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LETTER TO THE EDITOR

Frustrated antiferromagnets in an external magnetic
field

Ya V Fyodorov, I Ya Korenblit and E F Shender
Leningrad Nuclear Physics Institute, Gatchina, Leningrad 188350, USSR

Received 8 August 1989, in final form 15 December 1989

Abstract. Magnetic properties of disordered Ising antiferromagnets with frustrated intra-
sublattice exchange interactions are studied. The theory explains satisfactorily some exper-
imental results.

Some strongly disordered Ising antiferromagnets (AF) are currently under experimental
investigation [1-4]. In [5-8], a mean-field-type theory of such magnets has been devel-
oped and AF in which the frustration of intersublattice exchange interactions exceeds
that of the intrasublattice ones have been investigated in detail. It has been shown that
the temperature T,(H) of the phase transition from the ergodic AF state to the non-
ergodic one should increase with the magnetic field H up to a field Hy where the line
Ty(H) crosses the Néel temperature line Ty(H). At H> H,, the temperature T,(H)
falls with increasing H. A twofold increase of T,(H) has been observed in the Ising
metamagnet Fe, Mg, . Cl, [1].

Recently, another frustrated AF, Fe,Mn,_,TiO;, has been studied {3, 4]. Some
experimental results obtained for alloys with x > 0.57 differ from both the earlier
observations for Fe, Mg, _,Cl, and from theoretical predictions [5-8].

(i) The curve representing T,(H) has a sharp maximum at some field H,, lower than
the crossing field H,. At H,, T,(H) touches the Néel temperature curve Tx(H).

(ii) The measured ratio T,(H,,)/T,(0) = 6 and is three times greater than the theor-
etical value.

(iii) The magnetic susceptibility has a minimum in the ergodic state. The greater the
degree of frustration the more pronounced the minimum.

The aim of this letter is to show that all these features can be explained if it is taken
into account that in Fe Mn; ., TiO; only the intrasublattice exchange interaction is
frustrated. The reason that the frustration of the intersublattice interaction is small or
zero is as follows. Both FeTiO; and MnTiOj; are layered AF with antiferromagnetic
interlayer interactions. The intralayer interaction is ferromagnetic in FeTiO; and anti-
ferromagnetic in MnTiO;. So it is natural to suppose that during alloying of FeTiO,
with Mn the sign of the intersublattice interaction does not fluctuate and only the
intrasublattice interaction is frustrated.
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We consider the system of spins distributed randomly over two sublattices and
interacting according to the Ising Hamiltonian

%= 2 J;S1Sy — 21 ViSyS,y —H 2 Sy (1)
i p=12
8]

p=12
i

p =1, 2is the sublattice number, S,; = =1. As is usual in the infinite-ranged model [9],
we suppose that the interaction energies J; and V;; do not depend on the distance r; and
are distributed normally with the mean values J,/N, V,/N and variances J?/N, V2/N,
where N is the total number of spins in a sublattice.

The infinite-ranged model is generally accepted to describe the static properties of
real spin glasses and re-entrant magnets. The reason for this is that correlations due to
spatial dispersion have very slow time decay, and so the spin glass order parameter
differs from zero for actually attainable times at least for Ising systems [10, 11]. We show
in this letter that magnetic properties of the materials under discussion are qualitatively
explained in the framework of the infinite-ranged model as well.

The equations of state for this model, which determine the sublattice magnetisations
m, ,, the Parisi functions g, ,(x) [12], the free energy etc, were obtained earlier [6, 7]
using the replica trick and the Paris ansarz. In particular, the expression for the transition
temperature T, from the ergodic state to the broken replica symmetry (non-ergodic)
phase is

(T2 — V¥cosh™E,))(T3 = V¥(cosh™ E,)) — J*(cosh™ E; }cosh™ E;) =0 )

E,=1/T)[Hy + Vom, — Jym; + 2(V*q, +12q,;)1/2] pP#ED
W@ = [ el ®

where m, and g, should be obtained from the Sherrington-Kirkpatrick-type equations
m, = (tanh E, ) g, = (tanh® E,). 4)

In the J/V— 0 limit, equation (2) splits into two independent equations T3 =
Vi(cosh™E »). This means that the non-ergodicity appears in the sublattices inde-
pendently. Without the external field m; = —m;, g, = q, and so T;; = T,. If the field
is applied, T, # Ty,. It is clear that the irreversibility and other spin-glass-type effects
appear at the higher of these temperatures, so it is the magnetic field dependence that
should be compared with experiments.

For the sublattice with spins down at H — 0 (sublattice one) the absolute value of
the magnetisation | m, | is smaller than m, at all H, T values in the AF region of the phase
diagram. This means that the effective field on spins of the first sublattice is smaller than
that onspins of the second one, andso Ty, (H) > Ty, (H). Atthe onset of the paramagnetic
phase the temperatures T,,(H) coincide.

Similar arguments can be used to explain qualitatively the magnetic field depen-
dences of T,,. If we suppose that the metamagnetic transition point is not in the phase
diagram region we consider now (the influence of the metamagnetic phase transition on
the spin glass properties and vice versa have been considered in [7, 8]), |m,| decreases
monotonically when H increases and goes to zero at some field H = H,,,. Hence itis clear
that T,;(H) increases with H for H < H,,. For H > H,, the magnetisation m, is positive
and increases with H, so T, (H) falls.
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Figure 1. The phase H-T diagram of a frustrated
antiferromagnet. The parameters are: Vy=J =
0; Jo=1; Jo/V = 1.7. The phases are: P—para-
magnetic;  aAF—antiferromagnetic  ergodic;
AFsG—antiferromagnetic non-ergodic; SG—non-
ergodic phase without antiferromagnetic order.
The chain curve denotes the temperature at which
the second-sublattice non-ergodicity appears.

On the other hand, at the second sublattice T,,(H) decreases with increasing H for
small H, and increases at larger fields H > H,, up to a value of H when the anti-
ferromagnetic ordering is destroyed.

Thus, the curve T,(H) has a maximum in the antiferromagnetic phase on the
my(H, T) = Oline. The value T,,(H,,) = T, can be determined from

g, = (tanh®(V, /T, )V4qy) T2, = V¥cosh™(V, /Ty, ) V1) )

which has only one solution g, = 0, T, = V. This means that the transition considered
is equivalent to the transition from the ‘paramagnetic’ state of the first sublattice (rn, =
g, = 0) to the ‘pure’ spin glass (m; =0, g, # 0). So Ty (H) should have a cusp at H =
H,.

The H-T phase diagram atJ = 0, V, = 0 and Tx(0)/T,(0) = 9.5 obtained by numeri-
cal solution of (2) and (4) is given in figure 1. We should note that in all samples studied
in [3, 4], the long-range magnetic ordering disappeared before the second-order phase
transition was reached, which means that either V is small or the first-order transition
isdepressed bythe disorder[7, 8]. Thisis why itisthe results for V;; = Othat are compared
with experiment.

Comparison of figure 1 with figure 3 of reference [4] shows us that the general
behaviour of the theoretical and experimental T,-curves is the same: for H < H,, as well
as for H > H,, the T,-curve is within the antiferromagnetic phase. In contrast to what is
found by experiment, Ty,(H,,) # Ix(H,,) in the theoretical phase diagram, but the
difference between these two values is very small, so it probably cannot be detected
without special measurement techniques.

IfJ = 0, the increase of T, in the magnetic field is much larger than in the case where
V = Ostudied by us previously [6]: at Ty(0)/T,(0) = 9.5, T, has an approximately twofold
increase at V = 0 and a sixfold increase if J = 0 (figure 1). The latter number does not
differ essentially from the measured value.
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Figure 2. The H-T phase diagram of a frustrated Figure 3. The temperature dependence of the
antiferromagnet for V,=0; J,=1; V¥//2=5; magnetic susceptibility for several degrees of frus-
Jo/(VE+ 1) 2 =15, tration x=J,/V (Vo=J=0): A: x=105

(TW(0)/T(0) = 1.37); B: x = 1.1 (Tn(0)/T(0) =
1.66); C: x = 1.5 (Tu(0)/T(0) = 5.46).

We would like to note also that at small fields T,(H) — T,(0) ~ H*, a =2 at J #
0 and @ =1 at J = 0. This enables us to understand why the a-value measured for
Fe Mn, _,TiO;, x > 0.57 is much smaller than 2—which was unclear before and was
considered in [13] to show a disagreement between the theory and experiment.

At non-zero (but small) J the maximum in the T, (H) curve broadens and moves
from the Ty (H) curve into the body of the antiferromagnetic phase (figure 2). Strictly
speaking, the second solution Ty,(H) of (7) does not make sense at J # 0 as the non-
ergodicity in this case appears in both sublattices simultaneously. Butif / < V, the non-
ergodicity in the second sublattice in the temperature interval Ty, (H) > T > T,,(H) is
small:

dg,(x)/dx= (J2/V?)(dq:(x)/dx).

The equations of state obtained earlier [7] enabled us to obtain a general expression
for the magnetic susceptibility y, valid for any H, T values. For the ergodic state, the
formula for x can be derived by differentiating (2) for m, and g, with respect to H at
H— 0 and has a rather simple form:

x=a/[l+ (o= V)]
1 2 _ 2 ]2 — VZ -1
w=glo s ma(i-ms) |

Sk =<dktanh Ep/dE];MH——)O (6)
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For Vy = V = 0 this expression is equ1valent to that given in [6].

We see that the V2- and J*-terms in (6) have opposite signs, i.e. the frustrations of
the intersublattice and intrasublattice exchange interactions influence y in different
ways. This can be easily understood by considering the effect of the weak external
magnetic field H on the variance 6 H, of the effective field acting on spins of a subsystem
p. It follows from (3) that 8H, is equal to

SH, = (V3q, + J2q;)"? p#p. (7)

A weak magnetic field decreases |m; | and g, (note that the subscript one applies to
the sublattice with spins directed down at H = 0) andincreasesm,and g,, sothe magnetic
field contributions to Vg, and J2g; have different signs.

Analytically, the x(7) dependence in the ergodic state can be studied for strongly
frustrated AF, when b= (Jo + V)/(J2 + V?)'/2 — 1 < 1. In this case T,(0)/Tx(0) =
1 —b, and the perturbation theory on b can be derived for all temperatures above
T, [5]. According to [5], it appears that at V =0, J # 0, the susceptibility increases
monotonically with the decrease of T'in the ergodic phase. If / = 0, V # 0, the situation
is quite different. In this case

= (1/2J9)[1 = (Tx/To)t(b = 4%)/(b + 7)]. ®)
Here 1 =1 — T/Ty < 1. It follows from (8) that y changes non-monotonically with T
for T, < T < Ty and has a minimum at 7 = (§62)'* < b. It is seen from figure 3 that for
J = 0 such a dependence on x(7') is found for any degree of frustration. This conclusion
agrees with the experimental observations [3, 4]. Moreover, comparing figure 3 with
figure 1 [4] we see that in both the theory and experiment the minimum in the x(7T)
curves nearly disappears in the weakly frustrated magnets.

To study x(T') below the T,-point the general expressions of state derived in [7]
should be solved, which is possible only near T,, when t, = (T, — T')/T, < 1. Using the
procedure proposed in [6] we calculate the derlvatlves D.=dln x/d In T}, Te=0- It
appears that D_ >0, D, <0 at some values of J/V, which means that x(7) *has a
cusp at T = T,. There is a disagreement between theory and experiment at this point:
according to the theory (T) changes very slightly below T, and has a cusp at 7' = T,
while experimentally the field-cooled susceptibility does not reveal an anomaly at 7 =
T, and becomes temperature independent only considerably below T,.

We would like to note in conclusion that our theory can explain the existence of a
wide smooth maximum in the 7,(H) curve observed for Fe, s5;Mgg 445Cl, [1]. The reason
for its existence is that when an FeCl, crystal with strong ferromagnetic in-plane inter-
action and weak antiferromagnetic inter-plane interaction is diluted by Mg atoms, the
‘re-entrant’ phase transition is exhibited when the spin concentration is near to the in-
plane percolation threshold. In this case the next-nearest-neighbour in-plane exchange
interaction becomes important, but essentially does not exceed the inter-plane inter-
action. So, it is natural to suppose that for the magnets we discussed just nowJ < V. It
can be seen from figure 2 that the theory predicts the existence of a smooth maximum
in the T,-curve for such a region of parameters.

References.

[1] Gelard J, Bensamka F, Bertrand D, Fert A R, Redoules J P and Legrand S 1983 J. Phys. C: Solid State
Phys. 16 L939



1674 Letter to the Editor

Bertrand D, Fert A R, Shmidt M C, Bensamka F and Legrand S 1982 J. Phys. C: Solid State Phys. 15
L.883.
[2] Wong P, von Molnar S, Palstra T T M ez al 1985 Phys. Rev. Lett. 552043
[3] Yoshizawa H, Mitsuda S, Aruga H et al 1987 Phys. Rev. Lezt. 59 2364
Ito A, Aruga H, Kikuchi M et a/ 1988 Solid State Commun. 66 475
[4] Aruga H, Ito A, Wakabayashi H et al 1988 J. Phys. Soc. Japan 57 2636
[5] Korenblit I Ya and Shender E F 1985 Sov. Phys.—JETP 62 1030
[6] Fyodorov Ya V, Korenblit I Ya and Shender E F 1987 Sov. Phys.—JETP 65400; 1987 J. Phys. C: Solid
State Phys. 20 1835
[7] Fyodorov Ya V, Korenblit I Ya and Shender E F 1987 Preprint LNPI-1278
[8] Fyodorov Ya V, Korenblit I Ya and Shender E F 1987 Europhys. Lett. 4 827
[9] Sherrington D and Kirkpatrick S 1975 Phys. Reuv. Lett. 351972
[10] Binder K and Young A P 1986 Rev. Mod. Phys. 58 801
[11] Korenblit I Ya and Shender E F 1989 Sov. Phys.-Usp. 32 139
[12] Parisi G 1980 J. Phys. A: Math. Gen. 231101, 1887
{13] Takayama H 1988 Prog. Theor. Phys. 80 827



