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Heo61>I'lHhie cBolicTBa 3He rro3BOJI.HIOT rrpHMeH.HTb M.H o:rrncamrn ero 

TepMO)J;HHaMMKH Ha JieCTHHI.I,ax. 8KcrrepHMeHTaJihHO ycTaHOBJieHo, 'ITO rrep­

BDIB H BTOpott CJIOM TBep,n;oro 3He HMeIOT TpeyrOJibHYIO pemeTO'lHYIO CTpyK­

TYPY, ll- TpeTHli CJIOH B HeKoTophlX CJIY'la.HX M02KHO paccMaTp:imaTb KaK 

:>KH,D;KOCTb Ha pemeTKe KaroMe [10, 11]. lfaBeCTHO, 'ITO B TaKHX CMCTeMax 

npeo6na,n;aeT CB.H3b Me:>K,n;y 60.rree 'l€M .n;BYM5! CIIMHaMM, H HMeeT MeCTO rre­

pexo,n; CHCTeMbI OT ¢eppoMarHHTHOro K aHTH¢eppoMarmITHOMY COCTO.HHHIO 

[12). 
HacTo.a:m;a.a: .n;HccepTaI.I,1rn rrocB.a:m;eHa H3yqeHHIO HeK0Top1>rx cPH3H'le­

CKHX CBOHCTB Mo,n;eJieli ll3MHra [13] H IIoTTca [14] c MHoroqacTH'lHhlM B3aH­

Mo,n;e:ti:cTBMeM Ha peKyppeHTHbIX pemeTKax. llcnoJib3Y5! ,n;MHaMwteCKHH Me­

TO,ll; )J;JI.H MO)J;eJIH lfamITa c ,n;Byx- H Tpex-'laCTH'llibIMH B3aHMo,n;eliCTBH.HMH 

Ha 3HI'3aroo6pa3HOH JiecTmrii;e BO BHemHeM MarHHTHOM IIOJie, MbI HCCJie,n;o­

BaJIH HaMarHH'leHHOCTb CHCT€MbI. IloKa3aHo, 'ITO BO BHemHeM MarHMTHOM 

IIOJie Ha KpMBOH HaMaI"HM'leHHOCTH Il0.HBJI.HIOTC5! Mfil'HHTHhie IIJiaTO B TO'l­

Kax m ~ 0 Mm= 1/3 rrpM onpe.n;eneHHb!X 3Ha'leHl'i:.Hx rrapa.\IIeTpoB. Te 2Ke 

caMbie pe3yJibTaThl Mhl IIOJiyqMJIH rrpHMeH.H.H TpaHc¢ep-MaTpH'lHbIH MeTO)J;. 

PaccMoTpeH TaK)Ke JI.HrryHOBCKHH noKa3aTeJih Ha 3Mrnaroo6pa3Hofi JiecTHM-. 

I.I,e. IloK83aHO, 'ITO B aHTmpeppOMaI'HHTHbIX MO)J;€JI.HX Ha IIJlaTO HaMarHH­

'leHHOCTH cym;ecTayeT HeKoTopoe 3Ha'IeHHe Marmrrnoro noJrn, ,D;JI5! KOToporo 

MaKCMMaJihHbIH JI.HIIJHOBCKMH IIOK83aTeJib npH6JIM:>KaeTCH: K HYJIIO. 

B aacTo5Im;eli · pa6oTe H3J'laIOTCiI TaK2Ke ttyJIH eTaTHCTH'lecKo:M: cyMMbI 

,n;na aHH3oTporm:o:H Mo,n;eJIH ll31rnra c KOHKYPHPYIOm;MMH B3aHMo,n;e:A:cTBH­

iIMH ( ANNNI Mo,n;eJlb). Ha'!HHa5! c OTKpbITM5! cTaTHCTwtecKo:ti OCHOBHoH: 

J.\€JlbIO 6bIJIO .IIOH.HTb, KaK CTaTHCTII'leCKa.H cyMMa )J;JI.H CIICT€Mbl KOHe'!Horo 

p83Mepa rrp1106peTaeT oco6eHHoCTh B TepMo,n;HHaMM'lecKoM npe.n;ene, Kor,n;a 

c121cTeMa no,n;BepraeTC.H cP830BOMY rrepexo,n;y. B 1952 ro,ny 5IHr H JIM rrpe;:i;­

JIO)KHJIH HOBbifi MeTo,n; )J;JIH H3yqemrn ¢a3oBoro rrepexqn;a clicTeMhI IDyqaa 

ey.rr11 cTaTHcTH'IecKotl: cyMMhl [15, 16]. 01m paccMoTpeJIH cTaTIICTH'lecKyro 

CYMMY ¢eppoMarHHTHOfi Mo,n;e.JIH H3HHTa B 06.rracTH KOMIIJieKCHhIX 3Ha'le­

mrli: MatHHTHoro rroJI.H ( aKTID3HocTH exp( -h / kT), r .n;e k nocTOHHHaa BoJihrr­

MaHa, T TeMnepaTypa H h .MarHIITHoe rro.rre). BMJIO ,n;oKa3aHHo, ~rTo ey­

JIH CTaTHCTH'IeCKOH cyMMbI MO)J;eJIM ll3HHra pacrrpe,n;eJieHbI ITO e,n;MHH'IHOH 

OKpy:>KHOCTM c I.I,€HTpOM B ayne Ha KOMIIJl€KCH0:1'1: IIJIOCKOCTM aKTHBHOCTH H 

'ITO ¢a3oBbfil nepexo,n; B CHCTeMe rrpoHCX0,1I.HT B c.rryqae, Kor,n;a HenpepbIBHoe 

pacnpe,n;eJieHMe ey.rre:H cTaTHCTH'IecKoii cyMMbI rrepeceKaIOT pea.JibflYIO ocb 

B TepMO,lJ;HHaMK'!eCKOM npe.n;e.rre. c STOro BpeMeHH, MHoro pa6oT 6bIJIO no­

CB.Hm;eHO HCCJie)J;OBaHHIO TepM:o,n;HHaMH'IeCKHX CB0:1'1:CTB pa3JIH'llibIX Mo,n;eJie:lt 

rrpH HCIIOJib30Bamm pacnpe,n;eJieHH.H ttyJie:/;I: CTaTHCTH'!eCKOH CJMMbI (,n;JIH o6-

30pa, CM. [17]). BrrocJie,n;cTBmr Cl>Mmep nccJie,n;oBaJI Hy.JIH cTaTHCTHi:.recKofi 
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CJMMhl Mo,n;e.lIM IfamITa Ha KBa,m>aTHoii pemeTKe s o6naCTH KOMIIJieKCHhIX 

3Ha~reHHH TeMnepaTypbr (HYJIH Cl>Hmepa [18]). Bhmo rroKa3aHo, 'ITO B aToM 

cJiy'Iae s TepMO,lJ;HHaMH'leCKOM rrpe,n;ene HYJIH cTaTHCTH'IecKott cyMMbI pac­

rrpe,n;eJieH:oI Ha ,n;Byx Kpyrax, r,n;e o,n;HH H3 KpyroB COOTBeTCTByeT ¢eppoMar­

HHTHott, a ,zwyroii aHTH¢eppoMarHHTHOli Mo,n;eJIH lfaMHra. TaKHM o6pa3oM, 

HCIIOJlb3YH pacrrpe,n;eJieHHe HyJieli Cl>Hmepa B KOMIIJI€KCHOH TeMrrepaTypHott 

o6JiaCTH ¢eppOMarHHTHMe H aHTH¢eppoMarHHTHHe cPa3bI CHCTeMhI MoryT 

6bITb H3yqeHhI O,n;HOBpeMeHHO. 0,n;HH H3 HaH6o.rree HCIIOJib3yeMhIX M€T0,1l;OB 

)J;JI.H H3y<remrn ttyJieli CTaTHCTH'IeCKOH cyMMbI ,ll;JI.H O)J;HO- H ,n;By-MepHhlX CH­

CTeM .HBJiaeTC5! Tpattc¢ep-MaTpH'lHhlfi MeTo,n; [19, 20]. Baur H KHM aHaJIHTH­

<reCKH )J;OKa3aJIH, '!TO B peaJibHOM MarHHTHOM IIOJle HaH60Jibmee co6cTBeH­

HOe 3Ha'leHBe TpaHc¢ep-MaTpHJ.\bI )l;OJDKHbI 6hlTb ,n;Ba2K,1l;bI BbipO)K)J;€HHbIMH 

B TO'I.Ke ¢a3oBoro rrepexo,n;a [21]. 
,lWyrHM rrpe,n;MeTOM HaIIlHX HCCJie)J;OBamIB .HBJI5IIOTC.H Mal'HHTHbie CBOtl:­

CTBa H. xaOTH'IeCKOe IlOBe,n;eHMe aHTH¢eppoMarHHTHOH Mo,n;eJIM IloTTCa Ha 

pemeTKe BeTe H Mo,n;eJIH ll3HHTa Ha pemeTKe XycHMH. Xaoc - csoero po­

,n;a YHHKaJibHoe ,n;eTepMBHHPOBaHHoe HeJIHHeiiHoe ,n;HHaMwtecKoe rrose,n;eRHe, 

KOTOpoe MO)K€T Ha6mo,n;aTbC8: BO MHOrHX cPM3M'leCKHX rrpoI.I,eccax. TeopH5! 

xaoca OTIHCbIBaeT IIOBe,n;eHHe orrpe,n;eJieHHhlX )l;HHaMH'IeCKHX CHCTeM, pa3BH­

Ba.HCb BO BpeMeHH. Pa60TbI Ha,ll; XOOTH'I€CKMMH H CTOXaCTH'IeCKBMH MO,n;e­

JI.HMH, KOTOpbie BKJIIO'IaIOT B3aHMo,n;eficTBHj'{, IIOMOr.JIH B IIOHHMaHHH MO,llY­

JIHpOBaHHbIX cPa.3 .H xaoTH'leCKHX CBO:tiCTB CIDIHOBbIX H KOJIH6poBa'lHbIX MO­

,n;eJieii. B Harnett ,n;HccepT~HH IIOKa3aHo cym;ecTBOBaHHe 6n¢ypKarrHOHHbIX 

TO'IeK, nepHo,n;a y,n;BoeHHe H xaoca ,n;JI.H BhrmeynoM.HilyThIX Mo,n;enett. 

Il;eJII:.10 ,n;nccepTan;noHHOH pa60TbI SIBJIHeTCSI IICCJie,n;oBaHHe KpH­

TWiecKbro noBe,n;eHH.H H MarHHTHbIX cBOMCTB Mo,n;eJiefi ll3HHra H IIoTTCa 

Ha peKyppeHTHbIX pemeTKax c MHOrO'!aCTM'lHbIMli B3aHMO,n;ettCTBHJIMH, a 

HMeHHo: 

1. IIcnoJII>3YH MeTo,n; )J;HHaMII'lecKHX cHcTeM, B:cc.rre,n;oBaTb MarHHTHbre 

cBolicTBa Mo,n;eJIH IfaMHra c ,n;ayx- H Tpex-qacTH'lHbIMH B3aHMo,n;eii­

CTBH.HMli Ha 3Hr3aroo6pa3ao:H necTHHIIe. TeopeTH'lecKM ,n;oKa3aTb cy­

m;ecTBOBaHHe IIJiaTO Ha KPHBO:tl: HaMarHH'!eHHOCTH OT BHemHoro Mar­

HHTHOro IIOJIH rrpH mriKHX TeMIIepaTypax. A TaK)Ke HCCJie,n;oBaTb JI.H­

IIJHOBcKMli TIOKa3aTeJlb Ha IIJiaTO HaMarHH'l€HHOCTH. 

2. llcrroJlb3Y.H MeTo,n; TpaHc¢ep-MaTpHI.I, HCCJie,n;oBaTh MO)l;€Jib lI3HHra c 

.n;BYX- II Tpex-'IaCTH'llibIMH B3aHMO,ZJ;€HCTBH.HMH Ha 3Hr3ar JieCTHHIIe H 

rroKa3aTI>, 'ITO pe3yJIJ>TaTbI coBrra,n;aroT c pe3yJlbTaTaMH no.rryqeHHbIMH 
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MeTo,n;oM ,n;HHaMHqecKoro rro,n;xo,n;a. TaK)Ke Hccne,n;oBaTb cpH3H"!eCKHe 

CBOHCTBa MarHHTHOH BOCIIpHHM<mBOCTH. 

3. HccJie;:i;oBaTb KOMIIJieKCHhie HYJIH cTaTHCTH"!ecKoli cyMMhI )l;JI.H aHH-

30TpOIIl!oti Mo,n;e.JIH H3HHra co cnHOM 1/2 c MHoroqacTHqHhIMH B3a­

HMo,n;eiicTBIDIMH, a HMeHHO, eyJIH .HHra-JIH B 06.JiaCTll KOMIIJieKCHbIX 

MarHHTHI>IX noJieit H eyJIH cilHmepa B 06.JiacTH KOMnJieKCHhlX TeMne­

pacyp. BI>I"'IBCJIHTh HH,n;eKc1>1 rpaffflqHOH cHHrymrpHoCTH. 

4. HccJie;:i;oBaTh xaoTH"l:ecKoe noBe,n;eHHe HaMarHH'!eHHOCTH ,n;Jrn Mo,n;eJIH 

IloTTca Ha pemeTKe BeTe, Mo,n;eJIH H3mira c MYJihTHCITHHOBhIM B3aM­

Mo,n;eiicTBHeM Ha pemeTKe XycHMH H Mo,n;eJIH H3HHra Ha mecTMyroJII>­

Hoii pemeTKe. TaIOKe Hccne;:i;oBaTh JimIYHOBCKllH IIOKa.3aTeJih H .H3bIKH 

ApHOJih)l;a ,n;m1 aTHX MO,ll;eJieti:. II0Ka.3aT1>, qTo Mo,n;enh H3MHra c ,n;Byx­

H Tpex-qacTWIBbIMH B3aHMO,n;eiicTBHHMH Ha meCTHYI'OJibHOii pemeT­

Ke, HMeeTca: cpa3oBhlii nepexo,n; BToporo po,n;a H Ha6mo,n;aeTca: rrnaTo 

HaMarHHqeHHOCTH IIpH m = 0. 

Hay~ua.s HOBU:3Ha. 

Hcrro.m:,3y_g ,n;ImaMHqecKHii MeTo,n; peKyppeHTHbIX oTo6paJKeHHii, rroJiy­

'IeHhI MIIoroMepHE.Ie pa1IH0HaJibHble COOTHomeHH.H ,D;JI.H CTaTHCTI:I'!eCKOH cyM­

MbI ,ll;JI5.i Mo,n;e.Jm H3HHra Ha 3Hr3aroo6pa3IIOJ2l: JieCTHHIJ;e. IlpH noMo~ aTn:x 

oTo6pa:>KeHH:lt, 6MJIH noey'!eHhI nnaTo HaMarHn<reHHocTn:. B1>1•u1cneH JI.Hrry­

HOBcKHii IIOKa3aTeJib ,ll;JIH: TpexMepHoro OT06pa)KeHH.H npH HH3KHX TeMrre­

paTypax. 

BnepBMe Hccne,n;oBa.Hbl KOMIIJieKcHI>Ie HYJIH cTaTHCTHqecKo:il cyMMhI ,n;nx 

a.HH30TporrHoii Mo,n;eJIH H3HHra co CIIBHOM 1/2 c MHoroqacTH'-IHhIMH B3aH­

Mo,n;e:Hc.TBIDIMH. IIoKa3aHo, ":ITO aTa Mo,n;eJib He BMeeT cpa3oBhI:ti: nepexo,n;, T.e. 

eymr c'.i:oaTHCT:aqecKoli cyMMhI He nepeceKaIOT peaJibHYIO ocb. 

McrtoJih3Y.H ,n;ImaMH<recKHH MeTo,n; peKyppeHTHhIX OTo6pa)Ken:a:il ,n;n.H MO­

,n;emr IIoTTca Ha pemeTKe BeTe, Mo;:i;enH Msmrra Ha pemeTKe XycFIM:a H Mo,n;e­

Jm lfaHHra Ha mecTn:yroJIE.HOH pemeTKe IIOCTpoeHhl rpacpHKH 3aBHCHMOCTH 

HaMarim'!eHHOCTll OT BHemHero MarHHTHOro ITOJI.H. 'B:ncpypKaIJ;HOHHHe TO":I­

KH, nepno,n; y,n;BoeHIDI H xaoc Ha6mo,n;aIOTC.H Ha KpHBO:il HaMarHHqHBaHH.H. 

TaK)Ke nccne,n;oBaH JI.HIIYffOBcKn:ii: rroKa3aTeJib H H3hIKH ApHO.Jih,n;a. 

IlpftKTU:'IeCKa.H H TeopeTu:~eCKa.H :a;eHHOCT:Q. 

IIoI<:a3aHo, 'ITO ,n;HHaMH"!t;!CKHli MeTo,z:r; peKyppeHTHbIX oTo6pa>KeHHH rro3-
Bo.JUieT. HCCJie,n;oBaTb .KpHTHqecKoe IIOBe,n;eHHe MHOrHX cpH3M'IeCKMX CHCTeM' 
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TaKHX KaK TBep,n;bIB: 3He, MaTepirn.Jib! co,n;ep*a~e eynpaT Cu n ,n;p. 

IIoJiyqeHHhie Pe3YJihTaTbI MoryT 6hITb HCllOJib30BaHhI B aKcnepHMeHTaJih­

HhIX Hccne,n;oBaHHfil!: m1aT HaMarnHqeHHOCTH npoBo~MhIX B SPEC (Saclay, 

France), Institut Neel (Grenoble, France), ATT Bell Laboratories (New 

Jersey,' U.S.A.), Stanford University (California, U.S.A.), University of 

Insubria (Italy). 

OcuoBHble noJio)KeHH.s, BbIHOCHMbie Ha 3~Ty. 

Ha (3~TY B:hIHOC.HTC.H c:n:e,n;y10~e pe3yJ11>TaThI no HccJie,ll;OBaHHIO cIIH­

HOBhIX HBJieHHli H KpHTHqecKllX CBOHCTB B CTaTHCTH"!eCKOti cpH3HKH: 

1. ,ll;na: MO,ll;eJIH J131mra Ha 3Hr3aroo6pa3HOH JieC'J.'HID.\e, HCIIOJib3ya: MeTo,n; 

~HaMH'IeCKHX ciicTeM, 110nyqeHo TpexMepHI>Ie peKyppeHTHhie oTo6-

pa)KeHIUI ,n;m1 cTaTHCTHqecKoii CYMMhI [l]. IIocTpoeHbI KpHB1>1e HaMar­

HfI'!eHHOCTH ,n;na: Mo,n;eJIH H3HHra Ha 3Hrnaroo6pa3HOJ:i JieCTHHII;e. Ilo­

K3.3aHo, qTo rrpH HH3KHX TeMrrepaTYPax HMeIOTC.H IIJiaTa HaMarHH'!eH­

HOCTH npH 3HaqeHH.Hx m = 0 H m = 1/3. BhI'IHCJieHa 3aBHcRMocTb 

JI.HIIyHOBCKoro IIOKa3aTeJIMI OT BHemHero MarHHTHOrO' IIOJI.H H IIOKa-

3il.Ho, 'ITO MaKCRMaJibHhlii JIHIIYHOBCKHii TIOKa:;iaTeJih npn6JIIDKaeTC.H K 

eyn10.[l!]. 

2. MeTo,n;oM Tpa.Hccpep-MaTpmi; Bccne,n;oBaHhI MarHHTHHe cBoiicTBa Mo,n;e­

JIH H3mrra Ha 3Hr3aroo6pa3HO:tl: JiecTHHIJ;e. IlocTpoeHbI rpacpHKH Ha., 

MarffHqeHHOCTll H IIOKasaHHo, qTo pe3yJihTaTpl COBna,n;aroT c pe3yJih., 

Ta.TEtMH IIOJIY":IeHHbIMH. c IIOMO~IO ,n;HHaMn<IecKoro OTo6pa>KeHM.H [~J. 

3. ,[(na: aHH30TPOIIHO:ii MO,ll;eJIH H3HHra c KOHKYPHPYIOIIIHMH B3aHMo,n;e:H­
CTBH.HMH (ANNNI) IIOJiy'feHhl Hymr CTaTHCTH'IeCKOit. cyMMbI (HYJIH 

5.iHra-Jm H CI>:mnepa). 1byqeHE.I TO'IKH rpaHH"IHOH CHHrymcpHOCTH ,ll;JI.H 

aTHX eyJie:il. Hatt,n;eHbI .cooTBeTcTByro~e mr.n;eKCbI rpaHn:":IHoii CHHry­

JJ~pHocm [,1). 

4. ,[(JIK ,n;Byx THIIOB peKypcHBHhlX peme"I:OK BeTe H XycHMH noJiy<reHhl 

O,!J;HOMepHI>Ie peKyppeHTHbie COOTHOIDemra ,n;na: BeTBeii CTaTHCTn<Ie­

CKOH cyMMbI H HaMarIDl'leHOCTR. IIpo,n;eMOHCTpHPOBaHO cym;ecTBOBa­

HJie 6HcpypK~H:il, y.n;BoeHHli H xaoca npH onpe,n;eJieHHhIX 3HaqeHH.HX 

KOHCTa.i:IT B3aHMO,n;ettci-BIDI II TeMllepacyphI. IlocTpoeHa 3aBHCHMOCTb 

mmyHOBCKOro llOKa3aTemr OT BHenmero MarHHTHoro IIOJia:. IlocTpo­

eHhI rpacpHKH nepBoro H BToporo 6HcpypKa~oHHbIX JIHHHli (H3bIKH 

ApHOJih,n;a) [_a]. B KaqecTBe npH6JIIDKeIDUI 3HI'3aroo6pa.3HOH JieCTHH­

IJ;hI paccMoTpeHa Mo,z:r;enh HsHHra Ha mecT:nyroJibHoii pemeTKe. 
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Anpo6an;ujl pa6oTbl. OcHOBHI:.Ie pe3yJII>TaTbI ~ccepTau,mr ,u;oK.rra­

,D;hlBa.rmch ,D;HCCepTaHTOM Ha Me:>K.u;yHapo,n;HOH KOH<PepeHIJ,MH "XXVII 
Colloquium on Group Theoretical Methods in Physics" (Yerevan, Armenia 

2008), a TaIOKe Ha ceMHHape B EpeBaHCKOM <I>wH'l:eCKOM HHCTHTyTe. 

Ily6JIHKau;uu. IIo TeMe ,n;MccepT~OHHoli pa6oThI ony6mn<oBaHo 4 
HayqHI:.IX pa6oT, CIIBCOK KOTOphIX rrp:riIBO,r(MTC.a B KOHn;e aBTOpe¢epaTa. 

CTpyKTypa H o6'beM .zi;HccepTan;xm:. ,DµccepTau;HoHHa.a pa6oTa H3-

.rroJKeHa Ha 95 CTpaHHLI;ax, COCTOHT li3 BBe,;:i;emur, 4 rJiaB, 3aKJIIO'IeHH.a Il 

c:rmcKa. IJ;HTHpOBaHHOH JIHTepaTYPhl, BKJIIO'Iarom;ero 129 HaHM€HOBaHHli. 

Co)J;ep)KaHHe pa6oThI 
Bo aaeoeuuu (rnaBa 1) o6ocHOBaHa aKTya.JThHOCT.b TeMhl H c,n;e.mtH 

KpaTKMH o63op no rrpo6JieMaM, saTpOffYT.bIM B ,n;H:ccepTan;HH. H3JIO)KeHhI 

rrpaKTH':IeCKa.H n;eHHOCTh H KpaTKOe orrnca.HHe pa6o±hl. 

Bo amopou e.n.aae paccMOTpeHa MO,r(eJib reli3eH6epra c ,n;Byx- H Tpex­

'IacTH'l:HbIMH B3aHMo,n;e:lfoTBH.HMH Ha peKypcHBHOH JieCTHHu;e B CHJihHOM Mar­

HHTHOM none. B Ka'IecTBe peKypCHBHoli pemeTKH BhI6paHa 3Hr3aroo6pas­

Ha.a necTHHD;a ( cM. Pn:c.1). H3 orrbITOB H3BecTHo, 'ITO B CHJihHOM MarHHTHOM 

none cmm 'IaCTilIJ;hI HarrpaBJieH no HarrpaBnemno rroJrn H rrpI'(HHMaeT 3Ha'Ie­

HH.a ±1, T.e. B CHJibHOM Mal:'HHTHOM IIOJie aHTH¢eppoMarHHTHYIO MO,D;eJib 

reii:3eH6epra MO)KHO armpoKCHMHpOBaTb MO,ZJ;eJibIO H3HHra, )J;JI.a KOTOpoli 

raMHJITOHI:IaH c ,n;Byx- H Tpex-'iaCTH'IHbIMH B3aHMO,ll;€HCTBH.HMH rrpHHHMa­

eT CJie,n;yrom;mt BH,D;: 

J2 """' J3 """' """' 'Ji=~ Li (1 + SiBj) - 2' Li (1 +. SiSj + SjBk + BkSi)- h Li Si, (2) 
{i,j} {i,j,k} {i} 

r,n;e h =:= ~fiB, Bi npHHHMaeT 3Ha'ieHHe ±1, J2 H J3 KOHCTaHThl B3aHMo,n;etl:­

CTBliI.H .. Bhrne,u;eHbI peKyppeHTHhle COOTHOmemu:c )J;JIJ.I BeTBeli CTaTHCTH'Ie­

CKO:M: cyMMbI. IloKa3aHO, 'ITO B aHTH¢eppoMarHHTHOM cnyqae IIpH HH3KHX 

TeMnepazypax Ha KpHBOH HaMarHH'leHHOCTH B TO'IKax m = 0 H m = 1/3 

Ha6.rrro,ti;aroTc.a 1maTo HaMarHH'l:eHHOCTH (cM. PHc.2). Bbf".IHCJieH mmyHoB­

cKmt u'oKa3aTe.Tib ,n;JI.a TpexMepHoro oTo6pa)KeHIUI rrpn Hlil3KHX TeMrrepa­

Typax. tioKasaHo, 'ITO ,u;.rr.a HeKoTopb!x 3HaT.J:eHHit napaMeTpoB ,n;Boii:Horo If 

Tpoillloro B3aHMO,n;elicTBH.a B aHTJiI¢eppoMarHHTHOM. CJly'Iae MaKCHMaJibHbl:i1: 

n.anyHciBcKmt rroKasaTeJib npH6JIH:>KaeTc.a K HJJJIO. 

Pe3J.TihTaTbI aToli rJiaBbI orry6JIH:KOBaHbI B pa6oTax [l, _QJ. 
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PHc. 1: 3:e:rsaroo6pa3Ha.s:r JiecT1m:a;a. 

1.0 

0.6 

E 0.0 

4 -2 0 
h 

PHc. 2: 

2 4 

TIJiaTo HaMarH11"ieHHOCTH OT BHenrnoro MaI'HHTHoro noJI.H 

npn h = 2 mK, la = 0 mK, T = 0.08 mK. 

B mpem'beu e.11,aae npHMeH.a.a MeTo,n; TpaHc¢ep-MaTpHIJ, paccMoTpeHa 

Mo,n;em; H3HHra c ,zwyx- H TPex-'!aC'l'H'lHbIMH B3aHMo,z:i;eficTBlrnMH c raMHJITo­

HHaHOM (2) Ha 3HI'3aroo6pa3HOH necTHnu;e. B Ka'IecTBe TpaHc¢ep-MaTpm:i;i,r 

BbI6paHHa cne.u;yroII!a.a MaTpm:i;a 

aBb2c2 a5bc a3c a2 

T(si+2,si+a) = I a3c a4 a2 a5bc-1 
(si,Bi+l) a5bc a2 a4 a3c-1 I, (3) 

a2 a3c-1 a 5bc1 asb2c-2 

r,n;e a =;:: exp{-#}, b = exp{~}, c = exp{ lf} H T TeMnepaTypa. IIocTpoe-
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HbI rpaqnurn: 3aBHCHMOCTli Ha.MarHH":IeHHOCTH OT BHeIIIHero MarimTHoro no­

.JUI npH Pa3HbIX KOHCTaHTax o6MeHHoro B3aHMo.n;eliCTBH.H H TeMrrepaTypax. 

IlpH HH3KIDC TeMrrepaTypax Ha6mo,n;aIOTC.S: IIJiaTO HaMarim":IeHHOCTH B TO":I­

Kax m = 0 :a: m = 1/3. Ilo.ITyqeHHbie pe3yJibTaTbI cosrra,n;aroT c pe3JJibTa­

TaMH rio.rryq:eHHbIMH c rroMo~ro peKypCHBHoro MeTo,n;a. MbI 11ccJie,n;oBaJIB 

Q;>H3H<IecKl!Ie cBottcTBa MarHHTHo:ti: BocnpHHM":IHBocm. BbtJio noKa3aHo, ":ITO 

y MarHHTHO:H. BOCnpHHM'll!BOCTH BO BHeIIIHeM MarHHTHOM IIOJie eCTb 'IeTbipe 

mm:a n:p:a: HH3Kott TeMrrepa~pe. IIp:a: Q;>HKCHpoBaHHb!X 3Ha<remurx KOHcTaHT 

B3lm:Mo,n;eiicTBIDI J2 H Jg' Iim:pmra H BblCOTa IlliKOB 38.BHCHT OT TeMIIepa­

TYPbI. MaJieHhKHe rpyIIIIhI 'J,'aIOKe rroKa3bIBaIOT xapaKTepHDie oco6eHHOCTH 

6om,m:mc TepMo,n;HHaMH":Iec:Kmc CHCTeM. TeMnepaTypHaa: 3aBHCHMOCTb Mar­

HHTRoM: BOCIIpHHM"IBBOCTH TaIOKe 6bIJia HCCJie,D;OBaHa. 

PeayJihTaThI aTo:tl: rJiaBI>I ony6JIHKOBaHhl B pa6oTe [_6] . 
B ~emaepmou 2.ttaae IIOKa3aHo, 'ITO aHH3oTpomzyro Mo,n;e.JII> IfaHHra 

co CilliHOM 1/2 c MHOrO'!aCTH'IHbIMH B3aIIMO,D;eHCTBIDIMH Ha 3Hr3aroo6pa3-

HOH JiecTHHn;e MO)I(HO CBecm K O.IJ;HOMepHott aHH30TJ>OIIHott Mo,n;e.JIH IfaHHra 

c KOHKypeyyrom;mm B3aHMO,D;eHCTBH.HMH (ANNNI) .. I'aMHJihTOHHaH MO,D;eJIH 

HMeeT cJie.n;yro:uvili mi:,n;: 

-/31-l =Ki L SiSi+l + K2 L Si8i+2 + h L Si, (4) 

r,n;e K1 H K2 J{OHCTaHTbI B3atruo.n;e:licTBIDI Me)I(,D;y 6IBDKa:HrrmMH coce,n;a:MH H 

CJie.n;yro~H 3a 6JIH>KaiirrmiMH coce,n;a:MH COOTBeTCTBeHHO, h BHemHee Mar­

HHTHoe. rro.rre. c IIOMOJIJ;bIO MeTo.n;a TpaHc¢ep-MaTp~r HaH)J;eHO 8.HaJIHTH"Ie­

CKOe ypaBHeHH.s: .n;.rra: pacrrpe,n;eJieHIDI eyJie:tt CTaTHcTH<recKo:H cyMMhl. B1>1JIB 

HCCJie,n;bBa.HDI KOMIIJieKCHhle iiyJIH CTaTHcTJl'IeCKO:fi c;YMMbI (HYJIH .5IHra-JIJ.r B 

KOMIIJieKCHOH MarHHTHO:fi Il.JIOCKOCTH H HY.JIM. <I>Hmepa B KOMIIJieKCHO:li TeM­

rrepazypHoil: rmocKocm). Pacnpe,n;eJiemre eyJieii cTaTHCTH<recKott cyMMhl B 

KOMIIJieKCHOil: Manmmoit IIJIOCKOCTH IIOKa3aHHO Ha PHc. 3. 
lfa~eHa .IIJIOTROCTb padnpe,n;eJiemra HyJieli, To:qKH rpaHHq}IOH CHHry­

.rra:pHOCTH n: cooTBeTCTByro~e HM HH,D;eKchl. BhIJio, TaIOKe Hail:.n;eHo, ":ITO 

HH,n;eKChl rpailli'IHOH cmrry.JUIPHOCTH ,D;JI.H HyJJeli 5lHrai-JIH H <I>Hrnepa COB­

na,n;aIOT H paBHbI -1/2. lIOKa3aHo, 'ITO BBe.n;emre Tpexl:JaCTW-IHOI'O B3aHMO­

.n;e:liCTBH.H B Mo,n;eJIH ANNNf npHBO,r:t;HT K 6oJiee rrpocToMy pacnpe,n;eJiemrro 

eyJieif <Pymm;un: paa,n;eJiemui:; T.e. rrpHBO,D;HT K .rroKa.JlHa~H eyJieli .5lHrai-Jin: 

B .n;yrax KpyroB, KOTOpble H~ rrepeceKaIOT IIOJIO:>KHTeJibHYIO peaJJbHJIO OCb. 

Pe3yJihTaThI STofi rJiaBhl ony6JJHKOBaHbI B pa6oTe [1J. 
B nsimou uiaae c noMom;i,10 peKyppeHTHhIX cooTHomeHHe n:3yqaroTCH 

6H¢YPK~OHHa.H CTpYKTypa, nepn:o.n; y,n;BoeHHe H xaOTl'I'leCKOe IIOBe,n;emre 

.n;mr aH'rn:¢eppoMarHHTHOM Mo,n;emr IIoTTca Ha pemeTKe BeTe H ,n;Jia Mo,n;emr 
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n ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ 

·~ 

2 

)( 0 
.{; 

-2 
I . ~ ' 

·1 0 {•, Rex {b) Rex (cj 
-2 a 2 

;j()i I iTI1 '40 . .•' . 2r .... . "t=l" . J 0 S (J ••C • • 

~ :40 ··"· 
-1(l()()OOO 0 ..m -100 

(d) R•x (e) Rex 

·1>~~ ..~ .~· 
•' 

0 -4 -2 0 
(t) Rex 

PHc. 3: 
· Hymr .5lHra-Jln .n;m1 ANNNI MO,ZJ;eJIH ,n;Jrn paaJIWIHbIX 3Ha'IeHnsrx 

napaMeTpOB Ki n K2. (a) K1 = 0.2, K2 = 0.6, (b) Ki = -0.05, K2 = 1.3, 
'.(c) Ki = 0.8, K2 = -0.4, (d), (e) and (f) K1 = -1.6, K2 = -1.4. 

Ifamrra c MYJibTHCTIHHOBDIM B3aHMo,n;ettcTBHeM Ha pemeTKe XycHMH B cli:Jlb­

HOM BB;eIIIHeM Ma.I'HHTHOM IIOJie. ,lJ;JIH MO.n;e.mr IloTTCa raMMJITOHHaH HMeeT 

BM: 

u = -J :E o(O"i, O"j) - h L: o(O"i, i), (5) 
<i,j> 

r.n;e J < 0, O"i npHHHMMT 3Ha'Jemrn 1,2, .. .,Q H o(O"i,O"j) CHMBOJI KpoHeKepa. 

IIepBo~ cyMMHpOBaHHe n.n;eT no BceM 6.JIIDKati:nmM napaM, a BTopaa: cyMMa 

110 BCeM y3.11aM. UocTpoeHhl KpHBDie aaMarHH'leHHOCTH ,n;JI.a (Q< 2) H (Q:'.:: 
2). IlpH BH3KHX TeMrrepaTy.pax ,n;.rra: (Q:'.:: 2) Ha6JIIO,n;aeTC.H TOJihKO rrepHO,D; 

y,n;BoeHHe cM. Puc. 4. A ,n;.rra:, (Q< 2) HaMarm:r<IeHHo~Tb HMeeT xaoTH':IecKoe 

110Be,n;emre. 

Ta.IbKe paccMoTpeHo xaoTH"IecKoe noBe,n;eHHe Mo.n;e.JIH Ifaimra c MYJibTHC­

IIHHOBbtM B3aHMo,n;eiicTBHeM Ha pemeTKe XycHMH, ri:i.MHJihTOHHaH KOToporo 

HMeeT CJie.n;yiom;HH BJrA: 

u = ..:...J3 L: O"iO"jO"k - h L: O"i· · 

/::':,. 
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1,0 

E o.5 

4 () 1 2 
(a) (b) h 

PHc. 4: rpacpHKH KpHBO:il: HaMarmr'IeHHOCTH rorn MO,D;eJIH IloTTCa Ha pemeTKe 

BeTe npH J = -1, 'Y = 3 a) Q = 4, T = 0.3 b) Q= 1.2, T = 1. 

IIepBoe cyMMHpOBaHHe, H)J;eT IIO BCeM TpeyroJibHHKaM, a BTOpa.s:r cyMMa IIO 

BceM BepI.llllHaM. ,ll;JI.s:r BI>ImeyrroMHHYThlX Mo,n;eJie:il: BbI"IHCJieHhl .113bIKH Ap­

HOJI1>.n;a H JIHIIYHOBCKHM IIOKa3aTeJib. IloKa3aHo, 'ITO B 6w¢ypKaIJ,HOHHbIX 

TO'iKax JI.HrryHOBCKHM IIOKa3aTeJib paBeH Hymo, a B xaoTH'leCKOM perHOHe, 

OH rrpmmMaeT IIOJIO:>KHTeJThHbie 3Ha'leHHa. 

MbI H3yt:m.JIH MarHHTHbie cBo::il:cTBa Mo,n;eJIH IfanHra c .n;Byx- H Tpex­

qacTH'IHbIMH B3aHMO,ZJ;eiicTBH5IMH Ha peeypcHBHOI!: mecTeyroJibHOH pemeT­

Ke, KaK IIpH6JIIDKeHmI TpeyrOJibHOH perrreTKH. llcrrOJib3ya ,ll;HHaMH'leCKHM 

MeTO,ZJ;, UOJIY'l8Hhl TO'IHl>Ie TpexMepHbie p~oHaJibHhle peKyppeHTHbie COOT­

HOIIIemrn ,ll;JI.H CTaTHCTK'ieCKOH CYMMl>I. IlocTpOeHbI rpa¢HKH 3aBHCHMOCTH 

HaMarHH'leHHOCTH OT BHeIIIHero MarHHTHoro !IOJI}J, IIPH HH3KHX TeMrrepaTy­

pax Ha KpHBofi HaMarHK'ieHHOCTH Ha6mo,n;aroTca IIJiaTO B m = 0 H cpa30BbI:il: 

rrepexo.n; BToporo po.n;a. 

B aa'IC.1t10"tettuu rrpe,npraBJieH1>r ocHoBH1>re pe3yJI1>TaTbI pa6oTI>I: 

1. llcIIOJib3YH peKyppeHTHbie OTo6proKeHH5.! ,ll;JUI CTaTHCTH'leCKOti cyM­

MbI, HCCJie,ZJ;OBaHa 3aBHCHMOCTb HaMarHH'leHHOCTH: OT BHeIIIHero Mar­

HHTHOI'O rroJI.H ,ZJ;JIH Mo,n;eJIR lfaHHra Ha 3Hr3aroo6pa3HO:ti JieCTHRIJ,e. IIo­

c'i'poeHbI KpHBbie HaMarim'leHHOCTH; KOTOpbre HMeeT rrJiaTO B TO'!Kax 

m = 0 H m = 1/3 IIpH orrpe,n;eneHHbIX 3Ha"<IeHHHX napaMeTpOB. IIoKa-

3aHO, 'ITO ,Zl;JIH HeKOTOphIX 3HaqeHHM rrapaMeTpOB ,D;BOMHoro H TpOMHO­

ro B3aHMo,n;eikTBH.H B ;mTHcpeppoMarHHTHOM CJIY'lae MaKCHMaJibHbIH 
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JI.s:rrryHOBCKHM IIOKa3aTeJTh rrpH6.JIB)KaeTca K Hymo, qTo CBH,l.1;8T8JibCTBY­

eT o TOM, 'ITO He cyr:o,ecTByeT cPa30Boro rrepexo.n;a [l, Q]. 

2. TpaHccpep-MaTpHqHbIM MeTo,n;oM rrccJie,n;oBaHbI MarHHTHbie cBoiicTBa 

Mo,n;eJIH ll3HHra Ha 3Hr3ar perrreTKe. A TaIOKe rrocTpoeHbI rpa¢:mrn: 

3aBHCHMOCTH MarHHTHOii: BOCIIpHHM'IBBOCTH OT BHemHero MarHHTHoro 

IIOJUI H OT TeMrrepaTypbI [~]. 

3. llcrrOJib3YH TpaHc¢ep-MaTpH'lHbiii: MeTo,n;, HCCJie,n;oBaHbI Bee THIIbI HY­

neii: (HYJIH 5Ima-JIH H <l>Hmepa) CTaTHCTH'l8CKO:ti CYMMbI ,ll;JI.11 0,ll;HO­

MepHoti: aHH3oTpoIIHoli Mo,n;eJIH ll3HHra c KoHKypupyIOIIJ,HMH B3aHMo­

.n;eiicTBHHMH (ANNNI) co CIIHOM 1/2 [1]. 

4. llcrrOJib3YH MeTO,ll; ,n;HHaMH'l8CKHX CHCTeM c MHoroqacTH'IHbIM o6MeH­

HbIM B3aHMo,n;elicTBHeM ,ll;JIH Mo,n;eJIH IIoTTca Ha peKypcHBHoii BeTe 

pemeTKe, MO,ll;e.JIH I13HHra Ha perueTKe XycHMH n: Mo,n;eJIH ll3MHra Ha 

:rnecTeyroJibHOH pemeTKe IIOJIY'leHa 3aBHCHMOCTb HaMarHH<J:eHHOCTII 

OT BHeIIIHero MarHHTHoro rroJI.s:r. J13yqea1>r H3bIKH ApHoJI1>,n;a :a Mrry­
HOBCKHH IIOKa3aTeJib [Q]. 
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UU<l>fl<l>Uq.pf' 

UtphliwJunumraJm[JnuI munu.mwu]1pi.J.wb bli pwquwuwuli]1lJ.wJpli ¢nJuwqqbgm­
JOJmlilitpml f\qpliq}l lt <I>nrau)l Ulll}btfibpp lJ.p)1tpplJ.w4wli lJ.UIJlPI! lt uwqli]mwqwfi 
hwtpqniraJmfifibpn nbqmpbfiqi gwfigbp]1 i.J.pw: U2JuUitpwfipmu utpwgtJ.wb hpu­
uwl)wu wpfllmupubpu bu. 

1. ~pqqwqUii'llt gUifigp tJ.pw bpl)wl)p lt hnwl)p ¢nJuwqqbgmraJmfifibpni.J. 
Pqpliqp Unl}hlfl i.J.}ltiU1qU1qpU1l}UIU qnuiwp)1 hWUUIJl UqlUlgqwb hu hllUI~Ull}t 

nbl:jmphfitp mptpuiUJwtplJbpmulilibp[!: '\wl)w.'phpnuwqfi]1uwl)wu qhUJpmu 
qptptJ.nui h(t uwqfipuwl:jwli hwpraw4lihp gwbp 2bpuumtp)16UIUtibpmu: 
'\w2tJ.wpyi.J.wb hli 1Jw111mliml]1 gmg)l~ubp.n hnw~w¢ wptpw111wtpqbpmuubp)1 
hwuwp: BmJg t tppqwb", np hw4w:pbpmiwqfipuud.1wli qhuwmu hpqwlJ]1 lt 
bnwlJ)!. ¢nluwqqbgmraJmfifihpf1 npn2wlJP wpctbpfihp.p huruwp 1Jw111mlini.J.}1 
uwp.upuw1 gmgJ:im untphfimu t qp.Il])l: 

2. Spwtiuq>bp-uwtpppgwl)wfi uhranqni.J. hhtpwqntpi.J.wb bu hpqwq]l lt hnw4p 
l)mJuwqqhgmraJmlifihpntl. f\qpuq)l unqhlfl uwqfipuwqwfi hwtplJ.mraJmfilibpu: 
BnlJg t tppi.J.wb, np wpfllmlipfihpu hwuuuq[Jntu tu q]lu.UIU)llJ. hwuwqwpqbp]1 
Ub[Unqnq Utpwgqwi'J WJlfl]IllUpfihpp hbtp: U'nqhlfl hWUWJl l)wnmgtl_ht h(t 
UlJllpW~pfi UWqfipuwqw(t IlUl2lJlP9 lt 2hJ1UWUtpptiw(tpg UUiqlipuwqm(t 
J!fi4w1niliwlJmraJwfi qwJutJ.wbmraJwli qpw.'ppqlibpu: 

3. Spwuuq>hf1-Uwtpppgwqwu utranqntl_ hhtpwqntpi.J.wb bu wuhfiwuntp­
lt hw2npq-wubfiwuntp-hw11ltwli flqpliq]1 unqhlfl owfiq-l)lp lt .'.Dp2bpf1 
qpnfihph: '-lptiwqwqpwqwu qmuwpp qpnfibpp hUiuwp hwztJ.wpqtJ.wb bu fiuill. 
uwhUwfiwJpfi lJlWJlUlUptpmfUJUlU ]1fiqbpulibpJ!, npnfip mfibfi mti}1tlbpuw1 pfimJra: 

4. 'li)lumupq hwuwqwpqhp.}1 uhralll}ntl hwqwq>bpntlwqfibtppq <I>nrau unqhlfl 
hwuwp ~btpb gwfigp i.J.pw lt f\qpfiqp tlnqhlfl hmtlwp '\mupU)l gwligp tJ.pm 
mumuuwuppwb" t tlwqfipuwgumu l)wJuqwbmraJmlifi wplpwp.pu uwqupuwtiwfi 
qw2tp}1g: lru.mmgtl_mb" bu fiwlt Un[Jn1qp thqmlib.pp ll. 1Jw111mfiml]1 gmgw qpw­
~pl)uhprr: 5n1Jg t tppqwb, np ~wnuwJpli nhctpumu lJWUimfintl.P gmgpifi J!Uqnt­
unui t qpwqwfi wpcthp.fibp pul:j hp4w4pmra1wu l)htpb.pnui hwtJ.muwptJ.mu t 
qpn3f1: '\htpruqntptl_wi'J bu p.wquwuwulipqUIJ]lfi ¢nJuwqqbgmraJmfifibpnq :Pqpuqp 
unqb.lfl ,uwqfipuwqwu hwtplJ.mraJmfiub.pu nhqmphfitp tJ.bgwulJ.Jmu grulig]l. tJ.pw: 
5ntjg t ':lppqwb", np 2UJ1UUIUtppl:iwfip lt l}tnJuwqqbgmJ,aJWU hUIUlpUltpntUUhpp 
npn2w4J.1 wpd'hpfihpp hwuwp tphqp mfip ¢m1wJpfi wfigmu: 
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