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1. MOJAEJIb XABBAPJIA

Hawubonee pacmpocTpaHeHHONH MOAENBIO IS HCCIEAOBAaHUS MarHETHU3Ma
KOJUIEKTUBU3UPOBAHHBIX 3JIEKTPOHOB SIBJISIETCS MoOjeNb Xabbapja, yduThIBaroIias
JUIIb KHHETUYECKYIO SHEPTUIO BJIEKTPOHOB M UX KYJIOHOBCKOE B3aUMOJIEHCTBHUE Ha

oJHOM y3Jje. ['aMuIIbToOHMaH 3ToM Moaeau uMmeeT Bu [1]

H = _tz CiJ;Ci+5,a +U ZniTnLL —/JZ N - (1.1)

i,6,0
3necb t — umHTErpan mepeHoca ¢ ysia Ha y3en, U — 3Heprus KyJIOHOBCKOIO

OTTAJIKUBAaHUS Ha y37e, N, — omeparop 4rcia 3JIEKTPOHOB Ha y37€ |, KOTOPBIA MOXKET
OBITh BBIPAXXEH 4Yepe3 OINepaTopbl POXKICHUS C. M YHHUUTOXKEHUs C_ OSJIEKTPOHA Ha

C_, 0 — BEKTOp,

io ic”io?

y3e i C mpoekumedl cmmHa O =1,3: ni=Znia, n_=c’

coenmuHsIONMI Ommxkaimue y3nel. CraraeMoe ¢ XHUMHYECKUM TOTCHIIHAIOM [
HEO0XOJIUMO JIJIs1 y4eTa MOCTOSIHCTBA YMCIIA AIIEKTPOHOB B CHCTEME.

Ora mpocTedmas MOJENb, B KOTOPOM HWTHOPUPYETCS  BBIPOXKICHUE
ANEKTPOHHBIX COCTOSIHUM W MpeHeOperaeTcs B3aMMOJCHCTBUEM JIIEKTPOHOB Ha
COCEIHUX y3J1aX, OKa3bIBAETCSA YPE3BbIYANHO CONEPKATEIBHON U IOMOTAET MOHSATh, B
4aCTHOCTH, (P EeKThl B3aUMOCHCTBHS CIIMHOBBIX M 3apsI/IOBBIX CTETIEHEH CBOOOIBI B
Metaiie. B 3aBucuMocTH OT cooTHOmIeHHs Mexay mnapamerpamu t u U MoxkHO
HCIIOJIb30BaTh pa3lIMuHble MPUOIMKEHUS, TMO3BOJISIIONINE YIPOCTUTh pEIICHUE

3a/1a4H.
1.1 Cna6oe KyJIOHOBCKOE OTTAJIKHBaHHUeE
B cayuae U <<t uMeeM TeOpHI0O BO3MYIIEHHUI, B KOTOPOH KYJIOHOBCKOE
B3aumoseiictBue  popmupyer H, .. TaMuibTOHMaH KHHETMYECKOM DHEPruu
paccMaTpuBaeTCs B KaueCTBe rammibronuana H,, mpuuem o nmaromamusyercs
nyteM (Qypbe-ipeoOpa30BaHusl AIEKTPOHHBIX OIIEPATOPOB!

1 .
C, =—— > exp(ikr)c,,,
IN % (1.2)

1 .
c. =—— ) exp(-ikr)c,,
JIN Zk: “
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rae N — gucio y3noB B kpuctaiie. Takum oOpazom,
+
H, = Z(gk — 1)CsCre
k,o

3
& =—t>_exp(iks), (1)

U + At
Ho== > &K +k, =0, —0,)c 1€ €, Cor- (1.4)

Ky,K,01.0,

31ech CUMBOII 0 O3HAYaeT AenbTa-QpyHkiuio Jupaka.

1.2 BoJabloe KYyJ0OHOBCKOE OTTAJIKMBAHNE

B npenene U >>t B kauectBe H, crenyer BbIOpaTh 0mHOYy3€nbHYIO SHEPTHIO,

4 KHHCTUYCCKYIO SHCPIHUIO HGO6XOI[I/IMO paccMaTpruBaTb KaK BOSMYIICHUC!
1 I
+
Hint =—t Z CiO'Ci+5,0' ' (16)
i,0,0
TakuM 06pa3oM, 3amada JOJDKHA PENIATBCSA B Y3€IbHOM mNpexactaBienuu, rae H,

AWaroHaJicH B IMIPOCTPAHCTBE JIOKAJIMN30BAHHBIX HAa JAHHOM Y3JIC YCTBIPCX COCTOSIHUM:

0), [1), [4), [14). (17)

1.3 MeToa caMOCOIJIACOBAHHOIO MOJISA

B mpomexyrounom ciywae U ~t mpu ONOJHUTETRHOM MPEINOJIONKEHUN O
MajocTH (PIIyKTyaluii OmepaTopoB YHCJIA YaCTHI] JIBYXYACTHYHBIN KYJIOHOBCKHMA
OIEPATOpP MOMXKHO CBECTH K OJJTHOYACTHYHOMY ITyTEM CIEAYIOLIEH 3aMEHBI:

n.n, —>n,<n >+<n,>n, (1.8)
rae <...> O3HaydaeT CTaTHUCTHYecKoe ycpenHeHnue. TouHblil ramMuibToHnan Xab0apaa

(1.1) B »TOM cCilydae CBOJUTCS K TaMIJIbTOHHAHY HEB3aMMOJICHCTBYOIINX

QJICKTPOHOB, ABMXXYIIHUXCS B I10JIC, CO31aBACMOM JAPYTHUMU SJICKTPOHAMMU:

HO = ngocl:acka’ (19)
k,o
1 ~
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rae [ —d()PeKTUBHBIA XUMIOTSHITAN, & A — CIMHOBOE PACIICIIIICHUE DJICKTPOHHOM
- 1 -
30HBL: fi=p——NU, A=U(<n,>—-<n, >).3HaueHus f u A IOIKHBI HAXOIUTHCS
2 0 "

W3 YPABHEHUN CAMOCOTJIACOBAHMS:

A=UY ot (s,),

nzz'f(gko)’ (1.11)

rae

1
exp(e,, /T)+1’

fe,)=<C,C,>=

n=<n,>+<n >=N,/N, N, —4ucio0 31eKTPOHOB B CHCTEME.

Merton caMOCOriacoOBaHHOIO MOJIS ITO3BOJISET CHAENAaTh BAXXHOE 3aKJIIOUYCHUE,
gto pu U ~t B cucTemMe BO3MOXXHO BO3HUKHOBEHHE (eppoMarHUTHON a3bl.
CrenyeT OTMETUTh, UTO IOJYYEHHBIE PE3YyJbTAaThl HOCAT KaYECTBEHHBIN XapakTep,

MOCKOJIbKY cama Mpoleypa NpuOImKeHus: He UMEET CTPOroro 00OCHOBaHUS.



2. AHTEI'PAJIBI 1O TPAEKTOPUSAM JUISI CHIMHOBBIX CUCTEM

2.1 ®dopMaan3M HHTErpUPOBAHHUSA 10 TPAEKTOPUIM

Hekoropble Bompocbl (DU3MKM MArHUTHBIX CHUCTEM yAoOHee Hu3yyaTh,
UCHONB3yst (OpMaaM3M HWHTETPUPOBAHUS 1O TPaeKTOpusM (B OTJIHYME OT
CTaHAAPTHOTO TaMWJIbTOHOBa (Qopmanu3ma). Kak u3BeCTHO, MJii CHUCTEMBI,
ONMKMCHIBAEMOW TraMUJIbTOHMAHOM H  craTucTuyeckas CyMMa MOXKET OBITh

MpEJCTaBIICHA B BUJIE
Z =Sp[exp(-4H)]. (2.1)
rne f=1/T — obOparnas Temneparypa. [locTaBum 3aady 3anucarh CTATUCTHYECKYFO

cymmMy Z B BuAe (YHKUHOHAJIBHOTO MHTErpajga IO HEKOTOPbIM IOKa

HCOIIPCACIICHHBIM BCKTOPHBIM ITOJISIM n:

Z=Yexp(-S). (2.2)

BenmuunHa S B A3TOM BBIpOKEHUM HA3bIBA€TCS JEUCTBUEM CHUCTEMbl (IMOCTOSHHAs
[Tnanka 7 31€echk U ganee BO BCEM TEKCTE TojiaraeTcsl paBHoOu 1).
PaccmoTpum BHauasie NpoOCTEUIITYIO CUCTEMY, COCTOSAIIYIO U3 OAHOTO CIIMHA S C

ramuiibToHHanoM H [2], Toraa
Z =Y (smlexp(-BH)|sm), (2.3)

rae |sm> IPEICTaBISAIOT CO00M cOOCTBEHHBIE (PYHKIIMU MPOEKIIMA MOMEHTA Ha OCh Z:
S*|sm)=m|sm),
S?|sm) =s(s +1)|sm), (2.4)
m=-S,...,S.
B nanbueiimem QyHKINIO |SS>, COOTBETCTBYIOIIYI0 MAKCUMAJIBHOW IPOEKIUH CIIMHA,
Oyaem 0003HaUYaTh CUMBOJIOM |0>, HaIlpaBJIeHUE OCU Z — BEKTOPOM N,.
OmnpenenuM (HyHKIIHIO |n>, C/IeTlaB MOBOPOT OCH KBAaHTOBAHUS, 3a/1aBaeMbIi

IByMs chepudecKuMu yriaMu 6 u o:

In) =exp[i6(eS)]|0), (2.5)



Trac
n=(sin@dcosg, sin@sing, cosh),

_Inxny] (2.6)
|[n x n0]|'

Mo3xHO 1MOoKa3aTh, YTO QYHKIUU |n> 00J1a1a10T CIEeIYIOIIMMH CBONCTBAMU:

(n|S|n)=sn, (2.7)

Sp(A) = Y. (sm| Alsm) = . (n[ Al

m=-s§ n

2s+17 T (2)
> =="=[dosin6 [ do,
. Ar = 5
A — IPOM3BOJILHBIN CIIUHOBBIN OIepaTop,
1+nn,\ ..
(n,|n,) :(#J exp[is®(ny,n;,n,)]. (2.9)

3aece ®(n,,N,,N,) mpeacraBiser coOOW MIOMALL CHEPUIECKOrO TPEYrOJIbHHKA,
BCPIIMHBI KOTOPOI'0O 33ar0TCs BEKTOpamu N,, Ny, N,.

Pa3o6beM OKCIOHEHTYy B CTaTUCTHUYECKOM CyMME Ha MpPOHU3BEICHHE

ITPOU3BOJIBHOI'O YMUCJIa SKCIIOHCHT!

exp(—-pH) = ﬁexp(—& H),

(2.10)
otN, = p.
Torz[a CTaTUCTHYCCKAd CyMMa Z MOXET ObITh nepenrucana B BUAC
N,
Z= n.lexp(=otH)|n . ,),
21| ;) 210

Ny1 =Ny
rae  {n;} oO3HauaeT CyMMHMpOBAaHME [0 BCEM HE3ABUCHMBIM IEPEMEHHBIM
NN, Ny Bemomanm  npenensueiii mepexoxg N, -, St—0 (npu sTOM
N, ot = f =const) u Gymem paccMmarpuBath N Kak riaakyro QyHKOWio mapamerpa t:
n; —>n(t), 0 <t<p. Yenosue n , =N, nepexomut B N(t + ) =n(t), T0 ecTb BeKTOP

N ONHUCHIBAET 3aMKHYTYIO TPACKTOPUIO HA TMOBEPXHOCTU E€IUHUYHOU Cephl.
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[IpeoOpasyem BoipakeHue (2.11), paszmaras SKCIIOHEHTY C TOYHOCTBIO JI0 TIEPBOTO
MOpsIIKa MaJIOCTH TI0 Ot
exp(-otH) ~1-otH,
<nj ‘exp(—ﬁtH )‘nj+1> z <nj ‘nj+1> —ot <nj ‘ H ‘nj+1>.

Boeruuciisisi MaTpudHbIC 3JIEMEHTHI B COOTBETCTBUU CO CBOMCTBOM (2.9) 1 oTOpachiBas

(2.12)

BEJIMYMHBI 00JIee BEICOKOTO nmopsaaka MaJlOCTH, IpUIACM K CICAYIOIICMY BBIPAKCHHUTIO

IJI1 CTaTUCTUYCCKOI'O MHTCTpaJia:

Z. =) exp(-Sg). (2.13)
™

31ech

So= Y.

{n} Ny, Ng.e N, (214)
N, =, 6t =0,

S, = 158,15 + [t (n[H|n(w), (2.15)

Sy, TmpexacraBiusier coOOM Tak HaspiBaeMoe neiictBue \WeSS-Zumino, wim

TOIIOJJOTUYECKUU YJICH:
Ny=c0
Swz= 2, ®(Ng,n;.Nn ), (2.16)
=1

HHICKC «E» o3Havaer HCﬁCTBHC B CBKJIMJOBOM IIPOCTPAHCTBEC, IICPCXO0a OT CYMMBI K

N =00 B
HHTCTpay IpOU3BOJUTCA 110 O6BI‘IHOMy IIpaBUIIy: Z 51: —> J.dt .
=1 0

HNuorpaa ObiBaeT y00HEE 3aMucaTh CTATUCTUYECKUM MHTETpal B MPOCTPAHCTBE

MUHKOBCKOTIO:

Z,, =Sp[exp(iTH)] =) exp(iS,,). (2.17)
™

Jlnst mepexoma oT Sg K S,, JOCTaToYHO caenars GopmaibHyl 3ameHy S — —iT ,
t— —ix,, 0< X, <T, rorna

S, =SS,z +]-dx0<n(x0)|H IN(x,)). (2.18)

0



2.2 TomoJiornuyecKu 4jaeH

BBeneM nononMHUTENBHBIM TapaMeTp 7, KOTOPBIM BMECTE € mMapamerpoMm t
3a/1aeT MOJIOKEHUE BEKTOpa N B MPOU3BOJILHON TOUKE CPEPUUECKOro TPEYroJIbHUKA,

00pa3oBaHHOTO BeKTOpamMu Ny, N;, N, ;. PyHkuus aByx mnepeMeHHex N=n(t,7)

YAOBJICTBOPACT CIACAYIOIIHUM I'PAHUYIHBIM YCJIIOBUAM:
n(t,z =0) =n(t),
n(t,z=1)=n,, (2.19)
n(0,7) =n(p,7).

[Tnomane chepruueckoro TpeyrobHUKa MOXKET ObITh 3allMCaHa B BUJIE HHTErpajia

=1

Dd(Ny,n;\N ;) = jas, (2.20)
=0
rae 0S =n[0,nx0,n]otéor — osnemeHt miomaan chepuUEcKoro TPEYroJIbHHKA,
0, = i, 0, = E
ok ot

Hanee, moxcrasmsst (2.20) B (2.16) u 3ameHsAs cymMMy 1O | Ha WHTerpan 1o t,

IMoJIyd4a€M OKOHYATCIbHOC BLIPAXKCHHUEC AJIA TOIMOJIOTMYCCKOI'oO 4JICHA!
p 1
Sw = [dt [dzn[o,nxa,n], (2.21)
0 0
WJIY, B IPOCTPaHCTBE MHUHKOBCKOTO,

T 1
Swz = [d%, [dzn[o,nxoyn]. (2.22)
0 0

2.3 JIuHeiiHas aHTU()ePPOMATHUTHAA HeNOYKA

B kaudecTBe mpumepa NMPUMEHEHHS] U3JIOKEHHOUW BBILIE MPOUEAYPHI MOTYUUM
NEUCTBUE IJIT  OJHOMEPHOTO Tei3eHOeproBCKOro  aHTU(EppOMarHeTuka C

raMmuJIbTOHHMAaHOM

H=J ZSi Si+1' (2'23)

3nece J >0 — xoHCTaHTa OOMEHHOI'O B3aMMOAEHCTBUS ONMKaMIIMX cocened, S, —

CIINH, paCHOHO}KCHHBIﬁ B i-M Y3J€ OCIIOYKH, N — moJiHOE YnCIIo Y3JI0B.
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KaxnoMy cHnuHy COOTBETCTBYET BEKTOpP N, M COCTOSHHE |ni>. Hns Ttoro,

94TOOBI 3aIMCaTh JCUCTBUE I Bcel CUCTEMBI, clieaeM B (2.18) 3ameny
N
Swz = ) Syz(Ny),
wz ; WZ( ) (2.24)
(N(X)|[H [N(x)) = Ny, [H NGy )

Ucnonb3ys cBoiicTBO (2.9), monyuum
N 2T N
Sy =5 Sy (n;)+Js j dx, >N (%)M, (%) (2.25)
i=1 0 i=1

HpeI[HOJIaFa}I HaJIM4Yue aHTI/I(beppOMaFHI/ITHOFO Imopsaaxka, 3aliumceM ni B BUAC

3mech a — mocrosiHHas peuretkd, M., | — rmagkue (yHKUMM KOOPAMHATHI U

BpeMeHH. B nanbheiitmem M., | OynyT uMmeTh CMbICT MEIICHHO MEHSIOMICHCS U

1!
OBICTPO MEHSIOILENCS KOMIIOHEHTBI BEKTOpa N: |8mi/8xo|<< a|6|i/ 6X0|. Beinensst B

CyMM€ 110 | 4YeTHBIE M HEYETHBIE Y3J1bl, MHCPCIIHUIICM TOIIOJIOTHYCCKYIO YaCTb

JICUCTBUS:

N/2

28wz (M) = 2 (D' Syz () = 288y (i), (2.27)

rae
OSwz (A1) = Syz(A5) = Syz (A5, 4)-
Jlanee, nepexo/is K HEMPEPHIBHOMY TPeJIeNy MO MPOCTPAHCTBEHHON KOOpIMHATE:
m; (%) > M(X;, %), 1: (%) = 10X, %)

¥ 0TOpacklBas claraeMele Iopsaaka a’, 6yJaeM UMeTh

S, = j d>L(m,l), d®x=dx,dx, (2.28)
rac
S Js’a s o
L(m, 1) =Em[8omx@lm]+sl[mx80m]+7[(8lm) +417], (2.29)

0, =0/0%,, 0, =0/0x. HakoHel, NpOU3BOAsS B CTATHCTUYECKOM MHTETpAIE CyMMHU-

poBaHUE MO OBICTPHIM KOMIIOHEHTaM, NpuAeM K 3((EeKTUBHOMY JEHCTBUIO IS
JUHEHHON aHTU(EepPOMAarHUTHOM 1IeNoYKy B hopMe MUHKOBCKOTO!
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expliS, (M)] = > exp[iS,, (m, )], (2.30)
{1}

1 1
S, =SSy + Eps-[d 2x[(@lm)2 ——2(80m)2}, (2.31)
c
rae p,=Js’a — BeNMuUMHA, Ha3BIBAEMas CIMHOBON JKECTKOCTBIO, C=2Jsa -

CKOPOCTh CIIMHOBBIX BOJIH, S,,, UMEET Ty ke (OopMy, YTO U TOIOJOTHYECKUH UIIeH,

HOJIyYEHHBIH U1 OTJENIBHOrO CluHA (2.22) ¢ TOYHOCTBIO J10 3aMEHBI T —> X

Sus :%jd2xm[80m x o,m]. (2.32)
CooTtBeTcTBYytOIIEE BhIpakeHus B hopme EBkiua Oy yT uMeTh BUT
- 1 2 o 1 2
Seff :_ISSWZ +Epsjd X[(@lm) +C—2(8tm) :|, (233)
12
Swz =3 [d*m[amxa,m], (2.34)

rae d°x = dtdx,, OTMETHM, Y4TO C TOYHOCTBIO 10 BEIMUMHBI TIOPSAAKA &° BEKTOp M

MOYHO CUMTATh €AUHUYHBIM.

Herpyano yOemuThCsi, 4YTO TOMOJOTHYECKHI UYJIEH TMpPEACTaBIseT COOOi
MHTETpaJ Mo MOBEPXHOCTH €UHUYHOM cephl, TaK YTO

Sy =27Q, (2.35)

rae Q MOXeT MPUHUMATH TOJIBKO IeJIble HEOTPUIATEIbHbIC 3HAYCHUS U Ha3bIBACTCA
TOIIOJIOTUYECKUM 3apsiOM

Kak u3BecTHO, aMIumMTy1a nepexoqa 4acTULbI U3 OJJTHOM TOYKH ITPOCTPAHCTBA-
BPEMEHH B JIPYT'YIO OMHCHIBACTCS (PYHKUMOHAIBHBIM MHTETPAIOM MO TPAEKTOPHSIM,

NPUYEM BEC KaXJIOM TPaeKTOPUH B 3TOM MHTErpase npomopiuonaieH exp(—S). Kak

BUIHO, IJII HOCIBIX CIIMHOB TOIIOJIOTUYECKMU YJIEH HE HacT BKJIaJla B 3KCIIOHCHTY,

oriauyHoro ot +1: exp(is27Q)=1. Hao6opoT, a1 moaylenbiX CIUHOB 3TOT BKJAJ

paBeH (-1)° =41 B 3aBHCHMOCTH OT YETHOCTH TOMOJIOTHYECKOro 3apsana. Takum

o0pa3oM, Mbl MNPUXOAMM K 3aKIOYEHHUIO O (PYHIAMEHTAIBHOM pa3Inyud B
IIOBEJICHUU OJIHOMEPHBIX T'€i3eHOEProBCKUX aHTU(EPPOMArHETUKOB C LEIbIM U
ITOJTYLIEJIBIM CITHHOM.
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AHaJIOTHYHBIM 00pa30M MOXKHO MOJYYHUTh JeicTBUE B (Gopme EBkimma wiau
MWUHKOBCKOTO JJisl IByMEPHON KBaJApaTHOM PEIIETKH CIIMHOB C TI'ei3eHOeproBCKUM

B3aMMOJICUCTBUEM U JIJISl PEIIETKH MPOU3BOJIBHON pa3MEPHOCTH.
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3. HEJIMHEWHASI CUT MA-MO/IEJIb.
JABYMEPHAS KBA/IPATHASA PEHIETKA

Hekoropble Bompochl (PU3UKK HU3KOPA3MEPHBIX CUCTEM YIOOHEe H3ydaTh B
TaK Ha3bIBaeMOW HEJMHEHHON G-MOJeNu, KoTopas GopMyIUpYeTCs KaK TeOpus MOJs
eIMHUYHOTO BekTopa M(r,7), OMUCHIBAIOIIETO JOKAIbHbIC H3MEHCHHUS HAIIPABJICHUS
napamMeTpa TOpsAKa B TNPOCTpaHCTBE U BO BpeMmeHu. Vcmonb3ys wMeron
UHTETPUPOBAHUSL TI0 TPACKTOPUSIM, MOKHO TMOJYYUTh JEHUCTBUE W JIarpaH>KHaH
CHUCTEMBI, OIHMCHIBAEMOW TI'eH3eHOCPrOBCKUM T'aMHJILTOHHAHOM, MOJI00HBIM (2.23).

Jlns AByMEpHO# KBaJApaTHOU peETKH Oy/1IeM UMETh:

PAC

1 , | (O ? 2
8:2— _([ drjd r (%} +(Vm)” |, (3.1)

rie d’r=dxdy, xoopauHATBI X, Y U BpeMs T SBISIOTCS Oe3pa3MEpPHBIMH
BEJIMYUHAMH, ( =CA/ Ps» A — MaKCUMalbHBIM BOJIHOBOH BEKTOp, P =Js* -

CIIMHOBAsl YKECTKOCTb, c=2v2Jsa - CKOPOCTh CIHMHOBBIX BOJIH, J — OOMEHHBIN
UHTErpaj, S — CIIMHOBOE YMCIIO, & — MOCTOsHHAas pemretku, f=1/T,

HuskoremnepaTtypHoe NOBEJCHUE JBYMEPHOIO reii3eH0eproBCKOro
aHTU(dEeppPOMAarHETUKa MOXKET OBITh MCCIEJOBAHO METOJOM PEHOPMATU3aALMOHHOM
rpynnsl  [3], mpumenenHoit k cucreMe ¢ gaeiictBueM Buaa (3.1). YpaBHeHwHs
PEHOPMAJIM3ALIMOHHOMN TPYMIbI JAJIsI KOHCTAHTHI CBSI3U { MOKa3bIBatoT, 4To npu 1 =0
UMeeTcsl HeTpuBHallbHas (ukcupoBaHHass Touka (., =47, KoTopas ONMCHIBAET
KBAaHTOBBIM MEPEX0J] C KPUTUUYECKUMHU TMOKA3aTENSIMU KIACCHUYECKON TPEXMEPHOM
reiseHOeprockoit Mosenu. Takum 0O6pa3oM, IpU HYJIEBOM TeMrepaType HEeIeBCKHiA
NOpsIOK cymecrByer nipu (<(,, a npd (>(. BO3HHKACT KBAHTOBAs
pasynopsiioueHHas daza («KBaHTOBBIN TapaMarHETHK).

[IpuBenem pe3ysbTaThl BBIYUCIEHUS KOPPEISUUOHHON JIMHBL JJISI PA3JIMYHBIX
TUIIOB KPUTUYECKOIO IMOBEJECHUS CUCTEMBbI. B NMEepeHOPMHUPOBAHHOM KJIACCUYECKOM

pexume (0 <(.) KOppE/SIIMOHHAS [UIHHA OSKCIIOHEHIMATIBbHO PACXOAUTCS MpU

npubmmxenun k T = 0:
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ol 273s°(, g
§~O.9Texp{ T ( gcﬂ. (3.2)

B KBaHTOBOM pasymopsimoueHHOM pexume (g >J.) KOppersiiHOHHAs —UTHHA

CTAHOBHTCS HE 3aBUCAILEH OT TeMIieparypsl npu T — 0 U 1aercst BBIpaKeHUEM

exdq, (3.3)
9.

W, Hakonew, npu § = J, (KBaHTOBBIM KPUTHYECKUI PEKHUM) ITOJIy4YEHO

c
4 ot (3.4)
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4. TOHOJOI'MYECKHME BO3BY XKIAEHUA
B IBYMEPHbBIX MATTHETUKAX

4.1 Kinaccuueckasi CHTMa-MO/1€eJ1b
ITepexo OT KBAaHTOBOTO  ONMCAHHSA CHCTEMBI K  KJIIACCHYECKOMY
ocymecTBisiercss  3amenoir  M(r,z) >m(r) (B  ¢ypbe-IpeacTaBIEHUH  OTO

COOTBETCTBYET MCKJIIOYEHHUIO (IYKTyalluid C HEHYJEeBbIMH 4YacToTamu). B sTom

cilyda€ 3agada CBOAUTCA K  HCCICAOBAHHIO CTaTUCTHUYCCKOTI'O HHTETpaia

Z= Zexp( —H/T), rae raMunbTOHHAH HMEET BHL
{m}

1 2 2
H ZE'OS-[d r(vm)-, (4.1)

pPs — CIHUHOBasA JXECTKOCTb, INEPECHOPMUPOBAHHAS KBAHTOBBIMU q)HYKTyaHI/I}IMI/I,

d’r =dxdy. Vcroifuupble cnuHOBbIE KOH(HIYypaMH OIPEENSIOTCS YPABHEHUSAMU
MUHHMYyMa:
oH =0, 5°H >0, (4.2)
rie & u 8° —mepBas U BTOpas Bapualuy (GyHKIHoHana H.
KOMIOHEHTHI BeKTOpa M, CBA3aHHBIE YyCIOBUEM M’ =1, MOryT OBITh

BbIPAKCHBI UCPEC3 ABA HC3aBUCHUMBIX C(bCpI/I‘ICCKI/IX yria:
m = (sin@cos¢, sindsing, cosb). (4.3)

Torna ramuneronnas (4.1) u ypaBuenus (4.2) npuMyT BUA
21 2 2 | qin2 2
H _Epsjd r[(V@) +5sin0 (Vo) ] (4.4)

A8 =sin@cosd(Vp)?,

V(sin%0 Vo) =0. (3)

4.2 XY-Moaeab (BUXPH)

DTa MOJeIh OMUCHIBACT IJIOCKYIO CUCTEMY CIMHOB, Y KOTOPHIX KOMITOHEHTA,
HEPIICHINKYIApHAs IJIOCKOCTH pEIIeTKH paBHa HYyI0 (ramuibToHuaH (4.4)

NEPEXOANT B TaMUIbTOHHAH XY -MOJIEIIH, €CITU TOJI0XKHUTD 6 = 7/2) [4].
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HerpuBunanbHbie pemeHus ypaBHeHuid (4.5), Ha3pIBacMble BHXPSIMH |
AHTUBUXPSIMU, UMEIOT BUJ]

¢=n0, (4.6)

rae @ — nmodspHBIA yroj, N IpUHUMAET LEeble 3HAYEHUs W Ha3bIBAE€TCA 3apsoM

BUXpA. MOXHO NOKa3aTh, YTO JHEPrusi €IMHUYHOIO BHUXPS M AHTUBUXPS paBHA

OECKOHEYHOCTH, a KOHEYHYIO) SHEpPrHI0 HMMEEeT CHUCTEMa BHUXpEW C CyMMapHbIM

3apsa0M, PaBHBIM HYJIIO. Y CTOWYHMBOCTH CHCTEMBI BUXPEW, 3aJaBacMasi yCIOBUEM

5°H >0, npoBepsieTcst TPHBUAILHBIM 00Pa30M.

4.3 Mopeas I'eiizendepra (CKUPMHOHBI)

[Ipocreliue pemenust ypaBHeHuit (4.5) g moxenu ['eiizenOepra,
Ha3bIBAEMbIC CKUPMHUOHAMH W  AHTHCKUPMHUOHAMH, WM  TOMOJOTUYECKUMH

BO30Y>KICHUSIMH, MOTYT OBITh 3allKCaHbI B popMe

tan(0/2)=(r/t)°,  ¢=Q@. @4.7)
rae I, @ — mojsApHBIE KOOPAMHATHL, [, — IOCTOSHHAs, Ha3blBacMas pa3MepoOM
CKUpMHOHA, Q — 1e10€e Yucio, Ha3bIBaEMOE TOMOJOTMYECKUM 3apsaoM. B oriauune
oT Buxper XY-MoJenn, YHEPrus €IMHUYHOIO CKUPMHUOHA KOHEYHA U paBHA

E=47p,Q. (4.8)
Pemennss cucrembl (4.5), COOTBETCTBYIOIIME IPOU3BOJIBHOMY  YHCIY
CKUPMHOHOB M aHTUCKMPMHUOHOB, ObUIM MosydeHbl benaBunbiM u lonskoBeiM [5] B

CJICAYIOIIEM BUJIE.

PQl(z)
R, (2) '

rae Zz=X+1iy, Py (2), Ry, (2) — mobbie nomuuomsl crenenn Q1, Qz, COOTBETCTBEHHO.

tan(6/2) exp(ip) = (4.9)

Pemennst (4.9) MoryT OBITh NpEACTaBICHBI KaK HEMPEPHIBHOE OTOOpaKEHHUE
OCCKOHEYHOW TUIOCKOCTH Ha cdepy EIMHHYHOTO paauyca € TOMOJOTUYECKUM
sapsgoM  Q, paBHeIM HambOonbmiemy wu3 3HadueHuid Qi, Q2 Ilpocteiimme

KoH(purypanuu, coorBercTByrommue Q =1, Bnepsoie nmonydenusie Ckupme [6], ObuH

Ha3BaAHbI CKUPDMHUOH U aHTUCKHUPMHOH.
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VYpaBaenust (4.5) mnOpencTaBifglOT coOOH, BOOOIIE TOBOpS, YCJIOBHE
HKCTPEMaNIbHOCTU (PyHKIMOHaNa 3Heprun (4.4). s Toro, 4T0066 COOTBETCTBYIOIIHE
COCTOSIHMSI  ObUIM  YCTOMYMBBIMM, TO €CTh COOTBETCTBOBAIM MHUHUMYMY
¢dbyHKIIMOHANMa, HE00OX0UMa TOJIOKHUTETIbHAS ONPEIEICHHOCTh BTOpOi Bapuanuu H
BOJIN3H DKCTPEMANIbHBIX PEIICHUH.

CruHOBBIE KOHQUIypauuu BOJU3M DSKCTPEMAJIbHBIX COCTOSHUN MOXHO
3aMucaTh CIEAYIOMUM 00pa3oMm:

0=0,+0, O=0,+ . (4.10)
rae 6, ¢ — pemenHwus, yaosinetBopsromue (4.9), 61, ¢ — Mayble OTKIIOHSHHSI OT 3TUX
coctosiHuid. C TOYHOCTBIO /IO KBAJPATUYHBIX MO @4, @1 YICHOB TaMWIbTOHUAH (4.4)

IMPUHUMACT BU/I:
1 2 *—
H:goQ+Epsjd xa'Fa, (4.11)

e &, =4np,, F =-V?+2icosO,V e,V +(Ve,)’cos26,, a=06,—ip,sing,.
Kak BuAHO, yCIOBHE ITOJOKHMTEIBHOW OINPENEICHHOCTH BTOPOM BapHALMHU

(I)YHKHI/IOHaJ'Ia OHCPIruy SKBHUBAJCHTHO IIOJIOXKUTCIBbHOCTH CIICKTpPa COOCTBEHHBIX

~

3HAUYCHWH omepatopa F, wim DSHEPruM DIIEMEHTAPHBIX BO3OYXKICHUN Haa
CKUPMUOHHBIM COCTOSTHUEM. JIJIsl MCClIeIOBaHUSI BTOPOTO CJIAraeMOTO B BBIPAKCHHUH
(4.11) ynoOHO mEepelTH OT HMHTEIPUPOBAHHMS 10 OECKOHEYHOW IIJIOCKOCTH K

Q-KpaTHOMY MHTETPUPOBAHUIO 110 €AMHUYHOM cdepe. 3aMmeyasi, 4To

o(x,y) dQ
Y 149 de, =
20,0 T (Vo,)PsinZg,

nepermmemM (4.11) B ciuenyromieit popme:

d2x =

, dQ=sing,dg,dg, (4.12)

H=¢Q +£ps de a’Ga,
2

~ 2
G:—_Li(sinﬁij— _12 0 > +2icos¢9i+0052¢9 .
sing 06 00 ) sin“@\ op op

(4.13)

3nech u ganee onmyckaeMm 3Ha4oK 0 B mepeMeHHBIX 6, ¢p.

CriexTp coOCTBEHHBIX 3HaUeHN G JIETKO MOYYUTh, BBES, IO OMPEIEICHUIO,

N

omnepaTopbl j+, J,J:

z
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A ) o . 0 1
J =exp(l —+i1cotld—+—|,
N p(co)[w j

op sind
- ) o . 0 1
J =exp(-l ——+ilcotld—+—|, 4.14
- = exp( (”){ 00 o0 sin@} (4.14)
jzz—ii.
op

Herpyano yOGeautbcs, uro J YAOBJIETBOPSIIOT ~ MEPECTAHOBOYHBIM

COOTHOHICHHUAM IJIsI KOMIIOHCHT MOMCHTA HMMITYJIbCA, a4 OIICPaTOop G Moxer OBITH
MMpCACTaBJICH B BUJIC
1 ~

é:E(j+j_+j_j+)+35—2=32—2. (4.15)

Takum o6pa3oM, 3aja4a 0 HAXOXKJACHUU CIEKTPa JIEMEHTAPHBIX BO3OYXKIACHUN Hal
CKUPMUOHHBIM COCTOSIHUEM CBOJUTCS K 3aJade O COOCTBEHHBIX (YHKIHSIX W
COOCTBEHHBIX 3HAUCHMSIX KBaJIpaTa MOMEHTA UMITYJIbCa.

PacknanpiBast & 1o coOCTBEHHBIM (DYHKIIHSM KBaJpaTa MOMEHTA
a(Q) = ZaJM ¥Ym (Q),
M
2
Iy =30 +Dyyy, (4.16)
Q=(0,9),
[MOJIyduM TIaMHWJIIbTOHUAH CHCTCMBbI HeBBaI/IMOI[eI\/'ICTBYIOHIHX IMPOCTPAHCTBCHHBIX

pOTAaTOPOB:

0 J
2
= ] ,
H=6Q+> > Efa
J=1M=-1]

(4.17)
E, 2%,05[\](\] +1)-2]

OtcyrctBre pemieHuss ¢ J =0 HEMOCPEACTBEHHO CIEAYeT W3 OINpeAesICHUS

j+, J, jz no ¢opmynam (4.14). MunumansHoe 3Hauenwe E,, pasHoe O,

cooTBeTcTBYeT J =1, crnefoBaTesbHO, CKHPMUOHHBIE KOH(DUTYpaLIK MPEICTABISIOT

c000M YCTONYUBBIC COCTOSHUSI.
CnenyeT OTMETUTb, YTO MOJIyYEHHBIE PE3yJIbTaThl CTAHOBATCS HEBEPHBIMU B

cllydae KBAaHTOBOIO I'eii3eHOeproBCKOro MarHeTuka. JlelcTBUTENbHO, pelas 3aaauy
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00 37eMEHTapHBIX BO3OYXKIACHUSIX BOJM3U HEOAHOPOIHBIX COOCTBEHHBIX COCTOSTHHMA

Feﬁ36H6epFOBCKOFO CIIMHOBOT'O TI'aMWJIbTOHHMAHA, MblI IIOJY4YMM TIaMWJIbTOHUAH,

umeromuii Bup (4.11), B koTopoM a’, @ JODKHBI OBITH 3aMEHEHBI Ha OIEPaTOPHI
POXKICHHS M YHUUYTOKEHHsI 0030HOB &', a:
[a(r), a*(r’)} =o(r—r).

JlanpHENUIINA Nepexo] OT UHTEIPUPOBAHMSA IO INUIOCKOCTH K MHTETPUPOBAHUIO 110

cdepe maeT BeIpakeHue, anamoruyroe (4.17)

o0 J
.
H=cQ+Y > E,ajay. (4.18)
J=lM=-]
Onnako, omepartopsl  a,,, d;, YX€ HE YIOBICTBOPSIOT MEPECTAHOBOYHBIM

COOTHOIICHHUSAM JIJI1 0030HOB, M BOIIPOC O JWArOHAIW3alWX TaMuibToHHaHa (4.18)

OCTAaCTCA OTKPBITBIM.

20



5. DPYCTPUPOBAHHBIE IBYMEPHBIE AHTU®OEPPOMATI'HETUKHA

OpyCcTpUPOBAHHBIMU HA3BIBAIOTCSI CUCTEMBI C HEYIMOPSAOYEHHBIM OCHOBHBIM
cocrosHueM. Jloiroe BpeMsl  CUMTalIOCh, YTO  JBYMEPHBIM  KBAaHTOBBIM
aHTU(EPPOMArHETHK C B3aWMOJACWUCTBHEM OMIKAWIINX COCEOHHX CIHMHOB S=1/2
Opy HYJEBOM TeMmIepaTrype HMeeT JalbHUI TOpAIoK (HEelIeBCKOEe OCHOBHOE
cocrosnue). OJHAaKO, HU OJIHO U3 TIPOBEICHHBIX HCCIIENOBAHUNA HE SBIAETCA
CTPOTHUM, U BOMPOC 00 OCHOBHOM COCTOSIHUM JIBYMEPHOTO aHTH(EppOMAarHeTHKa CO
cnuHOM 1/2 ocTtaeTcsi OTKpBITHIM. B 3TOM paszzgene paccmarpuBaeTcs T€Opusi, B

KOTOPOI OCHOBHOE COCTOSIHME JJAHHOW CHUCTEMBI SIBISIETCS] (PPYyCTPUPOBAHHBIM.

5.1 Tunore3a 06 PBC-cocrossHusax

[Tpenmnonaraercs, 4To Kaxkaas mapa COCEJHUX CIMHOB HA IJIOCKOW pPEIETKE
HAXOAUTCS MO OTHOUICHHIO APYT K APYTY B CHUHIJIETHOM COCTOSIHUM, NPU 3TOM
KOMOMHHMPOBAHUE COCETHUX CIIMHOB B Iapbl BCE BpEMsI MeHsETCS. Takoe COCTOsSHUE,
NPEJCTABISIONIEE CYMEPIO3UIMI0 10 BCEM pealu3alisM CHUHIJIETHBIX mHap, ObuIo
Ha3BaHO TEPMHUHOM, 3aMMCTBOBAHHBIM W3 KBAHTOBOM XWMHHU, — COCTOSIHUEM C
«PE30HUPYIONIMMH BalleHTHBIMU CBsi3siMu» (PBC).

PaccmoTpuMm ramuibroHunaH XaOOapja BOJIM3U TOJOBUHHOTO 3arlOIHEHMS

soubl (N,/N=n=1) u B npenene U >>1t. Hckiodass METOIOM KaHOHHUYECKOTO
peoOpa3oBaHusl COCTOSIHUSL C JBYKPATHBIM 3aIlOJIHCHHEM Y3IIOB ‘T~L>, HoJTydaem

3¢ (deKTUBHBIA TaMUJIBTOHUAH, JEUCTBYIOIIMA B MPOCTPAHCTBE OIHOKPATHO

3adIllOJIHCHHBIX Y3JIOB.

Heff =—1 Z (1_ ni,fo')ci;cjo‘(l_ nj,fa) +J Z(Sisj _%nini) ‘ﬂz Nig (5'1)

<ij>, o <ij>

e

+ At - At z_ 1 _

S =cyCy, ST =c¢cp, ST =z(np—ny) (5.2)
ABJIAIOTCA ONEpPAaToOpaMu CIuHA, N, =N, +N , 4 — XUMHYECKMA MOTEHUMA,
J=4t*/U - oOmenmbli mnapamerp d(QEeKTUBHOrO aHTU(EPPOMATHUTHOIO

B3aUMOJICHCTBHS, <IJ> 03HAYaCT CyMMHUPOBAHUE IO MMapaM OJIMKAUIINX COCEeICH.
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BBemem oniepaTop poskIeHUsT CHHTIICTHOM Taphbl HA y3ax |, |-
bf = (c'c, —c'ch) (5.3)
ij_\/z it ikt '

B TepmuHax »TuX omeparopoB ramuibToHuWaH (5.1) mepenwuiiercs B BUAE IBYX
YJICHOB, OMHUCHIBAIOIIMX KUHETHYECKYIO IHEPTHUIO 3JICKTPOHOB B MOYTH 3aMOTHEHHON

HUKHEHN 30He Xab0ap/a v SHEPrUi0 B3aUMOICUCTBUS CUHTJIETHBIX Map:

Hy=-t> (-n_)cic,,@-n,_)-3> b - yZnia. (5.4)

<ij>,o <ij>

5.2 IlpubanskeHue cpeaHero moJis
[IpocTedmuM MOAXOIOM K HCCIEAOBaHUIO TraMmuibTOHHaHa (5.4) sBIsAETCS
npUOIMKEHUE CPEIHETO TOJIsA, MO3BOJISIONIee HAWUTU MapaMeTp Mops/iKa U YHEPTHUIO
AIIEMEHTAPHBIX BO30YKICHUH.
OnpenenuM mapaMerp MOpsAAKa B BHUAE CTAaTUCTUYECKOTO CPEIHEro OT

oIepaTopa poKIACHUS CUHIIIETHOM Maphbl:
* +
Ay =<by >. (5.5)
B l'IpI/I6J'II/I)KCHI/II/I CpE€AHCTO IMOJIA TaMUJIbTOHWAH MPCACTABIIACTCA B BUJIC

Ho = Z(gk ~ H)Cyo s Z(AKCETCjw + AL Cp)s (5.6)
k,o k,o

rac

A, ZV <C 4 Cr >

Viq =J {cos[(k, —a,)a] +cos[(k, —q,)al}, (5.7)
& =-t5{cos(k,a) +cos(k,a)}.

BemnunHa 6 =1-n onMceBaeT OTKIOHEHUE OT IOJOBUHHOIO 3amnojHeHus. B
pe3ynbTaTe CTaHAApTHOW MpOLEAyphl AWAarOHAJM3alUU KBAaJpaTHYHOU (OPMBI
II0JIy4aeM DHEPIHI0 KBA3WYACTULl M YPABHEHMS HA IapaMeTp MOPSAAKa U XUMUYECKUN

[MOTEHIIHA:

E, = \/(8k — 1) +A (5.8)

E,
A, kaq tanh ( T j (5.9)
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g — U E
o= "—tanh(—k) (5.10)
; E, Al

Crnengyer OTMETUTh, YTO, IPUHUMAS TUTIOTE3y 00 OCHOBHOM COCTOSTHHUHU Kak O
cocrosiuuu ¢ PBC, gpycTpaius B MICXOAHOM TaMWJIbTOHHWAHE SIBHO HE YUUTHIBACTCS.
Takum o0pa3om, B Teopuu MPOU3BEIEH TOJHKO YACTHYHBIN y4eT (pycTparuu, a
MMEHHO JIUIIb B CAaMOM BO3MOXHOCTH CYILIECTBOBaHUS OCHOBHOTO coctosinus ¢ PBC.
OnHako, ake TaKOM YNPOILEHHBIA MOJIXOJ aeT BO3MOYKHOCTbH IOJYYUTh MHOTHE

IMPUHOUIINAJIbHO HOBBIC PC3YJIbTATHI.
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