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Studying the shape-dependent structural and magnetic properties of nanoparticles is one of the most
necessary scientific challenges in order to match these nano-objects for adequate applications. In this
research paper, the shape effect of iron nanoparticles (FeNPs) on structural and magnetic properties was
investigated on the basis of a combination of Molecular Statics (MS) and Monte Carlo (MC) simulations.
To this end, three kinds of FeNP shapes (such as spherical, planar and rod) in an equal volume have been
considered. The coordination number distribution of FeNPs obtained from the data extracted by MS
simulations was exploited for performing MC simulations on the familiar Ising model. The numerical
findings obtained showed that the structural stability, the Curie temperature as well as the shape of the
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Considerable research efforts have been devoted to iron nano-
particles (FeNPs) due to their remarkable performance for
technological applications in many industrial areas. Owing to
the fact that they exhibit very low toxicity and display high
biocompatibility, FeNPs are very promising candidates for
biomedical applications, such as hyperthermia treatment,*
magnetic resonance imaging (MRI) contrast enhancement,?
labelling and separation of biological materials,® as well as
direct drug delivery systems.* In addition to biomedical
exploitation, they have been applied in the fields of catalysis,*>®
environmental remediation,” data storage,® energy storage,’ etc.
Furthermore, one of the most important properties behind the
increased attention on FeNPs is their magnetism,'® making
them very well suited for use as dispersants for the production
of magnetic nanofluids (so-called ferrofluids)."** This type of
colloidal suspension exhibits particular magnetic behaviors
that make them useful for magnetic resonance imaging,'>**
audio speakers,"”” magnetic recording media,'**® seals,'**
magnetic targeted drug delivery,*** lubrication,*® removal of
water pollutants,* targeted drug delivery,”** and so on. It is
worth underlining that any application based on nanoscale
magnetic particles requires specific properties®” that can be
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hysteresis loop are correlated with the FeNP shape.

controlled through changing either the size or morphology of
these nanoparticles.”® Hence, it is necessary to know the
magnetic properties of FeNPs in different shapes in order to
match them for adequate applications.

In the last decade, a significant amount of analytical models
have been proposed to study magnetic solids with a size in the
range of 1 to 100 nm, at least in one of the three dimensions of
space. Fisher et al.*® established a model based on the spin-spin
correlation length mechanism for magnetic thin films. Sun
et al.®* proposed a model based on the bond order-length-
strength correlation mechanism combined with the Ising
proposition for ferromagnetic nanosolids. Yang et al.** and Cao
et al.** utilized the cohesive energy of particles to study the effect
of size and shape of nanosolids on their Curie temperature. All
these proposed models are suitable to investigate some
magnetic property of ferromagnetic nanosolids by taking into
consideration the various parameters related to nanomaterials
such as energy cohesive size and shape. However, another
important geometrical parameter of particles, the coordination
number distribution of nanoparticles, has not been paid
enough attention before despite being influenced by the shape
and size of the nanomaterials.®® Hence, it is expected that
atomistic simulation techniques such as Molecular Statics (MS)
combined with Monte Carlo (MC) simulations on the familiar
Ising model can play an important role in this regard since the
experimental studies of the nanomaterial encounter many
technical difficulties.

The aim of the present work is to reflect the possible effect of
the coordination number distribution to predict the magnetic
properties depending on the shape of the FeNPs in a specific
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volume, including spherical, planar and rod. To this end,
Molecular Statics (MS) simulations combined with Embedded-
Atom-Method (EAM) and Monte Carlo (MC) simulations based
on the Metropolis algorithm for the simulation of the familiar
Ising model were employed. This paper is ordered as follows:
Section 1 presents a description of computational methods and
the calculation procedure. Our results are exposed in Section 2,
where structural and magnetic properties are discussed. Finally,
the conclusions arising from this work are summarized in
Section 3.

1 Computational details and
theoretical model

All MS simulations were realized by using the LAMMPS
package® and the atomistic visualization was carried out
through the OVITO software.*® To accomplish the atomistic
simulations, the Embedded-Atom Method (EAM) potential was
adopted to describe the interatomic interaction that has been
developed from the density functional theory (DFT) by Daw and
Baskes.®*® Moreover, this potential has been successfully
employed by our group.*”** The EAM potential parameterized by
G. Mendelev et al.* to describe the iron-iron interaction is used
throughout this study.

In the frame of the EAM approach, the energy of each atom is
measured from the energy required to embed an atom into the
local-electron density as provided by the other atoms of the
system. The total energy of the EAM, Er, is written as follows:

Er = ZFI(E) + %Z‘bi} ("tf/‘) (1)

Here, r;j = |77 — 7/| is the scalar distance, ¢(r;) is the pair-
potential between atoms i and j, F{p;) is the embedding
energy function and p; is the host electron density induced by all
encirclement atoms at the position of atom i. The host electron
density is given by:

pi = pr (" z‘f) (2)

i#j

We start numerical experiments in this paper by generating
three different shapes of FeNPs with equal volumes (V = 33.5
nm®) such as spherical, planar and rod (see Fig. 1). Periodic
Boundary Conditions (PBCs) were neglected in the three
dimensions. The force/energy of each system is minimized at
T = 0 K by employing the conjugate gradient (CG) algorithm
(Polak-Ribiere version). The main aim of this minimization is
to reduce the forces/energies over several iterations to set the
new structures of each system (the coordinates of each atom are
iteratively adjusted). The iterations are stopped only if one of
the ending criteria is satisfied (the energy tolerance chosen is of
the order 10™° (unitless)). After this pretreatment step, we
consider the relaxed configurations as the actual systems (i.e.,
reference configurations) for further investigation.
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Fig. 1 FeNPs in different shapes with equal volumes (V = 33.5 nm>).

In order to characterize all actual systems in detail, two
different techniques have been employed: Coordination
Number (CN) analysis and the Common Neighbor Analysis
(CNA) method, which are frequently applied in the study of the
microscopic structure (at atomic level) of crystalline and liquid
states in nanometals.**** The CN characterizing the number of
nearest neighbors surrounding each atom is calculated by
means of the area of first maximum peak of radial distribution
function (g(r)). It is defined by the following form,**

CN = 4wnJ Pg(r)dr (3)
0

where « is the position of the first minimum in g(r) and 7 is the
atomic number density. The integral on the right side of eqn (3)
is calculated by employing Simpson’s rule.** The CNA method is
also used here to identify the local structure of nanoparticles.
Technically, the bonds between an atom and its nearest
neighbors are examined to determine the local structure using
four characteristic integers (8, v, I’ and ¢), which are designed
to describe the different structures.””** @ is the number of
nearest neighbor bonds of two atoms, vy is the number of near
neighbors shared in common by the pair of atoms, I' indicates
the number of bonds among the shared neighbors and ¢ is
needed to identify the structure having the same first three
indices but with a different arrangement. With the adaptive
common neighbor analysis (a-CNA) implemented in OVITO, the
optimal cutoff radius for each particle is automatically
identified.*

To investigate the magnetic properties of FeNPs, the MC
method** was performed using the Metropolis algorithm* for
the simulation of the familiar Ising model described by the
following Hamiltonian:

N
H=-)Y8S8+hY_ S’ (4)
(i) i

where <i, j> is the pair of first nearest neighbors, J is the
exchange coupling between two nearest neighbors of Fe atoms
(at atoms i and j) and 4 is the applied magnetic field on all
system atoms. S; is the spin variable at atom i, which takes the
values +2, +1, 0.

This journal is © The Royal Society of Chemistry 2019
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It is worth noting that the surface of monatomic metallic
nanoparticles is bounded by low-index facets and characterized
by different geometrical arrangements of low-coordinated
atoms,*” %% reflecting the irregular nature of their struc-
tures. This makes the process of determining the number of
nearest neighbor atoms for the nanoparticle surface very
complicated, therefore the data extracted by MS simulations is
a practical way of diverting this difficulty; particularly, CN
analysis at T = 0 K for each actual system is considered as an
input for the MC simulations. The spin configurations are
achieved by selecting the sites sequentially through the system
and making single-spin flip attempts, which are rejected/
accepted by applying the Boltzmann statistics-based proba-
bility. In each sample, multiple iterations (10* MC steps per
atom) were performed at each temperature to reach thermal
equilibrium; then followed by 9 x 10" MC steps per atom to
study the dependence of the average magnetization and average
susceptibility on a dimensionless temperature (¢), i.e. t = TKg/
|/|, where K is the Boltzmann constant. The hysteresis loops
were computed by starting from a demagnetized state at zero of
a reduced external magnetic field (4/|J| = 0), then increasing
and decreasing quasi-continuously with a step of #/|J| taken as
0.25.

2 Results and discussion
2.1 Structural properties

All of the initial structures of the FeNPs are metastable, so it is
important to get the real calculation models which correspond
to the minimum energies before addressing the object of this
work. During the energy minimization by means of the MD
simulations, each structure of FeNPs passes through several
states until it reaches a stable state corresponding to the
minimum energy, but still remains metastable, resulting from
its surface atoms always wanting to aggregate to reduce the
surface energy as was indicated in ref. 50. After this step, the
structural characterization of the actual structure of FeNPs with
different shapes was studied by means of the CNA technique.
Fig. 2 displays the variation of the structure fractions versus the
FeNP shape using the CNA method. The result shows that each
nanoparticle is characterized by two categories of atoms: those
that are unidentified and those that have a local crystal envi-
ronment, especially bce structures. It was also noticed that for
each equilibrium shape of FeNPs, the fraction of Fe atoms
having bcc structures (67% for spherical, 61.6% for rod, and
55.9% for planar) is higher than that of those possessing
unidentified structures (33% for spherical, 38.4% for rod, and
44.1% for planar).

It is well known that the most significant inconvenience of
the CNA technique is that it provides only a single result related
to the atoms with a local crystal environment such as fcc, hep
and bcc structures. In this respect, another technique is needed
to report a complete study of the required results in terms of
structural characterization of single metal nanoparticles. For
this, the CN method was used to characterize in more detail the
local atomic structure in FeNPs. Fig. 3 exhibits the coordination
number distribution of the systems studied. It was found that

This journal is © The Royal Society of Chemistry 2019
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Fig.2 The percentage of each category of atoms in FeNPs counted by
using the CNA method; navy for bcc structures and orange for
unidentified structures.

all FeNP shapes have a high fraction of bce structure which
corresponds to the coordination number of 8 (also called “fully-
coordinated atoms”). As to the low-coordinated atoms, the
dominant structures are as follows: CN = 6, 4, 7 and 5, meaning
that the low-coordinated atoms possess a structure interme-
diate between the bulk liquid structure and the bulk solid one.

RSC Adv., 2019, 9, 22057-22063 | 22059
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Fig. 3 Distribution of the coordination numbers of FeNPs with three
different shapes.

As a result, each of the three FeNP shapes possesses a core—
shell structure, where the shell part has a complex structure
characterised by an inhomogeneous arrangement of its under-
coordinated atoms (4 = CN < 8), while the core part is charac-
terised by behavior analogous to the one characteristic of
atomic species in pure crystalline bulk (fully-coordinated
atoms, CN = 8). It is worth mentioning that the classification
of FeNPs in core-shell constructions obtained here supports the
previous works®”**?1-3 and it is operative for all FeNP forms,
which is the main assumption of the bond-energy model
(BEM).** Furthermore, it was shown that a low-coordinated
atoms-to-fully-coordinated atoms ratio of planar FeNP is the
highest (0.84). This was followed by the rod FeNP (0.66) and the
spherical FeNP (0.52). This result can suggest that the surface
energy is prominent for the planar FeNP but lower for the
spherical FeNP.

Whenever one discusses the structural properties of a bulk
system or any materials at the nanoscale, the cohesive energy is
one of the key parameters through which the strength of
metallic bonds can be described and also the structural stability
can be investigated; a larger cohesive energy suggests greater
stability. In this regard, a comparative study on the shape-
dependent cohesive energy of FeNPs was realized, and the
results are given in Table 1. As expected, it was found that all
actual structures of FeNP have smaller cohesive energies
compared to the bulk Fe, which has been obtained in an
experimental work (4.28 eV per atom).** This finding is in
agreement with other studies that suggest the cohesive energy
of bulk metal is higher than those of nanoscale metal parti-
cles.?”#*%%6-59 Furthermore, it was established that the cohesive
energy is very sensitive to the FeNP shape. Its value is as follows:

Table 1 Shape dependence of cohesive energy (eV per atom)

Nanoparticle Cohesive energy
shapes (eV per atom)
Spherical 4.07

Rod 3.75

Planar 3.42
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Espherical > Eroa > Epianar, reflecting that the structural stability is
not similar for the three FeNP shapes and, also, the spherical
shape exhibits better structural stability, while the planar shape
has the lesser one.

Thermodynamically, since the most stable morphology is
characterized by the lowest ratio between dangling bonds and
total bonds, ie., lower surface energy, the shape-dependent
structural stability of the FeNPs obtained here can be
explained by the fact that the highest influence of the surface
effect was found for the planar FeNP due to its higher ratio of
low-coordinated atoms to fully-coordinated ones, whereas the
spherical FeNP displays a lower ratio of low-coordinated atoms
to fully-coordinated ones.

2.2 Magnetic properties

In order to give a coherent picture of the shape-dependent Curie
temperature of FeNPs, the magnetization and thermal suscep-
tibility as a function of reduced temperature were determined at
zero h/|J| and plotted in Fig. 4. It was found that in the low-
temperature range, the magnetization of each shape of FeNPs
remains in the high-spin state and then drops to near zero,
which clearly marks the occurrence of the phase transition from
the ferromagnetic state to the paramagnetic one. Besides, the
point corresponding to the drops to near zero in the magneti-
zation curves occurs near the sharp peaks appearing in the
susceptibility curves. These predictions appear to be virtually
indistinguishable from each other and they indicate in
a coherent way that the reduced Curie temperatures (t.p) of the
planar FeNP, rod FeNP and spherical FeNP are equal to 2.8, 3.3
and 3.7, respectively. Moreover, 1043 K is the Curie point of bulk
Fe according to an experimental prediction.®® The exchange
interactions value between two nearest neighbor Fe atoms
corresponding to the experimental lattice parameter of bulk Fe
(0.2461 nm)®* was obtained from ref. 62, which is equal to 1.6
mRy. According to these latter values, the reduced Curie point
for simulated bulk Fe can be found at about 4.17, indicating
that the reduced Curie temperatures of all FeNP shapes are
lower than that of bulk Fe. This difference has been observed in

2,0

—@— PlanarFeNP |
—@— Rod FeNP
—¥— Spherical FeNP 1

M(t),x(t)

e
Qe Ll
’-’-“&s‘«fffffﬁﬁfﬁfffﬁ«‘f S8
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Fig. 4 Magnetizations and the magnetic susceptibilities versus the
reduced temperature for FeNPs with different shapes in zero field.
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previous works which were carried out by different methods.***”
Due to the inhomogeneous nature of the FeNP structures,
where shell atoms of FeNPs have lower CNs and weaker bonding
forces than core atoms, the reduced Curie temperature of bulk
Fe being higher than those of FeNPs can be described by the
coupling between two phases during the heating: the first is the
paramagnetic particle shell phase which occurs at temperatures
lower than the ferromagnetic-paramagnetic transition of the
whole particles, while the second is the ferromagnetic particle
core phase which remains in high-spin-states.

Furthermore, it was found that ¢., for FeNPs differs from one
shape to another; its value is as follows: ¢, for planar < ¢, for
rod < t., for spherical. This finding is backing previous publi-
cations which have suggested that by changing not only the size
but also the shape of nanostructures, it is possible to control the
magnetic properties of these nano-objects.®*”* Besides, since
spin canting in nanoparticles cannot be ignored because the
shell atoms’ spins may be inclined at some angle to their
normal directions originating from the low number of their
magnetic nearest neighbors,®”> it seems that the shape-
dependent Curie point of NPs obtained in this work can be
caused by modifications in the influence of the spin canting
effect when the nanoparticle shape is changed, i.e., as the NP
shape exhibits a larger ratio of low-coordinated atoms-to-fully-
coordinated atoms, the incomplete alignment at the shell part
has a significant contribution in enhancing the spin canting
effect and, hence, the transformation of the NP magnetic state
from ferromagnetic to paramagnetic may be required at a low
temperature.

Now, we will turn to Fig. 5, which presents the hysteresis
loops of FeNPs by increasing and decreasing the external
magnetic field at ¢ < ¢, for planar FeNP (¢ = 2.6). It was found
that the planar FeNP shows the smallest area of the hysteresis
loop while the spherical FeNP has the largest one; it was
moreover observed that the qualitative behavior for the coercive
field value is planar < rod < spherical. These results suggest that
the planar FeNP displays fast demagnetization at low magnetic
fields with the lowest coercivity, whereas the spherical FeNP
exhibits slow demagnetization at large magnetic fields with the

25 T T T T T T
20| —©— Planar FeNP

| —@—Rod FeNP

1,5 -| —¥#— Spherical FeNP

1,0 ]
05 ]
0,0 ]
05
0.
5]

q ¢
2,0 9"3’ {

25

Fig. 5 Magnetic hysteresis loops of FeNPs of different shapes.
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highest coercivity. According to what was mentioned before, it
was concluded that the modification of the FeNP shape leads to
a change in its hysteresis loop characteristics. This is in total
conformity with the previous experimental study.”” Besides, by
taking into account the soft magnetic properties of bulk iron,”
the FeNP shape with a larger ratio of low-coordinated atoms to
fully-coordinated ones (planar FeNP) tends to have more soft
ferromagnetic behavior than that with a smaller one (spherical
FeNP). Since all of the NPs used here possess the same volume,
this suggests that it is the low-coordinated atoms to fully-
coordinated atoms ratio which affects the hysteresis loop
characteristics.”*”® This can be understood to be the cause of
two competing factors; the first factor is the magnetic interac-
tion at the core-shell interface which is expected to increase
when the low-coordinated atoms to fully-coordinated atoms
ratio increases, whereas the second factor is the magnetostatic
anisotropy (also called magnetostatic effect) which competes
with interface exchange coupling. As the ratio of low-
coordinated atoms to fully-coordinated ones in nanoparticles
is smaller, the effective core-shell interface is larger and the
exchange coupling is high, resulting in an increased area of the
hysteresis loop with the highest coercivity value and vice versa.

3 Conclusions

Herein, the structural stability, local structure characterization
and magnetic properties of FeNPs of different shapes of
a specific volume, including spherical, planar and rod, were
studied. Investigations of the local structure characterization
after the energy minimization process by means of MS simu-
lation confirmed that all FeNPs revealed core-shell structures:
they are constituted by crystalline iron cores that are sur-
rounded by amorphous iron shells. Then, it was shown that the
FeNP shape with larger cohesive energy tends to be energetically
more stable. Besides, the magnetization and susceptibility
curves of FeNPs were investigated by applying MC simulations
in order to provide an insight into the shape-dependent Curie
point. It was found that all FeNPs exhibit smaller calculated
values of Curie temperatures than that of bulk Fe, and also the
spherical FeNP possesses the highest Curie temperature, fol-
lowed by the rod FeNP and the planar FeNP. Finally, by
analyzing the magnetic hysteresis loops for the different shapes
of FeNPs, it was found that the planar FeNP exhibits fast
demagnetization at low magnetic fields with the lowest coer-
civity, whereas the spherical shape of the FeNP displays slow
demagnetization at large magnetic fields with the highest
coercivity.
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