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We demonstrate that the addition of a carbon impurity leads to significant changes in the thermodynamic
properties of a Ni147 cluster. The magnitude of the change induced is dependent on the parameters of the Ni-C
interaction. Hence, thermodynamic properties of Ni clusters can be effectively tuned by the addition of a
particular type of impurity. We also show that the presence of a carbon impurity considerably changes the
mobility and diffusion of atoms in the Ni cluster at temperatures close to its melting point. The calculated
diffusion coefficients of the carbon impurity in the Ni cluster can be used as a reliable estimate of the growth
rate of carbon nanotubes.
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I. INTRODUCTION

Thermodynamic properties of atomic clusters depend sig-
nificantly on the size of the cluster. It has been shown that
the melting temperature of a small spherical particle de-
creases with the reduction in its radius.1–5 This is due to the
substantial increase in the relative number of weakly
bounded atoms on the surface in comparison with those in
the bulk. Such a size effect on the melting temperature of
small metal clusters having diameters down to 2–3 nm has
been confirmed in a series of experiments.6–9

However for clusters having sizes smaller than 1–2 nm,
the melting temperature is no longer a monotonic function of
the cluster size. Experiments on sodium clusters NaN, with
number of atoms N=50–360, have demonstrated that melt-
ing temperature as a function of size shows a prominent ir-
regular structure with the local maxima.10–13 The origin of
the nonmonotonic variation in the melting temperature with
respect to cluster size lies in the interplay between electronic
and geometric shell effects in the sodium clusters.13 Intensive
theoretical efforts have been undertaken to identify the de-
tails of the geometric and electronic structures underlying the
variations in the melting temperature.14–21

Experiments on small ion clusters of tin22 and gallium23

have confirmed the violation of the linear relationship be-
tween the reduction in the melting temperature and the in-
verse radius of the cluster. It was discovered that the melting
temperature of selected SnN and GaN clusters, of sizes N
�40, can considerably exceed the melting temperature of the
corresponding bulk material.22,23 This behavior was ex-
plained by the structural differences between the small clus-
ters and the bulk.22

Modification of a cluster structure can also be induced by
the doping of an impurity or substitution of one or several
atoms in a pure cluster with an atom of a different type.24 It
has been shown that doping of sodium clusters with Li, Cs,
and O2 impurities �as well as Al13 and Ga13 clusters with a
carbon impurity� results in a decrease in the melting tem-
perature of the cluster.25–27 Whereas doping of the icosahe-
dral silver clusters with Ni and Cu atoms considerably in-
creases the melting temperature.28 Therefore one can

suppose that the thermodynamic properties of a selected
cluster can be tuned by doping with an impurity of a particu-
lar type. Thus, it was demonstrated in Ref. 29 that alloying
iron clusters consisting up to 2400 atoms with carbon reduce
its melting temperature by 100–150 K at a carbon concentra-
tion of 10%–12%. Recently the thermal behavior of free
and alumina-supported Fe-C nanoparticles has been
investigated.30 It was observed that the presence of the sub-
strate raises the melting temperature of medium and large
Fe�1−x�NCxN nanoparticles �x=0–0.16, N=80–1000� by
40–60 K.30

In this paper we report the results of a systematic theoret-
ical study regarding the effect of impurity on the thermody-
namic properties of Ni clusters. We demonstrate that adding
a single carbon impurity can result in changes in the melting
temperature of an Ni147 cluster. The magnitude of the change
induced is dependent on the parameters of the interaction
between the Ni atoms and the C impurity. Hence, thermody-
namic properties of Ni clusters can be effectively tuned by
the addition of an impurity. We also show that the presence
of a carbon impurity considerably changes the mobility of
atoms in the Ni cluster at temperatures close to its melting
point.

The choice of Ni clusters is stipulated by their high
chemical and catalytic reactivity, unique properties, and mul-
tiple applications in nanostructured materials.31 An important
example of such an application is the process of the catalyti-
cally activated growth of carbon nanotubes. The mechanism
of this process is not yet well understood �see, e.g., Refs. 29
and 32–39 and references therein� and knowledge of the spe-
cific role of the impurity in the Ni catalytic nanoparticle may
ascertain whether the carbon nanotube structure and its
growth kinetics can be controlled. The thermodynamic state
of the catalytic nanoparticle plays a crucial role on the car-
bon nanotube growth.40 The important question is whether
the catalytic nanoparticle is molten or frozen during the
nanotube growth process. It was demonstrated that when car-
bon nanotubes are grown on large ��3–4 nm� iron nanopar-
ticles at temperatures lower than 1200 K, the catalytic par-
ticle is not completely molten.29 Thus, the mechanism of
nanotube growth can be governed by the surface melting of
the cluster.29 On the other hand, it was demonstrated that the
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reduction in the catalyst size requires an increase in the mini-
mum temperature necessary for the growth of the single-
walled carbon nanotubes due to the reduction in a carbon
solubility in the metal nanoparticle.38 The nanotube growth
rate can be obtained by a solution of a set of kinetic equa-
tions which include, in particular, the diffusion flux of carbon
through the metal particle.34,41,42 On the other hand the dif-
fusion coefficients depend on the thermodynamic state of the
catalytic Ni cluster which can, in turn, be tuned by doping
with an impurity. Therefore direct molecular dynamics stud-
ies of carbon diffusion in the Ni cluster are important for a
reliable estimation of the growth rate of carbon nanotubes.

II. THEORETICAL METHODS

The study of structural and dynamical properties of
transition-metal clusters is a challenging task due to the pres-
ence of unfilled valence d orbitals. The high density of the d
states and their localized character make the direct ab initio
methods computationally very demanding for clusters larger
than several dozens of atoms.43 In order to describe the struc-
ture of clusters of larger sizes, one needs to use approximate
methods and model interatomic potentials.

An effective approach for study of transition-metal clus-
ters is the embedded-atom method44–49 which takes into ac-
count many-body effects. The latter appears through the in-
homogeneous electron density of the system. In this paper,
the molecular dynamics study of the Ni147 cluster has been
performed using the Sutton-Chen44 many-body potential
which belongs to the family of the embedded-atom types of
potentials. The Sutton-Chen potential44 has been shown to
reproduce bulk and surface properties of transition metals
and their alloys with sufficient accuracy �see, e.g., Refs. 43
and 50–53 and references therein�. The applicability of the
Sutton-Chen potential44 to Ni clusters has been proven by the
direct comparison of the optimized structures and the bind-
ing energies of small Ni clusters obtained within the ab initio
method and with the use of the Sutton-Chen potential.43,44

The potential energy of the finite system within the Sutton-
Chen model44 has the following form:

Upot = ��
i
�1

2�
j�i

� a

rij
�n

− c�i
1/2� , �1�

where

�i = �
j�i

� a

rij
�m

. �2�

Here rij is the distance between atoms i and j, � is a param-
eter with dimension of energy, a is the lattice constant, c is a
dimensionless parameter, and n and m are positive integers
with n�m. The parameters provided by Sutton and Chen44

for nickel have the following values: �=1.5707�10−2 eV,
a=3.52 Å, c=39.432, n=9, and m=6.

The determination of a reliable model potential for the
Ni-C interaction is a difficult task. In Refs. 54–56, the bind-
ing energy and different charge state of various forms of
NiCn clusters �n=1–3� were determined using ab initio den-
sity functional calculations based on the three-parameter

Becke-type gradient-corrected exchange functional with the
gradient-corrected correlation functional of Lee et al.57

�B3LYP� �Refs. 58 and 59� and LANL2DZ basis set �see,
e.g., Ref. 60 and references therein�. This was done in order
to develop a many-body potential for the transition-metal-
carbon interaction. The many-body potential was then suc-
cessfully used for a molecular dynamics study of the forma-
tion of metallofullerenes54 and single-walled carbon
nanotubes.55

In the present work, however, the interaction between Ni
atoms and C impurity is modeled by the Morse pair poten-
tial,

VNi-C�r� = �M��1 − e��1−r/r0��2 − 1	 . �3�

We have determined the parameters of the Morse potential
��M =2.431 eV, �=3.295, and r0=1.763 Å� by fitting the
Ni-C interaction obtained in Refs. 54–56 within the B3LYP/
LANL2DZ method. The choice of using the pairwise Morse
potential is due to its simplicity which allows us to study the
influence of the parameters in Eq. �3� on the thermodynamic
properties of the C-doped Ni147 clusters, keeping a clear
physical picture of the process occurring in the system.

The covalent bonding between the carbon atoms inside
Ni147 cluster is modeled by the Tersoff potential.61 We should
note, however, that the Tersoff potential61 may overestimate
the C-C bonding inside the host cluster. It is a difficult task to
find a reliable many-body potential for the C-C interactions
inside the metal cluster. The parameters of such a potential
should be based on the ab initio quantum mechanical calcu-
lations for the considered compound system. Currently the
systematic ab initio study of interatomic interactions in the
mixed NinCm systems is performed only for small
clusters.62,63

The optimized initial geometries of the cluster have been
determined by finding local minima on the multidimensional
potential energy surface. We have applied an efficient
scheme of global optimization, called the cluster fusion al-
gorithm �CFA�.64–66 The CFA belongs to the class of genetic
global optimization methods,67,68 which are very promising
for structural optimization of nanoalloys �see, e.g., Ref. 69
and references therein�. The scheme has been designed
within the context of determining the most stable cluster ge-
ometries and is applicable for various types of
clusters.64,70–72

Molecular dynamics simulations have been performed for
the canonical �NVT� ensemble of particles: the number of
particles N, the volume V, and the temperature T of the sys-
tem are kept constant. Integration of Newton’s equations of
motion has been done using the Verlet leap frog algorithm,
with a time step �t=1 fs and a total simulation run of 10 ns
�excluding an initial equilibration time of 50 ps�. For
temperature control, we have used the Nose-Hoover
thermostat73,74 because it correctly generates a canonical en-
semble.

III. NUMERICAL RESULTS AND DISCUSSION

During the last decade, numerous theoretical and experi-
mental efforts have been devoted for studying structural,
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electronic, and magnetic properties of Ni clusters �recent
comprehensive reviews can be found in Refs. 75 and 76�. It
has been demonstrated that for small Ni clusters, a motif
based on the icosahedral structure dominates the cluster
growth, at least around sizes of the complete Mackay
icosahedra.53,77–79 The results of the geometry optimization
for the pure and the C-doped Ni147 clusters are shown in Fig.
1. The ground state of the Ni147 cluster is a perfect icosahe-
dron �Fig. 1�a�	, in agreement with the results of the previous
works �see Refs. 75 and 79 and references therein�.

For the C-doped Ni147 cluster, we have found that the
lowest energy state possesses an icosahedral type of structure
with the C atom in the central position and one Ni atom
outside the filled icosahedral shell, as shown in Fig. 1�c�. The
energetically closest isomer of the C-doped Ni147 cluster is
the deformed icosahedron with the C impurity located in the
vicinity of the cluster center, as depicted in Fig. 1�b�. The
impurity creates a local distortion between the first and the
second closed icosahedral shells. The difference in the bind-
ing energy per atom between the ground �Fig. 1�c�	 and the
isomer �Fig. 1�b�	 states of the C-doped Ni147 cluster is 0.002
eV. The isomer state �Fig. 1�b�	 is metastable because in
order to transform the cluster structure from the isomer �Fig.
1�b�	 to its ground state �Fig. 1�c�	, it is necessary to over-
come the energy barrier. The isomer �Fig. 1�b�	 can be natu-
rally formed by successive migration of the outer C atom
from the cluster surface toward its center. Namely, this type
of isomer is presumably formed in carbon nanotube growth
experiments where a molecule of a feedstock gas or a free C
atom collides with the surface of the Ni particle. Therefore,
we have performed molecular dynamics simulations for the
initial geometry corresponding to the isomer state �Fig. 1�b�	
of the C-doped Ni147 cluster. The optimized structure of the
C2-doped Ni147 cluster is shown in Fig. 1�d�.

A. Pure Ni147 clusters

Figures 2 and 3 demonstrate the temperature dependence
of the time-averaged total energy 
Etot� �i.e., the caloric
curve� and the heat capacity CV calculated for the Ni147 clus-
ter, respectively. The heat capacity at constant volume is de-

fined as a derivative of the internal energy over the tempera-
ture: CV= ��E /�T�V.

A thermal phase transition is indicated in the caloric curve
by a change in the gradient of the temperature-dependent
total energy 
Etot�. The height of the jump near the phase
transition point gives an estimate of the latent heat, i.e., the
energy which is associated with the destruction of the or-
dered lattice. Figure 2 demonstrates that the change in the
slope of the caloric curve takes place in the wide interval of
temperatures between Tfreezing�600 K and Tmelting�800 K.
For the temperatures T�Tfreezing, the cluster is completely
frozen, while for temperatures T�Tmelting, the cluster has
melted. Temperatures T�Tfreezing and T�Tmelting are stable
with the time of simulation only for the long enough run of
10 ns or more, which was confirmed by the control simula-
tions of 50 ns. The intermediate interval Tfreezing�T
�Tmelting corresponds to the mixed state where the solid and
the liquid phases coexist. This is a typical behavior of the
caloric curve for finite systems, in contrast to the abrupt step-
wise jump of the caloric curve corresponding to the melting
temperature of a bulk.

The melting process can also be easily recognized by the
peak in the temperature dependence of the heat capacity, as

FIG. 1. �Color online� �a� Optimized structure of a pure Ni147

cluster; �b� the isomer state structure of the C-doped Ni147 cluster;
�c� the ground state structure of the C-doped Ni147 cluster; and �d�
the optimized structure of the C2-doped Ni147 cluster.

FIG. 2. Caloric curve for the pure Ni147 cluster. Temperatures
T�Tfreezing and T�Tmelting correspond to the completely frozen and
melted states, respectively. �Dashed lines� Extrapolation of the fro-
zen and molten branches of the caloric curve to estimate the latent
heat. The total simulation time is 10 ns.

FIG. 3. Heat capacity for the pure Ni147 cluster as a function of
T. Temperature Tm=750 K indicates the melting temperature of the
cluster �defined as the maximum of the heat capacity�.
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seen in Fig. 3. We have found that for the pure Ni147 cluster,
the melting temperature associated with the maximum of the
heat capacity Tm=750 K is considerably smaller than the
melting temperature for the bulk nickel Tm

bulk=1728 K.80 As
was discussed above, the decrease in the melting temperature
of the finite size clusters in comparison with the bulk occurs
due to a substantial increase in the relative number of weakly
bounded atoms on the cluster surface. According to the so-
called “Pawlow law”2 the melting temperature of a spherical
particle possessing a homogeneous surface decreases linearly
with increasing its inverse radius,

Tm = Tm
bulk�1 −

�

R
� , �4�

where R is the radius of the spherical particle and � is a
constant, which can be defined by fitting the temperature Tm
to available experimental data. Equation �4� is valid for the
relatively large particles when shell effects are not important.
The similar reduction in the melting temperature of the large
NiN clusters with the number of atoms N ranging from 336 to
8007 has been reported in Ref. 5. Thus, it has been shown
that the melting temperature calculated with the use of a
Sutton-Chen-type force field drops44 from 1760 K �calcu-
lated melting temperature of bulk nickel� to 980 K for the
Ni336 cluster.5 Note that the theoretical prediction of the
melting temperature of bulk nickel �1760 K� is in good
agreement with the experimental data �1728 K�. Based on
the calculated melting temperatures from Ref. 5, we have
estimated the values of Tm

bulk and � in Eq. �4� to be 1590 K
and 3.65 Å, respectively. The radius of the cluster has been
defined as R=rsN

1/3, where rs=1.375 Å is the Wigner-Seitz
radius for bulk nickel.81 The difference of the estimated
value of Tm

bulk in Eq. �4� and the calculated melting tempera-
ture of bulk nickel partly occurs due to the fact that the finite
cluster calculations have a free surface, whereas the bulk
calculations do not.5 Similar dependence of the melting tem-
perature as a function of cluster size was reported in Ref. 29
for the pure iron and alloyed iron-carbide clusters.

Apart from the main peak, the heat capacity displays an
additional maximum at T�660 K—suggesting a stepwise
melting process. This additional maximum corresponds to a
slight change in the slope of the caloric curve beginning at
Tfreezing�600 K. Such a situation corresponds to the so-
called premelted state—when the cluster surface melts first
while the core of the cluster remains frozen. This is the sta-
tionary state where the coexistence of two phases—liquid
surface and frozen cluster core—is observed. The exact de-
limitation of the two phases is relative but can be defined
from the difference in the mobility of atoms taken from the
cluster surface and its core. Visualization of the molecular
dynamics trajectories of atoms located at the surface and in
the core of the cluster as well as analysis of the time-
averaged atomic radial distribution in the cluster confirms
this interpretation �see Figs. 11 and 12 and the following
discussion�. The premelting effect has also been observed in
Ref. 5 for large Ni clusters. In general, the appearance of the
premelted state depends on the parameters of interatomic in-
teraction in a finite size cluster. In Ref. 82 the influence of

the softness of the repulsive core interaction on the melting
of 13-particle clusters has been studied for the family of
pairwise additive inverse-power-based potentials. A two-step
melting was observed for soft-core repulsion potentials,
while for harder potentials, the two steps were merged into
one.82 A systematic analysis of the melting transition in the
selected Na, K, Rb, and Cs clusters has been performed in
Refs. 20 and 83–85. It was demonstrated that a surface melt-
ing stage develops upon heating before homogeneous melt-
ing temperature is reached. In the series Na→K→Rb→Cs,
the premelting effects are more important for the heavier
elements.84 Since the repulsive part of the pseudopotentials
used in Ref. 84 is harder for the lighter alkali element, the
importance of premelting effects increases with the series
Na→K→Rb→Cs.

Figures 4�a�–4�c� present the time dependence of the in-
stantaneous values of the total energy �i.e., the total energy of
the system, Etot, at the moment of time t� calculated for the
Ni147 cluster at the temperatures of 600, 750, and 800 K,
respectively. The total simulation time is 10 ns.

It is seen from Fig. 4�a� that the instantaneous values of
the total energy, Etot, oscillate around their time-averaged
value 
Etot� at the cluster temperature T=600 K. The fluc-
tuation in the instantaneous total energy of the system is a
result of choosing the canonical ensemble of particles. To
reproduce this ensemble, the temperature of the system is
controlled by the Nose-Hoover thermostat,73,74 which pro-
duces the appropriate energy fluctuations. The frozen phase
is characterized by thermal vibrations of the atoms around
equilibrium positions in the cluster lattice, while the overall
cluster structure remains unchanged.

For the temperature T=750 K, corresponding to the
maximum of the heat capacity, the time dependence of the
instantaneous values of the total energy changes, as shown in
Fig. 4�b�. The total energy of the system, Etot, initially oscil-
lates around its typical averaged value for the frozen Ni147
state. After some time, the system jumps to a disordered
molten state—causing the total energy of the system Etot to
oscillate around the average value typical for the molten
Ni147 state. The system then, after a finite period in the mol-
ten state, jumps back to its initial frozen state. This behavior
is repetitive and the system continuously oscillates between
the frozen and molten states. The time development of the
time-averaged total energy 
Etot� of the Ni147 cluster at the
phase transition point is demonstrated by the dashed-dotted
line in Fig. 4�b�. It is seen from Fig. 4�b� that averaged total
energy 
Etot� becomes time independent after a simulation
time of 6 ns or more. Thus, in the interval of temperatures
Tfreezing�T�Tmelting, it is necessary to perform the molecular
dynamics simulations for a relatively long time �on the order
of 10 ns� to achieve time independence of the averaged total
energy 
Etot� of the system. Such long simulation times are
difficult to achieve by ab initio molecular dynamics methods.

The average lifetime of the system in the frozen and the
molten states depends on the temperature of the cluster, re-
sulting in a smooth change in the 
Etot� from the frozen to the
molten state as a function of temperature. Thus, Fig. 4�b�
clearly demonstrates the coexistence of both thermodynamic
phases of the finite system at the temperature of phase tran-
sition. A similar behavior of the time dependence of the
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short-time potential energy averages calculated for the Ar13
cluster at the temperature of 33 K has been reported in Refs.
86 and 87. Finally, for the temperature T=800 K and above,
the instantaneous total energy of the Ni147 cluster oscillates
around its typical averaged value for the molten state.

B. Carbon-doped Ni147 clusters

We now focus our study on the thermodynamic properties
of the carbon-doped Ni147 clusters. We consider a cluster
with the C and C2 impurities in the vicinity of the cluster
center as shown in Figs. 1�b� and 1�d�, respectively.

Dashed-dotted and dotted lines in Figs. 5 and 6 demon-
strate the temperature dependence of the caloric curve and
the heat capacity calculated for the C-doped Ni147 and the
C2-doped Ni147 clusters, respectively. For the sake of com-
parison, we have plotted the same dependencies calculated
for the pure Ni147 cluster in Figs. 5 and 6 by solid lines. As
seen in Figs. 5 and 6, doping of the Ni147 cluster with a
single C impurity reduces its melting temperature by 30 K.
Thus, doping of a cluster consisting of more than a hundred
of atoms by just one additional atom of impurity results in a
considerable change in its melting temperature.

Figure 5 demonstrates that the first change in the slope of
the temperature-dependent 
Etot� calculated for the C-doped
Ni147 cluster occurs at a temperature slightly below 600 K.
This indicates that the C impurity does not have much influ-

(b)(a)

(c)

FIG. 4. Time dependence of the instantaneous values of the total energy calculated for the Ni147 cluster: �a� T=600 K, frozen state; �b�
T=750 K, phase transition; and �c� T=800 K, molten state. The dashed-dotted line demonstrates the time development of the time-averaged
total energy of the system at the point of phase transition. The dashed lines correspond to the long time-averaged total energy of the system
estimated from the frozen and molten branches of the caloric curve.

FIG. 5. �Color online� Caloric curve for the pure Ni147 cluster
�solid line�, the C-doped Ni147 cluster �dashed-dotted line�, and the
C2-doped Ni147 cluster �dotted line�. �Dashed lines� Extrapolation of
the frozen and molten branches of the caloric curve to estimate the
latent heat. The total simulation time is 10 ns.
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ence on the surface melting of the cluster. Indeed, the C
impurity is located near the cluster center where it induces
local deformations. However, it does not significantly change
the structure of the cluster surface �see Fig. 1�b�	; therefore,
it does not have much of an effect on surface melting.

Further increase in the cluster temperature results in the
melting of the C-doped Ni147 cluster with the melting tem-
perature Tm=720 K. The latter is defined by the position of
the maximum of the temperature-dependent heat capacity.
The decrease in the melting temperature of the C-doped
Ni147 cluster can be explained as a result of the distortion of
the cluster’s icosahedral structure. The C atom introduces
deformation in the cluster lattice which decreases the stabil-
ity of the cluster thus, its melting temperature. Similar con-
siderations can be applied to the Ni147 cluster doped with a
C2 molecule. Analysis of the molecular dynamics trajectories
shows that the C2 molecule remains bonded in the entire
range of temperatures that was studied. Therefore the C2
molecule can be considered as a single impurity with a large
radius of interaction with Ni atoms.

This effect is in accordance with the behavior of bulk
material where it is known that defects in crystalline lattice
provide nucleation sites for the liquid state �see, e.g., Ref. 69
and references therein�. For example, the melting point of the
bulk iron carbide decreases to a minimum at a carbon con-
centration of 8.7%. Doping of large iron clusters �up to 2400
atoms� with 10% of carbon results in a reduction in the clus-
ter melting point by approximately 10%.29 However such an
effect strongly depends on the type of impurity. As was dem-
onstrated in Ref. 28, doping of the Ag55 cluster with Cu and
Ni impurities in the center �where the bond length between
Ag atoms and atoms of impurity are considerably smaller
than the bond length between Ag atoms28,69� results in an
increase in the melting temperature of the system. The el-
egant explanation of this effect has been conducted by Mot-
tet et al. in Ref. 28. This explanation is closely related to the
fundamental question of why small nickel clusters prefer
icosahedral structures, while nickel clusters of an intermedi-
ate size �more than 1600 atoms� have decahedral structures,

but bulk nickel and large nickel clusters of more than 105

atoms prefer a close-packed face-centered-cubic �fcc�
structure.88 The reason for such evolution in the cluster struc-
ture with increasing size is a competition between surface
energies and elastic strain energies in the cluster. The latter
arises due to distortion of the cluster lattice, where the inter-
shell atomic distances are contracted in comparison with the
intrashell distances.28,88,89 The elastic strain energy of the
icosahedral cluster is proportional to its volume. Therefore as
the cluster size increases, the elastic strain energy increases
as N, the number of atoms. On the other hand, the surface
energy increases slower as it is proportional to the surface
area, i.e., N2/3. Hence, at some critical size the decahedral
sequence of clusters becomes energetically more favorable
than the icosahedral sequence because it is less strained, de-
spite the larger surface energy. Similarly, because of the lack
of strain in the fcc structures, the latter becomes lower in
energy than the decahedra at larger sizes.88,89 The doping of
a cluster with an impurity near its center effectively allows
one to manipulate the elastic strain energy—and with that,
the cluster’s stability and its melting temperature can also be
tuned. It was demonstrated in Ref. 28 that a substitution of
the central Ag atom with an atom of Cu or Ni induces the
contraction of the cluster lattice in the vicinity of the cluster
core, causing a partial release of the strain in the icosahedral
structure.28 Thus the small impurity in the center allows the
cluster to relax toward a configuration with better inter-
atomic distances, in other words, increasing the cluster
stability.28,69

Our results demonstrate that doping of the C atom in the
vicinity of the center of the Ni147 cluster induces an addi-
tional deformation in the cluster structure and, as a result, the
melting temperature of the cluster decreases. To study in de-
tail how this induced strain can change the thermodynamic
behavior of the C-doped Ni147 cluster, we have performed
calculations of the melting temperature of the cluster for the
set of different parameters � and r0 in Morse potential
�3�—in other words, modeling the variation in the Ni-C in-
teraction.

Curve 1 in Fig. 7 presents the dependence of the Morse
potential VNi-C�r� on the interatomic distance r calculated for
the optimal values of the parameters �M, �, and r0. Curve 2
in Fig. 7 presents the potential VNi-C�r� when the bond con-
stant r0 and parameter � are reduced by the factor 0.5 in
comparison to their optimal values, while curve 3 in Fig. 7
presents the interaction potential VNi-C�r� when the param-
eters r0 and � are enlarged by the factor 1.5. Hence, the
potentials presented in Fig. 7 by curves 2 and 3 model the
impurity effect with the local compression and expansion of
the cluster lattice, respectively.

To illustrate the effect on the cluster structure due to the
variation in the Ni-C interaction, we present in Figs.
8�a�–8�c� the histogram of the radial distribution of the num-
ber of Ni atoms located at distances between r and r+�r
from the center of mass of the C-doped Ni147 cluster �where
the width of the radial interval is �r=0.001 Å�. Location of
the C impurity in the cluster is marked by an arrow. The
change in the cluster structure, due to varying the parameters
of � and r0 in the Morse potential, can thus be clearly seen.
For comparison, Fig. 8�d� represents the histogram of the

FIG. 6. �Color online� Heat capacity for the pure Ni147 cluster
�solid line�, the C-doped Ni147 cluster �dashed-dotted line�, and the
C2-doped Ni147 cluster �dotted line� as a function of T. Tempera-
tures Tm=750, 720, and 725 K corresponds to the melting tempera-
tures of the pure, the C-doped Ni147, and the C2-doped Ni147 cluster,
respectively.
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radial distribution of the number of Ni atoms in the pure
Ni147 cluster.

In the case of the reduced bonding between the C impu-
rity and the Ni atoms, the overall icosahedral shell structure

of the cluster remains preserved—although there exists some
relaxation of the lattice �Fig. 8�a�	. The increase in the effec-
tive radius of the Morse potential for the Ni-C interaction
results in strong distortions of the icosahedral shell structure
of the cluster �Figs. 8�b� and 8�c�	. Such distortions reduce
the stability of the cluster in comparison to the compact
icosahedral structure. Additionally, one can see from Figs.
8�b� and 8�c� that the distortion occurs in the whole volume
of the cluster. This is not surprising, as the cluster radius R
�7.26 Å is comparable with the radius of the Ni-C interac-
tion. For large clusters, on the other hand, the local deforma-
tions that are induced by the impurity are not evenly distrib-
uted throughout the entire cluster. It is also worth mentioning
that the location of the carbon impurity is sensitive to the
range of the Ni-C interaction. In the all cases considered, the
carbon impurity is located between the first and the second
closed icosahedral shells. In the case of the short-range in-
teraction, the impurity is located closer to the second icosa-
hedral shell; however, increasing the interaction range causes
the impurity atom to be pushed out toward the first shell. In
general, the position of impurities in atomic clusters depends
on many important factors not only for the case of a single
impurity but also for alloy systems.69 Whether the impurity
atoms are mixed with or segregated from the host atoms is
dependent on the relative strengths of �a� the bonds between

FIG. 7. �Color online� Morse potential for the Ni-C interaction
with different values of parameters � and r0. Curve 1: �=3.295,
r0=1.763 Å �optimal values�; curve 2: �=1.648, r0=0.882 Å �re-
duced bonding�; and curve 3: �=4.943, r0=2.645 Å �enlarged
bonding�. The depth of the potential well is kept constant, �M

=2.431 eV.

(b)(a)

(c) (d)

FIG. 8. The number of Ni atoms �N at distances between r and r+�r from the center of mass of the C-doped Ni147 cluster calculated
for different values of the parameters � and r0: �a� �=1.648, r0=0.882 Å �reduced bonding�; �b� �=3.295, r0=1.763 Å �optimal values�; �c�
�=4.943, r0=2.645 Å �enlarged bonding�; and �d� pure Ni147 cluster for comparison. Location of the C impurity is marked by an arrow. The
radial interval �r is 0.001 Å.
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the host atoms of the cluster, �b� the bonds between the im-
purity �or alloy� atoms, or �c� the bond between the impurity
atoms and the atoms of the host cluster.69 Furthermore, the
strongest bonds tend to be found at the cluster core, while
elements with the lowest surface energy tend to be at the
cluster surface. Smaller atoms tend to occupy the more
stressed cluster core, especially in icosahedral clusters. In
addition to the above factors, the size of the cluster, its com-
positions, and/or segregation arrangements can be stabilized
by the electronic shell effects or the electron spin interaction,
etc. Thus, the atomic arrangement of particular systems de-
pends critically on the balance of these factors.69

Figures 9 and 10 demonstrate the temperature dependence
of the caloric curve and the heat capacity of the C-doped
Ni147 cluster calculated for different parameters of the Morse
potential VNi-C�r�. Curve 1 in Figs. 9 and 10 presents the
caloric curve and the heat capacity calculated with the opti-
mal values of parameters for the Ni-C interaction.

Decreasing the effective radius of the Morse potential �see
curve 2 of Fig. 7� by a factor 0.5 �cf. the optimal values�
results in the contraction of the cluster lattice in the vicinity
of the impurity. This contraction releases the strain in the
icosahedral structure, thereby leading to an increase in the
cluster stability. In this case, the melting temperature of the
impurity doped Ni147 cluster increases by 21 K, as compared
to the pure cluster �see curve 2 of Fig. 10�. When the effec-
tive radius of the Morse potential for the Ni-C interaction is
increased from its optimal value �see curve 1 in Fig. 7�, the
cluster lattice is further strained; thus the melting tempera-
ture of the C-doped Ni147 cluster decreases compared to the
pure Ni147 cluster.

The process described above is quite similar to the pro-
cess of the melting-point depression in partially oxidized so-
dium clusters.27 It was demonstrated in Ref. 27 that the oxi-
dized part of the solid sodium cluster shrinks, thus causing
the metallic part to be under tension. The related deformation
energy is accumulated in the metal. In contrast to the solid

cluster, the liquid one follows the contraction of the oxidized
core.27 Therefore one can say that melting releases the stress
of the oxidized sodium cluster, thereby thermodynamically
promoting the liquid state. Hence, this is why the melting-
point reduction is observed.27 As was discussed in Ref. 27,
the melting-point depression can also be interpreted as a sur-
face effect, driven by the oxide-metal interface even though
the whole cluster is involved. Due to the differences between
the lattices of the pure metal and the oxide, the interfacial
energy is larger when the whole cluster is solid, hence lead-
ing to the melting-point depression.27

A similar situation occurs in metal-carbide clusters. The
metal-carbide core in a nickel cluster causes an additional
strain in the cluster lattice. The accumulated energy can be
interpreted as a surface energy in the interface between the
impurity and the metal cluster. Hence, the related surface
energy decreases upon melting, stabilizing the liquid phase
and depressing the melting point.

The further increase in the effective radius of the Ni-C
interaction creates a strong deformation and rearrangement
in the cluster structure �see Fig. 8�c�	, thereby lowering its
melting temperature. Noticeably, the shift of the melting tem-
perature and the overall temperature dependence of the heat
capacity of the C-doped Ni147 cluster with the enlarged bond-
ing parameters for the Ni-C interaction are rather similar to
those for the C2-doped Ni147 cluster. As was mentioned
above, the C2 molecule remains bonded within the entire
range of temperatures considered. Hence, the C2 can be con-
sidered as a single impurity with a large radius of interaction
with the Ni atoms.

The change in the melting point upon doping can be a
general phenomenon for nanoparticles with impurities. De-
pending on the type of interaction between the impurity and
the atoms in the host cluster, the impurity causes a perturba-
tion on the cluster lattice, leading to a stabilization or a de-
stabilization of the system. This effectively causes a change
in the melting temperature of the whole system. This is es-
pecially true when the size mismatch between atoms in the

FIG. 9. �Color online� Caloric curves for the C-doped Ni147

cluster calculated for the different values of parameters � and r0.
Curve 1: �=3.295, r0=1.763 Å �optimal values�; curve 2: �
=1.648, r0=0.882 Å �reduced bonding�; and curve 3: �=4.943,
r0=2.645 Å �enlarged bonding�. The depth of the potential well is
kept constant, �M =2.431 eV. �Dashed lines� Extrapolation of the
frozen and molten branches of the caloric curve to estimate the
latent heat. The total simulation time is 10 ns.

FIG. 10. �Color online� Heat capacity for the C-doped Ni147

cluster calculated for the different values of parameters � and r0.
Curve 1: �=3.295, r0=1.763 Å �optimal values�; curve 2: �
=1.648, r0=0.882 Å �reduced bonding�; and curve 3: �=4.943,
r0=2.645 Å �enlarged bonding�. The depth of the potential well is
kept constant, �M =2.431 eV. Arrow indicates the melting tempera-
ture of the pure Ni147 cluster.
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cluster and impurity is large. Our calculations demonstrate
that doping of the Ni147 cluster with C and C2 impurities
lowers its melting temperature by 30 K. A similar effect has
been reported for Al, Ga, and Fe clusters doped with C
impurities26,30 and for Na clusters doped with Li, Cs, and O2
impurities.25,27 However, doping of Ag clusters with Ni and
Cu impurities increases its melting temperature.28 We sup-
pose that doping of the host cluster with an impurity whose
atomic size is smaller to that of the host atoms will lead to
the penetration of the impurity to the cluster core, releasing
the elastic stress, effectively stabilizing the system, and in-
creasing its melting temperature. Such a situation has been
described in Ref. 28. Another striking example can be found
for Cu-Au clusters consisting of 55 atoms.24 The lower en-
ergy structure of the Au55 cluster is not icosahedral; however
by doping the Au55 cluster with a single Cu impurity in the
cluster center stabilizes the icosahedral structure of
Au54Cu1.24 The opposite case occurs when a larger-sized im-
purity �compared to the host atoms� deforms the cluster lat-
tice; this causes destabilization of the cluster structure and
leads to the lowering of the melting temperature.

Figure 10 demonstrates that the height of the heat capac-
ity peak decreases with an increase in the range of the Ni-C
interaction. Note that the influence of the potential range on
the heat capacity of the 13-atom Morse clusters has been
studied in Ref. 90. It was found that decreasing the range of
the potential increases the peak of the heat capacity in the
melting transition region. A similar effect has been observed
in the series Na→K→Rb→Cs.84 It is interesting that a
similar behavior is also seen for the doped clusters: increas-
ing the radius of interaction between Ni atoms and single C
impurity considerably lowers the peak of the heat capacity.

It is also seen from Fig. 10 that the premelting effect
diminishes with an increase in the effective radius of the
Ni-C interaction and so cannot be distinguished from the
model case of an enlarged bonding between the impurity and
the Ni atoms �curve 3 in Fig. 7�. As we have already men-
tioned, the increase in the effective radius of the Ni-C inter-
action creates a strong volume and surface rearrangement of
the cluster structure, thus lowering its symmetry. Hence, a
smooth melting transition is observed with an increase in the
number of nonequivalent atoms on the surface of the cluster.

As it was shown in Ref. 13, the complex size-dependent
fluctuations of the melting temperature of sodium clusters
can be understood in terms of the energy and entropy differ-
ences between the molten and the frozen states of the cluster.
For the canonical ensemble the melting temperature can be
defined as a ratio of the latent heat, �E, and the change of
entropy, �S, at the melting point,

Tm =
�E

�S
. �5�

Table I summarizes the values for the melting tempera-
ture, latent heat, and change in entropy calculated for the
pure and C-doped Ni147 clusters at the point of phase transi-
tion. Here the melting temperature, Tm corresponds to the
maximum of the heat capacity, latent heat, and �E, defined
from the corresponding caloric curves at the point of phase
transition, and the entropy change, �S, is calculated with the

use of relation �5�. As it is seen from Table I, the change in
the melting temperature of the Ni147 cluster due to C doping
is stipulated by the interplay of contributions from the latent
heat and the entropy change upon melting.

When the effective radius of the Ni-C interaction is de-
creased from its optimal values �see curve 2 of Fig. 7�, the
cluster core becomes firmly linked. Hence, the latent heat is
larger than that for the pure Ni147 cluster. The symmetry of
the system remains mostly untouched, resulting in a small
variation in the entropy change in comparison with the Ni147
cluster. For these reasons, the melting temperature of the
C-doped Ni147 cluster becomes larger than that for the pure
Ni147 cluster.

Conversely, when the effective radius of the Ni-C interac-
tion is increased or at its optimal value, both the latent heat
and entropy change in the C-doped Ni147 cluster decrease
considerably compared to the pure Ni147 cluster, leading to a
decrease in the melting temperature of the C-doped Ni147
cluster �see Table I�. However, while the optimal C-doped
Ni147 cluster is more disordered, the melting temperature of
the C-doped Ni147 cluster with the increased effective radius
is just slightly larger than that of the C-doped Ni147 cluster
with the optimal effective radius.

The melting transition can also be recognized from the
analysis of the trajectories of the individual atoms and their
diffusion in the volume of the cluster. The melting transition
occurs when atoms begin their Brownian motion instead of
the thermal vibrations about their equilibrium positions in
the ordered cluster’s lattice. Such a transition can be seen as
a step in the temperature dependence of the diffusion coeffi-
cient. The diffusion coefficient of the atom i in a media is
defined as �see, e.g., Refs. 86 and 91�

Di =
1

6

d

dt

ri

2�t�� , �6�

where 
ri
2�t�� is the mean-square displacement averaged

along the atom’s trajectory,


ri
2�t�� =

1

nt
�
j=1

nt

�Ri�t0j + t� − Ri�t0j�	2. �7�

Here Ri�t� is a radius vector of an atom i at the time t and nt
is the number of time origins, t0j, considered along the tra-
jectory. Equation �6� is valid for the simulation time smaller

TABLE I. Melting temperature, Tm, latent heat, �E, and entropy
change, �S, calculated for the pure and C-doped Ni147 clusters at
the point of phase transition.

Tm

�K�
�E

�eV�
�S
�kB�

Ni147 750 7.5	0.2 116	3

C-doped Ni147 �optimal bonding� 720 6.0 96

C-doped Ni147 �reduced bonding� 771 8.0 120

C-doped Ni147 �enlarged bonding� 725 4.2 67

C2-doped Ni147 725 6.2 99
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than the time required for a particle to migrate across the
diameter of the cluster.

Figure 11 demonstrates the two-dimensional �2D� projec-
tion of trajectories calculated for the Ni atom in the center of
the C-doped Ni147 cluster �filled dots�, the Ni atom from the
vertex of the cluster surface �stars�, and the C impurity �open
dots�. The temperature of the cluster ranges from 400 to 800
K, as is shown in Fig. 11. The output time step is 1 ps with
the total simulation time of 2 ns.

As seen in Fig. 11, for a low temperature, T=400 K, all
selected atoms in the C-doped Ni147 cluster vibrate about
their equilibrium positions. At this temperature, the cluster is
frozen—as per the analysis of the caloric curve and the heat
capacity calculated for the C-doped Ni147 cluster �see Figs. 5
and 6�.

It has been discussed above that the temperature depen-
dence of the heat capacity of the C-doped Ni147 cluster ex-
hibits two maxima corresponding to surface and volume
melting of the cluster. It is seen from Fig. 6 that the first
maximum in the temperature dependence of the heat capac-
ity appears when the cluster is at T=640 K �surface melt-
ing�, while the second maximum appears at T=720 K �vol-
ume melting�. The temperature of 680 K corresponds to the

intermediate state when the surface of the cluster has already
melted but the cluster core is still frozen, as confirmed by the
analysis of the atomic trajectories. As can be seen in Fig. 11
at T=680 K, the surface Ni atom begins to diffuse on the
surface, while the central Ni atom and the C impurity are still
vibrating about their equilibrium positions. Note that the
icosahedral surface is inhomogeneous and consists of 12 ver-
tices, 20 faces, and 30 edges. The binding energies of the
atoms taken from the vertices, faces, and edges are thus
slightly different. Hence, these atoms begin diffusion at dif-
ferent temperatures.

Finally at the temperature of 800 K, cluster has com-
pletely melted as can be observed from the temperature be-
havior of the heat capacity presented in Fig. 6. Figure 11
demonstrates that the Ni atoms are moving in the entire vol-
ume of the cluster. The C impurity is also moving randomly
in the cluster volume although the movement only occurs in
the central part of the cluster. Hence, this supposes the het-
erogeneous distribution of the C atoms in the melted Ni147
clusters at T=800 K.

The change in cluster structure upon melting is clearly
seen in the time-averaged radial distribution of atoms in the

(b)(a)

(c)

FIG. 11. �Color online� The 2D projection of trajectories calculated for the Ni atom in the center of the C-doped Ni147 cluster �filled dots�,
the Ni atom from the vertex of the cluster surface �stars�, and the C impurity �open dots� for the cluster temperatures T=400, 680, and 800
K. The output time step is 1 ps and the total simulation time is 2 ns.
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cluster. The radial atomic distribution function g�r� is defined
as

g�r� = dN�r�/dr , �8�

where dN�r� is the number of atoms in the spherical layer at
distances between r and r+dr from the center of mass of the
cluster.

Figure 12 demonstrates the time-averaged radial distribu-
tion function g�r� for Ni and C atoms in the C-doped Ni147
cluster calculated at cluster temperatures of T=300, 600,
700, 720, 800, and 1000 K. The chosen range of tempera-

tures allows for the analysis of the cluster structure in the
frozen, transitional, and molten states.

At the low cluster temperature, T=300 K, one can see the
icosahedral shell structure of the nickel subsystem of the
C-doped Ni147 cluster, consisting of the central atom and
three icosahedral shells. The second and third shells are
split—corresponding to atoms in vertex �12 atoms per shell�
and nonvertex positions. Heating the cluster up to 600 K
washes out the subshell splitting; nonetheless the icosahedral
shells remain well separated.

With increase in the cluster temperature, up to 700 K, the
second and the third shells begin to merge, although the first
and the second shells are still separated �i.e., the radial dis-

(b)(a)

(c) (d)

(f)(e)

FIG. 12. �Color online� The time-averaged radial distribution function g�r� calculated for the Ni and C atoms in the C-doped Ni147 cluster
at different temperatures. The total simulation time is 10 ns.
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tribution function g�r� is equal to zero in the space between
shells	. At the temperature corresponding to the maximum in
the heat capacity of the C-doped Ni147 cluster, T=720 K, the
first and second icosahedral shells merge.

Finally, at the temperatures corresponding to the molten
state �800 and 1000 K in Fig. 12�, the distribution of Ni
atoms becomes more homogeneous and the sharp shell struc-
ture washes out. Nevertheless, even at T=1000 K, some ra-
dial order with maxima at 2.6, 4.6, and 6.5 Å still remains,
suggesting that even a molten cluster of a finite size mani-
fests some signs of a shell structure. This effect might be a
general feature of finite systems, similar to the surface-
induced ordering in liquid crystals or the layering effect at
free liquid surfaces.25,92,93

Figure 12 demonstrates that, at cluster temperatures of
300 and 600 K, the time-averaged radial distribution function
calculated for the C impurity atom exhibits a sharp maxi-
mum at distances of 3 Å from the center of mass of the
C-doped Ni147 cluster. Thus, at these temperatures, the C
impurity is located between the first and the second icosahe-
dral shells of the Ni atoms. By further increasing the cluster
temperature to temperatures near the phase transition region,
the radial distribution g�r� of the C impurity becomes wider
and the appearance of a second maximum at distances �2 Å
can be observed. While at T�800 K, the C impurity can be
found to be distributed in the central part of the cluster.

Figure 13 demonstrates the temperature dependence of
diffusion coefficients calculated for the selected atoms in the
C-doped Ni147 cluster. It is seen from Fig. 13 that the Ni
atom on the cluster surface begins to diffuse at temperature
of 600 K, while the Ni atom in the cluster center and the C
impurity remain frozen.

As has been shown above, the caloric curve calculated for
the C-doped Ni147 cluster �see Fig. 5� clearly demonstrates a
stepwise melting behavior. In the temperature interval
600 K�T�700 K, the slope of the caloric curve changes
slightly in comparison with that for the frozen state, suggest-
ing the existence of a premelted state. For temperatures
700 K�T�760 K, the time-averaged total energy 
Etot�
grows rapidly and finally reaches its asymptotic behavior at
T�760 K. The variations in the slope of the caloric curve

result in the appearance of the two maxima in the
temperature-dependent heat capacity. These maxima are as-
sociated with the surface and core �volume� melting of the
C-doped Ni147 cluster. This proposition is fully confirmed by
the analysis of the temperature dependence of the diffusion
coefficients for the Ni atoms from �a� the cluster surface and
�b� the cluster center.

Thus, in the temperature interval of 600 K�T�700 K,
only surface atoms diffuse, confirming the initial melting of
the cluster surface. The Ni atom located in the cluster center
then begins to diffuse at T=700 K. The diffusion coeffi-
cients calculated for the Ni atoms located on the cluster sur-
face and in the core are different up to T=760 K. The dif-
ference in the diffusion coefficients shows that the surface
and the core atoms are not yet fully mixed in the cluster
volume. This difference disappears when T�760 K, corre-
sponding to the completely molten state of the C-doped Ni147
cluster.

Figure 13 demonstrates that the C impurity begins to dif-
fuse at T�700 K—similar to the central Ni atom. However,
values of the diffusion coefficients calculated for the C im-
purity are considerably lower than those for the Ni atoms.
Knowledge of the diffusion coefficients of the C impurity in
a nickel cluster can be used for building a reliable kinetic
model of carbon nanotube growth.34,41

IV. CONCLUSION

Doping of Ni147 with a carbon impurity lowers its melting
temperature by 30 K due to excessive stress on the cluster
lattice. The distortion of the cluster lattice results in the
change in the cluster’s energetics as well as its entropy. The
magnitude of the change induced is dependent on the param-
eters of the interaction between the nickel atoms and the
carbon impurity. We have demonstrated that an induced con-
traction of the icosahedral cluster’s lattice in the vicinity of
the impurity results in an increase in the melting temperature
of the cluster, whereas additional strain in the lattice results
in the reduction in the melting temperature. Therefore, the
melting temperature of atomic clusters can be effectively
tuned by the addition of an impurity of a particular type.

Doping by a C or C2 impurity changes the melting tem-
perature of the cluster; consequently this means that doping
affects the mobility of the atoms in the Ni cluster. This effect
has to be taken into consideration in particular applications
with metal clusters when the entire process depends on the
thermodynamic state of the cluster. An example of such ex-
periment is the process of the catalytically activated growth
of carbon nanotubes. The kinetics of the carbon nanotube
growth depends on diffusion of carbon atoms through the
metal catalyst. Presence of the impurities can considerably
change the flux, thereby affecting the growth rate of the car-
bon nanotube. The additional change in the thermodynamic
state of the catalytic particle in the nanotube growth process
might also depend on the strength of the interaction of the
particle with a substrate.

In the present work, we have considered a single C and C2
impurity in the cluster of Ni147. It is interesting to study how
several C impurities will influence the thermodynamic prop-

FIG. 13. �Color online� Temperature dependence of diffusion
coefficients calculated for the Ni atom in the center of the C-doped
Ni147 cluster �filled dots�, the Ni atom on the cluster surface �stars�,
and the C impurity �open dots�.
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erties of the host cluster. In particular, it is important to find
the optimum conditions �concentration of C atoms, tempera-
ture, thermodynamic state of the particle, etc.� when the C
atoms begin aggregating into ordered carbon structures, such
as nanotubes. Such a study will require careful investigation
of a reliable many-body potential for the C-C interactions in
the host metal cluster.

The influence of impurities on properties of finite systems
is a general effect. While our results were obtained for free
clusters, many interesting problems can be found when one
considers the influence of impurities on the phase transitions
and stability of clusters deposited on a substrate. Thus, re-
cently it has been experimentally shown that the oxidation of
silver clusters deposited on a highly oriented pyrolytic

graphite �HOPG� surface changes the stability and morphol-
ogy of cluster formations.94,95 Clusters on substrates have
important technological applications and the understanding
of how these clusters stabilize on the surface is of profound
interest.
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