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The meltinglike transition of the Cu;Aus, and Cuj,Auy; clusters is investigated by canonical Monte Carlo
simulations, based on the second-moment approximation of the tight-binding potentials. The structures of both
the Cu;Aus, and Cuj,Auys clusters, shown to be icosahedral, are obtained from the so-called semi-grand-
canonical ensemble Monte Carlo simulation at 100 K. A core-shell structure is found in Cu;Ausy, with a single
Cu atom in the center and 54 Au atoms on the surface and in interior shells of the cluster. On the other hand,
Cuj,Auys possesses a three-shell onionlike structure, with a single Au atom located in the center, 12 Cu atoms
in the middle shell, and 42 Au atoms occupying the surface shell of the cluster. Melting characteristics are
observed by the changes in the caloric curve, heat capacity, root-mean-square bond-length fluctuation, and
deformation parameter. It is found that doping of Auss with a single Cu atom can sharply raise the melting
point of the cluster. In addition, the three-shell onionlike structure can be transformed into the core-shell
structure at the higher temperatures after melting. It is also found that surface segregation of Au atoms in
Cu;Ausy and CujpAuyz occurs in the liquid phase. In addition, the simulation results show that the melting
point increases with the concentration of Cu in the 55-atom Cu-Au bimetallic cluster.
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I. INTRODUCTION

The melting of metal clusters has attracted considerable
experimental and theoretical interest in recent years, due to
their extensive applications in catalytic and optical fields.'
An important observation for the metal clusters is that the
melting temperature decreases with the reduction in the clus-
ter diameter.” This thermodynamic description of cluster
melting was validated for both free and supported iron clus-
ters ranging from 150 to 10 000 atoms.> However, such a
cluster size effect on melting is still in question. Experimen-
tal results by Haberland and co-workers*”’ revealed that the
melting temperatures of the sodium clusters with sizes rang-
ing from 55 to 200 atoms are lower than the bulk sodium
melting temperature, but are associated with large fluctua-
tions, caused by the change of cluster size. Based on the
ab initio simulations, Blundell and co-workers®-10 also found
that the melting points of sodium clusters present large size-
dependent variations, which is in excellent agreement with
the experiment. More interestingly, recent experimental re-
sults by Jarrold and co-workers showed that small tin
clusters'" and gallium clusters'? could achieve a higher-than-
bulk melting temperature. Also, Blundell and co-workers
provided some theoretical explanations for the higher-than-
bulk melting temperature in those clusters'>~'® very success-
fully by using the ab initio molecular dynamics simulation.

The thermal properties of bimetallic clusters are even
more complex than that of the elemental ones. First, bime-
tallic clusters may display some specific properties,'’!
compared with the elemental metal clusters. Second, their
properties depend not only on size but also on composition
and atomic ordering.?’ Some structural models were found in
bimetallic clusters for their compositional ordering. For ex-
ample, the core-shell structures were found in bimetallic
clusters by  experimental?’*  and theoretical
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investigations,”*!  which present unusual catalytic

properties.>!*! In addition, the three-shell onionlike struc-
tures (the A-B-A structure) were also predicted in bimetallic
clusters by using theoretical methods,>”*! in which the A
atoms are enriched in the outer and third atomic shells, while
the B atoms are enriched in the second atomic shell. Third,
the introduction of impurities in an elemental metal cluster
may shift its melting temperature, even by the substitution of
a single impurity in the pure cluster with the size of more
than a 100 atoms.*?

Most of the investigations on bimetallic clusters were fo-
cused on the preparation and structural properties.>*3 Only a
few of the work was attempted to understand the meltinglike
transition of bimetallic clusters.*** Huang and Balbuena
showed that the Cu-Ni bimetallic clusters exhibit a two-stage
melting.*® Sankaranarayanan et al. found that the meltinglike
transition of both the free*’ and supported*® Pd-Pt bimetallic
clusters depends on the composition and size of clusters.
Joshi and Kanhere*>*° studied the finite-temperature behav-
ior of Sn-doped Li clusters, and found that the impurity
doped cluster LigSn; possesses a lower melting temperature,
compared with the host cluster Li;. Aguado and
co-workers’!? reported that the introduction of a single Li,
Cs or K impurity in a pure sodium cluster can decrease the
melting temperature. In contrast, Mottet et al.*> found that
the substitution of a single Ni or Cu impurity can increase
the melting temperature of the icosahedral silver cluster.
Also, thermal behavior of core-shell Li-Cs,>® Na-Cs,>*
Ag-Co,> and Ag-Ni (Ref. 32) bimetallic clusters was studied
theoretically. However, little attention has been paid to the
more complex melting of three-shell onionlike bimetallic
clusters.

The ab initio density-functional theory, based on the
Kohn-Sham (KS) equations, has been successfully used to
deduce the melting points of small tin,'>!* gallium,'® and
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sodium clusters.” However, this method was proved to be
difficult to simulate the thermal properties of large clusters,
due to the computational expense of the KS approach.’ In
contrast, the lower computational expense of empirical po-
tentials allows extensive searches for configurations. Previ-
ous investigations have showed that the empirical many-
body potentials, such as the second-moment approximation
of the tight-binding model,*® can be applied to the melting of
the pure3>’~? and alloy metal clusters.3>#?>3 In addition, the
Monte Carlo (MC) method is faster in sampling the configu-
ration space than molecular dynamics (MD),?° and has been
applied to the meltinglike transitions in single component
metals’’°-®! and bimetallic clusters.**

For the bulk material, the Cu-Au alloy can be used as a
high-temperature structural material due to its excellent high-
temperature strength properties.®> Apart from the extensive
studies on the Cu-Au bulk alloy,%-% there has been a steady
growth of interest in Cu-Au bimetallic clusters both in
experiment® and theory.®6-% In the earlier papers, Kim et
al.% prepared and characterized Cu-Au bimetallic clusters
with the average size of 3.0 nm in chloroform. Lépez et al.®
simulated the 13-atom and 14-atom Cu-Au bimetallic clus-
ters with different compositions by using the MD method,
and found that the meltinglike transition of the mixed Cu-Au
clusters is close to the meltinglike transition of Cu clusters.
Van Hoof and Hou®’ studied the order-disorder phase transi-
tion and surface gold segregation phenomena of CujAu bi-
metallic clusters by MC simulations. Johnston and co-
workers investigated Cu-Au bimetallic clusters by using
energy calculations®® and genetic algorithm,®® and showed
that Au atoms lie on the surface and Cu atoms are located in
the core. In our previous work’® we investigated segregate
phenomena in Cu-Au bimetallic clusters with decahedral
structures, and the core-shell and three-shell onionlike struc-
tures were found in the 55-atom Cu-Au decahedral clusters.

The purpose of this work is to study the thermal behavior
of 55-atom Cu-Au icosahedral clusters with the core-shell
and three-shell onionlike structures by using canonical MC
simulations. The different thermal properties between the
pure and alloy clusters are discussed, and the effect of com-
position on the melting temperature of bimetallic clusters is
addressed. In the next section, we present the computational
methods. Section III describes our results and discussion,
and Sec. IV offers our conclusions.

II. COMPUTATIONAL METHODS

A. Initial configurations setup

The initial atomic configurations of Cu-Au bimetallic
clusters in this work were obtained by the semi-grand-
canonical ensemble Monte Carlo (SEMI-GCMC) simulation
at 100 K, based on the second-moment approximation of the
tight-binding (TB-SMA) potentials. Simulations and our pro-
gramming details for the initial configurations of the bime-
tallic clusters can be found elsewhere in the literature®”7!-73
and our previous work.”® In our SEMI-GCMC simulation,
the total number of atoms (N=N¢g,+N,,), temperature (7)
and chemical potential difference (Ap=pc,—pa,) between
the two species were fixed. Ng, and N,, were allowed to
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vary in our algorithm. The chemical composition at a given
temperature was, therefore, obtained by performing the
SEMI-GCMC simulation at a fixed value of the chemical
potential difference Au between the two species in a cluster.
For the bimetallic clusters, the SEMI-GCMC simulation
method includes two types of trials in our program: (1) Dis-
placement of each atom from its original position in a ran-
dom direction, which corresponds to the relaxation and vi-
bration movements and (2) random selection of the chemical
type of an atom, corresponding to the fixed chemical poten-
tial difference Au between the two species and allowing the
system to reach compositional equilibrium. The details of the
simulation can also be referred to our previous work.”

B. The TB-SMA potential

In the Monte Carlo runs, we adopted the second-moment
approximation of the TB-SMA model to describe the inter-
action between atoms. Within the TB-SMA potential,>® the
total energy of a system is expressed as

Etutal: 2 (E;?+E§B)’ (l)

where E} and Ej are the Born-Mayer ion-ion repulsion and
band terms, respectively. Both terms can be written for an
atom i as

Ey= S acren, @
J

E;g =— {2 gZe—Zq(r,v_,-/rO—U} 1/2’ (3)
j

where A, &, p, g, and r of the TB-SMA scheme are obtained
by fitting to the experimental values of the cohesive energy,
lattice parameters (by a constraint on the atomic volume),
and independent elastic constants for the reference crystal
structure at 7=0 K. In addition, ry=ay/v2 (a, is the indepen-
dent lattice constant for each pure system and for alloys), and
r;; is the distance between atoms i and j in the cluster.

For Cu-Au bimetallic clusters, the parameters are of dif-
ferent values for each of the different interactions (Cu-Cu,
Au-Au, and Cu-Au). The potential models for pure elements
(Cu-Cu and Au-Au) were derived by fitting to the pure met-
als and remained unchanged in the simulation. The Cu-Au
potential parameters were obtained by fitting to the mechani-
cal and thermodynamic properties of the bulk CujzAu. The
potential parameters were developed by Cleri and Rosato,’®
which were employed for the theoretical study of Cu-Au
bimetallic clusters with satisfactory results.®®% All the po-
tential parameters used in this work are listed in Table I.

From the total cluster potential energy V,,, the average
binding energy E;, for a N-atom cluster is defined as the
positive quantity:

Eb — clus ) (4)
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TABLE I. Parameters of the TB-SMA potential for Cu-Au bi-
metallic clusters (Ref. 56).

A@EV)  £(eV) p q ag (A)
Cu-Cu 0.0855 1.224 10.960 2.278 3.615
Au-Au 0.2061 1.790 10.229 4.036 4.079
Cu-Au 0.1539 1.5605 11.05 3.0475 3.615

C. Monte Carlo method

A canonical MC method was used to study the melting of
Cu-Au bimetallic clusters. Temperature increased from
100 K in an increment of 50 K, but the increment was re-
duced to 10 K near the melting point. For each temperature,
1.1 X 10% MC steps were carried out for each atom. The first
1.0X 10° steps/per atom were used to reach the equilibrium,
where the fluctuation of total energy was less than 0.2%. The
last 1.0 X 10° steps/per atom were used for the thermal aver-
age of various physical quantities. The equilibration configu-
ration of the cluster after the MC steps at a given temperature
was adopted as the starting configuration for the MC run at
the higher temperatures.

To verify our program, we first simulated the melting tem-
perature of Cuss, which is about 780 K here. Obviously, the
melting temperature of Cuss (780 K) is in good agreement
with the simulation result (776 K) from the MD method with
the TB-SMA potential by Li et al.”*

A number of indicators can be used to discuss the melt-
inglike transition in detail. In this work, apart from the ca-
loric curve, the heat capacity C, and the root-mean-square
bond-length fluctuation & were sampled to characterize the
thermal behavior of clusters. The heat capacity C, can be
written as a function of the fluctuations in the potential en-

ergy:

(EY—(BY)

_ , 5
v nkBT ( )

where E is the potential energy, n is the number of atoms in
the cluster, kj is the Boltzman constant, and T is the tem-
perature.

The root-mean-square bond-length fluctuation & is defined

as
\1 !>T <rlj>T

2 E , (6)
nn-1)5 j=i+l (r; lj)T
where n is the number of atoms in the cluster, r;; is the

ij
distance between atoms i and j, and { ); represents the en-

semble average at temperature 7.
To explore the shape change on melting, we define a de-

formation parameter &,,.”'% given by
e — & (7)
o 0>+05’

where Q4, O,, and Q5 stand for the eigenvalues of the quad-
rupole tensor Q;; with the descending order of Q,=0Q,
= (3. The quadrupole tensor Q,; is defined as
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CusAu,,

FIG. 1. The geometries of the ground state structures of
Cu;Ausy, CugAuyg, CujpAuys, CujgAus,, and CuszsAuy clusters at
T=100 K. (black atoms, Cu; gray atoms, Au).

N

Ql] = 2 R]ile, (8)
I=1

where N is the total number of atoms in the cluster, and i and
Jj run from 1 to 3. R;; and R;; are the ith and jth coordinates
of atom I relative to the coordinate of the cluster center of
mass, respectively. A value g4,,=1 is found for the spherical
system (Q;=0,=05). Also, a value &,,,> 1 represents a type
of quadrupole deformation.

We define g,(r) as the pair correlation function around
the center of mass for the bimetallic clusters. g,,,(r) is cal-
culated from the trajectories of the MC simulation after equi-
librium, given by

n

Gen(1) = 53 8= o= ), ©)
N* i
where N is the total atom number of the whole bimetallic
cluster (55 in this work), V is the volume of the bimetallic
cluster, n is the atom number counted, and 7,,, is the coordi-
nates of the center of mass at each MC step.

Here, we define gcm(r) gcm(r)/ (V/N?), and then the re-

duced pair correlation function gcm(r) is given by

gim(r):<z 5(;i_ch_r)>~ (10)
i=1

III. RESULTS AND DISCUSSION
A. Ground state structures

In this work, five typical 55-atom Cu-Au icosahedral clus-
ters and two pure Cuss and Auss icosahedral clusters were
studied. The lowest energy structures of the adopted clusters
at 100 K were obtained by performing the SEMI-GCMC
simulation. The lowest energy structures of Cuss and Auss
are found to be two-shell Mackay icosahedron. Figure 1
shows the geometries of the ground state structures of the
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FIG. 2. Caloric curve, root-mean-square bond-length fluctuation, heat capacity, and deformation parameter of Cu;,Auy;: (a) the caloric
curve, (b) the root-mean-square bond-length fluctuation &, (c) the heat capacity C,, and (d) the deformation parameter &,/.

CulAu54, CuGAU49, CuleU43, CulsAU37, and CU.35AU20 clus-
ters at 100 K. The lowest energy geometry of Cu;Ausy is of
an icosahedral core-shell structure, where a single Cu atom
occupies the center of the cluster and the remaining 54 Au
atoms form two spherical shells around it. This structure is in
good agreement with the results from the genetic algorithm®’
and energy calculation.®® We also found that the CugAuy,y and
CussAuy clusters achieve an icosahedral core-shell structure
with an Au-enriched surface and a Cu-enriched core. In ad-
dition, the Cuj,Auy; cluster is found to be an icosahedron
with the three-shell onionlike structure. In this structure, a
single Au atom occupies the central site, and 12 Cu atoms
are in the middle shell, covering the central single Au atom
completely, while the remaining 42 Au atoms lie in the sur-
face shell to form the Au-Cu-Au structure. It is also found
here that the Cu;g3Aus; cluster possesses an icosahedral three-
shell onionlike structure, where the Au atoms are enriched on
the surface, and the Cu atoms are in the middle shell, while
a single Au atom is located in the center.

B. Meltinglike transition in Cuj,Augy;

Figure 2(a) shows the temperature dependence of the av-
erage total energy per atom of Cu;,Auys, which represents

the caloric curve of the cluster. It is found in Fig. 2(a) that
the average total energy per atom for the Cu;,Auy; cluster
increases monotonically with temperature in the early stage.
Then, a distinguishable sudden increase in the caloric curve
occurs, corresponding to the melting transition of the cluster.
However, similar behavior could also be found in a solid-
solid or solid-glass phase transition. To confirm the occur-
rence of a solid-liquid transition, the root-mean-square bond-
length fluctuation & as a function of temperature was
calculated, as shown in Fig. 2(b). At low temperatures the
root-mean-square bond-length fluctuation 6 is small. As the
temperature reaches 660 K, the value of & is of a giant jump
from 0.05 to 0.3, due to the emergence of the liquid phase,
and finally keeps stable at about 0.3. To identify the melting
temperature, the heat capacity C, is plotted in Fig. 2(c). Con-
sistent with the literature,”#’->* the melting point is defined as
the temperature with the maximum of the peak in the heat
capacity C,,. For the Cu;,Auy; cluster, the sharp peak with its
maximum height at about 660 K in the heat capacity C,
corresponds to the distinguishable sudden increase in the ca-
loric curve and the giant jump in the root-mean-square bond-
length fluctuation o. Therefore, we estimate that the melting
temperature of Cuj,Auy; is about 660 K.
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FIG. 3. The snapshots (black atoms, Cu; gray atoms, Au) and reduced pair correlation functions (Cu, solid line, n=12; Au, short
dash-dotted line, n=43) of Cu;,Auy; at (a) 200 K, (b) 650 K, (c) 660 K, and (d) 670 K.

The shape of Cu;,Auy; before and after melting was
monitored by the variation of the deformation parameter &,
from Eq. (7). Figure 2(d) shows the temperature dependence
of the deformation parameter &g, of the Cuj,Auys cluster. At
the lower temperatures before melting, the deformation pa-
rameter &4, remains almost unchanged with the value of
about 1, indicating that the Cu;,Auys cluster keeps the com-

pact icosahedral structure before cluster melting. After the
cluster melting, the system shows a quadrupole deformation
with g4~ 1.6, indicating that the Cuj,Auy; cluster changes
from a spherical shape to a somewhat oval shape upon melt-
ing. A similar phenomenon was observed earlier by Chacko
et al.’ for the Nass cluster. This change may be due to the
fact that the cluster undergoes a spontaneous shape deforma-
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tion to lower its free energy in the liquid phase.’

The melting process of the Cuj,Auy; cluster can be fur-
ther explored by the snapshots and reduced pair correlation
functions of the cluster at the temperatures before and after
melting. Figure 3 shows the snapshots and reduced pair cor-
relation functions of Cu;,Auys at 200, 650, 660, and 670 K,
respectively. At the lower temperatures, e.g., 7=200 K, the
cluster retains the compact icosahedral structure. This is
clearly seen in the snapshots and reduced pair correlation
function g(r) plotted in Fig. 3(a). The reduced pair correla-
tion function g(r) shows four peaks, corresponding to the
four different coordination shells: the subshell of surface
shell with the atoms in vertex positions, the subshell of sur-
face shell with the atoms in nonvertex positions, the inner
shell, and the central atom. Moreover, the coordination shells
of Cu and Au atoms are clearly distinguished, and the three-
shell onionlike structure still remains at 200 K with the 12
Cu atoms occupying the inner shell [see Fig. 3(a)].

With the temperature increasing, the peaks in the reduced
pair correlation function become broader and lower, and
some peaks even disappear. At a higher temperature of
650 K before melting, some mixing is found in the two sub-
shells of surface shell [see Fig. 3(b)]. This involves the
movement of atoms on the cluster surface. Particularly, the
mixing of the coordination shells of Cu and Au occurs, al-
though it is weak. By observing the snapshots and reduced
pair correlation function g(r) [see Fig. 3(b)], we can see that
the Cuj,Auy; cluster still maintains the three-shell onionlike
structure at 650 K.

Finally, the melting transition from the solid to liquid
phase of Cu;,Auy; occurs at 660 K. The reduced pair corre-
lation function g(r) of Cu;,Auy; shows that the two peaks,
corresponding to the two subshells of the surface shell,
merge into one peak at 660 K [see Fig. 3(c)]. The peak in the
heat capacity at the melting temperature of 660 K is associ-
ated with the merging of the two subshells of the Cu;,Auys
cluster. Also, the substantial mixing of Cu and Au atoms is
observed.

At the higher temperatures after melting, 7=670 K, the
Cuj,Auy; cluster is completely in a liquid phase [see Fig.
3(d)]. Interestingly, all the Cu atoms lie in the core, covered
by the Au atoms, forming the core-shell structure, and the
center Au atom is replaced by a Cu atom after the melting of
the cluster at 670 K. It seems that the three-shell onionlike
structure can be transformed into the core-shell structure at
the higher temperatures after melting, which is consistent
with the result that the three-shell onionlike structure could
be metastable, reported by Baletto et al.>

It is also interesting to describe the melting process by
plotting the histograms of the potential energy, which gives
the distribution of the potential energy. Figure 4 shows the
histograms of the potential energy for Cuj,Auys at 650 K
(below the melting point) and 660 K (melting point). It is
found in Fig. 4(a) that the potential energy density gives a
peak at 650 K (below the melting point), indicating that the
system is in the solid phase. However, at the melting tem-
perature of 660 K, the histogram becomes broader, and the
potential energy density is split into two peaks, as shown in
Fig. 4(b). This behavior is due to the appearance of the liquid
phase at 660 K. Consequently, the position of the new peak
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FIG. 4. Distribution of the potential energy for Cuj,Auys at (a)
650 K (below the melting point); (b) 660 K (melting point). Aver-
ages over 100 steps in the MC simulation are collected in the
histogram.

in the histogram of the potential energy corresponds to the
energy of the liquid phase at 660 K.

C. Meltinglike transition in Cu;Aus,

Figures 5(a)-5(c) show the caloric curve, the temperature
dependence of the root-mean-square bond-length fluctuation
o, and the heat capacity C, of Cu;Aus,. The indicators em-
ployed here are exactly the same as those for the Cuj,Auy;
cluster. As is seen from Fig. 5(a), the distinguishable sudden
increase in the caloric curve implies the occurrence of the
melting transition of the cluster. The giant jump in the curve
of the root-mean-square bond-length fluctuation, &, changing
with the temperature, indicates the appearance of the liquid
phase [see Fig. 5(b)]. Moreover, the heat capacity C, of
Cu;Aus, shows a sharp peak with its maximum height at
about 530 K, corresponding to the distinguishable sudden
increase in the caloric curve and the giant jump in the root-
mean-square bond-length fluctuation 8 of Cu;Aus, [see Fig.
5(c)]. Thus, we estimate that the melting temperature of
Cu;Aus, is about 530 K.
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FIG. 5. Caloric curve, root-mean-square bond-length fluctuation, heat capacity, and deformation parameter of Cu;Aus,: (a) the caloric
curve, (b) the root-mean-square bond-length fluctuation 4, (c) the heat capacity C,, and (d) the deformation parameter &,;.

In Fig. 5(d), we show the temperature dependence of the
deformation parameter &4, of Cu;Ausy. The deformation be-
havior is similar to that of the Cu;,Auys cluster. At the lower
temperatures before melting, it is found that €4~ 1, corre-
sponding to the stable 55-atom Mackay icosahedral ground
state. At the higher temperatures after cluster melting, a
quadrupole deformation is found for the Cu;Aus, cluster
with g4,,~ 1.6, corresponding to the shape changes from a
spherical shape to a somewhat oval shape after melting.

Figure 6 shows the snapshots and reduced pair correlation
functions of Cu;Aus, at 200, 510, 530, and 550 K. At 200 K,
when the cluster is still solid, there is a clear separation in the
four different coordination shells formed by Cu and Au at-
oms [see Fig. 6(a)], indicating that the initial 55-atom
Mackay icosahedral ground state structure is completely pre-
served. At the temperature of 510 K near melting, there is
some mixing in the two subshells of a surface shell, corre-
sponding to the atomic motion on the surface shell upon
heating [see Fig. 6(b)]. This behavior results in the emer-
gence of a small additional peak in the heat capacity C, of
Cu;Aus, at 510 K [see Fig. 5(c)].

At the melting point 530 K, the sharp peaks in the pair
correlation function g(r) disappear [see Fig. 6(c)], which in-

dicates that the cluster is not structured anymore upon melt-
ing. The single Cu atom moves away from the central site,
but the core-shell structure still remains with the single Cu
atom lying in the inner shell of the cluster. At higher tem-
peratures after melting, 7=550 K, the whole cluster is lig-
uidlike [see Fig. 6(d)], but the single Cu atom still stays in
the core of the cluster. It means that surface segregation of
Au atoms still remains in the liquid state for the Cu;Ausy
cluster.

D. Effect of composition on melting

The melting behaviors were investigated for different
compositions of the 55-atom Cu-Au bimetallic cluster,
namely, 0%, 2%, 11%, 22%, 33%, 64%, and 100% Cu, cor-
responding to the structures of Auss, CujAus,, CugAuyg,
CuleU43, CulsAU37, CU35AU20, and Cu55. We employed the
same indicators as those for the Cu;,Auy; and Cu;Ausy clus-
ters to identify the melting temperatures for Auss, CugAuyo,
CuygAus;, CussAu,, and Cuss. For the limit of the paper
length, we will not discuss it in detail. To verify the occur-
rence of the melting transition, we gave the caloric curves of
the AuSS’ CUIAU54, CU6AU49, Culeu43, CU]SAU37, CU35A1.120,

064117-7



CHENG, HUANG, AND WANG

PHYSICAL REVIEW B 74, 064117 (2006)

(a) T = 200K

©T= 53?K

g,

N A
« N
A Ly
N
T T T T T T
. i Cu,n=1
it ] s Au,n =54 A
i P
i 2f Y -
i i’ i
i = i i
T H ] :f I""J \
X 5 . 3
T 1 i :
= l i i ‘a
“ef i P 4 i
b A T i.\ 1
- ! [ 4 - 2 1
‘ } o \.
! o u g .y ./ \
i b A \
i [ ! \
Pl oY g i N
0 [WAN ! 1 / ‘l 1 ! |"! 'y oL al = TNA 1 Reee
0 1 3 4 5 6 7 0 2 4 6 8
r (A) r (A)
(d) ,
v

T
2 i -
5
3
dn
—_ '
& i
« 5 i !
ef J .!
i !
; i
1} K ' i
i h
i E
i !
\ o &
IEAY 3
; / \
g \
L \
s N
ol PR e SO 1 L
0 2 4 6 8
r(A)

FIG. 6. The snapshots (black atoms, Cu; gray atoms, Au) and reduced pair correlation functions (Cu, solid line, n=1; Au, short
dash-dotted line, n=54) of Cu;Aus, at (a) 200 K, (b) 510 K, (c) 530 K, and (d) 550 K.

and Cus;s cluster, as shown in Fig. 7. Apparently, distinguish-
able sudden increases in the caloric curves of those clusters
correspond to the melting transition of the clusters.

Figure 8 shows the melting point changing with the con-
centration of Cu in the 55-atom Cu-Au bimetallic cluster. It
is found in Fig. 8 that there is a monotonous increase in the
melting temperature with the concentration of Cu in the 55-

atom Cu-Au bimetallic cluster. Also, for the low Cu-
concentration the rise in the melting temperature, with re-
spect to a lower Cu concentration, is quite high as against
that seen for higher Cu concentration. This behavior means
that a very small amount of Cu is sufficient to raise the
melting temperature of Au clusters substantially. The melting
points for the different concentrations of Cu in the 55-atom
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Cu-Au bimetallic clusters are also listed in Table II.

The reason for the melting point changing with the con-
centration of Cu in the 55-atom Cu-Au cluster may be due to
the relative stability of those clusters. We monitored it by
calculating the average binding energy E, of those clusters
from Eq. (4). The average binding energy E,, which is the
positive quantity of the total potential energy divided by the
total number of atoms (N=55 in this work), indicates the
relative stability of clusters with different compositions. For
the 55-atom Cu-Au clusters here, the global-minimum ener-
gies used to calculate the average binding energy were ob-
tained by using the SEMI-GCMC simulation at 100 K. Fig-
ure 8 shows the composition dependence of the average
binding energy. In those 55-atom Cu-Au clusters, there is
also a monotonous increase in the average binding energy,
which is similar to the tendency of the melting point chang-
ing with the concentration of Cu in the 55-atom Cu-Au bi-
metallic clusters (see Fig. 8). This observation agrees with
the rule that the stabler the cluster, the higher the melting
point.

It is interesting to find that the melting temperature of
Auss (380 K) is much lower than that of Cu;Aus, (530 K),

with the concentration of Cu in the 55-atom Cu-Au bimetallic
cluster.

although the Cu;Aus, cluster comes from the substitution of
a single Cu impurity in the Auss cluster. This behavior may
be due to the sharp increase in the average binding energies
of Auss and Cu;Aus, (see Fig. 8). To further explore the
reason for the pronounced increase of the melting point ob-
served after doping a single Cu atom, we calculated the im-
purity solution energy, AE,,,,, of one impurity Cu atom in the

Au clusters of N atoms as follows:*2

A, = E(Auy-,C) - E(Auy) + +[E(Auy) ~ E(Cuy)],

(1

where E(Auy_;Cu), E(Auy), and E(Cuy) are the total ener-
gies of the mixed and pure clusters, with N=55 in this work.
The negative sign in the impurity solution energy means that
the state can be accessed favorably in terms of substituting
the Au atom with a different one in the Au clusters. Here, we
calculated the impurity solution energy of Cu;Ausy by sub-
stituting the central Au atom with a Cu atom at 100 K. The
value of AE,,,, is —1.385 eV. It means that the substitution of
the Cu atom in the 55-atom Au clusters can be accessed
favorably, and can thus increase the melting temperature of
the 55-atom icosahedral Au cluster.

In a previous work, as indicated in the Introduction, Joshi
and Kanhere™ found that doping the single Sn impurity can
decrease the melting temperature of the host cluster Lis.
Aguado and co-workers>!*? found that the substitution of a
single Li, Cs, or K impurity can also decrease the melting
temperature of the 55-atom icosahedral sodium cluster. In
contrast, Mottet et al.*? found that the introduction of a
single Ni or Cu impurity in icosahedral silver clusters causes
an increase of the melting temperature. In our work, the

TABLE II. Variation of the melting point with a composition for 55-atom Cu-Au bimetallic clusters in this

work.
Composition AU55 CUIAU54 CU6AU49 Culeu43 CulgAu37 CU35AL120 CU55
Melting point (K) 380 K 530 K 620 K 660 K 710 K 760 K 780 K
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melting behavior of icosahedral Cu;Aus, is similar to that of
icosahedral Ags,Ni; and Ags,Cu,,*> and is different from
that of icosahedral Li;Sn;, Nas,Li;, NasCs;, and
Nas,K ;%2 This may be explained by the fact that Au and
Ag are much more stiff than Na and Li.*>7

IV. CONCLUSIONS

In this work, we have investigated the thermal character-
istics of Cu;Aus, with the core-shell structure and Cuj,Auys
with the three-shell onionlike structure through MC method,
using the TB-SMA potentials. The melting of the clusters is
mainly detected by the change of the heat capacity C,. The
results indicate that the melting temperature of Auss (380 K)
is much lower than that of Cu;Aus, (530 K), which means
that doping Auss with an impurity Cu atom can modify the
meltinglike transition of Auss. On the other hand, Cuj,Auys

PHYSICAL REVIEW B 74, 064117 (2006)

exhibits the core-shell structure after melting, indicating that
the three-shell onionlike structure can be transformed into
the core-shell structure at the higher temperatures after melt-
ing. Moreover, Au atoms in Cuj,Auy; still lie on the surface,
and the single Cu atom in Cu;Aus, is still located in the core
even in the liquid phase. The melting point increases with the
concentration of Cu atoms in the 55-atom Cu-Au bimetallic
cluster, due to the relative stability of those clusters, as is
shown in Fig. 8. The simulation results suggest that it is
possible to change the melting point of the pure cluster by
doping some impurities.
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