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Abstract
Synthesis of magnetic nanoparticles is relevant to many applications in the �elds of catalysis, energy
storage and biomedicine, etc. Understanding the growth mechanisms and morphology of nanoparticles
during inert gas condensation is crucial to rationally improve the performance of the �nal nanoparticles.
In this work, molecular dynamics simulations are carried out to study the structural and thermodynamic
behavior of Ni-Fe nanoparticles from homogenous vapor phase in Ar atmosphere. It is revealed that the
�nal morphology of the resulting nanoparticles presents a spherical shape by cluster coalescence at high
temperatures where the small clusters are liquid droplets prior to their collisions. However, probabilistic
nucleation and cluster growth indicate that the occurrence of spherical shape is more controlled by the
probability limits for different Fe concentrations. Meanwhile, a larger inert gas density induces a more
e�cient cooling effect leading to a larger probability control of the cluster formation with non-spherical
shape by agglomeration. Furthermore, the solidi�cation of the as-formed Ni-Fe clusters is examined by
evaluating the evolution of crystalline and amorphous structure. The linear scaling-down dependence of
the solidi�cation temperature on the reciprocal of the nanoparticle size clearly signi�es a linear size-
depression effect for the liquid-to-solid phase change of Ni-Fe nanoparticles. Our �ndings thus extend the
current understanding of inert gas condensation behavior and mechanisms of Ni-Fe nanoparticles from
an atomic/molecular perspective.

1. Introduction
In recent decades, metal nanoparticles have been the subject of scienti�c and technical interest because
of their attractive physical and chemical properties as compared to the macroscopic counterparts due to
large surface area to volume ratios and active surface atoms. Among them, magnetic nanoparticles have
drawn considerable attention in numerous areas such as high energy products [1], solar cells [2, 3], spin
electronics [4–6], catalysis [7–9], bio-sensing and biomedicine [10–12], etc. Since all these applications
rely on their size and internal structure, knowledge of preparation and characterization of the magnetic
nanoparticles with controllable size, shape, composition and crystalline structure is signi�cantly crucial
from the viewpoint of both fundamental research and industrial applications.

Many methods have been proposed and explored to produce well-characterized magnetic nanoparticles
such as hydrothermal reaction, electrodeposition, laser ablation and inert gas condensation, etc. [13–19].
In particular, the synthesis of nanoparticles from the vapor phase in inert gas is regarded as one of the
most versatile and �exible techniques by tuning growth process conditions such as magnetron power,
cluster-beam drift velocity, aggregation length and carrier gas density [20, 21]. The metals evaporation
and condensation in cooling inert gas atmosphere could fabricate nanoparticles with a certain size,
shape, composition and structure in an economic and environmentally friendly way. For example, Singh
et al. reported experimental work on Si-Ag nanoparticles and found that the size and quantity of Ag
domains were manipulated by varying the Ag magnetron sputtering power, resulting in Janus and core-
satellite structures [22]. Bohra et al. described the gas phase synthesis of Ni-Cr nanoparticles and the
potential to tune Curie temperature within a wide temperature range by modifying the Cr concentrations



Page 3/16

[23]. It showed preferential full surface segregation of Cr up to 5 at. % Cr, but unexpectedly, the presence
of residual Cr inside the Ni-rich cores for higher concentrations. Golkar et al. synthesized sub-10-nm Co-W
clusters using inert gas condensation and studied the effects of sputtering power and temperature on the
average sizes and structure of the clusters as well as their corresponding magnetic properties [24].
Furthermore, the thermodynamics and mechanisms of metallic nanoparticle preparation using inert gas
condensation have been investigated using computational techniques. Lümmen et al. studied the inert
gas condensation behaviors of Fe nanoparticles using molecular dynamics (MD) method and observed
an increase in the amount of carrier gas could accelerate the cluster growth [25]. Kesälä et al. evaluated
the growth speed of Cu, Ag and Al clusters during inert gas condensation using MD simulations and
reported an inversely proportional relation between the condensation time and the initial partial vapor
pressure [26]. Abbaspour et al. performed a series of MD simulations of Ni-Pt, Pd-Pt and Au-Ir-Pd
nanoparticles and suggested that the condensation conditions, i.e., the metal mole fraction, temperature
and pressure, play an important role in the manufacturing process as well as the resulting structural and
thermodynamic properties [27–29].

In spite of these experimental and computational investigations on the inert gas condensation procedure,
little has been done to gain a comprehensive understanding on the inert gas condensation of magnetic
nanoparticles, in particular in the structural behaviors and growth mechanisms. Here, the Ni-Fe alloy
model is one of the most common soft magnetic materials, showing excellent magnetic properties, i.e.,
high saturation magnetization, high permeability and low energy loss [30], and has been widely applied in
the �elds of electronic, medical, nuclear, chemical and petrochemical industries [31, 32]. Therefore, in this
work, we employ MD simulations to investigate the inert gas condensation of Ni-Fe nanoparticles from
metastable vapor phase. The effects of the compositions of metal atoms and the amount of carrier gas
on the nucleation, cluster growth and phase transition of Ni-Fe systems in the Ar atmosphere will be
systematically investigated from an atomic/molecular perspective.

2. Simulation Details

2.1 Molecular models
The initial con�gurations for simulation of formation of Ni-Fe magnetic nanoparticles were constructed
by placing Fe, Ni and Ar atoms stochastically in a cubic cell with 35 nm lengths in the three dimensions.
The total number of the metal atoms in all the simulations was 1500, giving rise to an initial metal vapor
density of 0.058 mol/dm3. In order to simulate different initial compositions of the system, six different
concentrations of Fe atoms were chosen as 5, 10, 15, 20, 25 and 30 wt.% and the ratio of the number of
Ar to metal atoms (Ar/Metal ratio) was maintained at 1:1 to mimic the inert gas atmosphere. Especially
for the system with 30 wt.% Fe, we also introduced 1125, 1500, 3000, 4500 and 6000 Ar atoms in the
simulation box, corresponding to varying inert gas densities in a range of 0.044–0.232 mol/dm3. Figure 1
illustrates a typical equilibrated inert-gas-metal-vapor mixture consisting of 1500 Ar atoms and 1500
metal atoms with 30 wt.% Fe at T = 4000 K.
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2.2 Simulation method
To describe the interactions between metal atoms, we used the embedded atom method (EAM) potential
as introduced by Bonny et al. [33]. This EAM-method has been successfully employed for simulation of
static and dynamic properties for systems containing Fe, Ni and Cr atoms, such as lattice parameters,
diffusion coe�cient, thermal conductivity, surface melting and Cr segregation, etc. [34–38]. Moreover, the
12 − 6 Lennard-Jones potential was used to compute the van der Waals interactions between Ar atoms,
whereas the interactions between metal and Ar atoms were represented by a universal, purely repulsive
potential developed by Ziegler, Biersack and Littmark (ZBL) [39].

Initially, the random distributed inert-gas-metal-vapor system was equilibrated at T = 4000 K for 100 ns
using the Nose-Hoover thermostat with a time constant of 0.1 ps. The long simulation time was su�cient
for metal atoms to reach a metastable vapor phase. After equilibration, the Ni-Fe nanoparticles were
condensed in the inert gas atmosphere at T = 300 K. To characterize the condensation realistically, only
the Ar atoms were treated as the heat bath and were coupled to the Berendsen thermostat to control the
temperature. The metal atoms were cooled down by elastic collisions with colder Ar atoms without any
other thermostat applied. The total simulation time for the inert gas condensation process was 200 ns to
fully relax the resulting Ni-Fe nanoparticles. The Newton's equations of motion were integrated using the
Verlet leapfrog algorithm with a time-step of 1.0 fs and periodic boundary conditions were used in all
three dimensions.

3. Results And Discussions

3.1 Nucleation and surface growth
It is known that the metal nanoparticle synthesis during inert gas condensation usually consists of four
characteristic stages, i.e., cluster nucleation, monomeric and surface growth, coalescence or aggregation.
To demonstrate the cluster nucleation, the number of the clusters higher than or equal to a speci�c size is
calculated within the �rst 2 ns, as shown in Fig. 2 for 30 wt.% Fe and Ar/Metal = 1:1. For different
threshold values (5, 7, 9 and 11 atoms), the cluster number increases quickly due to the negligible energy
barrier and has an appropriately linear relation with the simulation time. Once all the nuclei are almost
formed, growth ensues by adatom decoration and surface adsorption (see the insets in Fig. 2) leading to
the gradual decrease in cluster quantities. Meanwhile, there exist �uctuations in the cluster number due to
the simultaneous events of association and dissociation of the metal atoms at initial high temperatures.
Here, the cluster nucleation rates were estimated as the slope of the initial linear �tting per unit volume
and their values at different compositions and inert gas densities are presented in Figs. 3(a) and (b). As
expected, the nucleation rate decreases with the threshold and achieves a steady value after a speci�c
size. For different Fe concentrations, the nucleation steady rates are almost equivalent due to the similar
interaction strengths for Fe and Ni atoms, which can be seen from the comparable radial distribution
function (RDF) pro�les of the metal atoms in Fig. S1. Contrarily, a larger amount of inert gas induces
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more energetic collisions between the metal and Ar atoms, thereby leading to a higher steady nucleation
rate and stronger dependence on the threshold.

3.2 Cluster aggregation and morphology
In addition to the nucleation and surface growth in the very beginning, Ni-Fe clusters continue to evolve
for around 180–190 ns, and the maximum cluster size versus simulation time t is shown in Fig. 4. The
stochastic jumps in the size of the largest cluster correspond to the aggregation of the small clusters via
coalescence (the structure of the clusters changes) or agglomeration (the structure and the shape remain
without changes). More importantly, both the metal composition and inert gas density have a negligible
in�uence on the statistical nature of the cluster aggregation, signifying a thermodynamic probability-
sieve growth mechanism that has been observed for bimetallic Ag-Au clusters from homogenous vapor
phase [40]. To further illustrate the cluster aggregation, the formation snapshots of the Ni-Fe clusters at
different metal temperatures T are shown in Figs. 5 and S2. The metal atoms dissolve mutually both in
the interior and at the surface as a result of the stronger Ni-Fe interaction as compared to Ni-Ni and Fe-Fe
ones (see Fig. S1). It is also worthy to note, the �nal morphology of the resulting Ni-Fe nanoparticles
varies dramatically with different Fe concentrations and inert gas densities. After the completion of the
condensation process, all the metal atoms assemble together and exhibit a spherical, dumbbell-like or
wormlike shape with varying internal structure. For all the compositions, many primary clusters form at a
wide range of T = 2000 − 2800 K, and then eventually aggregate into larger spherical particles at high
temperatures (1971 and 1361 K for compositions at 10 and 25 wt.% Fe) or non-spherical bizarre ones at
low temperatures (< 700 K for other concentrations). The formation of the Ni-Fe nanoparticles at different
inert gas densities (Ar/Metal ratios) also suggest a rather high temperature is the key factor for the
synthesis of spherical nanoparticles governed by coalescence. As seen from Fig. 5(a), the small clusters
(N = 99 and N = 291) collide to fuse together at T = 2241 K, and the fused liquid particle quickly evolves
into a uni�ed spherical-like form at relatively high temperatures (i.e., T > Ts, with Ts being the solidi�cation
temperature of the primary cluster) with high diffusivities. This corresponds to the growth mode of
coalescence and also contributes to the aggregation of clusters of N = 767, 390 and 342 at T = 1971 K, in
which the initial clusters are all at liquid state and diffuse to mix and form a common particle with a
different shape upon their collision. In this way, the metal vapor with 10 wt.% Fe �nally produces a
spherical-like crystalline nanoparticle at T = 506 K. The same phenomenon is observed for 25 wt.% Fe or
low inert gas densities (see Fig. S2) as well. However, using a different initial con�guration, the metal
vapor phase with 10 wt.% Fe may result in a non-spherical or oval shape, while a spherical form is
contrarily obtained at 5 wt.% Fe (see Fig. S3), signifying the appearance of a spherical-like shape is a
probability controlled process and is independent of the metal composition. On the other hand, a larger
amount of inert gas induces a faster cooling effect on the metal atoms, thereby resulting in the formation
of solid clusters prior to their collisions and subsequently anomalous shape by the way of agglomeration
at T < Ts (i.e., the combination of the clusters of N = 678, 353, 183 and 267 at T < 739 K in Fig. 5(d)).

3.3 Size-dependent solidi�cation
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The �nal morphology of the created Ni-Fe nanoparticles depends on the state (i.e., liquid or solid phase)
of the small clusters prior to their collisions. It is therefore of signi�cantly importance to investigate the
solidi�cation behavior of the clusters during the course of the simulation run. The evolution of the FCC,
HCP and amorphous metal atoms as functions of the simulation time is presented in Fig. 6. It is notable
that the percentage of amorphous atoms drops abruptly at certain times, while the FCC and HCP atoms
increase dramatically, indicating the occurrence of near-core preordering of the as-formed small clusters
at elevated temperatures Ts. As seen in the CNA images (i.e., i and ii in Figs. 6(b) and (d)), the clusters
begin to crystalize at Ts in the inner region and then the transformation proceeds gradually to the surface.
The solidi�cation temperature of these speci�c clusters is thus de�ned as Ts (see Tables S1 and S2), to
be consistent with previous studies [38, 41, 42]. Also, there exists structural �uctuations in all the curves
in Fig. 6 as the clusters collide or aggregate upon elastic collisions. However, the structural �uctuations
become weakened at a larger inert gas density, ascribing to a more e�cient cooling effect. In addition to
the liquid-to-solid phase transition, the cluster aggregation is also able to release latent heat and raise up
the metal temperature spontaneously until the residual heat is removed by the carrier gas. In this way, the
abrupt changes in the crystalline and amorphous structure (iii and iv in Fig. 6(b)) are observed as a result
of the heating and further thermal relaxation. After that, the crystalline structure remains almost unaltered
leaving 36% − 55% amorphous atoms on the surface, depending on the �nal morphology of the Ni-Fe
nanoparticles.

Furthermore, the solidi�cation temperature Ts of these speci�c clusters decreases with the cluster size Ns.

By plotting Ts versus Ns
−1/3 of the Ni-Fe clusters, a linear relation is observed in Fig. 7, which agrees well

with the MD simulation results for Au, Cu, Ni and Fe-Ni-Cr nanoparticles [38, 43, 44]. Although the
discrepancy exists due to thermal �uctuation, Ts exhibits a rather strong dependence on the cluster size,
but less so on the metal compositions and inert gas densities. More importantly, the linear scaling-down
relation between Ts and Ns

−1/3 indeed manifests the linear size-depression effect for the liquid-to-solid
phase change of the Ni-Fe nanoparticles under different metal compositions and inert gas densities.

4. Conclusion
In this work, we have performed MD simulation of the inert gas condensation of the Ni-Fe nanoparticles
from homogenous vapor phase in Ar atmosphere. The effects of different metal compositions and inert
gas densities on the condensation behavior were investigated as well. The nucleation occurs rapidly and
the steady nucleation rate was comparable for different compositions, while a larger Ar density induces a
higher steady nucleation rate and stronger dependence on the threshold. For all the models, the metal
vapor was condensed into one single cluster presenting spherical-like, dumbbell-like or wormlike shape
with varying internal structure. Despite a high temperature is the key factor for the synthesis of spherical
nanoparticles governed by coalescence, the occurrence of spherical morphology is rather a probability
controlled process and is independent of the composition. Meanwhile, a larger inert gas density induces a
faster cooling effect eliminating the probability of forming liquid clusters prior to their collisions and thus
leading to the anomalous shape by the way of agglomeration due to insu�cient thermal motion at low
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temperatures. Additionally, the solidi�cation of the Ni-Fe clusters was examined by evaluating the
crystalline structure evolution. A depression effect was observed for smaller clusters and the linear size-
scaling down relation between the solidi�cation temperature and the reciprocal of the nanoparticle size
was veri�ed. The �ndings in this work was believed to provide an atomic-scale investigation into the
nucleation, cluster growth and phase transition of the Ni-Fe nanoparticles during inert gas condensation.
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Figure 1

Atomic con�guration of a typical equilibrated inert-gas-metal-vapor mixture consisting of 1500 Ar atoms
and 1500 metal atoms with 30 wt.% Fe at T = 4000 K.

Figure 2

Number of the created Ni-Fe clusters as a function of simulation time with different thresholds (5, 7, 9
and 11 atoms) for the model with 30 wt.% Fe and Ar/Metal = 1:1. The insets are the snapshots of the
formation of small Ni-Fe clusters via surface growth by consuming basal metal atoms, i.e., monomers,
dimers and trimers. The solid lines are ascending linear �tted curves, and Fe and Ni atoms are colored red
and purple.
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Figure 3

Nucleation rates determined from the slope of the �tted curves in Fig. 2 divided by the simulation cell
volume for different (a) Fe concentrations and (b) amount of inert gas. The dash lines are the exponential
�tted curves. 
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Figure 4

Number of atoms in the largest cluster as a function of simulation time for different (a) Fe concentrations
and (b) amount of inert gas. 
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Figure 5

Snapshots of the growth of Ni-Fe nanoparticles for (a) Fe: 10 wt.%, Ar/Metal = 1:1, (b) Fe: 30 wt.%,
Ar/Metal = 1:1, (c) Fe: 30 wt.%, Ar/Metal = 0.75:1 and (d) Fe: 30 wt.%, Ar/Metal = 3:1 at different metal
temperatures T and simulation time t. The number indicates the amount of metal atoms for each cluster.
Fe and Ni atoms are colored red and purple. 
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Figure 6

Percentage evolution of FCC, HCP and other amorphous structure as a function of simulation time for Ni-
Fe nanoparticles: (a) Fe: 10 wt.%, Ar/Metal = 1:1, (b) Fe: 30 wt.%, Ar/Metal = 1:1, (c) Fe: 30 wt.%, Ar/Metal
= 0.75:1 and (d) Fe: 30 wt.%, Ar/Metal = 3:1. The insets are the CNA images of the clusters at speci�c
times which denote the solidi�cation (i.e., i in (a) and (c), i and ii in (b) and (d)), cluster aggregation (iii in
(b) and (d) ) and structural relaxation (ii in (a) and (c), iv in (d)). The FCC, HCP and amorphous structure
in the CNA images are colored as green, red and light gray, respectively.
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Figure 7

Solidi�cation temperature Ts as a function of the reciprocal of Ns1/3 for the Ni-Fe cluster S with different
Fe concentrations and amount of inert gas. The solid line is the linear �tted curve for the MD simulation
results.
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