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1. BBEJEHUE

Mogenn Xabbapma ABISETCS ONHOW M3 HEMHOTUX
6a30BBIX MOgeneil (PU3NKN KOHJIEHCHPOBAHHOTO COCTO-
sauuga. Ee Tounoe perrenue ¢ mpuMeHeHneM an3ana be-
re [1] arnsercs onrnm 3 GbyHIAMEHTATBLHBIX DE3yibTa-
TOB B 00/acTH (PUBUKN CHUIBHO KOPPETUPOBAHHBIX CH-
crem. CrekTp 37MeMeHTapHBIX BO3DYKICHUN KaK 3apsi-
JIOBBIX, TaK ¥ CIIMHOBKIX, OBLI nccmenosan mpu 7' = 0 B
pabore [2]. B npenene U — oo Tounas BonHoBas pyHK-
[Hsl YIPOMIACTCS TPU UCKITIOUEHUU JTOKATBHBIX JIBYX-
YACTUYHBIX COCTOSTHUN W ee MOYKHO 3aIucarh B BUIE
MPON3BEJIEHNs CTIMHOBON 1 3apsAnoBoii dbyHKumii [3].

TepmogunaMuKka OTHOMEPHOW MOAETH ObLIa HCCITe-
JIOBaHa PA3IMIHBIMIA MEeTOJaMH: Ha OCHOBe am3ara be-
TE ¢ MOMOIIBIO THIOTE3BI CTPYH [4, 5] i MeToI0M KBaH-
ToBOIi Tpancdep-marpuiipt [6]. Bee sru Mmeroapr mocra-
TOYHO CJIOYKHBI, TOITOMY MPEIACTABISET HHTEPEC MOITy-
YeHre TOYHBIX Pe3YIhTATOB OOsee MPOCTHIM CITOCOOOM.
B macrosmeit padbore mcrnomb3yercs (GakT paciier.ie-
HUsl CIIMHOBBIX M 3aPsiIOBBIX cTerneHeil cBobobl [3], uro
TPUBOANT K (PAKTOPU3AINN CTATUCTHICCKON CYMMBI B
BUJIE TPOU3BEICHUS CTATUCTUIECKUX CYMM CIUHOHOB U
xomouoB. [Ipu U — 0o oOmenHOe B3anMo/1eficTBIe MerK-

*E-mail: sgo@iph.krasn.ru

ny 6mazaimumu cocenavu J = 2t2 /U — 0, mostomy
UMeeTCs IEMOYKa HEB3aWMOIEHCTBYIOIINX CITHHOB CO
CTATUCTUYECKON CyMMOW Z(8) = ZNE, rae N, — momaHoe
YUCIIO TEKTPOHOB B 1enodke. CrarucTudeckas cyMma
xomoros Z") merko Beramcnsiercst Graromapst TOUHOI
JMArOHAIU3AINN TAMUJIFTOHUAHA, MEKATOMHBIX Tepe-
CKOKOB Ij1s1 OeCCIIMHOBBIX (pepMuOHOB. B pesynbrare
MOJTy9eHBI TPOCTHIE COOTHOMIECHUST MEYK/Ty TePMOJIUHA-
MUYECKUMHU XapPAKTEPUCTUKAMHU JIEKTPOHOB W OECCITH-
HOBBIX (PEPMUOHOB (XOJIOHOB).

Uckmouas u3 momHOro 6a3uca JIOKATBHBIX COCTOSI-
mmit |0), |o) = allo), [2) = a$a1|0) COCTOSTHUST JTBOEK,
MBI (DAKTUYIECKN MPOEKTHUPYEM MOJETh Xadbapma Ha
t—J-mozenb, KoTopyio B ciaydae U — 00 MOYKHO 3aIiu-
caTh B BUIE

H=> eX7 = > tmX{°X. (1)
fio

fim,o

3aech X J’?q = |p)(q| — omeparopsr Xab66apa, moCTpoeH-
HbIE HA YCEYEHHOM JIOKAJbHOM Oasuce mis y3aa f, co-
nepzxatem tpu cocrosuus |0), [1), [4). [Ipu srom mapy-
[IAETCS FTEKTPOHHO-IBIPOYHAST CUMMETPUsI, MTOITOMY
MBI HE MOYKEM PaCCMaTPUBATHL HATOJIOBUHY 3aMOJIHEH-
HYIO 30HY C KOHIEHTpanueil 31eKTporos n, = N, /N =
= 1 (N — nomnnoe guciio y3ios). Hamu perrenus copa-
BeaIuBRI 11 KoumenTpannit 0 < n, < 1. B nacrosiieit
paboTe MbI OIDAHHYUBAEMCH YUIE€TOM IIEPECKOKOB ffy,
TOBKO MKy OMUKARITUMEI COCEIIMU.
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Crarhs wMeeT CIEIyONlyio cTpyKTypy. B pasm. 2
MBI QHAJIM3UPYEM MHOTOJIEKTPOHHBIE BOJTHOBBIE (DYHK-
M W 3AMUCHIBAEM TOYHOE BBIDAYKEHUE TSI CTATHCTH-
9eCKON CYMMBI B MPHUOTHKEHUN OMUAKANIIIK COCEIeH.
B pazz. 3 mosmyueHo ToOUHOE pereHne B ATOMHOM MPEeIe-

e (t = 0). KounenarpanuoHuble 1 TeMIEpaTypHbIE 3a-
BUCUMOCTH TEPMOIUHAMUIECKAX XAPAKTEPUCTUK JTEK-
TPOHOB, TOTYyYeHHBIE B PE3YJIbTATE TOYHOTO DENIeHus
MTPY KOHEYHBIX 3HAUEHUSIX MapaMeTpa MePecKoka t, pac-
cmoTpenbt B pa3z. 4. Hakorer, B pa3i. 5 Mbl cpaBHUBA-
€M HaIlK Pe3y/IbTAThI C M3BECTHBIMU U3 JuTeparypol. B
[Tpumorkennn TpUBEIEHO JOKA3ATEIHLCTBO (pakTa hpak-
TOPUBAINUNA CTATHCTUYECKON CYMMBI B BUIE TTPOU3BEIE-
HUsI CTATUCTAYECKUX CYMM JIJIsi XOJIOHOB U CIIMHOHOB.

2. AHAJINI3 MHOTOSJIEKTPOHHbBIX
COCTOdHUMI

Jl1st 6eccmuHOBBIX (hePMUOHOB HABUC JIOKAJIHHBIX CO-
CTOAHUN HA y3JIe f cocrouT BCero u3 JABYyX BEKTOPOB
0)f u|l); = 0f|0 7. OmepaTop pozKIeHHsT XOIOHA HA
y3ie f ecThb Xy 10, VenoBue mosHOTET 6a3MCa MPUHIMAET
CTIEIYTOTITY IO d)opMy:

00 11
lamMuasTOHMAH XOJIOHOB NMEeT BU]I

H=> eXf' =Y tymX° XM, (3)
f

IpU9eM I XOJIOHOB CIPABEIINBO OOLIMHOE KOMMYTa-
[IMOHHOE COOTHOIIEHNE, XapaKTepHOe IJIsT CBOOOIHBIX
dpepMmnoHOB:

(X7, X0 ] = X°X) + X X0 =

= 6fm (X}l + X?O) = 6fm- (4)
OTMeTI/IM7 YTO OmnepaTopbl POXKIEHUA 1 yHI/I'-ITO}KeHI/IH

SJIEKTPOHOB MOIYUHSIOTCH yzKe DOJee CI0KHOMY KOM-
MYTAIIMOHHOMY COOTHOTIEHHIO:

[(X7°, X7 ]
=0tm ()(;20

— X?OX&O’ +X210-X‘?0 —
+X77) =6pm (1= X77). (5)

Haa oneparopos (1), (3) cymecrsyer omuH O4eHb
yI00HBIH 6a3uc PYHKIN, B KOTOPOM MOYKHO 3aIUCATh
MATPHUIIBI ITUX ONepaTopoB. VIMEeHHO, B KAYeCTBE TaKO-
ro Oa3mca yI00HO B3ATH BOTHOBBIE (DYHKITUN BUIA

N
) =1l o)y = T[10) ()

€CTIM y3e | He OKKYTTHPOBAH
SJIEKTPOHOM,
€CJIA y3e/ i OKKYITUPOBAH

SJIEKTPOHOM,

Opu OTCYTCTBUU CIIMHA U

)i =
[0);, ecaw y3ex i He OKKyNUpOBaH
SJIEKTPOHOM,
_ | 1Yi, ecau y3en i OKKynupoBaH ()
9JIEKTPOHOM €O criuHOM 1/2,
| 1)i, ecam y3em i OKKynmupoBaH

SJIEKTPOHOM €O CIHHOM —1/2,

MIPU HAJIUYUU CIIHHA.

Pasmeprocth rumb0epToBa MPOCTPAHCTBA § BOJTHO-
BBIX (DYHKIWI CUCTEMBI JIEKTPOHOB CBI3aHA C PazMep-
HOCTHIO TMILOEPTOBA TTPOCTPAHCTBA OECCTTMHOBON CH-
creMsl (cucremsr X0mou0B) ¢ oueBmmEBIM cooTHOMIE-

HHUeM
g=2Ng", (9)
rae |
N!
g =—" 1
NN - N (10)

Coornomenusvu (6)—(8) 6Gasuc onpenened ¢ ToY-
HOCTBIO JI0 HyMepaluu 0A3UCHLIX BEKTOPOB, KOTOPAsd,
BIIPOYEM, HUKAK HE BJIUSET Ha BbIBOAUMbIE (pU3nUecKue
pesyabrarel. [Toce onpenenenus 6a3uca MOKHO pac-
cMarpuBaTh Marpunpsl oneparopos (1) m (3) B 3Tnx
6asucax. B Ilpmmorkennn n3 Takoro paccMOTPEHUsT W
00X COOOpaKeHUiT CTPOrO MOKA3BIBACTCS, ITO KAHO-
HUYECKAsl CTATUCTHYECKAst CyMMma B mpejene U — 0o
pacnagaeTcs Ha NPOU3BEJEHUE CTATHCTUYECKUX CYyMM
JIIsl XOJIOHOB M COMHOHOB:

Z=27zMze) (11)
rae
E(h)
(h) — _
7 Sp (exp ( T )) ) (12)
a Z(®) onpenensiercs: kak
7(8) = oNe, (13)

Coornomtenns (11)—(13) ouenb BaxKHBI, Tak Kak,
OTPEJIEIIsisi CBSI3b MEKY KAHOHHUECKWMU CTATHCTHYE-
CKMMH CyMMAaMH JjIsi OECCIMHOBOrO M CIIMHOBOTO CITy-

JaeB, OHU IMMO3BOJIAIOT DACCIUTATD TEPMOJUHAMNIIECCKHUE
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mapaMeTpPbl CUCTeMbl TPW HAJUYUUU CITUHA, €CJIU OHU’
y)Ke N3BECTHBI opu ero OTCYTCTBI/II/I. I/IMGHHO, BBeIA
0003HAUCHIE

r=1-—n, (14)

J7151 KOHTIEHTPAIIAW JIBIPOK W UCTIOIH3Y$ XOPOIIO N3BECT-
HBIE TOZKJIECTBA CTATUCTUYIECKON (DU3UKU U TePMOIIHA-
MHKH, Cpa3y HnojaydaeM Cegayloliie COOTHOIIeHU:

f=f" —kpT(1—-12)In2 (15)
JIJIsT CBODOIHON SHEPTHH,
s=5" £ kp(1—2)In2 (16)
JLIsl SHTPOIIUH,
u=uM® (17)
JIUTST BHYTPEHHEH SHeprun,
c=cM (18)

JIJTSE TEITOEMKOCTH MPY MOCTOSHHBIX 00beMe U KOJTrde-
CTBE YaCTHII,

p=p" —kpTln2 (19)

JIIs XUMUYeCKoro norennuaia. OTMeTnM, 4To Kazkias
u3 opmya (15)—(19) umeer ciaemyrommuii obmmit BU:

a=a" +a®, (20)
e o — Brmam B BeMUMHY @, BOSHUKAIOMIAHA OT
vrosmrens Z(M) g papencrre (11) (xomonmmrii BKIA),
a'®) — sruag or muokuTens Z(8) B Tom ke paBencTBe
(CHMHOHHBIN BKJIAT).

3. ATOMHBI! IIPEIEJI

B aromuom npegene ¢ = 0 u ramuibroHraHb! (1) 1
(3) mpuHUMAIOT BU

H® =3 "ex}! (21)
!

TSI XOJIOHOB U
H=> eXj° (22)
f.o
JUTST 9TIEKTPOHOB.
Kanonnueckne craTucTHYeckne CyMMBI [IJIsT  CH-
cTeM, OIUCHIBAEMbIX raMuibroHuanamu (21), (22), pas-

HBI COOTBETCTBEHHO

N! N,e

(h) _ _Ne
d NN — N P < kBT> » (23)

9Ne N1 N.c
_ _ (24
NN — N P < kBT> (24)
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U3 mpuBeaeHHBIX COOTHOMIEHWI BUIHO, 9TO B JAHHOM
caydae cipaBeinBocTh paBercts (11) n (13) ocoberno
ouesnzHa. Pactmcas B dbopwmynax (23) n (24) dakro-
puasibl o Gopmyse Crupsunra n! & (n/e)”, monydum
CIIEIIYIOIINE BBHIPAZKEHUST [IJIST CTATHCTHYECKUX CYMM:

NN N,e

(h) — _1'e
~ NNe(N = N)N-Ne exp( kBT> - (25)

oNe NN N.e
= — . 26
e o (hr ) @

N3 seipaxenuit (25), (26) and CTATHCTHYECKAX
cymM, ¢ yuerom obosHauenus (14) mig KOHUEHTpaLUU
JIBIPOK, MOYKHO MOCTEI0BATENIHHO PACCUNTATH BCE TEP-
MOJIUHAMUYECKHE TTapaMerpbl cucTeMbl. s cBobo-
HOI SHEPruu, NPUXOAdIeiica Ha OJUH aTOM, COIJIACHO
ToxmectBy F' = —kgT In Z, monyvqaem

f® = e(1—2)+kgT (zlnz + (1 — ) In(1 — z)), (27)

f=e(l—z)+kpT x

X (zlnz+(1—2)In(l—2) — (1 —2)In2). (28)

13 dopmyn (27), (28) HenocpeacTBEHHO HAXOIATCS
yJeNbHbIe SHTPOIUA W BHYTPEHHSAA SHEPIHU IS XOI0-
HOB W 3JIEKTPOHOB!

s = —kp (xlnz+ (1—2)ln(l —2)), (29)
s=—kp((1—2)In2— (xInz+(1—2)In(1-2))), (30)
u =u=ce(1-z). (31)

Ormernm, aro coorHomenus (29) u (30) HaxoxsTcs B

mosiHoM corstacun ¢ opmysoit Bombivana, corsacHo
KOTOPO¥

s = —kBm: —kB Zwk lnwk.
k

Hanee, rernoemkocts ¢ = (Ou/IT)y,N, B ATOMHOM TIpe-
Jese paBHA HYJIO:

M =c=0. (32)

DTOT pe3yabTaT UMEET TPOCTYIO MHTEPIPETALUIO: U3
Bua raMuwibToHranoB (21) u (22) BuaHO, 4TO BCE UX
COOCTBEHHDbIE 3HAYEHUS OJMHAKOBBI U PaBHBI N.&, Tak
YTO BHYTPEHHSSI SHEPIUsl HE U3MEHSETCs TPU M3MeHe-
HUM TeMmIepaTypbl. HakoHel, XUMUYECKHH MOTeHIrAT
_OF OF 0r _ 1 OF
H=ON, "0z ON, ~ N o

MOZKHO 3aIIlucaTb B BUJIE

,u(h) =& — kBTln

x

1—2’
,uza—kBTln 2z .
1—-2

BasKHO OTMETHTB, 9TO BCE BBIBEICHHBIE COOTHOIICHUS
(27)—(34) maxongrcs B nmomHoM cormacuu ¢ (15)—(19).

(33)

(34)
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4. TOYHBIN PACYET
TEPMOJIMHAMMNYECKUX CBOVICTB [IPU
KOHEYHBIX 3HAYEHUAX IIAPAMETPA
IIEPECKOKA

Kommyranmonnoe coornomenue (4) 1j1g XOJOHOB,
XapakTepHOe I CBOOOIHBIX (PEPMUOHOB, TTO3BOJISIET
JIEFKO JIMArOHAJU30BATH TAMUJIBTOHUAH (3) HPOCTBIM
npeobpasoBanuem @ypnbe. B pesyabrare Haxomum ToU-
HOE BbIpaKeHWe I CIeKTPaIbHON (DyHKIMN

)+

= frp (t(k)),

1
10 v-01\ _ t(k) — p(m2)

<Xk X ) = {exp (7k3T

(35)

COBITAIAIOIIEE C BhIpAYKEHWeM Jiist (DYHKIIUU pacrpejie-
JIeHnsT CBOOOMHBIX 3meKTpoHoB Pepmu — Iupaka. B BbI-
paxennn (35) t(k) — 9TO OOBIYHBIH 30HHDIH CIEKTD,
KOTODBIH B OIHOMEDHOM CIydae B MPUOJNIKEHUN OJIH-
JKAUIIIX coceIeill mMeeT BU/,

t(k) = —2t cos(ka). (36)

JIma pacuera TePMOIWHAMUYECKUX CBOMCTB CUCTe-
MBI HEOOXOAUMO B TIEPBYIO OYepe/ib PEIIUTh YPABHEHUE
JJ151 XUMUYEeCKOTO TTOTeHInaa;

o

k
x/dy {exp(
0

rIe CYMMUPOBAHUE IPOBOJIUTCS MO BCEM BEKTOPaM k 13
nepsoit 3oubpl Bpummosna. Ha BropoMm mare BuIYHCTIS-

—1

tk) =™
kT
—2tcosy — pM
kT

X

N
) + 1}_1 =N,, (37)

€M BHYTPEHHIOIO SHEPTUIO CUCTEMBbI XOJIOHOB!:

u =+ 2 6 o 009) = =

T
x/cosydy{exp( >+1}
0

13 bopmynt (38) mocie10BaTEIHLHO BHIYUCISAIOTCS TE-
JIOEMKOCTB IIPpH ITOCTOAHHBIX 06'])eMe n KOJIN4YeCcTBe

2t

—2tcosy — puth o

T (38)

3JIEKTPOHOB, SHTPOTHU W CBOOOTHAS SHEPTHSI:

(h)
o) = (8“ ) : (39)
aT )y .
T
(h)
s = / < ar, (40)

-6 I 1 I
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_ | | 1 | | | 1 1 |
0 01 02 03 04 05 06 07 08 09 1.0

OcHOBHOE
COCTOSIHIE

o N A N O NN B~ OE

=
~
~

1
0.5 1.0 1.5 2.0 kpTy/t

Puc. 1. KonueHTpauunonHas (a) n TemnepatypHas (6)

3aBUCNMOCTU 3EKTPOHHOrO XUMUYECKOro MOTeHLuna-

na. Ha puc. 6 >KupHble WTPUXOBbIE NNHUA — [aHHblE
pabotsi [8]

00 = ) _ g, (41)
B pesyibrare moaydarorTcss XOPOIIO HU3BECTHDLIE 3aBU-
CUMOCTH, OTPaKAIOLIKe IIOBEJIEHUE HIeATbHOro dep-
mu-rasa [7]. OTMeTHM, 9TO MOTHOE YHUCIO COCTOSHUN HA
aTOM B 30HE XOJIOHOB DABHO €IUHUIIE, TIOITOMY B MPHU-
OIMIKEHNN OINIKANTIINX COCeIel KOHIEHTPAIMOHHAS 3a-
BUCUMOCTb JIJIsl XUMUYECKOIO IIOTEHIUAIA AHTUCUMMET-
pUYHA, & JJIsi OCTATLHBIX TEPMOJUHAMUYECKUX XapaK-
TEPUCTUK XOJOHOB CHUMMETPUYHA OTHOCUTETHHO KOH-
uenrpanuu x = 1/2.

IMepeiimem Tenepsb K pacdery TepMOAMHAMUYECKUX
CBOICTB CHCTEMBI MpW HaJauuuu cnuHa. Kak yike ymo-
MHHAJIOCH, OYTh K PACYETY TAKUX T€PMOIUHAMUYECKUX
napamerpoB oTkpbiBaeT paBeHcTso (11). Mmenno ¢ ero
MOMOIIIHIO BHITITE ObLIH oIy derbl hopmyst (15)—(19).
Pesynbrarbl npoBejeHHOrO HAMU YHCJIEHHOIO Dacde-
Ta, JUIg XUMUYECKOrO MOTEHLUAJA [PEJCTABIEHbI Ha
puc. 1. B cusy coornomenus (19) sueprusi u BOIHOBOE
qucsio PepMu IEKTPOHHONW CUCTEMbBI HE OTIMYAIOTCS
OT UX 3HA4YeHUI B XOJIOHHOH cucreMe. B nocienneil stu
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3HAYEHUST BHIYUCIISIIOTCS U3 U3BECTHBIX HTEMEHTAPHBIX
coobpazkennii. B pe3yaprare HAXOIIMM PaInyc OHOMEp-
Hoit cepsr @epmu

m _Nem _ T 42
W=l =a-0)] (42)

n suepruio Pepmu
ggb) = —2tcos (m(l — x)) = 2t cos(mx). (43)

Taxum obpaszom, mpu T = 0 3aBUCUMOCTH XUMUYIECKO-
0 TMOTEHINAJA OT KOHIEHTPAIUU JIBIPOK WMeeT BUJL
06braHOro Kocuuyca. OQIHAKO, KAK TOTBKO TEMIIEPATYPa
CTAHOBUTCS OTJIMYHON OT HYJIsI, XUMUYIECKUIN MOTEHITH-
anmpu r = 0 m x = 1 obpamaercsi COOTBETCTBEHHO
B +00 U —00. DTO 0OCTOATENHCTBO HAMOOIEe HATISAI-
HO JIEMOHCTPHUPYETCs Ha npumepe ypasuenus (37), pac-
CMOTPEHHOTO HaMW BBINTE I XOoma0HOB. Ilpm & = 0
umeem N, = N. Cymma ke, cocrosiias u3 N ciarae-
MBIX, MOKET ObITh paBHa N TOTJa W TOMBKO TOLA, KO-
I KazKJI0e CJIaraeMoe B OTAEILHOCTH PABHO EIUHUIIE.
DTOMY YCIOBUIO MOXKHO YAOBIETBOPUTE JTHOO MOIOKIB
p™ > 2t u T = 0 (B COOTBETCTBEM C COOTHOMICHEEM
(43) y6exmaemcs, uro B mammom ciydae pM = 2t),
60 B35 (M = 400 u T # 0. B coorBeTcTBUM *Ke C
dbopmymoii (19) npu Hasu4yuu B cucreme cnuua rpaduk

bymximm
t
F=t (g = cons)

NIPOCTO CABUTAETCS BHU3 OTHOCUTEILHO OCH OPJMHAT.
Cnyugait = 1 paccMaTpuBaeTCs AHAJTOTHYHO.

B coorsercreun ¢ coorrommenuamu (17) u (18) Bry-
TPEHHAS SHEPrusd U TEeMJI0eMKOCTb 3JIEKTPOHOB COB-
NaJaloT ¢ BHYTPEHHEH SHeprueii h TeIrI0eMKOCTBIO
x07moHOB. Bkparme obcyaum mOmydYeHHbIe Pe3yIbTATHI
(puc. 2, 3). Bee 3apucumocrn w(z, T/t = const) pac-
NOJaraloTCd MezKJy KPHUBOIi, ONMUCBIBAIONIEH OCHOBHOE
COCTOAHUE,

t
=— cosydy = ——sin(mzx), (44)
T

—(1—2)7
¥ KPUBOIl, COOTBETCTBYIOIIEH DECKOHEUHOMN TeMIeparTy-
pe,
7/a
u" (T = 00) = oL > ek) =

k=nz/a

2t

r 2t
= dy = — si . (45
- /cosy y=- sin(rxz). (45)

uft T T T T T T T T T
0.6 =
a
04 IMpenen .
02k OEeCKOHEYHO i

TeMIepaTypbl
0

-0.2
-0.4
-0.6

t/kgT=1

OctoBHOE |
COCTOSTHUE |
1 1

0 Oil 012 013 014 015 016 017 0.8 09 1.0
u/t *
0 . | | |

—0.1

-0.2

-0.3

—0.4

-0.5

-0.6

-0.7

0 0.5 1.0 1.5
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Puc.2. KoHueHTpaunoHHas (a) n TemnepatypHas (6)
3aBUCMMOCTM 3NIEKTPOHHOW BHYTpeHHel 3Hepruu. Ha
puC. 6 >KNPHbIE WTPUXOBbLIE TNHUM — AaHHbIE paboTbi [8]

Takum 0Opa3oM, MO Mepe YBEJIUYeHHUs TEeMIIEPATYPbI
KpUBasl ILUIABHO IIEPEXOJUT U3 CBOEro mosozxenus (44)
npu T = 0 K npeenbHoMmy mnosoxkenuto (45) npu
T — 0.

To ke moBemeHme, KOHEUHO, HADMIOZAECTCA W Ha
TEeMIEPATYPHBIX 3aBUCUMOCTAX BHYTPEHHEH SHeprun
u(kpT/t,x = const): KpWUBble HAYMHAIOTCS B TOYKAX
(0, —(2t/m)sin(rz)) w npu T — 00 cTpeMATCH K rOPH-
30HTANBHOM acuMnToTe (45).

Kpusbie ¢(z, T/t = const), onucsiBaiomue 3aBUCH-
MOCTH TEIJIOEMKOCTH OT KOHIEHTPAIUU TIPU TTOCTOSTH-
HBIX 00bEMe U KOJUYECTBE 3JICKTPOHOB, TIPU YBEIHYe-
HUW TEMIEPATYPBI BO3PACTAIOT M3 HAYAIBHOTO MOJOKE-
ausg ¢ = 0 mpu T = 0, ZOCTUTAIOT HEKOTOPOH KPUTHUUe-
ckoif (camoii BepxHeil) KpUBOii U Jajee, CILTIONUBASAC,
crpemaTrcs K mymio npu 1 — oo. Ty ke ¢puzndeckyro
0CODEHHOCTH MOZKHO YBHJETH IPHU PACCMOTPEHUHW TeM-
MepaTypHOil 3aBUCHMOCTH TEIJIOEMKOCTH.

B coorsercrBun ¢ dopwmynoit (16) surponus Bo3-
pacraer ua kp(l — z)In2 mo cpaBHeHMIO ¢ BKJIAIOM
xomonoB. [lomygaembre mpm Takoi mg00aBKE KOHIICH-
TPAIMOHHBIE 3aBUCUMOCTH TPEJACTABIEHBI HA PHUC. 4a.
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Puc. 3. KonuenTpaumnonHas (a) n temnepatypHas (6)

3aBUCNMOCTY 3/IEKTPOHHOI TENAOEMKOCTUA C Y4eToM

paseHctBa (18). Ha punc. 6 »kupHbie wTpnxosbie nu-
HUM — fJaHHble paboTbl [8]

IIpu * = 0 BumeH XOPOLIO U3BECTHBINA DPe3yJbTarT
s(x =0) = kpln2, T.e. 3uTPONUA ONPEAEIACTCS JIOKA-
nM30BaHHBIMK cnivHaMu o = 1/2. Jlanee, 110 Mepe yBe-
muyenus oraomenus t/kpT kpusag s(x) «mepexoaurs
U3 CBOEr0 HAYAJILHOIO IIOJIOKEHUs, OIMUCHLIBAEMOrO Pa-
BeHcTBOM (30), B IPAMYIO, ONPEIETIAEMYIO YPABHEHUEM
s = kp(l — z)In2. Kpussie s(kpT/t) «BbIxXOHAT> U3
rourn (0,kp(1l —2)In2) u npu kT /t — oo crpemsT-
csl K CBOEH aCHMIITOTE, OMUChIBaeMoil pasencTeom (30)
(puc. 40).

O6cy UM, HAKOHEI, TOBeJEHNEe CBODOTHON IHEPTUH.
Kpusas f(x) (puc. 5a) mo mMepe BO3pacTaHusi OTHOIIIE-
must t/kpT «CIUTIOMIMBACTCS» M3 MUHYC GECKOHETHOCTH
K «KPUTHYECKOW» KPUBOK

fl@, T =0) =u(x,T=0) = —% sin(mx),

KOTOpas, B coorsercTuu ¢ (15), onpenensiercs ogHuM
U TeM K€ ypaBHeHHeM KaK IIpU HATHYUK CIIHHA, TaK
u npu ero orcyrcrun. Kpusbie f(kgT/t) BoxongaT u3
roukn (0, —(2t/7)sin(rx)) n npn kpT/t — oo acnum-
OTOTUYECKHU NPHOJTUKAIOTCA K MPAMBIM, OITUCHIBAEMBIM
ypasuenueMm (puc. 56)

s/kp
1.4 T T T T T T T T T

1.2
1.0
0.8 1
0.6

LB S
<
<

~
Il
(e}
TR R B

0.4 3 .
0.2

2

0.4 0.8 o
0.3 A
0.2 .
01 | | | |

0 0.5 1.0 1.5 2.0 kpTy/t

Puc. 4. KonueHTpaumnonHas (a) n TemnepatypHas (6)
3aBUCUMOCTI 3N1EKTPOHHON SHTpONMN

f= E sin(rz) —
i

—kpT ((1—2)In2—zlnz—(1—z)In(l1—2)). (46)

5. CPABHEHUE C PE3VYJIbTATAMM OPYTUX
PABOT

TemnepaTrypHble 3aBHCUMOCTH TE€PMOIMHAMUIEC-
KUX BEJIWYUH panee ObLIA BHIYUCIEHBI 1 OMHOMEPHO
mozenu Xabbapaa npu U = oo B pabore [8] 6e3 npu-
BJI€YEHUS UACH O CIUH-3aPAI0BOM paciierniennn. Kax
BUIHO W3 MPEACTABICHHBIX HAMI TEMIEPATYPHBIX 3aBW-
cumocreii Ha puc. 16, 26, 36, 46, 56, MOy YeHHBIE HAMU
PE3yIBTATHL MOTHOCTHIO COBHAJAIOT ¢ JaHHbIME [8]. B
TO YK€ BPEM$ KOHIEHTPAIMOHHBIE 3aBUCHUMOCTH DaHEe
He TPWBOIWINCHL B jJureparype. das xkomewanbrx U B
paborax [5,6] npuBeseHbl TeMIepaTypHbIE 3aBUCHU-
MOCTH TEILIOEMKOCTH, KOTOPbIE MPH MAJBIX T HMEIOT
nIBa TMKa. HW3KOTeMmepaTypHBIi y3KWil MUK CBA3aH
CO CIIMHOBBIMHU BO30YZKIECHUAMEH ¥ JOCTHTACTCS TMPH
T ~ J/kp ~ t2/kgU; 3T0T MUK OTCYTCTBYeT B TIpeierne
U — oo. Bomee mmmpokuit BRICOKOTEMTIEPATYPHBIH TTHK
obycoBiieH 3apsoBbiMu Bo3OyKaenusmu. OH crabo
3aBucut ot Benuuuubl U, u qasa U = 4t u U = 8¢ nupu
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Puc.5. KoHueHTpaunoHHas (a) u TemnepaTypHas
3aBUCUMOCTI 3NEKTPOHHON CBOBOAHON 3HEprun

(6)

z =0.50
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Puc.6. CpasHeHue TemnepaTypHbIX 3aBUCUMOCTENA

TEnIoeMKOCT M3 paboTbl [6], BbIYMCAEHHBIX AN

U/t =4 n UJt = 8, ¢ NONAY4EHHON HAMU PACHETHOI
KpUBOi nNpn GECKOHEYHOM OTTaNIKMBAHNN

12 ZKBT®, Beim. 2

x = 0.5 nocruraerca upu T, & 0.6t/kp (puc. 6).
Beuny cnaboii 3aBUCHMOCTH 3TOTO MUKA OT BEJTUIHHBI
U BO3MOXKHO CPABHUTL €0 C HAIIAMU DPE3yIbTATAMU
upu U — 0o (mmzkauil rpaduk va puc. 6). Kak ugum,
OYeHb OJIM3KM K PEe3yJIbTaTaM, TPUBEIEHHBIM B Pabo-
Te [6], n 3HaveHnme Temmeparypbl Tpaz, W BEJIHUHHA
reroemkoctn ¢/kp &~ 0.3 B Touke Makcumyma. Kak
ormedaercs B pabore [5], pOCT KOHIEHTPALMU IBIPOK
pa3sMbIBAET BA THKA (CIUHOHHBIA W XOJOHHBIH) B
TEMIIEPATYPHON 3aBUCUMOCTH TEILTOEMKOCTH, TTOCKOIb-
Ky B METAJUIHIECKOW CHCTeMEe BOCCTAHABIHBAETCS
B3aNMOCBSI3b 3aPSAIOBLIX U CIIMHOBBIX BO30Y K IEHMIA.

Pabora Bpimmonmena npu (GpUHAHCOBOH MOIIEPIKKE
IMporpammver [pesunnyma PAH Ne20.7, rpanra HIIT
1044.2012.2, PODU (rpant Ne10-02-00251) u BHyTpeH-
uero rpaata COY H®-11. ABTOPBI BBIPAKAIOT HCKPEH-
uioio npuszaarensuocts C. B. Hukonaesy u E. 1. ITxeii-
JIep 3a MoJie3HbIe O0CYKIACHUST TTPODIEMATHKN TAHHOM
CTATBHU.

IMPNJIO2KEHUE

JlokaskeM WMEIOIIYI0 TPUHIMMHAILHOE 3HAYCHNE
nns Beeit crarbu (opmyay (11). Beemem cienyiomue
00O3HAYEHST IS OTIEPATOPOR:

HM =3} (47)
f
B =3 tm X0 X (48)
g,m
Hy=) eX§, (49)
fio
Hy= Y tmXJOX). (50)
g,m,o

HeHOCpe,HCTBeHHBIM BbBIYUCJIEHUEM y6e>KnaeMc51 B TOM,

qTOo [ h)
H[) )

PagencTBo yKa3zaHHBIX KOMMYTATOPOB HYJIIO BIE€YET 34

th)} = [Ho, Hy] = 0. (51)

coboit creyronine MaTpUIHbIE PABEHCTRA!

( th)+H§h)>
exp| ————
H(h)) (
exp | —

kT

= exp ( T

>=

a"
kpT

) ,» (52)

_Ho+ H:
kT

exp <

385



K. A. Cugopos, C. I Ounruukos, H. B. TuxoHos

MITD, Tom 143, BHm. 2, 2013

YuuTeiBast jasee, UTO MATPHUIILI exp(—Héh) JkBT) u
exp(—Hy/kpT) nuaroHajbHbl U HA JUATOHANSAX 0DEUX
crosar uncna exp(—Nee/kpT), nomydaem crenyorme
BbIPazKeHUs /sl KAHOHUYECKUX CTATUCTHYECKUX CYMM
COOTBETCTBEHHO JIJIsl GECCIMHOBOIO U CIMHOBOIO CIyya-
eB:

(h)
(h) — _YeE _
7 exp ( kBT> Sp [ exp T ,  (54)
o NeE Ht
7 = exp < kBT> Sp (exp < kBT>> . (55)

(h)

PaccmorpuMm Teneps BozzeiictBue oneparopa H, ' Ha
cocrosiame Tuna (6), B KOTOPOM [1)); OTIPEIETSIOTCS Pa-
sercrBamu (7). Umeem

"

1 1 ...1 _
fi  fo fNe> B
= 2 >

(_1)ANgm+1 %
me{fi,f2,....fn. t 9ERN{f1,f2smee fne }

1 1r...0 ...1 ...1

fi f m g N/’
rge B JeBOW YaCTU CTOUT BEKTOP, CUMBOJIM3UPYIOMINAN
COCTOSTHWE, ¥ KOTOPOTo Ha y3aax fi, fa, ..., fn, Haxo-
JIATCsT XOJIOHBI, HA OCTAIBHBIX y3J1aX — JIbIPKHU; Uryp-
Hble ckobku { f1, fo, ..., fn.} 0bo3HAYAIOT MHOKECTBO,

cocrositiee 3 y3710B f1, fa, ..., fn.; h — MHOXKecTBO
BCEX Y3II0B CHCTEMBI; 3HAK «\» 0DO3HAaYaeT pasHOCTh

X tgm

MHOZKeCTB; ANy, — KOTUIECTBO XOTOHOB, HAXOIAIUX-
CsT CTPOTO MEYKIY y3aaMu g U 1. [IOHATHO, ITO BCE BEK-
TOPBI, CTOSIIINE B JIEBOW YACTH TOCJIEIHErO PABEHCTBA,
pa3IuIHBI MexK Ay coboit. Pazmuansr Takke n K03 du-
nuerThl npu HEX. CKATSAPHO YMHOXKAS 3TO PABEHCTBO
Ha, KaKoi-1mbo Opa-BeKTOp W3

N!
NN — N,)!

BO3MOZKHBIX, TIOJIyYUM MATPUYHBIIl 3/IeMEHT paB-
metit 6o wymo, sqmbo (—1)ANiutlt. e i €
e {fi,far--- [N} € B\{f1, f2,..., fn.}. Bamernm
cefigac, YTO TOIYTHO MbI JOKa3ajdd OJHO BayKHOE
yreepxkaenne. i ero hbOPMYJIUPOBKYU  YCIOBUMCS
HA3BIBATH TApy BEKTOPOB, HA KOTOPBIX CTPOUTCS
JAHHBIA MATPUYHBIN 3JIEMEHT, Iapoii, NOPOZKIAIOIIel
JAHHBI MATPUIHBIN dmeMenT. Torma u3 u3/I0KeHHOTO
BBITIIE BBITEKAET, UTO MATPUYHBINA 3J€MEHT OTINYEH OT
HyJIg TOTJA U TOJTBKO TOrJA, KOI/Ia MeZK/y BeKTOpaMu
MTOPOZKTAIONIEl ero mapbl BO3MOZKEH ITepeXoJ] OT OJHOTO
K JPYrOMYy MOCPEACTBOM TEepPEeCcKOKa TOJBKO OJHOTO
9JIEKTPOHA W3 OJHOW MO3UIUK B APYLYI0. AHATOTUYIHO
STOMY W MPU HAJIUYAM CIUHA MATPUYHBIA 37I€MEHT

OTJIMYEH OT HYJIS TOTJA U TOTBKO TOTAA, KOTA BO3MO-
JKeH TMepexojl OT OJIHOTO W3 BEKTOPOB MOPOKIAIONIEH
maphl K JIPYTOMY MOCPEICTBOM TMEPECKOKA TOJIHKO
OJIHOT'O DJIEKTPOHA M3 OJHON mo3uuuu B APyryio (c
COXPAHEHWEM ero CIUHA). JTO YTBEPKICHUE JOKA3bI-
BaeTCs pacCMOTpPEHMEM BO37eicTBus oneparopa Hy Ha
cocrosirme Tuna (6), rae [¢); ompemensioTcs Ha STOT
pa3 paBeHCTBOM (8).

Herpyano nanee yecMOTpeTh aJropuT™, MO KOTOPO-
My U3 MaTPHUIBI OIePaToOpa Ht(h MTOJTy9aeTCss MaTPU-
na oneparopa H;. O4eBUIHO, 9TO KayKIbIi MaTpUY-
HBIH 37eMeHT TpaHchOPMUPYeTcsi B OJIOK pPa3MepoMm
2Ne % 2Ne | QueBmamo manee, 4TO eCM ITOT MATPHU-
HBII 97IEMEHT PaBeH HYyJII0, TO OH MPeodpa3yercs B Hy-
JIEBOIT yKe OJIOK. ITO yTBEPIKIEHNE BEPHO XOTS OBI MO-
TOMY, 9TO JIFODOW MATPUYHBINH JIEMEHT PacCMaTPUBAE-
MOTO 6JIOKA MOPOKIAETC MaPOil TAKUX BEKTOPOB, 4TO
HEBO3MOYKEH MEepexXo, OT OJHOTO K JPYTOMY MOCpes-
CTBOM TIEPECKOKA TOTHLKO OJIHOTO 3JIEKTPOHA W3 OJIHOM
HO3UIMU B APYTYIO (TaK KAK PABEH HYJII0 TpaHchopMu-
pyeMblii MarpudHbli sgement). Eciau ke MarpudHbiii
3JIEMEHT PABeH MUHYC MapaMerpy MePecKOKA MEeKITy
OTUKANIIUME COCEAAMU, TO IUATOHATBHDBIE JIEMEHTHI
O70Ka paBHLI eMy camomy. JleficTBUTENBHO, s Ma-
PBI, TOPOK TAOIIEH TMArOHaILHBIN 3JIEMEHT, CYIIECTBY-
eT Tepexojl OT OJHOTO BEKTOpA Mapbl K JIPYrOMY IMO-
CPeACTBOM mepedpachiBaHUs TOJIHKO OTHOTO JIEKTPOHA
C COXpaHeHWeM ero CrnuHa. HampaBieHus OCTaIbHBIX
CTIUHOB JIJIsT BEKTOPOB MOPOYKIAONIEH IUATOHAIBHBIHN
SJIEMEHT TaPbl COBIAAAIOT (BCJIEACTBHE TOIO, YTO Pac-
CMaTPUBAECTCA MMEHHO JIUATOHAJILHBIN dyement). [Iist
HEINATOHAJILHBIX 7K€ JJIEMEHTOB HAIMPABJIEHUs] CITHHOB
XOTsi ObI OHOMN TAPBI JIEKTPOHOB, HAXOIAIIUXCS B IBYX
BEKTOPAaX, MOPOZKIAIONNX PACCMATPUBACMBII MATPUY-
HBII 9JIEMEHT, B OIHOI M TOi Ke MO3NUINH, 00s3aTeIh-
HO Pa3uyarorcsd (BCIEACTBUE TOIO, YTO CAM JJIEMEHT
HesmaroHanbublii). MTak, marpuna oneparopa Hy mo-
JIy9aeTCss W3 MATPHUIBI OIePATOPa Ht(h) peobpa3oBa-
HUEM KazKJOT0 MATPUIHOTO JIEMEHTA B OJIOK PA3MEPOM
2Ne x 2Ne  na gEaroHasM KOTOPOTO CTOST WHCIA, PAB-
HbIE TPe0OPa3yeMOMY STIEMEHTY, a BCe HeAUATrOHATbHBIE

SJIEMEHTBI PABHBI HYJTIO.
Ilo mpaBumy yMHOMXKeHHs OJOYHBIX MATPHIL, yUIH-

THIBAsI ONPEJIETCHNE MATPHIHON SKCITIOHEHTHI KAK MAT-
PUYHOTO pPsifia, HETPYAHO 3aKII0YUTH, YTO MATPHUU-
Has skcrnonenta exp(—H;/kpT) obpasyercs m3 3Kc-
MTOHEHTHI exp(—Ht(h) /kpT) nocpencrsom mpeobpasopa-
HUS KazKIOTO MATPUIHOTO SJIEMEHTA B OJI0K PazMepoM
2Ne x 2Ne | Ha gEaroHasH KOTOPOTO CTOSAT HGHCIIA, PAB-
HBIE TIPEOOPA3YEMOMY MATPUIHOMY JIEMEHTY, & HeIua-
rOHAJIBHBIE 37IEMEHTBI PaBHBI Hy 0. Henmocpeacrsenno
orciofa u Bbirekaer coornomrenue (11).
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