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TEMA JIUCCEPTAIINUA

Jlannast auccepTaloHHas padOTa MPEICTABIsSIeT COOOH HCCae0BAHUIE
TPAHCHOPTHBIX W MyJbTH(PAKTAIBLHBIX  CBOHCTB  HEYHOPSIOYEHHOIT
9JIEKTPOHHON CHCTEMBI ¢ MArHUTHBIMH PACCEHBATENSIMU U /MU SJEKTDOH-
9JEKTPOHHBIM B3auMojeiictsueM. Tounee, u3ydaercss BpeMsi cOosi a3l
9JIEKTPOHOB MPOBOJUMOCTH, TOMPABKU K HPOBOJUMOCTH 3a CUY€T KBAHTOBBIX
MArHUTHBIX TIPUMECEN MW HYUCTO CKEUJIUHTOBBIE ONEPATOPHl HEJIWHEHHOU
CUI'Ma-MOJIeIN.  3aJla49i BKJIOYAIOT aHaju3 Bpemenu c00s da3bl 1mpu
paccessHUM Ha KBAHTOBBIX TOYKAX W TPUJIOXKEHHUS K 3IKCIEPUMEHTY,
npejckasanne HoBoro 3 dekTa B 3JIeKTPOHHO TPOBOINMOCTH N HAXOXK IEHHe
COOCTBEHHBIX OIEPATOPOB PEHOPMIPYIIB CHI'Ma-MOJEILHOIO JIeHCTBULA B
JIBYIIETJI€BOM IPUOIUKEHNH.

OCHOBHBDBIE PE3VYJIBTATHI I BbIBO/IbI

uccepramnusg HOCUT Teoperndeckuit xapakrep.  llennocTb pesysibraron
3aK/II0YACTCA B HEMOCPEJICTBEHHOM 3HAYEHUHN UCCJIEOBAHUS TEOPETHYECKIX
Mojiesieft, a TaKyKe TPUJIOKEHHH K SKCIHEPUMEHTAM [0 3JIEKTPOHHOMY
TPAHCIOPTY B HHU3KOPAa3MEPHBIX CHUCTEMAaX € MACHUTHBIME IPUMECSIMU:
BO3MOXKHOEe OObscHenue pe3yabraroB[l8, 25| wu mpemckasanme HOBBIX
3pdeKTOB B IJIEKTPOHHON TTPOBOTUMOCTH. Ucnonb3yeMble TeXHUKH
BKJIIOUAIOT HEJMHEHHYI0O CUTMa-MOJAEAb CO B3aMMOAEHCTBHEM, METOMbI
KBAHTOBOI MEXaHWKU MHOTOYACTUIHBIX CUCTEM, PEHOPMI'PYIIIOBOM aHAJIIS.

OcHoBHBIE TI0JIOKEHNS, BRIHOCUMbIE HA 3aMIUTY:

1. B aBymepmHoit  HeymopsijIOU€HHON  JIEKTPOHHOW  YKUJIKOCTH
JWHeHHOe 10 TeMmieparype obparHoe Bpemsi cGos dasel (3a cuer e-e
B3aUMOJIEHCTBYSI)  MOXKET COMPOBOXKJIATHCA TMPUMEpHO Kopu-mogo0Hoi
MATHHTHON BOCHPHUMYMBOCTBIO (33 CYET JIOKAJM30BAHHBIX 3JIEKTPOHHBIX
Kalesb), B cormacun ¢ sxcrnepumenToM|18] 25].

2. Bpems cbos dasbl m3-3a paccesHHUs Ha KBaHTOBOH TOYKe BOIU3U
CToyHepoBCKoit HEyCTOWUNBOCTH C KYJIOHOBCKO# OJIOKAIOM U CUILHOM CITHH-
opOUTAILHON CBA3BIO T4(1') 3aBUCHT OT YETHOCTH UHCJIA JICKTPOHOB MPH
HI3KHUX TeMIeparypax 1 < 6 — J, a B TeMmeparypHOM aranasone o > 1T >
0 — J HeYyBCTBUTEJBHO K YeTHOCTH, TO €CTh IOXOKe Ha Caydail MarHUTHOM
HPUMECH.

3. B cnywae cuibno Gosbiero g-pakTopa Jiid MAarHUTHBIX NpUMeceit,
geM I 9JIEKTPOHOB MPOBOJMMOCTH, TONpaBKa AJbTIIyaepa-ApoHoBa K
HIPOBOJUMOCTH MOXKET CHJIbHO H3MEHUTHCS.

4. JlokasibHble  cOOCTBEHHBIE OMEPATOPbl  PEHOPMIPYIIbl O3



IIPOU3BOMHLIX JUJII  HeJWHefHoM  curMa-Moieaun  PHHKeJLIITEHHA B
JIBYXIIETJIEBOM IPUOJIMKEHHH MOI'YT OBITH OCTPOEHBI TPOCTHIM 0D00IIEHIEM
COOTBETCTBYIOIIMX ONEPaTOPOB /I HEB3aUMOAEICTBYIOIIETO cJIydas B
HA3KOYHEPTETHIECKOM TIPeIesie.

5. Bce mnaiijienabie cOOCTBEHHBIE OIEPATOPHI MOI'YT OBITH BbIPAKEHBI
B TepMHUHAX  YCPEJIHEHHBIX IO  OECHOpsJIKY  IPOCTPAHCTBEHHBIX
KOPPEISIUOHHBIX (DYHKIUNA oaHOYACTHUHON yHKmuu [puHa mim, Kax
aspreprarusa, LDOS.

Bce mnpuBesennbie  pe3yabTaThl  MMOJYYEHBl aBTOPOM  JIMYHO IIPH
HEIIOCPEJICTBEHHOM YYACTHH PYKOBOIHTEJIS.

ITYBJIMKAIINN N1 AITIPOBALINA PABOTHI

Pesyiibrarsl juccepraiuu oyO/JIMKOBaHbI B 3 CTATbSX:

ITy6aukaliuu mepBOTO YPOBHSA

1. Heympyroe paccesHue 3/IeKTpPOHOB Ha KBAHTOBOM TOYKe B
pexKuMe KOTYHHEJIMPOBAHMUA: IIPU3HAK ME30CKOIUYECKONH CTOYHEPOBCKON
umeycroitanoctu E. B. Penun u 1. C. Bypmuctpos Phys. Rev. B 93, 165425

2. Me3zockonnueckue GbayKTyanun ogHoYacTuIHON dyHKmuu ['puHa Ha
mepexoae AHIEpCOHa ¢ KyJOHOBCKMM B3ammogeiictsuem E. B. Penun u 1. C.
Bypmucrpos Phys. Rev. B 94, 245442

3. KBanToBbIE TONPABKH K IPOBOIUMOCTY HEYIIOPS/TI0YEHHBIX 3JIEKTPOHOB

3a cUeT HEYNPYroro paccesHus Ha MarHUTHBIX mpuMecdax 1. C. Bypmuctpon
n E. B. Penun Phys. Rev. B 98, 045414

COAEP2KAHUNE PABOTDI

OcHoBHasi 1e/ib TJIaBbI 1 - PacCMOTPETHh BJIMAHUE MHOTOYJIEKTPOHHBIX
Kaleab € KOHEYHBIM CIMHOM Ha TPAHCIOPTHBIE CBOWCTBA JIBYMEpPHOI
JEKTPOHHON CUCTeMbl. B YacTHOCTH, MBI OIEHHBAaEM BKJAJ BO BpeMsd
JehasupoBKE U3-3a HEYHPYTOTO JEKTPOHHOIO PACCESTHUS HA TAKUX KAILISIX
npu  Hu3KUX Temmeparypax (7). OcHoBHAsT MOTHBAIMS COCTOUT B
CHACAYIOIEM: HEJABHO TAKWE JIEKTPOHHbIE Kalin CcO couHoM S = 2
(ra omuy kamao) Oblin OOHapyzKeHbl B aBymeproil (2D) saekTponHOi
cucreme B Si-MOSFET ¢ momompio TepMOAMHAMWYECKUX U3MEDPEHUit
Hamarangensoctn obpasna [18, 25]. Tlpu Haawauw cuiIbHOrO OGMEHHOTO
B3aUMOJCHCTBUA B JIBYMEPHON HEYIOPAJOYCHHON 3JIEKTPOHHON cUCTEeMe IIPHU
HU3KUX TEeMIepaTypax CIIMH JJeKTPOHHONU KAIljiu MOXKET ObITb KOHEYHBIM
U3-3a sIBIEHHsT Me30CKommueckoit Heycrofiumsoctu Cromepa [12], [15].
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Koneunblii cliiH 3JIeKTPOHHOHM KAl NPHUBOJUT K IOBeJleHNIO THna Kiopu
JIUIS CIMHOBOM BOCHPUUMYHUBOCTH. B 3THUX 3KclepuMeHTaX TeMmIilepaTypHas
3aBUCUMOCTH W3MepPeHHOW HAaMarHM4eHHOCTHU coTyiacyeTcs ¢ 3aKOHOM Kiopu
JJIA  CIUHOBOW BOCHPUMMYHUBOCTH OJHOW KallslW TPH YCJIOBUH, YTO WX
KOHIeHTpaIist  0o6paTHO mpomopruoHaabHa temmeparype [18, 25]. B
9TOHN I1ape MBI HCCJIEJYeM CEYCHUE HEYIPYI'Oro PacCesdHud 3JICKTPOHOB Ha
MeTaJTMYeCcKoll KBAaHTOBOW TOYKe, OJM3KOH K HeycToiumBocTu CTOyHEpA.
Mgl cocpeioTounMCes Ha pe:KuMe CHIBHON KYJIOHOBCKO# OJIOKAJIBI, B KOTOPOi
B CEYCHHUN pACCeAHNs JOMUHAPYIOT IPONECCHl KOTYHHEJINPOBAHWA.

Bripaxkenue it BpeMenu jega3upoBKu B pa3mMepHOCTH d = 2 MOXKeT
ObITH 3amucano Kak|14]

del(T) = exp {/ de n'p(g) lnnnel(z—;T)} ) (1)

r7ie MBI BBOJIUM 9aCTOTY HEYIPYTOrO PACCETHUS /I JIEKTPOHA CJIeLyFOIIM
obpazom

— nS o
Tinél(‘g? T) = 7 Z Ainel<8>' (2)
o=+

rae v 0003HaYaeT CPeIHIOn IIOTHOCTh COCTOAHHN Ha ONHY IPEKIWIO CIIHA,
JUUIS 3JIEKTPOHOB B 9JIEKTPOHHON KHMIKOCTH, OKPY2KAIONIEll KBAHTOBBIE TOYKH
u Besqmanua A7 () pencraBisier coboil HEYIPYTYIO 9aCTh BEJIHIHHBI

fr(€) = Y 8(e — ero) Im (k| T ko), (3)

KOTOpas IPEJICTABIAET COOOH CeueHne pacCessHus oo, = % Im (ko|T ko),
VCPEJIHEHHOE € OJHOYACTHYHOI IMJIOTHOCTBIO COCTOSHUN B pesepByape (vp
- 9TO CKOPOCTH JIEKTPOHOB B pesepByape Ha yposae ®Pepmu). Heyupyras
4acTh ONPEJIEIAeTCS TeM, YTO HadaAbHOEe U KOHEYHOe COCTOAHUS KBAHTOBOM
TOYKH Pa3JIUNYHBI.

Mpr MozmenupyeM 37eKTPOHHBIE KaIlTi KBAHTOBOI Toukoif. Torma Besd
CUCTEMA OIMCHIBAETCS CJETYIONINM TaMITbTOHTAHOM

H = Hqp + Hg + Hr. (4)

31ech nepeblit unen Hgp ONMCHIBAET 3JEKTPOHBI B KBAHTOBOIl TOYKe.
Mpbl paccMaTpuBaeM MeTAJLIMYECKYH) KBAHTOBYIO TOUKY, T.e. C OOJIBINON
Ge3pasMepHoii TPOBOIUMOCTBIO, g, = FEryn/0 > 1, tne Bt obo3Hadaer
suepruio Taysiecca. B qaHHOM cirydae KBAHTOBasi TOUKA TOYHO OIUCHIBAETCSI
TAK HA3BIBAEMBIM YHHBEpCATbHBIM ramuabronoM [12],[1]:

Hop =Y _ €aodl dog + Eo(i — No)* — JS. (5)

a,o



Brech dye m dl, - OmepaTopbl YHHYTOKEHHA M POXKICHHA IJEKTPOHOB C
SHEPTHUEH €,, = €, + pgrBo/2 B KBaHTOBOI TOUKe, T1e 0 = +1 0bo3HATAET
CIUHOBBIM WMHIEKC, §;, W [ip - JJIEKTPOHHBINH g-hakTop m marauTon bBopa
COOTBETCTBEHHO.  BTOpoil 4jeH B mpaBoit yactu Yp. YUHUTHIBAET
KYJIOHOBCKYIO O/10Ka/y. B Hem 3a/eiicTBOBaH OmepaTop Unc/aa JacTHIl,

n= Zﬁo’ = Zﬁa - Zdladafﬂ (6)

u BHentHuit 3apsan Ny. [locyiennuit 4ien B mpaBoii vactu Yp. OTIMCHIBAET
dbeppomarauTHoe B3aumoseiicteue eiizentepra (J > 0). OHO BhIpazKaeTcs
Yepe3 oImepaTop MOJTHOrO CIUHA Ha KBAHTOBOM TOYKe,

S = %Z Sa= 5 O oGt (7)

a,0,0’

31ech MBI HE PACCMaTPHBAEM B3aUMOJEHCTBHE B KYIEPOBCKOM KaHAaJe,
KOTOpOEe OTBEYaeT 3a CBEPXIIPOBOJALAINNEC KOPpPpEJdIuH B KBAHTOBBIX TOYKaX
(19, 291 B30} 211, 20, 26, 2] [16], 17].

HHanee, wien Hp onucebiBaeT 31eKTPOHBI B pe3epByape. /l1g TpocTOTH MbI
npeneOperaeM B3aMMOICHCTBHEM 3JEKTPOHOB B pe3epByape W 3allHUChIBaeM
IraMUWJIBTOHUAH KAaK

Hp = Zak,,a,toako. (8)

k,o

Bnech al, W ans - OMEPATOPHI POKACHHS U YHHYTOKEHHA IJEKTPOHOB C
smeprueit €, = (k) + pupgrBo/2 B pesepByape, rae §; obO3HAUYAET g-
dakTop B pesepByape. Mpbl oTMedaeM, 9TO BCE SHEPIUU OTCUUTHIBAIOTCS
OT XUMHYECKOTO MOTEHIHAJIA.

Hakonen, wnen Hp y4uTbhIBaeT CBA3b MeEXKIy KBAHTOBOH TOYKOW u

pe3epByapoM. Mgl BbI6I/IpaeM €T0 B CTaHJapTHOM BHIOE TYHHEJbLHOI'O
TraMUJIbTOHUAHA:
HT: E takdjmaka+h.c. (9)
a,o,k

[ToguepkHeM, 4TO MPU TYHHEIUPOBAHUE W3 KBAHTOBOW TOYKH B pe3epByap
Win Hao0OPOT HE HPOUCXOAUT CHUH-(DJIUI  JIEKTPOHA. Hasee Mbl
npenebperaeM BJAMSTHEEM 3JIEKTPOHOB B pe3epByape Ha JUHAMHUKY IOJHOTO
cIuHa KBaHTOBOM Toukm (cM. cenuiku [23) 24]).

Jist pacdera cedeHUst paccesiHis B 9eTBEPTOM IMOPSJIKE MO aMILTHTYIaM
TYHHEJUPOBAHUS MBI HPEJICTABAM  OAa3UC  TOYHBIX  MHOTOYACTHIHBIX
COOCTBEHHBIX ~COCTOSIHUIL [i) JIi  raMHJIBTOHHAHA U30JIMPOBAHHOM
KBaHTOBOIl Toukm: Hgpli) = FE;|i). Barem, Boraucaga ¢ynkmumo ['puma



3JIEKTPOHOB Ha KBAHTOBOI TOUYKe BO BTOPOM IOPS/IKe 110 TYHHEJIUPOBAHUIO,
MBI HaXOJIUM CJIEJIVIONINAIN Pe3yabTaT JIjId MOJHOTO CedeHus pacCesHusd:

0 =1+ e 3 3 g, [ e LelIlE)

—Be’
apyni,f.o’ 1+e
x (ild ! Y . —;] 1)
~o o — EZ + HQD oo aag_'_ Ez _ HQD Yo
d! o + dpoy —————————dl, |i
X<f’ BU&"—Ei—'—HQD K + K €+Ei—HQD U’Z>
x0(e+ E; — Ep —¢'). (10)

Bnecs p; = exp(—fE;)/Z, tne Z =) . exp(—[E;), ABIseTca BEPOATHOCTHIO
['ub0ca i1t HAYaJIbHBIX COCTOSHUIT KBAHTOBOI TOYKH,

as(e) = Z 0(€ — €ko)laklip- (11)

DTa MaTpPHIA XapaKTepu3yeT TYHHEJIbHBIH KOHTAKT. [ MHOrOypoBHEBOI
KBaHTOBOM TOYKM 1IPU yCJIOBULIX, YTO 3apsioBas sueprug [, 6oabmas, £, >
T,e,0,J, a Buentauii 3apsa Ny nMeer 1ej0e 3HAUEHHE, OMYCKasl YIPYyTHil
BKJIaJ, T.e. dieH ¢ [i) = |f), u3 Yp. (10)), mp nosysaem meynpyruit BKIag b
cedeHNe PacCesHUs B BUJIE

10©) = a3 Y Q) Qule + Ei— By)

¢ ayy fio!

pi[l +e P .
X I o BErEEp) <Z|dlo’da0|f><f|d:ryad’YU'|Z>

F S Quele)Qu (e + B Ey)

¢ azy fio!
pill+e P :
xS el Do) (12)
Hac wunTepecyer ciydaii, KOIjia SHEPrHH 3JeKTpoHa 10 (g£) W mocse
(¢ = e + E; — Ey) paccesiuust Majbl 10 cpaBHeHHIO ¢ sHeprueit Pepmu
9JIEKTPOHOB B pe3epByape. Takum oOpa3oMm, Mbl MOXKeM MpeHebpedb

SHEPTETUYECKON 3aBUCHUMOCTBHIO B BEJINYNHAX Qa'w s MeTaJLInaecKoit
KBaHTOBOIl TOYKH, gty > 1, ycpegHeHme aMILJIATYJ TYHHEJIUPOBAHHSA I10
peaqn3anusaM Oecrops/IKa MOXKET BBIOJTHATHCS HE3aBUCHUMO OT YDOBHel
QHEPI'ur OT/JACJIbHBIX YaCTHUIL €4. I/ICHOJILBYH ciaegyromue COOTHOIICHU A (MbI
npeAnosiaraeM, 4910 Qo3 X qﬁaéﬁ, re ¢, CJAy4YalHblil BEKTOP C IayCCOBBIM
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pacipe/jieileHueM, yI0BJIETBOPSIONINN CJIe Ty OIMUM COOTHOITEHUSIM: (¢ag55) =

Q5a5 u <¢a¢6> = (2/:6 - 1)Q5a5')

(e a7,
Qa Q a — (13)
Teeet a=v,
u
QaaQ'\/’y = Q27 Q 7é s (14)
e mapamerp 3 = 1 m 2 i oproroHasbHOro Kjiacca Al um yHEUTApHOTO

KJacca A, COOTBETCTBEHHO, MBI MOXKEM YCPEIHATH IIOJyYaeMble BEIUINHBI
0 OeCIOPSJIKY.

HNcnonn3yst Bce 3T coobpayKeHWsl, JIAsi KBAHTOBOW TOYKW BOJIN3M
CTOyHEepOBCKOI HEYCTONYIMBOCTH € H30TPOIHBIM OOMEHOM IpH OOJbIIHX
sHeprusix € > FEy E;, T — 0 u yeaosusx 0Ny, 0J/[2(0 — J)] € ¢ < E,
IOy YUM

7 4= AnQ*Nye/ E? (15)

inel

Hua T'S 6 — J u vuskux suepruit ||, 0 — J < §, J Mbl HAXOIAUM CJIe/ Ly 0TI
Pe3yabTaT 1A CeIeHUs HeYIPYTOro PacCesHus:

47Q? ((2S +1)(S +1 1
fa(e) = T EIFVE R P )
25 + 3
+ ST 1)F(5,E+)}, (16)
rae Mbl BBeJH (DYHKITHIO
2
Fle. ) = 2 cosh™(Pe/2) (17)

cosh(Be) 4 cosh(BE)

[TepBbiit Bk B yp. npeJjcTaBgsger coboi ynpyroe CruH-gInII-
paccesiHue, CJIEIYIONIUE JBa COOTBETCTBYIOT HEYIPYTOMY PACCEAHUIO C U
6e3 cunuH-duun.  OTMeTHM, YTO BKJIAJ B ypaBHEHHE U3-3a YIPYroro
cima-goun  paccesnus, (2S5 + 1)(S + 1)/3, Goabime, dem pe3yabTaT
Juist MarautHoit npumecu, 2S(S + 1)/3. Dro upoucxoaur 3a  cyer
JTIOTIOJTHATE/IHHBIX KOPPEJIANNil MeKIy aMIUINTYaMi TYHHE/JUDOBAHUSI B
ciydae oproroHasbHoro ancambmast (8 = 1). Heynpyroe cedenune mnpu
0> T > 60— J upu sueprugx |e| S 6

o 4mQ?[s(36 —2J) T
inel(g) - ECQ 6(5— J)2 3(5— J) .

(18)



[logaepkueM, 9TO HEyNpyroe cedeHue OOJIbINE, YeM MOZKHO OKHUIATH JIJIsI
cJIydasi MATHUTHOW MPUMECH €O cnuHoM mopsinka d/[2(0 — J)].

Boiiite  Mbl  HPEJIIOJIOKUINA, UTO PACCTOSHHE MEXKJY COCEJHUMHU
OJHOYaCTUYIHBIMU YPOBHAMH B KBAHTOBOII TOYKe IIOCTOSHHO. B O6H_[eM
caydae 310 He Tak. Ciegys crarbe [B] yarem duykTyanun oJHOYACTHIHBIX
ypoBueit Bou3u neycroiunsoctu Croymepa, 6 — J < 9. Torma mosyunm
YCPeIHEHHOE HeyNpyroe cedenue mpu Temmeparypax 7' < 0 — J u 9Heprusx
£ L0

—-— 4r(Q)? 262
ine1(5> = 5 Y
E? 3(6 —J)

[1+%1H6—J]

+F <a,2<5 - ), g\/z In[6/(0 — Jﬂ) : (19)

3nmech ™Mbl TpeHeOperaeM CyOIMAUPYIONIMMHA CJIEHAMHU 10 CPABHEHUIO C
[JIABHBIM B IepBOil cTpoke ¥Yp. (1Y), KoTOpBIH coOTBETCTBYET ympyromy
BRIy coub-oun. Oyukiws F(z,y, z) OnpeIessercs Kak

1 — 1
]:(x,y,z):1+§erf(xzy)—éerf($jy), (20)
rie erf(z) = (2/y/m) [; dtexp(—t?) obosmadaer YHKIMIO OMHGOK.

Bripaxkenue CIIPABEJJIUBO IIPU BBIIIOJIHCHUAN
(1-J/6)* < (2/7*)In[6/(6 — J)] < 1. (21)

DTO OrpaHWYMBAET 3HAYEHUE MOJHOTO CIWHA B OCHOBHOM COCTOSTHHH 10
uatepsata 2 < S < 70. B menom, bayKTyamud oOJHOYACTHYHBIX
VPOBHEll YCHIMBAIOT BKJIAJ YIPYTroro cnuH-bJanmna (AHAJIOTUIHO YCUTEHUIO
cnimroBoit Bocupuumuusoctu [12) Bl 13 22]) u criaxusaror crynenn Bkia 0B
HEYIPYTOro cunH-QJInIa U HEYNPYTOro paccesHus 6e3 crmH-gJnra.

Tenepp paccMOTPUM TIOBe/IEHHE HEYIPYTOTO CeYeHHs WPU HAJIHYHH
MarHuTHOTO o B. Mbl mpeamonaraeM, 9To B IONOJHEHTE K PACIIETIIEHITO
3eeMaHa 9TO MATHUTHOE I10JI€ BBI3BIBAET OPOUTAIbHBIN 3h]DeKT u HapymaeT
CUMMETPHIO 10 OTHOIIEHUIO K oOpamennio Bpemenu. Torma mapamerp (3
cTaHoOBUTCs paBHbiM 2, 3 = 2. PaceMmorpum ciyuail pacuienieHust 3eeMaHa,
KOTOPO€ CUJBHO TIO0 CPABHEHWIO C TeMIEepaTypoil, HO MaJo MO OTHOIIEHWTO
K09, 0> b= uggrB > T. OrcyrcrBue BBIPOXKJICHUS 10 OTHONIEHHIO K
U3MEHEHHWIO TPOEKIINY MOJTHOTO CIIHHA JeJaeT BKJIAJl YOPYTroro cuuH-nmna
B HEYHPYIOe CeYeHne HKCIOHEHIMAJIbHO MAaJbIM 10 napamerpy (b > 1.
To ke camoe OTHOCHTCS W KO BKJAQAy W3-3a HEYIPYTOrO paccesHus Oe3



cuub-guuna.  TakuMm oOpa3oM, OCHOBHOW BKJaJ B CeYeHHE HEYIPYIOro
paccedHusl IIPUXOIUT OT HEYIPYroro paccesnusd Oe3 crnuH-duumna. Mol
HAXOJWM CJICAYIONIHH pe3yIbTaT I HeyIpyroro cedeHus mpu |g| < § u

T<(0-J)<b:

7.(e) = 47;22 [1 —np(e — E,(B)) + np(c + EC—,(B))] (22)

rJe IIeJH MEXKJy OCHOBHBIM COCTOSIHHEM C CYMMAPHBIM CIOUHOM S |
HAWHU3IIAM MHOTOYACTHIHBIM BO30YKICHHBIM COCTOSHHEM 0GO3HAUECHBI
E.(B) = Ey Fb. lloyunrenbno cpaBHUTH pesyabratel mis A7 (€) ¢
MATHUTHBIM moJeM U 6e3 Hero. CHavala MATHHTHOE TOJI€ MOJABJSIET
yupyruii Bkjaag cnub-gumin.  BoO-BTOPBIX, BMECTO YeTbIpeX CTyleHeil c
BeIcOTOl 1/2 (pm Gosbmiom cnmbe S >> 1) npw suepruax Ey uw —FEy npu
orcyrerBun MaruuTHoro nous (cm. Yp. (22), npu manuunn pacmemenus
Beemana BBIKHBAIOT TOJIBLKO JABe crynenu npu E,(B) u —FE5(B) BbicoTOM
1. Mbl moguepkuBaeM, 4YTO B OTJHYHE OT CJAyYas MACHUTHON MTPUMECH
HEYNPYroe PaccesiHine B HPUCYTCTBHU DACIIEIICHUS 3eeMaHa Ha SHEPrusx
le] > E,(B) He sBAsieTcsi SKCMOHEHIMAABHO MajabiM mo b > 1. g
sueprun |¢| < E,(B) cedeHume Heympyroro paccesHusi PABHO HYJIIO IpU
T = 0. Ycpenssi IO CTATHCTHKE OTHOYACTUYHBIX YPOBHEH, MBI HAXOIUM
Heynpyroe cedenue npu || <K dul S (06— J) < b <6

————  4AnQ? 1 wle —2(6 — J)]
Tel(€) = Tg‘ 1+ 3 erf ; —b/ 7
—le mle +2(6 — J)]

In[b/(6 — J)]

(23)

9TOT pe3yJjibTaT ClHpaBeAJUB IIPpHU YCJIOBUHU BbIIIOJHEHHA CJICAYIOIIETO
HepaBEHCTBa:

(6—J)°

b

—In 24
57 (24)
JleBoe HepaBeHCTBO B Yp. o3HadaeT, 4To 3hdeKTuBHas TeMieparypa
Teg = (0/m)/In[b/ (0 — J)], CI‘JIa}KI/IBaIOHLaH crynenn B A7 (¢) npu E,(B) n
—FE5(B) ue caunikom magna, Tog > 6 — J 2 T. TlpaBoe HepaBeHcTBO B Y.
(24) rapamTupyer, aro daykTyanuu moHOrO CIHHA OCTAIOTCH TAYCCOBBIMA.
Jns kBanToBOit TOUKHM ¢ 3uHroBcKHM OOMeHOM (CHIIBHOE CIHH-
opbuTanbHOe B3anMoeiicTBHe) 6e3 MATHUTHOTO TOJs CYMMApPHBI CIHH B
ocaoBHOM cocrostiuu paseH 0 (1/2) B caydae deTHOro (HEYETHOrO) YUCIA
9JIEKTPOHOB. Il 9€THOrO 9mMC/Ia 3JEeKTPOHOB, Tak Kak S = 0, ynpyroe
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cnun-uun paccestuue ucdesaer. dna T < § — J u |e| < §, enuHCTBEeHHBII

BKJIaJ B A7 (€) ocraercs u3-3a Heynpyroro cumu-IIni:
o ArQ?
ir;Z](e) = E2 [1 —nrg (8 - Ae) + nr (5 + Ae)i| . (25)

Bnecr A, = d—J o3HAUAET IIEIb MEXKIY OCHOBHBIM cocTossHHeM ¢ S = S, = 0
u coctostHueM ¢ S =1 u S, = 1.

B ciiydae HEYETHOrO YHCJIA 3JIEKTPOHOB, MOCKOIBKY S = 1/2, ocHOBHOE
COCTOSIHME JBAZKJIBl BBIPOXKIeHO. Torma ympyroe cnuwH-bJIUI paccesHue
TAKOE K€, KaK U Jijisi MarHuTHOH npumecu co cuumbHom 1/2. Kpome roro,
Heynpyroe cnuH-DJINI 1aeT BKJajd B Heynpyroe cedenne. Torma mpum T <
d—J u le| S 0 naxomum

1960 = T 11— npe— A) +ne(e+8)]. (20)

Bnecs A, = 2(d—J) o3nauaer meab MeKLy OCHOBHBIM cOCTOsiHAEM ¢ S = 1/2
u coctostHusMU ¢ S =1 1 S, = £1.

OrMernm, 9TO HEYIIPYToe CedeHne paccesuus pH |e| > §—.J HezaBucumMo
OT YeTHOCTH YUC/IA HIEKTPOHOB B KBAHTOBOI TOUKE,

o,e 0,0 47TQ2
iriel(g) - iriel(g) - E2 . (27)

B cayuae Temmeparyp 6 > T > § — J Hu3KOJE)KAIITE MHOIOYACTHIHBIE
cocrosuns ¢ nonubM counom S S 4/1T/(6 — J) maior BKIax B HEYIPYToe
cedenme npu |¢| S . AHAJOTHYHO CIydar0 HU3KHX TEMIEPATYD IVIABHBIM
BKJI/[ IPUXOAUT OT Heynpyroro cuua-dumn. Torga Mbl mostydaem

-1

2 o oo
) = I 35 | 5 s

E2
¢ S.=—00 S,=—00
2
x Fe, (6 —J)(2S.+1)) = 87;2 : (28)

O6paTtuM BHEMaHHe, YTO HEYIPYyToe cedeHue mph e ~du d > T > 6 —J
B JBa pasa 6osble, yeM npu 1 < § — J.

aJjiee MBI BBIUHCIAeM HaOI0aeMoe BpeMs jedasupoBku. Ob6cyzKenne
T,(T) HadHEM €O Clydas H30TPOIHOTO OOMEHHOTO B3aMMOJEHCTBUS B
KBaHTOBOI Touke. Psimom ¢ meycroituuBocthio Croyuepa, d — J < 0, npu
tremneparypax 1" < 0 —J, meynpyras dacrora paccesiaus A7 () maercs Vp.

inel
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Figure 1: Umwmoctpanns Heynpyrux MepexofoB ¢ (JeBasg KOJOHKA)
n Ge3 (mpaBasg kosonka) crub-ouma.  OOmuil COMH YBEJHIHBACTCS

(yMeHbIIIaeTCsI) Ha eIMHUILY [PU [Eepexojie B BepxHell (HuzKHeil) cTrpoke (cM.
TEKCT).

(16). Boimosmensist pasiozxKeHne Mo MAJBIM WICHAM, 3aBHCSIIAM OT HEPIHH,
HaXOJMM U3 Yp.

_ 8mn.Q% | (S +1)(25 + 1) B
1 E_
T, N(T) = V52 ; + BE_e7”?
25 + 3 _sp,
251 Fe (29)

Cnabast 3aBUCUMOCTL CKOPOCTH Jeha3supoBKU OT TeMIIePaTyphbl 00yCcJIOBIEHA
BO3MOKHOCTBIO HEYIPYIOTO PaCcCesiHhs, KOTOPOE BKJIIOYAET IIEPEXOJIbl
Ha HHXKHUM MHOI'O4YaCTHUYHbIE YDPOBHH KBAaHTOBOH TOYKM. TaK)Ke
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HOIYEPKHUBAEM, 9TO BKJIAJ YIPYTLOro CouH-pJIUI B CKOPOCTH aeda3supoOBKH
OTIMYaeTCd OT CTAHJAPTHOIO BBIPAYKEHN I MATHUTHON IIPUMECH, KOTOPOe
mponoprmonaabuo S(S + 1)/3.  TloBropsiem, 9TO 39TO MTPOUCXOIUT U3-3a
JOIIOJTHUTEJIbHDBIX KOppeJIH]_[I/IIU/I MEZKAY aMIINTyJaMKl TYHHEJIUDPOBaHUA JIJIdA
MEePEexXo/I0B Ha Pa3/IndHbie YPOBHU KBaHTOBOW Touku. lcnmob3ysa Vp.
MBI [IOJIYYaeM IIPH BBICOKHX TeMmieparypax 6 — J < T < 6:

o smQ[eBs-20) T
o T =—m | Se=72 307

(30)

OtmernMm, 9TO Ha caMoM Jejie 0Oe OIEeHKH u TaKIKe CIPABEITUBHI
B pasMmeprocTu d = 3. [lpm nHasmwmawm paciiensienus 3eeMaHa yOpPYTWil CIIAH-
dmun nonasasiercs. Torpa ¢ momomsio Yp. (22)), Mbl Haxoaum cleayionyio
OLEHKY CKOpocTu seda3upoBKu pu HU3KUX Temieparypax 1I' < 6 — J u
YMEPEHHBIX MArHUTHBIX HOJAX, 0 > b > § — J:

2 2
T(;I(T) = % [6—6E+(B) + e—BEf(B)} ) (31)
v c

OrmeTum, 4T0 CKOPOCTH jeda3npoBKU B JAHHOM CJIydae SKCIOHEHIIMAJIBHO
MaJia 10 TeMIeparype, qul(T) ~ exp(—208(6 — J)).
B caydae obMennoro B3aumoeiicTsus V3nara B KBaHTOBO# ToUKe T4(1)

3aBHCHUT OT YeTHOTW YHCJIA 3JEKTPOHOB NMPH HU3KUX Temmeparypax 1 <

0 — J. Ucnonbzys Yp. u (26]), Mbr mostyuaem

B 8mn.Q? _
T¢7;(Z ) = — g PAe (32)
JUISE 9€THOIO YHCJIa JIEKTPOHOB U
_ 47m5(;22 _
T(b,;(l )= —E [1 + me BA”] (33)

JITsT HEYeTHOTO YMC/Ia JeKTPOHOB. [Ipu Gosiee BBICOKUX TeMItepaTypax o >

T > 6 — J, Bpems 1eha3supOoBKH CTAHOBUTCS HEUYBCTBUTEIbHO K YETHOCTH
YUCTIa JEKTPOHOB:

2

1 167nsQ)
Ty (1) = ——F5—.
vE?
Takum 0bpaszom, Bpemst nedasupoOBKU W3-3a PACCESTHUS Ha KBAHTOBON TOUKe
¢ obMenoM V3uHra B TeMmepaTypHOM AuamnasoHe 6 > T > § — J moxoxke Ha
MarHMTHYIO IPUMECH.
Hautee MBbI AHAJTU3UPYEM 9KCIEPUMEHTAJbHbIE CJICJICTBUSI.
[Ipeamno/ioxKuM, 9T0 eCTh HEKOTOPbIE 3JIEKTPOHHBIE Kalin B 2D 3/IeKTpOHHOI

(34)
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KuakocTn. 'Torma B Tako#l Kallsle MOXKeT OBITh JIOKAJTU30BAHO HEKOTOPOe
YUCTO JEKTPOHOB. MBI MoJeupyeM TaKyio Kartio pasMepa Lg > [ > Ap
KBaHTOBOI TOYKOI ¢ 0OMeHHBIM B3auMmojeiicTsueM [eitzenbepra J = —F0.
3nech Ap obosnavaer mmay BOHBI Pepmu. Torma mpu Temmeparypax
T < T, = nsS,/v, tae, manomunm, S, ~ J/[2(6 — J)] = 1/[2(1 + F§) > 1
- CYMMapHBI# COUH KaILTW, OXKHAETCA, UYTO B COIUHOBOW BOCIPHUHUMYIHUBOCTHU
JIOMUHUDYeT TeMIlepaTypHas 3aBUCHMOCTH Tuma Kropu, Y ~ nSSQQ/T .
Ucnonn3ys Vp. B KaUyecTBe OIEHKW BKJIAJAa B CKOPOCTDH JedasupoBKH
n3-33 pacCessHusl Ha CIUHOBBIX KAIlJIsSIX, Mbl HAXOIUM, 9TO OHA JIOMUHUDPYET
HaJ JuHeHHBIM BKIagoM mo 1 mpu temmeparypax 1T < T, ~ n?T,, rae
napamerp 1 = (Q/Ec)\/g ~ genl/(rsLay/g). Ilpu yciosuu, 4ro napamerp
B3auMmojieficteust rs ~ Ap/ag ~ 1, rme ap obosHadaer pajamyc bBopa,
u g 2 1, Mpl HaxomuMm 77 < 1. 31ech MBI HCIOJb3YEM YCIOBHE MAJIOTO
TYHHEJIbHOI'O KOHJ/IAKTaHCa Ha KaHaJl, g << 1. Takum obpasoMm, B juama3oHe
remneparyp Ty < T < T, Mbl 0XKHUJAEM TEMIEPATYPHYIO 3aBUCHMOCTD
CIIUHOBOW BOCHPUMMYHUBOCTU THNa Kopw, HO OOBIYHYIO, JUHEHHYIO IO
T, ckopocTh Aeda3supOBKH. Bkitax B ckopocTh gedasupoBKH H3-3a
paccesHUs 3JeKTPOHOB HA JeKTPOHHBIX KAIIgX ¢ KOHETHBIM CHUHOM OyIeT
JIOMUHUPOBATH HAJI BKJIAJOM PACCESIHUSI, BOSHUKAIOMIErO n3-3a (DayKTyanuit
B rpumiernoM kKanase [I5], ecam ciegyiormee ycaoBue BBIOTHIETCS
nf;l < 772713 nin, 3kBuBasieHTHO, T, < T,. TIOCKOJIBKY ILJIOTHOCTH Kaleb
CIIMHA Ny HE MOZKeT OBITH Gosbime 1/L2, TemmepaTypa HACBHIICHAS MEHBIIE
CPEJIHEr0 PACCTOAHUST MKy YPOBHSMH Ha KBAHTOBOW Touke, Ty < 0
mpu yeaosuu 7 <K 1/ \/S_g. JInd moATBepKIACHUS HAIIErO MPEeITOKeHUS
CyIIECTBOBAHUS JIBYX XapakTepubix Temueparyp T u T, neodbxomaumbl Hosee
0/ IpOOHBIE TaHHBIE O CTPYKTYPE M CBONCTBAX Kalle/ib CIIMHA.

OcHoBHag wWAed TJaBbl 2 - PpPacCMOTPeThb JorapudMmiecKne
TeMIIepaTypO3aBUCUMbIE  MOMPABKH K  MPOBOJAUMOCTH  JIEKTPOHHOMN
HEYTOPSIOYEHHOW JKUJIKOCTH C PEIKUMU KBAHTOBBIMH MATHUTHBIMU
NPUMECSMHU B paMKax HpuO/MKeHust BOpHA i HEYNPYroro paccesHust
HA MATrHUTHBIX [PHMECSX. B ormamume or upempiaynmx  pador, (i)
MBI PAcCMOTpeNu ciaydail pa3audHbIX g-HaKTOpOB g JIEKTPOHOB
U MarHOTHBIX OpHMeced, |go| < |gi|; (ii) MBI cocpemoroumimcy Ha
IPOMEXKYTOIHOM JHanasoHe teMmueparyp |golupH < T < |¢i|lpsH;
(iii) MBI OPUHSAIM BO BHUMAHHE 3JIEKTPOH-3JIEKTPOHHOE B3auMOJeiicTBre
B kanasie "gactuma-geipka''.  Mer oOHapykwam, 9TO B TPUOIUKEHUH
Bopua Heymnpyroe paccessHme Ha MarHWUTHBIX MPUMECSX MOPUBOJUT K
JIOTIOJTHUTEIPHOW — TeMIIepaTypO3aBUCUMOM MOMpaBKe K MPOBOIUMOCTH.
Takzke Heympyroe paccesHue H3MeHsieT MOIpaBKy AbTinyaepa-ApoHoBa
K [POBOJUMOCTH. Hamwm npejckazanus npepcraBisiior 3ajady s
9KCIIEPUMEHTAIbHBIX WCCAEJOBAHUN HU3KOTEMIIEPATYPHOIO 3JIEKTPOHHOTO
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TPAHCHOPTAa B HEYHNOPSJOYEHHBIX CHCTeMaX C PeJKHUMHA MarHUTHBIMH
IPpUMeCIMH.

Msr paccMaTpuBaeM JIBYMEPHYIO B3aUMOJEHCTBYIONMIYIO 3T€KTPOHHYIO
CUCTEMY IIPU HAJUYUHN KOPOTKOAEHCTBYIOIIETO MOTEHIINAIBHOTO OECIIOPS KA.
Kpome Toro, Mbl mpejnojaraeM Hajau4due cjaadoOro crnuH-hJIuN paccessHus,
00yCTIOBIEHHOT0 OOMEHHBIM B3amMO/IefICTBIEM PeIKAX MArHUTHBIX IpUMeceil
C 3JIeKTPOHAMH, ONUCBIBAEMBIM CJIEYIONIUM FaMUJIBTOHHAHOM

Hyog = J Z i(r;) 8 00(r;) . (35)

3nece o u S; osnagator Mmarpuis! [layau u omeparop cnumHa MarHHTHOM
IIPUMeCH B TOUKe T; COOTBETCTBeHHO. OIepaTopbl POKIEHUs U YHHYTOKEHUSI
371eKTPOHOB oGo3HauatoTces Kak ¢ (r) u (r). Ml GyaeM paccMaTpuBaTh
peJKUil MArHUTHBI GeCIIOPSIOK NPH CJIEIYIONHX Jonytnenusx: (i) mo3umun
npumeceii 7; uMeoT pacupegesnenne Ilyaccoma; (ii) cmumbl mpumeceii
S, He3aBUCHMBI, HO HMEIOT CBOI0 COOCTBEHHYIO KBAHTOBYIO IHHAMUKY.
B orcyrcrBue marnutHOrO pacceduus bdekTHBHAs TeOpHs MOTA IS
HEYIOPSITOUeHHBIX B3AaUMOJIEHCTBYIONMUX 37T€KTPOHOB B ubdY3NOHHOM
upejene, T < 1/7, rje 7 0b03HAUAET yIUPYToe CPeJHee BpeMsl CBOOOIHOIO
npobera, ompeiessieTcs CrangapTHBIM 06pasoM (cM. B ob63opax [10) 4]).

S, =— /dr Tr [%(VQ)z —AnTZ ,nQ — iZsbetSSQ]

T
_ % >, / dr Tr I9t,;Q Tr 1%, t,,Q. (36)

a7n77'7‘7

3aecy 16 marpun t,5, j,r = 0,1,2,3 neficTByIoT B TEH30PHOM I1POU3BE/ICHUH
npocTpaHcTs cnuna (uHaeke j) u HamOy (uHzekc r):

trj =Tr ® Sj, r,j=0,1,2,3. (37)

31ech MATPHUIB Tg U Sg O3HAYAIOT 2 X 2 eMHUYHBIE MATPHIHI 1

=} §) = (0 ) o= 5 %)

sddexrusnoe geiicrue (36) 3anmcaHo ¢ MUCHOJIB30OBAHMEM  CJIEYIONIUX
MaTpUIL

= 10m0to, (1) = O k070 oo, (38)
rre o, = 1,...,N, 03Ha4aIOT MHIEKCHI PEILUIMK, a WHICKCLL 7,1
COOTBETCTBYIOT epMHOHHBIM dacroram Marybapsr &, = 71(2n + 1).
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O6mag (Bkmouas crmH) GespasmepHad (B exuaunax e?/h) npoBOAUMOCTH
Hpyne obosuavaercs g. Ammiuryasl B3anMomeiicTsus ['; (1/1s1 cCHEDIETHOTO

kanana [y = T, a mag tpumierHoro kanama [y = Ty = Ty = TY)
ONMUCKHIBAIOT 3JIEKTPOHH-3JIEKTPOHHOE B3auMoJieiicTBie B KaHaje 'dacruna-
meipka".  Jlamee rtakke Oymer ymobuO wmcmonb3oBate v, = 1;/Z, n

Vst = U'st/Z,. llapamerp Z,, yauTbBaeT HETPHUBHATIBHYIO HEPEHOPMHUPOBKY
gacrorsl mpu peropmrpytmel8), [7) 9]. Ormerum, aro 3arpaBodnoe 3HAYEHHE
nmapamerpa Z, paBHO 7v/4, rme v 0003HAYAET MIOTHOCTH COCTOSHUN HA
ypoBue @epmu. Ilocneanuit wien B 1mepBoii crpoke Hq. OTIUCHIBAET
BJINdHNE ITapaJlJIeJIbHOIO MalrHUTHOT'O IMOJIA Ha 3JIEKTPOHBI. STOT YJIEH ABHO
HapyllIaeT CUMMETPHIO 110 oOpalleHuio BpeMmenu. Bemwuuna 2y = Z, + [
onucbiBaeT PepMU-’KUIKOCTHOE yCuIeHne g-hakropa (MojpobHOCTH M. B
o63opax [10, 4]). Ormernm, uTo B 910 TIaBe Mbl TIpeHEGPEraeM JTeKTPOHH-
JIEKTPOHHBIM B3aI/IMO,ZLeIU/ICTBI/IeM B KYIIEPpOBCKOM KaHaJI€.

[To mocTpoennto Marpuna Q(r) OMUCHIBaeT JOKATbHBIE BPAIIEHHsT BOKPYT
IPOCTPAHCTBEHHO HE3aBUCUMON MaTpuilbl A:

Q=T AT, Agﬁl = Sg1 &, Onm0 P oo (39)
3aech MaTpuisl 7 yIOBJIETBOPSIOT CJCAYIONEMY COOTHOIICHNIO CHMMETPUH:
(T Ht=TC0, TTC=CT, (40)

rne C = it;p. Cumsoa 7' o3HauaeT MaTpHYHOE TPAHCIOHHpOBaHHE 7.
Kak ciencrBue Yp. u (40), marpuna @ ymoBierBoOpseT JOKaJIbLHOM
HesMHeRHOH ez, Q?(r) = 1, ynosrersopset yeaopuio Tr Q = 0 1 yCI0BHIO
3apsIIOBOTO COMPSIYKEHST

Q=Q =cTQ’cC. (41)

Jlas ydera BKJIaJa MarHUTHBIX NpHMeceil B JeficTBHe He0OXOIMMO
npojesarb ciaeayomue marn. CTraHIapTHBIA BBIBOJ CHUI'Ma-MOIEIbHOIO
JeficTBUS  ITPOM3BOAUTCSA C y4YeTOM JI00aBKH K TaMHJIbTOHHAHY .
Jlanee mpousBoaumTcs — ycpejgHenme 10 IlyaccOHOBCKOI — cTaTHCTHKE
MOJIOZKEHUST MAIHUTHBIX [puMeceil (KOPPeIsalusIMU  MeXKIy [NPUMECSIMU
MBI IpeHebperaem). Jlajee Mbl pasiaraeM JedcTBHE 0 BTOPOTO TMOPSIKA M0
J. Jlajee Mbl ycpeiHsieM 110 TEeMIIEPATYPHOH CTATUCTUKE H30JIAPOBAHHOI
MaruuTHoi npumMecu. VToro, g JOMOJHUTEILHOTIO BKJIaJ/a B JeficTBUE 3a
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c4yeT peJKUuX MaIrHUTHBIX HpHMeCeﬁ IIoJiydaeM

i 2,T .
Siag = / dr{insﬂl/(]@;)s Triz@ + Z X+ (1wn)

47'30

1
X [Trt_]th+I_nQ — 5T LQT t+I_nQ}

Z, 1
+ 27_ M2 |:TI' t33Qt33Q — 5 TI' t33Q TI' t33Qi| }, (42)
s0
rae ti = t31 + it32 u
1 ng(mvJ)2S(S +1)

i 43
Ts0 2Zw ( )

0003HAYAET KJIACCUIECKYIO YACTOTY CHUH-DIUN HPU HYJIEBOM MarHUTHOM
noJie.

B pamkax ¢opmajiuzMa HEJUMHEHHON CUIMa-MOJIE/IN  CTATHUYECKYTO
MIPOBOIMMOCTh MOYKHO PacCuYuTaTh 10 cjeiytomnieit hopmyse Kybo:

g == 1=l QI Q)] ) + 62; / dr’

x (Tr J2Q(r)VQ(r) Tr J%,Q(r)VQ(r)), (44)
rie d o3HadaeT pa3MepHOCTh, Ipenosaraercd npeaea n — 0, u

tsg — t t
Jo — 30 - ooj-s+ 30; Oolfn. (45)
Breraucassa cpeganue ¢ mnporararopamMu Jud@dy3HBIX MO, MOJyYaeMbIX W3
KBaJIPATUIHOTO PA3JIOKEHUS MHOJHOIO JEHCTBUS CTAHIAPTHBIM 00pa3oM,
B ciayuae T < |b;| mo wBroporo mopsinka mo J (mepBoro mopsiika o
h), B aBymepHoM ciydae, HaxXOAuM st MOAMDUIUPOBAHHON 1ONPABKH
Anbrirysiepa-Aponosa

3

59AA == %; [1 B 1 +j7j ln(l + Vj)} n 27T1T7'
e u
sf .
- 1= (0] In o
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3ech B epBoOii CTpOKe IpeJIcTaB/ieHa CTaH apTHas HoIpaBKa AJIbTIIy/epa-
ApoHoBa K IPOBOIUMOCTH. [TOCKONIBKY — COOTBETCTBYIOIIMIA  BKJIA
CYIIECTBYET JJisI IaCTOT OOJIbIIe |b;|, TO yabTpaduomeToBast 00pesKa st Toi
HompaBKH - 00paTHOe BpeMsi ¢BoGogHOro mpobera 1/7. Bo Bropoii crpoke
ONMCHIBAETCS TIONpaBKa, 00ycaoBaeHHas 3dpQGeKTOM HEeYyNPYroro paccesaHus
HA MAUHUTHBIX IIPUMECAX B CHHIJIETHOM KaHaJe YaCTHIA-IAbIpKa. Tperbd
CTPOKA COOTBETCTBYET IIOIPABKH OT TPHILIETHOTO KaHAIA YaCTHUIIA-IBIPKA,
¢ obmreit cImHOBOM mpoekIueil papHoil 1. YerBepTast cTpOKa OMUCHIBAET
[IONPABKy TPHUILIETHONO KaHaJa YacTUNa-JAbIpKa € HYJeBOH CyMMapHOI
CcUUHOBON mpoektmueit.  OTMeTnM, 9TO TMONPABKH, MTPOIOPIUOHATBLHBIE
7t Brmowator  In(|bi|/27T) um mcdesaroT HpH  OTCYTCTBEH  3JKTDPOH-
9JICKTPOHHOIO B3auMoAeicTsusg.  Mbl yIOMHHAEM, YTO B CTAHIAPTHOM
nonpaske AubTinynepa-Aponosa (nepsas crpoka u3 Yp. (46))) cunrmernsiit
KaHaJs GJaronpusTcrByer jJokaau3anuu (Tak kak s < 0), B TO BpeMs Kak
TPUILIETHBITI KaHaJ OIaronpusTCTBYeT aHTHJIOKaau3anuu (Tak Kak v, > 0)
Ipu HU3KOi TemmepaType. Ilompasku, mponopruonaibuse 75, paboraior B
006paTHOM HAIIPABJICHHUH, T.€. HAJUYHE HEYIIPYTOrO pacCedHus Ha MATHUTHBIX
npuMecsiX yMeHbImaeT 3bderT JToKaIn3aun (AHTHIOKATN3AINN) B KAHATIAX
cuHIjIeTa (TpHUIIeTa) coOOTBeTCTBeHHO. JIpyrasi monpaska m3-3a HEYIpPyroro
paccestHus
,ysf

(SgSf ———[1——111 1+~ ]h] — 47
2 A 2 ( t) 2 T ( )

MpbI oT™MedaeM, 4TO 9Ta HOIPaBKa SABJSETCS IOJOXKUTEJILHOMN, T.e. padoraeT
B MOJB3y AHTWJIOKAJIU3AIUKA MpPH HU3KUX TeMmIeparypax. B orcyrcrBme
3JICKTPOH-3JIEKTPOHHOI'O  B3aUMOJEHCTBUA 5g§f ABJIACTCA €JIMHCTBEHHON
HOHpaBKOﬁ K IPOBOAUMMOCTH H3-3a HEYIIPYIroro pacCedHrud Ha MalHHTHBIX
npumecsax. OHa mprodpeTaeT CJIeAYIIyI0 hopMmy:

o S T 1 |bi]

_ . 48
2 T T 21(S+ )rolts] | 2nT (48)

9Ta KBaHTOBasl MONpaBKa padoOTaeT B MPOTHBOIOJJOKHOM HAIPABJICHHHU I10
OTHOIIEHHUIO K CJIa00H JTOKATU3AIUN.

OcHoBHast ujest TJIaBbI 3 - MPOAHAIU3UPOBATH CTPYKTYPY COOCTBEHHBIX
OIlepaTOPOB PEHOPMIPYIIBI CUT'MA-MOJEJIbHOTO JeiCTBUS . OcHoBHas
MOTHBAIMSI COCTOUT B TOM, 4YTO B OTCYTCTBHUE 3JIEKTPOH-3JIEKTPOHHOT'O
B3auMOJeficTBUsT ~ COOCTBEHHBIE  OIEpATOPbI  MOIYT  OBITH  HaWJIEHBI
TTOCPECTBOM  TEOPETUKO-TPYIIIOBOTO  aHaJIM3a. I[Ipn wanmaum ke
B3auMO/IeficTBUs 3a/[@a4d CTAHOBUTCSI HAMHOI'O CJIOJKHEE, W pelleHue He
odeBuiHO. MBI, UCTIOJIB3Y4 JABYXIETICBON aHAIN3 U METOJI IEPEHOPMUPOBKH
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GOHOBOIO  1OJIsI, IOKA3bIBaeM, HUTO JIOKAJbHBIE OIEpaTOpPbl YHCTOIO
cKeilimHra 0e3 MPOU3BOIHBIX B HeJIWHEHHO# curma-moaenn PuHKeIbIITeHA
MOTYT OBITH TOCTPOEHBI HMPOCTHIM  OOODOIIEHHEM  COOTBETCTBYIOIIIX
OIIePATOPOB IJIsT HEB3AMMO/IEHCTBYOIIEr0 CIydasi. DTH OMEePATOPbl YHCTOrO
CKeHJIMHTa JIEMOHCTPUPYIOT MYJIbTH(PaKTAIbHOE MMOBEJIeHNE M OIMUCHIBAIOT
Me30cKonudeckue hIyKTyaluu ogHoYacTuIHoi dpyukiun ['puna.

Mb1 paccMaTpuBaeM CJAeIYIONIHE OMEPATOPBl: MPOCTEWITUiH JTOKAIbHBIN
omepaTop 0e3 MPOM3BOIHBIX TAETCS

1) = ; Re P (B) (19)

e 3alasjplBaionias Koppessdiuonnad ¢yukimus P (E) Moxker ObITH
oJIydeHa U3 ee MalyOdapOBCKOTO aHaI0Ta

Pi(ien) = sp(@nn) (50)

[OCJIEe CTAHIAPTHOTO aHAJUTHYCCKOTO MPOIOJIKeHnd, ic, — F + 10", 3necw
cUMBOJI Sp obo3Ha4daer cjen 1mo cnmHy u npocrpanctBy Hamby. Cymma

O PEeNJInYHOMY WHIAEKCY ¢ He TMOJapa3yMeBaeTCsd. Dusznueckn Ky (F)
COOTBETCTBYeT ycpemqHeHHOU 1o Gecriopgaky LDOS:
E))ais 1
ICl(E):M, p(E) = == Im GL(r,r). (51)
Po m
Bnecs GL(r,r’) - sro ommowactmunas dbynkmua [puma aua  ganuoii

peau3anuu Oecriopsjka. Benuwuunna py 00603HaYaeT IMJIOTHOCTH COCTOSHUIMA
(Bruowast cmmn) ma smeprum E ~ 1/7.  Ortmernm, uro sueprus E
orcuntbiBaercsa ot yposas @epmu. I[Tockonbky Ki(FE) npeacrasiaser coboit
YCPeIHEHHYIO 110 6eCIOPSAKY INIOTHOCTD COCTOSHUN, HEYIMBUTEIBHO, YTO 9TO
oTIepaToOp YUCTOrO CKEHJIMHTA IO, AefICTBHEM TPYIILI ITePEeHOPMUPOBKH.

JlokabHBIH omepaTop 6€3 MPONU3BOAHBIX, B KOTOPOM 33 1efiICTBOBAHBI [IBE
MATPHUIBL (), MOYKHO 3aIMCATH CJIEAYIOMHUM 00pa3om

1 o
Ko(Er, Ep) = o1 Z pipe Py P (B, By). (52)
p1,p2==+
Bnech xKoppeagiuonnas gyukius Py * PP (E) | Fy) MoxkeT GbITH MOJIyYeHA

U3 Koppeadnuonnoil pyukmun Marydapnt

P51 (i, , ien,) = (sp QL2 (1) sp Q2202 (7))
+12(sp [@ninz (r) @zt (1)]) (53)
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CTAaHJAPTHBIM AHAJUTUICCKUM IPOJOIKEHUEM HA PeaJbHble YaCTOTHI:
Eny, — Eip + ip0t u g, — FEy + ip0t.  3Buech ag u s - 1Ba
pPa3HBIX (PUKCUPOBAHHBIX PEILTHYHBIX HHIEKCA. Omneparop Ky(FE1, Es)
MapaMeTPU30BAH BEIIECTBEHHBIM YUCIOM fio. st o = —2 jgaHHbI]
OTepaTop OMHUCHIBAET JBYXTOUEUHYIO Koppessiunonnyo dyrkmuio LDOS,
YCPeJTHEHHYIO 110 peaju3alui OecropsIKa:

,C2<E17 EQ)

. po 2 (p(Er,m)p(Ea,m)) . (54)

po=—

Henasno B asyxmersieBom npuOauzkenun B NLSM PunkenbinTeitna ObLIO
HOKa3aHo, uro oueparop Ko( Ey, Ea) B citydae fig = —2 BJIsIETCS OLLEPATOPOM
qucToro ckefinura [6).

OO61muit omepaTop, KOTOPHIil BKAIYAET B ¢e0d ¢ MTYK MATPUUHBIX IOJIeH
(), MOZKeT OBITH ONpEeeIeH KaK

1 q
K Ey,...,E,) = 23 H
pq* Jj=1

Pa17 5 Qq;P15-- 7pq E117 . E (55)

Bnecy PgttePtoPi(p LU F,) MOXKHO TOJYYATH W3 KOPPETSAIHOHHON

GYHKIUT B MHEMOM BPEMEHH

P (ign,, ..., iEn,) = Z [y ey Ay kg )

{klv"'vkq}

q
Ay = [ ] spl@uimz Qs - Q] (56)

r=k1
IOC/Ie  aHAJIMTUYECKOrO POJIOJIZKeHUS Ha DeajibHble YacTOTBL &, —
E; + ip;0t. Cymma B ¥Yp. (b6 semmosnmsiercs mo pasbuenusiv g, T.e.
o BceM HabOpaM IMOJOKUTETbHBIX Iesnblx uucer {ki,...,k,}, koropsie
YAOBJIETBOPAIOT CAeLYIOMUM ycaoBUaM: ki + ke + ... kg = qu kg > ky >
- > kg > 0. Ilo unyexcam pemimk, KOTOpble BCe CUNTAIOTCS Pa3HbIMHU, HET
CYMMBI, oj # oy, ecim j # k nna j,k = 1,...,q. lanee Mb1 BeIOmpaem
TAKyl0 HODMHDOBKY, 9TO fi111..1 = 1. DBINONIHAA HepeHOPMUPOBKY B
cxeMe MUHHMAJBHOTO BbluuTanus (cM., Hampumep [3]), momyunm yciaosue

KOHETHOCTH aHOMAJIBLHON Pa3MepHOCTH ONepaToOpoB ¢ ¢ mojeil ()

M;L-.-,l +po1,1 = 331,10+ 2000, 1 +q(qg—1). (57)
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YnuButesapHo, Ho ypasHenue (D7) He 3aBHCAT OT  IIAPaAMETPOB
B3aMMOJIEHCTBUSA 7Ys U ;. ITO O3HAYAET, UTO YP. BBITTOTHAETCS
HabopaMu { [, k,}, OHPEEISIONAME ONEpPaTOPbl UHCTOTO CKefInHTa B
teopun Ge3 wzammomeiicteus |11, 27, 28|. VYwoomsanem, uaro mag ¢ = 2
¥p. MO3BOJISAET OINPEJIeJIUTH BO3MOYXKHbIE 3Ha4YeHUs Kodddunuenra
2 (paBHOTO -2 W 1) W, CJIEIOBATENBHO, HANTH BCE BO3MOMKHBIE OHEPATOPHI
YUCTOTO CKefinmHTa Tpu ¢ = 2. jasg Toro 9TOOBl ONpeNenTh BCE
kodbpurmentsr {jug, .k} AT ¢ = 3, HEOOXOTUMO HPOAHAIM3UPOBATD
CJEJIYIONINE TOPS/IKY B HET/IEBOM Pa3/iozKeHuu. TakyKe Mbl IIPEJACTAB/IAEM
apryMeHTHI, OCHOBAHHBIE HA MeTOJe MePEeHOPMUPOBKU (DOHOBBIM IOJIEM, B
OJIB3Y TOIO, YTO HAGOPBI {fik,. ..k, }, ONpPEIEISIONHe ONePATOPbl TUCTOIO
CKeJIMHTa B HEB3aUMOIEHCTBYIOINIEH 3a1a9e, TAKXKe ONMpeIesioT OIepaTOphI
YUCTOTO CKeHINHTa BO B3aUMOJIECHCTBYIONICH 3aade.

[Ipu ycuaoBuu, u€ro ¥Yp. BBIIIOJITHEHO, aHOMaJIbHAs Pa3MEPHOCTH
COOTBETCTBYIOIIEIO  ONepaTropa YHUCTOrO CKEHJIMHTa B JIBYXIETJIEBOM
NpUOINZKEHUN JTACTCS

2 :
() — - . 3
G =2, [75 t3 ;C(%)} +O(8). (58)
ryae PyHKIns
247 .. T+, 5
c(y) =2+ lig(—y) + ——In*(1 +~) (59)

BKJIOYaeT B cebst nosmaorapudm lis(z) = Y77 2% /k?. Tlomuepkuem, uro B
JIBYXIIETJIEBOM NPHOINKEHIN aHOMAJIbHASA PA3MEPHOCTH OIEPaTOpa IUCTOTO
CKeMJInHTa Cq(“) HMOJTHOCTBIO OIPEIE/ISeTCs OJHUM KOYDMUIHEHTOM fi91 11, 1-

[t ikl R}

Kpurnuecknit nHAEKC AE,“ ) NI OIEepaTopa YUCTOr0 CKEHJIMHTA ICS,“ ) paBeH
COOTBETCTBYIOIIEil aHOMAIBbHON Pa3MepHOCTH (}g“ ) & GUKCHPOBAHHON TOYKE.

Takzke 1715 JOMOMTHATETHHOTO CBU/IETEIHLCTBA B TIOJIb3Y OCHOBHOTO JTI0BO/IA
0 TOM, 4TO (popMa COOCTBEHHBIX OIEPATOPOB HE MEHSIETCS W3-33 HAJIUUIUS
B3aMMOJIEHCTBYS, MBI AHAJIU3APYEM IEePEHOPMUPOBKY MeTOIOM (DOHOBOTO
HOJIT B OIHOIETIEBOM NPHOIMMKEHHH.  TakKe MBI IIOKA3bIBaeM, HUTO
HailJeHHbIE OIEePAaTOPhl MOTYT OBITH BbIPAXKEHBI KaK IIPOCTPAHCTBEHHBIE
koppeasaropsl LDOS, 4T0 Haer TeopeTHdecKyl BO3MOYKHOCTH IOJIYYHTH
UX ©3 aKKypaTHOIO AaHa/ 33 Pe3yJbTAaTOB TYHHEJbHOW MHKPOCKOIIUH.
Hampumep, 118 KBaZpaTWIHBIX OINEPATOPOB, KaK yxKe YIOMHUHAJIOCH,
oTepaTop IC2_2 MOZKeT ObITh BBIpazkeH B Buje BToporo momenTta LDOS, cm.
5.

JIpyroii omepaTop YHCTOrO CKeHJIWHra OMIWHEHHbIH mo () MoxKeT ObITh
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AHAJIOTMYHBIM 00pPa30M BbIPazKeH depe3 OJHOYACTHUYHYIO (pyHKIHIO ['puHa:

K o (ImG(r,r) Im GE(r', 7")
—ImGL(r',r) Im GL(r, 7)) ., (60)

rae TOYKHU r 1 ’l", VA0BJIETBOPAIOT YCJIOBUIO
Ar L |r — 7' <, (61)

e Ap u [ o3HagaoT Jauny PepMu U CpegHion JTHHY cBOOOIHOrO mpodera
COOTBETCTBEHHO.
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