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Fast Diffusion of a Lennard-Jones Cluster on a Crystalline Surface
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We present a molecular dynamics study of large Lennard-Jones clusters evolving on a crystalline
surface. The static and the dynamic properties of the cluster are described. We find that large
clusters can diffuse rapidly, as experimentally observed. The role of the mismatch between the lattice
parameters of the cluster and the substrate is emphasized to explain the diffusion of the cluster. This
diffusion can be described as a Brownian motion induced by the internal vibrations of the cluster and/
or the vibrations of the substrate, a mechanism that has not been previously considered for cluster
diffusion. [S0031-9007(97)03355-3]

PACS numbers: 68.35.Fx, 36.40.Sx, 61.46.+w
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Understanding the interaction of particles of nanome
size with surfaces is important, both from a fundamen
point of view and for controlled growth of thin films an
nanostructures. Recently, the diffusion of large clust
containing hundreds of atoms was investigated both
perimentally [1] and theoretically [2]. These studies ha
focused on clusters epitaxially oriented on the surface,
have found relatively low diffusion coefficients, of ord
10217 cm2 s21. In contrast, Bardottiet al. [3] have shown
experimentally that large (one hundred to a few thous
atoms) gold or antimony clusters, nonepitaxially orient
have a surprisingly high diffusion coefficient (of the o
der1028 cm2 s21 at room temperature) on a graphite su
strate. This observation is reminiscent of early work
Kern et al. [4], in which a noticeable diffusion phase pre
ceding epitaxial locking was observed for small gold cry
tallites on a NaCl surface. The essential conclusion t
can be drawn is that “large” (a few nanometers) obje
can have large surface diffusion coefficients at room te
perature, a result that might seem rather counterintui
to many surface scientists. Indeed, most diffusion mec
nisms that have been considered for surface diffusion
composite objects such as clusters involve a combina
of single-atom diffusion events (e.g., evaporation cond
sation [2]), and yield diffusion constants much smaller th
the above-mentioned result. Although these mechani
have been shown to describe correctly the diffusion of cl
ters of adatoms in epitaxy on the substrate, they do
seem to be relevant to explain the fast diffusion that is
served in Refs. [3,4].

In this Letter, we present the results of a molecular
namics (MD) study of the cluster diffusion problem, wi
particular emphasis on the consequences of epitaxia
nonepitaxial cluster-substrate configurations. The non
taxial case is important for growth of nonepitaxial th
films or for films prepared bypreformedcluster deposition
[5]. A simple model, aimed at clarifying the generic a
pects of the question rather than modeling a particular c
was used. Both the cluster and the substrate are made
Lennard-Jones atoms, interacting through potentials of
0031-9007y97y78(24)y4597(4)$10.00
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form V srd ­ 4efssyrd12 2 ssyrd6g. Empirical poten-
tials of this type, originally developed for the descriptio
of inert gases, are now commonly used to model gene
properties of condensed systems. The substrate is mod
by a single layer of atoms on a triangular lattice, attached
their equilibrium sites by weak harmonic springs that pr
serve surface cohesion. The Lennard-Jones parameter
cluster atoms, substrate atoms, and for the interaction
tween the substrate and the cluster atoms are, respecti
secc, sccd, sess, sssd, andsesc, sscd. ecc andscc are used
as units of energy and length.esc, sss, andT , the tem-
perature of the substrate, are the control parameters of
simulation. The last two parameters are then construc
by following the standard combination rules:ess ­ s6

ss

andssc ­
1
2 sscc 1 sssd. Finally, the unit of time is de-

fined ast ­ sMs2
ccyeccd1y2, whereM is the mass of the

atoms which is identical for cluster and substrate atoms
Our simulation uses a standard molecular dynam

technique with thermostatting of thesurfacetemperature
[6]. The equations of motion are then integrated using
leap-frog algorithm [6], which is a simple, time reversibl
and very stable integration scheme [7]. The run is star
from a configuration in which the cluster atoms occu
sites of a cubic lattice near the substrate. The system
then equilibrated for500t, after which the trajectories are
recorded. Diffusion constantsD are obtained from the
mean-squared displacement of the cluster center of m
Typically, the length of the runs used to computeD was
2500t, with some longer runs of12 500t. This means
that diffusion constants smaller than5 3 1024s2

cct21, for
which the cluster does not visit an area of more than25s2

cc
over the length of the simulation, are not accessible.

We first briefly describe the static properties of our su
ported clusters. At the temperature at which most ru
were carried out,T ­ 0.3ecc, the clusters are in a crys
talline fcc or hcp configuration. They take the spheric
cap shape of a solid droplet [Fig. 1(a)] partially wettin
the substrate. The contact angleu that can be defined fol-
lowing Ref. [8] is roughly independent of the cluster pa
ticle numberN , for 50 , N , 500. This angle can be
© 1997 The American Physical Society 4597
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FIG. 1. Configuration of the cluster on the crystalline su
face. (a) Side view: The cluster is partially wetting the surfac
(b) Top view: The two halves of the cluster have been co
ored at the beginning of the run. After the cluster center
mass has moved by roughly three substrate lattice consta
from its original position, the two parts of the cluster are sti
well distinct. The cluster diffusion can then not be explaine
in terms of single-atom mechanisms (N ­ 100, sss ­ 0.7,
esc ­ 0.4, T ­ 0.3).

changed by tuning the cluster-substrate interaction. F
large enoughesc, total wetting is observed, and the cluste
dissociates. As noted in [8], this shows the relevance
macroscopic concepts such as contact angle and wett
even for nanometer-sized particles.

We now turn to the dynamical behavior of the supporte
cluster. Most of the runs were carried out at a reduc
temperature of 0.3 so that the cluster is clearly solid.
that case, visual observation of atomic trajectories duri
the run indicate that the diffusion inside the cluster, or o
its surface, is completely negligible. Except for the vi
brational motion of the atoms, the cluster behaves as
rigid object. This is clearly visible in Fig. 1(b), where
the two halves of the cluster, colored white and grey
the beginning of the run, clearly retain their identity af
ter the clustercenter of masshas moved over 3.5 lattice
parameters. Hence the motion of the cluster appears to
controlled by collective motions of the cluster as a who
rather than by single atomic jumps. This collective diffu
sion mechanism will depend essentially on three param
ters: the lattice parameter of the substrate, the temperatu
and the cluster size. We consider in turn the influence
each parameter.
4598
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We first investigate the effect of the ratio of the clust
lattice parameter to the substrate lattice parameter
T ­ 0.3ecc and N ­ 100, by varying the interaction
diameter of the substrate atoms in the range of0.5scc to
1.5scc The lattice constantd of the substrate atoms is als
correspondingly scaled in such a way thatsssyd remains
constant, equal to its value for a Lennard-Jones solid
zero pressure. The results for the diffusion coefficie
are shown in Fig. 2. When the substrate and cluster
commensurate (sss ­ scc), the cluster can lock into a
low energy epitaxial configuration. A global translatio
of the cluster would imply overcoming an energy barri
scaling asN2y3, the contact area between the cluster a
the substrate. In that case, single-atom mechanisms
described in [2] will dominate, and the diffusion wil
be very slow. Indeed on the time scale of the M
simulations, diffusion was vanishingly small in that cas
The points in Fig. 2 atsss , scc do not, in fact, represent
true diffusion constants, since in these cases the cente
mass did not move by more than a few lattice consta
over the whole duration of the run. However, for sma
deviations from this commensurate case, the diffusi
becomes measurable on the time scale of the MD ru
This can be understood from the fact that the effecti
potential in which the center of mass moves is mu
weaker, as the cluster atoms, constrained to their latt
sites inside the rigid solid cluster, are unable to adjust
the substrate potential. The effect is rather spectacu
A 15% change on the lattice parameter induces a 2 ord
of magnitude change on the diffusion coefficient. For th
same reason, the diffusion coefficient decreases sligh
whenscc is getting close to2sss. Finally, we note that
the effect is not exactly symmetric on both sides of th

FIG. 2. Dependence of the diffusion coefficient on the mi
match between the lattice parameter of the substrate and
cluster. A small change in the lattice parameter of the clus
lead to a huge change in the diffusivity (N ­ 100, esc ­ 0.4,
T ­ 0.3, run length­ 12 500t).
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commensurate situation. Clusters with atoms smaller t
the substrate atoms tend to diffuse more slowly, since
potential wells for these atoms will be deeper than for
adatoms.

Next, we study the influence of temperature for fix
values ofsss andesc, sss ­ 0.9 andesc ­ 0.4. The dif-
fusion constant can be fitted by an Arrhenius law (Fig.
with an activation energyE of 0.66ecc and a prefactorD0

of 0.02D? where D? is equal tosccseccyMd1y2. How-
ever, the mechanisms involved here are not simple, sin
atom activated processes. Not too much meaning sh
then be given to the activation energy and prefactor.

In order to establish a connection with experimen
we can identifyeccykB to a typical melting temperatur
(1000 K for Au). Usingsss , 5 Å and M , 10225 kg,
we find that our diffusion coefficients would fall in th
range of1025 cm2 s21 for a 100-atom cluster. This i
in reasonable agreement with the values obtained in
but differs strikingly from the values obtained with singl
atom mechanisms.

Finally, for the same values ofesc and T , the effect
of cluster size on the diffusion constant is considered
different lattice parameter values. As the numberN of
atoms in the cluster is varied betweenN ­ 10 andN ­
500, the diffusion constant decreases, roughly followin
power lawD , Na (Fig. 4). This power law exponen
a depends significantly on the mismatch between
cluster and the substrate lattice parameters. For
mismatches (sss ­ 0.7, 0.8), a is close to20.66. As the
diffusion constant is inversely proportional to the clust
substrate friction coefficient, this result is in agreem
with a simple “surface of contact” argument yieldingD ,
N22y3. On the other hand, when the lattice mismatch
equal to0.9, a one obtainsa ø 21.4, although the shap
of the cluster, characterized by the contact angle, does

FIG. 3. Temperature dependence of the diffusion coeffici
The diffusion follows an Arrhenius law.
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appreciably change. Moreover, the trajectory followed
the cluster center of mass changes qualitatively. In t
runs with a large mismatch, this trajectory is Brownian
like, with no apparent influence of the substrate.
contrast, when the mismatch is small, the center of m
of the cluster follows a “hopping-like” trajectory, jumping
from site to site on the honeycomb lattice defined b
the substrate. Whensss ­

p
3y2, there seems to be a

transition between the two regimes aroundN ­ 200.
In an attempt to disentangle the contribution of th

cluster internal vibrations to the diffusion process fro
that of the substrate vibrations in the small mismatch ca
(sss ­ 0.9), we now consider idealized cases in whic
one of the two subsystems is artificially “frozen,” so tha
its contribution vanishes. First, we consider the ca
of cluster supported by a frozen substrate, with atom
constrained to their equilibrium positions. The extern
potential experienced by the cluster atoms is thus pur
static. The cluster is first equilibrated using consta
temperature MD atT ­ 0.3ecc, and this equilibration
period is followed by a constant energy simulation. Th
results for the diffusion constant are very close to tho
obtained with a thermalized substrate. This shows th
such clusters have enough internal degrees of freedom
play the role of being their own thermostat, and that the
internal vibration modes can be an efficient motor for th
diffusion.

Next, we consider the other extreme case of a froz
cluster deposited on a thermalized substrate. The clu

FIG. 4. Dependence of the diffusion coefficient of a cluster
a function of its number of particles. Data correspond to d
ferent mismatches between the cluster and the substrate la
parameters. The diffusion coefficient decreases as a power
with exponenta. The two different slopes correspond to differ
ent diffusion regimes: The weaker dependence correspond
a Brownian trajectory; the stronger correspond to a “hoppin
like” diffusion. For comparison, the arrow indicates the diffu
sion coefficient of a single adatom withsss ­ 0.9. (esc ­ 0.4,
N ­ 100, run length­ 12 500t).
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is first equilibrated, either on a perfectly flat substrate exe
ing an average potential equivalent to that of the triangu
lattice of Lennard-Jones atoms, or in free space. In the
case, it adopts the usual spherical cap shape, while in
second case a quasispherical, faceted shape is obse
This last shape would be reasonable for a cluster mad
a highly cohesive material. After this equilibration phas
the cluster is frozen and deposited on the thermalized s
strate as a solid body. The center of mass trajectory
integrated using the quaternion algorithm [6].

Not surprisingly, the diffusion is dependent on the w
the system has been equilibrated. For a spherical r
cluster, the system rotates until a facet comes into con
with the substrate, then diffuses without rotating for t
rest of the MD run. Hence despite the more or le
spherical shape of the cluster, rotation does not seem
give an important contribution to the diffusion. In tha
case, the diffusion depends on the shape and size of
facet the cluster rests on, so that the results in this c
are not well reproducible. For a cluster equilibrated on
flat surface, the diffusion constant follows the same pow
law as in the free cluster case. This surprising res
suggests that the diffusion mechanism in our case can
be simply explained in terms of dislocation migratio
within the cluster as proposed to explain the diffusion
2D islands in [9]. As the substrate atoms are tethe
to their lattice site, strong elastic deformations of t
lattice or dislocations are excluded. Hence, the motor
diffusion is here the vibrational motion of the substra
and its efficiency appears to be comparable to that of
internal cluster modes.

In summary, the surprisingly high diffusivity of larg
clusters can be understood with two main ingredien
When the cluster is not commensurate with the substr
the modulation of the potential felt by the center of ma
is small. In this case the cluster is not locked by t
substrate and can vibrate relatively freely. The vibratio
(phonons) of the substrate and the internal vibrations
the cluster both create a “random” force on the clus
4600
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center of mass, which executes a Brownian motion
this weak external potential. The two components o
this random force appear to have similar intensities, an
at the temperature we consider, are sufficiently stron
to overcome the small energy barriers, resulting in
rapid diffusive motion. Our calculation demonstrates th
efficiency of this Brownian-like mechanism, which was
not considered in earlier studies of cluster diffusion, fo
explaining the diffusion of rather large objects. Furthe
analysis of the vibrational coupling between the substra
and the cluster will be necessary to fully understand th
mass dependence of the diffusion constant.
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