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We present the results of the Monte Carlo simulations of Fe/Gd multilayers and a comparison of the models studied with
experimental results. The Heisenberg model interactions are considered for both ferromagnetic and antiferromagnetic cases.
At thermal equilibrium magnetization, the Curie temperature is investigated for different thicknesses of Fe layers and interface
morphology in Fe/Gd multilayers. It turns out that the magnetic properties of the Fe/Gd multilayers strongly depend on
magnetization amplitude with interface composition, the spatial arrangement of magnetic atoms, and the thickness of Fe layers.

1. Introduction

In the last 20 years, a lot of effort has been devoted to
the determination of the magnetic properties of rare earth-
transition metal (RE-TM). In particular RE-Fe amorphous
multilayers have attracted considerable attention from the
viewpoint of technology and also fundamental research [1–
3].

Magnetic layered systems exhibit various fascinating
physical properties including giant magnetoresistance
(GMR) [4–10]. These properties not only arouse fundamen-
tal interest but also are important because of their possible
applications in magnetic storage devices and sensors. For
instance, double-layer films consisting of two different
magnetic layers, that are, two ferromagnetic materials, or
a ferromagnetic, and an antiferromagnetic layer are being
used in and magneto-optical media, utilizing the exchange
coupling acting between two layers. Phenomena, such as,
giant magnetoresistance and interlayer magnetic coupling
have stimulated a great theoretical interest and opened
new pathways for the design of novel devices by correct
choice of materials. The periodic stacking of two distinct
ferromagnetic materials gives rise to a variety of magnetic

exchange interactions. Magnetic multilayers composed of a
rare-earth (RE) element, such as, Gd and a transition metal
(TM) like Fe, Co and Ni are interesting example systems.
Due to their very different ordering temperatures, magnetic
configurations depending on the structural parameters,
temperature, and magnetic field may occur. In the case of
Gd/Fe multilayers the impact of the variation of the growth
parameters and thickness of the individual constituting Fe
and Gd layers upon the transport and magnetic properties
has been investigated extensively. However, most of these
investigations were only carried out in the thickness regime
of few monolayers (MLs) [11]. The Fe layer thickness is
varied from 70 to 150 nm and its effect on the structural
and magnetic properties of Fe/Gd/Fe sandwich multilayers
has been explored. Gd films were found to change from
amorphous to polycrystalline at a critical thickness of 20 nm
[12].

This paper is organised as follows. In Section 2, we intro-
duce the Heisenberg model and Monte Carlo (MC) method
is also described. In Section 3, we show numerical results in
comparison with the previous results and the experimental
data. Section 4 is devoted to summary and concluding
remarks.
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Figure 1: Schematic representation of two-dimensional cross-section through the Fe/Gd bilayers with abrupt interface.

2. Simulation Method

Our starting point is a classical Heisenberg model. The
Hamiltonian is given in the form:

H = −
N∑

〈i, j〉
Ji j
(
Sxi S

x
j + S

y
i S

y
j + Szi S

z
j

)
, (1)

where N is the number of sites (spins), Sxi , S
y
i and Szi are spin

operators following the axes of space OX, OY, and OZ respec-
tively, at site i and sum is taken over nearest-neighbour pair
of spins. Ji j denotes nearest-neighbour exchange interaction
between Si and Sj spins.

Where �Si is the classical Heisenberg spin, Ji j is the nearest-
neighbour exchange interaction sites i and j. We define the
magnetisation as follows:
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where the N (N = L× L× n) is the number of atoms, mx
i =

−giSxi /(gi−1) is the x component of the moment of the atom
i in Bohr magneton units, and 〈 〉T means statistical average
at temperature T .

The flowing magnetic parameters are those of free atoms
magnetic: gGd = gFe = 2, SFe = 1, and SGd = 7/2. The
exchange interactions have been adjusted to obtain pure
polycrystalline Fe and Gd Curie temperature (see [4]).

For the numerical analysis of the magnetic properties of
Fe/Gd multilayers described above, we have used the Monte
Carlo simulations with the Metropolis algorithm [13, 14].
The Metropolis Monte Carlo algorithm enables one to obtain
the macrostate equilibrium for a physical system at the given
temperature T . The basic idea of this method consists of the
following procedure: the spins are examined individually. A
site i is randomly chosen and a unit vector defined by the
random choice with uniform distribution of its z-component
zi ∈ [−1, 1] and its azimuthal angle φi ∈ [0, 2π[ is
determined.

It has to be noted that this spin trial rotation procedure
is isotropic. Then the energy variation ΔE associated to this
rotation is calculated. The next step is the following:

(i) if ΔE ≤ 0, the rotation is accepted;

(ii) if ΔE > 0, the rotation may be accepted with a prob-
ability that is proportional to the Boltzmann factor
exp(ΔE/kBT) in order to take into account the ther-
mal fluctuations.

One MC step consists in examining all spins of the system
once. At each temperature, IT0 MC steps were performed
to reach the thermodynamic equilibrium, and afterwards the
physical quantities were measured by averaging over the next
ITF MC steps.

It is important to note that finite size effects have no
significant influence on the physical properties under con-
sideration. Only nearest-neighbour interactions should be
taken into account since magnetic studies of such systems in
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Figure 2: Thermal variations of magnetization and subnets Fe and Gd for Fen/I/Gd4 multilayers with abrupt interface.

particular in amorphous alloys show evidence that the value
of the next nearest-neighbour interactions is one order of
magnitude smaller [15]. Indeed, the exchange interactions
are very strong in transition metal but at short range.

3. Results

To obtain a simulation model suitable for multilayer Fe/Gd
with most realistic cases (diffuse interface), we consider the
case of Fen/Gdm multilayers without anisotropy; the number

of planes (m) of the Gd layer is kept constant to 4 while the
number of planes (n) of the Fe layer varies from 1 to 13.

Our approach is to study the multilayers with (i)
abrupt interface (Fen/Gdm). These results provide a basis for
interpreting the magnetic properties of real case with diffuse
interface Fen/I/Gdm; (ii) modulated interface Fen/I/Gdm on 2
planes (1 plane of Fe + 1 plan of Gd).

3.1. Case of Abrupt Interface. Figure 1 shows a representation
of a multilayer abrupt interface that will be used to interpret
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Figure 3: Schematic representation of two-dimensional cross-section through the Fe/I/Gd bilayers with interface-modulated two atomic
planes.

results obtained for modulated interfaces. We are interested
in the following to study the influence of the iron thickness
on the magnetic properties of multilayers Fe/Gd. The
number of planes of the individual layers corresponding
to thickness of iron eFe is between 13 and 33 Å and the
gadolinium thickness is eGd = 16 Å. The different physical
parameters and simulation are summarized in Table 1. The
interface exchange interaction JFe-Gd(x) was determined from
the following equation [16]:

JFe-Gd = − JFe-Fe + JGd-Gd

2
. (3)

Figure 2 shows the thermal variations of magnetization
of the whole sample and the sublayers of Fe and Gd for
different Fe thickness. We find that for small thicknesses
of Fe (n ≤ nc = 7, nc depends mainly on the number
of Gd planes), the magnetization of Gd layer dominates
over the selected temperature range. For larger thickness
(7 < n < 13), the magnetization of Fe layer dominates at
high temperatures and the Gd layer dominates at low
temperatures and compensation between the magnetizations
of two sublattices is observed. For larger thicknesses of Fe
(n ≥ 13), the Fe layer dominates whatever the temperature.
In addition, the compensation temperature decreases. These
results are qualitatively consistent with experimental results
for multilayers Fe/Gd [17] which provide Tcomp ≤ 300 K.

The observation of magnetization curves by atomic plane
and type of atoms shows that spins of the heart of Fe layer are
arranged more quickly than those of interface where 〈ZFe-Fe〉
is lower.

Table 1: Physical and simulation parameters used to study Fe/Gd
bilayer with abrupt interface.

Physical parameters Simulation parameters

JFe-Fe − JFe-Fe 110 K N (spins) 900–1600

JFe-Gd −58 K IT0 2.5× 103–4×103

JGd-Gd 7.5 K ITF 2.5× 104–5×104

Table 2: Physical and simulation parameters used to study
Fen/I/Gd4 bilayer with interface modulated on two atomic planes
of type Fe 0.5Gd 0.5.

Physical parameters Simulation parameters

JFe-Fe 110 K N (spins) 900–1600

JGd-Gd 7.5 K IT0 2.5× 103–4× 103

JFe-FeI = JFe-Fe(0.5) 530 K ITF 2.5× 104–5× 104

JFe-GdI = JFe-Gd(0.5) −49 K — —

3.2. Modulated Interface. We begin firstly this study with
a bilayer whose interface is a homogeneous alloy with a
composition as Fe0.5Gd0.5 (xGd = 0.5) which is about on
two atomic planes. Thus a bilayer contains three different
magnetic zones: 2 pure planes of Gd, at least one pure plane
of Fe and a mixed area (Figure 3). This is an improvement
over the case of abrupt interfaces.

The physical parameters and simulation parameters are
listed in Table 2. The exchange interactions in the interface
are defined in Figure 4.

Into a pure plane and between two planes of Fe, the
interaction JFe-Fe is constant. Between a pure plane of Fe and
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Figure 4: Schematic representation of the exchange interactions of the Fen/I/Gd4 bilayers with interface modulated with two atomic planes
xGd = 0.5 at the interface.

a plane of the interface, we use the interactions JFe-FeI =
JFe-Fe(0.5) and JFe-GdI = JFe-Gd(0.5), with JFe-FeI and JFe-GdI are
the interactions used in the abrupt interface.

Total and sublayers magnetization curves are showed in
Figure 5. We note that the magnetization of Gd layer domi-
nates at all temperatures as n < 12. Magnetic compensation
exists for n close to 12 where Tcomp = 150 K. In fact the spins
at the interface are ordered firstly (in opposition to abrupt
interfaces case).

Next, a bilayer with a modulated interface of xGd = 0.75 is
considered. This is to introduce a more realistic composition
modulation obtained with a plane rich in Fe atoms on the
side of iron layer and a plane rich in Gd atoms beside of Gd
layer. Thus, in our calculations, the interface (I) is composed
with two atomic planes; Fe0.25Gd0.75 and Fe0.75Gd0.25. Table 3
covers all concentrations x for each plane of the bilayer
Fen/I/Gd4, the values of exchange interactions used in each
atomic plane and different transition temperatures for iron,
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Figure 5: Thermal variations of magnetization and subnets Fe and Gd for Fen/I/Gd4 multilayers with modulated interfaces and xGd = 0.5.

gadolinium, alloys Fe0.25Gd0.75 and Fe0.75Gd0.25. Exchange
interactions are defined in Figure 6. In pure Fe planes,
JFe-Fe(0) = JFe-Fe. Adjustable interactions JFe-FeI and JFe-GdI

are chosen according to the atomic concentrations found in
different planes: JFe-FeI = 532 K and JFe-GdI = −50 K.

Figure 7 shows the evolution of the global magnetization
of the bilayer and sublattices. The magnetization curve on
n = 11 shows a minimum at about 180 K; this minimum
slightly marked is reflecting a strong influence of the interface
on the magnetization of the bilayer. This is clearly seen on
the values of the magnetization compared to the case xGd =
0.5: In this study, the magnetization at low temperature is

Table 3: Values of exchange interactions and TC of the pure
elements Fe and Gd alloys and Fe 0.75Gd 0.25 and Fe 0.25Gd 0.75.

xGd JFe-Fe JFe-Gd TC (16× 10× 10)

0 110 K — 202 K

0.25 532 K −50 K 490 K

0.75 230 K −59 K 225 K

1 — — 200 K

weaker compared to the cases n ≥ 9. Note also that the
compensation between the magnetization of Fe layer and
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Figure 6: Schematic representation of the exchange interactions of the Fen/I/Gd4 bilayres with interface modulated with two atomic planes
Fe1−xGdx.

that of Gd (Tcomp = 180 K) is obtained by adjusting the
number of planes of the layer of Fe (n = 11 instead of 12
for xGd = 0.5).

4. Discussion

In order to find a simulation model suitable for amorphous
multilayer Fe/Gd, we have shown in Figure 8 the variation of
transition temperature (TC) of simulated Fe/Gd multilayers
amorphous alloys as a function of equivalent number of
terms of Fe and the experimental case.

For multilayer Fe/Gd with abrupt interfaces the transi-
tion temperature TC increases with the number of plan Fe

and tends to the temperature limit of 200 K corresponding
to amorphous iron from about 11 atomic planes. For low
Fe layer thickness, the decrease in TC is due to the decrease
in the average coordination number as n decreases. The
simulated transition temperatures are well below the transi-
tion temperatures of the experimental case. In addition, the
change in TC (nFe) is not the same: TC simulated increases
when the number of planes of iron increases, which is in
contrast with the experimental results for multilayer Fe/Gd
[17] and amorphous alloys Fe1−xGdx [18]. This disagreement
is attributed to the strong influence of chemical disorder at
the interfaces on TC . For a multilayer Fe/I/Gd with diffuse
interfaces and xGd = 0.5, we find that the presence of the
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Figure 7: Thermal variations of magnetization and subnets Fe and Gd for Fen/I/Gd4 multilayers with modulated interfaces.

modulated interface induces an increase in TC compared to
systems with abrupt interface. Unlike the abrupt interface,
the transition temperature decreases with increases nFe in
agreement with experiment [18]. However, the simulated
values of TC are still too low compared to the experience.

For a multilayer Fe/I/Gd with xGd = 0.75, the simulated
transition temperature is in good agreement with experi-
ment. The simulated values are also close of the results of
Nawate et al. [17] but lower than the experimental values
of homogeneous alloys Fe-Gd [18]. The difference between

simulated results and those of the alloys is still relatively
large.

5. Conclusion

In summary, we have studied the dependence of magnetic
properties on the interface morphology in the Heisenberg
multilayers Fe/Gd by using Monte Carlo simulations. Our
simulations confirm that the form of distribution of the
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atoms in interface, that is, morphology interface and thick-
ness of Fe modify its magnetic properties and consequently
the magnetic properties of the multilayers. It shows that the
results are in good agreement with some qualitative and
quantitative experimental results.
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