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IIpeauncioBue

B komnne 50-x, Hagase 60-x romoB MpOILIOro BeKa B TEOPUU KOHIEHCHPOBAHHOIO CO-
crosinus (Yalie Ha3bIBABILEHCs TOrJA TeOpUeil TBEPAOro Tejia U KBAHTOBBIX XKHUJIKOCTEH)
[IPOUBOIIIEN TIEPEBOPOT, CBA3aHHBIN ¢ IIPUMEHEHUEM METO0B, PA3PabOTAHHBIX JIECATUIIE
THEM DAHbBIE B KBAHTOBON TEOPWUW MOJI, B OCHOBHOM — MeTOJa (heHHMAHOBCKUX THA-
rpamMm. C TeX MOp 3TH METOMABI COCTABJIAIOT OCHOBY JAHHOTO PA3/IEIa TEOPETUYECKON
dbusuky, ux 3HAHKE HEOOXOAUMO KaXKIOMY 'PAMOTHOMY TEOPETHUKY.

CyrmectByer psifi XOPOIIUX KHUT W Y9eDHUKOB, IJIe JIOCTATOYHO MOAPOOHO m3jiara-
ercst 00IAsi CTOPOHA JieJia — BBEJIEHHE JUAIPAMMHOIO TOAXOA sl PA3JIMIHBIX THUIIOB
B3anmozeiicreuii [1, 2]. Pazymeercs, B 9THX KHWTax M3JAraloTCs W KOHKDPETHBIE MTPUJIO-
JKEHUsS K TeM WJIM WHBIM (hu3ndecKuM 331adaM. BMecre ¢ Tem, 10 HACTOSAIIErO0 BPEMEHU
MPAKTUYIECKU OTCYTCTBYIOT KHHUIHM, B KOTOPBIX JOCTATOYHO MOAPOOHO, CO BCEMHU IETA-
JISMU BBIYUCIEHUN W METOIUYECKUX MPUEMOB, Pa3dbupauchb-0bl MPUMEPhl TPUMEHEHUS
9TOM TEXHWKHU K PEIIEHUI0 KOHKPETHBIX 3329 Ha YPOBHE, 3aBEJIOMO JOCTYITHOM JIjisi Ha-
YUHAIONIETO TEOPETHKa, . 3a TIPOIIeAIINe NeCATUIETHS TaKIX 3334 PeajIoch BeJIKOoe
MHOXKECTBO U PE3YJIbTATHI PA3OPOCAHBI MO0 MHOTOYUCIEHHBIM OPUTHHAJIBHBIM CTAThSIM,
o0630pam 1 MOHOTpadUIM.

[Henpio HACTOAMIUX JIEKIW SIBJISIETCS UMEHHO JEeMOHCTPAIUS TOTO, KAK Jrarpamm-
HbIE METO/IbI IPUMEHSAIOTCS K PEIeHri0 KOHKPETHBIX 33,19 TeOPUU KOHIEHCHPOBAHHOTO
COCTOSTHHS, KOTOPBIE YK€ JOCTATOYHO JABHO BOILIN B ‘3070TOH (GoHI’ dTOH TEeopuu, a
COOTBETCTBYIOIINE MOHATHS W MMPUEMbI COCTABJISIOT pabouwnit “¢doabKIop” COBpEeMEHHOTO
TeopeTnka. BeiOoOp mpuMepoB 00yC/IOB/IEH KaK UX BaKHOCTHIO, TAK U JTMIHBIMY HAY IHBIMU
nHTEpecamMu aBropa. MHOrme m3 3Tux 3a7ad ele He perneHbl ‘1o KOHIA” U JaabHeiinee
pPa3BUTHE Pe3yJTbTATOB, U3JIATAEMbIX TOYTH B KAXKJIOM Pa3/Iejie, MOXKeT COCTABUTH M-
MET CaMOCTOSITETLHOIO MCCIe0BaHusI. Mbl CO3HATEIBHO OrPAHUYUIIUCH TOJTBKO W30paH-
HBIMHU 33a9aM¥ 3JIEKTPOHHOUW TEOPUU TBEPAOrO TeJa, OIMYCTUB BOMPOCHI Teopuu 003e —
JKUAIKOCTH, DOJIBITUHCTBO 33039 TEOPUH MATHETH3Ma W TEOPWI0 KPUTUIECKUX SIBJICHUN.
Hy:xHO 9eTKO MOHUMATH, YTO KaXKIasd U3 IVIAB ITUX JIEKIUH MOT/Ia-Obl COCTABUTH TIPEI-
MET CAMOCTOSITEJIbHOTO CIIENKYpPCa M, B 9TOM CMbICTIE, HAIIEe U3JOXKEHUEe He MPEeTEeHyeT
Ha CKOJBKO — HHOYIb 3aMKHYTBIH 0030p 3THX HampasieHuil Teopun. Pasymeercs, npu-
MEHEHUE TTOJIEBBIX METOJ0B B TEOPUHU KOHIEHCUPOBAHHOT'O COCTOSIHUSI HE UCUYEPITHIBACTCS
TOJIBKO JIMArpaMMHBIMY METOIaMuU. B 9acTHOCTH, BETUK ObLI COOIA3H yIeIUuTh BHUMAHUE
METO/IaM, OCHOBAHHBIM HA, (DYHKIMOHAJIHHOM WHTETPUPOBAHUN W PEHOPMAJIU3AUOHHON
rpynme. Tem He MeHee, Mbl PEIUIM OPPAHUIUTHCA TOJBKO AUATPAMMHBIM TOAXOIOM W
3a/1a9aMu, KOTOPbIE PEIIAlOTCAd B PAMKAX TEOPHUU BO3MYINEHU, MPAKTHIECKH OIyCKas
COBPEMEHHBIE BOIIPOCHI TEOPUHU CHITBHO KOPPETUPOBAHHBIX CHCTEM.

g moHWMaHUS JIEKIUH HEeOOXOIMMO BJIAJIEHWE OCHOBAMH IUATPAMMHON TEXHUKH,
npumepHo B o6beme Iu1. IT u IIT 3wamenuroii kuuru “ATJL” [1], u3sokenne B KOTOPBIX 110
CHX TIOP OCTaeTCsl HEIPEB30iIeHHBIM 00PA3IOM.

B HacrosiiiieM HOBOM WM3JaHUU JIEKIHi, MyOIUKyeMOM Ha aHTJIUNACKOM sS3bIKE B U3J1a-
reaberBe World Scientific, cymecrBenno pacmupeno Beenenwne, riae Kparko u3maraores
ocHOBBI MeTO1a, (byHKIHit ['puHa, 9yT0 HemaeT nsjaoxenve 6ojee 3aMKHY ThIM. CyIecTBeH-
HbIE TOTIOJIHEHUS caeanbl Takke B [1aBe 6 u B [Ipuioxkenun 1. VlcipaBiieHbr 3aMedYeHHBIE
B [IEPBOM HW3/IAHUU OMEYATKU W YCTPAHEH Psii HETOYHBIX yTBEPIKICHUIA.

M.B.Canosckuit, Ekarepun6ypr, 2005 r.

L ABTOpY M3BECTHA TOIBKO OfHA, TAKAS TOMBITKA [3], ocraBaBmasics monroe Bpems He OmyOIMKOBAHHOM.
[Tourn BceobBbeMTIONUi 0630p MPUMEHEHNH IOJIEBBIX METOI0B K PA3IUIHLIM 3a7a4MaM TEOPUU TBEPIOrO
TeJIa W KBAHTOBBIX JKHUAKOCTEH comep:kurcs B [4], HO 5TO mMeHHO 0030D, a He yJIeOHUK.
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IIpencenarens Mao-1[331yH

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

He will never give that seminar.

W.Pauli to R.P.Feynman
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I'maBa 1

BBEJIEHUE

XOPpoITo W3BECTHA OMPENEIAONas pojib, KOTOPYIO B COBPEMEHHON TEOPUU KOHIEHCHUDO-
BAHHOI'O COCTOSIHHSI UTPAET KOHIENIusi KBazudacTull. [lomHoe o6ocHOBaHUE 3Ta KOHIIEII-
U moJrydaer B paMkax dpopmanudma pyskimit ['puna, KOTOPBIi SIBISIETCS CTAHIAPTHBIM
ammapaToM COBPEeMEeHHOI Teopun cucteM MHOrmx dactur,. Meron ¢ynkmuit ['puna maer
BO3MOXKHOCTb 9€TKO C(OPMYINPOBATH KPUTEPUU CYIIECTBOBAHUS KBA3WYACTHUIL B KOH-
KPETHBIX CHUCTEMAX, & TAKKe MPEeICTaBJIsgeT cOOOil YHUBEPCAJIHHBIN METO MPOBEICHUS
PACYETOB MPAKTHYECKH JTIOObIX (PUINIECKUX XAPAKTEPUCTUK MHOTOYACTUIHBIX CUCTEM C
Y9EeTOM pPA3JIMIHBIX TUIIOB B3auMojeiicTBuil. JJaHHbIl METO BOBHUK B CBSI3U C 33/la9aMu
KBAHTOBOIT TEOPHH TOJIf, T BIIEPBBIE OLLT C(DOPMYIHPOBAH IPE3BHIYANHO 3D DEKTUBHBIHN
¥ yIOOHBIM TIOIXO0M, OCHOBAHHBIN HA WCIOJb30BaHuU duazpamm Petinmana. Tlocmemyro-
Iee MepeHeceHne STUX Ue U METOIOB B TEOPUIO CUCTEM MHOTHX YACTHIL, TIO CYTH JeJja,
U TIPUBEJIO K CO3JIAHWIO COBDEMEHHO! TeOpHH KOHJIEHCHPOBAHHOIO COCTOSTHUS [1, 2].

B pamMkax maHHOTO Kypca MbI HE MPUBOIUM TIOCIEIOBATEIHHOE W3JI0KEHUE CAMOTO
verona dyukiuit ['pura, HaEl MEIbI0 SBISETCS O0YYUTH UCIOJb30BAHUIO ITOTO Me-
TOJA [IJIsi PEIIeHns KOHKPETHBIX 3a1a4. [Ipeamnosaraercss, 970 OCHOBHBIE MPUHIIUAIIBL TO-
CTPOEHUS JUAIPAMMHON TEXHUKHU JIJIsl PA3JIMYHBIX BUJOB B3aMMOJEHCTBUMN, TaKKE KaK
n obmume cBoiicTBa ¢yHKIUi ['puHa YnTaTe i0 M3BECTHBHI, KaK B (popMain3Me HyJ1eBOM
remneparypbl T = 0, Tak u 1 cilydas KOHEYHbIX Temieparyp (MaiybapoBckue (yHK-
myn Tpuna) [1]. Crpykrypa Kypca sicHa u3 oryasienns. OTaesbHbIe TIaBbl MOCBSIIEHBI
PACCMOTPEHUI0 OCHOBHBIX BUIOB B3aWMOIEHCTBUIl, M3y4aeMbIX B PAMKAX DJIEKTPOHHON
TEOPUU TBEPJIOrO TEeJa, & TAKXKE Py OCHOBHBIX THIIOB 3JIEKTPOHHBIX HEYCTOWYHBOCTEMH
(dbazosbix nepexonos). Kak npasuio, cHadana Mbl hbopMyupyeM npaBuiia JuarpaMm-
HOW TEeXHUKHU, & 3aTeM PACCMATPUBAEM PA3JIUYHBbIE 3aa9H, IO BO3MOXKHOCTU MPUBOIS
JIOCTATOYHO TIOAPOOHO BCE IETAJM BbIYUCIeHWH. [Ipu 9TOM MBI, MPAKTUYIECKY BCIOY, CTa~
paJINCh CIIEJIOBATH TPABUIAM ¥ 0003HAYEHNSIM, HCIOIb3YEMbIM B KHUTE [1], XOTs MOIHOTO
OTCyTCTBUSA “pa3Hob0si” B 0O03HAYEHUSX TEX WJIN WHBIX (DU3NIECKUX BEJIMINH n30ekKaAThH
BpsiJ-si yaasioch. Kaxkaas riaBa, TaKuM 00Pa30M, MOXKET PACCMATPUBATHCS KAK HEKO-
TOPOE BBEJIEHWE B KPYT COOTBETCTBYIOIMIUX TPOBIEM JAHHOIO PA3Iesia TEOPUU TBEP/IOro
Tena. B 3TOM CMBICTIE OHM MOTYT YHTATHCA HE3ABUCUMO, HO CJIEAYET UMETH B BUJLY, 9TO
BCe U3JIaraeMble BOPOCHI, HA, CAMOM JI€JIe, BEChMa, TECHO CBA3aHBI ApyT ¢ apyrom. [Toxbop
IATUPYEMO JIUTEPATYPHI HE MPETEHIyEeT HA MOJIHOTY, MPUBOAATCS CCHLIKU JIUIIb HA TE
MCTOYHUKH, U3 KOTOPBIX 3aUMCTBOBAH COOTBETCTBYIOMIUN MATEPUAIT, IPUYEM MIPEIOYTe-
HUE OKa3bIBAJIOCH paboram 0630pHOrO u y4ebHOro xapakrepa. COOTBETCTBEHHO, CCBLIKH
Ha pabOTHI TPUOPUTETHOrO XapaKTepa MPAKTHIECKH OTCYTCTBYIOT, B HAUDOJEe BAXKHBIX
CAydYasiX TaKOrO PO MBI CChLIAEMCsS MpocTO Ha damuanu aBTopos. Ceayer uMerh B
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8 I'masa 1. BBE/IEHUE

BHU/y, 9TO MHOTHE Pa3esbl JEKIHii OCHOBAHBI Ha COOCTBEHHBIX ‘pa3bopkax’ aBTOpa, B
TAKUX CIyYasiXx CCHLIKW HA MCTOYHUK, KAK MMPABUJIO, IPOCTO OTCYTCTBYIOT.

OcHoBHAst wies AUATPAMMHOIO MOAXOAA B TEOPUHM KOHIEHCHPOBAHHOTO COCTOSHUST
COCTOUT B HPOBEJECHUN CYMMHUPOBAHUS GECKOHEYHOrO psifia (peHHMAHOBCKUX TUATPAMM
JIIS ONHOYACTUIHON UM MHOrOYaCTUUHBbIX (byukuuit I'puna (Bepmunnbix gacreit). pu
9TOM pPedYb WJET, KaK MPABUJI0, O CyMMHUDPOBAHWN OMPEIETEHHBIX MO/TOCIEI0BATEIHHO-
cTeil TIOJIHOTrO PAJIA TEOPUU BO3MYIIEHWI (TUIIOB JUArPAMM), JAIOIUX JOMUHUDYOIIA
BKJIaJI [I0 TOMY WJIM MHOMY napamerpy 3azadu (6e3pa3mepHas KOHCTAHTa CBs3H, ILIOT-
HOCTh YMCJIa YaCTHIl, APyrue KOMOWHAIMHU [apaMeTpPOB, XapaKTepU3yIOUUX CUCTEMY ).
B GosbimmaCTBE M3y4YaBIIUXCS 3324, TAKUE MOMIIOCTIEI0BATEILHOCTH ObLITH BbISIBJICHbBI
y’Ke Ha PaHHeM JTare pa3BUTHs Teopwn [1, 2], ¥ MBI PACCMOTPUM LEJBIA DSl XapaKTep-
HBIX TPUMEPOB U CJEAYIONINX U3 HUX (DU3MIECKUX BBIBOJIOB. B OYeHBb peIKuX ClIydasx,
JlIsl 9PEe3BbIYANHO YIPOIIEHHBIX (MOJIEJIbHBIX) 33424 YIAeTCs IIPOCY MMUPOBATDH IIOJIHBII
delinmanoBekuil psy (Bce guarpammbl). Takue ciaydau ropasio MeHee M3BECTHbBI, HO,
KaK [PABUJIO, BECHMA MOYIUTETbHBI. Mbl PACCMOTPUM HECKOJBKO MPUMEPOB TAKUX MO-
JeJieit, Kak NI WITIOCTPAIMN TEXHUYEeCKONW CTOPOHBI [1e/1a, TaK U CJAEAYIONINX W3 HUX
HETPUBHUAJIBHBIX BBIBOJIOB, CBSI3aHHBIX C BO3MOXKHOCTBIO PA3PYIIEHUsS CAMOW KOHIIEITUN
KBA3UYIACTHI], KOTOPAs, HECMOTPS HA €€ YCIEeITHOCTh, ECTECTBEHHO UMEET OTPAHUYEHHBIE
mpesesibl MPUMEHUMOCTH U He JOJIPKHA CAUTATHCS CAMOOYEBUTHOMN.

[IpakTrdecku BCIOAY MBI UCIOJb3yeM CHCTEMY enuHull i = ¢ = 1, BOCCTaHABIUBAS
h u ¢ TOMBPKO B HEKOTOPBIX UTOTOBBIX (bopMmysnaax u oreHkax. [locrosanas Bosabimvana
kg = 1 Bcerza.

1.1 KBgazuuactuilbl n pyaknuu ['puna.

XoTd MBI ¥ HE COOMpAEMCS TaBaTh MOJHBIA W CHCTEMATHYECKWI BBIBOJ IUATPAMMHOIO
TO/IX0/Ia B TEOPUU MHOTOYACTUYIHBIX CUCTEM, HAYHEM, BCE XK€, C KPATKOTO BBEICHUS 316~
MEHTAPHBIX TTOHATHI U ONpeAeseHu, 1a0bl C/IeJaTh W3JI0KEHNe OTHOCUTETLHO 3aMKHY-
THIM M HATIOMHUTH YUTATEIO OCHOBHBIE WJIEH, JIEXKAIIUE B OCHOBE MIPUMEHEHHUS METOJIA
dyukuit ['puHa B Teopun KOHIEHCHPOBAHHOTO COCTOSHHUSI.

Paccmorpum crawasna caydait temneparypbt T = 0, Koria paccMaTprBaeMasi CHCTEMa,
HAXOJUTCsI B OCHOBHOM cocrostanu. Hadnem ¢ asemenTapHoii 3aga4au 06 0010l KBAHTOBOM
YacTule, JABUKYIIEHCcd B HEKOTOPOM (HE 3aBUCAILEM OT BDEMEHU) BHEIIHEM [OTeHIUAJIe
(monie). Dra cuTyalys ONUCHIBACTCS OOLIYHBIM (HE 3aBUCAIIAM OT BPEMEHHU) YPABHEHUEM
[Ipeauurepa ¢ COOTBETCTBYIIUM TaMUIbTOHUAHOM H :

O0Y(r,t

) — Hi(r,t) =0 (1.1)
ot

BumecTo Toro, 9To0bl HEMOCPEICTBEHHO PEIIATh ITO ypaBHEHNE (C KAKUM — JIH60 HAYaIb-

HBIM YCJIOBUEM JIJIs BOJIHOBOI (byHkImu), BeneM ypasuenue [peauarepa misa gyrryuu

Ipuna G(r,t;x’,t'), 3aBucameii or 06y 3HAYEHUH BPEMEHU W KOOD/IUHAT:

z’a—G —HG=id(r —1")o(t —t') (1.2)

ot
¢ maganbabiM yenosueM G(r,t + 0;1',t) = §(r — r'). @usnvecku, bynkuus ['pura mpea-
CTaBIsET COOOH aMNAUMYDY 6EPOAMHOCU TIEPEXOIA TACTHAILI U3 (HAYAIBHON) TOIKH 1/
B MOMEHT BpeMeHHU t' B HEKOTOpYI0 TOUKy I B MoMeHT t. KBajpar momyis 3roii ammiu-
Tyl TaeT BEPOSITHOCTH TAKOTO MEPEX0d. JDTO JIETKO MPOBEPSIeTCS €CIU MbI BBIPA3UM



1.1. Kazwuacrunsr u ¢pyskmun I prHa. 9

)—YHKIMIO B MOMEHT t + T depe3 )—(pyHKIUIO B MOMEHT ¢ KaK:
P(r,t+71) = /dr'G(r,t + 7't t) (1.3)

Jlerko BHZETH, YTO 5TO BbIpaxkeHue st ¢(r,t + 7) ymosierBopsier ypaprenuio IIIpe-
muarepa (1.1), a mas 7 — 0 oHo coBmagaer ¢ ¢(r,t)6 ¢ y9eTOM HAYAIBLHOTO YCJIOBHUSI
G(r,t + 0;1',t) = 6(r —r’). OueBugHO, YTO MBI JOJIKHBI TTOJNOXKUTh G = 0 nipu 7 < 0,
9TOOBI OGECIIEYNTD BBIMOJTHEHNE TPUHIUIIA, TPAIUHHOCTH.

Beezem renepn Hekoropbiii (mosiHblil) HaGOp cOBCTBEHHBIX (DYHKIMI CTAIMOHAPHOIO
ypasuenus [IIpegunrepa:

Hpx(r) = expa(r) (1.4)

B 3aBucumocTu or paccmarpuBaemMoii 332491, KBAHTOBBIE YUCIA A MOTYT UMETH PA3JIAY-
Hblil dusuveckuit cmpicsa. Eciau 3ana4a (raMuibTOHMAH) TPAHCJISANUOHHO MUHBAPUAHTHA,
A — P, T.e. CBOAUTCHA K UMIYJIbCY 9acTUIbl. /11 cCCTEeMbI 37IeKTPOHOB BO BHEIITHEM MAar-
HATHOM TIOJIE A\ TPEICTABIAIOT cODOM HAOOP KBAHTOBBIX uucen Jlammay. dns gactuiibr,
JIBUKYIIEHCS B HEKOTOPOM MTPOM3BOJILHOM (CIy4aifHOM) MOTEHIMAIE 9TO CyTh (B 00mEeM
CJlydae HaM HEM3BECTHBIEC) KBAHTOBBIE YKMCJI COCTOAHUI, TUATOHATUIUDPY X TAMUIBTO-
HUAH.
Paccvorpum mpocreimuii ciydait 9acTHIbI, ABUXKYIIEHCS B HEKOTOPOM 3aaHHOM
[IOoTeHIHaIe:
p?
H = o +V(r) (1.5)

Jlio6oe pemenue ypasuenus [[Ipeaunrepa (1.1) mMoxker GbITh PA3JIOKEHO 110 HOJIHON CH-
creme coberBennbix (yukuuit (1.4):

Y(r,t) =Y ea(t)ealr) (1.6)
A

Torma MbI MOXkeM niepenucarh (1.3) B Bume ypasHenus 11 K03(OMUIMEHTOB TAKOTO Pas-
JIOKEHUS:

ex(t+7) =Y Gan(r)en(t) (1.7)
v
u HalTHU:
G (1) = /d3rd3r'G(r, ' 7)o (r)on () (1.8)

— dyskmuio ['puHa B mpencTaB/ieHNN KBAHTOBBIX umcesl A. IIOCKOJIBKY @) TOYHOE COD-
CTBEHHOE COCTOsiHME (He 3aBUCSIIEr0 OT BpEMEHH ) FaMWJILTOHUAHa H | IepexoioB B Ipyrue
COCTOSIHUSL HET, Tak 4TO C)\(t + 7) = e~ "¢y (t), re.

Gy (7’) = G)\(T)(s)\)\/ = eiis’\Tg(T) (]_9)

rae (t) =1 ana 7 >0 u 6(7) = 0 ana 7 < 0. Pacemorpum reneps gypbe — o6past:

Gr(e) = % [ T 4 TG () (1.10)

LOrmernm ponosmauTebHbI baxTop 4, KoTopbii Mbr Beesn B (1.10), (1.11), a Taxke nuxe B (1.19),
KOTOPBIN TapaHTHPYET COOTBETCTBHE CO CTAaHAAPTHBIMEH obo3uadenusMmu “ATJ]”. O6brdHO 3TOT daKTOP
IPOCTO BKJIIOYAETCs B onpeneserne ysxkmuu ['puna [1].
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G (7) :i[m ie*m@(g) (1.11)
Torma, mociie 3;1eMEHTAPHOTO WHTETPUPOBAHUS TIOTYyIaeM:
1
Gae)=——— & 0 1.12
A(E) e—ex+id -t ( )

3uak § — 0 BbIOpaH Tak, YTOOBI TAPAHTUPOBATH BhIMOIHEHNE yeiaoBus Gy (7) = 0 npu

7 < 0. HeiictBuTeabHo:
® de e
G =1 ——
AT /OOZWE—E,\—H'(S
[ e for 7>0
10 for 7<0

(1.13)

Yro6bl yOeIUTHCS B 9TOM 3aMETHM, 9TO ITOJAWHTErPAIbHOE BhIPAYKEHUE 3/1eCh MMEET I10-
goc ipu € = €y — 6. Torma g 7 > 0 MOXKHO 3aMKHYTb KOHTYD HHTEIPUDOBAHUS B
HIKHeH MOJyTIIIOCKOCTH KOMIIJIEKCHOM TepeMerHoit € (MockombKy dhakTop e~ 7 obec-
MEYMBAET JKCITOHEHIHAJIbHOE yObIBAHME TOAMHTErPAIHLHOTO BBIPAYKEHUs Ha OECKHEYHO
YZAJIEHHOMN TI0JIyOKPYKHOCTHU B HUYKHEH TTOJIYTJIOCKOCTH ), TAK YTO TOJIIOC MOIMHTErPaIb-
HOT'O BBIPAYKEHWs MOIMAJIET BHYTPb KOHTYPA MHTEIPUPOBAHUS U, UCIOIb3ysd Teopemy Ko-
i, noJsydaeM pesynbrar, npuseaennbiii B (1.13). dua 7 < 0, nyia obecriedenus HyJI€BOro
BKJIaJa OT TIOJIYOKPY?KHOCTH HYKHO 3aMKHYTH KOHTYD WHTETDUDOBAHHUS B BEpXHEH TO-
JIyTIOCKOCTH €. Torma BHYTPH KOHTYpPa WHTEMPUPOBAHMUS MTOJIIOCA HET U WHTErpaJjl paBeH
HYJTIO.
B cmemannom (r, €) — OpeACTABIEHUN [10JIYYaeM:

Glr,r'e) = 3 Gaw () (), () =
AN
€& +id
31ech CymMMa MO A BKJIIOYAET CYMMUPOBAHUE TI0 BCEM CBA3AHHBIM COCTOHUSM U MHTETDU-
pOBaHMe 110 HENPEPBIBHOM YacTh crekTpa. Buam, uro G(r, 1/, £) obiazaer moaocaMu mpu
3HAYEHUAX € PABHBIX £, T.€. SHEPTUSAM CBI3aHHBIX COCTOAHUM, a TakKe pa3pe3 (KOHTHHY-
yM HOJIIOCOB) HA YaCTU JEHCTBUTEILHOI OCH €, COOTBETCTBYIOIEH HEIPEPBHOMY CIIEKTDY.

[Mepeiinem K paccCMOTPEHUIO MHOTOYACTUYHOM cucreMbl. OrpanuduMcst 00Cy XK IeHIeM
cucrembl (MHOrUX) (DEPMUOHOB. AHAJOMMYHBIN aHAIN3 MOYXKHO TIPOBECTU U JJIsi CUCTEMbI
603€e — YACTHUII, HO MBI €r0 OIyCTHM, OTChIJIask YATATeNst K obimM Kypeam [1, 2]. Paccmor-
pHUM CHadYaJa ciaydail Hep3aumoeiicteyomux dhepmMuonos (bepMu — ras). DjieMeHTapHbIe
BO30yXK/EHUs B ITOM CJlydae [PEJCTABJIAIOT cODOM napbl BO30YXKAEHHBIX YacTHI] (HAL
nosepxuocTbio Pepmu) u apipok (mox nosepxuocrbio Pepmu).

Oupenenum dyukuuo Ipuna nys Bo30yxKaeHHO# yactuupl Gy (7), T.€. aMIIUTymLy
[epexo/ia 9acTUllbl U3 HEKOTOPOrO COCTOSHUs A B cocroguue N (1 ciaydas HeB3au-
mozefictByomux GepMuoHOB). IIpr 3TOM MBI JOJXKHBI YUECTh OTPAHUYEHUSs, CBI3aH-
Hble ¢ npuHIUIOM [layiu, T.e. HCKIIOYUTD MEPEXO/Ibl B 3aHATHIE COCTOSTHUSA. DTO MOYKET
OBbITH 0OECIIEYEHO MyTEM BBEIEHHUS B OIIPE/IeSIeHNEe I'PUHOBCKON (DYHKIMHU OMOTHUTEb-
Horo dakropa (1 — ny), rae

n}\_{ 1 for ey <ep (1‘15)

0 for ey >e¢ep
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— gucsio yacrun B cocrosinuu A (pacupenesnenune Pepmu mist T = 0). Torma uveewm:

+ 1 e~ for 7>0
G () =01 n)\)é)\)\/{ 0 for 7<0

(1.16)
Haiinem Temeps aHaIOrMIHOE BHIPpAYKEHME M1 ABIPOK. [[0CKOIBKY YHCI0 CBODOIHBIX MECT
JIJIST TBIPOK B COCTOSTHUM A\ MTPOCTO PABHO 1), MbI TTOJIYYaeM:

_ eerT for >0
G (1) = n)ﬁAX{ 0 for <0 (1.17)

r/le MbI Y9JId, YTO SHEPrUs ABIPKU (OTCYuTaHHas OT ypoBHa PepMu) MPOTUBOIOIOKHO
10 3HAKY YHEPTUN IACTHILHI.

Yno6uo Beectu byukiuuio [puna Gy (7), oupenesentyio kak gjus 7 > 0, Tak u s
T<0:

. G:\"(T) for 7>0
Ga(T) = { -Gy (=71) for 7<0 (1.18)
®ypbe — 00pa3 3Toit (PyHKIMH JIETKO HAXOAUTCA B BUJIE:
oo 0
G,\(&) = —i(l — ’I’L,\)/ dre tEATFieT 4 in)\/ dreierTtieT —
0 —o0
1 —
w = (1.19)

:5—5A+i5 €—¢ex—1id

rae Heobxomaumo Bectu 6 — +0 1yist obecreveHus CXOAUMOCTH. Y I00HO [IEPEIncaThb 3TO
BbIPaKeHHEe KaK:

1
Gi(e) = —— =
A(€) € — e+ idsigne)y
—L__ for ey>¢
Sk T S AT (1.20)
—er—is or e)\<Eef
rze Mbl BBeJIM 3HaKOBYIO (bynkuuio: sign(z) = 1 mua x > 0 u sign(z) = —1 gua z < 0.

Samernm, 9uT0 pypbe — 006pa3 Takoit bynknun ['puHa MMeeT MoJIoC Mpy € pABHOM SHEPTUU
YaCTHUIBI (IBIPKH).

[Tepeiinem Temeph K paCCMOTPEHHUIO CHCTEMBI 8azumodeticmsyrowur depmuonos. Om-
HouacTraHasg QyHKIMs ['PUHA B 3TOM CIydae ONpeeIsieTcs KaK:

GF(rt; 't )iy =< 0| (rt)h™ (x't))[0 > (1.21)

rae |0 > — TouHoe ocHOBHOE cocrosiHve (“BakyyMm”) paccMaTpHBaeMoOl CHCTEMBI, COOT-
BETCTBYIOLIEE 3an0JHeHHol dhepmu — cepe, 1(rt) — BrOpMUHO KBAHTOBAHHBINA OLIEPATOD
dbepmueBckoro moss B refizeH6eproBCKOM MpeacTaBienun [1]:

O(rt) = et (r)e (1.22)

rae H — raMu/IbTOHUAH PACCMATPUBAEMON CUCTEMBI (B3aUMOIeHCTBYI0IUX ) dacTuil. Omne-
parop ¥ (r) Moxker 6bITh CTAHAAPTHLIM 00PAa30M BBIPAXKEH Yepe3 OlEePATOPbI YHUYTOMKE-
HUS YaCTULL @) B COCTOstHUU A (TOryia Kak ¢ aHAIOrMYHbIM 0OPA30OM BbIPAZKAETCH Yepes3

OIIEPATOPHI POXKICHAS a;\"):

d(r) = arpa(r) (1.23)
A
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VYpasuenue (1.21) o4eBUAHO AaeT AMILIUTYLY [EPEXOJA JJist YACTHUIbI, PACIPOCTPAHSIIO-
meiicst u3 rouxu (r't’) B (rt).
AwnanornyHoe BbIpaXKeHWe MOKET OBITH 3AMMCAHO ¥ JJIsT PACITPOCTPAHEHHS THIPKU:

G (rt; ¥t )5y =< 0T (xt)h(x't')]0 > (1.24)

IIe YITEHO, 9TO YHWUYTOXKEHWE YACTHUIBI B 3aJAHHOW TOYKE SKBHBAJIEHTHO POXKICHUIO
JIBIPK.

O6a Bepaskerns (1.21) u (1.24) onpenmenensr aist ¢ > t'. Ya06HO 3ammcarh emIuHOE
BBIpasKeHHe, KOTOpoe Hpu ¢ > ' ONHMCBIBACT PACIHPOCTPAHECHHE YaCTHIBL, a Ipu ¢ < t/ —
pacupocrpanenre apipku (ananorudao (1.18)):

Gt (rt;x't’) for t >t
el 3
Glrt;x't) = { -G (r't';rt) for t<t (1.25)
Jpyrum crmocoboM MOYKHO 3aMUCATH ITO KaK>:
Gz, z') =< 0|T(x)h™ (/)]0 > (1.26)

rze BBeJeHo obo3navenue x = (rt), a cumBosi T—ynopsioueHus O3HAYAET, YTO OlEPATO-
PBI, CTOSAIINE CIIpaBa OT T  PaCIoIaraloTCs B MOPSIKE BO3PACTAHUS BPEMEHHBIX apryMeH-
TOB, TaK YTO OMEPATOPHI, COOTBETCTBYIOMIME 00Jiee MO3THUM MOMEHTAM BPEMEHU CTOST
CJIeBa OT TeX, KOTOPbIE COOTBETCTBYIOT DOJiee pPAHHUM MOMEHTaM, & OOIIUil 3HAK BbIPa-
JKEHMsl OIPeJIeJIieTCsl Y€THOCThIO IIePECTAaHOBOK (DEPMUEBCKUX OIEepaTopoB (HEoOXOau-
MBIX JIJIsl Peasiu3anuy “IPaBUIbHOr0” MOPsAKA PACIOIOKEHs OIEPATOPOB 110 BPEMEHH ).
®opmMaabHOE OmMpeeseHre onepanun 1T —ynopsgoueHrs, 3aNMCTBOBAHHOE U3 KBAHTOBOM
TEOPUU TIOJIsI, UMEeT BUI:

T{F(t)Fa(t2)} = { }_?115282};215‘221) fo;or tlt??tg (1.27)

st (bepMHUEBCKUX OIEePaTOPOB, U

T{B1(t1)32(t2)}_{ g;ggggjgfg g Zziz (1.28)

s 603eBckux oneparopos. ®@yuknus ['puna, onpenenennas B (1.26) 0ObIYHO HA3BIBA-
ercs eitHMaHOBCKOM un mpuaunHoil (T—ymopsaouentoit)®.

ITpu paccmoTpenuy GECKOHEYHOH OJHOPOIHON (TPAHC/SIMOHHO WHBAPUAHTHOM) CH-
crembr G(rt;r't’) = G(r — v/, t — t') u ynobuO BeIMOTHUTH Gypbe — MPeobpa30BAHIE KAK

mot—t,rakumnor—r'’:

G(pr) = /dng(rT)e_ip” (1.29)

2Crargapraoe ompegenenne “ATJ]” OTIMYAETCS TOMOJHHTEIBHBIM MHOMXKHTEIEM —i, KOTOPBIH MBI
VYJIH BBIIIE B [IPU BBIMOJIHEHUU (Dypbe — IpeoOpa30BaHUS.

33amernm, UTO 3TO ONpEJE/eHHE HEe COBIAJAET C ONPEeJeJeHHeM TaK Ha3bIBAEMOIl JBYXBPEMEHHOH
dyuxnuu I'puna Borosobosa — TabaukoBa, KOTOpasi BBOAUTCS B TEOPUH JIMHEHHOrO OTKINKA [12], maxe
ecnu MBI IepefileM B Hell K IpeJesy HyJeBOil Temmeparypsl. lIpemmymmecTBo HCHOIb30BaHUS (eHH-
MaHOBCKHAX (DYHKIIAH COCTOUT B BO3MOXKHOCTH IIOCTPOEHHS JJIsi HAX JHArPAMMHON TeXHUKHU, JArolnei
YVHHBEDPCAJBHBIH METO BHIUUCIEHHUS ITUX (DYHKIUN 10 Teopuu Bo3MyIeHui. J[j1s1 rpUHOBCKHUX (DYHKITHIT
Boromo6osa — TabaukoBa HEKaKOU (yq0GHOM) JuarpaMMHOM TeXHHKH HMOCTPOHTH He ymaercs. Vmeer-
CsI psifi TOYHBIX COOTHOIIEHHH M METO/OB, IMO3BOJISIONINX BBIPA3UTH (pyHKIuu ['puHa Teopun suHEHHOrO
OTKJINKA 4depe3 (eifumanosckue dyuknuu npu 1 = 0 uax gepe3 COOTBETCTBYIOMNE UX 00OOIEHUS yIst
CJIydasi KOHEUHBIX TeMueparyp (MamybapoBckuil dbopmManusMm), 9To Oymer mogpoGHO 00CYKIAATHCSI HUKE
[1, 2].
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e . .
< Olape*7af]0 > o™ 7 >0

G(pr) = { - < 0|ai‘,‘eiH7ap|O > e BT 1< (1.30)

3necy Ep — HEprusi OCHOBHOTO COCTOSIHUSI (B HAIEM CJydae MPOCTO PaBHAs SHEPTUH
®epvn Ep).

IlonATHe KBA3MYACTHUIBI SBJISETCA OCMBICJIEHHBIM, €CJIH OJHOYACTHIHYIO (DYHKIHIO
Ipuna paccMaTpuBaeMoil CHCTEMbI MOXKHO MIPEACTaBUTH B BrAe (T > 0):

G(pr) ~ Ze ®®P)IT=YP)T 1 and ~(p) < £(p) (1.31)

rae {(p) = &(p) — EF, T.e. BBIOEIANTh B Heli BKJAJ, aHAJIOMMYHBIA MO (HOpMe TPUHOB-
ckoit dhyHKIMHU ra3a cBOOOAHBIX (HEB3aUMOIEHCTBYIOMUX) hbepMuoHoB. Y pasaenue (1.31)
o3HauaeT Hajguuue (C aMILUIATYA0H Z B OCHOBHOM COCTOSIHHM) BOJIHOBOIO MAKETa, COOT-
BETCTBYIOLIEro KBa3udacruue ¢ sueprueii £(p) u samyzanuem ¥(p). Mbl 10JKHBI TAKKE
norpeboBarh BbiloaHeHHe ycaoBusd Y(p) < £(p), T.e. MaJOCTH 3aTyXaHUsd, 4TOObI KBa-
3UYACTUILI OBLTH “XOPOIIO Ompeesensr’. AmajornaasiM o6pa3oM, Ipu 7 < 0 MOXKHO
OTIPEeNIETITh TPUHOBCKYIO (DyHKIWIO KBA3HIABIPKA. OKOHYATEIHHO, MBI IPUXOANAM K BbI-
BOJLY, 4TO B cucreme ((hbepMUOHOB) € XODPOIIO OMPEIEIEHHHBIMU KBa3UIACTUIAMA (yphe
— obpa3 dyukuuu I'puna (1.26) Moxker ObITH 3alKMCAH KaK:

1-— Np Np _
60 = 2 { gy )+ e )+ Ol -
Z + Greg(pE) (1.32)

~ e —&(p) + iv(p)sign(p — pr)

Bumgum, 94T0 mMOJI0CA 9TOrO BBIPDAYKEHUS ONMPEIEISIOT CIEKTP KBA3UYACTHUI] U UX 3ATYXa-
Hue. 1o ob1ee cBoitcTBO dyHKIW ['prHa, TO3BOSIONIEE ONMPEIEIUTh CIEKTP KBA3UYIa-
CTWI] B MHOTOYACTHIHON cucTeMe. Beanumna Gyeq B (1.32) onpepenserca MHOrOYaCTHY-
HBIMEU BO30YXK/IEHUSMU U, B DOJBIIMHCTBE CIAydaeB, He urpaer ocoboit pomau. OaHAKO B
cucTeMax C CHJIbHBIMU KOPDesalusaMu (B3aUMOIEHCTBUAME) Mbl MOYKEM BCTPETUTHCSH C
cuTyauueil, Korua KBa3sudaCTUYHBLIX IIOJIIOCOB B (QyHKIuK ['pUHA IPOCTO HET, COOTBET-
CTBEHHO HET M OJHOYACTUYHBLIX BO30YKAeHU (KBA3UIACTHIL), BCE OIMPEIEIAETCA KaK Pas3
BKIAAOM Giyeg, UTO JIETAET aHAJIN3 TOPA3I0 OosIee CIOKHBIM.

Badgem nyxkubl Gyukimn ['puna? IIpex e Bcero, onu 1ar0T HaM OBIUM METO U3y de-
HUsl CIIEKTPA BO30Y2KAEHUIT MHOIrOYACTUYHBIX (B3auMoeiicrByomux) cucrem. OKa3biBa-
ercs Takxke, 94To 3HaHue QpyHKuu ['prHa 1103BOJIET PACCYUTATH CPEIHUE 110 OCHOBHOMY
cocrostauto (T = 0) mpon3BOJILHBIX (PUBMUECKUX XaPAKTEPUCTUK TAKUX CUCTeM. PaccMor-
pUM mpOCThIe TpuMepPHI. VICmomh3yst BBEIEHHYIO BBIMIE 00howacmuywHyto dyukimo ['puna
MOXKHO PACCUUTATH CPEIHUE IO OCHOBHOMY COCTOSIHHIO OT OIIEpATOPOB, KOTOPHIE MOTYT
ObITh IIPEJICTABIEHbl KAK CYMMbI OJJHOYACTUYHbBIX BKJIa/0B (OJHOYACTUYHBIE OIIEPATOPDI)

[25, 11]:
A= ZAi(xiapi) (1.33)

rJe x; IpeJicTaB/lIgeT KaK IPOCTPAHCTBEHHBIE, TAK U CIMHOBLIE IIePEMEHHDbIE, & P; — UM-
mynbehl (OmepaTopbl!) OTAEIbHBIX YACTHI], COCTAB/ISAIONIAX HAIly cucreMmy. THIUYHBIE
IpUMEPBI:

n(r) = Z 5(r —r;) (1.34)

4910 ycoBEe, KaK MBI yBUANM HEIKE, yIAOBJIETBOPsieTCst B Teopun depmu — xugxocTr Jlanmgay, rie
B6m3m mosepxuocTH Pepumu nmeenm: £(p) ~ vr(|p — pr|), Toraa xax v(p) ~ (|p| — pr)? (vr — dbepyu-
€BCKasl CKOPOCTh).
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— oneparop ILIOTHOCTH YaCTHUIl B TOYKE T,
) e
j(r) = — Z pid(r —r;) (1.35)
K]

— IJIOTHOCTH TOKa B TOYKE I' U T.J.
Omneparop A B mpejcTaBIeHUNd BTOPUYHOINO KBAHTOBAHUSI MOXKET OBITH 3aIMCAH KAK:

A= [ oot @A P (1.36)
Pacemorpum dyukuio Cpuna (1.25), (1.26) npu ¢ = ¢/ — 0:
G(z, 2", 7)|r——0 = — < 0|t (2)y(z)]0 > (1.37)

Torza cpeuee 3uauenne A 10C OCHOBHOMY COCTOSIHHIO MOXKET GBITH 3aIIHCAHO KAK:
<A>= /dxA(x,p)G(x,x',T = —0)|p=2r = —SPAG|;=_0 (1.38)

Takum obpazom, Benuuuna G|,—_g, C TOYHOCTHIO JI0 3HAKA, COBIAJAET C OJHOYACTUIHON
Marpureit niaorHoctu pu 1" = 0:

p(a’,x) =< 0T (2")¢(2)|0 >= —Glr——0 (1.39)

s onpezesienusi CpeHero 3HAYEHUs JIBYXIaCTUIHBIX OEPATOPOB:

B= ZBik(xipiQ TEPk) (1.40)
ik

HEOOXOIMMO WCIOIB30BATh deyruacmuynyto GbyHknuio ['puHa, OOBIYHO OMpPemeIsaeMyio
KakK:

Ga(1,2;3,4) =< 0[T¥(1)3(2)0 " (3)y T (4)[0 > (1.41)

u T.11. B 0b1miem ciryuae, mpobsiema HaXOKIeHUS CPEIHIX 3HAYEHUN MHOTOYACTUIHBIX OTle-
paTopoB TpebyeT 3HAHWS COOTBETCTBYIONIMX MHOTOYACTHYHBIX MATPHI[ IIOTHOCTH [25],
KOTOPBIE MOT'YT OBITh BBIPAXKEHBI YePe3 COOTBETCTBYIONIHE MHOIOYACTHYHbIE (DYHKIHH
['puna.

1.2 JImarpamMmHas TexHuHKa. Y paBHeHue /laiicoHa.

Huarpamvbr @effHMana Jal0T 3JETAHTHOE TpadUIecKOe TPeICTaBIEHNE TPOU3BOIbHBIX
YJIEHOB PsIa TEOPWH BO3MyIneHuil mist dyuknuii ['puna. CTaHIapTHBIN METOI MOy dYe-
HUsI KOHKPETHDBIX JUAPAMM CBOIUTCS K U3YUEHUIO PA3JIOKEHUS B PsIJI, TEOPUH BO3MYIIIE-
Huii S—Marpuibl (MaTPULBL PACCESHUs) U UCIOJIb30BaHuIO Teopembl Buka [1, 2]. Ocuos-
Hble TpaduIecKre 3JIEeMEeHTDHI JTI000H TUArpAMMHON TEXHUKH — AuHuY QYHKINE ['puHa
7 6epULUMbL B3AMMOEHCTBH, N3 KOTOPBIX, TIO OMpPEIeJeHHBIM TPABUJIAM, COCTABIISIIOTCS
muarpaMmbl PeiinMana TOM WM WHOM “TOMOJIOrUN’, 3aBUCSINEH OT TUTTA, AHAJTU3UPYEMOTO
B3anmozeiicreus. Huxke Mbl chopMynmnpyem Takne paBuia B sBHOM Buje [1] s mesoro
Ps/ia KOHKPETHBIX B3aUMOEHCTBUI, KOTOPbIE OY/LyT U3y4aThCs B ITUX JIEKIHUSIX.
SamedarebHON 0COBEHHOCTHIO (PEHHMAHOBCKOM JUATPAMMHON TEXHUKH SBISETCS BO3-
MOYKHOCTD TIPOBEJICHUS 2PaPuueckozo CYMmuposaus 0eCKOHEIHBIX (II0T)N0C/IeI0BaTEeIbHOCTE!
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Puc. 1.1: JInarpammubiii BeIBOM, ypaBHenus Jlaiicona.

nuarpamm. Paccmorpum npocreiimuii (H0 u nanbosiee BasKHbI!) mpuMep Takoro cyMMu-
POBaHMs, TAIONIMI BHIBOJ Tak Ha3bIBaeMoro ypasuenns laificona [1, 2]. O6o3nadumnm moy-
nyto Gyukuuio [puna “xuphoit” (uinu “oneroii”’) naunueit, a dynkuuo I'puna cBobosHOl
yacrulpl — “roHkoil” sunueil. [lonnas ammiuryna nepexoga (byukuus [puna) uz Touku
2 B TOYKy 1, OYeBHAHBIM 0Dpa30M, JaeTCs CYMMOR BCEX BO3MOXKHBIX AMILIATYT TAKOI'O
ePexo1a, BO3HUKAIIINX BO BCEX MOPSAAKAX TEOPWM BO3MYINEHWI, T.e. CyMMOW BCEBO3-
MOXKHBIX (heHMAHOBCKUX auarpamm mis dyakmuu ['puna. [Ipokiaccudunupyem stu
auarpaMmbl ciaeayrommuM obpasom. IIpexze Bcero, BblAeaMM auarpaMmy (JIMHHUIO), CO-
OTBETCTBYIOILYI0 PACIPOCTPaHErio cBOOOAHON YacTulbl. OcrajbHble IuarpaMMbl HMERT
CAeAyIoMii BU: /10 HEKOTOPOI TOYKK YACTHIA PACIPOCTPAHIETCS KaK CBODOIHAS, 3aTEM
MPOMCXOIUT paccestue (B3aUMOJIECHCTBHE), IPUBOIAIICE K POXKICHUIO U YHUUTOKEHUIO
HECKOJIbKUX YaCTUIl ¥ JbIPOK (MJIK YK€ 9aCTHUIA TIPOCTO PACCEUBACTCS IPYTMMHU IaCTUIIA-
MU, HAXOIAIIUMUCSA B (DEPMUEBCKOM “MOpe” O MOBPXHOCTHI0 Pepmu), 3aTeM JacTUiia
CHOBa PACIPOCTPAHSETCS CBOOOJHO, IIOTOM IIPOIECCHI paccestus (B3auMOIeHCTBHsL) [0~
Bropsitorcst U T.7. O603HaYMM 4epe3 Y CyMMy BCeX AMarpaMM, KOTOPbIE He MOLYT pas-
JIeJIEHbI HA JIB€ YACTH MYTEM pPa3pe3aHus 00HoU @depmuorHnol sunuu. Takoi “Omox” X
HA3BIBAETCS HEIIPUBOIUMON cOOCMEEHHO — IHep2emudeckoli 4acThio YacTullbl (pepmuo-
ua). Tenepsb jerko yoeaurbes, uro nosHas dbyHKus ['puHa Onpeneiserca ypaBHeHneM
Haiicona, nmoka3zanubiM rpadudeckn Ha Puc. 1.1. B aHamuTuaeckoMm BHUE 9TO CBOIUTCS
K UHTErpaJibHOMY YPaBHEUO BHJIA:

G(1,2) = Go(1,2) + /drgdnGO(l, 3)%(3,4)G(4, 2) (1.42)

Urepupyst 9170 ypaBHEHHE MOJy9IaeM MOJHBIA PsiJi TEOPUU BO3MYINEHUN /1jisi HyHKIH
I'puna. ITocne npeobpazosannsa Pypoe ypapuenns /laficoHa CBOIUTCS K aaredpanaecKo-
My:

G(pe) = Go(pe) + Go(pe)X(pe) G (pe), (1.43)

KOTOPOE Cpasy ¥Ke PeIraeTcs:

G(pe) = 1 (1.44)
e —e(p) — X(pe)

3aeck Mbl yunu sBabIi Bug hyaknuu [puna cBobonHoit yactuisr Go(pe). dcuo aro cob-
CTBEHHO — YHEPreTUIECKas 4acTh 2 (PE) ONPEIEsieT B KOMIAKTHOM BUJIE BCE U3MEHEHUSI
JBUKEHMSI YACTHUIbL, CBSI3aHHBIE C €€ B3aUMOJEHCTBUEM C OCTAJbHBIMHU YACTUIAMMU, CO-
CTABIAOINIIMA HAIIy CHCTeMY. B 0o0meM caydae, cCOOCTBEHHO — dHEPreTudeckas IacThb
ABJISIETCS KOMILJIEKCHOR, T.e. COIEPXKUT JEACTBUTEJbHYIO U MHUMYIO 4acTu (MMEHHO 110-
sToMy MbI onycTud B (1.44) GECKOHEYHO MAJIBbIi MHUMBIH BKJIAJ], OT CBODOIHON YaCTHUIIHI
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1dsign(e — ep)). Pemasga ypasuenue laiicona B kKakom — jub0 npubsiuxkenuu (uiu, B peji-
KHUX CJIy4asX, TOYHO) MOXKHO ONPEIEIUTH SHEPreTUUECKUHA CIIEKTD CHCTEMbI U3 MHOTHMX
B3aUMOJEUCTBYIONX YACTHII.

1.3 ®yskiuu I'puHa 1mpy KOHEYHBIX TeMIepaTypax.

@opmau3m yuknuit ['puHa MOYTH HETOCPEACTBEHHO 00OOINAETCS HA CAydail KOHEd-
HbIx Temneparyp T [1]. HamoMHIM OCHOBHBIE MOJIOKEHUST COOTBETCTBYIONIEro (Mailyba-
POBCKOro) (opMau3Ma, OsITh OrPpaHUINBAAChH, B OCHOBHOM, ciydaeM (epmuonos. Tak
Ha3blBaeMas TepMoauHaMudeckas (Maiybaposckas) Gyukuus ['puna onpejessiercs Kak:

G(p, 72 — 1) = —i < Trap(m2)ag (1) > (1.45)

TJIe MBI UCIUTB3YEM “TIPEJICTABICHUE B3AUMOJEHCTBUS” IS OTIEPATOPOB CAEAYIOIIErO BH-
Ja:
— p(H—pN)T ,  —(H—pN)T
ap(T) =¢ ape (1.46)

rae maiybapoBckoe “Bpemsi” 0 < 11,70 < [ = %, a [t — XUMUYECKHH TOTEHIHAJ.
TpeyronbHbIe CKOOKKM 0003HAYAIOT YCPEIHEHHUE IO OOJIBIIIOMY KAHOHMIECKOMY aHCAMOJIIO
I'ub6ca, koTOpOE yI0OHO 3amucaTh B CAEIYIOMEM BUJIE:

SppA

< A>=
Spp

where p = e AH—1N) (1.47)

rne Z = Spp.

[Ipuumna, no koropoii maiy6aposckas Gpyukuus ['puna G MozkeT ObITh IpescTaBIeHa
(IpaKTUYECKH) TEM Ke CaMbIM JIMArPAMMHbBIM PA3JI0KEHHEM, KaK U KBAHTOBOMEXaHUYe-
ckasg Gyaknusa ['puna G, coorBercrByiomas cay4dar 1T = 0, cocrout B ciaemayromem. Mot
3HAEM, UTO JUATPAMMHOE pa3jioxkeHue s (G HEMOCPEICTBEHHO CJIEAYET U3 3aBUCSIIErO
or Bpemenu ypasuenus lIpenunrepa. Ho crarucruaeckuii omeparop p, 3anucCanHbii B
Bugie (1.47), ynoBierBopsier Tak Ha3bIBAEMOMY ypaBHeHuUto Bioxa:

dp
— = —(H —uN 1.48
o5~ H—#N)p (1.48)
YTO JIErKO poBepsiercd npsmbiM guddeperuuposanuem. BuiHo, 4To cyliecrsyer Hemo-
CPEJICTBEHHOE cooTBeTCTBIE MexK 1y ypasuenuem [[Ipenunrepa (1.1) u ypasuenuem Bioxa
(1.48):
Yv—p H- H—-—uN it—pj (1.49)

[TosTomy, mpocras 3aMena
H—H-uN it—rT (1.50)

BO BCEX COOTHOIIEHUSX MTPEIBIIYIINX PA3/IETIOB MO3BOJISIET CPa3y Ke MOJyIuTh Bce hop-
MaJlbHbIEe COOTHOIIEHUs (M AUArpaMMHYIO TeXHUKY) /uid Maitybaposckux dyukiumii [puna
G NpaKTHYECKW B TOM K€ CAMOM BHjIE, Kak u B dopmanuszme T = 0 1151 KBAHTOBOMEXa-
unygeckux byuknmiit ['puna G. 3amena H — H — N TpuUBOAUT K TPOCTOMY M3MEHEHUIO
HAYaJIa OTCYETa, SHEPIUU YACTHUIL HA BETUYUUHY U

Hy—puN = ((p) — wag ap (1.51)
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T M BCKU pxunu ['pun BUCAT OT “MHHAMOrO BpeMeHH T °, MBI BCe-
Xo arybapoBcKue r a G 3aBucdar ot “ oro BpeMeHmn’ 5, ce

/I3 MOYKEM BEPHYTHCS K PEATIHHOMY BPEMEHU ITyTeM 3aMEHbI (B KOHEYHBIX BHIDAYKEHUSX )
T — it, WU, CTPOTO TOBOPsI, MyTEM AHAJUTHIECKOTO MPOIOIKEHIS MAILyOAPOBCKUX BhI-
paKeHuii ¢ OCM MHUMOI'O Ha OCh JICHCTBUTEJIbHOI'O BPEMEHU.

Kak mbl y:ke orMeruiiv Bbiiie, Besuaudbl 71 U T2 B (1.45) usMeHsoTCH HA MHTEPBAJIE
or 0 go B. CooTBeTCTBEHHO, JJis TOrO YTOOBI BBIMOJHUTH peobpasoBanue @ypwe mo 7,
MBI JTOJI?KHBI BBECTH (DYHKIINIO0 § TEPUOTUIECKY TTPOIOIZKEHHYIO HA WHTEPBAJ OT — 0O JI0
oo. Torma mMoxkHO 3amucarsh npeobpasoBanue Pypbe B BuIe:

g(PT)Z% > e G(pwn) (1.52)

rJe CyMMHUDPOBAHUE BEIETCS MO JUCKpPeTHOMY Habopy (MarybapoBCKUX) 9aCTOT w, =
7nT'. Torna:

L,
G(pwn) = 5/ dre™""G(pr) (1.53)
-8
Pasuocts “Bpemer” T = 7o — 71 u3MeHsiercsa Ha uHTepBase (—[3, ), MOCKOJbKY Kak T,
Tak U To usMenstorcsa ua uarepsaie (0, ). @yukuus G(pPT) MEPUOAMUIECKH IOBTOPSETCs

ua unrepsaaax (—0, ), (8,30),(358,50), ..., (=38, =0), .... Juga cucrembl, cocrosiueii u3
bepMuOHOB, YeTHBbIE 3HAYEHUS N BBIIAJAIOT U3 paia g G(PT) u3—3a HEOOXOAUMOCTU
VIOBJIETBOPUTH YCJIOBUE “QHTUIEPUOIUIHOCTH :

G(p,7)=-G(p,7+p) for 7<0 (1.54)

CrupaBeyInBOCTb 3TOrO COOTHOIIEHUS JIETKO MPOBEPSAETCH € MCHOJIb30BAHUEM CBOMCTBA
mmypa SpAB = SpBA. Hdua 7/ — 7 > 0 umeem:

[ - —p
G(p. 7 — 1) = 5 Spe™ P Nag (7 )ap(r) =

- %Spap(T)e*'B(H*“N)ag(T’)e =

i — —p —p — —p
= — Spe  AH=RN)BH=pN) ¢ ()= BH 1N)a;r(71):

= L Spe Va7 4 B ()
(1.55)

njaimn

G(p,7—7)=-G(p.7— 7' + ) (1.56)

gro pu 7/ = 0 u gaer Ham (1.54). BHaK MHHYC MOSIBJISIETCS 3/IECh N3—33 AHTUKOMMYTa-
rusHoctu dhepmueBckux oneparopos. [loncrasiss (1.54) B (1.52) Bugum, 4T0 BCe BKIaIbI
C YeTHBIMHU 1 OOPAIAIOTC B HY/Tb. TakuM 00pa3oM, 11 (pepMUOHOB MbI BCETIa, JOTIKHDI
paboTarh C HEIETHBIMUA MAIyOAPOBCKUMU YACTOTAMHU:

Wy = w =(2n+ 1)nT (1.57)

5Bemwauna T 6biia BRIGpana BhME AeACTBETENBHON, HO (bynkims ['puna G Moker GbITH TIOTy4eHa
u3 G 3aMeHo# it — T, TaK ITO B (popManu3Me TepMOAUHAMUIECKUX (DYHKIWH ['puHa MBI HMeeM aeso ¢
[epexosoM K ¢ = —iT, T.e. K “MHIMOMY BpeMmeHH".
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st 6030HOB, AHAJIOTUIHBIM 00pa3oM, B psaxy Pypbe 11 TepMOTUHAMAIECKON (DyHKIIT
I'purHa ocTarOTCS TOIBKO BKJIAIBI OT YETHBIX YACTOT:

_ 2nm

Wy = —— = 2n7T 1.58
3 (1.58)

Boseparnasich k Beipaxkenusim (1.16), (1.17) u (1.18) 1yist rpuHOBCKUX QYHKIMI CBO-
60mubIx gactull npu 1T = 0, MbI MOXKeM 0€3 Tpy/ia BHIIUCATH MAIyDAPOBCKYIO (DYHKITHIO
['puna:

Go(p, 72 — 1) = —i{0(12 — 11)(1 — n(p)) — O(11 — Tg)n(p)}e_(s(p)_”)(”_”) (1.59)

e n(p) = [P~ 41171 — pacupenenenne Pepmu npu KoHEUHOH Temmeparype 1.
Taxkum obpasom, crymnenydarsie PyHKINUM, BXOasue B onpenenenne Gg npu T = 0 “pas-
MbIBalOTCS” 3 dekTaMu KOHEUHON TeMIepaTyphl, YTO MPUBOIUT K OJHOBPEMEHHOMY TIO-
SIBJIGHUTIO YACTHUI] U JBIPOK B COCTOSTHUM C 33JJAHHBIM UMITYJIBCOM P.
Honcrasass (1.59) B (1.53) naxomum®:
i
Go(pwn) = P wnp = (2n+ )T (1.60)

C eIWHCTBEHHBIM OTJUYUEM, CBA3AHHBIM C MTEPEXOIOM K IUCKPETHBIM YACTOTAM, IHa-
rpaMMHas TeXHUKA s Maiybaposckux byuknuii ['puna npu KoHedHBIX 1 HpaKTHIe-
CKU UJEHTUYIHA C KBAHTOBOMEXAHWYIECKOH auarpammuoi texuukoir npu 1 = 0. [Toxmas
dyukus ['puna onpenensgerca u3 ypasuennsa /laiicona:
1
G(pwn) = - , wn=02n+1)aT (1.61)
iwn —&(p) + p — L(pwn)

[Moguepkuem ogHAKO, 9TO MalyOapoBckue (yeknun I'prHa HE UMEIOT CMBICIA KAKUX —
6o “amiuryy nepexond” (byHKIMI pacupocTpaHeHus) KBAaHTOBOI Teopun (110Jist).

[IpoBong pacderst MarybapoBcKux GpyHKIHi ['prHa, MBI MOXKEM, B IPUHIIUIIE, HARTH
JIIOObIE TEPMOIMHAMUYECKHIE XaPAKTEPUCTUKYA MHOIMOYACTHYHBIX CHCTEM, HAXOISIIUXCS
B paBHOBECHOM cocTosiHnn. Qnucanne mpou3BOJIbHBIX HEPABHOBECHBIX ITPOIECCOB MOXKET
OBITH TPOBEIEHO Ha OCHOBe 001ero dhopmasnnsMa rpuHoBcknx dbyrkuunii Kengpima [2] n
pa3pabOTAHHON UM CIEIUAIBHON auarpaMMHuOil Texauku. O HAKO 00CY K IeHNe HEPABHO-
BECHBIX MPOIECCOB HE BXOIUT B 33]a4W HAIIErO Kypca.

631ech cHOBa BBeIEH MOIOJHUTETbHBIN (mo cpaBHEHHIO CO CTaHJAPTHBIMU ObGo3HadeHusMu “ATJ1”)
MHOXKATEJb ¢, KOTOPBIH mosiBusicst Boime B (1.45).



I'1aBa 2

SJIEKTPOH —
SJIEKTPOHHOE
B3AVMOJIENICTBUE

2.1 IIpaBusa gmarpaMMHOI TEXHUKW.

Paccmorpum cucremy B3aumomeiicTByOmuX (HepeaaruBucTckux) dbepmu — gacrul. B
JasbHeNIeM, B OOJIBIINHCTBE CIy9aeB, IMEETCs B BUIY CHCTEMa 3JIEKTPOHOB B METAJLIE.
lamuibroHMaH B3aUMOIEHCTBUS 3AIUIINEM B BHJIE:

Hint = %/dhdl‘zwi(h)wg(rz)v(h = 12)Y3(r2)va(r:) (2.1)

rae V(r) — noreruman (craTmueckoro) p3ammogeiicrsus gacrun, 7 (r), 1, (r) — onepa-
TOPBI POXKACHUA U YHUUTOKEHUs (PEPMUOHOB B TOUKE I', (v — CIIMHOBBII WH/EKC.

O6mupe mpaBuiIa JUArpaMMHON TEXHUKH JIJI BBIYHUCJIEHHS MOMPABOK O B3aNMOJeii-
CTBHUIO K 0dnouwacmuunol gynkyuu I'pune B IMIyIscHOM mpencrasieHun G(p) chopmy-
muposanbl B [1]. IIpuBenem ux cBOAKY /st ciydast HyseBoil Temneparypsr T = 0:

e JIlmarpamMma m-T0 TOPsIKa MO B3aMMOIEHCTBHUIO COIEPXKUT 2n BepiiuH, 2n + 1
CILIOIIHBIX (3JIEKTPOHHBIX) JIMHUA ¥ N BOJHUCTHIX JIMHUI B3aumoueiicrsus. Beem
JIMHUSAM TIPUIKACHIBAIOTCS OIPE/eIeHHbIE 4—MMITyJIbChl, KOTOPbIE COXPAHHAIOTCS B
BEpIIMHAX B3aUMO/IEHCTBUS.

e JjiekTpony (HepMHUOHY) COMOCTABIAETC CNAOWHAA TAHUSA, KOTOPOH COMOCTABIIS-
ercs BbIpazkeHue it ¢60000notl GyHknyuu ['puna:

_ Oas
Golp) = 2= £(p) + idsigné(p) om0 (22)
npuYIeM )
§(p) = 5 — n~vr(lpl — pr) (2.3)

— DHEPreTUYeCKuil CIIeKTP CBOOOIHBIX (hEPMUOHOB, SHEPTHsT KOTOPHIX OTCYUTHIBAET-
cs ot ypoBhs Pepmu (XUMUYECKOTO IIOTEHIUAIIA (1), PF ¥ Up — UMILYJIbC U CKOPOCTh
Ha noBepxHOocTH DPepmu.

19
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o Boanucmoti iunuu conocrasisiercs Gypbe — obpa3 norenumaiaa V(q).
o ITpoBoauTcst nHTErpUPOBAHUE 110 T HE3ABUCUMBIM UMILYJIbCAM U 9aCTOTaM (4—MMILyJIbCaM).

o Bosmukmee pbIpazkenne ymoxkaercs na (7)™ (27) 4 (2s+ 1) (=1)F, rne F — aucio
3aMKHYTHIX (PEPMUOHHBIX TETelh, & § — cuH (epMuoHa (1151 37eKTpoHa s = 1/2,
TaK 4To y Hac Bcerma 2s + 1 = 2).

Jns cnyuas KOHEIHBIX TEMIEPATyp, B MamybapoBckoil Texuuke [1], cooTBercrBytomue
IpaBUJIa J1Jist BBIYMCIIeHKs NONpaBKu k—ro nopsika mis G(e,(p)), bopmynupyorcs rak:

e [Tuarpamma k—ro mopsiaka uMeer 2k Bepuiud, 2k + 1 crijIonrabIxX (3/IeKTPOHHBIX ) JIA-
Huil u k BosHUCTBIX JinHUil (B3auMozeiicrBus ). JIMHUAM COOCTABIAIOTCS HMITYJIbChI
u (Maiy6apoBCKKE) 4acTOThl, YJOBIETBOPSIOIINE B KAXK/ION BEPIIMHE 3aKOHAM CO-
xpanenus. Jacrorbl 603eBCKUX JuMHMIA Beerga derHble (w,, = 2rm7’), a 4acTorbl
dbepmueBckux nuHME — HedeTHBIE (£, = (2n + 1)7T).

e [lo BceM HE3ABUCHMBIM MMITYJIHCAM W YACTOTAM JIHATPAMMBI TPOU3BOIUTCS WHTE-
rPUPOBAHNE U CYMMHPOBAHHUE.

o Kaxkoii CrjIONTIHOMN JIMHUU ¢ UMITYJIHCOM P U YaCTOTOM €, COTIOCTABJISIETCS BHIPA-
JKeHue:

da
Go(enp) = m

a KasK /10l BOJIHUCTOM JINHNY C UMITYJIbCOM U Y9aCTOTOM wy, conocrapsiercs V (q).

(2.4)

k_TF F F

e Ilepe/ MOy Y€HHBIM BBIDAYKEHHEM CTABUTCSH MHOKHATEND (—1) W(25+1) (=",

rae F' cHoBa 00603HAYaET YUCTIO0 (PEPMUOHHBIX MTETEIh JUATPAMMBI, 8 § — CITHH (hep-
MWOHa, (JIEKTPOHA).

2.2 DJeKTPOHHBIN ra3 ¢ KyJJOHOBCKUM B3aMMOI€CTBU-
eM.

Ecsiz nomnbrrarbest 3aHATHCSA TPAMBIMYU BEIYUCIEHASIMA TOMPABOK K MyHKIwME ['puHa s/1eK-
TPOHA B HOPMAJIHLHOM METAJLIe, PyKOBOACTBYSACH C(HOPMYINPOBAHHBIME BBIIIIE IIPABUIAMUA
JUArPaMMHOI TEXHUKH, TO CPa3y OKAXKeTCsd, YTO COOTBETCTBYIONINE BBIPAYKEHUA PACXO-
JATCA U3-3a CUHTYJIAPHOIO XapaKTepa KY.A0H06CK020 B3aUMOJeRCTBIAA IPU MAaJIbIX IIepe-
JaBaeMbIX UMIYIbCaX q:

Via) = — (2.5)

9TO SBJISIETCS HEMOCPEICTBEHHBIM CJIEICTBUEM IAJIBHOIEHCTBYIOIIErO XapaKTepa KyJIo-
HOBCKOT'O B3amMMOIEHCTBHUS. IJTa, MPOOIEMa YCTPAHSIETCS CYMMUDPOBAHUEM OECKOHEUHOM
[TOCJIeIOBATEILHOCTH THArPAMM, OIMCHIBAIOIIEH IKPAHUPOBAHUE KYTIOHOBCKOTO TIOTEHIIH-
aJia, CBOOOIHBIMU JIEKTPOHAMH.

st aToro BBOAUTCSA 3()PEKTUBHOE B3AMMOICHCTBIE, M300parkaeMoe ‘“*KUPHOI’ BOJI-
HUCTOI JIMHUEN, KoTopad OIpeaeideTcd MOCJAeI0BATEIbHOCTHIO JUarpaMm, MOKAa3aHHOMN
ma Puc.2.1, rue noasapudayuornwili onepamop NaeTcs CyMMOI IuarpamM, MOKa3aHHBIX
na Puc.2.2. BakHO MOgYepKHYTH, 9TO B Pa3/IOKEHUH, MMOKa3anuoMm Ha Puc.2.2, orcyr-
CTBYIOT rpadUKy, pa3pe3aeMble IO OIHOM JMHUY B3aANMOAEHCTBYS, TUIIA, MOKA3AHHOTO HA,
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Puc. 2.1: T'paduueckoe onpenenenne 3pHEeKTUBHOrO B3aNMOILHCTBHSI.

@O ®D®

Puc. 2.2: JlnarpamMmbl [1isi HEIPUBOIUMOIO MOJISIPU3ANAOHHOIO OIIEPATOPA.

Puc. 2.3: IIlpumep mpuBOANMOIT TUATPAMMBI.
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nc.2.3, TaK 4TO 3TO PA3JIOXKEHHUE OIPEIEIISIeT HeNnpueoduMvll MONIPU3ALNOHHBIA OlIe-
Puc.2.3, 0

parop. Torma pazmoxkenue, mokaszanuoe Ha Puc.2.1 aHAJIOTMYHO TIO CMBICTY YPaBHEHUIO
Haiicona. B ananurndeckom Brie 3(pQPEKTUBHOE B3aNMOIEHCTBIE 3aMCHIBACTCS KaK:

V(qw) = V(q) + V(q)ll(qw)V(qw) (2.6)

DddekrnrHOE B3anmoeiicTBre V(qw) sIBIIsieTCs1, BOODIIE TOBODST, 3aBUCSIIM OT Ya-
CTOTBI W, ITO COOTBETCTBYET y4uery 3(P(PeKTOB 3ama3ablBaHUs, CBI3aHHBIX C XapaKTep-
HBIM BpeMEHEM JIEKTPOHHOI'O OTKJ/IMKa Ha MI'HOBEHHOE KYJIOHOBCKOE BSaHMOﬂeﬁCTBHe.

Permrast ypasuenne (2.6), nonydaem:

V@ V@
V) = T g tiqw) ~ elaw) 27

r/le BBEJIU JIUJIEKTPUYECKYIO PYHKIMIO (IPOHUIIAEMOCTD):
€(qw) =1 -V (q)Il(qw) (2.8)

Tax maseiBaemoe mpubamKenne xaotmaecknx ¢as (RPA) ! coorsercrsyer mcrnomn3ona-
HUIO TIPOCTEHIIEro BaphUaHTa TOJSPU3AIMOHHONO OTEPATOPa, MOCTPOEHHOTO Ha CBODOM-
muIx bynknuax I'puna (T.e. m3obparkaeMoro mpocTeiinneii quarpammoii Puc.2.4(a)) 2:

d*p
—1Go(p+ 0)Go(p) (2.9)
(2m)

Coorsercryiomiee a3 dekTuBHOE B3auMo/eiicrBue onpejessiercs roraa rpadukavu Puc.2.4(b).
dro ypasuenue s 3GHEKTUBHOIO B3AUMOIEHCTBUS MOXKHO TIPEJICTABUTH €I U IPYTOM
BUJIe, TTOKa3aHHOM Ha Puc.2.5(a), e BBe/IeH MPUBOIMMBII MOJIAPU3AIMOHHEIH OTepaTop
II(qw), onpenensiemsrii rpadbukamu Puc.2.5(b):

o (qw) = _2i/

V=V+VIV (2.10)
N3 Puc.2.5(b) sicHo, uro:
. I,
= ——— 2.11
1 -Vl ( )

Torma u3z (2.10), ¢ ucnonszosanuem (2.11), norydgaem:

V=V(1+ﬁV)=V<1+ MoV >:

1— VI
V Vv
= = — 2.12
1—VHO € ( )

4gTo coBnazaer ¢ (2.7), ¢ AU3IEKTPUIECKON MPOHUIIAEMOCTHIO, B3ATOH B NPUOIMKEHUN
RPA. Boipaxkenue (2.11) onmcbiBaeT HOIHYIO NOJSAPU3yEMOCTb CUCTEMBI.

AnamorngabiM 06pa3oM MOXKHO moTyduTh 1 RPA — BbIpakenue Jjis MArHUTHON BOC-
MPUAMYUBOCTH. [IJIsT 3TONO HY?KHO pacCMOTPETh OTKJIUK CUCTEMbI Ha OECKOHEYHO c1aboe
BHEIITHEEe MATCHUTHOE M0JIe, TIePEBOPAUYNBAIOIIEE JIeKTPOHHBIHM cruH. Omyckas TexHmde-
CKMe JeTaju, 3aMeTHM, UTO JJIsi 9TOrO JOCTATOYHO PACCMOTDETH IMOCIEI0BATEIHHOCTD
Juarpamm, nokazauyio Ha Puc.2.6. Eciu umerb BBuy nomy/sipayio Mozens ¢ (Toded-

197a TePMUHOIOrHST HOCHT YHMCTO HCTOPHYECKHH XapaKTep.
23amMeTHM, 9TO B JTUTEPATYpe TAaCTO HWCIOIB3yeTcs ompenerenue 11(qw), oTmmuaromeecs 3maxoM [5],
MBI 2Ke puaepKuBaeMcst 06o3Hadennii kuurn [1]
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ptaq

a)

Puc. 2.4: Ilpubnuxenue xaorndeckux das (RPA) mj1g noaspusanuoHHOro oneparopa u
3 dHEKTUBHOrO (SKPAHMPOBAHHOrO) B3aUMOIEHCTBHIA.

O O

Puc. 2.5: IIpencrasienue 3¢pdekTUBHOrO B3aMMOIEHCTBYSA Y€pPe3 MPUBOAUMbINA TOJITPH-
3anmoHHbIi onepartop II.



24 Imasa 2. DJIEKTPOH — 9/IEKTPOHHOE B3ANMO/ENCTBIE

Puc. 2.6: /lnarpamMmbl I MAarHUTHONW BOCIPUUMYUBOCTH. + ODO3HAYAIOT HAIPABJIEHUE
CIUHA.

HBIM) “Xa00apmoBCcKuM” B3aUMOJEHCTBHEM 3JIEKTPOHOB Hint = Un;pn,| 911 1uarpaMmbl
JIEFKO CYMMMPYIOTCS U JIAI0T:

X(qw) = % (2.13)

rae xo(qw) nponopimonasnbao Iy (qw) u3 (2.9):

xo(@w) = ~3%hlo(@w)  To(aw) = ~— xo(aw) (214
g U

rJie ¢ — TMPOMArHuTHOE oTHOmeHne (00braHo g = 2). OTMETHM M3MeHeHWe 3HAKA B 3HAa-
menarese (2.13) no cpasuenuto ¢ (2.8). D10 cBsu3aHO ¢ TeM (HAKTOM, YTO [IPU PACIETE
e(qw) MBI mmenm memo ¢ (yHKIHeH OTKIMKA THMA MIOTHOCTH — IJIOTHOCTH W CYyMMU-
poBaJ TeTn (KazKJI0H U3 KOTOPBIX COMOCTABJIACS) JOMOJHUTEIbHbIA MHOKUATEb — 1.
31ech e, TIPH pacyere JMHERHOTO OTKJINKA, MbI cymmupyem (cM. Puc.(2.6)) “mectany-
Hble” AUarpaMMbl ([ETIU 3AMPEIIEHbl U3-33, COXPAHEHUS CIIUHA, — JIMHUU JaCTHUI] U JTHIPOK
Ha Puc.(2.6) coorBercrByoT pa3sHbIM HANDPABJIEHUSM CIKMHA). TeMm He MeHee, BbIpAXKeHUs
st €(qw) u x(qw) BIIOJIHE AHAJIOTUYHBL U OUPEAENsAoTcs, (haK THIECKHU, OJHON U TOH Ke
sesmuannoit Iy (qw) u3 (2.9).

2.3 TIlongpu3alimoHHBII OmepaTop JJid ra3a CBOOOIHBIX
3J1eKTpoHOB nipu 1" = 0.

[Mpucrynum k pacuery Ilp(qw), onpexesnsiemoro Boipazkenuem (2.9). DKBUBAJIEHTHAS 3a-
MIUCHh UMEET BUJI:

3 oo
Ty (qw) = —2i / (%’3 /_ ) g—iGo(5+p+)Go(e_p_) (2.15)

rmeer =+ 3, pr=p=* %q. B paccmarpuBaemom mHTErpasie HamboJIee CyIeCTBeHHbI
obacTy WHTErpupoBanusa BOMK3U moBepxHOCcTH Pepmu, modToMy mpu ¢ K pPrp MOIKHO
mammcath |p+| = p + Lqcos6, rae § — yron mexay sexropavn p n q. Torza:

1
ColePe) = e o) + ivsigné=(p) (210)
rue .
:(p) = &(p+) = £(p) £ gurgeoss (247)

Nurerpuposanue 10 € B (2.15) MOXKHO IPOBECTH, 3aMblKas KOHTYD MHTErDUPOBAHUS B
BEpXHEH MOy TIIOCKOCTH KOMTIJIEKCHOM MepeMeHHOM € U PACKIa/IbIBAS TPON3BEICHUE JIBYX
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G na npocreitmue apobu. UHTErpan oTiuyaeH or Hyss, €C/id moaoca 0denx ¢yHKIwii
I'puna G jexkar B pa3HbIX MOIYILIOCKOCTSX. B urore mogydaem:

o de
/_OO (e+ % =&y +idsignéy)(e — & — & +idsigné_) -
2mi(n(¢-) —n(&4))

T w—upqcosf + i0(sign&y — signé_) (2.18)
rae:
1 npm <0
n(§) = { 0 HEH g; 0 (2.19)

— depvuesckasa dyukiusa pacupenenenns npu 1 = 0. I[Tockoapky HAc uHTEpECyOT Ma-
able ¢, pa3uocth n({_) — n(§4) OTAMYHA OT HyJs B TOHKOM CJO€ BOIM3HM MOBEPXHOCTH
®epmu. [ToaTOMY, BMECTO TTOTHOTO WHTETPAJIA IO P MOYKHO CUNTATH WHTErPAJI TI0 JINHEeA-
PH30BAHHOMY CIIEKTPY &, MOJIb3YsICh TPOCTHIM MTPABUIOM:

d3p Vp > L
—_— K — 2.2
/(%)3 . 7ood§/71d(cose) (2.20)
rie
mpr
VEp = m (2.21)

— IUIOTHOCTH COCTOsiHuit Ha ypoBHe Pepmu B pacdere Ha OJHY IPOEKIUIO cnuHa. B 3aBu-
CUMOCTH OT 3HaKa cos ) BO3MOXKHBI JIBA CIIyYasi:

1. cos > 0 - rorma Burpaxenue (2.18) ormmano or myms mpu —“5lcosh < £ <
24 cos B, mpuaem n(-) —n(éy) = 1;

2. cosf < 0 — rorma sorpaxkenme (2.18) ormmymo or myms mpm “5Lcosf < £ <
_VFrg

£ cos @, mpuaem n({_) —n({y) = —1.
B pesyibrare, ocraercs CJaeayOmuil HHTErPA MO yITaM:

vpqcosf

1
Iy(qw) = VF/ dcosf (2.22)
-1

w — vpqcos b + idsignw

Tor HUHTErpaJl BbIIUCIAEeTCA HEIIOCPEACTBEHHO, C UCIIOJIb3OBAHHUEM COOTHOIIECHUA:

1
d
/ T _A+iB (2.23)
1 To — & + idsignzg

0 mpu |xo|>1

1
A=-2+2x9ln x0+1‘ B = —mxg mpu 0<zp <1
To = g Tpm —1<x9<0
B urore momy4aaem:
Ho(qw)——Ql/F{l— d ln}w—’_qu L im el g <1—M>} (2.24)
2vpq  |w—vrq| 2 vpq VFq
s w = 0 umeem:
Iy(qw =0) = —2vp = —N(EF) (2.25)
r7ie BBEJIU:
m
N(Ep) = 2vp = 2L (2.26)
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— IUIOTHOCTH cocTosHuil Ha ypoBue Pepmu misi obenx npoeknwmii cimua. [Ipu w > vpq
nMeeM:

1 U2 q2 3 U2 q2
o (qw) ~ N(EF)g 52 (1 +z 52 ) (2.27)

[Monyvennnie popmysbl OyayT HEOTHOKPATHO MCIOJIb30BATHCS B TaJbHEHIIIEM.

2.4 IwsneKTpudecKas ITPOHUIIAEMOCTh 3JIEKTPOHHOTO ra-
3a.

Ucnonb3ys (2.25) B (2.8) nosyvyaem Au3IeKTPUYECKYIO [IPOHUIIAEMOCTb, COOTBETCTBYIO-

iyt o6bruHol (nebaeBcKoil mwin Tomac — GEePMUEBCKOI) SKPAHUPOBKE:

2

K
€(q,0)g—0 =1+ q—’; (2.28)

re KBaJIpaT 0OpATHOTO PaanyCa SKPAHUPOBAHUS €CTh:

4 2 2
K2 = dre?N(Ep) — 2 mpr _ bmne (2.29)
™ EF

3
e n = ;’% — IJTOTHOCTD 371eKTPOoHOB. Torna ¢pypbe — 06pa3 3pPEeKTUBHOTO B3aNMOIeH-

CTBUA €CTh:

4me?

V(q,0) = —— 2.30
@0)= 7 (2.30)
B KOOpAMHATHOM MPECTABICHUN ITO COOTBETCTBYET MOTEHIUAY BUIA:
02
V(r) = —e 0" (2.31)
r
Ecnu ucnonw3osars B (2.8) acumnroruky (2.27), To B npezene ¢ — 0 mosydnm:
2
w
e(w)=1- w—g (2.32)
rze KBaApar IJIA3MEHHON YaCTOThl OIPENessiercs OObIYHbIM BbIPDAYKEHUEM:
4rne?
2
w. = 2.33
A (2.33)

YuaurbiBas BKJIaJ BTOPOro cjaraemoro B (2.27), u3 ypasuenus €(qw) = 0 HAXOIUM CIEKTD
ITA3MOHOB B BH/IE:
3
20N _ 2 2 2

(@) =+ Svha (2.34)
BoJiee akkypaTHbIH aHAIN3, ¢ yIeTOM MHUMOI 9aCTH MOMSAPU3AIMOHHOIO OIEPaTOpa, I03-
BoJIsieT NpoaHau3upoBarh ux 3aryxanue [5, 10]. IIpu pocre ¢ cuekrp (2.34) nonasaer B
00J1aCTh SHEPTHUil OMHOYACTUIHBIX BO30YKIeHNi (Map JacTula — JbIPKa), KaK 3TO MOKa-
3aH0 Ha Puc.2.7(a), rie BOZHUKAET CUIBHOE 3aTyXaHUE U MJIa3MOH MCYE3aeT KaK XOPOIIO

OomnpeaeJIeHHOe KOJIJIEKTUBHOE BO36y)KﬂeHI/Ie CHUCTEMBI.
DHeprusi BO30YKEHUs MAPbl YaCTHUIA — JbIPKA B CUCTEME CBODOIHBIX (hEePMUOHOB:
_(+a?® p* _ap ¢

0
_ == _F _ 2,2 2.35
“pa Spta e 2m 2m m + 2m ( )
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(a) (b)
w o Im x(g,w)
a0
N~
-
~_ allowed
~~_ particle-hole
excitations

2kp q qur w

Puc. 2.7: (a) - BamrpuxoBana 06acTb pa3pelieHHblX 3HAYeHUil SHeprur Bo30y K AeHust
9JIEKTPOH JBIPOYHBIX T1ap B hepMu-cucreme — 061aCTh 3aTyXaHus m1a3MoHOB. (b) - Mau-
Mast 9aCcTh 0DOOIIEHHON BOCITPUUMYUBOCTH MJIOTHOCTH — IIJIOTHOCTh B KAHAJIE YACTUIA, —
JIBIPKA.

CroekTp 3TuxX BO30YXK/IEHUI C UMILYIECOM ¢ 00pa3yeT KOHTHHYYM, J€XKAIMUHA B IPEIEIax:

2
qapr q
0<w,, < ~—+ — 1pu <2
="pa =" o pu g PF
2 2
SR LI o 0 < PE LI g > 2p (2.36)
m 2m m 2m

Dra 06IaCTh W MOKa3aHa 3AIITPUXOBAHHONR Ha Puc.2.7(a). B ganpHelmeM MBI eIe MOKaskeM, ITO MHH-
Mag dacTh (2.24), mpu w > 0, ¢ TOYHOCTHIO IO 3HAKA COBIAIAET C MHUMOW YacThIO (DYHKIUH OTKJIMKA
(06061eH O BOCIPUMMYHBOCTH) MIIOTHOCTH — IJIOTHOCTH, YTO MOKa3aHo Ha Puc.2.7(b).

ITo cmbIcily npOBesEHHOrO BbIlle pacyeTa sCHO, 4TO Bbipaxkenue (2.24) cupaseiyiu-
BO TOJIBKO B 00siacTé MaJibiXx w u ¢. PaKkTUIecKu, MOJIAPU3AMUOHHBIA OIEPATOP MOXKET
6bITh paccuuTaH jid 1pou3BoiabHbiXx ¢ U w (J.Lindhardt, 1954). IIpusenem pesysbrarbt
COOTBETCTBYIONINX pacueToB [5]. CraTudeckas qUaIeKTpUYecKas MPOHUIIAEMOCTD JaeTcst
CJIEIYIONIAM BBIDAYKEHUEM:

dme’pp q
E(an) =1+ T(]Qu % =

g (2 1/3Eu(x)—1+066r e\, (0 (2.37)
B 9 z? N T g 2pF )

1{ 1 — 22 ‘1—|—x

rae

} (2.38)

B (2.37) BBEIEHO CTAHZAPTHOE B TEOPHU JEKTPOHHOrO ra3a 0603HAYEHUE T's, KOTOPOE OIPEIENISIeTCs

1—=x

4Tr7‘2a8 1 _ hm? .-
COOTHOMIEHMeM ———* = -, T7e 1 — IJIOTHOCTb 3JEKTPOHOB, a9 = ;5 — GopoBckmit pammyc. Taxmm
06pa30M BEJIMYUHA T's IPEACTABIAET CO0OH CpeaHee PACCTOAHHE MEXKIY JEKTPOHAMH B eQMHHUIAX 00-
POBCKOTO Pa/iyca.
ITapamMeTpoM masnocTu paccmarpupaeMoit Teopun (RPA) siBisieTcss OTHOmEHWE XapaKTEPHOH KyJo-

HOBCKOI1 5Hepruu K sueprun Pepmu:

1% e? e? h a
Yo . gFmN ~ 2o (2.39)
Ep PE hvp  prao  ao

B meramutax obsrano umeeMm 1 < rg < 5, tak uro RPA mpubnukenne gBistercs s HUX, B IPHWHIIHIE,
nocrarouno mioxuM. OHO xopomo “paboraer” IJIsi CHILHO CXKATOTO ra3a 3JEKTPOHOB H IOITOMY FYACTO
Ha3BIBAETCS TPHUOIUKEHNEM BBICOKON IJIOTHOCTH.

Ipaduk dbyukuun u(x) nokasan na Puc.2.8. IIpu ¢ — 0 orcioga, ecrecTBeHHO, HOJLy-
gaeM mpocroit orser (2.28). CyruecrBeHHo 00CyauTh 001acTh ¢ ~ 2pr. U3 (2.37) u (2.38)
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1,0

0,4

0.2

| | | I
0 02 04 06 08 10 12 14 =z

Puc. 2.8: T'paduk dynkuuu u(z). [IpousBonnas 31oit pyHkuuu umeer jsorapudmMudecKyo
ocobeHHOCTD TIpu T = 1.

BUHO, 9TO BEJIUYUHA IMPOU3BOIHOMN %‘20) — 00 IpU ¢ — 2pp. DTO NPUBOAUT K PSIIy
anomasmit pusnveckux BeauyunH. Hanpumep, mpoCTpaHCTBEHHAS 3aBUCHUMOCTH SKPAHU-
POBAHHOTO TIOTEHIIMA/IA, B3AUMOJIEHCTBUSA HE CBOAUTCSA K MpocToii dopmyse Tuma (2.31).
Jlesio B TOM, 9YTO aCHMITOTHYECKOE MOBeeHHe (Bypbe — HHTerpaja Tuma | dqet” f(q)
orpeiesigercs ocodbiMu ToYKaMu (cunrynsproctsamu) f(g) u ee IPOM3BOJHBIX, IO IAI0-
LIMME BHYTPb UHTEpBasa unrerpupoanus. Hanpumep, eciu f(g) — oo B Touke ¢ = qo,
ckaxeMm f(q) ~ d(q — qo), T0 B f(r) BO3HHKaeT OCHMIIUPYIOMHil BKIAL ~ ‘", Ana-
JIOTUYHBIM 00pPA30M, CHHTYJISIPDHOCTDH TTPOU3BOIHOMN g—; npu ¢ = 2pp TPUBOIUT K TOMY,
9TO B TIOTEHIIMAJIE B3AMMOIEHCTBYS BOSHUKAET 0aAbHOEtCEY WU U OCUUALUPYIOULUT
BKJIQJT BUA:

cos(2ppr + @)

V(r)|r—oo ~ 3

(2.40)

CoOTBETCTBEHHO, S9KPAHUPYIONMIHI 3aPs/1 BOKPYT, HAIPUMED, 3aPsAKEHHON IPUMECH, TaK-
ke ocrppyer cormacHo (2.40) (dbpuaeneBckue OCHUIIALINN).

Eme 6osee Baken anajgorudubiii 3@EKT B TEOPUU MATHUTHBIX B3aWMOIEHCTBUN B
MeTasIax. BeIme Mbl BUZEIn, 9To mapaMariuTHas BOCTIPUAMYABOCTD 3JIEKTPOHHOTO ra3a,
bakTruecku, onpenesercsa To ke moaapu3anuoHnoil nerei (cm. (2.14)). Torma:

39%u%n q
xo(qw = 0) = 782? u{gm (2.41)

CoOoTBETCTBEHHO, CIIMHOBAS MJIOTHOCTH S(I') HA HEKOTOPOM DACCTOSIHWU 7* OT MArHUTHOI
MIPUMECH CO CIIMHOM S, KOTOPAs OMPEIe/IAeTCs BHIPAXKEHUEM:

J ‘
s(r) = 55— Y xo(@)e' S, (2.42)
g Uy p

Gyaer ocuusuiupoBarh ananoruduo (2.40). 3uech J onpenesser KOHTAKTHOE 0OMEHHOE
B3aUMO/IEHCTBUE MEXK/Ty IIPUMECHIO U dJIeKTpoHamMu npoBoaumoctu: —JS,s. Ecim teneps
[MOMECTUTH B METAJLI IPYTyI0 MATHUTHYIO MPUMECH Sy, TO OHA OyIer B3auMoIefiCTBOBATD
C DJIEKTPOHAMU MPOBOIUMOCTH QHAJOTHIHBIM 00pPA30M, & COOTBETCTBEHHO BO3HUKHET U
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3 derTrBHOE 0OMEHHOE B3aNMOIEHCTBIAE CIIMHOB IPUMECeil dYepe3 3JeKTPOHBI ITPOBOIH-
mocru (B3ammogeiicrsue Pynepmana — Kurrens — Kacyiia — Uocuzpr). 910 B3aumoeii-
crene (PKKI) umeer Bu:

N J_2 cos(2ppTap + @)

2.43
EF T(?;b ( )

J? ol
JrKy (o —T6) = ——— »_ Xo(q)edFe—r)
9°HB 75

U OCHUJIIAPYET, KaK (DYHKIMA PACCTOAHAA MEXKIY IIPUMECAMH Tqp. V13 TAKOM OCIUIIIAIM-
OHHO¥ (POPMBI B3aUMOIECHCTBHA JOKAIM3OBAHHBIX CIIMHOB B METAJUIe BOZHAKAET HEJIbIi
pan caeactsuii. Bosuuknosenue B (2.43) obmacreii (B KOOPJAUHATHOM MPOCTPAHCTBE) C
pa3HbIMU 3HaKaMu (T.e. B3amMmopeicTBuil heppOMArHUTHOTO U aHTU(EPPOMATHUTHOIO
TUTIOB) TIPUBOJUT K MOSBJICHUIO CJOXKHBIX MACHUTHBIX CTPYKTYDP, HAIPUMED B COEIH-
HEHUAX, COAEPXKAIIMX PEAKO3eMeJbHbIe 3eMeHThl (cuupasu, rejukouabl) [6]. Eciu xe
pedb IAeT O IPUMECHX, CIyYaiiHO PACIOJIOKEHHBIX B HEMAIHUTHOM METAJLIE, TO B3au-
mozeficteue (2.43) MPUBOAUT K BO3HUKHOBEHUIO COBEPIIEHHO HEOOBIYHOTO MATHUTHOIO
COCTOSIHHSI — CIIMHOBOTO CTEKJIa [7].

2.5 CobcTBeHHO — 3HepreTmYeckKas 4acTh, 3 dekTuB-
Has Macca M 3aTyXaHuWe KBa3W4aCTHIIL.

B koneunom urTore, Halei 3amadeil ABAgETCA pacyeT oqHoYACTHIHON MyHkmun ['pura B
cucTeMe ¢ KyJIOHOBCKUM (MM KaKuM — b0 APYyTUM) B3aUMOJEHCTBIEM, KOTOPas BCETIa
MOXKET OBIThH 3aIHUCAHA B JACOHOBCKOM BUIE:

1

G(pe) = p—T (2.44)

rJie Jyisi COGCTBEHHO — 9HEPreTHYeCcKOoil YacTh Y (pe) UCIoIb3yeTcs Kakoe — JInbo MpHOIIH-
kerue. UTo M3 3TOro MOXKHO 1OJay4duTb! Mbl 3HaeM, 4To GpyHKIus ['puHa cBOOOIHBIX

2
371eKTpoHOB G (PE) MMeer MOJIOC [IPU €, = 2”—m — p. IIpednonootcum, 910 U B CUCTEME C
B3aumozelicreueM GyHkmysa ['pruHa UMeEeT MOJIIOCHBIN BUI:

1
€E—¢&p
rze €, TMpeCTaBIgeT coboif CIeKTp ‘TepeHopMUPOBAHHBIX KBaswdacTull. CpaBHeHHe ¢
(2.44) mOKa3BIBAET, UTO CIEKTP &, OMPENEIISeTCs ypaBHEHUEM:

€—¢ep— ReX(pe) =0 WK Ep —ep — ReX(pép) =0 (2.46)

rue Jid nNpocToThl paccyzkaenuil Mbl (nokal!) npenebpersiu ImY, onpenessioieii 3ary-
xaHue kBasudacruil. [Iposesem B (2.44) pasoxkeHne B OKPECTHOCTH TIOJIIOCA:

G(pe) = ! = L - (2.47)

e—ep—X(pe) e-— ep — X(Pép) — %_g|€:ép (e —¢&p)

C yuerom (2.46) nepenwrem (2.47) B Bue:

1
1 I Z
= ISl 2 (2.48)

5_5p_%_§|6:€p(5_5p) €—¢p €—¢&p

G(pe) =
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rJie BBEJEH “BblUeT B IIOJIoce’:
1

P (2.49)
Oe 1€=¢€p
Wuorga Bemwmyanny 7, Ha3BIBAIOT TakxKe (AKTOPOM “MepeHOPMUPOBKW BOJHOBOI (yHK-
mun’. I3 obmux coobparkeHuil fACHO, 9T0 Z, < 1, IpuvYeM PaBeHCTBO 3[€Ch UMEET MECTO
TOJIBKO Jiisi uaeaabHoro (gepmu — raza. CrnekrpasibHas MMJIOTHOCTb, COOTBETCTBYOIIAS
dbyukuuu Ipuna (2.48):
A(pe) = Z,0(e — €p) (2.50)

u uMeer (Kak ¥ B HJEAJbHOM Ta3e) BHJ OECKOHEYHO y3KOrO IIHKa IPH £ = &, (JHeprun
KBa3WIACTHIBI). DAKTUIECKH, HEPABEHCTBO Z, < 1, O3HAYAET, UTO B CHCTEME C B3aH-
MOJIefiCTBHEM KBa3MIaCTUIHBIN BKIAI B A(PE) HECKOIBKO MOJABIIEH, HO OMOJIHUTEIHEHO
BO3HUKAET “MHOrOYACTUYHBIN’ (HEKOMePEHTHBIN) BKIIA/] B CIEKTPATIBHYIO MJIOTHOCTH (8],
OTOPOIIEHHBIH IPH TPOBEIEHHOM HAMH YIIPOIIEHHOM paccMorperuu. [Ipernebpexkenne 3a-
TyXaHUEM KBa3UYACTHUL [IPOBUIIOCH 3[€Ch B TOM, YTO KBa3M4aCTH4IHbII BKJag B A(pe)
umeer § — oOpasublii BuJ, 3aryxaHue (Kak Mbl yBUJIUM HUXKE) [PUBOIUT K [OSBJIECHUIO
KOHEYHOH IMUPUHBI ITOTO THKA.

[Ipenmoaoxkum Temepnb, 9TO CIEKTP “ITeEPEHOPMUPOBAHHBIX KBA3UIACTHUIL MOYKET ObITh
omnncaH B mpudImKeHnn 3(PpHEeKTUBHON MACCHI:

— (2.51)

Ep =

Torna HETPY/IHO MOIYYHUTH:

1 95,  Oe { oy 9% 0z, }_

o 0p?)  0@?) | \0GR) | 0%, 00?)

1 ox ox 0¢
e i e o R - (2.52)
2m - 9mH (;_m) Oe (p?)

o 0% 1 oz
1— =, | =— (14 2= 2.53
m* ( Oe |€_€p> m ( + 8€p) (2:53)

TaK 9TO %

mt_1-Gile=s, _ 11 (2.54)

m 1+ 22 Zy 1+ 5=

9TO JJaeT BaXKHYIO CBA3b “EPEHOPMHUPOBKU” MACCHl ™ /m ¢ BHIYETOM B MOJIIOCe DYHKITN
I'puna Z,. B mpocreitmem ciydae, Korga COOCTBEHHO — SHEPTeTHIecKasd JacTh He 3aBUCHT
OT UMIIyJIbCa P (MM, ITO TO K€, OT £p), ITA CBA3b UMEET OCOOEHHO IPOCTOH BHI:

m* 1

- 2.
7 (2.55)

Tak 970 3P PEKTUBHAS MACCA B CHCTEME C B3AUMOJEHCTBAEM YBEIUINBACTCS, 10 CPABHE-
HUIO, CO CJIyYaeM HICAJIHHOTO rasa.

OO0imee noBeneHme 3aTyXaHUS, CBI3AHHOTO ¢ ImY, OyaeT moapobHee pacCMOTPEHO O3~
JKe, HO YK€ Ha, 9TOM MPOCTEHINeM yPOBHE PACCYKIEHUI sICHO, YTO MOJIydeHHbIE (hOpMy-
JIbI TTO3BOJISIIOT PACCINTATH I(PPEKTUBHBIE XAPAKTEPUCTUKNA MHOTOYACTUIHON CHCTEMBI
(KBa3MYACTHIL), UCXO/H U3 TOrO MJIM MHOI'O KOHKPETHOIO IPUO/IMKeHus it COOCTBEH-
HO — 9HEPreTUIecKoil YacTu ([OJLyYAIOIIErocs U3 PACCMOTPEHUs KOHKPETHBIX JIMArPAMM
TEOPUU BO3MYIIECHMUIA).
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Puc. 2.9: TIpocreiiime XapTpueBCKUe IUArPAMMbI, OMKACHIBAIOIIIE B3ANMOIEHCTBAE 1K~
TPOHOB MexK/y co0Oii u ¢ moJsioKuTesbHbiM “ponom” nonos (pynkuus ['puna moHos 1o-
Ka3aHa [IyHKTHPOM ).

pt+q

Puc. 2.10: CobCTBEHHO — 3HEpreTuyYecKas 4acTh 3j1eKTpoHa B RPA mpubamxenun. “Ca-
MozelicTBIE” TTOCPEICTBOM SKPAHUPOBAHHOTO KYJIOHOBCKOTO B3AMMOIEHCTBUSA.

B kauecTBe mpumepa, BEpHEMCs K 3a7a49e O CHIBHO CKATOM ra3e 3JeKTPOHOB. Pac-
CMOTPHUM TPOCTEHTITHE BKJIAIBI B COOCTBEHHO — YHEPreTUIECKYIO JaCTh IeKTpOHA. Pak-
TUYECKH, XaPTPUEBCKUE NUATPAMMBI YUUTHLIBATH HE HAJ0, OHU COKPAIAIOTCS C YIeTOM
BKJIa B3aMMOJIEHCTBUS TEKTPOHOB C IMPOCTPAHCTBEHHO — OJHOPOTHBIM “‘(poHOM” MTO-
JIOXKHUTEIHbHBIX MOHOB, BBOIMMBIM [Ijisi Obecredenus 3JjeKrponeiirpasbuoctu. B camom
Jiejie, pacCMaTpPUBAas CyMMY TPOCTEHITHX JUATPAMM TAKOrO THIIA, MOKA3aHHYIO Ha Puc.
2.9, uMeeM B OYEBUIHBIX ODO3HAUCHUSIX:

/

2i [ GETVOIGH) -2 [ FEV )G =
Y / (;1;’)3 / ;—iV(O)G(ep’)—Qi / (;1;’)3 / ;—iV(O)Gi(sp’):

=2V/(0) [/ (;Tp):snp - / (;Tp)gng] =2V(0)(n —n;) =0 (2.56)

TaK, YTO TIPOUCXOUT WX MOJIHASA KOMIIeHCANUs (IJIOTHOCTD (3apsijia) 9JIEKTPOHOB 7, PABHA,
maoTHOCTH (3apsAma) woHos “dbona’ n').

Takum obpazom, B RPA mpubnukenuu 1eno cBoauTcs K pacdery rpaduka s cob-
CTBEHHO — SHEPreTUYeCKOi JacTu, nmokaszanuoro wa Puc. 2.10, rae ‘skupuas’ BOITHUCTAs
JuHUs coorBercrByer 3hEKTUBHOMY (IKPAHMPOBAHHOMY) KYJIOHOBCKOMY B3aMMOZEii-
creuio Puc.2.4(b):
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S(p) = i / %V@Gow 2 (2.57)

Xorst Go(p) m V(g) n3BECTHBI TOYHO, COOTBETCTBYIOIINE WHTEIPHPOBAHUS BEChMa T'PO-
MOB/IKM U MbI UX OIIyCKaeM, IPUBO/I JIUIIb OKoH4Yaresbhble orgerst (J.J.Quinn, R.A Ferrell,
1958) [5]. Oka3biBaercs, 4T0 SHEPrus KBa3MYaCTHIL, OTcunTannas or yposusa Pepvu Ep,
B PACCMATPUBAEMOM MPUOIMKEHUN UMEET BUIL:

2
&, = Ep {5—2 01667 [p%(lnrs 10.203) + Inry — 1.80] } — Ep (2.58)
F

,ZLHSI 3aTyXaHUd KBAa3UYaCTUIL B 3TOM HpI/I6.HI/I}KeHI/II/I TTOJIy9aeTCA:

2
.| = Er(0.252r1/2) (ﬁ - 1) (2.59)
pPr
TaK YTO OHO MAJIO IIPU P — Pp, B CMBICJIC BBLIIOJHEHHs HEPABEHCTBA |&,| >> |vp|, 4TO
HAXOJUTCSA B TIOJHOM COOTBETCTBUH C OOMMMH BBIBOAAMU (PEHOMEHOJOTHIECKON TeOpHH
dbepmu — xupkocru Jlangay [2, 9, 10]. Dro 06cTOATENBCTBO U 103BOJISIET TOBOPUTH O
“XOpOoIIIo onpeeneHHbIx” KBasndacTriax Boim3u nosepxuocru Pepmu. U3 (2.58) u (2.59)
ACHO, uT0 B RPA mpubamkennn moHATHE KBA3WIACTHIBI HMEET CMBICH TOJTBKO B O0IACTH
|€p] < Ep/5. U3 (2.58) HECTIOXKHO MOIYIATHb W BhlpazkeHne i d(PhEKTHBHON MaCChI
9JIEKTPOHA!
1 1 0g,
m*  pp Op

pP=pr —

—[1—0.083rs(Inr,; + 0.203)] (2.60)
m

Kak uzBecTHO, 3j1eKTPOHHAs TEIJIOEMKOCTH Hponopiuonaibia m*. Torna uz (2.60) cie-
Jlyer pe3ysbrar, Buepsblie nouydenubiii lean — Mannom (1957) [5]:

c
— =1+40.083rs;(Inrs + 0.203) (2.61)
Co
T7le ¢y — TeMmIoeMKOCTh UeaahbHOro (hepmMu — rasa.
B 3aktiouenne HATOMHUM, 9YTO BCE BBIITUCAHHBIE PE3YJIHTATHI CIIPABEJIUBBI [JIsI CUIIb-
HO CXKATOI CHCTEeMbI 3JIEKTPOHOB, Koraa rs < 1. B peanpubix merasmax 1 < ry < 5, Tak
49T0 moJib30BaThcss RPA mpubankeHneMm HaJI0 ¢ OCTOPOKHOCTHIO!

2.6 Dddekr Pynepmana — Kurremns.

Bepuemcs k Gosiee nerasnbHomy paccmorpenuio dddekra Pynepmana — Kurrens [3].
[Tycrb umeercs JOKaIM30BaHHBIN (B HaYaJse KOOPIUHAT) CIUH S, OKPYKEHHbBIH u1ealib-
HBIM epMH — ra30M IEKTPOHOB, W B3AUMOMEHCTBYIONUI C WX JOKAJHLHOW CIIMHOBOM
IJIOTHOCTBIO MOCPEICTBOM KOHTAKTHOTO (TOUYEUHOr0) B3AUMOJICHCTBHS BUIA:

Hipe = —J / drSi(r)yT (r)6 (r) (2.62)

Cuwnrast 0OMeHHBIIT HHTErpaJ J MaJjIbIM, MOMBITAEMCS HANTH MOJISTPU3AIAIO JTEKTPOHHBIX
CIIUHOB:

ol(r) =< T (r)6'p(r) > (2.63)

Kak (DYHKIMIO pAcCTOsiHus |r| or cuuHa S.
[Iposenem cuagasna paccmorpenue npu 1 = 0. Bemumem cuagasna dyaknuio I'pu-
Ha, CBOOOIHOTO 3JIEKTPOHA B KOOPIWHATHOM MPEICTABIEHUN. B METOINYIECKUX IMEJIAX, U
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9TOOBI OIEHUTH TOYHOCTH YACTO HUCIOJb3YEMBIX MPUOIUKEHU, [IPOJeaeM 3TO JBYMs
cocobamu. Hauunem ¢ MHTErpUpPOBAHUST IO yTJIaM:

G(€ I') = /OO /ﬂ— dpp2 sin 6d6 eipT cos B
o 0 0 2m° €= f(p) + idsigne B

1 /°° dpp sin pr
22 Jy e —&(p) +idsigne

(2.64)

[Tepsorit 1 mpocrTeiinnii cmocod MATbHEAIero BLIYUCICHNS — MepPeiiTh OT WHTErPUpO-
BaHUs 110 P K MHTErPUPOBAHUIO 10 JHeapuzoBanuHoMy (BOim3u nosepxuocru Pepmu)
cuekTpy & U B3dTh MHTErPAJ BbIYETAMMU:

G(e,r) =

1 /00 g sin(pr + &/vp)r _ ﬂeir(signsppﬂd/w)
2m2r J_ o VR Fe= &+ idsigne 2mr

(2.65)

Bumum, uro dyukiusa 'puna oCIUIIApyer ¢ mMEePUOIOM PABHBIM (DEPMUEBCKOU ITHHE
BOJIHBI Ap = 2;—:. N3-3a a3dpderToB hepMueBcKoil cTaTUCTUKN (a3a ITUX OCIIUJLISIAI
MeHgeT 3HaK Ha yposae ®epmu (npu € = 0).

Bropoii ciocob cocTouT B TOM, 9TOOBI BBIMOJTHATH MHTEIPUPOBAHKE TI0 P TOIHO. [10/1h-
3ysCb YETHOCTb IIOJMHTErPAJIHLHOrO BbipazkeHus B (2.64), pacupocTpaHuM UHTErpad 1o p

Ha BCIO BEOIECTBEHHYIO OCb U IIOAE/JIUM IIOIIOIaM, TaK YTO:

Gle,r) = — / dppsin pr (2.66)

Am?r J o e — % + Ep + idsigne

Paznaras 3m1ecy noauHTErpasbHOE BRIPAYKEHHME HA IPOCTeline Jpodu, MPOBOJINM HHTE-
TPUPOBAHUE U TOJIyYIaeM:

G(€7 T) =

*° 1 1 -
/ dp sin pr [— - } = — L gisignenr (2.67)
oo K=

A2y p K+p 27r

e k = \/2m(e + Ep + idsigne). Cpasuusas ¢ (2.65) BUIMM, 9TO YIPOIIEHHBIH CIOCO6
UHTErpupoBaHus 1o & JaeT XOPOLIYI TOYHOCTh 1pH || € Ep, T.e. upu paccMOTPEHUU
HEIOCPEICTBEHHON OKpecTHOCTH moBepxHocTr Pepmu.

IMepeiimem Temepb K pacueTy COUHOBON mnosspusanuu (2.63). 3amumem 310 BbIpa-
JKeHue depe3 TouHyio GyHKnmio ['puta (yYuTHIBAIOIIYIO B3aUMOIEHCTBHIE JIEKTPOHOB C
JIOKAJIN30BAHHBIM CIIUHOM ):

6i(r) =—i lim  Spo'G(rt;r't) (2.68)

t’—t+4+0r=r’/

[Inyp 3/1ech BHIYUCISETCS 110 CHIUHOBBIM HHaekcaM ¢ u G. ®ynxumo puna G BozbMeM
B TIEPBOM TOPSJIKE IO B3auMoeicTauio (2.62):

G(lﬁ)(gararl) = —UgﬁGo(er)Go(E, —I'I)JSi (269)

(63

Toraa noxcrasass (2.69) B (2.68) u yuntssas Spo'o? = 26%, momyamm:

oi(r) = 28 / g—iG%(Er) (2.70)
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910 (PAKTHIECKH COBIAJAET C BBHIIMCAHHBIM BbIIIE BbipazkerneM (2.42). Bocnonb3yemcs
31ech BbipakenueM (2.65) u Haiimem (st ppr > 1):

2 o . ie i ig
= g () [ )
21 0

21 \27r

. MpF COS2ppT

=1 -
(2m)3 3

(2.71)

TaK YTO JIJIS CIIMHOBO# TIJIOTHOCTHU TMOJTyYIaeM MEJJIEHHO 3aTyXalole OCIUIIANIHN C TIe-

puozioM T/ pp:
: . MPF COS2ppT
r)=-JS"————
o'(r) 473 3

Bosnee akkypaTHOe BBIDAXKEHHWE ISl CIUHOBOH IJIOTHOCTH B TOYKE T MOXKHO MOJIy9UTH, HCIIOJIb3YsI
TOYHYIO r—3aBHCEMOCTh QyHKium I'puua (2.67) m npomrrerpmposas ee xBaapar B (2.70) mo e. Torga
MOy 9aeTCs:

(2.72)

(2prr)®  (2ppr)*
B acmmnrormueckom npegese ppr > 1 Beipaxkenne (2.73) Bce Gomnee npubmmkaercs k (2.72), 9To corsa-
cyercd ¢ “umeosiorueil” mHTErpupoBaHud mo {. OTMETHUM ellle, YTO CHHTYJISPHOCTH TOYHOTO BBIPAXKEHUST
(2.73) npu manbix 7 umeer xapaxrep 1/r. TI03TOMY NPy B3ATHE MHTErPAJIa 110 d>r PACXOAMMOCTH MOTHOM
[OJISIPU3AIUE He BO3HUKAeT. Boipakenue (2.72) Gomnee cuurynspuo mnpu r — 0, OQHAKO B 3TOi obiactu
OHO HEIMPHUMEHHMO, IOCKOJIbKY HHTErPHPOBAHEE IO £ rAPAHTHPYeT MPABUILHOCTH OTBETA JIUIIbL HA OOJIb-

IIUX PACCTOAHHUAX.

[TpoBeseM Temeph aHAJIOTHYHOE PACCMOTPEHME IS CJIydasi KOHEYHBIX TEMIEPATYP.
CuoBa BbrancinM cBobonuyto (Maiy6aposckyo!) dbynkuuio I'prura B KOODIMHATHOM Mpei-
CTaBJIEHNH, AaHAJIOTUIHO (2.65):

ol(r) =—-Js¢

.2mp}1, (cos 2pprT  sin 2ppr> (2.73)

w3

(2m)3 ie, — &(p) B prJj_~ . i€n — &
— _VF = d. e"(pFJFf/'UF)T — e*"(pFJFf/'UF)T — _ﬁei(pF‘i’iEn/’UF)TSignEn (274)
2ipr J_ o ien, — & 27r

. . ; S
3 ipr o sin (pp -+ —) r
G(enr) :/ p e Z/_F/ vp _

TouHo Tak»e, KaK U BbIIIE, BEIPA3UM TJIOTHOCTH CITMHA Yepe3 Tounyio GpyHKnuo I'puHa.
Bce BBIKITagK¥ OTIMYAIOTCS JIUIIL 3aMeHOU —i TyT U TaM Ha —1. B nrore mmeem:

ol(r) = —2JSiTZG(2)(€n,r) (2.75)
En
4TO JlaeT:
) ) 2 ) .
0'1(7“) — _92J8'T (%) Z GleFT*QEnT/UF + Z e*2’LpF’l"+2€-,L’I’/’UF (276)
en>0 en<0

CyMMbI II0 9aCTOTaM BBIMHCIAIOTCA 3JIEMEHTAaPHO W MBI IIOJIyYa€M:

i . m2T cos2ppr
g (7") =-JS 22 W (277)

I[Ipu T' — 0 3TO BBIpaKEHUE MEPEXOIUT B TIOydeHHOe paHee. [mnHa, Ha KOTOPOIi Mpo-

a2 a2 th
HCXOOUT 3aTyXaHHE OCHUIIAINKN, OKa3bIBACTCA TEIEePb PaBHOU T (Cp apryMeHT ru-

nepbosinueckoro cunycal). Takum o6pazom, Ipu KOHEYHBIX TEMIEPATYPAX, OCHUJLIALUN

PKKMU coxpamsitorcs HA pacCTOSHUAX, HE MMPEBBIMIAOIINX ‘TEIJIOBYIO’ [IUHY 7 = ’“’TF

¥ 9KCIIOHEHINAIBHO MAJIBI IpU 17 > .
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2.7 JIuHelHBI OTKJINK.

3azavya BBIYUCIEHUS JUHEHHOTO OTKJIMKA MHOTOYACTUIHON CHCTEMBbI Ha BHEITHEEe BO3-
MYIIEHNE SIBJISETCS OJHOM W3 IEHTPATHHBIX B TEOPUHM KOHIEHCUPOBAHHOTO COCTOSTHWSI.
[TocMoTpuM, Kak 3Ta 3aJa9a PeIaeTcd B paMkax (hopMain3ma, GheiiHMaHOBCKUX (MaILy-
6aposckux) dyukuuii I'puna.

Bepremcst K pacCMOTPEHUIO IM3JIEKTPUYIecKoi mpoHunaeMocTi. CTporo roBopst, mpo-
HUIAEMOCTD, onpejeieHnast B (2.8), we aeasemcs dyukiumeii orkiuka!l Oua, B 4acTHOCTH,
He 00J1a/1aeT NPABUIbHBIMYU AHAJUTHYECKMME CBOMCTBAMU, IOCKOJIBLKY (cM. (2.24)) y Hee
HUMEIOTCsI OCOOEHHOCTH U B MOIYILIOCKOCTH [mw > 0, 9ero He TOKHO ObITh. DTO Ke BU/I-
HO u u3 (2.18), rae, B 3aBUCUMOCTH OT 3HAKOB &4 U _ MOJIIOC 110 W MOXKET OKA3aThCs B
BEPXHE MOJTYTIIOCKOCTH, B HUXKHEH, MJIH Ha BEIIECTBEHHON OCH. DTO AaBTOMATHIECKH TP~
BOJIUT K HAPYIIEHUIO TIPUHIMIA mpuanaHocTh (coorHomennit Kpamepca — Kponwra) [11].
Heso 31ech B TOM, 9TO IPU BHIYMCIEHUU 0J18PU3anOHHOl et (npu T = 0) ucnosb-
sytorcs npuyunnsie (beitnmanosckue) dyukuuu [puna, coorsercrsenno I1(—w) = I(w),
Torya Kak obobIIeHHAs 80CNPUUMUUBOCTH (3ana3apiBaomas MyHKIMs OTKIUKA) JT0JI2K-
Ha, yJIOBJIETBODSTH YCIOBHIO X (—w) = Xx*(w). IToaTOMYy, 3a1a9a BEIYUCIEHNUS TTPABHIBLHBIX
dbyukImit oTKINKA TPEOYeT CIeHaIbLHOrO 00CY K AEHNUS .

CrangapTHbIi MeTOJ PaBOTHI C BOCHPUUMYUBOCTSIMU HCIOJIb3YET TEMIEPATYPHYIO
TEXHUKY ¥ MOCTIEAYIONIEe GHAAUMUYECKOE NPOJoAAHCEHUE C MHUMBIX JUCKPETHBIX JaCTOT
Ha JIefiCTBUTEIHLHBIE BEIECTBEHHbIE, YTO, KaK MPAaBUJIO, M /1aeT COOTBETCTBYIOIIYIO 3a-
nasapiBamolryio Gyukuuio 'puna (Bocupuumuusocts). Kak 310 jesaercd B JOCTATOYHO
o0I1eM BUJIE MBI €I1[e YBUMM, HO €CJTH PACCMATPUBAETCS CHCTEMA, HEB3AUMOIEHCTBY FOIITHX
YaCTUL, TO AHAJIU3 CYLIECTBEHHO ynpoiaercs [3].

Bocupuuvumnpocrs Besuuaunbl A 110 orHOmeHuio kK Besudune B (rae A u B — HekoTO-
pble KBAaHTOBbIE orieparopsbl) paercs Gopmysoit Ky6o [11, 12]:

Xap(w) =i /0 ~ dtet < [A(t), B(0)] > (2.78)

Crogamumii 31ech KOMMYTaTop (yCPEIHEHHBIH IO OCHOBHOMY COCTOSIHUIO ujid 1o I'u66-
Cy) TpejcTaBjsgeT coOOW BKJIAJ OT COOTBETCTBYIOMIEH 3ala3/IbIBAIONIeil By XBPEMEHHO
bynknun ['puna Boromobosa — Tabmukosa [11, 12]2. UTo6b! HaiiTh cpe/Hee MO BpeMeHn
OT 3TOro KOMMyTaTopa 1o ocHoBHomy cocrosiuuio (1T° = 0) cucrembr Heszaumodelicmaey-
JOUUL TACTULL, 3AIHUIIEM OIepaTopbl A 1 B B NPEeCTABICHAN BTOPHIHOIO KBAHTOBAHIS,
UCIIOJIB3Y S U3BECTHBIE (MO0 NpeAnooxkenuto!) cobcTrentbie HbYHKIUA 1), U COOCTBEHHDIE
sHavenna (ypoBHH) sHeprun E,, Harmei cucrembr’:

A(t) =) Appaape Bk Em! (2.79)
mk

B(t) = By, age FrmEmt (2.80)
mk

rie Ak v Bk — COOTBETCTBYIOIIAE MATPUIHBIE JIEMEHThI HAIIIAX OIePATOPOB 10 (PyHK-
HUAM P, ¥ g, & GF, A — PEepPMUEBCKHUE ONepaTOPbl POXKICHUS U YHUUTOXKEHUS B COOT-

3Bxogsmas B ompejesieHne 3TOH (byHKITHE 0(t) npusena k BO3HUKHOBEHHIO B (2.78) mHTErpasa mo
BpeMmenu or t =0 g0 t = oo.

4Hampumep g5t maeaapHOro (bepME - ra3a — TO MPOCTO MJIOCKHE BOJHBI, JIs TAKOTO JKe ra3a BO
BHEITHEM MArHATHOM II0JIE — 3TO YPOBHH JlaHmay, /Uit JIEKTPOHA B CJIy9IaifHOM MOTEHI[MAJBHOM II0JIe
— 9TO BCerja CyuecTByione (HO Heu3BeCTHBIE HaM!) TOUHBIE BOJIHOBbIE (DYHKIUU U YPOBHU SHEPIUU
JIEKTPOHA, [IJIsI KOHKPETHOW Pean3alfi 3TOr0 CIy4YaiiHOro moJist, u T.II.
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BeTcTBYIONMX cocrostausax. [loncrasiss st Boipaxkenus B < [A(t), B(0)] > u Henocpe-

CTBEHHO BBIYKCJISAS KOMMYTATOD, UCMOJIB3yst TeopeMy Buka, momydaem:
n(E,,) — n(Ek)

Ey—E,—w—id

XaB(w) =Y AmkBim (2.81)

mk

rae n(Ey) =< d:dk > — cooTBercTByIOMas GyHKius Pepmu.
B cayuae, korma cobcrBennbie (DYHKIUY HEM3BECTHBI (HANPUMED, KOTIA PedYb UIET
00 ypOBHAX B KOHKDETHOH peasiu3aluy CJIy9aiiHOrO MOTeHIMAJIa), [HOJIe3HO BbIPA3UTH
BOCIIPUUMYHUBOCTh depe3 3eKTpoHHbie dyHKimu ['puna. Hamomuwum, B cBs3u ¢ rumM,
oTIpesieTenns 3ama3pIBaloNIell n onepeskatomeit bymrknuit ['pura GE(e) w GA(g). Dtu
dbyuknun ceasambt ¢ npuananoil (delinManosckoii) dyuknueil I'puna ciaeayonmmM o0pa-
3oM [1]:
R ! /
Gty ={ Galr) 12 (2.5

[Tocre dpypbe — npeobpazoBaHus:

1
e—&(p) 10
Tak 910 B (befituMmanoBCKO# dbyHknuu ['prHa BOZHUKAIOT BKJIAIHI OT YACTHUIL U IBIPOK:

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

GEA (ep) = (2.83)

REETIC EaT Arp — (2.84)
rie
n(p) = { (1) gigi (2.85)

— dbepmuesckoe pacupezgenenue npu 1 = 0.
Yro6BI BEIPA3uTh BOCTpuIMHYHBOCTEL uepes G (c) uw G4 (), mpencrasuv smeprermde-
ckuii 3namenaresb B (2.81) B Buze HHTErpaJia 110 BCIOMOraTeIbHOM MepeMeHHOI:

1 1 “de 1
Ey—En—w—id  2m ) o (e—w—E, —id)(c — Ex +1id)

! /_ T deGA e —w)GR(E)  (2.86)

2mi

[Moacrasngas 3ro Bhipaxkenue B (2.81), moaydyaeM OOIIEe OMEPATOPHOE BBHIPAKEHUE JIIst
BOCIIPUUMYIHUBOCTH:

o0
xan@) = 5 [ dESpGRE)BLGA e - ) A)p) (2.87)
211 J oo

rJie p — MaTPHILA TIIOTHOCTH (B IHATOHAJIBHOM TIPEJICTABIEHUH UMEEM Pk = N(Ep, )0mi).
OcHOBHOE TpenMyInecTBO BbipaxkeHus (2.87) mo cpasHeHnio ¢ (2.81) B TOM, YTO OHO
BEPHO B IIPOU3BOJILHOM 0a3UCe U, TIOITOMY, MOYKET OBIThH UCIIOJb30BAHO JAKE €CJIA TOUHBIE
OJTHOYACTHYIHBIE (DYHKIMN HEM3BECTHBHI.

[IpoBenentoe Boime paccmorpenue uciosib3oBasao Texanky 1 = 0. [Ipu T > 0 ciemy-
€T MCIIOIB30BATh MAIyDAPOBCKY0 TeXHHUKY. MOXKeT OKa3aThCsl, 9TO /i PACCMOTPEHHS
JUHAMUKY B PEAIbHOM Bpemenu ¢ (4to Tpebyercs s pacdera (2.78)) mamybGapoBckuii
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dopmanmm3m Oecrosie3eH, IOCKOIbKY B HEM MBI IMEEM JIENI0 C MHuMbM BpeMereM 7. Tem
HE MEHee, KaK MbI Cefdac yBHUIUM, C MOMOIIBI0 MAIyOApPOBCKON TEXHWKHM PACCIUTATH
JIUHEUHBINA OTKJIMK JIOCTATOYHO JIETKO.

Beezsem Tak HasbiBaeMyto Maly0apOBCKYIO BOCIPUUMYUBOCTD (W, = 27mT):

on, y_ 1 [” TRy T
Xag (Wm) = 5 dr < T:A(T)B(0) > "™ (2.88)
-B

OxkasbiBaercs [1], 9To MOXKHO cHOPMYIMPOBATH CIEIYIONIEe 3aMedareibHOe YTBEpIK/Ie-
HUE:

M
o OyHKINSA XE4 B) (W), AHATMTHIECKN MPOJIOJIPKEHHAS C JUCKPETHOTO MHOYKECTBA, TO-

9YeK Ha MOJOXKWTENbHOH MHUMO MOIyocH w = iw, (n > 0), Ha BEIIECTBEHHYIO
och I'mw = 0, Jaer B TOYHOCTU MHTEPECYIONLY0 HAC X AB(w).

DTa Teopema MO3BOJISET HAXOANUTH BOCIPHUMYUBOCTH X Ap(w) € MOMOIIBIO qu]\é) (Wm),
KOTOPYIO MOKHO BBIYHCJIATH C IOMOIILIO MaIly0apOBCKON AuarpaMMHONA TeXHUKH. B or-
CYyTCTBME B3auMOeHCTBHsI, Mally0apOBCKas BOCIPUMMYUBOCTD JAETC BCEIO OMHON Aua-
rpaMMoil — nemaed (wiu “nosnsgpu3anuoHHbIM” OLHEPATOPOM) C OIEPATOPAMU AuBes
BepiuHax. B rexuuke T = 0 BOCOPUMMYUBOCTD U TOJISIPU3AIMOHHBINA OMEPATOP UMEIOT
pasHble aHaJuTHYecKue cBoiicTa. Ho coryiacHo MpuBEIEHHOM TeopeMe, IJIsT Oy YeHUs
BOCIIPUUMYUBOCTH JTOCTATOYHO BBIYUC/IUTH “MOJISIPU3ANMOHHYIO” METIII0 ¢ MAIy0apOBCKU-
Mmu yskiuamu 'puna, a 3areM IpaBUIbLHO IPOJOJIKHUTDL €€ Ha BEIeCTBEHHbIE YaCTOTHI.

JlokaxkeM Termephb Hallle OCHOBHOE yTBepxKiaeHue. MbI TOJKHBI paCCINTATh “KyOOB-
CKYHI0” BOCIPUMMYHBOCTD:

xaB(w) = z‘/ooo dte™t < [A(t), B(0)] > (2.89)

rae < ... >= Sp(e PH..)/Sp(e PH) — yepenmenne no TuG6ey, A(t) = et Ae=itH
oreparop B reiizeHbeprosckom npejcrasaenun. Herpyaao sugers, 9to (2.89) MOXKHO 3a-
ACATHh KaK:

. o)
xaB(w) = %/ dte™* Z e~ PEn (ei‘””’”t < n|Alm ><m|Bn > —
0

mn

_ef’iwnmt < n|B|m > m|A|n >) (290)

re Wnm = Ep — By, Z = Spe PH npudem n u m 37ech HyMepyIOT TOYHBIE yPOBHU
MHuozouacmuunol cucrembl (¢ yaerom B3aumogeiictsus!). Ilepecrapiisisg BO BTOPOM djieHe
CyMMBI UHAEKCHI M U N ¥ HHTErPUPYS 10 t, MOTydaeM:

1 < ¢—BEn _ o—BEw
mn

Muumas JacTb 10 BO3HHKIIA 3/1€Ch M3-3a MHOMKHATEJS e*&, KOTOPBIA HAJ0 J00ABUTDL B

dopMaTbHO PACXOAAIMNNCH UHTErPAJI 110 t [jig 0DeCHedeHnss ero CXOAUMOCTH.
Ternepsb BBIYUCIUM aHAJOTHIHBIM 00PA30M MAIyOAPOBCKUI OTKJINK:

(M) N L TN
X5 (W) = 5 [ drer < T, A(T)B(0) > (2.92)
-8
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e A(1) = e™M Ae=™H | Mmeen:

I
XE41\]43) (W) = ﬁ/ dreiwmT Z e PEnewnm™ < n|Alm >< m|Bln > +
0

mn

Lo
+ﬁ/ dre'“mT Z e PEne=wnm™ < | Blm >< m|An > (2.93)
-8

mn

Onsarh MeHsisT MECTAMM WHJIEKCHI BO BTOPO# CyMME, C YI€TOM Wy, = 27Tm, U BBIMOIHSIS
WHTErpUPOBAHUE TIO T, TOJIyYIaeM:

M 1 e BEn _ o=BEm
XEqB) (Wm) = = Z S < n|Alm >< m|B|n > (2.94)

Tenepn Bce roroso! Bocupuumuusocrs X ap(w) upencrabiser coboii aHAIUTHYECKYIO
dyHKIMIO W B BEpXHEH MOJYMIOCKOCTH YACTOTHI. JTO €CTh CJIEJICTBHE TOTO, YTO OHA
npezcTaBiser coboit mpeobpaszoBanre @ypbe oT DYHKINU, OTIUTHON OT HYJIS JIUIIb TPH
t > 0 [11]. BHa4nT ee MOKHO HPOJOJIKATH C BEIIECTBEHHONH OCH HA MHHUMYIO HOJIOXKH-
TeIbHYIO M0JIyoch. IIpu 3ToM B TOUKAX Wy, = 27mT’ oHa coBHAJET C quj\é), 9TO OYEBUTHO
u3 npsimoro cpapuenus (2.91) u (2.94). IIpeanonoxum, 4To CyIIECTBYET AHATUTUIECKOE

MIPOIOJIZKEHUE X(AAQ ¢ BepxXHEil MHUMO# [OJIyOCH Ha BCIO BEPXHIOIO MOJIYILIIOCKOCTh w. To-
/I3 9TO AHAJIUTUIECKOE TIPOJIOJIKEHNE JIOTIXKHO COBIACTH € X Ap (W), MOCKOJIBKY, CONIACHO
M3BECTHOI Teopeme Teopnun PyHKIHH KOMITJIEKCHOTO epeMeHHOro, ABe (DYyHKIINN, aHAIIHN-
TUYECKHe B HEKOTOPO 00JIACTH KOMILIEKCHOH IMJIOCKOCTH W COBIIAAIONINE Ha OECKOHEed-
HOM MHOXKECTBE JAUCKPETHBIX TOYeK (MMEIOIIEM MPeIeJIbHYI0 TOUKY, M — 00), COBIAJIAIT
BO Bceil obsracTu.

Bamernm, uro u caydait T = 0 wHOrHma ymoOHEe paccMaTpuUBaTh B MAIyOapOBCKOI
TexHuke. [Ipu 9TOM TPOUCXOAUT MEPEXO, OT CYMMUPOBAHUS MO MAIy0apOBCKUM K MHTE-
PUPOBAHUIO IO HENPEPHIBHBIM (MHUMBIM) 9aCTOTaM, MOCKOILKY mpu T — 0 TOUKH iwy,
CIMBAIOTCS B MHUMYIO OChb HA IJIOCKOCTH KOMILIEKCHOM MEPEMEHHON W, COOTBETCTBEH-
w Ty, .= [ (21—: ITpu Takom criocobe BBIMUC/IEHUII HE BO3HUKAET CIIOKHOCTEH C
06x010M TOTIOCOB dyHKIHiT ['prHa, MOCKOIbKY HAIpaBaeHne 00X0da OKA3bIBAETCS Ipa-
BUJIbHBIM QBTOMATHYECKH.

[MocmoTpum Kak Bce 3T0O “paborTaer’ HA MPUMEPE BBIYUCIEHUS MTOJISPU3AIMOHHOTO
oreparopa rada CBOBOIHBIX JIEKTPOHOB U, COOTBETCTBEHHO, MUIIEKTPUIECKON TPOHUTIA-
emocru (pyukuuu orkiukal) 8 RPA npubiuxenunu. Umeem:

4

) (Wm; q) =2T Z / (;ﬁTp;gG(Enp)G(gn +Wm,P+q) (2.95)

CuagaJjia, BBIMOJHAM CYMMHPOBAHUE TIO &,. [IpeacTaBuM WHTEPECYIONIYI0 HAC CyMMY B
CJIEYIOIIEM BHU/IE:

1 1

1 1 )
- T; iwm — (P +a) +£(p) <i5n —E(p)  ien + iwm — 5(p+q)) (2.96)

Bo BTOpOoM ciiaraeMoM MOXKHO Temeph CHeNIaTh CABUT MEPEMEHHONH CYMMUDOBAHUS N —
N — M, OPA KOTOPOM M3 HErO0 MCYE3HEeT W,,. B Ka)KJ0M W3 CjIaraeMbiXx B CKOOKax Be-
IIIECTBEHHAS YaCTh CYMMbBI CXOJUTCs, 8 MHUMAasA (HOPMATIHLHO PACXOAUTCA. B TOXe BpeMmsi
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3Ta MHUMAasd 4acCTb HeYeTHAa II0 7, & IOTOMY COKpAaIllaeTcs IIPU CyMMHPOBAHHUU 4JIEHOB C
MTPOTUBOMOJIOKHBIME 7. CJIeI0BATEIFHO, HAM JOCTATOYHO BBIYUCIUTH CyMMY:

S() = TZ;TEQ (2.97)

n

Ee MOKHO BBIYKCIUTE C IIOMONIIBIO U3BECTHOI'O TO}K,D;eCTBa5Z

> 1 1 =z
n;m (2n +1)272 4+ 22 %th§ (2.99)
Torna:
S(6) = sth= = 1 _n(g) (2.100)
—Myr T '

£ _
rae n(¢) = (e +1)~! — pynxuus @Pepmu. B pesynbraTe noayuaeM TOXKIECTBO, KOTOPOE
O4YeHb y,ILO6HO HUCIIOJIB30BATH IIPU BBIYUCJIECHUHN IMOJAPU3AIMOHHOIO OnepaTopa u APYyrux
BOCIIPUUMYIHUBOCTEI B (pepMu — ras3e:

1 _n(é(p +q)) —n(¢(p))

Tzn: (ien + iwm — E(Pp + Q) (ien, — &(P)) = iom — €+ Q) + £(p) (2.101)
Ucnonb3ys 1o ToxkaecrBo B (2.95), monydaem:
Dy ay— o [P nEP+a) —n((p))
M) = =2 f s e+ £ (2.102)

Paccmorpum tenepn upenen T = 0. B srom cayuae umeem n(§) = 0(—¢). Ilepeiinem
OOBITHBIM 00PA30M K HHTETPUPOBAHMIO IO £ M PACCMOTPUM MaJible ¢ K pr. Torma mmeem:

d’p On vq dQ  vpq
1) (o, q) = _2/ gy [ VP 2.1
(wma) (27)3 0¢(p) iwm — vq vE AT twy, — VEQ (2.103)

Borunciigas uaTErpasl mo yriaM Takke, Kak 3TO ObUIO caenaHo B (2.22), momydaem:

IOD (o g) = —2up 4 1 1 &m y ©m = vrd 2.104
(Wma) rtt 2uFpq niwm+qu ( )

s Toro, 9ToObl AHAJUTUYECKH MPOMOIKUTH 3TO BBHIPAYKEHHE HA BEIECTBEHHYIO OCh
YaCTOTHI, JTOCTATOYHO CIEIATh 3aMEHY iw,, — w + i0. B pe3yaprare moaydnm:

IR (w + idq) = —2VF{1+ d w_”Fq’L“S}

2.105
2Upq nw—l—qu—i—i(S ( )

YTO U ONpPeesieT MTUIIEKTPUYECKYIO MPOHUIIAEMOCTh JIEeKTPOHHOro raza B RPA npu-
Osmxkennu (Kak GyHKIMIO OTKJIMKA Ha, BHEITHEE 3JIEKTPUIECKOE MOJIE).

5397y hopMyIy MOXKHO MOJIY9IHTb, HAIIHLCAB

1 1 1 1
- + =
(2n +1)272 + 22 2z {ac+i7r(2n+ 1) z—ir(2n+ 1)}
_ i oodze_ggZ[e—iw(Qn+1)z +ei7r(2n+1)z} (2.98)
2z 0

¥ IIPOCYyMMHPOBAB IIPOIPECCUIO II0J, 3HAKOM HHTErpaJa.
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Orpensas B (2.105) geficTBUTENBHYIO M MHUMYIO 9acTH (1 MeHsist OOLHil 3HAK), HOJTY-
qaeM (DYHKIMIO OTKIINKA MIOTHOCTH — TIJIOTHOCTh B BUJIE:

Rex(wq) = 2vp {1 + Y m

W — Vpq
2upq

W+ vpq

} (2.106)

w
Imx(wq) = mvp—0(vrq — |w)) (2.107)
VFq

B ornmuue or anasoruguoro seipazkenus (2.24) (Bo3Hukiiero us auarpamm peiiHMaHoB-
ckoii Texunky npu T = 0), 371€Ch BBIMOJHEHBI BCe TPEOOBAHNS AHATUTHYHOCTH, HAJIArae-
Mble Ha ynknun orkauka [11]%. B wactrocTu, BhimosHsercs cootHonenue Kpamepca —

Kponwura:
1 [ Imy (o'

—0o0
Taxkum 0Opa3oM, TUIIEKTPUIECKAS TPOHUIAEMOCTh CUCTEMbI, PACCMATPUBAEMAast KaK (hbyHK-
orda OTKJIMKa, OIIPpEIeIdaeTCda KaK:
4mre?
e(qw) =1+ = x(qw) (2.109)

rie X(qw) — 3ama3gpBAKMAsS (DYHKIUS OTKJINKA, [JIOTHOCTh — IJIOTHOCTH [10], OJIY -
JaOIAgCs (c TOYHOCTBIO JI0 3HaKa) AHATMTUIECKAM IPOIOIZKEHIEM MAaIyOapOBCKOTO
HOJIAPU3ALMOHHOTO OIIepaTopa.

JuanekTpudeckas MPOHUIAEMOCTh HEIIOCPEICTBEHHO OIPEIesieT W MPOBOINMOCTH
cucremst [12]:
. . 2
T (1= ) = = Fex(aw) (2.110)

B camom jgesie, MIOTHOCTH TOKA, BOSHUKAIOIIEIO0 B CHCTEME IO AeHCTBHUEM 3JIEeKTpHYIecKoro moss E =
—V¢ (¢ — CKaIsApHBIN MOTEHIMAJ) DABHA:

o(qw) =

i(qw) = o(qw)E(qw) = —io(qw)qy(qw) (2.111)
3aKOH COXPAHEHWs 3apsijia, UMeeT BUJL:
7]
e, n(xt) + Vi(rt) = 0 (2.112)
unu B pypbe — KOMIIOHEHTaX:
—iwedn(qw) +iqj(qw) =0 (2.113)

rge 6n — OTKJIOHEHHE IUIOTHOCTH OT IIPOCTPAHCTBEHHO OJHOPOJHOTO DABHOBECHOTO 3HAYEHHS 7. DTO
OTKJIOHEHHUE OIpeJesisieTCsl B TeOPUH JHHeHHOro OTKIuKa Kak [10]:

on(qw) = ex(qw)p(qw) (2.114)
KomGuuupys (2.111) — (2.114), memennenso nosydaem (2.110).
B sxcnepumenTe 0ObIMHO UMeeM Je1o ¢ npezenom ¢ — 0 (0IHOPOIHOE BHEIIHEE MOJIE).
Torga TpoBOAMMOCTE OMpeeIseTcs Kak:
. ie?
o(w) = — lim —wx(qw) (2.115)
9—0 ¢q

B paccMOTpEeHHOM BBINE MPOCTEHIIIEM CIIy9ae, KOTJA BBIYUCIAJICS TOJAPU3AIMOHHBIA
OmepaTop ra3a CBOGOTHBIX JIEKTPOHOB, [T BEIYACICHUS Mpeaeta ¢ — 0 mpu KOHEUHBIX
w ucnoybdyeM (2.27) u monyuaem (w — w + 40, & — +0):

m w+id ’

e
w <
—0 g% 3 w? 3mm w

61menno (2.107) moxazama ma Puc. 2.7 (b).
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T.e. 00BIUHYT0 (hopMmyty Jpye a7t IpOBOAUMOCTH HECCTOKHOBUTEIHHOTO ra3a CBOOOIHBIX
9JIEKTPOHOB (MaeaynbHbIil mpoBoaHuK!). B wacTHOCTH:

2

w ne
Reo(w) = —Ime(w) = —md(w 2.117
(@) = = Tme(w) = " m5(w) (2117)
1 _ 1
w+id T w
BBEJIEHUIO KOHEYHON YaCTOThI PACCEsTHUS & — 7 = % (rue T — Bpemsi cBoBogHOTO IPOGEra).

e yd4id — im§(w). PEHOMEHOIOTUYECKHIl yueT CTOJKHOBEHHN CBOAUTCH K

2.8 Mukpockonnmdeckue OCHOBBI Teopuu (pepMu — KW I-
KOCTM!.

B peasbHBIX MeTaIIaX C T's ~ 2 — 3, B3AMMOJEHCTBYE IJIEKTPOHOB HE SIBJISETCS CJIA0bIM,
TaK 9TO HEJb3sl OPPAHUYUTHCA CyMMHUPOBAHUEM KaKOW — OO CHEIUATbHON MocIen0-
BarenbHoctu quarpamm (runa RPA, cuopasenyusoro B npegese rs < 1). B roxke Bpe-
msi, deHomeHomornveckast reopusi dbepmu — kuakocrn Jlannay — Cunnna [10] siBasiercst
BIIOJTHE YCIIEITHOMN TPY OMTUCAHUN CBONCTB (hepMU — CHCTEM C CHJIBHBIM B3aMMOIEHCTBAEM.
PaccMoTpuM BOIIPOC 0 MEKPOCKOITMYECKOM OBGOCHOBAHWH 3TOi Teopun [2, 8, 9].

Jlannay dbakTudecKku mocTyIMpPOBAJL, YTO OCHOBHOE COCTOsiHUE (DEPMU — KUJIKOCTH Ka-
9EeCTBEHHO HE OTJIMIAETCS OT OCHOBHOT'O COCTOSTHUSA (PepMu — ra3a, a cado BO30Y K IeHHbBIE
COCTOSTHHSI MOTYT OBITH OIUCAHBI KAK K6A3U%ACMULbL, AHATIOTUIHBIE YACTUIAM U JBIPKAM
B (bepmu — raze, HECMOTPS HA CUJILHOE B3AUMOIEHCTBYE B CUCTEME PEAThHBIX (DEPMUOHOB
(s7eKTpPOHOB B MeTasTe, aroMoB He®, HyKIoHOB B Aape U T.11.). BaykueitnmimM, mpu sToM,
SIBJISIETCST TIPEJIIOJIOKEHNE O CYIIIECTBOBAHUK XOPOIIIO ONPE/IIeHHOM noBepxHocTr @epmu
C PAIMyCOM PF, YAOBIETBOPAIONIAM ‘Ta30BOMY’ COOTHOIIEHUIO:

N _ ph

n = V T 3020 (2.118)
CBS3BIBAIOIIEMY €ro ¢ MOJHON IJIOTHOCTHIO YACTHI B CHCTEME. DTO yTBEpXKaeHue, (hak-
TUYECKH, MOXKET OBbITh 00K43GHO B KAXKJOM MMOPSIKE TEOPUU BO3MYINEHUN MO B3aUMO-
JIEWCTBHUIO C UCIOJIB30BAHUEM OOIUX CBOMCTB (byHKIuil ['pruHa 1 M3BECTHO KaK meopema
Jammunorcepa (J.M.Luttinger, 1960) [1, 2]. CooTBercTByIOIEe JOKA3ATEILCTBO T0CTA-
TOYHO 'POMO3/IKO U MBI €r0 He HPUBOAUM . Hajl0 4eTKO HOHHMATh, 9TO OCHOBHOE COCTO-
STHUE HOPMAAbHOT (DEPMU — XKUJKOCTH He SIBJISIETCS €JUHCTBEHHBIM BO3MOXKHBIM COCTO-
SIHUEM CHCTEMbI B3aMMOEHCTBYIONNX 3/1eKTPoHOB (bepmuonos). Hampumep, Mbl 3HaeM,
YTO CHUCTEMA MOYKET HAXOIUTHCS B CBEPXIIPOBOJMAINEM (CBEPXTEKYYeM) COCTOSTHUHU, KO-
raa reopeMa JlaTTuHKEpa He BBINOIHAETC U nosepxaocT @epmu nem (oHa “3akpbiTa”
SHEpreTHYecKoii mesbio!). B Hacrosiuee Bpems, korga ocoboe BHUMAHUE yIeJseTcs Pac-
CMOTPEHHIO CUCTEM C CUALHDLMYU KOPPEAAUUAMU, AKTUBHO 0DCY K TAIOTCS PA3IUIHBIE “CIie-
Hapuwn” dpopMupoBaHus HeEPMUKUIKOCTHOIO MOBEJIEHUS TAKUX CUCTEM. 3/1€Ch, OTHAKO,
MBI CKOHIIEHTPUPYEMCsT Ha PACCMOTPEHUN MUKPOCKOMMIECKUX OCHOB TEOPUU HOPMAJIHHOMN
dbepvu — skuakocry [8, 9].

OcHOBHO# (DU3UUIECKOM MPUIUHON TOTO, YTO B CHCTEME B3aMMOIEHCTBYOMMX (hepMu-
OHOB COXPAHSIIOTCS YePThI MOBEIEHUS, TUIIUIHOrO i ra3a CBOOOIHBIX (DePMHUOHOB, SIB-
ssiercst npuanun [Taymu. VIMeHHO OH, KaK Mbl cefi9ac yBUANM, [TO3BOJISET BBECTH XOPOIIIO
OTIpe/Ie/IeHHbIE KBA3UUACTUYHBIE BO30Y K IeHus BOu3u yposHsa (mosepxaocru) Pepvu. B

"B IpmaokeHun A IPUBOLATCS TOIIOJOTHYECKIE COOOPAKEHHs JOCTATOUHO OOIEro XapaKTepa, mO/-
TBepPK/JA0IINE YCTONIUBOCTH MOBepXHOCTH PepMu K aaunabaTHIecKOMY “BKIIIOYEHUIO” B3aUMOIEUCTBUS
mexy gacrunamu (I.E.Bonosuk, 1999).
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P2

Py

Puc. 2.11: [Iponecc poxkaeHust Tpex KBA3WIACTHIIL,

HeckoHedHOI oHOpOAHOI cucreme byHknus 'puaa Gog(p) AUaroHaabHA IO CIIHHOPHBIM
UHJIEKCAM ¥ OJIMHAKOBA [JIf OOOMX 3HAYEHUI MPOEKIUU CIUHA, (B OTCYTCTBUE MATHUTHO-
IO MOJIsl UJIKA CIIOHTAHHON HAMATHUYEHHOCTH ), TIO9TOMY IAJIEE ITH MHIEKCHI OITyCKAIOTCH.
Bsenem, Kak 0OBITHO COOCTBEHHO — YHEPreTUIECKYIO JacTh U 3amuiieM ypaBHenune Jlaii-

CcoHa: )
Tep)=e - L 1y =
G (ep) =¢ o + 1 — X(ep) (2.119)

[TocMoTpuM 9TO TYyT MOKHO CKa3aTh U3 “00mux coodbparkennii”. OMeHNM BKJIAI B MHIMYO
9aCTh Y OT MPOIECCOB DPOXKJEHUS TPEX KBA3WUIACTHUI] — MPOCTEHIINil MPOIECC TaKOro
runa (MPUBOALAIIMI K KOHEYHOMY BPEMEHM KU3HM KBa3udacruiibl) ceogurcsa (cm. Puc.
2.11) k BO3OY2KIEHUIO APYTOro 3JeKTpoHa u3 1o/ nosepxHocru Pepmu, r.e. K POKIAEHUIO
SJIEKTPOH — ABIPOTHOM maphl. VIMeeM OOBIYHbBIE 3aKOHBI COXPAHEHUST:

P1+ P2 =P3 + P4 €1t+ex=¢e3+¢4 (2.120)

opuvieM B JaHHOM CJIy4ae:

Ip1l;Ipsl, IPal > pr, & |p2| < pr
€1,62,e4 >0, a <0 (2.121)

Orcrona sicro, 9To TIpH |p1| — PF, A8 BCEX OCTANBHBIX YaCTHUIL TakkKe |p2|, |ps|, |pa| —
pr, au3 £1 — +0 BoiTekaer, 4to u £,(a = 2,3,4) — 0. Korga p1 Heckosbko “Bbiiie”’ pg,
Bce ocranbHble (|pq| — pr) oxuoro nopsaka ¢ (|p1| — pr). CoorBercTBEHHO, BEPOATHOCTH
IPOIIECCa, OMUCHLIBAEMOr0O PACCMATPUBAEMON TUATPAMMOI, IIPOIOPIUOHAIBHA,

1
W= P /5(51 +¢e2 — €3 — £4)dp2dps (2.122)

B camom mese, mMmysibe p1 3a7aH, a P4 = P1 + P2 — P3, TaK 9TO OCTAETCS TOJHKO JIBA
HE3ABUCUMbBIX MMILYJIbCA MHTErPUPOBaHUs, KaK U 1okasaHo B (2.122). ITockosbky pae u
ps 6nu3ku K pp, umeeM (|p23| — pr) ~ (|p1]| — pr). Jonycrumblie obnactu n3MeHeHus
Mozynielt p2 u p3 ecTb: prp < p3 < p1+p2—pF U 2pp—p1 < p2 < pp. YOI MeXKy P1 U P3
MOKeT OBITh JIIOOBIM, a YTrOJI MEXK/Yy P3 U P1 + P2 ONPEIEIAETCS U3 YCIOBUS COXPAHEHHST
SHEPrUM U MHTErpaJl Mo 3TOMY yriay cHumaer 0 — dyskimuio B (2.122). CoorBeTCTBEHHO
uHTerpas o dpadps Gepercs Ipu pe & p3 ~ pr U Aaet A (2.122) onenky ~ (|p1|—pr)?.
[TosTomy obparHOE BpeMms KU3HU IJTEKTPOHA C UMIIYJIbCOM P OIEHUBAETCH KAK:

1
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HeTpynuo y6euThCsl, 9TO CTATACTAIECKULY BEC COCTOAHHHM C GOMBIIAM IHCIOM KBA3HIACTHI] HAMUHACTCS
¢ 6omee BBICOKHX cTemeneit €. Hampumep ImYs ~ |€3|e [8]. [Ipu KoHEIHBIX TeMIepaTypax, pa3MbITHE
depMueBcKOro pacrupezesnenusi ~ T', 9T0 IPUBOJUT K BKJIAAY B 3aTyXaHUE OT TEPMHUYECKHU BO30Y K IEHHBIX

KBa3UIaCTHUI] ~ g—F CoorsercreenHO, 00beauusas ux ¢ (2.123), nmeem:
1 2 T2 2 T2
- =A(i+7) ~ Maz (i—) (2.124)
T Ep Er Er Ef

rae A ~ const. Ecin Bocnons3oBaTscs 06braH0# dbopmysioit JIpyse [js DpOBOSAMOCTH:

7’L62

o= (2.125)
m

2
W B3SATH T = AT—F, 10 (mCmonb3yst Takxke (2.118)) mOy<IMM OLEHKY CONPOTHBIICHHS B BHJE:

E

1 T%m 1 T\2

R=—-n~n ———=—F5— (_> (2.126)
o Epp}er  elpp \Er

Taxkum o6pa3oM, XxapakTepHasl TeMIIEPATypHAsi 3aBHCHMOCTb COIPOTHUBJIEHNS, BHI3BAHHOIO SJIEKTPOH —

SJIEeKTPOHHBIM paccesHueM R ~ T2 (JI./1.JTaunay, W.5.ITomepamuyk, 1937). THINYHAS ONEHKA pF ~ %

(rme a — MeXaToMHOe paccTosiHue) maer R ~ Z—g (%)2 ~ 10~30Mm cMm (E—TF)Q, 4TO JaeT IpeHebpe-
2KHUMO Ma.ﬂblﬁ BKJIaJ B COHpOTHBHeHHe HpI/I TUIINWYHBIX 3HAYECHUAX T, KOTOpBII';I IIOJTHOCTBIO MaCKI/IpyeTCﬂ
JPYTHMHE MEXaHU3MaM# paccesnusi (Hanpumep Ha (ononax). Peasmbnoe nabmogenue ~ T2 Bkiaga B
CONIPOTHBJICHUH METAJIJIOB BO3MOXKHO TOJIBKO B “yiabTpaducTeix”’ obpasmax mpu 1T' < 1K, korma MOXKHO
npenebpedsb paccessHuEeM HA (POHOHAX. DTO MPOCTOE OOCTOATENTHCTBO YACTO 3a0BIBAETCS B COBPEMEHHOM
JIATEPATYPE.

Takum obpasom, BOsu3u nosoca € = £(p) dyukuuu I'puna (2.119) Mbl Bcerga umeem
Ree(p) ~ vp(p—pr) > Ime(p) ~ 71 ~ (p— pr)?, 4T0 U O3HAUAET CYIIECTBOBAHHE “XO-
POITIO Ompee/leHHbIX” KBasudacTull BOm3u yposasa @epmu. Bosee akkyparHo (Hexenn,
HAIPUMeED, 3T0 zesanoch B (2.45) — (2.49)) HyxkuO neiicTBoBarhb cieayomum obpasom. B
OJJHOPO/HON 1 M30TPONHON cucreme (depmu — xkuzpkocru) Benuuuna ReX(ep) saBucur
TOJILKO OT MOAyJist p = |p|. Onpenesnum umiyiasc @epmu pp B cucreMe ¢ B3auMOAeicTBI-

€M C MOMOIIBIO CJIEIYIONIEr0 YPAaBHEHNUS:

Ll

L2 4 5(pp,0) = (2.127)

Paznaras Y (pe) B psiz 110 cremneHsm p — pg U €, ojiydaeM Bbipaxkenue misg G(pe), cupa-
BennBoe BOM3M nosepxHocTh ®epmnu (¢ — 0, p — pp) B CleyIOMEM BHIE:

2 0% 0%
G ep)me— 2 +u—z<pF,o>—<—> <p—pp>—<—> 4 id/|ele =
op ) p Oc )

2m
-[1- (%)J o[ (%)J (0 — pr) +ic|ele

(2.128)

rae yuau (2.123) u obecrednsiv NpaBUIbHYI0 CMEHY 3HaKa MHUMOMN dacTu ((elinManos-
ckoit) dbyuxuu Ipuna npu € = 0. Takum oOpaszom ybexpaemcs, 9ro dyskimio [puna
B3aMMOIEHCTBYOMEH cucTeMbl (hepMuOHOB BOMM3H moBepxHOCTH PepMy MOXKHO 3allu-
carb Kak [8]:

Z
e —vr(p — pr) +ialele

G(ep) = G"(ep) (2.129)

rue G"¢9(ep) — perynspHas 4acTh, He UMEIONIAs [OJIOCOB BOM3u noBepxHocru Pepmu
(n cBsi3aHHAs C MHOIOYACTHYIHBIME BO30YykAeHusMu B cucreme [8]). IIpu arom B (2.129)
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MBI BBEJI CIEAYIONIEe OOO3HATECHUA:

1 ox 0G1
7= (%)= (%), (2:130)

JJIst Bhruera B mosrioce dyukiuu ['puna, u

£-(8), (%)
=" e ANTPIRS g =7d (2.131)

Vv =
F (aaa) (aaa) ’
Oe F Oe F

JIg cKopocTHu Ha, mosepxuocTr Pepmu. Boipazkenue (2.129) onpepesser obmmit Bug, of-
Houyacruunoil pyukiuu ['puna B cucreme B3aumoneiicrByomux depmu — gacrul (bepMu
— KUAKOCTH). JIerko BUIETh, 9T0 OOCY2KIABIIMECS BbIIIE YACTHBIE BHIPAKEHUS, CIIEYI0-
mue u3 RPA, umeror uvenno taxoii Buj, (moBegenue).

Tenepb HETPYIHO ybOemuThcst, 910 u3 (2.129) HEMOCPEICTBEHHO CIIEIYeT CYIIEeCTBO-
Banue (mpu T = 0) ckauka B PACIPEIEICHAN %aCIMULY 10 UMIYIbCAM JaXKe B CHCTEME
B3aumozeiicTByomux dpepmuonos (A.B.Murznasu, 1957). B camom zene, BbraucauM pas-
HOCTh 3HaueHuil pyHKMU pacupeieienus n(p) no obe cropousl or nosepxuocru Pepmu,
r.e. npenest pasuoctu n(pg + q) —n(pr — q) upu ¢ — +0. Pacupenesenune yacrui no um-
MyJIbCaM, KaK M3BECTHO, BhIpAXKAETCs depe3 (pyHKImio ['pruHa C/IeayIONM HHTErPAJIOM

[1]:

n(p) = —i lim - ﬁe_iEtG(a ) (2.132)
p)= t——0 — oo 27 p ’
Bocnonbayemcs 3uech (2.129). Beumy peryisprocru dbyukiuu G (ep) 3apanee sicHO,
9TO Pa3HOCTh WHTErPAJIOB OT Hee Oymer crpemurhes mpu ¢ — 0 K mHymo. [losromy mo-
CTaTOYHO PACCMOTPETH PA3HOCTh MHTErPAJIOB TOJBKO OT MOJIOCHOrO BKIaAa B (2.129).
Torna nmeem:

n(pr — q) — n(pr + q) = —z‘/oo de { z z } (2.133)

Oo% 5+qu—i(5_5—qu+i5

rze y4iu, 4ro Bosu3u nosoca signe = sign(p — pg), a TaK¥Ke TO, 4TO BBHUJLY CXOAUMOCTHU
3TOT0O WHTErpasa OT Pa3HOCTH, MHOKATETb e~ ¢! (ipu t — () MOJKHO OIyCTHTB. 3aMbIKast
Ternepb KOHTYD WHTErPUPOBAHUs GECKOHEYHO YAAJEHHON MOJyOKPYYKHOCTBIO (BCE PABHO
B BEpXHEH WM HUKHEH MOJIYIIJIOCKOCTH ), HAXOIUM:

npr—0)—n(pr+0)=2 (2.134)
IMockonbky n(p) < 1, orcioma ciemyer 4To:
0<z<1 (2.135)

npwdeM Z = 1 mocTuraercs JIUIIb B Mpeaese uaeaabHoro ¢gpepmu — rasza. Takum obpa-
30M pAacpeeieHre 9acTull Mo UMIyabcaM B depmu — kugkoctu npu I = 0 umeer,
KaK M B ra3e, CKa4oK Ha, moBepxHocTu Pepmu, KaK ITO KAYECTBEHHO MOKa3aHO Ha Puc.
2.12. B orauume or ciaydas Ta3a, BEIUYNHA CKAYKA MEHBIE eIUHUIBI, & CaMa (DyHKIUs
pacupegesienus 1(p) 0CTaeTcst KOHEYHON U B 00JacT p > pp (Y4aCTHIbL “BbITAJIKUBAIOT-
ca” B a1y obsacth B3aumozeiicrBuem!). PakTudecku, CyniecTBOBaHUE CKaYKa (DYHKIUU
pacmpesesieHus U MO3BOJISIET BBECTH CaMO MoHsTre noepxuocru Pepmu B cucreme B3a-
UMOIEHCTBYIONIX (hEPMUOHOB.
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without interactions

Fermi-
\ liquid

Nko

Y

kp k
Puc. 2.12: KagecrBennsiit Bu GYHKIIUN PACIpeSeeHns IacThll, B (pepMu — KUIKOCTH
upu T' = 0.

CrekrpasibHas mioTHOCTL A(pe) = —sign&%[ mG (ep), coorBercTByIoONias GyHKIMNH
Cpuna (2.129) mMmeer BHJ Pa3MBITOrO 3aTyXaHHEM KBa3HYaCTHYHOIO HHKA IIPH € = &p
(SHEpruM KBAa3MYACTHIIbI), HA CPABHUTEJIBLHO ILUIABHOM (DOHE OT MHOIMOYACTHYHBIX BO3-
OyK/aenuii, kKak 310 nokasano ua Puc. 2.13 (b), Torga kak B uieajbHOM ra3e oHa CBO-
JIATCS K COOTBETCTBYIOMEH § — dbyHKImy, nokazanuoil na Puc. 2.13 (a). 3amerum, 9T0
CTMeKTpaJIbHasl TNIOTHOCTD 3JIEKTPOHOB B PEAThHBIX CHCTEMAX B3aMMOIEHCTBYIOMINX JIEK-
TPOHOB, (DAKTUIECKH, MOXKET ObITh M3MEPEHa B IKCIEPUMEHTAX MO (POTOIMHUCCHU C yT-
nosbiv paspemennem (ARPES)®, B koTopbIx Takske ygaeTcs u3yduTb W peanbHbIi BUJL
nosepxHOcTeil PepMu, B TOM 9HCTIe IS BechbMa, CTOXKHBIX coemuHennit’. [IpoBeieHHLIe B
TTOCJIEIHUE TOIBI U3MEPEHUS TOATBEPIN/IN KAYeCTBEHHbBIE MPEICKA3aHus Teopun (hepmu
— XUAKOCTH IJIsT OOJIBITUHCTBA, “MeTaIandeckux’ cucreM. HabmomaeMble OTKJIOHEHHS OT
bepMUKHMIKOCTHOTO TIOBEIEHNST OOBIYHO CBI3BIBAIOT C MPOABIEHUAME I(DDEKTOB Ccuab-
HuT Koppeasyud [13].

2.9 BsaumogeiicTBue KBa3m4dacTUIl B pepMHu — >KUJIKO-
CTH.

BsanmozeiictBrue KBasuIacTuIl, (haKTHIECKH, OMUCHIBACTCH deyruacmuwnol dyHKImed
['puna [8]:
K =< To()o(2)e (30 (4) > (2.136)

KOTOpasi OTPEEISIeTCss CyMMOI Bcex TpadHKOB, MEPEBOAAIINX JBE YACTHUIBI W3 TOYEK
(1,2) B roukm (3,4). Ty, mpex/ie Bcero, MOXKHO BBIIEINTH IpadUKU 6e3 B3auMOIeiicTBHs
MeXKIy OOEMMHM YaCTUIIAMM, HO CO BCEMH BO3MOYXKHBIMH B3aMMOICHCTBUAMA KarKIOW U3
qacrur ¢ “‘poroM”, Tuna nokazaHubix Ha Puc. 2.14. O4eBUIHO, 9TO 37€CHh BO3HHKAET

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

9A.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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Y €k w 1% € w

Puc. 2.13: Cuekrpasibhas mwiorHocTb B (epmu — raze (a) u dpepmu — xuukocru (b).

Puc. 2.14: HezaBucumoe pacmpoCTpaHeHue IByX YaCTUIl B GepMU — KUIKOCTH.



2.9. BzammozeiicTBre KBa3wdacTuI] B (pepMU — XKHTKOCTH. 47

Puc. 2.15: I'pacduyeckoe onpenenenue 610ka V. 3adepkayThl rpadukn, Pa3pe3aeMble o
JBYM JIMHUSIM 9aCTHII.

JIBE€ HE3aBUCHUMBIX COBOKYITHOCTH IPa(UKOB, KaxKas W3 KOTOPBIX CBOIUTCH K IIOJIHOM
onuodacruanoit pyuknuu ['puna G. CooTBETCTBEHHO UMeeM:

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

3Hak MuHyC 1nepe] BropbiM (OOMEHHbIM) YJIEHOM CBA3aH 3/€Ch CO CBOMCTBOM aHTHUCHM-
mMeTpur (PEPMUOHOB [IPU MEPECTAHOBKAX.

Bce ocranpubie rpadukn mis K comepkar aKThl B3aUMOIEHCTBUS YACTHUIL APYT C
apyrom. Obo3Hadnm depe3 V' COBOKYIMHOCTH TAKUX MPAMUKOB B3AUMOIEHCTBUST, KOTOPHIE
HE MOTYT OBITh Pa3/eeHbI HA YaCTH, COEJUHEHHBIE IBYMs 3JEKTPOHHBIMU JIMHUSMU,
KaK 310 nokazano Ha Puc. 2.15. Torma s nByxgacruunoit dyukmyn ['puna K MoxHO
HAIACATH YPABHEHUE:

K =Ko — GGVK (2.138)

ITOCKOJIbKY CyMMa BCex rpadukos, cieayiomumx mocie V , cuoBa obpasyer K. Pazymeercs,
ypasuenue (2.138), Ha caMoM zeJie, MHTErpajIbHOE, a OLePATOPHOe yMHOXKeHue (yHKIMi
[Cpuna 0603Ha9aET 371€Ch (U JaJjiee B AHAJOTUIHBIX CIy9asax) COOTBETCTBYOINE NHTEIPU-
POBaHWUS.

Jl1st omucaHusi CAMOro MPOIECCa B3aUMOIEHCTBUS YaCTHUIL yIOOHO BBECTU BEPITUHHYIO
vyacrb (aMiiuTyny paccesitus) ' ¢ IOMOIIBIO CIIEYIOMIEro COOTHONIEHHUS:

K — Ko = ~GGTGG (2.139)

Besmunna I' ipeicrasisier coboii cymMmy BeeX rpadbUKOB, HAUNHAIONIUXCS W KOHYAOIIAX-
CA B3aMMOZEHCTBUEM MEXK/y YACTHUIAMHE, T.€. B HEE HE BKJIIOYAIOTCH BXOJSIINE U BBIXO-
Jsmpe uEnE gactul (00py6ienst “Brernnue”’ konipr). [Momcrasnsas (2.139) B (2.138),
[OJLY Ia€eM:

K — Ko = —GGTGG = ~GGVEK = —~GGV Ky + GGVGGTGG (2.140)
I/ICHOJ'IBByeM O4YeBHHOE COOTHOIIEHUE:
GGVEKy,=GG(V - V)GG (2.141)

rue V obosnavaer V' ¢ nepecraBiieHHbIMU BbIxosdmumu Kounamu. Toraa us (2.140), nocue
YMHOMKeHus cripasa u ciesa Ha (GG) ™! momyuaem:

=V -V-VGGT (2.142)
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7

Puc. 2.16: I'pacduveckuit Bu ypaBHEeHUs 18 BEPIIUHBI || € BbIZeIeHrEeM KAHAIIA YaCTHUIA
— YaCTHIA.

4 S\,
U = g + ?;é + g § + § +
+ + @ + + -

Puc. 2.17: T'paduyeckoe onpenenenne 60ka U. 3auepkHyTh rpaduku, pa3pe3aeMble Mo
JIMHUSIM YACTHUIIBI U JBIPKH.

N3 onpenenenns I' m K cienyer, 910
I'(1,2;3,4) = -T'(2,1;3,4) = —I'(1, 2;4, 3) I'(1,2;3,4) =T(3,4;1,2) (2.143)

9TO OTPAYKAET AHTUCUMMETPHUIO BOJHOBBIX (hyHKIHI B crucreme (hepMUOHOB.

Ypasuenue (2.142) ayst I' MOXKHO HOLY9UTh U HENIOCPEACTBEHHO, HE UCIIOJIb3Ysl YDaB-
wenue qa K. Beinesnsis 650k V, HeTpyaHO moryanTh rpadudeckoe ypaBHeHne, TOKA3aH-
Hoe Ha Puc. 2.16, cummerpusanus koroporo naer (2.142).

s obocHOBaHusS (HEHOMEHOJOTUIECKOH Teopun (hepMu — KUIKOCTH YI0OHO 3alrv-
carh ypaBHenue mjis I' B apyrom Bume. Beimre Mbr Beigesisin 00K V', KOTOPBIH HeIb3s
ObLIO pa3pe3aTh IO ABYM JIMHUAM B KaHAJE YACTHUIE — YaCTUNA (T.e. OJOK, HEITPUBOI-
MbIil B ZaHHOM KaHaJe). MOXKHO IOCTYIIUTh MHAYE U BBLICIUTH U3 BCEl COBOKYIIHOCTH
rpadukos mis [ 6710k U, HenpuBOAUMBIN B KaHAJIE YACTHUIA — JAbIPKA, KOTOPBIA HEIb3s
pa30buTh HA YACTH, COEJUHEHHBIE JIMHUAMU YACTHUIHI U AbIpKU. COOTBETCTBYIOIIME rpa-
duru mokazaubr Ha Puc. 2.17. Torma mis [ MmoxkHO Hamucarh rpaduieckoe ypaBHEHUE,
nokasaHHoe Ha Puc. 2.18, uin B aHATUTHYIECKOM BUJIE:

I'=U+UGGT (2.144)
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Py Ps Py Py
r = U + U r
7 7
Dy Dy Py P

Puc. 2.18: T'pacduveckuii Bu ypaBHeHUs 18 BEPIIUHBI ' ¢ BbIIEIEHIEM KAHAJIA JaCTUIA
— JIbIpKA.

7

Puc. 2.19: YpaBuenus ajist BepIiuH B “mapkere’.

B nMmynbcHOM TTpEICTABIEHIHN PA3HOCTD 4-UMITYJIhCOB, BXOAAIUX 371eCh B (byHKInu I'pu-
Ha G (4 yI0BIETBOPLIOIINX 3aKOHY COXPAHEHUsl P1+Pa = P3+Ppa4), PABHA IIEPEIABAEMOMY
UMILYJIbCY q = P1 — P3 = P4 — P2, KOTOPBIA PaBeH CyMMapHOMY UMILYJIbCY B KaHAaJle YaCTU-
1[a — JIBIPKA W OJUHAKOB B KaXKJI0OM CEYEHHUH ITOTO KaHata. B ypaBHeHnH, MOKA3aHHOM HA
Puc. 2.16, cymma nMnyibcoB, BXOAAMNX B ', paBHA MOJTHOMY UMITYJIHCY CUCTEMBI U3 JIBYX
qacTuI, ¢ = p1+p2 = p3 + P4 M OJUHAKOBA B KAYKIOM CEICHUM KAHAJA, ABYX YaCTHI. BbI-
JleJIeHVE TeX UJIU UHBIX OJIOKOB, TUIA MPOBEIEHHOTO BBIIIE, OKA3bIBAETCs YIAOOHBIM, KOTIa
BbIJIEJIEHHDBIH GJI0K OKa3bIBaeTCs C1ab0 3aBUCSIIMM OT CBOUX IE€PEMEHHbIX (MMIYJIbCOB),

TOrZIA OH MOXKET OBbITh 3aMeHeH 3(PPEKTUBHON KOHCTAHTOIA.

OrcrynneHue o ‘“mapkere”.

B mexoropeix ciydasx ygo6HO BBecTm 00K W, Hepa3pe3aeMblii MO JBYM JIMHHASM KaK B KAHAJE
JByX YaCTHI[, TAK U B KaHaJle YaCTUIa — AbIpKa. Torma Hapsamy ¢ ypaBHeHusMmu (2.16) u (2.18) HyxKHO
ele HaKWCATh ypaBHEHUsl, cBsi3biBafomue 60k U u V' ¢ 6iokom W, kak 310 moka3aHo Ha Puc. 2.19.
CoBMecTHO ¢ ypaBHeHusMu Puc. 2.16 u Puc. 2.18, ypaBuenus Puc. 2.19 o6pa3yroT cuCcTeMy TaK Ha3bl-
BaeMbIX “mapkerHbix” ypaBHeHuil. 37eck nmog W noHMMaeTCss CHMMETPU30BAHHOE BBIDAXKEHUE, T.e. JJIsi
depmu — gacTun pasnocts Wog~s(p1, 02503, P4) — Wa 8,5~ (P1,P2; P4, p3). B amamurmdeckoM Buje:

V-V =W+UGGT (2.145)
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U=W —VGGT (2.146)

Ucnonwb3ysa ypasuenue miusg I' B dopme Puc. 2.18, monydaem u3 (2.145):
U+V-V=W4+T (2.147)

710 ke mosmyunrcsa u3 (2.146), ecan qna I ucnonb3oBaTh ypasHenue Puc. 2.16. Dtu ypaBHEHHUsT MO3BO-
JISIOT BBIPA3uTh I’ uyepe3 HenpupoguMyo Bepiiuny W. B pe3ynbrare BO3HHKAET CIeAyIOINee HelHHeiiHoe
(mHTErpasIEHOE) ypaBHEHHE:

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

Brok W B uMIynbCHOM IpeCTaBIeHHH OOBIYHO C1a00 3aBUCHUT OT BXOMASIINX U BBIXOJSIIUX UMIIYJIBCOB,
Torga Kak cornacHo (2.146), 6ok U mpm MasoM CyMMapHOM HMILYJIbCE 3ABHCHT OT HErO CyIIECTBEHHO.
Amnasornar0, 6510k V, cornacuo (2.145), CymecTBEHHO 3aBHCHT OT IIEPEJABAEMOr0 MMILYIbca ¢ — 0.

Bsok U 1enecoobpa3no BBOAUTH [JIs M3yUeHWsT CBOWCTB I’ mpm MaJibIX mepesaBa-
eMbIX MMIIyJIbCaX, TOrJA KakK BblaeseHue 0joka V (1 ucrnonb3oBaHue ypaBHeHus Puc.
2.16) ymobHO, KOrja MaJj CyMMAapHBIH UMIOYJIbC YaCTHUI (CM. HUYKE aHAJIU3 KYIePOBCKOI
HeycroituusocTu!).

B reopuu nopmasbuoit dbepmu — xunakoctu Jlanmay ypasuenue Puc. 2.18 urpaer Bbi-
JIeJIEHHYI0 POJib. lcxoaH0, 9T0 ypaBHeHue COuepKUT (BO BTOPOM UJieHe B IIPABOMN 4acTu)
WHTErpUpOBAHUE O OOJIACTSAM KaK OJU3KUM, TaK U JAJEKAM OT TOBepxHOCTH ®Pepmu.
Jlanmgay mokaszas, 9TO MPH MAJIbIX TTepeaBaeMbIX UMITYIhCaX MOYKHO U3 3TOTO ypaBHE-
HUsl [IOJYYUTh Apyroe (“nepeHopMupoBaHHo€”) ypasHenue mis I’ ¢ uMnysnbcamu BOIU3U
noeepxaocTd Pepmu 1 He copepKaIiee MHTErPUPOBAHUIN IO 00IACTAM, JAJTEKUM OT YPOB-
us @Pepmu (r.e. mosyuuTh 3aMKHYTOE ypaBHenue Jjis I Ha nosepxuoctu Pepmu.).

Bamumem ypasuenue Puc. 2.18 B SBHOM BUIE B UMITYJIbCHOM MTPEICTABICHUN:

d4p// q q
T 7/7 -U 7/, o / U ,//7 G(// —)G(”——)F //7 /7
(p:p'sq) =Ulp,p'sq) =i ) )i (p.p" )G (" +5) G (" = 5)T0". P q)
(2.149)
rae Y obo3HAYAET CYMMHPOBAHWE IO CIHHOBBIM WHIEKCAM BHYTDEHHUX JIHHUI, a CO-

OTBETCTBYIOIINE WHIEKCHI MBI, JIJI KPATKOCTH, HE BBIMACHIBAEM. 3/1€Ch TAK>KEe BBEIEHbI
0003HaAYCHU:

L(p1,p2,p3,pa) = L(p,p', q)(27)* 6 (p1 + p2 + p3 + pa)
U(p1,p2,ps,pa) = U(p,p',q)(2m)* 8(p1 + p2 + p3 + p4) (2.150)

npudeM Bxozsime (p1, pe) U BBIXOAAIINE (P3,pg) 4-MMIYIbCHI CBSI3aHBI C p U P’ Kak:

—pa 1 4

pl—p+2 p2 =D 5

q q
Ps=p—3 p4=p'+§ (2.151)

4TOOBI [epeaBaeMblil UMIYJIbC PaBHsAICH ¢ = (Q,w) ¥ BBIIOJIHSLIICH 3aKOH COXPAHEHUs
p1 + p2 = ps + p4. B nepBom mopsizike TeOpun BO3MYIIEHUN 110 B3AUMOIEHCTBUIO MMEEM:

Ulp,p',q) = /d(r1 —rg)e ATy (r) py) (2.152)

rae V(ry — ro) — noreHupMas MeKYaCTHIHOrO B3aUMOAEHCTBUS.
Beimie B (2.129) mbl Bbinucasu obuimii Bu ogaovacTuaHoii Gyukuuu 'puna B reopun
depmMu — JKUIKOCTH:
Z

0= e

G (p) (2.153)
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rae €(p) = vr(p — pr),

—1
Z7l = <8§€ > ; v(g) ~ esigne (2.154)
F

ITpu ¢ — 0 momioca aByx dyukiumii [puna B ypaBuenun (2.149) cOamKaoTCsS U B 1MO-
JVHTETPAJIBHOM BbIpaXKeHUU 3P (HEKTUBHO BO3ZHUKAET § — OOPA3HBIN MAaKCUMyM BOJIU3U
moBepxaoctu Pepmu. CoOTBETCTBEHHO, Mpou3BeeHne yHKIWi ['puHa, B CMBICTIE €ro
pOJIM B si/ipe MHTErpaibHOro ypasHenus (2.149), Mmoxkuo 3anucarb B Buje (Bce sHepruu
orcuuThiBatorcsa or ypoBus ®Pepmu, re. or € = Ep = 0):

(- 2)0(o-8) =250 [ (o (o= 1) +50 @159

rae
1

e —e(p) + iysign(e)’
— dakruuecku, ceobonuas dyukiusa [puna. Uarerpas, sxonsmuit B (2.155) namu yxke
dakruuecku Boraucssiacs B (2.18). Ilonb3ysch moayYeHHBIM TAM PE3YJILTATOM, UMEEM:

Go(p) = 7 —+0 (2.156)

> q q , n(p+a/2)—n(p-a/?
z _2)\_ 9
/_0o d=Go (p+3) Go (p— 3) M et a/2) +2(p—a/2) + insignw
(2.157)
rue
1 mpn |p|<pr
= 2.158
mp) { 0 mpu [p|>pr (2.158)
Orcroma serko nomyunts (cp. (2.18), (2.22) u 1.1.):
q q . 72 qv ol —pr) . _
Go (p+ 2) Go (p 2)q4>0 12°6(e) o= qv + iysignw PF m" + B(p.q)
=A+B

rae v = Oe(p)/0p = £5p/p — ckopocth KBasmwacTun, Ha mosepxHocTn Depmm, m* —
s dexruHas macca, a byHkuus B(p, ¢) He COIEPKUT CHHTYISPHOCTEI M, ¢ TOTHOCTHIO
IO “JIeHOB TIopsika ¢ /p% u w?/E% MOXKeT CIuTaThCst He 3aBHCAIICH OT q.

Bosspainasics k nounoii sepiune I, 3anumem ypasuenue (2.144) B Buze:
r=U+4+TGGU=U+T(A+B)U=U+U(A+ B)l (2.160)

9TO PABEHCTBO MOJIyYAeTCs n3 rpadudecKkoro ypaBuenus mjist I, eciiu cobpars rpaduku
B “obpatHOM Topsizike”. Beegem reneps ammutymy 'Y, onpenenseMyo ypaBHEHUEM:

I'“=U+UBI*=U+T1T“BU (2.161)
Jlerko BuaeTw, uto I' ecth npemet:

“= lim T (2.162)
w—0,Z—-0
[Topsi1oK IpeaebHBIX IEPEXOA0B 31eCh BEChMa BaxKeH — cHadasa ¢ — 0, a yKe moTom
w — 0 (JI.A.JTannay, 1958). IIpu srom Besuuuna A B (2.160) crpemurcs K HyJIIO, 94TO U
OPUBOAUT y ypaBHeHHIo (2.161).
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Yumuoxas (2.160) ciesa na 1+ I' B, nomy4um:
=T“+4+T“Al =T* 4+ TAI¥ (2.163)
B camom meme, nmeem:

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

=T“+T“A+B)I'=T“+T“ATl' +T“BT

— MOJYEPKHYTHIE YJIEHBI COKPAIIAIOTCS W MBI oayvaem (2.163).

Beprmuna I 3asucut ot p?, (p')?, pp’ u ¢,&’ (moka oTBiekaemcst OT cuHOB!), HO Ha
nosepxuoctu Pepmu umeem |p| = |p’| = pr, € = ¢’ = 0, rak uro I'Y 3aBucur TOIBLKO OT
yria Mexkjy BekTopamu p u p’. Besmuuna I' na nosepxnoctu @epMu 3aBUCUT eIl U OT
nepenasaeMoro umiysbca. [lockonbky uarerpuposanue B (2.163) (B cuiy siBHOrO Busa A
u3 (2.159)) npoucxoaut mo nmoepxuocrn ®epwmu, To npu |p| = |p’| = prue =& =0 ono
IpEeJICTaB/IeT COOOI 3aMKHYTOE ypaBHeHue i onpeaenenus [ na mosepxaoctu ®epmu
(JI.O.JTanmay, 1958).

IIpu BbIBOZE MBI npemmosarasu, 9To 6,0k U He mMeeT OCODEHHOCTH IMPHU MEePeaBa-
emom umiyasce ¢ — 0. [Tosromy, cTporo ropopsi, Hale pacCMOTPEHHME He TOJATCS 1Tt
cJlydasi KYJIOHOBCKOT'O B3aUMOJIEHCTBH Mexk Iy (dbepMuoHamu (T.e. HAIIPUMED, [/ JIeK-
TPOHOB B MeTaJiie!), HO NpUMEHUMO 17151 (PepMU — KUIKOCTEil ¢ KOPOTKOAEHCTBIEM, TUTIA
sxunkoro He?. Heobxomumoe 06001enne Ha, CIydail JaJbHOAEHCTBIS GyIeT elme IpoBe-
JIEHO HUZKE.

Banumem ypasaenue (2.163) B aBHOM BHUJI€, OPDAHUYUBAACH CIydYaeM MaJibix ¢. Pac-
CMOTPHM CHa9ama Caydail, kKorga [ He 3aBUCHAT OT CIIMHOBBIX IIEPEMEHHBIX YaCTHIL. Torma
CYMMHUPOBAHUE MO CIUHOBLIM HHIEKCAM BHYTPEHHUX JIMHUH (YACTHUILI U JABIPKHU) IPUBO-
JIAT TIPOCTO K MOSIBJIEHNIO MHOXKHUTENs 2 (15 dbepmmuoHoB co crmuHoM 1/2). Ucnonb3ys
siBHOe BhIpaxkeHne st A n3 (2.159), nomyqamnm:

I(n,n’,q) =I“(n,n') +
qv, ( !’ dQl

722me* ————T'(ny,n,q)—
w—qv, +ivw) Y ar

I'“(n,n’y) (2.164)

2
rae y(w) = ysignw, (y — +0), n,n’,n; — eIMAWYHBIE BEKTOPHI HATpABJIECHUH P, P’

v1. Unrerpuposanue B (2.164) npoucxoaur o yriaMm BeKTOpa Vi.
Paccmorpum B kadecrBe npumepa caydaii, korga ['Y(n, n’) He 3aBucur or yria mexiy
nun’. Torga u T’ He 3aBUCKT OT 3TOrO yrila U Cpa3y Ke HaXOAUTCs U3 ypasHenus (2.164):

FOJ
I'(qw) = (2.165)
1— 1@y [ do—1e

w—quz+iy(w)

rne &g = ZQF“%. Bennuuna, m;gF 37IeCh €CTh IPOCTO ILJIOTHOCTH COCTOSHHUHI Ha
ypoBae Pepmu.

Nurerpan B (2.165) Bbrunciasercs Takke, Kak u Bbimie B (2.22) u (2.24), rak 410
HOJTy 9aeM:

FOJ
I(qw) = (2.166)
14 g {1 — 5y ln ‘Zt—;ﬂv) + iw%ﬁ(qv - |w|)}

B caydae KymoHOBCKOro B3ammozeiicrsus, upu ¢ — 0 cpenu rpaduKoB, ONPeIesIIoniux
610k U (cum. Puc. 2.17) mocrarodno (B mepBoM NPHOIMKEHNH) OCTABUTH TOJIBKO CAMBIIl

TIepBbIil TpadrK, HATTNCAB:
4me?

U = =

=7V, (2.167)
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obpamatoniuiics B 6eckonegrocts npu ¢ — 0. [Tonaras Z = 1 u orOpacbiBasi HEIIOIIOCHBII
BkJIa1 B GG, momydaem:

Y

I(qw) = n o (2.168)
m w U . w
1+ TLEY, {1 e 1n‘w_gv + im g, 0(qu — |w|)}
IIpu w > vq orciona nmeem:
4me? Vi
I(qw) = 5  mpr 5102 1 > (2.169)
q* — —-dme 3 - ( - w—”z)
2
re. €(w) =1 — %, roe wf, = % — KBaJpaT ILTa3MEHHOH 4acToThl. Ilpm vg > w
TOJIy9aeM ODBIYHYIO 1e0AEBCKYI0 SKPAHUPOBKY:
4me?
IN'qw =0) = ——~ 2.170
(=0 = 375 (2170)
e k3 = %. Ot HOpMYJIBI, ECTECTBEHHO, COBMAIAIOT C C TOJIYYECHHBIMU BBINIE B
RPA.

IIpoBemennblit BoIIe OOIMHUiT AHAIN3 MTOAPA3YMEBaI OTCYTCTBHAE CHHTYISAPHOCTH OJI0-
ka U npu ¢ — 0, XxapaKTepHOTO [jisi KYJIOHOBCKOTO B3anmozeiicrsusi. [losromy Koppekt-
HBII y9IeT KYJIOHOBCKOTO B3aWMOIEHCTBHUS B paMKax o0IIeil Teopuu (hepMu — XKUIKO-
cru Tpedyer, BOobIie roBops, crenuaabaoro obcyxaeaus (B.I1.Cumun, 1957; P.Nozieres,
J.M.Luttinger, 1962) [9, 10]. PaccmoTpum npou3BOIbHYIO AMAIDAMMY [Jisl BEPIIUHHON
gacru ['. Hazosem nuarpammy “noaxonsieir” [9], eciau Masiblii UMIYJIbC epeIadn q He
TIOSIBJIAETCS HM B OJHON M3 ee JIMHWHM B3amMOmeicTBus. B mpoTuBHOM crydae K/iacCH-
dunupyem quarpammy Kak “Hernoaxoasantyio”’. COOTBETCTBYIOIINE MPUMEPHI TOKA3AHBI HA,
Puc. 2.20. “ITogxomsiue” quarpaMMbl Jal0T peryasapHbie BKIaabl mpu ¢ — 0. Obo3HadnM
qepe3 r CyMMy BCeX “TIOAXOmANINX’ Auarpamm jisi BepumHuo#M gactu. OHA, 0YEBUIHO,
rakzke perynsgpra npu ¢ — 0. Torga sicHo, 9T0 TPOU3BOIbHBIN BKJIA/L B MOJIHYIO BEPITHHY
WMeeT CTPYKTYpy, moKa3anuyo Ha Puc. 2.21. Takum 00pa3zom MOXKeM 3aluCaTh:

L =T+7TVT (2.171)

e amarpaMMel s GI0KoB V' (9KpanmposanHoe B3amMozeiicTeie!) n T MOKa3aHbl Ha
Puc. 2.22. B anasmruyeckom suze (Puc. 2.22(a)):

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

npuden I, TakKe Kak u T (Puc. 2.22(b)) me coaepxar “HeNOAXOAANIMX’ JIUATPAMM.
fcno, uTo:

v
=9 _ (2.173)

1-V,II

TaK 49TO ~ ~
Py Vel (2.174)

1-V,II

Besmannst T, T, I1 06/13,1210T XOPOLLIO OLPE/Ie/IeHHBIME IPeenaMu mpu ¢ — 0 (ruma IT'v).
[Tosromy, BCe ObOLIME ypaBHEeHMs I AMILIMTY], paccesHus (Bepiuun) reopun (epmu —
JKUJIKOCTH, BBIBEJIEHHBIE BBIIIE, OCTAIOTCS, (DAKTHIECKY, CIPABEIJIMBBIMU JIJIsT “TIOIXO/IsI-
mux” BepiuH (AMILIATYI), TaK 9TO MPU HAJUYAM KyJOHOBCKOTO B3aMMOJIEHCTBUSA HAL
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-

a)

q
A i
p—p'

b)

Puc. 2.20: Tlpumepn “menonxonamux” (a) u “mogxomsamux”’ (b) auarpamMm B 3amaue
KYJOHOBCKAM B3aMMOIEHCTBAEM.

Puc. 2.21: Obmas crpykrypa TpOuU3BOJIBHOTO BKJIAJA B MOJHYIO BEPIIWHY B 3aJa4e C
KYJIOHOBCKHUM B3aUMOJIEHICTBHEM.
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—wmm+vwvv©f\mmp+

a)

Puc. 2.22: Juarpammbr i 3¢bdEKTUBHOrO (3KpaHUpOBAHHOIO) B3amMmoeiicTus (a) u
omnpenenenne 6moka T (b).

HUMU HAJIO MPOCTO MOCTABUTH 3HAK THILABI. PU3WYECKH 3TO O3HAYAET, YTO MBI pa3je-
JITeM TIOJNHYIO BepmwuHy [’ Ha KOPOTKOJAEHCTBYIONIYIO YacTh I' W 9acTh, BKJIIOYAIOINIYIO
CaMOCOTTIACOBAHHOE MOTe ['15p4:

L =T +Tiong (2.175)

KaK 3TO mokazaHo Ha Puc. 2.23. Bemmamnua I'iong B TOUHOCTH cOOTBeTCTBYeT 3bdek-
TUBHOMY CaMOCOIJIACOBAHHOMY II0JIIO (CKAJISPHOMY IIOTEHIMANY), KOTOPOE BBOIUTCH B
reopun Jlanmay — Cuimna [11, 9, 10]. IIpu sTOM BenmunHa ' onmceiBaer KOPOTKOJIEH-
CTBYIOLIUE KoppesayuonHoie IMMEKTDI, 1JIg Hee B KYJIOHOBCKOM (Merast) dbepMu — Kul-
KOCTH THUIIYTCS Te YKe (HPeHOMEHOJOTUYECKNEe BBIPAYKEHNsI, IYTO U B (PepMU — KUIKOCTH
¢ koporkozeiicteueM (tuma He®) (cum. nuxe). B mpocTpaHCTBEHHO OJHOPOIHOM CHCTeMe
BKIaT [ong P ¢ = 0 MOTHOCTHIO KOMIIEHCHPYETCS HOJIOXKHUTEIbHBIM (DOHOM (HOHOB).
Ero ponb cymecrBenna B KunerndeckoM ypapuenuu Jlangay — CuiinHa, OMUCHIBAIOIIEM
KOJIJIEKTHUBHBIE KOJIEOAHNsT METAIINIecKol depmu — xumkoctu [10].

W3 mpeabIIyIero pacCMOTPEHHS fCHO, UTO MMEHHO BesndnHa Z2I'Y W Urpaer poib
AMILIUTYIbI PACCESHUST KBA3UYIACTHI] B (PEPMU — KUIKOCTUH. 3AMETHM, UTO BEIMINHA,
I'Y (mpu w — 0) BemecTBeHHA (IPMUTOBA [0 CIMHOBBIM HHIeKcaMm). B camowm nene, I'Y
upezcraBiser coboil aMIUIUTYLy paccesiHus ABYX 9acTull B cpee (KUIKOCTH) Ha HYJIeBOI
yroi (vqg < Ep). MHuMast 4acTh aMILITUTY/bl PACCESHUS BIIEPE, C IOMOLIbIO O TUYECKON
TEOpPEMbI KBAHTOBOW TEOPUHU PACCESHVS, BHIPAYKAETCS Y€pPe3 MOJHOE CEUECHUE PACCETHUS
qactunl. Ho ceuenme paccesinusi gacTui 0OpAIIAeTCs B HYJIb, KOTMA UMITYJIbCHI YACTHUIL
cTpeMsTcs K uMIyabcy Pepmul, MOCKOIBKY B 9TOM CJIyYae CTPEMUTCS K HYJIIO (DA30BbIi
00beM KOHEUIHBIX cocTosanii. Imenno st [ u BBoguTCst 00BIIHOE (DEHOMEHOTIOTHIECKOE
upezcrasienune (JI.1.JTanmay, 1958):

mpr -

21— = f(po;p'o’) = f* + (65') f* (2.176)

npudeM f° u f% 3aBUCAT 37€Ch TOJBKO OT yryia Mexay p u p’ (KoTopble jiexkar Ha
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Puc. 2.23: [lonnas Bepmmua B Teopuu (pepMu — KUIKOCTU C KYJIOHOBCKMM B3aMMO/IEii-
crtBreM. BTopoe ciaraemoe B mpaBoil gacTu mpescTaBiseT 3¢hpdeKTUBHOe caMOoCorIaco-
BaHHOE TI0JIe (CKAJISPHBIN MOTEHIINA).

nosepxunoctu Pepmu), Tak 4r0 0OBIYHO BBOAAT PA3JIOXKEHUE 110 MOJMHOMAM JIexaHapa:

2 o0
7
Fo40) = E>*Py(cos 2.177
(0= gy 2 R(cos) @177

rue F$% — Gespasmepuble napamerpbl (Koncranrbl) Jlangay, onucsiBaiomue gepmu —
JKHIKOCTHOE (KOPPETAIMOHHOe) B3auMoeiicTBre KpasmaacTur .

Pemenue unrerpanbaoro ypasaenus (2.164) nys I' MOXKHO, IPH 9TOM, UCKATh TAKKE
B BHUJE:

m*pr s
— I'=p+ (30 (2.178)

22
Tornma ang ¢ u 1) BOBHUKAIOT CJAEIYIONINE YPABHEHUS:

em,n’,q) = f*(n,n’) +
oy

s aqv, /
’ —_— — 2.1
+ [ ) =m0 (279)

¢(n,n’,q) = f*(n,n’) +
+ [ 1) — T @) (2.180)
w—qv; +iv(w) Y 4y
Ecsin uaTepecoBaTbcs KOMIEKTUBHBIME BO30YKAeHUsAMA B (pepMU — KUIAKOCTH, TO CJIe-
JIyeT UMeTb B BU/LY, 9TO OHU OIPEIeIAI0TCA HOJII0CaAMU IByX4dacTudHoi dyukiuu ['puna
B KaHaJjle 4acTHla — AbIPKA, KOTOpas onpejensercs ypasuenueM (2.139):

K = K, — GGTGG (2.181)

1OB paMKax Cl)eHOMeHO.T[OFI/I‘{eCKOI‘O IIOAXOMa 3TH KOHCTAHTHI IIOJJIE?KAaT OIIpEeaeJIEHUIO U3 SKCIIEpUMEH-
Ta.
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Craraemoe K 37€Ch ©MeET MOJIIOC, COOTBETCTBYIOIIHIT TOJTBKO CYMMAPHON SHEPTUH IBYX
CBODOHBIX YACTHUII, TAK UTO TOII0CA K, COOTBETCTBYIOIINE KOJIJIEKTUBHBIM BO30Y K I€HHU-
M, UMEIOTCs TOJbKO B I'. BOu3u takoro nosmoca B (2.144) MOXKHO npeHebpedsb HEOIHO-
DPOJIHBIM YJIEHOM U HAIlUCATh:

I' = UGGT (2.182)

Eciu Temeph orpaHnYuTHCS BO3OYKICHUSIMU C MAJIBIMUA ¢ <K pp U w <K Ep, TO MOXHO
BOCITIOJIb30BATHCS IEPEHOPMUPOBAHHBIM ypaBHeHUEM Jjis 1

[ =T%+T¥Al (2.183)

peleHure KOToporo cieyer uckarh B Buze (2.178). COOTBETCTBEHHO, B CUCTEME BO3MOK-
HbI 3BYyKOBble Kosiebanus (Hysesoif 3Byk)'!, onucbiBaemble ¢, U CIUHOBBIE BOJIHBI, OITH-
cbiBaeMble 1. Paccmorpum noapobuee ciydaii Hysesoro 3syka. U3 ypasuenus (2.179),
BOJIU3U TIOJIIOCA, TOJTYIAeM:

sy

’ s qvy /
B 0 S E—— 2.184
go(n,n,q)—/f (n’nl)w—qvl+i’y(w)¢(nl’n’q) o ( )

B6s3u nostioca, COOTBETCTBYIOMIErO KOJUIEKTHBHBIM KOJIEOAHUAM CO CIIEKTPOM Wq, BEJIU-
YUHA  MOXKET OBbITh 3alHMCAHA B BUJE:

n
"N —
p(n,n') = ———-"2u, (2.185)
w
a
Takasi CTPYKTypa peIeHns MOMKeT ObITh ONpaBJaHa u3 obImMX coobparkeHwii [8], auist
HAC JIOCTATOYHO CKa3aTh, YTO MBI IPOCTO MINEM perteHue B TakoMm Bue. Torma nyst x(n)

BO3HUKAaeT ypaBHEHHE:

x(n) = /fs(nv n1)#‘w><(m)i—? (2.186)
Bsenem, 1o onpeneneHuio, BeIuIuHy :
p(n) = #ﬁiw(w)x(n) (2.187)
s wee u3 (2.186) BO3HUKAET ypaBHEHUE:
(= vayp(n) = va [ £2(a,m)p0a) T2 (2189)

KOTOPOEe COBIIAJIAET C KUHEeMUveckum ypasheruem pernomenomornaeckoii reopun Jlanmay
s u3MeHeHus byHKIMU pacipenesienus Kpazugacru, [10].

ITosicanm 310 moapobuee. Masoe u3menenne GpyHKIUN pacipeneneHns pepMu — ra3a
(a kBazuuacTuLbl B epMu — KUAKOCTU, (PAKTUIECKH, 0OPA3yIOT UMEHHO TAKOii ra3) upu
MAJIBIX ¢ ¥ W MOJAYUHSIETCS] KUHETHIECKOMY YPABHEHUIO BUJIA!

dfo

(w—=vq)ifq(p) = —q op Ve (p) (2.189)

L Tast mpocToThI MBI Cefivac OrpaHHYHBAEMCS PACCMOTPeHmeM (hepMu — YKHIAKOCTH C KOPOTKOei-
creueM. OU3WIECKA HYJIEBOH 3BYK IIPEJCTABISET COOO HE MPOCTO KOIEOAHHS MIOTHOCTH YKHIKOCTH, a
ocnmranun hopmer mosepxrocrr Pepum [10]
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rae fo — pasHosecHast (bepmueBckast) pyHKIMs PACIPEIEJICHUs, & CAMOCOIIACOBAHHOE

nose (morennuain) V,(p) cBsi3aHO ¢ m3MeHeHHeM (DYHKITUH PACIPEIEICeHIUS CIIeILyOMuM
cooTHomenuem! 2: o
P

Vile) =2 [ Ulo.)65a(0') 55 (2190)

rae U(p, p’) — aMIumTyna B3anMOIeHCTBUS MEK Ty JACTUINAME B UMITYJTBCHOM MPEICTAB-
sneann. Vcmomb3ys Teneph:

9o P
=2 = ——5(]p| — pr 2.191
- 2 40p] - pr) (2.191)
U IepennchiBas HepaBHOBECHYIO 100aBKy K (DYHKIIUH pacHpee/leHus Kak:
6fq(P) = d(Ip| — pr)p(n) (2.192)
MOJTyTaeM:
m*pp d)
(= va)pm) = va™ 22 [ Ulp.pr)ptn) T (2.193)
s 4
npu |p1| = |p| = pr. CpaBuenwne c (2.188) naer:
2
U(papl) = fs(l'l,l’ll) - ZQFL;(papl) (2194)

m*pp

rze gepe3 ['Y obo3naumam 6€CCIMHOBYIO YaCTh AMILIATY/IbI.
Paccmorpum pemtenve (2.188) muis mpocreiiniero ciaydasi, korma f*(n,n’) = Fy, T.e.
CBOJWTCS K eMHCTBeHHO# KoHcTanTe. Torma (2.188) cBomuTcs K:

o) = -, / plm) (2.195)

Boinosiasgs uaTerpupoBaHue mo yriiaM (Kak MBI 9TO y¥Ke JeIajd PaHbIIe), MOJIydaeM
ypaBHEHHE:

1 w w+vgq L |w

——=1—-—1n + Zﬂ'ue(vq — |wl) (2.196)
Fy 2uq 2vq

pelenne KOTOPOro W JaeT 3aKOH JUCIEPCUU HYJEBOro 3ByKa. BemecTBeHHas 9acToTa

(orcyrcrBHe 3aTyXaHWS) COOTBETCTBYET OOIACTH |w| > vq, WK, ecan 0003HAUUTD Wy =

SVg:

w —vq

1 s, s+1
— =2 _

F() 2 s—1
Herpynao BuaeTh, 9To mMpaBast 9acTh 37€Ch MOJIOKUTETbHA, TIO3TOMY HYJIEBOI 3BYK BO3-
MOYKeH TOJILKO Tipu Fjy > 0. B mpenenbHbIX CIydasax:

1, tme s>1 (2.197)

SRs0 =142 % spee = VFo/3 (2.198)

B zakmiouenue, npuBemem 0e3 merasieil BHIBOIA P, OCHOBHBIX COOTHOIIEHUN CTAHIAPT-
Hoit Teopuu depmu — xkujakocru [10]. B wacrHocru, ¢ ucnosb3oBanuem rajiusieeBoi uH-
BapUAHTHOCTH, MOXKHO MMOKA3aTh, 9YTO 3 (peKTuBHAsT Macca m* onpenensaercs mpoCTbIM

COOTHOIIEHHEM: .
m Fy
— =14=

2.1
m 3 (2.199)

R2Yvenno x Vq(p) B Teopum Jlamnay — Cmiumna Hy>KHO eme ZOOABHTH BKJIAJ CAMOCOIJIACOBAHHOTO
CKQJIIDHOT'O IIOTEHIIHAJIA, ONPEeeNSIOMero 3JIeKTPUIECKOoe II0Je, KOTOPBIH OIpeaesseTcs COBMECTHBIM
pellleHreM KMHETUYeCKOro ypaBHeHUs u ypasHenus Ilyaccona.
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CoorBercrBenHo, TeroeMkocTb dhepmu — kuakocru (ipu T = 0):

c=—c (2.200)
m
[e ¢y — TEeII0eMKOCTL (hepMu — rasa.
MaruuTHast BOCIPUIMYHBOCTb:

m* 1

m_- 2.201
m 1+ Fg O (2.201)

X =
rae Xo — BOCIPDUUMYNBOCTDb UOEaJIbHOI'O d)epMI/I — ra3sa. AHaHOFH“IHbIM 06p3,30M, CZKHUMa-
€MOCTb (bepMI/I — KUJKOCTHU €CTh:

1

— 2.202
1+ " (2.202)

m*
K=—
m

TIe Ko — C2KUMaeMOCTb (DepMu — ras3a.
Vcnonp3yst 3Tl COOTHOMEHUST MOYKHO MPUIATHA K HEKOTOPBIM OOIIMM BhiBogam. Hampu-
mep u3 (2.201) u (2.202) cpasdy ciemyior ycjaoBUs yCTORYUBOCTH OJHOPOAHON (pepmu —

JKUJIKOCTH:

1+ F¢>0; 1+4F5>0 (2.203)

B camom nene, 1 + F; < 0 mpuBesio ObI K OTPHIATENBHON CXKUMAEMOCTH (YTO MOMKET
03HAYaTh, YTO B CHCTEME MPOUCXOIUT CTPYKTYPHBII (Pa30BbIA Mepexo, KOTOPbIi mepe-
BOJUT cUCTEMY B HOBOe ycroiiuupoe cocrosinue!). Obimii anaiu3 ycroituusocru dbepMmu
— wxugkocru (U.4.ITomepanayk, 1957) maer ciieyonume HepaBeHCTBa, KOTOPbIE JOJIXKHbBI
Y/IOBJIETBOPSATHCS 1T BCEX [ .

1+ 21—+1Flw >0 (2.204)
Hanpuwmep, s [ = 1 ycnosue (2.204) rapantupyer nonoxureabHocrb m* u3 (2.199).
13 (2.201) Bugmo, 9TO JjIs CUCTEM, OIM3KUX K MATHUTHON HEYCTONYUBOCTH, MOXKET ObIThH
1+ F§ < 1. Bemmauay 3T0T0 mapaMmerpa MOXKHO 3KCIEPUMEHTAJIBHO ONpEeeNTh U3 W3-
MEepEeHU BOCTPUUMYINBOCTH U TEIJIOEMKOCTH, HAXO/Is TaK HAa3bIBAeMoe OTHOIIeHne Bun-
COHA:
w2xT _ 1

Ry =— —2— — ——
W Bu%e 1+ F¢

(2.205)

2.10 HedepMuxkunjIKoCTHOE MOBEJIECHNIE.

Kpowme HOpMambHOIT hepMu — KUAKOCTH CYIIECTBYET €IIE IEJIbIi Psili TUIIOB OCHOBHOTO
COCTOSTHMSI MHOTOJIEKTPOHHBIX CUCTEM. B 9aCTHOCTH, CHCTEMa MOXKET MEPEedTH B CBEPX-
MTPOBOJIAIIEE COCTOSTHUE, BO3MOXKHBI PA3JIMYHBIE TUMBI MATHUTHOTO YITOPSIOYEHUS WA
COCTOSIHUSI C HEOJHOPOJHBIM PacipejiejieHrneM 3apsaa (BOJHON 3apsiI0BOii ILIIOTHOCTH —
CDW). Hekoropble u3 3TUX COCTOSIHUI MOTYT ObITh JudJIeKTprudeckuMu. Muorue u3 srux
BO3MOXKHOCTEIl MBI erre Oymem obcy:kaarh HmKke. Ho cymecrByer u obIuit mpuHIMANN-
AJIBHBIN BOIPOC — ABJISAETCA-TU (hepMu — KUIKOCTH JIaHIay eTMHCTBEHHBIM BO3MOKHBIM
COCTOSTHMEM HOPMAJIbHOTO METAJLJIa, B KOTOPOM HE BO3HUKAET KAKOW — MO0 JAIhHU
Mops0K? Jra mpobdiieMa aKTUBHO ODCYKIAETCS B MOCJIEIHHUE TOJbI, OCOOEHHO B CBS3W
¢ ¢usukoii Boicokoremeparypubix csepxiuposoguukos (BTCII) na ocHoBe okcumos me-
au. HedepMmukuakocTHoe moBeieHne, Kak MPaBUIO, PEAU3YeTCs B OJHOMEPHBIX MOJIe-
JISIX, OCHOBOTIOJIAramomuii mpuMep Monenu Tomonara — JlarTumkepa OymerT paccMOTpeH
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Puc. 2.24: CobcTBeHHO — HEpreTwdeckas 9acThb B TEOpUU ‘MAprUHAJBHONW’ depMu —
JKUATKOCTH.

B camom koure Hammwmx Jeknuit. BTCII cucrembl OTHOCATCS K MOPAHHYIHOMY CJIYy49aro
JIByMEPHBIX (KBA3WBYMEDPHBIX) CHCTEM, BOIIPOC 00 MX OCHOBHOM COCTOSIHUM OCTA€TCs, B
3HAYUTENBHONU Mepe, OTKPBHITHIM. [Ipr 3TOM 1j1 HUX CYIIECTBYET IeJIbli ps “‘clieHapueB”’
dopmupoBaHus He(DEPpMIUKUIKOCTHOTO TTOBEICHNSA.

31ech MBI OCTQHOBUMCS TOJIHKO HA, OY€Hb KPATKOM OOCYIKIEHUU MOJIE/N TAK HA3HIBA-
emoit “maprunanbroii” dbepmu — xuakoctu [13]. B s1oit Teopun npednosazaemcal?, aro
HOJIPU3ALMOHHBIA OllepaTOp JIEKTPOHHO# cucrembl 11(qw) He umeer 3aMeTHOI 3aBUCH-

MOCTH OT (, a €ro 9aCTOTHasdA 3aBUCUMOCTH €T0 MHUMOIT 4acTu UMeeT BHJI:

—N(Ep)% mpn w<T

ImIl(qw) = { ~N(Ep) mpu T < w < we (2.206)

31ech w. — ompeaeIeHHas 4acToTa 00pe3aHust, MpUYeM MPEINoJIaraercs, 9ro w, < Ep.
Ucnonb3ysa mucnepcuorubie coorHomenns Kpamepca — Kporura, MOKHO BOCCTaHOBUTD
BuJ, geiicrBurenbhoil yacru I, coorBercrytonuii (2.206):

w
Rell(qw) ~ N(Ep)ln (T) (2.207)
C IIOMOIIIBIO 3TUX COOTHOIIIEHUN MOKHO OIIEHUTH CO6CTB€HHO — YHEPreTu4YIeCKyr0 9acCThb
3JIEKTPOHA, OIpeeaseMyio auarpammoit Puc. 2.24:

¥~ e {hl oy izsigns} (2.208)
We 2

rae © = Maxz(e,T), a A\ — HEKOTOpasi KOHCTAHTA B3aNMOJIEHCTBHSI.
Torua, ucnonb3ys (2.49) cpasy xke nosydaem:

1 1
Z = ~ (2.209)

1=%5 1-am ()

Taxkum 0O6pa30M MOIydaeTCs, 9TO BhIYET B mOtoce yHKIUK ['pUHA CTPEMUTCS K HYJIO
py TIEepexoje Ha, caMy ToBepxXHOCTh PepMmu, Tak 4TO KaK pa3 Ha Hell KBA3ZWYIACTHIIHI
y2Ke He onpejiesienbl! 3aryxanue KBa3udacTull, OlPe/IessieMoe MHUMOI JacTbio . (2.208)
JINHEHHO TI0 SHEPTIuH, OTCYUTAaHHON OT ypoBH:A Pepmu: 7 ~ e. [losromy KBazmIaCTHUIIBI
OIIPE/IeJIEHBI TOJIBKO “MapruHajibHo” (B oriauuue oT Teopuu JlaHniay, B KOTOPOi, KaK Mbl
BUICJIN, IMeeM ONEeHKY 7y ~ £2).

133y mpeamoIoKeHnsS COOTBETCTBYIOT KaueCTBEHHOMY MOBEIEHHIO SJIeKTPOHHEIX cBoficts BT CII xym-
pPaTOB B HOPMAJIbHOM COCTOSIHHH.
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Yro MOXKET IPUBECTU K TAKOMY [TOBEJIEHHUIO B HACTOSIIEE BPEMsI HE BIIOJIHE SICHO, XO-
151 (heHOMEHOIOTHS “MAPTUHAIBHONW (hepMU — KUJAKOCTH HEIJIOXO OMUCHIBAET OCHOBHBIE
anomasnu 371eKTpoHHbIX cBoicTB BT CII B HOpMasbHOiT daze. [losTomy, B 9acTHOCTH, OHA,
[TOJIb3YeTCsi OIIPeIeIEHHOM MOMYIAPHOCTHIO IPH [TOJITOHOYHOM OIMCAHUH JKCIIEPUMEHTOB
[13].

Bamerum, 9To 06CyKIaeMas npobIeMa TECHO CBA3AHA C TIOHMKEHHON PazMepHOCTHIO
U3y9aeMbIx cucreMm. Kak yKe OTMEYasoCh, B OJHOMEPHBIX MOIEISIX B3aUMOIEHCTBYIO-
X 9JEKTPOHOB Teopusi dpepmu — Kugakoctu Jlanmay “me paboraer’ Hukorma. Muorue
TEOPETUKU CUYUTAIOT, YTO AHAJOTUYHAS CUTYAIUsS PEAJU3yercss U B IBYMEPHOM CIIydae,
xapakrepHoM jyisi BTCII cucrem. Ilpu atom cauraercs, 9ro ¢dpusndeckas NPpUIUHA aHO-
MaJILHOTO TIOBE/IEHUS CBA3AHA C HAIMIUEM CUADHHLL MEHCINEKTNPOHHLT KOPPEAAUUT, KO-
TOPbIE HE YAAETCH OMUCATH B OOBIYHOM (DEPMIKUIKOCTHOM IOAXOE, TAK WU WHAYE
CTApTYOIIEM C KAPTWHBI OCHOBHOT'O COCTOSIHWSI THUIA WAeaabHOro depmu — rasza. B To-
JKe BpeMsi, TEJIbII Pl 1eTaIbHBIX MCCIEIOBAHUI MOKA3aJI, YTO, CKOpPee BCero, (epmMu —
JKHJIKOCTHOE OIMCAHUEe COXPAHSETCH U JIJisl JIByMEPHBIX (KBA3KIBYMEDHBIX) CUCTEM.
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I'maBa 3

SJIEKTPOH — ®OHOHHOE
B3AVMO/JEVNCTBUE

3.1 IIpaBusa agmarpaMMHOI TEXHUKW.

DOHOHBI TTPEACTABISIOT COOOI KBAHTHI KOJIEOAHNMI KPUCTALINIECKON perreTkr. OOHOHBI
OBIBAIOT aKycTHYecKue u onrudeckue. QTandue MexK/1y HIMA COCTOUT B TOM, 9TO 9aCTOTA,
akycruueckux (oronoB obpamaercs B Hyab npu k — 0, a gacrora onrudeckux (HOHO-
HOB OCTAETCs B 9TOM TIpeJiesie KOHedHOM. AKycrudeckue hOHOHBI CYIIECTBYIOT BCETIA —
970, (PAKTUIECKH, TOJICTOYHOBCKAS MOA, CBSI3aHHAS C HAPYIIEHUEM TPAHCIAIMOHHON
WHBAPUAHTHOCTH cucTembl. Onrrdeckue POHOHBI CYIIECTBYIOT TOJIBKO B KPUCTAJLIAX, CO-
JepzKarux 60see OgHOTO aTOMa B JIEMEHTAPHON sSdeiike.

st onmmcanus crekTpa (POHOHOB YACTO MOIB3YIOTCS YIIPOIEHHBIME MoaersaMu Jlebast
u Ditainreitna. B mopenu ebas cuekrp donoHoB nosaraercs pasubiM wo(k) = ck (¢ —
CKOPOCTb 3ByKa) upu Beex k < kp. B mozesnu Diinimreiina yacrora (GPOHOHOB M0JIAraeTCst
He 3aBUCAIIEH OT BOJHOBOTO BeKTOpa: wo(k) = o npu Beex 3uauvenusx k. lebaeBckue
dOHOHBI — YNIPOIIEHHAST MOJIEIb aKyCTHIeCKUX (POHOHOB, a IMHINTEHHOBCKUAE — OIMTHYE-
CKUX.

N3-3a Toro, 4ro sapa KpUCTAJLIMYECKOH PEIIETKU 3apArKeHbI, (DOHOHBI MOI'YT B3au-
MOJIECTBOBATh C 3JIeKTpoHaMu. IIpu KosiebaHUSAX PeLIeTKU 3JIEKTPUYECKOe II0JIe sAlep,
JIeMCTBYIOIIEe Ha 3JIEKTPOHBI, OTKJIOHSETCS OT cpemaHero. [loTennuan BO3HUKAIOIIETO 10~
6GaBOYHOTO TTOJIs MIPUHSITO HA3BIBATH 0eOPMAUUOHHBLM NOMERHYUAL0M. B TpuHIINTe, 13-
3a TOrO, 9TO KYJOHOBCKWE CHUJIBI JTAJbHOMEHCTBYIOIINE, B3aNMOIEHCTBHE JIEKTPOHOB C
doHOHAME MO0 ObI OBITH CHIBHO HEJOKAJIbHBIM. B 1efcTBUTETHHOCTH, KAK MbI BHIETN
BbIIIIE, 9TO 3JIEKTPUYECKOe Nojie (B MeTaJuie) XOPOIIO SKPAHUPYETCs, MOITOMY, B 0OJIb-
LIMHCTBE CJIy4aeB, 3JeKTPOH — (POHOHHOE B3aUMO/IEHCTBUE MOXKHO CUATATH JIOKAJIBLHBIM.

CBa3b 1epOPMAIMOHHOIO TMOTEHITHAIA CO CMEIIEHNEeM PEIeTKH PAa3JIndHa I OIl-
TUYECKUX W aKycTudeckux (oHOHOB. IIpm akycTuueckmx KOJOAHUSX COCETHUE ATOMbI
CMEIAITCS MOYTH OAWHAKOBO. [103TOMY 3/IeKTpHYecKoe moJie modYTH He MeHsgercs. FEro
M3MEHEHHe IPOIIOPIUOHAILHO PA3HOCTU CMEIIEHHH COCeIHUX aTOMOB, a JAe(opMalnoH-
Hbiil norentuan Uj_q. ~ divu, rae u(r) — cmemenue. B ciydae onruueckux pOHOHOB
coceiHAe aTOMbI Kosebmorcest B nporuBodase, Tak 910 Ug_op ~ u(r). Yrobsl npencra-
BUTbH B3aMMOJIEHCTBUE eUHBIM 06pa3oM, BBeJeM (3pMuToB!) oneparop (hOHOHHOIO MOJIsk

63



64 Imasa 3. JIEKTPOH — ®OHOHHOE B3AHUMO/JIEICTBUE

B Buze [1]:

~ . wo(k) 13 ikr—iw 74 —ikr+iw
o(rt) =14 Z \/ ;i/) [bke kr—iwo (k)¢ _ b[fe ler+ O(k)t} (3.1)
Kk

e by, by — omepaTopbt pok nenwst w yrmraToxenns bomonos, V — obbenm cucrembr. Torma
o(r) ~ Vu(r) ans akycrudeckux GoHOHOB # ¢(r) ~ u(r) ang ontudeckux dhonoHos. Co-
OTBETCTBEHHO, TAMUJITOHMAH B3aMMOEICTBUS SJEKTPOHOB ¢ (DOHOHAMH 3AIUCHIBAECTCS
caepyromum obpaszom [1]:

Hont =g [ ded " ()9w)50) (3.2)

rzue g — KOHCTaHTa 3J1eKTpoH — (poHoHHOro B3aumozeiicrsus. Lamuibronuan (3.2) comep-
JKUT TPOCTO TPOU3BEIEHUE SJTEKTPOHHON IIOTHOCTH Ha Ae(DOPMAIMOHHDBIN TOTEHITHAI.

[IpaBuia nuarpaMMHON TEXHUKU I 3JIEKTPOHOB M (DOHOHOB BBITJISIAT TOYTH TAK-
JKe, Kak U JJist JBYX9IacTHYHOro B3anMozeiicteus [1]. st pacdera s1eKTpOHHON ByHK-
uuu ['punra opu T = 0 umeem:

e OTJIMYHBI OT HYJIS TOJIBKO JUATPAMMBI Y€THOTO TTOPSIIKA MO B3auMoaeiicTBuio. Jlna-
rpaMMa mopsiaka 2n comep:kut 3n + 1 BHyTpeHHUX (3JEKTPOHHBIX U (DOHOHHBIX )
JIMHUH U 21 BEPIINH, 9TO cOOTBETCTBYeT 3n — 1 — (2n — 1) = n HE3aBUCHMBIM HHTE-
rpUpPOBaHUAM. BceM JTUHUAM MPUMIUCHIBAIOTCS OMpPeIeIeHHbIe 4—HMITyIbChI, KOTO-
pbIe COXPAaHAIOTCS B BEPIIMHAX B3aUMO/IEHCTBUS.

® DJIEKTPOHY COMOCTABISETCS CNAOULHAA JIUHUS, KOTOPOI OTBEYAECT BHIPAKEHUE JIJIsi
cBoboHoi hyukmun I'pura:

_ dap
Golp) = —— €p) T iosigne) e §— +0 (3.3)
puyeMm ,
p
£(p) = 5— —p=vr(lp| — pr) (3.4)

2m
— SHEPreTUYeCKUil CIIeKTP CBOOOIHBIX (hePMUOHOB, SHEPTUS KOTOPHIX OTCINTHIBACT-
cs ot ypoBtst ®epmu (XUMUYECKOro NOTEHIMANIA (1), P U UF — UMILYJLC U CKOPOCTh
Ha noBepxHOCcTH Pepmu.

o [Tynxmuprotl muHUN comnocraBasgercs pypbe — 0bpa3 ¢oHoHHON dyHKIUN ['prHa:

wp (k)

Do(k) = w? — wi(k) +id

rie 5 — +0 (3.5)

[ ] HpOBO,ILI/ITCH WHTErpUpOBaHUE TTIO 1 HE3aBUCUMbIM UMITYJIbCAM U 9aCTOTaM (4*I/IMHyJIb(IaM) .

e Pesymbrar yMHONKaercs Ha kKoaddumument (g)%" (27) 4 ()" (2s + 1) (—=1)F, tne F
— YNCII0 3AMKHYTHIX (DEPMUOHHBIX TETENb, & § — CITHH (bePMHUOHA (/IS SJIEKTPOHA
s =1/2, Tak uro dakruvyecku y Hac Bcerma 2s + 1 = 2).

IIpu T > 0 Bce aHAIOrUYHO:
o Kaxk1oii criomuoit (3/1eKTpOHHOM) JIMHUK ¢ UMITYJILCOM P M Mally0apOBCKOil da-

CTOTOM €, = (2n + 1)7T comocTaBiseTcs: BEIPpArKeHHe:

da
G’0 (Enp) == g

ien — &(P) (3.6)
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o Kaxnoit poronnoil (yHKTUpPHOIT) jiuHuU ¢ uMILyibcoM K u qacroroit wy, = 2nmT
COTOCTABJIAETCST: )
wg (k)

P =

(3.7)

n
e Pesynbrar ymMHOXKAETCA Ha KOIDMUIMEHT gzn(—l)"#@s + D)F (=), rne F
onsaTh 0003HAYAET YUCTO (DEPMUOHHBIX TETENh JUATPAMMBI, a § = 1/2 — coun

SJIEKTPOHA.

IIpuBeeHHBII B AUATPAMMHBIX TIPABIJIAX BUZ (bOHOHHON dyHKIEH ['pHHA COOTBETCTBYET MPHUHATON
B (3.1) mopmuposke doronnoro omeparopa, [1]1:
wo (k)

(k) = T(bk +6%,) (3.8)

B siuTeparype 9acTO HCHONB3YeTCs W Apyras HOPMHUPOBKA [5]:
p(k) = bic + b7, (3.9)
Torga dyukuus 'puna cBoGOIHBIX (HOHOHOB HpUHUMAET BUJ [5]:

1 B 1 O 2wg(k)
w—wolk) +40 wtwolk) =0 w2 —wd(k)+id

Do (kw) = (3.10)
COOTBETCTBEHHO, [P UCIOJL30BAHUM PA3HLIX HOPMHPOBOK, BO3HUKAIOT OIpE/IeIeHHbIe OTINYUS B 3alld-
CH MAaTPUYHBIX 3JIEMEHTOB 3JIEKTPOH — (DOHOHHOI'0 B3aUMOZEHCTBHUsI, KOTOPbIE KOMIIEHCUDPYIOT 3TU Pa3JIu-
4qus, TaK 9TO PU3UIECKHE Pe3yIbTaThl OCTAOTCSI OQMHAKOBBIMHE. DTO BAa)KHO [OHUMATH [IPU CPABHEHUH
pPe3yJIbTaTOB Pa3IUIHLIX aBTOPOB. [Ipu ucnosnb3oBannu (3.9) ramMunbroHMaH B3amMmonelcTsus (3.2) 3a-
nuceBaeTcs Kak [5| (st kparkocrn mosmaraem 3mecs Vo= 1):

Hint = ngaz_»,_kap(bk + bi_k) (3.11)
pk

Ho ecnu mcnosnbp3oBaTh HOPMUPOBKY (3.8), TO mMeeM:

wo (k
Hint =9y \/ 02( )a;rkap(bk +05) (3.12)
pk

YTO IPUBOJUT K PA3JIUYHUIO B ONIPEIeIeHHH KOHCTAHT 3JI€KTPOH — (POHOHHOTO B3auMojeicTBus. B qacTHO-
CTH, /JIsI COOTBETCTBYIOMEl 6e3pa3MepHOil KOHCTAHTEL B OTEUECTBEHHON JUTEPATyPe 9Yallle HCIOJb3YIOT

[1]:

¢ =g°vp (3.13)
TOTJIa, KaK B “3amaJgHoN” jJuTepaType OOBIYHO IMHUIIYT:
2G2v
A= Ik (3.14)
wo(k)
IIpsmoe cpasuenue (3.11) u (3.12) maer:
_ wo(k
9k =g 72( ) (3.15)

B manpHefmeM MBI CTapaeMCs IPUIEPKUBATHCS 0003Ha4eHm [1].

Beraucienve cOOCTBEHHO — SHEPTETHYECKOM YACTH FJIEKTPOHA TTO3BOJISIET, B TPUHITAIIE,
HafTU COEKTP 3JIEKTPOHOB C y9YeTOM 3JIeKTPOH — (DOHOHHOTrO B3aumoieiictsus. s onpe-
Jesiernst crekrpa (hOHOHOB HY2KHO Halitu nosroca ¢ouonuoi ¢Gyukuuu puna D(wk).
Kak u ayia dyuskuuu [puna snekrponos G(Ep), ayis dononnoit Gyukimu I'puna MoxkHO
MTPOBECTHU BBIIEIEHNE COOCTBEHHO — YHEPTETHUIECKON JaCTH, KOTOPasi (DAKTUIECKY SIBJIS-
eTcst MoJIApU3aIMOHHbIM orepaTopoM II(wk) ¢ mompaBKaMu OT 3JeKTPOH — (OHOHHOTO
B3auMOIEHCTBUS, KaK 9T0 moka3ano uHa Puc. 3.1. Ypasuenune aiticona s (hoHOHHOI

L ToTomHOMy YHTATEINO IIOTe3HO yOeIUThCA B (PH3MYECKON SKBHBAJEHTHOCTH 3aIMCel, IPHHATHIX B
(3.1) m (3.8.)
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w- D DD -

Puc. 3.1: I'pacduku mjis coOOCTBEHHO — SHEPTETUIECKON dacTu (POHOHA.

dyukun ['pumna mmeer BUI;:
D(wk) = Doy(wk) + Do(wk)g?*T(wk)D(wk) (3.16)

1 UMEET DEIICHUne:

D™} (wk) = Dyt (wk) — ¢*TI(wk) (3.17)

CoorBercrBeHHO, CIEKTP (HOHOHOB OIMPEJIEIeTcs] YPABHEHUEM:
Dyt wk) = ¢*TI(wk) (3.18)

Ecnan BBecTn 6Ge3pa3smMepHy0 KOHCTAHTY 3JEKTPOH — (POHOHHOTO B3AMMOIEHCTBHS KaK
¢ = ¢%vp (vp = 52555 - mwiorHOCTL Cocrosinuit Ha yposre ®epmu B pacuere Ha OJ-
HY MPOEKIMIO CIIUHA), TO OIEHKA U3 00X coobpaxkenuii qaer o6erauo ¢ ~ 1. Tlosro-
My, Ka3aJioCh ObI, CBA3bH JIEKTPOHOB € (DOHOHAMH BCEI/IA SBJISIETCS JOCTATOYHO CHJIb-
wvoii. Ho oka3miBaercsi, Kak MbI YBUIUM HUXKE, B PACCMATPUBAEMON 33a4e CYIIeCTBYET
JOIOJIHUTEIbHBINA ITapaMeTp MaJjOCTH, HO3BOJIAIOIINNA HAUTU JOCTATOYHO IIPOCTOE pelle-
Hue 6e3 MPeIIoIoKeHNsI 0 MAJIOCTH ¢. JTO TaK HA3BIBAEMBIH MapaMerp aJaunabaruaHOCTH
E—? ~ \/% < 1 (3mech wp - nebaeBckas 4acTora, m — Macca JIeKTpoHa, a M — macca
uona). /Ie0 B TOM, 9TO MOHBI, BBH/Y WX OOJIBIION MACCHI, JIBUTAIOTCH MOPA3I0 MEIJICH-
Hee, HeXKeJIn J1eKTPOHBI. COOTBETCTBEHHO, SJIEKTPOHBI HE MOTYT “DPACKAYATh’ PEIIeTKY,
BMECTO 3TOr0 OHH “IOICTPAMBAIOTCS IO, ee JOKAIbHYI0 KoHduryparuoo. Ml yBuInM,
9TO B PE3yJIbTATe JIEKTPOH — (POHOHHOE B3AWMOEHCTBUE HE MPUBOIAUT K PAa3PYIIEHUIO
bepMUKIIKOCTHON KAPTUHBI.

3.2 Cob6CcTBEeHHO — 3HEpreTnvecKasd YacTh 3JIEKTPOHA.

Paccmorpum [3] mpocreiimmii BKIag B COBCTBEHHO — SHEPTETHYECKYIO YaCTh 3JIEKTPO-
Ha, onpenensembrii rpadukom Puc. 3.2. CoorBeTcTByIOmMee aHAJIUTUIECKOE BhIPAYKEHNE
umeer Buj, (11 CIydasi B3AUMOJIECHCTBHS C aKyCTUIECKUMEU (DOHOHAMM):

(Ep) = ig? / dwdk c?k?
2m* ) E—w-—E&p—k)+idsigné(p — k) w? — c2k2 +id

(3.19)

3zaecs umerorcs nomoca npu w1 = E — £(p — k) + idsigné(p — k) u we 3 = £(ck — i9).
MoKHO 3aMKHYTH KOHTYD WHTETPDUPOBAHUS TaK, 9TOOBI BHYTPH HErO OKA3AJICH TOJHKO
omuH u3 1mostocoB ¢poHouHoi pyuknuu I'puaa. MHTErpas mo 6eCKOHETHO yIAJIeHHOH MO~
JIYOKDY?KHOCTH obparaercsd B Hyb. COOTBETCTBEHHO, MOCTE JIEMEHTAPHBIX BBIKJIATOK
MOJTy9aeM:

S(Ep) = —g2 / B3k k2 _/ A3k c2k? _
PP @m3 ey wco E-ck—€(p—k) —i6 (~2)ck  Je, =0 E—ck—&(p— k) +i6 2ck

g% / kd®k +/ kd®k -
1673 p x>0 E—ck—&p—k) +id €p_ 1 <O E+ck—€&p—k)—id
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kw

———

Puc. 3.2: [Ipocreiiniuit Bk1a B COOCTBEHHO — IHEPIETUYECKYIO 9aCTh JJIEKTPOHA OT JJIEK-
TPOH — POHOHHOTO B3aMMOIEHCTBUSI.

g% / kd3k +/ kd3k
1673 lp—k|>pp B —ck—vp(lp — k| —pp) +id lp—k|<pp B +ck—vp(lp —k|—pp) —id
(3.20)

O603HAMMM Yepe3 T KOCHHYC yria Mexk Ty BekTopamu k u p, Toraa nveem p? = |p — k|? =

p? + k% — 2pkx w >k = 27k%dkdx, Tax aro p1dp; = —pkdx. Toraa (3.20) 3ammceiBaeTcs
KaK:

2 k2dkd, k2dkd,
S(Ep) = -2 20 / p1p1 ' +/ p1p1 @z
8m2p pi>pp B —ck—vp(p1 —pr) + i pi<pp E+ck—vp(p1 —pr)—id

OcHOBHOIT BKJIaJ, B MHTETPAJIBL 37€Ch IaeT OKPECTHOCTH MOJIOCOB, HO B HEHl MOXKHO I0-
JIOXKUTD P1 & P & P, TOCKOJIBKY wp K Fp. [loaToMy MOXKHO TpeHeOpedsh OTIUYIUEM 1
OT p ¥ 3aIKCaTh:

S(E) = _ge / K2 dldpy +/ 2 dkdp, (3.22)
872 pi>pp B —ck—vp(p1 —pr) +16 pi<pp £+ ck—vp(p1 —pp) —id

Torupa ayis maumoit yacru X (F) nomydaem:

2
ImX(FE) = ge / S(E — ck —vp(p1 — pr))k3dkdpy —/ S(E + ck —vp(p1 — pr))k>dkdp:
8m P1I>PF p1<pPF
(3.23)

ITepsoe ciaraemoe 31ech (ormanoe or Hyss npu E > 0) gaer BpeMsi XKU3HU JIEKTPOHOB,
a Bropoe (orauuHoe or Hyss npu E < 0) — Bpems kusHu I6IpOK. PaccMoTpuM Temepb
TIpeieTbHOE TIOBeieHne 3aryXxanus mpu F < wp n E > wp.

e Cnyuait F < wp

ITpu E > 0 Bkjaz Jaer TOJIbKO HepBbiil wieH B (3.23), rie uHTErpupOBaHue 110 k HY K-
HO 1IPOBOUTH 110 obsactu k < E/c, unade py, oupesensiemplii aprymeHTom 0-dbyHKIMH,
OKasKeTCsl MeHbIle pr. I[losToMy mmeem:

2 1 2 Ed
Im(E) = L5 / —kPdk = S (3.24)
8T Jek<E UF 24mvpc

BBoxs 6e3pa3MepHYI0 KOHCTAHTY 3JI€KTPOH — (DOHOHHOrO B3amMmozeiictsust ( = ¢ vp,
TTOJTy IaeM:
(rE3

(3.25)
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IIpu E < 0 Bkuaj gaer Tosibko BTOpoil 4diedn B (3.23). Bbruucisig unrerpas, caosa
nosydaeM (3.25) — u3-3a JEKTPOH JBIPOYHON CUMMETpHUM 33Ja4u (CIPABEIIUBON Ipu
E < Erp) vanmas dactb ImX(F) apasercs nederHoit dyukpeii E.

Bupum, uro npu E — 0 umeem ImX(E) < E, tak 410 3/1€KTpoH — (POHOHHOE B3aUMO-
neficrsue He paspyuwaem GepMIZKIIKOCTHYIO KADTUHY, IpudeM B cuiy E° 3aBucumocTu
3aryxanus posib ¢honoHoB npu E — 0 BOODIIE CTAHOBUTCs MpeHEOPEKUMOil IO CpaBHe-
HUIO C OOCY?KIABIITUMCS BBIIIE 3aTyXaHUEM OT JIEKTPOH — 9JIEKTPOHHBIX CTOJKHOBEHUIA,
KoTopoe ~ E2. B Toxe BpeMs ICHO, UTO 3TO YTBEPIKIEHIE CIIPaBe IJINBO JIUITh Ipu £ — 0
(T — 0).

e Cunyuait £ > wp

B srom ciyuae unrerpuposanue 1o p1 B (3.23) He co3maer orpaHudeHuii Ha 061aCTh
MHTErPUPOBAHUS TI0 k, KOTOpas PACIPOCTPAHAETCS TeNepb BILIOTDH 10 k = kp. Borancias
urTerpai runa (3.24), nouaydum:

2 k?) 2k3
ImX(FE) = ngp C?DsignE = QZTDPTZCS’ignE (3.26)

Bripaxkast ornarh 3aTyxanne depe3 6e3pa3MepHyio KOHCTAHTY (, UMEeM:

k3
ImX(FE) = CI; gcsignE (3.27)

Herpynuo Bumers, uro B mamuaoMm npegene Imd ~ (wp. Takum obpaszom gaxke mpu ¢ ~ 1
¢doHOHHAS MEPEHOPMHUPOBKA Maja B cuiy wp <K Fp.

[Tepeiinem reneps K pacuery ReX(E). 113 (3.22) umeem:

ReE(E) = g% / k2dkdp +/ k2dkdp, _
812 | Jpy>pp B —ck—vr(p1 — pF) pi<pp E+ck—vp(p1 —pr)
2
=7 dkK2I (k) (3.28)
8™ Jk<kp
rie
dp1 dp1
(k) = / + / (3.29)
p1>PF E —ck —vp(p1 — pr) pL<pr E +ck —vp(p1 — pr)

®opMaIbHO TEPBBLIN WHTErpaj PACXOIUTCS, HO dTA PACXOAMMOCTH Hedu3mdeckas, mo-
CKOJIbKY TpU OOJIBIION PA3HUIE P U P HYKHO YUUTHIBATH OTKJIOHEHHE HJIEKTPOHHOTO
CHIEKTPA OT UCHOJIb3yeMOro HAMU JMHEHHOro npubiuzkenus (a Tak:Ke M KOHEYHYIO [IU-
puny 3oub1). ITosTOoMy MOXKHO 1pOCTO OBpe3arh MHTErpUpOBaHUE HA P1 = P* ~ pp.
ToumbIi BEIOOP 3TOTO MapaMerpa oOpe3aHus HECYIECTBEH, OH He BJIUSIET Ha BbIPAYKEHNE
JIIS CIIEKTPA, & IPUBOUT JIUIIH K IEPEHOPMUPOBKe XuMroTeHnuaia (Bkiany B ReX(0)).
Taxum 0O6pa30M TOTyIAEM:

1 E +ck 1 E —ck —vp(p* —pr)
Lk)=—In|lm——— —1 3.30
1(k) U H‘E'FC]{)'FUFPF +vp n‘ FE —ck ( )
Bbruuras nepeHopMupoBky xummnorennuaia o = %(0), moaydaem:
2
g-c am E —ck
Y(E)-%(0) === [ dkk*—1 31
Re(S(E) - £0) = £5 [ an | £ 3.31)
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XapakTepHas 0COOEHHOCTH COOCTBEHHO — SHEPreTHIECKOH IACTH JIEKTPOHA, 00y CIOBIIEH-
HO# 3/1eKTPOH — (DOHOHHBIM B3aUMOIEHCTBHEM — OTCYTCTBHE 3aBUCUMOCTH OT UMITYIHCA
Pp. DTO CBSA3AHO C “MeJJIEHHOCTHIO” (POHOHOB, ITO CPABHEHUIO C FJIEKTPOHAMMY, TTPUBOISIIET
K JIOKAJIbHOCTH IIPOLECCOB IOIJIOMIEHU W UCIIyCKaHus. PaccMOTpUM CHOBa IpenesibHOe
noBenenne npu K < wp u B> wp.

e Ciyuait F < wp

B srom ciyuae moxkuo Jorapudm B (3.31) pasnoxurh, cumrad, yto E < ck. Torma
nMeeM:

2mg*E [*P mg?k? ¢k
Re(2(E) —2(0) = ——2— dkk=——L"Pp—_>2Dp=_\E 3.32
e(X(E) — X(0)) S72pr o S77pr 12 (3.32)

k2
r7le BBEJIM KOHCTAHTY TEPEHOPMUPOBKU \ = ip;; ~ (.
e Cuyuait F > wp

Tenepn umeem E > ck, tak yro cHoBa pa3zsaraem jorapudu B (3.31) u nomygaem:

2.2 rkp 1.3 2214 27.4
mg-c k°dk mg-c°kp, Cckp
Re(X(FE) — X(0)) = — =— =— 3.33
e(B(B) = 200) = — 5 - /0 E 1672ppE  SpeE (3.33)
tak 410 npu E ~ wp poct ReX(E) ¢ sHeprueil cMeHseTcst yObIBAHLEM.
CriekTp KBa3uvacTuil B obactu F < wp onpesensieM n3 ypaBHEeHHUs:
E —£(p) = Re(3(E) — £(0)) (3.34)
rae £(p) = % — p. Torma cpady ke IOJIydaeM:
2 2
p PF
E= - F Er = 3.35
2m* F F 2m* ( )
rae 3 dekTuBHAS MACCa, ONMPEIeIIeTcsa Kak:
* k2
m_:1+g—12351+/\ (3.36)
m 4py

[TosTomy, ompeaemeHHy0 TAKIM 00pa30M A MOXKHO HA3BATh KOHCTAHTON IEPEHOPMUPOB-
K# Macchl. Takmm 0O6pa3oM, JIEKTPOH 33 CYET B3auMOAeHCTBUA ¢ (poHOHAME P PHEKTUBHO
“yrskensiercss’. COOTBETCTBEHHO “TTOIpaCcTaeT’ MJIOTHOCTh COCTOSHUM Ha, ypoBHE @Pepmvu
(~ m™*) " 3IeKTPOHHBII BKJIAJ B TEIJIOEMKOCTb.

Paccmorpum Teneph moBeneHure COOCTBEHHO DSHEPTETUYECKON YACTU IJIEKTPOHA, TPHU
KOHEYHBIX TEMIIEPATYPax. ITO MOJE3HO U METOIUIECKH, TTOCKOILKY IPH STOM MbI U3y IHM
obIIM MEeTOI, CyMMHUPOBAHUS IO MaIlybapoBCKUM dacTtoraMm. Mmeem:

S(ep) = - 9753 > [ @nGep)DE -2~ p) (3.37)

(2

Bce wacrorsr 31ech Maiybaposckue!
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Im(g)=0

3¢
ray

€

Puc. 3.3: Konryp unTerpupoBanus, UCHOJIb3yEMbIil IPU CyMMHPOBAHUU IO MAaIlybapoB-
CKUM 9aCTOTAM.

O6mpmit METO/, BBIYUCIEHUST CyMM II0 MaIy0apOBCKAM 9aCTOTAM OCHOBAH HA, UCIIOJIB30-
BaHuu cyeayioiero npuema [5]. Paccmorpum caygait cymmupoBanus 1o nederubiM (gep-
MHOHHBIM) 4Yacroram ie, = 4(2n + 1)7T. CoOTBETCTBYIONIYIO CYMMY MOYKHO 3alUCAThH B
BUJIE KOHTYPHOIO MHTErpaJia B KOMILJIEKCHOM IIOCKOCTH 9aCTOTHI £:

TZ o) = — oo [ ae & _ L [ T /dF Jth—
= 2mi Joo ePe4+1 27 Jo e Be 1 dmi
(3.38)

rae KOHTyp maTerpupoBanus C' OKPyKaeT MHUMYIO OChb, KaK TO moka3aHo Ha Puc. 3.3
U BHYTPH KOTOPOTO, TO MPEJNOJIOKEHNI0, HeT HUKAaKWX ocobenHocreil dyukumn F(e).
CrpasenmusocTs (3.38) BeITeKaeT n3 Teopembr Komw n Toro obcroarensersa, uro e’ 41
u e 7 + 1 (rme, kax obwraHoO, 3 = %) UMEIOT TIPOCTBIe HYIH B TOYKAX € = I€p, UTO
IPUBOAUT K CYMIECTBOBAHHUIO COOTBETCTBYIOMHUX HMPOCTBIX IIOTIOCOB MOTUHTErPAILHOIO
Bbipazkenus (3.38) B COOTBETCTBYIOIIUX TOYKAX HA MHUMOI OCU. AHAJIOrUYHAS CATYALMs
BO3HMKAET W TPH MCTIOIb30BAHNN tham B mocTeHeM paBeHcTse B (3.38).

Jst BBIYUCTIEHUsT CyMM MO 4eTHBIM (BO30HHBIM) YACTOTAM Wy, = 277'm MOXKHO
BOCHOJIb30BATHCA COBEPIIEHHO AHAJIOTUIHBIM PABEHCTBOM:

o0
T Z F(iwm) = i/ de = —i_ de ! dwF (w )cthi
211 Jo ePv —1 omi Jo e Pe—1 4mi ), 2T

m=—00
(3.39)
TJIe TTOJIF0CA MTOANHTErPAJIHHOTO BHIPAYKEHUSA PACIIONOKEHBI B TOUKAX (W, = 1271 m.
JanpHeiimuii npreM, KaK TPaBUJIO, COCTOUT B TOM, YTO KOHTYp mHTerpupoBanus C
“pacrsaruBaerca’ Ha OECKOHEIHOCTDH, IPHA ITOM BO3HUKAIOT IIOJIEXKAIINAE BBITUCICHUIO
BKJIazpbl oT ocobennocreit dynkuuit F(e) wim F(w), koropble o6xoaur “pacrsHyrbiii’
kouTyp C. B BOJBIIMHCTBE CIydaeB, OCTAIOMUNACT UHTErPAJ 0 OKPYKHOCTH GECKOHEY-
HOTO paJifyca ucue3aer u3-3a 6ricTporo yosiBanust F(e) n F'(w) Ha 9TOM KOHTYDe.
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Im(g,)=0

R 1
I\

Puc. 3.4: Kouryp uHTErprpOBaHus, UCIOIb3YEMBI IPU CyMMHUPOBAHUU MO MAILyOapOB-
CKUM YaCTOTAM B COOCTBEHHO — SHEPIeTUYECKOIl 4aCTU SJIEKTPOHA.

ITpowntocrpupyeM Takoii Meroj cyera Ha npumepe Bbruuciaenus (3.37). 3aech nam
HY?KHO BBIYUCIUTH CYyMMY TIO YaCTOTAM CJIEAYIOIIETO BUIA:

SZTZG(€1P1)D(€—€17P—P1) (3.40)

€1

rze CyMMHUPOBaHUe UeT 110 GPepMUOHHBIM YacToraM ie, = i(2n+ 1)7T. [losromy, HyKHO
noctynuTh B ayxe (3.38). s onpegenennoctu GyaeM CUUTATh, 9TO € JIEXKUT B BepXHEit
HoJTyIIocKoCTH? . PaccMoTpuM (pyHKITHIO:

z

f(2) = G(z,p1)D(e — z,p — pl)thﬁ (3.41)

KOTOpast IMeeT TIOJII0CA PU 3HAYEHUSAX z2 = (&, = 4(2n + 1)7T W BBIYUCINM HHTErpaI:

I:/Cdzf(z) (3.42)

B3gTbIil 110 KOHTYDY C, nokazanunomy Ha Puc. 3.4, rie obxoxsrcs nupsivbie Im(e —e1) = 0
u Ime; = 0, coorBercTByIOMUE paspesam tounbix Gynkmuit [puna B (3.40)3. Bo seeit
KOMIIJIEKCHO# TJIOCKOCTH, KPOME 9THX pa3pe3on, GyHkiwps f(z) anananruyana. Warerpasn
(3.42) MOXKHO Tenephb nocynuTaTh BhIYeramu. Beruer f(z) B momioce z, = i(2n + 1) T
PaBeH MPOCTO:

Res,—., f(2) = 2TG(zn, P1)D(e — 20, P — P1) (3.43)

rak 4ro unrerpad (3.42) ceogurcs Kk I = 47iS u oupejiensier MHTEPECYOLIYI0 HAC CYyMMY
(3.40). C mpyroii CTOPOHBI, MBI MOYKEM TEPEHTH K “pacTAHYTOMY” KOHTYDPY UHTEIPUPO-
BaHwusi, moKaszaHuoMmy Ha Puc. 3.5. Temepb Ham WHTErpaJ CBOAUTCS K WHTErPAJIAM TIO

2B KOHEYHOM CYeTe MBI XOTHM CJeJaTh AHATUTHIECKOE IPOOJIKEHNe i€y — € + 30!
3 AmaITHYeCKOe IPOTOKeHNe U3 BepXHeil H HIDKHel IIOIyILIOCKOCTel maeT pashovie byHKun I puna
G u G4 coorsercrseno [1].
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Puc. 3.5: “PacTssHy ThIii"KOHTYp MHTErpUPOBAHUS, UCITOIB3YEMBbIil IPU CYyMMUPOBAHUN IO
MaIy6apOBCKUM 9aCTOTaM B COOCTBEHHO — 9HEPIETHYECKON 4acTh 3JIEKTPOHA.

IpAMBIM, TOKa3aHHbIM HA Puc. 3.5 u uaymmm BI0Ib Pa3pe30B, TAK 9TO BKJIAJ, PA3HBIX
“Oeperos” KazKIOTO U3 PA3PE30B ONMPEE/IsIeTCS COOTBETCTBYIOMNMA CKAIKAMUA:

e €
= / 4o {(G™(erp1) — GA ) DA e — 1P — Pt -
—00
e—e¢

—G"(—e1+¢,p1)(D"(e1,p —py) — D4 (e, p— py))th 5T - } (3.44)

Yunureisas, uro € = i(2n + 1)7T’, moxkem namucars tho = —cthsk. Kpome Toro, Mbr
UCTIONTB3YeM:

GE(ep) — G (ep) = 2iImGF(ep) (3.45)

U JUCIEPCHOHHOE COOTHOMIeHue [1]:

1

G (ep) = |

T J—c0

0 T R(A)
ImGT(wp) | (3.46)
w—€eFid

[Moncrasisist stu coorHommenus B (3.44), nomydaem:

2 R R
g 3 ImG™(e1p1)ImD™(wp — p,)
———— [ deirdwd
(277)477/ e p1{ w—e+e—id

€1
by = th—
(ep) 57+

ImGR(Wpl)ImDR(EIP—P1) €1

+ , cth— (3.47)
w—ec+e—1id 2T

Memnsiss MecTraMu IepeMeHHbIe HHTErPUPOBAHUSA €1 U W BO BTOPOM CJIAra€MOM, 3alUIIEM

OKOHYATEILHO:

2 ImG:(e1p1) ImD® (wp —
Y(ep) = #/deldwd%l mGH(erp) ImDT(wp — 1)
)4

w—e+e—id

€1 w
(thﬁ + cthﬁ) (3.48)
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31ech HHTErpUPOBaHUE y2Ke BeJeTcs 110 BEIIECTBEHHbIM £1 U w. [locie mocrarodHo rpo-
MO3JIKOr0 aHaiam3a [1], MoxKHO noka3ark, 410 u3 (3.48) npn ¢ < T < wp (mocse aHaIw-
TUYECKOrO MPOOJIKEHUS i€, — € + 1) CIemyer:

T3

ImXf(e) ~ ¢

3.49)
2,2 (3.
c*pgh

TakK 4TO, PaKTHIECKH, 3aTyXaHNEe HJIEKTPOHOB 33 CYET JIEKTPOH — (DOHOHHOTO B3aMMO-

nelicTeus mpy € < wp U T < wp MOXKHO 3alUCATH €JUHBIM O0Pa30M KakK (BCIIOMHUM
(3.25)):

M T3 3
ImER(e) ~ g% (3.50)
cp%
IIpu € > wp u3 (3.48) cremyer:
ImXR(e) = const ~ wp (3.51)

13 stux dopmyn fCHO, 9TO 3aTyXaHWE KBA3UYACTHUI (SJTEKTPOHOB) CPABHUBAETCA C WX
SHEprueil px € ~ wp. B ToxKe Bpems ACHO, 9TO IPH JaJbHERIIEeM POCTe SHEPTUH BO30OY K-
JIeHUH 3aTyXaHHe 3a CUET B3aUMOJAEHCTBUA ¢ (POHOHAMMU MEPECTACT PACTH U CTAHOBHTCS
OITAATH MEHBIIE SHEPTUN KBA3NIACTHI. TakuM 06pa3oM UMEETCs JBe OOJACTH, B KOTOPHIX
MOHSATHE KBA3WYACTHI] UMEeT CMBICT: |¢| < wp ¥ |g| > wp. B obenx srux obmacrsx
SHEPIUsl 3JEKTPOHOB MMeeT BUJ vp(p — pr), HO ckopocTh vp (3dDdEKTHBHbIE MACCHI)
Pa3JIM9HBL.

3.3 Teopema MurmgaJa.

Beirrie, ipu pacderax cOOCTBEHHO — SHEPTeTUYIECKON YaCTH IJIEKTPOHA 3& CUET HJIEKTPOH
— (boHOHHOrO B3aUMOJIEHCTBYS, Mbl ONPAHUYUIIMCH MPOCTEHIITNM BKJIAIOM, MOKA3AHHBIM
ua Puc. 3.2. Kazanoch — 661 Hy2KHO y4ecTh u Apyrue rpaduku, CBsI3aHHBIE C TIOMPABKAMHA
K OJIHOI W3 BepINuH 3TOH auarpamMMbl. DaKTUYIECKH, TOTO IeIaTh HE HAO0, TTOCKOJIBKY
COOTBETCTBYIOIINE TTOMPABKN K BEPIIMHHONW YACTU MAaJbl MO aIHa0ATHIECKOMY MapaMeT-
py 42 ~ /TF < 1 (reopema Murmama) (A.B.Murman, 1957). Tlokasxem 510, onenus
MIPOCTEHIIIYIO TIOMPABKY K BepliuHe, onpejaensemyo rpadukom Puc. 3.6. 3amnumiem, ana-
JINTUYIECKOE BBIPAYKEHUE, COOTBETCTBYIOIIEE STOM JuArPAMME:

d3P1 dey
(2m)*

[IpoBesem rpybyio OIEHKY 3TOrO BhIpakKeHWs. PaccMOTpUM CHA4YaJ/a WHTErpPaa 1o £7.
[Tomrarasi, 9To XapakTepHas MepeIada UMIIYIbCa 3a caeT oOMeHa (GPOHOHOM HopsaaKa kp ~
PF, M yAUTHIBasA, 9TO D(£—¢1) KBaJAPATUIHO CIIANAET B 00JIACTH | —£1| 3> wp), TOJyYaeM,
YTO OCHOBHOM BKJIAJ[ B MHTErpasl IaeT obiacTh | — 1| ~ wp. Torga mHTErpaa mo &1
MOPSIKA Wp, U MBI MOYKEM HAIKCATH:

r = _g3 / G(p1e1)G(p1 + k,e1 +w)D(e —e1,p — py) (3.52)

r® N93wD/ - 1 ——
(e1 — &(p1) + idsign€(p1))(e1 +w — §(p1 + k) + idsigng(p1 + k))
(3.53)
Paccmorpum ocTaBrmiicss mHTErpaJI mo p;. XapaKTepHas Tepeaada MMIYIbCa W 3eCh
nopsanaka kp ~ pg. [loaToMy MOXKHO cuuTaTh Bce 3HameHarenun ~ Fp, a fd3p1 ~ pi..
Torna nmeem:

p(l)Ngstp_%&N s PE

3.54
2 E% ’UFEFWD ( )
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Puc. 3.6: IIpocreiimas nonpaBka K BePIIUHE JIEKTPOH — (POHOHHOI'O B3AUMOIEHCTBUSI.

p+k

Puc. 3.7: TIpocreiimmmas mompaBKa K BEpPIINHE 3JIEKTPOH — (POHOHHOT'O B3aUMOIEHCTBUS B
“UMITYJIBCHO — BPEMEHHOM’ TIPEICTABJIEHUN.

OTHOCHTEIbHAS BEJIUUNHA, 3TOM IMOIIPpaBKU:

w m
wp ~ QE—’; ~ /57 (3.55)

N ) p%

~

g vrEp

TJle HCTIONB30BANH F2 ~ \/% . DJIEKTPOHBI MHOTO JIET'de MOHOB (SA7ep ), MO3TOMY PacCMOT-
peHHAas MOMPaBKa K BEPIIMHHOM YacTu JeficTBuTe bHO peHebpexxkunmo mana!l [Iposenen-
HOE PACCMOTPEHHUE HE COBCEM CTPOro, HAIPUMED, OHO OMIHOOYHO MPpU w ~ vpk U w < Wp,
korza noJttoca Gyukuuii [puna B (3.53) chinmkarorcs u Ha0 HPOBOAUTH HoJiee aKKypaT-
woiit anagu3. OgHAKO, B OOJIBIIMHCTBE CJAYYAEB, BKJIAJ, TON 00JIACTH HECYIIECTBEHEH B
cuily ¢ K Vp.

Yro6bl JTydiiie TOHATH CMBIC IIPOMCXOJISIIEr0, TPOBEIEM OIEHKY BEPIITMHHOM MOITPAB-
KU B CMEIIAHHOM “UMIYIHCHO — BpEMEHHOM MPEeJACTABICHUH. JTO MO3BOJUAT POCIIETUTD
POJIb PA3HBIX MACIITAOOB BpeMeHu. B CBsS3M ¢ 9TMM, BBEIEM CHAYAJIA COOTBETCTBYIOIINE
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dyukun ['puna poHOHA U ITEKTPOHA:

D(kt) = ;l—:D(wk)e_wt = —%e—“klt‘ (3.56)
G(pt) = —ie O { ﬁ(ggzi)g(p)f)lpﬂnptf& . (3.57)

Bamerum, uro D(kt) aBisiercsa ropasao 6osee MeIIeHHO MeHsoleiica hyHkimeii ¢, uem
G(pt).
SamuieM Tenepb BEPIIMHHYIO TMONpPaBky Puc. 3.7 B aHAIUTUIECKOM BUIE:

3
- _gs/ (‘;5)13 /dtG(pl,t )P+ Ko ts — )D(p — Pyt — ) (3.58)
IIpu p; ~ pr snexkrponnbie GyHKINA ['prHa CyIIeCTBEHHO MEHSIOTCS 3a XapaKTepHOe
Bpems ~ En'. TI09TOMY MOKHO CamTaTh, 90 B (3.58) |t1 —t| ~ [ta —t| ~ [t; —to| ~ Ep'.
@ononnas dyskiusa ['puHa 3a Takue BpeMeHa, MPAKTUYECKN HE MEHSETCS U ee MOXKHO
B34Tb 1pU t1 & ty. [To3TOMY OHA IPOCTO MPONOPUUOHAIILHA ¢|p — Py| ~ wp, YTO U npu-
BOJUT K BO3HUKHOBEHHIO IapamMeTpa Manocru £2. VHbvu cioBami, S1eKTpOHBL ObICTPO
(3a Bpems ~ E;l) MIOTJIOMIAIOT (POHOH, IMOACTPANBAACH o, Aedopmanuio permerku. [Tpu
9TOM OHHU HE YCIIEBAIOT 33 CUYET CBOEIO ABMKEHHS ‘PacKadaTh’ PermeTrky — Ha 3TO Tpedy-
ercst BpeMs wgl. DTO ecTh MPOSBIICHUE ATUADATUIHOCTH JIBUKEHUS MOHOB PEIeTKH — B
CUJIy CBOEi OOJIBITON MACCHI MOHBI JBUXKYTCS MEIJIEHHO U 3JIEKTPOHBI BCETIA, YCIEBAIOT
“moICTPOUTHCS IO, UX JIOKAJIBHYI0 KOH(MUTYPAIIHIO.

Teopema Murnana BaXKHa UMEHHO MTOTOMY, 9TO MMO3BOJISET BBIIEIUTH U3 MHOXKECTBA,
JIMarpaMM TOJBKO CYIECTBEHHbBIE BKJIAbI O3 MCIIOIb30BAHUS MPEIOIOKEHUT O MaJIO-
CTH CaMO KOHCTAHTHI JIEKTPOH — (DOHOHHOTO B3AUMOIEHCTBUSI.

3.4 CobcTBeHHO — HepreTudeckKas YacTh U CIEKTP Po-
HOHA.

Bepuemcs K paccmorpenuio ypasHenuii s dbounounoit dyukimu puna (3.16), (3.17)
u (3.18), ompenensomux cruekTp (HbOHOHOB B CHCTEME C B3auMmozeiicrBueM (Merasie).
Bocnosb3yemest IpocTefinM npubInKeHueM s TOJISPU3AIMOHHOTO OMEPaTOPa, JJIEK-
TPOHHOIO ra3a ¥ 3allUIIeM:

2ig? / dEd3p

2m)* J (B —&(p) +i0signg(p))(E +w — &(p + k) + i6Signé(p +(k)) )
3.59

Beime MBI y2Ke POBer pacueT TAKOTrO TOMSPU3ANMOHHOTO OIEPATOPA U MOy YUIA BbI-

paxenue (2.24), ©CHOIb3yst KOTOPOE UMEEM:

2 )
+opk| dim|w] |w]
Mp(wk) = —TTPE I - © 1y |¥ o120 .
9o (wk) 2 2urk i w—vrk * 2urk vpk (3.60)

¢°Tl, (wk) = —

Mg yke Bugenu B (3.17), uro dononnasa Gyukuus ['pua B cucremMe ¢ B3auMOIeHCTBIEM
omnpenensierca u3 ypapuenns /laiicona Buma:

DY (wk) = Dyt (wk) — ¢TI (wk) (3.61)
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CooTBercTBerHo, CeKTp (hoHOHOB onpeengerca ypasaennem D~ (wk) = 0. ITockombKy
CKOPOCTH 3BYKa IOpa3/io MeHbIIIe CKOPOCTH JIEKTPOHOB HA MOBEPXHOCTH PepMu, TO MOXK-
HO CITOKOWHO CYUTATh, 9T0 w K vpk. Torma moispu3anoHHbIi OTlepaTop, ONpeesisiio-
1wt (POHOHHYIO CODCTBEHHO — YHEPIETHIECKYIO 9aCTh, JOCTATOYHO B3ATh B CTATUYECKOM
npenene (w = 0) 1 HAOKUCATD:

. g*mpr

g* 1l ~ — =X (3.62)

Coorsercrenno (3.61) cBomurcs K:

w? — cBk?

D™} wk) = Dyt (wk) — ¢*T1 = oye
)

+2¢ (3.63)

TIe ¢o — ‘“3aTpaBOYHAs CKOPOCTD 3BYKa, a “TIepEHOPMHUPOBAHHBIN CIIEKTP POHOHOB MMEET
BUJ, w = ck, TJIe CKOPOCTH 3BYKA OMPEIENISIeTCA KaK:

& =c2(1-20) (3.64)

Buaum, uTo 3a cyer 37eKTPOH — (POHOHHOTO B3aMMOIEHCTBUS MPOUCXOIUT “‘CMATICHHE’
perierky (yMeHbIeHne SHepruu (POHOHOB), B CULY OBICTPOrO “NOACTPAMBAHUA” JIEKTPO-
HOB 01 MeOPMAIMIO PENIeTKH, MPOUCXOIUT UX CKAIJIMBAHUE B MUHUMyMax aedopMa-

IIUOHHOI'O IIOTEHIIhAJIa C O6H.[I/IM IIOHU2>KEHHUEM SHEPruu CUCTEMDI.

Moxxer nokazarhcsi, aro u3 (3.64) ciemyer meycroframsocth pemerku (w? < 0!) npu ¢ > 1/2. On-
HAKO, (PAKTHIECKH, 9Ta HEYCTORINBOCTH Hedududeckas. Jleno B ToM, 4T0 6osee qeTaabHbIH anann3 [14]
[IOKA3BIBAET, YTO HUCTHHHAS KOHCTAHTA JJIEKTPOH — (DOHOHHOTO B3AMMOZEHCTBUS A\ CBSI3aHA C BBEJEHHOM
BBIIIE KOHCTAHTONW B3aMMOZAEHCTBUS ( CIEAYIONUM COOTHOIIEHUEM:

¢

1-2¢
W3 sToro BeIpakeHusi sICHO, 9T0 A =~ ( mpu ¢ < 1, HO npu yBenu<ueHHH ( KOHCTAHTA CBI3U A\ HEIpe-
PBIBHO BO3pacTaeT, o0pamasch B OECKOHEYHOCTH B caMOil Touke “HeycroiumBocT’. IloaTomy ycroBue
¢ < 1/2, daxTuuecku, He HAKJIAABIBAET OTPAHUYEHHH Ha BeaWIUHYy . B0OOIE, HAJ0 3aMETUThH, 9TO
ycioBue ¢ < 1/2, B HEKOTOPOM CMBICTIE, GECCOIEPIKATENBHO, TOCKOJIBKY B paMKaX 00bIYHON Mozmenn Ppe-
JINXA JIEKTPOH — (DOHOHHOIO B3AMMOAEHCTBUSI HE CYIIECTBYeT METOA OIIPEIeJeHUs ITOH BeJHIHHBI, 3
peaJIbHO HADJIOAAEMOH ABJISETCS UMEHHO IePEHOPMUPOBAaHHAs KOHCTAHTA A. U3 (3.65) MOXKHO HAamucaTh
0O6paTHYIO CBsI3b:

2
A=¢2 (3.65)
w

A
Siiam
U3 KOTOPOif BUAHO, ITO mpH JIOOBIX A > 0 MbI, pakTudecku, umeeM ¢ < 1/2.
DuznaecKuii CMBICT “3aTPaBOYHBIX” TapaMeTpoB Moenun ®penuxa, B 0COGEHHOCTH, 9aCTOTH wo (k) =
cok, He BIIOJIHE $ICEH, a PEAJIbHBIH CIeKTp (POHOHOB OIPEJEeNAETCS PACCMOTPEHHBIM BBIIIE YDAaBHEHHEM
Haticona gns ¢ouonmoit ¢yukiuu ['puHa, yIuTHBAIOIAM B3AUMOLEHCTBHE C JEKTPOHAMH, KOTOPOE
aer:

(3.66)

wg (k)
w? — w?(k) +1id
rae w(k) — ucruHEBIA HOHOHHBIN crekTp. Torja UCTHHHAS KOHCTAHTA 3JIEKTPOH — (DOHOHHOIO B3aMMO-
neiicreust onpenensiercs: [14] narerpanom mo k or D(w = 0, k):

. [?PF dkk wi(k)

Ecnu renepnb npeHebpedb OTHOCHTENILHO €y1aboii 3aBucuMocTbhio Ilg or k u Bocmosnb3oBarhes (3.62), To

D(wk) = (3.67)

u3 (3.68) mememyenso ciegyet (3.65). [IpHHATO CUUTATH, YTO KMEHHO A\ BXOJHUT, HAIIPUMED, B U3BECTHYIO
dopmyny BKIII gyist TeMmeparypsl CBEPXIPOBOAAIErO mepexona [14].
s Toro, 9To0b! HalMTH 3aTyxaHue (DOHOHOB, yITEM TEMEPh U MHUMYIO YaCTh MOJIs-
pu3anroHHOro oneparopa (3.60):
jwl

g*ImIly(wk) = —m(-—-

o (3.69)
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Puc. 3.8: KauecrBeHHOE TOBEEHAE CTATHYECKOTO MOJISIPUBAIMOHHOrO oneparopa (B 3a-
BUCUMOCTH OT () Ta3a CBOOOIHBIX 3JIEKTPOHOB JIJI PA3JIUIHBIX PA3MEPHOCTEH MPOCTPAH-
CTBaA.

[MoxcraBnsist 370 BBIpaXKenue B ypasuenue Jlaiicona mis dbouounoit dyuknuu ['puna, B
KOTOPOM Teleph HYKHO HCKATh PEIeHWe [JIsi CIEeKTPa B BuIe w = ck + 17, HETPYIHO

IIOJTyYIUTD:
2

m™ . C ™ C
—(—k=-(—uw (3.70)
2 vp 27 vp

XOTH BaTyXaHI/Ie 1 OKa3bIBa€TCA IMPOIMOPITMOHAJIBbHBIM 9aCTOTE, ®aKTI/IquKI/I OHO MaJIO IO

cpashenuto ¢ Rew no napamerpy c¢/vg ~ /m/M.
B O6BI“IHBIX KUOKOCTAX U ra3daX 3aTyXaHHWe 3BYKa IO NOPAAKY BEJIUYUHBI DABHO:

’y:

o e (3.71)

rJe 7 — BI3KOCTb CPeJbl, & p — €€ IJIOTHOCTh. 1109TOMy MOXKHO CKa3aTh, UTO B 3JEKTPOH — (POHOHHOM
cucreme 3(pdeKTHBHAS BA3KOCTH JIEKTPOHHOIO ra3a PACTET C yMEHBIIEHHEM IaCTOTHL: 7)(w) ~ w1l On-
3udecku, 6osbinas 3pOEeKTHBHAS BS3KOCTh 3/[€Ch CBSI3aHA C BHICOKOI MIJIOTHOCTHIO 3JIEKTPOH — JABIPOYHBIX
BO30YXKJeHu C sHeprueit w < ck, KOTopble BO3OYXKIATC (POHOHAMMU.

B npespt eil riaBe yKe OTMEYaJIOCh, YTO MPU ¢ = 2PF NOJSPUIANUOHHBIN Olle-

)
1L 6 0TI (q0) o)

patop Ilo(g0) mmeer morapudmmaeckyio 0COGEHHOCT B TIPOM3BOIHON —3 . lg=2pr- DTa
0CODEHHOCTH CTAHOBHUTCs 0OOJIee 3aMETHOM st ABYMEPHO#H cucTeMbl d = 2 u, OCODEHHO,
B ogHOMEpHOM ciay4dae d = 1, Korma mMeercs jgorapudMudecKkas OCOOEHHOCTb B CAMOM

nossipusaronroM omneparope I1p(¢0) (A.M.Adanacres, FO.M.Karan, 1962):
Io(q0) ~ In|g — 2pp| (3.72)

Kauecrennoe nosenenue I1y(g0) ms pasiauunbix pasmepHocreil nokaszano ua Puc. 3.8.
Hanuuame takux ocobGeHHOCTEH MPUBOAMT K BAXKHBIM CJeJCTBUAM. B camom jene, cyThb
TMPEIbIAYINel JUCKYCCUU CBOIUTCS K TOMY, 9TO (bOoHOHHAsT DYyHKIWMA ['puHa, ¢ yaeToMm
B3aUMOJIEHCTBUS C JIEKTPOHAMU, UMEET BUJI:

1 B wi(q)

D(wq) = — = 3.73
() Dyt (wa) — ¢2p(wa)  w? —wi(q) — g?wi(q)o(wq) (3.73)

TaK 9TO CIHEKTP (DOHOHOB MMEET BUIL;:
w?(q) = wi(g)[1 + g°Mo(wq)] (3.74)

Torpa u3 Ij(g0) — —oo mpu ¢ = 2pp (ana cayyas d = 1) scHo, uro 4acrora ¢o-
HOHA ¢ ¢ = 2pp craHoBUTCA MHuMol (w? < 0), npu mo6oM (azke CKOMb — yTOJIHO
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7S
.

Puc. 3.9: zosneprernieckre MOBEPXHOCTU, COOTBETCTBYIOIINE TTPOCTON MOJETN CIIEKTPA
CAJIBHOU CBA3M /I KB3JIPATHOIT PEIIeTKU.

SIE

\
//

2y
SE

A

m

ﬁ

MAaJIOM ) 3HAYEHUU KOHCTAHTBI B3AUMOJEHCTBUS ¢. DTO O3HAYALT HeYCcmOoUuu60cms CUCTE-
MBI, TIPUBOJAIILYIO0 K BOSHUKHOBEHUIO CIOHTAHHOH (KOHEYHOM) cTarndeckoil nedopmanmn
(CBEPXCTPYKTYDBI) C BOJHOBBIM BEKTOpOM () = 2pp (T.e. ¢ mepuogom L = %”) 910 Tak
Ha3bIBAEMas NaUepaco8cKas HEYyCTONINBOCTh, K JETATBHOMY PACCMOTPEHHUIO KOTOPOM MBI
eme BepHeMcs B nocieaueii riaset. Jaxe mig d = 3, KOrjga 0COOEHHOCTDL €CTh TOJIBKO Y
[IPOUBBOJIHOM TOJIAPUIAIUOHHOTO OMEPATOPA, BCE PABHO BO3BHUKAET aHOMAJUs (POHOHHO-
ro cnekrpa upu ¢ = 2pp (W.Kohn, 1959) (rak Ha3biBaemas “KOHOBCKas” aHOMAJIUS, JJIst
d = 1 uHOrIA rOBOPAT O “IMIAHTCKON’ KOHOBCKOM anomasun). Takue aHoMaauu AeficTBu-
TEJIbHO HADIIONAI0TCs B (POHOHHBIX CIIEKTPAX METAJIJIOB B SKCIEPUMEHTAX 110 HEYIIPYTOMY
paccedaHuI0 HEHTPOHOB.

Jlo cux mop, Mbl BCEra UMEJTH B BUY CATYAIUIO ¢ U30TPOMHBIM JIEKTPOHHBIM CIIEeK-

Tpom THMa £(p) = 5o—. B Toxke BpeMd, B peaNbHBIX MaTepHaIax, STeKTPOHHBIH CIEKTp
MOKeT OBITh aHU30TPOIHBIM, & COOTBETCTBYIOININE MOBEpXHOCTH PepMu He 00s13aTeTHHO
sastiorest cepamu (d = 3) win okpyskHOCTSIMA (d = 2). JacTo OHM UMEIOT IOBOJIb-
HO cnoxkHYy0 (opmy. B gactHocTn, Ha moBepxHocTr PepmMu MOTYT BO3HHKATH NAOCKUE
yaactku. Hampumep, 1711 d = 2 v KBaapaTHOI PEIETKH, B IPUOINKEHNN CUILHON CBA3M
MMeeM CHOEeKTp BHJIA:

e(p) — = —2t(cospya + cospya) — p (3.75)

e t — WHTerpas IepeHoca, KOTOPbhIi CYUTAETCS OTAUYHBIM OT HYJIsI TOJIBKO s OJin-

Kaimux coceneii. V1309Heprerndyeckre MOBEPXHOCTH B 30HE BpuiniiodHa, COOTBETCTBY-

IOIe TaKOMY CIEKTDPY MpH PA3JIMYHBIX 3HAUCHUAX XUMIOTEHIMAAA f (KOHIEHTPAIUN

9JIEKTPOHOB), MoKa3aubl Ha Puc. 3.9. B wactuocru, qs p = 0 (mosy3anosiHeHHAsS 30-

HA, OJMH 3JIEKTPOH Ha aroM), nopepxHocrb Pepmu umeer Buj kBagapara. Jocrarodno
m T

IPOCTOH pacyeT HOKa3biBaeT, 4To B 3roM ciy4dae 11p(q0) umeer nupu q — (— a) ocoben-

a’
Hocrb “onHomepnoro” tuna: 1Ip(q0) ~ In|jqg — Q|, rue Q = (5 E), 9TO ONATH MPUBOJUAT

a’a
K “THMaHTCKOI’ KOHOBCKOW aHOMAJIHH (POHOHHOTO CIIEKTPA W CTPYKTYPHOMY IEPEXOILy
naitepsicoBCcKOro tuta (yIBOCHUIO MEPUOJIA PEIETKH ).
B Gostee obmieit curyaruu, s BOSHUKHOBEHHUs MOJOOHBIX ‘“TUTMAHTCKUX aHOMAJIUI

Tpebyercs CrenuaIbHOe CBOHCTBO oBepxHocTr Pepmu, nmenyemoe “uecrurrom’ (nesting).

4Mna d = 1 Takas HEYCTOWYHBOCTH IIPHBOAUT K OOPA30OBAHMIO INENH B SHEPLETHIECKOM CIIEKTDE
3JIEKTPOHOB IIpY +Pp, T.€. K NEPEXOAY METAJJINIECKON [EMOYKU B JIUIJIEKTPUIECKOE COCTOSTHHE.
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9TO CBOMCTBO O3HAYAET, YTO ONPEJETEHHBIE yIaCTKU moBepxaoctn PepMu HAKIIAIbIBA-
I0TCsl IPYT Ha Apyra (KOHIPYSHTHDI) TIPU CABHUIE HA ONpee/eHHbIl BekTop Q (BekTOp
necrnara). B npusenennom semme mpuvepe Q = (Z,Z), Ho BO3MOXKHBI 1 Gosee ofmue
caygan. Maremarnaeckn TpeOyeTcs TOJBKO BLIIOJHEHHE CIIEAYIOMEro YCIOBHA Ha CIIEKT]

3JIEKTPOHOB:

e(Pp+Q)—p=—c(p)+p (3.76)
YTO M HA3bIBAIOT yCJOBUEM HecrtuHra. Bugum, nanpumep, 4ro cuekrp (3.75) yaoBiaersBo-
psier sTomy yciouio mis = 0 (mosty3anosnnennas 3oua) u Q = (g, g) AnasmoruaabiM

00pa30M, 3TOMY YCJOBHIO YIOBJIETBOPSIET CIIEKTD MPUONIMKEHUsT CUIbHON cBst3u ayis [TK
perrerku (d = 3), aHasoruuHbIi (3.75):

e(p) — 1 = —2t(cospya + cospya + cosp,a) — i (3.77)

mpu p=0m Q = (g, e %) IToeepxuocts @epmu B 3TOM citydae 00J1aqaeT CBOWCTBOM

HECTUHT'a, XOTd U He UMEET IIJIOCKUX y4aCTKOB.

Bo Bcex caydasx ¢ HECTHHTOM, BBIYHCIECHUE TOISPU3AIMOHHOTO OMePaTOPa MPUBOIUT
K TOSIBJIEHUIO PACXOAUMOCTH IpU = (Q 1, COOTBETCTBEHHO, K TIOSBJIEHUIO TUTAHTCKOMN KO-
HOBCKOif aHOMAaJInK (POHOHHOTO CIEKTPA W COOTBETCTBYIOIIEl HEYCTONINBOCTH PEIeTKN
(crpykrypHOMYy Ha30BOMY 1IEPEXO/Y C BO3HUKHOBEHHEM CBEPXCTPYKTYDPbI C BOJHOBBIM
BEeKTOpOM Q.)

3.5 Ilna3zmeHHas MoaeJIb MeTaJlja.

Paccmorpum mpocreiinnyro “mocienoBaTenbayo” MOIETh METAJLIA, U SJIEKTPOH — (DOHOH-
Horo B3aumogueiicrBus [5, 14].Haunem c mia3mbl, cocrosiiieii U3 3J€KTPOHOB U HUOHOB
C HEIKPAHWPOBAHHBIM KYJIOHOBCKUM B3ammogeiictBueM. CoOCTBEHHBIMU MOJIAMU KOJIe0a-
HUI B TAKOW cUCTEME SIBISIOTCs, (PAKTUIECKH, COOTBETCTBYIOIIHE TLIa3MEHHbIE KOJTeOaHus
9JIEKTPOHOB 1 MOHOB. [loKakKeM Kak MOC/I€I0BATEILHBIN yIeT 3JIEKTPOHHOW SKPAHUPOBKA
TTO3BOJITET BBECTH “00bIYHBIE” (DOHOHBI M OMKCATH BO3HWKAIOIIEE TIPW 9TOM 3JIEKTPOH —
donounOE BlaumoeiicTBue. VICXOMHbBIN 37IeKTPOH — HOHHBIM FraMUJIBTOHUAH UMEET BU/I:

1
H= ZEkaltak + ZQq,\ (b;r)\bq)\ + 5) +
k qA

+ Y gmerafae (o + 00 10) +

Kk’
1 + o+
+35 Z Valp 1 q0yq@kap (3.78)
pkq
_ 4me? _
roe Vo = = 2 Ey — sueprust OJI0XOBCKOTO 3JIEKTPOHA, OmpeiesseMas ypPaBHEHUEM
[MIpemuurepa:

i D2 Vel R+ Un(e) ) = Frd) (3.79)

rue Vei(r — R,) — norenimast s1eKTpod — HoHHOrO B3aumogueiicrsus, Uy (r) — xaprpu-
€BCKUIl BKJIAJ, OT MEXK3JIEKTPOHHOIO B3auMomeicTus, gy — “3arpaBodHble” 4acTOTHI
KOJIeOAHM TIJIa3Mbl NOHOB.
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B mpocreiimeit modeau srcese, B KOTOPOH HOHBI CUUTAIOTCS OJHOPOLHON OECCTPYKTY P-
HOIT cpenoit, umeeM:
Q2. — 4rn(Ze)?
qAr M
TIe n — IJIOTHOCTh WOHOB, Z — WX 3apsan, a M — ux Macca. B momenn keje 3ToO ecTh
equHCTReHHas (TTPOJOIbHAA) MOIA MOHHBIX KOJIeOaHwmii®.
Koncranra 3arpaBoYHOro 3,1eKTPOH — (DOHOHHOTO B3AUMOIEHCTBUS Jkk/)\ OIIPEIeIsi-
eTcs KaK:

(3.80)

1/2
n
Jkk/A = — (W) < k’|VzVel|k > €eqn, (q =k - kl) (382)
kA

TZie €q) — BEKTOp TONAPU3AINH 3aTPaBOIHBIX (poHOHOB. HeTpymHo moHATh, ¥TO B TMpO-
CTelfImell MOZIEN THUIIA JKeJle 9Ta 3aTPABOYHAS KOHCTAHTA, TOUHEE (o), IMEET CHHTY-
JIIPHOCTH “KYJIOHOBCKOTO THITA!

1
2
N —— 3.83
Tenepb HYKHO MepeilTH K TMEPEHOPMUPOBAHHBIM BeJIUIMHAM, C YIETOM SKPAHUPOBKH,
YCTPaHSIONEH TakKue CUHTYIIpHOCTH. /I KYJTOHOBCKOTO B3aUMOIEHCTBUSA IJEKTPOHOB,
KaK MbI BUIEJN BBIIIE, MOXKHO cpa3y Hamucath RPA — Beiparkenue:

4me?
V(iqw) = —F—~ 3.84
(q ) q%e(qw) ( )
rie ,
4dme
ee(qw) =1— 22 Iy (qw) (3.85)

— IWAJIEKTPUYECKAs MPOHUIAEMOCTh ra3a CBODOTHBIX 3JIeKTPOHOB. COOTBETCTBYIOIIEE
JMarpaMMHOe Ipejcrapienue npuseieHo Ha Puc. 2.4(b). AnasoruunbiM o6pa3om, Kak
910 mokazano wa Puc. 3.10, MOXXHO ommcarb W SKPAHUPOBAHUE JJIEKTPOH — (DOHOHHOMN
BEPIIUHBIL:

9(g; \)
€e(qw)
a s OmpefesieHus “UCTHHHOro” (POHOHHOTO CIIEKTpa HamucaTh ypasmenne laitcona,
moka3aHHoe Ha Puc. 3.11:

(g, N) = g+ gVellp + gV lIgVollp + ... = (3.86)

D_l(q/\,w) = Do_l(q)\,w) — QQHO(qw) — gQHO(qw)VqHO(qw) — .=

2(q, \) 1
=Dyt (ghw) — 94, ) (— - 1) 3.87
0 (q ) V:] Ee(qw) ( )
rae
Q?M
D =2 )
oleAw) = 5 Q2 +id (3.88)

5B kpucramie CymecTByeT TPH BETBUM HOHHBIX KoseGamuit A = 1,2,3. M3 Hux aBe momepednsie wMe-
0T 3BYKOBO# XapaKTep, a 3aTpPaBOYHas MPOJOIbHAA BETBb HMEET XapaKTep ONTHIECKOro IITa3MEHHOTO
Kosiebanus. IIpyu 9TOM BBIIOIHSIETCS MPABUIO CyMM:

4mn(Ze)?
Y02, = % (3.81)
X
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+ R

Puc. 3.10: 9kpaHupoOBKa BEPITHHBI 3JIEKTPOH — (DOHOHHOI'O B3aMMOICHCTBUA.

Puc. 3.11: Ypasuenune [aiicona mist poronuoit pyukmyu ['puna B 0000meHHON MOmen
JKere.
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Torna u3 (3.85), (3.87) u (3.88) HeMeNIEHHO MOy YaeM:

D(g\w) = (3.89)

Q2
g _ 92N 92 [1 _ gz(qk)} +i5
Vy€c(q0) qA Vy
B 5TOM BBIparkKeHUH MBI TPEHEOPETJIN YACTOTHOMH 3aBUCHMOCTBIO €. (qw), TOCKOJIBKY MPH
MaJIbIX w TOPsiJIKa, (POHOHHBIX YACTOT 9Ta 3aBUCHMOCTh HECYIIECTBEHHA.
B mpocroit Mogenn xeie, Kak nerko suners u3 (3.80) u (3.82), BbInosiHseTCH paBeH-

CTBO:
9% (q\)
Vy

=1 (3.90)
B srom ciayuae (3.89) yupouaercs 1o:

2
Q9

D(g\,w) = (3.91)

Q2 )
w2 - 66(3;(\)) + 26
[Tosroca 3TOro BhIpazKeHUs OIIPEIEISIIOT YaCTOThI TIepeHopMupoBaHHbixX (honoros (D.Bohm,
T.Staver, 1950):
02 02 A
2 qX ar ms o o
w(g\) = ~ =—v 3.92
(gN) (q0) 1+Z_25 s VP (3.92)

rae yawin (2.28) u (2.29), rie mIOTHOCTH IEKTPOHOB CJIEJyeT B3dTb PAaBHON Zn (Ijid
obecriedeHust 3JIeKTPOHeATpaibHOCTH). BuauM, 4o nepeHopMupoBaHtbie GOHOHBI B MO-
JIETU JKeJle IMEI0T aKyCTUIECKUil 3aKOH JUCIIEPCUU CO CKOPOCTBHIO 3BYyKa, ¢ = (?—15) Y2y P
B arom ke MoxkHO ybeaurbes u B 6osiee obiiem (4eM MOJIEIb XKeJle) CIydae, KOria HOTeH-
mmast Ve;(g) OTIMYaeTcs OT 9uCTO KYJIOHOBCKOIO, MOCKOJIBKY TIPU MAaJIbIX ¢ U3 YCJIOBUS
SIeKTpOHefTpaIbHOCTH cteyet, 9to Ve;(q) Bce paBHO pasen mpocto Ze? /¢

B paccmarpuBaemoii MOJIe/In MOXKHO ellle ONPeAeauTh U nojaHoe (3pGeKTuBHoe) MexK-
SJEKTPOHHOE B3aUMOJEHCTBIE, KOTOPOe HYZKHO, HAIPUMED, JJisi BLIYUCICHWST CBEPXIIPO-
BOJSIINX CBONCTB METAJIJIOB. DTO B3aUMOEHCTBIE W300PAKALTCA TUATPAMMAMU, TTOKA~
3aHHbIMU Ha Puc. 3.12 u paBHO:

_ dre? +g2(q)\) Qg,\
7Pec(qw)  €e(q0) w —w?(qA)

Vers(qw) (3.93)

rie w?(g)\) — CHeKTp TepeHopMUPOBAHHLIX (DOHOHOB, ciaemyionmit u3 (3.87):

) = {1~ gQ(vZ” ()} (354

B monenu xene Vesr(qw) cBOgUTCS K:

4me?

Verrlqw) = ——F 3.95
eff( ) q2€eff (qw) ( )
TOE €eff (qw) — NOAKRAA TUIJIEKTPpUYIECKad TPOHUITAEMOCTh:
(22/\
cers(qw) = eeqw) — —5 (3.96)
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Puc. 3.12: 9ddexTuBHOE B3anMOIEHCTBHE 3JIEKTPOHOB B METAJLIE.

B Gosee obuiem ciryuae (4em MOZEIb Kejie), MEXKIJIEKTPOHHOE B3aUMOIEHCTBUE TaKkKe
cBopurcs K Buay (3.95), HO €.¢f(qw) uMeer Bux:

9%(q)) 0z,
2(g\
Vy wQ—Qs/\{l——g‘(Z)}

€er(qw) = ee(qw) — (3.97)

YenoBre yCTofIMBOCTH PEMeTKH CBOMUTCA K TpeboBanmio w?(gA) > 0, Tak uro u3 (3.94)
[TOJTy 9aeM:
9%(gN) 1 — ec(q0)
Vq €e(q0)
N3 srux dopmyn MOKHO OompenenTh, Koraa 3(h@GEeKTUBHOE B3aUMOIEHCTBHE B METAJI-
JIe MOXKET CTaTh NPUMAUSGIOWUM, B JACTHOCTH IJIsd ¢ ~ 2pp, 9YTO HEOOXOIUMO JIJIst
dbopmupoBanusi cBepxnpoBojsiiero cocrosuus [14]. Pasymeercs, B peaavhoix Merasiax
TpebyeTcst BBIXO/, 33 PAMKHU HCIOJIb30BaBierocs HaMmu RPA.
Beipaxkernue (3.94) ayist GOHOHHOrO CHEKTPA MOXKHO 3aIHCAThH B Gosee 00meM BHIE Kak:
w?(gN) = Q25 {1+ g*(eNx(g, w(gN)} (3.99)

e BBEJEHA 06061_ueHHa51 BOCOPUNMYNUBOCTH 3JIeKTpOHHOI7’I moaCuCTeMbl, CBA3aHHAA C COOTBeTCTByIOI_U;eI‘/'I
,ELHSJIQKTpH‘{eCKOI;'I IPOHUITACMOCTHIO COOTHOIIEHUEM:

Xe(qw) = L ( L 1) (3.100)
Vo \ee(qw)

M ydTeHa 3aBHCHMOCTH OT w, KOTOPOil BhIIIe IpeHeOperasoch, YT0 COOTBETCTBOBAJIO A [nabaTHIECKOMY

OpubIMKEHUIO A/ IIJIa3MEHHOW MOIelTH MeTasura. Pacder mompaBoK Ha HeaduabamuwHocmb CIemyer

OCYIECTBJIATH IIyTEM DeIIeHHsi TPAHCIEHJeHTHOro ypasHeHus (3.99). Herpynuo ybenurscst, 9T0 m3-3a

MAaJIOCTH CKOPOCTH HOHOB, IO CPABHEHHIO C (DEPMHEBCKON CKOPOCTBIO, yUeT 3aBHCHMOCTH Xe(qw) OT 4a-

1+

>0 (3.98)

CTOTBI IIPpUBEIET K U3MEHEHUIO (bOHOHHbIX YaCTOT Ha MAJyIO BEJIUIUHY ~ 4/ %

OTcroa fICHO, YTO “CMArdeHue’ YacTOT PeAJbHBIX (DOHOHOB U HEYCTOWYMBOCTH DPEIIeTKHA MOXKHO
CBSI3aTh C U3MeHeHHeM 3@ EeKTUBHOTO MEKHOHHOTO B3aUMO/eCTBUsI, O0YCIOBIEHHBIM, B CBOIO OYepe/b,
M3MEHEHUEM CTATHUYECKON JUIJIeKTPUYECKOM IPOHUIIAEMOCTH JIEKTPOHOB. TakoBa, HAIpUMED, CUTYAIUsS
B OZHOMEPHBIX M KBA3HOJHOMEPHBIX METAJIMIECKUX CHCTeMaX (& TakXKe B YCJIOBUSX HECTHHIA HpH d =
2,3), re, KaK y»kKe 0TMeYaJsoCh BBIIIE, IOJISPU3ANUOHHBI 0nepaTop, a ¢ HuM U €. (gw) npu T’ = 0 numeror
JorapudMHUIECKy0 0COOEHHOCTh U o0paliaeTcs B 6eCKOHETHOCTD Ipu ¢ = 2pp. B aToM ciyuae doHOHHAS
9acToTa U Qyphe — KOMIOHEHTA 3D (HEKTUBHOIO MEXKHOHHOIO B3AUMOAEHCTBUS IPH ¢ = 2pF 00pAIIaoTCs
B HYJIb.

3.6 PoHOHBI N PIYKTyaIUU.

Paccmorpum, cienys [3], KoppessiuonHy0 (DYHKIIUIO ATOMHBIX CMELIEHHIA:

Cr(r) = Z < ua(r)us(0) > (3.101)
ap

U U3y4YUM €e aCUMITOTUKY Ha OOJIbLIIMX PACCTOsdHUAX T — 00. Bemmuuny (3.101) mox-
HO BBIPA3UTH Y€PE3 COOTBETCTBYIOINIYI0 MaIlybapoBckyto dyuknuto ['puna doronos. [Ipu
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9TOM HY2KHO y4YecTb, 4TO cranjapras dhononHas Gyukuus ['puna [1] onpenensier, dak-
TUYECKH, KOPPEJIATOP 2paduenmos CMeIeHnd, 9To obecredanBaeT ymnoOHYIO 3amuch ra-
MUJIBTOHUAHA, JIEKTPOH — (POHOHHOTO B3anmomeiicTBusi. @yuxknus ['puHa aTOMHBIX CMe-
uenuit nostyuaercs gesennem 1ol Gynxiuu [puna na pemmauny pwi (re p — II0THOCTh
CILJIOIIHOI CPebl, COOCTABIIAEMON KPUCTAJLILY) U CMEHOM snaka®. Torma umeewm:

ddk zkr
Z / 1T (3.102)

rae wy — cuekrp dononoB. CymmupoBanue 10 (YeTHBIM) MalyGaPOBCKHM 4acTOTaM B
(3.102) BBUIOTHAETCS € OMOIIBIO COOTHOIICHUSI:

o0

1 ™
m=—o00
B pesyabrare monydaem:
1 ddk 1 WE
=— th—-e'™** 104
Cr(r) 2p/(27r) —cthgre (3.104)

Orcrona MOXKHO [0 OTIEIbHOCTH BbIIEIUTh BKJIA/Ibl TEILUIOBbIX U KBAHTOBBIX (HYJIEBBIX)
(T = 0) dbaykryanuit (kosebanuii) ¢ 1OMOLIBIO (HOPMYIIbL:

1
- th— = - 3.105
2C o7 ~ 3 TnEW) (8.105)
rie np(w) = —+— — dbyskuua Bose. Ouesumno, uro ng — 0 npu T — 0, TaK 4o

eT —1
COOTBETCTBYIOIINI BKJIaJ, ONPEAEIAET TElIOBbIe (bﬂyKTyaL[I/II/I7.
Wrak, BuImuiiieM aBa BKIAIa B UCKOMBIA KOPPEIATOP:

d e’LkI‘
Co(r) = Cr—o(r) = zip / %w—k (3.106)
_ 1 d% n5(Wk) e
AC(T) = / S (3.107)

Hac wnrepecyer moBenenne 3tux dbyHkumii npu r — oo. [losromy B AC(r,T) nmator
BKJIQJ, TOJBKO CAMBIE MaJble k ~ %, takue 910 wy <K 1. Ilosromy 603e — dyukIHUIO

MOXKHO AIIIPOKCUMUPOBATH KakK np(wy) ~ wlk U 3alUCcaTh:

T Aok ekt
AC(rT)~ = [ — = 1
C(r,T) p/(%)d 5 (3.108)

Slcno, uro sra GopMyna ABIAETCA MPOCTBIM CIEJCTBHEM 3aKOHA DABHODACIDE/ISICHHUST
[11] KJIaCCUYECKON CTATUCTHKMY.

JanbHeiimme pacyers IPOBEIEM JIUIsS Pa3INIHBIX pa3MepHocTeil mpocrpancTa. CHa-
qasta pacemorpuM Co (7).

6B sTom Herpyano ybeaurhes, cpasaubas dbopmyast (7.9), (7.10) u (7.13) B xaure [1]
73amerM UTO, Bee 3TH GOPMYITEL MOYKHO BEIBECTH ¥ HE HCIIOJIL3ys Maiybaposckue dbyuxnun I'puna, a
MPOCTO yCPegHsisi BTOPUYHO — KBAHTOBAHHBIE OIIEPATOPHI CMEIeHnH ¢ ruOOCOBCKOM MaTPHUIEH TIJIOTHOCTH.
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Tabsuua 3.1: Acumnroruka (r — 00) KOPPEIAIUOHHON (DYHKIIUY KBAHTOBBIX ¥ TEILJIOBbIX
dIyKTyanuit aTOMHBIX CMEIIEeHU I PA3IUIHBIX PA3MEPHOCTEH MPOCTPAHCTBA.

d CQ(?“) ACT(T)
3] ~L ~ I

2] ~1 [~Thht
1

~In L ~TL

Ias d = 3 numeem:

Cs)(r) =

47 ° dkk? sin kr 1
(3.109)
0

(2m)%p

rae BBeu obpe3aHue (hOPMATHLHO PACXOIAIIETOCS HA BEPXHEM MpeIesie WHTErpaJia, mpu
B~ L MTOCKOJIbKY TpU OOJIBIINX Kk OCIUJIISIIIAN TOJUHTErPAJHHOINO BBIPAYKEHUST TACST
T

JPYT ApyTa.
Hns d = 2:

ck  kr 42 per?

C§P(r) =

2m
/ d0 / dle®treos? — / dkJo(kr) (3.110)
4dmpc 4dmpc 4dmper

rue Jo(r) — coorsercrBymomias Gyukuus Beccess.
Haxkonern gis d = 1 umeeM:

(1) 1 dk: 1 / d_k: 1 1 £ 111
Co(r) = 47rpc/oo |I<:| 27rpc 0o k cos hr = 27 pc o (3.111)

[Tpu BBIYUCIEHUN TOCIEIHErO UHTErpasa ObUIo cHoBa (amasorununo (3.109)) npoussee-
HO O6pe3anne JOrapndMIIECKOl PACXOIMMOCTH Ha, BEPXHEM Tpeene mpn k ~ 1, a ma
1
mkHeM npu k ~ + (L — pasmep cucrembr).
Paccmorpum Tenepsb TemioBbie (DIyKTyalnm.
Hnsg d = 3 umeem:

T > dk T
ACH) . / k 3.112
(r) = 212 pc?r k sinfr = Ampccr ( )
s d = 2:
(2) o dk ik ]
ACT (1) (2r)? ch/ d@/ et eos (3.113)

DTOT MHTErpan TAKKe PACXOAUTCA W €ro Hy>KHO 00pe3aTh, AaHAJOTMIHO TOMY, KAK ITO
nesasochk npu pacaere Cq(r). B urore nosydum:

T L
In 3.114
2wpc? 7 ( )

ACY (r) =

Ins d = 1, anamorudabiM 00pa3oM:

T
e

AC(r) =

/ le coskr = ConstL (3.115)
0
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B stom ciiydae mHTErpas npu MaJibIX k PACXOIUTCS CTEIIEHHBIM 0OPA30M M OIpeaeIeHne
ko3 dunrenTa B obOIIEM BHIE HEBO3MOXKHO — B YACTHOCTH OH 3aBUCHT OT TPAHUYHBIX
YCJIOBHiA, a TAK¥Ke OT TOr0, KAK TOUKU CPEJbl, B KOTOPBIX U3MEPSIIOTCH CMEIIEHWs, Pac-
[TOJIOZKEHbBI TI0 OTHOIIEHUIO K IPAHUIAM.

Wroru namux BeIYUCTEHUI CBeIEHbI B IPUBEIEHHON Bbiie Tabaume. 9Tu pe3yabrars
[O3BOJIAIOT U3YYHUTh BOIPOC O Pa3pPYyIIEHUH JAJbHEro (B JAHHOM CJlydae KPUCTAJLIHYe-
cKOro!) JajbHEro mopsaaKa KBAHTOBBIMU U TEMJIOBLIMA (DIyKTyanusMu (KOJeOaHUIMHU).
B camowm gere, Juist 9TOrO, Kak pas, JOCTATOYHO paccMorpers acumnroruku C(r) npu
r — oo. Ecim nipu atom C(r) — 0, TO naibHMii MOpsaoK (KPUCTAJLUIMYECKAsT PEIIeTKA)
dbaykryauusMu He paspymiaercd — Jaxke 3HaduresbHoe orkioneHue u(0) or cpeaHero
3HAYEHUs He IPUBOIUT K cuibHoMY u3aMmenenuio u(r). Ho eciu C(r) — oo, 10 910 03HA-
YaeT, UTO JAJLHUM MOPSIOK mcue3aeT. Takas CHTyalsi UMEET MECTO JIJisi KBAHTOBBIX
daykryanmii npu d = 1, a ay1s remaossix — npu d = 1, 2!



I'1aBa 4

SQJIEKTPOHBI B
HEYIIOPA/IOYEHHBIX
CUCTEMAX

4.1 InarpaMMHas TE€XHUKA JJ9 PACCEAHUA HA ‘“‘TIpuMe-

cax”’,

Paccmorpum 2/1eKTpOH, ABUKYIUICS B TMPOCTPAHCTBE B MOJe, co3gaBaeMoM [N, pacce-
uBaresiavu (“npuMecsaMu’), KOTOPbIE PACIIOJIOXKEHbI CJIydYaiiHbIM 00pa3oM (Xa0TUYecKu)
¢ bUKCUPOBAHHON IJIOTHOCTHIO (KOHIEHTpalueil) p; = %, rae V — obbem cucTembl.
Cymmapubiii morennuman (ciydaiinoe mojie!), co3maBaeMblii IPUMECAME €CTh:

N;
V)= g v(r —Rj) (4.1)
=1
rae v(r — R;) — moTeHnuas OTIeIbHOrO PACCeMBATEIS, PACIOIOKEHHOrO B (CrydaiiHoii!)
rouke R;. ABcomorHo ciiydaiinoe pacupeseseHue paccenBareseil B IPOCTPAHCTBE COOT-
BETCTBYeT UX (PYHKIMH PacCIpeseeHns BUIa;

P{R;} =V~ (4.2)

s 3amanHoit KoHdUrypanun paccenareseit GyHknys ['pruHa 3JIeKTPOHA YIOBIETBOPSI-
€T ypaBHEHUIO:

L9 R, & , ,
i+ 5=V - Zv(r ~Ry) p Grr't{R;}) = 6(r — 1')é(t) (4.3)

u 3aBHCHT YHKIHOHAIBHO OT Beex R;j. OGBIMHO, B T€OPHU HEYMOPSIOUEHHBIX CHCTEM
npexnonaraercs [15], uro dusnyeckne BeUUnUHbI (M3MepsieMble Ha IKCIIEPUMEHTE) OIpe-
JIETAIOTCA KaK CPEeIHHUE MO aHcaMOI0 06pa3moB CO BCEMH BO3MOYKHBIMU TOJIOKEHUSIMA
“npumeceit” (ycpenuenue o npumecsam). Takum o6pa3oM, HAC UHTEPECYIOT, TIPEKIE BCE-
ro, ycpeaaenHas pyHKnusa ['puHa, KOTOpas ONpeIe/geTcsa Kak:

N;
Glr —1',t) =< G(rr't) >= VLN / / [] dr,Gov't{R, ) (4.4)

87
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174 174 Vv
i i i
| | |
all)y=—— + ——1— + 1 + ...
1 1 1’ 2 1 1’ 2 3 1

Puc. 4.1: Paccesanue s1eKTpoHa Ha MMOTEHITHAJE, CO3MAaBAEMOM (PUKCHUPOBAHHON KOHQH-
rypamnueii paccenBaresei.

Cunras moTeHnuan paccenBaTesell CaabbiM, MOXKHO PA3BUTb TEOPUIO BO3MYIIEHUH, 3a-

[1CaB BTOPUYHO — KBAHTOBAHHBINA TAMUIBTOHMAH B3aMMOJEHCTBHUST JIEKTPOHA C TOJIEM
(4.1) kak:

Hipi = / dry* (1) V () (r) (4.5)

Takas reopus Bo3myinenuii (no “suentaemy” noso [1]) ouens npocra. CoorBercrByoriuii
psa Teopun Bo3myluenuil ayis Gyukuuu [puna (4.3) umeer Xopouio u3BecTHbI BUJIL:

G(1,1') = Go(1,1') + /d2G0(1,2)V(2)G0(2, 1 +
+ / 42d3Go(1,2)V (2)Go(2,3)V (3)Go(3, 1) + .. (4.6)

rne 1 = (r,t), I = (¢',t') u ©. 1. Tpadudeckn 3T0 pasnoKeHnue MPEJICTABIACTCS THa-
rpamMmamu, noka3anusivu Ha, Puc. 4.1. Ho nac unrepecyer ycpeauennas dpyuknus ['pura
< G(rr't) >, ompenenennas B (4.4). CoorBercTBeHHO, Mpu ycpeauenun psiga (4.6) mo
(4.2), BOBHUKAIOT Cpe/HUe BHJIA:

<V(2) >, <V(2)V(3) >, <V(2)V(3)V(4) >,.. (4.7)

it coaygaiino pacronoxeHnHbix npumeceii (ciydaiinoro noss (4.1) u pacupeznesenus
(4.2)) BCe 3T CpemHEE MOXKHO paccuuTaTh B ObmeM Bume. Jljis 9TOro, mpexkie BCero,
BBenIeM (bypbe — MpeacTaBIeHue:

V() =3 D vlp)et ) (4.8)

rie v(p) — bypbe — 06pa3 MoTeHnuaIa OTAeILHOTO paccenBaress, v(—p) = v*(p). Jis
IPOCTOTHI OY/IEM CYUTATH, B OOJBIIMHCTBE CIy9aeB, 3TOT IOTEHIMAI TOYCIHbBIM, TAK 9TO
v(p) = v = const. ITO OrpaHUYEHHE COBEPIIEHHO HEIPUHIUIUAIBHO.

C yuerom (4.8), 3amaua Bbraucaenus cpenuaux tuna (4.7) CBOIAUTCA K BBIYUCICHUIO
BEJINYUH THTIA:

M;(p1; P2, -, Ps) =< p(P1)p(P2)---p(Ps) >= <ZZ---ZeXp(—inijj)> (4.9)

I 2 ls

V10610 epeiiTi K pacCMOTPEHHIO HECKOJIBKO MHOrO (HECKOJIBKO GoJiee 00Iero u “pe-
amucruaeckoro”) BapuanTa nameil mozesu. [lycrs N; pacceuBareseii (npumeceii) pac-
pe/iesieHbl caydaiiabivM 06pa3om 110 N y3iaM peryispHoii (aJ1s mpocTorTbl KyOu4ecKoil)
pemterku. Torma BMecTo BBEIEHHOM BbIllle pA3MEPHOI IIOTHOCTH p; BBeIeM Oe3pas3mep-

HYIO KOHIIEHTDAIINIO HpI/IMeceﬁ p = % KOTOpad MOXKET U3MEHATHCA B MHTEPBaJIE OT 0
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go 1. Torma pesysnbrar ycpemHeHHs MPOU3BOIBHOM CyMMBI IO MOJIOXKEHUSAM IPUMECeit
OYeBUTHO CBOJUTCH K:

<Z> ~ Z /de... =pi/de... (4.10)

l;

rIe BTOpas CyMMa yxKe Oepercs MO BCeM y3jIaM Hallell pemreTku, a BEJUYuHA a 000-
3HAYAET MOCTOSHHYIO perreTku. [Ipu 9TOM MBI y4Jid, 9TO BBeJEHHAs BbIIE pPa3MepHas
IJIOTHOCTH PaccenBaresei p; = ]‘\ﬁ = ]\J,\;g = pa~3. Tlepexo/ K paccMaTpuBaBIIeiics Bbl-
e “HenpepbIBHON’ Momenn coorBercTByeT ¢ — 0, Tak 4T0 (DUKCUPOBAHHOE 3HAUEHUE
p COOTBETCTBYyET Mpeneny p; — 00. B Toxke Bpems, eciiu (hUKCHPOBATDH p;, TO MPEIES
a — 0 o3mamaer p = p;a® — 0. Ecnm ke, Kax 9TO 9aCTO IPUHAMAETCA B TEOPHH TBEPIOTO
TesIa, HOM0KUTE 06beM cucrembl V = 1, To N = a™3, T0 pasiuuus B Ompe/eleHun KOH-
HeHTpanuii mpocro ucue3aior. [loaromy B JajibHEHIIEM MBI UCIOIb3yeM i Hee eIMHOe
obo3HaveHue p.

IMocaemyroiye BEIYUCIEHNST JOCTATOYHO MPOCTHI, HAJIO TOJBKO AKKYPATHO BBIIEIUTH
CrenuaIbHbIE CIy4Yan, KOT/Ia MPOUCXOJAUT COBIAICHNE WHIEKCOB CyMMUPOBaHUs (IpUMe-

ceit) B (4.9). IIpsamoii caer Jaer (st pemeToqHOl MOIEN):

Mi(p) = <Z eXp(—ipRz)> = ﬂ/dRe’“’R = (2m)*pé(p) (4.11)
1

M:(p1,P2) <ZeXp i(p1+ p2)Ri] + > exp[—(p1Ry +p2Rm)]>
l#m

= (2m)3pd(p1 + P2) + p°[(27)6(p1)(27m)%0(p2) — (2m)36(p1 + P2)] =
= (2m)°p*5(p1)d(p2) + (2m)%(p — p*)S(p1 + P2) =
=< p(p1) >e< p(P2) >c + < p(P1)p(P2)) > (4.12)

IJIe BBEJIH, 110 OIIPEIeICHHUIO, KYMYAAHMOL < ... >, '. AHAJOrHIHBIM 0OPA3OM HOJIYYaeM:

M;3(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, nocie ycpeauenust paziozkenus (4.6) BOBHUKAIOT CJie/lyIOIIUe 3JIEMEHThI HOBOI'O
i

(yCpeaHEeHHOrO) s TeOPUU BO3MYIIEHMUIA:

vt < p(P1)p(P2)p(P3)p(Pa) >c= (2m)°v* (p—Tp* +12p° —6p")0(P1+P2+Ps+ps)  (d

v < p(p1) >c= (2m)°pvé(p1)  (a) (4.15)

v < p(p1)p(p2) >c= (2m)%(p — p*)v°0(p1 + p2)  (b) (4.16)

v? < p(p1)p(P2)p(P3) >c= (27)°v3(p — 3p* +2p*)3(p1 + P2+ P3)  (¢)  (4.17)
)

)

KOTOPBIM COIOCTABJIAIOTCI JUarpaMMbl, TOKa3auubie Ha Puc. 4.2 (a-d). Kymynsarsr 60-
Jlee BBICOKUX MOPSIIKOB UMEIOT ere 00jiee TpPOMO3IKWIA BUI.

lq)OpMa.J'IbHOQ COOTHOIIIEHWE MEXKJAy CpeJHUMHU MOMEHTAMHU U KYMYJIAHTaAMHU JaeTCA PAaBEHCTBOM:

<exp > O‘jP(Pj)> = exp <exp > O‘jP(Pj):| - 1> (4.13)
j j .
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Puc. 4.2: T'paduku, conocrapiisiemble Pa3IuIHbIM KyMYJISHTAM B YCPEJIHEHHOM DsiJie T€O-
pUU BO3MYIIICHUMN.

4.2 Opao3aekTpoHHas pyHKOuga ['pura.

Uror npenpiaymeil JUCKyCCUM CBOAUTCS K TOMY, 9TO AUArPAMMHOE PA3JI0KEHNE JIJIs OJI-
HO3JIEKTPOHHON hyHKIMU ['prHa, yCPEIHEHHON TI0 CIyYaiiHbIM KOH(MDUIYDAIUIM PACCE-
Bareseil (npumMeceii), npejcrapisgercd B Bue, nokazanaom Ha Puc. 4.3. norna rosopsit,
9TO JIMHUU B3aWMOJEHCTBUS C MPUMECAMH COOMPAIOTCS B “MydKH’, OObeauHIeMbIE “Kpe-
cramn” (“kpecroBasi” mumarpammuas rexuuka (S.F.Edwards, 1958)).

ITpu masoit kounenrpanuu (p — 0) npumeceil (wiu B “HenpepbIBHON” MOEJIN) MbI
MOKEM OTPAHUYHTHCS 3/1€Ch WIEHAMHM JHHEHHbIME 1o p. Torma, ¢ y4erom mpeanonarae-
Moii MaJstocTH moreHIaia (v — 0), MOXKHO OMPaHHYUTHCSA TONBKO BKIagamu ot (4.15),
(4.16), uam, coorBeTCTBEHHO, rpadUKaMuU i KyMYJISHTOB (B3auMOIEHCTBHI), TOKA3aH-
HbIMK Ha Puc. 4.2 (a,b). IIpu sToM Bkian or (4.15) TpuBMaJeH U CBOANUTCS K KOHCTAHTE,
OPUBOJAIIEH K CABUTY HAYAJIA OTCUETA IHEPTUHU FJIEKTPOHA HA BEJIUIMHY pv (UM K COOT-
BeTcTByIoIIeil mepeHopMupoBKe xumnorenmuana)?. Bropoit xe kymynaur (Puc. 4.2 (b))
cBoauTCs TIpH 3ToM K (27)3 pv26(p1 + p2). Torma pasioxkenue A71s ycpeHeRHoH Gy KNI
I'puna cBomuTcs K cymme rpadUKOB, TOKA3aHHBIX HA Puc. 4.4. 9TOMy CiIydaio cOOTBET-
CTByeT mpocTeiiias Gaxmopusayus KOpPeaaTopoB ciydaiinoro nos (4.7) “no Buky”:

<V()V(2)>#£0

<V(1)>=0 <VD)V(2)V(3)>=0

— U T. 1. JIJd BCEX HEYETHBIX CTEIeHEMH,

<V0OVRQVEB)VHE) >=<V(1)V(2) ><VB)V@) >+ < V(1)V(4) ><V(2)V(3) >
— U T. II. 4JId BCEX YETHBIX CTEeNeHen.

(4.19)

2T105TOMYy, MOYKHO HPOCTO CIHTATD, ITO B (4.7) < V(2) >= 0 u OTCUUTHIBATD SHEPTUIO OT CPEIHErO
yPOBHS cirydaitHoromnoss. B camoMm fene, OrpaHUYIUBAsSCH [JIsT COOCTBEHHO — SHEPTeTHIECKOW JACTH JI€K-
TpoHa BKIaOM muarpammer Puc. 4.2 (a) mmeem ¥ = pv(0) = p [ dru(r) u, coorsercreenno, dyHKImIO

Ipuna: G(enp) = w, 9TO M J0Ka3bIBAET CJAEJAHHOE YyTBEPXKIEHNUE.

i€n
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Puc. 4.3: Juarpamvuoe pasyioxkeHnue ycpemnenuo#t ¢dyuknuu ['puna caydaiimom mose
00111Iero BUIA.

YTO, C TOYKM 3PEHUA MaTeMaTHKW, OTpe/ieIaeT 2aycco60 CayHaiinoe mojies.

229

B paccmarpuBaemoii 3agaue “aByXTOYEUHBIN KOPPEISATOP CIIYYIANHOTO TOJIsT B KOOP-
JUHATHOM TTPOCTPAHCTBE UMEET BUJ:

< V( 174 — 3 ..,2 ddpl ip1Tr] ddp2 iP2I‘25 _
r)V(rs) >= (27)%pv otk @ (P1+p2) =

2 d*py ip1(r1—r2) 2

=pv° | 5me® T = putS(ry —1r2) (4.20)
(2m)

[103TOMY OBBIMHO TOBOPAT, 9TO 3/ECh PACCMATPUBACMAsT 341898 CBOIUTCA K M3YIEHUIO

JBUXKEHHS JIEKTPOHA B TayCCOBOM CJIYIANHOM TIOJIE C KOPPEAITOPOM THIIA “OeIoro Imry-

Ma.

Paznoxenue Puc. 4.3 moxno 3anucars B Buze ypasuenus [laficona:
G(1,1") = Go(1,1") + /d2d3G0(1, 2)3(2,3)G(3,1) (4.21)

WM, B AMITY/IbCHOM TIpeicTaByiennn (Mary6apoBcKas TeXHuKa)?:

G(pen) = Go(pen) + Go(pen)X(pen)G(Pen) (4.22)

r7e coOCTBEHHO — HEpreTHyeckast 9acth X(1,2) mpeacrapisiercs rpadukaMu, TTOKa3aH-
oeivu Ha Puc. 4.5. Paccmorpum B8 epBoit auarpammbl Ha Puc. 4.5, cOOTBETCTBYIO-

3MoKHO ITOKA3aTh, YTO 3TOT K€ Pe3yIbTAT BOSHHKAET M3 BCETO DA TeOPUH BO3MYIIEHHH I/ “Herpe-
PBIBHOI” MOJe/H pacpeeaeHns “mpumeceir’” B (pOPMaILHOM Ipeese p; — 00, v2 — 0, HO p;v2 — const!
4Vcepemnennas dymaxmusa I'puma < G(rr'en) >= G(r — r'e,) 3aBHCHT TONBKO OT |r — /| — yepeamenne

“BOCCTAHABINBACT TPAHCIAIUOHHYIO WHBAPUAHTHOCTH CHCTEMBL.
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Puc. 4.4: [TnarpaMmmuOe pa3moXKeHne ycpeanennoi pyHKimn [ puHa B rayccoOBOM CTydaii-
HOM TIOJIE.

q/*\_q —q.— % *~
s G e,
SN + V2NN + A I W +
P P4 P P—q, P—q—q,
-
// % \\ //)\K\
/ Tty \ /// \\ \\
e ——— + el

Puc. 4.5: Jlnarpammbl [iisi COOCTBEHHO — SHEPIETUIECKON JACTH JEKTPOHA B CJIy IAHHOM
ToJte.
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meif, KaK MbI Cefiuac yBUIMM, IEPBOMY GOPHOBCKOMY NPUOJIMKEHUIO 7S PACCESTHU HA
npumecsax (1BA) (v(—p) = v*(p)):

S ep) =p Y (@)

qa

y = P v(p- p’)IQ; (4.23)

ie, — (P —q) ien — &(p')

rae, Kak Beerna, £(p) = ¢, — p ~ vp(|lp| — pr).

B tunmunbix mMertamnax Ep ~ 7eV ~ 80000K u B GOJBLIMHHCTBE CIydaeB HAC WH-
TEpecyIoT 3JeKTpOHbI BOMu3u ypoBHss @®epvu Fp ~ p. Hampumep, maa T < 800K
umeem — < 1072, Taxum obpasom, Ham najo 3Hath L'P4(e,p) npu |p| ~ pp w’
lie, — € + isign(en)d| < Ep. Kpome TOro, u3 mpoBeIeHHOIO BbIIIE PACCMOTPEHUS
SKPAHUPOBKH KYJOHOBCKOTO B3AUMOJCHCTBHSA 3JICKTPOHOB SICHO, YTO COBEPIIEHHO aHAJIO-
TUYIHBIM 00PA30M SKPAHUPYETCsI W TIOTEHITAAI TIPAMECH, TAK 9TO, (bakTuaecku, v(p — p’)
ABJIFETCS OCTATOIHO MIABHO MeHsomelica bynkuueii na narepsane 0 < |p — p'| < 2pp.

C yueToM CIeIaHHBIX 3aMEYaHuil W MPOBeIeM TOCIEAYIOMNe Bhranucaenus. Nmeem:

) 1
e —&(p) +isign(en)d

Y1BA(p, e + isign(e,)d) = pz lv(p — p)|
p/

= Pzp; lv(p — p)? { z _Egnglgg)—l— 52 isign(en)mé(e — f(p'))} (4.24)

[ockombKy [v(p — p’)|? MeHseTCs MOCTATOYHO METeHHO 1 HAaC HHTepecytoT |e —£(p')| <
Er ~ p, Mbl nMeeM KadeCTBEHHYIO KAPTHHY, MoKa3anuyio Ha Puc. 4.6. B gacraoctu, u3

/
TOTO 0OCTOSATEILCTBA, YTO % ABIgeTCs nedeTHoi Gyukmmeit € —£(p’), crenyer,

uro ReX'B4(pe,,) &~ 0°. Toraa (4.24) cBOAUTCA K YMCTO MHUMOMY BBIPAYKEHHIO:

L En 1 . En
S (pe) = —imsign(en) ZP|U(P —p)[Po(e - £(p) ~ ez = Tl (4.25)
p/ n P n
rae, ¢ ygeroM € ~ £(p) (BOm3u nosocal) BBen
1
— =2y =21 _plo(p —p)P3((p) — £(p)) (4.26)
p ’

P

— YaCcTOTy PACCEesTHUS JIEKTPOHA Ha MPUMECSX, TIOCYUTAHHYIO B GODHOBCKOM MPUOIIHIKE-
uuu (“30s10r0e npasuio”’ @epmu).

Ecnu, pyist mpocToTer, cpa3y BBECTH TOYEHHBIH MOTEHIMAJ IpuMecd v(p) = v u -
HEAPU30BAHHBIA CIEKTD 3JeKTPOHOB BOMmM3u moBepxuocTn PepMu, TO BCE BHIMUC/ICHHS
YTIPOIIAIOTCS ¥ Mbl HEMEJIJIEHHO TTOJIYIaeM:

1  den+&
P pen) = p? Y e & —PUQVF/ dé—"—— =
(pen) =" 2 e e
< € €
. 9 n . Cn 2
= —ipvivrarctg—— — = —1— TPV VF 4.27
° el Tl T TR 20

SqueM, 9TO, B KOHII€ KOHIIOB, HaAM HY>KHO BBIIIOJIHUTH aHAJUTUICCKOE IIPOJOJI?2KeHNE Ha BEIIeCTBEH-
HYIO OCh U3 BEpXHEH MOJYIJIOCKOCTH £y > 0, T.e. i€y, — € + ), WIN U3 HUXKHEH MOJIYIIOCKOCTH, TIe
en < 0, Te. i€y — € — 4.

6Crporo rosops, unTerpan mo p’ B MEPBOM tUiIeHE (4.24) moxeT GbITH pa36bHUT HA JBE JACTH: 1O P’
AJaJIGKUM OT prp W 11O pl B6.TII/I3I/I PF. Hpegenm BTOPOTO WHTErpaJia MOXKHO B34ATh CHMMETPUYHBIMHA II0
p’ — pr, 9r0 M gact Hynb (B npeneOpexkenun m3MmeHeHweM v(p — p’) BOum3m pr). WHTErpan mo gase-
KHM 0DJIaCTSIM JaeT AeHCTBUTEIbHYI0 KOHCTAHTY, KOTOPYIO OMSTh MOXKHO BKJIOYUTH B IEPEHOPMUPOBKY
XUMIIOTEHIIUAJIA.
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plo(p)|’ a) plolp)|” b)

™

\ H Gt H €,

Puc. 4.6: (a) — cpasnenme plv(p)|? u dynxmun %, pxomameit B ReX B4 (pe).
(b) — cpasrenue plv(p)|? u Gyskmun m, pxomameit B ImSB4 (pe).
4TO, MO CYTHU Jena, coBnagaer ¢ (4.25), npuyuem:

vp = Tpvivp (4.28)

U SBJSETCSI IPOCTO KOHCTAHTOM, OmpeneseMoil MOTEeHIINAIOM MPUMECH U IJIOTHOCTBIO
3JIEKTPOHHBIX COCTOsIHMI HA ypoBHe Pepmu.

Taxkum 006pa30M, B pacCMaTPUBAEMOM MPUOJIUKEHUH, TTOJTYyIaeM YCPEIHEHHYIO OTHO-
smekTpoHHy0 dyHKnuoo ['puHa B Buge:

1
G'BA(pe,) = - — 4.29
(pen) ien, — &(p) + iypsigne, (4.29)
9TO, II0CJIe IPOJOJIZKEHHA i€, — 2, JAeT:
1
G184 (pz) = { =Sy ﬁmz - 8 (4.30)
z=¢(p)—ivp mz <

wnpn z — £ 446 (tme 6 — +0) onpenenser G4 (pe). Takum 06pa3om, B COOTBETCTBIM
¢ obmuv Tpebosammamvu [1], G1B4(pz) mmeer paspes Baomn jeifcTBuTeNBHON OCH U
aHAJIUTUYHA (110 OTAEJILHOCTH) B BEPXHEH U HUXKHEH MOJIYIJIOCKOCTH Z.

[Tocne sanementapuoro npeobpazoBamns Pypbe nmeem:

—i(e+id
GR(pt)z/ﬁie e = —if(t)e Pt (4.31)
2m e — &(p) +ivp

1 aHAJIOTUYHO:

3 ipr )
GB(re) = / d’p c — = _TVE iker g =r/2L, (4.32)
(27m)3 e = &(p) + i prr

rie I, = vpT, 7. Takum obpaszom v, = OIpeeisieT BPEMEHHOE W IIPOCTPAHCTBEH-

1
27y
Hoe (Ha JymHe [,, aHAJOMMYHON JIrHe CBOOOIHOrO mpobera) “3aryxaHue” yCpeQHeHHOM
dyukun ['puna.

"B camom jeite, (4.32) MoxHO 3amucaTh Kak (Bocnosib3yemcsa p — pr = &/vrp):

o .
GR(re) = vE dé smpri _
PFT J - 5*54’%
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CuekrpaJibHas IWIOTHOCTD, coorBercrByioias (4.30), uMeer BU IPOCTOrO JIOPEHTIU-
aHa, C IIUPUHOR Yp:

Ape) = — = ImG(pe) =~ (4.34)

T (e = &)+

410, ecrecrBeHHo, nepexoaut B A(pe) = d(e — &(p)) raza cBOGOAHBIX JIEKTPOHOB IIPU
¥p — 0.

PaccmorpuM Terneph poJib OTOPOITEHHBIX UarpaMM U BO3MOKHbIe 00001eHnst. Mox-
HO BBeCTH “TOHOE” OOPHOBCKOE MPHUOTHKEHNEe, TOYHOE B HHU3IIEM MOPSIKe [0 KOHIEH-
Tpaluu NpUMecedl p, W yYIUTHIBAIOIIEe MHOIOKDATHOE DPACCEesiHUEe dJIEKTPOHA Ha OIHON
npumecu. COOTBETCTBYIONIME TUAMPAMMBI JJisi COOCTBEHHO — 9HEPreTHIECKON YaCTH TO-
kazanbl Ha Puc. 4.7 (a). CooTBeTCTBYIONIEE BHIPAYKEHUE UMEET BUJI:

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

U CBOAUTCH K THATOHAJIBHOMY 9JIEMEHTY MATPHUIBI PACCesHUsA (t-MaTPHUIpBI) tpp/, KOTOPaAs
OlIpe/IeJIeTCs yPABHEHUEM , [IPEICTABJIEHHbIM B Irpadudeckom Bue Ha Puc. 4.7 (b), uin,
B aQHAJIMTUIECKOM BHUJIE:

top () = P0(0)0pp + Y v(p — P")Go(P")tprp(en) (4.36)

3aada ongTh CyIMIECTBEHHO YIPOIIAETCS [Tt SJEeKTPOHOB BOIM3u nmoBepxuoctu Pepmu.
HeiicTBuTebHAS YACTh JUATOHAJIBHOIO 3JIEMEHTA {-MATPHUIIHI tpp(isn) PaKTUYECKU B-
JIdeTcd IIpu |p| ~ pp KOHCTAHTOW W MOYKeT ObITh BKJIIOUEHA B Ompejesenue p. Torma
OCTAETCsI PACCMOTPETb IMipp (i€, ). IIpIMEHsIS ONTHTIECKYIO TeOpeMy KBAHTOBON TeOpUH

paccesHusAS

Imtpp = Imzt:;p/GO (P)tprp (4.38)
p/
AMeeM:
tpp'|?
ImXFBA(pe,) = Imtpp(e,) = Imz % = —signe,m Z ltpp [26(e — £(P))
& — f(p ) o
(4.39)
r7ie B MOCJIEHEM PABEHCTBE ig,, — &+ idsigne,. Boipaxkenue (4.39) coBnagaer no dhopme
¢ (4.25), ¢ ygerom 3amenst plv(p — p')|? Ha [tpp |
1
EFBA(pz-:n) = —isigne, — = —isigneyyp (4.40)
27
roe
1
. =2y = 27"2 |tpp’|25(£(p) —-&(p") (4.41)
P p’
— e[ P(PrT i3 T) ~ DI ) v e (4.33)
2ippr J—co e—&+ ﬁ DFT

8Vmeem u3 (4.36): t = v + vGot, vt = v, Tak ur0 v = —tt G v+t wt = v+ (tTGot — tTGTuGot)
¥, B CUJIy 3PMUTOBOCTH U U t+Ga'vGot, [OJIy 9aeM:

Imtpp = Im < p|t* Gotlp >=Im Yt}  Gotprp (4.37)
p/

aro u cBoguTcs K (4.38).
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Ecmu 8 (4.26) samenuts plo(p — p')|? Ha |tpp|?, TO mmenno 3to u momyunm. B stom
CMBIC/Ie, MOXKHO OIPAHMYMTLCSA TOJBKO BTOPOI nuarpammoii na Puc. 4.7 (a), kak 310
U JIeTAJIoCh BHIIE, HO TIOApa3yMeBarh, 4ro v(p — p’) mpencraBiaser coboifi MATPUIHBIR
SJIEMEHT AMILIUTYIbI PACCESHUS HA OJIHOM MPUMECH.

Temepb MOXKHO IMEPEHTH K PACCMOTPEHUIO CAMOCOTTACOBAHHOTO ODOPHOBCKOTO TPUOIH-
JKEHUsI, CBOJISAIIEr0Cs K MPOoIeaype “yKupHeHns BHYTPEHHUX 3JIEKTPOHHBIX JTUHUI B COO-
CTBEHHO — 9HEPreTHYeCKOl JacTH, Kak 9TO mokaszaHo Ha Puc. 4.7 (c). B aHammTryeckom
BH/IE TTOJTYIaeM:

2B (pey) = pu(0)dpp + > v(p — P)G(P'en)tprp (4.42)
p/

rae, 1o cpasuenuto ¢ (4.36), mpousonuta 3amena dyukiuu 'puna Gy, Ha:

1
ien — &(p) — X(pen)

TaK 9T0, (PAaKTUIECKH, BO3HUKAET [TPOIEIyPa CAMOCOTJIACOBAHUS JIJIs OIPEIeIeHus cob-
CTBEHHO — dHepreTuyeckoii yactu (pyukuuu [puna).

anee jormka HaIero paccMoTperns nosTopsercd. Ilonb3yemces Tem, 9To tpp €1200
3aBHCHT OT SHEPTUY MpH |p| & pr 1 € < EF, a TakKe, 4TO PACCesHNE SIBJISIETCS YMEPEeH-
HBIM, B CMbIC/Ie Bbino/Henns nepasencrsa |L°CBA| < Ep, cuopa nomydaem pesysabrar
runa (4.39). Ilpu srom posib urpaer toiabko ImY, a ReY moxer ObiTh “cupsiraHa’ B
XUMIOTeHIMA (. B urore momydaem:

G(pen) = (4.43)

top |
Im¥%BA(pe,,) = Imtpp, = Im _ |?p ~
(Pen) PP %/: ien — E(p) — ZImESCBA(plgn)
~ —sign(e, — ImB5¢BN Z tpp|20(e — £(P')) (4.44)
p/

re TIpUGINIKEHHOe PABEHCTBO CIpaBeInBo mpu Majbix ImESCBA. IIna camocormaco-
BaHHOCTH HAJAO npocto B3saTh ImYSCBA(ig,) ~ —sign(e,), 4ro mposepsieTcs MpOCTOit
MO/ICTAHOBKOM. PasHuna Mexkay pacCMOTPEHHBIM BbIle GOPHOBCKHM MPUOIMKEHHEM U
€ro CaMOCOrIACOBAHHBIM BAPMAHTOM BO3HHUKAET TOJBKO B CJIy4ae JOCTATOYHO CHJIBLHOIO
paccesnusi, Korya 6 — Gyuknus B (4.44) 3aMeHaeTCs JTOPEHTIMAHOM KOHEUHON IUPUHBI,
9TO B MOJIEJIH C TOUEUHBIM paccesiuneM (cp. (4.27)) He MeHsieT BOOOIIE HUYETO.

Urak mmeeM onsTh 3HAKOMBII OTBET:

. 1 .
ESCBA(pgn) = —zszgn(en)? = —isign(en)vp (4.45)
I3

L€ Tp U 7Y, ONPEAeNsIoTcs Kak B (4.41), a 17151 CIyast TOUeIHBIX IpUMeceil BEIpaskeHHeM
tuna (4.28)°.

Harmre npubnnkenne, Takum 06pa30M, COOTBETCTBYET B pa3joxkeHnn pyHKmn I puHa
yuery, moka3anHoM Ha Puc. 4.4, y4ery Bcex guarpamm 6e3 mepeceuwenuli IMHWA B3auMO-
ngeiicreus. [lodeMy u mpy KaKUX YCJIOBHUSX MOXKHO MpeHEOpeddb “mepeKpecTHhIMU’ Tpa-
duramu. PaccMoTpumM 3TOT BOMPOC MOAPOOHO HA TPUMEPE CPABHEHUS ABYX THATDAMM,
nokazanubix Ha Puc. 4.8. IIpu pacuere Bkiana quarpammvbl Puc. 4.8 (a) umnysbebr uaTe-
IPUPOBAHUSA P| ¥ P2 MOTYT IPUHUMATH JIIOObIE 3HAYEHNS B C(HEPUIECKOM CJI0€ TOJIITHHON

91Ipu pPacCMOTPEHMH 30HBI KOHEYHOM IMHPHHEI, B 3TOM CJIydae Vp 0603HAa4aeT MJIOTHOCTH COCTOSHHI
Ha ypoBHe Pepmu, C yuyeToM BiusHUS 3(PEHEKTOB pacCesiHusI.
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Puc. 4.7: (a) — rpaduku misg cOBCTBEHHO — SHEPreTUYECKOH YaCcTH, yUUTHIBAIOLIUE MHO-
rokparHoe paccesgnue Ha npumecu. (b) — ypasaenue mis t — marpunpl. (¢) — rpaduku
JIJTsi CODCTBEHHO — 9HEPreTUIECKON YACTH B CAMOCOTJIACOBAHHOM MPUOIMIKEHUH, C Y I€TOM

MHOT'OKPATHOT'O paCCeAHUNA.
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a) b)
p—p, - < p-p
ot AN P—Ps_ ¥~ ~¥~ PP
/ PN \ 7 7N \
P1—Py/ \P,— P\ / P—Py/ \P2—P1\
[ [ \ 1 [ i \ \
p P P, P 1Y P P+Py—P; Py P: p

AAK

Puc. 4.8: Iuarpamma 6e3 nepecedenus jaunuii B3aumozeiicreus (a) u ¢ “nepexpecramu’
(b). ITokazanbl Takzke COOTBETCTBYIOIIUE OBIACTH UHTEIPUPOBAHKS B UMIIYJILCHOM [IPO-
CTPAHCTBE.

Ak ~ 1/1. Coorsercreytomuii bazossrit oobem (), ~ (4rpLhAk)?. B ciyuae amarpamv-
mbl Puc. 4.8 (b) cymecTByroT Takme e OrpaHWYEHUs Ha 3HAYECHWUS P; U P2, HO KPOME
3TOTO, JOJIZKHO eI BBIMOMHATLCS YCIOBHE |P + Py — P1| & pr. Ilpu dbukcupoBanHOM pPo
U3MEHEHUE Pj OTPAHUYEHO OOJIACTHIO TEPECEUEHUs ero CJIOS U COOTBETCTBYIOIIETO CJIOS
UMITYJIbCA P + Py — P1, 9TO COOTBETCTBYET JABAXK bl 3AIITPUXOBAHHBIM ObIacTsaM Ha Puc.
4.8 (b). ®a30BbIi 06HEM ITOTO KOJIbIA, 00PA30BAHHOTO EPECEUCHNEM JABYX C(HEPUIECKUX
cioes, ectsb ), ~ (4np2hAk)(2rprh?Ak?). TosTomy, oTHONTEHHE Bgnana I@arpaMMbL C
b

“nepexkpecramu’ K “HEIEPEKPECTHOH” eCTh, 110 NOPAIKY BETUIMHbI, 5 ~ % = % <1
a

(“coiabplii” Gecropsa 0K COOTBETCTBYET AOCTATOYHO GOJIBIION /uInHe CBOGOAHOIO Ipobera,

prl/h > 1). Takum obpa3om, napamerp MaJOCTH Hallell TEOPUU eCTb % < 1, gro,

OYEBUIHO, SKBUBAJIECHTHO TAKKE YCIOBHIO # < 1. C yuerom pp ~ h/a (roe a — Mex-
p

ATOMHOE PACCTOSHUE), MAJIOCTh TOrO HAPAMETPa COOTBETCTBYET BbIIOJIHEHUIO YCJIOBUS
Il > a, Tak 9ro AnmHA npodera [0JKHA CYIIECTBEHHO MPEBBINIATH MEKATOMHOE PaCcCTO-
sune. PakTudecku, 3TO eCTb OOBIYHOE YCIOBUE IPUMEHUMOCTH KHHETHIECKON Teopuu.

4.3 Mogenp Kemgpiia.

Kpurepnit ppl/h > 1(I > a) no3Bojsier, Kak MbI BHAEIN TOJBKO YTO, OMPAHWYIHUTH-
Csl HEKOTOPOH II0/IIOCJIEI0BATENHHOCTBIO JIOMUHUPYIONIMX AuarpaMm (auarpaMmbl 6e3
nepecedeHuil JuHUil B3aumoselicTeus) (heflHMAHOBCKOrO psifia T€OpUU BO3MyIleHuii. B
OOJILIIMHCTBE 331849, PEITAEMbIX THATPAMMHBIM METOIOM, IPUXOIUTCS MOCTYIATh UMEH-
HO TAKUM 00pa30M, T.€. OTOUpaTh (MOJb3YACH HEKOTOPHIM (DUBMYECKUM KpUTepueM) oec-
KOHEUYHYIO TIOIIOCIEI0BATEILHOCTh AUArPaAMM, KOTOPYIO ydaemcsa mpocyMMmupoBarh. C
TOYKH 3PEHUs] MATEMATUKH TO, KOHEYHO, HEe 09eHb XOpOoIno! OTOpOoIeHHbIE IUarPAMMbI
(xoTsi OHM U MaJibl 110 (DU3MYIECKOMY [IAPAMETDPY ) TOKE COCTABIAIT GECKOHEUHYIO 110110~
CJIe0BATEILHOCTD [TOJTHOTO Psi/ia U BKJIAJ UX OCTAETCs, CTPOrO TOBOPs, HEM3BECTHHIM. B
HEKOTOPBIX (OUeHb peakux!) ciydasx yaaercsd MpocyMMHUDPOBAThH 6ecb pall (heliHMaHOB-
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CKUX JIHarpaMM U HOJIYYHTh, TAKAM OOpa30M, TOUYHOE perleHue 3a1a4d. K coxasenuio
3TO yJaeTcs, KaK MPaBWUJIO, CAeaaTh JWTTh B OYeHb YIPOMIEHHBIX (YHCTO MOAeTbHBIX!)
3amadax. TeM He MeHee, BLIBOIBI, MOJyIeHHbIC U3 TAKHX MOJEJEH MOTYT OBITH BEChHMA
IIOJIe3HBL.

B kauecTse npuMepa paccMOTPU MOJE/b JIBHKEHUS 3JIEKTPOHA B [ayCCOBOM CJIydaii-
HOM I0JIe, KOIJIa JMarpaMMHbIH psj i dyHKuun ['puHa uMeer B, HOKA3AHHBIL Ha
Puc. 4.4, ¢ MOIETBHBIM TAPHLIM KOPPEIATOPOM, 33JaBAEMbIM B HMITYJILCHOM IIPEICTAB-
nenuu Bhipakenuem W2(q) = (27)3W?25(q). B atom ciydae uMmyabe, nepesaBaeMblii
3JIEKTPOHY KasKI0il JMHMell B3amMOeiCTBHAS paBeH Hymo. B KOOPIUHATHOM IIpeICTaB-
JIEHUH 3TO COOTBETCTBYET HAPHOMY KOPPEIATOPY CIydalHBIX HOJeil BUJIA:

3
<VE)V () >= / (;lT‘)’Beiq@—r’)(%)BW?a(q) = Ww? (4.46)
9TO COOTBETCTBYET CIYYaio “TPEeae/bHO JAJTbHOAEHCTBYIOMIX KOPPEIAMUil CIyIaifHOrO
noss V(r), r.e. IPOTUBOIIOIOKHOMY IIPEJIEIbHOMY CJIYYalO, [0 CDABHEHUIO C KOPPEJIATO-
poum Tuma “6esoro mryma” (4.20)'°.

Oxa3piBaeTCs, 9TO B 9TON MOIEIN MOYKHO JIEMKO TTPOCYMMHUPOBATEH BECh (DEHHMAHOB-
ckuii pan (JI.B.Kengpim, 1965). Bepuemcs K psany s Heycpeaaennoii dyukiuu ['puna,
nokazanuomy Ha Puc. 4.1. Ilpu ycpeaunenun o rayccoBy Ciy4aiiHOMY MO0, INHAU B3au-
MOJIEACTBHS C BHEITHUM TOJIEM O0beINHAIOTCS “MOMAPHO” BCEMU BO3MOXKHBIMU CIIOCODAMMU
¥ MbI mojtydaeM aumarpammubiii psa Puc. 4.4. CooTBeTCTBEHHO B N-M TOPsJIKE O KOP-
PEIATOPY TayCcCcoBa MOJIS B KayKIOM YJIeHE PA3JIOKeHus ycpeaHeHHO dyHKimu ['puHa
UMeeTCs 21 BepIIUH, COeIUHEHHBIX MOMAPHO JUHUIAMHA B3aUMOAEHCTBUS (BCe TruarpamMMbl
9TOrO MOPSIKA MOJIYyIAIOTCS, €C/IU MepedpaTh BCe MOMapHbIE COeNVHEHWs JTUHUN B3au-
mozefictBus B wiene nopsiaka 2n #a Puc. 4.1). Eciu kaxnasa juxus B3auMoneicrBus
[IepPeIaeT IJEKTPOHY HYJIEBOU MMITYJIbC, TO BKJIAJbI BCEX IMAarpaMM B JTAHHOM IOPSIKe
reopun (BKJIIOYas “nepekpecrabie’]l) Bo3MylueHuil 1pocro pasHbl. B pesyibrare, pa3so-
xerne GyHknyy ['pruHa MpeacTaBIsercs B BUIE:

G(ep) = Go(ep) < 1 + i AW GE" (ep) (4.47)

n=1

rae A, — HOJIHOE YMCJIO AUArPAMM B 71-M MOPSIKE 3TOrO pAa (B MOPSIKE 2n 110 aMILIU-
Tyae B3aumogeiicrsua W). Bkia mpou3BoIbHOM UArpaMMbL IPOCTO PABEH:

WGt (ep) (4.48)

4TO COOTBETCTBYeT 2n BepmHuHaM (MHOKHTE b W2"), coeMHEHHBIM TIONAPHO MyHKTHD-
HBIMH JIUHASIMHE, 8 TaKKe Mpon3eaeHnio 2n+1 ceobonusix dyukuit ['pumna. MuoKATETH
A,, 1erKo OnpemenuTh U3 KOMOMHATOPHBIX COOOparKeHUit — 3TO UMUCIIO CITOCODOB, KOTO-
PBIME MOYKHO TTOTIAPHO COEIUMHUTE 271 BEPIIUH MYHKTUPHBIMA JTHHUSAME B3aNMOIEHCTBUA.
Jlerko Bumerh, 4TO

A, =(2n -1 (4.49)

B camom nmene, B KaxK ol AuarpaMme UMeeTcs 2n BepmuH u 21 + 1 3/IeKTPOHHAA JTUHA.
Bribepem mpou3BosibHYyI0 Bepiiuay. Ee M0OxKHO coeauuuTth 2n — 1 cmocobom ¢ Jioboit u3
octabHbIX 2n — 1 BepmmH. [Tocme 3TOro y Hac B pacmopsKeHUU OCTaeTcs erne 2n — 2

10B o6mewm ciyqae, koppeasrop < V(r)V (r’) > xapakTepu3yeTcss HEKOTOPOH KOPPEAAUUOHHOT DAUHOT
)
¢ dbaykryanuit ciygaiinoro noss. “Benbrit mrym” coorBercTByeT £ — 0, B pacCMaTpUBaeMOU 3/1€Ch MOIETH
£ — o0
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“cBoboHbIX” Bepiua. CHOBa Gepst JIIOOYI0 U3 HUX, MOYXKEM COEJIMHUTD €€ C OCTABIITIMUCS
2n — 3 cnocobamu. Ilocse aToro ocraercs 2n — 4 “cBoboAHBIX”. JII00OYI0 13 HUX MOXKHO
COEIMHUTH C OCTaBIIUMUCA 2n — 5 crocobamu, u T. 1. Takum 0O6pa3zoM, MOJIHOE YUCIO0
CIIOCODOB COEIMHUTH 27 BEPIIUH B JIAHHOM IOpsifKe paBHO (2n — 1)(2n — 3)(2n —5)... =
(2n — 1!, gro u naer (4.49).

Ternepb MOKHO BOCHO/IB30BATHCS U3BECTHBIM HHTErPAIbHBIM HpescTapienuemt!:

1 > t2
(2n - = — dtt*e” (4.54)
V2T ) o

Torma (4.47) cBogures K:

s 1 o 2
G =G 1+ —/ dit’" e~ T WG, L=
(ep) o(ep){ n; 7 | ditne o(ep)

1 o 2 >
= — dte” = Go(e 14+ Y WG (e =
= | @G p>{ > " (ep)

n=1
t2G3(sp)W? }

1 —12G3(ep)W? (4:55)

1 o0 2
—— | dte =G 1+
V2 /_Oo ¢ o(&p){

TJe, [0 X0y JesIa, MbI IOMEHSIN MeCTaMU CYMMHUPOBaHUE U WHTETPUPOBAHUE, U ITPOCYM-
MIPOBAJIN BO3HHUKITYIO mporpecciio! 2. ITocsre seMeaTapHbIX TpeoOpa3oBaHmil MOy IaeM:

1 e 2 1
Glep) = 7= /_ e Golep) e
L /Oodt _tzG(E)l{ ! + ! } (4.56)
= — e 2 — R
Vor J_o 0P)H 1T = tWGo(ep) 1+ tWG(ep)

TaK 9TO OKOHYATEJILHO:

1 < &2 Golep) 1 /°° 2 1
GE = dite™ = = dte™ 2
p) V2 /_Oo R Golep) V21 J o S gp — tW +1i6

(4.57)
2
re yam asubii sun G (ep) = ﬁ, u janee nojpasymesaercs €, = £— 3. Tlocie
p
To onpesenenuto: (2n)!! = 2.4.6...(2n) = 2"n!. Ananoruyno:
1 1
2n — HI'=1.3.5...2n - 1) =2"—T n+7) 4.50
(20— 1) @n=1) =221 (nt ; (4.50)

TTosip3ysich MHTErpaJIbHBIM MpejcTaBieHrneM ['-pyHKImu:

T'(z) = /000 dea®"le ™ (4.51)

JIETKO IOJIYYUTh BECbMa IIOJIE3HOE, IJId ,Ha.J'IbHef/'IH_IEI‘O, COOTHOLIEHHE:

oo
nl=In+1)= / drz"e™" (4.52)
0

1 o o0 2n—1
r (n+ 5) :/ dxz" /2" :/ dex— 2 e ® (4.53)
0 0

9TO mocye 3aMeHsl * — t2/2, u ¢ yaeroMm (4.50), maer (4.54).
2Ylcronp30Banmbiii 37eCh TPHEM B MATEMATHKE HA3BIBACTCS CYMMUPOSaHuem no Bopeato.
130npememum byHKIMIO KOMILIEKCHOM epeMeHHoH z:

a TaKxXKe

U(z) = /Oo dte=7 ! (4.58)
Z) = —F/— e E— .
V2T J o z—1
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Puc. 4.9: lnarpammbl [y TOYHON COOCTBEHHO — YHEPreTUYECKOW YaCTU IJIEKTPOHA B
rayccoBoM ciydaiinom mosie (a) u onpejesnsiouieil ee sepumaHoit gacru (b).

nepeobosuavenus tW =V neperumem (4.57) B 6osiee HAIISIIHOM BHJIE:

1 o V2 1
GE(ep) = 7/ dVe aw? ——— 4.60
(ep) = —= - T (4.60)

Qu3ndecKkuii CMBICJ 9TOTO PE3YIbTATA OUEBUIEH — JIEKTPOH JABUKETCS B TPOCTPAHCTBEH-
HO — OIHOPOIHOM TIoJie V', BesimdnHa KOTOPOro pacmpesesnena mo Layccy ¢ mmpunoit W.
Vepennennas pyukius ['puna onucsiBaer ancamOib “06pa3noB”’, B KaxKI0M U3 KOTOPBIX
nose V' MOCTOSHHO BOJb BCErO 00pa3sia, HO BEJIWYHWHA €ero B KaxkKIoM u3 “obpasion”
(3nemenToB ancambis) Caydaiina.
ITpusesem eme onun BapuaHT BbIBOJA 3T0r0 Kpacusoro pesyibrara (JI.B.Kempii,
1965, A.JI.9dpoc, 1970). 3anumewm ypasuenue laiicomna:
p?
G l(ep) = — =— — X(ep) (4.61)
2m
re COOCTBEHHO — YHEPreTUYecKasi YaCTh MOXKET ObITH mpejcTaBieHa rpadukom Puc. 4.9
(a) ¥ B aHAJIUTUYIECKOM BUJIE UMEET BHI:

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

3aecs I'(p,p — q,q) — TOYHAsA BEPIIUHHAS YaCTh, ONpEIeIsIeMasa IUarpaMMaMu, MOKa-
sanapiva Ha Puc. 4.9 (b)!4. C ygerom Toro, uro B paccmarpusaemoii 3amade W2(q) =

Torma (4.57) MOXKHO 3amUCATH:

1 1
G(ep) = W\I/ (m> (4.59)

143ameruM, 9T0 062 JIEKTPOHHBIX “KOHIA” TOH BEPUIMHBI COOTBETCTBYIOT 3ala3/blBAIOIeH (omepe-
xaromeit) dysknun Ipura GR(A), B COOTBETCTBHMH C TE€M, KOTOPasi U3 3TUX (DYHKIMI Ompeessiercs: u3
(4.61). ImeHHO 9TO 0GCTOATENBLCTBO MO3BOJISIET BOCIOJNB30BATLCS I BHIUYUC/ICHHUs BepmuHbl 1'(p, p, 0)
npocteiv uddepeHnmaIbHbIM TOXKAECTBOM Yopaa (4.64)
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(2m)2W25(q), ypasuenus (4.61), (4.62) cBomaTcs k:
2

e =2~ G (ep) = W2G(=p)I(P. P, ) (4.63)

Bepiuna I'(p, p, 0) yaosiersopsier ToxaecTBy Yopza Buja:
dG~1(ep)
de

KOTOPOE JIETKO BBIBOAUTCA IPAMbIM Aud pepeHnpoBanueM TuarpaMMHOIO PAIA, IS CO0-
crBeHHO — dHEpreTryeckoii yacru X(ep). Torna u3z (4.63) Bosuukaer auddepenimanbuoe
ypasHenue ajs dyukoun ['prHa:

2dG

I'(p,p,0) = (4.64)

~+Gr—1=0 (4.65)

r/ie BBEJIM T = € — % + i6. IIpsimoe pemtenne (4.65) ¢ rpanrgabiM yeaoBueMm G(z) = —
upu x — oo HeMeaeHHO fgaer (4.60).

Pesynbrar (4.60), moaydeHsbiii mouHsim CyMMAPOBaHUEM BCero (heiHMaHOBCKOrO psi-
na (4.47) nososbHO nOKazaTenen. Hampumep, cnekTpajbHas MIOTHOCTb, COOTBETCTBYIO-
mas (4.60), nmeer BuI:

p2

_ ] 1 i
A(Ep)— ﬂ\/%W/ dVe~ W 5(8— % —V) = T[_\/_TWQXP <_27VV2

¥ TIPEICTaBIsgeT CODOM Pa3MBITHIM rayccoB muK. Boobime, Hy:KHO 3aMeTUTh, YTO BbIpa-
xkerue (4.60), ¢ 04eBUIHOCTBIO, HE CBOAUTCA K demy — To tuma (4.30), t.e. Kk dbyHkmn
I'puna ¢ pa3sMbITHIM “KBAa3UIACTUIHBIM TIOJTIOCOM, OHA BOOOIIE HE UMEET MOJIIOCOB.

13 (4.60) u (4.66) HETPYAHO PACCYNTATH INIOTHOCTH 3JIEKTPOHHBIX COCTOSHHIA:

N() = -2 / (if; ImGR(ep) = 2 / (;lTp;?)A(ep) -

——/ dvgﬁé/d%(s Py (4.67)
~vaw L e 22’ " 2m :

rJle MHOXKHUTEJb 2 TPOUCXOIUT OT CyMMUpOBanus o cruny. COOTBEeTCTBEHHO:
93/4,3/27771/2 c
N(e) = G 4.68
0= () (4.68)

rue 6espasmepnas pyukuus Go(x) onpeesieHa Kak:

Golx) = % / ; dye V" (z — )V (4.69)

a Buz ee nokazan Ha Puc. 4.10. IIpu e > 0 u € > W, umeem:
(2m)3/2W2
16m2h3e3/2

[Je BTOPOE CIaraeMoe IIPEACTABIISAET COOON MAJIyIO MONPABKY K IJIOTHOCTH COCTOSIHHUIL
CBOOO/THBIX 3JIeKTPOHOB (TyHKTHD Ha Puc. 4.10):

(2m)3/2
2m2h3

N(e) = No(e) — (4.70)

No(e) = (4.71)
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G, (z)

15+
1.0

05|

Puc. 4.10: @yukius G(z), onpeessiomas MIOTHOCTh cocTostHui B Mozenn Keszpiia.

Hawnbosee cymiecTBeHHON OCOOEHHOCTBIO IIOJIYYEHHOIO TOYHOIO DEIIeHHUA SABJIAETCS IO-
sIBJIeHRe “XBOcTa” TUIOTHOCTH cocTostHmii B obmacth € < 0. Ilpm e < 0 u |g| > W s
“xBocTa” MOJIyIaeM rayCcCoBY aCUMIITOTHKY:

3/2
2 /432 i (vaw ?

N(e) =

() 4m2h3 €

Obpa3zoBanue “xBocTa’” MIOTHOCTH COCTOSIHUI B 3AIIPENIEHHON 30He SBIIeTCs: OOIUM pe-
3yJIbTATOM 3JIEKTPOHHOI TEOpUN HEYNMOPAJOYEHHBIX CHCTEM [15]. Pazywmeercst, KoHKpeT-
HBIH BUJ TUIOTHOCTU COCTOSTHUI B TO# 00JIACTH SHEPTUil He SBJISETCS YHUBEPCAJIBHBIM U

3aBUCUT OT MOJIEJIU Ciry4daiiHoro nosis (“Gecriopsiaka’”).
B wacrrOCTH, “XBOCT” HJIOTHOCTH COCTOSHHN y Kpas 30HLI IPOBOJUMOCTHA BO3HHKAET U B PACCMOT-
pPEeHHOH BbImIe Mojenu “Gesoro myma’. Yaaercs moKa3arb, 9To B 3Tod momxenu (masa d = 3) npu € < 0

[15]:

N Xp R — LP/Q ’ 4.73
~ t .
(e) ~e cons 572 2 ( )
npu |e| > Esc ~ m3(pv?)/h8, aro coorercTByer yemosmio |g| > v(g), rme y(e) = wpv2No(e) ~

pv? m;:a/ Ve

Jlnst Mozmenu rayccoBa CIIy9alHOrO HOJIsi C KOPPEJSiTOPOM, XapaKTepU3yHMMMCst KOHEIHOH Koppe-
JIAITUOHHOU JIIHHOM £, BOBHUKAIOT XapaKTepHble 0D0JIAacCTH dHEpruu, moka3anusle Ha Puc. 4.11, rae ansa
npocTpaHCTBa pa3mepHocTH d < 4 sHeprus Ec, Onpenesnsomas pa3Mepsl obiacta “cuibHOR cBsa3n” (u3
ycaoBus (g) = €) onpenenserca kak (M.B.CanoBckuit, 1977):

= ()T (4.74)

E _ m
sc — h2d

Kpowme Toro, B 3T0i 33a7a4e BO3SHHUKAET eIle OJHA XapaKTepHAs SHEPrUs:
52

By~ ——
0 m§2

(4.75)

IIpu sToM hopma “XBOCTa” IIOTHOCTU COCTOsAHUI B obnactu Fse K |e| < Fo Onpenessercs BbIPaXKeHU-
em, obobmaromum (4.73) (M.B.Cagmosckuii, 1979):

2-2 .4 2— g
N(g) ~ exp {Addzh} = exp {Ad ( el ) ’ } (4.76)
PV Esc




104 Inmapa 4. 9JIEKTPOHBI B HEYIIOPsJIOYEHHBIX CUCTEMAX

Strong coupling region Weak coupling region
7(€)~€

] T 8
£ sc 0 Esc

v

Puc. 4.11: Xapakrepubie 0b1acTu HEPruil B 3a7a49€e 00 3JTEKTPOHE B CIyIaiiHOM MOJIE.

rne Ay = const, 3aBucamas Toabko or d. B obmacru || > Ep acummnroTrmka “XBOCTA” CTAHOBHTCS
rayccoBOii:
d
§% 2
N(e) ~expy ——=E (4.77)
pV?2

9TO AHAJIOTMYHO MOJIy9€HHOMY BbIe pesysbrary (4.72).

4.4 IIpoBomuMocThb 1 AByXdacTudHas pyHkiug ['puna.

[TpomoKuM paccMOTPEHUE 3302491 00 3JIEKTPOHE B IMOJIe CAydYaiiHbIX mpumecei (rayc-
COBOM CJIy4YaifHOM IOJie C KOppeaaTopoM Tura “0esoro iyma’). Baskueitumii Bompoc —
o0Iuit METO ] pacyera MPOBOIMMOCTH TAKOW CHCTEMbI. BBIe MbI yKe BUIEIN, YTO It
BBIYUCJIEHUs TPOBOJAUMOCTH HYKHO 3HATH (DYHKIMIO OTKJIMKA THIIA [JIOTHOCTH — ILIOT-
HocTh X(qw), Torga MOXKHO ucnonb3oBaTh (2.110) u (2.115). Ilpu sToMm Mbl yOenunucs,
49T0 3Ta QYHKIMS OTKJIUKA (C TOYHOCTBHIO [0 3HAKA) MOMKET OBITH MOJIY9YeHa aHAJIUTHIE-
CKUM TIPOJOJIKeHueM (iw,, — w + 10) MaIy0apOBCKOrO MOJIAPU3AIMOHHOIO OIEPATOPA
I (iwymmq) 2IEKTPOHHOTO ra3a:

e _ie? . ‘

o(w) = — lim —wx(qw) = lim — wll(qiw, — w+ i) (4.78)

q9—0 q q—0 ¢q
Mb1 paccmarpuBaem cBoGozHbIE (HEB3auMOAEHCTBYOIIME MEXKIY COOOM) 37€KTPOHBI B
nofe cayvaitaerx mpumeceii’®. C TOUKM 3peHns KBAHTOBOH MEXaHWKW 3a71a49a ABIAeTCS
OJJHOYACTUYHOM, JIJIsI TAKOTO 3JIEKTPOHA BCErIa CYIIECTBYIOT HEKOTOPbIE (HEM3BECTHBIE
Ham!) mounsie cCOOCTBEHHBbIE (DYHKIUKM U IHEPIUU B 10JI€, 33aBAeMOM 3aJanuoil (puk-

cUpoBaHHO#) KoHburyparmeit npumeceii®:

TIe

2
H= /er(r) —Z—m + Z v(r — Ry) p Y(r) (4.80)

1506mee o6Cy»/IeHIe H3TaraeMOT0 HIKE MOX0Ma MOXKHO Haiitu B [16, 17].

16 Imenno 06Cy 2K JaBIIASCS BEIIIE IPOIELYPa YCPEIHEHHS IPHAAET 33,5a49€ (POPMATHLHO “MHOTOIACTHY-
HeI#” BuI, HO ycpeaHenHble MyHKIUN ['puHA ykKe He ABIAIOTCH QYHKIUAME ['DHHA K8AHMOBOMETLAHU-
yeckot 3ana4uu! OHU OMUCHLIBAIOT KAPTHUHY, YCPEIHEHHYIO [0 CTATUCTHIECKOMY aHCaMOJII0 “06pa3ios” co

BCEBO3MOXKHBIMU KOH(MUIYDPANUIME DACCEHBATECH.
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CoorBercrBeHHO, MOXKHO BBecTH (HeycpelHeHHbIe!) 3ama3blBAIOIIUe U OIEPEXKAIOIIUe
dbyukuuun Tpuna ypasuenus [[Ipexunrepa (4.79) kax:

GRA(rr ) Z i"_ . 25) (4.81)
nm, nocse Gypbe — Mpeodpa3oBaHNs MO KaXKI0i U3 KOOPJAMHAT OT/EIBHO:
GRA(pp’,¢) Z i"_ P 16) (4.82)
Pasnaras 31eKTPOHHBIE OMEPATOPBI B IPEJACTABIEHHH TOYHBIX COOCTBEHHDBIX (byHKIIMIA:
r)= Z anon (T) Z ayor(r (4.83)
n
OIIPEIEJIM OMEPATOP MJIOTHOCTH 3JIEKTPOHOB KAK:

pr) =9 F(@)9(r) = Y @l () om(r)alan (4.84)

Torga cooTBeTCTBYONY 0 GYHKIMIO OTKJIMKA [JIOTHOCTD — IVIOTHOCTH MOZKHO BBIYHCJIUTD
o obrmedi cxeme, onucanHoii Boinie B (2.81) — (2.87), rak 4ro npu T = 0 mosxydaem:

Nt w) = i / dtei D < 0l[p(r, ), p(r', 0)]|0 >=
0

n(Em) — n(en)
Ww+€Ep—Em+1id

=2 @h (D)o ()0 (F)en(r')

mn

(4.85)

rIe YCPEeIHEHNE BEJETCS TI0 OCHOBHOMY COCTOSTHWIO, 8 MHOYKHTEIL 2 YIUTHIBAET 004 Ha-
paBJIeHNs CIIUHA 3JIeKTpOoHa. Boipaxkenue (4.85) maer KoHKperHbii Bug, (2.81) ay1s pac-
cMarpuBaeMoil 3aa49u. PakTuyecku, HAC UHTEPECYeT ycpedrennas (110 IPUMECHBIM KOH-
dburypamusam) byaxmua orkauka x(r — r’,w) =< x(rr’,w) >, npocTpancTBeHHbBIH Gypbe
— oOpa3 KOTOPO# MOXKeT ObITH 3alMUCAH KaK:

xlqw) =2) Y <s0m(p+)s0;(p'+)s0n(p')sOZ(p) nlem) = n(en) > =

e Ww+ey —Em + 10

1 > R "
ﬂ%%/_wdg{[”(”w)—”(fﬂw (4D e+ W)GAD poe) >+

+n(€) < GR(p+pl+a e+ w)GR(pl—p—a 6) > =
—n(e +w) < GA(pyp'4. e +w)GHpP' _p_,e) >}
(4.86)

rze BTOpoe Bpra}KeHI/Ie [POBEPSETCS HEMOCPEICTBEHHO ¢ UCrojb3oBanueM (4.82), u Mbl
BBEIM P+ = p + & 5. Boipazxenue (4.86) MOXKHO Hepelnucarh Kax:

x(qw) = — /jo de{[n(e + w) — n(a)]@RA(ewq) + 1)@ (cwq) — n(e + w)@AA(ewq)}
(4.87)
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- D+ D - @D -

a)

- O } :@

¢
.

M L X
T = x + X X + /Y + .. b)
1 | | X
A = A\ +//\\ + +
- o % 7 XN\
+ c)

Puc. 4.12: ImarpaMMHOe pa3iioXKeHWe MOJIPU3AIUOHHOTO OTepPaTopa B MPUMECHON CH-
creme (a) u onpenensonux ero Beprun I' (b) u T (c).

rie BBeIu 0DO3HaUeHUe:
RA 1 R 1 Ag_
o (ewq) = —%ZZ <G (p4p 4 e +w)GH (P _p-,e) > (4.88)
pp’

ORE y A4 BameruM, U4TO MBI BKJTIOUHIIN B 3TH OIpe-

¥ QHAJIOTUYIHBIE BHIPAYKEHUS NI
JeJIeHusl CIIMHOBYTO “IBOIKY”.

[Ipenpiayinee paccmorpenue orHocuioch K 1 = 0. Ybeaumcst, 9TO aHAJIOTUIHBIE TS
T # 0 BbIpaXKeHUS TOJYJAIOTCS U AHATUTUIECKUM MPOJOIKEHUEM COOTBETCTBYIOIIUX
Many6apoBCKuX OYHKITHIA.

[Monb3ysck mpaBuIaMu “mpUMECHOI” TUArpaMMHOM TEXHUKHU, MbI MOYKEM MTPEICTABUTH
Mary6apoOBCKUil MOJIAPU3AIMOHHBIN OnepaTop B BHUE, nmokazanHoMm Ha Puc. 4.12 (a). B
AHAJIMTUYECKOM BHJIE UMEEM:

H(qwm) =2T Y Y G(pen)G(p + qgn + wm)T (P, P + 4. Ens En + Win) (4.89)
n p

a ypasrenus nisg sepuinn I u 7, npencrasiennl rpadudecku ua Puc. 4.12 (b),(c). Cywm-
My 00 gacroram B (4.89) MOXKHO pacCuuTaTh, MOJIb3YACH ODIIUM METOAOM, OLMUCAHHBIM
BoIme B ¢Bst3u ¢ (3.40) — (3.44). Hamnune B (4.89) nByx dyukimit [pura (¢ yacroramu,
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A
//,4— \\\
7/ N
/ \

i/ \

L £ \
—————————— =————— Z2=E—iw,,
s

/ \x
\
\ ,/
zZ=E¢

[ D |

| /

\ /

\ /
\ 7
N\ s
N P

Puc. 4.13: Kouryp unrerpupoBanus, UCIOIb3yEMbIil IPU BBIYUCICHUH CYMMBI IO MaILy-
OAPOBCKUM IACTOTAM.

OTTIMYAIOIIIMHUCS HA, 1wy, ) TPUBOINT K MOSBIEHNIO B UX TPOU3BEICHHN IBYX pa3pe3os’’ B
KOMILIEKCHOH IJIOCKOCTH 9aCTOTBI — OJIHOTO BJIOJIb 2 = €, & JAPYTOr0 — BJAOIb 2 = € — iWpy.
Torua, nosb3ysics popmyioit (3.38) MoxkHO 3anucarb Bxozsiyo B (4.89) cymmy B BuE:

Sliwm) =T flien, icn + iwm) = —/C d—z,n(z)f(z, 2z + W) (4.90)

2
rae f(z, z4+iwm) = G(2)G(z+iwm)T (2, 2+ iwy,) (MIMOYIBCH IS KPATKOCTH OITycKaeM!),
a n(z) — dyukuus Pepmu. [Ipu srom kouryp unrerpuposanus C nokaszan na Puc. 4.13.
CoorsercrBenno, pacuucbiBag (4.90) B Buie MHTErpajioB [0 YETHIPEM IPAMbBIM y4YacCT-

kaM KouTypa C' (uHTEerpasibl 10 6ECKOHEYHO YIAJIEHHbIM JIyraM OKPY2KHOCTH ucde3aor!),
HOJIyJaeM:

S(iwm) = — /°° %n(s)[f(s +ib,e + iwm) — fle — b, + iwm)] —
_ /00 %n(g — iwm)[f (& = iwm, € +i0) — f — iwpm, e — id)] (4.91)

CrenaB 3aMeHy wy, — W =+ i§, MOy dUM:

 de

S(w) = — / )R (e, )[R (e, i) A (e, ) A -, 2)] (492)
—o0

rae obosnadenns tuma f114(e,¢’) ozmauaror f(e — id,e + i6) u T. 1. CABUT MepeMenHoi

€ — € + w B NOCJIEJHUX IBYX YICHAX JIAET:

S(w) = /00 E[n(es) - n(e—i—w)]fRA(e,e—i—w) -

o 2Ti

_/OO d—g,[n(e)fRR(e,e+w) —n(e+w) (e, e +w)] (4.93)

oo 2

"HamomuumM, uto dbyukmus I'puna G(pz) uMeeT pa3pe3 B KOMILIEKCHOI TLTOCKOCTH 2z BJOJb TPAMOI,
onpezesisiemoit yciosuem Imz = 0.
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A 510, 110 cyTH Aeaa, coBuazgaer ¢ (4.87), eciu BBecTu 0603HAYEHUE:

@RR&M>—5%fﬁ%ae+w>——5%229G3@+wp+qxﬂ@pﬂhxp+q¢¢+w>

(4.94)
49TO eCTh MpocTo Apyras ¢dopma 3amucu (4.88), Te BCe yKe BLIPAYXKEHO Yepe3 yCPe-
nernbre bynxmum [pura GR(e + wp + q) u GA(ep), a Takke yCpeTHEHHYIO BEpPITIHHY
T(p,p+q,¢,¢ + w). Kpome Toro, nmockosbky pacderbl BeJIuCh B Maily0apOBCKO# Tex-
uuke, depmuesckue Gyukuuu B (4.93) B3sarol reneps nupu T > 0. Takum obpaszom, upu
T > 0 umeem:

o0

x(qw) = —I(qiwy, — w + 1) = —/ de {[n(e + w) — n(e)| @74 (ewq) +

— 00

+ n(e) 0™ (ewq) — n(e + w)@AA(qu)} (4.95)

YTO €CTh MOJIHBIH SKBUBaJeHT (4.87), KaK U CJIEI0BAJIO OKUIAT!

Bepremcs k Beipaskenmio (4.88). Ucnomnsys GA(pp’,¢) = [GE(p'p,¢)]*, momyamm
ORE(£00) = —[®A4(£00)]*. dasee, HeTPYIHO BUIETH, YTO:
RR 1 9 R /

ORR(:00) = —23 " < < GR(pp',¢) > (4.96)

2w 4~ Oe
pp

rae < G4 (pp',e) >= G 4(pe)d(p —p') n
1
e — £ 41— SRA(pe)

m

G4 (pe) =

(4.97)

— 3anasapiBamoias (onepexkaroias) ¢yukuus ['puna, onpenesseMas ONUCAHHON BbIIlle
“TpuMecHOI” mmarpaMMHON TexHnKoir'®. HeTpyamo yoequThCs, 9TO BBIMOIHAETCA CIIETy-
10IT[ee TOXKIECTBO:

/ h den(e)Im {—2mi®"F(=00)} = 7N (EF) (4.98)

YTO IOJIyYaeTcs IpaMoil 1oacTanoBkoit (4.96) B (4.98) u moc/epyomuM HHTErPUPOBAHY-
€M II0 9aCTAM, ¢ YIeTOM ONpPEIE/IeHUs IIOTHOCTH COCTOSTHUIA:

N(e) = —% > ImG"(pe) (4.99)

[Ipu T < Er uveem'®:

(‘8?;(;)) ~ 6(c) (4.100)

1 COOTBETCTBEHHO:

n(e +w) —n(e) = —wd(e) (4.101)

Torna u3 (4.87) wmu (4.95), ¢ ucnonp3osanuem (4.98), mig Manbix ¢ < prp 1 w < Ep,
uMeeM:

x(qw) = wd™(qw) + N (Er) (4.102)

18TIpu pacdeTax B MaIyGapOBCKOH TexHmKe mosydaeM R mam A bYHKIHEM HOCTe aHAJTHTHIECKOIO
MIPOIOJIKEHUS 1€y — € £ 10

9HamoMmumM, uro y Hac Ep mrpaer posb Hadajia OTCYETa SHEPIHH, TaK YTO, (DaKTHIECKH, BO BCEX
dopmymnax Er = 0.



4.4. IlpoBomumocth u aByxdacrudHasi ¢pyukius I puHa. 109
rJe BBeIu 0003HaYeHUe
dFA (qu) = B4 (que = 0) (4.103)

I[Ipu ¢ = 0 dyHKIUA OTKIWKA TJIOTHOCTH — TJIOTHOCTH JOJIKHA, ODPAIAThC B HYJb
[PU IPOU3BOJILHBIX 3HAUEHUAX w M3 00nmx coobpaxkenwuit [10]. Dro sicro, HanpuMep, w3
cpasuenus (2.113) u (2.114). CoorsercrBenno, u3 (4.102) norydaem:

N(EFr)

(I)RA —
(o) = - N

(4.104)

YTO MPEICTABISIET OO0 HEKOTOPLIN BAPHAHT TOXKIECTBA YOPA, CBSI3QHHOIO C 3aKOHOM
coxpanenus 3apsiia. Torma MoxKHO nepenmcarh (4.102) kak:

x(qw) = w {@RA(qw) - @RA(Ow)} (4.105)

a o0Ilee BbIpaykeHue Jjid MpoBoauMocTy cucreMbl (2.110) cBomurcs K:
w2
o(w) = — lim ie* = {®"4(qw) — &4 (0w)} (4.106)
q—0 q

910 BbIpaKEHUE YPE3BBIYANHO yIO0OHO MPU KOHKPETHBIX BBIYUCJIEHUN, MOCKOJIbKY J1Jisd
pacuera apyxdactuaroi dbynkmym ['puna (mermn) &4 (qw) Moo nemomb3osars pac-
CMOTPEHHYIO BBIIIE “TIPUMECHYI0” IUarpaMMHYIO TeXHUKY.

YacTo, 77151 pacdera MpoOBOAMMOCTH CUCTEMBI JHArPAMMHBIMHA METOIAMH HCITOIH3YeT-
¢ HECKOJIBKO MHOMU ITOJIXOT, OCHOBAHHBIN HA PACCMOTPEHUN OTKJINKA HA BHEITHUN BEKTOD
— norennman. Obmiee BEIpaskeHne I8 TeH30pa TPOBOIAMOCTH WMEeT TOTIa BII2Y

1 . .
o (qw) = - {®,. (qw + i) — @, (q0 + i6)} (4.107)
rIe

D, (qiwy,) = / dr / dr' e m(T=T) < T g, (qr)Jy(—q, ) > (4.108)

rue J(p) — dypbe-06pa3 oneparopa (T.H. “napaMarHUTHOrO”) TOKA:

J(a) = —;—; / dre™" [ (r) Vi (r) — Vo (r)(r)] (4.109)

CxemaTuvecku, BbIBO, ITUX BBIPAXKEHUI BBITJISIUT CIEAyIOmuM obpas3om. Paccmorpum
OTKJIMK CHUCTEeMbI Ha BHEINTHW! BEKTOPHBIN MOTEHINAJ, B3aNMO/IEHICTBIE C KOTOPBIM OITH-
ChIBaETCs JOOABKOM K IJIOTHOCTH FAMUJIBTOHHUAHA CAEIYIOMIEro BUIA:

Hegt = —J(r)A(rt) (4.110)
upudeM Bo3bMeM A(rt) B BHE NJIOCKON BOJIHbL:
A(rt) = A(qu)elar—iwt (4.111)
TAK 9TO COOTBETCTBYIOIIEE IEKTPUIECKOE MOJIE HMEET BUJIL:

OA(rt)
ot

20Pazywmeercsi, B M30TPOMHOI CHCTEME W B OTCYTCTBHE BHEITHEr0 MArHUTHOTO ITOJIS Opv = 00uu

E(rt) = — = iwA(quw)e'F it (4.112)
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Torua, B coorBercrBuu ¢ obuwM dhopmasusmom Kybo [11], nonyuaem (“napamaruurabiii”)
OTKJINK CHCTEMBI B BHJIE:

Julaqw) = x5, (qu)A¥ (qu) = %f’)wmw) = WE”(%;) (4.113)
rie .
Xpw(qw) =1 /0 dte™" < [Ju(at), J,(—q0)] > (4.114)

W3 mpoBeieHHOrO BbIIe OOIIEro OOCYKIEHHS CBA3M JUHEHHOrO OTKJINKA C MaIyOapoB-
ckuM hopMaTI3IMOM ACHO, 9TO X1, (qw) = @, (quw+id), T.e. mOTy9aeTCs AHATHTHICCKAM
npogokennem (4.108).

[TonHbI 3IEKTPUYECKUN TOK B CHUCTEME, B MPUCYTCTBUU BHEIIHErO BEKTOP — MOTEH-
[uaJa, paBeH:

2
gt =3 A (4.115)
m

TJIe BTOPOE CJIaraeMoe ImpeacTaBisgeT coboi “InaMarHuTHBIA’ TOK, CBA3aHHBIA C TEM, 9TO
_ 1 .

CKOPOCTB 3JIEKTPOHA B 9TOM CTydae uMeeT Bua V = .- (p —eA). C apyroii cTOpomHbI,

npu w = 0 (crarugeckuil BeKTOp — MOTeHIHAI (MATHATHOE II0J1€)) SJIEKTPUYECKHI TOK B

cucreme (HOPMAJIBHOM METAJIe) OTCYTCTBYET, TaK YTO “IHaMarHUTHAst COCTABIISAIONIAS

B (4.115) mosHOCTHIO KOMIeHCHpYeT “TapamarauTayio”>!. Torma uvmeem:

TL€2

Xpv (qU) = (I)uu(qo) = W‘Suu (4116)

OTKyZa HeMe IeHHO caeayer obmas dopmyna (4.107) ags upoogumocru. Pakrudecku
(4.116), mon06HO (4.104), TakKe ecTb HEKOTOPBIH BaADUAHT TOXKIECTBA YOpia.

Tenepp siCHO, 9TO JUATOHAJBHBIN JIEMEHT TEH30pa TPOBOAUMOCTH TpU = 0 MOXKHO
3anucarb B BUIE:

(W) = % (B (w0 + 16) — D (0 + i0)} (4.117)

rae, aHaJgorudHo (4.89), MOXKHO HAITMCATH:

D, (iwp) = —2eTZ Z ‘%Jm(p, DPseny En + wm)G(enp)G(en + WmP) (4.118)
n p

IIpu sTOM MBI BBEIH “TOKOBYIO’ BEPIIMHY:
e _
Ju(P:Psensen + wim) = —puE(P, en, €n + wim) (4.119)

pa3JIoKEHne KOTOPOii, onpeessaercsa rpadukamu Puc. 4.12 (c¢), B KOTOPbIX “3aTpaBovHOR”
BEpIMMWHE COIMOCTABJIAECTCA MHOXKHUTEJIb %pﬂ‘
CoorsercrBenno, nepenucas (4.118) B Buze:

2
By (i) = =227 Y %E(p, EnsEn + wim)G(Enp)G(En + wWinp) (4.120)
n p

¥ BBITIOJIHUB CYMMUPOBAHUE 10 1 U AHAJUTUIECKOE TPOIOIKEHUE 1wy, — W + 70 B TOIHO-
CTH TaK¥Ke, KaK 9TO JIEIAJ0Ch BBIIIE, MOy IUM sl CTATUIeCKoi nposogumoctu (w — 0):

_ﬁ ﬁ:( )GT (p,0)GA(p, 0) (4.121)
Ozx = or s m2= p P, p; .

21C TOYHOCTBIO 0 MAJOro BKJaja amaMarmermama Jlammay! Bosee mompo6HOe o6Cy»KaeHne 3Toi CH-
Tyanuu Oy/IeT IPOBEJEHO HUXKE B IJIABE, MOCBSIIEHHOW CBEPXIIPOBOLMMOCTH.
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rue BBeeH craruveckuil upenen =Z(p) = E(p, 0 — 4,0 + id).

IIpuBeseM AJist CIPABOK U 0€3 BBIBOAA AHAJOIMIHOE OOIIee BHIPAKEHUE [Isi HEJMArOHAJLHOH (X0i-
JIOBCKO#) IPOBOAUMOCTH B mpucyTcrere (ciaaboro) sremuero marantaoro mous H (H.Fukuyama, H.Ebisawa,
Y.Wada, 1969):
eH &2

Ozy = A
m 4mi

Pz —2 R 0 a 9 R A
52220 {60,005, 00 - 560,064 0.0) (4.122)

9TO JaeT AUarpaMMHBIR MeToxm pacuera ddderTa XoJma.

4.5 Ypasaeane bere — Coammuurepa, “anddy3on”’ u “ky-
IIepoH’.

Urax, corsacuo (4.105), nyst pacyera GhyHKIMU OTKIIMKA JIOTHOCTb — ILIOTHOCTD X (qw),
a ¢ Heii u nposogumoctu cucrembl (4.106), HaM HEOOXOAUMO HAYYUTHCH BbIYUCIATH Be-
mrauEy 22 :

1
R4 (wq) = —%22 <G psp' s, E+w)GA(p _p_,E) > (4.123)
pp’

KOTOpAasi, B CBOIO OYEpeh, ONMPEIesdeTcsa AByXJIacTudanoi dpyukueit ['puna Buga:
1
RA R A
O (Fuq) = —5— < GR(pyp/ F+w)GA® p B) > (4124

U KOTOpas onpejesercsa rpadpukaMu, mokasanubiMu Ha Puc. 4.14 (a). Yao6H0 BBECTH

sepimuaayio Gyukiuo [pp/(qw), onpeensemyio paencTBom?3:

(I)g‘;‘, (Bwq) = —ﬁGR(p+E+w)GA(p_E) {5pp’ + I'ppr (qW)GR(p/JrE + W)GA(PLE)}
(4.125)
u rpadukamu, nokazagubivu Ha Puc. 4.14 (b).

Jlanee ymoOHO MPOBECTH KIACCH(PUKAINAIO TPAMUKOB /1T BEPITHHBI HA TPUBOIUMbIE
(paspesaembie 10 ABYM 3J€KTPOHHbIM R u A juHusiM) u Henpubogumbie B “R — A —
kanase” (kanase “gacruna — apipka”’). Hanpumep, na Puc. 4.14 Bropoii u nsiteiii rpaduku
B [IPABOM YaCTH TTPUBOJUMBI, & OCTAJIbHBIE SBJISIIOTCS HETPUBOAUMBIMEU. TOrna scHO, 9TO
nosHast BepumnHa 'y (qw) ommchIBaeTcst HHTErpaibHbIM ypasuenneM Bere — Conmurepa,
moka3aHubiM rpadudecku Ha Puc. 4.15 u uMeronumM aHaIuTUIeCKUi BUI;

Ipp(qu) = Uppr(qw) + Z Uppr (qw)G™(E + WP”JF)GA(EP/L)Fp“p’(qw) (4.126)

p"

re 6710k Upp (qw) 0603Ha9aeT cyMMy BCEX AuarpaMmM, Hepaspe3aeMbiX (HEIPHBOJUMbIX)
B R — A - kanase, runa nokasanusix Ha Puc. 4.15 (b).

B npocretimem npubsmxern, 11 Upp (qw) MOKHO B3SITh TOJILKO IEPBYIO THATPAM-
My u3 mpaBoii yacru Puc. 4.15 (b) wm:

Uo(p—p) = plo(p—p)°  wm U= po? (4.127)

22B jasbHeiimeM, s KPATKOCTH, BCIOAY HOApasyMeBaercs u = Ep = FE, T =0
23B manbHeHIIEM M3I0XKEHHH B STOM H CJAEAYIONIX Pa3aesax JAHHON ITaBbl MBI, B OCHOBHOM, CIeIyeM
[16] = [17].
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P,
ey — T T X
—2mi®,, (qw) = + X+ kx4
| L |
P_
E+w P p,+
e
— + r a)
E P p_
P, F+4+w . /*\\
—_ —_—— >
_ ] L M X |
r - x + x x + X +
p ) 1 — <l ‘X L
_ P
E e
< \
| R
X + X x + .. b

Puc. 4.14: TuarpaMubl g1 apyxdacTuunoit dbyskimu 'puna (a) u BepmmHHON 9acTu
I'pp(qw) (b). Bepxuss 3/1eKTpOHHAST JIUHAS COOTBETCTBYET 3ala3IbIBAIONIEH (hyHKIIK

Ipura GB(py E +w) (“wactima?), a auxasas — onepexkaomeit G (p_E) (“mepra’).

Py p’_,_ F+w P p”+ | L
r — U + U r 2)
p_ p_ E P p' p_
P, Eerp’+ ¥ xS
T \ X [ > [ I\
| \
U = X + A\ + * + J|< J|< + ... b
1 /' X l e |
p E p_

Puc. 4.15: Ypasuenne Bere — Conmnurepa jyia Beprmanoiil actu I'pp/ (qw) (a) u rpadukn
HU3IIEro MOpsAJKa JJis HenpuBogumoii B R — A — kanase Bepiunst Upp (qw) (b).
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p. P p. E+p", P
[ T
| |
r = X + X r a)
| |
p_ p_ P Ep" _ p_
P, P
T [ [ [ [ [
r| = x + ko4 % kA + .. b
1 | | | | |
P p_

Puc. 4.16: Ypasuenne Bere — Conmnurepa mys Bepmumuoit gactu I'pp (qw) B “1ecrand-
HoM” npubsnzkenuu (a) U coorsercrByope rpadbuku Husmux nopaakos (b).

rJle BTOPOE PABEHCTBO CIIPABEIINBO i ToYeuHbix npumMeceii. Torma (4.126) npuobperaer
BUJI, TOKa3aHHbIN rpadudecku Ha Puc. 4.16 (a), pemenue KOTOPOro UMeET BUJL:

Uy
1-Up 3, GR(E + wp4)GA(Ep-)

9 (qw) = (4.128)

u oupenensger BepiuHy ['pp (qw) B BUIE CyMMBI “TeCTHUYHBIX AHATPAMM, HOKA3AHHBIX
Ha Puc. 4.16 (b).

[TepeiiieM K SBHBIM BBIYUCIEHHUSIM, TPUYEM I[IPOBEJEM UX JIJIsi TPOCTPAHCTBA, TIPO-
u3BoJIbHON pasmepuoctu d. “OcHoBHOR” 3iement, onpenessomuii (4.128), moxer ObITH
BAMUCAH KAK:

Ii(qw) =Y G*(E+wpy)G*(Ep-) =

-/ gi];dGR (reps )t (mo-5) = [ (;ii];dGRw +wp — q)G*(Ep) =

_/ dip 1 1
) @m)dE+w—£(p) +vpqeost + iy E—E(p) — i
(4.129)

rae B3sim ycpeanenubie Gynkuuu [puna B npocreiimem npubsanxenun (4.29), (4.30).

31ech ckOpoCcTh HA ypoBHE Pepmu vp = 4/ %, a 3aTyXaHWe B MOJIEJIN TOYETHBIX pacce-

usareneit 7 = mpv?v(E) = tUov(E), rae v(E) — MIOTHOCTb COCTOAHMUIT ST€KTPOHOB HA

ypoBae @epyu E B d — MEPHOM IIPOCTPAHCTBE TSI OJIHOTO HAIPABICHUS CINHA.
Berpeuaromuecst HuzKe HHTErPAJIBI 110 MOJISIPHOMY YTy 6 B d — MEPHOM MPOCTPAHCTBE, BHIYUCIISIOTCS
C MOMOIIBIO CJIEAYIONIEro IPOCTOrO IPABUJIA:

dop _ 1 a1 T d—2 _
/Wf(pﬁ)fw/o dpp Qd—l/o dfsin® "= 0f(p,0) =

_ / dppdflk/ d9sind729f(p,9)zu(E)/ ae a1
m)% Jo Q4 Jo —oo d

/W d0sin?2 £ (¢, 0)
0
(4.130)
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d/2
roe Qg = % — MOBEPXHOCTb Cephbl eJUHUYHOIO PaJuyca B d — MEDHOM IIPOCTPAHCTBe.
Z[HH MaJIbIX W U @ MOXKHO HaHI/IcaTb24Z

1
E+w-—¢(p) tvrpgcosd + iy ~
~ 1 _w=Ewpgcost (w £ vrqcosh)? (4.131)
E—¢&p)+iv (E—Ep)+iv)2  (E—£&(p) +i7)3
TaK 9TO:
Qa1
Ii(qw) =~ v( / df / df sin? m
{ w~+vpq 0059 (w+ vpgcosb)? § } (4.132)
E—f+iy (E—-&+iy)?  (E—&+iv)p

Nurerpasnst mo € 371eMEHTAPHO BBIYUCISIOTCA METOJOM BBIYETOB, TAK YTO ITOJIYIAEM:

2
/desmd 29{2 _ whorgoosh , (vt vrgcosd) +"'}:
vy

TIi(qw) =~ V(E) a-

(2i7)? (2i7)?

T Qd 1 deo w? wpqg  vRqw vihg?
=— de 0411 — - 60— 0
5 v(E) / sin + 27 T2 + o 52 cos e cos

(4.133)
Warerpanst mo 6 3meMeHTapHbI:

Q _ s
d 1/ dfsin?26 =1 (4.134)

Qa Jo

Q
i 1/ dfsin®? @ cosh =0 (4.135)
Qd 1 da d—2 _

sin®? f cos? = E (4.136)

Torga, ¢ ygerom gy(E) =Upu~y= %, OKOHYATEJBHO MOIydaeM I 3HAMEHATes B

(4.128):

iw  w? 2 ) 2
1—=Uply(quw) = 2 + 12 + Dy 05, ~ ~ —iwT + Do7q (4.137)
1 — Ul (qw) = iwT + Do7¢? (4.138)
rae
1 12F 1 F
Dy=-vhT=-"7=-"—"— (4.139)

dm d mry

— obObrunbIi “apyaesckuit’ kKoaddurment nuddys3uu B d — mepHoM npoctpancTse. CooT-
BercrBeHHO u3 (4.128), mosydaem cielyioliee TUIIMYHOE U BECbMA BAaXKHOE BBIPAYKEHUE
JIJISL BEPILIUHBL C QUP@Y3UOoHHM NONOCOM:

Uv()Ti1 . 22Uy

I (qw) = =
pp(4) —iw+ Dog?>  —iw + Dog?

(4.140)

24113 HOCJISAYIOMIETO PACCMOTPEHHUsI sICHO, 9TO peYb UJET 0 w K 7Y U Vpq K 7Y
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P, =P, PL=py
I a)
P, =<p_ <P', =P,
P, p. P =P, ‘Pzr .
2 r b)
P p_ P2:_Pj‘Q/ 2 —IT '+q/2=p,

Puc. 4.17: Bepiunnas dacrb 06uiero Buaa (a) 1 BeplinHa, MOJIyYaOIIAsics U3 Hee obpa-
LIEHUEM HalpaBJeHus OJHON u3 3ekTponnbix jaunuii (b). [epsbiit rpaduk (b) nosxyven
upocrbiM “pasoporom” rpaduka (a), O4eBUIHO, YTO OH HPOCcTO conajaer ¢ (a). Bro-
poii rpadux (b) mosydaercs u3 nepsoro obpaileHueM HAIPABJICHUS HUKHEN JTMHUM, 9TO
BO3MOKHO MIPH HAJWYUY WHBAPUAHTHOCTH OTHOCUTEIHLHO OOPAIIEHUS BPEMEHHN.

WM, TaK Ha3bIBaeMblil dugddyson®.

NurepecHo u BechbMa BayKHO 3aMETUTh, YTO IPHU HAJMYUU B CUCTEME WHBAPUAHTHOCTH
[0 OTHOLIEHHIO K OOPAIIEHNIO BPEMEHH, II0JIHAS BepIIUHHAS 4acTh ['p p/(q, w) obragaer
CJIEIYTOIIUAM ODIIUM CBOMCTBOM:

FPP'(qvw) = F%(p—p’-‘,—q),%(p’—p-{-q) (p +p/, w) (4.141)

B camowm fierte, paccMOTpUM BepIKUHY ODIIEro Bua, nokasanuyio ua Puc. 4.17 (a). 3xech
MTPOBEIEHO “yropsifoUYeHre”’ HyMepalu UMITY/ILCOB: HA HUKHEN JIMHIUM HOMEPA, MMITYJIb-
COB YeTHBIE, a HA BepxHeil — HeueTHbe. [Ipy 3TOM MEHBINMIT HOMEDP COOTBETCTBYET BXO-
JSIIe TUHAA, a OoMbInnii — BeIxoAgmmei. imeem obminit 3aKOH COXPAHEHHS:

P1+P2=pP3+pPs=pP+p (4.142)
TaK 9TO
1 , 1
qQ=P1 —P1=P3— P2 P:§(p1 +ps) P :5(p2+p3) (4.143)

Ho npu manmwany nHBAPpUAHTHOCTH OTHOCUTEJIHHO OOPAIIEHUS BPEMEHU OJHOYACTUIHbIE
COCTOsIHUST P U —P mpocro kBuBaseHTHbI! Torma Mbl MOXKeM OOpPATHTH HAIPABJICHUE,

25OrMeTEM, UTO COKPAIEHIEe BKJII3 HE 3ABHCHINETO OT W H ¢ B 3HAMEHATEe (4.128), npuBogsmee
cymecrBoBanuio guddy3uonsoro nomoca B (4.140), dakTHUecKH, SBISIETCSA CIEACTBAEM 3aKOHA COXPa-
HeHus gucia gacrun (toxamecrea Yopaa) (C.B.Manees, B.I1. Tonepsepr, 1975).
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P, L
T I | Loyl
O _ _
U - X ¥ X + LR S § + -
afis — 1yl oo ] I L
P P
T A~
X + N, + X +
)( X 7| N
N |2 / AN ’ AN
Puc. 4.18: “Kynepon” — obpaiiienue HampaBjeHus JEKTPOHHON juHuU B auddy30He

Jaer “jgecTHUIly”’ B KAHAJE ‘“9aCTUIA — YACTUIA) WU TOCJIEI0BATEIBHOCTD “MAKCUMAIHLHO
TepeKpeImuBaionnxcsa’ rpaduKoB B KaHaje “dacTuIa — JIbIpKa’.

ckakeM, HKHEH (“IpIpOUHO”) JIMHUM, TOMEHSAB 3HAK €€ MUMITYJIbca. Torua auarpamma

Puc. 4.17 (a) nepeiiner Bo Bropyio nuarpammy ua Puc. 4.17 (b). IIpu srom, coornonenus
(4.142) u (4.143) nepeiiayr B:

P1+P2=P3+Ps=q (4.144)

n

, 1 1 , 1 1,
P+P = P1—P4=P3—P2 5(P1+P4):§(P—P +q) 5(P2+P3):§(P —p+a)
(4.145)
Takum 00pa3om, obpallleHue HalpaBjieHus HUKHel junuu Ha rpaduke Puc. 4.17 (a),
JOITyCTUMOE NMPU HAJWYINYU CUMMETPHM ¢ — —t, SKBABAJIEHTHO CJIEAYIOEe 3aMeHe B ap-
ryMEHTaX 3TON BEpPIIUHbI:

1 1
a—=p+p  p—z@-pP+a) P -5 -pta) (4.146)

9T0 U JaeT coorHorenne (4.141).

[Ipumenum paccmorpennyio npouenypy K auddysony (4.140) u rpadbukam Puc. 4.16
(b). Bugum, uro obpainenue HalnpaBieHUs HUXKHEH JIMHUM HA TUX JUarpaMMax IaeT
“mectHuIly” B KaHAJE “9aCTUIR, — YACTUIR’, UJIU, YTO TOXKE CAMOE, MOCJIeI0BATEIHHOCTh
“MakCUMAaJILHO Tepekpermusaionxcs’” rpadukos (rpabduku Jlanrepa — Huna (J.S.Langer,
T.Neal, 1966)), uro mokasano ua Puc. 4.18. AHanurundyeckoe BBIPDAXKEHUE IJIsi CYMMbI
TAKUX JIMArPAMM JIErKO [OJIy4aercs 3aMeHoil nepeMennbix (4.146) B BbIpaKkeHuu Jjist

mubdysona (4.140)26:

Z’YUQ ’
; ~ — 4.147
—iw—i—Do(p +p’)2 P P ( )

c -
Upp (qw) =

[To mpuunHaM O4YEBUIHON aHAJIOTMM C TpadUKaMU, BOSHUKAIOIIUMHU MIPU pacdeTe KyTie-
POBCKOIl HEYCTOMYUBOCTH B TEOPUU CBEPXIIPOBOAUMOCTH, 3Ta CyMMa u pesyibrar (4.147)

26 PasyMeercd, CyMMHpOBaHHE TaKOil MOCIEIOBATEILHOCTH IpadHUKOB MOMKHO IIPOBECTH U IPAMO “B
7106
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F4+w P+ b,
—2mid i (qu) = + r =
E P p.
E+w P, P, P, P P,
E P p. P p" p.
F+w
e
= { 1+ U ( —27ri<1>$ (qw)) }
-
E

Puc. 4.19: Ypasuenune Bere — Connurepa ais apyxdactuduoit dyuknun ['pura.

uasbiBaor “kynepornom” (JI.II.Topbkos, A.U.Jlapkun, 1.E. Xvenbuuukuii, 1979). Veio-
BUE P & —P’ C 0UEBUIHOCTHIO CJIEAYET U3 KPUTEpHUEB mpuMeHuMocTd quddy3uoHHOrO
npubmxkenusi (Masocth ¢  w B (4.140)) ¥ COOTBETCTBYET B KYIEPOHE PACCMOTPEHHIO
YACTUL, C HOYTH IIPOTUBOIOJIOKHBIMU UMILYIbCAMU (paccesiHue “rouTu Ha3ar’).

Bamerum rernepb, 9TO MOCTeI0BATETbHOCTE auarpamm Puc. 4.18 nenpusodumas RA —
kazase (“gacruna — apipka’). Takum o6pasom, Beipaxkenue (4.147) MOXKHO HCIIOIB30BATDH
B KadIeCTBe HeNpUBOAUMON BepumHsl Upp (qw) B ypasuenuu Bere — Conmurepa (4.126),
moka3auHoM rpadudecku uHa Puc. 4.15. [Ipu 3TO0M MBI, KOHEYIHO, TIOJTyIaeM ropasiao bosee
“pacdunuposannoe”’ mpubauxkenue, Hexenu (4.127), KOTOpoe yUUTHIBAET, KakK OyaeT 110-
Ka3aHO HUKE, KBAHTOBbIE (JIOKAJIM3ALMOHHBIE) [OIPABKYU K PACIPOCTPAHEHUIO 3JIEKTPOHA,
B CHCTeMEe CJIy4aiiHO PACIOJIOKEHHbIX B [IPOCTPAHCTBE mpuMeceil (4, COOTBETCTBEHHO, K
MPOBOJMOCTH CUCTEMBI).

BosBparnasics K obimemy ananansy, Bocrosb3yemcs (4.126) B (4.125) u 3anmieM ypas-
menne Bere — Conmurepa mjis AByx9acTudHoil pyukmun ['puHa B Buje:

1
RA R A RA
Ppp (aw) = G™(E +wp1 )G (Ep-) § —5—d(p —P') + > Uppr (qu) @5y (aqw)
pl
(4.148)
moka3aHHoOM rpadudecku Ha Puc. 4.19. Bxogsiee croma npou3Beienne IByX IPUHOBCKIX
byHKIINNE MOXKHO TTEPENUCATH CIEIYIONIM 00Pa30M:

o (som e 3)6* (- ) -
— 1 —

(E+w—&ps) = 2R(E+w,py)) (BE+E(p-) —ZA(E,p-))

1 1
{E—é‘(p) ~YAE,p-) E+w-£&(py) —ER(E+w,p+)} .
1

Wt Ep ) —Epy) —SE+3A

X
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AGP . GR _ GA
T o+ (E(p) —E(p) S 3A T T (GR)T = (GA)T (4.149)

rie AGp = GR(Ep_)—GA(E+wp.). Toraa, ¢ yaerom (4.149) u £(p_)—£(py) ~ —%pq,
nepenuceiBaeM (4.148) B Buze:

{w —~ %pq —S*E+wpy) + EA(ED—)} f (qw) =

1
= AGp %5(p —-p')— Z Uppr @5 (qw) (4.150)

p”

Nuorga (4.150) Ha3bIBAIOT O0OBIIEHHBIM KUHETUYECKUM YPABHEHUEM.

[Ipusenem 6Ge3 1OKA3aTEIHCTBA TAKKE TOUHOE TOKIECTBO YOP/Ia, KOTOPOE CBA3BIBAET
COOCTBEHHO — HHEPreTUIeCKUE IACTH U HEIMPUBOJUMYIO BEPIIMHHYIO YaCTh B PACCMATPHU-
Baemoit Hamu npumMecHoii cucreme (D.Vollhardt, P.Wolfle, 1980):

SHE+wpy) - SA(Ep_) = Upp(qw)AGy (4.151)
p/

910 TOZKJECTBO UT'Pa€T BazKHYIO POJIb MPU TPOBEPKE CaMOCOTJIaCOBAHHOCTU MCIOJIB3ye-
MBIX JUATPAMMHBIX Mpub/mkenuit. [1071€3H0 OHO U TIpU BBIBOJIE OOIIUX yPABHEHWIA, MC-
TTOJIB3YEeMbIX HUZKE TTPU MOCTPOCHUN CaMOCOTJIaCOBaQHHOMI TEeOpHuN JIOKAJIU3aIIUuN.
[IpuBegeM TONBKO OCHOBHYIO HJIEI0 JOKA3aTEIbCTBA TOXKAecTBa Yopra (4.151). ®akTuuecku, 3TO
TOXKJIECTBO OTPAKAeT TOT (DAKT, ITO BCE AUACPAMMBL [IJIsI HEIPUBOAUMON BEPIIHHLI Upp’ (qw) moryT

OBITDH OJIyI€HBI U3 “CKeJIeTHBIX IPadUKOB 1151 COOCTBEHHO — SHEPreTHIECKOH JacTh Iy TeM “pa3pe3anust’
3JIEKTPOHHOI JIMHUU BCEMH BO3MOXKHBIMHE crrocobamu. PaccMOTpuM B KadecTBe npuMepa rpadiK BTOPOro

6 - i =@ it wa Puc. 4 T
HOPsIAKA JJTs1 COBCTBEHHO — SHEPTreTHIeCKoil JacTu Yy~ , HOoKa3aHHbIH Ha Puc. 4.20 (a). Torga, mpsaMeiMu
BLI‘{I/ICJIQHI/IHMI/I, MOXKHO HOJIy‘II/ITI)Z

AS® = RO _pA®) _
R R A A
=Y Um U(P2){Gp+ p,Gpy—p,—p2CGpi—p, ~Cp_—p,Cp_—p,-p p—fpz} =
P1P2
_ R R R R A
= Z U(pl)U(pQ){Gp+fp1Gp+7pfpzAGP—P2 +Gp,—p, AGpp,—pGp_—p, T
P1P2
+ AGP—mGﬁf—p Pf—Pz} -

=> {U(Pl)U pP—p )Gp+ P, Gf)ifpl ~UP)U(p —p' _pl)GP+ PlGﬁ +p, +
P1P2

2
+U(p— p')U(pg)G§L7p2 Ghp_p, } AGy =3 UD) (qw)AGy  (4.152)
p’

Terneps MOXXHO HEIOCPEACTBEHHO YOeJUThCS, UTO IOJIyIeHHOE 3eCh BBIPAXKEHWE JIJIst Ul(i),(qw) (ompe-
JiesisieMoe BhIpaXkeHHeM B (DUIYyDHBIX CKOOKAX B MPEJIOC/EIHEM BBIPAYKEHHUH) JAeTCs JUarpaMMaMH, II0-
kazanEbiMu Ha Puc. 4.20 (b), KOTOpbIE MOJIY9Ia0TCs BCEMH BO3MOXKHBIME “Da3pe3aHUsAME’ BHYTDEHHHX
3JI€eKTPOHHBIX JIUHUI B »(2) (p) (u obpamenneM HAIPABJIEHUS OJHON U3 OCTAIOIIUXCS HEPA3PE3AHHBIMH).
O6o006Imenne TakKuX PACCYyKAeHUI HA IPOU3BOJIBHBIIN IOPSAJOK TEOPUM BO3MYINEHHH M JaeT JOKa3aTeslb-
cTBO TOXKJECTBA Yopaa (4.151).
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[N a)
p+ p+_p| p+_p2 p+

p+_p|_p~_>
P,
/%(\\
i ) ! p+_pl !
S . i
P, L P, p+—f’_'—\ 7P, P, P
p+_p1|p+ —P, \ 7 |
/
X p-p A X p-p ®)
' & p-p,lp -p
' p '+ P /P
P_ P_ . P_+P, P \\~)(’/ L
P,

Puc. 4.20: Tunnunbiit rpaduk BTroporo nopsigka /s COOCTBEHHO — SHEPreTudecKoi da-
cru (a) ¥ coorBercTByIOmue eMy rpaduku st HenpuBoauMoit Bepunabl Upp/ (qw) B
roxecree Yopaa (b).

4.6 KBanTOBbBIE TTOMTPAaBKU, CAMOCOTJIACOBAHHAS TEOPUS
u niepexon AHjiepcoHa.

4.6.1 KBsBaHTOBBIE MONPAaBKU K IIPOBOANMOCTH.

Nudopmarus, comepxkammasicsa B apyxdactuunoii dbyuxmuu [puna (4.124), asngercs, B
HEKOTOPOM CMBbICTe, u3nuiraeii. Mbl Bugenu, 94To /i pacdera MpPOBOJAUMOCTH CHCTEMbI
HaM J0cTarodHo 3Harh (4.123), T.e. nByxvacruunyo Gyukuuo ['puna, npocymmupoBas-
HYIO TI0 umImyabcam p u p’. s wee uz (4.150) MoxkHO momyunts (npubiuzkenHo!) 3a-
MKHYTYIO CUCTeMY ypaBHenuii. JIjis 9Toro mpocyMmMupyeM 1o p u p’ 06e 9acTu ypaBHEeHNsI
(4.150), BOCNOIB30BABIIKUCEH MK 3TOM TOXKAeCcTBOM Yopaa (4.151). Torma cpa3dy ke 10-
JIydaeMm:

wdfA(wq) — vpq®@FY(wq) = —N(E) (4.153)

rJie BBEJIN
PR (wq) = 22 pa) 55 (waq) (4.154)

31ech P U § — eIUHWYHBIE BEKTODA B HANPABJIEHUSX P U , |p| =~ |p/| = pr, vF =

PR _ . .
B = F’ a N(F) — mnorHocrs cocrosinuii Ha yposae ®Pepmu g 06eux poeKiuii

JIEKTPOHHOI'O CIIMHA:

w—0,g—0 2mi

N(E) = 20(E) = _% S ImGR(Ep) = — lim Z AG, (4.155)

~ ((

[JIe MOsIBJICHHE CIIMHOBOI “ABOWKK” CBSA3aHO ¢ ee Hau4neM B onpenenenusx (4.88), (4.154).
Mb1 Mmoxkem orpanuuuThbes B npasoil yacru (4.153) npenesnom, ykasauubiv B (4.155), no-
ckosibKy N (F) mpakTuuecku MOCTOSHHA Ha WHTepBaje suepruil w < F, vpq < F.



120 Inmapa 4. 9JIEKTPOHBI B HEYIIOPsJIOYEHHBIX CUCTEMAX

Ho reneps y nac nossunach nosas dynxmus 14 (wq), onpenenennas b (4.154). ds
Hee TOXKE HYXKHO HAIMCATh yPABHEHUE, KOTOPOE MOXKeT ObITh BhiBeaeHO u3 (4.150). s
sroro ymuoxum (4.150) Ha (Pq) u omarb mpocymMmMHupyeM 00€ YacTh ypaBHEHUS [0 P U
p’ ¢ ucnonp3oBaEEeM TOXKAECTBA Yopaa (4.151), a Tak:ke CIEAYIOMEro MPpUOIUKEHHOTO

[pe/CTaB/IeHH> :
S0 () & — 2B S (14 d(pa)(574)) DL, (wa) (4.161)
s T B) 2, v
P p'p
ToTyuaeM ypaBHeHme:
1
[w+ M(qw)] F4(wq) — Equi)RA(wq) =0 (4.162)

IJle BBEJIU TaK HA3BIBAEMOE PEAGKCAUUOHHOE AIPO:
id

M(qw) = 24y + m

> (PAAGLUpp (qw)AGy (p'd) (4.163)

pp’

e v = mpv’v(E) — onpe/e/ieHHas BbIIIe GOPHOBCKASA YACTOTa PACCEAHHS Ha MPHMECHX.
VYpasuenus (4.153) u (4.162) o6pa3yror 3aMKHYTYIO CUCTEMY, HO3BOJISIONLYIO BHIPA3UTH
WHTEpecyIoNTyIo Hac AByxTacTuanyio bynkmo ®F4(qw) gepes M (qw), KoTopast, B cBOIO
oUepens, onpezensercs coracto (4.163) wepe3 HempuBoauMYIO BepIiuHy Upp (qw).

TexHUYecKue JeTaJil BbIBOJdaA:

ITepeiinem Temepb K moapobHOMY BhIBOAY (4.162) u (4.163). YMuOXKeHHe 0benx udacteii (4.150) Ha %‘i u

Toc/IeyIonee CyMMHEpOBaHue Mo p 1 p’ jaert:

S P, P SR(E fw,pi) +24(Bpo) | @5 (qu) =
m m

72 " U //(qw)AG 7"

-3 %QAGP 21 Z EAGP Z A (qw) (4.164)
p/

Iy

273&M9THM, aro npexacrasiaernue (4.161), dakrmaeckn npeacrasisier cOO0R ydIeT IMEPBHIX ABYX WIEHOB
CJIEIYIONIEr0 PA3JIOyKeHUs B PsAJ [I0 HOJHMHOMaM Jlexxangpa:

oo
Z (1’51;4 = Z Py(cos Opq)®), = Py, + cos Opq P}, + - (4.156)
! 1=0

rae Opq — yron mMexxay sBekTopamu p u q. Ilomaras <I>0 ~ <I>1 ~ AGp, MOKeM HAITUCATh:

P = —[2miv(E)] "' AGp Z ol (wa) (4.157)
p’'p”
, - r’q
Pl = —[2miv(E)] T AGp Y u<1>1[,,,P,(wq) (4.158)
p/p// pF
49T0 1 66110 crenano B (4.161). IIpu w — 0, ¢ — 0, ¢ ygerom (4.155) u |p| = |p’| = pr, umeem:
RA
D> ook = QMV(E ZAGP Z oFL, Z ofR, (4.159)
pp’
N pq N
> pa)efs = () ZAGp i Z @@, = 3 (p'aell, (4.160)
pp/ 1:,/PH

rae d — pa3MepPHOCTH IPOCTPAHCTBA.
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Ijie Pa3sHOCTb COOCTBEHHO — SHEPreTHYECKUX dacTell B JIEBOH YaCTH NEepenucaHa C IOMONIBIO TOXKIECTBA
VYopma (4.151). Torga umeem:

Pa (Pa)* (p&)
§ Plgis (q Z q>§;‘, (aw) = 35 D Uppr AGpn Byl (qw) =

H/—’ pp’ p’’
1p2 _2E

d m2_ dm
pa AG

= > ———" - E —AGp > Uppr ®5i (qw)  (4.165)
- m 27 o

3aHynsgeTcsa IpU HHTErPUPOBAHUK IO YIIy!

9TO TAeT:

WZ pqq>RA Cl )+Z_AGPZUPP”<D "o CIW)

(1)

Pd
= Z Z Uppr AGpr @54 (qu) +q— Z 1% (qu) (4.166)
pp’ p”

(11

Paccmorpum mo oraensrocta Bkiagel (I) u (IT). C ucnons3osannem (4.161) mmeewm:

=3 quGp 1L,p,,2<1>

ppll
pd AGpr R
== 3 L AGeUppry s 3 [ de" (0" ) /0F] P5 e =
pp”’/ p'p’"”’
pa
_ W Z —AGpUppr AGpr > ok +
p p p///
(IT1)
id P4
+72 Z(pq)AGP pp//AG N(p”q Z L ¥ X m
2nv(E)ps. =, T T
PP p’'p
(4.167)
AmnajoruaasiM 06pa3oM:
=3P 0, AG S R4 =
m PP P pp’
p pII p/
pq AGp ~ 1" A 2 RA
*Z ZUpp”AGp 2miv(E) > {1+ dpa) (" a)/ry} i, =
p/pIII
(pq P4
=(I1I) + Z AGPZ pp AGpr > 7q>p,,,p =
p/p///
1/d
p"da P4q
= (1) + Y  UppnAGpr > —@ o = (ITT) 72172—4{5‘, (4.168)
1 p p/// pp

IJie IPU EePexO0/e K IMOCIeAHEMY PABEHCTBY CHOBA HCIIOJIB30BAJHN TOXKAECTBO Yopaa (4.151) u nepemmcanu
PA3HOCTH COOCTBEHHO — SHEPreTUYIECKHUX YacTell, BOCIOIB30BABIINCH NpOCTedmuM npubimkenneM (4.25)
kak X4 — B = 2{ImX%4 = 2. Torga uz (4.167) u (4.168) nomywaem:

id . e
(I) = (IT) 72172 <1>RA W > (PA)AGpUppr AGp p”q)z — ol —
PF pp'’ pp’

pa
= M(qw) Y “@rs  (4.169)



122 Inmapa 4. 9JIEKTPOHBI B HEYIIOPsJIOYEHHBIX CUCTEMAX

rae M(qw) onpezeneno B (4.163). B pesynbrare (4.166) cBogurcs K (4.162), uro u Tpe6oBaIoCs!

B npunnune, Bce 3Tu MaHUAIYIAAY “TOYTH ToYHbIE . Hanbomee cepbe3noe yupoienne, KOTOpoe Ob1I0
C/IETAHO, CBA3AHO C HMCIOJIb30BAHUEM IMPOCTEHIIEro MPUOJIMIKEHUsT IS COOCTBEHHO — SHEPreTHYecKOit
gactu (4.25) npu npeobpazosanuu (4.168). Eciu uM He m0nb30BaTHCsI, BOBHUKHET IPOCTO GoJsiee obiiee
(mo cpaereruto ¢ (4.163)) BEIpaKeHHE JUIS PEJIAKCAIMOHHOTO SIAPA:

1 7

> AGp [ZR(E +wpy) — ZA(Ep—)] + 70{2 > (PAAGPUpp AGy (p'@)
) P E)pF pp’

M(qw) = 2miv(E 2mu(

(4.170)
Jlanplme BCe 3aBHCHUT OT TOIO, KaKOe MPHUOJIMKeHHe MbI OyZeM HCIOJIb30BAaTh [ HEIPUBOIUMOM Bep-
mmubl Upgy,
OauKeHHbIe BBIPAXKEHHsI, KOTOPbIe, CTPOr0 TOBOps, OIPABIAHBI JIMIIL B IIpejese JOCTATOYHO CIaboro
becniopsinka: v < E. Tem He MeHee, Mbl YBUIUM, YTO BBEJEHNME HEKOTOPOW MPOIEHLypPhl CAMOCOIIaCOBa~

HUS [TO3BOJIUT BBIATH 33 MPEHEesIbl 3THX MPOCTEHINNX TPUOTHIKEHIA.
Pemas renepn cucremy ypasuenuit (4.153) u (4.162), naxomum:

HO KOHKPETHBIC PEe3yJIbTaThl MOXKHO IMOJIYYIUTh TOJIBKO HUCIIOJIB3Yys IMOJIYyY€HHBIE BBIIIE IIPU-

w—+ M(qw)
w? + wM(qw) — jvEg?

dFRA(qw) = —N(E) (4.171)

Ucnonb3ys Boipazkenue (4.102), HemesieHHO moTydaeM (DyHKIUIO OTKIAKA JIOTHOCTD —
IUIOTHOCTD B CJIEJIYIONIEM BUJIE:

1,2 2
Ly2gq
w) = wdf4(qw) + N(EFr) = vpq®f(qw) = —N(E A
(4.172)
[Ipu MambIx w, mperebperas w? B 3mamenarene (4.171) mnu (4.172), MOXKeM HAITECATD:
1
o (qw) = —N(E)—————— 4.173
(@) = ~N(E) g (1173)
iDp(qw)q?
w)=NF)—————— 4.174
xlaw) = N(B) (174)
T7Ie BBEJIH, 110 OMpPEIeIeHnI0, 0000werHbil Koadduyuenm Juddysuu:
2B 1 vE i
D == __ 4.175
&(aw) Yam M(qw) d M(qw) ( )
HEMOCPEICTBEHHO BBIPAKAIOIIMHCS 9epe3 PeTaKCAIMOHHOE SIIPO.
Ucnonb3ys obuiee Boipazkenue (4.106) i1 IpOBOIUMOCTH, TI0JIy 4A€M:
(w) net i 2D (00)N (E) 0 (4.176)
olw)= —————— —c¢ mpu w — .
m w~+ M(0w) L P
rIe YU, 9T0 §tmy = 2E (n - mIOTHOCTD 31EKTPOHOB).

Takum 06pa30M, BCe HHTEPECHbIE XapAKTEPUCTHKH PACCMATPHBAEMON CHCTEMbL BbIDa-
JKAI0TCs Yepe3 pesakcanuontoe aapo (4.163). Becs Boupoc B ToM, B KaKOM IPUbIIHKEHUN
ero MoxkHO nocuntars! Ecmm qnst Upp/(qw) B (4.163) B34rh npocreiiniee nmpubinKeHue
(4.127), To u3 (4.163), B Ipeesie ciaaboro Gecrnopsizka (KOrIa 9TO MPUOJIMIKEHNE KaK pa3

u cripaBeBo!) nmeem>®:

12

M) = — =2mip> 5 (B2 ) e -p)Pa-pp)  (@17)

Ttr 2m

28B AG) Tyt npocro B3aT npeges y — 0.
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— 0OBIYHOE BBIPAXKEHUE JJIs MPAHCIOPMHO20 BPEMEHH PEIAKCAIMN Ty 3 CUET PACCEAHUS
HA TIPUMECAX B METAJLIE, ONPEIE/IAIONIEe BEIMUUHY OCTATOYHOrO CONPOTUBICHNS (HAIOM-
HuM, 9T0 y Hac E = Ep u pp’ = cosbpp/), a (4.176) cBomurcs K cranaapTHO# dbopMyre

Hpyaze:

7162

o = WTtr (4178)

npu w = 0, unu
ne? 1,

o(w) = (4.179)

m 1 —iwr,
JIJTsT KOHEYHOM YaCcTOThI BHEITHETO MOJIS.

Bosbmem rermeps B katdectse Upp (qw) Kymepow (4.147). Torma DOHATHO, YTO HAJIHTIHE
b dY3MOHHOTO TIOJII0Ca MOYKET, BOOOIIE TOBODPS, MPUBECTH K PACLO0UMOCTIY PETAKCa-
monHoro stapa M (Ow) mpu w — 0, mocKosIbKy mpu w — 0:

ket = d=1
v w
/dkw + iDok? { hw d=2 (4.180)

Ora (“undpaxpacnas”) pacxomumoctb Bosaukaet npu d < 222, Tlosromy, HapsLy ¢ 0ObIY-
HBIM JPYJeBCKUM (KOHEYHbIM 1Ipu w — () BKJIAZOM, MOXKET BO3HUKHYTb CHHIYJISIPHBI
(B “undpparpacuom” npeznene w — 0) Bruag B M(Ow), KOTOPBIA NIPUBOIUT K CEPbE3-
HBIM MOC/IeACTBUuAM (Jokanu3anusa Angepcona). Haima manbrelinas 3aada COCTOMT B
AKKypPaTHOM BBIJIEJIEHUU TaKOTO BKJIAIA.

TMoncrasnss (4.147) B (4.163) umeem (¢ — 0, w — 0):

. 2id ~ A
M(Ow) = 2iy — m Z(PQ)ImGR(EP)Upp' (OW)ImGR(EP/)(PIQ) =
pp’
. 4dU0’y R R 1 R , ..
=2 — ImG"(E ImG™"(E 4.181
e v (E)p% pzp:l(pq) mG™( p)w +iDo(p + p')? mG™(Ep)(p'a) ( )

CaenaeMm 31ech 3ameny nepemennoii: k = p + p’; p’ = k — p. Torna (4.181) nepenumiercs
KaK:

o 4dU0’)/ “ R 1 R “
M(0w) = 2iy+ s %;(pq)ImG (BP) i pae [mG" (Bp — k) (k)
4dUQ’}/ AN2 R 1 R
5 pd)° ImG*(Ep) ——————=ImG"(Ep — k
v (E)p% %{2(\1,}/ ( )w + 1Dok? ( )
aPF
(4.182)

3amerum Tenepb, YTO BTOPOe CJIaraeMoe 31eCh KOHedHO npu w — 0 (MOXKHO CKa3aThb, 4TO
OHO TIPOCTO “IEePEeHOPMUPYET’ WiieH 2i7), & B TPETheM CHHTY/IAPHBIA mpu w — 0 BRI
BO3HUKAET U3 WIEHa PA3JIOKEHUs IOJUHTEIDAJIBHOIO BBIPAXKEHUA HYJIEBOI'O MOPAIKa IO
k — 0 (rorga nosiisiercs unrerpa tuna (4.180)). B urore 3amumem:

1

M(0w) ~ 2iy — 4U3 > (ImG"(Ep))* > R

o k

(4.183)

29Tns d > 2 B (4.180) Hy’KHO emme BBecTH obpesanne Ha BepxHeM mpezerne mpn k ~ I~ ~ vty (aro

CBSI3aHO C KPUTEPHEM IPUMeHHMOCTH nuddy3uoHHOro npubiamkerns (CM. CHOCKY B cBsi3u ¢ (4.131)).
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Tenepp ydreMm, 9TO B UCHOJIb3YEMbIX HAMU MPUOIMKEHUSIX:

2 > 7 _,
zp:(ImGR(Ep)) ~v(E) /_ N df[ E_Or R o (E) (4.184)
TaK 49TO:
20y Y (ImG™(Ep))® = nUpv(E)y~' =1 (4.185)

Coorsercrenno, (4.183) csogurcs K:

1
M(0w) = 2iy —2Up ————— 4.186
(0w) U Wt 1Dok? ( )
Paccmorpum renepb noapobHo citydaii aByMepHoil cucreMbl (d = 2).
Ha.M HY>KHO IIOCYUTATH UHTETrpaJI:
1 Q A 1 1 A 1
= : =2 /dkk%:—/ dkk——— =
= wt 1Dok? (2m)2 Jo w + iDgk? 27 Jo w + iDgk?
2 2 2 s W
1 A 1 1 A 1 1 AT tips
=— dz—— = — / = / do— P9 (4.187)
4 Jo w+1tDox  4miDpo Jo x+ Do 4miDo Jo z2 + %S
Bugnuwm, uro:
1w A 1
Rel = ——— — / de—— — 0 npu w—0 (4.188)
4mDo Do Jo x4+ 5y
B CHJLy CXOOuMOCTH uHTerpasa. C Ipyroii CTOPOHBI:
2
1 A
Iml = ——— / dx% (4.189)
L0 Jo e + D—g
— siorapuMU9IECKH PacXOAUTCs npu w — 0:
4
1 A 1 1 DZA4
Iml = — dz - =— In (1 + 5% ) (4.190)
8m Do Jo z+ z’)_g 8w Dg w
CooTBeTCTBEeHHO, Ipu w — 0 mMeeM:
1 D2A4 1 DoA?
Iml ~ — In 20~ — — In 22— =
8w Do w? 41 Dqg w
1 1 1 1
=— In— =2 In— (4.191)
4tDo  wT 2 2rET  wT
rae Mbl BIOpanam mapamerp obpesanust A u3 yciosmsol:
1
DoA?% ~ = =24 (4.192)
T
9TO JaeT:
2m 1 2m
A~y /222 =0 /2800 0 4.193
E T E (4.193)
rae | = vpT — gmuHA CBOOOIHOrO mpobera, MiIu
1
vpA ~ — =2y (4.194)
T
C yIeToM vp = ,/% u Dg = % s d = 2. COOTBETCTBEHHO, MOJIyYaeM
. 1 1
—2UoI =~ imUy In — (4.195)
2rET  wT

30 Huxe MbI emme o6cyquM 5TOT BBIGOD mogpobHee!
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Yuarewm eme, ato ana d = 2 v(E) = $-, Tak aro mUp = % = %
B urore, (4.186) cBoauTcs K:
v 1 1 1
M(Ow)=—+ - In — 4.196
(0w) T+’7'27TET tor ( )

Ucnoub3ys 1o Beipazkenue B (4.175), naxonum 06061enublit koadduiment nuddys3un
JIByMEPHOH CHCTEMbI B BH/JIE:

i 1 Dg
D = Dg— = ~
() 0r Mw) 1+ 27&27 In w—lT
1 1
~Dy<1— In — 4.1
0{ 2w BT nwr} (4.197)

r7e B TOCTeTHEM DABEHCTBE YUJIM, YTO BCE HAIM MPOIEIYPhI SBJISIOTCS OOOCHOBAHHBI-
MU JIUIIb B yCJIOBUSX CIA0OT0 OECMOpsiIKa, KOT/IA BBITOJIHSETCS HEPABEHCTBO 2w ET >
1. Bropoe ciaraemoe B (4.197) onucbiBaer KBaHTOBbIE HONPaBKU K mporeccy auddy-
3uu (OpoBOAUMOCTU) B ABYMepHOii cucreme sjekrporos ¢ npumecsmu (JI.II.Topbkos,
A M. JTapkun, 1.E.Xmenpuuukuit, 1979). ITockonbKy 3HaK 3THX ONPABOK (B JIaHHOM
IPOCTEHIIEM CJIyuae MOTEHIUAIBLHOTO PACCEAHN) OTPUIATEIbHBINA (OHU YMEHBIIAIOT KO-
s durment auddy3un MO CPABHEHUIO C €r0 KJIACCHIECKUM “IPYIAEBCKUM’ 3HAYEHUEM
Do), TO 9aCTO TOBOPAT TakzKe O ABICHUN “craboit mokamuzaruu’ >,

Bce paccmorpenune nposogauiock noka s 1 = 0. [Ipu KoHEYHBIX TemmepaTypax
CYIIECTBEHHBI IPOIECCHI HEYIIPYTOro PACCESHUS 3JIEKTPOHOB, TPUBOIAIINE K TPOIECCAM
“cbos1 pazpr’ (JeKOrepeHIun) BOIHOBLIX (DYHKIMIL, ¢ XapaKTepHBIM BpeMeneM 74 = AT P
(cTenmensb p 3aBUCUT OT THUIIA HEYOPYTOro mpouecca). Ilosromy, Beipazkenue (4.197) 3ame-
HSIETCS Ha:

1 1
In (4.198)

- 27ET Maz {w 1}7’

)

D(w) = DQ

B gacrrocTH, M5t w = 0, Oy9aeM CTaTUYeCKYIO MPOBOJAMMOCTD B BHUJIE:

U:ao{l— L 1DT—¢}:0'0{1— P IHE} (4.199)

2rET T 2nEr T

rae Ty — HeKOTOpbIil MacmTad Temneparypsl (sueprun). Ucnons3ys N?E) =2 =F

2 2
(a0 cpaBenUBO MIA d = 2), MOMyYaeM oy = -7 = ST, Tak uTo (4.199) meperm-
CBIBAETCS TAKIKE KaK:

2
e 1 T
oc=—FEr{l— In -2 (4.200)
2 2nET T
BaMeTHM q9T0o é = i = é ompeessaeT KBaHTOBBIN MaCH_[Ta6 IIPOBOJIMMOCTHU: é =
) 27 = 275 — T OUPEX POBOZ, O

2.5-10 oM~ L.

Jlorapudmuyeckas TeMneparypHas 3aBUCUMOCTh poBoaumocTu Tuna (4.199), (4.200)
JIefiCTBUTENHHO HAO/IIOJAETCSA SKCIEPUMEHTAIBLHO [TPY JOCTATOYHO HU3KUX TEMIIEPATYPaX
NPAKTHIECKH JIJIS JTFOOBIX JIBYMEPHBIX METATAIECKAX CUCTEM (TOHKHE ILJIEHKH, JTBYMep-
ubiil sekrponnblii ra3 8 MOII — crpykrypax u t.u.) [18, 19].

31Ecnu hbopMambHO yCTPEMUTD B (4.197) w — 0, TO, B cuiy JOrapudMUIECKON PACKOJUMOCTH, KBAH-
TOBad IMOIPABKa CPABHUBACTCA U MPEBOCXOOUT KJIACCUIECKUIT BKJIaJ, YKa3bIBad Ha BO3MOXKHOCTH 06-
paleHus! CTATUIECKON mpoBoguMocTu cucrembl npu 7' = 0 B Hynb (IE€PEXO] METAJUI — JUIJIEKTPUK HJIU
nepexoxs Augepcona). Pasymeercs, npu 5TOM MBI BBIXOJUM 3a 061aCTh IPHMEHIMOCTH PACCMATPUBAEMBIX
BBIPAXKEHUI U TyT TpebyeTcsi ClenraJbHOe PACCMOTPEHNE, KOTOPOe Oy/IeT MPOBEIEHO HUXKE.
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b)

Puc. 4.21: @eiiHMaHOBCKUE TPAEKTOPUU YACTHUIbI, PACIPOCTPaHsomeiics u3 Touku A B
Touky B (a) u nmpumep Tpaekropuu ¢ camonepecederuem (b).

HaI‘J’ISI,Z[HaSI nHTepIlnperanud KBaHTOBBIX ITOIIPpaBOK.

Paccmorpum dbusnaeckuii CMBICH HallIEHHBIX HAME KBAHTOBBIX HONIPABOK K nposogumoctu (A.M.JlapkuH,
J.E.Xmenpuunkuii, 1980). Msr (moka!) paccmarpuBaeM ciaydail ciaboro 6ecnopsiaka, JIHHA CBOOOJHOIO
npobera | > % nnu (B cucreme h = 1) ppl > 1, ET > 1. Craprys ¢ 00BI9HOrO “MeTasnmaeckoro”
pekuMa IMPOBOAMMOCTH, UIEM IIOIPABKU OT “caaboi JToKam3aun’:

o =09 + do; |6o| < o0 (4.201)

OO6bluHast APYAEBCKas MPOBOJUMOCTL (pe3yJIbTaT CTAHAAPTHOW KHHETHYECKOH TeOpHUH), KAK MBI TOJIBKO

9TO BUJEIH, 00 ~ ;—EET. B 370it Teopun, nmocneayonue aKThl PACCESIHUS PACCMATPUBAIOTCS KaK HE3ABH-
cuMble (HeKoppesupoBaHHbie). [Ipu 3TOM 37IeKTPOHBI COBEPIIAIOT OOLIUHYIO (KIacCHuecKyo) auddysuro,
TaK YTO JJIsI JACTHI[I, HAXOAMAIEHCcss B MOMeHT BpeMeHu ¢t = 0 B TOYKe I, BEPOSITHOCTH OKa3aThCsS B
MoMeHT t > 0 B TOUKe r jaercs perieHueM ypasHenus auddy3un u B d — MEPHOM MPOCTPAHCTBE PaBHA:

- ‘r471;012
e 0
P(rt) = Do) (4.202)

rje kiaccudeckuit koaddunpuent quddysun Do = v%,’r/d. DTa BEPOSITHOCTH CYIECTBEHHO OTJIUYHA, OT
HyJIs B Ipefiesiax o6beMa Vy; f ¢, OIPEIeNAeMOro ycIoBueM |r — ro|? < 4Dgt, rue:

1 1

Prt)yw —— = ————~
(1' ) leff (Dot)d/2

(4.203)

Bce 310 umcTO Kiaccuueckas KapTUHA. PaccMOTpUM Temepb K8aHMOBY10 KAPTUHY HA dA3bIKe (elHMa-
HOBCKEX TpaekTopuil wactuner [20], pacnpocrparstomeiics u3 toukn A B TOUKy B, KaK 3TO IOKA3aHO
na Puc. 4.21 (a). Kaxkayo TpaeKTOPHIO MOXKHO DAaCCMATPUBATH KaK “TPyOKy” ¢ KOHEYHOH TOIMHON
nopsiika (COOTHOIIEHHE HEOIpeesIeHHOCTelH! ):

h

mvp

Ap = (4.204)
IIpu sToM momepeunoe cedenue “TpyOkm”’ MOPsIIKA AC}_I. B kumaccuueckom mpegene i — 0 u Ap = 0.
ITpu caabom Gecriopsiake A/l = % < 1, T.e. “rpybku” gocTaTovHO TOHKHE. IlycTh TeMmeparypa ToXxe

JOCTATOIHO MaJia, TaK UTO HEyNpyTHe IIPOTECCH, XapaKTepu3yeMble BPEMEeHeM T, JOCTATOUHO DeIKH:
Ty > T.
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Bepogrrocts nepexoga A — B no PeitnMaHy eCThb:

2
W= >"A =D AP +) A4 (4.205)
i i i#j

rge A; — aMIUIMTYAa BEPOSTHOCTH mepexoga A — B mo i-it rpaekTopuu. B 60/IBIIMAHOBCKON KUHETH-
YeKOH TeOopHH, eCTECTBEHHO, IpeHebperaercs HHTepdepeHIMOHEbIM (KBAaHTOBLIM!) BKIagoM B (4.205). B
GOJILIIMHCTBE CJIy9aeB 3TO ONPABJAHO — IYTH (TPAEKTOPHH) MMEIOT Pa3Hble JJIMHBI M aMILIATYIBI A;
nmeroT pasuble (caydaiinere!) daser. OQHAKO €CTH OJHO HCKJIOYEHHE, a MMEHHO, Ciaydail xorma A u B
COBITATAIOT, T.e. IMyTH C CAMOTIepecedeHneM, THIa ToKasanuoro ma Puc. 4.21 (b)32. Taxoit 3aMKHYTHIH
IIyTh MOKET IPOXOJUTHCHA B JBYX HPOTHBOIOJIOXKHBIX HAIPaBJEHUHAX 1 M 2, HO IMOCKOJBbKY ImyTu 1 m 2
coBmagaoT, Ga3sl aMIauTys A1 U A2 KOrepeHTHBI U BTopoe cyiaraemoe B (4.205) maeT KOHeUHBIH BKIa!
CooTrBeTCTBYIOmAsT KJIACCHYECKasi BEPOSITHOCTH Iepexofa B ciay4dae A1 = Ay = A ecte W = 2|A\2
(mepBobrit wien B (4.205)), HO B KBAHTOBOM CJIydae BO3HUKAET elle M HEHyJIeBOH mHTepdepeHIHOHHBIN
Bkya (Bropoit wien B (4.205)), Tak 4ro:

Wam = 2|A]2 + AT Ay + A1 A = 4]A)? (4.206)

TaK 4TO

Wam = 2W¢ (4.207)
Takum 06pa3zoM, BEpOSTHOCTH 6036pama KBAHTOBOI JACTUIBI B JBa pa3a DOJIbIINE, YeM Y KJIACCHIECKON
— kBaHTOBas Aubdy3us “Memennee” KIACCHIECKOHSS . DTO U IPHBOAUT K CHUNCEHUIO TIPOBOTUMOCTH O
— TEHJEHINHU K JIOKAIu3anun!.

Onenum Tenepb Bewuuny 60 /cg. VI3 HAUX PACCy’KIEHUH CJIeLyeT, 9TO 3HaK 00/0( OTPHIATEH-
HBIHA, & CAMO U3MEHEHHEe IPOBOANMOCTH IPONOPIHOHATIBHO BEPOSTHOCTH BOSHUKHOBEHUS (B x0z1e aubdy-
3un!) myrtu ¢ camonepecedenuem. Paccmorpum myts (“rpyOky” ¢ ceaennem A;l?_l) B d — MEPHOM IPOCTPaH-
cTBe. 3a HHTePBAJ BpeMeHU dt 3JIeKTPOH IMPOXOIUT paccTosHue dl = vpdl, COOTBEeTCTBYOINM 06beMInK
“TpyOoku” ectb dV = vpdt)\;lr_l. C npyroit CTOpOHBI, MAKCHMAJbHO JOCTYHHBIA 00beM Ajst nuddyH-
IUPYIONeil YaCTUIbI €CTh, KaK Mbl BUJHU, Vi;ff (4.203). Torma BEPOATHOCTH JIEKTPOHY OKA3ATHCH B
3aMKHYTO# TpyOKe MOXKHO rpy0bo0 OIleHHTb, KaK MHTErpaJl OT OTHONIEHUS 3TUX JABYX O0HLEMOB:

Tin  dV _ T¢ dt
W:/ —— =uph 1/ — (4.208)
r Vaigs +  (Dot)¥/
Hrxauit mpees HHTErPUPOBAHUS OIPEIEIAeTCs 3/1eCh KPUTEPHEeM IPUMEHUMOCTH AUMDY3HOHHOrO Ipu-
OJIVKEHHUS, & BEPXHUN — MpeaesioM MPUMEHUMOCTH KBAHTOBOM KAPTUHBI KOT€PEHTHOTO PACIPOCTPAHEHUST
2

qacTuIpl. BemoMunas, 4To og ~ ;‘—QET, MOJIy9aeM MPOCTYIO OIEHKY:
SEAPURLCEY ™ (Ld’) d=2 (4.209)
]

1 .
Ecnu o~ TP, o (4.209) maer:

bo T-P/2  gd=1
—~ 5§ phn o d=2 (4.210)
o0 Tl TP g=3

Vcnonb3oBanHoe BhIle ycjaoBue A; = Ag npenmnosiaraerT 3KBUBAJEHTHOCTH COCTOSTHUN JIEKTPOHA C MM-
MyJIbCAMHA P U —P, T.€. HAIAYAE CHMMETPHU OTHOCHTEJIHLHO OOpalleHusi BpeMeHu t — —t. DTO BEPHO B
OTCyTCTBHE BHEIIHEr0 MATHHTHOTO IIOJIS M MArHUTHBIX mpuMmecei3?. B mpucyrcrsun moss H stu gse
AMIUTATYIBI MePeXoa MpuobpeTaoT (a3bl MPOTUBOIOIOKHOTO 3HAKA:

Al — A1 Ag — Age™ (4.211)
re
e 2w
= — ¢ dlA = 4.212
¥ ﬁc?{ he/e ( )

32Peup, TakuM 06pa3oM, HAET O MpOTeccax paccesHus ¢ Bospparom (backscattering).

33370 ecTh CEACTBEE 604HO060U MPUPOABI YACTHIL B KBAHTOBOH MexaHHKe. Bce HAIIM paccyKaeHHs
CIpaBe BBl TAKXKe U JIs KJIACCHIECKUX 604H. IIpuMep — ycuieHue sxa B jecy!

340uenn sicnoe obCyiaenue MPOBIeM, CBI3AHHBIX C OMMCAHAEM HHBAPHAHTHOCTH OTHOCHTEIHHO 06pa-
IeHUsT BPEMEHN H ee OTCYTCTBHUS B CHCTEMaX, HAXOMAIIUXCS BO BHEINIHEM MAarHHTHOM IIOJI€ HJIH COJep-
JKAIIIX MAarHUTHBIE HpuMecu, MOxKHO Hafitu B . VIII kaurum [21].
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rae ¢ = HS — mOTOK MarHUTHOIO MOJIS 4epe3 CedeHue S 3aMKHYTOro myTu (Tpaekropui). II0CKOIBKY
3JIEKTPOH coBepmaeT auddy3uoHHOE ABHKeHHe, umeeMm S ~ Dot, Tak aro ¢ ~ HDogt. B pesynbrare,
BMmecTo (4.206), It BEPOATHOCTH BO3BPATA MBI HMEEM:

Wy = 2|A|? {1 + cos (%i) } (4.213)
%0

rae ¢ = % — KBAHT [IOTOKa TEOPUH CBEPXIPOBOAUMOCTH [11], coorBeTcTByIONMii 3apsny 2e! YaBoeHHBIN
3aps/{ BO3HHKAET 3/€Ch MOTOMY, 9TO y HAC HHTED(EPHPYIOT BKJIAIABL 08YZ SJIEKTPOHOB C P m —p (aHa-
JIOTUYHO TOMY, KaK B T€OPHH CBEPXIPOBOAUMOCTH CIAPHUBAIOTCS JBa JIEKTPOHA C IPOTHUBOIOJOXKHBIMA
ummyabcamu). [pu H = 0 crosa umeeM Wi—g = 4|A|2. CoOTBETCTBEHHO, IPU HAJMYUM BHEITHETO Mar-
HHUTHOTO IIOJISI BO3HHUKAET OMPUYUGMENDbHOE MATHUTOCOIPDOTHUBIIEHNE, BEJIMINHA KOTOPOTO OIPEIeNIseTCs

Pa3HOCTBKO KBAHTOBBIX IIOIIPABOK:

Ac(H) = 0(H) — 50:(0) ~ Wi — Wi—o ~

~upAET /:d) (Do‘iﬁ {1 — cos (2#%) } >0 (4.214)

U CBdA3aHa C IMOJAaBJIEHHEM KBAaHTOBBIX (.TIOKa..TII/ISa.L[I/IOHHbIX) IIOIIPABOK BHEIMTHUM MATrHUTHBIM IIOJIEM. Ac-

HDUT(p
%0

HO, 9T0 Ao (H) sBasierca dynKnmeit . “Kpuruueckoe” mosie, IpUBOASINee K IPAKTHIECKH IOTHOMY

H.DgT,
NOJABJICHUIO JIOKAJIU3AIINOHHBIX IOIPABOK, ONPEendeTcs yCIOBHEM % ~ 1, 9TO I TUNHYIHBIX

Do u 74 maer Hc ~ 100 <+ 500rc. DddexT 0TpUIaTe bHOr0 MATHUTOCONPOTUBIEHUSA B CJAA0BIX MONAX B
HEYIOPAJOYCHHBIX MeTaJlIaX ﬂeﬁCTBHTeHbHO Ha.6m0;[aeTc51 U JaeT MeTOOd M3Yy4YeHHs KBAHTOBBIX IOIPa-
BOK K IPOBOJAUMOCTH U XapaKTEPHBIX BPEMEH THUIA T [18, 19]35.

4.6.2 CamocorjiacOBaHHasd TE€OPUd JIOKAJTIU3AIUU.

Bepuemcs k obmieii auckycenn. OKa3blBaeTCs BO3MOXKHBIM IIPEIJIOKATH HEKOTOPYIO CXe-
MY CAMOCOIJIACOBAHUS, TO3BOJISIONIYI0 PACCMOTPETh W 00JACTh JOCTATOYHO CHJIHLHOTO
Gecriopsanka. s 3Toro BepHeMcs K Bbipaxkenuio (4.186). OcHoBHag uues camocozaa-
cosannoli meopuu aokasusayuu (W.Gotze, 1979, D.Vollhardt, P.-Wolfle, 1980) cocrout B
3ameHe Kjaccudeckoro koabdurnuenta quddysuu Dy B shamenamene (4.186) na 0606-
wennblii koadbdunpent nuddysun (4.175), KOTOPLIN caM BbIPAXKAETCS Y€PE3 peslakca-
UMOHHOE $11po, oupezessgemoe (4.186). B pesysbrare mosyudaem cienymoliee ypasreHue
camocozracosanus 1t onpenenenus aapa M (0w)3C:

1 7
M(w) =27 {1+ (4.215)
(B o T

uim dKBuBasienTHoe (B cuity (4.175)) ypaBrenue jgisi 00061menHoro koadbdunmenra qud-
dy3um:

Do 1 1
=1 S 4.21
Do) ' xn(E) k% “io+ Da(@)k? (4:216)
0

BhIG0p BETMYMHBI UMITYTIhCa 00pe3anus ko OymeT obcyKIaThes HiKe® .

35Hy»KHO 4YeTKO OTIHYATH PACCMOTDEHHBIH 3(hdEKT OT KJIAaCCHIeCKOr0 MAarHeTOCOIPOTHBICHHS
Ac(H
% ~ —(wgT)?, TIe W = % Besnnuyuna KJIaCCMYECKOTO MArHETOCONPOTHUBJIEHHUSI, B COOTBETCTBYO-
IMUX [OJISAX, HA MHOIO MOpSAAKOB MeHbie (4.214) u umeer apyroil 3Hak!

363amerim, 4TO MpE 3TOM MBI TIpeHeGpPeraeM BO3MOMKHON MPOCTPAHCTBEHHOMN AUCIepCHe: M(qw) —
M(0w), Dg(qw) — Dg(0w).

Pazymeercst, npemokeHHast cXxeMa CAMOCOIJIACOBAHHSI BHOCHT B TEOPHIO 3JIEMEHT “HEKOHTDOJIHDY-
eMOCTH”, 9TO XapaKTepHO W IS pafa APYTHX “CaMOCOIJIACOBAHHBIX Teopuil. Boobuie roBops, MOXKHO
nposecTn u Gosiee crporuii BeiBOg ypasuenuit (4.215), (4.216) (D.Vollhardt, P.Wélfle, 1982), ocrosan-
HBIM Ha 00IIeM JuarpaMMHOM aHaJM3e ¢ OTOpAChIBAHUEM MEHee CHHTYJISIPHBIX (HpI/I w — 0) BKJI3J0B, HO
MBI He OyZeM Ha 3TOM OCTaHaBIUBAaTHCsS. OIpaBJaHUeM IJIOZOTBOPHOCTH TAKOTO IOAXOJa SABJISIIOTCS, B
KOHEYHOM CUeTe, [TOJIy9aeMble B er0 PaMKaxX (PU3UTIECKHE Pe3ybTATHL.
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IIpex e deMm 3aHUMATHCA AeTAIBHBIM aHaIu3oM perrenuii (4.215) u (4.216), nocmot-
PHM, 9TO MOYKHO CKa3aTh “u3 00X coobparkenuit”. /11 3TOro BepHeMCsl K BhIPAYKEHUIO
(4.173) ama ®FA(qw). Mer oxmmaem, ato M (w) MOKET OKa3aThCs CHHTY/ISPHBIM MpH
w — 0. B ycoBusx cymiecTBoBaHHs IIpeena;

2F 1
2 (E)=—-"1lim —— 4.21
(E) dm w20 wM (w) (4.217)

R

loc

OIIPEIEJIAIONIEr0 XaPAKTEPHY0 MIUHY Rjoe, u3 (4.173) BblaessgeTCs CUHTYIISIPHBIA BKJIA/T
BuAa’® (1719 MPOCTOTHI MoIpa3yMeBaeTcs TaksKe mpeaer ¢ — 0):

NE) 1
pRA =- — 4.218
(@) = -2 (1.218)
B stux e ycioBusgx ymo0HO BBECTH XapaKTepHylo dacrory wo(FE):
2K 1
2 .

loc

Rioe(E) =1/ %ﬁ (4.220)

Hauna Rj,. nMeeT CMBICT paduyca A0KAAU3AUUL FTEKTPOHHBIX COCTOSIHUI B TIOJIE CITy-
JafiHOro ToTeHImaa mpuMeceii [16]. B yciaoBusix cyImecTBOBAHWS YKa3aHHBIX TPEJEIIOB
3JIEKTPOHHBIE COCTOsiHNS Ha ypoBHe Pepmu F OKa3bIBAIOTCS JIOKAIM30BAHHBIME WU CH-
CTeMa OKa3bIBAETCS B COCTOSHUU aHOepCoH08ckozo duanekmpura. Ilepexon Amgepcona
WM SIBJICHHE JIOKATH3AIUE SIEKTPOHOB B HEYHOPSAIOYCHHBIX CHCTEMAX OTHOCHTCH K IHC-
JIy OCHOBHBIX TIOHSITHI COBDEMEHHOI Teopum HeynopsiIod9eHHbIX cucreM [22]. Huxe Mmbr
YBUJMM, 9TO PACCMATPUBAEMAast TEOPHUs TOCTATOYHO YCIEITHO ONMCHIBAET STOT TIEPEXOI.

Hasnmune sokasmuzanyy (BO3HUKHOBEHHE JMJIEKTPUKA AHIEPCOHA) CBS3BIBAETCS B
JIAHHOM [OJXO0JIE C CyliecrBoBanueM npeeia (4.217), r.e. ¢ KOHEUHOCTHIO XapPaKTEPHOMN
gacrorel wo(E), onpenensiemoit (4.219). UHbIME CIOBaMH, 9TO COOTBETCTBYET BO3HHK-

_wi(E)

TaK 9TO

HOBEHWIO PACXOMMOCTH DeJIAKCAIMOHHOTO siapa: ReM (0w) = mpu w — 0. 910
O3HAYAET, YTO PEJIAKCAIMOHHOE s1po0 mpu ¢ — 0 u w — (0 ImpesCcTaBIsieTcs B CJIeIy0neM
BUJIE:

M(0w) = (merasur) (4.221)
w) = . ’
( L — g.?% (mmanekTpuk AHjepcoHa)

Borpoc To1bKO B TOM, MOXKHO — Jid HaiiTh Takue peinenus ypasaenus (4.215)7

ITpu o6cy2xnennu BoiGOpa napamerpa obpesanus B (4.215) u (4.216) 3amerum, 4To U3
Boipazkenus (4.163) u npocreiiieit onenkn (s ciaydas ciaaboro Gecnopsinkal) AGp ~
ImGE(Ep) ~§ (E — %) SICHO, ITO cyMMapubIit uMmiyasc k = p + p’ B Upp/ (qw) MoxKeT
MeHATbes (1o Mozayto) ot 0 1o 2pp. C apyroit cropossl, camo Bbipazkerue st Upp (qw)
(4.147) (“kymepon”), ucroab3yeMoe HaMH, CpaBeIuBo Juiib aus |p + p’| < 171 (kpu-
repuii npumenumoctu muddy3uoaHoro npudaukenus). OTCIOAa SCHO, YTO UMITYJILC 00-

pesanus B (4.215) u (4.216), 10 HOPsIAKY BEJIMYMHBI, MOKHO OLEHUTH KaK:

ko ~ Min{pp, 171} (4.222)

38 Hammume Taxoro BKJIaJa B @RA(qw) COOTBETCTBYeT ODIeMYy KPUTEPHIO JOKATU3AINN 3JIEKTPOHOB B
[OJIe CITy9aliHOrO MOTEHIMAJIa IPHMECEH, T.€. IePeXOLy CHCTEMEL B JUIJIEKTPHIECKOe cocTosHue [16].
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dakrryecku, nepexo; Anjgepcona npoucxoqut npu prl ~ 1 (Tak HazbiBaeMblil KpuTepuit
Nodde — Peresst) [22], Tak 9TO JJ1st €10 HCCIEOBAHNS TOCTATOYHO MOJIOKHUTh:

ko = xopr = xoV2mE (4.223)
rae xg = const ~ 1+ 2.

I[Tepeiinem Teneps K perenuto ypasuenus camocorsiacosanus (4.215) (A.B.Mscuukos,
M.B.Canosckuii, 1982). Beegem 6e3paszmMepHyto nepeMeHHY 0 MHTErPUPOBAHUS i =

o 2mE
u nepenumeM (4.215) B Buze:
d—2 b 1
M(w) = 2iy + dhzg™ M(w)/ dyd®™ (4.224)
0 0 Y2~ g M(w)
rae A — mapaMerp Haiieil Teopuu BO3MYIeHuil (1o 6ecrnopsaaKy ):
1 v myd/2 BE2
A= =2 (_) 2 4.225
2rEr  7wE 2m T (g) i ( )

rjae y4iad, 9To 7y = WpUQZ/(E) ¥ BUJ, IJIOTHOCTH COCTOSHHI CBOOOIHBIX 3JEKTPOHOB B
MTPOCTPAHCTBE pa3MepHOCTH d:

m)d/2 Es-!

=) T

(4.226)

Merannudeckasa dasa.

IMonaras B (4.224) w = 0 u paccmarpuBas MeTajnueckuii pexkum u3 (4.221), korma
ReM(w=0)=0wu ImM(w=0) =1/7g, cpa3y noayaem u3 (4.224):

— 1 d d—2
5= o {1 5 } (4.227)

Torma u3 (4.176) HEMEJIEHHO TIOIyIaeM CTATUYIECKYIO TIPOBOJUMOCTD CUCTEMbI B BHIE:

4—d

ne? 1 E.\ 2
= — {1 (= : 2<d<4 4.22
o mZV{ (E> }, <d< (4.228)

rae
d—2 =a
d X d

E.={—20 (97)"2 E.. 4.229
{d—Zr(%)(W)Q} (4:229)

rJie BBeJeHa XapaKTepHasd SHEePrusd:

2

Es = mrdd(pvz)rd (4.230)

y2Ke BcrpedaBinascs HaM B (4.74) u onpenensiomast 001acTb “CHIBHOM ¢BA3u” (CHJIBHOTO
paccesiHusi) HA OCH SHEPIruil [jis JIEKTPOHA B CJIy4alHOM [OJIe IPUMECeil, U BO3HUKAIO-
mas w3 mpocreitmeit onerku ¥ ~ pv?v(E) ~ E (¢ yaerom (4.226)), cooTsercTBytomeit
kputeprio NModde — Perenst (n mpezesy mMpuMEHHMOCTH WCIOIb3yeMON HAMH TEOPHH
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sosmymiennit! ). Jlerko Bugers, uro smeprua B, ~ E,. (4.229) urpaer pomb nopoza

nodsusicnocmu [22]. Hdeiicreurensho, npu E > E. u3 (4.228) noxy4aewm:

ne? 1 4—d E—E, E—FE,
~ ~ 4.231
7 m ZW(EC) < 2 ) ( E. ) E. ( )

TaK 9TO CTATHYECKAs MPOBOANMOCTH cucreMmbl mpu 1 = 0 obparaercs B Hy/Ib, KOTIa
sueprusag ®epmn E — E.. 9TO U 03HAYAET, YTO B CUCTEME IMPOUCXOINAT AHIEPCOHOBCKUIA
HepexoJ], MeTajLl — AUIJIEKTPUK (JToKaau3aus AHIepcoHa).

IIpuBenem saBHBIE BhIpaxkeHus aad d = 3. [Ipurunmast, Ij1st OpeaeIeHHOCTH, Tg = 1,
nMeeM:

e = ﬁm?’(pv?)? (4.232)

Herpynso Bumers, 9T0 B TepMuHaX 0€3pa3MepHOro IapaMerpa TEOPHH BO3MYIIEHUH A U3

(4.225) 3TO COOTBETCTBYET KPUTUIECKOMY 3HAUEHUIO N\, = %ngd =1/3 wm

E 3 3
v(E) E=g, T Q ( )

VE %
2y
B KauecTBe Mepbl Hecnopsijika B cucreme. Torma (4.233) mOaHOCTHIO COOTBETCTBYET 00BIY-

Hoit (popmymuposke kpurepus Mopde — Perens: gauma cBobomHoro mpobera B MeTase He
MOZKeT ObITh MEHbIIE XaPAKTEPHO BEJIMYMHbBL [IOPs/IKA MEXKATOMHOIO PaccTosHus [22],
C JaJbHEHIIIM POCTOM OECIIOPsIAKa CHCTEMa, [IEPEXOAUT B COCTOSHUE AHIEPCOHOBCKOIO
nmdiekrpuka. “Kpurudaeckoit” mjune cBoboauoro npobdera u3 (4.233) cooTBeTCTBOBAJIA, —
OBI “apyaeBckas’ MPOBOIUMOCTD:

nez 1 e2pp (ppl)

e | = OOpHOBCKas JJINHA CBOOOTHOrO Mpobera, KOTOPYI0 MOXKHO paCCMaTPUBATHL

2
_ €DPF
m3h2

h

(4.234)

O = ——— =

m 2v(E.)  3m2h2

E=E.

3
T Y, 9TO N = 3:TFE3 u Be3ge “BoccranoBunw’ h. Beuay pp ~ %, rIe a — MEKATOMHOe
paccrosHue, Beauunna o, (4.234) 1Mo mopsaaKy COBIIAJAeT ¢ MOTTOBCKOIN ONEHKON “MuHM-

MaJIFHOM MEeTaJIIMYeCKON MPOBOAUMOCTH :

1 €2
Omm ~ —=2 7
w3 ha

(4.235)

410 pu @ ~ 34 maer opm ~ 2 - 1020m tem L.

BanmceiBast (4.227) Kak

TEZ%{l—%'y}:%{l—;((EEC))} (4.236)

MOZKHO Iepernucarh (4.228) B Buze:

g
o=0031— =% =0p—0¢ (4.237)
g0
2
« ’ _ ne” 1
e “ApyJeBCKasdt’ IPOBOAUMOCTD 0 = == 5= BBICTYIAET B KAYECTBE MEPbI Oecropsiika.

[Tpu cnabom Gecriopsiake (GOJBIION JuHE CBOOOJHOrO Tpodera) og > o, u u3 (4.237)

39V:ke u3 3THX IPOCTHIX (POPMYJ BUIHA BEIAETEHHAS POJIb pa3MepHocTeil mpocTpancTpa d = 2 u d = 4,
WrPAIOIIHAX POJIb HIDKHEH W BepXHEH KPUTHIECKOH PA3MEPHOCTH JJIs mepexona AHIepCOHA.
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csiejryer oObIYHBIN pe3ysbrar o & 0. Ilpu pocre 6ecriopsiika (yMeHbIIEHUH JJIMHBL PO~
Gera) o — 0 mpu 09 — ¢ & Ty OTCIOZA BUTHO, YTO Oy ONPEAETIAET XaPAKTEPHBII
MaciiTad IMPOBOIUMOCTH, Ha KOTOPOM MPOUCXOIUT HENPEPbi6Hbil (BOMPEKYU DAHHUM UIe-
am Morra [22]) nepexoz MeTasul — AU3JIEKTPUK, UHLY IMPOBAHHbIH GECIIOPAIKOM. Y IUBH-
TEJILHO, YTO 3TH IPOCTHIE (DOPMYJILI MOATBEPIKIAIOTC IKCNEPUMEHMAADHO TSI MHOTHX

peanbHbIX cucreM [16].

W3 mHamux ONIEeHOK BHIHO, 4YTO i d = 3 mOpOr MOABHXKHOCTU F. momajgaer B 007aCTh “CHILHOM
cesman” Esc = m3(pv?)? (M.B.Camopckwmit, 1977), e 6e3pa3MepHBIii mapaMeTp TEOPHUH BO3MYTIeHHit
A ~ 1 u, CTPOrO TOBOpsi, HY>KEH y4eT @cexr auarpamm teopuu Bo3myieHuil. C apyroil cropoHbI, npu
d — 2 u3 (4.229) BugHo, 9yr0 E. — 00, B COOTBETCTBHU C KAPTHHON MOJHOH JIOKAJIM3AIUH MPU CKOJIb
— yrogao caabom Gecnopsake s d = 2 (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless,
1979).

To 06CcTOATENLCTBO, ITO TOPOT MOABUXKHOCTH IOMATAET B 0O/JIACTH “CHUILHON CBS3U” SIBJISETCS OMHOMN
M3 OCHOBHBIX HpI/I‘{I/IH HeBa.BepI_HeHHOCTI/I TeOpI/II/I JIOKQJIN3AIIUU | TpeﬁyeT pa.BBI/ITI/IH HOBBIX, CyH.[eCTBeHHO
HemepTypOATHBHBIX, METONOB paccmoTperns il

Jwmasnekrpuk AuHgepcona.

ITepeiigem K paccMOTpeHuO 0BJIACTH JIOKAIM30BaHHbIX cocToguuil £ < E. (nusnekrpuka
Annepcona). Umem perrernne (4.215) B Bume Broporo Boipaxkenns B (4.221). Borgenss
JeficTBUTeIbHYI0 YacTh (4.215), mpu w — 0, HAXOMUM ypaBHeHue, onpeensioniee wa (E):

1

412E2

Awnasornyabiv 06pasoM, u3 MuuMoit yactu (4.215), npu w — 0, HAXOAUM yPABHEHUE 115
TE B 00JIACTU JIOKAJIA3AIIMNI:

1

1
1— 297 :dAxH/ dyy ™ —————; 4.239
YTE 0 ) [ 42 (B) ( )

+ 41’2E2 i|
Ucnombays (mpu w3 — 0) mpocreiintyio onenky nnrerpanat! B (4.238), nveem:

1
1~ cl/\az:gf2 / dyy?—2 =

1/2
(dwg (E)) /
422 B2

da—2
dxx”#{l—(d“fﬁ"”) i } (2<d<4)

_ 123 E? (4.240)
Aln 220(,3) (d=2)
OTKYyZIa, UCHO/Ib3ys onpezenenue (4.229), mosydaem:
a-dy -3
gm=) s {i-(£)7) T e<a<y e

203 E? exp (—1) (d=2)

40Bosee mOAPOGHO € 3TUMH BOIPOCAMH MOXKHO IIO3HAKOMHTBCS 1o o63opam: M.B.Camosckuit. YOH
133, 223 (1981), 1.M.Cycaos. YOH 168, 503 (1998).

4“1 aTerpan 3/€Ch MOXKHO BBIYHCIHTH H TOUHO, STO MPUBEJAET JIUIIb K HECYIIECTBEHHOMY H3MEHEHHIO
HEKOTOPBIX KOHCTAHT B OKOHYATEJ/JIBHBIX OTBETAX.
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[TosiozxeHne MOPOra MOABUZKHOCTH HA OCH SHEPIHil, €CTECTBEHHO, ONIPEAEIAETC yCIOBIEM
wi(E.) = 0. s d = 2 semuuna wi(E) > 0 a1 mo6brx E, 9T0 COOTBETCTBYET KapTuHe
MOJTHO# JIOKAJIW3AluK B JBYMEPHBIX CHCTEMaX, JasKe MPH CKOJb YTOAHO ciaaboM Gecro-
panke (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless, 1979). Bameruwm,
oHAKo, uTo mpu ciabom Gecropsaake (A < 1) w3(E), B 3TOM ciTydae, SKCIOHEHIHATBHO
MaJjia, 9TO AEHCTBUTENILHO COOTBETCTBYET CAGGOU JIOKATN3AIIH.

Ucnonb3ys “npencrasienve equaunb’” B Buge (4.238) B (4.239), mosydaem cBs3b Tg
¢ w3(FE) B BUIE:

2v71E = d)\ng

2
+ 4zZE?

5 dwi (E) /1d y ! ~
"

4222 dwg(E)} 2™

d—2
o 1 dwi(E) dwi(E)\ 2
~ ) d—2 0 0
~ d\x) 71 { 12257 < 12257 > (d<4) (4.242)

tak uto npu wi(E) — 0 (B6M31 mOpora MOJBUZKHOCTH) HMEeM:

d—2

d d—2 (dw?(E)\ 2
oA ( 9 ) 2<d<4
2yrp=q 0, N ( ) (4.243)

U3 (4.220) u (4.241) maxomum pajguyc jokammsarmun’®?:

AN = -
1 E\ 2 1 |E-E.|”
Ripe(B) = —=—={1- = ~— . E<B. (4.245
ol ) = — { (%) } B )
rie Kpumu%ecnuﬂ undexc v:
1
= 4.246
YT a2 (4.246)

BBezem Ternepb XapakTEpHYIO A0KGAUZAUUOHHYIO KOPPEAAUUOHHyto dauny (coBuaaro-
uyio ¢ Ry, ipu E < E,, r.e. B 1us1eKTpuyeckoii (ase) ¢ MOMOIIbIO0 COOTHONIEHUSI:

i—dq— T3
) {1 - (5) ? } . E<E,
loc(B) = ——= = ‘ . Tak ato  (4.247)
ToV2mE 4-d] a2
’ {1 — (Z) ] . E>E,
1 |E-E.|"
oc E)~— y E~ Ec 4,248
fl ( ) PF E. ( )

OTa BeJIMYMHA ONpeesieHa Takxke u npu E > E., r.e. u B merajandeckoii ¢gpaze. Torma
MOXKHO Iepernucarh Boipaxkenue (4.228) s IPOBOJMMOCTH B MeTajindeckoil (hase B
BHUJIE:

oo e L roprtioe)? = — 0 (B B,V (4.249)
m 27 o (xoprloc)d72 ¢
42£[n51 d = 2 aHAJIOTUYHO IOJIy9aeM
1 TE
Rioc(F) = 4.244
toc(E) zoV2mE P {mpv2 } ( )

TaK 9TO B 9TOM CJjIy4Yae PaanyC JIOKAJIU3ANUU IKCIIOHCHIINAJIBHO BEJIUK B CJIyvae csiaboro paccesaHusd.
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— rak Ha3biBaeMblil 3akon Bernepa (F.Wegner, 1976) ¢ kxpurudyeckum WHIEKCOM IIPOBO-
JIMMOCTH:

s=(d—2)v (4.250)
B wacrHocTH, miust d = 3 (nmonmarast kg = 1) nmeeM:
o=—2 _(E-E);, E>E. (4.251)
Préioc(E)
U KPUTUYECKU# MHAEKC mpoBogumocTu § = 1. VIMeHHO Takoe moBegeHHE MPOBOAMMO-

CTH 3KCIIEPUMEHTAJIbHO HAOIIOMAeTCs B OKPECTHOCTH MePexoia METAJI — JUDIEKTPHUK,
BBI3BAHHOIO DPA3yIOpsIIOUEHNeM, JJIs 1esioro psiza cucreM [16]. Ograko, B 1eaoMm ps-
Jie CaydaeB HaOJIIOIAETCs MOBEIEHNE MPOBOIUMOCTH, COOTBETCTBYIOIIEE KPUTHIECKOMY
uHIeKCy s &~ 1/2. OGBIYHO 3TO HECOOTBETCTBUE MPUIUCHIBAETCS POJIH MEXKIIEKTPOHHO-

o BSaHMO,D;efICTBHH, KOTOpO€ HE€ YYHUTBLIBAJIOCH B IIPOBEACHHOM BbLIIIEC aHAJHU3E. O,ZLHaKO

IIOJTHadA ACHOCTH B 3TOM BOIIPOCE B HACTOLAIIEEe BPEMA OTCyTCTBy€T43.

OTMeTI/IM, 49TO BCE€ 3THU COOTHOIMEHHHA 3allUCaHbl UCXOOdA U3 AHAJOTUH CO CKIUJIMHTOBBIM OITHCAHH-
eM KPUTHUIeCKuX sBieHuil mpu das3oseix mepexonax II poma [11] u cOOTBETCTBYIOT KapTHHE CKIUAUHZG
Ha nopoze nodsustcrocmu, (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless, 1979). B ro-
JKe BpeMsi 3aMeTuM, BO u3bekaHue HeJ0pa3yMeHu#, 4To mepexos, AHJAEpPCOHA He siBJIsieTCs (ha30BbIM
nepexonoMm Il pomga B OOBIYHOM TEPMOJUHAMUYECKOM CMBICJIE, €r0 OMHCAHUE 3aBeJOMO sBjseTcs Gosee
CJIOKHBIM. B 9acTHOCTH, [jIs HEro g0 CHX [IOP OTCYTCTBYeT ODIIEIPUHSITOE OIPEIeeHHe IapaMerpa
nopsika. TpyAHOCTH B IOCTPOEHHHU MOC/IeAOBATENILHON Teopuu mepexoma AHgepcoHa (JaXke B OZHOYA-
CTUYHOM HpI/I6.TII/I)KeHI/II/I), B 3HAYUTEJIbHOU Mepe, CBA3aHBbI C TeM, YTO IIOPOT IMOABUXKHOCTHU IIOIIAJa€T B
He pa3 y»Ke YIOMHHABIIYIOCS 06IacTh “CHIBHOM CBA3K” HA OCH SHEPruil (SIBISIONLYIOCS MPIMBIM aHAJIO-
rom rua30ypProBCcKOi KpuTHIecKoi obactu Teopun kpurnaeckux sisreruii (M.B.Cazxosckuii, 1977)), rae
HEOOXOUMO YUIUTHIBATH 6CE AuarpaMMbl (DEHHMAHOBCKOIO Psijja TEOPUU BO3MYIIEHUN WJIU MCIOJIB30BATH
CyIIeCTBeHHO HemepTypbaruBubie MeTonsr*4. Omimame OT OGLIYHON TEOPHH KPUTHIECKHX SBJICHHH 37€Ch
B TOM, ITO B He# B3auMoneiicTBue (PIyKTyanui B KPUTHIECKOH OOJIACTH CTAHOBHUTCS KAaK Pa3 CIabBIM,
mo KpaiiHeit Mepe B mpocTpaHcTBe ¢ d = 4 — €.

B kauecrse eme 0qHOrO mpuMepa noBeneHus (DU3MIECKUX BEJIMYUH IIPH IIEPEXOIE
AmnepcoHa paccMOTPUM AUITIEKTPUIECKYIO MPOHHUIAEMOCTH (B (ha3e aHIepCOHOBCKOTO
JmsseKTprka). 113 obrmero ompenenenus (2.109) nmeem:

4re?
e(lqw) =1+ 7 x(qw) (4.252)

rae x(qw) — 3anasapiBatoniast byHKINS OTKIWKA UIOTHOCTE — MJIOTHOCTb. Toraa nemosb-
3ys (4.173), (4.174) u (4.221), (4.245), HEMeIJIEHHO MOy 9aeM:

2 —2v
_ “p 2 p2 E-E.
6(00) — 0) =1+ W =1+ ’%DRloc(E) ~ TC (4253)
roe wg = 4mne? _ KBAJpAT TJIA3MEHHO# 9acToThl, k2, = 4me? N (E) — obparHbiit KBagpar

pajuyca s1ebaeBCKOro sKpaHupoBanus B Merase. U3 Boipaxkenus (4.253) BugHo, 410
cTaTUYecKas OUIIEKTPUIecKas MPOHUIAEMOCTh PACXOIUTCS HA MOPOre MOABUKHOCTH,
KOTJ[a CUCTEMa MPUOJIMIKAETCH K EPEX0Iy B METAJIMYECKOe COCTOAHNE (U3 UK TPU-
ka Angepcona). B mpunmnumne, 3r0 Toxe Habm0gaeMbiii 3¢ dexT, no3songomuii HaiTn
KPUTHIECKUH MHIEKC ¥V PAINyCa JIOKATUIAINHN.

43TIpo6rema ycyry6asercss TeM 0BCTOSTEILCTBOM, UTO JOBOIBHO MHOTOUHCIEHHBIE PAGOTHI IO THCIICH-
HOMY MOJEJIMPOBAHUIO rmepexona AHIEPCOHA B CHCTEME HEB3aMMOJEHCTBYIOIINX 3JIEKTPOHOB, IPOBEIEH-
Hble B IIOCJI€JHIE ORI, JAIOT BEJIUYUHY HHIEKCa IPOBOAUMOCTH s ~ 1.5.

44B CBA3U C 9TUM, BPAJ-JIM UMEET CMBICJI CEPHE3HO OTHOCUTHCA K IIOJYICHHBIM 30€Ch TEOPETUICCKUM
BBIPAXKEHUSIM JIJIsI KPUTHYECKUX UHIEKCOB mepexoja AHaepcoHa. B Toxke BpeMsi, HeIIPEPBIBHBIN XapakTep
9TOrO nepexosa st d = 3 MOYKHO CIMTATh TBEPO YCTAHOBIEHHBIM (BOIPEKH U3HAYAIBHON TOUKE 3PEHHUS
Morra [22]).
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YacToTHag aucnepcud ob6o61meHHOr0 Kodddunnenra guddys3un.

ITonyuennsie BbINIE pe3yIbTATHI CIPABEIIUBBI B mipegesne w — 0. MOXHO NpOBECTH U MMOJHOE UCCIIeI0-
BaHME JaCTOTHOH 3aBHCHMOCTH 0606menHoro kosddunuenra gubdysun (D.Vollhardt, P.Wolfle, 1982).
MpbI mpuBeseM TOJBKO CBOAKY COOTBETCTBYIOIIMX DEe3yabTaToB. YpapHeHue (4.216) ays 06061meHHOro
koo bunmenta audbdysun Moxker OBITH MEPENUCAHO B BHUJE, AHAJIOrUIHOM (4.224):

Dg(”) N {—ﬂ} /1 dy% (4.254)
0 d—2 2DpW)lJo "yd - 550
[Ipu BBRIDOJTHEHUU YCIOBUS ‘% %&))‘ < 1, Bepxuuil npexnesn unrerpupoBanus B (4.254) MOXKHO ycTpe-
MHTH K GECKOHEUHOCTH W MOJIyuuTh aiarebpamdeckoe ypaBHeHue i Dg(w):
Dp(w) :1—i+pdi{—i—w Do }% (4.255)
Do Ae A 2v Dg(w)
d

rae Ae = dffx?f — “kpurndeckoe” 3HaUeHHE GE3pa3MEepHOro mapaMerpa A B TOUYKE MEpPexond, pg =

T (g T (2 — g . U3 (4.255) cnenyer, uro Dg(w) (1 npoBoguMOoCTh 0(w)) yAOBIETBOPSIOT CKIUIHHIO-

BOMY COOTHOIIEHUIO BUIA:
a—2
D L d
Dpw) _ o) _ (Jﬁ) F, (i) (4.256)
Do fo0) We

rae npu w K wWe uMeeM:

2
] d
Fy (i> ~ (_ﬂ) ; A> A (musnexTpuk) (4.257)
We We
o 2=d
a
Fy (i) ~ (7&) ; A< Ae (meTast) (4.258)
We We
a Ipa w > We:
Fy (i> ~ const (4.259)
We

IIpu 3TOM XapaKTepHas 9aCTOTA W, ONPEIENIsIeTCs KaK:

k=
we R 2y ‘1 - )\7‘ ~ 27[pF§loc(E)]_d (4'260)
C

Hepasercreo, ucnonb3oBanHOe npu ceepeHun (4.254) x Buxy (4.255) BBINONHEHO mprm we K 27, 9TO
3aBEJJOMO BEpHO BOJIM3H MOPOTa IIOBHKHOCTH.
Has d = 3 ypasrenune (4.255) npuHIMaeT BHL:

Dp(w A wmA [ diw Dy Y2 1
5W) _ AR © 0 Ae= — (4.261)
Do Ae 2 X 2v Dg(w) 3z0
¥ MOXKeT ObITh perreHo B sBHOM Buje. C JOCTATOYHON [J1s1 MHOTHX IPUMEHEHHI TOYHOCTHIO, 0000IIEeHHBII
koabdumuent uddysun sanuceBaerca B Buje [16]45:

Dg; (w K we, E > E¢) (meTas)
- \1/3
Dp(w) = go (—%)ﬂw ; (w > we) (nngan; W JIM3IEKTPHK) (4.262)
EW, (w <L we, E<Ec) (AM3TEKTPHK)
F

rae Dp = ﬁ. Ha camom mopore nopsuxkuOCTH nMeeM & (E = E.) = 00, Tak 910 we = 0, 1 MBI
[IOTyuaeM TaK Ha3bIBaeMbIil 3aKkoH w'/3 (W.Gotze, 1981):
.\ 1/3
Dg(w) = Do (fﬂ) (4.263)
2y

1/3
Yacrora w., dakrudecku, onpexaensaercs yciaosueM Dg(we) ~ Dg ~ Dy (‘;—;) . HeogunokpatHo uc-

IOJIb30BABIIIeeCs BBIIIe yCI0BHE w — (0 HY>KHO MOHUMATh B CMbICHIE w K we. OTMETHM, HAKOHEI], ITO
npu w > 27 U3 ypaBHEHHH CAMOCOIJIACOBAHHONW TEOPHH JIOKAJIH3AIUNA HETPYAHO HOJIYyUHUTH MEPexo] K

obbranoMy “mpynesckomy” mosenenuio: Dg(w) & Do [ - %] .
1
B5Mna d = 2 ¥ OpesenbHO MATBIX YACTOT w <€ A~ le” Xy (A < 1), caMoCOrIacoBaHHASI TEOPHUS
2 2 2 1
moxammzammn gaet o(w) = & Tex 2(;)7}3)4 — 0, mpu w — 0. TIpu A2 3y € w < A2y gma D(w)

BOCIIPOU3BOJUTCS 3aBUCAMOCTH THma (4.197).
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p,E+w
p.E+tw
= >V + U
qw
pE p E
a)
p.E+tw p.E+tw p, Ft+w p,E+w
R A R A
= = 1
qw qw qw qw
A R R A
pE pE pE pE
b) c) d)

3

Puc. 4.22: MInTerpanbHoe ypaBHEHHUE It “TPeyroIbHOI” BepIIMHBL (a) ¥ PA3INYHBIE Ba-
puanTsl paccranoBky tunos (R win A) snekrponnsix smanii (b), (c), (d).

4.7 “TpeyrosbHas’ BepHIINHA.

CymecrsoBatue nuddysuounoro nomoca (4.140) B “aersipexxsoctke” I'ppy (qw) 1 BOOG-
uie B apyx4yacrudubix pyHkuuax [puna (nanpumep tuna (4.173)) npuBoaut K nosiBiie-
HUIO aHAJOTHYHBLIX BKJIAJ0B B APYrux “6iokax’Haleil Teopun Bo3myennit®. B gacrro-
CTH, TTOJIE3HO PACCMOTPETh Y2Ke BCTPEUABIIYIOCA HAM “TPEYTrOJbHYIO BEPIIHHY, OIpee-
ngemyio rpadbukaMu, nokazauubMy Ha Puc. 4.12 (¢). B ofmewm ciydae, oHa Ompeaesercs
UHTErpAJIbHBIM yPABHEHUEM, MOKa3aHHbIM rpaduaecku ua Puc. 4.22 (a). Xord B gaabHeii-
meM MbI OyJeM pacCMaTpUBaTh TOJILKO CIydail c1aboro Gecrnopsiaka, KOraa, T0CTaTOYHO
orparmanthesa Ug(p — p’) = pv? (“mectruna”), 71 Hadasia MIpoBeieM JOCTATOYHO ofIee
PACCMOTPEHHE, JOILyCKAIIEE TOAXOM, B IyXe CAMOCOIIACOBAHHON TEOPUHU JIOKATU3AIHH.
Bcenomunas obiree onpenenenne AByxdacTudHOi ¢dyHknuu ['puHa, TPUBEIEHHOE B Ipa-
dbuyeckom Buge Ha Puc. 4.14 (a), wan anamurudeckn B (4.125), cpa3y ke muiieMm st

“rpeyrosmuoii” Beprrumbt T4 (qw) crteyomee Boipaskerue depe3 PEL (qu)!T:
RA R A : d’p’ - pa
T4 (qw)G™(E +wp,)GA(Ep_) = —2mi / W@pp,(qw) (4.264)
NIl XKe
~ d,
T (aw) = — G E +wr2)7j) YT / (‘;W}; 084 (qu) (4.265)

46310 xe YTBEpKAEHHE CIPABEJIMBO U JJIsi BOSHUKHOBEHUSI BKJIAJ0B “KynepoHHOro” tuma or (4.147).
47 Jlns OmpeieIeHHOCTH CYMTaeM BEPXHIOK SJEKTPOHHYIO JIHHHIO Ha Puc. 4.22 (a) 3amasperBaromeit.
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Bocnosnbayemcs reneps npezcrasienuem (4.161), rorga (4.265) nepenumiercs B BUJE:

Tpli?)— (qw) =

- AGy Al [l e
" V(E) GR(E 4+ wp,)GA(Ep_) / (27-‘-)(1/(27_‘_)(1 {1+p% (Pa)(p q)}@p,,p,(qw) —
1 AG,

= J(B) GR(E T op)GA(Ep ) (2 (@) +d(pa) 2 (qw)}

(4.266)

[JIe UCIOJIb30BaIl TakKe onpenenenus (4.88) u (4.154). [Tonp3ysce cucreMoii ypaBHeHMIA
(4.153) u (4.162) ana @84 (quw) u @I (qw) ver momyammm (4.171) u (4.172), otkyna, B
YaCTHOCTH, BHJHO YTO:

I (qw) = ——x(qw) (4.267)
VFq
Torna:
d(pa) @1 (qw) = (Pa) s x(aw) (4.268)

a ¢ ucnosnbzoBanuem (4.149):

AG,
GR(E +wp1 )G (Ep_)

1
——{o- 0 - E )+ 0-E) | (260
u (4.266) mepennchBaeTCs Kak:

RA _ 1
Tp'p (qw) = v(E)

{~ot o0+ 2B +0) - 2 p-5) | x

X {‘PRA(qw) + %(pq)%(fx(qw)} =
w+ M(qw) + = (pq)

1
= —w+ — i (pLE —-S4(p_E =
{ w+ —(pa) + E%(p+E +w) (P )}WQJFMM(qw)_%U%qQ

o L pq) i w + M(qw) + 7 (pa)
N m P4 7 w? + wM (qw) — Jvq?

(4.270)

rze Mbl eme ucnojb3osaan (4.171) u (4.172), a TakxKe, B caMOM KOHIIE, U IIpocTeiiniee
npubIMKenue 1jist COOCTBEHHO — YHepreTndeckux Jacreit. B pesymnbrare, B mpegere w — 0
u g — 0, BBoAg ondrb 06061ennbli Koadhdunment quddysuu (4.175), nonydaem ciemy-
OIIHi TPOCTO Bu “Tpeyronbhoii” Bepinuabl B RA — kanane, nokazaunHoit na Puc. 4.22

(b):

TRA (qu) ~ —— 20 (4.271)
—iw + Dg(qw)q?

Pazywmeercs, B “necranunom” npubnuzkenaun (ciabblii 6ecrnopsaok!), Korma ucrnoab3yercs
(4.127), Beipaxkenue Tuna (4.271) ¢ 3amenoit Dg(qw) — Dy mosy4aercst cpa3y e u3
ypaBuenus Puc. 4.22 (a) nyrem ssiemeHTapHbIX Bbluuciaenuii. IIponesnanubiii naMu 60-
Jiee TPOMO3/IKHI BBIBOJ, JOITYCKAET, OMHAKO, 0000IIeHne Ha, CIyYail CHILHOTO OeCopsiIKa
prl ~ 1, korga mis Dg(Qqw) UCHOJB3YIOTCS BbIPAazKeHUs, I0JIyY€HHbIE BbIIE B PAMKaX
CaMOCOTIACOBAHHON TEOPHUU JIOKATU3AIINN.
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K’"“"”’/x K’"“"”’/x

E“_|—Lump_'—q 87 p E+w P+q
a) b)

Puc. 4.23: Ilpocreitirasg monpaBka K OIHOIEKTPOHHON dyHKImu ['pura or B3ammoeii-
CTBUsI B HEYMOPSITOYEHHOM METAJLIE.

)

AnamorngabiM 06pa30M, MOKHO TIOKA3aTh, 4TO [IJisd “TpeyroybHoil” Bepiiuabl B AR —

KaHaJie, nmokazannoii na Puc. 4.22 (c):

2y
TAR N 4.272
() iw+ Dg(qw)q? (4.272)

a 1uist Bepmue B RR n AA kananax, mokasaHHbIX Ha Puc. 4.22 (d):
TER(qu) = T4%(quw) = 1 (4.273)

7 B HUX IuPY3UOHHBIHA MTOTIOC HE BOZHUKAET.
)9

B mamyb6apoBckoit TexHuke 00MInil BUI “TPEYTOIBHON’ Ternepb TaKKe BIIOJHE OYEBU-
48.

JIeH
T (qwmen) = 0(en)0(en + wm) + 0(—en)0(—ep, —wm) +
1oy 0(en)0(—€n —wm)  O(—en)l(en + wm) (4.274)
—Wm + D0q2 Wm + D0q2
Te MBI Cpa3y HAIMCAIN BbIpaxKeHus ¢ Dy = %UFT = %, [TOCKOJIBKY B OCTABIIIEHCS

9aCTH 3TON IIaBBI MBI OyJIeM HMHTEPECOBATHCS TOJBKO IPENEToOM CJIaboro OGecrmopsiika
pFl > 1.

4.8 PoJuab 3JIEKTPOH — 3JIEKTPOHHOIO0 B3aWMO/I€CTBUS.

B peanbHOM HEyMOPSIOYEHHOM METAJIa IJEKTPOHBI, KOHEYHO K€, B3aUMOJEHCTBYIOT
MeXKIy cODOit 33 CUeT KyJJOHOBCKOTO B3anmoeiicTusi. CoBmecTHBIN yuer 3¢(hdeKToB B3a-
UMOIIEHCTBUS U TMPUMECHOTO PACCESHUs TIPEICTABIISIET CODON BEChMa CJIOKHYIO 3129y
[17, 19]. Huke MBI OTpaHUUNMCS JIWITB PACCMOTPEHWEM MTPOCTENIIEro MPUMepa BIMSHUS
9TuX 3P PEKTOB HA IIOTHOCTH JIEKTPOHHBIX COCTOsTHUI BOMM3U ypoBHS Pepmi.

Paccmorpum mpocTeiiiyio mompaBKy K OTHOIJIEKTPOHHON dbyHKIuu ['puHa mo B3am-
MozeficTBuio, n3obpaxkaemMyio (B MaiybapoBCKoOil Texnuke) auarpammoii Puc. 4.23 (a).
31ech BOJHUCTASA JIMHWS COOTBETCTBYET MEXKIJEKTPOHHOMY B3aMMOAEHCTBUIO, & “‘Tpe-
yIOJbHBIE” BEPIITUHBI OMMCHIBAIOT IEPEHOPMUPOBKY STOI0O B3aUMOAEHCTBUS 33 CIET MHO-
TOKPATHOTO PACCEeTHUS ITTEKTPOHOB IMIPUMECIMMU.

48Mpr yumu, G(en, > Op) mpomomkaercsa ma G (Ep), a G(en < Op) Ha GA(EP), iwm — w £ 6 mua
m>0um<0ur g



4.8. PoJb 3JIEKTPOH — 3JIEKTPOHHOT'O B3aHMOJICHCTBUSI. 139

Cuadaia, ogHako, Mbl ipoBesieM pacuer B rexauke 1T = 0. CooTBercrByoiee aHAII-
THYECKOe BBIpasKeHHe JJIS MONpaBKu K ¢yukmun ['puHa mveer Bum*?:

d o] B
5G(Ep) = iG2(Ep) / (if)]d /_ ;l—ﬂV(q)Tz(qw)G(E +wp+q) (4.275)

rae V(q) — dypbe - 06pa3 norenipana s3anmoseiicteust. COOTBETCTBYIONIAS TTOMPABKa K
IJIOTHOCTH COCTOSIHUI OIPeIesseTcs TOTIA KaK:

SN(E) = —@Im/z dg/

d w
e [ v@Tas)

2

i 1 2
X 4.276
E—-w-¢Pp+q)+iysign(E — w) (E—f—i—i'ysignE) ( )

IIpu E > 0 unrerpas no § oraudeH ot Hyns, ecaun sign(F — w) < 0, me. mpu w > E.
CoOTBETCTBEHHO UMEEM:

SN(E) 1 [ dlq [ dw
N~ —tmi [ o) [ 5 [ gwq)[T“(qw)PGA(E—w+q>[czR<Ep)>12
4.277

uro coorBercTByeT rpaduky Puc. 4.23 (b). ®akTuuecku 316Ch yXKe MOKHO IIPAMO BOC-
MOJIb30BAThCS BhIpazkenueM s Bepinunbl u3 (4.271). loacrasisa B (4.277) aBHble BbIpa-

wemns 11a GA(Ep) n G (Ep) (wecymecrsennoii 3asucumoctbio G o1 w 1 ¢ B ipejiene
W K ¥ U Upq < Y MOXKHO IPOCTO [PEeHeOPeUb), 0JIyYaeM:

SN(E) 1 ) dlg [ dw *° 1 1 B
NEr) i | m)d/E %V(QWRA(“‘””Q/,OO Yy
d o] W
— g [ G [ ST M @)V (a)
(4.278)

410 nocsie noacranoBku (4.271) naer okonuarenbuo misg T = 0:

ON(E) 1 - diq [ w;
N(Er) a /(%W[E d (—iw+D0q2)2V(Q) (4.279)

Crporo roBopst TyT HaJ0 6bLIO - Obl e1e BBeCTH 0Ope3aHne MHTerpasa 1o w Ha w ~ 1/7,
9TOOBI YIOBJIETBOPUTH KPUTEPUH TPUMEHUMOCTH Tu(DdY3UOHHOTO MPUOIMKEHHUST, HO ITO
HE 00513aTeIbHO, MOYKHO OCTABUTH U OECKOHEYHBIN TTPEIE), WHTErpaJjl BCE PABHO CXOIUTCH.

Pasymeercs, TOUHO TaKoil ke pe3yabTAT MOKHO TMOJYyYIUTh U U3 MAIy0apOBCKON Tex-
nuku B npegesie 1T — 0. [locmorpum, kak 1o nenaercs. mes: B Buzy, 9TO HaM, B KOHIIE
KOHIIOB, HY?KHA MOIMPAaBKa K ILIOTHOCTU COCTOSTHUHN, OIPEIETIM:

d
SN(ey) = —% / (;iﬂ};d(SG(enp) (4.280)

410, B coorBercTBuu ¢ Puc. 4.23 (a), cBogures K:

d d
N = = [ G S V@T aw,) [ GG e pIGe, +np+a) (4281)

493amernM, 4TO 37MECH W Jasee B STOH rmase apryment F obo3madaer yxe me sHeprmio PepMu, a
HEPruo omcuumarkyto or sueprun Pepvu. Duepruss Pepmu obo3HaTaeTCs ganee kKak Ep.
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Borauncivm cHadana uHTErpaJI Mo p, B KOTOPOM Py VFq <K 7y MOXKHO BOODIIE peHedpedb
3aBUCUMOCTBIO OT (:

ddp ddp
/ (271_)d (5np)G(€n + wmp + q) ~ / (271’)d (Enp)G(En + wmp) =~
oo 1 1
~v(E —
v(Er) /_Oo de (ien, — € + iysigney)? ien + twm — € + iysign(en + wim)

(2iy — iwm, )? (207 + iwnm )?
~ —iv(Ep)2nm2{0(,)0(—n — wm) — 0(pn +wm)0(—cn)} (4.282)

= 27iv(Er) {9(%).9(—5@ —wm)  0(en +wm)l(—¢n) } -

JIe UHTErPAJI IO £ BHIYUCISIETCSA OOBIYHBIM KOHTYPHBIM NHTETPUPOBAHUEM (OH OTJIMYEH OT
HYJIsl TOJILKO TIPU [POTUBOIOIOKHBIX 3HAKAX €5, U €5+ Wyy, ), & MIPH IIEPEXOJIE K MOCTEIHEMY
PABEHCTBY MCMOMB30BAIHN |wy, T| < 1.

[Mycrs Tenepnb, mjisi onpenenenHocru, £, > 0. Torma “paboraer’ mepBas mapa 6 —
dbyukunit B (4.282): €, > 0, €, + wy < 0, uro naer w,, < —&,. B pesyabrare (4.281)
CBOIMTCA K:

—€En

SN (e,) = —2iTN(Er)T () T?(qwm) =
— —2%TN(Ep) Z / Vig) (4.283)
= —wm + Dog?)?
IIpu T — 0 30€Ch iwy, — W+ 15, 160 Wy, — —i(w + 1), ie,, — E + 40 u, cOOTBETCTBEHHO,
Ty, = g—“; -+, TAK YTO B 3TOM IIpeesie MOTydaeM:
E
ON(E _ —om / dw / 1 _
N(Ep (iw 4+ Dog?)?
1
= -2] 4.284
mn n 27 / —iw + Dgg?)? ( )

9TO, eCTECTBEHHO, coBmaaer ¢ (4.279), monydenusim B Texuuke T = 0.
JlanbHedirme paciersbl BIOJJIHE dTeMeHTapHbl. MMeem:

ON(E) zw+D0q2)2
M) =2 [ / 2+ Do)

2Doq?w
= _2/15 _/ dV(q) o2 (3)0(]2)2]2 =

D,q*
_9 B 4.285
/E / dw w? + (Dpg?)? ( )
TaK 9TO OKOHYATEJIHBHO l'IO.Hy‘IaeM:
ON(E) 1 dq Dyq?
e ol A 1% 4.286
Ve =] G O (4.286)

OueHnM 3Ty MONpPaBKy K IJIOTHOCTH COCTOSHHN IJIs CIydas TOYEIHOTO MEKIJIEKTPOH-
Horo B3aumozeiicreus V(q) = V. Torua umeewm:

ON(E) _ / w1 Dog?
S d . E—
N(Er) W B (Do)
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N(E)

Puc. 4.24: XapakTepHblii BUI TOMPABKKA OT B3aUMOJEHCTBUS K IMJIOTHOCTHU COCTOAHU
BOm3Hu ypoBHs PepMu B HEYIIOPSIOIEHHOM METAJIIE.

/2

Vo, 1 (B gan Vo 1
™ " Dy'* Jo E? +x ™ Dyt e

[Ie BBeJaH OOpe3aHne Ha BEPXHEM Ipemeie pg ~ | !, 9TO COOTBETCTBYeT E = Dop3, u
Sq = Qq/@2m)? = 2-(@-g=5 )T (4). Hocsenee paBeHCTBO JaeT MPOCTENIYIO OIEHKY
CTOAIEro 3/1eCh MHTErpasa. Pa3yMeercss ero MOXKHO IMOCYUTATH M TOYHO, HO ITa ONEHKA
JIA€T MPABUJILHBIA OTBET, C TOYHOCTHIO JIO HECYINECTBEHHBIX KOHCTAHT MOPSAJIKA €JINHU-
npl. B pesynbrare Mbl MOTydaeM CaeayronLyto MONPaBKy K IJIOTHOCTU COCTOSHUE BOIM3N
yposus @epmu (A.T.Aponos, B.JI.Anbritynep, 1979):

d—2 ~ d—2
OIN(E) _ Vi S (BT - EF) (@>2)
-0 L LE| =
W) "7 BehE @) (4.288)
s mep @=1

B gacraoctu, miis d = 3 orciojia BO3HUKAeT 3HaMeHuTas “nrudka’ ApoHoBa — AbTiny-
JIlepa B SHEPTETUYECKON 3aBUCHMOCTH ILJIOTHOCTH COCTOsiHUIN BOIM3M ypoBHs DPepmu:

ON(E) | VIE] (4.289)

N(Ep) = pir?

moka3zanuas Ha Puc. 4.24. 3amedaresbHO, 9TO UMEHHO TaKas OCOOEHHOCTH HADJIIOIAETCS
B TYHHEJIbHBIX IKCIEPHMEHTAX BO MHOTHX HEYMOpsI09eHHBIX Merasuiax [17]. C pocrom
Oecropsi/ika IIPOMCXOIUT yMeHbIneHne Kodddunuenta muddysuun Dy, Tak 9T0 aHOMa-
JUg B IJIOTHOCTH COCTOSIHHUI yBEIN1InUBaECTCA. qTO IIPpOUCXOaUT B6HI/ISI/I nmepexoaa MeTaJlt
— jaudnektpuk (npu ppl ~ 1), B Hacrodinee BpeMs, HE BIOJHE $ICHO, HOCJIEA0BATEb
Hasi TEOPHST HTOTO TEPEXOA C YIETOM MEKIJEKTPOHHOTO B3ANMOIEHCTBHUS HE 3aBEPIIeHa
[17, 19]. [To MHeHUIO GOJBIINHCTBA UCCIe0BaTeNeH 0COOEHHOCTE APOHOBA — AJIbTIIyITe-
pa MJIABHO MEPEXOIUT B ITOW 00JACTHA B TAK HA3BIBAEMYIO “KYJIOHOBCKYIO Ieah Jdpoca
- mKJ'[OBCKOl"O B IIJIOTHOCTH COCTOHHHI;'I, KOTOpad BO3HUKAET B O6J'[aCTI/I JIOKQJIN30BaHHBIX
cocrosiuuit [23]. B npuHnmne, nosejenue Takoro TUIia IOy 4aeTCs P MPOCThIX 0000611e-
HUSIX PACCMATPHBAEMOIi TEOPUH B JIyXe CaMOCOTIIACOBAHHON Teopun JIoKaau3amnuu [16], Ho
MBI He Oy/IeM OCTAHABJIMBATHCS HA OOCYKJICHUU ITUX CJIOXKHBIX (HEPENIeHHbBIX) MTPOBIeM.

Bwmecro 3Toro, mocMoTpuM Kak MOYKHO MPOBECTH HAIE PACCMOTpPEHHe jis boJiee pe-
AJTMCTUYECKOrO CIydas KYJOHOBCKOTO (IAJbHOIEHCTBYIONIEr0) B3aNMOICHCTBUS MEK LY
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9JIEKTPOHAMH, KOTJIA Hy?KHO yIUTHIBATH 3B (MEKTHI JUHAMUIECKOrO SKPAHUPOBAHUS. 3a-
oo yureM u 3bdEKThl KOHEIHON TeMIepaTypbl, MPOBEe/sd PacyeThbl B MaIly0apOBCKOM
rexuuke. Tenepsb BosmucTas juaus Ha rpaduke Puc. 4.23 (a) o6o3HaYaeT UMEHHO 3TO
B3aumoeiicreue. Bosppamasics k (4.281), nepenuinem 3T0 BbIPAXKEHUE IPUMEHUTEIHHO
K paccMaTpuBaeMoil 3aade aHagorngHo (4.283):

IN(gn) =
— _2%iN(Ep) 2TZ/ V(qwm) T2(@om){8(en)0(=2n — wim) — B(—n)0(En + )} =
) d’q 0(en)0(—epn —wm)  O(—en)(en + wm)
= —2iN(Ep)T — m —
e ;/ e R i B |
(4.290)
4TO I €y, > 0 CBOAUTCH K BbIPAXKeHUIO, anajoruanomy (4.283):
—En qwm)
0N (e,) = —=2iTN(EF) 4.291
(0) = —2i szm/ o (4.201)
3aecw (cp. (2.7), (2.8)):
4me?
Viqwm) = ——— 4.292
(@m) q?e(qwm) ( )
4 2
clgom) = 1= = Tl(gon) (4.293)

[JIe TIOJISPU3AIMOHHBI OTIepaTOp, yUNTHIBAIOIIN PACCESTHNE HA TIPUMECSTX, OTTPEIEIISeTCst
rpadukamu Puc. 4.12 (a) u Beipakennem (4.89):

Mlaon) =273 / G(Pea)G(D + azn + )T (awm)  (4.294)

[Monb3ysich onsthb (4.282) u (4.274) u nonarasi, fjis Opumepa, w,, < 0, noiaydaem:

ZWN(EF) —Wm
I8 (quy) =T — = =N{Ep)————— 4.295
(q m) 0<6§<:7w, —Wm + D0q2 ( F) —Wm + D0q2 ( )

Cny4ait wy, > 0 canTaercd aHAJOTMYHO, U Mbl TMEEM:

Wmb(wm) n —wmf)(—wm)}
wm + Doq?  —wm + Dog?

74 (quonn) = N(Er) { (4.296)

Teneps HyzkHO HaliTu eie Bkias or RR u AA — kanaJios, Koria, corsiacHo (4.274):

T (qumen) = 0(n)0(en + wm) + 0(—en)0(—cn — wp) (4.297)

Beuay orcyrcrBus 3aech cunryiaspHocru (auddy3uoHHOIO M0JI0Ca) MOKEM IIPOCTO M0~
JIOKUTD Wy, = 0, ¢ = 0 u HanucaTh:

177 (00) + 1144 (00) 2TZZG2 (en) = —N(Ep) (4.298)
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YyTb nogpobuee:

RR AA _ 1 B
I (00) + 114 (00) ZTZ / 2m) (2 €00 4 ysignen® =
1
’TZN@F/ e T
_ )\ _
N(Er) Z/ 35 anié = N(EF)/_ dé( oe ) = —N(EF) (4.299)

rae n(€) — dynaknus pacnpegenennst Pepmm.
B pesynbrare, k (4.296) myxkuo eme no6asutb —N(Ep){0(wm) + 0(—wm)} u MbI
[OJIy9aeM OKOHYATEJIHHO NOJISPU3AMOHHBII ONEpaTOp META/IA C IPUMECSIME B BHJE:

O(wm) 0(—wm) }
I(qwm) = —N(Er)Dog? + 4.300
(@om) = =N (Er)Dog? { A A (4.300)
Orciona, ucnonb3ys (4.293), cpady xe 1osy4daem:
D0K2D D()ISJQD
wm) =14+ ———0(wn) + ————————0(—wm 4.301
clom) = 1+ 8L f0,) + —UBpw) (430D

rie k%, = 4me? N(Ep) — obparHbiit KBagpar pajgmyca 1e6aeBCcKoro SKkpanuposanus. [Ipu
wm = 0 u3 (4.301) momygaem oOBIYHBIH pe3yTbTaT ’:

HQ
€(q0) =1+ q—’j (4.302)

— CTATHYecKoe 9KPaHNPOBaHNE KYJIOHOBCKOTO B3anMoseiicTBus. B obmem ciaydae, Bbpa-
xkerve (4.301) ompenessier TU3IEKTPUYIECKYIO MPOHUIAEMOCTh METAJLIA C NPUMECSIMU B
nepenerne |wp,, 7| K 1u gl < 1.

B pesysibrare, npu mMasbix (B yKazaHHOM CMbICIE!) wy, u ¢ noiaydaem 3¢bdexkTuBHoe
MEK3JIEKTPOHHOE B3amMozeiicTsue (4.292) B Bue:

4me?

V(gwm) = ¢% — AmeT (qwp,) ~

N 4me?(—wp, + Dog?) Wiyt Doqg?
41e2N(Er)Doq? ~ N(Ep)Dog?

(4.303)

rJie, JJIst OLPEJIe/IeHHOCTH, BBIIUCAH CIydail wy, < 0. FIHTepecHO 3aMeTHTh, YTO B 3TOM
NPUGTIKEHUH 3aBUCHMOCTD OT 3JeKTPUYECKOTO 3apdaia e BoobIe coKparnmaercs!

B pesyabrare, il IHHAMHYECKN SKPAHUPOBAHHOTO KYJIOHOBCKOTO B3aUMOIEHCTBIS
(4.291) cBomuTCs K:

—E&n —2
ON (e, > 0) = —2iT / 4.304

JlJ1sl TOYeIHOTO B3aUMO/IEHCTBIS AHAJIOTMIHOE BhIpAasKeHue, ciemyomee u3 (4.283), umeer
BUI:

—€
~ Vo
0N (e, > 0) = —2iN(EF) / 4.305
50C yuerom moonpesenenus: 0(wm) = { (1] Z i 8 .
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Koukpernbie pacders nposeaem s d = 3. Umeewm:

—E&n

6N (e, > 0) Z Do / Doq - (Kymon) (4.306)
iT R [P dgg? .
IN(e, >0) = — 39 Z /O Dod — o (kopoTKo/eiicTBIE) (4.307)

Wm=—00

rne g = N(Ep)Vy — Ge3pa3MepHasi KOHCTAHTA, B3AUMOEHCTBUSA JJIsl CAydas TOUYEUHOrO
norennuasa. Ilocie 3aMensr mepeMenHol ©2 = Dgq?, 9TH BBIPAsKEHHUs IE€PENHCHIBAIOTCS

B BHUJIE:
iT —
ON(en > 0) = ———7 > O(wm) (4.308)
w2 Dy

Wm=—00

rae

D (wp,) =

950 dx
Kynon
{ T (Kyzon) (4.309)

9y’ Powr® (koporkozeiicrBue)

Tenepr HAM HAI0 HAYUYUTHCH CUUTATH BXOISAIIYIO CIOAA CyMMYy IO 0OO3€BCKUM MAIryOa-

pOBCKMM wacTotam " ®(wy,) = >, 0 ®(wy). Homssyscs w, = 2rmT n
en = (2n + 1)7T, 3anuumemM ee B BUiE CJIEAYIOWIErO UHTErPAJIA 110 KOHTYDY, HOKA3aH-

momy ua Puc. 4.25:

T Do) :j{d—z,nB(z)@(z):/%"m 4z o (2)0(z) =

= 2 e, 400 2T
* dz ) ) * dz .
- —/Oo & (e — i) (z — i) = /_0o Tn()B(= e (4310)
rue ng(z) = 6%171 — 6ozesckas, a n(z) = 6%1“ — depmuesckas GYHKIHUA pacIipe-

nesienus, Bee aro “paboraer”, eciu $(z) He umeer ocobennocreit upu I'm z < —e, u
JIOCTATOYHO OBICTPO CHAJAET NpH |z| — 0o. Torma, st KyJIOHOBCKOTO CIIydasi 3alluIneM:

®(z) = /Ooo _dr (4.311)

2 44z

a /114 cy4dad KOPOTKOJeHCTBUA:

P(2) = g/ooo CESE (o (4.312)

x? +iz)?

Y6biBanue npu |z| — 00 371eCh HEJOCTATOYHO OBICTPOE, HO 3TO JAET, Kak OyJer Buj-
HO HHUKeE, HeCyH_[eCTBeHHyIO IJId HallluX Heﬂeﬁ 6eCKOHe‘IHyIO KOHCTaHTy (B oT/inyue OT
(4.309) 3mech HamMCcaHbl MHTErpaibl 6e3 obpe3anus Ha Bepxuem mupegesne!). emas B
(4.310) 3ameny ie, — E + id (upu €, > 0) U BBIYHCIAA MHAMYIO 9aCTh C y9€TOM
Im®(z) = —Im®P(—2z), nonyyaem:

/OO dzn(z)Im®(z) = %/00 dzln(z + E) —n(—z+ E)|Im®(z) =

—0o0 — 00

_ / T (4 B) — n(—z 4 E)Im®(z)  (4.313)
0
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! —n |

Puc. 4.25: Kouryp unrerpupoBanus, UCIOIb3yEMbIil IPU BBIYUCICHUH CYMMBbI IO MaiIly-
OAPOBCKUM IACTOTAM.

Toraa monpaBKa K IIJIOTHOCTH COCTOSTHU OpeacTaBIdeTCda B BUIE:
1 o0
23Dy Jo

rae yaud, 9ro —n(—z) = 1 + n(z), 970 03BOJIMIIO BBIAEIUTH HOCJIEAHUN YIEeH B KBA-
paTHBIX CKOOKax, KOTOpbIii u jaer (mojjexamuii obpesanuto!) pacxoismuiics BKIIaL,
He3aBUCAINA OT F, n moToMy JaJjee He PacCMAaTPUBAEMBIA.

17151 KyJIOHOBCKOT'O CIIydast MMeeM:

o r? — iz < dx
Im®(z) =—-1 d = =
ma(z) m/o JU(x2 +iz2)(x? —iz) Z/O xt + 22
dz 7

1 o0
:ﬁ/o 11 2v2s

Torna, ucnonbsys (4.315) B (4.314) (omyckast HeCyIIeCTBEHHbIH ceffdac /I HAC BKJIA[
HOCJIEHETO CIArAeMOr0, 3aBUCAIIMI OT ITapaMerpa o0pe3anust), NOLy IaeM:

(4.315)

1 o0 1
- - dw——
25/272D3/% Jo VW

WJIN UHTETPUPYA IO YaCTAM:

T1/? E

SN(E) = [n(w+ E) +n(w— E)] (4.316)

rae

R S Py 1 1
() \/5/0 dyy {Chz(x_y)+ch2(x+y)} (4.318)
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OTH BbIpayKeHUsl OMKUCHIBAIOT MOBEIEHUE “TITUYKK’ B ILIOTHOCTH COCTOSHU TPU KOHEIHBIX
temneparypax. OTMeTHM ACHUMITOTUKMN:

o(z) = { Vil = v2)¢(1/2) ~1.07  umpu x —0 (4.319)

V2 mpu = > 1

TakuMm 00pa3oM, U JjIsi KYJIOHOBCKOTO caydas (mpu T — 0) mosmydaem:

SN(E) ~ ﬁ (4.320)
0

YTO BIIOJIHE AHAJOTMYHO MOJIyYEHHOMY BbIle pesysbrary (4.289) mas ciydas KOPOTKO-

JefiCTBUS.

Ha.I‘/'I,I[eHHI)Ie BBIIIE IIOIIPABKHU K IIJIOTHOCTH COCTOSTHHM MOXKHO HalJIAJHO HHTEPIPETUPOBATHh U3 CIIeLy-
IOIUX 9BPUCTHYECKUX cooOparkemumit. PaccmMoTpuM B3amMomefiCcTBHE 3I€KTPOHA, HAXOJSIIIETOCsT B HEKO-
TOPOM KBAHTOBOM COCTOSIHHU T C dHeprueit F ¢ APYrUM 3IeKTPOHOM, HAXOJAIIMMCS HA IIOBEPXHOCTH
®epmu. OTHOCUTEIbHAS MOIPABKA K €r0 BOJHOBOW (DYHKIIMHM B IEPBOM IOPSKE TEOPUHM BO3MYIIEHHIl:

Son oo
—_— ~ dtHnt (t) (4.321)
Pn 0

rae t = 0 — MOMEHT BKJIIOUEHHS] B3aUMOJEHCTBUS, & Hjnt(t) — raMUIBTOHHAH B3aMMOJEHCTBUS (B3ATHIN
B IPeJACTaBJICHUN B3a.I/IMO,u;eI‘/'ICTBI/151). 3a BpeMsi t 3JIEKTPOH B HEYIOPsiIOY€HHOM MeTraJjuie guddyHupyer
B mpejaenax obbema ~ (Dot)d/Q. Torma BeTMYMHY MATPUYHOIO 3JIEMEHTA B3AUMOIEUCTBUS DU HAJIUIHU
KOPOTKOAEHCTBYIOMEr0 OTTAJIKABAHUSA MOXKHO OIEHATH KaK VO(DOt)*dﬂ. COOTBETCTBEHHO UMEeM:

S5 tmax _ VO 1—4d 1—4d
Sen vo/ dt(Dot)=4/2 ~ o {tm”f - tma;} (4.322)
.

i d

37ech tynin €CTECTBEHHO ONMPESNUTE U3 YCIOBHI MPIMEHHMOCTH AnbPy3n0HHOTO TPUOIIKeHHs: (Dotmm)l/2 ~
1, 9TO U 1AeT trin ~ (Dol 2)™1 ~ E~1. BpeMs tmqqy OUpesesercs TeM, 9To Ha BpeMenax t > |E| ™1 us-
3a (BPEMEHHBIX) OCIMJUISNUI BOJIHOBBIX (DYHKIUI MaTpPHYIHBIH 31eMeHT B3auMogaeicTsus 3HdeKTuBHO
IN(E) don
NEp) ~ on 13 (4.322) nony“{,a.eM (4.288).

Bce s10 He KOHeI, a UL HAYIATO HEOKOHIYEHHONH NCTOPUHU O POJIA MEKITEKTPOHHOTO
B3aMMO/IEHCTBUSA B HEYOPSIOUEHHBIX CHCTEMAaX. BhIIe MbI OrpaHUIHINCH PACCMOTPEHM-
eM JIWIIb OJHOTO (Tak HasbiBaeMoro “dokosckoro”) rpaduka Puc. 4.23, yauTsiBaromero
MOTPAaBKy HU3MIEro nopsiaka. CyIecTBylOT U MHOTHE Apyrue rpaduku, pojab KOTOPBIX
JOJIXKHA OBITH MPOAHAIN3NPOBAHA, IasKe B Mpeeie caadboro becropsanaka prl > 1. Bak-
Hble [ONpPaBKK (aHAJIOrUYHBIE 110 (POPME PACCMOTPEHHBIM BbIIIE KBAHTOBBIM [IOIPABKAM )
BOBHUKAIOT HE TOJILKO B IJIOTHOCTH COCTOSIHHI, HO ¥ B IIPOBOAMMOCTH. 3aXNHTEPECOBAHHbIN
9UTATEb MOYKET HANTH MOAPOOHOE 0OCYKIEHHUE BCEX ITUX MTPOOIEM B OPUTHHAIBHBIX 00-

3opax [17, 18, 19].

3anyssiercs. Torga, mosaras



I'maBa 5

CBEPXITPOBO/INMOCTD

5.1 Penomen Kymnepa.

Paccmorpum mpocreiimuiit mporece paccesiHusi IByX 3JEKTPOHOB APYT HA, APYTe 3a CUET
obmvena (oronoMm, nokazanubiil guarpammoii Ha Puc. 5.1. IlyakTupHoil uanm Ha 3TOM
rpaduke, Mo OOIUM MPABUIAM, COOTBETCTBYET BBIPAYKEHUE:

w2

9’D(es —e1;ps —p1) = ¢° b by (5.1)

(3 —e1)® —wp,p,

Ecsin B3amMoeficTBYIOT 37I€KTPOHBI C MAJBIM CYMMAPHbLM UMITYJIHCOM, TaK 9TO P3 +
p1 ~ 0 (moYTH MPOTHBOMOJIOKHBIE UMITYJILCHI!), TO MepesaBaeMblii UMIYJIbC P3 — P1
He MaJs u (00 MOay/Io) ~ 2pp. B Toxke BpeMms /i 3JEKTPOHOB, HAXOIAIIMXCA BOIU3U
nosepxuoctu ®Pepmu, umeeM €3 ~ €1 ~ 0. [osromy, dakruuecku, Boipazkenue (5.1)
CBOIMTCH K:

9*°D(es —e1;ps — p1) = —¢° < 0 (5.2)
910 O3Ha4daeT Hasjudue 3(h(OEKTUBHOIO MPUTIKEHUA TAKUX IJIEKTPOHOB APYT K APYTY.

Takum 0O6pa30M BO3HUKAET WJIEsi MPUTSKEHUsI JEKTPOHOB C MMPOTHUBOIOJIOKHBIMU HUM-
nynbcamu (v, B CHIy TpUHIMNIG [lay/iu, TPOTUBONOIOKHBIMYE CIMHAMMY ), JIEKAIAA B OC-
Hoee reopun BKIII [1, 21]. B npocreiinem BapuanTe MoneabHoro ramusiabronuana BKIIT
[1, 11] peasnbHOe B3amMozmeiicTBre 3a cyeT obMeHa GhoHOHAMY 3aMeHsieTcst 3D dOEKTHBHBIM
TOYEYHBIM OPUTSKEHUEM, KOTOPOE OTJIMYHO OT HyJs B CJIO€ MIUPUHON ~ 2wp BOMM3M
noBepxuoctu Pepmu.

KymepoBckyto HEyCTORYINBOCTH, BO3HUKAIOILYIO 3a CYET TAKOTO MPUTSIKEHNS, MOXKHO
paccunuTarh PacCMATPUBAs “IECTHUYHBIE” IHATPAMMBI, OMMCHIBAIONINE B3aNMOIEHCTBIE
JIByX KBasu4dacTull BOu3u nosepxaoctu @epmu, nokazanubie Ha Puc. 5.2 (a), rae Bosmu-
cTas JUHISA COIOCTABIIAETCS STOMY IPHTATHBaomeMy B3amMmoneiictsmiol. Cymma sToro
psana (6e3 BHemHux “xBocToB”) Jgaercs BepiiuHOl I'), KOTOpas Onpenessiercs UHTerpaib-
HbIM ypaBHEHUEM, nokaszanubiM Ha Puc. 5.2 (b), umenomumm cieayonmii aHaIuTuIecKuit
BUL;:

D(p3pa; p1p2) =< p3pa|Llpipe >=<p' +q,—p'|Tlp+ ¢, —p >=
4,11
p
WV(p' —p")Go(p" + q)Go(—p") <p" +¢q,—p"|C|p+ ¢, —p >(5.3)
lﬂogpasyMeBaeTcsI CeAYIOmutl BEIGOD BHEITHUX 4-UMITYJIbCOB: p1 = p+q; p2 = —p; p3 = p'+¢q; pa =
—p’, TaK 9TO ¢ €CTh MAJIBI CyMMapHbIH 4-AMITYJIbC.

=V(p—p')+i/

147
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P& P&
|
|
|
|

P;— P : &5—&

|
|
|
|
|

P& P&

Puc. 5.1: DemenTapHbIil MPOIECC B3AUMOIEHCTBUST IBYX JIEKTPOHOB MOCPEICTBOM 00-
MeHa, (POHOHOM.

| 2 E’4 p+q
Py Ps3 —P
a)
P, Py P'tq
P P3 -p”
b)

Puc. 5.2: “Jlectauna” B KymepoBCKOM KaHaJje (a) U MHTErpajibHOE yPABHEHUE [JIs COOT-
BercrBylonieii Bepuiunbt (b).
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B copasemymBocrn ypasHeHus (5.3) Jerko yOequTbCA UTEPAIMAMHA — BO3HHUKACT, KAK

p yp y )
pa3, “necruununpiii”’ psag. B momenn BKII s3anmoneiicrsue V (p — p’) Mmonemupyercs ciie-
JYIONUM 00pa30M:

Vip—1) = Vpp) = upwy (5.4)
rie
1 |fp| < wp
Wp = 5.5
i { 0 I€p| > wp (5.5)
B paccMOTpeHHOi BBIIIIe MpOCTefimmell MOe 3TeKTPOH — (POHOHHOTO o0MeHa A = —g2.

Teneps ypasuenue (5.3) JIErKO PEIIAeTCs:

AMWp' +qWp tq (5.6)
. 4 ’
1—iA[ (gT’)’Akwg_FqGo(p +a)Go(—p)

L(pspa; p1p2) =< p' + ¢, —p'|Tlp+ ¢, —p >=

YTO MPOBEPSIETCS HETIOCPEICTBEHHOM MOCTaHOBKOM B (5.3). PaccMorpuM BXoaamumii croaa
WHTEerpaJ:

4 4
A/(;ZWI)Z w2, (Go(p + q)Go(—p) = i)\/(;iT};Alngo(p)Go(q—p):

d3 ds 2 1 1
— 7
“/ =P = E(p) T 10signe(p) wo — - —E(a—p) T signela—p) ")

rae ¢ = [wo, q] = [e1+€2; p1+P2)- Boinounsis ssemMerTapHoe KOHTYPHOE HHTErPUPOBAHYE,
HOJTy YaeM:

/ﬁ 1 1 -

27T€—£( )+i5sign£( )wo — & —&(q — p) +idsigné(q — p)

— = §(p) §(q p)+id Hnpu &(p)>0; &(g—p) >0
i aa s r &) <0; &(g—p) <0

(5.8)

[Moacrasigas 3ToT pe3yabrar B (5.7) U mepexofid K MHTErPUPOBAHUIO 10 IHEPreTUIECKOi
nepemennoit £ = £(p), ¢ y4eTom Toro, 9to (axTop wf, 00pe3aer 3TO WHTErPUPOBAHNE HA
J1€6aEBCKOM 9aCTOTe W, MOMYyYaeM:

iA / (ij;ngo(mGom —p) ~

w 1
mpr b 1 1
_ 5.9
2#2/0 df/o dx{wo+2§+qua:—i5+2§+qux—wo—i(5} (5.9)

rJie BOCTob30Banch £(q — p) & &(p) — vpq cos§ u BBesm mepemenHyio x = cos §. Janb-
Henmnme UHTETrPUPOBAHUA 3JIEMEHTAPHbBI, U MbI HOHy'—IaeM:

4
iA / (;iTP;‘lwf,Go(P)Go(q—P) ~

mpr { 1 2wp — id 11 2wp — id

%—)\QWQ 1+=-1In

. n .
2 wotovpq—id 2 —wo+vpq—1id

— 30 —wp — 10
SR P Rk G P Bk (5.10)
2Upq wo + vpq —id —wg — 10
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[CnaBbiil (QOMUHUDYOMIKI) BKJIA B 9TO BbIPAXKEHUE IIPU MAJIbIX (II0 CPABHEHUIO C Wp )

Wo ¥ Vpq UMeeT BUJ;
mppg WD

-
272 nMax[Zwo; vEq]

(5.11)

rze Bo3uukaer 60sbinoil jgorapudm (B npeieie — jorapudmuueckas PacXojuMocrb). B
pesysbrare, s MHTEpecyoeil Hac Bepiiutbl (5.6) mosydaem:

D(pspa; pip2) =< p' + ¢, =pP'|TIp + ¢, —p >= T(qQ)wp 1 qWpiq (5.12)

L

[Ipoananusupyem renepsb cBoiicrsa Bepiuunnoil yacru (5.15). duisg npocTorsl paccMorpum
cuadasa caydait ¢ = 0. [Ipu BelecTBEHHBIX U TOJIOKUTETBHBIX Wy UMEEM:

A
1+ \Z2E {111‘2‘”—5’ +%r}

272 wo

rae (mpu wy > vpq)?

im 1 w?
Z 4 0
+2+2n

2

mpg 2wp
I'(g) = A1+ A\ 1 —
@ = {1452 e o

21 wo

wo In wWo —VFq
2upq  |wo +VFq

F(WO) =

(5.16)

Byaem paccmarpusars renepsb I'(wp) Kak QyHKIMIO KOMILIEKCHOMN IIEPEMEHHO# Wy, Ope-
JleJisisl ee KaK aHajaurudeckoe npoaonkenue (5.16) B BepxHIo0 nosyiockocts Imwg > 0.
Torna, nonarasi B (5.16) wp = |wple*¥, momygaem:

T(w) = (5.17)

272

1+ \Z2E [ln}%—f‘ + i —igp}

Ecnu B3aumozeiicTBue 371€KTPOHOB HOCHUT XapakTep npursaxkenus, 70 A < 0 u (5.17)

—z(g - )] =0 (5.18)

HMeeT II0JTIOC, OIIPeeIaeMblil ypaBHeHAeM: ;
Te. mpu p = 5 ou 1+ ANZEE {hl ‘ 2up H = 0. maue roBopst, MOJOC UMEETCS HA MHUMOT

1+A

mpg 2wp
In|——
27‘(2 wo

wo

9acToTe, Wy = 1W, TAe:

- 272
@ = 2wp exp (—7 (5.19)
mpp|Al
B okpecrHOCTH 3TOrO MONIOCa I'(wp) nmeer BuI:
272 1w
[(wo) ~ — — (5.20)
mpr wo — 1@
231ech HAJO BOCIOJIBL30BATHCH U3BECTHBIM COOTHONIGHHEM:
Inz=In|z|+iarg z (5.13)
rae
arctg¥ npu x>0
arg z =arg(z +iy) = { w+ arctg¥ npu x<0;y>0 (5.14)

—m 4 arctg¥ pu z<0; y<0

3B caiyuae orraskusanus (A > 0) HEUero ocoGeHHOro He Tpoucxoaut. Buipaxenue (5.17) maer mpu
3TOM CyMMY BCeX ‘“JIECTHUYHBIX’ IIOMPABOK K “3aTpaBovHO” \. Bosbmio morapudm BegeT TOrga mpocTo
C 11

K 3(pPeKTUBHOMY yMeHbIIEHHIO B3amMmozeiicTBus. Hukakoil “marosorun” B 9TOM Ciy<uae He BO3HHKAET.
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910 03HAYAET BO3HUKHOBEHUE KYNEPOBCKOU HEeycmouuusocma — TOTIOC BEPITHHHON Ya-
CT B BepXHEH MOJIYIJIOCKOCTH YAaCTOThl O3HAYAET BO3HUKHOBEHUE B CHCTEMe HeyCTOI-
YUBOH KOJIJIEKTUBHON MOJIBI C IKCIOHEHIMAILHO PACTYINeH (CO BpeMeHeM) aMILIATYI0i:
eTiwol 7Ot @t Y10 BesleT K HEYCTOHYMBOCTH CHCTEMbI M HEOOXOJMMOCTH Iepe-
CTPOWKH €e OCHOBHOTO COCTOSIHHUS M CIIEKTPa BO30YKICHUIMA.

ITpu orsuusbIx or Hysns vpq Bbipaxkenue (5.15) MOXKHO Hepenucarb B CJIeLyOIeM

Buge (I wy > vpq):
. 1 2 2 _ —1
—l—ﬁ—i(p——ln 1—UF3 + o In Yo~ Yrq
2 2 w§ 2vpq wo + VFq

(5.21)
TAK YTO HOCTIE MPOJIOKEHAS B IOy IZIOCKOCTh [mwy > 0 1 BCIOIb30BAHMS OLPEIEICHUS
@ u3 (5.19), HaxomuM:

92 1 2 2 o -1
T(qwo) = ——— {1nw—?—1—|—§1n (1—”F§ ) 0 1n (‘*’0 qu)} (5.22)

mpr 1w wi B 2upq wo + vEq

2
I(q,wo) = A 14 AZPE y o | 229D
272

wo

IIpr MameIx vEpq <K W UMeeM:

272 1w
I'(q,wo) ~ — —— (5.23)
MPF wy — i@ + i~
Orcroza HaXOIUM MOJIOYKEHHE MOMoca Kak MYHKIUIO ¢:
2 2
— i Urq
wo =W (1 ~ %52 ) (5.24)

TaK 9TO abCOIOTHAS BEJIMYMHA W) YMEHBIIAETCs ¢ pocToM ¢. IIpu HEKOTOPOM VEQmax
TOYKA MMOJIIOCA, Wy CTAHOBHUTCS PABHOM HYJIIO, MOCJE Yero, mMpu OOJIBINMNX Up(g TIOJIIOC B
I orcyrcrByer. IlockonbKy BeaWYnHA ( MPEACTABISIET COOOM MMITYJIBC CHCTEMBI JIBYX
9JIEKTPOHOB KAK IIEJION0, 3TOT PE3yJIbTaT O3HAYAET, YTO TEHIEHINI0 K 00PA30BAHUIO mMap
MPOSIBJISIOT JIEKTPOHBI, IBUXKYIIHAECS MOYTH HABCTPETy APYT JAPYTY.

Kymneposckas “mecrHuna’ maer BKAaJ B COOCTBEHHO — HEPIETUUECKYIO JACTh JJIEK-
TpoOHa, NOKa3aHHbIi rpaduuecku ua Puc. 5.3 (a). EcrecrBeHHo, 4T0 CyIIECTBOBAHUE 110~
JIIOCHON OCOOEHHOCTH B ‘“TecTHUIE” TPUBOANT M K COOTBETCTBYIONIEH CHHTYJISAPHOCTH B
3(p) u B onpeensmomeii ee BepiuHe, mokazanuoit na Puc. 5.3 (b).

[MomuepkueM erre pa3, 9TO U3IOKEHHBIE COODPAKEHUS CBUIETENHCTBYIOT O HEYCTOM-
YUBOCTH OOBIYHOIO OCHOBHOTO cOCTOsiHus hepMu — rasza ¢ npurskenuem npu 1T = 0.
9Ta HEYCTONYUBOCTH COCTOUT B CIIOCOOHOCTH YACTHUIL, IEHTP WHEPIIUU KOTOPBIX MOYTH
TOKOUTCsI, OOPA30BHIBATL CBS3aHHBIE TAPHI, T.€. CBOErO POJa 003€ — YACTHIIhI, KOTOPHIE
MOTYT “KOHIEHCHPOBATHCA HA, OCHOBHOI ypoBeHb. Temmeparypa, mpu KOTOPOi BIIEPBHIE
BO3HHMKAET TaKas HEyCTONYIMBOCTD U SBJISETCA TEMIIEPATYPOU IEPEX0/IAa B CBEPXIIPOBOIs-
utee cocroguue. [Tocmorpum, moaromy, Ty Ke 33724y B TeMieparypHoil (Maily6apoBCKoii)
TEXHUKE.

B npubsaukennn, B KOTOPOM MBI TpEHEOPEraeM pacCesiHueM CBSI3aHHBIX Map APYyT Ha,
Jpyre, OHU ODPa3yloT MIeAJbHBIN 003e — Ta3, u TemreparypHas ¢yukius ['puna misa
HErO MMEeeT BUJI;:

1

: q2
Wm = gz TH

Gy wm) = (5.25)
e wy, = 2mml’, q — UMIyJIbC CBSI3aHHON Mapbl, & m* — ee Macca, paBHAsl yIBOEHHOMN
macce saexTpona. Ipu wy, = 0 (5.25) ceomures k [u—¢?/2m*|~!. ipu mexoTopoii Temme-
parype T = T, Ha3bIBAEMOi1 TEMTIEPATYPOil 603 — KOHAEHCAIINHN, 9T BEJIMINHA, BIIEPBHIE
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Puc. 5.3: [TompaBku K COOCTBEHHO — SHEPTETUIECKON JACTH JIEKTPOHA, 33, CUET PACCETHUS
B KyIIEPOBCKOM KaHaje (a) u rpaduku [jid cooTBeTcTByIomel Bepmunbl (b).

obparaercs B 6eCKOHEIHOCTh Tpu ¢ = (. DTa TeMrneparypa, OYeBUIHO, COOTBETCTBYET
@ =0, B COMIaCHu CO CTAHIAPTHBIM PACCMOTpeHneM 6o3e — KoHeHcawn [11].

IIpu yduere BHyTpeHHEil CTPYKTYpPbl KylHEepPOBCKOI mnapbl, anajuorom (5.25) sBisercs
aByxdactuuHas depmuonnas dyskimusa ['puaa. B Touke mepexoma oHa JOKHA 002~
JaTh QHAJOTUIHBIMU CBOMCTBAMHU B CMBICJIE CBOEH 3aBUCHUMOCTU OT MEPEMEHHBIX Wgy, =
(e14+¢€2)n ¥ q = P1 + P2, COOTBETCTBYIOIIMX IIEHTPY WHepIuy napbl. PepmuonHbIe DYHK-
myu ['puHa 0COOEHHOCTAME II0 9TUM MepPeMEeHHBIM He 00/1aJal0T — HYXKHO PaCCMOTPETH
COOTBETCTBYIOILYIO BEPIIUHHYIO YacTh 1'(qwp), KOTOpas Jaercs TeMU 2Ke JIECTHUIHBIMU
JUarpaMMaMu, 9TO W BBIIIE, HO B MaIiyDapoBCKOil TexHukKe. Bes pasHuiia B TOM, 9TO
BMecTO (5.7) HyKHO Terepb PaCCMOTPETD:

dp 5 1 1
I= —/\TZ/ e (5.26)

rae wom = 2mmoT (mo — nemoe ducso). Mer ue GygeMm BbraucaaTh (5.26) npu mpous-
BOJIBHBIX 3HAYEHUAX Woy, U ¢, T.K. U3 OOIINX COOOpasKeHuil SCHO, YTO KaK U B 603e —
raze, nositoc B I'(qwp) BHepBble MoOsBIsSETCS st 3HadeHuit wyg = ¢ = 0. ITosTomy Ham
JIOCTATOYIHO PACCMOTPETh TOILKO ITOT caydaii. Torma HaM HaJ0 MOCYNTATH TOMBKO!

A 3,2 1 1 ~
= (277)3T§n:/d P i €@ i + )

mpp <P 1 mpp [“P df | &
~ =\ déT E = - —th—— 2
272 /, &+ g2 + &2 272 /0 & 2T (5.27)

wp n

rze CyMMa [0 4aCTOTaM BbIYUC/IIIACH ¢ HOMOIbIO (2.99). urerpupys 31ech 110 4acTsam,

[IOJIy 4aeM:
oo
mpg wp Inx
I'=- XA (ln+— dz—— (5.28)
2m 2T 0 ch?z
I7e B OCTaBIIEMCA HHTerpase 3aMeHHIH BePXHHil mpenen r = 52 Ha OeCKOHEYHOCTD, C

Y4YETOM €ro ObICTPOM CXOAUMOCTH U MHTepecymux Hac 1 <€ wp. DTOT UHTErpaJj paBeH
In 5, rae Iny = €' = 0.577... (mocrosianas Ditnepa), Tak 9To v ~ 1.78, a 2?” ~ 1.14. B
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urore mnoJjgay4daeM:

A

I'0,0) = 5.29
IIpu A < 0 37ech ongTh BOBHUKAET MOJIIOC, BOJIM3W KOTOPOTO:
o2 T.
I'(0,0) = — 5.30
(0.0) = e (5.:30)

rue memnepamypa ceeprnposodsuiezo nepexoda T, oupeneiserca popmy.oit BKII (J.Bardeen,
L.Cooper, J.Schrieffer, 1957):

2 272 2 1
T. = le exp ( L) = le exp ( ) (5.31)
T

~ Ampr ™ A

Obparure BHUMaHUE, YTO 3/€Ch BXOIUT IJIOTHOCTH COCTOsSHUIT Ha ypoHe @epmu Vp B
pacdere Ha odny NPOEKIMIO CMHA. BesmanHa |A|vp urpaer posb 6e3pa3MepHoil KOHCTaH-
ThI CIIAPUBATEIHHOTO B3aUMOIEHCTBIUsI. BaXXHO MOIIEPKHYTh, YTO 3aBUCUMOCTH OT ITOMH
KOHCTaHTHL B (5.31) Heanasumuueckas — 3T0 BbIPAXKEHUE HeJIb3s PA3JIOKUTH B Pl 110
crenensam A mpu A — 0!
Beeznennas soiie B (5.19) yacrora @, xapakTepusyonias HEyCTONYUBOCTb CUCTEMbI
npu T' = 0, paBHA
&= %Tc (5.32)

5.2 Ypasaenua ['opbpkoBa.

13 npenbt ero sCHO, 4To B obusiactu temueparyp 1 < T, Tpebyerca clenuaibHOe
)

paccmorpenue [1, 2]. Ucxonum u3 yupoienHoit mogesnu dbepMu — ra3a ¢ TOYeUHbIM [IPH-

TSZKEHHEM, TaMUJILTOHUAH KOTOPOH MMeeT BU:

H=Ho+ Hint =
=;/mw®L%ﬁtﬂmmwgg/mwm%www%w (5.33)

DopmaIbHO ITO COOTBETCTBYET MOTeHnMaLy B3anmozeiicreusa V(r —r') = Ad(r — /), mo
B JAJbHEAIIeM TP BHIYUCICHUH UHTErPAJIOB U CyMM MbI OyIeM MOApa3yMeBaTh OrPAHU-
yenne tuna (5.4), (5.5), YTOOBI yIECTh PEATBHYIO IPUPOJLY MPUTIKEHUS B CBEPXIIPOBOJI-
HUKaX.

B reii3eH6eproBCKOM MpeCTaBIeHIA MOXKHO BBIIACATH CTAHIAPTHDBIE YPABHEHUS JIBU-
JKEHHA IS 3JIEKTPOHHBIX OIEPATOPOB:

0
Z&ﬂ%y(fﬁ) = [Ya, H] (5.34)

KommyTaTop B ipaBoii 9acTy BEIYUC/ISETCST HEITOCPEICTBEHHO, C UCIIOIHb30BAHUEM OCHOB-
HBIX KOMMYTAIMOHHBIX COOTHOIIEHUH /1Jis OIepaTopoB ¥, (2):

Ya(r, )5 (¢, 1) + 95 (Y, )a(r, t) = dapd(r —1') (5.35)

Ya (I', t)wﬁ (I',, t) + wﬁ (I‘/, t)wa (I', t) =0
P (e, ) (¢, 8) + 9k (¢, 0)¢d (e, 8) =0 (5.36)
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[IpsiMble BBIMHUC/IEHN, CBA3AHHBIE C IIOC/IEJ0BATENILHON KOMMYTAIUel OIepaTopos ¢ OT-
JIEJIGHBIMU CJIaraeMbIMU B raMusibrornane (5.33), maror:

v2
[tha (), Hol = — <% + u) Vo (z) (5.37)
[a(2), Hint] = —AZ% (2)ha (2) (5.38)
V2
o ol = (5= + u) v (@) (5.39)
[V (%), Hint] = AZW (2)ys() (5.40)
TaK 9TO B dABHOM BHUJE ypaBHeHI/IH JBUKEHUA BBITTIAIAT CJIe,I[yIOH_[I/IM O6pa3OMI
0 \%&
? g; = - <% + ﬂ) wa - Azﬁjw'ywa (541)
or (V2
gt = (% + u) Y+ MLl b, (5.42)

rIe [0 MOBTOPSIIONMIAMCS IPEYECKUM (CIIMHOBBIM) MHAEKCAM MOAPA3YMEBAETCSA CyMMUPO-
BaHUE.

CormnacHo mpeanoIaraeMoit HaMu Ka9eCTBEHHONH KAPTUHE OCHOBHOT'O COCTOSTHUST CBEPX-
npoBogauKa, pu T = 0 B cucreMe umeeTcsi kKondencam KynepoBCKUX TIap, COAEP KT
orpomHoe (MaKpoCKonu4Yeckoe) yuciao yacrul, O9eBUIHO, YTO COCTOSHUE TAKOW CUCTEMBbI,
(dbakTHUeCKH, He MEHSeTCa NPY M3MEHeHHH Ha eJUHUIY 4ducia map B Komgencare®. Ma-
TEMATUYECKU 3TO BBIPAYKAETCS HAJIUYIUEM OTJMYHBIX OT HyJisd (B IPEIEse YuCia IacTHUll
N — 00) 3HaUEHUII MATPUYIHBIX FJIEMEHTOB:

lim < m, Npg(z2)a(z1)m, N +2>= lim <m,N + 2|1/);'(:c1)w;(:c2)|m,N >*£0
N —o0 N —o0

(5.43)
Baech Y3(x2)ha(x1) npencrapaser coboil onepaTop YHHYTOKEHUS JBYX 3JIEKTPOHOB, a
’Lp(i_(xl)wg(l‘g) — aHAJIOTWYHBIA OMepaTop pOXKIEHUs mapbl. B mampHelnem Mb1 Oymem,
JIJIT KPATKOCTH, OMYCKATh 3HAK B3ATHSA MPENEa, & TaKyKe OMyCTHM U JUATOHAJIBHBIHN
MaTPUYHBIN WHIEKC, HYMEPYIOMui “0InHAKOBBIE” COCTOSHUSA CUCTEM C PA3THIHBIM UHC-
JIOM YaCTHII,

Takum 06pa3oM, IpU MEPEXOE CUCTEMbI B CBEPXITPOBOISAIIEE COCTOSHUE TPOUCXOIUAT
CTOHMANHOE HAPYUEHUE KaUuOPOSOUHOT CUMMEMPUU’, COOTBETCTRYIOME 3aKOHY COXpa-
HEHUS 9UCJIa JACTUIL — HJIEKTPOHBI MOTYT TOMAPHO “YXOAUTH’ B KOHIEHCAT WJIU, HA00O-
poT, “BO3HMKATHL’ M3 KOHJAEHCaTa. MaKpOCOCTOSHHE CHCTEMBI TIPU 3TOM HE U3MEHSETCS
(mpu N — ool).

[Tosromy, Hapsiay ¢ obbranoil (HOpMasbHOil) dyukiueii ['puna:

iGap(T1, m2) =< N|Ttq(x1)9F (22)|N > (5.44)

4OrMeTHM 09eBHIHYI0 AHAJIOTHIO STOTO HPETIOIOKEHHUs C AHAJIOTAYHON THIOTe30H, MPHHIMAEMOR B
Teopun 603e — rasa co ciabbiM B3auMozeiicTeieM 1o Boromo6osy [11].

SKoHIenus CIIOHTAHHOr0 HAPYIEHNsT CHMMETPHI HI'PAET NeHTPAIBHYIO0 POJIb B COBDEMEHHON TeOpHH
dasoebrx nepexonos II poma [24]. OcHOBHOE cocTOsiHEE “KOHIEHCHPOBAHHON’ (Dasbl, BO3HUKAKMEH Ipu
TeMIepaTypax HUXKe TOYKHU mnepexoma 1., BCerga uMeeT CHMMETPHIO Huice CAMMETDUN TaMUILTOHHAHA,
OIHCHIBAIOIEroO JAHHBIA Ba30BbLil nepexox [11]
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HeOBXOIMMO BBECTH TAKIKE I TAK HA3bIBAEMBIE aHoMarbHue PyHKun ['puaa’:
iFop(z1,22) =< N|To(z1)Ys(x2)|N +2 > (5.45)

iF) (21, 09) =< N + 2T (z1)g (w2)|N > (5.46)

(03

Anomasnpubie bynkuun ['puna Fog u F, ;r 3 YIOBJIETBOPSIIOT CIIE/IY IOIIIM 0bIIMM CBOMCTBAM
CUMMETPUH, CIeAYIONIM U3 KOMMYTAIIMOHHBIX CBONUCTB BXOMAIINX B HUX OMEPATOPOB:

Faﬁ(xlva) = _Fﬁa(x%xl) Fjﬁ(xlaxQ) = g_a(anxl) (547)

B nasipHeAmeM MBI BCIOLY PAaCCMATPHBAEM TOJIBKO CHHIVIETHOE (IIO CIUHY) KYIEPOBCKOE CIIAPHBAHHE,
peanu3yonieecss B IOJABIONIEM OOJBIINHCTBE METAJIMIECKUX CBEPXIPOBOTHHUKOB' . OTaemuM CIUHO-
BYIO 3aBUCHMOCTbH 3aIIHCaB:

Fop=AapF  Fly=DBagF™" (5.48)
Ho, B coorBercreum ¢ mpunmunom ayam, umeem < thq (x)Ya(x) >= 0, Tak ur0 Fopa = Fig = 0.
CoorBercTBeHHO Anq = Baa = 0, 1 MaTpumsl A u B MOryT OBITH IPEJCTABIEHBI B BHJIE:
_ 0 a1 _ 0 b
s (2 mY) s -
Jlns cunrsersoro cnapusanus F(r —r') = F(r' —r), rorma u3 (5.47) crnexyer Aog = —Apq 1 Bapg =
—Bgq, Tak arod:
0 a 0 b
(% 0) e=(%0) 650
u u3 (F;B)* = —F,3 nonyaem B* = —A, Tak uro u b* = —a. CooTBeTCTBEHHO:
0 1 « 0 1
A—a(_l 0) B—fa(_1 0) (5.51)

Tormga ciuHOBAsT 3aBUCUMOCTD AHOMAJIBHBIX (byHKIHIT ['prHa CBOAUTCS K eIUHUIHOMY
AHTUCUMMETPUYIHOMY CIIMHOPY 2 — paHra:

0 1 . N
mo=( 0y 5 ) =ity @hoa=bus (5.52)
roe o¥ = < ? _OZ ) ITosTOMy MBI MOXKEM 3aIIMCATDH AHOMAJbHBIE (DYHKIUNA B BAIE:
Fop(T1,72) = gapl'(v1,72) Fly(x1,2) = gapF (21, 22) (5.53)

rJe ClpaBa CTOAT (DYHKIUHU CHUMMETPUYHBIE 110 T1 U To. CIMHOBas 3aBUCHMOCTb HOP-
manbHO# dyukiuu puna Gopg (A1g HeMarHUTHOM cucreMbl) cBoauTcs K Gog = 003G.
Kpowme Toro, B omaopoanoii cucreme rpunosckue dyuxmun G, F, FT 3aBucaT TOIbLKO OT
pa3HOCTEel KOOPAUHAT TOYEK M Pa3HOCTA MOMEHTOB BPEMEHH.

Bremem anomajbHbIe (DYHKIIUN B COBIAJAIONIAX TOYKAX:

H(z) = iF(z,x) E(z) = —iFt (2, 2) (5.54)

KOTOPbIE MHOIA HA3BIBAIOT BOJIHOBBIMY (DYHKIMSAMA KYIEPOBCKUX AP, HAXOAAIINXCS B
KOHJIeHCaTe. B crainoHapHOii MAaKPOCKOIIMYECKH OJHOPOAHON cucreMe Z(x) CBOIUTCH K

S60OTMeTuM TecHYIO CBA3b IIOSBIEHHS B TEOPHH AHOMAJTLHBIX (yHKMuil I'puHA ¢ mmeomormeit KBasu-
cpenrux Boromobosa [11, 24, 25]

"TpuIeTHOE CIIADHBAHKE HMEET MECTO B CBEPXTEKydnxX (azax He> M B HEKOTODBIX METALTHICCKHX
coeguHeHusix, Hanpumep B ST RuO4.

8 ]l TPUILIETHOrO CIApUBAHUA KOOPAMHATHAS YaCTh AHOMAJIBHOH dyHKImu ['pHHA aHTHCHMMETDHY-
Ha, 8 CIIUHOBAs, HA0D0POT, CHMMETPUIHA.
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MTOCTOSTHHOM, IPHUYeM HAJIEXKAINM BBIOOpOM (a3 1) — omepaTopoB MOXKHO CIIE/IaTh ITY
TIOCTOAHHYIO JEeCTBUTEIBHOMN.

Saiitmemcs Terneph 3a/a4ueil BIMUCIEHNs paccMaTrpruBaeMbix dyukiuit ['prna B Mose-
s dbepMu — raza ¢ OPUTIKEHUEM, ONpeesseMoil ramuibTonuanom (5.33). YpaBHeHust
JIBUZKEHHUs JIjist oneparopos ¢ u T seiucanbl Boime B (5.41) u (5.42). Umeem?:

%Gaﬁ = —1 <T8w§7t(1x1)¢;($2)> — iéagé(rl — r2)5(t1 — lfg) (556)

TaK 4TO MOACTaBNsAA Coga (5.41), mojydaem ypaBHEHWE IBUYKEHUS [JIsi HOPMAaJbHOI
dyuknuu [puna B BuIe:

2
( aat + V— + u) Gop( — ') —iX < N|T (), (2)va (@)g ()| N >= dapd(z — 2')

(5.57)
@urypupyIouuii 3/1eCh TUATOHAIbHBIN MATPUUHBIN 3JIEMEHT IPOU3BEICHUS JEThIPEX 1) —
0TIepaTopOB MOXKHO pacmucarh (“no Buky”), BbIucas BCe BO3MOXKHbBIE ClIApUBaHUs (CyM-
MBI IPOU3BE/IEHUI MATPUIHBIX 3JIEMEHTOB MAp OMEPATOPOB):

< N|TYT (2)¢ (2)a (@)t (2)IN >~ Gy (0)Gap(z — 2') = Gay (0)Gap(z — 2') +
+ < N|T¢(2)a(z)|[N +2 >< N + 2|T1/)+(x)1/);§(x’)|N >
(5.58)
Ynensr tuna GG 11t HAC Cef9ac HECYNIECTBEHHBI, MOCKOIbKY OHU MPHUBEIYT TOJBKO K
HEKOTOPOM MEepEeHOPMUPOBKE IHEPTUU BO3DYKIEHUN B HOPMAJILHOM cOCTOsHIM. [ToaTomy

B JaJbHeIIeM Mbl COXPAHUM TOJILKO BKJIAJL HOcaeaHeil crpoku B (5.58), rue cogepxkarcs

MAaTPUYHBIE 3JIEMEHTHI [IJIsi ePexo0B ¢ u3MeHeHueMm uwmcia dactuit N < N + 2, tak

I‘ITOlOC

< NITY3 (2))y (2)a(@)Pg () |N >—
—< N|TY, (2)a(2)|N +2 >< N 4+ 2|Ty (2)yf ()N >=
= —Fyal,2)Fly(x,2") = =0upF (0)F " (x — ) (5.59)

rae yunu (5.45), (5.46) u (5.52), (5.53). C yuerom (5.59) ypasuenue (5.57) cBoguTCa K:

( gt + v_ + u) G(z) + A\EF T (2) = §(=) (5.60)

rle 3aMEeHUIN apryMenT = — ' Ha @, a nocrogurywo i F(0) obo3Haummm Kak =.
Ho mbr fo/mKHBI Teneph HANUCATH €Ie W yPaBHEHWE IBUXKEHWS JIJIT aHOMAJIbHOM
bynkmuu [pura FH(z)! s 9TOr0 BRIMUCIAM TPOU3BOHYIO:
> (5.61)

9 JIj1st OJTy eHMsT BTOPOTO CJIATraeMOTO B (5.56) HY>KHO BCIOMHHTH PO Pa3phIBHOCT G o IpH t1 = to:

+
oyt —a) = (v +2|r 2 s )

Gaplty=to+0 = Gaplty=ts—0 = —i < Ya(t1,r1)9™ (t1,r2) + 95 (t1,r2)¢a(t1,11) >= —idasd(r1 —r2)
(5.55)

10B mopmasbHOit dhepyu — cucteme (6e3 KOHIEHCATA) OHHM, CTECTBEHHO, PaBHBI Hymo. Ho 37ech sTm
AHOMaJIbHBIE BKJIQAbI BEAYT K Ka9€CTBEHHO HOBBIM BBIBOJAM.
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Bamerum, 4ro wien ¢ § — dbyHKImeil, Tuna Broporo ciaaraemoro B (5.56), 31ech He BO3HU-
KAeT, IOCKOJbKY Fog(x — ') (B ormuune or Gop(x — 2’)) HenpepsiBua mpu ¢ = t/ (B cumy
anTHKOMMYyTaTHBHOCTH 7 (£, 1) NI w;(t,r’)). IMoncrasisas (5.41) B (5.61) u cuoBa mpo-
BO/Is BbIJIE/ICHIE KOHJEHCATHOTO BKJIA/IA, AHAJIOTMYHO TOMY, KaK 9TO Jenanoch B (5.59),
HOJIy9aeM ypaBHEHHe:

2
<z% - 2v—m - ) FT(z)+ A \2*G(z) =0 (5.62)

Takum 06pa3oM Mbl oJydYaeM 3aMKHYTYIO cucremy ypasuenuil (5.60) u (5.62), oupese-
asomyio dbyukiun I'puna ceepxnposoauuka (JI.I1.Topbkos, 1958).
Iepexomst K UMITYJILCHOMY TPEICTABICHAIO, ypaBHeHUsT [OphbKOBA MOXKHO 3aIUCATH B

suge (p = (=,p), &(p) = B5 —1):
(e = E(P)G(p) + AEF*(p) = 1 (5.69)
(e +E(P)EH(p) + AZ"G(p) = 0 (5.64)
Nckmrouas u3 3Toii cucTeMbl F'T 9T0# cucTeMbl ypaBHEHHIT cpa3y Ke HaXOIHIM:
(2 = €(p) ~ [AP)G(p) = £ + &(p) (5.65)

rje BBeau 0003HaYEHUE:

A=\Z (5.66)

Ora BeMYMHA, KAK Mbl YBUIUM HUXKE, OyJIeT UTPATh POJIb IHEP2eMUteckoll et B CIIEK-
Tpe BO30YK/IEeHUI CBEPXIPOBOAHUKA 1, OJHOBPEMEHHO, NAPLMEmpPa NopAOKa CBEPXIIPO-
BOJAIIETO TIEPEXOIA.

®opmasbhoe pemtenne (5.65) umeer BuI:

_e+ép) . wp vy
Gp)= 5= 2p) ~ 2D + D) (5.67)
rie
e(p) = VE(p) + 1A (5.68)

criekTp 3meMeHTapHbIx Bo30yxkaenuit Teopun BKIID (¢ menpio 2|A|), a u, u v, ecTh
usBecrublie Kodbdunuenrsr Borosobosa [11]:

1 _ &
} =3 (1 O |A|2> (569

Broipazkenue (5.67) eie HEZOONPEIETIEHO — HYKHO eIle 3aJaTh CIocod 00X0/1a MOJII0COB,
MHAYE OCTAETCs HEOIIPeIeeHHON MHNMas JacTh (hyukiwn (. lemo B ToM, 9TO OHA, OUe-
BUIHO, coziepxut 0(¢ & £(p)) u moromy Bhmazaer mpu ymuoxkenun Ha (¢2 — 2(p)) B
(5.65). TIo obmmM anamurudeckuM coiictBam [1] 3Hak MEHUMOl wactn dyukimu Iprna
TIPOTUBOIMOJIOXKEH 3HAKY TEPEMEHHO €, MOTOMY B WJIEHAX C MOJIOKUTEIBHBIMI W OTPH-
IATEILHBIMU TOJIOCAME Ty MEPEMEHHYI0 HY»KHO 3aMEHHUTh Ha € £ id, Toraa

ISE VSN

u; v, B e+&(p)

e—e(p)+id + e+e(p)—id (e—¢e(p)+id)(e +e(p) —id)

G(ep) = (5.70)
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Tenepn naxomum u F' u3 ypasuenus (5.64):

=* A*
S i e e e oy 7 e a7 e ey 5 MY

B toxke BpeMsi umeeMm, 10O OMpeIeIeHHIO:

[eS) % d3p

iZ*=FT(x=0)=
( ) oo 2m ) (27)3

FT(ep) (5.72)

[Mopcrasauss ciona (5.71), BbINOJIHAEM HHTErPUPOBAHKE 110 € IIyTEM 3aMbIKAHUS KOHTYDA B
BEPXHEI I10JIY IJIOCKOCTH, TAK YTO UHTErPAJI BHIPAZKAETCS Yepe3 BblYeT B rosioce € = &(p).
B pesyabrare, mocse cokparieHus Ha ZF MoaydaeM:

(5.73)

1=-— A / d3p !

2(2m)3 /€2(p) T A2
— ypasuenue jis meaun reopun BKII. Hamomuuwm, gro y mac A < 0, Kpome TOro Mbl
nureMm A ye 63 3HaKa MOYJIsl, MOCKOIbKY, KAK OTMEYEHO BBIIIE, B JAHHOM CJIydae Mbl
MOYKEM CYMTATh HIe/Ib BelecTBennoi. Pacxomumocts uarerpadia B (5.73), Kak U3BECTHO,
obpe3aercs ucxoms u3 ycaosus, uro B mozean BKII B3aumoeiicTBy 0T (IpUTATUBAIOTCS )
TOJIBKO 3JIEKTPOHBI C IHEPTUSAMU, JICIKAIINUMU B CJI0€ TOJIIUHON 2wp OKOJIO TTOBEPXHOCTH
®epmu (cp. (5.4), (5.5)). Torna umeem:

A 47p? Alp% [P d A 2
2(2m) VE(p) + A2 ArmPup S, /€2 + A2 27 A
tak 4ro (5.73) cBomuICH K:
mpr . 2wp
1= In —= .

[Al 52 % (5.75)

9TO maeT cTaHgapTHbIN pe3ynabrar BKII:
w2 1
Ao = 2wpe Rimpr — 2wpe PIve (5.76)

CpapuuBas ¢ (5.31), nmeem:

Ao= 2T, (5.77)

gl
[Tone3no paccuuTarh MIOTHOCTH cocTOAHU 37eKTpoHOB B Momenaun BKIII. Ucxoms w3
obrero onpenenennst (4.99) u (5.67), (5.70), nmeewm:

Nie) = —2vp [ detman(e, o) -

2 > e+¢ 2 = 1
—VFSigne m/_Oo 552—52—A2 7T|€5| m/_oo £§2+A2—52
1
= 2VF|E|Im7A2 — (5.78)

re yamm, ato npu T = 0 Bemomagerca cootromenne ImGE(ep) = signeImG(ep) [1].
Torma, BBOA IMJIOTHOCTH COCTOSIHIM CBOOOIHBIX 3JIEKTPOHOB Ha yposHe Pepmu mrsa obenx
npoekiwit cnura N (Ep) = 2vp, nmeem:

Ver-AZ

N(e) _ le| mpu || > A (5.79)
0 mpu le] < A
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%

Puc. 5.4: [ImarpammHuoe nipesicTaBienne ypaBuenuit ['opskroBa.

9ro — 3namenuTsbiii pesynbrar reopun BKIII. TlnorHOCTh cocrosinuit paBHA HYJIIO BHYTPA
menu, T.e. B objactu 3uepruii mupuHoit 2A Bokpyr ypoBuss ®@epmu. Ilpu ¢ = +A B
Heil UMeITCsi KOPHEBBbIe 0COBEHHOCTH, a MPH |¢| — 00, 3HAYEHNE MIIOTHOCTH COCTOSTHHIH
BBIXOJUT HA ACHMIITOTHKY MO CBOGOIHBIX 371€KTPOHOB N (EF).

Ypapuenus [opbKOBa MOKHO MPEJCTABUTH B THAIPDAMMHOM BHJIE, KAK 9TO MOKA3AHO
ua Puc. 5.4, riae 3ursaroobpasunas suaus obo3Hadaer “korepenTHoe” (KoHzencar!) mose
mapaMeTpa nopsaka A, a s aHOMaIbHON (yHKIKM ['prHa NCTOMB3yeTCst CTaHIaApPTHOE
obGo3Haten e ¢ TPOTHBOIOI0KHO HapaBIeHHBIME cTpenkaMu'l. B anaguTmaeckom Bue
5TiM rpadiKaM COOTBETCTBYeT CHCTeMa ypaBHerwii'2:

_ 1 _ 1 +
e R 50
FHp) = - i ATC0) (5.81)

skBuBasienTHas (5.63), (5.64).
Ucnounbsys (5.66) u ypasHenue, conpsizkenuoe (5.72), Hamnumiem:

A= AT =i /_ / F(ep) (5.82)

YTO MOXKHO M300pas3urb guarpammoii Puc. 5.5 (a), nocue dero us rpadukos Puc. 5.4

Bo3HHKaeT rpadudeckas 3anuch ypasaenuit [oppkopa, nokazannas na Puc. 5.5 (b)!2.
YacTo ucnosp3yercss MaTpUTIHAS 3aIUCh ypaBHeHnit ['oppkoBa, mpeaioxkennas suepssie Hamby. [Ipu
srom, Hapsaay ¢ G, FT u F (re. (5.44), (5.45) u coupsixkennoit x (5.45)) BoaaT eme:

iGap(e1,w2) =< N|TF (21)vp(x2)|N > (5.83)
KOTOpas BXOJUT B CHCTeMy ypaBHeHwuii tuna (5.80), (5.81):
- 1 1

Gp) = - A™F(p) (5.84)

e+&(P) e+&P)

N 306parkennsle Ha 3TUX rpadHUKax IPOIECChl B3aUMOMEHCTBHS ¢ A MOXKHO HHTEPIPETHPOBATH KaK
“yxox” 9JIEKTPOHOB B KOH/EHCAT [P WK UX “BO3BHHKHOBEHHE” H3 KOHEHCATA.

12 [T KpaTKOCTH MBI OIYCKAaeM 371eCh 0eCKOHEIHO MaJjble MHEMOCTH B (GYHKIMAX ['puHa CBOGOIHBIX
TaCTHUIL.

133ameTnM, 9TO 3/1eCh, KaK M BEHIIIE, MBI IIPOCTO IIpeHe6peraeM BKJIaZ0M CHAPHBATENLHOIO B3AHMOIeii-
CTBUs B COOCTBEHHO — SHEPreTHIECKYyI0 YacTh HOpMasbHON dynknuu I'pumxa.
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£

p p p p p P2—-P P
—_— = — 4 >

b)
—-P p —Pp A % P
——— — -

Puc. 5.5: CobcTBeHHO — 3HEpreTHYecKas YacTh OT CIIAPUBATEIHLHOTO B3aUMOJEHCTBHS
Ha anoMaJbHOI (yukuuu [puna (a) u eme oxua dhopma rpadpuaeckoro mpegacTaBIeHus
ypasHennuit ['opskosa (b).

1

F(p) = — AG(p) (5.85)
e —&(p)
Torga moxkuO BBecTH Marpuunyo ¢GyHkuo ['pura BHIa:
A G(p) F(p) )
G(p) = = 5.86
®) ( Ft(p) G(p) (5.86)
u 3ammcarh obe napsl ypasuenuit Topekosa ((5.80), (5.81) u (5.84), (5.85)) equubiM 06pa3oM Kak:
N 1 N ~
{51 —6.6(p) + 3 (AT 4+ A*67) } Glp) =1 (5.87)
Ie BBeJeHbl CTaHJapTHEIe MaTpunsl [laymu 65, 6y, 6. u uxX TUHeNHBIE KOMOMHAIII 6t =6, + 10y
JIerko nmpoBepuThb, 4TO . . .
iG(x1,22) =< TY(x1)PT (x2) > (5.88)
e
. Yo (1) .
den=( 1)) P = W), vate) (5.89)
3 1

— cnuHOopbl Hamby.

Ecsu ¢BepXIpOBOJHUK HAXOMUTCS BO BHEITHEM 3JIEKTPOMATHATHOM MOJE, TO (DyHK-
mun [puHa, y:Ke He OyIyT 3aBUCETH TOJIBKO OT PA3HOCTH KOOPIWHAT. Beemenue sekTpo-
MArHUTHOTO IOJIs JIEPKO NMPOBeCcTH B ypasuenuax [opbkosa B dopme (5.60), (5.62). dro
JeaeTcss OOLIYHON 3aMEHOM:

Vi — (V—ieA)y Vit — (V +ieA)yt (5.90)

roe A — premHmit BekTOp — notenmman ¢, Torma ypapmenus qng G u FT mpurmMaior
BUI:

{i% + %(v _icA)? + u} Gla,a') +iINF(z, 2)FF (z,2)) = 6z — /) (5.91)

MToxpasymesaercs BEIGOp KaInOPOBKH, B KOTOPO# CKAJSPHBIH moTennnan ¢ = 0.
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0 1
o — — jeA)? — o FH(2,2) +iAF~ ") = .92

{Zat 2m(V+ze ) ,u} (z,2") +iAF~ (z,2)G(z,2") =0 (5.92)
[Ipu rpagwerTHOM TPEOOPABOBAHUMI:

A—A+Vp (5.93)

dyuxmuu [puna G, F u F'T npeobpasyrorcs Kak:

G(z,2') — Gz, a')eicle) =] (5.94)
F(z,2') — F(z,2)etiele)+et)] (5.95)
Ft(z,2') — Ft(z,a)e telet) et (5.96)

HOCKOJIBKy 3aAPAHCEHHLE T10JIA SHGKTPOHOB Hpeo6pa3yIOTC$I, opu 3TOM, KaK:
P(z) — e’ YT (z) — et (5.97)

Torpa “memn” A(z) ~ |\ F(z,z) nmn A*(x) ~ |\ F*(z,z), KoTOpBIE BO BHEITHEM MOJIE
SIBJISIIOTCSI, BOOOIIE TOBOPsT, QYHKIUIMA T, IPEOOPA3YIOTCS 0 3aKOHY:

F(z,z) — F(x,z)e?er® FH(z,z) — Ft(z,z)e 2 (5.98)

YTO, B COOTBETCTBUM C O0LIell uaeosiorueil Teopun KaaubpoBouHbIX nosei [20], o3navaer,
YTO MAPAMETP MOPSAIKA TEOPUU CBEPXIIPOBOAUMOCTH (“INesib”) A ABJIAETC 3aPAAHCEHHbILM
HOJIEM C 3apsiZiOM 2€, PABHBIM YABOEHHOMY 3apsily 3JIEKTPOHA (KOHIEHCAT KYNEePOBCKUX
map)!

Ilepeitmem K paccMOTPEHHUIO CiTydas KOHEUHBIX TeMIeparyp. B MamnybapoBCKOit TeXHU-
Ke, Hapsy, ¢ “HopMmaabHoi”’ ¢dyuKImeit ['prHa 3/1eKTPOHA, 1719 CBEPXIIPOBOIHUKA HY KHO
BBECTH U “a@aHOMAJBHYIO :

Q+uN—H

Fag(m, 115 7,12) = Sp {e Ty ($a(nr1)Ys(marz)) | (5.99)

F (11572, 12) = Sp {emug#Tr(il_)a(71r1)1/_)5(72r2))} (5.100)

rae
alrr) = 7 HN )y (r)e = 0Ny (p) = e HorN)yt ()0 (5,101

u ycpennenve B (5.99) u (5.100) Bezercst Mo GOJIBITOMY KAHOHHYIECKOMY aHcam0irio I'nboca
(© — coorBercrByIOLIMIT TEPMOIMHAMUYECK I OTeHIMa), T — onepalus ylopsI0deHus
o MEEMOMY (Maly6apoBcKoMmy) Bpemenn:®.

CrniHoBast 3aBUCUMOCTD 3TUX (byHKIWMi oTaensgercsa B suje (anagoruano (5.53))10:

Fop = gaplt Fjg = —gaﬁFJr (5.103)
15 st mopmasbhofi dynkiuu ['puHa mojpasyMeBaeTcs CTaHjapTHOE ompesenenue [1]:
Q+tuN—H _
Gop(T1,11;72,12) = —Sp{e T TT(wa(Tlrl)zpﬁ(Tgrg))} (5.102)

16O rrame B 3HaKe, IO cpapHenuio ¢ (5.53), CBA3aHO 37€Ch OTCYTCTBHEM B ompeenenuax (5.99), (5.100)
MHOXKHTEJISI ¢, KOTOPEI# Obl1 B Texuuke 1’ = 0.
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Kax u G, dyaxmun F u FT 3aBucAT OT pasHOCTH T = T| — To U YAOBICTBOPAIOT YCIOBIAM
“aHTUIIEePUOIUITHOCTH :

F(r)=-F (T + %) Ff(r)=-F* <T + %) (5.104)

TaK 9TO PAIbI CI)ypbe o0 7T OJId 3TUX beHKL[I/Iﬁ CoIepzKaT TOJILKO HEYETHBIE YaCTOTEI €,, —
7T (2n+1). Many6apoBckue 1) — oneparopbl pu 7 = () COBIIAIAIOT C reif3eH6eproBCKUMU
upu t = 0, nodromy u3 cpaBuenus onpezesnenuit (5.99), (5.100) ¢ (5.45), (5.46) u (5.54),
HaXOIM:

F(0,r;0,r) = Z(r) FT(0,r;0,r) = Z*(r) (5.105)

¥ TaK OIpEJIeJIeHHAs = MOXKET PACCMATPUBATHCA KaK KOHJIEHCATHAS BOJTHOBAsE (DYHKITUS,
ycpeamernnas mo ['ubocy.

VpaBuenus “npukenus’ s maiybapoBckux ¢yukiuit ['pura cBepxmpoBoguuka G,
F, I BuiBogaTCcs BriojiHe anajornyuro Beiomdy (5.60), (5.62), npuuem Bmecto mudde-
penruposanug 1o ¢ quddepennupyem 1o 7 u BMecTo (5.34) mosb3yemMcs UMU Ke, HO €
3aMeHoit it — 7. B pe3ynbrare moiydaeM ypaBHEHU:

2
(_2 LV u) G(r,r; 7 x) + NEF* (r,0 7 ¥') = (- — 7)d(x — 1) (5.106)
m

(— +—+ u> Fr(rr; 7, v) = A2*G(r,r;7,v') =0 (5.107)
m

[Tocne mepexona Kk Gpypbe — KOMIIOHEHTAM 3TU YPABHEHUsI IPUHUMAIOT BU/I;:

(ien — £(p))G(enp) + AF T (e,p) = 1 (5.108)
_(ign + f(p))F—i_ (enp) - A*G(Enp) =0 (5109)

TJIe BBEJIH:
A = M= = AF(0r;0r) A* = \=* = AF*(0r; Or) (5.110)

Permenne cucremst ypasrenuit (5.108) u (5.109) umeer Buz:

e +ép) den+€(P)
G(enp) = e +1AF . 1 20p) (5.111)
I A* A
FT(e,p) = T e FIAE - 212D (5.112)
rae e(p) maercsi cHoBa BhIpaykeHueM (5.68):
e(p) = V& (p) + |A]2 (5.113)

B ornuumne or ciygas T = 0 31ech BCe OJHO3HAYHO W HUKAKOTO JIOOMPEIETICHUS ITUX
dyuknuii ['puna #He Tpebyercs.
VYpaBuenue, Onpeaessioniee SHEPreTuIeCcKyo Meslb, HAXOIUM U3:

[1]

& 3
C=Ff(r=0r=0)=T Y /(;F§3F+(enp) (5.114)

n=-—oo
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970 nocae noacraHoBky (5.112) maer:

_ T 5 d’p |>\|T
1= (27)3 nzoo/ggl +&(p) + |A|2 - Z /62 Te2(p (5.115)

CyMMupoBaHue [0 4acTOTaM OIATb MOXKHO BBIIOJIHUTH C HOMOIIBIO (2.99), yro maer
ypasuenue myis menn Teopun BKII ns coyvyas KOHEUHBIX TeMITepaTyp:

N 1 e(p) + A2(T)
/ VE(p) + A2(T) )th 2T

(5.116)

CaoiicrBa 3T0r0 ypaBHeHus X0pouio ussectHbl [2, 5, 11, 21], nosromy Mbl He Oyuem 3a-
HUMATbCs MOAPOOHBIM pemenueM (5.116), a IpOCTO OTMETUM, YTO OHO JAET U3BECTHYIO
remneparypuyio 3asucumoctb tenu A(T) reopuu BKII. B uacrrocru, mens obpaiia-
erca B uyiab npu T = T, onpexgensiemoii (5.31). 9ro caexyer us roro, uro npu A = 0
ypasuenue (5.116) cBoaurcs K:

WD
1= IA|mpF/ dfth § (5.117)
22 o &
KOTOpOE, (PaKTUIECKHU, COBIAJACT C YPABHEHUEM, ONPEIEIISIONINM IOJI0KEHIE IOTIOC B
kyneposckoit “mecraurie”’ (5.30). IIpu 7' = 0 (5.116) cBoaurcst k (5.73), Tak 4TO CHOBA
nony4aem (5.76), (5.77) Ag = ZT..
Ypasuenns Topprosa (5.108) u (5.109) MOKHO Iepenucarb B BHJE:
1 1

ien —&(p) o0 — (D)
A*Glenp) = -

G(e,p) = AF (e,p) (5.118)

1
—ign — §(—P) ien +&(P)
anajiorunanoM (5.80), (5.81) u mpencraBieHHOM B quarpaMMHOM Buze Ha Puc. 5.4, rae
TeNneph CJIeLyeT TOHUMATh p = (€,,Pp). Urepupys (moacrasisas maorokparso (5.119) B
(5.118)) mosyuaem jjia HOpMaJbHON dyHkImu ['prHa pa3iokeHue B Pl TEOPUU BO3MY-
menuit mo A:

FT(e,p) = A*G(enp) (5.119)

G(enp) = ! + L AP +
" ien —&(P)  ien — &(p) (ic + &(p))(ie — £(P))
4t A P
ien — £(p) (ien + £(p))2(ien — £(P))?
ien + £(p)

(i - €(p) — [AP (420
nokazanuoe rpadudecku Ha Puc. 5.6 (a). Pesysbrar cymMMupoBaHusi, 3TOrO PsA/a, €CTe-
crBenno, copunazgaer ¢ (5.111). Anasoruunbiv o6pasom, MoxkuO ypasuenue (5.118) nou-
cragisth B (5.119) “renepuposars” jauarpaMmubiii paj ansa F1(e,p), nokasanublii Ha
Puc. 5.6 (b), B Kax1oM 4jeHe KOTOPOro (pUIypUpyeT HeYeTHOe YKMCJIO JIMHUN B3aUMO-
neiicteus ¢ “monem” A, u KoTopbiii cymmupyercsa B (5.112). O6parum BHUMaHWE, 9TO
B PA3JIOKEHWN aHOMAJbHON (yHKIWHN ['prHa OTCyTCTBYeT 4W/I€H HYJIEBOTO MOPSIIKA TIO
B3aMMOJIEHICTBIIO — “cBOGONHOH” aHOMAIbHOI (DYHKIME He cymecTByeT! . 3aMerum Tax-
Ke, 4To aHoMmaJibHas dynknus [puna F' spHo 3aBucur or gaswer “nons” (napamerpa
nopsizka) A.

170Ona BO3HHKAET MU BBEJEHHE GECKOHEIHO MAJOTO “60romo60BCKOro” MCTOYHHKA KYIEPOBCKHX Iap
B PaMKax MAE0JIOrnu KBasucpenumx [11, 25|, koTopsriii meficTByer kak GeckoHedwHO coraboe “mose” A.
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A A
1Y p p p § P % p

—_——— = — + > - > +
A A A A a)

P § P § p § P § P

+ +
A%
—P P —P g 1Y
——g — -
b)
A A A
—P § 1Y g —P % p
+ - - +

Puc. 5.6: [lnarpammuoe pa3jioKeHne HopMaibHoii (a) u anomanbuoit (b) dyakuuu [puna
B psAn 1O crenersaM A.
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= +

Puc. 5.7: [lnarpamMmHOe TpeiCcTaB/IeHWEe ypaBHeHwi Jjuamibepra. [lyHKTUpHAS JUHAS
obosnagaer dyukiuio I'puna hoHoOHA.

Anasnornuno (5.82) seipaykenns nyst menn (5.110) u (5.114) MoXKHO 3amucaTh Kak:
oo d3p
A=XE=)\T E /—F(Enp) (5.121)
3
) (@2m)

u u300pa3urh rpadukoM, nokazanubiv Ha Puc. 5.5 (a), rak yro ypasBaenus [opbkoBa

OpUMYT BUJI, MOKa3aHHBI rpadudecku Ha Puc. 5.5 (b).

MoxkHO, pa3yMeeTcss HOCTPOUTH U O0OJIee COBEPUIEHHY0 TEOPUIO CBEPXIIPOBOJAMMOCTH, OCHOBAHHYIO HE
Ha IPUMEHEHUH MOJEIBHOrO CnapusaTeasHoro s3aumogaeiicreus BKII — lopekosa (5.33), a Ha Gomee “pe-
AMMCTUYIECKON” MO/Ie/IN SJIEKTPOH — (DOHOHHOTO B3aMMOAeHCcTBHUs (raMuabronnan Ppeuxa). Dra Teopus
CTPOUTCsI Ha OCHOBE CUCTEMBI YPABHEHUH [IJIsi HOPMAJIBHOM U aHOMaJIbHOM (hyHKIui ['prHa CBEpXIIPOBO/-
HHUKA, MOKa3aHHOU rpadudecku Ha Puc. 5.7. Ctpykrypa stux ypasuenuit (I.M.Daunambepr, 1960) scua
6e3 maspHeimmx mosicHeHuil. Pa3zymeercs, peleHne 3TUX UHME2PAALHLL YPABHEHUH, C yIeTOM OCODEH-
HOCTell peaIbHOTO CIIeKTpa (POHOHOB, IIPECTABIAET CODOM BeCbMa TPYAHYIO 3a7ady. TeMm He MeHee, 3/1eCh
6611 mocTurHyT cymectBenub# nporpece (W.L.McMillan, 1968) u Teopust TpaJUIMOHHBIX CBEPXIPOBO/I-
HUKOB, OCHOBaHHAA Ha KapPTUHE CIIAPDUBAHUA 3a CYET IJICKTPOH — Cl)OHOHHOFO B3a.PIMO,D;eI71CTBPI?I ABJIAETCA
NIPUMEpPOM BeChbMa YCIIENIHOIO ImpuMeHeHus Merona ¢yHKnuil I'puna. [IpekpacHoe m3iokeHHE METOIOB
aHa/M3a ypaBHEHHil Dimambepra u pe3ysibTaTOB UX IPHMEHEHHUs MOXKHO HaiTu B [26].

B TeMmmeparypHOil TeXHHKe TakkKe yJ0OHO HMCIOJIB30BATh MAaTpudHbIi dopmanusm Hamby, korma B
nonosnnenne K (5.99), (5.100) u (5.102) BBOoguTCS eme:

- Q+tuN—H _
Gag(r1,11572,12) = *Sp{e T Tr(wa(ﬁn)zﬁg(fzrz))} (5.122)
u marpuna dysknui ['puna:
A G(enp) —F(enp) )
é _ k 5.123
o= (5 G (5:12)
KOTOpad yAOBJIETBOPAET €JUHOMY MAaTPUYHOMY YPaBHEHHUIO BHUIA:
- 1 A A
{ianl —6.(p) — 3 (A6T +A%67) } Gp)=1 (5.124)
koTopoe comepxut B cebe (5.108) u (5.109) n ananormunsie ypasenuns gus G u F
(ien — £(p))F(enp) + AG(enp) =0 (5.125)
(i + £(P)C(enp) + A" F(enp) = 1 (5.126)

Marpuunas dbysknus ['pura (5.123) moxer ObiTh 3amucana kak (z = (7,r)):

2 _( — <Tda(m)ds(r2) > = <Toa(w)vp(r2) > ) _ b(z1)d)
Gana = (2 STeien S CS e S ) = < T ) > @120

rjie yIyioBble CKOOKH 0003HAYIAIOT ycpemHenue no ['mbbcy, a cnmroper HamOy mmeroT Buig:

den) = (o) 0 ) = (alea). alen) (5.125)
Bosuukuosenne marpuvHbeix GyHknmi I'puna tuma HamOy, Bkaogaomux B cebst “amomasbable” (QyHK-
I[UH, SBJISIETCS TUIMYHBIM B CHCTEMAaX CO CHOHTAHHBIM HADYIIEHHEM CHMMEeTPHH (IpeTepreBaromux ¢da-
30BbIe mepexonel 11 poxa) [24]. Yro6cTBOM TaKOro MPEACTABIICHUS SBJISETCS TO O0CTOSTENBCTBO, ITO BCE
IHarpaMMBl MOXKHO M300parkaTh KaK B TEOPHUH “HOPMAJILHOIO” COCTOSIHHS, HO DU 3TOM IPAadHIECKAM
3JIeMEHTaM CJIeayeT CONOCTABIATH MAaTpudHble (pyHKIUU ['pHHA, TaK YTO peaTbHO BO3HHKAIOT CHCTEMBI
CBSI3aHHBIX yPABHEHHH [UIst “HOPMAJIBHEIX U “QHOMAJIBHBIX” (DYHKITHII.
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Puc. 5.8: Ypasuenns [opbKOBa /17151 CBEPXIIPOBOIHUKA C IPUMECIMHU.

5.3 CBepxnpoBOAMMOCTh B HEYNOPHAJOYUYEHHOM METAJI-
Je.

PaccMoTprM CBEPXIIPOBOJHMK, B KOTOPOM HMMEIOTCS CJIy9ailHO PACIPENeIeHHbIE B IIPO-
crpancrBe (C KOHLEHTpAIMEl p) HPUMECH, HMOTEHIMal KOTOPbIX (To4Hee ero ¢ypbe —
obpa3) ectb v(p). B mpuHnume, 3Ty 3aJady cienyer pacCMaTpHBaTh TaKiKe, KAK BbIIIe
pacCMaTpUBAINCH IPUMECH B HOPMAJIBLHOM MeTasiie. OTandne CBepXMPOBOIHUKA B TOM,
9TO B HEM HMMeeTcs “HopMasbHas u “anomaibHas” GyHkiuu ['puna. CooTBeTcTBEHHO,
Hy?KHO IIMCATH CUCTEMY yPaBHEHUil 11 06enx 3tux QyHKIU, yCPeTHEHHBIX 110 Xa0THYIe-
ckuM KoHpurypamnuam npumeceit. “TIpuvecnas’” nuarpaMMHAs TEXHUKA UMEET OObITHDIH
BUJI, TOJILKO Tenepb B rpadukax Gburypupyor “Hyiesbie” (B CMbIC/IE TEOPUH BO3MYIIE-
Huit o mpuMecHomy paccesanio) dyuxknuu [puna G u FT. Tyt, npapja, ecTh oIHa TOH-
KOCTb — BBEJICHME MpUMeceii, BooOIe TOBOPsI, IPUBOIAUT K U3MEHEHUIO (T.€. TIPUMECHOI
3aBHCHMOCTH) SHEPreTH4ecKoil menn (mapamerpa mopsiaka) A(r), A*(r). Dro obcros-
TETBCTBO MOYKET CHJIBHO YCJIOKHHUTH JUATPAMMHYIO TEXHHKY, HOCKOJbKY COOTBETCTBYTO-
mpe nonpasku K A GyyT OnpenensThCsa U3 HHTErPATBHOrO yPaBHEHHUS, BBH/LYy TOTO, ITO
A(r) = AF(x,x). IlosToMy OOBIYHO Mpennonaraercs camoycpeduaemocms (Hecaydaii-
HOCTh) CBEPXTIPOBOAIIEro nmapamerpa mopsanka: < A(r) >= A (rze yriosere ckoGku
obo3HauaoT ycpeamenne mo npumecam), < A2(r) > — < A(r) >2?= 0, Tak uro Bce To-
HpPaBKH OT IPHMECHOTO PaCCesdHHs 3aHyIdioTCa. DTo mpenmonokenne'® B manbmeiimenm
MOJTBEPIUTCA HAIIAM KOHEYHBIM PE3YJIBLTATOM, U3 KOTOPOro OyIeT BHIHO, YTO BCE BEJH-
guHbl THna F(z,x) He MeHstoTcst pn mobaBiaeHnn (HeMarHuTHbBIX) mpumeceii. [Tosromy
JUArpAMMHAs TEXHUKA JJI PACCesHUs HA TPUMECIX COXPAHSIET U3BECTHDIH HAM BHJ —
MYHKTUPHON TUHUE ¢ KPECTHKOM, MO — MPEXKHEMY, COTIOCTaBIAeTcs MHOKATETs pv2(q),
a 9acToTa JIEKTPOHHON JIMHAM B IPUMECHON BEepIIMHE HEe MeHseTcs. Bce oneHku, mo3so-
JITIOIE TPeHebperaTh nepecedeHneM IMyHKTUPHBIX JIMHUHA OCTAIOTCS B CHJIe. Y DABHEHHS
s yepenpennbix G(p) m F1(p) mmeror rpadwdecknii Bu, mokazanneii va Puc. 5.8
M MOHATHBIN 0e3 JAJbHEHINX MOSICHEHUH. DTy CUCTEMY ypPaBHEHU, MOIb3YsICh SBHBIM
sugoM ¢ymkmmit ['prma “ancroro” ceepxmposomunka GO u F1H(O) | koropsrit M mammm

18 @akTuueckn, 0HO MOXKET GBITH OMPABIAHO B Ipejese c1adoro becmopsiaxa prl > 1, Ept > 1.
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BBIIIE, HETPY/IHO MPHUBECTH K CemytomeMy (oTHocuTenpHo) mpoctoMy suy [1]19:
(ign - f(p) - GE)G(p) - (A + FE)F+(p) =1 (5130)
—(ign +&(p) = G_o)F " (p) + (A" + F)G(p) = 0 (5.131)
rue:
G. - / TV 1op - PG (5.132)
g (27'[')3 p p p .
I+ d?’p/ N2 (0]
Fr = — - F 1
= [ Ghsle = pPF ) (5133)
rJie CHOBa TOApa3yMeBaercss obo3nadenne p = (P, ey ). B B
Pemmenne 3Toi CHCTEMBI ypaBHEHUI uMeeT BUJ, (HUKe MBI yBuauM, 9to G = —G_,):
G(p) = — _ 5.134
) e G T e+ A P (o131
A+ FF
Fr(p) =~ ki (5.135)

—(ign — G=)? + €2(p) + |A + F[?
[Moxcranoska stux Bhipaxkenuit B (5.132) u (5.133) maer nBa ypaBHeHUs JJis ONpPEIETe-
mus G. m FF. Kax u panbme (Tpn paccMOTpeHnn mpuMeceil B HOPMAIBHOM MeTajie),
COBCTBEHHO — HEPreTHIeCKas 4acTh (o COMEPIKUT HEKOTOPYIO KOHCTAHTY, KOTOPYIO MOZK-
HO PaCCMATPHUBATH B KAYECTBE aJIUTHUBHON NOOABKH K XHMIIOTEHIHATY. JTOT BKJIAI HE
3aBHCHT OT TEMIEPATYPbL U IIPOUCXOINT, B OCHOBHOM, U3 — 33 MHTEPHPOBAHU 10 dop’
Baasm ot nosepxaoctn @epmvu. TTosTomy 3TOT wiIeH, (PaKTUIECKH, TOT JKe CAMBIi, 9TO U
B HOPMAaJIbHOM METaJLIE:

d3p’ 1
S~ /—Up—pl 2____ 5.136
n o [ Gl )P (5136)
[Mosromy, dakruyuecku, B (5.132) u (5.133) mocTaTovHO IPOMHTErPUPOBATD 110 JIMHEAPU30-

BaHHOMY ciekTpy (B6sm3u nosepxuocru ®epmu), tak aro (5.130) u (5.131) nepenumryrcs
KaK:

(i, — £(p))G(p) — AFT(p) =1 (5.137)
(i8n + &) F T (p) — A*G(p) = (5.138)
rae - N
iEn = ien — Ge = ey + pv°vp /_ N df—(iénzzn:gf % (5.139)
- _ 0 A
A=A+F. =A+p?vp /m dg—(ién)Q oA (5.140)

rJIe MBI YK€ IepelnIi K MOJEIN TOYeYHBIX TpHMecel. 3aMeTHM, YTO BKJIAJ, BTOPOTO

ciaraemMoro nof, uaTerpaioM B (5.139) paBen Hymo (M3 — 33 HEYETHOCTH), TAK 4YTO:

G. F.
ien, A

OTIpu pv(p)? — 0 ypasuenus (5.130), (5.131), ectectsenno, nepexoaar B (5.108) u (5.109). Hyxmuo

TOJIBKO y9eCTb, 9TO B COOTBETCTBHM C ObO3HadweHmsimm [1]|, Bmecto (5.110) m (5.121) mer onpexmensiem
3/1€Ch:

(5.141)

A = |AF(z,x) A* = \Ft(z,z) (5.129)
YTO IPUBOAUT K HEKOTOPOMY Pa3/IMuMIO B 3Hakax (1o cpasuenuio ¢ (5.108) u (5.109)).
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Temeps MOKHO HAMKUCATH: 3
A=A+F. =An. (5.142)
i&n = ign — Ge = ignne (5.143)
rae 7). onpezaenserca (cp. (5.139) u (5.140)) ypasHenuem:

Ne > dg Ne ™
=1 =1 _ 5.144
e + 2T [w &2+ (e2 + A?)n? + 27T /22 + A? ( )
T yuim, uto pvivp = . OkoHuareaLHO, UMEeM:
1

(5.145)

1Ie 27/e2 + A?

Taxum 0b6pa3oM, yCpeIHEeHHBIE [0 TOI0KeHnsaM npumeceit pynkiuu ['pruna cBepxmpoBo-
mnka G(p) u F(p) momy4aiorcs u3 cOOTBETCTBYIOMUX TOPHKOBCKIX (DYHKIIHIT “aucToro”
ceepxmpoBoaHuKa (5.111) u (5.112) mpocroit 3ameHoii:

{en, A} = {enne, An:} (5.146)

Torya noBTOpsia BeIYUCAeHUs, Beaymue K (5.114), (5.115) u (5.116), moxHO ybeauThes,
YTO BEJWYWHA 7). MPOCTO BHIMAJNAELT U3 ypaBHeHWs 1Jis cBepxmpoBonsimeii menun A(T),
MTOCKOJIBKY TMOCJIE TIEPEX0a K TIepEMEHHON NHTETpUPOBAHUS £ MOKHO CIEIAThH 3aMeHy Tie-
pemenHoit £ — £/7, KoTopas HU HA YeM He cKa3biBaercs. [[ocMOTpUM Kak 3T0 1101y 4aeTcs
nozpobree. 3amena (5.146) B (5.114) u (5.115) gaer ypaBHeHue I [IEIN CIIEAYIOMIErO
BUIA:

IAIT / Ne / Ne
1= A T
Z T ) AP Z 222 + €2 1 |AP2p2

n=-—oo n=-—oo
(5.147)
VYpasuenve mis T, nonydaem, nomarast B (5.147) A = 0:

IAIT
1= Z / n€+€2 ~ |\vrT Z / oy +§2 (5.148)

n=—oo n=—oo
rje
=1+ 5.149
776 2|€n|7_ ( )
Teneph J06aBUM W BLIUYTEM B MOJAUHTErPAJLHOM BBIPASKEHUH ﬁ, TOr/IA, UCTIOIL3YS
cuoBa (2.99), nepenucoiBaem ypasuenue ijid T, Kak:
wp g
1= Avp / ﬁth <
wp 25
Ne 1
+|Alvr / { - } (5.150)
Z g+ g+

n=—oo

Bo Bropom unrerpase (BBuiy ero ObICTPOl CXOAMMOCTH) MOXKHO yCTPEMHUTb Wp — OO.
Torua, mocsie 3aMeHbl IepeMeHHON uHTerpupoBanus & — £ /1. B IEPBOM CJIAraeMOM, OHO
OKa3bIBAETCS PABHBIM BTOPOMY, TAK YTO OHM B TOYHOCTU KOMIIEHCHPYIOT ApYT Apyral
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B pesymnbrare (5.150) cBogurcsa k ypasaenuto (5.117), onpenensitomemy T, “aucroro”
cBepxmpoBoaHuKa, (5.31).

AwnajoruuabivM 00pa3oM MOXKHO paccMOTpeTh u “nosmoe” ypasuenue (5.147), onpe-
nenstoinee A(T) B npuMecHoM cBepxiipoBoanuke. B pesysnbrare ono cegercd K (5.116)
JJIs ‘“‘ancToro’ ciydas.

Takum obpazom T. u A(T) cBepxupoBoAHUKa € “HOpMabHbIMK (HEMAIHUTHBIMHI)
OPUMECAMU BOODIIE HE 3aBUCAT OT HAIUYUA ITUX Tpumeceii B merasie (A.A.AGpukocos,
JL.IL.ToppkoB, 1959)2°. Mbr mosy«mim 3TOT pe3ynbTaT B Tpejene caaboro Gecropsaaka
prl > 1, Ep7T > 1, KOrga MOXKHO NMpeHedpedb “lepekpecTHbIMI TpadUKaAMU TPUMEC-
Horo paccesiansi. PakTUIeCcKM, 3TO yTBEPXKIEHNE UMeeT Jaxke 6ojee MIMPOKyo 001acTh
upumenumocTy [16], moKa Mbl npejosaraeM caMoyCpeJHAEeMOCTh CBEPXIIPOBO/AIIErO I1a-
pamerpa nopsijka, (meaun). Bee 3To 10CTaT09HO XOPOIIO COOTBETCTBYET SKCIEPUMEHTAIb-
HO M3BECTHOU 0MHOCUMEAbHOT YCTOWIUBOCTH CBEPXITPOBOISIIErO COCTOSHYS B OOJIHITTHH-
CTBE METAJIJIOB K BBEIEHUIO HE CJIUIIKOM OOJIBIIOrO KOJIUIECTBA HEMATHUTHBIX TPUMECEit
(pasynopsiouenus).

Pasywmeercs, BBugy upessbruaitnoit ynpomensoctu mozgenu BKIII, nosydennsrit BBIBOJ, SABIA€TCS 10-
CTATOYHO OrpaHUYeHHBIM. Hampuwmep, pasynopsiiodeHue BedeT K POCTy 3h(EeKTUBHOIO OTTAJKHBAHUSI
(3a cger pocra KysmOHOBCKOro mcesiomoreHnuasna [11, 21]) s1eKTPOHOB, COCTABIAIOIUX KyNEPOBCKYIO
mapy, U COOTBETCTBYOmeMy CHIKeHUIo T, [16]. D10 BBIBOJ HecupaseiuB u B pamkax momenu BKII,
KOIJla pedb HIET O CBEPXIIPOBOJHUKAX C aHU30TPONHel SHepreTH4ecKoi Imesau Ha nosepxHoctu Pepmu
(HampuMep IS CHCTeM, B KOTODPBIX OOPa3yrOTCs KYHNEpOBCKHE Mapbl B COCTOSHHUSX C BBICIIAME OpOH-
TaTbHBIMA MOMEHTAaMHM, THIIA CIydas d — CIapUBaHHUA B BBEICOKOTEMIIEPATYPHBIX CBEPXIPOBOJHHKAX Ha
OCHOBE OKCHJOB Menn). B sToM ciydae, BBegeHme mpuMecel, Kak IPABUIIO, CUJIBHO MOJABIISET CBEPXIIPO-
BOIUMOCTH [16]. OCOGEHHO SIDKMM HPHUMEPOM TAKOTO POJA SIBJISETCS MOJABJIEHHE CBEPXIPOBOAUMOCTH
MArHUTHBIME (IaPaMArHUTHBIMHA) IPUMECSME (T.e. HPUMeCcaMH, 00JIAAAI0MUMA CBOOOJHBIM HECKOMIIEH-
cupoBanHbIM cnuHOM S) (A.A.A6pukocos, JI.II.Topbkos, 1960). PaccMOTpEM KpaTKO CyTh Jea.

EC.TII/I B CBEPXIIPOBOJHHKE HUMEIOTCA IIapaMAarHUTHBIE IIPDUMECH, TO B IOTEHIHUAJIC B3a.I/IMO'D;eI7ICTBI/I5[
JIEKTPOHA C IIPHMECHBIM aTOMOM €CTb YJIEH 0OMEHHOr0 B3a.HMO,I[eﬁCTBI/IH:

V(r) =v(r)+ J(r)(S-s) (5.151)

rze J(r) — cooTBeTCTBYIONMH OOMEHHBINH HHTErpaJl, S — CIIUH IPUMECH, S = %o’ — CIUH 3JIEKTPOHA. B 3TOM
ciIydae, IPpH PACCMOTPEHHUH JHArpaMM IIPHMECHOIO0 PACCEesTHUSI B YPABHEHUSAX ['OpbKOBA, MOKA3aHHBIX HA

Puc. 5.8, Hy>KHO aKKypaTHO y4eCTh CIHHOBYIO CTPYKTypy G u Ft. BrIme MBI BHIETH, UTO Gap = Gdag,

Fog = gapF, F:B = —gapF T, tre gop = iagﬁ (cm. (5.52)). B pesysnbrare OKa3bIBA€TCSI, 9TO BKJIAZBL
oT BTOpOro ciaaraeMoro B (5.151) B mpuMecHble COOCTBEHHO — SHEPreTUIECKUE YACTH B ypABHEHHIX Puc.
5.8, MOCTPOEHHBIE HAa HOPMAJILHBIX M aHOMAJIBHBIX (DyHKIMsX ['OphKOBa, omaunatomes snaxom>!. Torma

BMECTO 00UHaK060( IEPEHOPMUPOBKH i€y, U A Tuma (5.142), (5.143) u (5.145) BO3HUKAIOT YpasHeHUs:

i€n
i€p = lep + ——— (5.152)
2714/ 5% + A2
< A
A=A+ ——e (5.153)
2124/ €2 + A2
rae
1 1
— = 27pvp (v2 +-S(S+ 1)J2) (5.154)
T1 4
1 1
— = 27mpvp (v2 —Z5(S+ 1)J2) (5.155)
T2 4

rje Mbl IPUHSJIK MOJIEJb TOYEYHOTO IOTEHIMAJHHOTO M OOMEHHOI'O PACCesiHHs, & TaKXKe YCPEeIHUJIN
[0 OpHEHTAIMSIM IPEMECHBIX CIIHHOB, 3aIHCaB < S2 >= %S(S + 1). Kpome TOro, Mbl y<€in, 4TO AJist

3JIEKTPOHHOTO CITHHA §° = iaQ = %. PasrocTb BBIpazkeHnit, crosmux B (5.154) u (5.155):
1 1 2 1
——— =2 re = =lnpPupS(S+1) (5.156)
L T2 Ts Ts 2

20 Imorma 9TO yTBEpKeHHWEe HA3LIBAIOT TEOPEMOil AHEpPCOHA, KOTOPHIH HE3ABHCHMO IIOIYUMI TAKOI
JKe Pe3yJIbTAT HeCKOJIBKO HHBIM MeToJ0M [21]
21310 cmepyer u3 Oay0y5053 = 05058 = 025a5 U OayGy5058 = —Uan,g, rae o2 = 3.
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T,

c

Gapless state

/T,

Puc. 5.9: BaBucumocTh TeMIepaTypbl CBEPXIIPOBOISAIIETO EPEX0Ia OT JaCTOThI PACCesi-

3

HHUS HA MArHUTHBIX IPUMECIX M ODJACTb CYIeCTBOBAHMS “‘OecIeseBoii”’ CBEPXIIPOBOIN-
MOCTH.

ompejesierT 06paTHOe BpeMs paccesiHus (B TOM THCJe, C HepeBOPOTOM CIHHA) HA OOMEHHOM IIOTEHIIH-
asie. Xorst, (DAKTUYECKH, BCErJA BBIMOJHSIETCS HEPABEHCTBO T—lg < %, rje T — BpeMs MIOTEHIMAJIBHOI'O
paccestHusT, UMEHHO T SIBJISIETCS CyII[ECTBEHHBIM IIapaMeTPOM ,u;ﬁﬂ cBepxnposogumoctu. llociaemoBaresns-
HEIH ananu3?? ypaBHeHUS IS CBEpXIIPOBOAMIeH menn, BosauKaomero u3 (5.134), (5.135) mwmm (5.137),
(5.138), ¢ ucnosmb3osaruem (5.152), (5.153), IpEBOAMT K CJIEAYIOMUM BBIBOJAM. PaccessHMe Ha MarHUT-
HBIX IIPUMECSIX IPUBOAUT K CHABLHOMY MOAABJIEHHIO TEMIIEPATYPhl CBEPXIPOBOISIINEr0 IEPeXoaa, KOTOPOoe
omuchIBaeTCs ypasHeHneM AOpuxocoBa — 'opbkoBa:

In Le0 _ (1 ! ) (1) 5.157
T e T e ) TG (5.157)

rae Te.o — TeMIepaTypa CBEPXIPOBOJSINETO IIepexo/ia B OTCYTCTBUE IIpUMeCceii,

I'(z2) (1 1 )
_ — _ln~— = Bl 5.158
(=) I'(z) Ty +n§1 n n+z ( )
— norapudmudeckas npoussopHas ' — dysknuu (guramma dyskmus), Iny = C = 0.577... — mocro-

saaHas Disepa. XapakTePHBIH BHJ BO3HHUKAOMEH 3aBHCHMOCTH TE€MIEPATYPHI nepexona 1. OT 9acTOTHI
0OMEHHOTO paccessHUs MOKa3aH Ha Puc. 5.9. CymecTByeT KpUTHYECKOe 3HAUEHHS YACTOTHI PACCESTHUS
(Onpe,D;eJIHIOI.uee KPUTUYECKYIO KOHIIEHTPAIIUIO MAarHUTHBIX anMeceﬁ):

1 il %) Ao
TS 2y 2

re Ao :% 0 (5.159)

IpY JJOCTHKEHUH KOTOPOro (C POCTOM KOHIEHTDAIMU MArHUTHBIX HPUMECe) CBEPXIPOBOJIMOCTD HCIE-
3aer (7T, obpamaercs B Hysb). Ilpu caabom paccesHun (Masol KOHIEHTPAIMH HpHMeceil) Ts — oo U u3
(5.157) mmeem:
T~ T — — (5.160)
41y
TaK 9TO MPOUCXOAUT HeDosibiioe cHukeHue T.. OrMerum, 4T0 3aBUCUMOCTb T OT KOHIIEHTPAIMH Mar-
HUTHBIX IpuMecei, onpegensemas (5.157), HEIOCPEICTBEHHO IOJTBEPXKAAETCS HA SKCIEPHMEHTE.
Jlpyroii 3aMedaTesnbHOM 0COGEHHOCTHIO MOEIN C MATHUTHBIMY ITPUMECSIMHE SIBJISIETCS CYIIIeCTBOBAHUE
Ha “daszoBoit quarpamme” Puc. 5.9 y3ko0it obiacTu rje, Kak MOKa3bIBAIOT JeTaJbHBIE PACIYEThl HA OCHOBE
ypasuenu#t (5.137), (5.138) u (5.152), (5.153), cymecTByer Tak Ha3blBaeMas becusenesas CBEPXIPOBOIU-
mMocTb. B aToM cocrosiamu T m mapamerp nopsaka A 0CTaroTcs KOHeIHBIMHA (A 00paIaeTcs B Hy/Ib IPH
T = T¢), TOrja KaK SHEPreTHIeCKas Iesb B CIEKTPE 3JeMEeHTapHBIX BO30y K AeHuil (TO9Hee B INIOTHOCTH

22TToxpoGHOCTH PACYeTOB JIsi AHAJOTHIHON 3aja49u Oy/IyT MpUBEEHB B cieayiomed Irase.
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AN(e)/NO)

2(AT/h)’

FL/QTS Z

Puc. 5.10: I[IroTHOCTD 9/IEKTPOHHBIX COCTOSIHUI B OECIIEIEBOM CBEPXIIPOBOIHUKE.

3JIEKTPOHHBIX COCTOSIHUII) OTCyTCTBYeT. JIe0 3/1eCh B TOM, YTO HPH HAJIMYUH IPUMeCeH mapaMeTp Io-
psaka A y»xke He Hrpaer, BOOOIE rOBOPsI, POJIb IIEJIX B CIEKTPE, & PACCESHHE HA MATHUTHBIX IPHMECIX
9Ty Imesb “3aMBIBAET’, ITO NPHUBOJUT K XaPAKTEDHOMY BHIY ILIOTHOCTH COCTOSIHHI C “ICEBIOINENBI0”,
KadecTBeHHO oriaudHOMy OT pe3ynbrara BKII (5.79) u mokazannomy Ha Puc. 5.10. CBepxXupoBosiumii
OTKJIUK CHCTEMBI IIPDUA 3TOM COXPAHACTCH.

[Moyemy CBepPXMPOBOISINEE COCTOSHUE YCTONIUBO K BBEJIEHUIO HOPMAJbHBIX MMPUME-
ceif, HO HEYCTONYMBO MO OTHOIIEHUIO K MPUMECSM MarHuTHbiM? Jleso 3/1ech B TOM, 9TO
OOBIYHOE TIOTEHIAILHOE PaccesHre IeHCTBYeT Ha 00a 3JeKTPOHA, COCTABIISIONINE KyIIe-
POBCKYIO Tapy OJWHAKOBO, MOTOMY Tapa u “BbKUBAET . B TOXKe BpeMsi, MArHUTHOE pac-
CesiHUE 110 PA3HOMY JIeHiCTBYET Ha J€KTPOHBI AP, HOCKOIbKY (/1JIs PACCMATPUBAEMOIO
HAMM CHHIJIETHOIO CIIADUBAHMKS ) UX CIIUHbI HAIPABJIEHbI IPOTUBONOJIOXKHO — [IPOUCXOIUT
“pacmapuBanne’, T.e. pa3pyIleHne KyIepOBCKUX Iap.

5.4 Pa3znoxkenue I'ma3bypra — Jlanmgay.

XO0poITo U3BECTHO 3HAYEHNE, KOTOPOE UMEET B TEOPUU CBEPXITPOBOJAMMOCTH UMeeT (heHO-
MEHOJIOruYecKuil noaxon, npeoxkenubiii [uusbyprom u Jlangay (1950) u ocnoBaHHbIi
Ha pa3JI0yKeHnr CBOOOIHOI SHEPIWH IO CTEIeHsIM IapaMeTPa MOPsIKA, U O3B0
OTMCATH OCHOBHBIE CBOICTBA CBEPXIIPOBOJHUKOB BOJM3U TEMIIEPATYPHI CBEPXITPOBO/IsI-
mero mepexofa [2, 11, 21]. TTokaskem, Kak 3TO Pa3j0KEHHE MOXKeT ObITh BBIBEIEHO W3
mukpockonudeckoii reopun BKIII. Brepsbie 310 6bu10 caenano Loppkosbim (1959), HO
HI?KE MBI HCHOJIb3YeM HEeCKOJIbKO HHOi MeTos [16].

DaKTUIECKU HAM JOCTATOYHO PACCMOTPETH 3JIEKTPOHBI B HOpMaJjbHOM Merasie (T >
T..), pacTpOCTPaHAIONIAECS B CIy9aifHOM “mose” TepMoauHaMuHaecKux hIyKTyammiiZ® ceepx-
[POBOJAIIErO IapaMerpa MOpsaika Ag, XapaKTepu3yeMbIX (PUKCHPOBAHHBIM (MaJibIM)
BOJIHOBBIM BEKTOPOM (. Torma MOXKHO 3aluCaTh CAeAyONnil raMUIbTOHUAH B3ANMO/Ieii-

CTBHS 3JIEKTPOHOB C 3TUMH (BJIyKTyanuamMu’:

Hiny =Y {Aqa;;afpf + Aga_p_ap+} (5.161)

P

re, KAk OObIYHO, UCIIOJIb3yeTcs 0Do3HadeHne p4y = p + %q.

2331u (BIYKTyalui CINTaeM CTATHIECKHMHE H JOCTATOYHO “IIaBHBEIME B IPOCTPAHCTBE.
2437107 rAMEIBTOHMAH MOXKHO PACCMATPHBATH TAK’KE KAK OMMCHLIBAION[HII B3AMMOIEHCTBHE C CIIydaii-
HBIM “HCTOYHHKOM”’ KYIEPOBCKHX Iap.
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Paccauraem Terepb HONpaBKy K TEPMOJARHAMIYECKOMY OTeHIMATy (CBOOOJHOM Hep-
run) cucrembl, ceszanuyo ¢ (5.161). CornacHo [1] mompaBka K TepMOIMHAMUYECKOMY
MOTEHIIHATY OT JI000r0 B3anMOJIEHCTBIS BhIPAYKAETCS Yepe3 Cpe/lHee 3HaUeHne Mallyba-
POBCKOIi S - MATPHIIBL:

AF =-Thh <S> (5.162)

r7e yIJIOBbIe CKOOKH 0003HAYAIOT THOOCOBCKOE CpeIHee, a

1

S =T,exp —/ AT H it (T) (5.163)
0

u onnpenenrdeTrcd nemaesviM Pa3JI02KeHUEM 110 CBA3HBIM JWarpaMMaM:
AF = -T{< 8 >, -1} (5.164)

Huarpammbr mjst < S >, —1 UMeOT BUJ 3aMKHYTHIX TIETEIh U CTPOSITCS MO OOBITHBIM
OPaBUIAM JUATPAMMHON T€XHUKHU (IJIs JTAHHOTO BUA B3aUMOJEHCTBHUSA), C T€M OTJIAYIH-
€M, U4TO B N-M TOPSIKE TEOPUU BO3MYIIEHUI Mepe KaxK 10l quarpaMMoii (ecjiu CuuTaTh
OTJIMYHBIMY TOJILKO TONOJOIMYECKH HEIKBUBAJIEHTHBIE IUArPAMMBI) IIOABJIAETC MHOXK M-
TeIb % [1].

B orcyTcTBHe BHENIHEro MarHETHOTO HOMA>> pasnoxkenne [umsbypra — Jlammay ([JI)
JIJIsT PA3HOCTH CBOOOIHBIX SHEPT Ui CBEPXIIPOBOISIIEr0 M HOPMAJIBHOTO COCTOSTHUST OOBITHO
3aIUCHIBACTCS KAk [21]:

B
FpJ%:mA@F+5m@W+CWA®F (5.166)
Ecnu manucars dbypbe — pasyioxkeHue:
Alr) =) Age'r (5.167)
q
U OCTaBUTH TOJBKO OjiHy (dbypbe — KoMioneHTy, 1o (5.166) cexercs K:
B
Fy = F, :A|Aq|2+ §|A01|4“‘C(]2|Aq|2 (5.168)

7 3372493 MHKPOCKOITMYECKONW TEOPHUN CBOAMUTCSA K BBIYMCICHMUIO Ko durmenTtos A, B n
C'. U3 obmpx coobpaskeHnii n3BeCTHO TOaBKO, uto0 A ~ T — T, [2, 11, 21].

Buanue kodpdurnmentos paznoxkenus: ['JI mo3Bosisier, KaK M3BECTHO, HAWTH OCHOBHBIE
XapaKTepUCTUKK CBepXupoBoanuka sosmsu T, [2, 11, 21]. B uyacrHocTH, niauHa KorepeHr-
Hocru &(T') ompezessier XapaKTepHbIi MacmTad HEOJTHOPOJIHOCTE! mapaMerpa, TopsiKa
A, r.e. pakTuuecku 3a1aeT “pazmep”’ KymepoBCKON maphr:

C

§UU=—Z (5.169)

[1y6una IpOHUKHOBEHUS MaTHATHOTO IO/ BEIpazKaeTca depes Kodddunuents: I'J] kax:
A2(T) = ¢ B
L 32me2 AC

25C yuerom TOro, uTo “mose” A SBISETCS 3apIIKEHHBIM M 3apsiT ero PaBeH 2e (5.98), B3ammMoeiicTBIE
C BHEITHMM MAUHUTHBIM IIOJIEM MOYKET OBITh BBEJEHO C IIOMOIIBI0O CTAHJAPTHON 3aMEHBI:

V — V T 2ieA (5.165)

(5.170)

coorBeTCcTBEHHO st A u A*, rge A — BEKTOp — [MOTEHIMAJI BHEIITHErO IIOJIS.
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e MbI “BOCCTAaHOBHIM CKOPOCTH CBeTa c. Tak Ha3biBaeMblil mapamerp [mH3Oypra —

Jlarngay paBeH:
)\L(T) C B
_ L A71
"Ter) T 2ec Vo (5.171)

Bo6nu3u T, BepxHee KpUTHIECKOE MArHUTHOE Mmoje H.o Ompeensercs Kak:

__ % _ _HA
Heo = me2(T) ~ 2nC (5.172)

rae ¢o = whe/|e| — KBaHT MarHuTHOrO MoTOKa [2, 11]. HakoHer, cKav4oK TErnIoeMKOCTH B
TOYKE CBEPXIPOBOJSIIErO NEPEXOAA B PACIETE HA €UHAUILY 00bEMA €CTh:

T.( A\’
CS_Cn_E(T—T> (5.173)

C TognOCTBHIO A0 9JI€HOB YeTBEPTOIO IIOPAAKa UMEeM:

_1
2! Jo
1
4l J

1T 1T
< S >, —1 dTl/ drmy < TT(Hint(Tl)Hmt(Tg)) >c +
0

1/T 1/T
+ dTl.../ dry < TT(Hint(Tl)---Hint(T4)) > (5174)
0

PaccmoTrpuM monpaBKy BTOPOrO TOpsiiKa K CBOOOAHOM sueprun (5.164):

T 1/T 1/T
AFQ = —5/ dTl/ drs < TT(Hint(Tl)Hi’ﬂt(T2)) >e (5'175)
0 0

[Ipu BBIYMCIEHWN 3TO# MOMPABKY CJIEIYyeT UCIOIH30BAaTh TeopeMy Buka, mo3BOISIONIYIO

CBECTU CPEIHEE OT BXOISAIINX B Hee MPOU3BEIeHUil (hepMUEBCKUX OMEPATOPOB K MPOU3-

BEJICHHAM CPeJHHX OT IIAPHBIX IIPOM3BEIeHH, COMepKAIUX2® OMuH OImepaTop a u OauH

oneparop at. Torga uz (5.175), m0c/ie COOTBETCTBYIOMIUX BBIKIAI0K, Oy daeM:

T T 1T
AF, = ——/ dﬁ/ dTQAZAq ZG(p+,T1 —1)G(—p—, 71 — To)+
2 Jo 0 b
+> G(py, 72— 7)G(-p-, 72— 71)} =
P

1T 1/T
= —T/ dﬁ/ dra|Ag|? ZG(p+,T1 —1)G(—p-, 71 —12) (5.176)
0 0
P
rie
G(p,11 —72) = — < Trap(m)ag (2) > (5.177)

— dbyukps IprHa cBOGOIHOTO 351€KTPOHA B (P, T) — MpeacTaBaennn. Pasnaras sty byHK-
uumio ['puna B psg @ypbe O T U BBIYUCSA WHTETPAJIBI, [TOJIY9aeM:

AFy = —|AgPT> > G(py,en)G(—p-, —n) (5.178)
P n

26 Hpkakux aHOMAJBHBIX CIAPUBAHUN 37€Ch PACCMATPHUBATH HE HAJO0 — MBI PACCMATPHBAEM HOPMAJIb-
HBIM MeTaJ1, Haxogammiica npu 1 > 1., B KOTOpoM “paboraer” dIyKTYAIMOHHBIN HCTOYHUK KyIEPOB-
ckux map (5.161).
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rae
1

o

ien — &(P)

— CTaHJAPTHBIN BU CBOOOTHON MaIlybapoBCcKoil dpyuknuu ['puHa 3/1eKTPOHA.
AnamorngabiM 06pa30M, [IJis MOTPABKU Y€TBEPTOrO MOPSIKA, UMEEeM:

G(pen) = en=(2n+ 1)nT (5.179)

1 1T 1T
AR = =T p12aglt [ dne [ driGiom - m)Gpim ) x
. 0 0
xG(p, 72 — 74)G(—p, 72 — 13)  (5.180)

rae B dyukiusx ['puna momoxuau ¢ = 0, 9TO COOTBETCTBYET TPEHEOPEIKEHUTO TPOCTPAH-
CTBEHHBIMU HEOJHOPOJHOCTSMU MIPU BHIYUCIEHUN KOIMDDUIMEHTa, TPU 9JIEHE Y€TBEPTOTO
mopsinka B pazimoxkenun ['JI. CooTBeTCTBEHHO, MOC/IE TEX Ke MPOIEAYpP, YTO U BBIIIE,
Oy daeM:

AF; = 186" 3 Y G, £) G-, ~2)C(p. £) G (-, ~22) (5.181)

B urore, ¢ TOYHOCTBIO [0 €WIEHOB YETBEPTOrO MOPsIKa IO Ag, IONPABKA K CBOOOXHOMN
SHEPI'UH JEKTPOHOB, HAXOMAIIUXCS B [0JIe (DIYKTYyUPYIOMKUX KYIEPOBCKUX I1ap, UMEEeT
BU/I;

T
AF = =[Ag’T Y D G(ps,en)G(=P, —en) + 5 1Agl' DY G(p.en)*G(-p, —cn)’
1Y n P n

(5.182)
Paznoxkenne I'JI misi pa3nocTu cBOOOAHBIX HEPrUil CBEPXIIPOBOIHUKA W HOPMAJIHHOIO
Merasuia oty anrcs u3 (5.182), ecm Mbl nepemnuiiieM ero tak, 4robbl Ko3bGuUImeHT nepe;y
|Aq|? mpu ¢ = 0 obpamamncs B nyns npu T = T, u 6b1 orpunatesnen ausa T < T.. Takoe
MOBEJIEHNE JIETKO 00ECIIEUNTD, €C/IH BBIYECTh U3 MpaBoii yactu (5.182) BbIpazkeHue, paBHOE
nonpaske AFy (5.178), B3aroii ¢ kosdbdummentom npu |Ay|? erancrenssv gia T = T,
u q = 0. B pesynbrare, pa3noxenue ['JI 3anmucwiBaeTcs B Buje:

Fo—Fy=—|Ag]*TY > G(pi,en)G(-p-,—cn) +
P n
+|Aq|2Tc Z Z G(pa En)G(_pv _571)|T:TC +
P n
T.
+7|Aql4§p:;G(p7€n)2G(—p7 —en)’|r=r. (5.183)

TIe MbI ere yuid, 9ro Koddduiuent B mnpu |Aq|4 KoHeveH npu 1° = T, Tak 49TO B
HeM (DOMMMO MPEHEOPEeXKeHUs ¢ — 3aBUCAMOCTBIO) MOXKHO cpa3y mojoxuth T = T.. C
yuerom ypasueaus BKIII gys T, B3aroro B Buge (5.115) ¢ A = 0, Bugum, 4To BTOPOi
wrer B (5.183) cBogurest mpocTo K \_/l\l |Aq|?, Tak uTO 3TO pazNOKeEHHE MOMKHO TIEPEIHCATD
B CJIeAyIOIeM 00jiee KOMITAKTHOM BUIE:

1
Fs - Fn = W|Aq|2 - |Aq|2TZZG(p+7€n)G(_p7a _en) +
P n

T.
+5 18l YD "GP, n)*C(—p, —en) 7. (5.184)
P n
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€7Ip+q

_|Aq|2

_EH _p

Y

Puc. 5.11: Juarpamvuoe npejcraBierue passioxkenus ['ma3dypra — Jlangay.

Cpaduuecku (5.183), (5.184) MOKHO NIPEACTABATH AUAPAMMAMHE, TOKA3AHHLIMU Ha Puc.
5.11. Berauranue BTOPO# AuarpaMMbl HA 3TOM PHUCYHKE KaK pa3 U ODecrednBaer mpa-
BUJIbHOE IOBeAeHre Kod(pPUuIueHTa pa3iokenus A, T.e. obpallleHue ero B HyJlb U CMEHY
3naka npu 1 = T..

Ilepeiimem Temeps HemocpeiacTBEHHO K pacderam koddduimentoB pasioxkenus ['JI.
13 (5.183) umeem st kodbbunuenra A:

A==TY "> G(pen)G(—p,~cn) + Tc Y Y _ G(pen)G(—p, —en)lr=1, =

o0 1 o0 1
:—Tup/wngerTch/wdgzm

T=T,

S /OO % {th% —thzﬂ (5.185)
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IIpu T ~ T, umeem %th% = %th 7 T 2T2T L, rak uro:

T
.- T [~ 1 T-T,

A=-— c df——— = £ 1
vt | e (5.156)

[Ipu pacuere kodddurnmenta C' HYKHO pasjIoKUTHL npousBenenue ¢yukiuii ['puna B
nepsoM ciiaraemoM (5.183) B psj O creneHaM g:

B 1 B (qp)? B icn(qp) _
CPr eGP )~ 5 ee) ~ T+ E@F i+ E )P
) = ) (ap)?
dm?(ef +E2(p))*  2m?(ef +&%(p))?
(5.187)
TaK 4TO
o 1 B ,  3e2 —&2(p)
-T. zp: zn: G(p+5n)G(—p_, _5n) ~ T, zp: zn: {6% ¥ fz(p) (qp) 4m2(5% + 52(p))‘3 }
(5.188)
W MBI [IOJTydaeM BbIpakenue s kodaddunmenra C' B Bue:
3571 B 52

rae d — pa3sMepHOCTh TIPOCTPAHCTBA. BBUIY OBICTPOI cxomumocTu uHTerpasa B (5.189)
OCHOBHO BKJI&JT JIJA€T HEIIOCPE/ICTBEHHAsI OKPECTHOCTH ypOoBHS PepMu U MbI MOXKEM I10-
JIOXKHTH P X Pp = Mup. Torga OKOHYATEIHHO:

vE 7¢(3) v _ 2
C=Twr b Z EF = T6n2d T2 = vpEl (5.190)

TJIe MBI OTIPeIeTMIIN JIJIMHY KOTEePEHTHOCTH CBEPXIPOBOAHNKA &p [21] Kak:

7¢(3) v
5= £ 191
% 1672d T2 (5.191)

rae ((3) ~ 1.202... (¢(x) — ¢ - bynkuus Pumana). B srux dopmysnax, kak u Bbiile,
BBEIIEHA!

mpr —
_ | 5= b d=3
Vp = { a . d=2 (5.192)

— IJIOTHOCTHh COCTOAHUIA CBO60ﬂHbIX JIEKTPOHOB Ha ITOBEPXHOCTHU (I)epMI/I IJId OJHOTrO
HaIlpaBJICHUA CIINHA.

Hakownerr, 3nagenne kodddunmenta B cpa3y ke MOJIyYaeTcs U3 JUATPAMMBL C 4de-
ThIpbMs “xBocTamu”’ A, nmokaszanuoii Ha Puc. 5.11:

B=T.3 3 (eI —p) = r .Y [ e

T 7¢(3
=T,y e VF# (5.193)
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Pesynbrarer (5.186), (5.190) u (5.193) nator crasjaprHble BbIpaxKeHus Jjid Ko3bdumeH-
ToB passoxkenus [JI, mosyuennbie TopbkosbiM (1959) s “aucTbix” CBEPXIPOBOIHUKOB.
Nx ncnonb3osanne B (5.169) — (5.173) maer u3BeCTHBbIE BBIPAYKEHWs JIJIST STHX BEJIMYHH,
nonygatoruecs Bomu3u 1, u3 reopun BKIII. Takum obpa3om, MOXKHO CKa3aTh, ITO TEO-
pus ['muzbypra — Jlangay nosrydaer mosHoe MEUKPOCKOIUYECKOe OOOCHOBAHUE B PAMKAX
vomenu BKIII. B Toxke Bpems, 3Ta Teopus ropasiao yaoOHee W MPOIe P aHAJIU3e IIIH-
POKOT0 HabOpa CBOMCTB CBEPXITPOBOIHNKOB, HEXKEJIN MMOJIHAS MUKPOCKOITNYECKasi TEOPHSI.

[Monmyyennbie pe3yabTaThl HOMYCKAIOT JaJbHelne 0000menus. PaccMorpum, Hampu-
Mep, TaK Ha3bIBAEMbIE “Tpsi3HbIe’ CBEPXITPOBOJHUKN C HEMATHUTHBIMU MpuMecsamu. Pas-
soxenne ['JI njs sToro ciaydas mosrydaercss npsaMbIM OOOOIIEHreM MTPOBEIEHHBIX BBIIIE
paccyxaenutt. Hy>KHO TOTBKO y9ecTb B JHAPAMMAX IPOIECCHI PACCESHUST HA TPUMECX,
YTO HAMU y’Ke He pa3 Jeajioch. HeTpyaHo MoHSTH, YTO COOTBETCTBYyIOIIee 0600IIeHne
pasnoxkenus ['JI omuceiBaercs rpadukamu, mokaszaHHbiMu HA Puc. 5.12, rme BBemgeHbI
(paccMoTpeHHbBIE B TIPEabIIymeil Taase) “TpeyrobHble” BepIIUHbI, YIUTHIBAIONIME IPHU-
MECHOE PacCesiHie W MUMEETCS B BUY, UTO JUHUHM TPUHOBCKUX (PYHKIHUI “O1eThl’ mpuMe-

CHMI/I27Z

1 1
, v =—=apivp (5.194)

G En = = A
(enP) ien —&(p) + WIEZI 2T

¥ UMEETCS B BHUJLY MPOCTeHIas MOIE/b TOU€IHBIX TPUMECE.

Hekoropoe otsintne oT pacCMOTPeHwsI, TPOBOIMBIIIETOCS B TIPEIbIAYIIEH rIaBe, COCTO-
UT B TOM, YTO 37€Ch PACCMATPHUBAETCA “KyNEepoBCKUil” KaHaa u neriu Ha Puc. 5.12 (a)
orpeesdorcs (B 0603HAYEHUAX, AHAJOMMYHBIX UCIIOJIb30BAHHBIM B IPEAbIIYILEl riaBe,

u B Maiy6apoOBCKOil TEXHUKE) KaK:

1
Y(qwmen) = T omi Z < G(P+p/+, —&n +wp)G(=pL, —p—, —&,) > (5.195)
pp’
49TO MOKa3aHo Ha Puc. 5.13 (119 MHTEpEeCyOIIero HaC Ciaydas w,, = 2,). Torma u3

Pa3JIoKeHusI, MOKA3aHHOro Ha Puc. 5.12 HerpyaHo noayuuTtsh s koaddunuentos ['JI A

u C ciieslyiolye JOBOJIbHO ODIINe BBIPAKEHUAZS:

1
A= o +2miT E U(q=0,wm = 2¢e,) (5.196)
82
C =inT En 8—q2\I’(q, Wm = 25n)|q:0,T:Tu (5197)

Jlesio HEeCKOJIbKO yOPOIIAETCs B TOM OTHOIIEHWH, 9TO [PU HAJIUYUU UHBAPUAHTHOCTH
[0 OTHOIIEHUIO K OOPAIIeHUIO BpeMeHH (T.€. B OTCYTCTBUE BHEIIHEIO MATHUTHOIO I10Jisk
UM MarHUTHBIX MPUMECel) Mbl MOXkKeM (KaK 3TO 00CYKIaJ0Ch B MpEAbIAyIneil riase)
“obparuTh”’ omHy w3 juHUI B newiax Ha Puc. 5.12, 5.13 u ybeauThCsi, 9TO

U (qumen) = ®(quwmen) (5.198)

rae ®(qwmen) — oueBuaHoe MalybapoBckoe 06obenue AByxdacTuaHoil Gpynkuuu ['puna
(meTn), cTOJML MOAPOOHO paccMaTPUBABIIENHCS HAMU B Opeabiayieii riase (cp. (4.88),

2B uCHO/IB30BABIIEMCS HAMM HPUO/IMKEHIH “HelePEeKPeIUBAIOIIXCs” IUArPaMM, CIPABEIJIMBOM B
mpejese JO0CTATOYHO ciaboro Gecmopsaka, Korga prpl > 1, Ept > 1.

28He oCTaHABIMBASCHL HA MOAPOOHOCTSX BHIUHCIICHHH, yKaskeM, 4T0 s Kodbduruenta B u s
CBEPXIIPOBOAHMUKA C mpuMecsMu, u3 rpaduxa Puc. 5.12 (b) no npexuemy crexyer Boipazkenue (5.193),
Oy YeHHOe BBIMIe s “aucToro” ciaydas [16]. [IosToMy HHKe MBI OTPpAHHYUMCS PACCMOTPEHHEM KO0d3dh-
dunuentos A u C.
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—&,— P *

by +

A A

Puc. 5.12: Jlnarpammuoe mpeacTaBjenve passioxkenus ['wa3bypra — Jlaunmgay mist cBepx-
TTPOBOIHUKA, C TTPUMECIMU.

pe, pe, p'e, pe,
P& —p-e, —p'-e,  —p—g,

Puc. 5.13: Inarpammvuoe mpezacrapienue 1t ¥(qwy,, = 2&,) B CHCTEME C IPUMECSMH.
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(4.274)). Iosromy pacderbl HaM ceiidac, IPAKTUIECKU, HUKaKKue 1 He HyKHbl. Koadbdu-
mpenTol IJI onpenensiiorest 3 @ (qwy, = 2&,,), BUI KOTOPOIA JIETKO “yraJarh’, BCIOMUHAS
COOTBETCTBYIOIINE PE3YIILTATHI MPEIBIAYINEH TIaBbI:

Vp

o S
() i|wrm| 4+ iDog?

(5.199)

rme Dy = U%T = %fb—fy — npynaesckuit koagdurment auddy3un, Koab CKOPO pedb HIeT

o cucreme ¢ HeGobIMM GecropsiaroM (prpl > 1, EpT > 1) U MOXHO TIOJIB30BaThCS
“JleCTHUYHBIM” TIPUO/IMZKEHNEeM Jijis BEepIIUHbL I IpuMecHoro paccednusaZ?.

Ucnonsays (5.199) u (5.198) B (5.196), Haxoaum:

*

1 ” 1 1 2y w
B VFg)Qn—i—l NPT
T T-T
—vpln — ~yp——° 5.200
vrln T vp T ( )
rze BB obpesanue (morapudMUIecKu pacxodaIeiics) CyMMbI [0 n Ha n* = 27TT IIpn

3TOM y HaC BO3HUKJIO CTaHIApTHOe Bhlpaykenue T, = Q%w D €xXp (—W%F) Teopun BKIII,
TaK 9TO TEMIEPATypa IePeXo/d OKA3bIBAETCA HE 3ABHCAIIECH OT HAJNYHA NpPUMeceld, B
MOJIHOM COOTBETCTBHMH C PACCMOTPEHMEM, TIPOBEJIEHHBIM B MpeablayIneM paszerne (“reo-
pema’ Annepcona). ®opmasbho, BKIa npumMecei “oinasn’ Bmecre ¢ Dy u3-3a TOro, 410
B (5.196) Hy»)xHO HomoKuTH g = 0.

g kosdpdurmenta C, nanporus, umeeM u3 (5.197):

1

C= T _ =
—tn vy Z 0q? 2ilen| + iDog?
1 Z/FD() 1 s
=nTvrD — = = —vpD 5.201
Thvr 0; 2:2 ~ 4T D 2n+ 12 8T T (5.201)
Eciu 3amucars (5.201) xak:
T 1 T vp T VR
C=vpe = Dy = — 02 ——1—013—1 5.202
vl = S P = R 3T T U, T T (5.202)
rae | = vpT — ngmHa cBoGogHOrO 1pobera, To, ¢ yderom ciaemyiomero u3 (5.191) (s
d = 3) pesyaprara BKIII ¢ = 0. 18? , HEMEJIJIEHHO TOJIy9YaeM OCHOBHOM pe3yJIbTaT
TEOpUH “TPA3HBIX” CBEPXNPOBOAHUKOB Mg jyuHbl Koreperrnoctu (JI.I1.Topbkos, 1959):
Ex&l wm ErAEl (5.203)

Taxum obpa3om 3bdeKTUBHBIN pa3Mep KyMepOBCKUX Map B “IPA3HOM mpemese’, KOrmaa
l < &, ymenblaercs 110 cpaBaenuto ¢ “aucrbiM’ caydaem. Coraacuo (5.172) sto, Hamnpu-
Mep, O3HAYAET, YTO Pa3ylopsoueHue (BBeIeHUe NPUMeceii), P HeM3MEeHHOM 3HAYEeHUU
T., MOXKeT MPUBECTH K 3aMETHOMY POCTY BEPXHEro KPUTUYIECKOro moJisi H.o, Tak 4To
ceepxmiposoaErKN (nHorIal?) momesHo pasymopaaounBaTh!

29Ha camoM [iese, BBIpAKeHHe (5.199) “paboraer” u B paMKax CaMOCOIVIACOBAHHON TEOPUH JIOKAJIHU-
samuu [16], roneko Do — D(Jwm|), T.e. 3aMeHsieTCs Ha COOTBETCTBYIOMUN 0600IeHHBIA KO3 duIuenT
nuddysun.

30Komne4Ho, Mbl CHIILHO yIpOIaeM peasbHyo cuTyanuio. Hampuvep, Kak y2Ke 0TMedasnoch Bbime, Te
MOXKET CyIIeCTBEHHO 3aBHUCETh OT Gecropsiaka [16].
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Ucnonszosanune (5.202), (5.203) B (5.172) mo3Bossier HOIYyYUTh 3aMeYaTe/IbHOE CO-
orHomeHre TOpbKOBA, CBSI3BIBAIOIIEE TPOU3BOHYIO (HAKJIOH KPUBOI TEMIIEPaTypHOI 3a-
BHUCHMOCTH) BEPXHET0 KPUTHYECKOro mosst Heg (BOmu3u 1) € MPOBOJMMOCTHIO CHCTEMBI
o= ”7627 = 2¢?vp Dy 1 WIOTHOCTBIO COCTOSAHUH Vp:

o (dHg: 8e2
_ - e 204
vr < dT )TC 250 (5:204)

e ¢g = ’%h — kBauT noroka. Cupasa B (5.204) croat dyHIaMeHTaIbHBIE KOHCTAHTDI, a

csieBa — HabJIIO/IaeMble BeJuduHbl. B yacraocTu, poct 6ecriopsiika (KOHIEHTPAIMU OPU-
Meceil), B 1epBOM HPUOIIMKEHUU, HE OYEHb CHJIbHO MEHSET Vg, TOrJA KaK [IPOBOAUMOCTD
JMHEHHO TalaeT ¢ POCTOM KOHIeHTparmn ipuMeceit (a conporusienne pacrer!)3!. Torma
u3 (5.204) ciemyer JUHERHDIH POCT HAKJIOHA KPUBOI TeMmeparypHoil 3asucumoct H.o
(Bosm3u T,) ¢ pocToM GecropsaKa. ITO JOBOJIBHO XOPOIIO COOTBETCTBYET IKCIEPUMEHTY

Ha TPaJUIIMOHHBIX CBEPXIIPOBOJHHUKAX.

IIpoBeseHHOE BBINIE PACCMOTPEHHE “I'PSI3HBIX” CBEPXIPOBOJHUKOB OTHOCUTCS K HE OY€Hb CHUJIBHO
PAa3yIOPSIIOYEHHBIM CHCTEMaM. B CHIIy TOTO, YTO THIHYHLIE 3HAYEHUS JJIMHBI KOTEPEHTHOCTU &y ~ ”T—’z
B 06b1‘{HbIX CBEPXIPOBOAHUKAX Ha HECKOJIBKO IMOPAIKOB IIPEBLIIMAT MEXKaTOMHOE PAaCCTOAHUE 4, B HUX
He COCTaBJISIET TPY/a YAOBJIETBOPHUTH yCJIOBHE “Tps3HOro” mpegena | < £y NpU OTHOCUTENIHHO OOJIBIINX
nmHax npobera | 3> a (coorBercrByromux caaboMy GeCHOpSAKY B CMBIC/IE HCIOJIB30BABIIErOCS BBIIIE
kputepus prl > 1). Bo3HuKaeT HHTEPECHBIH BOIPOC O TOM, KAK M3MEHSTCS STU Pe3yJIbTATHl IPH JAJb-
HeleM yMeHBIIeHHH JIMHBL CBOGOmHOrO mpobera (pocre Gecrnopsiika), BIUIOTH 10 | ~ a, KOrJa, Kak
MBI BAJEJIU B IPeabIayIel riaBe, B CHCTeMe MOXKeT IPOU30UTH aHJEePCOHOBCKUM Mepexos MeTasll — JU-
371eKTpHK [16]. @aKTHIECKH, MBI IOHKMAEM, YTO BhIPDAXKEHHe /I ABYXIaCTUIHON dyuknuu ['puna tuma
(5.199) coxpansieT cBoOi B[, TOIBKO ApyAeBcKuil ko3 dunment auddysun 3amersiercss Ha 0000IEeHHbIH
Do — D(|wm]|), KoTOpBIii ompegensercs 0600meHHBIM (151 Cirydas Maiy6apoBCKUX YaCTOT) YPABHEHUEM

CaMOCOIVIACOBAHHON Teopuu Jokaimsanuu tuma (4.255), koropoe (mst d = 3) umeer Bug, [16]:
Dplwm) ;A mX {Diwim}/
Dy Ae 2 X | Dp(wm) 2v
rje Bce O0O3HAYUEHHs Te YK€, YTO ¥ IPH HaleM OOCY’KIEHHH JTOif TeOpHH B Ipeablayimeil ruase3?. Ama-
sorudHO (4.262) U ¢ KOCTATOYHON UIs HAIIUX IeJIed TOYHOCTHIO, pemenue (5.205) MOXKHO 3amHCATh B

BUJE:
Dg(wm) ~ Maz { D wm D (“”") v (5.206)
wm) ~ Maz ; — .
Eiem B om + 3Dpw?(E)/vi 0 27

— mepeHOpMUPOBAHHBIA Kodbdunment nuddy3un (obpamammuics B HyIb Ha

(5.205)

D,
e D = rgoi(®)
[IOpOre MOJBUXKHOCTH), & Wy — XapaKTepHAasl IacTOTa, oupejenentas B (4.219).

Torga okassiBaercs, uTo Kodddunmenrsr pazsiaoxkenust ['JI A u B, mo mpexkHeMmy, COXPAHSIOT BHJ
(5.200) u (5.193), a kospdunment C' CyImECTBEHHO MeHsieTCsA. 1Ipu ero BBIYHCIEHHH B OKPECTHOCTH
AHEPCOHOBCKOI'O IE€PEX0/1a PelIafolly0 PoJib MPHODpeTaeT 4acTOTHAs JAUCHepcusi 00OOIEeHHOro KOo3d-
dunuenta quddysun (4.263), onpegensemas (B MaiybapoBCcKoM (hopMain3Me) BTOPBIM BBIDAXKEHHEM B
durypusix ckobkax (5.206).

B Merasnyeckoit 06JaCTH, HE CIHIIKOM OJIM3KO K IOPOrY HOABHXKHOCTH Dp(wm) = Dg, u K03d-
dunuent C onpeensieTcss Kak:

0 1
C=—irTv _— =
£ ; 0q¢? 2ilen| +iDEgq? |,
1 D 1
= FTVFDEZ = il Z lI/FDE

22 ol (2n+1)2 8T

n>0

€n

(5.207)

B pusnekTpuaeckoi 061acTu, HO TOXKE He CJAMIIKOM OIM3K0 K HOPOrY IOABHXKHOCTH, cOriacHo (5.206)):

w
Dg(wm) = Dg m

- 5.208
wWm + ?)DEw(Q)/vfJ ( )

31TIpn mHTEpECYOMMX HAC JOCTATOYHO HU3KAX TEMIEPATyPax, MOYKHO OrPAHUTHTHCS PACCMOTPEHHEM
TOJIbKO OCTQTOYHOTO COIPOTHBJICHUS.
32B wacrHOCTH, /IS KPATKOCTH, BMeCTO Ep ucrnombs3yem oboznadenue F.
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u MBI mosy4daeM (Rjoc — paguyc JOKAIH3aIun, onpeaeaseMerii u3 (4.219)):

C = —TZ/FZ DE 2‘€n‘)

En

_ ZIFDE Z 1
27T 4~ (2n+1)% + (2n + 1)3Dpw} /27T,
2 2
VEU 1 3Dgw 1
ek [ (12 (1)
3wg 2 ArTvy 2
Dg 1
—vpR -
v Rioe ¥ {5+ ArTRZ v (2)
1.78Dg
~ 2
~vrpRj, In TRZQM (5.209)
rje IpubIMKEeHHOe PABEHCTBO CIPABEJINBO, IOKYIA DERloc > 4nT.

B HemocpecTBeHHOH OKPECTHOCTH MOPOra IMOJBHXKHOCTH, KaK B METAJIIMIECKONW, TaK U B JUIJIEK-
Tpuveckoi obractu, MoxkeM HanucaThb (cp. (5.206)):

Dg(wm) ~ Do(wmt)'/3 ~ (Dol)?/3wi!/? (5.210)
TaK 4TO
_ 2/3
= —TVFEZ Dg(2len]) ~ (Dol)?/ TVFEZ m ~

Dol %/3 1
( T ) VF’I;) (2TL+1)5/3

~¢ (g) vp (%)2/3 (5.211)

Berpaxxernne (5.211) gomunupyer, mo cpasreruto ¢ (5.207), B o6acTu napaMeTrpos, KOTAA BBIIOTHSIETCS
HEPABEHCTBO:

Dp/T. = Dol/€0. T < De/3(1/T.)%/3 (5.212)

B pesynbrare momydaem ciaemyomee nosegenne Kodddunuenta C BO Bcel 061aCTH U3MEHEHHS TaPAMeT-
POB OT MeTasuIa K anAepconoBckomy amanexrpuxy (JI.H.Bynaesckuit, M.B.Canosckmii, 1984):

iDE AT floc(E)<(§012)1/3 npu E > E.

2/3
C=vp ~uvp (Lq)le) ~ (6012)2/3  mma E.(E) > (60123 mpu E ~ E. (5.213)
78D
B, (B)in o ans Rie(B) < (6012)'/* npu B < B

rae, kak u Boime, & = 0.18vg /Te, | — ApynaeBckas ajmHa npobera.

B merannuueckoit daze, mo Mepe Toro, Kak 3Hepruss Pepmu npubIMKaAETCA K MOPOrY IOIBUMKHO-
cru E., KOppesnsanuonHas JiuHa Teopun Jjokanu3anun (4.248) &,. yBenumuuBaercs u Koddpdunuenr C
CHAYAJIa yMEHBIIAETCs BMecTe ¢ 00600menasiM Kodddunuentom muddysun Dp, T.e. ¢ yMEHbIICHHEM
MIPOBOIUMOCTH CHCTEMBI B HOPMAJIbHOM cocTostHun. OJHAKO, B OKPECTHOCTH Mepexona AHIepCoHa, B TO
BpeMs Kak o — 0, magenue koddpdunuenta C IPEKPAIAETCS X OH OCTAETCS KOHEIHBIM Jake B 0OsacTu
E < E., T.e. B aHIepCOHOBCKOM amdaekTpuke. C manbHeHmuM mOoHMKeHueM F B 06/1aCTh JIOKAJIHA30-
BaHHBIX COCTOsHUE (mmm pocrom E. ¢ pocrom bGecmopsiaka) xosddunment C' onpenensercs pagmycoMm
Jokanu3anun Rj,., KOTOPBII yMEHbBIIAETCA C JAJIbHEHINM ABUKeHueM F BriyOb 00JIaCTH JIOKAJIM3AIAH.

Koneunocts I'VT koaddunpenta C' B OKpeCTHOCTH Mepexoaa AHIepCOHA 03HAYAET, YTO B 3TOH 0bOJa-
CTH COXPAHSIETCsI CBEPXIPOBOAAmuil (MeficcHepOBCKmit) OTKIHK cucreMbl. COOTBETCTBEHHO, B IPHHIIAIE,
npu T < T, cucremMa MOXKeT MepeiTH U3 COCTOSHUST AHIEPCOHOBCKOTO TUIJIEKTPUKA B CBEPXIIPOBOJISIIIEE
cocrosrue (JI.H.Bynaesckuit, M.B.Canosckuii, 1984). Pasymeercsi, pacCMOTPEHUSI HAa OCHOBE Da3JIOXKe-
aus ['JI u mpocreiimeit momenu cnapuBarenbHoro B3aumomeiicteus tuna BKIII HegocTaTroIHo 1i1sT TOTO,
‘{TO6BI y6e,E[I/ITBCH JdaXKe B HpHHHHHHaHbHOﬁ BO3MO>KHOCTHU CTOJIb 3K30THUYECKOI'O IIOBEJIEHrusA CUCTEMBbI
B YCJOBHSX CHUJIBLHOTO DA3yMOPSAOUEHHs. B 9acTHOCTH, BCE PACCMOTPEHHE OCHOBBIBAJIOCH HA KAPTUHE
HesaBucEMOCTH T OT creneHu pasynopsgodenus (“reopema”’ Annepcona). Bemme y»xe ormMedanocs, 94To
TaKOe YTBEPXKJEHHEe COXPAHAeT CHJIY U AJid JOCTATOYHO CHJIBHO PAa3yHOpPSAJOYEHHOM CHUCTEMBI, BIJIOTH
110 mepexona AHIEpCOHA, B IPEHEOPEXKEHUN BIIMSHAST PA3YTOPSAOYEHIs Ha CAMO CIAPUBATEILHOE B3AU-
MozneiicTBue. B melicrBuresbHOCTH, Ipu pocTe HDecHopsaka Hem30eXKHO IPOUCXOTUT POCT 3D DEKTUBHOIO
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KYJIOHOBCKOT'O OTTAJIKUBAHHs 3J€KTPOHOB, 00pA3yIOIUX KyHepoBCKyio mapy [16]. Ilostomy, mpu Gosee
WIM MeHee TUIUYIHBIX MapaMeTpaX CBEPXIPOBOAHUKOB, TEMIEpATypa mepexoma 1. MmomaBiseTcs Gecro-
PSAKOM 3350Ir0 A0 nepexoga Angepcona. Tem He menee, mpu COOIIOLEHUH JOCTATOIHO XKECTKUAX YCIOBHIT
(HampmMep IOCTATOYHO BBICOKOH mCXOmHON T B cucreMe 6e3 Gecropsiika) MOXKHO HAJesIThCs HA COXPa-
HEHHMEe KOHEYHBIX 1 BILUIOTB A0 HENOCPEJCTBEHHOH OKPECTHOCTH AHZAEPCOHOBCKOrO MEPEXOAa (MIn fake B
UAIEKTPpUIecKoit dase) [16]. IMeHHO ajisi TAKUX CHCTEM U IPEeACTABJSIOT HHTEPEC IPUBEEHHBIE BBHIIIE
dopmynst u orenku. K coxasieHnio, B paMKaxX JAHHBIX JIEKIHI y HAC HET BPEMEHH U MeCTa JIst Oosee
MOAPOOHOTO OOCYXKIEHUS STHUX HHTEPECHBIX BO3MOXKHOCTeil. JlanpHelimue monapoOHOCTH, TaKXKe KakK U
00Cy?K/IeHHIE D513 SKCIEPUMEHTAJIBHO N3y9aBIINXCS CHCTEM TAKOrO THIA MOXKHO Haiitu B [16].

VYao6ro nepenucars (5.213), nCnonb3ys CBA3b MEXKAY IPOBOAUMOCTBHIO B 0000mEHHBIM KO3 dmIm-
enra auddysun (Tuna (4.176)) u mosmyuennsie Boime dopmynsr (4.234) u (4.237). Torga mosnb3ysch
ompeneneHneM xapakTepHOH ayusbl & n3 (5.213) MOXKHO JIEFKO HOIy9UTH CJIELYIONIEe BBIPAXKEHHE IJIst
TeMIepaTypHO 3aBuCsmel AmuHbl KorepeHTHOCTH £(T') [21] HEYyHOPSZOUEHHOTO CBEPXIPOBOSHUKA:

2 Ie Sol o7 o>o0* (E>E)
&= Te—-T { (§0l2-3_2f3 oc<o* (E~E.) (5.214)

rae, B coorsercTun ¢ (4.234) 0. = e2pr/(n3h?), a xapakrepHbiit MacmTab TPOBOAMMOCTH O* OMpesie-
JISIeTCST KAK:

T7.\1/3
o* =~ oc(préo) P m o (Ec) (5.215)

Takum o6pa3om, B 06JjlacTH 0Y€Hb MaJIbIX HPOBOAMMOCTEH o < o* Mmacmrab JJIMHBl KOTePEHTHOCTH
&(T) onmpenenserca ne € ~ \/&ol, Kak B OGBITHON TEOPUU “TPAIHBIX” CBEPXIPOBOJHUKOB, PACCMOTPEHHOM
BBINIE, a HOBOI Xapakrepmoii mmmmoit £ ~ (£012)1/3 ~ (€ /p%)'/3, xoropas onpexensier xapaxrep-
HBIH pa3Mep KyIepOBCKHX AP B CBEPXIPOBOIHUKE, HAXOMSIIIEMCS B OKPECTHOCTH Iepexoma AHIepcoHa
(JI.H.Bynaesckuit, M.B.CazmoBckuii, 1984).

[1I0THOCTB CBEPXIPOBOASAIIAX JIEKTPOHOB N B Teopuu L'JI MoxkeT ObITh OmpeneseHa Kak [21]:

ns(T) = 8mCA%(T) = 8mC(—A)/B (5.216)
Bo6sm3u nepexoma AHAEPCOHA TY BEJIMYUHY MOXKHO OLIEHHTH KaK:
ns ~ mN(E)E2A2 ~ mpp (€0 /p2)2/3A2 ~ n(TE/? JEZ)Y/3(T. — T) (5.217)
rae no o~ p3F — IOJIHAS IJIOTHOCTH 37MeKTpoHOB. Ecnm B3aTh 3mech 1T ~ 0.5 T., TO MOIyYUM IPOCTYIO
OLIEHKY:
T.\4/3
N~ N (—‘) (5.218)
Er

9T0, IO HOPSAKY BEIUYHHBI, crpaBeqiuuBo BIIOTh 70 1 = 0. Orcoma BHAHO, 9TO TOJIBKO HEOOJIbINAS
YaCTh YJIEKTPOHOB B CHJIBHO HEYIOPSZOYEHHOM CBEDPXIIPOBOJHUKE OCTAETCs CBepxmpoBoxsamieii. Tem me
MeHee, 3TO [MOJATBEPXKJIAET CaMy BO3MOYKHOCTEH CBEPXIIPOBOJAMOCTH B OKPECTHOCTH AHIEPCOHOBCKOTO ITe-
pexojia MeTajll — JAUIJIEKTPUK.

Besmuuna nposoguMoctu o*, onpegenentas B (5.215), 3ajaer xapakTepHbIH Macmrab IpOBOLAMO-
CTH, HQYUHASI C KOTOPOIO MPOSIBJISIIOTCS (PEeKThl BIUSHUS JIOKAJIU3AUA HA CBEPXIIPOBOISIIHE CBOM-
crBa. Eciu o, nmopsaka “MUHAMAJILHON MeTaIudecKol mposogumoct” no Morry [22], To Benmuuna o*
eme menbme. OJHAKO, IS CBEPXIPOBOJHUKA C JOCTATOIHO HEOOJBIIMMHA KYIE€POBCKHMHE IapaMu (9ITO
XapaKTePHO JJIsl CBEPXIPOBOJHUKOB C CHJIBHOM CBSI3bI0 M BBICOKOTEMIIEDATYPHBIX CBEPXIPOBOJIHHKOB)
o* DoJiee UM MEHEe TOPSIJIKA Oc. DKCIEPUMEHTAJIBHO 3Ty MMPOBOJUMOCTH MOXXHO ONPEIEIUTH KaK TOT
Macmirab MpoOBOAUMOCTH, MPH KOTOPOM (c JaJbHEHRIIIM POCTOM 6ecr[0pﬂ;u<a) HQYUHAIOT NPOSABJIATHCA
CYIIECTBEHHbIe OTKJIOHEHHS OT IIPeCKAa3aHUil CTAaHJAPTHOW TEOPHH “TPA3HBIX  CBEPXIPOBOJIHUKOB.

[Ipsimyio mHOOPMAIUIO O BeJIMYHHE JJIXHLI KOT€PEHTHOCTH 52(T) MOXKHO MOJIyIUTh U3 HU3MepeHMit
BepXHEro Kpurmdeckoro mois (5.172). B wactHOCTH, HETPYAHO yOeUThCs, ITO UCHOab30Banue (5.213)
n (5.214) mpumeoguT K ciexyromemy 00600menno coorHomeHust Lopskosa (5.204) (JI.H.Bymnaesckwuii,
M.B.Canosckuit, 1984):

o (dHc - fgi o) oc>o*
- ~ o ~ g * (5219)
ve \ dT" /o, QAT S N rgs 7 <C

Bugum, aro g o < o*, 1.e. BOJIU3U AaHAEPCOHOBCKOTO MEPEX0a METAJI — JUIIEKTPUK, CTAHIAPTHOE CO-
orromenue (5.204) CTAaHOBHTCS HECIPABEJIUBBIM U (B IIPE/IIOIOXKEHHU JOCTATOYHO CIa00r0 M3MEHEHHS
vr u Te ¢ pocrom Gecropsiaka) OOBIMHBEIN poCT mpou3Boguoil (dHcz/dT)r, (maxnona xpusoit Hea(T))
¢ pocToM DOecrnopsiika BBIXOJAUT Ha “HACHIN[EHHWE’, TAK YTO 3TOT HAKJIOH CTAHOBHUTCS HE 3aBUCSIIUM OT
BEJIMYUHBI 3JICKTPOCOIPOTUBJIEHUA CHCTEMbI B HOPDMAJIBHOM COCTOSHUU. Ka.‘{eCTBeHHO, TaKOe IMOBeJIeHUue
HAKJIOHA BEPXHEr0 KPUTUYIECKOTO IOJIsT HAOJIOTAETCS B IEJIOM Psifie CUIBLHO PAa3yIOpPsIOYEHHBIX CBEPX-
npoBOAHKKOE [16].
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5.5 OJIeKTpPOMAarHUTHBIE CBOICTBA CBEPXIPOBOIHUKOB.

B sToM pazzmene MBI paCCMOTPUM MHKPOCKONMYECKYIO TEOPUIO OTKJIMKA CBEPXITPOBOIHY-
KOB Ha, BHEINTHEE 3JIEKTPOMATHUTHOE TIOJIE, C IEIBIO MOHATH UX MPUHIUTHAIBHOE OTINIAE
OT HOPMAJIBHBIX METAJLIOR.

Haunewm c obieit nocranosku 3aaa4u [5]. PaccMorpu oHOCBA3HbBI MACCUBHBLIT CBEPX-
IPOBOJHUK €JUHAIHOTO 00beMa B C1aboM BHEITHEM 3JIEKTPOMATHUTHOM IIOJIE, ONUCHIBA-
€MOM BEKTODHBbIM U CKaJspHbIM norenimasamu A (rt) u o(rt), Bmecre obpasyiommmu
4-Bekrop (x = (r,t)):

_ ) Ai(@)  ana op=
Au(@) { cp(x)  ama p=

8: 12,3 (5.220)

TZle MBI CHOBa “BOCCTaHOBWJIN CKOPOCTH cBeTa c. B mepsom mopsanke mo A, B3ammomeii-
CTBHE 3JIEKTPOHOB C 3JIEKTPOMATrHUTHBIM IIOJIEM AAETCS CJAELYFOIIMM BhIPAKEHIEM:

m =L [ rg@aw = -1 [Erp@a@ - pwes] Ga)

9T0 raMUJIbTOHUAH B3aNMOJEHCTBYS C “MapaMarauTHbIM” 4-BeKTOpOM (IJIOTHOCTH) TOKA,
MMEIOIIUM BUI;:

iy | @) = iyt (@) V@) - Vot @@}, p=i=1,23
Tule) = { 0u(7) = —evt(@)(@) — —p(x),  p=0 (5.222)

[TosiHast MIOTHOCTD TOKA j, () B IPUCYTCTBUE BEKTOP — HOTEHINATA A 9JT€KTPOMATHUT-
HOTO TIOJISI SIBJISIETCS, KAK MBI YK€ OTMEYaJ N BBINIE, CYMMON mapaMarHuTHON U “auamar-
HUTHOH” 4JacTeil:

Ju(z) = ji(z) + ju(2) (5.223)
TIe TIOTHOCTH JUAMACHUTHOTO TOKA, JAETCS BHIPAYKCHHUEM:

. < pe(x)A(x JJIs =i=1,2,3
ji(x) ={ gwpe(mlﬂ( )uZO : (5.224)

COOTBeTCTBeHHO, IIOJIHOE B3aI/IMO,ILeI'/,ICTBI/Ie JIEKTPOHOB C BHEITHUM 3JICKTPOMaTrHUTHBIM
II0JIeEM HUMeEeT BU/I:

Hiny = H? + H? (5.225)
rae JuaMalroHuTHad 9aCTb B3aHMO,HefICTBHH orpeneIdeTCd BbIPpazKeHUeM:

€

H = /dgrpe(:c)AQ(x) (5.226)

2mc?

Terepb MBI MOYKEM BOCIOJIb30BATHCS MPECTABIEHNEM B3auMoneicTeus no Hiy,: (pes-
nosarast, 910 A, — 0 mpu ¢t — —00), ITO ONPENEIUT CJIELYIONee H3MEHEHNEe OCHOBHOIO
COCTOSIHUSL CUCTEMBL cO BpemeHeM [1]:

|®(t) >=T exp {—z‘/_t dt’Hmt(t’)} |0 >=U(t, —0)|0 > (5.227)

Torna Benm4nHa MIOTHOCTH TOKa B cocroguun |P(t) > maercs BhIparKeHHEM:

Ju(x) =< B(t)]j, (xt)| B () >=< O[UT(t, —00)j, (rt)U (£, —00)0 > (5.228)
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Hac uurepecytor B J,, () wrenst nepsoro nopsiaxa mo A, , 1 mocie IPSMbIX BBIIUCIEHNH
MBI TOJTyIaeM:

o0
e . )

Ju(x) = —< 0[pe(2)][0 > A, (2)[1 — 0p0) — i < 0|[jfj(rt),/ dt' Hint (£)]]0 > (5.229)

—0o0
Bce wremnst nymesoro mopsiaka B J,(x) paBHBI HyIIO, KpoMe < jo(z) > — cpeHeil mI0THO-
CTH 3aps/a, HO OHA HAC HE MHTepecyeT u noromy omnyiiena. Vcnounsys (5.221) — (5.226),
HAXOJ/UM, YTO JHHEHHbI OTKIUK CHCTeMbl J, U BHemHHil noreHipan A, CBA3aHbI Clie-

JIYIOIIIM HEJIOKAJIbHLIM COOTHOIICHHEM C IOMOMNIBbIO0 HHTEIPAILHOrO sapa K,

Ju(z) = —4i / K (et 0/t A, ('t dr dt! (5.230)
s
TJIe MHTErpaJs mo BpeMeHn Oepercs B OECKOHETHBIX MPEeIenax, a saapo:
47y . . 4re
Ky (z,2') = —2 < 0[[jf (), 75 ()]0 > 9(75—7?')—W < 0]pe()[0 > 6(2—2")8 [L=0u0]

(5.231)
Eciiu cucrema TpaHCIAIMOHHO MHBaPUAHTHA, TO K, 3aBUCAT JIMIIb OT PA3HOCTH KOOP-
JWHAT U yI00HO mepeiitn K pypbe — MPeACTaBICHUIO:

K, (q,t—t") = /Kw(x, x’)e*iq“*r’)d?»rdf% r_

4 47ne?

= —— <Oll(at), jE(=at)]l0 > 0t — 1) + —

Ot =)0 (1 —d,0) (5.232)
me

rJie n — MOJIHAS TIOTHOCTh 3JIeKTPOHOB. ITockombKy Bropoii uieH B (5.232) (aunamaraur-
HBIIl OTKJIFK) W3BECTEH TOYHO, TO (GAKTUIECKN HYKHO BBIYUCINTH TOJIBKO MAapaMarHUT-
HbI BKJIa, (IepBOe ciaraemMoe):

Ry(qt) = —i < 0|[jf(at), 5 (—q0)]|0 > 6(t) (5.233)
DTy BeawYMHY MOXKHO HafiTH ¢ moMombio 1 — ynopamodenno ¢byaxnun ['puma suga:
Puv(at) = —i <0|Tjj(at)j;(—q0)[0 > (5.234)

CpaBHuBas CleKTpaJjibHbIE TIPEICTABJICHN JJI BPeMEHHbIX (Dyphe — 00pa3os (5.233) u
(5.234) [1], merpyaHo yOemuThHCSI, 9TO AeHCTBUTENbHBIE YacTd R, u P, COBIAnaIoT, a
MHHUMBIE YACTU OTIMYAIOTCA 3HAKOM mpHu w < 0:

RePy,(qw) = ReRy(qw) (5.235)
ImPy, (qw) = signwImR,, (quw) (5.236)

9TO W JaeT HyKHOe HaM BbIpaxenmue IR, depes P,,. Ilockoneky ampo K, BKIiOUaeT
TOJIBKO XapaKTePUCTUKYU CHCTEMbl B OTCYTCTBUE BEKTOP — IOTeHiuana A,, oneparopst
Ju M jI COBAZAIOT, M MBI OIlyCKaeM Jlajlee UHJIEKC P.

B urore, OTKIMK CHCTEMbI HA, TPHUIOKEHHBINM CIA0BIA BHEITHWI BEKTOP — MOTEHIIAA

Au(q) = [A(q), cp(q)] (rre ¢ = [q,w]) mmeer Bux:

3
Tu(@) = ~ K@) A (@) =~ | 3 K@) Aila) =~ Kpola)eg(a)|  (5:237)

33 Anasioruunas dynxuus Tpuna paccmarpusaiach Hamu (B Maiy6aposckoit) Texuuke B (4.108).
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rae: A .
0
K, (q) = ?RHV (q) + )\—25lw[1 - 51/0] (5.238)
L
IpUYeM 37eCh /\2L = 4’:522 — KBQJIPpAT JIOHIOHOBCKO# IJIyOMHBI TPOHUKHOBEHUS TIPU TEM-

neparype 7' = 0. [IBa ciaraembix B (5.238) orpazkaior BKJIAJ, IIADAMAHUTHOIO U JHa-
MAarHuTHOIO TOKOB.
B nanbreiiieM MbI 6y/1€M MCIIOJIH30BATH CIIEAYIONIEe COKPAIIEHHOE 0003HAYEHE:

Qaplq) = —% ap(q) (5.239)

4
Paccmorpum cHauasa uneanbHblil depyn — ra3 (HopMasabublil Mertast) [3]. Haiimem or-
KJIMK (TOK j), BO3HUKAIONMIA B PE3yJIbTare JefCTBUA POCTPAHCTBEHHO — HEOIHOPOIHOTO,
HO CTATHYECKOTO, BEKTOp — moTentmaga’? A. B UMIyIbCHOM TIpeCTaBIeHnH, TUHEeHHOe
COOTHOIIIEHNE MEXKy j U A 3aImMchIBaeTCs Kak:

ja=Q(a)Aq (5.240)

B npenpiaymeit TiaBe Mbl yKe OTMEYan, 9T0 CTATAIECKAN BEKTOP — MIOTEHIINAT HE TTPH-
BOJIUT K BO3HUKHOBEHUIO JIEKTPUIECKOrO TOKA B HOPMAJILHOM MeTaJjuie (HId UIeaIbHOM
bepmu — raze) B IIMHHOBOJHOBOM MpeZe/Ie. ITO O3HAYALT, ITO Q(q = 0) = 0, Tak 4ro
npu q = 0 IPOMCXOIUT NOJTHOE COKPAIIEHUE JUAMATHUTHONR M MAPAMATHATHON COCTABIIS-
romux B (5.238). B roxe Bpemsi, npu q — 0, #Ho w = 0, B OTKJIMKE BCE YK€ OCTAETCs MAJIbIi
BKJI/I, ONUChIBaOmuii ciaabbiii quamaraerusm Jlannay. Paccmorpum sty curyarmio mo-
npobree. Brraumciiennst mpopeaeM cpasy s CIydast KOHEYHBIX TEeMIEepPaTyp, MOIb3ysCh
MaIy6apoBCKON TeXHUKOI. 13 paccMOTpeRnst, TpOBEIEHHOTO B MPEIbIIyIIE TIaBe, B CBS-
3u ¢ (4.108) — (4.120), ¢ oueBHIHBIMU EPEOOO3HAYEHUAMN SICHO, YTO JJIS HJIATBHOTO
dbepMu — raza napaMarHuTHOE AAPOSO:

2 . d3
P (a=0)=—lm2-—TY" ezw/ Pabs P (5.241)
n

T—0 mQC (Zgn - f(p))(l&n - g(p)) (271—)3

Bocnonb3yeMmcst 09€BUIHBIM COOTHOIIEHUEM, CIPABEIIUBBIM [IJi CBOOOIHON (DYyHKITAN
['puna:
2
PGy (enp) = mVpGo(enp) (5.242)

u upencrasuM (5.241) B Buge:

2 3
» _ € d°p
ap(0) = —mCQT En /panﬁGo(enp) 279 (5.243)
Murerpas no d>p MOXKHO MOCINTATE TIO IACTSIM, IIEPEHOCS AeiicTBIe Vs HA Do, TAK UTO:

2 3 2
Py = & 5 op / d’p _ ne” 944
aﬁ(o) mcéaﬁ zn: GQ(&np) (27T)3 me dap (5. )

YTO HOJIHOCTHIO COKPAIIAET AUAMATHUTHYIO 9acTh (5.238).

34TIompasymenaercs xkammbposka: divA =0, ¢ =0

35 /Ins MeTasIa C IPEMeECSMH BCE [eIAeTCs TOYHO TAK YK€, TOJBKO HyJKHO YIHTHIBATH KOHEUHOE 3a-
TyXaHWe B 3HaMeHaTessax GyHkinui ['puma 3a cuer paccessHust HA IPHMeECSX. BepoinHHbIE IONPABKA OT
MIPUMECHOTO PACCESHHSI K TOKOBBIM BEPINHHAM B MOJEIH TOYEYHBIX MPUMeceil 00pAlaioTCsl B HY/Ib IPU
UHTErPUPOBAHUA IO yIJIaM.
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ITocmorpum tenepn cayuaii q # 0. Pazsoxenue QQ(q) B psj 10 q HauMHAETC C
4ena Bropoit crenenn: Q(q) = aq® + O(q*), B 9em MOKHO yOeIUTHCA HEMOCPEICTBEHHO,
TPOBOJIsT TAKOE PA3JIOXKEHWe B AuarpaMmme, nmokaszanuoit Ha Puc. 5.14. Torma nmeem:

j=QA = —aV?A (5.245)

C npyroit CTOPOHBI, KAK M3BECTHO M3 HJEKTPOINHAMUKY, TOK MOXKET OBbITH CBSI3aH C Ha-
MArHM9YeHHOCTHIO CUCTEMbBI COOTHOTIIEHUEM

j=crotM = ¢ rotxoB = xoc rot rotA (5.246)

TaK 9O, OIL3ysAch rot rotA = grad divA —V? A n karnbposodnsiM yeaosueM divA = 0,
MOYKHO HATIHMCATh:

j=—x0cV:A (5.247)

rzue Xo — MarHUuTHas BOCIPUMMYKMBOCTD 3JEKTPOHHOrO ra3a. Torna, cpaBuusas (5.245) u
(5.247), maxomum: xo = 2, a BEIMYWHY a MOYKHO PACCUUTaTh U3 auarpamvmbr Puc. 5.14.
B camowm gene, u3 310l AuArpamMMbl IMeeM:

S H 6_2 eisn‘r Vg (p + q)vx (p) d3p
Qee == Im20T) | R e £ LD

rie v(p+a) = 9&(p+q)/0ps u va(p) = 94(p)/Ops — coorBETCTBYIONIME HPOEKIUY
CKOPOCTH 3JIEKTPOHA. IIpeanosiokum gasee, [jis KOHKPETHOCTH, YTO BOJIHOBOM BEKTOP
( HAMPABJIEH 1O OCH z. B OT/M4YMe OT CIUHOBOW BOCIPUMMYMBOCTH, OPOUTAIHHAS BOC-
MPUAMYUBOCTH OMPEIEISETCS HE TOJIBKO OKPECTHOCTHIO moBepxHOCTH Depmur, HO U BCeMu
COCTOSTHUSIMM TIOJT Heli, TIOCKOJbKY KBaHTOBaHWe JIaHIay 3aTparnBaeT BCE COCTOSTHUS C
E < Ep, rak 4r0 KOHEYHOE 3HAYEeHHe BOCIPUUMYUBOCTU X( BO3HUKAET M3 — 33 OTJIH-
Yhsl CyMMbl KBAHTOBAHHBIX SHEPIUil OT 0OBIYHOIO HHTErPaJIa, IO HenpemeHomy CIIEKTPY.
OrpaHnunMcst ciy9daeM cBOOOIHBIX JIEKTPOHOB, Korna &(p) = 2m — Er. Paznoxum Q gy

B DS TIO ¢ = ¢, U, C y9eTOM V(P + q) = v (P) = px/m, 3amnuiiem:

e2q? 2 02 1 d®p
_ 1 T 1ENT z R - 5249
Qua = — lim — . / ien —&(p) Op2 icn — £(p) (27)° -2
Nnmeem Tenepsb:

AN S S S - S
optic, —&(p)  m(ie, —&(P))? m? (ig, —&(p))3

" HEMEOJIEHHO TTOJIyY9aeM:

L e 2! | dp
xo =~ lim czTZ / { (e — @) 2l - <p>>4}<2w>3 (5.251)

Tenepp Hy>KHO HPOBECTH YCPEIHEHWE IO YTJiaM, CBOSINEeCH K < ’ug >= 02/3 n <
1)21)2 >= ot / 15, a 3aTeM BBIYUCIUTDH JBYKPATHBIM WHTETDHPOBAHUEM II0 YACTAM WH-

TerpaJi, BO3HUKAIMIWI B epBoM citaraemoM (5.251):

[e%s) 4
P 3m dp
dp = 5.252
| =", wE (5252)

(5.250)
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e+wpt+k

ep

Puc. 5.14: Inarpamma, onpeiessiionasi OTKJINK HIeaabHOro (pepmu — ra3a Ha BHEITHUN
BEKTOP — HOTEHITUAI.

1 TPOEKPATHBIM HUHTETPUPOBAHUEM I10 YaCTAM HHTErpaJl u3 BTOPOTO CJjiaraemoro,

[e’e] 6 3 [e’e]
5 d
/ dp— P 4:_m/ : P (5.253)
0 (ien, + Ep — p2/2m) 2 Jo ien+ Ep—p%/2m
Torma cymmuposanue no n B (5.251) maer npocro dbyukuuio pacrnpenenerns Pepmn [1],
erF

M MBI [OJy4aeM — 32l OT HepBOro ciaraemMoro B (5.251) u +

472
raeMoro, 9To B CyMMe I1aeT OKOHYATEJAbHBIN OTBET:

orZme2 OT BTOPOroO CJia-

S *pr
o= ——o | dpn(e(p)) = — L7 5.254
1272mce? J, (€(p)) 1272mc? ( )
— OOBIYHBII PE3YJIBTAT /I MAMATHUTHONR BOCIPUMMYUBOCTH Ta3a 31eKTpoHOB [11]. Ecom
BCIIOMHATE AHAJIOTAYHDIN PE3YJIBTAT JIJIS MAYJHEBCKON (CITUHOBOM) BOCTPUAMYHBOCTH:

2

2 e~ mpr
Xp = 2MBVF = —4m262 —71-2 (5255)
TO MOJIy9aeM XOPOIIO W3BECTHBIN PE3yJIbTaT JJIsi MOIHOM BocnpuuMunBocTa [11]:
1

Bepremcs Tenmeps K pacCMOTPEHUIO CBEPXITPOBOTHUKOB. PaccunTaeM OTKINK Ha CTa-
TUYECKHUH BEKTOD — IIOTEHIMAJ JIIsi TOr0 CIy4as. B oriudume or HOPMAJIbHOIO METAJLIA
(cBOGOIHOTO (bepMu — ra3a), KAK Mbl YBHUIMM, 3[€Ch OTCYTCTBYET [10JIHOE COKPAILEHUE I1a-
PaMarHUTHOI'O U JMaMarHUTHOIO BKJIAJIOB B GyHKIMK OTKIKKA. IloaToMy, Jazke mnosarast
q = 0 B coorromenun (5.240), MbI TIOJIy9UM KOHEUHBINH OTKJIUK BUIA:

nse>

S A(r) (5.257)
T.e. ypaBHeHue JIOHJOHOB — OCHOBHOE YPABHEHME 3JIEKTPOINHAMHUKHN CBEPXITPOBOIHIKOB.
Benmuuna ng HasbiBaercs (0 OMPEIEIEHUIO) MIIOTHOCTHIO CBEPXIPOBOJAIIUX (CBEPXTE-
KY4HX) 3JeKTPOHOB. ¥ pasuenue (5.257), “c 09eBUIHOCTHIO”, HAPYIIAET KAJIUOPOBOUYHYIO
MHBAapUAHTHOCTHL Teopuu. Jeno B ToM, 4To (pusnyeckas OIpUYUHA OTCYTCTBUSL COKPAIe-
HUsl JMAMarHUTHOIO U IIAPAMarHUTHOrO BKJIAJIOB B sape (Q(0) Kkak pa3 u 3akiodaercsd B
TOM, 9TO KATUOPOBOYHAS HHBAPHAHTHOCTH (M 3aKOH COXPAHEHWS 3aPAA), KAK yIKE OTMe-
YaJIOCh BHIIE, B CBEPXTIPOBONHAKAX CROHMAHHO HApyuwena. VIMEHHO B 3TOM TPOSBIIAETCS
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[MOHMKEHNEe CUMMETPUU CUCTEMbI, IPH MEPEX0/ie OT HOPMAJIBHOIO K CBEPXIIPOBO/ISIIIE-
My OCHOBHOMY coCTOsiHMIO. B HOpMasibHOM Merasute, 3aHyienue ((0) obecrednBaercs,
dakTrIecKu, TOXKIECTBOM YOP/a, CBSI3aHHBIM HEMOCPEJICTBEHHO C 3aKOHOM COXPAHEHUST
3apsa ¥ KaJubPOBOYHON MHBAPUAHTHOCTHIO JekTporunaMuku [20]. B cBepxupoBoitu-
Kax 3TO HE TaK MPOCTO U i1 “BOCCTAHOBICHHUS KAJUOPOBOYHO — MHBAPUAHTHON POPMBI
orkjuka (orcyrcrBymotieil B pamkax npocroro noaxozaa BKIIT) rpebyercs cnenupasnbaoe
paccMoTpeHue.

[Tepeitnem K HemocpencTeeHHoMy pacdery (QQ(0) misi cBepXITpOBOTHMKA. JInaMarHuT-
HBI BKJIJI, C O9€BUIHOCTHIO, COXPAHSET IPEKHUIM BUJL B MOXKET ObITh 3AIMCAH KAK:

2
Qap(0) = ———bap (5.258)

A BoT mpu pacuere TApaMarHUTHOTO BKJIAJA, B OTJIMYUE OT HOPMATBLHOINO METAIIIA, HY K-

HO y4ecTh BKya B ((0) Kak OT HOpMAJIbHBIX, TAK W OT aHOMAJbHBLIX dyHKuuii [prna. B

. 1
caMOM Jiejie, TapaMarHUTHBIN BKJIa/T Qfxﬁ) (w,q), AHAJOTUYHO MPOBEJEHHOMY BBIIIE Pac-

CMOTDPEHHIO, TOJIy9YaeTcst (I KOHEYHBIX TEMIIEPATyD, MaIybapoOBCKasi TEXHUKA) YCPeJl-
HEHHEM NPOU3BEJEHUS IBYX TOKOB U JAETCS CIEAYIONMM BbIpazkeHueM (o, 0’ — CIMHOBbIE
UHJIEKChI):

Q) (wm, ) = ZCZ / wm / e’ < Tt (07)jatbs (£7)15 (00)]51b0 (00) >
(5.259)

rae ) = —i;=Vy. Tenepb Hy?KHO BBITIOTHATH BCE CNIAPUBAHUSA 1) — OLEPATOPOB, YIATLIBAS
KaK HOPMAaJIbHbBIE, TAK U aHOMAJIbHBIE cpenHre. TakuM 00pa3oM, MOy IaeM:

< TopF (07)ja o (07)1h),(00)5106: (00) >= —joGogr (r7)j5Goro(—1, —T) —
—jaF (I‘T)]gFg o(—r,—7) (5.260)

Torna Qup(wmq) NprEHEMAET BHJ:

Qupleom: @) = 202/ wm/dgreiqr{zjaG(”)iﬁG(—n —7) +
+2jo F(rm)jsF*(—r,—m)}  (5.261)

3aMeTHM, 9TO 3HAKH HeTesb, cofepKammx Gyukmmn G u F, 0Ka3aIich OIUHAKOBBLIMESO,

[MepenucoiBas (5.261) B MUMIIYJIbCHOM MIPEICTABJICHUN, UMEEM:

_ﬂ) ( E)X
p—5)vs P+2

X {G (snp - g) G (En + wmp + g) + F (anp — —) F* <5n + wmp + g)} (5.262)

Qaﬁ (wma q

Torma mpu w,,, = 0, q = 0 umeem:

e? 3
Q0 = 5T [ G + Fem?) (5209

3m?2ec

36B crmemyromeit riaBe MBI YBHAMM, UTO 3TO He TaK I HETedb CO CKAJTADHLIMHE, a He “TOKOBBIME”
BEPIIMHAMMU.
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O6beauusas Bmecte (5.258) u (5.263), yauTsiBast Onpe/iesieHue N, crepyomee u3 (5.257),
a Takxke aBHbI U dyskuii Topprosa (5.111), (5.112), noxygaem:

B 2upp% /°° A? 4+ £2-¢2
n—n,=——— Tzn: S areTAe (5.264)

9TO BHIpAYKEHUE HE BIIOJIHE KOPPEKTHO, MOCKOJIBKY MOJIHAS MJIOTHOCTD 3JIEKTPOHOB OMpPe-
JensdeTcd, B TOM YHCIe, W COCTOAHUSAMU majlekuMu oT moBepxHOocTH ®Pepwmu. I[losto-
My TIepexoJl K WHTErpUPOBAHUIO 10 JIMHEAPU30BAHHOMY CIEKTPY &, KOTODBIA CIe/laH B
(5.264), He aBisiercs, BoOOIIE TOBOPs, OLIPABAAHHBIM. B TOXKe BpeMs IIJI0THOCTb CBEPXTe-
Ky4HUX JIEKTPOHOB 7, HECOMHEHHO, OIIPee/IsieTcsi OKPECTHOCThIO nmoBepxaocTu Pepmu,
ITOCKOJIbKY TOJIBKO TaM U MPOUCXOJUT MEePEeCTPOMKa JIEKTPOHHOI'O CIIEKTPA, CBA3aHHAS
C BO3HMKHOBEHHEM CBEPXIPOBOJAIIEr0 COCTosinudA. B riybune ke cdepnr @epmu (T.e.
upu £ ~ Ep) uudero we npoucxomut. I103moMy, KOPPEKTHLIH Cocob jaeficTBuii cocTouT B
caenytomem. Borarem u3z (5.264) 3710 ke BbIpazkeHHe /I HOPMAJIbHOIO METAJLIa, T.e. C
A = 0. Torga Brytaz, rrybOKUX COCTOSHUM TPOCTO Bhinaer. [Ipu aTom Oyaer obecredeHo
u oueBugHOe TpeboBanue ng = 0 npu A — 0. B pesynbrare, mosydaem:

2VFP%7‘ /oo 52 _ 62 AQ + 52 _ 82
s= BT d n_ _ n 2
n o EH: - ¢ (5.265)

@+a3P @ Ty

Bemmosaum maTErpupoBanue no &, noab3ysch CTAHAAPTHBIMYU WHTErDAJIAMU:

o dx 7r *  dzz? 7r
= — = 5.266
[w (22 4+ a2)2  2a3’ /,oo (x24+a?)?2  2a ( )
Torga nosyuaem:
_ 2upp% TA?
ne = = LT En RS (5.267)

Ternepp MOXKHO TPOAHAIM3UPOBATH PA3IUIHBIE [TPEIETIbHBIE CIIYYaH.

e Cayuait T — 0. 3aMeHsieM CyMMy HHTErPAJIOM H MOy IaEM:

B 21/Fp%7 A2 /°° de B 21/Fp% B p%
S 3m 2m S (e2+A2)3/2 0 3m 32

=n (5.268)

Bumum, gro mpu T' = 0 cBepxTeKydas MIOTHOCTb PABHO IOJHOM IJIOTHOCTH JJIEK-
TPOHOB, KaK U JOJI2KHO OBITH B TPAHC/ISIMOHHO WHBAPUAHTHOW CHCTEME.

e Caywait T — T,.. B atom cayuae MoxkuO mpene6bpedn A B 3mamenarerne (5.267).
Ocrarommasics cymma 1o 9actoraM, hakKTUIECKH, HAM yKe BCTpedaiach, OHA BbIPa-
Kaercd depe3 ( — PYHKIUIO, ITO JAET:

n,  T¢(3)A? T
el Ch (5.269)

Tak 4To npu I' — T, cBepxTeKydas NJIOTHOCTb CTPEMUTCS K HYJIIO.

Paccesinne na npuMecsx yMeHbIIAET CBEPXTEKYIYIO IJIOTHOCTD Mg, OTHAKO OHA OCTAETCH
KoHEYHOH. UTOObI HOHATH, YTO HPU ITOM HpoMcXoauT, nposeaem pacuer Q(0) ¢ yue-
ToM mpumeceii. IIpy 3TOM HOCTATOYHO BBIYUCINTH OTKJIUK IIPOCTO PACCMOTPEB IETIIEBBIE
rpaduKu, TOCTPOEHHBIE HA PACCMOTPEHHBIX BBINIE YCPETHEHHBIX MO MPUMECIM (DYHKIHSTX
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lopbKOBa, KOTOPHIE MOTYIAIOTCS M3 COOTBETCTBYIONMINX (DYHKITHAH “INCTOr0” CBEPXIIPOBO/I-
Huka (5.111) u (5.112) ¢ momonrbio 3amens! (5.146). BepivHHbIE TOMPaBKH (IHarpaMMbI
C IPUMECHO! JiuHuell, coequnsoneil pasupie byHkmy ['prHa B eT/ie) MOXKHO HE YUUThI-
BaTh, IIOCKOJIbKY OHU ODPAIIAIOTCs B HYJIb U3 — 33 MHTEIPUPOBAHUS 110 YIJIaM (BEKTOPHOIO
XapakTepa BePIIUH B3auMOAEHCTBUS C BHEIIHUM JIEKTPOMArHUTHBIM nosieM). [Tosromy,
dbopmyity mist ng MoxkHO cpasy 3anucarb B Buze (cp. (5.264)):

n_ns__T/oo £2+A2 ~2
no (§2+A2+5i)

e &, u A 6sumn onpegenenst B (5.145), (5.146). CHOBa BEIYTEM W3 STOTO BHIPAIKEHHS
ero 3uavenve pu A = 0 ¥ B OTCYTCTBHE TIPHMeECeil, ITOOBI HCKIIIOUNTh BKJIA, MIyGOKNX
yposHeit BuyTpu chepsl Pepmu. Torma, mocie nHTErpupoBaHus 1o &, moaydaeMm obodIe-
Hue (5.267):

(5.270)

Ng A2
Doy (5.271)
D IC E O

iy, ¢ yaerom (5.145), (5.146):

2
oy A (5.272)

n (2 213/2 1
(€2 + A?) <1+ T\/52+—A2>

IIpu Mas0ii KOHIEHTPAIIUA IpUMeceii, B CMBICJIE HEPABEHCTBA, AgT >>> 1, 3TO BBIpAKEHHE
cBonures K (5.267), a B “rpsisnom” npeseie AOT < 1 oHo gaer:

A
— = ZWTTZ 7 A2 WTAthﬁ (5.273)
Takum obpazom, B “Tpsg3HOM’ cBEPXIPOBOAHUKE yKe npu I — 0 umeem:
T—0
ns(T =0 A<t (5.274)
n

T.e. CBEPXIIPOBOIAIIEH SBISETCH HE3HAYNUTEIbHAS 9aCTh OT IMOJHOTO YUCIIA JEKTPOHOB.
ITpomo/zKuM OBIIYIO AUCKYCCHIO, BEPHYBIIUCH K UCXOAHBIM 0003HaueHuaM (5.230) —
(5.238) u nomaraa namee ¢ = 1. B uzorponHoii cucreme, KpoMe TOro, JJis sijipa, OIMH-
CHIBAIOIIETO TEKTPOMATHUTHEIN OTKJIWNK, nMeeM K, = K§,,. ViTor mpeapiayImero pac-
cMoTpenust, (PAKTHIECKH, CBOAUTCS K TOMY, YTO HEOOXOAMMBIM U TOCTATOYHBIM YCIOBUEM
HAJIMYUA CBEPXIPOBO/IAIIEr0 OTK/IMKA CUCTEMbI ABJISETCH BBIIOIHEHE TPeOOBAHUA®

lim hm K(qw) = hm hm K(qw) = K(0,0)#0 (5.277)

q—0w—0

37YmeeTca nBa BKIAJA B K, (qw): mapaMarHuTHBII Kﬁy ¥ AAaMarHUTHBIR Kﬁy. JlmaMaruuTHBIA
BKJIaJ[ IIPOIOPIMOHAJIEH ITOJHOM MJIOTHOCTH 3JIEKTPOHOB M HE OTJMYAETCsi OT TAKOBOI'O B HOPMAaJIbHOM
COCTOSTHIY. B HOPMAJIBHOM COCTOSTHHH, TOJIHBINA TOK, BHI3BIBAEMBINH CTATHIECKAM BEKTOD — MOTEHIIHAIOM
npeHebpeRuMO Mas (M OmpemessieT TOJIBKO aumaMarserm3M Jlamgay). I1osTomy, ¢ BBICOKOH TOYHOCTBIO
mmeem: K7, (q0) = KD(q0) + K&, ~ 0, tax uro K;F(q0) ~ —K¢, (Tounoe pasencrso Bhimommsercs
3meck npu g — 0). [LIOTHOCTH TOKA B CBEPXIPOBOJHUKE TOTAA DABHA:

Tulaw) = — KD (aw) — Kj2(a0)} Al (5.275)

IToaTOoMy, KaK y»kKe OTMEYaJIOCh BBIIIE, CIUTATH PEAJBHO HAJL0 TOJHKO HAPAMArHATHBINA OTKJIHK. Pa3HoCcTh
TOKOB B CBEePXIPOBOJHUKE I HOPMAJBbHOM MeTaJIJIe MOXKHO 3aIllUCATh B CIEIyIONeM BHJE:

Jilqw) = Jj (qw) = {K}, (qw) — K}, (q0)} Ag, =
= {K D (aw) — KD (qw)}Aq., (5.276)
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upudem, corsiacuo (5.267), umeem:

1 ng 4dmrnge? 1 A2
K(0,0) = =— = = —2nT ——— 5.278
( 9 ) A% n m )\% zn: (6% + A2)3/2 ( )
r7ie, KaK U BbIe, \2 = 47:;; — KBaJpaT JIOH/IOHOBCKOH IIyOUHLI IPOHUKHOBEHUS [PH
temneparype 1" = 0.
U3 (5.230) umeem:
1
Julqw) = ==K (qu) Ag, (5.279)
TaK 4TO, C yU4eTOM OILpe/e/eHUs 3IeKTPUIeCKOro I0JIs:
OA
E = ~ 5 i Eqw = iwAgqge (5.280)
MOYKHO BBECTH MPOBOJUMOCTH CUCTEMbI KaK:
1
o (qw) = —4mwKW(qw) niIm olqw) = —4m,wK(qw) (5.281)

IJie BTOPOe PABEHCTBO CIPABEIJIMBO JJIs M30TPOIHOIO Caydas. B GOJbLUIMHCTBE CIy4aeB
UHTEPEC MPEJCTABJIAET MpeIesl ITUX Bbhipaxkenuil npu q — 0 (OTKIUK Ha OJHOPOJHOE
oJjie), MO3TOMY Jajiee BE3JIe MUMEETCS B BUJY TOJBKO 3TOT TIPEIEI.

V106HO BBECTH CIEAYIONLYIO 3aINCh:

U(w) = 0s (w) + Oexc (W) (5282)
rue
K(0)
= - 2
(@) = 1 (5.283)
— MPOBOJUMOCTDH CBEPXIIPOBOIAIIECIO KOHICHCATA, 4
1 K(w) — K(0)
exc = - 5.284
LC 47 W ( )

— OPOBOJUMOCTD OJHOYACTUIHBIX BO30YKaenuit. Buguwm, aro (5.283), ¢ yuerom (5.278),

CBOJUTCA K:
2

ngeé )
os(w) = o L 0 — 40 (5.285)
TaK 9TO:
nse?
Reos(w) = - 7m0 (w) (5.286)

YTO COOTBETCTBYET HE31MCCUIATUBHOMY BKJIAJY KOHIEHCATa B [POBOAUMOCTH (T.€. COb-
CTBEHHO CBEPXIIPOBOJUMOCTH).

IMepeiigem Tenepb K MOAPOOHOMY PACCMOTPEHUIO Tz (W) — IPOBOAMMOCTH OT OJAHOYA~
CTUYHBIX BO30YKIEHUI CBEPXIPOBOIHUKA, KOTOPAs ONPEIE/ISeT, B YACTHOCTH, TTOTJIOIIE-
HUE 3JIEKTPOMArHUTHON SHEPIUU B CBEPXIIPOBOIHUKE HA KOHEUHBIX 9aCTOTaX (ONTHYECKIE
cBoiicTBa cBEPXIPOBOAHUKA). PakTruecku, Mbl J10JKHbL BepHyThes K (5.261), (5.262) u
MIPOBECTH BCE PACYETHI JJIsi KOHEIHON 9acTOThI BHEITHErO MO iwy,, — w + 10 u q — 0.
Nmeem:

2 d3 2
Qaa(wm,q) = _Z#Tzn:/ (27T2))3 (p+ %) X

X {G (snp — g) G (En + wmp + g) + F <5np - g) F (sn + wmp + %)} (5.287)
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Cro1a HAJTO TOJCTABUTD SIBHBIE BHIPAXKEHUS JJIs FTOPBKOBCKUX (DYHKITUH, BBIYUCTUTD CYM-
MBI II0 IaCTOTAM U IIePEHTH K HHTEIPHPOBAHUIO 110 JINHEAPU30BAHHOMY CIEKTPY &, = £(P)
B OKpEeCTHOCTHU moBepXHOCTH PepMu, r7ie p & pr W €ro MOYKHO BBIHECTU U3 TOJ 3HAKA
WHTErpasa. ITU BBIYUCIEHUs JOBOJIBHO IPOMO3JIKH, ¥ Mbl OILyCKAEM COOTBETCTBYIOIIHIE
Jeranm®®. B mrore, mocie 06LIMHOTO TPOIOMMKEHAS iWy, — W + 40, MBI MOy THM:

2e2 o0 EpEptq t Eplprq + A2
Qulims @) = ~gegver [ e, { LTS ED ) ey ,))
[e’e} p=pTq

A e

Ep —EptqTWHI0  ep—€prg—w — 136

262 e €E+—§§+—A2

gk [ dg { 2SS ()~ nlepa) ¢
o

+
2
3m EpEptq

1 1
X — + -
{5p+5p+q+w+15 5p+5p+q_w_25}
(5.288)

r7ie BBEIeHO obo3HadeHne €, = /&2 + A? — nua cmexTpa smexTpona B Momemn BKIIT

(5.68), n(ep) — dbyukims Pepmu ¢ stuMm cnekrpoM. B mpenene T — 0 37ech ocTaercs
TOJILKO BKJIAJ{ BTOPOTO CJIArAeMOr0, IIOCKONBKY N (gp) — 0 mpu T — 0 u3 — 3a HaIU9IMS
menu B ciekTpe BKII. B Toxke Bpems, nac wHTepecyeT mpenen q — 0, a Toraa, Kak JIerko
ybenurbes, obpaiaercs B Hyib (hakrop (T.H. PAKTOP KOMePEeHTHOCTH), CTOSIIUNA B YUC-
JINTEJIE B TIEPBBIX (PUTYPHBIX CKOOKAX 3TOrO cjaraeMoro. Takmm oOpa3oM, MbI Oy IaeM
HYJIb, ¥ BCSI TIPOBOAMMOCTH HcuepmbiBaercs BKiaazoM (5.283), (5.285). B wactHocTH, aeii-
CTBUTENbHAS YaCTh MPOBOINMOCTH COCpeIOTOUYeHA B § — (DYHKIIMKM HA HYJIEBOI dacToTe

(5.286), mpuuem ng = n, T.€. B HEE JAIOT BKJIAJ, BCE 9JIEKTPOHBL.

Yrob6bl pa3obpaThbCsi, YTO MPOU3OIIIO, BCIOMHHM, YTO MBI PACCMATPUBAEM OTKJIUK HA KOHEIHBIX
YaCTOTaX B CBEPXIPOBOAHUKE Ge3 MPUMECHOro (M KakKoro — jubo Apyroro) JUCCHIATUBHOIO DACCESHHUS.
CKOpPOCTB 4-TO 3JIEKTPOHA BO BHEIIHEM II0JI€ OIPEIEJISIeTCS U3: MV; = P; — %A(ri). Torma mosHbBIA TOK
B CHUCTE€ME paBEH:

2
& €
J=e E < vy >= E E < p;> —% E A(I‘z) (5.289)
k2 k2 7

[lepBoe craraemoe 3/eCh MPOMOPIHOHAILHO MPUJIKEHHOMY IeKTpudeckomy mono E(rt) = Eetar —iwt,
TaK 9TO:

2
e
J(rt) = o(w)E(rt) — —nA(rt) (5.290)
me
_ 1 0A(rt)
T7ie TP 3AIICH BTOPOTO CITATA@MOT0 MBI IPEIIONIOKHIH OHOPOAHOCTE cucTeMbl. C yaerom B = — = =022

umeem A = %E Torga ypasuenue Jlougouos (5.257) ¢ ng = n (npu T = 0) momygaerca u3 (5.290),
ecan o(w) = 0. VImerno 5T0 MBI 1 nosyausu u3 (5.288).

[TosTomy, mocteIoBaATEIHHOE PACCMOTPEHNE TPOBOAUMOCTY B CBEPXITPOBOIHUKE HY K-
HO MPOBOJUTH C y4ETOM, HaIpuMep, npuMecHoro paccesuus (S.B.Nam, 1967). Coor-
BETCTBYIOIIUE PACYETHI TAK?KE BECbMA I'POMO3AKHU. MbI BOCIIOIH3YyeMCs YIIPOIIEHHBIMI
paccykAeHus MU, KOTOPbIe AT IPABUJIbHbIA oTBer B “rpasnoM” upenese [4]. Bocnosb-
syemcs (cp. (5.281), (5.239)) onpeesieHueM MpOBOAUMOCTH B BUJIE:
. Qqw 1
o(w) = lim Q, Reo(w) = —ImQ(0w) (5.291)
q—0 W w
U BBIIEIUM MHUMYIO 4acTh (5.288) mya ciaydasa w > 0. Kpome Toro, yurem, uro B “rpss-
HOM’ CBEpPXIIPOBOIHUKE UMILYJILCHI P U P +  HE SBASIOTCS “XOPOIUMK KBAHTOBBIME

38B cmemyromeit rTaBe aHAJOTHYHLIE BLIYHCIEHHS GyIyT IIPOBEIEHBI (mna gpyroit 3amadu) BO BCeX
eTasIsax.
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YUCJIAMU 3JIEKTPoHA. Torga MOXKHO IPEANONIOKUTD, YTO B 3TOM Ipezeie &, U Epiq B
(5.288) ciieyer CUMTATD HE3ABUCUMBLMU TIEPEMEHHBIMU U 3AMUCATD:

o0 o0 66, — A2
Reo(w) = % / d¢, / deLS(w —ep — ey )Ercp ffp —
—o0 —o0 pep’

= % /:O de /:o de'N(e)N(e)d(w —e —€') (1 - ?—;) (5.292)

rze B IocJenHell CTPOKe MEepeluId OT MHTErPUPOBaHUs 10 £ K MHTErPUPOBAHUIO 10 CIIEK-
tpy (5.68) £ u, coorBercrBenHo, BBesu worHocTh cocroguuii BKII, onpenenennyio B
(5.79). B (5.292 BBesena Takxke koHcranTa Cp, KOTOPYIO OyIeM ONPEIENATh U3 yCAOBUS
“crmBKN” ¢ TPOBOMMOCTHIO B HOpMasibHOM Metasute (mpu A — 0). U3 (5.292), canmas
O/IHO MHTErPUPOBAHUE C MOMOLIbIO 0 — (DYHKIIUK, T10JIydaeM:

w—A 2
Reo(w) = %H(w —2A) /A deN(e)N(w —¢) {1 - ﬁ} =
C w—A w—¢c)— A2
= ;0 (w—2A) /A de EE A;)(l/?[(:)— D2 A2 (5.293)

[Tepexosst K MEepeMEHHOW MHTErPUPOBAHUA X C MOMOIIBIO COOTHOIMEHU 26 = w + o(w —
2A), umeem:

1Cy ! 1 —ax?
R =-——0(w-2A —2A d 5.294
colw) = 5 2w =20 =28) [ e Sy (200)
e o = zlgﬁ Wurerpas B (5.294) Boipaxkaercs depes sjmnrudeckue OyHKIUU KaK:

Reo(w) = %[(u} +2A)E(a) — 4AK (a)]f(w — 2A) (5.295)

B nopmasnbaom merasuie (A = 0) norsowenue onpezessercd seanaunnoit Cy (470 BUIHO

u3 (5.292), Borancaennoit upu A = 0). CoorBeTCTBEHHO, OTHOIIEHUE OINTUYECKUX [IPOBO-

JAMOCTEH B CBEPXTTPOBOJHUKE W HOPMAJIBHOM METAJIIE ONPENeIseTCs BhIPAsKeHUeM:
Reos(w)  o15(w) 1

Reon(@) — om(@) @1 28)E(e) —4AK(@)lf(w - 24) (5.296)

9ro rak HazbiBaemas (opmysaa Marruca — Bapauna (D.Mattis, J.Bardeen, 1958), koro-
pasi 1aeT NPeKpPacHOe COTJIACHE C KCIIEPUMEHTOM, B 9€M MOXKHO yOEIUThCs, TIOCMOTPEB
na Puc. 5.15.

B mumpokoM mHTepBaJsie YacTOT BHENIHErO 3JIEKTPOMATHUTHOIO IIOJS KAaYeCTBEHHOe IOBeIeHUe eil-
CTBUTEJBHOU YaCTH IPOBOAUMOCTH (OHTI/I‘{QCKOFO HOFJ'IOH_[QHI/I?I) B CBEPXIIPOBOJHUKAX BBIIVIAJUT KaK II0-
KazaHo Ha Puc. 5.16, rie npuBeieHBl pe3yabTaThl 60J1€e IOIPOOHBIX PACIETOB ONTHIECKON MPOBOJUMOCTH
B Mozesn BKIII, ¢ y4yeToM nNpuMeCHOrO pacCcessHHsS C KOHKDETHBIM 3HA49eHHEM 7y = % = A. B HOpM™mans-
ot daze (mpu T° > T.) HNPOBOAUMOCTD, 3ABUCANAS OT YACTOTHI, OIPEAEISAETCS OOBLIYHON HOpMYIOi
Ipyne (4.179), ¢ Bpemenem cBOGOAHOrO HpOGEra, OHPERENISIEMBIM, HANPUMED JIs AOCTATOYHO HU3KHX
TeMIePaTyp, PACCESHUEeM Ha IPUMECHAX. DTO JAaeT XaPAKTEePHOe MOBeJeHHe JeHCTBUTEIBLHOM 9acTH IPO-
BOJUMOCTH, MOKa3aHHoe Ha Puc. 5.16 crimomuoit kpusoii. [Tocsie mepexoma B CBEPXIIPOBOASINEE COCTOSTHUE,
B IPOBOAMMOCTH BO3HHKAET §(w) — Bruax (5.286), CBA3aHHBIA CO CBEPXTEKY9YUM OTKJIHKOM KOH/IEHCATA
KYIIEPOBCKHX AP, & KOHEYHOE IMOTJIOMEHNEe BO3HUKAET B 0OJACTH w > 2/, YTO COOTBETCTBYET BO30YK-
JEHUI0 OJMHOYHBIX 3j1eKTPOHOB deped miesb BKIIL. [Ipu 7' = 0 3T 3/1eKTPOHBI BO3HHUKAIOT B PE3yJIbTaTe
“pa3pblBa’ KyNEpOBCKHUX Map BHEIIHHM [0JeM (ITO COOTBETCTBYET (DHU3UIECKOMY CMBICILY BEJIHUHUHBL A,
KAaK SHEPTUH CBS3U JIEKTPOHA B mape). [IpoBOSUMOCTH JIHO0OH CHCTEMBI yIOBJIETBODSIET CJIELYHOIEMY
TOYHOMY npasuay cymm [10]:

oo 2 w2
/ dwReo(w) = = = 2 (5.297)
0 2m 8
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Puc. 5.15: HeiicTBuTenbHasd 9acTb ONTHYECKONW MPOBOAMMOCTYA CBHUHIIA B CBEPXIIPOBO/IsI-
mem cocrosguuu npu T = 2K (L.Palmer, M.Tinkham, 1968).

2
rae w% = 4"—7; — KBaJIpaT IJa3MeHHOI 4acTOTHI. /[JIf CBEPXIIPOBOJHUKOB 3TO IPABUJIO CYMM O3HAYAET,

9T0 MHTErpaJl OT BCel 00/1acTh, 3aIITPpuxoBaHHON Ha Puc. 5.16, T.e. 3amrpuxoBaHHast MJIOMAAb O KPHU-
BOIi, ONKMCHIBAIONIEH APYIEeBCKOE MOBEIEHNE B HOPMAJIbHOM MEeTaJljIe, MOCJIe IePeX0/1a B CBEPXIIPOBOISIIIEe
COCTOsIHHE “YXOAUT’ B aMIIUTYAY 6 — DYHKIMOHHOrO BKIaaa (5.286), a OCTAIOMAsICS HE3AIITPUXOBAHHOM
0061acTh 1O, KPUBOIi Horiomenns: B obactu w > 2A obecnieunsaer Boimosnnenne (5.297) BmecTe ¢ 9TuM
BKJIAJIOM CBEDXTEKYy4ero KOHJEHCATa.

OTHOCHTETBHO TPOCTOE PACCMOTPEHUE, TPOBEIEHHOE BBIIIE U OCHOBAHHOE HA MOIEJN
BKIII, raeT mpaBuIbHbBIM OTBET /I OTKJINKA CUCTEMbI Ha BHEIITHUE NOTNEPEYHbLE DTIEKTPO-
MAarHUTHBIE TOJIsT, HO B ODIIEM CJIy4ae, OHO HE JTAET MPABUIHLHOTO PE3YIbTATA, /I OTKIINKA,
Ha npodosvroe moje>?. DTo CBA3AHO ¢ KaJIHOPOBOTHO He MHBAPHAHTHOH (DOPMOIT OTKINKA
B Mozaenu BKIII. ®usuueckas mpupoga 3TOM TPYTHOCTH OOYCIOBIEHA TEM, 9TO MPOI0/Ib-
HBIM MPAJIMEHTHBIN MOTEHIUAJ CBA3aH HEMOCPEICTBEHHO € KOJLIEKTUBHBIME BO30YKie-
ausamu (DIyKTyalusaMu) 3JI€KTPOHHOM mioTHOCTH. B Mozmenu 6e3 JaibHOIEHCTBYIONero
KYJIOHOBCKOT'O B3aMMOJIEHCTBUST TaKne BO30YXK/IEHUsI B CBEPXITPOBOIHUKAX COOTBETCTBY-
IOT TaK HA3BIBAEMOMY OOTrOJIFOOOBCKOMY 3BYKY, MPEICTABIISIONIEMY COOOi TOJIICTOYHOB-
CKYIO MOJLY, CBSI3aHHYIO CO CIIOHTAHHBIM HAPYIIEHHEM KAJTUOPOBOYHON MHBAPHUAHTHOCTH.
Vuer naibHOAEHCTBYIONMX KYJOHOBCKUX CHJI TMPUBOIUT K TOMY, 9TO OOrOJIODOBCKUI
3BYK HEPEXOJUT B OOBIYHBIE TIA3MOHBI B MeTayie. ['pajueHTHO WHBAPDUAHTHAS TEOPUS
JIJIST 3JIEKTPOMATHUTHOTO OTKJINKA CBEPXITPOBOJHUKOB MOXKET OBITH MTOJIydeHa, ecyiu 0000~
muTh cxeMy BKIIT rakum 06pa3om, 4TOOBI BKIOYATH B Hee MOI00HbIE BO30Y K IeHus [5].

39Mpr Bcerma mogpasymesann BuiGOp Kamubposku divA = 0, ¢ = 0.
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Puc. 5.16: HeficrBurenbaas 4acTh ONTUYECKON MPOBOAMMOCTH METAJIA B HOPMAJIHHOM
¥ CBEPXIIPOBOJIAIIEM COCTOSHUM, C YI€TOM KOHEYHON YaCTOThI PACCESTHUSA HA MPUMECTX

r=1=2A.

T
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I'taBa 6

SJIEKTPOHHBIE
HEVCTONYMBOCTI "
®A30BHBIE ITEPEXO/IbI

6.1 HeycroitunBocTh (POHOHHOTO CIEKTPA.

[TpoBesnem pacter mepeHOpMUPOBKH (DOHOHHOTO CITEKTPA 3a CUET 3JIeKTPOH — (POHOHHOTO
B3auMOJIeCcTBUS B 0dHomepHom Merase. [Ipu aToMm Mbl OyzeMm ucxoaurh u3 obieit gpop-
MYJIUDOBKU 33/1a4u, OnucbiBaeMoii ypasaerusamu (3.16), (3.18) u (3.74). Kax mbl yBusum,
9Ta MEePEHOPMUPOBKA BEJET K HEYCTOWIHUBOCTH (POHOHHOI'O CIIEKTPA, KPATKO y¥Ke yIO-
MUHABITIEHCsT BBIIIIE B TyIaBe 00 37eKTpOH — (DOHOHHOM B3ammojeiictBuu. Tenepb Harma
3a/1a9a COCTOUT B TOM, 9TOOBI MOAPOOHEE pa300PATHCA B STOM BOIIPOCE.

Hng d = 1 moaspu3aIimoHHbBIA OMepaTop ra3a CBOOOIHBIX 3JIEKTPOHOB mpu 1 = 0
OTIPEJIETIAETCS CELYIOMUM BbIPAYKEHUEM:

IM(kw) = —22’/@ ﬁGo(qo)Go(e +wp + k) (6.1)
2w ) 2w

rJle MHOXKUTEJb 2 YYUTHIBAET CIIUH. BBIYUCsst, KaK 9T0 JeJaI0Ch PAHbIIE, HHTErPA M0
€, TIOyqaeM:

1 _
(kw) = — /dp n(fp) n'(gp—i—k) ’ (6.2)
™ w = &ptr + &p +i6(signéprr — signép)
rae BBesn obosHatdenue &, = E(p) = % — 4 JIs1 SHEPTUU JIEKTPOHOB, OTCYUTAHHON OT

ypoBus @epmu. OTamM4HbIi OT HyJIA BKIaJ B uaTerpas B (6.2) maor ase obaacru:
1. & >0, Eptk <0
2. fp <0, prrk >0

unage n(&,) — n(&p+x) = 0. s xoukpernocru, nycrs k > 0. Torma stu obaactu coor-
BETCTBYIOT:

1. —pr—k<p< —pr

2. prp—k<p<pp

197
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CoOTBETCTBEHHO ITHM HEPABEHCTBAM OLpenessercd U 3HaK +id B 3HaMenarene (6.2).
IosTomy (6.2) MOXKHO mEpenucaTh Kax:

1 —PF dp 1 PF dp
H(kw) = __/ 52 ok — + _/ 52 ok o
T ) ppbw— o — 22— 00 T Jpp—kw— 5 — L+

2m m 2m
m (%—k’%—w—kié) (%—’%ﬂuﬂ'é)
=—1 .
ko k2 | kpr _ k2 o kpr _ (63)
o T o +w 10 o w—10

Paccmorpum nosepenue II(kw) npu w = 0 u B6uusu k = 2pp, nonaras k = 2pp + ¢q (re.
q=Fk—2pr, |q] <2pF). Torna:
m  4pp m dpr

I(k=2pr+q w=0)=-———In—=—

—In——M— 6.4
r gl mpr |k —2pp| (6.4)

DaKkTUYECKU 3TOT PE3YJbTAT YK€ YIIOMUHAJCA HaMu Bbime B (3.72), B CBA3U C mpeBa-
PUTETHHBIM 00CYKIeHNEM ‘“TUTaHTCKOW KOHOBCKOW aHOMAJINH.
Teneps mepeiizemM HEMOCPEICTBEHHO K 0OCY K IEHIIO IEPEHOPMHUPOBKY (POHOHHOTO CIIEK-

rpa. 3anumem dhononnyo dyukuuio I'puna B Buzge (cp. (3.18) u (3.74)):
D™ (kw) = Dy ! (wk) — g*TI(kw) (6.5)

BOM3Y k = 2pF, ueroms3ys (6.4)1, mveem:

w?— w3, mg? s

+ = 6-6
w3, mr |k —2pp| (6:6)
WA
2
2 2 mg dpr
w :w2pp{1_ p— ln |k—2pp|} (67)

Orciona BUIHO, 9TO s k, 1OCTATOYHO OJU3KUX K 2pf, BTOPOH WIEH MPEBOCXOIUT TIep-
BBIi, TaK 9TO 9acToTa (POHOHA CTAHOBHTCA MHUMOl (w? < 0). YMenbIenue 9actor hoHo-
HOB C k ~ 2pp Ha3bIBAIOT BOSHUKHOBEHUEM “MATKON” MOJIBI (“cMsaryenneM” PEIeTKn), 9To
moka3aHo Ha Puc. 6.1, a BOSHUKHOBEHNE COOTBETCTBYIOIIEH HEYCTONIMBOCTH (DOHOHHOTO
CIEeKTpa MPUBOIUT K TOMY, YTO PEIeTKa CTPEMUTCS CIIOHTAHHO JedopmupoBarbes. Oka-
3bIBAETCs (KAK Mbl YBUIUM HUXKE) TEPMOJUHAMUYECKYU BBIMOJIHBIM BO3HUKHOBEHHE MOJLY-
JISAIIUAU TIJIOTHOCTH ATOMOB PEIIETKH C TIEPUOI0M 22177; = plF,
cxoti medpopmaniu ~ Ree'?PF® ~ cos(2ppx+¢). B cucreme mponcXoauT Tak Ha3bIBAEMBbIi
nadepacosckuti CTpyKTypHBIH nepexos. CoOTBETCTBEHHO TAKUM CMEIIEHUSIM ATOMOB BO3-
HUKAET U MOZYJIALUs [IJIOTHOCTH JEKTPOHHOrO 3apsia: p(x) = po + p1 cos(2ppz + @),
UJIM, KaK TOBOPST, BOSHUKAET 6041a 3apAdosot naomuocmu (CDW). Bee sTo wnmoctpu-
pyercsa Puc. 6.2.

PeanwHo, paccMarprBaeMasi HEYyCTONYIMBOCTE CIIEKTPA BO3HUKAET MPU HEKOTOPOIT KO-
HeqHoii Temneparype 1 = T}, KOrJa KBaJpaT 9acTOTbI w?(k = 2pr) BHEpBBHIE OOpaIa-
ercs B HyJib. UTOOBI MOHATH KAK ITO IIPOUCXOINAT, PACCMOTPHUM MOIPOOHEE CUTYAIUIO [IPU
T # 0. Paboraem, kak Bceraa, B MaitybapoBckoit rexuauke. st pyrknuu I'puna ¢poroHOB
omnATh muieM ypasuenue [laiicona:

T.€. BOBHUKHOBEHHE cmamu4e-

D™ kwy) = Dy (wmk) — ¢TI (wmk) (6.8)

LCrporo roBopsa 371ech caemoBago 6b1 memomb30BaTh 1(w, k ~ 2pp) mpm w # 0, HO MpeHeOperKenue
3TOM YaCTOTHOM 3aBUCHUMOCTBHIO HE MEHSIET KadeCTBEHHBIX BBIBO/IOB.
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Aw (k) T>Ty

/ T= T)u

2Py k
Puc. 6.1: BosuukHOBeHHe HEyCTONUNBO# (“MATKOI”) (DOHOHHON MOZIBI 32 CUET MMIaHTCKOM
KOHOBCKOW aHOMAaJINHU.

Puc. 6.2: Cwmemenne aTroMOB IENOYKH TPU MW3MEHEHUN MEPUOJA U 00PA30BAHWE BOJIHbBI
sapsnosoii wornoctu (CDW) npu naiiepicoBckom niepexose. Ilokazan ciydaii yaBoeHust
epuo/ia UCXOAHON pelIeTKH.
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L E(p)

—Pr +Dp p

Puc. 6.3: Jluneapusosanubiii (B6au3u yposus Pepmu) CHEKTP JEKTPOHOB B OJHOMED-
mom metasuie. “IloBepxHOoCcTh” @epMmu MpeaCTaBISeT CODON MPSAMYIO JIMHUIO, 3AT0THEHbBI
9JIEKTPOHHBIE COCTOSTHUST B 00/1aCTH (—pp, PF), KOTOPas 3allTPUXOBAHA.

riue
wi
[TongpusanuonubIii OTepaTop:
d,
(kwy,) = 2TZ / %Go(enp)Go(en —wWm, p—k) (6.10)

Hac uarepecyer obnactsb k ~ 2pp, Tak 9TO 3aIUIIEM:
k=2pr+q,  la <2pp (6.11)

[TockonbKy nHaTEpecytorue Hac 3PPEKTH OMPEIETIIOTCA SJIEKTPOHAMHI U3 CPABHUTEIHHO
y3KOit OKpecTHOCTH ypoBHs Pepmu, B JAJbHEHIIIEM UCIOIB3YEeM MOIEb JTNHEAPUIOBAH-
HOTO CIeKTpa, mokasanuyio Ha Puc. 6.3. Torna nmeewm:

p—k = =& +URQ upu  p~ +pr
Epri = —&p +URq npu D~ —pF (6.12)
QakTUIEeCKH, 3TO CIPABEIIUBO [Jis JTIOOOI0 BHUA JIEKTPOHHOTO CIIEKTPA B OIHOMEP-

HOM MeTaJiie BOu3u aByx “kounos” juaun @epmu (“rouek” @epmu). COOTBETCTBEHHO,
3aMKCHIBAEM TIOJISIPU3AIMOHHDIH onepaTop (uMes B Buy onath k > 0) B Bue:

o d§p . 1 1
11 m) = TN(E —= 2T~ - =
(qw ) ( F)zn:/_oo o mZEn—fp Z(én—wm)-f-fp—qu

Signey,
2y, — Wm + 10FQ

= 20T N(Er) Y Olen(en — wm)] (6.13)



6.1. HeycroiianBOCTH (POHOHHOTO CIIEKTPA. 201

rue cuuHoBas “apoiika’ Briovyena B N(Er). Baecs dbakrop (e, (e, — wy, )] obecnieunsaer
signey, = sign(e, — W), ITO, B CBOIO OYEPeb, IOMEINAET HOJIOCA 10 §,, B PA3HbIe HOJIY-
MIJIOCKOCTH COOTBETCTBYIOMIEH KOMIUIEKCHON MEpEMEHHON, 9TO W 00eCednBAeT OTININE
OT HyJ/Isl MHTErPasa 1o &,, KOTOPBI TPUBUAIBHO CIUTAETCA N0 Teopeme Komm.
YMHOXKAs YUCIUTENIb U 3HAMEHATENb Ha SIgNe, = Sign(e, — wy,), HOLy9uM:

Q[En(gn _wm)]
(qwm) = —27TN(E :
(qw ) 7T ( F)zn: |€n|+|5n_wm|—|—z’()pq signan

Olen(en — wm)]
= -2nTN(FE 6.14
mI'N(Ep) zn: |2e,, — wm| + tvpq signe, ( )
rle YU |€,| = €,81gNEn; |€n — wim| = (€n — wim)signey; |26, — wi| > 0. Toruna:
1
I(qwy) = —27TN(Er - -
m) )nzz;) 2en + Wm + 10FqQ
1
27T N(EFr - 6.15
( )§26n+wm—zqu (6.15)

Bxogsimue cioa CyMMbl PACXOIATCS, €CIU HEe YIUTHIBATH, YTO CAMO TO cebe, SJIeKTPOH
— ¢ononHoe B3aumoseiicteue (“korcranTa’ B3anMmogeiictsus g) ¢ dexTusHO 0Ope3aercs
Ha JacToTax ~ Ep, T.e. HOpAIKa MIMPUHLI 30HBI TPOBOAUMOCTHZ. I103TOMY CyMMHPOBATD
N
371eCh HAIO 110 €, ~ Ep! Toraa, nobasmnss n serantas B cymmax (6.15) 25T N(Ep) >,5 0 5,
* _ [ EF . N )
rme N [—%T}, MOYKEM 3aITACATH:

N* 1
n>0 n

—27TN(EF) i { 1 _ L} _

= 2en + wWm +ivpq  2ey,

—27TN(Ep) i { ! - i} (6.16)

= 2en +wWm —WRpq 26,

Il B CXOJSAIIUXCA CyMMAaX BEPXHHUIH IPEJIe yKe MOMKHO B3ATh PABHLIM GECKOHEYHOCTH.
[Tosb3yach Temepsb TeM, 9To:

N*

1 2’)/EF
AnTN(Erp) 5 N(Ep)n——, (6.17)
n>0
OJIyYaeM:
2vE
(gwn) = —N(Er)In Zr r_
1 = 1 1
__N(EF) Z v - 1 -
2 n=0 ”"'%4‘;7_”% 4:1? n+§
1 = 1 1
—=N(EF) — (6.18)
ML T

2He myTaTh CO CNAPUEAMEALHbLM B3AMMOIEACTBHEM B CBEPXIIPOBOJHMUKAX, KOTOPOE, KAK Mbl BUIEIN
obpes3aeTcss Ha JaCTOTaX ~ wWp.

337eCch MCHOJTb30BAH U3BECTHBIH PE3Y/IbLTAT: 2 271:':0 Tl-u = In(4yN).
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[Monb3ysich Teneps onpexnenerunem Y (x) — GyHKIMU B BUJIE:

w(fc)——C—Z:O{ Lo ! ] (6.19)

n+xr n+1

rae C' = In~v = 0.577..., 3anuiieM NOJAPU3ANUOHHBIA OOEPATOP OJHOMEPHOTO JIEKTPOH-
HOT'O Ta3a B CJEIYIOIIeM OKOHYATEIbHOM BHJIE:

T 2 4T 4nT
1 Wm WEq 1
— _— —_ 2 —_ =
+w<2+47rT 47rT) ¢<2)]
Er 1 1 Wrq
N(Ep)ln2 T+2N(EF) [1/)< +4 T+47TT +

W iqu
+ ( ArT  4xT )} (6.20)

TIe y9Id, 9T0 (%) = —1In4~.
Onpeenum Ge3pasMepHyIo KOHCTAHTY 3/eKTPOH — (DOHOHHOIO B3auMO/IeiCTBIA KaK?:

A= g¢°’N(EF) (6.21)

Torua unrepecyomee Hac ypaBuenue s Gpounonnoi ¢yukuuu I'puna (6.8) nepernucoi-
BAETCs B BHUJE:

Er

w3y D™ qwm) = (iwm)? — w3, { —Aln o7+

A 1 Wrq Wrq _
+2[w<2+47rT+47rT>+w( +47rT 47T B
: 2vEF
2 2
= (iwm)” — Wy, {1 —Aln T +
A 1 W Wrq Wi iqu 1

- — -2 | = .22
+2 {w( +47TT+47TT)+1/}( 47T 4xT v 2 (6.22)
Otcrona Jierko OnpesenuTs TeMIeparypy nepexona 1,0, Kak TeMIeparypy, Ipu KOTOpoi

obpaiaercst B HyJib yacrora ¢houonos ¢ k = 2pp (1.e. ¢ = 0). [osaras B (6.22) ¢ =0u
wm = 0, ToIy9aeM ycaoBue:

Z’YEF

L po

D710,0) =1—AIn =0 (6.23)

uro maer dhopmysy Tuna BKIIT qyis remneparypbl nepexona (HEyCTOWIUBOCTH PEIIETKN )
2

Tyo = L Epe=3 (6.24)
m

BamuceiBas (6.23) kak:

Er
1= Al TPO+A¢< ) 0 (6.25)

4He NyTaTh C Pa3MEPHOIl KOHCTAHTOU A CIIApUBATEIBHOIO B3AMMOJEUCTBHS, HCIOJb30BABIIeiCa B
npeabiayei riase!
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U BblYUTAS ITO BbIPayKeHue u3 npasoil dacru (6.22), mosydnm:

— . T
wgpFD Ywmq) = (iwm)? — W2pp)‘ {1n m—i—

1 WEQq WEq 1
+ - Y +—+ + +—— -2 | - (6.26)

2 2 " 4AxT " 4xT A7 T AnT 2
,Z[J'I?I HaX0XKJAeHUA JUCIHEPCUOHHOI'O ypPpaBHCHUS MSITKOM MOJBI HY?KHO CAesiaTh 3JeCh O6BI‘{H09 Ipo-
JIOJIZKEHUE Wy, — W U BOCIIOJIB30BATHCS pa3jIoKeHueM 1 — OYHKIUU (KOTopoe HECJIOKHO MOJIyYUTh U3

(6.19)):
1 w WEq > 1
w(§747rTi47rT) ;{n+1/2 nJrJJr

> { iw UFq}
X iR i
= (n+ 1/2 47T 47T

> { iw UFq}
E +1 =
(n+ 1/2 47T 47T

(6.27)

n v%q2 + WUFQ
167272 167272 8m2T2

—w/D + £ (-2 iveq) +76) [

Torma nmosydaeM ypaBHEHHE, OTTPEJIETISIONIEE CIIEKTP MSATKON MOJBI B BUJIE:

_ T im 7¢(3) v? 7¢(3)
2 1 2_ 2 F 2 2| _
Wape D7 (qw) = w” — w3, A {1n 8 w+ 62 724 + Tl b 0 (6.28)

PaccmarpuBas T ~ Tpo u BBoAA XxapakrepHyto jymHy “korepentHoctr” (1) Kak:

7¢(3) v?
20 _
&) = 16272 (6.29)
nepenuineM (6.28) B Buge (D.Allender, J.Bray, J.Bardeen, 1974; B.Patton, L.Sham, 1974):
T-T, i 7¢(3)w?
2 2 p0 2 2 —
w “*’%M{ﬁ‘g—wﬂo(ﬂq T2 ) =0 (6.30)

[Ipenebperasi, B mepBOM MPUOIMKEHNHN, 3aTYXAHUEM, MOJIYy9aeM CIIEKTP MSATKON MOIBLI B

BHUJIE:
T-T,
w? M, {TPO + §§(T)q2} (6.31)
p0

Orciofa n caesyer onucaHHAs BbIle KadecTBeHHas Kapruna: npu T — T, (B obractu
T > Tpp) HIPOUCXOAUT yMEHBIIEHHE 9acTOThl (POHOHOB ¢ k ~ 2pp, Tak 4ro upu 1T = Ty
KB/ PAT J9aCTOTHI KOebaHus ¢ k = 2pp 0OpaInaercs B Hy/ib, CTAHOBSACH OTPUIATETHHBIM
B obnact T < T (4ITO U COOTBETCTBYET HEYCTONIMBOCTH PELIETKH).

Bosspamasics k (6.26), 3amuiiem renepb:

1 1 1 1
D(qwp, =0) = T = —— (6.32)
AT T+ K e 5 (Tpo)g?

Kak ormeuasiocs Bbime, B casu ¢ (3.101), (3.102), koppessiuuonnas (GpyHKIMs aTOM-
HBIX CMeIneHui ormmyaerca or ¢Gpynkuuu I'puHa (POHOHA TOMBKO 3HAKOM U MHOMKHTETIEM
(pw3,, )" (nme p — MIOTHOCTS CPeAp), TAK UTO:

Tyo 1

(6.33)
)‘pwgpp L, TPO + &(Tpo)a?

C(q) = /dmeiq’” < u(z)u(0) >=
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rae MHOXKuTeNb T = Tpo BO3HUK OT “CyMMUPOBaHUsA" 10 MalybapoBCKAM dacToTaM (Cp.
(3.102)), B KOTOPOM MBI OCTABUJIU TOJBKO HUI€H C Wy, = 0, 9TO COOTBETCTBYET BHICOKUM
remneparypaM (Hanbosee CUIbHO (BJIyKTYUPYIOu BKJIa/1, COOTBETCTBY IOIIU EepexomLy
K KJIaCCHYeCKOii repMoaunamuke). Kopoue rosops, 3amnumiem:

A T2

—_ A=—20  B=TuT, 6.34
(T — Tpo) + BE2 rae Ao 00 (Tpo) (6.34)

Clg) =

Torma B KOOPAUHATHOM IIPEICTABICHIN HMEEM:

* dq , A [ coS qT
C T) = / - e_qu - —/ d —_— = =
(z) oo 2T (@) T Jo qT—Tpo+Bq2

I SN G . B
" 2 /B(T — Tp0) p{ f(T)} (6:3)
rae
2 2 Tpo
E(T) =& (Too) =7 T (6.36)

Herpynao coobpa3uTb, 9TO MbI MOJYYHIH, TAKEM 00pPa30M, OOBIIHOE “‘CpeqHenoeBoe”’
ommcanue ¢azosoro mepexona II poma nmpu T = T, a (6.34), (6.35) u (6.36) coorser-
CTBYIOT KapTHHE HeB3anmMoeicTRyonmx buyKkTyanni cMmermennit mpu 1" ~ Ty, ¢ Koppe-
asiropom Opumireiina — Iepuuxke [11].

Bce 4o MBI celidac mpoesIaan WLTIOCTPUPYET 00K MUKPOCKOMUIECKII MeTO ] HCCIeS0BaHMS (ha-
30BbIX ITepexosioB 11 poga ¢ momomnibio nuarpamM. CHadasa Hy»KHO UCCIETOBATH (DIYKTYaIllud IapaMeTpa
nopsiika B kBagparuaHoM (“rayccoBom”) mpuOsrrkeHnu. B mjaHHOM Colydae, mapaMeTrpoM mOpsaxa, (ak-
TUYECKH, SIBJISETCS (Dyphe — KOMIIOHEHTA CMEIEHHsI ATOMOB DEIIETKH C BOJTHOBBIM BEKTOPOM k = 2pp.
Eciu dazossiit mepexoj gefiCTBUTENIBHO UMEET MECTO, TO JOJI’KHA CYINEeCTBOBATH TEMIEPATYPa, IPU KO-
TOpO# cucreMa “cMsArdaercs’ HACTOJIBKO, YTO CTaTH4ecKas (wy, = 0) KoppesnsuuoHHas (yHKuus (B
HMIIyJIbCHOM MPEACTABJICHAN) O0PAIAETCss B OECKOHEYHOCTb. DTO YCIOBHE H OLDPEAENSeT TEMIEPATYDY
mepexojia B KapTuHe “cpenHero moss’. Jlanee HYyKHO U3YYHUTH JUIMHHOBOJIHOBBIE (DIYKTYaIlUyd IapaMeTpa
MOPSIIKA ¥ MX B3aMMOJEHCTBHE B OKPECTHOCTH TOYKH (PA30BOro mnepexojia. [ljist 3Toro Hy>KHO BBIMTH 33
npesesbl KBaJAPaTUuIHOTO (I‘ayCCOBa) npubsirkenusi. B pacCMOTPEHHOM MOJE/IN HY>KHO y9eCTh “QHrapMo-
HU3MBI”, 00YCIOBIEHHBIE JIEKTPOH — (POHOHHLIM B3aMMOJelicTBHEeM (HAIpUMep JHATPAMMBL i CBOGOI-
HOIl 9HEPrUuU C YeTHIPHMS BHemHHMHK “xBOocTamMu’ OT (IIYyKTyanuil mapamMerpa MOpsiaKa, KOTOPBIe OyayT
pPAcCMOTpEeHBI HaMH B gaJjbHelimem). B pesynbprare, dhakTHIeCKH, IOIYIaeTCs COOTBETCTBYIOIIEE PA3JIO-
xkenne tuna ['mu3Oypra — JlaHgay, ¢ MOMOIIBI0 KOTOPOr0 M IPOBOJMTCS MCCJIEIOBAHUE TEPMOIUHAMUKH
CHCTEMBI B OKPECTHOCTH TEMIIEPATYPHI mepexoqa. Takash cxeMa pacCMOTDPEHHUs yiKe ObLIa peasn30BaHA
BBIIIE IPU PACCMOTPEHUN CBEPXIIPOBOJUMOCTH.

DaAKTUIECKH, [IJTsT OFHOMEDHBIX CUCTEM IMPOBEJIEHHOE BBINIE PACCMOTPEHHE SIBIISIETCS IPEe3MEPHO YIIPO-
meHHbiM. Mel yxke Bugenan (Cp. paccyxiennsi B cBs3u ¢ (3.111) u (3.115)), uro gus d = 1 daszossrii
nepexoz “cpeaHenosieBoro” Tuia Boobile HeBO3MOXKEH. B rajibHeIeM Mbl ele BepHEMCs K 00CY K IEHUT0
3TOTO BOIIPOCA M yBUIAUM, ITO B obmactu Temmueparyp 1" ~ Tpo B cucTeMe BOZHHKAIOT Pa3BUThIE (DIYKTY-
anuu 6J'II/I)KHeFO IopdaKa, a CTa.6I/I.TII/I3a.L[I/IH UCTUHHOI'O JaJIbHErO IMOPAJKa BO3HUKAET TOJIBKO IIPpU ydeTe
TPeXMEPHBIX B3aUMOAEHCTBUH B CHCTEME OJHOMEPHBIX IeII0YeK aTOMOB (T.€. B TPEXMEDPHOM AHU30TDPOII-
HOM KPHUCTAJIIE).

[Iycth Temeph B cucTemMe eCcTh eIlle M XaOTUYEeCKH pacIpeie/leHHbie mpuMecu. B aTom
caydae TOMAPU3ANMOHHBIA OMEPaTOp OMpeessieTcs rpaduKaMu, MOKA3aHHBIMA Ha Puc.
6.4 1 3aIMCHIBAETCA KaK:

M(wmk) = QTZ / Z—iG(Enp)G(en —wmp — k)T (e, wm, k) (6.37)
riue
Glenty) = ———  amen 14— |, Lo (6.38)
N ] R ‘
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>

>M}>M>>~
o D

Puc. 6.4: ITonsapusanuoHublii onepaTop /i CUCTEMbL ¢ IpUMecsMu (&) U COOTBETCTBYIO-
mas “rpeyronbaas’ sepiiuna (b).

+ .
b)

a “rpeyrosbhas’ BepmuHa B “mecrauunom”’ npubauxkenun Puc. 6.4 (b) ompenensercs
YPABHEHUEM:

T(enyEn—m,q)
i€n)(&p — VPq + 1En—m)

1 oo
T(gn; En—m, Q) =1- % /700 dgp (gp — (639)

Tie TIeperIn, KaK OOBITHO, OT WHTErPUPOBAHWA MO dp K WHTErPUPOBAHMIO TO dE;,, BBEIN
0BOBHAMEHUE €,y = £ — Wy, U YUIH, 9TO pv2vp = # Orciona cpaldy xKe MOTydaem:
En 1

|€n| én + énfm + Z‘fUFq

1
-1
T (enyn-m,q) =1+ ;0(5n5n_m) (6.40)
s yIpoIeHus pacyeToB, MbI TPEIIIOIaraeM, 9TO MPUMECHbIE JJUHUHN B “JecTHure’ Ha
Puc. 6.4 (b) ne nepebpachiBaioT 3J1IeKTPOH € OAHOro KoHua junuun Pepmu Ha apyroii. B
uporuBHOM ciaydae B (6.40) BO3HMKAET CUMMETPU30BAHHAS CyMMa YJIEHOB C £g.
B pesynnTaTe, IOIAPH3AIMOHHLIN OIEPATOP 3aINCEIBACTC KaK>:

M(qwm) = TN(Er) ) / o Tz = T, ) _

fp)(ign—m + gp - UF‘Q)
En 1
len] En + En—m + ivpq

= —27TN(EFp) Y 0(encn—m)

-1

1 En 1
X1+ —0(enepn_m)— 6.41
{ +7’ (enen m)|€n|€n+€nm+iqu} ( )

5B oTmume OT aHATOTHYHBIX PACIeTOB, TPOBOMBIINXCS B MPETLIIYIIHX TTaBaX, 37eCh HaM yao6Hee
CHaYaJsIa BBIYUCAUTH HHTErPaJ 1o &p.
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YTO CBOJUTCA K:

H(qwm) - _27TTN(EF) Z g[gn(gn — wm)] SigTL&n

: — (6.42)
2en — Wm + 1WFq + Z8igne,
Haiee Bce npeobpa3oBaHns MOKHO IIPOBECTH AHAJIOIHYIHO T€M, KOTOPBIE JIE/IAHACH BbIIIe
upu nepexoze or (6.13) k (6.22), Tak 4T0 mOIYIHM:

1
(qwm) (Er) zn: 1265, — Wil + % — WWFQsigney,

1
= —27TN(EF) - —
7;) 2en +wm + % — WWFQ

1
—2nTN(E =
TN F),§)2En+wm+%+iqu

2vEr 1 1 wn 1 WRq
= N(Ep)l —N(E =
(Br)In == + 5N( F){w<2+47rT+27rT7+47rT *
1 wm 1 Wrq 1
= — -2 — 6.43
+w(2+47rT+27rT7' 47TT> ¢(2)} ( )
Orciona nmeem ypasuenue Jjs GorHoHHON dyHKImu ['puna:

2’)/EF

wgpFD_l(qwm = (iwm)? — wgpF {1 —Aln +

)
A 1 wn 1 Wpq
+ 2 {w (5—’— 47TT+ 2nTT + 47TT> *

1wy 1 Wrq 1
- — -2 — =
+w<2+47TT+27TTT 47TT> ¢<2>]}
T
. 2 2
= (Zu)m) _wQPF)\{lnT_pO +

1 1 wn 1 Wrq
+ {w (2 + 47T + 2nTT + 47TT> +

1 wnm 1 Wrq 1
- — -2 - 6.44
+w<2+47rT+27rT7 47TT> w(2>}} ( )
Orciona, ananornano (6.23), T.e. u3 ycaosus D~1(0,0) = 0, Haxoqum ypasHeHue, orpe;ie-

nsomiee Temneparypy T, maiiepiacoBckoro nepexoza s cucreme ¢ upumecsmu (JI.H.Bymaesckuit,

M.B.Caznosckuit, 1974):

T, 1 1 1
In =2 44— )= ~)=0 6.45
Tp0+w<2+27erT> ¢(2> ( )
KOTOPOe 10 (hopMe MAEHTUIHO ¢ 00CYKAABIIMMCH Bbiie ypaBuenueM (5.157), oupeeisi-
IOIUM KPUTHYECKYIO TEMIIEPATyPy CBEPXIIPOBOISAIIErO IEPEX0/a B CUCTEME C MATHUTHBI-

mu npuMecsMu. Takum 06pa3om, o0bluHbIe (HEMArHUTHDIE) HpUMecH (pa3ylnopsiaoueHue)
CUJIBHO TIOJABJISIOT TEMIIEPATYPY MAHEPICOBCKOTO CTPYKTYPHOIO MEPEXOIA.

6.2 IlaitepJsicoBcKUii MMU3JIEKTPUK.

Kak yxe ormedasoch Bbiiie, IaiepICOBCKAs HEYCTOWYUBOCTh (DOHOHHOI'O CIIEKTPA MPU-
BOJIUT K BO3HUKHOBEHUIO CIIOHTAHHON nechopMaIuu penierku ([enoYKu) ¢ BOJTHOBBIM BEK-
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topoMm Q = 2pp. IlocMoTpuM, Kak onuchiBaeTcs “KOHeHCUpoBaHHAas ¢a3a, CyIecTBy-
fommada npn Temneparypax I’ < Tpo. 3anmmreM TaMIIbTOHNAH CHCTEMBI B BUJIE!

H=Y &afa,+> wbfbe+ > geal, pap(be +b7,) (6.46)
P l pk

rae onpeaeiniim KOHCTAHTY CBA3H KaK:

w
o =9\5 (6.47)

HOCKOJIBKY Mbl 3/1eCh UCIIOJIb3yeM 0003HadeHus [1].

Bo3HUKHOBEHWE TallepIICOBCKO CBEPXCTPYKTYDHI OIMHCHIBAETCS BBEIEHUEM CJIEJYIO-
IIEr0 AHOMAJILHOTO CPeNHero [25], HapyNIAIIero TPAHCAAIMOHHYI0 CAMMETDPHIO MCXO-
HOI pereTku:

A= gopp < bopp +bT,  >#0 (6.48)

—2pF
TJIe YIJIOBbIE CKOOKH 0DO3HAYAIOT CTATUCTHYIECKOE cpeaHee. BO3HUKHOBEHHE TAKOTO aHO-
MaJIbHOTO CPEIHEro MOXKHO TPAKTOBATh KaK 003e — KOHIEHCAINI0 (POHOHOB B COCTOSTHUN
¢ KBa3uuMIybcoMm @ = 2pr. B koopaunaraoMm npezcrasienun (6.48) onuchiBaer moTeH-
[IMAJIHLHOE TOJIE BOIHBI MAMepJICOBCKOM AedOopMaIinn:

V(x) = AePPT 4 A*e2PPT — 9| A| cos(2ppa + @) (6.49)

rae |A| upeacrasisier coboii MOJLYIIb, a ¢ — a3y COOTBETCTBYIONIErO APAMETPA OPIIKA:
A = |Alet?.

Yro6bl HaiiTH CHEKTDP JIEKTPOHA, IBUKYyHerocs B noJe (6.49) nyxuo, dakruuecku,
PEIUTh 331449y O JBUKEHUU JJEKTPOHA B OJHOMEPHOM TEpHOIUYIEcKOM moje. Kak 3T1o
JIeJIAeTCsT XOPOITIO M3BECTHO U3 JII0DOro Kypca Teopuu TBepmoro tesna. Ho mocmorpuwm,
KaK 9TO MOXKHO CIeIaTh B paMKax meroma GyHkiui ['punra. s HEKOTOPO OOIIHOCTH
PACCMOTPUM JIBUZKEHHE SJIEKTPOHA B IMEPUOJUIECKOM TIOJE C MPOU3BOIBHBIM BOJHOBBIM
BEKTOpOM (Q:

V(z) = Ae'9" + A*e Q% = 2|A| cos(Qx + ¢) (6.50)

Torma, orpaHnYUBasCh TEPBBIM MOPSIKOM IO V', BCe MOXKHO OMUCAThL CUCTEMOM ypaBHe-
uuit qyis yskuii I'puna tuna ypasuenuii [opbkoBa, moka3zanuoit rpadpuyeckn xa Puc.
6.5. B gacraoctu, B Texuuke T = (0 Mbl MOXKEM 3alUCATH 3Ty CHUCTEMY B CJIEILYIOIIEM
BU/JIE:

G(ep) = Golep) + Go(ep)AF (ep) (6.51)
F(ep) = Go(ep — Q)A*G(ep) (6.52)

e HOpMaJibHadA 1 aHOMaJIbHasA beHKL[I/II/I FpI/IHa (B UMITYJIbCHO — BPEMEHHOM MPEICTaAB-
J'[eHI/II/I) OIIPEeAeIAI0TCA KaK:

G(tp) = —i < Tap(t)a, (0) > (6.53)

F(tp) = —i < Tap(t)a;lQ(O) > (6.54)

Anomanbuasa dyuaknusa ['puna F (6.54) onuceiBaeT 37€Ch 3JI€MEHTAPHBIN TIPOIECC TIepe-
6poca p— () — p, KOTOPBIil BO3HUKAET B niepuoandeckom mojie (6.50). Cucrema ypapHeHunit
(6.51), (6.52) JerKO MEPENUCHIBACTCS B BUIE:

(e = &)G(ep) — AF(ep) = 1 (6.55)
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-0 —Q
p po_ P p P

Puc. 6.5: Inarpammuoe npecrasienne “‘ypaBuenuii [opbkoBa” [IjTst 9JIEKTPOHA, JIBUKY-
Ierocsi B IEPUOIUIECKOM TOJIE.

(e = &-@)F(ep) — A™G(ep) =0 (6.56)
pelenne KOTOpoi JaeT:
Glep) = € &0 .
) = =60 —1AP (657
Flep) = A (6.58)

(e =&)(e—&-q) — AP

Hynb 3namenaresteil (0i0c) Onpeaessercsa 3/eCh ypaBHEHUEM:

(e = &)(e—&-q) — AP =0 (6.59)

KOTOPOE OTIPeessieT CTAaHIAPTHBIA OTBET /s CIIEKTPa “HOBBIX KBA3WIACTHIL:

p2

€1,2(p) = %(fp +&—q) £ \/i(fp — &) + A% & = om (6.60)
m
T.e. “30HHBIA” CIEKTp B “IABYyXBOJIHOBOM” mpubiMKeHun [27], KoTOpbIii MoKa3aH Ha Puc.
6.6. EcrecTBeHHO, 9TO BCE pACCMOTPEHUE CUMMETPUYHO OTHOCUTETHHO () — —(Q).
s Q = 2pp ypoBerb @epMu 1 OKA3BIBAETCS B TOYHOCTH B [EHTPE 3AIlPEIIEHHON
30HbI (1e/11) IUPUHO# 2, TaK 9TO CUCTEMA CTAHOBUTCH duaaekmpurom. Ilpu srom B o1~
HOMEPHBIX CHUCTEMAaX [IJIsi CIIEKTPa CBOOOIHLIX 3JIEKTPOHOB BCEr/a BLIIOJIHAETCS YCJIOBHE

“gecTuHra’:
§p—Q = &p—2pr = —&p (6-61)

B ueM Jierko ybenurbces, B3risHys na Puc. 6.7. Torma crnekrp (6.60) cBogurcs K Bumy

BKIII:
e12(p) = £/ + A (6.62)

a 1of, &, MBI MOXKeM, KaK O0BbIYHO, IOHIMAaTh CIEKTD, JTUHeaPU30BAHHBIN BOJIU3H YPOBHA
Depmu.

YacTo mpencTaBiIgeT HHTEPEC PAaCCMOTPEHNE 3JIEKTPOHHOIO CIIEKTPa B IPHOINKEHHH CHJILHOU CBA3U
[27]. Hanpumep B MOmenn ¢ HHTErpasIoM IEPEHOCA J, OTIMIHBIM OT HyJISL TOJIBKO AJist Oovkafimmx cocereit
(B 1emouKe), UMeeM CIeKTD BHAA:

ep = —2J cospa, &p =¢€p — = —2J cospa (6.63)
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e(p)

—-Q/2 Q/2 ¥

Puc. 6.6: CrieKTp 3JIeKTPOHA, JBUKYIIErOCsa B TEPUOAMIECKOM TMOJIE ¢ BOJIHOBBIM BEKTO-
poM @ (“AByXBOIHOBOE” MPUO/IUIKEHHE).

| | -
~K-K/2 0 K/2 K P

Puc. 6.7: I'paduyeckas naaocTpamys BBIMTOTHEHNS YCIOBUS “HECTUHTA’ IJIS OIHOMED-
HOI'O CIIEKTPa CBODOIHBIX 3JeKTPOHOB: K = () = 2pp.
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Puc. 6.8: CrieKTp 9/1eKTPOHOB B NA#EPICOBCKOM JMIIEKTPUKE B CIAyHUae MCXOIHOTO CITEK-
Tpa MOJIEJIN CUJIbHON CBS3W, NI CJIydas YIBOECHUS TMEPUOIA.

IJie a — MOCTOSIHHASI PeIIeTKU (PACCTOsSHUE MeXK /Ly aTOMAMHU B IIEII0YKe), & BTOPOe PABEHCTBO CIPABETIHBO
TS HAIIOJIOBUHY 3aII0OJTHEHHOH 30HEL (OJMH JIEKTPOH IPOBOAUMOCTH HA ATOM), KOTAA DF = %, 1 yPOBEHb
@®epMu NPOXOAUT B TOYHOCTU B IeHTpe 30HBEL (Ep = 2.J, €Cii OTCIMTHIBATH SHEPTHU OT JHA 30HBI, HO
Er = p = 0, eciu orcunuThIBaTH SHepruu ot ypoBHs ®Pepmu). B srom caywae Q = 2pp = g, qT0
COOTBETCTBYET MAMepJICOBCKOMY Iepexoay C Y/IBOGHHEeM IepHO0a WCXOMHON Iernodku. [Ipu 3ToM OnsTh

BBIIIOJTHAETCS yCJIOBHE “HECTUHTA” B BHUJE:
EP*Q = _51’7 €p7% = —¢p (664)

Bujg cnekTpa mocsie maiiepacoBCKOrO mepexoia JJisd 3TOr0 CIydas mokas3aH Ha Puc. 6.8. JlanHbIil npuMep
TUNWYEH YIS ClIydas coudmepumozo nepexona Ilaitepsica, korga mepruos BO3HHKAIONMIEH CBEPXCTPYKTY-
PBL COCTABJISIET PAIMOHAJIBHOE OTHOIIEHHE C IIEPUOJOM HCXOAHOM HEnoduku (B 9aCTHOCTH, PABEH LEIOMY
YHCIIy UCXOAHBIX nepuooB). Ciydail, KOrja UCXOJHBIA CIEKTD 3JIEKTPOHOB B IEIOYKe Gepercs, KaK 3TO
JIeJ1aJIOCHh BBIIIE, B NPUOJIMXKEHUH CBODOOIHBIX JIEKTPOHOB (PHC. 6.7), SBJIAETCS XOPOIIeil MOAENBIO JJIs
Hecouamepumozo nepexona [laitepsca, Korja nmepuo,; HOBOil CBEPXCTPYKTYDPHI HUKAK He CBSA3AH C IIEPHO-
JOM HCXOJHOU ITeN0YKHU (Hec0H3MepHM C HI/IM). B gacTHOCTH, 3TO CBSI3aHO C TEM, YTO B MOZEJIN CBODOHBIX
3JIEKTPOHOB ypoBeHb PepMu ONpeiensieTcss TOIbKO KOHIEHTPAaIueil 3J1eKTPOHOB IPOBOAUMOCTH U HUKAK
He CBsI3aH C IEPUOJOM MCXOJHOHN permmerku. B majbreiiniem Mbl Bcerga OygeM pacCMaTpUBATh MMEHHO
9TOT MOCHEIHHUI Cirydaii.

[Tepenmrem cucremy ypaprenwii (6.51), (6.52) B Maiy6apoBCKOii TeXHUKE:

G(enp) = Go(enp) + Go(enp) AF (enp) (6.65)

F(enp) = Go(enp — Q)A"G(enp) (6.66)

uin (IpY BBIIOJHEHUU YCJIOBHs “HECTUHrA):

1 1
op) = AF(en ,
G(enp) ian—§p+ien—§p (enp) (6.67)
Flenp) = ——— A*Glenp) (6.68)
nP) = i +£p np .
YTO emnie MOXKHO HepeHI/ICaTB 1 TaK:
(ien — &) (Enp) — AF(enp) = 1 (6.69)

(ien + &)F(en) — A*Glenp) = 0 (6.70)
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4r0 10 dopume (mourn!) cosmagaer ¢ (5.108) u (5.109). Pemtenne s1oit cucremsl Jaer:

_ ien +§
Flenp) = ——— (6.72)

(ien)? = &5 — A2

9T0, ONATH — TakW, nouru cosmagaer ¢ (5.111) u (5.112). Oauure TOJBKO B 3HAKAX
(5.112) u (6.72).

Kak u B Teopun cBepXIIpoBOUMOCTH, JJId MaiePICOBCKOTO AUIIEKTPUKA MOXKHO BBECTU MATPUIHYIO
dyukuo ['puna Buma:

G Y(enp) = ( i‘f?lzfp is;f;p ) (6.73)
nm (F~ =F)
cew=( 4 o )=(&T &) o7

rie 0003Ha4eHns + COOTBETCTBYIOT “KoHIaM” nmosepxaocTy (uHumn) Pepumu (£pp) B OIEBUAHBIM IEPEXO-
JIaM 3JIeKTPOHA B pacCcMaTpuBaeMoil cucreme. JacTo roBopsar o + (“npaBbix” WiiH “JIeBbIX”) JIEKTPOHAX.
B mononuenue x (6.69) u (6.70) 3q6Ch eme BO3HUKAIOT OYEBH/HBIE yDABHEHUS:

(ien + &p)G(enp) — A*F(enp) = 1 (6.75)

(ien — fp)F"" (en) — Aé(z-:np) =0 (6.76)

U3 (6.71), moc/ie aHAIMTUIECKOTO TPOJOJIKEHUS i€y, — €+ 10, HETPYAHO (AHAJIOTUIHO

(5.78)) mocumMTaTh MIOTHOCTH IJEKTPOHHBIX COCTOSIHU BOM3K ypoBHa PepMu, KOTOpas
umeer TOT XKe B, 4ro u (5.79) reopun BKIII:

N(e) —L_ mpu e > A

= VoI

(6.77)
N(Er) 0 mpu e <A

XapakTepHbIil BUJ, IDIOTHOCTH COCTOsiHUM moka3an Ha Puc. 6.9. Hecmorps va movru most-
HOE COBITQ/IEHNUE MOy YeHHbBIX 371eCh Bhipazkerwuii ¢ Teopueit BKIII, u3 Bcero mpeabrmaymero
PacCMOTPEHHsI SICHO, YTO BO3HWKAIOIIAS 3/1eCh HEpreTHdecKas 1meib |A| nmeer dusaer-
MPUMECKYH TPUPOLY.

IToka MBI eme caenanm “moaena’ — Hy2KHO eIle HATNCATh YPABHEHUS IJIsT CAMOCOTIa~
COBAHHOI'O OIIPE/Ie/IeHUs BEJIMYUHBL A, KOTOpas [I0Ka 4TO BBeleHa “pykamu’. [TockonbKy
A omnpejiesisiercsi aHOMaJIbHbIM cpeaHuM (6.48), Mbl 10JKHBI BbIUcaTh (MalybapoBCKue)
YDaBHEHNS IBUKEHNS NIJIS OTIepaToOpoB bg M bZS " ycpegauTh ux 1m0 I'mbocy. C momMombo
raMuIbTOHuaHa, (6.46), CTaHAAPTHBIM 00PA30M IOy 9aeM:

0
(‘g - wQ) <biq(rt) >=—gq Y <aloap >=—gq Y F¥(pr=-0) (6.78)
p

p

(—% + wQ> < biQ(T) >=gq Z < a;riQap >= —gg Z FE(pr = —0) (6.79)
P P
Orciona, kcraru, cpaldy ke BUAHO, 4To “dononHoe” anomasbHoe cpeadee (6.48) npomnop-
[IAOHAJILHO “9JIEKTPOHHBIM AHOMAJILHBIM CPEIHAM THIIA < a;riQap >8. B cpasu ¢ atum
WHOT/IA TOBOPST, 9TO 3/7IeCh MBI NIMEEM JIEJIO C 9AeKMPOH — JblpouHblM CITADUBAHUEM.

80rcroma e sacHO, 9TO B cucTeme Bo3HuKaer CDW — ee mapaMeTp IOpsKa eCTh < a;riQap >. Jlna
dypre — KOMIOHEHTHI WIOTHOCTH 3apsiaa umeeMm (Q = 2pp):

< pq >= pod(q) + p16(q £ Q), p1~ Z < a;riQap > (6.80)
P
aro u gaer < p(z) >= po + p1 cos(2prpx + ¢).



212 I'masa 6. SJIEKTPOHHBIE HEYCTOHYNBOCTH 1 ®A30BHIE ITEPEXO/IBI
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Puc. 6.9: ILnorHocTh 3nekTponnbix coctosgamit BKIIT — Tuma B maiiepICOBCKOM JTHIJIEK-
TPHKE.

[Toce mepexona K pypbe — KOMIIOHEHTaM II0 Maily0apOBCKOMY “BpeMeHH’, CHCTeMa
(6.78), (6.79) cBomuTca K:

(twm —w@) < bxg >w.= —90 Z Z FT(pey) (6.81)
p n
(twm + wq) < biQ >m= 90 Z Z F*(pey) (6.82)
p n
Orcrona nmeeMm:
g _
<bg+biy >u, = — 2T Y Y F ™ (enp) (6.83)
wr, + wo Pl

g wy, = 0 (6o3e — kKoHgEHCAT!) OTCIONA UMEeM:

Aw -
R [6r Y ) (6.84)
rJe nepemnu, Kak OObIMHO, OT CyMMHUDPOBAHUSA HO P K MHTETPUPOBAHHUIO 1O &, U YUK
oupenenenue (6.21). Torga u3 (6.48) u (6.84) nomydaewm:

A [P
A:%<Mﬁ%%>%ﬂ:“—/ 46, TS P~ (enp) (6.85)
wQ J-Ep -

T7ie elfe BBeJM oOpe3aHue PacxXo/IsInerocss MHTerpaia Ha dHeprusx mopsaka +FEp, aHa-
JIOTUIHOE O6CY KIABIIEMYCsl BBIIE 00pe3anuto o yacroraM. Iloacrasissa ciona (6.72) u
MIPOBO/I OOBIYHBIE BHIYUCIEHUs], AHATOTUIHBIE BBIIOIHSIBIIUMCS BBIIIE B TEOPUU CBEPX-
[IPOBOJMMOCTH, II0Jy4aeM ypapHenue st mend A tumna BKIII:

N 1 £+ A%(T)
=N e e 2T

(6.86)
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Puc. 6.10: Ypasuenus ['opbKOBa /115 afiepICOBCKOTO IMIIEKTPUKA C YIETOM TPUMECHOTO
paccesiHus.

U3 KOTOPOTO HEMEJJIEHHO CJIE/IyeT, 9TO TeMIlepaTypa MafiepIcOBCKOTO MepPexoia U Besn-
unHa mean mpu 1T = 0 ompeaensioTcsa CTaHIAPTHBIMYU BbIPAYKEHUSIMUA:

™

2
Tyo="LEpe %,  Ao=—Tp (6.87)
v

™

B wacrHOCTH, BenmduHa TeMieparypbl nepexona Ty, eCTecTBeHHO, coBnagaer ¢ (6.24),
MIOJTYI€HHON M3 PACCMOTPEHHsI HEYCTOMIMBOCTH “HOPMAJTHHOI (ha3bl.

[ToyunTenbHo paccMOTpeTh KOHIEHCHPOBAHHYIO (ha3y maiepacoBCKOro MN3IEKTPUKA
C y4eroM paccesHHs HAa HeMATHUTHBIX npuMecax’ . JleficTByeM CTaHJapTHBIM OOpPa3OM
U BbIIKMCbIBaEM cucreMy ypashenuii [opbkoBa € y4eroMm mnpumecHoro paccesuus (ijist
cayyas csaboro Gecropsiaka pgrl > 1), nokazaunnyio rpacdpudecku na Puc. 6.10 (cp. Puc.

5.8 U MOC/IeAYIONee PACCMOTPEHNE sl CBEPXITPOBOHUKOB):

G(enp) = Go(enp) + Go(enp)E(enpp)G(enp) + Golenp) AF (enp) +
+Go(enp)X(enpp — Q) F (enp) (6.88)

F(enp) = Golenp — Q)E(enp — Qp — Q)F(enp) + Golenp — Q)A™G(enp) +
+Golenp — Q)X(enp — Qp)Glenp)  (6.89)
Bce obozmatienns 31ech camMmoodeBuAHbI. Perienne 9Toit cucTeMbl ypaBHEHUH, C yIETOM

ycaosus “mectunra’ &,_g = —§, (mpu @ = 2pp) uMmeer ciaemyrommit suz (cp. (5.137),
(5.138), (5.139), (5.140)):

G(enp) = [iEn + &) Det ™! (6.90)
F(e,p) = A*Det™! (6.91)
e
i&n = ien — L(enpp) = icn — Snlen) (6.92)
A, =A+X(enp—Qp) = A+ Su(e,) (6.93)
Det = (ign)* — & — |A,|? (6.94)

73&0HH0 MBI JOCTAaTOYHO HOHpOﬁHO IIpOBEJAEM BCE€ BBIYHCJIEHHA, IIPAKTUYIECKU TOXKJIECTBEHHBIE TEM,
KOTOpBIC ObLII OIIYyIIE€HBbI BBIIIE IIPU PACCMOTPEHUHN CBEPXIIPOBOJHUKOB C MAarHUTHBIMU IIPUMECAMMU.
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puyeM, aHaJIOTMYHO TOMY, YTO IIOy4YaJoCh B 3aJa4e O IPUMeCAX B CBEPXIIPOBO/IHUKE,
" 3/1eCh UMeeM:

> r g,
Yo(en) = pviup / d&pGenty) = -3 — (6.95)
- &+ 1A
> r A
Sulen) = puve | dPlenty) = — 5~ (6.96)
B &+ An?
rae I' = 1 = 2mpv?vp. Torma w3 (6.92) — (6.96) mveenm:
r g,
iEp = ey + = ——— (6.97)
22+ 1A,
. r A
Ap=0y - 5——2— (6.98)
& +1An?

O6parnre BHUMaHWe Ha pa3Hble 3HakW B (6.97) u (6.98), 9T0 OTIM9aeT STOT pe3ysnbrar
or (5.142), (5.143) u (5.145) u memaer ero amajgoruunbiM (5.152), (5.153) (MarHuTHBIE
[PUMECH B CBEPXIIPOBOJHHUKAX ). DTO €CTh IPSMOE CIIEACTBHE OTMEYEHHOIO BBIIIE OTIHYIH

(6.71), (6.72) or (5.111), (5.112).
Brons

Uy = = (6.99)

u3 (6.97) u (6.98) Haxommm:

cn L (6.100)
_— = U’TL —_ .
A A/u2 +1

DTO ypaBHEHWE ONpPEeENsier U, Kak GyHKIWo oTHOmeHwnH &, /A u '/ A. BHas u,,, MOXKHO
HaWTH:

- 1 Un
= [ — 6.101

~ 1 1
Ap=A+-T— 6.102
S = (6.102)

Awnasornuno (6.85), napamerp nopsijika (meab) A Onpesensiercsa Ternepb ypaBHeHUEM:

A=-AT) / dé,FH(engy) (6.103)
NnJINn -
%
1= —)\Tzn:/dfp NEET-ParWE (6.104)

[Ipenesbr uETErpUPOBaHUS MOKA HE MUIIEM yMbIiieHHO! Bbrarem Teneps cupasa u cieBa
BBIpAYKEHUE, CTOsIee B MpaBoit yactu nmpu A — 0 u B orcyrcrBue mpumeceii. Torma
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IIOJTy YU M:

o 1
R I

P

Za 1
- _ATZ/ dﬁ”{ ey = — AP (mﬁ—f,%} (6.105)

Hpeneﬂm TYT y?Ke MOKHO B34Th OECKOHEUHBIMU BBUIY 6BICTpOﬁ CXOIUMOCTH MHTErpaJioB.
Boruncasasa 3JIEMEHTAPHbIEC WHTErPAJIbI, TTOJIyYaeM:

27EF TpO
1—>\TZ|n|—1—>\1 - =Aln-2 =
A
n 1
— _\T A (6.106)

ol SYERNT N

rie IPK BbIYUCJIEHUU CYyMMbI 110 72 B JIEBO# 4acTu BBesiu obpe3anue Ha |&,| ~ Ep, Kak 310
ObLTO caenano Boie B (6.16), a B IpaBoii 4acTH MOYKHO BECTH CyMMUDPOBAHUE 11O BCEM 11
1o Geckoneunocru. B pesyiabrare, ucnonnsysa (6.99), cpasy ke mojydaem:

A_l
TZ{|€n| \/T—ui} (6.107)

rae uy oupenensercs ypasaerueM (6.100). IIpu A — 0 u3 (6.100) umeem:

UnA — £y + T (6.108)

lenl

TaK 9TO

U, = A7 (g, + Isigney,) (6.109)
Torna
1
V1+uZ —|u,| = Z[|En| + 171 (6.110)
u u3 (6.107) moaydaeM CaeayIolmee ypaBHEHNE Il TEMIIEPATY Pl EPeX0Ia:

Tpo 1
1 ——2T 111
nT pz{an f-:n—i-I‘} (6 )

p n>0

410, ¢ ucnosib3oBanueM (6.19), cBoAUTCs OULATD K y2Ke 3HAKOMOMY HaM ypasBHeruio (5.157),

(6.45):
Ty 1 r 1
In —1{; =) (5 + %T) — <§> (6.112)

ITpu maneix I’ orcroga, asagorudno (5.160), umeem:

™

ye (6.113)

™
Tp%TpO_ZF:TpO_

s xkputndeckoro 3Hauvenns I'c, mpm mocTimkennn KoTtoporo 1), obpalmaercsa B HYyIb,

[OJIy4aeM:

1 A
[o=— =Ty = % (6.114)
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rue Agy obosnadaer 3ziech iesb npu T = 0 u B orcyrcrsue npumeceii (6.87).
Paccmorpum teneps caygait T = 0. Beemem obo3HaueHus:

B paccmorpenHbix Beie ypasuenusx, npu 1 — 0, HyzkHo nposecru 3ameny: 1) ... —

4e .. B wacrnocrn, (6.104) cBOUTCS TpH 3TOM K:

[ E o Ejf - 6116

re . u A, OLIPEEJISIOTCS AHATMTUYIeCKUM npooskernuem (6.97) — (6.107):

r
e=¢€+ -

2\/1—u2
r.t
2V1—wu?

(6.117)

A.=Ag— (6.118)
€ r 1

— =uql - 6.119

Ao { A1 —u? } ( )

Berawras u3 mpaoii u jeBoit gacreii (6.116) BeIpaykeHne, crosiiee B MpaBoii 9acTH ero

xKe, B3aroe npu A, — Ag u € — ¢, nojgyuum (ycrpemysas K OECKOHEIHOCTH MPEIEIbI
UHTErPUPOBAHUS B OBICTPO CXOAIIMXCI WHTErPAJIAX):

1+>\/ e

/§2+A2 AO A0
:—)\/oo—/ 20 = — 1 =
oo 2T ) | B2 -2 - A2 2 -E2 - A}

>\
3 \/r Ve

TaK 4TO 4714 1mean upu 1’ = 0 mmeeM cieayroliee ypaBHEHUE:

lnﬂ—/wde A - ! —/Oodx L — !
Ao Jo VIi—u?  JAT—e2 | o V1—u2(z)  V1-—2?

(6.121)
B nepsom unTerpasie B (6.121) nepexoaum OT UHTEIrPUPOBAHUS 110 & K UHTEIPUPOBAHUIO
o u, omnpenessieMoMy ypasuenueMm (6.119), 4r0, ¢ yU4ETOM T = 00 =+ Upo = 00, T =

[>|l>l

(6.120)

r /12 r
OHUOZOHPHA—O <l,mx =0y = A—g—l npu x- > 1, npusogur (mocse

BBIYHCJICHUA 3JIEMEHTapPHBIX I/IHTeraJIOB) K

A —%—AFO pu —AFO <1
In 29 — ) 2\"Y2 A 2\ 12 - 2\ 1/2 -
Ago —zarctg (A_S) + (A_S) —1In at (A—g) upu xo =1

(6.122)
Orciona, Hampumep, caenyer, 910 A =0 qua I' > T'e = Ago/2 = 7T50/27y (cp. (6.114)).
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ILrorHOCTH JIIEKTPOHHBIX COCTOSTHUI ompenendercd Kak:

N(e) 1 [~ E+&
A N T
N(Er) w/m & még—gg—Ag
= Im—— = I (6.123)

Az—g  Vi-w
€ €
rme u = u (Aio, ALO) oupenensiercs u3 (6.119). fcHo, uro Bennuuua (6.123) me pasna

Hyso npu |u| > 1. Besinuuna ke miesu B CeKTpe oupezessgercs obaacrbio €, B KOTOPOi
(6.123) pasua nyso. Torma u3 (6.123) HeTpyaHO BUIETH, YTO MOJIYIIMPUHA IIEJIU OIIPe-
nensiercst Kak Maxe = €4, npu xKoropoM (6.119) emre umeer meficTBETEIbHOE DeIIeHHE

I U (ALD)’ npudeM Takoe, 9to |u| < 1. O4eBHIHO, YTO Tak ONpelesieHHas! BeTnIrHa,

€4 3aBUCUT OT OTHOIICHHUSA ALO. IIpu I = 0, oueBuanO, umeeM €, = Agg. Makcumusupys

npasyto 4actb (6.119) maxonum ugy (ALO) =u (ALO, Z—"O):

T 1 o _ E &g
U3 ycmoBust F'(ug) = 0 nMeeM:
r 1 u) r
1-— - g — =0 6.125
A i (@—u)Ag (6:125)
TaK 49TO r
(1—u2)?? = ~ uZ <1 (6.126)
0

OTKY/Ia CJIeJIyerT:

(6.127)
[Moncrasnss (6.127) B (6.119), monydaeM OKOHYATETIHHO:
2/ 3/2
eg=N0gq1— (A—()) (6.128)
Takum obpasom, umeeM ¢, = 0 mpm ALO > 1, KOrAa IJIOTHOCTh COCTOSHUN CTAHOBHTCS

“GecruesneBoit”, HecMoTps Ha 1O, uro (mapamerp nopszaka) Ay # 0. CoorsercrByroias
obsactb onpegessercd (upu T = 0) HEPABEHCTBOM:

Ng<T < % (6.129)

Ilpn T' = A u3 (6.122) cnenyer Ay = exp (—F) Agp, Tak [ro coorsercrsyomee I' =

2exp (—3) T &~ 0.91T, ar0 m ompenensier y30cTh Gecmenaesoit obmactn na $Ha30Boil

mmarpaMme’.

8Bce 3Tu pesynbTaTHl M METOJ MX MOJIy4YeHHs HEMOCPEJCTBEHHO MEPeHOCATCS HA 33719y O MArHHT-
HBIX HPUMECSIX B CBEPXIPOBOJHHKAX, OOCY’KJABLIYyIOCS B IpeAblaymiell riase. PaKTHUECKU BIEDBBIE
OHH BO3BHHKJ/IH IIPH PACCMOTPEHHH MMEHHO STOH 3a/a9l TeOPUH CBepXHpoBoauMocTH (A.A.AGpukocos,
JI.IL.Topekos, 1960)



218 I'masa 6. SJIEKTPOHHBIE HEYCTOHYNBOCTH 1 ®A30BHIE ITEPEXO/IBI

6.3 Paznoxenue I'ma3bypra — Jlangay aJga naiiepJsicoB-
CKOrI'o 1iepexozaa.
s obmacti remmeparyp 1 > 1)y, aHAJIOTHIHO TOMY, KaK 3TO OBIIO CIETaHO JJIA CBEPX-

[IPOBOIHUKOB, MO2KHO [TPOBECTU PA3JI0KEHNe CBODOIHOM SHEPIUU CUCTEMBI, HCIIBITHIBAIO-
el naiepaCOBCKUN CTPYKTYPHBII Nepexoll, B pd/l IO CTeNeHdM apaMeTpa IOpaIKa:

Ag =gq <bg +b5 >, Q ~ 2pr (6.130)

Cpa3y Oymem paboTarh B CTATUYECKOM TPUOIMIKEHUA Wy, = (0.

Harrreit 1ie/ibi0 SBISIETCSA MOJIYYE€HHE MUKPOCKOMUYIECKUX 3HAYEHWH KO MOUIIHEHTOB
B PA3JIOXKEHUU JIJIT PA3HOCTU CBOOOIHBIX IHEPrHUil “KOHIEHCHPOBAHHON ¥ “HOpMAaJIbLHON’
da3 craemyromero Bua;

F(Ag; T) = F(0; T) = a(Q)|Aq|? + b|Ag|* + -+ (6.131)

Cawm Buz paszsnoxenus (6.131) cuenyer u3 obueit reopun Jlannay dasosbix nepexomos 11
porma [11].
Bkuazpr or (6.130) Bo3uuKaOT 13 (HOHOHHON YacTH raMuiabToHHaHa (6.46):

Hpn =Y wobhba (6.132)
Q
¥ 9aCTH dJTEKTPOH — (POHOHHOTO B3aMMOIEHCTBUA:
Hie = > Aqat, qap (6.133)
pQ
OcraBiisiss BKJIaJ|, TOJIBKO OT OJTHOU MOJbI ¢ (PUKCUPOBAHHBIM (), UMeeM:
Ao _ N(Er)
295 A

< Hpp >=wg < babQ + b—_’_Qb_Q >=wqQ |AQ|2 (6.134)
Torza, n01b3ysCh CraHZaPTHLIM IIETIEBbIM Pa3JioXKeHueM cBOOOAHOI suepruu [1] B psig
o crenensaMm H,;, HeMeIIeHHO MOJyYnM pa3JiokKeHue, nmokasannoe va Puc. 6.11. fcHo,
aro Bkaan Puc. 6.11 (a) ompenemsior Braan a(Q)|Agl|?, a rpabuk Puc. 6.11 (b) ma-
er b|Ag|?. Ilpw Beraucaenusx caexyer momuauTh [1], uro BKIan rpaduka Puc. 6.11 (a)
HY?KHO YMHOXKHUTb Ha JONOJHUTEIbHbI (akrop 1/2, Bruan Puc. 6.11 (b) na 1/4 co-
oreercrBenHo. Kpome TOro, npm BBIYHCIEHNU NETeNb HyKHO y9eCTh BKJAJILI OT 00OMX
“konnos” nopepxuocru (simuuu) Pepmu, 4TO AAET JONOIHUTEJNLHBIA GakTop 2.
DaKTUIECKH, BCe PACUYeThl, CBSA3aHHbIE C BhIUncIeHneM a(()) y»ke ObLIN TPOBEIEHBI B
ces3u ¢ (6.10) — (6.32). TlosTomy cpasy MoxkeM Hammcarh (¢ yuaerom Q = 2pp+q, Wy =0

u&pope = —&p):

d
%[PHC. 6.11 (a)] = —T;/%Go(enfp)(;o(ffm —&p +vpq) =

B 2vEr 1 1  ivpq 1 dvpq 1
= N(Er) {—m AT 2 {w (5 i 47TT> Y <§ - 47TT) — (5)]

Torna umeem:

_ Lo 2B L (L i) (L doeg) o (]
G(Q)N(EF){)\ In 7T +2{w(2+4wT>+w(2 47TT> 2 2)
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p+Q a)
5 A, A;z
N(ER)|Agl /A + VWWWW
p

A A
P+ Q rﬁ:l
+ P P b)
p+Q LLI/’/LL
A A

Puc. 6.11: I'paduyeckoe npencrasienne pasioxkenus ['wa3dypra — Jlanmay mis maii-
€PJICOBCKOI'O IIePEXOIa.

[Mpu Beraumcienun koddduimenta b cpa3dy mpeHeOperaeM ero 3aBUCUMOCTHIO OT ¢, TaK
9TO UMeeM:

d
b= i[PHC‘ 6.11 (b)] = %TZ/iGﬁ(énfp)Gg(em —&) (6.137)
nim
= - §p 1 1 szgnan B
b= TN / 2 Zzn: (ZEn — fp)Q (ZEn +£p)2 EF ZWZZ 225
_ N(Er) 1 7(( ) N

T 16727 2= (n+1/2)° 167272
(6.138)

Bepuemca x ananusy a(q), 3amaBaemomy (6.136). IIpoBoas pa3ioKeHue N0 CTEIEHIM ¢
(kax mpu BbIBozE (6.28)), momydaem:

o) = N(En) {50 (5 + ) + 50 (5-) -0 (5) } =

T —Tpo 7((3) 2 2
~ N(Br ){ To | Tom2r2 T [~

T —
Tho

=N<EF>{ ”0+€§(T)q2} (6.139)

rJie BOCHOJIb30BAJINCH TaKyKe 0003HadYeHneM (6.29) mis IIuHBL “KOrepeHTHOCTH .
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B wurore, paznoxenune I'muzbypra — Jlammay mis maiiepiacoBCKOTO Iepexojia MMeeT
BUI;:

F(Ag: T)— F(0; T) = N(EF>T;—IEW|AQ|2 + N(ER)E(Ty0)| Ag(Q — 20)* +
7¢(3
11O N ()l agl?

(6.140)

Orcrona, KcraTu, siCHO, YTO BBEJEHHAs BbIlle KOppessiuonuas JjuHa (6.36), neiictsu-
TeJbHO SIBJISIETCST KOPPEIIIIHOHHON AIuHON (bayKTyaruit mapamMmerpa mopsaka mpu 1 ~
T,0 B rayccoBoM IpubJINKEHNN.

IIpu Hasmuuum npuMeceil BCe BbIYHMCIEHHs jJisi a(g) BIIOJIHE aHAJOIMYHBI [IPOJEJIAHHBIM BBILIE P
BoIBOZe (6.43) (OCTATOYHO B3ATH YACTHBIN Ciaydail wy, = 0). B pesynaprare momydaem:

T 1 1 1 WEq 1 1 1 iqu) (1)}
— N(Ep)dln— + = ( = Sy (= - —y (= 6.141
a(g) = N( F){nTpo toY (2+27TTT+ 4WT>+2¢(2+27TTT wr) V2 (6.141)

CoorBercTBeHHO, pu vpq K 47T nmeem:

(6.142)

R }

2 2
—F-3 U
T, 167272 "F1

rae Ty ompejensieTcsl y»Ke XOpPOIIIO M3BECTHBIM HaM ypaBHenuewm (6.45
P p y P Yp

In 2P +¢(1+ ! ) w(l) 0 (6.143)
n_—— - — -] = .
Tpo 2 27Tyt 2

ITpu srom koucTanTa B B (6.142) onpezesnsiercst Kak:

oo

1 1 1 1
B=S — = yp® (7 + ) (6.144)
7;) (7’1 + % + 27r1T‘r)3 2 2 2nTT

COOTBETCTBEHHO, C yIeTOM NpHUMeCeil, MOXKHO IOJYyYUTH CAEAYIOIINe aCHMITOTUKH JJIs “IJIHHBI KOre-
peuTHOCTH:

B =5k v (4 50)
O 3272 2 " onTr)
2
~ 146(7\_32);1; opu % < 4AnT (6.145)
U%TQ npu % > AnT

= =
7Tpo
b B cucreme c IpUMeCAMHU, TO €ro BBIYUCICHUE ABJIACTCA JOCTATOYHO 'POMO3JKHAM B MBI €ro OIIyCKaeM.

EcrecTBeHHO, 9TO BE3/e MPEIIOIAraeTCsI, ITO T > Te = 2A501. Yro kacaercs ['JI koadpduimenra

6.4 BoJHbl 3apsg/0BOil 1 CIIMHOBOI MJIOTHOCTHU B MHO-
TOMEPHBIX CUCTEMAX, IKCUTOHHBIA U30JIATOP.

MoKeT BO3HHUKHYTH BOIOPOC — 3a4eM MbI CTOJIb MOJPOOHO PACCMATPUBAIN 33Jady O
mafepscoBCKOM repexo/ie? 3a/ata pacCMaTpUBaIach OMHOMEPHAs, & B OJHOMEPHBIX CH-
creMax, KaK Mbl yOeJuIuCh Bbie, (ha3osblil mepexo (yrnopsmouenue), CTporo roBops,
HEBO3MOXKEH. B 3TOM CMBIC/IE, pACCMATPUBABIIUIACS BBIIIE MOIXO0, OCHOBAHHBIN HA OIMH-
canuu (pa30BOro nepexoa B MPUOJINKEHUH CAaMOCOIIACOBAHHOTO 110JIsl (B IIpeHeOpeKeHuu
dbaykryanusMu napamerpa nopsijika), Kaykercs COBepIieHHo HeobocHoBaHHbIM. [esio, os-
HAaKO, B TOM, 9UTO B “peajbHOIl KU3HKW MaiepICOBCKHUIl MEPEX0/ IKCIEPUMEHTAILHO Ha-
OJII0/TAETCST B TIEJIOM DSIZIE KBA3UOOHOMEPHBLL CUCTEM, TJe Iayke cj1aboe B3auMOJEeHCTBIE



6.4. BosHbI 3aps110BOI I CHHHOBOI TIJIOTHOCTH B MHOTOMEDHBIX CHCTEMAaX, SKCHTOHHBII H301sTTOp.221

9JIEKTPOHOB (MJIM [IapaMeTpPa MOPsIIKA) HA COCeHUX “lenoukax’ aroMoB (3(pdeKTbl Tpex-
MEepHOCTH) MPUBOJAT K CTabUIN3AINN 3TOTO Tepexona’.

Bousee BaxkHO ceitgac st HAC IPYroe — TEOPETUIECKAS CXEMa, CTOJIb MOAPOOHO OITr-
CaHHAs BBIIIE, IIOYTHU EIUKOM (MU C HEOOJIBITUMU U3MEHEHUIME) TIEPEHOCUTCS Ha, OTIH-
CaHUe CTPYKTYPHBIX W MACHUTHBIX (Pa30BbIX MEPEXOJ0B B JBYMEPHBIX U TPEXMEPHBIX
cucremax, 0bJIaIAI0IIUX CBOMcTBOM “HecTuHra”’ nosepxuocreii Pepmu (UM UX KOHEUHBIX
y4JacTkoB) [6]. AHasorumuHbIM 06pa3oM onuchiBaeTcs U (Ga30BbIi Mepexo B MOJIEIN Tak
Ha3BIBAEMOr0 “9KCHTOHHOIO M30JATOPa” — OXHON M3 6A30BBIX MOJENEH B TEOPHUU Tepe-
XOZIOB MeTaJjLl — JUJIEKTPHUK. [1esIo B TOM, 9TO B YCJIOBUSX, KOTJA 3JIEKTPOHHBIH CIEKTD
¢(p) yumosierBopsier ycJaoBuio “HecTuHIra” BUIA:

e(p+Q)=—<(p) (6.146)

rae Q — HeKOTOPbIl BeKTOp (HEeCTUHra) B OOPATHOM [POCTPAHCTBE, (DYHKIMU OTKIIMKA B
coorBercTByolIeil (MHOrOMepHOii) cucreme ([OJISPU3AMOHHBIN ONEPATOD, T/ H.T.II.)
OTIMCHIBAIOTCS MPAKTUIECKU TEMU YKe (POPMyJIaMu, 9TO U B OJHOMEpHOM ciy4ae. CooTBer-
CTBEHHO, TAKWE CUCTEMBI OKA3bIBAIOTCSA HEYCTOUIUBBIMY K OOPA30BAHUIO BOJIH 3aPI0BOM
(CDW) mnoraocTu (nedbopMaliuy peIeTkn) ¢ BOJHOBBIM BEKTOPOM Q, ecjiu JJOMUHUDPYIO-
Y10 POJIb UTPAET JIEKTPOH — (DOHOHHOE B3auMmoeiicreue. Eciau moMuHUpYyeT 371eKTpOH
— 9JIEKTPOHHOE B3auMojelicTBue (OTTAJKUBAHUE), TO, KAK NPABUJIO, B TAKUX CUCTEMAX
aHAJIOTUYIHAsT HEYCTOMIMBOCTh, KAK MbI YBUIUM HUKE, BO3HUKAET B ‘‘CIIMHOBOM KaHaJe’
U B CHCTeMe BO3HWKAET BOJHA CIUHOBON riorHOcTH (SDW).

Yegosue (6.146) Boimosasercs Ha Beeit nosepxuocTu PepMu, HAIpUMED, B IPOCTEi-
el MOIEIN JIEKTPOHHOTO CIIEKTPA, B MTPUOIMKEHUN CUIBHON CBSA3U C MHTEIPAJIOM Tepe-
HOCa J, OTJIMYHBIM OT HYJIsl, TOJBKO JJisi OJUKANIIUX coceiell B KBAIPATHOM PENeTKu:

£(p) = —2J(cos ppa + cos pya) (6.147)

Ycnosue (6.146) B sToM citydae BeimosHsercs 1iud Q = (7w/a,7/a) (a — mocrosiHHAs pe-
uieTku), a nosepxuoctb Pepmu, Jid Ciydas [0JIy3aII0JHEHHOH 30HbI (O[UH 3JIEKTPOH
MPOBOJMMOCTH Ha aTOM), MpeJCcTaBiser coboil KBajpar, moKa3aHublii Ha Puc. 6.12 (a).
Bumuwm, aro mpu “nepenoce” Ha BeKTOp QQ MPOTUBOITOIOXKHBIE yIACTKY MOBEPXHOCTH Pep-
MU [IOJTHOCTHIO COBMEIAIOTCS, 9TO U MPUBOUT K MOSIBJIEHUIO JIOrapu(MMUIECKUX 0COOEH-
HOCTel “omHOMepHOro” Tuma B (PyHKIINAX OTKJINKA, & BCA MOBEPXHOCTH PepmMu 0Ka3bIBa-
ercs “3aKpBITOi’ IMIIEKTPUIECKON IMIETbIo.

MozkeT BCTPpETUTHCS CUTYAIWs, KOTIA PY MEPEHOCE HA, BEKTOP (Q COBMEIIAIOTCS TOTb-
KO HEKOTODbIE y4acTku nosepxHoctu ®epmu, Kak 310 nokazano ua Puc. 6.12 (b). Toraa
HEYCTOWYHUBOCTH CIEKTPA BCE PABHO BO3HUKAET, HO YHEPTETHYECKAs IE/Ib B CIEKTpe “OT-
KPBIBAETCS TOMBKO HA ITUX ydIacTKax moBepxHocTu Pepmu, a ocTanbHBIE e TacTH OKa-
3BIBAIOTCS HE3ATPOHYTHIME. [10/100HbBIE AB/TeHNA HADIIOTAIOTCS B HEKOTOPBIX “CAOUCTHIX
coeuHeHUsX Hepexonubix MerawioB (NbSes, TaSs u np.) [28]. B Hekoropbix u3 HuX
(mampumep myist T — T'a.S3) TPOUCXOAUT MPAKTUYECKU MOJTHbIN MEPEX0/] METAJLIT — JUIJICK-
TpUK (U3 — 32 CUJILHOTO “HECTUHTA”), TAK YTO IIEJIb “3aKPbIBAET’ MOYTH BCIO MOBEPXHOCTH
®epmu. B apyrux (H — NbSes) nosepxuocrs @epmu “3akpbiBaercs” TOJLKO YaCTUIHO,
TaK YTO CHCTEMA OCTAETCST METAJIIIOM 34 CUET “OTKPBITHIX yIaCTKOB moBepxHOoCcTH Pepmu.
Oxanako, nepexon ¢ odbpazoanuem CDW mposiBiisiercss B 0COGEHHOCTSIX TEMIIEPATYPHOTO
TOBEJIEHUS JIEKTPOCOMPOTUBIIEHNUS, TAKXKE KAK U B TEPMOJIMHAMUIECKUX XaPAKTEPUCTH-
Kax (HarmpuMmep B TeNJI0eMKOCTH).

9C OCHOBHBIMH pe3YJIbTaTAMH DAHHUX SKCIEPHMEHTATbLHBIX H TEOPETHYECKHX HCCIIETOBAHUI TaKmX
CHCTEM MOXKHO O3HAKOMHUTBCs 10 0030py: JI.H.Bymaesckuit. YOH 115, 263 (1975).
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a) k b)

Puc. 6.12: “Hecrunr” nosepxuocreit ®epmu B 1ByMEpHOI cucreme: (&) — MOIy3a0THeH-
Hasl 30HA MpUOINAKEHNs CUIbHOM cBsi3u ¢ Q = (7/a,m/a), (b) — obmuit cirywait.

Anajiornymbie sBIEHUS TTPOUCXOAAT U B 3aMEUYATEIHLHON MOIEN “9KCUTOHHOTO U30JIsI-
ropa” (JI.B.Kemgpmu, FO.B.Konaes, 1964). 9ta Moieb OCHOBAHA HA KAPTUHE JIEKTPOH-
HOTO CIIEKTPa, MoKa3auuoi ua Puc. 6.13. Cyrh 1esa 37eCh B HAJIMYNN TEPEKPHIBAIOIIMXCS
30H 3JIEKTPOHOB U JAbIPOK. Takas 30HHAs CTPYKTypa (IpU J0CTATOYHO MAJIOM [EPEKPbI-
TUYM 30H) XapaKTepHA /Jis TAaK Ha3bIBAEMbIX 1OsyMerasios. 13 Puc. 6.13 BuaHo, uro B
oboux caydaax (a) u (b) cylecrByIoT 3JeKTPOHHBIE U ABIPOYHbBIE “KAPMaHbl’ HA [IOBEPX-
voctu PepMu U BBIMTOHSAETCS YCIOBUE “HECTHHTA BUIA!

e1(p) = —ea(p) Js crekTpa, (a) (6.148)

e1(p) = —e2(p+ Q) g crekrpa, (b) (6.149)

Torma B cucTeMe BOZHMKAET HEYCTONYUBOCTD HA HYJIEBOM BOJIHOBOM BEKTODE JIJTsl CILy4ast
(a) win Ha komeunom Bekrope Q mis caydas (b), cBa3anHag ¢ OOPAZOBAHUEM IAEKMPOH
— JupouHbLT TIap, BO3HUKAMOIINX 33 CYET BCErJa CYMIIECTBYIOMIErO MPUTIKEHUS MTPOTH-
BOIIOJIOXKHO 3aPsAKEHHBIX JEKTPOHOB U JBIPOK (Kak Jjisi OBbIYHBIX IKCUTOHOB Banbe —
Morra), ¢ nocieayromgeil ux “6o3e — KoHgeHcanuelr”(MHOr A rOBOPAT 0 603€ — KOHIEHCa-
uuu “sxcuronos”). KadecrBenno, curyanus o4eHb noxoxa Ha 06pa30BaHUe KyNEPOBCKUX
map B CBEPXIIPOBOJHUKAX, TOJHKO IJIEKTPOH — JBIPOYHBIE TTAPHI, ECTECTBEHHO, JJIEKTPO-
HeHTpa/IbHbl (HE3aPAKEHBI), HO B CIIEKTPE ONATH 00Pa3yercs dHEpreTudecKkas Mmeab Ha
yposre ®epmu, CBA3AHHAS ¢ TaKUM (HDA30BBIM MEPEXOJI0M, KAaK ITO TMOKA3AHO (st CIIy-
yag (a)) na Puc. 6.14.B pesyubrare, cucreMa CTAaHOBUTCH KCUTOHHBIM JIUIJIEKTPUKOM.
B ciygae HeycroifumBOCTH Ha KOHEYHOM BOJIHOBOM BeKTOpe Q, OmpeessieMoM 30HHOM
crpykrypoii Tuna Puc. 6.13 (b), B cucreme obpasyerca u Bosna 3apsanosoit (CDW) uiu
cnuaoBO#t mwiorHoctu (SDW).

Maremaruyeckuii aHaJIn3 3TOM Moeu BHoaHe anagornyden 3amade BKII unm, erie B
OOJIbIIIEl CTENEeHN, TPOBEJIEHHOMY BBIIIE PACCMOTPEHHUIO MafepsICOBCKOrO mepexoaa. 11o-
STOMY 371eCh MBI OTPAHIYHEMCS TONBKO cXeMaTHIecKnM pacemorperueM'®. JIaa KoHKper-
HocTH 00cyauM ciaydail cuekrpa Puc. 6.13 (a), Korga cuekTp 371eKTPOHOB U JABIPOK UMEeT

10 [TerampHOE pACCMOTPEHHE SKCHTOHHOH HEYCTOHYMBOCTH M PA3IMYHBIX €e CJEACTBHH MOMXKHO HaiTH B
o63ope: 10.B.Konaes. Tpynsrt ®PUUAH 86, 3 (1975) u B xuure [14]
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Ae(P) Ae(p)
ei(p) &(p)
L p
&,(p) iy &(p)
a) b)

Puc. 6.13: DyeKTPOHHBIM CIEKTD MCXOJHOTO MOJYyMETAJIA B MOJEIN SKCUTOHHOTO H30-
naropa: (a) — npsamoe nepekpbitie 30H, (b) — obmuit caydaii, SKCTpeMyMbl ePEeKPbIBa-
IOIIUXCsT 30H Pa3IBUHYTHI Ha BEKTOP Q.

Puc. 6.14: 91eKTPOHHBIN CIEKTP IKCUTOHHOTO U30JIITOPA B MOJIEIHN C MPSIMBIM TEPEKPHI-
THEeM 3JIeKTPOHHOU M JBIPOYHON 30H.
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1 1 1 1 1
2 2 2 2 2
a)
1 1 1 1
T = + T
2 2 2 2
b)

Puc. 6.15: Bepruunnas 4acrb, ONUCHIBAIOIIA “IKCUTOHHYIO  HEYCTOWIMBOCTD: (a) — Jiect-
HUYHOE IPUOIIMKEHUE il B3AaUMOeHCTBH YacTUlbl U IbIpKH, (b) — uHTErpasbHoe ypas-
HEHUE ]I BEPIIHHBI.

OpoCTeNuit BUI:
2

5172(p)=i< LA Ui ) (6.150)

2m1,2 2m1,2

DKCUTOHHASI HEYCTONYHUBOCTE ONpeIeNsieTcst (AHAIOTHIHO KYTEePOBCKOI HEYCTONIHBOCTH)
CyMMO#i JIECTHUYHBIX JUAarpaMM B KaHaJje JacTUIla — JIbIpKa, MoKa3aHHoi Ha Puc. 6.15
(a). Bee BbramcIeHns BIOIHE aHAJIOMMYHbI IIPOBE/ICHHBIM BBIIIE B CBS3H € BBIBOJAOM (5.15)
—(5.17), u MBI HOJIyYaeM JjIsi BEPIIUHBL, OlIPe/Ie/IIeMOil HHTEerpAJIbHBIM ypaBHeHueM Puc.
6.15 (b), Boipazkenue tuna (5.17):

_ A
© 1+ A(In|2es

I'g=0,w) (6.151)

;T
—i%)
3mech w. — gacrora obpesanus JorapudMudeckoit pacxogumoctu ~ Ep, g u w — cym-
MapHbIe UMITYJILC U dHEprus B cucreme e — h. be3pa3mepHas koHcTanta cBs3u A < 0
(mpurszkenue!). s MOIEIN S5KPAHUPOBAHHOIO KYJIOHOBCKOTO € — h — B3auMOIeiCcTBuU,
MOKHO TOKa3aTh, YTO:

2 2
A= 5 n 2D (6.152)
2rpr  2p%

[Tpursaxkenune B KaHaje YACTUIA — IbIPKA IPUBOJUT K BO3HUKHOBeHUIO B (6.151) mosmoca
Ha MHUMOI Jacrore w = i€, rze (cp. (5.19)):
_1
0 =2wee T (6.153)
YTO M YKa3bIBAET HA HEYCTONYUBOCTH CHCTEMbI K 00pazosauuio ¢ — h nap (“sxcuronos”)
U3 3JIEKTPOHOB W JILIPOK PA3HBIX 30H BOM3M uX (HAK/IAIABIBAIONIUXCA IPYr Ha apyral)
noBepxHocTeir Pepmu.
Yrobbl HAATH CIIEKTP BO3OYXKIEHUIT CHCTEMBI B “KOHICHCHPOBAHHOI ¢asze, HyKHO
geiicrBoBarh ananorndro Teopur BKII wiu naiiepicoBckoro auasiekTpuka. 3amuiineM
B3aMMOEHCTBIE YaCTHIL U3 PA3HBIX 30H KaK:

Hine = Y V(a)ai,(p + a)af, (p' — a)ase (p)ar, (p) (6.154)

pprq’



6.4. BosHbI 3aps110BOI U CHHHOBOI! IJIOTHOCTH B MHOTOMEDHBIX CHCTEMAaX, SKCHTOHHBII H30JIITOP.225

Iie sIBHO BBINHCAHBI CIMHOBLIE W 30HHBIE MHIEKCHI. Bbrmenmss “Hambosee pacxoasiinue-
cs” BKJIQJIBI B AaMILIUTYLY paccessausi (BEPIIUHHYIO 9aCTh), COOTBETCTBYIOIINE PACCESTHUIO
3JIEGKTPOHOB M3 30HBI 1 HA ABIPKAX W3 30HBI 2, MOYKHO MPUBECTH ITOT FAMUJIBTOHUAH K
KBaIPATUYHOMY BH/LY, BBOJsI COOTBETCTBYIOIINE AHOMAJIbHBIE CPEIHHE:

Hine ~ af,(p')a3, (p)aze (p')ars(p) —< a3, (p)ais(p) > ai,(p')az (p’)  (6.155)

Torzma ero MOXKHO IMArOHAJIM30BAThH U — v Tpeobpa3oBanneM BorosoboBa, aHaJIOrHIHO
Tomy, Kak 310 nemaercs B Teopun BKIIT [11]. Ho MOXHO HamicaTh U COOTBETCTBYIOIINE
ypaBuenus [opbkoBa juisi rpuHoBckux (ynkuuit obeux 3ou G1(ep) u Ga(ep), BBOUS
Takxke aHoMaabHbIe GyEkmun [puna F u T, “mepememupaiommie”’ 30HBL:

F(I‘ltl; I'th) =1 < ng(rgtg)wf (I'ltl) > (6156)

Tt (I‘ltl;rgtg) =—1 < T’L/)l(rltl)il);_ (I‘th) > (6157)

Jlajee MOKHO BBITUCATE YPABHEHU JIBUYKEHUA, HaTpuMep 11 (G, ¥ OCTaBUTh B “IIPaBOil
gactu” TOMBKO BKIajpl Tuma (6.155). AnamorndHo Hy»KHO nocrymurb u ¢ F. B urore
BO3HHKAIOT ypaBHeHus1 [oppbKOBa BHIA:

(e —e1(p))Gi(ep) — AF(ep) =1 (6.158)
(e —e2(p))F(ep) — A*Gi(ep) =0 (6.159)
e dp'd
Ap) =i [ TSV )P (6160)
Permrenne cucremsr ypaBHenuit (6.158) u (6.159) umeer Bu:
_ e —e2(p)
G = (o) + eap))e + 1 (P)eap) — AIP (6161
_ A*(p)
HeP) = o o @) + e P)=p) — AP (6:162)
OTKYy/a BO3HHUKAET CIEKTP 3/IEeMEHTAPHBIX BO30YKICHMIA:
E1(p) = %[61(10) +e2(p)] £ \/i [e1(p) — e2(P)]? + [A(P)[? (6.163)

Pemenne ypaBHenust ajist ey gaer, Kak u sbiue B reopuu BKII, A = ), rae  onpe-
nesiero B (6.153).

Takum 006pa30M MBI TOIyYaeM QuIAEKMPUECKUT CTIEKTD, TOKA3aHHbIH HA Puc. 6.14,
a PaCCMOTPEHHBIN MEXaHU3M ero 00pa30BaHUs, KAK YK€ OTMEYasOoCh BBIIIE, PACCMaT-
puUBaeTcd B KAUECTBE OJHOrO u3 “0a30BBIX’ B TEOPHUHU MEPEXOJ0B METAT — AUDIEKTPHUK.
KakoBbl ocHOBHBIE (pU3HIECKHE CBOMCTBA IKCUTOHHOIrO m3osaropa? Ha mepsBblil B3TJIsi
3nech cymectByeT nmpsamasa anasorus ¢ BKII cBepXmpoBogHUKOM — B CUCTEME BO3HUKA-
0T HEUTPAJbHBIE HJEKTPOH — ABIPOYHBIE MAaphl, KOTOPHIE 00PAa3yIT 003€ — KOHIEHCAT.
[TosToMy M3HAYAIBHO CIUTAIOCH, ITO TAKON IMIJIEKTPUK MOMKET 00JIaJaTh aHOMAJIbHBI-
MM CBOHCTBAMU, CBA3aHHBIME C BO3MOXKHOMN CBEPXTEKYYeCTbIO € — h map (4ro Morsio — 6b1
IPOsIBUTHCs, HAPUMeED, B gBjeHun ‘cepxremuionposoauoctu’). OnHako, crenuaibHbe
MCCJIEIOBAHUS MMOKA3AJIM, 9TO HUKAKAX ‘CBEPXCBOMCTB’ B JAHHONW MOJEIN HE BO3HHUKAET,
7 MBI IMEEM JIeJIO ¢ H60JIee WM MeHee OOBITHBIM AndIeKTpukoM. K coxkaiennio, B “9ncToM
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BUIE’ COCTOSHUE YKCUTOHHOTO IUIIEKTPHUKA HADIIOMAETCA TOBOJBHO penko. IToBumumo-
MY, 9TO CBSI3aHO C TeM, 94TO TOYHBIEe cBOiicTBa “Hectuura” Tuna (6.148), (6.149) ¢ nosHbIM
“HajiokeHreM”’ JJIEKTPOHHOM ¥ JIBIPOYHON moBepxHOCTE!l DPepMu, TPYAHO HOCTUIKUMBI,
a OTKJIOHEHHUsI OT TOYHOIO BBIMOJIHEHUS ITUX YCJIOBUIM HPUBOAAT K IMOJABIEHUIO IKCH-
TOHHOH HeycroiduBocTr. Kpome TOro, aHAIOTHYIHO CIyYaio MaiepICOBCKOrO Mepexoa,
HOpMaJlbHbIE TIpUMecu (GeCcropsi0K) TaK»Ke IPUBOAAT K IIOJABJIEHUIO TOH HEyCTOHYu-
BocTu. B TOXKe Bpems, ¢ mepexosaMu B COCTOSHUE THIA, SKCUTOHHOTO W30JIATOPA B PAJE
paboT CBA3BIBAETCS BO3HUKHOBEHUE PA3IUYHBIX TUIIOB (3apsAI0BOrO U MATHUTHOIO yIIO-
PANOYEHMsI) B HEKOTOPBIX PEAJbHBIX CUCTEMAX.

Jlo cux mop paccMarpuBasoch B3auMojeiicrere Tuna npurskennsi. OKa3bIBaETCs1, 9TO
JazKe B CIydae OTTAJTKUBATETHHOIO B3ANMOIEHCTBHS, B CHCTEMAaX C “HECTUHTOM TIOBEPX-
vocTeii @PepMu BO3HUKAIOT HEYCTONYUBOCTH, HO B ‘CIMHOBOM KaHAaJje’, Beaylue He K
CDW, wo k mepexony B cocrosaue ¢ SDW (A.W.Overhauser, 1965). Ijns Toro, 4ro-
Obl MOHATH TO SBJICHUE, BEPHEMCA K MOJydeHHBbIM Bbie (opmynam (2.13), (2.14) s
MAarHATHONW BOCIIPHUMYHUBOCTH B CHCTEME C “XabbapaoBCKUM’ B3aMMOIEHCTBUEM:

N Xolqw) Xo(qw)

= = 6.164
1+ Ullo(qw) 1 - Z5xo(qw) (o109

Hanomuum, uro B coorBercrBum ¢ npuHaTbiMu Hamu onpenesnenusvu [Io(q0) < 0, a c
yderom g = 2, MOKHO HammucaTh Yo = —u51lp.

B ommOMepHBIX, a Tak:ke B IBYMEPHBIX U TPEXMEPHBIX CHCTEMaX C “HECTHHTOM’,
MArHUTHAs BOCIPUUMYHMBOCTL Xo ~ Ilo(q) umeer jnorapudMudeckyo 0COGEHHOCTH MpH
q = Q, rme Q — Bekrop HecruHra. COOTBETCTBEHHO, B ciaydae orragkuBanus (U > 0),
HoJHas BOCHPHAMYKBOCTE (6.164) mMeer mosioc (PacXoOgUMOCTbB), TOTO K€ THIIA, YTO
uMeeTcsd B 3apsioBOil (DyHKIUKM OTK/IMKA (AUJIEKTPUYECKON [IPOHUIIAEMOCTH) B CJIy4ae
NPUTSIKEeHNs (IKCATOHHBIN U30J1ATOD). 31eCh 3Ta 0COGEHHOCTD YKA3BIBAET HA TEHICHIIUIO
K MarHUTHOMY yTOpsiaoueHuio — obpasosanuio SDW ¢ BosiHoBbIM BekTOpoM Q. Heycroii-
YUBOCTH OMSATH BO3HUKAET [TarKe I CKOJIb yromgHO cyaboro orrajkuBanus U. Konedro,
IpU HeroJaHoM “HecruHre” (WM JaxKe B €ero OTCYTCTBHE) MOXKET OKa3aThCs, YTO JJisd BO3-
HUKHOBEHHUS TAKOW HEYCTOWYHUBOCTH TPeOyercs MOCTATOYHO CHJILHOE B3aUMOJIEHCTBHE,
TaK 9TOOBI BBIIOJIHSIIOCH yCIOBHE:

Ul(Q,0)| > 1 (6.165)

DTO yCI0BHe TPUMEHNMO 1 B TEOPUH KOJIJIEKTHBH3NPOBAHHOTO (heppOMarHeTn3Ma, Koraa
Q = 0. Torga umeem Ily(q — 0,0) = —N(Ep), Tak uro (6.165) cBoaurcs K:

UN(Ep) > 1 (6.166)

9TO JaeT u3BeCTHbIN Kpurepuit CToHEpa I BOBHUKHOBEHUS (hepPOMATHUTHOTO YIIOPSI-
JTOYeHus.

QopmasbHAST CTOPOHA eI 3/IECh TAKKe AHAJIOTHIHA PACCMOTPEHHOMY BBIIIIE CJIYIat0
nafepiacoBCKOro mepexona. st MpOCTOTHI PACCMOTPUM ONSITh OJHOMEDHBIH ciydail n
xabbapaoBckoe B3anmozneticTsre Un;tn;| . B nMIyaIscHOM NpeACTaBIeHNN MaMAIHTOHNAH
Xabbap/a MOYKHO 3amucarh Kak (L — IJIMHa CHCTEMBI):

U
H = Z(5k - M)a:ga/w + T Z a;“kﬂwzflak’—qi (6.167)
ko kk’q

CrnuHOBas MJIOTHOCTH B TOUKE T onpeneIdeTrcd Kak:

S*(x) = 1[0?(96)% (z) — [ (z)ey (2)] =
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I O O IV (B U VAR

Puc. 6.16: “TesiukongajabHass” BOJIHA, CIIMHOBON IIJIOTHOCTH.

1 —i(k—K )z
= 57 D_lefewt — cfen Je” ) (6.168)
kk’

[MockonbKy BocipuumuusocTb (6.164) pacxoauTcs, B JAHHOM CiIydae, IIpu ¢ = 2pp, OCTa-
BuM B (6.168) Tosbko k — k' = £2pp. Torma umeem!!:

1

§(2) = 5=

Z[< CZTC]Q+2PFT >—< cackaFl >]e?PFT 4 c.c. (6.169)
k

BBenem obosnadenue:

) 1
< S >=18|e" = 7 Z[< C;!Tck+2pFT >—< C;leH*QpFl >] (6.170)
k

U BBLIEJINB COOTBETCTBYIOIIHE aHOMAJIbHbIE CpeiHue B ramuibronnane (6.167) (ocraisis
TOJILKO YJIEHBIL C ¢ = +2pf), MOy IUM:

H=> {exaf,aro + (Aaf,,, 0k + h.c)} (6.171)
ko

rae (N — 9uciio aTOMOB B IIETOYKeE)

U Ul ; U
A== <8 >=—_Re(< S > e?Pr®) = —|S|cos(2ppx 6.172
: o Rl )= LiSleoseprr t0)  (6172)
Bce 311 cooTHOIIEHYS ABIAIOTCA IPAMBbIM aHajoroM (6.46) — (6.50), Tak 94To u CTPyKTypa
DEIEHUsT COBEPINEHHO SICHA. B 9ACTHOCTH CHEKTD JEKTPOHOB B TAKON CHCTEME WMEeT
BUT;

By=pu+(en— )2+ AL (6.173)

u u3obpazkaercs rem xe Puc. 6.6.

Bozuukaroriyio 31ech MarauTayio crpykrypy (SDW) MoxHO mpeicraBuTh cebe Kak
00pa30BaHHYIO JBYMs BOJHAMHU TIJIOTHOCTH IJIEKTPOHOB CO CIMHAMHU | W |, HAXOISIIH-
mMucs B nporuBodalze, Tak YTO IJIOTHOCTH 3aPsa OCTAETCS OJHOPOIHON, a CIMHOBAs
[JIOTHOCTb OCHMJIIMPYET ¢ nepuogom 27 /2pp (napamerp nopsizika (6.172)). Takas cury-
anus HasbiBaercsd cunycoumanbuoit SDW. B npunmumne, BO3MOXKHBI ¥ JPYrUe PerieHus —
HaIIpPUMEp, TaK Ha3biBaeMas rejukongaabuas SDW, B KOTOpOit BelndrHa, CIUHA OCTAET-
csl HEM3MEHHOM, HO ero HalpaBJIeHNe BPAIAETCs B MJIOCKOCTU Y, KaK 3TO TMOKA3aHO HA
Puc. 6.16:

< S§% >=|S|cos(2prz + @), < §Y >=|S|sin(2prx + @) (6.174)

OO6bIYHO Takas CTPYKTYPa HECKOJBKO 60Jiee BHINOIHA 110 SHEPrUHu.

UYnen ¢ k' = k — 2pp OKa3LIBAaeTCA KOMIUIEKCHO COMPSKEHHBIM TepBoMy wieny B (6.169) mocrme
3aMeHBI WHEKCA CyMMHDPOBaHUS k — k + 2pp.
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Paszymeercs, crangaprabiM 00pa30M MOXKHO HCCIEIOBATH W TEPMOIUHAMUKY TAKUX
mepexonoB. B mpubmmKkeHnn caMOCOrIaCOBAHHOTO MOJIA BOZHUKAET KPUTUIECKAS TEMIIe-
parypa, nmpu Koropoit SDW wucuesaer u mpomaaaer menb B 31eKTpoHHOM crekTpe. Co-
OTBEeTCTBYOMmKE (POPMYIIbI OUEHb MOXOXKHU Ha aHATOTHIHbIE BbhipakeHus B Teopun BKIIT
WU maifiepsicOBCKOro mepexona. B gacrHOCTH, [ TeMIepaTypbl MEPEXOa MOy YUTCS
HeuTo THA (6.24), ¢ 6e3pazMepHOii KOHCTaHTO cBA3u A = UN (Ef).

AmnasiornyHoe paccMOTpeHUe MOXKeT ObITh IIPOBEJEHO U I MHOIOMEDHBIX (IBYyMep-
HBIX WJIM TPEXMepHbIX) cucreM ¢ “Hecrunrom’. dkcrepumenranbuo SDW rakoro tumna
HaOJTIONAINCH B Psiie KBA3MOTHOMEDPHBIX OpraHmdeckux coemuuenuii. Oauako, nanbosee
M3BECTHBIM TTPUMEPOM TaKOW MAarHWUTHOW CTPYKTypbl aBisercs SDW B Cr. Marueru3m
C'r nosy4aer cBoe 00bsACHEHNE B MOJMO0HON MOzen (TOUHEE B €€ JBYX30HHOM aHAJIONe —
TUIIA MOJEJIM SKCUTOHHOIO U30J14T0pa), HOCKoIbKY B Cr umeercs nosepxuoctb Pepmu,
COCTOATIAA U3 JEKTPOHHBIX M JBIPOYHBIX “KapMAHOB’, 00/IAJAIONINX CBOMCTBOM IOYTH
[TOJTHOTO “HecTWHTa”.

B kadecTBe Apyroro noyduTeabHOrO IpUMeEpPa MOXKHO PACCMOTPETh JIBYMEPHY IO CUCTe-
My C “HECTHHTOM’ — KBaJIPATHYIO PEIIETKY C 3JEKTPOHAMHU, OMUCHLIBAEMbBIME ITPUOIAZKE-
HUEM CUIbHOM cBs3u (6.147). Mbl yKe 0TMeYa M, YTO B CIIyUYae MOJIy3AMOTHEHHON 30HbI
noBepxHOCTH PepMu B TaKOi CHCTEMe TIpeICTaBIsteT coboit KBaapaT, MOKa3aHHbIH Ha Puc.
6.12 (a), Tak ITO MMeeTCs MOMHBLE “HecTuHr” ¢ BeKTOpoM ) = (7/a, w/a). CoorBeTcTBEH-
HO, B CJIy4ae MexK3JEKTPOHHOIO orTajkuBanus 3aech nogsurca SDW ¢ Q = (w/a,w/a),
KoTOpas “3aKpoer”’ BCIO IOBEPXHOCTh PepMu SHepreTuvecKoil mebo A, a cucreMa Cra-
HET JUAJIEKTPUKOM. B TOXKe BpeMsi, HeTPpYIHO co00pa3uTh, uto SDW ¢ TakuM BOJTHOBBIM
BEKTOPOM COOTBETCTBYET “O0LIYHOMY” IBYXMOAPEIIETOYHOMY aHTH(hDEPPOMArHETUKY (C
“ImaxMaTHBIM PACIIOJIOKEHUEM TPOTUBOIMOJJIOKHO HAMPABJIEHHBIX CIIMHOB HA KBAIpPAT-
Hoit penterke). OQuH NpUMEP TAKOW CUCTEMBI XOPOIIO U3BECTEH — ITO JUIIEKTPUIECKOE
cocrosiarie LaoCuQy, Tie UMEHHO TAKUM O0PA30M PACIOJIOXKEHBI CIUHBI B ILTIOCKOCTH
CuQOs. Jra cucreMa 0CODEHHO WHTEPECHA, MOCKOILKY TPU HEZHAYUTETHHOM JIBIPOTHOM
JIETUPOBAHUY OHA MPEBPAIIAETCS B TUIIWIHBIA BHICOKOTEMIIEPATYPHBINH CBEPXITPOBOIHUK.
[TosToMy MOme n pacCMOTPEHHOIrO THIA, MOTYT WIPATh CYIIECTBEHHYIO POJIb B MOCTPOE-
HUU TEOPUH TAKUX CHCTEM.

6.5 IlceBmormensp.

6.5.1 ®Puaykryanun naiiepJiCOBCKOro OJIM>KHEro MOpaaKa.

Bepuemcs K paccMoTpenuio ofHOMEpHO# cuctemb ¢ maitepsicosekoit CDW. Vike He pa3
OTMEYAasoCh, YTO B YUCTO OJHOMEDHOM CIydYae yCTAHOBJICHHE JAJBHEr0 MOPSIKA HEBO3-
MOxKHO. OOCYyIMM Ha KQIeCTBEHHOM YPOBHE BOITPOC O TOM, YTO K€ MPOMCXOIUT B 00JIACTH
Temmeparyp 1" < Tpo, Tpu ydeTe DIyKTyanmii, pa3pymalomnX JaabHA TOpAIoK. 3ammi-
mem cHOBa ofHoMepHoe pasdsoxkenue [JI (6.140) B Buge:

F(Aqg; T) = F(0; T) = a(T)|Aql* + ¢(T)(Q — 2pr)?*|Aq|* + b(T)|Aql*  (6.175)

rae koadbdunuentst a(T), ¢(T) numetor BuI:

Tpo = L Epe* (6.176)

(6.177)
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a s koaddunpenta b(T') Hanuiem ciemyrolyo uHrepnosanuonnyo dpopmyiy (P.A.Lee,
T.M.Rice, P.W.Anderson, 1973):

_ T | N(EF) _ 7 _¢3)
"= {b0+(b1 bO)T;DO} 7 T T g (6.178)

Torna paznoxenne IV (6.175), dbopmanbHo noaydennoe Bbiuie Jis obmacta T ~ Ty,
MOXKHO IPUMEHUTD JIJIs KAYECTBEHHOI'O aHAJIM3a MPU JIIOOBIX TeMmieparypax. B gacTHo-
ctu, g T — 0 mosrydaem:

F(A ~ Ag) ~ —%N(EF)A(Q) L ON(ER)(A] = Ag)? +--- (6.179)

roe Ag = g o = 28 Fe_% — ek nipu T = 0, moTyYeHHasi B MPUOJINAKEHUN CAMOCOT/Ia~
COBAHHOTO 1oJIsA. /11 TeMmepaTypHO 3aBUCUMOCTH MAPAMETPA MOPSIIKA, CTAHIAPTHBIM
obpasom [11] momygaewm:
0 pu T > Ty
1/2 NEA\L2 /7 _p\1/2
AT) =S (-&)"" = ( gﬁ) ( 4 ) mpu T < Tho (6.180)
Ag = g p0 nopu T TpO

Taxkum o6pazom, pazsoxkenue (6.175) — (6.178) KaueCTBEHHO BOCIPOU3BOJUT PE3YIIHTATHI
IPUOIUIKEHUST CAMOCOTIACOBAHHOTO 10Jist (MUKPOCKOITMYECKOI TeOpUn) BO BCEM WHTED-
Basie remmeparyp. Ho 310 npubnukeHue, KaK M3BECTHO, HE YUYUTHIBAET (DJIYKTYAIlWii,
KOTOPBIE UTPAIOT PEIIAIONLYI0 POJIb B PAa3pyNICHHH JAJBLHErO IIOPAIKA B OJHOMEPHBIX
CHCTEeMaX.

B nmpuHnmne, B cucTeMe MOIYT BO3HHKATH MHOXKECTBO MPOM3BOJBLHBIX (DJIyKTyamuii
mapamerpa {Ag}. BepoarHocTs KOHKpeTHOl (aykryanun A ompenesnsercs Kax [11]:

P(Ag) ~ exp {—%[F(AQ, T) - F(0, T)]} (6.181)

Torna crarcymma cucreMbl (BJIyKTyaldii ONUCLIBAETCA (PYHKIMOHAILHLIM HHTErPaJIOM
[20] Buza:

7z - /{MQ} exp {—%[F(AQ, T) - F(0, T)]} (6.182)

CooTBeTCTBEHHO, TTOJIHAS CBOOOIHAS IHEPrUs cucTeMbl ecth F'= —T'In Z.

Hus opnomepnoit mogesiu I'JI tuna (6.175) MOXKHO HpPOBECTU NPAKTUYECKH TOUYHOE
paccmorpenue (D.J.Scalapino, M.Sears, R.A.Ferrell, 1972). Mbl s1um 3anumarbcs ue 6y-
JIEM, a TIPUBEJIEM TOJIHKO HAMOOJIee HHTEePECHbIE JIJIsi HAC KadeCcTBeHHbIe pe3yabrarhbl. Or-
CYTCTBHE JAJIHLHErO MOPSIIKA 03HAYAET PABEHCTBO HY/IIO TEPMOIMHAMUIECKOTO CPEIHEro:

< AQ >= %/{5AQ}AQ exp {—%[F(AQ,T) — F(O,T)]} =0 (6.183)

B roxke Bpems cpemHekBaapaTHaHas (DIyKTYAnus MapaMeTpa MOPsaIKa, O9eBUIHO, HyJITIO
ne pasua: < |Ag|? ># 0. CoorsercTBeHHO, KOppenanuonaas byHKIUs bIyKTyammit
mapaMeTpa Mopsi/ika, B PACCMATPUBAEMON MOJIENN, DABHA:

|z — |

¢(T)

< A(z)A(z") >=2 < |A]* > exp {— }COS 2pp(x — ') (6.184)
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Complex

Real

Puc. 6.17: TemmeparypHOe TIOBEeIEHNUE CPEIHEKBA,IPATHIHOM (DIIYKTYAI[HH TaPAMETPA, IO~
psanka B ogaomepHoit momenmu I'JI. Ilokazansl caydan AefiCTBUTETHHOTO U KOMILIEKCHOTO
mapaMerpoB MMOpsiaKa. [IyHKTUp — pe3ysbTar NpubINKEeHNsT CAMOCOTIACOBAHHOTO TIOJIST
IJI KBaJpaTa mapaMeTpa TOPsIKa.

BeJeHne IapaMeTpoB, OIpenersonmx (6. noxazano'? ma Puc. 6. A8, r
[loBenenue mapaMeTpoB, OIPeessio 6.184), mokazano'? ma Puc. 6.17, 6.18, rze
= -, a BeJUIHH npenendger IUPUHY “THH FOBCKO#” KPUTHYIECKOHR 00IacTH
t TTo,a e a At onpenesse “ruH30y ProBCKO”’ eckoit obstac

[11], koTOpast B TaHHON MOJENN PaBHA:

2/3
At_AT_2<pro>2/3 , (NEr) T 1 < 1 >2/3 X
Tpo a’2§0 TpQO VF N(EF) N(EF)UF
(6.185)
rae a' onpeneneno coornomenuem a(T) = a’(t — 1), a B mocienmeil ONeHKe yuTEHO, 9TO
N(Ep) = # KcraTtu, To 06cTOATENBCTBO, 9TO MIUPHUHA THH30YPrOBCKOM 00JACTH ITO-

PAaKa eJUHUIBI U COOTBETCTBYeT, (DaKTUIECKH, OTCYTCTBUIO B cucTeme (pa3oBOro mepe-
x0/1a (JaJIbHErO TTOPAIKA,).

OcHOBHBIE KaYeCTBEHHBIE BBIBOIBI M3 KAPTUHBI, MpEACTaBIeHHOM Ha Puc. 6.17, 6.18
cenyiomue. ['py6o mMoxkuO ornennts, aro < |A[2 >~ A(T) ~ T, B BecbMa IIHPOKOi

Tpo
T—Tpo

&(T) — oo Tonbko pu T’ — 0. B Toxke Bpewms, npu remueparypax T’ < T, KOppesiiy-
OHHAs JIJIMHA CTAHOBHUTCS BEChbMa OOJBIINON — B CHCTEME BO3HHUKAIOT OOJBINHE OOIACTH
baudicnezo nopAdka, B KOTOPBIX MOYXKHO MOBOPUTH O CyIIecTBOBaHUM ((DIIyKTyaImoHHO )
maiiepsicoBckoit CDW ¢ BOJTHOBBIM BEKTOPOM () ~ 2pp.

Peanbubie cucrembl, B KOTOPHIX HAOJIIONAIOT MAMEPICOBCKUI EPEXO, MPAKTUIECKU

obmacru remmeparyp. Koppensipmornnas mmuna E(T) ~ & upu T > Ty, HO

BCETJIA SBJIAIOTCH K6a3UOIHOMEPHHLMU, U OJHOMEDPHBIE IIEMIOYKH ATOMOB B HUX CBI3aHBI
JIOCTATOYHO CJIaObIMU MEKIIEIIOUYeYHbIMU B3aUMOJIEICTBUAME, KOTOPbIE [IPUBOJAT K CTa-
OMIM3anNN NafepJICOBCKOTO MajibHero mopsijka Mpu HEKOTOPOil KOHEYHOW TeMIepaTrype
M K BIIOJIHE peasbHOMY (a3zoBoMy mepexosy. MeKienodedanoe B3anMO/IEHCTBHE MOYKET
OBITH 0OYCJIOBJIEHO TYHHEJINPOBAHNEM 3JIEKTPOHOB C HEMOYKH Ha IETMOYKY, T.e. TeM 00CTO-

I2TTaitepncosckomy mepexomy ¢ CDW ¢ mepmogoM HECOM3MEPHMBIM C IIePHOAOM HCXOJHON IEeHOYKH
COOTBETCTBYeT KOMILJIEKCHBIH IMapaMeTp IOpsjKa, COU3MEPUMOMY CIIydal0 — JefCTBUTEeIbHBIH.
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3,0 T T T T
§V2/At
£

20F

Complex
order parameter

Real order
parameter

1,0 J .
/L, Mean Field
/
/
0 l1-~ | | |
-3,0 —2,0 —-1,0 0 1,0 2,0 3,0
t=1
At

Puc. 6.18: TemneparypHoe moBeneHrE 00PATHON KOPPEISIIUOHHON IJIUHBI B OHOMEPHOM
momenu ['J1. Iloka3anbl ciaydan JefiCTBUTEIHHOTO U KOMILJIEKCHOTO TApaMeTPOB MOPSIKA.
[MyukTup — pe3yapraT NpuOINKEeHNsS CaMOCOTJIACOBAHHOTO TOJIS [IJIsi KBaApaTa, Mmapa-
MeTpa MOPSIKA.

ATEILCTBOM, YTO 3JIEKTPOHHBIN CIIEKTD BCE YK€ TPeXMepeH (XOTs U CUJIbHO aHU30TPOIIEH ).
Mozker urparhb posib 1 “IpsMoe’ B3aUMOIEHCTBHE TAPpAMETPOB MOPSAKA Ha COCETHUX Iie-
nmoukax. Hampumep yurem, aro mnaiiepicoBckas CDW co3maer peanbHy0 MOILYJISIHIO
IJIOTHOCTH 3JEKTPUIECKOTO 3aPsAia BIAOJb EMOYKU:

p(x) =ne cos(Qx + @) (6.186)

AEr

KOTOpad, B CBOIO O4Yepe/ib, CO3JaeT BOKPYT IENOYKHU IJIEKTPOCTATHYECKUIl IOTEeHIUA
BHJIA:

o(ry,x) = 2ne cos(Qx + ¢)Ko(Qr1) (6.187)

AEFR

rue Ko(r) — dyukuusa Beccesns or MEHUMOro aprymenra (B aCUMITOTHKE CIaJAOIasi
1o sKcnonenTe). Takum 00pa3oM, BOSHUKAET SHEPIHs 3JIEKTPOCTATUIECKOrO B3aUMMOIEi-
creuss CDW (Ha efuHUIy JJIMHBI TEMOYKH) CIEAYIOMEro BUIA:

U=UsY > cos(¢n — bm) (6.188)

n <m>

re BTOpas CyMMa OepeTcs o HOMepaM IernovYeK — OmKaimmux coceneil menodku n. Bu-
gum, 9o CDW coceaHux 1emnovex SHepreTuIeCKy BHITOIHO BHICTPOUTHCS B TPOTUBOMA3E,
KakK 310 mokasano ua Puc. 6.19. B pe3ynbrare BO3HHKAET TPEXMEPHOE YIOPsiIOYEHUE U
B CHCTeMe IIPOUCXOIUT PeasibHbIil (pa3oBbiil mepexon. Kadecrsenno, reMmneparypa Takoro
nepexoza onpejessiercs odeBuanbiM yeaosuem Upé(T) ~ T, uro paer ypaBHeHHE Jjist
ONpeJIeIeHN COOTBETCTBYIONMET KPUTUYECKONH TeMIIepaTyphbl TAMA!

1~ TicUof(Tc) (6.189)

C nonmkenuem T Besmuuna & (1), KaK Mbl BUIEIM B OfHOMEpHOIT Moaesu, pacrer (£(T) —
oo npu T — 0), rak uro pemienue (6.189) cymecTByer maxKe sl CKOJIb YTOTHO MAJIBIX
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p(a)

Puc. 6.19: Yuopsnouenne CDW Ha cocemHux nemnodkax B mpoTuBodase, 00yCIOBICHHOE
WX 3JIEKTPOCTATUIECKUM B3aUMOJIEHCTBUEM.

Up. Hy a B peasbHOCTH BCe 3aBUCUT OT KOHKPETHBLIX 3HAUYEHUH TapaMeTpoB. Brmosme Mo-
2KeT ObITb 1. ~ T, a Moxker Ob1Tb 1 T, < T}0. IloaTOMY, B KBa3MOJHOMEDPHBIX CUCTEMAX
MOZKET CyIIECTBOBATH JOCTATOYHO MUpoKagd obsacts Temueparyp 1, < T < T, B KOTO-
poii MaJbHUI TOPSI0K OTCYTCTBYET, HO CYIIECTBYIOT pa3BUThIE (DIYKTYAIUH OJIAKHErO
HOPSIZIKA, XapaKTepu3yeMble KOppeaarumonnoii dbyukiueit (6.184). Ilpu mocraTodno Bbi-
cormx Temmeparypax 1" ~ Tpo 3T QIyKTyarunm MOXKHO PacCMaTpPHBATh KaK TayCCOBHI,
npu T' < T 3ro 3aBegomo He Tak. Koppenanuonnaa nnmuaa (uykryanuit 6mkHEro

IOpAIKa f(T) MOZKET CYIIECTBEHHO IIPEBBIMIATH MEXKaTOMHOE PAaCCTOAHUE.

PaccmoTpuM BOIIPOC 0 BOSHHKHOBEHUH TPEXMEPHOrO YIIOPSJ0YeHus B CUCTEME C1ab0 B3auMOeHCTBYy-
IOIUX TAPAMETPOB MOPSIAKA COCEIHHUX I[EMOYEK HECKOILKO moapobuee. [ist cuCTEMBI B3aHMMOMEHCTBYIO-
MUX IapaMeTpPOB IIOPs/IKa Ha IEIOYKax (HyMepyeMHx WHIEKCAMH 1, ]), U3 9uCTO (DEHOMEHOJIOTUIECKUX
coobpakeHuii, MOXKHO HalKCcaTh pasjioxkenue [JI ciaexyromero Bujga:

F{A} = Z—j Z[w (@) + b|A; (:c>|4+ch

rJe HoIpa3yMeBaeTCs yueT B3aUMOJEHCTBUS TOJIBKO OJIMKAMIMINX coceseit.
3anuiieM cpejHee 3HAYEHME IapaMeTpa MOPsiiKa B BHUIE:

] += 3 NjA(@)A (@) (6.190)

(3 <’LJ>

<Ai>=7" /{5A}A(x)exp 77/ S R@E) + ZA”A@)A @] b=

ij

—z /{5A}A () exp ff/ § F(A) + 3 A Ase) < Ay >
@
(6.191)

IJie BO BTOPOii CTPOKE CAEIAHO NPHOJIMKEHHE “MOJIEKYIISIPHOTO” (CaMOCOIIACOBAHHOIO) HOJISI MO MEXKIe-
novyeunomy B3aumometicteuto. [Ipu T — T, umeem < A; >— 0, TOrJa MOKHO HAIUCATH:

<A > z*l/{aA}A()e ! dm,ZF 142 dx/ZA(’)<A>
g >R i(r)expq —= [ — i = | — i(T i =
% i p T ) : % T ) ~ i J

1 dx’
== / = SN < Ai(@)Ai(@) >< Ay >
J

(6.192)
TaK 4TO KpUTHYeCKas TeMueparypa 1. ompejaesnsercsd ypaBHEHHEM:
A [d
1=Z N YN S 3 hi (6.193)
0 =
WJIM, UCIIOJIb3YS
< Ai(x)Ai(2)) >=< A? > exp {—|z — 2/ |¢7H(T)} (6.194)
nostygaem npsimMoit anasor (6.189):
A T
1=2<A?> ¢ (6.195)
T 0

C TeMH K€ BbIBOJAMHW, 9TO U BBIIIE.
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Q

P

P p—Q 2

T

Puc. 6.20: IIpocreiimmit rpaduk mjisi COOCTBEHHO — YHEPrETHIECKON YACTH DJIEKTPOHA.
Bosaucras sunus n3obparkaer koppesstop S(Q).

6.5.2 DJekTpoH B ciaydaiiHoM moJe durykTyarnmii.

PaccMoTprUM 3J7I€KTPOH, PACIpOCTpaHsomuiics B caydaiinom nose duaykryamuit A(z),
KOTOpbIE OyIeM CYUTATh rayccoBbIMU. TOTma 3a1a9y MOXKHO PEIIATh, MOJIb3YSICh O0BIU-
HOIT “IpuUMecHOR” quarpaMMHON TEXHUKOMN, IIPUYeM JIMHUM B3auMozeiicTBus (paccesiHus )
conocrapigercs Koppesusarop (6.184). B uMnynbCcHOM npecTaBieHuu JIMHUKA B3aUMO/Ieli-

CTBUS CJIEyeT COMOCTaBUTH (hyphbe — obpa3 (6.184):

9 K K
S(Q) =2A { (O —2pr) + 12 + O+ 2pr) + /@2} (6.196)
e £ = £ YT), a < |A]? > nna xparkocTu obosHaueno kak A2. B mambhefiniem Mbr
PacCMOTPUM YPE3BBIYANHO YIIPOIIEHHBII, HO BECbMAa MOy YUTEIbHBII, BADHAHT TAKOU MO-
JleJid, cooTBeTCTBYoNwmii npegeny & — 0o (k — 0), r.e. B aCUMOTOTUKE OYeHb HOJIbIIUX
KOPPEANUOHHBIX AIuH (BIyKTyanmit ommkaero nopaaxa'®. OKasbiBaeTcs, UTO Takasd
3a/1a49a JOIMYCKAET TOYHOE pelleHre, Mbl MOYKEM MMPOCYMMHUPOBATH 6ce (DEHHMAaHOBCKUE
rpaduKu Teopun BO3MyIIEHUI ¢ “B3aumozeiicrBuem” Buga (6.196), KOTOpoe nepexomuT B
paccMaTpuBaeMoM mpejese BHA:

S(Q) = 27 A*{5(Q — 2pr) + 6(Q + 2pr)} (6.197)

Paccmorpum mpocreiinmuit BKag B COOCTBEHHO — YHEPrE€TUYECKYIO 9aCTh DJIEKTPOHA,
n300paxkaembrit quarpammoii Puc. 6.20, KOTOpBIH muiemM B MaIybapOBCKON TEXHUKE:

E(enp):/@S(Q); QQAQ/OO dr K 1 _

2 1€n — fp_Q oo %332 + K2 ig, + fp —VUrZ
:2A2/Oo dr . ! =
oo 2m (x —iK) (T +iK) iep + & — VFT
A2

=— —  (6.198
ien + &p +VFK ( )

rJe, A7 ONPeaeIeHHOCTH, IOIaraan p ~ +pr, €, > 0 U 1 onpesenin HOBYIO ITepeMeH-
HYIO UHTEIPUPOBAHUS X C HOMOIIBIO (Q = 2pp + & (10J1e3HO ele pa3 B3rigHyTh Ha Puc.
6.31).

13Bo u3berxanme HeJOpa3yMeHHull, cpa3y 3aMeTHM, UTO B JaHHOM CJIy4ae, IepexoJ K TaKOMY Ipeaery
He 03HAYAET BO3HUKHOBEHHUsI JAJIBHEr0 MOpsiaka!l DIIEKTPOH JBUXKETCS B TayCCOBOM CIYYaNHOM IOJIE CO
crenuUYecKuM TaPHBIM KOPPEJSITOPOM, a HE B MEPUOJAMYECKON cucreme. B merassix 3To Oymer BUIHO
U3 HDOCJIEIYIONEero pacCMOTPEHUS.

14OrMernM 0OUEBHIHYIO AHAJIOTHIO STOH MOJENH C PACCMOTPEHHOH BBHIIIE MOIEIbI0 Kemmprma.
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p p—Q@ p p—Q p p p—Q p

Puc. 6.21: I'paduk npon3BoIbHOrO HOPSAKA /I OIHOIIEKTPOHHOM bynkunu ['puna.

Nurepecytonmmit Hac mpezaen {(T) — oo (k — 0) cieayer NOHUMATh B CMBICJIE:

vpk = vpé Tt < Max{2nT, &y} (6.199)
Wi
el -1

vpk =vp€ " < 2nT, &T) > |p—prl (6.200)

Torma (6.198) mepexonut B:

A2

Y(epp) 8 —— 6.201
(enp) = 5 3 (6.201)

Teneps mng “B3aumoseiictsus’ (6.197) mwer npobieM BhIMUCATH BKIA rpaduka 1i060ro
mopsinka Mt pyaknyu ['prna, Tuna nokaszanuoro Ha Puc. 6.21. B takom rpaduke n — ro
nopsizika 1o S(Q)) umeercst BCero 2n BEPIIUH, COEAUHEHHBIX MeK Ly CODOI JIMHUAMY B3au-
MOEHCTBHUs BCEMHU BO3MOXKHBIMHU criocobamu. [Ipu 3ToM 3TH JTUHUE TTOOYEPETHO “yHOCIT
u “mpuHOCAT” UMOYILCH () = 2pr'®. B pe3ybTaTe, B COOTBETCTBYIONEM AHAIHTIIECKOM
BBIPAYKEHWN [IJTsT TAKOTO rpadrKa BOZHUKAET MOCIEI0BATEIHLHOCTD YePeyIONUXCs (DY HK-
it I'puna Buga m (n mryk) n m (Tore n MTYK), MIIOC elle ofHa (HadaabHast)
mw. Kpowme Toro, ecrs eme muOkuTenp A2". B mrore, Bkiampl Bcex rpaduKoB B
JIAHHOM MOPSIKE MPOCTO COBIAIAIOT, & UX CyMMAaPHBIH BKJIA OMPEIETIACTCS UX TOTHBIM
YHCJIOM, KOTOPOE JIEFKO TOACYUTATh U3 KOMOUHATOPHBIX COODParKEHU — OHO PaBHO n!.
B camowm zesie, umeercs 2n Touek (BepriuH), Kyaa “BXOAAT’ UM “BLIXOAAT’ JINHUU B3a-
umoneiicteus. V3 HUX 1 TOYEK UMEIOT “BBIXOISINYIO” JIMHUIO, KOTOpas JIIOOBIM u3 n!
cIrocoboB MOKeT “BoiTu” B ocTaBinecd “cBOOOIHbIMEU’ 1 BepinH. Vcmonb3yem Ternepb

ToxknectBol”:
nlz" = dCe ()" = de™ S —— 6.202
)3 §A<<C>AC1—<z (6.202)

Torma serko cymmupyeMm 6ecv psf, A (PyHKInu ['puHA U MOJIydaeM TOYHOE PeIleHne

153ra moouyepeaHOCTh BaXkHA, 9TOOBI JIEKTPOH “He yXoauir’ jajeko ot yposust ®epmu (Touek +pr)
ua Puc. 6.3 wiu Puc. 6.7 (4r0o mpusesno — 6Bl K MOSBIEHUIO GOJBIINX SHEPTUil B 3HAMEHATENSIX COOTBET-
CTBYIOIMX BKJIQJ0B TEOPUH BO3MYIIEHHN). DTO HE TaK JUIA CJlydas COM3MEPHMBIX (QUIyKTyanuii, Thma
YABOEHUS [TEPUOA, KOIJAa paboTaeM CO CIEKTPOM, OKa3aHHBIM Ha Puc. 6.8 u “npuxox”’ umu “yxox” marb0-
ro 4mcsa uMIynnbcoB QQ = (w/a, w/a) ocrasmusier snekTpoH BOam3n yposHs Pepmu. COOTBETCTBEHHO, IJIst
9TOr0 YACTHOIO CJIydasi BOSHHUKAET HECKOJIHKO MHAS KOMOWHATOPHKA JUATPAMM, KOTODPYIO MBI He Oyzem
pacCMaTpPUBATH U3 COOOPAKEHUN SKOHOMHY BPEMEHH W MECTA.

16 PagyMeeTcss TOUHO TAKIKE PEIIAETCs 33Ja4a U C IPOU3BOMBHEIM (DHKCHPOBAHHEIM BEKTOPOM DacCes-
HEST (), KOTJA MPOCTO UepeTyIOTCS . Mu1 Gepem Q = 2pp 1y KOMIAKTHOCTH 3aMUCH

1 1

- " -

ien—&p ien—E€p—Q

¥ B CBSI3U C (DUBHMKOM MallepJCOBCKOrO Mepexoa.
17Ka1< y2Ke OTMEeYaJIOCh, B MaTEMATHKE 3TO HA3BIBACTCA CYMMUPOBAHUEM II0 Bopemo.
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pacemarpusaemoit 3agaqu (M.B.Canoscknit, 1974)'8:

- A2np) R - B
Cew) =) gt T e e —g) - 2" &Gt =
[e%s} B . + f
= /0 dCe ¢ (igl);g—l §§ f CAQ =< G(A2 (Elfp) >, g = (2l + 1)7TT (6.203)
1€ UCIIOJIb30BaJJIN 0003HaUEHHE:
2(617 gp) = A2G0(5l7 gp)GO(gla _gp) (6204)

¥ y HAC BO3HUKIA “HOpMaJibHAsS (GyHKIHUA ['prHa MailepICOBCKOTO MUIIEKTPHKA:

ier+&p
GA2 (Elp) = W (6205)
IO/, 3HAKOM “‘yCPeTHeHUs :
o)
< >e= / d¢e™C... (6.206)
0

Herpyano coobpasurs (hopMaiibHOE J0Ka3aTeNbCTBO npuseaeno B [Ipunoxenun B), aro
(6.203) npencrasisier coboii pyukuuio ['puna 3/1€KTPOHA, JBUKYIIErOCs BO BHEIIHEM
nose Buga 2W cos(2ppx + ¢), aMmisuryia KoToporo “Giaykryupyer’ ¢ Tak Ha3bIBaEMbIM

pacupenesnenueM Paea!?:

2 2
PW) = A_w:e—% (6.207)

a daza ¢ pacmpeeaeHa OTHOPOIHO HA wHTEepBase or 0 10 27.
Boinosinsis ananurudeckoe npogoskenue ie; — £+40 u3 (6.203) noxygaem mis £ > 0:

ImGHRA(c€,) = Fr(e + &) /0 h dCe™C6(* — & — (A?) =

0 2-¢f
= ;F(e +&)0(e* — E)e” a2 (6.208)
TaK 9TO CIIEKTPaJIbHad IIJIOTHOCTD
1
A(e€y) = —=ImGR(e€,) (6.209)
e

x99

nmeer “HedepPMUKUIKOCTHBINA BUI, MOKa3aHHbI HA Puc. 6.22.
IIpuBegem [Ist HOJTHOTHI TAKXKE M AHAJUTUYECKUE BBIPAXKEHUS JJId ReGR’A(efp):

2,2
ET—Ep /2 g2
%6_ AT Ei| S Af”) npu e2—-£2>0
ReGRA(et,) = L (6.210)
ey el A_;' ‘E' |e?—&51 2_¢2
TE | — A2 npu s — Ep <

rae Ei(z) n Ei(x) — uHTerpasbHble HOKa3aTenbHble QyHKum. [[ogdepKHEM, 9TO MOJIyIeHHAs HAMU
dyuxnusa 'puna (6.203) He 06iagaeT 0COGEHHOCTSMHU IMOJIOCHOTO TUIA B OKPeCTHOCTH ypoBHs Pepmu
U, B 5TOM CMBICJIe, HE OMHCBIBAET CIEKTD “dJIeMEHTAPHBIX BO30YKaeHuH” (KBa3UIaCTHIl), JEMOHCTPHPYS,

TakuM 0Opa3oM, “HedepMuUKUIKOCTHOE” MOBEEHHUE.

18 Creyer momIepKHyTh TPUHIANIHAIBHOE OTJIHTIHE JAHHON 3aJa9H OT 334K O JBUKECHUN 3TEeKTPOHA
B KOT€PEHTHOM IIEPUOJMYECKOM II0JIe, KOTOPas PAaCCMaTPHUBAJIACH BhmE B cBs3m C (6.57), (6.58).

19310 pacmpemenenne MEPOKO HCHOMB3YeTCA B CTATHCTHIECKOH pagunodusuke: C.M.PuiTos. Beegenue
B CTaTHCTHYECKYIO pagmodu3uky. Jacrs 1. “Hayxa”, M, 1976.
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A(s, &,)

1,0 -

0,8}

0,6 2

0.4}

0,2

0,0 (P L
-3,0 —2,0 —1,0 0,0 1,0 20 3,0

Puc. 6.22: CrnekrpasbHast MIOTHOCTL B MOJIEIIH ICEBOMIETEBOro cocrosuus: (1)—¢, = 0;
(2)—¢, = 0.1A; (3)—¢, = 0.5A.

N(e)/N(Ey)

1,4
1,2
1,0
0,8
0,6—-
0,4

0,2

O,O T T T T T T T T T

E/A

Puc. 6.23: IL1orHOCTD COCTOSIHUI C IICEBIOIIEIIBIO.
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ILrorHOCTH COCTOSTHMIA 9JIEKTPOHOB UMEET BU/I:

—<

s |51 4 e () (@) -

1
N (6.211)
Az mpm [g[ =0

rie No(EF) — IIOTHOCTE COCTOSTHUI CBOOOIHBIX 3JIEKTPOHOB Ha ypoBHe ®epmu, a Er fi(x) =
x 2 - - -
fo dxe®™ — uHTerpaj BepOATHOCTEHl OT MHHUMOIO apryMeHTa. XapaKTePHbIA BHJ, 3TOM
[JIOTHOCTH COCTOsiHU oKa3aH Ha Puc. 6.23 u neMoncTpupyer Hasmu4due pa3mbIToil (“Msir-
Koit”) nceedoweau B okpecraocTu yposus ®@epmu. Ilo cyTu nena, 37O €CTh MJIOTHOCTH
cocTosiHuil Maiiep/ICOBCKOro auajiekTpuka (6.77), nokazanHas Boie Ha Puc. 6.9, ycpes-

HeHHas 110 (DIIYKTyalusaM MU, ONpeIeIaeMbiM pacupeenenuem (6.207).

O60061meHne 9TUX PE3yJbTATOB HA CIydail KOHEYHBIX KOppeasnuoHHBIX fyiuH &(T') (unum KOHEeIHBIX
k) cymectBenHo ciaoxuee (M.B.Canosckuii, 1979). IIpex e Bcero, monpobyeM pa3o0paThCs KaK BBIYHC-
JIAeTCH BKJIAJ AUATPAMMBI IIDOU3BOJIBHOTO IIOPSAOKA. K COXKaJICHUIO, 3Ty 33444y HeJIb3d PemuTb TOYHO,
MOCKOJIbKY WHTEIPUPOBAHIS CTAHOBSATCS BCe 60JIee IPOMO3IKIME C POCTOM HOPSAKA AuarpaMMbl. O gHAKO
OKAa3BIBAETCS, ITO MOXKHO COOPMYIHPOBATH HEKOTOPBIH BeCbMa 3(pIeKTUBHLIN npubimKeHHslil Ansatz,
MTO3BOJISIIONTUHN BBIMKUCATDH SIBHOE BBIPAYKEHHE JJIS JIF000H [HArpaMMbl IPOU3BOILHOTO mopsiaka. Ha Puc.
6.24 npuBeEHbI BCE CYNIECTBEHHBIE JUArPAMMBbI TPETHEro mopsijaka. [IpesmosoKumM, 9T0 Mbl UMEEeM JeJI0
C JINHEAPW30BAHHBIM CIEKTPOM CBOOOJHBIX JIEKTPOHOB, MOKA3aHHBIM Ha Puc. 6.3, U paccMOTpuM Ciry-
4aif, Korga BEeKTOp paccesHust () < pp, TaK ITO PACCESHHE HJIEKTPOHOB IIPOUCXOJUT TOJILKO HA OJHOI
(“npaBoit” mim “neBoi”) BeTBH CHEKTpa. B 5TOM Ciiydae MBI MO0%#CEM PACCIUTATH BKJIAL NPOU3EOALHOT
IUArpaMMBbl, THIIA MOKA3AHHBIX HA Puc. 6.24, MOCKOJIBKY B 9TOM CJIydae MBI MOXKEM TapaHTHPOBATH UTO
HEHYJIEBOH BKJIJ, B MHTErPAJIbl BO3HUKAET TOJIBKO OT HOJIIOCOB jopeHTnmaHoB S(Q), kak B (6.198). Dro
CBSI3AHO C TeM, UTO JJIS SJIEKTPOHA, PACCEMBAIOUIErOCsl B IIPEIEIAaX OJHON BETBU CIIEKTPA, CKOPOCTH HE
MeHsieT 3HaK. Hampumep, ajeMeHTapHBIE BBIMHUCJIEHUS TOKA3BIBAIOT, UYTO BKJAJ AuarpaMmser Puc. 6.24
(d) umeer Bux:

1 1 1 1
X
i€n — Ep ien — §p_Q + VK iEn — §p + 2iVFK ien — {p_q + 3iVFK
1 1 1

ten — &p + 21VFk ien — §p_Q + WFK ien — &p

AG

(6.212)

[IpeamonouM Temeps, 9to &p u p—g B (6.212) npencraBasioT coboit “peasnbHbIR” CIEKTP 3IEKTPOHA,
KOTOPBIH, KOHEYHO, SIBJISIETCS HEIPepPLIBHON dyHKnme#t mMmiIynasca p. Torga Mbel MOXKEM IPOCTO Npodo.-
orcums (6.212) Ha arobvie 3HaYeHusa @, Bkiaodas Q = 2pp. B arom ciaygae, BMecTo (6.212) MBI HEeMes-
JIEHHO nosiyvaeM (BcromuHasi yciosue “mecrunra’ (6.61)!):
1 1 1 1
X

ten — &p ten + &p + VR K ien — &p + 21VFK ten + §p + 3lvER

1 1 1

1en — &p + 210pK ien + &p + Rk ten — &p

Aﬁ

(6.213)

B srom m cocrout cmbica Hamero Ansatz’a! @akrTmdecku, OH SIBISETCSI TOYHBIM B mpeneine & — 00
(mmu k — 0), 9TO OUEBHAHO U3 MPSIMOrO CPABHEHHs C DE3yJIbTATAMH PACCMOTDEHHUs STOTO IIpejerna,
npoBeneHHOro Bbime. TakuM 00pa3oM, must Q = 2pp MBI TOYHO yIUTHIBAEM DacCesiHWe Ha3aj (C OmHOM
BETBHU CIEKTPA Ha JAPYIYIO) HA BEKTOP (), & NPUOIMKEHHO YIUTHIBAIOTCS TOJBKO Masible (IpH OOJIBIIHX
&, nnm ManbIx K) “OTKJIOHEHUs” OT BEKTODA paccestHus @ = 2pp.

Temepb JIerk0 BHAETH, YTO BKJIAIBI BCEX AMArpaMM (IOCYMTAHHBIE OMMCAHHBIM METOJOM) AHAJIO-
THYHBI: 9HCJIA, BBINIHNCAHHBIE HAJ JIEKTPOHHBIMH JuHUAMK HA Puc. 6.24, yKa3bpBalOT CKOJIBKO Pa3 HUJIE€H
THUIA (VK BO3HUKAET B COOTBETCTBYIONIEM 3HAMeHAaTesJae. 3aMeTHM, YTO BKJIAJ JUATPAMMBI C IepeKpe-
IIMBAIOMUMHACS JIMHASIMA B3auMogeiicreust Ha Puc. 6.24 (d) B ToIHOCTH paBeH BKIaNy AEArpaMMmbl 6e3
nepecedeHnii, mokazanHoi Ha Puc. 6.24 (e). IlogquepkHeM, 9TO IPOCTOTA BBIPAKEHUH sl BKJIAJO0B Pa3-
JIMYHBIX AUArpPaMM BO3HHKAET TOJILKO MPH MCIOJIL30BAHUU HAIEro Ansatz’a, HO, KAK MBI YBUAUM HUXKE,
3TO, [0 — BHAUMOMY, HEIJIOX0€ MPHUOJINXKEHME.
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o % | STe | ST |

(b:' > :1 SS\,:é’% 1 . Ssdilq? ».

(c)

(e]

Puc. 6.24: CyrecrBeHHble JuArPAMMBI TPETHENO HOPSIJIKA.
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(a) =23 %1 (k)

[ U T | i i fff

[ S N

Puc. 6.25: Bce cymecrBeHHbie quarpaMMbl JIjI HEIPUBOIUMOM COOCTBEHHO — YHEPreTH-
YeCKOIl 4aCTU B YE€TBEPTOM MHOPAJIKE TEOPUUA BO3ZMYIICHUN.
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B derBeprOM mopsigke mmeercs: 4! = 24 CyIeCTBEHHBIX JUATPAMM, U3 HUX BCE HENPUBOAWMBIE M-
rpaMMBbI JIJIsI COOCTBEHHO — YHEPreTUUeCcKO JacTH IOKa3aHbl HA Puc. 6.25. CooTBeTCTBYIOIHE BKJIAIBI
JIETKO HAXOMASATCS U aHAJOTHYIHBL [0 (POPME BKJIAJAM TPETHErO MOPSIKA, IpUIeM MUu@PLI HaJ{ JIEKTPOH-
HBIMHU JIMHUSIMHU 37€Ch UMEIOT TOT 2Ke CMBICJ, 9TO U Ha Puc. 6.24. Bosee Toro, cHOBa BKJIAJbI II€JIOrO
psijia quarpaMm paBHBEI Mexkay coboii: (a)=(b)=(c)=(d); (e)=(f)=(g)=(h); (i)=(); (k)=(1).

Tenepb CTAHOBUTCS SICHBIM 00Illee MPABUJIO, MOJIB3YSCh KOTOPDBIM MOYXKHO BBIIMCATH BKJIAJ IIPOU3-
BOJIBHOH guarpammbl. PaKTHIECKH, OH OIPEIeIsIeTCsl PACCTAHOBKOM “HavaIbHBIX” U “KOHEYIHBIX BEPIIHH
(ma Puc. 6.25 onn o6o3uaduensl GykBamu ¢ U f). Kaxkjas s1eKTpOHHAs JTHHUS, CIELYIOMAs 33 BEPIIH-
HO#I THma 7 npuobperaer JOMOJIHUTEILHBIR BKIAJT (UpK B 3HAMEHATENIb, a B 3HAMEHATEsEe SJIEeKTPOHHOM
JINHAW, CIeAYIOmEed 32 BePIMMHON THma f, TAKOW BKJIAJ BBIYHTAETCS.

Boutee Toro, mobast quarpaMma ¢ MePeKPeIIuBAIONIAMUCS JTHHASIMA B3ANMOAEHCTBUST MOXKET OBITH O
HO3HAYHO MPECTAaBIIeHa HEKOTOPOil guarpaMmoii 6e3 mepecevenuii. Perent mocTpoenust Takoil guarpam-
Mot (6e3 mepecedennil) JyIst JAHHOM MOCJIEOBATENBLHOCTH § U f BEPIIUH MOXKET ObITH C(HOPMYIUPOBAH CJIe-
YoM 00pa30M: HAUWHAS CIIEeBa, IepBasd KOHEYHAs BEPIINHA COeJTUHSETCS JIMHUeH B3anMMOIEeHCTBHUS C
Gam>kaiiiieit K Hell ciieBa HAYAJIbHON BEPIIUHON, U TaK JaJjiee Uit OCTABIINXCS HECOGIMHEHHBIMU BEPIIUH.
Hanpumep, auarpammsl Puc. 6.25 (b), (c), (d) cBoggarca k muarpammve Puc. 6.25 (a), a guarpammsl Puc.
6.25 (e), (f) cBomarca xk muarpamme Puc. 6.25 (g), u T.4. [{1a HGUKCHPOBAHHOTO DPACIOIOKEHHS HAYAIb-
HBIX BEPIIMH, KOHEYHBIE BEPIIMHBEI BHIOMPAIOTCA U3 TOYEK C (HOMEPAMH) HPOTHUBOIOJOXKHOR IeTHOCTH
(mOCKOMIBKY MBI Cefuac OrpaHHIMBAEMCS PACCMOTPEHHEM HECOM3MEepHUMOro ciydas). ducia, npumnucas-
HbI€ JIEKTPOHHBIM JjmHEAM Ha Puc. 6.24 u 6.25 MoryT ObITH mEepPEHECEHLI HA BEPINWHBI, €CJIA MBI IIPU-
MHIIEM UM YHCJIO BKJIAJOB (U K, HOABJISIONINXCS B 3HAMEHATese, COOTBETCTBYIONEM JTMHUY, CJIETYIONel
3a paccMmarpuBaeMoi BepmuHON. OOIee MpaBUjIO BBIMJISIIAT TaK: HAYAJIHLHON BEPIIUHE IPUIACHIBAETCS
qnciao Ny = Np—1 + 1, rme Np_1 ecTh YHCJIO, IPUIHCAHHOe OimrKaiimeil BepmuHe cieBa. KoHewHOM
BEpIINHE NPHUIUCHIBaeTcda 4nucyio Np — 1. Ilpu stom Ng = 0, a n — HOPsAIKOBBIM HOMED BEPIIUHBI.

Omnpegenum:

v(k) =

k£l
{ IS HeYeTHBIX K (6.214)

3 TSI 9eTHBIX k.

Torga MOXKXHO yOeIUThCS, YTO YUCTIO HEIPUBOJUMBIX JUATPAMM JIJIsI COOCTBEHHO — SHEPIeTHYECKON JacTu
PaBHBIX 33JaHHON nuarpamMe 6e3 repecedeHnii JIMHUI B3aUMOAEHCTBUST PABHO IPOU3BEIEHUIO MHOXKUATE-
seit v(Ny ), COMOCTABISIEMBIX BCEM HA9aJbHBIM BepmmHAM JaHHOH puarpammer (I1.B.Emorus, 1977)20.
COOTBETCTBEHHO, BCe JAJbHEWNINe PACCYKJEeHHsS MOXKHO BeCTH B TE€PMHHAX auarpaMM 6e3 mepecede-
HUl IMHAM B3aUMO/IeCTBUSA, HAYAJIbHBIM BEPIIMHAM KOTODPBIX IIPUINACAHBI JOMOJTHUTEIbHBIE MHOXKHTEJIH
v(Np).

Jlrobass mmarpaMMa st HEIPHUBOAUMOCH COOCTBEHHO — JHEPreTHYIECKOH wacTw, OyLy<IH mepecTpo-
€Ha ONIHMCAHHBIM BBIIIe 00pPa30M, COAEPXKUT JIMHUIO B3aUMOEHCTBHUs, OXBATHIBAIOIIYIO BCe OCTAJIbHBIE,
T.e. cBOmANOCS K opme, mokazaHHOH Ha Puc. 6.26 (a). Temepp MBI MOXKEM BBIBECTH DEKYDPEHTHOE
ypaBHEHHE, OIpeJeJIsioNiee HEIPUBOJUMYIO COOCTBEHHO — SHEPreTHYeCKYI YaCTh, BKIIIOYAMIIYIO 6Ce
IHarpaMMBl COOTBETCTBYIONEro ¢pefinManoBckoro psaga. Ilo ompemesneHuio HempuBOAUMON COOCTBEHHO —
SHEPreTUYIeCKOM JacTH, MBI MOXKeM 3alucaTh ypaBHeHHe JlaiicOHa I TPUHOBCKON (DYHKIUU B BUJE:

- -1
G 1(5n7§p) =Gq (en,&p) — Z1(en, &p) (6.215)
rae
A2
(ien + &p —ivpk)?
a qst 21(en,&p) nMeeM pas3yoxkeHue, nNokasanaoe rpaduaeckn Ha Puc. 6.26 (b) B Tepmunax amarpamm
6e3 mepeceueHuil MUHUI B3aMMOJEHCTBUS, C JOMNOJIHATENBHBIME MHOXKHUTEAAMU U(Ny, ), HPUIHCAHHBIMI

K BepIIMHAM. DTO PA3JIOKEHHE MOXKeT ObITh OOBIYHBIM 00PAa30M BBIPAYKEHO 4Yepe3 COOTBETCTBYIOIHE
HEIPUBOAMMBIE JTHATPAMMBI:

Z1(en,ép) = Ga2(€n7 —&p — wFH){Gal(Sny —&p —ivpk) — Ya(en, fp)}ﬁl (6.217)

rae Go(en,&p) obo3ravaer dysxknuo I'puHa CBOGOAHOIO 3J1EKTPOHA, & Y2 (En, p) BEIPAKAETCH CyMMOI
HENPUBOAUMBIX AMArpaMM, IOKa3aHHOU Ha Puc. 6.26 (c):

S1(en,ép) = Ei(en, &p) = A2G(2)(5n7 —&p — WrK)E1(en, &p), (6.216)

Yo (en, £p) = A20(2)G3(en, &p — 2ivpK)Ea(en, &p) (6.218)
Za(en, Ep) = Gy 2(en, &p — 2ivpk){Gy Hen, &p — 2ivpK) — D3(en, &p)} " (6.219)

" T.IO. OKOH‘{a.TeJIbHO HUMeeM:
Sk(en, &p) = A%0(k)GF (en, (—1) &p — ikvrr)Ex(en, &p) (6.220)

20F nurCTBeHEOE W3MEHeHHe, KOTOPOe Hy KHO CeNATh /IS CIydas COM3MePUMBIX (DIIYKTYamuil COCTOUT
B ToM, uro muHOkHUTeau v(k) = k mus Bcex k.
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Puc. 6.26: [Ipeacrasienre HEMPUBOINMONR COOCTBEHHO — IHEPreTUYECKONl JacTh depes
JUArpaMMbl 0€3 mepecedeHus JTUHAH B3aUMOIeHCTBUS.
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A% v(k+1)

Puc. 6.27: [IpeacraBienue peKyppeHTHOro ypaBaenuns s dbynknuu ['puna B Bue “ypas-
nenns Jlaicona”.

Ek(en, &p) = Gy 2(en, (=1)&p — ikvpr){Gy (en, (=1)F&p — ikvpk) — Zpy1(en, &p)} 1 (6.221)
U MBI nosiydaeM DYHIAMEHTAJIbHOE PEKYyPPEHTHOe COOTHOIIEHHE JJisi COOCTBEHHO — SHEPreTHYecKON da-
cru (M.B.Cagosckuit, 1979):

A2y(k)
Gy Hen, (~1)*&p — ikvpk) — Skt (en, &)
Orcroma cpa3y ke MOJIy4aeTCsi PEKyPPEHTHOe ypaBHEHue U Jisi camoil (pyHkumu ['puHa:
Grlen, &) = {ien — (=1)*&p + ikvpr — A%v(k +1)Grp1(en, &p)} L, (6.223)

npudeM gusuveckan bynknus ['puna onpenensiercss Kak G(en,&p) = Gr=0(en,&p), ITO SIKBUBAIEHTHO
MOJIHOM cyMMe Bcero (beHHMAHOBCKOrO AMATPAMMHOTO PSIa JJisl paccMaTpuBaeMoit mojesnu. akrude-
CKH, 5TH DEKyPPEHTHbIe yPAaBHEHHs JAIOT INPEJCTABJICHUE OQHOJIEKTPOHHOW dyHkinum ['puna B BHjAE
crenyomei yennot dpobu:

Se(en &) = (6.222)

G(en,&p) =

AQ

ien —&p — A2

Z‘€n‘f’fp'f‘i’UF"@_ A2

ien + &p + 3ivpk — ...

ien — &p + 2iVpK —

(6.224)

CHUMBOJIMYIECKH, HAIlle DEKYPDPEHTHOE YpaBHEHHe MOXKeT OBITh IpeJCTaBJIeHO B BujJe “ypaBHeHus /laiico-
Ha”, MOKa3aHHOro rpadudecku Ha Puc. 6.27.

IIpu k = 0 MBI MO2KEM BOCITIOJIb30BATHCsI H3BECTHBIM IIPeACTaBIIeHueM HenosHoi [ — dyHKIun B Brge
memnHo# xpobu:

oo :EOé
Mo, z) = / dte” o1 = - (6.225)
—x
t—===
L =
u coornomenueM I'(0,z) = —FEi(—x), 4Tobbl yoeauTbcs, 4To (6.224), mocie 0GBIMHOrO0 AHAIUTHIECKOTO

IpOAOJIKeHUs i€, — € + 90, cBomuTca K (6.210), (6.208), BOCHIPOM3BOAS MOJIYy<IEHHBIH BBIIIE TOYHBIA
pesyabrar (6.203).

IMonb3ysacs GyHJaMEHTAIBHBIM PEKYPPEHTHBIM COOTHOLIeHHEM (6.222), mociie aHAIUTHYIECKOrO IIPO-
JTOJKEHUS i€y, — €410, TOJy9Ia€M CUCTEMY PEKYyPPEHTHBIX COOTHOMIEHHH IS JefiCTBUTEILHOW U MEUMOR
JacTell COOCTBEHHO — YHEPreTUUECKOW JaCTH:

AQU(k)[S - (_1)k§p — ReXp41(e:6p))

[e — (=1)*&p — ReXpt1(e,€p)]2 + [kvpr — ImYy41(e, €p)]?
—A2u(k)[kvpk — ImXgy1 (e, Ep)]
[e = (=1)F&p — ReXgr1(e,&p)]? + [kvrk — ImBg 11 (e, &p))?
OTH COOTHOMEHUS YAO0OHBI JJIsT YUCAEHHOTO CIE€Ta — HAYUHAEM C KAKOro — JIM0O JOCTATOIHO BOIBIIOrO
(aTobBI 06ECIeINTh CXOMUMOCTD!) 3HadYeHus k (T.e. JOCTATOUHO JAMEKOro “sraka”’ IEHmHON apobu), mo-
saras, Hanpumep ReXp i1 = ImXy 1 = 0, u “nogaumaemca BBepx no sraxkam” 10 k = 1. ®akrudecku,
CXOZMMOCTD 3/1€Ch OY€Hb XOPOIIasi U PACYeThl 3aHUMAIOT CEKYH/bI Ha JII0OOM COBPEMEHHOM KOMIIBLIOTEpe
(PC).

Ob6cyK/leHre HAaUYHEM CO CHEKTPAJIbHOM IJIOTHOCTH:

ReXy(e,&p) = (6.226)

ImXg(e,&p) = (6.227)

ImXq (g, &p)
[e — & — ReXa(e, &p)]2 + [ImE1(e, &p)]?

A(e, &) = —%ImGR(E,Ep) = (6.228)
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Puc. 6.28: JIByMepHBIe IOBEPXHOCTH CIEKTPaIbHOM miorrocT A(e, &,) st (a) — I' =
0.1; (b) —T'=0.5; (¢c) — ' =1.0; (d) — I = 5.0. Bce sxeprun npuBeseHbl B eAMHAIAX
A.
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Pe3ynpraThl pacueToB mokaszaHbl Ha Puc. 6.28 nyisd pasnuYHBIX 3HAYEHUU Oe3pa3MepHOro mapaMerpa
I' = vpr/A = vpé~1/A. Kak MBI 3HaeM, B CTydae XOPOIIO OIpeJeTeHHBIX KBAZMIACTHI] CIEKTPAIE-
Hasl IJIOTHOCTH JAeTcst 0(€ — &p) MIIM AHAJIOTHYHBIM Y3KUM IIMKOM, CJIETKA PAa3MBITHIM BOKPYT 3HAYEHUSI
SHepPruu KBasuJacTUBl &,. OJHAKO B JAHHOH MOJeNH, IPU MAJBIX 3HaUYeHHaX ', T.e. mpm JocTaTOdU-
HO GOJIBIIUX KOPPENSIMOHHBIX juMHAX £ > vp /A, Hame pemeHue Ui CIEeKTPAJIbHOW IJIOTHOCTH HE
“MeeT KBa3WIACTUIHOrO BUAA. HApPOTHUB, CIEKTPATIHHAS IIJIOTHOCTH HMEET XaPAKTEPHYIO JABYXITHKOBYIO
(mceBROmENEBYI0) CTPYKTYDY, OOYCJIOBJIEHHYIO CHJIBHOH IEPEHOPMHPOBKOH (uyKTyarmusiMu OJIH?KHErO
nopsiaka (B mpemene & — oo (k — 0) ona cBomurcss K Puc. 6.22), u HeIpepbIBHO MEPEXOAUT B OAUH
UK [I0 MEpPEe TOro, KaK MBI ygassiemcss or ypoeHs Pepmu (s Goapmux €,&p > A). Bropo#l muk B
CIEKTPAJIBHOM IJIOTHOCTH ODBIYHO CBSI3BIBAETCS C TAK HA3BIBAEMOH “TeHeBoit 30HONW’. AHAIOrHIHBIM 00-
pPa3oM, IpH JOCTATOYHO OOIBIINX 3HAYEHUAX ' (MAJIBIX KOPPESIUMOHHEIX JyuHAX & < vp/A), MBI CHOBa
[OJIy4aeM KBAa3HCBODOHOE OJHOIHMKOBOE IOBEJeHUE IPHU € ~ &p, COOTBETCTBYIOIIEE CI1a00 3aTyXAIOMUM
KBA3UYIACTHUIIAM.

Dusndeckass NPUYUHA JUIS KBA3UCBOOOLHOrO MOBeNeHHUs mpu Masbix & (GOJBIINX ) BIOJIHE SICHA.
B mpegene £ = k' — 0 addexTuBHOE BlaMMOIEHCTBHE C (hIyKTYAIHIME (6.196) craHOBHTCS KOPOT-
KOJeMCTBYIOIMM, HO HE CBOAMTCS K OOBIYHOMY Ipejesy Tuia “Oesoro miyma’. XoTst B 3TOM mpejese B
nHTerpasnax mo @ (B COOCTBEHHO — SHEPreTHYECKON JaCTH) CTAHOBATCS CyI[ECTBEHHBIMH BCE HMITYJIBCHI,
AMILTATY A PACCESTHUA CTAHOBUTCA MOpsaka A2 /K, Tak UTO 9acTOTa PACCEesHHs, ONEHeHHA MO “30J10TO-
my mpasuny” ®epyu, 2rNo(Er)A2/k = A% Juvps = A/T — 0, npu k — 00 (3[€Ch MBI HCIOIBb30BATH
No(Ep) = 1/2mvp njig naoTHOCTH cocToguuii Ha ypoBHe ®epmu B omHoMepHOM ciydae). CoorBer-
CTBEHHO, B IIPEJEJe K — OO JEKTPOHBI CTAHOBATCA 3P dexkTuBHO “cBOCONHBIME’ (TakKe, KAK H IPH
CYIIECTBEHHOM yjajieHuu oT ypoBHs Pepmn).

Ob6cynuM Ternephb IJIOTHOCTH COCTOSTHHI:

oo
L [T dgace (6.220)
NO(EF) —o0
Pesyabrars pacieTos st pasnudnabx 3uadenni I' = vpk /A = vpé 1 /A noxazansr na Puc. 6.29 cruromn-
HBIMH KPHBBIME. BHIIM, 9TO IPH KOHEYHLIX 3HAYEHHAX Kk = | INIOTHOCTDL COCTOAHHUIE Ha yposHe Dep-
MM CTaHOBUTCs KOHeuHOH (cp. Puc. 6.23). Tlceszouenn mnocrenenHo “3ambiBaercs”(nmm “3amosusiercs’”)
H3-3a JOMOJHATETHLHOTO PACCESHMUS, BLI3BAHHOIO KOHEYHOCTHIO KOPPEISIHOHHON MIHHbIZ! I HOMHOCTHIO
ucyesaer npu vpk > A.

ITIyakTupnuble Kpusble Ha Puc. 6.29 nmoka3bIBalOT pe3ysIbTaThl IPAKTUYECKH MOY%H020 YUCIEHHOTO MO-
JIeIMPOBAHUS IJIOTHOCTH COCTOSIHMN B Haie# (OJHOMEPHOI) MOJeJsH, MoJydeHHble “Tpy0oii CHIoN”, T.e.
NPsIMBIM YUCJIEHHBIM perienreM ypasHeHusi [IIpenunrepa isi MHOXKeCTBa, KOH(MUTYPAIHl IayccoBa CJIy-
vgaiigoro moms (¢ xoppenasaropoM (6.196)) ¢ mocnemyronm ycpenuenunem (L.Bartosch, P.Kopietz, 1999).
SIcro BHAHO, 9TO Hame npubnukerue (OCHOBaHHOE Ha Ansatz’e (6.213) ;s BKIaJOB qEArpaMM BBICIIHX
OPSIIKOB), (PAKTUIECKH, AAET OYEHb XOPOIINE PE3YJIbTATHL B KOAUMECTNEEHHOM COTTIACUU C IHCJICHHBIM
MOJIEJIIPOBAHIEM, KPDOME, MOXKET OBITh, HEIOCPEJICTBEHHON OKpecTHOCTH ypoBHs Pepmu (meHTpa HCeBI0-
menun)?? (cp. (6.199), (6.200)). B Toxe BpeMs 0YEBHIHO, YTO HAII METO HMEET MHOTO IPEHMYIIECTB, MO
CPaBHEHHIO C “IPSMBIM” YUCJIEHHBIM MOJEJTHPOBAHUEM, ICOKOJIBKY OH ropa3fio 0oJjiee SKOHOMEH C TOYKHU
3peHnsi MAIIMHHOIO BPEMEHH, a TaKKe JOIyCcKaeT oborieHue Ha Gosiee cioxkHble curTyanuu. Hanpuwmep,
OH HENOCPEJCTBEHHO 0000IAeTCsl Ha JBYMEDHBIH Ciaydail (BecbMa BaXKHBIH, C TOYKH 3DEHHUS] ONUCAHUS
IICEeBOOIIEJIEBOr0 MOBEACHUSA B BBICOKOTEMIIEPDATYPHBIX CBEPXIPOBOJHUKAX Ha OCHOBE OKCHIOB Me,D;I/I)23.

6.5.3 DIeKTpOMarHUTHBIII OTKJINK.

BameuareapHON 0COOEHHOCTHIO PACCMATPUBAEMOI MOJIEIIN ABJISIETCS TAKKE BO3ZMOKHOCTH
HOJIyYUTh TOYHOE perierne (Ipocy MMUPOBATE 6Ce TUArPAMMBI) ¥ 11 (DYHKIUK OTKJIAKA
HA BHEIIHEe 3JIEKTPOMArHUTHOE ToJj1e (nossgpusanuonuoro oneparopa) (M.B.Camosckuii,
1974).

21q)I/IBI/I‘IeCKI/I, MBI EMEEM 37€eChb JeJI0 C JIEKTPOHOM, PACHPOCTPAHAIONIEMCS B CHUCTEME CJIydailHBIX
OJJTHOMEPHBIX “KJIACTEPOB” € pa3dMepaMu mopsaka &, ¢ “mepuogmdeckum” moaeM 2W cos(Qz+¢) B Q ~ 2pp
BHYTPH KaXKJIOTO TaKOro “Kjacrepa”’, aMILIUTyAa KoTtoporo W ciydaiiHa u pacmpefeneHa “modYTH’ o
Pauero (6.207).

22B ciyuae cOM3MEpUMBIX (DIyKTYaIuii aHAJOIMYHOE CpaBHEHHE HOKA3BIBAeT, uTo Haml Ansatz me-
Hee TOYEeH — OH HEe OIUCHIBAET IOSIBJIEHUWE TAaK Ha3hIBAEMOIT ,E[aﬁCOHOBCKOﬁ CUHTYJIAPDHOCTU IIJIOTHOCTHU
cocrosiumii B nerrpe ncespomenu (L.Bartosch, P.Kopietz, 1999).

23 MasbHedinume 10pOOHOCTH MOXKHO HaliTu B 0030pe asropa: M.B.Cazosckuit. YOH 171, 539 (2001).
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1.4 T T T T T T T T T

Puc. 6.29: IlnorHocTh cOCTOsIHMI € TICEBAONIEIIBIO [JIs Pa3audHblX 3uadenuii [' = vpk/A.
Cutoniapie UMY — Haie npubnauxKkenne. [IyHKTUPHbBIE JTUHUU — PE3Y/IbTaThl TOYHOIO
gucsiaennoro moiesauposanus (L.Bartosch, P.Kopietz, 1999).
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P+q P+q p'+q
p+q
Puc. 6.30: U3menenne Gyuknyu ['puHa BO BHEITHEM 3JIEKTPOMATHUTHOM TIOJIE.

Brmumrem cragasia HeKOTOpBIE cOOTHOIIEHUs 00Iero xapakrepa B rexuuke 1 = (.
[Toxsepraem cucremy BO3eHCTBHUIO Cs1aOOT0 BHEIIHEIO BEKTOD — MOTEHIAAIIA:

SHins =~ / Er (r)p - SA ()b (r) (6.230)

rae §A(rt) = §Aque’™ . CoorBercTByIomas BAPHAIUS OJHOIEKTPOHHON (byHKIUNI
I'puna 3anmuceiBaercs B uje [1]:

5G(ep) = —G(ep)—

%(p - 0A4w)G(e+wp+q) +

. d?’p/ e 17, 1.y € ’ / /
—HG(Ep)G(f—:—i—wp—i—q)/ L /Ef(ep,c’p ,qw)G(ap)%(p - 0Aqu)G(e +wp' +q)
(6.231)
NnJINn
0G(ep) = G(ep)J(ep;e + wp + 9)G(e + wp + Q)dAqu (6.232)

910 ToKazaHo rpaduueckn Ha Puc. 6.30. Orcioma, KCTarw, sSICHO 9TO JJIsT CBODOIHOM
dbyuknuu [puna:

e
6Go(ep) = —G0(€P)%PG0(€+WP + Q)0Aqu = Go(ep)Jo(p; p + q)Go(e+wp + q)0Aqe

(6.233)
rae
e
Jo(pip+a)=-——p (6.234)
me
— cBobGozHas “rokoBasi” BepiuHa. [TosHast BepimHa onpenensercs u3 (6.232) kak:
3G~ (ep
Jp;p+a) = %6 (ep) (6.235)
A qw

CoBepireHHO aHATIOrUYIHBIE (POPMYJIBI BO3HUKAOT U [TPU OMUCAHUY PEAKIIUU CHCTEMbI HA,
CKaJIAPHBII OTEeHInAJ:

SHmy = € / B rt (r)dp(rt)i(r) (6.236)
e 0p(rt) = §pqe e’ B wactroctn, anamornano (6.231) mveewm:
dG(ep) = G(ep)edpqwGle + wp + q) +

) d3 / 8/
—iG(ep)G(e +wp + q) / (2:)3 / gf(gp, e'p';quw)G(e'p)edpquG(e’ + wp' +q)

(6.237)
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ol

T
ep ep—Q ep ep—Q ep ep—Q 1p—Q+q p+q p—Q+q p+q
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|
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|
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qw

Puc. 6.31: I'pacduk mpou3BOJHHOTNO TOPSIKA IJIsi BEPITUHHON YAaCTH B3AMMOJIEHCTBUS C
BHEIIHUM 3/IEKTPOMArHUTHBIM IIOJIEM.

njain
0G(ep) = G(ep)Jo(ep;e + wp + @)G(e + wp + A)dPqe (6.238)

rze BBeZEHA, 110 ONpeeIeHno, “ckasapras’ Bepumna Jo(p; p + q):

0G~!(cp)

6.239
o (6.239)

Jpip+q) = —

Cpaduuecku (6.238) uzobpaxkaercs onsarsh Puc. 6.30. Anamoruuno (6.233):

6Go(ep) = Go(ep)Gole + wp + Q)edpqu = Go(ep)Jo(P; P + a)Go(e + wp + 4)dpqe

(6.240)
rie JO(p;p + q) = e — “cobommas” BepuAHA.
Boobritie y1o6HO BBECTH 001I€e ONMpeeieHre BEPITUHBI:
3G~ (ep)
JHFpip+q) = —————= 6.241
( ) A (qw) (6.241)
rae A, (qw) = {¢Yqu; Aqw}, Tak 9T0 “cBOGOTHAS” BEpIINHA PABHA:
T _ _%p H= 1) 27 3
Jo (pip+q) { e "0 (6.242)
W7
0Go(ep)
————~ = Golep)J&' (p;p + q)Gole +wp + q 6.243
S ey = ColePIE (i + ) ) (6:243)
TOrMA Kak myis “mosuoit” dyukiun ['puHa:
0G(ep)
——— =G(ep)J*(p;p+ q)Gle +wp+q 6.244
S (qw) (ep)J*( )G( ) (6.244)

Tenepn mopa nepeiitu K geay! M3 mpempiayimero o0CyKIAEHUs CHO, UYTO TPOU3BOJIbHAS
JrarpaMMa, OMUCBHIBAIOIIAsl OTKJIWK HA BHEITHEe I0Jie, MOYKeT ObITh IMOJIydeHa U3 MPo-
u3BOJIbHON nuarpammbl g bysxiuu [puna (tuna Puc. 6.21) “Becraskoil” B j106yio u3
SJIEKTPOHHBIX JIMHUI JIMHUYM BHEIIHEro I0Js, KaK 3T0 moka3ano Ha Puc. 6.31 (upuuem

HY?KHO TiepeOparh Bce Bo3MoxkKHbIe “BeraBku”). [Iposoms takum obpasom “mud depenu-
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Q Q Q Q
| + T
Ep letw etw Ep g | etw
|ptg p—Qtq p—Q |p—Q+q

Puc. 6.32: I'pacduku s GyHKIMOHAIBHON TPOM3BOAHON “Oi10Ka” z(eP).

posanme” paa (6.203)%4, momyunm (m — HoMep “6710Ka” 2, B KOTOPBIH BCTABIAETCS JTHHEAS

Ar(qu)):

<ZZ Cz(ep))™™ 1( ( )(Cz(6+wp+OI))n "Gole +wp +q)+

i(z (ep)) LGO( )>
n=0 ¢

6Au(qw)
(6.245)

3nech gfogzz)) oupegeisierca u3 (6.243), a npoussoguas “Gioka” z(ep) oupezpensercs

Puc. 6.32 u pasna:
dz(ep)
5Au(qw)
+A%Go(ep)Go(ep — QI (P — Q;p — Q+ q)Go(e +wp — Q +q) =
=Go(ep)J§ (psp+a)z(e + wp 4+ q) + 2(ep)Jy (P — a4 P — Q+ Q)Go(e + wp — Q + q)

A%Go(ep)J§ (p; P+ a)Gole + wp + q)Gole + wp — Q + q) +

(6.246)
[Moncrasnss (6.246) B (6.245), u yuursiBas (6.243), nosydum:
5 oo n
D D (CxER) ™ (Cale +wp + @) T Go(ep) I (PP + @)Go(e +wp +a) +
5A” qw) n=1m=1

I

+> 0D (€xep) ™ (C2(e +wp + )" " Go(e +wp — Q+a)Jf (P — QP — Q+ a)Gole + wp + Q)

n=1m=1

Ir

+ > (¢2(ep)"Go(ep) J{ (p; P + @)Go (e + wp + q)>
n=0

III ¢
(6.247)

[lepBoiit u TpeTuii BKIAAbI B 9TOM BbIPAXKEHUU OOBEINHSIIOTCS U JAIOT:

< T+ >c= <J5‘(p;p +a)Go(ep)Go(e +wp + q) {Z ("2(ep)+
n=0

24110 CyTH JIeJla, MBI 3]1eCb B SIBHOM BH/I€ IIPOBOAUM (DyHKIMOHAJIbHOE AuddepeHnpoBaHre OJHOIO
psjla TeOPUU BO3MYIIEHUM AJI OJHOJIEKTPOHHON dyHKiuu I'puHa n “reHepupyem” Bce rpadUKH IS
COOTBETCTBYIOIIEH BepIIMHHON JacTH.
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I S m+1<e+wp+q>}> St
n=1m=1 ¢

= J§(p;p + a)Go(ep)Go(e +wp + ) <Z > (e ¢ mZ"m(€+wp+q)> =
n=0m=0 ¢

<J (P; P+ a)Go(ep)Go(e +wp + q) ZC" "(ep) ZC’" m6+wp+q)>
¢

(6.248)

IJIe TAKKe HCIIOMb30BAHO MPABIIIO yMHOKEHHS pAToB: (D oo g an) (Yoo _obm) =D o o 3" anbp—m.
Torna, ucnonb3ys (6.203), nonygaem:

<T+IIT >c=Jf(p;p+a) < Geaz(ep)Geaz(e +wp +q) >¢ (6.249)
rie
e+¢ )
GAz (Ep) = Mﬁ (8 —e*£ Z(s) (6250)

— HopMaJsibHas GyHKIMs ['prHa NaiiepicoBCKOro TUIIEKTPHKA.
AnasnorngHslil c4er st Broporo ciaraemoro B (6.247) gaer:

<II>§: Jg(p7Q§p7Q+q)Go(E+wpfQ+q)GO(E+wp+q)X
x <Z D¢ (ep)t T " e + wp +q)> =

n=1m=1 ¢
“spe-ap-ara (S 3 e e e L ) -
e S
:Jé‘(pQ;pQ+Q)<¢% chzn(gp)zcmzm(i+wp+q)> _

n=1 m=1 ¢

= J§ (P~ QP —Q+a) < Feaz(ep)F (e +wp +a) >¢

(6.251)

Te BO3HUKIIO “( — cpenmee’ OT TMPOM3BENECHUS IBYX GHOMAAbHOX PYyHKINN ['prHa maii-
€PJICOBCKOT'O INIIEKTPUKA:

s
€2 - & — A2

HECMOTPsI HA OYEBU/IHOE OTCYTCTBHE B CHCTEME MAaWePICOBCKOro AanbHero nopsakal [Tpu
o0

sTOM MBI HCnoab30Ban (Y 1 an) (30 bm) = D ove D" | Gnbp—my1 B IPOCYMMH-
POBAJIM TIPOIPECCUM B IpeamnocaenueM diene (6.251).

TakuM 00pa3oM, OKOHIATEIHLHO TOIy9aeM:
0G(ep)
0A,(qw)

Fl(e) = (e — e £ 1i6) (6.252)

= G(ep)J*G(e+wp+q) =

- / dce {Gens (ep) JE(ps P + Q)Gens (e + wp + ) +
0

+Fp2(ep) T (P — Q;p— Q+q) CA2(s+wp+q)} (6.253)

49T0 m300pazkaercs rpadukavu, mokasanubivu Ha Puc. 6.33. Iloguepkuem, 9To sTOoT pe-
BYJBTAT MOy YAeTCd CYMMUPOBAHUEM 6CET JUAPAMM TEOPUU BO3MYIIEHUH s BEPIIUH-
HOW 9aCTH. DTOT OTBET “MOYTH OYEBUIEH’, €CIM BCOOMHUTH XapakTep CIIy4YaiHOro mo-
Jif, B KOTOPOM JBUYKETCS 3JIEKTPOH B PACCMATPUBAEMON MOjen (Cp. 3aMedanue mocjie
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S e

¢

Puc. 6.33: I'pacduueckoe npeacrapienue GbyHKIMOHAILHO PoU3BOIHONE G(€P).

/)+{/ € +"‘)m 1)+q EHJFUJ o= Q‘*‘(/

Puc. 6.34: Tlonspu3alimoHHbIi OTTepaTOp B MOJIEIN TICEBIOIIETEBOTO COCTOSTHUS.

g p— Q

4

(6.206)) — y HAC U JOJKEH ObLI BOBHUKHYTD “NU3JIEKTPUIECKUIT” OTKJIMK, YCPEIHEHHBIH
1o QIyKTyarusM emm.

Temepb MOXKHO CPa3y BBIUCATH W COOTBETCTBYIOIMIUI TTOMAPU3ATMOHHBIA OMEPATOD
(koTOpBIi nHIEM y2Ke B MalyGapOBCKOW TeXHUKE):

(o) _ o0 d
M(qwm) = / dCe CZTX:/ % {GCAQ (enP)Genz(en +wmp +4q) +
0 n —00

+Fca2(eaP) Flyz(En + winp + Q)} =<T¢az(qwm) >¢  (6.254)

9TO TMPEICTABIAETCS JUarpaMMaMu, MoKa3anubiMu Ha Puc. 6.34. Buaum, uTo moa 3HakoM
yCcpenHenusi o GJIYKTYAIUSAM eI TYT CTOUT MPOCTO MOJISPU3AIUOHHBIN OMepaTOp Mmaii-
€PJICOBCKOTO udieKTprKa. COOTBETCTBEHHO, CTPYKTYPa (TOYHOro0!) perenus ijis 3JeK-
TPOMArHUTHOIO OTKJIMKA B PACCMATPUBAEMOM MOEJIM COBEPIIEHHO siCHA — HYXKHO pac-
CYUTATH OTKJIUK I1afi€PJICOBCKOrO Iu3aeKTpuka (¢ (PUKCUPOBAHHON MIEJBIO B CIIEKTPE),
a MOTOM YCPEIHHTb PE3y/IbTAT MO (PIYKTyarnuaMm Iean. LakuM oOpa3oM, B XOAe Jajlb-
HEHINX BBIYMCJIEHUN, MBI QHAJM3UPYEM CpPa3y JBE 33Ja9M — OTKJIWK MTaifiepICOBCKOTO
JWSJIEKTPUKA, U OTKJIUK B TOYHO PEITAEMON MOIEH TICEBIOIIEIEBON0 COCTOSTHMUS.

IIposenem noapobubiii pacuer I1a2 (qwy, ) — H0JApU3aLUOHHOIO OlIepaTOPa HaepIcoB-
CKOro u3JIeKTpUKa C (pukcupoBanHoii mesnio. [lofcraBiss B cOOTBETCTBYIOIEE BbIPa-
KeHue, cieyionee u3 (6.254), HOpMaJIbHYIO U aHOMAJILHYIO dyHKIMU ['puHa naiiepsiacos-
CKOTO JTMIJIEKTPHUKA B BUIE>’

02

2

L L 6.255

ien—Ep+i5n+Ep ( )
A

(ten — Ep)(ien + Ep)

u

Gaz (enp) =

Fia(enp) = (6.256)

25 masbHedmeM A MOXXHO CYHUTATh BEIECTBEHHOM.
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AN € [ R
- - \\
7 N
7 N
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| |
Vi |- — o D= ———!
[— ==& === -|
—Epiq—Ey +E, +E,.q \\ —Epiq —5, +E, +Ep+q
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\ By cand
a) b)

Puc. 6.35: Konrypa unTerpupoBanusi, UCIOJIb3yEMbIE IPU BBIYUCIEHUNA CyMMBbI M0 (dep-
MHEBCKUM YacTOTaM B HOJAPU3AIIMOHHOM OIlepaTOopPe.

riue
1 §
2 1 gp 2 ——— 1— Sp 2
) { "5, T2 E (6.257)

rae By = 4 /512, + A2 3amuceiBaeM CyMMy TIO (DEPMUEBCKUM 9aCTOTaM B BUIE KOHTYPHOTO

unrerpana (3.38) u nomydaem:

[e%s} dp u2u2
I — 9 pUp+q
a2 (qwm) / 2mi / { (e — Ep)(e +iwm — Epiyq) *
2,2
i Upvp+q I UpUpig i
(e + Ep)(e+iwm + Epry) (€ — Ep)(e +iwm + Epyg)
L VpUpg i A?
(e+ Ep)(e+iwm — Epyq) (64 Ep)(e — Ep)(e + iwm — Eptq)(€ + iwm + Epiq)

(6.258)

rze KoHTyp unrerpuposanus C nmokasan Ha Puc. 6.35 (a). 10T KOHTYp MOXKHO nedbopMu-
poBaTh, Kak mokasano Ha Puc. 6.35 (b), a 3arem “pacrsauyTs’ Ha GeckonednocTh. Torma
UHTErpaJjl onpefesisgercs BKIaJOM YeThIpeX MOMocoB € = £E, u € = £F,,. Boraucnaa
COOTBETCTBYIOIIME BbIYETHI, UCIIOJIb3Ys CBONCTBA (pepMueBckoil dpyHkuuu: n(e + iwy,) =
n(e), rae wy, = 2emT, u n(—e) = 1 — n(e), npuBOAS MONOOHBIE YJIEHBI U MEPEXOJs OT
MHTErPUPOBAHUSA [0 dp K HHTETPUPOBAHMUIO 110 d€, (yIUTBHIBAsi P 9TOM BKJIAJL OT 0OOUX
“konros” mosepxuocTr PepMu, 9TO JAET AOMOJHUTEIBHDIH (HAKTOD 2), TOTydaeM:

oo A2

I A2 (qw :2N0EF/ d. - n(Ep) — n(FE. {u2u2 +7}+
A ( m) ( ) . prp p+q+Zwm[ ( p) ( p+q)] pYp+q 4EpEp+q

1

- 2
+2N0(EF)/ dép [n(Ep) — n(Ep+q)] { Up p+q + Ai} +

Ep = Eptq — iwm 4EpEp+q

+2N(E)/ de ! [n(Bp) +1(Ep+q) 1}{“ & }+
———————— | n - U,V -
o oo " Ep+ Epiq +iwm g o popt 4EpEp+q
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oo 1 A2
+2No(E / dép————— [n(Ep) +n(E fl{quQ 77}
O( F) . épE'erEp-fq*’me[ ( p) ( p+q) ] pYp+q 4EpEp+q
(6.259)

rae No(EF) — WIOTHOCTH COCTOstHUET CBOOGOZHBIX JIEKTPOHOB Ha ypoBHe PepMm jysi 00emx Ipoexmmit
crouHa. Jlamee, coga HaJgO NOACTABHTD:

1 1
u;tgau?)-kq _ {1+ Ep€ptq n fi n Ep+q }’ 1)12;0;2;.“1 _ {1+ Epbptq _ 5710 _ Epta }
4 EpEpiq Ep, Epiq 4 EpEpiq Ep Epiq
1 1
{1 _ Epbptq n 5710 _ Ep+ta }7 U§u§+q _ {17 Ep€ptq _ 5710 + Epta
EpEpiq Ep Epiq 4 EpEpiq Ep, Epiq
Ynens! nureitHbBIe IO {p U {p ¢ BHITATAIOT IPH HHTETPUPOBAHUA M3-33 HEUETHOCTH.
[Tocsie aHAIUTUYIECKOTO MTPOIOIIKEHUS 1wy, — W + 10 OKOHYIATEIHHO HOHy‘IaeM%:

(BB + &by + A2
g, { B T2 ) ()]

2 2
UpUp+a = 4

} (6.260)

HAz (qw) = %No(EF)/

1 1
X — 4 L
{Ep_Ep+q+w+Z5 Ep—Ep+q_W_Z5}

00 _ _ A2
~5otee) [ { BBt DS () < ()]

1 1
X — + — ¢(6.261
{Ep"'Eerq"'(*""'“s Ep"’Eerq_W_“S}( )

910 ¥ ecrb 00IIee BbIPaXKEHHE J1JIsl [OJISPU3AUOHHOIO OIIEpaTOPa MaiepICOBCKOrO -
snekTprKa ¢ duxcuposannoi mensio A2, IIpu A% — 0 Bropoe cmaraemoe B (6.261)
CTPEMUTCS K HYJIIO, a TIEPBOE JAaeT OOBIYHbIN (3ama3 pIBaloNIuii) NoIApU3aMOHHbBIA Ore-
paTop 3JeKTpoHHOTO ra3a. C apyroit croponsr, mpu T — 0, Ho A? # 0, mepBoe caraemoe
B (6.261) obpaiaerca B Hy/Ib, TaK YTO JJIs TOJSPU3AMUOHHOrO oneparopa npu T = 0
nMeeM:

1 o BBy — &g — A2 1
11 — —_Z_No(E d pP—p+q P5pT4q
ax(aw) 2 o(Er) /700 fp { EpEpiq Ep+ Epyg +w+id i

1
" Ep"’Eerq_w_M}
(6.262)

2

IIpoBo/g HPOCTBIE PA3IOKEHHA?' B PsJl IO CTEIeHAM ¢ B Opeiese vpq < A HOaydaem:

1 o0 1 1 A2
1 = —~No(Ep)vZq? — 2
az(aw) = =5 Nol F)“Fq/o dgp{QEp+w+i5+2Ep—w—i6}Ef; (6-:263)

26 AHanTOTHIHbIe BLIMHCTCHHUS S CBEPXIPOBOIHHUKA JAOT PE3yJTbTAT, OTIAMHIAIONAICS 3HAKOM TIepesT
AZ? B unciuTesne [OJAMHTErPAJILHOTO BBIPAXKEHHUSI, YTO CBSI3aHO C AHTHCHMMETpHel rOPpbKOBCKOM DyHKIN
T'puna F,g mo cuuaoBeIM mHAeKCAM (5.53). COOTBETCTBEHHO, B BEIPAXKEHHH [JIsI OISPH3AIHOHHOrO OIe-
paropa cBepxupoBogHEKa 1Ix2(qw), IO CPABHEHMIO C COOTBETCTBYOIUM BbIpakeHHeM u3 (6.254), mpo-
ucxomut 3amena FF1 — —FFT. Takoe BhIpasKeHHe OIpejeNdeT, HAPpUMeD, IIOTJIOMEHHe YIbTPA3BYKA
B CBEPXIPOBOJHUKE [4], OZHAKO OHO HENPUTOJHO [Jisl BBIYHCIEHHS IPOBOJUMOCTH 0(w) CBEPXIIPOBOJ-
HEKa ¢ moMompio Gopmynsl Tuna (2.110). KoppekTHOE BBIpasKeHHE [Isi MOJISAPU3AMUOHHOTO ONEPATOPA
(ZU3IeKTPUYIECKON IPOHUIIAEMOCTH) CBEPXIPOBOAHUKA JOJXKHO YIUTHIBATH BKJIAJ KOJJIEKTUBHBIX KOJIe-
6anmit (R.Prange, 1963). [Ipu serancnennn FF'T metan ¢ “TOKOBbIME BEPITMHAMH IS CBEPXITPOBOIHIKA,
OTMeYeHHOe H3MeHeHNe 3HaKa KOMIIEHCHPYEeTCsl CMEHOH OTHOCHTEIBHOIO 3HaKa STUX BEPIIUH, IOCKOIbKY
F — dyukmuu ['opbkoBa OMHCHIBAIOT mepexons! Tuma +p — Fp. B pesysnbrare momydaeM KOMOHHAITAIO
3HAKOB, BBIMUCAHHYIO BbImIe B (5.262).

27T A uMeHHO, ISt p ~ +pp u ¢ > 0, uMeem: Eptq =& +VRQ,

~ S 1 A2
Bptq = \[&sq T A2 % Ep +vrqyf + 3054 53

Co00TBETCTBEHHO:
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Orciona:
1 > 1 1 A?
A2 = ——Ny(Ep)vqg? — 264
Rellas(a) = ~3No(Ee ket [Tt {gpm v b g G20
T 9 o [T A?
Imllpz2(qw) = §N0(Ep)qu ; dfpﬁ {62Ep, + w) —6(2E, —w)} (6.265)
p

[TepeiizeM Tenepb K BBLIYUCICHUIO JM3JIEKTPUYECKOH IPOHUIAEMOCTH U IPOBOJUMOCTH.
Ucnonb3ys cranpapraoe onpenesnenue (2.8), umeeM:

2
© Relln:(qw) (6.266)

Reepz(qw) =1 —

2
e
5—Imllaz(qw) (6.267)

Imepz(qw) = —

Torzma u3 (6.264) u (6.265) momrydnm:

Reens(qw) 1+°"’2’/°Odg LA (6.268)
eeaz(qw) = —+ —_— .
Az\g 1/, pEg — WT‘Q Ez?)’
T o [ A?
rJie BBEJIH:
w2 = vpkD, k% = 8me?No(Er) (6.270)
— KBA/JpaThl IJIA3MEHHOI YaCTOTbI U OOPATHOTO Pa/Iyca IKPAHUPOBAHUI .
ITpn w = 0 (6.262) croguTCs K:
EyByrg — Gbpg — A2 1
ITA2(q0) = —2N0(Ep)/ d¢ pra_ b (6.271)
o EpEp+q Ep+ Epiq
IIpu vpq < A orcioga (wam u3 (6.264)) momygaem:
i
HA2(qO) —ENO EF qu / dngB = — = O(EF) A2 (6272)
410 gaer (mosmb3yemcs rakxe (6.270)):
4e* No(Er)vs w2

Epéptq B 55 +vrgép
AQ
EpEpiq ~ B} +vrgép + 50342 T2
P

TaK 4T0 Bxoaamas B I, 2(qw) KoMOHHAIHS:

EpEpt+q — Ep€ptq — A %UQF‘IQ 52_A~_2A2 .

28C yuerom Toro, uro mus d = 1 mmeem n = QpTF, PR = %n, nMeeM v2F“2D = 877621)%# = 4evp =
4e? % = %, 9TO COBIAAET C OOBIYHBIM OMpEIeIeHHeM IIJIa3MeHHOM JacToThl. Eciu nogpasymeBaer-
Cs TpexXMepHas CUCTeMa, COCTOSAIAsd U3 OJHOMEPHBIX IeM0YeK, TO UCIOJIb3yeMble 37eCh BBIPAYKEHUS JJIs
MOJISIPU3AIMOHHBIX OMEPATOPOB HYXKHO €Ille YMHOXKHUTH HA IUCJIO [EMOYEK, MPUXOJANINXCSI Ha €TUHUILY
IO/ TOMEePEYHOro cevenus obpasna, T.e. Ha 1/a?, rjae a — mocTosiHHas JByMEpHO# ([JIsi TPOCTOTHI
KBaAPATHOH) pemerku, 00pa3yemMoil IENOYKaMu B OPTOrOHAJIBHON MIOCKOCTH. TOrAa BCE BBIIMCAHHBIE
dOPMyYIIBI OCTAIOTCS CIHPABIIMBBLIMHU, TOJIBKO IO 1 YK€ CIIEIyeT MOHUMATHL TPEXMEPHYIO IIJIOTHOCTH
3JIEKTPOHOB.
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— CTATHYECKYIO IUIIEKTPUYECKYIO IPOHUIAEMOCTD TAREPJICOBCKOTO ANITEKTPUKA.
IIpn vpq > A u3 (6.261) moayvaem (meTanyn BHIYUCIEHHH OMTYCKAeM ):

2

KR
A2 (q0) = 2No(EF) = 47;-;2 (6.274)

TaK 49TO: 9

e(q0) =1+ 'Z—]; (6.275)

re onsth yusin (6.270). Beipaxkenue (6.275) 09eBHIHO COOTBETCTBYET 1e6aeBCKOi 9Kpa-
HUPOBKE B Memaaie — IIPU Upq >> A naiiepicoBcKas 1eiib CTAHOBUTCS HECYITIECTBEHHOT!
Bosspamascs k ciaydao w # 0 u vpqg < A, 3anuiiem (6.264) kak:

1
Reene =1+ -2 / @ AQWQ G (6.276)

ITpu w — 0 (w < 2A) orciona ecrecrBenHo cieayer (6.273), a upu w >> 2A Mbl 10J1y4aeM
OOBITHBIHN MIa3MEHHBIN Ipeaes:

2
w,
Reepz(w>2A)=1- 2L (6.277)

w2

[Tosnxoe Berpaxkenue (6.276) onmcbiBaer maaBHbIA mepexon or (6.273) k (6.277), mpouc-
xonsgmmii upu w ~ 2A. IToapobHee 1€/10 BLIISINAT ciaeaytomum obpasom. Mcmnonab3ys
B (6.276) 3ameny nepemennoit £, = Ash(z), mocie IpoCTbIX HPEOOPA3OBAHUI U B3ATH
TaOJIMIHBIX WHTErPAJIOB, HMEEM:

w? 2A 1 AN? ]
Reepz(w) =1— -2 14+ —————|arctg — 1) - T mpn w? < 4A?
w W] w? w 2

[ V)

4A2 -
(6.278)
w2 9A 1 AN2 |
Reepr(w) =1— —- {1 — ———— |arcth 1——] -1 mpu w? > 4A?
w w [z 4 w
4A2 -
(6.279)

OTKyZIa U CJIEYIOT yKA3AHHBIE BBIIIE IPEAEIbHbBIE CILyIau.
Paccmorpum reneph mogpobree Imeaz(w). Boipaskenne (6.269) 3ammchiBaercst Kak:

Imepz(w) = %wf, /000 dg,,(ggfilw {(5 (2,/512, + A2 —w> -4 (2\/512, + A2 —l—w)}

(6.280)

Bbiuncisist nHTErpat MoMb3ysch ussecrapivu dopmyitamu d(az) = 16(z) u fyoo dzd(x —
a) = 0(a — y), nonyanm:

2A
Imepz(w) = TA ”M (6.281)
a7 — 1

Orcrona st AefiCTBUTE/IbHOR YaCTH [IPOBOIUMOCTU HMEEM:

w :;L—ej us é opu  |w| > 2A
Reopz(w) = —Imepz(w) = Visz-1¥ (6.282)
Am 0 npu lw] < 2A
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AReo

2A w

Puc. 6.36: HacrorHas 3aBUCUMOCTD JeHCTBUTEIHLHOM YACTH TPOBOIUMOCTH B HANREPIICOB-
CKOM JTHIJIEKTPUKE.

CooTBeTCTBYIOIAsT YACTOTHAS 3ABUCUMOCTh Ka4eCTBEHHO MoKa3aHa Ha Puc. 6.36. Bugum,
YTO MOTJIOIIEHNE 3JIEKTPOMATCHUTHON YHEPTUH TTPOUCXOIUT MyTeM BO3OYKIEHUS KBa3U-
YACTHUIL 9epe3 NalepICOBCKYIO MIETh MUPUHON 2A U OTIIMYHO OT HyJist nipy w > 2A. D10
TUMAYHO JUIJIEKTPUIECKOE MTOBEICHUE.

IMpu w > 2A umeem:

Imenz(w) = 21 <é)2 (ﬂ)z . Reop:(w) ~ e <é)2 (6.283)

w w mw w

B mceBmomenesoM coCTOSHAR? BCE ITH BHIPAKEHH Hy KHO elle YCPEeIHUTD 110 (IyK-

ryanusim A, onucbiBaeMbiM pacupesenenuem (6.206) wiau (6.207). Takum obpasom u3
(6.281) u (6.282) mosyuaem:

w? ﬁ ¢
Ime(w) = WAw—g d¢e™¢ - (6.284)
0 4wAz - C
wg A = ¢ ¢
0 a7 — ¢

Pesynbrarhl YuCIEHHBIX PACYETOB ITUX BbIpaXKeHWit TOKa3aHbl Ha Puc. 6.37, 6.38. Amna-
aurudeckn u3 (6.284) u (6.285) s1erko mokasark, 9To mpu w <K 2A “paborarT’ cieryo-
[7e ACHMITOTHKI:

w? 2
Ime(w) = z—p, Reo(w) ~ L (ﬂ> w—0 mpn w—0 (6.286)
6 A2 24 VA
ZQPaByMeeTCH 3/1eCh pedb HeT TOJIBKO O Hallleil Ype3BBIYaiiHO YIIPOIIEeHHONH MOJEeIN, COOTBETCTBYOIIeit
KapTuHe rayccoBbiXx ¢urykryanuit CDW — Tuma ¢ KOppesIiuoHHOM AiIuHOM Kk — oo. O600meHne Ha
cjiydail KOHEYHBIX £ CYIIECTBEHHO CJIOXKHee u Oy/IeT pacCMOTPEHO HUXKE.
30310 cpasy moydaeTcsa € yYeTOM ACHMIITOTHYECKOTO IIOBeJeHWs MHTerpaga mpu a — O:

Iy d:vefzﬁ -y d:v\/ame = %a3/2.
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0,51

0,41

30,31
W
g

0,21

0,1-

0,0
o 1 2 3 4 5 6

w/A

Puc. 6.37: HacTroTHaa 3aBUCUMOCTH MHUMOIN YaCTU JTUIIEKTPUIECKON TTPOHUIIAEMOCTH B
2

w
MOJIEJIN TICEBIOIIENIEBOr0 COCTOAHUA. 3Hadenus Ime(w) TaHbl B €UHANAX ~z-

w/A

Puc. 6.38: YacrorHasa 3aBUCHMOCTD AeACTBUTENHHON YACTH MPOBOIUMOCTH B IICEBIOIE-
2

w
neBoM cocrosand. [IpoBOIMMOCTE Jana B eUHANAX k.
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IIpu pacuere Ree(w) MOXKHO KOHEYHO IPOBECTH YMCIIEHHBIH 06c9eT (DOPMYIL, CIIEY IOLIUX
u3 (6.279), (6.278) ¢ mocneayionmm ycpenmenuem (6.206):

w2 o ACA? 1 ACA? ™
et [ S o ()

(6.987)
mpu w? < 4A2%, u
2 ) 2
4CA 1 4CA2
ReeA2(w):1—w—’2)/ dce ¢{1— ¢ arcth 1_C_2 _1
w? Jo w w? —4CA2 w
(6.288)

mpu w? > 4A2. Topasao mpoine, oIHaKo, BOCTOMb30BaThcss BMecTo (6.279), (6.278) mpo-
creiieil THTePIOIIIHOHHON (POPMYIOii:

w2

_ P
KOTOpad NpaBUJIbHO OIHUCBHIBACT IPEIeIbHOE IIOBEACHUE MPpU w K 2A 1 w > 2A. Torma
IOJIy4aeM:

5 [ ¢ 1 wZQ, W2 — [ W
Ree(w)=1—-w de™*———+—==1——5¢e a2 Fi | — 6.290
() p/o ¢ w? — 6CA2 6A2 <6A2) ( )
Henocpecreenublii ducieHHblil cyer mokasbiBaer, 910 (6.287), (6.288) u (6.290) mator
KOJINYECTBEHHO OYEHb OJIM3KME pe3yabTaThl, Kak 3T0 Bumuo u3 Puc. 6.39. Ucnonas3ys
M3BECTHBIE ACHMIITOTHKHA:

- - % npu z>1
Ei(z) = { C+Inx+ .. npu x—0, C=Iny (6.291)
MOkHO u3 (6.290) Haiiru:
W2
Ree(w) — 1 — w—g upu w > 2A (6.292)
w2 w2
~ P

Jlorapudmuueckas pacxomumoctb Ree(w) Ha MajblX YacTOTax JAEMOHCTPUPYET IIPOME-
KYTOYHOE (HE METAJINYEeCKOe, HO M HE JUIJIEKTPUIECKOE) HOBEIEeHUE PACCMATPUBAEMOI
YIPOITEHHOW MOJEJN TICEB/IONIETEBOI0 COCTOSHUS.

AnasmorugabiM 06PA30M MOXKHO PACCMOTPETH ¢ — 3aBUCUMOCTD JHIJIEKTPUIECKOI TIPO-
HHUIAEMOCTH B cTaTHYecKoM mpejesie w = 0. Hamumem mpocTeintyo WHTepIoIsaInOHHY 0
dbopmyny, cBs3bIBaIONIYIO TIPeeIbHbIE caydan (6.272) u (6.274):

v2.q°

a2(q0) = —2Ny(Ep) 5—1— 6.294

A2(q) 0( F)’U%q2+6A2 ( )
TaK 9TO 9
_ KD

3
F
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Puc. 6.39: [leficTBurenbHas 9aCTh AUIIEKTPUIECKON MTPOHUIIAEMOCTH KaK (DYHKIWS Ua-
CTOTBI BHEIHEro 1oJis. (1) —3aBUCMMOCTb, Oy YeHHAs YUCAEHHBIM PACYETOM 110 TOYHBIM

dbopmyaam, (2) — 3aBUCUMOCTD, [OJIyYeHHAs U3 UHTEPIOJIAIUOHHON (opmMysibl. Tusiiek-
2

w.
TpHUYecKas MPOHUIIAEMOCTh JaHa B €JIMHUIAX =% .

410 mHTepnoaupyer Mexay (6.273) u (6.275). Torna B Hamel MOJe/IU 1ICEBIOIIEIEBOIO
COCTOSTHUA:

q + K2, +6<A 2,2 2,2 2 2
¢(q0) = / doe™ — e :1—“5256622 Ei (—%FA%) (6.296)

CooTBercrByIOIiee TOBeAeHNe TOKa3aHo Ha Puc. 6.40, u3 KOTOPOro BUIHO TaKKe Ipe-
KPAaCHOE COTJIACHEe WHTEPIOIANUOHHON (DOPMYJIBI C PE3yIbTATAMU PACIETOB MO TOYHBIM
dbopmysnam (koropbie Mbi omyckaem). [Ipu vpg > A ucnonb3yem acUMITOTHKY I[PH

x> 1: Fi(—x)

KQ
e(q0) =1+ q—lj (6.297)

r.e. “merasnaeckoe”’ (nebaesckoe) nosegenue. OaHAKO, IpU vpq <K A, HOJIb3YsICh ACUMII-
rorukoit Fi(—z) ~Inyr (z — 0), umeem:

1)2 I€2 1)2 q2
~1-— Dy ~—E 2
€(q0) ~ 6A2 MY GAD (6.298)

ITpu rakom nosenenun €(g0) B npenesne Manbix ¢, 3hHEKTUBHOE KYJIOHOBCKOE B3aMMO-
JIefiCTBUE TIPUHWMAET BUJI:

V(g) = # (6.299)
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1,0
0,8
T 0,6
=
=

0,4

0,2

0,0 T T T 1 T T T 1 T
vpq/ A

Puc. 6.40: Iusnekrpudeckas IPOHULIAEMOCTb KaK (DYHKIUs BOJIHOBOro Bekropa. (1) —

3aBUCUMOCTD, IIOJIyY€HHAs YUCJIEHHBIM PAcYeroM [0 TOYHbIM (opmyiaam, (2) — 3aBucu-

MOCTb, [IOJTy YeHHAs 13 MHTEPIOISAIUOHHON (DopMyJibl. Iusnekrpudeckast IpOHUIIAEMOCTD
2

w,
JlaHA B €IMHATIAX 5.

rie
2
~ e
& ((J) = V2 R2 022 — 0 npu q— 0 (6300)
1 — 4x# Invg5s

9TO HAITOMUHAET U3BECTHYIO CUTYAIUIO “HyJIb — 3apsaa’ B KBAHTOBOM JIEKTPOIMHAMUKE
[20]. Takum ob6pazom, (uIyKTyaluu MIEIn B CIEKTPE HAllel MOJEJIH IIPUBOAAT K [OJTHON
9KPAHUPOBKE 3apsi/ia, XOTs U BecbMa crerpdudeckoro suaa. OnsaTh Mbl BUAUM MOBEIEHIE
TTPOMEsKYTOUHOE MesK/Iy THIHYHO “MeTamdeckuM” u “amsrexTpuaeckum’ >,

OcCHOBHO#1 BBIBOJ, KOTOPBIfI MOXKHO CHEJIaTh W3 MPOBEIEHHOTO PACCMOTPEHUS ITOM,
YPE3BBIYAHO YIIPOIIEHHO U NCKYCCTBEHHON MOJIENH, TOBOJILHO BazKeH. Pe3yaprarst To-
HOro peniedus (IOJHOMO CYMMHUPOBAHUS JMAIPAMMHOIO Dsijia) MOT'YT OKAa3aThCs Pa3u-
TEJIbHO OTJIMYAIOIIUMUCS OT PE3YJIbTATOB, 0Ly YaeMbIX IIPUOJIMKEHHBIMU MeTogaMu (da-
CTUYHBIM CYyMMUPOBAHUEM JMAIrPAMMHOIO psiaa). K coxkasieHuio, IoiHOe CyMMUPOBAHKUE
yJaeTcst TPOBECTH, KaK MPABUJIO, JIUIIH IS YIIPOIIEHHBIX U HE OYEHb PEATUCTHIECKUX

3a/1a4.
O60061meHne 3TUX PE3yJIbTATOB Ha CJIydail KOHEUYHBIX KOPPEISIUOHHLIX AMuH £ (MM KOHEUHBIX K)
MOXKeT OBITH IPOBEJEHO, IYyTEM BLIBOJA PEKYPPEHTHBIX yDABHEHHH [JIsi BEPIIMHHON 9YaCTH, OMHUCBAIO-
meil 3JeKTPOMArHUTHBIA OTKJIMK CHCTEMBl, AHAJOTHYHO MIPOBEIEHHOMY BBIIIE BBIBOIY DPEKYDPPEHTHBIX
yDaBHEHHH /151 COOCTBEHHO — SHEPreTudecKoi yactu (0xHOIeKTPpOoHHON dyHkmuu ['puna).
IIpousBonbHas AuarpaMma JJjIsi BEPIIMHHOM 4YacTH, KaK MbI BHIEIU BBIIIE, MOXET OBITH IOJyte-
HA BCTABKOI JIMHUH BHEIIHErO [OJIS B COOTBETCTBYIOIIYIO JHArPDAMMY JJIsS HEIPUBOAUMON COOCTBEHHO —
3HepreTuyeckoit yactu. OCHOBHAs Uaes JAJTbHENNIIero BIBOIA COCTOUT B TOM, YTO B HAIIEil MOJETN MOXK-
HO OTPAHUYIUTHCS TOJIBKO aguarpaMMamu 0e3 mepecetdeHust JTUHUI B3aUMOeHCTBHS, C JOMOIHATEILHBIME

3l PagyMeercs 3TH aHOMAJIMH, B 3HAUUTEIHLHONR Mepe, SBJISIOTCS CJIECTBHEM JOCTATOYHO HCKYCCTBEH-
HBIX IPEeI0JI0KEHUN, HCIOIb30BAHHBIX IPU (DOPMYIUPOBKE HAIle# MOJIEJH MCEBIOIETIeBOr0 COCTOSHHUS,
¥ MCYe3al0T, HAIpUMeED, Ipu ydere 3(p@EeKTOB KOHEYHOCTH KOPPEJISIMOHHON IMHBI OJIM>KHEr0 MOPsiIKA.
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NV v

Puc. 6.41: duarpamma obirero Bua /1jisi BEPITUHHON OMPABKU.

KOMOMHATOPHBIME MHOXKHTEIAMHA v(k), NPUIUCHIBAEMBIME “HA9aJIbHBIM” BEPIIMHAM B3aUMOJAEHCTBHS.
Torga npu pacdere BEPHIMHHBIX MOIPABOK JOCTATOYHO PACCMOTPETH TOJBKO JHArPDAMMBI TUIIA IIOKA3aH-
HBIX Ha Puc. 6.41. Torma MBI HeMeJIEHHO IOJIy9aeM CACTEMY PEKYPPEHTHBIX YPAaBHEHHH IS BePIINHHBIX
gacreil, mokazaunHyio Ha Puc. 6.42. YTo6bl HAa¥TH COOTBETCTBYIOIINE AHAJUTHIECKUE BBIPAYKEHHS DPAC-
CMOTPHM IPOCTEHIIYIO IONPABKY K BEPIIMHHON YacTH, HOKa3aHHyIo Ha Puc. 6.43 (a). Hemocpeacrsenno
BBINOJIHsAS BeIYucaenus nupu I’ = 0 B RA — xaHnase, HaXO AM:
(RA (¢ . a2 [9Q a4 R _
VA (6:&pie+w,8prq) = A EGO (6,6p-Q)G0 (e + W, §p—Qtq) =
1
2 A : R :
= 82 {Gf (e, & +ivrn) = Gl(e + w,bprq — ivpR)} ——— =
w4+ vEq
2 ~A . R . 2ip kK
= A“Gj (e, —&p + ivpr)Gy (e + w, —&ptq — VFK) {1 + —
w + Vpq
(6.301)

rjie, IPU UHTEPUPOBAHUY, MbI BOCIIOJIb30BAJICH CAEAYIOIIUM TOXKIECTBOM, CIPABEIIUBBIM 151 CBOOOI-
veIX ysKnui I'prna:

1
G &G (e +w.&) = {61 6) — G +w o)} o — (6.302)

“OpneBas” BHYTpPEHHUE 3JIeKTPOHHbBIE JTUHAU (DIYKTYAIUAME, IOTydaeM JAarpaMMy, IOKa3aHHYO Ha Puc.
6.43 (b), Tak 9TO C MCIOIB30BAHUEM TOXKECTBA:

GA(e,6)G (e +w,6prq) = {GA(e,6p) — GRl=+w,6p10) } X
1
W —VUFq — Z{%(E +w, Eptq) + 2114(57510)

CIpaBeuBOro Juist HONHbIX QyHKmui I'pura (6.215), MOXKHO 3amECcaTh BKJIAJL STOH JHArDAMMBL KaK:

leA(Evfpﬁervfp-Fq) = A2U(1)Gf(57§p)G{%(5 +w, €ptq) X

X

(6.303)

iy 20Up K
w+vpq — 25(5 +w,&ptq) + 2‘24(5,517)

31eCh MBI [IPE/IIOJIOXKIIIN, ITO JIMHKUS B3aNMOJEHCTBUS B BePIIMHHON mompaske Ha Puc. 6.43 (b) “mpe-

}JﬁA(afP?E‘vaép-Fq) (6.304)

9 R,A o R,A
00pa3yeT” COOCTBEHHO — HEpreTHYecKHe JacTH X BHYTPEHHUX JIHHMI B ¥,°°", B COOTBeTCTBUH C
OCHOBHOI myeeit mamrero Ansatz’a musi cobcTeeHHO — HEpreTHyeckoit gacTuS?. Termeps MbI MOXKEM BBI-
[HCATh AHAJOTMYHOE BhIPAXKEHHUe [JIsl AuarpaMMbl OOIero BUAA, MOKa3aHHOM Ha Puc. 6.43 (c):

JkRA(Evfpﬁ +w,€ptq) = AQ”(k)Gﬁ(Evfp)GkR(E +w, €ptq) X

w1y 2ivpkk
w = (_1)kUFq - EkR+1(5 + W7§p+q) + 2?4,1(61 51’)

} JgA(éafp?ff‘f'Wyprrq)

(6.305)

320OxazpIBaeTCa, KaK MBI YBHAMM HEMKe, UTO STOT OpHeM 06EeCIIeuHBaeT BEHIIOJHEHHE TOUYHOIO TOXKIe-
crBa Yopaa (6.309), 9To n sBIseTCs [VIABHOW MOTHBHPOBKOH IJIst TaKOH 3amucu.
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Puc. 6.42: PekyppeHTHbIE YpaBHEHUS JJIsT BEPITUHHON JaCTH.
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Puc. 6.43: Ilpocreiias monpasBka K BEPITUHHON YACTH.
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Torga HeMeIJIEHHO MOIyYaeM DPEeKYPPEHTHOE YPABHEHHE sl BEPIIUHHOW YaCTH, MOKAZAHHOE I'pa-
duveckn ua Puc. 6.42, u umeromee crexyromuii ananuruaeckuii Bug (M.B.Canosckuit, A.A. Tumodees,
1991):

JI?—Al(Evfp?E +tw,éptq) =1+ AQ”(k)GQ(Evfp)GkR(E +w, €ptq) X

2ivpkk

X <1+
w = (71)kUFq - EkR+1(5 + vap-‘rq) + Z;?Jrl(é, éﬁ)

J;fA(a,fp;s—f—w,Eerq)

(6.306)

r7ie Bce COOCTBEHHO — SHEPreTHIeCKHe YacTh U GyHKIUU ['pHHA OMpPEeJesISIOTCS U3 AHAJTUTHIECKH TTPOI0II-
JKEHHBIX (Ha BEIECTBEHHBIE YaCTOTHI) PEKYPPEHTHBIX COOTHOmeHnH Tuna (6.222), (6.223). “Ousnueckas’
BepILIKHHAS 9acThb J 4 (&,€p; e+w, Eptq) ONpeTeseTcs Kak J?g)(s,fp;s+w,§p+q). PexyppenTHas npo-
nexypa (6.306) yanTeIBaeT 6ce fuarpaMMbl TEOPHU BO3MYINEHUil auist BepmuHbl. B ciayvae Bepmur RR u
AA — THIIA IOTYYNM AHAJOTHYHEIE DEKYPPEHTHBIE COOTHOIIEHHSI, C OYeBHJHON 3aMmeHoil G« G4, a Tak-
JKe C 3aMEeHOM BBIpayKeHus! B OObUINX (DUTYPHBIX CKOOKax B mpasodt wactu Ha 1. [lpu k — 0 (£ — 00)
9TH PEKYPPEHTHBbIe ypaBHEHHS SKBHUBAJIEHTHBI IIOJHOH CyMMe JUArpaMMHOTO pAja, M3ydaBIIedcs BBI-
mre, KOTJa HaM YJaJOCh IIPOBECTH CYMMHPOBAHHE B aHAJIUTHIeCKOM Buae. CraHgapTHOe ‘“ecTHHUIHOE”
npubsMKeHne COOTBETCTBYET B 9TOH cxeMme BBIOOPY KOMOMHATOPHBIX MHOXKHUTeNeH B (6.306) v(k) = 1.

Cormacuo (2.115), (4.78) mpOBOIMMOCTH CHCTEMBI BBIPAXKAETCS Uepe3 3aMa3ZbIBAOILYI0 (hYHKIHIO
OTKJIMKA ILIOTHOCTB — IUIOTHOCTH X (¢, w) KaK:

ow) = lim (*%) x(qw) (6.307)

'Z[‘.T[ﬂ prOH.[eHI/IH YUCJIEHHBIX paC‘{eTOB MO)KHO, B HepBOM HpI/I6J'[I/I)KeHI/II/I, BOCIIOJIB30BATHCA Bpra)KeHI/IeM
(4.105), copaBeyIABOM B IpEJee MAJBIX JaCTOT w:

x(gw) =w {<I>RA(qw) — <I>RA(0w)} (6.308)

rae asyxuacTmunas dymkmus Ipuna ®F4(¢,w) 6euta ompenenena B (4.103) (cp. obmee obCysKaeHue
B Tnase TV u onpegenenust (4.88), (4.94) u m.1.)33. Oxmako, U3 — 3a CyIIECTBOBAaHUS B PACCMATPUBA-
eMoif 3ajade JOMOMHUTEILHOr0 Macmraba sHeprun A K Ep (IupuHaA ICEBIONIENH), MCIOIb30BAHUE
(6.308) mpmBOAMT K OmpeRETEHHON (KOJMYECTBEHHOM, HO He KAYECTBEHHOH!) HETOYHOCTH PEe3yJIbTaTOB,
O0COGEHHO B Ipefese MaJbIX K. 1109TOMy, rOpa3mo JIydile HCIOIb30BAThH MOJMHOE (MHTErpajbHOe) Ipej-
crasnenue musa x(q,w), 3amasaemoe (4.87), (4.95). DT0 mO3BOJISIET BOCHPOU3BECTH TOUYHBIE PE3YJIBLTATHI
JIJ1s1 ONTHUYECKOW MPOBOJMMOCTH, I[IOJIyYEHHBIE BBIIIE B mpegesne k£ — 0 C HOMOIIBIO PAaCCMATPUBAEMBIX
3/1eCh PEKYyPPEHTHBIX COOTHOIIeHu. B Toxke BpeMsi, BOBHUKAIOIIEE 37eCh JOMOJHUTEIbHOE MHTErpUpO-
BaHHeE II0 aHepI‘I/II/I, C OYeBUIHOCTBHIO BeJIeT K 3aMeTHO 6OJIBH_II/IM 3anaTa.M MAIIIUHHOI'O BpeMeHI/I. HI/I)Ke
MBI IIPUBOAMM DE3YJIbTAThl, IOJIyYeHHbIE B Pe3yabTaTe HOJTHBIX pacdeToB Ha ocHOBe (4.95). CxoqumocTh
9HCIIEHHON HPOELyPHI IS BEPIIMHHON YaCTH JOYTATOYHO XOpomas (KpoMe 00JIaCTH O9€Hb MAJIbIX Ta-
CTOT W MaJIBIX K = £ 1), XOTs $ICHO, ITO PACUETHI IPOBOJUMOCTH KOHEUHO Ke TPeGyIOT CyIeCTBEHHO
0OJIBIITEr0 BPEMEHW, HEXKEJIM HATPUMEDP PaCIeThl MJIOTHOCTHA COCTOSHUHN.

Tunuvyasle 3aBUCUMOCTH J1eHCTBATEIHBHON YAaCTH HPOBOJUMOCTH OT YaCTOTHI MOKa3aHbl Ha Puc. 6.44
(nns cyuas HecomsMepuMbIX hIyKTyanuit GimKHero mopsaaka)34. BuamM, 4TO yMeHbIIeHHe KOppess-
IMOHHOU JJIUHBI £ = k! Bemer x [IOCTEINIeHHOMY POCTY IOIJIOIeHHsI BHYTpu Icesjoinesn. Hanbosee
YAUBHUTEIbHON aHOMAJHell fB/ISeTCS MOsBJIEHHE JOMOJHHUTEILHOrO IUIABHOTO MaKCHMyMa (MM HEeMO-
HOTOHHOCTH) B 9aCTOTHOH 3aBHCHMOCTH IPOBOJUMOCTH BHYTDH ICEBAOIIENEBOH 00aCcTH, KOTOPOE MBI
CBsI3BIBAEM C TIpOsiBieHUeM 3(hdEKTOB aHAepCOHOBCKON JIOKAJM3AIUHN, BCETJa MMEOIeH MeCcTO B Of-
HOMEPHBIX HEYTOPSAOYEHHBIX CHCTeMaX. JIOKaIM3aIMOHHAs TPUPOJA 9TOH aHOMAJUU HETOCPEICTBEHHO
[OATBEPK/AETCS CPABHEHHEM HAIIero “rov4Horo” (T.e. YIMTBHIBAMOIIErO BCE JHATPAMMBI) pacdeTa C pe-
3yJIBTaTaMU “JIECTHUYHOTO” MPUOJIMKEHUS, CBOJAIIEr0Cd K HCIOJH30BAHHIO BO BCEX COOTHOIIEHUSIX KOM-
OGunaropubix MHOXKHUTENeH v(k) = 1. Tunuaaas 3aBUCHMOCTH NMPOBOJMMOCTH, MOJIYYAOIAACST B TAKOM

33[IpsMble YHCIEHHBIE PACYeThI MOKA3LIBAIOT, YTO PEKyPPEHTHAs IIPOLELypPa (6.306) ymoBaerBOpsieT
tounomy (B mpemene w — 0) ToxgectBy Yopaa (4.104):
N(E
PRA(Qw) = _N(Er) (6.309)
w
rie N(Ep) — mIOTHOCTH COCTOsAHU HA ypoBHEe PepMu, KOTOpasi MOXKeT ObITh HE3aBUCHMO DACCIUTAHA
¢ momompio (6.226) — (6.229). B meficTBEUTENBHOCTH, 9TO MOXKET ObITH IVIABHBIH apryMEHT B MOJIb3Y
obocuoBanuocTn Ansatz’a, ncnosnb3oBanHoro npu Beisoze (6.304), (6.305) u (6.306).
34 ApTop mpusnareren D.3.Ky4HHCKOMY, KOTODBIi IIPOBEJ PACIETHI MOMHEIE TPOBOIUMOCTH CIIEIJHAT-
HO JJIS 9THX JIEKITUH
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Puc. 6.44: YacTtoTrHas 3aBUCUMOCTD JIEHCTBUTEIHHOM YaCTH TPOBOJUMOCTH B CJTydae HECO-
MU3MEPHUMBIX MCEBIOIIENEBbIX DIyKTyanunii aist pa3angubix 3nadennii I' = vpk /A, TlyHK-

tup — caydait I' = 0. lllrpuxu — pesynbrars: “necrananoro”’ npubsmkenuns s [ = 1.0.
2

w.
[IposomuMOCTh JaHa B €UHANAX k.
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npubIMKeHnH, MoKa3aHa Ha Puc. 6.44 mTpuxoBoil KpuBOH. SICHO BHIHO, YTO JIOKAJU3AIMOHHOE ITOBE-
eHre TPaHCGHOPMHUPYETCS B Y3KHI “APYIeBCKUN’ MUK HA MAJIBIX YaCTOTaX. JTO BIOJIHE eCTECTBEHHO,
MOCKOJIBKY MbI Bujenun B IytaBe IV, 4ro jokamm3ainusi TECHO CBsA3aHA C y9eTOM JguUarpaMM C Iepekpe-
IUBAOIIUMUCS JTUHUSIME B3aUMOJEHCTBUSA, OTCYTCTBYIOIIUMHA B “JeCTHHYHOM” nmpubnm:kenuu. [Ipsavbie
pacYeTsl MOKAa3bIBAIOT TaKXKe, 9TO HAIIU PEe3y/abTaThl JJI IPOBOJAUMOCTH YAOBJIETBOPSAIOT TOYHOMY IIpPa-
Buny cymm (5.297).

DTOT MOLXOM HEMOCPEICTBEHHO 0000IIAeTCs TAKyKe M HA PACIYeThl IPOBOSUMOCTH B ABYMEDHBIX MO-
JIeJISIX TCEBOINEeIeBOr0 MOBEJIEeHHUsI, HCIIOIb3YEMbIX B TEOPUH BBICOKOTEMIIEPATYPHBIX CBEPXIIPOBOJHUKOB
Ha OCHOBE OKCHIOB MeIi°’.

6.6 Moxaeas Tomonara — JlarruaXKepa n HeepMUKII-
KOCTHOE TIOBEJEeHUE.

[IpakTrdecku BO BCEX PACCMOTPEHHBIX BBIIIE 33/1a9aX Mbl HCXOIUIIN U3 KAPTUHBI (DePMU —
xunkoctu JIaHmay u, mpexkae BCero, u3 moII0CHONO XapaKTepa OMHOYACTHIHON (DYHKITUN
[M'puna:

Z

e —vp(p—pr)+1id

G(p) (6.310)

rie 0 < Z < 1 — HeKoropas MOCTOSHHAS, OMPEIESIONasi, KAaK Mbl BHIEIH, CKAYOK
dbyukmm pactpeenenns gactuil Ha mopepxaoctu Pepmu p = pp. Takxke MBI TOCTyIATH
M TIpHU PACCMOTPEHUH OHOMEPHBIX 3ajad. B Toxke BpeMsi, B MPEIbIIYIIEM Pa3eae Mbl
BU/IEJIN, 9TO TOYHOE PEIEHNe OHOMEPHOM 33/TaN MOYKET MIPUBECTH K COBEPITIEHHO WHOMY
Buay dyukiun ['puna, He cofepKallel MOJII0COB U HE COBIAAMONIEH € TPEICKA3AHUIME
Teopun pepmu — kugkoctu. Ha camom mermme, 3TO sBIsgeTCs OOIIUMM CBOMCTBOM TEOPUH
B3aMMOJIEHCTBYIOIIMX JEKTPOHOB B OJTHOM H3MepeHUr — (DEPMUNKUIKOCTHOE MOBEICHIE
OTCYTCTBYET 6cezda. B KauecTBe, MOXKET ObITh, HaubOIEe ApKOro (U OOILIEro) mpuMepa B
9TOM pa3/iesie MbI GErI0 pACCMOTPIM TaK HA3bIBAEMYIO MOIesb ToMoHara — JlarTuHskepa.

Orta Mozenah omuchiBaeT ra3 bepMu — YACTHIL C IMJIOTHOCTHIO 1 (umiyabe Pepmu
pr = mn/2), maccoii m (ckopocrb ®epmu vp = pp/m) ¥ NOTEHIMAJIOM B3AUMOJIEH-
creus A(|z|), dypbe — KomnoHenTbr KOTOPoro A(k) OTJaMYHBL OT HYJIsl JIHUIIb B IPEIEIHHO
y3KOM mHTepBasie uMnyabcoB |k| < A < pp. CooTBeTcTBYIONMI raMUIBTOHMAH MMEeT
BUI;:

2

p 1

H=) s—aja,+5 > Mk)ajabay kapx (6.311)
p pp'k

ToMmoHara mokasajl, 9To B CIydae MPeiebHOTO NaJbHOIEHCTRYS, T.e. B PEHEOPEIKEHNH
BceMu BesmunHaMu Tana A/pp — 0, cuekrp ramunbronnana (6.311) coBnagaer co crek-

TPOM CHCTEMBI 6030H06, OIUCBIBAEMBIX omeparopamu by, bj 3¢
2’UF

H = k)b b 2(k) =vE + —A(k 6.312

zk:v()kkv vi(k) = vp + ——A(k) (6.312)

Huzxe mbl nokazkem sro quarpamvubivu merogamu (U1.E.I3snomunckuii, A.W.Jlapkun,
1973), Takzke Kak U TO, 9TO OnHOdIeKTpoHHas Gyukuus ['puna coxpanser suz (6.310) B
obmacru |p — pp| > A, HO nMeer coBepIeHHO Apyroii B BOaM3K mosepxHocTH Pepmu,
T.e. mpH |p — pr| < A.

35 [lomoHUTeTbHBIe eTaE MOXKHO HaliTm B B ob6zopax: M.B.Camosckmit. YOH 171, 539 (2001) u
ArXiV: cond-mat/0408489.

36 lmpIMu cTOBaMH, B CHCTeMe BOOGINE He OCTaeTcs (DepMHUOHHEIX BO3OYXKIEHHH, a ee CHeKTp HCUep-
NBIBAETCS KOJJIEKTUBHBIME KOJIeDaHUsIMU “3BYKOBOr0” THIIA.
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Puc. 6.45: B3anmoseiicrBusa dactui, B Mogenn Tomonara — JlarTuHxkepa.

Vmest B BULy CIEKTP OJHOMEDPHON CHCTEMBI CBOOOIHBIX 3JIEKTPOHOB, TOKA3AHHBIN HA
Puc. 6.3, 6ynem Boraumcasars ¢dyuknuu ['puna BOMu3M “mpasoit” u “meBoit” Touek Dep-
My tpp, obo3Hauas ux cooreercrBeHHO G4 (p) u G_(p) (£ — depmmonsr). s rasza
CBODOTHBIX YACTHIL:

GO — L g0t (6.313)
e—p+tpr+id e+p+pr+id
rje, JJid KPATKOCTH, MEPeInIn K CUCTeMe euHuI, ¢ vp = 1.

Yacrurpl BO/IM3M TIpaBoil W 1eBOH (pepMH — TOYKHM MOXKHO, IO CYIECTBY, CINTATH
pa3HbIMU (DepMUOHAME 1 B CHCTEME C B3anMOJIeCTBIEM, NaxKe B 06JacTh [p— pr| > pr,
MOCKOJIBKY B mipeziesie A/pp — 0 B3anMo/ieiicTBIe He MOYKET TIePeBOIUTh UX JAPYT B IPYTA.
9TO 03HAYAET, B YACTHOCTH, YTO C TOH K€ TOUHOCTHIO BEJININHBI P — pp I “+— qacTuIl
up+ prp amsa “—" — 9ACTUIl MOTYT MEHSIThCA B IPEaesax OT —oo 10 +00.

IIpexx e Bcero HaM Hy?KHO BBIUHACIUTD (D PHEKTUBHOE B3AMMOIEHCTBIE, 0003HATAEMOE
nanee D(k) u BosHucTOlN snHuel, a Takxke ‘“rpeyrosbHyio” sepriuny I'(p, k). B cuny
ycnoBusi A/pp — 0, BO BceX BepITMHAX CYIIECTBEHHBI TOILKO UMITYJIbCHI k < pF, MOITOMY
obe rpuHOBCKEE (DyHKINN (DEPMUOHOB, BXOIAIIME B ' JOIKHBI JIe2KATh HA, OJHON U TOMH
ke pepmu — TouKe +pp wiaM —pp, Tak 4o MOKHO BBectu I'4 (p, k) u I'_ (p, k). IIpu srom
MBI PACCMOTPHM HEKOTOpoe obobienne momean Tomonara, a MMEHHO, OyIeM CUATATD,
YTO B3aUMOJEHCTBHS YaCTUL, OJHOrO “3HaKa’ (4 WM -) U PA3HBIX “3HAKOB” PA3/IUYHbI,
Kak 3To moka3amo Ha Puc. 6.45. CoOTBETCTBEHHO BBOINM ODO3HAUEHMUST:

)\++ =A__= )\1; )\+_ = )\2; D++ = D__; D+_ = D_+ (6314)
Vpasuenus Haitcona qiusg D umeror Bui:
D++ - )\1 + )\1H+D++ + )\QH,D7+ (6315)

D_y =X+ Il Dyy +MII_D_, (6.316)

Bxopsrmme cioza MOISpU3AIMOHHBIE OMEpaTOPhl M300ParKaioTcs TpadrKaMU, MTOKA3AH-
wbiMu Ha Puc. 6.46. Ypasuenune [laiicona nng dyuknuu 'puna G mmeer cTaHIapTHBIN
BUL;

Gi'=eFp+pr—3z (6.317)

rje Y4 u X_ nokasasbl Ha Puc. 6.47.
O6br9HO, KaK MBI BUZEIN HA PA3HBIX IPUMEpPAX BBIIE, BEPIIHHHASA 9acThb I’ ompe-
JiesisieTcsi 6eCKOHEYHBIM PSIJIOM AWarpamMM, B CHUJIy Yero Takue 33/1a9d PerraroTcs JHIb
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Puc. 6.46: [Tongpusanuonnsie oneparopsl B Mozean Tomonara — Jlarrunxkepa.

Puc. 6.47: CobCTBEHHO — SHEPTeTUYECKIe YacTh 3JeKTpoHa B Momenn Tomonara — JlaTt-
MHIKEpa.

npubamKenno. OIHAKO B PACCMATPUBAEMONM MOJIEIN 3339y MOYKHO PENIUTh TOYHO B
npenene A/pp — 0, BOCIONB30BABIINICH TOXKIECTBAME YOpAa, cBsi3bBatonmmu I' u G n
UMEIOIUMU CIEAYIOMUI MPOCTON BU:

Gi'(p) —Gi'p— k)
w—k

G '(p)—G ' p—k)
w+k

3aech, Kak u Bbiie, k B aprymenrax dbynkuuii [puna u Bepumn obosuagaer napy (k,w).
Coorsomtenng (6.318) u (6.319) MOXKHO BBIBECTH HEIOCDEJICTBEHHO, PACCMATPHUBAS JHa-
rpaMMbl Pa3HbBIX IIOPSJIKOB M MCIOJIb3ys caeaytoiee u3 (6.313) roxaecrso:

Ty(p k)= (6.318)

T (pk) = (6.319)

1
G )G (p+k) = ey (Gﬁf) (p) -GV (p+ k)) (6.320)

Hesno B Tom, 4T0 B3auMozeiicrBue (BOJIHUCTAS JIMHUS) [EPEJAET IIPAKTUYECKH HYJIEBOI
ummnysbe (< A) — 0. Torma Bo Bcex auarpaMmax Jyis G Wi X UMeeTCs HelpepbIBHAST JIH-
HUsT YACTUIBI “OTHOrO 3HAKA, MEPEHOCAINAs “BHEITHUN UMITYJIhC P, KAK MOYKHO BHUJIETh,
paccMmarpuBas mpuMepbl rpadukos, mokasanubie Ha Puc. 6.48. Ilosromy Bce muarpaMmbr
qutst ' MOXKHO TOJy9uTh, BCTABJIsis IIPOU3BOJIBHBIM 00PA30M BHEIHIOK JTHHUIO B3aHMO-
JeiictBus B rpaduKu Jijist COOCTBEHHO IHEPIETUYECKOM YacTh. JTO MmoKa3ano Ha Puc. 6.49,

+ 4+ + + 4+ + o+

Puc. 6.48: TIpumepbl KOHKPETHBIX TPAMUKOB MIJii COOCTBEHHO — YHEPTETUUIECKON HaCTh
aylekTpoHa B Mojenu Tomonara — JlaTTuakepa.
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+ + + T
s =

Puc. 6.49: IIpumepsl KOHKPETHBIX IPAMDUKOB JJId BEPUINHHON YacTu B MO ToMOHAra
— JlarTunxepa.

+ + o+ o+ + + o+ o+

Puc. 6.50: IIpumepsl KOHKPETHBIX IPAMUKOB JJId BEPIINHHON YacTu B MO ToMOHAra
— JlarTuHKEpA, KOTOPHIE MO2KHO HE PACCMATPUBATH.

r7e MpUBENeHbI rpadUuKN [jIsd BEPIIUHBI, MOJyYeHHbIE U3 JUATPAMM JJIg COOCTBEHHO —
SHEPTeTHUYIeCKOil YacTH, MOKa3aHHbIX HA Puc. 6.48. Eciu Terneph B MecTe KarKI0i BCTaB-
KW TaKOW JIMHUN B3aMMOJEHCTBUST BOCIOJB30BaThes (6.320), MBI HEMEJIEHHO TIOJIYIUM
roxzaecrsa (6.318), (6.319). Ilpu 310M BazxKHO OTMETHUTb, YTO B PACCMATPUBAEMON 3a/1a-
4e ¢ JasnbHojelicTBreM U “3arpaBounbiMu’ dyHkuusaMu I'puna (c JMHEHAHBIM CIIEKTPOM )
By (6.313) MOXKHO MOKa3aTh, 4TO BCE AUATPAMMBI, COAEPIKAIIME 3AMKHYTHIE TeT/IN 13
6ostee, ueMm NByX (hEPMUOHHBIX JIMHUN, PABHBI HyJI0. TOUYHEe, paBHA, HYII0 COOTBETCTBY-
IONUM 0DPa30M CHMMETPU30BAHHAS WX cymMMma. [losTomy, HAmpuMmep, TuarpaMMbl THUIIA
moka3aHnubIx Ha Puc. 6.50 MOXKHO HE pAaCCMATPUBATD, TAK YTO 8ce rpaduKu 1 BEPIITHHbBI
BO3HHUKAIOT TaK, KaK 3TO noka3aHo Ha Puc. 6.49. JToka3aresibCTBO 3TOr0 yTBEPKIEHUS OC-
HOBAHO HA 3aKOHE COXPaHEHUs YKCIIa £ — gacrul (110 OTAENbHOCTH) U ABJIAETCH AHAJIOTOM
YCJIOBHST TIOTIEPEYHOCTH TOKA B KBAHTOBOI ssiekTpoauHamuke [20] (rae Takue nuarpaMMbi

TaKKe BBINAJAIOT U3 PACCMOTPEHUS TOXKIECTBA YOPJIA).
B camoMm nese, 3ammimeM ypaBHEHHS JIBUXKEHHS [JIsi CBOOOJHBIX OMEPATOPOB + — TACTHUI:
Oy O

9t _ 6.321
ot T o (6-321)

OTKY/a CJIEJyeT 3aKOH COXPAHEHHs IHUCJIA JACTHIL (3apsaia):

o0: , Bt

=0 =i, =T 6.322
o T o s P+ =0 =YYy ( )
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Jlyiss — — 9acTHUIl aHAJOTUIHO:
OY— | 0P
= —/— =90 6.323
ot T e (6.323)
op—  0j— . +
— 4+ 22T~ = —jy = _ 6.324
o T om ;P J+ =91y ( )

TTocko/IBbKY ITPOU3BOJIbHASL 3aMKHYTasI IIeTJIsi IpeacTaBiser coboit komnouenTy @ypbe 0T CPEIHEro mo oc-

HOBHOMY COCTOSIHHIO OT IIPOU3BEIEHUsI COOTBETCTBYIONIEr0 YUCIa 0nepaTopos mwioTHoctd < T o4 (1)p4(2).
(1 aHAJIOTUYHO JUI — — YACTHI[), TO U3 3aKOHOB coxpanenus (6.322), (6.324) cnexyer:
(w1 — k1) (w2 — k2)...(wn — kn) < pi(k1)p4(k2)...p4-(kn) >=0 (6.325)
(wl =+ kl)(LUQ + kg)...(wn + kn) < p_(kl)p_ (kg)...p_(kn) >=0 (6.326)

Torja clejaHHOE BBIIIE YTBEPXKJAEHWE O merssax caexyer n3 (6.325), (6.326), ecsm BCe MHTErpaJbl 110
HMITyIbCaM (PEPMHOHOB CXOAATCH. JIETKO BUAETH, YTO J€JI0 TaK H OOCTOMT JJIsl IeTesb, COCTOSIAX U3
Tpex u bojiee JIMHUHA.

I[TeTsnst, cOCTOSIMAs U3 JBYX JIUHUA IPOIOPIUOHANbHA (I + — 9aCTHI[) HHTErpaJy:

1 1
/de ' : (6.327)
e—p+pr+ide—w—p+k+pr+id

KOTOpPBI# popManbHO pacxonutcs. [lo ¢pusnmyeckoMy CMBICTY KOHEYHOCTb 3TOTO HHTerpaJsia obecrednBa-
eTcsa KBaL[pa.TH‘{HOﬁ 3aBHCHUMOCTBIO SHEPIUA YaCTHUIl OT UMITYJIbCa Ha 60J'II)I_LII/IX PaCCTOAHUAX OT MOBEPXHO-
cru @epmu (KOTOPO# MBI 3/1eCh peHebperaeM ). TeXHHIECKH 9TO MOYKHO 0BECIEeYNTD, BBIIOJIHSS CHAYAIA
MHTErPUPOBAHUE II0 €, & YK IOTOM IO p. Pe3ysbTaT Takoro MHTErpUPOBAHUS OKA3bIBAETCH KOHEYHBIM U
TaeT BEJIUIHHY, IPOMOPIHOHAILHY O

w—k"
Tenepb MbI MOZKEM BbITUCATH 3AMKHYMYI0 CUCTEMY ypaBHeHI/Iﬁ JJIA Gnu D, BbIpazKasd C

nomoInbio (6.318), (6.319) sepruunst I yepe3 G B Bbipazkenusax s 11 u 3, onpeeiseMbix
Puc. 6.46, 6.47. Takum oOpa3om moaydaem:

(b = 55— [ EplGip— 1) - G 0) (6.325)
() = 55— [ @[6-(r—F) - G- (6.320)

npuydeM ypaBHenus Aid G4 UMEIOT BUI:

(e =p+pr)G+(p) =1+ # d%i%(kk)@(p - k) (6.330)
(e+p+pr)Gi(p) =1+ 4%2 /d%i%(:)c:_ (p—k) (6.331)

Beraucsmm reneps 11 u I1_. Beenem obpesanue mo uMnyiscey |p—pr| < A < pp. Torma
uMeeM:

i 1 pr+A S

W)= -5 [ dp [ delGio-khe-w)-Gipa)]  (6332)
mrw—k J,._a oo

Bkuiaz or obnactu |p — pr| > A He Moxer ObITh Haiinen u3 (6.328), (6.329) moCKOIBKY

roxecrsa (6.318), (6.319) cupasegyussr TonbKO BOMU3K noBepxHocrn @epmu. MoxkHO

yOeauThCS, 9TO ITOT BKJIA PABEH HYJIIO, €CJTH €r0 BHIYUCIUTD C ITOMOIIBIO “CBOOOIHBIX

dbyuknuit I'puna (v Bepmun). Boraucisaa B (6.332) unrerpas no €, uMeeM:

1 prt+A
(k) =~ / ol (o= k) =) (6.333)
1€ MBI BOCIIOJIB30BaJIUCh TaK>Ke O6H_[I/IM Bpra)I(eHI/IeM IJIA (byHKLH/H/I paCHpeﬂeﬂeHI/IH:
ny(p) = —i lim - @e*iEtGJr (ep) (6.334)
t——0 ) 27

oo

~pr(n) >
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Wurerpas no p B (6.333) MOKHO Hepenucarb Tak:
pr+A pr—A pr+A
[t [T - [ i) (6.335)
pr—A pr—A—k pr+A—k

rae, ¢ ToaHocThio A/A — 0, MOXKHO cunTaTh, 910 N4 (p) = np(p), TOE Np — CTYIEHbKA
@epmu npu T = 0. Ilosromy momyvaem:

k
(k) = —— 6.336
AnaJOruaHBIM 06PA30M MOy IaeM H:
Mo(k) = —— (6.337)
Y r(wHtk) '
Ucnomns3ys (6.336), (6.337) B (6.315), (6.316) u pemiasg 3Tu ypaBHEHUsI, HAXOIUM:
MW+ k) + (A= X\3)k/7
Dii(k)=(w—k .
++( ) (w ) wg — ugkg I i0 (6 338)
rie
2\ 23\
u= <1 + 24 1—22> (6.339)
T T

Takum 06pa3oM B cucreMe BO3HUKAIOT KOJLIEKTUBHBIE (DO30HHDBIE) BO3DY K A€HUs, CIEKTD
KOTOPBIX omnpee/nsaercs nomocoM (6.338). Ilpu Ay = Ao = A atu dopmysisl, bakTudecky,
nator pesynbrar Tomonaru (6.312) (HamoMHMM, 94TO y Hac ceiidac vp = 1).

JLmst HaXOXKIEHWsST OTHOIEKTPOHHOM (hyHKImu ['puHa OCTATOCH PEIINTh JTUHEHHbIe
unrerpajibHoe ypasuenue (6.330) ¢ uzBecrabim renepb D . Mbr He Gyiem srum 3aHu-
MaTbhCs MOAPOOHO, & PACCMOTPYUM TOJBKO MPOCTEHINe CAydaun, MPUBO/Is MOTOM O0IIme
pe3yJIbTaTHhI.

ITycrs A2 = 0, Torga dacTuubl HA OHOI cropone nosepxuoctu Pepmu (+) Boobie
He B3aMMOZENCTBYIOT C YaCTULAMU Ha JIPyroii cropone (—), rak uro D_4 =0, a

m(w—1)(w — k)
D = .34
++(k) w — wk + 10 (6.340)
rie
A1
w=1+2L (6.341)
T
VYpasuenwe g G uMmeeT TOrIa BHUI:
VA PR
(e—p)G(p) =1+ yy /d kEG(p k)w R (6.342)

3nech u ganee omyckaeM uHIEKC + y G4 u orcuuTbiBaeM p or +pp. Henocpegcreennoi
MOJICTAHOBKON MOXKHO yOeauThes, uTo ypasaenuio (6.340) ynosiersopsier byHKIMA:

G(p) = {(e — p+i6)(e — wp +i6)} /2 (6.343)

/e pa3pes Ha KOMILIEKCHOM IJIOCKOCTH € BRIOPAH B BUJE OTPE3KA, COSTUHSIONIEr0O p—id n
wp—10 (signd = sign(p)). Takag dyukuua puna He UMeEET NOTIOCOB, COOTBETCTBY IONIUX
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OJJHOYACTHYHBIM BO30yKeHusM, HO pacder 110 (6.334) noka3biBaer, 4TO PaCIpeIeIeHe
JACTUIL TI0 UMITYJIBCAM OCTAETCsT (DEPMUEBCKUM:

n(p) = nr(p) (6.344)

Hasiee MOXKHO IPOAHAJIM3UPOBATH CIIydaii MajbiX A1 U A2, Koraa u u3 (6.339) Guusko K
enunune (vp!). Uccnenosanue (6.330), (6.338), (6.339) nmokasbiBaeT, 4TO B 9TOM CJIydae
onHovIeKTpoHHas dyHKIwsa ['prHa Hallelt MOJeIn UMeeT BU/I:

A2 A
— —1/2 2
G(p) = {(e —p)(e —up)} eXp{—mln H} (6.345)
rie
B A1 A2 — )2
u=1+ ? + o2 (6346)

Berauciisia ¢ momomnipio (6.334) u (6.345) dyHKImMIO pacupe/eneHus 9acTury n(p), MOKHO
ybeaurhest, 9To npu A2 7# 0 cKadok mpu p = 0 OTCYTCTBYeT M HA €ro MECTe OCTACTCSH
mutb ocoberHocts Buaa (E.Lieb, D.Mattis, 1965):

A2

2
1 1 /|p|\+? .
n) =1~ 3 (%) sign(p) (6.347)
Paccmorpum, nHakoner, ¢pu3ndeckn ‘peasucTudecKuii’ caydait Ay = Ay = A. B srom
clIyvae uMeeMm:
AMw? — k?)
D = .34
++(k) w? —v2k2 4 (6.348)
rze
22\ /2
v = (1 + —) (6.349)
T
u st G uMeeM MHTerpajibHOe ypaBHEHUe:
B B i 9 B Mw + k)
(e—p)Gp) =1+ 12 d°kG(p k)—wQ ST TOR (6.350)

Ero raxkke MOKHO permuTh (Iepexois K KOOPAUHATHOMY TIPEICTABICHHUIO T, t). MbI 3TOr0
Jienarh He Oy/eM, a TOJIBKO MPUBEIEM Pe3yIbTar JJisd (DYHKIIUU PACIPEIETeHUs JaCTHUI
1o umiryiabcaM n(p) B6uu3u depmu — rouku p = 0. Ilpu ciabom B3aumoneiicTsum, Koria
A — 0, v — 1 umeem pesynbrar (6.347) ¢ Ay = A2 = A. Dra dopmysna coxpaHsercs o
TeX TOp, TMOKA B3aUMOIEHCTBYE He CJUIIKOM CHJIHHO:

1
n(p) = 5 const|p|**sign(p) (6.351)

rae

—1)2
a= %, npudeM a<1/2 (6.352)

OnHako, KOra BeJINYMHA (v TIPEBBICAT 1/2, BeAYNIMM YJI€HOM pasioxeHusi n(p) BOIM3M
depMu — TOYKH CTAHOBUTCS JTUHEHHBIA WIeH:

1
n(p) = 3~ const - p (6.353)

B mo6om ciaydae ckadka (ByHKIME pacmnpeneierns B Touke Pepvu Her!
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IIpuBeneM pe3yIbTaThl HCCIEIOBAHNS ACHMITOTHIECKOro oBeaerns G(ep) B obmacTu
p~e<< A Tlpna < 1/2:

1
Ipn o > 1/2:
G(e ~p) ~ A4 Be?*! (6.355)
IIpu 3/2 > o > 1:
G(e ~p) ~ A4 Be + Ce?*71, U T (6.356)

Taxum obpasom, B Mogesin Tomonara — JlarTuH:kepa He BBITOJIHSAIOTCS OCHOBHBIE MIPE/I-
TOJIOYKeHusT Teopuu epMu — KUIKOCTH JIaHIay. YKe Mpu CKOJIb YrOJHO CJIa0OM B3au-
MozeficTBum 0cobeHHOCTD BOMM3M nmoBepxHocTu Pepmu ciabee mosrocHoit (cp. (6.354)), a
IIPY B3AMMOJIEHCTBHUH TOCTATOYHOMN cuibl (PyHKIHs ['prHa BOOOIE OCTAETCA KOHEIHOH B
roure Pepmu (cp. (6.354), (6.356)). Cama Touka PepMu NPOABIAETCH [IPU ITOM JIAIIH
Kak ocobas TOYKa B MPOM3BOJHBIX JOCTATOYHO BBICOKOTO MOPSIKA.

PaccMorpenHble aHOMAJIMK CBSI3aHBI C TE€M, U9TO B OJHOMEPHBIX (hepMu — CHUcTeMax
WMeeT MecTO cBoeobpasHas ‘mHppakpacHas Karactpoda’. Jliobas dacTuia, Jerkalmast
BO/II3H OHOM U3 ToueK PepMu, MOKET UCIYCTUTh, C COOIOIEHNEM BCEX 3aKOHOB COXPa-
HEHHs, JI000e INCI0 PealbHbIX Map YACTHIA — AbIPKa, TaKKe JeKarmnx Bomm3n pepmu
— ro4yek. MareMaTudecku 3TO MPOSIBJISETCA B TOM, 9TO B PsI/Ly TEOPUU BO3MYIIEHUHN s
COOCTBEHHO — YHEPreTUIECKON YacTy Y. (p) MOABJSIOTCH MOJIOCHBIE BKJIABI BBICOKUX I10-
PSIIKOB THIIA:

)\TL
(e—p)n!

B camom nejte, paccMOTpUM BBIDAsKEHUE JJis Y, COOTBETCTBYIOIee, Hanpumep, (6.343):

(6.357)

S(p) = —p (e =p)e—p = rp/m)]'"* (6.358)
Paznarast ero B psf mo A, moyvgaem:

)\p )\2p2

X(p) = o + m + (6.359)

Bce wienbt aroro psijga (Kpome nepsoro) umeror crpykrypy (6.357).

BwiBoabt u3 mpoBe/ieHHOTO paccMoTperud momaenu Tomonara — JlarTumikepa odeHb
BAyKHBI U TOy4YnTENIbHBI. PakTrdecku, OOJBITMHCTBO ITUX BBHIBOIOB COXPAHSETCS U MPU
PaCCMOTPEHUU B3aMMOAEHCTBYIONINX IJIEKTPOHOB B OJHOMEDUU B paMKax 0ojiee oOImx
mozesteit B3anmoeiicteust. @epMuKuIKOCTHOE TOBEIEHNE OTCYTCTBYET BCEr/ia, 3aTO BO3-
HUKAET siBJIeHNE 6030HU30UUY CIIEKTPA dIeMeHTaPHbIX Bo30y K aennii. B aTom cmbice, of-
HOMEPHbBIE CUCTEMBI C B3AUMOEHCTBAEM OMUCHIBAIOTCS KAPTUHOHN, ATbTEPHATHBHON 00bIY-
HO# Teopun depMu — KUIKOCTH. [IpUHATO TOBOPUTH, 9TO B HUX PEATU3YETCST KAPTUHA
“IaTTUHXKEPOBCKOI” Kumkoctu. B mocmemnne roabl 0coObIi MHTEPEC BBHI3BIBAET aHAJIN3
CUTyalliyl B MOTPAHUYHOM JBYMEPHOM CJIydae, [jie IPU OMUCAHUUA CHCTEM C CHJIHLHBIMU
ssekrpontbiMu Koppessinuamu (tuna BTCII — okcuoB) umenno “cuenapuii” hpopMupo-
BaHUsl JIATTUHKEPOBCKO# YKUIKOCTU KOHKYPUPYET C KAPTUHOH OOBbIYHOMN (M1 yIIOMUHAB-

mrefics BoIe “MapruHaibHoil”) depmu — xugkocrn [13].
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IIpunoxenme A

IloBepxnocTth PepMmu, Kak
TOIMOJIOTMYCCKUI O0HEKT.

[Ipu obcyxkaeHnn OCHOB Teopuy (hepMU — KUTKOCTH MbI UCXOIUIN U3 TOTO, UYTO MOBEPX-
HOCTh PepMU COXPAHSAETCS W MPU ATUADATHIECKOM “BKJIIOUEHWM’ MPOU3BOJHHOIO B3a-
umoneiicrBust Mexay depmuonavu. [IpuBeseM u3sHOE JOKA3ATEIBCTBO ITOTO yTBEP-
JKJIEHUsI, OCHOBaHHOE Ha Tonosiorndeckux coobpaxkenusx ([.E.Bososuk, 1999).

B uneanpiom dbepmn — rase nosepxHocth Pepmu mpeacTaBisger coboi eCTeCTBEHHYIO
IPaHUILy, PA3JIEJSONLyI0 B UMIIYJIbCHOM HpOCTpaHcrBe obsiactu 3auarbix (n(p) = 1) u
nycreix (n(p) = 0) cocrosimmii [11]. fdcno, uro B Takom raze nmosepxuocrs ®epmu npes-
CTaBJIAET COOOH YCTOMIUBBIM OOBEKT — MAJIble N3MEHEHUsI YHEPTHil IACTHUIL JIUIIb CIIErKa,
1ePOPMUDPYIOT MPAHUILY MEXKIY 3aHSITBIMUA U IMYCTBHIMU COCTOSTHUSIMU, MIPUBOJIST K COOT-
BeTcTBYyOIIEl Masoi medopmarmu moBepxaoctu Depmu.

Ecnu “Brittogaercs”’ B3anMOAefCTBAE MEXKIY JaCTUIIAMY, TO, KAK MBI BUJIEJN BBIIIIE,
dbyukims pacrpenenenns yactui n(p) B OCHOBHOM COCTOSIHHM CHCTEMBI GoJiee He PaBHsI-
ercs npocto 1 wau 0. Tem He menee, moBepxHOCTH PepMu COXPAHSETCS U MPOSBIISETCS
B Buze ocobennocru B n(p). Takas ycroituusocrs nosepxuoctu Pepmu sBisieTcs Ciei-
CTBHEM HEKOTOPOI'O TOMOJIOIHIECKOro cBoiicTBa dhepmuonuoit dpyuknuu ['puna. 3anumniem

a1y dynxnuio IpuHa B H1ealbHOM rase /s 3aJaHHOIO UMIY/ILCA P U MHUMOT' 9acTOThI

Z = 1po: .

ipo — vr(p — pr)

G(po,p) = (A.1)

OueBuHO, uTO 1A DyHKIWA [ prHA BCE pABHO UMEET CHHTY/ISIPHOCTh HA TUIEPTIOBEPXHO-
cru (po =0, p = pr) B YeTbipexMepoM pocrpancrse (po, P), rae 3ra MGYHKIUs IPOCTO
HE ONpeJesieHa. JTa CHHIYISPHOCTh YyCTONYIMBA, T.€. HE MOXKET OBbITh YyCTPAHEHA MAJTLIMU
Bo3mymenusmu. [Ipuanna sroro B ToMm, uro daza ¢ dynxmuu ['puna, paccmarpuBae-
MOIl Kak KOMTIJIeKcHoe [mcio, T.e. G = |Ge!®, mensercs ma 27 npm 06xo01e 0 TI060MY
kOHTYpY C, OXBATHIBAIOIIEMY KAKOU — JTUO0 JIEMEHT YIOMSIHYTON TUIEPIIOBEPXHOCTH.
B srom MOXKHO yGeauThCs, €CIM MBI OIYyCTUM OJHO MPOCTPAHCTBEHHOE HU3MepeHUe,
TaK 9TOOBI MOBEPXHOCTH PepMu MpeacTaBisaaa co00i 3aMKHYTYIO JIUHUIO B IBYMEPHOM
IPOCTPAHCTBE (Pg,py). Cunrymsapuoctu ¢yuxnuum [puna (A.1) mexkar Tormza Ha Ha 3a-
MKHYTOIi JINHUM B TPEXMEPHOM [IPOCTPAHCTBE (Do, P, py), MNOKAa3aHHOI HA HUKHEN 4acTu
Puc. A.1. ®aza yukiuu 'puna meHsiercs Ha 27 IPH KazKI0M 00XO0/€ IIPOM3BOJIHLHOIO

I MuanMas 9acTOTa BBOAUTCS, UTOOB M36eKaTh OOBITHON CHHTYISPHOCTH MpH 2z = £(P), U He CBA3aHA,
BOODIIIE TOBOPSI, C MaIy0ApOBCKUM (DOPMAIHU3IMOM.

273
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E<0
occupied
levels:
Fermi sea

Fermi
surface
E=0

p-p

2m

E>0

Fermi surface as topologically stable
singularity of Green function:

~1
Im &

Fermi
surface

E=0

vortem
in

4 -momentum c
space

Puc. A.1: TToBepxuocts @epmu, Kak TOINOJOrHYECKUNA OOBEKT B MMIIYJIbCHOM IIPOCTPAH-
crBe. Hasepzry: B uneasbuoMm (hbepMHUEBCKOM ras3e, moBepXHOCTh PepMmu OrpaHUYHBaET
cdepy 3amoJIHEHHBIX COCTOSTHUN C OTPUIATETLHON dHepTruei. Brusy: moBepxHOCTh Dep-
MU COXpaHSeTCd Jarke NPy “BKJIIOYEHUN B3auMojeiicTBus. IlpuamHa B TOM, 9TO OHA
MIPEICTABIISIET CODOM TOIMOJOTUYECKH YCTOMYIUBBIA 00BEKT — “BUXPH’ B UETHIPEXMEPHOM
upocrpascrse (pg, p)-

kouTypa C, OXBATHIBAIOMIETO TIO00H TEMEHT 3TOTO “BHXPEBOrO KONLIA 2 B TpexMep-
HOM IIPOCTPAHCTBE (P, P, Py). CooTBeTCTBYyIOMEe “nUpKyIsanuonHoe tnciao’ Ni = 1 me
MOXKET MEHSITHCST HETIPEPBIBHBIM 00PA30M U YCTOWIWBO, TIO OTHOIIEHHUIO K 8 THa0aTHIECKO-
My “BrutOUeHuto” jir000ro B3ammoeiicteus. [loaromy cunrynsipaocts dyukiuu ['puna u
HaJIMYHe HYJIeBbIX SHEpruii BO30YKAeHus B cucTeMe (hepMUOHOB IIPU ITOM TaK¥Ke COXPar-

HAIOTCA.

B o6mmem cirydae dpyukmus I'puna (hepMuOHa SIBIISIETCS MATPUIIEH CO CIIMHOBBIMU WHAEKcamMu. B nepu-
OMYECKOM KPHCTAJIJIE OHA XaPAKTEPU3YEeTCs JOMOTHUTEIBHO 30HHBIM UHIEKCOM U T. II. B Takom ciaydae,
noHsiTue (a3bl IPUHOBCKOM (DYHKIMU TEPSIeT CMBICH, OJJHAKO OIMCAHHOE TOIOJIONHYECKOM CBOHCTBO, (hbak-
THUYIECKH, COXPAHAETCs. MOXKHO MOKa3aTh, 9TO B B TAKOM OOIIEM CIydae MOXKHO BBECTU TOIOJIOTHIECKUI
WHBAPUAHT, KOTOPBIHA 3AIUCHIBAETCS B CJIEAYIOIIEM BHIE:

dl G~ 1(po,
Ni=sp ) A po, p) 2F—P0:P) (A.2)
C

27 ol

rae dyskiuga ['puHa mpejacTaBiasgeT coDOM COOTBETCTBYIONIYIO MAaTPHILY, a MHTerpaj Oepercs IO Ipo-
n3BosbHOMY KOHTYPy C' B mpocrpancrse (po, P), OKPY?KaIOIMEMy THIEPIOBEPXHOCTb CHHTYJISIPHOCTEH B
9TOM NpOCTpAaHCTBEe (KaK 5TO MOKa3aHO HA HiKHeH dactu Puc. A.1). B (A.2) Sp Gepercs mo COINHOBBIM,
30HHBIM U IIPOYAM BO3MOXKHBIM HHIEKCAM.

B dbepmu — xuakoctu Jlangay ognodactuyanas dpyukius ['puHa, KAk MbI 3HAEM, IMEET

BU/I;
Z

- +
ipo — vr(p — pr)
B ornumume or maeanbHOro depmm — rasa ckopoctb @epMu vp HE paBHAETCA OObIIE
POCTO P /M, a SABJISETCS OTIEIBHON “GyHIaMeHTaNIbHOM KOHCTAHTOH” Teopun depmn
—kugrocru. Ona onpenensier 3GdMEKTUBHYIO MAaCCy KBa3u9IacTHibl m* = pp/vp. U3me-
HEHUE Up W BbIYETa 7 He MEHSIOT BEeJUYUHY TOMOJIOTHYecKoro masapuanta (A.2). Dto

G(po,p) = (A.3)

23 mech mMeeTCs IpAMAas aHATIOTHS C TOTIOJIOTHIECKOH YCTORINBOCTLI0 ABPHKOCOBCKIX BUXPeH B CBepX-
nposognukax 11 posa, rae mapaMerp HopsIKa HMeeT, Kak u3sectHo, pug W = |¥|e!® [21].
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IOATBEPKAALT Ipearnosokenne Teopun Jlanmgay 06 OZHO3HAYHOM COOTBETCTBUU MEXKLY
HU3KOIHEPIEeTUIECKUMH KBA3UIACTUIAMY B (bePMU — KUIKOCTU ¥ YACTUIAMU B UIEAJb-
HOM (bepmu — rase.

ITosTomy (ecisiu B cucreme He BO3HUKAIOT “uH(pPaKpacHble” 0OCOOEHHOCTH, TUlIa, 00CY XK-
JIABIIKXCs BbIIIE B CBsA3U ¢ MoJesibio Tomonara — Jlarrunkepa) B uzorponHoit dpepmu —
JKHAJIKOCTH CIEKTP (DEPMUOHHBIX KBA3WUIACTHUIL OMUCHIBAETCS YHUBEPCAJIHHONU 3aBUCHMO-
CTBHIO:

e(p) = vr(lp| —pr) (A.4)

¢ mByM4 “pyHIaMEHTATbHBIMA KOHCTAHTAMI Up U pr. VIX BeIudnHa ONpeensaeTcsa “MuK-
POCKOTTMYECKUMY B3aWMOIEHCTBUSME, HO B TEOPUHU (HepMU — KUIKOCTH OHU SIBJIAIOTCS
bEeHOMEHOTOTMYECKUMY KOHCTAHTAMU.

Tomonorudeckast ycToitanBocTh nmosepxuocTr PepMu 03HATAET, ITO JI0O0E HEITPEPHIB-
HOE M3MEHEHHWE CHCTEMbI HE MEHSIeT TONOJOTHYECKUil WHBAPUAHT. B 9acTHOCTH, TakuM
U3MEHEHHEM MOYKeT OBbITh U aInadaTUIeCKOe BKIOYEHNE B3aNMOIEHCTBUS MEXK 1y JaCTH-
namvu u (min) aguabarudeckasa nedopmaimsa nosepxuoctd Pepmu. B ycioBuax takux
aInabaTUIeCKUX BO3IEHCTBUI SHEPTETUYIECKNE YPOBHU CHCTEMBI HE MOTYT MEPECeKaTh
noeepxaocTb @epmu. Cocrosinue 6Ge3 BO30YKICHHBIX KBA3UYACTUIL TPAHCHOPMUPYETCS
B JIPyroe TaKoe K& COCTOsIHUE, T.e. BAKYYM CHCTEMbI IIEPEXOJUT B APYroil Bakyym (oc-
HOBHOE COCTOsIHKE). DTO U HPUBOJUT K CIPABEJIMBOCTH T€OPeMbI JlarTunxkepa, Koropas
YTBEpXKIaeT, 9To 00beM nosepxuoctu Pepmu siBjIsgercs “aqnadaTuIecKuM HHBAPUAHTOM
(ec/iu MOJIHOE YKUCJIO YACTHUI] B CUCTEME HE U3MEHSIETCH ).

JLtst m30TpOnHO#M (bepMu — KUIKOCTH €O cheprdecKkoil moBepxHocThio Pepmu, Teope-
ma JlarruHzKepa CBOAUTCS K yTBEPXKIEHUIO O COXPaHEeHUU 0ObI4HOro (ra3osoro!) cooTHO-
MIEHUST MEXK/y TIJIOTHOCTHIO YACTHUIl U UMITYIhcoM Pepmu:

P

n= 2o (A.5)
[ToBepxuocTs @epmu, xapakTepuyeMasi TOMOJTOIHICCKAM HHBAPHAHTOM [N CYIIECTBYET
JIJIsL CUCTeM JIFOOBIX pa3MepHOCTel B OObIYHOM IIpOCTpaHcTBe. B nByMepun, Kak Mbl BU/Ie-
JIA, OHA TPENCTABJIsIET CODOM 3aMKHYTYIO JIMHUIO B IBYMEPHOM HMITYJILCHOM ITPOCTPAH-
CTBE, COOTBETCTBYIOIIYIO “BUXPEBOMY KOJIbILY’ B TPEXMEPHOM MPOCTPAHCTBE YACTOTHO
— UMITYyJIbCHOM TPOCTPAHCTBE. B OMHOMEPHBIX crCTeMax MOBEpXHOCTh Pepmu sBjIstETCS
TOYEIHBIM “‘BUXpeM”.

MpbI BUie/I BBIIIE, YTO B OJHOMEPHBIX cucreMax (pyHkius ['puHa MoKeT uMerb BUJ,
COBEPINEHHO OTIMYHbIA 0T KAHOHUYIECKO# (hbopmysibl (A.3) reopun Jlammay. B uacraocTn,
B mozenu Tomonara — JIarTuHkepa ee moJIFOCHAs CTPYKTYPa MPOMaaaeT u3 — 3a “unudpa-
KpacHbIX pacxomumocteii. Tem He MeHee, KaK MOBEPXHOCTh PepMu, TaK W yTBEPKICHIE
0 HAJIMYMU B cUCTEME BO3OYKIEHUIT CO CKOJIb yTOJHO MAaJIOli sHeprueil coxpaHaoTcs (1jis
CHUCTEMBI C I0OCTATOYHO CJIA0BIM B3aUMOJIEHCTBUEM ), BBU/LY COXPAHEHUS TOLOJIOIUIECKOIO
unaBapuanTa N1 = 1. B camom geie, eciv B TIOJIyY€HHBIX BBIIIE BBIPAKEHUAX It (DYHK-
muu [puna B mozenu Tomonara — Jlarrunzkepa (tuna (6.345)) mepeiitu K € — ipg, TO
B HWX BO3HWKHET Bce Ta ke ocobeHHocTh mpu (pg = 0, p = 0). ITosTomMy moBepxHOCTH
@epMu COXpaHsIeTCs, HECMOTPs Ha HapyIlIeHWe OCHOBHLIX II0JIOXKeHui Teopun Jlannay.

Paccmorpum ¢ 370t TOYKY 3peHust HAITY MOJIEIb MCEBIOIIETEBOI0 COCTOAHUSA B TOTHO
peraeMoM Tpeseste GObINX KOPPEIAUOHHbIX JyuH (§ — 00). [Tepenumem (6.203) kak:

o + &p _
(ipo)? — &p — CA?

G(po,p) = /0 dce~¢
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ipo + ¢ ot+é&\ [ Poté
Torna mast pg — 0 u &, — 0 (i.e. p — pp) umeem:
ipo + & Py + & Z(po,&p)
~ 1 = A.
G(povp) A2 ny A2 ipo — Ep ( 7)
rue
2 2 2 2
+ +
Z(p();fp) = _p() gp ln ’ypo gp — 0 fOI' Po — O7 Ep — O (AS)

A2 A2

Bumwuwm, aTo BausHue “Bbraera’ CTAHOBUTCS HACTOJIBKO CHJILHBIM, 9TO OH MIPeodpa3yeT mo-
moc dyukmyn 'puna B Hyas! Opuako, cuHryaspaocTs GpyHknun ['pruHa Ha TOBEPXHOCTH
DepMu COXpaAHSETCS: HYJIb 9TO TOXKE CHHIYISIPHOCTD, IPUYEM C TEM K€ TOMOJIOMHIECKUM
HHBApHAHTOM, 9TO ¥ momoc®. Takum 06pa3oM, Halla MOJETb B HEKOTOPOM CMBICTIE aHa-
JIOTUYIHA MOJIENIN JIATTUHZKEPOBCKO Mn ‘“‘MapruHaabHON’ depMu — KUIKOCTHO C OUEHD
CUJIBHO TTEPEHOPMUPOBKOI CHHTYIIPHOCTH HA moBepxHOCTH Pepmu.

Ornmawme ot Teopun epmu — KUAKOCTH JIaHIAY B OHOMEPHBIX CUCTEMAX MTPOSBIIIET-
Cs1 TIPH PACCMOTPEHUU 0etcmEUmMeAbHHLT 9aCTOT: KBA3UIACTUIHBIE TIOTI0CA OTCYTCTBYIOT,
BMECTO HUX HUMEeTCs pa3pe3 B KOMILIEKCHON ILIOCKOCTA YaCTOTBI, TAK 9TO OJHOYACTHAY-
HbIe BO30YK/IeHus He onpeenenbl. QyHKIUs PACIPeIeIeHns] YaCTHIL IIPU 3TOM, KaK MbI
Buzenu B (6.351), He uMmeer ckauka Ha noBepxHocTH ®epmu, OIHAKO, BOOOIIE MOBODH,
MOXKET COXPAHSITHCS CTENeHHas 0COOEHHOCTH B €€ MPOM3BOIHOM.

3 ABrop 6maromapen I.E.Bo0OBEKY 3a IPOSCHEHIHE STOTO BOIPOCA.



IIpnaoxenne B

DJIEKTPOH B cJy4daiiHOM MoJie U
NMHTETPAJIbI 110 TPAECKTOPUSIM.

Bosspairasich K 3aatie 0 IBUKEHUN 3JIeKTPOHA B TIOJIE CIYYaifHO PACIOJI0KEHHBIX B TIPO-
CTPAHCTBE PACCEMBATEJIEH, TOKAXKEM, KAK MOXKHO MOy IUTh (POPMATHHOE BIPAYKEHUE It
YCPEeIHEeHHO OMHO3TeKTPOHHON dyHKInN ['puHa B Buae (peHHMAHOBCKOIO HHTErPAa o
rpaekTopusaM [20], S9KBUBAJIEHTHOrO CyMMe DPsiia BCEBO3MOXKHBIX JAUAIDAMM TEOPUH BO3-
mytienuil. s 37ekTpoHa, ABUKYIIErocs B oTeHuaabHoM 1oste (4.1), B KoOpAuHATHO
— BPEMEHHOM TIpescTaBjiennn OyHKIUsA ['pUHA 3aMUCHIBAETCS B BUJIE CTAHIAPTHOTO WH-
TerpaJa o TPAeKTOPUAM CJIeAyiomero Bua (N — MoJaHOe YUCI0 paccenBareeil):

r(t)=r . t .o N
G(rr/;t):/ Dr(r) exp %/O dr %—Zv(r—fg) (B.1)

(0)=r'
rae f:((g))::, Dr(7) oboznauaer HyHKIMOHAIbHOE HHTErPUPOBanue 110 Mepe Bunepa — Deii-

HMaHa [20], mpuyueM r u r’ IpencTaBIsOT cO0OH KOHEUHYIO W HAYAIBHYIO TOYKHU JBUIKE-
HUsI, COBEPIIIAEMOro 33, WHTEPBAJ BpeMeHn t.

Paccvorpum mocrarodno obrmuit ciaydait, Korga 3amanbl N — d9acTUIHbIe (DYHKIT
pacupegesenus [11] pacceusareseii Fiy(Ry, ..., Ry). Torga, npososs ycpentenue BKIaga
B (B.1), 3aBucsuiero or koudurypanuii pacCeuBaIONINX HEHTPOB, Oy YaeM:

<exp —% '/OdTU(I‘(T)—Rj) >:

1 i ¢
= W/de.../dRNexp _ﬁzj:/o dro(r(t) —R;) p FN(Rq,....,RN) =

[e )

—ep{> (_%Y%/Otdﬁ.../otdm<Zv(r(ﬁ)—Ri)...Zv(r(m)—Rj>>

n=0
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rae < ... >, — KyMYJISSHTHBIE CDeJHUE, onpejesentbe coriacHo (4.13), V — obbem cucre-
Mbl. B pesynbrare, ycpennennas ¢yukius ['puna nmeer BUI:

r(t)=r . t . 9 S\ N
< G(rr';t) >= / Dr(7) exp 1/ a4 . K, (B.3)
r(0)=r’ h 0 2 n h

OrpanvuuBagch n = 2 (BKJaJ, COOTBETCTBYIOMHUA 1 = 1, qaer TpuBMaIbHBIA (Ha30BbIi
MHOKWUTEJIb), T.€. TAyCCOBBIM NPUOJIMKEHUEM [JIf CTATUCTUKYU CIY4YafHOrO TOJIst, MOy~
qaeM:

. r(t)=r i
< G(rr';t) >= /I'(O)—r/ Dr(T)exp{ﬁ/O dr 5 252/ dr’ / dtWir r'(r )]}

(B.4)
rie
Wr—r)=<V(E)V(I') >, (B.5)

x99

9TO 711 33149 XA0TUIECKHU PACIIOIOKEHHDBIX B IPOCTPAHCTBE ‘“TIpUMeceit OHpeILeJ'[HeTCH
¢ nomoipio (4.12), (4.16) u cBopurcs, B uTore, K KOppejasaropy tuna ‘Gesoro mmyma’
(4.20).

B kagectBe nmpumepa nipumenenus (B.4) myis pernenus KOHKPETHBIX 3324, PACCMOT-
PUM 3JI€KTDPOH, ABMXKYIIUNCA B OJHOMEPHON CHCTEeMe B rayCCOBOM CIyYaifHOM IIOJIE C
KoppenaTopoM Tuna (6.184), uHTEpecOBABIIMM HAC B CBA3M C PACCMOTPEHUEM MOJENU
[ICEBJIOIIETIEBOTO COCTOSTHUS:

Wr—1r)=2< |A|2 > exp {— |2(_T7;| } cos 2pp(r — 1) (B.6)

®ypbe — 06pa3 3TOro KOppensaTopa UMeeT, Kak Mbl BUaeau, Buz, (6.196):

S(Q) = 24 { (Q — 2pr)? + K2 + (Q +2pr)? + K2 } (B0

rae k = £, u mpencTaBager coboil IBa JIOPEHIEBCKUX MHK, C MIHPHHON ~ £~ 1, meATpu-
poBauubix Ha Q = +K = +2pp. Beoaga nepemennyio ¢ (OTKJIOHEHHWE OT NEHTPa MHUKA)
KaK Q = K + ¢, MOXKeM 3amnmucarh:

/ot dr /Ot dr'Wir(r) —r'(7")] = / % @ /t ar /t drte et -

:A2 2/ dT/ dTlezKrT 'Lqr(‘r) —iKr(r") 7zqr(‘r)+
s q + kK

+A2/dq K 2/ dT/ dr'e™ iKr(T) ’L(]'I"(T) ’LK'I"(T) —zqr(r)_
T g2+ kK

/ dT/ dr' e’ (M e=1ar(™) cos K[r() — r(7)] =

d . o
= 2A2/—q%/ dT/ dr'et (M =1 feog Kr(r) cos Kr(') +
T q¢*+ K% Jo 0

=2A? >
7rq + kK

+sin Kr(r)sin Kr(r")}  (B.8)

Bolme Mbl paccMaTpuBaI ACHMITOTHKY GOIBIINX KOPPEIAIMOHHBIX Aand £ — 00 (mam
k — 0). B sTom ciaygae nmeem:

/O t dr /0 t dr'Wir(t) —r'(7')] =~ 2A2 /0 t dr /0 t dr’ {cos Kr(r) cos Kr(r') +
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+ sin Kr(7) sin Kr(7')} = 2A? {/t dr cos K?“(T)}2 + 2A2 {/t dr sinKr(T)}2 (B.9)

0 0

Torma jerKO MoJyvyaeM cleayrolnee mpecTaBIeHne 11T HeTPUBUAIHHON JACTH SKCITOHEH-

o1 5 (B.4):
exp{—Q—ili2 /Ot dr /01t dr'Wr(r) — r(r')]} -

{5 [ consero] Yoo { -85 [ [ smrrio] } -

— d_xefz2+2iz% fg cos Kr(T) / d_yefy2+2iy% fg sin Kr (1) (BIO)
e VT o VT

rJie B HOCTEHEM PABEHCTBE WCIOJIb30BAJN W3BECTHBIN npuem Xabbapma — CrparoHoBu-
4qa. B pesysibrare, mocjie 09€BUIHBIX 3aMEH [IePEMEHHBIX, MOJIY9aeM HHTEPECYIOIYI0 HAC
ycpenuennyio dyukiuio ['puna B Bre:

© dV. vz [ 4V ﬁ r(t)=r . t .90
< G(rr';t) >=/ —e" = / —Lem a2 / Dr(r) expi {/ ar ) —
—0o0 \/E —o0 ﬁ r(0)=r’ h 0 2

¢ t
- 2/ drVy cos Kr(T) —2/ drV, sinKr(T)}
0 0
(B.11)

[Tepexonst K nospubIM KoopaunaraM B miockocru (V, V), re. sBoga W =, /V2 + Vy2

v,
u ¢ = arctgyt, noaydaem:
xT

yse [ ﬂw/@
<G(rr,t)>f/0 dWAQeA ; 5y X

x / o Dr(r) exp {% /0 “ar [WZ(T) — 2W cos(Kr(r) + qb)} } -

(0)=r’

%) 27
_ / AW P{W) / Gow contiirsny (r'st)  (B.12)
0 0

rne P(W) — pacupenenenne Pases (6.207), a Gow cos(kr+¢)(775) — OnHOIEKTPOHHAS
dbyukuusa I'puna B nepuonuaeckom nose suga 2W cos(Kr + ¢). Eciu reneps nepeiitu B
MMITYJIHCHOE TTPEICTABICHNE W HANTH HOpMaabHyo hbyHKINIO ['prHA B TaKOM TMOJE, TO B
npocreiiniem (IByXBOJIHOBOM) mpubsnKennn [27] moayunm (6.57), (6.60) n (B mamnyba-
POBCKOIl TEXHUKE U B YCJIOBUAX “HecTUHra’, cipaseaiuBbix ipu K = 2pp (6.71) (cp. Puc.
6.7)). Torna sicuo, uro (B.12) cBenercs K 1101y Y€HHOMY BBIIIE CYyMMUPOBAHUEM IUAIPAMM
pesynbrary (6.203). CoorBercrByroiias anomasnbhas dbyakius ['puna (6.72) obpaiaercs
B HyJb Tipu ycpemuennio o dase B (B.12), 4To cOOTBETCTBYET OTCYTCTBUIO B CHCTEME
JaJIbHero nmopsaaka. TakuM 00pa3oM, pacCMOTPEHHAS BBIIIE YIPOIIEHHASA MOJEIb [CEBI0-
IIEJIEBOrO COCTOSHUS JEHCTBUTEIHLHO SKBUBAJEHTHA PACCMOTPEHUIO 3JIEKTPOHA, PACIPO-
crpausgorierocs B noJie Buna 2W cos(Kr+ ¢), ammuryga koroporo W He 3aBucur or Ko-
OpaMHATHL U pacupezenera mo Paiero, a ¢pas3a ¢ omHOPOTHO pacipeneneHa Ha HHTEPBAJIe
(0, 27). BosuukHoBenue 3/1ech pacupejesnenus Pajies TeCHO CBA3aHO € HPEANOIOKEHUEM
0 TayCCOBCKOM XapaKTepe CJIydaifHOTO MOJisl, B KOTOPOM JIBUKETCS IJIEKTPOH.
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Ucnonb3oBanne aCHMOTOTHKHA £ — 00, T.e. IpeHeOPerKeHNe IIHPUHON JTOPEHIIEBCKUX
mukoB B S(()), OYEBUIHO COOTBETCTBYET MPEHEOPEIKEHUIO KPYITHOMACIITAOHBIMU (DIIYK-
TYAIHIAME aMIIIATYIBI HAIIETO CIYYIAfHOrO MO Ha PACCTOSHUAX TOPANKa & ~ k1. 13
duzngeckux coobpazKeHuit siCHO, 3TH (DIYKTYAIUU TPUBOJAAT K JOMOJHUTETHHOMY PAC-
CesIHUIO C XaPAKTEPHbIMU BPEMEHAMH IIODSIKA T ~ % ~ (vpk)~1 (cp. (6.198)). dcwHo,
YTO BJIMSIHUEM TAKOIO PACCEsSHUs MOXKHO [PeHeOpedb st 0DIaCTH SHEPIHil, YI0BIETBO-
PAIOIINX YCIOBMIO Vpk <K §p. OHO Tak:Ke He WrpaeT ponn npn vpk K 1. Dmn ycmopnua
ObLTH BhIMECAHbI Bhiire B (6.199). Boiee mocienosarensHoe (HO 1 rpomo3zkoel) paccmor-
PEHUIO 3a/Ia9¥ C KOHEYHBIMU K IPUBOJUT K TAKUM K€ KQIECTBEHHBIM BBIBOJAM. | JTaBHBIM
3pdeKT paccedHus HA KPYIHOMACIITAOHBIX (BIyKTyauax! — BOSHUKHOBEHHE KOHEYHOM
IJIOTHOCTH COCTOSIHHWI 3/TEKTPOHA B IEHTPE ICEBIOIIETN W ee MOJHOe “‘3aMbITHe’ Mpu
vpKk ~ A.

IM.B.Canosckuit. YOH 171, 539 (2001)
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