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We have studied the magnetic properties of a ferroelectric superlattice consisting of two
ferromagnetics, with La layers of spins Sa and Lb layers of spins Sb with antiferromagnetic
interface coupling. The two sublattice magnetizations and a total magnetization are calculated
for different sets of interaction parameters and transverse field over the whole range of tem-
peratures. We have obtained some interesting results such as the compensation temperature
which is found when Sa 6= Sb within a certain range of exchange interactions and decreases
when the transverse field increases.

PACS. 05.50.+q – Lattice theory and statistics; Ising problems.

I. Introduction

Extensive investigations have been made on magnetic superlattices during the past years.
Experimentally, magnetic superlattices Dy/Y [1] and superlattices of rare-earth (RE) and transition
metal (TM) [2-5] have been obtained by advanced techniques. The RE/TM superlattices show an
interesting magnetic coupling behavior. The interlayer coupling is considered to be ferromagnetic
for light REs, while it is antiferromagnetic for heavy REs. Theoretically, various Heisenberg
models and the Green function technique are usually used to study the magnetic properties of the
superlattices. Akjouj et al. [6] have studied bulk and surface magnons in a ferromagnetic film
sandwiched betweeen two different semi-infinite ferromagnets. Zhou and Lin [7] have investigated
magnetic excitations of a Heisenberg ferromagnetic superlattice consisting of alternative layers of
A and B atoms. In [11-13], the authors have investigated multilayers consisting of different ferro-
magnetic materials with antiferromagnetic coupling at the interfaces and obtained some interesting
results.

Theoretically, phase transitions and soft modes in ferroelectric superlattices were studied
by Schwenk et al. [11-12], using the Ginzburg-Landau phenomenological theory based on the
Ising model in a transverse field, which were originally introduced by De Gennes [13] .Despite
the simplicity of the transverse Ising model, it is successful in describing the phase transition
behavior of ferroelectrics [14]. By modifying the exchange coupling and the transverse field at
the surface, Wang et al. [15, 16] and Saber et al. [17] successfully extended the transverse Ising
model to the study of surface and size effects in ferroelectrics; the critical temperature as well
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as the phase diagrams as functions of surface parameters and film thickness were investigated
[15-17]. The transverse Ising model has also been applied to many other systems, such as the
semi-infinite systems of a localized surface spin wave [18] and surface magnetism [19]. In
most of the discussions [15-19], only the nearest-neighbor interactions were considered and this
simplification seems reasonable in ferromagnets where short-range interactions dominate.

In our previous studies on ferromagnetic superlattices, some interesting results have been
obtained [20-24].

In this paper, we shall study a transverse magnetic Ising superlattice of two ferro-magnetic
materials with La layers of spins Sa, and Lb layers of spins Sb(La = Lb = 2) with antiferro-
magnetic interface coupling. We use effective field theory, as it is belived to be far superior to
the standard mean-field approximation. In section II, we outline the formalism and derive the
equation that the layer magnetizations only for Sa = 1/2 and Sb = 1/2, the formalism for Sb = 1
has been detailed in our previous paper [22]. Numerical results are discussed in section III. A
brief conclusion is given in Section IV.

II. Model and formalism

We consider a superlattice consisting of two different ferromagnetic materials A and B
stacked alternately. For simplicity, we restrict our attention to the case of a simple chbic structure.
The periodic condition suggests that we only have to consider one unit cell. The situation is
shown in Fig. 1. The ferromagnetic exchange coupling between the nearest-neighbor spins in A
(B) is denoted by Ja(Jb), while the transverse field is expressed by ­ . Here, we consider the
interface to be composed of two layers (La and La + 1). Jab stands for the antiferromagnetic
exchange coupling between the nearest-neighbor spins across the interface (Jab < 0). The number
of atomic layers in material A (B) is La (Lb) and the thickness of the cell is L = La + Lb. The
Hamiltonian of this system is given by

FIG. 1. Sketch of a unit cell of the superlattice.
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where the first sum runs over all nearest-neighbor pairs, the second sum is taken over the spins,
and Jij stands for one of the three coupling constants (Ja, Jb, Jab), depending on the location
of the spin pairs (Ja > 0, Jb > 0 and Jab < 0). Using effective field theory [23, 24], the layer
longitudinal magnetizations are given by:
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and N and N0 are the numbers of nearest neighbors in the plane and between adjacent planes,
respectively (N = 4 and N0 = 1 in the case of a simple cubic lattice), Cl

K = l!
k!(l¡ k)!

, R1 = Jb
Ja

and R2 = Jab
Ja

. The periodic condition of the superlattice has to be satisfied, namely, ¾0;z = ¾L;z

and ¾L+1;z = ¾1;z.
We have then obtained the self consistent equations for the magnetizations (equations 2-7)

that can be solved directly by numerical iteration. No further algebraic manipulation is necessary.
This is the advantage of introducing the probability distribution technique. The same equations
hold for any arbitrary structure and, therfore, results for different structures can be obtained without
carrying out the detailed algebra encountered when employing other techniques.

In order to investigate the behavior of the compensation temperature (at which the total
magnetization m is zero since the two sublattice magnetizations ma and mb cancel out), we
calculate the total magnetization which is defined as

m =
1
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III. Results and discussion

III-1. Calculation of the longitudinal magnetization at zero magnetic field:
Fig. 2 shows the thermal variations of the sublattice magnetizations ma (solid curves) and

mb (dashed curves) for Sa = Sb = 1=2, R1 = 0.01 and R2 = ¡ 0.3. The curves are the same
when we change the antiferromagnetic interface exchange interaction.
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FIG. 2. The temperature dependence of the sub-
lattice longitudinal magnetizations ma

(solid curve) and mb (dashed curve), for
R1 = Jb=Ja = 0:01, R2 = Jab=Ja =
¡ 0:3, ­ = 0 and Sa = Sb = 1=2.

FIG. 3. The temperature dependence of the sub-
lattice longitudinal magnetizations ma

(solid curve) and mb (dashed curve), for
R1 = Jb=Ja = 0:01, ­ = 0, Sa = 1=2
and Sb = 1. The number accompanying
each curve is the value of R2.

(a) (b)

FIG. 4. (a) The temperature dependence of the total longitudinal magnetization of the superlattice for

­ = 0 and Sa = Sb = 1=2. The two numbers accompanying each curve are the values of R2

and R1 respectively. (b) The temperature dependence of the total longitudinal magnetization of
the superlattice for ­ = 0, Sa = 1=2 and Sb = 1. The two numbers accompanying each curve
are the values of R2 and R1 respectively.

In Fig. 3, the solid curves and the dashed curves correspond, respectively, to the sublattice
magnetizations ma and mb for Sa = 1=2, Sb = 1 and R1 = 0.01. The number accompanying
each curve corresponds to R2 . We can see from these two figures that the magnetization ma of the
sublattice A decreases monotonically from 0.5 and reaches zero at the critical temperature Tc. In
the sublattice B, even when Sb = 1, the magnetization increases rapidly from its minimum value
(¡ 0.5 for Sb = 1=2 and ¡ 1 for Sb = 1) but slowly approaches zero at the critical temperature Tc.
For the sublattice (1/2, 1/2) (Fig. 2), the magnetization of each sublattice doesn’t depend on the
antiferromagnetic interface exchange, although we have the contray situation for the superlattice
(1/2, 1) (see Fig. 3).
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FIG. 5. The temperature dependence of the to-
tal longitudinal magnetization of the su-
perlattice for ­ = 0:1, Sa = 1=2 and
Sb = 1. The two numbers accompany-
ing each curve are the values of R2 and
R1 respectively.

FIG. 6. The temperature dependence of the to-
tal longitudinal magnetization of the su-
perlattice for R1 = Jb=Ja = 0:01,
R2 = Jab=Ja = ¡ 0:3, Sa = 1=2 and
Sb = 1. The number accompanying
each curve is the value of the transverse
field ­ .

Figures 4a and 4b show the temperature dependence of the total magnetization m, for
Sa = Sb = 1=2 and for Sa = 1=2 and Sb = 1, respectively. The two numbers accompanying
each curve correspond to R2 and R1 respectively. We can see from these two figures that the
compensation temperature exists only when Sa 6= Sb. The compensation temperature decreases
when R1 or jR2j decreases. This result can be used to explain the experimental facts of a Co/Tb
superlattice [4]. In a Co/Tb superlattice, with the increase of the layer thickness, the effective
coupling R1 in the Tb layer and the effective coupling jR2j between the Co and Tb layers decrease,
thus the compensation temperature decreases.

III-2. The effect of the transverse field on the longitudinal magnetizations: Sa = 1=2 and
Sb = 1
To investigate the effect of the transverse field on the compensation temperature, we have

studied the dependance of the total longitudinal magnetization for different values of R1 and R2

and for ­ = 0:1 (see Fig. 5). The two numbers accompanying each curve correpond to R2 and
R1, respectively. We can have the same conclusions that we have from Fig. 3b (for ­ = 0). In
addition, we can see that the maximum of the magnetization and the compensation temperature
decrease when we increase ­ . This last result is well seen in Fig. 6, which shows clearly that the
compensation temperature decreases when the transverse field increases.

IV. Conclusion

In conclusion, the effect of the transverse field on the magnetizations of a ferromgnetic
superlattice with antiferromagnetic interlayer coupling was investigated using the effective field
theory with a probability distribution technique that accounts for the single-site spin correlations.
The intra and interlayer interactions on sublattice magnetizations are examined at zero transverse
field and when the transverse field is homogeneous in the superlattice. The study of the total
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magnetization shows that the compensation temperature exists only for Sa 6= Sb and decreases
when R1 or jR2j decreases. This result can be used to explain the experimental facts of a Co/Tb
superlattice. The application of the transverse field causes a decrease of the total magnetization
and the compensation temperature.
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