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BBenenune

AKTyaJIbHOCTH TE€MBI.

JIByMepHbIe 3JIEKTPOHHBIE CTPYKTYPbI OCTAIOTCS B T€YEHWE JIOJTOr0 BPEMEHH
00BEKTOM HWHTEHCHBHBIX HMCCJIEJOBAHUI KaK SKCIHEPUMEHTAJbHBIX, TaK W
TEOPETUIECKNUX. YCTOWUMBBIA MHTEPEC K JBYMEPHBIM 3JIEKTPOHHBIM CTPYKTypaM
oOycJIaBIMBaeTCS B 3HAUYMTEJbHONW Mepe OJiarojapsi uX pas3HooOpa3HOMY
u 3ddexkruBHOMy npumeHeHut0 B Mukpodjekrponuke [1]. K koniy
CEMMJIECATHIX TOJOB Ka3aj0Ch, YTO BCE SIBJEHWS B JIBYMEPHBIX SJIEKTPOHHBIX
CTPYKTYpPaX XOPOIIO M3y4YEHbI C IKCIEPUMEHTAJbHON TOYKM 3PEHUsI U MOHSATHI
teoperndecku [2]. OpHako BCKOpe ObLT OTKPBIT IEJOYUCIEHHBI KBAHTOBDIM
apdexr Xosuia (3|, 3a koropeit B 1985 romy K. doun Kiaurnunry Obuia
upucyxjena Hobesesckas npemusi 1o dpusuke [5]. [Tozxe Obu1 uamepen jpobHbIi
kBanTOBbIi 3 dexr Xosuia [4], 3a koropsiit P. Jladsuuu, X. Cropmep u . lyn
nosyamwsin B 1998 rogy HobGesnesckyio mpemuio no dusuke |5, 7, 8]. OTrpbiTHE
9TUX HOBBIX (PYHJIaMEHTAJbHBIX SIBJE€HU — KBaHTOBOro »3ddexTa XoJa,
[EJIOYMCIIEHHOTO U JIPOOHOT0, — TIPUBEJIO K MHTEHCUBHOMY MCCJIEIOBAHIIO CBORCTB
JIBYMEPHBIX 9JIEKTPOHHBIX CTPYKTYP B CHJIbHBIX MAarHUTHbIX 10Jisix [9, 10].

B 1999 roxy ©ObwLIO OTKPHITO  SIBJEHHE  CUJIBHOH  QHU30TPOIUU
MArHUTOCOIPOTUBJIEHUSI B BBICOKOKAYECTBEHHBIX JBYMEPHBIX 3JIEKTPOHHBIX
CTPYKTypax IpHA JOCTATOYHO HHU3KMX TEMIEPATypax # B OTHOCHUTEJHHO
caabom maraurHoM nojie (11, 12]. OHO cocToMT B TOM, YTO CONPOTUBJIEHUS

9 11 13 15 17

R.. m R,,, wsMepeHuble Tpu (HaKTOpax BamoOJHEHUSA UV = 35,%5,5,5, 5

n Temneparypax Hmxke 100mK, Moryr oramdarhCd Jpyr OT Jpyra Ha



IBa TOpsiaka 1o BejauaumHe. [lo3ke ObLIO HaiijleHO, YTO HAIIPABJIEHHS OCeit
MEHBINET0 U OOJBIIOTO CONPOTUBJICHUN CBS3aHBI C KPUCTAJJIUYCCKUMU OCSIMU
B TeTePOCTPYKType, TPHUIEeM MMPUJIOKEHHOE TMaPaJIIeIbHO JBYMEPHOMY CJIOO
MArHATHOE T[0JIe MOXKET B3aWMHO [OMEHSITh OCH MEHBIEro u  OOJIBITIOrO
couporusyienuit [13; 14, 15, 16]. AkrTuBHOE IKCIEPUMEHTAJILHOE UCCJIEI0BAHUE
TPAHCIIOPTHBIX CBOHCTB B BBICOKOKAYECTBEHHBIX JIBYMEPHBIX 3JIEKTPOHHBIX
CTPYKTypax MpHU JOCTATOYHO HU3KUX TEMIIEpaTypax U B OTHOCUTEJIHHO CJIaDOM
MarHUTHOM TOJie TpojosiKaeTcs 1o cux mop [17]. Obuapyxenne B 2002 oy
SIBJIGHWsT OOpAIleHrs B HYJb MaTrHWUTOCOIPOTHUBJIEHWST B BBICOKOKAYECTBEHHBIX
JIBYMEPHBIX 3JEKTPOHHBIX CTPYKTypax, OOJyJaeMbIX MUJTUMETPOBOJHOBBIM
u3jydeHueM, B cjabom marautaHOM Tosie [18) 19] mokaswiBaer, WTo 10 cuX TOp
JIByMEpHBIE JJIEKTPOHHBIE CTPYKTYPhI, OCOOEHHO B MArHUTHOM I10JI€, OCTAIOTCS
AKTYaJIbHBIM OOBEKTOM JIJIsT U3y ICHUS.

fBileHUsT 1EJIOYHUCIEHHOTO W JPOOHOTO KBaHTOBOrO 3ddekra XoJsia —
9TO TPOSIBJICHWE HAJUYINs KakK Oecropsiaka (CAyIailHbI MOTEHIHAJ), TaK
M B3aUMOJIEHCTBUST 3JIEKTPOHOB MeXy coboii. Jlosiroe Bpemsi BJUsIHUEM
9JIEKTPOH-3JIEKTPOHHOI'O B3aWMOJIEHCTBUsI Ha CBONCTBA JIByMEPHBIX JIEKTPOHOB B
cjaboM MarHuTHOM MoJie npeHedbperasiock. Co3jiaHue 1Mocje[0BaTeIbHON TeopuH,
YUYUTBIBAIONIEH HAJUYIUE IJTEKTPOH-IJEKTPOHHOTO B3aUMOJEUCTBUS, JJI CJIydast
cj1aboro MarHUTHOTO MMOJist OBLTIO HadaTo B paborax [20, 21, 22, 23|, koTopbie
OJTHAKO PACCMATPUBAJU JIByMEPHbBIE JIEKTPOHBI 0€3 CJIydaifHOro TOTEHIHAJIA.
OTKpBITHE SIBJIEHUST CUJIBHON aHU30TPOIUU MATHUTOCOIPOTUBJIEHUST JIBY MEPHBIX
9JIEKTPOHOB Ha BBICOKUX YPOBHAX JIaHJay TpPUBEIO K MMOHUMAHWIO BaXXHOCTU
9JIEKTPOH-3JIEKTPOHHOTO B3aMMOJIEHCTBUsST B 3TOM curyarnuu. [lpu 3ToM TOJIBKO
B HECKOJIbKUX Pab0OTaxX OBbLIM CJieJIaHbl TONbITKA y49eTa HAJWYGWs CJIydaiHOro
norernuana [17]. OpHako mocseoBaTebHAsT TEOPUS], OINUCHIBAIOIIAST CUCTEMY
JIBYMEPHBIX 3JIEKTPOHOB Ha BBICOKUX yPOBHSIX JlaHmay, KoTopasi Obl yInuThIBAJIA

KaK QJIEKTPOH-2JIEKTPOHHOE BSaHMOﬂeﬂCTBHe, TaK 1 HaJHU4IUe 66CHOpH,ZLKa He ObLIIa,



MOCTPOEHA.

Ilenbo pabOTHI sIBJISIIOCH:

1. Cosmanne 3ddekTuBHON TeOpUMW I ONMUCAHUST HU3KOIHEPTETHIECKOI
JIMHAMUKYA B3aUMMOJIEHCTBYIONINX JIBYMEPHBIX 3JIEKTPOHOB B CJIydYaiiHOM
IIOTEHIUAJE U B CAGOOM MATCHUTHOM II0OJI€, KOTJIa 3aII0JIHEHO MHOI'O yPOBHE
Jlanpay. B gyactHocTH, Bhruncienne 3(pHeKTUBHOIO B3aUMOIEHCTBUS MEXKTY

9JEKTPOHAMU Ha, TTOCJETHEM M3 3aIIOJTHEHHBIX YpoBHel Jlanmay.

2. UccnenoBanne  BiaugHusg  Oecrnopsiika  Ha — (a3oByl  aparpammy
B3aUMOJIECTBYIOIKUX JIBYMEPHBIX 3JIEKTPOHOB, HAXOMSIIUXCSI B CJIa0OM

MarHUTHOM IIOJIC.

3. Boruucienne TeH30pa NPOBOAUMOCTH B3aMMOJEHCTBYIONIUX JIBYMEPHBIX
9JIEKTPOHOB Ha MOCJEJHEM W3 3alOoJHEHHbIX ypoBHe Jlanmay mpwu
MIOJIOBUHHOM 3allOJIHEHUU HUXKE TeMIIepaTypbl Iepexojila B COCTOSHUE

OJTHOHAIIPABJICHHOI BOJIHBI 3aPAI0BON IIJIOTHOCTH.

Hayuynass HoBU3Ha pabOThI 3aKJIOYAETCS B CJAEAYIOMNUX OPUTHHAJIBHBIX

pe3yJibTaTax, KOTOPbIE BBIHOCATCA HA 3allUTY:

1. IToctpoena TEOPUSI, IO3BOJISIOIIAST OIKMCHIBATH JINHAMUKY
B3aMMO/IEHCTBYIONNX JIBYMEPHBIX JIEKTPOHOB, HAXOMANINXCS B CJIyIaiiHOM
MOTEHIMAJEe ¥ B ¢J1abOM MAarHUTHOM TI0OJIe, KOTJIa 3aI0JHEHO MHOTO YpPOBHEH
Jlanmay, udepe3 »ddekTuBHOE HeficTBAE TOJJBKO JJIsi  DJIEKTPOHOB HAa
mocJieTHEM U3 3allojiIHEHHbIX yposHe Jlanjgay. B pamkax 3To#t Teopuu
BBIYUCIEHBI  g-(aKTOP, CIEKTD W BEJUYUHA 3aTyXaHUsI CIUHOBBIX

B036y}KﬂeHI/IIU/I, a TaK2Ke HCCJIEAOBaHa TyHHEJ/IbHaA aHOMAJIKA.

2. Borauciieno  passiokeHue  CBOOOJIHOM — SHEPIUM  B3aMMOJIEHCTBYIONINX

ABYMEPHBIX 3JIEKTPOHOB, HAXOJAINNXCA B cj1aboM MArHUTHOM IIOJI€ W

8



B CJyYailHOM TOTEeHIMaJe, 10 TapaMeTpy IMOpsJKa COCTOsIHUSI BOJIHBI
3apsoBoit mioTHocTH. Haitnena daszoBas auarpaMmma cuctembl. [lokazaHo,
YTO HAJMIUE CJIYIARHOIO MOTEHIINAJIA CYIIECTBEHHO OIPAHUYUBAET 00JIaCTh

CYIIECTBOBAHUA COCTOAHUIN BOJIHBI 3aPSAOBOI MJIOTHOCTH.

3. TlokazaHo, dYTO CyIleCTBOBaHMWE OJIHOHAIPABJIEHHOW BOJIHBI 3apPsiJI0BO
IJIOTHOCTA Ha BBICOKOM YypoBHe Jlanmay, 3amoHEHHOM Ha MOJOBUHY,
MPUBOJIUT K AHU3OTPOIWK TEH30Da, MPOBOJMMOCTH. B paMKax pPa3J/IoyKeHUsI
[0 IapaMeTpy TIOopsdAJKa HaWiJIeHO, YTO AaHU30TPONHAasd dYacThb TEH30pPa
MIPOBOJIMMOCTHU TOsiBJisieTcss cpaldy nupu 1 = I, u npornopnuoHalbHa
OTKJIOHEHUIO TEMITEPATYPBI OT KPUTUUECKON. YUueT (pJIyKTyaluii mapamMeTrpa
OpAJIKa IMPUBOAUT K PaA3MBITHUIO ITOI'O PE3KOT'0 IMepexona, T.€. TEH30p

MPOBOJIMMOCTHY CTAHOBUTCS AHU3OTPOIHDBIM €ITle TIPU TEMITEPaTypax Boiie 7.

CTpyKTypa AuccepTanum TaKOBa:

B rsaBe 1 cTpoutcsa Teopus JJIsT OMUCAHUS B3aUMOJEHCTBYIONINX JTBYMEDPHBIX
9JIEKTPOHOB, HAXOJAIIMXCS B CJAyYallHOM ITOTEHIMaJe U B CJabOM MarHUTHOM
noJsie, B TepMuHax 3MMEKTUBHONR Teopuu JJIsi JEKTPOHOB HA IMOCJEIHEM W3
3all0JIHEHHBIX YpOBHe# Jlanjiay, HO C II€pEHOPMUPOBAHHBIMU B3aUMOJIENCTBUEM
U XUMUYECKUM ITOTEHITUAJOM. DBBIYUCIAIOTCA TONpPaBKU K ¢-pakTopy u
CIIEKTPY CIIMHOBBLIX BO30YKJIEHUI U3-3a, yITUpeHus ypoBHeil Jlaumgay ciaydaitHbIM
noreHimajgoMm. [loka3biBaeTcsi, YTO paccesiHMe Ha, TPUMECSX I[IPUBOJIUT K
[OSIBJICHUIO KOHEYHOI'O BPEMEHM JKW3HU CIMHOBBIX BO30yxKjeHwmii. Takxke
00CY K JIaeTCs TYHHEJIbHAST aHOMAJIMSL.

B rmiaBe 2 mnpeJyioKeH MeTOJ| aHAJUTUYECKOIO BBIUUCIEHUS Pa3JIOKEHUsT
cBOOO/IHO YHEPrUY B3aMMOJIEHCTBYIOIIMX JIBYyMEPHBIX 3JIEKTPOHOB B CJIydYaitHOM
MOTeHIMaJ e ¥ B cJabOM MarHMTHOM IOJIE O MapaMeTpy MOPsJIKa COCTOSHUS
BOJIHBI 3apsIOBO# MJIOTHOCTH. Bbimucano pasjoxkenue Jlawmgay g0 4eTBEPTOro

InmopdaJakKa, € IIOMOIIbIO KOTOPOI'O HCCJIECAOBaHA (baSOBa,H AuarpaMma CHUCTEMBI.



[TokazbiBaeTcsi, 4YTO ecjau IMUpUHA ypoBHs Jlawjgay cranoButcs 60Jibiie
OIIPEJICJICHHOT'O IIPEJIeJIbHOTO 3HAUECHUsl, KOTOpOe TeM He MeHee I'opa3Jio MeHbIIe
PACCTOAHUA MEXKJly YPOBHSIMU, TO COCTOSAHHME BOJIHBI 3apsAJ0BOI MJIOTHOCTH
00pa30BaThCsT HE MOXKET Jlake MPU HYJIEBOI TeMIiiepaType.

B rmiaBe 3 BbIYUC/ISIETCS TEH30P IIPOBOJMMOCTH  B3aUMOJIEHCTBYIONINX
JIBYMEPHBIX 3JIEKTPOHOB Ha BBICOKOM ypoBHe JlaHmay, 3amoJiHEHHOM HAa
nosioBuHy. [loka3bIiBaeTCs, 4TO HUXKE TEMIIEPATYPhI (DA30BOTO TEPEX0/Ia BTOPOIrO
poJla B COCTOAHWE OJHOHAIIPABJICHHON BOJHBI 3apsAJ0BOM IJIOTHOCTA TEH30D
ITPOBOJIMMOCTU CTAHOBUTCS aHU3OTPOITHBIM, TpUYeM BOJM3KM JIMHUU (DHA30BOrO
[epexoa aHU30TPOIHAA YaCTh OKA3bIBACTCSA MPOMOPIMOHAJIBHON OTKJIOHEHUIO
TeMIIepaTyphbl OT KPUTHIECKOi. Takxke m3ydarorcs (pJyKTyaIlMOHHBIE MOMPABKA

K IIPOBOJIMMOCTH BOJIM3HU TeMIIepaTypbl (pa30BOro mepexoia.
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I'maBa 1

Heynopsimouennasi 1ByMepHas
3JIEKTPOHHAsI »KIMJIKOCTh B CJIA00OM

MAarouTHOM I110J1€

1.1 BsBenenue

ITpu wuccienoBanuy cucTeMbl JBYMEPHBIX JJIEKTPOHOB B CIyYailHOM MOTEHIIHAJIE
B IPUCYTCTBUE MArHATHOrO 10Jisg [H  Hajgu4ume 3JIEKTPOH-IJIEKTPOHHOI'O
B3aUMOJIEUCTBUSI JIOJIOE BpeMsi HE NPUHUMAJIOCh BO BHuManue [2]. Ojnako
BBISICHIJIOCH, YTO YYET 3JIEKTPOH-3JIEKTPOHHOIO B3aMMOAEUCTBUS HEOOXOIUM
JUIsT OOBSICHEHUS TMUPOKOTO KJIACCa SBJEHUN B JIBYMEPHBIX HEYTOPSIOYEHHBIX
cucreMax Kak 0€3 MArHUTHOIO 1OJisi TaK M B MarHuTHOM mnoJe (24, 25|. B
[IPUCYTCTBUE CUJILHONO MAIHUTHOIO 110Js1 (pexkuM KBaHTOBOIrO 3ddekra Xoswuia)
MOCJIeIOBATETbHAS TEOPUs, OMUCHIBAIONIAA IBYyMEPHDbIE JIEKTPOHBI B CIIyIaitHOM
MOTEHIINAJIE C yIETOM B3aMMO/JIEHCTBUS MEXK/y HUMH, CTPOUTCH, HO elle JAJIeKa
oT 3aBepinenus (26, 27, 28, 29].

ITepBoHa4ya/ibHO W3y4YeHUE CUCTEMbI B HMPOMEKYTOUYHOM MATHUTHOM IIOJIE,
KOI'J1a, 3aI10JIHEHbI HECKOJIBKO yPOBHElT JIaH 18y, IpOU3BO/IMJIOCH B [IPEJIIIOJIOXKEHNUH,
4TO MUKJIOTPOHHAs dacToTa wy = eH/m > e*/(cly), rae e obosnadaer zapsi

9JIEKTPOHA, M ero 3P(MEKTUBHYI0 MacCy, € JMIJIEKTPUIECKYIO POHUIIAEMOCTD
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reTepoCTPyKTYphl, a lg = 1/ /MWy MarHUTHYIO JJIMHY L' Bro nossossno
He YYWTHIBATH BJUSIHUS Jpyrux yposueit Jlammay wna mammsit  [30, 31,
32]. B nasubHeiinmem B3auMojeicTBHE 3JIEKTPOHOB Ha OJHOM yporHe Jlamjay
¢ 9JIEKTPOHAMK Ha, JAPYrux ypoBHsX Jlamgay OBLIO yYTEHO € TOMOIIBIO
Teopuu Bo3Mmymienuii o napamerpy e’/(clgwy) [33, 34]. B peiicTBuresnnbHocTH,
B cJaboM MarHMTHOM I0Jie XapakTepHas KyJOHOBCKas sHeprust e2/(ely)
IPEBOCXOJIUT MUKJIOTPOHHYO 4acToTy wyy. B pabore [35] 661 paccMoTpen ciryvaii
IIPOMEXKYTOYHBIX MAarHUTHBIX TOJIei, Korja (akTop 3amojHeHus v > 1, u B
npubsimokenun caydaiiabix da3 [36] uucienno Obum Haligenbl 3¢bdEKTUBHbBIE
Macca 1 g-pakTop.

SHaUYNTEIHLHBI TPOrPecc B OMUCAHWKA B3aWMOJIEHCTBYIOMINX JIBYMEPHBIX
9JEKTPOHOB B  cAabom MarHuTHOM nosie (dakrop 3samosnHenust v > 1)
Ob1 JgocTurnyT AusreiiHepoM u [J1a3MaHOM, KOTOPBIE, KCIIOJIb3Ysi Pa3JIOXKEHHE
mo MaJjoMmy mnapamerpy v ' < 1, BoBenu 3hQPEKTUBHYIO TEOPHIO IS
HU3KO9HEPTeTHIECKUX BO3OYKJEHUI Ha IOCTETHEM W3 3alOJHEHHBIX YDPOBHE
Jlangay [20]. DToT 110AX0/1 TO3BOJISET CTPOUTH ONUCAHUE CUCTEMbI, PACCMATPUBAS
MOADKO DJIEKTPOHBI HA IOCJIEJIHEM W3 3allOJIHEHHBbIX ypoBHe# Jlanjgay, HO ¢
[IEPEHOPMUPOBAHHBIMY B3aUMOJIEHCTBUEM W XUMUIECKUM oTeHra oM. O 1HaKO,
B pabore [20] HE yUUTHIBATIOCH HAJIUYNE CITydAHOTO MOTEHIUAIIA, KOTOPBIA KPOMe
BJIUSHUS Ha JIMHAMUKY 3JIGKTPOHOB Ha IIOCJIEIHEM U3 3aIlOJTHEHHBIX YDPOBHE
Jlangay mensier a¢pdeKTUBHBIE B3aUMOAEHCTBIE ¥ XUMUIECKUH TOTEHIAAT.

B s1oit riiaBe Mbl BbiBejieM 3P MEKTUBHYIO TEOPUIO JIJIsT HU3KOIHEPTETUIECKUX
BO30Y K /ICHK HA [TOCJIE/IHEM U3 3aI0JHEHHbIX ypoBHEH JIaH1ay ¢ yaeToM HaJmMaust
B JIByMEpHOII cucTeMe ciydaitnoro morerrmada (paszgesn 1.2). B pasmene 1.4 ¢
[IOMOIIHIO TOCTPOEHHOH 3(PHEKTUBHON TEOPUHU MBI U3yUIUM BJIUSTHUE IPUMECEH Ha,
oOMeHHOe ycujieHne ¢g-pakTopa, a Tak»Ke Ha CIEKTDP U BPEMsl »KU3HU CIIMHOBBIX

BOJIH. TyHHeJIMPOBaHUE IJIEKTPOHA HA BBICOKUIT ypoBeHb JlaHjiay, 3all0JHEHHbII

13amerum, uro ucnomb3yercs cucrema equHuil, B KOTopoit h =1, c=1mu kg = 1.
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Ha II0JIOBUHY, OyJIeT paccMOTpeHo B paszese 1.5.

1.2 BniBoa 3¢ dekTuBHOrO aeiicTBud

1.2.1 Bseaenue

PaccmoTpum cucreMy IByMEPHBIX B3AUMOAEHCTBYIOMIMX JJIEKTPOHOB B CJIy 9aiiHOM
MIOTEHIIHAJIEe, TIOMEIIEHHYI0 B IEpIeHIUKYIIpHOe MaruuTHoe mosie H. Bynmewm

npeanoJjaraTb, 4YTO MalrHUTHOE I10J1€ C,/L(l60€7 T.€ 9JIEKTPOHbI 3aHUMaIOT

N=[v/2>1 (1.1)

yposHeit JIaHiay, IIpH 9TOM HOCJTEAHU U3 HUX 3AIOJHEH YACTUIHO 2 .

B orcyrcTBME  3JIEKTPOH-IJIEKTPOHHOI'O  B3aUMOJIEHCTBUS  INPUMECH,
PACIIOJIOXKEHHBIE B 00beMe OKOJIO CJIOST JIBYMEDPHBIX 3JIEKTPOHOB, MPEJICTABJISIOT
€JIMHCTBEHHBbIN MeXaHW3M Jijist yiiMpenusi ypoBueil Jlanpay. B skcnepumente
MpUMeCH MOTYT HaXOJWUTCA  JIOBOJHHO JIaJIeKO OT  CJIOSg  JBYMEPHBIX
asiekTporoB [2, 9]. B rakoit curyanuu JBymMepHasi 3JIEKTPOHHAS CUCTEMA
HaXOJUTCS B TPEXMEPHOM CJIy4YaiHOM IIOTEHI[1AJIe Vd(izD)(r, Z) TaK, 4TO JIEKTPOH,
JIOKQJIM30BAHHBIE B T'e€TEPOCTPYKTYpE, 3HAET O I[PUMECIX, PaCIOJIOKEHHBIX
H& PACCTOSHUSX MHOI'O OOJIbINE, YeM TOJIIWHA 2) JIBYMEPHOTO 3JIEKTPOHHOI'O
raza. Kak ussectro [37, 38|, masuune cirydaiiHOrO mMOTEHIMAJA, CO37aBAEMOTO

MPUMECSIMU, TTPUBOJIUT K IMOJHOMY CHSATHUIO BBIPOXKJIEHUsI ypoBHs Jlanmay, ecyu

qucso npumMeceit Ny, IPeBbIaeT YnuCIO0 COCTOANNM Ha yposHe Jlanaay
nLS < Nimp- (12)

3mecs nyp = 1/ 27rl%{, a S — IJIOAJb JIBYMEPHOI'O JIeKTpoHHOro cjiog. OmHako,

€CJIn HpI/IMeCGﬁ TaK MHOT'O, 9YTO BBIIIOJIHAETCA YyCJIOBUE

<0
mp 5

2HanomuuM, uTo [r] O3HAUaeT MEJTYI0 YacTh .

Ni > ana (13)
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e D obo3HadaeT — TOJINMHY  TETEPOCTPYKTYPbl B HAlPaBJEHUU
MIEPIICHIUKYISIPHOM JIByMEPHOMY CJI0I0 (OCh z), 3ajada MOXKET ObITh CBEIEHA
K 3hdekTuBHOMY CcirydaitHoMmy noreHnuasy Vgis(r), 3aBUCAIIEMY TOJBKO OT
nsymeproro Bektopa r [39, 40]. Tlpu srom 3ddexkTuBHAs KOHIEHTpAIUS
npumeceil paBHa Nimp =~ Nimpzo/SD. Besne nmxke Oyjem npejnosararb, 4To
ycioBue (1.3) BbINOJHSIETCS, W DPACCMATPUBATH CJIyYalHBIl MMOTEHIHAJ KaK
“nmeymepnbiii’. Ilpu sTOM, Tak Kak HpuMeceii MHOTO, TO MOXKHO CUYHUTATb, UTO
CJYYaiHbBII MTOTEHIMAJ UMEeT rayCCOBO paclpeesieHue.

Ba>kHoit xXapaKTEepUCTUKON CJIydaflHOTO MOTEHIMAJa  SBJISETCH  JIJIMHA,
Koppensdiuu d. B ciaboM MarHuTHOM IOJie, KOTJIa, YHMCJIO 3aHSATHIX YPOBHENH
Jlanmay N > 1, ecTeCTBEHHO CUMTATh, YTO MArHUTHAs JIUHA [ X V/N wmuOro

6OJIbIIIE JIJIMHBI KOPPEJISIIIAU CIy4aifHOro IOTeHIala, T.¢.
d < ly. (1.4)

Beoinosinenue ycoosuii (1.1), (1.3) u (1.4) nossosisier paccMaTpuBaTh CJIydaifHblit
8 6 3 (42, 43
MOTEHIUAJ B paMKaX CaMOCOTJIACOBAHHOI'O OOPHOBCKOI'O NMPpUOJINKEHU , 43].
st mpocToThI HUXKe OyjIeM PacCMaTPUBATD IIPEJIEJbHBIN CIydail HepaBeHCTBa,
(1.4), korma d — 0, T.e. IEIBTA-KOPPEIUPOBAHHBIN CITydaiiHbIil TOTEHIAAT

!/

(Vais () Vs (v)) = g0 (r — 1), (1.5)

rjJe ¢ CBsI3aHO C JUIMHHOM paccestnusi Ha npumecu a [44]. Kak ussecrno [41],

B CAMOCOIJIACOBAHHOM OOPHOBCKOM IPHUOJIM>KEHUM MOJIYIIUpUHaA ypoBHA JlaHmay

1/(27) paBHa,
1 JE—
21

B naabreitiem OymeM paccMaTpuBaTh Ciydail caabozo Oecropsiika, KOI'Ia

gnr- (1.6)

MNOJIYIIMPWHa YPOBHSA J'[aH,zLay MHOI'O MEHbIIE PACCTOAHUA MEKIAY HHUMHU,

1
— ) 1.
57 <L wH ( 7)

3yKa)KeM, 49TO BII€PBbIE€ OHO ObLIO UCIOJIB30BAHO JJId 3313491 O HEYIIOPAAOYCHHBIX 3JIEKTPOHAX B MAarHUTHOM

nose B pabore [41].
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Bamerum, 4To ycsoue (1.3) HAKJIAIbIBACT HA BEJIUYUHY [IIUPUHBI ypOBHs JlaHay

OI'PaHUYCHUE CHU3Y

|al 1
— — 1.8
” wg K 57 ( )

KOTOpPOE COBMECTHO ¢ yciosueM (1.7) B cuiy zp > |al.

Bespasmephbrii rnapamerp, XapaKTepU3yIoIui CUJy  KYJOHOBCKOI'O
B3aUMOJCHCTBUA MEXKJY JIEKTPOHAMHU, B OTCYTCTBUEC MArHUTHOI'O IIOJISA UMeEET
BU/JL

2
\/56

s — 9 1.9
. (1.9)

rjie vp oboznadaer ckopocth Pepmu. Kak 310 Oyner BuIHO U3 JajbHERIIEr0, B

[IPUCYTCTBUU Mal'HUTHOI'O I10JIA YILO6HO OLIpEeaC/INTDb T's KaK

V2¢e?
rs = m, (110)

rae R. = lg+/v 0bo3navaer HMKJIOTPOHHBIA pajuyc. ByaeMm npeanosarars, 4To

9JIEKTPOH-3JIEKTPOHHOE B3aMMOJIEHCTBUE OTHOCUTEJHLHO CJIado, T.€.
re <K 1. (1.11)

D10 ycaosue 1103BoJIsieT paboraTh B npubIMKeHud ciaydaiinbix ¢das [36]. Crout
OTMETHUTD, YTO B OOBIYHBIX €TEPOCTPYKTYPaX mapaMmerp rs ~ 1, 0OJiHaKO U3BECTHO,
YTO pacyeThbl JUId ciiydas ry < 1 JaloT XOPOLIyIo OIEeHKYy u Juisd 75 ~ 1. Takxke
OyneM cYuTaTb, YTO UUCIO 3aHATBIX YpOBHeH JlaHay J0CTATOYHO BEJIMKO, &

MMEHHO, BBINOJIHAETCA YCJIOBUE,
Nry> 1. (1.12)

DTO yCI0BUE SKBUBAJCHTHO TOMY, 9TO IUKJIOTPOHHBIN paguyc R, MHOro 60sbmie
6opoBckoro pagnyca ag = €/me?, T.e. R. > ap.

Kak Oyuer mokazano Hmke (cM. pasgen  1.3.3), Haju4uue 3JI€KTPOH-
3JICKTPOHHOI'O B3aUMOJIEACTBUSL NIPUBOJUT K JIOHOJHUTEJHLHOMY OPAHKYEHUIO

CHUBY JUIsI NIUPUHBI ypOBHH Jlaniay
Wy 1
L nvor,N < —, 1.13
N " \/_TS 2T ( )
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KOTOpOE He IpoTuBopeduT yciosuto (1.7), econ

N > InV2r,N. (1.14)

1.2.2 JleiicTBUE

PaccmarpuBaemasi cucTeMa WMeeT —CJEIYIONIYI0 CTaTUCTUYECKYIO CyMMY,

3aITMCAHHYIO Yepe3 (DyHKIMOHAJBHBIN HHTErpaJl,

2= [ D] [ DVl PVas(e)) exp S, Vi (1.15)

C JIeiiCTBUEM

1/T

dTt / dr [W(r, T) (—(% +pu—Hy— Vdis(r))¢a’a(ra 7)  (1.16)

~

S =

o\

a=1

—= / dx'pee (v, ) (v, 7) Uy (r, ¥ )poo (¢, 7)™ (v, T)] :

DNO| —

3pech Y7 u YP*° rpacCMaHOBbI [IEPEMEHHbBIE, OIIPE/ICJICHHbIE HA WHTEPBAJIE T €
[0,1/T] B MHUMOM BPEMEHH C AHTHIEPUOJUICCKAMU [PAHUIHBIME yCIOBUAMU
4o (r,1/T) = —¢*°(r,0). CumBoa p 0603HAYAET XUMHUICCKUHA MOTEHITHAI

CUCTEMBI, a 0,0 = £1 — CIMHOBbIE MHJEKCHI. | aMUIBTOHUAH

Ho = L(—N —eA)? (1.17)

2m
OINKCHIBAET JIEKTPOH B MEPIEHIUKYISIPHOM MarHuTHOM moje H = €,,0,A,.
Cayuaitubiii morennuan Vyis(r) mpeamosaraeTcs: JebTa-KOppPeJupOBAHHBIM,

YTO COOTBETCTBYET CJIEIYIOINIeH (DYHKIIUU PACIIPEIeICHUST

PV (r)] = \/leg exp <_% / drVinS(r)), (1.18)

rJle BeJWYHHA ¢ CBA3aHA C BpEeMEHeM CBODOJHOIO Impobera 7, U C

TEPMOJIMHAMUYECKONH TJIOTHOCTBIO COCTOAHUIA p B OTCYTCTBHE€ MATHUTHOT'O

II0JIAd KaK

1
g= . (1.19)
2T pTYH
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Host seraucsienust cpegnero (InZ) no caydaiinomy norennuany Ves(r) st
CHCTEM C B3aUMOJICHICTBIEM CYIIECTBYET BCETO JIBA METO/Ia: TeXHUKa Ketbima [45,
46, 47] w weron pemuk [48, 25]. B panHOM ciydae yj00HO HCIOJIB30BATH
MeTOJI PeIrIK, B KOTOPOM BBIUHCIAeTcs cpegnee (Z) 1o MPOM3BOIHLHOTO
HATYPaJIbHOrO V)., a 3aT€M MCIOJIL3YeTCs COOTHOLICHUE

R VAGES!
s A

(1.20)
Cymmuposanue mo « ot 1 o N, B mefictBun (1.16) Kak pa3 u CIYKUT JJist TOTO,
arobbl paccmaTpuBaTh N, KOmuii (PEruimK) CHCTeMbl.

Kak oxa3bIBaeTcss, B JaHHOM cJydae mnpeacTtapieHue MaTiybapbl Oosiee
yio6HO, 4eMm TpejcraBienne B MHUMOM Bpemenu [44]. Tlosromy cuenaem

upeobpasoBatre Pypbe OT MHUMOTO BpEMEHH! K MATIyOAPOBCKUM 4aCTOTAM W, =

71'(2n + 1), rae n — nenoe. CoOTBETCTBEHHO,

oo oo
po(r, ) =VT Y il (e, () = VT Y YL (r)e
n=—oo n=—oo
(1.21)
B nasbHeiiemM Mbl OyJ1eM OITyCKaTh MPeJIebl B CyMMaX MO YaCTOTaM U PEIIuKaM
cucrembl. B npejcrapiennn Mariybapsbr jeiicrue (1.16) craHOBUTCST paBHBIM

S = /drz [Tf(r) (iwn +p—Hy — Vdis(r)> 57 (r) — g Z /dr’zﬁTf(r)

Q,Wn, WV

<O VS (WG, () (122)

rje v = 271’ — 6030HHAsT MATILyDAPOBCKAsS YaCTOTA.

Ha srom srame npenebperaercst 3eeMaHOBCKUM wieHOM B jeiicrBuu (1.22)
n3-3a MaJoCTU ¢-paKkTopa. 1eM He MeHee, 3eeMAaHOBCKUIl 4jieH OyjieT y4TeH B
9D PEeKTUBHOM JIEHCTBUHU TOC/I€ HHTEIPUPOBAHUS 110 OBICTPHIM MepeMeHHbIM. JI st
YTIPOIIEHHUsI 3aUCH OyIeM 0ObeIuHATh CIIMHOBBIA MHIEKC C PETJIMYHBIM TaM, TIe

9TO yJI00HO.
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1.2.3 Ilna3MOHHOE IOJIE M YCPEAHEHNE M0 CJIYyYaHOMY MOTEHIINAJLY

UYsen ¢ B3aumogeiicteueM B jiefictBun (1.22) comep:kur deTbipe (hepMUOHHBIX
nosist. [IpousBesem mpeobpazoBanume Xabbapaa — CrpartonoBudua [49], BBOIS
JOTIOJTHATEILHOE MHTETPEPOBanue 1o 6o3oHHOMY 1010 Aj) (r). C HOMOIILIO 9TOTO
HOJIsA, KOTOPOE ITIPUHSATO HA3LIBATH 7NAG3MOHHbILM, UJIEH C B3aUMOACHCTBHEM B

(1.22) nepenumtercs B Buje

T .
/ DIA] exp [_5 / drdr' N (0) U (e, XA + iT / dr¢T(r)A(r>¢(r)] |
(1.23)
rae U, 1 o6osmataer omeparop obpartmoiit Uy. 31eCh HCIONB3YETCS MATPUIHAS

3alluCh B MIPOCTPaHCTBE PEIJVIMK U 9aCTOT

Z GS,Commtl s AN =D AT, (N (1.24)

Wn ,Wm

Besmmauabl co “IJISIIKOW OnpeiesieHbl KaK

= za: 2019 (1.25)

[IpuYeM MaTPHUILbI

<]a)§;/ — 6aﬁ5aﬁ/5k—l,n (126)

npejcTaBisitor coboit reneparopbt U(1) kamubposounbix npeobpazosanuii. Mepa
B dyHnkimonasbaom unrerpase (1.23) Boibpana Takum 06pa3oM, YTO MHTErpaJl
paBeH equHuIe Korna hbepMuOoHHbIe 1os1st 1 1 1) GOPMAJIBHO PABHBI HYJIIO.
Brruncienne craructudeckoit cymmat (1.15) ymnobHO HaUaTh ¢ MHTEIPHPOBAHNUS
Mo CJIydailHOMy MoTeHIuaLy Viig(r). DT0 NPUBOAUT K MOSIBJIEHUIO B JeHCTBAN

CJIEJIYIOIIETrO YeTBEPUIHOTO YJIEH,

9 [ as 32 w08, (L 002, ). (127

wnwrn
Yuen (1.27) moxke mMoxer ObiTh MpeodPA30BaH C IOMOIIBIO PEOOPA3OBAHMSI

Xabbapma — Crparonosuda [49]|. Crexys pabore [50], BBOJUM JOMOTHUTENHHOE

18



MHTErPUPOBAHKIE 110 SPMUTOBOMY MaTpuuHoMy 1oso Q%0 (r)

[ P@es [ ar [—%tr Q)+ W mQEY)| . (128)

CumBosr tr obosHagaeT cjen 1Mo MaTIyOAPOBCKAM YaCTOTaM, PEIJIMIHBIM U1
CLIMHOBBIM HHJeKcaM. Mepa B dyHKioHasbHOM uHTerpase (1.28) ompexesena
TaKXe Kak U B (QyHKIOHAJbHOM uHTerpase (1.23), t.e. unrerpasa (1.28) pasen
eauHAIE Korma dhepMHUOHHbIE mouist 1)1 1 1) GOPMATIBLHO PABHBL HYJTIO.

Taknum obpasom, crarucTudeckas cymma (1.15) cramoBuTCs paBHO#H

7 = / DIT. A, Q) exp S[T, 6, A, Q. (1.29)

1 T
S = —2—/drtr Q* — 5 /drdr’)\T(r)Ugl(r,r'))\(r') (1.30)
9
+ / dryi(r) (z’w o — Ho +iTA + iQ) P(r).
3/1eCch BBEJIEHA MATPHUIIA W, KOTOPas SBJISIETCS MHUIHON MATPHUIEH B PETIMIHOM

IIPOCTPAHCTBE, TOT' /A KAK B IPOCTPAHCTBE MATIyOAPOBCKUX YACTOT OHA COMEPIKUT

4aCTOThI W), Ha JUATI'OHAJIAX,

(W) = 0,867 (1.31)

1.2.4 Brigenenue N-oro ypoBHd# Jlanmay

Depmuonnbie mojst ! u P comepykaT KOMIIOHEHTHI Beex ypouedt Jlanmay. st
TOTO, 9TOOBI MPOMHTEIPUPOBATH IO BCEM (PEPMUOHHBIM CTEMeHsiM CBOOOJbI HE
npuHaiexkainuM N-omy ypoaio Jlanjgay, pasjienuMm ux Ha jBa Buja. [lepsbre

npunajiexkar N-omy yposHio Jlanay

U(r) =Y enkone(r),  Uir) = vl on(r), (1.32)

a BTOPbI€ BCEM OCTaJIbHBIM YPOBHAM

Or) = Y Uudu(r), ()= ¢lou(). (1.33)

p#N,k p#N.k
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3rech ¢pr(r) — 910 coberBeHHbIe (DYHKIUM raMuJIbTOHUAHA H), UHIEKC p =
0,1,...,N,... uymepyer yposuu Jlangay c sueprusmu €, = wg(p + 1/2),
a k obosnauaer mceBmoMoMeHT. COOTBETCTBEHHO, BBEIEM JIBa THIA, (DYHKIINH
['puna [44]: must N-oro yposusi Jlanay

G(I‘, I'/; Qa >‘) - Z gb?Vk(r)GNk,Nk'(Qa >‘)¢Nk’(r/)7 (134)

k!

1 JJI BCEX OCTAJIbHBIX YPOBHEH

é(I‘, rl; @, )‘) - Z Z ¢;k (r>kaap'k'(Q7 )‘)d)p’k'(rl)> (135)

pp'#N kK
rae dynknusa ['puna nya noseit ¢, u w;,k, 3aJ1€TCsI CJIEIYIOIIMM COOTHOIIIEHUEM
(G_l)pk,p’k’ = (1w + p — €)0py Ok + 1T Apk i + 1 Qi pri (1.36)

npudeM MaTPUHYHbIE JJIEMEHTDHI OIIPEAEJIEHBI KaK

fpk,p’k’ = /dr¢;’k’(r)f(r)¢pk(r) (137)

Heitcreue (1.30) kBagpaTnaro 1m0 dbepMHOHHBIM TosaM ! u 1), a 3HAU9wT,
OYEBHJIHO, OHO KBaapaTwdHo u 1o noisiv ®F u &, mosromy yaobHO cpasy

MIPOMHTEIPUPOBATH IO HUM. TOoraa moJydaeM CJIeAYIONnii pe3yabTarT
S = —/drtrlné— g/drtrQ2+/dr\1ﬁ [z’w+u—Ho+iT§\+iQ U

T - .
-3 / drd ' XTUSIA + /drdr’\lﬁ[Q + TANG[Q + TNV, (1.38)
Bﬂer U HU2KE IMTPOCTPAaHCTBEHHbIEC MHIAECKCHI OITYIIEHDbI OJIs1 KPATKOCTH. OTMeTI/IM,

aro nocseaauii ien B (1.38) nosiBiisieTcst u3-3a B3aMMOJIEHCTBUS SJIEKTPOHOB Ha,

N-om yposue Jlanmay ¢ 3jieKTpOHAMU Ha JIPYTUX YPOBHSIX.

1.2.5 IlepeBaJjbHoe penieHne JJid MoJd () B OTCyTCTBUE TIJIA3MOHHOTO

noJg \j (r)

Bepuemcst Hazan k jeiicteuio (1.30), KoTopoe B OTCyTCTBHE IUIA3MOHHOTO MOJISI

Ay (r) upuHuMaeT HpocToil B

S = —% drtrQ2+/dr¢T(r) (iw + p — Ho +1Q) Y(x). (1.39)
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DTO JeiicTBrEe MMeeT CJEAYIOIee MMePEeBAILHOE PEIIeHNe JIJIsi MATPUIHOIO IOJIS

Q)(r) mpu mynesoit Temneparype (w, — 0) [50]
Qsp — Vﬁlpsp‘/- (140)

3/1ech TOCTOSTHHAST YHUTaApHasT MaTpuia V' ONuchbiBaeT TI00AJbHBIE MOBOPOTHI,
OTHOCHUTEJIHHO KOTOPLIX feiictBue (1.39) muBapmanTHo mpu w = 0, a MaTpuna

Py, ynosaersopser ypaBHEHUIO
Fyp =g [Go(r,r) + Gio(r, 1) (1.41)

npuueMm byakiun ['puna Gy u Gy omnpejesieHnl uepe3 G u G kax

Go(r,r’) = G(r,1'; Py, 0), Go(r,r') = G(r,1’; Py, 0). (1.42)

Ormernm, urto  ypasmenme (1.41) coBmajaeT ¢  ypaBHEHWEM  Ha,
COOCTBEHHO9HEPTETUUECKYI0 ~ YaCTh B CAMOCOIVIACOBAHHOM  OOPHOBCKOM
npubskennn [41]. Pemenwe ypashenust (1.41) moxer ObiTh 3amucaHo B
BUJIEC

0p _ SERWy,

(PSp>nm - 27 5nm5aﬁ; (143)

IJie B PACCMATPUBAEMOM CJlydae ¢Aa6020 MarHuTHOrO 1ojist (wyT > 1) BesnuunHa,

1/(27) umeer Bup [41]

1
5, = VInt. (1.44)

B cBs13u co cTpykTypoit mepesasbroro pemterust (1.41) mist mostst @, ero ymobHO

pa3aeauTh Ha, Tomepednyo V' u npooabHyio P KOMIIOHEHTHI,
Q(r) =V (r)P(r)V(r). (1.45)

[Iponosbaast koMmmnonenta P(r) wumeer OJOK-IUATOHAJIBHYIO CTPYKTYpY B
MaTIybapoBcKoMm mpoctpancTee, T.e. P o O(nm), rae O(z) — dbynkuusa
Xesucaiiga [51]. Ilomepeunasi wommonenta V(r) orTBedaer JIOKAJbLHOMY
YHUTAPHOMY BpAlleHuio. XOpOoHio U3BECTHO, 410 duykryanun 1ous V(r)

onuchBaOT B3aumogeiicteue uddysubix  Mox  [50], KoTopoe mpuBOAUT
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K [OABJEHWIO, TaK Ha3blBACMBIX, CJIa00JOKAJIU3AIMOHHBIX IONPABOK K
TPOBOJIMMOCTH  (MaKCHMAJbHO Tepecekaroruecss muarpammbl) [52]. Ograko,
JUIST PACCMaTPUBAEMOl CUTyallund ¢Aa0020 MAHUTHOTO IOJIsl 3TH TONPABKH
okazbiBaloTcs mopsijika In N/N < 1 u Moryr He y4uThiBaThcs. [losromy B

nasbHediiem oyjem nosarars V(r) = 1.

1.2.6 CasBur nepeBaJIbHOI'O pPelleHnd IJIA3MOHHBIM mmoJjiemM \° (r
A P |y v

Hajmume mnazmonnoro nosss Aj (r) B geiicrsumn (1.30) npusogur K casury
nepeBasibioro pertennst (1.41) mus nons P(r). Jas Toro, 9Tobbl yuecTh 9TOT
dakT, yrobro npencrasuth noie P(r), kak P(r) = Py, + 6P(r), rae ommune
OP(r) or HyJs M yuYuThIBAET BJIMSIHUE IUIA3MOHHOrO mojisi. IIpejmosioxkenune o
BBITIOJIHEHHH yeaosui 1y < 1, Nrg > 11 1/21 > (wy/N)In+/2r,N nossonser
BBITIOJIHATH (DYHKIHOHATIbHOE MHTErpupoBanue B (1.29) Mo mIa3sMOHHOMY MOJTIO
A (r) Tonpko B KBajparudHoM npubskenud. Pasmaras jeiicreue (1.38) mo

IJIA3MOHHOMY IIOJIIO JIO BTOPOI'O IOPSIAKA, ITOJYydaeM, 9TO
S = /drq/f [Ggl +iTX + z'(sp] v — g /drdr’/\‘LUo_lx\JrSl + 8+ 83, (1.46)
rjae
S = —%/drtr(PSp +0P)* + /drtrln [égl - iéP} . (1.47)
Cuteiyomuii 4ieH uMeeT BH
S, = iT/drtrX@o +T/drdr'tr5\(~}o(5PC~?o + %/drdr'tr&@oﬁéo
+ / drdr' tr[6P + TN Go[0P + TN Gy, (1.48)
[ocaennuit wien B (1.46) pasen

S = /drdr’ {\DT[(SP + TNGo[6P 4+ TNV — tr[0P + TN Go[6P + T;\]Go} ,
(1.49)
U, KaK OKa3bIBa€TCsd, OIlIpeac/isdeT IIEPEHOPMUPOBKY TEPMOAMHAMHUYECKOI'O u

xumuaeckoro norenrmaios (cm. Paz. 1.7). Ormernm, ato B ypasuenusx (1.48)
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u (1.49) Tounbie dynkiwu ['puna G u G 6blin 3aMeHeHbl Ha nepesasbibe G 1
Gy, TaK KaK y4deT uX OTJIUYUS JPYT OT JPYTa MPUBOIUT K UIeHaM 0DoJiee BHICOKIX
crerieneir NV,., a MOTOMy OOpAIIAIOIUXCs B HYJIb B peryinanom mpejese N, — 0.
Yacrs Sy geitcreust  (1.46) comepsKuT WieHb KakK JIMHEHHbIE Tak U
KBa/J[PATUYHbBIE [0 [JIABMOHHOMY IOJIIO. 1JIeH KBaJIPATUYHBIN 110 MJIa3MOHHOMY

IIOJITO UMeeT BU

T? %
—?/drdr’tr)mo/\. (1.50)

3/1eChb MOJISIPUBAIUOHHDIN OIEPATOP T( SIBJIAETCA MaTpHUIIEH, IpHIeM

af
trAmB =Y Ay, ()" (v T, 1) By (1), (1.51)

UnWm

¥ ONIPEJIEIISIETCS CIICIYIOIEM yPABHEHUEM
5" (Vs 1, 1) = =2 <(~}°0"’"+V"(r, )G (r 1) + Gt (e, )Gy (v, 1) (1.52)
+GEmT () G (Y r)) .

JIMHEW DI 1O TIJIA3MOHHOMY ITOJTIO YJIEH OMUCHIBAET €r0 B3aNMOJIEHCTBUE C TTOJIEM

0 P, koTopoe, Tak KaK Mbl paboTaeM B KB IPATUIHOM MIPUOJIMKEHUN, TPUBOJIAT K

A T2 A 2
—T/drdr'tr)mo(SP -5 </drdr'tr)\7r05P) : (1.53)
5P

Cumbost (---)sp ODO3HAYAET yCpejHEeHHe MO HOJI0 0P, KOTOpOe JI0CTATOYHO
BBIIIOJIHUTD B KBaJIpaTudyHoM upubimxkenun. @yukiua 'puna noseit 6P, 3nanue
KOTOPO# JiJIsl TOI'0 HEOOXOMMO, OLPEJIesIAeTCsl KBaJPATUUHbIMU 110 110J110 0P

yireHaMd B S; U S U UMeeT BUJL

GOmymiOmamy 6000 (myims) B 21 — O(myms)
2

(0P, ()P0, (—@) =

mims mamgy

L+ g™ (Wing — Winy3 ) m2p
(1.54)
GOm0 GOy, 007
T gm0 " (05.9) 1+ gmy " (0; ¢)

3aMeTnM, 9TO MOCJEe Pa3JeJeHusT MATPUIHOIO moJisi () Ha OJIOK-MarOHAJIbHYIO

9pMUTOBY MaTpuity PP u yuHutapuyio V', Mepa (pYHKIHOHAJBHOIO HHTErpaJia B
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(1.29) cranosurcs D[Q] = D[V|D[SP|I[6P], npudem sikobuan npeobpazoBaHust
1[0 P], ompenensiemprii kax [51, 54|

1 af

InI[6P] = — PE /dr Z [1 — ©(nm)] 6P (r)6 PP (r), (1.55)

(m

MPUBOJUT K MOSBJIEHHUIO BTOPOro wieHa B Bbipaxkenuu (1.54). Ormerwm, duTo
dbyuknus ['puna s npogonbubix daykryarmit (1.54) oka3bBaeTCS aHAJOTHIHON
dyukmuu ['puna Ui NPOAOJBHBIX (DJIYKTyaluil B paHee pacCMaTpUBABIIEHCS
3aJlaue O TOBEJIEHUU CBOOOJIHBIX IJEKTPOHOB B ITEPIIEHIUKYJIAPHOM MarHUTHOM
noJte [51].

Ucnonn3yst Bbipaxkenue (1.54) misi dyukumu T'puna nosnst §P, mosydaem

CJAELYIOLINI pe3yIbTaT

_ Q
7 = /D[\IJ, U, 6P AI[0P]expS, S= —?0 +Sv+ S +S,.  (1.56)

3/1echb TepMOJUHAMUYECKUN MOTEHINA HEB3aUMOJEHCTBYIONUX SJEKTPOHOB Ha,

MIOJTHOCTHIO 3aMOJTHEHHBIX YPOBHSIX JlaHmay ¢ ydeToM HaJudus IpuMeceil paBeH
Qp = —T/drtr In [égl +¢5P} . (1.57)
Yien
Sy = —2—1g/drtr(PSp 6P+ /drqff [Gol FiTA+ i(SP] T (1.58)

OlIMCBHIBaET 3JIeKTPOHbI Ha [/N-om yposHe Jlanjay, B3ammopeicTByloOle C
J1a3MOHHBIM 1osieM A (r) u nojem 0FP. Yien Sy ouuchBaeT SKpaHUpOBaHUE

KYJIOHOBCKOI'O BBaHMO,ZLefICTBI/IH HN3-3a BJIMAHHA SJIEKTPOHOB C APYTI'HX ypOBHeﬁ

Jlanmay
. ~ N T d . @ — @
Sy =T [[aruGoenAm) =5 [ 5o A%, @V @)e(v 0 (—a
’ (1.59)
¢ TIOMOIIBI0 9P MEKTUBHON JUITIEKTPUIECKON TTPOHUIAEMOCTH
£(Un,q) = 1+ Up(q) (v, q), (1.60)
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KOTOPasl olpeJiesisieTcsl depes MoJAPU3aIMOHHbII ollepaTop
gO(n(n +m))my™ (Vn, q)
1+ gmg™ (Y, q)

Ty oot o
1+97T "(0,q)  1+gm;*(0,q)

(v, q) = TZ?TS)m(Vn, q)|1— (1.61)

[ocnenuuit wmen S, B peiicrBuu (1.56) COmEPXKUT WIEHBI, KOTOPLIE

[IEPEeHOPMHUPYIOT XAMUYECKUN U TepMO,ILI/IHa,MI/I‘-IeCKI/Iﬁ IIOTEeHIINAJIbI CHCTCMBbI

(cm. Paz. 1.7).

1.2.7 DddekTuBHOE OeiicTBUE

Tenepb, B Bbipaxenuu (1.56) MOXKHO HPOMHTEIDUPOBATH 10 IJIA3MOHHOMY
(0] [¥)

nomo A (r). Ilocie marerpuposanus momydaercs 3dexTusHOe JeicTBre I

9JIEKTPOHOB Ha, [N-oM ypoBHe JlaH1ay, KOTOpOe sIBJISIETCsI OCHOBHBIM PE3YJIbTaTOM

9TO# IJIaBBI,
:/D[\If,@, Q) exp S [V, U, Q] (1.62)
Q 1
St = —?+/dr\1ﬁ(r) [iw 4 i — H +iQ] U(r) — zg/drtrQ (r) (1.63)

/ drdy’ 3" WIS, (00Ul — ) W, (1)

W WEVn
S0 [ g Zawz,: )L (r).

3mech Takxke pobaiien 3eemaHoBcKuit wieH. Dyphe-o0pa3 3KpaHUPOBAHHOTO

HOTEHI[UAJIa B3aUMOJICHCTBUA

Uo(q)
e(q)

ONIPEJIESIACTCS CTATUIECKOH 3(PDEKTUBHON IUIIEKTPUIECKON ITPOHUIIAEMOCTHIO

Uscl"(Q) = (164)

e(q) = €(0, q). Boobiie roBopsi, HHUBKOIHEPreTHYECKUE CBOHCTBA CUCTEMbI JIOJIXKHbBI

OLUCHIBATHCS C IIOMOIIBIO 3al1a3/ibIBAIOIIEI0 B3aUMOJAEUCTBUS (CM. jencreue
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Puc. 1.1: YpaBuenune ajisi 5KpaHHUPOBAHHOTO B3aWMOJEHCTBUsI (JKUPHAS BOJHUCTAS JINHUS).
Tonkasa BoJiHUCTasd JTUHAA 0003HAYAET 3aTPABOYHOE KYJIOHOBCKOE B3aMMO/IEIICTBHUE, CILJIONTHAI
smHusi oboznavaer ¢dynkmuio ['puna (), a 3amTpuxoBaHHBI OJOK — 3TO JIECTHWIA W3

IIPUMECHBIX JIMHUMN.

(1.56)). Opnako, upubsmkenue ero B 3(PHEKTUBHOM JEHCTBUM MIHOBEHHBIM
B3aMMOJICHCTBUEM OKa3biBaeTCst onpapgaHHbiM [20]. DTo cBsizaHO € TeM, dYTO
epexo/bl MexK Ty ypoBHaAMH JIaHiay HMEIOT XapaKTepHoe BpeMs Wy TOra Kak
XapaKTepHbI MacmTad sHeprun B 3pMEKTUBHOM JIeACTBAN TOPsaka A, < Wy
(cm. Paz. 1.4).

Takxke ormernM, 410 pesynbrar (1.64) ams addekTuBHOrO B3aNMOAEHCTBYS
COOTBETCTBYeT MpubJmKeHnto caydaiineix a3 [36]. duarpamma, xoropast
coorBercTByeT pesysbrary (1.64) B craHmapTHOH  Kkpecmoeoll TEXHUKE,
upejcrasiena Ha Puc. 1.1.

Tepmogunamudeckuit noreniman 2 B geficreun (1.63) pasen
Q=Qy+ AQ, (1.65)

riie AS) comepuT 0OMEHHYIO ¥ KOPPEJISIITUOHHYIO MOMPABKY C yIeTOM MTPUMECEH.
OTHU TONPABKU 10 CTPYKTYypPe SKBUBAJEHTHbI OOMEHHBIM U KOPPEJISIIIUOHHYbIM

MOMPaBKaM K SHEPIUU OCHOBHOTO COCTOSIHUSI YUCTOMN 9JIEKTPOHHO KUgKOCTH 2]

AQ = —%/d%;/ (;32 Ine(v,, q). (1.66)
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Xumudeckuit norenimadl i B jeficreun (1.63) MoxkeT ObITH 3anucal Kak
fi = p+dp, (1.67)
1€ TOIpPaBKa 0/, paBHA

Sp = zwz%ITZ / drGsm(0,7) Py (0,1)User (v, 1) (1.68)

1 COJEPKUT IOIPABKA aHAJOIMYHbIE OOMEHHBIM ¥ KOPPEJIAIMOHHYBIM IIOIIPABKAM
B uncToil 3sekrTponnoil kujgkoctu [20]. Bemmuumna U, (v,,r) ectb ®@ypbe

npeobpaszosanue ot sesmanubt Uy(q)/e(vy, q), a

212,

wexp (—mrelY (I wal
P A2, N\

npejcTaBisier coboit MPOEKIMOHHBINA onepaTop Ha N-biif ypoBenb Jlanmay.

Py(r1,12) = Z Oni(r2)dni(r1) = npexp (l =)ot 1132)) (1.69)

Buecb Ly(z) obosnadaer nosmuom Jlareppa. 3aMerum, 49T0 [OLUPABKU K
TEPMOJIMHAMUYECKOMY ¥ XUMHUYECKOMY TIOTEHIIMAJY TaKXKe COJEPXKAT UJIEHBI,
KOTOpble He BBLIIMCAHBI BbIIE, TAK KaK OHE MaJbl 10 mapamerpy (wy7T) ! < 1
(cm. Paz. 1.7).

UnrerpupoBanue Mo mjia3sMOHHOMY MOJIIO OBLIO TPOBEJIEHO B KBaJAPATUIHOM
HPUOJIMXKEHUU. IDTO MOXKET ObITh OIPABIAHO, TOJBKO €CInd (DIIYKTyallun
IJIa3MOHHOTO 1oJis MaJibl. lloBesenwme durykTyanuit Ha OOJBIIUX U MAaJIbIX
PACCTOSIHUSIX PA3JIMIHO, ITOITOMY MBI PACCMOTPUM WX OTIAEabHO. Ha Oosibimx
paccrosiuusix T > ., TOJBKO JUIOJIBHBIE TEPEXO/bl MEXy OJrKaiImMu
ypoBHsiMu Jlanjiay BO3MOXKHBI. [loaTomMy duyKTyaluu IJIA3MOHHOIO MOJIS HA
OOJIBIIMX PACCTOSTHUSIX MAJIbl, €CJIM BBIMOJHSIOTCS yeaoust Nrg > 1 u 1/27 >
(wi/N)Iny/2r,N. Tleppoe ycioBie (DU3MIECKM O3HAYAET, UTO XAPAKTEPHbIIL
macmTab daykryamait R2/ap A0pKeH ObITH MHOTO GOJIBIIE IUKIOTPOHHOTO
pajuyca R.. Ha majbix paccrosinusix r << R, CTAaHOBSITCS BO3MOXKHBIMU [1€PEXO/IbI

MeXTy JajsekuMmu ypoBHaMmEU Jlanmay. QIyKTyaruu IIa3MOHHOTO TIOJIST MaJibl B
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9TOM CJIydae, €CJU BBIMOJIHIETCS CTaHIapPTHOE yCJIoBHE Ty K 1, mo3BoJsgioniee

IIPpUMEHATH TECOPUIO BOSMyH_[eHI/Iﬁ K KYJIOHOBCKOMY BSaI/IMO,ZLGI‘/JICTBI/IIO.

1.3 ODOkpaHuUpoBaHHOE B3aMMOJEICTBUE, XUMHUYECKU U

TepMOZ[I/IHaMI/I"IeCKI/Iﬁ IIOTEHIINAJIbI

Pesynbrarhl mpebIyIero pasjesia MO3BOJISIOT HAaWTU OCHOBHYIO (DU3UYECKYIO
BeJIMYNHY, KOTOpasl BJUSIET HA JIMHAMUKY 3JIEKTPOHOB Ha IN-OM ypOBHe
Jlaniay, — 9KpaHUPOBAHHOE JIEKTPOH-3JIEKTPOHHOE B3aumoieiictue Uy, (r). Ono
HOJTHOCTBIO  ompejensgerca 3MQGEKTUBHONR IUJIEKTPUUECKONR IIPOHUIAEMOCTHIO
e(q). e npyrue Benuuumnnl Bxojsmue B abdextusHoe neiicteue (1.63) — sro

XUMUAYECKUI U TEPMOANHAMUYCCKANA TOTEHIMAJIBI.

1.3.1 SDxpaHuUpoBaHHOE B3aMMO/IeliCTBHE

OcnoBuoit 3¢ deKT 0T 3JIEKTPOHOB HA IOJHOCTHIO 3alOJHEHHBIX HUXKHUAX
ypoBHSX JIaHIay — 9TO 9KpaHUPOBAHUE B3aUMOJIEHCTBUSI MEXKY JIEKTPOHAMU
Ha TocjaeaHeM yposHe Jlanmgay. 9To sKpaHupoBaHue onpeaenseTcsa 3hdMeKTuBHOR
nuaieKTpudeckoil  nporumnaemoctbio £(q). Cormacno ypasuenmio (1.61) s
NOJISIPU3AIMOHHOrO  oneparopa  11(v,, q), 3ddekTuBHasT  JUIJTIEKTPUIECKAs
IPOHUIIAEMOCTh MOXKET OBbITh BBIUMCJIEHA IPH  IIPOM3BOJHHOM 3HAUYEHUU
napamerpa (wyT) L. OmHako, ciydait MaJoro MPUMECHOTO YIINPEHHs YPOBHH
Jlangay mnpeacraBisier HauOOJBINN WHTEPEC € (DUIUIECKON TOUKH 3PEHWUSI.
B mpegene (wyT)™! < 1 Boipamenue s 3¢bdEKTUBHON U3ICKTPHICCKOI

MIPOHNITAEMOCTH CYILIECTBEHHO YIIPOIIACTCA

2me?
q

elq) =14+=—TY m"(0,9), wuT>1. (1.70)
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1.0

----((:)Hr)'1 =0

— (01" =0.2

< 05+

(.

Sci

0.0 + } + } + - -
0 5 10 15 20

Puc. 1.2: dkpanuposannoe B3ammogmeiicteue U, (r) B equmaunax e’/ap xak dyHkumus r/ap
npu 3Hadenuu napamerpa R./ap = 3. lus cpaBHeHUsI MOKa3aHa 3aBUCHMOCTDH 3aTPABOYHOIO

KYJIOHOBCKOTO B3aMMOJIeHCTBUSI (TOUYEUHAST JIMHWS ).

Boeruncienue 3p@peKTUBHON JTUIIEKTPUIECKON MTPOHUIIAEMOCTH ITIPEJICTABJICHO B

Paz. 1.8. Pegyabrar MoxeT OBITH 3amucan Kak

Hg) =1+ = (1 — ) (1- J2(qR.)), (1.71)

6’7'(.UH

rie Jo(x) obosnagaer dbyuknuio Beccenst mepsoro posa. Beipaxenue (1.71) mist
9D DEKTUBHOM TUITEKTPUIECKON MPOHUIIAEMOCTH SIBJISIETCS OJHUM K3 TJIABHBIX
pe3yJIbTaToB 3TO# rjaBbl. Mbl BUJMM, 9YTO TPUMECH YMEHBbINAT 3PPeKT
9KpaHupoBaHusi. MOXKHO OXKJATh, YTO [PU LPUMECHOM YIIMPEHUU YPOBHS
Jlanpay 7' ~ wpy 3DdEKT SKpAaHUPOBAHUS IIPOLAJET, B CBA3H C HCUE3HOBEHHEM
CMBICJIa BOODIIE NOBOPUTH 00 OTIEIHHBIX YPOBHsIX Jlaniay.

3aMeTuM, YTO ACUMIITOTHYECKHE Bbipaxkenusi (B obuacrsx ¢R. < 1
u qR. > 1) pusa sbdekTuBHOR juajekTpruyeckoil nponuiaemoctun £(q)
B wucmom ciydae (77! = () Gbutd Brepsble HOTydeHbl KyKyNIKUHbBIM,

MermikoBbim u  Tumodeesbim [42]. Obiee Bbipaxkenue it 3GbHEKTUBHOI
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JINDJIEKTPUIECKON TPOHUIIAEMOCTH B %UCMOM CIydae ObLIo ToydeHo Asteitnepom
u [nazmanom [20]. Acumrrorrnaeckoe moseenne 3G HEKTUBHOMN TUITEKTPUIECKOl
MTPOHUIAEMOCTH MOXKET ObITh TIOJIYYEHO U3 MPOCTHIX (PUBNUECKUX COOOParKeHWUIA,
qTO0 B objactu qR., < 1 moBeneHWe ONPENessieTcss JUMOJbHBIMU MEePEXOIaMU
Mex 1y OJsvkaiiimmmmu  ypoBHsimu  Jlampay, a B obsactm qR. > 1
craugapTHbiM npubsmxkennem Tomaca-®Pepmu [55]. OpHako B ciydyae HaJUIus
cAa0020 Oecriopsijika TaKOe MPOCTOE PAaCCMOTPEHUE MPOBEJIEHO ObITh He
MOXKET U €JMHCTBEHHBIH CII0COD ompeaeanTh 3PPEKTUBHYIO JUIIEKTPUIECKYIO
IPOHUTIAEMOCTH — 3TO BbiBecTH 3bdekTuBHOe jeiicrsue (1.63).

Cormacuo ypasmenuio (1.71) B obmactu ¢R. < 1 »sddexruBnas

JANJIEKTPpUYIECKasA MPOHUILAEMOCTb BE€IAET cebst Kak

i )qu (1.72)

—1 <1 _
g(q) * bwyT

ap
B obnactu qR. > 1 »sddexTuBHas IudIeKTPUUECKasT TPOHUIIAEMOCTD

OIIPEJICNISIETCST CJIEIYIONIEN aCuMIITOTHYECKOM (DOopMyJIOoit

2 7 1+ sin2qR,
— 142 (1 _ ) (1 _ ) 1.73
6<q> + qap 6wyt mqR, ( )

Ypasuenne (1.71) 1o3BoJIsIeT  [OJyYUTh ACHMIITOTHYECKOE — I[OBEJECHUE
skpanupoBanuoro BaaumogeiictBust Uy (r). Ha odenp Oosbmmx paccrosHusix

r > R2/ap noaspusalus He CylecTBeHHa 1 3(MEKT 3KpaHuPOBAHUs MaJl

Uscr(r):e—2<1— fﬁ [1— il D (1.74)

r

Ha npomexyTounbix maciiradax R(Z:/ ag > r > R, noagpusaius CTaHOBUATCS

CYIIECTBEHHON 1
2

User(7) ¢ ) ln(l i (1 ~ L)) (1.75)

- R? (1 — apr 6whT
6&)]{7’

Ha mausibix paccrosinusix R. > r >> ap HPOUCXOAUT dKPAHUPOBaHUE 110 ToMacy-

Depmu
2

2
e‘ay T
Uscr(r> — 3 <1 - 6LL)HT> (176)
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3aBUCUMOCTh IKPAHUPOBAHHOIO B3aumojeiicTBusi Ug, (1) mnpejcrapjieHa Ha
pucynke 1.2. IlomuepkHeMm, 4TO IpUMeCH OKAa3bIBAIOT HAUOOJIbIlee BJIHUAHHE HA
3aBUCHMOCTD 9KPAHUPOBAHHOTO B3auMoieiicTBUst Uy (1) OT 7 HA TIPOMENKY TOUHBIX

nmmmax R? Jag > r > R,.

1.3.2 XwuMuyeckuii 1 TEPMOJIUHAMUYUECCKUA MTOTEHITNAJIBI

Xumuveckuit u repmojguHamMudeckuii noreHnuasnbt (1.66)-(1.68) moryr ObiTh
BbIYKCJICHbI padsioxkerueM 1o 1 /N. Teranu Beraucsenuii npejcrasiennst B Pas. 1.9.

TepMmonunaMudecknit moreHnuag )y JJjisi CUCTEMbl HEB3aMMOJIEHCTBYIOIIUX
3JIEKTPOHOB HA TOJIHOCTHIO 3allOJHEHHBIX YpoBHAX JlaHmay B OpPHUCYTCTBHE
npumeceit cogepxkur nose () (cm. ypasuenuwe (1.57)). D10 03HaUaer, 4TO 1pU
JlaJibHENIIIeM PAacCMOTPEHUU 3JjieKTpoHOB Ha N-oMm yposHe Jlanjay B paMKax
sddexrusnoro peiicteust (1.63) HEOOXOAUMO yUUTHIBATH wWieH )y B JUHAMEKE
mosist (). OJHAKO, OKA3bIBAETCsI, UTO 3TO IPUBOJUT K IIOIMPABKAM CJIEIYIOIIEro
nopsijKa 1o napamerpy max{7, 7 1} /Wy, KOTOPHIMU BO BCEX pacCMaTpPUBAECMbIX
HIDKE 3a/1a9ax (KpoMe TJIaBbl 3), MOXKHO MpeHeOpeUb.

O6MeHHasl TIONPaBKa MEPBOTO MOPsIIKa MO B3AUMOAEHCTBUIO JAeT OCHOBHOI

BKJIaJ] B TEPMOJVMHAMUYECKNI MOTEHIIUAJ U PaBHA

S e 2 2In2 1
AQ=———(2N)*?|= — .
i3 7rlH< ) {3 * TWHT 2N]

(1.77)

OTMeTum, 9TO HAJIUYINE TIPUMeECcei MeHsteT 3aBUCUMOCTh A2 OT MArHUTHOTO TIOJIS,

T.e. 3aBucUMOCTh OoT IN. OTMeTuM, 9YTO B pPacCMATPUBAEMOM CJydae C¢Aab020

becriopsijika BTOpoil wieH B ypasHenuu (1.77) nponopuuonasen 1/N, Torja kaxk B
1/N? 20

YUCTMOM CJIy4ae OH MHOT'O MEHbIIE, TaK KaK IIPOIOPIUOHAJIEH :

Ob6MenHast IOMPaBKa K XUMUIECKOMY ToTeHImasry pasha (cM. Paz. 1.9)

22 In N 1 1
S =-—(2N)/2 |1 - .
H 7rlH( ) SN +7rcuc’r2]\f

(1.78)
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Puc. 1.3: Jlmarpammbl Jjisi  COOCTBEHHOIHEPIUTHYECKOH YACTH: a) CaMOCOIJIACOBAHHOE
OOpHOBCKOE TpHUO/IMKeHHe, b) auarpaMMa ¢ T[epeceKalomUMUCS IIPUMECHOH JimHuel
(myHKTHpHAst KpuWBasi) ¥ JMHHeH B3ammogeictBusi  (nomannast). CrulomHas  JIMHUS

coorBeTcTByeT hyHKIMU ['puHa.
1.3.3 OrpanuvyeHue Ha MUPUHY YpoBHA JlaHmay

[Ipy Hagauuuu SKPAHUPOBAHHOTO 3JIEKTPOH-JIEKTPOHHOTO B3aUMOJECHCTBUS
Use(q) st mupusbl  ypoBHsi Jlanmay Kpome CTAaHJAPTHOH —JMATDAMMBI
caMocoriacoBaHHoro 6oprosckoro mpubsmkenust  (Puc.  1.3a) Heobxoxmmo
YYUTHIBATD JIMATPAMMBI C ITEPECEKAIOIUMUCS IPUMECHBIMU JIMHUSIMU ¥ JIMHASIMA
B3aMMOJIEICTBY, aHAJOTUIHBIE TIpeacTaBiennoi Ha Puc. 1.3b. DTta auarpamma
MOKET OBITH OIICHEHA KaK

L) 19 1 (o, (Ll 22) ~ “in(v2rN). (179
g(g) TzL/(2—7T>2 ser () N(T) exp (—=¢°ly) ~ = In(V2r,N). (1.79)
Tpebys1, 9ToOBI 3TOT BKJIA] OBLT MaJl 10 CpaBHEHUIO ¢ nuarpaMmMoit Ha Puc. 1.3a,

MoJIy4yaeM ycJIoBUe, YTO

Wy 1
“Tn(v2r,N) < —. 1,
v n(vV2r,N) < o (1.80)

1.4 DddekTnBHbli ¢-PaKkTOp, CHEKTP M BpPeMs >KN3HU

CIIMHOBbIX BOJIH

B npejibijiyiiem pasjiesie Mbl IIPOaHAJIU3UPOBAJIM SKPAHUPOBAHUE B3AUMO,IEHCTBU

9JIEKTPOHOB Ha mocjeaHeM [N-oM 3aHsTOM ypoBHe JlaHay 3a cueT 3JeKTPOHOB C
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JIpyrux ypoBHeii. B aToM pasjiesie Mbl U3yunM BJIUSIHUE [IPUMecEil Ha, g-paKkTop u

CIEKTP CIUHOBBLIX BOJH 1pu v = 2N + 1.

1.4.1 3DddekTuBHbI g-pakTOp

Kak moka3bIBaloT quCIeHHbIE HCCTe0Batus [56], 3,1eKTpoHbl Ha mocieaeM N-om
3aHATOM ypoBHe JlaHnay oOpasyloT CIHH-NIOJISIPU30BAHHOE OCHOBHOE COCTOSHIE,

KOTOPOE OIUCHIBAETCS CJIEIYIOINIEH BOJHOBOMN (DyHKIIMEH
|Nel = STLL, Sz = SnL/2>, (181)

rne N, — 9To umcjao 3jekTpoHoB Ha N-om yposHe Jlammay. Ilpocreiimee
BO30Y>KJICHNE WIMeeT dHEPIuio [y 1 ABJIAeTcs COCTOSHUEM C JINIIHEH JBIPKOH,
anbo mMmeeT sHepruio F| W fABIAETCA COCTOAHHEM C JIMIITHEM 3JIEKTPOHOM.
Coryiacuo paboram [57, 58|, y106H0 BBecTu Besimuuny Ay, CBA3AHHYIO C JHEPIUsIMU

BO30Y2KICHHBIX COCTOSAHUI U ¢ SHEPrueil OCHOBHOIO cOCTOAHMUA Fy Kak
A, = E; + E| — 2, (1.82)
Cuiepysi paboram [59, 58], MOXKHO 1OJTyYUTh, YTO
Ay = gowy + Aey, (1.83)

rie A.; — 3T0 OOMeHHasl IIOIPaBKa K XHMHUYECKOMY IIOTEHIHAIY H3-34

B3aMMOJIEHCTBHS SJEKTPOHOB y2Ke Ha [N-OM ypOBHE, paBHasd
A, = 273 / drUse(r) Py (0,1) Py (r, 0). (1.84)

Vcnosnb3yst Boipaxkenue (1.69) jyisi mpoeKIMOHHOIO orepaTopa Py BbluuCIsieMm
addexkTuBHbIil  g-hakTOP, KOTOPBIH onpejeser Kak o = Ag/wpy. Takum

00pa30M, HAXOIUM

T 2v/2 T 1 0 -1
= 51 [ 1— } —(1— ) 1.85
Gett = Go + ™2 . re ( 6wHT> + 2N 6wy T ( )
xln[1+\/§rsN (1— T )]
6wHT

OrmMmeTuM, 9TO HaJUYHe IMpUMeceil yMeHbImaeT 3(pGEKTUBHLIN §-haKTop.

33
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g /
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0.04 - y
1
[/ A
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- -1=
— (o,7) =0.2
0.00 ' ,
0 5 10

Puc. 1.4: Dueprust Fgy (k) CIUHOBBIX BOJH MpU 3HAUEHHSIX TapaMeTpoB rs = 0.2 u N = 5.
1.4.2 CrhekTp u BpeMsd >KU3HU CIIMHOBBIX BOJIH

Tenepb paccMoTpuM HefTpasbHbIE BO30Y XK/ IeHUsI — CIIMHOBbIE BOJIHBI [58, 60] npu

zanosHeHnn ¥ = 2N + 1. OHU OMUCHIBAIOTCS CJIeIYIONIedl BOJHOBOM (byHKIIHEH

e Sn
Z€ZkquH\IfN’q7l\I/N’q_ky7T‘STLL, —L> (186)

2
q
Crenyst pabore [58|, MbI JOIKHBI y4eCTh TPU BKJIAJA: BO-TEPBBIX, PA3HOCTb
MeXKJly OOMEHHOU COOCTBEHHOU »SHeprueir 3JIeKTpoHa Ha BO30YKIEHHOM
YPOBHE M YPOBHE, C KOTOPOIO €ro ybOpaJju, BO-BTOPBIX, HPSIMOE KYJOHOBCKOE
B3aMMOJICICTBYE, U B TPETHUX, OOMEHHYIO SHEpIrHio. TaKuM 00pa30M MBI IOy daeM
yDaBHEHUE, ONPEJIEJISIONee CIIEeKTP CIMHOBhIX BOJH w = w(k) = FEgw(k) —

ilsw (k) B Bujie cieayromnero ypasHeHust

dq Us(q) CBN e kql?
— N /(1 — ekalu ) 1.
W= gown + / 2rleg o) | N\ 2 )| € < ¢ ) (1.87)

DddexruBHas JUIIEKTPUUECKas HTPOHUIAEMOCTh £((¢, w) UMEeT MHUMYIO YaCTh

nopsiaka (wpT) ' (cm. ypasmenue (1.119)). DTo UPUBOAUT K TOSIBJIEHHUIO

KOHEYH020 BPEMEHU IHCU3HU CIIMHOBLIX BOJIH. @usuyecKn OHO CBA3AHO C
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paccestHueM CIMHOBBLIX BOJIH Ha IIPUMECAX. 3aMETUM TaKXKe, YTO KOHEUHOE
BPEMA NHCU3HU TIOSABJIACTCA U B CIEKTPE MAIHETOILIA3MOHOB. DHEPIUsl CIMHOBBLIX
o w(k) mo momymo wmuoro wmenbme wy, |w(k)] < wg. Tostomy wMbI
MOXKEM BBIYUCIISITh JleiicTButenbiyto Egy (k) u muumyio I'gy (k) gactu sueprum
CIIMHOBBIX BOJIH OTJIEJIbHO.

st Boramcienusi ciiekrpa Egyy (k) MOXKHO MOJIOKUTH W HYJIEM B IPABOI YaCTH
ypasuenus (1.87). Torja nosrygaeTcss KBagpaTuuHbIA 3aKOH JUCIEPCUI HA MAJIBIX

BekTOpax kR, < 1,

™

(kR (1.88)

Esw (k) = gown +

v v

OrMeTuM, 9TO B HPUCYTCTBHE IpuMeceil 3(P@eKTuBHAST MACCa CIIMHOBBIX BOJIH

6wHT

yMenbinaercs. Ha jgoctaTouno 6obIIuX BOTHOBBIX BeKTopax 1 < kR, < R2 /1%,

SHEPrus CIIMHOBBIX BOJIH UMEET CJEAYIONUI 3aKOH JUCIEPCUN

rWH [2f ] T ] rewg | sin 2k R,
71'\[ 6wH7' 7r\/§ 2]€Rc

( ﬂ (1 - 6;7)) +In {1+ (1 - 60;17)_1 (VarkR.)-

[TosiHast 3aBUCUMOCTD SHEPIUK CIUHOBBIX BOJH Egpy (k) OT BOJIHOBOIO BEKTOPA

Esw (k) = (1.89)

k upencrapiena wa Puc. 1.4. Kak BujiHO, puMecu TPUBOAAT K YMEHbBIIIEHUIO
BEJIMIWHBI SHEPTUU CITMHOBBIX BOJIH, HO KQUECTBEHHO CIIEKTP OCTAETCS TaKUM Ke
KaK ¥ B YUCMOM CITydae.

Hast Toro, urobbl HaiiTu MHUMYIO 4acTh gy (k) 9Hepruu CHMHOBBIX BOJIH,
KOTOpast OIpPEJEeJisieT UX BPeMsi >KU3HM, MCIOJIb3YEM MaJIOCTh MHUMOHN 4acTu
"
¢ (q,w). Torma mosy1uaem, 410

Lo (k) = /(;ZW(;;ZUo(Q)eﬂ(Q, Esw) {LN ( 2; )] ey /2( eikql;,) (1.90)

E%(Q7 ESW)

Boipaxenwue (1.90) npuBouT K KBaJApaTHIHON JUCTIEPCHY MHUMO#T 9aCTy SHEPIUH

CTIMHOBBIX BOJTH Ha, MaJIbIX BeKTOopax kR, < 1

—9 .
arctan(QwHTgo)e_Q<1+ ll%l) M(}ﬂf{c)? (1.91)

Lo =

6wyT ap apR, (4N)?
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0.269

(0,7)7=0.2

0.268 —
0.267

0.266 —

10°T, (k) / o,

0.265 —

0.264 5 i . . . T . . .
15 3.0 45 6.0 75 9.0

kR,

Puc. 1.5: Baryxanune I'gy (k) ciMmHOBBIX BOJIH IPU 3HAa4YeHUsIX mapamerpos ry = 0.2 u N = 5.

Ha nocrarouno 60s1bImux BoMHOBBIX BekTOpax 1 < kR, < R2 /1%, ManMast 4acTh

SHEPIrUU CIUHOBBIX BOJIH UMEET CJIEeAYIONUM 3aKOH JUCIEPCUN

arctan(QwHTgeff)e_?{<a_B)21 R, .\ arccosh(Qch)}
R,

Ty = (1.92)

TWHT ap N ap 2(4N>2
3aBUCUMMOCTh MHUMOP 9acTH IHEpPrum CHUHOBLIX BOJH [ gy (k) OT BOJHOBOrO
BekTOpa k mpejcraBieHa Ha Puc. 1.5. Kak BuJHO, OHa TOYTH HE 3aBUCUT OT
BOJIHOBOT'O BEKTOpa Kk M Ha J[Ba TOPsiJIKA MEHBINE, YeM JIeHCTBUTEIbHAST YACTh.
[Ipenebperast BTOpbiM 4ieHOM B Bbipaxkeruu (1.92) MOKHO HAIUCATD CJIE/ Ly TOILY IO

OLEHKY CHH3Y JJId BPEMEHU 2KM3HHU TSy CIIMHOBLIX BOJIH

1 1 €2 R,
< —— L (1.93)
TSW QTWHRC ap

1.5 TynunerupoBaHue Ha BbICOKHUIT YypoBeHb JlaHgay,

3all0JITHEHHBIl HA TTOJIOBUHY

OcHOBHOW BeJIMYINHOM, KOTOPO#H XapaKTEPU3YeTCs TYHHEJWPOBAHUE, SIBJISIETCS
TYHHEJIbHBIH KOHjakTanc. Kak ussectHo [24], B cucremax ¢ B3aumojeicrauem

TYHHeJIbeIfI KOHJaKTaHC BOJI3U HYJIEBOI'O HAIIPpAXKE€HUA CHUJIbHO IIOJaBJIEH. DTO
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— TaK Ha3blBaeMasl, TyHHeJIbHas aHOMaJus. | yHHeJMPOBAHWE JJIEKTPOHA B CJIOW
JIBYMEPHBIX 3JIEKTPOHOB, HAaXOJSAIIUXCSA B CUJIBHOM MAarHUTHOM TIOJIE, KOTJIA
3aI0JIHEH TOJILKO HWKHUE ypoBenb Jlanaay, paccmarpuBajiocsh B paborax [61, 62,
63]. B cayuae caab020 marauTHOrO moJisi, Korja (hakTop 3anojiHenus v > 1,
TYHHEJIMPOBAHME HMCCJIEI0BAJIOCH B paborax [64, 65, 22|. us ciuyudasi, korja
MarHUTHOE MOJie JIeXKUT B wmHTepBajte 1/7, < wy < 1/79, t1ae 7 — 310
TPAHCIIOPTHOE BpEMs paccesHus, T.e. ypoBHU JlaHnay mnepekpbIBarOTCs, OBLIO
HaliIeHO, YTO 0bpas3yeTcs IeJib B TyHHEJbHOU IJIOTHOCTH COCTOsIHW, paBHAsI

vry  why
V2 Ep

e Er obosnagaer suepruio @epMu B OTCyTCTBHE MArHUTHOIO 1OJisi. B 3TOM

WH
v

Ey In (1.94)

pasjiesie, HUCHONb3ys MeTon, upemiokenubiii JlesuroBbiv u IlluroBbiM |65,
pPacCMOTPUM TYHHEJIMPOBAHUE 3JIEKTPOHA B CJIOH JBYMEPHBIX 3JEKTPOHOB Ha
BBICOKMIT ypoBeHb JlaHjay, 3alOJHEHHBIH Ha MOJOBWHY. [Ipwm 3TOM B oTyimume
or pabor [64, 65, 22|, Oyjem cuuTaTh, KaK ¥ B OPEIBLAYIMX pa3Jesax, 4To
CJIyYaHbBIA [OTEHIIMAJ JIeJIbTa-KOPPEJIUPOBAHHBIN U TAKOH €AaObIl, 9TO yPOBHU
Jlamiay XOpOIIO pasJesieHpl, T.e. wy > 1 /7.

Pacnipocrpanenue 3JjeKTPpOHA TIOCAE TYHHEJUPOBAHWS B CJIOH JIByMEPHBIX
9JIEKTPOHOB yI00HO paccMaTpwBaTh B MHUMOM BpeMenun (. DddekTuBHOE
JIefiCTBUE, KOTOPOE OINWCHIBAET JWHAMHUKY Ha OOJIBIIMX BPEMEHAX, B CiIydae

HyJ1eBoro Hampsikenus: V = 0 umeer Buj [65]

oodw OOqalq sin? w( Use:(q)
So(¢) =4 (1.95)
/%]

2T W + Dq2 w + qu + szeizquSCIKQ)

rjie 0, 1 D 0003HAYaIOT IPOBOIUMOCTD U KO3 DuiinenT 1udy3un 3J1eKTPOHHOM
cucteMbl cooTBeTcTBeHHO. OHY CBA3aHBI COOTHOMIEHNEM DUHIITeHHA 0,y = e2pD.
B oriuune ot ciy4asi, Korma ypoBHHU JlaHaay mepeKpbIBalOTCA, IPH MOJOBUHHOM

3aMOJHEHUY TIPOBOAUMOCTD U KOddbduiuent auddysun paBHbI 2]

2 2
e R

wr = —= N, D= —°. 1.96
O 2T ( )



Cpazy oTMeTnM, 9TO TaK KaK XapaKTEePHOE BPEMs OIIPEJIEIAETCS IIMPUHON YPOBHS
Jaumay 1/(27), 0 addexrusnoe neiicrBue paboraer Ha Bpemenax ( 2 27.
Murerpas mo wacrore w B Bbhipaxkenun (1.95) ompejessiercss MajibIMu
w. Ucnombsyst acumnrorudeckoe Boipaxkenne (1.72) st adbdekTuBHOlM
JIMJIEKTPUUIECKON IPOHUIIaeMocTu £(q), Haxo UM Ha OoJIbIIUX BpeMeHax ( > 27,

qTO

So(¢) =

r7ie 6e3pa3MepHbIil TapaMeTp 7y ONpeJeieH KaK

[27 orR, 1 [D 27
= 2MO e\ | — — —In |2m0 00| — . 1.98
v . D P ag 2m04, \ 27 o D ( )

OTMeTuM, 9TO YJI€H C IKCIOHEHTON B BBIPAYKEHWW IJIS TTapaMeTpa Y CBsI3aH C

In = ln>— 1.
ST20 42 n27 . 2T’ (1.97)

9KPAHUPOBAHUEM JJIEKTPOH-IJIEKTPOHHOI'O B3aUMO/IENCTBUSA.
C yueroMm paboOThl HCTOYHMKA HAIPsXKEHUs, IOJHOE JeicTBue JIJIst

PACIPOCTPAHLAIONIETOCS 3apsJia, UMeeT BUJ,

S(¢) = So(C) — 2eV¢ (1.99)

MuHUMU3UPYS €ro 1o BpeMeHW (, HAXOJUM ONTUMAJbHOE BpeMs (,, KOTOPOe

COOTBETCTBYET BPEMEHU aKKOMOAAIUU 3apAa,

Vo e

G2, W (1.100)

T 16720,,7
Kak 1mojiuepkuBaJjioch BbIllie, PACCMOTPEHUE JIOJIKHO ObITh CaMOCOIJIACOBaHHbBIM,
T.e. (, > 27. Orcronma cjemyer, 9YTO HAINPSXKEHUSA JOJKHBI OBITH Ha CJMIIKOM
BeIcCOKHMH, V < V4.
[Togcrasnsisi  Boipaxkenust  (1.96) jyist  npoBoguMocTd U KOdbdUIHEHTa
auddysun B coorrorenue (1.100) mis Vp, naxomum
1 3/2

WH
— 1.101

eVo

rjie ucrnosb3oBata dopmyda (1.44).
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1.0

0.8+ ,

0.6 +

G(V)/G,
N
1

0.2 + P

0.0 t } t } t } + }

Puc. 1.6: Tynmenvusiii konmakranc G(V)/Go xax dbysknus or InV/V npu 3nauenusix
napamerpos 1y = 0.2, N = 5 u (wg7)™! = 0.2. Cuytommas quuus coorsercreyer (1.103), a

MPEPBIBUCTAaA MOCTPOEHa 0e3 ydeTa SKpaHUPOBAHUSL.

[Tpeamostarast, 9To BKJIa ] OT TYHHEJBHOTO ODapbepa He 3aBUCUT OT HAPSKEHUST

IPM MAJIOM HAIPSAKEHUH, MOYKHO HAIMCATh TyHHEJbHbIH KOHJIAKTAHC B BUJIE
G(V) = Goexp[—So(¢i) + 2eV (. (1.102)

OTKy,ILa JJIA 3aBUCUMOCTU TYHHEJIBHOT'O KOHJITaKTaHCa OT HaIlIPDAXKEHUA TTOJIyHaeM

GV = Gy <%)a(v), a(V) = SLN In [%74] | (1.103)
[Toncrasnss Beipaxkerus (1.96) B Boipaxkenwe (1.98), HaxoaUM, ITO TApaMeTp 7y
paBen

v = Q—fNrstT exp _LUZT In QfN’I“SwHT ) (1.104)

Hajmane skpaHupOBKY 3JIEKTPOH-3JIEKTPOHHOTO B3aWMOIEHCTBUS MIPUBOJUT K
TOSTBJIEHUIO MHOXKHUTEJIsI ¢ 9KCIIOHEHTOH B Bhipaxkenun (1.104) st mapameTpa 7.
Oj1HaKO, 3aMETUM 9TO ITOT MHOXKUTEJIb SIBJISIETCST He OOJIBINON TOIPABKOi B CHITY

yeaosust 1/(wpt) < 1.
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'paduk saBucumoctu TyHHeabHOrO KoHjgakTanca G(V) kak dyHkimu
oT Hampsbkenmss V' mokazan Ha Pwuc. 1.6. Kak Buano w3 pucynka, yder
9KPAHUPOBAHWS MPUBOIUT K YMEHBITIEHNIO TYHHEJBHONW aHOMAJINU. DTO CBSI3aHO C
TE€M, YTO SKPAHUPOBAHUE OCJADJISET JIEKTPOH-3JIEKTPOHHOE B3aUMOJIEHCTBUE HA
N-owm yposue Jlanpay (cm. Puc. 1.2).

Queprerndeckuit MacmTabd eV Mo MopsaIKy BEJIMUYUHBI COOTBETCTBYET IIEIU B
TYHHEJIbHOM IIJIOTHOCTH cOCTOsiHui. TakuMm oOpa3oM, B pacCMaTPUBAEMOM CJIyUae
TYHHEJTUPOBAHUsI Ha BBICOKWI ypoBeHb JlaHJay, 3allOJIHEHHBI Ha ITOJIOBHHY,

AMEEeTCH 11eJIb B TYHHEJBHON IJIOTHOCTU COCTOSHUMN
3/2

By oc —L_, (1.105)

KOTOpasi uMeeT OoJiee ciabyio 3aBUCUMOCTh OT MArHUTHOT'O TOJIsA, YeM B CJIydae,
KOIJIa, YpOBHU JIaHaay mepekpbIBAIOTCH.

B zakiodenne 5TOro pazjena OTMETHM, 9TO TYHHEJHWPOBAHWE 3JIEKTPOHA
B CJIOM JIByMEDHBIX 93JIEKTPOHOB, HAXOJANIUXCSI B OTHOCUTEJIBHO CJIaDOM
MarHUTHOM TIOJIe SKCIEPUMEHTAJIBHO WCCJAe0BAIOCh B paborax [66, 67]. [Ipu
9TOM 00pa3Ibl 00JIaJaJ1 JIOCTATOYHO HU3KON MOJBUXKHOCTHIO TaK, UTO YPOBHU
Jlanjay mnepekpbIBaJuCh. DbLIO HalJIeHO, YTO pPE3YJIbTAThl IKCIEPUMEHTA
XOPOIIIO OIMCHIBAIOTCA TYHHEJHbHOW IIJIOTHOCTHIO COCTOAHUIT C TIMKOM Ha
sueprun E, ~ 0.047wy [66]. B pamkax [OAX0Aa, H3JIOKEHHOTO B 3ITOM
pazjiesie, TYHHEIbHBIH KOHJZAKTAHC Ha HANpPsDKEHUSX MOpsiika [,/e waiitn me
BO3MOYKHO TaK, KaK 9TO HAIPs>KEHHE COOTBETCTBYET MaJibIM BpEMEHaM, Ha,
KOTOPBbIX KapTHHA, C MEJJIeHHBbIM Ju(PYy3nOHHBIM PACIPOCTPAHEHUEM 3aPsijia
ne paboraer [68]. Jlumefimass MO MarHATHOMY [OJIO IICEBJOMmENs FE, ~
rswWy W 3aBUCUMOCTh TYHHEJBHOTO KOHJIAKTAHCA OT HAlps>KeHWs BOJIM3U
E,/e, nonydennsle Teoperndeckun B paborax [68, 22|, xopomio cormacyioTcs ¢
pesyJbratamu dKcrepuMenTon [66, 67|. s onpeesierust CTpYKTYPbI TyHHEJIbHOM
IJIOTHOCTH COCTOSIHUIT 110/ 1IceBoIesbio F, u nposepku 3asucumocreit (1.94) u

(1.105) HEOOXOAUMBI JAIbHERIINE IKCIEPUMEHTAJBHBIE MCCIIEJOBAHMUSI.
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1.6 3akJjrouyeHue

B s71oit rnmaBe BbiBegeHa 3¢pdEKTUBHAS TEOpUs JJIsi  B3aMMOAEHCTBYIOIINX
2J1ekTpoHoB  (rs < 1) Ha 1nocsiejHeM U3 3anojHeHHbIX N-OM  ypOBHE
Jlangay B caabom marmwtHoMm mose (Nrg > 1) ¢ yderoMm Hagudus caab020
JIeIbTa-KOPPEJIMPOBAHHOTO  citydaiinoro mortennuana (wyT > 1). Haiigeno
3 dekTUBHOE B3aMMOJIECTBIE MEXKly dJeKTpoHamu Ha N-om yposue Jlanjay,
KOTOpoe yuuThiBaeT 3PdEKT SKPaHWPOBAHUS 3aTPABOYHOTO KYJIOHOBCKOTO
B3aMMOJICICTBHUS JIEKTPOHAMM C JApyrux ypoBHeir Jlanmay. B paMkax »3Toii
TEOPUM BBIYUC/ICHBI TIonpasku (1o mapamerpy (wyT) b < 1) 3a cuer caabozo
becriopsijika K 3pHeKTuBHOMY ¢-(haKTOpPy U CIIEKTPY CIWHOBBIX BOJiH. [TokazaHo,
9YTO PACCEsHUE CIIMHOBBIX BOJIH HA, IIPUMECSX TPUBOJUAT K MOSBJICHUIO KOHETHOI'O
BPEMEHU »KW3HW ITUX BO3OYXKJIEHUH, JJIsT KOTOPOIO HAIUCAHA OIEHKA CHU3Y.
Kpome 3Toro, mcciaemoBaHHO TYHHEJMPOBAHUE 3JEKTPOHA, B CJION JIByMEPHBIX

9JIEKTPOHOB TIPU TOJIOBUHHOM 3amojiHeHuu N-oro ypoBHsi JlaHay.

1.7 TIlpuaoxenue: IlonpaBKm K TepMOJAHAMUYECKOMY WU

XIMHNYIECKOMY IIOTEHIINAJIY

B srom pazjeste Oyzer npoanaiusuposan wien S, B geficruu (1.56). ror Briay

I[IOABJILACTCA IIOCJIE MHTEI'PUPOBaHUA 110 IIPOJOJIbHBIM (l)JIyKTyaLH/IHM " paB€H

1 —
S = 5((S2T. ¥, 6P, A sp. (1.106)
Mo>kHO HamucaThb, 9TO
S, =051 + 055 + 653, (1.107)
re
5S1 = T2/dr1dr2 <\PT;\GO;\W — tr j\éoj\G()) . (1108)
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of
§Sy =—T% [ dry---dry N (1) DY (wpirg, £) T (Vs 11, 12) (1,109
Vm, WnVm 0

WEWnVm,
La[)’,aa
X Lo, Wn+Vm (1‘2, I‘4),
TQ afyo
E . 70 . By
553 2 /drl'”dr4 Dgfym(wkarlarQ)Duénym(whr37r4)Lnn+m(r27r4)'

WEWWmVn

(1.110)
31ech

(0%

Dgﬁy (wk; ry, 1'2) - (Ewk (rl)\I/cﬁun—i—l/m (rQ) - 26k,n+m5aﬁGB}n+ym (r27 rl))
S, (e G r,m) 4+ (T, (0 WS, (1) — 200,67 (r2,11))

X\ ()G (ry, 1) (1.111)

Wk —Wn—Vm

m LYP7°  ofosmauaer dymkmmio ['puHa mpogombHBIX  daykTyammit (1.54).
myp¥my
[TpowsBojist MHTErpUPOBAHUE 1O MJIA3MOHHOMY TOJTIO, MbI HAXOJIUM, YTO

AQy + AQs + AQ)y

S
T T

T (S + Sus +5,u3)/dr\1ﬁ(r)llf(r), (1.112)

rjge molpaBKU K TEPMOJNHAMHWYICCKOMY IIOTEHIOUAJY UMEIOT BUJL

S =Y [ G 0.0)G (0 V), (1113)

ASQ =277 / dr;:ldzrg (G‘gn(o,r)ég””’“(r, 0) + Gy (x, O)Gi‘f””’”(oar))
" mx User(Un, 11) 75" (Ui, 11 — T2) L0, (10 — 1),

% _ o7? Z /drdr1d2r2 (G‘(‘)’”(O7 r)ég"”’”(r, 0) + G‘g“”’”(O, r)égjn(ra 0))

WnVm

< (G (0, r) G (r4,0) 4 G (0,1) G (14, 0) )

X User(Vm, T2) Lo, 0%, (v — 11 +19).

WnsWn+Vm

OTH TONpaBKH MaJbl 1m0 Tapamerpy 1/N 10 CpaBHEHHIO C BKJIAJIOM,

onpejiesisieMbiM ypasraenuem (1.66).
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[TonpaBkM K XMMUYECKOMY MOTEHIIMAJIY PaBHBI

O o
271—[2 TZ/drPN G ( )User(mer), (1.114)

6 w.
275% = —4T2/drdr1d 12 Py (0, )G ™ (r, )Ugcr(ym,rl)ﬁo(ym’rl ro)

L(()Kj),(,fa (r2 _ I') )

2575% - _8T2 Z/drdnd I‘2PN( )Gwm( )Uscr(yma rl)Lg(zJaa(r -+ r2)’

< (GR(0,T1) G (11, 0) + G (0,11) Gi(x1,0))

Bropasi u TpeTbst monpasku MaJjbl o napamerpy 1/N 10 cpaBHEHUIO ¢ NEPROi,
nodromy mpu N >> 1 monpaBka K XUMHUYECKOMY TOTEHIIMAJY O/ ONPEJIEISIeTCS

TOJTBKO BKJIAJOM O [L1.

1.8 IIpuniaoxenue: Borauciienne MOJIIPU3aIMOHHOTO

omeparopa

Boruucenne mosisipusanuonnoro omeparopa 11(v,,q) cuibHO ympomaercs B

npegesne wyT > 1. Torna
(v, q TZW‘% Vn, (1.115)

Boraucnenue (v, ¢) anagornaso BeIYUCIEHUIO, TpejcTaBieHHOMY B padore [20].
Byjiem paccMaTpuBaTh BOJHOBBIE BeKTOpa ¢ ¢ K R./1%. Vcnonssyst ypapHeHue

(1.61), mostyuaem, 9ro

2 oo
(G, Q) = mz 2+c2

-— ﬁj<<n>)], (1.116)

TTWH
rie
90 12 2 ~ : 9 9
J°(J° +3¢;) , sinhmq, JGn G, J =G
Li(¢) = RIEEe) In — +4j2+ %arctan7+j2+ %ln(1+27wH§n).
(1.117)
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Buech ¢, = vp/wyg u Q@ = qR.. TIpeobpazoBanue psiga (1.116) B unTErpan c

IIOMOIIIBIO COOTHOIICHUA

T(x) = /W%cos(jy)jo (205in2) (1.118)

0

II03BOJISIET OIPEJIEIUTh ACUMIITOTUIECKYIO (DOPMY HOJISIPU3AIMOHHOIO OIIePaTOPa

(v, q).

B cratuueckom mnpegene |(,| < 1

16, =2 ((1- 52 ) - gpien + MU E2IT) ) 4 oy )

78 6TWH 2mwyT
(1.119)
Buech byukuust &(x) onpejesnena Kak
dy Y 9 2
()= | =TxsinZ) |(y —7m)°" — — (1.120)
s 2 3
0
¥ UMEET CJIeLyIOne aCUMITOTUKA
¢(z) i sl (1.121)
T) = .
T (2 —sin2z) , x> 1.

3T

B rugpogunammdeckom nipejiesie ¢, << 1, octaBiisist TOJBKO MEPBBINA YJIEH Psijia

(1.116), nHaxomum

.m Q? 1
(G0 Q) = grima [t~ o £r(Go)] (1122)
1.9 IIpunoxenue: Boeruuciennue IMOIIPaBOK K

TepMOANMHAMNYIECKOMY N XNMHNYE€CKOMY IIOTEHIINAJIY

1.9.1 TepmoauHaMuUYueCKUii MOTEHIIAAJ

Yi106HO pas3jiesnTh MONPaBKY K TepMOJMHAMHUYECKOMY mnorexipaiay (1.66) Ha

OOMEHHYIO0 U KOPPEJAINHOHHYIO

AQ = AQux + Aoy, (1.123)
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”‘=—Z [ AL tantn.0) (1.124)

1
Aglcor T dq OZU(? (q)HQ(VTH q)
= —_ : 1.125
g 9 Z/ (27)2/da1+an(q)H(un,q) ( )
Un 0

Ob6meHHast 9acTh jaeT riaBHblil BKIa [20] u MoxkeT ObITh 3anucana Kak

AQ 2 T 22 x2 x? 1 1
ex [ — d 77L1 J— L - N_
S 27TZ3Z/ e N(Q) m(2)<@( m)+7m)HTm—N)7
m#N

(1.126)

rae L"(z) obosnadaer 06obiennbii mosmaom Jlareppa. B cayaae N > 1 sro

BbIpakenue nepexouut B (1.77).

1.9.2 XwumMmunyeckuii IOTEHINAJI

Ucnosn3yst ypashenue (1.68), yao6HO pasfefuTh MONPABKY K XUMUYECKOMY

MOTEHIINAIY Ha OOMEHHYIO U KOPPEJIAINOHHYIO
5,“ = 5/«Lex + 5Mc0r7 (1127)

rje

(m@(_zwzHTZ / drUy(r) Py (0,1)G"(x, 0), (1.128)

Us ()T (v, q)
1+ Up() (v, )

Ob6mennast yacTb gaer riaBHblil BKia [20] u MoxkeT ObITh 3anucana Kak

e? r 22 z2 x? 1 1
x = —— dee 2Ly | — | L, | = N — .
on lg ;V/ e N(Q) (2)(6( m)+27er7'm—N>
m7N g

(1.130)

(Sucor — QWZHTZ/ lH GVJ”( ) (1129)
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Borauciisisi 910 Beipaxkenue B ciaydae N > 1 noaydaem

o.¢]

22 In N 1 1 dt
Sptex = —(2N)Y2 |1 — (/—1 1—e! 1.131
H Wl%l( ) [ SN +47er7'2N t o ) ( )

1

+/dtl 1—et 7'('2)
—In —— .
t t 3

0
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I'maBa 2

da3o0Basa ANarpaMmMa JABYMEPHDIX
HEYIIOPAJOYE€HHDBIX 3JIEKTPOHOB B cJ1abom

MAarouTHOM I110J1€

2.1 Bseaenue

Kak ObL10 TOKa3aHO B HpeJbLAyNIeil IJlaBe B3aWMOACHCTBYIONIUI JBYMEpHDIi
JIEKTPOHHBIK a3 B  CAGOOM MArHATHOM TIOJI€ MOXKET OIMCHIBATHCS C
MOMOIIBIO JIEKTPOHOB HA TMOCJEJTHEM U3 3alloJHEHHbIX ypoBHe Jlamjmay,
HO C 9KpaHHpOBaHHLIM B3aumMogeiictueM (1.64). Ucmoan3ysi pesynbTar
Aseitnepa u Tnasmana [20], Kynakos, @ornep u Illkjosckuit, paborasi B
npubsimkennn Xaprtpu-Doka, mpejcKasaiu CyIecTBOBaHWE OJIHOHAIIPABJICHHON
BOJIHBI 3apsJIOBOM IJIOTHOCTU Ha IOJIy3allOJHEHHOM BBICOKOM ypoBHe Jlamjay
Ipu  HyJeBOH Temieparype u B orcyrcrBue mnpumeceir [21]. Mosccuep u
Yankep [23]|, 0606mmB pabory [69] Ha ciydait YacTHYHO 3AMOJHEHHOTO
BBICOKOTO ypoBHs JlaHjay, moKa3ajn, 9TO COCTOSTHUE OJIHOHAIIPABIEHHOW BOJIHBI
3apsI0OBOY TJIOTHOCTH TMPU TTOJOBUHHOM 3aTOJHEHUU YPOBHS CYIIECTBYET HUKE
HEKOTOPOIi TeMIiepaTyphl 1(, MacTad KOTOPOil OmpeiessieTcss SKpaHuPOBAHHBIM
B3ammojieiictereM. HegaBHO OTKpBITOE $SIBJIEHWE CHJIBHOW aHW30TPONUU B

Mal'HETOCOIIPOTUBJICHUMM Ha BbICOKHUX YPOBHAX ﬂaH;Lay B6JII/ISI/I IIOJIOBUHHOI'O
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3AII0JIHEHUS [IPU HU3KUX TEMIIEPATYPaxX ObLIO CBI3aHO ¢ 00Pa30BAHUEM COCTOSTHUST
OJTHOHATPABIIEHHON BOJHBI 3apsaoBoil mwiotnoctu |11, 12]. Kak Oymer mokazano
B CJIeAYIOIEel TJiaBe, JEUCTBUTEJbHO B COCTOAHUU OJHOHAIPABICHHON BOJIHDLI
3apsI0BOM MJIOTHOCTY MArHETONPOBOJNMOCTEL AHU30TPOITHA.

B orcyrcrBme CiaydailHOrO IOTEHIMAJA, COCTOSHME BOJIHBI —3apsiI0BOi
IJIOTHOCTH CHJIbHO HE2KE TOYKH II€PEX0ja IIpejcTaBiser cobOil depenoBaHue
obsracteit ¢ GaKTOPOM 3amOJHEHUST OTINIA0MUMCcs Ha, equnuity [17]. BosmoxHas
dazoBasi guarpamma mpu HYJIEBOil Temmeparype obcyxaanack B pabore [75]. B
9TON CUTyallul COCTOSTHHE BOJIHBI 3aPAJOBOM IIOTHOCTH MOXKET OIMCHIBATLCS
¢ MOMOIIBIO (PEHOMEHOJOTUYECKOH TEeOpUU Il yOpyrux gedopMaliii TpaHuil
srux obsacreit [70, 71, 72, 73, 74]. HemaBuo ObLiM HPEANPUHSATHI TOMBITKA
BBIBECTU TAKYI0 TEOPUI0 M3 MUKDPOCKOIIMYECKOH TEOpHUM, CTApPTysd C PELICHUS
B npubsivkenuu cpejuero nosst |76, 77]. Biusinue upumeceii Ha cocrosiHue
OJJTHOHAIIPABJICHHOM BOJIHBI 3aPAJOBOI ILIOTHOCTH OBLIO MCCJICJIOBAHO B PAMKAX
OJIX0/1a Teopuu yupyroctu |78]. Beutn HaiijileHbl pasaudHble PEKUMBI, KOTOPbIE
3aBUCAT OT cuJIbl Gecriopsigka. OJIHAKO OCHOBHAsI TPYAHOCTH JAAHHOTO ITOAXOJA
COCTOAT B HAXOXKJCHUU [APAMETPOB (PEHOMEHOJIOTMYECKON TeOpUH, IJIsL HYero
JIOJ2KHA ObITH pa3paboTaHa 3aKOHYEHHAs [TOCJIEI0BATEIbHAST MUKPOCKOIIMIECKas]
TEOPUSI .

B macrosiiiiee BpeMsi OCJI€J0BATEIbHBI MUKPOCKOINYECKUHA AHAJIN3 BJIASIHUS
npuMeceil Ha Iepexo, U3 OJHOPOJHOIO COCTOSHUSI B COCTOSTHAE BOJIHBI 3aPSII0BO
IIOTHOCTH, TAKKe KakK Ha (Ga30ByI0 anarpaMmy, orcyrcrsyer! . B aroii riase stu
BOTIPOCBHI OYJIyT MCCIIENOBAHBI B PaMKax MPHUOJIMKEHUsT CpeaHero mois (Xarpu-
®oka). Cpasy OTMeTHM, YTO B PaCCMATPUBAEMOM CJiydae OOJIBIIOrO YHCJIa,
3aHATBIX ypoBHe# Jlampay, npubsrkeHue CpegHero moJisi OIPaBJIAHO, TAK KaK

duyKTyauu mnapamMerpa MOPsiKa MPUBOIAIT K MaJbIM IOIpaBKaM. fcHO, 9TO

1B pabore [79] usyuasocs BiusiHue mpuMeceil Ha EPEX0J] B COCTOSIHUE OJHOHAIIPABJIEHHOM BOJTHBI 3aPsiI0BO#
IUTOTHOCTU TIPY ITOJIOBUHHOM 3aIOJIHEHWH. UWCJIEHHO ObLIO HANAEHO MOJABJIEHHE MPUMECSIMU TEMIIEPATYPbI

nepexona, HO HUKAKUX aHAJIMTUYECKUX PEe3yJ/IbTaTOB IMMOJIyY€HO HE 6]31.]10.
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duykTyannn mapaMerpa TOpsiAKa HanbOJee BBIPAYKEHBI B HEMTOCPEICTBEHHOM
ommzoct or azooro mepexoma. OJHAKO OKA3BIBAETCSI, UTO KPHUTUUIECKA
00J1aCTh TTAPAMETPUYECKN MaJia W 9TO He MPUBOIUT K HUKAKON CYyIeCTBEHHOM
HEOTPEJIEJIEHHOCTH JIJIsT TEMIIEPATYPHI MEPEXOIA.

Byjsem mnpejmnosararb, 9TO HPUMECH CO3JAI0T CJIa0YI0 HEYOPSI0YEHHOCTH
B cHCTeMe, T.e. ImpuMecHoe ymmpenue yposust Jlammay 1/(27) okasbiBaercs
MHOTO MEHBINIE DACCTOSIHUST MeXIy Humu, T.e. 1/(27) < wpy. DT0T Ciydai
peajiu3yeTcsi B COBPEMEHHBIX 9KCIEPUMEHTAJbHBIX 00pasiax, o0JIaIaroImx
BBICOKOH MOJ[BUYKHOCTHIO, KOTOPbIE HUCIOJIB3YIOTCS /IS U3YUEHUST aHU30TPONUAN
marautoconpoTuienus |11, 12, 13, 14]. Bamernm oHaK0, 9TO OOBIYHO BEJTUIMHA,
Ty~ 1 / T, ¥ TIO3TOMY MOXKHO OXKUJATh 3aMETHOT'O BJIUAHUSA IPUMECeil Ha CBOKCTBA
COCTOSTHWIT BOJIHBI 3apsiJIOBOi IIJIOTHOCTH Ha, BHICOKOM ypoBHE Jlausay jaxke rnpu
MaJIOM yiiupenun yposus 1/(27) < wy.

OpHUM U3 OCHOBHBIX PE3YJIBTATOB ITOW TUIABBI SIBJISIETCS TOT (DAKT, ITO MPHU
HYJIEBOII TeMIlepaType COCTOsIHME BOJIHBI 3aps0BON IJIOTHOCTH Pa3pyIIaeTcs,
ecjiu yrupenue ypoBHst JIaHjay NpeBocxojuT Kpurudeckoe s3uadenue 1/(27.) =
ATy /m. lpu HenysieBoOit TeMuepaType NPUMECH IIOHMXKAIOT TEMIIEPATYPY EPEX0/Ia
B COCTOsIHME€ BOJIHBI 3aPsiJIOBOM IJIOTHOCTH IO CPABHEHUIO C YUCTBIM CJIydaeM,
9TO  COTJIACYeTCS C YUCJAEHHBIME pesyibraramu paborsl |79]. Pusmuecku
IPUYUHA STOTO SBJEHUS COCTOMT B TOM, YTO pacCesHWe Ha IPUMECTX
paspyImaeT KOPPEeJsiAd MEeXK]y 3JEKTPOHAMHU, W IMOITOMY MPUBOJUT B KOHIIE
KOHI[OB K Pa3pyIIeHNuI0 COCTOSIHUSI BOJIHBI 3apsiIOBO# IJIOTHOCTH. DTO IMOXOXKE
Ha [IO/[ABJICHUE KPUTUIECKON TeMrepaTypbl B OOBIYHBIX CBEDPXIIPOBOIHUKAX
MarauTHbIMY TpuMecsMu [80] ¥ B HEOOBIUHBIX CBEPXITPOBOIHUKAX HEMATHUTHBIMU
npumecsivu [81].

B srToit rnaBe OyJeT BbIUKCIEHA CBOOOJHASI DHEPIUsi COCTOAHWUS BOJIHBI
3apsiJI0BOM IJIOTHOCTH B IPUOJIMMKEeHUHN cpejiHero mnoJist (pasgedn 2.2). B pasiede 2.3

uccieayercs pa3oBas AuarpaMma cucteMbl. [lompaBky K MpUOINKEHUIO CPEJTHErO
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10JIsI paccMaTpuBaloTcs B pasjese 2.4. B pazjesie 2.5 NpoBOJUTCS CPABHEHUE C

QKCIIECpUMEHTAJIbHBIMU 1 9YHUCJICHHBIMU JaHHbIMHA.

2.2 (CBobomHass 3>HEPrusi COCTOAHUS BOJIHBI 3apsa0BOii

IIJIOTHOCTHU

2.2.1 Bseaenne

PaccmoTpuMm JByMepHBIE B3aMMOJEHCTBYIOIIUE 3JEKTPOHbI C IPUMECIMHU B
MOTIEPEYHOM MArHUTHOM TI0JIe. ByjieM cauTaTh, 9TO BCE YCIOBUs, 0OCY K IABIITUECS
B pazjesne 1.2.1 BoimosHeHBI. Takske OyneM MpeJnoJaraThb, YTO BBIMTOJTHSIETCS

yCJIOBUE

N2> 1. (2.1)

B srom ciydae, kak ObuIO MOKazaHO B pabore [23], ompaBpaHo TpubInKeHHe
Xaprpu-Doka, T.K. nonpasku K wemy nopsiyika ag/ly = 1/Nr?2 < 1. Kak u Bbime
CUUTAEM, UTO JIEKTPOHHBIE CIIUHBI MOJISIPU30BAHBI MATHUTHBIM mojieM |32, 56].
Bynem paccmarpmBaTh ciydail, KOrga TpHUMECHOe ymmpenme yposus Jlammay
1/21 < Ay = (rown/mV/2)In2y/2/ry, me. yposuu Jlangay ¢ pasimanbiM
HAIIPABJICHUEM CIIMHA 3JIEKTPOHOB XOPOIIO PA3ICJIEHDI.

st Toro, 94ToObl M3y4YUTh MEPEXO], U3 OJAHOPOLHOTO COCTOSHHUS B COCTOSHHE
BOJIHBI 3apsifIOBOI IIJIOTHOCTH, BBIBEJEM PAa3JIOXKEHHEe CBODOJHON SHEprum 1o
napameTpy nopsijika A(q;), T/ie BEKTOPBI (;, XapaKTePU3YIOIIAe COCTOTHIE BOJTHBI

3aps1JIOBOI TIOTHOCTH, UMEIOT OJHY U Ty»Ke JmHy [69],

g = Q. (2:2)

Huxe Oyner mosiydueHO pasioXKeHue CBOOOJHON 3HEPIruu J0 UeTBEPTOil CTelneHu
rmapaMeTpa MmopsaiKa.
TepmognHaMuUeCKUit TTOTEHIMAJ JABYMEPHBIX B3aWMOIEHCTBYIONINX CIIHH-

HOJISIPU30BAHHbIX 3JieKTpoHOB Ha [N-om yposue Jlanjay B 1pucyrcrsue
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ciaydaiinoro norenimaia Vig(r), COMIACHO pe3yJbraTam IPeblIyIneld [IaBbI,

MOKeT ObITh 3aIlMCaH KaK

Q- _% / DI ] / D[V P[Vi] exp S[E, o, V. (2.3)

e peiicreue S[1, 1, Viis] B MaTiy6apoBCKOM IIPE/ICTABJICHAN UMEET BUJL

S:/drf:w—&l(r)[iwnntu—?'(o—Vdis(r)] fj‘n(r)—g Z /drdr’w—gn(r)

W, yWm,, V|
szgnfyl(r) User(T — r')szjm(r) fjerl/l (r'). (2.4)
Buech Y2 (r) u ¢ (T) ouepaTopbl yHUUTOXKEHUs! U POXKIEHUs! JJIEKTPOHOB Ha N-
oM yposre Jlangay 2. Hamomanm, uro T’ 0603HaUaET TEMIIEPATYPY, [t XUMAUECKUi
noreHnual, w, = w1 (2n + 1) MaTiy6apoBcKy0 GHEPMUOHHYIO YaCTOTY, & U, =
27 T'n 6030HHYI. Tak»ke HAIOMHUM, YTO TaMWJIbTOHHAH Hy JJIsi CBOOOJTHBIX

JIBYMEPHBIX 3JIEKTPOHOB B MONEPEIHOM MarHuTHOM mosie H = €,,0, A, umeer Buj

Ho = L(—z'v —eA)? (2.5)

2m

dddekTuBHOE B3aMMOJIeiicTBUEe 3JeKTpoHOB Ha N-om ypoBHe Jlanmay,
YUYUTBHIBAIOITEE B3aUMOJIEHCTBUE C SJEKTPOHAMU Ha JIPYTUX YPOBHSIX, OBLIO

BBIBEJIEHO B Ipeblayiieil riase (M. (2.6)). dust yinobersa npuBejieM ero cHoBa

2me? 1
Uscr(Q) = £q 2 = )

qap 6bwyT

Hanomuuwm, aro sddekruBroe B3aumoseiicreue (2.6) crajaer Ha paccTOsSHUSIX

: (2.:6)

mopsinka ap (cm. Puc. 1.1). B nmanbmeitmem OymeM mpenebperath <IeHOM
7/(6wyT), umest BBULY coydait wyT > 1.

Kak u B mnpenbiaylieit ryiaBe, JJisi ITPOCTOTHI OyJeM TpPeJIojaraTb, YTO
CJIy9afHbIA TOTEHIMAJ JIeJIbTa-KOPPEJNPOBAHHbIN, T.€. (PYHKIUsT PACIPEICTICHIST

UMeeT BUJT

PV = e (5 [arvin). 27)

2B sroit rnase me GyaeM nucaTb uHIeKC N, TaK KAK PACCMATPUBAIOTCS 3JEKTPOHLI TOILKO Ha IN-OM ypOBHE

Jlannay.
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Hnst ycpemnenusi 1o Oecriopsijiky OyjieM KaK U paHee HCIOJb30BaTh METO/I

peruk [48].

2.2.2 IIpubamxenmne Xaprpu-Poka

CocTostHre BOJIHBI 3aPsiIOBOH IJIOTHOCTU XaPaKTEPU3YETCs MapPaMETPOM TTOPSIJIKa

A(q), KOTOpBIii CBSI3aH C M3MEHEHUEM HJIEKTPOHHOU MJIOTHOCTH KAK

(0p(a)) = SnpFn(a)A(q). (2:8)

Hanomaum, a1o S — 910 IO CJIOS JBYMEPHbBIX JIEKTPOHOB, & (hopM-pakTop

Fn(q) oupejesien kak

Pt = Ly (G ) e (-1 ). 29)

B paccmarpuBaemom ciydae N > 1, MOXKHO I10JIb30BAThCS CJIEIYIOITUM

ACCUMIITOTUIECKUM BbIpaXKeHuem Jiuist (popM-paKkTopa,
RZ

Fn(q) = Jo(qR.), qR. < ZTC = V. (2.10)
H

[Tocie pacuemnsienust djeHa ¢ B3auMojelicrBuem B jeiicrBun  (2.4) B

npubsmkennn Xaprpu-Doka (cM. padory [69]) momyaaem

S = _Nrj{lA N /dr%jw—gn(r) i+ = Ho = Vas(r) + A0)| 2, (1), (2.11)
IpuYIeM g Iq
0y =" [ S5 @A@A-a). (2.12)

Otmernm, 49T0 B BbipaxkeHuu (2.11) omymieH twieH, CBSI3aHHBIA C HAJIHIHEM
B CpeJHe#l 9JIeKTPOHHON TioTHOCTH (0p(T)) SJIEKTPOHHON IJIOTHOCTH  p
OJIHOPOJIHOI'O  COCTOsiHUsi, KOTOPbIf jaer He3aBucsamumii or A(q) Bkaaj B
TepMOANHAMIIECKHii moTennuas (69, 44].

[Torennuas A\(r) B Boipazkenun (2.11) BO3HHKaeT KaK CJIEJCTBHE BO3MYIIEHHUSI
OJIHOPOJTHOT'O  paCIpejiesieHnsl 3JIEKTPOHHOM IJIOTHOCTH BOJIHOW  3apsi0BOM

IJIOTHOCTU U CBSI3aH C MAPaAMETPOM TIOPSIJIKA CJIEYIONUM 00pa30oM

Ma) = SU(q)Fy' (9)A(a), (2.13)

52



rie U(q) = —nUpr(q), a norennman Xaprpu-Qoka onpejesien kax

Unr(0) = Vel )P (0) = [ GoBe Wil o) R ). (210

2.2.3 VYcpeaHeHHE MO CJIYyYAfHOMY ITOTEHITNAJIY

[Tocie ycpepnenusi mo ciaydvaitnomy noreniuaiy Vis(r) mgeiicrBue (2.11)
npuHuMaer Buj (cM. pasgesa 1.2.3)

NTQA 1

S = —
T 2g

drtr Q*+ /drz,b' ) (iw+ p—Ho+ A +iQ) Y(r), (2.15)

rae HOBoe mojie (Q(r), Kak W paHee, IMPEJICTABIsSET CODOW MaTpUIy B
MaTIyOAPOBCKOM U PEIJINYHOM MPOCTPAHCTBAX.
Hanomuum, uro seiicrsue (2.15) nupu Hysesoit Temneparype, T.e. upu w, — 0,

¥ B OTCYTCTBUE OTEHIHATA A(T) IMEET IePEBAJIHHOE PEIICHIe
Qs =V 'RV,  (Py)ol = P66, (2.16)
rae V — riobajibHOE YHUTApPHOE BpAIlleHHe, a, P” MOJIYUHSAETCS yPaBHEHUIO
Py, =igGy"(r,r). (2.17)
Kak u B riiaBe 1, dyukuus ['puna Gy (r,r’) omnpenenena kak

G (r, 1) Z Oni(T)Golwn) P (r'), Go(wn) = [iwn + p—ex +iPL] 7"
(2.18)

B cayqae caabozo becriopsinka permienne ypasuerust (2.17) umeer Bu (cM. pased

1.2.3)

sgn wy, 1
P = — = .,/gnr. 2.19
SP 2r 2T InL (2.19)

Paziesisisi marpuanoe nosie Q(r) Ha npojosbhyio P(r) u nonepeunyto dactu V (r),

Qr) =V (r)P(r)V(r), (2.20)
Oynem mpeHebperaTh MmocjeaHeil, Kak 3TO JIeJIaJoCh B TIPEJbIIyIel riiase.
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Hasinune mnoreniuasa A(r) HPUBOAUT K CIABUTY [EPEBAJBHOIO DEIIEHUSs
(2.19) m3-3a B3ammoseiicTBust ¢ HuM uykryaruit 0P = P — Py, nomxa P.
CoorBercryiomiee jeiicreue st § P nosydaercss w3 ypasaenusi (2.12) nocise

MHTErPUPOBAHUSA 110 (DEPMUOHAM

N, QA
T

1

S = /drtr InG,'— Y / drtr(PSp+5P)2+/ drtrin [1+(i5P—|—>\)G0 .
9

(2.21)

B pesysmbrare = TEpMOAMHAMUYECKHII  MOTEHIMAJ  BBIPAXKAETCA  dUepe3

QyHKIMOHAJBHBIN HHTErpPaJI Mo oM 0 P,

Q= —% In / DISP|I[5P] exp S (2.22)

rie Mepa uHTerpuposanus I[dP] o mossim § P onpegenena B (1.55).
Kpajparnunasi nmo P wacre jeiicrust (2.21) Bmecre ¢ wmepoit In I[dP],

onpegessier dbyukiuio [puna st oast 6P (em. pasgen 1.2.6)

ad §5 —_
1+g7TO l(wmg _wm1’q> (ﬂ-p)

(2.23)

X 95m1m250/5 95m9,m45(SV
14+ gwgml (0,9) 1+ gwgm?’(O, q)’

IJie TOJISIPU3AIMOHHbBINA OIIEPATODP TEIEPh COAEPXKUT TOJHKO (DyHKIMEU ['puHa HA

N-om yposue Jlannay

T (U, q) = —npGo(wn + 1) Golwnm) Far(q). (2.24)

2.2.4 TepmoauHaMudeckKuii MTOTEHITNAJ

st Toro, 9roObl HAWTH pAa3JIOKEHWE TEPMOJIMHAMUYECKOIO MMOTEHIHa I §)
10 crenensiM napamerpa nopsiika A(r), ygoO0HO BBECTH HOBYIO I1€DEMEHHYTO

VHTETPUPOBaHUA

5P = 6P + i\ (2.25)
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B (YHKIMOHAJILHOM HHTErpaJjie W packiajbiBarth trin B gefictBun (2.21) mo
CTereHsiM 9TOro HoBOro moJist 6 P. Torma s TepMOIUHAMUYIECKOTO TTOTEHITHAIA

HaXOJIUM

0 = Q)+ O + 5. (2.26)

31ech
1
Qo(p) :/drtrlnGol—Q—/drtrpr (2.27)
g

3TO TePMOJANHAMUYECKUI MOTEHIINAJ OJHOPOJHOIO COCTOSTHUS, 8
T N L
50 =~ n / DISP] exp S[5P, A (2.28)
T

yIUTBIBaET (GIAyKTyanuu mojss 0P u uX B3aWMOJEHCTBHE C IMOTEHIIHAJOM .

Teiicrane S[0P, \] umeer Buj

S = SO + SwldP, N + SP[5P] + Y SW[6P), (2.29)
5=3
re
2 = Dry / drA(r)A(r) (2.30)
29 » ’
Sint[gl?’, Al = —g/dr)\(r) trcSA]/D(r), (2.31)
u
St [5P trH/dr] dP(r;)Go(rrity), (2.32)
npudeM T,1; = r;. Ormerwm, uro wiensl B jeiictBun (2.29), KOTOpbIE

IPONIOPIMOHAIBHBI N2, OIyIeHbl, TaK KaK OHM He JaloT BKjaj B 0() B mpejeJe
N, — 0. Takxe noggepkaem, ato (yHkims ['puna i mosas 6P coBmagaer ¢
dbynkumeit 'puna st mosst o P.

Ucnonbays ypasuenns (2.28)-(2.32) Mbl MOXKeM HAINCATH
Z / drA\(r)\(r) — Mln <exp Smt> (2.33)

rae (---) obosHavyaer cpejHee 10 OTHOLIEHUIO K jeiictuio S0P, 0]. Ypasuenue

(2.33) mosBOsIsieT HAWTH DPA3JIOKEHUE TEPMOJUHAMUIECKOTO MOTEHIUATIA B P
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no mapamerpy nopsgka A(q) = Fy(q)U(q) *X(q)S™!1. B pambueiimem bl
OTPAHUIEMC PA3JIOKEHHEM J0 TETBEPTOrO MOPSIKA. DTO MOAPA3YyMEBAET, UTO
MBI pabOTaeM OKOJIO MEPeXojia M3 OJHOPOJHOIO COCTOSIHUSI B COCTOSIHME BOJIHBI
3apsiJIOBOH TJIOTHOCTH, TJIe TapaMeTp MOpsijiKa MaJl ¥ pa3JIoKeHHe [0 HeMy
onpasyano. Eie pa3 nojguepkHeM, 9ro XOTsi B KpUTHIECKO# obsiactu diryKTyaiuu

mapamMeTrpa MOPsiJIKa CTAHOBATCS OOJIBIITMMHE, CaMa, 3Ta 00s1acTh y3Ka (cM. Pas. 2.4).

BxkJiaa BToporo mopsgaka

Bkiiaji BTOpOTro TOpsijika 10 MapaMeTpy TMOpsijKa B TEPMOIUHAMUICCKUR

noTeHImaj 0§} onpenessieTcss Kak
T T
2) _ 2
) 5 Zw /dr/\(r))\(r) ~ N, (Siti)o (2.34)

re (--+)o obo3Hauaer ycpejseHue 1o orHoweHmIo K aedcreuio S[OP].
TTouepKHeM, 9TO 3aMEHA YCPELHEHHS! ¢ ACHCTBHEM S [5\]5,0] Ha yCpEJHEeHHUEe
TOJIbKO C €r0 KBaJ[PATUIHOH YaCThIO 5’(2)[5\]5] BO3MOXKHO, TaK KakK CTapIlue
0 10O 6P *JeHbl MPUBOAAT K WIEHAM IPOTOPIHOHAIBHBIM 60JI6€e BBICOKHM
creriensiMm N, a oTroMy oOpalrakoimmMcs B HyJib B mipejese N, — 0.

cnonnays ypasuenns (2.13),(2.23), u (2.31), naxoaum, 910

o iy Y | AL TOE) Nga-a. (39

JwuarpamMma, COOTBETCTBYIOMIAsI ITOMY BKJAJy B CTaHJAAPTHOW “KpecToBOit’

TexXHUKe Toka3aHa Ha Puc. 2.1(a).

BK.TIa,Z[ TPEThEro nmopdaka

Bkias Tperbero mopsiika 10 TapaMeTpy TOpsijika B TEPMOIUHAMUYICCKUR

[MOTEHIIAJ 5Q3) OIIPEJICIACTCA BbIPAXKCHUEM

T (¢)

©
800 =~ (S0 = 3 <SmtS DN (2.36)
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a) (b) \\

Puc. 2.1: JlnarpamMmbl 1jisi TEPMOJMHAMUYECKOTO noTeHInasa. CIjIonHble JTUHAA 0003HAYAIOT
dbyukyun I'puna, npeppiBUCTBIE JIMHUK — 9TO HOTEHIUAT A(T) ¥ 3alITPUXOBAHHBIE BJOKH — 9T0

JIECTHHILa U3 IIPUMECHBIX JIMHAH.

riae BepxHuil uwHjeKC (c) obo3HAaYaeT, YTO HEOOXOAMMO YUIUTHIBATH TOJBKO
cBa3aHHbIe guarpaMMbl. OmsaTh 4ieHbl oOpaliaionrecs B HyJb B npegesae N, — 0

omymienst. Vcnonn3yst ypasuennst (2.13),(2.23),(2.31), u (2.32), nonyuaem
00 dq; U q])A(qj)Go(wn)

= 2.37
o = (s ZH[/ s Trete) |

X exp = 5 (ChQQ - Q1QQ>6(q1 + ¢ D) + q3>

Bxuag 0Q8) coorsercrsyer muarpamme ma Puc. 2.1(b).

BK.TIa,Z[ 4eTBEPTOro rnmopdiakKka B TepMO,Z[I/IHaMI/I“IeCKI/Iﬁ IIOTEHII1AJI

Bkiiai 4eTBepTOro MOpsijiKa 10 IapaMeTpy lOpsijiKa B TEPMOJIMHAMUYECKUI

norenuan 0Q4) ompenessieTcs BIparkeHuem

T T 1
) _ 4 \(c) 4 (4) | L/ a(3)\2
oW = N SA N = ~ N <Slm[8 +5(8 )}> , (2.38)
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IJIe OISATh “IeHbl OOpalialomuecs B HyJib B ripejesie N, — 0 onyiennl. Mcnosb3yst

ypasrenus (2.13),(2.23),(2.31), u (2.32), naxoaum
oW daq; U(g;)Alq;)Go(wn)
St nL;H[/ 2m)? 1+ gmy"(0, g5)

X exp 5 (q1 q5 — q1q2) exp 3 (q3q4 - q3q4)5(q1 +q + a3 + qu). (2.39)

1 — gmy™(0, |q; + qy)
1+ g™ (0, la; + qy)

Bkuaz 0QW coorsercrsyer auarpamme na Puc. 2.1(c).

2.2.5 CBobomgHas HEpPrUd

CBobojiHAast SHEPrUsi COCTOSIHUS BOJIHBI 3apsiOBOM IIJIOTHOCTH MOXeT OBbITh

3alliCaHa 9epe3 TePMOJIMHAMUYCCKIUHA TOTEHIMAJ KaK
F = Fo+ Qp) — Qo) + (1 — o) Ne, (2.40)

rje JFy — 3T0 CcBOOOJHAsSI dHEPIHsI OLHOPOLHOIO COCTOsIHUSI, N, - IIOJIHOE YHUCJIO
9JIEKTPOHOB, (L W [i) XUMUYECKUE ITOTEHI[MAJbI B COCTOSIHUU BOJIHBI 3aPsiJIOBO
IJIOTHOCTH U B OJIHOPOJHOM COCTOSIHUK COOTBETCTBEHHO.

Jass Toro, 4TOOBI HAUTH pPas3J/IOXKEHHE CBOOOJHOI PHEPIHH 10 YEeTBEPTOrO
MOPSIJIKA TI0 TTAPAMETPy TOPsiIKa, HeoOX0AuMO pasaoxuTh (i) BOIM3M TOUKM

[l IO BTOPOT'O TIOPSIJIKA MO OTKJOHEHUIO [t — flg. DTO JIaeT

F = Fo+ Q00) — (p) — 20— P L (2.41)
= J0 H oM 5 Ho 82110 :
PasHOCTh XUMUUIECKUX MOTEHIMAJIOB (L — [iy PaBHA [83]
OF —F) 860 960 (ON\ '
— = = — 2.42
v 13 ypasHenus (2.26) Haxojum
1 (960N (N
= Q 0+ — ‘ : 2.4
F=rroatont; (5] (52) (2.43)

o8



Vcrombays soipaskenne (2.35) ma 6Q2) | momyqaem

SS
f:F0+QA+5Q+nL2

dq Ug)Ghw) i
TZ/ P L+ gm0, P VA

-1

x [T Y@ (wn)] . (2.44)

2.2.6 CBobOomHaga »Heprus COCTOAHUIA BOJIHBI 3apdA/J10BOi IJIOTHOCTU

CocrogHue TpeyroJIbHON BOJIHBI 3apsa/10BOii MJIOTHOCTH

[Tapamerp mopsijika jijisi BOJHbI 3aPsi/IOBOM IIJIOTHOCTHU C TPEYTOJbHONU CUMMeTPUei

nmeeT BH/ |69

Ala) = =A@ D |da— Q) +d(a+ Q). (2.45)

j=1
rJie BEKTOPa Qj HAIIPABJIEHBI 110 yIJIOM 277 /3 Jpyr K JApYyry u BMecTe 00pasyror

PaBHOCTOPOHHU# TPEYrOJIbHUK

Q +Q+Q;=0. (2.46)

Ucnonssys ypasuenusi (2.35),(2.37),(2.39) n (2.44), nosyuaem ciejyiomiee
BbIparkeHHue i CBOOOIHON SHEPIMHU COCTOSIHHS TPEYIOJIbHOM BOJIHBI 3apsi0BO

IIJIOTHOCTH

F' = Fo+4Sn.To(Q) [@N +azA® + a4A4} : (2.47)

31ech Ko dunmenT ay pasioxkenns Jlammgay nMeer BHI

gy = 3[1 _ @) 3 ! } (2.48)

m T = &+ 7%(Q)

n

rje
1 1 . BN
gn_n+2 +47TTT _227TT7

MpuYeM XUMWYECKUH MOTEHINAJ OTCUUTHIBAECTCS OT TOJIOYXKeHUs1 [N-0ro ypOBHS,

(2.49)

UN = b — €n. Beqmunna

Th(Q) = U(Q)/4, (2.50)



a KO3(MUIIMEHTHI a3 ¥ A4 PABHBI

as = i8T02(Q> oS <\/§Q2qu> Z [ & (2.51)
no|€

3T2 4

L UTHQ) {1 &
AT [1
w25 2]

> &n (Q)} 2] 2 [En: an] 1}, (2.52)

n [%+72

+3D,(0) + 2D, (2Q)

3
5 +

3/eCch BBEJCHA BEJIUYUHA,

& -7(Q)
Dy(Q) = 21 2(Q) (2.53)

CocrosiHue OJHOHANPAaBJIEHHONW BOJIHBI 3apsJ0BOM MJIOTHOCTH

[TapameTrp nopsiaka AJisi OJHOHAIIPABJIEHHON BOJIHBI 3apAT0BOM IIJIOTHOCTH UMEeT

Bu 1 [69] ,
PV A@ ot~ Q) +oa- )] (254

e BekTop (Q OpMEHTMpPOBAaH BJOJIHL TTPOM3BOJILHOTO Hampasjenus. U3

A(q) =

ypasrenuit (2.35),(2.37),(2.39) u (2.44), Haxoaum CBODOJIHYIO SHEPIUIO COCTOSHUS

OJTHOHAIIPABJICHHON BOJIHBI 3aPs/I0BOX IIJIOTHOCTH

F'=Fo+4Sn.TH(Q) [52A2 + b4A4] : (2.59)
rie
_ G2 TH(Q) 1
== X (2.56)

&, r
T g r@)

X [Z gnZ] 1}. (2.57)




[ToguepkneM, uro Bbipaxkenust (2.47)-(2.53) st cBOOOILHON —dHEpruM
COCTOSIHUSI TPEYTONbHON BOJHBI 3apsagoBoit u (2.55)-(2.57) muasa cBObOAMHOM
SHEPIUM COCTOSTHUA OJJHOHAIIPABJICHHON BOJIHBI 3aPsI0BOM IIJIOTHOCTH COCTABJISIIOT
OCHOBHO# pesyJibrar 910l rassl. OHu 0000mIaI0T pesybrarbl paborhl [23] Ha

caydait c4a6020 GECLOPsIJIKA, U EPEXOJAT B HUX B yucToM tpejese 1/7 — 0.

2.3 @a3zoBag gumarpaMma B MPUOJIM>KEHUN CPeJTHEro MoJist

2.3.1 JIuHusa HeycTOWYMBOCTHU (CIIMHOJAJID)

Kax xopormo uzsectho [83], obpamienue B Hysib K03 PUIUEHTa IPU KBaIPATHIHOM
anene passoxenuit Jlangay (2.47) u (2.55) cooTBeTCTBYyeT HEYCTOHYMBOCTH
OJIHOPOJIHOIO  COCTOSIHKMsA. B paccMaTpuBaeMOM CJlydae 3Ta HEyCTOMYMBOCTD
COOTBETCTBYET BO3MOXKHOMY (ha30BOMY MEpEXOLy BTOPOrO POJA U3 OJZHOPOIHOIO
COCTOSIHUSI B COCTOSIHHE BOJIHBI 3apsI0BOH IIOTHOCTH. Kak OOBIYHO, CMMMETpUsT
obpagyioreiics: Gpa3bl OMPEIEIAeTCsS CTAPIIMMI dIeHaMu pasJjoxkenns Jlangay.
W3 ypasuenwuii (2.48) u (2.56) HaXOM, 4TO HA JIMHUK HEYCTONYMBOCTH JIOJZKHO

BBITIOJIHATHCA COOTHOIICHUE

T 1 1
Q) @ g Q) (2.58)

Pemenust  T(Q)) 3Toro ypaBHEHUsI 3aBUCAT OT MOy Bektopa Q,
XapaKTEepU3YIOLIero COCTOAHUE BOJIHBLI 3aps0BOil mjioTHOCTH. Temmneparypa
Tinst, IpU KOTOpOH 0Opasyercss HEeyCTOWYUBOCTD, OLPENE/IsSercs MAKCAMAJIBLHO

BO3MOXKHBIM 3HadeHneM 1'((Q)):
Tist = mgx T(Q), (2.59)

a COOTBETCTBYIOITee 3HaUYeHne (), IPU KOTOPOM JOCTUTAETCS MAaKCUMyM, Tis =
T(Qy), onpejessieT EPUOL BOJHBI 3apsiloBOi ioTHOCTH. [loTeHnuan XapTpu-
Doka, (2.14) umeer MUHUMYMbI Ha BeKTOpax Q, it KOTOPbIX (opMm-darTop

Fn(Qp) paser mymo. B wucmom caydae aro onpegnenser (Qp = mkin Qr = 1o/ R,
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0.010

0.008 T~

To/ @,

0.006 T

0.004 f t } t } t } ¢
0.2 0.4 0.6 0.8 1.0

Puc. 2.2: 3aBucumocts T ot 7.

re o & 2.4 — 3710 nepsblii Hy1b Gyuxnun Beccensa Jy(x) [21]. Moxkno npoBeputsb
(eM. pazmern 2.7), 9TO B pacCMaTpPUBAEMOM CJIydae JeJbTa-KOPPEJTUPOBAHHOTO
CJAyYafHOrO MOTEHIMaJa CABUTa BeKTopa () He HmpoucxoauT. Takum obpasom,

TeMIIEPATypa HEYCTONYNBOCTH OIPEJIeISIeTCsl YPaBHEHUEM

T 2 Al 1 . UN
— = —R — 2.60
T, w2 ey (2 + 47 TT i 27rT> ’ (2.60)

/
rje ¢ (z) —910 npoussojHast jguramma yukimu, Re oboznauaer jgeiicTBuTe bHY 10

qacTh, a 1y = Ty(Qo) Temuepatypy mepexosa B aucrom caydae. Corsacao pabore

[21],
TsWH c c
T, — 1n(1 + —) . —] , 2.61
0 A7t\/2 [ T's \/§+r5 ( )
rme ¢ = 1/(v/2rg) = 0.3, a T, oupenensiercsi xapakTepHoii 3bbeKTuBHO

sHeprueil Bzaumogeiicreus €?/R. = rywy/v2 < wpy. 3aBUCEMOCTH BEJHYHHLI
Ty ot rg npuBemena Ha Puc. 2.2.

Ypagsrenue (2.60) coIepKUT XUMUIECKUI TOTEHIUAI (L, OTCUUTHIBAEMbIH OT
nosioxkenust N-oro yposusi Jlanjgay, remueparypy 1’ u mupuny N-0ro ypoBHs

Jlanmay 1/(27) . 91tu mapamerpsl BMecTe Ompeesstor dhaxrop 3amosiaerus -

62



oro yposust Jlaugay vy = v — 2N. OgHako, jjst TOro 4ToObl sIBHO HAATH €ro
HEOOXOIMMO 3HATDH IJIOTHOCTb COCTOsAHUM. [l09TOMY JIJIsT TEOPETUYECKOTO aHAIN3a,
boJiee yJI00HO TOJIB30BATHCS HEIOCPEJCTBEHHO XUMUYECKUM IOTEHIIMAJIOM (LN,
qeM (PAKTOPOM BATOJTHEHUS V.

Ypasuenue (2.60) MoxkeT ObITb PEIICHO AHAJIUTUYECKU B JBYX [PEJEJIbHBIX
caydasdx: Korja Temieparypa 1’ He CHJIbHO OTJIMYaeTCs OT 1( U KOIja HaobopoT
TeMiiepaTypa 1’ 0Ju3Ka K HYJIIO.

B mepBom ciyuae, mumpuna N-oro yposusi Jlawmay 1/(27) u xumudeckuii
MOTEHIWAJ (i MAaJbl 110 CpaBHEHUIO ¢ 1(, W, CJIeJOBATEJHHO, PA3JIOKEHWE IO
crenensim 1/(To7) u py /Ty oupaspano. Kak u cieloBajso oxujaTh, HajJInuue

IpuMeceil TPUBOJUT K MOHUKEHUIO TEMIIEPATyPbl HEYCTORYUBOCTH:

Tinst 7C(3) ,U%V 1
=1- — — Tp. 2.62
Ty mTyr  4TY or M <o (2.62)

B obparnom ciayuae, T < Tp, ypasuenue (2.60) gaer

Twst  4V3 T Uk 0 [N
— = 1 - — 1 - 1, —<x 1L 2.63
T() 7T2 \/ 8T0’7' 161—’027 8T0’7' < , To < ( )

N3 ypaBuenusi (2.63) ciemyer, 970 HEYCTOWIMBOCTD OJHOPOJHOTO COCTOSHEHSI

MMEeT MECTO TOJIbKO, ecju mmpuna N-oro yposusi Jlawgay 1/(27) menbine
KpuTudeckoro 3Hadenust 1/(27.(un)), KOTOpOE 3aBUCUT OT XUMUUIECKOIO
norennmaia . Haubosbinee 3nauenue 1/7.(puy) mocruraercs npu puy = 0 u

paBHO

1 8T
_ (2.64)

Te T
2.3.2 3amoJiHeHHBIH Ha MOJOBUHY ypoBeHb Jlanmay (vy = 1/2)

Paccmorpum Tenepnb ciydait 3amosHeHHOro Ha 1ojioBuny N-oro yposas JIaHpay
(vy = 1/2), T.K. 10T Catyyail cBsi3aH ¢ HeJaBHMME SKciepumentamu |11, 12].
B sToM cityyae xuMuuecKkuii moTeHImas paBeH Hysio, gy = 0, eciii KOHEYHO

[IJIOTHOCTHb COCTOSAHUI CUMMETPHYIHa OTHOCHUTEJILHO ITOJIO2KCHMA N-oro YPOBH:A
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Jlangay. Samerum, uro npu vy = 1/2 koadduiuenr a3 obpaiaercs B HyJib
n3-32 CUMMETDUU YACTUIA, — JbIPKa. DTO O3HAUaeT, 4TO (DA30BBbIi MEpexos u3
OJIHOPOJIHOI'O COCTOSIHUSI B COCTOSTHUE BOJIHBI 3aP5/I0BOIl TIJIOTHOCTHU OyIeT BTOPOToO
poJia BHE 3aBUCUMOCTH OT CHMMETPHH, a Temreparypa 1. ¢da3oBoro mepexoja

OIIPEJICJISIETCs PEIIEHUEM YDaBHEHUsI, KOTOpoe ciejyeT u3 ypasuenust (2.60) npu

pn =0,

Lo 2o(gty 1 (2.65)
Ty, 72 "2 ATt ) '

Buech ((k,z) = > (m + z)7% — 310 0bobiennas zera-bynxius Pumana.
AHaJUTHYECKOE pelleHUe 3TOr0 ypaBHEHHs B CJIydae BbICOKUX U HHU3KUX
TEMIIEPATYD MOXKET ObITh IOy YeHO U3 ypaBHeHnuii (2.62) u (2.63), eciu m0JI0KATH
B Hux gy = 0. Pemenue Bo Beeii obsactu rtemmeparyp (duHuS HaszoBOro
nepexojia), MOJy4YeHHOe YMCJICHHBIM pelleHreM ypasHenust (2.65), mokazaHo Ha,
Puc. 2.3.

s aHamu3a B KaKOe K€ M3 JBYX BO3MOXKHBIX COCTOSHHI COBEPIIAETCSI

[IEPEXO/T, BBIYUCIUM KOI(PPUITMEHTHI B UJIeHAX YeTBEPTO CTEIIEHN B PA3JIOXKEHUSIX

cBobosHol suepruu. VI3 ypasuenuit (2.52) u (2.57) npu py = 0 nosmysaem

1273 1 1 1 1 1 1
= —7¢ (4, = 120 | = 6Dy | =
a4 = s | 1 ( T 47TT7’> 1% (2 * 47TT7') o (2 * 47TT7')
+8P ! + ! (2.66)
V3\2 " anTr '
u
2T 1 1 1 1 1 1
by=—2 | =3¢ (4,= 49 ( = 20y [~ + —— | |.
LT AT [ ¢ ( "2 + 47TT7') T 2% (2 + 47TT7') LR (2 + 47TT7')]
(2.67)
3ech BBejeHa HOBast (DYHKIINST
1 zJo(ar 2.4 2) —Imy (2 4+ z+i2T(ar
o, (=+2) = t70( O)C ( 2 ) - Y (2 ‘70( O)) (268)
2 2375 (aro)
Munumusupys  cBobojuble  smepruu  FU'  HaxXOAMM, UTO  COCTOSIHHE

OJIHOHAIIPABJIEHHOM BOJIHBI 3aPsiJIOBOI IJIOTHOCTH HMeeT 60jiee HU3KYIO SHEPIHUIO.
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14 ¢ T=150mK
7 N=2 3 4 5| v T=65mK
* T= 60mK
1.2 l | ' ' B T=25mK
T ¢
~
g
EREE
g Liquid state
Qo
E 064
(3]
[l
0.4 %
Unidirectional -
02/ CDWstate -
a "
0.0 T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Disorder,nl8Tor
Puc. 2.3: ®azoBag auarpammva npu vy = 1/2. Jluaus da30oBoro mepexosa HOJyYeHA U3

ypaBHeHusi (2.65) u mnokazaHa criomHoW JmHued. KBajparbl, TPeyrosbHUKH, 3BE3I0YKH
M pOMOBI — 3KCIEPHMEHTaJbHBIe TOYKM u3 pabor [11] m [12], mpuuem cepeiM 1BETOM
OTMEYEeHBl TOUKH, TJie aHU30TPOINHNS MAaTHUTOCONPOTUBIICHUS He HAOJIOAAIACh, & YePHBIM, IJe

HabJoamach (eM. paszaen 2.5.1).

TakuM 06pa3oMm, Npu MOJOBUHHOM 3arojHeHuu yposust Jlawpay, vy = 1/2) u
ecu 1/7 < 1/7., da30Bblii mepexos U3 OJHOPOJHOTO COCTOSIHUSI TPOUCXOJUT B
COCTOSIHME OJIHOHAIPABJIEHHOM BOJIHBI 3apsijioBoii motHocT. Huke B Paz. 2.5.1
MbI CDABHUM 3TU PE3YJIbTATHI C IKCIEPUMEHTOM.

Kak moxuO Bujerp u3 puc. 2.3, B ciydae cjaboro Oecropsijika 00J1aCTh
CYIIECTBOBAHUS COCTOSTHUS OJTHOHAIIPABJIEHHOW BOJHBI 3aPsI0BOM IIJIOTHOCTHU MIPU

IIOJIOBUHHOM 3allIOJIHEHUK CYINECTBECHHO MECHLIIE, 9€M B YHUCTOM CJIy4ac.

2.3.3 ®az3oBag auarpaMMa IIpHU HYJIEBOI TeMIIepaType

B srom paszesne Oyjer npoaHaju3upoBaHa (dazoBas jJuarpamMma Ipu HYJIEBOM

TeMIiepaType, npudemM OyjieM CUYMTaTh, YTO IIUPUHA ypoBHs Jlanjgay Osim3ka K
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kpurudeckomy suadenuto 1/27. = 47Ty/n. Torpa, napamerp nopsijgka A wmad,
¥ MOXKHO HCIIOJIBb30BATh pa3jioxKeHus ¢BoOOAHOH sneprum (2.47) u (2.55) mpm

HyJIeBO# TemriepaType. KoadduiueHTs! a; u b; IpUHUMAIOT BU]

8Tyr 8T\’
as = 3<1 - TOHl(,LLNT)>, a3 = 27 (TO) Ha (), (2.69)

8Tyr\*
ay = 372 ( WOT) Hs(punt, QR,)

JIJIsT COCTOSIHUST TPEYTOJbHOU BOJIHBI 3aPSOBON IIJIOTHOCTH, U

2 3
as w ([ 81yT
— by = — H ¢ 2.

JIJIST COCTOSTHUST OJHOHAIIPABJIEHHON BOJIHBI 3aPsIIOBOI IIJIOTHOCTH. 31€Ch (DYHKIINK

by =

H;(z) oupejenenbl Kak

1
Hi(z) = a2 Hy(z) = 4zH1(2), (2.71)
1108z" — 5 1
Hi(z, 1) = 311 422 + 3Ro(2,7) + 2Ry (z,7) + ERQ(Z, r) +2R 5(z,7),
282" — 1
Hy(z,r) = 1+ 422 +2Ry(z,7) + Ra(z,7),
rie
2H,(z) 1 2J0(ar)
Ry(z,1) = - | . 9.79
0 Foan) T T T - ey )
B pesysibTaTe JiHUSI HEYCTORYMBOCTH OIKCHIBAETCS YPABHEHUEM
m
8T07_ 1(/!]\/'7-), ( )

KOTOpOEe ToJiydaercst u3 obmero ypasuenusi (2.60) B npejese HyseBoi
temueparypbl. B ciydae puy < 1), pemienue ypasHenust (2.73) umeer npocroi

BU/I
- 72 12

=1- - < T 2.74

8Tyr 16 T2 HN = 20 (2.74)

Kak ¥ cieayeT u3 ypasaenus (2.63) mpu T = 0.

JIvHUs Tepexosa TEepBOTO pojia U3 OJHOPOJHOTO COCTOSHUSI B COCTOSTHUE

TpeyFOJIbHOﬁ BOJIHDBI BapﬂﬂOBOﬁ IIJIOTHOCTHU OIlIpeaeJisA€TCA YPaBHECHUEM

™ H3(un)
—H 2 .
8T0’7' 1(MNT) + 9H3(,MNT, QRC>

(2.75)
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Kak u panee, u3 Bcex pertennii 1/7(()) 910oro ypasHeHust npu pasHbix () JOJKHO
ObITH B3ATO MakcuMabHoe. OKa3bIBAETCS, YTO MAKCUMYM IIPUXOAUTCS He Ha () =
(Qy Kax B 9TO0 ObLIO B uncToM ciydae [23], a va Qo+ 0Q), rae st cayuast juy < T

C/IBUT paBeH

M2

~ N p-1

0Q ~ =0.003Z5 R, v < T, (2.76)

0
[ToguepkHeM, 9TO HAJUYHE U3MEHEHUS MEePUOIa TPEYTOJbHON BOJIHBI 3aPsII0BO
IJIOTHOCTY BBI3BAHO HaJiMdueM mpuMmeceit B cucreme. OnHaKo, B mpejene puy K
Ty OoH OKa3bIBAETCS UYKWCJIEHHO MaJl W B JAJbHEHIX pacueTax Mbl He Oyjem
MpUHUMAThL ero Bo BHUMaHue. [lpu uy << T, JuHus rnepexojia mepBOro poja u3

OJTHOPO/THOI'O COCTOAHUSA B COCTOSIHAE TPEYTOJIbHOW BOJIHBI 3aPsIOBOI IIJIOTHOCTHA

Ha€TCsA ABHBIM BbIDAXKE€HHUEM

=1-045=3, pun <K T. (2.77)

CpaBHUBasi CBOOOIHBIE YHEPIUU COCTOSTHUI TPEYTrOJIbHOW ¥ OJHOHAIPABJICHHOM
BOJIH 3apsJ0BOA IJIOTHOCTH, HaXOJAUM ypaBHEHUE, OIUChIBAIONEEe JIMHUAIO

¢az0BOIO MIEPEX0/1a EPBOTO POJIA MEXKJIY HUMHU,

T HZ[2Hs + Hy|[3Hy + \/H? + 2H3H,]
8Tor 2Hs(2Hs — 3H,)? ’

(2.78)

rjie JJIsi KpaTKOCTH OIyIneHbl aprymenTbl dyukmuit H;. B cioygae puy << Ty
ypaBHenue (2.78) moxker ObITh periero siBHO. st jmaum a3oBoro nepexoja
[IEPBOTO POJia MEXKJIy COCTOSIHUSIMA TPEYTOJbHON M OJHOHAIPABJICHHON BOJIH

3apsA0BOM IIJIOTHOCTU HAXOAM
2
4 KN
— =1—-2.84—, < Ty. 2.79
Hns npyrux 3madenuit mapamerpa py /Ty ypasuenus (2.73),(2.75) u (2.78)
MOTYT OBITH peIIeHbl YMCJIeHHO. Pe3ysibraTbl mokaszanbl Ha Puc. 2.4. Bujno,
aro 1pu (PUKCHMPOBAHHOM 3HAYEHWW MUPUHBI ypoBHs Jlawmay (6espasMepHbrii

napamerp 7/8TyT Ha Puc. 2.4) yMeHbleHHe XUMHUYECKONO I[OTEHIUANIA Iy

IIPUBOJUT CHa4aJla K IIEpEXoNdy H3 OAHOPOJHOI'O COCTOAHHA B COCTOAHHE
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1.000 ~— —
Liquid state
0.995 1
\
\
[%3 \
|~o \\
oo 09901 \
~ \ N
R \ N
o ! ~
[ \ N
T 09851 \ .
9 Unidirectional Triangular CDW state \.\
- \ .
(=) CDW state \
\
0.980 + \
\
\
\
\
\
0.975 + } + } + } +
0.00 0.05 0.10 0.15 0.20
Chemical potential, p / T
Puc. 2.4: ®asoBasi juarpamMma npu HyJeBoil Temieparype okojo vy = 1/2. CuomHas

JIMHUSI COOTBETCTBYET CHMHOAAMM (2.73), MyHKTUPHAS JTUHUS [OJIyYeHa u3 ypasHerus (2.75), a

TOYEYHO-IIYHKTUDHAsI U3 ypaBHeHus (2.78).

TPEYroJIbHOW BOJIHBI 3apdAJIOBO  IJIOTHOCTH, & IIOTOM VK€ B COCTOAHUE
OJIHOHAIIPABJIEHHOM BOJIHBI 3apsii0BOi ILJI0THOCTH. OTMETHM, 9TO PACCMOTPEHME
B paMKax pPas3JIoXKeHUs CBOOOIHON SHEPrUU IO IapaMeTpy IMOPsiKa IPUMEHHMO
TOJILKO, KOTJ/Ia TapaMeTp TMOpsdkKa MaJ, T.e. B JJaHHOM ciydae npu puy K 1o u
7/8TyT ~ 1. MOKHO OIHAKO OXKUJIATh, 9TO BHE 9TOM 001acTy TOMoI0rHst ha30BOi

AunarpaMMbl OCTa€TCA TaKOM Ke.

2.4 Caabasg KpHUCTAJLJIN3AMNAA

[Tapamerp nopsijika A(r) umeeT CMbIC/I EPEBAJILHOIO PEIIEHUs JIJIst [JIA3MOHHOIO
I0JIsI, KOTOPOE MOSBJISIETCsI IPU IIpeodpa3oBannn Xabbapaa-CrparoHoBuda, Jist
yjaeHa ¢ 3PGEKTUBHLIM 3JIEKTPOH-3JIEKTPOHHLIM B3aWMOJIECHCTBUEM B JICACTBUK
(2.4). Pasznoxenwusi cobomuoit sueprum (2.47) u (2.55) st cocTosHMi BOJH

3aPs1JI0BOI TJIOTHOCTH OBIJIN TIOJIYY€HbI B TIPEJIITOJIOKEHUN O MAJIOCTH (DJIYKTyaIn i

68



napamerpa nopsijika A(r). OpHako siCHO, 9TO 1O Mepe IPUOJIMKEHUs K JIMHUK
}haz0BOrO MEpexosa BTOPOTro pojia (st IPOCTOTH Oy/IeM pacCMaTpUBATH CJIydaii
vy = 1/2) daykryanun napamerpa mopsizika pactyT. st Toro, 9ToObI
IPOAHAIM3UPOBATH BAUAHNUE 3TUX (DIyKTyannii Ha (asoBbIil Mepexo, MPUMEHUM
1I0JIXOJl, AHAJOIUYHbBIN HpejyiokenHoMy Bpasosckum [84]. Byjem cuurars, uro
mapameTp mopsiika A(r) B pasioxkenusix ¢cBoOOfHO s1eprun (2.47) u (2.55) umeer

ertie U QIIYKTYUPYIOIIYIO 9acTh G(T), T.€. cIejaeM 3aMeHy

A(r) — A(r) + ¢(r). (2.80)

Torma HaxomuM JJist CBOOOIHON SHEPIUN

1
4

||:j,>
1
—
~

S| o
S
&N

S}
2

L=

=3 o [t - QP plade(-a) +

XA(Qy, A2, 93, Ay)0(d; +da +q3 + Q4), (2.81)

rie 6e3pasMepHoe mojie () UMeeT KOHJEHCATHYIO U (DIIyKTYyUPYIOILy 0 JaCTH

p(a) = eo(a) + dp(q), (2.82)

cesizannbie ¢ A(q) u ¢(q) Kak

S8ThR. 1
L.LoniA(q). 2
o) = T \/m (2 ) EeLns @ (2.83)
S8ToR, 1
) - L.L

3nech BBeeHa, (DYHKITUS

1
k(z) = [ﬁlc (2 — 4+ z) + 22%C (4, 2 + z) (2.84)
C TTOCTOSTHHBIMU [3;, ONIpeJIeJICHHBIMU KaK,
01n T
B = —nar()(m) ~ 258,  [r=Ji(ro) = 0.27. (2.85)
0
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Ecim B Boipaxkennu (2.81) ne Obuto Obl 4ieHa ¢ B3aUMOJEHCTBUEM, TO

TeMIIepaTypa Iepexoa Olpeessaach Obl 0OpallleHneM B HYJIb BEJIMUHHEI

¢l LA [Z o2 ok ! (2.86)
=L K — — = — : :
R? ArT'T Ty w2 ‘2 AnTT

MOXKHO CUMTATH, YTO B BEPIIUHE YETBEPHOro B3ammojeiicTrust A(qq, dy, A3, qy)

BCE BEKTODbI (f; PaBHbI 110 MOJYJIO (o, T.€. ¢; = Q. OjiHako, B 3aBUCUMOCTH OT

X Opu€HTanuu CJICAYET Pa3/IndaTb JIBa THIIa BEPIINH

)‘(—i_a_:—i_a_) = )‘(_7+7+7_) = )‘07 )‘(+7+7_7_) = )‘27 (287)
rje
1 2 1 1 1 1
A = Aa (47TT7'> ot [—C (4’ 2 + 47TTT) 2% (4’ 2 + 47TT7') (2.88)
Oyukiuio ['puna mis daykryanuit ¢(g) MOXKHO UCKaTh B BUjie [34]
1
(0p(a)dp(—a)) (2.89)

(g — Qo)A
TOrJIA M3 YCJIOBHsI MUHUMyMa CBOOOjHOW sHeprun (2.81) mo ¢y u ypaBHeHUs

camocornacosamnust st byukiuu 'puna (2.89) (eM. Puc. 2.5) naxoxum, 1ro

— + Aol /2, 2.
T4)\o—/\2+4 0Qolmr ( 90)

2
6r = ¢0(4A0 — /\2), —t =
N3 Beipaxenwuit (2.90) mosywaercsi, 9To (Ha30Bblil MEPEXOJ, U3 OJHOPOJHOTO
COCTOSIHUSI B COCTOsIHME OJJHOHAIPABJEHHOM BOJIHBI 3aps0BOM IJOTHOCTH

CTAHOBUTCSI IIEPBOT'O POJIA U IIPOUCXOIUT IIPH OOJIee HUBKOI TeMIIEpaType, KOTopas

ONpeJIe/IsieTCsl ypaBHeHneM (CM. Jijisi cpaBHeHust ypasHenue (2.65))

T. 2 1 1 1
L= ((2= 1— N3 2.91
Ty 72 ( "2 * 47TTCT) [ g (47TTC7') ] ’ (2:91)

rie dbyuknus g(z) onpejeieHa Kak

w25 PP ) " ]
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Puc. 2.5: Ypasuenune camocornacoBanusi st byskiyn 'puna duaykryanuii dp(r). [lyakrupras

JIMHYST 0003HAYAET KOHJIEHCATHYIO YacTh ©o(T).

Ormerum, uro dyukiust g(z) MOHOTOHHO yObiBaer or 3Hauenust 0.46 npu z = 0
70 Hysst ipu 2z — o0 (em. Puc. 2.6). [Toaromy MOXHO Hamnmcarh CJeiyoiee
HepaBEHCTBO Ha BEJUYUHY CIBUTa 01 TeMIlepaTypbl Iepexojia,

T _ 5 (1m0 " N-2/3 N>1 (2.93)
T = 16\/E ) ) .

[pUYEM PABEHCTBO COOTBETCTBYET YUCMOMY CJIy4ato.

B ypasuenusix (2.90) ommyinen BKJIa I HeIMArOHAJIBHOM IO UMITYJIbcaM (DyHKIUHI
Ipuna (d¢(q)dp(2Q, — q)). WHTerpan mo uMmmysabcaM OT Hee PACXOUTCS
CTEeNeHHbIM 00Pa30M Ha MAJIbIX UMITYJbcax [84], 4ro HAXOAUTCS B COOTBETCTBUM
C HEBO3MOXKHOCTBIO CYIIECTBOBAHUA OJHOMEPHOU IEPUOJAYCCKON CTPYKTYPLI B
OeckOHEUHOH JByMepHOi cucteme [83]. st cucTeMbl, orpaHnueHoOi pasMepamu

Hopsjika L, 3TOT UHTErpaJ MaJj H, CJIeJIOBATE/IbHO, UM MOXKHO IIpeHeOpedb, eCJin

L 2 ,( 1 11\,
— < |5 2, = N3, 2.94
Rc<< [7r2/€ <47TT7’>C< ’2+47TTT>] (2.94)

OyHKIHMS B TPaBOii 4acTh HepaBeHCTBA (2.94) MOHOTOHHO BO3PACTAET OT 3HAUCHHST

0.55 510 0o korga 1/47T'T Mensiercst OT HyJist 10 6ECKOHETHOCTH, TI0ITOMY YCJIOBHUE
(2.94) BBITIOJIHSIETCST TEM JIydIlle, YeM HUXKEe TeMIIePaTypa.
Ypasuenue (2.91) OblIO MOJIyYEHO B MPEIIOIOKEHUU, YTO OCHOBHOM BKJIA/I

B HHTErpaJibl [0 HMILYJbCaM BHOCHT 00sacTh () =~ (Jy. DTO NIPEANOJOKEHHEe
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0.5

0.4

0.3

g(2)

0.2

0.1

0.0 T T T T T T T T
0.0 0.5 1.0 1.5 2.0

Puc. 2.6: I'paduk 3aBucumoctu g(z) or z(cMm. ypasuenue (2.91)).

OIIpaBaHO, €CJIM BBIIIOJIHAETCA yCJIOBUE

2 (.1 1 1 1 \17" )
—?(2,= N?/3, 2.
WQT(%C ( Tl 47TT7’) g (47TTT> [K (47TTT)] < (2.95)

Oyukiust B jieBoOil yacTu HepaBeHcTBa (2.95) MOHOTOHHO yObIBAET OT 3HAYECHHUSI

0.023 yio 0 koryia 1/47T'T MensieTcs: 0T HyJIst 10 OECKOHEYHOCTH, [OITOMY B CHUJLY
N > 1, yciosue (2.95) 1efiCTBUTEIHLHO BBIIOIHSIETC.
Corsacto ypasaenuio (2.93), duykryanuu mnapameTpa MOpsijiKa MOHUKAOT

2/3 <« 1, u 3HAYMUT B

TEMIIEPATYPY I€pexojia Ha BEJUIUHY Mopsiaka N~
paccMaTpuBaeMoM ciydae cjaaboro marauraoro moss (N > 1) ux BiusiHuem
MOXKHO IIpeHeOpedb. JIpyrumu cjgoBaMu KPHUTHYECKas O0JIACTh OKA3bIBAETCH
napaMeTpUUecKd MaJjia W I[PUOJUKEHWe CPEJHEro TI0Jid OIPaBIaHO IpU
N > 1. Ilo wmepe mnoumxenuss Homepa N ypoBHst Jlanjgay, BJusHUE
darykTyanuit mapameTpa MopsiKa CTAHOBUTCS CUJIbHEH, KaK BUJIHO U3 yPaBHEHUS
(2.93). B sTom pexume, IeTajbHblE MHKPOCKOIUIECKUE BBHIYUCICHUS BPSJ JIH

BO3MOYKHBI M3-33a OTCYTCTBHsSI MaJiOro mapameTpa B Teopuu. MOXKHO THITATHCS

pPa3BUBATH (DEHOMEHOJIOTUIECKYIO TEOPHIO, OMMMCHIBAIOILY IO yIpyTHre (hJyKTyalun
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B IPUCYTCTBUE HAPYIIEHUs TPAHCJSIMOHHON HHBAPUAHTHOCTH U Oecriopsiika [17].

2.5 0O06cyxkaeHne NOJIyUYeHHBIX Pe3yJbTaTOB

2.5.1 CpaBHeEHUEe C IKCIEPUMEHTOM

O6cyiuM Teneph BO3MOXKHOE MPUJIOXKEHHUE TOJTYIEHHBIX PE3YJIhTATOB K HEJABHUM

skcrepumentam |11, 12]. Xors pesysbTarbl ObUIH MOJYYIEHBI B MPUOIUKEHUN

CPeJTHETO MOJIsT, KOTOPoe ompaBano pu N > 1, MOXKHO OKUJIATh, 9YTO YPaBHEHWE

(2.60) saeT XOpOIIYIO OLEHKY JUJIsi TEMIEPATypPbl [€PexX0jia U3 OJHOPO/HOIO

COCTOsIHUSI B COCTOSIHME OJ[HOPOJIHOM BOJIHBI 3apsiJIoBO# 1jioTHOCTU 1ipu N =
2,3, 4.

B stux skcnepumentax GaAs retepoCcTpyKTyphl ObLIA OTHOCHTEIHHO YUCTHIMU

o (0) 107 2/ s

¢ HuskoTeMmreparypHoit nogswxkaOoCTHI0 1Y ~ 107cm”/Vs u ajekTponHOl

1, —2

IJIOTHOCTBIO M, ~ 2 - 10" em™“. Takasi BbICOKasi TOJIBUXKHOCTh B HYJEBOM

MarHATHOM TIOJI€ COOTBETCTBYET OOPATHOMY TPAHCIIOPTHOMY BPEMEHU PaCCEeTHUS

~1

T

.~ 20mK. Beauunny obOpaTHYIO OOBIYHOMY BPEMEHW PACCESTHUST T) MOXHO

OLIEHUTh KAK MArHUTHOE I10Jie, rie ucdyesaoT ociuuuanuu [lyonukosa-ie ['aaza.
st skcriepumenTaabHbIX 06pa3nos u3 padbor [11, 12] sro nose nopsiika 50 m7T,
9TO JaeT JJid OOBIMHOTO BPEMEHH DPAaCCesHus OLEHKY T, '~ 0.8K. Takoe

pa3jindue BO BPEMEHHAX pPaCCEAdHHMA TOBOPUT O TOM, YTO JJIMHa KOppEJ/JIdluu

caydaitnoro nmorennuaja d > k;l, rie kp = mup obosHaudaer umnyianbc Pepmu,

[IpU4eM
Ttr

— ~ (kpd)*. (2.96)

70

Orcioga MOXKXHO HadiTh, 910 mapamerp kpd ~ 6. Samedasi, 9TO B MarHUTHAsI
muHa [y = /vkp, OKOHYATEIBHO MOJYYAEM CJIELYIONLYIO OIEHKY JJIA JIJTMHBI

KOppeJIsiliuy  Ciydaiinoro norennuajia d ~ 6lg/v. Orcioga BUgHO, 9TO JJIst

_ 9 11 13 15 17 "
(baKTOpOB BalloJIHeHUst V' = 3, 5,5, 5,5 [WIMHA KOPPEJsiUK CJLydaiHoro

HOTEHIMAJa d HOPSIKA MArHATHON JUIMHBL [f7.
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B mocTpoenHoit BhINIEe TEOPUW MPEITOIAraI0Ch BITOJHEHNE yeaoBust d <K [y,
MIO9TOMY JIJIs 3aMIOJTHEHHOTO Ha MOJIOBUHY ypoBHs Jlanmay HeoOXOIuMO 3HATDH
BCEro JBa Tapamerpa: mmpuHy yposus Jlangay 1/27 u macimrab temmeparyp
Ty. Hecmotpst Ha, TO, uTO B 3KcriepuMenTe d ~ [p, JiJIsi OIEHKHU IUPUHBI YPOBHS

Jangay 1/27 mbl upumenum dopmysy [42]

1 FF (2.97)

IJie N — 3TO IJIOTHOCTH JIEKTPOHHOTO r'a3a, CTPOro roBops, BepHYIo npu d K l.

MacmTab Temmnepatyp T B IIXPOKOM JHANA30HE U3MEHEHUsT TapaMeTpa 1"y MOYKET

ObITh OleHeH Kak (cMm. Puc. 2.2)
Ty~ 0008wy, 0.1<r, <l (2.98)

PezynpraTel, mosydenunble B Paz. 2.3.2 HakJIaIbIBAIOT OrpaHWYEHUE Ha,
sesnanny noxsmkaocti 1) B myseBom MarmmrHOM ToJe. st TOro, 4TOOBI
HAOJIIO/IATh COCTOsIHME BOJIHBI 3apsijIoBOl IJIOTHOCTH Ha ypoBHe Jlammay c
HoMepoM /N TOJBHXKHOCTD ,u(o) nosKHa ObiTh Bblmie, dem 0.55 - 10%eN /M.
Jlis TUIIIMHOTO 3HAYEHUA SJEKTPOHHOH IIOTHOCTH, 1, ~ 10Mem ™2, momygaem
cemyomtyio onenky pu¥ > N - 105em?/Vs.

B skcnepumente [11] 06pasiipl ObLIM OTHOCUTENHHO YUCTHIMU C MOJBUKHOCTHIO
,u(o) > 9 .10%m?/Vs, a saekTponHoii miIoTHOCTBIO N, ~ 2.67 - 10Mem™
[Tpu Ttemmneparype 1T' = 150mK wMarueToconpoTUBJIEHUE HA, 3aIMOJHEHHOM
Ha 1noJsioBuHy yposHe Jlanjay ¢ N = 2 cTaHOBUJIOCH AHU3OTPOIHBIM, TOIJIA
KaK Ha JIpyrux ypoBHsix ¢ N > 2 OHO OCTaBaJjOCh €lle WU30TPOIHbIM.
[To mepe Toro, kak TemIiepaTypy IOHUXKAJMA, HOMED YPOBHS, Ha KOTOPOM
QHU30TPONUST B MarHETOCONPOTHUBJIEHUN TOSBISIACH, YBEJIUUUBAJICI. 1aK Tpu
temriepatrype T = 25 m K, aHU30TPOIUsT B MArHETOCOIIPOTUBJICHUN HAOJIIONAJIACH
mis N = 23,4 Ha Puc. 2.3 ormedeHbl TOYKHU, TIJ€ aHU3OTPOIUS B

MarHeTOCONpoTuBIeHu Habuogaach B 9kcrnepumenre [11]. IIpu srom Obuin

MCIIOJb30BaHbl  ypasuenust (2.98) u (2.97). Kak Buano, mosiokenne JuHUH
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$a30BOrO MEpPEXOA HAXOAWTCS B COTJIACHM C DKCIEPUMEHTAJbHBIMUA JAaHHBIMU:
AHM30TPONHUS B MarHeTOCONPOTHUBJICHUH ITpHU Temmeparype 1 = 150m K momkHa
CYIIIECTBOBATH TOJILKO Jijist ypoBHsi Jlangay ¢ N = 2, torja kak, npu 1T' = 25 mK
OHa JIOJKHA cymecTBoBaTh it N = 2.3, mw 4, a gua N = 5 yXe HeT, T.K.
[IPUMECH WHJYIUPYIOT IEePexoji B OJHOPOjHOE cocTosinne. OTMeTuM, 9TO ecJiu
Obl TeMIlepaTypa Iepexojia He 3aBuceja Obl OT IIMPUHBI ypoBHsA Jlammay, To
AHU30TPOIUST B MarHETOCONPOTUBJICHUY TIpU Temmeparype 1 = 25 mK pomkHa,
Obl1a ObI coxpamaThes BIIOTH 10 N = 0.008Ep/T ~ 12 (cm. (2.98)). Taxkum
00pa3oM, y4deT BJIMSIHUAS IPUMeceil BaykeH Jijisi 00bsiCHEHUSI SKCIEPUMEHTAIbHBIX

JTAHHDIX.

2.5.2 CpaBHeHHE C YHUCJEHHBIMHU pacueTaMu

Bompoc 06 obpa3oBaHUM COCTOSIHHsI BOJIHBI 3apsiJIOBOI IIJIOTHOCTH Ha, YPOBHE
Jlangmay ¢ N = 2 npu MOJIOBUHHOM 3aImoJiHeHnn Vy = 1 /2 u HysneBoii TeMmepaType
B MPHUCYTCTBUE JEJHTAa-KOPPEJUPOBAHHOTO CJIydaifHONO MOTEHIMAJA YUCIEHHO
usydasics B pabore [85]. Cucrema m3 12 9JIeKTPOHOB € HEIKPAHUPOBAHHBIM
pzanmogeiicteueM Uy(q) = 2me?/q Oblaa CIpoeKTHpOBaHa Ha yposeHb Jlammay
¢ N = 2. Ilocsie aToro cucrema JImaroHaJu30BaJjJach YucJeHHO. B pesynbrare
ObLJIO HANJEHO, YTO COCTOSIHWE BOJIHBI 3apsOBON IIJIOTHOCTHA IIEPEXOIUT B
OJIHOPOJIHOE cocTosinue npu 3Haderun .12 Gespasmeproro napamerpa 1/27wy.
Hnst Toro, 9robbl CpPaBHUTH PE3YJAbTATHI HW3JIOKEHHOT'O BBIMIE MOAXO0JA C
YUCJICHHBIM pE3YJbTaTOM, OBLIO BBIYUCIEHO 1 JJd HEIKPAHHUPOBAHHOIO
saumogeiicteust Up(q) = 2me?/q (Bmecro sddektunHOro BammojeficTaus
(2.6)), a morom BbluucieHa Bequuuna 1/(27wy) = 47y/(mwp). Okaszasnocs,
YTO IIOCTPOEeHHas Bbile Teopus jgaer 3uadeHue (.14. Hebosibinoe mo cpaBHEHUIO
C YHUCJEHHBIM pe3yJbTaTOM OTJUYUE MOXKeT ObITh OODBSICHEHO C OJHOM
CTOPOHBI, KOHEUYHBIM YHCJIOM 3JIEKTPOHOB B YHCJIEHHOM OJKCIIEPUMEHTE, &

¢ Jpyroil CTOPOHBI, HEIOCTATOYHOCTHIO HpuOIMKeHns Xaprpu-Poka Is
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HEIKPAHUPOBAHHOIO B3aMMojiedcTBusl. TeM He MeHee, OTMETHM, YTO COIJIACHE
BIIOJIHE yIOBJIETBOPUTENIBHOE.

OrmernM, 9TO TIpU  ydere IKPAHMPOBAHUS  JIEKTPOH-3JEKTPOHHOTO
BauMoieiicTBrst (cM. (2.6)), mepexos U3 COCTOSTHUST BOJIHBI 3aPsiIOBOM MIOTHOCTH

B OJHOPOAHOE COCTOAHME IPOUCXOIUT IIpU TI0pa3a0 MEHbHIIEM 3HAa4YCHUU!:

1/27.wp ~ 0.01.

2.6 3akJrodyeHue

st cucTeMbl JIByMEpPHBIX B3aUMOJIEHCTBYIOMINX 3JIEKTPOHOB B IPUCYTCTBUE
cAa6020 Oecriopsiika U €AG0020 MAaTHUTHOTO TMOJI OBIT HCCJIEJ0BAH BOIPOC O
CYIIECTBOBAHUN COCTOSTHUST BOJTHBI 3aPSI0OBO# MIIOTHOCTU B PaMKaX MPUOIUKEHMsT
Xaprpu-®oka. B paccmarpuBaemom ciydae €jgaboro MarHuTHOIO — IOJISI
(1/ > 1), OKa3aJI0Ch, YTO COCTOAHHE OJHOHAIIPABJICHHON BOJIHLI 3apsAI0BOU
IJIOTHOCTH IIPU IIOJJOBUHHOM 3aIOJIHEHHH YPOBHS JIaHIay MOXKeT CYIeCTBOBATh,
TOJILKO ecau mmmpuna ypous Jlawmay 1/27 < 4Ty/m. Takxke Obu10
MOKA3aHO, YTO MPHU TIOJOBUHHOM 3aIlOJHEHUU COCTOSTHUE OJIHOHAIPABICHHOM
BOJTHBI 3apsiJIOBON IJIOTHOCTH 0Opa3yeTcs ¢ TeM »Ke IE€pPUoJIOM, 4YTO ¥ B
wucmom ciaydae. Bommsu vy = 1/2 cocrosinue OfHOHATNPABICHHON BOJIHbI
3apsIIOBOM TIJIOTHOCTH BBITOJIHEE, U€M COCTOSTHUE TPEYTOJHHONW BOJHBI 3apPsiIOBO
moraHocTr. CiraboKpHUCTAIN3AMOHHBIE TTOMPABKU K MPUOJIMXKEHUIO CPEJIHEro
1OJIsi OKA3aJIMCh MapaMerpuuecku Majbl, nopsaka (1/v)*? < 1. Cpasnenne
TEOPUM C pEe3YJbTaTaMWU YHUCJIEHHOTO MOJIEJUPOBAHUS U SKCIEPUMEHTAJbHBIMU

JaHHBIMU ITOKa3aJIO XOpOoIIee COrJiacCHe.

2.7 IlpuaoxkeHue: BeKTop HEyCTOMYNBOCTHI

B srom pasnesie Oyjer mMoOKaszaHO, UTO JEJbTa-KOPPEJIUPOBAHHBIN CJIydaliHbI

IIOTEHIIMAJI HE MEHACT IIEPHO/ OﬂHOHaHp&BHeHHOﬁ BOJIHBI BapHﬂOBOIU/I IIJIOTHOCTH.
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Paccmorpum pemenne T+ 07 ypasrenusi (2.58) ¢ Bekropom Q) = Qg + §Q), 1€
0Q < Q. Ilokaxkem, uro Torma capur 01 Beerma OTPHUIATE]LHBIN, & 3HAYUT
MaKCHMAJIbHAS TeMIepaTypa COOTBETCTBYET BEKTOPY () = (Qy, KaK ¥ B YHUCTOM
ciyJae.

Hutst orkjionenust 0(), umeem

To(Q) = To(1 — B1(0QR.)?, TJE(QR,.) = Bo(SQR.)*. (2.99)

Torna nanuune 61 NPUBOJUT K 3aMeHE

n n - - 5 2100
&= & 47T%r ! 27T ( )
B ypaHenun (2.58). Orcrosa HAXOJAUM, 4TO

oT 2

o QR Dt (2.101)

T g2 — 2(2gs + y7s)

rine z = 1/4nTT ny = pun/27T. Oyuxunn g.(2,y) u gq(2,y) oupenesens Kak

go(z,y) =Re > &, galz,y) =Im ) & (2.102)
n=0 n=0

Jlerko ybepuTcst, uto npasasi cropona ypastaenusi (2.101) orpunaresibHa 1pu Beex

BO3MO2KHBIX 3HAYCHUAX Z U Y.
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I'maBa 3

AHU30TpOITHAA TPOBOANMOCTD IBYMEPHBIX
3JIEKTPOHOB Ha BBICOKOM ypoOBHe JlaHjaay,

3alIOJIHEHHOM Ha IIOJIOBNHY

3.1 Bsenenne

HepaBHo ma BbICOKHMX ypoBHsIX JlaHjgay BOJIM3W ITOJIOBUHHOI'O 3allOJHEHMUsI
[P HU3KUX TEMIIEPATypax ObLIO OTKDPHITO $IBJICHWE CUJILHOW aHU30TPOIUHU B
marueroconporusienun 11, 12]. Cpasy ke npoucxoxjienue Toil aHU30TPOIUHU
OBLIIO CBSA3AHO C BO3MOXKHBIM 00Pa30BaHUEM COCTOSHUS OJTHOHAPABJICHHON BOTHBI
3apsIJIOBON TJIOTHOCTU BOJIM3M Ha TIOJIOBUHY 3aAIlOJHEHHOTO BBICOKOTO YPOBHS
Jlanjay, koropoe upejckasbiBasu paborbr |21, 22, 23|. B upejese Hysesoii
TEMITEPATYPhI, JAJEKO OT JMHUU (Pa30BOI0 IE€PEXOJa, IJie OJIHOHAIIPABJIECHHAS
BOJTHA 3aPsIJIOBOM IJIOTHOCTH MMEET CUJILHO HECUHYCOUJIAIBHBIN TPOMUIIH, TEH30D
IIPOBOJIMMOCTH MOXKET OBITh BBIYUCJEH B paMKax 3(P(PEKTUBHON Teopuu i
Kpaesbix Bo30yxienuit [71]. KasecrBenno pesynbrar paborsr [71] coorBercryer
II0BE/IEHUIO MArHETOCOIPOTUBJIEHUs B IIpejieJie HyJieBoil Temueparypbl [12, 86]. B
pabotre [87] 6bL10 1pesIozkeHo 06001eHe 3aKOHA 0JyKpyTra [Ibixue—Py3una [88]
JUTS CITydasi aHM30TPOITHOT'O TEH30Pa MTPOBOIUMOCTH.

B Hacrosimmee BpeMmsi  IIOCJIEIOBATEJbHBIE  MHKPOCKOIMYECKUNA  aHAJIN3
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3aBUCUMOCTH MArHETOCOIPOTUBJIEHUST OT TEMIIEPATYPhI BOJIM3M JIMHUK (HA30BOTO
nepexojia U3 OJIHOPOJHOTO COCTOSIHHSI B COCTOSTHHE OJHOHAIIPABJICHHON BOJIHBI
3apsAJI0BOi IIJIOTHOCTH OTCYTCTBYeT. B 9T0ii riaBe Takoit anajaus Oyger mpoBeeH
npu (T, — T)/T, < 1, rje pasjoxeHue MO NAPaAMETPy MOPsiIKA COCTOSIHUS
OJIHOHAIIPABJICHHON BOJIHBI 3aPsiJOBON IIJIOTHOCTU OIpaBaHo. BOjwu3u JimHuN
dazoBoro mepexoja posb IYKTyaluii ImapaMerpa IOpsijiKa Bo3pacTaeT. byjer
UCCJIeIOBAHHO BJIMsIHUE (DIIYKTyaIuil Ha TEH30p MPOBOJIMMOCTU KaK BBIIIE, TaK U
HUKE TeMIIepaTyphl mepexomna 1.

Kak u panee, Oyaem mpeanosararb, 9T0 IPUMECH CO3IaI0T CIabbli caydaiiHbIi
MOTEHIMAJ I JIBYMEPHBIX 3JIEKTPOHOB, T.€. MPUMECHOE YIIMUPEHUE YPOBHS
Jlangay 1/(27) oka3piBaeTCs MHOTO MEHbIIE PACCTOSTHUST MexK 1y HuMu, 1/(27) <
wpr. OJHUEM W3 OCHOBHBIX PE3yJIbTATOB ITON IUIABBI SIBJISIETCS PE3YJIBTAT O TOM,
9TO B COCTOSIHMM OJIHOHAIIPABJIEHHOW BOJIHBI 3aPsiJIOBOW IIJIOTHOCTA y TEH30DPa
MIPOBOJUMOCTH O, TOSBJISIETCS AQHU3O0TPOITHAST YaCTh, Ogqp = USbSOt) + aff;nis),
koTopad npu 1. — T < T, mnpomopnuoHaJibHA OTKJIOHEHUIO TEMIIEPATYPHI
T or remueparypbl ¢daszoBoro mnepexoma 1., T.e. ac(zms) x (T. — T)/T..
JIpyruM OCHOBHBIM Pe3yJIbTATOM 3TOW IJIABBI SIBJISIETCS TOT (PAKT, UTO BBILIIE
TeMIiepaTypbl pazoBoro nepexoja, 1 > T,., umeercs: QpJryKTyalnoOHHas TOIPABKA,
50((;)1“0) x (|T. — T /TC)*?’/2 K IPOBOJUMOCTH OJHOPOJHOIO COCTOSTHUS O'C(L(Z),
KOTOpasi 00OpaTHO IMPOMOPIHUOHAJbHA KOPHIO W3 OTKJIOHEHWS TEMIIEPATYpPbl OT
kputudeckoit. Dusnveckoit NpuUnHON MOosABIeHUS (DJIYKTYaIlMOHHON MMOMPABKU K
TPOBOMMOCTH SIBJISIOTCST KOPPEJISIIIAN 3JIEKTPOHOB, KOTOPhIE HUXKE TEMIIEPATYPbI
[Iepexo/ia IpUBesr Obl K 00Pa30BAHUIO COCTOSIHUSI BOJIHBI 3aPsI0BOM IIJIOTHOCTH.

Huxe cragasia Oyzer BbiBeJieHO 3(dEKTUBHOE JeicTBUE i TPEXyPOBHEBOI
MOJIEJIN, TIPUIOJHON Jist Bbluncienust nposogumocru (Pas. 3.2). B pasnene 3.3
BBIUKCJISIETCST TEH30P IMIPOBOJMMOCTH MPUA IMOJOBHHHOM 3aIlOJHEHUH YPOBHS

Jlanyay. @JyKTyallMOHHbIE TIONPABKU K MTPOBOJUMOCTHU OJHOPOIHOTO COCTOSIHUS

1 COCTOAHUA O,Z[HOHaHpa,BJIeHHOI;'I BOJIHDBI SapHILOBOﬂ I[IJIOTHOCTHU PaCCMaTPUBAIOTCA
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B Paz. 3.4. B paznene 3.5 mosiydeHHBIE DPE3YJIbTATHI OOCYKIAIOTCS B CBSI3U C

skcrepumentamu |11, 12].

3.2 TpexypoBHeBas MOJEJb

3.2.1 Bseaenune

Paccmorpum  cucremMy  JIByMEPHBbIX — B3aUMOJEHCTBYIONIUX  DJIEKTPOHOB B
MPUCYTCTBUE CJIy9IalHOTO TMOTeHImaga Vgis(r) © [OMepedHoro MarHUTHOTO
nosii H. Bynem cuntaTh, 9TO Bee ycaoBus, obcykaaBiirecs B pazjenax 1.2.1 u
2.2.1 BBITIOJTHEHBI.

TepmogrnHaMUYIECKHH TTOTEHIINAJ CUCTEMbI MOYKET OBITh 3AITUCAH KaK

0= [ D] [ DVl PV xS0, Vid: - ()

rae jeicreue S, Y, Viis] B MaTiybapoBCKOM MpE/ICTABJICHUN UMEET BU/|

S [ar 32 )|, - Vi)~ HiT6) (32

QW ,Wm

T o, o, a,o’ ozol
5 Y [ dnar e, U s O, ).

Wn,Wm V]

Hanomium, 4ro ¢%7(r) u o3} (r) onepaTopsl yHUYTOXKEHWS U DPOXKIEHMUsI

/
9JIEKTPOHOB. 1’ 0003HAYAET TEMIEPATYPY, [ XUMHUYECKUIl NOTEHIMAJI, 0 U O
CIIMHOBBIE UHJEKCHI, w, = 1 (2n+ 1) MariybapoBCcKy0 (hePMUOHHYIO YaCTOTY, &

v, = 2n'T'n 603ouny10. MaTpuma H ompejesieHa, Kak

H=> Hw)I, (3.3)
rae, HallOMHUM, MaTpPHUIIbI
(IR = 8776761 (3.4)

npejcTaBistor  coboit  reneparopbl  U(1) kauubpoBOUYHBIX 1peobpasoBaHuil.

OHOYACTUYHBIE TaMUJILTOHHAH { ONHCHIBAET JBYMEDPHBIA 93JIEKTPOH B
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[IOCTOSTHHOM TEPIEHINKYISIPHOM MarHuTHOM moJse H = €,,0, A, 1 B IepeMeHHOM

IIoJIe C BEKTOpP IIOTCHIIMAJIOM a M MMECT BU[J

H= i(—iv —eA —ca)’. (3.5)

2m
Kaxk 00bI4HO, J1J1si IPOCTOTHI Oy I€M [TPEIITOIAraTh, YTO CJAYIadHbIH TOTEHITTA

JIeJIbTa~-KOPPEJUPOBAHHBIN, T.e. (DYHKIUsI PACIIPEJIeJICHUSI UMEeeT BHU/I

PIV)] = g exp (5 [arvin)). (36)

Hnst ycpeanenusi no Oecriopsijiky Oyjem, Kak U paHee, UCIOJb30BaTh METOI
perutuk [48]. Pemuku nymepytorest ungekcom oo = 1, -+ | N.
Hnst nanwbueiinero Oyjer ynoOHO mepenucarTh OJHOYACTUYUHBIA TaMUJIBTOHUAH

(3.5) 4epes KOBAPMAHTHYIO MTPOU3BOIHYIO
D=V —ieA, (3.7)

SIBHO BBIJIEJIUB [IEPEMEHHbIIl BEKTOD TOTeHIHA a1, ),

H = —%m FE(m), K(4) = ——a(s)D + o= 3 alp)a(vy). (3.38)

3.2.2 3DddekTuBHOE AelicTBUE OJId TPEXYPOBHEBOUN MOIeJI

B mpenpiayineit rimaBe s onpejesieHus (ha30BOi JTHArpaMMbl JIEKTPOHOB Ha
BbICOKOM N-oM ypoBHe Jlangay 1ocTaTouHO OBLIO OCTaBUTH MJIsi PACCMOTPEHMSI
TOJMBKO caM 3ToT N-biii ypoBenb Jlangay. s onpenesnenust ke TpaHCITOPTHBIX
CBOHCTB (IIPOBOJIMMOCTH CHCTEMbI) MPOEKTHPOBAHUE TOJHKO Ha OJIMH YPOBEHb
Jlanmay He TOAUTCS TaK, KaK KOBapUaHTHas NMpOu3BOiHas D) wMmeeT HeHYJIEBbIE
MaTPUYHbBIE JIEMEHTHI TOJIbKO JIJIsI [IEPEXOJ0B MEXy COCEJHUMU ypOBHsiMuU [9)].
[Tosromy HEOOXO MO OCTABUTH B paccMoTperun Tpu yposus Jlangay (N — 1)-brii,
N-viit u (N + 1)-brit.

Jlerko o000IIasi MeTon, M3JOXKEHHBIH B riaBe 1, moayduM 3(QeKTuBHOe
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JIeiCTBHE JIJIs1 9JIEKTPOHOB Ha TPexX ypoBHsX JlaHgay

/dr Z a‘” {(zwn + 11— Vaais(T) ) 6, — H oo (r) (3.9)

Q,Wn ,Wm

2

wrthrMVI

T
5 X[ Anar T 0 e I () (1),

a,0 «a,0
3aech yxe Y57 (r) u 1y, (r) onepaTopsl yHUUTOKEHUA U POXK/ICHUA 3/ICKTPOHOB

ua (N — 1)-om, N-om u (N + 1)-om yposusix Jlanzay,

N+1 N+1
Z wpwn Z pwn (310)
p=N-1 p=N-1

DKpPAHUPOBAHHBIN TTOTEHIMAJ JIEKTPOH-3JIEKTPOHHOTO B3aumojelicTrust Uge (T)
HEMHOTO OTJIMYAETCS OT MOJYYEHHOrO B TyiaBe 1, T.K. B HETO HE BKJIIOUEH BKJIA]
ot (N — 1)-oro u (N + 1)-oro yposueii JIannay, a uMeHHO

2me? 1

=q 1+i(1— ™ )(1—%2<ch>—2J12<ch>)

Uscr<Q) — , (311)

qap bwpT
Db dextuBnoe geiicTBre (3.9) HOMYUIEHO B TeX XKe IPEIOIOKEHUSAK, UTO 1
B raBe 1. B panbueitiem Oynem npenebperars wjienoM 7/ (6wyT), uMest BBULY

ciaydait wgt > 1.

3.2.3 Ilpubamxenme Xaprpu-Poka

Heitcrre (3.9) coep>KuT 3J€KTPOHHBIE COCTOSTHUS KAK CO CIIMHOM HAIPABJIIEHHOM
BBEPX, TaK ¥ BHU3. IIpW 5TOM, TOJBKO 3JIEKTPOH-3JIEKTPOHHOE B3aMMOJICHCTBIE
MOXKET II€PEBEPHYTH 3JEKTPOHHBINA CIHMH. DTO O3HAYAET, 9TO COCTOSHHE BOJIHBI
3apsIJI0BOI TJIOTHOCTH XapaKTepU3yeTcsl TapaMeTPOM TIOpsiJIKa, KOTOPLI Tereph
MaTpUIa B HPOCTPAHCTBE KAK HOMEpOB yposHeill JlaHjay, Tak M CIMHOBBIX
ungiexcos, A712(Q). Onmako, Kak OyjieT BUJIHO U3 JIAbHEHITIEro, MPU yCIOBUN
Aox = (rewp/mvV2)In2v2/r, > max{T, 7'} Bomma 3apamoBoii MIOTHOCTH

Oyner oOpa3oBBIBATHCS TOJILKO Ha, N-oM ypoBHe Jlanjay ¢ onpejie/leHHbIM
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HAIIPABJIEHUEM CIIMHA, HAIIPUMEP BBepX. LOorjia YPOBHU CO CIIMHOM 3JIEKTPOHOB,
HAITPaBJIEHHBIM BHW3, BBIIAJIYT W3 paccMoTpenud. [losromy cpasy orpanmdnm
pacCMOTPEHUE YPOBHSIMM C OJIHMM HAllPpABJEHWEM CIHMHA. 1O0rJia [apameTrp
MOPSIIKA CBA3aH C M3MEHEeHWeM 3JjieKTponHoit mjgotnoctd Ha N — 1, N, uw N + 1
ypoBusix Jlanjay, Kak

N+1

<5/0(q>> = 5Sny, Z A]?1172 (CI) Epips (CI), (3 12)

p1,p2=N—1
rge S — 9TO IWIoNa/b CJIOS JBYMEPHBIX 3JIEKTPOHOB, a dopm-dakTop F), ), (Q)

onpeJiesieH Kak
B . i
Fon(@) =1 S 6 Oa(ati o (Guath ). @13
k

Ormerum, uro mpu p; = ps = N dopm-bakrop Fyy(q) coBmamaer ¢ Fy(q) u
naercst Bbipaxkenuem (2.9).
[Tocie pacuemnsienust djeHa ¢ B3auMogedicrBuem B jeiicrBum  (3.9) B

npubsmkennn Xaprpu-Doka (em. [69]) momywaem, aTo

s MO, / ary" Y o (r) [(z’wn g — V()b — H (3.14)

D1,P2 O,Wn,Wm

FApips ()] Y5, (0)

npudeM

n 52 dq
Qa = L2 Z / (QW)QUplpzpam (q>AP1p4 (q>Ap3p2(—Q). (315)

P1p2p3pa

[Torenmuan Ay, ,,(r) B Boipaxkennn (3.14) Bo3HUKAET KaK CJIEJCTBAEC BO3MYIIIEHHS
OJ/IHOPOJIHOI'O  pacCIIpe/ieieHrsT SJIEKTPOHHOU IIJIOTHOCTU BOJIHOM  3aPsAJI0BOU

IJIOTHOCTU U CBSI3aH C IIaPAMETPOM IIOPSIJIKa CJIEIYIONUM 00pa30oM

U 3P4P1P2
M) =83 et a, L (q) (3.10)
Pip2

P3Pp4
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1€ Uy papsps () 00001maer norennuan Xaprpu-Poka, BBEJCHHBIH B IPEJbLLYIIEH

rnaBe (cMm. 2.14), u ompesesieH Kak

dp iapl?
Upipapsps(d) = =1 (Uscr(Q)me(Q)Fpsm(_Q) - / (27T)2nLe Pl (3.17)

XU (D) Py (P) Fyaps (—P) )

3.2.4 YcpenHeHUe 1O CIIyYalHOMY IOTEHIAAITY

[Tocie ycpepnenust 1o ciuaydaiinomy mnoreHuuatsy Vas(r) pgeiicrsue (3.14)
npuHuMaer Buj (cM. pazgea 1.2.3)

NTQA 1

S =-
T 29

drtr QX(r) + /dwur) (z’w+,u—ﬂ+5\+iQ> b(r),
(3.18)
rie HOBoe mojie (Q(r), Kak W paHee, IMPEJICTABIsSET CODOW MaTpHUIy B

MaTIyOAPOBCKOM M PEIJIMYHOM MPOCTPAHCTBAX, &

¢Tx¢ ZZ plwn p1p2 I') 32wn<r)- (319)

D1p2 a,Wwn
Hanomuum, uro seiicrsue (3.18) npu HyseBoit Temneparype, T.e. npu w, — 0,
B OTCYyTCTBHE TOTeHIMaga A(r) U [MepEeMeHHOro BEKTOp MoTeHruasa a(r) mMeer

IIepeBaJIbHOI'O peIIeHue
Qo =V 'PyV,  (Pp)iy = Pbum6™”, (3.20)

rje V — riobaJibHOE YHUTapHOE BpalleHue, a B}, menepb MOAYUHSAETCs YPABHEHUIO

N+1
Py, =igG“(r,r), G (r,r) Z G (r, 1) (3.21)
p=N-1
Oynxmusa ['puna Gy (r,1') onpesiesiena Kak
Gr(r,r) Z%k (W) (T, (3.22)

Gp(wp) = [iwy, + un + exn — €, + iPS’;’)]*l,
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rjle XUMUYECKUI IMOTEeHIMAJ (i OTcUuThiBaeTcsd or N-oro ypoBus Jlanjay. B

ciaydae wyT > 1 pernenue ypasuenns (3.21) nmeer Buj

sgn wy, 1 1
P! =~ l—— — = : 2
® (- ) v (32

B pambheiimem Oygzem mnpenebperarh wmadjoii mompaskoit 1/(2wpT)? < 1.

Paznessst marpuanoe nose ((r) Ha npopoabuyio P(r) u nonepeunyio gactu V (r),
Q(r) =V Yr)P(r)V(r), (3.24)

Oyzem npeHeOperaTb IOCJEAHEH, 10 HpUuYMHAM, OObsICHEHHBIM B IIPEIbIIYIIei
rJiaBe.

Hamunune norennuasa ;\(r) U BEKTODP-TIOTEHIMAJa & IPUBOJUT K CJIBUTY
nepeBaJibHOrO perienust (3.23) u3-3a B3aumMogeicTus ¢ Humu duykryanui 6P =
P — P, nona P. CoorseTcrByiomiee JeiicTsue Jjid 0 P mojydaercs u3 ypaBHEHUA

(3.15) mocsie wHTErpUpOBaHUS O GEepMUOHAM

1 NQa 1
SZ/dr trinG* — i —%/drtr(PserMD)2
—i—/drtrln[l-l— (z'(SP—i—f(—l-;\)G] (3.25)

B pesyabrare  TEpMOJMHAMUYECKUN  TOTEHIMAJ  BBIPAXKaeTcs  4depeld

bYHKIMOHAJIBHBIH MHTErpaJl 10 ToJIsiM O P,
T
Q= —ﬁln/D[éP]I[(SP] exp S, (3.26)

rie Mepa unTerpupoBanus [0 P] onpenenena coornormenuem (1.55).
Kpajgparnunasi mo P wacts jeiicrust (3.25) Bmecte ¢ wmepoit In I[dP],

onpegessier dbyukiuio [puna st moast 6P (em. pasgen 1.2.6)

OmymaOmams 00070 (myms) — 2[1 — O(myms)]
5Pa6 5P75 . — 9Omymy maimsz _
< MMy (q) m3m4< q)> 1+ gﬂ'wm1 (wmg — Wiy q) (7Tp)2
95m1m25aﬁ 95m3m4557

>< Y
14 gm“m (0, q) 14 gm¥ms (0, q)

(3.27)
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rJie TOJISIPU3AIMOHHBIN OllepaToOp TEeIePh COJEPXKUT TOJbKO (yHKIuU ['puHa Ha

(N — 1)-om, N-om u (N + 1)-om ypoBusx Jlanmgay

"(Vn,q) Z D1Ds (Vn,q) = —ng Z Gy, (Wi + V) Gy (Win) (3.28)

p1ip2 P1p2

X Fplpz (q)szpl (_q) :

3.2.5 Tepmoamnamuydeckuii moreHnuasd. Bkjaa Broporo mopsaka

B orcyTcTBHE IepeMeHHOTO BeKTOp-ToTeHma a a bdexktusoe jeiictaue (3.25)
ni1st nosist 0 P(r) jomkno cBojuTes K aeiicrsuio (2.21) B npenene max{T, 77!} <
Aex < wy. Jpyrumu cioBamu, U3 BCex HapaMeTpoB mopsiaka A, . (q) gomken
BhIKUBATH TOJIBKO Any(q) = A(q). Hjist Toro, 4robbl MPOJEMOHCTPUPOBATE ITO,
BBLIYHMCIUM PA3JIOKEHNE TEPMOANHAMUYECKOrO TIOTEHIIHAa () 10 BTOPOTO MOPSIIKA
o cTerneHsiM napamerpa mopsiika A, . (q) opu a = 0.

[TpousBoO/s BLIYUCICHNS aHAJOIMYHBIC IPEJICTABICHHBIM B Pa3. 2.2.4, Haiijem,

910

0=00 4@ ... , (3.29)

rae
1
QO () = /drtrlnGl — Q—/drtrPSQp (3.30)
g

9TO TePMOJAMHAMUYIECKHI ITOTEHITAAJ OJHOPOIHOIO COCTOSHUS, &

nL S? P1p2p5p6 Up3p4p7ps (—q)
- Z / p1p2p3p4 - T Z Z F (_q)
gm p8p7 ( q)

Wn P5ePs p5p6 p7ps
X (510519851061?7 - 1 —l—g?‘(””(o Cl)) p5p6<07q>

Aplm (q> A;03194 (_q) (331)
OIIpeJIesisieT IIOIPABKY KBaJIPATUIHYIO 110 IapaMerpy nopsiika Ay . (q).

w
HeobxouMo OTMETUTH, YTO MOJSIPU3AIMOHHBIE OIEPATOPbI ﬂpfm(yn,q)

IIOAYMNHAIOTCA CJIG,ILYIOH_LGI‘/JI HepapxXuy II0 OTHOIICHHUIO K MaJIOMy IIapaME€TpPy
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max{T,7 1}/ wy < 1
)

0(1)7 pl:pQ:N?

o) ~ QO (BETLY = N, = N, (3.32)

7y
wy

2
O([%} >> p1# Nup, # N.

\

[Tosromy B Bhipazkeruu (3.31) MOXKHO TPUOIUKEHHO CIUTATDH, ITO

o (0,d) = 757 (0,9) 0, N 0p,v, T (0,) =757 (0,9),  (3.33)

e gt ypobersa B asbreitniem seegeno 7" (0, ¢) = 7y (0, ¢). Takum obpasowm,

3 (3.31) momyuaem
nLS Z/

XUppo NN (Q)Upyp, vy (—Q)

nGa( N wn
T
p1p2p3p4 + Z 14 g7r ,Q)

Apip, (@) Apgp, (—a). (3.34)

Juist Toro, 9Tobbl MPOAHAIN3NPOBATH KaKhe U3 mapaMerpos mnopsiaka A, . (q)
MOT'YT HPUHUMATH OTJIMYHBIE OT HyJIsi 3HAYCHUS, HEOOXOUMO JUATOHAJIN30BATH
marpuity 9 X 9 B Beipaxkenuu (3.34). OkasbiBaeTcsi OJHAKO, YTO HETPUBUATHHAS
9acTh BhIpakeHus (3.34) cBogurcs K

00 =22 [ ) (s(@, T8 (0

?) . (3.35)

Bnech ¢(q) mpencraBiuser coboit nuHeinyio kombunanumio Bcex A, . (q) Kpome

A(q). Xapakrepubie sueprun To(q) u T1(q) onpenesnennst kak (cm. Paz. 2.2.6)

To(q) = UN%N(Q), Ti(q) = € UN’NizNN(q), (3.36)

rjie B OIPEJeJCHUN JIJ1d Tl(q) MHOXKUTEJIb €' J100aBJIeH, 9TOOBI COKPATHUTH

3aBUCUMOCTb BeJUIUHbl Un n_1 N, ~(q) oT yruia ¢ Mex iy HAIpaBJIEHHEM BEKTOPA
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q v ocbio = (eM. pasgen 3.7). Matpuanbiii ssiement a(q) siBisiercs eme QyHKIme

MOJLyJIsl BOTHOBOTO BEKTOpa ¢, TeMIepaTypbl 1 i mupunel yposus Jlangay 771 u

onpe/iejieH Kak

nTo(q) Gy (wn)
T,77'.¢)=1+4T . 3.37
) 2 T3 gron(0,9) (330
Oyukiyst £(q) BbIPAXKAETCst Y€Pe3 XapaKTepHble IHEPIuu
To(q) 1
= - —. 3.38

CobcTBeHHbIe 3HAUEHHsT MATPHITBI 2 X 2 B BhIpaxkeHuH (3.35) JIerko HaXojsiTCst

Y paBHbI

A:(q) = alq) +&(a) £ Va(@)]? + [E(g)]? (3-39)

OxkasbiBaercs, 910 A4 (¢) mpu Beex a(g) Toro xe 3uaka, 910 £(q), a A_(¢) Menser
suak npu a(q) = 0. Takum 0OpazoM, ycjioBuE BO3HUKHOBEHUsI HEYCTOUIMBOCTH
OCTAaeTCsl TaKWM YK€ KaK, eCJu Obl PacCMaTPUBAJICS TOJBKO OJUH IapaMeTp
nopsijika A(q), Kak 9T0 U JeJajoch B upejbliyiieii riase. Kak nokasaHo B
pazzene 3.7, xapakrepHas sueprust 11(q) okaswiBaercs mopsiara 1o(q)/N <

To(q). ITosTomy MoxkHO cumTaTh, uTo £(q) > a(q). Torma naxomum, 91O

5 nS? [ dq T1(q)
0 =" [ g |ato) (1= 75

@) 5 (@5 (~a) (340

o A+<q>A+<q>] ,
-
A @=a@- (BDY agp@, a0 =e@ +apaa. G4
OueBusiHO, YTO MUHEMYMY CcBOGOAHON sHeprum orsedaer A, (q) = 0.

[Tpenebperas Torya orauumem nopsagka O(1/N?) semuuunnr A (q) ot A(g),

OKOHYaTEJIbHO IIOJIy9a€M, 9TO

00 =2 [ S neo (1- 1000 ) s@a-a. @)

!B ksasparmanom no mapamerpy mopsimka Ay, (Q) mpubnuxkennn n06aBka kK CBOGOIHOIN SHEPrunm paBHA

100aBKe K TEPMOJAMHAMUYECKOMY HOTEHIUAITY.
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Taknm 0Opa30M, yueT BO3MOXKHOCTH BO30Y K ICHU apaMeTpoB mopsiaka A, . (q)
C p1 ¥ po OTIMYHBIME OT N, NPUBOAUT K IIONPABKAM K TEPMOIMHAMUIECKOMY
norernuayny nopsiaka O(1/N). B panbueitmem Oyjgem npenebperath UMu u

CHYUTaThb, 9TO

A271102 (q) - A(q)éplNépzN‘ (343)

3.2.6 TpexypoBHeBasg MOJI€EJb

PesysibraThl MpeblIyIIero pas3iea Mo3BOJSAI0T OKOHIATEIbHO CPOPMYIUPOBATE
nefictBue st TpexyposueBoit Mogenu. Cormacuo ompenenenuio (3.16), BosHa
3apsioBoil myrorHoctn Ha N-om yposue Jlangay ¢ napamerpom mopsiaka A(q)
[IPUBOJIUT K BO3HMKHOBEHUIO IOTEHIHANA AN N+1(Q), KOTODBIi LPU paccesHnn
nepeBouT jieKTpotbl ¢ N-ro Ha (N +1)-biit yposens Jlanjay. Ojaako cuiia 510ro
norenIuasa nopsaaka 11(q), a mosToMy ero yuerT NpUBOJUT K MONPABKAM HOPSIKA,
O(1/N) (cm. pasmen 3.7), KOTOpBIME B JajbHeiiniem OyjgeMm mpeHeOperars.

[TosTomy cumTaem, 49TO

Apipe (@) = SU () Fyy (0) A@)0p, 50, v- (3.44)

Takum obpazom, 3ddekTuBHOE AeficTBHEe JJIsi TPEXypPOBHEBOW MOJIeJn

[IPUHUMAET CJICIYIOIIUNA BUJL

NQa 1
T g drtr(Py, + 6 P)* (3.45)

+ / drtrln[l 4 (6P + K + PNAPN)G] ,

Sri[0P] = /dr trinG ' —

/
riae Py(r,r) obosnadaer npoekIuoHHbINA oneparop Ha N-biii yposenb JlaHjay,

ompejieseHHbIi Beipakernem (1.69), a

03 =2 [ 2L u()a@(-a) (3.4

npuueM st kparkocru obosuadenno U(q) = Unnnn(q).

89



3.3 IIpoBoauMoOCTh COCTOSTHUS OJJHOHANPABJIEHHOI BOJIHBI

3ap4aJI0BOil TIoTHOCTH nipu 1, — 1T < T,

3.3.1 Tenzop npoBOAUMOCTH T

Db dekrupHoe jeiicTBre (3.45) MO3BOJSET BBIYUCISTH MPOBOJAUMOCTD CHCTEMBbI
KaK B OJTHOPOJHOM COCTOSTHWH, TaK W B COCTOSTHUWM BOJITHBI 3aPSTOBON MJIOTHOCTH.
Haubosiee wnaTEepecen cayuait ypoBuga Jlamgay, 3amojiHEHHOTO Ha IOJOBUHY,
KOIJIa, KakK ObLIO II0KA3aHO B IPEeIbLIyINeil rjase, 00pasyercs COCTOSHHE
OJIHOHAIIPABJIEHHOMW BOJIHbI 3aps/i0BOM 1ioTHOCTH 1pu 1 < T,.. Ilapamerp

MOPSIJTKA, JIJTs1 OJTHOHAIIPABJICHHON BOJIHBI 3apsIOBOl IIOTHOCTH uMeeT Bu/ [69)]

A = LA [sa - @) + 6ta— Q). 3.47)

rye BekKTop ), XapaKTepusyoluil mepuoji U HalpaBJIeHue OJHOHAIPABJIEHHOM

BOJIHBI 3apsiJIOBOM IJIOTHOCTU MOXKET ObITh OPMEHTHPOBAH B I[POU3BOJHLHOM
Hanpasjenun. (OObIYHO, €ro opueHTalusi QUKCHpPyeTcsi JinbO BHYTpPEHHEMH
AHU30TPONKeH, OO  HEOOJBIIUM  MATHATHBIM  IIOJIEM,  IIPUJIOYKEHHBIM
nmapaJulesibHo JBymMepHoMy cioto [13, 14, 15, 16, 89|. Byaem mpemnonarars,
yTo BekKTOp (J; HampaBJieH MOJ yrioM ¢ K ocu . Hamomuum, 4To MOIYyJIH
BekTopa Q, pasen Qo = ro/R,., tie 19 & 2.4 — 910 UEPBHIH HyNb QyHKIUMA
Beccenst Jy(x).

st onpejiesieHdst TEH30pa MPOBOIUMOCTH Ogh(w) = ogp(w,q¢ = 0), kak
u3BeCcTHO [44], y106HO 110J1630BaThCst MaTiyyGapOBCKO# TEXHUKOM, T.€. BHIYUC/ISATh
IIPOBOJIUMOCTb 0y (iVy,) HA MHHUMBIX JIMCKPETHBIX 4acrorax v, = 2n1n. s
IEPEXo/ia K MPOBOJUMOCTH O4p(W) HA BEIIECTBEHHOMN 4aCTOTe W HAJO BBIIOJHUThH
AHAJUTHIECKOE TPOJNOKEHNE C BepxHedl MHuMO# moayocu (v, > 0) Ha
BEIECTBEHHYIO OCh: 1V, — W.

st BbIUUC/EHUsT TEH30pa NPOBOAMMOCTH  0qp(ivy,) yuoOHO —3amucarhb
crangaprayo dpopmyiy Kybo [44], kak Bropyo BApUAIMOHHYO IIPOU3BOJIHYIO OT

Jjorapudma 3pPHEKTUBHOrO JIeHCTBUS 110 HE3ABUCIIIEMY OT I' BEKTOP-IIOTEHIUAJY
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a(v,) 26, 27],

. T 52
oap(ivy) = SN, Sau(v)dan(—1n) 1n/D5P[[5P] expSpr[oP]| . (3.48)

a=0
Ormernm, uro Beipaxkenue (3.48) coorBercrByer Tomy, uTo B 3DdEKTHBHOM
aeficTBuM Jiisi BeKTop-nioreHnmana a(v,) uMeercst wien j(v,)a(—uvy), rae j(vn)
obo3HavaerT Pypbe-KOMIIOHEHTY TOKA.

MoxxHO HpOBEpHUTH, YTO BKJIAJ IIEPBOrO IIOPAJIKA II0 IIapaMeTpy IOPsJIKa,
A(q) B mPOBOJUMOCTH OODAINAETCS B HyJb. IDTO MPOUCKOJUT TOTOMY, UTO
OJIHOHAIPABJIEHHAST BOJIHA, 3apSAOBON IJIOTHOCTH O0OpasyeTcss Ha HEHYJIEBOM
BekTOpe Q. Takum obOpa3om, mepBas Hencdesaolas J00aBKa K MPOBOIMMOCTH
OJTHOPOJTHOT'O COCTOSTHUST ng) OKa3bIBaeTCsI BTOpOro mopsiaka mo A. [mst Toro,
9TO0OBI HANTH ee, HEOOXOANMO PA3JIOKUTh jeiicTBue Stz [0 P] 10 Broporo mopsijika
Kak 1o noreHnuasy A(r), Tak u 10 K, a 3aTeM UPOMHTEIPUPOBATH IO
nosisiMm O P(r). TexHuuecku 3m0 aHAJOIMYIHO BHIYUC/IEHUSIM, IPEJCTABJIEHHBIM B
npebiyiei riase. Hyxxuo 3amenunts A(T) Ha PyAPy+K u YUATHIBATH HAJTTINE
Tpex yposreit Jlammay Bmecto omuoro. Torma packiajbiBasi jeficteue Syp[dP]
0 gerBepToro nopsyika 1o PyAPy + K 1 BbUIeJsist 4JieH BTOPOro MOpPSUIKa
KaKk 100 A, Tak ¥ 10 K, HafijieM Tpu BUJA BKJIQJIOB B TEH30D IPOBOAUMOCTH
COCTOSIHUSI OJHOHAIIPABJIEHHON BOJIHBI 3apsiJIOBOil ILIOTHOCTH. Jlmarpammbi,
COOTBETCTBYIOIE UM B CTaHJIAPTHON “KPecTOBOI  TEXHUKE IIPeJCTABICHbI Ha

Puc. 3.1.

[Tepsbie jBe guarpammbl (Puc. 3.1(a)) coorBeTcTBYIOT ClIeyOEeMy BKIALy B

IIPOBOJAUMOCTD
, STwyr G3 (w TP A?
o (ive) = —=——2T Y "~ pn) — ;
muy, S~ 1+ gm (0,0) (1 4 gmy™(0, Qo))
X Y Dy, Dby Gy(wn + vy). (3.49)
p
3/ech  CUMBOJI ?Vp 0003HAYaEeT MATPUYHBIA  DJIEMEHT KOBAPUAHTHOM
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31

32

[IPOU3BOIHOA,

Diy, = /drcb}‘Vk(r)Dacbpk(r) =/ { VN + 1y N1 + a\/ﬁ%Nl} :
(3.50)
npudem
=4, Y=1, = —i, Y=1. (3.51)
OxkasbiBaercsi, 9T0 Bbipaxkenue (3.49) gaeT TOJBKO HM30TPOIHYIO IMOMPABKY K
IIPOBOJIUMOCTH, T.€. aé‘? = U?Sz) u aé‘;) = —03(,‘;,), npudeM 3aBUCUMOCTU OT

HAIIPABJIEHUsT BOJIHBI 3aPsiJI0BOH INIOTHOCTH (OT yIjia ¢)) HE BO3HUKAET.
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31
349 352 355

Tperbsi quarpamma (Puc. 3.1( )) paBHa

(b) . o 87TWH G (wn + Vn TQA a b
o, (iv,) = o TZ (0 + g75(0, Q0))? ZG wy )Gy (wp) N Dy
nLGN (wn)GN(wn + Vn)

1 + gﬂg”(Vn, QO)

Bennauna I, p,p.p, (Q) npeacrasisier coboil IPUMECHYIO JIMHHUIO B [IPEJICTABICHUN

y [INWN<QO> + g (Qo) Inawn(Qo) |- (352)

rHomepoB yposueit Jlangay (cm. Puc. 3.2)

[p1p2p3p4(Q> ) /Fp1p2 (q)Fpsm(_q) exp (_Zqu%—I) : (353)

Boraucnenne I, .., (Qp) npusegero B Paz. 3.8. lust ymobcrBa pesysibraTsl
cobpanbl B Tabimne 3.1. Tax xaxk Bemmuunsl Iynypn(Qg), Inpnvn(Qp) #
I,y n(Qp) mponoprmonambusr Jy(rg) = 0, To 3Ta JmarpaMmma He JaeT BKIaJa
B [IPOBOJIUMOCTbD, T.€.
o (iv,) = 0. (3.54)
[Tocnenuss nuarpamma (Puc. 3.1( )) pasua

U(C)@'V - 87WHTZ G (wn)GA (wn + vp)TEA?
(0 (159720, Qo) (1 T 975 (0, Q)

VM

DZNDg/N]Npr’<QO)

X Gy(
Z wn wn + I/n) 1+ QWB‘)’"(Vn, QO)

(3.55)

JIeHBI B CyMMe 110 HoMepaM yposueil Jlangay ¢ p = p = N £ 1 upusogsr

AHU30TPOIHBIM TOIPaBKaM K IPOBOJUMOCTHU, KOTOPbIE 3aBUCAT OT HAIlPaBJIEHUS
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BOJIHBI 3apsAJI0BOM IJIOTHOCTH. JieHbI ¢ p = N £ 1 m p/ = N F 1 nmpuBogdar K
M30TPOIHLIM [ONMPABKAM K ITPOBOJANMOCTH.

Boipaxenust (3.49)-(3.55) MO3BOJISIIOT BBIYUCIUTL IONPABKH, CBI3aHHBIE C
HAJMYIAEM BOJIHBI 3apsijIOBOfl IUIOTHOCTH, K TEH30DY MPOBOJIUMOCTH Oy =
oap(w = 0) na nocrosinaom Toke. Huke OTie/bHO pAcCMOTPUM aHU30TPOIHbI

Y U30TPONHBIN BKJIAJbl B CTATUYECKYIO IPOBOJIUMOCTD O gp.

3.3.2  HHU30TpPONHAadg YACTh TEH30pa MPOBOAMMOCTH JC(L?) i)

Boipaxenne (3.55) mNO3BOJISET BBIUUCIATL AHU3OTPOIHBIA BKJIAJ B TEH30D
npopoguMocTu nipu 1, — T <K T,., rme pasjoXeHue 1O IMapaMeTPy MOPSAIKa
A onpasuano. Otbupast wiensl ¢ p = p = N £ 1 B cymMme 10 HOMepam
ypoBreii Jlangay B BbipakeHuu (3.55), HAXOAUM CJIEAYIONTAE BBIPAYKEHUS JIJIS

aHI/ISOTpOHHOﬁ YaCTU TEH30pPa MPOBOJMMOCTH Ha IMOCTOAHHOM TOKE

(a is)
: B 5 )

O'(a is) a :F47Tle (T0> (47‘(’TCT> A S[2¢]7 (356)
yy

u
O_(a is)
o = 4T N T (ro) A?s n[2¢)]. (3.57)

Uz(/i? is) : AT,

Oyukiust () onpejenena yepe3 0000meHHY 0 3eTa~-GyHKINI0 PuMana Kak

472
ST LT
()= 5 = (3.58)
[ 25+ )] 1——, > 1.

[Ipu BbIBOJE ACUMITOTMYECKUX BbipaxkeHuil Jyisi  GyHkiuuu ()  ObLIO

UCIIOJIb30BAHO aCUMIITOTHYECKOE BhIPaXkKeHue Jijisi 0000IeHHOM 3eTa-DyHKIUN

(=1 _1) _ —21k, > 1. (3.59)

u dakr, ato ( ,1/2) =7 /1 . @ynknusa ( ) monoTomHO Bodpacraer or 0 jo 1,

Kak TokKa3aHo Ha Pwuc. 3.3.
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Boipaxkenusi (3.56) u (3.57) sBJSIIOTCS OJHUM U3 OCHOBHBIX DE3YJILTATOB
9TOif IIaBbl.  HEU30TpomHble monpaBku (3.56) u  (3.57) oxa3bIBAIOTCS

nponopiuonasbubimu (T, — T)/T,., Tak kak B Teopuu Jlangay napamerp

a is
nopsimka A oc \/(T, — T)/T. (cM. rnaBy 2). TJIOBas 3aBUCHMOCTE o& ) myveer
muauMyM 1ipu ¢ = 0, 4rT0 coorBeTcTByeT BeKTOpY (), HAIIPABIEHHOMY BJIOJIb

ocu x. [Ipu 3TOM MOIYJSAIMS IJIOTHOCTHA BJOJB OCH  OTCYTCTBYyeT. BujiHO, 4TO

(a is) (a is)
Y

mpu ¢ = (0 IpoBOAUMOCTDH O, MOJIOXKUTEJIbHAA, & Oy, =~ OTpUIATEJbHAd,
[IpAYeM OHH PaBHBI IO MOAY/I. DTO MPUBOJAUT K TOMY, UTO IIPOBOJUMOCTD 0.

BJI0JIb MOJLYJISIIIAM MAPAMETPa MOPSIKA MEHBIIE, 9eM ITPOBOJUMOCTD Oy, TOIEPEK.

(

a is
Ormerum, uro 1pu ¢ = 0 1IPOBOAUMOCTD Oy )

obpallaercsi B HyJib. CJIA K€
(a is) (a is)

BekTOp () HAIIPABJIEH 1O YIJIOM ¢ = T /4 K OCH &, TO Oy W Oyy ~ PABHBI HYJIO
a is

n3-332 CUMMETPUU MEXy ocsimu £ u . Haobopor, af(fy ) JIOCTUTAET MaKCUMyMa.

Tak>ke HEOOXOJMMO OTMETHTbH, YTO AHU3OTPOIHBIE IMOMPABKUA K MPOBOJMMOCTH

IPONOPIMOHAJIbHBL N TakkKe, KaK U MPOBOJUMOCTh OJJHOPOJHOTO COCTOstHUs [2].

(i

s )
3.3.3 30TPOIHASA YaCTh T€H30Pa MPOBOAMMOCTH 0,

Boipaxenusi (3.49) u (3.55) 103BOJISIIOT BBIYUCIUTH U30TPOINHbIHA BKJIAJ] B TEH30D
npoBogumoctd p T, — T < T... Ot6upast wiessi cp =N+ 1, ap = NF 1B
cyMMe 1o HoMepaMm ypoBreit Jlanay B Bbipaxkeruu (3.55), HAXOJAUM CJIEJLyOIINE

BbIpaxXe€Hue J1Jid I/ISOTpOHHOﬁ IIOIIPaBKH K IIPOBOAUMOCTHU O 5, Ha IIOCTOAHHOM TOKE,

. 1
6ol ) = 47N ., [ ——— | A? 3.60
oo : (47TTCT) ! (3.60)
rie dbyHkuus . ( ) onpejesiena Kak
1 et (34 (1—1) )
u( ) = j12<7"0) < ) + 1 1 - = 1 5 (3-61)
2 (2.5+ ) 2,5+ )
1 AMeeT CJIeIyIOIue aCUMITOTAKH
2
SER U e
= 3.62
T 1 jz ra) — 1
le(TO)+Z_ (ro) , > 1.
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33

is
Kak BujHo u3 Bhipaxkenusi (3.60), u30TporHast MOMpPaBKa 5ol ) oxaspisaercs
TOrO K€ IMOPSIKa, YTO W AHU3OTPONHAs YacTh TEH30pa IIPOBOAUMOCTH. Jliist

U30TPOIHOM MONPABKU K MTPOBOAUMOCTH 0y HAXOIUM

. T, 1
ol ) = —87T2NE vy (MTT) A? (3.63)

rje

oy ) = [Jf(ro) [4 ( ,%+ )+ k (4,%+ )] —2 ..()  (3.64)

+ m¢’(%+(1—i))— m¢(%+(1—i) )] [ (271% T

Oyukimst  ,,( ) uMeer cieayiomue aCHMITOTHYIECKUE BBIPAXKEHUSI B IIPEJIEJIe

MAaJIOTO U OOJIBIIIOTO

( 2 nil
% -2 j;H?)), < 1,
x = 3.65
y( ) < (E B 2._712(7°0)> N . ( )
\ 4 7 .

is

TlofepKieM, HTO H3OTPONHAs MOTPABKA K MPOBOANMOCTH 0L ) COAEpIKHT
i\ ) Y

sonosHuTeNbHYI0 Magiocth max{T., 77'}/wy 1O CpaBHEHWIO C OCTAJLHBIME

pesysibraramu. Pesyubrarsl (3.60) u (3.63) sBisiforCs OJHUMM U3 OCHOBHBIX

pe3yJIbTaTOB 9TOU IJIABBI.
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3. JI T a4 MOHHaAd IIPOBOAMMOCTD

3.4.1 dDaykTyaruu napamMeTpa MmopaaKa C y4eTOM aHWU30TPOITAN

[Tapamerp nopsijika A(T) UMeeT CMbIC/T IEPEBAJLHOTO PEIEHUs! JIJIs TLIA3MOHHOTO
[I0JIsI, KOTOpOe IOsIBJIsieTCsi pu Ipeobpaszopannu Xabbapua-CrpaToHoBuda,
JUIST 9JIeHa, C 9KPAHUPOBAHHBIM 3JIEKTPOH-3JIEKTPOHHBIM B3aUMO/IEiCTBUEM.
Pazyioxkenne Takux (pusndecKux BeJUUMH, KaK CBOOOJIHASI SHEPIUsl U JIUHEHHDII
OTKJIMK, 110 CTEIIEHSIM ITapaMeTpa MOPsiJIKa OMpPaBIaHO, €CJIU MOXHO IpeHedpeyb
ero duykryarnusmu. Kak ObLJIO TOKa3aHO, B TPEJbIIyIeil riae, QIyKTyaluud
IPUBOJSAT K TOMY, 9TO IE€PEXO]] U3 OHOPOHOTO COCTOSIHUSI B COCTOSTHUE BOJIHBI
3apsII0BO# JIOTHOCTU CTAHOBHUTCS MEPBOTO POJIa U MPOUCXOIUT MpU HOJIee HU3KOM
remneparype T.—0T,, e 6T,./T, oc N™2 3 < 1 (cm. passien 2.4).  3yunm Tenepb,
Kakoi 3(dekT 0Ka3bIBAIOT 3TH (PJIyKTyallud HA TEH30D ITPOBOAUMOCTH BbIIIE U
HI2KE TeMIIEPaTyphbl IePexXo/ia.

Beime mpeamosarasioch, 49TO HampaBienue BekTopa Qg dukcupyercs
BHYTpEHHE! aHW30TPOINeH WM MPUIOKEHHBIM MapaJjlieJIbHO JBYMEPHOMY CJIOH0
MarHuTHBIM 1ojieM. OJIHAKO KOHKPETHBIH BHUJ 3TOH aHM30TPONMU ObLI He
BakeH. Terepb e HEOOXOJAMMO €ro KOHKPETU3UPOBATH. IJKCIEPUMEHTAJbHBIC
HCCJIEIOBAHUST AHU30TPOINK, KOTOPasi OTBETCTBEHHA 3a BLIOOD HAIPABJICHUSI,
BJIOJIb KOTOPOI'0 00pasyeTrcsi OJHOHAIPABJIEHHAsT BOJIHA, 3apsiOBOM ILJIOTHOCTH,
ObliM  BBILOJIHEHBI B psiie pabor [13, 14, 15, 16, 89]. Pesysbrar srux
UCCJIEJOBAHUI MOXHO OODBSICHUTD, €CJIM MPEAIOJOXKHUTh, YTO B IMOTEHIAAJE
Xaprpu-Qoka U(Q) MOSBISIOTCS YIeHbI MPOMOPIUOHATbHBIE S 2¢. [Ipu sT0M
9KCIIEPUMEHTAJIbHO ycTaHOBJeHO [89], uro koaddunuent npu  s2¢ 3aBucur
OT TUIOTHOCTHM JBYMEPHBIX 3JIEKTPOHOB M ¥ TIPHU ONpPEAEJEHHOM ee 3HAYEHWUH
n, obpalaercsi B Hyjlb. B 9TOi TOYKE CTAHOBUTCS BaXXKHbIM CJIEAYIONIUI YjieH
B 9HEPI'MM AHU30TPOIHUK MPOMOPIUOHAIBHEI  s4¢. OTMeTuM, YTO MOSIBJIEHUE

YaeHa  S2¢ B SHEPIUd aHU30TPOIHUH JIO CUX IOp He 00bSICHEHO TEOPETUUECKH.
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BoJjiee Toro, wjen Bujia  s2¢ 3alpelnieH cuMMeTpueir oObeMHOr0 KPHUCTAJLIA
G 1 (pU3MIECKOe MPOMCXOXKJIEHNE ero JO CUX Mop He u3BecTHO [15]. sen
MTPOTIOPIMOHAJIbHBIN S 4¢@ MOXKET ObITh MOJIyYeH TEOPETUUECKH, KaK Pe3yJIbTaT
ydera Mbe303JIEKTPUIECKON Npupoabl 00beMHOro kpucrajuia G [91, 92].
Huxxe Oynem paccmarpuBaTrh Ciiydail OOIIEro IMOJIOXKEHHUsI, KOIJIa DJIEKTPOHHAs
IJIOTHOCTh M 7# Ny W 9I€H MPOIOPIUOHAJbHBIN  s4¢ He BaxeH. OTMernm,
YTO THUNUYIHOE 3HAUYEHWE IHEPTUH aAHW30TPOIUN mopsanka 1mK, Kax
nokasbiBaeT skcrnepuMent [15]. st Toro, 9T00BI yUecTh HAJUYNE AHU30TPOMUN

KOJIM9IeCTBeHHO, 3amennm Besmauny To(Q) (em. (3.36)) BOsm3u QQ = @) Ha

1— s2¢

Th(Q) + 5

(3.66)

OTmeTnM, 9TO 3TO BBIpaXKeHHe uMeeT MUHUMYM 1pu ¢ = 0.

I[Ipu T° > T, napamerp HOPsijiKa BOJIHBI 3apsiJIOBOM IJIOTHOCTU paBEH
B cpegrem Hyao (A) = 0, HO cpejHee 3HAYEHUE €0 KBAJIPATA OTJIUIHO
or myna (A?) # 0. Dror ¢axkT NPUBOIUT K TOABJICHUIO MONPAaBKA K
TEH30PY MPOBOJUMOCTH B OJHOPOZHOM COCTOSTHEM, OJarogapst HaJHIuio CJaabbIx
KOPPEJIALMA, COOTBETCTBYIONMX COCTOSIHUIO BOJIHBI 3apSIOBOI  IJIOTHOCTH.
Ormerum, 49TO 3T (QJIYKTYyAIUMOHHBIE IIONPABKM K TEH30PY IIPOBOAUMOCTH
AHAJIOTMYHBI IIOIPABKaM K [POBOJMMOCTH HOPMAJbHOIO MeTajlla U3-3a,
CBEPXITPOBOJISIIErO CIIAPUBAHUST BBIIIE KPUTHIECKON TemiepaTypsl [93].

DyKTyannonHas MONPaBKa K TEH30Py IMPOBOANMOCTH MOXKET ObITh HafijeHa ¢
nomomipto 3amenbl A% na (A(Q)A(—Q)) B Boipakenusx (3.56), (3.57), (3.60)
n (3.63) m mocieayroOeM YCpeIHEHWH MO BceM BOJHOBBIM BekTopam Q. C
yderom Bhipaxkenust (3.66) dbynkius ['puna jjisi napamerpa mopsijika MOXKeT ObITh

naitjena u3 (2.81) u pasHa
-1

) (¢ — Qo)°R:+ sn’ ¢] :
(3.67)

1.

B@AQ) - o |

T-—1T. 1
T. 4n'T.T
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rje 6espasmephbiit mapamerp = /Tj, a dyHkiwms
(43+ )
2,5+ )

mpudYeM [OCTOsiHHast 1 = 2. 8 ompejesena B Bbipaxkenuu (2.85). Ilocie

()= 1+T(ro) ° (3.68)

WHTEIPUPOBAHUS TIO MOJYJIO BekTOpa Q mosydmm, 9TO B BhIpaxkeHusAX (3.56),

(3.57), (3.60) u (3.63) mo/mkHa OBITH ClleTaHa 3aMeHa

(p)A: — <2l+ ! )[( ! )]_12 (3.69)
4t N "2 ArnT.T 4.7 '

\/T T/27r\/1+ T)Sn2¢

T-T

OtmeTumM, 9TO Kak OOBIIHO, 9TOOBI U3 popmyit misd 1’ > T, monydntb GOPMYJIbI

st caydast T < T, myxuno 3amennts (' —T..) /T, wa 2(T. — T)/T..

3.4.2 DayKTyallmOHH € TIOTIPaBKM K aHU30TPOMHOW YacTHM TeH30pa

IIPOBOIMMOCTU O'SZ i)

[IpousBojst wmHTerpupoBanue 110 yriay ¢ B Bbipaxkenuu (3.69) ¢ (@) =
s 2¢, HaXOMUM CJIeayiomue GpJIyKTyalnOHHbIE IOMPABKA K aHU30TPOIHOM 4acTr

TEH30pa IIPOBOJIUMOCTHI

T, T,
a is— —CF — T Tc
sz | 2 1 20T, —T) (Q(Tc — T)) 4 <o
( _ ) - q:Tojl <r0) <
Sol2 18 AT T. T.
v "~ F ), T >T,
VT —1T. -1,
(3.70)
3uech dyukuusi () BhIpaxkaercsi yepe3 GyHkimio () Kak
2m 4
— <1
27 1 4 ) )
SCETSNON hve -

N v 1y
VIEre) + 1

3ameruM, 4TO TaK Kak (QyHKious () MOHOTOHHO BO3pacTaer, a QyHKIus

(2, % + ) /+/ () monorouno yobIBaet, TO B pedysbrare byHKIusA () EMeeT
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34

makcumyMm npu  ~ 0.9 (cm. Puc. 3.4). Oyuknus F' (x) onpejensiercs: depes

[IOJIHBIC JJLJIMIITUYECKUE UHTErPAJIbL [IEPBOIO U BTOPOrO POJIa,

X

F($)=%[<1+%)K(iﬁ)_g (V)| = 571 T <1,

——Inl e 2z, z>1.
T\ X
(3.72)
HTErpaJI o yriry ¢ B Boipaxkenuu (3.69) ¢ (¢) = s n2¢ obpamiaercs B HyJIb,
II09TOMY aHMU3OTPOIHBIE (DIYKTyallMOHHbIE NONPABKMA K KOMIOHEHTAM Oy U Oy
TEH30pa IIPOBOJUMOCTHU OTCYTCTBYIOT.
[Toguepknem, 410 Bbipaxkenue (3.70) siBJisieTCs OJHUM U3 OCHOBHBIX

pPe3yJIbTaTOB 9TOU IJIABBI.

3.4.3 ®DaykTyanmumoOHH € NONPaBKMW K WU30TPOIHOI dYacTu TeH30pa
(is )

nmpoBoauUMOCTHA O

[TpousBojst mHTErpupoBanue 1o yriy ¢ B Bhipaxkenuu (3.69) ¢ (o) = 1

Y

HAXO/IUM CJiejytorue (pJyKTyallMOHHbIE TOIPABKK K MU30TPOIHON 4acTu TEH30DPa
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IPOBOAUMOCTH

)
1. T
- 1 \ 27, TF<2T T)’ <t
505(;;—):_7,0 o ) (1. =T) (1. =T
Amd.T T T
- <, T>T.,
(VT -1, -1,
(3.73)
u
(| T T,
c F ‘ T <T,
st —)_ 2ol L\ J\Ver=1) (2(TC - T)) ! !
i wy U \4nT,.r T. T.
F : T>T1T.,.
NT=—1, \T-T,
(3.74)

()M ()

31ech byHKIIAN

COOTBETCTBEHHO,

y

\

Otmernm, aTo DyHKIUNA

BBIpaXKaloTcs depe3 GyHKmun ., ( ) 1 4y( )

7.(.2

- <1
\/_1 Y Y
VATER Y0 A R
4/ Tro)+ 1 ’
2 _ (L
S Qf(2>>, < 1,
v szﬂ' (3.76)
™ — 87, (ro) > 1.

)

4\ TE(ro) +

1

zy( ) MMEIOT MAaKCUMyM MPU 3HAYEHUSIX

pasubix 0. 4 u 0.1 coorBeTcTBEHHO, KaK MoKaszaHo Ha Puc. 3.4. Oyuknus F ()

onpeneJdeTcd C MOMOMIBIO IMTOJTHOT'O JJIJIMIITUIECKOT'O MHTET'PaJla IMTEPBOTO POJa KaK

[ToguepkHEM, UTO BBIpAXKEHUS

Pe3yJILTATOB ITON TJIABHI.

r <1,

1 (3.77)
——1Inl =z,

T/ T

x> 1,

(3.75)-(3.76) sABISIIOTCS OJTHUMHU U3 OCHOBHBIX
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3.4.4 Ilpemen mupumenumoctu pedyabraros (3.70) (3.75) u (3.76)

Boipaxenus (3.70), (3.74) u (3.75) pacxogarcsa npu ' — T,. D1o 03HATAET, ITO
9TH Pe3yJAbTATHI He IpuMeHnMbI BOu3u 1. [Ipemes npuMeHIMOCTH OLpeIeIsieTcs
TeM TpeDOBaHHEeM, U4TO (PJIYKTYaIMOHHAsT IIPOBOJUMOCTD JIOJXKHA OBITH MaJa II0

CPABHEHMUIO C TIPOBOJUMOCTBIO OJIHOPOJHOIO COCTOSIHUS, PABHOM 2]

ON
o) = —, 0;2) — N. (3.78)

[TokaskeM, 9TO ycjoBUE MAJIOCTH (DIYKTYAIIMOHHON MPOBOIUMOCTH U YCJIOBUE
majoctu orkionenust |1, — T| < T, cosmecrusl. Paccmorpum chavasa
durykTyanuonsyo 1onpasky (3.74) K NPOBOJUMOCTH Ohp.  CXOJSl W3 TOIO,
9TO MakcHMaJsbHOe 3Hadenne ¢yukiuun F (r) pasuo 1, a dysxkmumm .. ( )
npubamsuTespao 0. (cm. Puc. 3.4), u ucnonssys Beipaxkenne (3.78), Haxomnm,
970

|T. — T)| 1

1
> = P

npudeM ClipaBa IPUBEACHO MaKCHUMaAJIbHO BO3MOXKHO€ 3HAYECHHE. Kaxk BHUIHO,

(3.79)

B mpemeae N > 1 wuepaBenctBo (3.79) He TPOTMBOPEYMBO.  HAJU3
BbipaxkeHust (3.70) st (DJIYKTYAIMOHHBIX TIONPABOK K aHU30TPOIHON YacTh
IPOBOJIMMOCTH JIaeT aHAJOTHUHY0 oneHKy. QuykTyanuontnas nonpaska (3.75) K
IPOBOJIMMOCTH Oy COAEPKUT JOLOJHUTEIBHYIO MAJIOCTh T, /Wir, 109TOMY yCIIOBHE
IPAMEHAMOCTH TI0JIy9eHHBIX BBIIIE BBIPAXKEHU JIsT (DJIyKTYAIMOHHBIX HOIPABOK

onpejesisiercst HepaBeHCTBOM (3.79).

3. C JIEHHUE II0JI €HHBbI pe3 JIbTAaTOB

Belmre ObLT MOJyYeH psiji Pe3yabTaToB I TeH30pa IPOBOJUMOCTH JIBYMEPHBIX
B3aMMOJIEHCTBYIOIIMX 3JIEKTPOHOB Ha BBICOKOM ypoBHE JIaHay TpU MOJJOBUHHOM
3aII0JIHEHUK. DbIJIO IIOKa3aHO, 4TO HUXKe TeMmiepaTypbl 1. ¢da3oBOro mepexoja

B COCTOAHUC O,ILHOHaHpaBJIeHHOfI BOJIHBI SapﬂﬂOBOﬁ IJIOTHOCTHU IIOABJIACTCA
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35

3 56

AHU30TPOIHAST YaCTh TeH30pa mpoBojumocTtu, koropas mupu (1, — T)/T. < 1
IIPOIIOPIIMOHAJIbHA, OTKJIOHEHUIO TeMileparypbl orT kputudeckoit, T, — T'. Kak
mokasaHo Ha Puc. 3.5, 370 NpWBOAUT K M3JIOMy B TEMIIEPATypPHOU 3aBUCHUMOCTH
AHU30TPOITHOM 9aCTU MPOBOAMMOCTH B TOUKe iepexoja I’ = T,.. dger daykryarmit
nmapaMeTpa TOpsiKa, KaK BbINIE, TaK W HIXKe 1., MPUBOJUT K CIVIAXKUBAHUIO
uzsioma (cM. Puc. 3.5).

Pesysibrarhl, 1OJIydeHHBIE BBIINIE, ObLI HAWJEHbI JUIsi  CIOydasi JIeJbTa-
KOPPEJMPOBAHHOIO CJIyYaiiHOrO HOTeHnuaJja. B ciydae ciaydaitHOro noreHmnuala
¢ JjuimHOM Koppessiuu d  # (0 MOXKHO yTBEpPXKJAaThb, HUTO TEMIIEPATypPHBIE
3aBUCUMOCTH BO BCEX TIOJIYYEHHBIX BBIIIE PE3yJIbTaTaX OCTAHYTCS TAKUMU Ke, a
U3MEHSITCST TOJIBKO KO DUITUEHTHI TIEPe HUMU, KOTOPbIE Tereph Oy/IyT 3aBUCETH
He ToJbKo o1 1 /47T, 7, Ho u or napamerpa d /[

B skcnepumentax [11, 12| usyuasnach 3aBUCMMOCTH cOmpoTuBjeHuil R, u
Ry, or Temmneparypel npu dakrope zamosnuenust v = 9/2 (cm. Puc. 3.6).
K coxasiennio, crenuajbHO BOIPOC O BUJE 3aBUCUMOCTH COIPOTUBJICHUSI

OT TeMIlepaTypbl BOJU3U TEMIIEPATYPbI, MPU KOTOPOH TMOSIBJISIETCS pa3Jinydue
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36
86
35

mexnay R,, u Ry, He uccremosasnca. Oxnako, kak BugHo u3 Puc. 3.6, B
TeMIepaTypPHOIl 3aBUCUMOCTH CONPOTHUBJIeHUI [, u R,, nMeercs ydacTok, IO
BCEll BUJMMOCTHU, C JIMHEHHON 3aBUCUMOCTHIO OT Temiieparypbl. [Ipu BbicOKUX
TeMIlepaTypax conpotusjenud R,, n [,, OJMHAKOBbI M OT TeMIEPaTyphl
He 3aBucAT. TeMiepaTypHas 3aBHCUMOCTb COLpOTHBJeHU# R,, u R, BOIM3H
100mK, kak Bumuo u3 Puc. 3.6, KadeCTBEHHO IIOXOXKa Ha TEOPETUIECKYIO
sapucumocTh BO/mM3u T (cM. Puc. 3.5). Takum 0obGpas3om, MOXKHO yTBEPXKJATh,
YTO TEOPETUUECKUEe Pe3yJbTAThl, TIOJYIeHHbIE BBINIE, HAXOMATCA B KaUECTBEHHOM
COTJIACUU C IKCIMEPUMEHTAJHHBIMU, OJIHAKO JIJIS BBISICHEHUS] KOJMYECTBEHHOTO
corjiacust HeOOXOIUMBI JAJTHLHENTITE SKCIIEPUMEHTAJbHBIE UCCJIEIOBAHUS.
KadecTBeHHO 110JIyUeHHAs BBIIIE yIJIOBas 3aBUCMMOCTH aHU3OTPOITHON YACTU
TeH3opa npoBogumoct (cMm. (3.56) wm (3.57)) cooTBeTCTBYET pe3ysbTaTaM

skcrepuMenToB [11, 12, 86]. cm TOK TedyerT B HANPABJIEHUU BIOJIb MOJYJISIIUN
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IIJIOTHOCTA B COCTOSAHUU OJHOHAIIPABJIEHHOW BOJIHBI 3apsAJ0BOM IJIOTHOCTH,
TO IPOBOAUMOCTH (CONPOTUBIIEHHE) OKa3bIBAETCS MeHblne (6osblne), weMm
IPOBOJIMMOCTD (CONPOTHUBJIEHNE) B Cilydae, KOTJa TOK MPOTEKAET B HAIPABJICHUN
MEPIEHINKYISIPHOM K MoayJsanuu. [Ipm sTom B obomx ciydasix XOJJIOBCKAsI
IPOBOJMMOCTD (CONPOTUBJIEHUE) OCTACTCS IPAKTHIECKU OJIMHAKOBOIA.

3aMeTHM, YTO COCTOSIHWE OJIHOHAIPABJIEHHOW BOJIHBI 3apsSI0BON IJIOTHOCTU
CYIIECTBYET TaK:Ke Mpu (haKTope 3all0THEHUsT YPOBHA JlaHaay BOJU3YU TOJIOBUHBI
(em. pasmen  2.3.3). Ilpm srom TemmepaTypHble 3aBUCHMOCTH HE W3MEHSITCH,
a KOI(DUIMEHTHI CTAHyT 3aBUCeTh HE ToJdbKO orT 1/47nT.7, HO u or
sesuuntbl iy /T.. [lpu pajbHeiiiieM yBeJMY€HUM XUMUYECKOIO [IOTEHIUAJIA
[N COCTOSIHAE€ OJHOHAIPABJIEHHON BOJIHBI 3aps0BOM IJIOTHOCTH IMepeiieT B
COCTOsIHUE TPEYI'OJILHOU BOJIHBI 3apsiJOBOW IIJIOTHOCTU, B KOTOPOM €CTb TpPHU
ocHoBHbIX BeKTOpa Q;, Qy 1 Qs, HAlIpaBJIeHHbIE 101 yryiamMu ¢, p+27/ u p+4m/

K OCU I COOTBETCTBECHHO. O,ZLHaKO B CHJIy IIPOCTOIr'0 TOXKJIECTBaA
14+e* "3 4e?'3=0 (3.80)

BKJIQJIbl B aHU30TPONHYIO YaCTh TEH30Pa MPOBOJMMOCTH OT TPEX BEKTOPOB Q;
B3aMMHO COKpaTATCs. [I09TOMY B COCTOSHHME TpEYyTrOJILHOW BOJIHBI 3aps0BOM
TUIOTHOCTH TEH30D TPOBOJANMOCTH OCTAETCST M30TPOIHBIM, BO BCSIKOM CJIydae B
TIEPBOM TOPsiJIKE 1O KBAJIPATy Tapamerpa MopsijiKa.

Heobxomumo ormeTnTh, 9TO (U3NUECKH AHU30TPOIHAS —I[IPOBOJNMOCTD
0((;; i) B COCTOAHMUA OJHOHAIIPABJICEHHON BOJIHBI 3apsAJOBOM  IJIOTHOCTH,
nosrydertass Boime (cM. (3.56) um (3.57)), BO3BHWKaeT u3-3a WHJIYIMPOBAHHOTO
EPUOJIMYECKOr0 B OJHOM HampaBjeHun moreHnuana A(r) B geiicrBum (3.45).

HU30TPOMHUST TEH30PA TPOBOJANMOCTH JBYMEDHOT'O SJIEKTPOHHOTO Tra3a B
csiabOM MArHUTHOM I10JIE [IPM HAJIOXKEHHU OJIHOHAIPABJIEHHOI'O II€PUO/INIECKOrO

IOTEHIMAJa SKCIePUMEHTAJbHO ObLia m3MepeHa 15 jier Haszaj Beiliccom, don

Kuutiuarom, [Inoorom un BaiiMannoMm mpu TeMieparypax B HECKOJBKO I'DaJyCOB

aK HAa BaeM e ocuuisnuu Bedicca.
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KenbBrHa Ha TeTepoCTPyKTypax C HOABIKHOCTBIO g ~ 10 m2/V  [94].
TeopeTuveckn BIUAHUE OJHOHATPABIEHHOTO MEPUOAMIECKOTO ITOTEHIINAJa Ha
TEH30P MPOBOJUMOCTH JBYMEPHOI'O 3JIEKTPOHHOI'O Ta3a B CJa0OM MarHUTHOM
VCCJIEIOBAIOCHh KaK Ha OCHOBE KMHETHYECKOro ypasHenust Bosbrnmana [96, 99,
TaK U MeTojamu juarpamuoil rexuuku [95, 97, 98|. Baxxnoe orinuue norenipasia
/\(r), MHAYIUPOBAHHOI'O OJHOHAIIPABJICHHON BOJIHON 3apsA0BO#A ILJIOTHOCTU, OT
BHEIITHETO MPUJIOKEHHOTO TTEPUONIECKOTO TMOTEHINAJa, 3TO TO, YTO TOTEHITHAJ
A(r) BosHumKaeT ToJbKO Ha N-om ypoBue JlaHmay, a BHENIHUI MTOTEHITHA

YyBCTBYIOT JIEKTPOHBI Ha, BCEX YPOBHsIX JlaHay.

3. a J eHue

st cucTemMbl JIByMEpPHBIX B3aMMOJIEHCTBYIOIMNX JIEKTPOHOB B IPUCYTCTBUE

Oecriopsijika 1 MATrHUTHOI'O IOJII OBLIT HCCJEIOBAaH BOIIPOC
O TMPOBOJIMMOCTU COCTOSHUS OJHOHAIIPABJIEHHON BOJHBI 3apsiIOBOil TIJIOTHOCTH
Py TIOJIOBUHHOM 3aloJiHeHun ypoBHdA Jlaujgay. B pamkax pa3jioKeHHs IO
apaMeTpy MOPSIIKa COCTOSTHUST OAHOHAIIPABIEHHON BOJTHBI 3aPsiIOBO# TIJIOTHOCTH
obL10 Hadieno, urto npu 1, — T <K T, y TeH30pa TPOBOJUMOCTH MOSBJISETCS
aHU30TPOINHAsT YacThb, nponopuuonanbuas (T, —T')/T.. Takxke 66110 HalieHO, 4TO
HernocpeicTBeHHo BOsm3u T, (Kak BbIlle, Tak U HUXKe) QIyKTYaluu napameTpa
[OPSIJIKA, TPHUBOAAT K (DPIYKTYAIMOHHBIM JI00aBKaM B AHW3OTPOITHYIO dYacCThb
TEH30Pa MPOBOIUMOCTHU, KOTOPbIE CryIaXXuBatoT uzjioMm npu 1 = T,.. [logydenubie

PE3YyJIbTaTbl HAXOAATCA B Ka9€CTBEHHOM COIJIACHH C 9KCIIEPUMEHTOM.
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3. Ilpujgo eHume Bl uCJEHUE apa TEPHOIl TeMmIiiepaT

pbI 1’

Cornacro BeipaxkenusiM (3.36) u (3.17) xapakrepuast sueprust 1(q) umeer Bu

T1<q>—nLei¢< Uier(@) To(aRe) Ta(qRe)e * — V2N / L)

: 272 272
Da — 1Py p-l p7l 22, 2
—_ | — ) 81
X 2 NN< 5 ) N,N 1( 5 )6 (38)

3/ech MbI BOCIOJIBb30BaJUCh Bbhipaxkenusamu (2.9) u (2.10) ans dopm-dakrropa

Fyw(g), 1y, wro

v — 1 252 212 .
Fyn-1(Q)=v QN%B NN (q_) ~ e T (qR.), qR. < 2N.

2
(3.82)
[Ipu ¢ = Qp = 1o/ R, B cuity ToxkectBa Jo(rg) = 0 mepBblii 4jieH B BbIparKeHUN

(3.81) obpammaercs B Hysb, u Beauauna 17 = 11((Q)g) paBHa

d ANz)Jo(4N
T, — 4\/_ / Z ..71 T jO( x)$(27,0x)’ (3.83)

V1—2a2

rje

e(z) =1+ ——(1 — J2(4Nz)). (3.84)

x\f

[IpousBojist BhIUUCIEHNE UHTErPAJIA, HAXOIUM, ITO

Ts [Tol (1 4 1 > 4 2 ]
1 TNV2 | 2 V2rrs 1+ V2rrs

rae IMoCTOAHHadA o OIpEeOE/IdeTCd KakK

,/ / (2 7T) 1.09 (3.86)
— S1n Tor — — | =~ 1. . .
’ :U xl—xQ 0 4

12r

Ty =

(3.85)

3 Bbipaxkenus (3.85) BujHO, 41O XapakrepHast Temneparypa 17 ~ Ty /N.
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3. Ilpmno eHme bBI ucjeHWe BeJId UH |, .

crosib3yst onpegesenue (3.53) asa Benuau I, 0.0, (Qg) U Bbipaxenune (3.82)

st hopM-dpakTopa, B upegese N > 1 HaXoauM, UTO

d:v
Inn-iN-aN=INNtINFIN = gnLN/ N “tJo(roV2x), (3.87)
dr
Inn-iNN+1 = INNyiNN—1 = gniN — N (7) N+1() " To(roV2x),
~ dxr .
INNNN-1 = —INNNNt1 = gnLew\/ﬁ/ﬁ v (@) n(@)e " Ti(rov2z),
0
INNtiNN = —INNtI NN = gnpe wb\/_/f N1+1 () n(z)e " Ti(roV2z),
INN-NN-1= Iy yinye = gnoe”®N (@) e R(roV22),

. , dr 3 B
]N,N—1,N+1,N:IN,NH,NA,N = gnLeQZ‘/)N/? N1(33> N1+1( e Ja(roV2z).

Jasee ucmosb3ysi aCUMITOTHIECKOE BhIpaxkeHue Jiisi mosimaoMoB Jlareppa [100]

N 1 .5 (N (2a-1) T m
Cp) e 2 (2 8(2\/]\7 _7_Z>’ N>1, (3.88)
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oJrydaemM, 4To

1
_ _ 2 \70(27”0@
]N,N—l,N—l,N—[N,N+1,N+1,N = QHL;/dCUﬁ, (3-89)
0
1
o _ 2 o Jo(2roz)
INN-1NN+1 = INNfINN-1 = QHL;/dfﬁ(l — 2 )ﬁ,
0

1
INNNN-1=—INNNN+1 = g”L€i¢2 drr———m=
IEAREAR] - - 9 3 3 + - -
™ V1—22’
0
1
INN+yiNN = —INNtINN = gnLe_wQ drr———mv=
9 +'/ 9 - b 9 b — -
s V1—2z2
0

* 4
INN-1NN-1=INNiNN+1 = gnre

2
InN— = I = gnre®®Z | dz(1 — 2% =L
N,N-1,N+1,N N,N+1,N—1,N gnr = ( )m

HTErpaJibl, CTOSAIIME B IPABBIX YaCTsX Bbipaxkenuit B (3.89), BbIUMCISIOTCS C
omMolbio Toxectsa [100]

2

% / Ao 5(2ud)Jo 2ro s¢) =T + (r0)T - (o), (3.90)

0
9TO B UTOIr'€ IIPUBOAUT IJIsA Ip1p2p3p4 K BbIpaK€HUAM, ITPEeJCTaBJICHHBIM B Ta,6.)'[I/H_[e

3.1.
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CHOBH € pe3yJbTaT JIMCCEPTAIUHN COCTOSAT B CJIEIYIONIEM:
Huist cucTeMbl B3aMMOJIEHCTBYIOMIUX JBYMEPHDBIX SJIEKTPOHOB, HAXOJSIIUXCS
B C€Ja0OM MAarHWUTHOM TIOJie, KOTIJIa 3aloJIHeHO MHoro ypoBHe#t Jlanmay, m B

IIPUCYTCTBUU CJIy4aHHOrO MOTCHIMAJIA:

1. TTocTpoena HUBKOIHEPTUTUUIECKAST TEOPHsi, MMO3BOJISIIOIAsl  OMKUCHIBATH
JIMHAMUKY  CHCTE€MBI, C [OMOIIBIO 3PQPEKTUBHOrO  JIEHCTBUS I
9JIEKTPOHOB, HAXO/ISIIIUXCS Ha ITOCJETHEM W3 3aI0JHEHHBbIX ypoBHe JlaHay.
DTO CTAHOBUTCS BO3MOXKHO OJjlarofapss YacTUIHOMY 9JKPAHUPOBAHUIO
KYJIOHOBCKOT'O B3aUMOJIEHCTBUS MEXKJIy JIGKTPOHAMH Ha IOCJTEJTHEM W3
3aITOJTHEHHBIX ypOBHE JlaHmay 9SJEKTPOHAMW C TIOJHOCTBIO 3alTOJTHEHHBIX
yposueit. Ilokazano, 4TO Haju4ue CJIydailHOTO IOTEHIMAJA YMEHBIIAET
apdekT sKkpaHupoBaHus. B pamMkax 35TOi Teopuu BBIYHUCIEH ¢-(PHaKTOP
cucTeMbl, KakK (QyHKIMH MarHATHOTO TIOJIsl, IMUPUHBI ypoBHst Jlanmay
U TapaMeTpa B3aUMOJIEHCTBUSI Ts.  CCJICJIOBAHHO BJIMSIHUE CJIYYAHHOIO
MOTEHIMAJIa Ha CIIEKTP COWHOBBIX BOJH. [lokaszaHo, 9TO ero HaJndne
YMEHBITAET SHEPIUIO CIIWHOBBIX BOJIH, HO KAYECTBEHHBIH BHJI CIEKTPa HE
MeHsteTcs. HaiiieHo, 9To B IPUCYTCTBUU CJIYYIAWHOIO TIOTEHIINAJA, CITMHOBBIE
BOJTHBI HWMEIOT 3aTyXaHwWe, MpPWIeM B IMHPOKOM IHAlla30HE 3HATEHUI
BOJIHOBOI'O BEKTOpa 3arTyxanue okasbiBaerca nopsxa In(v2rsN)/(4N ).
Takke WCCJIEIOBAHHO TYHHEJUPOBAHWE 3JIEKTPOHA HA BBICOKHI yPOBEHB
Jlanmay, 3amosHeHHbI# Ha moJjioBuHy. [losyueHo, 4To B 3TOM ciydae IIesb B

o . 32 12
TYHHEJIbHOU IIJIOTHOCTH COCTOAHHH IIPOIIOPHIHUOHAJIbHA / .
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2.

cciieloBaH  BOHpoc 00 00pa30BaHUM COCTOSIHWMSI BOJIHBI  3apsiIOBOit
IJIOTHOCTA Ha TOCJAETHEM W3 3aloJIHEHHbIX ypoBHe JlaHmay, ¢ ydeTom
HAJIMGWsT  CJIYYaiHOTO MMOTEHIMAJa. BhIauciieHo pa3jioyKeHne CBOOOIHOM
SHEPTWKW 10  TAapaMeTpy  MOPSJKa  COCTOSTHWS — BOJIHBI  3apsIOBOi
minoraoct. Haidijena dazosasi jumarpamma cucrembl. (OKaszajoch, 9TO
BOJIN3M TIOJIOBMHHOTO 3allOjiHeHUsl ypoBHs JIaHIay BBITOJHO COCTOSIHUE
OJTHOHAIPABJICHHON BOJIHBI 3apsIOBOl IJIOTHOCTH, a BJIAJIEKE COCTOSTHUE
TPEYTOJbHON BOJIHBI 3apsijioBOil IIoTHOCTH. [lokazaHo, 4YTO HaJU4IMe
Cy9aifHOTO TOTEHIMAJIa CYIIECTBEHHO OTPAHUIUBAET 00JIACTH BO3MOXKHOT'O
CYIIECTBOBAHUS COCTOSIHUI BOJIHBI 3apPsiJIOBOM IMJIOTHOCTH: INUPUHA, YPOBHSI
Jlangay jpo/okua ObiTh Menbine, yem 1/2 . = 4T /m. Takxke nokasaHo,
9TO HAJMIMe CJIyIalHOIO MOTEHIMAJIa MOXKET IPUBOAUTH K H3MEHEHUIO
[IEPUO/Ia BOJIHBI 3aPsiJIOBOI IJIOTHOCTH, MO-CPABHEHHUIO C YUCTHIM CJIyIaeM.

CCJIEIOBAHHO BjusiHUE (QIIYKTyaluii mapaMerpa TMOpsijiKa B paMKax
OJTHOMOJIOBOTO ~ TpHOJMKeHus1  (cabas KPUCTAJUIM3ANUS), WCKOAS W3
4ero, OIeHEeHa, KpuTWdeckasi obsacth BOMM3M (asoBoro mepexoma. Owna

OKa3bIBAETCH MaJIOH B Mepy MaJtocTu Besmunub N2 3 < 1.

. [lokazaHo, d9TO CyIIECTBOBaHWE OJIHOHAIPABJIEHHOW BOJIHBI 3apPsiJI0BOI

IJIOTHOCTA Ha BBICOKOM YypoBHe Jlanmay, 3amoJHEHHOM Ha MOJOBUHY,
MPUBOJUT K AHU3OTPOIWKM TEH30pa IPOBOJUMOCTUA. BOju3u JIMHWU
dazosoro mnepexoma, 1. — 1" <K 1., BBIYUCIEH TEH30D POBOIUMOCTH
B COCTOSIHUM OJIHOHAIIPABJIEHHON BOJIHbI 3apsOBOM  IJIOTHOCTU IIPU
[IOJIOBUHHOM 3altoJineHun ypoBHs Jlanmay. Oka3ajoch, 9YTO aHU30TPOITHAS
JaCTb TEH30Pa TPOBOIMMOCTH ITPOTIOPIIMOHATbHA, OTKJIOHEHUIO TEMIIEPATY PBI
OT KPUTUYECKON. BOTPOITHAS YaCTh TEH30Pa MPOBOJMMOCTH B COCTOSHUU
OJTHOHAITPABJIEHHOW BOJIHBI 3apsAJIOBON  TIJIOTHOCTH, KaK OKa3bIBAETCHd,
OTJIMIAETCA OT TE€H30Pa TTPOBOJUMOCTH B OJHOPOTHOM COCTOSTHUU UJIE€HAMH,

npornoprnuonajbubivu 1. — T. B HenocpejcrBenno#t Oauzoctu ot T,
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1> |T. - T|/T, > N 2% daykryamuu mapaMerpa TOPSIKa TPHBOIAT
K (QIIyKTYalMOHHLIM IMOIpPaBKaM JJIs TEH30pa MPOBOAMMOCTH, KOTOPbIE
ABJIAIOTCA He aHaanTrdecKuMn GyHkiyuamu T, — T. Dt GIIyKTyannoHHbe
MONPABKM CIVIAXKUBAIOT m3jioM npu 1 = T,., KOTOpBI moJaydaeTcs 0e3 mx
yuera. [loaydennasi temieparypHasi 3aBUCHUMOCTb TEH30Pa IIPOBOJAUMOCTH

Ka49€CTBEHHO COIVIACYETCA C SKCHepI/IMeHTaJIbHOﬁ.
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BTOp 1IyOOKO OJiarojiapeH CBOMM HaydHbIM pykoBojuTessim: M. . BapanoBy
3a Hay4YHOE PYKOBOJCTBO, IOAPOOHOE O0OCYXKJeHHe MHOIUX BOIIPOCOB,
CBSA3aHHBIX C TEMOW JMCCEpPTAIMU, U TOCTOsIHHOE BHUMaHue K pabore M.B.
QeiiresbMany 3a Hay4YHOE pYKOBOJICTBO, BHMMaHHE K padoTe, IEeHHbIE
COBETBHI W IOJJIEPXKKY. BTOP HCKPEHHE OJIaroJlapeH TaK»Ke CBOUM COAaBTOPaM
M. . Cksoprony, H.M. enkaueBy, u, ocoberno, .M.M. IIpayuckeny
33 COBMECTHYIO pabOTy M HEOJHOKpATHBIE IOJIE3HbIE OOCYXKJEHUsS.  BTOP
takxkKe Osarogapen .I.  OamoBy, II.B. Burmany, JI. . I'mazmamy, II./I.
[I'puropbeBy, .M. Hioraery, .C. ocenesuuy, C.B. opnanckomy, . Kawmenesy,
.B. Kamy6e, C. . Kopmynosy, H.C. Jliwobmuny, I1.M. Octposckomy, I.
[Tomomnckomy, K. . Capaiiknny, M. Owunkenbmreitny, .B. @®oMmwuHOBY
u JI. . XMeJbHUIKOMY 3a TIOJI€3HbIE OOCYXKJIEHUsI PA3JIMIHBIX BOIIPOCOB.
Otnenbrast Omarogapuocth [WM. Dumambepry 3a yka3aHue Ha KOHEYHOCTH
BpEMEHU Ku3HWM CcruHOBbIX BoJH (Pa3.1.4.2). Brop Takxke OiarojapeH Bcem
COTPYJIHUKAM HCTUTYTa TeopeTndeckoit ¢pusuku um. JI. 1. Jlangay u  HeTUTyTA
TEOPETUIECKOW (DUBMKM yHUBEPCUTETa TI.  MCTEPJaM, OTBETHI KOTOPBIX Ha
Pa3JIMYHbIe BOIIPOCHI OKa3aJ/iu OOJIbIIYIO [IOMOIIb B padoTe.
Pabora maj jguccepramueil mpoxomausia npu (PUHAHCOBOM MOJAEPXKKE I'PAHTOB
Poccuiickoro donma dpyniamentanabubix uccaegopanuit -0 -02- 6677u -0 -02-

68-64a mporpammbl KBanTOBast Makpo u u a Po wuit oit a ajemun Hay

Munu e Ba oM €HHO u,Hay uu e HOo O uit Po wuit oit ene amnuu
ourga “ wmua u ~ Hwume anmg o o Hay HO O OHJIA OHIa a a
a
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