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Abstract. Using the mean-field approximation, the spontaneous magnetisation and para-
magnetic susceptibility of localised spin ferromagnetic-antiferromagnetic superlattices, in
which the antiferromagnetic films possess an odd number of the atomic planes which are
parallel to the interfaces of the superlattices, are calculated numerically. A study of the
spontaneous magnetisation as a function of temperature shows that the superlattices display
five kinds of magnetism, and the compensation point appears for some values of the par-
ameters J,,, J, and J,. The calculation for the paramagnetic susceptibility shows that this
system displays a paramagnetism that is similar to ferromagnetic, antiferromagnetic or
ferromagnetic paramagnetism, depending upon J,, J,, J, and the period of the system.

1. Introduction

In the last few years, the studies of superlattices constructed by alternating films of
different magnetic materials have attracted the attention of scientists. Experimentally,
various magnetic superlattices have been synthesised [1-4]. Theoretically many studies
and calculations of superlattices described through the use of various models, have been
made by different methods [5-13]. Some interesting properties have been found, such
as the RKKY interaction in the magnetic-non-magnetic superlattices [14, 15], the spin
restructure and twist states in some superlattices [11, 13], and the effect of quantum
fluctuation in the antiferromagnetic superlattice [16]. Of these articles, only a very small
number are dedicated to the study of spontaneous magnetisation, and in particular there
has not been any calculation of the paramagnetism of magnetic superlattices. In [6, 17]
the Ginsburg-Landau formulation was used to discuss the critical temperature and
magnetisation of superlattices constructed of alternating films of two different ferro-
magnetic materials. Recently in [18] the susceptibility and the compensation point of
the ferromagnetic-ferromagnetic superlattice with antiferromagnetic coupling between
two different ferromagnetic films were discussed. For ferromagnetic-antiferromagnetic
superlattices [7, 12, 13], which are more complex magnetic superlattices, there still has
been no discussion about the magnetisation and paramagnetism; therefore we shall
discuss these subjects.

2. Model and method
We shall discuss the superlattice in [7], and let N, the number of the atomic planes in
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the antiferromagnetic films, be an odd number. For simplification, let N, = N,, the
number of the atomic planes in the ferromagnetic films. The Heisenberg model Ham-
iltonian for this system is

H=22(,j)$;-8;~h 2S5, (1)
where @ ’
J, inthe ferromagnetic films
J(i,j)=< J, inthe antiferromagnetic films

J, between the ferromagnetic and antiferromagnetic films

and where the sum in the first term is over site ; and nearest neighbour j, and 4 is a
reduced external field. In the following calculation, let s, = s, = 3. Because the atoms
in the same plane are equivalent, we use one magnetic moment to represent them; at
the same time, one can note that the atoms in the two atomic planes which have the same
distance to the middle atomic plane, in a magnetic film, are equivalent. In addition, the
directions of the moments of the nearest-neighbour atoms in the antiferromagnetic films
are opposite. Figure 1 shows the ground-state spin configurations (k = 0).

According to the mean-field approximation an atomic moment in the ith plane in the
supercell is

M(T, i) = ugB(y;) vi =(1/kT)up(Ho + H,y,) 2
where k is the Boltzmann constant, and Hyand H,, are the external field and the effective

field, respectively, acting on the ith atomic plane. B(y) is the Brillouin function.
In the ferromagnetic film in the supercell,

Yar = (up/kT)[Ho + 27, /uz)M(T, ay) + (2J 5 /uy)M(T, b,)]
Yaz = (up/kT)[Hy + 2J,/ug)M(T, a3) + (27, /u%)M(T, a,)]
Yas = (us/kT)[Hq + (27, /ut)M(T, ay) + (27, /u})M(T, a,)] 3)

Yvarvy2 = (up/kT)[Hoy + (47, /u)M(T, (N, — 1)/2)].
In the antiferromagnetic film,
Yor = (up/kT)[Ho + (27, /ud)M(T, by) + (27 /b )M(T, a,))
Yoo = (UB/kT)[Ho + (27, /u)M(T, b3) + (27, /ud)M(T, b))
yos = (us/kT) [Hy + (27, /us)M(T, by) + (27, /us)M(T, b,)] (4)

Yoz = (p/kT)[Hy + (4], /up)M(T, (N, ~ 1)/2)].
Substituting (3) and (4) into (2) gives (N, + N,)/2 + 1 simultaneous equations.
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Figure 2. Spontaneous magnetisation as a func-
tion of temperature for typical cases: curves A,

fﬂ m

N,= N, =3; curves B, N,=N, =5; curves C,

N,=N,=7; curve D, N,= N, = 13; curves E,

N, = N, = 15, where we take an arbitrary unit for

0 10 15 temperature and M, is the relative spontaneous
T magnetisation, (a)-(e) have the same scales.

Finding the solutions of these equations, one can obtain the temperature and period
dependences of the paramagnetic susceptibility and spontaneous magnetisation of the
system,

3. Results and discussion

3.1. Spontaneous magnetisation

Using M, to represent the magnetisation, according to the temperature dependence of
M., we obtain five types of M, curves and these are shown in figure 2. The curves of M,
in figures 2(a)-2(c) are typical ferrimagnetic-type curves; Q type, P type or N type.

(i) The curves in figure 2(a) are Q type, and every curve is similar to those of bulk
ferromagnets. It is of interest to note that M, increases with decrease in the period in the
lower-temperature region and decreases with decrease in the period in the higher-
temperature region.
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Figure 3. for N, = N, = 3, we plot the change in the spontaneous magnetisation as a function
of temperature with (a) |J,/J,| (where J,,/7, = 0.1) and (b) J,/ /o (Jop > 0, J, > 0) (where
J./J, = —0.1). From this figure, one can find the change in the compensation point with
the parameters J,, J, and /.
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Figure 4. Sublattice magnetisations for the typical cases in figure 2, where N, = N, = 5.

(ii) As|Jy/J,| decreases, the curves of M, change from Q type to P type as figure 2(b)
shows. The maximum of M; for a given period is located at a temperature 7# 0. In a
similar way to in figure 2(a), M, increases as the period increases in the higher-tem-
perature region and decreases as the period increases in the lower-temperature region.

(iii) If |J,/J,] > 1 and the interface coupling is antiferromagnetic (J,, > 0), a com-
pensation point may appear. For example, taking |J,/J,| = 10andJ,/J,, = 10, we obtain
figure 2(c) which shows that there is a compensation point for M, in every curve. In order
to discuss the relation between the compensation point and |J,/J,| or J,/J,,, we draw
figure3for N, = N, = 3. Figure 3(a) shows that the compensation point seems toincrease
proportionally with increasing |J,/J,| until it disappears or is equal to T.. The change in
the compensation point with J,/J,, is shown in figure 3(b). One can note that, the larger
the values of |J,/J,| and J,/J,,, the more likely it is that a compensation point will
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Figure 5. Paramagnetic susceptibilities as temperature functions for the case & — 0: curves
A,N,=N,=3;curves B, N, = N, =5;curves C, N, = N, = 7; curves D, N, = N, = 13,

appear. In figures 2(c) and 3, if |J,/J,| < 1.25and J,/J,, < 2, it is almost impossible for a
compensation point to appear for the superlattice with any period (N, = N, is odd). In
addition, the compensation point changes slowly with the period as figure 2(c) shows.

(iv) The curves in figure 2(d) and 2(e) for smaller periods are different from those
of typical ferrimagnets. M, for the superlattices with smaller period in figure 2(e) is very
interesting. As the temperature rises from zero, firstly M, decreases, next increases
slowly and then decreases to zero. One knows the period dependence of M, from figures
2(d) or 2(e).

In order to investigate the micromagnetism of the system, we show the temperature
dependences of the sublattice magnetisations in figures 4(a)-4(e) which have the same
parameters as figures 2(a)-2(e), respectively, except for the period, which is equal to 10
(N, = N, = 5) because there are five types of curve in figure 2. At the same time, this
shows the micromagnetism of the superlattices.

3.2. Paramagnetic susceptibility

When T > T, and A— 0 (very small), the Brillouin functions in equation (2) can be
expanded in series and non-linear terms are neglected; then all the terms in the equations
are differentiated with respect to 4, and the susceptibility of every atomic plane in the
supercell can be obtained as a function of temperature. Employing y ! to represent the
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reciprocal of the average susceptibility, we show the temperature dependence of y ! for
a few typical cases in figure 5. From figures 5(a) and 5(b), one knows that the curves of
x ! are straight lines approximately for the cases where |J,/J,| is smaller than or close to
unity. This indicates that the ferromagnetic films make a main contribution to the
susceptibility. From figures 5(c) and 5(d) one knows that, as |J,/J,| increases, the
system with a given period displays firstly ferrimagnetic and then antiferromagnetic
paramagnetism for longer periods, but mainly ferrimagnetic paramagnetism for shorter
periods.

In this paper, we have discussed and calculated the spontaneous magnetisation and
paramagnetism of the ferromagnetic-antiferromagnetic superlattices in which anti-
ferromagnetic films have an odd number of the atomic planes; we obtained five types of
magnetisation curve. It is interesting that, for some parameter values, the spontaneous
magnetisation increases with decrease in the period in some temperature regions, but
decreases with decrease in the period in other temperature regions, and there can be a
compensation point for a given period. The paramagnetism depends mainly on the rate
exchange interaction in the ferromagnetic and antiferromagnetic films in the supercell
and on the period.
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