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B paMKax Moaely CUHTIIETHO-KOPPEINPOBAHHOI'O ABHHEHNA NBIPOK II0 MO3NIUAM KUCIOPOJAa B CIOAX C'llOz
BbIBE€JIeHa cpopMlea oA OUHaMH4YecKoi CIMHOBOH BOCIIPUMMYHNBOCTH, YUYHUThHIBAKOIaaga CUJIbHYIO B3aUMOCBA3b
HaMarHW4eHHOCTEH CIIMHOB KOJNJIEKTUBU3MPOBAaHHBIX OBIPDOK U JIOKAJIM30BaHHBIX MOMEHTOB Ha MO3ULHAX Me-
An. PaccuutanHoe MoBeJIeHUE MHUMOM YacTu BOCIIpPUMMYMNBOCTH KaK (l)yHKI.IPIPI YacTOoThl U1 BOJIHOBOI'O BEKTOPAa
coriacyeTrca ¢ UMEIOIMUMUCA 3KCIIEpUMEHTA/NIbBHBIMUA NaHHBIMU II0 HEYNIPYTOMY pacCeaiHUIo HeﬁTpOHOB. Hpe,u-
JIOMEeH rpaq)mc AUCIIEPCUU KOIIEKTUBHBIX CIIMHOBBIX MOJ IIO Bcell 30He EpnnmoaHa.

PACS: 71.27.4a, 74.72.—h

HNmMmeroTcAa BecKHe OCHOBaHMA CYMTaTh, YTO MarHe-
tu3M BTCII Ha ocHOBe CIOMCTBIX KYNpaToB ABIAETCA
nBoiicTBeHHbIM [1]. TIpu cnaGoM JomupoBaHMM 3TO Mpe-
HMYIeCTBEHHO MarHeTUKHU C TOKANIN30BaHHBIMU CIMHA-
MM Ha fiApax MeAH, a B NepefonupOBaHHOi o6nacTu
(a3oBoit AMarpaMMbl UX TEMIEPATYPHBIA XOX BOCHpPH-
MMYMBOCTH HAallOMUHAET MOBeJEHUE MaylIUEeBCKUX Napa-
MarHeTUKoB. JIBoiicTBEHHBIN XapakTep MarHeTu3Ma Co-
enunenuit Tuna YBaysCusOgy, 0cO6EHHO APKO NPOABUI-
cA B HeJlaBHUX KCIEPUMEHTAX 10 HEYNpyroMy paccef-
HUIO HEUTPOHOB [2—5]. B o6GmacTu BoiHOBOro BeKkTOpa
Q@ = (m,m) oGHapy:;eHbI JBa, B3aUMOUCKIIOYAIOLIUX C
TOYKY 3PEHNA TEOPUU MPOCTHIX METAJIOB M TUAIEKTPU-
KOB, KoHTypa (“MOAbBI“) MakCUMyMOB B MHHUMOM 4ac-
TH BocnpuuMmuuBocTu. Moga ¢ gyrooGpasHoit gucnep-
cueii, Habmogaemas npu I' < T¢, nna cBoero o6bACHe-
HuA TpeGyeT NpPUBIeYeHUA MOJENH KONIEK TUBU3UPOBaH-
HBIX DIEKTPOHOB M XOPOLIO BOCIPOU3BOAUTCA N0 GOPMY-
ne npuGnuxenus crydaiiusix ¢as (RPA) [6—-8]. Moga
e ¢ U-o6pasHoit gucnepcueil, HanbGonee yeTKo Habuiio-
JalouasacA B HOpMalbHO# (ase, He o6bracHAeTcA B RPA.
Ins ee 06bACHEHUA NyyYllle NOAXOJUT MOJAENb TOKATN30-
BaHHBIX MarHUTHHIX MOMEHTOB Ha NO3UINAX MeJH, NPU
5TOM, OJHAKO, BO3HMKaeT mNpolleMa OMMCaHUA CBepX-
npoBofAmeil ¢aspl. B maHHOI paGoTe MbI mpejjiaraeM
YHUBepcalbHYI0 GOpMYIy AlA JUHAMHYECKO! CIMHOBOM
BOCIPUMMYUBOCTH CIOUCTBIX KYNPaTOB, MO3BOJIAIOLIYIO
OJTHOBpPEMEHHO onucaThk 00e yHKazaHHbIe 0COOEHHOCTHU B
pacceAHuM HelTpoHOB AbipounbiMu BTCII.

®opmyna BeiBeneHa MeTonoM ¢yHrnuit ['puna na oc-
HOBE raMUJILTOHNAHA

De-mail: Mikhail.Eremin@ksu.ru
2)Ilya Eremin.
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1
+ 2 ZI Gi16;0;. (1)

3mecn ¥ d’”(z/y}’”’ %) — onepaTopb! poAeHuA (yHUUTOMKE-
HMA) KOMIIO3UTHBIX KBA3UYacTUIl B 30He MPOBOAUMOC-
Tu AplpoyHo ponupoBaHHbIX BTCII. CumBon pd coort-
BETCTBYET CUHTIETHBRIM 06pa30BaHUAM U3 JLIPOK Meau
u kuciopona [9—11]. Bropoe cnaraemoe onuckiBaet cy-
nepo6MeHHOe B3alMOJEHCTBUE CIIMHOB, MOCIETHEE Cla-
raeMoe y4YNTHIBAET B3aUMOJEUCTBHUE THUMA MIOTHOCTDb —
MIIOTHOCTD, 0; = d)fdmd — omepaTop 4ucla JBIPOK B pac-
yeTe Ha OJHY 3jeMeHTapHYyIO Adeiiky. IlonydenHoe Ha-
MM BbIpameHue AlNd AUMHaAMUYECKONH BOCHPUMMUYMBOCTH
UMeeT BUJ
F(w,q) + qu (w,q)

(. q) =
e g -

rue
F(wv q) = X(wa q) - Xt (wv q.) b (wv q) . (3)
@yuruua x (w,q) ¢ TOUHOCTBIO O MHOMUTENA COB-
nmnagaeT co CIIMHOBOM BOCIIPUMMYHNBOCTBIO B paMKaX Teo-

puu BRIII, KoTopyio nnda manbHeiinero yao6HO 3anucaTh
B BuU/eE
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(+)P—np—nk

— 4
N; zyw+Ek+Epv ()

rae ny = (aid’aag’pd> = Pfr — uucia 3anoiHeHuHA,
(aKTOpBI KOFE€PEHTHOCTH Syp = TkTp + 2kZp, Syy =

YrYp + Zk2p, Sg(,;) = YrTp — ZkZp, Sﬁj) = TrYp — 2k2p

3aluchiBalOTCA qepes
1 € — K
- (1
s (1+252)

1 € — K Ak
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Yp = Vg = = 1— 2. = UnVr — ——
k k 2( Ek )’ k Kk 2Ek’

:ckzuiz

fr—oObrunbie Gepmu-¢yurunn, Ei=4/(ex—p)2+|Ag|?
— sHepruu GoromoGoBcKUX KBasuuacTuu, P — cpennee
3HAYEHNE aHTUKOMMYTAaTopa ONEePaTOPOB POMIEHUA U
VHUUTOKEHUA KOMIO3UTHBIX KBasuuyacTul, p = k + q,
Aj — mapameTp CBEPXNIPOBOAALLEH ey, a 3aK0H AUC-
nepcum 3ajgaeTcA B Buge €, = Pt — p, roe tp =
= 2t;(cos(k;a) +cos(kya)) +4t; cos(k, a) cos(kya). Bro-
poe cinaraemoe B (3) — mompaBka K ¢GyHKUUM BOCHDH-
MMYMBOCTU KOIIEKTUBU3UPOBAHHBIX 3JIE€KTPOHOB, CBA-
3aHHAfA C yYEeTOM CUIBHBIX BIEKTPOHHBIX KOPpPEeNALuii.
Bxopamue ¢pyHKRUUN TaKOBBI:

t(w,q) =N Z tktq — tk)XEkg, (5)

m(w, q) - N Z titq — tr) (JgXERg — IERg) ,  (6)

wa q N Z tetq — CEkqa (7)

rie napnuainbHble GYHKIUN, CTOALIUE N0 3HAKOM CYyM-
MblI, UM€eIOT BUJ
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XEkq = Sz w+ Ep — Ep +
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+ Syy w—_Fy + 5, +
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ve w — Ek — Ep
_ g (Ep + Ep)[ty(P — np) — tena)] (9)
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CEkg= Szo(Ep — Ek)m +
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RS
ye P w — Ek - Ep

- St(E +Ek)# (10)
zyY p w +Ek +Ep’

OyHrIUA
D(w,q) = n(w,q) — m(w, q)b(w, q) (11)

BBIDAKAETCA Uepe3 XapaKTEPUCTUKM KOJIEKTUBU3UPO-
BaHHBIX BIEKTPOHOB U MOMET ObITh COMOCTAaBIEHA CO
3HaMeHaTeleM CIMHOBON BOCIPUUMYMBOCTU B MPUGIU-
menun RPA. Bripamenne nnsa n(w,q) cozepur nBa
uneHa:

n(waq) = - H(waq)a (12)

rae Jg = Ji(cos(gza) + cos(gya)). IlepBblit u3 Hux u3-
Becten B RPA, npoucxoienue Broporo uyineHa B (12)
CBA3AHO C OCOOEHHOCTAMM KOMMYTALMOHHBIX COOTHO-
IIeHN# KOMMO3UTHBIX KBasuuacTul. KoMMyTanuuoHHbIE
COOTHOIIEHUA B NaHHON MOJeNd 3aBUCAT OT HaMarHu-
uyenHoctu [10,11]. Popmynst ansa dyusumit I(w,q) u
¢(w,q) umetor Bua

Ny — tpng
I PP
w,9) NZ kg = NZ “wot B —E,
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_— 14
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Taxuve GyHKUMU AJA ONUCAHUA HOpPMalbHOI (a3bl
BnepBble OblIM BBeleHb! B paGorax [12,13]. ®axrrop
b(w, @) = ((w,q)/Ce(w,q), Kax BumHo u3 (7), obpar-
HO NPOMNOPIVOHANEH 3aTPaBOYHO mupyHe 30HbI (=2 8t1)
U, TaKkUM o0pa3oM, pojlb KOMIOHEHThI HaMarHU4eHHOC-
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TH JNOKanM30BaHHbIX MOMEHTOB B (2) mogaBifercs TeMm
culbHee, 4eM Gonbllle IIMPUHA 30HbI IPOBOXUMOCTH.
Bennunua A2 B (2) nMeeT cMbICI KBafpaTa 4acTOThI
KOIIEKTUBHBIX KOolleGaHUil IOKATU30BaHHbIX CIMHOB, Me-
PEHOPMHUPOBAHHBIX M3-3a HAIMYUA 30HHBIX BJIEKTPOHOB:

1
k

x (sm [(Jg = ti)ma — (Jg — tp)np] +
+ S;';) [(Jg = tr)na — (Jg — tp) (P —np)] +
+ Sl(,;) [(Jg = te) (P —ng) — (Jg — tp)np] +

+ 5[ = (P = 1) = (I, = )P = )] |- 19

IlepenopMupoBKa Takoro cBoiicTBa obcys#janack pa-
Hee B CBA3U ¢ NpoGremoii omucaHWA TNOJABIEHUA aH-
TudeppoMarHeTusMa No Mepe JONUPOBaHUA KYyNpaTOB
[14,15]. Hame BbIpameHHe B 3TOM IIaHe ABIAETCA Go-
llee TONHBIM, TaK KaKk NIPUMEHHMO U AJA CBEpXIpPOBOJA-
meit daser. Kar u B [13,15,16], dopmyna ans KBajgpa-
Ta 3aTPaBOYHOI YaCTOTHI Qz (B oTCcyTCTBUE HOCHTENEH)
COBNAaJlaeT ¢ MONYYEHHOIl paHee ANA JBYMEPHBIX Hapa-
MarHeTHKOB C paclenlieHNeM ypPaBHEHU IBUKEHUA A
¢yuruuit I'puna no merony Kouno—fImamsxu [14]:

02 = J7(2—cg)[1 + 2K; + K3 — K1 (1 + 2¢,)], (16)

rae ¢ = cos(gza) + cos(gya), K, = 4(S§ SZ) — cnun-
CIIMHOBbIe KOppeNALUOHHbIE (GyHKIUH, KOTOPbIE BbIYKC-
asoTcA camocoriaacoBanHo. @yuruua L, B (2) onpene-
nfieTcA clegyomeil Gopmynoii:

Ly = 25 Ki(2— cg) % S (np — 4 (tp — ta).

k
(17)

Bunuo, uto gopmyna (2) uMmeer npaBuibHbIE HpEfe-
abl. IIpy paBeHCTBe HYIIIO Yucell 3alOJHEHUA OHA Mepe-
XOOUT B BhIpajieHHe AIA JUHAMHYECKOM BOCIHPUUMYH-
BOCTH JIOKANTN30BaHHBIX CIMHOB IBYMEPHBIX aHTUdEppO-
MarHeTHKOB 0 civHoM $ = 1/2[13,15,16]. Ecau B dop-
Mmyne (2) or6pocuts ¢yusuuio F(w,q) u Bce Bripame-
HUA ¢ haKTOpaMK KOT€PEHTHOCTH, TO OCTABIIAACH YacThb
HMMEET CXOACTBO C BbIPaKEHUEM I CIUHOBON BOCIPH-
UMUYNBOCTH, NIPELIOMEHHBIM B paGoTax [17,18] meTonom
¢yHrnuit namAaT anAa t—J-Monenu, rie 0OCHOBHOE BHU-
MaHue ObLIO yelleHO IePEHOPMUPOBKE BOCIPUUMYNBOC-
TH JOKANTU30BaHHBIX CIUHOB 3a CUET BIUAHUA DIEKTPO-
HOB mpoBoauMocTu. JletanbHoe cpaBHenue ¢ [17,18] 3a-
TPYAHEHO, TaKk KaKk 4YacTb (QYyHKUMH TaM ocTalach He
BBIYKCJIEHHO, a 3a1aBanach PeHOMEHOJIOIUIECKH C NPU-
BIIeYEHUEM HKCIIEpUMEHTANbHBIX JaHHBIX. IIpu paBeHCT-
Be HYJIO CIMHOBBIX KOPPENALUOHHBIX GYHRIMI dopMy-
na (2) coOoTBETCTBYET BOCHPUUMYMBOCTH KOIUIEKTHUBHU-
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3MPOBaHHBIX 3NEKTPOHOB. OTMETUM TaKiHe, UYTO 3HAMe-
HaTelb BOCOPUUMYMBOCTH A JIOKaIN30BaHHBIX M 30H-
HBIX CHUHOB B (2) ABufeTcA o6L[UM, YTO €CTECTBEHHO
IJfl B3aMMOCBAI3aHHBIX mojcucTeM. Ilo HamuMm pacye-
TaM, 4acTb U3 KOTOPBIX NPUBOJUTCA HUKE, B CIOUCTHIX
KynpaTrax B3anMOCBA3b JOKalM30BaHHBIX U KOJIEKTHU-
BU3MPOBaHHBIX 3JIEKTPOHOB fABIAETCA HACTOJbKO CUJb-
HO#, YTO rOBOPUTH 06 yNpOIIEHHOM IBYXKOMIOHEHTHOM
Mojenu (IOKalbHble MOMEHTHI + KONIEKTUBU3UPOBAH-
Hble DIEKTPOHBI), KAaK 3TO JenaeTcA B psAge paboT, Te-
pAeT cMmbIcd. B yacTHocTH, 3TO BUIHO M3 3aKOHA JAHUC-
nepcuy KO/IEKTUBHBIX CIIMHOBBIX MOJ, NPEICTaBIeHHO-
ro Ha puc.l. UmeeTca oxHa obuiag Moja KONIEKTUBHBIX

0.1
3
— 0.05
3
0 1 1
(0, 0) (m, 0) (m, ) 0, 0)

q

Puc.1. I'padbuk KONTEeKTUBHBIX CIIMHOBBIX KolebaHuii, pac-
CUMTAHHLIN U3 yCIOBUA oGpalleHNA B HyIhL pealbHOH Yac-
TU 3HaMeHaTeld BOCIPUMMUYMBOCTU, B CBEPXIPOBOAAMIE
tdase, npu T = 10K (conomHad IWHWA), ¥ B HOPMalb-
Ho#l dase, npu T = 90K. Ilapamerps! pacuera (B M3B):
t; = 420, to = —120, p = 290, Ao = 23, J; =50, ' = 2.
Koppenaunonnsle ¢pyuxnum: K; = —0.12, K2 = 0.009
(B cBepxmpoBoasameii ¢asze) u K; = —0.11, K, = 0.007
(B HOpManbHOI (ase)

KoneGanuil coun-cucteMbl CuQO2-cliofl, akTUBHPOBaHHO-
ro apipkamu. MMeltomuiica MUHUMYM 4acTOThI B o6iac-
TH aHTU(EPPOMarHUTHOTO BOJIHOBOI'O0 BEKTOpa HaNoOMU-
HaeT NOBeJeHME MOJbI JTOKANTU30BaHHBIX CNHUHOB. YKa-
3aHHBIIl MUHUMYM CIBUraeTcA B 061acTb BBICOKHX 4dac-
TOT N0 Mepe Iepexoja B CBEpXNPOBOJALIEe COCTOAHUE —
9TO NMPAMOE CBUAETENbCTBO BIMAHNA BOCIPUUMUYUBOCTH
KOILIEKTUBU3UPOBAHHEBIX TBIPOK.

Ha puc.2 npuBeneHb! KapTMHBI MHUMOI YacTH BoOC-
IPUUMYUBOCTH, PacCUUTaHHbIe 10 popmye (2) AndA HOp-
MmanbHo# (a) u cBepxmnpoBogsAueii (b) ¢a3 mpu Tunuy-
HbIX napametpax ana aeipoudbix BTCII. Buano, uTto Bce
OCHOBHbIE OCOGEHHOCTH HEYNpYyTroro paccefiHUA HeHT-
pouoB (uHamGonee nonubie gauusle GaA YBasCuszOgy,
npuBefieHsl B [19]) 3ameuaTelnbHO BOCNIPOM3BOAATCA.
B nopmanwHoit ¢tase umeerca U-obpasnaa moga. B
cBepxmpoBoaAmeil e ¢ase B penbede MHUMOM uac-
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Puc.2. MHuMan yacTh NONHOM BOCIPUMMYMBOCTH B obaac-
TH BOIHOBOrO BeKTOpa () = (7,7) B HopMainbHO# (a) U B
ceepxnposogameii (b) dasax. [lapameTps! pacuera Te e,
4yTo U Ha puc.l

TH BOCIPUMMUYMBOCTH HUMEIOTCA OBa “xpebTa” omHo-
BpeMeHHO: U-o06pasHblil, ¢ monuHOW (IO TEpMHHONO-
UM 3KCIEPUMMEHTATOPOB — 30HA MOIYaHWA) U AYro-
o6pasublii ¢ o6wuMm nukoMm Ha @ = (m, w). Iapa-
MeTp P npuHAT paBHeIM 0.665, 4To cooTBeTcTBYeT op-
me noBepxHoctu @epmu coennnenus YBapsCuszOgyp, a
Ay = Ag cos ((kza) — cos(kya)) /2. 3aTyxaHue y4nThI-
BaeTCA B BhIUMCIEHUAX OObIYHOM 3aMeHOM w Ha w + iI.
Bun nceBponoTeHnuana KyJIOHOBCKOT0 B3aUMOJEHCTBUA
G B 3TOI1 cTaThe MBI He 00Cy#IaeM, TaKk KaKk omepaTop
CIMHA KOMMYTHPYET C NOCAeJHIUM YJI€HOM raMUIbLTOHU-
auna (1).

B sarmiouenne oTmMeTuM, uTo (opmyna (2) momer
6bITh MPUMEHEHAa He TONLKO K aHANU3y HEyNpyroro pac-
ceanun HeiirpouoB BTCII. Bonee Toro, mony4yeHHblii pe-
3yNbTaT BCelNfeT Haflem Iy, UTO aHalOru4yHasa (opmyna
MoOeT ObITh MoNy4YeHa U [AJaf APYTUX coeANHeHui, obna-

JalOMUX JTOKANN30BaHHBIMM U KOIIEKTUBU3VPOBAaHHBI-
MM BIEKTPOHAMU.
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