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Atomic-scale compositional variation in Ag contents across Ag-Cu-Ni alloy upon being subjected to repeated
annealing cycles is shown to result in significant differences in the structure and the thermal stability of ternary
alloy nanoclusters. Molecular dynamics (MD) simulations employing quantum Sutton—Chen potentials were
used to investigate the effect of Ag addition on the thermal characteristics of Ag-Cu-Ni ternary alloy nanoclusters
of 4-nm diameter. The initial configurations were generated using Monte Carlo simulations and comprise surface-
segregated structures with the lowest surface energy component, Ag, occupying low coordination sites such as
corners, edges, and faces. A compositional oscillation between the Cu and Ni atoms was observed for layers
beneath the surface which transitions into a bulk alloy composition at the core. We find that the Cu-Ni binary
alloys on being subjected to annealing schedules demonstrated an increase in thermal stability, as indicated by
the increase in melting points. The annealed configurations of the Ag-Cu-Ni ternary alloy, on the other hand,
showed a nonmonotonic behavior. For Ag compositions less than 20%, we observe an initial increase in melting
point followed by a decrease in the third cycle. For higher Ag compositions (>20%), we observe a decrease in
melting point with annealing; the rate of decrease is strongly correlated to the Ag composition in the alloy. Cu-Ni
nanoclusters having 50% Cu showed a transition from an initial icosahedral to a cuboctahedron-like structure
whereas Ag-rich Ag-Cu-Ni ternary alloys showed a transition from icosahedral to an amorphous structure.
Compositional analysis based on radial distribution functions and density profiles indicate that these transitions
were dependent on the distribution of the alloying elements in the nanocluster. Calculated root-mean-square
displacements and diffusion coefficients indicate that the rate of mixing of Ag increases with Ag content in the
Ag-Cu-Ni ternary alloy. Ternary alloys show heterogeneous melting during the first heating cycle followed by
a bulk-like melting during the subsequent annealing cycles. The simulation results are consistent with available

experimental studies.

DOI: 10.1103/PhysRevB.84.075434

I. INTRODUCTION

The possibility of controlling the atomic-scale structure
and tuning of the chemical composition of particles at the
nanoscale level is of enormous importance for both basic
science and technological applications."?> In particular, the
ability to tailor the size and composition of metal particles
at the nanoscale levels could lead to improved or altered
functional properties.>~> For example, the exploratory efforts
involving nanotechnology-guided design and fabrication of
binary or ternary alloy nanoparticles have primarily focused
on enhancing the catalytic activity and selectivity and reducing
the cost of catalysts.®” The characterization of the atomic-scale
distribution on the nanoalloy surface as a function of overall
composition, shape, and size and synthesis conditions is an
essential step in materials design for catalysts in emerging
energy technologies.®® Additionally, the cost, availability,
and recyclability of precious transition metals such as Pt,
Ru, Au, and Ag used for catalysis in various emerging
energy technologies have been identified as a significant
bottleneck toward successful deployment of electrochemical
energy storage or conversion devices.'” One of the means
of circumventing this issue is the use of alloy materials.'!
Binary and ternary alloys of a catalytically active metal with
less-expensive stable metals has been identified as a viable
option with some alloy materials demonstrating activities
better than the pristine catalytic materials themselves.'> The
surface segregation, mixing properties, and thermodynamic
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phase diagrams of alloys, while well understood for bulk
systems, are seldom very clearly defined for nanostructures.'?
Improved surface—volume ratios associated with nanocatalysts
make them a very attractive candidate for energy and catalytic
applications.® Understanding the dynamics of formation,
evolution of morphology, and surface features in the case of
multimetallic systems is still an active area of research.’>%4

While single-component metal clusters have been exten-
sively investigated,'>'® much less attention has been devoted
to the study of bimetallic and trimetallic nanoclusters.!”!?
Binary and ternary alloys of metals such as Cu, Ni, and Ag find
applications in emerging energy technologies, heterogeneous
catalysis, microelectronics, sensing, optoelectronic, magnetic,
and even medical applications.!? For example, Ag-Cu alloy
nanoparticles have been shown to be promising candidates
as lead-free interconnects.”’’ Also, the Ag-Cu alloy has been
recently proposed as a catalyst with improved selectivity for
ethylene epoxidation, compared with pure silver.”! The Ag-
Cu nanoalloy has also shown significantly improved optical
properties, as demonstrated in recent fluorescence quenching
studies by Chowdhury et al.>> Similarly, Cu-Ni alloy nanoclus-
ters have displayed interesting magnetic properties, whereas
Ag-Ni alloys have been utilized as shape-memory alloys for
medical applications.?>?*

These studies have clearly demonstrated that the functional
properties can be dramatically altered by alloying two ele-
ments. It is therefore expected that the ternary alloy properties
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would be significantly different from those of the constituent
elements as well as their binary alloys. While the energetic
descriptions are reasonably defined for binary alloys,>2°
ternary systems, due to the dearth of information regarding
the cross-correlation behavior of various alloy elements,
create an even more complex scenario for characterization
and understanding of the properties.!*> There are several
factors which play a critical role in determining the final
atomic distribution in binary and ternary nanoalloys. These
include miscibility of the constituent atoms (characterized
by their heats of solution), the surface energies, the lattice
mismatch, and the electronegativities of constituent elements.
In addition to the interatomic interactions, the properties
of multicomponent systems are significantly influenced by
relative concentrations.'? Additional complexity in these
systems results from the surface segregation phenomenon
and micromixing at the surface.”’” There is thus very little
quantitative data on the structure and energetics of bulk and
surface regions governing the properties of ternary alloy
nanostructures, and a comprehensive understanding of the
same is needed.'?> Computer simulations offer an effective tool
to study properties of nanoclusters and complement ongoing
experimental efforts.!8-30

Considerable experimental and theoretical research has
been dedicated to understanding the thermodynamics and
kinetics of single metal and binary alloy nanoparticle growth
and stabilization when subjected to thermal and other
stresses.!>!73132 The final atomic arrangements in alloy
nanoclusters have been found to be strongly influenced by
thermodynamic factors and growth kinetics.*> In particular,
molecular dynamics has also been used to investigate the
thermal and structural properties of bimetallic nanoparticles
including the effects of size, composition, and structure on the
melting and thermodynamic properties.'®27-2%-333% The sys-
tems that have been extensively studied include Ag-Pd, Au-Pd,
Cu-Ni, Pd-Pt, Au-Pt, Ag-Ni, and Ag-Co, to name a few. The
melting of binary metallic nanoclusters of Ag-Ni and Ag-Co
was studied at ‘magic’ sizes for the anti-Mackay icosahedron
by Kuntova et al.’> They find that the core-shell structure is
especially stable for compositions at which the external shell is
completely made of silver, while the inner core is either made
of Ni or Co. Oviedo et al.*® studied the formation of binary
core-shell nanoparticles composed of Au, Ag, and Pt atoms and
found that, depending on the particle size and core structure, as
well as on the under/over-saturation conditions applied, it was
possible to obtain different degrees of decoration of the core
nanostructure.®® Similarly, Xiao et al. have investigated the
size effect on alloying ability and phase stability of immiscible
bimetallic nanoparticles.?” Mejia-Rosales et al. have used
molecular dynamics simulations to investigate the features of
specific atomic sites at the surface, which can be related to the
high catalytic activity properties of the particles.’®

Although several other such examples of bimetallic
nanoparticles exist in literature,'3!7:18:25:263941 there have
been very limited studies on investigating the melting and
thermodynamic properties of ternary alloy nanoclusters. In
particular, the effect of systematic addition of the third com-
ponent on the melting characteristics and structural evolution
of binary alloy nanoclusters has not been investigated. In this
paper, we explore the melting and recrystallization behavior
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of ternary alloy nanoclusters of Ag, Cu, and Ni in the 2-4 nm
diameter size range. First, we investigate binary alloys of
Ag, Cu and Ni, i.e., Ag-Cu, Cu-Ni, and Ni-Ag of equimolar
compositions. Then, utilizing Cu-Ni alloy as a representative
case, we investigate the role of the third alloying element,
i.e. Ag, on the thermodynamic properties and structural
features of the ternary Ag-Ni-Cu alloy nanoclusters upon being
subjected to three successive heating-cooling schedules. Our
aim is to investigate the effect of the atomic-level structural
and compositional variations on the thermodynamics and
melting characteristics of Ag-Cu-Ni trimetallic nanoclusters
via selective and incremental addition of Ag (10%-50%) to
the Cu-Ni alloy.

II. INITIAL CONFIGURATION SETUP

A. Nanocluster size and shape

Shape-controlled synthesis of nanoparticles has paved way
toward understanding properties of nanoparticles, physical,
thermal, and catalytic, in great detail.*>* Icosahedron, a
platonic solid, offers unique properties due to the presence
of (111)-type symmetry for the surface atoms. Controlling
the “surface orientation” for a nanoparticle plays a crucial
role in designing and synthesizing nanoparticles for various
applications, particularly catalysis, where surface orientation
can offer unique mode of tailoring material properties.'* In
this paper, we have mainly focused on icosahedral particle
geometries for our alloy nanoparticles. As we establish through
the following sections, the relative stability of the structure is
a function of the components’ composition as well as thermal
history along with the composition of the destabilizing—
stabilizing element in the alloy. A 10-shell particle (denoted
hereafter as 4 nm, the approximate diameter) comprising 3871
atoms was studied. Initial structures were constructed using a
lattice spacing calculated based on the compositional average
of the individual lattice spacing. To thoroughly evaluate the
Monte Carlo (MC) energy code, the initial distribution of the
atoms in the particle was the opposite of what is expected based
on energetics. For example, for the case of a binary Cu-Ni
(50-50) alloy, for which the equilibrium structure is made of
copper atoms enriching the outer surface, all the copper atoms
were placed in the interior of the particle. For the case of
ternary alloys, the silver atoms were placed in the innermost
shells, followed by copper and nickel atoms. The equilibrium
atom distribution as well as the atom spacing was then
evaluated using the MC simulation procedure. The generated
structure was then subjected to a MC simulation employing
an embedded atom model (EAM) to generate the minimum
energy initial configurations, which are used subsequently for
studying the melting-recrystallization phenomena.

B. Monte Carlo simulation technique

MC simulations, in combination with the EAM formula-
tion, were used to predict the structure of clusters containing
three different kinds of atoms for various cluster compositions.
The detailed description of the EAM formalism utilized here
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has been documented in Refs. 44—46. The state of the system
was characterized by the energy of the system as given by

Ua=Y_F|d piip) | + % DO i, @)
i J# i

In the above equation, p; is the electron density due to
atom j. The first term is the embedding energy for atom i
which is embedded into the background electron density, and
the second term is the core-core pair repulsion between atom
i and j separated by a distance R;;. The force field parameters
used to model Ag, Cu, and Ni were obtained from the work of
Wadley et al.,*’ and the parametrization strategy for the alloys
is similar to that by described in the work of Johnson.*

The standard Metropolis MC method was used to generate
the minimum energy configuration at 300 K. MC simulation
methods based on the Metropolis algorithm have been suc-
cessfully used in previous surface-segregation calculations
for various alloys to generate equilibrium alloy configura-
tions and provide an average thermodynamic profile over a
thermodynamic equilibrium ensemble. The MC simulations
were carried out in a canonical ensemble where the total
number of atoms of each element and the temperature were
held constant. In the MC approach, starting from an initially
randomly distributed atomic configuration of the alloy, the
successive configurations are generated in proportion to the
probabilities of a configuration occurring in the equilibrium
ensemble. During each of the MC steps, one of the following
two configurational transformations is tried out with an equal
probability: (1) We displace a randomly selected atom from
its original position in a random direction. The magnitude of
the displacement is chosen to be in the range of (0, ryax]- (2)
Two randomly selected atoms with different element types are
exchanged and the atoms are switched in the lattice.

The convergence was obtained when the minimum en-
ergy obtained during the simulation steps became constant
(AE < 0.01 eV), and the state of the system corresponding
to that minimum energy was retained as shown in Fig. 1.
A large number of simulations (100), with random initial
configurations, each having (1000 times the total number of
atoms) steps, were performed to ensure convergence.

The initial MC simulations focused on investigating the
equilibrium microstructures of Ag-Cu, Ag-Ni, and Cu-Ni
binary alloys. In all the cases, we find that the lower
surface energy component, i.e., Ag in Ag-Cu and Ag-Ni
and Cu in Cu-Ni, segregated to the surface whereas the
core comprised the higher surface energy component (Cu
in Ag-Cu, Ni in Ag-Ni, and Ni in Cu-Ni). The extent of
segregation was quantitatively compared with that obtained for
various different potential models such as the quantum Sutton—
Chen (QSC) and bond order simulation model developed by
DePristo and co-workers.*>! In all the cases, we find that
the segregation profile and the extent of segregation showed
an excellent agreement, both qualitatively and quantitatively
validating the choice of potential used in the MC simulations.
While very little information is available in the literature
regarding the phase segregation properties of ternary alloys,
binary alloys are well studied for the three components listed
here, namely, Ag, Cu, and Ni. Experimental evidence for Ag
segregation in both Ag-Cu and Ag-Ni alloys has been shown
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FIG. 1. (Color online) Sample energy variation during MC
simulations of binary and ternary alloy nanoclusters as a function
of the MC iteration. The system energy converges after ~150 000
iterations for 34%Ag-33%Cu-33%Ni shown here.

for alloy nanoparticle systems.’>>? Experimental techniques
such as x-ray photoemission spectroscopy, low-energy ion
scattering, and optical spectroscopy can be used to clearly
identify the surface-segregation characteristics. The relatively
large size mismatch and immiscibility of Ag and the other
metal components are the driving forces for such segregation
phenomena. Cu-Ni systems have also been studied via both
theoretical**=! as well as experimental methods and found to
exhibit similar segregation behavior.>*3 This suggests that, for
the ternary alloy systems, the surface-segregation properties
will indeed be driven by the relative lattice mismatch as
well as enthalpic considerations involving mixing and surface
energetics.

The MC simulations for the ternary Ag-Cu-Ni alloy
nanoclusters suggest that the energetically favorable con-
figurations comprise surface-segregated structures with the
lower surface energy atoms of Ag preferentially occupying
low coordination sites such as corners, edges, and surfaces.
The surface energies of the constituent elements are in the
Ag < Cu < Ni order. For the lower composition of Ag
(10%-25%) in the ternary alloy, the surface sites were also
populated with Cu atoms whereas the core comprised primarily
Ni atoms. When the composition of Ag in the ternary alloy
was increased to ~33%-50%, the surface composition of Ag
also increased, which resulted in pushing the Cu atoms to
the cluster interior. The number of surface atoms for a 4-nm
cluster constitutes ~34% of total atoms and at 34% Ag we
observe that all the surface atoms are Ag atoms. Figure 2 shows
a typical evolution of compositional profile from one such
MC simulation. For the case presented, 50%Ag25%Ni25%Cu,
there are enough Ag atoms to completely cover the surface.
As a result, a segregated profile is observed. For lower Ag
compositions, as will be shown later, Cu atoms are observed
on the surface due to the lack of sufficient Ag atoms to
saturate the surface. An interesting thing to note for higher
Ag compositions was that the layer of atoms below the surface
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FIG. 2. (Color online) Compositional profile for a Agyso-Nig2s-Cug s ternary alloy nanocluster: (a) initial configuration of the ternary
alloy, (b) final equilibrated configuration of the ternary alloy showing the surface segregation of Ag.

was occupied by Ni atoms, which is similar to that observed in
other Ni—noble metal alloys (for example Pt;Ni alloys). Further
analysis of the equilibrium composition profile suggests that
the composition of Cu and Ni in the first few layers below
the surface essentially oscillates till the bulk composition is
reached as we approach the cluster core. This behavior has
been observed in the case of Ni-Cu-Pd nanoclusters by Polak
and Rubinovich et al., where, depending on the temperature
and the overall composition, compositional oscillations were
observed in Ni-based ternary alloys,”®>” although, in their
case, they observed a compositional oscillation between Cu
and Pd atoms, with Cu displacing Pd atoms to the core as its
composition was increased. Here, we observe compositional
oscillations of Cu and Ni below the cluster skin which can be
tuned based on the overall composition of Ag in the ternary
alloy system. The final compositional distribution is thus
dictated by the competition between energetic and entropic
factors. These minimum energy configurations were utilized
in the MD simulations to study the structural evolution and
melting characteristics of the ternary alloy nanoclusters.

III. COMPUTATIONAL DETAILS

MD simulations using DLPOLY have been used to gain
insights into the melting process at the atomistic level for
the ternary alloy nanoclusters.”® Based on the Sutton—Chen
pote;)n6t(i)al, the potential energy of the finite system is given
by,

Vo= Ui=) &| 2 %V(m) — Cpi'”

i J#I

3.1

Here, V(Rj)) is a pair potential to account for the repulsion
resulting from Pauli’s exclusion principle:

a n
V(i‘,‘j) = <r—> .
tj

(3.2)

The local density accounting for cohesion associated with any
atom i is given by

=Y b=y (;) :
ij

J# J#

(3.3)

The QSC potential includes quantum corrections and takes
into account the zero point energy, allowing better prediction
of temperature-dependent properties.”® The QSC parameters
were optimized by Kimura et al.’> from the original Sutton—
Chen parameters in order to describe the lattice parameter,
cohesive energy, bulk modulus, elastic constants, phonon
dispersion, vacancy formation energy, and surface energy. A
detailed description of the potential function and its application
to predicting viscosity of liquid metal alloys as well as alloy
melting and solidification to form a crystal or a glasslike
structure is given in Ref. 59. The QSC parameters for the
various components are listed in Table I. The geometric mean
was used to obtain the energy parameter ¢ and the arithmetic
mean was used for the remaining parameters, to predict the
nature of various pairwise interactions.

The QSC potential used in the present study accurately
models the thermal properties of transition metals. In several of
our previous works'®?"2 we reported thermal characteristics
and melting points of transition metal nanoalloys of Pd, Cu,
Rh, and Pt calculated using MD simulations employing the
QSC potential function. They agree reasonably well with the
experiments reported in the literature.>*!:%> There are several

TABLE 1. Potential parameters used in MD simulations for
Ag-Cu-Ni clusters.

Quantum

Sutton-Chen N M e (eV) c aA)
Ag 11 6 3945x107°  96.524  4.0691
Cu 10 5 57921 x 1073 84.843  3.6030
Ni 10 5 73767 x 1073 84745  3.5157
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other instances of the application of the QSC potential to
characterize nanomaterials in the literature as well.*193-% To
validate the observed behavior as being potential independent,
additionally we have also performed the simulations using the
embedded atom method and obtained qualitatively the same
results. All the essential features of this study on the ternary
alloy nanocluster were reproducible using the embedded atom
method as well. These include the differences in surface-
melting characteristics, the composition-dependent crystalline
to amorphous transition, and the annealing effect on thermal
characteristics. The melting temperatures obtained using the
embedded atom method were 20 K of those predicted using
QSC potential parameters.

The MD simulations were carried out in an ensemble
approximating the canonical ensemble with a constant number
of atoms N and volume V (much larger than the cluster
size) without any periodic boundary conditions. A constant-
temperature Berendsen thermostat with a relaxation time of
0.4 ps was used for all the simulation runs. The equations of
motion were integrated using verlet leapfrog algorithm with

-3.45
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time step of 0.001 ps. The nanocluster was initially subjected
to mild annealing in the 0-300 K interval. This was followed
by heating to 1600 K in increments of 100 K. Near the melting
point, the temperature increments were reduced to 5-10 K to
account for the large temperature fluctuations. The simulations
were carried out for 400 ps of thermal equilibration followed
by production time of 600 ps for generating time-averaged
properties.

IV. RESULTS AND DISCUSSION

The transition temperature from a solid to a liquid phase
is usually identified by studying the variation in either
the thermodynamic properties such as potential energy and
specific heat capacity or some structural properties such as
bond orientational order parameters. We employ both these
methods to identify melting and freezing points for different
cluster sizes and alloy compositions as they are subjected to
successive heating-cooling cycles.
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FIG. 3. (Color online) Variations of potential energy with temperature for the various compositions of Ag-Cu-Ni ternary alloy nanoclusters:
(a) 0%Ag-50%Cu-50%Ni, (b) 10%Ag-45%Cu-45%Ni, (c) 20%Ag-40%Cu-40%Ni, (d) 34%Ag-33%Cu-33%Ni, (e) 50%Ag-25%Cu-25%Ni.
The melting point can be estimated based on the jump in potential energy curve and is shown for a series of three annealing cycles for each of

the simulated alloy compositions.
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A. Thermodynamic properties
1. Potential energy

Figure 3 shows the temperature dependence of potential
energy for various compositions of 4-nm-diameter Ag-Cu-Ni
ternary alloy nanoclusters. The transition from a solid to
a liquid phase can be identified by a simple jump in the
total potential energy curve. This corresponds to a melting
point of 1100 K and 850 K for 50%Cu-50%Ni and 34%Ag-
33%Cu-33%Ni, respectively, for the first heating cycle. Upon
subsequent annealing, the 50%Cu-50%Ni nanocluster shows
an increase in melting point to 1130 and 1150 K, respectively,
for the second and third annealing cycles. On the other hand,
the 50%Ag-25%Cu-25%Ni shows a decrease in melting point
to 700 and 680 K, respectively for the second and third
annealing cycles.

We have also simulated several intermediate compositions
to study the effect of progressively increasing the Ag com-
position on the melting-point variation for each of the three
annealing cycles. Introducing 10% Ag into a Cu-Ni binary
alloy resulted in a decrease of melting point for the first
annealing cycle to 1020 from 1100 K (for 50%Cu-50%Ni).
For the second annealing cycle, this 10%Ag-45%Cu-45%Ni
shows an increase in melting point to 1050 K, indicating that
the nanocluster thermal stability increases upon annealing. The
melting point for the third annealing cycle for this composition,
however, shows a decrease to 1000 K, which suggests a
decrease in thermal stability. The melting points for the various
alloy compositions and for each of the three annealing cycles
are shown in Fig. 4.

Upon further increasing of the Ag composition from 10% to
20%, the melting point shows a decrease for each subsequent
annealing cycle. The melting point decreases from 960 to 950
to 940 K for the first, second, and third annealing cycles,
respectively. Systematic increases in Ag composition to 34%
and 50% resulted in similar thermal behavior, except that
the rate of decrease in the melting point is higher for the

1200

1000

800

600

Melting point (K)
8
(=]

200

% Ag in the alloy

FIG. 4. (Color online) The effect of Ag addition on the melting-
point variation in a ternary alloy nanocluster for a series of three
annealing cycles. The Ag composition is systematically varied from
0% to 50% Ag in a Ag-Cu-Ni ternary alloy nanocluster.
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higher Ag content alloy. For 34% Ag composition, the melting
points were 850, 710, and 700 K for the first, second, and
third annealing cycles, respectively, whereas for the 50% Ag
composition, the melting points were 810, 700, and 690 K,
respectively, for the first, second, and third annealing cycles.
While the binary alloy nanocluster of Cu-Ni shows increasing
thermal stability upon annealing, the addition of Ag to the
Cu-Ni alloy seems to induce thermal instability in the ternary
alloy nanoclusters. The extent of instability seems to increase
as the Ag composition increases beyond 10% Ag in the
ternary alloy nanocluster. We would like to point out that on
subsequent annealing cycles beyond the third cycle the trends
continue, albeit asymptotically, suggesting that the changes
are incrementally small.

The potential energy curves also reveal the presence
of hysteresis during the melting—freezing cycles. Note that
hysteresis is a characteristic of nonbulk or finite-sized systems.
As illustrated in the work of Lewis et al., it is easier for clusters
to go from an ordered state to a disordered state, i.e., melt
rather than the opposite (freeze) during the finite time covered
during the simulation.?? This explains the hysteresis observed
between the melting and cooling and indicates the melting
temperature to be much closer to the thermodynamic transition
point than the freezing temperature. The presence of hysteresis
in melting—freezing transition is therefore not unusual and
is expected both theoretically’>%’ and experimentally, as
reported in the cases of Pb® and Na.®” The structural changes
resulting from cooling and melting also influence the phase
transition and result in hysteresis, as reported by Chausak and
Bartell”’ in their study on freezing of Ni-Al bimetallics. It is
important to point out that the hysteresis behavior follows the
overall melting characteristic exhibited by the alloys, i.e., as
the melting temperatures decrease for the alloys, hysteresis is
also found to decrease.

2. Specific Heat Capacity
The specific heat capacity in a weak coupling ensemble
such as is achieved with the Berendsen thermostat can be

written as a function of fluctuations in the potential energy
(8(Ep))

_ k(BE,)?)
" (kT)? — 20((8E,)?) /3N’

where ((8E,,)2) = (Ef,) — (Ep)2 and « is the ratio of the
standard deviations of kinetic and potential energies:

a = (BKE)?)/((SEp)). 4.2)

It should be noted that Morishita’' has proved that a weak
coupling ensemble approaches a canonical ensemble for very
short relaxation times (a =~ 0) and a microcanonical ensemble
for longer relaxation times (o =~ 1). In the present case, the
Berendsen thermostat with a coupling parameter of 0.4 ps
leads to o ~ 10~%, making the calculations for specific heat
capacity similar to that of a canonical ensemble as given by

_ K(BE,)?)
Co= (kT)?

To identify the melting temperature, the specific heat capacity
at constant volume is plotted in Fig. 5. In the case of the

“.1

(4.3)
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FIG. 5. (Color online) Variations in specific heat capacity with temperature for the various compositions of Ag-Cu-Ni ternary alloy
nanoclusters. The Ag composition is systematically varied from 0% to 50% Ag in a Ag-Cu-Ni ternary alloy nanocluster: (a) 0%Ag-50%Cu-
50%Ni, (b) 10%Ag-45%Cu-45%Ni, (c) 20%Ag-40%Cu-40%Ni, (d) 34%Ag-33%Cu-33%Ni, (e) 50%Ag-25%Cu-25%Ni. The melting point
can be estimated based on the peaks in the specific heat capacity curves and is shown for a series of three annealing cycles for the various alloy

compositions.

50%Cu-50%Ni binary alloy cluster, the maximum in the
specific heat capacity corresponds to the temperature where a
jump in potential energy is observed, i.e., 1100-1110 K. This
leads to a melting temperature 7" = 1100 +10 K for the first
annealing cycle. Similarly, we find that, for the 50%Cu-50%Ni
nanocluster, the specific heat capacity calculations show an
increase in melting point to 1130 and 1150 K, respectively, for
the second and third annealing cycles. As seen from Fig. 5,
the variation in the melting points for the other ternary alloy
compositions is also consistent with those obtained based on
the potential energy curves.

B. Structural variation
1. Bond orientational order parameter

The bond order parameter method can be used to analyze
cluster structure as well as to distinguish between atoms in
solid (closely packed) and liquid environments’?. To determine
the orientational order, spherical harmonic basis functions

Y1, (0ij,¢ij) are associated with every bond connecting an
atom to its near neighbors. Here, ® and & refer to polar and
azimuthal angles of vector r;; in a given reference frame. The
term “bond” refers to the unit vector r;; joining a reference
atom i to any neighboring atom j within a cutoff radius rgy.
The cutoff radius is generally taken to be 1.2 times the first
minimum in a radial distribution function (RDF). The local
order around any atom i is an average over all its bonds with
the neighboring N,;, atoms and is given by

Nap (i)

qim (l) (44)

An average of gy, over all N atoms in a cluster gives the global
bond order parameter:

1/2
Z | O] ) : (4.5)

Q= (21+1
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TABLE II. Bond order parameter for various geometries.

Geometry 04 Os
FCC 0.19094 0.57452
HCP 0.09722 0.48476
BCC 0.03637 0.51069
Icosahedral 0 0.66332
Liquid/amorphous 0 0
where
N .
A Zi=1 NupGim (i)
Om ="y (4.6)
Z[=1 Ny (i)

The value of the global bond order parameter Q; in a solid
cluster depends on the relative bond orientations and has a
unique value for each crystal structure. Based on local solid
symmetry, it was found that cubic and decahedral clusters
have nonzero values of Q;(i) for [ > 4 and at [ = 6 for those
with icosahedral symmetry. All global order parameters vanish
in isotropic liquids for / > 0. The global bond order values
for different types of symmetry are reported in Table II. The
atoms in a solid undergo vibrations about their equilibrium
positions, leading to distortion of the crystal structure, which
is characterized by Q4 and Qg values.

The thermal evolution of the bond orientational order
parameters for the various alloy compositions and for each
of the three annealing cycles is shown in Fig. 6. The initial
Q¢ parameter at 300 K for the nanoclusters during the first
annealing cycle corresponds to ~0.663, which is indicative of
our icosahedral starting configuration. As the temperature is
increased, we find that the order parameter shows a decrease
owing to the onset of disorder in the crystalline structure.
In crystalline solids, bond orientational order correlations
persist over large distances, leading to order parameters with
finite values. In the liquid phase, on the other hand, such
correlations decay quickly with growing distance and the
bond order parameters vanish. The melting point can be
estimated from the variations in the bond order parameter
values, as shown in Fig. 6. At the melting transition, all the
order parameters (Fig. 6) change rapidly to zero, indicating a
transition to isotropic liquid phase. We observe from Fig. 6
that the order parameters have finite values for temperatures
<800 K before undergoing a sudden decrease to near zero-
values. The temperature at which this structural transition from
crystalline to liquid occurs depends on the alloy composition.
For increasing Ag composition, during the first annealing
cycle, we observe that this transition temperature changes from
~1100 K for 50%Cu-50%Ni to ~810 K for 50%Ag-25%Cu-
25%Ni. This is consistent with the calculated melting points
obtained based on variation in thermodynamics properties.

Upon cooling down to room temperatures ~300 K, we
observe differing structural features which are dependent
on the ternary alloy composition. For Ag compositions of
less than 20%, we observe that the annealed structure at
300 K has a finite Q¢ order parameter ~0.3 whereas for
Ag compositions higher than 20%, the annealed ternary alloy
nanostructure at 300 K can be characterized as amorphous.
For Ag compositions less than 20% in the ternary alloy, the
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FIG. 6. (Color online) Evolution of bond orientational order
parameter (Qg) as a function of the simulation temperature for
the various Ag-Cu-Ni ternary alloy nanocluster compositions. The
dash-doted line gives variation of temperature as function of the
simulation step and shows the sequence of heating-cooling cycles.
The corresponding Q¢ order parameters for the various alloy
compositions are represented by different markers.

freezing transition occurs in the 700750 K intervals with the
exact transition temperature dependent on the composition of
the ternary alloy.

The structural variation among the various ternary alloys is
clearly evident during the second and third annealing cycles.
It can be clearly seen that the binary 50%Cu-50%Ni alloy
shows recrystallization to an ordered structure during both
the second and third annealing cycles. The annealed structure
50%Cu-50%Ni is more representative of a cuboctahedron like
structure, with Qg values closer to fcc values as shown in
Fig. 7. Similar behavior is observed in the case of ternary alloys
with low Ag compositions (<20%Ag). On the other hand, the
addition of Ag to obtain compositions higher than 20%Ag
in the Ag-Ni-Cu ternary alloy shows that the amorphous
structure formed after the first annealing cycle is retained
during the second and third cycles. The same is revealed
in Fig. 8, where the initial icosahedral structure shows a
transformation to a liquid phase at the melting point and
recrystallizes to an amorphous phase. It should be noted that
it is difficult to distinguish the freezing transition for this
range of alloy composition (>20%Ag) based on structural
parameters, although they can be predicted on the basis of
thermodynamic properties. The thermal instability resulting
from the addition of Ag to the Cu-Ni alloy thus manifests itself
in the form of a structural transformation from a crystalline to
amorphous phase. It appears that this structural transformation
and the onset of thermal instability is more pronounced for Ag
compositions approaching 20% and higher in the Ag-Cu-Ni
ternary alloy. The role of thermal annealing toward inducing a
more homogeneous distribution of Ag across ternary alloy
nanoclusters for higher Ag content and its effect on the
mechanism of melting is discussed in the subsequent sections.
The implication of the observed structural transformations and
the resulting compositional variation on the thermal stability of
the ternary alloys are also discussed in detail in a later section.
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FIG. 7. (Color online) Snapshots showing the structural evolution of the 50%Cu-50%Ni nanocluster during the first annealing cycle. The
snapshots shown correspond to (a) 300 K, (b) 600 K, (c) 1100 K (d) 700 K, (e) 300 K temperatures. The crystal structure transforms from an
initial icosahedral structure in (a) to a liquid phase in (c) at the melting point. Upon cooling, the structure shown in (c) recrystallizes to the
cuboctahedron shown in (e). Cu atoms are represented in light blue and Ni atoms are shown as dark blue spheres.

2. Radial distribution function

RDFs were used to investigate the structural disorder and
the structural evolution of the thin films. The RDF is defined as
the probability of finding an atom at a distance r from another
atom compared with a homogeneous distribution and is given
by’3-75

% 1
gr) = mm <ZZ5(V - "ij)>-

i j>i

In the above equation, V is the volume and N; and N,
are the atom types of the RDF. The delta function in the
RDF must give rise to a value of one for a range of r (§r),
allowing for the formation of a fine histogram. The RDF
would thus exhibit sharp peaks corresponding to a regular
lattice structure and would tend to attain a value of 1 at
longer distances. In the case of an amorphous system, the
RDF shows characteristically smaller number of broad peaks
at a short distance superimposed on an oscillatory trace to
1.0, indicating the loss of long-range order characteristic of
amorphous systems.

Figure 9 shows the calculated RDFs for the various
annealed binary and ternary alloy nanoclusters. The RDFs
shown are calculated at the end of the third annealing cycle. It
can be seen that the RDF for a Cu-Ni binary alloy shows
sharp peaks corresponding to the near-neighbor distances.
On the other hand, we observe from Fig. 9 that the RDFs
for the 34%Ag-33%Cu-33%Ni and 50%Ag-25%Cu-25%Ni
ternary alloy nanoclusters show that the peaks are broader,
which signifies a higher degree of structural disorder. The
absence of long-range order in the calculated RDF for 34%
and 50%Ag suggests that the addition of Ag to Cu-Ni alloy
results in annealed structures which are amorphous in nature.
This observation is consistent with the bond orientational order
calculations discussed in the previous section.

To gain further insights into the structural differences
between the Cu-Ni and Ag-Cu-Ni alloys, we computed
various pair correlations for the alloys. Figure 10(a) shows
the calculated pair distribution functions (PDFs) for Cu-Cu,
Cu-Ni and Ni-Ni correlations in a 50%Cu-50%Ni binary
alloy nanocluster. The solid lines represent the RDF for the
initial icosahedral configuration which shows sharp peaks at
distances corresponding to near-neighbor distances, indicat-

ing the presence of long-range crystalline order. When the
nanocluster is heated beyond the melting point, the RDFs (not
shown) showed broader peaks, which were indicative of the
liquid phase. From the liquid phase, as the temperature is
reduced sequentially to 300K to form the annealed structure,
we find that the solid-like features begin to appear as is
indicated by the distinct peaks [in the dashed line in Fig 10a]
corresponding to near-neighbor distances in the lattice. Finally,
the Cu-Cu, Cu-Ni, and Ni-Ni RDFs for the annealed Cu-Ni
binary structure at 300 K indicate that the structure has fully
recrystallized and resolved peaks are evident at distances as
far as 7 A, indicative of long-range order.

The RDFs for the various metal interactions shown in
Figs. 10(b) and 10(c) for a 50%Ag-25%Cu-25%Ni ternary
alloy nanocluster shows sharp peaks at distances correspond-
ing to near-neighbor distances. The presence of long range
order in the preannealed 50%Ag-25%Cu-25%N!i structures is
indicative of a crystalline order. After annealing, the RDFs,
represented by dashed lines for the various metal interactions
in a 50%Ag-25%Cu-25%Ni ternary alloy nanocluster, show
a characteristically smaller number of broad peaks. These
indicate short-range order and loss of long-range orders, which
is characteristic of amorphous systems. The calculated RDFs
for annealed Ag-Cu-Ni ternary alloys with Ag compositions
of <20% show sharp peaks which are indicative of crystalline
order for lower Ag compositions. The RDF calculations thus
confirm the observation that the addition of Ag to a Cu-Ni
alloy to obtain Ag compositions of >20% results in onset of
structural disorder upon thermal treatment. Further insights
into the melting mechanism and role of Ag in inducing this
structural transformation are discussed in the next section.

C. Mechanism of phase transition

To investigate the differences in the observed structural
transitions and melting behavior with increasing Ag com-
position in the ternary alloy, we analyze compositional
density profiles, self-diffusion coefficients, and mean-square
displacements (MSDs). There is a strong correlation between
the compositional distribution of alloy constituents, their
diffusional characteristics, and the mechanism of melting and
structural transition in ternary alloys. The details are discussed
below.
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FIG. 8. (Color online) Snapshots showing the structural evolution of the 50%Ag-25%Cu-25%Ni nanocluster during the first annealing
cycle. The snapshots shown correspond to (a) 300 K, (b) 600 K, (c) 1000 K, (d) 500 K, (e) 300 K temperatures. The crystal structure transforms
from an initial icosahedral structure in (a) to a liquid phase in (c) at the melting point. Upon cooling, the structure shown in (c) recrystallizes
to the amorphous structure shown in (e), which is retained during subsequent annealing cycles. Ag atoms are shown in green color, Cu atoms
are represented in light blue and Ni atoms are shown as dark blue spheres.

1. Analysis of compositional density profiles

The composition variation across the nanocluster radius
is represented in terms of the number density p(r), which is
defined as the number of atoms of a given type within arange of
perpendicular positions in the simulation cell and normalized

to the average density:’3~">

Vv
p(r) = m<2ija(r —rl->>.

Here, V is the cluster volume, N is the number of atoms of a
given type, A is the cluster area, and r; is the distance of atom
i from the cluster center. §r is typically the bin or histogram
width and is the interval over which the ion densities are time
averaged over many configurations obtained from the MD
trajectories to compute the atomic number densities.

Figure 11 shows the atomic density distributions for the
various constituent elements in a Cu-Ni and Ag-Cu-Ni alloys

A7)
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FIG. 9. (Color online) Calculated RDFs for the various annealed
binary and ternary alloy nanoclusters. The RDF is calculated at the end
of the third annealing cycle. The absence of long-range order in the
calculated RDF for 34%Ag and 50%Ag suggests that the addition of
Ag to Cu-Ni alloy results in annealed structures which are amorphous
in nature.

before and after annealing. Figure 11(a) shows the Cu and
Ni radial distributions obtained at the start of the first cycle
(solid lines) and at the end of the third cycle (dashed lines).
The initial compositional distribution represents a surface-
segregated system where Cu atoms are located on the surface
and the core is composed primarily of Ni [Fig. 11(a)]. At the
end of the third annealing cycle, we find that Cu atoms migrate
from the cluster surface to the interior. This is shown by the
decrease in the peak located at the cluster surface, ~20 A, and
an increase in number densities at the cluster interior, ~10—
15 A. Simultaneously, there is also an outward migration of Ni
atoms from the cluster interior to the surface, as can be seen
by the increase in the peak located at ~17.5 A and decrease
in number densities for r < 15 A. The annealing cycles thus
lead to intermixing of the alloy constituents and a decrease in
the initial segregation. This is corroborated by the snapshots
shown in Fig. 7.

Figure 11(b) shows the compositional distribution for a
10%Ag-45%Cu-45%Ni ternary alloy. It can be seen that the
preannealed structure comprises a surface-segregated system
where primarily Ag atoms are located on the surface occupying
the lowest coordination sites. The preannealed compositional
profile in Fig. 11(b) therefore shows a peak at ~20-22 A for
Ag. The composition of Ag is not sufficient to cover all the
surface sites, and hence we find that the remaining sites are
occupied by Cu atoms as shown by the peak at ~20 A whereas
the core is composed primarily of Ni, as indicated by the higher
number densities of Ni in comparison with Cu for r < 20 A
[Fig. 11(b)].

At the end of the third annealing cycle, we find that there
is no appreciable change in the composition profile of the Ag
for the 10% Ag-45%Cu-45%Ni ternary alloy. We also find that
Cu atoms migrate from the cluster surface to the interior of the
particle. This is shown by the decrease in the number densities
located at ~15-20 A and an increase in number densities
at the cluster interior ~10-15 A (regarding the preannealed
configuration). This is accompanied by an outward migration
of Ni atoms from the cluster interior to the surface, as can be
seen by decrease in number densities for 7 ~ 7.5-15 A and an
increase in number densities for r ~ 15-20 A. The annealing
cycles for this ternary alloy composition lead to intermixing of
the Cu and Ni constituents, while the Ag distribution is mostly
unaffected. It is important to note that the heating-cooling rates
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FIG. 10. (Color online) (a) Calculated PDFs for the various metal-metal interactions in a 50%Cu-50%Ni binary alloy nanocluster. The solid
and dashed lines refer to PDFs obtained before and after the annealing cycles. The PDFs for the various metal interactions in a 50%Cu-50%Ni
binary alloy nanocluster show sharp peaks at distances corresponding to near neighbor distances. The presence of long-order in the annealed
Cu-Ni structures is indicative of a crystalline order being retained after the heating-cooling schedules. (b),(c) Calculated PDFs for the various
metal-metal interactions in a 50%Ag-25%Cu-25%Ni ternary alloy nanocluster. (b) represents RDFs for Cu-Cu, Cu-Ni, and Ni-Ni correlations
in the ternary alloy, whereas (c) represents Ag-Ag, Ag-Cu, and Ag-Ni correlations. The solid and dashed lines refer to PDFs obtained before

and after the annealing cycles, respectively.

play a major role in determining the overall segregation profile
after the annealing processs.

When the Ag composition in the ternary alloy nanocluster
is further increased from 10% to 20% to form the 20%
Ag-30%Cu-30%Ni alloy, we observe that the annealing cycles
result in intermixing of Ag in addition to Cu and Ni.
Figure 11(c) shows the decrease in number densities of Ag
on the outer surface, i.e., for r ~ 17.5-25 A, whereas the
number densities of Ag in the cluster interior increase, i.e.,
for r ~ 5-17.5 A. This indicates that Ag migrates from the
surface to the interior. It is important to point out that for
Ag compositions of <20% the number of Ag atoms is not
sufficient to completely make up the surface of the alloy

nanoparticle. During the annealing cycles, we find that the
coordinates or positions occupied by Ag atoms (originally that
of the vertices and edges) are still populated by Ag atoms.
The surface atoms of Ag show a higher proclivity to migrate
to the core of the particle compared with the vertices and
edges. The effect of annealing on Cu and Ni distributions
for this ternary alloy composition is similar to that observed
for 50%Cu-50%Ni and 10%Ag-45%Cu-45%Ni alloys. We
observe a similar effect of annealing on Ag, Cu, and Ni
distributions for a higher composition of Ag in the ternary
alloy nanocluster. The 20% Ag composition thus appears
to represent a threshold above which we begin to observe
Ag migration from the surface to the interior. Below this

075434-11



SUBBARAMAN AND SANKARANARAYANAN

PHYSICAL REVIEW B 84, 075434 (2011)

T T T T T T T T 250 T T T v T ™ T T T T T
—=— Ag 1st cycle - - -Ag 3rd cycle
250 |- 1 _gz ;:; grf:llee 7] | —=— Cu 1st cycle - -~ - Cu 3rd cycle
Ni 1st cycle —+— Ni 1st cycle - <- - Ni 3rd cycle 1N
4
—— Ni 3rd cycle 200 |- 7\ i
200 P
[odh \
o Ty &
150 |- J SN i
150 - 50%Cu 50%Ni 10% Ag P AW |
e < 45%Cu 45%Ni ,,.A},-'/‘/' !
o S 100 | = A\ .
100 | i ‘\ A
v g
b o _,.(' " \ ‘l
| 50 | /o Y T -
50 # i \“\F\
- » \ §
,n’.d.‘é / =
e o ba -1}
0 0 Anan®B oo o0l g P 1 H 1 M ]
0 5 10 15 20 25 30
Radial distance (A) Radial distance (A)
(a) (b)
T T T T T T T Y T T
180 -—=— Ag 1stcycle - <~ -Ag 3rd cycle E
—=+—Cu 1st cycle —— Cu 3rd cycle‘,“\
160 }-—*— Ni 1st cycle - <~ -Ni 3rd cycle ]
140 |- £
120 | A
7
100  20% Ag 7/
= 40%Cu 40%Ni 7/
& 80 s
< j;/
il
S0 14
4
40 ,5:,-’
iis /
20 oo /
e J
0 T Ll R
10 15

Radial distance (A)
()

FIG. 11. (Color online) Compositional variations across the nanocluster radius for 50%Cu-50%Ni, 10%Ag-45%Cu-45%Ni, and 20%Ag-
30%Cu-30%Ni alloys. The solid and dashed lines represent compositions before and after annealing, respectively.

Ag composition [Figs. 11(a)-11(c)], the initial segregation
profile of Ag is unaffected by the annealing cycle. The
observed difference in the Ag compositional distributions for
the ternary alloys upon annealing thus has an interesting effect
on their thermal stability and melting characteristics. It should
be noted that 20% Ag composition represents the ternary
alloy composition above which annealing resulted in decrease
in melting point. We further investigate the implications of
this annealing-induced Ag composition redistribution on the
melting mechanism of the ternary alloys.

2. Analysis of surface melting characteristics

(a) Calculation of self diffusion coefficients. The self-
diffusion coefficients can be obtained from either the positions
or velocities of molecules. The MSD is proportional to the
observation time in the limit as time tends to infinity. The

proportionality constant relating the MSD to observation time
is known as self-diffusivity D, which is given by

([r(to + 1) — r (o)1)
m 7 .

4.8)

where d is the dimensionality of the system and r(¢) refers to
the vector position of molecule at time ¢. The ensemble average
is taken over all molecules in the system and over several time
origins.

Figure 12(a) shows the diffusion coefficients calculated at
various temperatures for the various ternary alloy compositions
before and after the annealing cycles. At the melting point,
the atomic diffusivities show a sharp increase, indicating a
first-order transition from the solid to liquid phase. In the liquid
phase, the diffusion coefficients show a tendency to increase
rapidly with temperature. We observe that the preannealed
structure having 50%Cu-50%Ni begins to surface melt at
~900 K whereas the annealed structure shows delayed surface-
melting onset, ~1000 K. On the other hand, the preannealed

075434-12



EFFECT OF Ag ADDITION ON THE THERMAL . ..

(a) 1.0x10"

— Ag50% NI25% Cu25%

P — Ag34% Ni33% Cu33% .
8.0x107 - AQ00% Ni50% CuSD% vl
bols indicaty :

(symbeols indicate /f/

after annealing)
6.0x10" | 9 7

4.0x10" |

2.0x10” |-

Diffusion coefficient tmll's}

0.0} s S

| L i . L
200 400 600  B00 1000 1200 1400 1600
Temperature (K)

1400K
2 | 1300k
1200

. 100K

1050K

(b) 2

RMSD (A)

1000K
900K

700K
300K

() 2 1a00K

1300K

K 1200K

b 140K

L 1100k

*——W
/é

RMSD (&)

900K
700K

300K

4 6 8 10 12 14 16
Radius (&)
2, 1100k
(C)) o
2 850K
800K
g 1.5
a
1]
2 1 700K
o
00K
0.5
00K
g 300k
2 4 6 8 10 12 14 16
Radius (A)
2
(e) 900 K|
800K
= :74 oo
700 K
<
[=]
@ 1
=
[
0.5
650 K
600 K
500K
0 —Oﬁm
0 5 10 15 20

Radius (A)

FIG. 12. (Color online) (a) Variations of the self-diffusion co-
efficient with temperature for the various compositions of the
ternary alloys. Ag composition is increased from 0 to 50%. Solid
lines indicate diffusion coefficients at various temperatures before
annealing whereas dashed lines with markers are used to indicate the
diffusion coefficients after annealing. (b)—(e) Root MSD calculated
for atoms in various shells for 50%Cu-50%Ni and 50%Ag-25%Cu-
25%Ni as a function of distance from the center of cluster. (b) and
(c) represent the shell-based root MSD calculated for preannealed
and annealed configurations, respectively, for the 50%Cu-50%Ni
alloy. (d) and (e) represent the shell-based root MSD calculated
for preannealed and annealed configurations, respectively, for the
50%Ag-25%Cu-25%N:i ternary alloy.
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34%Ag ternary alloy begins to surface melt at ~700 K,
which decreased to ~600 K upon annealing. Similarly, the
preannealed 50%Ag ternary alloy surface melts at ~650 K,
which decreases to ~500 K upon annealing.

(b) Surface melting and the Lindemann criterion. Further
insight into the exact melting mechanism can be obtained by
partitioning the cluster into radial shells of equal width dR.
Root-mean-square displacement (RMSD) calculated within
each shell was calculated for atoms in that shell:

> ieshetRMSD; (d1)

RMSDygen (dt) = N )
shell

(4.9)

where

T—dt
RMSD (dt) = <Z (ri(t +dt) — r,~(t))2>. (4.10)

t=0

The average interatomic distance (~3 A) between atoms was
used as dR. The atoms were assigned to the bins based
on their initial positions at the end of the equilibration
period. The MSDs for each shell were then generated by
averaging over a 200-500-ps trajectory with sampling done
every 0.1 ps. For lower temperatures the averaging was done
over a larger trajectory (>1 ns) to account for low atomic
jump frequencies. At higher temperatures, averages taken
over a 200-500-ps trajectory with different origins gave the
same result, which is indicative of a system that is truly in
equilibrium.

The RMSD was assigned to each shell, and its dependence
on distance from the center of cluster was carried out
[Figs. 12(b)-12(e)]. In the case of a Cu-Ni binary alloy
having 50%Cu, we find the RMSD of outer shells in both
the preannealed and postannealed configurations to be higher
than for core atoms owing to the surface atoms having higher
degrees of freedom for surface atoms. Similar behavior is
observed for the preannealed 50%Ag-25%Cu-25%Ni ternary
alloy. At the melting point, the RMSD changes dramatically,
indicative of first-order transition. One can define a critical
RMSD value for the atoms above which the atoms can
be considered to have undergone a melting transition. The
Lindemann criterion predicts the melting transition to occur
when atomic motion exceeds 10%—15% of the interatomic
distance (~3 A in our case). For the calculated trajectories
shown in Figs. 12(b)-12(e), the critical RMSD can be taken as
~0.60 A, which corresponds to ~20% of the average inter-
atomic distance. The atomic shells exceeding this diffusivity
value can be considered as having undergone the solid-liquid
phase transition.

In the case of a preannealed configuration having 50%Cu-
50%Ni, shown in Fig. 12(b), the shells exhibit solid-like
behavior for temperatures below 1000 K. At 1000 K, we
observe that the atoms corresponding to approximately three
shells have become molten whereas the innermost core shell
still maintains solid-like features. On the other hand, the
calculated shell-based RMSD for the annealed structure having
50%Cu-50%Ni at 1000 K [Fig. 12(c)] suggests that only the
outermost shell have melted whereas the three innermost shells
still remain a crystalline solid. Therefore, on a volume basis,
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we find that at 1000 K almost 75%—-80% of the preannealed
50%Cu-50%Ni structure has melted whereas only 20%—-25%
of the annealed structure at 1000 K has transitioned into
the liquid phase. Annealing in the case of 50%Cu-50%Ni
thus results in suppression of surface-melting characteristics
and improves the thermal stability of the binary alloy Cu-Ni
nanocluster.

The effect of Ag addition on the surface-melting char-
acteristics of the ternary alloy nanocluster is shown in
Figs. 12(d) and 12(e). We find the onset of surface-melting
characteristics as early as 600 K for the 50%Ag-25%Cu-
25%Ni alloy, indicative of enhanced surface melting at higher
Ag compositions, arising from the presence of Ag atoms on
the surface. Comparison of the preannealed and postannealed
configurations for the ternary alloy with 50%Ag shows that
while the preannealed configuration exhibits surface-melting
characteristics, the annealed configuration shows significantly
reduced surface-melting features. In the case of the pre-
annealed configuration, we observe that the two outermost
shells at 700 K have transformed from solid to liquid. As
the temperature increases to 800 K, the four outermost shells
exhibit liquid-like features, and at higher temperatures, we
observe that the cluster has completely melted. On the other
hand, in the case of the annealed configuration, we observe
that in the 300-650 K range, the RMSD values of all the
shells do not exceed the critical diffusivity values. Note that
the RMSD of the outermost shell at 600-650 K is only
slightly higher than the rest. As the temperature increases
from 650 to 700 K, the RMSD values of all the shells increase
significantly and approach 1.2-2 A, which is much higher
than the critical RMSD value of 0.6 A. The cluster has almost
entirely undergone the melting transition and resembles a
more homogeneous melting. Hence, the effect of annealing
on ternary alloys with 50%Ag is to significantly suppress
the surface-melting characteristics and reduce the thermal
stability of the nanocluster. Our calculations of shell-based
RMSDs at other Ag compositions in the ternary alloy suggests
that the onset of surface melting is strongly dependent on
Ag composition; higher Ag compositions lead to decreased
surface melting and an earlier onset of the melting transition
for postannealed configurations.

The role of thermal annealing cycles toward inducing a
more homogeneous distribution of Ag across ternary alloy
nanoclusters for higher Ag content and its effect on the
mechanism of melting can be discussed further based on
the calculated RMSD for each of the alloy constituents. In
particular, the transport of Ag atoms across the nanocluster
can lead to a change in the mechanism of melting. It is known
that the melting points of the components vary as Ag < Cu <
Ni for the pure components. The cluster structure initially is
surface segregated, and Ag atoms with lower surface energy
are located on the surface occupying low coordinated sites.
This allows for a heterogeneous melting mechanism wherein
the nanocluster melting is typically initiated at the surface.
The melting then proceeds to the core, and the overall cluster
melting point is dictated by the melting characteristics of the
core atoms, i.e., Cu and Ni. If this surface-segregation profile
is preserved or enhanced during subsequent annealing cycles,
then the surface-melting characteristics or the heterogeneous
melting mechanism ensures that the cluster melting point is
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dictated by the melting characteristics of the core components.
This is especially true in the case of Ag compositions of less
than 20% in the ternary alloy, where Ag remains segregated
even after three annealing cycles.

Onthe other hand, if the annealing cycles were to com-
pletely disrupt the initial segregation profile and result in a
homogeneous distribution of the Ag across the nanocluster,
then one can observe a more bulklike melting characteristic
where the cluster melting characteristics are essentially dic-
tated by the low melting Ag component distributed through
the bulk of the nanocluster. For compositions above 20%Ag
in the ternary alloys, our analysis of the compositional
profiles indicates a more homogeneous Ag distribution. For
such a distribution, the melting mechanism shifts from a
surface-initiated melting to a more homogeneous melting
behavior. The overall melting point of the nanocluster is
thus dictated by the melting behavior of the Ag compo-
nent, and therefore we observed a significant drop in the
melting point after the first annealing cycle for higher Ag
content (>20%). This explains the annealing-induced thermal
instability for higher Ag content in the ternary alloy. This
paper clearly brings out the role of compositional distri-
bution in controlling the thermal characteristics of ternary
alloys.

V. CONCLUSIONS

MD simulations have been used to investigate the melting
behavior of Ag-Cu-Ni ternary alloy nanoclusters of 4-nm
diameter and varying compositions. The melting character-
istics were studied for a series of three annealing cycles. The
melting points calculated based on thermodynamic properties
indicate that the addition of Ag results in a decrease in
melting point during the first annealing cycle. The melting
behavior during subsequent annealing cycles differs for the
ternary alloy and is found to depend on the Ag compo-
sition. While Cu-Ni alloys show a monotonic increase in
melting point upon annealing, the Ag-Cu-Ni alloys show a
nonmonotonic variation in melting point. For Ag compositions
below 20%, we observe an initial increase in melting point
followed by a slight decrease. On thermal annealing, Ag-
rich ternary alloys show a rapid decrease in melting point
with rates proportional to the Ag content. The structural
transformation associated with this melting transition was
characterized by bond orientational order parameters. We
observe a structural transformation from an icosahedral to
a cuboctahedron for a Cu-Ni alloy having 50%Cu. The
Ag addition beyond 20% results in transformation into an
amorphous structure during the first annealing cycle which
is retained during subsequent annealing runs. The analy-
sis of RDFs for the various pairs confirms this structural
transformation.

Shell-based RMSDs offer better insight into the mech-
anism of the melting transition. We find that the melting
of Cu-Ni binary alloys is characterized by a heterogeneous
melting mechanism which involves premelting of the surface-
segregated Cu atoms followed by melting of the Ni core. The
addition of Ag to a Cu-Ni cluster results in transformation
from an initial heterogeneous melting mechanism during the
first annealing cycle to a bulk-like melting mechanism during
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subsequent annealing runs. Compositional analyses based on
radial atomic density profiles indicate that these transitions
were dependent on the distribution of the alloying elements
in the nanoclusters. The Ag in a ternary alloy migrates to the
cluster core upon heating and becomes distributed through the
cluster. Diffusion coefficients and RMSDs calculated based
on the atomic trajectories indicate that the rate of mixing
of Ag increases with Ag content in the Ag-Cu-Ni ternary
alloy. As a result, ternary alloys due to the homogeneous
distribution of Ag after annealing cycles exhibit a bulk-like
melting (or reduced surface-melting) behavior. The presence
of low melting Ag in the cluster core for Ag-rich ternary alloys
resulted in significant lowering of the melting temperature.

PHYSICAL REVIEW B 84, 075434 (2011)

On the whole, the simulation results and the description
of the melting transition agree qualitatively with available
experimental studies on alloy nanoclusters.
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