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§ 1. BBELlEHI1E 

B Teopuu TBepaoro Tena cymecTBeHHwA HHTepec rrpea
cTaBngeT gBneHue coBMeCTHoro cymecTBOBaHug cBepxrrpo
BoauMoCTH u ~eppoMarHeTH3Ma B cBepxrrpoBoagmux crrnaBax 
C MarHHTHhiMH DpHMeCgMH. 3KCITepuMeHTanbHO 6hinO ycTa
HOBneHO, qTQ TaKOe COBMeCTHOe cymeCTBOBBHHe B03MOmHO. 

3aecb Mhl rrpoaonmuM HaqaToe B pa6oTe/9/ uccneaoBa
HHe Moaenu TaKoro crrnaBa, gBnmomeAcg KOM6HHauueA MO
aenu EKW ang cBepxrrpoBoaHnKa u s -d- o6MeHHoA Moaenu 

/4 6-8/ BoHcoBCKoro-3uHepa ang ~eppoMarHeTHKa ' : 

H =! (fk -J.L )ak+ ak - (V/N)! ak a k a k' ak, -(J/N)x 
k a a k k' + --- - + 

,a • (I ) 

eN + + 
xl ![(a++ak+-a ak )Sz+a+kak S-+a+a S l, 

k m=l · k k- - m + - m k- k+ m 

BBeag cneayiOmne o6o3HaqeHug: 

A=l...!a+a+k' N k k+ - -

T 

(2) 

(3) 

( 4) 

( 5) 
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f'8MHnhTOHH8H (1) MO*HO nepenHC8Th B BHae 

+ - + + -
H=T-VNAA -JcN(S M +S M +2S M ). (6) 

z z 

B oTnHqHe oT scex paaee nposoaHMhlX HccneaosaHHA/S/ 

sonpoca cymecTBOBaHHs:r csepxnposoaHMOCTH H ¢eppoMar

HeTH3Ma, B npeanaraeMoA pa6oTe 3aaaqa pewaercs:r roqao 

Ha O,CHOBe Meroaa ann/OKCHMHpyiOlliHX raMHnbTOHH8-

HOB 11 •21 · B pa6oTJ
9 

nocrpoeH annpoKCHMHpyiOmHA ra-

MHnbTOHHaH 

Hf0 (a,s,sz ,m,mz )= T-VN[aA ++a +A - aa+]-

+ 1+ + -1- + -jcN[s(ES +-M )+s (ES +-M )-ss + 
( ( 

+ 2 s ( ( S + l_ M ) - s 2 ] + J c N _1
2 

[ m M + + m + M --
z z ( z z f 

+ 2] - mm +2mzMz -mz , 

3aBHcs:rmHA oT nono•HrenbHOro napaMerpa f. IloKa3aHo, 

qTo pa3HOCTb CB060aHhiX 9HeprHA ans:r f'8MHnbTOHHaHOB 

(7) 

(1) H (7) CTpeMHTCSI K HyniO B TepMOaHHaMHqeCKOM npe

aene npH f-+ + 0 

lim lim 1 fN [ H (
0 

(a,s,ffi)]- f N [ H] 1 = o , 
f-+0 N-->oo 

npHqeM llOCTOHHHhle a , S , Sz , m , m z JlOn*Hhl 6hiTb 

onpeJleneHhi H3 ycnOBHs:r: 

( 8) 

fN [ H 0 (<l,s,m)] = min max f [ H (a,s,m)]. ( 9) 
f a,s m N £0 

~2. llMAfOHAJIM3AUMH AllDPOKCMMMPYIOlllEfO 
fAMMJibTOHMAHA M Bbi4J,1CJIEHME EfO 
CBOEOllHOH 3HEPfMM 

3aAMeMcs:r CHaqana JlHaroHanH3auHeA nHWb ToA qacTH 

annpoKCHMHpyiOwero f'8MHnbTOHH8H8, KOTOpas:r COJlep•HT 

4 

.. 

onepaTOpbl M8f'HHTHh!X MOMeHTOB llpHMeCH 

(I) + + - 1 + 
H o(s)=-JcN dsS +S s +2sZSZ--ss -

f ( 
1 s2 ] = - z 

( 

eN + 2 
=-J( I [sS +S+s-+2S sz]+ JcN(ss++ s ). 

m=l m m z m z 

+ 
KaK onepaTOpb! MOMeHTa KOnHqeCTBa aBH*eHHSI s.; 

H S ~ yaosneTsopSJIOT cneayiOlliHM nepecTaHOBO'IHhiM 

COOTHOWeHHSJM! 

+ - z z + + 
[S m'Sn ]_= 2Smomn' [Sm ,Sn] = Smomn ' 

[Sz ,S-] =-S-o . 
m n m mn 

(10) 

( 11) 

OrpaHHqHMcs:r aanee cnyqaeM S=l/2 . Toraa onepaTopbr 

s± SJBnSIIOTCSI onepaTOpaMH JlaynH: 
m 

sz=.L-s-s+ 
m 2 m m' 

SZSZ=l/4, 
m m 

( 12) 

s+s -+ s -s+ =1, 
m m m m 

s+s+ =0, 
m m 

s-s-=o. 
m m 

M3 (11) H (12) nerKO nonyqHTh COOTHOWeHHSI 

+ z + s-sz=.Ls- szs+=.Ls+,s-s +Szs~=o, 
m m 2m' mm 2m m m m m (13) 

KOTOphre 6yayT none3Hhi HaM B JlanhHeAweM. 

BseaeM HOBbie onepaTOpbr 

f3 = u 2 S - - v2 S + -2 u v S z 
m m m m 

( 14) 

f3+=i'i 2 s+-~ 2 S--2~tsz. 
m m m m 

HaA!leM aeo6XOJlHMOe H JlOCTaToqHoe ycnosHe Toro, qTo6hr 

npeo6pa30B8HHe ( 14) 6hrnO K8HOHHqeCKHM, TO eCTh, qro6bi 

onepaTOphr {3m H {3: 6hrnH TaK•e onepaTopaMH IlaynH. 
n3B8HCTB8 

(:3m f3n - f3n {3m = O, 
+ + + 

f3mf3n -{L f3m =0, (mfn) 
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BhliTOITHHIDTCH TpHBHBITbHO. ilanee 

( + ++ 4-- 22-+ 3 -Z 
(3 (3 = (3 (3 ) = u s s - u v s s -2 u v s s -mm m m mm mm mm 

-u2 .;s +s- + v 4 s+s ++ 2uv 3s+s z -2u 3 vs z s- + mm mm mm mm 

3Z+ 22ZZ ?.2 22 
+2UV SmSm+4U v SmSm= -u-v +U v =0, 

rrpuqeM OhliTU UCITOITb30BBHhl COOTHOWBHUH (12) H (13). 

C opyroA CTOp0Hhl 1 

(3 (3+=1ui 4S-S+-u 2 ~ 2 S-S+-2 lul
2
u:s-sz-mm mm mm mm· 

+2 2 + + 4 + - + 2 + z 2+ z + 
-u v SmSm+lvl SmSm+2uvlvl SmSm-2lul uvSmSm+ 

+ 2z- 2 2zz 
+ 2 u v 1 v 1 s s + 41 u 1 1 vi s s , m m m m 

f3 + f3 = I u 14 s + s - + I v 14 s- s + + 2 tv 1 v 12 s z s +- 21 ul 
2
.iv s + sz-mm mm mm mm mm 

2 + z + 2 - z 2 2 :~ z 
-21ul uvS s-+2uvlvl S S +4\u\ lv\ Smsm; m m m m 

yquTbiBBH (12) H (13), HMBBM 

(3
+ + 4 4 2 2 2 2 2 

m (-3m + f3m f3 m= I u I +I vI + 21 u I I vI =<I u I +I vI > · 

TaKHM o6pa30M, rrpeo6pa30B8HHB (14) HBITHBTCH KBHO

HnqeCKOHM TOrOB U TOITbKO TOrOa, KOrOB 

lul2+1vl 2 =1. (15) 

3arruweM s B eu~e 

s = 1 s 1 e i¢ , s +=I s 1 e -i ¢ ( 16 J 

6 

u Bhr6epeM ___ _ 

1 2sz 
U=-=-v1+--, 

y2 E 

i¢ 1 2s z + 2 
v = e "=-'" y 1- --, E = 2 y ss + s z ; (I 7) 

v2 E 
HCHO, qTo YCITOBHB KBHOHHqHOCTH (15) BbiiTOITHHBTCH. 

I1MeeM: 

Ef3+f3 =Et(.L+ ~)2 s+s- +(.!... -~l s-s+ + 
mm 2 E mm 2 E mm 

1 s ~ i¢ 1 Sz z + 1 sz + z 
+ 2 v -r - - • e [ ( - - - )S S - ( - + - ) S S ] + 

q E2 2 E m m 2 E m m 

1 s z -i¢ 1 sz - z 1 s z z -
+2y----Le [(----)S S -(-+-)S S 1+ 

4 E2 2 E m m 2 E m m 

1 s 
2 

i¢ + -i¢ - z l.. 
+( -4 - -J:) I =Is I e S +Is I e S +2 s S + E 

E2 m m z m 2 

+ + - z + 2 = sS + s S + 2s S + ys s + s . m m z m z 

TaKUM o6paaoM, raMnnbTOHHaH (10) rrpu KaaoauqecKOM 

rrpeo6paaoeaHHH (14), (17) ~HaroaanuayeTCH H 

()eN ---
H 

1 
=-j£I[sS++s+s-+2sSz+yss++s 2]+ 

f 0 m=l m m z m z ~ 18 ) 

eN ----
+JCN£ySS++ s2+JcN(sS++s2 )=-J!I£yssT+s2 (3+(3 -

z z z m m 
m=l 

-[(ss+ +S; )+ £ yss+ + s! 11 . 

OpHCTYITHM Terrepb K ~HaroaanH3BUHH ocTaeweftcg qacTH 

r8MUITbTOHH8H8 

H(
2
0
)(a,s,m)=II T(k)(ak+ ak +a+k ak )-Vaak a k-

( k + + - - - -+ 

+ + + m s + m+ s+ + - V a a a + J c ( - - -) a a + J c( -- - -)a a + 
k+ -k- (2 ( k+ k- (2 ( k- k-+ 

+Jc( m
2
z- s

2
2)(a: ak -ak+ak )+Vaa+- E(mm++m 2 ). 

( ( + + - - (2 z 
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YJcrronb3YH cneayiDmHe o6o3Ha'leHHH: 

mz sz 
A ( k v , n 11 ) = [ T ( k ) + J ( - - -) f ( v ) ],~ (k -n) !'\ ( v -11 ) + 

( 2 ( 

+ [j( ~- ~)e(v)+J(~- ~) e(-v)Jt'>(k-n)c\(v+IL), (20) 
(2 f (2 ( 

+ B
1 

(kv, n11 )=-Va e(v)~(k +n)J\(v+/1 ), 

B
2
(kv, n11 )=-Vae(-v )i\(k +n)J\(v+/1 ), 

rae 0(+1/2)=1, e(-1/2)=0, da)=e(a)-e(-a), 

BUPB*8HH8 (19) MO*HO rrepeiTHCBTb B BRae 

(2) ( ) + '<' ( + H a,s,m = ! A(kv,nll)ak a + ,.:;, B 1 kv,n/1 )a+k a + 
f 0 kv ,n/1 v D/1 kv ,nil v n11 

+! B2(kv,nll)akvanl1· 
kv,n/1 

nepefiaeM K HOBbiM nepeMeHHLIM 

a = ! I u (k v , n 11) a + v ( k v , n 11) a + 
kv nil n11 n11 

+ + + a = !lu(kv,nf1) a +V(kv,ull)a !. 
kv nil n11 nf1 

(21 ) 

(22) 

/:J I 
KaK 6uno ITOKB3BHO B pa6ore··~ ycnOBHHMH KBHOHH'IHOCTH 

npeo6pa30BBHHH (22) 5IBnHIOTC5I COOTHOWeHHH OpTOHOpMH

pOBBHHOCTH 

8 

+ + 
!I u(kv,nll)u (p7] ,niL) +V(kv,nl1)v(p7] ,nll)!=L'\(k-p)L'\(v-77) 
ll/1 

!I u(kv,nl1)v(p7J,DIL)+ u(p.,, nfl)v(kv,n/1)1=0 
ll/L 

(23) 

... 

HJUi 

+ + 
! I u( llf1, kv) u(nll ,p77 )+ v ( n11, kv) v(llfL, P77) I =Mk-p)L'\{v-77) 
D/L (24) 

+ + 
! I u (niL, kv)v(n IL•P77)+v(nll, kv)u(nll, p77) I =0. 
D/L 

ilnH roro 'lTOobi rrpeo6pa3osauwe (22) awarouanH3osano 

raMHnbTOHHBH (21 ), Heo6xoaHMO H aocraTO'IHO, 'ITOObl 

WHKUHH u H v yaoBnerBopMH cneay10meii: cwcreMe ypaB

HeHwii:: 

l 
+ 

E (k v) u(p 71, k v) =!I A(p77, n11 )u(nll ,k v) +B(p., ,niL) v(nll,kv)! 
D/L 

-E(kv) v(p.,,kv)=ll A(p.,,nll)v(nll,kv)+B(p.,,nll)~(nll,kv)l, 
D/L 

rae 
+ 

B(p77, nll)=B
1 

(p.,,nll)-B
2
(p.,,nll). 

k , n , p rrpo6era10T Bee N 6noxoBCKHX cocroHHHii: c oaw
HaKOBhiM HarrpaBneHHeM CITHHB B 30He rrpOBOJlHMOCTH, V, 

11,71 =+1/2,-1/2.BBOJl5I o6o3Ha'leHHSI 

m s 
R(kv) = T(k) + Jc(-z- ~)E (v) = T(k) +X t ( v) 

f2 f (25) 
m m+ s+ + 

Q( v )=Jc(- _..§._) O(v) + jc(- --) 0(-v) = Ye( v) + Y Ot-v) 
f 2 f f2 f 

P(v) =-Va +dv) =-Zd v), 

H llpHHHM85I BO BHHM8HHe (20), 9Ty CHCTeMy MO)I{HQ 3B

ITHC8Tb B BHJle 

E(k v) u(p77, k v) =R (p77) u (p77 ,kv)+Q ( 71 )u (p-77 ,k v) +P(.,)v( -p-77,kv) l 
+ 

(26) 
-E(kv )v(p 71 ,k v) = R(p77 )v(p77 ,kv) + Q(71 )v(p-77 ,kv )+P(.,)d(-p-77,kv). 

EyJleM HCKBTb T8KOe peweHHe CHCTeMbl (26) ,'ITO OTnH'I

Hb!MH or uynH Moryr OhiTb nawb cneJlyiDmHe IPYHKUHH u H v: 

u(kv,kv), u(k-v,kv), v(-kv, kv), v(-k-v, kv) 

9 



nn5l mo6biX k 11 mo6biX v. B TaKoM cnyqae CHCTeMa ypas

HeHI1i1 (26) pacrranaeTC5l HaN He3aBI1CI1MbiX rronc11cTeM 

E( kz,)u( kv,kv)=R(kv)u(kv,kv)+Q(v)u(k-v,kv)-+ 
+ +P( v) v(-k-v, kv) 

E(k Jl )u (k- v,kz;) =R(k- v )u(k-v ,kv) +Q(-v)u(kv ,kv) v+ 

+ 
+ p ( - v) v ( -k v , k v) (27) 

0 + 
-E (kz )v ( -kz ·,kz) -8.( -k I<)V ( -h k u) + Q(z; )v (-k-v,kv)+P(v)u(k-v,kv) 

l-E(kz>)bv(-k-z•,kz·)=R(-k-:)v(-k-v,kv) +Q(-!1) v(-h,kv)+ 

+ p (- Jl) u ( k !! ' k v ) , 

rJ:te k 11 z· yl!\e rtmKCI!pOBaHhi. llonoJIHI1B ypasHel!f!5l (27) 
KOMIJJleKCl!O COilfJS11Kei!Hb!Ml1, BLIIIf!WeM OllpeJ:teJlf!TeJib CI!CTC· 

t\jj,[ 

u u 
k I' k-1' 

-
R-E Q 
k l' l' 

Q R-E 

-l' k -1' 
-

1-- I 

l-----1-------
p·' 

v v u + u t v + v t 

-kl' - k-l/ ki· k-1' -kl' -k -l' 

p 

I li 

p 

-v 

R+E Q p 

' I I I I 
-K I' I' j' ---! 

Q RrE p 

1 
-I' -k -l' -1' 

p f H+--E Qt 

I' k I' I' 

-~)·:·-r- -- -Qf ~~E -----
·-/ -1 k -i 

___ ,.. R'-tE Q + 

-k I' I' 

p 
--------1------~=r_--l·--~--U- R ', E t 

i I \ -- -k _, 
--~__j__ _ _ __L . j 

i' 
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l 
1 

·J 
\ 

lln5! Bbl'II1CJleHH5l orrpe,QeJli1TeJI5l YMII0}!<11M BOCbMYIO 

R (k v ) - E ( kv) u 

CTpOKY Ha 11 Bbi'!TeM ee 113 rrepBOI1, 3aTeM 
p+(-v) 

YMH0}!{11M BOCbl'v1YIO CTpOKY Ha Q(-vL_ 11 Bbi'ITeM ee 113 
p+(-v) ~) 

BTOpOti, nanee yMHO}!{I1M Ce,QbMYIO CTpOKY H8 +v_ 
p (v) 

11 Bbi'ITeM ee 113 rrepsot'I 11, H8KOHeU, yMi0}!{11M Ce)lbMYIO 

CTpOKY Ha 
R(k-v}-EfuJ 

p +(v) 
11 BbiLITeM ee 113 sropoti. nocne 

BbiiiOJlHeHIHI YK838HHb!X onepaUf!li nepBLie ~!Be CTpOKf! 

np11MYT Bflll 

l 1 I I I I I :: I .r: I 
rne 

X 
I 

y I 

z, 

_ ~(-1/)[R~)-_~~-
p f( -II) 

P <I ) _ r R ~-c-~~~EJ_k_::lJ~-~~J...=..ECku),l 
p t- (-1') 

P(-1·)- _Q_i~_QL::.!..l 
p (-1') 

_ __ R
1
_( -k-_:_l.__:_!'~Q~-~) l Q~_:l_ . 

p+ ( -i') 

f][>OI\l>Jt\1 i!l!!1JIOI'li'!HLIC llbi'!I!CJleHl!\1 1 TpeTbK> >1 '18Tfi('PTY!O 

·rpi>KI! ',!();,,f!() Ilflli!\C1 Til 1\ CJl('JlytOIIll!:VP,' IH!Jiy: 

~-=t_t_I I :,'I ::FI-J 
T"r:E: YpcmHerme LUHI oiipe,aenc+m>r E(k,1·) 38Tif11llCTCH 

U p, ~ t; I(; 

- r 1- 2 +- 2 ')t·r'>
2
·tP(i·ll .[P(-,·)1 =0, 
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r.ue 

x1 Y1 x2 Y2 

0 - I I 0-1- z t 2- I z t 
1 1 2 2 

11 ccne,uyeM B03MO)KHOCTb 0 .( p + ( v)) 
2= 0 . 

1 

3Ha'!:eHHSI V= 1/2 H V=-1/2 ,ll810T O,llHO H TO )Ke ypaBHeHHe 

+ + 
[Y (T{k)-X-E(kv))-Y {T(k)-X+E(kv))] x 

X [ y (T (k) + X + E (k v))- y ( T (k) + X - E ( k v )) ] -

+ + -[ ZZ + (T(k) +X +E(k v ))( T(k)- X- E (k v))- YY ] 
(28) 

+ + x[ -ZZ -(T(k) -X-E(kv )) (T(k) +X-E(kv))- YY ] = 0, 

+ 
r.ue y'ITeHo, 'ITO T(-k)=T(k) H T (k) = T(k); u:nu: 

YY + [- 2 E(kv )][2 E(kv) ]-[I Z 12 + (T 2(k) -(X- E (kv )) 2)

-1 Y 1
2 

l [ 7"" I Z 1
2 

- ( T 2 (k)- (X-E (k v ))2 ) +I Y I 2 l = o. 

8hmonHSIH npocTbre anre6pau:qecKHe npeo6paaoaaHHH, 

nony'IHM 

2 2 2 2 2 22 
[E (kv)+IYI +X -IZI - T (k)l-4[1YI+X ]E (kv)=O, 

HnH 

E 
4 

(k v)- 2 [I y 12 
+ X 

2 
+ I z 12 

+ T 
2 

(k)] E 
2 

(1w) + 

+ [I y 12 +X 2 - I z 12-T 2 (k) ]2 = 0, 

OTKy.Ua 

2 2 1/2 2 1/2 
E (k v ) = ± { [ T (k) + I z I ] ± [X + I y I ] }. 

1-4 

12 

(29) 

l1cXO.UH H3 ycnOBHH K8HOHH'IHOCTH (23), (24) nerKO 

Bb!6paTb H3 qeTbipex perueHHH (29) Hy)KHbie, BXO.U.HlllHe 

B .UHaroHanH30B8HHhlH raMHnbTOHH8H, 

H(2
0
) (a,s,m)=! E(k+)a+ a +! E(k-)a + a +!G(k), (30) 

( k k+ k+ k k- k- k 

rne G(k)- c-tiHcna; a HMeHHO 

2 2 + 1/2 m s m + s + 
E (k +) = [ T (k) + V a a ] + J c [( 2 - - )( 2- -) + 

( ( ( ( 

+ ( m ~ _ -~ ) 2] 1! 2 
(31) 

( 2 ( 

(k ) [ 2(k) 2 + ]1/2 [ m s m+ s+) mz s 2 71 E - = T + V aa - J c (- --)(- - - +{-- --!} ], 
( 2 ( (2 { ( 2 ( 

rae Mbl ytiJIH COOTHOllleHH.H (25). 
803MO:tKHOCTb + 2 o .[p (-a)] =0 

2 
naeT TO *e caMoe ypaaHeHHe (28). 

ilJI.H Toro, 'IT06hl onpeneJIHTb CB060.UHhlH tiJieH B (30), 
HY*H0 1 3Ha.H E(k, v) (31 ), pernHTb CHCTeMbi ypaBHeHHH 

(28) OTHOCHTenbHO <jlyHKUHH U H V, 3aTeM HOpMHpOB8Tb 

8TH pellleHH.H C TIOMOlllbiO yCJIOBHH (23) HnH (24) H 3aTeM, 

noncTaBHB (22) B (19), Bhl'IHCJIHTb G(k). O.uHaKo sTOT 

nyTb conp.H*eH c 6oJiblllllMH Bbi'IHCnHTenbHbiMH TPYLlHOCT.H

MH. TiosTOMY TIOCTYTIUM HHa'le. TIOLlCT8BllM B (30) Bb!pa)Ke-

H" n ~ uono-:> a /3/ 
1-U.Il u..kv ... '""'!-' ............. nu 

+ + + 
a kv = u ( kv, k v) akv +U(k-v ,kv)ak-v+v(- kv, kv )a -kv + 

+ v (- k - v , k v ) a +k , 
- ....:v 

+ + + + 
ak = u(kv, kv) ak +U(k-v,kv)ak + v(-kv,kv)a k + 

v + .v -v -v 
+ v (-k-v, kv)a_k....:v" 

Tiocne npocThiX Bbi'IUCneHHH nonyqaeM 

H: 0 ( a, s,m) = ! I( [ I u (k +, k+) I 
2
- I v (k +, -k +) 1

2 
] E (k+) + 

k 
2 2 + [[ 2 +[lu(k+,k-)1 -lv(k+,-k-)1 ]E(k-)]ak+ak++ lu(k-,k+)\-

2 2 2 -I v (k-, -k +)I ] E (k+) + [ lu ( k-, k-) I -I v(k-,-k-)1 ]E(k-)]x 
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# # 2 2 
xa+k ak +J(ak a )+[I v(k+,-k+) I +lv(k-,-k+)l ]E(k+)+ 

- - V D/L 

2 2 
+[\ v (k+,-k-)1 +IV (k-,-k -)1 ]E(k-)+G(k), 

# # 
rae qepe3 J (a kva nu ) o6o3Ha'!eH:bi see KBaapaTR'!Hbie no 
a# aeanaroaanhRhle qneHhl. 

kvCpaBHRB851 nony'!eHHbiH pe3y1IhT8T C ( 19), RMeeM 

2 2 2 2 
[lu(k+,k+)l -lv(k+,-k+)l ]E(k+)+[lu(k+,k-)1 -lv(k+,-k-)1 ]E(k-)= 

T(k)+X 

2 2 2 2 
[I u(k-,k+)l -lv(k -,-k+)l ]E(k+)+[lu(k-,k-)1 -lv(k-,-k-)1 ] x 

xE(k-) = T(k) -X 
(32) 

[lv (k+,-k+)l 2 + lv(k- ,-k+)l 2 ]E(k+) + [lv (k+,-k-)1 2 +I v(k-,-k-)1 2 ]x 

xE(k-)+G(k) =Vaa +_ E( mm + +m2 ) . 
2 z 

( 

DpncosoKynRM K a-roil: cncTeMe nepsoe R3 ypasaeanil: (24) 
ansi cny'IaSI P=k , 7f=V npn v=± 1/2 

2 2 2 ( k)2 ( lu(k+,k+)l +I u(k-,k+)l +lv(-k,+,k+)l +IV -k-, +I =1 
~ ( 33) 
( k ) 2 2 2 2 I u( +,k- I + lu(k-,k-)1 + I v(-k+,k-)1 + lv (-k-,k-)1 = 1. 

CKnaabiBaSI nepsoe R s-ropoe ypasHeHRSI ( 33), nony'!RM 

M (k)- L (k) = 2 T (k). (34) 

Y MHO)KRB nepsoe ypasaeane ( 33) a a E (k, +) R cno)KRB 
co BTOpbiM, YMHO)KeHHbiM Ha E(k,-), RMeeM 

M(k)+L(k)=E(k+)+E(k-), (35) 

rae anSI Kp8TKOCTR BBeaeHbl cneayiOmRe 0603H8'IeHRSI: 

14 

M (k) = [ lu ( k+,k+)l 2 +I u( k-,k+)l2 ]E(k+) + [\ u(k+,k-)\ 2 +\u(k-,k-)12]x 

xE(k -) 

L(k) = [lv(k+,-k+)l 2 +lv(k-,-k+)l 
2
]E(k+)+[lv(k+,-k-)l 2 +lv(k-,-k-)12]x 

X E(k-). 

DocneaHee ypasHeHRe (32) s a-rnx o6o3Ha'!eHRSIX RMeeT 
BRa 

L(k)+G(k)=Vaa + -E(mm+ +m 2 ). (36) 
( 2 z 

H3 (34)-(36) HaxoaRM 

.L + Jc 
G(k)=T(k)- [E(k+)+E(k-)]+Vaa- -(mm++m2)= 

2 t 2 z (37) 
2 2 + I/2 + Tc 

= T (k) - [ T (k) + V a a ] + V a a - ..J.::... ( m m + + m 2 ) . 
t 2 z 

TaKRM o6pa3oM, npn noMomn KaHOHR'!eCKRX npeo6pa-
30BaHRil: (14), (22) raMRnhTOHRaH Hc0 (a,s,m)dlc~ts)+Hc~~a,s,m) 
anaroHanR3yeTC 5!: 

eN 
H 

0
(a,s,m)=:! (-j)I£E,B+,B -[ss++s 2+eyss++s2 ]1+ 

i m=I m m z z 

2 
+:!I E(k+)a+ a +E(k-)a+ a + T(k)-[T (k) + (38) 

k k+ k+ k- k-

2 + I/2 + Jc + 2 +V aa] +V aa --2 (mm +mz)l. 
( 

Bbi'IRCnRM Teneph 3Ha'!eHRe cso6oaHoil: aaeprRR 
H£0 (a,s,m) 

() -
f N[HcO(a,s,m) l=- -lnSp e () = _..(L lnQ 

N N 
H 0(a,s,m) 

- ___.t.~-rr--
Q = Sp e 1:1 = _ . 

:! (-J){iEn -[ss++s2+cyss++s2 ]1+:!{E(kv)n _,_k(k)l 
_ m m z z k v k,/ 2" 1 

() . 
:! le 

.. ,n , ... ,n , .. 
m kv 

rae m rrpo6eraeT 3Ha'IeHR5I OT 1 ao N , v- I R 2, k- no 
BCeM 3Ha'!eHR5IM RMnynhCOB 6nOXOBCKRX COCTOSIHRH C oaR
HaKOBhlM HaiipasneHReM CnRH8 B 30He npOBOaRMOCTR. lla-
nee I 2 I I 

_ (-J){iE~ui: [(.2' E) +r:E] I _ E(kv)nk1f2G(k) 
e e 

Q= :! llle ne I= 
.. ,n , .. ,n , .. m 

m kv 
k,v 
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(-J){EEnm -[(t E)
2 
+tl E ]l 

() 

E (kv)n + -
2
1 G(k) 

nv 
7J 

=Til Ie I·TI!Ie I= 
m n 

m 

=le 

J[<tE)2+}cE] 

e 

E(k, v) 

X ll { 1+e --(}-I. 
k,v 

k,v nkv 

}l E G(k) 
eN -()- eN - -()-

1 {1 +e I • n! e I X 
k 

Orcroaa nonyqaeM BhlPB*eHHe anB CBo6oaHofi BHeprHH 

+ 2 + 21/2 
fN [H 

0 
(a,s,m)]= Jd(ss +S )+ E(ss +S ) ]- fJcln{ 1+ 

l z z 

2Jf (ss + +~)% 
1 2 2 + 1/2 + 

+e I+ - I l T (k) - [ T (k) + V aa ] I+ V aa -
N k (39) 

Jc + 2 () - -- (mm +111 ) - - I In !1 + 
(2 z N k 

2 1/2 8 m+ 8 + mz s 2 1/2 
[ T 2(k)+V aa+] +J eR~ --)(---..---)+(;y-- ~J] 

l"' f '"' l f < 

· () 1-iLiln l1+ 
Nk 

+e 

r 2 1 , 2 +]% [ m s m+ s+ mz s 2]% tT(k,+\ aa -Jc(---H---)+(:y----Z) 
f 2 f (2 l f f 

() I. +e 

§5. YPABHEHI15I CAMOCOf nACOBAHI15I 

Ha OCHOBe BhiqHcneHHOM CB060AHOM BHeprHH (39) Tenepb 

npeACTBBnBeTCB B03MO*HhiM BhlllHCBTb B BBHOM BHAe ypaB

HeHHB CBMOCOrnaCOBBHHB1 a HMeHH01 AHcpcpepeHUHpyg, HMeeM 

m s _ E(k+) _ E~k-) --- -,--
(2 f _1_ II e - e l=m 

[( m s )( m + s +) ( m z ~ )2]~ 2N k _ E(k+) _ E(k-) 
---- - - - + - -- 1 --rr- 1 ~ (2 f f 2 f f 2 f +e +e 

16 

IDz sz 
~--; 

E(k+) ----e- E(k-) --e 
·---- _1_II e e 2N k ----l=m 

[( m2-~)(~- S+]+(mz Sz2~ _E(k+) -~-) ,.;" 
f f f2 l -;2--;-)] 1+e --e-l+e fJ 

11a BTH:X ypaBHeHH:H HBAO HBHTH: m H m z KBK cpyHKUH:H: a, 
s 1 s z : m=m(a,s,s ),m =m (a,s,s ), npaqeM Iii H: m AOn*Hhi . z z z 
AOCTaBnBTb a6comoTHhiH MBKCHMYM cpyHKUH:H: CB060JlHOH 

BHepraa (39). YpaBHeHH:B caMocornacoBaHHB anB a , s 

s c yqeroM roro, qro 

z a f JH f0 (a,s,iii (a,s)] _ O 

JlBIDT 

am - ' 

E(k+) 
--f)-

a ! e + 
L I ~ E(k+) 
2N k [T (k)+V2aa] l+e- -(J 

- JL I a +a= 0 
2 N k [ T 2(k) + V 2aa +]~ 

m s 
1 ~-y - ( 

E(k-) 
- -()-

e I -

l+e 
_ E~k-) 

E(k+) -,---
_1 '!. ·~! e_· --· 
2N 'F· E(k+) f m s m+ + m s 2

11 

[(-- - -)( - _ ~) ( z z) ]/2 2 f 2 +-2---
1+e- --rr-

f f ( l f 

_ E(k-) 

e -r 
--_E(k-) --I+ E--s-
l+e ---r;-- [ss+ +S2")h z 

e 

hE 
-()-

·--J7"E-- -l-
1+e ~ 2[s 

s 

+ s2 ]~ 
z 

s={) 
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m s E(k+) 
z z ---

1 
--- () 
1'2 f _1_ :!I _e ___ _ 

( 

[( m - ~ )( m+- 2-.)+( liiz 
(2 ( (2 ( (2 

~ 2N 
- sz)2] 2 

_ E(k+) 

1 +e ---rr-

e 

E(k-) 
--()-

( 

J£E 

s --e 
I + ~' --~--. e s z 

_ E(k-) 

1+e -u-
+ 2 I/ ---- -f =() 

[ss +S )12 ~ 2[ + ~]1T
8

z • z 1 ss + s /2 
+ e z 

r)le E(k,v)=E(k,v)(a,s,sz,m(a,s,sz),mz(a,s,sz)), npH"leM HY)I{

Hoe perueHHe 3TOH CHCTeMbl a 1 S , S )l0JI)KH0 )l0CT8BJI51Th z 
a6COJIIDTHhlH MHHHMYM ¢YHKUHH CB060)lHOH 3Hep1HH (39). 

§6. HCCnEllOBAHME YPABHEHM0 

CAMOCOfnACOBAHMH nPM TEMnEPATYPAX, 

EnH3KMX K HYniD 

llnB TOf'O, "'T06bi Bbi"'HCJIHTh CB060JlHYID 3Hep1HID npH 

6JIH3KOH K Hynro TeMnepaType,He06XO)lHMO 3HDTb 3HaK 

HOK838T8JI51 3KCHOHeHThl B HOCJI8)lH8M "'JieHe Bhlp8)1{8HH51 

LUIH cso60JlHOfi 3Heprui1 (39). CornacHo ¢opMynaM (34) 
19' 

H (36) pa60Tbl' i 

m <i> s<il 1 <i> 1---- -I =1-<M > 
(2 ~' f2 H (il,s,ml 

f0 
(.) 

=I< s I > -- - I::; 2 s. 
H (a,s,m) 

f0 

1 ( i) 1 ( i) 
---<fS +-M > I= 

H (a,s,m) 
£0 

TaKHM o6paaoM, ecnH npOH3BeJleHHe Jc nocraTO"'HO 

Mana, E(k,-) (a,s,m) > 0. B nanhHefiweM Mbt 6y neM pac

CMaTpHBaTh HMeHHO TaKofi cnyqafi. TorJla B CHny Henpe

pbiBHOCTH E(k, -) > 0 B HeKoTopofi oKpeCTHOc TH HCKOMoro 

peweHH51 a , s , m. B 3TOH OKpecTHOCTH 

18 

f [H (a,s,m)]= Jc((ss++s2)+dss++s2 )~]-
N £0 z z 

2~ 2 2 +~ 
- 2Jc dss+ +Sz) 2 + r}- t I T(k)- [T (k)+V aa ] I+ {41) 

+ Vaa+- k (mm+ +m 2 ). 
2 z 

f 

YpaBHeHHSI caMocornacoBaHHSI JlJISI m H m naroT 
z 

iii=o, iii =0. 
z 

OcTalihHbie ypaBHeHHSI HMeroT BHJl 

v 
2N 

:! ____ a 

k [T 2(k) + V 2-;_ a +)K = a 

s 
f 2[--;;++ s2J7r = s 

z 

Sz 

f 2 [ s s + + s2] ~ = s z 
z 

( 42) 

( 43) 

PeweHae aToil: CHCTeMbi S= s z =0 He nonxonHT, TaK KaK 

OHO He L!OCT8Bl!518T MHHHMyMa ¢YHKUHH CB060LJHOH 3H8p11ili 

( 41), IIOCK0.'1bKY BTOpOfl, OTpnuaTeJibHbifl, qneH B ( 41) 
npH s 11 s 6n113KHX K Hynro pacrer no a6coniDTHOH senl1-

z -
"'HHe 6biCTpee, "!eM nepBbiH, rronO)I{HTenbHbiH. KopeHb a =0 

He HOL]XOL!HT riO aHaJIOf'H"'HbiM C006pa)I{8HHHM B TOM cnyqae, 

eCJIH 

_:y_ ! _1_ > 1. 
2N k IT(k) I 

TaKHM o6pa30M, HpH H8KOTOpOM COOTHOlll8HHH KOHCT8HT 

Jc li V 11M88T M8CTO COBMeCTHOe cyiUeCTBOB8HH e CBepx

!IpOBOL]HMOCTH 11 ¢eppOM81H8TH3Ma, IIpH"'eM 3a CyiUeCTBOBa

HHe ¢epp0M81H8TH3Ma OTBeTCTB8HHbl "'JI8Hbl H3 raMHJibTO

H118Ha fefi3eH6epra, HOCKOllbKy, KaK JI81KO BHL!8Th, H8M81-

HH"'8HHOCTh, HOJiy"'eHH851 H3 ypaBH8HHll (43), CTpeMHTC51 

K HYJIID IIpH f, CTp8M511ll8MC51 K HyJIID . 
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