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Abstract: In this work, Monte Carlo simulations of magnetic properties of thin films, including the
influence of an external pressure, are presented. These simulations were developed using a
Hamiltonian composed by terms that represent the exchange interaction, dipolar interaction, Zeeman
effect, monocrystalline anisotropy, and pressure influence. The term that represents the pressure
influence on the magnetic properties was included, since for many applications, magnetic materials
are a part of a multiferroic material together with a piezoelectric or a ferroelectric compound. Initially,
the model was developed using generic parameters, in order to probe its suitable performance;
after that, parameters were adjusted for simulating thin films of La0.67Sr0.33MnO3, a manganite with
several technological applications because its Curie temperature is greater than room temperature.
Including the pressure influence, it was observed the formation of several kind of FM/AF configurations
as strip, labyrinth, and chess board forms. Furthermore, it was observed that, as the pressure increased,
the critical temperature tended to decrease, and this result was in agreement with experimental reports.
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1. Introduction

Lanthanum based manganites are compounds that attract great interest in the scientific community
because of their highlighted properties [1]. For instance, doping this kind of material with a
specific concentration of strontium generates a compound with several technological applications [2].
Among these compounds, La0.7Sr0.3MnO3 is the manganite that exhibits the highest Curie temperature
(TC = 370 K) and is a very promising material for room-temperature applications [3–5]. In order to
explore its potential applications, several techniques have been used to produce these materials [6–8].
Furthermore, there has been significant interest in modeling and simulating the magnetic properties of
this material, especially using the Monte Carlo method [9–12], and the Metropolis algorithm, widely
used in nanoelectronics and mechanics modeling problems [13].

Normally, simulated properties focuse on magnetic properties and consider the influence of
exchange parameters, Zeeman effect, and the magneto-crystalline anisotropy [14,15]; however,
these simulations do not consider changes in position due to external causes, such as an external

Computation 2020, 8, 93; doi:10.3390/computation8040093 www.mdpi.com/journal/computation

http://www.mdpi.com/journal/computation
http://www.mdpi.com
https://orcid.org/0000-0003-1546-8426
http://www.mdpi.com/2079-3197/8/4/93?type=check_update&version=1
http://dx.doi.org/10.3390/computation8040093
http://www.mdpi.com/journal/computation


Computation 2020, 8, 93 2 of 15

pressure applied to a material. The influence of an external pressure on the final magnetic properties of
a magnetic material is of great importance in applications for elastomers and allows one to adapt a built
device to several geometries and uses. Moreover, these magnetic materials are normally combined
with ferroelectrics and piezoelectrics, reaching multiferroic properties. In the case of piezoelectrics,
the material is deformed, and the deformation produces an electric field; the deformation affects the
piezoelectric material, and also the magnetic part of the system, changing its magnetic behavior [16].

In the present paper, we study the magnetic properties of magnetic thin films using a Hamiltonian
composed of several terms including the influence of an external pressure. We focus on observing
the antiferromagnetic regions distribution that forms special configurations. The work is developed
using the Monte Carlo method combined with the Metropolis algorithm; we also analyze the effect of
pressure on the critical temperature of a material.

The paper is organized as follows: The model of the superlattice is presented in Section 2, where we
summarize the principal steps used in the calculation of the ground-state configurations of the system;
in Section 3, we show the results of the configurations formed depending on the pressure parameter,
and the critical temperature dependence on the pressure; and finally, we state concluding remarks in
Section 4.

2. Materials and Methods

In this section the methodology for the construction of the model is defined. The geometry
considerations for the simulated sample, the Hamiltonian used, and its different contributions are
presented, for both cases, the generic and specific LSMO model.

2.1. Generic Model

The first step is the construction of a generic model for a magnetic layer which consists of a
rectangular arrangement of L × L × d dimensions in the x, y, and z directions, respectively. The integer
positions of this arrangement (i,j,k) represent the positions of the unit cells of the magnetic ions.
Periodic boundary conditions are chosen in the directions of the xy plane and free boundary conditions
in the z direction. Hence, the built structure becomes an infinitely extended surface in xy [13]. At first,
in order to test the model, at each point of the magnetic lattice, a magnetic moment of magnitude 1 is
assigned, with a random direction in the space (Heisenberg) [17] to simulate a state of high temperature
(high magnetic disorder). For the magnetic system, the Hamiltonian is considered as described below:

HM = Hex + Hdip + H f + Han (1)

where Hex, Hdip, Hf, and Han correspond to magnetic exchange, magnetic dipole interaction, Zeeman
interaction, and magnetocrystalline anisotropy, respectively. The first term is calculated according to
the following expression:

Hex = −J
∑

(i, j)

→

Si ∗
→

S j (2)

where J the integral magnetic exchange,
→

Si is the magnetic moment associated with the site I, and the
sum runs for j = 1, · · · , 6 first neighbors. Some models suppose an exponential decay of the exchange
interaction with the distance between magnetic moments by means of an expression of the form:

J = J0e
(a−ri j)

λ (3)

The decreasing tendency was taken according to reports in the literature for this manganite [18].
J0 and a are the exchange constant and the lattice parameter to zero stress, respectively, rij is the
distance between the magnetic site i and its neighbor j, and λ is a characteristic length that depends
on the material and accounts for the magnitude of J variations depending on the stress. In this case,
the characteristic length refers to the distance at which the pressure induces stress and affects the
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magnetic exchange [19]. The d dependence of J for values lower than 5a can be considered with an
exponential tendency, which is consistent with the well-known result of the disorder mediated RKKY
interaction. A rapid decay of J for d greater than 6a, due to the oscillatory behavior of the RKKY
interaction, encourages us to neglect the exchange interaction at higher distances and consider a cut-off

radius lower than this value [20].
When the sample is subjected to a compressive strain in the z direction, there are two ferromagnetic

contributions to the exchange J, one in the plane (Jx = Jy) and another perpendicular to the plane of the
sample (Jz),

Jz = J0eω(
P
Y )

Jx = Jy = J0eω(ε
P
Y )

(4)

where ω = a
λ and the exchange interaction has been rewritten in terms of the relative pressure P,

Young’s modulus, Y, and the Poisson coefficient, ∈. Studies of first principles have reported the
differentiated appearance of these two contributions and changes in the critical temperature with
deformation, which can reach several tens of degrees [21]. For uniaxial pressure (P) in the z direction,
these distances are calculated in terms of the Young’s modulus (Y) and the Poisson coefficient (∈) of the
material; then, rij, is represented by Equation (5):

ri j = ri jx Î + ri jy Ĵ + ri jzk̂
ri jx = ri jox

(
1 + ε P

Y

)
ri jy = ri joy

(
1 + ε P

Y

)
ri jz = ri joz

(
1 + ε P

Y

) (5)

where rijx, rijy, rijz are the distances in x, y, and z between the magnetic site i and the magnetic site j,
once pressure is applied. In addition, rijox, rijoy, and rijoz are the distances between the magnetic site i
and the magnetic site j to zero deformation. In the case of a simple cubic cell, rijox = rijoy = rijoz = a; then,
replacing Equation (5) in Equation (3), we obtained Equation (4).

The contribution to Hamiltonian, that it is due to dipolar interaction [19], is given by:

Hdip = g
∑

i, j
ri j < Rc

→

Si ∗
→

S j

r3
i j

−

a
(
→

Si ∗
→
ri j

)
∗

(
→

S j ∗
→
ri j

)
r5

i j

(6)

where for each position i of the magnetic sample, the sum runs over all the neighbors within a radius
RC = 6a. The parameter g, is the magnitude of dipolar interaction between all the pairs of spins Si and
Sj. The dipolar parameter strongly depends on the material, since it is inversely proportional to the
interatomic distance [22]. The calculation of this interaction, even for a cutoff radius of a few lattice
parameters, has a high computational cost and the convergence of the series is slow. For this work,
a mixed method has been used that includes the choice of a cutoff radius for the one-to-one interaction
with the neighbors of the magnetic site, and a method of the fast multipole, for more distant neighbors,
which consists of the partition of the sample in boxes or subregions of the system, for which, an effective
magnetic moment is calculated. For these more distant neighbors, the dipolar interaction is calculated
between the magnetic site and each of the boxes, as if it were a single magnetic neighbor. In this way,
it is possible to extend the range of the dipolar interaction to hundreds of cell units. Studies carried
out on low dimension systems have succeeded in reproducing relevant characteristics of magnetic
structures using small cutting radius [23,24].

In this work, the variation of the dipolar interaction term due to the pressure is taken into account
when calculating the distances between the different magnetic sites (rij), since they are dependent on
the deformations caused, according to Equation (5).
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Finally, the field terms of Zeeman contribution and uniaxial anisotropy in the x-direction are given
by [25]:

H f ield = −h
∑

i Sx
i

Hanis = −K
∑
i

(
Sx

i

)2 (7)

where h is the magnetic field, K the anisotropy constant, Sx
i is the component in x of the magnetic

moment Si and the sums sweep every site in the sample. Similarly, uniaxial anisotropies can be defined
in the y and z directions.

Magnetization of the magnetic layer per unit cell and magnetic susceptibility are used to study the
magnetic behavior of the sample, in addition to critical temperatures and magnetic hysteresis cycles.
The average magnetization in equilibrium 〈|m|〉 on all the states of the system and susceptibility are
obtained by:

|m| =
1

N(MCSmax −N0)

∑(
Mi ∗M j

) 1
2 (8)

where Mi ∗M j = M2
j =

(∑N
i=1 Six

)2
+

(∑N
i=1 Siy

)2
+

(∑N
i=1 Siz

)2

Xm =
1

NkBT

[〈
M2

〉
− 〈M〉2

]
(9)

The index i indicates each of the Monte Carlo steps when performing a complete scan of the
magnetic sample; the index j represents each of the atoms of the magnetic cell; MCSmax is the maximum
number of Monte Carlo steps; and N0 indicates the number of steps, from which the averages in the
equilibrium are obtained for the calculation of the observables.

After randomly assigning the magnetic moments to each sample site, the sample is again scanned
by proposing random changes in the magnetization of the site at a given temperature. This change is
accepted or rejected according to the Metropolis algorithm associated with the Monte Carlo method [9].
The network was visited 15,000 times (Monte Carlo steps) to ensure convergence in the calculation of
observables; and the average of the observables was calculated in the last 5000 mcs. This procedure was
repeated for each temperature within the range of 5–800 K with a delta temperature of 5 K. This generic
model served to simulate the effect of the magnetic dipole interaction on the magnetization of the
sample and to consider the size effects, pressure, and magnetic field.

2.2. LSMO Model

After considering the generic model, we proceeded to adjust its parameters to model the behavior
of a film La1−xSrxMnO3

(
x = 1

3

)
. For this level of doping, a simple cubic structure (spatial group Pnma)

typical of perovskites is reported [26] in accordance with the type of sample considered in the generic
model. For the above, a more realistic spin value was used. At each point of the magnetic sample, it was
assigned a magnetic moment of magnitude equal to the average moment per unit cell, corresponding
to that expected for this compound |S| = 2

(
3
2 ∗ x + 2 ∗ (1− x)

)
µB, for x = 1

3 , |S| = 3.66µB where µB is
the Bohr magneton. This way for calculating the average magnetic moment in compounds with mixed
spin values has been previously reported [27].

The LSMO is within the compounds with strongly correlated electrons [21] and, as expected,
according to the values of its Young’s modulus and Poisson coefficient, there is an increase in the
magnetic interaction and its critical temperature because of the compressive increase in the z direction of
the film. This situation does not occur experimentally; on the contrary, by increasing compression in this
direction, the net magnetic interaction with first neighbors decreases, and thus the critical temperature
of the material. When LSMO films are grown on different substrates, the degree of coherence between
the materials in contact induces tensions in the interface which affect the magnetic behavior and the
critical temperature of the magnetic system. Figure 1 shows some of these experimental results, in which
it is observed how the critical temperature decays approximately linearly when a compressive stress
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on the film decreases its dimensions in the perpendicular direction, (each deformation corresponds to
the generated one by the difference between the lattice parameter of the manganite and the substrate
used) [28]. It is remarkable the reduction of the critical temperature in these reports, which reaches up
to ∆Tc ≈ 43%.
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Bearing in mind the above, it is assumed that the magnitude of the exchange interaction obeys a
law of exponential decay with the deformation of the structure P/Y, along the z-axis,

J = J0e−ω(
P
Y ) (10)

where J0 is the value of the exchange constant at zero deformation, J is the value of the average
exchange constant to first neighbors, and ω is a parameter whose value is linked to the magnitude of
the changes in the critical temperature.

Figure 2 shows the relationship between the parameter ω, in terms of the percentage change in the
simulated critical temperature to different values of deformation. Once the value of the exchange J is
identified, which reproduces the critical temperature of the material at zero deformation, it is possible
to approximately calculate the percentage changes in ∆Tc, which occur at different deformations for
different values of ω.Computation 2020, 8, x FOR PEER REVIEW 6 of 15 
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According to the experimental values reported in Figure 1, a deformation of the sample of
P/Y = 0.01 causes a ∆Tc ≈ 15%; for these temperature changes and deformation value, it is obtained
ω ≈ 16.7 in the corresponding curve (Figure 2). It should be noted that experimental data is used to
reproduce trends in the material, without forgetting that other reports may differ a little, given the
sensitivity of the critical temperature of this compound to variables such as type and quality of the
substrate, growth method, quality of the film obtained, thickness, time, among others.

3. Results and Discussion

Results of the proposed model considering the influence of pressure on the formation of
ferromagnetic/antiferromagnetic (FM/AF) configurations in LSMO films are presented. First, the effects

of the dipolar interaction on a generic magnetic layer are considered (
∣∣∣∣∣→S ∣∣∣∣∣) = 1 taking into account

uniaxial pressure. Second, some magnetic configurations are identified in the equilibrium at low
temperature. Finally, the parameters of the generic system are adjusted for the description of a
particular system, in this case an LSMO structure

(
|S| = 3.66µB

)
.

3.1. Effect of the Dipolar Interaction on the Magnetization for the Generic Model

Figure 3a shows the simulated magnetization vs. temperature curves at different values of g, in a
layer with thickness, d = 5 unit cells, and with a P/Y = 0.002. It was observed that, for g > 0.69, there was
an abrupt fall in the magnetization; therefore, simulations were carried out between 0.65 ≤ g ≤ 0.69.
In this range, it was observed that the FM ordering rapidly decreases. This effect does not correspond
to a fall of magnetization due to magnetic disorder in the spins, or the transition to the paramagnetic
state; this effect is caused by the formation of AF configurations in the sample, as presented below.
Normally, the dipolar interaction between two spins tends to be lower than the exchange interaction;
then, the dipolar interaction gains real importance in the case of the interaction between two regions of
magnetic domain, as they calculated by means of the fast dipole method, because these regions contain
hundreds or thousands of individual spins. The antiferromagnetic region formation, because of the
increase in the dipolar interaction, has been previously shown [29]. Furthermore, in three dimensions,
the lowest energy state of a collection of dipoles can be ferromagnetic in structures with a high
coordination number, such as face centered cubic and hexagonal closest packed, whereas it can be
antiferromagnetic in a simple cubic lattice, or zinc blend, where the coordination number is low.

Figure 4 shows the behavior of the magnetization with the temperature at different pressure
values (P/Y), for the case g = 0.69. It is observed, as for this value, the system is especially sensitive to
changes in pressure. At zero pressure, the sample already exhibits the effects of the dipolar interaction,
manifesting a maximum magnetization of 40% with respect to the total possible magnetization in the x
direction. As the pressure increases, the magnetization in this direction decays significantly. It should
be noted that with values of g less than 0.67, the system behaves like a pure ferromagnet, similar to
the LSMO.

In order to determine the influence of the dipolar interaction, and to analyze the relative weight of
the different contributions to the proposed Hamiltonian and its effect on the magnetic configurations
of the system, the following ratios among the constants were considered for the simulations of the
present work:

J =
J
g

, K =
K
g

, g = 1 (11)

In the simulations, a wide range was swept for these parameters, i.e., 0 ≤ K ≤ 10 and 0 ≤ J ≤ 10.
These intervals take into account scenarios for samples with weak exchange interactions (strong dipolar
interaction) or strong exchange interactions (weak dipolar interaction), as well as the case in which the
magnitude of both interactions are comparable.
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3.2. Magnetic Configurations

Initially, we analyze the influence of the dipolar interaction, on the magnetic configuration of the
sample. Figure 5 shows the orientation of the magnetic moments for samples with constant g = 0.66,
g = 0.69 and g = 1.0, in which a uniaxial anisotropy is considered to be in the planar direction x. In this
representation, the black color is assigned to the spins with a preferred orientation towards the axis +x,
and the red color is assigned to the spins with a preferred orientation towards the axis −x. For g = 0.66,
the system at a low temperature and zero pressure shows a FM magnetic array, with a fringe in the −x
direction. This strip is the beginning of the AF ordering that arises at higher pressures. For g = 0.69,
the sample without pressure has two regions, one preferably FM and another with AF arrangement in
the form of stripes. Previous theoretical and experimental studies have reported the appearance of
magnetic configurations in geometric forms (textures), in the fundamental state of magnetic systems,
for which the dipolar interaction plays an important role. For example, configurations of magnetic
domains in the form of a chessboard, stripes along the field direction, or labyrinths structures have
been reported [30,31].

Again, the increase in pressure leads to an AF configuration for the total sample. Finally, for g = 1.0,
the dipolar interaction is strong enough to ensure the AF arrangement even at zero pressure. A detail
by layers of the sample (Figure 6), for the case g = 0.69 and P/Y = 0.0, allows us to identify that the
array of stripes is AF in planes parallel to the xy plane, and FM between those planes.

The previous behavior can be understood by remembering that the dipolar interaction is a
long-range collaborative phenomenon between each magnetic site with the rest of the sample,
whose intensity is linked to the distance between the network sites. This distance, in turn, depends on
the magnitude of the pressure applied (perpendicular to the sample) and the elastic constants of the
material (Young’s modulus and Poisson coefficient). As previously mentioned, dipolar interaction
tends to align antiparallel pairs of neighboring magnetic sites. The above, together with the uniaxial
anisotropy considered on the x, y, and the acting field in the +x generate the conditions for the
appearance of the AF stripped-like structure linked to lower magnetization states. It is worth noting the
existence of such behaviors, which, in theory, establish the possibility of modulating the magnitude of
the magnetization and also the nature of the magnetic configurations through pressure or deformations
of the material.
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Figure 7 exhibits different patterns in the formation of magnetic domains as a function of the
parameters J, y, and K, considering a uniaxial anisotropy perpendicular to the sample. The black color
indicates polarization in the +z direction (out of plane), and the blue color indicates polarization in the
−z direction (entering the plane).

With respect to the system with values of K = 0.3 and J = 0.1 (Figure 7a), the dipolar interaction
is dominant, and the system stabilizes for AF-type chessboard arrangements in the xy plane (Ising
type behavior with alignment in ±z). The rise of J results in the disappearance of the previous
configuration and, subsequently, to the combination of minimum energy states, corresponding to the
short- and long-range interactions. This generates AF arrays of labyrinth stripes of increasing thickness
(Figure 7b–d) ending with an FM interaction between planes (Figure 7e,f).
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Figure 8 shows patterns of magnetic domains in the form of labyrinths for K = 0.3 and values
of J = 0.5 and J = 1.0. It can be seen how the definition of the domains is AF in each plane and FM
between planes, with a greater definition of the labyrinthine domains for J = 1.0; while for J = 0.5,
the patterns still present some lags of the chessboard-like configuration typical of the lower values of J.

The appearance of the previous patterns can be explained from the energetic contributions
considered in the Hamiltonian and from the tendency of the system to stabilize in minimum energy
configurations. First, the term, anisotropy K, establishes the preference of the magnetic moments to be
aligned in a certain direction (in this case the z-axis). In addition, the exchange constant J is a measure
of the intensity with which two neighboring magnetic moments tend to align in parallel. Finally,
the constant g provides a measure of the intensity of the dipolar interaction between all the pairs of
magnetic moments in the sample. This dipolar interaction forces nearby magnetic moments within the
same plane xy to be aligned antiparallel [30].
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Small values of K ease the formation of domains in the plane. Furthermore, if J is small, it dominates
the dipolar interaction generating domains of pairs of antiparallel magnetic moments, which leads to
a chessboard-like configuration. Once this configuration is established, an increase in the value of J
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determines that the minimum energy is reached for configurations in the plane with a greater presence
of FM domains in xy planes. In this way, the magnetic moments in the plane tend to the formation of
fringes with magnetic moments aligned in parallel (FM), in a distribution that preserves an order (AF)
between stripes. In the absence of a preferred direction for such stripes in the plane, the distribution of
domains take several presentations in the form of labyrinths. A subsequent increase in the value of
the ratio J favors the presence of FM configurations in the plane, which is given by the FM junction
between the mentioned stripes making them thicker. To this respect, the labyrinthine distribution
gradually disappears, until reaching a certain value of J, a completely FM arrangement of the sample
in the direction of anisotropy.

In conclusion, the Hamiltonian and the Monte Carlo Method used in this work allowed us to
reproduce magnetic configurations that have been reported in other studies [31–36].

3.3. Effect of the Dipolar Interaction on the Magnetization for the LSMO Model

According to the behavior analyzed for the generic layer, it is concluded that the contribution of
the dipolar interaction must not be dominant (g < 0.67) to obtain behaviors in agreement with those
observed in the ferromagnetic compound LSMO. The theory of finite scaling [37] predicts the effect
of size on magnetic behavior in systems L × L × d equivalent to those treated here. It is reported
how the critical temperature increases with the number of monolayers. When comparing with the
limit values, an overlap of the two-dimensional (2D) and three-dimensional (3D) dimensionalities
is observed, in which, depending on the thickness, the system can be characterized by a fractional
dimension between two and three. For thicknesses above eight monolayers, the universality of
the system resembles more than that of a 3D system; while below this value the dimensionality
rapidly decreases [38,39]. Using this finite scaling theory, the exchange constant J0 was determined.
The experimental critical temperature for LSMO in bulk (Tc ≈ 369 K) [40] was reproduced with a
magnetic exchange constant of J0 = 22.05 mV.

Figures 9 and 10 show the curves of magnetization vs. temperature at different pressures,
and temperature vs. deformation, respectively, using the parameter J0 = 22.05 meV. The results of the
simulations show, as expected, a linear reduction of the critical temperature by applying a uniaxial
stress in a direction perpendicular to the plane of the sample.Computation 2020, 8, x FOR PEER REVIEW 12 of 15 
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deformation in the z direction.

Changes in the critical temperature of the LSMO in real samples can be explained from the energy
contribution governed by the double exchange, which, in turn, depends on the distances between
magnetic sites and the coordination number with their other nearby neighbors. The smaller the
distance between magnetic sites, the greater the intensity of the ferromagnetic coupling, favoring a
higher critical temperature. If the effort is uniaxial (perpendicular to the film), as proposed in this work,
there are smaller distances between magnetic ions in this direction and, greater in the planar direction,
according to the magnitude of the Young’s modulus and the Poisson coefficient. This implies that
deformations in the z-axis, favor an increase in critical temperature and deformations in the xy plane
favor a decrease in this temperature. The behavior observed in the experimental reports of the critical
temperature of the LSMO at different levels of deformation (Figure 1) coincides with that theoretically
obtained by simulations for this same compound.

4. Conclusions

A generic model for studying the behavior of a thin magnetic layer was constructed
considering a Heisemberg Hamiltonian with exchange, dipolar, field, and anisotropy contributions.
The aforementioned introducing elastic constants, such as the Young’s modulus and the Poisson
coefficient, which allowed us to measure the effect of pressure on this layer. Variation of the Hamiltonian
parameters allowed us to reproduce magnetic configurations, such as strip, labyrinth, and chess board
forms which have been experimentally reported.

It was evidenced how variation of the magnetic dipolar interaction parameter g could generate
FM or AF orderings, which translated into significant changes in the magnetization of the system.
For an anisotropy in the x direction, the existence of a value 0.65 ≤ g ≤ 0.69 was identified, from which
the FM ordering in the x direction decreased drastically giving rise to AF orderings in the xy plane
and, FM between planes in the form of parallel stripes in the x direction. For values of g in this range,
the magnetic system was especially sensitive to changes in pressure. The possibility of modulating the
magnitude of the magnetization and also the nature of the magnetic configurations through pressure
or deformations of the material was established.
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The simulations carried out on the system allowed us to demonstrate an approach between
the proposed model and the experimental behavior of materials with cubic perovskite structure.
In particular, it was possible to find Hamiltonian parameter values for LSMO films obtaining shifts in
the critical temperature according to those reported experimentally for changes in the deformation of
these structures.
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