOM psiae
Teopumn BO3MYLLEHWNA.
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OnuosnexkTtpoHHasg pyHKINA 'puna.

Nror mpenbiayiiell MUCKYCCUU CBOAUTCA K TOMY, YTO AUATPAMMHOE Pa3jIoXeHue s
OMTHO3JIEK TpOHHOR pyHknuu ['puHa, yepemHennol no caydainbiM KOHGUTYpaITUIM pac-
ceuBaresieit (HpMMece]‘/’[), TIpeNiCTaBIAeTCA B BUIE, TOKa3aHHOM Ha Puc. 4-3. UHorna roso-
pAT, 9TO JIMHAN B3aUMOIEUCTBUA ¢ TpUMeCAME cobupaioTcd B “nydku’ , obbequHaeMble
“kpecramu” (“kpecroBaa” mmarpamvuada Texumnka (S.F.Edwards, 1958)).

Mpu masoit kornentpannu (p — 0) mpumeceit (nan B “HenpepbIBHON” Momesn) MBI
MOXKEM OTPAaHUYUTHLCA 37eCh YieHaMu JuHelinbsiMu mo p. Torma, ¢ yyeToM mpeanosiarae-
Moii MasocTn notennnaaa (v — 0), MOXKHO OTPAHUYUTHCHA TOJBKO BKjIagamu ot (4.15),
(4.16), mu, coorBeTCTBEHHO, TpadUKAMN 1A KyMYJIAHTOB (B3anMoIeHcTBI ), TOKa3aH-
ubiMu Ha Puc. 4-2 (a,b). lIpu aTom BrJtan ot (4.15) TpuBnaseH n cBOIUTCH K KOHCTAHTE,
IpUBOAIIEH K CABUTY Havasa OTCYETa SHEPTUH 3JIEKTPOHA Ha BEJNYNHY pv (MU K CO-
OTBETCTBYIONIEH TlepeHOpMUpOBKe XuMmroTenuasa)?. Bropoit ke xymyaaut (Puc. 4-2
(b)) cBomutca mpu atom k (27)3pv?8(p1 + p2). Torma pasioxenne A ycpemHEHHOI
dyuxknuu ['puna cBoguTCd K cymMe rpaduKoB, MoKazaHHBIX Ha Puc. 4-4. D91omy ciaydaro
COOTBETCTBYET MpOCTelas Gakmopusayua KOpPeaaTopos ciaydaiinoro nomia (4.7) “no
Buxy”:

<V()V(2) >#0

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

— 1 T. 0. OJId BCEX HECYCTHBIX CTeHeHeﬁ,

VOV R)VB)V(4) >=< V()V(2) >< V)V (4) > + < V()V(4) >< V(2)V(3) >
— 1 T. II. JJId BCEX YETHBIX CTCIICHCU.

(4.19)

4TO, ¢ TOUKM 3pEHNA MATEMATHKY, OTMPEeIaeT 2aycco6o caydaiinoe moe’,
B paccmarpuBaemoii 3amade “AByXTOYEUHBI” KOPPEIATOP CJIydaifHOro mMoJid B KO-
OpPIAMHATHOM HMPOCTPAHCTBE UMEET BUI:

3 2 ddpl ip.T ddp2 iPoT
< V(r1)V(ry) >= (27)°pv elPrfy [ "= iPalag(n, 4 =
eV >= @mie? [ SE GseP (o1 + o)
A1 i r_p
_ .2 L iPa(T1-T2) _ 02600 - :
=pv —=e = pvo(ry —r 4.20
p/(w e — 1) (4.20)
[TosToMy OBBIYHO TOBOPAT, UTO 37ECh paccMaTpUBaeMad 3allada CBOAUTCH K U3YUEHUIO
IBUXKEHNA 3JIEKTPOHA B rayCCOBOM CJYYAHOM TOJIE C KOPPEIATOPOM Tuma “Gesoro
nryma’” .
Pazmoxenne Puc. 4-3 MoxHO 3anucarh B Bulle ypaBHenua [laiicona:

G(1,1') = Go(1,1') + /d2d3G0(1,2)2(2,3)G(3, 1) (4.21)

2TloaToMy, MOKHO TIPOCTO cHIMTATh, 4To B (4.7) < V(2) >= 0 M OTCUMTHIBATH SHEPTHIO OT CPEITHETO
ypoBHHA cirydaitHoromoia. B camMom mese, orpaHMYIHBAACH /TA COOCTBEHHO — PHEPTETHIeCKOl 9acTH 3J1eK-
TpoHa BKJIAIIOM amarpaMmst Prc. 4-2 (a) mmeem X = pu(0) = pf drv(r) m, coorBercTBEHHO, DyHKIUIO

I'puna: G(enp) = W, YTO U JOKa3BIBaeT cAeJaHHOe yTBepXKICHUE.

1€ g
3MoKHO TOKa3aTh, 9TO 3TOT K€ Pe3y/IbTal BOSHHUKAET M3 BCErO pAla TEOPHH BO3MYNICHMH mIs
“HenpepbIBHOH” MOIe/H paclpeneseHusa “mpumMecel” B GopMaIbHOM IIpemese p; — 00, v> — 0, HO

piv? — const!
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H~ ¥~ K~
// \\ // \\ /56{7\\ \\
Lty L 5 1y 4+ Ly lyl iy 4
%\
// \\ /)F\

Puc. 4-3 [unarpammHoe pasfnioxeHue ycpeaHeHHoin cyHkumm [pruHa cnydainHom none
obuiero smaa.
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A N
/ \
> = > + >l 4
X~ X~ .
// \\ // \\ // ~ \\

Puc. 4-4 [narpammuoe pasnoxeHue ycpenHeHHon dyHkuun [ puHa B rayccoBom cnyyanHom
none.
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nJjan, B UMIIYJIbCHOM TIpEICTaBJICHUN (Maﬂy6apOBCKaﬂ TeXHI/IKa)4:
G(pen) = Go(pen) + Go(pen)Z(pen )G(pen) (4.22)

rie coBCTBEHHO — aHepreTndeckada dacTh L(1, 2) npencraBnsercs rpadukamu, ToKa3aH-
#eiMU Ha Puc. 4-5. PaccmoTpum BJTam mepBoii aumarpaMmsl Ha Puc. 4-5, cooTBeTCTBYIO-
nieli, Kak MbI cefiuac yBUIUM, TIEPBOMY DOPHOBCKOMY TPUOJIMKEHUIO JIs pacCedHUd Ha
npumecax (1BA) (v(—p) = v*(p)):

1

1BA _ v 2 1 _ v(p — p')|? ¢
s (Enp)—qu:I O = —p%:l e-P—py

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

B tunuunnix metamnax Fp ~ TeV ~ 80000K u B 6oJIbIIMHCTBE CIIyYaeB HAC WHTE-
pecyioT aJiekTponbl BOsm3u ypoBua Pepmu Ep & pu. Hanpumep, mia T < 800K mmeem
EL < 1072. Taxum obpasom, mam mamo smath LP4(e,p) mpnu |p| ~ pr u° |ie, —
e+isign(e, )6| € Ep. KpoMme Toro, U3 IpOBEJEHHOTO BhIIIE PACCMOTPEHN 9KPAHUPOBKH
KYJIOHOBCKOTO B3aUMOJIEHCTBISA 9JIEKTPOHOB FCHO, YTO COBEPIIEHHO aHAJOTHYHBIM 0Opa-
30M 9KpaHMpPYeTCd ¥ MOTEHIMAJ] IPUMeCH, Tak 4To, dakrudecku, v(p — p') ABageTca
JOCTATOYHO IJIABHO MeHdonlehca dbyuknuelt na unarepsasae 0 < |p — p’| < 2pp.

C Y4eTOM CACJTAHHBIX 3aMeYaHuit m IPOBEAEM TOCJICAYIOIINE BHIYUCJICHNA. Nnmeem:

. . 1
YBA(p, e + isign(en )8) = pZ lv(p — p)| my: =
p/

2
e —&(p') + isign(en )6

_ "2 e —&(p") . ) .
= p%; lv(p — p)| { ) 1 62 — isign(en)mé(e — E(p ))} (4.24)

2
Mockoabky |v(p — p’)|? Menserca nocTaTouHO MeIIEHHO U Hac nHTepecyoT | —&(p')| <
Ep &y, MBI IMeeM KadeCTBEHHYIO KapTUHY, ToKasauuyio Ha Puc. 4-6. B wacTHOCTH, M3

I

—£(p) . .
TOTO 0OCTOATETHCTBA, ITO (a_z(pg,)’;“p ABIAeTCA HedeTHOH byHKImel e —E(p'), cnenyer,

aro ReX'P4(pe,) ~ 0°. Torma (4.24) cBoamTCa K 9UCTO MHEMOMY BBHIPAXKEHUIO:

L. cen 1 L En )
Y184 (pe) = —imsign(e,) Zp|v(p —p)%(e — £(p')) = _Z|5_F = —zm'yp (4.25)
p/ n P n
rae, ¢ yueroM € & £(p) (BO6sm3n nomiocal) BBesn
1
— =27, =2 —p')|%s —&(p’ 4.26
- =2 7> plv(p = p)IP8(4(p) — £(P")) (4.26)

p/

— YacTOTy paccedHnd 3/I€KTPOHa Ha MPUMECAX, MOCINTAHAYIO B BOPHOBCKOM Mpub/IU-
xennn (“somoroe mpasuio” Pepmu).

*Vepenmennan bynxmma lpura < G(rr’en) >= G(r — r’eyn) saBment TobKko ot |r — /| — ycpennenme
“BoccraHaB/IMBaeT” TPAHC/IAIMOHHY0 HHBADHAHTHOCTD CHCTEMBIL.

5Vwurem, uro, B KOHIIE KOHITOB, HAM HYZHO BHIIOJHHTEH AHAJATHIECKOE IPOIO/IKEHIE HA BEUIeCTBEH-
HYI0 OCh M3 BepxHell HmoJIymuiockoctn £, > 0, T.e. i€, — € + 6, WK U3 HIKHEH TOJIYILIOCKOCTH, T
en < 0, T.€. 18y — € — 36,

6Crporo rosops, unrTerpat mo p’ B mepBoM wireHe (4.24) MoxkeT GHITH pasbmT Ha ABEe TACTH: TIO p’
HaeKuM oT pr ¥ 1o p' B6msw pr. [Ipedes sl BTOPOTO WHTErpasia MOYKHO B3ATH CHMMETPHIHBIMHA TI0
p' — pp, 9To m macr Hyb (B mpeHeGpexennn msmeHeHneM v(p — p’) BOsmsm pr). VaTerpan mo mase-
KHUM 06/1acTAM JlaeT NelicTBUTETbHYT0 KOHCTAHTY, KOTOPYIO OIIATEH MOKHO BKJTIOYUTH B TIEPEHOPMUPOBKY
XUMITOTEHTTHATA.
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q ~ = g
//FX \C] qV}Fq\q1q2 //*7‘?( AN
4 + + A O N T
p P-g p P-q, p-q;q 5
/""X“\
7 ~
// e \\ /1 \\
e N PAN AR
+ —fb(—)—L)—l— + _L’_/_’A_pL +

Puc. 4-5 [unarpammbl ons cobcTBEHHO — SHEPreTUHECKON HacTM 3EKTPOHA B C/yHalHOM
none.
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pIv(p)l

e—eptp
(e—eptu)>+8%"
n byHKUMM m, sxonswen B ImX1B4 (pe).

Puc. 4-6 (a) — cpaeHenune p|v(p)|? n dyHkumnm Bxonslen 8 ReX1 B4 (pe).

(b) — cpasHenue p|v(p)|?
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ECJII/I, AJ1d TTPOCTOTHI, Cpal3y BBECTHU TOYEYHBI TTOTEHIIAAJT opuMecn ’U(p) = v n Jn-
HeapI/I3OBaHHbII7[ CIICKTP 32JIEKTPOHOB BOJIM3U ITOBEPXHOCTHU (I)epMI/I, TO BCE BBIYMCJICHUA
YIIpomaKwTCd U Mbl HEMEAJIEHHO TTOJIy9acM:

1 o den + &
Y84 (pe,) = po? — = —pvzz/p/ dé ——= =
(pen) %,:Zgn —&(p') oo €2 H4E2
* ¢ €
= —ipvivparctg—=- = i —apvivp (4.27)
nl_oo lEn] len]
970, O CyTH JeJia, coBnagaer ¢ (4.25), mpudem:

vy = wpvivp (4.28)

7 ABJIgeTCA MPOCTO KOHCTAHTOM, onpeneiaeMoit MOTEHIINAIOM TPUMECH U TIJIOTHOCTBIO
3JEKTPOHHBIX COCTOAHMI Ha ypoBHe Pepmu.

Takum o6pazom, B pacCMaTpUBAEMOM TTPUOJIMKEHUY, TTOJTYIAEM YCPETHEHHYIO OTHO-
sJekTpouHyo dyukuio ['puna B Bume:

1

G'PA(pe,) = - — 4.29
(Pen) ien — E(p) + typ signe, ( )
4TO, MOCJ€e TIPOJOIKEHUS 1€, — Z, JAeT:
1
GBA(pe) = | e, e (4.30)
— L Imz <0 '
2=€(p)=17p

wnpn z — £+i6 (tae § — +0) onpenenaer G4 (pe). Takum 06pa3om, B COOTBETCTBHE
¢ obmmvn Tpebosammamu [1], G1BA(pz) mmeer paspes Baoss neficTBUTENBHON OCH U
aHaJuTH9Ha (10 OTAETHPHOCTH) B BEPXHE W HUKHEH MOTYIIOCKOCTH 2.

Ioce astemenTapHoro npeobpasopanud Pypbe UMeeM:

de  e-iletio) _
R _ = - _ _; —ig(p)t o= vpt :
G (pt) / s e+ i i0(t)e e (4.31)

1 aHAaJOTUYIHO!

3 ipT '
GF(re) = / dp ¢ — = _TUF jikero—r/21, (4.32)
@2r)Pe—&(p)+ip  prr

-
roe I, = vp7, °. Takum obpasom v, = ompenesigeT BpEMEHHOE W TTPOCTPaHCTBEH-

1
27Ty
Hoe (Ha [/IMHe l,, aHAJOTHYHOI AynHe cBOGOMHOrO mpobera) “saTyxaHne” ycpemHeHHOM
dyuxmun ['puna.

"B camom mese, (4.32) MOKHO 3ammcarh Kak (BocmombsyeMmca p — pr = £/vp):

R vp e sin pr
G (I'E) = d&i =

PFT — o € - é + 2:-;,
% exp(ippr +izr) — exp(—ippr —ir ; T
_ I./F d ( vp ) ( 5l ) — _TVF ippr T 3vgr, (4.33)
2uppr J_ o e—&+ 57 PFT

27y
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CrekTpasbHada MIOTHOCT, cooTBeTcTBYoman (4.30), MeeT BUA MPOCTOTO JIOPEHT-
nuaHa ¢ IUPHHON 7p:

A(pe) = — %ImGR(pe) = %(E_E(ZW (4.34)

9T0, ecTecTBEHHO, TepexomnT B A(pe) = §(e — &(p)) rasa cBOGOAHBIX 3JIEKTPOHOB TIPH
¥ — 0.

PacemorpuM Temepb posib OTOPOIIEHHBIX JUATPAMM M BO3MOXKHBIE 0OODIICHUA.
Moxmno BBecTH “mosiHoe” GOPHOBCKOE MPUOJAMKEHWE, TOYHOE B HUIIIEM MOPAIKE IO
KOHIIEHTpAIUN TIPUMeceil p, U yUWTBHIBAIOIIee MHOTOKPATHOE paccednre 3JEKTpPOHa Ha
omuol npumMecu. CooTBETCTBYONIME AUATPAMMBIL JIJif CODCTBEHHO — SHEPreTUYecKoil da-
ctu mokasansl Ha Puc. 4-7 (a). CooTBeTcTByOIEE BHIpaK€eHUE NMEET BUI:

B4 (pe,) = tpplen) (4.35)

U CBOAMTCA K JUATOHAJILHOMY 3JI€MEHTY MaTPUIBI paccedannd (t-MaTpuIpst) {pp:, KOTO-
pas onpeesaeTca ypaBHEHNEM, IPEICTaBIEHHBIM B Tpadndeckom Buje ua Puc. 4-7 (b),
WK, B aHAJATUYICCKOM BHIEC:

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

3agada onATh CYIIECTBEHHO YIIPOUIAETCH JJId 2JIEKTPOHOB BOIM3M noBepxHocTn Pepmu.
JeiicTBuTeibHad JacTh JMArOHAIBHOIO 3JeMeHTa -MaTpuubl tpp(ics) MpaKTHYeCKH
ABJIAETCd TIPU |p| ~ pp KOHCTAaHTON W MOXKeT OBITH BKJIIOYEHa B omnpemesenue p. To-
ria ocraercd paccMoTperh Imipp(ic, ). Ilpuvenda onTudeckyio TeopeMy KBaHTOBOI
TEOpHUN pacceaHna’

Imtpp = Im Y _ tho,Go(p')tprp (4.38)
pl
NMEEM:
tpp|?
ImE"P4(pe,) = Imtpp(en) = Imz LM = —signe,ﬂrz ltpp'|*6(c — £(P"))
p/ €n — E(p ) P’
(4.39)
L€ B IOCTEIHEM PABEHCTBE i€, — € +18signe, . Boipaxenne (4.39) coBnagaer no dopme
c (4.25), c yaetom samenst plv(p — p’)|? Ha |tpp/|*:
FBA .. 1 ..
by (Pen) = —isigne, — = —isigne, 7, (4.40)
27,
rae
1
— =y = 20 [tpp/*8(4(p) — £(P')) (4.41)
P !
P

Ecn B (4.26) samennts plo(p — p’)|* Ha |tpp/|?, To mMenno sTo m moaydnm. B sTom

CMBICJIE, MOXKHO OTPAHUUATHCA TOJBKO BTOPOW muarpammoit Ha Puc. 4-7 (a), Kak 270
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¥ /X_
FBA e 20
= + L1
Z PP P p T
A @
A /1 AN
+ Ll L
P P P P

= 41—, + L, =
b = 5P P T T
(b)
X IP-p" X
| | RN A
= + { L+ L o+ 4L
PP PP P p" P p" p'

(c)
AN ///K\\\
+ V4 Il; + _—L,J..;/ p + ...
P P p

Puc. 4-7 (a) — rpacukn ans cobCTBEHHO — SHepPreTUHECKOR HacTw, yHnTbiBatoLlne

MHorokpaTHoe paccesHne Ha npumecu. (b) — ypasHenue onn ¢ — matpuubl. (c) — rpadukn
OnsA cobcTBEHHO — BHEPreTMHECKON HacTM B CaMOCOMIacoBaHHOM MpubnunxeHnn, ¢ y4eTom
MHOTOKPaTHOrO pacCeAHUs.
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W Jesaaoch BBINE, HO MOApasyMeBaTh, uto v(p — p’) npencrasiger coboii MaTpuaHBIi
3JIEMEHT aMIJIATYIbl pacCeaHnsd Ha OIHON MpPUMECH.

Temeps MOXHO TEpeiiTH K pacCMOTPEHUIO CaMOCOTJIACOBAHHOTO OOPHOBCKOTO TMpHU-
OJIMKeHNdA, CBOAAIIETOCA K MPOIEeAype “yXKUPHEHWs BHYTPEHHUX 3JIEKTPOHHBIX JTUHUT
B COOCTBEHHO — 9HEPreTHYecKoll acTn, Kak 3To nokasano Ha Puc. 4-7 (¢). B anannrtu-
YEeCKOM BHUJIE TTOJIyYacM:

vICBA(pe,) = pv(0)épp + Ev(p —p')G(p'en)tpp (4.42)
p/

rie, o cpasHenuio ¢ (4.36), mpousonia samena dbynknun [puna G, Ha:

1
G(pen) = PP T (4.43)

Tak 9T0, GaKTUIECKH, BOSHAKAET TPOTEAYPaA CAMOCOTIACOBAHNA JJTd OMpeIeTeHus cob-
CTBEHHO — sHepreTHdecKol yactu (byuxmun ['puna).

Jamee jornka Hamero paccMoTpenna nopropaerca. [lombsyemca TeM, 910 tpp crabo
3aBUCUT OT 3HEpIuu Tipu |p| & pp u ¢ € Fp, a TakKe, 4TO paccedHue ABIAETC yMEPEH-
HBIM, B CMBICJTe BhITOTHeHnaA Hepapernctsa |N5¢B4| <« Fp, crosa mosywaem pesyabrar
tuna (4.39). Mlpu aToM posb urpaer Toabko ImY, a ReX moxer 6bITh “cripsatana” B
XUMTOTEeHTHAJ (. B urTore momydaem:

2
SCBA _ _ ltpp'| N
ImX% (pen)_Imtpp_ImZiE —E(p) — ilmN OB (e )N
p/ n n
~ —sign(en — ImESPN TN "jtpp| (e — €(p))  (4.44)
pl

e IpubIMKeHHOe PaBeHCTBO crpaBeqIuBo npu Maasix ImESC B4 TTna camocormaco-
BaHHOCTHU HAJO TMPOCTO B3ATH ImESCBA(
TOACTaHOBKOM. PasHuiia Mexmay paccMOTPEHHBIM BhINe GOPHOBCKUM NPUOJIMKEHUEM 1

ien) ~ —sign(e, ), 9YTO TIpOBepAETCA TPOCTON

€T0 CaMOCOTJIACOBAHHBIM BApMAHTOM BO3HWKAET TOJBKO B CJIyYae JOCTATOYHO CUJILHOTO
pacceanud, Korna 6 — byukuua B (4.44) saMensaerca JOPEHTINAHOM KOHEYHON ITHPUHBI,
YTO B MOJIEJIH C TOYEYHBIM pacceanueM (cp. (4.27)) He MeHAeT BoobIe HUYETO.

NTax nMeeM omATH 3HAKOMBIH OTBET:

ESCBA(pE,l) = —isign(ey) ! = —isign(en )Yy (4.45)
27,

TIe T, U 7Yp ONpenesdAoTca Kak B (4.41), a mid cirydasd ToUedHBIX IpUMeceil BEIpakeHHEM

tumia (4.28)°.

Hamre npubnnxenne, Takum 06pasoM, COOTBETCTBYET B pa3jioxkeHnn ¢pyukmnun ['puta
ydery, mokazanHoMm Ha Puc. 4-4, yuery Bcex guarpamm 6e3 nepeceuwenuti JIMHWNE B3aWMO-
gaeiicteug. [ToyeMy m mpyW KakKWX yCJIOBUAX MOXKHO MpeHebpedh “NepeKpecTHBIMU. Tpa-
¢urkamu. PaccMoTpum 3TOT BOmpoc MOApobHO Ha MpUMEpPE CPaBHEHWA ABYX AUATDAMM,
nokazanueix Ha Puc. 4-8. Tlpm pacuere Briama amarpamMmbl Puc. 4-8 (a) mmmysibent

8Nmeem ms (4.36): t = v + vGot, vt = v, Tak wTo v = —t+G6}'U +ttmt=v+ (ttGot - t+G3'UG0t)

¥, B CIIy spMETOBOCTH v 1 tT G(T vGot, mosrydaem:

Imtpp = Im < p|t* Gotlp >=Im Yt} ,Gotpip (4.37)
p/
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(a) (b)

P-p, -~ X~ p-
g ~orP PP, Xy X PP
/PPy sepsPy Yo N
i /2 3 \ /PRy Py N
PP P, PP P presp, P, P, P

Ak

Puc. 4-8 [lnarpamma 6es nepeceveHns nuHnii esanmopeiictens (a) n ¢ “nepekpectamun” (b).
Moka3saHbl TakXxe cOOTBETCTBYIOWME OBNACT MHTErPUPOBaHUA B UMMYLCHOM NPOCTPaHCTBE.
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UHTErPUPOBAHUSA P1 U Pz MOTYT MIPUHUMATE JTIIOOBIE 3HAYEHUS B CPEPUIECKOM CJIOE TOJ-
mmHoit Ak ~ 1/1. CoorBercTBytommii dbasopbiii obvem Q, =~ (4npihAk)%. B caydae
muarpaMmel Puc. 4-8 (b) cymecTByloT Takue Xe orpaHWYeHWsd Ha 3HAYEHUA P1 U P2,
HO KPOME 9TOr0, JIOJIKHO €lllé BHIMOJHATLCA yciaoBue |p + p, — p1| & pp. [pu dbukcn-
POBAHHOM P2 M3MEHEHUE Pj OTPAHUYEHO OBJIACTHIO TIEPECEYEHUsA ero CJOd U COOTBET-
CTBYIOIIETO CJIOA UMITYIBCA P + Py — P1, 9TO COOTBETCTBYET ABAXKIBI 3aIITPUXOBAHHBIM
obsractam ua Puc. 4-8 (b). @asossiii 06beM 3TOr0 KosbIla, 06pa3s0BaHHOTO Mepeceye-
HUeM NByX chepuduecknx cyioes, ecth Uy & (4mpLhAk)(2wprph’Ak?). Tostomy, oTHO-
IeHne BKJIaJa JuarpaMMbl ¢ “mepekpectamMn’ K “HEMEepeKpPecTHOR” ecTh, o MOPAIKY
BEJIUNYMHBEI, g—z ~ hf—Fk = ]% < 1 (“cnaberii” 6ecnopsamOK COOTBETCTBYET JAOCTATOTHO
GoutbIoil minne cBobomHoro npobera, prpl/fi > 1). Takum obpasom, mapamerp MaaocTn

Halelt Teopum ecTh 1% < 1, 9T0, OYEBUIHO, 5KBUBAJEHTHO TaKXKe yCJOBHUIO % < 1.
C yuerom pr ~ h/a (rme a — MeXaTOMHOE PACCTOSHME), MAJOCTh 3TOTO TapameTpa
COOTBETCTBYET BBITIOJHEHUIO yCJIOBUA | > @, TaK 4YTO AJiMHa Tpobera MIOJIKHA CyIIe-
CTBEHHO MPEBBINATH MEXKATOMHOE paccTodnne. PaKTUIECKH, 3TO €CTh OOBITHOE YCIOBUE
TPUMEHUMOCTHN KMHETUYECKON Teopun.

Moneasr Kemnanmbimia.

Kpurepuit ppl/fi > 1(l > a) mosBosger, Kak MBI BUAETH TOJBKO 9TO, OTPAHHIHTHCH
HEKOTOPOH TONOCIEN0BATETBHOCTHIO JOMUHUPYIONINX IHAarpaMM (quarpaMmb 63 nepe-
cedyeHuit TuHui B3aHMOILe]71CTBHSI) delirManoBCKOTO pAga Teopun Bo3mylieHnit. B 60s1b-
IIAHCTBE 3a7lad, pelllacMbIX JUarpaMMHBIM MeTOHOOM, NMPUXOJUTCA MOCTyNaTh MMEHHO
TakuM o6pasoM, T.e. oTéupaTh (MOJB3YACh HEKOTOPBIM GU3NYIECKUM KpuTepuem) Hec-
KOHEUHYIO TOJIMTOCENOBATETBHOCTD AMArpaMM, KOTOPYIO ydaemca mpocyMMupoBaTh. C
TOYKY 3PEHUs MATEMATUKHU HTO, KOHEUHO, He oueHb Xopotiio! OThpolieHHbIe uarpaMMbl
(X0Ts OHU U MaJIBI IO (HUBUIECKOMY TTapaMeTPY ) TOKE COCTABJIAIOT OECKOHEUHYTO OO
CJeIOBATETLHOCTD TIOJTHOTO PAMIA W BKJIAJ UX OCTAeTCHd, CTPOTO TOBOPHA, HEM3BECTHHIM. B
HEKOTOPBIX (04eHb penkux!) ciaydaax ymaeTcs MpoCyMMEUPOBaTh 6ech pall dheliHMaHOB-
CKUX AUarpaMM W MOJYy4YUTh, TaKUM 00pa3oM, TOYHOe pelienue 3amadn. K coxaaeHuio
5TO yHaeTcsd, KakK MpaBUIo, CIeaTh JIMIb B OUYEHb YIPOIMIEHHBIX (YUCTO MOJEIbHBIX!)
3amadax. TeM He MeHee, BHIBOMBI, MOJIYIYEHHBIE U3 TAKUX MOJeJsell MOoryT OBITH BeCbMa
TIOJIE3HBI.

B xagecTBe mpuMepa pacCMOTpPH MOJIETh TBUKEHUA 3JIEKTPOHA B TAYCCOBOM CJIydaii-
HOM TIOJIe, KOTJa MuarpaMMHBIA pam miad GyHkiun ['puta mMeeT BUI, MOKa3aHHBIA HA
Puc. 4-4, ¢ MomeTbHBIM MAPHBIM KOPPEJIATOPOM, 33JaBAEMBIM B UMITYJIHCHOM TIPEICTa-
Biaenun Buipakenuem W2(q) = (27)2W?28(q). B atom corydae ummysibe, epeaBaeMbrit
3JEKTPOHY KaxXkJIoi JimHuell B3auMoelicTBUua paBeH HY/0. B KoopamHaTHOM TpemcTa-
BJIEHUW 3TO COOTBETCTBYET MapHOMY KOpPeJadATOpY CaydallHbIX moJieil Braa:

<V(E)WV({E') >= / %eiq“—f’)(zw)i”wzé(q) =Ww? (4.46)

4aro m ceommrcA K (4.38).
9TTpu paccMOTpEeHHH 30HB KOHEYHOH NIMPHHBI, B 3TOM CJIydae Vp 0003HAYaeT IVIOTHOCTD COCTOAHMU
Ha yposHe @epMu, ¢ yaeToM BIHAHHA 3G PHEKTOB paccedaHns.
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YTO COOTBETCTBYET CIyYaio “MPeneTbHO JabHOAEHCTRY MK KOPppeaanuii caydainoro
nonda V(r), T.e. HPOTUBOIOIOKHOMY NPENETBHOMY CJIyYalo, MO CPABHEHWIO C KOpPeJd-
Topom Tuma “6esoro mryma’ (4.20)1°.

OxkasbiBaeTcd, 9TO B 3TOl MOHESM MOXKHO JIETKO MPOCYMMHUPOBATh BeCh delinMa-
wosekuit pan (JI.B.Kennsiur, 1965). Bepuemea k pamy aas HeycpenHeHHO# GyHKIMNI
I'puna, mokazannomy Ha Puc. 4-1. [Ipu ycpenneHun mo rayccoBy caydaiitHOMY TOJIIO, JIU-
HUU B3aUMOAENCTBUA C BHEITHUM TIOJEM OOBEIUHAIOTCA “TIONAPHO” BCEMU BO3MOXKHBIMA
crocobamMu 1 MBI IoJTydaeM guarpammusiit pan Puc. 4-4. CooTBETCTBEHHO B n-M MOPAIKE
IO KOPPEJIATOPY TayCCOBa MOJA B KaXJOM UJIEHE Pa3JIOKEHUd yCpeaHeHHol (yHKIun
Tpuna nMeeTca 2n BEPIINH, COEANHEHHBIX TOMAPHO JUHUAME B3anMonehcTsud (Bce aua-
TPaMMBI 3TOTO MOPAIKA MOy IAI0TCH, €CJIN TepedpaTh Bce MOMapHble COEUHEHNA TUHUHT
B3auMoJieficTBuUA B WJieHe nopanka 2n Ha Puc. 4—1). Ecan kaxmada JuHud B3auMoIci-
CTBUA TIEPEMAET 3JEKTPOHY HYJIEBOW MMITYJIBC, TO BKJIAJbl BCEX AUAarpamMM B JaHHOM
nopsanke Teopun (BKJIOYad “nmepekpectHbie”!) BosMyuieHuii mpocTo paBHBI. B pesysb-
TaTe, pa3soxenue GyHkiun ['puna npencraBageTca B BUIE:

G(ep) = Go(ep) S L+ > AW GE"(ep) (4.47)

n=1

rie Ap — NOJHOE YUCSIO AUarpaMM B n-M MOPAIKE 2TOro paga (B MOpsIKe 2n MO aMILIH-
Tyne B3aumoneicTeusa W). Bryas mpousBoIbHON AnarpaMMBbl IPOCTO paBeH:

WGt (ep) (4.48)

4TO COOTBETCTBYET 2n BepimHaM (MHOXKUTE b W2"), coeIMHEHHBIM TIOTIAPHO TTYHKTUD-
HBIMU JIMHUSAMMY, & TaKxkKe npoussenennio 2n+1 crobonubix yuknuit ['pura. MuaOKUTETH
A, JIETKO OTpPENenTh U3 KOMOMHATOPHBIX COOOpak)EHU — 5TO YUCIO CITOCODOOB, KOTO-
PBIMHU MOYXKHO TIOTIAPHO COEAWHUTE 21 BEPIIWH MYHKTUPHBIMU JTUHUAME B3aUMOAeCcTBAA.
Jlerko BUIETH, 9TO

An = (2n — DN (4.49)

B camowm meste, B kax Aot nuarpaMMe umMeercd 2n BepiminH u 2n + 1 ssiekTponnaa JuHUAA.
Bribepem npomsBosibHyto Bepuinty. Ee MoxnO coegmauTh 2n — 1 cmocobom ¢ soboit u3
ocTaabHbIX 2n — 1 Bepmiun. [Tocsie »ToTO ¥ HAC B pacmopaXeHUW OCTaeTcd elie 2n — 2
“cBobomubIx” Bepunt. CHOBa Hepd JTIOOYIO U3 HUX, MOXKEM COETUHATE €€ C OCTABITUMUC
2n — 3 cnocobamu. Tlocse sToro ocraercd 2n — 4 “cobogubix” . JIrobyio W3 HUX MOXKHO
COEIMHUTH C ocTaBumMucd 2n — 5 crnocobamu, u T. a. Takum obpazom, MOJTHOE YUCTIO
cocobOB COEMMHNTH 2n BEPIIMH B JaHHOM Top#aake pasuo (2n — 1)(2n — 3)(2n — 5)... =
(2n — D!, aro u naer (4.49).
Temepb MOXHO BOCIIOIL30BATHCA N3BECTHLIM HHTETPAIBHEIM IIPeIcTaBIcHIEM '

1 e 12
(2n - = — dit*e™ T (4.54)
V2T J_o

108 o6mem cayuae, Koppeadarop < V(r)V(x') > xapakrepusyerca HekoTopoil xoppeasyuonnot dau-
noti & paykryanuit caydatiaoro mosia. “Bessrit mym” coorBercTByer £ — 0, B paccMaTpuBaeMol 3/1ech
Momesm £ — 00

1o onpenesrennto: (2n)" = 2.4.6...(2n) = 2"n!. Anasormano:
1 1
(20- = 135..(20-1) = 2" =T (n + 5) (4.50)

TTonb3sysck MHTErpaTbHBIM MpeIcTaBaeHAEM | -byHKIIM:

I'(z) = /OO dez?le™® (4.51)
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Torna (4.47) cBoguTca K:

1 *° 2
G(ep) = Go(ep) {1+Z 27/ d”z"e_TWz”GO(EP)M}:

1 o 12 e
- — dte™ 7 Gy(e 14 ) 7"WnG(e =
\/ﬂ/—oo e of P){ Z 0" (ep)

n=1
t2G3(ep)W? }

4.55
1= G (ep)W? (4.55)

1 e 12
= | dteFGolep) {1 +
V2T /_oo ‘ 0( p){

rae, Mo XOAy AeJia, Mbl IOMEHAJJIN MeCTaMi CYMMHUpOBaHUE WM MHTEIPUpPOBAaHUE, W MPO-
CYMMUpPOBAJIN BOSHUKIIYIO Iporpeccuio’ 2. Ilocte 3eMeHTapHLIX TpeobpasoBanmit moTy-

HqacM:
Glep) = — /Oodt_ﬁC(e) !
= € 2 (s _— =
P=am ) P e WG (ep)
1 e 12 1 1 1
= — dte= 7 (G — 4.56
V2 /_Oo ¢ 7 Ghlep)3 {1—tWG0(5p) + 1+tWGO(5p)} (4.56)

TaK 9YTO OKOHYATEJbHO!:

1 Gyle 1
GR(Ep) = —/ dte™= o(cp) / dte™'T -
V27 J_oo 1—tWGO( \/27{' E—EP—tW—}-Z(S
(4.57)
2
TIe y4Iu ABHBIR BUTL G{f(ep) = ﬁ, u Jajee HoApasyMeBaeTcd €, = g—m 13 Tocme
nepeobosnauenusa tW = V mepenuirem (4.57) B BoJlee HATJIAIHOM BUIE:
GR(Ep / dVe~ w7 ; (4.60)
V2rW e—L- -V 416
PusndecKuii CMBICJ 3TOTO pe3yJabTaTa OYEBHAECH — 3JIEKTPOH IBMKETCA B MPOCTPAH-

CTBEHHO — OJHOPOJHOM ToJe V, BeJIMdWHa KOTOPOTO pacmpenesieHa mo [ayccy c mm-
putoit W. ¥cpenuennaa ¢yuknua ['puna onucsiBaer ancamM6bsb “06pasnoB”, B KaXkI0M
W3 KOTOPHIX TMOJie V' TOCTOAHHO BIOJb BCETO 00Opasiia, HO BEJUYNHA €70 B KaXKIOM U3
“obpasron” (a/1eMeHTOB ancambia) caydafina.

JIETKO MOJIYYUTH BEChbMa IIOJIE3HOE, OJId ,Z[a.J'H)HGI‘/’H.I_[SI‘O7 COOTHOIIIECHUE:

n!=T(n+1) = / drze™ " (4.52)
4]

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

TTO TIOCTTE 3aMeHk © — 2 /2, m ¢ yaetom (4.50), maer (4.54).
12 cnonp3opanmsii 3mech IpHeM B MaTeMaTHKe HA3HBAeTCA cyMMmuposaruem no Bopearo.

a TaKXe

130npenemum GyHKITHIO KOMILTIEKCHOM nepeMeHHoﬁ 2t

5 (4.58)
(2) 2 .
\/ t
Torna (4.57) MOXKHO 3ammCcaTh:
1 1
G = —¥ | — 4.59
(P) = 7 (WGO(ap)) (4.59)
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TIpuBeseM elle ofiMH BapWaHT BBIBOIA 9TOTO KpacuBoro pesynabrarta (JI.B.Kemmgsiur,
1965, A.J1.9dpoc, 1970). 3anumem ypasuenne [laficona:

G l(ep) =€ — % — X(ep) (4.61)

r7ie COBCTBEHHO — YHEPTETUYECKAA YaCTh MOKET OBITH MpeacTaBaeHa rpadukom Puc. 4-9
(a) ¥ B AaHAJIMTUYECKOM BUJE NMEET BUJI:

d3q
X(ep) = / (27)3F(p, p—q,9)G(ep — a)W?*(q) (4.62)
3mech T(p,p — q,q) — ToYHAA BEpIIMHHASA 9aCTh, ONpPEAEIAEMasd ANATPAMMAMH, TTOKa-
sanubivu Ha Puc. 4-9 (b)*. C yuerom Toro, uto B paccMaTpuBaemoit samade W2(q) =
(27)3W?26(q), ypasuenus (4.61), (4.62) croparca k:

2

€~ ;—m — G~ (ep) = W*G(ep)L(p, P, 0) (4.63)

Bepumua I'(p, p, 0) yrosieTBopaeT ToXaecTBY Yopaa Buaa:

dG~'(ep)

I[(p,p,0)= I

(4.64)

KOTOPOE JIETKO BBIBOAUTCH NPAMBIM nudpepeHTupoBaHeEM AUATPAMMHOTO PAmA A
cobeTBeHHO — sHepreTndeckoit yactu L(ep). Torma ns (4.63) Bosuukaer auddepenin-
aJbHOE ypaBHeHUe Aiia (yukiun [puna:

dG
W2d— +Gz—1=0 (4.65)
rie BBeJu & = € — L —|— i6. Tlpamoe pemenne (4.65) ¢ rpanudnbv ycaosuem G(z) = L

Ipu T — 00 HeMeIL.HeHHO naet (4.60).

Pesyssrar (4.60), moaydYeHHBI MmouHbM CYMMUPOBAHUEM BCero (heliHMaHOBCKOTO
pana (4.47) noBosbHO ok azatesien. HanpuMep, crekTpaibHas IIOTHOCTE, COOTBETCTBY-
fomas (4.60), umeer Bu:

p2

Aep)= 1L [T aveses [« % = G 7
= — e 2w?2 _— = = —————ex _
P T27W J_ o 2m 27 W P 2W?2
(4.66)

1 mpencTaBageT coboit pasMbIThIl TayccoB muk. Boobie, HyxkHO 3aMeTUTh, 9TO BbIpa-

xenne (4.60), ¢ oveBuAHOCTBIO, He cBOAUTCHA K deMy — To Tuma (4.30), T.e. kK GyHKIMH
I'puna ¢ pasMBITBIM “KBasmYacTHIHBIM TOJIIOCOM, OHA BOOOIIE HE MMEET TOJIIOCOB.
N3 (4.60) u (4.66) HETPYIHO paccYUTATh IJIOTHOCTE 3JEKTPOHHBIX COCTOMHMIL:

N@E)=-2 / (ij)” ImGF(ep) = 2 / (if)” A(ep) =

VZW/ dVe swe /%5 <e— %—v) (4.67)

143aMmernM, 9T0 06a 5K TPOHHBIX “KOHIIA” 5TOH BEPIIMHBI COOTBETCTBYIOT 3alla3bIBatouIeit (omepe-

xaromeit) bynknun ['pura GR(A) | B coorBercTBHE ¢ TEM, KOTOpad U3 3THX GYHKIMIL OIIpee AT U3
(4.61). imeHHO 2T0 06CTOATEIBCTBO MIO3BOJIAET BOCIOIB30BATHCA IJIA BRIYAC/IEHAA BepmuHs! 1'(p, p, 0)
mpocThiM nud depeHImaTbHEIM TOXIECTBOM YOpaa (4.64)
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/’X“\
/
..’_._A. (@)
P Pq P

+ ... (b)

Puc. 4-9 [lnarpammbl pns TouHOR cOBCTBEHHO — SHEPreTWHECKOM H4acTM S/eKTpOoHa B
rayccosom cryyaiiHom none (a) u onpepenstowen ee BepinHHoRi vactu (b).
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G{x)
4

T

Puc. 4-10 ®ynkuna G(z), onpeaenstowas NNoTHOCTb cocTosHnA B Mopenu Kengabiwa.

1€ MHOXHUTEIb 2 IIPOUCXOAUT OT CYMMUPOBAHUA IO CIIMHY. Co0TBETCTBEHHO:

93/4m3/2p71/2
_am 0( c ) (4.68)

N(e) = 373 oG

rie 6espasmepnas dynkuua Go(z) onpenesena Kak:

1 e 2
Go(z) = N /_OO dye™¥ (z — y)'/? (4.69)
a Bun ee nokazad Ha Puc. 4-10. lIpu € > 0 u € > W, numeem:

(2m)3/2 W2

N(E) = NQ(E) — 71671'2]7,363/2

(4.70)
TJle BTOpPOE CjlaraeMoe MPEeACcTaBJIfgeT cobol MaJIyio TIOMPaBKy K TJIOTHOCTU COCTOAHUM
cBOBOMHBIX 3J1€KTPOHOB (yHKTUp Ha Puc. 4-10):

2m)3/2

No(e) = (7\/5 4.71
()= & (471)
Hanbonee cymecrsennoif ocobeHHOCTBIO MOTYYECHHOTO TOYHOTO PELICHUA ABIACTCA IIO-
aBjieHne “xBocta’ MmiIoTHOCTHU cocToguuit B obmactu ¢ < 0. Ilpu ¢ < 0 u |e| > W nna
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“xBocTa” MOJIyYaeM rayccoBy aCUMIITOTHKY:

3/2
a2y (vaw | e

()= —Frm p P T ame

(4.72)

ObpazsoBanne “xBocTa” TJIOTHOCTH COCTOAHUN B 3AMPENIEHHON 30HE ABIAETCA OOIIUM Pe-
3YJILTATOM 2JIEKTPOHHON Teopuu HeylopsaaoueHHbIX cucteM [15]. Pasymeercs, KoHKpet-
HBIl BUJI TJIOTHOCTY COCTOSHWN B 5Tol 00JIaCTH SHEPTUH HE ABJAETCA YHUBEPCATILHBIM

U 3aBUCHUT OT MOJIEJN ciydaitioro nossa (“Gecropanka’).
B wacrrOCTH, “XBOCT” MJIOTHOCTHM COCTOAHMIT ¥ Kpasd 30HEI MPOBOIMMOCTH BOSHMKAET W B PacCMO-

TpeHHOU BhInie Momesan “Gestoro myma’. YHmaercsa mokasaTh, 9TO B 3Tolt Moze (,ZLJIH d= 3) mpu e < 0

[15]:

|€|1 2R3

Ty (4.73)

N(e) ~ exp § —const
npu |e| > Eoe ~ m3(pv?)/h8, wro coorsercrmyer ycmosmio |e| > (c), tme v(e) = mpv2No(e) ~
3/2
2m

pU 53 \/E
Jlna momesm rayccoBa cy9aliHOTO TIOJIA C KOPPEJIATOPOM, XapaK TepA3YIONMMCA KOHETHOW Koppe-
nammoHHON NyMHOM €, BOSHWKAIOT XapaKTepHbIe 06JIacTH PHEPTHAM, MIOKa3aHABIEe Ha Puc. 4-11, tme mos
TmpocTpaHCTBa pa3sMepHocTH d < 4 sHeprua FH.., onpenensmomiad pasMepsl obsactu “cuiabHON cBA3M”

(ms ycnosma v(e) = ) onpenesserca kax (M.B.Camosckmit, 1977):

d

m 4—d 2\ 2
Fee = W('DU )4—d (4.74)
Kpowme Toro, B aToil 3amade BOSHUKAET €llle OOHA XapaKTepHasd >HEPIUA:
h2
Fy~ —— 4.75
e (4.75)

ITpu arom dbopma “xBocra’ miroTHOCTH cocTozmmil B obnactn .. € |e| € Ey onpenesserca BhIpaxe-
HueM, obobmarommm (4.73) (M.B.Canmosckmit, 1979):

_4d o_d
|=|>~ = A le] 2
N(e) ~ exp —AdT =exp<{ —Ay T (4.76)
sC

tne Ay = const, 3aBuUcAmaz TOJIBKO oT d. B obsactm |£| > Fy acmmmrormka “xBocTta’ cTaHOBHTCHA
TayCCOBOIL:

N(e) ~ exp —iE2 (4.77)

pV?

9TO aHAJIOTHMYHO HOJIy9€HHOMY BEHINIE pesysabrary (4.72).

IIpoBoomMocTh M OByXdYacTUYHASA (PYHKIIHS
I'puna.

ITpomomkuM paccMOTpEHNe 3aadn 06 3JIEKTPOHE B MOJIE CIydaiiHBIX mpuMeceit (rayc-
COBOM cJIydaiiHOM MoJie ¢ KoppeaTopoM Tuma “Gesioro myma” ). Baxkwelinmit Bonpoc —
obuuit MeToz pacyera TPOBOAMMOCTHU TakKol cucTembl. Bblllie MBI yiKe BUJAETH, YTO I
BBIYUCIIEHUS TTPOBOAUMOCTH HYKHO 3HATH (DYHKIUIO OTKJIUKA THUIA MJIOTHOCTH — TIJIOT-
HOCTh X(qw), Torma MoxHO ucnosab3oBarh (2.110) n (2.115). Ipu sToM MBI yOeauInCh,
970 3Ta QYHKINA OTKJINKA (C TOYHOCTHIO IO 3HAKA) MOXKET OBITH MOTyYeHa aHAJINTH-
YECKUM MPONOIKEHNEM (iwpm, — w + i6) Many6apoBCKOTO MOJIAPUIAMNOHHOTO OTlEpaTopa
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OBNACTE CHNEHOR CBA3W CBnacTe cnabol cBAzu
Y(€)~€
T T >
D e
_E sC E sC

Puc. 4-11 XapakTepHble obnacTu sHepruia B 3afaqe ob anekTpoHe B CliyqaHOM Mosie.
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M(iwmq) 2/1€KTPOHHOTO Ta3a:

-2 -2
o(w) = — qli_r% Zqizwx(qw) = th% q—sz(qiwm — w +16) (4.78)

Msr paccMarpuBaeM cBoOOIHbIE (HeB3aMMoOAeHCTBYONE MEKIY COOON) 2JEKTPOHBI B
noJte coyuaiimerx mpuMeceit’®. C ToUKHN 3peHHA KBaHTOBOW MEXaHUKH 3aada dBJIACTCA
OIHOYACTUYHOM, JIJIA TAKOro 3JIeKTPOHA BCETMA CYIIECTBYIOT HEKOTOPBIE (HEN3BECTHBIE
HaM!) mounvie cOOCTBEeHHBIE (DYHKIMN 1 SHEPTUM B HOJIE, 3a1aBacMOM 3aaHHOM (duk-

CMpOBaHHOI‘/’[) KoHUrypammei HpI/IMecel'/’I16 :

He, (1‘) = EnPn (1‘) (479)

e

H = / drypt(r) _Zn + Zv(r —R;) ¢ ¥(r) (4.80)

CooTBETCTBEHHO, MOXKHO BBECTH (HeycpemHeHHbIE!) 3amasapiBaioNine U OMEPEK AloNMeE
dyukunn [puna ypasuenus [penunrepa (4.79) kax:

R,A (ot _ on (), (')
G (xr'e) = pap——r (4.81)

win, mocsie hpyphbe — MPeodpasoBaHUd MO KaXKAOH U3 KOOPAUHAT OTHEBHO:

en(P)en (P o
G A(ppe) = 7@&2 i(l.é) (4.82)

Pasmarasa AJIEKTPOHHBIE OTTIEPATOPHI B MTPEACTABJICHUN TOYHBIX COBCTBEHHBIX ('l)yHKL[I/IﬁZ

b = Yangalt) vt ) = Y ate () (4.83)

n n

OMIpedcJ/inM ONl€paTOpP NMJIOTHOCTU 3JIECKTPOHOB KakK:
plx) = ¥ () = 3 65 () (r)at @ (4.84)
mn

Torma cooTBETCTBYIOMYIO (DYHKINIO OTKJNKA MJIOTHOCTH — IJIOTHOCTH MOXKHO BBHIYH-
CUTH 1o 001Ielt cxeme, onncanuoit Boiure B (2.81) — (2.87), Tak yro npu T' = 0 noxyvaem:

X w) = i / dte T < 0|[p(x, 1), p(x', 0)]]0 >=
0

=2 i e (Rl (g r') L =) (4.85)

T7le yCpemHeHne BEIETCA MO OCHOBHOMY COCTOSHUIO, & MHOXHUTEb 2 YYUTHIBAET 00a
HaTIpaBJIEHUsA CIMUHA 3JeKTpoHa. Boipaxenne (4.85) maer konkperusiii Bun (2.81) maa

1506uiee 0BCyKIIeHNE M3JIaTaeMOTO HUKE TTOIX0Ia MOKHO HallTh B [167 17].

16 Imenmo o6 cy X oaBuIascs BHIIIE IPOIEypa yCpeIHeHAsd IpuIaeT 3amade GopMaIbHO “MHOrOYACTIY-
HEIH BUO, HO ycpenHeHHbIe GyHKTMU [ prHa yXke He ABIAOTCA QyHKIUAME | puHA K6aHMO60METANU-
yeckotl 3amaan! OHM ONUCHIBAIOT KApTHUHY, YCPEIHEHHYIO IO CTATHCTHYECKOMY aHcaMmbiiio “obpasmos”

CO BCEBO3MOXKHBIMHA KOH(bI/II‘ypaH,I/IHMI/I paCCeI/IBaTeJIeI'jI.
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paccmarpuBaeMoii 3amaun. PakTudeckn, Hac UHTEpecyeT yepeduennan (O TPUMECHBIM
kKoudurypanuam) dbyuxmua orkamka x(r —r’,w) =< x(rr',w) >, npocTpaHCTBEHHbIN
dypbe — obpas KoTopoit MoXKeT OBITH 3aMUCaH KakK:

W) =23 3 (npa)ein @ Jon(® (o) A1

T W, —Em + 16

=9 L “ _ R / A 7
_zpzpjlm/_wde{[n(ew) n(e)] < GR(pyp' e +w)GAD _p_e) > +

+n(e) < GM(pyp'_ e +w)GH(p'_p_,e) > —
—n(e +w) < G (p4p'_ e +w)GA(p' _p-.¢) >}
(4.86)

e BTOPOE BhIpak€eHMe MPOBEPAETCA HEMOCPENCTBEHHO ¢ UCmob3oBanneM (4.82), u Mol
BBEJIN P+ = p *+ %q. Beipaxkenne (4.86) MoXKHO mepenucaTh Kak:

x(qw) = — /00 de{[n(e + w) — n(e)]q)RA(ewq) + n(e)q)RR(ewq) —n(e+ w)q)AA(ewq)}

— 00

(4.87)
rIe BBeJN 0O03HAYCHUE:
1
O (cwq) = - 23 < GR(pyp'_ e 4 W)GAD poe) > (489)
271
pp’
U aHaJIOrMYHBIE Bhlpaxkennd nyaa PPF u &44 . Bamernm, 9T0 MBI BKJIIOYAIN B 3TN OIpe-

JeJIEHNs CIIMHOBYIO “IBOMKY” .

IIpensiayuiee paccMoTpenne oTHocuaoch K 1 = (. Ybeaumcs, 4T0 aHAJOTUYHBIE /I
T # 0 BbIpaKeHU TOJYYAIOTCA U AHATUTUIECKUM MPOIOJIKEHUEM COOTBETCTRYIONAX
Mary6apoBcKuX (pyHKIHA.

IMonbaysach nmpaBuIamMu “mpuMecHoil” AuarpaMMHON TEXHUKU, MBI MOXKEM MpecTa-
BUTH MaIybapoBCKW TOJIAPU3AIMOHHLIN omlepaTop B BUAE, TMOKazaHHOM Ha Puc. 4-12
(a). B aHaanTuYecKOM BUIE MMEEM:

M(quwm) = 2TZ E G(pen)G(P + e +wm)T (P, P+ A, Eny&n + W) (4.89)
n P

a ypasHeHus# a1 Bepiuun I u 7, mpencrasienst rpadudecku Ha Puc. 4-12 (b),(c). Cymmy
o gacroraM B (4.89) MOXKHO paccunTaTh, MOJB3YACH ODIINM METOIOM, OIMCAHHBIM BBIIIE
B cBasu ¢ (3.40) — (3.44). Hanwuwe B (4.89) nByx dbyukumii I'puna (¢ vacroramu, o1-
AMIATONIMUCH HA Wy, ) TPUBOJAT K TOABJICHIIO B WX TPOU3BEICHUN ABYX pa3pe3on’’ B
KOMILJIEKCHOM MJIOCKOCTHU 9aCTOTHI — OHOTO BIOJb 2 = £, & IPYTOTO — BIOJb Z = £— Wy, .

Torna, noassysachk dopmyioit (3.38) MoxHo 3anucaTh Bxoagaiyio B (4.89) cymmy B Buze:

S(iwm) =T flign iy + iwm) = _/3 d—z,n(z)f(z, 2z + i) (4.90)

2w

rne f(z, z4iwm ) = G(2)G(z+iwm )T (2, z+iwp, ) (AMIYJIbCH s KPATKOCTH OIycKaeMm!),
a n(z) — dyukmua Pepmu. Ipu sToMm KouTyp uuTerpupopanusa C' nokasan Ha Puc. 4-13.
CoorercTBenno, pactuchiBad (4.90) B Bujle MHTErPAJIOB 110 YE€THIPEM MPAMBIM yIacTKaM

1"Hanomuamm, uro byaxmua ['puna G(pz) mMeeT paspes B KOMILIEKCHOR IIJIOCKOCTH z BIOJIb IPAMOIL,
ompenenaeMoit ycaosuem Imz = 0.
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H(q@):©+®+®+@+
GO -
- O+ (Jn

——

(@)

N4

N K
X A

AT AN AN AN

+ ... (C)

Puc. 4-12 [InarpammHoe pasnoxeHune NoNspnsaUNoHHOro onepaTopa B NPUMeCHON cucTeme
(a) v onpepensitowmx ero sepwmnn I' (b) n 7 (¢).
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AT~
P ~
7 \,
ya AN
/ \
£ . \
, Z=¢ IUJm
/ \
/ \
Y ?
\
/
AN > 7’
> oo
T 1 =€
\ ]
\ /
\ /
\ /
\ /
AN pd
S~ XY

Puc. 4-13 KoHTyp uHTerpupoBaHus, NCronb3yemblii Npu BbIHUCIEHAN CYyMMbl Mo Mauyba-
POBCKMM YacToTaMm.

kouTypa C' (WHTerpasbl mo 6eCKOHEUHO yAAJEHHBIM JyraM OKPYKHOCTH Mcde3aioT!),
IOy YaeM:

S(iwm) = _/OO e V(e + 6,2+ iwnm) — f(e — 6, + itwn)] —

oo 2T

_/Oo 0 (e — iwm)[f(e — iy +i6) — fle — iwmye— )] (4.91)

oo 2T

Crenas 3aMeny wy, — w + 16, TOJIyInM:
< d
S(w) = - / Sn(e) R (e, ) = M (e, e+w)+ 4 (—w, €) A4 (=w, )] (4.92)

riie obosmaverna tuna f14 (g, ') osmagator f(e — i6,¢ + i6) m 1. . CaBuUr mepememoil
€ — £ + w B NMOCJIEAHNX JABYX 9JeHaX /1aeT:

5@ = [ 2inl) - nle + Mo +a) -

—/_OO d ()PP (e e+ w) — nle +w)fA (e, &+ w)] (4.93)

oo 2T

A »ro, mo cytn gena, conanaer ¢ (4.87), ecoim BBecTH obo3HAYEHME:

1 1

&4 (ewq) = %fRA (,e+w) = —%2 Z GRe +wp + Q)G (ep)T (P, P+ q, 6,6+ w)
p

(4.94)

9T0 ecTh MpocTo Apyrad dbopma samucu (4.88), rme Bce yXKe BBIpA)KEHO dYepes3 yCpeil-
nemmbie bynkmum [puna GR(e + wp + q) n GA(ep), a Takke ycpemmenuyo BeplIuHy
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T(p,p+q,¢,¢ + w). Kpome Toro, MockoJbKy pacdeThl BEJTUCH B MalybapoBCKOR Tex-
Huke, dbepmuesckue bynknun B (4.93) B3ars! Teneps npu T > 0. Takum obpasom, npu
T > 0 numeem:

() = ~M(qivm —w+i6) = = [ de {lnfe +) (@0 () +

+ n(e)@* (cwq) — n(e + w)@* (cwq)}  (4.95)

YTO €CTh HOJHBIA 2KBUBAJIEHT (4.87), KaK ¥ CJIeIoBaJIO OXKHUAATh!

Bepremca k Bripaxenuio (4.88). Ucnomssya GA(pp’,¢) = [GT(p'p, )]*, momyamm
®R(00) = —[@44(£00)]*. [Tasee, HETPYHO BUAETD, ITO:
B (£00) = 5 5 < G®(pp’,¢) > (4.96)
i

re < GA(pp/,e) >= G4 (pe)é(p — p’) n
1
G4 (pe) = ; (4.97)
e — =4 pu— XRA(pe)

— 3amasapiBalonan (omnepexaroniad) GyHkua ['puna, onpenenseMas OMUCAHHON BBIIIE
“npumectoii” aumarpammuoii Texnukoit'®. Hetpynno ybemuThed, 4T0 BLIMTOJHACTCH CJIC-
JIyIolee TOXKIECTBO:

/Oo den(e)Im { —27i®FF(00)} = 7N (EF) (4.98)

— 00

9TO MoJTydaeTca npaMol moncranoskoit (4.96) B (4.98) u mociemyomUM MHTErPUPOBa-
HUEM TIO 9aCTAM, C YIETOM OMPENESIEHN MIOTHOCTU COCTOAHMIA:

N(e)=—= Z ImGE(pe) (4.99)

Mpu T < Ep nmeem™:

<— ag(;)) ~ 8() (4.100)

n(e + w) — n(e) = —wb(e) (4.101)

Torna us (4.87) wm (4.95), ¢ ucnosbzoBanueMm (4.98), mia mManbix ¢ < prp 1 w < Ep,
nMeeM:

n COOTBETCTBEHHO!:

x(qw) = w®™ (qw) + N(Er) (4.102)

e BBEJIN oboszHadeHne
" (qu) = @4 (que = 0) (4.103)
Ilpu ¢ = 0 pyuKIUA OTKJIWKA MJIOTHOCTH — MJIOTHOCTH MOJIKHA 0OpalaThcd B HYJIb

[pU MTPOU3BOJILHBIX 3HAYEHUAX w U3 obuumx coobpaxkenwuit [10]. Dro gacuo, Hampumep, u3
cpasuenus (2.113) u (2.114). Coorsercrrenno, us (4.102) nomyvaem:

N(EF)

w

&4 (0w) = — (4.104)

181Tpu pacderax B MaryGapoBCKol TexHHWKe moaydaeM R mim A yHKINHM mocae aHAIHTHIECKOTO
TPOMOJIKEHNAA Ty, — € T+ 16

19HanomauMm, uro y Hac Fp Wrpaer posb Hadajla OTCYETa SHEPIHUH, TaK 9TO, PAKTHIECKH, BO BCEX
dopmymnax Fp = 0.
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YTO MPEACTaBIIAET CODOI HEKOTOPHIN BapUaHT TOXAECTBA YOpPAa, CBA3AHHOTO C 3aKOHOM
coxpanenus 3apsana. Torma moxno mepenncars (4.102) kax:

x(qw) =w {<I>RA(qw) — (PRA(O(.U)} (4.105)
a obIee BBIpaXeHne OJis MPOBOANMOCTH CHCTEMBI (2.110) CBOIUTCA K:

w

qj {@74(qw) — 74 (0w)} (4.106)

o(w) = — lim ie?
q—0

DTO BBIpaXKEHWE YPE3BBIYANHO yIOOHO MPU KOHKPETHBIX BBIYUCJIEHUH, TIOCKOIBKY 14
pacuera aByxdactuanoit dbynkmum ['puna (mersm) @4 (qw) moxmo mcnomszosats pac-
CMOTPEHHYIO BBIlle “TIPUMECHYI0” AUArpaMMHYIO TEXHUKY.

Yacto, ad pacdera MPOBOIUMOCTH CUCTEMBI TUATPAMMHBIMU METOJAMHU UCIOIb3Y-
eTcd HeCKOJIbKO WHOW MOIXO0/1, OCHOBAHHBIM Ha PACCMOTPEHUN OTKJIMKA HAa BHEIIHUH BEK-
Top — motennnas. Oblee BEIpaKeHne I,1d TEH30pa IPOBOIUMOCTH NMeeT TOTAA BUAZY:

T (09) = - 1By (@ + i8) = By (a0 +6)) (4.107)

rae
A ,
B0 (i) = T / dr / dr'en =) < T T (ar) T (—q, 7') > (4.108)
0 0
rne J(p) — dyppe-06pas oneparopa (T.H. “TapaMarHuTHOTO” ) TOKa:
@) = —5— [ dre™ W [+ @) V(x) - Vot )u(o)] (4.109)
m

CXGM&TI/I‘IGCKI/I, BBIBOM, 3TUX Bpra}KeHI/Iﬁ BBITJIAINAT CJACAYIONNM o6pa30M. PaCCMOTpI/IM
OTKJIMK CUCTEMBI Ha BHEIITHUH’ BeKTOprIﬁ IIOTEHIIUAJT, B3amMOoJiciicTBHrE C KOTOPBIM OIIH-
ChbIBacTCAd ,D;O6aBKOI71 K IIJIOTHOCTU T'aMMJIbTOHMaHAa CJACAYIONIETO BUAA:

Heze = —J(x)A(rt) (4.110)
IpU4YeM BO3bBMEM A(rt) B BUJE TIJIOCKOI BOJIHBI:
A(rt) = A(qu)e!ar—iwt (4.111)
TaK 9TO COOTBETCTBYIOIIEE 3JIECKTPUICCKOE TIOJIE UMEECT BU/:

DA (rt)

E(rt) = — Bt

= iwA(qu)e' Pt (4.112)

Torna, B coorBercTBUM ¢ 06muM dopmanusmom Kybo [11], nomygaem (“mapamaraut-

x99

HbIN ) OTKJIMK CHUCTEMBI B BUOE!

() = ¥ () A” () = M8 g gy = Xl ey g
rae -
X (qw) = 2/0 dte™' < [Ju(at), J,(—q0)] > (4.114)

20Pa.3yMeeTCﬂ7 B HBOTPOHHOﬁ CHCTE€ME U B OTCYTCTBHAE BHEMIHETO MATHUTHOTO IIOJIA Ty = U(SMV
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3 mpoBeAEeHHOTO BhINIE OBIIEro OBCYKACHUA CBA3M JMHEHHOTO OTKIMKA ¢ Mally6apon-
ckuM bopmasmsmMom AcHo, uTo Xk, (qw) = @y, (qw + i6), T.e. MoTyHaeTCA amaTHTHTE-
ckuM mpogoskenuem (4.108).

Monublil s/1eKTpUdecKnil TOK B CHCTEeMe, B IIPUCYTCTBAN BHEITHETO BEKTOP — MOTEH-
nuraJja, paBeH:

TL€2

Jiot=3J_ —A (4.115)
m
TIe BTOPOE cJlaraeMoe TpeicTaBasgeT coboit “AmaMarHUTHBIN’ TOK, CBA3aHHBIR ¢ TeM,
_ 1 .
9TO CKOPOCTD 3/IEKTPOHA B 9TOM CJIydac MMEeT BUJL V = (p — eA). C apyroii cTOpoHHI,
npu w = 0 (cTaTndeckuit BEKTOp — MOTEHIMAJ (MATHUTHOE TTOJIE)) 9JEKTPUIECK U TOK B
cucTeMe (HOpMATHHOM MeTaJlIe) OTCYTCTBYET, TaK YTO “IUaMarHUTHAdA  COCTABJIAIONIAL
2

B (4.115) mostHOCTRIO KOMTeHcHpyeT “mapamarnutayio”?!. Torma mMeem:

7'L62

Xuv(qo) = <I>;w(q0) = Wéuu (4116)

OTKYIa HEMEIJIEHHO cJemyeT obIasa GopMyJia (4.107) A1 ipoBoguMocTu. PakTUIECKU
(4.116), momo6uo (4.104), Takke ecTh HEKOTOPBIIl BapHaHT TOXKIeCTBa Yopia.

Temephb gcHO, 9TO AMArOHAJIBHBIN 3JIEMEHT TEH30pa TPOBOAUMOCTH TpH ¢ = 0 MOXKHO
3alUCaTh B BAIE:

Opz(w) = i {Ppe(w +i8) — Dy (0 + i6)} (4.117)

rae, anagorndto (4.89), MOXHO HaIMCATh:

B (iwm) = =267 S S P2 1o(0,penn +wm)G(enD)Glen + wmp)  (4.118)
m
» P

[Ipum aTOoM MBI BBEJI “TOKOBYIO” BEPUINHY:

€
Ju(P,Ps€n,én +wm) = EpuE(p,emen +wm) (4.119)

pasJyioXkeHne KoTopoii, onpenendaerca rpadukamu Puc. 4-12 (¢), B KoTopsIX “saTpaBod-
HOIl” BepuINHE COMOCTABIAETCA MHOKUTETD =Py -
CoOoTBETCTBEHHO, TIEPETNCAB (4.118) B BUJE:

2
B (iom) = —26°T Y Y %E(p, EmsEn + wim)G(EnD)Gl(En + WD) (4.120)
n P

1 BBITIOJTHUB CYMMHUPOBaHUE TTO N 1 aHAJIATUICCKOE ITPOAOJJIKEHNE iwm — W +Z(S B TOYHO-
CTH TaKXKe, KaK 3TO J€JIaJI0Ch BbINIE, TTIOJTYYUM OJTA cTaTu4ecKoit IITPOBOIUMOCTHI ((.u‘ — 0)

e* Py — R A ’
Ope = —ZE(p)G"(p,0)G*(p,0) (4.121)

2 m2-
p

rIe BBesleH crarnydeckuit npenen Z(p) = E(p, 0 — 6,0 + i6).
HpI/IBe,Z[eM AJIAd CIIpaBOK H 663 BBIBOJAa aHAaAJIOTHYHOE 06]]_[66 BBIpAXKE€HUE 1A HeﬂHaI‘OHaJII)HOﬁ
(xoJLt0BCKOIt) IpoBOMEMOCTH B HpHcyTcTBHE (ciraboro) sHemHero maraurHoro nona H (H.Fukuyama,

H.Ebisawa, Y.Wada, 1969):

ray = S Pz ) L G5(p,0) 2 (p0) — 5GP (p, ) (b)) (1.122)
P

m 4 Pz Pz

9TO HaeT OuarpaMMHBIIE MeTol pacdera sddekra Xoslaa.

21C 1o9HOCTBIO MO MAJIOTO BKJIANA THAMATHETH3MA Jlarmay! Bosee mompo6roe obcyxkmeHue »Tol
cATyanum 6yIeT TpoBEIeHO HIKE B TJlaBe, MOCBANIEHHON CBEPXITPOBOIAMOCTH.
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¥YpaBHeHue bere — Cosmnurepa, “amudpdyson”
1 “KyrnepoH”.

Nrak, cornacuo (4.105), niuga pacdera GyHKINE OTKJIMKA JIOTHOCTE — IJIOTHOCTH X (quw),
a ¢ Helt m nposoammoctn cucremsl (4.106), HAM HEOOXOANMO HAYUNUTHCA BBIYHC/IATDH
BeJIMIHHY 22:

1

27

oM wq) = —-=2) < G¥(pyp'_  E+w)G*(p'_p-, E) > (4.123)

pp’

KOTOpasd, B CBOIO OYEPED, ONpeNeadeTcs AByxdacTudnoii dhyukmnueii ['puna suma:

1
RA R / At ¢
<I>pp,(qu) = ——2 ; <G (p+p L E+ w)G (p _p_,E) > (4.124)

u KoTopas onpenesdercd rpadukamu, nokasanubiMn Ha Puc. 4-14 (a). YnobHo BBecTn

Bepumunyio dynknmo ['pp:(qw), onpenengemyro paBercTBOM 3!

Opp(Ewa) = —ﬁGR(mEer)GA(P—E) {6pp’ + Tpp(aw)G (0’ L E +w)GA(p'_E) }
(4.125)
u rpadukamu, nokasanusiMu Ha Puc. 4-14 (b).

HaJsiee ynobuo nposectn Kjaccudukanuio rpaduKOB JIJsd BEPUIMHB Ha TPUBOJIUMBIE
(paspesaemble MO JIBYM 3JIEKTPOHHBIM R U A JIMHWAM) W HeNpUBOAWMBE B “R — A —
kanasie” (kaHase “gacturia — gasipka’ ). Hanpumep, na Puc. 4-14 Bropoit u narsiii rpa-
¢uku B mpaBoli 4ACTH TPUBOAMMBI, a OCTAJbHBLIE ABJAIOTCA HempuBomuMbiMu. Torma
ACHO, 9TO HoJsHagA Bepumna [pp/(qw) onuceiaeTca mHTErpaIbHbIM ypaBHenueM Bere —
Counurepa, nokasanubiM rpadudecku Ha Puc. 4-15 u uMeomuM aHaIuTHYECKUH BU/I:

Tpp(aw) = Uppr(aw) + Y Uppr(aw)G*(E +wp” )G (Ep”_)Tprp/(qw) (4.126)
p//

rae 670k Upp/(qw) obosHadaeT cymMMy BCeX AMarpaMm, HepaspesaeMbIX (HEHpUBOIM-
MbIX) B R — A — KanaJse, Tuna nokasanusix Ha Puc. 4-15 (b).

B mpocreiimem npubmmkenun, aua Upp:(qw) MOXHO B34Th TOJILKO HEPBYIO Hua-
rpammy u3 npasoit wactn Puc. 4-15 (b) mu:

Us(p—p)=plv(p —p)]* wm Uy =pv° (4.127)

IJie BTOPOE PABEHCTBO CHPABEIJINBO IJ1A Todednbix npuMeceit. Torma (4.126) mpuobpe-
TaeT BUM, TOKas3aHHbIA Tpadudeckn na Puc. 4-16 (a), pemnenne KoTOporo uMeeT BUI:

Ihp (aw) = U
PP T T T GR(E + wpy ) GA(Ep-)

(4.128)

u onpezenger Bepiuny [ppr(qw) B Buie CyMMBI “T€CTHUYHBIX” IMAarpaMM, TOKa3aHHbBIX

ua Puc. 4-16 (b).

22B masnbreiiniem, mis KpaTKoCTH, BCIOIy HompasyMeBaerca = Fp = F, T =0
22B nmasbHeiieM H3/I0KEHIN B 5TOM B CISIYIONHAX Pa3IesaX TAHHOM IJIaBhl MBI, B OCHOBHOM, CJIEY €M
[16] m [17].
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. RA - T T <
2R (qo) = + X + x x + >§ +..
PP —— ol Ll /e
p_
E+o Pi Py
—_—— > >
= + F (a)

—_—— < <

E P_ P
E+o

p+ p+ _ N //%(_‘\\
T e N A I
I = x + x x + + X +
L Ll —_—
P p
- E -
ier N
> —
I\ |
r 2 X+ xx o+ ... b

Puc. 4-14 [unarpammbl ana asyxuvactudHon dyHkum Fpuna (a) v BepwmHHOR HacTy
Tpp/(qw) (b). BepxHas snekTpoHHas nuHMsA cooTeeTCTByeT 3anasabiBarolleii hyHKLMAN
Mpuna GE(pF + w) (“uactuua”), a Huxnan — onepexatowen GA(p_ E) (“pbipka”).
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Py f'+ N E+m - p-l; f+ f'+
r | = U + | U r ()
P : E p_ " P
P, E1® o s XN
T \iz( ™ T
Ul = x + + X 4+ X x + ...(b
1 L X o | 1
P P ) ) )
E

Puc. 4-15 Vpasnenune bete — Connutepa ans sepwmHHoin Yactu ['pp(qw) (a) n rpadukn
HU3LWero nopsAanka AnsA Henpusoanmon 8 R — A — kanane sepwunel Upp/(qw) (b).
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P, fj,_ P, Et+awpl Py
- > i > .
| = f + X r ()
<+ < .4_L<. < ] -t
p_ P P_ ER P
P+ Ps
- - —_——
'| = + % x + x xx 4+ (b)
0 o 1 i el

Puc. 4-16 Vpasrerne bere — Connutepa nns sepwnnHon Hactn pp/(qw) B “nectHny-
Hom" npubnvxenun (a) n cooTseTcTBytowwne rpacdhukm HU3WMX nopsiakos (b).
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Hepe]‘/’meM K ABHBIM BBIYUCJACHUAM, IPUYEM TPOBEIEM UX OJd TIPOCTpAaHCTBa IIPO-
59

u3BoJIbHOI pasMepHocTn d. “OcHoBHOi” asemenT, onpenenaonmit (4.128), Mmoxer 6BITH
3aMucan Kak:

Ii(qw) = Z G*(E +wpy)GA(Fp_) =
P

- / (;ljr];d G (E Fept %) ¢! (Ep N %) = / (;li];d G™(E +wp — q)G*(Ep) =

~J @m)TE +w—E(p) +vrqceost +iy E—&(p) — iy
(4.129)

rie B34aM ycpenHenusie ynkimun [puna B npocreiiniem npubmmxennn (4.29), (4.30).
31eck ckopocTh Ha yposHe ®epMu vy = 4/ %, a 3aTyXaHWe B MOJEJU TOYEUHBIX pacce-

usareseit v = 7pv?v(E) = aUgv(E), rae v(E) — MI0THOCTH COCTOARMI 37IEKTPOHOB Ha

ypoBhe Pepmu F B d — MEpHOM TIPOCTPAHCTBE IJId OIHOTO HAIPaBJICHNA CINHA.
Berpegarommecs HUKe MHTETPAJTHI IO TIOJIAPHOMY YTIUIY 6 B d — MEPHOM IIPOCTPAHCTBE, BEIYUCIAIOTCA
C TIOMONIBIO CJIEAYIOUIETO MPOCTOTO MpaBUIA:

4%p £ 9)—L Ood d-1q ﬂdé’sind_2€f( 6) =
(27r)d P - (27r)d ) PP d—1 ) P -

Qq T o F T T Qa7 as
==d dpp o df sin 6f(p,0) = v(E) dé o df sin 6f(¢,6)
2m J, d Jo —0 d Jo

(4.130)
omd/2
e g = W — MOBEPXHOCTH cPEPHI EAUHUIHOTO Paanyca B d — MEPHOM TIPOCTPAHCTRE.
JL1a MaJIBIX W ¥ ¢ MOXKHO HammcaTh?t:
1 o
F+w—¢(p)+vpqcost + iy -
N 1 wE vpqcost (w =+ vpqcos)? (4.131)
E—¢&p)+iv (E—=&p)+iv)*  (E—¢&(p)+iv)? '
Tak 9To:
Qa1 [T 4ls 1
T4(qw %VE/ dé / df sin f—— X
a(4e) (E) —co Qi Jo E—-¢—1iy
x{ 1 __ w—i—quc?si (w—I—UFqc().sH??? } (4.132)
E—&+iy (E-&+iy) (E—¢&41iy)

IlHTeI‘paJH)I 10 5 AJIEMEHTAPHO BBIYUCJIAIOTCA METOAOM BBIYE€TOB, TaK YTO IMOJIYy9IacM!:

Qq- N 1 6 6)?
Ta(qw) ~ v(E) é 127ri/ dgsind_26{__w+quws +(w+qucos ) _|_...}:
0

d 2iy (2i7)? (2i7)?
_ (E)Qd_l /7r dosin®-20 ) 1+ E w? n Wrpq  VpQW 0 v3q? 24
71/ 2 sin 2 T 1 % 27 cos o cos

(4.133)

24M3 mocsiemyromero pacCMOTPpEHUS ACHO, UTO pedb HaeT o w K v u vpq <& v
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NuTerpass: mo § sjeMeHTapHBI:

Q _ ™
a-1 / dfsin?26 =1 (4.134)
d Jo
Q _ ™
d 1/ dfsin® %0 cosf =0 (4.135)
d 0
Qa_ T 1
Sdl /0 dfsin® %6 cos? 0 = ] (4.136)
Torma, ¢ ygerom %I/(E) =Upuny= %, OKOHYATEJIBHO HOJIydaeM JIJisd 3HaMeHaTes s B
(4.128):
1 UI( )_ £+i+D q2~ 1 + D 2 (4137)
oiglqw) = 27 472 027 ~ WT 0Tq .
1 — Upl(qw) & iwr + Dorq? (4.138)
roe
1 12E 1 FE
D__2 — - 4.139
L A d mry ( )

x99

— obwurunbIl “HpymeBckuil”’ kKosddunuent nuddysun B d — meprom npocTpancTtBe. CooT-
BeTcTBeHHO 13 (4.128), mostyvaem cieyoliee TUNINYHOE U BeChMa BaXXHOE BBIpaKeHUE
JII5 BEPIIUHBI C JuPpPy3uoHHbIM NOAIOCOM:

U()T_1 . 20Uy
—iw 4+ Dgg?  —iw + Dog?

Tpp(aw) = (4.140)

N, TaK HasbIBaeMbIl duddyson?s.

NurepecHo u BechMa BaXHO 3aMETUTh, YTO MPU HAJIUYUU B CUCTEME HHBAPUAHTHOCTH
110 OTHOIIEHHIO K 0OpallleHnIo BpeMeHH, Io/THadA BeplinHHad 9acThb I'p pr(q,w) obnanaer
CJIENYOMUM OBIINM CBORCTBOM:

Tpp(a.w) =Tip_piq),ip-p+q)(P+Pw) (4.141)

B camoM zeste, paccMOTpHUM BeplinHy ob1Iero Buia, okasanuyio na Puc. 4-17 (a). 3mech
MPOBENEHO “yHopamovYeHne” HyMepalu UMY TbCOB: Ha HUXKHEN TUHUU HOMEDPA UMITY Th-
COB YeTHBIE, a Ha BepxHell — HeueTHbIe. [IpU 5TOM MeHBINNMIT HOMEpP COOTBETCTBYET BXO-
Admel auHnm, a 6oabmmii — Beixomgameit. MMeem obuinmii 3akoH coXpaHeHW:

P1+P2=P3+pa=p+p (4.142)
TaK 49TO
1 7 1 <
qQ=P1 —P4=P3— P2 p= §(p1 + p4) p = §(p2+p3) (4.143)
HO IpU HAJUYINNA THBAPUAHTHOCTHU OTHOCUTEJIBHO o6pameHM${ BpEMEHN OJHOYIaCTUIHBIE

COCTOAHMA P U —P HpocTo 3kBuBaJieHTHHI! Torma Mbl MoxkeMm 06paTUTh HallpaBJIEHUE,
CKaKeM, HIKHe (“mﬂpoqﬂoﬁ”) JUHUU, TIOMEHAB 3HAK €€ UMITyJIbca. Torga auarpamMmma

250TmeTmM, UTO COKpallleHWe BKJanma He 3aBUCAMETO OT w W ¢ B 3HameraTese (4.128), mpmsoma-
mwee K cymecrsoBanuio nuddysuonHoro nomoca B (4.140), bakTHaecKn, ABIAETCA CJIEICTBHEM 3aKOHA
coxpaHeHHA 9HCIa JacTHl (Toxnecrtsa Yopra) (C.B.Masees, B.I1.Tonepsepr, 1975).
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Py Py p=p, Py=P

= I (b)

p p p2= -p+gf2  -p'+gf2=p 4

Puc. 4-17 Bepwurnas 4dacTb obliero eupa (a) u BepliMHa, NMoNyHatloWasca M3 Hee
obpalueHnem HanpaeneHusi oaHom M3 anekTpoHHbix nuHui (b). Mepebid rpacuk (b)
nonydeH npocTbiM “passopoTom’ rpacuka (a), oHeBnaHo, 4TO OH MpocTo coenapaeT ¢ (a).
Bropon rpaduk (b) nonydaercsa us nepsoro obpalueHunem HanpaBneHWs HUXKHeRA NUHNN,
4TO BO3MOXHO MpU HaNMYUN UHBAPUAHTHOCTM OTHOCUTENBHO ObpallueHns BpeMeHu.
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Puc. 4-17 (a) mepeiiner Bo BTOpYIo Auarpammy Ha Puc. 4-17 (b). Ilpu a1oM, cooTHONIEHNS
(4.142) n (4.143) nepeiiny B:

P1+P2=P3+Ps=¢q (4.144)

n

, 1 1 , 1 1,
P+P =P1—P4 = P3—P2 §(P1+P4) = §(P—P +a) §(P2+P3) = 5(1’ -p+q)
(4.145)
Takum obpazom, obpallleHre HampaBIeHUsA HWXKHell aunnu Ha rpacduke Puc. 4-17 (a),
JIOTIYCTUMOE TIPW HaJU9UK CUMMeTpun ¢ — —f, 3KBUBAJEHTHO CJIEAyIOleil 3aMeHe B
apryMeHTaX 3TOi BEPITUHBI:

1 1
q—p+p pﬁiw—ﬂ+q) p“ﬁyﬂ—p+q) (4.146)

970 U maer coorHomenne (4.141).

ITpuMeHnM paccMOTpeHHYIo mponenypy K nuddysony (4.140) u rpadukam Puc. 4-16
(b). Bumum, uro obpallienne HalpaBJIeHUsA HUXHEH JIMHUM Ha 9THX AUarpaMmax Jaer
“mecTHHIy” B KaHaJe “9acTHIla — YacTUIA’, WM, YTO TOXKE CaMOE, TOCJIEIOBATE b
HOCTh “MakcMMaJsibHO mHepekpentuBaiomuxca” rpadukos (rpadukn Jlanrepa — Hua
(J.S.Langer, T.Neal, 1966)), uro nokasano na Puc. 4-18. Ananutndeckoe BbIpaxkeHUe
JJIA CYyMMBI TaKUX JUarpaMM JIErKo MoJiydaeTcsd 3aMeHol mepeMenHbix (4.146) B BbIpa-
xenun n1a auddysona (4.140)%6:

2vUg
Upp (aw) = ;
(a) —iw + Do(p +p')?’

PP p~—p (4.147)

ITo mpuwumram odeBuaHON aHasoTHK ¢ rpadUKaMK, BOSHUKAIOIIMME TIPU pacdeTe KyIie-
POBCKOIi HEYCTOHYMBOCTHU B TEOPUH CBEPXIPOBOIUMOCTH, 5Ta CyMMa 1 pesyJibrar (4.147)
naspiBator “cynepornom” (JI.IL.Topskos, A.M.JTapkun, JI.E.XMensuunxuii, 1979). Yemo-
BHE P & —P’ ¢ OYEBMAHOCTBIO CJIEAYET U3 KPUTEPHWEB MPUMEHMMOCTH And dy3MOHHOTO
npubauxkennsa (MaaocTs ¢ u w B (4.140)) u cooTBETCTBYET B KYNEPOHE PACCMOTPEHHIO
YaCTHUIL C MOYTH TPOTHBONOIOKHBIME UMITYJIbcaMn (paccesnne “movTy Hazar’ ).

3aMeTnM Teneph, 9TO MOCJIEM0BATETBHOCTE quarpamm Puc. 4-18 nenpusoduma B RA
— kanasie (“gactuna — aeipka’). Takum ob6pasom, Beipaxkenue (4.147) MoXHO HCHOTH-
30BaTh B Ka4eCTBe HenpuBoamMoit Bepmnnbl Upp: (qw) B ypasnennu Bere — Conmurepa
(4.126), mokasamnom rpadudeckn Ha Puc. 4-15. TIpu 2TOM MBI, KOHEYHO, MOJTyYaeM TO-
paszo Gomnee “padunuponantoe” npubmauxenne, Hexenn (4.127), KoTopoe yUnTHIBaET,
KakK OyJeT ToKa3aHo HUXKe, KBAHTOBBIE (JOKAJIN3ANNOHHBIE) MONPABKY K pacmpocTpa-
HEHWIO 3JIEKTPOHA B CHCTEME CJIYYalHO PACHOTOKEHHBIX B MPOCTPAHCTBE TpuMeced (u,
COOTBETCTBEHHO, K MPOBOAMMOCTH CUCTEMBI ).

Bosspamiasch k obuemMy anaansy, Bocnosbsyemcsd (4.126) B (4.125) u sanuirem ypas-
netne bere — Conmurepa miia npyxgyactuynolt dyukiuun ['puna B Bume:

1
Pppe(aw) = GH(E +wpy )G (Ep-) { —5—8(p —p') + ) Uppr(aw)®piip: (aw)
p/
(4.148)

mokasaHHoM rpadudeckn Ha Puc. 4-19. Bxoagiiee cioma mponsBeneHne ABYX IPUHOBCKUX

26PasyMeercs, CyMMHpPOBaHUE TaKoH MOCIENOBATEIPHOCTH IPpadpUKOB MOKHO IIPOBECTH M HPAMO “B
71067 !
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Py [

c T T -1

Ul =x + xx + %xx +...=
o o L . .
T - ——
= x + 'f + D ¢ + ..
L Ll
Puc. 4-18 “Kynepon" — obpalueHne HanpaBneHus sneKTPOHHORW nuHWM B Onddy3oHe

paeT “necTHmuy' B KaHane “4acTuua — YacTuua' MAM NOCNeNoBaTeNbHOCTL MaKCMMalSibHO
nepekpewimparolmxcsa’ rpacpKoB B KaHasfle 'HacTuua — ablpka' .
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E+(ﬂ p+ p+
—— > >
2nid) fqw) = " r -
PP —— + <
E P_ P
E+o P+ P} P+ < [

E P S P P
Eo
= {1+ Y] (eaplam) }
E

Puc. 4-19 VYpaeHenue bete — Connutepa ans asyxyactuurod dpyHkuun [puHa.
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$yHKIUI MOKHO TepenucaTh CAEAYONIM 00pa3oM:

¢"(E+wp+3) Gt (Ep-3)

2
1
T (Et+w—Epy) —SR(E +w,p1) (E+E(p_) — SA(E,p_))
1 1
B {E—f(P—) —-SA(E,p-)  E+w—E&(ps) - ER(E‘H%P+)} -
1
O Epo) —E(py) TR A
= ACp S Gl G —  (4.149)

wA (E(p-) —&(py)) - TR+ TA — (GF)7T = (GY)

rme AGp = GE(Ep_) — GA(E + wpy). Torna, ¢ yuerom (4.149) m &(p-) — &(p1) ~
—%pq, nepemnuceiBaeM (4.148) B Buze:

1
{o= Loa= (B +ups) + 24 (Bpo) | #fip e =

1
= AGp  5=6(p—p') - > Uppr®fitpi (qw) (4.150)
pII

NHuorma (4.150) Ha3BIBAIOT OOOOIEHHBIM KHHETHIECKUM yPaBHEHUEM.

IIpuBemem 6e3 mokaszaTeIbCTBA TAKKE TOYHOE TOXAECTBO YOpa, KOTOPOE CBA3LIBAET
COOCTBEHHO — HEPTETUUECKUE YACTU W HEMPUBOAUMYIO BEPUIMHHYIO YacTh B pacCMaTpH-
Baemoli Hamu mpumectoit cucteme (D.Vollhardt, P.Wolfle, 1980):

SH(E +wpy) — 4 (Ep_) = Upp/(qw)AGp: (4.151)
pl
STO TOXIJECTBO UTPAECT BaXXKHYIO POJIb TIPU MPOBEPKE CaAaMOCOTJIACOBaAHHOCTHU UCIIOJIbB3YyE-

MBIX AuarpaMMHubx npubsamxkenuii. [losesno oHo u mpu BBIBoME oOIUX ypaBHEHWI, WC-

TTOJIB3YEMBIX HU2KE TIPU MMOCTPOCHUM! caMOCOTJIaCOBaHHOM TEOPpUN JIOKAJIN3AITNN.

IIpmBemeM TOJIBKO OCHOBHYIO HIEI0 ITOKa3aTeJbCTBa ToXAecTBa Yopma (4.151). @axrmaeckn, 1o
TOXKJIIECTBO OTpa)kaeT TOT daKT, YTO BCE NHATPAMMBI HJI HEIPUBOIUMON BEPIIMHBI Upp/(qw) MOTYT
OBITH TIOJIYYEHBI U3 “CKEJIETHBIX TpadUKOB I/ COOCTBEHHO — AHEPTETUIECKON dacTl myTeM “paspesa-
HuA" 3JIEKTPOHHONW JIMHUM BCEMM BO3SMOXKHBIME crocobamu. PaccMorpuMm B KauecTBe mpuMepa rpadpuk
BTOPOTO TIOPAKA /1A COOCTBEHHO — AHEPTETHIECKON dacTl E(p2), nmoka3aHHBIN Ha Puc. 4-20 (a). Torna,
HPAMBIMEA BBIYUC/IEHUAMA, MOYKHO IIOJIYIUTH:

ARG = 55 _p A3 =
+

P_
— R R R A A A _
= Z U(p1)U(p2) {Ger—plGp+—p1—szp+—p2 - Gp_—p,Gp_-p,-p-Fp_ —pg} =
Pi1P2
_ R R R R A
= Z U(p1)U(p2) {Gm—p1 Gp,-p,-p22Gp-p, + Gp, _p AGp_p,—p,Gp_—p,t
P1P2

A A —
+ AGp-p,Gp_—p,-p.%p_ —pg} =

=y {U(pl)U(p—p)GS+ —p, Gﬁ _p, ~U(e)U(p- ~P1)Gp,—p, Gp p, T
P1P2

+U(p - P)U(P2)Gy _pp Gh__p, }AGP/ ZU&)), (qw)AGp: (4.152)
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7(2)

Termeph MOXHO HETIOCPEICTBEHHO YOEOUTHCH, 9TO MOy YEHHOE 3MECh BhIpaKeHue miida U PP’ (qw) (ompe-

ZleJ/IfieMOe BBIpaXke€HHEM B QHIYDHBIX CKOOKaX B IPENIIOC/IENHEM BHIPAXKEHHHW) HaeTCA OHArPaMMaMH,
nokasaHEsIME Ha Prc. 4-20 (b), KoTopsre Moy garoTca BceMH BOSMOXKHBIMA ‘paspe3aHUAME’ BHYTPEH-
HUX 3J€KTPOHHBIX JIMHUH B 2(2)(p) (m obpameHnEM HampaBJIeHHA ONHOI M3 OCTAOWUXCHA HEpPaspe-
sanabmMz). O6o0mEeHne TaKHX pacCyXIeHUI Ha IpOM3BO/IBHEIN MOPANOK TEOPHH BOSMYIIEHHH M maeT
IIOKA3aTeIbCTBO TOXKIIECTBA Yopaa (4.151).

KBaHTOBBIE HOIIpaBKUW, caMoOcCOIJIacCOBaHHas
Teopus U nepexond AHaepcoHa.

KBanToBble IIoIIpaBKXU K IIPOBOOUMOCTH.

Mudopmarms, conepkamasacsa B qByxdactudnoit dynknnu [puna (4.124), asagerca, B
HEKOTOPOM CMBICJTe, U3aulHel . MBI BUme M, 4TO I1d pacdeTa MPOBOINMOCTH CHCTEMBI
HaM JocTatodno 3uarh (4.123), t.e. nByxuacTuunyio gyukmmio ['puHa, MpocyMMUpOBaH-
HyIo no nmmyabcam p u p’. Iaa nee nz (4.150) Moxkno mosyunts (npubauxento!) sa-
MKHYTYIO cucTeMy ypaBHenuit. JIsia sToro mpocymmupyem no p u p’ obe 9actu ypasHe-
mug (4.150), Bocmob30BaBIINCH TPU 3TOM TOXdecTBoM Yopaa (4.151). Torma cpasy xe

IIOJIyH9aEM:
wd (wq) — vpq®ft (wq) = —N(E) (4.153)
e BBEJIN
oft(wa) =2 (pa)Ppp (wa) (4.154)
pp’

3mech P U  — eQWHUYHBIE BEKTOpa B HalpaBJeHuaXx p u q, |p| = |p'| = pr, vpr =

e —  J2E g N(F) - nnorHocTh coctoanmit na yposHe ®epmu nia obenx mpoekrmii
m m

JJIEKTPOHHOTO CIIMHA!:

2
!
I
[\~
=
o
I

(4.155)

2 . .

T EI'mG (Ep) = _w—»(lJl,qql—m 27
P

rle NOfABJIEHNE CMUHOBON “IBOHKN’ CBA3AHO ¢ ee HajgmumeM B onpenesenuax (4.88),

(4.154). MbI MoxeM orpaHmdnThes B TpaBoil dactu (4.153) mpemesioMm, yKasaHHBIM B

(4.155), mockonbky N(FE) MpakTHYeCKW MOCTOHHA Ha WHTEpBaJe »Hepruit w & F,

vpqg L E.

Ho Temepn y mac moasmiack Hosaa dynkmua ®F4(wq), onpenenenman B (4.154). Naa
Hee TOXe HYXKHO HAlUCaTh ypaBHEHNE, KOTOPOE MOXKeET ObITh BhiBeneHo u3 (4.150). Iaa
sToro ymuoxuM (4.150) Ha (P§) n onaTh mpocyMMUpyeM obe YacTW ypaBHEHUA MO P U
P’ ¢ mcmoab30oBaHUEM TOXIECTBA YopIa (4.151), a TaKkKe CJEIYIONEro mpubanKeHHOTO

Hpe,HCTElB.TIeHI/ISJ[27

AGP PPN
Z di5(wa) " 2miv(E) pr:” {1 +d(pa)(p"a)} Ppip (wa) (4.161)

273aMeTHM, 9TO HpeICTABICHEE (4.161), daxTHaeckn npencrasiAeT coboil yaeT MEPBHIX OBYX I/ICHOB
CJIENYIOUIETO PA3JIOKEHUA B PAL 1o mosmHoMaM Jlexannpa:

o0
D OR8 = D Picostpq)®h & 0% + cosfpq O + - (4.156)
P’ =0



134

SJIEKTPOHbI B HEYTTOPAOOYEHHBLIX CUCTEMAX

P, Py
//*7&’)(\\\
\
A ATAE (@)
P, BP,  BR, P,
R-PrP;
P
/’X\\
A PR
( 1 R~ 1 1 1
BP AR
A % L op' b
o £ o
P-Po; R-P
-<J-<- p—LiA— , —f—dgl—l—)—z p,
PP - ppy R p‘\\x—’/ i
P,

Puc. 4-20 TunnyHeln rpachuk BTOpOro nopsaka Ans COBCTBEHHO — SHEPreTMYECKOR YacTu
(a) m cooTBeTcTBYIOWIME eMy rpachuKki ANA HenpuBoaMMOn BepwmHbl Upp:(qw) B ToxaecTse

Vopaa (b).
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noJIyqaeM ypaBHeHUe:
1
[+ M(qw)] 0 (wa) — Svrg@(wq) =0 (4.162)

TJE BBEJIN TaK HA3BIBAECMOE PEAAKCAUUOHHOE ﬂ(?pO:
o id ~on PN .
M(qu) = 2iy + 3 (E) Y (6d)AGPUpp (aw)AGp (H'd) (4.163)
pp’

re v = mpv?v(E) - onpenenennas Bhilie 60pHOBCKAagd 9acTOTa paccesdHus Ha TPUMECHX.
Ypasuenua (4.153) u (4.162) o6pasyior 3aMKHYTYIO CHCTEMY, TO3BOJIAONLYIO BHIPA3NTh
WHTEpecyIoNyio Hac AByXdacTudmyio ymxmmo ®F4 (qu) gepes M (quw), KoTopas, B cBotO
ouepesib, ompenesderca coraacho (4.163) gepes nenpusoanumyto sepumny Upp:(qw).

Texuudeckme JeTal/J BbIBOIA:

Iepetinem Teneps k monpotaoMy BeBOmy (4.162) m (4.163). YMHOXeHHE 06emx gacreil (4.150) Ha % u
Toc/TeAyolee CyMMIpoBaHue o p 1 p’ maer:

Pd
Yo |- B sR (B 4w py) + 34 (Epo) | 95D (aw) =
1
pp —Zp”U p//(CluJ)AG "
= E EAGP_5 (p-p) Z EAGP ZUppuq)p,,p,(qw) (4.164)
pp’ pp’ p”

IIe pasHOCTh COBCTBEHHO — HEPreTHYeCKNX JacTell B JIeBoll 4acTH HmepenucaHa ¢ TOMOMIBIO TOXKIECTBA
VYopna (4.151). Torna mmeem:

ZEQPD’ w) - Z (1%)2 Pppr(aw )_Z(]:n—Q)ZUPP”AGP”q’gS’(q“):

pp/ pp/ W—/ pp/ p//
122 _ 28
dm2-"dm
Pd AGp Pd
= — -D_ AGp E Uppn®piipi(aw)  (4.165)
P pp’ p”
N————

3aHyIA€TCA IPU MHTETPUPOBAHUHA 110 yTJIy!

rae pq — yrosa Mexmay BekTopamu D u (. [Tosraras <I>0p ~ q)i) ~ AGp, MOXKeM HaIUCATh:

Y, = —[2miv(E)] "' AGp Z ORA L (wa) (4.157)
p pII
oL — . -1 (p"4)
5, = —[2riv(E)] "' AGp Z ——Ppipi(wa) (4.158)
plpll

qaro u 6b110 caesano B (4.161). Ilpu w — 0, ¢ — 0, ¢ yuerom (4.155) u |p| = |p’| ® pF, nmeem:

ohs, = ~5ri(E) ZAGP Z oRA = Z oRA (4.159)

ppl pII pII

RA __ RA
Z( Q)oRa, = = o) Z( ajeli,, (4.160)
PP P'P

e d — pa3sMEPHOCTH TPOCTPAHCTBA.
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9TO OJaeT:
pCl pd
w pp/ Z —AGP ZUpp//‘I)p,,p,(qw) =
pp’ PP’ P
(1
§ 2B
= Z I;_q Z Uppr AGpi @8, (aw) +9-— Z OR4, (qw) (4.166)
PP’ P PP’
(17)

Paccmorpum mo ornensroctr Baanst (1) m (II). C ncnosssosarnem (4.161) mmeem:

(1) = Z —AGpU b Z@PP’

ppll
AGpr
== > ZlaGhUpprg s S (1 ") @) ] 0y =
pll plplll
i
= > R —AGpUppuAGpu > optn+
ppll p pIII
(IT1)
id N A P4 ra
I @ > (pO)AGPUpprAGp:(p7a) Y Z g,
pF ppll pIpIII
(4.167)
AnasormaabIM 06pasoM:
pd
(I1) = Z ZUpp,,AGp,,Zq>RA, =
pll
pd . AGp X
=-> ?ZLpp//AGPH i) Z {1+ d(pa)(»"a F} SRA L =
p pll pIpIII
id p"'d4
= (III) + m Z AGp ZUDD”AGD” Z p///p/ =
p pll pIII
1/d
P4 P4
(ITD + Y " UpprAGpu Y 2200, = (I11) - 2iy y | “2a8, (4.168)
pll p pIII ppl

Ille TIpW Iepexolie K IOC/IeIHEMY PaBeHCTBY CHOBA MCIIOJIB30BAJIH ToXIecTBo Yopra (4.151) m mepernmn-
CaJIi pasHOCTH COGCTBEHHO — PHEPTETHIECKUX JacTell, BOCIIOTb30BaBIIACH TTPOCT MM TP TFK eHIEeM
(4.25) kax ©4 — £ = 2{Im¥4 = 2i~. Torna us (4.167) u (4.168) moxygaem:

iy Pd 5 ra id o pd -
(D= (11) =27y R T > (p@) AGPUppr G (" E oR, =
pp’ pp” pp’
= M(quw) <I>pp’ (4.169)
pp’

rae M(qw) oupeneseno B (4.163). B pesysnbrare (4.166) ceommrca k (4.162), aro m TrpeGoBasocs!

B npunnune, Bce atm manunyaanun “‘modrm tounble” . Hambosiee cepbesHoe yTpoleHme, KOTOpPOe
6BLITO CHEesIaHo, CBA3AHO C UCHOTb30BAHUEM ITPOCTERNIEro TPpUGIMKEHNA NJTA COOCTBEHHO — SHEPTETHIE-
ckoll gacTm (4.25) nupu nmpeobpasoBaHAM (4.168). Ecnam um He mosb3oBaTbhcd, BOSHUKHET IIPOCTO Hostee
obmee (o cpasHenmIo ¢ (4.163)) BEIpaXkeHNe HJIA PEIaKCAITHOHHOTO AIPA:

id ) ) )
72 > (PA)AGPUpp A (p'a)

_ _ A
M(quw) = E AGp E +wpy)—X (Ep_)] + 727”/( z
pp’

27rw

(4.170)
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Jlasbuie Bce 3aBHCUT OT TOTO, KaKoe MPUGJIMKEHNE MBI HYIEeM UCIOJIB30BATE /I HEMTPUBOIMMOM Bep-
UIWHEL Upp’v HO KOHKPEeTHBIE Pe3y/IbTaThl MOXKHO HMOJIYyYIATH TOJIBKO UCIOIb3YyHd MOy YeHHBIE BBIIIE IIPHU-
GJIMKEeHHBIE BHIpaXK€eHUsA, KOTOPBIE, CTPOTO TOBOPsA, ONPABIIAHBI JIMIIL B MpeIese HOCTATOYHO CJIaboro
G6ecriopanka: v € F. Tem He MeHee, MBI yBUIMM, YTO BBEIEHUE HEKOTOPOH MPOIEMYPHI CAMOCOTJIACOBA-
HUA TO3BOJIUT BBIATH 3a Ipenesibl 3TUX Opocrefmmnx npubirkennii.

Pemras reneps cucremy ypasuenuit (4.153) u (4.162), naxomum:

w+ M(qw)
w? + wM(qw) — %v%qz

" (qu) = —N(E) (4.171)

Ncnonbsya Beipaxenne (4.102), HemenyeHno mosTydaeM QYHKIMIO OTKJINKA JIOTHOCTE
— IJIOTHOCTH B CJIEAYIONEM BHIIE:

1y2g2
= w4 N(Ep) = vpq®f4(qw) = —=N(E d_I'
x(qw) = w®(qw) + N(Ep) = vpq® " (qu) ( )w2 oM (q) — Tk
(4.172)
[pu MaTbx w, perebperad w? B smamenarere (4.171) nam (4.172), Moxem HammcaTs:
1
Y (qu) = —N(B)————F—— 4.173
(49) = =N (E) (4173)
iDp(aw)q’
w)=N(FE)———————— 4.174
aw) = N(m) 2 (1174)
T7le BBEJIH, IO ONPENESEHNIO, 0606wennntl koadduyuenm dupdysuu:
2 1 v? i
D ==L _ 4.175
r(aw) Ydm M (qw) d M(qw) ( )
HETIOCPEICTBEHHO BRIpaXKaroluiica yepes peakcaluoHHoe aapo.
Ncnonbaya obuiee Buipaxenue (4.106) 1714 IpoBOIMMOCTH, TOIydaeM:
(w) nel i 2Dp(00)N(E) 0 (4.176)
clw)y= ———— —e¢ mpu w — .
m w+ M(0w) B P
TJle Y4JIM, 9TO N(”E) = % (n — MIOTHOCTH JIEKTPOHOB).

Taxum o6pasom, Bce MHTEpECHBIE XapaK TEPUCTUKH PacCMaTpUBAEMOil CHUCTEMBI BBIpa-
KaroTcd Yepes pesakcanumonnoe aapo (4.163). Beck Bompoc B ToM, B KaKOM NPUGIHKEHUN
ero MoxHo nocunrars! Ecm gna Upp(qw) B (4.163) B3arh npocreiiniee npubmxenne
(4.127), 1o 3 (4.163), B mpezene cnaboro Gecriopsanka (Koraa 3To MpubJIMKEHNe KakK pas

2
n cnpaBeJlJH/IBo!) nmeem>8:

2

. 2
M(00) = — =2qipy 6 E -2 bp’)
r p,

5 | [v(e —p))I*(1 - bD

(4.177)

Tt

— 06BIYHOE BBIpAXKEHUE JJIA MPAHCROPMHO20 BPEMEHU pEJIaKCalldl Tyr 3a CYET Pacce-
AHNA Ha OPUMECAX B MeTaJle, ONpelesIdionee BeJNYNHY OCTaTOYHOTO CONMPOTHBICHN
(manmomuum, uto y Hac E' = Ep u Pp’ = cosflpp:), a (4.176) coguTca Kk cramgapTHOI
bopmye [Ipyne:

77,62

e 4.178
o= (4.178)

28B AGp TyT mpocTo B3AT Tpenen Y — 0.
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npu w = 0, wm

n€2 Ttr

(4.179)

o(w) = ———"—
m 1 —iwr,
JIJIT KOHETHO! 9acTOTHI BHEIIHETO TIOJIA.
Bosbmem Teneps B kauecTse Upp/(qw) kynepon (4.147). Torma nongTHo, 9T0 HasIM-
e nuc Hy3MOHHOTO MOJTIOCA MOXKET, BOOOIIE TOBOPHA, MPUBECTH K pacToduMocmu peJlakx-
canmontoro aapa M (0w) npu w — 0, mocKoabKY mpu w — 0:

k-1 & d=1 )
/dkw—l—iDolc? N{ Inw d=2 (4.180)

Dra (“undpakpacnaa”) pacxomumocTh BosuukaeT mpn d < 22°. TlosTomy, Hapamy c
OOBIYHBIM IPYAEBCKUM (KOHEYHBIM TpH w — () BKJIAJOM, MOXET BO3HUKHYTH CHHTY-
napusiii (B “mundpaxpacnom” npepene w — 0) Bkaan B M (0w), KOTOPBI# TPpUBOIUT K
Cephe3HBIM ToCTeNCTBUAM (JMoKanusanna Aungepcona). Hama nambHefiman samada co-
CTOWT B aKKypPaTHOM BBIJIEJIEHNH TaKOTO BKJIAJA.

Moncrasmaa (4.147) B (4.163) umeem (¢ — 0, w — 0):

g 2§~ o
M(O0w) = 2iy T (E)pL Z(pq)lmG (Ep)Upp (0w)ImGR (Ep)(p'q) =
PP
. 4dUy~y . R 1 - o
=t B ImG™(E mGR(E 4.181
T B I%(pq) mG*( p)w+iD0(p+p’)2 mGF(Ep')(p'd) (4.181)

Cnenaem 3mech 3ameny nepemennoii: k = p 4+ p’; p’ = k — p. Torma (4.181) neperm-
nreTcd Kak:

, 4dUqy . " 1 " .
M(0w) = 2iy + ——— 1 I Ep)—— 1 Ep —k)(kg) —
(Ow) W+W<E)p% z};(pq) mG™( p)w+iD0k2 mG*(Ep — k)(kd)
P
4dUqy o R 1 "
- ImGR(Ep)————— ImG™(Ep — k
mv(E)p% %;(&(p_/ mG p)w+zD0k2 mG(Ep )
TPt
(4.182)

3aMeTnM Tenephb, YTO BTOPOE CIaraeMoe 3/1eCh KOHEYHO TP w — 0 (MOXKHO cKazaTh, 4T0
OHO TIPOCTO “NepeHOpMUpYeT” UieH 2iy), a B TPETheM CUHTYIAPHBINR Tpu w — 0 BKJIAL
BO3HUKAET U3 4JeHa Pa3JIokKeHUd NOAUHTErPATLHOTO BEIpaXeHud HyJ1eBOTO MTopaaKa 10
k — 0 (rorma noaBnserca unrerpasn tuna (4.180)). B urore sanumem:

1

~ 9 2 R 2 .
M(0w) ~ 2y — AU zp:(ImG (Ep)) Ek: N (4.183)
Temepb y4TeM, 9T0O B HCIOJIb3YEMBIX HAMU TPUOJIMKEHAAX:
R 2 ~ 72 i

p — 00

1

291Tnz d > 2 B (4.180) HyXHO eme BBecTH ofpesaHme Ha BepXHeM Tiperesie iph k ~ {1 ~ VR (aro

CBA3AHO C KPATEPHEM IIpEMeHHMOCTH nud dysHonHOr0 NpHb/ImKeHnA (CM. CHOCKY B cBasm ¢ (4.131)).
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TaK 4YTO:
200 ) (ImG™(Ep))* = alUow(E}y~" = 1 (4.185)
P

CoorercTBenno, (4.183) cBomnrea K:

1
M(Ow) = 21y — 2Uy EEr——— 4.186
(00) = 207~ 200 Y —— (4.156)
k
PaccMorpum Terneph noapobno cayvait nByMepHoii cucremst (d = 2).
Ham mHy*)HO MocYmTaTh WHTETPAJT:
A A
1 Q 1 1 1
I= E » = — dkk——— = — [ dkk——— =
- w + Do k? (2m)? 0 w+ 1D k? 2r J, w4+ tDgk?
A A A - W
1 1 1 1 1 T +ip-
= — dx - = - / — = - / dziDg (4.187)
4 o w4+ 1Dgx 4miDg o T+ o 4miDg o 2 4+ %
0
Buamm, aro:
A2 1
1
Rel = adl de——> — 0 opu w—0 (4.188)
47 Do Dy o 2 + #
]
B cmTy cxogmMmocTh mHTerpaia. C npyroit cTopoHEI:
A2
1
ImI = — / dr—2 (4.189)
47T'D0 0 2 + #
1]

— JIorTapuPMUIECKN pACXOIaUTCH pu w — 0:

A4
1 1 1 D2A*
Iml = — de—% = — In (14 =2 (4.190)
8w Dg 0 z+ % 8mDg w?
0

CooTBercTBeHHO, IpH w — 0 UMeeM:

1 D2A% 1 DoA?
ImlIn — In =0 = _ In 222 =
8rDg w? 4rDqg w
1 1 1 1
=- In—=-2 In— (4.191)
47 Dg wT 2 2rET  wr
I MBI BEIGpasn mapamerp obpesanua A m3s ycaoBual:
2 1
DoA2 ~ = = 24 (4.192)
T

9TOo JaeT:

2m 1 2m
Anmy /222 =2 /220t 4.193
VE-""VE" (4.193)

e | = vp7 — numHaA cBobomHOrOo Tipobera, mim

1
vpA ~ — = 2v (4.194)
T
C ydeToM vp = % u Dy = % A d = 2. CooTBETCTBEHHO, IOy 9AEM
. 1 1
— 22U I = imUy In — (4.195)
2rET  wT

Vurewm emte, aro mra d = 2 v(E) = 7=, rak aro mUp =

—_—m _ 1
2 2rv(E)r T 7

30Hmke MBI eme o6cymuM »ToT BEIGOp mompobHee!
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B urore, (4.186) cBomuTcs x:

o .
M(0w) = = + - 1

. ln—
T T2rET  wr

(4.196)

Ncnonbsya a1o Beipaxenne B (4.175), naxomum o606menHblil Koadbunnent muddysun
JIBYyMEpHOW CUCTEMBI B BUJIE:

11 Dy
D(w) = Dy— = T T ~~
TM(W) 1+ 2nET In wT
1 1
~Digsl— ——In— 4.197
0 2nET n wT ( )

T7ie B MOCJIEIHEM PABEHCTBE YU, YTO BCE HAIIU MPOIELY Pl ABJAAIOTCA 0OOCHOBAHHBIMHA
JIWIIB B YCJAOBUAX ciaboro becmopaiaka, KOTa BRITIOJHAETCA HEpaBeHCTBO 27 ET > 1.
Bropoe cmaraemoe B (4.197) onmchiBacT KBaHTOBBIE TOMNpPaBKW K mpoleccy anddy-
3un (IPOBOAMMOCTH) B ABYMEpHO#t cucTeMe ayekTpoHoB ¢ npuMecamu (JI.IT.Topbkos,
AN . JMapkun, I.E. Xmensuunukuit, 1979). lTockoapKy 3HaK 3THX MONpaBoK (B JaHHOM
MPOCTERIEM CITyYae TMOTEHINATHHOTO PACCEAHNA ) OTPUIATEBHbIH (OHU YMEHBIIAOT KO-
sdpdunuent auddys3un Mo CpaBHEHUIO C €ro KJIACCHIECKUM “IpYyIeBCKUM~ 3HAYEHUEM
Dy), To 9acTo roBOpAT TakkKe o ABIeHUN “ciabolt Jokamumzanun’ L.

Bce pacemotpenmne nposommitochk moka miad I = 0. [Ipu koHewdHBIX TemmepaTypax
CYIIECTBEHHBI MPOIECCH HEYNPYTOTO PACCEAHUA 3JIEKTPOHOB, MPUBOAAIIAE K IMTPOIEC-
caM “cbosa daspl” (HEKOTEpEHIMN) BOJHOBHIX (QYHKIWMH, ¢ XapaKTEPHBIM BpeMEHEM
75 = AT™P (cTemeHb p 3aBHCHT OT THIa Heympyroro mporecca). Ilosromy, Belpaxe-
uue (4.197) samenserca Ha:

L ! (4.198)

20ET Mg [w, %] T

D(w)=Dp{ 1

B JaCTHOCTH, OJA W = 0, IIOJIyH9a€EM CTATUYECCKYIO MPOBOJUMOCTDH B BHUJEC!

1 Tg p To
= l1—-——In—; = l1———1In— 4.199
7=00 2nET t T 7o 2nET n T ( )

rie Ty — HEKOTODBI MacuiTab Temmeparypsl (sHeprum). Vcnonbsys ﬁ =27

2 2
(uro cpapenymBo JtA d = 2), mosydaeM 0o = 27 = L_E7, Tak uto (4.199) meperm-
CBIBaeTCA TaKkKe Kak:

2
e 1 T,
o=—FEr{l— ——In-2> (4.200)
2wh 2nET T
3 e _ e _ e 5 6 e
aMETHM, 4TO +— = 55 = 5 OIpele/deT KBaHTOBBIH MacuTab MPOBOAMMOCTH: & =

2.5-10 %M1,

Jlorapndmudeckad TemmepaTypHas 3aBUCHMOCTH mpoBoguMoctu tuma (4.199),
(4.200) neficTBUTETEHO HABIIOAAETCA SKCIEPUMEHTATIBHO PN TOCTATOYHO HU3KWUX TEM-
mepaTypax TpaKTHYECKN I JIOOBIX JBYMEPHBIX METAJTHYECKUX CHUCTEM (TOHKHE
TJIEHKN, IBYMEPHBI ss1ekTponusiii ras B MOIT — ctpykrypax u T.11.) [18, 19].

S Ecmu dbopMaIbHO YCTPEMUTH B (4.197) w — 0, To, B cAsty JorapudpMIYECcKOR pacXoqUMOCTH, KBaH-
TOBad MOMPABKa CPABHUBAETCHA M MPEBOCXOMUT KJIACCHIECKUH BKJIaM, YKa3biBad Ha BOSMOXKHOCTE o6pa-
LIEHWA CTaTHIECKON MpoBoamMocTH cucTeMst npu I = 0 B Hysb (Iepexom MeTasI — NW3/IEKTPHK HJIF
nepexon, Aunepcona). Pasymeerca, nmpm sToM MBI BEIXODEM 3a 06/1aCTh IPHMEHAMOCTH PacCMaTpHBae-
MBIX BBIpaXXKeHUU U TyT TpebyeTcs CIenuasbHOe PACCMOTPEHNE, KOTOPOe BYIIeT TPOBEIEHO HUKE.
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1A= B (b)

Puc. 4-21 ®@ennmaHoBCKMe TpaeKTOPUM YacTMUbl, pacnpocTpaHaAtolleics U3 Toukn A B
Touky B (a) n npumep TpaekTopun ¢ camonepeceqerunem (b).

HaI‘J’Iﬂ,H,HafI HHTepripeTanyud KBaAaHTOBBIX TTOTIIPaBOK.

Paccmorpum dbmsmaecknii cMBIC/T Hali IeHHBIX HaMP KBAHTOBBIX IIONIPaBokK K nposoamumocth (A.U. JTapkws,
J.E.Xmensaunkmit, 1980). Mut (noka!) paccmarpuBaeM cirygail ciraboro 6eciopanka, IyImHa CBOGOTHOTO

h
mpobera [ —
P > e
PeXUMa TTPOBOAUMOCTH, UIIEM TOTpPABKH oT “ciaboill jiokamsamun’ :

mwm (B crcTeMe h = 1) ppl > 1, ET > 1. Craprya c obbrasHoro “Merasmaeckoro”

o =09 + b0; 6] € o0 (4.201)

Obbranas OpyneBcKad HPOBOIUMOCTD (PE3yJIbTAT CTaHNAapTHOI KHHETHIECKON TeOpHN), KAK MBI TOJIBKO
2

YuTO BUOEH, 0g ~ 2—2E’r. B »roil Teopuu, nocienyomue akThl pacCeAHNA PACCMATPUBAIOTCA KaK HE3a-

BHCHMEIe (HeKoppesmpoBaHHEIE ). [Ipm 2ToM 2/1eKTpOHBI coBepuraroT o6braHyI0 (Kitaccmaeckyro) muddy-

3WI0, TaK 9TO OJId YaCTHITHI, Haxondameiica B MoMeHT BpeMeHH { = 0 B TO4YKe I, BEPOATHOCTD OKa3aThCA
B MoMeHT ¢t > 0 B TOYKe I maercd pelleHHEM ypaBHeHH:A nuddysum u B d — MEPHOM IMPOCTPAHCTBE

paBHa:
_lr—rg?
P e ! 4.202)
)= —— .
() = GrDonyal2 (

TIe KJlaccu9aeckuit Koadbunment mudbysnun Dy = U%T/d. DTa BEPOATHOCTH CyHNIECTBEHHO OTJIMYHA OT
HyJIs B npefeax obbema Vg s, onpenenseMoro yciosueM |r — rg|? < 4Dgt, toe:
1 1

= (4.203)

P(rt) ~ ——
(=) Vaigr  (Dot)?/?

Bce aTo wmcro kitaccmaeckaa kKaprwHa. PaccMoTpuM Temeph x6anmosyro KapTHHY Ha A3bIKe delHMAa-
HOBCKWX TpaeKTopmil gactumsr [20], pacmpocTpanatomelica w3 Toaknm A B Touky B, Kak 3To IMOKa3aHO
ma Pmc. 4-21 (a). Kaxnoyro TpaeKTOpHIO MOXKHO pacCMaTpHBaTh Kak “Tpybky”’ ¢ KOHeWHOH TosmumHOM
nop#Anka (COOTHONIEHHE HEOLpPeNeIeHHOCTER! ):

h

muvg

Ap =

(4.204)

ITpm »Tom momepeunoe cedenme “Tpybkm” mopsAmKa /\;l,_l. B xstaccmaeckom mpemeste il — 0 m Ap = 0.

ITpu cnabom Gecnopanke Ap /I = pipl £ 1, r.e. “rpybru” mocrarodno ToHKHE. [[ycTh TeMIlepaTypa ToXe
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IOCTATOYHO MaJla, TaK 9YTO HeyIPYTHe HMPOIIECCH, XapaKTepU3yeMble BpEMEeHeM Ty, JOCTATOYHO PeIKMH:
Ty > T.

Bepoaraocts nepexona A — B mo ®@efinmany ecTh:

2
W= Z Al = Z |42 + Z A AT (4.205)
2 7 ¥

e A; — aMIIATyna BepoATHOCTH niepexona A — B 1o i-#t Tpaektopun. B 6oapnManoBckoll KmHETHYIE-
KO TeopHM, ecTeCTBEHHO, IpeHeGperaeTca MHTEpdEpeHIMORHBIM (KBaHTOBEIM!) BKJtamoM B (4.205). B
GOJIBIIMHCTBE CIIy9IaeB TO ONPaBIaHO — IIyTH (TPaeKTOPHH) MMEIT PasHBIE JJIMHBI M aMILIATYIBL A;
mMeroT pasHble (ciaydaitasie!) dassr. OnHaKo ecTh OINHO MCKJIIOYEHHE, a HMEHHO, ciaydail korna A m B
COBIAMAIOT, T.€. TlyTH C CaMOTIepecedeHneM, THITa oKasanHoro Ha Puc. 4-21 (b)32. Takoit samMmxHy T
Oy Th MOXKET MPOXOIUTHCA B JIBYX MPOTUBOMOJIOKHBIX HAIIPABJIEHUAX 1 M 2, HO MOCKOJIBKY IIyTH 1 u 2 co-
Boanaror, dpassl amnaaryn A; m Ay KorepeHTHEI B Bropoe ciiaraemoe B (4.205) maer koHedgHsIi BKIa!
CooTBeTcTByOMAsA KJIACCAYECKasA BEPOATHOCTD mepexona B ciaydae A1 = Ay = A ects W, = 2|A|?
(HepBLI]'/’[ <9JIEH B (4.205))7 HO B KBAHTOBOM CJIy9Ya€e BO3HHUKAET €lle W HEHYJIeBOW MHTepdepeHITMOHHBIN
BKJIazn (Bropoit wien B (4.205)), rak 9ro:

Wom = 2|A12 4+ A} Ay 4+ A1 A% = 4| A2 (4.206)

TaK 49To

Wom = 2W,, (4.207)
Takum o6pasom, BEDOATHOCTE 6036pama KBAHTOBOU YacCTHIIHI B /IBa pa3a 6oJIbllle, 9eM y KJIACCHIECKOM
— kBaHTOBad Muddysud “MemieHHee” KJIACCHIECKOR S, DT0 U HPUBOIMT K CHUNCEHUIN TPOBOTAMOCTH
0 — TEHIEHIUA K JIOKAJIM3AIIH!.

Ounennm tenepp Besmmanny §o/og. Vs Hammx paccykmeHuil ciemyeT, 9To 3HaK §0 /0 OTpHIATEIIb-
HBI, a caMO H3MEHEHHE IIPOBOIUMOCTH IPOIOPIUOHAIBHO BEPOATHOCTH BOSHUKHOBEHMH (B Xome mud-
dysmn!) myrm ¢ camonepecegenmem. Paccmorpum myTs (“rpy6ky” ¢ cedenmem )\?,_1) B d — MepHOM
HOPOCTPAHCTBE. 3a WHTEPBAJI BpeEMEHHU df 3JIEKTPOH MPOXOIUT paccrodune dl = vpdt, coorBeTcTBYOIMMI
obbemMunk “Tpybkm”’ ecth dV = uth/\;l,_l. C nmpyroit cTOpoHBI, MAKCUMAJIBHO JIOCTYIHBIN 06beM I1da
mudbyrmupyomeil 9acTUIBI ecTh, KaK MBI BUIIEJIH, Vdiff (4.203). Torma BEpoATHOCTH 3JIEKTPOHY OKa-
3aThCA B 3aMKHYTOH Tpy6Ke MOXKHO rpy6o ONEHUTH, KAaK MHTErPAJl OT OTHOUIEHUHA 3THUX IBYX 0OHEMOB:

T T,

4y o dt

W = / —— = upA§ ! ——— (4.208)
- Vaigy »  (Dot)

Hwuxanil npemen MHTErpHMpOBAHUA OUPENE/IAETCA 3/1€Ch KPUTEPHEM MPUMEHUMOCTH Tuddy3HOHHOTO
npubJIMKeHNsA, & BEPXHUU — IIpeIeIoM TPAMEHIMOCTY KBAHTOBON KapTHHBI KOT€EPEHTHOTO PACIIPOCTPa-

2
e .
HeHndA 9aCTUIIhI. ]BCHOMI/IHa.EI7 qT0 g9 ~ 7 E1 , HOJIYY9a€M IIPOCTYIO OIICHKY:

e \1/2

A = d=1
bo L) hmm (%) d=2 (4.209)

E
a0 T B2 (T_¢>_1/2 d=3
T
Ecom L+ ~ TP, 10 (4.209) maer:
g

T-P/2  4d=1
h e
—~—< hplnip d=2 (4.210)
oo BT peper g3

WcnonbsoBanHoe Bhime yciaosue A; = A mpenmosiaraer »KBHBAJIEHTHOCTH COCTOAHMU 3JI€KTPOHA C
UMILYyJIbCAMH P B —P, T.€. HAJW9INe CAMMETPUN OTHOCHUTEIBHO obpalieHnd BpeMenn ¢ — —t. DTO BEpHO
B OTCYTCTBHE BHEIIHETo MATHHTHOTO IIOJIH M MATHHTHEIX mpuMmeceit®®. B mpucyrcrsmm moss H stu mse
aMILIMTY/IBI HEPEXoia Hpuobperator Gasbl MPOTUBOMOJIOKHOIO 3HAKA:

Ap — Are'® As — Age™'® (4.211)

32Peup, TakuM 06pasoM, HIET O MPOIECCAX PACCEAHHUA C BO3SBPATOM (backscattering).

339710 ecTh C/IENCTBHE 60410607 TPUPOIBI YACTHUIL B KBAHTOBOM Mexammke. Bce Hamm paccyxmeHus
CIIpaBeNJIMBEI TaKKe W IJTA KJIACCHIECKHX 604H. | [puMep — ycHJIEHHe 3Xa B Jiecy!

34Ouenp scHOE 06CY XK IeHIe IPo6/IeM, CBA3AHHEBIX C OMMCAHHEM HHBAPUAHTHOCTH OTHOCHTE/IHHO 06pa-
IEHNA BPEMEHH W €€ OTCYTCTBHA B CHCTEMAX, HAXONANIAXCA BO BHEITHEM MATHUTHOM II0JI€ HJTH COMEP-
JKAIMX MATHUTHBIE TpEMecH, MokHo Halitu B [ur. VIII xawrm [21].
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TIOe

_ e 27
o= %dlA = hefe (4.212)

rme ¢ = HS — moTok MarHHTHOTO mOJIA Yepes cedeHHE S 3aMKHyToOro ImyTH (Tpaekropmu). Ilockospky
3JIEKTPOH coBepuiaeT nudysmoHHoe nBmKeHUe, mmeeM S ~ Dgt, Tak aro ¢ ~ HDgt. B pesynbrare,
BMECTO (4.206)7 IIJIA BEPOATHOCTH BO3BpaTa MBI IMEEM:

Wy = 2|4 {1 + cos (27%)) } (4.213)

e ¢o = SZ — KBaHT IOTOKa TeopuHu cBepxmupoBommmoctd [11], coorBercTByrommit 3apamy 2e! Yuso-

€HHBIH 3ap#AIl BOSHUKAET 3IIECh MMOTOMY, 9TO y HAC WHTepdEPUPYIOT BKJIAIBI J6YT 3JEKTPOHOB C P W
—p (aHAJIOTHYHO TOMY, KaK B TEOPHH CBEPXIPOBOIMMOCTH CIAPHBAIOTCHA JBa 3JI€EKTPOHA C MPOTHBOIIO-
JtoxHBIME mMITysbcamu). [Ipm H = 0 cHoBa mmeem Wiy—o = 4|A|2. CoOTBETCTBEHHO, TIPU HAJIUIUN
BHENIHETO MATHHUTHOTO TIOJTA BOSHHUKAET OMPUUATEADLHOE MATHATOCONPOTHBIICHAE, BEJIMINHA KOTOPOTO
ONpeNeNAaeTCA PA3HOCTHI0 KBAHTOBEIX TIOMIPABOK:

Ac(H)=6c(H) = 60(0) ~ Wy — Wy ~

~opAdTt /T¢ (Dodﬁ {1 — cos (Qﬁ%) } >0 (4.214)

" CBA3aHa C IIOJABJIEHHMEM KBaAHTOBBIX (JIOKaJ'II/IBaH,I/IOHHLIX) IIOIpaBOK BHENMIHUM MATHUTHBIM IIOJIEM.

. HDoT
fcro, aro Ac(H) mBagerca dymxumeit %. “Kpuruaeckoe” moJse, IpUBOIANIEE K TPAKTHIECKHT
HcDogTy
TOJIHOMY TONABJICHHIO JIOKAJTU3AIMOHHBIX TOIPABOK, OMPEIETACTCA YCTOBUEM — = 1, aro mua
0

tunmraasx Do w 74 maer He ~ 100+ 500tc. 9ddexT oTpumaTe TsHOT0 MATHETOCOMPOTHBIICHHA B CIAGBIX
HOJIAX B HEYIOPATOIEHHBIX METAIIAX TeHCTBUTETBHO HAbIIOHAETCA U Ta€T METO/I U3y 9eHUA KBAHTOBBIX
TIONPaBOK K MPOBOAMMOCTH W XapaKTEPHBIX BPEMEH TUTA Ty [18, 19]35.

CamocorJiacoBanHas Teopusd JIOKaJHu3alluu.

Bepremca k obmeit muckyccun. OkasplBaeTCAd BO3IMOKHBIM TPEIJIOKUTH HEKOTOPYIO
CXEMY CaMOCOTJIaCOBAHU, TIO3BOJIAIOINIYIO PACCMOTPETH U 0OJIACTh JOCTATOYHO CUIIBHOTO
Gecropanka. [l sToro BepHeMca K Buipaxkenuio (4.186). OcHoBHas unea camocozaaco-
sannoti meopuu aokaausayuy (W.Gotze, 1979, D.Vollhardt, P.Wolfle, 1980) coctour B
3aMeHe KJaccuieckoro Koaddurmenra muddysun Dy B snamenamene (4.186) na 0606-
meHubi Koadbunnent nuddysun (4.175), koropsiit cam BeIpakaeTcs UYepes pesiakca-
IoHHoe AApo, onpeaenseMoe (4.186). B pesyabrare mosyuaeM cienyioniee ypasHenue
camocozaacosanua g onpeneenna aapa M(0w)3S:

, 1 i .
M(w) = 2iy 1+W(E) > —EE (4.215)

w

k| <ko d
nu skBuBaseHTHoe (B ey (4.175)) ypasuenne na obobuiennoro koaddurmenta and-
dyszun:

Dy 1 1
- I 4.216
Dg(w) av(FE) |k|z<:k —iw + Dg(w)k? ( )

35Hy)KHO YeTKO OoTJIn4daTh paCCMOTpeHHLIﬁ B(b(beKT OT KJ/IaCCUYE€CKOTO MAr"HeTOCONMPOTUBJICHUA

Ac(H H
Jg—l ~ —(u)Hﬂ')27 Thoe wy = fn—c BesmmunHa K/1accM9ecKOro MarHeTOCOMPOTURIIEHUA, B COOTBETCTRY-
1]

FOUIUX IMOJIAX, HA MHOTO IIOPAIKOB MEHBIIIE (4.214) u mMeeT mpyroh 3Hak!
36 3amermmM, 9TO TIPH 5TOM MBI IpeHeGperaeM BO3MOKHON IpOCTpaHCTBeHHON mucIepcmeii: M(qw) —

]\J(O(.u)7 DE(qw) — DE(O(U).
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BrIGOp BeTMUUHE UMITYJIhca obpesannsa ko GymeT obcyxaaThea Hmke®: .

Tpexxae 4eM 3aHUMAaThCA JeTaTbHBIM anagnzoM pemennii (4.215) n (4.216), mocmo-
TPUM, 9TO MOXKHO cKa3aTh “m3 obmmx coobpaxenuit”. JIj1g 9Toro BepHeMcs K BhIpaxke-
nmio (4.173) nna &4 (qw). Mo oxumaem, uto M (w) MOXKeT OKa3aThCA CHHTYIAPHBIM
npu w — 0. B ycsioBuAX cyliecTBOBaHUA Mpenesa;

2F 1
i

2 E) =
Rloc( ) dmwlir%) (.UM((.U)

(4.217)

OMPENETAIONIETO XaPAKTEPHYIO IINHY Rioc, 13 (4.173) BolmenaeTcsa CUHTYIAPHBINR BKIIAT
Bua’® (1719 MpocTOTH! MOsIpasyMeBaeTca Takke npesies ¢ — 0):

N(E) 1
oA - — 4.218
(qw) 1+ Rl2ocq2 ( )
B »mux ke ycsoBuax yamobHO BBECTH XapakKTEPHYIO 9acTOTy wO(E):
28 1
WiE)= - limwMw)=————= >0 (4.219)
0 w—0 d'm R%OC(E)
TaK 49TO
2F 1
Ripe(E) = 1/ ——— 4.220
toc () dm wo(FE) ( )

Houna R, WMeeT CMBICT paduyca A0KaAU3AUUY DTEKTPOHHBIX COCTOAHUN B MOJIE CJTY-
vafinoro morennuasa npumeceii [16]. B yciaoBugax cyiecTBoBaHua yKa3aHHBIX MPEIETIOB
3JIEKTPOHHBIE cOCcTOAHUA Ha ypoBHe Pepmu E 0Ka3BIBAIOTCA JIOKAJUIOBAHHBIMU U CH-
cTeMa OKa3bIBaeTCd B COCTOAHUU andepconosckozo duasexmpura. [lepexonm Ammepcona
WM ABJIEHUE JIOKAJTU3IAIAA JIEKTPOHOB B HEYTIOPATOYEHHBIX CUCTEMAX OTHOCHTCH K W~
CJIy OCHOBHBIX MOHATHUN COBpeMeHHOI Teopun Heynopamodenubix cucteM [22]. Huke Mbl
YBHIIWM, 9TO PACCMaTpPUBAEMas TEOPUA AOCTATOUYHO YCIENTHO OMUCHIBAET 3TOT MEPEXO]T.

Hanuuwe jmokanusanuu (BO3SHUKHOBEHUE IU3JIEKTPUKa AHIEPCOHA) CBASBIBACTCH B
JAHHOM TIOIXOJIE € CyllecTBOBaHMeM mpenena (4.217), T.e. ¢ KOHEYHOCTBIO XapaKTEPHOR
qacToThl wo(F), onpenengemoit (4.219). MHbIMHI cioBaMu, 9TO COOTBETCTBYET BO3HUK-

2
wi(E
HOBEHMIO PACXOAMMOCTH PEJaKCAIMOHHOTO AApa: ReM(Ow) = —% npu w — 0. D10
O3HaYaET, YTO pesakcalnnonnoe aapo npu ¢ — 0 u w — 0 mpeacTaBageTcd B CJIeAyONEM
BUIE:

— (meTasn)
MOw) =14 7 2m

TE w

(4.221)

(mmsserTpuk Angepcona)

Bompoc TobKO B TOM, MOXHO — JT HafiTu Takue perienus ypasuenna (4.215)7
Mpu obcyxnenun BeIGOpa mapamerpa obpesanud B (4.215) n (4.216) samernm, 410
3 Beipaxkenus (4.163) m mpocreiimedt omenkn (maa caydaa cuaboro Gecmopankal)

2
AGp ~ ImGE(Ep) ~ 6 (E— g—m) [ACHO, YTO CyMMapHBI# mMmmyiasc k =p+p’ B

37 PasyMeeTcs, IpeIIOKEHHAS CXEMa CAMOCOIIACOBAHUA BHOCHT B TEOPHIO 5JIEMEHT “HEKOHTPOJIHDY-
eMocTH” , 9TO XapaKTE€pHO W IJId pAlla Ipyrux ‘camocorsacoBaHHbIx” Teopmit. Boobme rosops, MoxHO
nposectn ® Gosree crpormit BeIBOZ, ypasHeHmit (4.215), (4.216) (D.Vollhardt, P.Wolfle, 1982), ocroBan-
HEI Ha ofuIeM IWarpaMMHOM aHaJIN3€ C OTGpacHIBAaHWEM MeEHEE CHHTYJIAPHBIX (Ipw w — 0) BKJIAIOB,
HO MBI He Oy/IeM Ha 3TOM ocTaHaBJMBaThcA. ONpaBIaHTeM TJIOTOTBOPHOCTH TAKOTO TOIX0/Ia ABJIAIOTCH,
B KOHEYHOM CY€TE, MOJIyIaEMEIE B €70 PAMKAaX (PU3HIECKUE PE3Y IHTATHI.

38 Hammame Taxoro sraama B 74 (qw) coorsercTByeT 06IIeMy KPHTEPHIO JIOKATASATINHN 3JIEKTPOHOB
B TIoJTe CiTydaifHOTO MOTeHMMAaJIa MpAMecel, T.e. TIEPEXOoIy CHCTEMBI B TH3JIeKTPHIeCcKoe cocToAHue [16].
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Upp'(qw) Moxer menarsea (mo momymio) o 0 go 2pp. C apyrolt CTOPOHBI, caMoO Bhi-
paxenne 11 Upps(qw) (4.147) (“kymepon”), mcmosibsyemMoe HaMu, CIpaBeITABO JIAIIT
nna |p + p’| < 17! (xpurepnit npumenumoctn auddysnonnoro npubamkenus). Orciona
SICHO, 9TO UMITYJIbe obpesanu# B (4.215) n (4.216), mo mOpAIKY BETWYMHBI, MOXKHO Olle-
HUTH KaK:

ko ~ Min{pp, 1”1} (4.222)

®axTudeckn, nepexos Angepcona mpoucxomut npu prl ~ 1 (Tax HasbIBaeMbIf KpuTepuii
Nodde - Pereﬂﬁ) [22], Tak 9TO AJIA €ro UCCIEMOBAHUA JAOCTATOIHO TTOJOKUTh:

ko = zopr = zoV2mE (4.223)

rme xg = const ~ 1 = 2.

Mepeitnem Temeph K penteHnio ypasHenns camMocoraacosanns (4.215) (A.B.Macunkos,
M.B.Canosckuii, 1982). Beemem 6GespasmepHylo NEpEMEHHYIO WHTETPUPOBAHUA Y =
u nepenuuiem (4.215) B Buge:

roV2mE
! 1
M(w) = 2iy + d/\a:g‘zM(w)/ dyd® ™! ——— (4.224)
0 Yy - WM(W)
e A — mapaMeTp Halleil Teopuu BO3MYyIIeHmit (Ho 6ecnop9u1Ky):
1 d/2 [5-2
A= =7 = (ﬁ) v (4.225)
2nEr  wE 21 r (%)

rie yusan, uto ¥ = wpv’v(E) u BUA MJIOTHOCTH COCTOAHUI CBOGOIHBIX 3JIEKTPOHOB B
MPOCTPAHCTBE pasMepHOCTH d:

m\d/2 E5-1
v(E) = (=) 4.226
=" g (4.226)
Metanau4deckasa dasa.

Monaraa B (4.224) w = 0 w paccmarpuBasg Mertaaaudeckuii pexxum usz (4.221), korma

ReM(w=10)=0wu ImM(w = 0) = 1/7g, cpasy mosyuaem us (4.224):

1 d

= 31— ——xzl? 4.227
BT 5y { d—2""o } (4.227)

Torma us (4.176) HEMEJIEHHO MOJyYaeM CTaTHIECKYIO MPOBOAUMOCTE CUCTEMBI B BUJIE:

4—d
ne? 1 E.\ 7
= —< 11— = ; 2<d<4 4.22
o= o { <E> }, <d< (4.228)

d :Eg_z a =
Eo=¢———(27)" 2 FEs. 4.229
T (4.229)

TIJE BBEACHA XapaKTEpHad sHEPTUA:

e

B, = m™1(pv?) 77 (4.230)
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yXe BcTpedasinascs HaM B (4.74) u onpenengioniasa o61acTh “CubHoit cBA3n” (CMIBHOTO
paccesdHnd) Ha OCH SHEPTHUl JJIA 2JIEKTPOHA B CJIyYaliHOM MOJ€e TpUMeceii, 1 BO3HIKA-
fomag u3 npoctefinedt onenku v ~ pv?v(E) ~ E (c yuerom (4.226)), coorBeTcTBYyIoMIEii
kputepuio Nodde — Peresa (n npemesy NpUMEHNMOCTH WCTOJIb3YyeMOH HaMH TEOpHUN
Boamymiennii!)3°. Jlerko Busjers, uro sueprus E. ~ Eg. (4.229) urpaer posb nopoza
nodsustcnocmu [22]. IeficrBurensuo, npu £ > E. n3 (4.228) nomyvaem:

ne? 1 4—d E—-FE, FE—-FE,
~— ~ 4.231
7 m 27(EC) < 2 ) ( E. ) E. ( 3 )

TaK 9TO CTaTUYeCKad TTPpOBOAUMOCTL CUCTEMBI IpU T=0 o6pamaeTCﬂ B HYJb, KOTJa

sHeprua Pepmu F — F.. DTo 1 03HAYAET, YTO B CUCTEME MPOUCXOANT AHIACPCOHOBCK M
TEPEXOJT METAJLIT — IUIJIEKTPUK (JIOKaJII/IBaL[I/ISI AHILepCOHa).

IMpuBenem saBHBIE BhIpaxenusa miasa d = 3. [IpuaumMas, mas onpegesieHHOCTH, g = 1,
NMEEM:

E m?(pv?)? (4.232)

c= T

27
HeTpynHo BUIETH, 9TO B TepMUHAX 6e3pasMepHOTO TTapaMeTpa TEOPUH BO3MYTIEHWH A
d—2 _2-d

u3 (4.225) T0 COOTBETCTBYET KPUTHUECKOMY 3HAYEHUIO A, = eyt = 1/3 nnm

nIn prl = 3 (4.233)
T

roe | = ;—s — “bopHOBcKaga” IaMHA CBODOIHOTO Mpobera, KOTOPYIO MOXKHO paccCMaTpUBaTh

B KadecTBe Mephl Gecriopaaka B cucteMe. Torma (4.233) MOTHOCTHIO COOTBETCTBYET OOBIY-

Hoit popmyauposke kpurepua Modde — Peresa: giamna ceobomnoro mpobera B MeTaJIIIe

HEe MOXKET OBITh MEHBIE XapaKTEPHOU BEJTUYUHBI TIOPAIKA MEKATOMHOTO PACCTOAHUA

[22], ¢ manbHelUM pocToM GecrmopsaaKa CUCTeMa MEePEXOAUT B COCTOAHUE aHIEPCOHOB-
e 99

ckoro amaaekTpuka. “Kpurndeckoii” gnnne cBobomHoro mpobera n3 (4.233) COOTBETCTBO-
BaJia — OBI “ApyneBckasa’ MPOBOINMOCT:

ne? 1 e’pp (prl
O = — ——— = — = -
m 2y(F.) 3w?h% \ A

2
_ €PF

~ 352
E=E, mh

(4.234)

rAe y4JIm, 9T0 N = 371:TF}13 u Besae “BoccranoBusn’ h. BBumy pp ~ Z, TIe @ — MEeXKaTOM-
HOe paccrodHne, Beandnna o, (4.234) mo mopsAnKy coBIagaeT ¢ MOTTOBCKOW OIEHKOI

“MUHAMAJILHON MeTa L IHIecKoil MpoBoanMocTn”

1 e?
Omm N 37
73 ha

(4.235)

970 TIpH @ ~ 3A maer opm ~ 2 - 10%2om tem™ L.

SanuceBaga (4.227) kak

=g ) = 5 A (4:230)

MoXHO mepernucath (4.228) B Buze:

o .
c=0gqyl——p%=00g— 0, (4.237)
g0
39Vke W3 »THX HpoCTHIX GOPMyJI BHIIHA BhIIEJEHHAA pOJb pasMepHocTeHl mpocrpaHcrBa d = 2 U

d = 4, urparommx poJib HIKHeN 1 BepxHEN KpUTUIECKOU pasMepHOCTH IJid mepexoia AHIepCcoHa.
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e “apyneBckas’ MPOBOINMOCTE 0g = ”n‘f 217
Mpu cnabom Gecropanke (Gosbioit ainne cBobomHoro npobera) og > o, u us (4.237)
crenyer oObIYHBIA pesyabTar ¢ & og. Ilpu pocre Gecmopanka (YMEHBIIEHUN JIJINHBI
npobera) o — 0 pu 0g — O & Tmm. OTCIONA BUAHO, YTO Oy OTPEIETAET XapaKTED-

HBIfi MacuITab MpOBOJMMOCTH, Ha KOTOPOM MPOUCXOIUT Henpepbienbili (BOIPEKN PAHHIM

BBICTYTTAE€T B Ka9E€CTBE MEPBI 6ecnopsmKa

nneam Mortta [22]) mepexos], MeTasl — AWIJIEKTPUK, WHAYIIMPOBAHHBIA OECTOPIAIKOM.
YAuBATENBHO, YTO 3TU TPOCTHIE (POPMYJIBI MOATBEPKAAOTCA IKCREPUMEHMAALHO T

MHOTIWX peabHbIX cucteM [16].

W3 mammx ormeHOK BHOHO, 9TO 1A d = 3 MOpOT MOABHXHOCTH F. momamaer B obJsacth “cuiabHOM
ceasn” Fse = m2(pv?)? (M.B.Camosckmit, 1977), e GespasmepHEIii mapaMeTp TEOPHWH BO3MYIIeHFTI
A ~ 1 m, cTporo roBops, HYXK€H y4eT 6cexr INUarpaMm Teopuu BosMmyuleHudi. C mpyroél cTOpoHEI, Ipu
d— 2 us (4.229) BUIHO, 9T0 K. — 00, B COOTBETCTBUM C KApTUHOM MOJIHON JIOKAJIM3AIUA [IPA CKOJIb
— yronmo cinabom Gecnopanke gy d = 2 (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless,
1979).

To o6cToATENHCTBO, YTO MMOPOT TIOABUKHOCTH MTONagaeT B o61acTh “cuiibHOM cBA3M” ABIAETCA OMHOMN
M3 OCHOBHBIX IPUYWH HE3ABEPUIEHHOCTU TEOPUH JIOKAJTU3ATINN U TPeOYET pasBUTUA HOBBIX, CYNIECTBEHHO
HelepTypbaTHBHEIX, MeTOH0B paccMmorpernsatl,

HnsnexkTpuk AHmepcoHa.

IlepefineM K paccMOTpeHMI0 0GJIACTH JIOKAJIN30BAHHBIX cocTodumit E < F,. (mwamek-
tpuka Angepcona). Mimem perenne (4.215) B Bume Broporo Beipaxenus B (4.221). Boi-

Headad NeficTBUTeTbHYO YacTh (4.215)7 npu w — 0, HaXoAUM ypaBHEHWE, ONPEEIAIONIEE
2
wi(F):

1
1
1:d/\xg‘2/ dyyd_lT(E) (4.238)
0 + i

AnasornansiM 06pasom, u3 MEEMOl gactu (4.215), npn w — 0, HaxoAUM ypaBHEHUE e
TE B 00JIaCTHU JIOKAJTN3AIIAN:
! 1
1= 2yrp = dazf™? / dyy™t ————— (4.239)
0

o+ 5]

Ucnosbsya (npu wi — 0) mpocreiimyto onenky unrerpaaa®! s (4.238), nmeem:

1
1= d/\a:g_2 / dyy®=3 =
) 1/2
(557)
a—2

- dwi(E 2 .

] aaad Zdi2{1— (%—QE)) } (2<d<4) (4240)
21‘3E2 e '

Aln S2(E) (d=2)

OTKyZa, UCTob3ya onpenenenue (4.229), monydaem:

2
4—d N T=3

w(Z)(E) — —IOE? {1 - (Eﬁc) = (2<d<4) (4.241)
2¢2E? exp (— 1) (d=2)

40Bos1ee MOMpPoBHO ¢ STUMH BOIIPOCAMH MOKHO TO3HAKOMHUThCA To obsopam: M.B.Canosckuit. YOH
133, 223 (1981), ©.M.Cycsos. YOH 168, 503 (1998).

“1}rTerpas 3mech MOKHO BEIYHC/IATH M TOYHO, 5TO MPHBENET JIMUIb K HECYIeCTBEHHOMY M3MEHEHIIO
HEKOTOPHIX KOHCTAHT B OKOHYATETHHBIX OTBETAX.
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IMoJtoxxeHne mopora MOABMKHOCTA Ha OCH HEPTHUil, eCTECTBEHHO, OMpPENe AeTCAa yCI0-
BueMm wi(E,) = 0. Ina d = 2 sesuunna wi(E) > 0 aaa mobeix E, 9T0 COOTBETCTBYET
KapTHHEe TOJTHOM JIoKaJIM3aluy B JBYMEPHBIX CHCTeMax, jJa)ke IPU CKOJIb YTOJIHO CJIa-
Gom Gecopanke (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J. Thouless, 1979).
Bamerum, onako, uto npu caabom Gecnopsanke (A < 1) wi(E), B aToM cyuae, sKcIo-
HEHIIMAJIBHO MaJia, 9TO JeHCTBATETHHO COOTBETCTBYET €Aa60T JOKATN3AIINN.
Ncnonnaya “npencrasienne enunuisl” B Buze (4.238) B (4.239), nonyyaem cBasb Tg

c wi(E) B Buge:

422 F? dw2(E)12
"o v+ 42%(152)]

d—2
1 dwz(E) dw2(E) 2
~ dizd? 0 - 0 d< 4 4.242

Yo T2 { 1222 (4;ng2 (d<4) (4.242)

d 2 E 1 d—1
2vTE :d/\mg_2 wi( )/ dy[ Y ~
0

tak uTo npu wi(FE) — 0 (B61u3M MOpora MOABIKHOCTH) UMEEM:

a—2
—2 (dwi(E)\ 2 .
2y7p = waha ( 4x§(E?)) (2<d<d) (4.243)
wg E s ’
A [1 - ZxéEg] (d=2)

Us (4.220) n (4.241) naxonum pajguyc Jokasausanuu*?:

izdN — 723
1 E E 1
RocE = 1-— —_— ~ —
! ( ) Zo QmE{ (Ec) } PF

rae Epumu%ecwuﬁ undexc v:

-V

E-FE,
E.

. E<E., (4245)

1
V= —— 4.246
d—2 ( )
BBezsieM Temneph XapaKTEPHYIO A0KIAUSAUUOHKYIO KOPPeAAUUOHHYto Oauny (coBmamaro-
uyio ¢ Ry ipn E < E,, T.e. B IN3JIEKTPUYECKOH dase) ¢ MOMOUIBIO COOTHOIIEHHS:

P e ]
. [1 - (Eﬁ) ? ] . E<E,
§loce(BF) = ——== . Tak uTo  (4.247)
roV2mE g it T
1— (%) ; E>E,
1 |[E-E.|™"
oc E)y~— y E~ Ec 4.248
& ( ) PF Ec ( )

DTa BeJIMYMHA ONpeneseHa Takxke u npu F > F., T.e. m B MeTammdeckoii ¢asze. Torma
MOXKHO TepenucaTh Bhipaxenue (4.228) m1a NMpoBOANMOCTH B MeTa/JINYeCKOii dase B
BUIE:

ne? 1

_ , 2-d _ %0 (d—2)v .
_ne 2 Wi — % (E_E, 4.249
o - 27 (IOPF& ) (CEOPF&oc)d_z ( ) ( )
42718 d = 2 aHAJIOTHYHO IOJIy9aeM
1 TE
Ry (E) = 4.244
toc(P) zoV2mE P { mpv? } ( )

TaK 9TO B 3TOM CJIy49a€e paanycC JIOKaAJIU3aIllud 5KCIIOHEHITUAJIBHO BEJIMK B CJIyYdae caaboro paccedaHmnd.
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— Tak HasbIBaeMbIl 3akon Bermepa (F.Wegner, 1976) ¢ KpUTUYECKUM MHIEKCOM TTPOBO-

JUMOCTH:
s=(d—=2) (4.250)
B uwactHOCTH, mo1a d = 3 (Honaraﬂ rg = 1) NMEEM:
o= (E-E) E>E (4.251)
PFioc(E)
u KpuTwdeckuii mamekc npoomumocTu s = 1. IMeHHO Takoe MOBemeHUE TPOBOIUMO-

CTU 5KCIEPUMEHTAIbHO HabI0IaeTcd B OKPECTHOCTHU TEPEXoia MEeTAJI — IN3JeKTPUK,
BBI3BAHHOIO Pa3yNopsAA0oYCHUEM, JIJid 1esoro paga cucteM [16]. Ognako, B nesom pame
cJaydaeB HabJIIOTAETCA MOBEAEHUE TPOBOINMOCTHI, COOTBETCTBYIONIEE KPUTHIECKOMY MH-
nekcy s & 1/2. O6bIdHO 9TO HECOOTBETCTBUE MPUMUCHIBACTCA POJIU MEKIJIIEK TPOHHOIO

B3aI/IMO,H61'7ICTBI/I$I, KOTOPO€ HE YIUTBIBAJIOCH B MIPOBEACHHOM BbINIC aHAJIN3E. O,D;HaKO I10JI-

Had ACHOCTH B 3TOM BOIIPOCE B HACTOAIIEE BpEMA OTCYTCTByeT43.

OTMeTHM, 9TO BCE 3TH COOTHOUIEHUA 3AIMCAHBI UCXONA U3 AHAJIOTHI CO CK3UIMHTOBBIM OMMCAHUEM
KPHTHYIEeCKHX ABJeHM npm dasoBeix mepexomax 1l poma [11] m cooTBeTcIByIoT KapTHHE cralaunza
na nopoze nodsuorcnocmu (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless, 1979). B Toxe
BpeMs 3aMeTHM, BO u3bexaHuWe HeNopasyMeHU, 9To mepexod AHIepCoHa He ABJIAETCH HA30BBIM IIe-
pexonom Il poma B o6BIYHOM TEPMOIMHAMHYECKOM CMBICJIE, €r0 ONMCAHUE 3aBEOOMO ABJAeTCA Gosiee
CJIOKHBIM. B 9acTHOCTH, IJIA HETO OO CHUX HOP OTCYTCTBYET OOUIENPHUHATOE OMpeHe/IeHUE MapaMeTpa
nop#Anka. TpyIHOCTH B IOCTPOEHAH MOCIIENOBaTEIbHON TeoprH Nepexona AHnepcoHa (maxke B OomHOYa-
CcTHYHOM IpHGJIMKEHAN ), B 3HAIATE/ILHOR Mepe, CBA3AHEL C TEM, 9TO HOPOT MOABIKHOCTH HOIafaeT B HE
pa3 yXke yIOMHHaBIIyIoCcA 061acTh “CHIIBHON cBA3H” Ha OCH HEPTrHil (AB/IAIONLYIOCH IIPAMBIM aHAJIOTOM
TuH36YProBCKOM KpUTHYECKOH 06J1aCTH T€OpUH KPATHIECKUX ABJTCHUH (1\/[.]3.Ca,ELOBCKI/I]‘/’I7 1977))7 TOe He-
06X0IMMO yUHUTHIBATE 6Ce TUArpaMMBbl (peHHMAHOBCKOTO pAla TEOPHUH BOSMYIIEHHH MJITH UCIIOIB30BATH
CYIIeCTBeHHO HemepTypbarubHbie MeTomsr . OTamane oT 06BIYHON TeOpHH KPUTHYECKUX ABJICHMI 310ech
B TOM, 9TO B Hell B3ammomedicTeue GIIyKTyanuii B KpUTHIECKOH 06J1acTH CTAHOBUTCH KaK pa3 caabbIiM,
1o KpaliHel Mepe B IpOoCTpaHCTBE ¢ d = 4 — .

B xauecTBe ellle OJHOTO HpHUMepa HOBeAcHUA GU3MUECKUX BEJIMYUH IPHU Iepexoe
Anzepcona paccMOTpUM MW3IEKTPUYECKYIO TIPOHUIAEMOCTE (B dase aHIepCOHOBCKOTO
nmuasektpuka). U3 obmero onpenenenns (2.109) umeem:

4me?
e(qw) =1+ e x(qw) (4.252)

rne x(qw) — 3anazapBaloman GYHKIUA OTKIMKA MJIOTHOCTH — ILIOTHOCTH. Torma mc-
nonb3ya (4.173), (4.174) u (4.221), (4.245), HeMeNIeHHO TOJTyYaeM:

w? E—E|™
(0w —0) =1+ WIJE) =1+ xHRE(E) ~ 5 (4.253)
rae wf, = %Le? — KBaJIpaT IJIa3MEHHOII 4YacTOTHI, EQD = 47rezN(E) — obpaTHBI# KBa-

Ipar paguyca 1ebaeBCKoro skpaHupoBanus B Merasye. 13 Beipaxenus (4.253) Bumno,
9TO CTATUIECKad OUIJIEKTPUIECKad MPOHUIIAEMOCTh PACXOAUTCA Ha TMOPOTe MOIBUKHO-
CTH, KOTJa CHCTeMa MPUOJIMKAETCA K TEPEXOAY B METATMYECKOE COCTOMHUE (U3 [TH-
saekTpuKka Anzepcona). B mpunnnme, 310 Toxe HabonaeMbli addekT, nosBosAONni
HalfiTu KPUTHIECKUH WHAECKC ¥V paanyca JOKaJJTH3AIUN.

43TIpo6irema ycyrybazmerca TeM 06CTOATENBCTBOM, 9TO HOBOJILHO MHOTOYHC/IECHHBIE PAGOTHI TO HH-
CJIEHHOMY MOJIEJIMPOBAHUIO Hepexosia AHIEpCOHA B CHCTeMe HEB3aHMOJIEHCTBYIOINX 3/IeK TPOHOB, PO~
Be/IeHHBIE B TTOCJIE/THHIE TOIBI, TAOT BEJIMIAHY HHIEKCA TPOBOIUMOCTH § ~ 1.5.

1B cBaAsE ¢ 2TUM, BpAI-JTH HIMEET CMBICT CEPHE3HO OTHOCHTHCA K TIOJTYIEHHBIM 316Ch TE€OPETHHECKHM
BHIpaKEHUAM [ KPUTHYECKHX MHIEKCOB Hepexona AHnepcoHa. B Toxke Bpems, HenpephIBHBIH Xapak-
Tep 3TOro mepexosna A d = 3 MOXKHO CYHTATh TBEPHO yCTAHOBJIEHHBIM (BOIIPEKH M3HAYAIBHOH TOUKe
sperma Morra [22]).
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YacrorHasa mucnepcus 0606mentoro xkos @ punmenta nud pysmnm.

TTostyaennbie BEINIE pe3yIBTATHI CIPABENJIABEI B mipenesie w — 0. MoXHO TpoBECTH W MOJTHOE HCCITEN0-
BaHWe 9acTOTHOH 3aBECHMocTH obobmenHOTO Koabduunenra nuddysun (D.Vollhardt, P.Wolfle, 1982).
MBI IpHBenEM TOJIBKO CBOAKY COOTBETCTBYIOUIMX Pe3yJIbTaToB. YpaBHeHme (4.216) mma obobureHHOrO
kosddunmenrta muddysnn Moxer GHITH EpeNNCcaHO B BAIE, aHaormaHoM (4.224):

1
Dp(w dA iwD d-3
% =1- ng‘z’ + dAzd™? [— “%] / dygyﬁ (4.254)
— 1]
o el Jo v - 2iits
ITpm BEIMOSTHEHUA yCIOBUA | % #&d) | < 1, BepxHUI TIpeesT MHTETPUPOBAHAA B (4.254) MOKHO yCTpe-
MHATH K HECKOHEYHOCTH U TOJIY YUTh zinre6panqec1(oe ypaBrenme mia Dg(w):
a—2
Dg(w A A ww D 2
ﬁ:l——+pd—{———0} (4.255)
Dy Ae Ac 2v Dg(w)
A _ d=2 _2—-d _ « ” 6 A
roe Ac = =1 KpUTH4YecKoe” 3HadeHWE OGe3pa3MepHOro mapamMeTrpa B TOYKE TEPEXO0Ia,

pg =T (g) r (2 - g) Ws (4.255) cnenyer, aro Dg(w) (m mpoBommmocTs o(w)) yHOBIETBOPAIOT CK-
BO

SUJTMHT O MY COOTHOINIEHUIO BUOA:

Dr(w) _ o(w) _ (_i_“’) = Fy (i) (4.256)

Do oo 2 we
e mpn w & wWe AMEEM:

. 2
a
Fy (i) ~ (—ﬂ) ; A> A (mma ek TPHK) (4.257)
we we
o 2-d
w w\ @
Fy (—) ~ (——) ; A< A (merasw) (4.258)
we we
a Ipu w > we:
w
Fy (—) ~ const (4.259)
We
Ilpu »TOM XxapakTepHas 9acTOTa we ONPENETAETCA KaK:
a
A|a—=z _
we m 2v |1 — T ~ 29[ppéioc(F)] ¢ (4.260)
c

HepaBencTBO, MCIoIb30BaHHOE TIPW CBEOECHUT (4.254) K BUIY (4.255) BRIMOJTHEHO TIpW we K 27, 9TO
3aBE€NOMO BEPHO BOJIM3M MOPOTA IMOIBUKHOCTH.
Iz d = 3 ypasaenme (4.255) mpuHAMaeT BHI:

D A A jw D 1/2 1
ﬁ:l—— E_ _2—0} ; e = — (4.261)
DO )\c 2 Ac 2’y DE((U) 31‘0
M MOXKeT GBITH pellleHo B aBHoM Buzie. C mocTaTogHoil 118 MHOTHX IPUMEeHEHHIT TOYHOCTHIO, 0606IIEHHBIN
xosbdunment mud bysum samucrBaerca B sume [16]4°:
Dg; (w € we, E> E.) (Merasw)
_iw)1/3,
Dp(w) = Dy ( 27) s (w > we) (MeTa/T B DEAIIEKTPHK ) (4.262)
Dp—p2—— (w € we, E< Ec) (mmaaeKTPHK)

3D i
—tw+ —2Ewg(E)
F

tne Dg = #U(E)' Ha camom nopore mopsmxaOCTE HMeeM oo (E = E.) = co, Tak 9ro we = 0, B MBI
HoJIy9aeM Tak HasbIBaeMbil sakoH wl/3 (W.Gotze, 1981):
©N1/3
tw
DE((U) = DO (——) (4.263)
27y
Ye

27
TMOJIb30BaBUI€ECA BBINIE YCJIOBUE W —r 0 HYXHO TOHUMATH B CMBICJIE W << We. ()TMGTI/IM7 HaKOHEIL, 9YTO

1/3
Yacrora w, dakrmaeckn, onpenenaerca ycaosueM Dg(we) ~ Dg ~ Dg ( ) . HeomrokpaTrO mc-

mpm w 3> 24 W3 ypaBHEHHII CaMOCOT/TaCOBAHHON TEOPHH JOKAJM3AIIA HETPY/THO MOTYIATE TTEPEXO K
-1
obsranomy “npymesckomy” mosemermro: D g (w) & Do [1 - %

4 Tna d = 2 ¥ mpemeabHO MAaJBIX 9acToT w <& AT le” X« (A € 1), camocorsacoBaHHaf TEOPHA
2 2
ne< vy _<

1.2 _w? g — 0. TIpr A~2e™ %~y € w < A2 D(w)
[+ 2(320E)4 3 HPI/I w . pI/I [+ ’Y w "}/ OJIA w

JIOKaJm3anmn gaetr o(w) = =

BOCTIPOM3BOOUTCA 3aBUCUMOCTH THUIA (4.197).
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“TpeyrosibHasi” BepIIHHA.

Cymecrsopanue audbysnonnoro nomoca (4.140) B “gernipexxsoctke” T'pp/(qw) u Bo-
obiie B AByxdacTHYHbIX dynkuuax [puna (nanpumep tnma (4.173)) npusomuT X 10-
ABJICHUIO AHAJOMMYHBIX BKJIAJOB B APYrmx “Giokax”Hamell Teopun Bosmymennuii’®. B
YaCTHOCTH, TIOJIE3HO PACCMOTPETDh yXkKe BCTPEYABIIYIOCA HAM “TPEyroJbHYIO BEPIIUHY,
ompenegeMyto rpadukamn, nokasanusiMu Ha Puc. 4-12 (¢). B obmem ciydae, ona onpe-
JlesIAeTCA NHTErPaIbHBIM yPaBHEHNEM, OKa3aHHBIM rpadudecku Ha Puc. 4-22 (a). Xora
B HaJbHeleM Mbl OyJeM paccMaTpWBaTh TOJIBKO ciaydaii ciaaboro Hecmopamka, Korma
nocrarouno orpanmanthed Ug(p — p’) = pv? (“sectruna’), nis madasa TpoBesieM mo-
cTaTo4HO 00lllee PacCMOTPEHUE, AOMYCKAIoIee MOAXOMA B JyXe CaMOCOTJIaCOBAHHON Te-
opum JoKaJsmsanuu. Beomunasa obiee onpenesienne apyxdactudnoi dyukmuu ['puna,
npuBeeHHoe B rpadudeckoM Buae Ha Puc. 4-14 (a), win anamutuyaecku B (4.125), cpasy
Ke THUIIEM g “TpeyroJbHol” BepIImHbI Tfffp_ (qw) cremyroliee BBIpaKeHUe dYepes

@gé,(qw)‘“’:
TRA GR(E GA(Ep) = —ami [ LV gra 4.964
p+p_(q‘-") (E+wp4)G*(Ep-) = —2mi (27)d pp/(q‘-") (4.264)
nJIn XKe
27 dip!
TRA - - / PRA, 4.265
pep-(49) = =GR Lp (B | e pP () (4209

Bocrnonbsyemcs Teneps npeacrasiaenuem (4.161), rorma (4.265) nepenuuierca B BUje:

Tpip_(aw) =

1 AGP ddpl ddp” d 1" RA
- 1 NCE q q q) Hp! =
v(E) GH(E + wp4)GA(Ep-) / (2m)d / (27r)d{ t T (Pa)(p ‘1)} prp (1)
1 AGp

= U(B) OR(E Fapn) A (Ep) 10 (4) + dBa) 2 (a))
(4.266)

Ie WCToNIb30BaIn Takke onpenesenus (4.88) u (4.154). Tosbsyack cucremMoli ypasHe-
nwit (4.153) u (4.162) paa 74 (qu) n @14 (qw) vur moaywmom (4.171) m (4.172), oTkysma,
B 9aCTHOCTH, BUIHO UTO:

1
o (qw) = —x(qw) (4.267)
(2 alv]
Torma:
“n d )
d(p@)P7 (qw) = (pPa) —— x(qw) (4.268)
PFVUF{q

a ¢ ucrnosbzosanuem (4.149):

AGp
GR(E +wp4)GA(Ep-)

= {w - %(pq) - SEpiE+w)+ EA(p_E)} (4.269)

46310 e yIBepKIEHME CIIPABEIINBO U /IH BOSHUKHOBEHHA BKJIANOB “KYIepOHHOro” THIa OT (4.147).
47 [I71 oIpeme/IeHHOCTH CIMTAEM BEPXHIOK 3/IeKTPOHHYIO JIMHHI Ha Pmc. 4-22 (a) samaspeBaromeii.
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P, E+w
Py E+®
= >\p + U }m
qw . .
PE p_E
(a)
= >"L/‘ + T >’”\/‘
RP,, E+w AFL. E+® - P, E+® Ap+ E+m
j>w j>w j}m =j>’w =1
qm qo qo gqo
Ap E Rp E RpE Ap_E
(b) (©) (d)

Puc. 4-22  WnTerpanbHoe ypaBHeHune ans “TpeyronbHon" BeplumHbl (a) U pasfnyHble
BapuaHTbl pacctaHoskn Tunos (R unu A) snektpornbix nuuun (b), (), (d).
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u (4.266) mepenuchiBaeTCa Kak:

Tpip_(aw) = y(lE) {—w + %(pq) + 3 (pyE+w) - S (p_E)

x {chA(qw) + (pq) vjq2x(qw)

w+ M(qw) + 5 (p9) _
w2+ wM(qw) — %v%qz
w4 M(qw) + £ (pa)
) _

1
{w —(pa) w} 27+ oM (qw) — 1ubg?

= {—w + %(pq) + 3 (py B +w) — EA(P—E)}

(4.270)

rae MBI enie ucnosbsoBaan (4.171) n (4.172), a TakkKe, B caMOM KOHIIE, W TpocTeilniee
npubsmKenue A7 cOBCTBEHHO — aHepreTndeckux dacteit. B pesyabrare, B penese w —
0 mwq — 0, BBOIA omaATh 0606mEeHHBIH Koaddunnent muddysun (4.175), nonydaem
cjaenyonmii mpocToit Bum “TpeyrosbHOil” BepmumHbl B RA — KaHaJe, mMoKasaHHON Ha

Puc. 4-22 (b):

RA 27
T w) =~ 4.271
(q ) —w + DE(q(.u)q2 ( )

Pasymeercs, B “gectHudanoM” mpubamKenun (ciabbiii 6ecnopanok!), Korma MCHoOIb3y-
erca (4.127), soipaxenne tuna (4.271) ¢ samenoit Dg(qw) — Dy mosiydaeTcs cpasy xe
u3 ypaBHenus Puc. 4-22 (a) myTem ssemMenTapHBIX Bhrunciaenuii. Ipomesannsiii HaMu
6oJiee TPOMO3IKUH BBIBOJ, JOMYCKAET, OflHaKo, 0bobiieHne Ha caydali cuiabHOTo Hecto-
panka ppl ~ 1, xorma a1a Dp(qw) MCTONB3YIOTCH BHIPAXKEHNA, TOTYYEHHBIE BHIIIE B
paMKax caMOCOTJIACOBAHHOM Teopun JOKaTu3aIun.

AnasornunsiM 06pa3oM, MOXKHO MTOKa3aTh, 9YTO AJd “TpeyroiabHoit” Bepmmtabl B AR
— KaHaJle, mokasaxnoit Ha Puc. 4-22 (c):

2y
TAR N ————— 4.272
()~ T Dala)? (4272)

a noda Bepuma B RR u AA xanasnax, mokasanubix Ha Puc. 4-22 (d):
TRR(qu) = T (qu) = 1 (4.273)

u B HUX quddy3UOHHBIN MOJTIOC HE BO3ZHUKAET.
B wmamybapoBckoii TexHuke obmmii Bum “TpeyroJibHO#” Temeph TaKXke BIIOJIHE

oueBmmen?t®:
T(Qwmen) = 0(en)0(en + wm) + 0(—en)0(—en —wm) +
(e, )0(—e, —w 0(—e,)0(e w
+2~y{ (en)6(=¢n 2’”) + (=#n )6( ”+2 m)} (4.274)
—Wm +D0q Wm+D0q
2

rJe Mbl Cpa3y HalUCcaJl BbipaxKeHund ¢ Dy = %UFT = %, IIOCKOJIBKY B ocTaBLIeficd
YacTU 3TOM IJIaBbl MBI OYyIEM MHTEPECOBATHCH TOJILKO IpEemesioM cjaaboro tecrnopsaxa
pFl > 1.

*®Mer yamm, G(en, > Op) mpomomxaerca na G (Ep), a G(en < 0p) Ha GA(Ep), iwm — w + i§ nua
m>0umm<0m T o
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PoJab AJIEKTPOH — 3JIEKTPOHHOTIO BBaHMOILeﬁ-
CTBU-A.

B peanbHOM HEYTOpPAIOYEHHOM MeTaJlIa 3JEKTPOHBI, KOHEYHO XK€, B3aWMOAEHCTBYIOT
Mex Iy coboii 3a cueT KyJIOHOBCKOTO B3aumoelicTBuda. CoBMecTHBIN y4ueT 2¢ddekToB B3a-
UMOAEACTBUA U TTPUMECHOTO PacCEAHUd MPENCTABIAET co0Ol BEChMa CJIOKHYIO 3a0ady
[17, 19]. Huxke MBI OrpaHUYUMCH JIXITH PACCMOTPEHUEM TIPOCTERIIEro MpuMepa BIUAHEA
5TuX 3(PPEKTOB HA MITOTHOCTD 3JIEKTPOHHBIX COCTOAHM BOM3n ypoHa Pepmu.

Paccmorpum mpoctefimyio monpaBKy K OgHO3JeKTpoHHOU dyHKInu ['prna mo B3anm-
MogeficTBHIO, n30bpakaeMyio (B ManybapoBckoit Texnuke) aumarpammoii Puc. 4-23 (a).
3/ech BOJTHUCTAdA JIMHUA COOTBETCTBYET MEXKIJIEKTPOHHOMY B3aWMMOIEHCTBHUIO, a “Tpe-
YTOJIbHBIE” BEPIIUHBI OMKUCHIBAIOT TIEPEHOPMUPOBKY 3TOTO B3aUMOIERCTBUA 38 CIET MHO-
TOKPATHOTO PACCEAHU 3JTIEKTPOHOB MPUMECAMU.

Cuauasa, ogHako, MbI poBemeM pacdeT B Texuuke T = (. CooTBeTcTByIOIIEE aHa-
JUTHYECKOe BEIpAaXeHre AJId TONpaBKu K byrkmuu ['puna nMeer sua?:

ddq o] d_(.d

8G(Ep) = iG*(Ep) / ) / 2

— 00

V(a)7*(aw)G(E +wp +q) (4.275)

rne V(q) — dypse - obpas norennnasna BzanMmoneiicTeus. CooTBETCTBYIONMAA MONPaBKa
K IIJIOTHOCTHN COCTOﬂHHﬁ OHpeﬂeJIﬂeTCﬂ TOTrJa KaK:
dw
2
/ &y (@) T (qw) %

= [ [ £ [

x d < ! )2 (4.276)

F—w—¢&(p+q)+iysign(F —w) \ E— &+ iysignE

Mpu E > 0 unrerpasn mo £ oraudeH or Hynad, ecan sign(E —w) < 0, T.e. mpu w > F.
CoOOTBETCTBEHHO UMEEM:

_f\f]sz(_?) = - /Z ) | <-§l7r§d /Eoo SV (@IT™ ()G (F—wp + QG"(Fp)
(4.277)

410 cooTBeTcTBYET rpacduky Puc. 4-23 (b). ®akTudecku 3/eCh yKe MOKHO HPAMO BOC-
TMOJTE30BATHCA BBIPDAKEHUEM [IJIA BEPIIWHBI W3 (4.271). IloncraBigasa B (4.277) ABHBIE
soipaxkerna aaa GA(Ep) m GE(Ep) (mecymectsennoit sasmcnvoctnio G4 ot w u ¢
B mpesienie w € 4 U vpq < ¥ MOXKHO MPOCTO MpeHebpedn), MoJydaeM:

SN(E) 1 [ d% [%dv s [ 1 1 B
W = x e [, BVOTw | dee  =

d * dw
——gatm [ o [ T @@

2y E
(4.278)

YTO MOCJIE TOACTAHOBKH (4.271) naeT okoHYaresabHO nud 1 = 0:

SN (FE) 1 d4 I 1 N
N(Er) _EI’”/ (273(1/,3 d‘”m‘/(q) (4.279)

493amernmM, aTo 3mech W mastee B oTol ruaBe apryMenT F oGosmadaer yxe He sHeprmio ®epmm, a

sHEPTHI0 omcywumannyto or sHepruum Pepmu. DHeprua Pepmu obozHagaeTca najiee Kak Kp.
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ot

R A R
- > > g > >
EnP  gtm Pt &y p Ep E+m p+tqg Ep

(@) (b)

Puc. 4-23 T[lpocTeiwas nonpaeka K 04HO3MeKTpoHHON pyHkumu [ prHa oT B3aumopaencTsus
B Heyrnopsano4eHHOM MeTanse.



156

SJIEKTPOHbI B HEYTTOPAOOYEHHBLIX CUCTEMAX

Crporo roBopa TyT Hamo OBLIO - OBI ellle BBecTH oOpe3aHWe WHTETpasia Mo w Ha w ~
1/7, 9T06BI yHOBIETBOPUTH KpUTEpUit TpuMeHUMOCTH A PY3UOHHOTO TPUGTUK EHU,
HO 3TO He 00A3aTeIbHO, MOXKHO OCTABUTH U OECKOHEYHBIN MPEIes, MHTErPaJl BCE PABHO
CXOOUTCA.

Pasymeerca, TouHO Takoil XKe pe3yJibTaT MOKHO MOJIYYATh U U3 MaIybapoBCKOit Tex-
auk® B ipenesie T'— (. [TlocMoTpuMm, Kak 310 nenaerca. Umeda B BUAY, 9TO HAM, B KOHITE
KOHIIOB, Hy’KHa MONpaBKa K MJIOTHOCTHA COCTOAHNIN, OTpeIe/ M

§N(en) = —;/ (;lif)” §G(enp) (4.280)

9T0, B cOOTBeTCcTRUU ¢ Puc. 4-23 (a), CBOIUTCA K:

2 dp .
6N(en) = / TZ V(g qwm)/ ﬁG (enP)G(en +wmp +q) (4.281)

Boraucsium cHadasia mHTErpaJl IO P, B KOTOPOM TIpHU Upq <& ¥ MOXHO BooOIie mpeHebpedb
3aBUCHUMOCTBIO OT ¢!

dd ddp
/ (271') (6np) (En + “mP + Q) / (27‘.)d (gnp)G(En + me) ~
o) [ L _

(fen — € + iysigney )? ey, + iwm — & + tysign(en + wm)

_ omiv(Er) { 0(z)0(—2n —wm)  Oen —l—wm)é’(—en)} N

(2iy —iwm)?  (2iy + iwm)?
~ —iv(Ep)2nm2{0(e0)0(—€n — wm) — O(en + wm)0(—cn)} (4.282)

rIe MHTErpas 1Mo & BBIYNCIACTCH OOBIYHBIM KOHTYDPHBIM WHTErpUpOBaHUEM (OH OTJIH-
YeH OT HYJIA TOJBKO MPH TPOTUBOMOIOKHBIX 3HAKAX £, U £n + Wy ), & TPU TEPEXOJIE K
HOCJIEIHEMY PABEHCTBY UCIOIb30BAIN |w,, 7| < 1.

ITycts Tenepsw, miida onpenenennocTH, £, > 0. Torma “paboraer” nepBad mapa f —
dbyuxunii B (4.282): ¢, > 0, €, + wy < 0, 910 HaET Wy, < —&,. B pesyasrare (4.281)
CBOJIUTCA K:

(6n) = —-2TN EF i / dd (qwm) =

= V(a) .
=—-2TN(FE 4.283
! r) Z / —wm + Doq?)? ( )
Mpu T — 0 30eCh iwy, — w + 16, T.6. Wy, — —i(w +16), ie, — E +i6 u, coOoTBETCTBEHHO,
iry., = ;l—ﬁ -+, TaK 9TO B 3TOM IpeAesie IMOIydaeM:
§N B
(E) _ —ZIm/ dw / 1 _
N(Ep (iw + Dgq?)?
1
=21 4.284
m r 27 / —iw + Doq?)? ( )

9TO, eCTECTBEHHO, coBnaaaeT ¢ (4.279), nomydenusim B Texuuke T = 0.
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ITanbueiimme pacdeThl BIOJHE 37IeMeHTAPHLL. MMeeM:
SN(E * d d? ] Dqyq?)?
7( ) = —'ZIm/ w/ g V(q) (iw + Dog”) =
N(Er) g 2m ) (2m) Vw? + (Dog?)?]?
* d d? 2Dgq?
:_2/ _w/ V() s =
g 2r ) (2m)® " w? + (Dog?)?]?
° dw d%q d D,q?
9 . dV(q)— 2 2\2
g 27 ) (2) dw w? + (Dgq?)

=2 (4.285)

TaK 9TO OKOHYATEJIBHO TMOJYYacM!:

SN(E) 1 [ d% Dog?
| G O oy

(4.286)

N(Ep)  w

OrneHnM 5Ty TOMPaBKy K TJIOTHOCTU COCTOSHUI I CJIydasd TOYEIHOTO MEXKIIEKTPOH-
HOTO B3auMoJieficTBUA V(q) = V4. Torma nmeem:

ON(FE % 0 Doq?
7( ) = ——OSd/ dqqd_l 2 M ne
N(ER) 7t B+ (Do)’
m1/2 m1/2
Vo, 1 [ pit! Vo 1 [P -3 .
o'~ o Dy'" JEv?

rIe BBEsTM ofpesanme Ha BEpXHeM mpemese py ~ [~!, aro coorserctsyer E = Dgp?, m
Sy = Qq/(27)¢ = 2_(d_1)ﬂ'_%/F (%) Ilocsennee paBeHCTBO AAET MPOCTEHIIYIO OLEHKY
CTOAIIErO 37eCh MHTErpaja. PazyMeeTca ero MoXKHO TOCYUTATh W TOYHO, HO 3Ta OIEHKaA
JaeT MPpaBUILHBIN OTBET, C TOYHOCTHIO 10 HECYIIECTBEHHBIX KOHCTAHT HOPAIKA CINHUIIHL.
B pesysabTaTe MBI TOJydaeM CJIEIYIONIYIO TONpaBKy K IJIOTHOCTH COCTOAHUl BEIM3M
yposusa ®epmu (A.T.Aponos, B.JI.Ansrmysrep, 1979):

d—2 ~ d—2
ﬁSdﬁ{lEl T -k } (d>2)
SN(E) Vo | B0 L
=8 Sl (d=2) (4.288)

N(EF) T 1 1 1 d_l
Dé/2 E1/2 |E|1/2 ( - )

B wactrnocTH, myia d = 3 oTcioma Bo3HUKAET 3HaMeHnTad “ntudka”’ ApomHoBa — AJBTIIY-
Jlepa B HEpreTUYeCcKOil 3aBUCUMOCTH IJIOTHOCTH COCTOsAHUR BOan3N ypopHa Pepmu:

oN(E) VI (4.289)

—_—

N(Er) " il

mokazanHad Ha Puc. 4-24. 3aMedaresbHO, UTO WMEHHO TaKad OCODEHHOCTH HabIIOIma-
ercd B TYHHEJbHBIX KCIEPUMEHTaX BO MHOTUX HeylopsaodeHHBIX Merasitax [17]. C
pocToM GecnopgaKa MPOUCXOANT yMeHbIneHne Kosddunmuenta auddysun Dy, Tak 9TO
aHOMaJInd B TJIOTHOCTH COCTOAHUN yBeaUInBaeTcdA. UTO MPOUCXOAUT BOJIU3U TEPEX0Ia
MeTassl — ausaekTpuk (npu ppl ~ 1), B HacTosllee BpeMs, He BIOJIHE ACHO, TOCJIE-
JoBaTeJIbHAA TEOPUA TOTO TEPEXOA C YIETOM MEXKIJIEKTPOHHOTO B3aUMOMAEWCTBAA He
zasepuiena [17, 19]. Tlo muenuio GoabumHCTBA UccaeqoBaTeel ocobennocTs Aponosa —
AnbTirysepa MJaBHO MEPEXOIUT B 5ToH 0OJIACTM B TaK HAa3bIBAEMYIO “KYJIOHOBCKYIO’
menab Ddpoca — IIKIOBCKOTO B MJIOTHOCTH COCTOAHUIT, KOTOpas BO3SHHKAET B 0bOJIa-
CTH JIOK AJIM30BAHHBIX cocToanuit [23]. B mpumIume, moBegeHre TaKOrO TUIIA MOJTY 9aeTCH
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N(E)

Puc. 4-24 XapakTepHbld BAO MonpaBky OT B3aMMOAERCTBUA K MIOTHOCTU COCTOSHUIA
B61n3u yposHs Pepmu B HeynopsALOYHEHHOM MeTasle.
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TP MPOCTHIX 06OOIIEHNAX PACCMATPUBAEMON TEOPUH B JyXe CaMOCOTJIacCOBAHHOM Teopun
sokasu3anuu [16], Ho MBI He OymeM OCTaHABIMBATHCA Ha OOCYKICHUU ITUX CJIOKHBIX
(HepeleHHBIX ) TPOBIEM.

BmecTo 3TOTO, TOCMOTPYM KaK MOXKHO TMPOBECTHU HAllle pacCMOTpeHMe NJid Oosiee pe-
AJTMCTUYECKOTO CIIy9as KYJOHOBCKOTO (JabHOAEHCTRYIONIEr0) B3aNMOIEHCTRISA MEXK TY
9JIEKTPOHAMN, KOT/Ia HYKHO YIUTHIBATH 3P PEKTH TMHAMWYECKOTO 9KPAHNPOBAHUA. 3a-
OnHO yuTeM 1 3¢ deKThl KOHEUHOW TeMIepaTyphl, TPOBEAA pacdeThl B ManybapoBCKOH
rexunke. Temeph BomHucTasn auund Ha rpaduke Puc. 4-23 (a) obosnavaeT UMEHHO 9TO
B3auMogeiicteue. Bosspamasch k (4.281), mepenuuieM 7o BHIpaXkeHNe TPUMEHATETHHO
K paccMarpuBaeMoii 3agade anagorndno (4.283):

8N (en) =

= —2iN(EF)7'2TZ éingV(qwm)’]'z(qwm){ﬁ(an)ﬁ(—gn — W) — 0(—ep)0(en +wm)} =

= —2N(Ep)TY (;i,Tq)dV(qwm) {a(en)f}(—en —wm)  B(—en)0(en +wm)}

[_Wm + D0q2]2 a [Wm + D0q2]2
(4.290)
9T0 AJ1d £, > 0 CBOAMTCA K BBIpAXKEHWUIO, aHAJOTHIHOMY (4.283):
— V(gwm)
8N(en) = —2iTN(EF) 4.291
(n) ' ) . ;m/ —wpm + Dog?)? (4.291)
3mech (cp. (2.7), (2.8)):
47e?
Vigwm) = ——— 4.292
(gwm) P P ( )
4me? )
e(qum) =1 — " M(qwm) (4.293)

rie TMoJApU3alNOHHBINA ollepaTop, yYnThIBalomuil paccednne Ha MPUMECAX, ONpenesid-
erca rpacdukavn Puc. 4-12 (a) n Beipaxenuem (4.89):

(qwnm) = G(pen)G(P + agn + wimn)7 (qwm) (4.294)

Monbaysack onath (4.282) u (4.274) u nonaras, Naa IpuUMepa, wy, < 0, Hoaydaem:

2aN(Er) —W,
%4 (qu,) =T ) _ N(Ep)—2 4.295
(4em) 0<€z<:_w —wm + Dog? ( F)—wm + Dog? ( )
Cayualii w,, > 0 cunTaeTca aHAJOTUIHO, U MBI HUMEEM:
O(wm) —wm O(—wm)
N84 (qu,) = N(Ep) { 2m\&m mA"Ym 4.296
(qwm) = N(EF) {wm T Dot® | Zam + Dog? (4.296)

Tenepsb Hy)HO HailTh ele BKaag oT RR nu AA — kanasos, Korza, corsiactuo (4.274):

T(qwmen) = 0(en)0(en +wm) + 0(—cn)0(—€n — wim) (4.297)
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Beumy orcyrctBud 3mech cunryaapuocty (anddy3snoHHOTo MoTIoca) MOXKEM MPOCTO Mo~
JOXKUTH Wy, = 0, ¢ = 0 u HanmcaTh:

TR (00) + T44(00) = 27>~ >~ G*(e4) = —=N(Er) (4.298)
n P
Yyre mogpobree:

ddp 1
RR AA _ —
TT(00) + T77(00) = ZTZ/ (2m)? (ien — €(p) + ivsignen)?

<8 1

= TZN(EF) /_OO dga_.’;’ian — & + 1ysignen -

~ N(Ep) Z/_OO dfa%ianl—g = N(EF) /_OO dé (- 8:;(;)) = —N(Ep) (4.299)

rne n(€) — bysknua pacnpeneseana Pepmm.
B pesyabrate, Kk (4.296) myxkno eme mobaButh —N(Ep){f(wm) + 0(—wm)} u Mol
MoJTy9aeM OKOHYATEJIbHO MOJAPU3ANOHHbI OMepaTop MeTaJljia ¢ MTPUMECAMH B BUJIE:

O(wm) O(—wm)
M(qwm) = —N(Er)Dog’ 4.
(tom) = =N (Er o { T Ien) (4.300)
Orciona, ncnonbayd (4.293), cpasy xe noaydaem:
DoKZD DOKQD
m)=14+ —2—0(w,, ———f0(—wn 4.301
(guim) = 1+ =P flam,) + ———0 (i) (4.301)

e k3, = 4me? N(Ep) — obpatnbiii kBagpat pajgnyca nebaeBcKoro skpanunpobanus. [Ipu

W = 0 w3 (4.301) mosyuaem obbranbrit pesyanrar®’:

k% .
€(q0) =1+ 2 (4.302)

— cTaTHYECKOE 3KPaHNPOBAHNE KYJOHOBCKOTO B3anMoeicTua. B obiem caydae, BhIpa-
xenne (4.301) onpenenaer AM3IEKTPUIECKYIO TIPOHUIIAEMOCTD METALIA ¢ TPUMECAMNA B
nepenede |w, 7| K 1u gl < 1.

B pesysbTare, mpu MaJIbIX (B yKa3saHHOM CMBICTIE!) wy, U ¢ HOTydaeM sddekTuBHOE
MEXK3JIEKTPOHHOE B3amMoielicTBre (4.292) B BUJIE:

47e?

V(iqwm) = ~

(gem) ¢ — 4w’ M(qwm)
~ 47762(_Wm + D0q2) _ —Wm + D0q2
dwe?N(Ep)Dyq? - N(Ep)Doq?

(4.303)

Iie, AJs ONpele/IeHHOCTH, BRIIMCAH caydail w,, < 0. IHTepecHO 3aMeTHTh, YTO B 3TOM
IPUGJIMKEHNN 3aBUCAMOCTD OT 3JIEKTPHUECKOrO 3apsna €2 BoobIIe CokpalaeTca!

B pesyabTate, A4 AMHAMUYECKU 3KPaHUPOBAHHOTO KYJIOHOBCKOTO B3amMojeiicTpus
(4.291) cBomnTCa K:

o Nm L dYq g’ .
SN(en > 0) & =20T Y D_o/ ST —w (4.304)

Wm=—00

50 yyerom moompenestenus: Hwm) = { (1) : Z 8 .
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s ToYeuHOTO B3aMMONEHCTBUA AaHAJOTMYHOE BhIpaXeHue, ciaemyiomiee uz (4.283),

uMeeT BUI:
5N (en > 0) ~ —2iN(Ep)Twm_z:§OO/ (;ligd — —ZODoqQ]Q (4.305)
Konkpernble pacuerst npoBeneM a4 d = 3. NUmeewm:
§N(en, > 0) = —;—j;wm_gioo DLO /OPU Doq;liq—wm (KyJton) (4.306)
§N(en, > 0) = —jr—j;gwm_zjioo /01’0 % (kopoTkozeiicTBuE) (4.307)

rne ¢ = N(Ep)Vy — GespasMepHasd KOHCTAHTA B3aUMOIECHCTBIA I CJIydas TOYEIHOTO
notenmnuasa. [locie samens! mepementolt £2 = Dyq?, 5TW BHIpaKeHNA HePelNCHIBAIOTCA
B BUJE!

T —€n
§N(en > 0) = —ﬁ 3 d(wm) (4.308)
w2 Dy

Wy =—00

e

P(w,,) = To b 4.:
(wm) 9, % (kopoTkozeiicTBHE) (4.309)

{ 0“ xﬁxwm (Kyaon)

Tenepb HaM HaJO0 Hay4dYUThHCA CUUTATH BXOAANIYIO CiOJa CYMMYy IIO 603eBCKUM MaIly-

6apOBCKAM YacTOTaM E;:‘:_OO D(wm) = ;{;_OO D(wp ). Moabsyack wy, = 2amT n
en = (2n+1)7T, 3anuuem ee B Bujie CJAEAYIONIETO WHTETPAA IO KOHTYDPY, TTOKa3aHHOMY
na Puc. 4-25:
- . dz TiEn—00 gy
7Y W)= f mmeee) = [T e -
m=—0Q T

- _/oo 2 (e — e )B(z — ey = /oo & (B —ien)  (4310)

oo 2T

re np(z) = 6%1_1 — GoszeBckad, a n(z) = e%1+1

sennd, Bee a1o “paboraet”, ecnim ®(z) ne nmeer ocobenmocreii npn Im z < —g, W

— depmueBckaa GYHKIUA pacupeie-

AOCTaTOYHO 6bICTpO CITagacT Tpu |Z| — O0. ’I‘OI‘,HEL7 AJ1d KYJJOHOBCKOTO CJjiy4dad 3alAIIEM:

B(z2) = /OOO de (4.311)

22 44z
a OJjd cjaydad KOpOTKOﬂeﬁCTBHﬂ:
*  drz?
o(z) = _drr 4.312
©=1 | Gy (1312)

Y6niBanue npu |z| — 00 3/€Ch HEAOCTATOYHO OBICTPOE, HO PTO NAET, KaK OYIeT BUIHO
HWXKe, HECYNIECTBEHHYIO IJIA HAIIWX Mejell GecKoHeuHyo KoHCTaHTy (B oT/imdme OT
(4.309) snech manucansl wHTErpassl 6e3 obpesanna wa BepxHem mnpenene!). Ilemaa B
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1 -n I

Puc. 4-25 KoHTyp uHTerpupoBaHus, NCronb3yemblii Npu BbIHUCIEHAN CYyMMbl Mo Mauyba-
POBCKMM YacToTaMm.

(4.310) sameny ie, — F + i§ (upu €, > 0) W BHIYUCAAA MHUMYIO YacTh C yYETOM
Im®(z) = —Im®(—z), monyyaem:

/00 dzn(z)Im®(z) = %/_OO dz[n(z 4+ F) —n(—z + EN]Im®(z) =

= / dz[n(z + E) — n(—z + E)]Im®(z) (4.313)
0
Torma nompaBKa K TJIOTHOCTH COCTOAHWII MTPENCTABAAETCA B BUIE:
1 (0]
SN(E) = —73/,)/ dz[n(z 4+ E) + n(z — E) — 1]lIm®(z) (4.314)
2x3Dy" " Jo

T7le Y911, 9TO —n(—z) =1+ n(z), YTO MO3BOJINJIO BBIJEJIUTL IMOCJAETHUI 4jIeH B KBa-
JpaTHBIX CKOOKaX, KOTOPBIH u JaeT (Ho;lﬂe}Kaumﬁ o6pe3aHI/Ho!) pacxoagdamuiicda BKJIaI,
HeszaBUCANUI oT F, 1 TOTOMY JaJjiee HE pacCMaTPUBAEMBbIH.

L1 KyJIOHOBCKOTO CJIydasd MMeEEM:

PR P S (S
mEe) = —am 0 x(ﬂ—i—iz)(xz—iz)_z 0 xt4 22

1 *© dx T
= — — = 4.315
\/2/0 1 222 (4:315)

Torna, ucnosnbaya (4.315) B (4.314) (onyckas HecyulecTBEHHBIN cefiuac naa HAC BKJIAL
TOCJIEIIHETO CIATAEMOTO, 3aBUCAIINI OT TTapaMeTpa 0Ope3anu ), MOy 9aeM:

1 [ee]

1
BT L A

[n(w+ F) +n(w — E)] (4.316)
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NI UHTETPUPYA IO JaCTAM!:

T? E
SN(E) = ————¢ | - (4.317)
23/271'2D0/ 2T
TIe
1 [ 1 1
z) = dyy/? + 4.318
o) =75 [ Gy e (4.318)

D1 BbIpa2KCHUA ONMUCHIBAIOT MOBECICHUE “OTUYkn”’ B IMJIOTHOCTU COCTOAHUM IIpu KOHEY-
HBIX TEMIIEpaTypax. OTMeTuM aCUMIITOTUKMN:

o(z) = %1—\@5(1@;1.07 mpu x — 0 (4.319)

Takum obpasoM, U i KyJoHOBCKoro caydad (npu T — 0) mosydaem:

SN(E) ~ \;l—/@ (4.320)

YTO BIIOJIHE AHAJOTMYHO MOJIyYeHHOMY Bbille pesysabrary (4.289) nua ciaydaa KopoTKo-

IeiicTBUA.

Haﬁ,ﬁ[eHHLIe BBINIE TTOTTPABKW K IIJIOTHOCTH COCTOAHUN MOXKHO Har/IdnHO MHTEPIIPETUPOBATh U3 CJIE-
AYOUIAX 3BPUCTUYIECKUX C006pa)KeHHﬁ. PaCCMOTpI/IM BBaHMOﬂeﬁCTBHe 3JIEKTPOHA, HAXOMAUIETOCA B HE-
KOTOPpOM KBAHTOBOM COCTOAHUU N C BHGPI‘I/Ieﬁ E C OPYTHUM 3JIEKTPOHOM, HAXOAAIIMMCA Ha IMOBEPXHOCTHA
®epmu. OTHOCHTETPHAA IIOMPABKa K €r0 BOJIHOBOM pyHKIIMH B EPBOM MOPHAIKE TEOPUHA BO3MYUIEHUH:

6 [ee)
¥n / dtHin (1) (4.321)
0

@n

rme t = 0 — MOMeHT BKJIIO9eHUA B3anMoneiicrsua, a H; () — raMuisroHnan Bsanmoneiicren= (B3aATHIi B
IIpeNCcTaB/IeHAN B3auMonedcTBrA). 3a BpeM# ¢ 3/1€KTPOH B HEYIIOPAIOIEHHOM MeTasute nuddbyHIupyeT
B mpenesax obbema ~ (Do t)d/ 2, Torma BeIMYHHY MATPHYHOTO 3/IeMEHTA B3aHMOIeiCTBIA TP Ha IMIHm
KOPOTKOMECTBYIOMETO OTTaJIKHBaHIA MOXKHO OIeHATH Kak Vo (Dot) ~4/2  CooTBETCTBEHHO NMEEM:

t
Son mae —d/2 Vo 1—-4 1-4
iy Vo/t dt(Dot) =42 ~ W 2 —tma2 (4.322)

min
3mech tiip €CTECTBEHHO OIpPENeIUTh M3 ycCaobuil mpuMeHHMMOCTH IrdEdYy3HOHHOTO NIPHMO/IMKEHHI:
(Dotm,'n)l/2 ~ 1, aro u maer tmin ~ (Dol™2)7! ~ E~1. Bpema tmqr omlpemesimerca TeMm, 9TO Ha
Bpemenax ¢ > |E|71 us-sa (Bpemennsix) ocrmsiarmii BoTHOBBIX QYHKIMI MATPEIHEIH 3/IEMEHT B3aH-

MozelicTBuA »ddekTHBHO 3aHy /IdeTcd. Torma, mosarasa %%)j ~ 5;: w3 (4.322) mosrygaem (4.288).
Bce 210 He kKoHer, a JMIb HAYAJI0 HEOKOHYEHHONW UCTOPUU O POJIA MEKIIJIEKTPOHHOTO
B3aUMOJEHCTBUA B HEYNOPAJOUYEHHBIX CHCTEMaX. BBIllle MBI OrPaHUYUIIUCH PACCMOTPE-
HUEM JINIL OHOTO (Tak HasbiBaeMoro “cdokosckoro”) rpaduka Puc. 4-23, yuntsisaio-
IIEro TIOTpaBKy Hu3Iirero nopsaaka. CylniecTBYOT U MHOTHE Apyrue rpaduku, poTh KOTO-
PBIX JO/KHA OBITH MpOaHAJU3MpPOBaHaA Jaxe B mpemdese ciaaboro becnopanka ppl > 1.
Baxmuble mompaBku (aHaJOrmYHBIE O GOPME PACCMOTPEHHBIM BBINIE KBAHTOBBIM TO-
IpaBKaM) BO3HUKAIOT HE TOJIKO B IJIOTHOCTH COCTOAHWM, HO W B IPOBOAMMOCTH. 3a-
MHTEPECOBAHHBIN YnTaTEHh MOXKET HaliTu mompobHoe 00CYKAEHNE BCEX TUX MPODIEM B

opurnHaJbBHBIX 0630pax [17, 18, 19].
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ImaBa 5

CBEPXIIPOBOIANMOCTD

®enomen Kymnepa.

PaccmoTpum mpocteiimuit mporiecc paccedaHUA IBYX 3J€KTPOHOB APYT HA APYTe 3a CUET
obmena (oHOHOM, MOKazaHHbI muarpammoit Ha Puc. 5-1. [lyuktupHoit jiunvu Ha 3TOM
rpaduke, Mo OOIIMM MpaBUIaM, COOTBETCTBYET BbIpaKeEHUE:

2

9*D(es — 1;p3 — p1) = ¢° wp;’_plg (5.1)
(63 — 61) — (.dpa_pl
Ecsm B3auMomeficTBYIOT 2JIEKTPOHBI C MAJIBIM CYMMEPHbM UMITYJIHCOM, TaK 9TO P3 +
p1 ~ 0 (mouTH MPOTUBOMOJIOKHBIE UMIYJIbCHI!), TO TepemaBaeMblii UMITYJIbC P3 — P1
He MaJs 1 (1o MomyJiio) ~ 2pp. B Toxe BpeMs# I 3JE€KTPOHOB, HAXOAANIMKCA BOIM3N
noBepxaoctn ®epmu, umeem £3 ~ &1 ~ 0. [osromy, darkrudecku, Boipaxkenne (5.1)
CBOIUTCA K:

9*°D(es —e1;ps —p1) = —¢° < 0 (5.2)

9TO O3HAYaeT HaJm4Yre 3(PPEKTUBHOTO MPUTAKEHNA TAKUX 3JTEKTPOHOB APYT K APYTY.
Takum 0b6pazoM BO3HUKAET UAeA MPUTAKEHUA JIEKTPOHOB C MPOTUBOTOJIOKHBIMEI WM-
nyabcaMu (M, B cuy npuHImna Ilaysu, TPOTHBOMOJIOKHBIMU CIMHAMN), JIEkKallas B
ocuose Teopur BKIIT [1, 21]. B mpocreiinieM BapuaHTe MOIEJIBHOTO raMUJILTOHHAHA
BKIII [1, 11] peasbhoe B3auMozeiicTBue 3a cyeT o6MeHa hoHOHAMHU 3aMeHAETCA D deK-
TUBHBIM TOYEYHBIM MPUTAKEHNEM, KOTOPOE OTJINYHO OT HYJA B CJO€ MIUPUHONR ~ 2wp
BOsM3M oBepxHOCTH PepMu.

KynepoBckyto HEyCTONYINBOCTD, BOSHUKAIOIIYIO 38 CYET TAKOTO MPUTAKEHUA, MOKHO
paccumTarTh paccMaTpuBad ‘JIECTHUYHBIE” IUATPAMMBI, OMUCHIBAIOIINE B3aNMOIEWCTRIE

165
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Puc. 5-1 3nemeHTapHbIii NpoLecc B3aMMOAEACTBUA ABYX 2NEKTPOHOB NOCPEACTBOM obmMeHa
hoHOHOM.

JBYX KBasndacTui BOmsu nosepxuoctn ®epmn, nokasanusie Ha Puc. 5-2 (a), rae BoaHn-
cTagd JMHHASA COMOCTABIACTCA 5TOMY TPUTATHBAIONIEMY B3amMmoaehicTmio!. CymMa sT0ro0
pana (6e3 BHeIHNX “XBocTOB” ) maerca BepumHol ') KoTopas onpenensaeTca NHTErpaIb-
HBIM ypaBHEHHEM, MOKa3aHHBIM Ha Puc. 5-2 (b), umMeronmum ciaenyiommuii anaantudecknii
BU/I:

[(pspa; pip2) =< papa|Ulpipe >=<p' +q,—p'|Tlp+q¢,—p >=

] d4p//
=Vp-p)+i WV@’ —p"Go(p" + )Go(—p") <"+ ¢, —P"|Tlp+q,—p > (5.3)
B cnpasemsimBoctu ypashenus (5.3) Jierko ybeanThcsa UTEpanuAMU — BO3HUKAET, Kak

pas, “nectumunsiii” pan. B momenn BKIII ssanmoneiictsue V(p — p') Momenupyercsa
CJIENY oMM 0Opa3oM:

Vip—p')—V(p,p') = dwpwp (5.4)
e
1 I&p| < wp
= 5.5
“p {0 épl > wp (5:5)
B paccMoTpeHHOil BbIle MpocTelinteil MOIe N 5JIeKTPOH — (POHOHHOTO o6MeHa A = —g2.

Teneps ypasuenne (5.3) serko pemaerc:

Awpr+qWp+q (5.6)
1—ix [ (ng}lwf,HGo(P +¢)Go(—p)

C(pspa; pip2) =< p' + ¢, =P |Tlp+q,—p >=

1l_[o,z[paayMeBaeTCﬂ ciemyomnit BRIGOp BHEITHUX 4-UMITYJIbCOB: p1 = p+q; P2 = —p; p3 = p'+q; Ps =
—p’, TaKk 9TO ¢ €CcTh MadBIi CyMMapHEI 4-HMITy IBC.
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P, Py
@)
Py Py
T =
p P

Puc. 5-2  “JlectHuua" B Kyneposckom kaHane (a) M MHTerpanbHoe ypaBHeHue AnA

cooTeeTcTBYtowed BepLunHbl (b).

p*q

167
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YTO MTPOBEPAETCA HEMOCPEACTRBEHHON TOACTAHOBKOM B (53) PaccmoTpum Bxomaniuit crona
WHTETpAT:

i)\/(;lTp}lwaqGo(P-i-Q)Go(—P) = M/(ZTZ;W%GO(?)GO(Q_@ =

— d’p de 1 1
B M/ 278 ] 27 Pz —¢(p) + idsigné(p) wo — £ — £(q — p) + ibsigné(q — p) (5.7)

rae ¢ = [wo, q] = [e1+€2; P1+P2]. Boinonnasa siaeMenTapoe KOHTYpHOE HHTEIPUPOBAHHIE,
IOy YaeM:

de 1 1
/ 2m e — &(p) + ibsigné(p) wo — € — E(q — p) + 16signé(q —p)
_ _Z’WO—g(p)—é(q—p)-pi& npn £&(p)>0; E(a—p) >0
iwg—g(p)—%(q—p)—ié mpu  &(p) < 0; {(q—p) <0

(5.8)

Moncrasysas 3ToT pesyabTar B (5.7) U HepeXoia K MHTEMPUPOBAHMUIO TI0 SHEPIeTUIECK Ol
o 2

nepeMenHoit £ = £(p), ¢ yueTom Toro, 410 daKkTOp w, obpezaer aTO WHTETPUPOBAHNE Ha

1ebaeBCKO 9acTOTE wp, MOJTYIaAEM:

. d'p

mpp  [*7 ! 1 1
~ - dé | d: :
212 /0 5/0 I{wo+2£+qu:v—i6+'2£+qu£—%—2'5 9

rie BocmoJib3oBauch £(q — p) & {(p) — vpq cos  u BBesin epeMenHyo & = cos f. Jlamnb-
Helilline MHTETPUPOBAHUA 2/I€MEHTAPHBI, M MBI TTOJIy9acM:

. d'p
z/\/ (271_])94 pro(p)Go(q —p) =~

mpp 1 2wp — 16 1 2wp — 18
- 1+-m——+-In——
272 { +2nw0—|—qu—i6 2n—w0—|—qu—i6
wo wg — 16 vpq —wgy — 16
1 1 1
+2qu<nw0—|—qu—i6+n —wqy — 16 )} (5.10)

CnaBubIil (ToMEHEpYIOIINH) BKJIa B 9TO BBIpaK€eHNE TPU MaJIbIX (10 CPABHEHUIO C Wp )
Wo U Ypq UMEET BUI:

- A

mpr “D
1 A1
972 Maz[2wo; vrq) (5.11)

TJIe BO3HUKAET Gosbiol Jorapudm (B npenese — jorapudMudeckas pacXoguMocTh). B
pesyabTaTe, Iy HHTEpecyolelt Hac BepumHbl (5.6) morydaem:

L(pspa; pip2) =< p' + ¢, —p'|Tlp+ ¢, —p >= T(Q)wpr+qwp+q (5.12)
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e (pu wo > vpq)?

. -1
mpp 2wp i1 wg wo wg — VFq
T(g)=A<14+ A 1 — =1
(7) + orz | € wo + 2 + Tl w2 —vpq? + 2vpq " wo + vpq
(5.15)

IpoanaausupyeM Telephb cBoiicTBa BepmuuHO# dactu (5.15). s mpocToTH paccMo-
TpuM cHadaJsa caydait ¢ = 0. [Ipum BelmecTBEHHBIX W TOJIOKUTETBHBIX Wy UMEEM:

A
1 4 AmEE [m

T(wo) = (5.16)

2<.uD
Wo

272

+%]

Bynem paccmarpuBath Teneph ['(wg) kKak GyHKINIO KOMIIIEKCHOI TepeMeHHOil wy, oTpe-
Jlesisid ee Kak aHaauTHdeckoe npogoskenne (5.16) B BepxHIOWO MOMyIIIOCKOCTh Imwy >
0. Torma, mosarad B (5.16) wg = |wgle*?, momyyaem:

A
2 ) :
o]+ 4 g

T(wo) = (5.17)

1L+ ATEE [ln

Ecsin B3auMogeiicTBre 2/IEKTPOHOB HOCHT XapakTep nputsaxkenus, 7o A < 0 u (5.17)
IMeeT TOJTIOC, ONpefeIaeMblil ypaBHeHneM”

mpp 2wp (T
1+ | =2 =i (T -¢)| =0 5.18
+ oz | wo \g ¥ ( )
Te. mpu p = 5 u 1+ ATED [ln 2;"—5“ = 0. Unage roBop4, MOTIOC UMeeTCA HA MHUMOH

4acToTe, Wy = 1w, TIe:

272
w=2wpexp | ——— 5.19
P\~ e (5.19)
B OKPECTHOCTH 3TOTO IOJIOCA F(WQ) nMeeT BUuI.
2 2 -~
[(wo) & —— (5.20)

Mpp Wy — 1w

DTO o3HAYAET BOSHUKHOBEHUE KYNEePoeckoti neycmotinusocmu — MOJIOC BEPUINHHOR da-
CTH B BepXHell TMOJTYTIJIOCKOCTHA YacTOTHI O3HAYAET BO3SHUKHOBEHWE B CUCTEME HEYCTOM-
YUBOH KOJIJIEKTUBHON MOIBI C 3KCIOHEHITNAJBHO pacTyIei (co BpeMeHeM) aMTTATYIOMN:
eTiwol o THWT | oBT] 310 peser K HEYCTOWINBOCTN CUCTEMBI M HEODXOAMMOCTH TIEpe-
CTPOMKNU €€ OCHOBHOTO COCTOAHUSA M CIIEKTPa BO3OYKICHMIA.

23,HGCL HaO0 BOCIOJIB30BAThCA M3BECTHBIM COOTHOIICHUEM

Inz=1In|z|+4arg 2 (5.13)
rae
arctg% mpu z>0
arg z = arg(z + 1y) = T+ arctg% opu r<0;y>0 (5.14)

-7+ arctg% mpu r<0;y<0

3B caygae orranmkmsanmaA (A > 0) HEYIero 0cobeHHOTO He MpOWCXomuT. Bripaxerme (5.17) maer mpm
3TOM CYMMY BCeX “JIECTHHYHBIX TOMpaBoK K “3arpaBognoit” A. Bosabmioil siorapmdm Bener Torma mpocro
K addexkTuBHOMY yMeHbUIEHUIO B3anMoieiicTBua. Hukakoit “nmarosiormu” B 3ToM cilydae HEe BOSHUKAET.
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Mpn oTAUYHBIX OT HY s vpq BeIpaxkenne (5.15) MOXKHO Mepenucarh B CJAEHYIONEM
Busie (myd wo > vpq):

-1

mpp 2Wp T 1 v%qz wo wg — Vp(q

r =Aq1+ A | — — —dp——=In[1-— |
(4, wo) + 272 wo + g Tl w2 2vpq " wo + vpq
(5.21)

TakK 9TO MOCJE HPOINO/IKEHHUA B MOJIYIIOCKOCTD Imwy > () U MCHOJAb30BaHUA OIIpeHesIe-
Hud & u3 (5.19), Haxomum:

-1

27?2 w 1 v4q? w wg— v
I(q,wo) = — 2 14 oIn(1-EL ) 20, (0 (5.22)
mpp 1w 2 wi 2upq wo + VFq
Tpu mMaabx vpq € @ UMeeM:
272 1w
I[(q,wo) = — ——i g (5.23)
MPF by — 10 + 1 —£=
Orcrona HaXOOUM TIOJIOKEHUE TTOJIOCA KaK (DYHKITHIO §:
2 2
 ~ vpq
wg=1ww | 1— 5.24
’ 602 (5.24)

Tak 4TO abCcOJIIOTHAS BEJMYNHA Wwq YMEHBIIAeTCd ¢ pocToM q. [Ipu HEKOTOPOM VU ¢max
TOYKa MOJIOCA Wy CTAHOBUTCA PABHON HYJIIO, MOCJE Yero, Npu BOJIBIINX vpq MOJIIOC B
I orcyrerByer. IlockOMbKY BeJIMYUHA ( MPEACTABIAET CODOR MMMYJIbC CUCTEMBI JIBYX
9JIEKTPOHOB KakK TIEJI0T0, 3TOT PE3yJIbTaT O3HAYAET, YTO TEHACHIINIO K 0OPa30BAHUIO AP
MPOABJILAIOT 3JIEKTPOHBI, ABMKYIIUECH TIOYTH HABCTPEUY APYT APYTY.

KynepoBckas “sectHuma” maeT BKJIaT B COOCTBEHHO — YHEPTETHUECKYIO 9aCTh 3JIEK-
TpoHa, nokasaHublil rpadudeckn nHa Puc. 5-3 (a). EcrecTBenno, 4To cyliecTBOBaHWE TO-
JIIOCHO# ocobeHHOCTH B “JecTHUIE” MPUBOAUT M K COOTBETCTBYIONIEH CHHTYIAPHOCTH B
Y(p) n B onpenenaomeii ee Bepnne, nokasanuoli na Puc. 5-3 (b).

TMomuepkHeM ele pas, YTO UITOKEHHBIE COOOPaXKEHUs CBUIETEIHCTBYIOT O HEYCTOM-
YUBOCTU OOBITHOTO OCHOBHOTO COCTOAHUsA dhepMu — rasza ¢ mnpuraxkenuem npu T = 0.
DTa HEYCTORIMBOCTH COCTOUT B CIOCODHOCTU YACTHIL, EHTDP WHEPIIUU KOTOPBIX TMOYTH
MOKOUTCH, 0OpPA30BBIBATH CBA3AHHBIE MAPBI, T.€. CBOETO pojia HO3e — YaCTUIhI, KOTOPHIE
MOTYT “KOHJIEHCUPOBAThCH  Ha OCHOBHOI ypoBeHb. Temmeparypa, npu KOTOPOil BOEpBbIE
BO3HUKAET TaKasd HEYCTOWYNBOCTD U ABJAETCS TEMIIEPATY POl epexoa B CBEPXITPOBO/I-
mee coctosnue. [TocMOTpUM, O2TOMY, Ty XKe 3a/jady B TeMIepaTypHoli (Maiy6apoBcKoit)
TEXHUKE.

B npubamxkennn, B KOTOpOM MBI TipeHebperaeM paccegHueM CBA3aHHBIX Tap ApyT Ha
JIpyTe, OHU 0bpas3yioT uiecaJibHbI 603e — ra3, u TeMmneparypHada GyHkiug ['puna mida
HETO UMeeT BUJI: )

Gla,wm) = e (5.25)
Wm — 5+ T 1
e Wy, = 2amT, q — UMIYJIbC CBA3aHHON maphl, a m* — ee Macca, paBHas YABOESHHON
Macce asiekTpoHa. lpu wy, = 0 (5.25) ceomurea k [pp—g¢?/2m*] . llpu nekoropoii Temme-
parype T' = T, HasbIBaeMoli TeMnepaTypoii 603e — KOHIGHCAIINHT, 5Ta BEJIUINHA BIEPBbIE
obpaiaerca B 6eckoHedHOCTh npu ¢ = (. DTa TeMmeparypa, O4eBUIHO, COOTBETCTBYET
u =0, B coryacuu co CTaHIaApTHBIM paccMoTpenueM 6oze — kongencanuu [11].

Mlpn ydere BHYTpeHHEll CTPYKTYpBI KyTNEPOBCKOW mapwl, anasoroMm (5.25) aBjisd-

eTcda AByxdacTudHas depmuonnasa ¢dhyuknusa [puna. B Touke mepexoma oHa TOTKHA
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T e

(@)

j>w < Do+ oD

Puc. 5-3 T[lonpaskn k cobcTBeHHO — 3HEPreTNHECKON HacTu SJIEKTPOHA 3a CHET pacCcesHuns
B KynepoBckom KaHane (a) n rpadukn ans cooteetcTsytoLen Bepluntbl (b).
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obyiamaTh aHAJOTUYHBIMU CBONCTBAMEU B CMBICJIE CBOEW 3aBUCHMOCTH OT TTEPEMEHHBIX
wom = (€1 4+ €2)n M @ = P1 + P2, COOTBETCTBYONNX IEHTPY nHEpPIUN mapbl. Pepmu-
ounble dynknuu ['puHa 0COBEHHOCTAMHE MO 3TUM MTEPEMEHHBIM HE 0OIAMAI0T — HYXKHO
pPacCMOTPETh COOTBETCTBYIONIYIO BEPIIMHHYIO dacTh ['(qwg), KoTopas JaeTcd TeMu Ke
JIECTHUYHBIMA IUarpaMMaMM, 9YTO U BBIIIE, HO B MalybapoBckoil Texuuke. Bea pasuuia
B TOM, 4T0 BMecTO (5.7) HYXKHO TEmeph PACCMOTPETh:

__,\TZ/ n ) wp” -~ ! . ! (5.26)

n — E(p) Wom — ¥&n — £(q - p)

rae wom = 27mgT (mg — nenoe 4ucio). Mol we 6ynem Buraucaats (5.26) nmpu mpons-
BOJILHBIX 3HAYEHUAX Wq,, U (, T.K. U3 0BIUX coobpaxkeHmit fcHO, 4TO Kak U B 603e —
raze, nosmoc B ['(qug) BriepBble nosBageTca Ay suadennii wg = ¢ = 0. TlosTomy Ham
JIOCTATOYHO PACCMOTPETh TOJILKO 3TOT ciaydaii. Torga HaM HaJo MOCYUTATL TOILKO:

A / 5 5 1 1
=T d°pws - - ~
(27)3 zn: Pien — &(p) ien +&(p)
mpr [“7 1 mpp [“P dE, &
- deéT =-A —th 5.27
e [ g e ) T 6

TIe CyMMa TI0 9acTOTaM BHIUMCIAIAch ¢ moMombio (2.99). MuTerpupys 3mech Mo 9acTaM,

HoJIygaeM:
mppg wp *® Ilnz

T==-)2—11 — der—— 5.28

27?2 < "aor /0 ! chzx) (5.28)

rJe B OCTaBHIEMCA MHTETpaJie 3aMEHUJIN BerHI/Iﬁ nopeaesa r = C;—? Ha 66CKOH€‘IHOCTI), C

y4eToM ero OBICTPOll CXOMUMOCTH U WHTepecyiomuX Hac 1 & wp. DTOT WHTETPAJ paBEH
In %, rae Iny = C' = 0.577... (mocroanuas Diiepa), Tak uro y &~ 1.78, a 277 ~ 1.14. B

nTOTreE MoJIiydacM:

A
F(O, 0) = — " (5.29)
1+ AZ2E n 2240
IIpu A < 0 37ech oMATH BOSHUKAET MOJIIOC, BOJIN3M KOTOPOTO:
22 T,
I'(0,0)=— S 5.30
( ) ) mpF T _ Tc ( )

re memnepamypa ceeprnposodauiezo nepexroda T, omnpenesaerca dopmysioit BKIIT

(J.Bardeen, L.Cooper, J.Schrieffer, 1957):

2 272 2 1
T, = —7(-0D exp <—L) = iwD exp <——) (5.31)
T ™

7 |[A|mpe [Alve

ObpaTute BHUMaHUE, YTO 37ECh BXOAUT IMJIOTHOCTH cocTodHuit Ha ypoBHe ®Pepmu vy B
pacuere Ha odHy TPOeKNMIO cnuHa. Benwuuna |A|vp urpaer posan GespasmepHoil KOH-
CTAaHTHI CIAPUBATEILHOTO B3auMoelicTBusdA. BaxkHO MOMYepKHYThH, YTO 3aBUCUMOCTE OT
5710l KoHcTaHTH B (5.31) neanasumuveckas — 3TO BbIpAXKEHHE HEJIb3A PA3JIOKHUTH B
paz o crenenam A npu A — 0!
Beemennas Boime B (5.19) gacrora @, XapakTepusyioniaa HEyCTONUNBOCTH CUCTEMBI
npu T' = 0, paBHa
o= %Tc (5.32)
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Y paBHeHust I'oppKoBa.

W3 mpensigyiiero gacHo, uto B obaactu Temmeparyp 1 < T, Tpebyerca cmenmuaabHOE
paccmorpenne [1, 2]. Mcxonum us ympouienHol Momesn dhepMu — Ta3a ¢ TOYEUHBIM TpU-
TAKEHIEM, TAMUIBTOHNAH KOTOPO MMeeT BUI:

H=Hy+ Hint =

-y [ i) [__vtﬂ] Yalr) + Z [tz @ut et (639

PopMaIbHO 3TO COOTBETCTBYET MOTEHIMATY B3auMoneitctsua V(r — ') = Aé(r — r’), HO
B JaJbHelleM NMp¥ BBHIYUCICHUYM MHTEIPajioB M CyMM MBI GyJeM Hopa3yMeBaTh orpa-
undenve tuna (5.4), (5.5), 910661 yuecTh peasbHYy0 TPUPOIY MPUTAKEHUA B CBEPXITPO-
BOIHUKAX.

B reitsen6epropckoM MpecTaBJIeHIN MOXKHO BBITNCAThL CTAHAAPTHEIEC ypaBHEHNUA JTBA-
KEHWUA JJ1d 376K TPOHHBIX ONEPaTOPOB:

gtwa( ) = (Yo, H] (5.34)

KomwmyTaTop B mpaBoit 9acTu BEIYUC/IAETCA HETIOCPEICTBEHHO, C NCIIOTH30BAHNEM OCHOB-
HBIX KOMMYTAITHOHHBIX COOTHOWIEHNH [IJIf ONEPATOPOB g (2):

G (e UG 1) + UE () Oa(r, 1) = 6apb(x — ) (5.35)

Yalr, )Yp(r’ 1) + st 1) va(r,t)
v (e, )yg (1) + g () )gd ()

[Tpavbie BEIYUCIEHNSA, CBA3AHHBIE C TTOCJIEA0BATETFHON KOMMYTaIelt ormepaTopoB ¢ OT-
JeJbHBIMU CJAraeMbIMU B TaMUJILTOHUAHE (5.33), JaloT:

0
0

(5.36)

2

[Ya(z), Ho] = — (Z—m + u) Ya(2) (5.37)

[al@), Hini] = —AZ% Yalz) (5.38)

2

W) a = (5 u) vt (@) (5.39)

[ (x), Hini —/\E¢+ 2)s(x) (5.40)

TaK 9TO B dBHOM BUJOE YpaBHCHUA NBUXKECHUA BBITJIAOAT CJICIYIOITUM o6pa30M:

O _ (T .
ZW = - <% + /l> Yo — )\’(/)7 Yy tha (5'41)
Oyt

v? :
2 En = (E + /l) "/)I + )\1/}21/)?1/)7 (5.42)
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TJe MO TOBTOPAONINMCA TPEYECKUM (CITMHOBBIM) WHAEKCAM TIOAPA3yMEBAETCA CYyMMUPO-
BaHUeE.

CorytacHo TpenmnosaraeMoii HaMu Kad4eCTBEHHON KapTHHE OCHOBHOTO COCTOAHUA
cBepxmpoBonuuka, npu 1 = 0 B cucreme mMmeercda koudencam KyTEPOBCKHUX Tap, CO-
Jepxkaiuii orpoMHoe (MakpocKommdeckoe) qucao dacTuil. OYeBUAHO, YTO COCTOAHUE
Takoll cucTeMbl, (PaKTUIECKN, HE MEHAETCA MPU W3IMEHEHUU HA E€IUHUILY YUCJIa Tap B
kongencare®. MaTteMaTHdeckn »To BhIpakKaeTcd HaJWYUEM OTJIMYHBIX OT Hysd (B TIpe-
nese qucaa qactun N — 00) 3HaYeHUH MATPUYHBIX 5JIEMEHTOR:

: 5 : G *
lim < m, N|¢g(z2)pa(z1)m, N +2>= lim <m, N + 2|1/);|;(331)1,’);' (z2)|m, N >*#0
N—oo N—

(5.43)
3meck Yg(22)1a(21) mpencraBiageT coboil onepaTOp YHUUTOXKEHNA ABYX 3J€KTPOHOB, &
1/)3;(1‘1)1/22_(1‘2) — aHaJIOTMYHBII OIepaTop pOXACHHA Naphbl. B maJbHelimeM MBI 6ymeM,
JIJI KpaTKOCTH, OMyCKaTh 3HAK B3ATUA Mpeesa, a TaKKe OMyCTHM M TUaroHaJIbHbI Ma-
TPpWYHEI HHAEKC, HyMepyommuii “ofrHaKoBBIE” COCTOAHNSA CUCTEM C PA3JIMIHBIM YMCIOM
YacTHII.

Taxum obpazoM, TIpM TIEpEXOfe CUCTEMBI B CBEPXITPOBOAANIEE COCTOAHUE MPOUCXO-
IUT CROWMAKHOE HAPYUleHUE KAAUGPOSOUHOH CuMMempuu®, COOTBETCTBYIOWIEH 3aKOHy
COXpaHEHWs YMCJIa 9aCTHI, — 3JeKTPOHBI MOTYT MOMapHO “yXoamTh” B KOHAEHcAT WJIN,
HaobopoT, “Bo3HMKAThL W3 KOHAEeHcaTa. MaKpoCOCTOAHNE CUCTEMBI TIPHA 9TOM HE M3Me-
uaerca (mpu N — ool).

Mo»romy, Hapany ¢ obbuHON (HOpMasbHOW) dbyHKIMel ['pruHa:

iGap(x1,22) =< N|Toa(z1)yf (22)|N > (5.44)

HeO6XO,D;I/IMO BBECTHU TaKXKe U TaK Ha3bIBacMbIC @HOMAAbHbBLE d)yHKL[I/II/I FpI/IHa,GZ
iFap(z1,22) =< N|Tta(z1)Pp(22)|N +2 > (5.45)
i} (21, 22) =< N+ 2|T¢ (21)¢F (22)|N > (5.46)

Anomampusie dynkmmm [puna Fup u F:ﬁ YIOBJIETBOPAIOT CJAEAYIOMINM OOIIUM CBOW-
CTBaM CHMMETDHUH, CIAEOyIONIUM U3 KOMMYTAIMOHHBIX CBOHCTB BXOOAIINX B HUX ollepa-
TOPOB:!

Faﬁ(l‘l,iﬂg) = —Fﬁa(l‘g,l‘l) F+ﬁ(l‘1,l‘2) = —F;a(iﬂg,l‘l) (547)

[e4

B nampHelluteM MBI BCIOy pacCMaTpHBaeM TOJIBKO CHHIJIETHOE (IO CIHHY) KyIIEPOBCKOE CIIapH-
BaHVE, PEATU3YIONEEC B IONABIISIONEM GOIBIIMHCTBE METALINYECKUX CBEPXIIPOBOIHUKOB . OTHe M
CHIMHOBYIO 3aBUCHMOCTD 3aIlUCaB:

Fop = AgsF F:ﬁ = B,gF* (5.48)
Ho, B coorBercrsum ¢ mpmamumoM [laymm, mmeeM < ta(z)Ya(z) >= 0, Tak aro Fanq = Ft, = o
CoorBercTBeHHO Anq = Baa = 0, mw MmaTpumsl A mw B MoryT 6BIThH TIpEICTABJIECHBI B BHIE:
_ 0 a _ 0 b
am (0 m) ma(0 -

4OTMeTHM 09eBHIHY0 AHAJIOIHIO STOTO IPEIIIOIOKEHH ¢ AHAJOTMIHOM THIoTe30M, IpIHIMaeMoll B
Teopun 603e — rasa co ciaabeiM B3aumonelctBuem o Boromo6osy [11].

5K onIenmus crroHTaHHOT 0 HApY UIEHH CHMMETPHE HIPaeT IeHTPaIbHY0 POJIb B COBPEMEHHOM Teopun
dasosrix nepexomnos 11 pona [24]. OcHoBHOE cocTosHMe “KoHIeHCHpoBaHHOW da3bl, BOZHUKAIIENH TpH
TeMIepaTypax HUKe TOYKH Mepexoria 1., BCETIa MMEET CHMMETPHIO HUJCE CHMMETPHUH TaMUJIbTOHUAHA,
OTNUCHIBAIONIETO TaHHBIH da3oBbiil Tepexo [1 1]

60rMeTHM TeCHYIO CBA3E MOABJIEHHS B TEOPHM aHOMAJIBHEIX (yHKImi ['pura ¢ mmeosormei kpasu-
cpenamnx Boroso6osa 11, 24, 25]

" TpunserHOE CIAPUBAHEE HMeET MECTO B CBepXTeKyunx dasax He® m B HEKOTODPBIX MeTA/LIMIECKIX
coemHEHNAX,, HanpaMep B S7o RuOy.
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Jn=a cuarsersoro cnapmsamma F(r — r') = F(r' — r), Torma us (5.47) cnenyer Aqg = —Agy m Boag =
—Bgq, Tax arod:
0 a 0 b
i (25) me(2 ) -
u U3 (F; )" = —F,p nonyuaem B* = —A, rak uro u b* = —a. Coorsercrenno:
3 0o 1 {0 1
A_a(_l 0) B=—a <_1 0) (5.51)

Torma ciuHOBadg 3aBUCUMOCTH AaHOMAJIBHBIX (hyHKIHNH ['putia cRonuTCA K €MMHUIHOMY
AHTHCUMMETPUYHOMY CIUHOPY 2 — paHra:

0 1 . . ,
so= (5 5 ) =iots e =t (5.52)
rie O'y = ( (Z) _OZ ) HOE)TOMy MBI MO2KEM 3alliCcaTh aHOMAJIbHBEIEC (byHKHI/H/I B BUac:

Fop(z1,22) = gapF (21, 22) F:ﬁ(r1,$2) = gagFt (21, 22) (5.53)

T7ie copaBa CTOAT (DYHKIUN CUMMETPUYHBIE IO T W Ty. CIUHOBAaAg 3aBUCUMOCTH HOP-
mMastbHON dynkmmm I'pura Gag (m1s HEMATHUTHO CHCTEMBI) CBOAUTCH K Gop = 008G
Kpome Toro, B omHopomHoii cucteMe rpuHobckue dynkmun G, F, FT 3aBucar TobKo 0T
pasHocTelt KOOpAMHAT TOYEK U PA3HOCTH MOMEHTOB BPEMEHM.

Beenem anoMaJsibHble GYHKINK B COBHAJAOINX TOYKAX:

[1]

() = iF(z, ) E*(z) = —iFT(z,z) (5.54)

KOTOPBIE MHOT/Ia Ha3BIBAIOT BOJIHOBBIMU (DYHKIIMAMY KYNEPOBCKAX TIap, HAXOAANINXCA B
KoHaeHcare. B cranmuonaphoii Makpockonnaecku onHopoaHoil cncreme E(2) cBOAMTCA K
TIOCTOAHHOI, TpUYEM HaJlJTeXkallnM BEIGOpoM (a3 1) — omepaTopoB MOXKHO CIETATh 3Ty
MOCTOAHHYIO OefiCTBUTEILHOMN.

aiiMemca Temeph 3amadeil BHIYUCJEHNS paccMaTpUBaeMbix ¢hyHkumii ['puHa B MoO-
Jenn depMu — rasa ¢ IPUTAKEHUEM, onpeeageMoii ramuabrornanoM (5.33). YpasHenusa
JIBUXKEHUs JI7id oniepaTopos ¢ u ¢T Buinucans Bbime B (5.41) u (5.42). Umeem®:

o (21)

6 Gaﬁ — <T71/)g_(1‘2)> — iéaﬁé(l‘l — rg)é(tl — tg) (556)

Oty 0tq

TaK YTO TOIACTABJIAA CIOJIa (5.41), TMOJIy4aeM ypaBHEHUE NBUKEHUWA A HOPMAaJbHOMN
dyuxmun ['puna B BUIE:

o V2
<Z§ i » n N) Gap(z — :E/) —id< N|T¢j’(m)1/}7(:b)1/)a(l‘)1/)g’(I")|N >= bapb(z — :L")
(5.57)

8 [lisi TPUILIETHOTO CIIApDMBAHWMA KOODIWHATHAHA 9acTh aHoMasbHON bymkmum [pura anrTmcEmMMe-
TPUYHA, & CIMHOBad, Ha060pOT, CHMMETPUYHA.
9 JI1st oIy 9eHms BTOPOTO CJAATAEMOTO B (5.56) HyKHO BCIIOMHHUTE IIPO Pa3PBIBHOCTH Gapmpu iy = 1a:

Gapliy=ta+0 — Gagliy=ta—0 = =1 < Yalt1,r1)¥ (t1,12) + 11/:; (t1,12)Ya(t1,r1) >= —ib,56(r1 — r2)
(5.55)
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Qurypupyromuii 371eCh INATOHAJIBHBIR MATPUYHBINR 3JIEMEHT TPOU3BEACHUA IETHIPEX P
— OmepaTopoB MOXHO pactnucarh (“mo Buky”), BbINICaB Bce BO3MOXKHBIE ClIapUBAHUA
(CyMMBI IpOU3BEIEHNH MATPUYHBIX 3JIEMEHTOB TIAp OMEPATOPOB):

< NITUF @)y (2)a(@)E (2)[N 55 Gy (0)Gap(a — 2') = Gan(0)Grp(x — 2') +
+ < NITY, (@) a(@)|N +2 >< N + 2T )6 ()N >
(5.58)

Ynenw tuna GG nJia Hac celivac HECYNIECTBEHHBI, TOCKOJIBKY OHU TPUBEAYT TOJIBKO K
HEKOTOPOi MEPEHOPMUPOBKE 3HEPTUN BO3DYXKACHUI B HOpMaJIbHOM cocToanuu. [loaTomy
B TAJIbHERIIIEM MBI COXPAHUM TOJILKO BKJIaJ mocsenteit crpoku B (5.58), rie comepxarcs
MaTpUYHbIE 3JIEMEHTHI JIJId TIEPEXOAOB ¢ M3MeHeHneM unciaa dgactun N «— N + 2, Tak
g70'0:;

< N|Ty’;¢(m)1/)7(m)1/)a(x)1/)g (z")|N >—
< NITG (D) a@IN +2 >< N + 2Ty (@) ()N =
=—Fya(z, x)F%(m, 2') = —ba5 F(O)Ft(z — ') (5.59)

rae yaan (5.45), (5.46) u (5.52), (5.53). C yuerom (5.59) ypasuenue (5.57) cBogurca K:
0 V2 S
1— + —m +u G(l‘) + AEF (.1‘) = 6(1‘) (5.60)

[ 3aMEHUJIN apryMeHT z — ' Ha x, a nocroannyio iF'(0) obosHaunim Kak =.
Ho MBI moKHBI Temeph HANUCATh €lle W yPaBHEHWE ABUKEHWA IJIA aHOMAJIHHOM
bynkunn [puna F+(z)! Jl;g 3Toro BEMHUCIAM TPOU3BOIHYIO:

ht
Oty

+.0
atl af 1/},6(x)

N> (5.61)

3amernm, 4To UseH ¢ § — pyHKIMElH, THIA BTOporo ciaaraemoro B (5.56), 3mech He BO3HU-
KaeT, HOCKOMBKY Fog(z — ') (B orsimune ot Gop(x — 2')) menpepsisra npu t = ¢/ (B cuity
anTUKOMMYyTaTuBHOCTH ¥} (1, 1) 1 1/); (t,r")). HMoacrasnaa (5.41) B (5.61) u cHOBa Tpo-
BOJIA BBIJEJIEHNE KOHIEHCATHOTO BKJIa/Ia, aHAJOTMYHO TOMY, KaK 5To jgejagoch B (5.59),
HoJiydaeM ypaBHEHHE:

(zﬁ Y H) FH(z) + AZ°G(z) = 0 (5.62)

Takum 06pa3oM MBI TTOJIydaeM 3aMKHYTYIo cucTeMy ypasHenuit (5.60) u (5.62), onpene-
ngromyio dbyukuun [puna ceepxnposoanuka (JI.IT.Topskos, 1958).
ITepexona x UMIyJIbCHOMY MPEICTABJIEHUIO, ypaBHeHn:A ['OphKOBa MOXHO 3alKCaTh

B BUIC (p: (E,p), £(p) = % — )2
(e —&(p))G(p) + AEFT(p) =1 (5.63)

(e+ &) FT(p) + AE"G(p) =0 (5.64)

10B mopmassHO# dbepMmu — cucreme (6es kommeHCaTa) OHH, €CTECTBEHHO, paBHSL Hyso. Ho 3mech atn
aHOMAaJIbHBIEC BKJIaIEI BeAyT K KadeCTBEHHO HOBBIM BBIBOIAM.
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Hckmiouas us »1oit cucremer F'¥ a1oft cucTeme! ypaBHeHnmil cpasy Ke HAXOIUM:
(e* = &(p) — 1AP)G(p) = ¢ +&(p) (5.65)

T'I€ BBEJIN oboszHaueHUE:

A=)\E (5.66)

OTa BeIWYMHA, KaK MBI yBWJWM HUXKe, OyJEeT UTpaTh pOJb JHepeemuueckot weau B
CrieKTpe Bo30YXKIEHMil CBEPXIIPOBOAHNAKA 1, OJTHOBPEMEHHO, nApaMempa nopadKa CBEpX-
HIPOBOJIAIIETrO TIEPEXoIa.

PopmasibHoe pemrenne (5.65) umeer Bu:

eHEP) __m Y

e2—e2(p) e—e(p) e+e(p)

e(p) = VE(p) + A2 (5.68)

CIIEKTp »JIeMeHTapHBIX Bo30yxkmenuii teopun BKII (¢ memsio 2|A|), a u, u v, ecTsb
u3BecTHbIE K03 dunuentsl Boromotora [11]:

w | _ 1 £(p)
vt }‘ 2 (HE £2<p)+|A|2) (569)

Boipaxenue (5.67) eue HemoONpeneseHO — HYXHO €llle 3a7aTh CHocob 0b6Xoma MoTo-
COB, MHa4Ye OCTaeTCs HeollpeleIeHHol MAnMas JacTh ¢yHknnu G. [leso B ToM, 91O OHa,
oueBHIHO, comepkuT §(c &+ £(p)) u noromy BhImagaeT npu ymHoxenun nHa (¢? —e%(p)) B
(5.65). TTo obmnM amaguTHUecKuM cBoiicTBaMm [1] sHak MuuMOl wactn dynkimun 'puna
POTUBOMOJIOKEH 3HAKY TIEPEMEHHOI £, MO3TOMY B 4JIeHaX C MOJOKUTETLHBIMA U OTPH-
HaTeTbHBIME TTOJII0CAMU 3Ty TIEpEMEHHY0 Hy»KHO 3aMeHUTh Ha ¢ + i6, Torma

Gp) = (5.67)

e

u? v? e+&(p)
G(ep) = P___ 4 P = - - 5.70
(ep) e—e(p)+i6 e+e(p)—i6 (e—e(p)+ib)(e+e(p)—1ib) (5.70)
Tenepn naxomum u F'+ 3 ypasnennsa (5.64):
AE* A*
Ft(ep) = — , — = — , , 5.71
(ep) (e —e(p) + i) (e + e(p) —i6) (e —e(p) +8)(e + e(p) — i6) (5.71)
B Toxe BpeMsa mMeeM, TIO OMpEAeIeHNIO:
* de d3p
i @=0=[ & / Gl ep) (5.72)

Moncrasiag cioga (5.71), BBIOTHAEM HHTEIPUPOBAHKE TI0 € Y TEM 3aMbIKaHUs KOHTYPa
B BepxXHell MoIyNI0CKOCTH, TaK YTO MHTErpaJl BhIpaxkaeTcd Yepe3 BBIYET B MOJIIOCE £ =

£(p). B pesysbrare, mocie cokpalieHna Ha 2 moaydaem:

1=

A / 1
— d3p (5.73)
2(2m)3 VEX(p) + A?
— ypasuenne i mean teopun BKII. Hamomuum, ato y Hac A < 0, KpoMe TOTO MBI
nunreM A yxe 6e3 3HaKa MOMYJid, TMOCKOJBKY, KAK OTMEYEHO BBINIE, B JAHHOM CJIY-
Jae MBI MOXKEM CUMTATh IIEJb BellecTBeHHON. PacxommmocTs uuTerpana B (5.73), xak
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M3BecTHO, obpe3aeTca ncxoaa u3 ycaosud, uto B Mogesn BKIIT BzanmoneiicTBytor (mpn-
TATUBAIOTCA ) TOJTBKO 3JIEKTPOHBI C 9HEPTHAMH, JICKAITAMHA B CJI0€ TOJIIMHON 2w OKOJIO
nosepxuoctn Pepmu (cp. (5.4), (5.5)). Torma nmeem:

Al Amp? Al [P dE [Ampr | 2wp

d = 1 5.74
2(27)3/ N ET /_wD Vi Az 22 A (5.74)

tak 4uro (5.73) cBomuTCA K:

mpp . 2wp
1= [AM=—1In— .
| 52 0% (5.75)
9TO JaeT cTaHmapTHbI pesyabTatr BKII:

Ay = 2wpe” Tmor = 2upe” Tow (5.76)

Cpasunsas ¢ (5.31), umeem:
Ag = %TC (5.77)

IMosesno paccunTaTh MIOTHOCTH cocTodAHUi as1ekTpoHOB B Moaesu BKII. Ucxoma us
obmero onpenenenns (4.99) n (5.67), (5.70), nmeem:

N(E) = —%I/F /Oo d&ImGR(E,E)

2 . 00 Sy 2 00 1
= —;VFSZQ’UEI’I’TL[OO d&m = ;|€|Im/;oo d&m =
1
e yuim, uto mpu T = 0 Bemosnserca coornomenne ImGT(ep) = signeImG(ep)

[1]. Torma, BBOAA TIOTHOCTH COCTOAHUN CBOGOMHBIX 3JIEKTPOHOB Ha ypoBHe Pepmu s
obeux mpoekuuii ciuna N(Ep) = 2vp, nMeeM:

N(e) el npu le] > A

7 Z2_A2 -

N(EF) 0 npu le] < A (5.79)
D10 — 3HaMeHUTHI pesysabrar Teopun BKIII. IloTHOCTE cocTodAHMit paBHa HYJII0 BHY TpHU
mesan, T.e. B obaactu sHepruii mmpuroir 2A Bokpyr yporHa Pepmu. Ilpm ¢ = +A B
Hell UMeIoTCda KOpHEBble OCOGEHHOCTH, a MpH |£| — 00, 3HaYeHNUe TIJIOTHOCTH COCTOAHUM
BBIXOJIUT Ha ACUMIITOTUKY MOJEN CBODOMHBIX 3y1eKTpoHoB N (EF).

VYpasrenns ['opbKoBa MOXKHO IIPEICTABUThH B AMarpaMMHOM BHIIE, KaK 3TO IMOKa3aHO
ua Puc. 5-4, e sursaroobpasuas sunus obosnadaer “korepentHoe” (Kommencar!) moste
mapaMeTpa mopanka A, a 1Jjid aHoMaJbHOI dyHkiuy ['prHa ncnob3yercd cTaHgapTHOE
o6o3HAYEHIE C IPOTUBOTIOJIOKHO HAIPABJICHHBIME CTpesiKaMu! L. B aHa mTuaeckoM Bue

5TuM rpaduKaM COOTBETCTBYET CUCTEMA ypaBHeHmii! 2

1 1
0= ey e (5:80)

11 306paxkentsie Ha »THX TpadHKax IPOMECCH B3ANMOTEHCTBHA ¢ A MOKHO HHTEPIPETHPOBATE KAK

“yxomn” »JIEKTPOHOB B KOHIEHCAT Map WJIHA UX ‘BOSHUKHOBEHME W3 KOHIOEHCATA.
12 T j11 KPATKOCTH MBI OILyCKAa€eM 37eCh BECKOHEYHO MaJIble MHUMOCTH B GyHKIHAX [ pHHA CBOGOIHBIX
9aCTHII.
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P P
e—t— =
-u =

Puc. 5-4 [unarpammHoe npenctasnerune ypasHeHun [opbkosa.
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1

Fre) =2 +¢(p)

A*G(p) (5.81)

skBuBasenTHad (5.63), (5.64).
Ncnonnsya (5.66) u ypasuenue, conpskentoe (5.72), Hanuuiem:

> de

oo 2T

A =)A= =1A

dp .
/ Gl Ep) (5.82)

9TO MOXKHO M306pasuTh guarpammoii Puc. 5-5 (a), mocsae gero ns rpadukos Puc. 5-4

Bo3HUKaeT rpacduyueckaa 3anuch ypasnenuit lopbkoba, mokazannaga na Puc. 5-5 (b)!3.
YacTo mcHob3yeTca MaTpWIHAA 3alnch ypaBHerwit ['ophKoBa, Mpel/loXKeHHad BIepBhle Hamby.
[Tpu srom, mapany ¢ G, FT u F (1.e. (5.44), (5.45) u conpaxennoii k (5.45)) BBomar eure:

iéaﬁ(zl,ﬂﬂg) =< N|T’L[/;t (rl)’tl}ﬁ(l‘g)u\] > (5.83)
KoTopas BXOIHUT B CHCTEMY ypaBHeHmil Tuma (5.80), (5.81):

~ 1 1

G(p) = i) 5+£(p)A*F(p) (5.84)
F(2) = = =gy 260) (5.85)

Torna MmoxkHO BBecTH MaTpuuHylo dyHKIuoo ['puHa BHOa:
(58 1)

u sammcarh o6e mapsl ypapHeHmi ['oppkosa ((5.80), (5.81) m (5.84), (5.85)) enmHBIM 06pa3soM Kak:
~ 1 N ~
{51 —6:6(p) + 5 (ast +ar6™) } Glp) =1 (5.87)

Ie BBeIIEHBI cCTaHmapTHele Marpuist [laymm 64, 6y, 6, u ux guHelHbIe KOMOMHATII 6t =6, + 15y,
Jlerko mpoBepHUTH, 9TO
iG (21, 02) =< Top(z1)dt (z2) > (5.88)
TIe

) = ( g ) U (e2) = (W 02),5(02) (5.59)

— crmmHOpBI Ham6by.

Ecsm cBepXnpoBOZHUK HAXOMUTCA BO BHENTHEM JIEKTPOMATHUTHOM TOJE, TO (DyHK-
nuu ['puna yxke He OyAyT 3aBUCETH TOJBKO OT Pa3sHOCTH KOOPAWHAT. BBemeHme s/1eKTpo-
MarHUTHOTO MOJIfA JIETKO TIpoBecTH B ypaBHeHnax ['opbkosa B dopme (5.60), (5.62). 9o
nestaeTcd OOBIYHOI 3aMeHOI:

VY — (V—ieA)p Vit — (V+ieA)pt (5.90)

rme A — BHeNIHU# BEKTOp — norenmuana 4, Torma ypasuernd nag G u F1 mpumrmvaror
BUI:

{z% + 21’1 (V —ieA)? + p} G(z,z') + iAF(z,z)FT(2,2") = §(x — 2') (5.91)

01 Rt + T . .
{Zﬁt 2m(V+zeA) N}F (z,2") +iAF ™ (z,2)G(z,2") =0 (5.92)

133amerum, 9TO 37eCh, KaK M BBINE, MBI MIPOCTO IpeHeGperaeM BKJIAIOM CIAPHUBATEIHHOTO B3AMMO-
neficTBuA B COBCTBEHHO — HEPreTUIECKYH0 9acTh HOpMaJibHON dynkImu ['puna.
14TTonpasymenaerca BBIGOp KaaubpoBKH, B KOTOPO# CkaaapHbIi moTenmman ¢ = 0.
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& @

Puc. 5-5 CobcTBeHHO — sHepreTMyeckas 4acTb OT CNapuBaTenbHOrO B3aUMOMEACTBUA
Ha aHomanbHol cyHkuun MpuHa (a) u ewe opHa dopma rpacbnyeckoro npeacTasBeHNs

ypasHenuin lopbkosa (b).
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[Tpu rpagumenTHOM TTPpEOOPaA3OBAHUY:
A—-A+4+Vyp (5.93)

dbynxuuu [puna G, F u Ft npeobpasyorca Kax:

G(z,z') — G(z, m')eia[tp(r)_‘p(lﬂ)] (5.94)
F(z,2') — F(=z, I/)€+ie[¢(1')+¢(1")] (5.95)
Ft(z,2') — F*(z, m')e‘ie[w(r)'l'wrl)] (5.96)

TTOCKOJTBKY 3apAXCeHHble TTOJA 3JIEKTPOHOB MpeobpasyioTcd, PU 9TOM, KakK:
(@) — g E) gt () — gt e (5.97)

Torma “mean” A(z) ~ |A|F(z,z) mam A*(z) ~ |A|FT(z, ), KoTopble Bo BHENTHEM TOJTE
ABIATOTCA, BOoOIIE roBopd, GYHKIMAMI T, TpeobpasyloTcs MO 3aKOHY:

F(z,z)— F(z, x)ezieW(r) Ft(z,z) — Ft(z, m)e‘zieW(r) (5.98)

9TO, B COOTBETCTBUM ¢ ObIell umeosorueli teopun KaaubpoBodnbix mouieit [20], ozma-
9aer, 4TO TapaMeTp MOpAAKa TeOpUM CBepXmpoBomuMocTu (“mens”) A aBagerca 3a-
PANCEHHBIM TIOJIEM C 3apAIOM 2e, PaBHBIM YIABOCHHOMY 3apfAIy >JeKTpoHa (KoHAeHcAT
KYTIEPOBCKUX Tap)!
MepeitzeM K paccMOTpEHUIO CJIyYas KOHEUHBIX TeMIepaTyp. B MaiybapoBckoil Tex-
e 99

HUKe, HApdaay, ¢ “HOpMaJibHON’ dyuknueit ['puna sseKTpoHa, A CBEPXIPOBOJHUKA
HYXXHO BBECTH M “aHOMAJILHYIO !

Fop(T1,71;72,79) = Sp {EQW;I_H TT(’l/Ja(Tll‘l)l/)ﬁ(Tzl‘Q))} (5.99)
+ ) - QfuN—H _ _
Fls(m,r1;72,12) = Sp {e T T,—(’l/)a(Tll‘l)’l/)ﬁ(Tgl‘g))} (5.100)

TIe
Yalrr) = T H=1 Ny (x)e =N g (rr) = TNy (r)e =7 (H=#N) - (5.101)

n ycpenuenve B (5.99) u (5.100) Bemerca mo GOMBIIOMY KAHOHHYECKOMY aHCaMOJIIO
Tu66ca (2 — cooTBeTCTBYIOMMUH TepMOTUHAMUYECKUT moTenmas), Ty — omeparus ymo-
pAnoyenus mo MENMoMy (Maiy6apoBckomy) Bpemenn S,
CriunoBag 3aBUCHMOCTD 3THX GYHKIHUI oTaenderca B Buje (anagornuno (5.53))16:
— + _

Faﬁ = gaﬁF Faﬁ = —gaﬁF-I_ (5103)
Kak n G, bynknuu F' u FT 3aBucar oT pasHocTu 7 = 71— 75 U Y/IOBJETBOPAIOT yCJIOBUAM
“aHTUIEPUOANIHOCTH

1 1
F(ry=-F |17+ = Fr(ry=—-Ft (14 = (5.104)
T T
15ILJ151 HOpMaJsbHOU dbynKkImm ['prHA ONpasyMeBaeTca cTaHOapTHOE onpenesierue [1]:
Ga‘g(ﬂ'l,l'l;’rg, 1'2) = —Sp {GQ-HL']J’V_H Tq—(’ll}a(Tll'l)’LLﬁ(TQI'Q))} (5.102)

160 rmaue B 3HaKe, IO CPaBHEHWIO C (5.53)7 CBA3aHO 3/1e€Ch OTCYTCTBHEM B OIIpeHeJIEHUAX (5.99)7
(5.100) MEOXHATENA ¢, KOTOPHIA 6511 B Texauke T = 0.
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TakK 410 pAabl Pypbe MO T 174 3TuX HYHKINH COMEPKAT TOTHKO HEYETHBIE YACTOTHI £, =
aT(2n+1). Manybaposckue i — onepaTopsl ipu 7 = 0 COBHAAAIOT C rei3eHOEPTOBCKUMNI
npu ¢t = 0, mosToMy n3 cpaBHenna onpenenennii (5.99), (5.100) ¢ (5.45), (5.46) u (5.54),
HaXOIUM:

F(0,r;0,r)= Z(r) F*(0,r;0,r) = Z*(r) (5.105)

U TaK ONpe/ieJieHHasd = MOXeT pacCMaTpUBAThCA KaK KOHJIGHCATHAA BOJTHOBAsA (DyHKITHS,
ycpennennasa mo ['mboey.

VYpasuennsa “mBukenusa’ mud mMamybapoBckux dyuknuit ['puna cBepxmposoguuka G,
F, F* BeBonaTca BnosHe anasorudno Bhisomy (5.60), (5.62), mpuuem Bmecto mudde-
pennuposanus 1o ¢ auddepennupyem no 7 u BMecto (5.34) mosib3yeMca UMnI XKe, HO C
3aMeHoli it — 7. B peayabTare mosydaem ypaBHEHUS:

a vZ 1o =+ 1o / /
<_6_T+ﬁ+M>G(T’1’T’I)+/\HF (rye; 7' 2"y = 6(r — )6(x — 1) (5.106)
_3 + _V +p) Fr(rr;r v) = A2*G(r,r;7,¢) = 0 (5.107)
or 2m Y - Y .

[Tocse mepexona k pypbe — KOMIOHEHTAM 3TU YpPaBHEHWA MPUHUMAIOT BUJ;

(icn — €(P))G(enp) + AF T (enp) = 1 (5.108)
— (ien + E(P))Ft(enp) — A*G(enp) = 0 (5.109)

rIie BBEJIN:
A = M2 = AF(0r;0r) A* = A=* = AF*(0r; 0r) (5.110)

Pemenne cucremsr ypasuennit (5.108) u (5.109) numeer Buz:

_ iet€®) it ER)
Genp) = = o) + AP~ 21 2(p) (10
Ft(e,p) = A A (5.112)

e+ 8P+ AP & +e%(p)

rie €(p) maetca cHoBa BeipaxkenneM (5.68):

e(p) = VEi(p) + A2 (5.113)

B ornuune ot caydaga T = 0 3mech Bce OOHO3HAYHO W HUKAKOTO JMOOMPENETEHAA 3TUX
dynxmmit ['puna e Tpedyercd.
YpaBHenue, Onpenesdollee SHEPTETUIECKYIO IETh, HAXOIUM U3:

—k - d3
2=t r=0r=0=T Y /ﬁﬁ(enp) (5.114)

470 TocIe mozicTanoBKY (5.112) maer:

|A|T AT
Z /62 +E‘2 +|A|2 - 27‘-3 Z /62 +62( ) (5115)
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CyMMupoBaHHE MO 9acTOTaM OMATH MOXKHO BBITIOJIHUTH ¢ momolbio (2.99), uto maer
ypasuenue gma mesm Teopun BKII nyia coydaa KOHEIHBIX TeMTEpaTyp:

IAI 1 §2(p) + AX(T)
/( FOTED )th - (5.116)

CrolicTBa 3TOr0 ypaBHeHus Xopoino usBecThsl [2, 5, 11, 21], nosTomy MbI He Bymem 3a-
HUMAaThCA TOApoGHBIM pemenneM (5.116), a mpocTo OTMETHM, YTO OHO JaeT W3BECTHYIO
Temreparyphyio 3asucumocts meaun A(T) reopun BKIII. B wactHocTn, miess obparia-
erca B Hysb npu T = T¢, onpenengdemoii (5.31). Do caenyer us roro, 4ro mpu A = 0
ypasuenue (5.116) cBomurca k:

1=

wﬂ/w Lpl (5.117)
0

272 €T
KoTopoe, (haKTUIECKN, COBTAJAET C ypaBHEHUEM, ONPEAe IAIONINM T0JI0KEHNE MOJTIoCa B
kynepoBckoii “mectanne” (5.30). Mipu 7' = 0 (5.116) cBopurea k (5.73), Tak uTO CHOBa
nonyvaem (5.76), (5.77) Ag = %Tc.
Ypasuenua Toprrosa (5.108) u (5.109) MoxHo nepenucarh B BUJE:

(I
—&p)  ien —E(p)

A*G(eqnp) = —

G(enp) = = AFt(e,p) (5.118)

1 1
—ien, — &(—p) ien +£&(p)
anasnorngnoM (5.80), (5.81) u npencraBieHHOM B aumarpaMMHOM BHie Ha Puc. 5-4, rme
Tenephb cJenyeT MoHuMaTh p = (g, p). Urepupya (nomcrasnsaa muorokpatho (5.119) B
(5.118)) mosrydaem mis HopMmasbHoil dyHKun ['puHa pasiokeHUe B PAS TEOPUU BO3-
Mytennii mo A:

Ft(e,p) = A*G(enp) (5.119)

G(eap) = ——— AP n
P —&(p) ' ien —&(p) (i€ + £(p)) (i — £())
1 |A|4 -
+i5n —&(p) (ien + £(p))2(icn — €(p))? + =
ien +£(p)

(i) — €(p) ~ AT 0420
nokasanHoe Tpadudeckn Ha Puc. 5-6 (a). Pesyabprar cyMMupoBaHus#, 3TOTO PAAa, eCTe-
cTBenHO, coBnagaet ¢ (5.111). AnasornansiM obpasom, MoxkHO ypasHenue (5.118) moz-
craBaath B (5.119) “renepmposars” mmarpamMmubiii pan aaa F¥(g,p), mokasaHnbii Ha
Puc. 5-6 (b), B KaxkmoM dJjieHe KOTOPOro (bUrypupyeT HEYeTHOE YUCJIO JIMHUH B3au-
MogzefictBus ¢ “nonem” A, m koropwiit cymmupyerca B (5.112). O6patum BHEUMaHUE,
YTO B Pa3JIOKEHNN aHOMaJIbHOU hyHKIuu ['puHa OTCYyTCTBYET YJI€H HYJIEBOTO MOPAAKA

o B3ammMoielicTBuio — “cBobomHoil” aHoMasIbHON GYHKIUN He cymeCTByeT17. 3aMeTuM
Takxke, 9To aHOMaTbHadA Gynkmua ['puna F+ aBHo saBucuT ot hasw “nona” (mapamerpa
nopsanka) A.

Anasornyno (5.82) Beipaxkenus ng menn (5.110) u (5.114) moxno 3anucars Kak:

A=)XE= Z / F(enp) (5.121)

n=—0oo

17Ona BosHWKaeT IIpH BBENEHAN GECKOHETHO MaJIOTO “60oro/r060BCKOro” HCTOYHAKA KYIIEPOBCKAX IIap
B paMKax HWIIeoJIoTHH KBasucpenaux [11, 25], koTopsrii nefictByeT Kak 6eckoHedHo citaboe “mose” A.
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A
p % - % P
-P—i—p = —E— + —E E p— +

A*
u = ﬂ-p—épk 4-

-pgp § -pgp
+ « P « > + ...

Puc. 5-6 [uarpammHoe pasnoxeHue HopmansHon yHkuuu [pruHa B psig no creneHsm A.
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n n306pasuTh rpaduKoM, MokasaHHBIM Ha Puc. 5-5 (a), Tak uro ypasHeHusa [opbkoBa

OpUMYT BUJI, OKasaHHbIil rpadudeckn va Puc. 5-5 (b).

MoxHo, pasyMeeTcda TOCTPOUTH W GOJIEE COBEPUIEHHYI0 TEOPHIO CBEPXIPOBOIMMOCTH, OCHOBAHHYTO
He Ha IPAMEHEHHH MOIEBHOrO clapusaresbHoro B3amMoneticrsna BKIIT — Topskosa (5.33), a Ha Go-
stee “peasmcTmaeckoil” Momesm »/eKTpoH — ¢oHOHHOTO B3amMomelictema (rammisronman Ppesmxa).
DTa TeopHA CTPOUTCA HA OCHOBE CHCTEMBI ypaBHEHUI yia HOpMaJbHOU n aHoMasbHON dynkmii [ 'praa
CBEPXIIPOBOIHUKA, HOKasaHHOI rpadmaeckn Ha Puc. 5-7. Crpykrypa stEx ypasrernit (I M.Dmmambepr,
1960) scHa 6e3 maspHelmmx mosAacHeHuil. Pasymeercs, peneHne aTuX unme2pass vy ypaBHEHUH, C yde-
TOoM ocoberHOCTEll peabHOTO crieKTpa (GOHOHOB, MPENCTABIAET coboll BechMa TpyHHYIO 3amady. Tem
He MeHee, 3eCh GBI NOCTHTHYT cymectBeHHEIH mporpecc (W.L.McMillan, 1968) m Teopma Tpamm-
IIMOHHBIX CBEPXIPOBOIHUKOB, OCHOBAHHAA HA KAPTWHE CIIADWBAHUA 3a CYET 3JEKTPOH — (DOHOHHOTO
B3aMMOJIEHICTBUA ABJIAETCA MMPEUMEPOM BeChbMa yCHENTHOTO TpUMeHeHNA MeTona dbyHkmuit ['pmra. [Ipe-
KpacHOE W3JI0KEHWE METOIIOB aHAJIN3a ypABHEHWH Damambepra W pe3yIbTATOB WX MPAMEHEHHUA MOXKHO
HaliTh B [26].

B remmeparypHoil TexHWKe Takke yHoOHO HCIOJIb30BaTh MaTpuaHbil dopmanmsm Hamby, korna B
nonosEerwe K (5.99), (5.100) m (5.102) BBOmETCA emre:

N Q+uN—H _
Gaﬁ(’rl,rl;ﬂ'g,l'g): —Sp {6 T TT(¢a(Tlr1)¢5(72r2))} (5.122)
u marpuna byakmui ['pura:
i Gnp)  Fp) )
& _ ! 5.123
o= () e (5-123)
KOTOopad yIOBJIETBOPAET eTUMHOMY MATPHYHOMY YpABHEHWIO BUIA:
~ 1 ~ ~
{ianl —6.€(p) — 3 (A&"‘ + A*a—) } Gp) =1 (5.124)
KoTopoe conepXkuT B cebe (5.108) m (5.109) m aHAIOTHIHBIE ypaBHEHAA [IJIA GuF
(ien — €(P))F(enp) + AG(e,p) =0 (5.125)
(izn + £(P))G(enP) + A*F(enp) =1 (5.126)

Marpranas dysxnua ['pura (5.123) moxer 6Tk sanucana kak (¢ = (7,r)):

A v =< TYalz)dg(z2) > — < Topalwr)dplza) > ) _ WVt (e
Gersen) = (2 < Tum(o1)bo(es) >  — < Ttha(or 1a(es) > ) = < Tt E) > 5120

TIIe YTJIOBBIE CKOOKHM 0603HA4YaIOT ycpemHeHne o | m66cy, a cnmaophl HamOy mmeror BHI:

P(a1) = ( 3283 ) Ot (22) = (Yalwa), ¥s(z2)) (5.128)

BosaunknoBeHmne marpuanbix yaknuit ['puaa tuna Hamby, Bkimogatommx B ceba “amomasibabie” GyHK-
YW, ABIAETCA THIWIHBIM B CHCTEMAaX CO CHOHTAHHBIM HapylleHHEM CHMMETPHH (IIpeTePIEBArOIHX dha-
soBste epexonst 11 poma) [24]. Yno6cTBoM Takoro npencraB/IeHRA ABIAETCA TO OGCTOATEIBCTBO, 9TO BCE
IMarpaMMBl MOXKHO M306pakarh KaK B TEOpAU “HOPMAJIBHOTO' COCTOAHMSA, HO MIPHA 3TOM TpaduIecKuM
2JIEMEHTAM CJIEITYET COMOCTABJIATH MATPAIHBbIe QyHKIHA | pUHA, TaK 9TO PEAJbHO BOSHAKAIOT CHCTEMEI
CBA3AHHBIX YpaBHEHUH myidA “HOpMaJbHBIX u “aHOoMasbHBIX” GyHKIHIL.

CBerHpOBO,H,I/IMOCTL B HEYIIOPAOJOY€HHOM Me-
TaJlJie.

PaceMoTpuM cBepXIpOBOAHUK, B KOTOPOM HMEIOTCA CJyYailHO pacmnpejie/ieHHbIE B TPO-
cTpaHcTBe (¢ KOHIEHTpalueil p) MpuMecH, MOTEHIMA] KOTOPBIX (TouHee ero ¢yphbe —
obpas) ectb v(p). B mpuHnumE, 5TY 3ama9y CJEAyeT paccMaTpUBaTh TaKkKe, KakK BBIIIE
paccMaTpuBaJIUCh MPUMECH B HOpMaJibHOM MeTasiie. OTindne CBEPXIIPOBOIHUKA B TOM,
9TO B HEM UMeeTcda “HopMajbHaa u “aHomasbuaa ¢yuknun ['pura. CooTBETCTBEHHO,
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Puc. 5-7 [QuarpammHoe npeactaBneHne ypaeHeHuin Inuawbepra. [yHkTupHas nuHus
obosHauvaeT cyHkumnto [puHa choHoHa.
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HYXHO MUCATh CUCTEMY YpaBHEHWH 115 06eruX 5TuX HYHKIHA{, yCPETHEHHBIX 10 Xa0TUYe-
cKUM KoHduryparmam npumeceii. “IIpumecnaa” gmarpaMMuas TeXHUKA TMeET OOBIIHBI
BUJI, TOJIBKO Telleph B rpadukax Gburypupyor “Hysenble” (B CMBICIE TEOPUN BO3MYIIe-
HUii Mo mpuMecHoMmy pacceanmnio) dbynknmm Ipuna G u FT. Tyr, mpasma, ecth omHa
TOHKOCTH — BBEIEHWE MpuMeceil, Booblle TOBOp#, NPUBOIUT K W3MEHEHHIO (T.€. TpH-
MECHOH 3aBUCHMOCTH) 9HEPreTHYecKol memu (mapamerpa mopanka) A(r), A*(r). 9o
06CTOATETHCTBO MOKET CUJIBHO YCJOKHUTH JMATPAMMHYIO TEXHUKY, TIOCKOJIBKY COOT-
BETCTBYIOIIUE TIOMPABKU K A 6yIyT ONpeaenaThcd U3 NHTETPAJIbHOTO YPABHEHU, BBUILY
Toro, uto A(r) = AF(z, z). TloaToMy 0OBIUHO TIpEATOIATAETC CaMoycpednaemocmsy (He-
cyqaiffocTh) CBepXmpoBoAAIIero mapamerpa mopaaka: < A(r) >= A (rme yriossre
ckobku obosHavaloT ycpennenue o npumecam), < AZ(r) > — < A(r) >?= 0, Tax 4To
BCe TIONPABKHU OT IIPUMECHOTO PacCedHnd 3aHy IAI0TCA. DTO MpenmooKenne'® B maan-
HefiieM MOATBEpAUTCA HANIUM KOHEYHBIM PE3yJIbTATOM, U3 KOTOPOTO OyIeT BUIHO, 4TO
BCe Beqm4uHbl Tuna F'(z, ) He MeHdAOTCA Npu HobaBseHnu (HEMAarHUTHBIX) TpUMeCced.
IMosToMy muarpaMmHas TEXHUKA JIJid pACCedHUdA Ha TMPUMECHX COXPaHAET WU3BECTHBIN
HaM BWJ — MyHKTUPHOHN JIMHUM C KPECTUKOM, TIO — MPEXHEMY, COMOCTABJIAECTCA MHO-
®uTesanb pv’(q), a 9acTOoTa 3JEKTPOHHON JUHWEA B TPUMECHON BepIIWHE He MEHACTCA.
Bce onenku, nosposidmomnie mpenedbperaTh mepecedeHneM MyHKTUPHBIX JIMHUA OCTaloTCd
B custe. YpaBHeHus ny1a ycpemuenubix G(p) m Ft(p) mmeror rpaduyeckuii Bum, moka-
3aHHbI HA Puc. 5-8 u monaTtHeril 6e3 maabHERINX TOACHEHUN. DTy CHCTEMY ypaBHEHUIA,
MOJT3yACk ABHBIM BiIoM yHKmi ['pura “aucroro” ceepxnposomgunka GO u F (0 ko
TOPBIfi MBI HAIILTH BBINIE, HETPYIHO HIPUBECTH K CJIEAYIONIEMY (OTHOCUTENBHO) TPOCTOMY

sumy [1]°:

(ien — €(p) — G2)G(p) — (A + F.)F*(p) = 1 (5.130)
— (ien +£(p) — G_e) ¥ (p) + (A" + F})G(p) = 0 (5.131)
TIe:

Ge= 1 [ G55 o -~ PG 6.132)

) e '
Pt = / Iy lo(p — p")PF+(p') (5.133)

€ p (27]')3 N

T7le CHOBa MoJipasyMeBaeTcd 0O03HAYEHUE P = (p, En). ~ ~
Pemenme 3710l cucTeMbl ypaBHEHU UMeeT BU, (HI/I}KG MBI yBUAUM, 910 G, = —G_E):

_ ien — G: + &(p) .
G =~ G e + AT PP (5.134)

A+ FF
(20 — G +€(p) + [A+ P

IToncranoBka »TUX BhIpaXKeHUit B (5.132) u (5.133) JaeT IBa ypaBHEHUA JIJId OTpeaee-
nua G, n F.¥. Kak u panbure (mpu paccMoTpeHUN HpuMeceii B HOpMaJIBHOM MeTasljIe),

F*(p) = —— (5.135)

coOCcTBEHHO — 3HepreTmdeckasa YacTh (. CONEPKUT HEKOTOPYIO KOHCTAHTY, KOTOPYIO
MOXHO paccCMaTpUBaTh B KAYECTBE aJAUTUBHON M0O6aBKY K XUMIOTEHITHATY. DTOT BKJIAL

18 @ak Tdeckn, 0HO MOXKeT GBITH ONpPABIAHO B Ipeneste ciaaboro Gecnopanka prl > 1, Epr > 1.

19TIpu pv(p)? — 0 ypasmernma (5.130), (5.131), ecrecrsenno, nepexonar B (5.108) m (5.109). Hyxmo
TOJIBKO y9eCTh, 9TO B COOTBETCTBHH c obosHadeHmAMH [1], BMecTo (5.110) m (5.121) MBI onpemengem
3M€ecCh:

A= \F(z,2)  A* = |M\F(z,2) (5.129)

9TO NIPHBOIUT K HEKOTOPOMY Pa3/IHMdHIo B 3HaKaX (o cpasHeHmIo ¢ (5.108) m (5.109)).
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\IVV\MN\:D

———— > + N S TN + = = | ——pengulagep
&
A
/*\\ ,/*\‘
—pn = g + + e

Puc. 5-8 VYpasHeHusn [opbkoBa ons cBepxnpoBOgHMKA € MPUMECAMN.
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He 3aBICHUT OT TEMIIEPATYPHI I TPOUCXOANT, B OCHOBHOM, U3 — 33 WHTETpUpoBaHud 110 d°p’
BraJim oT noBepxHocTu @epmu. [losTomy sTOT YmeH, dakTUIECKH, TOT Ke CaMblli, 9TO U
B HOPMaJIbHOM MeETaJlJIe!

5u%p/%lv(p—p’)|2@ (5.136)

MMosromy, dakTudeckn, B (5.132) n (5.133) mocTaTouHOo MPOMHTErPUPOBATE TIO JIMHEAPH-
30BaHHOMY crekTpy (BOm3u mosepxuocTn ®Pepmn), tak uro (5.130) u (5.131) nepenn-
nIyTcd Kak:

(i£. — E(p))G(p) — AF*(p) =1 (5.137)
(in + E(P))FH(p) — A*G(p) = 0 (5.138)

rae - N
18, = ig, — G = ien, + pvivp /_Oo dg—(iéngin_jgg e (5.139)

- _ oo A
A:A—}-Fg:A—f—p’uzI/p‘/_oo dE_(ién)2+£2+A2 (5140)

TJle MBI YK€ TEPENLTH K MOJIEJW TOUYEUHBIX mpuMeceil. 3aMeTuM, YTO BKJIAJ BTOPOTO
caraeMoro oy, uaHTerpasioM B (5.139) paBen mysio (M3 — 3a HEYETHOCTH), TaK YTO:

G. F.
— == 5.141
1€y A ( )
Teneph MOXKHO HaTIUCATD: } )
A=A+ F. = An, (5.142)
i€y = ign — Ge = igame (5.143)
re 7. onpeneaderca (cp. (5.139) u (5.140)) ypaBHenunem:
d¢ e w
. S IS N— 5.144
=l | @ @ +A2 gt Al (5.144)
roe yu€m, 9To pvlvp = ﬁ OxoHYaTe/IbHO, HMEEM:
1
(5.145)

=14+ ——
7 2r\/e2 + A?

Takum o6paszoM, ycpeaHEeHHBIE TI0 TOJOXeHuAM npumeceii pyuxknun ['puHa cBepXIpoBO/I-
mnka G(p) u F'T(p) mosryqaiorcs n3 cOOTBETCTBYIOMWX TOPHKOBCKUX hyHKIHT “amcToro”
csepxnposognuka (5.111) u (5.112) npocroii 3amenoii:

{Ena A} - {Enna; Ana} (5146)

Torna noBTop#AaA BeIuucaenus, seaymme K (5.114), (5.115) u (5.116), moxno y6eamrhed,
9TO BEJIMYMHA 1), TPOCTO BBHITIAJAET W3 ypaBHEHU: 4 cBepxnposomamei memm A(T),
HMOCKOJILKY TIOCJe Mepexofa K TepeMeHHOi MHTerpupoBaHuda & MOXKHO cleaTh 3aMeHy
nepeMenHOW & — £/n, KoTopas HW Ha YeM He cKa3biBaeTcsd. [loCMOTpHM KakK 3TO TO-
nydaerca nompobuee. 3amena (5.146) B (5.114) n (5.115) maer ypaBHeHume nada uiean
CJIeIyIONIero BUiA:

IAIT / 7e / N
AT
Z_ TrE T E(p) T AP A n_z_w SInZ + €2 + |AP2
(5.147)
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Ypasuenue nna T, mosydaem, mosarad B (5.147) A = 0:

(AT e
= (2m)3 z_: / 77a+€2 ~ DT Z / e2n? +&7 (5.148)

n=—oo Y ~WD

e .
J 5.149
7 2)en|T ( )

Tenepb ,HO6aBI/IM 1 BBIYTEM B IMOJUHTETrpaJIbHOM BBIDAXEHUN TOTOa, UCIIOJIb3YdA

1
e2+€2”
croBa (2.99), nepenucsiBacM ypaBHenue s Tp Kak:

W D d€
1= |)\|I/F/ : th_ +
Ly 262,

e 1
A E - 5.150
HRlvr / Rni & e+ ¢ (5:150)

n=—oo Y ~WD

Bo BTOpOM mHTerpase (BBULY €ro GBICTPOR CXOMUMOCTH) MOXKHO YCTPEMHUTH Wp — OO.
Toraa, nocse 3aMeHbl IepeMeHHOM uHTerpupoBanud & — £ /1. B IIEPBOM CJIaracMoM, OHO
OKa3bIBAETCH PABHBIM BTOPOMY, TaK YTO OHU B TOYHOCTU KOMIIEHCHUPYIOT IpyT Apyral
B pesyabrare (5.150) cBomurca kK ypasaenuio (5.117), onpenengaiomemy 7, “ancroro”
cBepxnpoBognuka (5.31).

AHasIornYHBIM 06Pa30M MOXKHO PaccMoTpeTh U “nosnoe” ypasaenue (5.147), onpe-
nensiotiee A(T) B npuMecHOM cBepxTpoBoaHuKe. B pesynbrare ono ceenmerca K (5.116)
Aag “amcroro” caydad.

Takum obpasom T, nu A(T) cBepXNpPOBOAHUKA ¢ “HOPMAJBHBIME” (HEMATHUTHBIMN)
IPUMECAME BOOOIIE HE 3aBUCAT OT HAJUYHUA >TUX MpuMeceit B Merasie (A.A. AGpukocos,
JL.IL.Toprkon, 1959)%°. Mer mostydusin »TOT pesyabTaT B mpejese ciaaboro Gecrnopsaaka
prl > 1, EpT > 1, xorma MoxXHO mpeHedpedb “NepekpecTHbIMI’ TpadUKaMy MPUMec-
HOTO pacceanuda. PaKTUIECKN, 3TO YTBEPKIEHNE UMEET Jaxke Hosiee MUPOKYI0 0671aCTh
npumenumocTr [16], moka MBI TpearnosiaraeM caMoOyCpemHAEMOCTh CBEPXIPOBOAMAIIETO
mapaMeTpa mopAnka (uiesn). Bece 970 MOCTATOYHO XOPOIIO COOTBETCTBYET 3KCIIEPH-
MEHTAJBHO W3BECTHOW 0mMHOCUMeAbHOT YCTOWINBOCTH CBEPXIPOBOIAIIETO COCTOAHUS B
OOJTBIIMHCTBE METAJIJIOB K BBEIEHUIO HE CJAUIMKOM DOJBIIOTO KOJIUIECTBA HEMATHUTHBIX

npuMeceil (pasynopsamodeHns ).

Pasymeerca, BBumy upessrraaiinoit ynpomerarnoctn momesmm BKIT, momygennsrit BerBom aBageTca no-
craTogHo orpaRmYeHHEIM. HampuMmep, pasymopsmogenme BemeT K pocTy 3¢bdEKTHBHOTO OTTATKHBAHAA
(3a cger pocra KyJIOHOBCKOTO IICceBIonoTeHnmHama [11, 21]) 2/IeKTPOHOB, COCTABJIAOMAX KyIEPOBCKYIO
mapy, ¥ COOTBETCTBYIOWIEMY CHIDKeHHUIo 1. [16]. DTo BRIBOA HecnpaBenms u B pamkax momeau BKII,
KOT[la pedb UIET O CBEPXIPOBOMHUKAX C aHU30Tpommueil aneprermaeckoil meam Ha moBepxaocTr Pepmu
(mampEMep HyA cECTEM, B KOTOPBIX 00pasylTCA KYHNEepPOBCKHE HMaphl B COCTOAHMAX C BHICHIIME opom-
TaJIbHEIMA MOMEHTAMU, TUTIA CJIydad d — CIAPDABAHUA B BEICOKOTEMITEPATYPHBIX CBEPXITPOBOIHIKAX HA
ocHOBe okcuIoB Menu). B aToMm cirygae, BBenenne mpumeceil, Kak IpaBUIIO, CHJIBHO IIOHABJIAET CBEPXIIPO-
BomuMocTh [16]. OcobeHHO APKMM MPUMEPOM TAaKOTO pofa ABJIAETCH IOIABJIEHHE CBEPXIIPOBOIIMOCTH
MAarHWTHBIME (IIapaMarHATHBIMEA) IPAMECAMHE (T.€. IPAMECAMH, 06/IaSaf0lMA CBOGOIHBIM HECKOMIIEH-
cupoBarHBIM cimHOoM S) (A.A.A6pukocos, JI.IT.Topekos, 1960). PaccmorpuM KpaTko cyTh mena.

Ecnm B cBEepXNpoBOmHWKE WMEOTCA MapaMATHUTHBIE IPUMECH, TO B MOTEHIAAJIE B3aMMOIIeHCTBAA
2JIEKTPOHA C MIPAMECHBIM ATOMOM €CTh 9JIeH 0OMEHHOTO B3amMOIecTBAA:

V(r) = v(r) + J(r)(S-s) (5.151)

rze J(r) — coorBeTcTByFommit 06MEHHEI HHTETPAJL, S — CIIHH IPAMECH, S = %cr — CTIIWH »JIEKTPpoHa. B aToM

cydJae, IpA paCCMOTPEHUN TAATPAMM IIPUMECHOTO PACCEAHNUA B ypaBHEHUAX | OpbKOBA, IOKA3aHHBIX HA

20rorma 510 yIBEpXKIeHMe HA3BIBAIOT TeopeMoil AHIEpCOoHa, KOTOPHIA He3aBHCHMO IIOJIyYH/I TaKoi
JKe pe3yJIbTaT HeCKOJIBKO HHBIM MeTomoM [21]
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Puc. 5-8, Hy’)HO aKKypaTHO yIeCTh CIIMHOBYI0 cTpyKTypy G m F't. Briure Mb1 Bumesn, aro Gap = Géqap,
Fap = gapF, F;}J, = —gaﬁF‘l', Ioe gag = iagﬁ (cm. (5.52)). B pesysabrare okasbBaeTcs, 9TO BKJIAIBL
oT Broporo ciaaraeMoro B (5.151) B mpuMecHBIe COGCTBEHHO — HEPTETHIECKHE 9aCTH B ypaBHEHHAX Puc.
5-8, HOCTPOEHHEIE Ha HOPMAJILHBIX M aHOMAJIbHEIX GyHKImAX [ opbKoBa, omauxaomes snaxom?! . Torma
BMeCTO 00unak060l MEPEHOPMAPOBKH e, B A tmma (5.142), (5.143) m (5.145) BOSHEKAIOT ypasHenui:

t€p

iEp = den + ———u (5.152)
27’1\/ 5% + A2
. A
A=A ————— (5.153)
27’2’\/ 5% + A2
TIae
1 1
— = 271pup (v2 +-S(S+ 1)J2) (5.154)
T1 4
1 2mprp (v2 - lS(S+ 1)J2) (5.155)
T2 4

IJie MBI OPHHAIN MOIE/Ib TOYEYHOTO HOTEHIUAIBHOIO U OOMEHHOIO pacCEeAHUsA, a TaKKe yCPETHUIIN
110 OpHEHTAIIMAM TPUMECHBIX CIIMHOB, 3ammcaB < S2 >= %S(S + 1). Kpome Toro, MBI ywim, 910 mIA

3IEKTPOHHOTO CITHHA S2 = %02 = % PasnocTs BeIpaskennit, croammx B (5.154) m (5.155):
1 1 2 1 s
—_——_-—_—= = T.€. — = —7mpJ?upS(S+1) (5.156)
T1 T2 Ts Ts 2

oIpenessAeT o6paTHOE BPEMA pacCeAHAA (B TOM 9UHCJIE, C IIEPEBOPOTOM CIIMHA) Ha OGMEHHOM HOTEHITH-
asie. Xorsd, paKTHIECKH, BCETHA BHIMOJIHAETCA HEPABEHCTBO _rl—s <L %, TIIe T — BpeMdA MOTEHIHAJIBHOTO
paccedHUdA, UMEHHO Ts ABJIAETCHA CYyUIECTBEHHBIM IIapaMeTpPOM MJIA CBEPXIpOBomuMOCTH. |lociiemoBa-
TepHBI aHaamsZ? YpaBHEHUA IJIA CBEPXOPOBOIANIEN TIe/ T, BOSHUKAIOIIETO W3 (5.134)7 (5.135) nm
(5.137), (5.138), c mcmosbsoBarmeM (5.152), (5.153), IPABOOMT K CJIENYIOIIAM BEIBomaM. PaccesHme Ha
MAarHUTHBIX OPUMECAX IPUBOIUT K CAJIBHOMY IOIABJIEHUIO TEMIIEPATYPBI CBEPXIIPOBOIANIETO IIEPEXOIA,
KOTOpO€E ONUCHIBaeTcA ypaBHeHUeM A6GpukocoBa — ['oppkoBa:

o) ()

e Tep — TeMIepaTypa CBEPXIIPOBOIAIIETO TMEPEXOIIAa B OTCYTCTBHUE TIpUMeceit,

o(z) = D) -y 3 + f: (% _ 1t ) (5.158)

In

I'(z) n4+z

— sorapudMudecKan npomsBonHad || — dyEkmmn (muramma dyskmma), Iny = ¢ = 0.577... — mocto-
AHHAA Ditstepa. XapakTepHBII BUI BOSHUKAIOIIEN 3aBUCHMOCTH TEMIIEPATYPBI Tiepexona 1. 0T 9acTOTHI
o6MeHHOTO paccedHUudA NoKasaH Ha Puc. 5-9. CymiecTByeT KpUTHYECKOE 3HAYEHUA JACTOTHI PACCEAHUA
(ompenenAromIee KPATAIECKYI0 KOHIEHTPAIMI0 MATHATHBIX IIpAMecei ):

1 ks TCO AO

™
—_ = = roe A = — 5.159
TE 27y 2 0 ~y <0 ( )

[IPH TOCTHIKEHUA KOTOPOTo (C POCTOM KOHIEHTPAIINA MarHATHBIX IIPAMECEil) CBEPXIPOBOIAMOCTD HCIE-
saer (1. obpamaerca B HyJb). [Ipn caabom paccesnnn (Masoif KOHIEHTpamyy IpuMeceil) T, — co B B3

(5.157) mmeem:
™

Te = TcO —

(5.160)

Tak 9ro mpomcxomuT HeGosmbmoe camkenne .. OTMermm, 910 3aBUCAMOCTD 1 OT KOHIEHTPAIIHA MAar-
HUTHBIX OpHMecell, onpenenaeMasn (5.157), HEMOCPEICTBEHHO MONTBEPKIAETCA Ha 3KCIEPHMEHTE.
Hpyroit samegarerbHON 0COGEHHOCTHIO MOIEJA C MATHATHBIME TTPAMECAMY ABJIACTCA CYyHNIECTBOBA-
aue Ha “dasoBoit nmarpamme” Puc. 5-9 yskoit obacTu rie, KaKk ITOKA3bIBAIOT HE€TAIBHBIE PACIETHI HA
ocHoBe ypaBHeHm# (5.137), (5.138) m (5.152), (5.153), cymecTByeT Tak HashBaeMad GeCUENEEAA CBEPX-
nposogEMOcTh. B aToM cocroanmm T m mapamerp mopanka A ocraoTcA KoHeYHBIME (A ofpamaerca B
mysns npu T = T.), Torma Kak sHepreTmdIecKad WIEJIb B CIEKTPE 3I€MEHTAPHBIX Bo30yXkIeHMIL (TodHEe
B IUIOTHOCTH 3JI€KTPOHHBIX COCTOHHMUI) orcyrcTByer. llesio s3mech B TOM, 9TO IpH Ha/IHIWNH IpHMeced
mapamMeTp Topanka A yxke He HTpaeT, BOOOIIEe TOBOPHA, POJIb IMEJH B CIIEKTPE, a PACCEAHME Ha MATHHAT-
HBIX TPUMECHAX 3Ty IEJTh “3aMBIBaeT”, 9TO TPUBOOUT K XapAKTEPHOMY BHIY TLIOTHOCTH COCTOAHWH C
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Hopmansweid memann

becwenegod
Ceepxnpo8odrL K

C6epxnpogoduux
co uienoro

RIT

Puc. 5-9 3aBucumocTb TemMnepaTypbl CBEPXMPOBOAALIErO Nepexofa OT HacTOTbl paccesHUA
Ha MarHUTHbIX MPUMECAX N obnacTb cyllecTBoBaHMA BeclueneBoin’ CBEPXMNPOBOAUMOCTHN.

[ ¥ (e)/N(0)

Z(MS /h)?

fi /er £

Puc. 5-10 [1noTHOCTb 3/1€KTPOHHBIX COCTOAHUA B DECLLENIEBOM CBEPXMPOBOLHIKE.
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“mceBmome b0’ , KadecTBEHHO oTaHIHOMY oT pesyabrara BKIII (5.79) m mokasamromy Ha Pumc. 5-10.
CrepxnpoBomANHil OTKJIMK CHCTEMEBI TIPA 3TOM COXPAHAETCH.

IMouemy cBepXmpoBOIAIEe COCTOAHUE YCTONUMBO K BBEIEHUIO HOPMAJTBHBIX MTPUME-
ceil, HO HEyCTOWYMBO MO OTHOUIEHUIO K TpUMecdaM MarHUTHBIM? [leso 3pech B ToM, 94TO
0OBIUHOE MOTEHTMAILHOE paccednne meficTByer Ha oba 3JIeKTpOHA, COCTABIAIONINE KY-
MEpPOBCKYIO TIApy OJWHAKOBO, MOTOMY Tapa u “BeikuBaeT”. B Toxe Bpems, MarHUTHOE
paccesdHne TO PAa3HOMY JEHCTBYET Ha 5JEKTPOHBI Maphl, TOCKOJILKY (s paccMaTpu-
BaEMOTO HAMU CHHTJIETHOTO CIAPUBAHUA) UX CIUHBI HATPABJIEHBI MPOTHBOMOIOKHO —
TMPONCXOANT “pacmapmBanme”, T.e. pa3pylieHne KyMepOBCKUX Tap.

Pasnoxenne I'mu3oypra — Jlanmay.

XO0poIlo U3BECTHO 3HAYEHNE, KOTOPOE UMEET B TEOPHUH CBEPXITPOBOIMMOCTH UMeeT dheHo-
MEHOJOTHYECKNH TTOIX0 I, TpeaiokeHubii ['musdyprom n Jlanmay (1950) M OCHOBAHHBIN!
Ha pasJIoXeHnn CBOOOTHON SHEPTUN 10 CTEMEHAM TTapaMeTpa TopAaKa, W TO3BOJIATOIINH
ONMCcaTh OCHOBHBIE CBOMCTBA CBEPXIMPOBOAHMKOB BOJM3M TEMIEpaTyphbl CBEPXIPOBOI -
mero mepexoga [2, 11, 21]. Tlokaxkem, Kak 3TO pa3JiokeHUE MOXKET OBbITh BHIBEICHO U3
mukpockonudeckoii Teopun BKIII. Brepsoie 1o 6n0 caenano Topskossim (1959), Ho
HUXKE MBI UCIOJIb3YeM HECKOIBbKO MHOI MeTos [16].

PaxTUYeCKN HaM JOCTATOYHO PACCMOTPETH 3JIEKTPOHBI B HOpMaJsbHoM Metasie (T >
T.), pacupocTpangiomuecs B ciaydaiiHom “mosie” TepMomuHaMudeckux baykTyarmmii??
CBEPXIPOBOAAIIETO TTapaMeTpa mopagka Aq, XapaKTepu3yeMbliX GUKCHPOBAHHBIM (ma-
JIBIM) BOJIHOBBIM BEKTOpOM (. Torja MOXHO 3ammcarh CJeLyonmii raMIIbTOHIaH B3a-

uMoaencTBud IJICKTPOHOB C 3TUMM (b.TIyKTyaHI/IHMI/I24Z

Hiny = %: {Aqa§+afp_ + Aaa_p_am} (5.161)

Ile, KaK 0ObIYHO, ICIOJIb3yeTcs obo3Hauenue py = p % 1q.

PaccunraeM Termeph MONPaBKY K TEPMOANHAMUYECKOMY MOTEHIHATY (CBOGOTHON
sHEprUN) cucTeMbl, cBasanuyo ¢ (5.161). Cormacuo [1] mompaBka K TepMoanHaMUYe-
CKOMY TOTEHIMAJy OT JIIo60ro B3amMOJEicTBUA BhIpaXkaeTcsd Yepe3 CpelHee 3HAYEHUE
Mary6apoBCKoOit S - MaTpUIIBI:

AF=-Thh<S> (5.162)

T7e YIVIOBBIE CKOOKHM 0bo3HadaioT rubObCcoOBCKOe cpeHee, a

S =T, exp —/T d7THine(T) (5.163)
0

1 OIIpeneJIdeTCd nemacedviM pPal3JIOKECHUEM IO CBA3HBIM JUarpaMMaM:

AF =-T{< 8 >, -1} (5.164)

21910 cenyer us Oayb 6058 = Ons0ss = o? 8ap M Oayg-5063 = —a2ga5, rme 02 = 3.

22[Tompo6HOCTH pAaCIeToB MJId AHAJIOTHIHON 3aMaqdn GymIyT IpUBedeHs B ciemyomeit [ase.

233tu QuIyKTyanunm CIATAEM CTATHYECKHMH B JOCTATOYHO “IIaBHEIMK’ B ITPOCTPAHCTBE.

24310T raMIIBTOHIAH MOKHO PACCMATPHBATH TaKkKe KaK OIHCHBaoumii B3anMoneiicTsre ¢ cygali-
HBEIM “HCTOYHUKOM KYIEPOBCKHX TIap.
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HOuarpammer anga < S >, —1 UMeOT BUI 3aMKHYTHIX METEJb W CTPOATCA TO OOBIY-
HBIM TIpaBHJIAM JMATPAMMHOI TeXHWKW (/19 JaHHOTO BHa B3aMMONCHCTBHUSA), C TeM
OTSIMYMEM, 9TO B N-M TOPAJKE TEOPUHU BO3MYIIEHU{ Tepen Kaxao#l amarpammoil (ecsm
CYMTATh OTJIMIHBIMA TOJBKO TOTOJOTMYECKH HE3KBHBAJCHTHBIE NUATDAMMBI) MOABJIIA-
eTcs MHOXHUTEb + [1].

B oTcyrcTBHE BHENIHENO MAarHUTHOTO MOJIA”° pasnoxkenuwe [wmusbypra — Jlammay
(TJT) moist pasHOCTH CBOGOMHBIX HEPTHIl CBEPXTPOBOALAIIETO W HOPMAJBHOTO COCTOTHUS
0bbIYHO 3anuchiBaeTcd Kak [21]:

25

B
Fy — F, = A|JA(®)|? + 7|A(1) YL CIVA(r))? (5.166)
Ecsam manucars dypbe — pasiioxeHue:
Alr) =) Aqe't® (5.167)
q
M OCTABUTH TOJBKO ONHY yphe — KoMronenty, To (5.166) cremerca K:
B
Fy— Fp = A|Aq* + 5 |Aq|* + Cq?|Aql? (5.168)

7 337a9a MUKPOCKOTMIECKON TEOPUU CBOIUTCA K BBIUUCIEHUIO K03 unuentos A, B u
C'. U3 obumx coobpaxenuit uzpecto ToabKo, uto A ~ T — T, [2, 11, 21].

3unanne kospdunuenTon pazsioxkenns ['J] mosBosigeT, Kak U3BECTHO, HANTH OCHOBHBIE
XapaKTEepUCTUKU CBepxipoBoaauka B6ausu T, [2, 11, 21]. B wactHocTH, AJTMHA KOTEPEHT-
woctu (7)) ompezenaer XapakTepHbI MacTad HEOIHOPOMHOCTER MapaMeTpa MopsAaKa
A, T.e. bakTHUecKnU 3amaeT “pasMep”’ KyNEepoOBCKOi maphi:

E(T) = —% (5.169)

[1y6una IpOHMKHOBEHNA MaTHATHOTO 110/ BEIpaxkaeTcd depes Koad punuentsl ['JI xaxk:
( T) 2 B
327me? AC

re MBI “BOCCTAHOBUJIM CKOPOCTH cBeTa c¢. Tax HasbiBaembIit mapamerp ['musbypra —
Jlanmay paBeH:

M (5.170)

_ /\L(T) [ B

_ _ B 5.171
T T 2ecV a2 (5.171)
B6HI/I3I/I Tc BEPXHEEC KPUTUIECCKOEC MAarHuTHOE IIOJIE HcZ OIIpeae/ideTCd KaK:
A
Ho= 00— %0 (5.172)

27€2(T) 27 C
rne ¢g = whe/|e| — kxBanT MarauTHOrO motoka [2, 11]. Hakowner, ckadok TemioeMKoCcTH
B TOYKe CBEPXTIPOBOJIAINIETO MEPEXO/a B pacdeTe Ha eIUHUIY 0OheMa eCTh:

./ A \?

25C yaeroM Toro, 9ro “mosie” A sB/IAeTCH 3apAKEeHHBIM U 3apALl €T0 paBeH 2€e (5.98), B3ammonelicTBme
C BHENTHAM MATHHTHBIM TI0JIEM MOJKET OBITH BBENEHO C TIOMOINBIO CTAHIAPTHON 3aMEHEI:

V — V F 2icA (5.165)

cooTBeTCTBEHHO id A m A* | rme A — BEKTOp — MOTEHIMAJ BHENTHETO TIOJIA.
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C TOYHOCTBIO A0 9JIEHOB YETBEPTOTO MMOPAIKA UMEEM!

LT 1T
<s>-t=0 [ an / dry < Ty (Hing(r) Hint(72)) > +
- JO 0
L T 1T
+E/ dTl.../ dry < TT(Hini(Tl)...Hint(T4)) > (5174)
cJO 0

PaccMoTpuM monpaBKy BTOpoOro mopsaaka K cBoboaHoil sHeprum (5.164):

7T 1T
AR =T / dr, / dry < T (Himi (1) Himg(72)) > (5.175)
Q 0

[Tpu BuIYMCITIEHUN 5TOH MOMPABKY CJIEAYET UCIOJIH30BATh TeOPeMY Buka, MO3BOIATONIYIO
CBECTHU CpeHEE OT BXONAININX B HEe TMPOU3BEAeHUN (HEPMUEBCKUX OMEPATOPOB K MPOU3-
BEJICHUAM CPETHIX OT TMAPHBIX TPOM3BENEHNH, cofepKamnx>® onqun onepaTop a u oauH
omeparop at. Torma n3 (5.175), moc/ie COOTBETCTBYIOMMX BBIKJIAJIOK, MOy Ta€M:

T T 1T
AFy = —3/ dﬁ/ deA*qu ZG(p+,7'1 —12)G(—p_, 11 — T2)+
0 0
P

+) G(p4, 72— 1)G(-p-, = 71) ¢ =
P

1T 1T
= —T/ dﬁ/ drs|Aq* Y G(py, 11 — m2)G(—p—, 71 — 72) (5.176)
Q 0
P

rae
G(p,m1 — 1) = — < Trap(m)ag(r2) > (5.177)

— dbynknusa I'puna ceoboanoro asekTpona B (p, 7) — npeacrasiaennn. Pasnaras sty dbyHK-
nuto I'pura B pam Pypbe MO T W BHIYACTAA WHTETPAJBI, TIOTyYIaeM:

AFQ = _lAq|2TZZG(p+:EH)G(_p—a_En) (5178)
P n

e

_
1€y — g(p) ’

— cTaHIOapTHBI Bug cBoOOMHON MamybapoBckolt ¢yukiuu ['pura s/1€KTpoOHA.

G(pen) = en=(2n+ )aT (5.179)

AnajiornasbIM o6pa30M, AJ1d TIOTMIpaBKW YE€TBEPTOTO NNOPAJIKA, UMECEM!

1 1/T 1/T
AF4 = _T512|Aq|4/ dTl"'/ dT4G(p; - T3)G(_pa T — T4) X
. 0 Q
xG(p, 7 — 14)G(—p, 2 —713) (5.180)

rae B dynknuax ['pura momoxuau ¢ = 0, 9T0 COOTBETCTBYET NMPeHEOPEKEHUIO TPOCTPAH-
CTBEHHBIMU HEOTHOPOTHOCTAMY IPU BBIYUCIEHUY KO3 () PUIMEHTA TPU YJIEHE YETBEPTOrO

26 Hukaknux aHOMAJILHBIX CHApUBAHUI 3/1eCh pACCMATPHBATH He HAIO — Mbl PACCMATPHBAEM HODMAJTh-
HBIH MeTasw1, Haxonammiica ipu 1T > T, B koropom “paboraer” dIIyKTyartmoHHBII NICTOYHUK KYyIEPOB-
ckmx map (5.161).
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nmopdAlaKa B Pa3JIOKEHNUN TJI. COOTBGTCTBeHHO, IOocJIE€ TEX Ke Mpoueayp, 9TO 1 BbBINIE, TTO-
JIyqdaceM:

T .
AFy = glAqu Z Z G(p,en)G(—P, —€n)G(P,n)G(—P, —¢n) (5.181)
P n

B uTore, ¢ TOYHOCTHIO IO YTEHOB YETBEPTOTO MOpAKa 1o Aq, TonpaBKa K cBOboAHOlM
®HEPTUNU 3JEKTPOHOB, HAXOAANINXCA B MOJe (DIYKTYUPYIONINX KYIEPOBCKUX AP, UMEET
BU/I:

AF % —|AGPT Y)Y 6ot en)Gl-po—20) + g1Aql* Y 32 G(p,20) G-, ~20)’
P n P n

(5.182)
Paznoxenne I'JI g pasHocTu cBOOOIHBIX 3HEPTHUil CBEPXIPOBOIHUKA W HOPMAJJTBHOTO
MeTasa mosyuntea us (5.182), ecqim MBI TepenmuieM ero Tak, 4To6b Koadduinnent
epen, |Aq|2 npu ¢ = 0 obpamaJsica B uyJsib npu 1 = T, u 6s11 oTpunaresen mia T < T,.
Takoe MoBeIeHNE JIETKO 0OECTIEYnTh, €CJIN BHIYeCTh U3 MpaBoii yactu (5.182) Bripaxkenue,
pasroe nonpaske AF, (5.178), B3aroli ¢ koadurmentom npu |Aq|? BerancIeHABIM 1714
T =T, mnq=0. B pesynabrare, paznoxenne ['JI sanucwiBaeTca B BUIE:

F Fﬂ:_|Aq| TZZG(I)-F:EH ( p—a_En)"F
+|Aq| T EZG p+75n ( pP-, _En)lTITC +
C 4 2 2 c
+7|Aq| XI):ZH:G(I)7ETL) G(_p1_€n) |T:TC (5183)

T7le MBI €llle y9Jr, 9T0 Ko3ddurment B mnpu |Aq|4 koneden npu 1 = T,, Tak 9TO B HEM
(momMuMO nIpeHebpeR e ¢ — 3aBUCUMOCTBIO ) MOXKHO cpasy nosioxuts T' = T,. C yueTom
ypasuenus BKII nua T., saaroro B Buze (5.115) ¢ A = 0, Buanm, 410 BTOpO# UjeH
B (5.183) cBomuTCa mpocTo K ﬁ|Aq|2, TaK 9TO TO Pa3JIOKEHUE MOXKHO TEPENMHUCATH B
cJenyonieM 6osee KOMIaKTHOM BHUJIE:

1
F,—F, = mmqﬁ —|AqPPT> D G4, en)G(—p-, —en) +
P n

Tc 4 2 2
+7|Aq| EP:ZH:G(D,&L) G(—p, —&n)’|T=T, (5.184)

Tpadudeckn (5.183), (5.184) MoxkHO NpencTaBUTH IUarpaMMaMiu, TOKa3aHHBIMA Ha Puc.
5-11. Beruntanue BTOpO# nuarpaMMbl Ha 3TOM PUCYHKE KakK pa3s U oDecriednmBaeT mpa-
BUJIbHOE TIOBeeHNe Koaddurimenra paziaoxenua A, T.e. oOpallleHUEe €r0 B HYJIb U CMEHY
snaka npu 1" = T,.

[lepeiimem Temepb HEMOCPEACTBEHHO K pacdeTaM Ko3(ddunuenToB passoxenna [J1.
N3 (5.183) umeem g xosddunuenta A:

A= —T%} Y G(pea)G(—p,—en) + T ij > GPen)G(—p, —¢n)lr=r. =
:_TVF/_ dfz 2+52+TVF/ dfz 2+52
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€n PG
A A
F-F = v
_%_p
€n P

N9

Puc. 5-11 [narpammuoe npegctaeneHue pasnoxeHus [nH3bypra — Jlangay.
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_ €1, € 3
__VF/ ?[th——chT] (5.185)

~ 4pl o Lyp € | Te=T 1 :
pu T =~ T, nmeem gthzT & Eth2Tc + STE ohe TaK 4TO:

T.—T [ 1 T—-1T,
A=— dé —— = 5.186
r 4T? /—oo €chZ% e T, ( )

Ilpu pacuere ko3 Punuenta C' HyXKHO pazjokUThH TpousBemenne pyuknuit ['puna B
nepBoM ciaraeMoM (5.183) B pan mo crenenam ¢:

~ ! _ (ap)? _ ealap)
P 2)OP- ) = )~ Wil + €I T
£(p)e’ 2 — £2(p)
_4m2(5§l + €2(p))2 - 2m?(e2 + £2(p))? (ap)®
(5.187)
1 5  3e2
_Tc%:ZG(eren)G(_p_,—en)z—Tch:Z{m—(qp) 4m2(62+£$))) }
(5.188)

U MBI TIOJTyd9aeM BhIpaKeHue aida kosddunmenta C' B Buge:
2 35n B 62
c="T, _ 5.189
g Z/ (5m) @1ewr (5-189)

rie d — pasMepHOCTh MpocTpaHcTBa. Beumy 6wicTpoit cxomumoctn nuterpasa B (5.189)
OCHOBHO# BKJIaJ TaeT HEMOCPENCTBEHHAA OKPECTHOCTD ypoBHA PepMu U MBI MOXKEM TTO-
JIOXKUTH P & pp = mup. Torga oKOHYaTETBHO!

v? 7C(3) v
C= TVFFZ| = 16(22”—1;; vptl (5.190)

rie Mbl ONpEIe/IUIN JJINHY KOTepEHTHOCTH cBepxnpoBoanuka &y [21] kak:

2 TC(3) v
80 = 1624 77 (5.191)

roe ((3) = 1.202... ({(z) - ¢ - dbynkuna Pumana). B s1ux dopmysiax, Kak u BbIIIE,
BBeJICHA!

mpF —
vp = { i am d=3 (5.192)

m _
b oda d=2

— TJIOTHOCTH COCTOAHWN CBODOIHBIX 3JIEKTPOHOB Ha TOBepxHOCTH PepMu JIJId OJHOTO
HampaBJIeHUs CIUHA.

Haxkowern, 3nadenne koaddumnuenta B cpasy xe TMOTy9daeTcs U3 JIUATPAMMBI C He-
TeIpbMaA “xBocTamu’ A, mokaszannoit ma Puc. 5-11:

B="T, G*(enp)G*(—en, —p) = vr T, f =
ZP:ZH: Z/ (e2 +&%(p))?
= VFTCXH: 2|;|3 — B0

82712
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Pesynsrars (5.186), (5.190) u (5.193) mator cranmapTHble BHIpaxkeHus A Koaddum-
entoB passioxenusa [JI, nomydennsie TopbkoBsM (1959) nna “amcteix” cBEpXIPOBOMI-
HUKOB. IX mcnoJsib3oBaHme B (5.169) — (5.173) JaeT W3BECTHBIE BHIPDAKEHUA JIJIA 3TUX
BeJIMYNH, moJrydaionimecsd Boansn T, 3 Teopun BKII. Takum obpasoM, MOXKHO cKa3aTh,
qto Teopusa ['mu3bypra — Jlanmay mosrydaeT mosiHOE MUKPOCKOMAYeCKOe 0OOCHOBAHUE B
pamkax momeau BKIII. B Toxe Bpems, aTa Teopua ropasmo yaobHee u MpoIIe MPHU aHa-
JIM3€ MHUPOKOTO Habopa CBONCTB CBEPXITPOBOIHAKOB, HEXKEIN TIOJTHAT MUK POCKOTTUIECKAA
Teopus.

[Monyuennbie pe3ysabTaThl JOMYyCKaiOT majbHelinme obobuierunsa. Paccmorpum, Ha-
MpUMeEp, TaK HAa3BIBAEMBIE “I'DA3HBIE” CBEPXIPOBOIHUKU C HEMATHUTHBIMU TTPUMECAMU.
Paznoxenwne ['JI gia sToro cayyad mosydaercda TpAMBIM 00OOIIEHWEM TPOBEMIEHHBIX
BBIllle paccyxaennii. HyxHO TOMBKO ydecTh B AmarpaMmax TMpOIECCHI paccesHud Ha
MpUMECHAX, YTO HAMU YK€ He pa3 Hesajioch. HeTpyaHO MOHATH, YTO COOTBETCTBYIOIIEE
06001ienne pazsioxennsa ['JI onuceiBaeTca rpadukamu, nokasanasiMu Ha Puc. 5-12, roe
BBEJICHBI (PACCMOTPEHHBIE B IPEABIIYIIER TIaBe) “TpeyrosibHble” BEPIINHBI, YUUTHIBAIO-
e MPUMECHOE PACCEAHUE U UMEETCA B BUY, YTO JIUHUU TPUHOBCKUX DYHKIHUHA “omeTnhr”

HpI/IMeCSJ[MI/I27

1 1
— _ L2
G(enp) = PP Y= 5o = mvvr (5.194)
n p T Tenl
U nMeeTcsd B BULY NpocTeiiiiasg MOIeIb TOYEIHBIX TIpUMeceit.

HexoTopoe oTsdme oT paccMOTpeHNs, IPOBOAUBIIETOCSA B MPEABIAYIIei T1aBse, co-
CTOWT B TOM, 9TO 3leCh paccMaTpuBaeTcs “KynepoBckuit” kanas u nersn na Puc. 5-12 (a)
onpenendaoTca (B 0603HaYEHNAX, AHATOTNYHBIX HCIOIb30BAHHBIM B IIPEABLIYIIeil riaBe,
u B Maly6apOBCKOI TeXHUKe) KaK:

—&n +wm)G(—P., —p—, —€n) > (5.195)

Wlagwmen) = -5 =
pp’

410 mokasaHo Ha Puc. 5-13 (IL.HSI WHTEPECYIOMIETO HAC CJIyYad Wy, = 25n). Torma ns
pa3jioXkeHud, Mokasanuoro Ha Puc. 5-12 merpynmo nosyunts mada koaddunuentor [JI

A u C ciaepyionye JOBOIBHO 0BIINE BLIPAKCHIAZS:

1
A= W—i—?ﬂ'iTZ\Il(q:O,wm = 2,) (5.196)
= WTE \1: (@ wm = 26n)|g=07=T. (5.197)

Jeno HecKOJIbKO yIpOoIIaeTcd B TOM OTHONIEHUU, YTO TPU HAJUYUA MHBAPUAHTHOCTH
[0 OTHONIEHWIO K O6palleHnio BpeMeHH (T.€. B OTCYTCTBUE BHEIIHETO MATHUTHOTO TOJIH
WJTM MArHUTHBIX MpUMecel) Mbl MOXeM (Kak 3T0 00CYXKIAaI0Ch B HPEIbIIYIIEH ryaBe)
“obpaTuTh”’ omHy u3 JuHUil B nersiax #wa Puc. 5-12, 5-13 u ybemurncd, aTo

U (quwmen) = P(qwméen) (5.198)

27B mcIo/Ib30BaBIIEMCA HAMH IPHO/IMKEHAN “HellepeKpelUBAIINXCA’ qrarpaMM, CIpaBeIInBOM B
Tpeesie JOCTATOYHO caaboro Gecnopanka, Korna ppl > 1, Ept > 1.

28He ocraHaB/IMBASICh Ha MOAPOBHOCTAX BHIUMC/IEHHUH, yKakeM, 9To A Kosddunmerta B u mis
CBEPXIPOBOMHUKA C IIpUMecAME, u3 rpaduka Puc. 5-12 (b) IO TIPEXXHEMY CJIEyeT BBIpaXKeHUE (5.193)7
mosly9eHHO€e BhIue miA “amcroro” ciydasn [16]. [ToaTomy HWKe MBI OrpaHHYHMCA PACCMOTDPEHHEM KO-
adburmentos A u C.
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g, P*0
A A
F-F = V.
_En—p
(a)
€&n K
2
- Iy
A —&H A*

Puc. 5-12 [QunarpammHoe npeactaenieHune pasnoxerus [un3bypra — Jlanpay nna ceepxnpo-
BOAHMKA C MPUMECAMU.
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P Een PEn p'€n Pen
—2mhy(@Qm=2¢ )= O + r = £ b
PEn peen  pey pen

Puc. 5-13  [lnarpammuoe npepctasnedne ana ¥(qwy, = 2¢,) B cucTeMe ¢ NpUMecAMU.



CBEPXIMPOBOANMOCTb 203

rie ®(qwmey, ) — odeBuIHOE MaIy6apoBcKoe 06ob1enne By XdacTuaHol dynkunu ['pura
(meTsn), cTosh MOApObHO paccMaTpuBaBlielica HaMu B mpeablayiiel riase (cp. (4.88),
(4.274)). TlosToMy pacdersl HaMm celigac, IpaKTUYECKN, HUKaKWe U He HYXKHbI. Koaddnu-
et IJT onpenensiorcs us S(qu,, = 2¢,), Buj KoTopoii jjerko “yragars”, BCIOMUHAL
COOTBETCTBYOUINE PE3yTbTAThI MPEABIIYIIEd TIIaBhl:

1
P(qupy) = ————— 5.199
(awm) ilwm| + iDog? (5.199)
roe Dg = %’U%T = %ﬁ—fy — npyneBckuit koadduruent nuddys3un, Koab CKOPO pedb UIET

o cucreme ¢ HebosbumMm GecriopankoMm (ppl > 1, Epr > 1) n MOXHO NOJTH30BATHCA
2
“JecTHMIHBLIM” TPUGIMKEHTEM N1d BepIImHLI I mpuMecHoro pacceanua’,

Mcnonbsya (5.199) u (5.198) B (5.196), Haxomnwm:

1 N 1 2ywp
K ”F%;)zn“ DT
T T-T,
—upln o & vp—— ot 2
vpIn 7~ vp—r (5.200)

o * __ Wp
rie BBesm obpesanne (morapudMndeckn pacxoasineiica) CyMMBI o n Ha n* = . llpn

IM;VF) Teopuu BKIII,

TaK 9TO TeEMIIEpaTypa Iepexoda OKa3bIBACTCA HE 3aBUCAIleil OT HaIM4Ind HpI/IMeCGI!/JI7 B

2
3TOM y HAC BO3HWKJIO CTAH/IAPTHOE BhIpaxkenue T, = %wD exp (—

MOJTHOM COOTBETCTBUM € PACCMOTPEHNEM, POBEJEHHBIM B MPEAbIAYIeM paszese (“Teo-
pema” Auzepcona). PopmaabHO, BRI IpuMeceit “Bbinas” BMecTe ¢ Dy U3-3a TOTO, 4T0
B (5.196) mHyxHO mosoXuUTH ¢ = 0.

s kosdpbunmenra C, HanpoTus, nmeeM us (5.197):

1
C =—ixTv g R =
r 8q2 22|5n|—|—zD0q

= 7TvrDo —”FD°§ = —lyD (5.201)

T TN a9 T AT L+ 1)? 8T T '

Eciin samucars (5.201) kak:

9 T T 1, T VR T Vp o
= — = —— —[=0.1 —l 202
C=vrl = grDo = gravrt = gypvrt = gyl = 01377 (5.202)

roe | = vpT — aauHa cBobomHOrO Tpobera, TO, ¢ YYETOM CJIEAYIOIEro U3 (5.191) (ILJISI
d = 3) pesyabrata BKIIT & = 0.18%F, HeMenJIeHHO MOIyYaeM OCHOBHON pe3ysbTar
Teopuu “TPA3HBIX” CBEPXNPOBOAHUKOB 114 A1uHbl KorepenTrocTu (JI.IT.Toprros, 1959):

bl wmm €/l (5.203)

Taxum obpazom a3 deKTUBHBIN pasMep KYIEPOBCKHUX Map B “IpA3HOM Mpemese” | Korma
| < &y, yMeHbInaeTcs mo cpaBaennio ¢ “aucteiM” cayvaem. Cormacto (5.172) ato, Hanpu-
Mep, O3HAYAET, YTO pasynopAnoveHne (BBeleHne IpuMeceii), Tpu HEN3MEHHOM 3HAYEHUN

29Ha camom mee, Berpakenne (5.199) “paboraer” m B paMKax caMoCOT/IacOBaHHO TEOPWH JIOKAJTH-
sammu [16], Tompko Dy — D(|wm|), T.€. 3amMendaerca Ha coorBeTcTByIomMil 0606mEenHbIl K02d dumuenT
muddysumn.
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T., MOXET TPUBECTH K 3aMETHOMY POCTY BEPXHETO KPUTHWUYECKOro moja H.s;, Tax dTo
ceepxnpoBopauku (nHorna’) mosesHo pasynopamounBaTh!

Ncnonnsosanne (5.202), (5.203) B (5.172) no3BosgeT NOTYIUTH 3aMEYATETBHOE CO-
orHomenwe ['0pbKoBa, CBA3BIBAONIEE MPOM3BOMHYIO (HAKJIOH KPHUBOi TeMTIepaTypHO# 3a-
BUCHMOCTH ) BEPXHETO KPUTHIECKOTO Toid H.s (B6m3n T;) ¢ TPOBOAMMOCTHIO CUCTEMBI

2
o=""T7= 2¢2yp Dy ¥ TIOTHOCTBIO COCTOAHMTIT Vp:

oc (dH 8e?
- —(=2) =Z—4 (5.204)
ve \ dT" /5. 72h
rie ¢g = ’r%ﬁ — kBanT notoka. Cnpasa B (5.204) croar ynnaMenTaIbHBIC KOHCTAHTHI, &

cieBa — HabJIoJaeMble BeJTMYUHBL. B 9acTHOCTH, pocT HGecropsaaka (KOHIEHTpalny IpH-
Mecelt), B HEPBOM HPUOIUKEHUH, HE OYEHD CHJIBHO MEHAET Vp, TOTA KaK IPOBOANMOCTD
JTUHEHHO aaeT ¢ pocToM KoHlleHTparun npumeceii (a conporussenue pacrer!)®t. Torna
u3 (5.204) ciaemyer JuHERHbBIH pOCT HAKJIOHA KPUBOW TeMmeparypHoOl saBucuMocTt H .o
(B6m3u T, ) ¢ pocToM GecriopsAIKa. DTo JOBOJBHO XOPOIIO COOTBETCTBYET 9KCIEPUMEHTY

Ha TPpaAUIIMOHHBIX CBEPXITPOBOAHUKAX.

TIpoBemenHOE BBINIE pacCMOTpeHUE “TPA3HBIX” CBEPXIPOBOMHUKOB OTHOCUTCH K HE OYE€HB CHJIBHO
pPasymopano9YeHHBIM CHCTEMAaM. B cry TOro, 94To TUNWYHBIE SHAYEHUA IJIUHBI KOTEPEHTHOCTH £ ~ UT—I:
B OOBIYHBIX CBEPXIIPOBOIHUKAX Ha HECKOJIBKO IMOPAIKOB MPEBBIUIAIOT MEXKATOMHOE PACCTOAHUE @, B HUX
HE COCTABJAET TPYIa yIOBJIETBOPUTH ycjaoBue “rpasHoro”’ mpernesa [ € & TpH OTHOCUTEJIBHO GOJIb-
mmx mmHax npobera | 3> a (coorBercTByrommx csraboMy GeCIIOPANKY B CMBICJIE HCIIOJIB30BAaBUIETOCH
BbIUle KpATepudA prl > 1). BosHHKaeT HATEpECHSI BOIPOC 0 TOM, KaK H3MEHATCA 3TH PE3Y/IbTaThl IPH
manbHeHIIeM yMeHBIIEHNN JIMHBI cBoGomHOTO mpobera (pocre GecnopaAmka), BIIoTs Oo | ~ a, Korxa,
KaK MBI BUIIE/IN B IPEIbIAYyIel ryiaBe, B CHCTEMe MOXKET IIPOM3OUTH aHIEPCOHOBCKUM ITEPEX 01 MeTaILI
— nuasteKTpuK [16]. PakTHYIeCKH, MBI TOHIMAEM, 9TO BBIpaXKeHHe NJId IByXxdacTuaaol Gyrkmmm ['puaa
rrna (5.199) coxpaHzer cBOll BAX, ToIBKO npyneBcknil Kosdbumment nuddysun sameraerca Ha 0606-
wennsit Do — D(|wm|), xoropsril onpenenserca obobmennsmM (s ciaydas Mamy6apoBCKHX 9acToOT)
ypaBHEHHEM CaMOCOIJIACOBAHHOUN TE€OpHWH JIOKAJIA3AIAA THUIIA (4.255)7 KOTOpoe (,Z[JIEI d = 3) mMeeT BU
[16]:

Dplwm) _y A 72 [ Do wm]l/Q (5.205)
Do Xe 2 X [Dg(wm) 2v ’
rme Bce oBo3HAUEHHWA Te e, UTO M TPH HamleM OBGCYXKIEHWH »Tolt Teopmu B mpenbiaymed raase’?.
AnaJjsiormaso (4.262) ¥ C TOCTATOIHON NyIda HAIUX TeTedl TOYHOCTRIO, PelleHTe (5.205) MOZKHO 3aIIACATH
B BHUIE:

Dg(wm) ~ Maz { D vm D (wm)l/g (5.206)

Elwm) R axr E H o | — .
wm—}—SDEWS(E)/U%7 2y

tne Dy #D(E) — mepeHOpMHpOBaHHSIE Koaddunuent nuddysun (obpamarommniica B Hyas Ha

Topore HO,Z[BI/I)KHOCTI/I), a wp — XapakKTepHad JacTOoTa, OnpelleJIeHHAA B (4.219).

Torna okassBaercd, 9ro KoaddummeraTsl pasioxenud [JI A m B, o npexxHeMy, COXPAaHAIOT BUIT,
(5.200) n (5.193)7 a Koapdummenr C' CyuleCTBEHHO MEHAETCA. |Ipw €ro BBIYHUCIIEHHMH B OKPECTHOCTH
aHIEPCOHOBCKOTO MEPEX0/Ia PENIAIOILY0 POJIb MPHOOpETAET YaCTOTHAA AUCIEPCUsA 0BOOIIEHHOTO K0ah-
dunnenra muddysnm (4.263), onpenenaeman (B MamybapoBckoM dbopMaIHsMe) BTOPHIM BBIpaK€HIEM
B durypubIX ckobkax (5.206).

B Merasmmmaeckoit obiractn, He ciammkoM 6smsKko K mopory monsmkHOCTE D (wm) = Dy, 7 koad-
bunment C ompenesgerca Kak:

a2 1
C = —inT z - | =
o ”F23q2 2i|en| + iDpq? | g
En

30K omeuro, MBI CHJIBHO yTIPOIIaeM peadbHYI0 CHTyalmio. HampuMep, Kak yke oTMedasIoch Bhimre, Te
MOJKET CYNIECTBEHHO 3aBHCETh OT GecropAnka [16].

31TTpr mHTEpeCcyOIMX HAC HOCTATOYHO HUSKHX TEMIIEPATYPaX, MOKHO OTPAHMYIHTHCHA PACCMOTDEHHIEM
TOJTBKO OCTATOYHOTO COTPOTHBJICHUHA.

32B gacTHOCTH, /1A KPATKOCTH, BMecTo K p mcmospsyem obosnauernme F.
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VFDE 1 s

1
=nTvpD — = = —vpD
TAVE EZQE% 7T (2n+1)2 8T F7F
€n n>0

(5.207)

B nmasexTpmaeckoil o6sracTh, HO ToXKe He CIIMIIKOM GJIM3KO K IOPOTY HMOIBIKHOCTH, corsacHo (5.206)):

Wm

D =—Dg—u—
B{wm) B wm + SDEWS/U%

(5.208)
u Mbl mosxygaeM (R, — pammyc nokanmsanum, onpenesdemsii ms (4.219)):
™ E 1
C = —TDF _2DE(2|5n|)
2 -4
En

_ VFDE 1
T 2T - (2n 4+ 1)2 + (2n 4+ 1)3D gw? /27T,

2 2
_ VpUR l 3D gpuw; B (l)
T 3wl [w <2 * 4nTv?, "2

(5.209)

T/e TpUbIMKEHHOe PABEHCTBO CIIPAaBEIINBO, ToKyAa D g Rl_oi > 4anT.
B mHemocpencTBeHHO OKPECTHOCTH TOPOTa TMOABMKHOCTH, KaK B META/JIMIECKol, TaK W B TH3JIEK-
TpEIecKol obsracTh, MoxkeM Hammcarh (cp. (5.206)):

Dr(wm) & Do(wmr)/? x (Dol)2/3wl/? (5.210)

TakK 49TO

_r 1 2/3 1
0= ZTvp Z gDE(2|an|) (Dol)2/3Tup Z 7
€n €n
Doz)2/3 1
( T UFZ (2n +1)5/2
n>0

~¢ (g) vp (%)2/3 (5.211)

Bripaxenue (5.211) JIOMHUHHPYET, II0 CPABHEHUIO C (.5.207)7 B of6J1acTH MapaMeTpoOB, KOT1a BRIIIOJTHAETCH
HEPaBEHCTBO!

Dp/T. % Dol/&1,.T- < D (1/T.)%? (5.212)

B pesysbrare momygaem cirenytonree moBenenne Koaddummenara C' Bo Beell obaacTn m3MEHEHUA TTApa-
METPOB OT MeTa/lla K aHAepcoHOBcKoMy nmasektpuky (JI.H.Bysmaesckmit, M.B.Canosckmit, 1984):

- Dp  nna E10e(B) < (£012)Y? wpm E > E.

2/3
C=vre® mur{ (52) % (€2 nam e(B) > (€02)1/° mpwm B~ B (5.213)
1.78D
R, (B)in 2 s nmn Rioe(F) < (60°)!/° mpm B < Be

rae, Kak u Bbme, {g = 0.18vp/T,, | - npyneBckas mymHa npobera.

B merasnmaeckoit dbase, mo mMepe Toro, kak smeprua Pepmm mpmbIMIKaAETCA K TTOPOTY TOOBUIKHO-
cru E., Koppe/IAnuoHHAA NJIMHA T€OpHH JIoKamsanmn (4.248) &;,, yBesmamBaerca u koadbumnument C'
CHaYaJla yMeHbIIaeTCcA BMecTe ¢ 0606meHHbIM Koad bummearom muddysun Dy, T.e. ¢ yMeHbUIEHHEM
TTPOBOIWMOCTH CHCTEMEI B HOpMaJbHOM cocroaRmu. OmHAKO, B OKPECTHOCTH Tepexoiia AHmepcoHa, B
To Bpemda Kak ¢ — 0, mamenme koaddbunmenra C' mpekpamaeTca W OH OCTAETCA KOHEYHBIM JIake B
obnactu F < F., T.e. B anmepcoHoBcKoM mmasaekTpuke. C maapHelimmM moHmkenmeMm I/ B obsacth
JIOKaJIN30BaHHBIX cocToAHmi (mmm pocroMm E. ¢ pocrom Gecmopanka) xoaddumment C' onpenesserca
pammycoMm JioKasmsanuha R),., KOTOpEIi yMeHbIIaeTCA ¢ HasabHetimmM nemkeaneM F Briry6s obitactm
JIOKAJTA3ATIHAH.
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Koneunocts ['J1 koad durnmenra C' B okpecTHOCTH Iepexona AHIEpCOHA 03HAYAET, YTO B 3ToH obJia-
CTH COXpaHAETCHA CBepXIpoBonAmmii (MeficcHepoBckmil) oTKJIMK crcTeMbl. COOTBETCTBEHHO, B IPHHIIAILE,
mpu T < T, cmcTrema MoXKeT TTepeliTh W3 COCTOARMA AHTEPCOHOBCKOTO MA3JIEKTPAKA B CBEPXITPOBOIANIEE
cocrozarne (JI.H.Bynaesckmii, M.B.Canosckmnii, 1984). Pasymeerca, paccMOTpeHHA Ha OCHOBE pa3JsIoiKe-
mua ['J] m npocrefimett momenn cnapmbaresbaOTO B3anMmonelicrsna tana BKII memocraroano maa roro,
9T06B yOemMThCA Nake B TPUHIMANHAAILHON BO3MOXKHOCTH CTOJIb 3K30THYIECKOTO TOBEIIEHUA CHCTEMBI
B YCJIOBHAX CHJIBHOTO PA3yMOpANOYEeHUA. B 9acTHOCTH, BCE PACCMOTPEHHE OCHOBRIBAJIOCH Ha KapTHHE
HE3aBHCUMOCTH 1 OT cTeleHH pasynopanodenud (“reopema’” AHnepcona). Beme yxe ormegastocs, aTo
TaKoe yTBEpPXKIIEHUE COXPAHAET CHJIY W JIJIA JIOCTATOYHO CHJIBHO Pa3yNopATOYeHHON CHCTEMBI, BILIOTH
o mepexona AHIEPCOHA, B IPEHEOPEKEHNT BIUAHAA Pa3syNOPAIOIEHAA HA CAMO CIIAPHBATEIBHOE B3ad-
mogneticteme. B nefictBurebHOCTH, TpW pocTe GecopamKa HEM36EKHO MPOUCXOOUT PocT 3¢hdEeKTHBHOTO
KYJOHOBCKOTO OTTATKHBAHUA 3JIEKTPOHOB, 06GpasyoIMX KynepoBcKyto napy [16]. TloaTromy, mpu Gosee
WM MeHee THUIHWYHBIX IMApaMETPaX CBEPXIPOBOMHUKOB, TEMIEpaTrypa mepexolia 1. momaBisaerca Gec-
TOPAIKOM 3aJ10JITo 10 Tepexona Amnmepcona. Tem He MeHee, IpW COGJIIOIEHAN JIOCTATOYHO JKECTKHX
ycJoBrll (HanpmMep DoCTaTo9HO BRICOKOM mcxonHoil T B cucreMe Ges GecrmopAnka) MOXKHO HAIE€ATHCA
HA COXpaHeHWe KOHEYHBIX 1. BIJIOTH 10 HEMOCPEICTBEHHOW OKPECTHOCTH aHAEPCOHOBCKOTO MEPEXONA
(mnm maxe B nmasnekTpmaeckoil dase) [16]. IMeHHO 1A TaKWX CHCTEM W IIPENCTABJIAIT HHTEPEC IIPH-
BeHeHHEIE BhIle (DOPMYJIHI W oleHKU. K cokasleHWi0, B paMKaxX JTaHHBIX JIEKTIHH y HAC HET BPEMEHH
u MecTa uida Hostee MOTPOoGHOTO O6CYKICHUA 3THX WHTEPECHBIX Bo3MoxkHOcTel. [lampreiimme mompo6-
HOCTH, TaKkKe KaK W obCyXkKJIeHWe pAla dKCIIEPEUMEHTATBHO U3Yy9IABIIAXCA CACTEM TAKOTO THIA MOMKHO
Halith B [16].

VYno6ro mepemmcars (5.213), HCHOIB3yHA CBASH MeXKIY MPOBOIEMOCTHIO B 0606IMIEHHBIM K02 b dumm-
eara nuddysun (tnna (4.176)) m mosydennsie Bomre dopmysrsr (4.234) m (4.237). Torma nosmsyacs
oIpene/IeHAEM XapaKTepHoH mumael ¢ m3 (5.213) MOKHO JIETKO IIOJIy9HTH C/IENYIOUIEE BHIPaiKEHME [IJIA
TeMIepaTypHO 3aBucAmeR nmas KoreperTHOCTH (1) [21] HEymOpAIOYEHHOTO CBEPXIPOBOIHAKA:

TC fola_l_% CT>CT* (E>Ec)

TT.oT) (622 <ot (E~E) (5.214)

te, B coorsercTum ¢ (4.234) 0. = e?pp /(7°h?), a xapaxTepmbiit MacurTab mpoBomEMOCTH 0¥ oTperTe-
JIfeTCA KaK:

1/3
E) (5.215)

* —1/3
o* moc(préo) P moe (

E
Takwum o6pa3soM, B 06/1aCTH 09€HD MaJIBIX IpoBogEMocTell ¢ < ¢* Macmra6 mmasl KorepertHOcTH &(T)
onpenendaerca He £ ~ 4/&gl, Kak B obsraHON Teopmm “rpaA3HBIX” CBEPXTPOBOTHUKOB, PACCMOTPEHHON
BEIIIE, a HOBOIl xapakTepHoii mymHOM & ~ (5012)1/3 ~ (ﬁo/p%)l/g’, KoTopad ompedesdeT XapaKTep-
HBI pasMep KyNEPOBCKUX MAp B CBEPXIIPOBOMHUKE, HAXOOANIEMCA B OKPECTHOCTH Tepexofia AHIepcoHa
(JI.H.Bynaesckmit, M.B.Canosckmii, 1984).

IT/I0THOCTE CBEPXIPOBOIANINX 3JIEKTPOHOB ns B Teopuu ['J] Moxker 6bITh onpenesena kak [21]:

ns(T) = 8mCA?(T) = 8mC(—A4)/B (5.216)
B6JII/ISI/I nmepexoma AH,Z[GPCOHa. 3TY BEJUYUHY MOKHO OII€EHUTH KaK:
ns ~ mN(E)E2A2 ~ mpp(éo/p2 )23 A2 ~ (T2 E2)2I3(T. - T) (5.217)
TIe n o~ p% — MOJIHAA TIJIOTHOCTH 3JeKTpoHOB. Fcim BaaTe 3mech T ~ 0.5 T¢, To MOJyduM IPOCTYIO
OIIEHKY:
T 4/3
ns~n (—C) (5.218)
E

9TO, MO MOPANKY BEJIMYMUHBI, COPABENINBO BIUIOTH Mo 1 = 0. Orcroma BHAHO, YTO TOJIBKO HeGOIbIIAA
9acTh »JIEKTPOHOB B CHJIBHO HEYTOPAIOYEHHOM CBEPXITPOBOMHUKE OCTAETCH CBepXTpoBonAmei. Tem He
MeHee, 3TO TMOATBEPKIAET CaMy BO3MOXKHOCTH CBEPXIPOBOOUMOCTH B OKPECTHOCTH AHIEPCOHOBCKOTO
HEPEXOIla METAII — JIUAJIEK TPUK.

Benmanaa nposommMmocTn 6%, onpenesterrHan B (5.215), samaer xapakTepHBIil MacmTab IpoBOIEMO-
CTH, HAYWHAA C KOTOPOTO MPOABIAIOTCA 5 PeKTH BINAHUA JIOKAJIA3ANNA Ha CBEPXIIPOBOAANINE CBOM-
crBa. Ecom 0. nopanka “mmaRMAaJBHON MeTamaecKk o npoBomumoctr” o Moty [22], To Bestmauna o*
emre Menbme. OQHAKO, 1A CBEPXIPOBONHAKA C HOCTATOYHO HEGOJIBIINME KyIEPOBCKUMI IIapaM# (9o
XapaKTEePHO IJIA CBEPXIPOBOTHHKOB C CHJIBHON CBA3BI0 M BHICOKOTEMIIEPATYPHBIX CBEPXIPOBOIHUKOB)
o* Gosee MM MeHee TOPANKA 0. DKCIEPUMEHTATHLHO 3Ty MPOBOIUMOCTH MOXKHO OMPENETUTh KAK TOT
MacmTa IpOBOOEMOCTH, IIPA KOTOPOM (C HaabHeHmmM pocToM GecnopdAlka) HaYWHAIOT IIPOABJIATHCH
CYNIECTBEHHBIE OTKJIOHEHUA OT MpeACKa3aHuy cranmapTHON Teopun “rpA3HBIX” CBEPXIIPOBOIHUKOB.

[Mpamyio mrdopMmarmmio o BesuauHe MTHHB KorepenTHOCTH 2 (T) MOXHO MOTyYHTh M3 M3MepeHUH
BEPXHETO KPAUTHUIECKOTO TIOJIA (5.172). B wactrHOCTH, HETPYMHO y6EMMTHCHA, 9TO UCTOTB30BAHUE (5.213)
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u (5.214) mpusBonmT K cienyromeMy obobmeHmro coorHomeHuA | opbkoBa (5.204) (JI.H.Bymaesckmii,
M.B.Canosckmnit, 1984):

2
o (M) SRk o>t
dT /7 é R o

Bummm, 9ato nta o < 0¥, T.e. B6IM3T aHIepCOHOBCKOTO TTEPEX0/Ia MeTAT — MA3IeKTPHK, CTAHIAPTHOE CO-
orHomrenue (5.204) cTaHOBHTCH HECIPABEIJINBBIM U (B IIPEIIIOIOXKEHIH TOCTATOIHO C1a60T0 H3MEeHEeHNA
vy u Te ¢ pocToM Gecriopsanka) o6eransiii poct npomssonsoit (dHeo /dT )1, (Hakmona kpusoit Heo(T))
¢ pocToM BecTopaAIKa BEIXO/IAT Ha “HacHINeHme” | TaK 9TO 3TOT HAKJIOH CTAHOBUTCA HE 3aBUCATIAM OT
BEJTMYWHBI 3/IEKTPOCOTIPOTHB/ICHAA CACTEMEI B HOPMAaJThHOM cocToaamm. KadecTBeHHO, Takoe ToBee-
HWe HaK/JIOHA BEPXHETO KPHTHIECKOTO TOJIA Hab/II0/MaeTca B MEJOM pAAe CHIBHO Pa3syHOpATOTEHHBIX
CBEPXIIPOBOTHUKOB [16].

(5.219)

(o4 o *
vF 0 (Eal2)2/3T, rrie <7

SJ'IeKTpOMaI‘HI/ITHBIe CBOHWCTBA CBEPXIIPOBO/I-
HHMNKOB.

B aT0M paszesie MBI pacCMOTPUM MHKPOCKONMYECKYIO TEOPUIO OTKJINKA CBEPXITPOBOIHY-
KOB Ha BHEIIHeE 3/1eKTPOMarHuTHOE TI0JI€e, C TeJIbIo TOHATH UX MPUHIANNAILHOE OTINIHE
OT HOPMAJIBHBIX METaJLIOB.

Haunem ¢ obiieit moctanosku 3anadn [5]. PaccMoTpu omHOCBA3HBIE MaCCUBHBIH CBEpX-
HNPOBOJHNUK €IUHAIHOrO O6beMa B c1aboM BHEIIHEM 3J1eKTPOMArHUTHOM MOJIE, ONUCHIBA-
€MOM BEKTODHBIM WM CKaJApPHBIM noTenmmasamu A(rt) m ¢(rt), BMmecTe obpasyiomumu
4-sekTop (z = (r,1)):

Ai(z) I p=1i=1,2,3

EOEE It (5.220)

T7le MBI CHOBa “BOCCTAHOBMJIN’ CKOPOCTE cBeTa ¢. B mepBom mopazake mo A, B3amMmoneii-
CTBUE JIEKTPOHOB C 3JEKTPOMATHUTHBIM MOJIEM JAETCA CJAEAYIONIMM BBIPaXKHUEM:

"= —%/ &rif(z)Au(w) = —% / &rli? (2)A(z) = pe(2)ei(z)] (5.221)

9TO TaMHJIBTOHWAH B3aWMOJACHCTBAA C “IapaMarHUTHBIM” 4-BeKTOpOM (MJIOTHOCTH)
TOKa, UMEIOIUM BU/I:

b [ @) = St @V - V@), p=i= 123
e = pe(x) = —epT (x)p(2) = —p(=), pu=20 (5.222)

[osHas MIOTHOCTH TOKA j, () B IPHCYTCTBUN BEKTOP — HOTEHIMAIA A 3JIEK TPOMAarHUT-
HOTO TOJId ABJIAETCH, KaK MBI YK€ OTMedYaJiu B, CyMMOil mapaMarHuTHol u “mma-

MaruuTHoil” 4JacTeit:

Jule) = (=) + ji(x) (5.223)
TOJE TJIOTHOCTH AUaMarHuTHOTO TOKa JAacTCAd BBIDAXKEHUEM:

. “p.(x)A(x IS =1=1,2,3 o
@ =1 g’ (m)m( )H:O g (5.224)

COOTBGTCTBGHHO7 MOJIHOE B3auMOoeiicTBUe IJICKTPOHOB C BHEITHUM 3JICKTPOMATrHUTHBIM
II0JIEM MMEET BUI:

Hipne = HP + H? (5.225)
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rae JuaMarHuTHad 9acTh B3amMoJieiicTBuA OMpeaeJIA€TCA BhIDAXKEHUEM

He = ¢

/d?’rpe(:b)Az(m) (5.226)

2mc?

Teneph MBI MOXKEM BOCTIOTB30BATHCH MPEACTaBIeHIEM B3anMonehcTsus no H;,, (mpen-
nosarad, 4to A, — 0 Opu ¢t — —00), 4TO OUPENEUT CIEAyIOllee W3MEHEHNE OCHOBHOTO
COCTOSTHUA CUCTEMBI cO BpeMeHeM [1]:

|®(t) >= T exp {—i /_t dt/Him(t’)} |0 >=U(t,—0)|0 > (5.227)

Torga BeJanYnHa MJOTHOCTA TOKA B COCTOSIHUN |<I>(t) > pgaeTcd BHIpaXKeHUEM:
Tu(#) =< B0 ju(xt)|D(t) >=< O[T+ (1, ~00)j,(xt)U (1, ) 0 > (5.228)

Hac unTepecytot B J, (&) 4IeHBl IepBoOro mopanka 1mo A,, n mocJie IpAMbIX BEIYUCIEHI]
MBI TIOJIy4aeM:

Tu(z) = % < 0]pe(2)[0 > Ap(@)[1 = 60 — i < O|[jE(xt), /Oo At Hiny (][0 > (5.229)

Bce usens HyseBoro nopanka B J, () paBHBL Hymo, KpoMe < jo(z) > — cpenteil miot-
HOCTHM 3ap#la, HO OHa HAC He WHTepecyeT W moToMmy omymiena. Mcnonnsya (5.221) —
(5.226), HAXOIWM, 4TO JUHEHHBI OTKINK cucTeMbl J, W BHentHnit morennmana A, cBa-
3aHBI CTASTYIONMM HEJTOKATLHBIM COOTHONIEHNEM C TIOMOIILIO MHTETPaIbHOTO Anpa K,y :

Tu(z) = —— [ Ko (xt;x't)) A, (1) d*r dt! (5.230)

47
IJle UHTerpaJl o BpeMeHU OepeTcs B DECKOHEYHBIX Ipedesiax, a aipo:

47y
o2

< OIL), N0 > 6(1—) -5 < Olpe(2)|0 > 8(z—2")o [1—610]

(5.231)
Ecau cucrema TpaHC/IANUMOHHO MHBapMaHTHA, TO K, 3aBUCHT JMLIL OT Pa3HOCTH KOOP-
AWHAT U yaobHO nepeiitu kK dypbe — MPeacTaBIEHUIO:

Ku(z,2') = —

Ry, = 1) = [ Ko )™

4y . . 47ne?
= —— < Ollj(at), (—a)I0 > b(t — ') + —

§(t— )8, (1= 6,0)  (5.232)

mc

L€ n — MoJIHAA [JIOTHOCTD 371eKTPoHOB. [TockosbKy Bropoit wiren B (5.232) (nuamarnut-
HBI{i OTKJINK ) U3BECTEH TOYHO, TO (HaKTUYECKH HYKHO BBIYUCIUTH TOJIBKO HapaMarHuT-
HBI BKJIaJ (TIEpBOE ciaraeMoe):

Ry(at) = —i < 0|[j(at), i5(~a0)][0 > 6(1) (5.233)
9Ty BeSMUMHY MOXHO HallTw ¢ moMomrbio 1’ — ymopamodenHo#t ¢ynxnun ['pura sumad3:

Pulat) = —i < 0[5 (at)j (—a0)[0 > (5.234)

33 AmasormgaHan byrkmHa ['prHA paccMaTpHBaJIaCh HAMI (B Mauy6ap013CKO]'/’1) TEXHUKE B (4.108).
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CpaBHWBadA CHeKTpasbHBIE TPEICTABIEHUA 1 BpEMEHHBIX dyphe — 06pa3os (5.233) u
(5.234) [1], merpynHo ybemurhbed, 9TO meficTBUTeNbHBIE YacTH Ry, u Py, cOBIAmamior, a
MHUMBIE YacTH OTJIMYaloTCd 3HAKOM mpH w < 0:

ReP,,(qw) = ReR,,(qw) (5.235)

ImPy, (qw) = signwImRy, (qw) (5.236)

YTO U JaeT HyXKHOoe HaMm BhIpaxenue R,, depes P,,. [lockonbky anpo K, BKIIOHaeT
TOJTHKO XapaKTEPUCTUKN CHCTEMBI B OTCYTCTBUE BEKTOP — MOTeHIMa a A,, omepaTopst
Ju W Ji, cOBIANAIOT, U MBI OLlyCKaeM Jajlee HHIEKC P.

B uTore, OTKIMK CUCTEMBI HA TPUIOKEHHBIN c1a0blli BHEMHUIT BEKTOD — MOTEHIIAAT

Au(q) = [A(q), ce(q)] (rne q¢ = [q,w]) nmeer Bu:

3
c c - - e
Tu(@) = = - K (0 Av(9) = =~ > Kui9)Ai(g) = Kuolg)ew(q) (5.237)
i=1
rae:
. 4 1 .
AHV(Q) = C_QRHV(q) + Eéul/[l - 61/0] (5238)

2 _ .
npudeM 37ech Af = 5 — KBaJpaT JIOHJOHOBCKOI TIyOWHBI NPOHMKHOBEHWSA TPH
remrneparype 7' = 0. IBa ciaraembix B (5.238) oTpaxarorT BKJaJ MapaMarHUTHOTO U
IMaMarHUTHOTO TOKOB.

B nanbreiiniem Mbl 6yIeM UCTIOIB30BATEH CIEHAYIONIEE COKpaIlEHHOEe 0003HAYEHTE:

Qaplq) = _iKozﬁ(Q) (5.239)

PaccMorpum cHavasia uiea bl depmu — ras (HopMasabHbil Merast) [3]. Haiizem or-
KJIVK (TOK j), BOSHUKaonmil B pesyibraTe IeHCTBUA TPOCTPAHCTBEHHO — HEOTHOPOIHOTO,
HO CTAaTHYeCKOTO, BEKTOp — moTernuata’? A. B UMIy/IbcHOM NpencTaB/IeHn s, JuHeliHoe
COOTHOIIEHNE MEXTYy j U A 3aNUCBIBAETCA KaK:

iq = Q(a)Aq (5.240)

B npenpiaymmeit TotaBe MBI yKe 0TMEYaJsIn, 9TO CTATHYECK Uil BEKTOp — MOTEHIMa He TIPH-
BOJIMT K BOSHUKHOBEHUIO 3JIEKTPUYECKOTO TOKA B HOPMAJIBHOM MeTaJlte (NIl NIeaJ bHOM
dbepmu — raze) B IIMHHOBOIHOBOM Tpeese. Do o3nadaet, ato Q(q = 0) = 0, Tak uTo
npu q = 0 TpPOMCXOAWT TOJTHOE COKpallleHWe JAMaMaTHUTHOI W TTapaMarHWTHOM cocTa-
Bagonmx B (5.238). B Toxe Bpema, npn q # 0, Ho w = 0, B OTKJIMKE BCE XKe OCTAETCIA
MaJThlil BKJIaJl, ommMchiBafomnii ciaabbrii nnamarnetnsm Jlarmay. PaccMoTpum aTy cuTy-
anuro moapobHee. BbramcsieHws mpoBeseM cpasy AJd caydas KOHEYHBIX TeMIepaTyp,
NoJTb3yACch MalybapoBckoiil TexHukoii. I3 paccMoTpeHus, MpoBEIEHHOTO B TIPEABLAY el
ryiaBe, B cBasu ¢ (4.108) — (4.120), ¢ o4eBUIHBIME MEPEOOO3HAYEHNAME ACHO, YTO LIS
nIeaJbHOro (hepMu — rasa HapaMarHHTHOE Alpos’:

2

_ _ oy € €T PaPp d3P P
=0 = =it 3 | ey O

34TlonpasymeBaerca Kaaubposka: divA =0, ¢ =0

35I1a MeTasIaa C IPEMECAMH BCe HeIaeTca TOYHO TaK JKe, TOJBKO HYXKHO YUHTHIBATH KOHETHOE
3aTyXaHWe B 3HaMeHaTeax ¢yHKmuit ['puHa 3a c9eT pacceaHWs Ha MpUMeECAX. BEepIIMHHBIE TTOTpABKA
OT TIPIMECHOTO PACCEAHMA K TOKOBBIM BEPNIMHAM B MOJIEJTH TOYEYHEIX MpHMeceil obpamiaoTrca B HyJIb
TPW WHTETPAPOBAHUH TIO YTJIAM.
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Bocnosbayemcs 09eBUIHBIM COOTHOIIEHWEM, CIIPABEIJIMBLIM JJ1d CBOOOMHON DYyHKIIMY
I'puna:

pGi(enp) = mVpGo(enp) (5.242)
u npencrasum (5.241) B Buge:
¢ d*p o
Zﬁ(o) = _%ZT;/ZMVMGO(%D)% (5.243)

NuTerpas no d>p MOXHO IOCYUTATH IO 9aCTAM, IIepeHocd AelicTBue Vy,s HA po, TAK 9TO:

2
ne-

s(0) = aﬁZTE/GO enp) Z)) = —bap (5.244)
).

mc

YTO MOJHOCTBIO COKpAIaeT AUaMarHUTHYIO YacTh (5 238

MMocmorpum Temeph cayuait q # 0. Pasnoxkenne Q( ) B pAm MO q HAUYMHAETCA C
4sIeHa BTOpPOH cremenn: Q(q) = aq® + O(q4), B 9e€M MOXHO YyOequThCA HEMOCPEACTBEHHO,
MPOBOA TaKoe pasJioKeHUe B AuarpaMme, mokasanHoit Ha Puc. 5-14. Torna umeem:

i=QA =—-aV’A (5.245)

C ,prI‘Oﬁ CTOPOHBI, KaK M3BECTHO M3 3JICKTPOAWMHAMMKHN, TOK MOXKET OBITH CBS3aH C
HaMaroHM49€HHOCTBIO CUCTEMBI COOTHOIIECHUEM

J=crotM = ¢ rotxoB = ygc rot rotA (5.246)

TaK 4TO, MOIL3yAch rot rotA = grad divA — V? A n xaaubpoBOYHEIM ycaosueM divA =
0, MOXHO HAIUCATh:
j= —xocV?A (5.247)
TIe Xo — MarHUTHAA BOCTIPUUMYMBOCTD 3J€KTPOHHOTO Tasa. Torna, cpasunsaga (5.245) u
a

(5.247), maxomum: Yo = <, a BJINYMHY ¢ MOXKHO PacCUUTaTh W3 Auarpammbl Puc. 5-14.
B camom meste, u3 3Tol AmarpaMMbl IMEEM:

— i G i 1EnT UCU p + q)vlf(p) d3p .
Quy = — lim 2 - Tzn:e / (e E(p 1 9 (ien —E)) @ (5.248)

rie v (p+4q) = %(p +4q)/Ips n vy(p) = IE(P)/Ips — cooTBETCTBYIONME TPOEKITUN
CKOPOCTH 3JIeKTpoHa. [IpenookuM gasee, Aad KOHKPETHOCTH, 9TO BOJHOBOH BEKTOD
q HaTmpaBJIeH TI0 OCH z. B oT/WuMe OT CIMHOBOI BOCHPUUMYMBOCTH, OpOUTAIbHAA BOC-
OPUUMYABOCTE ONpEiedeTcd He TOIbKO OKPECTHOCTRIO TIoBepXHocTr PepMu, HO U BCEMNI
COCTOAHWAMM TIOJ, Heil, MOCKOJIBKY KBaHTOBaHWe JlaHIay 3aTparmBaeT BCE COCTOAHUSA C
FE < Ep, Tak 49TO KOHEYHOE 3HAYEHWe BOCTIPUUMYMBOCTH Yo BO3SHWKAET W3 — 3a OTJIW-
YA CyMMBI KBAHTOBAHHBIX HEPTHil OT 0BBIYHOrO MHTErpaJIa 1o HereprBHOMy CIIEKTPY.

OrpanmduMcs crydaemM cBOGOIHBIX 3/1eKTPOHOB, Koraa &(p) = #— — E'p. PasnoxnMm Qqp
B pAN O ¢ = ¢, 1, ¢ y4eToM vy(p + q) = vx(p) = pz/m, 3anumeM:
2 1 d3p
— _lim & T tenT 5.249
@ez T—0 ¢ Z / 8pz ien, — &(p) (27)3 ( )

Nmeem Teneph:

ap?ic, —&(p) m(ie, —&(p))? | m?(ie, —&(p))3 (5.250)
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1 HEMEAJIEHHO TIOJIyd9aEeM!

e? . 1 v2 0202 &p
Xo = — lim =T e”nT/ — = +2—22 - 5.251
o=-lm 5T m (i, — @) G, e S @op OBV

2 <
Teneph HyXHO TIPOBECTH YCpeJHEHWEe MO yrjaM, cBofgmieeca kK < v2 >= vZ/3 m
2
< v2v? >= v*/15, a 3aTeM BLIYMCJIUTH ABYKPATHBIM WHTETPUPOBAHEEM O TACTAM WH-
TerpaJi, BO3HUKAONM B mepBoM caraeMoMm (5.251):

[e'e] 4 < 2 [es]
P 3m dp
dp = 5.252
L ermrmr="5 ), wrr (5.252)

1 TPOECKPATHBIM MHTECTPUPOBAHUEM IIO 9aCTAM MHTETPAJI U3 BTOPOro CJjaracMoro,

[es] 6 3 [es]
p om dp
d = 5.253
/0 Plien + Er — p?/2m)* 2 /0 itn + Ep — p2/2m (5.253)

Torna cymmupoBanue o n B (5.251) maer mpocto dbynkuuio pacupeneaenusa Pepmu

2 2
__¢Pp_ ¢ _&Pp _
[1], m MBI MOSTyHaeM —;—F5 oT mepporo caaraeMoro B (5.251) m +z—-F5 oT BTOpOrO

cJIaraeMoro, 94To B CyMME JacT OKOHYATEJbHBI OTBET:

2

Xo == 1272mec?

C1272me?

| ety = -2 (5.254)

— OOBIYHBIN Pe3yabTAT AJid AUAMATHUTHOW BOCHPUUMYUBOCTH Ta3a sJeKTponoB [11].
Ec/in BCIOMHUTH aHAJOTMYHBIR pe3yJsIbTaT JIJid HayITMEeBCKOl (CIuHOBOI) BocnpunMYn-

BOCTH: 5
) _ € mpr .
Xp = Z/JBI/F = W 71_2 (5255)
TO IIOJIy49a€eM XOPOIIO U3BECTHBIN pe3yJabTaT OJid TOJTHOM BOCIIPUMMYNBOCTHA [11]
1 O
Xo = _§Xp (5256)

Bephremcsa Temepb K pacCMOTPEHUIO CBEPXIPOBOAHUKOB. PaccunTaemM OTK/INK Ha cTa-
TUYECKUH BEKTOP — MOTEHNMAJ JIJId 3TOTO cJaydad. B oTaumdnme oT HOpMaJTbHOTO METAIIA
(cBOGomHOrO hepMm — Taza), KaK MBI YBUANM, 37€Ch OTCYTCTBYET MOJTHOE COKPAIIEHUE Ma-
pPaMarHuTHOTO U AMAMarHUTHOTO BKJIAJ0B B (DYHKIMY OTKIUKa. [loaToMy, naxe moJiarad
q = 0 B coornontennn (5.240), MBI TOJIyYNM KOHEYHBIH OTKJIMK BUA:

A(r) (5.257)

T.€. ypaBHeHUe JIOHIOHOB — OCHOBHOE ypaBHEHHUE 3JEKTPOJAWHAMUKU CBEPXIPOBOI-
HUKOB. Benuuuna ns; HasbiBaerTca (MO ONPEAETEHUIO) TIOTHOCTHIO CBEPXMPOBOMANINX
(cBepxTeKyunx) 2JIeKTpoHOB. Ypasuenue (5.257), ¢ OYEBHIHOCTHIO, HAPYNIAET KaJd-
OPOBOYHYIO WHBAPUAHTHOCTH Teopuu. [leso B Tom, 4To dusmdeckad MPUYWHA OTCYT-
CTBUA COKDAIEHUA JUaMarHUTHOTO U MapaMarHUTHOTO BKJaaoB B aape Q(0) kak pas
U 3aKJI0OYAETCA B TOM, YTO KaJUOPOBOYHAA MHBAPUAHTHOCTH (M 3aKOH COXpAaHEHUA 3a-
pAma), Kak yKe OTMEeYasoCh BHIIIE, B CBEPXIPOBOIAHUKAX CRONMANHKO Hapywend. IMeHHO
B 3TOM TPOABJIAETCA MOHUKEHNE CAMMETPHUHU CUCTEMBI, TIPU MEPEXOME OT HOPMAJIBHOTO
K CBEPXIPOBOIAIIEMY OCHOBHOMY COCTOAHMIO. B HOpMabHOM MeTame, sanyaenne Q(0)
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e+ ptk

Puc. 5-14 [lunarpamma, onpegnensrowias oTKJINK UOeasisHOrO hepmMmn — rasa Ha BHELLHWRA
BEKTOpP — MOTeHUMan.

obecrneunBaeTca, GaAKTUIECKH, TOKIECTBOM YOpP/a, CBA3AHHBIM HEMOCPEICTBEHHO C 3a-
KOHOM COXPaHEHU 3apA1a U KaJIubpOBOYHON HHBAPUAHTHOCTBIO as1eK Tpoautamuku [20].
B cBepxmpoBosHUKax 3To He Tak!

Mepeitnem x nemocpencTBennoMy pacdery Q(0) mia cBepxnposoanuka. JInaMartaur-
HBI{ BKJTaJ, C OYEBUIHOCTHIO, COXPAHAET MPEXHUN BUA U MOXKET OBITH 3aMucaH KakK:

7'L62

Q(0) = - "5, (5.258)

mc

A BoT Tpm pacyeTe mapaMarHWTHOTO BKJala, B OTJIMYAE OT HOPMAJBHOTO METAJIa,
HyX)HO ydecTh BKIaJ B (Q(0) Kak OT HOPMAJBHBIX, TaK W OT AHOMAJBHBIX (DYHKIMIL
I'puna. B camom nene, mapaMarHWTHBI BKJTIAJT Q(alg(w,q), aHaJIOTUYHO TPOBEACHHOMY
BBIIIE PACCMOTPEHNIO, MOIyYaeTca (/1 KOHEUHBIX TeMIeparyp, MarnybapoBcKasd Tex-
HUKa) yCPeJHEHNEM POU3BEICHUA IBYX TOKOB U JA€TCA CJIEAYIONMM Bhipa)enuem (o, o’
— CIMHOBBIE WHIEKCHI):

1 ﬁ . . n “ ~
Qom@) = 5,3 [ e [ e < er)ju e (00 (00) >

(5.259)
rae j = —i,~Vy. Tenepb HyXHO BBITIOJHATD BCE CTIAPUBAHNA 1) — ONIEPATOPOB, YIATHIBAA
KaK HOpMAaJIbHBIE, TaK U aHOMaJbHble cpennne. Takum obpazoM, MoJIydaem:

< TH/);F (117-)3oﬂ/}0(117-)1/};—/(00)3,@1/)0’ (00) >= _jaGoo’(rT)jﬁGa’o(_r: _T) -
—Ja X (e7)js Forg(—r,—7) (5.260)

Torna Qap(wmq) IPUHAMAET BHI;

1 s ; Sar ~ “
o3 [ e [T RiaGeripar )+
ool V=P

Q) (wm,q) =
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+2]a (I‘T)jﬁF (—r,—7)} (5.261)
3aMeTnM, 4TO 3HAKHU HEeTeb, coaepxanmx Gy G u F, 0Ka3aanch OIMHAKOBBIMEISC .

MepenucoiBas (5.261) B UMY IBCHOM TIPENCTABICHIN, NMEEM:

Qop(wm,q) = —2§Tzn:/ %va (P - %) vg (p+ %) X
x{G(eap=3) G (entwnp+ 3) +F (cap = 3) F* (s twmp+ 3) | (5.262)

Torma npu wy, = 0, @ = 0 umeem:

d3p

QU0) = - )3p2{G2(€np) +|F(enp)|?) (5.263)

Ob6bennnsaza Bmecte (5.258) u (5.263), yunTsiBas onpenesenue ny, ciaeayioiiee us (5.257),
a Takxke ABHBIH Bug dynkuni Topskosa (5.111), (5.112), noxyvaem:

_ 2vpph * A?4 g% —¢2 .

DTO BhIpaXKeHNe He BIOJIHE KOPPEKTHO, TOCKOJBKY MOJTHAA IJIOTHOCTD 3JIEKTPOHOB OIpe-
JEJIAETCA, B TOM YUCJE, M COCTOAHUAMI AajdeKuMu oT moBepxHoct ®epmu. [MosTomy me-
PeXoj K MHTErPUPOBAHKIO 110 JINHEAPU3OBAHHOMY CIEKTPY &, KOTOpHIi cuemnan B (5.264),
He ABJAETCH, BoODIle TOBOPH, ONMpaBIaHHbIM. B Toxke BpeMsd MJIOTHOCTH CBEPXTEKYUNX
3JEKTPOHOB Tg, HECOMHEHHO, OMpEIeJadeTcs OKpPeCTHOCThIO TMoBepxHocTn MPepmm, mo-
CKOJIBKY TOJIBKO TaM W TPOMCXOAUT TMEPECTPOiKa 3JeKTPOHHOTO CHEKTpa, CBA3aHHAA
C BO3HUKHOBEHHEM CBEPXIPOBOJAIIETO cocToAHUA. B ruybune xe chepsr Pepmu (T.€.
npu  ~ Ep) uHudero He npoucxoaut. [ToaToMy, KOppeKTHBI! criocob aeficTBuii cocront B
caenytonieM. Beratem ns (5.264) 3TO JKe BhIpaXKeHWe 4 HOPMaJbHOTO MeTaJsljia, T.e. C
A = 0. Torma BrJIam TIyOOKUX cOCTOAHMI TpocTo BhImageT. [Ipn aToMm HymeT obecmedeHo
n odeBumHoe Tpebopanme ny = 0 mpm A — 0. B pesyabTate, mosydaem:

_ ZVFPF / £ -cn A?+E e .
ns = TZ U | e o - @A (5.265)

Boinostanm MHTETpUpOBaHUE TIO g, MOJIb3YyACHh CTAHJAPTHBIMU WHTETpaJlaMU:

/Oo dz o /OO dez? 7« (5.266)
ceo (824 a?)? 243 oo (224 a%)?  2a '
Torma mosyvaem:
_ 2upp} 7A? .
= — Tzn: EEVOLE (5.267)

Tenepb MOXKHO ITPOaHaJIN3NPOBATH PAa3JIMYIHBIC TPEACJIBbHBIC CJAYYaN.

o Cayuait T'— 0. 3amMeHAEM CYMMY WHTETPAJIOM U MOy IAEM:

_ 2uppy wA? /OO de _ 2upph PR
P 3m 2m S (24 A3/ 3m T 3n2

=n (5.268)

BI/I,HI/IM7 9TO Ipn T=0 CBEPXTEKYy4Yad IMJOTHOCTHL PaBHO TMOJTHOW TMJIOTHOCTH 3JI€K-
TPOHOB, KaK 1 AOJI2KHO OBITH B TPaHCJIAIMOHHO I/IHBapI/IaHTHOﬁ CHUCTEME.

36B ciemyromell TaaBe MBI yBHIEM, 9TO 3TO He TakK IJIA IeTeJb CO CKAIAPHEIME, a He “TOKOBHIME’
BepIIMHAMM.
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e Cayuait T'— T,. B aroM caydae Moxuo npenebpedn A% B snmamenarese (5.267).
Ocraromasgca cymmMa 1o 9actoraMm, hakKTHIECKH, HAM YK€ BCTpedasiach, OHa BBI-
paxaercd depes ( — HYHKINIO, 9TO HAET:

ns  T¢(3)A? T
—_— = =21 - = 2
n 47272 T. (5.269)

TaK 9TO IIpu T — Tc CBEPXTEKYy4Yad NJOTHOCTb CTPEMUTCA K HYJIIO.

PaccesHme Ha mpMMecsaX yMeHBITAeT CBEPXTEKY4yl IJIOTHOCTh Ty, OJHAKO OHa OCTa-
eTcda KoHeuHO. YTobbl MOHATH, Y4TO TPW 3TOM MPOMCXOAUT, TpoBeneM pacder Q(0) ¢
yderoMm mpumeceii. [Ipm 3ToM J0CTaTOYHO BBIYHMCJINTH OTKJIUK TPOCTO PAacCMOTPEB TIe-
TJIeBBIE TpadWKM, MOCTPOEHHBIE HA PACCMOTPEHHBIX BHINIE YCPEIHEHHBIX MO NMPUMECAM
dyurmuax [opbkKoBa, KOTOpBIE TOJYYAIOTCA U3 COOTBETCTBYIONMX (DYHKINHA “gncToro”
csepxnpoBognuka (5.111) n (5.112) ¢ momousio 3amenst (5.146). Bepmnumnsie mompasku
(mmarpaMmBbl ¢ TpuMecHoil JHUEl, coeamHAomEel pasHble dyHKIUn ['puna B meTIE)
MOXHO HE y9HWTHIBAThH, TIOCKOJIBKY OHH 06paIaloTcd B HYJIb U3 — 3a WHTETPUPOBAHUSA TI0
yraM (BEKTOPHOTO XapaKTepa BEPIINH B3aNMOJEHCTBIA ¢ BHENTHUM 57K TPOMATHUTHBIM
nosem). Moatomy, dopmysy mia ny MOXKHO cpasy 3amnncarh B Buge (cp. (5.264)):
%) 2 A 2 =2
nT s _ —T/ w—fn (5.270)
n @ T AR

rae &, u A 6im ompenesenst B (5.145), (5.146). CHoBa BBIUTEM U3 5TOTO BBIPAKEHUA
ero snadenue npu A = 0 u B oTCyTCTBUE TpUMecelt, YTOOBI UCKIIOUUTL BKJaj, T1ybo-
Kkux yposHeit sHyTpu chepsl ®epmu. Torma, mocJje MHTErpUpoBaHUd 0 £, HOJydaeM
obobenne (5.267):

oAy A (5.271)
N S CE R |
wn, ¢ yaerom (5.145), (5.146):
g A?

—=aT) (5.272)
n(£2 4 A2)3/2 1

[Ipu MaJst0it KOHIEHTpAIMK TpUMeceii, B cMBbIc/Ie HepaBeHcTBA AgT > 1, 9To BBIpaxeHme
cBomuTed K (5.267), a B “rpasnom” npenene Agr < 1 oHo nmaet:

ns A? A .
Takum obpazom, B “rpasaom” cBepxnpoBomuuke yxe mpu 1 — 0 umeem:
s(I'—0
n(l=0) _ A <1 (5.274)
n

T.€. CBEPXIPOBOAAIIEH ABIACTCA HESHAUNTETbHAA 9acTh OT TMOJHOTO YHUCIa 3JIEKTPOHOB.

MpomomkuM 06IIyI0 AUCKYCCUIO, BEPHYBIIUCH K NCXOTHBIM 06o3HadeHuam (5.230) —
(5.238) u mosaragd gaJjiee ¢ = 1. B m3soTpomnHoii cucteMe, KpoMe TOTO, IJisd dA/Ipa, OMUCHI-
BAOIIETO 3TeKTPOMATHUTHLIN OTKINK, nMeeM K, = K6y, . IToT mpenpimytmero paccmo-
TpeHnsa, GaKTUIeCcKn, CBOAUTCA K TOMY, UYTO HEOOXOAMMBIM M JIOCTATOYHBIM yCJIOBUEM
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HAJTMYHs CBEPXIPOBOIANIET0 OTKJINKA CHCTEMBI ABIACTCA BHITOJHEHAE TpeboBamua
lim lim K(qw) = lim hm K(qw) = K(0,0) #0 (5.277)
¢—0w—0 w—0g¢—0

npudeM, coryiacto (5.267), umeem:

1 ns _ 4mnge” e? )
r7ie, Kak U Bbillle, A7 = T — KBaJIpaT JIOHJOHOBCKO# IJIyOUHBI IDOHMKHOBEHUA IPH
Temmeparype 7' = 0.

M3 (5.230) nmeem:
1 v .
Ju(qw) = _ERW(QW)Aqw (5.279)
Tax 9TO, C y4ETOM OIpEACJICHHAA 2JICKTPUICCKOTO TIOJI:
0A . .
E = ~ 5 NN Equ. = iwAqu (5.280)
MOXHO BBECTHW MPOBOAMMOCTE CUCTEMBI KaK:
(qw) = — = Ky (q0) (qw) = — - K (qw) (5.281)
O (qw) = = —— Ky (qu nn o(qw) = ———K(qu )

T7le BTOPOE PABEHCTBO CIPABEAJINBO JJId U30TPOMHOTO cydad. B GOMBUIMHCTRE Caydaen
MHTEPEC MPEACTABIAET Tpeles >TUX Bhipaxkenuit npn q — 0 (OTKJINK Ha OJIHOPOTHOE
MoJIe), OITOMY Jajiee BE3[le MMEETCA B BUAY TOJBKO 5TOT MPEIET.

VY1n06HO BBECTH CJIEAYIONIYIO 3alUCh:

o(w) = 05(w) + Tege(w) (5.282)
TIe §
os(w) = — ir(g (5.283)

— IMPpOBOAMMOCTDL CBEPXTIPOBOAANICTO KOHOEHCaTa, a

Oepe(w) = —LM (5.284)

47 W

37/Imeerca mBa BKJama B I&"My(qw): mapaMarHATHBIT I&"ﬁy ¥ OTUaMarHATHBIL I(ﬁy. JumamaranTHBIHT
BKJTa[, TPOTOPIHOHAJIEH TOJHON TLIOTHOCTH 3JIEKTPOHOB M HE OTJIMIAeTCA OT TaAKOBOTO B HOPMAJIHHOM
cocToannn. B HOpMa/IThbHOM COCTOAHMHA, TOJTHBII TOK, BRISBIBAEMBII CTATHYECKHM BEKTOP — MOTEHITHAIOM
npeHeGpeXUMO MaJI (K OIpeNesIAeT TOIbKO OHaMarHermsM Jlarnay). [losTomy, ¢ BEICOKOH TO9HOCTBIO
umeem: K}, (q0) = {Zf(qO) + I&"fjv & 0, Tak 4To I(Zf(qO) ] —I(ffy (ToIHOE paBEHCTBO BBINOIHAETCA
smech npu q — 0). IloTHOCTD TOKa B CBEPXIIPOBONHAKE TOTIA paBHA!

Tulaw) = =KL (aw) — KiE(a0)} A% (5.275)

l_IOBTOMy7 KaK YX€ O0TM€4YaJIOCh BHIIIE, CYUTaATh peaJibHO HaOdO TOJBKO HapaMaI‘HI/ITHI)Iﬁ oTkanK. Pas-
HOCTH TOKOB B CBEPXTIPOBOIMTHUKE N HOPMAJIBHOM MeTaJIJIE MOXKHO 3avcaTh B CJE€OYOUIEM BUIE:

Jilqw) — Jp(aw) = {K}, (aw) — K5, (q0)}AgG, =
= {K(aw) — Kb (aw)} AQu (5.276)
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— TIPOBOAMMOCTE OIHOYACTUYHBIX Bo3Oyxaennit. Bumnm, uro (5.283), ¢ yuerom (5.278),

CBOJUTCHA K:
2

nge 1 :
Tax 4TO: ,
nge”
Reos(w) = - 7(w) (5.286)

YTO COOTBETCTBYET GE3AMCCUTIATHBHOMY BKJIAJy KOHAEHCATa B MPOBOANMOCTS (T.€. cOb-
CTBEHHO CBEPXIPOBOIMMOCTH ).

Ilepeitnem Tenepb K MoAPOOGHOMY PACCMOTPEHUIO Oppe(w) — MPOBOJUMOCTH OT OJTHO-
YaCTUYHBIX BO3OYXKIeHU CBEPXIPOBOAHUKA, KOTOPadA OMPEAEAET, B YaCTHOCTH, TIOTJIO-
IIEHUE 3JIEKTPOMATHUTHONW 9HEPTUN B CBEPXIPOBOJHIKE Ha KOHEYHBIX YacTOTaX (ONTH-
YecKne CBOWCTBa CBEpXMpOBOAHUKA). PaKTUYECKN, MBI JIOJIKHBI BepHyThcd K (5.261),
(5.262) n mpoBecTH BCe pacdeThl s KOHEYHOW 4acTOTBI BHEIIHETO TOJIA (W, — w + 16
n q— 0. Umeem:

2 d3 2
Qusoma =27 [ (0 (o4 9)"

X {G (5np - ﬂ) G (5n +wmp + ﬂ) +F (enp - ﬂ) F* (en + wmp + ﬂ)} (5.287)

2 2 2 2
CIO,H& HaOO TIOACTAaBUTH ABHBIC BbIpaXXCHUA AOJd TOPBKOBCKUX (byHK]_[I/Iﬁ7 BBIYUCJIUTD
CYMMBI IO Y9aCTOTaM 1 HepeﬁTI/I K MHTETPUPOBAHUIO TIO JMHEAPU3OBAHHOMY CIEKTPY
& = &(p) B okpecTHOCTH mOBepxXHOCTH PepMHu, IIe p R Prp U €0 MOXKHO BBIHECTH U3
1o, 3HaKa HWHTETpaJla. OTU BBIYUCTECHUS JOBOJIBHO TPOMO3JKW, U MbI OITYyCKaceM COOT-
BETCTBYIOIME HeTaan>e. B mrore, mocse o6LIYHOTO MPONOIKEHUA Wy — W + 18, MBI
TTOJTYyYUM!:

2¢? oo EpEptg + Enbpyg + A2
Qaa(wm,q) = —WVFP%/ ¢, { porta - Epfﬂ {n(ep) — nlepsq)} x
— oo pEp+g

1 1
><{510_5p+q‘|“""+‘i6+5p_510+q_‘-d_"5}+

2¢? *© EpEptq — Eplpyq — A?
Y B e e SIEL ORI A B

1 1
| s )
Ep+Eppqgtw+1id gyt eppg —w—10
(5.288)

Tlie BBeIeHo obO3HAYECHUE £ = 4 /fg + A2 — gaa cmekTpa »JekTponHa B Mogmean BKIII

(5.68), n(ep) — dyukmua Pepmu ¢ 31uM crekTpoM. B mpenese 7' — 0 3meck ocraerca
TOJIBKO BKJIaZ, BTOPOTO CJIATaeMOro, Mockoabky n(e,) — 0 mpu 7' — 0 u3 — 3a HaIn-
unga menu B cekTpe BKII. B Toxke Bpemsd, nac mHTepecyeT mpenea q — 0, a Torma,
Kak Jerko ybemurbes, obpamaerca B Hy b dakTop (T.H. GakTOp KOTepeHTHOCTN), CTO-
ANl B 9UCIUTEE B MEPBBIX DUTYPHBIX CKOOKaX »TOro ciaaraemoro. Takum obpazom,
MBI TIOJIy4aeM HYJIb, W BCA NPOBOAMMOCTD WcUepIbiBaeTca BKaagoM (5.283), (5.285). B
YaCTHOCTH, AefiCTBUTEbHAA YacCTh TPOBOIUMOCTH COCPEIOTOYEHa B 6 — (QYHKIIUU Ha
HyseBoit gacrore (5.286), mpudeM ny; = n, T.e. B Hee MAIOT BKJIAJ BCE 3JTEKTPOHBI.

38B ciemyromeil riiaBe aHAJIOTHMYHBIE BBIYHC/ICHAA GYIyT IPOBEIEHBI (mo1z mpyroft samaam) Bo Bcex
TETAJIAX.
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Yro6EI pasobparhcs, 9TO MPOW3ONLIO, BCIIOMHHM, YTO MBI PACCMATPHUBAEM OTKJIMK HAa KOHETHBIX
9acTOTaX B CBEPXIPOBOINHUKE G€3 MPAMECHOTO (B KaKOro — Jub0o Opyroro) NUCCHIATHBHOTO PACCEAHMA.
CKOpOCTb ¢-T0 2JIEKTPOHA BO BHELUIHEM IIOJI€ ONpeNeIAeTca us: mv; = p; — 2A(r;). Torna mosmsiil Tox

c
B CHCTEME paB€H:
62

J:eZ<V¢ >= %Z<pi>—EZA(I’,‘) (5.289)

TlepBoe craraeMoe 37ech TPOTOPIHOHATEHO TPHIOKEHHOMY 3JIeKTpraeckomy Tiostio E(rt) = Ee'df —wwi
TaK 9TO:

I(rt) = o(w)E(rt) — %nA(rt) (5.290)

TIOe Opu 3alluCHU BTOPOTO CJIAra€MOTr0O MBI HOPEANOJIOXKMUJIA OMHOPOITHOCTH CHUCTEMBI. C yYy49eTOM E =

1 8A(rt)

- , mmeem A = L}—CE Torna ypasrerme Jlommonos (5.257) ¢ ns = n (mpm T = 0) mosaydga-
erca m3 (5.290), ecm o(w) = 0. VimenHO 2T0 MBI B HOJTy9nIH B3 (5.288).

[MosTomy, mocenOBaTEIBHOE PACCMOTPEHUE MMPOBOAMMOCTH B CBEPXIPOBOIHUKE
HYKHO TPOBOAUTH C y4eTOM, Hampumep, npumectoro pacceanud (S.B.Nam, 1967). Co-
OTBETCTBYIOIINE PACUETHI TAKKE BECHMA IPOMO3IKHU. MBI BOCIIOIB3YEMCH YIPOIEHHBIMU
pacCyXICHUAMHU, KOTOPbIE JAIOT NpaBUIbHbIH oTBeT B “rpasuom” npenese [4]. Bocmosin-
syemca (cp. (5.281), (5.239)) onpeznesieHneM NPOBOAMMOCTH B BUJIE:

o(w) = lim M, Reo(w) = lImQ(Ow) (5.291)
=0 W w
U BBLIETUM MHEMYTO dacTh (5.288) ma caydaa w > 0. Kpome Toro, yurem, 4To B “rpsas-
HOM” CBEPXMPOBOJIHUKE UMILYJIBCH P U P + ( HE ABJIAIOTCA “XOpOIHUMHI~ KBAHTOBBIMH
9nciamMu 3JeKTpona. Torma MoXHO MpeanoJIoKNTh, 9T0 B aToMm npenene &p 1 {piq B
(5.288) ciemyer cunTATh HE3ABUCUMBLMU TTEPEMEHHBIMU U 3AMHUCATh:

epep — Epbpr — A?

EpEp!

C [ee] [ee]
Reo(w) = 70/ dgp/ €L 8(w —€p — £pr)

(;0 /:o de /AOO de'N(e)N(e")b(w —e —¢) (1 - g) (5.292)

TZle B TOCTENHER CTPOKE MEPENLIN OT MHTETPUPOBAHNUA 1O { K MHTEIPUPOBAHMIO TIO CTIEK-
py (5.68) € m, cooTBeTCTBEHHO, BBeM TIOTHOCTH coctoanmit BKIII, onpenenennyio B
(5.79). B (5.292 BBezmena Takxke Koncranta Co, KOTOPYIO OYIEM OMpPENETATh U3 yCIOBAA
“cmBK®” ¢ MPOBOJMMOCTBIO B HOpMasbHOM MeTaste (mpu A — 0). W3 (5.292), caumasn
OJTHO MHTETPUPOBAHUE C MTOMOIIBIO § — QYHKINA, TOTyIaeM:

Reo(w) = %H(u _2A) /:_ deN(e)N(w — ¢) {1 - 6(@?7—5)} _
_ (;0 B(w — QA)/:_ de = A;)(f;z[_(i)__géd_ RRE (5.293)

TTepexosisl K MepeMeHHOl WHTErPUPOBAHUA & C MOMONIBIO COOTHOMEHNA 26 = w + z(w —
2A), umeem:

1

1Cy 1 — az?
R = ——f(w—-2A)w —2A d 5.294
colw) = 5 2w —28)w-28) [ e n e G
e o = Z;gﬁ Murerpan B (5.294) Belpaxkaerca depes sJInnTHYecKue QyHKIUN KaK:

Reo(w) = %[(w + 2A)E(a) — 4AK (a)])f(w — 2A) (5.295)
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B nopmasbrom Metasie (A = 0) morsomenne onpenenserca seananuoit Cy (4T0 BUIHO
u3 (5.292), serauciennoit npu A = 0). CooTBETCTBEHHO, OTHOIIEHNE ONTUYECKUX TPOBO-
IUMOCTe B CBEPXIIPOBOJHUKE U HOPMAJbHOM METAJIIIE ONPENETIAETCA BhIPpaKEHUEM:

Reoy(w) _ o1s(w) _ %[(w +2A)E(a) — 4AK (a)]f(w — 2A) (5.296)

Reop(w) — o1n(w

D10 Tak HasbiBaeMada dopmysia Marrtuca — Bapauna (D.Mattis, J.Bardeen, 1958), koro-
pad JaeT MPeKPacHOe COTJIACUE C PKCIEPUMEHTOM, B YeM MOXKHO yOEeIUThCH, TOCMOTPER
Ha Puc. 5-15.

B mmpokom mHTEpBaJie 9aCTOT BHEITHETO 3JIEKTPOMATHUTHOTO TOJIA KAYECTBEHHOE TIOBENECHUE -
CTBATEJIBHON 9acTH HMPOBONMMOCTH (ONTHYIECKOTO MOIJIONMIEHAA) B CBEPXIPOBONHHUKAX BBITJIANAT Kak
mokasano Ha Puc. 5-16, Tme mpuBeneHbl pe3yIbTaThl 6oJiee TTOIPOGHBIX PACIETOB ONITHYIECKON IPOBOIH-
moctr B Momesaun BKIII, ¢ ygeToMm mpmMecHOTO paccesiHUA ¢ KOHKPETHBIM 3HAUYEHHWEM Y = % = A.B
HOopMaJsbHO dase (mpm T > T) mIpoBoOMMOCTH, 3aBHCAIIAA OT 9aCTOTHI, ONIPeeIAeTCA o6braHol dbop-
mysolt Ipyne (4.179), ¢ BpemeneM cBoGOmHOTO mpoGera, OMpeNe/IAEMBIM, HAPAMEP IJIA JOCTATOTHO
HU3KUX TEMIIEPATYP, PACCEAHAEM HA MIPAMECAX. DTO TAET XapaKTePHOE TOBEIEHAE TeHCTBATETHHO 9a-
CTH TIPOBOAMMOCTH, TIOKa3aHHoe Ha Puc. 5-16 crutommoi kpwsoii. [locsie mepexonma B cBepxmpoBomdAIiee
CoCTOoAHME, B IPOBOMAMOCTH BosHHKaeT §(w) — BKan, (5.286), ceasaHHBI CO CBEPXTEKYYHM OTKJIAKOM
KOHJIEHCATa KYIIEPOBCKHX Tap, a KOHEYHOE IOTJIONICHWE BO3HWKAET B obstactm w > 2A, 9TO COOTBET-
CTBYeT BO36YKIEHUIO OJIMHOYHBIX 3J1eKTpoHOB depes miesb BKIIL. [Tpu 7' = 0 1w 3/1eKTpOHBI BOSHAKAIOT
B pesysbrare “paspbiBa’ KyIEepOBCKHX ITap BHEIIHHUM IIOJIEM (9TO COOTBETCTBYET GUSHIECKOMY CMBICILY
BesImIWHBL A, KaK HEPIUH CBASH 3J€KTPOHA B Iape). I[IpoBonuMocTs 1r060H CACTEMBI yIOBIETBOPAET
CITEMYIONIEMY TOIHOMY npasuay cymm [10]:

e rne?
/ dwReo(w) = 5 =
m
0
2 _ 4me?

roe wp = KBaapatT TJIa3MEHHON 9acCTOTHI. HJ’IH CBEPXTPOBOMTHUKOB 3TO MPpaBWUJIO CYMM O3Ha-

gaeT, 9TO0 MHTETpaJ oT Bcell obaacTw, 3alITpuxoBaHHON Ha Puc. 5-16, T.e. 3amTpmxoBaHHAdA TLJIONIATE
o/ KpuBOii, oNHUCHBaOUEll IpymeBCKoe MOBEIeHNEe B HOPMAJIBHOM METAJLIE, IOC/e TEPEXoia B CBEPX-
TpOBOMgAIee COCTOAHUE “yXomur” B aMILUIATYLy & — (QYHKIIMOHHOTO BKJIAIIA (5.286)7 a ocTarmadcda
He3allITPUXOBaHHOI 06/1acTh Mo KpHBOi MorsomeHnsA B obyacth w > 2A obeclieduBaeT BHITIOJTHEHHE
(5.297) BMecTe C 5THM BKJIAIOM CBEPXTEKYTIEro KOHIEHCATA.

OTHOCHTETHHO TPOCTOE PACCMOTPEHNE, TIPOBEIEHHOE BBINIE U OCHOBAHHOE Ha MOJIEJIH
BKIII, gaet mpaBUIbHBI! OTBET MJid OTKJINKA CUCTEMBI HA BHEITHUE NONEPEYHbLE IJIEK-
TPOMATHUTHBIE TIOJIs, HO B OOIEM cJiydae, OHO HE JaeT MPaBUJIBHOTO pe3yabTara IJid
OTKJIMKa Ha npodoavroe mone’®. ®uandeckad mpupoma »Tolf TpyaHOCTH 06yCI0BICHA
TeM, 9TO TPOIOJILHBIN IPATIUEHTHBI TIOTEHITUAJ CBA3AH HETIOCPEICTBEHHO ¢ KOJIJIEK TUB-
HBIMH BO30yXKaeHnAME (DIIyKTyannaMn) 2J1eKTpoHHOi mioTHocT!. B Momesn 6e3 manb-
HOJZIEHCTBYIONIETO KYJOHOBCKOTO B3aMMOJCHCTBUA TaKue BO3OYKICHUA B CBEPXITPOBO/I-
HUKAX COOTBETCTBYIOT TakK Ha3bIBAEMOMY OOTOJTIOO0BCKOMY 3BYKY, MPEACTABJIAIONIEMY
coBOlt TOJIICTOYHOBCKYIO MOJIY, CBA3AHHYIO CO CIHOHTAHHBIM HapyIIeHHEM KaJubpoBOY-
HOW MHBApUAHTHOCTU. YYeT JAJIBHOACHCTBYIONMX KYJIOHOBCKUX CUJI TIPUBOIUT K TOMY,
4TO 60TOTIOO0BCK U 3BYK MEPEXOMUT B ODBIYHBIE MJIa3MOHBI B MeTaslie. ['pajguenTHo un-
BapuaHTHAsA TEOPU JIJId 3JIEKTPOMATHUTHOTO OTKJINKA CBEPXIPOBOIHUKOB MOXKET OBITh
noJtydena, ecyim 06obumTh cxemy BKIII Takum obpasoM, 9ToOBI BKJIIOYNTE B HeE MOI00-
HBle BO3OyxmeHud [5].

(5.297)

o |’UEM

39Mz1 Bcerma mompasyMepaJn BeGop Kambpopkm divA = 0, ¢ = 0.
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Puc. 5-15 [leficTenTenbHas 4acTb ONTUYECKOA NPOBOANMOCTMN CBMHUA B CBEPXMNPOBOAALLEM
coctosrum npu T'= 2K (L.Palmer, M. Tinkham, 1968).
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Conductivity (arb. units)

) 10 15

Puc. 5-16 ,D,eI7ICTBVITeJ'IbHaﬂ 4yacTb OoNTU4YecKon npopoagnMMOCTN MeTansna B HOpMaJZibHOM
n ceepxnpoBogALleEM COCTOAHUN, C YHETOM KOHEeYHOM 4acToThbl pacceAaHnAa Ha NpUMECAX

r=L1—=9A

T



I'1aBa 6

3JIEKTPOHHBIE HEYCTONYMN-
BOCTHU NN PASOBDLIE ITEPEXO/IBI

HeycroliunBocTh (pOHOHHOrO CHEKTpA.

ITpoBeneM pacdeT MepeHOPMUPOBKH (hOHOHHOTO CHEKTPa 3a CUET 3JIEKTPOH — (POHOHHOTO
B3aMMOJIENICTBYA B 0dnoMepHoM MeTasLTe. [Ipn aToM MBI Oy meM ncxoauTh n3 obmeil dhop-
MYJIHPOBKH 3a/1a41, OMUChIBaeMoll ypasHenuamu (3.16), (3.18) u (3.74). Kak mMbl yBumum,
3Ta MEepEeHOPMUPOBKA BeJET K HeyCTOMYMBOCTH (POHOHHOTO CIEKTPa, KPaTKO yiKe YIo-
MUHaBlIelica BbIle B IyIaBe 06 3/1€KTpoH — (GoHOHHOM B3amMopehcTsum. Temeph Hala
3a7a9a COCTOUT B TOM, 9TOOKI ToApobHee pa3obpaThcd B 3TOM BOIpPOCE.

Hna d = 1 monApusanMoHHBIA onepaTop raza cCBOOOMHBIX 3J1eKTpoHOB mpu T = 0
ompeAeIaeTca CASLYIONMM BhIPaKEHUEM:

[ d de
(kw) = —2z/§ 5-Golep)Gole +wp + k) (6.1)

1€ MHOXKXKUTEJb 2 YYUThIBACT CIIAH. BbI‘II/ICJI?{?{, KaK 2TO OEJaJI0OCh paHbII€, MHTETrpaJI 11O
£, IoJIy4JaeM:

H(]cw) — %/dp n(gp) — n(&’-l—’“) (62)

w—Epyr + & + 16(signépr — signép)

2
rme BBesn obosHadenue §, = £(p) = 5—m — {4 OJ14 DHEPTUN 3JICKTPOHOB, OTCYNTAHHOR OT

yposua Pepmu. OQTIUYHBIA OT HYJId BKJIaJ B WHTETPAJ B (6.2) IaioT aBe obsacTu:
1. & >0, Eptr <0

2. & <0, Eptr >0

221
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nnade n(ép) — n(€p4x) = 0. s koukperHocTH, mycTs k > 0. Torma stu obsiacTu coot-
BETCTBYIOT:
1. —pr —k <p< —prF
2. pr—k<p<pr

CoOoTBETCTBEHHO 5TUM HEPAaBEHCTBAM ONpeNeIAeTcs U 3HaK +i18 B 3HaMeHarese (6.2).
Mo»romy (6.2) MOXKHO IMepenucarh Kak:

1 [7PF dp 1 [PF dp
H(k(.u‘) = _;/ k2 pk . + _/ 72 ok — =
—pF—kW—T———Zé pr—kW—————i—zé

2m m 2m m
o (%—’%—wﬂ'é) (%—k’%—l—w—kié) 0
=Ll 6.3
L e e o) (B e v i)

Pacemorpum nosesenne I(kw) npn w = 0 u B6usu k = 2pp, mosarasa k = 2pp + q (r.e.
q=k—2pp, |q| < 2pr). Torna:

m dpp m dpp
SN P G L L P
apr gl apr |k — 2pp|

Mk =2pr+q, w=0)= (6.4)

PaxTUYECKN TOT Pe3yabTaT yXKe YyHOMUHAJCH HaMu Bbilre B (3.72), B cBA3M ¢ mpeBa-
PUTEJIBHBIM OOCYKICHNEM “THTaHTCKO” KOHOBCKOI aHOMAJIWH.
Tenepsb mepeliieM HEMOCPEICTBEHHO K OOCYXKIEHUIO MEPEHOPMUPOBKY (HOHOHHOTO

criekTpa. 3anuuiem dononnyio dynkuuio ['puna B Buzge (cp. (3.18) u (3.74)):
D7l (kw) = Dy ' (wk) — ¢*TI(kw) (6.5)

B6m3Y k = 2pp, ucnosnaya (6.4)!, mveem:

w? —w? 2 4
e 9, PP (6.6)
Wi, 7pr |k — 2pp|
WIn
2
2 _ 2 myg dpp
w _w2pF{1—ﬂ_pF In |k—2pp|} (6.7)

Orcrona BugHO, 9TO 14 k, TOCTATOYHO OJU3KUX K 2pp, BTOPO 4JI€H MPEBOCXOIUT TIEP-

BBIfl, Tak 4TO wacToTa hoHOHA cTaHOBHTCA MHUMOM (w? < (). YMeHblleHHe YacTOT

dbonoHOB ¢ k ~ 2pp Ha3BIBAIOT BO3HUKHOBEHMEM “MArKON” Mombl (“cMmaArdenuem” pe-

IIETKH), 9TO MoKasaHo Ha Puc. 6-1, a BOSHMKHOBEHNE COOTBETCTBYIOMIEH HeycToi|Yn-

BOCTH (POHOHHOTO CHEKTpPA MPUBOAUT K TOMY, UTO PENIETKA CTPEMUTCA CIIOHTAHHO He-

dbopmupoBaThea. OkasbiBacTcs (KaK MBI YBUINM HIKE) TEPMOANHAMUYECKY BHITOJHBIM
27 T

BO3HUKHOBCHHUEC MOAYJ/JANUN TJIOTHOCTH aTOMOB DPEIIECTKU C TEPUOIOM F = E, T.€.

BO3HUKHOBeHUe cmamuyeckoti medopmarnuu ~ Ree'?PF? ~ cos(2ppz + ¢). B cucreme
MPOUCXOAUT TaK HA3BIBAEMBIN natiepacosckutl CTPYKTYpHBIA mepexon. CoOTBETCTBEHHO

TaKWM CMEIEHUAM aTOMOB BO3HUKAET W MOJYJIANNSA ILJIOTHOCTH 3JICKTPOHHOTO 3apAia:
p(z) = po+p1 cos(2ppr+¢), mn, Kak TOBOPAT, BOSHUKAET 60AKE 3aPAJo60ot naomuocmuy
(CDW). Bee a1o mmoctpupyerca Puc. 6-2.

1Crporo roBops 3mech ciIemOBaIo GBI UCIIOIB30BATH II(w, k = 2pp) mprm w # 0, HO HpeHEGPEXKeHAE
aTol 9acTOTHOI 3aBUCAMOCTBIO HE MEHAET KAYECTBEHHBIX BEIBOIOB.
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oK)
. =T,

/ T=Tp,

k
2
Pe

Puc. 6-1 BosHukHoseHune HeycTon4meoi ( “MArkod") poHOHHOR MOfbI 33 CHET FUraHTCKOI
KOHOBCKOW aHOManuu.

Puc. 6-2 CmelieHne aToMoB Lleno4kn Npu U3MeHeHUU Nepuona v obpasoBaHMe BOMHbI
sapanoson nnotHoctn (CDW) npu nainepncoeckom nepexope. lMokasan cnyvain yasoenus
neproaa NCXOQHOM peLleTKU.
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A EP

Puc. 6-3 JluHeapusosaHHbiii (86nnsn yposHa Pepmun) criekTp sneKTpoHOB B OAHOMEp-
Hom meTanne. ‘TosepxHocTs' Pepmu npeactaBnAeT coboi NpsAMYIO NUHUIO, 3amMOJSIHEHbI

5M1eKTPOHHbIe COCTOAHUA B obnacTu (—pp, pr), KOTOpas 3alWTpUxoBaHa.

PeaﬂbHO,paCCManHBaGMa&[HeycTOﬁqHBOCTbCHeKTpa,BO3HHKaeTIHHIHGKOTOpOﬁ]ﬁ}

neunoit Temneparype T' = Tpq, Korja KBaJpaT 9acTOThI w?(k = 2pp) BuepBbHIE 06pala-

ercd B HyJib. YTOOBI TIOHATH KakK 3TO MPOUCXOAWT, PACCMOTPUM TOAPOOHEE CHUTYAIUIO
mpu 1" # 0. Paboraem, kak Bcerna, B MaiybapoBckoit Texuuke. [Ina dynkmun ['puna

dbononos onars nuiteM ypashenue laficona:
D_l(kwm) = Do_l(wmk) — gZH(wmk)

e

w?
Do(k‘wm) = m, Wm = 2mmT

HOJISIpI/I3aL[I/IOHHbI]/I OHepaTOp:
n 2 7

Hac nntepecyer obaacth k ~ 2pp, TaK 9TO 3alMIIEM:
k=2pp+q, lq] < 2pF

[Mockosmbky wmuTEpecyoume Hac 3(h@EKTH ONMPENESTAIOTCA JTEKTPOHAMY

(6.8)

(6.9)

(6.10)

(6.11)

n3 CpaBHU-

TeJIbHO y3Ko# okpecTHOoCTH ypoBHA ®Pepmu, B MaTbHEHUIIEM WCTOIB3YEM MOJIENDL JIW-

HeapuW30BaHHOTO CMEKTpA, Mokasauuyto Ha Puc. 6-3. Torna nmeem:

Ep—r = =& +vrg opa p~ +pr
—& — vFrq npu p~ —pr

£p+k

(6.12)
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darTUYECKU, HTO CUPABEIJINBO MIJid JIOOOTO BUIA 5JIEKTPOHHOTO CIEKTpa B OTHOMEp-
HOM MeTasiie Bom3u AByX “Konnos” smaun ®epmu (“rouex” Pepmn). CoOTBETCTBEHHO,
3aMnChIBaeM MOJIAPU3ANMOHHBIN onepaTop (MMed B BuLy onaTh k& > 0) B Bue:

* dg, 1 1 B
M(qwm,) = TN(EF) E/ 5 2mi iy P Sy

stgneny

28, —Wm + 1Vpq

= —QTTN(EF)ZH[En(En _Wm)] (613)

rie cnmHoBas “mBoifika” Brmodena B N(FEp). 3mech daxrop 0e, (e, — wm )] obecneun-
BaeT signe, = sign(€, — Wm), ITO, B CBOIO OUYePenb, MOMEIIAET MoJIoca 1o , B pasHble
HOJIYILJIOCKOCTH COOTBETCTBYIONIEH KOMILJIEKCHOM mepeMeHHolt, 4To u obeclednBaeT OT-
JIM4ne OT HyJlf MHTerpasa 1o &,, KOTOpblit TPUBHAIBHO cYnTaeTCd 1o TeopeMe Komr.
YMHOKAA YUCTUTENb U 3HAMEHATENb HA SIgNe, = sign(e, — Wy, ), TOTYIUM:

M(qwm) = —27TN(Ep) E . |66[5n(5n - (.u.m)] . _

n — wm| + wpq signey

Olen(en — wm)]
— Wm |+ tvpq signe,

= 27T N(EF) (6.14)

The YU |e,| = ensignen; |en —wm| = (en — wm)signen; |26, — wm| > 0. Torna:

1
M(qwm) = —27TN(EF) E T —
n>0
1
27T N(Ep - 6.15
( )T§)25n+wm_lvf'q ( )

Bxonganiue cioma cyMMBI pacXoodTCd, €CJIN HE YIATHIBATH, YTO caMo 10 cebe, 3JeKTPOH
— ¢bononnoe B3amMmozeiicTBue (“kKoHcTanTa” B3anMOeHCTBUA ¢) a(b(beKTMBHo obpesa-
eTcd Ha 9acToTaX ~ Ep, T.e. HOpAKa IIWPWHEI 30HLI IpoBoamMocTu’. IlosToMy cyMm-
MUpPOBATh 3/16Ch HaILO 10 €, ~ Ep! Torma, nobapassa ¥ BhUMTad B CyMMax (6.15)

2aTN(EF) Zn>0 7e-, THe N* = [:EF—FT], MOXKEM 3aTCaTh:
Nt
M(wmq) = —47TN(EF) 5
En
n>0

1
—27TN(E - -
T F Z_: [25n—|—wm—|—wpq 25n]

—27rTN(EF)i[_ L —L] (6.16)

2en +wm —vpq  2e,

TJE B CXOOANINXCA CyMMax BerHI/Iﬁ opeaecss y2ke MOXKHO B34TH paBHBIM OECKOHEYHOCTH.

HOJIb3y9{CI) TENEPHb TEM, ‘ITOSZ

N 9 Ep
47rTN(EF)Z26 = N(Ep)In =,
n>0 "

(6.17)

2He myTaTh cO cRapueamessn o.M B3aRMOIeCTBIEM B CBEPXIIPOBOIHIKAX , KOTOPOE, KAK MBI BHUIE/TH
obpesaeTcs Ha 9aCTOTAX ~ Wp.
= In(4yN).

33,£[6CI> HCIIOJIB30BaH M3BECTHBIN pesyJjabTart: 2 E n=0 2n+1
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MoJIy4aeMm:

27EF
al
1

n—+ %

M(qwm) = —N(Ep)In

——N (Er) i

n=0

IVFq -
47T

n+ 35 +4,FT+

1
+ + 47TT

e}

—lN(EF Z

1

n -+ %
MMosb3ysach Tenepb onpenenenneM ¥(z) —

¢<x)=—c—g%[ ]

rae C = Invy = 0.577..., 3anuireM noJgpU3aIMOHHBIA ONEPATOP OMHOMEPHOTO 3JIEKTPOH-
HOTO rasa B CJIEAYIoNeM OKOHYATeJIHbHOM BHUIE:

(6.18)

ZUFQ -
47T

dyHKIIIN B BUAE:
1 1
n+xr n+1l

(6.19)

_ 29Ep 1 1 1p(q
Mgwm) = =N(Er)In =7= + 5N (Er) [1/’ <2 P T o)
1 Wm wpq . 1 -
+Y (5 t T 47rT) - (2)] -
Ep 1 1 ivpq
= —N(Ep)ln —= 4+ ~N(Ep) | m
(Ep)In o7 + 3V F)|:1/)<2+47TT+47TT +
1 Wm weq
-4 — — 6.20
+w<2+4ﬂ'T 4TT)] ( )
T7e yUIu, 9TO P (%) = —In4~.
OnpenenuM Ge3pasMepHYI0 KOHCTAHTY 3JEKTPOH — (HOHOHHOTO B3aMMOIEUCTBUA
KaK4Z
A =g¢*N(EF) (6.21)

Torna uHTEpecyioliee HAC ypaBHenue aya douonHol dbynkunn [pumna (6.8) mepennchi-
BaeTCA B BUIE:

2

prF D_l (qwm)

(iwm)2 _w%pF{ —Aln 7 T—|—

A 1 W, Wrq 1 W, Wrq
2l 2 P - _ —
3 [”’ (2 T amr ) T (2 YT T T
) 2vEp
2 2
= (iwm) _“2pp{1_’\ln - +
A 1 Wrq | 1 W Wrq 1
2 “m_ Sy m —op (= 6.22
+2[ <2+47T+47T)+” 2 ot ") T V\3 (6-22)

Orciozna JIerko OMpeNesInTh TeMIepaTypy nepexona Tpo, Kak TEMIEPATypy, IpU KOTOpOii
obpataerca B HyJIb dacToTa (HoHOHOB ¢ k = 2pp (1.e. ¢ = 0). Mostaraa B (6.22) ¢ =0 u
wm = 0, mosTy9aeM ycJioBme:

Z’yEF

Tipo

~10,0)=1—Aln =0 (6.23)

4He myrars ¢ pasMepHOH KOHCTAHTOH )\ CHApPHBATEBHOTO B3aMMOMEHCTBHA, MCIIO/b30BaBUIeiica B
npembiaymeit rase!
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910 maet dopmyny tuna BKIII maa remMnepaTypsl nepexoa (HEYCTORIMBOCTH PENIETKN )

2
7}0::j?Efe_§ (6.24)

BanuceiBag (6.23) kax:

Ep 1
1—2Al A | -] = 2
n 37T + Ay <2) 0 (6.25)

U BBIYMTadA 3TO BBIpaXkeHne W3 npasoit gactn (6.22), mosydanm:

_ . T
wgpFD 1(wmq) = (zwm)2 — wgpF/\ {ln %—}—

. .
(L wm wry (L wm ivrg W 1 6.26
Y| -+ + + | Y| - .

2 AT  4xT 2  4xT  4«T 2

,HJIH HaXOXIOeHUA MUCIIEPCUOHHOTO YypaBHEHWA MATKOMN MOIIBI HYKHO CIOeJIaTh 3IECh O6LI‘IHOG mpo-
JOJIZKEHUE Zu)m — W W BOCIIOJIB30BaThCd Pa3JIOKEHUEM ’l[/ - (byHKI_T,I/II/I (Ko’ropoe HECJIOKHO MMOJIYyYUTH U3

(6.19)):
1w wpq) = [ 1 1 ]
- — + ~—-C — —
1//(2 4rT 4rT Z n+1/2 n+1 +
n=0

= 1 tw ,qu]
[ S + _

+Z (n+1/2)2 [ 4rT Z47rT

n=0

1 [ tw ,qu]2
— g RN + 2 =
(n+1/2)3 4rT 4rT

L1
2

n=0

= (1/2) + = (_Zﬁ +i ) +7¢(3) o vpet  wurg (6.27)

- s\ e 167272 © 167°T | 8n272 '

Torma moJsiydaemM ypaBHEHUE, ONPEIETAIONIEE CIIEKTP MATKON MOIBI B BUIE!
_ T i 7¢(3) v? 7¢(3)

2 1 _ 2 2 F 2 2( _ ;

(.d2pFD (qw) =W — (.d2pFA {hl % — 8—T(.d —|— 1671'2 ﬁq —|— WW = 0 (628)
Paccmarpusasa T ~ T, ¥ BBOAA XapakTepHyio gauHy “KorepentHocTr” {o(T) Kak:
7¢(3) v¥

2 r )
T) = — 6.29
50( ) 167‘-2 T2 ( )

neperuiieM (6.28) B Buzge (D.Allender, J.Bray, J.Bardeen, 1974; B.Patton, L.Sham, 1974):

T-T, T 7¢(3)w?
2 2 p0 2 2 _ .
¢ _M%FA{ T, are TN+ e =0 (6.30)
IIpenebperas, B TEpBOM MPUOJINMKEHUN, 3aTyXaHIEM, TTOJTYIaeM CIIEKTP MATKOR MOIBI B
BUJE:
T —Tho .
wQQAw%F{—ﬁf—£—+ azjf} (6.31)
p0

Orciona u ciemyer onMcaHHas BBl KadecTBeHHad KapTura: npu 1 — Tpo (B obmactu
T > T,() IPOUCXOOUT yMeHBIIeHNe YacTOTHL GOHOHOB ¢ k ~ 2pp, Tax 4aro npu T = Tpg
KBaJIpaT 9acTOTH Kosebanug ¢ k = 2pp obpaiaercd B HYJIb, CTAHOBACH OTPUIIATETHHBIM
B obstactu T' < Tpo (4TO U COOTBETCTBYET HEYCTOHIMBOCTI PELIETK).



228

3NIEKTPOHHLIE HEYCTOMYNBOCTU U ®A30BbIE MEPEXOAbI

Bosspamnrasch x (6.26), sanuuiem Tenephb:

1 1 1 1
D(qwm =0) = = (6.32)
,\ T— Tpg + 15)”32 ;}; q /\ T— Tpu _|_€ ( ) 2

Kax ormedasioch Beiie, B cBasu ¢ (3.101), (3.102), koppenanmonnas GyHKINA aTOM-
HBIX CMENIeHUH oT/imdaercd oT ¢hyHKun ['puHa GoHOHa TOIHLKO 3HAKOM M MHOKHUTEIEM
(pwgpF)_l (e p — MWIOTHOCTH CPEABL), TaK YTO:

Tho 1
’\p(“}%pF i TPD + &3(Tpo)q?

Clq) = / dec®® < u(a)u(0) >= (6.33)

roe MHOXKUTENb ' = T,0 BOSHUK OT “CyMMHpOBaHH# IO MallybapOBCKHM YacToTaM (Cp.
(3.102)), B KOTOPOM MBI OCTaBUJIM TOJBKO 4JIEH € Wy = 0, 4TO COOTBETCTBYET BBICOKNM
TeMrepaTypaM (Haubosiee CUIBHO GIIYKTYUPYIONit BKIIa, COOTBETCTBY IO TIEPEXOIy
K KJiaccndeckoit repmopnnamuke). Kopode roBops, sanuuiem:

A T2
e A= —2 B="T,(Th) (6.34)

Clo) = (T — Tpo) + Bg? )\pwgpp

TOI‘,H& B KOOPJWHATHOM IPpEACTABJICHUN NMEEM:

Clgye-ie = A / corer __

TpO + B(J‘
———————exp l2] (6.35)
9 B(T —Tho) G
rmoe
€(T) = & (Tyo) 1o (6.36)
T T, '

Hetpynmo coobpasuTh, 4TO MBI TOJYYHUIN, TAKUM 00pazoM, obbIdHOE “cpemHenoaeBoe”
onucanue ¢asosoro nepexoma II poma mpu T = Tpg, a (6.34), (6.35) u (6.36) coor-
BETCTBYIOT KapTHHe HeB3amMonehcTylomux duykryanuit cmemenuit npu T ~ T, ¢
koppeaaropom Opnurreiina — [epruke [11].

Bce aTo MBI cefiaac mponestam WITIOCTPAPYET 06Imil MAK pOCKOTIMYIECKHAT METOT ICCIeToBaHms da-
30BEIX TepexonoB 11 poma ¢ momonpro muarpamm. CHa9asia Hy KHO HCCIAENOBATH GJIyK Tyallul IapaMeTpa
nop#AnKa B KBanpaTHIHoM ( “rayccoBoM” ) mpubsmxennn. B naraoM cirygae, mnapamerpoMm nopanka, gak-
TU9IECKH, ABIAETCA Pyphe — KOMIIOHEHTA CMENIEHUA ATOMOB PENIETKU C BOJTHOBBEIM BEKTOPOM k = 2pFp.
Ecam dasossrit mepexon meficTBATETHHO MMEET MECTO, TO MOJIKHA CYIIECTBOBATH TEMIIEPATYPa, IIPHA KO-
Topoil cmcrema “cMArdaerca’ HACTOJIBKO, 9TO crarwiecKad (wry, = 0) KoppenaumonHaa GyHKmma (B
HMITy/IECHOM IPEICTaBIIEHAN ) 00palaeTca B 6ECKOHETIHOCTD. DTO yCJIOBHE U OLPENEIAET TEMIEPATYPY
mepexofia B KapTuHe “cpemaero mosia’ . Jlajiee Hy KHO M3ydWTh IJIAHHOBOJTHOBEIE (DIIYKTYAIMN TTapaMe-
Tpa MOPAIKA W WX B3ARMOJIEHCTBHE B OKPECTHOCTH TOIKH hazoBoro mepexoa. 1ada 3Toro HyKHO BEIATH
3a IpemeJIsl KBaIpaTHIHOIO (rayccoBa) npubJmkeHnda. B paccMoTpeHHON MOmeH HyKHO y9ecTh “aH-
rapMOHHE3MBL , 06y CJIOBIIEHHBIE 2JIEKTPOH — (POHOHHBIM B3amMoelicTBHEM (HaOpHAMep OHATPAMMEL JJIA
CBOGOTHON »HEPTAM C Y€THIpbM#A BHEITHUMHU “XBocTaMu’ oT pIyKTyalluii mapaMeTpa MopAIKa, KOTOPhIe
6yIyT pacCMOTpEHH HaMu B masbHeiiuem). B pesyiasrare, daxrmaeckn, Moy daeTca COOTBETCTBYIONIEE
passioxkenne tuna | maszbypra — Jlammay, ¢ moMombI0 KOTOPOTO W MPOBOMUTCA WCCIETOBAHUE TEPMO-
ITWHAMWAKHW CACTEMBI B OKPECTHOCTH TEMIEPATYPHI Tepexona. Takada cxeMa pacCMOTpPEHWA yiKe ObLIa
peasm30BaHa BHINIE TIPA PACCMOTPEHWHN CBEPXITPOBOIAMOCTH.

PakTUaecKm, A OMHOMEPHBIX CHCTEM ITPOBEIIEHHOE BHINIE PACCMOTPEHWE ABJIAECTCA UPE3MEPHO
yupomerHsM. Mb1 yxe BEmemn (cp. paccykmeHna B cBasm ¢ (3.111) m (3.115)), ato nna d = 1 da-
30BBIH mepexon “cpemHerniosieBoro”’ THia Booblle HeBO3MOXKeH. B naJsbHelmieM MBI enie BEpHEMCHA K
06CYKIEHMI0 5TOTO BOIPOCA W yBHAWMM, 9T0 B obmactu Temmeparyp I ~ Tpg B cHCTeMe BOSHHKAIOT
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pa3sBUTHIE (bJIyKTyaH,I/II/I 6 IMKHETO mopdankKa, a CTa.6I/IJII/ISa.H,I/IEI HUCTUHHOTO MAJBHETO TMOopAdKa BO3HHU-
KaeT TOJIBKO NP y4YeTe€ TPEeXMEPHBIX B3amMoOIecTBUl B cucTeMe OIMHOMEPHBIX IEMMOYEK aTOMOB (T.e.
B TPEXMEPHOM aHU30TPOITHOM KpI/ICTaJIJIe).

IIycTh Teneph B cucTeMe ecTh €llle M XaoTUIeCKH pachpeieseHHbe mpuMecn. B sTom
caydae MoJIAPM3ANOHHBI onepaTop ompeaesderca rpaduKamMmn, ToKa3aHHBIMI Ha Puc.
6-4 m 3anuchbIBaeTCAd KakK:

d
(wnk) = QTEH:/ 2iG(5np)G(6n — wmp — BT (e, wm, k) (6.37)
e
Genép) = ! = |14 L (6.38)
(enép) = FEa— En = €n el 3 TpU VR .
a “TpeyrosibHaa” BepimHa B “JdecTHndnoMm” npubmmxkennn Puc. 6-4 (b) onpenenserca
ypaBHEHUEM:
~ T (en,En—m;q)
T EnsEn—m, =1- / d e = 6.39
( 7) 27T J_ o & (&p — 1€,)(€p —vPq + i€n_m) ( )

TJie TIEPEeNLIN, Kak 0OBIIHO, OT MHTETPUPOBAHNA MO dp K MHTETPUPOBAHWIO N0 dE,, BBEJN

1 .
5.7+ OTCiofa cpasy Xe ToJTydaem:

2
0DO3HAYEHNE Epy—pyy = Ey — Wy, U YUIH, 9TO PU-VE =

€n 1
|5n| 571 + gn—m + iUFq

1
-1 _
T (en,en-m,q) =1+ ;Q(EHEH_m) (6.40)
Jlsig ynpornenns pacdeToB, MbI PEATIONIATAEM, UYTO TPUMECHBIE JIMHUY B “JecTHUIE” Ha
Puc. 6-4 (b) He mepebpachIBAIOT 3JIEKTPOH ¢ OfHOTO KoHIa juHnn ®epmu Ha apyroii. B
npotuBHOM ciydae B (6.40) BosHUKaeT CUMMETPU30BaHHAA CyMMa YJIEHOB C +q.
B pesyabTaTe, HOJIAPU3ANMOHHEI OEpATOp 3alUChIBACTCA KaK’:

B T(Enﬂfn—m’q) _
(qwm) = TN(EF) Zﬂ:/dfp (150 — &) (iEn—m + & —vrq)
€n 1

= —27TTN(EF)ZH(5n5n—m) x

mgn +E€nem + Z.qu

1 " 1 -1
x {1 = 0(enEnm) : } (6.41)
T |5n| En + En—m + 1UFQ

4YTO CBOOUTCA K:

Signey

(qwm) = —27TN(Ep) Y 0len(en — wm)] (6.42)

26 — wm + tvpq + %signen

ITasee Bce mpeobpas3oBaHusa MOXKHO MPOBECTH aHAJOTMYHO TEM, KOTOPBIE JeIaIUCh BhILIE
npu nepexoze ot (6.13) k (6.22), Tak 9TO MOSTYUNM:

1
I(qwm) = —27TN(E =
(qwm) T (EF) Z 26, — W | + % — WWFqSigne,

= —27TN(Er) Y ! -

¢ 2 .
50 26n twm+ 7 —ivrg

n

5B OTJIMYUE OT AHAJIOTUYIHBIX PACY€TOB, IPOBOMUBIUINXCA B IIPEABIAYININX IJlIaBaX, 31€¢Ch HaAM y;[06Hee
CHa4vaJia BIYUCJIUTH UHTETpaJI Imo gp.
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>v>w>¢
- M - >

Puc. 6-4 TlonsipnsaunoHHbIi onepaTop AAA cucTembl € NpuMecsimn (@) 1 cooTBeTCTBYyOWAs
“TpeyronbHas” sepwuHa (b).

b
(b)
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1
20 +wm + 2 +iveg

—27TN(Ep)

n>0

2Er 1 1 wm 1
= N(Ep)ln = F+,—N(Ep){w <—+ cm +qu) +

al 2 2  AxT  2xTTt  AxT
1 W, 1 wpq 1
- . = 4
+w<2+47TT+27TTT 47TT) ¢<2)} (6:43)
Otcrona uMeem ypabHenue g dhoHonHolt dynknun [puna:
2vE
wgpF D_l(qwm = (iwm)z — wgpp {1 —Aln % +

)
A 1 wn, 1 pq
— / —
3 [”’ <2 YT T o T 47TT) +

1 Wm 1 Wwpq ) 1 -
+y (2 YT T o 47TT) - <2>]} -

T
= (iwm)? — w2 AlIln —
(Z(.d ) WQPF n TpO +

1 1 Wm 1 wpq
t3 [1/’ <§+ 4T T 2aTr T 47TT) +

1 W 1 wpq 1
- - N = 6.44
Tty <2+47TT+27TT7' 47TT> ”(2)]} (6-44)

Orcroza, ananorndno (6.23), T.e. us ycaosua D™1(0,0) = 0, Haxomum ypaBHeHwe,

onpezendoliee TemMueparypy 7, mafepsIcoBCKOro mepexofa B CHCTEME C IPUMECAMHE
(JI.H.Bynaesckuit, M.B.Canosckuit, 1974):

T 1 1 1
1 P / _ — qf — = 4
"T, TV (2 + 27er7) v (2) 0 (6.45)

KOTOpOe 1o dopMe WASHTHYHO ¢ 0bCyXKAaBImMca Bhille ypasHenueM (5.157), onpene-
JAIOMNM KPUTUUECKYIO TEMIIEPATYPY CBEPXIIPOBOIAIIETO ITEPEX0/ia B CUCTEME C MarHuT-

HBIMH TipuMecamu. Takum obpasoM, o6bIIHbIe (HEMATHUTHBIE) TpUMecH (pasynopamsode-
HUE) CHJIBHO TIOAABIAIT TEMIEpATypy NalepsICOBCKOTO CTPYKTYPHOTO MepeXoa.

ITaiiepJsicoBcKUl TU3JIEKTPUK.

Kak yxe ormedasioch Bhillie, TallepJICOBCKas HEYCTORIMBOCTL (DOHOHHOTO CIIEKTpa TIPH-
BOJMT K BO3HWKHOBEHUIO CIIOHTAHHOW medopmaruu pemeTku (IENOYKH) ¢ BOJHOBBIM
BekTOopoM (@ = 2pp. IlocMoTpuMm, Kak omMchIBaeTcd “KoHAeHcHpoBaHHas dasa, Cy-
mecTByomasa pu Temmepatypax 1’ < T,o. 3amumuieM TaMUIbLTOHWAH CUCTEMBI B BUJIE!

H:nga;ap+Zwkb:bk+nga;—+kap(bk+btk) (646)
p l pk

Tge ONMpeac/anJan KOHCTAHTY CBA3W KakK:

W
=9\ 5 (6.47)
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MOCKOJIBKY MBI 3/IeCh UCHOJb3yeM obosnadenus [1].

BosunkHOBeHME TaliepJICOBCKOM CBEPXCTPYKTYPHI ONMUCHIBAETCA BBEMEHUEM CJIEMYTO-
IIET0 AaHOMAJIBHOTO CpeqHero [25], HapyIIaouero TpaHCAAIMUOHHYI0 CUMMETPUIO UCXOJI-
HOW peleTKu:

A= g <bypp+bF,, >#0 (6.48)

T7le YIJIOBbIE CKOOKH 0603HAYAIOT CTATUCTHYIECKOE CpelHee. BOSHUKHOBEHNE TAKOTO aHO-
MaJIbHOTO CPEHETO MOXKHO TPAaKTOBATh Kak 003e — KOHIeHCAINO (POHOHOB B COCTOAHUN
¢ KBasUUMIyJIbcoM () = 2pp. B koopaunaTHoM mpesacraienun (6.48) onucsiBaer moTeH-
UAaJbHOE TIOJIE BOJIHBI TAalepJICOBCKOM medbopmManun:

V(x) = Ae'PrT 4 A*e i FT — 9|A| cos(2pr + @) (6.49)

rne |A| mpencraBager coboit Momysb, a ¢ — a3y COOTBETCTBYIOUIETO TTapaMeTpa IMo-
panka: A = |Alef?.

Y1066l HAWTH CIEKTD 3JIEKTPOHA, ABIKYIIerocda B nose (6.49) Hyxkno, dakTndeckn,
pemnTh 3a7a4y O JBWKEHWH 5JIEKTPOHA B OJHOMEDHOM TepuoandeckoM noJte. Kak aTo
JleJlaeTcd XOpOIo U3BECTHO W3 JI060TO Kypca Teopun TBepAoro teja. Ho mocMoTpum,
KaK 3TO MOXHO cJleJlaTh B paMkax merona ¢yuknuii ['puna. [Iaa Hekoropoit obiiHocTu
PacCMOTPUM JABUKEHUE 3JEKTPOHA B TIEPUOJUUECKOM TOJIE ¢ TPOU3BOTBLHBIM BOJTHOBBIM
BEKTOpOM (:

V(z) = Ae'97 4 A*e197 = 2|A| cos(Qx + ) (6.50)

Torma, orpaHUYNBAACH TEPBBIM MOPATKOM O V| BCe MOKHO ONMMUCATEH CUCTEMO ypaBHe-
uuit naa dyuknuit ['puna tuna ypasuenuit ['opbkoBa, mokazanuoit rpaduyuecku na Puc.
6-5. B gactHOCTH, B TexumKe T = ( MBI MOXeM 3alMUCATh 3TY CHCTEMY B CJIEHYIOIIEM
BUJE:

iG(ep) = iGo(ep) + i1Go(ep)iAiF (ep) (6.51)
iF(ep) = iGo(ep — Q)(IA)"iG(ep) (6.52)

rle HopMaJbHasd U aHoMasbHad GyHkunu [puna (B MMIYIBCHO — BPEMEHHOM MpEICTa-
BJICHUW) ONPENETAIOTCH KaK:

G(tp) = —i < Tay(t)at (0) > (6.53)

F(tp) = —i < Tay(t)a}_,(0) > (6.54)

Anomanwuas dyukmua Cpuna F' (6.54) onnckiBaer 3mech a/ieMeHTapHBIN MPOTIECE Mepe-
6poca p—@Q — p, KoTopbiii BosHUKaeT B epuoandeckom noie (6.50). Cuctema ypasHennuii
(6.51), (6.52) ;erko mepenuckHBaeTCA B BUIE:

(e = &)G(ep) + AF(ep) = 1 (6.55)
(e = &-@)F(ep) — A™G(ep) = 0 (6.56)
pellleHne KOoTopoit maeT:
ep) = £=&-¢
CEP) = )= bq) — IAF (6:57)
Flep) = A (6.58)

(6= &) —&—q) — |AJ?
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A
-Q
P P _ P N P P P
A*
p p _ FJ'> p' P

Puc. 6-b [unarpammHoe npenctaneHue “ypasHenuin [opbkoBa” ons snekTpoHa, OBMXKY-

Leroca B nepnogny4eckom none.
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s £(p)

1 1 >
>

-a ar P

Puc. 6-6 CrekTp snekTpoHa, ABNKYLLEroCA B NEPUOANYECKOM MOJSie C BOJHOBbLIM BEKTOPOM
@ (“mByxBonHosoe" npubnnxeHue).

Hynn snamenaresteii (mosroc) onpenenseTcs 37ech ypaBHEHTEM:
(€= &) —&-q) — 1A =0 (6.59)

KOTOpOE€ onpeaejdeT CT&H,H&pTHbIﬁ OTBET OJ1d CIICKTpa “HOBBIX” KBa3sn49acCTHIL:

2

1 1
o) = 56+ ) 2\ HE— el + AR, &=L (660)

T.e. “soHHBIN” cekTp B “mByxBosinoBoM” mpubsukenunu [27], KoTopbiit mokazan Ha Puc.
6-6. EcTecTBeHHO, 9TO BCe pacCMOTpEHUE CHMMETPUYHO OTHOCUTEIHHO () — —(@Q).

Haa Q = 2pp ypoBenb ®epMu p OKasbIBAeTCA B TOYHOCTH B MEHTPE 3alpelieHHOM
30HBI (11eT1) IMUPUHON 2, TaK 4TO cCUCTEMa CTaHOBUTCA Judaexmpurom. IIpu 2ToM B oI-
HOMEPHBIX CUCTEMAaX JIJI CHEKTPa CBODOIHBIX 3JIEK TPOHOB BCET/IA BBIMOJIHAETCS YCIOBUE
“HecTuHTa” :

&p—-@ = &p—2pr = —&p (6~61)

B YeM JIETKO ybeamThcsd, B3IAHYB Ha Puc. 6-7. Torma cmexkTp (6.60) CBOIIUTCA K BUILY

BKIIT:
e12(p) = £/ + AP (6.62)

a oz, £, MBI MOXKEM, KaK 0OBIUHO, TIOHIMATh CIEKTP, JUHEAPU30BAHHbBIH BOIN3N ypOBHA
Pepmu.

I‘Ia.CTO TpEOCTABJIAECT HHTEPEC pAaCCMOTPEHHUE 3JIEKTPOHHOTO CIIEKTpPa B HPI/I6JII/I)KGHI/II/I CHJTHHOU CBA3H
[27]. Hanpumep B Momesnm ¢ MHTerpaJsioM mepeHoca J, OTJIMYHBIM OT HyJIA TOJIBKO [UIA GuirKalmmx
coceneit (B I_Lenotn(e)7 MMeeM CHeKTP BHIA:

ep = —2J cospa, ép =ep— p=—2Jcospa (6.63)

Tae a — IMOCTOAHHAA PEINIeTKHA (paCCTOHHI/Ie MEXKIy aroMaMu B I_Iel'IO‘{Ke)7 a BTOpO€ paBE€HCTBO cCIpaBel-

JIABO JJIA HAIIOJIOBHHY 3allOJIHEHHOH 30HEI (OIWH 2/IEKTPOH IPOBONHMOCTH Ha aToM), KOTOa pp = %,
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Puc. 6-7 T[padnyeckas nnntocTpaums BbINOSHEHNSA YCIOBMA HECTUHra ' ONA OQHOMEPHOrO
cnekTpa ceoboaHbIx anekTpoHos: K = () = 2pp.

u ypoBens PepMu IPOXOIUT B TOYHOCTH B IeHTPeE 30HE (Ep = 2.J, ec/in OTCIATHIBATE HEPTHHE OT JHA
somsl, Ho Ep = p = 0, ecsmm oTcanTsBarh sHeprum ot yposHA Pepmu). B arom cirywae Q = 2pp = %,
9YTO COOTBETCTBYET IMalepJICOBCKOMY IEPEXOy C yABOCHHEM IepHoda WCXOIHOU memoukm. [Ipm aTom
OIATH BBIMOJHAETCA yCJA0BUE “HecTHHTA B BHIIE:

gp—Q = —§p, Ep_f = —¢&p (6.64)

Bupn criek rpa mocste nattepsrcoBCcKoro mepexoia Iijid 3TOTo Ciydasd moKasaH Ha Puc. 6-8. Jlaausrit mpumep
THNWYEH IJIA Caydad coudmepumozo nepexona llaliepsica, Korma mepmon BOSHUKAIONIENR CBEPXCTPYKTY PBL
COCTaBJIAET PAEHOHAJIBHOE OTHOUIEHHE C IEPHOIOM HCXOMHON IIENOYKH (B 9aCTHOCTH, PaBEH IEJIOMY TH-
cy mcxonusix nepmomos). Corydail, Korma HCXONHBIA CIEKTP 2JIEKTPOHOB B IEMOYKE GepeTcd, KaK 3To
II€JIaJIOCh BHINIE, B IPHGJIMIKEHAN CBOGONHBIX 2,1eKTpoHOB (Prc. 6-7), ABagerca xopomeil Monesbio nuia
necousmepumozo nepexona llaftepiica, Korma mepmos; HOBOM CBEPXCTPYKTYPHI HUKAK HE CBA3AH C IIEPUO-
OM HCXOIHOH Ienodukn (HecomsMepuM ¢ HEM ). B wacTHOCTH, 5T0 CBA3aHO C TEM, 9TO B MOIE/IH CBOGOIHBIX
3JIEKTPOHOB ypoBeHb PepMu onpeneAaeTcs TOMBKO KOHIIEHTpAIAe 2/ IEK TPOHOB TIPOBOIMMOCTH M HUK AK
He CBA3aH C MEPUOIOM MCXOIHOU pemerku. B masmpHelimem Mbr Bcerma GyzeM paccMaTpUBATh MMEHHO
5TOT MOCJIeMHM corydail.

Mepenuiem cucremy ypasuenuii (6.51), (6.52) B MamybapoBcKoil TexHUKE:

G(Enp) = Go(%P) + Go(Enp)AF(enp) (6'65)
F(enp) = Go(enp — Q)A*G(enp) (6.66)
v (IpU BBITIOJTHEHNH YCIOBUA “HecTHHTa” ):
Glenp) = ——— + — L AF(enp) (6.67)
nP) = ie, — €p ien — €p npP .
1
F(enp) = ———A*G(e, .68
(eob) = e A Genr) (6.69
YTO eIlle MOXKHO IEepenucaTh U TakK:
(len — &p)G(enp) — AF(enp) =1 (6.69)
(len + &) F(en) — A"G(enp) =0 (6.70)
410 0 popme (nourn!) cosnamaer ¢ (5.108) u (5.109). Pemenue sToii cucrems gaer:
1€n +&p
Genp) = — 6.71
(6 p) (ZEn)2 — 61? _ |A|2 ( )
A*
F(enp) = (6.72)

(ien)? =& — A
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[ e ——
N,
Sl

Puc. 6-8 CnekTp 2nekTpoHOB B NaiiepNICOBCKOM JM3MEKTPUKE B CyYae NCXOLHOrO CreKTpa
MOAENN CUNBLHON CBA3UN, ANIA Cny4as yABOeHWA Nepuoaa.

970, OMATH — Taku, mo4dTu copmagaer ¢ (5.111) un (5.112). Oranune ToNBKO B 3HAKAX

(5.112) n (6.72).
Ka.K " B TEOPUHU CBEPXTIPOBOAVMMOCTH, ITJIA HaﬁepJICOBCKOFO AISHIEKTPUKA MOXKHO BBECTH MATPUYIHYTO

byukmmio ['puaa Buma:

N en —A*
G l(enp) = ( b _pr P ) (6.73)

wm (F~ = F)

N G F= G++ G+_

G(enp) = ( oS ) - ( oo (6.74)
re obosHaueHna + coorBercTBYIOT “KoHmam’ mosepxHocrm (ymHEE) Pepmu (tpp) B odeBHIHBIM Ie-

pexozaM 3JI€KTpoHa B paccMaTrpuBaeMoll cucreme. HacTo rosopar o + (“mpassix” mm “1eBBIX”) aJ1eK-
TpoHax. B momosHeHHE K (6.69) n (6.70) 3[eCh ellle BOSHUKAIOT OYeBUIHBIE YPABHEHUA:

(ten + Ep)é(snp) — A¥F(enp) =1 (6.75)
(ten — §p)F+ (en) — Aé(snp) =0 (6.76)
s (6.71), mocsie aHATUTHYECKOTO TIPOJIOJIKEHU 1€, — €416, HETPYAHO (AHATOTHIHO
(5.78)) mocumTaTh MIOTHOCTE JIEKTPOHHBIX cocTosAHMH BOM3N ypoBHa ®epmu, KoTopasd

nMeeT TOT Ke Bu, 4ro u (5.79) reopun BKIII:

||
N{e — npu gl > |A
O _[ Als mm > 1al -
N(Er) 0 npu le] < |A]

XapakTepHBIfl BUI TMJIOTHOCTH cocTodHmit mokazan Ha Puc. 6-9. HecmoTpa ma moutn
MTOJTHOE COBIAJIEHUE TIOJIYIEHHBIX 3/1ech Bhipaxenuii ¢ Teopueit BKIII, us Bcero mpempi-
IYHIETO PACCMOTPEHU fACHO, YTO BO3HUKAIOIIAdA 3[ECh dHEpreTudecKad meb |A| umeer
Juasexmpureckyto TPUPOIY.

IMoka wmbI eme caenanu “moJsimesa’ — HYXHO €ellle HANUCATh ypaBHEHUd JIdA Ca-
MOCOTJTACOBAHHOTO OMpEEJIeHna BeauIuHbl A, KoTopad MoKa 4TO BBeAeHa “pyKamu’ .
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N(e)/N(Ep

4

-1 1 /A

Puc. 6-9 [lnotHocTb anekTpoHHbix coctosinmia BKLL — Tuna B namepncosckom amanek-
TpurKe.

MMockoabKy A onpenenserca aHOMaTbHBIM cpeauuM (6.48), MBI IOIKHBI BBITACATH (Ma-
ny6apoBCcKHe) ypaBHEHNA IBUKEHNS IJId ONEPATOPOB bg 1 b5 7 yCpegHuTh uX mno ['mbocy.
C nomomsio ramusbTonuana (6.46), craHmapTHBIM 06pa30M MOJTydaeM:

) -
<_0_T - wQ) <bsg(T) >= —g0 Z < a;'q:Qap >= —gg ZF:F(pT =-0) (6.78)
P )

<_8% + wQ) < bIQ(T) >=gq Z < a;iQap >= —gqg ZFi(pT = —0) (6.79)
P P
Orciona, KcTaT, cpasy ke BHIHO, 9To “doHonHoe” anoMasbHoe cpennee (6.48) mpormop-
THOHATBHO “3JIEKTPOHHBIM” aHOMAJBLHBIM CPETHUM THTIA < a;iQap >6. B cBasu ¢ atnim
WHOTIA TOBOPAT, UTO 3AECH MBI HMEEM JIETIO C IAEKMPOH — ObPOUHBIM CTIAPUBAHUEM.
IMocre mepexoma Kk pypbe — KOMIOHEHTAM MO MaIybapoBCKOMY “BpeMeHU” , CUCTeMa

(6.78), (6.79) cBommuTCH X:

(iwm — wQ) < btq >w,=—gq P > F¥(pen) (6.81)
P n

(iwm +wq) < big >w.=090 Y > F*(pea) (6.82)
P n

801croma xe scHO, 910 B cucTeMe posHEKaeTr CDW — ee mapaMeTp mopaoKa eCTh < a;ﬂ:QU‘P >. oz

dypbe — KOMIIOHEHTHI IJIOTHOCTH 3apAna uMeeM (Q = 2pp):

< pg>=pob(a) +p18(a£Q),  p1~ E <afygap > (6.80)
P

aro m maer < p(z) >= po + p1 cos(2ppz + ¢).
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Orciona nuMeeM:
9Q . _
<bg+bty >y, = _mszTZZF (enp) (6.83)
m p n

g wy,, =0 (6o3e — KOHILeHcaT!) OTCIOJIa MMEEM:

Aw
<bg + bty >u,z0= _g—QQ d&,T> " F~(enp) (6.84)

Ifle MepeuIn, Kak OObIYHO, OT CyMMUPOBAaHHUSA 1O P K MHTETPUPOBAHUIO HO &, U yUIH
ompenenenne (6.21). Torna ns (6.48) n (6.84) monyuaem:

X [EF
A=gq<bg+bly>u,.=0= _@/ dngEF—(enp) (6.85)
—Erp n

T7le ellle BBeJIM o0pe3aHre pacXoIdIleroca NHTerpaja Ha sHEpPrugaXx nopaaka +Fp, ana-
JIOTHYHOE 00Cy XK IaBleMycs Bbilie obpesannio no dactoraM. [logcrasiasn ciona (6.72) u
TPOBOIAA OOBIYHBIE BHIUNCICHNA, aHAJOTHIHBIE BBIOJTHABIIAMCS BBIIIE B TEOPUHN CBEPX-
MPOBOIMMOCTH, TIOJIydaeM ypaBHeHue ms mean A tuma BKII:

VE + ANT) (6.86)

EF 1
1=2A d th
/0 ST AT 2T

3 KOTOPOTO HEMEAJIEHHO CJEAYET, 9TO TEMIEPaTypa HaﬁepJICOBCKOFO nepexoga m BeJI-
YUHa IIEJIN TIpn T=0 OMpeaeJIAI0TCA CTAaHAJAPTHBIMU BbIpAXKECHUAMU:

Tyo= LEpe™,  Ag=—Ty (6.87)
T 7

B gacTHOCTH, BesIMunHa TeMIepaTyphl Mepexona T,g, €CTeCTBEHHO, coBmanaeT ¢ (6.24),

TTOJIYYEHHOW M3 paccCMOTPEHNs HEYCTORIMBOCTH “HOpMaJIbHOW ¢das3bl.

[MoyuuTesibHO paccMOTPETh KOHAEHCUPOBAHHYIO (ha3y maiepIcoOBCKOTO MU3IEKTPUKA
¢ y4eToM paccedHHs Ha HEMATHUTHBIX mpuMecax’. JleficTByeM cTammapTHBIM o6pasoM
U BBIMUCBIBAEM CHCTeMy ypaBHeHmii ['OpbKoBa ¢ y4eTOM NPUMECHOTO paccesdHusa (s
caydas ciaboro 6ecriopsanka prl > 1), mokasanuyio rpadudeckn ua Puc. 6-10 (cp. Puc.

5-8 m mocyemyoliee pacCMOTPEHNE JIIA CBEPXITPOBOJHAKOB):

G(Enp) = GO(Enp) + GO(Enp)E(Enpp)G(Enp) + GO(Enp)AF(Enp) +
+Go(np)Z(npp — Q) F(£np) (6.88)

F(enp) = Go(enp — Q)X(enp — Qp — Q) F(enp) + Go(enp — Q)A™G(enp) +
+G0(5np - Q)E(Enp - QP)G(enp) (689)

Bce obosHaueHnd 3/ech CaMOOYEBUAHLI. Pelllenne »Toil cucTeMbl ypaBHEHHUH, ¢ y4eTOM
ycaosua “mectuura’ &,_g = —§, (upu ) = 2pp) umeer caemyroummnii Bug (cp. (5.137),
(5.138), (5.139), (5.140)):

G(enp) = [18n + &) Det™! (6.90)

733.0,Z[H0 MBI JOCTATOYHO HO,E[p06HO IIPOBEOEM BCE€ BBIYUCJ/JICHUA, TPAKTUYIECCKHN TOXKICCTBEHHBIE TEM,
KOTOphIEe GBI OIYIIEHBI BHINIE TPU PACCMOTPEHUMN CBEPXIIPOBOMHUKOB C MArHUTHBIMHY IIPUMECAMM.
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A
—— T | e | + bl
A*
rEN /*\‘
Yopm = Pl + + i

A >

Puc. 6-10 VYpaeHeHun [opbkoBa ons nanepncoBckoro On3neKTprKa C y4eTOM MPUMECHOro
pacceAHNsA.
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F(enp) = A*Det™? (6.91)
rie
i€n =1 — N(enpp) = icn — Tn(en) (6.92)
A =A+%(cap—Qp) = A+ Za(en) (6.93)
Det = (ign)* = & — |A, ) (6.94)

OpuYeEM, aHAJOTUIHO TOMY, 9TO MOJIy9aJIOCHh B 3aJa49€ O MPpUMECAX B CBEPXIIPOBOJHUKE,
1 30€CH UMEEM!

* Tr 1€y
Youlen) = pvQVp/ dé,G(enéy) = ) = (6.95)
= G+ 1A
o r A,
Sa(en) = pUzI/F/ 46y F(enty) = — 5 ———ree (6.96)
- &+ |As)?
rme [ = % = 2mpv?yp. Torma us (6.92) - (6.96) umeem:
r 1€
i = in + 5 “n_ (6.97)
€+ [An|?
- r A,
Au=An—g (6.98)

VER+ 1A

Obpature BHUMaHue Ha pasHble 3Haku B (6.97) u (6.98), 4To oT/IMUaET 5TOT pe3yabTAT OT
(5.142), (5.143) u (5.145) u nenaer ero anamornansim (5.152), (5.153) (MarauTHBIE TPU-
MeECH B CBEPXTPOBOJHWKAX). DTO €CTh MPAMOE CJAECICTBUE OTMEYEHHOTO BHINIE OTIHIHI
(6.71), (6.72) or (5.111), (5.112).

Beonga

Uy = = (6.99)

u3 (6.97) u (6.98) naxomnm:

En T 1
77 G [ — 6.100
A { Ax/ufl—f-l} ( )

DTo ypaBHEHUE ONpenedeT U, Kak GyHKIuo oTHomeHui &, /A u T'/A. 3uag u,, MOXHO
HafTu:

1 Uy,
En=€n+ - [—— 6.101
2 uZ +1 ( )
A=A ir—L (6.102)
e 2 ul +1 .

Ananornyno (6.85), mapamerp nopsaka (umesb) A onpenenseTca Tenepb ypaBHEHUEM:

A= —)\TZ/dE'pF"'(enE'p) (6.103)
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(6.104)
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A_
|An?

- _’\TZ/ Ep 52

nJjain
Hpeaemﬂ MHTETPUPOBaAHNA MOKa HE TUIIIEM yMbI]_HJIeHHO' Borurem TENEPHL CIIpaBa 1 CJIEBa

BbIpaXECHUE, CTOAIIeE B MpaBOU YaCTU Tpu A —Qus OTCYTCTBUE TIpUMECEN TOI‘,H&

1+ATZ/_OO d{'p—(ien)Q =
(6.105)

TTOJIYyHYUM!:

_)\TZ/OOdg AT _ . 1
P len)? — €2 — 1A (ien)® &

n — 00
Hpeﬂeﬂbl TYT YK€ MOXHO B34ThH GECKOHEYHBIMHA BBUILY 6bICTpOI/I CXOOUMOCTH UHTETPa-

Tpo _

(6.106)

JIOB.

Breraucaaa AJIEMEHTApPHBIE MHTETPAJIBI, ITOJIYYa€EM
Z’yEF
=Aln
T

1—ATZ| |_1—A1
A,
A _ 1

= -\T —_—
zn: NN

rlie IpY BBIYUCJICHWN CYMMBI 110 B JieBoll yacTu BBesiu obpesanue Ha |¢,| ~ Ep, Kak
510 6BLIO chesano Bhilie B (6.16), a B mpaBofi yacTW MOXHO BECTH CyMMHpPOBAHUE IO
N bl

Al } (6.107)

1
P _aT - =
" ;{m Vit

BCeM n 1o GeckonewnocTr. B pesymabrare, ncnonnsya (6.99), cpasy xe nomydaem

rae u, onpenenderca ypasuenueM (6.100). Tlpu A — 0 u3 (6.100) nmeem
unA—>5n+F|€ | (6.108)
(en + Tsigney) (6.109)
(6.110)

u, = A~
1
~llen| +T]

\/1+U?L—>|un|:A

Torma
n u3 (6.107) nosyvaem cieayroliee ypaBHEHHUE 1A TEMIEPATyPhl TEPEXOIA

In ——2 Tpnz;o{gn en—i—F

TaK 49TO

(6.111)

410, ¢ ncrnoab3oBanneM (6.19), cBomnTCA ONATH K yXKe 3HAKOMOMY HaM ypaBHEHWIO
(6.112)

T
L 51
2 " 21T,

In— =14

v () 2 5)

(5.157), (6.45):
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ITpu maasx ' oTcioma, aHAJIOTHYHO (5 160) nMeeM
T T )
T, = Tpo — ZF =Tho — e (6.113)

g xpuTmdeckoro 3HadeHud ['., TpyW JOCTUMRKeHWN KoToporo T, obpalaeTca B HYJb

Oy 9aeM:

1 T AOO
Il.=—=— = — 6.114
Te 2y PO 2 ( )
rae Agg obosHadaeT 3gech meab npu 1 = 0 u B oTCyTCTBHUE MpuMeceii (6 87)
Paccmorpum Teneps cayuait T' = 0. Beemem obosnauenus
Ao = A(T =0;T), Ao =A(T =0;T =0) (6.115)
B paccMoTpeHHBIX BbIlle ypaBHeHnaAx, upu T — 0, HyXHo npoBecTn saMeny: T ) ... —
g—;.... B gacTHOCTH, (6 104) CBOIIUTCA TTPU TOM K:
A
A
6.116
/ / %o AR g2 — A2 (6.116)
- (6.107):
(6.117)

T

Ee=e+ —
2\/1—u~

~ r 1

A =Ag— —— 11
P (6.118)

€ r 1

= 1— — 6.119
ofi- 5o} (6.119)

Ao
Boranras us npasoit n seBoit wacredi (6.116) Bopaxenne, crosiiee B IpaBoif 4acTu €ro

rae €. m A, ONpemeadaioTcs aHAJUTHICCKUM TPOAOIKEHTEM (6 97)

XKe, B34Toe Ipu Aa — Ag u € — g, mosyunM (ycTpemiaas K GECKOHEYHOCTH TPEIeTbl
I/IHTerI/IpOBaHI/ISI B 6bICTpO CXOOAIINXCA I/IHTeraJIaX)Z
2F A
1+A/ S S DTS Pk N P LA
/52 —|—A? A0 A0
A,
Ay B 1 _
5 2 — 53 _ Ag
(6.120)

SURES =

Ao _
Aroz VAL-

1 B 1
\/1—u2(:e) V1—22
(6.121)

TaK 9TO OJd IEeJU ITpru T = 0 umeem CJIEaYoIee ypaBHEHUE

00 -1
Ay / Lo
— 5 —
0 \/1—U2 \/A(Q)—€2

B mepsom unrerpase B (6.121) nepexoaum oT MHTErPUPOBAHUSA MO & K WHTETPHUPOBAHUIO

In
Ao

no u, omnpenesnsdeMomy ypasHenueM (6.119), uto, ¢ yueToM z = 00 — U = 00, T =
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OHUQIOHPI/IALDS1,1/11‘:0<—>UO:,/g—%—lﬂpI/IALD>1,HpIIIBO,ILI/IT(HOCJIe

BBIYUCJICHUA 3JIEMECHTAPHBIX I/IHTGI‘paJIOB) K:

A —%ALD npu ALD <1
hl—o = 1 T2 —-1/2 A T2 1/2 T T2 1/2 r
Aoo —garcly (A_) + T (A_) —In |5+ (r) mpn x> 1

(6.122)
Orciona, vampuMep, caexyet, 9to A =0 mua I' > T, = Ago/2 = 7T,0/27 (cp. (6.114)).
I1;10THOCTD 6K TPOHHBIX COCTOAHMUIL oNpeneaaerca Kak:

) :_l/oo déyIm— &
NED - w ) e e &
= Im—— = Im—— (6.123)

Az_gg V1—u?

e u = u (ALU’ ALU) ompenengerca us (6.119). fcho, uro Besmunna (6.123) He paBHa

HyJiio ipu |u| > 1. Besinduna xe 1iesin B CIEKTpe onpeaeigeTca obIacThio €, B KOTOPOit
(6.123) pasua mymo. Torma us (6.123) HeTpyAHO BUAETH, YTO NOJIYUIMPHUHA N OIpPe-
Jenderca Kak Mazxe = €4, Ipu KOTOpPOM (6.119) elle nMeeT AelCTBUTETBHOE pelleHrne

£
AJ1d U (A_u)’ npudeM Takoe, 9To |u| < 1. OueBUaHO, 4TO TaK OmpeecHHAd BEJIUIMHA

€4 3aBHCHUT OT OTHOIICHUA ALO. ITpn I' = 0, ouennano, nmeem £, = Agg. Makcumusnpysa

npaByto dacTs (6.119) naxommm u, (ALU) =u (ALU’ Z—i):

r 1 . _ e g )
s ycnosua F'(uy) = 0 umeem:
r 1 u) r
1—— — g — =0 6.125
Do Si—uz (L=ug)?? Ao (6:129)
TakK 4To r
(1—u2)¥? = ~ ul < 1 (6.126)
0
OTKYJa CJIeJIyer:
T\ %3
ug=14/1— <A_) (6.127)
0

Moncrasaaa (6.127) B (6.119), moydaeM oKOHYATETBHO:

3/2
L\ 2/3 / .
s =00l (5 (6.128)

Taxmm obpasom, nmeem €, = 0 mpm ALD > 1, Korma TJIOTHOCTH COCTOAHUN CTAHOBUTCA

“BeciesieBoil”, HecMoTpaA Ha To, 4To (mapamerp mopanka) Ag # 0. CoorBercTByIOIIAMd
obutacts onpenenserca (nmpu T = 0) HepaBeHCTBOM:

A
Ag<T< =2 (6.129)
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Mpu T = Ag us (6.122) coenyer Ag = exp (—%) Agg, Tak uTO cooTBeTcTByfoIEee [ =
2 exp (—%) . = 0.91T,., uTo u ompemenger y3ocTh OeciiesneBoit obaacTu Ha dazoBoi

,HI/IanaMMGS .

Pasoxenune I'mu3o6ypra — Jlanmay moJist mmaui-
epPJICOBCKOTO IIepexoja.

Ilia obnactu Temmneparyp 1T > Tpo7 aHAJIOTHIHO TOMY, KakK 3TO OBLIO CHEJaHO HJId
CBEPXMIPOBOAHUKOB, MOXHO TIPOBECTU PA3JIOKEHUEC CBO6OILHO]7I SHEPIrum CUCTEMBI, HC-
NBITBIBAONICH Talep/JICOBCKUNA CTPYKTYPHBIA Hepexol, B pdll MO CTEIeHAM MapaMeTpa
nopdiakKa:

Ag=9gqg<bg+bh>  Q~2pr (6.130)

Cpazy Oyzmem paboTaTh B CTATHYECKOM MPUOIMKEHUN Wy, = (.

Hainelt 1ienibio gBIgeTCa MOJTyYeHNE MUKPOCKOMMYECKUX 3HAYEHUH K03 hOUIUeHToB
B Pa3JIOKEHUN [JIA PA3HOCTH CBOOOMHBIX 9SHEPTHH “KOHAEHCUPOBAHHOR” 1 “HopMaJsIbHO”
das caenyiomero Buga:

F(Ag; T) = F(0; T) = a(Q)|Aql* + b|Ag[* + - (6.131)

Cawm Buz pasmoxenna (6.131) ciaenyer us obweii Teopun Jlanmay $hasoBHIX MepexonoB
IT poma [11].
Bruagst or (6.130) Bosuukator n3 dboHonHOl YacTn raMuasTornana (6.46):

Hpn =Y wobbbe (6.132)
Q

" 9aCTU 3JEKTPOH — ('bOHOHHOI‘O B3amMOoJieiicTBUA:

Hiny =Y Aqat, qap (6.133)
rQ

OCTaBJIﬂﬂ BKJIaJd TOJIBKO OT O,HHOI‘/J[ MOJIBI C d’)I/IKCI/IpOBaHHbIM Q, nMeeM:
2
|[Agl® _ N(

E
< Hpn >=wq < bhbg +bEob_q >=wq 22 = T‘”)|AQ|2 (6.134)
Q

Torza, NOJb3yCh CTAHAAPTHBIM METJIEBBIM Pa3JiokeHueM cBoboaHoM sneprun [1] B pas
mo crenenam H;,;, HEMeITEHHO TTOJYYUM pas3JioKeHue, ToKasaHHoe Ha Puc. 6-11. AcHo,
9t0 BKJaja Puc. 6-11 (a) onpenensior BKia a(Q)|AQ|2, a rpaduk Puc. 6-11 (b) maer
b|Ag|*. Tpn BHMucTeHnaAx ciaemyer nmoMunTh [1], wTo BKIan rpadwka Puc. 6-11 (a)
HY)XKHO YMHOXWTH Ha JOMOJHUTENbHBIR dbakTop 1/2, Bkman Puc. 6-11 (b) na 1/4 co-
oTBeTcTBeHHO. Kpome Toro, mpm BRIYMCIEHNN TIeTeJIh HyXXHO YYECTh BKJIAIBI OT 060MX
“konroB” mosepxHocTn (munHnK) Pepmu, 9TO HAET AOMOTHUTENBHBI] dakTop 2.

8Bce 5T pesyIBTATH M METOI MX IOJIYdYeHH:A HEMOCPEICTBEHHO MEPEHOCATCA Ha 3a0a9y O MATHHT-
HBIX TPEMeCAX B CBEPXTPOBOHUKAX, OGCYKIABIUIYIOCA B TpembImyinelt riase. akTHWIecKW BIIEpBEIC
OHH BO3HHKJIM IIPH PacCMOTPEHHH MMEHHO »Toif 3amadn Teopun cBepxmposomumoctu (A.A.A6puxocos,
JL.II.Topbkos, 1960)
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p+D

NEIA /i +

0

;r;“ < LH,IH
A P+ A

Puc. 6-11 [pacuyeckoe npeactasneHme pasnoxeruns [nH3bypra — Jlangay ona naepn-
COBCKOroO nepexopa.
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®akTHYECKN, BCe pACcIYeThl, CBA3AHHbBIE ¢ BhraucaeHneM a(()) yxke GBLIM TTPOBENEHBI
B cBasu ¢ (6.10) — (6.32). Mosromy cpasy MoxeM HanucaTh (¢ yaerom @ = 2pp + q,

Wi =01 &p_gpp = —&p):
%[PMC. 6-11 (a)] = —Tzn:/ ;i—iGo(Engp)Go(Em —&p 4 vpq) =
_ N(EF){—IH%—F % [w G + ij?) 4y <— - 1“:7?) — oy G)]} (6.135)
Torna uveem:
= 3o (LB o (3 o (- ) - (1))
(6.136)

ITpu BBIYuCTEHUN KoadduimenTa b cpasy mpeHeOperaeM ero 3aBUCHMOCTBIO OT ¢, Tak
4TO UMeeM:

1 1 dp X
b= Z[Pm. 6-11 (b)] = §TZ/§G5(angp)Ga(en, —&p) (6.137)
nJjan
b= —TN / €p2 Z = —TN(Ep)2miy Signen _
. (ien — 519 (15n+€p) P L (2ie, )
7¢(3)

= N(E
167T2T?Z n+1/2 = Topzpz ¥ (EF)

(6.138)

Bepremcsa x ananusy a(q), samaBaemomy (6.136). IIpoBoasa pasiokeHHe MO CTENEHAM ¢
(kak npu BBIBOZE (6.28)), mosyyaem:

T 1 (1 dveg) 1. (1 iveg 1
= N(Ep)dln o 4+ = [ = SV ls - —vlg) (=
o <F>{nTpo+2w(2+4ﬁT)+w(z )+ (3))
TpO C3) 5 oo\ _
METT TR N

= N(Er) {ﬂ +s§<T>q2} (6.139)

[Je BOCIOJIB30BAJINCH Takke obo3HadeHneM (6.29) myia aimHbl “KorepeHTHOCTH” .
B wutore, passnoxenne ['muzbypra — Jlanmay a4 maiiepJICOBCKOTO TEpPEXOia MMEET
BUI:

F(Ag: T) - F(0; T) = N(Ep)— TP°|A 2 4 N(Er)€2(Tyo)|Ag*(Q — 2pr)* +
p0
7
o) N ()|l

(6.140)

Orciofa, KcTaTn, fACHO, YTO BBEIEHHAdA BBINE KoppesdannonHaa miauHa (6.36), meii-
CTBUTEBHO ABJIAETCA KOPPEJAIUOHHON minHo# durykTyaruii mapamMeTpa mopaaka Ipu
T ~ Tpg B TaycCOBOM TIPUOTMKEHAN.
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ITpr Hanwawne npuMeceil Bce BRIMUCIIEHAA MIA a(g) BIOJIHE aHAJIOTHYHBI IPOIEIaHHBIM BHIIE DA
BEIBOIIE (6.43) (,Z[OCTaTO‘IHO B3ATHh YaCTHBIN caydall wy, = 0). B pesysabrare mosrygaem:

T 1 /1 1 quq) 1 (1 1 iqu) (1)
vt T (L Lo(t - —p (= 6.141
@ (=) { " Tpo + 2¢ (2 + 2rTr + 4rT + 2¢ 2 + 2T 4nT v 2 ( )

CoorBercrBenHo, ipu vpq & 47T umeem:

a(q) ~ N(Ep) {ﬁ +—B 2 2} (6.142)

Tp 16n272 ¥

rne T onpenesseTca yKe XOpoLIo M3BECTHHIM HaM ypaBHeHHeM (6.45)

1 1
TPO + o < erpT> — (5) =0 (6.143)

ITpm »Tom kKoHCTanTa B B (6.142) ompenesigeTca Kak:

B= Z = ——qp(?) ( L) (6.144)

3 27T
n=0 ’IL+ +27\'TT) T

(jOOTBeTCTBeEE[—IO7 C Yy49€TOM l'IpI/IMeCeI!/’I7 MOZKHO MOJIYYUTH CJIEAYIONINE ACUMIITOTUKH OJIA “,E[JII/IHI)I Kore-

peHTHOCTH :
2
v 1
2 _ F 2)
S TSR
&(T) 327272 v 2nTr
T3 g 1
~ { Tgr2rr ey <Al (6.145)
VHT npn 7> 4T
EcrecTBeHHO, 9TO Be3ne mpemosiaraeTca, 9T0 T > Te = = QA . Uro kacaerca ['JI koad burmenra

7rT p0
b B cucreme c OTpUMECAMMA, TO €0 BBIYUCJICHUE ABJIACTCA JOCTATOYTHO TPOMO3IAKWM U MBI €T0 OIIYyCKa€M.

Bouiubl 3apsooBoid M CIIMHOBOU IIJIOTHOCTH B
MHOIOMEPHBIX CHCTeMaX, 3KCHUTOHHBIA H30-
JISATOP.

MoxkeT BO3SHUKHYTH BONPOC — 3aYeM MBI CTOJb MOAPOOHO pacCMaTPHUBAJIU 3371a4y O
mafiepsicoBckoMm mepexone? 3amada paccMaTpUBaIach OJHOMEDHAdA, & B OJHOMEPHBIX
cucTeMax, Kak Mbl ybemuinch Bhilie, dasoBbiii nepexos (ymopamodeHne), cTporo ro-
BOpA, HEBO3MOXKEH. B 3TOM cMBIC/Ie, pacCMaTpUBaBIIUIiCA BBITIE TTO/IXO/, OCHOBAHHBIN Ha
omcanny GhasoBoOro Mepexoa B MPUOIUKEHNN CAMOCOTJIACOBAHHOTO Mo (B TpeHebpe-
KeHnu GIIYKTyaunaMu napamerpa TMopAIKa), KaXkeTcs COBEPIIEHHO HeOOOCHOBAHHBIM.
Heso, omnako, B ToM, 9TO B “peasibHON XU3HW MaliepJICOBCKUil TIEPEXO 3KCIIEPUMEH-
TaJIbHO HADIIOMAETCA B IEJIOM PANE K6A3UOJHOMEPHBIT CUCTEM, THEe maxe ciaaboe B3a-
UMOJIeiCTBIE 3JIEKTPOHOB (MM MapaMeTpa HOpAAKa) Ha COCETHUX “Nenodkax” aToMOB
(3 dexTh TpexMepHOCTH) TPUBOAAT K CTaBUIM3AIME 5TOTO Tiepexosia’.

Bosee BaxHO ceiidac mJia HAC APYroe — TeOpeTHYecKad CXeMa, CTOJb MOAPOOHO
onucaHHad BBIIIE, MOYTH MEJTUKOM (MU ¢ HEGOIBIIMME U3MEHEHUAMN ) TIEPEHOCUTCA Ha
OTMMUCAaHNE CTPYKTYPHBIX U MAarHUTHBIX (DA30BBIX TEPEXOIOB B IBYMEPHBIX W TPEXMEPHBIX

9C OCHOBHEIME pe3y/IbTaTaME PAHHUX 5KCIIePHMEHTAJbHBIX I TeOPEeTHUeCKHX MCCIeHOBaHM Takmx
CHCTEM MOXKHO O3HaKOMHTHCHA o 0630py: JI.H.Bynaesckmit. YOH 115, 263 (1975).
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cucTeMax, obsiamaonmx cBofictBom “Hectmnra” moBepxHocrtelt Pepmu (MM UX KoHEdU-
HBIX y4acTKoB) [6]. AHasornanbiM 06pasoM onnchiBaeTca U GhasoBbIil MEPEXO B MOJIEIN
TaK HA3BIBAEMOTO “9KCHTOHHOTO M30JIATOpa” — OMHON W3 HA30BBIX Mojesel B Teopun
[IepexoioB MeTa LI — OU3JIEKTpUK. [lejlo B TOM, 4TO B YCJIOBHUSAX, KOTIa 3J€KTPOHHBII
crekTp £(p) YAOBIETBOPAET YCAOBUIO “HeCTHHTA” BUAA:

e(p+Q) = —<(p) (6.146)

riae Q — HEKOTOPBIN BeKTop (HecTHHIa) B 06paTHOM MPOCTPAHCTBE, (DYHKIMU OTKJIMKA B
cooTBeTCTBYIONIEl (MHOTOMEpPHOIT) cucTeMe (MOIAPU3ANNOHHBIH ONepaTop, MET/Id . T.11.)
ONMUCHIBAIOTCA TPAKTUIECKH TeMM Xe (dopMysaMu, 9T0 W B omHoMepHoM ciydae. Co-
OTBETCTBEHHO, TAKWE CUCTEMBI OKA3bIBAIOTCA HEYCTONIMBLIME K 0OPa30BAHMIO BOJIH 3a-
panosoii (CDW) miorHocTn (medopmanuy pelmreTkn) ¢ BOJHOBBIM BeKTOpoM Q, eciin
JOMUHUPYIONIYIO POJIb WTpaeT 3JEeKTPOoH — (oHOHHOE B3amMogeicTBue. Ecim moMuHMI-
pyeT 3JIEKTPOH — 3JEKTPOHHOE B3amMofeiicTBre (OTTAJKMBAHKUE), TO, KaK TNPaBUJIO, B
TaKWX CHCTEMaX aHaJIOTWYHasd HEYCTONYMBOCTH, KaK MBI YBHAWM HIXKE, BO3SHHKAET B
“cimHOBOM KaHasie” W B CUCTEME BO3HUKAET BOJIHA CIUHOBON mioTHocTH (SDW).
Yenorue (6.146) BoimosngaeTca Ha Beeli moBepxHocTn Pepmu, HAIPUMED, B TPOCTER-
nrelt MOJEsn 3JIEKTPOHHOTO CIIEKTPa B MPUOIMKEHUYN CUIBHON CBA3M C WHTETPAJIOM TIe-
petoca J, OTIMIHBIM OT HyJIsd, TOJBKO A bankaiiimux cocefieit B KBaapaTHON peneTku:

e(p) = —2J(cos pya + cos pya) (6.147)

Yenopue (6.146) B a1oM ciorydae BuimosHgeTcd A Q = (w/a,w/a) (@ — nocrosHHad
pelieTkn), a noBepxHocTh PepMu, A1 Caydasd NOTy3amoJTHEHHON 30HBI (OMH 3JIEKTPOH
IPOBOIAMMOCTH Ha aToM), MpefacTaBiadeT coboit KBaapar, nokasanusit Ha Puc. 6-12 (a).
Bumgum, uto npu “mepenoce” Ha BeKTOp (3 MPOTHBOMOJIOKHBIE YYACTKH TMOBEPXHOCTU
PepMu MOJTHOCTHIO COBMEIIAIOTCH, UTO W TPUBOAUT K MOABJEHUIO JIOTAPUPMUIECKUX
ocobeHHOCTEl “omHOMepHOr0o” THMa B (PYHKIUAX OTKJINKA, a Bcd MoBepxHOCTh Pepmn
OKa3bIBAETCA “3aKPBITOR” MM TeKTPUIECKOM METBIO.

MoxeT BCTpeTUTbCA CUTyalusd, KOT/a MpH TepeHoce Ha BekTop Q coBMemaooTcd
TOJIBKO HEKOTOpBIEe y4acTKu noBepxHocTn Pepmu, Kak »1o nokasano Ha Puc. 6-12 (b).
Torma HEyCTOWYIMBOCTE CIEKTPa BCE PABHO BO3HUKAET, HO 9HEPTETUIECKAA IIEJD B CIIEK-
Tpe “OTKpBIBaeTCd’ TOJIBKO Ha 3TUX ydacTkKax moBepxHocTu Pepmu, a ocTajbHBIE €€
9acTU OKa3bIBAIOTCA He3aTpOHYThIME. [logobHble aBIeHna HAOIIOHAIOTCA B HEKOTOPHIX
“croncTBIX” COEAMHEHNAX MEPEXONHBIX MeTasioB (NbSes, TaSs u np.) [28]. B neko-
Topbix U3 HuX (Hampumep A T — T'aSs) MPOMCXOANT MPaKTUYECKN TOJIHBIH Mepexon
MeTaJlJl — AW3JIeKTPUK (M3 — 3a CHJIBHOTO “HecTWHra”), TakK 9YTo WIeJb “3aKpbiBacT”
noutn Bcio mosepxuocTh ®epmu. B npyrux (H — NbSes) nmosepxnocts ®Pepmu “3akphi-
BaeTcda’ TOJIbKO YaCTHYHO, TaK UTO CUCTEMA OCTAETCA METAJIJIOM 3a CYET “OTKPBITHIX
yuacTkoB moBepxuoctu Pepmu. Ognako, mepexon ¢ obpazoBanuem CDW npogsagerca
B OCOOEHHOCTAX TEMIIEPATYPHOTO TOBEIEHU 3JEKTPOCONPOTUBIIEHU, TaKXKe KaK W B
TEPMOJIMHAMUYECKUX XapakKTEpUCTUKaX (HATPUMED B TETIIOEMKOCTH).

Anasioruunble gBJIEHUA TPOUCXOAAT U B 3aMeYaTe bHON MOHen “9KCUTOHHOTO U30-
aaropa” (JI.B.Keansim, FO.B.Komnaes, 1964). Dra Monesnb ocHoOBaHa Ha KapTWHE 3JI€K-
TPOHHOTO CIEKTpa, Mokazannoit Ha Puc. 6-13. CyTsb nesa 3mech B HAJIUIUE TIEPEKPHIBAIO-
IUXCH 30H 5JEKTPOHOB 1 ALIPOK. Takasa 30HHaA CTPYKTypa (MPH JOCTATOUHO MAJIOM Te-
PEKPBITHH 30H) XapaKTepHa JJIsd TaK Ha3blBaeMbIX MmosayMeranios. U3 Puc. 6-13 Bummo,
910 B 060ux caydaax (a) u (b) cyuiecTBYIOT 37€KTPOHHbBIE W JBIPOYHBIE “KapMaHbl Ha
noBepxHOCTN PepMU 1 BBHITOJIHAECTCA YCJIOBHE “HecTWHTa” BUIA:

e1(p) = —e2(p) IJ1 criekTpa (a) (6.148)
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N

Puc. 6-12  “Hectunr" nosepxrocten Pepmu B aByMepHoi cucTeme: (a) — nonysanonHeHHas
30Ha npubnuxeHua cunsHom cesasn ¢ Q@ = (w/a, /a), (b) — obwna cnyyan.

e1(p) = —e2(p+ Q) g crektpa (b) (6.149)

Torma B cucTeMe BO3HUKAET HEYCTOWYMBOCTE HA HYJIEBOM BOJTHOBOM BEKTOPE MIJId CJIydad
(a) niu Ha KoHeYHOM BeKTOpe Q mta coiydad (b), cBasannas ¢ o6pa3soBaHUEM 4EKMPOH
— OJvipounbr map, BOSHAKAONAX 33 CYET BCETHA CYUIECTBYIONIETO MPUTAKEHUA TPOTHU-
BOTIOJIOKHO 3apsKEHHBIX 3JEKTPOHOB I IBIPOK (KaK 1A OOBIYHBIX 9KCUTOHOB BaHbe —
Morra), ¢ mocaeayomei ux “6o3e — KonaeHcaruel” (MHOrIa rOBOPAT 0 603€ — KOHIEHCa-
mn “okcuToHoB” ). KadecTBEHHO, CUTyannsa odeHb MOoXoXa Ha 00pasoBaHue KYMEPOBCKUX
map B CBEPXIPOBOIHUKAX, TOJIBKO 3JEKTPOH — IBIPOYHBIE MAPhl, ECTECTBEHHO, 3JIEKTPO-
HeRTPaJbHE (He3apaKeHBl), HO B CNEKTPE ONMATH 00pasyeTcsa sHEpreTUYecKad MeTh Ha
yposHe ®epmu, cBA3aHHAA C TaKUM Ga30BBIM MEPEXONOM, KaK TO MOKa3aHo (I1d cJIy-
vaq (a)) Ha Puc. 6-14.B pesynbrare, cncremMa cTaHOBUTCA SKCHTOHHBIM JU3JIEKTPUKOM.
B ciyuae HeycToiiumBOCTH Ha KOHEYHOM BOJIHOBOM BEKTOpe QQ, ompemensgeMoM 30HHON
ctpykTypoii Tuna Puc. 6-13 (b), B cucreme obpasyerca n Bosna sapagosoit (CDW) uan
crimroBoit moTHOCTH (SDW).

Maremarudeckuii anaans »Toit Momesm BrosHe anasoruden 3agade BKII uiu, eme
B Oosibllielt cTemenu, TPOBEAEHHOMY BBINIE PACCMOTPEHUIO TAREpPJICOBCKOIO MEPEXOIA.
[o3ToMy 37€ch MBI OTPAHIYHMCA TOJIBKO CXeMATHUecKHM paccMoTpenueM' . JIaa KoH-
KpeTHOCTH 0b6cynuM coaydaii cnektpa Puc. 6-13 (a), Korma ciekTp »71eKTPOHOB U ABIPOK
uMeeT npocTeimmii Bung:

p? s

2777,172 2m172

€1,2(p) =+ (6.150)

ODKCUTOHHAA HeycTOﬁ‘II/IBOCTI) ONpeaeJIdeTcd (aHaJIOI‘I/I‘IHO KyHepOBCKOﬁ HeycTOﬁ‘II/IBO—
CTI/I) CyMMOﬁ JICCTHUYHBIX JUarpaMM B KaHaJi€ 9aCcTUIla — ObIPpKa, nokasannoit na Puc.
6-15 (a) Bce BeIunciiennda BIoJsine aHaJI0rAIHbL IIPOBEACHHBIM BbBINIEC B CBA3U C BBIBOJOM

10 [TeraapHOE paccMOTpeHMe 5KCHTOHHOR HeyCTOMIMBOCTH M PAS/IMIHBIX €€ CJICHCTBHI MOKHO HalTm
B o63ope: 10.B.Komaes. Tpynsr ®1TAH 86, 3 (1975) n B xuure [14]
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E ep)

Etp &lp

€,{p!

@ (b)

Puc. 6-13  JnekTpoHHbIA CMEKTP UCXOAHOrO MofayMeTanna B MOLENUN SKCUTOHHOTO U30NA-
Topa: (a) — npsimoe nepekpbiTue 30H, (b) — obLuniA cnyyai, sKCTpeMyMbl NepeKpbIBaOLLNXCH
30H pa3ABUHYTHI Ha BekTop Q.
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Puc. 6-14 InekTpoHHbIA CMEKTP 5KCUTOHHOrO U3ONATOPa B MOAENM C NPAMbIM MNepeKpbi-

TNEM 3J'IeKTpOHHOI7I n ,D,prO‘-IHOVI 30H.
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(5.15) — (5.17), m MBI TTOJTyYaeM 1A BEPUIWHBI, ONPEIETAEMON HHTETPATBHBIM ypaBHe-
uueM Puc. 6-15 (b), Beipaxkenue tuna (5.17):
A

T = =
(4=0w) T+ A (In |2

(6.151)

~7%)

3nmech w, — 9acToTa Obpe3aHud JiorapudmMuieckoit pacxogumoctn ~ Fp, q n w — cym-

MapHBIE UMIYJIbC U 3Heprud B cucteme e — h. bespasmepnaa koHcTanTa cBasum A < 0
(mpuraxenne!). g Momen sKpaHNPOBAHHOTO KYJIOHOBCKOTO € — h — B3auMozelicTBus,
MOXKHO TIOKa3aTh, YTO:

m€2 sz
A= —D 6.152
2app n Zp% ( )

[Tpuraxenre B KaHasle 4acTUTA — AbIPKaA MPUBOJUT K BOSHUKHOBEHUIO B (6.151) ToJII0Ca
Ha MHUMOH 4actore w = i€}, te (cp. (5.19)):

1

Q= 2wee T (6.153)

YTO 1 yKa3bIBaeT Ha HEYCTONUMBOCTH CHCTEMBI K 00pasoBanuio € — h map (“akcuTonoB”)
U3 3JIEKTPOHOB W JBIPOK PA3HBIX 30H BOJIM3M WX (HAKJIAIBIBAIOIINXCA IpYT Ha apyral)
noeepxuocreit Pepmu.

Y1066l HalTH cEKTp BO3OYXKIACHMNA CHCTEMBI B “KOHeHCHMpoBaHHO#” ¢dase, HyXKHO
netictBoBaTh aHagornduno Teopuu BKII wawn maitepsicoBckoro mmaseKTpuka. 3amuiiemM
B3aMMOoJIelicTBIE YaCTUIl U3 PA3HBIX 30H KaK:

Hi= Y V(a)at,(p + a)at, (p' — a)azo(p')a1s(p) (6.154)
PPqQ’

Te ABHO BBHIMMCAHBI CIIMHOBBIE W 30HHBIE MHIEKCH. Bolmensasa “mHambosiee pacxomdimeca’
BKJTQJBI B aMIJTUTYAY pacCednud (Bep]_HI/IHHyIO qaCTb), COOTBETCTBYIOIINE PACCEAHUIO
3JIEKTPOHOB U3 30HBI | Ha ABIPKAX U3 30HBI 2, MOXHO MPUBECTHU 3TOT TAaMUJIBTOHUAH K
KBaJpaTUIHOMY BUOY, BBOIA COOTBETCTBYIOIIE aHOMAJbHBIE CPETHUE:

Hint ~ af,(p")ad,.(p)azs(p')a1o(p) —< ai, (p)ar,(p) > af,(p')az, (p')  (6.155)

Torma ero MoXHO AUaroHaJM30BaTh 4 — v mpeobpazoBanuemM borosoboBa, aHATOTHIHO
ToMy, Kak 210 gesaerca B Teopuu BKII [11]. Ho MoxHO HamucaTh U COOTBETCTBYIONIHE
ypaBHenus ['opbKoBa 1A TPUHOBCKUX yHKIMA obenx 3o G1(ep) n Ga(ep), BBOAA
TakXKe aHoMabHBle bynkmum [puna F n F1, “nepememmparomne” 30HbI:

F(l‘ltl; l‘ztg) =—1< Ti/)g(l‘gtz)i/)il-(l‘ltl) > (6156)

F+(1‘1t1;1‘2t2) =< Tl/)l(rltl)l/);—(l‘gtg) > (6157)

Jasee MOXHO BHIUCATH ypaBHEHUA IBUKEHUdA, HanpuMmep mia (G1, 1 OCTaBUTH B “Ipa-
Bo#t wacTn” TobKO BRJIams Tuma (6.155). Anamorndno nyxHo noctynuTh u ¢ F. B ntore
BO3HUKAIOT ypaBHeHus ['opbKoBa BuUaa:

(e —e1(p))Gi(ep) — AF(ep) =1 (6.158)
(e —e2(p))F(ep) — AGi(ep) = 0 (6.159)
rae
. [ dp'de , ,
A(p) = Z/ WV(P —p')F(p'e) (6.160)
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Puc. 6-15 BepwuHHas 4YacTb, onucbiBatollas ‘sKCMTOHHYtO' HeycTom4msocTh: (a) —

1

A
3

(b)
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JNIECTHNYHHOE np|/|6n|/|>KeH|/|e AnA B3aUMOOEACTBUA YacTuubl 1 AblpKWN, (b) — WHTEerpanbHoe

YpaBHeEHNE ONA BEPLUNHDbI.
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Petmrenne cucremsr ypasuennit (6.158) u (6.159) nmeer Buz:

£ — &3(p)
Gi(ep) = 6.161
o) = @)+ ) + o1 (P)ea(p) — AP (0101
A(p)

F(ep) = 6.162
D)= @)+ ea)e + D)) — AP (0162

OTKy/a BO3HUKAET CIEKTP 3JIEMEHTAPHBIX BO30YXKIEHUI:
1 1 , ) .
Era(p) = Sler(p) + e2(p)] £/ 7[e1(p) — 22(p)]* + [A(p)] (6.163)
Pemenne ypaBHenua mJid 1mesm maeT, Kak u Beime B Teopun BKII, A = Q, tme Q

omnpeneseno B (6.153).

Takum 0bpazom MBI TIOJTy9aeM Juasekmpuieckuti CIeKTp, Mokazanubiit Ha Puc. 6-14,
a PacCMOTPEHHBIl MEXaHW3M €r0 0Opa30BaHUA, KaK yKe OTMEYAJIOCh BBIIIE, PACCMATpPH-
BaeTcd B KadeCTBE OAHOTO M3 “Da30BBIX” B TEOPHUHU MEPEXOI0B METAJI — JUIJEKTPHUK.
KaxkoBel ocHOBHBIE (hr3mdecKre CBOICTBA sKcuTOHHOTO m3osaaTopa’ Ha mepsoiit B3raan
3mech cymecTByeT npamaga anasorug ¢ BKII cBepXnpoBogHUKOM — B CHCTEME BO3HU-
KaloT HeWTpaJJdbHbBIE 2JIEKTPOH — IBIPOYHBIE MMAPHI, KOTOPBIE 0Opa3yoT 003e — KOHIEHCAT.
[MosToMy W3HAYAJIBHO CYMTAIOCH, YTO TAKON AUMIJIEKTPUK MOXKET 0DJIagaTh aHOMAJTh-
HBIMM CBOHCTBAMM, CBA3AHHBIMU C BO3SMOXKHON CBEPXTEKYUECThIO € — A map (4T0 MOTJIO —
6Bl TPOABUTHCH, HAPUMED, B ABJEHNN “cBepxrenonposognoctn” ). OnHako, crenuarb-
HbIE UCCJIENOBAHNA MOKA3aJM, 9TO HUKAKUX “CBEPXCBOMCTB” B HaHHOW MOIEJTM HE BO3-
HUKAET, ¥ MBI IMeeM JeJ0 ¢ Ooslee WIn MeHee OOBIYHBIM NU3JIEKTPUKOM. K coxamaeHuio,
B “amcTOM BHIE” COCTOAHUE HKCUTOHHOTO AUIJIEKTPUKA HaOIIIOMAETCA JOBOJIBHO PEIKO.
TToBMAMMOMY, 5TO CBABAHO C TEM, YTO TOUYHBIE cBoficTBa “Hectunra” Tuma (6.148), (6.149)
C TIOJTHBIM “HAJIOKEHWEM™ 3JIEKTPOHHOW M ABIpovHOH moBepxHOCcTelt Pepmu, TpymHo m0-
CTUKUMBI, a OTKJIOHEHUSA OT TOYHOTO BBITTOJTHEHUS HTUX YCJOBUI MPUBOIAT K TOIABJIE-
HUIO »KCUTOHHON HeycToiumBocTu. Kpome Toro, anasorudno ciaydaio maiepscOBCKOrO
repexofia, HopMaJbHble TpuMecH (GecmopsIoK) Takke MPUBOAAT K MOTABICHUIO 5Toi
HeycroitumBocTu. B Toxke BpeMmsd, ¢ mMepexomaMu B COCTOAHWE TUMA 3KCHUTOHHOTO U30-
JATOpa B page paboT CBA3BIBAECTCA BO3HUKHOBEHUE PA3JIMYHBIX THUIMOB (3apdAm0OBOrO U
MarHUTHOTO YTIOPANOYEHNH) B HEKOTOPHIX PEATBHBIX CUCTEMAX.

Ho cux mop paccMaTpuBaJioch B3amMojelicTBue Tuna npuTaxenud. OrasbiBaeTcd,
9TO AaXe B CJydYae OTTAJKHBATEJTHHOTO B3aUMONEWCTBUA, B CHCTEMAX C “HECTHHTOM’
moBepxHOCcTelt PepMu BO3HUKAIOT HEYCTOWIMBOCTH, HO B “‘CIMHOBOM KaHaJie” | BELYIIUE
e k CDW, no k mepexomy B cocrosuue ¢ SDW (A.W.Overhauser, 1965). Ilaa Toro,
YTOOBI MOHATH 5TO ABJIEHNE, BEPHEMCA K MOJIYYeHHBIM Bbile dbopmystam (2.13), (2.14)
JJI MarHUTHOW BOCIPUUMYUBOCTH B cHcTeMe ¢ “XabbapmoBckuM”’ B3amMoaeicTBIEM:

ooy xolgw)  xo(aw) 6.164

+ o(q(.d) — 72,2 XO(qw)

9*u%
HamoMHIM, 9TO B COOTBETCTBUU ¢ MPUHATHIMU Hamu onpeaenenuamu [y(q0) < 0, a ¢
y4eTOM ¢ = 2, MOXHO HallMcaTh Xg = —/1129110.

B omHOoMepHBIX, a TakXke B JBYMEPHBIX W TPEXMEDHBIX CHCTEMAX C ‘HECTUHTOM |
MarHUTHasd BOCIPUUMYUBOCTL Yo ~ Ilg(q) mMeer sorapudmMudeckyo 0cOOGEHHOCTD TpPH
q= Q, rme Q — BekTop Hectunra. COOTBETCTBEHHO, B caydae oTtankusanuga (U > 0),
nosTHadA BocTpuUMUnBOCTH (6.164) mMeer mosoc (pacXxoaWMOCTh), TOTO Ke THMA, YTO
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nMeeTcs B 3apAnoBoil GyHKIMN OTKIMKa (AN3IEKTPUIECKOl MPOHUIIAEMOCTH) B CJTydYac
OPUTAKEHUA (SKCUTOHHBIN U30,14TOP). 3/1ech 3Ta 0COBEHHOCTH yKasblBacT Ha TEHJIEH-
U0 K MarHUTHOMY ymopazodenunio — obpaszoBanuio SDW ¢ BosHOBBIM BekTOpoM Q.
HeycroftunBocTh onaTh BO3HWKAET Jake IJid CKOJIb YIOAHO ciaaboro oTTajkuBanuda U.
KoneuHno, npn HemosiHoM “HecTHHTE” (MJIM JJaXKe B €ro OTCYTCTBUE) MOKET OKa3aThCH,
9TO JIJiA BO3HWKHOBEHWA TaKOW HeycTORYMBOCTH TpebyeTcd MOCTATOYHO CUIBHOE B3au-
MoOeicTBUE, TaK YTOOBI BBHIMTOJIHAIOCH YCIOBHUE!

Ule(Q,0) > 1 (6.165)

9T0 ycs0BUe IPUMEHNMO U B TEOPUH KOJIJICK TUBI3UPOBAHHOTO (heppoMarieTu3Ma, KOraa,
Q = 0. Torna nmeem IMy(q — 0,0) = —N(EF), Tak 410 (6.165) cBOAMTCA K:

UN(Ep) > 1 (6.166)

9TO maeT W3BeCTHBIN KpuTepuit CToHepa i BOSHUKHOBEHUA HPEPPOMATHATHOTO YIOP -
JOYCHAA.

PopmasbHadg CTOPOHA Jesa 37eCh TaKXKe aHAJOTHYHA PACCMOTPEHHOMY BBIIIE CJTY-
4Jaro maftepscoBckoro nepexomaa. JIida TpocTOTH pacCMOTPUM OTATH OTHOMEPHBIH coTyuait
n xabbapaosckoe B3amMopeicTsue Un;in;|. B MMy IhcHOM TIpeCTaBICHAN TaMUILTO-
uran Xab6apaa MOXHO 3anucarh Kak (L — NIuHa CUCTEMBI):

U
H= Z(ak — ,u)az'aakg + I Z “;:TakﬂTa;:'lak’—ql (6.167)
ko kkiq

CnuHoBagd IJIOTHOCTH B TOYKE X OIIpeae/ideTCd KakK:

5 (@) = glet ()er (@) — f (2)ey(2)] =

1 NTTERY,
~ oL Z[C;Tck’T —cfierle i(b—k')a (6.168)
kk!
MMockoapky BocmpunmuuBocth (6.164) pacxomurcd, B JTaHHOM cJjydae, mpu ¢ = 2pp,

ocrasum B (6.168) Toabko k — k' = £2pp. Torma umeem!!:

1
- 2L

5%(x) DI cfierazprt > = <o Chrzpr) ST 4 e (6.169)

k

Beenem obosznadenne:
. 1 -
< 8S>= |S|el¢ = Z Ek [< C;:Tck-}-?PFT > =< C:lck-l'?PFl >] (6.1(0)

U BBIIEJIUB COOTBETCTBYIONINE aHOMAJIBHBIE CpeIHNe B TaMusibToHuate (6.167) (ocraBian
TOJIBKO WJIEHBI ¢ ¢ = +2pp), HOIYy4InM:

_ + +
H = E {era; ars + (Aak+2pFoakg + h.c)} (6.171)
ko
NYen ¢ k' = k — 2pF OKa3kIBaeTCA KOMILJIEKCHO CONPAKEHHBIM IEPBOMY dJIeHY B (6.169) TocJjie

3aMeHBI MHIEKCAa CyMMupoBaHua k — k + 2pp.
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rae (N — 9ucio aToMOB B TETOUKE)

A= % < S >= %%Re(< S > ei?PrT) = %|S| cos(2ppa + @) (6.172)
Bce 911 cooTHOIIEHNA ABAAIOTCA TPAMBIM aHasoroM (6.46) — (6.50), Tak 910 1 CTPYKTypa
pEllleHns COBEPIIEHHO ACHA. B YaCTHOCTHU CIEKTP 3JIEKTPOHOB B TaKOW CHUCTEME MMEET
BU:

Ey=p+/(ex — )2+ AP (6.173)
u m3obpaxaerca tem xe Puc. 6-6.

Bosnukarolnyio 3mech MarunTHyo cTpyktypy (SDW) moxno npencraBuTh cebe Kak
00pa30BaHHYIO JBYM#A BOJIHAMH MJIOTHOCTH 3JEKTPOHOB CO climHaMmu | W |, HAXOMATIM-
Muca B mpoTuBodase, Tak YTO IJIOTHOCTH 3apdAma OCTAETCA OJHOPOIHONW, a CIMHOBAaA
IJIOTHOCTE OCIMJLIUPYET ¢ TepuogoM 27 /2pp (napamerp mnopganka (6.172)). Takasa cu-
Tyanusa HasbiBaeTcd cunycounmaabHoir SDW. B mpunmumne, BOSMOXHBI U IPYTHE PENIEHUA
— HAIIpUMeED, TaK HasbIBaeMad rejukounnaabiads SDW, B koTopoil Besimuuna crimHa ocTa-

eTcda HEM3MEHHO, HO ero HalpaBJIeHne BpallacTcd B MJIOCKOCTH Ty, KaK 5TO MOKa3aHo
Ha Puc. 6-16:

< 8% >=|S| cos(2prz + ¢), < SY >=|S|sin(2prz + ¢) (6.174)

Obbr9HO Takad CTPYKTYpa HECKOJIBKO GoJlee BBHITOMHA TIO YHEPTHH.

Pasymeerca, cranmapTHBIM 00Pa30M MOXKHO UCCJIENOBATH U TEPMOAWHAMUKY TaKUX
mepexonoB. B mpubamkeHnr caMOCOT/IACOBAHHOIO MOJIA BOSHUKAET KPUTUIECKAT TEM-
mepatypa, npu kotopoit SDW wmcdesaer m mpomamaer 1miesb B 3JIEKTPOHHOM CIHEKTPE.
CooTBeTcTByfomne HOPMYJIBI OYEHD TMOXOXKHW HA AHAJOTUYHBIE BBIPDAXKEHUA B TEOPUU
BKIII wau maiiepsicoBcKOro mepexonma. B wacTHOCTH, IJid TEMOEPATypPbl TEpPEXOAa TO-
nyuantca Hedro Tuma (6.24), ¢ 6espasmepnoit Koncrtantoil ceasu A = UN(Fr).

AHaslornYHOE PACCMOTPEHNE MOXKET OBITH MPOBEIEHO W /sl MHOTOMEDHBIX (JIByMep-
HBIX WJIM TPEXMEPHBIX) CHCTEM ¢ “HeCTWHIOM” . DKcrepuMenTaabHo SDW rtakoro tuma
HabJTIOMAINCh B pAJe KBA3UOIHOMEDHBIX Opranndeckux coequuenuit. Ogunako, nanbosee
W3BECTHBIM MMPUMEPOM TAaKON MarHWTHON cTpyKTypsl aBagerca SDW B Cr. Marmetusm
C'r nosyvaer cBoe 00bsACHEHNE B NONOOHON MOesn (TOUHEE B €€ IBYX30HHOM aHAJIOTe —
TUMA MOJEJIN 3KCUTOHHOTO W30J14TOpa), MOCKoJIbKY B C'r mMeeTcs noBepxuocTh Pepmu,
COCTOAIIAA U3 JIEKTPOHHBIX U JBIPOYHBIX “KapMaHOB” , 00JIagaionux CBORCTBOM MOYTH
MOJTHOTO “HecTWHTa” .

B kadecTBe mpyroro moy4YnTESBHOTO TPUMEPA MOXHO PACCMOTPETH IBYMEPHYIO CHU-
cTeMy ¢ “HECTHHTOM” — KBaJpaTHYIO PEMIETKY C 3JIEKTPOHAMU, OMUCHIBAEMBIMUT TPUOJTH-
KenneM cuabHOM cBaAsm (6.147). Mbl yxke oTMeyasn, 4To B cjIydae MOJY3amloJTHEHHON
30HBI TOBEpXHOCTH PepMu B Takoil crucTeMe MpeICTaBAgeT cODOlt KBaapaT, TOKa3aHHbI’

wa Puc. 6-12 (a), Tak 4T0 mMMeeTcsd MOJHBIR “HecTmHr” ¢ BeKTOpoM () = (7/a,w/a).
COOTBETCTBEHHO, B CJIydae MEXK3JIEKTPOHHOTO OTTAJKUBAHUA 3mech moaButca SDW ¢
Q = (w/a,w/a), koropaa “sakpoer” Bcio noBepxHocTh PepMm IHEpreTHUECKOl TTe-

JbIo A, a cUCTeMa CTaHeT AW3JIEKTPUKOM. B Toxke BpeMsd, HETPYIHO COODPA3NUTh, UTO
SDW ¢ TakmM BOJTHOBBIM BEKTOPOM COOTBETCTBYET “OOBITHOMY” NMBYXMOAPENIETOTHOMY
aHTHdEppOMarHeTHKy (¢ “IraxMaTHBIM” PaCHOIOXKEHNEM TPOTUBOIOIOKHO HATPaBJICH-
HBIX CIIMHOB Ha KBaJpaTHOW pemerke). OAnH MpUMep Takoil CHCTEMBI XOPOIIIO W3BECTEH
— 3T0 mmajekTpudeckoe coctodune LasCuOy4, Toe MMEHHO TakKuM 0Opa3oM pacioo-
JKeHbl cnuHbl B 1ockocT C'uQs. Dra cucrema ocoOEHHO MHTEpPECHA, TOCKOJIBKY HpH
HE3HAYNTETHHOM JIBIPOYHOM JIETHPOBAHNU OHA MPEBPAIACTCA B TUTUIHBIA BBHICOKOTEM-
mepaTypHBI CBEpXMPOBOMHUK. [103TOMY MOIEIN PACCMOTPEHHOTO THUMA MOTYT HIPaTh
CYNIECTBEHHYIO POJTh B TIOCTPOECHUN TEOPUU TAKUX CUCTEM.
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Puc. 6-16 ‘“lenukonpanbHaa” BoAHaA CAMHOBOR NAOTHOCTMU.
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IlceBoomiess.

@J'IYKTyaU,I/II/I HaI!/JIepJ'[COBCKOFO 6J'[I/I}KHeI‘O rnop4daokKa.

Bepremca kK paccMoTpeHMIO ogHOMEPHOM cucTeMbl ¢ maiiepsicoBckoit CDW. Yxke He pas
OTMEYAJIOCh, YTO B YMCTO OJJHOMEPHOM CJIyYae yCTaHOBJIEHHE JAJIHHErO MOPAIKa HEBO3-
MoxHO. Obcy MM Ha KadeCTBEHHOM YPOBHE BOIPOC O TOM, UTO K€ MPONCXOANUT B 06IaCTH
temneparyp 1' < T,o, nipu y4aere baykryannii, paspymaomnx gadbanil mopamok. 3anm-
1meM CHOBa ojiHOMepHOe paszjioxenue ['JI (6.140) B BUJE:

F(Ag; T) = F(0; T) = a(T)|Aq|” + c(T)(Q — 2pr)*|Aql* + b(T)|Ag|*  (6.175)

rie koadbdunmentst a(T), ¢(T) umeior BUA:

a(T) = N(Ep) 22, Tpo = Y ppet (6.176)
TpO ™
2 2 7¢(3)v}
A1) = N(ERE(T), (1) = Ol (6.177)

a gna kosbdunuenta b(7T) HamumeMm CIEAYONYIO WHTEPHOIANUOHHYIO dOpMyJTy

(P.A.Lee, T.M.Rice, P.W.Anderson, 1973):

_ T \ N(Er) _ _TB3)
b(T) = {bo + (b1 = bo)Tpo} T2, =55 =105 (6.178)

Torma pasnoxenue I'JT (6.175), dopmanbHo mosydennoe Boie ams obsactu I ~ Ty,
MOXHO TMPUMEHNUTH JIJid KAYECTBEHHOTO aHaJM3a MpH JIOOBIX TeMIeparypax. B gacTHo-
ctu, niaa T — 0 mosrydaem:

1
F(A ~ Ag) ~ —EN(EF)A(% + 2N (Er)(|A] = Ag)* + - - (6.179)
e Ag = % po = 2Epe” X — mesb npu T' = 0, mostydentasa B TpubJIUKEHUN CAMOCOTTa~

coBaHHOTO ToJ1d. [IJ1s TeMTepaTypHOil 3aBHCHMOCTH TapaMeTpa MOPAIKa, CTAHIaPTHBIM
obpasom [11] nosyuaem:

0 npu T> Tp(lj/? ”
_ a\1/2 N(E S Tpo=T\ '~
AT) =4 (-&) " = ( (zf)) ( =T ) mpu T < Ty (6.180)
Ay =ZT, npu T < Ty

5

Takum obpasom, pasioxenne (6.175) — (6.178) KadecTBEHHO BOCITPONSBOIUT PE3YIHTATHI
IpUOTUKEHUA CAMOCOTTIACOBAHHOTO MO/l (MUKPOCKOITMYECKOH T€OpHUHN) BO BCEM MHTED-
BaJsie TemmepaTryp. Ho »To mpubsmxkenme, Kak U3BECTHO, HE YUUTHIBAET (PIYKTyarui,
KOTOPBIE UTPAIOT PENIAINIYI0 POJb B paspylIeHUU JAJbHETO MOPANKAa B OJHOMEPHBIX
CHUCTEMAX.

B mpunmume, B cucteMe MOryT BO3HHMKATh MHOXKECTBO MPOU3BOJBHBIX dJIyKTyarnii
napamerpa {Ag}. BepoaraocTs koHKpeTHOR durykTyamun A onpemenderca kax [11]:

P(Ag) Nexp{—%[F(AQ,T) —F(O,T)]} (6.181)
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Torma crarcymma cucteMbl (BJIyKTyanuii onmuckiBaeTcd ByHKITMOHATLHBIM HHTETPATOM
[20] Buna:

7= /{mQ} exp {—%[F(AQ, T) — F(0, T)]} (6.182)

CooTBeTCTBEHHO, MOJTHAA CBOOOMHASA SHEPTUSA cCUCTEMBI ecTh F' = —T'In 7.

Ina omuomepnoii mogenu TJI tuna (6.175) MOXKHO TPOBECTH MPAKTUYECKW TOUHOE
paccmotpenne (D.J.Scalapino, M.Sears, R.A Ferrell, 1972). M1 atum sanumarbes He Gy-
JIeM, a TPUBEIEM TOJIBKO Hambojiee WHTEPECHBIE IJIAd HAC KAYECTBEHHBIE PE3YJIHTATHI.
OrcyTcTBUE MAaJbHETO MOPAIKA O3HAYAET PABEHCTBO HYJIO TEPMOIUHAMHUIECKOTO CPE-
HETO:

<Ag >= %/{MQ}AQ exp {—%[F(AQ,T) - F(O,T)]} =0 (6.183)

B Toxe Bpemsa cpenHekBaipaTuydHada (hJIYKTyaluda mapaMeTpa MOpAaKa, O9eBUIHO, HYTIO
He paBHa: < |AQ|2 ># 0. CooTBeTCTBEHHO, KOppeadnuonnaa dbyukmua GIykTyamnmit
rnmapaMeTpa MopalKa, B paccMaTpuBacMoll MoJiesin, paBHa:

)
< A(2)A(z") >=2 < |A]* > exp {—%} cos 2pp(z — ') (6.184)
[ToBenmenne mapamMeTpoB, OMPEIeTATONINX (6.184), nokasano'? ma Puc. 6-17, 6-18, rme

t= TT—O, a BeamunHa At ompeaesgeT MAPUHY “THH30YPTroBCKoit” KpuTUIecKoit obacTn
P

[11], koTopad B maHHOW Mojmes U paBHA:

2/3

At_AT_2<pr0)2/3 o (N(Er) T 1 ( 1 )2/3 X
a Tpo a a’2£0 T;O v N(EF) N(EF)UF

(6.185)
rne a' onpenesieno coornomenneM a(7T) = a'(t — 1), a B mocsenHeil oneHKe y4TEHO,
aro N(Ef) = MlF. Kcratu, To 06cTogTeILCTRBO, 9TO MKMpUHA TUH36Yprosekoil ob1a-

CTU TTOPAJKA €AUHUIBI M COOTBETCTBYET, (PaKTHIECKN, OTCYTCTBHUIO B cucTeMe ha30BOro
nepexofia (JaJbHEro MopsAIKa).

OcHoBHBIE KaueCTBEHHBIE BBIBOABI W3 KapTUHBI, MpeacTaBiaeHuoit na Puc. 6-17, 6-18
caemyiomue. 'pybo MOXHO OIEHHUTH, U4TO < |A|2 >~ A(T) ~ T,y B BeCbMa HIUPOKOI

obstactu Temneparyp. Koppenanuonnaa nauna &(T) ~ £0,/T?—”7‘30 apu T' > 1,0, HO
P

&(T) — oo Tomsko mpu T — 0. B Toxe Bpems, mpu Temneparypax T < Tp,g, KoppeJidiy-
OHHAd IJIMHA CTAHOBHUTCH BeChbMa OOJIBIION — B CHCTEME BO3HUKAIOT HOJIbINIE 0bIacTH
Gaudichezo nopadka, B KOTOPBIX MOXKHO TOBOPHUTH O CYNIeCTBOBaHNH (dJIyKTyarmOHHON )
nafiepscoBckoit CDW ¢ BOJTHOBBIM BEKTOpPOM () ~ 2pp.

Peasbuble cucTeMbl, B KOTOPBIX HabIIOIAIOT MaflepJIcOBCKUi TTEPeXoT, TPaK THIECKH
BCETA ABJAIOTCA K6G3UOTHOMEPHBIMY, N OTHOMEDPHBIE MEMOYKN ATOMOB B HUX CBAZAHBI
JIOCTATOYHO CJIAOBIMU MEKIIETIOYEIHBIMY B3aUMOAEHCTBUAMNI, KOTOPBIE MPUBOIAT K CTa-
buIM3aMy maiepJacOBCKOTO AAJBHETO TOPAIKA TPU HEKOTOPOW KOHEYHOW TeMIepaType
7 K BIOJHE peasibHOMY daszoBoMmy mepexony. MexienodednHoe B3anMOAECTBIE MOKET
OBITH 00YCJTOBJIEHO TYHHEJIMPOBAHUEM DJIEKTPOHOB C MEMOYKH HA TEMOYKY, T.€. TEM 00-
CTOATESIBCTBOM, UTO 3JIEKTPOHHBIN CIIEKTP BCE Ke TpeXMepeH (XOTdA M CHIBHO aHU30-
Tpomen). MoxeT urparh posb u “npaMoe”’ B3auMOeiiCTBHE MapaMeTPOB TOpHAIKa Ha

12[Tattepacosckomy mepexomy ¢ CDW ¢ mepmomoM HeCOM3MEPHMEIM C HEePHOIOM MCXOMHON Imemoduxn
COOTBETCTBYET KOMIIJIEKCHBII MapaMeTp MopAOKa, COM3MEPUMOMY ciydaro — meficTBUTe ThHBIHM.
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COMPLEX

30

Puc. 6-17 TemnepaTypHoe noeeneHne cpenHekBagpaTuyHoOn chrykTyauun napameTpa
nopsaaka B ogHomepHoi mogenun [J1. [NokasaHbl cryvan OeACTBUTENBHOMO U KOMMIEKCHOrO
napameTpoBs nopsigka. [lyHkTnp — pesynbTaT npnbnu>xeHnsn camocornacoBaHHoOro nosis Ans
KBajpaTa napameTpa nopsaka.
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5.0 T T T T T

Puc. 6-18 TemnepaTypHoe noeeneHne obpaTHOW KOPPENALMOHHON AJINHBI B OQHOMEPHONM
mopenu [J1. MNokasaHbl cny4an OeACTBATENbHOrO M KOMMIEKCHOrO NapamMeTpoB MopsAOKa.

[yHkTnp — peaynbTaT NpubnunxeHns camocornacoBaHHOro Mons OJiA KBagpaTa napamMeTpa
nopAnka.
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P

Puc. 6-19 Vnopapouenne CDW Ha cocenHux uenodkax B npoTusodpase, obycnosneHHoe
UX 2MEKTPOCTaTUHECKUM B3aUMOAENCTBNEM.

cocenuux nenovykax. Hampumep ydurem, uto mafiepicoBckag CDW cozmaer peasibHyio
MOJIYIATHNIO TIJIOTHOCTH 3JIEKTPUYIECKOTO 3apAla BAOL TEMOYKH!

A
p(z) = ne o cos(Qz + @) (6.186)

KOTOpad, B CBOIO OYEPEND, CO3/TAET BOKPYT MEMOYKU 3JIEKTPOCTATUIECKUN TOTEHTIAAJT
BUIA:

o(ry,z) = 2ne )\g cos(Qz + ¢)Ko(QrL) (6.187)

F

e Ko(r) — ¢pyuknua Beccesast oT MHEMOTO apryMeHTa, (B aCHUMIITOTUKE cagalolniasa Mo
aKCHOHeHTe). Taxmm 0bpa3oM, BOSHHKAET HEPTHA 3JIEKTPOCTATUIECCKOTO B3amMOMIEii-
creug CDW (Ha E€TUHUTY OJIUHBI uenquM) CJIEAYIOTIETO BUIA:

U=Us Y > cos(¢n — 6m) (6.188)

n <m>

Te BTOpad cyMMa OepeTcd TO HOMEpaM IEMOYEK — OIMKAUIMNUX cocCemel MEMOUKH 7.
Buaum, aro CDW cocennux menovek 3HEPreTUIECKH BBITOIHO BHICTPOUTHCA B TIPOTHBO-
dase, kak 370 okazano Ha Puc. 6-19. B pesysibraTe Bo3HUKAaET TpEXMEPHOE YIIOPALOUE-
HUE W B CHCTEME TTPOUCXOUT peabHbIil (hazoBbIil mepexon. KadecTBenno, Temmeparypa
TAKOTO TIepexofia onpeenaerca oueBuaHbIM yeaosuem Ugé (T) ~ T, 410 naet ypaBHeHUE
M9 OTIpEIeIEHUA COOTBETCTBYIONIEN KPUTUIECKON TeMIIepaTyphl THUIIA!

I~ TicUog(Tc) (6.189)

C nonmxkenvem T Beswuumua (7)), KaK MBI BUIEJN B OJHOMEPHON MOMesH, pacTeT
(&(T) — oo mpu T — 0), tak 4r0 pentenue (6.189) cymecTByer maxe HJA CKOJb
yroguo MaJsbix Ug. Hy a B peajibHOCTH BCe 3aBUCHT OT KOHKPETHBIX 3HAYEHWH Ta-
paMeTpos. Bmosme moxer 6u1Th T, ~ Tho, a Moxer 661Th W T, & Tpo. IloaToMmy, B
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KBa3MOTHOMEPHBIX CUCTEMAX MOXKET CYUIECTBOBATH JIOCTATOYHO MHUPOKad 0OJaCTh TEM-
nepatyp 1. € T' K Tpo, B KOTOPO#i HaTbHA{ TOPANOK OTCYTCTBYET, HO CYyMIECTBYIOT pas-
BUTHIE DIIYKTyannu OJIMKHETO MOPAIKA, XapaKTePU3yEMbIE KOPPEJIANMOHHON hyHKITHEH
(6.184). IIpu mocTaTo4HO BEICOKUX TeMueparypax I ~ T, 5TH (IIyKTyannn MOKHO pac-
CMaTpUBaTh Kak rayccossl, mpu T’ < Tp,¢ 270 3aBenomo ne Tak. Koppendanuonnad ainHa
dbaykryanunit 6amxrero nopsanka (7T) MoXeT CYIIECTBEHHO MPEBBINATH MEXKATOMHOE

pPacCTOAHUE.

PaccMmorpuM Bompoc 0 BOSHUKHOBEHHH TPEXMEPHOTO YIOPANOYEHHUA B CHCTeMe ciaabo Bzammoeii-
CTBYIOUIMX IIapAMETPOB MOPAIKA COCEMHUX IENMOYEK HECKOJIBKO MonpobHee. s cucreMbl B3auMome-
CTBYIOIIMX ITapaMeTPOB HOPANKa Ha LENOYKax (HyMeEpPyeEMBIX HHIEKCAMH I,]), U3 IACTO PEHOMEHOJIO-
THYeCKHUX coobpaxkeHuil, MOXXHO Hanmucarh passoxernue ['JI caenyromero Buna:

Tae nmoapasyMeBaeTCd y4eT B3aMMOIENCTBUA TOJTBKO Gk alinmx cocemnent.
Sammmem CpeHee 3HAYECHUE MapaMeTpa nopdAdKa B BUIOE:

_ 1 dx'! , 1 ’ ’
<A >=7 1/{5A}A,—(z)exp _T/é_o Z:Fi(.ﬁi(l‘))-}-Ezi]:/\i].ﬁi(l‘)A](l‘) -

- Z_l/{SA}Az‘(av)eXP ‘%/%/ DB Y Agdila) <8, >
i ¥

2 1
] +5 Z Aij A (2)A () (6.190)
<r3>

dA;
dr

(6.191)

IIle Bo BTOpOil CIpoKe chesaHO NpUG/IIKEHHE “MOJIEKYIAPHOro” (CaMOCOIVIACOBAHHOLO) IIOJIA IO MEXK-
nenogegnoMy B3aumoneticrsuro. [lpm T — T, mmeem < A; >— 0, Torma MoKHO HAIIACATD:

] -1 . _l d_‘L‘I . l d_.l” (! —
<A >N /{5A}Al(r.)exp T éoZE 1+ - EOZA1(Q_¢)<A]> =

)

1 [ da'
= f/ gi E Nij < Ai(2)Ai(2)) >< Ay >
0
J

(6.192)
TaK 9TO KpUTHIeCKad TeMIeparypa 1. ompeme/ideTca ypaBHEHTEM:
A dz’
1= 2 [ S < ai@aie) > A=Y A, (6.193)
T )] &
<3>
WTH, HCTIOTB3y A
< Ai()Ai(a") >=< A% > exp {—|o — #'[¢TH(T) } (6.194)
mosty9aeM npaAMoil arastor (6.189):
A T
1==<A?> ) (6.195)
T &o

C T€MH XK€ BBIBOIIaAMHW, YTO W BHIIIE.

DJIeKTPOH B cJaydatiHoMm 1moJie pJayKTyaliuii.

PaccMoTpuM 2/1eKTpOH, paciupocTpaHdoniica B caydaiinoM mose duykryarmuit A(z),
KOTOPBIE Oy/IEM CINTATDH TayCCOBBIMU. Tora 3aady MOKHO PENIaTh, MOJIb3YACh OOBITHON
“npumecHoil” nuarpaMMHON TEXHUKOI, TpUYeM JIMHUN B3anMOIeHcTBUA (paccesanus) co-
nocrasygerca KoppeaaTop (6.184). B uMmnyibcHOM NpencTaBIeHNN JUHUY B3auMojIeii-
CTBUA CJIEIYET CONOCTaBUTh dyphe — obpas (6.184):

) K K
S(Q) = 22 { CES T (o i 52} (6.196)
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Q

p p-Q p

Puc. 6-20 T[pocTedwuni rpacduk onsa cobCTBEHHO — SHEPTrETUHECKORA HacTU 3JIEKTPOHA.
BonHuctan nuHns nsobpaxaet koppenstop S(Q).

e k = E-YT), a < |A]? > nna kparkoctu obosnaveno kak A?Z. B paibHeitniem Mbi
pPaACCMOTPUM Ype3BLIYAliHO YIPOIIEHHBIN, HO BeChMa MOy YUTEILHBIR, BApUAaHT TaKol MO-
Jesn, COOTBeTCTBYIOmMi npeneny € — oo (k — 0), T.e. B aCUMITOTHKE OYEHB GOIBIINX
KOPPETANMOHHBIX AMnH (baykTyanuit 6mmkrero mopanka's. OkaseiBaeTca, 9To Taxad
3a/lada JIOMYCKaeT TOYHOE PElIeHne, MBI MOXKEM MPOCYMMUPOBATH 6ce (hefitHManoBCKMe
rpacduky Teopun Bo3MyIeHU ¢ “B3amMozeiictBuem” Buma (6.196), koropoe mepexomnT

B paCcCMaTpuUBacMOM IIpeaeJie B14Z

S(Q) = 2w A2{8(Q — 2pr) + 6(Q + 2pr)} (6.197)

Paccmorpum mpoctefinuit BkJag B COOCTBEHHO — IHEPTETUUYECKYIO YACTh 3JIEKTPOHA,
n3obpaxaembiii quarpammoii Puc. 6-20, koTopsiit iuiem B Maiy6apoBCKOil TEXHUKE:

dQ 1 “dr & 1
Y(enp) = S(Q)————— ~ 2A? =
(enp) /271' (Q)ign—fp_Q /_OO 2mx? + k% iep + & —vpe
:2A2/OO dr R ! =
oo 2w (x — k) (2 + ik) ien, + & —vFE
A2

- = (6.198)

1€, + & + 1UFK
Tae, 4 ONMPENeSEHHOCTH, TOJATaIu p ~ +pp, €, > 0 1 U ompee/TUIN HOBYIO TEpEMEH-
HYIO WHTEIPUPOBAHUA & ¢ TIOMOIIBIO () = 2pp + & (moJsiesHo ellle pas B3MIAHYTH Ha Puc.

6-31).

13Bo msbexanne HemopasyMeHuit, cpasy 3aMeTHM, YTO B JTAHHOM C/Iydae, TIepexoll K TaKOMY TIpeIe Ty
HE O3HAYaeT BOSHUKHOBEHUA NAJIBHETO MOPAIKA! DIIEKTPOH NBUKETCA B TayCCOBOM CJIydaifHOM moJte co
crenudUIeCKUM TapHEIM KOPPEJIATOPOM, a HE B MEPHOIMYIECKOU cucreMme. B nmerasnax »aro 6yner BUIHO
W3 OOCJeAyIONIero pacCMOTPEeHHUd.

14O rMeTnM OYeBIIHY0 AHAJIOTHIO 5TOH MOJIE/IN ¢ pacCMOTpeHHOM BhiIe Moe bio Kesmpimia.,
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Murepecytonmit mac npegen £(T) — oo (k — 0) caenyeT MOHUMATH B CMBICJIE:

vpk = vpé Tt € Maz{27T,¢,} (6.199)
NN
vpk = vpt~l < 20T, &(T)> |p—pr|™" (6.200)
Torna (6.198) mepexonut B:
A2
Y(epp) 8 —— 6.201
e~ e (6.201)

Teneps ana “BsaumoneiicTsua” (6.197) Her npobiieM BuIMUCATH BKJIaI rpaduka J060ro

mopanka g ¢yuknun ['puna, Tuna mokasannoro Ha Puc. 6-21. B Trakom rpaduke n — ro

nopsanka o S(Q)) nMeeTcs Bcero 2n BEpIINH, COSTNHEHHBIX MEXK Ty COOOH JTUHUAMN B3au-

MogelicTBugA BceMu Bo3MOXHbIME ciocobamu. [Ipu aToM 211 iuHun moovepeaHo “yHocar”

u “mpumHocar” mMIyJabchl Q = 2pp'®. B pesysabTare, B COOTBETCTBYIONIEM aHAJINTHYC-

CKOM BBIpaXKEHUN JIJId TaKOTO rpacmKa BO3HUKAET MOCJIENOBATETBHOCTD Y€PEMY IOIINXC A
1 1

dbynxnnit 'puna suga P (n urTyk) u P (ToXKeE N IITYK), IJTIOC ellle O/iHa (HaYa b
1

Ha) P 16 Kpome Toro, ectb eie Muoxknteas AP, B utore, BKIaabl Bcex rpadUKOB
B JaHHOM IIOpsAJKe IPOCTO COBIAIAIOT, a UX CYMMAapHBIl BKJa ONpeaeasdeTcd UX IOJI-
HBIM YHCJIOM, KOTOPOE JIETKO IOACYNTATh U3 KOMOMHATOPHBIX coobpakeHuit — OHO paBHO
nl. B camom geste, uMeerca 2n Tovek (BepuIMH), Kyda “BXoaaT” WM “BHIXOAAT JUHWUN
B3auMogelicTBus. I3 HUX n TOYEK UMET “BBIXOIAILYI0” JIMHWIO, KOTOpasd JIIOOBIM 13 n!
criocoboB MoXKeT “BoiiTu” B ocTaBiImecd “‘cBobomHBIMI N BepiiuH. Mcmob3yeM Temephb

17.
[e/e] o o0 [e] 1
nlz" = / d¢e=C(¢z)" :/ d¢e ¢ —— 6.202
nz::o nz::o 0 €= | — (6.202)

TOXIECTBO *:
Torma slerko cymmupyem gecw pan Ajida GyHKIuE ['prHa 1 moslydaeM TOYHOE peElleHne
paccMmaTpuBaeMoil 3amadn (M.B.CaILOBCKI/Iﬁ, 1974)18:

= Ap! - n B
G(eip) = nz::O e & (e T 67 (e —6) Z nlz"(e1,&)Gol(eiép) =

o] o . +£
= dce=¢ - &7 P =< Geaz(e >, e = (21 4+ DT (6.203
/0 ¢ (ier)? — €2 — (A2 caz(aép) 1= ) ( )

n=0

1€ UCIIOJIb30BaJJI obo3zHaueHUE:

z2(e1, &) = A*Go(er, &) Goler, —&p) (6.204)

1591a moodepenHOCTE BaKHA, YTOGH 5JIeKTPoH “He yxommir’ maseko or yposHs ®epmu (Todek +
) F

sa Puc. 6-3 mim Puc. 6-7 (9ro npuseso — 651 K HOABIIEHAUIO GOIBUINX SHEPTHIL B 3SHAMEHATEIAX COOTBET-
CTBYIOIIWX BKJIAIIOB TEOPHH BO3MyMIeHHil). DTo He Tak HJIA Cioydad COMSMEDPHMEIX bJIyKTyanmil, THma
YIBOEHUA IIEPUOIA, KOTIIa paboTaeM Co CIIEKTPOM, TTOKa3aHHBIM Ha Puc. 6-8 m “mpuxon” mim “yxon” sro-
Goro amcsa EMIy1bcoB Q = (7m/a,m/a) ocraBimer asekTpor B6msu yposHa Pepmu. CoorBeTCIBEHHO,
IJIA 3TOTO YACTHOTO CJIydad BOSHHKAET HECKOJIBKO WHAA KOMOWHATOPDWKA MUATPAMM, KOTOPYIO MEI HE
6y/leM pacCMaTpPHBATH W3 COOOpaKeHHI KOHOMUH BPEMEHW W MECTA.

16 PasymeeTca TOUHO TaKKe pelIaeTCs 3a0ada U ¢ IPOM3BOJILHEIM GHKCHPOBAHHBIM BEKTOPOM PACCes-

HEAA (), KOTZIAa TTPOCTO Y9EPEMYIOTCA . Ms1 6epem Q = 2pp I/ KOMIIAKTHOCTH 3AITACH

ten—E&p " ien—l’(jp_Q
u B CBA3M ¢ pusukoil maliepicOBCKOTO TIepexoia.
17KaK YXe OTME€YaJIOCh, B MATEMATUKE 3TO Ha3BIBACTCAd CYMMHUPOBAHUEM I10 BOPGHIO.
1SCJIe,Z[yeT MOMYEPKHYTH IPUHITUIINAJIBHOE OTJIMNYIHUE I[aHHOﬁ 3a1aY91 OT 3a1a'9¥ O IBUXKEHWUH 3JIEKTPOHAa

B KOT€PEHTHOM I€PHOIMIECKOM II0JIe, KOTOpad pacCMaTpHBaJIach BHIUIE B cBAsH c (6.57), (6.58).
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Puc. 6-21 [paduk npomssonbHoro nopsigka ofiAa ogHoanekTpoHHod chyHkuum [puHa.

7y HAC BO3HUWKJIA “HopMaJibHaga  ¢GyHKINA ['puHa maiiep/IcOBCKOTO AM3JIEKTPUKA,

€ + & .
Gaz(aip) = m (6.205)
P
o1, 3HAKOM “ycpemHeHus
< .. >C:/ d¢e™¢... (6.206)
0

Herpynto coobpasuts (bopManbHoe H0Ka3aTeIbCTBO puBeaeno B [Ipunoxkenun B), 4to
(6.203) mpencraBager coboit dynknuio I'puHa a1eKTpoHa, ABUKYIIETOCH BO BHEIIHEM
nose Buga 2W cos(2prz + ¢), aMmuTya KoToporo “GaykTyupyer” ¢ Tak HasbIBAEMBIM

pacnpeacsicHneEM PBJIeSIl o :

P(W)="Fe a7 (6.207)

a dasza ¢ pacupenesieHa OTHOPOAHO Ha MHTepBaJe oT (0 mo 27.
Boimostnsag aHagmTHYecKoe TPOAOIKEHUE 1€ — £ =+ 16 W3 (6.203) moJTyJaeM Ojad
> 0:

ImGRA(6,) = Fr(c + &) / dCemC6(c? — €2 — CA?) =

£2_¢2

T _ P p
=F Rzt &)0(E® — & )e” a2 (6.208)
TaK 9TO CIIEKTpaJibHad IIJOTHOCTH
1
A(e€y) = —=ImG®(et,) (6.209)
™

x99

nMeeT “HedepMMKMIAKOCTHRIN’ BHJ, TOKa3aHHBI Ha Puc. 6-22.
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Aleg))

0,2 |

elA

Puc. 6-22 CnekTpanbHas nnoTHOCTb B MOAesnyn ncespollenesoro coctosinus: (1)—¢, = 0;

(2)—¢, = 0.1A; (3)—¢, = 0.5A.

L NE/NE)

0,8

T Y T T
-2 -1 [o} 1 2
E/A

Puc. 6-23 TnoTHocTb cocToAHUN ¢ NceBaoOLLEnbLO.
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TTpuBemeM muTst TOJHOTHI TAKKe U aHATATHYecKHe Bhipaxerns maa ReGTA (e€p):
52_£2 5 5
téy ——=TE (6 2 2
—3re A Bil|—)( mpu e =& >0
le2—¢2] 2_ g2
e+ép — P . le —‘fpl 2 2
Az e A Eil-—px mpr e° —¢§, <0

ReGTA(eg)) = (6.210)

rne Ei(z) m Ei(z) — nATerpasbHBlEe MOKa3aTesbHble GyHKImA. [lomdepkHEM, 9TO HO/Iy<YeHHaA HAMHE
dymkuma I'pura (6.203) He o61amaeT 0COGEHHOCTAME IOJIIOCHOTO THIA B OKpecTHocTH ypoeHA Pepmm
H, B 9TOM CMBICJIE, HE OICHIBAET CIIEKTP “a/IEMEHTapHBIX Bo30ykneHull” (KBasHIacTHIL), TIEMOHCTPHPYH,
TakuMm obpazom, “HedepMUKHUIKOCTHOE  TIOBEIEHHUE.

IInorHOCTH COocTOAHMIA 9JIEKTPOHOB UMEET BUI:

N(g) e r S . €2 e
NO(EF)_‘Z‘/O =2 eXp(‘F Erf’(Z)_

27— ¢
(1 opu le] — o0
- :)Aa—; npu le] — 0

£
A
(6.211)

rne No(Erp) — mIoTHOCTH cocTodAHMi CBOGOMHBIX 3JIeKTpoHOB Ha ypoBHe ®Pepmu, a

. T z2 o o
Erfi(z) = [, dze”™ — mmTerpan BepoaTHOCTER OT MHMMOTO aprymenTa. XapaKTepHbiil
BUJ 3TOH TJIOTHOCTH COCTOAHMI mokaszan Ha Puc. 6-23 u memMoHcTpupyeT Haju4dnme pas-
MbITol (“MaATKON” ) neesdoweau B okpecTHOCTH ypoBHA Pepmu. Ilo cyTn memna, 310 ecTh
IJIOTHOCTE COCTOAHUN MakiepsicoBcKoro nquasekTpuka (6.77), nokasannada Beiie Ha Puc.

6-9, ycpennenHas 1o dbIyKTyaruaM MeJTu, onpeiendeMbiM pacipeneseruem (6.207)20.

SJIeKTpOMaI‘HI/ITHbIﬁ OTKJIUK.
3aMedaTebHON 0COGEHHOCTBIO pacCMaTpPHBAECMON MOIEJIN ABJIACTCA TaKXKe BO3MOXK-
HOCTB TIOJIy9MTh TOYHOE peleHme (MpOCyMMHUpOBATh 6Ce IMATPAMMBI) W A QYHK-
MM OTKJIMKA Ha BHEIIHEE 3JICKTPOMATHUTHOE ToJie (MOJAPU3aMOHHOTO OMEpaTopa)
(M.B.Caznosckuit, 1974).

BommmuieMm cHadaJjia HEKOTOpPBIE COOTHONIEHHs obIero xapakTepa B Texumke 1 = (.
IlogsepraeM cuctemMy BosfeiicTBUIO c1aboro BHENIHETO BEKTOp — HOTEHIMAIA!

mc

§Hint = —— / Prit(r)p - SA(xt)i(x) (6.212)

rne bA(rt) = 6Aqw etdr—iwt CooTBeTcTByOIaA Bapualua OJHOIJIEKTPOHHOR hyHKIINN
Cpuna 3anuceiBaetca B Buge [1]:

§G(ep) = —G(ep)—(p - 6Aqu)G(e +wp + q) +

€
mc

d3 / de’
+iG(6p)G(€+wp+Q)/ £ /—EF(EP,6’p’;qw)G(6’p')%(p'~5Aqw)G(6’+wp’+<1)

(2m)3 27

19910 pacmpeme/ieHne MHPOKO UCIIOIB3YyEeTCH B craTucTHdecKoii pamuodusuke: C.M.Priros. Beenenue
B CcTaTHCTHYECKYIo pammodusuky. Hacts 1. “Hayka”, M, 1976.

200 rMmernM, 9TO MOXKHO HpOoBecTH 0GOGIIEHNE HAIIETO PACCMOTPEHM M Ha Topasmo Goslee CIOKHBIL
cay9ail KoHEIHBIX KoppeaanuoHasix mmH ¢ (') (mm k), KoTopoe NEMOHCTPHPYET MOCTEMEHHOE “3aMBI-
Baame” TICEBImOME M, TTOKa3zaHHON Ha Puc. 6-23, mo Mepe yMeHbIIEHWA KOPPEJIATTHORHON MJTAHBI GJTHK-
mero nopanka &(7T). Ilpm sToM mI0THOCTH COCTOAHMII B MEHTpE IICEBIONIEJN CTAHOBATCA KOHEYHOM.
O6s0p cooTBeTcTByIOMHAX paboT MOXKHO mocMoTpers B crarbe: M.B.Canosckmit. VOH 171, 539 (2001)

(6.213)
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nJjain

6G(ep) = G(ep)I(ep;e + wp + q)G(e + wp + q)6Aqu (6.214)

4T0 mokKaszaHo rpadmudecku Ha Puc. 6-24. Orcroma, KcTaTh, sICHO YTO AJIsA CBOOOMHOMN
dyuxmun ['puna:

6Go(ep) = —GO(EP)%PGO(H-WP + q)6Aqu = Gol(ep)Jo(P; P + @)Go(e+wp + q)6Aqu
(6.215)
rmoe

€
Jo(pip+4q) = ——p (6.216)

— cBobGomnasa “rokoBas” BepimHa. [losHas BepmnHa onpenenserca us (6.214) kak:

§G~'(ep)

(6.217)
5Aqu

Jpip+q) =-

COBepH_[eHHO aHaJIOTUYHbIE ('bOpMyJIbI BO3HUKAKT U IPpU ONIMCAHWUN PEAKIINN CUCTEMbBI Ha
CKaJISIprIﬁ IIOTEHIINAJI:

§Hint = e/d?’m/)"'(r)égo(rt)l/)(r) (6.218)

e 6p(rt) = Spque’ P~ B actnoctn, anasornano (6.213) nveem:

8G(ep) = G(ep)edpquGle +wp + q) +

) d3 / de!
—ZG(EP)G(E + wp + q) / ﬁ / ﬁf(Ep, glp/; qw)G(Elp’)eégoqw G(gl + wp/ + q)
(6.219)
wiu
8G(ep) = G(ep)Jo(epie + wp + q)G(e + wp + q)dpqu (6.220)
TJle BBEJIEHA, TTO OlNpesesennio, “ckanapuasa’ Bepumna Jo(p;p + q):
§G~1(e
Pip+ o) = 2212 (6:221)
6§0qw

Tpaduveckn (6.220) usobpaxaerca onars Puc. 6-24. Anamoruyno (6.215):

6Go(ep) = Go(ep)Go(e + wp + q)ebequ = Go(ep)Jy (P; P+ 4)Gole + wp + q)dequ

(6.222)
re JO(p;p+ ¢) = e — “cBobonnaa” BepiMHA.
Boobe ynobuo BBecTr oblliee onpeneacHue BEpITUHbL
§G~1(ep)
JEpip+q) = ——F7— 6.223
R (6.223)
rae Au(qw) = {¢qu, Aqu}, Tak dTo “cBOGOAHAZA” BepIIMHA paBHA:
B _ _%p H= 11 21 3 o¢
Jo(p,p+q)—{ e = (6.224)
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p
p P Y
g + |6 }—q = -9
ptq ptq P
p+q

Puc. 6-24 WameHenune dyHkuun [puHa BO BHeLIHEM 31eKTPOMarHMTHOM MOJeE.
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GJ\.?

ep ep-0 ep  epll ep ep0 | p-Q+g prgp-Org po
} S+ £+ E—m Et
|
|

g

Puc. 6-25 [padnk npoussosnbHoro nopsinka AnsA BEPLUMHHON 4acTW B3aWMOOEACTBUA C
BHELUHWM 3/1eKTPOMArHUTHbIM MOJEM.

AN
6Go(ep) u
—_— = ; 22
A () Go(ep)Jy (p;p+ 0)Go(e +wp + q) (6.225)
Torma Kak ajia “mosinoit” dymukmum ['pumna:
8G(ep)
—— =Gep)J*(p;p+ q)G(e + wp + 6.226
5, (qw) (ep)J*(p;p+ 0)G( p+a) ( )

Teneps nopa nepefitu k geny! U3 npenbiayiiero obcykeHus ACHO, YTO MPOU3BOIbHALA
AuarpaMMa, ONUCHIBAIONIAA OTKJIMK Ha BHEIIHEE TOJIE, MOXKET OBITH TMOJIyYeHa U3 MPO-
U3BOJIbHOM nuarpamwmsl asa ¢yukmun [puna (tuna Puc. 6-21) “BeraBkoit” B s1i06yio u3
5JIEKTPOHHBIX JIMHUIl JIMHUM BHEIIHETO IOJIA, KaK 3TO MoKasaHo Ha Puc. 6-25 (mpuuem
HYXHO TepebpaTh Bce Bo3MoxHbIe “BeraBku” ). IIpoBonga Takum obpasom “muddepen-
nuposanne” pazga (6.203)?1, noayuum (m — Homep “6i0ka” z, B KOTOpbIl BCTaBIgeTCA

nunana A*(qw)):

6G 1 bz
z(ep))" T (———(z(e + wp+ Q)" " Go(e + wp + q)+
S (3 S lctem e DGo(e + b+ )
(SGo(Ep)
+ Cz(e
Z Aulaw) [
(6.227)
3mech % onpenenserca uz (6.225), a mpoussomnaa “6ioka’ z(ep) ompeneagercs

Puc. 6-26 n pasna:

210 cyTu mesa MBI 37IeCh B ABHOM BHe IPOBOAMM QYHKIHMOHAIbHOE M b bepeHITNpOoBaHTe TOTHOTO
psAfa TEOPUH BO3MYIIEHUH 1IJId OMHO?JIEKTpoHHOU dyHKImu ['puna m “renepupyem” Bce rpadukm jida
COOTBeTCTBYIOMEN BepurmHHON TacTw.
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aQ Q Q Q
> ‘ > g > § + > § ™ ‘g
epletew €l ep € 1 &t
lpva pOvg Q| pO+
|
|

Puc. 6-26 [padukn ans dyHkunoHanbHom nponssoaHon “Bnoka” z(ep).

5z(ep)
§A,(qw)
+A2Go(ep)Go(ep — Q)T (P-Q;P— Q+ q)Go(e +wp— Q+q) =
= Go(ep)J{(pip+ a)z(e + wp + ) + 2(ep) ' (P— a;p — Q+ @)Go(e + wp — Q + q)

= A%2Go(ep) Y (PP + @)Go(e+ wp + @)Go(e+ wp— Q+aq) +

(6.228)
Moncrasmaa (6.228) B (6.227), u yuursiBaz (6.225), nosydnm:

n

= <Z 3 (Caep) ™ (Co(e + wp + @) Go (=p)J¢ (03D + @) ol + wp + a) +

n=1m=1

I

+3 0 (G ep) ™ (Cxe + wp + @) T Go (e + wp - Q+ @) (P~ Qip — Q+ )Go (s + wp+ q)

n=1 m=1

II

+ Z(CZ(ED))”Go(sp)Jé‘(p; p+a)Go(e +wp+ q)>

III ¢
(6.229)

HepBbIﬁ n TpeTI/Iﬁ BKJIQJABI B 3TOM BBIDAaXEHUN O6’be,HI/IHSIIOTC$I n OJaroT:

n=0

+ Z Z ¢mlym—l (ap)(n_m+1zn_m+1 (e+wp+ q)}> =(m—-1—m)
¢

n=1m=1

<THIIT>c= <Jé‘(p; P+ a)Go(ep)Go(e + wp +q) {Z ("z(ep)+
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= J¥(p;p+a)Go(eP)Go(s + wp + q) <Z E M2 (ep)¢™ T2 T (e + wp + q)> =
¢

n=0 m=0

n=0 m=0

= <J5L(p;])+ q)Go(ep)Go(e + wp + q) Efnzn(ap) Z ("2 (e + wp + q)>
¢

(6.230)

IJle TakXKe WCIo/b30BaHo mTpapuio yMmHokeHnss pamoB: (5. an) (3 o _obm) =

Z?LOIO Z:Ln:() anbn_m'

Torna, ucnonbsy# (6.203), noaygaem:

<T+III>=J(p;p+a) < Geaz(ep)Geaz(e +wp + q) >¢ (6.231)
rie
e+¢& . Py
GA2 (Ep) = m (E — % 26) (6232)

— HopMaJIbHaa GyHKINA ['prHa maliepJICOBCKOTO AM3JIEKTPHUKA.
AHaJoTUYHBI cYeT IJ1d BTOPOTO CJIAraeMoro B (6.229) JaeT:

<II>=J'(p-Q;p-Q+q)Go(cs+wp— Q+q)Go(s+ wp +q) X

X <§: z“: M2 (ep)CtTMEN T e+ wp + q)>
¢

n=1m=1

o0 n 1
=J'P-QPr-Q+aq) <Z Z ¢ (ep)¢ T (e +wp + q)@> =
¢

n=1m=1

=J'(p-Qip- Q+q)<<;2 ZC”ZTL(EP) E szm(a+wp+q)>
S

n=1 m=1

= (P~ QP - Q+a) < Feaz(ep)F 5 (s +wp +a) >¢
(6.233)

rae Bo3HUKJI0 “( — cpemHee” oT MPOM3BEAEHUA ABYX anoMaabubir yukimit ['puna maii-
€pJICOBCKOTO JUAJIEKTPUKA!

A

+ —
FAz(E) - Ez_gg_Az

(e — e £ i6) (6.234)
HECMOTpPA Ha OYEBUAHOE OTCYTCTBUE B CUCTEME HaﬁepJICOBCKOI‘O JaJIBHETO HOpﬂﬂKa! HpI/I

[ee] [ee] [ee] n
5TOM MBI HCIOIBb30BATIH (Y~ 1 an) (D o bm) = > 1> 01 @nbpn_m41 B OpocyMmu-
poBaJI MPOrpeccuu B mpeanocaenteM 4iene (6.233).
Takum 06pa3oM, OKOHIATETBHO MOy YAEM:

0G(ep)
8A,(qw)

= / d¢e™* {Geaz(ep) T (P; P+ @)Geaz(e +wp + @) +
0

=G(ep)J'G(e+twp +q) =

+Feas(ep) 7 (P — Q;p — Q+ @) F (e +wp + q)} (6.235)

qT0 m3obpaxkaerca rpadukaMu, TokasaHHbIME Ha Puc. 6-27. [logyepkHem, 9T0 3TOT
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p+q ptq

-—-q 4+ ---q

Puc. 6-27 [paduyeckoe npeactasnenune dyHkunoHansHon nponssoaHon G(ep).

pesyJIbTar MOoJIyYaeTcd CYMMUPOBAHWEM GCer JUArpaMM TEOpPUH BO3MYIICHUR IJ1s Bep-
NIMHHOR 9acTu. JTOT OTBET “MOYTH OUEBUIEH , €CJIM BCIOMHHUTEH XapakKTEP CJIydaliHOTO
MO, B KOTOPOM JIBIKETCS 3JIEKTPOH B PACCMATPUBAEMOM Mosie T (Cp. 3aMedaHne mocie
(6.206)) — y Hac 1 nomKeH OB BOSHUKHYTH “IU3IEKTPUIECKUH” OTKIINK, yCpPEIHEHHBIH
Mo BIAYKTyaIuamM MeJIu.

Tenepb MOXHO cpasy BHIUCATH W COOTBETCTBYOUIMH TOJAPUIAIUOHHBIA omeparop
(KoTopsIii muieM yxe B Maly6apoBCKOH TeXHUKE):

(o) e (o) d
M{qwm) :/ dCe CQTE/ § {GCAz(enp)GCAz(en +wmp+4q) +
0 n —00

+FCA2(€np)FC+AQ(€n +wmp + q)} =< HcAg(qwm) >¢ (6236)

YTO TIPENCTABIAETCA AUATpaMMaMi, TOKa3aHHBIMU Ha Puc. 6-28. Buanm, uto mom 3Ha-
KOM yCpEeTHEHU S 10 (DIIYKTYAINAM IIETU TYT CTOUT MPOCTO MOJIAPASAMUOHHBI! omepaTop
nafiepsicoBckoro amssektpuka. CooTBeTCTBEHHO, CTpyKTypa (To4uHOTrO!) perenns mis
3JEeKTPOMAarHUTHOTO OTKJIMKA B PACCMAaTPHUBAEMON MOIE/IN COBEPIIEHHO sICHA — HYXKHO
paccunTaTh OTKJIUK TMAafep/ICOBCKOTO AM3JIeKTpuKa (¢ hDUKCHPOBAHHON IIETBIO B CIEK-
Tpe), a TOTOM YCPETHNTE PE3yabTaT Mo GuyKTyanmaM mean. TakuM obpasoM, B XoJe
JAJBHERNX BRIYNCJACHNNR, MBI aHAJU3UPYEM Cpa3y MIBe 3aJadl — OTKJINK Maiiepsicon-
CKOTO AM3JEKTPUKA M OTKJIMK B TOYHO PENIaeMoil MOIE N TICEBIOIIETEBOT0 COCTOAHNA.

Mposenem noapobusiit pacder I az(qwy,) — TOJAPU3AMMOHHOTO ONlepaTopa makep.i-
COBCKOTO JIM3JIEKTPUKa ¢ PUKCUPpOBaAHHO 1Iesbio. [lomcTaBiga B COOTBETCTBYIONIEE BhI-
paxenue, cieayioiiee us (6.236), HopMaabHyIo 1 aHOMaJIbHYIO GyHKIMN ['puna naiiep-

COBCKOTO JU3JICKTPUKA B BI/I,H€22Z

u

2
P+ —2F (6.237)

Gaz n = ”
a2(enp) e, — By,  ig, + Ep

22B nanpHefimreM A MOKHO CIHTATH BEIeCTBEHHOMN.
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ptg eto pta &tay, p-Qtg

O ' Q
pe, p e p-Q

Puc. 6-28 T[lonsipusaunoHHbIn onepaTtop B MOAENN MCEBAOLLENEBOIO COCTOAHUA.

A
(len — Ep)(icn + Ep)

1 3 1 3
2 _ = =P R _ > 9
u, = 2{1—1— p}, v, 2{ p} (6.239)

roe B, = | /Eg + A2 zanucbiBaeM cCyMMYy 110 (hepMUEBCKUM YacTOTaM B BUZE KOHTYPHOTO

Fh(eqp) = (6.238)

e

unTerpasa (3.38) u mosydaem:

[e%) dp dE u2u2
Az m) = —2 P ptq
a2(awm) . 2mi [3 27") { (€ —Ep)(e + iwm — Byprg) |
2,2 2,2
n YpVp+q i UpVptq i
(e + Ep)(e+iwm + Epyg) (€= Ep)(e + iwm + Epiy)
i Ugugﬂ n A?
(e+ Ep)(e+iwm — Epyg) (64 Ep)(e — Ep)(e + iwm — Epyg)(€ + twm + Epyq)

(6.240)

rie KOHTYyp uHTerpupoBanua C' mokasan Ha Puc. 6-29 (a). D9ror KoHTYp MOXKHO medop-
MHUpOBaTh, Kak MokasaHo Ha Puc. 6-29 (b), a sarem “pacTamyTh’ Ha GECKOHEYHOCTS.
Torma unrerpas oupemeaaeTca BKIAJOM HETBIPEX HMOJIOCOB € = +E, u ¢ = +F,4,.
Bbrunc/ifig cOOTBETCTBYIOIINE BLIYETHI, UCIOJb3ys CBolicTBa (epMueBcKol hyHKIMN:
n(e + iwm) = n(e), rae wy, = 2amT, u n(—e) = 1 — n(e), npuBoAA MOAOOHBIE UJIEHBI
U TEPEXOIA OT MHTETPUPOBAHUA [0 dp K MHTErPHPOBAHUIO IO df, (yINTHIBAA IPU 3TOM
BKJIaJ 0T obonx “KoHIos” noBepxaoctn Pepmu, 4TO AaeT MONOJTHUTENBHBIH dakTop 2),
OJTy4aeM:

o]

A2
2, 2
[n(Ep) — n(Eptq)] {upup-i‘q + M} +

HA2 (qwm) = 2N0(EF)/

— 00

1
e Ep — Eptq +iwm
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A A
T g A ~—_ &
X // ~
/ \
S
/ \
/ \
A / \
! l
» - T — ==
A AN A A v |_ = -
-E -E +E + -E - !
R f Ep Ep+q \ Ep+q Ep *E, +ED+CV
\ /
3 \ /
\ /
N /
\J/ ——r

(a) (b)

Puc. 6-29 KoHTypa uHTerpupoBaHus, ncnonb3syenvble npu BbIYUCAEHNN CYyMMbl MO hepmMu-
€BCKUM 4acToTam B MOJIAPU3aLMOHHOM orepaTope.
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e 1 A2
2Ny (E dé,———— [n(Ep) — n(E 202 -
+ 0( F)/_ Ep Ep — Eprq — iom [n( p) ”( p+q)] {Upup-l-q + 4B, Epyq } +

[ee]

e 1 A2
2N (EF dé,———— [n(E E -1 T ——
+ 0( F)/_ ngp+Ep+q+iwm [”( p)+n( p+q) ]{upup-l-q 4EpEp+q} +

e 1 A2
2Ny (E dé,————— [n(E E —1)< P, - —
+2No F)/_OO ngp+Ep+q—iwm [n(Ep) + n(Eptq) ]{Up“p+q 4EpEp+q}
(6.241)

rne No(Ep) — nnorHOCTS cocToAnmil cBoGonHBIX 31eKTpoHOB Ha ypoBHe Pepmu nsa obenmx mpoexmmit

CIIMHA. ﬂaﬂee, CIoTa HaOdo IMOACTaBUTH:
1 €pé £ 1 &pé €
W, =t 14 2ebete & Cebe | 2ol =t 14 Sebeta & Cpta
4 EpEprq  Ep  Epigq 4 EpEpiq  Ep  Epiq
w22, = l 1_ Eplptq + f_p _ Eptaq 2l = l 1_ Eplptq _ f_p+ Eptq (6.242)
PPt g EpEptq  Ep  Epigq PP 4 EpEptq  Ep  Epiq

Ynensr nuneiinsre o £p U {p4 g BHINATATOT P HHTETPUPOBAHIH U3-3a HEIETHOCTH.
ITocsoie anaIMTUYECKOTO ITPpOOOJIKEHU A iwm — w + 16 OKOHYAaTEJabHO HOJIy‘IaeM231

e} A2
Mao(aw) = g No(Er) [ dey { P2ERtEerbete 220 ) — () 5

1 1
><{Ep_Ezo+q‘|“""|‘i6+Ezo_Ep+q_‘-"_i5}_

1 © (EpEp1q— — A2
gty [ {Eelr et S S () = (B )]

1 1
X —+ — ¢ (6.243
{EP'1‘Ep+q'+“-"'1"‘S Ep+Ep+q_“_15}( )

D10 U ecTh 00lllee BhIpaXK€eHME JId MOJAPUIAIUOHHOTO OMEpaTopa nailepJIcoBCKOTO -
aslekTpuka ¢ dukcuposantoii mesanto A% Ipu A? — 0 Bropoe ciaraemoe B (6.243)
CTPEMUTCA K HYJIIO, a NMEPBOE JaeT OOBIYHbIH (3amasapiBaoNnii) HoIapu3alnoHHBIi olle-
paTop ek TporHoro rasa. C apyroit croponsr, mpu T — 0, Ho A? # 0, mepBoe craraemoe
B (6.243) obpamaerca B HysIb, TaK 4TO IJIfA MOJIAPHU3ANMOHHOTO omeparopa npu 7' = 0

nMeEEM:

1 o0 EpEpyq — Epéprq — A2 1
Ao — _Z N« (E d pHptq pP5pPT4q
as(aw) = =3 Mol F)/_oo gp{ EpBptq Byt Eppg w106

1
* Ep+Ep+q_“_i5}
(6.244)

23 AHAJTOTMYHBIe BBHIYMC/ICHNS IJIf CBEPXIPOBOIHMKA HAIOT De3y/IbTAT, OTIHIAoNmiics 3HAKOM Ie-
pen A? B gECIETeIE MOOWHTErpaabHOrO BHpaXKEHHd, UTO CBA3AHO C AHTHCHMMeETpHeH ropbKOBCKOM
dbynkmun ['puna Fl,g mo comaossM uamekcaM (5.53). CoOTBETCTBEHHO, B BRIPAKEHHM LA IOJIAPH3a-
IMOHHOTO oIepaTopa cBepxmpoBomHauKa [, 2(qw), IO cCpaBHEHHIO C COOTBETCTBYIOIINM BEIpaKeHAEM H3
(6.236), mpomcxonmt samena FFt — —FF1. Takoe BeIpaikenne ompernesiAeT, HAIPAMED, TIOTIIOMIEHTE
yJIBTpPasByKa B CBEPXIPOBOJHHKE [4], OIHAKO OHO HEIPHUTOMHO [JIA BBEIYHCJIEHUA HPOBOAMMOCTH, II0-
CKOJIBKY, KaK y¥Ke€ OTMEYaJIoch BEINIE, B CBEPXIPOBOINHAKE HeJIb3:A MOJIB30BaThcA hopMysIoit mid o (w)
rrna (2.110), 9To cBA3aHO C HapyNIEHWEM KaJAGPOBOYHON MHBAPHAHTHOCTH B OCHOBHOM COCTOAHHH
BKIII. ITpu eeramcaennn FFT metsm ¢ “TokoBriMu” BepIIMHAME I8 CBEPXIPOBOIHUKA OTMEUYEHHOE
W3MEHEHWE 3HAKA KOMIIEHCHPYETCA CMEHON O THOCHTEJIHHOTO 3HAKA 3TUX BEPIIWH, MOCKOIBbKY F' — byHK-
mun ['opbKoBa ommchBaroT mepexodsl tuna +p — +p. B pesyasrare mosydaeM KoMOGMHAITNIO 3HAKORB,

BHIIMCaHHYTO Bbme B (5.262).
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[IpoBosa TPOCTEIE pa3IoKEHAAZ: B pad MO CTEMeHAM ¢ B Tpeese vpq < A moTydaem:

1 o0 1 1 A2
Ma: = ——No(Ep)vig? d — 6.245
a2(gw) = =5 No( F)“Fq/o £p{2Ep+w—|—z'6+2Ep—w—i6}E]§ (6.245)
Orciona:
1 © 1 1 A?
Rella> = ——No(Ep)v? 2/ d — 6.246
eMaz(qw) = =g No(ErJvpa” | - dé 2, tw 2B, —w) T} (6.246)
T & A?
Imll a2 (qw) = §N0(Ep)v%q2/ dép—7 {8(2E, + w) — 6(2E, —w)} (6.247)
0 P

Iepetinem Temeph K BBIYUCIEHUIO AUTEKTPUIECKONW MTPOHUIIAEMOCTH W TIPOBOIUMOCTH.
Mcnonnaya cranmaptHoe onpenenenue (2.8), umeem:

4 2
Reeaz(qw) =1 — ;r;e Rellaz2(qw) (6.248)
4 2
Tmeas(gw) = ————ImTl 53 (qw) (6.249)

Torna us (6.246) u (6.247) mosryunm:

wg oo 1 A? .
0 p 4 P
R A?
Imepz(qw) = —w;; dép————-—={6(2FE, —w) — 6(2F, + w 6.251
52(09) = 37 [ty 005, —9) — @B, 40} (6251
rIe BBEJIN:
w? = vpKp, k% = 8me’No(Er) (6.252)
— KBaJApaThl JIa3MeHHONR 9acTOTHI U O6paTHOFO paguyca 3KpaHHpOBaHH5{25.
Mpu w = 0 (6.244) croguTcH K:
(o]
EyBory —Eprg — A2 1
¢ pHp+yq PSp+g o
a2 (g0) = —ZNO(EF)/ de, — — (6.253)
0 pLp+q p T Lptg
24 A umeHHO, M1 p ~ +pp U g > 0, EMeeM: Eptq R Ep +vFY,
E _ /52 A2~ E fp 1.2 2A2
p+qg = p+q+ ~ p+UFqEP +2UFq Eg
CooTBeTcTBEHHO:
Eplptqg & 5123 + vpqép
2
EpEptq® B} +vrgép + %U%f %
r
Tak 9To BXomAmad B Il 2 (qQw) KombuHaTHA:
2
EpEptq = Epfpq — A% & %va‘f ﬁgﬁT~
250 Yy9€TOM TOTO, 94TO A d = 1 mmeeM n = 2’%, PR = %n, nMeeM U%ﬁ% = 87re21)%# = 462UF =

4¢? % = %, YTO COBIAIAET C OOBIYHBIM ONpEEIEHUEM MJIa3MeHHON gacTorsl. Ecsim monpasymesa-
eTcd TpeXMepHasd CHCTeMa, COCTOoANIad U3 OJHOMEPHEIX IMeNoYeK, TO UCIO/Ib3yeMbIe 31eCh BhIpaKeHudA
/1A IOJIAPU3AIMOHHBIX OIlepaTOpPOB HYXHO ellle YMHOXKHUTEH Ha UHCJIO IelloYeK, IPUXoNAIInXcA Ha eI1-
HWIy TIONIAMM TOMEPEYHOTO cedeHuA obpasma, T.e. Ha 1/ a?, rme ¢ — TOCTOAHHASA IBYMEpHON (mox=
IIPOCTOTHI KBaApaTHOil) peurerkn, oGpasyeMoil menoIkaMu B opToroHaabHoil miuockocrn. Torna Bce BEI-
nucaHHBIE (POPMYJIBI OCTAIOTCH CIPABIJIMBBIMU, TOJBKO IIOH 7T yXKe CJedyeT MOHMMATh TPEXMEPHYIO
TJIOTHOCTD 3JIEKTPOHOB.



3JIEKTPOHHBIE HEYCTONHYNBOCTUN N ®A30BbIE MEPEXObI 279

Mpu vpq < A orciona (nm ns (6.246)) nomyvaem:

1 e 2 1 vhq?
Ma2(q0) = —=No(Ep)v? 2/ dé,— = —=No(Ep)—L 6.254
a2(q0) 5 o( Er)vpg ; p E;‘? 3 o(Er) A2 ( )
910 maer (nombsyemcs takxe (6.252)):
4me? No(Er)vi w; .
EAz(QO)— 1+T_ 1+6A2 (6255)

— CTATMYECKYIO AW3JICKTPUIECKYTO TIPOHUIAEMOCTD MafiepcOBCKOro AM3IeKTPHUKA.
Mpu vpg > A us (6.243) nomyyaem (neTann BHIYUCTEHUH OMycKaeM):

142(¢0) = 2No(Eir) = 2. (6.256)

4me?

TakK 4YTO:

((q0) =1+ % (6.257)

rae onath yuan (6.252). Bepaxenne (6.257) ogeBnano cooTBEeTCTBYET NebacBCKO 9K pa-
HUPOBKE B Memaaie — TpH vpq > A maliepcoBckad Mesib CTAHOBUTCA HECYIIECTBEH-
HOIA!

Bosspamiasch K caydaio w # 0 n vpg < A, sanumewm (6.246) xak:

1
ReEAz = 1+ —/ £2 + A2)3/2 £2 + A2 ﬁ (6258)

Mpnw — 0 (w < 2A) oTciona ecrecTBenHO caenyet (6.255), a mpnw >> 2A MBI ToTydaem
OOBIYHBIN TIJIa3MEHHBIN TTpeIeT:

2
w
Reepz(w > 2A)=1— w_g (6.259)

Mosnoe Beipaxkenue (6.258) onnckiBaer miaBHbIi nepexon or (6.255) k (6.259), mpouc-
Xopaumit npu w ~ 2A. IloapobHee me10 BHITIAANT CJeLylonuM obpasoM. Mcmosbaysa
B (6.258) sameny mepemennoi {, = Ash(z), mocse IpocTHIX IpeobpasoBaHMil U B3ATHA
TabJIMIHBIX HHTEPAJIOB, HMEEM:

Reeaz(w )—1—§ 1+%ﬁ [arctg (\/%—1) —g mpn  w? < 4A?
= _ (6.260)

Reeaz(w) =1— Z—Pz 1- %%1 [arcth ( 1— 4:%2) -1 mpn w? > 4A?
= _ (6.261)

OTKYyZa U CJAEAYIOT YKa3aHHBIE BBINIE TPEAeTbHBIE CITyYal.
Paccmorpum Teneps noppobuee Imeaz(w). Boipaxenne (6.251) sanucsiBaerca Kak:

Imepz(w) = %wg /000 dﬁpW {6 (21 /€2 4+ A? —w) -6 (2,/{3 + A2 _|_w)}

(6.262)
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Rec

[0}
2A

Puc. 6-30 YacTtoTHas 3aBMCMMOCTb OeACTBATENbHONM 4acTW NMPOBOAUMOCTU B MaiepricoB-
CKOM [AU3NeKTpuKe.

Borancisia WHTErpasl noab3yach U3BECTHHIMA dhopmyaamu 6(az) = %6(1‘) u fyoo dzeé(z —
a) = f(a — y), mosyanm:

A9 0w — 24

(-US w?2 1
4AZ

(6.263)

Imepz(w) ==

Orcioma naa meicTBUTELHON 9acTH MPOBOANMOCTH UMEEM:

w %+% opu  |w| > 2A
Reopz(w) = —Imeaz(w) = - (6.264)
dm 0 npu lw| < 2A

CooTBercTByOIIAsg YACTOTHAdA 3aBUCUMOCTH KadyecTBEHHO MoKaszaHa Ha Puc. 6-30.
Bugum, uto morsonieHue 3JeKTPOMATHUTHOW HEPTUM TPOUCXOMUT TIYTEM BO3DYXJIe-
HUs KBa3WYaCTUIl Yyepe3 MalepsIcOBCKYIO Wb MUPUHOH 2A U OTINYHO OT HyJd TIpU
w > 2A. DTo TUNUYHO AW3JIEKTPUIECKOE MTOBEICHUE.

Mpn w > 2A nmeewm:

) AN’ wp 2 ne?, A\’ .
Imepz(w) = 27 <E) (U) , Reopz(w) & MZF <E) (6.265)
26

B IICEBAOMIEJICEBOM COCTOAHUN ™~ BCE 3TU BbIPAXKECHUA HY2KHO €lII€ YCPEIHUTH 110 d)JIyK—

TyamuaMm A, omuckiBaeMbIM pacnpenesennem (6.206) mam (6.207). Takum obpasom us3

26 Pasymeercst pedb MIET TOIBKO O Halllel UpesBEIdailHO yIIpONIeHHOM! MOIe I, COOTBEeTCTBYoImel Kap-
TruHe rayccoBbix duaykryamuii CDW — tuna ¢ koppeaammonHott nummaolt £ — co. O6o6uienne Ha ciaydgait
koHeuHBIX ¢ cymecTBerHO cioxaee: M.B.Camosckmit. YOH 171, 539 (2001)
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Im £(c)

Puc. 6-31

YacToTHanA 3aBUCUMOCTb MHUMON 4YacTu ,D,I/ISJ'IEKTpI/I‘-IECKOVI NPOHNLAeMOCTN B

2
w
MoOenn ncepgoLlenebBoro COCTOAHNA. 3Ha‘-IeHI/Iﬂ Ime(w) gaHbl B €eQMHNUaxX A—’;.

(6.263) n (6.264) monyqaem:

Ime(w) = AL [ dCe_C#

6.266

=) P (6.266)
w? A v . ¢ ¢ .

RE‘O'((.U) = IF ; dge T (6267)

4AZ T Q
PesynbpTaThl 4WC/IEHHBIX pacdeTOB 3TWX BbIpaxeHwWit mokasanbl Ha Puc. 6-31, 6-32.

Ananurudeckn us (6.266) n (6.267) serko mokasark, uro mpu w K 2A “paboraior”
coIeayolne acCuMITOTHKY :

T wf, 1
Ime(w) = Az’ Reo(w) ~ 2

wp\ 2 ‘
(A) w—0 mpm w—0 (6.268)

Mpu pacdere Ree(w) MOXKHO KOHEIHO TPOBECTH YUCJIEHHBIH 06cueT HOpMyT, CIIenyonux
u3 (6.261), (6.260) ¢ mocaenyromum ycpennenuem (6.206):

R @) =1 wg/ood__ 1+4CA2 1 y 4CA? 1 T
ecaz(w) = o7/ Ce o ViAo arctg | \/ 2 5

(6.269)
npn w? < 4A? u

“A 2
arcth( 1—4Q€>—1]}
w

(6.270)

wp [ ACA? 1
Reepz(w :1——p/ dée=¢<{1—
A ( ) w2 o C { w /7“)2 — 4CA2

27310 cpasy MOMy9aeTcAd C yIETOM ACHMITOTHIECKOTO IOBEIEHMA WHTETpasa IpH «
a a
fo dre™% X

— 0
- ’ x _ 4 .3/2
Vva—z fO dz va—z 3@ / :
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Re 0( 0)

0.0

Puc. 6-32 YacTtoTHas szaBucumocTb NEeNCTBUTENBbHON YacTn npoBoAMMOCTW B ncepaoLlene-
2

w
BOM COCTOAHWNN. ﬂposo,ummocn: OaHa B eqMHMUax 471-PA'

npu w? > 4A?. Topaszio Tipole, ofHaKo, BOCTob30BaThed BMecTo (6.261), (6.260) mpo-
cTeitielt mHTEpIOIAIIMOHHON dhopMyToii:

wZ

_ P c
KOTOpad MpaBUJILHO OIMCHIBAET IPEOECJIBHOE IMOBEOCHUE TIPU W < 2A n w > 2A. TOI‘,H&
IoJIyvJaeM:

e 1 w W2 W2
_ 2 —C _ P - - YD
R6€(CL)) =1- (.u‘p/(; dCe m =1- @6 6a? |y (@) (6272)

HermocpencTBeHHbIil YucaeHHbI# cueT mokassiBaer, 4To (6.269), (6.270) u (6.272) nator
KOJIMYECTBEHHO OYeHb OJIU3KUE PE3YJIbTaThi, Kak 3To BuaHo u3 Puc. 6-33. Ucnoab3ya
U3BECTHBIE ACHMIITOTUKH:

N % mpu r>1 e

EZ(I)_{ CH+lnz+ .. npu z —0, C=Iny (6.273)
MoxHo 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)

Jlorapudmudeckasa pacxogumMocTh Ree(w) Ha MaJBIX 9acTOTaX JEMOHCTPUPYET MpOMe-
KYTO9HOe (HE MeTaslTMIecKoe, HO N HEe TW3JIEKTPUIECKOe) TTOBEJeHNE PacCMaTpUBAEMOil
YTIPOIIEHHOM MOJEIN TICEBAONIEIEBOT0 COCTOAHNS.

Anajorn9nbM 06pa3soM MOXKHO PAacCMOTPETh ¢ — 3aBUCHMOCTh IU3JEKTPUIECcKOi
POHWIIAEMOCTH B cTaTwdeckom Tipesese w — (. Hanmmem mpocreitimyto maTEpMONA-
[MOHHYTO GOPMYJTy, CBASBIBAOILYIO Npeebhble caydan (6.254) u (6.256):

,UZ q2
F
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Re €(w)-1

Puc. 6-33 [edcTBuTenbHasn 4acTb AM3EKTPMYECKOA MPOHULAEMOCTN KakK PyHKUNA
vacToTbl BHelwHero nonA. (1) — 3aBUCUMOCTb, MOMYYeHHARA YMCMEHHBIM PacqeToM Mo
TouHblM dopmynam, (2) — 3aBUCUMOCTb, NOAYHEHHAA W3 UHTEPMNOMALMOHHON hOPMYbI.

w
,D,I/IBJ'IEKTPVI‘-IECKaﬂ NPOHNLaeMOCTb AaHa B eguHUUax A—’;.

TaK 49TO 9

K
€A2(q0) =1+ 27D6A2 (6277)
LTS

9TO WHTEPTOJIUPYET MEKITY (6.255) u (6.257). Torma B Hallell MozeaN ICEBIOUIEIEBOTO

COCTOAHWA:
2 2 » A2
0o q¢° + Kkp + 6(= vLr2 via? v a?
_ fo—C__ P vy _YFPEp I VRd :
€(q0) _/0 dCe £ 1602 =1 GAz € Ei < 6A2) (6.278)
vp

CooTBeTcTBYyIOIIEE TTOBEAEHNE MOKa3aHo Ha Puc. 6-34, u3 KOTOpOTO BUIHO TakXkKe TIpe-
KpacHOE COTJVIACHE WHTEPMOIATMOHHONE (DOPMYJTBI C PE3YJIbTATAME PACIETOB MO TOUHBIM
dbopmynam (KoTopsle Mbl omyckaem). Ilpu vpg > A uCHOIB3yeM aCUMITOTHKY DU

> 1: Bi(—z) — _exr. Torma, Kak u cjaeayeT OXUIaTh, MOJIyIaeM:

2
KD

e(q0) =1+ o (6.279)

Te. “Meranmnudeckoe” (mebaenckoe) mnoBemenue. OpHako, mpu vpq <K A, MOJB3YACH
acumnrorukoit Fi(—z) = Inyz (z — 0), nmeem:
2,2 2 2
vVEK VR
FED F .
e(q0) ~ 1 — In 6.280
(40) 6A2 T GA? (6.280)
Mpu rakom nosenenun €(q0) B mpemese Maabix ¢, 3¢ dHEKTUBHOE KYTOHOBCKOE B3aNMO-
JelicTBAe IpUHUMAET BU;:

4é?
V(q) = T(Q) (6.281)
rae ,
e(q) = — -—0 mpn  ¢—0 (6.282)
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e(q,0)-1

0.0 T T
o 2 4 6 8 10

vea/B

Puc. 6-34 [lnsnekTpnueckan npoHnuaemocTb Kak dyHKUMA BonHosoro BekTopa. (1) —
3aBUCUMOCTb, NONYHeHHaA YUCNEHHBIM pacHeToM No TouHbIM dopmynam, (2) —3aBucMMocTs,

nony4yeHHaA m3 I/IHTepI'IOJ'IﬂLl,I/IOHHOVI ¢)OpMyJ‘IbI. ,D,I/ISJ'IeKTpVI‘-IECKaﬂ NPOHNLAEeMOCTb OaHa B
2

wP
eanHnLax z5.

YTO HATIOMUHAET U3BECTHYIO CATYAIUIO “HYJIb — 3apdaa” B KBAaHTOBOI JIEKTPOIMHAMUKE
[20]. Takum o6pazoM, (IYKTyaIlluu MU B CIEKTpe Hallell MOIeIn TPUBOAAT K TTOJTHON
KpaHUPOBKE 3apdA/a, XOTd U BechbMa crenududeckoro Buma. OnaTh Mbl BUIUM TOBEE-
HYE TIPOMEKYTOUHOE MEKIY TUINYHO “MeTasimdeckum” n “mussekTpudeckum” 2.

OcHoBHOII BBIBOJ, KOTOPBIi MOXKHO CHEJaTh U3 MPOBEIEHHOTO PACCMOTPEHUA HTOA,
Ype3BLIYANHO yIPOIIEHHON W MCKYCCTBEHHOW MOJENH, JOBOJBHO BakeH. PesyabrarThi
TOYHOTO pelnteHus (MOTHOTO CyMMUPOBAHWA JUATPAMMHOTO P:A/Ia) MOTYT OKa3aThCs pa-
BUTEJILHO OTJUYAIONIAMUCH OT Pe3yJIbTATOB, MOJYYaeMbIX TPUOIUKEHHBIMU METOTAME
(YacTUYIHBIM CyMMUPOBAHNEM AuarpaMMHoro paga). K coxasiennio, MoaHoe CyMMUpO-
BaHUE yJaeTcd MPOBECTH, KaK MPaBUJIO, JIWIIL JIJId YIPOIIEHHBIX U He OYeHb PEeauCTU-
YeCKUX 3a/ad4.

Monenbs Tomonara — Jlartum:kepa u Hedep-
MIKUIKOCTHOE TIOBeIeHUe.

IIpakTuyeckn BO BCEX pacCMOTPEHHBIX BBIIIE 3a/4a9aX MBI HCXOAUJIN U3 KapTUHBL hepMu
— KuakKocTu JlaHmay u, Ipexk e BCETO, U3 MOJIIOCHOTO XapaKTepa OMHOYACTUIHON (hYyHK-
nuu ['puna:

4 +
e—vp(p—pr)+ib

G(p) = (6.283)

28 PasyMeercss 5TH aHOMAJINH, B 3HAYHTEILHOM Mepe, ABJIAITCH CJICICTBHEM TOCTATOYHO MCKYCCTBEH-
HBIX [IPEIOI0KEeHUN, HCIOIB30BAHHBIX IIPU GOPMYJIMPOBKE HAllEH MO N IICEBIOUIESIEBOTO COCTOAHUS,
M MCY€e3a0T, HAIIPUMED, TIPH y9deTe 3P dHEKTOB KOHETHOCTH KOPPETATUOHHON TJITUHBI GJIMKHETO MTOPAIIKA.
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rme 0 < 7 < 1 — HekOoTOpad TIOCTOAHHAA, ONPENETAIONIad, KaK MBI BUAECTHN, CKAYOK
¢yukuu pacnpenesenna dacTtul Ha moBepxHocTu Pepmu p = pp. Takxke MbI mOCTY-
TaJIM ¥ TPU PACCMOTPEHWN OJTHOMEPHBIX 3a7a4. B ToXke BpeMdA, B MPENBIAYIEM pas/iese
MBI BUJIEJIM, YTO TOYHOE PEUICHWE OJHOMEPHON 3a7a9m MOXKET NMPUBECTU K COBEPUICHHO
uHomy Buny dbyHkuuu ['puHa, He comepxkalieill TOJTIOCOB U HE COBIAIAIONIER C MPEICKa-
3aHUAMEI Teopun dhepmu — kKuakocTu. Ha camom mesie, 210 aBJigeTcd o0IUM CBOHCTBOM
TEOpUU B3aUMOMAEWCTBYIONINX 3JIEKTPOHOB B OHOM U3MepEHUUn — (PEPMIKUIKOCTHOE
MOBEIEHNE OTCYTCTBYET 6cezda. B KadecTBe, MoXeT OBITH, Hanbosiee ApKoro (1 obIero)
MpUMepa B 3TOM pasfesie Mbl OErio pacCMOTPUM TaK HasbIBaeMyIo Momesb Tomonara —

JlarTumxepa.
DTa Mofesb ONMCHIBAET ra3 (hepMH — YACTHUIL ¢ IJIOTHOCTHIO 1 (uMmysibe Pepmu
pr = @n/2), maccoii m (ckopocts ®epMu vp = pp/m) W NOTEHINATIOM B3aWMOJIEH-

crBud A(|z]), dypbe — KOMIOHEHTH KOTOPOro A(k) OTIMYHBI OT HYJIA JIUIIL B TIPENETBHO
y3KOM mHTepBaje uMiyabeoB k| < A < pp. CooTBeTCTBYIONMA TaMUIBTOHUAH UMEET
BUJI;

2

_ P+ 1 + 4+ ‘

H= E %ap ap + 5 E )\(k)ap i ap'—kAp 4k (6.284)
P pp'k

Tomomnara mokasaJj, 94TO B cJIydae TPeAebHOrO HAJbHOAEHCTBUA, T.€. B TpeHeOpexe-

HUU BceMU BesmunHamn tuna A/pp — 0, cnekTp ramuasronuana (6.284) coBnamaer co

CIIEKTPOM CHUCTEMBI 5030%067 OIMUCBhIBAEMbBIX OII€EpaTOpaMM bk, b2—291

H = Zv(k)kbjbk, v?(k) = vh + 2or (k) (6.285)
- T

Huxe Mbl okaxem »1o auarpamMusiMu Metogamu (N.E. dsanommuckuii, A .M. JTapkuH,

1973), Takke Kak 1 TO, YTO OJHO3IeKTpoHHadA byHKIma ['puna coxpanser sum (6.283) B

obnactu |p — pp| > A, HO uMeer coBeplieHHo Apyroit Bua BO/Iu3M moBepxuoctu Pepmu,

T.e. ipu |p — pr| K A.

Nmesa B BuAy CHEKTp OMHOMEDHOUW CHCTEMBI CBODOMHBIX 3JIEKTPOHOB, MOKAa3aHHBIN
ua Puc. 6-3, Oynmem Borumcaarsh dbynknun ['pura BOam3um “mpasoii” m “TeBoit” Todek
®epmu +pp, obosnadada ux coorBercTBenHo Gy (p) m G_(p) (£ — dbepmuonsr). Ilia rasa
CBODOIHBIX YACTHIL:

GO L g0 1 (6.286)
e—p+pr+1é e+p+pr+1ib
rJe, 1J1s KpaTKOCTH, TIEPellin K CHCTeME eINHNT, ¢ vy = 1.

YacTumpl B6M3M TpaBoii W JieBoil (epMm — TOYKM MOXKHO, 1O CYMIECTBY, CUYUTATh
pasubiMu (HEPMUOHAME U B CUCTEME C B3aUMOJeHcTBIeM, naxe B objacTtu |p—pr| > pr,
HNoCcKoJIbKYy B mpezesie A/pp — 0 BzaumogelicTBue He MOXKET MEPEBOAUTL WX IPYT B
JIpyra. 9To o3HadYaeT, B YaCTHOCTH, YTO C TOil e TOYHOCTHIO BEJWHUHBI p — pp IJIs
“+”— gacTum u p+ pp Aag “—” — 9acTUIl MOTYT MEHAThCA B MpeAesax 0T —o0 0 +00.

ITpex e Bcero HaM HYKHO BBIYMCIUTH 3 hekTUBHOE B3amMoaeiicTBue, obo3Hadae-
moe pasiee D(k) w BosHMCTOW nmHMER, a Takxke “Tpeyrosbhyio” Bepmmuy [(p, k). B
cuny yeaosusa A/pp — 0, BO Bcex BepuIMHAX CYIIECTBEHHBI TOJIHKO UMIYJILCH k < pp,
nosToMy obe rpmHOBcKHe (hyHKIMM (hepMUOHOB, BXoaamme B [ JO/IKHBI JIeXKaTh Ha OJI-
HOMi 1 Tolt ke dbepMu — ToUKe +pp WU —pp, Tak 4To MOXKHO BBecTH ['1 (p, k) u T_(p, k).
ITpu TOM MBI paccMOoTpUM HeKoTopoe obobuierne Monesn TomoHara, a MeHHO, Oynem

29VlHBIME CJIOBAMHE, B CHCTEMe BOOOIIE He ocTaeTca pepMHUOHHBIX BO3GYXKIEHMUMH, a €€ CIEKTp MCUEp-
THIBAETCA KOJIJIEKTUBHBIMHE KoJlebaHnaMA “3ByKOBOTo” THIIA.
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Puc. 6-35 BsaumopeiicTeus yactuy B Mogenn TomoHara — JlatTnHxepa.

CUNTATh, YTO B3aUMOJEHCTBUA YacTUIl ofgHoro “sHaka” (4 WM -) W PasHbIX “3HAKOB”
pasJIMYHbI, Kak 3To MokasaHo Ha Puc. 6-35. CooTBETCTBEHHO BBOANM 0DOO3HAYECHMSA

)\++ =A__= Al, A.}._ = Ag, D++ = D__; D+_ = D_+ (6287)
VYpasuenna [laitcona naa D uMeroT BU:
D_|__|_ = )\1 + )\1H+D++ + )\2H_D_+ (6288)

D_+ = )\2 + A2H+D++ + >\1H_D_+ (6289)

Bxomamue cioma moJsiapu3aiuoHHble OMEPATOPB W30OpaxkaroTca rpaduKamMu, TOKa3aH-
ubiMu Ha Puc. 6-36. Ypasuenue [laficona naa gyuknun ['puna G umeer crammapTHBIT
BUJ:

Gy'=cFp+pr—Ts (6.290)

rae X4 m Y_ mokazansl Ha Puc. 6-37.

Ob6bIuHO, KaK MBI BUIEAM Ha PasHBIX MpUMepax BBINIE, BEpPIIMHHAA YacTh [ ompe-
Jengerca 6eCKOHEYHBIM PAIOM AMarpaMM, B CHUJIY 9ero TakKme 3aJady pelmlafoTcd JIUIb
npubanxenno. OgHakKo B paccMaTpMBaeMOil MoOIeN 3aJady MOXKHO PElnTh TOYHO B
npenesie A/pp — 0, BOCIOIB30BABUINCH TOXKASCTBAMEU Yopia, cBasbiBaommyvu [ u G u
UMEIONINMHI CJIEAYOINH TpoCcToit BU/I:

Ty(p, k)= G-T-l(p) ; E;-T]:(p — k) (6.291)

T_(p, k) = G ) ;f;(p_ £ (6.292)
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I, = <:[> 1

;

Puc. 6-36 [lonsipusaunorHbie onepatopbl B moaenu lomonara — JlaTTuHxepa.

Puc. 6-37 C(CobcTeeHHO — sHepreTMHeckue 4acTu dMeKTpoHa B Mopenu |omoHara —
JNatTuHxepa.
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Puc. 6-38 [lpumepbl KOHKpeTHbIX rpachmkoB ANA cOBCTBEHHO — 3HEPreTMHECKOM 4YacTw
afiekTpoHa B Mogenn TomoHara — JlaTTuHxepa.

3mech, Kak u Bhile, k B aprymentax oyukmuit ['puna n Bepuinn obosnadaer napy (k,w).
Coornomrenns (6.291) u (6.292) MOXKHO BBIBECTH HEMOCPENCTBEHHO, pACCMAaTPUBAs THA-
rpaMMBbI Pa3sHBIX [OPANKOB U UCIOJIb3y# ciemyiomiee n3 (6.286) ToxmecTBo:

(0)/, \(0) _ 1 ©)/ \ _ ~(0) .
Gy (p)Gi'(p+k) = Y (G:t (p) — Gy (p+k)) (6.293)

Heso B ToM, 4T0 B3auMoecTBre (BOJTHUCTAA JINHUA) MEPETACT NPAKTUIECKN HYIEBOR
nviyase (< A) — 0. Torma Bo Bcex mmarpammax mas G wiam L nMeeTcs HENpPEPHIB-
Hagd JUHUA JacTHUIBI “OIHOTO 3HaKa  , TepeHocAlasd “BHEIIHUNA’ MMITYJIHC P, KaK MOXHO
BUJETH, paccMaTpuBasg TpUMepHI rpadukoB, mokasannsie Ha Puc. 6-38. [losTomy Bce
auarpaMMbl 1 [ MOXKHO MOJTYyYINTh, BCTaBJIAA MPOU3BOJIBHBIM 00pa30M BHEIIHIOK JIH-
HUTO B3auMoAeiicTBUA B Tpad KN 111 COOCTBEHHO SHEPTeTUIECKOi 4acT. DTO MOKa3aHO
na Puc. 6-39, rme npuBeneHsl rpaduKy I8 BEPIIMHBI, MOJIYUYEHHBIE W3 AUaTPaMM s
cOOCTBEHHO — PHEPTeTUYECKOl YacTu, mokasaHHbx Ha Puc. 6-38. Ecau tenepn B mMecte
KaxJofl BCTABKYW TaKof JWHWM B3auMomeHcTBUA Bocmosb3oBaThed (6.293), Mbl HeMes-
JIEHHO TostyauM ToxaectBa (6.291), (6.292). Tlpn sTOM BakHO OTMETHUTH, YTO B pac-
cMaTpuBaeMoli 3amade ¢ masgbHomelicTBUeM U “sarpaBounbiMu’ dynkmuamu [puma (c
JUHERHBIM ciekTpoM) Buja (6.286) MOXKHO MOKa3aTh, 4TO BCE ANATPAMMBI, COMEPKATIHE
3aMKHYTBIE TIETJIN 13 boslee, YeM ABYX hepMUOHHBIX JNHI, paBHEI HyJTI0. TodHee, paBHa
HYJIIO COOTBETCTBYIONUM 0Opa30M CHMMeTpU30BaHHad MX cymMma. I[loaTomy, Hampumep,
JuarpaMMBbl THTIA TOKa3aHHbIX Ha Puc. 6-40 MoXkHO He paccMaTpuBaTh, TaK 9TO éce Tpa-
$UKM 419 BEpIIMHBI BOSHUKAIOT Tak, KakK »To MokKasaHo Ha Puc. 6-39. [lokasaTesbcTBO
5TOTO yTBEPKEHUA OCHOBAHO Ha 3aKOHE COXpaHEHMdA dncja + — 9acTull (1o OTAeTbHO-
CTW) ¥ ABJIAETCA AHAJIOTOM YCJIOBUA MOMEPEIHOCTH TOKA B KBAHTOBOM 2JIEK TPOANHAMUKE
[20] (rme TakuWe mMUArpaMMBI TaKkKe BBIMAJAIOT U3 PACCMOTPEHU TOXIECTBAa Yopia).



3JIEKTPOHHBIE HEYCTONHYNBOCTUN N ®A30BbIE MEPEXObI 289

+ + + — +

Puc. 6-39 [lpumepbl KOHKpeTHbIX rpachUKOB ANA BEPLUMHHOMA 4acTn B Mogenn |omoHara —
NatTunxepa.

+ + + + + +
+§Z§_+ —i;—
+ + o+ o+ + + o+ o+

Puc. 6-40 [lpumepbl KOHKpPeTHbIX rpachUKOB ANA BEPLUMHHOMA 4acTn B Modenn |omoHara —
JlaTTuHXepa, KOTOpble MOXHO HE paccMaTpuMBaTh.
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B camom aeJsie, 3alluileM YpaBHEHUA NBUXKEHWA 1A CBO60,Z[HI)IX oneparopoB + — gactwuIr:

Oy | Oy
e S S 6.294
ot T (6.294)

OTKYHOa CJenyeT 3aKOH COXpaHE€HHA YrUCJia YaCTHIL (sapﬂ,z[a):

Op+ | 9i+ 4 +
Ly T, =jy = 6.295
7t o P+ = J+ =it ( )
HJIH — — YacCTHIl aHaJIOTUYHO:
oY O
B et 6.296
" T e (6.296)
dp—  Oj— . +
2h= L 9=, C=—jy =yt 6.297
at + ox P I+ =vIY ( )

TTockoapky mpomsBoJIbHAA 3aMKHYTasd TMeTJId TpelcTaBiasger coboit kommornenty Pypre or cpemmero
IO OCHOBHOMY COCTOAHWIO OT HTPOM3BENEHHUA COOTBETCTBYIONIETO YHCJAa ONEPATOPOB INIOTHOCTH <

Tp4+(1)p4+(2)...p04(n) > (m amanorm9HO HjIA — — 9YacTHI), TO U3 3aKOHOB coxpaHeHm= (6.295), (6.297)
ciemyer:
(wl — kl)(u)2 — kg)(wn — kn) < p+(k1)p+ (kg)p+(kn) >=0 (6.298)
(wl + kl)(WQ + k‘g)(u}n + kn) < p_(kl)p_(kg)...p_(kn) >=0 (6.299)

Torma crmesiaHHOE BBINIE YTBEPKIEHUE O TETIAX CJETYET U3 (6.298)7 (6.299)7 €CcJIM BCE€ MHTETPAJIBI O
UMITyJIbcaM HEPMHUOHOB CXOOATCA. JIerkKo BUIETH, UTO €10 TaK U OOCTOUT IJIA MeTedb, COCTOANMAX U3
Tpex u 6osee JIMHMAI.

INerss, cocroAman U3 NBYX JIMHHEI IPONOPOHOHAIBHA (1A + — 9acTHI) HHTETPaJLy:

) 1 1
d°p - - (6.300)
e—pt+prt+ibe—w—p+k+prp+1ib

KoTOpEIl dpopMaabHO pacxomuTcsA. [lo dpmsmIecKoMy CMBIC/Ty KOHEYHOCTh 3TOTO MHTETpaJia obecrmedn-
BaeTCcd KBa,Z[paTI/I‘{HOﬁ 3aBUCAMOCTBIO 5HEPTUMU YaCTHIL OT MMITYJIhBCa Ha 60JILU_[I/IX pacCTodAHUAX OT II0-
Bepxaocrr Pepvm (koTopoit MEl 3meck nperebperaem). TexHMIeCKH 5T0 MOXKHO 0GECIEIHTH, BBIIO/IHAR
CHa4YaJ/Jia MHTETPUPOBaAHUE II0 €, a YK IIOTOM IIO P. PeSyJILTaT TAKOTO MHTETPUPOBAHWA OKa3bIBAcTCHA
KOHEYHBIM U TAE€T BEJIUYIUHY, TPOIIOPITMOHAJIBHY IO wka

Tenepb MBI MOXeM BHIMCATh 3AMKHYMY CUCTeMy ypabBHeHuit ana G m D, BbI-
paxas ¢ nomombio (6.291), (6.292) Bepmnusl I' wepes G B Buipaxenuax maa 11 u X,

ompenengembix Puc. 6-36, 6-37. Takum obpasom mosaydaem:

i1
() = 55— [ @pl64- 1) = Gy o) (6.301)
i1
I-(k) = —5 35— F /dzp [G_(p—k)— G_(p)] (6.302)
OpuYeM ypaBHCHUA OJIA Gi NMEIT BUMI:
y Dy (k) ap:
D__(k)

i
=14+ — [ d%%
(e+p+pr)Gi(p) =1+ = otk

Boraucsium renepn 14 u T1_ . Beemem o6pesanue mo nmmyssey |p—pr| < A <€ pp. Torma
UMEEM:

G_(p—k) (6.304)

i pr+A [
(k) = —i—/ @/ de[Gy(p— ke —w)— Gy(p,e)]  (6.305)

-—
2ntw—k J,._a oo

Bruan or ob6nactn [p — pr| > A He Moxer 6biTh Haitmen us (6.301), (6.302) nockoabKy
roxaectBa (6.291), (6.292) cnpaBemsuBel TONBKO BOMM3K noBepxHOoCcTH Pepmu. MoxHO
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yOEeANThC, 9TO 9TOT BKJIAJ, PaBEH HYJIIO, €CJIM €70 BHIYNUCINTH C TOMOMIBIO “CBODOIHBIX”
dyuxunii puna (u Bepumn). Boraucasaa B (6.305) unTerpas no &, umeem:

1 pr+A
(k) =~ / SRR (6.306)
rJe MbI BOCITIOJIB30BaJINChH TAKXKeE O6H.[I/IM BbIpa2KCHUEM OJIA (‘byHKHI/II/I pacnpeacsicHmnd:
. ©de iy .
ny(p) = =i lim T Gy(ep) (6.307)

Murerpas mo p B (6.306) MoxkHO HmepenucaTh Tak:

pr+A pr—A pr+A
/ dp... = / dpny (p) — / dpny (p) (6.308)
P P

F—A F—A—k prt+A-—k

rae, ¢ TognocThio A/A — 0, MOXHO cunTarh, 4To ny(p) = np(p), Te np — CTymeHbKa
Pepmu ipu 7' = 0. [osToMy ToTydaem:

I, (k) = ﬁ (6.309)

AnasiornasbIM o6pa30M MoJIyqaeM U:

k

m-0=—G+n

(6.310)

Ncnomnaya (6.309), (6.310) B (6.288), (6.289) u pemas >Tu ypaBHEHNA, HAXOIUM:

M(w+k)+ (A= ADk/x
w? —u?k? 446

Dy (k) = (w— k) (6.311)

e

(6.312)

™ ™

92X AZ a2\ Y/?
U= <1+—1+1722)

Takum 06pa3oM B CHCTEME BO3HUKAIOT KOJIJIEK TUBHBIE (GO30HHBIE) BO3OYKICHNUA, CTIEKTP
KOTOPBIX onpenensgerca nmoocoM (6.311). Tlpn Ay = Az = X amu popmytsl, bakTudeckn,
nafor pesynbrar Tomonaru (6.285) (mamomunM, uro y Hac ceiivac vp = 1).

Jia HaxoxgeHusd omHOJeKTpoHHON dyHKnuu ['puHa ocTasioch pemuTh JIMHEWHBIE
unTerpasabHoe ypasaenue (6.303) ¢ usBecTHbIM Temepb Dy y . Mbl He OyleM 2TUM 3aHU-
MaTbCd TMOAPOOHO, a PACCMOTPHUM TOJIBKO TIPOCTERIINE CJIydan, MPUBOAA MOTOM ObIIue
pe3yJIbTaThl.

MMycts Ay = 0, Torma dacTuisl Ha omHolt cropone mosepxHocTn Pepmu (+) Boobie
He B3aMMOEHCTBYIOT ¢ YacTuIaMu Ha Apyro# cropone (—), Tak yto D_; =0, a

m(w—1)(w — k)
D ky= —2  ~ 6.313
++ (k) o wk s ( )
TIe
A
w=1+2t (6.314)
T
Ypasuenue nia G uMeeT TOTAA BUL:
1 w—1
— =1+ — | &% — k) 31
(e = P)G(P) + 47 / Glp )w — wk + 6 (6.315)
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3mech 1 masee onyckaeM mHAekc + y (G4 u oTcunTBIBaEM p oT +pp. HemocpeacTennoi
HOJICTAHOBKOW MOXKHO y6eanuThesd, 4To ypasHenuio (6.313) ymosierBopser dbynkuns:

G(p) = {(c — p + i6)(e — wp +i8)} /2 (6.316)

T7ie pa3pes Ha KOMILJIEKCHOM MJIOCKOCTH € BHIOPaH B BUE OTPE3KA, COETUHATONIETO P—10 U
wp—ib (signé = sign(p)). Takaa dynkinua ['puna He NMEET MOTIOCOB, COOTBETCTBY IOIINX
OIHOYACTUUHBIM BO3OY XK AeHuAM, HO pacder 1o (6.307) mokasbIBaeT, YTO pacnpeaeTeHne
YaCTUIL IO UMIYIBCAM OCTaeTCd (hEPMUEBCKUAM:

n(p) = np(p) (6.317)

Hasiee MOXKHO MPOAHAJUINPOBATE CIyYall MaJbIX A 1 Ag, Korma u u3 (6.312) 6usko K
ennnnte (vp!). Mecnenosanne (6.303), (6.311), (6.312) mokasbiBaer, 4TO B 9TOM CJIydac
onHo?JIeKTpoHHad dyHKnua ['puHa Halrelt Momesn UMeeT BU;

A2 A
60) = (e~ ) — )} exp { - 22 (6.318)
e 2 2
— A A=A .
w=l+ "4 (6.319)

Boranciag ¢ momomnsio (6.307) u (6.318) dynkuuio pacupenenenus gactur n(p), MOXKHO
y6emuthbes, aTo npu Az # 0 ckadok mpu p = () OTCYTCTBYET M Ha €ro MECTE OCTaeTCsd
s ocobennocts Buma (E.Lieb, D.Mattis, 1965):

A2

n(p) = Ly <@) " sign(p) (6.320)

2 2\ A
Paccmorpum, nHakomern, dusndeckn “peasmctTudeckuit” caydait Ay = Ay = A. B aTom
cJIydae UMeeM:
Mw? — k%)
Doy(k)= —++"— 321
++( ) w2 — v2k2 4 i6 (63 )
rae )
22\ /2
v= (1 + —) (6.322)
w
u g (G uMeeM WHTerpajbHOE ypaBHEHUE!
i Aw + k)
—p)G(p) =1+ — [ d*kG(p — k) —"""— 6.323
€= PGO) =1+ 5 [ G-t (6.323)

Ero Takxke MOXHO pelNTh (TIEPeXo/ia K KOOPINHATHOMY TIPENCTABJIEHNIO ,1). MBI 2TOT0
JesiaTh He OyJIeM, a TOJILKO TPUBEIEM pe3yIbTaT s GYHKIMHA pacipeaeseHus YacTHIL
o ummyibcam n(p) Bosmsn depmn — Touku p = 0. Ipn cnabom B3aumMozelicTBIN, KOrma
A — 0, v — 1 umeem pesyabrar (6.320) ¢ Ay = A3 = A. D1a dopmysia coxpangeTcs 10
TexX Mop, MOoKa B3auMoJieficTBHE He CJUITKOM CHJIBHO:

1
n(p) = 5 — const|p|**sign(p) (6.324)

e .
—1)2
a= (1)87)7 npraIem a<1/2 (6.325)
v
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Onmako, KOorjia BeJIMYUHA (¢ TIPEBBICUT 1 /2, BEAyUINM YJICHOM Pa3JIOkKCHUS n(p) BOJIM3U
depMu — TOYKM CTAHOBUTCA JIMHEHHBIN UJICH:

1
n(p) = 5 const - p (6.326)

B Jmo6om caydae ckadka GbyHKIMHU paclpenesiennd B Touke Pepmu mer!
TIpuBeseM pesyabTaThl NCCIAEIOBAHNA acCUMITOTHYECKOro noBenenna G(ep) B oba-
ctup~¢e LA Tlpu a < 1/2:

1 Q¢
G(e ~p) ~ S (6.327)
Mpu « > 1/2:
G(e~p)~ A+ B>~ (6.328)
Opu 3/2> a > 1
G(e ~p) ~ A+ Be 4+ Ce**™ 1 u T.I. (6.329)

Takum obpaszom, B Monesin Tomonara — JlaTTuHKepa He BBITIOJTHATCA OCHOBHBIE MTPEJI-
moJIokeHud Teopun (epmu — kKugkoctr Jlangay. YKe Opu CKoJTb YIOJHO c1aboM B3am-
MogeficTBun ocobenHocTh BOIU3M NoBepxHocTH Pepmn ciiabee nosocHoit (cp. (6.327)),
a mpm B3amMofelicTBun nocrarodnoit cusl bynkiug ['puna Boobie ocTaeTca KOHETHOR
B Touke Pepmu (cp. (6.327), (6.329)). Cama Toura Pepmu TPOABIAETCA TIPYU STOM JINIITH
Kak ocobasd TOYKa B MPOW3BOJHBIX JOCTATOYHO BBICOKOTO MOPAIKA.

PaccMmoTpentble aHOMAIUU CBA3AHBI C TEM, 9TO B OJHOMEPHBIX (PepMU — cucTeMax
nMeeT MecTO CBoeobpasHad “mHbpakpacHas KartacTpoda’. Jliobaa dacTuna, Jgexaliasa
BOSIM3M oHOM U3 ToYek PepME, MOKET UCTIYCTUTH, C COOJTIOIEHNEM BCEX 3aKOHOB COXPa-
HeHU, JI0O0e YUCIO0 PeasbHBIX TTap YacTulla — AbIPKa, Takke Jexanmx Boausn dbepmu
— Todek. MareMaTH4eCKn 3TO POABIAETCA B TOM, YTO B PAMLY TEOPUM BO3MYIIEHUN 114
COBCTBEHHO — PHEPTETHYECKON dacTu L(p) MOABJIAIOTCA TOJIOCHBIE BKJIAIBI BBICOKMX
MOPAIKOB THIIA:

ATL

S 6.330
(e—p)t (6.530)
B camom Jeste, paccMOTpUM BBIpasKeHUE JIJIA 3, COOTBETCTBYIOIIEe, Hanmpumep, (6.316):
S(p) = ¢ —p— (e — p)e —p— Ap/m)]'"* (6.331)

Pazsaras ero B pam mo A, mosaydaem:

A /\2 2

S(p) = 22 P (6.332)

T o 872(e — p) +

Bee wnenst aToro pAna (KpoMe mepBoro) umMeioT cTpykTypy (6.330).

BoiBogpl m3 mpoBemeHHOTO paccMoTpenna Momesm Tomonara — JlaTTrHKepa odeHb
BaXHBI W TOyYnTeTbHBI. PakTnyeckn, 60JIBITMHCTBO 3TUX BHIBOJOB COXPAHAETCA W TIPH
PacCMOTPEHNN B3aMMOJIENCTBYOIINX 3JIEKTPOHOB B OJHOMEPUN B paMKax 6ojee obmmx
Mopiesieli BzanMoeiicTBus. PepMmKUAKOCTHOE TIOBEIEHNE OTCYTCTBYET BCET/A, 3aTO BO3-
HUKaeT ABJEHNE (030HU3AUUY CIIEKTpa 3JEMEHTapHBIX Bo30yxkmeHnii. B aTom cmbicte,
OJTHOMEPHBIE CHCTEMBI C B3aMMOJECTBAEM OMMCHIBAIOTCA KapTHWHOM, aJbTepHAaTWBHOM
obBraHOil Teopum dhepmu — xuaKocTH. [I[pUHATO TOBOPUTH, YTO B HUX peanu3yeTcs Kap-
THHA “JTaTTUHXEPOBCKON” KumkocTu. B mociennme romabl ocobblii MHTEpEC BBI3BIBACT
aHaJIN3 CAUTyallMM B TOTPAaHWYHOM JIByMEPHOM CJy4ae, TIe MpW ONMWCAHWU CUCTEM C
CUJIBHBIME 3JIEKTpOHHBIME Koppenanuavn (tuma BTCII — okcumoB) uMeHHO “clieHa-
puit” dopMUpoBaHUSA JTATTUHKEPOBCKOi KUAKOCTA KOHKYPUPYET C KapTUHOI O6BIYHOM
(wam ynoMuHaBIelca Belle “MapruHaabHoil”) depmu — kuaxkocTu [13].
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IIpunoxenune A

IloBepxHOCThr PepMu, KaK TOIIOJIOTH-
YeCcKHuii 00'beKT.

[Ipu obcyxmenvnn ocHOB Teopun (hePMHU — KUIKOCTHA MBI UCXOAUJN U3 TOTO, YTO MOBEPX-
HocTh PepMu coxpaHgeTcd W TpU aanabaTUdIecKoM “BKJIOYEHUN MPOM3BOJIBHOIO B3a-
uMopelicTBua Mexay dbepmuonamu. [IpuBemeM M3ANHOE AOKA3aTETBCTBO 3TOTO YTBEP-
KIEHWs, OCHOBaHHOE Ha Tomnosorndeckux coobpaxennax (I.E.Bomosuk, 1999).

B uneanbproM dhepmu — rase noBepxuHocTh Pepmu mpencTaBageT cobolt eCTECTBEHHYIO
TPaHUIly, Pa3gesfAoNyi0 B UMIYJILCHOM TPOCTpaHCcTBe obsacTu 3anaThix (n(p) = 1)
n nycteix (n(p) = 0) cocroanmit [11]. fAcno, uro B TakoMm rase moBepxHOCTh PepMmu
npencTaBigaeT coboli yCToWduBbIfi 06BEKT — MaJIble U3MEHEHUA HHEPTUH YACTUIL JUIIH
cJerka qeopMUpYIOT TPAHUILY MEXKIY 3aHATHIMU U ITYCTHIMU COCTOAHUAME, TPUBOIA K
COOTBETCTBYIONIEH Masoi medopmamnuu nmoBepxuoctr Pepmu.

Ecan “Brittovaerca”’ B3amMmoeficTBIE MEXKIY 9aCTUIAME, TO, KAK MBI BUJEJIU BHIIIE,
dbyukuua pacupeneaeHua 4acTui n(p) B OCHOBHOM COCTOAHUN CHCTEMBI HoJlee He paBH-
erca npocto 1 mam 0. Tem me menee, noBepxuocTh PepMu coXpaHAETCA U MPOABIAETCA
B Bujie ocobennoctn B n(p). Takaa ycroiianBocTs noBepxuHoctn PepMu ABIACTCA CIE-
CTBUEM HEKOTOPOTO TOTIOJOTUIECKOTO CBOicTBa (hepmuonnoit bynknuu ['puna. 3anuirem
5Ty byrkmmo [puHa B HIea LHOM rase AJ1d 3aTaHHOTO UMITYJIhCa P I MHUMOH' 9acTOTHI
z = 1pg:

1
ipo —vr(p — pr)
QueBuano, 9T0 3Ta QyHKIUA ['prHa Bce paBHO MMEET CUHTYJIAPHOCTD HA THTIEPTIOBEPXHO-
cti (po = 0, p = pp) B 9eTBIPEXMEPOM TIPOCTPAHCTRE (Pg, P), TAE 3Ta GYHKIMA TPOCTO
He oTpeesieHa. DTa CAHTYJIAPHOCTh YCTORYNBA, T.€. HE MOXKET OBITH yCTpaHEHA MAJTBIMI
BOaMyIlieHuaMn. [Ipudnna sToro B ToM, uTo daza ¢ dbyukuuu ['pura, paccmarpuBaemoit

G(po,p) = (A1)

1MHEnMas gacTora BBOOUTCH, 9T06HI H36€KaTh OGBIIHON CHHT Y/ IAPHOCTH IPHA 2 = &(p), m HE cBABaHA,
BOOOIIE TOBOPH, C MaIly6apoBCKUM (hOPMAaIA3IMOM.
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KaK KOMILIeKcHoe wncyio, T.e. G = |G|e'®, mMenaerca na 27 mpu obxone mo mob6oMy
koHTYpY C, OXBaTBIBAOIIEMY KaKOil — OO 3JIEMEHT YIIOMAHYTO! TUIEPITOBEPXHOCTH.
B sToM MOXHO yOemuTHCH, €CIAU MBI OMYCTUM OIHO MPOCTPAHCTBEHHOE M3MEDPEHHUE,
Tak 4TOOBI MOBEPXHOCTH PepMu TpeACTaBIIAIa CODO 3aAMKHYTYIO JIUHUIO B JBYMEPHOM
npoctpaHcTBe (g, py). Cunrynaprocrn dyuknun Ipuma (A.1) nexar Torma Ha Ha 3a-
MKHYTO} JIMHNM B TPEXMEPHOM IPOCTPAHCTBE (Po, Pr, Py ), TOKA3aHHON Ha HIKHEl JacTn
Puc. A-1. ®asza byuknun ['purna MeHderca Ha 27 MpH KaXkIOM 0OXOHE TPOM3BOJILHOTO
kouTypa C, OXBaTHIBAIOWIETO 060 37IEMEHT TOT0 “BHXPEBOTO KOJbHa 2 B TpexMep-
HOM IIPOCTpPaHCTBe (pPg, Pu, Py). COOTBETCTBYOIIEe “IUPKy/IANUOHHOe dneso” N = 1
HE MOXKET MEHATHCA HEMPEPBIBHBIM 00pa30oM W YyCTOWYMBO, MO OTHONIEHWIO K agmabda-
TUYIECKOMY “BKJIOUEHNUIO” JTI0b0oro B3ammoaeiicTBus. [loaToMy cHHTYJIApHOCTD QYHKITIN
I'pura v HaaU4YUe HYJIEBBIX HEPTHH BO3OyXKIOeHuda B cucTeMe (HEPMUOHOB MPH 3TOM

TaK2Ke COXPaHAIOTCA.

B obmem ciyuae dbynkmma ['puHa dbepmmona aABJIgeTCA MATPUIEd CO CHIUHOBBIMHM WHIOAEKCaAM®. B
TMEPUOTNYEeCKOM KPUCTAJIE OHA XapaKTEPH3yeTCA IIOTOJHHUTETHHO 30HABIM WHIIEKCOM W T. M. B Ta-
KOM cJIydae, ToHATHE Ha3bl TPHHOBCKON DyHKIMHA TEPAET CMBICJI, OTHAKO OMACAHHOE TOMOJIOTHIECKOH
cBolicTBO, bakTHIecKm, coxpanaaercda. MoXHO MOKa3aTh, 9T0 B B TAKOM OONIEM CJIy9ae MOYKHO BBECTH
TOIOJIOTHYECK W MHBAPHAHT, KOTOPHIH 3aIllACHIBAETCA B CIIEIYIONIEM BHUIE:

dl aG—1(po, p
N =Sp b Lo, py L8P0 P) (A.2)
- 271 al

roe bynkmma ['puaa mpencrabBiader coboil cOOTBETCTBYIONY0 MATPHILY, & WHTErPaJl GEpeTcsa Mo IMpo-
U3BOJIBHOMY KOHTYPY C' B mpocTpaHCTBE (po, P), OKpyXKaoOUIEMy THIEPIOBEPXHOCTD CHHTY/IAPHOCTER B
5TOM IIPOCTPaHCTBe (KakK »To MOKa3aHO Ha HKHel gactm Pumc. A-1). B (A.2) Sp 6eperca mo cnmHOBEIM,
30HHBIM W TTPOYMM BO3MOJKHBIM WHIIEKCAM.

B depmu - xunkoctu Jlammay ommodacTuuHad (yHKIud ['puHa, Kak MBI 3HAEM,
nMeeT BUI:

7z

Gloop) = ivo—or(p—pr) |

(A.3)

B ormsimune ot upeannuoro dbepmu — rasza ckopocth ®epMu vp He paBHAETCd OOBIINE
npocTo pr/m, a aBagerca oTmeabHON “dyHmaMeHTaIbHOM KoHCTaHTOR” Teopuu dhepMu
— xuakoctu. Oua onpenenger adpdekTUBHYIO Maccy KBazudacTuisl m* = pp/vp. Uame-
HEHVWE Up W BBIYETA 7 HE MEHAIOT BEJNYNHY TOMOJOTHYecKoro nuBapuanta (A.2). 9r1o
TMONTBEPKAAET TPEANOJI0KEHNE Teopun JlamHgay o6 OIHO3HAYHOM COOTBETCTBUU MEXKIY
HU3KO9HEPTeTHYECKUMY KBA3UIACTUIIAME B (pepMU — KUIKOCTH U IACTUIAMU B UIEATb-
HoM epMu — rase.

MMosromy (ecsin B cucTeMe He BOSHMKAOT “UHpakpacHble” ocobeHHOCTH, THIa 06Cy-
KIABIINXCA BHINIE B CBA3M ¢ Mofiesibio ToMonara — JlaTTuHKepa) B U30TPONHON depmu
— KUIKOCTU CTEeKTp PEPMUOHHBIX KBA3WYACTHIL OMUCHIBACTCH YHUBEPCAILHON 3aBuUCH-
MOCTBIO:

e(p) — vr(lp| — pr) (A4)

¢ nBymMa “dyHIaMeHTAJLHBIMIA KOHCTaHTaMu® vp W pp. WX BesJwmumHa ompemesideTcd
“MUKPOCKOTTMIECKUMU~ B3aUMOJIEUCTBAAMY, HO B TeOpUU (HhePMU — KUIKOCTH OHU ABJIIS-
10TCH (PEHOMEHOTOTHIECKAMI KOHCTAHTAM.

Tomonorudeckasa ycrolianBocTh moBepxHoctn Pepmu o3HaUaET, UTO JI060E HEMpeE-
PBIBHOE W3MEHEHWE CHCTEMBI HE MEHAET TOTMOJOTHYECKN WHBapuanT. B wacTHOCTH, Ta-
KIM W3MEHEHNEM MOXKET OBITh U agumabaTndeckoe BKJIOYEHNE B3aWMOIEHCTBUA MEXK Ty
gactunamu u (nm) agmabatudeckas gedopmanua noBepxuoctn Pepmu. B ycsroBnmax

23mecs mMeeTcd mpAMas aHAJIOTHA C TOIOJIOTHYECKOH yCTONYHMBOCTHIO aBpHKOCOBCKHX BHXpell B
cBepxmpoBonauKax 11 pona, rime mapaMeTp mopAnKa MMeeT, KaK U3BECTHO, BUO U = |\I'|e‘4’ [21].
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p-p? Fermi
E :WI% surfac
E=0

Fermi surface as topologically stable
singularity of Green function:

P, l
Im G
Fermi
surface Py ! PI
E=0
P, ReG !
vorte singularity
in
4-momentum e G(pl) ’p)
———
space ¢

Puc. A-1 T[losepxHocTt Pepmu, Kak TOMONOrMHECKMA ODBEKT B MMMYNbLCHOM MPOCTpaH-
ctee. Hasepxy: B uneansHom cpepmmesckom rase, nosepxHocTs Pepmu orpaHmumsaet cdepy
3aMOMHEHHbIX COCTOAHUMA C OTpuLaTenbHol sHepruen. Brusy: noeepxHocTs Pepmmn coxpa-
HAeTCA gaxe npu “BkatodeHun” B3aumopedcTeus. lNpuunmHa B Tom, 4To oHa npencTasnseTt
coboi TOMOMOrNYeckn yCTOMYMBbIA ObbeKT — “BUMXpb’ B YeTbIpeXMepHOM MpPOCTpaHCTBe

(PO,P)-
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TakuX annabaTuIecKuX BO3AeiicTBUil sHepreTudecKkre YPpOBHU CUCTEMBI HE MOTYT TIEpe-
cekaThb nmoBepxHOCTh Pepmu. Cocrogaune He3 BO3OYKACHHBIX KBa3WIACTHL, TPAHC(HOPME-
pyeTcd B IpyTroe TaKoe XKe COCTOAHNUE, T.€. BAKYYM CHCTEMBI IEPEXOINT B APYToil BaKyyM
(oCHOBHOE COCTOSHUE). DTO U HPUBOAUT K CNPABEITUBOCTH TeopeMbl JlaTTHHXKepa, KO-
TOpad yTBEPXKIAET, 4TO 00beM moBepxHocTr Pepmu aBageTca “amnabaTUIecKUM MHBA-
puaHTOM” (€C/IH MOJTHOE YUCJIO YaCTUIL B CUCTEME HE M3MEHAETCH).

Hia wsorponHoit hepmu — kKumkocTu co chepudeckoit moBepxuocThio Pepmu, Teo-
pema JlarTuHkepa CBOOUTCA K YTBEPKAECHUIO O COXpaHEHUW OOBIYHOTO (razoBoro!) co-
OTHONIEHUA MEXKAY TIJTOTHOCTBIO YacTHI U UMy abcoM Pepmu:

P

n= e (A.D)
[MosepxrOCTH PepMu, XapakTepu3yeMas TOMOJOTHIECKUM UHBAPUAHTOM V1 CYIIECTBYET
JIJId CHCTEM JTIOOBIX pasMepHOCTER B OOBIYHOM MPOCTPAHCTBE. B MByMepuu, Kak MBI BU-
JIe TN, OHA TPEICTABIAET COOOH 3aMKHY TYIO JIMHUIO B IBYMEPHOM UMY IBCHOM MIPOCTPaH-
CTBE, COOTBETCTBYIONIYIO “BUXPEBOMY KOJIBITY B TPEXMEPHOM MPOCTPAHCTBE YACTOTHO
— UMIYJIBCHOM TPOCTPAHCTBE. B OMHOMEPHBIX cUCTEMAX MOBEPXHOCTH PepmMu ABIAETCA
TOYEYHBIM “BUXpeM’” .

Mu1 Buies Tl BBITIE, 9TO B OMHOMEPHBIX cucTeMaX (pyHKIUA ['puHa MOXeT UMeTh BUJ,
COBEPIIEHHO OTJINYUHBIH 0T KaHOHMYecKOH dhopmyssl (A.3) Teopun Jlanmay. B vactrocTn,
B Mozenu Tomonara — JlarTuukepa ee mosocHad CTPYKTypa IpomagaeT u3 — 3a “madpa-
kpacHbiX  pacxomumocteit. Tem He MeHee, Kak MoBepXHOCTH PepMu, TaK U yTBEPKICHUE
0 HAJUYUHU B CHCTEME BO30YXKIEHHU CO CKOJIb YTOMHO MaJjioli sHeprueil coXpaHATCA
(11 CMCTEMBI ¢ IOCTATOYHO CJIa0bIM B3aNMOJEHCTBUEM ), BBULY COXpAHEHUS TOTOJIOTH-
veckoro mHBapuanta N1 = 1. B camom nese, ecsin B MOJIyYEHHBIX BBINIE BBIPAXKEHUAX
nna dyukmun ['puna B Momenu Tomonara — Jlartumkepa (tuma (6.318)) mepeiitn
€ — ipp, TO B HUX BOSHMKHET BCe Ta ke ocobeHnocTs npu (po = 0, p = 0). MosTomy 1o-
BepxHOCTH PepMu cOXpaHdaeTCHd, HECMOTPA Ha HAPYIIEHNE OCHOBHBIX MOJIOXKEHUH Teopun
Jlangay.

Ornuume ot Teopun dbepmu — KugkocTu JlaHmay B OJHOMEDHBIX CHCTEMAaX MPO-
ABJIAETCA TPU PACCMOTDEHUN JeficmeumesbHb s 4aCTOT: KBA3WIACTUIHBIE MMOJIOCA OT-
CYTCTBYIOT, BMECTO HUX MMEETCH Pa3pe3 B KOMIJIEKCHOW TMJTOCKOCTH 9acTOTHI, TaK YTO
OIHOYACTUYHBIE BO3OYXKAeHUA He ompenesneHbl. OyHKIUA paclpele/IeHnd JacTUIl, Ipu
5TOM, Kak Mbl Buaean B (6.324), He mmeer ckauka Ha noBepxHoctn ®Pepmu, omHaxo,
BOOOIIIE TOBOPH, MOXET COXPAHATHCA CTEMeHHAadA OCOOEHHOCTh B €€ TPOU3BOIHON .



IIpunoxenue b

DJIEKTPOH B CJAy4YalHOM II0Jie U HMH-
TerpaJibl 10 TPAEKTOPHUAM.

Bosppaiagck K 3amade o IBUKEHWHN 3JEKTPOHA B TOJIE€ CAYYallHO pPacTOOKEHHBIX B
MPOCTPAHCTBE paccemBaTesell, MOKaXeM, KaK MOXKHO TOJYYUTh (POPMAJJTbHOE BhIpa-
KeHUe I yCpeTHEHHON ogHo3aeKTpoHHOl dhynknuu ['puna B Bume ¢eliHMaHOBCKOTO
uHTerpasa 1o TpaekropuaM [20], SKBUBAJEHTHOrO CyMMe pijila BCEBO3MOXKHBIX JHa-
TpaMM Teopuu BO3MyIeHwi. [Id »/JeKTpoHa, ABMKYIIETrOCd B TOTEHIIMAJTBLHOM TOJIE
(4.1), B KOOpAMHATHO — BPEMEHHOM MpescTaBIeHUn QyHKIMA ['pruHa 3amucBBacTCA B
BHUJIE CTAHAAPTHOTO MHTETpasa MO TPAEKTOPUAM cieayiomero Buaa (N — MOJTHOE YUCIIO
paccenBaredieii):

].'(t):l1 Z t m]-jz N
G(rr’;t):/r Dr(7) exp ﬁ/o dr 5 —Z‘U(l‘—Rj) (B.1)

(0):1" j=1

r(t)=r
r(0)=r'
®ciinmana [20], npudeM r u ' OpeACTABALAIOT cOobOW KOHEUHYIO M HAYAJIBHYIO TOUKH
JBIKEHUSA, COBEPUIAEMOro 3a WHTEpBaJl BpeMeHH t.

PaccMoTpuMm mocTaTodno obummit caydail, Korma samanbl N — 9acTHYHBIE (PYHK-
mun pacupenesennd [11] paccemsareneit Fy(Ryq, ..., Ry). Torma, mpoBoas ycpenHeHue
Bkaana B (B.1), 3aBucamero ot kondurypanmii paccemBaIOMNX MEATPOB, MOTydacM:

roe Dr(r) obosnavaer GYyHKINOHAJIBHOE WHTEIPUpPOBAHWE MO Mepe Bunepa —

exp —%Z/O dru(r(t) — Ry)

1 i ¢
= V—N/de.../dRNeXp _Ezj:/o dro(r(t) — Rj) p Fn(Rq,...,Rn) =
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- i<_;) n'/dn /dTn< o(x(n) — Ry).. Z o(x(7) ])> =

= exp {zﬂ: <_%)" [{n}
(B.2)

e < ... >, — KYMyJAHTHBIE CpeHNe, onpeneennbie cormacho (4.13), V - obbem cu-
cteMbl. B pesynbrate, ycpennennaa dbyukiua ['puna nMeer Bu:

< G(rr';t) >= /1:::1 Dr(r) exp {h/ drmr + Z (-—)n Kn} (B.3)

OrpanvuuBagch n = 2 (BKJaj, cooTBeTcTBylomuni n = 1, maer TpuBmagbHBIH dazo-
BBIT MHOXWTEB), T.€. TayCCOBBIM TMPUOIMKEHNEM sl CTATUCTUKN CJIy9altHOTO MO,
TTOJTyYaeM:

carsns= [ pxmexn{t [(ar™ L g [Carwin) - vy
< G(rr';t >:/ Drrexp{—/ T— — - / 7'/ ™Wir(r) —x'(7 }
r(0)=r’ i Jo 2 2h* Jy 0
(B.4)

W(r—r)=<V()V(') >. (B.5)

e

x99

9TO /14 3a/Ia9M XaOTHIECKU PACIOJIOKEHHBIX B MPOCTPAHCTBE “puMeceit OHpeILeJISI—
etcd ¢ nomombio (4.12), (4.16) u cBoauTCs, B MTOTE, K KOPpEaATOpY THIA “Gesoro myma”
(4.20).

B kauectBe mpumepa npumenenus (B.4) n4a peneHnsa KOHKPETHBIX 3a/ad, PaccMo-
TPUM 3JIEKTPOH, ABUKYIIMIACA B OTHOMEDPHON CHCTEME B IayCCOBOM CJIydYaifiHOM ToJe ¢
KoppesiaTopoM Tuia (6.184), nHTEpecoBaBUIMM HAC B CBA3M C PACCMOTPEHUEM MOJIEN
TICEBIONIEIEBOTO COCTOAHUA:

[r =7

&(T)

®yphe — 06pas3 3TOro KoppesaTopa UMeeT, Kak Mbl Buaesau, suz (6.196):

5@ =28 { G+ g o

W(r—r')=2<|AI*>exp {_ } cos 2pp(r — r') (b.6)

roe k = £, u npencrabageT coboif Ba JOPEHIEBCKIX MUKa ¢ IMUPHHOH ~ £ ~1 menTpn-
poBaHHBIX Ha () = +K = +2pp. Bona nepemennyio ¢ (OTKJIOHEHUE OT TEHTpPaA TIHKA)
Kak () = £K + ¢, MOXKeM 3amucaTh:

[ i [ arwier) - vy = / Ws(@) [ dr [ arero o -

IA2 dT/ dTl iKr(T)eiqr(r)e—iKr(T')e—iqr(T')+
/ d

7Tq + k2
-I-A/ /dT
T q —}—nz

le—zKr(T) zqr(T) zKr('r) —igr(r’ ) —

T
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— 1 iqr(T ) —igr(t") _ —

ZA/ﬂ_q —1—52/ dT/ dr'e cos K[r(r) — r(r")]

g __x / dT/ dT’eiqr(T)e_iqr(Tl){cos Kr(r)cos Kr(7') +
0 0

T qZ —|—KZ2
+sin Kr(7)sin Kr(7")}  (B.8)

— 9A?

Belnte MBI paccMaTpUBaIM ACUMIITOTHKY GOTBITNX KOPPETANMOHHBIX IJINH & — 00 (M/In
k — 0). B a1oM coryuae nMeem:

/dr/ A Wr(r) — ()] ~ 2A7 / dr/ dr' {cos Kr(r) cos Kr(r') +

2 2

+ sin Kr(7)sin Kr(7')} = 2A? {/Ot dr cosKr(T)} + 2A7 {/Ot drsin Kr(r)} (B.9)

TOI‘,Ha JICTKO TIOJIYY9a€M CJIeAyrouee MmpeiacTaBJCHUE OJ1d HeTpI/IBI/IaJII)HOﬁ HJacCTH 3KCIIO-

nenrer 5 (B.4):
exp {—% /Ot dr /Ot dr'Wr(r) — r(T')]} -

S

— /oo d_xe—x2+2ix% fot cos Kr(T) /oo ﬂe—y2+2iy% f; sin Kr(7) (BlO)
—oo VT

—oo VT

T7ie B MOCJIETHEM PABEHCTBE UCHOJIB30BAJM MW3BECTHBIN mpuem Xabbapma — CTparomo-
BUYa. B pesysibTaTe, mocse OUYeBUIHBIX 3aMEH MEPEMEHHBIX, MOJTYYAEM UHTEPECYIONTYTO
Hac ycpemHenHyo dyHkuo ['puHa B Bume:

©dV, v [ dv, i [ri= i f [t mr¥(r)
‘. _ T oAz Y oAz — —
< G(rr';t) >= /_OO ﬁe a /_Oo ﬁe a /r(o):r/ Dr(7) exp 5 {/0 dr 5

t t
— 2/ drVycos Kr(r) — 2/ dtVy sin KT’(T)}
0 0
(B.11)

[lepexona x monapubM KoopanmaTam B miaockoctu (Vi, Vy ), Te. sBoma W = | /V2 + V2

u¢= arcth7 Oy YaeM:

W w2 [T dé
< G(rr';t) >:/0 dWA2€ A2/0 ﬂx

x / ((:): Dr(r) exp {% /0 “ir [mi(T) — 2W cos(Kr(r) + qs)]} -

27

_ / AWPIWY [ Gow costrirso (15 1) (B.12)
0 0

rae P(W) — pacnpenenenne Pamea (6.207), a Gow cos(kr4¢) (773 1) — onHOsIeK TPOHHASA
dbyukuna Tpuna B nepuogmdeckom moJie Buma 2W cos(Kr + ¢). Ecau renepsb nepelitn



302
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B UMITYJIbCHOE TIPEACTABJIEHNE W HAWTH HOpMaJibHYyIO (hyHKIUIO ['puHa B TaKOM MOJIE,
To B mpocrefineM (AByxBosHOBOM) mpubamkennu [27] moaydum (6.57), (6.60) u (B ma-
my6apoBCKOli TEXHMKE W B YCJIOBHAX “HecTwHra”, cnpaBenausbix npu K = 2pp (6.71)
(cp. Puc. 6-7)). Toraa sacuo, uro (B.12) cBemeTcs K MOJTyUYEeHHOMY BBINE CYyMMUPOBAHUEM
muarpaMm pesyabrary (6.203). CoorBercTBylomasn anoMasibHaa yukmua [puna (6.72)
obpaiaerca B HyJIb IIpH ycpennennio mo dase B (B.12), 410 cooTBETCTBYET OTCYTCTBHIO
B CHUCTeME HaJbHero mopanka. TakuM obpa3omM, paccCMOTpEHHAA BHINIE YIIPOIIEHHAA MO-
JIEeb TICEBIOIIEIEBOTO COCTOAHUSA MeWCTBUTETBHO 3KBUBAJIEHTHA PACCMOTPEHUIO DJIEK-
TpOHa, pacmpocTpaHnsoleroca B nose Buga 2W cos(Kr + ¢), ammiuryna Kotoporo W
He 3aBUCHUT OT KOOPAWHATHI U pachnpeesiena mo Paseio, a dasa ¢ omMHOPOIHO pacipene-
nena uHa unTepBase (0, 27). BosHuKHOBeHWE 371ech pacnpeaencunsa Pajies TecHO cBA3aHO
C TIPEATOJIOKEHNEM O TAYCCOBCKOM XapaKTepe CAy9aifHOTO TMOJidg, B KOTOPOM ABUKETCH
BJIEKTPOH.

Ucmonp3oBanne acUMITOTHKE & — 00, T.€. TpeHeOpexXenne MUPUHON JIOPEHIIEBCKUAX
mUKOB B S(()), OUEBUIHO COOTBETCTBYET NPEHEOPEKEHNIO KPYTHOMACIITAOHBIME (DIIYK-
TyannuAME aMILTATYIE HALIETO CJIydaitHOro ToJid Ha paccTogHuax mopanka & ~ k1. s
¢usngeckux coobpaxennii ACHO, 3TU (HIYKTYaIMy MIPUBOIAT K TOTIOJTHUTETBHOMY pacce-
AHUIO C XapaKTepHLIMU BPpEeMEHAMU TIOPAIKA T ~ % ~ (vpk)™1 (cp. (6.198)). SIcuo, uTo
BJINAHAEM TAKOTO pacCeaHNA MOKHO MpeHedbpedb IJia 0bIacT 3HEPTUH, YAOBIETBOPAIO-
mux ycaosnio vpk K &p. OHo TakXKe He UTpaeT posy npn vpk <K 1. 9Tn yeaosua 6611
Boiucanbl Boiie B (6.199). Bosee mocienoBatesbHoe (HO n TpoMoszkoel) paccMoTpe-
HUIO 3a1a9¥ C KOHEYHBIMEU K TMPUBOIUT K TAKWM YK€ KAUYEeCTBEHHBIM BhIBomam. [JtaBHBIN
sdderT paccedHud Ha KPYTHOMACIITAOHEIX (BJIYKTYaInax' — BOSHHKHOBEHHE KOHETHOM
MJIOTHOCTH COCTOSHUI 3JEKTPOHA B MEHTPE TICEBIOIIESN W €€ TOJTHOe “3aMbIThEe” TPHU
vpKk ~ A.

1M.B.Canosckmit. YOH 171, 539 (2001)
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