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Abstract: The stable structures and energies of Ni clusters were investigated using particle swarm optimization(PSO) combined with
simulated annealing(SA). Sutton-Chen many-body potential was used in describing the interatomic interactions. The simulation
results indicate that the structures of Ni clusters are icosahedral-like and binding energy per atom tends to approach that of bulk
materials when the atoms number increases. The stability of Ni clusters depends not only on size but also on symmetrical
characterization. The structure stability of Ni, clusters increases with the increase of total atom number #. It is also found that there
exists direct correlation between stability and geometrical structures of the clusters, and relatively higher symmetry clusters are more
stable. From the results of the second difference in the binding energy, the clusters at =3 is more stable than others, and the magic

numbers effect is also found.
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1 Introduction

Clusters of atoms are intermediate state between
small molecules and solids and exhibit a rich variety of
physical and chemical properties[1]. Small clusters have
become one of the most exciting research areas in recent
years[2—3]. This is not only because they can act as
models for understanding localized effects in solids, but
also they can serve as building blocks for developing
new materials with properties  for
technological applications[4—5]. Among them, Ni
nanoclusters are a fundamental part of recently
synthesized  nanocrystalline  materials[6—7].  The
geometrical structure of transition metal clusters is
undoubtedly an important factor determining their
physical and chemical properties[8]. Due to their
increasing scientific and technological importance,
considerable effort is currently devoted towards
advancing our knowledge of their structure. An
enormous effort has been invested to understand the
size-dependent structural and physical properties of Ni
clusters. The determination of the geometrical structure

uncommon

of transition metal clusters, i.e., how the atoms are
packed together, remains an extremely difficult problem,
both theoretically and experimentally. In order to
understand these phenomena, one must know the
structures of these small clusters. However, different
authors have so far reported a wide range of structures. It
is not clear, for example, at what size the cluster
geometry changes from two-dimensional to three
dimensional. ~Unfortunately, despite advances in
experimental techniques, direct experimental
determination of the atomic structure of small clusters is
extremely difficult. Some indirect methods have to be
used in detecting the structure of a cluster. For example,
some of these properties have recently been studied by
first principles(ab initio) calculations. KHANNA et al[4]
provided information about the relationship between
photoelectron spectroscopy and the magnetic moment of
Ni; clusters based on the density-functional theory and
the generalized-gradient approximation. Although ab
initio calculations provide significant insights into
atomic bonding and some basic properties of lattice
defects in Ni, many other properties and phenomena
of interest can only be modeled correctly by using much
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larger simulation blocks and more sophisticated

computer simulation methods such as molecular
dynamics, Monte Carlo, genetic-algorithms.

Particle swarm optimization[9] was used to study
structures and properties of atomic clusters as structural
optimization technique, which has high efficiency and
global search. In this work, a brief introduction to
characteristic method as well as program design of
particle swarm optimization was given at first. Then the
structures and energies of Ni clusters were investigated
using particle swarm optimization(PSO) combined with

simulated annealing(SA) method[7, 10].
2 Computational methods

2.1 Particle swarm optimization

Particle swarm optimization is an evolutionary
computation technique developed by EBERHART and
KENNEDY in 1995[9], inspired partly by the social
behavior of animal swarms (e.g. schooling fish and
flocking birds), partly by human social behavior. The
key idea is to have a swarm of interacting particles, each
representing a candidate solution to a given optimization
problem. Thus, particles are embedded in the search
space and the solution space by “flying” around is
explored. Moreover, instead of just randomly flying
around, the particles are attracted to high-fit regions
located by other particles. Each companion, called
particle, in the population, which is called swarm, is
assumed to “fly” over the search space in order to find
promising regions of the landscape. In the function
minimization case, such regions possess lower function
values than others visited previously. In this context,
each particle is treated as a point in a D-dimensional
space that adjusts its own “flying” according to its flying
experience as well as the flying experience of other
particles. There are many variants of the PSO proposed
so far, after EBERHART and KENNEDY[9] introduced
this technique. In our experiments a version of this
algorithm that is derived by adding an inertia weight to
the original PSO dynamics was used.

First let us define the notation adopted in this work:
the i-th particle of the swarm is represented by the
D-dimensional vector X=(X;;, Xp, *=*Xip), i=1,2, ***, N,
and the best particle of the swarm, i.e., the particle with
the smallest function value, is denoted by the index
Pe=(Pg1, Py, ***, Pyp), i=1, 2, =+, N. The best previous
position of the i-th particle is recorded and represented as
P=(Ps1, Py, ***, Pip), i=1, 2, +*-, N, and the position
change (velocity) of the i-th particle is V=V=(Vy,
Vo, =+, Vip), =12, ==
manipulated according to the following equations:

, N. The particles are then

vid! = 2l@vyy +erand, (Py — Xjg) +
cyrand, (Py = X ;)] )

k+1 k k+1
Xig =Xig +Via

where d=1,2, -+, D;i=1,2, **-, N, and N is the size of
swarm; ¢, and ¢, are two positive constants, here rand,
and rand, are two random values into the range[0, 17]; y is
a constriction factor that is used in constrained
optimization problems in order to control the magnitude
of the velocity, here y=0.729. The first equation is used
to calculate the i-th particle’s new velocity by taking into
consideration of three terms: the particle’s previous
velocity, the distance between the particles best previous
and its current position, finally, the distance between the
swarm’s best experience and the i-th particle’s current
position. Then, following the second equation, the i-th
particle flies toward a new position. In general, the
performance of each particle is measured according to a
pre-defined fitness function, which is problem-
dependent. The role of the inertia weight w is considered
very important in PSO convergence behavior. The inertia
weight is employed to control the impact of the previous
history of velocities on the current velocity, regulating
the trade-off between the global and local exploration
abilities of the swarm. A large inertia weight facilitates
global exploration, while a small one tends to facilitate
local exploration. A general rule of thumb suggests that
it is better to initially set the inertia to a large value, in
order to make better global exploration of the search
space, and gradually decrease it to get more refined
solutions, thus a linearly decreasing inertia weight value
is used:

w(t) = (wmax ~ Opin )(Tmax _t)/Tmax + Opyin (2)

where  @x=0.9, ®ni;=0.4. The method’s strength lies
in its simplicity, being easy to code and requiring few
algorithm parameters to define convergence behavior.
Simulated annealing method is used in particle
Among

algorithms, the simulated annealing method is believed

swarm  optimization. various  theoretical
to be the key to find the global minimum of a
complicated system. Due to the inherent statistical nature
of the simulated annealing, in principle, local minima
can be hopped much more easily than that with many

other methods.

2.2 Sutton-Chen potential

In the particle swarm optimization runs, we adopted
the Sutton-Chen potential scheme for the description of
the interaction between atoms[10]. The Sutton-Chen
potential provides a reasonable description of various
bulk properties, with an approximate many-body
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representation of the delocalized metallic bonding.
However, it does not include any directional terms,
which are likely to be important for transition metals
with partially occupied d shells. The total energy of a
system is expressed as

£ 15T )7

i j#i

v(r,)=(§} 3)
ij

a
Pi = -
JZ#:[”/]

where ¢ is a dimensionless parameter, ¢ is a parameter

with dimensions of energy, a is the lattice constant, m
and n are positive integers with n>m. The n, m and ¢
parameters given by Sutton-Chen potential for Ni
clusters are shown in Tablel.

Table 1 Parameters of Sutton-Chen potential

Parameter value
m 6
n 9
a/nm 0.352
c 39.432
eleV 0.015 707

3 Simulation results and discussion

The PSO-SA codes used were written by us. As a
test of our computational method, we performed
calculations to find the relation between the number of
interactions and energy (the total cluster potential energy
Vo) for Nis, as shown in Fig.1.

From Fig.1, it’s found that the best member of the
population improves rapidly in the first few generations,
then there is a slower improvement, before the structure
is found, at around 200 generations. This shows that the
many-body potential provides a good and quick
description of the bonding and energetics of the Ni
cluster system. PSO differs from other evolutionary
algorithms, which also shows that PSO-SA is good for
the global optimization of clusters.

As a second test of our computational method, we
performed calculations for Nip, in which experimental
data are available for comparison[11]. For the Ni, dimer,
the binding energy is obtained as 1.06 eV in our current
PSO-SA results, which is in satisfactory agreement with
the experimental data (E,=1.04 eV).
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Fig.1 Energy as function of number of interactions for Nis

With the above results in support of the reliability of
our computational scheme, we next focused on the
structures of Ni, (n=2—19) clusters.

An unbiased global search for the lowest energy
structures of Ni, (n=2—19) clusters is performed in the
PSO with Sutton-Chen potential. The PSO is an
optimization strategy based on the behavior of animal
swarms. Some stable structures of the Ni cluster obtained
are shown in Fig.2.

The structures obtained for Ni clusters in this size
range are in good agreement with previous calculations
[12—13], which shows that Ni clusters have structures
based on icosahedral packing and the structures of all the
clusters with the number of atoms n>6 are three-
dimensional[14—17]. So the structural transition from
two-dimensional(2D) structure to three-dimensional(3D)
structure is found at around n=6. The calculated
geometries of Ni, are identical with those obtained by
XIANG et al[6]. The present simulation gives the most
stable structures for the clusters with the number 3—7 of
atoms as an equilatriangle(3), tetrahedron(4b), trigonal
bipyramid(5c), and  pentagonal  bipyramid(7a),
respectively. For the clusters with the number 8—13 of
atoms the pentagonal bipyramid keeps its form and
additional atoms locate to form the icosahedral structure
at »n=13. For the 19-atom cluster, Ni, a
double-icosahedral structure forms. The structures of
clusters seen from different angle for Ni, (n=7, 11, 12, 13,
19) labeled as a and b in Fig.2. Nis has a trigonal
bipyramid structure(5c) that is in agreement with
experimental results[14]. The ground state of Ni; agrees
with that by SAROIJ et al[3] and KHANNA et al[4]. It
has been found that the five-fold symmetry is favored in
the optimized structures. Five-fold symmetry structure
starts with the seven-atom cluster, Ni;, which forms a
pentagonal bipyramid. The structure of isomers of Nig,
bidisphenoid(point group D,4), agrees with that by
SVEN et al[18], and the ground state of Ni;; agrees with
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Fig.2 Geometries of some stable structure of Ni, (n=2-13, 19)

that by GONG et al[10], which has the highest symmetry
I

The relative stability of the clusters described above
can be studied by analyzing their energies. In order to
obtain further general information on the size
dependence of the structures, we first study the average
interaction energy. The average interaction energy per
atom E(E=|—E,/n|) as a function of cluster size is shown
in Fig.3. The simulation results indicate that the binding
energy per atom tends to approach that of bulk materials
when the atom number increases.

The structure stability of Ni, clusters increases with
the increase of total atom number 7. It is also found that
there exists direct correlation between the stability and

geometrical structures of clusters, and relatively higher
symmetry clusters are more stable. Then we study the
difference in energy in adding an atom to the preceding
cluster, that is, the first difference energy A F,
(A\E,=E,—E,-) and the second difference energy AE,
(AE,=E,\—2E,+E,- ). These energies are defined in
terms of the total interaction energy of the cluster with
the number of atoms n, respectively, and the AyE, is the
difference of the energy of the two A,E, fragmentation
paths: from Ni,;—Ni,+Ni and Ni,—Ni, +Ni. If A,E, is
positive, it means that the dissociation of Ni,.; into Ni,
leaving one atom free is more favorable than the
dissociation of Ni, into Ni,, so AyE, is nothing but a
measure of the stability of clusters. The second
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difference energy A,E, as a function of cluster size is
shown in Fig.4. From it we can see that the clusters with
the number of atoms 13 seem to be more stable. We may
conclude that the common numbers in these groups of
numbers might be the magic numbers for the Ni clusters
studied in the present work. That is to say, the stability is
not only size-dependent but also symmetrical structure-
dependent.
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Fig.3 Average binding energy as function of Ni cluster size n
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Fig.4 Second difference in binding energy as function of Ni

cluster size n

It can be seen that there are some particular sizes
having energetically magic characteristics. In order to
obtain further general information on the size
dependence of the structural growing, to confirm this
magic behavior, and to further elucidate the growth trend
of Ni clusters and the size evolution of Ni-Ni interactions,
we describe the average bond length as a function of
cluster size in Fig.5. We have calculated the average
bond length using the following expression:

= 1

R=—)>R; 4
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where Rj is the distance between two atoms 7 and j. We

consider an atom j to be the neighbor of atom i if their
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Fig.5 Bond length as function of Ni cluster size n (Curve a
comes from Ref.[16] and curve b is our work)

distance R; is smaller than a cutoff of 0.252 nm, 4%
longer than the bond length in bulk. N, is the total
number of bonds between atoms that lie below this
cutoff.

The simulation results indicate that the bond length
of Ni clusters increases with the increase of total atom
number # and tends to approach that of bulk materials.

4 Conclusions

1) PSO differs from other evolutionary algorithms.
The simulation results show that PSO-SA is good for the
global optimization of clusters.

2) The structures of Ni clusters are icosahedral-like
and the structural transition from two-dimensional(2D)
structure to three-dimensional(3D) structure is found
when n=6.

3) The binding energy per atom and the average
bond length at various clusters sizes are obtained. The
results show that they all tend to approach that of bulk
materials when the number of atoms in the clusters
increases. From the results of the second difference in the
binding energy, the cluster at n=13 is more stable than
others. The magic numbers effect is also found.
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