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Metal surface adsorbed clusters: Structure and dynamics
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Abstract

Extensive numerical simulation are reported for the structure and dynamics of large clusters on metal(1 0 0) surfaces. Different types of
perimeter hopping processes makes center-of-mass of the cluster to follow a random walk trajectory. Adiffusion coefficient Dfor the whole
cluster can be defined as limt→∞ D(t), with D(t) = 〈d2〉/(4t) andd the displacement of the center-of-mass from its initial position. The
dependence of the diffusion coefficient on those perimeter hopping processes can be analyzed in detail, since the relations between different
rates for the processes are explicitly considered as parameters.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The different diffusion processes that take place on sur-
aces have, clearly, an important role in many technological
reas. Diffusion of individual atoms and clusters has been
tudied for a long time with different experimental techniques
nd, more recently, using scanning tunneling microscopy
STM) [1,2]. From a theoretical point of view, several lattice-
as kinetic Monte Carlo simulations[3] have addressed the
uestion of the dependence of the cluster diffusion coefficient
on the cluster size in square[4,5] or triangular[6] lattice.
ecently, the diffusion of metal clusters on metal surfaces has

eceived extensive attention due to the fact that some experi-
ental and theoretical studies have led to the expectation that
nly small, two-dimensional (2D) clusters were able to dif-

use. The larger two-dimensional clusters, also observed on
he surfaces, were not expected to diffuse. However, recent
xperimental evidence from STM studies[7] have became
vailable showing that very large 2D Ag clusters clusters
containingN = 102–103 atoms) are indeed able to diffuse
n Ag(1 0 0) substrates.

From the previous theoretical and experimental work, it is
ow clear that the movement of the cluster is a consequence of

several atomic-scale processes, taking place at the per
of the cluster, that makes the center-of-mass follow a ran
walk trajectory. For instance, for small clusters (N < 20) it
has been proposed that the mechanism of diffusion i
short range motion of a single atom away from the perip
followed by a regrouping of the cluster around the periph
vacancy[8]. Evidence of concerted gliding is also availa
[9]. In particular, the movement of very small clusters
to several peripheral hopping processes have been ana
both theoretically and numerically and the results can be
compared with experiments[10].

2. Theory

The movement of clusters composed of a large amou
atoms has been considered a consequence of two main
anisms taking place at the boundary of the cluster: perip
diffusion (PD) and 2D evaporation–condensation (EC). In
PD process several types of atomic motionsalongthe periph
ery of the cluster are responsible for the displacement o
center-of-mass. However, the atoms do not leave the c
while executing those movements. In the EC process the
ter is considered to be in quasi-equilibrium with a dilute
∗ Tel.: +54 2234816600; fax: +54 2234810046.

gas of atoms, diffusing very quickly on the metal surface sur-
rounding the cluster. Both types of process are non-exclusive
a n be
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nd can take place at the same time. Of course, it ca
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anticipated that the energy barriers for the PD mechanism
are much lower than the energy needed for an atom to leave
the cluster and, in principle, the PD process can be expected to
be primarily responsible for the movement of the cluster[11].

At this point, the question of the dependence of the dif-
fusion coefficient on the number of atoms in the cluster (N)
becomes relevant. The diffusion coefficientD of a cluster can
be defined as

lim
t→∞ D(t) = 〈d2〉

4t
, (1)

with d the net displacement of the center-of-mass from its
initial position. It has been suggested that the value of the
diffusion coefficientD behaves asD ∼ N−α, while differ-
ent values for the exponentα have been proposed depending
on which diffusion mechanism is considered to facilitate the
movement of the cluster[15,1]. In this sense, Monte Carlo
simulations for cluster diffusion based on the PD mechanism
are available, showing a variation of the exponentα from
α ∼= 1.5 to 2.0[12,13]. However, these values ofα lead to a
strong variation of the diffusion coefficientD as a function of
the numberN, which is not consistent with the experimental
STM data available[7]. On the other hand, in reference[16]
it is claimed that forcircular clusters the diffusion coefficient
behaves asD ∼ d−n, whered is thediameterof the cluster
and the integern identifies different diffusion mechanisms.
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atoms. If the condensation event is going to take place,
an atom is attached to a randomly selected place on the
periphery of the cluster since it is considered to come
from the surrounding two-dimensional gas. In this way,
the average number of atoms in the cluster in maintained
equal toN.

(2) With probability 1− (rc/re), an atom is relaxed to the
nearest-neighbor or next-nearest-neighbor empty site
where it finds that more bonds are saturated. This is the
mechanism that makes the cluster stay connected (i.e. not
to dissolve) in there 
 rc limit and, in order to avoid dis-
solution, we restrict ourselves within such limit by letting
rc/re to be less than 0.2.

After a certain thermalization time, we start to record the
position of the center-of-mass of the cluster with respect to
the origin of coordinates considered to be at the center of the
lattice representing the substrate. Time is being measured in
Monte Carlo steps per atom.

3. Results

The simulational results are shown inFigs. 1–4. Results
presented have been averaged over 100 independent runs and
for 10 different cluster sizes containing from 121 to 961 par-
t

the
d h the
a st
d es,
f y
t vior,

F tion
t st
d s.
hen the center-of-mass motion occurs by adatom diffu
long the periphery of the clustern = 3, while n = 2 or 1
hen the cluster diffusion occurs by correlated or unco

ated adatom evaporation and condensation, respective

.1. Simulation theory

It is clear, then, that a deeper understanding of the
n which 2D large clusters move could be obtained by
ng numerical simulations. Following this idea, Monte Ca
imulations can be used for the kinetics in which each o
bove described processes takes place at its own rate.
ion of atoms along the cluster perimeter proceeds at a
e and evaporation–condensation at a raterc. Both are relate
y the detailed-balance relation

rc

re
= exp

(
−�E

kbT

)
, (2)

here�E is the energy difference between the two proces
he relation between ratesre andrc is kept as a parameter

he simulations.
Monte Carlo simulation proceeds as follows. Starting w

‘square’ cluster ofN atoms at the center of a 1500× 1500
attice substrate[14], a site from the periphery of the cluste
elected at random and then two main events can take

1) With probabilityrc/re, an evaporation or condensat
event is selected. If the evaporation event is going to
place, an atom is detached from the cluster and goe
the surrounding two dimensional gas of fast, diffus
.

icles.
Fig. 1is a representative plot of the overall behavior of

iffusion coefficient. It can be seen that, in agreement wit
vailable experimental results[7], the simulations show a fa
ecay in the value of the diffusion coefficient at early tim

or (rc/re) = 0.1 and 121≤ N ≤ 961. After this fast deca
he cluster reaches a diffusive random-walk-like beha

ig. 1. The behavior of the diffusion coefficient along the total simula
ime for N = 121 (top curve) toN = 961 (bottom curve). The very fa
ecay at early time is in correspondence with the experimental result
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Fig. 2. The diffusion coefficientD vs. 1/N. Different slopes for different
values ofrc indicate that the pre-factorD0 depends on therc/re relation.

demonstrated by the plateau att → ∞. This figure confirms
that the main characteristics of the movements of the cluster
are well reproduced in the simulations. In particular, the very
fast decay at early times has been associated with a certain
back correlation effect, and it has been observed in previous
cluster diffusion simulations where it was considered to be
related to the cluster connectivity[12].

In Fig. 2the diffusion coefficientD is plotted versus 1/N.
From the plot it can be seen thatD depends onN asD =
D0(rc/re)N−α with α = 1. The most notable characteristic
is the dependence of the pre-factorD0 on the evaporation–
relaxation relationrc/re. This dependence can be observed

F ives
t

only by a numerical simulation that allows full control of the
relation. It can be seen that the cluster has a greaterD for
greater values of the relationrc/re. This result is a little bit
surprising. It tell us that, although the predominant processes
at the periphery is the PD process, the EC process has a greater
effect on themobility of the cluster. Then, the simulations
favor the EC mechanism as the primary one responsible for
the movement of the cluster, in accordance with the available
experimental data.

FromFig. 3, it can be seen that the exponentα does not
depend on the ratiorc/re. By linear fitting the points of the
plot, an average[17] value for the exponentα is obtained.
This value isα = 1.092± 0.123 and differs from the value
obtained from the experimental data, reported in reference
[7]. However, the experimental measurements ofD as a func-
tion onN have been adjusted within a certain experimental
error and cannot be considered to be conclusive. On the other
hand the value ofα ∼ 1.0 is in accordance with the theoret-
ical predicted value of[16] (n = 1) when the evaporation–
condensation process is uncorrelated.

Finally, in Fig. 4 the behavior of the diffusion coefficient
versus time (at early evolution times) is plotted in log–log
plot for re = 1.0 and three different values ofrc. From this
plot a very new characteristic of the movement is identi-
fied. The diffusion coefficient behaves asD(t) ∼ t−β with
β = 0.812± 0.021, showing a non-trivial scaling behavior
at early times. In principle, it could be anticipated that the
scaling behavior should be in close relation with the above
mentioned back correlation effect. But, the explanation of
this characteristic from a physical point of view needs more
experimental and theoretical work.

Fig. 4. Log–log plot of the diffusion coefficient vs. time (at early evolution
times) forre = 1.0 and different values ofrc. The straight decay indicates a
scaling behaviorD(t) ∼ t−β, with β = 0.812± 0.021.
ig. 3. Log–log plot ofD vs. 1/N. The average slope of the three plots g
he value for the exponentα = 1.092± 0.123.
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4. Conclusions

Results for the simulation of the diffusion of large Ag
clusters over Ag(1 0 0) surfaces have been presented. The
simulations reproduce very well the main characteristic of
the movement of the cluster according to the available exper-
imental results. The dependence of the diffusion coefficient
on the number of atoms in the cluster has been explored, as
well as other features of the mechanisms by which the large
clusters diffuses. Also, from the simulations new character-
istics of the movement have been identified and suggest new
experimental and theoretical work. A deeper understanding
of the basic cluster diffusion mechanisms will have impor-
tant consequences on the techniques that make possible the
epitaxial growth.
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