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Abstract

The purpose of this research is to have a quantitative analysis on the temperature dependence mag-
netization of ferromagnetic nanoparticles (NPs), i.e., the Curie temperature (7¢.), was systematically
studied. The atomistic simulations were carried out using the VAMPIRE 5.0 software based on the
Landau-Lifshitz-Gilbert-Heun method. The variable parameters of the simulations were damping, time
step, particle geometry (spherical, cubic, and cylindrical) and particle size. We have calculated A for
Fe and Ni, in addition we have found different 7. values for each nanogeometry studied following a
finite-size effect. We have found v values for cubic NPs close to the reported values. In particular, it
was observed that the 7. values for the studied geometries in the case of Fe and Ni decreases from their
theoretical bulk values, for a critical particle size diameter less than 5 nm. Hence, the presented results
(optimized atomistic parameters such as simulation time step, damping, and critical exponents) are the
basis for advanced simulations of hybrid and complex nanostructures with perspective in biomedical
and environmental applications.
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Analisis de la magnetizacién de nanoparticulas ferromagnéticas de Fe y Ni con
geometria variable usando el software VAMPIRE

Resumen

El propésito de esta investigacién es tener un analisis cuantitativo sobre la dependencia de la magneti-
zacion con la temperatura para nanoparticulas ferromagnéticas, es decir, que la temperatura de Curie
(T.), fue sistematicamente estudiada. Las simulaciones atomisticas se realizaron utilizando el software
VAMPIRE basado en el método Landau-Lifshitz-Gilbert-Heun. Los parametros variables de la sim-
ulacion estudiados fueron el amortiguamiento, paso de tiempo, geometria de las particulas (esféricas,
ctibicas y cilindricas) y tamafio. Se calcul6é A\ para Fe y Ni, ademés se encontro diferentes T para cada
nanogeometria estudiada siguiendo una relaciéon de tamano finito. Los valores de v para NPs ctbicas
son cercanos a los valores reportados. Se observo también que los valores de T, para las geometrias
estudiadas en el caso de Fe y Ni disminuyen del valor mésico tebrico para un didmetro de particula
critico menor a 5 nm. Por tanto, los resultados presentados (parametros atomisticos simulados, como
el paso de tiempo de la simulacion, el amortiguamiento y los exponentes criticos) son la base para com-
prender simulaciones avanzadas de nanostructuras complejas e hibridos con perspectiva en aplicaciones
ambientales y biomédicas.

Palabras clave: hierro, niquel, magnetizacién, temperatura de Curie, anisotropia, nanoparticula.

*12130002@Qunmsm.edu.pe

© Los autores. Este es un articulo de acceso abierto, distribuido bajo los términos de la licencia Creative Commons ®
Atribucion 4.0 Internacional (CC BY 4.0) que permite el uso, distribucién y reproduccion en cualquier medio, siem-
BY

pre que la obra original sea debidamente citada de su fuente original.

13


http://www.unmsm.edu.pe/
https://revistasinvestigacion.unmsm.edu.pe/index.php/fisica
https://creativecommons.org/licenses/by/4.0/deed.es
https://doi.org/10.15381/rif.v25i2.23069
https://orcid.org/0000-0002-2473-2658

14

Introduction

Nanomaterials exhibit chemical and physical properties
that are substantially different to their respective bulk-
size grains mainly due to their unique microstructure
and large surface area to volume ratio. In other words,
since the grains are too small (sizes in nanometric scale),
a significant part of the atoms locating on the surface of
the crystalline grains often determines the nanomaterial
properties. Therefore, this finite-size effect gives rise
to special and new properties that are not observed in
their counterpart 3D-like grains (materials with ordinary
grain sizes) [1].

Among the physical properties, we highlight the mag-
netic ones that are largely based on the phenomenon of
magnetic exchange interactions that occur between mag-
netic moments and are purely quantum in nature [2].
However, we have to emphasize that an atom can have
a permanent magnetic moment determined by the to-
tal sum of non-zero orbital and spin moment [2], and
materials, in which the magnetic moments are configu-
rated in a magnetically ordered structure, even in the
absence of an external magnetic field, are called as fer-
romagnetic (FM), as long as their magnetic moments
are pointing parallel. Nevertheless, when a material has
aligned magnetic moments, but oriented in opposite di-
rections and unbalanced in magnitude or number, giving
rise to a non-zero macroscopic magnetic moment, they
are called ferrimagnetic (FI). Both FM and FI materials
can have significant magnetization even in the absence
of an applied external magnetic field when they are in
single magnetic domains. This magnetization receives
the name of remanent or spontaneous magnetization.
In the particular case where a material has their mag-
netic moments antiparallel and perfectly balanced, it will
not present a spontaneous macroscopic magnetization,
receiving thus the name of antiferromagnetic (AF) [3].
For all these magnetically ordered materials, there is a
critical temperature T, (Curie temperature for FM and
FI) and T (Néel temperature for AF) where thermal
fluctuations overcomes their exchange energy leading the
material to a paramagnetic behavior with zero sponta-
neous magnetizations [4].

Currently, FM materials at nanoscale are been ap-
plied in different areas of Biomedicine (magnetic hyper-
thermia) and Spintronic [5,6]. However, in nanoscale
regime there are several effects that affect directly the
magnetic properties and that will change the 7. value
of material. Therefore, the control of this 7T value near
to room temperature is desired in nanoparticle systems
often suggested to be used in Biomedicine, for instance.
But, before the synthesis of FM nanoparticle systems ex-
perimentally, the simulation of their magnetic properties
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could bring some additional advantages mainly because
we can first understand theoretically their magnetic be-
haviors, reducing, for example, experimental setup ex-
penses.

Regarding the simulation process, we have to men-
tion that the VAMPIRE software (https://vampire.
york.ac.uk/) is often used to simulate magnetic systems
through a practical command system. The temperature
dependence of magnetization, M (T), of ferromagnets has
been studied and simulated for different methods using
Monte Carlo integration (MC), Landau-Lifshitz-Gilbert
(LLG) [4], and Heisenberg mean-field theory [7]. The MC
method ignores the damping parameter, but the LLG-
Heun method is used for magnetic dynamic systems that
evolves in time. However, it should be stressed out that
few reports have been done on its applicability to find the
M(T) behavior in nanometric FM materials. Thus, this
work focuses on using the LLG-Heun method to study
the M (T') behavior of FM Ni and Fe nanoparticles (NPs)
materials with three different geometries and sizes rang-
ing from 1 to 15 nm showing the influence of the finite-
size effect on the FM Ni and Fe nanograins.

Theoretical description of the atomistic
simulations

- Temperature dependent magnetization
The magnetization M is defined as the magnetic dipole
moment density in the direction of the magnetic field,
but we have used for this work the dimensionless quan-
tity known as relative magnetization, m = M /M, whose
values oscillate between 0 and 1 in all graphics, while for
discussions, M (T'), was used the following approxima-
tions.

The Curie-Bloch equation (1), in the classical limit,
was used to find 7. [8], and the aproximation for finite
size scalling law Equation (2) [9].

()= (1-1)" M)
() - ()

where v is the phenomenological shift exponent,
D(nm) is the length of the NPs geometries, T.(co) is
the bulk Curie Temperature, and do is the microscopic
length close in value to the single unit cell in the lattice
structure of the FM material [8]. For this work, we have
used the following approximation by means of a polyno-
mial fit in ORIGIN 9.0 (https://www.originlab.com/)
software denoted by:

T.(D) = Tu(o0) (1 - (%)B) (3)


https://vampire.york.ac.uk/
https://vampire.york.ac.uk/
https://www.originlab.com/
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where A and B are critical exponents that we must
find for each geometry. Error ranges in 7. curves were
found to be equal to 2-5 % for the tested nanogeometries.

- Software VAMPIRE and the atomistic spin
model
The software VAMPIRE works with the atomistic spin
model, which operates in the follow manner: It creates a
crystalline structure of roughly desired shape; then, ev-
ery atom is assigned to the desired material with physi-
cal properties such as damping, atomic spin moment, ex-
change energy, features that often found in 3D-like mate-
rials. The Hamiltonian for the simulated system is given
by [4].

H=-Y J;SiS; —ka ) S2 (4)
i#] i
where J;; describes the contributions of exchange
interactions between magnetic moments of the near-
est neighbors, S, is the uniaxial anisotropy, k2 the
anisotropy constant, and S;; is the unit vector that de-
scribes the orientation of the local spin moment. For
most FM materials, the exchange energy is usually the
dominant contribution for the Hamiltonian. In addi-
tion, we would like to remember that FM materials have
J > 0, while AF ones J < 0.
The Hamiltonian describes the energy of the system but
does not give information about the dynamics of the spin.
For this, the LLG equation is used, which describes the
dynamics of the spin and is given by [4]:

85’1-__ Y
ot 142

[Si % Blgg +28ix (S x Blyy)| (5)

where ~ is the magnetic spin ratio, Béff is the effec-
tive (net) magnetic field at each spin, and X is a phe-
nomenological damping constant, which is an intrinsic
property of the material. VAMPIRE software has a num-
ber of functions dedicated to generate atomic systems
within the nearest neighbor approximation. The LLG
equation is numerically integrated using the Heun nu-
merical scheme, which simulates the evolution of the spin
system with time (spin dynamics) [4].

Results and discussion

Determination of damping parameter for FM
Fe NPs

Fe NPs were first studied in the absence of external mag-
netic field, and it was performed with the LLG dynamics
method that obeys a description of the precision move-
ment of magnetization in a solid, this method also allows
describing the dynamics of small magnetic elements. For
this first case, we considered a temperature of 50 K and
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time-equilibrium step around 15000 s, which is the num-
ber of steps it takes for the spins to fluctuate to a thermal
equilibrium state, until it reaches the critical tempera-
ture (this step value was previously optimized).

We then proceeded also to optimize the A\ parameter us-
ing a size of 7 nm for the Fe NPs with cubic geometry
using ab initio exchange parameters given by [4]. As it
is shown in Figure 1, different values of A were found. In
addition, one has to comment that each value of damping
was tested for a time-step that ranged from 1.0x107'° s
to 5.0x10715 5.

As it can be observed from Figure 1, the damping
value affects drastically the 7. value. In addition, the
time-steps (for a fixed damping value) also influence the
M(T) behavior. In particular, looking the simulated
data of Figure 1 (b) and (c), we can see that for the
time-step value of 1.0 x 107 s the curve (light blue color)
does not lose magnetization and is apparently "smooth"
as the temperature increases, so the A we are looking for
must be in that interval. Then, having already a defined
time-step, we proceeded to find the 7. for different A val-
ues ranging from 0.1 to 1.0, as shown in Table 1. Then,
the reference value for the A was 0.2.

A 0.1 0.2 0.3 0.4 0.5

T. (K) 1818.5 1027.6 1050.3 1096.9 1080.9
A 0.6 0.7 0.8 0.9 1.0

T. (K) 1073.1 1111.1 1128.2 1118.4 1101.2

Table 1: T, values obtained for diferent dampings.

Time-step for each damping
T
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Figure 1: Behavior of the M(T) curves simulated for dif-
ferent dampings [0.01(a), 0.1(b), and 1.0(c)] for FM 7 nm Fe
NPs with cubic-like geometry. For each damping, the time-
step behavior of the M (T') curves are also shown.
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Simulations performed for cubic, spherical,
and cylindrical geometries of FM Fe NPs

After the determination of main parameters of the sim-
ulation for the FM Fe NPs, we have now changed their
sizes and shapes (we call as NPs including particles with
cylindrical geometry to simplify our discussion). In par-
ticular, we started with cubic and spherical geometries
for the Fe NPs cubic and spherical geometries for the Fe
NPs, see Figure 2(a) and 3 (a) . It should also be men-
tioned that while for the cubic geometry the hypothetical
material lenghts (x, y and z axes) increase uniformly from
1 to 15 nm, the spherical NPs have their radius (r) also
gradually increased in the same interval.

0.0 a) | 15 nm|

1 1 1 1
0 200 400 600 800 1000 1200
T (K)
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900 [

T
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750 1 1 1 1 1 L 1 1 1
0 2 4 6 8 10 12 14 16
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Figure 2: Behaviors of simulated normalized M (T') curves
obtained for 1-15 nm FM Fe NPs with cubic geometry (a) and
the dependence of the T, with NP lenght (D is the particle
dimension)(b).

As it can be seen in Figure 2 (b) and Figure 3 (b),
the T. value increases as the nanoparticle dimensions
increase for the cubic geometry, although the points
obtained are far from the theoretical fit obtained from
the Equation 2. On the other hand, for the cylindrical
geometry the dimensions of the z axis were varied from
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1 nm to 15 nm maintaining a constant radius of 4 nm.
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Figure 3: Behaviors of simulated normalized M(T) curves
obtained for 1-15 nm FM Fe NPs with spherical geometry (a)
and the dependence of the T, with NP lenght (b) as a shown.

On the other hand, Figure 4(a) and (b) shows the
behaviors of M(T) and T.(D) (D is the NP lenght) for
Fe NPs with cylindrical shape. It can be seen that un-
like the cubic and spherical geometries, in this case the
larger the sample size favors T, fluctuates below the the-
oretical setting. 7. increases as the dimensions of the
nanoparticle increases, although the values obtained are
in agreement with the theoretical fit performed with the
modified Equation 6.

T, = 1043 x (1 _ (g)B) ©6)

where A,B are fit parameters obtained with ORIGIN 9.0
software and D is the size of NP.
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T, = 1043 x (1 - (\%)B) (7)

The parameters obtained by a nonlinear fitting using
Equations 6 and 7 are in the Table 2.

For cylindrical geometry, the function 6 was modified
because only one dimension was changed, but radius of
transversal section was kept fixed while the lenght z-axis
was modified, obtaining the Equation 7

A B v
Cubic geometry 0.310 1.156 0.865
Spherical geometry 0.264 1.152 0.868
Cylindrical geometry 0.069 0.937 1.067

Table 2: Critical A and B values for different Fe
morphologies.

In general, T.(D) data for the three shapes (cubic,
spherical and cylindrical) show a strong reduction on Tt
values for sizes below 5 nm, indicating that this could
be the limit size where the finite-size effect starts to be
relevant on the 7. values of FM Fe NPs.

0.0 T T T T T T T T T T T T T
0 200 400 600 800 1000 1200
T (K)
1050 [
1000
@ 950 [
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850 [
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[ 2 4 6 8 10 12 14 16
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Figure 4: (a) Behaviors of simulated normalized M (T

curves obtained for FM Fe NPs with cylindrical geometry.
(b) Dependence of the T, with NP lenght (D).
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Determination of damping parameter for FM
Ni NPs

Similar procedures used for FM Fe NPs were also em-
ployed here for FM Ni NPs. Thus, atomistic simulations
were made for a 7 nm cubic NPs, and with damping val-
ues (A parameter) equal to 0.01 (a), 0.1 (b), and 1.0 (c)
and with different values of time-steps, as indicated in
Figure 5. The optimum A value occurs between 0.01 and
0.1, because A= 0.01 favors M(T) curves with fasting
decay and with low slope, while the A = 0.1 results in
M(T) curve that does not decay as fast as the previous
ones, but have deeper slopes, thus matching with behav-
iors expected for theoretical models. For the A = 1, the
T. is very high. It is also observed in 7. data displayed
in Table 3 that the greater the value of the time-step
lower is the T, values for these two cases (0.01 and 0.1).
We would like to mention that caution should be taken
for small A values such as 0.01, when the simulation is
done with a time-step greater than 3.0 x 10! s, because
the atomic arrays will lose abruptly near T = 0 K. In
other words, this behavior does not correspond to the
theoretical model. Therefore, an aceptable value of the
time-step has an upper limit for each A, as suggested the
M (T') behaviors shown in Figure 5. All simulations had
loop and time equilibration steps values of 2000 s.

1,0 4 Damping =1 ——1.0x10%¢5
’ ——2.0x101¢
o] (©) 30x10765
' —4.0x10"¢s
0.0 —50x101%y
’ 1 1 1 1 1 Il 1 1 1 1 Il
1,0 Damping = 0.1 ——1.0x107¢s
(b) ——20x101¢
S 054 —3.0x1016
i ——4.0x106 s
616 —50x101¢
’ 1 1 1 1 1 1 I 1 1 1 "\'
o —1.0x10¢§
1,0 Damping =0.01 —3 <105
05 (a) ——30x10%5
L ——4.0x1016s
o —50x101¢y
’ Il 1 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
T(K)

Figure 5: Behaviors of simulated normalized M (T) curves

performed for the FM Ni NPs with size of 7 nm and cubic

geometry. The M(T) curves were simulated using different

damping () values [0.01 (a), 0.1 (b), and 1.0 (c)] and time-

steps, as indicated also in the Figure.

X
0.01 0.1 il

1.0x 10106 | 728 K | 686 K | 660 K

2.0 x 1010 692 K | 628 K | 679 K

Time-step (s) | 3.0x 10°1° [ 653 K | 676 K | 689 K

40x10 1% [ 622 K | 662 K | 705 K

5.0x 10" 1° | 620 K | 652 K | 719 K

Table 3: T for diverse configurations of A and time step.
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Hence, A values between 0.01 and 0.1 were analyzed,
finding that the value of 0.03 corresponds to a 7. value
near to the FM bulk-like Ni material (631 K), as shown
in Table 4.

X 0.02 [ 0.03 | 0.04 | 0.05
T. (K) | 634 | 633 | 639 | 638

By 0.06 | 0.07 | 0.08 | 0.00
T. (K) | 647 | 642 | 648 | 648

Table 4: T, values obtained varying damping () and
time-step parameters for FM Ni NPs with cubic geometry.

Simulations for cubic, spherical, and cylindri-
cal geometries for FM Ni NPs

The behaviors of simulated normalized magnetization
(M(T)) curves were systematically studied for FM Ni
NPs with different geometries as also conducted for FM
Fe NPs previously presented.

9 nm

0 200 400 600 800
T(K)
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a0 |- }%
630_ ™ & %

620 |-
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590

Non Linear fit
m  Error range
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570 ‘— b)

560 1 1 1 1 1 1 1

o 2 4 6 8 10 12 14 16
D (nm)

Figure 6: Behaviors of simulated normalized magnetization
[M(T)] for FM Ni NPs with cubic (a) geometry and the de-
pendence obtained for different sizes (dimension D of the NPs)
(b)-

For cubes and spherical NPs, see Figure 6(a) and 7(a),
the edge and diameter ranged from 1 to 15 nm, respec-
tively. In the case of the cylinder, a diameter of 3 nm
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was fixed while the length on the z axis was changed in
a range between 3 nm and 45 nm. The chosen time-step
was 4.8x1071% s because it was the upper limit for A
equal to 0.03. The results are shown in Figures 6,7 and
8.

The data of T. obtained from the simulated M (T)
curves as a function of particle lenght (D) are respec-
tively shown in Figure 6(b), Figure 7 (b) and 8(b) for
cubic, spherical and cylindrical geometries, respectively.
These T.(D) data were fitted using the data of T. ob-
tained from the simulated M (T") curves as a function of
D and they are respectively shown in Figure 6(b), 7(b),
and 8(b) for cubic, spherical, and cylindrical geometries,
respectively. These Tc(D) data were fitted with ORIGIN
9.0 software using a non-linear fit with the following func-
tion for FM Ni NPs with cubic [6(b)] and spherical [7(b)]
geometries (Equation 8 was used for these cases).

T, = 631 x (1 - (3)3) (8)

640 -
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580 -
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540 -

Non Linear fit
I J » Error range

T, (K)

520
500
480 -

460 -

440 | 1 L 1 L 1 1 1 L
0 2 4 6 8 10 12 14 1€

D (nm)

Figure 7: Behaviors of simulated normalized magnetization
[M(T)] for FM Ni NPs with spherical (a) geometries and the
dependece obtained for different sizes (b).
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Figure 8: Behaviors of simulated normalized magnetization
[M(T)] for FM Ni NPs with cylindrical geometry (a) obtained
for different dimension D of the NPs. Dependence of the T,
as a function of NP size [Tc(D)] are also shown in (b) for
cylindrical geometry.

For cylindrical geometry,see Figure 8(a),the function
was modified because only one dimension was changed
because the radius of transversal section was fixed while
the lenght (z-axis) was modified in the simulation, i.e.,
the Equation 9 was used.

T, = 631 x <1 _ (%)j )

The values of A and B obtained from atomistic sim-
ulations are reported in Table 5:

A B v
Cubic geometry 0.300 1.903 0.525
Spherical geometry 0.288 1 1
Cylindrical geometry 0.016 0.403 2.481

Table 5: Critical A and B values for different FM Ni NP
morphologies.
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Conclusions

e Finding an adequate A for the atomistic simulation
is crucial and important, as shown in Figure 1 and
5, this parameter has a great influence on the be-
havior of the simulated normalized M (T) curves
for both FM Fe and Ni NPs. Specifically, it was
shown that damping values smaller than 1.0 favor
an abrupt reduction of the magnetization.

e Another important factor to take into account for
simulations is the value of the time step, which
is correlated with damping and with the adequate
calculation of the ..

e The results shows that the 7. increases as the NP
size of the sample increases and its behavior is given
by the fitting curve until that behaves asymptot-
ically with respect to T, of bulk. Particle sizes
smaller than 5 nm favor reduction of 7. due to the
finite-size effect.

e The behavior of a magnetic system close to a crit-
ical phase transition leads to a magnetization re-
duction from FM to paramagnetic state, such as Fe
and Ni. The various critical parameters resulting
from such a phenomenon are the critical specific
heat exponent «, the spontaneous magnetization
exponent [, the initial susceptibility exponent =,
and the critical spin correlation length exponent
v, that last has not been directly calculated for
these elementary FM due to their high 7. values,
and in case of atomistic simulations. Therefore, in
this work we tried to address this problem by ana-
lyzing this parameter for different nanogeometries.
Hence, the v values obtained of 0.865 for Fe and
0.525 for Ni in cubic geometries can be highlighted
in both cases, which are close to the values de-
scribed in [10], reporting finding values of 0.703 for
fcc systems and 0.706 for bce systems, respectively.
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