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Abstract. Molecular dynamics simulations have been used to study the surface melting of iron clusters. It
is found that, even when the temperature is several hundreds of Kelvin below the cluster melting point,
the crystalline center of the cluster is surrounded by surface atoms that exhibit large amplitude diffusion
from their original positions. This results in surface melting of the cluster.

PACS. 31.15.Qg Molecular dynamics and other numerical methods — 36.40.Ei Phase transitions in clusters

Introduction

Nanometer clusters or nanoparticles have been the focus
of interest in recent years because of their unique physical
and chemical properties, as well as their potential applica-
tion in a diverse range of new materials, electronic-devices
and chemical sensors [1]. In contrast to bulk materials,
the properties of nano-materials are often correlated to
their large fraction of surface atoms, or their high sur-
face:volume ratio. Recently, carbon nanotubes (CNTs) [2]
and carbon fibers (CFs) [3] have been produced by cat-
alytic chemical vapor deposition (CCVD) at temperatures
far below the melting point of the catalyst particles. Un-
der these conditions it has been proposed that diffusion
of the C atoms on the cluster surface is important for the
CF and CNT nucleation [4].

Although surface melting is very important, the detail
mechanism has not been as well studied as bulk melting of
metal clusters. In this paper we report MD studies of the
surface melting of iron clusters. Analysis of the Lindemann
index for the cluster and each cluster atom shows the exis-
tence of a molten surface state at temperatures well below
the melting point of the cluster.

1 Potential energy surface and simulation
methods

Previous investigations have shown that the many-body
interaction potential, which is based on the second mo-
ment approximation of the tight binding model [4,5]
is suitable for studying the thermal properties of the
pure [6-9] and alloy [10] transition metal systems. The
interaction energy between iron atoms can be written as
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a sum of Born-Mayer type repulsive energies and many-
body attractive energies as:
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where r;; is the distance between the ith and jth iron
atoms. The parameters A = 0.13315 eV, £ = 1.6179 €V,
p = 10.50, ¢ = 2.60 and ro = 2.553 A are taken from
reference [10].

In the studies presented here the constant tempera-
ture molecular dynamics (CTMD) technique was used to
study the thermal properties of Fezgg clusters (i.e., the
Fe cluster has 586 atoms). Studies of clusters of different
sizes show similar results to those presented here. In these
studies the Fesggcluster initially has a perfect Wulff poly-
hedral structure (Fig. 1a) which is very stable [11]. The
thermal properties of the cluster were studied by heating
the cluster from 600 to 1400 K in steps of 50 K. The tem-
perature was controlled by the Berendsen scaling method
and the integration time step was 2 fs. 5 x 10° MD tra-
jectory steps were propagated at each temperature, which
is sufficient to ensure the validity of the results presented
here (doubling the integration time did not change the re-
sults). The Lindemann indices [12] of each atom and of
the entire cluster were calculated at each temperature as:

1
ey

J(#4)

1
b= 20

(e — (ri)%

(rij)r

5 =



276 The European Physical Journal D
—~ 0.5
> b Melting Point
S 044 ( ) 1150 K
X l o-0-0-0-0
3 0.3
£
col 1| I || T
g
() 01 T ./
© o~
= 0.0 FRPRPRIPIPAE S i
= 0. T T T T T ic. 1. iti
600 800 1000 1200 1400 Fig. 1. (a) Initial structure of the Fesss Wulff

Temperature (K)

where §; and § are the Lindemann indices of ith atom
and the cluster, respectively, (...)r denotes the thermal
average at temperature 7', r;; is the distance between the
tth and jth atoms and N = 586 is the number of atoms
in the system.

2 Results and discussion

Figure 1b shows the temperature dependence of the
Lindemann index of the cluster, obtained at each of
the 50 K intervals during heating. It is evident that the
melting point of the cluster is 1150 K. It is also clear
from the figure that the melting process can be divided
into three stages. In the first stage, where the tempera-
ture is lower than 850 K, the Lindemann index increases
slowly and linearly with temperature. During the second
stage (850—1150 K) the increase in the Lindemann in-
dex is rapid (compared to the first stage) and non-linear.
The third stage is the high temperature region where
the cluster is completely (bulk) melted and the value of
Lindemann index reaches a maximum of about 0.35.

The linear increase in the Lindemann index during the
first, low temperature stage is due to the linear increase in
atomic kinetic energy with temperature. The value of the
Lindemann index during this stage is very small since most
of the cluster atoms, including those in the central part
and on the surface, do not have large amplitude motion
but merely vibrate around their original lattice positions.
That is, the cluster is solid at these temperatures.

Surface melting (or diffusion) occurs in the initial part
of the second stage. At these temperature, the atoms in the
central part of the cluster remain near their original po-
sitions in the Wulff polyhedral lattice structure, whereas
the surface atoms diffuse away from their initial lattice
sites. Hence, when the temperature is higher than 850 K
the surface atoms have sufficient kinetic energy to over-
come the binding energy at the surface sites (which have
a lower coordination than the lattice sites in the center of
the cluster) and they can diffuse along the surface. There is
therefore a large increase in the Lindemann index of these
atoms (discussed below) and of the cluster (Fig. 1b).

Figure 2 shows the radial distribution of the
Lindemann indices for all atoms in the Fesgg cluster (the
distance of each atom from the cluster center of mass —

polyhedral cluster. (b) Lindemann index vs.
temperature during the melting of this cluster.
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Fig. 2. Radial distribution of the Lindemann indices of the
atoms in the Fesgg cluster at different temperatures (left panel)
and snapshots of the cluster at different temperatures showing
the surface melting (right panel).

shown on the z-axis — is the average distance obtained
over the trajectory). At temperatures below the melting
point (1150 K) the atoms on the cluster surface have larger
Lindemann indices than those near the center, which con-
firms the fact that the surface atoms have large amplitude
diffusion away from their original lattice positions whereas
the central atoms remain near their lattice positions. It
is also evident that an increase in temperature leads to
an increase in the number of surface atoms that diffuse
from their lattice positions, i.e., an increase in tempera-
ture leads to an increase in surface diffusion or surface
melting. This is illustrated in Figure 3 where the number
of surface atoms that have a high mobility (somewhat ar-
bitrarily defined as atoms that have a Lindemann index
larger than 0.1) is plotted as a function of temperature.
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Fig. 3. Temperature dependence of number of cluster atoms
that have large amplitude motion (defined as those atoms with
Lindemann indices larger than 0.1) in the Fesgg cluster during
the melting process. The horizontal solid line shows the number
of surface atoms in the Fesgg Wulff polyhedral cluster.

At 1050 and 1100 K more than half of the cluster atoms
exhibit large amplitude diffusion. At the melting point,
1150 K, there is a sudden collapse of the crystal structure
and all of the cluster atoms have large Lindemann indices.

The right panel in Figure 2 shows snap shots of the
cluster at different temperatures. It is clear that there is an
increase in surface disorder with increasing temperature.
It may also be noted that at 1050 K, which is just 100 K
below the melting point, atoms in the central part of the
cluster are still in the fcc solid state. Hence, these solid
particles consist of a solid center that is surrounded by
surface atoms that undergo large amplitude diffusion. This
is surface melting of solid nanoscale particles, as has been
proposed previously [13].

It can also be noted that the quantitative features (e.g.,
the width) of the surface melting that are observed in the
short time simulations are not directly related to the sur-
face melting that is expected under experimental condi-
tions. However, the results presented in this contribution
(i.e., the presence in a surface molten layer and the in-
crease in width of the layer with increasing temperature)
are expected to be valid under experimental conditions.
This type of surface melting can be seen, for example, by
the continually changing shape of metal clusters that are
used as catalysts in CF growth [14].
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3 Conclusion

In conclusion, surface melting of the clusters below their
melting point has been studied using MD simulation and
determining the atomic and cluster Lindemann indices.
Surface melting occurs at temperatures that are several
hundreds of Kelvin below the cluster melting point. The
width of the surface molten layer increases with increasing
temperature, and at the melting point there is a sudden
collapse of the cluster lattice structure and all atoms show
large amplitude diffusion.
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