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We have studied the size confinement effect on the properties of melting-like transition of
small icosahedral copper clusters using a classical molecular dynamics simulation based on a
well fitted empirical potential. We investigated the caloric curves of icosahedron nanoclusters
and the significant depression in the melting temperatures of the copper nanoclusters was
compared with that of the bulk copper. A structural transitions from decahedral to icosahedral
shapes were shown. As the cluster size increased, the melting temperature increased, and the
latent heat increased but seem to be saturated. However, the specific heat was unrelated to the

cluster size.
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1. INTRODUCTION

Phase transitions in bulk materials have been studied
since a very long time. In recent, the investigations on
the thermal stability of atoms and molecular clusters
have been performed, as it is vital to the possible
application of the size-confined materials. Numerous
work have been done both in experiments and in
theoretical studies to clarify the thermodynamics
behavior of clusters with different bonding types (van
der Waals, covalent, ionic and metallic) [1-6]. Extended
studies show that the reduction of melting temperature
for some metal cluster is much smaller than that of
Lennard-Jones cluster, and may be different from each
other in separate metals such as Co and Au [4-6]. Their
nanoscopic properties differ in some main aspects from
the bulk counterparts. One of the most important
findings about the melting of clusters is the decrease of
melting points with reduction nanocluster size, which is
mainly due to the large percentage of atoms on the
surface. Since atoms in clusters have fewer nearest
neighbours and are thus weaker bound and less
constrained in their thermal motion [2,3], the latent heat

of fusion is reduced, which is also due to a surface effect.

The shapes of metal nanociusters have many types as
follows: Trigonal bypyramid, pentagonal bypyramid,
octahedron, truncated octahedron, capped decahedron,

dodecahedron, tricapped trigonal prism, Icosahedron, etc.

[7]. Among these, the most spherical shape of

nanoclusters for metals with fcc structure is icosahedral
shape that has the multiple twinned boundaries and is
composed of twenty deformed tetrahedra. All facets of
the tetrahedra in the icosahedral clusters are {111}
surfaces, and these icosahedral nanolcusters have been
found in previous atomic-scale simulations [7-16] and
experiments [17-20]. Recently, Li et al. [14] investigated
the structural transition from the cuboctahedral to
icosahedral isomers for Auss cluster due to the thermal
vibrations of atoms. Garzon et al. [16] showed that the
icosahedron Auss i1s more stable than cuboctahedron
Auss. However, little has been done to reveal the
possible difference of the melting properties among an
icosahedral nanocluster series. Therefore, we choose five
icosahedral copper nanoclusters as shown in Table 1. In
this paper, we present results of molecular dynamics
(MD) simulations on the icosahedral copper clusters.
Beside the melting temperature, we also studied the
latent heat of fusion which is sensitive to the size of
system as well as the interaction properties of the
materials.

2. METHODS

A semi-empirical potential with its attractive term
based on a second-moment approximation of tight-
binding (SMA-TB) model has been developed to
describe the interaction of transition metals. The SMA is



Table 1. Number of atoms, diameter, meltng
temperature and latent heat of simulated icosahedron
nanoclusters.

Number of Diameter Melting Latent heat
atoms (A) temperature (K) (eV/atom)
13 5.74 - -
55 9.55 381 0.041
147 14.32 556 0.064
309 19.12 592 0.071
561 23.96 658 0.073

Table 2. Parameters of the SMA-TB potential for copper
used in this work (from Ref. [19]).

A (eV)
0.0855

& (eV) p g
1.224 10.960 1.189

not suitable, in principle, for noble metals where the d
band is full. However, it has been shown that the SMA-
TB can give quite good agreement with experimental
properties for noble metals as well as transition metals
when the radial interaction range is sufficiently extended
{21,22]. These results, together with the similarities
between noble and transition metals in static and
vibrational properties, confirm the feasibility of this
model in noble metal systems [4-6,15,16,23]. The total
potential energy of the system, E,,;, can be expressed as a
sum of the potential energies of each atomi. The energy
of each atom, E; is expressed by the sum of the
attractive band energy determined by the occupied local
density of states, £, and the Born-Mayer repulsive
term determined by the ion core-core interaction, £;7,
The total energy of system, £,,,;, can be written as:

RS WS S CARST @
E" = ZAexp[—p(rU /1y —=1)] (2-2)
i
1/2
(2-3)

EP =Y &5 exp[-2q(r; / 1y ~1)]
J

where rg and r;; are the nearest-neighbor bond lengthin a
perfect crystal and the distance between i and j atoms,
respectively. 4,&, p and ¢ are adjustable parameters
which are determined by fitting the calculated values of
cohesive energy, lattice constant and elastic constants to
the experimental values. The parameters are empirically
obtained by fitting the elastic and structural properties of
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Table 3. Calculated physical properties of Cu using the
SMA-TB potential, in comparison with experimental
data: The cohesive energy per atom (£.), the lattice
constant (a), the elastic constants (Cy, Cj, and Cyy), the

bulk modulus (<B>) and the melting temperature (T”',’ ).

SMA-TB [19] Experiment
E.(eV) -3.544 -3.544 [34]
a(A) 3.615 3.615 [34]
Cy, (10" dyn/em?) 1.76 1.76 [35]
C\2 (10" dyn/em’) 1.12 1.12 [35]
C14(10" dyn/cm’) 0.82 0.82 [35]
<B> (10" dyn/cm?) 1.42 1.42 [35]
T! (K) 1490 1356 [36]

bulk material, as shown in Table 2. The cut off distance
is set to the value between the fourth and fifth nearest
neighbours of perfect crystal. Table 3 shows the
calculated various physical properties of Cu using the
SMA-TB potential, in comparison with experimental
data.

A code base on constant temperature molecular
dynamics scheme has carried out all simulations in this
paper and in previous works [24-29]. The MD code uses
the velocity Verlet algorithm, Gunsteren-Berendsen
thermostat to keep constant temperature, and neighbor
lists to improve computing performance [30].
Icosahedral copper clusters were heated up in step via
scaling the atomic velocities with zero total linear and
angular momenta. On heating, temperature was
increased from 300 K by 1 K interval. At each
temperature, MD runs of 2:10° steps were made with a
time step of 0.5 fs (total 100 ps).

Several statistics were observed to comroborate the
solid-liquid transitions. The mean kinetic temperature

k,T=[2/(3 ]\/_6)]<Z;\:'l (my’ /2)> , where the angular

brackets denote averaging over time and kg is the
Boltzman constant, supply the energy to atoms in
clusters, and the caloric curves of the clustas with the
kinetic temperature, as shown in Fig. 2, were obtained
from the last 10° steps. The specific heat ¢ related to the
energy fluctuation of the system, as a function of the
kinetic temperature, is defined in a conventional form as

e 92 _ BB (2-4)
mz‘(T/ —]—;) ’/n('(Tf - T;)

where Q is transferred internal energy, m. is the mass of
cluster, £,and E; are the final and initial internal energies,
and 7y and 7; are the final and initial kinetic temperatures,
respectively.
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Fig. 1. Caloric curve as a function of temperature for the
icosahedron clusters with N = 13, 55, 147, 309 and 561
atoms. Dashed line is the caloric curve for the
decahedron cluster with N = 309 atoms.

3. RESULTS AND DISCUSSION

Figure 1 shows the caloric curves of the clusters with
temperature. We can also see from Fig. 1 the effect of

size confinement on the melting properties of the clusters.

The overall melting is clearly identified by the abrupt
jump in the caloric curves except for the case of Cuyz.
The melting temperatures of the clusters are obviously
lower than that of bulk material and Table 1 summarized
the melting temperatures of the clusters obtained from
the caloric curves. In the caloric curves for the clusters
with N = 147, 309 and 561 atoms, labels A, B and C

indicate the solid, transient and liquid states, respectively.

In stage A, the caloric curves increase linearly with
increasing temperature, their slops correspond to the
Dulong-Petit specific heat of the solid clusters, and the
clusters remain their initial spherical shape as shown in
Figs. 2(a) and 2(d). In stage B, the caloric curves
increases exhibiting the upward curvatures prior to the
melting transition. These are related to the loss of solid
rigidity at the surface. The surface premelting of the
clusters is apparently observed and shows the generation
of defects, the vacancies or the Interstitals on the
surfaces of the clusters, as shown in Figs. 2(b) and 2(e).
As the diameter of the clusters increases, thus transient
phenomenon of the clusters is visibly observed. In the
case of the clusters with N = 13 and 55 atoms, since the
size of the clusters is relatively small, the defects on the

(c) (H

Fig. 2. Shapes of the clusters with ¥ = 147 atoms at (a)
500, (b) 545 and (¢) 560 K and with N = 309 atoms at
(d) 520, (e) 575 and (f) 620 K, respectively.

surfaces of the clusters are easier generated and
recombined. Therefore, many variances of curvatures in
the caloric curves are found in Fig. 1. Stage C is after
upward curvature in the caloric curves due to the latent
heat during the melting transition. In this stage, the
clusters are in the liquid state, as shown in Figs. 2(c) and
2(f), and the caloric curves increase again almost linearly
with increasing temperature.

Figure 3 shows the radial distribution function (rdf)
and the angular correlation function (acf) with the size of
cluster and the temperature. The rdf and acf in stage A
are similar to those of the solid state of the bulk material,
and those in stage C are similar to those of the liquid of
the bulk materials. Those in stage B, the transient state,
are similar to those in stage A, the solid state, because
the clusters in stage B have several defects on their
surfaces. Li et al. [14] showed the structural transition
from the cuboctahedral to icosahedral isomers for Auss
cluster due to the thermal vibrations of atoms and also
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Fig. 3. (a) Radial distribution and (b) angular correlation
functions with temperatures for the clusters with N =
147 and 309 atoms.

showed another structural transition from a metastable
icosahedral to another susceptible states with only a few
atoms being rearranged. However, in our simulations of
the icosahedral copper clusters with N = 55, 147, 309
and 561 atoms, before their melting points, several
defects on their surfaces were found but the structural
transitions were not found. We also simulated the
decahedron copper clusters with N = 13, 55, 147, 309
and 561 atoms. As the temperature of systems increased,
the decahedron clusters were transformed into the
icosahedron clusters, and as the diameter of the clusters
increased, the temperature achieving the transformation
of the decahedron into icosahedron increased. The
dashed line in Fig. | indicates the caloric curve for the

‘Iransactions on Electrical and Electronic Materials, Vol.4, No.l February 2003

Fig. 4. (a) Decahedron. When a decahedron is twisted
about 36° due to shear stress, an icosahedron is formed
as (b).

cluster with the initial decahedron cluster with NV = 309.
The caloric curve shows that the decahedron cluster was
transformed into an icosahedron cluster at 510 K and the
melting temperature of this cluster case is lower 10 K
than that of the icosahedron cluster with N = 309 atoms.
Figure 4(a) shows a decahedron composed of ten
tetrahedra and five quadrangular pyramids. When a
decahedron is twisted about 36° due to shear stress, an
icosahedron can be form as shown Fig. 4(b). The caloric
curve of the decahedron cluster with N = 309 atoms
shows the small upward and downward curvatures when
the structural transition is achieved. This shows when the
decahedron clusters have the sufficient thermal energies
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Fig. 5. Latent heats of the clusters as a function of the
diameter of the cluster.

to be transformed into more stable icosahedron clusters,
the structural transformations are achieved. As the
diameter of the decahedron clusters increases, since the
shear stress for the transformation increases, the
temperature achieving the transformation increases. In
the case of the decahedron cluster with N = 3561, the
transformation of the decahedron into icosahedron was
not achieved and the cluster reached the melting point
with a decahedral shape. Ding ef al. [31] showed that the
central part of the pentagonal rod with multiple twin
boundaries is highly compressed and sheared whereas
the outer part is tensioned and the pentagonal rod
structure is metastable. In previous MD simulations at
300 K, the pentagonal needle-like nanorod with diameter
= 15 A was transformed into a nanorod with an
icosahedral model [32]. Therefore, we can see that the
thermal energy of the fusion in the case of the
decahedron cluster with N = 561 is lower than the shear
stress barrier required transforming the decahedron into
icosahedron cluster.

We also calculated the specific heats of the clusters
and the average specific heat of the clusters in this work
is 0.3899 J/g °C during the solid state of the clusters, and
this value is in good agreement with the experimental
value at 25 °C, 0.385 J/g °C [33]. During the melting
transition, the specific heat curve shows a distinguished
upward curvature and the specific heat in the liquid state
is slightly higher than that in the solid state. This result
shows that the specific heat of the icosahedral copper
nanocluster is constant irrespective of the nanocluster
size.

We also calculated the latent heat of the clusters,

which is the energy to destroy the lattice at the melting
temperature. Here it is measured as indicated in Fig. 1 as
the height of the increases of the caloric curve near the
melting temperature and is shown in Table 1 and Fig. 5.
As the diameter of cluster increases, the latent heat of
cluster increases and seems to be saturated in the cases
of five icosahedron copper clusters. This work shows
that the latent heat of the clusters is lower than that of the
bulk copper, 0.1366 eV/atom [33], due to a surface effect.

4. SUMMARY

In summary, we studied the size confinement effect
on the properties of melting-like transition of small
icosahedral copper clusters. The atomic interaction was
described by the SMA-TB potential and classical
molecular dynamics simulations were performed. We
investigated the caloric curves of icosahedron
nanoclusters and the significant depression in the
melting temperatures of the copper nanoclusters was
found compared with that of the bulk copper. A
structural transition, that is, the transformation from
decahedral to icosahedral shapes, was shown. As the
cluster size increased, the melting temperature increased,
and the latent heat increased but seem to be saturated.
However, the specific heat was unrelated to the cluster
size.
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