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Abstract: The temperature dependence of the susceptibility of the frustrated two-
sublattice Ising system is studied in the mean field approximation. The susceptibility
of the frustrated and disordered antiferromagnet is found to have a minimum in the er-
godic phase. The field cooled susceptibility of the strongly frustrated ferrimagnet may
depend on the temperature even in the nonergodic phase. Our findings agree qualitatively
with the experimental data.

PACS numbers: 71.28.+d, 71.27.4+a

1 Introduction

There has been a considerable interest in the study of magnetic systems with multi-
sublattice structure where the spin glass phase may appear due to the competition be-
tween ferro- and antiferromagnetic interactions [1, 2]. In particular, the behavior of mag-
netic susceptibility of the two-sublattice systems has been intensively investigated both
experimentally [2-6] and theoretically (7, 8]. It is well known that the field cooled suscep-
tibility, xp¢, of frustrated ferro- and antiferromagnets is temperature independent below
the freezing point T;,. On the other hand, experiment shows that FC susceptibility of frus-
trated ferrimagnets depends on temperature in the nonergodic phase (T' < T,) (2, 5, 6].
Another interesting feature of multi-sublattice systems is unusual behavior ¢f the static
susceptibility of frustrated antiferromagnets even in the ergodic phase (T' > T,) [4]. A
qualitative explanation of such temperature dependence of susceptibility is the goal of
our report. We will relay on the two-sublattice frustrated Ising model, proposed in [8].

2 Basic equations

We will consider a frustrated Ising system consisting of two spin sublattices and motlel it
by the Sherrington-Kirkpatrick - type Hamiltonian (8]

Np
H=3 Jii81S0i — 3 Y 1) Spis - HZ.%Z; Spi . (1)
P =
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Here the subscript p labels the spin sublattices (p = 1,2), S,; are Ising spins in nature
(Spi = £8,), H is the applied magnetic field, N, and g, are the number of spins and
Lande factor of the p** sublattice respectively. The inter- and intra-sublattice exchange

interactions J;; and Ii(f ) are supposed to be Gaussian distributed with the mean values
and variences given by: '

e<d J,jj d=Jyy (J.,_J = Jg)2 >1/2= " 3
< =1Iy, <(IfP -1y >V*=1, (2)
Using the Parisi ansatz [9], in (8] we derived the self-consistent system of equations

for our model (1). The equations for the sublattice magnetizations m, and the Parisi
functions ¢, are

p = [ By(0,9)ig(0,0)dy, G = [ Pole,y)ini(e,y)dy 3)

where the functions 7,(z,y) and P,(z,y) satisfy the equations

ity = =227 [z, 1) + 2o (o, )y )] (4
and
: ). (z 2% '
By(z,y) = sz( ) [P;r(:c:y) =) (Pp 7 p) ] (5)
with the boundary conditions
. - _ 1 Wy o (y — ko)
oll) = tanb(y/T),  B(09) = S B Q

In the Egs.(3)-(6) we have introduced the following notations

'ﬁlp = mp/SP‘l q-P(:B) = qp(z)/ssa g-p = pgpl
J=855J; Jy= 515y I= Sl D= 811 (7)

g = Np/N: ap = Vnp/np‘ (P #p’)

and

hy = G H + Iogity, — adoriy, Q,(z) = I2G,(z) + apd G,
f(z,y) =0f/0=z, f'(z,y)=0f/dy (8)

The Parisi marginal stability condition for our model is given by

(J‘* - B}) Ay(z)Ag(z) + 3 I24,(z) = 1 (9)
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where

o) = [ By (Ao ) ()

In the ergodic phase (T > T,) the functions mp(m,y) and P,(z,y) do not depend on z
and may be replaced by m,(1,y) and P,(0,y) respectively. Then from Egs.(3)-(6) we get
the state equations for our system in the ergodic phase

m, =< tanh E (z) >., g, =< tanh®E,(z) >, (11)

where

ED(Z) = T—l (_épH + fopﬁlp ey apfjompa + z\/I-EQP + (lprjgf‘ipa ) ,
1 +oo ;22/2
<A(z) >e= j e~/ A(2)dz (12)

The Parisi marginal stability condition (9) transforms into the equation of the De Almeida
Thouless line

J' -1 i g

7 < cosh™ By (2) >.< cosh™* E,(2) >. +Z <ivosh " FaAe) =1 (18)

Together with Eqs.(11), last equation a]lows us to determine the transition temperature
7 i

The Eqgs.(3)-(13) had been derived in our previous papers (8] and will be used in the
next sections for studying the static susceptibility of the two-sublattice frustrated Ising

systems.

3 Magnetic susceptibility in ergodic phase
The total magnetic susceptibility of a two-subfattice system is given by

X = n191X1 + n2gaX2 (14)
where X, is the susceptibility of the p** sublattice

Xo = Oty OH 1o (15)
Differentiating Eqs.(11) with respect to H we derived the equations for x,
I I U I § e
[1—£(1—<h)} X1+a2T(1"Q1) 1T_21/\1 az“qu%: —T'l“,

Jo . - Ioo,, . BU,  BU,. 1-4
al?ﬂ(l"qﬂi’(l“'“ [1‘"%(1“9’2)] X2+ o T2_2A1+ ;‘22 2 Z—T—E,
iU JoU. BV - J2V;
~2 °}F1xl+2a2 "T2x2 (1-,}—;) ; SR T21A2_2U1/T
JolJ Igall Y 2V,
= o5 Ny~ U o+ (1 }22) Az = 20, /T (16)
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Figure 1: The temperature and intra-sublattice frustration dependence of the static sus-
ceptibility of the two-equivalent sublattice magnet in the ergodic phase. Arrows in the
figure indicate the freezing point T, determined by Eq.(13). The mean value of the ex-
change interactions is chosen to be equal Iy = Jy = 1. The varience of the intra-sublattice

interaction [ = 0.6,0.7,0.8 and 0.9.
where
A, = 84,/0H, U, = 1,— < tanh® E, >, V, =1 - 4§, + 3 < tanh* E, >, (17)

In Fig.1 the result of numerical interation of Eqs.(16) for the case of two equivalent
sublattice system (ay = a3 = 1,Iyy = loa = 1,1 = I, = I,5, = S, = 1) is presented.
We choose the mean value of inter- and intra-sublattice interactions Jy; = [y = 1 and
their variences J =0 and I = 0.6,0.7,0.8,0.9. Obviously, in this case the intra-sublattice
frustration is dominant (J/I ~ 0). As can be seen in Fig.1, x(7') decreases monotically
with reducing temperature for I = 0.6. However, as the intra-sublattice frustration is
increased (I = 0.7,0.8 and 0.9) a minimum of x(T) occurs and it sharps dp. Such a
interesting behavior of x(7') had been observed experimentally by Ito, Aruga et al [4] for
the Ising antiferromagnetic compound Fe,Mn,_,TiO;.

4 FC susceptibility in nonergodic phase

As mentioned above, the field cooled susceptibility xpe of frustrated ferro- and antifer-
romagnets does not depend on temperature below the freezing point T,. An issue to be
addressed is whether the ypco of frustrated ferrimagnets depends on temperature. To
study this problem we have to deal with the equations of state below T, [Eqs. (3)-(9)].
For simplicity we neglect the intra-sublattice interaction (I,(f ) = 0) and suppose that the

inter-sublattice frustration J is strong enough so that there is not long range magnetic
order in the absence of a magnetic field (Jy = 0).
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Differentiating Eq.(3) with respect to H and using Eq.(6) we obtain

xE = g lim ([ Pol0, )40, 9)dy) = 3,730,0) (18)

Using the last equation and the Parisi marginal stability condition (9) at z = 0 we get

>0
X
Q
=
)
q
tq

(1) ( ) 2.j”2 (lg)

For frustrated ferro- and antiferromagnets we have Xﬁi}, = XEVG and obviously the relation
(19) leads to temperature independence of their FC susceptibility. But for frustrated
ferrimagnets X(F% = xfp% and the situation must be quite different.

In order to show the temperature dependence of Xxpe(T') of frustrated ferrimagnet we
derive an analitical expression for x{ to the first order in 7 = (T, — T')/T,. As in the
Parisi theory [9] the functions §,(z) vary on the interval 0 < z < z; and are equal to some
constant §,(z,) above the point z;. Analyzing Eqs.(3) and (9) at z = 0 and = = z; we
find to the lowest order in 7

.p(m):{ (l-i-ap):c/Z(l—}—ag) <<z (20)

27/(1 + ap) @ <2<l

Substituting (20) into

=, (1 [ (e)da) (21)

we obtain the FC sublattice susceptibilities of our model

WU T = g d [1 + (1 - lfap) 'r} +0(r%) (22)

It is easy to see that x(p) given by the last equation satistifies Eq.(19)
Finally, from Eqs.(14) and (22) we get the total FC susceptibility of the two-sublattice
Ising system in the vicinity of T

XFc = Z png(Fp(_)'f(T)

p=1,2

ang,, [ ( 1+2ap)7’]+0(72) (23)

For the two-equivalent sublattice system, such as antiferromagnet, the spin concentrations
are equal (a; = ay = 1) and consequently its FC susceptibility is temperature indepen-
dent. But for the two non-equivalent sublattice system, such as ferrimagnet, the spin
concentrations are different (a; # ay # 1). Therefore the FC susceptibility of this system -
must be temperature dependent. Moreover, it is easy to show from Eq.(23) that if g, > §,

and the spin concentrations n; and n, satisfy the condition

1 < ny/ng < §i/3s (24)
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then xpc decreases with decreasing T'. For g, < g, an opposite situation will take place.
Thus we can conclude that the FC susceptibility of the strongly frustrated Ising ferri-
magnets may not only decrease but also increase with reducing temperature. Such a
temperature dependence of ypc had been observed in [2, 5, 6]. The static susceptibility
measurements show that FC susceptibility of the spinels FeAlO, and Feln,S, decreases
with reducing T while it increases in the spinel FeGa,04. The authors of Ref.[2, 5] pro-
posed that these differences should reflect a different extent of magnetic correlation in the
three spinels. Our calculations seem to support this point of view.

In summary, we have studied the temperature dependence of the two-sublattice frus-
trated Ising systems in the framework of the mean field theory. We have shown that the
FC susceptibility of the strongly frustrated Ising ferrimagnets depends on temperature
in the nonergodic phase while the susceptibility of the frustrated antiferromagnets may
have a minimum in the ergodic phase. Such a temperature dependence turns out to be
in qualitative agreement with experimental data.

This work was partly supposed by the Vietnam National Basic Research Program on
the Natural Sciences KT /04.

Sur Phu thudc nhiét do cua do cam tur
trong cac hé Ising hai phan mang mat trat tu

Hoang Diing - Mai Xuan Li

Tém tét: Khao st sy phu thudc vao nhiét do ctia dé cadm tit trong cdc hé tir Ising hai
phan mang médt trat ty nho ghn ding truong trung binh. Ching t6 do cam tir cia he
phan sdt tir mat trat tw cd cuc tiéu trong pha ergodic. Khac vdi cac hé sdt tir va phan
st tit mat trat tuw, trong hé ferri tit mat trat ty do cam tit FC c¢6 kha nang phu thudc
vao nhiet do & nhiét do dudi T, (pha phi ergodic). Cac két qua tim dugc phit hop dinh
tinh vdi thyc nghiem.
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