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The thermodynamic properties (specific heat, spin-spin correlation function, magnetic susceptibility, and
density-density correlation function) of an impure one-dimensional classical Heisenberg chain with
nearest-neighbor exchange are calculated exactly in the thermodynamic limit. We consider both bond
and site impurities and consider the quenched and annealed limits for each of these models. The
present theory is an extension of Fisher’s work for the pure case. In the bond model, the annealed and
quenched limits lead to the same results. In the site model, the difference between the annealed and
quenched limits is predominant at low temperatures. For various combinations of the exchange
constants (both ferro- and antiferromagnetic) we examine analytically how the low-temperature behavior
of the zero-field susceptibility varies with concentration. Numerical results are given as functions of
temperature and concentration. It is found that in the annealed limit of the site model the specific heat
versus temperature curve has a maximum at a finite temperature. The maximum comes from the

short-range ordering of the constituent ions.

I. INTRODUCTION

Impure magnetic insulators have received con-
siderable theoretical and experimental attentions
in recent years. There exist two models which
describe such systems. One of them is. the bond
model where only one kind of magnetic ion is lo-
cated on the cation sites but two kinds of nonmag-
netic ions, I and H, are distributed on the anion
sites. There are then two kinds of superexchange
bonds which connect the nearest-neighboring mag-
netic ions, or equivalently two kinds of interaction
constants between them, corresponding to whether
they interact on each other via the I or H ion. The
mixture Co(S, Se), ! is an example of a system which
is described by the bond model. The site model has
two kinds of magnetic ions (or magnetic and non-
magnetic ions), I and H, which are distributed on
the cation sites. Here we have three kinds of near-
est-neighboring interaction constants corresponding
to I-I, I-H, and H-H pairs of ions. As examples
of systems which are described by the site model
we may enumerate the mixtures (Mn, Co)F,,
K(Mn, Co)F;, and (Mn, Zn)F,.?2

On the other hand, the idealized methods for the
preparation of magnetic mixtures can be classified
into two limiting cases: the mixture is prepared
by cooling infinitely slowly to a given temperature;
the mixture is prepared by cooling infinitely rapid-
ly to a given temperature. These cases are called
the annealed and quenched limits, respectively. In
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the annealed limit the true thermal equilibrium is
realized and the I and H constituent ions are dis-
tributed at absolute zero temperature in such a way
that the mixture has a minimum internal energy.
On the contrary, in the quenched limit the true
thermal equilibrium is not realized and the I and
H constituent ions are distributed randomly even
at absolute zero temperature. One might expect
that the quenched limit is more realistic than the
annealed limit, because the distribution of con-
stituent ions is probably not controlled by the mag-
netic interactions. However, a typical sample
must lie, more or less, between these two limit-
ing cases.

Efforts to exactly treat one-dimensional® or two-
dimensional? Ising mixtures have been discussed
by many authors. In the present paper, we calcu-
late exactly in the thermodynamic limit various
thermodynamic and magnetic quantities in a one-
dimensional classical Heisenberg mixture, as-
suming an open-linear-chain lattice. Exchange-
interaction constants between classical spins are
assumed to be nonzero only for nearest neighbors,
and the signs of the nearest-neighboring exchange
constants are assumed to be arbitrary. The pres-
ent study is an extension of Fisher’s work® for the
pure case to the mixture. We consider both the
quenched and annealed limits for each of the bond
and site models. All the quantities such as the
specific heat at constant concentration, the spin-
spin correlation function, the zero-field suscepti-
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FIG. 1. Spin-spin correlation function wy,, as a func-
tion of concentration of I bonds for Jy==dJ and Jy=J in
the bond model: (a) kgT/J=0.0; (b) kgT/J=0.1; (c)
kpT/J=0.2; (d) kpT/J=0.5. Labels on the individual
curves denote the values of |I—m |. Note that w;,;=1
for all temperatures.

bility, © etc. are obtained as functions of two (for
the bond model) or three (for the site model) ex-
change constants, the concentrations of the con-
stituent ions, and the temperature. The zero-field
susceptibility in a pure one-dimensional classical
Heisenberg ferromagnet and that in a noninteract-
ing classical spin system diverge, respectively,

as T2 and T ™! in the limit of T—0, where T is the
absolute temperature, whereas the zero-field sus-
ceptibility in a pure one-dimensional classical
Heisenberg antiferromagnet is finite at 7=0.5 We
show analytically how the low-temperature behav-
ior of the zero-field susceptibility in a mixture of
two of these three systems varies with concentra-
tion. It is also shown that for the bond model the
specific heat at constant concentration, the spin-
spin correlation function, the zero-field suscepti-
bility, etc. in the annealed limit agree with those
in the quenched limit. This is because in this mod-
el all of the configurations of the constituent ions
for a given concentration have the same energy.

As would be expected naturally, on the other hand,
for the site model, the difference between the re-
sults in the annealed limit and those in the quenched
limit is predominant at low temperatures. We cal-
culate in the annealed limit of the site model the
density-density correlation function for a given con-
stituent ion, say, the I ion. This function seems

to be a useful quantity to examine how the difference
between the quenched limit and the annealed limit
changes with the temperature, the concentration,
etc. One more point to be mentioned here is that
the temperature dependence of the specific heat at
constant concentration in the annealed limit of the
site model shows a maximum at a finite tempera-
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ture, which arises from the short-range ordering
of the constituent ions.

It is known that the compounds (CH,),NMnCl,
(TMMC) and (CH,;),NNiCl; (TMNC) are good ex-
amples of the one-dimensional Heisenberg anti-
ferromagnet and ferromagnet, respectively.” The
experimental data for the zero-field susceptibili-
ties in TMMC® and TMNC?® can be explained fairly
well by the results (scaled to S=5/2 and S=1, re-
spectively) of Fisher’s calculation® for the one-di-
mensional classical Heisenberg model over a wide
range of temperature. Thus, we may expect that
the results obtained especially for the zero-field
susceptibility in the present work will be applicable
to magnetic mixtures of TMMC and TMNC or of
their isomorphs.

An outline of this paper is as follows. In Sec.

II we formulate the bond model for both the an-
nealed and quenched limits. Section III is devoted
to the corresponding formulation for the site model.
The results of the numerical calculation are given
and discussed in the final section (Sec. IV).

II. BOND MODEL

In this section we consider the bond model for
a one-dimensional classical Heisenberg alloy with
nearest-neighboring exchange interactions only.
Assuming an open linear chain of N +1 classical
spins and using Fisher’s definition of the exchange
constant, ! we may write the Hamiltonian 3 for a
given configuration of two kinds of bonds, i.e., the
I and H bonds, as

J 5 = oz
¢ =—‘éI‘ _Zpi-msi-z'si
i=1

J N - ->
—?HZ;(I "pi-l,i)si-l' Si, (2. 1)

where J; and J, are, respectively, the exchange
constants associated with the I and H bonds, 8, is
the (three-dimensional) unit vector at the ith site,
and p;.,,; is an occupation variable assuming the
value of 1 or 0 depending on whether the bond be-
‘tween the (¢ — 1)th and ith sites is the I or H bond.
We note here that in the discussions given in this
and following sections we confine ourselves to the
thermodynamic limit, i.e., the limit of N—~ =, The
results which will be obtained in this paper are ex-
act in this limit.

A. Annealed limit

We first treat the annealed limit. The grand-

partition function = of the system is given by
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with
Ky=J;/2kg T, Ky=dJ,/2ksT

In these equations dQ; is the element of solid angle
for the unit vector S;, &z is the Boltzmann constant,
T is the absolute temperature, and X is the abso-
lute activity for the I bond.!! By the use of Fish-
er’s method, ° = is easily calculated to be

(2.3)

E= (g, +2,), (2.4)
where
zy=sinhK,/K;, z,=sinhK,/K,. (2.5)

Let us denote by N, the number of I bonds in the

system. Then the absolute activity A is determined

from the equation

8 InX
v ()
! a /,

== 5N[pJ e + (1= p)d guyl,
C=Nky[pc, +(1-p)cyl,

(2.6)

with
uy=cothK, - 1/K;, uy=cothK,-1/K,,
and

c;=1-K%sinh’K,, c,=1-K%/sink’K,, .

We now turn our attention to the spin-spin correlation function w,; ,

fined by
@1, m=(S; * Sn)e= 3(S%S5),
1 1

SIEIESSE

X 8185 eXP<KIZPi-1, 1" -8, +KHZ =P, )si-l ﬁlm}jpm ;) .

Here (- - ), denotes, as is shown explicitly, the grand canonical ensemble average.
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1 1 N ) - &
Z te Z exp (KIZPM,:SM *S; +Kﬂﬁ; (1 =pi4,:8:1°S; +1n7‘2?i-1, i) ,
i=1 i= i=

2.2)

The result is

X=pz,/(1-p)z,;, 2.7)
where p (=N,/N) is the concentration of the I bond.
The Helmholtz free energy F'® in the annealed
limit is calculated as

F9=_kyT(InE = N,In}) . (2.8)
From Eqgs. (2.4), (2.7), and (2.8), we have
F'® = _NkyT[plnz, +(1 - p)lnz,
-plnp - (1-p)In(1-p)]. (2.9)

The internal energy U and the specific heat C at
constant concentration of I bonds are then given,
respectively, by

(2.10)
(2.11)

(2.12)

(2.13)

12 in the annealed limit which is de-

(2.14)

Using again Fisher’s

method® for the pure case, we obtain the following expression for Wy, m

w =(___>‘y1+3’y)”'""
bm™\\z; + 2y ’

where

K;coshK, - s1nhK,

_KycoshK, —sinhK

Yr= K2 H= K3

Note that w,, ,, given by Eq. (2. 15) depends only on [I—m [,

=g li-m]
Wy, m=U y

with

(2.18)

(2.186)

Combining Eq. (2.15) with Eq. (2.7) yields
(2.17)
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u=pug+(1—pluy. (2.18)
The zero-field susceptibility x  is expressed in terms of w, ,, as
g IJ-B
“12k,T ,Zo:;, Cim (2.19)

g and pj being the g factor of the ion with the classical spin'® and the Bohr magneton, respectively. If we
substitute Eq. (2.1%7) into Eq. (2.19), perform summations over / and m, and then take the limit of N— «,
the zero-field susceptibility X in the thermodynamic limit is obtained to be

Ng? }LB 1+u
X=10kpT 1-u ° (2. 20)
B. Quenched limit

Next we discuss. the quenched limit. The partition function Z fora given configuration of N, I bonds and
(N -N,) H bonds is evaluated as

dQ, (49 fiiy) & =z -
J Oj_lj NeXP(KI;IPH.iSi-rSf+Kn£1(1—Pi-1.i)Si-1' )ZHZN'”’ (2.21)

Thus the Helmholtz free energy F‘® in the quenched limit is given by
F@=—kyT(nZ) o
==NEkgT[plnz; +(1 - p)Inz,], (2.22)

where (+++)...¢ stands for the arithmetic average over all the configurations for fixed N; (or equivalently
for fixed p). From Egs. (2.9) and (2.22) we see that the difference F'® — F'? is proportional to the tem-
perature T. It is thus obvious that the internal energy and the specific heat at constant concentration in the
quenched limit of the bond model agree with those in the annealed limit of this model.

On the other hand, the spin-spin correlation function & 1, m fOr a given configuration of the I and H bonds
is defined by

¥ N
Oy <S; Sm)c-—' Qof—]‘ f—“mN Sis;e’q)(K.riZl Di-1,iSiq" Si+Ky;(1 ~Di-1,1)8:4° Si) ) (2.23)

where (- - ), denotes the canonical ensemble average. We have from Eq. (2.23)

m
H #;,,; forl<m,

i=l4+1
“um=9 1 forl=m, (2.24)

Wyt for I >m,

where u;., ; takes one of two possible values, u, and uy, depending on whether the bond connecting the
(i — 1)th and éth sites is the I or H bond. The spin-spin correlation function w,, =2 in the quenched limit
is nothing but the configurational average of &, ,, i.e.,

wl,m=<(‘:’l,m>conf' (2025)

Since the probability that the bond connecting nearest-neighboring sites is the I or H bond is, respectively,
p or 1 —p, we can obtain the following recurrence relation for w, , with I<m:

m
Wiym= H ui-1,i>
i conf
m
-o( IT ) e = IT s
conf,I € (m=1,m)

i=l+1 i=l+l >conf,HE(m-1, m)

—pu,<ﬁ u;.l,,> s +(1-p) uﬂ<ﬁ Uiy, i> ut

i=l+1 i=1+1
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=Wy, mey (for m=1+1, 1+2, ...). (2.26)

Here (** *Yeont,re(me1,m» OF > **Veont, He (mo1, my Stands for the arithmetic average over all the configurations of
the J and H bonds subject to the condition that the bond between the (m - 1)th and mth sites is the Jor H bond,
respectively. Iterating Eq. (2.26) and noting that w; , =1 and w,, ; =w;,, leads us to

_=llaml
wl,m_u ’

which is the same result as that given by Eq. (2.17).

III. SITE MODEL

In the site model, for a given configuration of the
Iand H constituent ions the Hamiltonian € may be
written as

- -
Diabi Sy S;

m|..,
.'L[V]z

NE% NI%

- iV

(Pi 1= P8 -§,

;(1 b)) 1 =58, 8, (3.1)

where Jpy, Jry, and Jy, are, respectively, the ex-
change constants (defined similarly to those in the
bond model'®) between the nearest-neighboring pairs
of the

2 (20 [ j_@ﬂj ..
2920 50 FyE
N .- . N
+KHH;(1 =D)L =103)S;1° Sy +1n)\§0:,pi)
=Tr(4,4").

Here X is the absolute activity for the Iion, and
Ap and A are the 2 X 2 transfer matrices defined by

1 X

Ay =< > ’ (3.5)
A

A=< B Wz’”). (3.6)
VX 2y Az

The eigenvalues a, of the matrix A can be calcu-
lated easily and the results are

a=3{\21r + 2gu £ [(Napy = 2 + 402341 %, (3.7
It is important to note here that
a>la.|. (3.8)

Since we are concerned in the thermodynamic
limit and since we have the relation (3. 8), the
equation which determines the absolute activity 2

(2.27)

[

Iand I, ITand H, and H and H ions, and p; is equal
to 1 or 0 depending on whether the ion at the ith
site is the Jor Hion. The vector §; in Eq. (3.1)
is the same unit vector as used in Eq. (2.1).

A. Annealed limit
Introducing the following dimensionless quantities
similar to those defined in the preceding section;
Ky =Jdi/2kp T, Kpy=dpg/2ks T, Kyy=Jyu/2ksT,

and (3.2)

21y =sinhKy /Ky, 2y = sinhKpy/Kpy,
(3.3)

the grand-partition function = of the system be-
comes

2y =sinhKy, /Ky,

N
exp (Kn; Dia1 PiSiy* Sy +ng: (B30 = 0:FSi1° S,

(3.4)

[

becomes
9 1lna,
p= )‘( an )T ’
p being the concentration of /ions. Substituting a,
given by Eq. (3.7) into Eq. (3.9) and performing
some manipulations gives
ZHH LT (=200 z
201 -p) zi;

_._L'."_ZL 2r _ oLz /2
BT =p) oh 149 =P znrzun + (1= 20P 2112,
(3.10)

It is straightforward to evaluate the internal
energy U in the annealed limit and we finally
have

v@ =~ NV ir + J1g¥in¥en + Jyu Vi Yay)
NZgr + 2y +L(A21y — 2y Pt 47xz,g,,]17 7

(3.11)

(3.9)
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FIG. 2. Zero-field susceptibility x/x, (xo=Ng’ul/
12J) as a function of temperature for J; =—J and Jy=J
in the bond model. Labels on the individual curves
denote the values of p.

where
K;; coshK;; — sinh K,
1 = K?I )
Ky coshK;y — sinhK,
Vg = 1H KI?H IH (3.12)
Kyy coshKy, — sinhKyy
Yuu = K?m s
and
M A2~ Zpy >
"=y (1 +[()\Zu - zgg P +40z74l 7% )
27&21,1
= 3.13
Yin [Ny = 2y +4NR%, 12 2 (3.13)
1 1 A2 = Zpy >
Yur =\ T (Varr - 2an ) + 412 g T2 )"

The specific heat C‘® at constant concentration of
I ions in the annealed limit can be calculated by

08
C/Nkg

0.4

0.0 -

00 0.

0a s (]
kg T/T
FIG. 3. Specific heat C/Nkg at constant concentration
of I bonds as a function of temperature for J;y=0 and
| Jy | =J in the bond model. Labels on the individual
curves denote the values of p.

~
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b 4 \23 2345
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-05}f 1t -
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- . X
“hm o
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5, 6 2
00| € —t P ——F ——fA
-05} 1t
L (b) 4 F (d)
-1.0 , ,
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£

FIG. 4. Spin-spin correlation function Wy, as a func-
tion of concentration of I ions for Jy =J, Jpy=~dJ, and
Jyy=J in the site model: (a) kgT/J =0.0; (b) kgT/J =0.1;
(c) kT /J=0.2; (d) kgT/J=0.5. Labels on the individual
curves denote the values of |7—m|. Note that ws; ;=1
for all temperatures. For the present combination of the
exchange constants, the annealed and quenched limits
lead to the same result for w;,,, and w; , depends only
on |Z~ml. The spin-spin correlation function w,,, for
Jyp=—dJ, Jig=4dJ, and Jyy=~J is obtained by multiplying
wy,m Shown in the figures by (- 1)leml

differentiating U‘® with respect to the temperature
T keeping p constant, i.e.,

co-(222)

57 ), (3.14)

We next consider the spin-spin correlation func-
tion w{?), in the annealed limit. This correlation
function is calculated as

Jp=-J, Jm=J, Jgu=J

1.0 y '
L Lol gg=00 /1L, kgl/J=0.2
0.5k 3 (l»mle‘f 1L s
b H 6 1S 1ml= 2
0.0 h - 2 : 4
r 1T !
-0.5}¢ 52 ]
F () ir (O]
-1.0 . -
@hm
"™ 1.0
E—t-mls s L kgl7J=0.5 |
OSS% d [ ipml=t
1t [ 2 If-ml=2 ]
0.0 T ]
-0.5}¢ \ b J
(b) 3 (d) E
~|.ot . .
0.0 0.5 u.opo.o 0.5 1.0

Fig. 5. Same as Fig. 4 but for Jy;=~J, Jpy=4J, and
Jyg=dJ. The spin-spin correlation function wy,, for Jrr
==dJ, Jy==—dJ, and Jyy=J is obtained by multiplying
W3, Shown in the figures by (—1)'*! and then by replac~
ing p by (1 -p).
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-> N -> - N - -> Gt
X exp(Ku; Pi1PiSi1 °S; +KIHZI(pi-1 = 1811 Si + Ky ; (1 =pig) (1 =p)8iq - S+ mkg Pi)
= = =1 1=

Tr(A,A' B™'AY™) for I=m,

nIf=

w'®) for lzm.
'

Here we have introduced newly the 2 x 2 matrix B
which is defined by
_ < Yuu VX vy >
Ayt Ay
It is to be noted here that, since the two matrices
Ay and A do not commute with one another, w{®),
depends independently on / and m. When J;, =0,

i.e., y15=0, the matrix Bis diagonal and has two
eigenvalues b, given by

(3.16)

(3.17)

On the other hand, the eigenvalues b, of the matrix
B for the case of J;;# 0 are expressed as

1/2}

b,=Yyn, b.=\yy; (for Jpy=0).

- yHH)z + 4)\3’?11]
(for Jry#0).

by =3{yrr + yaw £ [ Oy
(3.18)

Let us now introduce two matrices P and @, which
are defined, respectively, by

a, 0 1 1
PlAP= , P"P=PP™=FE, (3.19)
0 a.

and

b, 0
Q'BQ= (0 b > , 'Q=QQ"=E (3.20)

where FE is the 2 2 unit matrix. Then, the spin-
spin correlation function w(‘” in the limit of 1</,
m<< N can be rewritten in the following form:

wm =[P -IQ]11[Q-1P]11(b+/a+)I peml

+[PQll @1 Py (b./a,) ™ (for 11, m< N),
(3.21)

(d)_M( -1 -1 4‘+b
X “12k.T [P Q]u[Q P]ua b,

Furthermore, it is interesting to discuss the density-density correlation function z,b}
This correlation function is defined as

[749)
‘4‘#’ ;0 ;% Z Dibmexp (Knti’t-uf’fsm -§, +}{Iﬂi(pi-1 P84S

annealed limit.

=L [0 [ 40

lym ™

+[PQli[ @ Py

(3.15)

where, for example, [ PQ],, is the (1,1) element
of the matrix product P™'Q. In deriving Eq. (3.21),
we have employed the fact that

a,>|0b,|. (3.22)
It is natural that w{?), in the limit of 1<, m< N
depends only on |l -m|. The explicit expressions
for P, P, @, and Q™ are given by

‘/XZIH "/)\_ZIH
P= ,
a,=Zyy A.— Zgy
" 1 (-a_+z,,,, Az >
—\/X—ZIH(a*_a-) a, — Zyy —‘/YZ[H
(3.23)
and
Q=Q'=E (for Jy=0), (3.24)
Q= < ﬁy”, ‘/7\_3’151 >
- ’
b,=Yuy b.—Yum
Q'1=+ (- b+ yyy \/Xy”, (3.25)
VX y1a(b, - b.) b,—vuy =V Ay

(for Jy4# 0).

Calculating the zero-field susceptibility x® in
the annealed limit, we assume that the g factor of
the 7ion is equal to that of the H ion and denote the
g factor by g.'® Thus, by following the same pro-
cedure that led us from Eqgs. (2.17) and (2.19) to
Eq. (2.20), we find

a, +b,
m) . (3.26)

for the 7ion in the
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N
+KHH;(1 =D)L =p;)Syy si“"ln)\gpi), (3.27)
i= =
and is calculated to be
é Tr(4,AA’A™ A’ AY™) for 151<m=N,
=11 11 41 41 (3. 28)
' = Tr(A,AA'A™) for 1=1=m=N,
fff.)x for 1=m<I=N,
and
% Tr(AgA™1A’AY™) for 1=m=N,
Poom = : (3.29)
=Tr(44Y) for m=0,
where Ay and A have already been defined by Egs. (3.5) and (3.6), respectively, and
0
Ap = ’ (3.30)
0 2
0 Vxz
A =< ’”) . (3.31)
0 Xrzpy

Note that ${%), also depends independently on 7 and m. It is not difficult to show that ¥{2), is expressed in the
limit of 1</, m< N as

[PlA’Pl,[P'A' Pl
Zp(a) _ ai

lym~—

a |1=ml=1 2
(a—') +p° for 1< l#m<N,
*

o for 1< l=m< N, (3.32)
which depends only on |l —-m |,

B. Quenched limit

The partition function Z for a given configuration of the I and H ions is expressed as
sy [ d2 s X s oz S s .3 - s =
Z=fz1;n El oo Jﬁeiqi(lﬁzizpi-xl’i S;.1°S; +KmEl (Bi1 = Pi¥ St * Sy +KHHZ; A =pi)) X =p9)Siy° si)
=1 = 1=

e (3.33)

i=1

Here z;,,; is equal to 2y, 2z, or zy,, depending on the species of ions at the (i — 1)th and ith sites. The
Helmholtz free energy F'‘® in the quenched limit is obtained from

N
F(a)=—kaT<1nZ>conf=_kBT<1nHzi'1:i> . (3.34)
i=1

conf
In this equation {: - +) ., represents the arithmetic average over all the configurations of the I and H ions
for given concentrations of these ions.

The Helmholtz free energy F@ can be calculated as follows. Since the probability of finding the I or
H ion at a given site is, respectively, p or 1-p, we have

N N N
<lnnzi_m> =p<1nHz‘_M> +(1 —p)<1nHzi_m> (3.35)
i=1 conf i=1 i=1

’
conf,IEN conf, HEN
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<1n '11:12,._1,,>

conf, IEN

N
= p<1nH Zi-m>
i1

cont,IE(N=1),IEN

N
=plnz;+(1-p)lnzy +p<1nn Zi1,4

i=1
N-1

:plnz”+(1——p)lnz,,,+<1nHz,._1’i> ,
i1

N N
<1n Hzi-l,i> =p<1nnzi-1.i>
i= i=1

conf, HEN conf, IE(N-1),HEN

N-1

=plnzy+(1-p)lnzyy +p<1nH Zi-1,i
i1

N-1

=plnzy+(1 —p)lnz,,,,+<1n H Zi4,i
i1

where, for example, (s« +)qns,rey denotes the
arithmetic average over all the configurations of
the I and H ions subject to the condition that the I
ion occupies the Nth site and { + +)oont,re(s-1),7e the

arithmetic average over all the configurations of the

I and H ions subject to the condition that the I ions
occupy the (N —1)th and Nth sites. Substituting
Egs. (3.36) and (3.37) into (3.35) gives

<1nri zi_l,,> cont =P?INZ;; +20(1 = p)Inz,py + (1 — p)lnz
i=

(3.38)

N-1
+ <lnH Z’t-l,i>conf-

In a similar way we can obtain

=1
<lnﬁ zi-l-’>conf =p2lnz;; +2p(1 - p) Inzyy
i=

N
+(1 - pPlnzyy + <1nﬂ Ze-l,i>conf‘
5

(3.39)
From Eqs. (3.38) and (3.39) we have

b
<1nH 21, t> cont = 2[0% 102y +2p(1 = p) Inzry
i1

+(1 - pPlnzg] + <1nﬁ 2.1, i>conf- (3.40)

Substituting the result obtained by repeating this
procedure and by noting that

Iz )eons = P2 102y +2p(1 = p) Inzyy + (1 = )2 Inzyy,

into Eq. (3.34) expresses finally the Helmholtz free
energy F@ ag

F@ = NEgT[p? Inz;; +2p(1 = p)Inz,,
(3.41)

It is straightforward to evaluate the internal en-
ergy U'? and the specific heat C‘? at constant concen-

+(1 = pllnz,,].
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N
+(1-—p)<1n Z;. >
g B [ ont, HEN-D, IEN
N-1
+(1—p)<1n Zs. >
>conf,1€(N-1) LI U ot mEN-D
(3.36)
conf
N
+(1 —p)<1n Z; >
g L/ ot HEN-1), HEN
N-1
+(1—p)<ln Zi. >
>con!,l€(N-1) g i cont, HE(N-1)
> , (3.37)
conf

!

trationof’ ions from the Helmholtz free energy ob-
tained above, and the results are

U@ == $N[p?dy; typ +2p(1 = p) Tppttgy + (1 = pVT pytis |,

(3.42)
C@ =Nkp[p®c +2p(1 = p) cpy + (L = pP cyyl,  (3.43)
where
uy; = cothK,; = 1/K,,,
tyy = CothK,y — 1/Kpy, (3.44)
tyy =COthKyy —1/Kyy,
and
Jp = 0, Jy =0, Jyu = J (annealed)
1.0 .
L izt kgT/3=0.0 | i kgT/J=0.2
05} { e 1
L IS~
0.0 ; 2
-0.5} 1
r (a) 1r (c)
-1.0 L .
(a)
Whm 10
bt it keT/J=0.1 | | kgT7J=05
M~
03 §§4% i It-ml=1
0.0 %p 2
~05F It
- (b) 1t (d)
-1.0l L )
0.0 0.5 10,00 0.5 10

FIG. 6. Spin-spin correlation function w,("‘,),, 1xl=m
<«N) as a function of concentration of I ions for Jz;=0,
Jry=0, and Jyg=J in the annealed limit of the site model:
(a) BgT/J =0.0; (b) kgT/J=0.1; (c) kpT/J=0.2; (d) kgT/J
=0.5. Labels on the individual curves denote the values
of 1I=ml. Note that w,‘f} =1 for all temperatures. The
spin-spin correlation function w}"‘,’,‘ (1<, m <N) for J
=0, Jyy=0, and Jyy=—J is obtained by multiplying wg‘fm
shown in the figures by (—1)!#ml,
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. hed limit i
¢ =1 - K& /sinh®Ky,, quenched limit is calculated from

¢y =1 = Kf /sinh®K,y, (3.46)

(3.45) w{?z‘ :<a’l,'n>conh

where @, ,, is the spin-spin correlation function for
a given configuration of the I and H ions which is
given by

Cup=1—KZy/sinh®Ky, .
The spin-spin correlation function w{?), in the

- Q
D,m= <s,s> f@.ﬂ dl.-

dQ i - - N - -
#57 Sy, exp(K" ;Pml’isfq « 8 +Kpy ; (Bi-1=PiFSios+ Sy

N
+Kyy ; =)@ =5))S;y- Sz)

m

Hlui_m for I<m,
)1 for I1=m, (3.47)
Om, 1 for 1> m.

Here u;.,,; equals to uy;, %y, OF uy,, depending on the ions at the (i — 1)th and ith sites. By following the
method similar to that used in deriving Eq. (3.41) from Eq. (3.34), w{%), can be evaluated as follows. Since
Wity =wi,, we consider only the case where /<m. First we note that w‘“ can be written as

m
w{®) = <‘I'I u1-1,4> =p<‘II u{_m> +(1- p)<’]:I u,_l,,> (for m=1+1, 1+2,...).
=1+1 conf =l+1 cont,fem =l+1 conf,Hem

m
Furthermore (17,51 %1, cont,rem 204 (Mfaga1 #int, 1dcont ,wem ATE €Xpressed as

(1RS]S SR ), o

i=1+1 =l+1 >con1,1 € m=1),Iem i=]+1 >conf,He(m‘1),IEm

AY
—Wn< H ui-l,l> +(1=-p) u”,< H “i-1,4>
i=l+1 conf,f € (m=1) i=l+1 conf,HE(m=1)

m m m
<H “4-1,£> = P<H uz~1.¢> +(1 = P)<H “s-1,i>
i=1+1 conf,HEmM i=l+1 - conf,f € (m=1), Hem i=l+1 conf,H € (m=1),HEm

m=1
=P“1H<H u1-1,i> +(1- P)”HH<II Ui 1i> (for m=1+2,1+3,...),
i=1l+1 conf,f € (m=1) conf, H €(m=1)

(3.48)

(for m=1+2, 1+8,...),

(3.49)

i=1+1
(3.50)
or equivalently in the matrix form as
m Mo
<lI;I ui-1.4> <ﬁ “1-1,f>
=7+1 conf,Jem =D i=l+1 conf,I e(m=1) (fOI‘ m:l+2, l+3,...), (3.51)

m=1
< u¢-1.1>
i=l+1 conf,H € (m=-1)

m
<H ui-l,i>
i=1+1 conf,Hem

where

u 1-pu
p= | M . (3.52)

PUry (1 = Puyy

Note that the matrix D is not Hermitian. Using
(uz,t+1>cont,1e(t+1) =D 1 ) 3. 53)
(u,' l+l>con£,He (I+1) 1

substituting the result obtained by iterating Eq.

(3.51) into Eq. (3.48), and noting w{?}=1 and w;

=w{),, we obtain for w{?),

1
wit=lo, 1-p] D' : (8.54)

which, as in the case of the bond model, depends
onlyon |[l-m|.

We now introduce the matrix R which diagonalizes
the matrix D, i.e.,
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Jip = 0, Ju =0, Juy=J (quenched)

. kel/7=00 | | kgl/J=0.2
os} é\ 1 BNI=mlet
2
- 1 o
0.0 & =% :
-0.5} 1t
F (a) 1r (c)
(@ "0 . .
Wom Lo
bl keT/7=04 | | kgT/J= 0.5
0‘5\3 1 Linler
s | \v\
oo———— =te———
-0.5F 1t
8 (b) 1+ )
-1.0 L 1
00 0.5 Lopo.o 0.5 10

FIG. 7. Same as Fig. 6 but for w{®, (1< 1 = m <N)
in the quenched limit.

A 0
0 d

R'DR= , R\'IR=RR'=E, (3.55)
where d, are the eigenvalues of the matrix D and E
is, as before, the 2X2 unit matrix. The eigenval-
ues d, are given by

d,=puy, d.=Q-puy, (@Eord;,=0), (3.56)
and
d,=z(pusy + (1 = phugy +{[pr; = (1 = puyy F

+4p(1 — p)2,}2) (for Jpy #0). (3.57)

Note that the absolute values of d, are smaller than
unity. The explicit expressions for R and R™! are

R=R1'=E (for Jyz=0) (3.58)
and
B =Py (L =puyy
d,-puy; d.-puy
1 —d.+puy  (L=puy
Rl= .
(I -pup(d,=d) | d,—puy =1 =pluy
(for Jpy #0). (3.59)

The spin-spin correlation function w{?), of Eq. (3.54)
can be rewritten in terms of R, R™!, and d, as

wﬁr’n = [pRu +(1- p)Rzl](R;}, +RI§) dil-m

+[pRy, + (1 = P)R, J(R3] + R33) Al (3.60)

It is now easy to calculate the zero field suscep-
tibility x‘“ in the quenched limit. The result is
given by

Ng2u? 1 oo l+d,
x@ =‘1“§k—;?i'<[PRu +(1- p)Rzl](Rli +R1:}.) 1-d,

4693

1+d
+[pRys + (1 = PRy, |(R51 + Rz} ﬁ) (3.61)

where we have again assumed that the g factor of
the I ion and that of the H ion are equal to one an-
other,

IV. RESULTS OF THE CALCULATION AND DISCUSSION
A. Bond model

We first discuss the results of the calculation for
the bond model. In Fig. 1 the numerical results of
the spin-spin correlation function w, , obtained for
the case where two exchange constants J; and Jy
are given by J; =—J and J, =J (hereafter we use J
which is always positive as the unit of energy) at
representative values of the distance |l -wm| be-
tween two sites, 7 and m, and of the reduced tem-
perature k;T/J are plotted as functions of the con-
centration p of the 7 bond. We also plot in Fig, 2
as functions of k5T/J the numerical results of the
zero-field susceptibility x for this case at repre-
sentative values of p. The low-temperature expan-
sion of ¥ for this case is given by

- -9 - 2
x0<2(l P _1-2p (1-2pF1 )

— e e o
~ P I 2p° K
N for 0< p=1,
Xo(4KE = 2K ++ « +) for p=0,
(4.1)

where x,=Ng2u2/12J and K=J/2k;T. 1t is to be
noted here that w; , and y for p=73 of this case are
expressed as

1 for l=m,
wl,mz{

(4.2)
0 for l+m,
and
2,2
X:M (4.3)

12k,7T°

and that these results agree precisely with those
for the noninteracting spin system in which J; =Jy
=0. Since the specific heat at constant concentra-
tion depends only on the absolute values of J; and
Jy, the result of the specific heat for the case of
Jy ==dJ and Jy =J is equal, for all values of p, to
that of the specific heat for the pure ferro- or anti-
ferromagnetic case with the exchange constant J or
—-J, respectively, which has already been obtained
by Fisher.®

As can be easily seen from Egs. (2.17), (2.18),
and (2.20) and the fact that if J, =0, then u, =0, the
spin-spin correlation function w;,, and the zero-
field susceptibility x for the case of J; =0 and J =J
are obtained, respectively, by replacing p (with the
values of 0 =p =3%) in w;,» and x for the case of J;
=—J and Jy =J, which we have discussed above, by
3p. Similarly, w,,,, and x for the case of J;=0 and
Jy =—J can be obtained, respectively, by replacing
p (with the values of 3=p=1) in w,,, and x for the
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Jun =7

Jir = 0, Jy = 0, Juy=J (annealed)
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1 10° T 1x10* FT—T—T—T—T—T—————————
6 6}
3 Jip <0, Jiw = O, Juw=-J (onnealed) 3t Jir= 0, Jiu=0, Juy=-J (quenched)

(h)

xxq
xVxo

N I L
00 03 06 0.9 12 15 1.8
kgT/J

00 0.3 0.6 0.9 1.2 15 1.8 3x10"
kgT/J

FIG. 8. Zero-field susceptibility x'?/x, or x@/ Xo (x0=Ng2u§/ 12J) as a function of temperature in the site model:
@) Jp=dJ, Jgy=—J, and Jg=dJ; (b) dyp=—d, dpy=J, and Jg=—d; (c) Jyy=—d, Jpg=dJ, and Jyg=J; () Jy=~d,
Jip==dJ, and Jyy=J; (€) Jppr=0, Jyy =0, and Jyy=J in the annealed limit; (f) J; =0, Jzz =0, and Jyy=J in the quenched
limit; (g) Jir=0, Jry=0, and Jyy=—J in the annealed limit; (h) Jpy=0, Jyy=0, and Jyy==J in the quenched limit.

Labels on the individual curves denote the values of p. Note that when |Jpr | = | dpy | = | Jyg !, x @ =x@ (=x) (a, b,
c, d).
case of J;=~dJ and J,; =J by 1-32p. The specific B. Site model
heat C at constant concentration for the cases of
J; =0 and |Jy | =J is shown in Fig. 3 as a function Let us now turn to the site model. Before going
of k5 T/J for representative values of p. into the discussion of the numerical results, we
20 LN S S S S B SN B S S S S S 2.0 — T T T T T T T T T
() @ .
€t o ayeon hyl-s ] c(qukB' N ar=0. ol =9 |- 3 |

20— T 20— —T——
g} \ [oul =3, =0, |- ; cInig T2 0| Ty | =T, Ty - 1
O\ P 1170 9| =3, Jun =0
1 C INkgl ]
(@
1 12
1 08
¢k ©
@ 1 — cYUnkg
~~~~~~ C/Nkg R @
! 1 0.4 5l ----CNKg
_— b T
1 1 1 1 1 1 e} 1 1 1 n 1
0.6 08 60 02 04 06 08

kgl/J

FIG. 9. Specific heat C‘®/Nkg at constant concentration of I ions in the annealed limit of the site model (solid lines)
and specific heat C‘?/Nkp at constant concentration of I jons in the quenched limit of this model (dotted lines) as func-
tions of temperature: (a) Jy=0, Jry=0, and | Jyy | =d; (b) Jpr=0, |Jy | =J, and |Jgy |=J; () | Jpy | =d, Iy =0,
and | Jyy |=d; (d) Jpr=0, |Jpy | =J, and Jyz=0. Labels on the individual curves denote the values of p.
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Jip =0, Jpy = 0, [Guul= 7
.Op—— ——

| kgT/T=0.0 kgT/J = 0.2
|-m|21
0.5F 4 F 4
[P-m]=1
(a) (c)
sgoolli oL A
> oo — v
kgl/J=0.1 | kgT/J=0.5
b ]
P-m| =1
(b) (d)
1.0.0.0 0.5 1.0

14

FIG. 10. Density-density correlation function ${%,
(1 < I#m<N) for the I ion as a function of concentra-
tion of I ions for Jpp=0, Jyy=0, and | Jyy | =J in the
annealed limit of the site model: (a) 2zT/J=0.0; (b)
kpT/J=0.1; (c) kgT/J=0.2; (d) kgT/J=0.5. Labels
on the individual curves denote the values of |l -m | .
The curves for |I—=m | == are the p? curves. Note that
$@)=p for all temperatures.

I =0, [Il=d, |Juul=d

.o T T T T

| keT/3=00 1| kgTr3:0.2 |
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s E 5 (a)4 F (c)
T e e
| kgT/J = 0.1 N L kg1r3=0.5 i
i it ]
0.5 1r 1
L U-ml=2 1t j
o U-ml==
F ) 1F { 1
® ][ ()
0.0 A
00 05 10 00 05 10
P

FIG. 11. Same as Fig. 10 but for Jp=0, | Jpy | =J,
and | Jyy | =J. We note that $§%, in Fig. 11(a) coincides
with that in Fig. 13(a).

[ =0 I = 0, [3ul=7

1.0
kgT/J = 0.0 keT/J=0.2 1
emlzt ] el ]
0.5 1t 1
1 4 )
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FIG. 12. Same as Fig. 10 but for | Jpy | =J, Jpy=0,
and l JHH | =d.

mention that for the special cases where |J;; |

= |Jyy | = |dgy |, the annealed and quenched limits
lead to the same results, even in the site model,
for the internal energy, the specific heat at con-
stant concentration, the spin-spin correlation func-
tion, and the zero-field susceptibility. In connec-

Jr = 0, Nml=J, Juu=0

|.O T T T T T T T T T T T T
kgI/J = 0.0 1| kgT/T=0.2
1T f-ml= 1
11 73
1
it (c) |
L kgT/J=0.l | kgl/T=05
L ] i
0.5¢ 1#-mi=2 4t 4
L 4 L 4
1 r -mleco 1
1r { 4
5,
- (b) 1 } (d) A
0.0 A C
0.0 0.5 t.opo.o 0.5 10

FIG. 13. Same as Fig. 10 but for Ji;=0, |Jpy | =4,
and Jyy=0. We note that ¥{%, in Fig. 13(a) coincides
with that in Fig. 11(a).
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TABLE I. Low-temperature expansion of the zero-field susceptibility x“‘)/x(,(x0=Ng2 u23/12J) in the annealed limit of
the site model and that of the zero-field susceptibility x“’)/x(, in the quenched limit of this model. Here K=J/2kgT.
Note that when |y | = |Jy | = 1dgyl, x@=x,

Ju I Iam X9/ AN
J J J 4K? 2K +ees

~-J ~J ~-J 1+1/2K 4+
J -dJ J 4(1 —2p)’K% —2(1 —8p(1 —p)] K ++++

-J J -J 8p(L—p)K + (1 —2p)2 +2 e+

20 -p)(L+3p) 1+4p —2p° - 8p® +4p"
—J J J p? pt
4K? — 2K ++++ (p=0)

+eee (0<p=1)

20 -p)P, 1-6p"+80"—4p"
-J -J J ot ot
4K% 2K ++ o0 (p=0)

tees (0<p=1)

2(2—3p+2p2)K 4(1 —p)?
0 0 J (1 =p)(4K2 —2K ++++ ) +pRK ++++) ) P2

4K 2K ++++ (p=0)

+eee (0<p=1)

208-2p) . 41-p)

0 0 -J P@K ++oe )+ (L=p)(1+1/2K ++++) S Kttt
2 teee (0=p =< —3p2 2 5
. ; i AK? _ 9K + (0=p=1/2) 2(2+2;) 3p)K_4(1 p)’(:‘+2p ... ©0<p=1)
_20rdo—dpd) 16p0-p) oy ’
1-2p 1 —2p)? = 4K2 —2K ++s+ (p=0)
80(l—p) . 1=8p+80%
T—2p K 71_—-2_952_+ 0=p<1/2)
20(8 —7p) ., 401 —p%) (1 —6p+3p°)
2 ves o=
0 J -J 4K* —2K + (b=1/2) PR K+4—8p+8p2—4p3+p4 +
_20+4p-40Y) . 16p(-p) (1/2<p=l)
1-2p 1 -2p)*
4(1—2p)K? —2(1 —2p)(1 —6p +4pD)K + 16p2 (1 — p)2 ++ » » - 2 —p)2(1 —3p%
( 0) ( p) (1 —6p +4p*)K +16p*(1 —p)2 + 22 £2p+5p)K_4(1 p;4(1 3p)+"_(0<p§1)
0 -J J (0=p=1/2)
4p-p) 1 - 2 -
—-2(1 -2p)K - el 1/2<p=1) 4K2 2K ++++ (p=0)
1
1+EE+”' (0=p=1/2) . , ,
2 401 —p)* (L +
0 - =7 4p(l-p) 1 _ 1/2<p=1) 2-22+02K+4—8p+§p2—453)+p4 e
_Z(I—ZD)K_T—-FI_{__“.( <p=1
2[2-50(1 —p)] ,, 4[p*+(1-p)
J 0 J 4K? — 2K ++ o T K Tma—r T 0<p<l)

4K2—2K ++++ (p=0,1)

2(1-p)(@2+p) P 4(1 —2p%)
-J 0 J (L= p)(4K2 — 2K 4+ 00 ) +p(L+1/2K ++ ++) p( +p) PE(L +p)2
4K% 2K ++++ (p=0)

Fees (0<p§1)

- - 6p(L —p) 4[1+2020 - p)?]

J 0 J 1+1/2K + (1+p)(2_p)x+ oG — o) ;-

2[1+4p(@ - p)] 16p(1 —p)
K- +ree (p=1/2) 2[1+50(—p)] . 8p( —p)[2+p(l—p)]
0 J 0 -2 —2p)2 -
11 -2p1 4 -2p) 1-p1-p) K [L-p@-p)2 +
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tion with this fact we note that the density-density
correlation function p{*), (1 «<1+#m < N) for the I ion
in the annealed limit, which is given by Eq. (3.32),
becomes for these special cases as

“n=p2% (for 1 <l+m<N), 4.4)
where p is the concentration of the I ion. Further-
more, we mention here that the specific heats at
constant concentration for the special cases of |J;, |
= |Jyyl = lJyy | =J are the same, for all values of p,
as that for the pure ferro- or antiferromagnet with
the exchange constant J or —J, respectively.

The numerical calculation in the site model is
performed for the cases of |J;; | = |J;yl = |Jyy | =J;
Jrr=dig=0and |Jyul=d; J;;=0and |Jpyl= ldyy !l =d;
1 =d, Jpp=0, and |Jyyl=dJ; and J;; =0, |J;ul=d,
and Jy; =0 both in the annealed and in the quenched
limit. A part of the results is summarized in Figs.
4(a)-"7(d) (spin-spin correlation function), Figs.
8(a)-(h) (zero-field susceptibility), Figs. 9(a)-(d)
(specific heat at constant concentration), and in
Figs. 10(a)-13(d) (density-density correlation func-
tion for the I ion). Table I tabulates the low-tem-
perature expansions of the zero-field susceptibili-
ties for various combinations of the exchange con-
stants mentioned above. We are now ready to dis-
cuss the results obtained in the site model.

(i) It is interesting to look at Table I to examine,
by attention to the difference between the annealed
and quenched limits, how the low-temperature be-
havior of the zero-field susceptibility in the mix-
tures varies with concentration. This point will be
further discussed for special cases in (v).

(ii) Note that when p=%, as in the case of the
bond model with J;=~¢J and J, =J, the spin-spin
correlation function and the zero-field susceptibility
in the case of J;; =J, J;y ==J, and Jy, =J coincide
with those in the noninteracting spin system. This
is because when p =3 the probability that the ex-
‘change constant associated with an arbitrarily given
nearest-neighboring pair of sites is J (or ~J) is 3
also for the random arrangement of the I and H ions.
For the same reason, the spin-spin correlation
function and the zero-field susceptibility in the case
of J;;==d, Jyy=dJ, and Jy, = —J with p=3 agree with
those in the noninteracting spin system.

(iii) Here we consider the cases of J;; =J;5 =0
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and |Jyyl=d; Jyp=0and || = |dgy | =d; |Jpp ] =,
J1y=0, and |Jyy | =J; and J;; =0, |Jy4l =J, and Jy,
=0. The results of the numerical calculations show
that for all of these cases, roughly speaking, the
difference between the annealed and quenched limits
becomes predominant at temperatures lower than
T~J/2ky. This feature is seen most clearly from
Figs. 10(d), 11(d), 12(d), and 13(d), which demon-
strate that when T'=J/2kj, the density-density cor-
relation function ¥{%), of the I ion in the limit of 1
«1#m <N is almost equal to p? even for |l -m] =1.

(iv) We consider again the same cases as those
in (iii). Figures 9(a)-(d) show that the specific
heat at constant concentration for 0< p<1 in the
annealed limit has a maximum at a finite tempera-
ture. We believe that this maximum is due to the
short-range ordering of the I and H constituent ions.
Note that the difference between the maximum value
of the specific heat and its value at absolute zero
temperature becomes largest at p=3.

(v) Finally we discuss the cases of J;; =0 and
|yl = |Jyg | =J with p=3 and of J;; =0, |J;, | =d,
and Jy, =0 with p=3. Inthese cases the system
has a minimum energy when the I and H ions are
arranged alternately. T.wus, as far as these cases
are concerned, in the annealed limit where the true
thermal equilibrium is realized, the system be-
comes at T=0 purely ferromagnetic when J,, =J
and purely antiferromagnetic when J;; =-J irre-
spective of the values of J,,. It should be noted
that under these considerations we can understand
very well the low-temperatr < behaviors of various
quantities, which are shown .a Figs. 9(b), 9(d), 11,
and 13 and in Table I, for the cases of J;; =0 and
|y | = |dyy | =J with p=3 and of J;;=0, |J,,l
=J, and Jy, =0 with p=3 in the annealed limit,

In conclusion, we mention that, as discussed in
Sec. I, the results obtained here in the bond model
as well as in the site model may be applied to mix-
tures of TMMC and TMNC or of their isomorphs.
We hope that the present theory is helpful to under-
stand the thermodynamic and magnetic properties
of real one-dimensional magnetic alloys.
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