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Abstract: The effects of particle size (2-6 nm) and temperature (300-1900 K) on the stability and local
structural evolutions of amorphous bulk and nanoparticles of the FeNis alloys have been studied by using
classical molecular dynamics (MD) simulation method combined with embedded atom model (EAM) in Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). The nanoparticles were obtained from the
unstable amorphous bulk FeNis alloys. MD simulations have been performed for glassy FeNis intermetallic
alloy by making use of pairwise interatomic interaction potentials and electron densities calculated via EAM
method. The formation and evolution of structures and their stability have been analyzed at a wide temperature
range (300-1900 K) by calculating radial distribution functions (RDF), interatomic distances (ID), coordination
numbers (CN), core-to-surface concentration profiles, as well as VVoronoi analysis. According to the results,
although some deviations in the structural properties occurred during the heat treatment, the amorphous
nanoparticles exhibited the same crystal structure and local atomic configuration with its bulk counterpart at
room temperature.

Keywords: Fe-Ni, Amorphous, Bulk and Nanoparticles, Modelling and Simulations, Molecular dynamics,
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Introduction.

There is a growing research interest on the modeling and simulation of the magnetic nanoalloys,
since the unique and sometimes superior chemical and physical properties of the nanoalloys can be
tuned and, consequently, new structural motifs can be created by varying the type of constituent
elements, atomic and magnetic ordering, as well as size and shape of the nanoparticles for several
promising research and application area [1]. For new generation magnetic nanoalloys, it is important
to predict structure-property relations in advance because of the complexity increased by the various
structural and geometrical forms in addition to the size-dependent structure [2, 3]. Among the
magnetic nanoalloys, Fe-Ni based magnetic nanoalloys have promising usage area in the diversified
engineering applications, such as radar absorbing materials in aerospace and stealth industry, catalyst,
and biomedical applications, due to their superior mechanical, electrical, optical and magnetic
properties with high surface area [4-9]. However, there is not enough study regarding these usage
areas of the Fe-Ni nanoalloys because of the concern of the agglomeration, oxidation, and
degradation; therefore, it is essential to predict and determine the thermally stable size and shape of
the nanoparticles [9]. Computer simulation techniques have been widely used to investigate structural
properties of the Fe-Ni based bulk and nanostructured alloys for a long time. Atomic and magnetic
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ordering, order-disorder and ferromagnetic-paramagnetic transformation characteristics and also
interrelation between atomic and magnetic ordering phenomena in binary FeNis and ternary Nis(Fe,
Me) (Me= W, Mo, Cr, Mn, Nb, etc.) bulk intermetallics have been widely investigated in terms of
classical theory of ordering and electronic theory of binary and multicomponent alloys in ab-initio
pseudopotential approximation [10-16]. Although the first principle calculations on the Fe-Ni based
alloys have been used to predict the properties from atomistic level [17, 18], the molecular dynamics
simulations with many-body potentials are mainly preferred because of its applicability to the large
systems having more than hundreds of atoms. However, to acquire accurate and efficient results from
the molecular dynamics simulations, inter-atomic potential energy functions have a crucial effect
[19].

Therefore, in this study, stability and local structural evolutions in amorphous intermetallic
FeNis nanoparticles with 2-6 nm particle size have been modeled and simulated for wide temperature
range (from room temperature up to 1900 K) by means of EAM-MD simulation methods in Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).

Methodology

2.1. Pairwise interatomic interaction potentials calculations

EAM method is based on the density functional theory and it considers many-body interaction
through the electron density of the systems. Therefore, EAM gives more accurate results than the
pairwise interaction models with reasonable computational time for Fe-based systems [20-22].
According to EAM model [20], the energy of the system which consists of N-atoms can be expressed
as,

E :iZFi(pi)—l_%;Vii(rij) @)

where Vijj represents the pairwise interatomic interaction potentials between atoms i and j
separated by distance of rj; (in Eq. (1), i and j, regardless of the different type of atoms, represent any
atoms), and F; stands for the embedding energy to embed an atom i into a local site with electron

density o, and p, can be calculated by using
pi= P(rij) (2)
i]
with p(l’ij) being the electron density at the site of atom i arising from atom j at a distance ri; away.
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Figure 1. Embedding energy variation with electron density in FeNis alloy
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In this study, the EAM parameters that were determined in [20] have been used for calculations
of the embedding energy variation with electron density and electron density dependence on
interatomic separation distance in FeNis alloy by means of LAMMPS program system, which are
shown in Figs. 1 and 2, respectively.
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Figure. 2. Electron density dependence on interatomic separation distance in FeNis alloy

Calculated pairwise interatomic interaction potentials variations with interatomic distance for
Fe-Fe, Ni-Ni and Fe-Ni atomic pairs in FeNi alloy are presented in Fig. 3.
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Figure 3. Pairwise interatomic interaction potentials variation with interatomic separation distance in FeNis
alloy

2.2. MD simulations of FeNiz nanoparticles

MD simulations have been performed by means of MedeA - LAMMPS molecular dynamics
simulator program system, by using interatomic interaction potentials and electron densities
calculated via EAM method. During solving the equation of motions of atoms in MD, Verlet
algorithm was considered with Nose-Hoover thermostat and barostat. Among the ensembles typically
used for molecular dynamics, namely the microcanonical (NVE), canonical (NVT) and isothermal-
isobaric (NPT) ensembles, the NPT ensemble was applied in this study because it accurately describes
experimental conditions by controlling temperature and pressure at the same time [23, 24].

FeNizalloy is known to have a chemically ordered face-centered cubic (FCC) L1.-type structure
as shown in Fig 4.
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Figure 4. AuCus-type ordered (L12) FCC lattice of FeNis alloys

The bulk form of FeNis alloy, having 27436 atoms, was generated by repeating the L1
structured unit cell along [111] direction nineteen times. Firstly, the lattice parameter of FeNiz alloy
was optimized and the alloy was relaxed at 0 K under the periodic boundary conditions. Then, the
temperature was increased to 2600 K under 1 atm pressure directly with 5x10° MD steps and the
system waited for 5x10* steps. 2600 K is higher than the melting temperature of alloy which was
enough to homogenize the liquid structure. In order to obtain the amorphous bulk structure, the system
was cooled down from 2600 K to 300 K by fast cooling (2.3x10'® K/sec) and stabilized at room
temperature. The time step was 1 fs and the motion of atoms was integrated by using Verlet
algorithms. Non-periodic boundary condition was applied to simulate the amorphous bimetallic FeNis
NPs. Firstly, NPs was subtracted from the simulated amorphous bulk alloy, Fig. 5.

Then, the subtracted NPs was melted and equilibrated at 1900 K in order to remove local atomic
configurations from the solid phase. Finally, the temperature of NPs was decreased to room
temperature, gradually. To obtain accurate results from molecular dynamics simulations, the
temperature of the amorphous NPs was decreased with the same cooling rate (2x10*? K/sec) as bulk
alloys and equilibrate the system at each stage by waiting for 10 nanoseconds. The simulations of
the amorphous NPs were conducted for 2 nm, 4 nm and 6 nm diameters (the total number of atoms
are 368, 2913 and 9784, respectively. The heat-treated amorphous FeNiz nanoparticles were
illustrated by using VMD molecular graphics program.
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Figure 5. Extraction of NPs from bulk amorphous FeNis alloy
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Results and discussions
3.1. Radial distribution functions (RDF) for the bulk FeNis alloy

Before the investigation of the structural evolution of the FeNiz bulk system, the lattice
parameter was optimized. In this regard, crystal structures were generated with different lattice
parameters (from 3 A to 4 A). Then, the systems were minimized by conjugate gradient method in
MD, and the total energies of the crystal structures were calculated. Afterward, the crystal structure
owing to the minimum total energy was obtained with the lattice parameter, a=3.46 A. Then, the input
file of the FeNis bulk system was prepared according to the minimized lattice parameter, a=3.46 A.
The total energy change with respect to the various lattice parameters is shown in Figure 6.

To obtain the amorphous bulk structure, the system was cooled from 2600 K to 300 K by fast
cooling with 2.3x10" K/sec cooling rate. The volume changes during heating and fast cooling for the
bulk FeNis alloy is shown in Figure 7.
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Figure 6. The total energy variation with lattice parameters of FeNis alloy
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Figure 7. The volume change during heating and fast cooling processes of the FeNis alloy
During the heating process, there was a sudden jump in the volume curve which is the sign of

the melting. However, we did not observe any sudden change in the volume during fast cooling with
2.3x10% K/sec rate, which indicated that no crystallization occurred and the amorphous structure was
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preserved at room temperature. Also, this amorphous structure was proven by the RDFs which is

illustrated in Figure 8.
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Figure 8. RDF of the FeNiz amorphous bulk alloy

The calculated partial coordination numbers and nearest-neighbor distances of the amorphous
bulk FeNiz alloy are tabulated in Table 1. The total coordination number of the bulk amorphous FeNi3
alloy obtained from the RDF was 13.2.

Table 1. The partial coordination numbers and nearest-neighbor distance of amorphous bulk FeNis alloy

Amorphous bulk Niepe | Npeni | Nnieni | Opere | reni | Onieni
FeNis alloy
(EAM-MD method) | 4.3 9.0 102 | 25 24 | 24

3.2 RDF for the amorphous FeNis NPs

RDF dependences on temperature for 2 nm, 4 nm and 6 nm amorphous nanoparticle are given
in Figures 9 (a), (b) and (c), respectively. The nanoparticle with the diameter equal to 2 nm consists
of 368 atoms in total, with 112 iron atoms and 256 nickel atoms. To determine the temperature effect
on the structural evolution of the nanoparticles, the systems were cooled from 1900 K to 300 K by
200 K interval.

According to Figure 9 (a), we clearly observed that, at high temperatures, there was an absence
of order between atoms, but the first peaks were always clear at high temperatures. As the temperature
decreased, the first peak steepened and the structure between the first neighbors approached to the
crystalline phase, even though the amorphous and disordered phase remained between the second and
third neighbors of the atoms.

The nanoparticle having the diameter equal to 4 nm consists of 2913 atoms in total, with 761
iron atoms and 2152 nickel atoms. In Figure 9 (b), even though the first peaks were always observed
during the cooling process, the disordered structure was mainly preserved until 900 K. After that
point, the second and third peaks appeared, and at 300 K, mainly, a crystal structure was obtained.

It is evident that all the peaks at 300 K have a broadened shape but the first, second and third
peaks located at the same positions as it was found for crystalline counterpart. This means the inner
side of the amorphous 4 nm nanoparticle (until 3" nearest neighbor distance) mostly transformed to
the crystal structure at room temperature although the remaining part preserved its disordered
amorphous structure. Throughout the amorphous to the crystalline transition process, lattice
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parameter decreased from 3.612 A at 900 K and reached to 3.5 A at 300 K that is the same value with
the lattice parameter of the initially crystalline nanoparticle with 4 nm diameter.
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Figure 9. RDF dependences on temperature for (a) 2 nm, (b) 4 nm and (c) 6 nm amorphous nanoparticles

The amorphous nanoparticle with 6 nm diameter includes 2450 Fe atoms and 7334 Ni atoms
(9784 atoms in total). Like 4 nm amorphous nanoparticle, the peaks started to appear and the valley
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between the peaks became deeper at 900 K, but the amorphous-to-crystalline transformation occurred
in a faster and sharper way. At 300 K, the first and the second peak of the overall radial distribution
of the initially amorphous 6 nm nanoparticle had almost the same height and width with the RDF of
6 nm crystalline nanoparticle, Figure 9 (c).

Although the other peaks were located in the same position, they had a broader shape compared
to the peaks in the RDF of the initially crystalline nanoparticle with 6 nm. This means that the 6 nm
nanoparticle, which owned amorphous phase at the beginning, completely transformed to the
crystalline phase, even though the final structure has not been as compact as the structure of the
initially crystalline nanoparticle with the 6 nm diameter at room temperature. Moreover, during the
cooling process, the lattice parameter of the 6 nm particle changed from the 3.556 A at 900 K, where
crystallization started, to 3.5 A at room temperature which is consistent with the lattice parameter of
the initially crystalline nanoparticle and the value stated in the literature [25].

Overall, we observed clearly that, at high temperatures, there was an absence of an order for all
initially amorphous nanoparticles. From the RDF graphs of the 2 nm nanoparticles, it has been seen
that amorphous structure was preserved during the cooling process even at 300 K. On the other hand,
in the RDF figures of the nanoparticles with 4 nm and 6 nm diameter, there was a transition from
amorphous phase to the crystal structure at lower temperatures, and 300 K, the complete crystalline
structure was obtained in 6 nm nanoparticle with 3.5 A lattice constant. Although at 300 K, the lattice
parameter of both 6 nm and 4 nm nanoparticles reached to 3.5 A value, the variation in lattice constant
of the nanoparticle with 4 nm diameter was higher than 6 nm diameter because of the size effect on
the lattice parameter [26].

Moreover, the coordination number change of the 2 nm, 4 nm and 6 nm amorphous
nanoparticles with respect to temperature is illustrated in Figure 10.
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Figure 10. Coordination number change of the amorphous FeNis; nanoparticle with respect to temperature

According to Figure 10, the coordination number of the amorphous 2 nm particle continuously
increased as the temperature approached 300 K, even though it pre- served its amorphous structure
during the cooling process. On the other hand, the coordination number of the amorphous nanoparticle
with 4 nm diameter reached its maximum value at 1300 K probably because of the sublimation.
Then, it stayed at balance around 11 that is very close value with the completely crystalline 4 nm
nanoparticle (10.9).
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The 6 nm amorphous nanoparticle exhibited a similar trend with the 4 nm nanoparticle, but the
coordination number of the 6 nm amorphous nanoparticle reached to 11.2 which is the same
coordination value of the initially crystalline 6 nm nanoparticle. This means the initially amorphous
nanoparticle with 6 nm diameter completed its crystalline transformation by obtaining same CN value
with the initially crystalline nanoparticle.

3.3.Structural evolutions in amorphous FeNiz NPs

Core-to-surface concentration profiles are essential to observe the atomic movement during
heat treatment. The change in the number of Fe and Ni atoms throughout the particles having 2 nm,
4 nm and 6 nm diameter are shown in the following figures. In Figure 11, it is seen that the random
mixed atomic patterns of the 2 nm amorphous nanoparticle were preserved as the temperature
decreased.
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Figure 11. Core-to-surface concentration profiles of Fe and Ni atoms in the 2 nm amorphous nanoparticles
at a) 300 K, b) 500 K, ¢) 700 K, d) 900 K, e) 1100 K, f) 1300 K, g) 1500 K and h) 1700 K

However, Fe atoms diffused from the core to surface, and the initial Fe atomic positions at the
core side started to be filled with Ni atoms at lower temperatures. In the end, the main atomic
distribution peak of the Fe atoms located at the surface, but Ni atoms spread throughout the particle.
From the morphological point of view, it is known that amorphous nanomaterials have unstable
structures compared to their crystalline counterparts, so during MD simulations, the shape and surface
area of the particles changed to have more stable structures. For example, as the temperature
decreased, the irregular shape of the amorphous 2 nm nanoparticle converted to the spherical shape.

According to Figure 12, the melted Fe atoms at the surface stayed during the cooling process
and Ni atoms diffused towards the inside of the 4 nm amorphous particle.
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Figure 12. Core-to-surface concentration profiles of Fe and Ni atoms in the 4 nm amorphous nanoparticles
at a) 300 K, b) 500 K, c) 700 K, d) 900 K, e) 1100 K, f) 1300 K, g) 1500 K and h) 1700 K

Distance (A)

Although Ni atoms dominated the core and most of the Fe atoms were located at the surface,
the random mixed pattern in the intermediate shell preserved at 300 K. For the 4 nm nanoparticle, it
has been observed that the irregular shape of the particles transformed the spherical shape at the onset
of the melting; afterward, they reached to a more stable sharp sphere.

In Figure 13, mainly mixed pattern of Fe and Ni atoms obtained at the end of the cooling
process, but Ni atoms still dominated the core and melted Fe atoms stayed at the surface, similar to
the 4 nm nanoparticle.

Phestunr (A

Figure 13. Core-to-surface concentration profiles of Fe and Ni atoms in the 6 nm amorphous nanoparticles
at a) 300, K b) 500 K, c) 700 K, d) 900 K, e) 1100 K, f) 1300 K, g) 1500 K and h) 1700 K

Moreover, 6 nm nanoparticle also showed a similar trend with the 4 nm nanoparticle in terms
of morphological transformation during the cooling process. With the decreasing temperature, the
irregular shape of the 6 nm nanoparticles evaluated smoothly to the spherical shape while melting,
and a shape of sharp-sphere was obtained at 300 K which means the 4 nm and 6 nm nanoparticles
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had a capability of undergoing a transformation from their initial shapes to geometrically more stable
shape.

As it has been explained in the Introduction Section, the difference between atomic sizes of the
constituents leads to core-shell structure, in which small atoms are located in the core-side but the
bigger ones form an outer shell that surrounds the core. Also, a large difference in the cohesive energy
of the atoms causes segregation. In this sys- tem, Fe and Ni atoms have a similar radius and cohesive
energy, such as Fe atoms have the 0.126 nm radius with 4.28 eV/atom cohesive energy and Nickel
atoms own 0.125 nm radiuses with 4.44 eV/atom cohesive energy [27]. Therefore, the nanoparticles
having equal to/larger than 4 nm diameter formed an ordered mixing pattern, rather than segregated
or core-shell structure, as it has been expected. Although at room temperature, some Ni atoms stayed
at the core side of the smaller particles, as the diameter of the particle size increased to 6 nm, the
atomic pattern mainly trans- formed to the ordered mixing pattern and no segregation was observed.

3.4. Voronoi Analysis in crystalline FeNiz NPs

The Voronoi tessellations of the amorphous nanoparticles with 2 nm, 4 nm and 6 nm diameter
at 1700 K and 300 K are shown in Figure 14.
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Figure 14. Voronoi analysis of amorphous FeNis nanoparticle with a) 2 nm diameter b) 4 nm diameter c) 6
nm diameter

According to Figure 14 (a), none of the polyhedrons in 2 nm amorphous nanoparticle was found
in the 2 nm crystalline nanoparticle. This means that amorphous nanoparticle with 2 nm diameter
conserved its amorphous structure during the cooling process from 1700 K to 300 K. The vast
majority of the Voronoi tessellation of the 2 nm amorphous nanoparticle belonged to <0,0,12,0>
polyhedron which showed that the fully icosahedral structure and its deformed forms (<0,1,10,2>,
<0,2,8,2>) covered the 2 nm nanoparticle. The other <0,2,8,1> and <0,3,6,1> polyhedral structures
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correspond to deformed trigonal prism were also observed in both liquid and solid phase of the 2 nm
amorphous nanoparticle.

Due to the fivefold symmetry below the critical sizes, the icosahedral polyhedrons are the stable
form of the metallic nanoparticles [28]. However, from the previous studies, it has been shown that
the stability of the icosahedral structure decreased when the total number of atoms increased in a
nanoparticle [29]. In accordance with the literature, the icosahedral structure <0,0,12,0> disappeared
and the trigonal faces decreased to lower than 50% as the size of the particles increased to 4 nm and
6 nm.

According to Figure 14 (b), the main polyhedrons like <0,5,6,2>, <0,6,4,2>, and <0,5,6,1> were
found initially amorphous solid nanoparticles having 4 nm diameter. On the other hand, <0,4,6,3>
polyhedron structure was observed in both the liquid and the solid phase of the 4 nm amorphous
nanoparticle. This means that although 4 nm amorphous and crystalline nanoparticles had some
common local atomic arrangement in the solid and liquid phases, the 4 nm nanoparticle with
amorphous phase could not completely transformed to the crystalline structure at 300 K.

In Fe-centered VVoronoi polyhedra of the 6 nm nanoparticles, Figure 14 (c), it has been observed
that all of the local atomic configurations in solid phase were completely different from the liquid
phase. Furthermore, most of the polyhedrons in the solid phase were common with the polyhedral
shapes of the initially crystalline nanoparticle owing 6 nm diameter in solid phase, such as <0,6,4,2>,
<0,5,6,2>, <0,7,4,1>, <0,7,4,2> and <0,5,6,1>. These polyhedrons correspond to the deformed
truncated octahedron with its derivatives (tetradecohedron) having m 3m symmetry. The truncated
octahedron is one of the most stable FCC structure because of having the minimum energy for larger
nanoparticles [29]. According to the common Voronoi polyhedrons in the 6 nm nanoparticle, it has
been seen that the number of rectangular faces of the local polyhedra around Fe atom significantly
increased to more than 50% which matched with the distorted FCC lattice structure. Therefore, we
can say that the 6 nm amorphous nanoparticle generally transformed to the FCC crystalline lattice
structure at 300 K.

Moreover, most of the polyhedron structures in the initially amorphous nanoparticle with 4 nm
and 6 nm diameter were common at room temperature, but only a few of them are found in the 2 nm
amorphous nanoparticle. This is because 2 nm nanoparticle preserved its amorphous structure
throughout the cooling process but the others transformed to the crystalline structure partially or
completely. Considering coordination number from the Voronoi analysis, CN of 2 nm amorphous
nanoparticle mainly remained higher than 12 which is another proof for the disordered amorphous
structure because the amorphous structures may have a more efficient atomic packing [30]. Also, the
total coordination numbers of the 6 nm and 4 nm nanoparticles were between 12 and 13 atoms which
is consistent with the coordination number of the FCC lattice structure. Therefore, we can conclude
that the initial crystalline or amorphous structure did not affect significantly the final FCC structure
of the 6 nm nanoparticle at 300 K.

Conclusions

Modeling and simulation study have been performed by means of EAM-MD method in order
to investigate the effects of particle size (in 2-6 nm particle size range) and temperature (300-1900
K) on stability and local structural evolutions of equatomic FeNiz amorphous bulk/nanoalloys at
liquid and amorphous solid state. FeNis nanosystem was modeled by assuming that, systems with
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more than 100 atoms have the same crystal structure as their bulk counterpart. The results of
theoretical predictions can be summarized as follows:

1. The three dimensional (3D) atomic configuration of FeNiz NPs by means of VVoronoi analysis
reveals that, amorphous nanoparticle with 2 nm diameter conserved its amorphous structure during
the cooling process from 1700 K to 300 K. The vast majority of the VVoronoi tessellation of the 2 nm
amorphous nanoparticle belonged to <0,0,12,0> polyhedron which showed that the fully icosahedral
structure and its deformed forms (<0,1,10,2>, <0,2,8,2>) covered the 2 nm nanoparticle. The other
<0,2,8,1> and <0,3,6,1> polyhedral structures correspond to deformed trigonal prism were also
observed in both liquid and solid phase of the 2 nm amorphous nanoparticle. The main polyhedrons
like <0,5,6,2>, <0,6,4,2>, and <0,5,6,1> were found initially amorphous solid nanoparticles having 4
nm diameter. On the other hand, <0,4,6,3> polyhedron structure was observed in both the liquid and
the solid phase of the 4 nm amorphous nanoparticle. In Fe-centered VVoronoi polyhedra of the 6 nm
nanoparticles, it has been observed that all of the local atomic configurations in solid phase were
completely different from the liquid phase. Furthermore, most of the polyhedrons in the solid phase
were common with the polyhedral shapes of the initially crystalline nanoparticle owing 6 nm diameter
in solid phase, such as <0,6,4,2>, <0,5,6,2>, <0,7,4,1>, <0,7,4,2> and <0,5,6,1>. The truncated
octahedron is one of the most stable FCC structure because of having the minimum energy for larger
nanoparticles and 6 nm amorphous nanoparticle generally transformed to the FCC crystalline lattice
structure at 300 K.

2. At high temperatures, there was an absence of an order for all initially amorphous
nanoparticles. RDF graphs of the 2 nm nanoparticles reveal that an amorphous structure was
preserved during the cooling process even at 300 K. On the other hand, for nanoparticles with 4 nm
and 6 nm diameter, there was a transition from amorphous phase to the crystal structure at lower
temperatures and at 300 K the complete crystalline structure was obtained in 6 nm nanoparticle with
3.5 A lattice constant. Although at 300 K, the lattice parameter of both 6 nm and 4 nm nanoparticles
reached to 3.5 A value, the variation in lattice constant of the nanoparticle with 4 nm diameter was
higher than for 6 nm diameter because of the size effect on the lattice parameter.

3. Structural analysis on the base of core-to-surface concentration profiles indicated that, the
random mixed atomic patterns of the 2 nm amorphous nanoparticle were preserved as the temperature
decreased. However, Fe atoms diffused from the core to surface, and the initial Fe atomic positions
at the core side started to be filled with Ni atoms at lower temperatures. At the end of cooling process,
Fe atoms located at the surface, but Ni atoms spread throughout the particle. During the cooling
process of the 4 nm amorphous NP, the melted Fe atoms stayed at the surface and Ni atoms diffused
towards the inside of NP. For the 4 nm nanoparticle, it has been observed that the irregular shape of
the particles transformed the spherical shape at the onset of the melting; afterward, they reached to a
more stable sharp sphere. Although Ni atoms dominated the core and most of the Fe atoms were
located at the surface, the random mixed pattern in the intermediate shell preserved at 300 K for 6 nm
amorphous NP. Mainly mixed pattern of Fe and Ni atoms obtained at the end of the cooling process,
but Ni atoms still dominated the core and melted Fe atoms stayed at the surface, similar to the 4 nm
nanoparticle.

4. The coordination number (CN) of the amorphous 2 nm particle continuously increased as the
temperature approached 300 K, even though it preserved its amorphous structure during the cooling
process. On the other hand, the coordination number of the amorphous nanoparticle with 4 nm
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diameter reached its maximum value at 1300 K probably because of the sublimation. Then, it stayed
at balance around 11 that is very close value with the completely crystalline 4 nm nanoparticle (10.9).
The 6 nm amorphous nanoparticle exhibited a similar trend with the 4 nm nanoparticle, but the
coordination number of the 6 nm amorphous nanoparticle reached to 11.2 which is the same
coordination value of the initially crystalline 6 nm nanoparticle. This means the initially amorphous
nanoparticle with 6 nm diameter completed its crystalline transformation by obtaining same CN value
with the initially crystalline nanoparticle.
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