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On Random ,Phase and Callen Approximations to

Ferromagnet with Anisotropic Exchange Interaction

R. P. A. c cry *13~ ,± 1=1ill~=JJi cry ff fr t= ~ Q a -:: cry Jli: 1!A ~ 1~ --:> --r, Mc JOJ t .J: J t= S. C. E. ~

¥Jr.l< C7),±:§~--r"~~o

-l:=:~ ~ coth (3 Ek

(J N k 2

Ek= gfJ.BH+ 2 Zl6(it- fJ.Yk) + 2 Zf<;(fJ.- it Yk)f

z (J (3Ekf :=:N~ Ykcoth-z-

-:: cry S. C. E. "C" t anti-symmetric relation 0(/3, H):=: - 0(/3, - H) 1Ji'riXrL L --r,,) ~ a A==
fJ. = 1 cH< C. S = ; <7)t~.g-<7) Callen <7);1:\,,: -3&T .Q 0 x. f = 0 cH < c R. P. A. ,.: J:
~ tcryt:~¥)(-t~o

curie point Tc ~ Ji6/) ~ A '±, :}( -C'l}:z t:> /1 ~ a

L==_Z_~ 1 ( 4 )
kTc NZ k (A-J.1Yk)+(J.1-AYk)!

f==kTc_Z_~ Yk (5)
f NZ k (A-J.1Yk)+(J.1-AYk)!

-:: (7)=A J: t), sum~ (7)JJ{ ~?W 1~T ~ c, ;k1J{l~f.?:> tl ~ b
k

F:=: 1 _~ kTc

Z fA

f ==+)1 -~ kTc
- Z JA

o~ kJc ~ ~ it ( 6 )

tJ{~!J: t:> tL ~ a

-:: -:: 1:' f == f (A, J.1 )(7) ror{} ~ Ji ~.J: J a (4) c (5) --r" A:=: J.1 == 1 c}j <a ~ t:> Lf, 1&l~ 71-~~
(7) k ~ 0 ""("C7)1rnItJ{lJt71- t=*~ <~1J < 0 -:: (7) -:: C 1J~ t:> f ( 1 , 1 )> 0 ~~!f: ~ a -:: h t= '") 7~: 1J{ ?:> ~s: < --r
,± 7d:?:> 7j: "'(7)""("

f(it. fJ.)= )1 -~ ~Jc ~ 0 ( 7 )

c 7d,- ~ 0

~ --r, Tc ~~1*B~t= at_-t ~ a

a ) linear chain latticer2

-fJ.

2

for A~IJ.11kTc :=: A
]

for IAI<J.10

Jl

t~1
for A~IJ.11

f:=:

for IAI<J.1
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b) simple quadratic lattice

mA + p.f)
k~ ufp.+Af)J= .c~\A+p.f

o
~ (J) J:t c: (7) c: --C', Tc ~ If i.. Q 0

§ 3. Discussion

for

for IAI< p.

JJttt(7)~!iiittt~~<7) Jj:-:6~ -c', ~i~~~litt8~t~:6~ Jj:- t) R ""~* ~ lJ. i., 1iM1j!~ t (7) c 7Jf i. ~ tl..
Q Tyablikov c Callen (7)ili:f!A$ ~ c t) ~ 't'l h t.: 0 £t:, Appendix,~,± Weiss (7)llIllA$(W,
A,) t~ '") '" 'l ~ ;i c~ l j:) '" , t.: 0

~~~, ~h~(7)ili:~~~ft~L, ~MTQo

;; -r, W A. :6~ ~ h -C h Q 0

~(Anj+p bj - J1.nj bj+p )

~ I1n~ hj =ZAnhj
p

~ (7)A--C'ff~ L Jj:- ,t h';fJj:- ~ Jj:- "', ~ c t± p.= 0 c "', -J ~7.l1j Jj:-fi;-frt.:"t (7)ili:llA~-C"± Jj:- "', c "', -J ~
c --c'~ Q 0 ~~T Q Jj:- ~ t;!', ff::f:(7) p.'~"':) "', -C, JJX:JL Ll "', Q llIf!AA-C'~ Q C "', -J ~ C ~~~ L
l "', Q 0 ~ ~ 'i, W A. t±-J! L -C Jt~f!: i?'~ 7j: -') -C "', Q ~Lt;; btJ{tL7j: ""0 _~, WIJi.'i',
f~i~~Jitil-c'3:.~~ a- iJiT Q collective mode :6{xf!: L -C "', Q 0

~ (J) ,~ a- .&~ L t.: (7):6\ Tyablikov (7) R. P. A. t~ J: Q fJI! IDfU -c';h Q c § 'J -C ~ L '") :6~ i. ;h Q

;i "', 0

'" n~(Abj - J1.bj+p)

W A. c (J) m14 t±1iill (J) p. 1Ji (J) ff tt t~ ~ Q 0 ~ (7) p.1Ji:6~ ~ J::i!ti (J) collective mode 7j: c":6~' ill
l <Q 0 ~ -J "', -J ~ c -C', R. P. A. ,± W A. a- rocR L t.: t (J) eLL~ i. t:> tL Q (J) -c';h Q 0

/" ~ )1,- r ..::.. 7 /' (1) ~ J! Q c off-diagonal p.- term c L -C bt bj :6~';h Q 0 ~ h'± ensemble

average <bt bj ) ~Jm L l energy~specitic heat ~(J)~~:I:'~~~f§TQ ~ c ~:i:~T Q 0 .:t- tL

t.:'tt -C',± 7j: <, <bt hj ) :6~ t:> (J)J~1f'± magnetization ~(J)ftl!(J)~~:I:'~ t -~~8~': ~ Q ,± -r -C'~

Q c~ i. Q (J) t±13~ -c';h 0 -J 0 ~ -J ~ i. Q C, R. P. A. (J) roc.& (J) 1iJ tf~ '11: 1J{ff. V" J::1J~' -') -C <Q 0

.:t- (J)lfl t M1j!Jj:- t (J) c L -C *(J) t (J)t: IWl, ""fIJ Q 0

~(Anj+p bj - J1.nj bj+p)

=:: n~(Abj - J1.bj +p )

+~ <bf bHP >(Abj+p- J1.bj )
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~ ht± Hartree-Fock :i!i1t~ (H. F. A.) l:' 1> 0 0 L b~ L, Katsura and Horiguchi 28) b{mii

Lt.:J: J '=, ~hb~~~!j:~ho a';;1:antisymmetric relation ~~t,:~~~)(7)l:', H~)*5"*~M

1~T ~ ~ C: ,;;1: l:'~ ~\t)o u~ L~, H F. A. 'i R. P. A. ~a1c~T~ t (7)~'~ ~ C: ~;t ~h ~ 0

L tp L, ::.::.-c'

~ ( Anj+p bj - Imj bj+p )

~ n~(Abj - pbj+p)

+B~<bf bj+p>(Abj+p - pbj )

CH~) l, B ~= anti-symmetric relation B({3, H) == - B({3, - H) ~~mT0 ~ t:; ';f, a({3, H) ==
- a({3, -H)'i1itli-t ~ (7)-C', R. P. A. (7)c!x:R t= ~ 0 1iJ~~lr1: t ilffiT 0 0 ~~, isotropic

interaction (1)t~il-I'::. Callen IiB = 2 (J C 1>'" -c s = ; .(1) c ~ I.::. R. P. A. I.:: J: Q 'b (1) J: I)

t ~ <~ ~ )*E"* ~ ~!j: t.: 0 L ip L , .:. (1)~ tF t j: , t -t? ~ It, , ::L :::... - J ~ t (7) ~' t;;1: ~ ~) 0 $-~,

Copeland and Gersch 17) 'iB == 8 a3 C: B~) -C, )E1(1:8~'= Callen ~= J: ~ t (7) C: [IJJ t M* ~ {:!j:-C~)

0 0

-th-Cti, ~"T'=, ~,qb{1:!j:t.:~"*~ut~LJ:Jo
c. A. b~ t:, ~1J~ h t.: /f~~ (6) ';;1:ff:~(7) JL t="':>~) L f.iX:JL L l~) ~ t (7) 1:'~ ~ 0 ::. h ~ ~ 0

C. iE l'" Curie point Ii W A. l:'lj- i.. ~ n Q k~W,A = ~ A J: I) 'b /j, ~ <. 1l long range

order iJ{ff1£T ~ t.: 60'= ,;;1: parameter 11 > 0 t±~~l(7)* ~ ~ ~:M:~ L ~) ~ tt h';f~ J? ~ \t)'::' C ~

3:.~ L l~) ~ 0 ~~T h';!', X - Y model ,j:-=.*5C l"T ~ ferromagnet ,= ,;;1: ~ t) {!j:~~) C: ~\ J
~ c ~~~Too ~hji Obokata, Ono and Oguchi 29) (1) pade J!i:1t~': J: 0 conjecture c t
consistent ~= 7J: ""? l ~) 0 0

Tc t= "':> ~) l (1)~,q (1)~1*8~ 7J: ~t_ ';;1:, - *5t, =*it (1) .if h t:> t!.' tt ~'~ ""? t.: 0 ~t b~ 7J: t (J) c
lt~ L --r, i5:1!A(7)H~ ~ -tlj Iffi-t ~ c ~) J a.~(= JL~ ~~ t:; t;f, .=.*Jt(7) Tc ~ ~t_ L L t JJLrr (J) c
::'~';;1:f±1J(7)~\t)::' c:1:'~~ c:~;tt.:iJ~~1:'~~o ~-rt=-, =*7tU~ <~~--rut~T~o

R. P. A. c C. A. t= J: Q T c 'i fflij1J~ isotropic case (A == f.L== 1) -C"i Mermin and
Wagner 25) (7)~I:!(1)jj t) T!·P.A = Tg-A= 0 ,: 7j." ~ -C ~\ ~ 0 oblate anisotropic case (11< f.L== 1 )

~'t, ~,;;t t), Tf· P
.
A == Tf· A == 0 ~'ct ~ iJ{~ t:; <, IE L ~\*5*~'~ ~ J (-*7tX - Y modeH=

"':>\t)l~~*J.I~fB30) t= J: tL'~f, Tc =' 0 '"t"tb Q)o /" 2 Jt.-- r:=... 7 '/' (1) t=Jitt ~ l1-term t;;t order

~ create L, f.L-term ,;;1: destroy T Q 1j}j ~ ~ L -r \t) ~ c::1j ;t ~ tL.~ (1) -c', parameter f.L iJ{* ~ <
7J: ~ t= '"JtLl, order ,±1ji~t: i~YT ~ 1:'~ ~ J 0 1Jt:""? l, Tc'i--~~t= f.L t:"':>~) --rli!~i~Y~~
~: ~""? --r~) 0 c:;Jf i.- --r ~ L ~iJ~;t ~ ~ 1 ~\ 0 ~;J':, f.L= 0 1:' T c == 0 ~ t:, '~ff.f::f:(7) 11 c f.L 1:' T c =. 0

,= ~ ~ ,;;t T -C'~ 0 0 --*jC(1)*'iJ{::. ht: ct t.: Q t (7) C: J~,h tL Q 0 11 t:~T 0 Tc (7)~~ Q 1 \t) t rnJ t
J: J t=~~~1:'~ 0 0 ~L~~*~To c,

aa;:- Tc (11, f.L) ~ 0

a
af.L Tc (A, f.L)~ 0
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~ /;z (7) Tc' j: ,,"\ -r tL (7) case (11 ~ p.) ""C' t J:. t.: :i?tt~ t::. ftJi fOJ ~~iJ~ t=~ L -c ,,"\ .Q 0 (7) h ~ ~ -r,case

(11 ~ p.) ""C'(7)*S*'j:1£ L < -c, tIM},@.T~ ~ t Cl) ""C'~ ~ Jet :i?tt~t::.0 L iJ~ L, prolate anisotropic
case (p.< A=I- 1) ""C"j: N ,,) c 'j: i§ ;(. 'd:' ,,) 0 ~t.:, Ising model :ilIf~ (11 = 1, p.~ 0) ""C"j: N <~
,,) 0 ~ Cl):ilIf~ -C"j: TcW.A = T!·P.A = T[·A C 'd:' "? -C ,,) 0 0 -t h t.: L -C t, R. P. A. c C. A. t.: J: 0
Tc~ .l:t~T .Q ~ t; ,;r'-~~,= T~·A~ Tf·P.A~T[·A C~ "? -C ,,) -C, T[·A(7)1JiJ~'Wl~~ ~ h.Q ACl) Tct.::ilI
\;-) c~ ;{. ~ tl Q (1) -C' C. A. t:. J: Q t (1) iJ{H\;-) C ,±~ ;{. Q ,t n c" t 0

J! t.:, Heisenberg model ili:f~ (p.~ 11 = 1 ) t.: 'J") -C - ~T 0 ~ ~ ,;r', p. t.:~ \;-) -C (7) Tc Cl)~1t,'j:

1&, ""C'~ 0 0 ~t.:, =~5t(7):t~rg..'j:, ~~Cl)~1t,~T 0 0 L iJ~ L, T!·P.A C T[·A C ~ ~t~o 7j: ~ ,;r'
Tf·A 'j: lt~8~ J::> t::..·~iJ~ t.: ~1t, L -C ,,) 0 0 ~ (7) ~ c 'j: Tc :ilIf~-C'(7) specific heat ~Cl) critical

exponent 23) t.: t 'j'lT .Q t Cl) eli!}, h 1t 0 iJ\ ~~ -c 7j." ,,) 0 llIf!~ Cl)~~ iJ{J:.iJi'.Q t.: ~h, ~ t.: .t> t::..·

~iJ~t.: ~ 0 (7)iJ~ c" J iJ~J!~~ 0 c ~ ~ ""C'~ 0 0
~ -c, fPJ~ t.: JOJ t llIf!~iJ~' oblate anisotropic case ""C"j: N ,,) (7) t.:, prolate anisotropic case

""C',j:N < ~ ,,)Cl)-C'~ ~ J 0

~ ~ ""C"j:llIf!~(7)H < ~")case (Il>p.)t::"·'t~ c t) ~'f'-ChQo ::'(1)H < 7j.",,)case t,:~,,)-cJJ!m

""C' ~ ht;r', H") case (Ils p.) l"O)$-'j: rnr~ t.: Jl!M -C' ~ .Q 'j: -r t':·iJ~ ~ ""C'~ .Q 0 ::. n ~, ~~t.:, Ising

modelllIf~ (11= 1 , p.~ 0) c ,,) J M:t ~,,)case""C'Pt~T.Q0 L iJ~ L, ~ n'j:Pt~T.Q ;J: ""C' t ~

<, aJ=j ~ iJ~-C'~.Q 0 'J;t t), R. P. A. tj: w: A. -t (1) t (1) t.:, ~ ~(1);' c t:J.oiJ{ ~, f~ffT 0 0

C. A. t p.~ 0 ""C' f ~ 0 c~ 0 t::.~, C. A. c L -C (7)~~/Ij: ~ *: ,,), ~ h t X, W A. t':f~fr L
-C L 1 J 0 ~fflJ, MJitt.: § .z,;r', R. P. A. ~ C. A. tj: W A. -to) t O)""C'~ "? -c, ctH Lt::. t
0) ""C"j: ~ ,,) iJ~ c\;-) J ::. c ""C'~ Q 0 ~~~ 'j:, ::. Cl)~,t Cl)'-lltf ~ ~ 1?,t c ::1fJ.I t.: AnL, JJ! ~rfUmJJX: L

~'tn';f~Q1")0 ~~Tn,~r, Ising model J5:f~l"J5:1!~~H< T.QCl)iJ~·JJ!~rfU~ctHT.Qili:@:-C'

tj: ~ iJ~ ~ --) iJ~ c~ --) ::. c -C'~ .Q 0

t L, -t --) ~ t; ,;r', Il-term t.: W A. ~ cXN L t::. Oguchi llIf!~6) X'j: Bethe llIf!:A7),8) ~Cl)~

;('1J~1~"), p.-termt.:'j: R. P. A. X,:tC. A. l"iJ~'~,t L t::. c L -C t, lJ.~tj::*~ < cXN ~ no
(1) -c"j: ~ ,,) iJ~ c~ ;(. 0 Cl) -C'~ .Q 0

X, ::.O)Mi(7)M*t.:, llIf!~Cl)cXHt':~")lCl)~~IfD~ W A. iJ~t:>~ti~-C C. A. ~ -C'~T"? t::. o

~ Cl)-)!(7)~~fiB~]l!t.:*j1tT 0 (1) t~~Cl)~0 ~ c -C'~.Q 0

A l g s=-+alo+agO +asO +...
2

c .t> ,,) t::. c ~, f~U;(' ,;r', TcllIf~""C' al~ bi Cl) ,jill tj: :* ~ ,,) 0 ~ hiJ{;'e3!li(7) f ~t.: t 'jtji L -c, p.

~ 0 0) c ~ f =F 0 c 7j: 0 1iJfj~/lj:iJ~' te 0 0 ~;J: t), ~ ~ t.:, cXH 0) 1iJfj~/l1:iJ~'ff{ET0 Cl) -C'~ 0 0 t

~~,t, A~B'j:::.~""C'antisymmetric relation oCf3,H)=-o(f3,-H) ~ifdijt::'TJ:Jt':f'&J:E~

n L ").Q 0 L iJ~ L, ~::. t.: rR~1miJi'~ 0 0 -t 1ttj: f*f{ an~ bn~ c"O) J: --) t.:~5ET 0 iJ~ c ,,) --) ~ c -C'
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~ Q iJ{, :. tt ~ ~iAl!lmJ'=J: Q~* t -f(T Q J: '? ~= 5E~ Q (J)'±-'?(/)1Ji*-r.~ 7:> '? L, ~7tJl(

~~~,?(J)tx, ~(/)-1J~~~7:>'?o

~J:(/) J: '? ~~ X.1J~=VE"? L (/)tI:.';j:~(J)~Jt'=~~T Q 7J.E-r"~ Q 0

ilt~'=~·~~ Q rn,m t L L, J41i.Jj:(/)!I L t:./' ~ )v t .::., /' ~~L ~t:. ~"\o

V = - 2m (itSfSf+ J.lSfS!+ vSfSf)
~ (i.J)

=- 2m'{itSfSf+ J.l+v (StST+SiSl)
(i.J) 4

+ J.l~lJ (StSJ+SiSJ-)}

~ h'± St"St~S- S-(/)termiJ{fFl£T Q ~ t -r";b Q 0 anti-ferromagnet -r·Neel stateiJ{ground

state-r"';j:~~"\J:?,:., ~(/)*'j:perfect ordering state'±ground state-r"'j:~~"\o ~'(J)J: '? ~
ferromagnetic sy~tem -r"'j:~"\ <'?iJ~(J)spin wave (J) bound state iJ{--C'~~T <~ Q ,±-r-r';b Q 0

~ ttiJ{ t*(J) J: '? ~ short range order ~f'F t), long range order t t* '? oob t) 1> ? (J)iJ~~P.*iJ

QjJfle~Jm-r"iJ Q iJ{, tl(/)~~~=;t bT ~ t ~= T Q 0
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Appendix

~tb1J~~(J)JL~-r', w. A. '=~J;C;TQ t (J) ~ ~ :. -r';t t ~L j:) <0

~ ( Anj-ff' hj - J.lnj hj-ff' )

~An~ bj =Zitfibj
p

(J) J: '? ,:. i!i:1rlT Q t self-consistent equation ,;;1: 1f:~(J) J.l':'~ L -c

~ = 2 coth ~ (g,l/BH+ 2 ZjA(1)

t ~ Q 0 ~h';;1:W, A, .f(7) t (J)'=j:)~t Q selt-consistent eq. -c.~ Q 0

Curie point Tc ,±

kTc =Z it
J 2

-C'~ X. t:> tL Q 0

for arbitrary
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