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Platinum-cobalt bimetallic clusters (N = 11-15) were
modeled by a many-body Sutton-Chen (SC) potential.
The basin-hopping algorithm and Monte Carlo (MC)
energy minimization were used to determine the global
minima of bimetallic clusters. The structural changes
with cluster size were observed. Most of the structures
had built on icosahedral packing. Second energy
difference analyzes were performed to investigate the
relative stability of a cluster with respect to its size and
composition. The dependence of energetics and struc-
tures on size and composition is discussed.

Keywords: Platinum—cobalt bimetallic cluster; Basin-hopping
algorithm; Sutton-Chen potential; Nanoclusters

INTRODUCTION

Nanoparticles of pure metals and mixed metals are
of interest in medicine, catalysis, as well as
electromagnetic applications. Experimental tech-
niques such as, vibrational spectroscopy and
microscopy are limited in achieving spatial resolu-
tion in the atomic scale. Theoretical studies can
complement experimental approaches and provide
understanding of nanomaterials in the atomic scale.
Cagin, Goddard and co-workers [1-4] reported the
thermal and mechanical properties of some tran-
sition metals and alloys and the melting and
crystallization of nickel nanoclusters. Nayak et al.
[5-7] investigated the thermodynamics, energetics
and equilibrium geometries of small nickel clusters.
Wales and co-workers [8—11] used the Sutton-Chen
(SC) potential to calculate the structures, dynamics
and global energy minima of transition metal
clusters. Shiang and co-workers [12-13] studied

atomic diffusion on the surface of metals. Huang
and Balbuena studied platinum nanoclusters on
graphite substrate [14]. Chan and co-workers
simulated the dynamics of platinum nanoparticles
supported on graphite [15-18] and oxygen adsorp-
tion on supported platinum nanoparticles [19]. The
distribution of surface and core atoms in platinum
nanoparticles was recently discussed [20].

Because of the delocalized electronic character, the
interaction between metal atoms cannot be ade-
quately described by pair potentials. It is popular to
use a many-body empirical potential in modeling
studies of metallic clusters and nanoparticles. The
addition of an atom to a small cluster can
significantly change the overall structure and energy.
In the case of adding a foreign metal to a small metal
cluster, the heterogeneity introduces additional
complexity.

Mixed-metals are of practical interests such as
magnetic and catalytic applications. Recently,
bimetallic clusters have been studied by atomistic
simulation using many body potentials. Kaszkur and
Mierzwa investigated the segregation in Pd-Co
clusters [21]. Huang and Balbuena studied the
melting of Cu—Ni nanoclusters [22]. Johnston and
co-workers studied platinum-palladium and gold-
copper bimetallic clusters using the Gupta potential
and the genetic algorithm [23-25]. Wang ef al.
studied the structures and magnetic properties of
Co-Cu bimetallic clusters [26].

Platinum—cobalt has been used as a mixed metal
catalyst in fuel cell electrode reactions [27,28]. In this
paper, we apply the many-body SC Potential
modified for mixed metal [29] to simulate plati-
num-—cobalt clusters. The basin hopping [30,31]
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algorithm is used to determine the minimum energy
structure of clusters of sizes with 11-15 total number
of atoms. The change in geometries and energies of
the Pt—Co clusters with size and composition will be
discussed. In the study of Wales and Doye [11], the
icosahedral packing is the predominant structure in
SC 9-6 clusters, while SC 10-8 clusters has greater
preference for face center cubic (fcc) or close packed
structures. So in the SC potential model, platinum
and cobalt have different structural behaviors. Pure
cobalt nanoparticles show nonperiodic polytetra-
hedral structures in certain experimental conditions
[32]. On the other hand, a pure platinum nano-
particle prefer a fcc arrangement in the bulk state
[33-35]. It is interesting to investigate the preferred
structure in a platinum-—cobalt alloy of the nano-
scale. Comparison between Pt—-Co and Pt-Pd,
Au-Cu and Pd-Co bimetallic clusters will be
made. In the study of Johnston et al. [23-25], Pt—Pd
and Au-Cu are modeled by the Gupta potential,
which is a many-body potential, similar to the SC
potential. Gold and copper belong respectively, to
the same SC families of Pt and Co. The study of
Pd-Co cluster modeled by SC potential is a good
reference to the discussion about Pt—Co clusters.

COMPUTATIONAL DETAILS

Modified Sutton-Chen Potential

Sutton-Chen potential is also called as long-ranged
Finnis-Sinclair (FS) potential, which is a result of the
second moment approximation to the tight binding
energy [36]. The total internal energy of a pure
platinum cluster of N atoms in the SC potential is
expressed as

N
=

u= SPPZ

1 | <=1

1 N o n
2 (%) _Cﬁl} e

where N is the total number of atoms, r;; is the
separation distance between atoms i and j, ¢ is a
dimensionless parameter, e,, is the energy para-
meter, 0, is the lattice constant and m and n are
positive integers with n > m. Equation (la) consists
of a sum of the pairwise repulsion term and the sum
of a many-body density-dependent cohesion term.
While electrons are not explicitly included in the
potential function, the local density of atoms, p;, is

defined as
N o m
pi=7 (”’7> (1b)

A Tij

to represent the action of electrons.
The modified SC potential for a binary alloy [29]
considers the stoichiometric ratio of two metals, A

and B, by introducing the site occupancy operator,
with a general formulation of
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The occupancy operator works as follows:

p=1, if site j is occupied by an A atom.

(2b)
p =0, if site j is occupied by a B atom.

The occupancy operator p; can degenerate to the
simple pure metal SC potential of Eq. (1a). The
functions VA4, VBB 4B A4 BB are defined as
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The constants d 24, d P8 are defined as
A4 = M and 4 = eBBcBB. (2d)

In the above equations, Ad AN AA 1 A4 and n A4

represent the parameters ¢, o, ¢, m and n of pure
metal A. Similarly BB BB, BB ;BB and n?B

represent the parameters ¢, o, ¢, m and n of pure
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TABLE I SC parameters for platinum, cobalt and palladium

Metals o (A) e (1072%V) C

m n
Platinum* 3.92 1.9833 34.408 8 10
Cobalt" 3.54 1.5566 39.432 6 9
Palladium? 3.94 0.4179 108.27 7 12

*Proposed by Sutton and Chen [29]. " Proposed by Kaszkur and Mierzwa
[21]. *Proposed by Sutton and Chen [29].

metal B. The mixed parameters are expressed as

VAB — (VAAvBB)l/Z and

(2e)
d)AB — (quAd)BB)l/Z.
and
AB 1 AA BB AB 1 AA BB
m* =S(m* +m7), n""=-m""+n’),
2 2 2f)
O'AB — (O_AAO_BB)l/Z, SAB — (SAASBB)l/Z.

The SC parameters for platinum and cobalt are
shown in Table I. Bulk cobalt metal normally has a
hexagonal close pack (hcp) structure at room
temperature but a fcc structure at a higher
temperature. Here, we use the fcc SC cobalt
parameters, which are recalculated from the para-
meters of hcp cobalt [21]. Many experimental studies
suggested that platinum—cobalt nanoparticles have a
fce structure. Platinum and cobalt are two quite
different metals in different families of the SC
potential model (different n, m). Platinum is grouped
with gold (10-8 family) while cobalt is grouped with
copper and nickel (9-6 family).

Basin-hopping Method and Monte Carlo (MC)
Simulations

The global optimization with basin-hopping algo-
rithm proposed by Wales and Doye [30,31] was used
in the minimum energy structures of the platinum-
cobalt clusters. This method has been used efficiently
to generate some reliable results [11,30,31,37-48] for
Lennard-Jones (L]) clusters, transition metal clusters,
charged rare gas and metal clusters, alkali-ion in rare
gas clusters and water clusters. To our knowledge, the
basin hopping algorithm has not been applied to
bimetallic clusters. In this work, there are three stages
of optimization: initial optimization, re-optimization
and a basin-hopping optimization with genetic-like
operators. In the initial optimization, we use
canonical MC sampling at reduced temperatures,
kT /epe = T* = 0.0217 (5K) and T = 0.8 (184.3K).
At each temperature, six runs from different random
configurations are made with 100,000 MC steps each.
Maximum step sizes of 0.75 op; and 0.4 op; were
employed in the low temperature and high temper-
ature MC simulations, respectively. The maximum
displacement will be adjusted during the simulation,
to achieve the acceptance ratio = 0.5.

We use a patient search (simulation with high
temperature and small maximum displacement)
and an aggressive search (simulation with low
temperature and large maximum displacement),
alternatively. At the low temperature, we find that
the simulation can reach a lower energy minimum
without using the convergence criterion based on the
value of root-mean-square (RMS) gradient. This may
be due to the narrow distribution of energy states.
The search would stop until the algorithm cannot
find any better structure in that search. Although we
have not used the convergence criterion, we still
require the RMS gradient of the final results to fall
below 10~ in reduced units and the energy change
between consecutive steps in the minimization was
less than 10~ ep,. The final energies are statistically
accurate to four decimal places.

The lowest energy structures from the initial
optimization are then re-optimized. Two re-optimi-
zations of 20000 MC steps each are performed at a
reduced temperature of T* =0.8. A maximum
displacement of 0.407p; is employed. The convergence
criterion is applied in one of the re-optimizations.
Sloppy quench tolerance and final quench tolerance
for RMS gradient are 10 * and 10, respectively.
In re-optimization, we require the energy change
between consecutive steps in the minimization was
less than 107® ep;.

After the re-optimization, we undergo final stage
of optimization. In order to increase the efficiency in
the search of global minima, we introduce two
operators into our new scheme of optimization,
random exchange operator and mutation operators,
which are originally used in the genetic algorithm
[24]. Before each optimization step in the new
optimization scheme, we randomly move, mutate
and exchange the original configuration. In this way,
a completely “new” configuration is generated and it
can lead to a local minimum, which is far away from
the local minimum optimized from previous
configuration. It means that we can increase the
range of access on the potential energy surface.
Compared with classical MC moves in typical basin-
hopping algorithm, these two operations help to
generate more random configurations and increase
the probability of determining the global minima.

In the new scheme of optimization, we start with
two sets of seeds (starting configurations). We used
the optimized structures from the re-optimization
(second stage) to be the first set of seeds of a new
optimization. The second set of seeds comes from a
random generation. Before the start of optimization,
each structure generates fifty offsprings after
random exchange and mutation operations. For
example, ten optimized structures of 11-atom alloy
cluster from re-optimization will generate 500
offspring. Finally, for each offspring, the optimi-
zation with 5000MC moves followed by random
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exchange and mutation operation is used to generate
the final structures of Pt—Co clusters.

By using the basin-hopping algorithm with
two genetic-like operations, we found improved
structures of Pt;Coqo and PtsCog clusters.

RESULT AND DISCUSSION

11- and 12-atom Pt—Co Clusters

Except for the 12-atom Pt cluster, 11- and 12-atom
pure clusters are the fragments of icosahedral
13-atoms clusters, which are so-called pre-icosahedra.
For the 11-atom alloy cluster (Fig. 1), adding one or
two foreign atoms to the pure metal clusters would
not change the atomic arrangements. When the
number of foreign atoms increases, the clusters prefer
close-packed structures with symmetrical distribution
of two types of atoms in cluster. At a low Pt ratio, the
clusters show the preference of Pt atoms to come
together. The cobalt atoms surround the platinum
group. As Pt—Pt interaction is the stronger and the
grouping of platinum atoms can minimize the total
potential energy of cluster. That is particularly
important for the cluster with a low Pt ratio. It seems
that the preference of a bond type in the cluster at
different atomic ratios is important in determining the
lowest energy structure, as shown in Pt;Coyg, Pt;Coo,
Pt;0Co; and PtyCo, clusters. They have the same

atomic arrangement, but the position of foreign atoms
in the cluster is different. For Pt;Co;¢ and Pt,Coy, the
first platinum atom is placed at the center of
hexagonal surface of cluster and the second platinum
atom would be the nearest neighbor of the central
platinum atom. For Pt;oCo; and PtyCo,, the cobalt
atoms are placed at the edges of the cluster whereas
the platinum atoms are at the core positions.
Obviously, the formation of Pt-Pt “bonds” has a
higher priority than the other “bond” types, especially
for the alloy cluster with a low Pt ratio. The formation
of a Pt—Pt “bond” can also effectively increase the
local density, since the SC local density of each atom is
mainly contributed by the nearest neighbors.

For the 11-atom cluster with alow Coratio, the cobalt
atoms tend to disperse at the cluster and locate at the
surface of the cluster. This preference can maximize the
number of short-range Pt—Pt and Pt-Co interaction
in the cluster and increase the total binding energy.

The lowest energy atomic arrangements of pure Pt
and Co 12-atoms clusters are different. The pure Co
cluster is of an incomplete icosahedron while the Pt
cluster has a less symmetrical and close-packed
structure with a hexagonal pattern. Of all the atomic
combinations of 12-atom Pt-Co clusters (Fig. 2),
seven of them follow the structure of a pure Co
cluster and none of them has the structure resemble a
pure Pt cluster. The structures of Pt;Cog, PtsCog,
PtsCo,; and Pt;gCo, clusters are based on that of
Pt;Cog, PtsCo;, PtsCos and PtoCo,, respectively.

FIGURE 1 Structure of global minima for 11-atom platinum-—
cobalt clusters. (Platinum and cobalt atoms in black).

FIGURE 2 Structure of global minima for 12-atom platinum—
cobalt clusters.
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The two kinds of atoms are also symmetrically
distributed in the clusters and segregation is
observed.

For 12-atom Pt-Co clusters with incomplete
icosahedral structures, segregation also occurs. For
example, in PtCoq Pt;Cos and PtsCo,, the cobalt
atoms are placed at the top plane of the cluster and
platinum atoms get together at the base. Also, there
is a cobalt atom at the bottom of the Pt;Cog cluster to
maximize the short range Pt—Co interaction of five
platinum atoms. When the Pt;Cog cluster changes to
the Pt;Cos cluster, the cobalt atom at the bottom is
replaced by a platinum atom and five new Pt-Pt
bonds are formed. In this replacement of atoms, the
increase in binding energy can be maximized.

13-atom Pt—Co Clusters

In many experimental and theoretical investigations
of rare gas and metal clusters, 13-atom clusters are
usually arranged as an icosahedron. Recently, some
theoretical studies suggested that some 13-atom pure
metallic clusters have amorphous structures [49].
From our results, most 13-atom alloy clusters (Fig. 3)
are arranged in icosahedrons, but some of them
(Pt3Co19, Pt4Co9 and PtsCog) are non-icosahedral
structures. The energy minimum structure of Pt3Co1g
is a distorted icosahedron, with two vertices and one
central Pt atom. Pt;Cog and PtsCog are fragments of

FIGURE 3 Structure of global minima for 13-atom platinum—
cobalt clusters.

platinum atom containing icosahedrons with attach-
ment of cobalt atoms. Clearly, the alloying effect can
change the atomic arrangement to prefer formation
of the stronger Pt—Pt and Pt—Co bonds. For Pt;Co;,
and Pt;,Co;, the foreign atom was placed at the
center of clusters and there are one vertex and one
central foreign atom in Pt,Coy; and Pt;;Co, clusters.
This arrangement can maximize the number of
Pt-Co bond. Pt;Co; Pt;Cos PtsCos and PtoCoy
clusters also show the segregation as mentioned in
the previous section. But the atoms tend to form
layered structures, instead of two regions of
platinum and cobalt atoms.

14- and 15-atom Pt—Co Clusters

In all combinations of 14-atom and 15-atom Pt-Co
clusters (Figs. 4 and 5), we find that most of the
clusters have structures based on the icosahedral
packing. Starting from Pt=6 in 14-atom and
15-atom clusters, all of the structures are based on
icosahedral packing. In these icosahedral 14- and
15-atom Pt—Co clusters, all the central atoms are
cobalt atoms, even when platinum is the minor atom.

FIGURE 4 Structure of global minima for 14-atom platinum-—
cobalt clusters.
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FIGURE 5 Structure of global minima for 15-atom platinum-—
cobalt clusters.

Probably, the central Co atom can shorten the bond
lengths inside the icosahedron and increase the
binding energy. The other combinations of 14-atom
and 15-atom clusters have structures of polyhedron,
distorted decahedron and incomplete icosahedron.
This result is interesting because icosahedron is not a
favorable structure in the 10-8 SC potential for Pt,
compared with the 9-6 potential [11]. Also, for pure
14- and 15-platinum and cobalt clusters, only the
pure 14-atom cobalt cluster has an icosahedral
structure. The 15-atom cobalt cluster is one of the
Frank-Kasper coordination polyhedra. The 14-atom
platinum cluster has one of the seven-coordinate
vertices removed and the 15-atom cluster is a
distorted decahedron. So the dominant icosahedral
structures in 14- and 15-atom Pt-Co clusters,
especially at higher Pt ratio, are unexpected. From
this, it seems that the minor atoms (the atom which
has lower atomic ratio in an alloy cluster) in a Pt—Co
cluster would govern the structural arrangement, as
the icosahedral packing is more favorable in 9-6 SC
cluster, compared with 10-8 cluster. A similar
phenomenon was also found by Johnston et al. [24]

and Lopez et al. [50], in which the replacement of one
gold atom by copper is sufficient to convert the
structure to that of the more symmetrical copper
cluster. Actually, the tendency of formation of mixed
bond may account for this. As the icosahedron is a
highly symmetrical structure, so that placing the
foreign atom at the central position of the icosa-
hedron can fully maximize the number of Pt-Co
bond in the cluster. In general, all of the alloy clusters
in this study are based on icosahedral packing.
At low Ptratio, small alloy clusters tend to maximize
the number of Pt-Pt bonds and form platinum
group or layered structure, in order to increase the
binding energy.

Compared to the other theoretical study of alloy
clusters, we found some similarity between the study
of Pt-Pd alloy clusters and Pt—Co clusters in our
study. Although Johnston et al. [23] mainly focused on
the study of (PtPd),, bimetallic clusters, 14-atom
cluster was used to investigate the variation in the
geometric structure of the global minima as a function
of composition. They found when Pt atoms are
substituted by Pd atoms, the capped icosahedral
structure can be kept. The Pd atoms are in the capping
site while the Pt atoms are at the interstitial sites.
For the result of 14-atom Pt-Co clusters, the
icosahedral structures also dominate in Pt-rich alloy
clusters, but the cobalt atoms occupies the central
position of the icosahedral packing, rather than the
platinum atoms. This difference can be accounted by
the order of attractive and repulsive parts for different
metals in SC potential. In SC potential, the parameters
for Pd are also provided, as shown in Table L
Palladium has the order of attractive term close to that
of cobalt (7 for Pd and 6 for Co), but their repulsive
terms have large difference (12 for Pd and 9 for Co).
This means that if the palladium atom is placed at the
central position of an icosahedron, it will experience
much larger repulsive interaction with the surface
atoms than the cobalt atom. Also, the size of cobalt
atom is smaller than palladium (lattice constant of Co
and Pd is 3.54and 3.89 A, respectively) and the central
atom with smaller size can effectively reduce the bulk
strain in an icosahedron [23].

On the other hand, Johnston et al. [24] also found
that the central atom of icosahedron-based Au—-Cu
clusters is usually a copper atom at different atomic
ratios. They account that the smaller copper atom at
central position can let the atoms get closer and
increase the binding energy. But in our study, the
central cobalt atoms are found to be favorable in
icosahedral packing, while the central platinum
atoms are favorable in decahedral packing. So we
can conclude that smaller cobalt atom is particular
important to stabilize the icosahedral packing, by
placing at the central position.

As the icosahedral packing has a high degree of
symmetry, if a cobalt atom is placed at the central
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position of an icosahedral platinum cluster, the
bond distance between central and surface atoms
would have the same extent of contraction. As a
result, all surface atoms would get closer to the
central atoms.

Energy Analysis of Global Minima and Size
Dependent Evolution of Bimetallic Clusters

The investigation of energy of global minima is also
important for us to understand the structural
variation of cluster at different sizes and compo-
sitions. Table II shows all global minima (eV per
atom) of Pt—-Co bimetallic clusters. All the energy
values of N-atom alloy cluster are in between that of
pure N-atom cobalt and platinum clusters. For the
first three rows, the energy increases from left to
right. But for the other rows, the energy decreases
from left to right. For the first three rows, the starting
clusters contain zero, one and two platinum atoms,
respectively. Cobalt atom is added one by one into
the starting cluster and overall binding energy and
the energy per atom in cluster increase from left to
right in the table. Although adding cobalt atoms also
increase the overall binding energy in the other
rows, the energy per atom decreases from left to
right. In other words, adding cobalt atom would
destabilize these starting clusters. The difference in
the trend of energy per atom observed is caused by
different atomic ratios in starting clusters. When all
or most of the atoms in the starting cluster are cobalt
atoms, the energy per atom is relatively low. Adding
cobalt atoms in these clusters would effectively
increase the energy per atom and that is similar to
the case of a pure cobalt cluster. If there are more
platinum atoms in starting clusters, the energy
per atom is relatively high, adding more and more
low energy cobalt atoms would lower the energy
per atom.

For all of the columns, the energy increases from
the top to bottom. Keeping the number of cobalt
atoms constant in the starting cluster, platinum atom
is added one by one into the starting cluster and
overall binding energy and energy per atom are
efficiently increased.

Binding energy of global minima at different
compositions and sizes can reflect their relative
stability. The second energy difference is the most
common method to analyze the energy of metal and
alloy cluster. In our work, this method was modified
to give a more appropriate account for the energies of
bimetallic clusters.

Modified Second Energy Difference (I)

Original second energy difference is often used to
analyze the stability of a structure with respect to
neighboring sizes. The typical form of second energy

TABLE I Global minima of Pt—Co bimetallic clusters (eV per atom)

11 12 13 14 15

10

0

Pt/Co

—-3.391

—3.362
—3.562

—3.364
—3.532
—3.681

—3.298
—3.524
—3.663
—3.804

—3.259
—3.497
—3.661
—3.796
—-3.921

—3.481
—3.653

—3.655
—3.822
—3.937
—4.054
—4.147

—3.800
—3.924
—4.034

—3.828
—3.965
—4.070
—4.169
—4.260

—3.990
—4.107
—4.205
—4.288
—4.371

—4.143
—4.242
—4.332
—4.405
—4.474

—4.278
—4.371
—4.456
—4.518
—4.579

—4.425
—4.494
—4.581
—4.631
—4.681

—4.556
—4.613
—4.704
—4.740
—4.784

—4.689
—4.736
—4.823

O AN <HLO\ODN RN

—4.815
—4.861
—4.944

—4.942
—4.968
—5.004

—4.851
—4.946 —4.879
—4.974

—5.028
—5.057

685



18: 30 14 January 2011

Downl oaded At:

686 Y.H. CHUI AND K.-Y. CHAN

difference is given as:
Egigg(n) = Em + 1)+ E(n — 1) — 2E(n) 3)

E(n), E(mn+1) and E(n — 1) are the total binding
energies of n, n+1 and n — 1 atom clusters,
respectively. This method is widely accepted to
investigate the relationship between the energy and
sizes of clusters. The peak in second energy
difference plot has been found to correlate well the
magic numbers of alkali metal clusters [51]. But the
second energy difference in this form may not be
most representative. So we modified the second
energy difference with the consideration of energy
per atom:

Emy/n=[Em+1)/(n+ D]+ [En —1)/(n — 1)]
— 2[E(n)/n] 4)

In this approach, we consider the difference in
average energy per atom at different cluster sizes.
This can give a better account for the relative
stabilities of cluster with respect to neighboring sizes
as compositions. All energy terms are normalized
accordingly.

Modified Second Energy Difference (1)

When we calculate the second energy difference of
Pt,,Co,, all the neighboring clusters of a particular
cluster in table of energy is considered in the
calculation:

Eqigr(Pt,,Coyp) =ZE(AH neighboring clusters)

— (No. of neighboring clusters)
X E(Pt;,Cop) ®)

Analysis of the second energy difference in this
way helps us to explore the relative stability between
the particular cluster in the table of energy and its
neighboring clusters.

Figures 6-9 show the type I second energy
difference with increasing size of alloy cluster.
Starting from 1l-atom alloy clusters, platinum
(Figs. 6 and 8) and cobalt (Figs. 7 and 9) atoms
were added respectively, until the total number of
atoms in alloy cluster is 15. From the figures, we
found that different starting clusters would have
different changes of energy with size. When
platinum and cobalt atoms are added, the starting
clusters with a high Pt content (Figs. 8 and 9) cause a
sharp peak when total number of atoms in alloy
cluster is equal to 13. A peak in the plot of second
energy difference represents higher stability com-
pared with the neighboring sizes. For Pt;Co,, PtsCos,
PtsCo, and Pt;pCo;, adding platinum atoms into
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FIGURE 6 Second energy difference type I with increasing
Pt—Co cluster size by adding Pt atoms. The starting clusters are
Pt,Co49, Pt,Cos, Pt;Cog, Pt4Co7 and PtsCos, respectively.

the cluster causes greater second energy difference,
compared with the addition of cobalt atoms. This
indicates that the higher the Pt content, the higher is
the relative stability the 13-atom alloy clusters.

At a low Pt (high Co) content, some of the clusters,
which are non-icosahedral (e.g. PtsCog and Pt,Coy),
show lower stability at N = 13, compared with the
neighboring sizes. This indicates that the highly
symmetrical icosahedral geometry is important to
the stability of 13-atom alloy clusters. Compared
with the second energy difference plots by Doye and
Wales [11], where a sharp peak was at N = 13 in pure
9-6 SC clusters, there is only a small peak at N = 13 in
pure 10-8 SC clusters. Both of 9-6 and 10-8 SC
13-atom clusters are icosahedra. This indicates 9-6
(cobalt) icosahedral cluster has higher stability than
10-8 (platinum) icosahedral cluster. The difference in
stabilities of 10-8 and 9-6 icosahedral clusters can be
explained by the ranges of 10-8 and 9-6 SC potentials.
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FIGURE 7 Second energy difference type I with increasing

Pt—Co cluster size by adding Co atoms. The starting clusters are
Pt;Co40, Pt2Coq, Pt3Cog, PtyCo; and PtsCos, respectively.
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FIGURE 8 Second energy difference type I with increasing
Pt—Co cluster size by adding Pt atoms. The starting clusters are
PtsCos, Pt;Co,, PtgCos, PtsCo, and Pt;oCoy, respectively.

In the study of Doye and Wales, the SC potentials
with a longer range (12-6 and 9-6) cause the stronger
preference of icosahedral arrangement, while SC
potential with a shorter range (10-8) causes the
stronger preference of close packed structures.
Although the pure platinum 13-atom cluster is
icosahedral, the structural preference of 10-8 poten-
tial causes the lower stability of icosahedral cluster,
compared with pure cobalt cluster. So it is expected
that more cobalt atoms would give a higher stability
to the icosahedral alloy cluster. But in our study, we
find that the stability of 13-atom icosahedral alloy
cluster decreases in stability with increasing number
of cobalt atoms. This can be explained by the atomic
arrangement of two species in icosahedral cluster.
From the plot, we know that Pt;,Co; is the most
stable icosahedral alloy cluster. Its stability actually
comes from the central cobalt atom. This cobalt atom

5.0 4
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FIGURE 9 Second energy difference type I with increasing
Pt—Co cluster size by adding Co atoms. The starting clusters are
PtsCos, Pt;Coy, PtgCos, PtoCo, and Pt;oCoy, respectively.

lets the platinum atoms get closer and effectively
maximizes the binding energy. But if one platinum
atom in Pt;,Co; is replaced by a cobalt atom and
form Pt;1Co,, stability would then decrease.
Although a cobalt atom at the central position of
icosahedron can increase the relative stability, more
and more cobalt atoms would lower the stability of
cluster. This is caused by two reasons. First, more
and more cobalt would lower the overall binding
energy. The other reason is that replacing the surface
platinum atoms in an icosahedral cluster would
disturb the atomic arrangement and break down the
high symmetry of cluster.

Other than the simple size effect, the type of atoms
(platinum and cobalt) added into an alloy cluster
also governs the energy variation. From the plots of
second energy difference type I with increasing
cluster size by adding platinum atoms (Figs. 6 and 8),
all of the second energy differences are positive,
except the 12- and 14-atom alloy cluster starting from
Pt;Coy, PtgCos, PtoCo, and Pt;pCo;. The negative
second energy difference of 12- and 14-atom alloy
cluster is due to the special stability of icosahedral
13-atom clusters. For the 14-atom alloy clusters,
the value of second energy difference decreases
with increasing Pt content of starting clusters.
Overall, during the alloy cluster growth,
adding platinum atoms forms energetically stable
clusters.

On the other hand, with increasing the Pt content
in the starting cluster, trends of decreasing value of
second energy difference during platinum atom
addition are observed at N = 14. The possible reason
for this is particularly high stability of icosahedral
13-atom alloy cluster with high Pt content. Addition
of extra atoms into these clusters would distort them.
As a result, relatively unstable alloy clusters are
formed.

The second energy difference type II can give us
idea about relative stability of all alloy cluster,
compared with all the neighboring clusters with
different sizes and compositions. Table III shows the
map of second energy difference type Il. The more
positive the value of the particular alloy cluster, the
higher relative stability the cluster has.

For 13-atom alloy clusters, Pt3Coq, PtsCoy and
PtsCoy are relatively unstable than the other
combinations. It may be due to the non-icosahedral
geometry of these alloy clusters. The 14-atom
alloy clusters have lower stability, as the additional
atom to the 13-atoms alloy clusters would cause
distortion of the highly symmetrical arrangement.
Compared with the type I, second energy difference
type II can give a clearer picture about the relative
stability of alloy clusters, as the atomic composition
of alloy cluster is also considered. That is important
for us to study the energetic properties of alloy
clusters.
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TABLE Il Second energy difference (Type II) of Pt—Co bimetallic clusters (107%eV per atom)

13

12

11

10

Pt/Co

39.73

131.5
—14.78

100.6
31.24

3.629
1.909
6.359

2.950

99.30
—4.286

27.09

—8.007 18.47

—2.487

24.87

17.57
—16.76

19.02
21.97
—13.94

—4.999

42.90
—16.56

—39.77

71.84
—23.11

—76.38

AN F IO O D0

102.8
—30.03

—-97.32

107.9
—14.74

—62.20
206.7

-7.219
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CONCLUSIONS

Small platinum cobalt bimetallic clusters (N = 11-15)
were modeled by the many-body SC potential.
Basin-hopping algorithm and MC energy minimi-
zation were used to search the global minima.
The limited size range of platinum-cobalt is studied
as the ability of basin-hopping simulation to locating
global minima decreases with the increasing size of
system [30]. Furthermore, the case of alloy system is
much more complicated than the pure metal one and
provide more possibility of structural configurations.
As a result, we present the result at a limited size
range in this paper. More efficient searching method
is desired to finding the global minima of larger size of
platinum—cobalt bimetallic clusters.

The icosahedral packing dominates at this cluster
size range in our study. Minor atoms play an
important role in the structural arrangement of a
bimetallic cluster. A single foreign atom is sufficient
to change the structure of some clusters. At a low Pt
ratio, the smaller alloy clusters in the study tend to
maximize the number of Pt—Ptbonds and form small
platinum groups, in order to increase the binding
energy.

Modified second energy difference type I and II
were used to analyze the relative stability of cluster
compared with neighboring sizes and compositions.
We found that different starting clusters have
different changes of energy with size. For high Pt
content of starting cluster, the second energy
difference type I analysis shows a sharp peak when
total number of atoms in alloy cluster is equal to 13.
The peak level decreases with the Pt content and this
indicates that the higher the Pt content (the lower the
Co content), the higher relative stability the 13-atom
alloy clusters would have. It is probably due to the
stabilizing effect of minor cobalt atom in icosahedral
packing. Other than the simple size effect, the type of
atoms (platinum and cobalt) added into an alloy
cluster also governs the energy variation. During the
alloy cluster growth by adding platinum atoms, most
of the second energy differences type I are positive.
Overall, this indicates that addition of platinum
atoms form an energetically stable cluster. On the
other hand, addition of cobalt atoms destabilizes the
alloy cluster, as half of the clusters give negative
second energy differences.

Table III shows that 14-atom alloy clusters have a
lower stability, as the adding an atom to the 13-atom
alloy clusters would cause distortion of the highly
symmetrical arrangement.

In this work, we used a semi-empirical and many-
body SC potential to model platinum-cobalt
bimetallic clusters. This potential does not contain
the directional terms and might have predicted
excessive surface relaxations [52]. But in the same
study, the SC potential is proved to correctly predict
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the trend of surface energies of different types of
metals, which is important for us to predict the
mixing of platinum and cobalt in a nanocluster with
high amount of surface atoms.

The treatment of interaction in Pt-Co alloy by
using ab-initio or Car-Parrinello molecular dynamics
approached but would demand extensive compu-
tational power. Recently, ab-initio modeling of Pt—Co
alloy in bulk state [53] has been performed. As the
fundamental knowledge of small Pt-Co cluster is
limited, so present study may be a starting point to
investigate the nano-alloying of platinum and cobalt
and provide some valuable information for other
experimental and theoretical studies in the future.
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