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MomHHCKHA E.B., clle.QSIHHH B.K. P4 - 8575 

AcHMnTOTH'ieCKH TO'iHbie MeTO,Qbl B 30HHOli: TeopHH M8I'HeTH3Ma 

TeXHHKOli: H.H.Eoromo6oaa (Mn.) paccMoTpeH MO.QeJibHbii!: raMHJibTo­

HHaH, y'iHTbiBBIOWHli: HapSI.QY C 06MeHHbiM B38HMO.Qe:ilcTBHeM H 9$1JeKTbl 

KynoHoacKoro aaaaMo.Qeli:cTBHSI. Ha 6aae annpoKCHMHpyromero raMHnbTO­

HHaHa, TepMO.QHHSMH'ieCKH 9KBHBaneHTHOI'O HCXO,QHOMy, nony'ieHa H 06Cy*­

.QeHa CHCTeMa HenHHe:itHbiX HHTerpanbHblX ypaBHeHHii .QnSI napaMeTpOB 

ynopSI.QO'ieHHSI. 

flpenpHHT 06t.eAHHeHHOro HHCTHTyTa ~epHbiX HCCJie~OBaHHit 

,ll;y6Ha 1975 

Moshinsky B.V., Fedyanin V.K. P4 - 8575 

Asymptotically Exact Methods in the Band Theory 
of Magnetism 

The model Hamiltonian, that takes into account the 
Coulomb interaction effects side by side with the 
exchange interaction, was considered by the Bogolubov 
(Jr.) method. On the basis of the approximating Hamilto­
nian, thermodynamically equivalent to the initial one, 
there was obtained and discussed the system of nonlinear 
integral equations for the ordering parameters. 

Preprint of the Join_t_ ln&titute for Nuclear Re&earch 
Dubna 1975 

I. Yls~eHHe tiJeppoMarHeTI'l::lMa rrepexo,li,HHx J- :.18TaJ!JIOB B 

paMRaX 30HHOH TeOpHH y~06HO IIpOBO~I'!Tb C IIOMOmniD MO~eJinHOrO ra­

MUJibTOHHB.Ha JKHpap.n.o - PaHTa [I]: 

(I) 
Jf"' =~~!v''( f_j_ L,...,Qr~<,fJI'tlrf f .z~J:'J(k'fJSI(SJ) • .zv K1 "if L 

r.n.e: 
f (' 

~ = z:. CJ(j() ..._K)(j ) 
IS' 

S i!"' z 6' c: 6' C..:,o' 
K ' 

6' 

(2) 
r " . ~ +- ' - - Sx- . " :r- r C ~.. = sJ< -r t s., = c,, ckt , "'"' - ~ t "'"' - c,., Kt 

C.~.o I Cxo' - ~epMH-orrepaTopH po~eHHH H YHHqToxeHHH 6JioxoB-

CKI'IX SJI8KTpOHOB CO CIIHHOM o = t ~ B O~HoqacTH'JHI>X COCTORHJ1R.X, OIIH­

CHBaeMJ>X 6JIOXOBCKHMR tPYHKUHHMH ~ (z) , KOTOp~:<e F!B.JJ.RIDTCR pemeHH­

F!l'v'IH ypaBH8HHH lUpe,n.HHrepa ~.JI.R SJieKTpOHa B IIOJI8 pemeTKH HOHOB: 

(3) [ /:_ " f ~ ;,_) j t ltL) = f(x) ~ /!l-) • 

3,n.ecn ~ f'l-) - IIOT8HIJ,HaJI, C03~aBaeMbf>i HOHOM, HaXOMlllllMCF! B Y3Jie 

j . OrrepaTopw (J.) y~oBJieTBOPfliDT KOMMYTauHOHHHM cooTHomeHHHM: 

(!'!,I ;(1l = o , [ s .. " I s..~ 1 = o l#.c , S/ J = o 

(4) 

[ 
r rU! ,d (I ( - S.tj= s- 0 (sf. S-l=JStrf s" .)t) =- ;Jk o;_! ) Soc'' f K c.,'f) ~' 1· ! k'f,. 

Coo6paxeHMe, KOTOpHM pyKOBO~CTBOBaJIUCb Mlipap,n.O H PaMT ITpM BH60pe 

MO~eJ!bHOrO raMHJihTOHHaHa (I) ~ omrcaHHH t1Jeppm~arHeTH3Ma KOJIJieK­

TRBH3HpOBaHHHX SJI8KTpOHOB, C~e~romee; o6mliH O~H030HHH~ raMHJibTQ­

HHaH SJI8RTpOHOB B KpHCTaJIJie C yqeTOM MX rrapHOrO B3aill~0~8HCTBHF! 

C llOTeHUHa.JIOM cf ( rz
1 

_ z
1

) 

(5} 
y/J f 1 _, ,./., f r C 

d1 = 1. f(KJ c,,~(",IS t .zv !- ~ <xfl't'if'f.,J<'·'j.) C.,,6'ct-sY.~t.s "1.~ 
K1 $' ('J--0,5 
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~OCTaTOqHO CROXeH. ll03TO~W rrpe~CT3B~8TCH p33YMHHM orpaHH~llTbCH 

M0~8RbHHM raMHRbTOHRaHOM, KOTOpHM 6H BK~aR B Ce6R Te ~R8HH B3aH­

M0~8llCTBHR 3R8KTpOHOB B ;Jf. , KOTOpHe HaH60Ree CYIII8CTB8RHH ~ 

orrucamm tpeppoMarHeTH3Ma rrepexo~x cl- MeT~oB. 3a.MeTHM, ~To 

3Ta ~eR aHa.I10rHqHa ~ee Eap,l.(HHa,Kynepa, rilpHqxpepa ITpH ITOCTp08HHH 

M0,1.(8RbHOro raJVTHRbTOHHaHa T80pHH CBepxnpOBO~HMOCTH [ 2 } , .lJJIJl 

OITIICaHHR IJleppoMarHeTH3Ma nepexo~x j- M8TMROB B pa.MKax SOH­

HOM TeopHH onpe.I(e~xmm.m rpeppoMarHHTHoe ynoPfi.JJ:o~eHHe ~ReHaMH B H 
HB~IDTCH qReHu 00M8HHOrO B3aHM0,1.(8HCTBRH 6ROXOBCKHX 8R8KTpOHOB, TO 

8CTb HM810ll1li!O onepaTOpHyiD CTPYKTYPY sl("" t/ I o1f•J<,YI e ; H qRflHH 

npRMoro KYJIOHOBCKoro OTTa.JIKJ.!BruHiil 6JioxoBCKHX 3JieKTpoHoB, HM81ll!1J.Ie 

onepaTOpHyKJ CTpyKTypy nK,5' tp,J 0 j . tlCT8.B.JIJ!H TORbKO TaKHe ~R8HH 

B 3al1Mo,neikTBHR B raMIDibTORHaHe ( 5) , MH vi ITpH,neM K M0,1.(8RbHOH 3a,n8.-

qe Rnpap.no- Pa.iJ:Ta (I). 

B ,1.(3HHOH pa6oTe IIpe,nRaraeTCR MaTeMaTHqeCKH CTporoe HCCRe,no­

BaHJile MO,neRH (I), OC!IOBaHHOe Ha MHHHMaKCHOit T8XRHKe H.H.EoroRIDdo­

Ba (MJI) [ 4, 5] H Teop:HH HHTerpMbHHX ypaBHeHH!i XaMMeprnTeiiHa [ 6, 7~ 

2, r.IH npe,nTIOROl!GIM, ~TO H,npa B3aHMO,neiiCTBHH B (I) cenapa6en­

Hbl H W.tem Blil,l.(: 

(6) 
Q("•f' = ~(t"} ).(f) 1 J(xf)=-:f(k.J.:f(J). 

BBe,neM onepaTopH: 

(7) P =iS ~ ,l rl<} ;v,: [ = _!_ 2 j"(c; S" . 
2V 

Tor.na: 

(8) Jt:, = J.,'E(K}/'(Il- t .JVf
2

- JJI£~ 

OrrepaTopH (7) y.noBReTBOPffJDT ycROBHRM: 

(9) 
/1 L ol II :: In rX : X ' ~ ' 2 ; If/( f( 112. [ p £ J : 0 t. I 0 .._ -

II [ L ~ L t-j II { Jr/3 
v j II {L~ F)l { 1J13 v 

4 

II[;./ 4 j Is ;"~ ., 

rne 

(10) 

m=_l j;~"' '1 (211}3 ;frxJ / oiK 1Hz - 1 (. - (zii/ o /).(xJ / cl K / 

4 J 2 4 ~2 
trlJ: Uff)J j'f..J b J 111y =(21!)3)A (Jc)dK 

Heo6xo.nHMUM ycROBHeM rrpHMeHeHHR Tex~nn\H Maxopa~oHHHX oueHoK 

H.H.EoroRIDdoBa (MR) f 5 j HBJlff8TCH KOHeqHOCTb BeRH'<!HH m •. , (.: /, · ,t, 

~To H 6y,neT HaMH ,na.Jiee rrpe.nno~aTbCH. 

BBe.neM arrrrpoKcHMHPY~ raMHRhTOHHaH: 

(II) ~ =£f(lc}~ r2V(JaP 2-at)-J'I(Jtl-tj"' 

r~e ({ H ~o( ( c{ =Xtc'J; ~ ) TIOKa IIpOli!3BORbHH8 rrapaMeTpbl • .!J.o6aBHM 

K raJV~HRbTOHHaHaM 11"" H ~ '<!R8HH B3aHM0,1.(8HCTBHR 6JIOXOB-

CKrcr 8R8KTpOHOB C BHelliHHM MarHHTHHM ITOJieM: 

-II : //, - h Is~ 
cllA 4 * k • (12) ~ : .1,.,- ),[~"~ 

I( 

Ha OCHOBaHHH HepaBeHCTBa H.H.EoroRIDdOBa ,n~ ITJIOTHOCTH CB060~X 

aHepr:HH [ 8] MoxeM Hamwan: 

J ((!.- () 2 ~, 5/.fv (~)- /v (J("'Jj ~ 2 ((-t-tf?:;.,_ ) 
(13) 

2 ( { f- aJ 2d/ ~ {£ (J&) -fv f~)} { :;_ ((f-J~ 
r,ne MH BBeM "rrpOM8.EyTO~HHH" raMHRbTOHHaH: 

J::/ = ZJ"{~cJt'V.. t- ~vf"- :<v(tl- t~. 
A "' 

MaTeMaTHqecKHM CRe,nCTBHeM HepaBeHCTB (13) RBJlffeTCH TipHHWIIT MIDili-

MaKCa [ 5 j : 

(14) I;; ( Jl ... ) - "''" 1>10)1.;:, I~) I { j;<(P- d~) 1 f2<' (1.- <i:;,)~ . 
' 4 II' 

MaxopauHOHHyJD oueHey .nJI1I ( ( P- <'P~)~ Jieno nonyqHTL Ha 
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OCHO.BaHHH TeopeMhl Bm<a-EJioxa-Jl.OMHHUCl'!Ca [ 9j IIpHMeHHTeJThHO K 

raMH~nTOHHaHy ~ 

(15) ((P-(f> ).2, ~ _!_ 2;1,1{;:;)/if'J((JY'"~>- <'~i (J¥.1'>) ~lrlr 
A :4 'tv2 x,f A A A/ Y. 

~~nHeHrnee ~OKa3aTe~nCTBO OCHOBHBaeTCR Ha MeTo~e, IIpe~oXeHHOM 

B pa6oTe [ 4 ] • 

BBe~eM BCIIOMOraTe~bHHe r~bTOHHaHH: 

(I6) e :: Jl, - v vl 
2- .... ' 

0 (' )I ( V o{ = X, '1
1 

C • l'z r />1, A 
-ol.-o/ 01 .,.. 

Tor~a Ha OCHOBaHHH (4),(9),{16): 

(17) II [!;, j, "'J 1/ s:- ~ ms f I k I "'t 

Ma ~OPMY~ onepaTopHoro ~H~epeHUHpOBaHHH: 

Z ( /-) f. j -/"J"'(· I j ) } - (i-x)fJ,., 
(18) - 'J J.-< ;_ = Vi j .f_r l (1-.r <'i.J>)e "--<- ( O(~e ol~ 

'd~2 0 .sf~p(-pt;.,) > 

HepaBeHCTBa fe~b~epa H (I7) C~e~eT, ~TO: 

(I9) Zi( z 
((!,"'--,; /d.)l2) { _ Jn r,.,) _!_ + (Vo"'Jf/)/JJ(- J'fva'} 

/ 'd¥ 2 RV - -
cl. r v oY2 

06M,nmum (I4,I5,I9), ITOJJY'IHM! oi • 

I /"'(r,.,)-n.<'nhl~ r (r.Jj { 2"'r + L z(- J)(,(;;,7f . -c a.. .Tv A v jJ JT ..._ o vl d. 

'1 

f 2 ( ~11?3 f Ji/m_, }f 2'( J'/.,(1;.,)) 3 
v / <l d y-< / 

.:( . 

(20) 

Y Cpe,ItH.Ilii HepaBeHCTBO ( 20) IIO Y C Be COM ~ >} ~ B 06JIB.CTH { 0/ t j 
( l > 0 UpOH3BO~bHO) H KCIIOJTh3Y.fi orpaHK~eHHOCTb nepBbiX ITpOK3BO~-

.6 

1 

I 

I 
'd£(;;.J; 

HHX ~ I .f "& ' KHTer~bHOe HepaBeHCTBO re~b~epa 1'1 Teope-
0( 

MH o cpe~eM,no~~aeM oneHKy: 

/ [ ( lf,.,J - "'inn.~£(~)/ .( :l.mr r bhf.v"' t 
• ~ a v v p 

(2I) 

.;. 6(1J1,mJ /hlm})f 
v 1 ~v . 

BH6HpaH l H3 MHHHMJMa IIpaBOH ~aCTK B (2I), IIO~~HM OKOH~aTe~bHO: 

I !v ( .l(.J - mt'n "'"?< i ( 1&} I .f' ~J:;_ 
t a V s-

(22) 

TeM CaMbiM ~OKa3aHa TepMO~aMH~eCRa.FI 3KBHD~eHTHOCTb MO~e~nHOro :1'1 

annpoRcKMHpYDmero raMKm.TOHKaHa. 

3. ArrrrpoKcHM:Hpynmm1 r~nTOHKaR (II) MoxeT 61>1Tn 3anHcaR: 

-<~J = 5'r7'r.tJ- f>A(';.;lct c -Z /w(")c!,c"-1 + ic)t ~ 6l' / ~r ~r k (' ~ 
k,IJ 

(23) 
f 2V(C

2
-aL) 

1
. 7'(.:) = E{<J tJ~d~J-_1'/ w'(<J~ i;tr~ 

~- '< e ~-, t(f t1r:) :: Jt}!kJ i l 

IToc~e RaHOHK~ecKoro npeo6pa3oBaHH.FI: 

C~r,o = !((K,6")Q~,~- V(K1 6") QJC,.r 

(24) c f = u*/1< iJ) a,. - t.:l-(it,o) a:_ o-
Il,() {~' Jt,O' .I / 

'Zt(~,rr) = (4tf!2}"/J. , z:(K,r)= 'f 1{(K,6), 1/: r:~(xJ-fLNKJt/WfJtJ/2) . 
fBMKnnTOHKaH JVA ~roHanR3YCTC.fi H IIpHBO~TC.fi K B~: 

(25) ~· = 2: (1'r;c)- o/A2fk.J t/w(M.J/ }a:~ au, f 2V/f.!_ a2) 
JL,o' J '" ' /. 
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TepMO.l(lt!HaMH'18CK:IDI TIOTBHUiia.JI MO.!LBJI:OHOM CUCTBMH B!l'ilt!CJlfl8TCH TO'iHO: 

/(e,,f', h, C, t) =- t,J., :v g <:r~r(fdt.) = 1(ti:. aV-
V-)...-..c:~ r 

(26) 
Q f -p! 'l'{k) - .f/ J'(k) ') 

----::-
3 

Jk ~ (1+-e f- e da(<l(yt /w(q/
2 

R~ I . 

ITapaMeTpH u It! t .l(OJ!iKHH 6blTb orrpe,n:eJIBHbl Ha OCHOBaHHH npHHUHIIa 

MHHID~aKca, 'iTO ,n:aeT: 

(27) 
'df ~I 

?!"- = 0 
eX= X()' i! 

- 0 ) ?A. 

ils (23), (26), (27) .l(Jlli napaMeTpOB r1 H £ IIOJIY'iaBM CHCTBMY HBJIH-

HeiiHHX UHTerpa.JibHblX ypaBHBHIDi: 

Jj -f1'(v ' I. z• 
tL =- {ln)- )(c)/ e -f 1/1./ Ll'Y'S' t jVV('<J/ JK 

c4(?fKJ 1- d/ f.dY") f/W(/t)jz 

(28) ll- = (u;?/ j(") 4(x) ~ ShjJ I AY") 1-/W(K//z -JK 

(J!(x;fiW ( ;y I cJ, l r (I<) f- cf, //A 2(") fjlr' ~ J/2 

;- _ / -s (rfr; w{KJ s4j>IA.YLJ+-IW(x..J/
2 

d1< 
1J - ("~JT /'IK) 1 ) ) lA2(tj i- /W(kJ/ 2 dtff?(K-) f vhjtfi2fi:Jf/W(it;/ 

YpaDHB!HUI COCTOHHHH MO.l(CJI:OHOH CHCT8Mbl HM810T BH,n: 

_c; = J. z ( s~ > = _ ?J = (2;ri}; Lj0 ,; k s ipfA'fL)f·lwM/ 
<
29

) ' 11 ~< it. J£ .z. IA'YX)t/w'(":J/ d,pfx;+-cJilrKJ+Iwl 

I 1 
.,7'(1<) ~ 2' 

YL = J.. I! ( /( K.) = _ ?_ = 2T -J ~ f d (3 ~h) r /W(.itJ} 
7 
j)( 

V x t/ {3.r) c.Af 11'(~) 1- c/, (>fJfK)f--/W(kJ/2 
• 

YpaBHeHM (28) HBJlliiOTCH HHTerpaJI:OHblMH ypaBHeHHHMH una XaMMep­

mTetiHa [ 6 J . [CCJie~yeM BOTipOC 0 CYU\BCTBOBaHIUf TO'I8K 6H­

cpypKai.l,X!H, KOT0pbl8, KaK H3R8CTHO, CBH3blBaJOTCH TO'iKaMH ilaSOBhlX 

npeBpamenmi B cHcTer.:e [ 10 J • Ha ocHoBaHIDI TeopeM XaMMepwTenHa 

[ 6, 7 J rrcpBoe ypaBH8HHe (28) npn sa,n:aHHOM -{; IDI!eeT Bcer,na 

e,n:HHCTB8HH08 p8W8HH8 U , KOTOpOe ,n:aeT nepeHOpMHpOBKY 30HHOrO 
0 

8 

crreKTpa aneKTpOHOB: [(*)..., f, {.,) = E{k) 1- trio ){K), onpe,JJ;eJI.fleu:yn npii-

J.WM KYJIOHOBCKHll OTTaJIKHBaHHeM • .Il.Ba .n:pyrHX ypaBHeHM (28) rrpu k= o, 

IIOMRMO TpiD3lmJI1>HOrO pewemm ~:o(O :1'! ,5': 0 , COOTB8TCTBYDUero rrapa­

MarHHTHOMY COCTO.IUUHO C:I'!CT8Mbl, MOryT HMeTb peweHHe f1 0 (ifleppo­

MarHHTH08 COCTO.fiHHe),ecKH: 

(30) s0F) } 2
(kF) zf 

~;rk/ 
r,n;e f'(Kf) = (2

11
/ ~ - nepeHOpMHpOBaHHM IIJIOTHOCTb 3JI8KTpOHHblX 

COCTOHHHH Ha ypOBHe ~pMH. Eo~ee .l(8TaJibH08 HCC~8.l(OBaHH8 CHCT8Mbl 

(28) (c llpHBJI8'18HH8M 8HA) rrpe,n:cTaBRJIO 6bl 3Ha'1HT8JibHblH HHTepec B 

cMsn c npo6~eMoa ®eppoMarHHTHoro yrroPH.n:O'ieHHH rrpn HaKHqJUI KYJIO­

HOBCKoro B3aHMO,n;e1i1CTBM 3JI8KTpOHOB. Yc~OBH8 (30) 8CTb 0606Uieii:I'le 

YC~OBHR CTOHepa B03MOEHOCTH CTIOHTaHHOH HaMarHH'18HHOCTH CHCT8MR 

KOJIR8KTHBH3HpOBaHHHX 8~8RTpOHOB[IIJ • 

0TM8THM B 3 aKJID'I8HH8, tJTO peweHHe MO,ll;8J!DHOH 3a,D;a'1H (I) Jier­

KO o6o6maeTCH Ha 6oJiee WHpOKHH KJiaCC cerrapa6eJI:OHblX B3aHMO,D;eHCTBHH 

BH,na: 

I? 

!J ~,,} = ~ I: 1/liCJ ~-[f) 
T• I 

s * ()~,~'} a z' q_ l (k_}),. (,J 
d--lqJ J J 

npu onpe,n:eJieHHHX orpruurtJeHIDIX Ha ;)j, 1 i 
IToJIY'ieHHHe r.1aTeMaTHtJeCRH cTporne pesyJI:oTaTbl ,nanHoR pa60Tbl 

HaxO,D;RTCH B COrJiaCHH C C006paE8HHRMH E:l'lpap,n:o H PaHTa, OCHOBaHHbl­

J.IH Ha BapH~l10HHOil llpHH[(Hrre H.li.EoroniJ6oBa H TepMO,JJ;l1Ha.MH'I8CKO~ 

T80pHH B03MYU\9HH.fl [ 1 ] • 

~~ npnsHaTeJI:OHH H.H.EoroJII06ony (M~) sa o6cy~eHne n ueHHhlP 

saMetJaHM. 
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