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ABSTRACT. The meltinglike phenomenon in Nin, n = 19,20,55, clusters is studied using

microcanonical molecular dynamics simulations. The interaction between the atoms in the clusters is

modelled by a size-dependent Gupta-like potential that incorporates many-body effects. The clusters display

the "usual" stages in their meltinglike transition, which characterize also Lennard-Jones (e.g., noble gas)
and ionic clusters. In addition, Ni20 passes through a so-called premelting stage found earlier also for

Nil4.

: 1. Introduction

Phase changes, especially the meltinglike phenomenon, is one of the challenging and ever
more active areas of cluster and small particle research [1]. Until recently, the bulk of the
theoretical work concentrated primarily on Van der Waals (Lennard-Jones) systems. Most
of the experimental studies, however, were performed on metal microparticles [2].
Different microscopy techniques were utilized to detect the melting (or the solidification)
transition and to characterize the size dependence of tlae melting temperature of metal

,, particles in the micrometer and nanometer size ranges. Only in a few theoretical studies
has the phenomenon of a solid-to-liquid like transition in small metal clusters been
considered. Sawada and Sugano [3] used a Gupta-like potential to characterize the
meltinglike behavior of 6- and 7-atom transition metal clusters. They identified a so-called
fluctuating state in the 6-atom cluster in which structural rearrangements can tak: piace in a
diffusionless manner. Ercolessi et al [4] employed the so-called "glue" potential to study
the melting behavior of the Aun, n -- 219, 477, and 879. Surface melting as a precursor to
complete melting has been found for n = 477 and 879. Surface melting in such a small
cluster as Cu55 has also been detected in simulation studies of Cheng and Berry [5]. We
have performed a molecular dynamics investigation of the meltinglike transition in 12- 13-,
and 14-atom transition metal clusters [6] and 6-, 7-, and 13-atom gold clusters [7] using a
size-dependent Gupta-like potential. For Nil3, only a small reduction (-6%) in the
melting temperature, as compared to the bulk value, is predicted. The corresponding
reduction in the melting temperature of Aul3 is estimated at -50%. A novel intermediate
stage in the meltinglike transition in clusters, which we called "premelting" [6] and which
is, in general, different from the so-called "coexistence" [1], has been found for Nii4.
Both the qualitative and the quantitative features of the nickel clusters mentioned have been
reproduced recently using an embedded-atom potential [8].

Here we report results on th_meltinglike behavior of Nim n = 19, 20, 55, derived from
the size-dependent Gupta-like potential. The theoretical background and the computational
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procedure are sketched in the next section. The results are presented and discuss_d in
section 3. A summary is given in section 4.

2. Theoretical Background and Computational Procedure

The dynamical behavior of the clusters at different fixed total energies was obtained by
solving numerically Newton's equations of motion for all the degrees of freedom. The
forces acting on the atoms were calculated from a size-dependent many-body Gupta-like
interaction potential, which is written in reduced units of the potential energy V* and

interatomic distances r_ [6] as

V* _1 { A 2 exp(-p(rTj-1)) - [ 2 exp(-2q(r;-1))11/2 } (1)
-2j=l i=l i=l

The values of the parameters for nickel are: A = 0.101036, p=9, q=3 [3,6]. The absolute
potential energy V and distances rii are obtained from their corresponding reduced values

V* and r_j using material- and slze-dependent units of energy Un and distance ron:
V = V*.Un, rij = r*j • ron [6]. The clusters were prepared initially with zero total linear and
angular momenta. The Verlet algorithm [9] was utilized to integrate the equations of
motion• Trajectories of length of 105 - 106 steps, with a step size of 7.8*10"16s, were
generated on a grid of total energies (per atom) large enough to observe the solid-to-liquid
like transition in each cluster. The total energy in the individual runs was conserved within
0.75%.

To detect and characterize the meltinglike transition, a variety of quantifies was calculated
along the trajectories. Of these we present in the next section the following: (1) Short-
time (over 500 steps) average of the kinetic energy per atom as a function of time. The
goal of this averaging is to attenuate the fluctuations in the kinetic energy caused by the
vibrational motions. (2) Caloric curve, i.e., long-time (along the entire trajectory) average
of the kinetic energy per atom as a function o.f the total energy per atom. (3) Root-mean-
square (rms) bond length fluctuation _5,

2 _ (<:r2>-<rij>2) 1/2
_5-n(n-1------S.._ - <rij> -' (2)1<.1

as a function of temperature _cT(in energy units),

2<Er>
KT= 3n'6 ' (3)

where E_:is the total kinetic energy of the atoms in a cluster, _cis the Boltzmann constant,
and < > stands for the long-time average.

3. Results and Discussion

We have determined the minimum energy structures of the clusters performing numerical
thermal quenching. The double icosahedron is the most stable geometry, of Nii9 (V* =
-18.641). The most stable configuration of Ni20 (V* = -19.646) is the 19-atom double
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icosahedron with an additional atom placed over a threefold face between two fivefold
rings. The most stable structure of Ni55 (V* = -57.400) is a two-shell icosahedron.

Figure 1 displays the short-time averaged kinetic energy per atom as a function of time
for different total energies per atom. As the total energy increases, the pattern of the
graphs for Nil9 and Ni55 changes from an essentially constant, to moderately fluctuating
but single-branched, to multi-branched, and eventually to highly fluctuating with no
individual branches resolvable. This evolution of the pattern is similar to that observed in
certain size Lennard-Jones and ionic clusters [1], aswell as in Nil2 and Nil3 [6,8].
Graphs (a) correspond to low-energy rigid clusters, graphs (b)- to "softer" but still
preserving their structure clusters, graphs (c) - to spontaneous isomerization transitions
(the different branches represent different isomers), and graphs (d) - to high-energy
"melted" or liquid-like clusters. The changes in the pattern for Ni20 are, however,
different. First the short-time averaged kinetic energy converts from a nearly constant (a)
to a two-branched (b), then again to a single-branched albeit with larger fluctuations (c),
then to multi-branched (d), and eventually to strongly fluctuating with no separable
branches (e). A similar evolution of the graphs with the total energy is characteristic also
for Nii4 [6,8]. lt has not, however, been found in 14- and 20-atom Lenoard-Jones or
ionic clusters. As in the case of Nil4, the two-branched curve (b) corresponds to the
"premelting" stage, which involves only a limited topological rearrangement in the vicinity
of the additional to the double icosahedron "surface" atom. Graph (d) represents
isomerization transitions involving the entire Ni20 cluster. Graph (c) corresponds to a
stage that is intermediate between the premelting and the full blown isomerizations; the
two-branched pattern of premelting is obscured by the fluctuations due to large-amplitude
oscillations in the underlying Nilg. The (a) and (e) graphs correspond to the solidlike and
liquidlike forms, respectively, of the Ni20 cluster.

In Figure 2, the caloric curves for the three clusters are shown. The meltinglike
transition is associated with the variations in the slope of the curves. These variations are
much larger in complete shell icosahedra Nil9 and Ni55 than in Ni20.

Finally, the rms bond length fluctuations 8.as a function of KT are depicted in Figure 3.
The sharp rise in _5for Ni 19 and Ni55 signifies the m.'-ltinglike transition in these clusters
(cf. the Lindemann criterion [10]). The graph for Ni20 displays two abrupt changes: the
fin'st one, at lower temperature, corresponds to premelting, while the second one, at higher
temperature,- to complete melting. To find the absolute temperatures at which the _5's
change sharply, one has to convert the corresponding _:T values from reduced to absolute
units. The needed for this values of Un (see section 2) were obtained in accordance with
Un = Vn/Vn; the calculated in the framework of an embedded-atom approach energies of
the most stable structures [1,1] were used as Vn and the listed above corresponding
energies in reduced units as Vn (incidentally, by comparing the characteristic distances in
these structures in absolute and reduced units of length, one obtains the values of ron).
The magnitudes of U19 = 3.380 eV and U55 - 3.537 eV put the melting temperature (as
specified by the value _ = 0.18) of the Nil9 and the Ni55 clusters at-1080K and -1300K,
respectively. We have not determined the exact value of U20, but estimated it to be very
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Figure 1. Short-time averaged kinetic Figure 2. Caloric curves in reduced units
energies per atom (in reduced units) as a of energy. The full circles correspond to
function of time. The total energies per total energies per atom considered in Fig.
atom (in reduced units) are" n-19" a). 1.
-0.963, b) -0.945, c) -0.923, d), -0.884; n
-20' a) -0.977, b) -0.965, c) -0.949, d)
-0.929, e) -0.873; n = 55: a)-l.O08, b)
-0.987, c).-0.966, d) -0.941.
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close to that of U I9, although slightly smaller. This puts the premelting and melting
temperatures of Ni20 at -210!-_50K and-930+...50K, respectively.

4. Summary

A brief discussion of the meltinglike behavior of Nin, n=19,20,55, clusters described by a
size-dependent Gupta-like potential has been presented. As the internal energy of the
clusters is increased, they undergo a solid-to-liquid like transition which, similar to the
case of Van der Waals and ionic clusters, includes an ":_omerization ("coexistence") stage.
The Ni20 cluster exhibits also a low-temperature prcmelting state similar to that found
earlier for Nil4. lt appears that the premelting phenomenon is characteristic of clusters
with complete shell icosahedral geometries plus one atom, provided the potential
describing the interaction between the atoms incorporates many-body effects, lt is of
interest to test this proposition on Ni56, Ni148,... clusters.
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