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PAH u nHanmoHaJbHOM HCCJIEI0OBATEJHLCKOM YHUBEpcuTeTe Bhicnas mkoJia
SKOHOMUKH

Hayunsbiii pykoBomuTenb: BypmucrpoB Urops Cepreesud, m.¢.-
M.H., 3aMECTHUTeJb JupekTopa HWMHCTUTYTA TEopeTnydeckoil (PU3MKU UM.
JI.II. Jlamgay, B.H.C. Jlaboparopun KOHIEHCUPOBAHHOTO COCTOSIHUS
HAIMOHAJBHOTO  HCCJEJOBATEILCKOTO  VHHBEpUTeTa  Bpiciiag — IIKoJa
SKOHOMHUKH.

OcHoBHBIE IJIeN U PEe3yJIbTAThI

Jannast JuccepranuonHas padora lpejcraBjiser cobOl  uccjieloBaHue
TPAHCIOPTHBIX W MYJABTH(PAKTAIBHBIX  CBOHCTB  HEYHOPSTOYEHHOMN
9JIEKTDOHHON CHCTEMBI ¢ MATHUTHBIMH DACCEnBATENSIMU U /HJIN 3JIEKTPOH-
37IEKTPOHHBIM B3aUMO/IeHCTBHEM.

OcHoBHag 1eab TJIaBbl 1 - PaccMOTPEThb BAUSIHUE MHOTO3JIEKTPOHHBIX
Kaledb ¢ KOHEYHBIM CIIHHOM Ha TPAHCIOPTHBIE CBOWCTBA JIBYMepHO
S7EKTPOHHON cHCTeMbl. B dYacTHOCTH, MBI OIeHWBaeM BKJIAJ BO BpeMs
Jiehba3supOBKU M3-3a HEYIPYIOI'o 3JIEKTPOHHOI'O PACCeSTHUS HA TAKUX KAIJIAX
npu  Hu3kux remmeparypax (7). OcHOBHAsT MOTHBAIUS COCTOUT B
CTeYIONIEM: HEJaBHO TaKWe 3JEKTPOHHBIE KaIllIi CcO couHOM S =2 2
(Ha ofHy Kamao) OblI OOGHAPYKEeHBl B jByMepHOil (2D) 371eKTpOHHO
cucreme B Si-MOSFET ¢ mnomompio TepMOIMHAMUYECKHX HW3MEpPEHUi
namarandensoctu obpasna [18, 25]. Tlpu samuaum cuibHoro o6MeHHOrO
B3aUMOJCHCTBUA B ABYMEPHON HEYIOPAJOYCHHON 3JIeKTPOHHON CUCTeMe IIPK
HU3KUX TEeMIEepaTypax CHUH JEKTPOHHON Kalld MOXKET ObITh KOHEYHBIM
m3-3a ABJICHHS Me30ocKommdeckoii meycrofiumsocru Cromepa [12], [15].
Koneunslif cliUH 37€KTPOHHON KAIlJId NPUBOJUT K TOBemeHnio Tuna Kropw
JUTST CITUHOBON BOCIIPUUMYHUBOCTH. B 3THX IKCHEPUMEHTAX TeMIepaTypHas
3aBUCUMOCTH MU3MEPEHHOW HAMAarHUYEeHHOCTHU corjiacyeTcs ¢ 3akonom Kiopu
JUIST  CIIMHOBOW BOCIIPUUMYHMBOCTU OJIHOW KAIJIM TPH YCJIOBHU, UYTO WX
KOHIIEHTpaIlisd 0OpaTHO MpOmopIuoHaibHa TeMmeparype [18, 25]. B
3TOH TJIaBe Mbl HCCIeIyeM cedeHHe HeYIPYTOTO PAacCesHHs JeKTPOHOB Ha
MeTaJLTMIeCKOil KBAHTOBOM TOYKe, OJM3KO# K HeycToirumBoctu CToyHEepa.
MpbI cocpeioTounMcst Ha pexKuMe CUJIBHON KYJI0HOBCKOM 0J10Ka/1bl, B KOTOPOIA
B CEYEHUN PACCEAHUS JJOMUHUPYIOT MPOINECCH KOTYHHEJIMPOBAHUSI.

Bruipaxkenue mjisg BpeMenu Jeda3upoBKH B Pa3sMepHOCTH d = 2 MOXKeT



ObITH 3amucano Kak|14]

Tgl(T) = exp /dan’F(s) In Tiner (e, 7) | - (1)

I MBI BBOJIUM 9aCTOTY HEYHPYTOrO PACCETHUS /I JIEKTPOHA CJIeLyFOIHM
obpazom

_ Ng p
Tinél(‘g? T) = 7 Z Ainel<€>' (2)
o=+

rae v 0003HaYaeT CPeIHIOn IIOTHOCTh COCTOSHHN Ha ONHY IPEKIWIO CIHIHA,
JIULS JIEKTPOHOB B 9JIEKTPOHHON KMJIKOCTH, OKPY2KAIOIIENl KBAHTOBbIE TOUYKH
u Besmanua A7 () npencraBisier coboil HEYIPYTYIO 9aCTh BEJIHIHHBI

(€)= Y 8(e — ero) Im (ko T ko), (3)

KOTOpasi IMPEJICTAB/ISET COOON CeueHne paccessHus oo, = % Im (ko|T ko),
YCPEIHEHHOE C OJHOMACTUYHOH IUIOTHOCTBIO COCTOSHWIT B pesepByape (vg
- 3TO CKOPOCTH 3JTEKTPOHOB B pe3epByape Ha yposHe Pepmu). Heyupyras
4aCTh ONPEJEJIAETC TeM, YTO HAYAJLHOE M KOHETHOE COCTOSHUS KBAHTOBOM
TOYKH Da3JINYHDBI.

Mer MozmempyeM 37eKTPOHHBIE KAllIM KBAaHTOBOW Toukoil. Torma Bes
CHCTEMA OIUCBHIBACTC CJIEIYIONAM TAMAIBTOHTAHOM

H = Hgyp + Hp + Hy. (4)

3mech mepBblit wiaen Hgp ONHCBIBAET SJIEKTPOHBI B KBAHTOBOIl TOUKe.
Mbl paccMaTpuBaeM MeTaJLIMYeCKYH) KBAHTOBYIO TOUYKY, T.e. C OOJIBIION
Ge3pa3MepHOii TPOBOIUMOCTBIO, gt = Fryn/0 > 1, tae Er, obo3Hadaer
suepruio Taysecca. B gaHHOM cirydae KBAHTOBasl TOYKA TOYHO OLUCHIBAETCSI
TaK HA3bIBAEMbBIM YHHBepCaTbHbIM ramuabronoM [12],[1]:

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

a0

Bnech dye um dl, - omepaTOphl YHHUTOKEHHA W POXKICHHA 3EKTPOHOB C
SHEpruell €,, = €, + 1pgr, Bo /2 B KBaHTOBO# TOUKe, rje 0 = +1 obo3HATAET
CIMHOBBIM WHIEKC, g;, W [ - dJIEKTPOHHBINA g-akTop m MaruuToH bBopa
COOTBETCTBEHHO.  BTOpoil 4jien B mpaBoil 4actu Yp. YUHUTHIBAET
KYJIOHOBCKYI0 O10Kaay. B Hem 3ajeiicTBOBaH OmepaTop YnC/Ia IaCTHII,

R= iy =Y fa=» dl,duo, (6)



u puemmuit 3apsax Np.  Ilocmemumit repmun B mpasoit gactm Yp. ()
onuchiBaeT deppomMarauTHoe B3aumoseiicteue leiizenbepra (J > 0). Owno
BBIPazKaeTcsl uepe3 omnepaTop MOJHOTO CIUHA Ha KBAHTOBOH TOUKeE,

S = %gsa = % Z dlgaaa’daa‘ (7)

a,0,0’

31ech MBI He paccMaTPHBAaeM B3aUMOJEHCTBHE B KYIEPOBCKOM KaHaJe,
KOTOpPOE OTBedaeT 3a CBEPXIPOBOIAININE KOPPEASIIHUH B KBAHTOBBIX TOYKAX
|19, 291 30} 211, 20, 26, 2] [16], 17].

Hasiee, wien Hp onucbiBaeT 3JIEKTPOHBI B pe3epByape. [list 1pocToThl Mbl
nperebperaeM B3auMOJEHICTBHEM 3JEKTPOHOB B Pe3epByape H 3alliChbIBAEM
TaMUJIBTOHNAH KaK

HR = ngaazgaka~ <8)

k,o

3iech al, W dae - OMEPATOPBI POKJCHWS U yHHUTOKEHUS SJEKTPOHOB C
sHeprueii e, = &(k) + ppgrBo/2 B pesepByape, rume g 0GO3HAYAET g-
dakTop B pesepyape. Mbl OTMedaeM, YTO BCe SHEPIHH OTCYUTBIBAIOTCA
OT XUMHYECKOTO HOTEHIHAIA.

Hakonen, tepmMwn Hp y4YnThIBaeT CBdA3b MeXKJIY KBAHTOBOW TOYKOM
n pe3sepByapoM. Mpbl BBHIOMpaeM ero B CTaHJAAPTHOM BHIE TYHHEJIbHOIO
raMuJIbTOHHAHA!

Hy =Y tardl,ar, + hec. (9)

a,o,k

[lomuepkHeM, YTO MpHU TYHHEIUPOBAHUM U3 KBAHTOBON TOUKH B pe3epByap
Wi Hao0OPOT HE HPOUCXOAUT CHUH-(DJIUI  JIEKTPOHA. Hastee Mbl
npereOperaeM BJIHAHHEM 3JIEKTPOHOB B pe3epByape Ha JMHAMHUKY HTOJIHOTO
crnuHA KBaHTOBON Toukm (cM. cebuiku |23, 24]).

st pacdera cedeHus: paccessHusi B 9€TBEPTOM MOPSIIKE O AMILIATYIaM
TYHHEJUPOBAHHST MBI [PEJCTABAM 0a3MC TOYHBIX MHOTOYACTHIHBIX
COOCTBEHHBIX COCTOSTHHIT |i) JUIsT TaMIJIBTOHHAHA H30JTMPOBAHHO
KBaHTOBO#l Touku: Hgpli) = E;|i). Barem, Bbruuciags Gynkinuio ['puna
9JIEKTDOHOB Ha KBAHTOBOH TOYKe BO BTOPOM IOpsiIKe O TYHHEJIHPOBAHUIO,



MBI HaXOOUM CJIe,ILYIOHLI/IIL/'I pe3yabTaT AJid IOJHOI'O Ce4YeHUdA pacCCedHuAd:

@) =7l + e 3 Y o [ e GalITnlE)

—Be’
apyni,f,o’ 1t+e
x (ild! , ! T R —, A f)
Yo 6/ . Ez 4 HQD oo ao€+ Ez _ HQD Yo
d! o + dpo ————————dl, |i
X<f| BJ€’—E¢+HQD K + K €+Ei—HQD U|Z>
xd(e+ E; — Ef —¢'). (10)

Bnecs p; = exp(—fE;)/Z, tne Z =), exp(—FE;), ABIseTcsa BEPOATHOCTHIO
['ub6ca 11 HAYAIBHBIX COCTOSHUII KBAHTOBOI TOYKH,

75(8) =) 0(e — ero)tartrs. (11)
k

DTa MaTpHUIA XapaKTepu3yeT TYHHEJIbHBIH KOHTaKT. 1 MHOrOypoBHEBOIL
KBAHTOBOI TOYKM MPH YCJIOBHSX, UTO 3apsiioBast sHeprus F,. 6onpmas, F, >
T,e,0,J, a Buentnuit 3apsiy Ny uMeer 1ej0e 3HAYEHUE, OMYCKasl yHIpyruil
BK/IaJ, T.e. wieH ¢ [i) = |f), u3 Yp. (10]), mpl nosysaem meynpyruit BKias b
CeveHne paccesHus B BUJIE

et (€) = % Z Z Q”/a(g)Qav(g + L — Ef)

¢ ay f#io!

pill +e ] |
1+ e BE+E—Ey) (ld!  dao | F)(F|d] 400 i)

F S Qule)Qu (e + B Ey)

¢ aty f#i0’
pi[l + e ]
14+ e~ Blet+Ei—Ey

F(i1d] o | £ (f1dh g oo |2) (12)

Hac wunTepecyeT ciydaii, KOIjIa SHEPrHH JeKTpoHAa 10 (&) U mocJe
(¢ = ¢ + E; — Ef) paccesHuss MaJbl 0 CpaBHEHHIO ¢ sHeprueit Pepmn
9JIEKTPOHOB B pe3epByape. Takum oOpa3om, Mbl MOXKeM lpeHebpedb
9HEPreTHICCKOH 3aBUCHMOCTBIO B BEIHUMHAX (qy. Jlma MeTammmyeckoit
KBAHTOBOW TOYKW, gy, > 1, yCcpegHeHWe aMIIJINTYJ TYHHETWPOBAHUS TIO
peanm3amusaM OecIOpsIKa MOXKET BBHIIOIHATHLCS HE3aBHCHMO OT YPOBHEH
SHEPIUU OTJEJbHBIX YACTHUIL €,. VICHONB3Ys CJEAYIONHE COOTHONIEH s (MBI
npejtoaraeM, 4ro (Qaz (bagz%, rj1e ¢, CJAy4dalHbI BEKTOP C I'ayCCOBbIM
paCTIpeIe/IeHIeM, yI0BIETBOPSIONIHTT CICYIONIM COOTHOTIEHUAM: ((q05) =



Qbap 1 (Pats) = (2/B — 1)Qbap.)

—_ Q% a#,
QOVYQ'YOC - {(2/,@)@2, o= ’_)/’ (13)
u
QaaQyy = Q% a#7, (14)
e mapamerp 3 = 1 m 2 g oproroHasbHOro Kjacca Al m yHUTApHOTO

KJacca A, COOTBETCTBEHHO, MBI MOYKEM YCPEIHSIThH TMOJTyYaeMble BEIUINHBI
10 OeCIOpPJIKY.

Vcmonb3yst Bce 3TH COODparkKeHHs, [Jisi KBAHTOBOW TOYKH BOJIM3K
CTOyHEpPOBCKOI HEYCTONYIMBOCTH € H30TPOIMHBIM OOMEHOM MpH OOJbIIHX
sHeprusix € > Fy E;) T — 0 u ycaosusx 0Ny, 0J/[2(6 — J)] < ¢ < E.
TOJTY UM

o . 2 2

Ainel - 47TQ N()é/EC (15)

Hna T'< 6 — J w vuskux suepruit ||, 0 — J < §, J Mbl HAXOJAUM CJIe Ty 0TI
Pe3yAbTAT JJIA CeYeHHMs HEYIIPYTOTO PacCessHUs:

ArQ? (28 +1)(S +1 1
et (€) = 7;22 {( i gf ., 5P Eo)
25 +3
mF(& E+)}, (16)
rae Mbl BBeJH (DYHKITHIO
2
Fle B) = 2 cosh™(Pe/2) (17)

~ cosh(Be) + cosh(BE)

Iepsoiit Briaax B Yp.(l6) upeacrasasier coGoit yupyroe crun-nm-
paccesinue, CJIeJYOLMe JiBa COOTBETCTBYIOT HEYLPYIOMY PACCEesiHUIO C U
6e3 cuma-daun.  Ormernm, uto BKJaan B ypashenue ([16) u3-3a ynpyroro
cnma-dunn - paccesiuust, (2S5 + 1)(S + 1)/3, Goabine, dem pesyabrar
it Marmutnoi mpmmecn, 2S5(S + 1)/3. D10 mpomcXoauT 3a  CcUeT
JOHOJTHUTEIBHBIX KOPPEISIUi MeKIy aMIUIMTYJaMH TYHHEJIUPOBAHUS B
ciyuae oproroHanbHoro ancamb6mast (3 = 1). Heymnpyroe cedenue mpu
d>T > 06— J upu sueprusgx |e| < 0

oo dar@rfas—2y) T
hal®) =g 1652 T3 )|

(18)

[Toguepkuem, 9T0 HEeyupyroe cedeHue OOJIbIIE, YEM MOXKHO OXKHJIATH JIJIsI
cJlydasi MAarHUTHON IpUMecH o cimHOM Topsiaka d/[2(6 — J)).



Bbiimre MBI IPEANOIOKAIN, UTO PACCTOSHHE MKy COCeTHUMHU
OJHOYACTHYHBIMYE YPOBHIMH B KBAHTOBOW TOYKE IMOCTOSTHHO. B obimem
caydae 510 He Tak. Ciegys crarbe [5] yarem dayKTyanun oJHOYACTHIHBIX
yposueit BOim3u weycroitausoctu Croyuepa, 6 — J < 0. Torma momyamwm
yCPeTHEHHOe HeyTpyToe cedenue mpu Temmeparypax 1’ < 0 — J u sHeprusx
£ K 0

— amQ?[ 20 2
Ana(€) = 7 3(5—J)2[1+ﬁ1n5—J]

inel

+7 (220 - ). 2 VERBG - 7)) (19)

31ech MbI TIpeHeOperaeM CyOIUIUPYIOIMIMMHI UJI€HAMH II0 CPaBHEHHIO C
IJIaBHBIM B 11€pBOit crpoke Yp. (19)), koropsiii coorBercrByeT yupyromy
Bryaay couH-guun. Oyuxiws F(z,y, 2) Oupesesiercs Kak

1 . 1
]:(x,y,z):1+§erf(x2y>—éerf(xjy), (20)
rne erf(z) = (2/y/7) [y dtexp(—t?) oGosmauaer dynkmmo ommboK.

Bblpa}KeHI/Ie CIIpaBeAJINBO IIPU BBINTOJIHEHUN
(1—J/6)* < (2/7*)In[6/(6 — J)] < 1. (21)

DTO OrpaHMYMBACT 3HAYEHUE IOJHOIO CIHHA B OCHOBHOM COCTOSTHHH 10
wareppata 2 < S < 70. B menom, GIyKTyamum OJHOYACTHYHLIX
VPOBHe{l yCHIMBAIOT BKJIAJ yOPYroro cnuH-dnmna (aHAJIOMHIHO YCUIEHWIO
cnuroBoit Bocnpunmuusoctu [12] B 13 22]) u criaxusaror crynenn BKIaaoB
HEYIPYTroro cuH-(JINIa U HEYIPYToro paccednust 6e3 crnuH-uIa.

Teneps paccMOTpUM TIOBEJIEHHE HEYHPYTOrO CEYEHHS WIPU HAJIUYHH
MarauTHOro nojst B. Mbl mpejiriosiaraem, 9To B JIONOJHEHHE K PACIIEILIEHNTO
3eeMana 3TO MarHUTHOE I10JI€ BBI3bIBAET OpOUTAIbHBIN 3 DeKT u HapymaeT
CHUMMETPHIO II0 OTHOIIECHHIO K oOpalleHuio BpeMenu. Torja mapamerp (3
CTAHOBHUTCS paBHbIM 2, B = 2. PaccmoTpum ciy4ait pacienyienust 3eeMaHa,
KOTOPO€ CHUJIBHO 10 CPABHEHWIO C TEMIEeParTypoil, HO MaJo M0 OTHONIEHWIO
KO0, 0 > b= uggyB > T. OrcyrcrBue BBIPOXKIEHHUS IO OTHOIIEHUIO K
U3MEHEHHWIO MPOEKIINY MOJTHOTO CIUHA, JeJaeT BKJAJ YIPYyTroro CnuH-(anma
B HEYIPYroe cedeHue SKCIOHEHIMAJBHO MAaJIbIM 1o mapamerpy b > 1.
To e camoe OTHOCHTCS M KO BKJIAJAY H3-3a HEYIPYLOTO paccesHus Oe3
cuun-punna. Takum 00pa30M, OCHOBHOW BKJIaJI B CE€YEHUE HEYIPYIOro
paccesHus TMPUXOJIUT OT HEYHpPyroro paccesnusi 0e3 crnua-duuna.  Mbr



HaxXOAUM CJEAYIOIIUN pe3yabTar [Jid HeyIpyroro CedeHud IIpu |€] L dum

T<(0—-J)<b:

&A@=figwl—nﬂe—EABn+nF@+EHB»} (22)

[Je IEeJd MeXKJly OCHOBHBIM COCTOSIHHEM C CyMMapHbIM CHUHOM S U
HAMHU3MIMM MHOTOYACTUIHBIM  BO30YKJICHHBIM COCTOSTHUEM O0O3HAYECHDI
EL(B) = Ex Fb. TloyunreabHo cpasunth pesyabrarel jst A7 (€) ¢
MArHUTHBIM 1I0JleM u 0e3 Hero. CHada/ja MarHUTHOE IIOJIE€ MOJABJISET
VIOPYruil BKJIaJd COAH-DJIKMI.  BO-BTOPBIX, BMECTO YETBIPEX CTYIIEHEH ¢
BbicoTOl 1/2 (pu Gosbmom cuuse S >> 1) npu sueprusx Fy u —Ey upu
orcyrersun MaruuTHOro nous (em. Yp. (22), npu saamunn pacmemnenns
Beemana BBIKMBAIOT TOJNBKO JBe crynenu npu E,(B) u —E;(B) BbicOTOI
1. Mbl mogyepkuBaeM, 4YTO B OTJIMYHE OT CJIydas MAUHUTHON NpuMecH
HeyIpyroe paccesHue B IPUCYTCTBUH PACHICIIEHUs 3eeMaHa Ha SHEPrUsx
le] > E,(B) He siBAsieTcsl SKCMOHEHIMATBHO MajbiM mo b > 1. g
sHeprun |¢| < E,(B) cedeHme Heynmpyroro paccesiHusi DAaBHO HYJIO DU
T = 0. Ycpeanss 1mo CTaTUCTHKE OJHOYACTHUYHBIX YPOBHEH, MbI HAXOIUM
Heynpyroe cedenne mpu || K du T S (60— J) < bk §

— 47TQ2
inel (6) - ECQ

1+ f< mle —2(8 - Jﬂ)
6/ Ifb/(6 — J)]

1 (7l 26— )]
-3 erf (5 0/ =) >] : (23)

9TOT PE3yJbTaT CHPaBeUIMB IIPU  YCJIOBAW BBIIOJHEHHS  CJEAYIONero
HEPABEHCTBA:

b
57 < 1. (24)
JleBoe HepaBeHCTBO B Y. o3Hadaer, 9To 3bQEKTHBHAS TeMIepaTypa
Teg = (0/7)/In[b/(6 — J)], CI‘JIa}KI/IBaIO]_[[aH crynenn B A7 (¢) mpu E,(B) n
—FE5(B) ue caunikom mana, Tog > 6 — J 2 T. TlpaBoe HepaBeHcTBO B Y.
(24) rapamTupyer, aTo duykTYyanuu moHOrO CIHHA OCTAIOTCH TayCCOBBIMA.

Jna kBanToBOit TOUKHM ¢ U3mnHrosckum obMenoMm (CHIbHOE CHIHH-
opbuTasnbHoe B3auMoJeiicTBHe) 6e3 MATHUTHOTO TOJs CYMMApHBI CIHH B
ocHoBHOM coctognun pased 0 (1/2) B caydae 4eTHOro (HEYETHOTO) YHCIIA
9JIEKTPOHOB. JIjisl 9€THOrO 4mMc/Ia 9JeKTPOHOB, Tak Kak S = 0, ynpyroe
cma-dunn paccestaue ncuesaer. Jdag T < 0 — J u |e] < 0§, eauHCTBeHHBIT
Braag B A7 (€) ocTaercs mz-3a Heynpyroro cruH-¢mni:

mel(€) = 2

c

1
((5—J>2<<§1n

1 np(e = A) +nr(= +A)]. (25)



Bnech A, = d—J o3HAUAET IIEIb MEKY OCHOBHBIM cocTogHIeM ¢ S = S, = 0
u coctosHueM ¢ S =1 u S, = *+1.

B ciydae HeUeTHOTO YHCJIA TEKTPOHOB, MOCKOIBKY S = 1/2; ocHOBHOE
COCTOSIHUE JIBAYKJIbl BLIPOZKJIEHO. lTorja yupyroe crnwH-(DJIMI paccesnue
Takoe Ke, KaK W JJisi MarHuTHO# mpumecu co cimaoMm 1/2. Kpowme toro,
Heypyroe cnuH-JIMI 1aeT BKJIajd B Heynpyroe cedenue. Torma mpu T <
d —J u le| S 0 naxomum

ma(e) = 226222 14+ 1= ne(e = A) +np(e +4,)|. (26)

Baech A, = 2(§—J) o3HAUAET IIEJIb MEKLYy OCHOBHBIM cOCTOsTHIEM ¢ S = 1/2
u cocrogHuamu ¢ S =1u S, = +1.

OTMeTHM, 94TO HEYIPYTOe CeYeHHe PACCesHUsl IPH |¢] > § — J He3aBUCUMO
OT Y€THOCTHU 4YucCJia aﬂeKTpOHOB B KBAHTOBOII TO"IKe7

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

B cayuae Temmeparyp 6 > T > § — J HuU3KOJIEKAIINE MHOIOYACTHIHBIE
cocrostanst ¢ nomubiM crunom S S \/T/(6 — J) maior BKIag B HEYIPYToe
cederve npu || < §. AHANOMMYHO CJIyYal0 HU3KHX TEMIEpPATYD [JIABHBI
BKJI&JI IPUXOJUT OT Heynpyroro cuuH-duunn. Torma Mbl moydaeM

—1
. 87TQ2 > _ 2 > _ 2
)= T2 | 30 om0 -as
¢ S,=—00 S,=—00
8 2
x Fe, (6 —J)(2S.+1)) = 7;2 . (28)

Ob6parnm BHHMaHHE, 4TO HEYIpPyroe cedenue mpu |e| ~du 6> T > 6 —J
B JBa pasa 6osblie, ueM upu 1 <€ § — J.

aJjiee MBI BBIUHCIIeM HaOI01aeMoe BpeMs jedasupoBku. Ob6cyzKienne
T,(T) HauHeM cO cjIyd4as H30TPOIHOTO OOMEHHOTO B3aHMOJEHCTBHS B
KBaHTOBOI Touke. Psimom ¢ mHeycroitunBocThio Croyuepa, § — J < 0, npu
tremneparypax 1" < 0 —.J, meynpyras gacrora paccesiuust A7 () maercs Vp.

inel
(16]). Brimonnensist pasioxkeHue o MaJbiM YI€HAM, 3aBHCAIINM OT SHEPIUH,

HaXOJUM H3 YP.

_ 8mnsQ* | (S+1)(25 +1) _
Ly BE_
T, (T) = V2 3 +BE_e
2543 _BE,
+og 0B (29)
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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).

Cnabast 3aBUCUMOCTL CKOPOCTH Je(pa3supoBKU OT TeMIIEPaTyphbl 00yCIOBIEHA
BO3MOKHOCTBIO HEYIIPYIOI'0 PAaCCesHHsS, KOTOPOEe BKJIIYAET IePeXOIbl
HAQ HUKHUM MHOTOYACTUYHBIE YPOBHU KBAHTOBOH TOYKH. Taxzxe
OT9EPKUBAEM, YUTO BKJIAJ YIPYroro CHuH-(QJIAN B CKOPOCTH jieha3npOBKU
OTIMYAETCSI OT CTAHIAPTHOTO BBIPAYKEHUST JJIsT MATHUTHON TTPUMECH, KOTOPOe
nponopuuonanbao S(S + 1)/3.  TloBropsieM, 9TO 3TO HPOUCXOJUT H3-32
JTOTIOJTHATEIHHBIX KOPPEISIUIi MeXKIy aMILINTYIAMH TYHHEJIUPOBAHHS JIJIsI
[EPEXO/IOB HA PA3JIMYHbIC YPOBHU KBAHTOBON Touku. Vcnosb3ys Vp.
MBI TIOJTy9aeM HMPH BBICOKUX Temmueparypax 0 — J < T < §:

) 87n,Q% [5(36 — 2J) T
1 T —
o U =5 | S6 =72 307

(30)
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OtmeTuM, 9TO Ha caMoM Jejie 0be OIeHKH u TaKzKe CIPaBe/JINBBI
B pasMeprHocTu d = 3. [lpm nasmwmawm paciienenus 3eeMaHa yOpPYTWil CIIAH-
bmun nmonasasercs. Torpa ¢ momombio Yp. (22), Mbl HAXOAUM CIeAYIONIYIO
OIeHKY CcKOpocTu meda3upoBKU IpU HU3KUX Temmeparypax ' < 6 — J u
YMEPEeHHBIX MArHUTHBIX TOJIAX, 0 > b > 0 — J:

_ Ame’n,Q?

I [6—5E+(B) + B—BEf(B)] ) (31)
v c

-1

T (T)

OrmeTum, 4T0 CKOPOCTH j1eda3npoOBKU B JAHHOM CJIydae SKCIOHEHIIMAJIBHO
MaJia 110 TeMIeparype, T(;l(T) ~ exp(—=26(6 — J)).

B caydae obmennoro B3aumoeiictsus V3nnra B KBanTOBO# TOUKe T4(1)

3aBUCHT OT YeTHOTU YHCJA 3JIeKTPOHOB HPH HU3KHX TeMmmeparypax 1 <

6 — J. Ucnoansys Yp. u (26]), Mbr nmostyuaem

_ 87mSQ2 _
TW}(Z ) = —V 5 ¢ BAe (32)
JIJI 9YeTHOI'O YHCJIa JIEKTPOHOB U
_ 47m3Q2 _
T¢>7;(Z )= 2 [1 + me BA"] (33)

JIUTST HEIETHOTO YUC/Ia 3AeKTPoHOB. [Ipum Gosee BHICOKUX TeMmiepaTypax § >
T > 6 — J, Bpems jeda3upoBKH CTAHOBUTCH HEYYBCTBUTEIHLHO K YETHOCTH
YHUCJIa JIEKTPOHOB:

16mn,Q?
- vE?2
Takum obpaszom, Bpems Jeda3supoBKu U3-3a paccesHus Ha KBAHTOBON TOYKe
¢ obMenoM V3uHra B TeMmepaTypHOM AuamnaszoHe 6 > T > § — J moxoxke Ha
MArHATHYIO MPUMECH.

Hasee MBI aHAJIN3UPYEM 9KCIIEPUMEHTAIbHbIE CJIeJICTBUSI.
[Tpeamnmosokum, 9T0 €CTh HEKOTOPbIE JIEKTPOHHBIE KAt B 2D snexTpoHHoi
KUJIKOCTH. Torja B TaKOH Kallie MOYKeT ObITh JIOKAJIU30BAHO HEKOTOPOE
YUCJIO JIEKTPOHOB. MBI MOIEIUPYEM TaKyio Kalio pasMepa Lg > [ > Ap
KBaHTOBOI TOUKOI ¢ 0OMeHHBIM B3aumMojelicTsueM [eitzenbepra J = —F§0.
3necb Ap obosnauaer jymHy BOHBI Pepmu. Torna npm Temmneparypax
T < T, = ngS, /v, tae, nanomnnm, S, ~ J/[2(0 — J)] = 1/2(1 + F§) > 1
- CyMMapHBI# CIUH KAILIW, OXKWJIAETCSA, 9TO B CIUHOBOW BOCTPUUMYUBOCTH
JIOMUHUPYeT TeMIlepaTypHad 3aBHCHMOCTb Tuma Kiopm, y ~ nsSg /T.
Ucnomb3ysa Yp. B KadecTBe OIEHKHM BKJIAJa B CKOPOCTH Jeda3supoBKH
n3-33 PacCesiHus HA CHUHOBBIX KAIlJIsX, Mbl HAXOJAUM, 9TO OHA JIOMUHUDYET
HaJ AHHEHHBIM BKaaioM B 1 mpu temmeparypax 1 < T, ~ n*T,, rie

, (1) (34)
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napamerp 1 = (Q/Ec)\/g ~ genl/(rsLar/g). llpu yciosuu, 4ro napamerp
B3AUMOJIEHCTBUS Ty ~ Ap/ap ~ 1, tme ap obo3madaer paamyc bBopa,
nu g 2 1, Ml Haxogum 1) < 1. 371ech MBI HCIOMB3YEM YCJIOBHE MAJIOTO
TYHHEJIBHOT'O KOH/IaKTaHCa Ha KaHaJ, ¢ << 1. Takum obpasoMm, B juamna3oHe
remnepatryp 1, < T < T, MBI OoXKujJgaeM TeMIepaTypHYIO 3aBACUMOCTh
CIUHOBOW BOCIPHUMYHBOCTH Tuma Kiopu, HO OOBIYHYIO, JIHHEHHYIO B
T, ckopocTh Aeda3supOBKH. Bkiiax B ckopocTh gedasupoOBKH H3-3a
paccesHUs JEKTPOHOB HA JEKTPOHHBIX KAIISIX ¢ KOHETHBIM COUHOM OyIeT
JIOMUHUPOBATH HAJI BKJIAJOM PACCESIHUSI, BOSHUKAIOMEr0 n3-3a (PayKTyanuit
B TpumiernoM kKauase [I15], ecam ciegyioimee ycaoBue BBIOTHIETCS
nft < n’ng wmm, sksusanentno, T, < T,. TlocKOJIbKY ILIOTHOCTL Kale/b
CIMHA N, HE MOKeT ObITh Goubime 1/L2 TeMmepaTypa HACBHIEHAS MEHbIIE
CPEJIHEr0 PACCTOSHUST MKy YPOBHSMH Ha KBAHTOBOW Touke, Ty < 0
npu ycsaosun 1 <KL 1 / \/S_g st noATBepXKIEHUST HAIIETO IPeJI0KeHNs
CYIIECTBOBAHUS JIBYX XapakTepubix Temueparyp 1T u T, neodbxomnumbl Hosee
Mo/ IpOOHBIE TaHHBIE O CTPYKTYPE W CBONCTBAX Kalle/ib CIIMHA.

OcHoBHas wHjaesd TJaBbl 2 - paccMOTPeTh JorapudMuiecKne
TeMIIepaTypO3aBUCUMbIE  MOMPABKM K  MPOBOJAUMOCTH  SJTEKTPOHHOMN
HEYTOPSAOYEHHON KUJIKOCTH C PEIKUMH KBAHTOBBIMH ~MATHUTHBIMU
MPUMECSMHU B paMKax NpUOIMKeHus: BOpHA Jjig HEYNPYyroro paccesHust
HAQ MATrHUTHBIX [PHMeCIX. B ormamume or upeapaynmx  pador, (i)
MBI PAcCCMOTpeNH cjaydail Ppa3audHbIX g-HaKTOPOB I JIEKTPOHOB
I MarHOTHBIX OpHMeced, [go|] < |gi|; (ii) MBI cocpemoroumimcy Ha
IPOMEXKYTOUHOM juanasone remueparyp |golupH < T < |g|psH;
(iii) MBI OPHUHSAIE BO BHEMAHHE 3JIEKTPOH-3JIEKTPOHHOE B3auMOJeiicTBHe
B kaHase "gactumna-gaeipka''.  Mer oOHApyK®mam, 9TO B TPUOJUKEHUU
Bopra Heympyroe paccegHre Ha MAarHUTHBIX MpUMecdX HOPUBOJUT K
JIOTIOJTHATEIFHOW —~ TeMIIepaTypO3aBUCUMOM  MONMpaBKe K MPOBOIUMOCTH.
Takzke Heynpyroe paccesiime W3MeHsieT HONPaBky Aubrinyiepa-ApoHosa
K MPOBOJIUMOCTH. Hamwm mnpenckazanus npeacTaBasiior 3ajady s
9KCIIEPUMEHTAIbHBIX WCCAEOBAHUN HU3KOTEMIEPATYPHOIO 3JIEKTPOHHOTO
TPAHCIOPTa B HEYHNODPSIIOYeHHBIX CHCTEMAaX C peJKAMH MATrHHTHBIMU
MPUMECSMU.

Mbr paccmarpuBaeM JIByMEPHYIO B3aUMOJEHCTBYIONIYIO 3JIEKTPOHHYIO
CUCTEMY TPU HAJUIUU KOPOTKOAEHCTBYIOINETO MOTEHITHAJIBLHOTO OeCIopsIIKa.
Kpome Toro, mMbl mpejmosaraeM HaJaudue CAa00ro CruH-OJIUIT PACCESTHUS,
00yCJIOBIEHHOTO OOMEHHBIM B3aMMO/IefICTBHEM PeJIKNX MArHUTHBIX ITpUMeceit
C JIEKTPOHAMH, OMUCBIBAEMBIM CJIeTYIONNM FraMIJIBTOHIAHOM

Hyog = JZM (r;)8,0(r;) . (35)
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3nece o u S; o3nadaror Marpunsl llayim mw omepaTop CIEHA MATHHTHOI
IIPAMECH B TOUKE T°; COOTBETCTBEHHO. OTepaTophl POK/IEHHS H YHHITOKEHHS
31eKTPOHOB 0Go3HauatoTces Kak ¢'(r) u (r). Ml 6yaeM paccMaTpuBaTh
peAKuii MArHUTHBIH GECTIOPSIOK TPH CJIeIYIONTHX JonyTneHusx: (i) mo3umun
npuMmeceii 7; uMeoT pacupegesnenune [lyaccoma; (ii) cmmmbsl mpumeceii
S, He3aBHCHMBI, HO HMEIOT CBOIO COOCTBEHHYIO KBAHTOBYIO JIHHAMUKY.
B orcyrcrBue MarmmrHoro paccesuud >(PQeKTHBHAS TEOpUS IO IS
HeYHOPAJOYEHHBIX B3aUMOACHCTBYIOMMX 3IEKTPOHOB B  AU(MdY3HOHHOM
npenene, T' < 1/7, tae 7 obo3HaYaeT yupyroe cpejnee BpeMsi ¢BOOOIHOIO
npobera, onmpe/easeTcst CTaHAapTHRIM 00pas3oM (0030p cM. B 063opax [10,[4]).

S, =— /d'r Tr [?)%(VQ)Q —ArTZ nQ — iZsbet33Q]

T
_ % d T, / dr Tr I%,;Q Tr I%,t,,Q. (36)

O67’,’1’7’,”‘7‘7'

3xaech 16 marpun t,j, j,r = 0,1,2,3 AeficTBYIOT B TeH30pHOM IPOU3BEICHAN
npocrpancts cinuna (nngekc j) u Hamby (ungekc r):

trj =Tr ® Sj, r,j=0,1,2,3. (37)

31ech MaTpPUIILI Ty U Sg O3HAYAIOT 2 X 2 €IMHAIHBIE MATPHUIIBI U

0 1 0 —i 1 0
Ti/51 = <1 0),7'2/822 (z OL),T3/S3= (0 _1)-

sddekTuBHOoe feiictre (36) 3ammcaHO ¢ HCMOTB30OBAHUEM  CJIEIYIONINX
MaTPUIL

o = 100 to, (L) = O k070 0o, (38)
rre «,8 = 1,...,N, 03HA4alOT HHACKCH PeILIUK, a WHACKCH 7,11
cooTBeTCTBYIOT (bepMHOHHBIM vacroram Maunybapel &, = 71(2n + 1).

O6mag (Bkmouas crmu) Gespasmepnasa (B exununax e?/h) MpoBOAMMOCTH
Hpyne obosuavaercs g. Ammnuryasl B3anMoseiictsus I'; (11s cunrierHoro

kanana [y = [, a gag tpumierHoro kanaga [y = Ty = I3 = TY)
OTUCBHIBAIOT JIEKTPOHH-3JIEKTPOHHOE B3aUMOJEHCTBHEe B KaHase 'JacTura-
aeipra’.  Jlamee takxxe Oyzmer ygobmo ucnosaszosars v, = 1j/Z, u

Vst = U'st/Z,. Tapamerp Z,, yqauTbBaeT HETPHBUAILHYIO HEPEHOPMHPOBKY
gacrorsl pn peropmrpytme[8 [, [O]. Ormernm, uro 3aTpaBounoe 3HAYEHWE
mapamerpa Z, paBHO 7v/4, Tme v 0003HAYAET IIOTHOCTH COCTOSHHN Ha
ypoBae @epmu. llocmemnunii 4ien B mepBoit cTpoke Eq. OIACBLIBAET
BJIMSTHUE TIAPAJIICIHbHOIO MATHUTHOIO HOJISI HA 3JEKTPOHbI. DTOT YJIeH SBHO
HapyIaeT CUMMeTPHIO 10 oOpalneHuo Bpemenun. Bemwunna Z, = Z, + [y
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onucbiBaeT PepMU-’KUIKOCTHOE yCuIeHne g-akropa (mojpobHOCTH CM. B
o63opax [10, 4]). Ormerum, aTo B 910 TIaBe Mbl IpeHEGPEraeM €K TPOHH-
9JIEKTPOHHBIM B3aUMOACHCTBIEM B KYIEPOBCKOM KAHAJIE.

[To mocTpoennto Marpuna Q(r) OMUCHBaeT JOKATbHBIE BPAIIEHHsT BOKPYT
IPOCTPAHCTBEHHO HE3aBUCHMOM MaTpuinl A:

Q = TﬁlAT, Agfn = sgney (Snm(sa’gtoo. (39)
31ecs maTpuns T VAOBJIETBOPAIOT CJEAYIONIEMY COOTHOIIIEHUIO CUMMETPHUH:
oTHYr=70  T'C=CT, (40)

rne C = it;;. Cumsoa T ' o3HauaeT MaTpPUYHOE TPAHCIOHHpOBaHHe 7.
Kak caencrsue Vp. " , MaTpuna () yJI0BIETBOPSIET JIOKAIbHOM
HesiHeiinoi cpasu, Q*(r) = 1, yaosaersopser ycaosuio Tr Q = 0 1 ycjioBHIO
3apsI0BOTO COMPSIYKEeHU

Q=Q =cTQ’cC. (41)

Jlng yuera BKJaJia MarHUTHBLIX TpuUMeceil B JielicTBHE HEOOXOIUMO
npojenars caemayoomue marn.  CTaHZapTHBIN BBIBOJ CHTMa-MOJIETBHOTO
JIeCTBUST MPOU3BOJIUTCA € YYeTOM J00aBKM K T'aMHJIBTOHUAHY .
Janee mpomsBomuTcd  ycpemHeHne 1o IlyaccoHOBCKO  cTaTuCTHKe
MOJIOKEHNST MAPHUTHBIX [puMeceil (KOPPeTsArusIMu  MeKIy [MPUMECSIMU
MBI IpeHebperaem). Jlasee Mbl pasiaraeM JefcTBHE 0 BTOPOTO MOPSIKA 10
J. Jlajee Mbl ycpejHsieM 1O TeMIIEpATYPHOH CTATUCTUKE H30JIMPOBAHHOL
MarHuTHOU npumecu. VToro, /g JOMOTHUTEHFHOTO BKIAJa B JAeficTBHE 3a
cUeT peJKUX MAarHUTHBIX MPUMecel oIyvdaeM

[ Z,T _
Smag Z/dr §n57ruJ<Sz>g Trt33Q + I ;X+(zwn)
1

x [Trt_Ith+1_nQ — 5Tt LQTr t+I_nQ}

Z, |
+ 5 M, [Tr t33Qt330) — 3 TrizsQ Tr t33Q} ; (42)

Ts0

riae ti = t31 + ngg n

1 ng(mvJ)2S(S +1

Ts0 2Zw
0003HaYAET KJACCHUYECKYIO 4acTOTy CHUH-(DJIUIL [PU HYJE€BOM MAarHUTHOM
I10JI€.
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B pamkax ¢opmanusMa HEJTUHEHHON CHIMa-MOJICJIN CTATHIECKYIO
HPOBOJIUMOCTD MOYKHO PACCUYUTATh 110 ciaeayiomeit ¢popmyne Ky6o:

g = _iKﬂwﬁQ@mﬁm@ﬂD+ g /mJ

"~ 16n 64dn
x (Tr J2Q(r)VQ(r) Tr J%,Q(r)VQ(r)), (44)
rje d o3HadaeT pa3MepHOCTD, Ipejnosaraercd npejaes n — 0, u
tag — ¢ tag 4t
Jo — 30 . 00]3+ 30J2r Oolfn. (45)

Boraucisgsa cpejanue ¢ nporararopamu Jud@y3HbIX MOJ, MOJy4aeMbIX W3
KBa[PATHIHOTO PA3JIOKEHUS TOJHOTO JefiCTBUSA CTaHIAPTHBIM 00pa3oM,
B caydae T < |b;] g0 Broporo mnopsaka no J (mepsoro mopsiika 1o
1), B AByMepHOM ciIydae, HaXOAUM JId MOTUMDUIHPOBAHHON IIONPABKH
Anprimyiepa-ApoHoBa

3
6gAA:—lZ[1— 1+7j1n(1+7j)} In

™ o 2T
T
f :
_ 21 [1 _ %1 (1 _|_%)} In 2|7Z?‘T
R e

3/1ech B IIepBOil CTPOKE MpejicTaBIeHa CTaHIapTHAS HOMpaBKa AJBTIIyIepa-
AponoBa K MPOBOIUMOCTH. [TocKOMBbKY  COOTBETCTBYIOIINN — BKJIAT
CYIIECTBYET JiIst 9acToT GoJibIne |b;|, To yiabrpaduoseroBas 00pe3Ka /st ITOi
HOTpaBKK - 00paTHOe Bpemsi ¢BOGoxHOro mpobera 1/7. Bo Bropoii crpoke
OIIMCBIBAECTCA IONpaBKa, 00ycaoBIeHHAsS 3PPEKTOM HEYIPYTOro pacCesdHus
HAa MarHUTHBIX TPUMECSX B CHHIVIETHOM KaHaJe YaCTUIA-IbIpKa. 1perbd
CTPOKA COOTBETCTBYET MOMPABKUA OT TPHUILIETHOTO KAHAJA YACTHIA-TBIPKA
¢ obuieit cumHOBOM npoeknueit papuoit +£1. YerBepras cTpoKa ONUCHIBAET
MOMPABKY TPHUILIETHOrO KaHA a YaCTHIA-IABIPKA C HYJEBOH CyMMapHOil
CIUHOBON mpoeknueir.  OTMeTuM, 9TO MOTPABKH, MTPOMOPIHOHATHHBIE
vt srmogator In(|b|/27T) m mcdesar0T OpPE  OTCYTCTBHM  3JEKTPOH-
9JIEKTPOHHOTO B3aWMOjeidcTBUs. MBI yHOMHHAEM, 9YTO B CTaHIAPTHON
nonpaske Aubriysepa-Aponosa (nepsas crpoka u3 Yp. (46)))) cunrmernsiit
KaHaj GJ1aronpusaTcTByer Jokaamsanun (Tak Kak s < 0), B TO BpeMs Kak
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TPUILIETHBIl KaHaA GIaronpusTCTBYeT aHTUJIOKa u3anuu (Tak Kak v, > 0)
IIpy HU3KOIl TemmepaType. llompasku, mpomopunonasbusie v*, paGotaior B
00paTHOM HANIPABJICHUH, T.€. HAJTUYHE HEYIPYTOTO PACCETHUST HA MATHUTHBIX
npumecsix ymenbiraer 3bdexT Jokagan3ain (aHTHIOKAJN3AINN) B KaHATaX
cuHIJIeTa (TpHUIIeTa) COOTBETCTBEHHO. JIpyrasi monpaBka m3-3a HEYIPYTroro
paccegHUS
st
5gy = i [1 1 In(1 + ’yt)] In i : (47)
TV Vi 2T

MpbI oTMeuaeM, 4TO 3Ta NOIPABKa SABJISIETCH MOJOXKUTENLHO, T.e. padoraer
B MOJIb3y aHTHUJIOKAJIU3AIMU MPH HU3KUX TeMieparypax. B orcyrcrBue
37IeKTPOH-3IeKTPOHHOTO  B3aMMOJEHCTBIA g5 ABIAeTCa eIMHCTBeHHOM
MOMPABKOH K TPOBOJAMMOCTH W3-32 HEYIIPYTOTO paccesHUs HA MarHUTHBIX
npumecsax. OHa nprodpeTaer cjeayniyn hopmy:

sf
S Y |bi] 1 |bi
sgsf — L1 - .
P27 T Mo T T 2n(S + Drlly| | 2aT

(48)

OTa KBaHTOBas IONpaBKa padoTaeT B MPOTHBOIOJJO0KHOM HAIPABJICHHHU II0
OTHOIICHHUIO K CJIa00U JIOKAJTH3AIUN.

OcHoBHas uaest TJaaBbl 3 - MPOAHAINIUPOBATH CTPYKTYPY COOCTBEHHBIX
OIePaTOPOB PEHOPMIPYUIIBI CUIMa-MOJICJIBLHOTO JIeHCTBUS . OcHoBHast
MOTHBAIUS COCTOUT B TOM, YTO B OTCYTCTBHE 3JIEKTPOH-3JIEKTPOHHOI'O
B3auMoOJIeficTBUs. ~ COOCTBEHHBIE  OIEpATOPbl  MOI'YT  OBITH  HAliJICHBI
MIOCPEJ/ICTBOM ~ TEOPETUKO-TPYIIIOBOTO  aHAJIU3a. I[Ipn wammaum ke
B3aUMO/IeficTBUA 3aJada CTAHOBUTCS HAMHOTO CJOYXKHee, W peIlleHne He
odeBuiHO. Mbl, UCIOJIB3YH JABYXIIETJIEBOH aHAJIU3 U METO/I IEPEHOPMUPOBKH
¢doHOBOrO TOJIA, IOKA3bIBa€M, YTO JOKAJbHBIE OIEPATOPHI  YUCTOrO
ckeityimHara 6e3 MPOM3BOAHBIX B HEJMHEHOH curma-moaenn OuHKeIbITeiiHA
MOTI'YT OBITH IIOCTPOEHBI  IPOCTBIM  ODODIIEHHEM  COOTBETCTBYIOIIUX
OIIePATOPOB JIJIsI HEB3AMMOICHCTBYIOIIErO CIydasd. DTH ONepaTOPbl YHCTOrO
CKeflJIMHra JIeMOHCTPUPYIOT MYJIbTU(MPAKTAJIbHOE 1IOBEJEHUE U OIUCHIBAIOT
Me30cKonudeckne QIyKTyarnuu ogHodacTudnoit pyuknuu ['puna.

Mubi paccmarpuBaeM CJIeAYIONINE ONMEPATOPbI: MPOCTENHIH JTOKATbHBIH
onepaTop 06e3 MPOU3BOIHBIX TAETCH

K:(B) =  ReP; (B), (49)

rie 3ama3ibiBalolias KoppelamuonHas ¢yakmas P (E) Moxker OBITH
Oy YeHa U3 ee MaIyOapOBCKOTO aHAIOTA

Pi(ien) = sp(@nn) (50)
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IOCJIe CTAHJAPTHOIO aHAJUTHYCCKOTO MpOJOJIKeHnd, ic, — E + i0%. 3necw
CUMBOJ sp obo3HavdaeT cjej 1Mo cnuHy W mpocTtpaHcTBy Hamby. Cymma
MO PeITHIHOMY WHIEKCY « He mnoapasymenaercs.  Pusnmdecku i (F)
COOTBETCTBYET ycpegHeHHoi mo becropsaaky LDOS:

E))ais 1
Ko () = PEDas gy L e . (51)
Po m
Bnech Gr(r,7r') - 310 onmowacTmunas yHKuus [puHAa JUIA  JTAHHO!

peayu3anuu Oecriopsiyika. Benawunna py 0603HaYaeT MJIOTHOCTH COCTOSTHUMA
(Briiouass cmui) Ha smeprum E ~ 1/7. OrtmeruMm, qrto sueprus E
orcuntoiBaercs ot yposuas Pepmu. llockomabky K (E) npeacrasiaser coboit
YCPEAHEHHYTO 110 OeCIOPsIKY IJIOTHOCTD COCTOSTHU{T, HEYIMBUTE/IBHO, YTO ITO
OTIepaTOP YUCTOTO CKEHINHTA O AeHCTBHEM TPYIIbI TIEPEHOPMUPOBKH.

Jloka/bHBI onepaTop 0e3 NPOU3BOJIHBIX, B KOTOPOM 3a/IeHCTBOBAHBI JIBE
MaTPHIBI (), MOXKHO 3aIIUCATH CJEAYIONUM 00pa3oM

1 o
Ko(Er, Ep) = o1 Z pipa Py P2 (B, EBy). (52)
Pl’PQZi
Breck xKoppeagnuontas gyukius Py * P2 (E) | Ey) MoxkeT GBITH MOJIyYeHa

13 KOppeadanuonnoil (pyukmun Marydapb

P (i, i€0y) = (5p Q2121 (1) sp Q2202 (1))
i (sp Q002 (r) Q52 (m)]) (53)

CTAaHJAPTHLIM AHAJATUYECCKAM IPOJOJKEHHEM Ha PeaJibHble YacTOTHI:
en, — Ep 4+ ip0t w g, — FEy + ip0".  3Baech ag w as - aBa
Pa3HBIX (PUKCHPOBAHHBIX PEILIMYHBIX HHIEKCA. Omnepatop Ky(F1, Es)
HapaMeTPU30BAH BEIECTBEHHBIM YHUCJIOM fo. Jas po = —2 jmaHHBI
OTepaTop ONUCHIBAET JBYXTOUEUYHYIO Koppessiuonnyio dyrkmnnio LDOS,
YCPEJIHEHHYIO 110 PeaJH3alul OeCIOpIKa:

’CQ(Eh EQ)

- p0_2<p(E1,7‘)p(E2,’r')>dis. (54)

pH2=—2

Henasuo B apyxmersieBom mnpubmmkernn B NLSM ®uukenbinreiina Ob110
nokazano, uto oneparop Ko 1, Fy) B ciiydae jiy = —2 sIBJISIETCS OMepaTopom
wqucToro ckeitrmara [6.

OOmuit oneparop, KOTOPbIH BKJIIOYAET B ¢e0s ¢ IMITYK MATPUIHBIX HOJIeil
(2, MOZKeT OBIThH ONpeJeeH KaKk
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(55)

1 q

’Cq(El,...,Eq) = 2? Z (Hpj
+ \j=1
L E,).

q
P1,---Pg=
Q1 ey OGP e e
Xqu a:P1 pq(El,.. )
3 Pal’“waq;plw“’pq E E o
Jech Pg (Er,...,E;) MOXHO HOAyYATH H3 KOPPE/IANHOHHOI

GYHKITUN B MHUMOM BPEMEHH

7);1,“.,0((; (ignla e 7i8nq> = Z ,ukl,.“,kq <Ak1,“.,kq>7

{klv'“’kq}
kq
_ . Qg1 Xjg X2 Xz QX Xy
Ak ooky = H sp[Quyingz Qniznys - - Quiini, | (56)
r=ky

mocjie aHAJUTHICCKOTO TPOMO/UKEHHA Ha DeambHble FacTOTBI: &, —
E; + ip;,0t. Cymma B ¥Yp. (56) Bbimosnsiercst 1o pasbuenusivm ¢, T.e.
0 BeeM HA0OPaM MOJOKUTEIbHBIX Heabix umcesn {ki,...,k,}, KoTOpbIe
YAOBJIETBOPAIOT CJIEeIYIOMUM ycaoBuaM: ki + ko + ... kg = qu ky > ky >
-+ > kg > 0. Ilo unIeKcaM peIIMK, KOTOPble BCe CYUTAIOTCS PA3HBIMH, HET
CYMMBI, oj # oy, ecmn j # k nna j,k = 1,...,q. Hazee Mbl BeIOHpaeM
TaKyl0 HOPMHEDOBKY, 9TO fi111..1 = 1. DBbloanss mepeHopMEDOBKY B

cxeMe MUHHMAJBHOTO BblunmTanus (cMm., Hampumep [3]), momyunm yciaosue
KOHETHOCTH aHOMAJIBLHON PasMepHOCTH OIepaToOpoOB ¢ ¢ mojeil ()

M;L-.-,l + 1,1 = 33,1 F 2221+ q(qg —1). (57)

YauBurenbrno, HO ypaHenme (H7) He 3aBHCAT OT  IApAMETPOB
B3aUMOJIEHCTBUSA Vs U Y. IDTO O3HAYAET, UTO VY. BBITIOTHSAETCS
nabopamu {jiy, . i, }, ONPEJEIONIME OIEPATOPLI YUCTOTO CKEHJIMHIA B
teopun Ge3 B3ammomeiicteus |11, 27, 28]. VYwoomsuem, uro mia ¢ = 2
¥p. HO3BOJIACT ONPENeJUTh BO3MOXKHBIE 3HadeHHd Koddpdunuenrta
2 (paBHOTO -2 W 1) U, CJIeIOBATEIHHO, HANTH BCE BO3MOYKHBIE OMEPATOPHI
qUCTOrO CKeiyimara npu ¢ = 2. g Toro 4robbl OHpeJe/IuTh BCe
koabdunuentsr {ji, . k,} Mg ¢ > 3, HEOOXOAMMO IPOAHAIH3HPOBATD
CACYIONINE TMOPSJIKA B TETJICBOM DPA3JIOKEHWH. TakyKe MBI IPeICTABISICM
APIYMEHTBI, OCHOBAHHBIE HA METOIE II€PEHOPMUPOBKH (DOHOBLIM IIOJIEM, B
I0JIB3Y TOTO, 4TO HAOOPBI {fi, .k, }, ONPEIEISIONHe OePATOPBl YUCTOrO
CKelJiMHIa B HeB3auMoAecTByIoleil 3a1a4e, TaKKe OLpeJe/dI0T OllepaTopbl
YUACTOr0 CKEWJIMHTa BO B3aMMOJIEHCTBYIONER 3a1a49e.
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[lpu ycmosum, 9to ¥Yp. (H7) Bbimosnmeno, aHoMasbHas pPa3MEPHOCTD
COOTBETCTBYIOIIETO  ONEpaTopa YHCTONO CKeHJIWHra B JIBYXIETIEBOM
OpUOIMKEHIN TAeTCS

2
(w) — h , 3
G = p2,0 [t+ 5 ]Z:;C(%)} +O(t"). (58)
rye (PyHKIud
2+, 1+
c(y)=2+ 7 lig(—7) + —277 In?(1 + ) (59)

BKIIOYAeT B cebs mommaorapudum lis(z) = Y77 2% /k?. Tloguepkrem, 1ro B
JIBYXIIETIEBOM IIPUOJIMKEHIH aHOMAJIbHAS PA3MEPHOCTD OEPATOPA THCTOIO
CKeilyimHTa, Cé“ ) HostHOCTBIO orpeeadeTcs oJHUM KOIMDMUITHEHTOM 12 11.1....1-

gbydy Ly

Kpurnuecknuit ungexe AYY) s oneparopa uncroro ckeitmura K5 ) pasen
COOTBETCTBYIOIIEH aHOMAJILHON pa3sMepHOCTH 4’;" ) B (PUKCHPOBAHHON TOUKE.

Takzke 1151 IOMOJHATEIHHOTO CBUJIETE/ILCTBA B I0JIb3Y OCHOBHOT'O JIOBO/IA
0 TOM, 9TO ¢dopMa COOCTBEHHBIX ONEPATOPOB HE MEHSIeTCA W3-3a HAJUINA
B3aMMO/IEHICTBYSA, MBI AHAJU3UDPYEM HEPEHOPMUPOBKY METOIOM (DOHOBOTO
OJIg B OJIHOIET/IEBOM HpUOIMKEHUH.  Takke MBI IIOKa3bIBaeM, dYTO
HaiiJleHHbIe OIePATOPbl MOTYT OBITH BLIPAXKEHBI KaK IPOCTPAHCTBEHHbBIE
KoppensaTopsl LDOS, 4T0 HdaeT TeopeTHYecKylo BO3MOMKHOCTL IOJIYUHUTh
UX W3 aKKyPAaTHOTO AaHaJM3a Pe3y/bTaTOB TYHHEJbHOW MHUKPOCKOIIUH.
Hanpumep, i KBaApaTHUHBIX OINEPATOPOB, KaK yrKe YIOMHUHAIOCH,
oTepaTop IC2_2 MOKeT ObITh BbIpazkeH B Bujie Broporo momenTta LDOS, cm.
B).

Jpyroii omepaTop YHCTOro CKeWJIWHTa OMIMHEHHDbIH 1Mo () MoxKeT ObITh
AHAJIOTMYHBIM 00PAa30M BbIPazKeH 4epe3 OJHOYaACTHUYHYI0 (pyHkinuio ['puna:

K o (Im G (r,r) Im GL(r', ')

—Im GL(r',r) ImGL(r, 7)) ., (60)
IJ1e TOUYKH T U 7/ yJIOBIETBODPAIOT YCIAOBHIO
Ar < |r —r'| <, (61)

e Arp u | o3nauator juimHy PepMu U CpeHIO JJINHY CBODOIHOIO mpobera
COOTBETCTBEHHO.
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BriBoabl

Taxkum 06pa3oM, OCHOBHBIE BBIBOIbI, BHIHOCHMbIE HA 3aITUTY:

1. B aBymepHO# HeyOpA109eHHO 3JIeKTPOHHON *KUJIKOCTH JIMHEHHA 110
CKOPOCTH Jedasunra (3a cUeT e-e B3aNMOJIeHCTBUST) MOKET COMPOBOKIATHCS
npumepro  Kiopu-niono6Hoit  MArHuTHOH BOCHPHUMYMBOCTBIO (32  cuer
JIOKAJTH30BAHHBIX 3JIEKTPOHHBIX Kallesb), B COJIACHU ¢ dKcmepumeHToM|18]
25).

2. Bpemsa nedaznpoBKH H3-3a paccesHus Ha KBAHTOBOI TOYKe BOJIM3H
CTOyHEPOBCKOH HEYCTOWIHBOCTH ¢ KYJIOHOBCKOI 0JI0KAI0M ¥ CHJILHOI CITHH-
opbuTatbHOlt BA3BIO Ty(1') 3aBHCHT OT YETHOCTH UHCJIA SJIEKTPOHOB IMPHU
HU3KHX TeMieparypax 1" < § — J, a B TeMiuepaTypHoM auamnasone § > T >
0 — J HeYyBCTBUTEJHHO K YETHOCTH, TO €CTh MOXOXKe Ha CJaydail MarHUTHOM
HPUMECH.

3. B caygae cuibHo Gosbliero g-cpakTopa Jjisd MAarHUTHBIX IpHMeceii,
geM i 9JIEKTPOHOB IMPOBOJMMOCTH, IOHPaBKa AJbTIiry/iepa-ApoHoBa K
MPOBOJMMOCTH MOZKET CHJIbHO H3MEHUTHCS.

4. JIokabHBIE COOCTBEHHBIE OIEPaTOphl  PEHOPMIPYIIBI  6e3
HPOU3BOJHBIX Ul  HejquHefiHoit  curma-mogenn  DuukesbinTeiiHa B
JIBYXTIETJIEBOM MPUOJIMKEHUH MOTYT OBITH TOCTPOEHBI ITPOCTBIM 06001IIeHHEeM
COOTBETCTBYIOIIUX OMEPATOPOB /I HEB3aUMOIEUCTBYIONIEr0 Caydas.

5. Bce naiigennbie coOCTBEHHBIE ONMEPATOPbI MOTYT OBITH BbIPaKEHBI
B TEepMHUHAX  YCPEJHEHHBIX O  OECHOpdJKYy  ITPOCTPAHCTBEHHBIX
KOPPEJIAIUOHHBIX (DYHKIUNA oaHodacTudHoil (yukmum ['puHa wim, Kak
asbrepHaruBa, LDOS.

Bce mpuBejieHHBIE pe3y/bTaThl  [MOJYYEHbI aBTOPOM JIMYHO IPH
HEMoCpeICTBEHHOM VIaCTUU PYKOBOIUTES.

3HAYMMOCTD Pe3yJibTaTOB

uccepTamuss HOCHT TeOopeTHUecKHit XapakTep. IleHHOCTH pe3yrbTaToB
3aKJII0YaeTCs B HELIOCPEJACTBEHHOM 3HAaYE€HUU UCCJ/IeJOBAHUS TeOPeTUYEeCKUX
MoJjiesielf, a TakKKe IPUJIOKeHWH K 3JKCIEePUMEHTaM [0 3JIeKTPOHHOMY

21
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TPAHCHIOPTY B HU3KOPa3MEPHBIX CHCTEMaX C MArCHUTHBIMUA TPUMECIMH:
BO3MOXKHOe oObsicHenue pesyiabraroB|[l8, 25| u npeackazanme HOBBIX
3dPEeKTOB B 9I€KTPOHHON TPOBOIMMOCTH.
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1. Inelastic electron scattering off a quantum dot in the cotunneling
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2. Mesoscopic fluctuations of the single-particle Green’s function at An-
derson transitions with Coulomb interaction E. V. Repin and I. S. Burmistrov
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3. Quantum corrections to conductivity of disordered electrons due to
inelastic scattering off magnetic impurities I. S. Burmistrov and E. V. Repin
Phys. Rev. B 98, 045414
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