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Abstract. The out-of-equilibrium structural relaxation of Ag-Ni nanoparticles containing about 1000–3000
atoms was investigated computationally by means of molecular dynamics trajectories in which the temperature
is decreased gradually over hundreds of nanoseconds. At low silver concentration of 10–30%, the evolution
of chemical ordering in NicoreAgshell nanoparticles with different surface arrangements is found to proceed
spontaneously and induce some rounding of the nickel core and its partial recrystallization. Fast cooling of
an initially hot metal vapor mixture was also considered, and it is shown to disfavor silver aggregation at the
surface. Silver impurities are also occasionally produced but remain rare events under the conditions of our
simulations.

1 Introduction

The interest in nanoalloys, or multimetallic nanoparticles,
has grown substantially in the recent decades, motivated
by the promise of newly emerging materials with unique
and tunable properties [1,2]. Among the variety of met-
als that have been combined into nanoalloys, silver and
nickel have been particularly scrutinized, owing to their
potential interest in catalysis [3–8], energy production
[9,10], optics [11] and even as nano inks [12]. As a result,
their fundamental properties have been investigated in
details as well, in particular their chemical reactivity [13],
magnetism [14], or optical and plasmonic response [15–17].

Silver and nickel are characterized by a strong lattice
mismatch causing them to be, at thermal equilibrium,
essentially immiscible at all temperatures [18]. In the bulk
limit, amorphous alloys can be obtained by cooling liquid
mixtures fast enough, and for the Ag-Ni case hetero-
geneities were found to be nanometer large [19,20] with a
strong icosahedral short-range order [21]. At the nanoscale
and in vacuum, the lower surface energy of silver makes
this element preferentially found at the surface, leading
to morphologies of the Nicore@Agshell type, a feature that
is clearly shown by computer simulations of the stable
structures at the atomistic level of details [22–25], some-
times carried out using an explicit description of electronic
structure [23,26–28], as well as continuum thermodynami-
cal models of the Calphad type [29]. Atomistic simulations
further showed how the internal strain can drive the
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nickel core away from the center of the nanoparticles [30].
Experimentally, Nicore@Agshell nanoparticle morphologies
have been reported by a number of groups [16,31–33].

While the situation of silver-nickel nanoalloys at
thermal equilibrium is reasonably well understood,
out-of-equilibrium conditions are often desirable and met
in experiments, where kinetic factors come into play and
hinder the appearance of the Nicore@Agshell motif. Var-
ious groups have thus reported the successful synthesis
of fully alloyed Ag-Ni nanoparticles through wet chem-
istry methods [14,17,34–38] but also by laser ablation [39],
electrodeposition [40], radiolysis [41,42], ion implantation
[43], or galvanic replacement [44]. Even the rather oppo-
site structure with a silver core coated by a nickel shell,
Agcore@Nishell, could be obtained on repeated occasions
[45–49]. From the theoretical perspective, the onion-ring
motif was shown to be yet another possible structure for
silver-nickel nanoalloys grown atom by atom [50], and
atomistic or kinetic studies over rather long time scales
have been conducted as well [51,52].

In the present contribution, we further explore compu-
tationally the competition between kinetic and thermo-
dynamic factors involved in the formation of silver-nickel
nanoparticles, evolving from structures initially away from
the expected equilibrium shape. By means of molec-
ular dynamics (MD) simulations based on a classical
many-body semiempirical potential, we find that phase
separation between the two metals is a very robust feature,
although the silver component exhibits a relatively weak
tendency to aggregate. Extrapolations of specific prop-
erties allow us to provide crude relaxation times toward
the expected core–shell equilibrium shape. Finally, silver
impurities inside the nickel core are also produced upon
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annealing a hot vapor, but only occasionally, despite the
fast cooling rates employed in our simulations, of the order
of 109 K/s.

The article is organized as follows. In the next section
we briefly describe the computational methodology and
the MD protocol, especially the choice of initial conditions.
We present and discuss the results in Section 3, before
giving a few concluding remarks in Section 4.

2 Methodology

Our method of choice relies on classical molecular dynam-
ics simulations, using a many-body potential with param-
eters adapted to silver and nickel [50]. Because such
potentials are semiempirical and adjusted to reproduce a
limited number of reference data usually obtained at low
temperatures, their accuracy and predictive capability are
not expected to be as good as electronic structure meth-
ods such as density functional theory. However, they allow
hundreds or thousands of atoms to be studied over time
scales extending well beyond nanoseconds, both being our
targetted ranges.

The details and parameters of the model can be found
in the original work by Baletto and coworkers [50]. This
model has since been used in a number of related studies
[23,24,30,51–53] in which the stable structures but also
kinetic effects were addressed.

The typical computational protocol implemented in the
present work consists of annealing preexisting assemblies
of Ag and Ni atoms, in two possible ways that we denote as
weakly and strongly out-of-equilibrium situations, respec-
tively. In the weak case, the two metals are assumed to
be already phase separated from the start, as sequen-
tial synthesis methods are capable of routinely producing,
and only the silver part is purposedly imposed not to be
a distinct, coating shell, but located either at the ver-
tices of the nickel particle, or on its side in a Janus-like
fashion, possibly as an independent nanoparticle. In the
strong case, a completely mixed initial vapor of both ele-
ments is assumed to have been obtained by laser ablation
from a bulk material, under vacuum conditions. The tem-
perature imposed to these samples also depends on this
nature, as it is set to 1200 K in the weak situation (essen-
tially above the melting point of silver, but lower than
the melting point of nickel), and 5000 K in the strongly
out-of-equilibrium case. Temperature is controlled using a
standard Nosé-Hoover thermostat and decreased stepwise.

Various properties are monitored as a function of time,
depending also on the situation considered. The aggrega-
tion of silver atoms was measured based on a standard
connectivity criterion (with a cut-off radius of 3 Å), and
we have also determined the overall physical extension
of the nanoparticles using the gyration tensor, extracting
its first moment (gyration radius), as well as its second
moment measuring the deviation to the spherical shape
(dimensionless asphericity parameter χ) [54]. Chemical
ordering and its time evolution were quantified using a
mixing index µ defined as [24]

µ(R) =
NAA +NBB −NAB

NAA +NBB +NAB
, (1)

where NXY denotes the number of nearest-neighbor bonds
between atoms of types X and Y, as well as the conven-
tional atom-specific radial distribution functions ρX(r),
where r measures the distance between atoms and the cen-
ter of the nanoparticle. The extent of crystalline character
in the nickel part of the nanosystem was also determined
using the bond-orientational order parameter Q4.

3 Results and discussion

3.1 Annealing of phase separated nanoparticles

We first consider two cases of moderate numbers of silver
atoms deposited on preexisting nickel particles. Here the
total number of atoms is fixed to be 923, corresponding
to an ideal 6-shell icosahedron for a monatomic system. A
first situation is that where the silver atoms are initially
grown at the tips of the nickel solid core, as experimen-
tally realized by Shviro and Zitoun [55]. Here the silver
concentration is taken at 10%, and the silver atoms are ini-
tially substituted to nickel atoms from the corresponding
perfect icosahedron. For comparison, we have also inves-
tigated the rather different starting point where all the
silver initially forms a capping side of the nanoparticle,
in a Janus-like fashion, also with 10% silver, to assess
the importance of initial configurations on the relaxation
dynamics.

For both situations, the nanoparticles were subjected
to annealing ramps ranging from 1200 K down to 400 K,
by steps of decreasing 50 K every 12.5 ns. Figure 1 shows
two specific properties as a double function of time (lower
axes) and temperature (upper axes), namely the maxi-
mum size of the silver aggregate, and the mixing index
µ defined in equation (1) above. The rearrangement of
the silver atoms initially placed at the tips of the nickel
icosahedron is relatively minor, although visual inspection
clearly shows that most of them have migrated around,
still forming a number of islands of various sizes on the
nickel core, which incidentally has become more rounded
upon annealing. The silver atoms do not exhibit preferen-
tial attachment to specific regions of the nickel surface. In
the case where the silver atoms initially all cap the Janus
particle into a single cluster, their significant mobility
leads to the fragmentation of this cluster and the for-
mation of several new islands, the largest of them being
barely larger than when only 10% silver atoms were con-
sidered as previously. For the particle initially taken in the
Janus configuration, the mixing index shows a major drop
during the first 50 ns of annealing, which is associated to
an increase of chemical mixing in the system as the single
cluster progressively decays into several smaller fragments
on the surface of the nickel core.

Similar simulations were performed for the larger nano-
particles containing 2869 atoms in total, or 9 equivalent
shells for an ideal icosahedron, and at the silver concentra-
tion of 28% corresponding to the outer shell being of the
other metal. In addition to such a core–shell system, the
ideal Janus situation was also investigated for comparison
with the previous case of a smaller nanoparticle at lower
silver concentration. Owing to the size mismatch between
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Fig. 1. Selected properties of a 923-atom Nicore@Agshell

nanoparticle with 10% silver, initially allocated at the vertices
of the icosahedral nickel core (shown as an inset in the upper
panel), or forming a capping side in a Janus-like fashion (shown
as an inset in the lower panel), as a function of increasing time
and decreasing temperature: size of the largest silver cluster, and
mixing index.

silver and nickel, these initial configurations deviate quite
sensitively from the perfect icosahedron assumed in the
monometallic case (see insets of Fig. 2).

For these nanoparticles, which were computationally
annealed following the same temperature protocol as used
earlier for the 923-atom systems, the mixing index and size
of the silver fragment are not very informative and were
discarded from the analysis. Instead we have monitored
the extent of local crystallinity in the nickel component
using the Q4 bond-orientational order parameter, as well
as the global shape of the entire nanoparticle through the
asphericity parameter χ. The results, shown in Figure 2 as
a double function of time and temperature, exhibits inter-
esting differences between the two starting configurations.
In the nanoparticle having its silver component initially at
the surface (uniform outer layer of the icosahedron), the
overal shape remains nearly spherical as the annealing
proceeds, but the local order is markedly affected. In par-
ticular, while the crystalline content is initially very small
due to the icosahedral nature of the particle (Q4 vanish-
ingly low), it displays a very sharp increase when the silver

Fig. 2. Selected properties of a 2869-atom Nicore@Agshell

nanoparticle with 28% silver, having its silver shell initially allo-
cated as the outermost icosahedral shell over an icosahedral
nickel core (shown as an inset in the upper panel), or form-
ing a capping side in a Janus-like fashion (shown as an inset in
the lower panel), as a function of increasing time and decreasing
temperature: bond-orientational order parameter Q(Ni)

4 between
nickel bonds, and asphericity parameter.

layer has finished rearranging at the surface, at a temper-
ature of about 950 K that corresponds to its freezing. The
index Q4 that is being monitored here does not include
the silver atoms, hence it is a signature of crystallization
of the nickel part due to the migration of the silver layer.

Annealing the nanoparticle initially taken in an ideal
Janus configuration (which due to the size mismatch looks
more like an acorn), no such crystallization process is
found in the nickel subpart, but the nanoparticle under-
goes multiple deformation steps, becoming a much more
spherical shape once the freezing temperature is reached.
The most striking effect here is the fairly complete rear-
rangement of the initially capping silver subpart into
a single atomic shell, the nickel core being also more
rounded.

Although the analysis above relies on individual trajec-
tories, the nanoparticle obtained by relaxing the core–shell
symmetric structure is likely much closer to equilibrium
than the one initially prepared in the Janus state. Local
optimization of both products reveals that the latter is
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Fig. 3. Selected properties of a 2869-atom Nicore@Agshell

nanoparticle with 28% silver, initially consisting of two pure
nickel and silver nanoparticles in contact with each other, evolv-
ing at 500 K or 1000 K over 500 ns: gyration radius (upper panel)
and mixing index (lower panel). The common initial structure, as
well as the final structures at these two temperatures are shown
as insets in the upper and lower panels, respectively, while the
dashed lines emphasize the nearly linear time variations in the
mixing index.

about 20 eV higher in energy than the former, thus show-
ing that the surface rearrangement that involves mostly
the silver atoms may be followed upon additional or longer
annealing by a rearrangement of the nickel core.

A much more realistic Janus type configuration is that
in which two separate nanoparticles from pure nickel and
silver are placed in contact with each other, as produced
independently from physical synthesis techniques. We
have considered the natural evolution of such a nanosys-
tem by imposing its temperature to two values below
the melting point of silver, either 500 K or 1000 K. The
influence of the more mobile silver atoms on the nickel
subcluster was monitored by looking at its gyration radius
R

(Ni)
g , and the changes in chemical ordering through

the mixing index µ. Both quantities are represented in
Figure 3 together with pictures of the nanoparticles before
and after thermal relaxation. As expected at such temper-
atures, the silver rearranges by coating the nickel cluster
which is seemingly less affected by the process. However,
inspection of the nickel gyration radius clearly reveals that
the nickel particle undergoes some general rounding, all

the more than temperature is high, R(Ni)
g decreasing by

about 10% after 500 ns. Coating itself is better moni-
tored on the mixing index µ, which necessarily decreases
from the maximum value of µ = 1 obtained for the fully
separated nanoparticle with little contact between the
two metals. As the interface between silver and nickel
grows, more bonds are established between the two met-
als, although those never really mix, µ keeping a rather
high positive value. The rate of variations in the mixing
index is mostly steady after an initial strongly decreasing
phase taking place over the first 20 ns approximately, and
this indicates that the configurations extracted at 500 ns
are still far from the equilibrium structures, in which the
nickel core is expected to be fully coated by silver atoms.

In a first, very crude approximation, we can evaluate
the time it would take to reach this equilibrium geometry,
by extrapolating the linear variations in µ(t) to the time
where µ reaches the value in the NicoreAgshell system.
Taking the two examples depicted in Figure 2, we find
very similar values for µ of 0.84 and 0.86, from which we
only keep the average value of µ = 0.85 as a representative
target in the equilibrium state. Linear extrapolation of
the time-dependent numerical data after 200 ns leads to
relaxation times of about 4.7 µs and 900 ns at 500 K and
1000 K, respectively.

3.2 Annealing of a hot metallic vapor

After addressing rather mild rearrangements in already
condensed nanoparticles, we now turn to the other
extreme case of nanoparticles formed from the vapor
phase, as relevant in laser ablation syntheses. Obviously,
the many-body potential employed in the present com-
putational work is not expected to be very realistic for
describing the vapor phase (notably because the long-
range interactions are not included explicitly in the
model), hence we refrain from claiming any quantitative
accuracy in its prediction: these simulations should be
cautiously considered as exploratory.

Two types of annealing simulations were performed,
keeping the silver concentration to be 10% but imposing
1000 or 2000 atoms in total at the beginning. For these
simulations, a soft repulsive container with initial radius of
50 Å was also implemented in order to prevent irreversible
evaporation especially at the high initial temperatures.
Ten independent trajectories were performed for each sys-
tem size, the resulting properties being obtained as simple
arithmetic averages. For these simulations, the tempera-
ture was initially set to 5000 K and decreased by 200 K
every 12.5 ns.

In Figure 4 we highlight the final half of the trajec-
tories, illustrated on the two indices of the number of
connected silver atoms, and mixing index µ, as a double
function of increasing time and decreasing temperature.
As was the case under mild annealing, the fraction of
silver atoms struggles to form large clusters, the main
fragment amounting to about 10–15 atoms once temper-
ature has dropped to 500 K. Yet, this quantity essentially
grows monotonically with decreasing temperature, indi-
cating a steady growth, still without any complete phase
separation into two well-defined subclusters of each metal.
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Fig. 4. Selected properties of 1000- and 2000-atom nanoparti-
cles formed by condensation of an initially hot gas with 10%
silver content, as a function of increasing time and decreasing
temperature: size of the largest silver cluster and mixing index,
averaged over 10 independent MD trajectories. Typical struc-
tures obtained at the end of the annealing process are shown
in the insets of the upper (1000 atoms) and lower (2000 atoms)
panels.

The mixing index monotonically increases as well, with
steps that are representative of the piecewise variations
in the imposed temperature, and no significant size effect.
This increase indicates that phase separation, although
not complete, proceeds gradually with the progressive
migration of silver atoms to form few, moderately large
clusters. Visual depiction of the finally obtained struc-
tures (see insets of Fig. 4) suggests that a significant
portion of these atoms lies at the surface, as expected
from equilibrium thermodynamics arguments. However,
it is useful to inspect the radial distribution functions for
both elements, shown in Figure 5 after integrating the last
piece of the annealing trajectory thermostatted at 500 K.
The radial distribution for nickel is relatively smooth, with
only minor oscillatory variations expected for a multi shell
structure, resulting from a mostly spherical and amor-
phous nanoparticle. The Q4 index (not shown) remains

Fig. 5. Unnormalized metal-resolved radial distribution func-
tions of 1000- and 2000-atom nanoparticles formed by conden-
sation of an initially hot gas with 10% silver content, at the
final stage of the annealing process (500 K). The inset in the
lower panel shows a cross section of one nanoparticle having sil-
ver impurities captured inside the nickel core, highlighted also
in the silver radial distribution by dashed red lines.

below 0.05, confirming the absence of crystallinity. In con-
trast, the silver radial distribution is essentially localized
as a single peak at the surface of the nickel core, which
does not not necessarily imply that silver atoms are con-
nected together. Yet several silver atoms remain stuck
inside the nickel core, as highlighted on the graph and also
in the inset of Figure 5, which displays one typical cross
section of a nanoparticle. In average, 1–2 silver atoms are
stuck inside the nanoalloy at the size of 2000 atoms, and
0–1 atom in the smaller system.

Such a trapping of silver atoms is caused by the fast
initial freezing associated with the overall condensation of
the majority element (nickel) which also happens to be the
metal with the higher melting point. It is a manifestation
of kinetic stabilization already found in recent computa-
tional studies of nanoalloys and appears to be a rather
general phenomenon occuring in miscible systems such as
Ag-Au [56] but also in nonmiscible systems such as Fe-Au
[57], as found for Ag-Ni here as well. Its seldom occurence
in the smaller system only conveys that the nanoparticles
must be large enough for the trapping of such impurities
to be actually detectable. In even larger nanoparticles, we
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speculate that a partially alloyed core could be formed if
the silver composition is sufficient, just as in the aforecited
investigations.

However, while the formation of an alloyed core takes
here the modest form of few localized impurities, we
do not expect extended alloys because of the size mis-
match between silver and nickel. In particular, further
annealing the nanoparticles should make them relax
towards the expected equilibrium structure of fully phase
segregated core–shell structures. Clearly, the few hundreds
of nanoseconds covered in the present molecular dynamics
trajectories remain far too short, and kinetics still pre-
vail in our case. A more complete investigation covering
systematically, and altogether, the effects of size, compo-
sition, and cooling rate on the morphological diversity of
the nanoparticles thus appears as a natural perspective of
the present work.

4 Concluding remarks

In applied nanoscience, it can often be desirable to enforce
metastable configurations that are driven by the kinetics
of the specific synthesis method, rather than the long-
time thermodynamics expectations. Metals that are fully
immiscible in the bulk offer a particularly rich playground
for such effects, as they can become partially or even fully
miscible once at the nanoscale. In the present contribu-
tion, we explored along such lines the specific case of
nickel-silver nanoparticles by means of atomistic model-
ing. Two limiting cases were considered, in which either
mild or strong rearrangements in the atomic structure and
chemical ordering were expected depending on the initial
conditions chosen in the simulations.

The relaxation towards the expected equilibrium shape
of NicoreAgshell particles was first addressed by imposing
symmetrically distributed silver atoms around an icosahe-
dral nickel core, or a Janus-type allocation on one capping
side, possibly under the form of two distinct nanoparticles
in mere contact with one another. In all cases the silver
atoms first spread over the nickel core, altering its shape
and, possibly later on, its crystallinity, silver showing only
limited propensity for surface aggregation at low concen-
tration. In the more extreme case of annealing a hot vapor
mixture, the finally obtained nanoparticles clearly exhibit
the expected NicoreAgshell motif but with silver impurities
as the main imperfection.

These results encourage us to explore the relation-
ship between the synthesis protocol, the initial structure,
the size and the composition of the particles and the
annealing conditions in deeper details. In particular, it
would be of great interest to identify the important phys-
ical parameters driving an initially hot vapor into any
of the important morphologies known to exist experi-
mentally such as core–shell, alloyed, onion-ring, and the
numerous variations among those. A more systematic
investigation of the true kinetic pathways between the
various structural motifs, possibly carried in the rigor-
ous framework of transition path sampling [58], would
provide a more complete statistical view of the under-
lying rearrangement mechanisms. In addition, such an

analysis would benefit of machine learning tools that have
become now widespread in materials science, especially
for classification problems.

Supplementary Material

Movies showing the structural rearrangement for nanopar-
ticles analysed in Figures 1–3, in mp4 video format.
The Supplementary Material is available at https://www.
epjap.org/10.1051/epjap/2021210246/olm.
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