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Abstract: This article presents a Monte Carlo simulation of thin ferromagnetic films with an antidote lattice in an external
magnetic field. The simulation studies films with an easy magnetization axis described by the Ising model. The Metropolis
algorithm and finite-dimensional scaling theory are used to simulate the film behavior. The antidote lattice is an ordered
array of square pores. The pores are located at the nodes of a regular square grid. The lattice period remains constant in the
calculations, while the pore sizes vary. The calculations result in hysteresis loops for films with different thicknesses and pore
sizes of the antidote lattice at different ratios of exchange constants. The calculations show that surface magnetism can have
a different effect on the dependence of the coercive force on the pore size. At ratios of exchange constant close to unity, the
antidote lattice reduces the coercive force and magnetization energy. At large relative values of the surface exchange constant,
the antidote lattice increases the coercive force in the film. Calculations show the existence of conditions under which the
antidote lattice does not affect the film magnetization. The article considers the case of large pore sizes. A sharp increase in
coercive force is observed in this case. If the pore size exceeds 90% of the antidote lattice period, then a sharp decrease in

coercive force occurs. The simulation results are in good agreement with the experimental data.
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1. Introduction

Ferromagnetic films acquire new properties when an array
of nanopores is formed in them [1]. The pores are located
at the nodes of a regular grid and form an antidote lattice.
The pores increase the free surface of the film, which
affects its magnetic properties [2]. The main advantage of
such materials is the ability to control magnetic properties
by changing the geometric parameters. Due to this
capability, films with an antidote lattice are widely used in
spintronic devices, where materials with predetermined
magnetic characteristics are required. Coercive force and
remagnetization energy are among such parameters. These
two parameters affect the power consumption of spin valves
and other spintronic devices. Predicting the pore size and
the antidote lattice period is an important problem in the
manufacture of such devices. Films with uniaxial magnetic
anisotropy are the most commonly used in spintronics.
These films have reduced power consumption and increase
the efficiency of random-access memory [3-5]. Both
single-layer and double-layer films are used in spintronic
devices [6,7].

The main effect of the antidote lattice is to increase the
free surface of the film. An increase in the area of the free
border increases the influence of surface phenomena. One
of these phenomena is surface magnetism, which affects
magnetization in thin films. The phenomenon of surface
magnetism increases the total magnetic energy of the system
[8,9]. Surface magnetism occurs in materials for which the

intensity of the exchange interaction between surface spins
exceeds the bulk value [10,11]. This difference is observed
in several materials widely used in technological processes,
such as Fe, Co and Mn [12]. In addition to increasing the
free surface area of the thin film, the antidote lattice creates
the interaction of its two free boundaries. Surface magnetism
changes the Curie temperature and the coercive force of the
system in continuous films [13].

Experimental studies of magnetization in ferromagnetic
films with an antidote lattice show opposite results for
different materials. The hysteresis loop can either expand or
decrease with the addition of an ordered pore array. In the
first case, the coercive force and the magnetization energy
increase. In the second case, both parameters are reduced.
For example, the coercive force increases with increasing pore
diameter in Co (0.5 nm)/Pd (0.5 nm) multilayer structures
[14-16]. The coercive force decreases with the addition of the
antidote lattice in Co (0.5 nm)/Pt (1 nm) multilayer structures
[17]. GdFe films with an antithesis lattice with a period of
200 nm are studied in [18]. These films have strong magnetic
anisotropy along the axis perpendicular to the plane of the
film. Hysteresis loops were obtained experimentally for two
pore sizes (95 nm and 120 nm). The width of the hysteresis
loop decreases with increasing pore size, which reduces the
coercive force. The process of magnetization in a multilayer
film Ta (5 nm)/Pt(5 nm)/Co (0.6 nm)/FeMn (X)/Ta (5 nm),
(X=0, 2, 3.5, 5.5 nm) was investigated in [19] for an antidote
lattice with a period of 100 nm and 150 nm and a pore
diameter of 40 nm and 55 nm. The coercive force in these
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films can either increase or decrease with increasing pore
diameter depending on the thickness of the FeMn layer.
Micromagnetic modeling of Fe films with an antidote
lattice was performed in [20] considering the dipole-dipole
interaction. In the simulation, the pore sizes were constant,
the period of the antidote lattice changed. The calculations
made in this work show a decrease in coercive force with an
increase in the distance between the pores. This conclusion is
consistent with the experimental results for Fe. Similar results
were obtained experimentally for Ni and FeNi films [21].

Some surface effects were studied experimentally in [22]
for Co/Pd films with a thickness of 12 nm and an antidote
lattice with a period of 202 nm. Pore sizes range from 128 nm
to 182 nm. Experimental measurements showed first a
nonlinear increase in the coercive force, and then a sharp
decrease with increasing pore size. Micromagnetic modeling
was carried out in the same work, considering defects and
changes in the anisotropy parameter in a thin near-surface
layer. Varying the surface anisotropy parameter demonstrates
different results in the coercive force behavior with increasing
pore size. The coercive force increases with increasing pore
diameter at high anisotropy values and decreases at low
values. However, the results of micromagnetic modeling do
not completely coincide with the experimental curve. The
coercive force growth is less rapid, and there is no area with
a decrease in the coercive force. More complete agreement
with the experiment is observed when accounting for surface
defects.

Monte Carlo simulation of thin films with an antidote
lattice without considering surface effects [23] showed a
decrease in the coercive force and magnetization energy. The
surface magnetism phenomena in continuous films [24] can
change the phase diagram of the system and aftect the process
of their magnetization. The aim of this article is to study the
effect of surface magnetism on the process of magnetization
of thin ferromagnetic films with an antidote lattice using

2. Model

The simulated system is a film of LxL atoms and thickness
D of monoatomic layers (ML). The film is parallel to the
OXY coordinate plane. The free film boundaries have the
equations z=0 and z=D-1. To simulate infinite films,
periodic boundary conditions are specified in the system
along the OX and OY axes. The antidote lattice is an array
of square pores of size axa and period d. The geometric
parameters of the system are shown in Fig. 1.

The simulated films have an easy magnetization axis. This
anisotropy is experimentally observed in thin ferromagnetic
films with an antidote lattice [3 - 5]. The direction of the easy
axis does not affect the simulation results if the direction of
the external magnetic field coincides with the direction of this
axis. The Ising model is applicable to simulate the magnetic
properties of films with such anisotropy. In this model,
each atom (i,7) has a spin SU that can take two values (+1/2
or —1/2). The interaction between spins is exchangeable in
this model. The exchange interaction is short-range, so the
calculations only consider the energy for the pairs of nearest
neighbors. In this case, the energy of the exchange interaction
is determined by a certain constant. Exchange forces have

D

Fig. 1. Geometric parameters of the model.

constant J in the bulk. Exchange forces on the surface may
differ from bulk forces [6,7,12] and have the exchange
constant J(J;>]). The difference in exchange constants on
the surface and in the bulk is a consequence of the distortion
of the crystal lattice and the electronic structure near the
free boundary. These distortions can be the cause of surface
magnetism. The Hamiltonian of the system is equal to the
sum of the interaction energies for the nearest neighbors.

H,= _Izsijskl —Js z SijSkl _]BSZSijSkZ _“'Bhozsij' 1)
Bulk Surface S/B

The Hamiltonian includes four terms. The first term
is equal to the energy of the spins in the bulk with the
exchange constant J. The second term is equal to the energy
of the exchange interaction for pairs of surface spins with
the exchange constant J. The third term determines the
interaction for the surface layer of spins with the first
subsurface layer with the constant /.. The exchange constant
JBS is calculated based on the combining rule J, .= (J-J )" [25].
Surface magnetic phenomena decrease inside the film
according to the exponential law, so the constants differ only
in the monoatomic surface layer during modeling. The fourth
term is equal to the interaction energy of the spins in the film
with an external magnetic field with a strength . y, is the
Bohr magneton.

Relative units are more convenient for computer simulation:
R=] /], h=y,h /]. The Hamiltonian in these units is:

H=H,/]=-Y.8,8,-R Y. 85,~VRY.S,S,~hY S, (2)
Bulk Surface S/B
Relative units are also used for system temperature T:
T=k,t/]. k,is the Boltzmann constant. ¢ is the thermodynamic
temperature.
The magnetization in the system m in relative units is
equal to the average spin value per unit volume.

mz(isi]} /N. ®

N is the number of spins per unit volume.

The finite-dimensional scaling theory is used in modeling
infinite systems based on finite its [26]. Spin configurations are
formed using the Metropolis algorithm [27]. Spin averaging
is used to obtain the values of thermodynamic functions.
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The magnetization process is studied in the ferromagnetic
phase to produce hysteresis loops. Therefore, the Curie
temperature of the system is calculated in the first simulation
step. The phase transition temperature is determined based
on the fourth order energy cumulants for bulk V and surface

V, of film.
A By

(e 3y

E is the interaction energy between the spins within the
system. E_ is the interaction energy between surface spins.
Angle brackets denote averaging over spin configurations.

Dependence of fourth-order energy cumulant on
temperature has minimum at the phase transition point. It
should be noted that the method for determining the Curie
point from the energy cumulant is not very accurate. More
accurate values can be obtained based on Binder cumulants
[26]. However, this method has higher computational
complexity. However, the accuracy of the energy cumulant
method is sufficient to study hysteresis phenomena. The
magnetization in the system is studied in the ferromagnetic
phase significantly below the Curie point.

To calculate the hysteresis loop, the system is initially
placed in a strong magnetic field & . This field orients all the
spins in the same direction. After that, the field decreases in
increments Ah to the value —h . Then the field is increased
again in increments Ah to the value h . Transitioning to
a new state requires AN Monte Carlo steps per spin. The
magnetization m is calculated for each magnetic field strength.
The plot of magnetization m versus magnetic field 4 shows a
hysteresis loop. The intersection of the hysteresis loop with
the abscissa axis H_, and H_, determines the coercive force
H_=(H_+H_)/2. The hysteresis loop area determines the
magnetization energy of the film E_ in relative units.

3. Results

The magnetization process is modeled for films with different
thicknesses and linear dimensions equal to L=64. The film
thickness varies from D=4 ML to D=16 ML in increments
AD=2 ML. Simulations are performed for both continuous
and antidote lattice films. The antidote lattice period is d=38.
The square pore sizes are a=2, a=4 and a=6. The ratio of
exchange constants varies from R=1.0 to R=2.5 with step
AR=1.0. The ratio of exchange constants usually does not
exceed 2.0 for real materials. The ratio of exchange constants
depends on the film substance and the crystallographic
direction of the free surface: R(Fe(110))=1.219,
R(Fe(001))=1.365, R(Co0(001))=1.535 [12]. The maximum
value of the magnetic field is &_=1.0. Magnetic field intensity
variation step equals Ah=0.01. To establish the initial
equilibrium, 10° Monte Carlo steps per spin are performed.
When moving to a new magnetic field strength value,
AN =100 Monte Carlo steps per spin are performed.

Critical temperature calculations are performed for
systems with linear sizes from L=32 to L=64 with a step
of AL=8. The dependence of cumulant V on temperature
is plotted with a step of AT=0.01. This step determines the
accuracy for the Curie temperature calculation. Simulations

show an increase in the critical temperature for all films
with increasing exchange constants ratio and film thickness.
The minimum Curie temperature is T.=3.81 for films with
thickness D=4 ML. Magnetization is simulated at T=2.5.
This temperature provides a ferromagnetic phase for films of
any thickness with pores of all sizes.

Continuous films are studied in the first step. Calculations
show an increase in the width of the hysteresis loop with an
increase in the ratio of exchange constants for films with
any thickness. Examples of hysteresis loops for a continuous
film with thickness D=8 ML at different ratios of exchange
constants R are shown in Fig. 2.

The growth of the surface exchange constant increases
the width of the hysteresis loop and increases the coercive
force H,. This dependence is due to a more intense exchange
interaction between surface spins, which prevents the
direction of magnetization for the entire film from changing.
The influence of surface magnetism decreases with increasing
film thickness and the width of the hysteresis loop changes
less. The dependence of coercive force on the ratio of exchange
constants R for films with thickness D=16 and different size
is shown in Fig. 3.

The plots in Fig. 3 demonstrate that the effect of the
antidote lattice on the coercive force H_ depends on the
exchange constants ratio R. If the exchange constant on the
surface is equal to the constant in the system bulk, then the
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Fig. 2. (Color online) Hysteresis loops for continuous films with
thickness D=8 ML for different ratio of exchange constants R.
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Fig. 3. (Color online) Coercive force plots H_ versus the ratio of
exchange constants R for films with a thickness D=16 ML and an
antidote lattice with pores with different sizes a.
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addition of the antidote lattice reduces the coercivity of the
film. However, increasing the surface exchange constant
increases the coercive force for the film. Moreover, its growth
rate increases with increasing pore sizes. The addition of an
antidote lattice increases coercive force at a high value of the
exchange constants ratio. Figure 3 also shows that there is
a critical value R at which the plots for the dependence of
coercive force on the exchange constants ratio intersect. The
coercive force for the film does not depend on the size of the
pores in the antidote lattice under the condition R=R .. Plots
for coercive force H_ versus the exchange constants ratio R
are similar for all film thickness. The value R_ changes as the
film thickness increases. A plot for R _ versus film thickness D
is shown in Fig. 4.

The plot in Fig. 4 shows the decrease in the critical value
R with increasing film thickness D. Moreover, the rate of
decrease R decreases with increasing film thickness D.

A similar relationship is observed for the magnetization
energy. Plots for the dependence of the magnetization energy
E,_ on the exchange constants ratio R at different pore sizes a
and film thickness D =16 are presented in Fig. 5.

As can be seen from Fig. 5, the magnetization energy
shows the same patterns as the coercive force. Plots
intersect at the same critical value R . The laws for coercive
force and magnetization energy coincide, since the
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Fig. 4. (Color online) Plot for critical R, vs. film thickness D.
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Fig. 5. (Color online) Plots for the dependence of the magnetization
energy E on the exchange constants ratio R at different pore sizes a
and film thickness D=16 ML.

shape of the hysteresis loop remains unchanged, only its
width changes.

Experimental studies generally examine the change
in coercive force with increasing pore size for a particular
material. In this case, the exchange constants ratio R remains
the same. The dependence of the coercive force H_ on the
pore size a at several exchange constants ratio R for a film
with a thickness D=16 ML is shown in Fig. 6.

As Fig. 6 shows, the coercive force can both increase and
decrease with increasing pore sizes. The determining factor is
the surface exchange constant. Its magnitude determines the
influence of the free surface.

A previous computer experiment was performed on an
antidote lattice with a<0.75d. Experimental studies also
study systems with pore size a>0.75d [22]. Modeling of this
case is carried out in a computer experiment with an antidote
lattice period d =50 for films with a thickness D=20 ML. The
pore size varies from a=5 to a=49. The calculation results
are shown in Fig. 7.

Figure 7 shows the change in the coercive force plot
behavior at large pore sizes (d>0.75). At low values, the shape
of the plot is close to linear. After the threshold value a=0.75d,
a sharp increase in the coercive force is first observed, and
then its sharp decrease. The maximum coercive force value
corresponds to the pore size a=0.9d. A change in the nature
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Fig. 6. (Color online) The dependence of the coercive force H on
the pore size a at several exchange constants ratio R for a film with
a thickness D=16 ML.
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Fig. 7. (Color online) Plots for coercive force H, vs. pore size a for
film thickness D=20 ML and antidote lattice period d=50. R is the
exchange constants ratio.
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of coercive force behavior is a consequence of a change in
the structure of the system. If the pore size is a>0.9d, then
the system should not be considered as a film, but as a set of
intertwined nanowires.

4, Discussion

Let us compare the results obtained with experimental data.
The article [22] presents a coercive force versus pore diameter
curve for a Co/Pd film with a thickness 12 nm and a lattice
period 202 nm. This curve shows an increase in coercive force
at a pore diameter from 0 nm (continuous film) to 190 nm,
followed by a sharp decrease. The results of the computer
modeling carried out are in good agreement with this article.
The coercive force versus pore size plot is the same as the
curve obtained from the experimental points [22].

The accuracy of the simulation results is also confirmed
by experimental measurements for Fe films with an antidote
lattice [18]. Studies were performed for films with a thickness
20 nm and an antidote lattice with a period 200 nm. The pore
sizes in this work vary from 45 nm to 175 nm. In the coercive
force versus pore size plot, linear growth is observed at a pore
diameter less than 150 nm with a further sharp jump. The
authors of the article did not consider large pores, so there is
no decline in coercive force on the plot.

Coercive force measurements in [19] for Ta(5 nm)/
Pt (5 nm)/Co(0.6 nm)/FeMn (X)/Ta(5 nm), (X=0, 2, 3.5,
5.5 nm) showed that an increase in film thickness leads to an
increase in coercive force, which is in good agreement with
the results obtained in this article. In addition, in the absence
of an FeMn layer in the composite film, the addition of an
antidote lattice increases the coercive force. This result is
consistent with other work that has investigated cobalt-based
films. However, when an FeMn layer is added, the antidote
lattice reduces coercive force. This implies a decrease in the
surface magnetic energy of the system. As shown in [12],
based ab initio calculations, the ratio of exchange constants
for iron is lower than for cobalt.

The greatest effect of the antidote lattice on the coercive
force is observed in the multilayer CoO/Co film [28]. The
pore array increases coercive force by a factor 27. Such a great
significance cannot be explained by surface magnetism alone.
The authors of this work suggest an explanation based on the
formation of anti-vortex structures around pores. However,
this mechanism also does not produce such a large increase in
coercivity. The combined effect of these two factors explains
the result.

5. Conclusion

Surface magnetism affects the magnetization process in thin
ferromagnetic films with an antidote lattice. This influence
results from an increase in the total energy of the exchange
interaction between the spins in the material. An increase in
the exchange integral on the surface causes an increase in the
coercive force. The magnetization energy is also increased.
The antidote lattice in a thin film can both lower and increase
its coercive force. The effect of the antidote lattice depends on
the pore size and surface magnetic energy. The addition of
an antidote lattice in the thin film increases the free surface

area and increases the number of spins on the surface. This
factor has two multidirectional influences. First, surface
spins have fewer neighbors, which reduces their exchange
interaction energy. As a result, the coercive force for the film
is reduced. Secondly, the exchange integral on the surface
can exceed the value in the system volume, which increases
the energy of the exchange interaction and increases the
coercive force. As a result, the coercive force for the film is
increased. If the exchange energy at the surface is close in
value to the exchange energy in volume, then the first factor
dominates. If the surface exchange energy is significantly
larger than the value in volume, then the second factor
dominates. There is an exchange integral value where both
factors balance each other. In this case, the antidote lattice
does not affect the coercivity of the film. Film thickness also
affects its coercivity. Computer simulations reveal common
patterns for changing magnetic characteristics depending on
geometric parameters.
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