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A unified first-order Green’s-function theory of anisotropic Heisenberg ferromagnets
with § =% is designed to decouple the higher-order Green’s functions obtained in writing
down the equations of motion of the first-order Green’s functions. By defining the commu-
tator and the anticommutator brackets, the equations of motion of the two kinds of Green’s
functions G~ and G * are written down. With the use of suitable decoupling parameters, a
generalized decoupling scheme is suggested. In order to determine the relation between
these decoupling parameters we define two conditions: (1) self-consistency and (2) vanishing
of the equal-time correlation functions. Using this decoupling scheme, we calculate the
thermodynamic properties of the anisotropic Heisenberg ferromagnets with S =% at low
temperatures. Finally, we also calculate the effect of the decoupling scheme on the magnon
conductivity at low temperatures. We clearly find that the magnon conductivity is modified
appreciably by the different decoupling parameters and by the anisotropy of the system.

I. INTRODUCTION

The double-time Green’s functions have been'
successfully used to calculate the thermodynamic
properties of different Heisenberg ferromagnets.
The basic idea is to write down the equation of
motion of the first-order Green’s function which in-
volves the higher-order Green’s functions. By writ-
ing down the equations of motion of these Green’s
functions we get a hierarchy of equations of motion
which can be truncated by a suitable decoupling
scheme. The decoupling scheme represents higher-
order Green’s functions in terms of the lower-order
Green’s functions. The simplest and the lowest-
order decoupling scheme was suggested by Tyabli-
kov? and is known as the random-phase approxima-
tion (RPA). Callen® has very ingeniously considered
the spin deviation by introducing a suitable decou-
pling parameter. Since then many decoupling
schemes have been suggested to calculate the ther-
modynamic properties of the magnetic systems.
Kumar and Joshi* have attempted to generalize the
different decoupling schemes which are the outcome
of Callen’s decoupling scheme.

Katsura and Horiguchi’® have proposed a different
coupling approximation by making use of the an-
ticommutability of Pauli operators at the same lat-
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tice site. In the present work we generalize these
ideas to unify the first-order Green’s-functions
theox;y for anisotropic Heisenberg ferromagnets with
S =+, and compare it with the previously suggested
decoupling schemes. We calculate the spontaneous
magnetization and Curie temperature. We also
derive these results for the simple cubic lattices. We
calculate the low-temperature series expansion of the
magnetization. Recently, Kumar® has suggested
that the magnon conductivity also depends upon the
decoupling scheme which we use to calculate the
spin-wave energy. We therefore calculate the mag-
non conductivity by using the present decoupling
scheme.

II. HAMILTONIAN AND GREEN’S
FUNCTIONS

Following Katsura and Koriguchi,® and Tyabli-
kov,? we can describe the Hamiltonian 1of the aniso-
tropic Heisenberg ferromagnet for S = 5 as

H= —g,uBHES}— E [J.(f —g)(SfS;—i-S}'Sé")
f 1.8

+J||(f ——g)S}S;] ’
2.1
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where J,(f —g) and J||(f —g) are the transverse and
the longitudinal components of the exchange in-
teraction between the spins at the sites f and g. Sy
is the spin operator at the site f (in units of #), g is
the Landé g factor, and H is the external magnetic
field. For S =+, the spin operators can be ex-
pressed in terms of Pauli operators as follows:
SF+iS¥=S} =a;, Si—iS}=S; =a}, 02
1 t 1 .
Sf=7—asar=7—ny

obeying the following commutation and anticommu-
tation relations:

[as,ag]:=[af,ag]+ =0
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With the use of the Pauli operators the Hamiltonian
reduces to

H=Eo— 3J,(f —g)ajag + (2| +gusH) 3 aja;
fe f
- —g)a;afa:tzg , 2.4)
f.g
where
Eo=—3gupHN — 52N . (2.5)

Here z is the number of nearest neighbors. Follow-

(ag:0]1 =2aag +b¢(1=2ny) O e vy encton G (o AN,
[ag,a}]_ =8y (1—2n) . can be summarized as
1
(E —2J) —gupHGHE) = +8,,((1—2n,)) + ~2(aa,) — 3 J,(g —m)G;/(E)
+2 3 71(8 —m)Gghnp(E)—2 3,J|\(g —m)G s (E) , 2.6)
m m
(E —2J) —gpup H)Gy7 (E) =58/ ((1~2n)) — 34,08 ~mIGn (E)
+2 3 7,(8 —M)Gggms(E)—2 3 J (8 —)Gygs (E) , @.7)
m m

where (a ?a_.) in Eq. (2. 8) is the equal-time corre-
lation functlon, and GZ FTRT —+(E), etc., are the
Fourier transforms of second-order Green’s func-
tions as
GiiatB)=(agparag (0|a(t));
=—iO(t —t")
x([a%(Dap(ta (1),a

(2.8)

To simplify Egs. (2.6) and (2.7), we require some
suitable decoupling scheme in terms of the decou-
pling parameters.

III. DECOUPLING APPROXIMATIONS

Tyablikov? proposed a decoupling scheme, which
is known as RPA, and the basic idea is to consider a
self-consistent dynamic and kinematic interaction of
the magnons at all temperatures however, as RPA
ignores the fluctuations around {(S?). The series ex-

t)]+) .

-

pansions of the magnetic susceptibility at low and
high temperatures lead to a spurious T temperature
dependence. Oguchi and Honma’ had improved the
Tyablikov decoupling scheme of symmetric lineari-
zation in accordance with Wick’s theorem for Bose
operators. This is often known as the Hartree-Fock
(HF) approximation and retains the T° term, and
hence does not improve RPA appreciably. Callen®
has successfully considered the fluctuations about
(S?) in a modified decoupling scheme. It incorpo-
rates the information about spin kinematics. Swend-
son® has been successful in eliminating the T3 term
in the series expansion of the magnetization by im-
proving Callen’s decoupling parameters. Katsura
and Koriguchi,’ on the other hand, had suggested
modification to the HF-decoupling scheme to first
eliminate its shortcoming of an infinite Curie tem-
perature by using commutation and anticommuta-
tion of Pauli operators at different and the lattice
sites, respectively.

There are other intermediate decoupling schemes
proposed by Mabayi and Lange,” Kenan,'° Shim-
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izu,!! and Oguchi.!?> Other attempts had been to
eliminate the T3 term in magnetization as well as
other shortcomings. All decoupling schemes'> 13
lead to some renormalization constant; the corre-
sponding energy may be expressed as

tion constant R. We propose a unified decoupling
scheme taking into account the kinematic interac-
tions within the framework of first-order theories in
order to eliminate the spurious 7> term.

Following the concept of Callen’s decoupling

scheme with a suitable decoupling parameter,® we
represent the decoupling approximation by taking a
suitable combination of the three decoupling
schemes as follows:

E(K)=R[1—¢(K)]+ g .

One can obtain different values of decoupling pa-
rameters involved in the value of the renormaliza-
|

(ONE+Figm(ataz Yagz 0 b ()NE

»E—+f0gm(a—»a—»)<(a—» t)Ia %
L ()N E +p &/, D)d( —1') . 3.1

Cal(ag(a g (0]

+f2gm(a—g’a}‘n’ )«fl—g>(t Ia

The corresponding Fourier transform of Eq. (3.1) can be expressed as
GionrE)=Calazay a% N5 fomlalag)ay |k >>E+f1g,,,<a*_g. az)ay|ae HE

+f2gm(a—’a—’ >«a—» Ia »E—i-p ?) (3.2)

where (fo,f1,f2) are decouplmg parameters which depend upon the magnetization and the transverse correla-
tion function of the spins at the lattice sites g and m, i.e., gy, =( (aT_.aE)). The last term, p(g,m, f), is an
additional term'¢ which may depend upon the relative positions of the lattice sites (g,m, f). We assume p to
be symmetrical, i.e.,

p(g,m, ) =p(i,g, 1) . (3.3)

The relation between the decoupling parameters (f,f,/2) can be obtained by making use of the conditions
of self-consistency and the vanishing of the correlation function

(a%(t1al(Dag(nagy ),

automatically at f =g and 7 =¢', because of the anticommutability of the Pauli operators at the same lattice
site. Writing the following contractions of the related correlation functions, we find that

ta-(1))

g
(Na (1)) ate (e Ja (1) . (3.4)

(a%UWa%UMEUME(ﬁfeﬁﬁaLUaQt»(aLUUm»t)—fda%hha(ﬁﬂa%(
+f2<a

It should vanish at f =g and t =¢', if
Sotfa=f1. (3.5

The other relationships between the different decoupling parameters can be determined by using the condi-
tion of self-consistency. It can be done by evaluating the expression

lim [G () =G mg g (2] (3.6)

—’—"rﬁfn'
t—t'—0 gé

and by introducing the decoupling scheme in Eq. (3.6), which gives
fo(ﬁ(aﬁaf—fv)iﬁ(atf»aﬁ )—rT(a?aT—f»%T-rT(aT—f»a_g»))
+fiata Wagza%)F(alay )(at;«'a?)—(a%aixaﬁa’}»)i(a%agﬂa’%aﬁ ))

+fr(akaz Wagal) +(aka Walray)—(aliazYagal) —(aliay ) (a%a ). 3D
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We assume

i lim G-—f>(tt)—<a-»a—f>)+(a—f»a—v)

t—t'—0t
and (3.8)
p(g,m, f)=p(, g, ) .
In Eq. 3.7), i=(a'a) because (atg.ai.) is indepen-
dent of the lattice site due to translational invari-

ance. We now consider the equal-time correlation
function which can be expressed as

t T t 1
((a-g»ai.aﬁa—f*)i(a—f»a?a?a-ﬁ )

_(a%aﬁaga%)i(a}atﬁaﬁa?)) . (3.9

Putting f=m and using the commutation relation
we find

+ ' + ’
l‘_lrlll_l':0+[G—g>—g>ﬁﬁl>(t,t )—Gﬁi?ﬁ_g’ (tyt )]
=fl‘—(a%a§») (3.10)
and
1 r_ltllr_r*10+ [G%—gﬁ; o (t,t )—G_ﬁ ™ —g>[—n> (t,t )]
=n —(atﬁa-g.)—Z(a%aza%aﬁ ). (311

Putting f =i in Eq. (3.7) and comparing it with
Egs. (3.11) and (3.10), we get

fl(a_.a-») 1—2m)
—fz(a—>a—,) 1—2(a_.a_. ))

=n—{a ﬁag’) (3.12)

fon(l—Z(a_’a_.)

TABLE I. Decoupling parameters for G %»—g-ﬁ

and
Sforr(1=2m)— fl(a—.a_.) 1—2(a_.a_, ))

—fz(aﬁa?)(l—Zn)

=i—(aaz)—2(atazalia) . (1Y

We also get the same information as contained in
Egs. (3.12) and (3.13), for f =§¢.

Combining Eqgs. (3.5), (3.12), and (3.13), and put-

ting ;.L,,,g=(at_n.a§. ), we find

A=A, df i (3.14)
07 A3—A4,4, o 2T A—A 4y .
with
Alzzﬂmg(l_ﬁt#mg) ’
Hmg —n
Ay =pigm (1 =24t g ) — A(1—277) ,
(3.15)

Ay=2gm(1 = —pgm) ,
Ay=gm —2(npyng ) .

Equations (3.5)—(3.15) can be used to determine the
decoupling parameters. We find that the decoupling
parameters are the functions of n, pi,,, and (nyn,, ).
Owing to the assumed translational invariance,
[gm =Hmg and [, and {(n,n;) depend on g —
only. The average value of n remained the same
throughout. The present decoupling approximation
reduces to the previous decoupling schemes by suit-
able choice of the decoupling parameters as shown
in Table I.

IV. SOLUTION OF THE EQUATION
OF MOTION

Introducing the present decoupling scheme, the
equations of motion of the following Green’s func-
tions become

. . . . . 1
7(E) in various first-order Green’s-function theories for S = .

Heisenberg ferromagnets

Coefficient of

Coefficient of

Coefficient of

Theory (a;a—g- Yaw,ate Mg (alg-a—g»)((a—m- ,al Vg (a%a—g Y{a=,a s Additional term
RPA 0 0 0
Oguchi and Honma 1 0 1 0
(HF approximation)

Katsura and

Horiguchi (KH) 1 1 0 0

Callen 1 0 o=(1-2m) 0
Present work folOsfmg) 10 img) 20, img) p(g,m, )
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[E —2J)(1 —2foﬁ)—g,u.BH]Glg»—f>(E)
=(21r)_15§-—f'(1—2rT)+2(21T)'1(aT?~aE. Y —(1=2fo) ST (E—MIG L +(E)

—
m

+2f | ZIE—m)Nata ;)G (E)- gJH(g—ﬁl)(a‘;n.ai.)Gg.l 7(E)

—
m

+2f, le(g m(a_.a-.)G 7(E)—21||(g m)(a»a-.)G*' 7(E)

4.1

=27~ lﬁgf(l—Zn —(1=2fo7) 211 g—m)Go 7(E)

S E-m)Naba )GE (B~ S I (E—M)Nana, )G 7(E)

m m

+2f,

+2fy | ZIE-mNala )67 (E)—EJ”(g —i)ala )G 5 7(B)

+2 4.2)

Here we consider the relative magnetization o of the lattice which can be given by
o=(8?)/S=(28")=1—2(ala)=1-27 . 4.3)

The last term in Egs. (4.1) and (4.2) can be written as

> [Jl(g_f—ﬁ)—J||(g_ﬁl)]P(§,ffl,?’):iﬂ(g,?) . (4.4)

—
m

It depends only on the positions of the two lattice sites g and f. We assume as usual the spatial Fourier
transform; by making use of the translational invariance we have

GHE)=L 3 ¥ E-TIGHK E),
N5

1 .
(atf»a§.>=—2e’k €= p(k),

N k
1 - —
6. = — xk(g-f)’ 4.5)
of N%e
Jy ||(§—?)=’1i729'r'(§"?)fl 3
T

BE =+ 3T @-Tpk)

N T
We also put
T B=dy ), pE)=— S e ¥ T 4.6)

X

The periodic boundary condition is used and hence the reciprocal-lattice sums are restricted to the first Bril-
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louin zone.
The Fourier-transformed equations of motion are
—ER-£0)  —f10K)  |[6HE,E) 3yt |7 HBEI+ 20K “n
—f10(K)  E—EX®-£,08 ||l6-&B |7 o+BK) |’ '
where
E(K)=gugH +z(1=2fom)[J| —J (k)] (4.8)
and
0(K)= 22 3 UK~ G~ Em(@)].
q
We solve Egs. (4.7) for G *(k,E), and we get
11
GHkE| | E- E, n(k) »
G-(K,B)| 27 |__L 1| |[n®+BEK)+0)’ @
E_ E,
where
E+=E—E(K)—f+Q(K),
and
fr=fitfi. (4.10)

Knowmg the Green’s functions G*(k,E) from (4.9), we determine the equal-time correlation function
(a,ag) by using Eq. (2.8) and putting t =¢' as

(a?a?)+=7v—zeik.(g— ”n'*(f(’)
I's

=L2 n+_(F) . n(i)+§(ﬁ)+a _|iwE-T @11
N T | 14exp{BIE(K)+foQ(K)]}  14exp{BlE(K)+f,Q(k)]}
and
1 -_1 iX(g-T), —(¢
(aa) —N%e n=(k)
_1_2 :n_(E) — + n_(f_(:)+ﬁ(l_(b)+_’0' e‘k.(_g.—?). (4‘12)
N T | exp{BIE(K)+f_Q(k)]}—1 exp{BIE(k)+f,Q(k)]}—1

We have made use of the identity

1 1

li -
M o—E+tie w—FE—ie

e—0t

=-2midw—E) . (4.13)

A superscript + or — on n( k) denotes whether it has been calculated by using G* or G, respectively. We
can simplify Eqs. (4.11) and (4.12) to get n*(K) as

exp{,B[E(k +f_Q(k)]]+1

nt(K)=[o+B(k)] . — , 4.14)
exp{2B[E (k)+f,Q(k)]} —1
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. . E(k O —
—[o+B(K)] xplALE)+/_QUO]}—1 . 4.15)

1—2exp{BLE (K)+f_Q(K)]} +exp{2B[E (K)+ f,Q(K)]}

We can now determine the magnetization o from

o=1-2=1-2 S n(¥). (4.16)
N5

By substituting the expressions (4.14) and (4.15) in Eq. (4.16), we get

1 1+exp{2BLE (K)+£,Q(K)]} +2 exp{ BIE (K)+f_Q(K)]} 1

1
=% — — T~ (417)
ot N % exp{2B[E (k) +/,Q(K)]} —1 D,
. E(K K)1} +exp[ —f1Q(k)
Dyt 23 piiey SPLPLE I+ 20 (RN +expl —/10(0) .
N ¢ 2sinh{B[E (K)+£,Q(K)]}
L=_1_2 exp{2B[E (K) +sz(l?)]}——1 1 @19
o7 N 1-2exp{BlE(K)+/_Q(K)]} +exp{2B[E (K)+£,0(K)]} D2’ '
_ — (K)]— E(k K
Dy1 2 s g LB —expl —BLEK)+£:0(K))) 420
N 2cosh{B[E (k K)+/£20(k ]}—2exp[ Bf1Q(K)]
The expression for Q (k) can also be simplified as
Q(K)=2zp[J, —J;1(K)], 4.21)
where
2 oo
N% y(k)n(k) (4.22)
Substituting for n (k K)in Eq. (4.22), we get
E(K K)]}+1
LS R 4o SPEEER Q@) 41 “ry
N% exp{2B[E (K)+f,Q(K)]} —1
- E(K)+f_Q(K)]}—1
P =L S UDBAE) +0] explALEM)+/ - QUOT —1 — (4.24)
N £ 1—2exp{BLE(K)+f_Q(k)]}exp{2B[E (K)+£,0Q(k)]}

We have thus obtained the coupled equations from which we can determine the magnetization, Curie tempera-
ture, and the zero-field susceptibility, etc.

It may be remarked here that the results contained in Eqgs. (4.17)—(4.24) reduced to the well-known results of
earlier theories when we take appropriate values of f, f, and f, from Table L.

For example, we consider Egs. (4.17) and (4.18), and Table I, to substitute the different values of (fy,f;,f2)
for different decoupling parameters to get the previous decoupling schemes. We find that

1 =L2 1+exp[—ZBE(E)]+2e£E[—BE(E)] (425a)
O |Jgpa N T 1—exp[ —2BE (k)]
with
E(K)=gugH +zo[J—J,1K)], (4.25b)
1 =_1_2 1+exp{ —2B[E(K)+£,0(K)]} +2exp{ — BIE(K)+£,0(K)]}
o jura N T 1—exp{ —2B[E(K)+£,Q(K)]}

with E(K) the same as in (4.25b), and
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- 2 -~ -
0(k)=+ 3 2{[J 1K) =TG- (@),
lk (4.26)
(a}a,>=F S expliq-(g—)n (@),
q
1l _ls 1-+exp{ —2B[E (K)]} +2exp{ —B[E(K)+0Q(K)]} (4.27)
olxku NT 1—exp[ —2BE (K)] ’

o

where E(K) an
Horiguchi.

Q(K) are the same as described by Eqs. (4.25b) and (4.26), and KH stands for Katsura and

V. THERMODYNAMIC PROPERTIES

We calculate the thermodynamic properties of the anisotropic Heisenberg ferromagnet from G +(k,E) and
restrict the calculations to B(k)=0. Our aim is to compare our present results for the Curie temperature with
those obtained by using RPA- and HE-decoupling schemes; we therefore consider at this stage the results for
G *(k,E) and B(k)=0. For different values of the various decoupling parameters, we can obtain different
decoupling schemes only when B(k)=0.

A. Curie temperature

We can determine the Curie temperature by putting H=0, and taking the c—0 limit in Eq. (4.17a), which
can be put in the form

1 +exp{ —2B[E (K)+£,Q (K)]} + 2 exp{ — BIE(K) + £,Q(K)]}

11
—_——— — — s (5.1)
o N% 1—exp{ —2B[E (k) +f,Q(k)]}

where
E(K)=z(1=2f,@[J; = 7(K)]

=z[1+folo— DI I 7K)] (5.2)

and Q(K) is given by Eq. (4.21). p is given by
- E(k K
p_Ls ) lAER+/QUON+1 (53)
o N exp(2BE(K)+£,Q(k)]}—1

In taking the limit c—0 we have

lim E(K)=2(1-fo)lJ), Ik, (5.4)
lim Q(K)=Q.(K)=2p,[J, — I 1K)] . (5.5)
We shall assume simple polynomial expansions for the three decoupling parameters as
fo a9 a a
fl =b0 +b1 o+ bz 02+"'. (56)
fa €o < c2

We have in the limit ¢—0, where & stands for the right-hand side of Eq. (5.1),
l+exp[—ZchJ1(E)]+2exp[ —chJz(E)]
1—exp[ —2zB.J;(K)]

(5.7

. 1
lim # =~
o N%

where
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J/(K)=(1=ao)[J) I /()] +cope [T, — I 1(K)] (5.8)
Jo(K)=(1=ao)[J I 1K)+ (bo+eo)pe [T — Ty 1K1 , (5.9
B.=1/kgT, . (5.10)

Since the left-hand side of Eq. (5.1) is infinite at the Curie temperature, so the denominator of the right-hand
side of Eq. (5.7) should be equal to zero. If ay540 and c(0, then B, should be equal to zero in order to make
the right-hand side of Eq. (5.7) go to infinity. This corresponds to infinite Curie temperature. We find that
the two conditions which are to be satisfied in order to get a finite Curie temperature of the lattice are

ap=1 and cy=0. (5.11)

In the HF approximation, we have ag=1 and ¢y =1, so we get an infinite Curie temperature. On substitut-
ing these conditions in the expression for the magnetization and taking the limit 0 —0, we get

8=k g Lmepl=zBepcbold, — )] 5.1
N T (—a ) =K1 +e1p [T — I 1K)

The above equation determines the Curie temperature with the parameter p., which can be given by

1+exp{ —zB.pcbolJ, —J ) ¥(K)]}

1
zB.p.=— D, v(k) = —_— . (5.13)
e N% (l—al)[J”—Jl}/(k)]+alpc[Jl—JHy(k)]
Equations (5.12) and (5.13) together give the expres- B. Low-temperature expansion of magnetization

sion for the Curie temperature and they can be re- . . ) o
duced to the previous results when we substitute the We consider the case of simple cubic lattice with a
following values of the different constants (from lattice constant equal to a and the nearest-neighbor
RPA, CH, and Callen, respectively): number z=6. For a simple cubic lattice

Y §)=%(cosk,a +coskya +cosk,a) , (5.16)

= = =O ’
a1=0, bo=0, ¢, where (k,,k,,k,) are the components of the vector

a,=0, by=1, ¢,=0, (5.14) k. In the limit N — «, the sums over k can be re-
placed by the integrals given as follows:

aO:O’ b0=0, CI=1 ' 1 0 m/a m/a m/a
N % - (217')3 f—ﬂ/a dkx f—fr/a dky f—ﬂ'/adkz ’

Using Egs. (5.6) and (5.11) in the present approxi-

mation we find (5.17)
ag=1, by=1, ¢,=0, where (2 is the volume of a unit cell. In our case
Q=a’ The vector k is restricted to be inside the
and (5.15) first Brillouin zone, and hence the limits of integra-
a,+c,=b tions are —/a to +/a.
meme The expressions for the spontaneous magnetiza-
for any value of n. tion o and the parameter p are obtained as
|
1 2a3 pm/a w/a w/a n(k)
S 5.18
5= S ake [T aky [ dk T2 (5.18)
3 —
P _ 2a n/a m/a m/a - n(k)
g - (277)3 —m/a dkx f—~1r/a dky f—-ff/ﬂ dkz‘y(k) o (5.19)

with
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1+exp( —BLE (K)+/, Q(K)]]
1—exp{ —2B[E (k) +sz oy’
with E (k) given by Eq. (5.2) and Q(k ) given by Eq. (4.21). Since we are interested in the low-temperature 3 ex—
pansion of the magnetization, we expand the integrand of Eq. (5.17), i.., [n(k)/a], by powers of e ~PE(k
The result is

n(k)= (5.20)

—

n(k)

i(exp{—(2r+l)B[E( K)+£,0(K)]1—Bf10(K)} +exp{ —2(r + DBLE(K)+£,0(K)]}) . (5.21)

We can simplify the curly brackets as
(2r + DBLE (K)+£,Q(K)]+£1Q(K)=2B{pg[(2r + 1)f+f1]1+2r + D[1+folo— D]}
—ZIBYK)(p[2r + D)f, + 11+ 2r + o[ 1+ folo—1]}  (5.22)

and
(r+ DBLE (K)+£2Q(K)]=22JB(r + 1){pdSf>+[1+folo—D]]
—220B(r + DK {pfr+d[1+folo—D]} . (5.23)
We put J, /J| = ¢, the interaction anisotropy parameter, and J| =J. We also substitute
A, =2JB{pd[2r + )f 4+ f1]4+2r + D1+ folo—1)]} ,
B,=52JB{p[(2r + Df3+/f1]1+2r + Vo[ 1+ folo— D]} ,

(5.24)
C,=2zJB(r + D{pdfr+[1+folo—-D]},
D,=32JB(r + 1){pf2+4[1+folo—1)]} .
Equation (5.20) is now written as
= S {exp[—4,+3B,y(K)]+exp[ —C,+3D,y(K)]} . (5.25)
r=0
Let us consider an integral of the type
al w/a n/a /a 3B,K)
Il (2 ‘IT)3 —m/a dkx f—v/a dky f—ﬂ/tl dkze ’ (5.26)
with y(k ) iven by Eq. (5.16). Equation (5.25) reduces to
=1 f” Breos6 0 ] —13B,), (5.27)
T 0
where Ij(x) is the modified Bessel function of the zeroth order. We assume
3 —
a m/a m/a m/a = 3BH1K)
L=r5 ] % S dk [ dky(Ke : (5.28)
It can be reduced to
1 0s0 B cosé.
Izz;—3 [ fo cosie " *%dg, ] [ f 240, 1 (B)I3(B,), (5.29)
where I;(x) is the modified first-order Bessel function.
We can write down Eqgs. (5.18) and (5.19) as
i=1+22e 13B)+2 S e 13D, (5.30)
g r=0 r=0
{;—=2 S e 1,(BIAB,)+2 S e I (D)IAD,) . (5.31)

r=0 r=0
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The asymptotic expansions can be obtained as

%=l+E})gﬁ[ml(%dﬂ)_3”+-:;-mz(-;-zJB)"S/2+m3p(%zJB)‘3/2+%m.,(-}zJB)‘S/zp
+oems(32B)" 2+ 0(B~)] , (5.32)
. _—c 5 )3/2 [ml(—zIB)‘3/2 1 (%ZJB)_S/Z—J—m;p(%zJB)'yZ—%mip(%zJB)_S/Z
—ems(z B2 +0(B~Y)], (5.33)
l
where The expression for the spontaneous magnetization

my=[1+folo—D]7%(3),
my=[1+folo—1]"&(3) ,
my=—3[1+folo—1)]~3"
X[E)f24+E5,5)/127%7],  (5.34)
me=—3[1+folo—1]"""?
X[E(3)f2+E5, 51277,
ms=[1+folo—1)]""&(5)

The leading term in o is O(1) and in p/o is
O(B~3/%). Making use of this in collecting the
terms in increasing negative powers of 3, we get a
value equal to

1+aB—3/2+bB—5/2+cB—3+dB—7/2

+eB~*+0(B~%), (5.35)
where
2 _
‘(‘2—)37( 3 +2J) 3/2§(
3

- 5
=W(;z1) (3,
6

¢ = (e IE 2+ 6 2

—56(3)E(3)f2

+ET, 712757, (5.36)
d =[33/642m)>)(520)"%(3) ,
e =[3/4(2m))(52))*
><{5(1>[§<i>f2+§<—§-,%>f12—5/21
—SE(PIE) 2 +E(3, 7012757 .

becomes equal to

l_aﬂ—3/2_bB—5/2_(c __aZ)B—S__dB—7/2

—(e —2ab)B~*+0(B~'7?) . (5.37)

Here in Eq. (5.36), f1=3,, b, and f,=3,, c,,
i.e., the values of decoupling parameters when o =1.
We are interested in the coefficients of 83 and B~*.
The other terms are standard ones. The coefficient

of B3 s
2
(2m)?

(720 2e(3)[(2+3f,)e(3)

+2- 5/2f1§ 2,2)] (5.38)
while the coefficient of B~ * is

oo )3( 32D THA+f)EE S

+2732 | [E(D)E(T,3E3)

5 1 5

—§(3,72)6(3)])

(5.39)

These coefficients can be compared with the
spm-wave-theory results of Dyson,!” RPA results of
Tyabllkov, and KH results of Katsura and Horigu-
chi.’

The coefficient of the S~ term is, for RPA, for
Dyson, and for KH, respectively,
2
2m)}

(32)73(3)
(5.40a)

)+27572¢(5,5)] .

(2 53 20)TE(3[26(3)

The coefficient of the B~* term is, for Dyson, for
KH, and for RPA, respectively,
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3 0 5.3 The coefficients of the 8~ term in Eq. (5.38) can
T 4027)? (32))7[2(1.68)E(3)E(3)] be made to agree with Dyson’s result if we assume
3 1 5.0, 3
a2y 3 *{46(3)6(7) (243f,)/f1=—0.4252 . (5.41)
- 5 7 3
+2 5/2[§(7)§(7»%)§(7) The first-order Green’s-function theory cannot give
the correct coefficient of the 8~* term because for
_g(i’i)g(.’_)]} ’ this we have to take into account the spin-spin in-
praene teractions. For a simple cubic lattice the variation
3 0 a5 o3 of Curie temperature with the anisotropy parameter
) (32)78(3)E(5) . (5.40b) ¢ can be obtained as'® (see Fig. 1)

(5.42)

a [ a 14exp{ —2J|B.p.bol¢ —1(K)]}

2n) 1—gp(k)

2J)B.[(1—ay)+c,146.]=
and
al
(2m)3
where z=6, a is the lattice constant, ( 1?) is given by Eq. (5.16), and 7 is defined as
(1—ay)é+cip.
= 1_al +cl¢pc

2l Bepcl(1—a )¢ +cp.1=2J B[ (1—a;)+c dp.]—1— [ ke ™ 1B,pbols—1(K)],  (5.43)

If we put a; =0, by=0, and ¢; =0 in Eq. (5.42) we get

2a° 1
zJ B.(RPA)= d’k————=2F(4) . (5.45)
. (2m)3 / 1—¢y(K) ¢

Substituting Eq. (5.44) in Eq. (5.42) we find

3 —2J |Bepebold— (k)
(2" ; fd3kexP{ 1Pepebold— v (5.46)
m

2B [(1—ay)+c ¢p. ]=F(n)+
1—ny(k)

Doing the integration as usual, we finally obtain

ZJHpch[( 1—a,)¢ +01Pc]=7-]||ﬁc[(1—01 )+c1ép.)]
— 1—exp(—2J|Bepebo®) Lo 727 Bepebo) T - (5.47)

f

Equation (5.47) represents the variation of the Cu- k3 , (m x3e*
[ D dx

rie temperature with the anisotropy constant ¢ and K, (T)= 6y (e*—1)
the different parameters. Equation (5.47) is appreci-
ably modified as compared to results previously cal-

culated by Dalton and Wood.!® 3

x-e*

a2 [
=AT fo 1,,,(x,T)(ex_l)2

dx ,

VI. THERMAL CONDUCTIVITY
DUE TO MAGNONS where

Recently Kumar® has shown that the magnon A =ky/6m%y . (6.1)
conductivity gets modified by the spin-wave renor-
malization. Initially McCollum, Wild, and Calla-
way'® have calculated the magnon conductivity as E(K) =vyk?, (6.2)

Here the spin-wave energy is defined as
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FIG. 1. Plot of 2kgT, /zJ vs the anisotropy parameter
¢ (=J./J}) for a simple cubic lattice using different
decoupling schemes: (i) RPA (ap=1, a; =0, bg=0, co=0,
C,=0); (ii) KH decoupling scheme (ap=1, a;=0, bo=1,
co=0, c;=0); (iii) intermediate decoupling from the
present scheme (2o=1, a, =%, bo=1,¢p=0,¢,= ——;—).

where y entirely depends upon the technique of cal-
culating the spin-wave energy. With the use of
Zubarev’s double-time Green’s functions, ¥ depends
upon the various decoupling parameters. Therefore,
the degree of the deviation between theory and ex-
periment will depend upon the inadequacy involved
in the different decoupling approximations.

We now study the modifications in the magnon
conductivity which occur by using the present
decoupling scheme. Following Callaway,?® the mag-
non conductivity can be expressed as

_ 1
(2m)}

Kn(T) [ Vir,(K)cos?6C,, (K)dk ,

(6.3)

where

__dE(K)
Ve= Fra (6.4)
= ]2 E(X)/kgT
— E(k) e B
Cn(k)=kg %o T (emYkaT_Uz’ 6.5)
Tm(K) =1, (K)V . (6.6)

In Eq. (6.3), E (k) is the spin-wave energy which is
obtained as

E.(K)=a —by(k), 6.7
with
a=(zJo+f,z)pd),

(6.8)

Equation (6.7) can be further simplified for a simple
cubic lattice as

E (K)=@—b)+okla’=a,+ Bk, (69)
with

ay=(@—b),

m:%w?

Following Callaway, we assume

Blkz d a;
kBT—x an kgT

=5. (6.10)

Substituting Egs. (6.9) and (6.10) into Egs. (6.3) and
(6.4), we get the magnon velocity as

2Bk
Vk:%231 =——Bﬁl , (6.11)
_ ) ex+8
Cp(x)=kg(x +8) T (6.12)

The magnon conductivity reduces to

K, (T)=A —g— T2 fox”‘ L, (x,T)x (x +8)*
1
XI(x +6)dx ,
. (6.13)
I(n)=—%
W=
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Equation (6.13) clearly shows that the magnon con-

ductivity depends not only on the two decoupling K,(T)=A X |72 f " 1 (%, T)x (x +8)M (x)dx .
constants (B;,a;) but also on the anisotropy con- B 0
stant. If we assume that the neglect of the parame- 6.14)
ter & does not appreciably change the function I (x) '
the magnon conductivity can be written as Equation (6.14) can be further simplified as
X X Xm
Kn(T)=4 |-L |T? [ [, e DX (x)dx 428 [ 7 Iy (x, Dx (x)dx +82 [ 7 1y (x, T)xI (x)dx
1
(6.15)
—
We can rewrite Eq. (6.15) as Therefore,
I(x) I,(x)
Kn(T)=Kpp(T) 14262 482120 || Kn(D=Kn(T) | L | (6.18)
I;(x) I;(x) By
where It is therefore observed that the magnon conduc-
x, tivity varies with the anisotropy constant. Equation
I,(x)= f o Im(eTx"(x)dx . (6.16) (6.18) shows that the additional decoupling parame-

Equation (6.16) represents the magnon conductivi-
ty which depends upon the additional decoupling
parameters and the anisotropy constant ¢. We now
study the effect of the anisotropy on the magnon
conductivity. Equation (6.9) shows that

Qa 1
5= kT = kBT(z.Ia—f+z.Ip)( 1—9¢)

—=2JBo 1—f+£— (1—¢). (6.17)

Substituting Egs. (5.6) and (5.33) into Eq. (6.17), we
observe that the series expansion corresponding to
the term [f, (p/0)] is obtained depending upon o
and (%zJB)_” 2, The temperature dependence is
same as that of (p/o). The magnon conductivity
has been effectively increased by considering the an-
isotropy. However, for ¢ =1, i.e., isotropic systems,
we find

6=0.

ters are still important for isotropic systems because
of the multiplication factor y/B,. We observe that

Bi=<ba’=—<aXzo¢+f . 2Jp)

a*zJo (6.19)

1
6

¢+f+§

There the multiplication factor (y/B,) is of the form

AU S— (6.20)
B [¢+f4+(p/o)]
Equation (6.20) is again a series-dependent term and
depends upon the different decoupling parameters
used in the calculations along with the temperature,
as previously suggested by Kumar.$
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