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Molecular dynamics simulations were carried out for Pd-Pt, Pd-Rh, and Pd-Cu nanoclusters supported on
a static graphite substrate using the quantum Sutton-Chen potential for the metal-metal interactions. The
graphite substrate was represented as layers of fixed carbons sites and modeled with the Lennard-Jones
potential model. Metal-graphite interaction potentials obtained by fitting experimental cohesive energies were
utilized. Monte Carlo simulations employing the bond order simulation model were used to generate initial
configurations. The melting temperatures for bimetallic nanoclusters of varying composition were estimated
based on variations in thermodynamic properties such as potential energy and heat capacity. Melting transition
temperatures were found to decrease with increasing Cu �for Pd-Cu� and Pd �for Pd-Pt and Pd-Rh� concen-
trations and are at least 100 to 200 K higher than those of the same-sized free clusters. Density distributions
perpendicular to the surface and components of the velocity autocorrelation functions in the plane of the
surface indicate that one of the metals in the bimetallic nanoclusters wets the graphite surface more, and that
this weak graphite substrate is able to structure the melted fluid in the first few monolayers. The wetting
characteristics are dictated by the delicate balance between metal-metal and metal-graphite interactions. Com-
ponents of velocity-autocorrelation functions characterizing diffusion of constituent atoms in these bimetallics
suggest greater out-of-plane movement, which increases with Cu �for Pd-Cu� and Pd �for Pd-Rh and Pd-Pt�
concentrations. Deformation parameters showed that the core �Pd in Pd-Cu, Rh in Pd-Rh and Pt in Pd-Pt�
atoms diffuse out and the surface-segregated �Cu in Pd-Cu, Pd in Pd-Rh and Pd-Pt� atoms diffuse into the
nanoclusters upon melting. Near linear dependence of melting temperature on composition was found for
unsupported clusters in our recent work, which results from the balance between the extent of surface melting
and the radius of remaining solid core. Nonlinear dependence was found in these supported clusters, as a result
of reduced surface melting at higher Pd concentrations, due to the substrate effect. Shell-based diffusion
coefficients for layers perpendicular to the graphite substrate suggest surface melting to start from the cluster
surface experiencing least influence of the graphite field. Surface melting was seen in all three nanoclusters,
with calculated bond orientational order parameters revealing the order of Pd-Cu�Pd-Pt�Pd-Rh, for onset
of melting. Cluster snapshots on the graphite substrate and calculated cluster diffusion coefficients indicate
these nanoclusters to diffuse as single entities with very high diffusivities, consistent with experimental
observations.
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I. INTRODUCTION

Metal nanoparticles exhibit physical, chemical, and elec-
trical properties that are different from those of bulk materi-
als or single molecules.1 The unique properties imparted to
nanoparticles by the large fraction of surface atoms help
them find applications in areas such as heterogeneous cataly-
sis, sensors, and microelectronics. The size, shape, and com-
position of these nanoparticles are known to affect their
physical and chemical properties. In sensing applications, for
instance, the increased surface area leads to improved sensi-
tivity, selectivity, and speed of response. As an example, Pd
and its alloy nanoparticles have found use in hydrogen
sensing.2,3 Literature suggests that bimetallics exhibit supe-
rior properties in comparison to their single-metal
counterparts.4 In catalysis and sensing applications, bimetal-
lic nanoparticles supported on substrates such as alumina,
ceria, carbon, quartz, or lithium niobate are commonly used.
The behavior of nanoclusters under the influence of a sub-
strate is different from that of isolated nanoclusters.5–8 The
properties in these cases are dependent not only on the par-

ticle size and surface composition, but also on the surface
morphology and nature of metal-substrate interaction. The
key to all potential applications lies in a thorough under-
standing of thermal, structural, and dynamic properties of
these nanoparticles, especially under the influence of a sub-
strate. Recent advances in experimental techniques9,10 as
well as the insights gained by using first-principles calcula-
tions such as density functional theory �DFT�11–13 have led to
improved understanding of the same.

During the fabrication process, nanomaterials are sub-
jected to chemical, thermal, and mechanical treatments that
alter their surface morphology and hence their catalytic ac-
tivity. A detailed study of the melting process of metal nano-
clusters is useful in understanding their thermal stability.7

The solid-liquid transition in nanoclusters differs signifi-
cantly from that in bulk materials.14,15 Both experimental and
theoretical studies indicate that melting starts from the sur-
face and propagates to the interior, with surface melting
starting at temperatures significantly lower than the homoge-
neous transition temperature.16–18 This phenomenon is a re-
sult of reduced coordination of surface sites compared to
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bulk atoms, making them less constrained in their thermal
motion. Melting at the nanoscale is known to proceed
through an intermediate state at which solid and liquid states
coexist �dynamic coexistence�, and the structure fluctuates
between solid and liquid.19 Experimental studies and mo-
lecular simulations9,20 give further insights into the depen-
dence of the nanomaterial melting point on size, shape, and
composition. In most cases, the cluster melting point is lower
than bulk melting value, and is known to decrease with clus-
ter size. The variation of melting point is not always a mono-
tonically increasing function of cluster size, with quantum
effects playing a role at smaller cluster sizes.21–23

Previous studies in catalysis and sensing applications
have indicated improved selectivity towards specific reac-
tions obtained by controlling surface composition of
alloys.24–26 The alloying process leads to variations in struc-
ture and surface atomic distribution depending on nanoclus-
ter size, shape, and overall composition. At the nanoscale,
bimetallic nanoclusters exhibit a phenomenon known as sur-
face segregation, in which one of the metals preferentially
segregates to the surface. The relative surface energy differ-
ence between the two metals dictates the extent to which
segregation occurs.27,28 Additional complexities are induced
by micromixing. As a result, the melting behavior of alloys
differs significantly from that of single-component metal
nanoclusters.

Supported bimetallic clusters are used extensively in ca-
talysis and sensor applications, with the support used prima-
rily to provide mechanical stability. The support also serves
to spread out the metal cluster over more surface area. Re-
cently, the bottom-up approach based on the concepts of self-
organization and self-assembly of suitable nanostructures on
a substrate is emerging as a viable alternative for low-cost
manufacturing of nanostructured materials.29 However,
substrate-induced effects on nanoparticle properties are dif-
ficult to predict due to the lesser known nature of metal-
substrate interactions.30

Model catalysis studies involve deposition of transition
metal clusters in submonolayer quantities on a substrate,
with the morphology and reactivity studied by surface sensi-
tive techniques such as scanning tunneling microscopy
�STM�, thermal desorption spectroscopy and x-ray photo-
electron spectroscopy.29 It is expected that the substrate
should mimic the properties of the support material used in
real catalysis and sensing applications. However, the strong
interaction of metal oxides such as TiO2 and MgO with
metal clusters makes it difficult to study experimentally.30 An
alternative is to use a relatively inert substrate such as graph-
ite or gold so that the underlying properties of the cluster can
be isolated from that of the substrate.31 Graphite, which rep-
resents the most stable allotropic form of carbon, also has a
relatively higher melting point compared to the nanoclusters
under study. This makes it an excellent candidate for deter-
mining thermal characteristics of supported transition metal
nanoclusters.

Highly oriented pyrolitic graphite substrates have been
utilized to grow Pt nanoparticles using pulsed-laser deposi-
tion techniques.32,33 Cluster atomic distributions character-
ized by STM have been used to gain insights into the growth
kinetics. It is likely that the surface defects on the graphite

substrate act as nucleation sites for the diffusing Pt species.
Similarly, the properties of other metal clusters such as those
of gold,8,10 platinum,34 and Cu-Ni �see Ref. 5� on a graphite
substrate have been studied in the past and the metal-
substrate interactions have been found to result in properties
that are different from those of isolated clusters. Graphite-
supported cubic and tetrahedral platinum nanocrystals of
8 nm diameter were found to evolve to spherical shapes at
temperatures higher than 500 °C, with surface and total
melting occurring at a slightly higher temperature.35 Nano-
cluster diffusivity on surfaces plays a key role in cluster ag-
gregation processes. Experimental studies suggest rapid dif-
fusion of small antimony clusters on graphite substrates, a
fact corroborated by molecular dynamics �MD� studies of
Lennard-Jones �LJ� clusters diffusing on nonepitaxial crys-
talline surfaces.36 Similar MD studies conducted on 249-
atom gold nanoclusters indicated high diffusivity on graphite
surface.8 The role played by substrate atoms on the thermal
stability and melting behavior of nanoclusters have been
studied only to a limited extent. A comprehensive under-
standing of the structure and dynamics of substrate-
supported metal nanoclusters and their effect on the melting
behavior of bimetallics is desirable.

In most experimental studies, melting is characterized by
changes in shape. However, shape changes are also observed
when solid nanoparticles on a substrate jump from one local
minimum to another, making it difficult to calculate the pre-
cise transition temperature.7,37 Experimental studies to un-
derstand the role played by a substrate on nanocluster prop-
erties are both cost intensive and are sometimes difficult to
perform. MD simulations offer a simple and comprehensive
tool to understand the complex microscopic phenomena of
segregation and micromixing, and provide insights into the
role played by the substrate. In the present work, we employ
MD simulations to study the properties of Pd-Cu, Pd-Rh,
and Pd-Pt nanoclusters of varying compositions and sizes,
supported on a graphite substrate. The large available experi-
mental data on graphite supported nanoclusters as well as the
recent advances in experimental techniques29 can help pro-
vide insights into the validity of the simulation results.

II. INITIAL CONFIGURATION SETUP

All the transition metals under study in this work �Cu, Pd,
Pt, and Rh� have an fcc structure. Hence, an fcc block/lattice
of 500 atoms was constructed from an fcc unit cell by repli-
cation in the ABC direction with the center located at �0, 0,
0�. The initial atomic positions of the bimetallic system were
determined using Metropolis Monte Carlo simulations em-
ploying the bond order simulation �BOS� model.27,28 The en-
ergy parameters and site energies needed for the BOS model
were generated using DFT by Yang,38 and the same values
have been used in the present study. This approximately cu-
bic nanocluster is supported on a graphite substrate, with the
initial metal-substrate distance set to 2 Å. The graphite sub-
strate containing 3600 atoms in two layers was built by AB
type stacking to have 73.8�73.8�6.7 Å3 dimensions. The
surface segregation phenomenon present in bimetallic nano-
clusters results in lower surface energy atoms being located

SANKARANARAYANAN, BHETHANABOTLA, AND JOSEPH PHYSICAL REVIEW B 72, 195405 �2005�

195405-2



at low coordination number sites such as surfaces, edges, and
corners. The extent of surface segregation depends on a num-
ber of factors, such as difference in surface energy, mixing
energy, and entropy. The final microstructure is a result of
interplay among these factors.27,28 In the present case, the
segregation profile of Pd atoms is different in the three bi-
metallics �Pd-Cu, Pd-Pt, and Pd-Rh�. In case of Pd-Cu, Cu
with much lower surface energy completely segregates to the
surface, with Pd atoms forming the cluster core. The reverse
is true for Pd-Rh, where Pd has much lower surface energy
than Rh. Pd-Pt represents an intermediate case with more Pd
atoms located at the surface than Pt, due to slightly lower
surface energy of Pd than that of Pt.

III. COMPUTATIONAL DETAILS

A. Pair potential function

MD simulations were performed using DL�POLY39 to gain
insights into the melting process at the atomistic level. The
embedded atom potential40 and other long range potentials
like the Sutton-Chen potential41 based on Finnis-Sinclair
type of potentials have been used in the literature success-
fully to predict the properties of fcc-based metals such as Pd,
Cu, Rh, and Pt. The local electronic density is included to
account for the many-body terms.

Based on the Sutton-Chen model, the potential energy of
the finite system is given by

Utot = �
i

Ui = �
i

���
j�i

1

2
V�rij� − c�i

1/2� . �3.1�

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

V�rij� = � a

rij
�n

. �3.2�

The local electronic density accounting for cohesion associ-
ated with any atom i is given by

�i = �
j�i

��rij� = �
j�i

� a

rij
�m

. �3.3�

The Sutton-Chen potential predicts properties involving de-
fects, surfaces, and interfaces poorly. The quantum Sutton-
Chen potential42 �hereafter referred to as QSC�, includes
quantum corrections and takes into account the zero point
energy, allowing better prediction of temperature-dependent
properties. The QSC potential function was found to be bet-
ter suited to melting and phase transformation studies of bulk
Cu-Ni and Cu-Au alloys.43,44 The QSC parameters for the
metal atoms 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 model the
nature of interaction between metal atoms.

To represent the relatively weak interactions between the
carbon atoms in the graphite substrate and an adsorbed metal
atom, the LJ potential function has been used. Previous work

on substrate supported metal nanoclusters indicates that the
LJ potential for this interaction provides reasonable predic-
tions of the thermal behavior of the clusters.5 The LJ param-
eters ��=0.002 413 eV,�=3.4 A� for graphite have already
been determined in studies of small-molecule physisorption,
to quantitatively describe properties such as monolayer struc-
ture and phase transitions.45–48 The LJ parameters for metal
atoms were taken from Agrawal49 and Lorentz-Berthelot
mixing rules were employed to find well-depth and size pa-
rameters for metal-C interactions. These parameters are
listed in Table II. A static substrate with fixed positions for C
atoms was used to reduce the computational load.

B. MD simulation details

The MD simulations were carried out in an ensemble ap-
proximating the canonical with a constant number of atoms
N and volume V �much larger than the cluster size� without
any periodic boundary conditions. A constant-temperature
Berendson thermostat with a relaxation time of 0.4 ps was
used. The equations of motion were integrated using the Ver-
let leapfrog algorithm50 with a 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 1800 K
in increments of 100 K. Near the melting point, the tempera-
ture increments were reduced to 10 K to account for the
large temperature fluctuations. The simulations were carried
out for 400 ps of equilibration followed by a production time
of 200 ps for generating time-averaged properties.

IV. RESULTS AND DISCUSSION

The following subsections discuss identification of the
nanocluster melting point and characterization of structural
changes associated with the melting phenomenon for the
three bimetallics at the 50% Pd representative composition.
Particular emphasis is on Pd-Cu and Pd-Rh nanocluster
which have contrasting segregation profiles for Pd. Dynamic

TABLE I. Potential parameters used in MD simulations for
metal-metal interactions.

Quantum Sutton-Chen n m � �eV� c a �Å�

Pd 12 6 3.2864�10−3 148.205 3.8813

Pt 11 7 9.7894�10−3 71.336 3.9163

Rh 13 5 2.4612�10−3 305.499 3.7981

Cu 10 5 5.7921�10−3 84.843 3.603

TABLE II. Potential parameters used in MD simulations for
metal-graphite interactions.

LJ potentials � �eV� � �Å�

Pd-C 0.033 5 2.926

Pt-C 0.040 92 2.936

Rh-C 0.040 72 2.898

Cu-C 0.031 64 2.839
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properties through the nanocluster melting process and the
effect of varying compositions of bimetallics on the thermal
characteristics are studied and discussed. The effect of graph-
ite support on the cluster diffusivity and melting properties is
also investigated.

A. Melting point identification

The transition temperature from solid to liquid phase is
usually identified from the variation in either the thermody-
namic properties such as potential energy and specific heat
capacity or structural properties such as bond orientational
order parameters or Wigner values. The present study em-
ploys both these methods to identify melting points for dif-
ferent cluster sizes and compositions.

1. Potential energy

Figure 1 shows the temperature dependence of the overall
potential energy for the �Pd0.5–X0.5�500 atom clusters, where
X=Pt, Rh, or Cu. The potential energy shown in Fig. 1 in-
cludes both the metal-substrate interactions as well as the
metal-metal interaction. Our calculations indicate that the
contribution of the metal-substrate interaction to the overall
potential energy is at least two orders of magnitude less than
that of metal-metal interaction for all the three clusters.

The transition from a solid to a liquid phase can be iden-
tified by a simple jump in the total potential energy curve.
This corresponds to a melting temperature of 1390±10 K for
�Pd0.5-Pt0.5�500, 1590 K±10 K for �Pd0.5-Rh0.5�500 and
1020±10 K for �Pd0.5-Cu0.5�500, as seen in Fig. 1. We find

FIG. 1. �Color online� Potential energy variation with temperature for �Pd0.5-X0.5�500 clusters �a� X=Pt �b� X=Rh �c� X=Cu.
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that at temperatures greater than 800 K for Pd-Pt, 900 K for
Pd-Rh, and 600 K for Pd-Cu, the metal-graphite energy de-
creases with temperature and undergoes a sudden decrease
near the melting point. The small decrease could be attrib-
uted to the increased metal-substrate interaction resulting
from the collapse of the solid structure at the melting point.
The metal-metal interaction, on the other hand, increases
with temperature. Positive deviations from linearity in the
metal-metal potential energy curve indicate the tendency of
the clusters to surface melt. The metal-substrate energy pro-
file follows an opposing trend in the temperature range
where surface melting occurs. Therefore, the metal-substrate
interaction tends to delay the onset as well as to reduce the
extent of surface melting in nanoclusters, thereby resulting in
a delay in the final solid-liquid phase transition.

The variation of total potential energy with temperature
for clusters of different compositions is discussed in subse-
quent sections. These melting temperatures are 100–200 K
higher than those for isolated clusters of similar composition
and size. Numerical comparison of the melting transition
temperatures is provided later in this paper. The delay in the
onset of the melting point is a result of the lesser degree of
freedom for atoms close to the substrate. Influence of the
graphite support on the dynamics of cluster melting will be
discussed in subsequent sections.

2. Specific-heat capacity

The specific-heat capacity �Cv� in a weak coupling en-
semble such as achieved with the Berendson thermostat can
be written as a function of fluctuations in the potential energy
���Ep�2	.51 Strictly speaking, the specific-heat capacity also
includes the contribution arising from the ideal gas kinetic
energy, which is, however, constant, and hence has no effect
on the change of Cv with temperature:

Cv =
k���Ep�2	

�kT�2 − 2	���Ep�2	/3N
, �4.1�

where ���Ep�2	= �Ep
2	− �Ep	2 and 	 is the ratio of the standard

deviations of kinetic and potential energies:

	 = 
���Ek�2	/���Ep�2	 . �4.2�

Morishita has proved that a weak coupling ensemble ap-
proaches a canonical ensemble for very short relaxation
times �	�0� and to a microcanonical ensemble for longer
relaxation times �	�1�. In the present case, the Berendson
thermostat with a coupling parameter of 0.4 ps leads to 	
�10−4, making the calculation for specific-heat capacity
similar to that of a canonical ensemble as given in Eq. �4.3�:

Cv =
k���Ep�2	

�kT�2 . �4.3�

To identify the melting temperature, the specific-heat capac-
ity at constant volume is plotted in Fig. 2. For all three
�Pd0.5-X0.5�500 clusters, the maximum in the specific-heat
capacity corresponds to the temperature where a jump in

potential energy is observed. This leads to melting tem-
perature estimates of Tm=1390±10 K, 1590 K±10 K, and
1020±10 K for �Pd0.5-Pt0.5�500, �Pd0.5-Rh0.5�500, and �Pd0.5-
Cu0.5�500, respectively. Our calculations reveal that the metal-
substrate part has little effect on the specific-heat capacity of
the clusters. The specific-heat capacity calculated on the ba-
sis of the fluctuations in the metal-substrate energy identifies
same transitions as those shown in Fig. 2. However, they are
an order of magnitude smaller than those reported in Fig. 2.

The small peaks in the specific-heat capacity curve at
temperatures lower than the actual melting point indicate on-
set of surface melting. The early onset of surface melting at
about 500 K in case of Pd-Cu would mean that the extent of
surface melting is much more than in Pd-Pt and Pd-Rh.
Indeed, experimentally based interfacial energies and crystal-
lographic considerations suggest Cu and Pd nanoclusters to
surface melt a lot more than Pt and Rh.52,53

3. Bond orientational order parameters

There are several criteria used to identify local and ex-
tended orientational symmetries. One such method is the
bond orientational order parameter �BOP� method,54 which is
used to analyze cluster structure as well as to distinguish
between atoms in solid �closed packed� and liquid environ-
ment generated at the onset of melting. The value of the
global bond orientational order parameter Ql in a solid clus-
ter 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 ql�i� for l
4 and at l=6 for those
with icosahedral symmetry. All global order parameters van-
ish in isotropic liquids for l�0. The global bond orienta-
tional order values for different types of symmetry are re-
ported in Table III.

The atoms in a solid undergo vibrations about their equi-
librium positions, leading to distortion of the crystal structure
that is characterized by Q4 and Q6 values. The magnitude of
the nonzero �Ql
 values depends on the definition of nearest
neighbors and can be changed by including surface bonds in
the average. The cutoff distance �rcut� for identifying the
nearest neighbors was taken to be 3.6 A at 300 K. This cor-
responds to the position of the first minimum in the pair
correlation function for fcc Pd-Pt. The cutoff distance �rcut�
at other temperatures and different clusters were similarly
identified.

Figure 3 shows the variation in BOP with temperature
for the three bimetallics. Comparison of Q4 and Q6 values
for fcc with those in Fig. 3 indicates rapid structural rear-
rangement in all three bimetallic nanoclusters when sub-
jected to annealing between 0 and 300 K. The change in
order parameters of Pd-Cu is more continuous than in the
cases of Pd-Rh and Pd-Pt. The rapid structural changes in
the Pd-Cu might be attributed to the early onset as well
as to the greater extent of surface melting. Figures 3�a� and
3�b� indicate Pd-Rh to surface melt more in comparison to
Pd-Pt. This effect is more pronounced with increasing com-
positions of Cu in Pd-Cu and Pd in Pd-Pt and Pd-Rh. These
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observations are in line with the experimental studies that
suggest a surface melting order of Cu�Pt�Rh.37 All the
three nanoclusters show a transformation to a more-or-less
hcp structure before the melting transition. At the melting
point, the Q4 order parameters of all the three nanoclusters
show a sudden decrease to near zero, indicating the transition
from solid to liquid phase. The global order parameter Q6 for
the three clusters has nonzero values after the phase transi-
tion, which could be attributed to the layering effect of the
substrate. The melting points found using these order param-
eters match those found using potential energy and specific-
heat capacity curves.

FIG. 2. �Color online� Variation of specific-heat capacity with temperature for �Pd0.5–X0.5�500 clusters �a� X=Pt �b� X=Rh �c� X=Cu.

TABLE III. Bond orientational order parameter values for vari-
ous geometries.

Geometry Q4 Q6

fcc 0.190 94 0.574 52

hcp 0.097 22 0.484 76

bcc 0.036 37 0.510 69

Icosahedral 0 0.663 32

sc 0.763 76 0.353 55

Liquid 0 0
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B. Structure and dynamics of cluster melting

The following subsections discuss the structural and dy-
namical changes associated with cluster melting. Influence of
the graphite field on these properties is also discussed, as is
the effect of composition.

1. Analysis of density profiles

Figure 4 shows the atomic distributions of Cu and Pd
atoms, respectively, during the melting process for the
�Pd0.5-Cu0.5�500 cluster along the z-axis, perpendicular to the
surface. Sharp peaks in the density distributions of both Cu
and Pd are evident below the melting transition temperature.
The sharper peaks for Pd than for Cu at 900 K, a little below
the melting temperature, are possibly indicative of higher
mobility of Cu atoms. This conclusion is strengthened by

other properties that indicate surface melting, and surface
segregation of Cu atoms. The distributions for both Pd and
Cu at 1020 and 1030 K �slightly above the melting transition
temperature� indicate that the weak graphite field is able to
structure both Cu and Pd in the first few monolayers. This
layered structuring in the first few monolayers is evident
even at the much higher temperature of 2000 K, for both Cu
and Pd. It appears that the bimetallic cluster can wet the
graphite surface, and the observed layering effects from the
graphite substrate �for clusters� are a result of the finite time
of simulation. The effect of a change in the cluster composi-
tion is manifested in the form of structural changes as a
function of temperature. There is higher Cu enrichment near
the graphite substrate with increasing Cu composition in the
bimetallic.

FIG. 3. �Color online� Variation of bond orientational order parameters with temperature for �Pd0.5–X0.5�500 clusters �a� X=Pt �b� X
=Rh �c� X=Cu.
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Similar wetting features are observed in the cases of
�Pd0.5-Rh0.5�500 and �Pd0.5-Pt0.5�500. In both these cases, Pd
with lower surface energy enriches the surface. In both
cases of Pd-Pt and Pd-Rh clusters, Pd with smaller LJ well
depth tends to wet the graphite substrate more. Even though
C-Rh and C-Pt LJ well depth parameters are larger than that
of C-Pd, leading one to expect Rh and Pt to be present at the
surface more, it is the higher cohesive energy �higher melting
point� resulting from stronger Rh-Rh and Pt-Pt interactions,
which leads to Pd spreading on the graphite substrate and Rh
and Pt retaining their hemispherical shape. This is shown for
Pd-Rh in Fig. 5. As the percentage of Pd in the bimetallic
increases, the Pd wetting phenomenon also increases. The

delicate balance between the metal-metal and metal-graphite
interactions determines these wetting characteristics.

2. Deformation parameters

To explore the surface melting behavior and the associ-
ated shape changes, we use deformation parameters.55 and
shell-based self-diffusion coefficients.55

The melting phenomenon is associated with changes in
nanocluster size and shape resulting from the relative diffu-
sion of Cu and Pd atoms. To characterize these transforma-
tions, we use deformation parameters given by

FIG. 4. �Color online� Density profile representing number density �number of atoms/volume� of atoms as a function of temperature for
�a� Pd and �b� Cu from simulations of the �Pd0.5-Cu0.5�500 cluster.

FIG. 5. �Color online� Density profile representing number density �number of atoms/volume� of atoms as a function of temperature for
�a� Pd, �b� Rh from simulations of the �Pd0.5-Rh0.5�500 cluster.
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�q =
�i=1

N
�qi − qcen�

N
, �4.4�

where qi refer to either the position coordinates of the ith
atom in an N-atom cluster along one of the three �x ,y ,z�
directions, or the position vector r�x ,y ,z�, and qcen is the
cluster center of mass.

Figure 6 shows the deformation parameters for �Pd0.5-
Cu0.5�500 plotted as functions of temperature. Equation �4.8�
indicates atoms with larger deformation parameter to be lo-
cated farther from the cluster center of mass. As �Cu��Pd at
low temperatures, the initial cluster structure is segregated
with Cu atoms located at surface and cluster-core composed
of Pd. Near the phase transition, �Cu decreases, whereas �Pd
increases indicative of the inward diffusion of the Cu atoms
and outward diffusion of Pd atoms, thereby leading to a
change in the overall cluster structure. In addition, the atomic
composition at the metal-graphite interface changes, thereby
affecting the cluster diffusivity on the graphite substrate.
Similar behavior is observed for Pd-Rh and Pd-Pt clusters
where Pd atoms move to the interior and Rh �in Pd-Rh�, Pt
�in Pd-Pt� to the outside.

3. Diffusion coefficients

The cluster diffusion coefficient is given by

D =
1

6�t
���ri�t + k� − ri�k���2	 , �4.5�

where ri�t� represents vector position of the ith atom at time
t with averages taken over k time origins.

As indicated in our earlier work,55 better insights into the
surface melting process can be obtained by calculating shell-
based diffusion coefficients. In the present case, insights into
the effect of graphite field on the melting of different layers

in nanocluster could be studied by partitioning the cluster
into shells of equal width �dz� in a direction �z� perpendicu-
lar to the graphite substrate. Mean-square displacements cal-
culated within each shell were used to calculate the self-
diffusion coefficients using Eq. �4.9� for atoms in that shell.
The average interatomic distance between atoms in the bi-
metallic was used as dz. This corresponds to 2.66, 2.75, and
2.72 Å for Pd-Cu, Pd-Pt, and Pd-Rh, respectively. The at-
oms were assigned to the bins �shells� based on their initial
positions at the end of the equilibration period. The mean
square displacements for each shell were then generated by
averaging over a 200 ps trajectory with sampling done every
0.1 ps.

As seen in Fig. 7�b�, at low temperatures �300–500 K�,
the diffusion coefficients of different shells are nearly the
same. However, as temperature increases to 600 K, the out-
ermost shells �7 and 8� with the majority of atoms located far
away from the graphite substrate, show relatively higher dif-
fusivity. Melting clearly starts from the cluster surface. How-
ever, in the case of supported clusters, it starts from the sur-
face which experiences the least influence of the graphite
field. This is evident from the much higher diffusivity of
shell 8 located farthest ��19.75 Å� from the graphite sub-
strate. With further increase in temperature �800–900 K�, the
effect of the graphite substrate is confined to a few monolay-
ers and more shells �5–8� exhibit the same behavior. Above
the melting point, all the shells show relatively greater diffu-
sivity indicative of phase transformation. Cluster snapshots
taken at different temperatures corroborate the same �Fig. 8�.
Interestingly, the layer �shell 1� closest to the graphite sub-
strate exhibits much higher diffusivity compared to second,
third, and fourth shells at 900 K for this Pd-Cu cluster. This
effect could be a result of increased number of Cu atoms
having higher diffusivity than Pd, in shell 1 at elevated tem-
peratures �Fig. 8�e��, thereby signaling the onset of surface
melting in this layer.

Similar surface melting features are observed in cases
�Pd0.5-Pt0.5�500 and �Pd0.5-Rh0.5�500, although the onset of

FIG. 6. Deformation parameter for �Pd0.5

-Cu0.5�500 at different temperatures.
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surface melting takes place at slightly higher temperatures.
Same-sized clusters richer in Pd �in case of Pd-Rh and
Pd-Pt� and Cu �in case of Pd-Cu� compositions surface-melt
more in comparison to others.

4. Velocity autocorrelation functions

Figure 9 shows normalized in-plane ��r= �Vr�tk� ·Vr�tk

+ t�	� and out-of-plane ��z= �Vz�tk� ·Vz�tk+ t�	� velocity auto-

FIG. 7. �Color online� Shell based diffusion coefficients in z-direction for �Pd0.5-Cu0.5�500 at �a� Temperatures leading up to melting
�300–900 K� �b� Low temperatures �300–600 K�.

FIG. 8. �Color online� Cluster snapshots taken
at different temperatures for �Pd0.5-Cu0.5�500 at
�a� 300 K, �b� 500 K, �c� 600 K, �d� 700 K, �e�
900 K, and �f� 1000 K.
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correlation functions ��� calculated for Cu and Pd atoms for
different shells along the z-direction perpendicular to the
graphite substrate at 900 K. The partitioning of shells has
been discussed in the previous section and few shells are
omitted in Fig. 9 for clarity. At high densities �solid phase�,
atoms are closely packed, causing rebounding oscillations to
be more numerous than scattering collisions, and many re-
bounds cause � to change sign. At lower densities within the
cluster corresponding to the liquid phase, ��t� becomes
negative and passes through a minimum before approaching
zero. The above arguments and Figs. 9�a� and 9�b� suggest
shells 1–3 �closer to graphite substrate� to exhibit solid-like
and those far away �shells 5–8� to exhibit liquid-like charac-
teristics for Cu atoms. Similarly, Pd atoms in shells 1–7 ex-
hibit solid-like characteristics and those in 8 show liquid-like
behavior. This suggests surface melting to start from the sur-
face that experiences the least influence of the graphite field.

Components of velocity autocorrelation function ��r and
�z� characterize the diffusion of Cu and Pd atoms at 900 K
in the x-y plane �in plane� and z-direction �out of plane�,
respectively. Comparison of �r �Fig. 9�a�� and �z �Fig.
9�b�� for Cu atoms, indicate shorter correlation time and
much larger depth of minima for the latter signifying larger
z-directional motion than in the x-y plane. The greater
z-directional motion is attributed to the stronger attractive
pull of the graphite field on the surface-melted Cu atoms.
Similar diffusion characteristics �larger z-directional motion�
are also observed for Pd atoms in all shells, with most of the
shells �1–7� exhibiting solid like characteristics as evident
from the much higher rebounding oscillations. We find that
Pd atoms in the outermost shell �shell 8� experience less
attractive pull from the graphite field than Cu atoms in the
same shell. The above arguments not only corroborate the
results presented in the earlier sections, but also suggest peel-
ing off of the surface- melted Cu atoms �as was evident from
z-density profiles in Figs. 4 and 5, and the snapshots in Fig.

8�, thereby exposing the inner solid Pd atoms �1–7�. This
effect becomes more profound with increasing compositions
of Cu in Pd-Cu. The implications of such an exposure of Pd
atoms on sensing applications would be discussed in subse-
quent sections. At still higher temperatures leading up to
melting, even the shells closer to graphite substrate exhibit
more scattering collisions than the rebounding oscillations
suggesting a phase transformation to liquid.

In case of �Pd0.5-Pt0.5�500 and �Pd0.5-Rh0.5�500 nanoclus-
ters, stronger metal-metal interaction results in similar be-
havior being observed at elevated temperatures; i.e., 1300 K
and 1450 K, respectively. An increase in the composition of
Pd in these nanoclusters results in a pronounced surface
melting effect, leading to greater attractive pull on the sur-
face melted atoms by the graphite field. The increased sur-
face melting causes the otherwise weak graphite field to
overcome the strong metal-metal interaction resulting in
higher concentration of surface melted atoms �Cu in Pd-Cu,
Pd in Pd-Pt and Pd-Rh� in shells closer to graphite substrate.
Thus, the delicate balance between various metal-metal and
metal-graphite interactions dictate the onset of surface melt-
ing as well as the diffusion characteristics �greater out of
plane z-directional motion� of nanoclusters.

C. Effect of cluster composition on cluster melting point

Figure 10�a� shows the variation of melting point with
composition for Pd-Pt clusters. The melting point of sup-
ported clusters is greater than unsupported clusters for all
compositions. The reduced degrees of freedom of supported
cluster atoms are responsible for the larger melting tempera-
tures. While unsupported clusters exhibit a near-linear varia-
tion in melting point with composition, the supported clus-
ters show a deviation from linearity for high Pd
compositions. The near-linear variation for unsupported clus-
ters results from the balance between the extent of surface

FIG. 9. �Color online� Shell based velocity autocorrelation function for Cu atoms in �Pd0.5-Cu0.5�500 at 900 K. �a� In-plane. �b� Out of
plane.
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melting and the radius of the remaining solid core. At higher
Pd compositions, reduced surface melting due to the effect of
graphite field leads to nonlinear variation. In the cases of
Pd-Cu and Pd-Rh nanoclusters �Fig. 10�b��, increasing com-
positions of Pd lead to an increase and decrease in melting
points, respectively. However, in both cases, clusters rich
in more surface-melting metals �Cu in Pd-Cu and Pd in
Pd-Rh� exhibit much higher deviation from an otherwise
linear behavior.

The finite size of nanocluster alloys leads to phenomena
such as surface segregation, as well as surface melting,
which results in the phase diagram of nanocluster alloys be-
ing different from those of bulk alloys. It is interesting to
note from Fig. 10�a� that the difference between the melting
points of pure Pd and Pt clusters correspond to 350 and

310 K for supported and unsupported cases, respectively.
This is very close to the difference between bulk melting
points for Pd and Pt calculated using the same potential func-
tion �330 K�.55 For small-cluster systems, it is expected that
the melting point difference should be lesser than the bulk, a
fact corroborated by our simulations involving smaller-sized
clusters of Pd and Pt where the melting point difference is
190 K �Fig. 10�c��.

D. Effect of graphite support

As indicated by the density profiles, one of the metals in
the bimetallics wets the surface more, leading to enriched
compositions of the same near the substrate surface. The

FIG. 10. �Color online� Variation of melting point with cluster composition for �a� supported and unsupported Pd-Pt clusters having 500
atoms, �b� supported Pd-Cu and Pd-Rh clusters having 500 atoms, and �c� supported Pd-Pt cluster having 256 atoms.
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substrate also delays the onset of surface melting, thereby
increasing the overall cluster melting temperature. When the
cluster is in a surface-melted state, the effect of the substrate
is to pull the loosely bound surface melted atoms. The net
effect is to peel off the surface layers of the bimetallic, thus
exposing the inner core. This effect is more pronounced
at higher compositions of Cu in Cu-Pd and that of Pd in
Pd-Pt and Pd-Rh clusters. Figure 11 shows the time evolu-
tion of a Cu atom located at the top surface. Each interval of
200 ps corresponds to an increment of 100 K starting at
300 K. Thus, at temperatures much below melting
�
800 K�, the atoms mostly vibrate about their equilibrium
temperature, characteristic of solid phase. At slightly higher
temperatures close to melting, larger fluctuations and move-
ment are seen. Another striking feature is the reduction in the
distance between the surface-segregated metal atom and sub-
strate with an increase in temperature. This behavior is true
for all the loosely bound surface atoms.

In case of sensor and catalytic applications, results of en-
ergetic studies using DFT indicate the segregation profiles to
be reversed on exposure to gases such as CO,56–59 thereby
reducing poisoning. However, the presence of substrate ex-
poses the inner core of surface-melted clusters. Under these
conditions, poisonous gases like CO could have serious im-
plications on effectiveness of sensors, especially at higher
temperatures.

E. Cluster mobility on graphite substrate

The cluster mobility on the graphite substrate was studied
by monitoring the motion of cluster center-of-mass at differ-
ent temperatures over a time period of 600 ps. As seen from
the cluster snapshots, the cluster diffuses as a single entity.
At low temperatures, the cluster motion is restricted to less
than 1 Å2, typical of the atomic vibrations in solid phase.
After phase transition, cluster movement is over a much
larger area ��90 Å2�. Our calculations indicate that the

surface-diffusion coefficient remains low at cluster solid
phase �i.e., below 800 K� and increases greatly near the clus-
ter melting point. An increase in the composition of Cu in
Pd-Cu and Pd in Pd-Rh leads to higher values of cluster
diffusion coefficient, resulting in higher cluster mobility on
the graphite substrate. This is attributed to the size mismatch
between the metal and carbon atoms at the interface. The
inward diffusion of Cu atoms into the cluster core near the
melting point changes the interfacial concentration leading to
changes in the cluster mobility �diffusion coefficient�. The
high mobility of the clusters is consistent with experimental
results36 and is likely a result of the size mismatch between
the metal and carbon atoms.

V. CONCLUSIONS

The melting characteristics of graphite-supported bimetal-
lic clusters have been studied using MD simulations. The
melting points of bimetallic nanoclusters have been found by
studying variations in thermodynamic and structural proper-
ties with temperature. In all the cases, the effect of the weak
graphite support is to delay the onset of melting leading to
higher transition temperatures compared with isolated nano-
clusters, but still lower than bulk melting points. The delay
results from the opposite trends observed in metal-graphite
and metal-metal temperature-energy profiles. For all the
three nanoclusters, most of the contribution to the total en-
ergy and specific-heat capacity arises from metal-metal inter-
actions. The melting temperature depends on nanocluster
size and composition with the finite size of nanoclusters,
resulting in melting temperatures being different from bulk
alloys. Our studies indicate that structural transformations
occur at temperatures much below the phase transition. The
graphite field causes a rapid rearrangement of atoms located
close to the substrate. Bond orientational order parameters
suggest a more rapid structural transformation with increas-
ing temperatures in Pd-Cu clusters than Pd-Pt or Pd-Rh
nanoclusters. This effect is more pronounced at higher com-
positions of Cu �Pd-Cu� and Pd �Pd-Pt and Pd-Rh clusters�.

The dynamic properties associated with substrate-
supported cluster melting were studied using deformation pa-
rameters, diffusion coefficients, velocity autocorrelation
functions and analysis of density profiles. Components of
velocity autocorrelation function characterizing diffusion
of the constituent atoms in the bimetallic nanoclusters sug-
gest greater out-of-plane movement in comparison to in-
plane, which increases with increasing composition of Cu in
Pd-Cu and Pd in Pd-Rh and Pd-Pt. The effect of cluster
composition on melting of graphite supported nanoclusters is
a nonlinear variation for high Pd composition in the case of
Pd-Pt nanoclusters. Supported Pd-Cu and Pd-Rh clusters
also exhibit similar characteristics at higher Cu and Pd com-
positions, respectively. The graphite support serves to reduce
the extent of surface melting, thereby introducing nonlinear-
ity. The melting point differences between pure Pd and Pt
supported nanoclusters decreases with cluster size. Simulated
melting temperatures for bulk alloys agree well with experi-
mental values.

FIG. 11. �Color online� Trajectory of one such copper atom
located at surface. The melting point �Tm� of the Pd-Cu cluster is
1020 K.
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Our studies indicate that wetting behavior is influenced by
the weak metal-graphite, and the metal-metal interactions.
Influence of the graphite field is restricted to a few monolay-
ers of atoms and has a more prominent effect on surface-
melted atoms. Shell-based diffusion coefficients indicate
greater surface melting in shells located farther away from
the graphite substrate. We find the cluster to diffuse as a
single entity on the graphite surface. All the three nanoclus-
ters studied exhibit high diffusivities on the graphite sub-
strate, consistent with experimental observations.
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