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Soft/hard magnetic bilayers are attractive systems for investigating their physical behavior due to scientific
curiosity and the potential for technological applications. Thus, 10 nm thick hard magnetic layer placed on a
20 nm soft magnetic layer was modeled in this work. After the constructing of magnetic thin films, the bi-
layer structure was simulated based on micro-magnetic modeling. When constructing the Hamiltonian of the
system, magnetocrystalline anisotropy term was also under debate with classical Zeeman and exchange terms.
Energy minimization in the simulation was performed using Metropolis algorithm and Markov Chain Monte Carlo
(MC-MC) method. As a result of modeling, hysteresis curves, remanent magnetization and coercive fields were
obtained at different temperatures.
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1. Introduction

Magnetic multilayers are currently attracting a great
interest because of their expected application in spin-
tronic devices [1]. For spintronic applications, magnetic
multilayers could be used in magnetic field sensors, mag-
netic read heads, and magnetic random access memo-
ries [2]. Magnetic properties of materials used in techno-
logical applications must be completely known at differ-
ent conditions. So, experimental and theoretical inves-
tigations of material properties were frequently consid-
ered in previous studies [3, 4]. Experimental results can
be drastically changed under different conditions. Es-
pecially the temperature has a crucial role in magnetic
properties. Because of that, our aim was set to a next
generation of scientific studies. On this way, we have used
one of the popular methods in recent years, the Monte
Carlo method.

Monte Carlo methods are very useful computational
algorithms that rely on repeated random sampling to
obtain numerical results for systems with many coupled
degrees of freedom, such as disordered materials, cellu-
lar structures and strongly coupled solids [5]. Magnetic
multilayer structure studied by us, has two different ferro-
magnetic materials, a soft magnetic and a hard magnetic
material. Ferromagnetic materials may be either soft
or hard depending on the magnetic character of materi-
als [6]. We have tried to simulate hard magnetic bilayer
on top of a soft magnetic bilayer to observe their magnetic
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behavior. We have investigated Fe14Nd2B (10 nm) as
hard magnetic material on top of α-Fe (20 nm) as soft
magnetic material (Fig. 1).

Fig. 1. Schematic view of α-Fe/Fe14Nd2B bilayer
structure.
Magnetization is a characteristic property of all mag-

netic materials and can be measured to reveal mag-
netic behavior, especially for ferromagnetic and ferri-
magnetic materials. Based on hysteresis loops (magne-
tization curves), we can have information about rema-
nence/saturation of magnetization and coercive field at
different temperatures.

In this study, we have observed that magnetic mul-
tilayer structure at different temperatures ranging from
0.014 kBT/J to 0.019 kBT/J. Markov Chain Monte Carlo
method (MCMC) was used to analyze aforementioned
magnetic system. Construction of bilayer structure, in-
cluding randomly oriented sublayers was followed by eval-
uation of the orientation of sublayers as a function of
external magnetic field and temperature.

2. Theoretical model

Monte Carlo Metropolis algorithm is an excellent way
to study a physical system under equilibrium conditions.
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Making an adjustment to a physical system and calcu-
lating the change in energy, ∆E, is the basic idea of
Metropolis algorithm. This change is then accepted or
rejected in relation to the Boltzmann distribution for the
system at a given temperature [7]. In the case of a clas-
sical spin model a single spin is speculatively moved in
space and the difference in energy is evaluated. The move
is then accepted with probability P according to

P = max

(
1, exp

[
− ∆E

kBT

])
, (1)

where kB is the Boltzmann constant, and T is the abso-
lute temperature [7].

We have performed a micromagnetic calculation of
the magnetization curves for α-Fe/Fe14Nd2B multilay-
ers using Landau-Lifshitz-Gilbert equation [8]. First, α-
Fe/Fe14Nd2B bilayer structure was divided into 2000 mi-
cromagnetic layers inside 20 nm of α-Fe and 1000 micro-
magnetic layer inside 10 nm of Fe14Nd2B. The Hamilto-
nian has taken the form as:

H = Ezeeman + Eexchange + Emag. ani.. (2)
The magnitude of anisotropy constant for Fe14Nd2B was
taken to be 4.3 × 106 J/m3 and that for α-Fe was
4.6 × 106 J/m3 [9]. Three kinds of exchange interactions
between magnetic layers have been considered of which
two intra-layer coupling constants JHard (between layers
of Fe14Nd2B) and JSoft (between layers of α-Fe) are fixed
to be 2 × 10−2 J/m2, which is comparable to the values
adopted by Fukunaga et al. [3, 10]. The interlayer cou-
pling constant was taken to be 2 × 10−3 J/m2.

3. Results and discussion

M(T ) curve has been calculated via Markov Chain
Monte Carlo method in the temperature range
0–0.04 kBT/J (Fig. 2). The sharp reduction of M
between 0.016 and 0.024 kBT/J suggests that Curie
Temperature (TC) of our sample is nearly 0.02 kBT/J.
It is clearly seen that thermal agitations cause random
alignment of micromagnetic sublayers after 0.02 kBT/J.
Above this temperature, the high value of kBT/J ratio
forces system to paramagnetic behaviour. During the FC
(Field Cooling) measurement, 4 kA/m external magnetic
field was applied.

Magnetization hysteresis curves for certain tempera-
tures are shown in Fig. 3. Remanent magnetization and
coercive field values were determined for temperature
range between 0.014 and 0.019 kBT/J. All data obtained
from the simulation are given in Table I.

Table I shows that with the decreasing temperature,
the magnetization values that indicate ferromagnetism
are increasing. We have found that for α-Fe/Fe14Nd2B
bilayer structure, the temperature dependence of mag-
netization is roughly in accordance with the estimation
based upon the simple superposition of magnetization of
the α-Fe and Fe14Nd2B phases [11, 12].

Table I shows that remanent magnetization decreases
to nearly zero at 0.019 kBT/J indicating the exis-
tence of transition from a magnetically ordered state,

Fig. 2. The change of remanent magnetization as a
function of temperature between 0 and 0.04 kBT/J.

Fig. 3. Magnetization curves for α-Fe/Fe14Nd2B bi-
layer structure at different temperatures.

ferromagnetic, to a magnetically disordered state, para-
magnetic. The variation of MCMC method parameters
with different temperatures can be considered. An ex-
ponential decrease of coercive field indicates that ther-
mal agitations become dominant when compared to ex-
change coupling interaction with increasing temperature.
The hysteresis curves of α-Fe/Fe14Nd2B at different tem-
peratures are compared in Fig. 3. The hysteresis curve
gradually flattens as the temperature approaches the
Curie point (kBT/J = 0.020).
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TABLE I

The deduced magnetic parameters for all considered
temperatures.

T

[kBT/J]
HC1

[MA/m]
HC2

[MA/m]
HC

[MA/m]
MR/MS

0.014 0.1367 0.1250 0.1308 0.9138
0.015 0.0769 0.0951 0.0860 0.7834
0.016 0.0395 0.0843 0.0619 0.7366
0.017 0.0260 0.0573 0.0416 0.6273
0.018 0.0070 0.0317 0.0193 0.3544
0.019 –0.0045 0.0293 0.0124 0.2992

Fig. 4. In-plane magnetization data for angular depen-
dence ofMR/MS from α-Fe/Fe14Nd2B bilayer structure
at temperatures between 0.014 and 0.018 kBT/J.

Angular dependence of magnetization of the sample at
different temperatures is given in Fig. 4. In this figure
all curves represent data obtained while the thin film was
rotated from 0◦ to 360◦. Magnetocrystalline anisotropy
energy in the Hamiltonian of theoretical model causes
uni-axial two-fold magnetic anisotropy. There is no sig-
nificant change in the behavior of magnetic anisotropy
with increasing temperature while remanent magnetiza-
tion of the sample is gradually decreases for all considered
angles.

4. Conclusions

The multilayer magnetic thin films consisting of differ-
ent ferromagnetic materials, of hard magnetic Fe14Nd2B
and soft magnetic α-Fe have been investigated by Monte
Carlo Metropolis algorithm. The characteristic magnetic
parameters have been deduced using the theoretical
model. Curie temperature (TC) of bilayer system was

determined as 0.02 kBT/J. Coercive field of sample
was decreasing from 0.130 MA/m to 0.012 MA/m
with temperature increasing from kBT/J = 0.014 to
kBT/J = 0.019. Also MR/MS ratio was decreasing
from 0.913 to 0.299 for the easy magnetization axis of the
bilayer structure. Two-fold in-plane magnetic anisotropy
was observed for 10 nm of hard magnetic Fe14Nd2B on
top of 20 nm of soft magnetic α-Fe at all investigated
temperatures. There was no change in anisotropic be-
havior of bilayer structure with changing temperature.
Synthesis and experimental analysis of soft/hard mag-
netic bilayer structures are planned as a future work.
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