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§1. Introduction.

In recent years, magnetic properties of a random mixture A.B,-. of two
antiferromagnets with competing spin anisotropies have attracted much theoret-
ical and experimental attention. Matsubara and Inawashiro studied this problem
theoretically using a mean-field approximation in the case of S,=1/2 and Sz=1,
where S4(Sp) is a magnitude of A(B)-spin (M-I).” They showed that there
appeared three ordered phases on the concentration versus temperature phase
diagram ; two AF phase and an “oblique antiferromagnetic (OAF) phase .

After that, Oguchi and Ishikawa extended the theory of M-I to the case .of
orthorhombic anisotropy assuming S,=Sz=1/2 (O-1).* They showed that two
different types of phase diagram existed ; one type contains three ordered phases
(one of the three phases is an OAF phase), and the other type contains five
ordered phases (two of the five phases are OAF phases); a balance between
anisotropy energies determines which type of phase diagram appears.

In both the theories, the » component of the exchange integral between A-
and B-spin Jlz (p=x, ¥, z) is assumed to be (J74-J3s)"/?, where J}, means the
7 component of the exchange integral between A-spins, and /3 has the similar
meaning. .

We have extended the theories of M-I and O-I to the case in which S, Sz
and J7s have no restriction. We have obtained new analytic equations for
determining a concentration dependence of Ty and a critical concentration at
T=0 K. The details about the derivation of the analytic equations are shown
in the reference 3. A comparison with the experimental results obtained for
the mixtures Fe;..Co,Cl,, K.Mn,_,Fe.F, and Fe,_,Co,Cl,-2H,0 is also made in
the reference 3. In this paper, we show the values of the tetracritical concen-
tration, the tetracritical temperature and the critical concentrations at T=0 K
for various possible sets of values of a (=S3/S.) and J}e (P, Q=A, B and
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»==x, ¥, z), using these analytic equations.

§2. Concentration versus Temperature Phase Diagram.

In this section, we give a summary of the results obtained in the reference
3. Because, to understand the theory in that paper is necessary for discussions
in §3.

2.1. Model
We consider a system in which two kinds of magnetic ions A and B are
quenched on sites at random.

ion concentration magnitude of spin easy axis
A Ca SA X
B Cn SB z

We assume only the nearest neighbor interactions. The anisotropic exchange
interactions between nearest neighboring P ion on a-sublattice and @ ion on
B-sublattice are written in the form

X 2]2eSE " Sé.s,

=2, y,2

where S7 . is the n component of spin operator of P ion on a-sublattice, and
S&. s has the similar meaning. We assume that J5,>J%¢=0 and J3z> 55" =0.

We use a mean-field approximation following M-I and O-I. Then, the
Hamiltonian of P ion on a-sublattice is written as

ﬂP,a:XP,aSEE,a“]_YP,aslg,a'*_ZP,och’,a s (1)
where
Xp, a:22(]§A0A<Sﬁ>/3+J§BCB<S§>‘6) ’

Y p a=22(J34ca{S¥>s+T35cs{SEs),
Zp,a=22(Jp4ca{S% s+ J25cs{S88) ,

and <SP . ({SE>p) is the thermal average of S} . (Sh ), and z the number of
nearest neighbors.

2.2. Neel Temperature

We denote the antiferromagnetically ordered phase along +n—axis by [yl
Assuming {Spy,=—<Sh>s=<{SE>, we put (Sp>=<S3>=0 and <{SE>—0. Then, we
obtained the equations for the Néel temperature of [x], T%, as

(ﬁv)z—‘(ﬁv)(aﬂﬁACA"’r5§BCB)+(gﬁAérﬁB—gﬁBgﬁB)CACB:O ’ 2)
where
t%=kT%,

2254(S4+1)

3 ]ﬁA;

Fi4=
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2zSp(Sp+1) ]x
3 BB »

FEp=

e

_(2254(S4+1) 2zSp(Sp+1)\2
:( 3 ) 3 ) Jis-

Similarly, we obtain ¢} or t% by replacing x by v or z, respectively, in eq. (2).

We see that a concentration dependence of T% is determined by &2o,. We
define R” as R"=]%5/(J%4-JEs)2 If R7=1, then T% is a linear function of
concentration (Fig. 1(a)). On the other hand, if R?>1 (R?<1), then 7% becomes
a convex (concave) function. (Fig. 1(b) and Fig. 1(c)).

T T

tl (o) RERLREI { =t RERER% 2/

1.0

05

Fig. 1. S.=1/2, 4%4=1.0, §4%4=0.8, 44,=04.
SB:]./Z, 453:02, 5%3204, g%B:OS.
a=1
(a) R*=RY=R*=1, (b) R*=RY=R*=3/2.
(¢) R*=RY=R*=2/3.

If TY% is lower than T% or T% for all values of concentration, the phase of
[y] never appears, and we have a phase diagram which contains three ordered
phases, [x], [xz] and [z] similar to those shown in Fig. 2, where [xz] means
an OAF phase in which spin easy axis lies in the xz-plane. On the other hand,

Fig. 2. S,=1/2, 4%,=1.0, 44,=0.6, 43,=04.
Se=1/2, $§=0.2, $%5=0.3, F%5=0.5.
a=1
Re=RV=R‘=1.
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if TY% is higher than T% and T% in a certain range of concentration, [y]
appears around this region, and we have a phase diagram which contains five
ordered phases, [x], [xy], [y], [¥z] and [z] similar to those shown in Fig. 1.

2.3. Critical concentration (phase boundary between an AF phase

and an OAF phase) :

In order to obtain the phase boundary between [x] and [xz] at a finite
temperature, we put {St>—0, (SE>#0 and <{S%>=0. Then, we have the equa-
tions for the critical concentration; :

2
X fAACA<SA>+1> "ﬁ:f%363<3§>+1)

2 2
B Tii)){—B—’:—jiB]ZABCACB<Sﬁ><S§>:O , (3)
= XA a
P——

(SB=—S5Bs,(Sp252),

where Bgp(x) is the Brillouin function.

We obtain the phase boundary between [x] and [xy7], replacing (x, z) by
(x, ») in eq. (3). Similarly, we obtain the phase boundary between [xy] and
[y], [y] and [yz], [yz] and [2], or [xz] and [z], replacing (x, 2z) by (v, x),
(v, 2), (z, ), or (z, x), respectively, in eq. (3).

We can obtain the phase boundary between [x] and [xz] at T=0 K, by
putting <{Sg>=Sp in eq. (3):

(JEs—J38) Jipcko® +[(Jia—Ja)(JEs—J38)+ i is—JasJaslcacsa

+(JE4—T44) J58c3=0, “4)
where

(X:SB/SA.

From eqgs. (2)-(4) we reach the following conclusions. If the concentration
dependence of Ty is given, i. e. 41o are given, critical concentrations at T=0
K are determined by « (several examples are shown in Fig. 3), and critical
concentrations at T=0 K depend furthermore on S, (or Sp). However, the
latter dependence is small. For example, when a=1, the difference between
the critical concentration for the set of S,=Sz=1/2 and that for S,=Sz=2 is
estimated to be at most the width of the drawn lines in Figs. 1-3. So, we
may say that a shape of phase diagram is almost determined by 42, and «a.
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z o4 co's o
Fig. 3(a). 434=1.0, §4%4=0.8, §53,=04.
FE5=04, 4%5=0.8, F35=1.0.
R*=RY=R*=1.
solid curve S,=1/2, Sz=1/2, a=
broken curve S,=1/2, Sg=4, «
(b). 444=10, 444=0.6, $53,=04.
F55=04, F33=0.6, 35=1.0.
R*=RY=R*=1.
solid curve S,=1/2, Sz=1/2, a=1.
broken curve S,=1/2, Sg=2, a=4.

§3. Phase Diagrams for Various Sets of Parameters.

As was shown in §2, there exist two different types of phase diagrams:
the phase diagrams which contain three ordered phases and the phase diagrams
which contain five ordered phases. Almost all the phase diagrams experimen-
tally determined for various kinds of random mixture belong to the former
type. The only exception known is the mixture K,Ni,_,Fe,F,, for which the
Mossbauer measurement suggests the possibility of the latter type of phase
diagram. Here, we confine ourselves to the former type.

We denote ¢4 simply by ¢, and its value at the tetracritical point by ¢,
and the temperature at that point by ¢.. We denote the phase boundary at
T=0 K between [x] and [xz], and that between [xz] and [z] by ¢, and c,,
respectively. We calculate ¢;, t;, ¢; and ¢, for various sets of a (=4%4/9%4),
b (=4%s/5%s), R®, R* and «. We vary continuously one or two of the five
quantities, a, b, R*, R* and «, fixing the other four or three quantities at the
values listed in Tables 1-10. DBecause, it is interesting to investigate the
dependence of ¢y, ¢, ¢, and t; on the one or two of these quantities.

3.1. 4%4=10 and 435=1.0.

In this subsection, we consider the case in which the Néel temperature of
the pure A-system equals to that of the pure B—system.

(i) We put a=b=x, and determine the values of ¢;, #;, ¢; and ¢, as a
function of x (0.01=x=0.99). We fix R* R? and « at the values of No. 1-6
listed in Table 1. The results are shown in Fig. 5 by the diagram.
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From the diagram No. 5, for instance, when x=0.2, one can read c¢,=0.751,
¢5=0.249, ¢,=0.5 and #,=0.549. The phase diagram corresponding to this set
of parameters is shown in Fig. 4(a). For each value of x, the values of ¢; and
t; of No. 1 are equal to those of No. 2, since the value of 5’% of No. 1 is equal
to that of No. 2 (P, Q=A, B, n=x, y, z). However, ¢, and ¢, of No. 1 are
different from those of No. 2, since the value of a of No. 1 is different from
that of No. 2. When x=04, the phase diagram for a=1 (No. 1) is shown in
Fig. 3(b) by the solid curve, and that for «a=4 (No. 2) in Fig. 3(b) by the broken
curve. From the diagrams No. 1-6, we see that, when the value of x becomes
larger, i.e. the anisotropy of the pure systems, becomes smaller, the concentra-
tion range where an OAF phase appears becomes wider.

..................

0.0.0:2 0.4;0:5‘0.8‘!0
Fig. 4(a). Sa=1/2, §54=10, §44=0, F24=0.2.
Sp=1/2, 955=0.2, F4s=0, I55=L10.
R*=RY=R*=2/3.
b). Si=1/2, $5,=10, 94.=0, §4,=038.
Ss=2, 95s=0.1, I45=0, J35=0.25.
R*=RV=R*=1.

(ii) We put R*=R?=y, and determine the values of ¢;, #;, ¢, and ¢, as a
function of y (0.5=y=1.5). We fix a, b and « at the values of No. 7-10 listed
in Table 2. The results are shown in Fig. 6 by the diagram.

(iii) We put a=x, and determine the values of ¢, f;, ¢; and ¢, as a func-
tion of x (0.01=£x=0.99). We fix b, R*, R* and «a at the values of No. 11-28
listed in Table 3. The results are shown in Fig. 7 by the diagram.

We see that, when the value of x becomes larger, i.e. when the anisotropy
of A-spin becomes smaller, the position of OAF phase shifts more and more
toward the A-rich concentration side. In No. 12, we see that ¢,>c¢; for range
of x=0.5. The phase diagram for the case of x=0.8 in No. 12 is shown in
Fig. 4(b).

(iv) We put R’=y and R*=1.0, and determine the values of ¢;, #;, ¢; and
¢, as a function of y (0.5=y=<1.5). We fix a, b and « at the values of No.
29-39 listed in Table 4. The results are shown in Fig. 8 by the diagram.
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3.2. 4%54=10 and 435=0.5.

We consider the cases in which ¢y of the pure A-system is equal to unity,
while that of the pure B-system is equal to 0.5 (eq. (5)).

(i) We put a=b=x, and determine the values of ¢;, #;, ¢, and ¢, as a
function of x (0.01<x=<0.99). We fix R* R? and «a at the values of No. 40-48
listed in Table 5. The results are shown in Fig. 9 by the diagram. The phase
diagram of x=0.4 in No. 40 is shown in Fig. 2.

(ii) We put R*=R*=y, and determine the values of c;, #;,, ¢; and ¢, as a
function of y (0.5=y=1.5). We fix a, b and «a at the values of No. 49-60 listed
in Table 6. The results are shown in Fig. 10 by the diagram.

(iii) We put a==x, and determine the values of ¢;, ¢;, ¢; and ¢, as a func-
tion of x (0.01=<x=0.99). We fix b, R*, R* and « at the values of No. 61-78
listed in Table 7. The results are shown in Fig. 11 by the diagram.

(iv) We put b=x, and determine the values of ¢;, ;, ¢, and ¢, as a func-
tion of x (0.01=x=0.99). We fix a, R*% R? and « at the values of No. 76-96
listed in Table 8. The results are shown in Fig. 12 by the diagram.

(v) We put R°’=y and R*=1, and determine the values of c¢;, t;, ¢; and ¢,
as a function of y (0.5=y=1.5). We fix @, b and «a at the values of No. 97-108
listed in Table 9. The results are shown in Fig. 13 by the diagram.

(vi) We put R*=y and R?=1, and determine the values of c;, t;, ¢; and ¢,
as a function of y (0.5=<y=1.5). We fix a, b and a at the values of No. 109~
120 listed in Table 10. The results are shown in Fig. 14 by the diagram.
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Table 1 Table 4
(F54=8%=1.0) (454=5%5=1.0)
a=b=x, 0.01=<x=099 R*=y, R*=1, 0.5<y=<L5
No. R*, R? a No. a b a
1 1 1 29 0.4 0.4 1
2 1 4 30 0.4 0.4 4
3 3/2 1 31 0.4 0.4  0.25
4 3/2 4 32 0.8 0.8 1
5 2/3 1 33 0.8 0.8 4
6 2/3 4 34 0.8 0.8  0.25
35 0.4 0.8 1
36 0.4 0.8 4
Table 2 37 0.4 0.8 0.2
R*=R*=y, 05=y=1.5 39 0.8 04 0.2
No. a b a
7 0.4 0.4 1 Table 5
8 0.4 0.4 4 (45,=10, 435=0.5)
9 0.8 0.8 1 a=b=x, 0.01=x=<0.99
10 0.8 0.8 4 e R R "
40 1 1
Table 3 41 1 4
(434=8%5=1.0) 42 1 0.25
a=x, 0.01=x=0.99 43 3/2 1
No. b RLE  « 14 3/2 4
T v ! . 45 3/2 0.25
46 2/3 1
12 0.4 1 4
47 2/3 4
13 0.4 1 0.25 i 2/s 005
14 0.8 1 1 '
15 0.8 1 4
16 0.8 1 0.25 Table 6
17 0.4  3/2 1 (45,4=1.0, 3,=0.5)
18 0.4 32 4 R*=R'=y, 05<y<15
19 0.4 3/2 0.25 No. a b a
20 0.8  3/2 1 o ¥ ” T
21 0.8 3/2 4 0 04 04 4
22 0.8 3/2 0.25 51 0.4 0.4  0.25
23 0.4 2/ 1 52 0.8 0.8 1
240423 4 53 0.8 0.8 4
2 0423 0.2 5 0.8 0.8 0.2
% 0.8  2/3 1 o o8 0.4 ;
27 0.8  2/3 4 o o8 04 A
28 0.8  2/3 0.25 57 0.8 0.4 0.2
58 0.4 0.8 1
59 0.4 0.8 4
60 0.4 0.8  0.25




Dec. 1981 Phase Diagram in a Random Mixture of Two Antiferromagnets 95

Table 7 Table 9
(§54=10, §55=05) L ($5a=10, 83=05)
a=x, 0.01=x=<0.99 Ri=y, R°=1, 0.5=y=15
No. b R R o« No. a b, a
61 0.4 1 1 97 0.4 0.4 1
62 0.4 1 4 98 0.4 0.4 4
63 0.4 1. 0.25 99 0.4 0.4  0.25
64 0.8 1 1 100 0.8 0.8 1
65 0.8 1 4 101 0.8 0.8 4
66 0.8 1 0.25 102 0.8 0.8  0.25
67 0.4  3/2 1 103 0.4 0.8 1
68 0.4  3/2 4 104 0.4 0.8 4
69 0.4  3/2 0.25 105 0.4 0.8 0.25
70 0.8 32 1 106 0.8 0.4 1
71 0.8 3/2 4 107 0.8 0.4 4
72 0.8  3/2 0.25 108 0.8 0.4~ 0.25
73 0.4  2/3. 1
74 0.4  2/3 4
75 0.4  2/3 0.25 Table 10
76 0.8  2/3 1 (F24=10, F5s=05)
7 08 273 1 z=y, R*=1, 0.5<y=<L15
78 0.8  2/3 0.25 No. a b o
109 0.4 0.4 1
Table 8 110 0.4 0.4 4
(454=1.0, J%3=0.5) 111 0.4 0.4 0.25
b=x, 0.01=x=0.99 112 0.8 0.8 i
— 113 0.8 0.8
No. ¢ RLR a 14 0.8 0.8 0.5
79 0.4 1 1 115 0.4 0.8 1
80 0.4 1 4 116 0.4 0.8 4
81 0.4 1 0.25 117 0.4 0.8  0.25
82 0.8 1 1 118 0.8 0.4 1
83 0.8 1 4 119 0.8 0.4 4
84 0.8 1 0.25 120 0.8 0.4  0.25
.85 0.4  3/2 1
86 0.4  3/2 4
87 0.4  3/2 0.25
883 0.8  3/2 1
89 0.8  3/2 4
90 0.8  3/2 0.25
91 0.4  2/3 1
92 0.4  2/3
93 0.4 2/3 0.25
94 0.8  2/3 1
95 0.8  2/3 4
96 0.8  2/3 0.25
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t 20 xX=1 21 2 _
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[oX:] 3 410
04k e
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Fig. 7(b).
a=x, b=04 , R R* 2/3 4
L 25 x =1/4 - §
C T 1
- c t
L c,

R%2/3

Q:X,b=°,8, R™: t
27 > =4 28 N 4
L Ji0
- TT— 4
- -os
o5 o4 o6 08

Fig. 7(c).
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b4
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Fig. 10(a).
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Fig. 10(b).



102

Y. SoMEYA and T. TaMAKI

NSR. O.U., Vol. 32

R R®: 3/2

L 69

7T

xX=1/4

z
¢ R 3/2 t
Lof—T T T T T T 1.0

L 70 x=1/4 i
[oX:1od J
o6f- 2 te .

R Hos
oal- 4
02 (3} T
0.0 PR PSS W S SR SR (o]

02 04 _06 o8 0z 04 06 OB




Dec. 1981 Phase Diagram in a Random Mixture of Two Antiferromagnets 103




104 Y. SoMmMEvya and T. TAMAKI NSR. 0. U., Vol. 32
l% bzx » a=04, R% RZ= 3/2 +
4 T T T T T T T T T T T T T LN SEE SR S St e S .0

85 o= N x4 18 &x=1/a T .
08F\ [ E 4 -
L J c, 1 1 4
08| » [+ ‘ . c -+ c 4 te N
SOt £+ 2 b i T TTTT——s
oal ©C5 4 N Y 4 .
L + ¢y 1 &S ik .
02} u 4 + o
] [ [ I
ool R S T .. IR 'Y
. 4 ! 3 0.2 Q4 06 0.8 0.2 04 X 06 08 02 04 08 0.8
R>* R%*=3/2 t
T T T T T T — T 7.0
& = 1/4

¢

o2 04 06 08 02 04 08 08 0.2 04 06 08 02 04 08 08 00
X X X X
Fig. 12(b).
c b=x, a=20.4, R% R%*: 2/3 ¥
10 T T T T T T T T T T T T T T 770
91 x =1 [ o2 =4 93 o= 1/4 L A
o8| 1 B\ + 4
- c, 4 1 4 R
osl- BN & + ¢y i ]
L L p A4 o
c i Te ®
04 Cy . 2 - Ce 4
= + c + L o
v
ozt ¢ £ + 1 -
2 | Ca . 1 i
0,0 1 [ SR S T PR W S 1 PR JN ST TR S W | 1 PSS U ST VRN SN TN Il 1 FE) P PNUE T S . 0.0
0.2 04 06 08 0.2 04 06 08 0.2 04 08 08 o2 04 08 o8
X




Dec.

1981

a=b=0.4

RZy, R:

Phase Diagram in a Random Mixture of Two Antiferromagnets

T
4 99

=174

105

a=08, b=0.4

L 107

LI S

Fig. 13(b).

0o



106

Y. SoMEYA and T. TaMAKI

NSR. 0.U., Vol. 32

TS W S | 1

X y LI 1.3

Fig. 14(a).

e @a=04 ,b-08, R%Ty , RZ%:| A
Lus o=1 Tlé x =4 1nz X = 1/4 ' Iy
0.8 a4 4 u
5 -+ o
[o15}
04l \ S
St
0.2 )
00 J;0'7 09 1l I4|.3
y
c. a= 08 , b=04
19 R U
e > =4

oD

Fig. 14(b).

C IR SO S S IO S B | 00



