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Abstract

 In this work, Monte Carlo simulation was used to model the dynamic hysteresis 

behavior of ferromagnetic Ising thin-films using the spin-flip algorithm. The purpose is to 

investigate the thickness dependence of ferromagnetic hysteresis properties while varying 

frequency and amplitude of the external field. From the results, with increasing the films 

thickness, the calculated hysteresis properties significantly change due to the stronger 

ferromagnetic coupling in thicker films. In addition, the universal power law relations 

among the hysteresis properties, the thickness and the field parameters were found. The 

scaling exponents were also reported which agree well with a previous experiment on 

ferromagnetic thin-films. 
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1.  Introduction 

 The ferromagnetic thin-films have been a subject of intensive interest due to a 

broad range of applications especially in recording applications [1]. For instance, one may 

control the films thickness to obtain the magnetic hysteresis at a right shape to suit desired 

technological purpose [2]. Therefore, the reasons why physical mechanisms involved in 

these reduced structures are different from the bulk have become a topic of frequent 

investigating issues. However, the description of how the hysteresis and their influences 

on the magnetic properties of ferromagnetic thin-films are affected by the external applied 

field is not quite well set up due to the underlying complexity of the reduced dimension. 

For example, multilayered systems are known to change from two- to three-dimensional 

class with increasing numbers of layers. Magnetic films, however, should belong to a two 

dimensional universality class owing to the magnetic correlation lengths being 

constrained by the films thickness. Therefore, this issue highlights the importance of the 

dimensional pinning to the topic.  Nevertheless, as direct observations are quite difficult 

to obtain, this work models the dynamic magnetic hysteresis behavior using Monte Carlo 

simulation which is a sophisticate technique for investigating statistical physics problems 

[3-5].

2.  Methodologies 

 In the study, Ising model was used to investigate the dynamic magnetic properties 

of the films. This is since the Ising model is known to be a model with an infinite 

anisotropy along its easy axis direction which is suitable for magnetic thin-films 

structures [6-9]. This Ising Hamiltonian can be written as 
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,

( )i j i
ii j

H J s s h t s
� �

� � � �� .      (37)

In the equation, the spin si (= �1) represents the direction of an Ising spin at site i where 

its magnetic moment is absorbed into the exchange interaction J. In this work, the 

exchange interaction J is used as a unit of energy. Therefore, this redefines the unit of the 

external field as J and unit of temperature as J/kB. The symbol <i,j> denotes that sites i

and j appearing in the sum are nearest-neighbor pairs. The external magnetic field takes a 

sinusoidal form i.e. h(t) = h0sin(�t) = h0sin(2	ft) where h0 and f are the field amplitude 

and frequency respectively.

 In preparing the systems, the lattice sizes of L×L
l spins were considered with 

periodic boundary conditions along the in-plane (xy) directions, but free boundary 

condition along the out-of-plane (z) direction. In this work the films thickness l ranges 

from 1 to 8 layers and L = 120 was considered. Results obtained from larger L (e.g. 240) 

were not significantly different for the range of parameters used in this study. Next, an 

initial magnetic configuration was set with all available spins pointing into the up 

direction (+1). In updating the configuration, the single spin flip algorithm [10] was used 

where the spin at site i (si) was updated (flipped to its opposite direction) with a 

probability

� �� �exp /i Bp E t k T� �
 .       (38) 

The energy difference � � � �( ) 2i i jj
E t s s t h t� �
 � �� ��  is due to the update at site i and 

time t. During the simulation, si was flipped (updated) if 
Ei � 0 or a uniform random 

number r � [0,1) is less than the probability p. The unit time step is defined from one full 

visit of all Ising spins, i.e. 1 Monte Carlo step per site (mcs). From the magnetic 
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configuration at time t, after the steady state of the hysteresis loop had been reached, the 

response magnetization per spin at time t was measured i.e.  

� �( ) 1/ ii
m t N s� �         (39) 

where N is the total number of Ising spins. Next, hysteresis loop (m-h relation) was drawn 

and the loop area  

A mdh� � ,        (40) 
the magnetic coercivity hc and the remnant magnetization mr were calculated to 

investigate how the hysteresis properties respond to the amplitude h0, the frequency f and 

the thickness l, where f  ranges from 0.010 to 1.000 mcs-1 and h0 ranges from 4.0 to 10.0 

J. All simulations were performed at temperature T = 2.0 J/kB which is below the Curie 

temperatures of all considered films [11] to emphasize the effect of thickness on 

ferromagnetic hysteresis. 

3.  Results and Discussions 

 From the results, the response of the hysteresis loops to external fields for various 

Ising thin-films were found. For instance, Fig. 1 shows examples of hysteresis loops for 

various frequencies f at thickness l = 1, 2 and 8 layers. At a fixed l, it can be seen that the 

hysteresis loop has a saturated s-shape and tends to increase in size with increasing f at 

low frequency region e.g. f < 0.025 mcs-1. However, on further increasing f, the loop gets 

its maximum area and later reduces to an oval-shape with its major axis parallel to the 

field axis. This is the result of phase-lag between the magnetization and the field signal. 

At very low f, the field period is large and the magnetic spins have sufficient time to 

follow the field signal so the phase-lag between the magnetization and the field signals is 

small and the hysteresis loop looks like a slim s-shape. However, on increasing f, the field 
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sweeps faster and the spins have less time in following the field. Consequently, the phase-

lag gets larger and so does the hysteresis. At one point, when the phase-lag is approaching 

	, the hysteresis gets its maximum size. After that, if f is still increasing, the spins feel 

very difficult in following the field so the overall magnetization does not change much as 

the field changes. Therefore the hysteresis turns its shape in the oval-shape with its major 

axis lying along the field axis.  On the other hand, at a fixed f but on increasing l,

the hysteresis loop becomes larger at low f but slightly smaller at high f. This is since for 

the larger l, there are more neighboring per magnetic-sites in the systems which cause 

larger magnetic interaction in the whole system. With a stronger magnetic interaction in 

the system, it becomes more difficult for spins to follow the field, so the phase-lag at 	

reduces to a lower f for larger l.

 Next, the hysteresis area A, the magnetic coercivity hc and the remnant 

magnetization mr as functions of h0, f and l were calculated to investigate relations among 

parameters. An example is shown in Fig. 2 where it presents several peaks of A (as 

changing l) as a function of f for amplitudes h0 = 4.0 and 10.0 J. At a fixed l, with 

increasing f, A gets increasing at low f but reducing at high f in good agreement with those 

observed in experiments [12,13]. This is consistent with the hysteresis results in Fig. 1 

where frequency at the peak (f0) corresponds to the phase-lag at 	. This f0 shifts to lower f

as increasing the thickness l due to the stronger magnetic interaction. With a same reason, 

at a fixed f, A increases (especially at low f) with increasing l.

 In addition, in Fig. 2, the area A increases with increasing the field amplitude h0

and its peak moves to a higher f. This is since the higher amplitude provides higher 

magnetic energy to the system and this higher energy provides more magnetic force in 

causing the spins to follow the field. As a result, the frequency at the peak (f0) shifts to 
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higher f as the phase-lag between magnetization and field signals is smaller for the higher 

amplitude. 

 It is also of interest to consider the scaling of the area A to analytically investigate 

how it relates with f, h0 and l. Therefore, the empirical scaling relations in power law 

forms 

0A h f l� � �� ,        (5) 

0ch h f l� � �� ,        (6) 
and 0rm h f l� � ��  ,        (7) 
were considered where �, � and � are the exponents to the scaling. These exponents tell 

how the hysteresis properties relate to the external perturbation and the system geometry. 

Generally, the behavior of the hysteresis is very different between the low f and the high f

regions. Therefore, in this work, the scaling relation Eqs. (5-7) were considered to fit the 

hysteresis area obtained from low f and high f regions separately, where the low f region 

is for f � 0.050 mcs-1 and the high f region is for f �� 0.250 mcs-1. Results from the fit and 

their R2 are listed in Table 1. Note that, exponents for mr are only presented for the high f

as the non-linear fits for low f do not converge. However, as can be seen from Table 1, at 

low f, the exponents for both A and hc are somewhat of the same magnitude. Therefore, 

based on the assumption that r cA m h� , the exponents of mr should be close to 1. This is 

in accordance with hysteresis loop results where mr does not change much with changing 

the films’ thickness and field parameters (e.g. see Fig. 1). On the other hand, for the high 

f, the assumption r cA m h�  has proved its validity as 
c rA h m� � �� � , and so do �� and �.

Furthermore, the quality of the fit e.g. 0A h f l� � ��  is shown in Fig. 3 where its good R2

shows that scaling equations are applicable. Furthermore, there was an experiment on thin 

Fe/Au (001) films (at low frequencies) which give � = 0.59�0.07 and � = 0.31�0.05 [13] 
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while this study reports � = 0.543�0.026 and � = 0.302�0.018. This good agreement 

(within error bars) confirms the validity of this work and implies its success on modeling 

ferromagnetic hysteresis in thin-films via Monte Carlo simulation. 

4.  Summary 

 In this work, Monte Carlo simulation was used to investigate the dynamic 

magnetic hysteresis behavior of Ising thin-films using the spin-flip algorithm. As varying 

the thickness, the frequency and the amplitude of the external field, the dynamic 

hysteresis was extracted, discussed and compared with previous works. In addition, the 

empirical power law relations among the hysteresis properties, the films thickness and the 

field parameters are suggested. Therefore, based on these scaling relations and its 

agreement with experiments, hysteresis properties under external perturbation can be 

predicted which provide another successful step in modeling ferromagnetic materials.  
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mr High f 0.334�0.009 �0.873�0.007 �0.029�0.004 0.9913
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Figure 1 
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Fig. 1. The hysteresis loops of the Ising films with varying frequency f from 0.010 to 

1.000 mcs-1 at T = 2.0 J/kB, h0 = 4.0 J and the thickness l ranges from a) 1  layer to b) 2 

layers and c) 8 layers. 
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Figure 2 
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Fig. 2. Hysteresis area A of the Ising films as a function of field frequency f  at T = 2.0 

J/kB for h0 = 2 and h0 = 10 J.
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Figure 3 
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Fig. 3. The scaling relation between A and 0h f l� � �  based on Eq. (5) using the exponents 

listed in Table 1. The linear dependence and good R2 show that the scaling relation is 

applicable. 
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