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ABSTRACT

We performed computer simulations on the nanoscopic scale to find the energy
distribution of the anisotropic barrier of Fe and Py nanoparticles. We investigated the
physical properties of these magnetic nanoparticles for potential application in the
catalysis of coal liquefaction. We examined the characteristics of the microstructure of
these fundamental nanoparticles to optimize the ability to catalyze the breakdown of
carbon-carbon bonds. We reported our results for nanoparticles, cubic, Fe and Py. We
constructed ZFC and FC curves to determine the distribution of the blocking temperature.
The ZFC and FC curves exhibit the same blocking temperature, behavior dependent on
the magnitude of the applied magnetic field. Finite-scale scale effects determinant for
technological applications are reported.
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RESUMO

Realizamos simulagdes computacionais na escala nanoscOpica para encontrar a
distribuicdo de energia da barreira anisotropica de nanoparticulas de Fe e Py.
Investigamos propriedades fisicas dessas nanoparticulas magnéticas para potencial
aplicagdo na catdlise da liquefagdo de carvao. Prescrutamos as caracteristicas da
microestrutura dessas nanoparticulas fundamentais para a otimizagdo da capacidade de
catalisar a quebra das ligacdes carbono-carbono. Reportamos nossos resultados para
nanoparticulas, cubicas, de Fe e Py com 15, 25 e 35 nm de aresta. Construimos curvas
ZFC e FC para determinar a distribuicdo da temperatura de bloqueio. As curvas ZFC e
FC exibem a mesma temperatura de bloqueio, comportamento dependente magnitude do
campo magnético aplicado. Efeitos de escala de tamanho finito determinantes para
aplicacdes tecnologicas sdo reportados.

Palavras-chave: Nanoparticulas, Magnetismo, Catalisador, Liquefagdo, Carvao.

1 INTRODUCTION

Nanoparticles are particles with dimensions between 1 and 100 nm, having a size
between proteins and viruses, 1 nm and 100 nm, respectively [1]. Particles with these
dimensions are the target of scientific, experimental and theoretical investigations, as they
are important for industry with applications in transport, energy, environment, medicine,
textile engineering, biotechnology and construction. A particular type of nanoparticles,
mesoporous, have physico-chemical properties such as mechanical resistance, are
chemically stable, have synthetic versatility and are biocompatible. There are two types
of nanoparticles: organic and inorganic. In the subgroup of organic nanoparticles, the
polymeric ones, used for medium applications, stand out dendrimers, have a branched
structure formed by nuclei and multiple layers; liposomes, are formed by a double lipid
layer that can be used to encapsulate hydrophilic and hydrophobic drugs; micelles, are
colloidal aggregates formed by a hydrophobic inner part and a hydrophilic outer part. In
the subgroup of inorganic nanoparticles we highlighted those of silica, they are
synthesized with regular difficulty, obtaining different shapes and sizes, in addition they
are biodegradable, inert and have a good biodistribution; the gold ones are metallic, with
good optical and electrical properties that depend on their size and geometry; those of
iron oxide, are biocompatible and biodegradable, especially those of magnetite, with high
potential for application in biomedicine; quantum dots (QD), are used as probes for
images, depending on the size, they can present high quantum yield, high photostability
and high fluorescent emission; carbon nanotubes, are single layers in cylindrical shape,

have a high specific surface that serves to anchor a diversity of therapeutic molecules
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[1].[2]. Mesoporous nanoparticles are being applied in biomedicine, involving
preparation and specific applications, to promote tools for human health; in metallic,
metallic and organometallic systems; used in bioadsorption, enzyme immobilization,
drug delivery, catalysis, hyperthermia, among other applications [1]-[33].

In addition, the production of miniaturized devices on the nanoscale, technology
for recording data on permanent magnetic materials (non-volatile magnetic memory),
spin valves, magnetic tunneling joints, study of fine magnetic particles as a catalyst in the
coal liquefaction reaction and for applications in the treatment of cancer through the study
of the phenomenon of magnetic hyperthermia, applications are strongly linked to modern
nanomagnetism and spintronics. In nanomagnetism and spintronics, the study and
development of new computational tools to prescribe the micromagnetic properties of
these materials in the nano, micro and mesoscopic scales is urgent [34]-[43].

A promising branch of application of magnetic nanoparticles is for the
development of catalysts. Several methods are being developed for the synthesis of
nanomaterials, including methods with micro-emulsion, co-precipitation of iron ions in
an alkaline medium, hydrothermal synthesis, deposition of nanoparticles on the surface
by Fe(NO03)5 thermolysis, chemical vapor deposition, impregnation wet iron precursor
followed by repeated cycles of oxidation and reduction to obtain magnetic nanoparticles
[44]-[54].

Recent studies show that samples of iron nanoparticles, synthesized on a support
of mesoporous silica, with deposition of a kind of Fe3+, followed by hydrogen reduction
have catalytic activity. A nanoparticle based catalyst can have a catalytic activity six times
greater than a conventional material and exhibit a strong selectivity for methane
production. Critical properties dictate the rule in this type of system. Scale effects of finite
size of the particles show that there is selectivity of methane to the size of the catalyst.
The nanometric size of the particles serves as a severe limitation for accounting for how
many carbon-containing species can be adsorbed onto a particle. Therefore, this
phenomenon makes carbon chains less likely to collide and combine. Another
determining factor is related to the size of the catalyst with the increase in the
chemisorption of hydrogen, which leads to an additional termination of the chain at the
expense of the growth of the chain [8]-[36].

The use of coal deposits to extract carbon chains as a chemical raw material to
replace oil has long been a goal. To achieve this goal, a convenient and inexpensive

method of dividing coal into low molecular weight components is needed. To achieve
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this degradation under the mildest possible conditions, the choice of catalysts is critical.
Iron-based catalysts can be produced cheaply enough to prevent this need. For these
reasons, nanoscale iron (and its oxides) has been investigated as a candidate for coal
liquefaction catalyst [36].

The liquefaction of coal is a physical phenomenon characterized by the breaking
of carbon-carbon bonds. Experimental investigations show that iron is able to catalyze
the formation of these bonds. In view of these experimental observations, we proposed to
investigate the physical properties of iron and permalloy nanoparticles. We developed our
computational model to observe ordinary physical properties of these nanoparticles. Our
method is based on Monte Carlo methods. We developed our computational model based
on the well-known Metropolis algorithm, coupling it with the theoretical development
given for particles at the mesoscopic level [39] - [43]. We investigated the structural and
magnetic properties of particles on the nanoscale (dimensions between 1 and 100 nm).
We reported our results in this work.

2 THE THEORETICAL MODEL
We considered iron (Fe) and permalloy (Py) nanoelements with cubic geometry.

We used simulation cells of 5 nm of edge. We started our model describing the energy

density:
A
E = Ezizjm[ -y
x 2
-k %, (m¥) M
—H EJ’ h;
P MM CERTER)
1] Ly

the first term is exchange energy, it is A the exchange stiffness and d the edge of the
simulation cell represented in figure 1, which involves interactions between adjacent cells
of the nanoelement; the second term is uniaxial anisotropy energy: along the axis x, and
K the uniaxial anisotropy constant, models the preferred magnetization direction along a
specific axis; the third term is Zeeman energy: where H = H, % it is the magnetic field
applied along the axis of easy magnetization, the response of the material in relation to
an applied magnetic field; the fourth term describes dipolar energy: in this term Ms is the
saturation magnetization of the material, it describes the long-range interaction between
all the cells of the nanoelement. The set terms {r;} are the magnetic moments of the

simulation cells, which have a set of approximate atomic moments, in this model, for a
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single magnetic moment of the simulation cell with d = 5 nm. The magnetic constants

for iron (Fe) and permalloy (Py) are shown in the table 1 [39]-[43].
Figure 1 - Schematic representation of (a) nanoelement and (b) simulation cell of the theoretical model.

(&) (b)

Table 1 - Macroscopic magnetic properties of the Fe and of Py

Fe Py
A(J/m) 2,5+ 107 1,3+ 1071
Ms(A/m) 1,7 = 10® 0,8 = 10°
K(J/m?) 2,5+107% 0

We performed micromagnetic simulations to obtain the measurements of the
physical observables, estimating the observables concerning the solutions of the master

equation:

(i) . . . .. .
T = T AW GNP ) - W )P 1) (2)
where W (i, ) is the state's probability transition rate i for j and P(j,t) is the state
probabilityj in the instant of timet. Given the transition rates, we found the stationary

solution that satisfies the condition

Liz AW, )P, t) — W(, )P(i,£)} = 0 (3)

The numerical solution of the master equation for the steady state (3) served as
the basis for the development of the Metropolis algorithm [38]. The Metropolis algorithm

is described below:

1. Configure an initial configuration j for the system;
2. Generate a tentative configuration of the i- th simulation cell,
3. If AE;; = E; — E; < 0, the configuration i is accepted,
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4, Otherwise, a random number is generated r € (0,1). If r < P(AEJ-J-) %
exp (AEl-’ i/Kp T) the new configuration is accepted.

5. Otherwise, the configuration j remains.

We used simulation cells withd = 5 nm of edge. We proceeded with the simulations of the
treatments ZFC and FC with 107 Monte Carlo (PMC) steps. We estimated the physical
observables for PMC values greater than N = 10 = L3, the number of cells simulating the edge of

the cubic nanoelement. WhenN > 10 = L3, we observed the stabilization of the measures,

therefore, after this threshold we calculated the moments of energy(E) and magnetization(M).

The expected values of the first moment of magnetization were estimated by the equation

1
(M) =2~ p:M; =X, M; (4)

3 RESULTS AND DISCUSSION

Magnetization measures zero-field-cooled (ZFC) and field-cooled (FC) are
dependent on temperature. Magnetization measurements using the ZFC and FC
procedures are used to find the energy distributions of the barrier. To obtain a curve

according to the ZFC procedure, the sample is cooled from a temperature T higher than

the blocking temperature T with the applied magnetic field null H = 0, state in which
the particles are in a disordered state, in this case superparamagnetic. Upon reaching a

temperature T < Ty the nanoparticles are in the blocked state. Then, the heating process

starts, a magnetic field is applied H # 0 until it reaches a temperature (T) higher than the
blocking temperature. Throughout this process, magnetization measurements are taken.
The FC curve is obtained when the sample of nanoparticles, in the cooling and heating
processes, is submitted to the same magnetic fieldH # 0. To perform the ZFC and FC
measurements, the applied magnetic field must be much smaller than the field related to
anisotropy energy to ensure that the measurements reflect the energy distribution of the
barrier.

We started our ZFC measurements at the initial temperature T, = 290 K. At this
temperature, the nanoparticles are in equilibrium in the superparamagnetic state. The

magnetic field is kept null H = 0, when the sample is cooled to the temperature of Ty =

0.01 K. At this temperature, the magnetic field H # 0 is applied while the sample is
heated. Magnetic field values are 10, 20, 30, 40 and 50 mT. After the application of the

field, the sample is projected to an out-of-balance state, quantified by the term of the
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Zeeman energy in equation (1). Under these same conditions, temperature and magnetic
field, the FC curves were constructed. Differentiating from the ZFC curves, the

magnetization curve is obtained, both in the cooling and heating processes, withH # 0.
The samples are made of iron (Fe) and permalloy (Py). The geometry is cubic with edges
(d) equal to 15, 25 and 35 nm.

In figures 2 and 3, we presented the first set of measures. To obtain the curves
observed in figures Zero Field Cooled-(Fe) and Zero Field Cooled-(Py), ZFC curves, we
fixed the sample size with d = 15 nm. The sample is taken out of equilibrium with the
magnetic field applied between 10 — 50 mT. We noted that the qualitative behavior of
magnetization does not change. It grows, with a non-zero field, from T = 0.01K to the
thermodynamic equilibrium point (maximum point on the curve). At the thermodynamic
equilibrium point, magnetization decreases as the temperature increases, according to
Curie's law (e 1/T) measuring the measurements at the point T = 290 K. In the FC
curves, shown in figures Field Cooled-(Fe) and Field Cooled-(Py), the constant magnetic
field is applied to the sample at 290 K, kept constant throughout the cooling process. In
this process, the magnetization increases until it reaches the blocking temperature T5. We
observed that the magnetization remains fixed while the temperature decreases until
0.01K. At this point, the sample is subjected to the heating process. The magnetization
remains fixed until reaching T. At this point, typical measurements of magnetization are
of its state of thermodynamic equilibrium. We highlighted, in figures 2 and 3, that for the
ZFC curves; several maximum points were observed, depending on the magnitude of the
magnetic field, for the FC curves; we observed the displacement, in the sense that the
temperature increases, of the magnetization to higher values of the magnetic field.
Therefore, we observed that the measure of the energy distributions of the barrier is
dependent on the magnitude of the projection for the state out of balance by the Zeeman

energy, third term of the equation (1).
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Figure 2 - Curves Zero Field Cooled (Fe) and Field Cooled (Fe) of the cubic sample of the nanoelement
of Fe with an edge equal to d = 15nm. The temperature (T) was varied from the 0,01 — 290K. The
applied magnetic field was varied from 10mT to 50mT.
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Figure 3 - Curves Zero Field Cooled (Py) and Field Cooled (Py) of the cubic sample of the permalloy
nanoelement with an edge equal to d = 15nm. The temperature (T) was varied in the range of 0,01 —
290K. The applied magnetic field was varied from 10mT to 50mT.
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In figure 4, we presented typical magnetization measurements for the iron and
permalloy nanoelements, called (Fe) and (Py), respectively. The samples chosen to
display these results are those with edge. We noted that for T < Ty, the FC and ZFC
curves exhibit different behaviors until reaching the temperature T = Ty, from which both
curves show the same behavior. Presenting decrease of magnetization M with increasing
temperature T. Therefore, we observed that the convergence point of the FC and ZFC

curves provide us with information about the energy distribution of the barrier.
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Figure 4 - Zero Field Cooled and Field Cooled curves of the magnetization obtained for cubic samples of
the nanoelements of iron and permalloy (Fe) and (Py), respectively. The edges of the samples are equal to
d = 15nm. The physical parameters of temperature (T) and applied magnetic field, were maintained with
the following values of 0,01 — 300K and 50mT, respectively.
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In the figure 5, typical magnetization FC measurements are shown for the Fe
nanoelement. The normalized and non-normalized measurements, 5-[Field Cooled-
Standard(Fe)] and 5-[Field Cooled-Normalized(Fe)], respectively. In figure 5-[Field
Cooled-Standard(Fe)], we showed the non-normalized magnetization of nanoelements
with edges equal to 15, 25 and 35 nm. In our numerical modeling, the magnetic

nanoelement is divided into D = N, N, N,; for the number of cells that make up the mesh,

where magnetization is a function of, i.e.,ﬁ(D). To normalize the data shown in figure

5-[Field Cooled-Normalized(Fe)], we built an independent function of D, making

M (D)/D = M(Normalized). Thus, we normalized the HR measurements of the
magnetization. As shown in figure 5-[Field Cooled-Normalized(Fe)], the curves will
collapse into a single curve to T < Tg. For T > T, magnetization curves show similar
behavior; diverging to the nanoelement with edge d = 15nm and T = 150K. The
nanoelement with edge d = 15nm is the smallest sample we worked with, this behavior
is expected due to the low dimensionality of the system, for which we expect greater
fluctuations in the measurements of the physical observables. For larger nanoelements,
stabilization of physical observables is expected with measurements made on larger
samples. Therefore, this phenomenon is a consequence of the dimensions of the samples,

i.e., finite-scale scale effects.
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Figure 5 - Comparative measures of the magnetization for the FC treatment of cubic samples of the Fe
nanoelement. FC curves [Field Cooled-Standard(Fe)] non-normalized and [Field Cooled-Normalized(Fe)]
normalized. The edge sizes of the nanoelements are d = 15, d = 25 and d = 35nm. The applied magnetic
field is of the order of and varying temperature from 0.01 — 290K.
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4 CONCLUSION

We presented results of our micromagnetic simulations for nanoparticles of Fe
and Py. Nanoparticles have cubic geometry. The edge of the samples are, e.g. We built
FC and ZFC curves to obtain the energy distributions of the anisotropic barrier. We
concluded that, fixing the sample size and varying the applied magnetic field, a spectrum
of maximums is obtained in the ZFC curve. In the FC curves, these points are the points
for which the magnetization is a measure of the thermodynamic equilibrium, from which
the magnetization decreases with increasing temperature. For each magnitude of the
magnetic field, a blocking temperature is associated, which increases positively with the
increase in the magnetic field. The FC and ZFC curves exhibit the same blocking
temperature when the magnitude of the magnetic field and the dimension of the samples
are kept fixed. Therefore, the ZFC or FC curve can be obtained to determine the blocking
temperature. We noted that we can build a function for magnetization, as we did for the
Fe samples, for which the FC curves converge. We observed that for the Fe sample with
d = 15nm the FC curve does not converge quantitatively, from the point T ~ 150K, for
the new magnetization curve, but it has the same qualitative behavior. We intended to
expand our results to estimate other physical quantities that optimize the liquefaction of
coal, for example: for the increase of the catalytic reaction. Some of these properties are

adsorption, chemisorption and blocking volume.
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