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B pamkax 3¢ HekTuBHOTO raMuIFTOHHAHA, TOJIYUYEHHOTO M3 JABYX30HHON Momenn Xabbapma—Kamamopn,

pPaccMaTPUBAIOTCH 0COOEHHOCTH (POPMUPOBAHUST MATHUTHON CTPYKTYPHI U (Pa3bl SKCUTOHHOTO 603€-KOH/IEHCATA

JIOKAJIBHBIX MaIrHUTHBIX 3KCUTOHOB B CUJIBHO KOPPEIUPOBAHHBIX CHUCTEMaX BOIM3U CIIMHOBOI'O KpoccoBepa. 06-

HapPyzKeHO COCylieCTBOBaHUE aHTI/I(i)eppOMaI‘HeTI/I3Ma, 1 3KCUTOHHOI'O KOHJOEHCaTa M BOSHHKHOBEHHE [JaJIbHEro

aHTI/I(i)eppOMaI‘HI/ITHOFO nopdaKa BC/JIEACTBUE 3KCUTOHHOTO YIOPAIOYEHUA TaXKe B OTCYTCTBHUE MEXKAaTOMHOT'O

0OMeHHOro B3amMojeicTBusA. PaccMaTpuBaeTcs poJib 31eKTPOH-(OHOHHOIO B3aWMOIENCTBHUS.
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1. BBegenune. DKCUTOHHAS KOHIEHCAITUS U COCTOSI-
HHE SKCUTOHHOTO JIMIJEKTPUKA UCCIEYIOTCS TOBOJBHO
JIABHO, HAYWHAS C TeopeTHuecKnx pador [1-3]. B pabore
Kennpima n Komaesa [3] 66110 okazaHo, 9to Moaubu-
nupoBanubiil popmanu3m bapanna—Kymepa—IlTpudepa
(BKIII) Teopun CBEpXMPOBOAUMOCTH MOYXKET OBITH 3h-
(PEKTUBHO HCIIONB30BAH JJIsT OMHCAHUSA (PA3OBLIX IIe-
PEXOJIOB METAJLI-IU3IEKTPUK B mojayMmeraiiiax. Pa3o-
BRI TIEpeXOl], B MOJIEIW BO3HUKAET MPU CKOJIb YTOJ-
HO CJIaDOM MEXKIJEKTPOHHOM B3aWMOIEHCTBUM W, TIO
AHAJIOTMH CO CBEPXITPOBOJMAIIAM IEPEXOIOM, MOXKET
OBITH WHTEPIPETUPOBAH KaK 003e-KOHIEHCAIUs CJ1abo-
CBSI3QHHBIX 3JIEKTPOH-IBIPOYHBIX Map (IKCUTOHOB BOJIb-
moro pasuyca). Mojesb SKCUTOHHOrO JM3JIEKTPUKA
Kengpima—Konaesa crana, mo cyTn, CTaHIAPTHOI cxe-
MO¥i OMUCAHUS MEYKIJEKTPOHHBIX KOPPEJSIUi B TIpe-
nene ciaaboro B3amMmomeiicTBus. B pamkax 3Toit Mome-
J¥ OBLITH OTIPeeeHbl YCAOBUs M1 (popMupoBanus da-
3BI 9KCUTOHHOTO heppoMarueTnsmMa [4] B mosmymeraiax.
[To3xke B nTEepaType aKTUBHO 0OCYKIaTach KOHIEHCA-
[[Us SKCUTOHOB B CHUJIBHO KOPPEJUPOBAHHBIX CHCTEMAX
(cMm., Hampumep, [5-13]). B nocnemnnee Bpemst momydn-
JI0 pa3BUTHE HOBOE HAMpaBJIeHWe B OOJIACTH IKCHTOH-
HOIO MArHETU3Ma, CBSI3AHHOE C OTHOCUTEHHO OJIM3KUM
PACIOIOYKEHUEM 0 SHEPIrUd OCHOBHOT'O CHHIJIETHOTO U
BO30Y K IEHHOTO TPUIJIETHOTNO WOHHBIX COCTOSHUN B JIH-
sstekrpukax Morra—Xab6ap/a [14] (HekoTopble HejaBHO
[OJTy YeHHbIE WHTEPECHBIE PE3YIbTATHI B OOIACTH IKCH-

De-mail: jso.krasn@mail.ru

TOHHOTO MArHETH3Ma MOXKHO HalTH, Hampumep, B [15—
17]). B macrosimieit pabore paccMaTpUBAIOTCS OCOOEH-
HOCTH (hOPMUPOBAHUST SKCUTOHHOTO KOHIEHCATA, TIPE]I-
CTaBJILIOIEr0 CODOl KOHJIEHCAIMIO JIOKAJIBHBIX (Ha y3-
Jie KPUCTAJJIMYECKOH Pelierky) MArHUTHBIX SKCUTOHOB
(3KCUTOHOB MAJIOrO PAJNYCA), B CHILHO KOPPETUPOBAH-
HBIX CHCTeMaX BOJM3M CIIMHOBOI'O KpoccoBepa. Pe3ymb-
TATHI, IPEJICTABIIEHHBIE B CTATHE, MMOJIYYEHbBI C TOMOIIHIO
TeXHUKN X -0mepaTopoB Xabdbapa Ay JBYX30HHOH MO-
nenu Xabbapaa—Kanamopu. ObHapyKeHO BO3HUKHOBE-
HUe IAJbHEero anTu(eppPOMATHUTHOTO MOPSIIKA BCJIEI-
CTBHE HSKCUTOHHOTO YIOPSIIOUYEHUS TAYKe B OTCYTCTBUE
ME¥KaTOMHOrO OOMEHHOro B3amMmogeiicTeus. lcciemo-
BaHA POJIb MEKTPOH-(POHOHHOTO B3anmMozeitcTeus. Ilo-
Ka3aHO, YTO B OTJIMYME OT JUATOHAJIBHOrO, HEIHATO-
HAJILHOE 3JIEKTPOH-(POHOHHOE B3aMMOJIEHCTBHE TPUBO-
AT K W3MEHEHWI0 CUMMETPUU SKCUTOHHOTO MapaMer-
pa MopsiKa U €ro KOHKYPEHIHH ¢ AaHTH()EPPOMATHETH3-
MOM.

2. 9ddeKTuBHBIN raMUJIbLTOHUAH. MuHIMAD-
HOM MOJIEIBI0 CHJIbHOKOPPEIMPOBAHHBIX CHCTEM CO CITH-
HOBBIM KPOCCOBEPOM SIBJISIETCS JIBYX30HHAsT MOJENb
Xaobapra—Kanamopu. 'aMunbTOHHAH MOIETH MOXKET
OBITH TIPEJICTABJIEH B BUIE

IEI = HA + Iflt + HCoulomb- (1)

3ech mepBoe craraeMoe
T — T T
Ha =& E ClinCliy T €2 D CoinCaiy (2)
(20t (20t
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COZIEPKUT OJTHOMOHHY O SHEPTHIO FJIEKTPOHOB B OHOYA~
CTUYHBIX COCTOSIHUSIX C YPOBHSIMU HEPTUM €1 U €9 =
=¢e1 4+ A, roe A — 3HEpPrus 3JEKTPOHOB B KPUCTAJLIN-
geckoM ToJie (U3 coobparKkeHuil ymo0cTBa MOXKHO MO0
xkurb €1 = 0), ¢ — HOMEp y3Ja pemerku, 7 = +1/2—
MPOEKIHS CIUHA 37eKTpoHa. Bropoe ciaraemoe

Hy =ty Z Ciivcljv + 22 Z cgivc%'v +

(@:3) (4,5),7
Tt Z (C;ivclm + CLWM)’ (3)
(4,3),y
riae tyy — mapamerpol mnepeckoka (A, A = 1,2 — op-

OUTAIbHBIA WHIEKC) OMUCHIBAIOT MEPECKOK IIEKTPOHOB
MKy OIMKANUIUMU COCEIHUMU Y3JIaMU KPUCTAJLIH-
9eCKO# PeIeTKH C YPOBHSIMH dHEPIUU €1 U £3. L perbe
craraemoe

] _ 1
Hcoutomb = U Z CLTC,\QCMTC/\N

N
Tt
+V Z CXit O ENit Cail,
AEN i
Tt
+V Z Cxiy Cx iy Cxiy CN iy
AS N i,y
i i
+ Jg Z Ciny CAin CX iy Criy
ASN i,y
oot
+ Jy Z CAitCoig CNitCail
AEN i
/ oot
+Ju Z CXitCXNiLENitCNal (4)
AEN i

COJIEP’KUT OJTHOY3EJILHYIO SHEPTHIO KYJIOHOBCKOTO B3a-
UMOJIEHCTBYSL JIEKTPOHOB (37IEKTPOH-3JIEKTPOHHOE B3a-
NMO/JIeiCTBIE paccMaTpuBaeTcss B mpubamkennn Kana-
MOPW C JHATOHAIHHBIM 1T0 OPOUTATHLHBIM HHIEKCAM MaT-
puuHbiM 3emMeHTOM U W HEAWATOHAJBHBIM V, a Tak-
JKe XYHJOBCKUMH MapaMeTpaMu 0OMEHHOTO B3aUMOIel-
creust Jy, Jy [18]).

Baxxmoit 0COBEHHOCTHIO TaKOi IBYXOPOUTATHHOMN
MOJIETI  SIBJISIETCST  BO3MOXKHOCTH (DOPMHUPOBAHWUS B
ciydae mosioBuHHOrO 3anosnuenus (N, = 2 — cpeznnee
YUCJIO DJEKTPOHOB HAa y3€J KPUCTALTHIECKON perner-
KU) ¥ B HYyJEBOM NPUOJUKEHUN II0 MEXKY3eJIbHBIM
mepeckokaM tyy = 0 Pa3JIMYHBIX JIOKATU30BAHHBIX
MHOT'O9JIEKTPOHHBIX  (IBYyXYaCTUYHBIX)
(TepMOB), KOTOpBIE XapaKTEPU3YIOTCA 3SHAYCHUAMU
cmmaa S = 0,1 m KpoccoBepa MeXKJIy HUMU C POCTOM

A B obmactn A < Ag = \J(U—V +Jg)* + Jjy?
OCHOBHBIM siBaisiercst Tpuriertoe (S = 1) HS-cocrostane

COCTOSTHUI
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|o) ¢ sueprueit Eyg, TPeXKpPaTHO BBIPOKIEHHOE IIO
npoektmn crimHa o = 0, £1:

aITa;T [0),0 =+1
oy =14 & (GITGQ 0) +af, aby |O>) 0 =0,
ahag¢ [0),0 =—1

ampu A > A¢ 0CHOBHBIM siBJIsiercs cunryietHoe (S = 0)
LS-cocrosiame |s) = Cy (A) aJ{TaL |0) —Cs (A) agTa;i |0)
¢ sneprueit Epg, rae C1 (A) = /1 —C3 (A), Cy (A) =
=x/2 (1 +x+V1+ z) — HOPMHPOBOYHBIE KO3(hduIm-
eHTHI (T = J}iQ/AQ).

st BeiBoma 3 (EKTUBHONO raMUIBTOHUAHA Y00~
HO WCIOJh30BaTh X-ormeparopbl Xabbapma XP9 =
= |p) (g| [19], mocTpoeHHbBIE HA COBCTBEHHBIX COCTOSHUAX
ramuabrornana Ha + Hcoulomb

(15 + Acowoms ) Ip) = Ep [p) (5)

C PA3IUYHBIM YUCJIOM 37eKTpoHoB N, = 0,1,2,3,4.
TTockonbKy omeparopsr Xabbapma oOpa3yroT JHHEHHO
HE3aBUCHUMBIIl 0a3mc, TO 000 JTOKAIBHBINA OmepaTop
MOXKET OBITh BBIPAYKEH Yepe3 JTUHEHHYI KOMOWHAIIHIO
X-omepaTopoB, B TOM YHCJIE€ OJHOIEKTPOHHBIN Omepa-
TOP yHUYTOXKeHUs! (POXKICHUS):

niy = Y IP) (Plexivl @) (al =Y xon () XP9.(6)

pq

Wnu, nockonbKy umciio seenenubix 3aitnesbiM [20] pas-
JIAYHBIX KOPHEBBIX BEKTOPOB (P, ) KOHETHO, MOXKHO WX
MTPOHYMEPOBATh W KasKIOMY BEKTOPY TOCTABATH B CO-
OTBETCTBHME €r0 HOMED 1, UMEIONIEMY CMbICJ 30HHOTO
UHJIEKCa JIOKAJIbHBIX (DepMHEBCKUX KBa3udacTull, Toraa

Ci/\v = ZXA’Y (m) X,Zn, CIA’Y = ZX;’Y (m) X,L-"LT. C 10~

m m

MoIpio (6) aHOMAIbHBIE CPEIHUE <a;ha1 f7> (6e3 me-

PEeBOpOTA CIIWHA) U <a£ 501 f7> (c mepeBopoTOM CriuHA,

¥ = —7) MOTYT OBbITH TIPEJICTABJIEHBI B BUJIE

<C;f701f7> ~ —yV2 (CQ <X;’O> +Cy <X?,s>) . (1)

() =20 (7= 5) ({5 v (7))

(e 3) (@5 sl ©

B Beipaxenusx (7) n (8) orGpormeHsl cpemHne OT
X -0oneparopoB, HOCTPOEHHBIX HA COCTOSHUAX € THCIOM
3/1eKTPOHOB 1 ¥ 3 (0HO M TPEXYACTHIHBIE COCTOSHHS).
Mpebr paccMaTpuBaeM Ciydai MOJOBUHHOTO 3allOJHEHNUST
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(mByX4acTHHUHbIE COCTOSIHUS) C (DUKCUPOBAHHBIM HHC-
JIOM 3JIEKTPOHOB HA y3eJl KPUCTAJUINYECKON DeIeTKu
(roMoTosIsTpHAST MOZIEJTh TBEP/IOTO TeJNIA), MOITOMY BKJIAT
TAKMX CPEJHUX MPEHEOPEKAMO MAJI.

Kak Buano u3 dopmyn (7) u (8), IKCHTOHHOE ClTa-
PVBaHWE ONUCHIBAETCS HEHYJIEBBIMHI CPEJIHUMH CHHTJIET-
TPUILIETHBIX BO30OYKIeHuil. 37ech W HUXKe YIIOBBIE
CKOOKHM (...) 0003HAYAIOT TEPMOJAUHAMUIECKOE CPETHEE.
B npencrapmenun X-omeparopos Xabbapmaa raMuIbTO-
uraH (1) nMeer Bu:

H=> Y E,XPP"+> 3y ¢mx™xr. (9)
i,p

(i,5) mmn

3aech E;, — 9HEPTNS MHOTO3IEKTPOHHBIX TePMOB, t™" =

= 2 tAV X3y (M) X7y (1) — mepenopMupOBaHHbBIE Ma-
Ay
paMeTpbl MEPECKOKA.

Ucnonbayst ramuabTornan (9) Kak MCXOAHBIA, MBI
MOKeM TIOMy9uTh GGMEKTHBHBIN TAMUTBTOHUAH, WC-
KJIIOYMB M3 HErO MEK30HHBIE IepecKoKku. Iy 3Toro nc-
MOJIb3YeM METOJI TIPOEKIIMOHHBIX ONIEPATOPOB, PA3BUTHIH
B pabore [21] musa monenu Xabbapaa u B [22] musa p—d-
mozenu (cMm. Takxke [5, 6]). DddexkruBHbIi raMuIbTO-
HHUAH MMeeT B

ﬁeff - IA{S + IA{anan + HC.L (10)

3mech mepBoe claraemMoe — TaMUJIBTOHWAH reii3enbep-
TOBCKOTO THIA COMEPKUT MEKATOMHOE OOMEHHOe B3a-
IMOJeHCTBUE

. 1 A
HS = §J<z:> (Sz . Sj — Zninj), (11)
Y]

e S; omepatop crmmma S = 1: Sf =
=2 (le’o + Xf"l), S =2 (Xio’“ + X[LO) n
A I T

57 =X, - X, [23]; J = (t%l + 275%2 + t§2)/Qg*
Be/IMYMHA MEXKAaTOMHOI'O 06MeHHOFO B3aI/IMO/IeI>'ICTBI/IH,

Qy, — SHeprus MepeHOCa 3apsafad MEXKIY IeHTPAMH
BEPXHWX W HIDKHNX XabbapHoBCKWX Mom3oH [21, 22];

fy =2 (Xf’s + > X727 ) =2 (Y 4+ allS) - oneparop
o

. (~LS(HS)
9ncIa Y9ACTHI HA y3ie ¢ (7 — OIIEpaToOp YHUCIA

samonnenuss LS(HS)-cocrosinus). Ucnonn3ys ycmoBue
nomHOTEl X 5% 4+ Y X7 = 1, MOXKHO TOKA3aTh, 9TO
[eg

(i) = 2((AFS) + (AF9)) = 2(nps + nus) = 2, tae
nrs(as) — cpeanee yucno acrun B LS(HS)-cocrognun
(nps +ngs = 1).

Bropoe crmaraemoe

2 1= s,8 s,8
Hanan = 5*] Z Xi, : Xj, (12)
(2,5)

OIIUCBIBaET BBaHMO,Z[efICTBHe THIIA IIJIOTHOCTb—

MJIOTHOCTH ~ HU3KOCTWHOBBIX  COCTOSTHWH,  .J =
- [1 - (20102)2} (12, — 2635 + 13,) /Qy.

Tperuit uwnen B (10) COmEPKUT MEKATOMHBIH
MEPECKOK IKCHTOHOB C AMILTATYIOW J., © poxIe-
HUMEe/YHUYTOXKEHNE Ha COCEJHUX y3JaX OMIKCUTOHOB
¢ aMrmumTyaoii JJ, ¢ y9eToM 3HEpPrHM 3JIEeKTPOHHBIX
koudwuryparnuii LS- u HS-cocrostauit

+8
X0 =3 X7+

i o=—S
1 s o os
DD g (XTPX77+ XP7XTT) —
7 (i)

1 o 0,8 v 0,8 8,0 v 8,0
— S (XT XD+ XPOXS )}, (13)

€s

I:Iez =
2

2€I

rne £ = Fys — Eps— cnuHOBag 11e/1b, B OTCYTCTBHUE
BCEX KOOIIEPATUBHBIX B3aUMOJIEHCTBUNA OTPULIATEIBHO-
My 3HAYEHHUIO CIIUHOBON IIEJH COOTBETCTBYET OCHOB-
Hoe HS-cocrosinue, a B Cilydae MOJOKUTENLHON CIU-
HOBOI IIEM B KAYECTBE OCHOBHOI'O COCTOSTHHSI PEAJIH-
syercst LS-cocrosmme; J!, = 2C1Ca(tiita — t3,) /Qy,
JI = (t11t22 —t%Q)/Qg, g = —o. B (13) oneparopst
Xa66apna X;° u X7 onucpBator Bo30yxaeHns 603e-
Tuia (IKCUTOHBI) HA y3JIe § U3 HU3KOCIIMHOBOI'O CHHIJIET-
HOTO COCTOSIHHS |$) B BLICOKOCIMHOBOE TPUILTIETHOE |0)
c mpoeknueii cnuna o = 0, =1, u maobopor. Ilepsoe cia-
raemMoe B KBaJIpaTHbBIX CKOOKax (13) ommchiBaer aucnep-
CHIO 9KCUTOHOB 38 CUET MEKATOMHBIX TEPECKOKOB, Ta-
Kas JUCTepcust ObIIa paccMOoTpeHa erme B padbore Bom-
cosckoro u Ceupckoro [24]. Bropoe cmaraemoe B (13)
COJIEPKUT DPOKJCHUE W YHUUTOXKEHUE ODUIKCUTOHOB HA
COCEJTHUX y3J1aX DenteTku (i,7), 9TO Cpa3y yCIOXKHSeT
JIUCIIEPCUIO IKCUTOHOB MO CPABHEHUIO ¢ OOBIMHON B Me-
TO/e CHJIBLHOM CBsi3u [24]. B6IM3M CIMHOBOrO KPOCCOBE-
pa Cy = 1, a Cy = 0, mostomy J., ~ 0. B arux ycioru-
sIX GUIKCHTOHHBIE BO30OY KIECHUS UIPAIOT TJIABHYIO POJIb
B (POPMHUPOBAHUN JUCIEPCUHN IKCUTOHOB. | aMUITBTOHM-
an (13) onuchIBAET KMHETHYIECKOE IKCUTOH-IKCUTOHHOE
B3auMozeiicreue [25] B npexacrasienuu X-oneparopos
Xabbapmaa.

Eciu BBect: 0G03HAMEHUS dp = \/ig (,(L + dA,),
dy = o (e d.), do = do (1] e dy = X0,
d_ =X, dy = X*°, 10 nocrenuee craraemoe 5 (13)

MO2KHO IIPEACTaBUTH B BUJIE

(14)
BekTop d= (cil,ciy,ciz) COOTBETCTBYET TaK HA3bIBae-
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MOMY d-BEKTOPY B TEOPHH TPHILIETHON CBEPXIIPOBOIH-
MOCTH.

3. ®asoBble AuarpaMMbl B NPUOIMXKEHUU
cpeHero moJsd. B npubiuxkenuu cpenuero noss (MF)
1t ByX noapenierok A n B cnaraemsie (11)—(13) npu-

unmator Bug, (15)—(17) coorsercTBeHHO:

HMF = szBZSfA +szAZ§fB -
1A iB

1 R 1 .
7,2]1713271“ fzJZnAZniB _
1A B
1 1
—§ZJNmAmB+§zJN, (15)

3IeCh z — YHCIO OJMKAWIMX Ccocemeit, mam) =

= <,S’fA(B)> — HaMarHu4YeHHoCTh nompenierkn A(B);

AMF LS 5 LS
Hanan —ZJ’nLS’B E n;’ —I—ZJTLLS,A E N, —
1A 3

B

-N
fngan,AnLS,B. (16)

Bzaumogeiicreue J TpPUBOAMT K JOMOJTHUTETHHO-
My MEXaHU3My KOOIEPATUBHOCTH W CTAOUIU3UPYET
HS-cocrosinue.

Hg® =30 > (il > (X7 +X]7) -
F o=%1,0 Cr

— (=)l 2TUAT 2 Y (X507 + X0 -

1F

1 _
= 52N (B p AL — (DN ILAZ 227, )

X X

s,8 s,8 €s
—es ) X[V —esy XS+ N (17)
1A iB

e F = AB (F = A, ecmu F = B, n naobo-
por). AZ, 4(p) <X;:Zis)> — KOMTIOHEHTHI 3KCHTOH-
HOTO MapaMeTpa MOPSIIKA, JJIst KOTOPBIX B TEPMOIWHA-
MHYECKH PABHOBECHOM COCTOSIHUU CIIPABE/JINBO PaBeH-
CTBO: (AZI)T = (X7%) = AZ . OT™MeTnM, 9TO OTIHIHE
or Hynda cpenuux A7, # 0 o3HaYaeT KBAHTOBOMEXAHNYe-
ckoe cmermuBanue LS- u HS-cocrosinuit, Ho B oTcyTCTBUA
CIUH-OPOUTAIBHOrO B3aUMOAEICTBHUSL.
Pemmas 3amady Ha cOOCTBEHHBIE 3HAYESHIIST

HME [r) = Exlir), (18)

rae |Yr) = Crsk|s) + > Cus k.o |0)— cobcTBeHHBIE CO-

g
MF _ ffMF | ffMF | ffMF
cToAHWA raMuabTOHMana H ;" = Hg' " +H " +H o ",
T MCTIOTIh3Y S PETeHN s, OTBEYAIOINIe MTHNTMYMY CBOOOI-
woit sneprum F = —kpTInZ, tne Z = S e Pr/keT_
k
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CTaTUCTHYECKad CyMMa CHCTE€MbI, MO>KHO BbIYHUCJIUTDH

pa3IuYHbIe TEPMOJMHAMUYECKNE CPeIHUe, BXOIAIINe B
' TMF.

eff
o 1 S,0
ex,A(B) — 7 Z <’¢)k ’XiA(B)
k

1
maB) = 7 §:<wk ‘SiZMB)
k

oy,

wk> e*Ek/kBT’

1 o,0 —
s = 5 0 ([ S XE, | e,
k

o

Tem cambim Tipu perriernn (18) MbI MMeeM JIeJIo ¢ caMo-
COTJIACOBAHHOM 3a1a9eil HaXOXKIeHWST COOCTBEHHBIX CO-
CTOSAHUN W COOCTBEHHBIX 3HATEHHH 3(PPHEKTUBHOTO ra-
MUJILTOHUAHA, B TPUOIUKEHUHN CPEIHErO TOJIA.

Ha pucynke 1 (cupaBa OpuUBEIEHBI PE3YJILTATHI B
yBeauueHHOM Maciirabe BOJIU3U KPOCCOBEpa) IPeIcTaB-
JIEHBI paccuuTaHuble (Hha30Bble JTUAIPAMMBI 3aCETEHHO-
cru HS-cocrostnus nyg (Bepxuuii psif), HAMATHUIEH-
Hocru m (cpexnuii psn), KOMIOHEHTOB SKCUTOHHOIO
napaverpa mopsaka AT/ (mmxmmit pax) gas aByx
monpernetok A u B B koopawHaTax Temreparypa 1—
CTIMHOBAS IIENb £g. Pacdersl OBIIN BHIMOJHEHBI MTPHU
J = Jo = 28 K [26]. Baech Temmeparypa npuseme-
Ha B eamHUIAX TeMmreparypwbl Heems Ty = zJO%
(S = 1), a cnuHoBas Ieab — B EIUHUIAX OOMEHHOTO
unrerpaia Jy. B cucreme peanmsyercs masbHUIT aHTH-
deppomarnuTHbiii nopsizok (puc.le,d), ma = —mp.
Bugwno, uTo m3-3a HaIWYNS KOOMEPATHBHOTO OOMEHHO-
ro B3amMmoelcTBust J B CHCTEME COXPAHSETCS OCHOB-
HOE MArHUTOYHOpsioYenHoe antudeppomarauranoe HS-
cocrostame, AFM(HS), Bmiots 10 €5 = ¢ ~ 4Jp
(puc. 1c,d), HecMOTpsi HA TO, YTO B OJJHOMOHHO} KAPTHUHE
upu €s > €% = 0 ocHoBHbIM #ABigerca LS-cocroamue.
YBemmaenne KPUTHUECKOTO € 3a CIET KOOTEPATHBHBIX
3¢ddEKTOB BIOIHE TTOHATEH, TAK KAK OOMEHHOE B3aNMO-
neificrBue J u B3ammozeiicrsue J crabuamsupyior HS-
cocTosiHMe, TMOHMKas ero suepruio. Ilpn eg > €& oc-
HOBHOE aHTudeppoMaranTHoe HS-cocrosume cmensercs
muamarauTHeiM LS-cocrosauem, DM(LS) (puc. 1c, d).

Ha muarpammax BHIHO CYIIIECTBOBAHHIE IBYX OCOOBIX
Touek: TpuKpuTHueckoit Toukn (T n €§ na puc.1b), B
KOTOPO#l Jinaus (Ha3zoBoro mepexoma 2-ro poja Hempe-
PBIBHO TIEPEXO/IUT B IUHUIO (pazoBoro mepexona 1-ro po-
na n oukpuTndeckoit (1% u €§" ma puc. 1b), B koTopoii
smaus (Ha30BOr0 Mepexona 1-ro poma pa3iessercs Ha
JIBe JIUHUE (DA3OBBIX MEPEXOJIOB 2-T0 POJIa B COOTBET-
creuu ¢ mpasmioM ¢a3 ['uboca.

Ipn e < es < €& (puc.1f) nossnserca 06-
JIACTH SKCUTOHHOTO KOHJEHCATA, KOTOPasi COCYIIECTBYET
¢ pajabHuM aHTH(hEPPOMArHUTHBIM TOpsiaKkoM (puc. 1d).
Bosee toro, dopmMupoBaHne 3KCHTOHHOTO KOHIEHCATA
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1.5
1 1ps T
; 0.75
0.375
AFM(HS) DM(LS)
_10 ,

0.375 :
0.187

A;X,A = _A:X,B (6)
1.125 0.1 0.375
= 0.2
S 075
&~ 0.3 0.187
0.375 04
! 1 e
~10 -5 0 5 10 0 1 2
g/ J, g/ J,

Puc. 1. (Ilsernoii omnaitn) Paccanramusie daszossie nuarpammer 3acenernoctn HS-cocrosmus ng s (a), (b), HamaramaerrocTn

m (c), (d) m xommonenT skcuToHHOrO Mapamerpa nopsaaka AZ, (e), (f) mna asyx mompemerok A m B. Crnpasa TpuBeeHbI

pe3ysIbTaThl B yBEIWYeHHOM MaciiTabe BOM3M KpoccoBepa. PacueTsl BBITTOTHEHBI I CAeAYIOMNX 3HAYEHUN MapaMeTpoB:

z2=4,J=Jy, J=05Jy, J ez = 0.5Jo

criocobeTBYeT aHTH(hDEPPOMATHUTHOMY YIIOPSAI0YCHUIO 1
NOSAB/IEHUIO HAMATHHYIEHHOCTH B obmactn €F < g <
€&, rae npu J!), = 0 1aapHEro MArHHTHOTO MOPSIIKA He
onwt0. Ha pucyrke 1d 4epHoil CrjIonTHOM W My HK THPHON
JIMHUSIMH TTOKA3aHbI TUHUH (PA30BbIX MEPEXOJ0B 2-TO
1-ro pozma coorsercreenso mpu J!. = 0. B stom ciaygae
ocuosuoe AFM(HS)-cocrosinue coxpaHsaercs BILIOTh 110
es = €¢ = 3Jy < €&, n na Daszosoii qEarpamMme ecth
TOJILKO OJIHA TPUKPUTHYECKAS TOYKA, OTMEYCHHAS TPe-
yronbuukoM (puc. 1d).

N3-3a
(puc. le,f) mosiBisiercss oriMYHAS OT HyJs 3aCeJeH-

06pa3oBaHWsi  SKCHTOHHOTO  KOHJEHCATA
wHocth HS-cocrosimms (puc. la,b) m HamMarHW9eHHOCTH
(puc. lc,d) npu eQ < eg < e@
HO TIOHSITHO W3 CTPYKTYDPHI SKCHTOHHOTO Tapamerpa

. DusnyecKu 3T0 JOBOIb-

nopsiaka. [Ipu J > 0 u J!, > 0 ero crpykTypa Takosa,

aro ecin Ay # 0, To A = 0, npu stom A = —AL
u Ay = 0. I naobopor, ecrmn AZ # 0, 10 A, =0,
mpu stom Ay = —Ah u AL = 0. AY n AY pasun

Hymo. Oraugme OT HyJIs COOTBETCTBYIOIIMX CPEIHUX
A1/~ Ha pasHBIX MOJPENIETKAX IeNaeT BO3MOKHBIM

COCYIIIECTBOBAHNE 3IKCHTOHHOTO KOHJEHCATA C AHTH-
deppoMarHeTu3MOM ¥ CIIOCOOCTBYET (POPMHUPOBAHUIO
MOCTIEHETO.

B cBA3M C BBIIEM3NOKEHHBIM MPEICTABISAET WHTE-
pec cay4ait J = 0, vo J! # 0. Ha pucyske 2 npes-
CTABJIEHBI PACCUATAHHBIE (DAZOBHIE IUATPAMMBI KOMITO-
HEHTOB 9KCHTOHHOTO TTapameTpa nopsiaka A7, 3aceseH-
Hoctu HS-cocrostHust nps m HAMATHUYEHHOCTH 1M, IS
IByX moapemeTok A m B B KOOpAWHATAX TEMIEpAaTy-
pa T — cnuHOBas MENb €5 (KPUCTAJINIECKOE TOJIE).
Pacuers! ObLIH BBIMOTHEHBI 663 yIeTa MeXKaTOMHOT0 00-
MEHHOTO B3ammogeiicrBus npu J = (0, HO st ymoo-
CTBA CPABHEHWS CO CIyYaeM, PACCMOTPEHHBIM BHIIIE,
korga J # 0, 3/1eCh W HAYKE TEMIEPATYPa U CIHHOBAS
HIENb TAKXKE MPHUBEJIEHBI B euHANAX Ty 1 OOMEHHOrO
nnTerpana Jo. Bunso, uto nysa = nysp (puc.2d);
M4 = —Mmp — B CACTEME PeATN3yercs NAJILHUN aHTH-
deppomaruuTHbIii nopsigok (puc. 2e) paxe upu J = 0,
MOCKOJIBKY A:z,A(B) # AL, am) (puc. 2a,b), mpu 3TOM

+
AezA Aex g (puc. 2c), a Ae;
3HAKOM M PaBHBI 1O MOAYI0 (pHC. 24, b).

A+/ _p OTJIMIAOTCA
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Puc. 2. (IIsernoii onmaiin) ®a3oBble quarpaMMbl KOMIIOHEHT SKCHTOHHOTO mapamerpa mopsaka AZ, (a)—(c), 3acemernoctn

HS-cocrostaus ngs (d) u mamaraumaensnoctu m (e) s asyx noxpemerok A u B. B rouke (es/Jo = 0.1, T/Tn = 0.04),

OTMEYeHHOI YepPHBIM KBAJPATOM, B KadeCcTBe MpUMepa yKa3aHbl 3Haderns AZ, 4. PacdeTs BRITOMHEHB! IS CIIEyIOMero

Habopa mapamerpos: z =4, J =J =0, J" s = 0.5.Jp

Ha dazosbix auarpammax (puc.2) XOpOIIO BUIHO
cyIecTBOBaHue 0Cob60il TpukpuTndeckoit rouku (T u
€%), B KoTOpOii suHus (HA30BBIX IEPEXOIOB 2-TO POIA
HENPEPBIBHO MEPEXOJUT B JUHHIO (PA30BBIX MEPEXOI0B
1-ro poza. B obnacti g > €% (pwuc. 2e) ¢ pocTom TeM-
nepaTypbl CHCTEMa UCTILITHIBACT (DA3OBBI mepexos, 2-T0
pora u3 AFM(HS) B napamarautHOe cocrostaue u 1-ro
pora, ecint €5 < €. Acummerpus Bcex Ha3oBBIX IMa-
rpaMM (pHC.2) OTHOCHTEIHHO CMEHBI 3HAKA CITMHOBOI
HIENW CBS3aHA C PA3HONW KPATHOCTBHIO BBIPOXKIeHUs HS-
u LS-cocrosiauii.

B 3akiiouenmne TaHHOTO pasjena HaM ObI XOTEI0Ch
00CYIUTh MOJy9IEeHHBIE PE3yIbTATHI B CDABHEHHH C Pe-
3yabraramu paborel Bonxosa um Komaesa [4] o “ok-
curonnoMm” deppomaruernsme. B pabore [4], kpome
9JIEKTPOH-3JIEKTPOHHOTO, PACCMATPUBAETCS SJEKTPOH-
(OHOHHOE B3aMMOJIEHCTBIE U BKPATIIE CATYAIMIO MOXK-
HO OMNHCATh CIEAYIONM 00pa3oM. MaruuTHas CTpyK-
Typa Tuna BosHbl cruHoBoi miorHocru (BCII) peasu-
3yeTcsi, KAK M3BECTHO, B METAJIAX, TOMOJOrHS MHOTO-
cBsI3HOI moepxHOCTH PEpMU KOTOPHIX XapaKTeph3y-
eTCSl HAJIMYUEM 3JIEKTPOHHOTO U IBIPOYHOTO YUACTKOBR,
COBMEIIAOMIMXCS TIPU TTAPAJLIETHFHOM MEPEHOCE HA HEKO-
topeiii BekTop q. BCII Bo3HWKAET M3-33 TPUILIETHOTO
CTIAPUBAHUS OIHOYACTHUHBIX BO30YKICHUHA COBMEIIAI0-
MIEXCS JIEKTPOHHOTO U IBIPOYHOTO YIACTKOB MTOBEPXHO-
cru @epmu. Ecniu BCII mHakmaapiBaeTcs HA yKe UMEO-
ILyIOCS B CUCTEME BOJIHY 3apsnoBoii mioraoctu (B3IT),
IMucbma B 2KOTO

Tom 117 BB 9-10 2023

00YCTIOBIEHHYIO CHHTJIETHBIM CHAPUBAHUEM 3JIEKTPOH-
HBIX U JBIPOYHBIX COCTOSTHUIN, KAPTWHA YCIOKHSIETCH.
Cocymecreytoriiue onnodazubie comdmepumbie BCIT u
B3Il wuoaynupyooT [IOMOTHUTETHHOE MATHUTHOE pac-
IETJIeHNEe CIIEKTPA OJHOYACTUIHBIX BO30Y K IEHUIT, B pe-
3y/bTaTE YErO MOSIBJISETCST MATHUTHBI MOMEHT €IHV-
bl 00bEMA KPUCTAJLIA OPH JETHPOBAHUU — TAaK HA3bI-
BaeMbIi “9KCUTOHHBIN (eppomaruern3m”’. B Hacrosmeit
pabote 1o aHaIOTHK C [4] MBI MOXKEM TOBOPHTH O “IKCH-
TOHHOM aHTHdeppoMarueru3mMe’, B KOTOPOM 00pa3oBa-
HHe SKCUTOHHON (ha3bl CTIOCOOCTBYET TOSIBICHUIO TATh-
HEro aHTH(OEPPOMATHUTHOTO MOPSIIKA.

4. Pouan
neticrBug. Kaxk BuaHO, CTpyKTypa #W CHMMETPH
9KCUTOHHOTO MapaMeTpa TMOPSAAKa OIMPEIeNsiioT BO3-
MOYKHOCTH COCYNIECTBOBAHUS SKCUTOHHOTO KOHIEHCATA,

SﬂeKTPOHFdNHHOHHOFO B3anIMO-

n aHTH(EPPOMATHETH3MA U BOSHUKHOBEHHE MTOCIETHETO
(puc.1, 2). B orcyrcrBue MexKaToOMHOrO OOMEHHOIO
B3aMMOZEHCTBUSA HAMATHWYEHHOCTh SBJISETCA HeCOD-
CTBEHHBIM TTAPAMETPOM TOPSAIKA, MOCKOIbKY SABIISETCS
CTIeICTBHEM ynopsaodenus  (puc. 2).
D1eKTPOH-(POHOHHOE B3AMMOJICHCTBHIE SIBJASETCS OIHUM
u3 (HaKTOPOB, CIOCOOHBIX U3MEHHUTH CTPYKTYDPY (CHM-

9KCHUTOHHOI'O

METPHIO) SKCHTOHHOTO Iapamerpa mopsaka. C yderom
3/1eKTPOH-(OHOHHOTO  B3amMmojeiicrBuss  BMmecto  (18)
OymeM uMeTh

Hlyw) = Ex|tr), (19)
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Puc. 3. (Isernoii onmaiin) Pa3oBbie guarpaMMbl KOMIIOHEHT SKCHTOHHOTO mapamerpa mopsiaka AZ,

(a), (b), 3acemennocTn

HS-cocrostnus ngs (c) u namaramgensoctu m (d) s aByx moapemerok A u B npu ydere HeJUaroHaJ/JBHOTO 3JIEKTPOH-
dononrnoro B3anmmoneiicreua. B Touke (e5/Jo = 0.08, T/Tn = 0.06), orMe9eHHOM 9ePHBIM KBAAPATOM, B KA9ECTBE IIPUMEPaA,

YKa3aHbI 3HAICHUS A

J = Jo, J = 0.0, J"ex = O.GJ(), g1 = 0.0, g2 = 5.8J0

rie |wk> — COBCTBEHHBIE COCTOSTHMAST raMUIIbTORAaHa H =
= eff E o Hipn + Hoph.

»a=032()m A?, 4 = 0.21 (b). Pacders! BHIOTHEHD! JTs CIEIYONIEro HabOpa IapaMeTpos: z = 4,

HAJIMYAN HEIAATOHAJIBLHOTO SJIEKTPOH-(DOHOHHOTO B3an-
mozeiicrBus (21), SKCUTOHHBIA ITAPAMETD MOPSIKA Me-

] HAeT cBOIO cumMmerpuio. B arom ciyuae A%y = —A%,

] _ T _

Hipn = wo(1) Z (aiai + 5) + AX(B) = Ay m ’AA(B) % ’A%(B)’, 9TO JIeIaerT
K3

+1

+ng (ai-l-alT) X7 — Z X7 (20)

o=—1

COMIEPKUT AUATOHATHHOE IJTEKTPOH-(POHOHHOE B3AMMO-
nelicTeue, a

H2ph—w02)zz ( +%>+
7 o=-—1

+1
+923 3 (bio b)) (X77H X7 2D)

OIINCBIBaCT HeJUuarOHaJIbHbIE SHeKTpOH-CbOHOHHbIe Ipo-
IIECChI TIEPEX0Ja U3 CHHIJIETA |$) B TPHUIJIET |o) W 06-
parHo. 37ech g1(2) — KOHCTAHTBI 3JEKTPOH-(DOHOHHOTO
B3aMMOJIEICTBHSA, wo(1,2) — 9aCTOTBI (HOHOHOB “a” u “b”
TUIIA.

Hanwane quaroHa nHOTO HJIEKTPOH-(DOHOHHOTO B3a-
nmozeiicTeus (20) He IPUBOIUT K KAYECTBEHHBIM H3Me-
meansaM. CUMMeTpHust 3KCUTOHHOTO TTapaMeTpa MopsiIKa,
OCTaeTCsT TPEXKHeH M He MEeHSIeTCS, HO OOJIACTh HKCH-
TOHHOTO KOHJEHCAaTa yMeHbIIaeTCd C POCTOM ¢g1— Aua-
TOHATHLHOE JTEKTPOH-(POHOHHOE B3AMMOIEHCTBHE ITOIAB-
sgster (pa3y IKCUTOHHOTO KOHAeHcara. Haobopor, mpwu

HEBO3MOXKHBIM COCYIIECTBOBAHNE AHTH(EPPOMATHETH3-
Ma M 9KCUTOHHOTrO KoHJeHcaTa. Ha pucynke 3 mpeacras-
JIEHBI PE3YILTATHL pacdeTa (Pa30BbIX TUATPAMM IIPH Ha-
JIMYUU TOJIHKO HEIUATOHAJIBLHOTO 3JIEKTPOH-(DOHOHHOTO
B3auMozeiicTeus (21). Buamo, uro obmacts anTudeppo-
MarHeTu3Ma yMeHbluaach (puc. 3d) u pa3HuTcs ¢ IKCU-
ToHHOI (hasoii (puc.3a,b). C pocrom go obactb IKCHU-
TOHHOTO KOHIEHCATA, YBEJIMUNBACTCS, & aHTudeppoMar-
HETU3M IOJABJIIETCS.

5. O6GcyXieHre U BBIBOABI. VICMONb3ys BbIpa-
kerue (1), MOXKHO BBIZENUTH JBa Caydasd. B mepBom
ciryae (cna60 KOPPEJIMPOBAHHbI ), KOrIa Heoulomb <
< Hp + Ht, MBI WMEEeM JIBYX30HHBIH MOJTYIPOBOI-
HUK WU TOJyMeTal (B 3aBUCUMOCTH OT COOTHOIIE-
Hud Mexkay A u t), B KOTOPOM BO3MOXKHO (hOpMU-
pOBaHHe SKCUTOHHOTO KOHJeHcaTa mo crenapuio BIK
(rkonnencanus Boze—ditnmreitna) nan BKIIL. Bo Bro-
poMm ciyudae (CHIbHO KOPPEJIUPOBAHHBIN), KOTIA SHEP-
s KyJOHOBCKOIO B3aMMOIEACTBUA 3JEKTPOHOB CTAHO-
BUTCS COTIOCTABUMOI! ¢ SHEPTHUel KPUCTAIIINIECKOTO MO~
s H00u10mb ~H A ¥ DOJIBITIE UX KHHETHIECKOW SHEPTH-
et H00u10mb > Ht, MOABJISIETCS BO3MOXKHOCTD [JIs CIIH-
HOBOT'O KPOCCOBEPa B (POPMHUPOBAHAS JTOKAIA30BAHHBIX
MarHUTHBIX 9KCUTOHOB. B HacrosImei pabore B paMKax
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JNBYX30HHOM Mozien Xab0apaa MbI IIOKA3AJIH, ITO HMEET
MECTO KOHJIEHCAITNST TAKNX YKCHTOHOB BOJIMN3HM CITMHOBO-
ro KpOCCOBEpA, KOTOPast, B CBOIO OY€peib, MPUBOIUT K
BO3HUKHOBEHUIO aHTHU(DEPPOMATHUTHOTO YIOPSTIOTCHUS
JlaKe B OTCYTCTBHE MEXKATOMHOI'O OOMEHHOT'O B3aMMO-
nevicreust. OOHAPYKEHO MOSBIEHNE AHTU(EPPOMATHE-
TH3MAa, 00YCIOBIEHHOTO 003e-KOHIEHCATOM SKCHTOHOB.
Creryer OTMETHUTD, 9TO B MOJIETH SKCUTOHHOTO JTHIJIEK-
TPUKA MPU CJIaDOM MEKITEKTPOHHOM B3ANMOIEHCTBUHN
dopmMurpoBaHe SKCHTOHHOTO KOHIEHCATA TAKKE MOYKET
MPUBOIUT K TMOSBJIEHUI0 MATHUTHOIO TIOPSIKA B OTCYT-
CTBHE OOMEHHOTO B3amMoeiicTeus [4].

L7151 cucTeM €O CTTMHOBBIM KPOCCOBEPOM, ¥ KOTOPBIX
OCHOBHBIM siByisieTcst LS-cocrosinue, a HS-cocrosiaue ot-
JIETIEHO OT OCHOBHOI'O COCTOSIHUSI CIIMHOBOMU IIENBIO g,
0COOBIH MHTEPEC TPEICTABIAIOT MCCIETOBAHNS B CHITh-
HBIX MAPHUTHBIX HOJISX [27-31], MOCKOIBKY HATHYIHE O~
ceHero mpuBOAuT npu B = B. K mepecedeHunio Tep-
MOB (MarHUTOWHIYIIMPOBAHHOMY CIIMHOBOMY KPOCCOBE-
py). B kauecrBe TONBKO OHHOrO mpUMeEpa IIPUBEIEM
HEJABHO OOHAPYKEHHBI B CHIHLHOM MATHUTHOM IMOJIE
HOBBIT MarHuTHBIH mepexon B LaCoOjz [28], koropsrii
MOXKET OBITh CBSI3aH C KOHIEHCAINEHl MAaTrHWUTHBIX K-
curonos [12, 13]. PaccmarpuBaemas B Hacrosiieii pa-
6oTe MOJETh W TIOJIyUeHHBIE PE3YIbTATHI MOTYT OBIThH
MCTTOTTH30BAHBI [IJIsT OMMCAHUST HEOOBITHOTO MOBEIEHMS
LaCoO3 [28] u (Pr1—4Y,)0.7Ca0.3C003 [32] B cunbHbIx
MATHUTHBIX TOJISIX.

Wccnemoranme BHITIOIHEHO 3a CYET CPEJCTB TPAHTA
Poccuiickoro mayumoro donma # 22-22-20007 Kpacuo-
SAPCKOro KpaeBoro pOHIA HAYKH.
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