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MAGNETIC SUSCEPTIBILITY OF THE TWO-SUBLATTICE
FRUSTRATED SYSTEMS IN THE ERGODIC PHASE

Hoang Zung
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Abstract. The magnetic susceptibility of the two-sublattice frustrated systems in the
ergodic phase is derived in the framework of the mean field theory. The influence of the
intrasublattice frustration the behavior of magnetic susceptibility is studied. It 1s shown

that our model can qualitatively explain the erperimental data of Fe . Mn, ,TiOj3

I. INTRODUCTION

During the last decade, much attention has been paid to magnetic frustrated svs-
tems with multi- sublattice structure [1-8]. In theoretical papers [6-8]. the Sherrington-
Kirkpatrick model with infinite- ranged interaction[9] has been extended to construct a
theory for frustrated antiferromagnets and ferrimagnets. One of the most interesting pre-
dictions of this theory is the possibility of increasing the irreversibility temperature y 8
(at which system undergoes transition into the spin glass phase) by the external magnetic
field h. This behavior of T,(h) has been observed experimentally in many materials [1-3].
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'F/ilg. 1. The temperature dependence on the magnetic susceptibility
x(T) of Fe,Mn,_,Ti03 for r = 0.75(a)x = 0.65(b), 7 = 0.60(c). [3]

Recently, Ito, Aruga and coworkers carried out a detailed study of solid solutions
Fe,Mn,_,TiO3[2, 3]. The temperature dependence on the magnetic susceptibility x (7T') ot
this compound was measured for different Fe concentration and was presented in Fig.1.
Just below T, the field cooled susceptibility x pc and zero field cooled susceptibility x zp¢
start to differ from each other. In the temperature region between Ty and the Nell point
Tx (the ergodic phase), the behavior of x(7T') is quite unusual: it has a minimum whose
depth decreases with r. In this paper we will show that the behavior of x(7') in the ergodic
phase could be explained by the two-sublattice Ising model proposed in [7-8].
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II. MODEL

In order to model frustrated antiferromagnetic and ferrimagnetic systems, we con-
sider the following Hamiltonian [7-8].

H= Z},,sl,sz, ZZI(”S S,,,—hz ZS,,I, (1)

1=]
where we consider the simplest two-sublattice situation. The subscript p = 1,2 numbers
the spin subsystems, S, are Ising spin in nature, A is the applied magnetic field, and
Np is the spin number of the p — th subsystem. The inter-and intrasublattice exchange

interactions J,, and I(p are supposed to be Gaussian distributed with the average values
and dispersion given bj»

< Ju = Jh L8 (Jij = Jo)? >'%= J,

<IP >=Iy <P -Io)? > =1, @)

Note that the parameters .J and I, serve as measures of inter-and intrasublattice
frustrations.

Using the replica method, in [7.8] we derived the self-consistent system of state equa-
tions for our model. The equations for the sublattice magnetizations m; » and Edwards-
Anderson parameters ¢) 5 in the ergodic phase are

mp =< tanh Ep(z) >., ¢, =< tanh? Bolz) 2 (3)
where
Eailz) =T" [h% Fopting — apJomp + 2 (FPap + o J2q,) i , (4)
np = Np/(N1'+ Na), ap=\/np/ny, p#7p, (5)
1 L 2 0
2 Alz) S — e~ 2 A(2)dz. (6)
2n e

The irreversibility temperature T, is defined from the de Almeida-Thouless (A-T)

line’s equation

J e R
T

o

< cosh ™ "Fy(2) >.< cosh™ 1B:(Z) >, +Z—— < cosh™ Ep(z) a1, (D)

It is well known [10] that the replica svinmetry equations (3)-(6) are correct only
in the region above the A-T line (ergodic phase). Since we shall restrict ourselves to
studving y(7") in the ergodic phase, these equations are adequate. If we are interested in
the behavior of the system below T,, we have to use much more complicated equations
[7.8]. However, both theoretical and experimental investigations show that even in the
ergodic phase, properties of disordered magnetic svstems quite differ from those of the
ordered ones.
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[II. MAGNETIC SUSCEPTIBILITY
The total susceptibility of eur system can be expressed in the following form
(1) = nixi{T) + naxa(T), (8)

where x,, is the susceptibility of the p — th sublattice: x, = dm,/0h Differentiating
the expression (3) of m,, and g, with respect to the external field A and troducing the
notations A, = dq,/dh and

Up=mp=< tanh® Ep(2) 3¢, Vo =1-4 43 < tanh? E,(z) >, (9)

we obtain the equations for y, and A,

[1 g ~a| v Far (- e + 1;.5 iy e ]le‘ n=120,
(1 )i + [1 ST -q-;.)] mm‘];f"/\f + ];(;f%\-z =22 )
—(’{(“—F[J\ +2(n]0;,j2x2+(1—13‘2/]>/\,—(2% = 2UL /T,

QHL’YU_‘U - 210;[“\2 ""’“k{,y i ( "ivz) X = g /T

Together with (3)-(9), equations. (10) make it possible to calculate the susceptibility

x(T) in the ergodic phase.

b 4
0.6 1 i
——1:1=208
0.4 ——2:1=07
"“V/\ ~=-31=08
2
-4 1208
034"
1
0.2 - ; ' x
0 05s 1 1.5 2

Fig.2: The temperature dependence of the magnetic susceptibility
x(T) with J =0, Jo = Iy = 1 and different values of frustration I:
(1) I1=0.6,(2) I =0.7,(3) I =0.8 and (4) I = 0.9.

To explain the temperature dependence of x(T') for Fe,Mn,_,Ti0O3 we shall con-
sider the case when two sublattices are equivalent: n; = no = 0.5, ay = az =1, Ip) =
Iop = Ip, I, = I, = I . In addition, we are especially interested in the situation when
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frustrations of the intrasublattice interactions are much stronger than those of the inter-
sublattice interactions: J/I ~ 0. To determine the behavior of x(T) it is necessary to
solve equations (3) - (10). The results of our calculations for some values of the intrasub-
lattice’frustration I with Jy = 1,1, = 1,J = 0 are presented in Fig.2. One can see that
for the chosen parameters of the model, x(T') has a minimum which smear out at I = 0, 6.

IV. COMPARISON WITH EXPERIMENT

According to experiments [11,12], Fe,Mn,;_,TiO; is a typical Ising antiferromag-
net with easy-axis anisotropy along the hexagonal c-axis. In FeT103, spins within a
c-layer are ferromagnetically coupled, and the ferromagnetic sheets stack up antiferro-
magnetically along the c-axis (see Fig.3). In MnTiOs, on the other hand, the intralayer
and the interlaver spin couplings are both antiferromagnetic. Therefore, in mixed com-
pound Fe,Mn,_,TiO3 the competition between ferromagnetic and antiferromagnetic in-
teractions creates frustrations among spins. In addition, the interlayer antiferromagnetic
coupling is much weaker than the intralayer one [12] so we can expect that the frustrations
of the intralayer interactions must be dominant. This is the reason for F exMny_,.Ti05
being described by our model with chosen parameters in Section 3.
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Frg.3: Schematic magnetic structure of FeTiO3 (a) and MnTiO; (b) 2].

Let us compare the results obtained in Section 3 with the experimental data for
Fe,Mny_,TiO3 [3]. The agreement between our calculation (Fig. 2) and experiment
(Fig.1) is qualitatively obvious: (1) At the same temperature the stronger is the frustra-
tion I (or the higher is Mn- concentration) the higher is the value of x; and (2) In the
temperature region T, < T < Ty function x(7') has a minimum. Its depth increases with
the degree of the intrasublattice frustration.

V. CONCLUSIONS

The foregoing analysis and the agreement between theory [6,8] and experiment [1-3]
show that the two- sublattice model with infinite-ranged interaction quite satisfactorily
describes the static properties of real frustrated magnetic systems like Fe, Mn;_,.Ti03 ,
at least in the ergodic phase. The limit of this model is that it can describe these systems
only qualitatively but not quantitatively. This is the general feature of the models based
on the mean field theory of spin glasses [10].
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TAP CHi KHOA HOC DHQGHN, KHTN, t.XV, n2 - 1999

DO CAM TU CUA HE TU MAT TRAT TU
HAI PHAN MANG TRONG PHA ERGODIC

Hoang Dung
Dai hoc KH Tu Nhién - DHQG TP. HCM
Trong khudn kho ly thuyét truomg trung binh, da tinh do cdm tir cua hé tir mat
trat tir gom hai phan mang trong pha ergodic. Nghién ciru dnh hudng cia thing giang

twong tdc trao ddi trong phan mang lén dé cam tir. Chirng té ring mé hinh trén c6 theé
gidi thich dinh tinh két qud khdo sit thuc nghiém d6i véi hop kim Fe,Mn, _.TiO;3.



