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Dependence of Cluster Diffusivity upon Cluster Structure
H. C. Kang, P.A. Thiel, and J. W. Evans
Departments of Chemistry and Physics and Ames Laboratory,
Iowa State University, Ames, lA 50011, USA

We show that the diffusion coefficient of an adsorbed cluster can be decomposed
into two factors, one depending upon a weighted length of the 'active' perimeter
and the other depending upon a subtle correlation between hops taken by cluster
atoms during diffusion. Both of these factors are structure dependent. MonteCarlo simulations are performed for clusters on a triangular lattice.
1. Introduction
An important component of many surface phenomena is the diffusion of adsorbed
atoms, either singly or in clusters. Experimental studies of cluster diffusion
include numerous observations of diffusion of small metal clusters on clean metal
surfaces (1-8). There have also been many numerical and theoretical
In these studies general
investigations of cluster diffusion (9-20).
mathematical frameworks for the description of cluster diffusion have been
established. In this paper we present an analysis of cluster.diffusion which, in
particular, provides insight into the dependence of th~ diffusion coefficient
upon the size and the structure of the cluster. We also show that cluster
diffusion can be considered as a correlated walk of·the cluster center of mass
on a lattice. Monte-Carlo simulations are performed for clusters on a triangular
lattice.

2. Definition of Model and Analysis
Here a cluster is defined as a group of particles any two of which are connected
directly or indirectly, through other particles in the cluster, by nearestneighbor bonds. The cluster diffu~es as a result of its particles executing
independent hops to vacant nearest-neighbor sites, with the constraint that hops
which cause the cluster to break apart are not allowed. Molecular dynamics
simulations of cluster diffusion have been performed with and without this 'nodissociation' constraint {9). Only at sufficiently low temperatures do the two
cases give the same results.
Although similar considerations could be
incorporated into Monte-Carlo simulations of cluster diffusion, we restrict
ourselves to the case o~ 'no-dissociation' so that the effects of the cluster
size and structure can be disentangled from the effects of cluster lifetime.
Although there exist systems where diffusion and dissociation occur at
approximately the same temperatures (21), typically the activation energy for a
dissociative hop is larger than the activation energy for a non-dissociative hop
(13,14). In such cases there is a well-defined range of low temperatures where
our model applies. It should also be noted that for some systems exhibiting
surface reconstructions concerted motion (i.e., simultaneous jumps) of several
atoms are observed (22). Since this probably results from the peculiar energetics
exhibited by a reconstructive system, we do not incorporate such concerted motion
into our model.
The hop rate for particles in the cluster is hw(a,ob), where his the rate at
which hops are6 12
atte~ted, w~a,ob) is the probability of success of a hop and is
taken to be a b / (a 12+a·obt ) , and ob is the change in the number of nearestneighbor bonds bin the cluster if the hop were successful. The paramet~r a can
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be considered to be the Boltzmann factor for the lateral interaction between two
nearest-neighbor particles (with a>1 corresponding to attractive lateral
interactions) even though the 'no-dissociation' constraint would be somewhat nonphysical with this interpretation of a. For each cluster size there can be many
cluster configurations each consisting of different arrangements of the particles
and different orientations of the cluster. It is clear that the probability of
occurrence of a cluster configuration in the equilibrium distribution is
proportional to ab. When a is equal to one, the probability of occurrence for
each cluster configuration is equal. Thus, the clusters are random animals. When
a is larger than one (attractive lateral interactions), the clusters correspond
to the correlated animals that result from cooperative lattice filling (23). In
this case the clusters with the largest number of nearest-neighbor bonds occur
most frequently, i.e., compact clusters occur more frequently than ramified· ones.
For all values of a, however, the equilibrium ensemble averaged perimeter
<<t>> of the clusters, in the limit of infinite number of particles·N in the
cluster, scales as «t»-N (24). For compact clusters, which have a larger weight
than ramified clusters when a is larger than one/l the perimeter scales as
N112 • Thus, we waul d expect a crossover from «t»-N1 for sma 11 N to «t»-N
for 1arge N. The crossover occurs at progressively 1arger N when the a is
increased. There are several measures of the cluster perimeter. Conventional
ones include the number of vacant sites tv which are nearest-neighbors of
particles in the cluster and the number of particles t 1 which have at least one
vacant nearest-neighbor vacant site. As shown below, it is more appropriate. here
to· consider a weighted 'active' perimeter t by t ..=};w(a,cSb), where the sum is
over all possible hops for that cluster configuration. Note that t 1 is simply
half the number of hops that can possibly occur.
We can define the diffusion coefficient using
(1)

where Rc is the position of the center of mass of the cluster, and < > is the
average taken over many walks at timer. To elucidate the behavior of 6, it is
instructive to consider the analogous quantity
(2)

in which the number of successful hops nh plays the role of time. The motivation
for this definition of the 'correlation factor' C(a,N) is as follows. If the
center of mass were undergoing a pure random walk, then C(a,N) would simply equal
one, noting that after each particle jumps, the'center of mass moves a distance
1/N (25). Thus, deviations of C(a,N) from unity measure the correlation in its
walk.
The process by which the cluster diffuses on the lattice is ergodic so that,
for r~~, we obtain <nh>T-hr<<t.. >>. Therefore, in the limit of r~~, we can write
<Rcm'Rcm>T

=

C(a,N) <nh>/Nz

= hC(a,N) r<<t..>>/N2 ,

(3)

from which, using Equation (1), we obtain
(4)

Equation (4) shows that the diffusion coefficient for a cluster can be decomposed
into a factor depending .upon the weighted 'active' perimeter and a factor
depending upon the correlation between hops. We present below the results for
<<t ..>> and C(a,N) from simulations of clusters on a triangu)ar lattice.
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3. Simulation Results
In Fig. 1, we plot log <<t~> as a function of log N. The value of a for each
plot is indicated in the rigure. When a is equal to one, it is clear that
«t »~N even for cluster size N as small as 10. However, as the value of a
increases, the asymptotic regime, in which <<t~>>~N, is.reached at progressively
the asymptotic regime is not
larger values of N. For the case in which a=5,
reached even at N=100, and the scaling <<t~>>~N112 , expected for compact clusters,
is observed for the cluster size range tnat we simulated.
In Fig. 2, we plot the mean-square displacement as a function of time for
a=5.0. The cluster size for each plot is indicated in the figure. It can be
seen that the correlation factor C(a,N) is less than one, indicating (negative)
correlation between hops. This means that the correlation between hops causes
the center of mass of the cluster to diffuse slower than the 'correpsonding'
random walker. That is, the cluster center of mass undergoes a correlated walk.
The results for a=1.0 and a=2.5 are similar. For the case in which a=1 and N=3,
i.e., the random animal trimers, the correlation facto~ is exactly one because
there is no correlation .between hops (25). (All dimers, regardless of the value
of a, have a correlation factor of one.)
In Fig. 3 log C(a,N). is plotted as a function of log N. The confidence limits
are approximately ±0.05 for each of the data points. Since the range of cluster
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sizes simulated is rather limited, it is not sufficient to clearly establish
whether a scaling relation exists between C(a,N) and N. However, assuming that
C(a,N)-N'" is valid, we obtain a value of approximately 0.03 for £ in the cases
in which a=1.0 and a=2.5. The results for a=5.0, in which case a crossover in
cluster structure occurs, sug~st that a higher effective exponent may be
observed for· small N and large a.
4. Dis.cussion
Using Equation (4) and the simulation results it is easy to understand how a
scaling relation D-N·y can arise. For metal clusters on clean metal surfaces, in
which case a is relatively high (approximately 20 for Rh on Rh(lOO) at a
temperature of 2000 K), our analysis predicts an exponent of y=3/2+£ for cluster
sizes up to, at least, 100. It should be noted that this holds regardless of the
geometry of the lattice on which the cluster diffuses, so long as the mechanism
of diffusion consists of particles moving along the perimeter of the cluster. In
the 1imit of large N, the exponent obtained wou.ld be y=1+£. Real clusters for
which this exponent holds probably do not exist as ramified clusters would be
quite unstable to dissociate. Therefore, for experimentally312
observable clusters
the diffusion coefficient is more likely to behave as D-N- "' than as O-N+'.
Molecular dynamics simulations of Rh clusters of size up to 75 atoms show an
exponent of y=1.76 {13,14). In comparing this with our result of y=1.53, it
should be noted that there are many differences between molecular dynamics
simulations and the Monte-Carlo simulations used here, such as the absence of
dynamical correlations in the Monte-Carlo simulations.
5. Conclusions
We have shown that the diffusion coefficient of a cluster is a product of <<t~>>
which depends on the weighted length of the 'active' perimeter and C(a,N) wh1ch
depends on the correlation between hops. The analysis that we have presented
provides a basis whereby the dependence of the diffusion coefficient of a cluster
upon its structure and size can be readily understood. In particular, if a
scaling relation D-N·y is va·lid, it is possible to understand, using Equation
(6), how the structure of the cluster and the correlation between its hops
determines the value of the exponent y. Clusters for which the diffusion
coefficient is experimentally accessible wou.ld probably have a value of 3/2+£ for
the exponent y. The simulations show the interesting result that, in general,
there is correlation between the hops taken by a diffusing cluster so that
cluster diffusion results in a correlated walk by the cluster center of mass.
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