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Diffusion of Gold Clusters on Defective Graphite Surfaces
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Diffusion characteristics of gold clusters (consisting of 38, 79, 140, or 586 atoms) on two types of defective
graphite surfaces, one with a one-layer deep hole and the other with a one-layer high step edge, are studied
with the use of molecular dynamics simulations. The effects of the defects on the energetics of the cluster
and on the diffusive trajectories are investigated. The simulations guide formulation of a simple analytic
model that is demonstrated to provide an appropriate description of the energy and of the forces acting on a
cluster diffusing on a graphite surface in the presence of defects.

1. Introduction in section 2. Results for the energetics and diffusion charac-
teristics of gold clusters on defective graphite surfaces obtained
through MD simulations, as well as via a formulated analytic

model, are given in section 3. We summarize our results in
section 4.

Explorations pertaining to the physical factors that govern
the elementary processes of cluster deposition and diffusion on
solid surfaces form a rapidly growing branch of experimental
and theoretical researén® These studies are of great relevance
for elucidation of the mechanisms of thin-film growth and for
the development of surface manipulation techniques.

Enhanced diffusion rates of adsorbed small metal clusters In our MD simulations we employ the many-body embedded-
containing up to 10 atoms have been observed in early field- atom potentials’ for the interaction between the gold atoms,
ion microscopy investigatiodand described using a random and a 6-12 Lennard-Jones (LJ) potential for the interaction
walk with internal state formalisrf’.More recently, a dislocation ~ between gold and graphite atoAfsthe LJ parameters are
mechanisrf for surface migration of large two-dimensional e(Au—C)=0.01273 eV and(Au—C) = 2.9943 A with a cutoff
clusters and a collective slip-diffusion model for rapid surface distance of 2.6(Au—C). The gold nanocrystals have a face-
diffusion of thiol-passivated gold nanoclusters on graftisae centered-cubic structure with a truncated octahedral (TO)
been proposed. Furthermore, molecular dynamics (MD) simula- morphology. In this study we treat the graphite surface atoms
tions reveale¥ a novel surface diffusion phenomenon, where as static, because previous simulations of cluster diffusion on
large (hundreds of atoms) three-dimensional gold clusters graphite have indicated an insensitivity of the results to the
adsorbed on a graphite surface were predicted to undergodynamics of the graphite atoms (i.e., similar results were
anomalous diffusive motion with surprisingly high rates, oc- obtained when treating the graphite surface atoms statically or
curring through a collective slip-diffusion mechanism, involving dynamically). At this juncture several issues may be raised:
long sliding trajectories, which may be described mathematically (i) The interaction between atoms of the gold cluster and low-
as Levy flights.!! In that study it was also remarked that the coordinated carbon atoms (found on defective surfaces) may
details of the diffusion mechanism would depend on the degreediffer from that with carbon atoms of perfect graphite; in
of commensurability between the adsorbed cluster and the particular, the interaction may be influenced by dangling bonds
surface, on the temperature, and on the coupling strengthassociated with the defects and/or modified by structural
between the adsorbate and the surface. Indeed, it had beemeconstructions involving low-coordinated defective graphite
observed experimentally that gold clusters exhibit high mobility sites. (ii) A sufficiently strong interaction between the cluster
on graphite surfaces, leading to the formation of ramified and the defective graphite may lead to deformations of the
islands? and associated MD simulations of large Lennard-Jones surface (particularly in the vicinity of the defect). Nevertheless,
clusters on a solid surfateconcluded that when the cluster is  treating the graphite surface statically, may serve as a valuable
incommensurate with the substrate, fast diffusion occurs via a starting point for further studies of the interaction of metal
Brownian-like mechanism. clusters with defective graphite surfaces.

Although material surfaces encountered in experimental work  In these investigations two MD simulation methods were
commonly contain various types of defects, such as steps, holesused: (i) Microcanonical (i.e., constant-energy) simulations were
or pits, interstitials and bump$; 16 most theoretical studies of  employed for long (240 ns) simulations of freely diffusing
cluster surface diffusion processes have been performed for ideaklusters. These simulations allow direct observation of the
surfaces. Consequently, we focus in this paper on MD simula- general behavior and trends in the diffusion of clusters of various
tions pertaining to the interaction between gold nanoclusters sizes and at different temperatures, as they interact with graphite
and a number of defects commonly observed on graphite surface defects. (ii) In some cases, we used constrained MD
surfaces; specifically, we study clustdrole and clusterstep simulations, where the separation between the cluster center-of
interactions. mass (CM) and a surface defect is held constant while all other

The molecular dynamics simulation methodology, interatomic degrees of freedom of the cluster are allowed to vary. By
interaction potentials, and simulation procedure are describedperforming such simulations for a wide range of cluster-defect

2. Simulation Method
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Figure 1. Top view (upper) and side view (bottom) of an Asicluster adsorbed on a graphite surface with a 13-atom hole defect at the center of
the top graphite sheet.

separations, one can deduce the forces and energies requireftee lower graphite sheet that is separated from the top sheet
for a cluster to either escape, in some cases, from a defect orby the appropriate layer spacing (3.35 A) in the (0001) direction
under other circumstances, approach and even traverse a surfaggigure 1). Unless otherwise specified, our simulations were
defect. These types of studies can serve as important guides irperformed at 300 K, and the adsorbed gold cluster was
constructing simple models to describe cluster-defect interac- positioned initially with one of its (111) facets contacting the
tions. graphite surface. Initially, the cluster is placed on a defect-free
The graphite substrate was modeled by a slab (see below)region of the surface and it is thermally equilibrated to the
with periodic boundary conditions (PBC) imposed in the two desired temperature. The dimensions of the graphite surface are
directions defining the basal plane; the dimensions of the surfacegg.g87 A by 68.16 A, and with the PBC one hole on the surface
were taken large enough to avoid influence of the PBC on the corresponds to a hole density of 2.¥310*2 cm2. Figure 2
results. The equations of motion were integrated using the displays trajectories of the center of mass (CM) for two gold
VelOCity Verlet algorithm with a time-step of 3 fs; with this C|ustersl Al and Alsgs, recorded during 240 ns of constant
time step the energy of the system was found to remain energy MD simulations. The centers of the holes are shown as
essentially constant even for very long simulations (e.9., open circles. The trajectories of the clusters exhibit patterns
240 ns). similar to those simulated previously on a defect-free graph-
ite>1018 A new aspect that we find here, however, is the
formation of an extended excluded zone for cluster diffusion
3.1. Graphite Surface with a Hole.A graphite surface with  in the region surrounding the defect hole. Namely, the clusters
a hole is modeled by an upper graphite sheet with 13 atomic experience repulsion from the holes, as reflected in the
vacancies at its center, positioned on top of a supporting defect-trajectories shown in Figure 2. The diffusion constants of the

3. Results
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Figure 2. CM (center-of-mass) trajectories of gold clusters on a Figure 3. CM positions sampled for every 48 ps recorded during 240

graphite surface with a hole: (a) 4 cluster and (b) Asgs Cluster.

ns MD simulations: (a) the Auo cluster and (b) the Adgs Cluster.

The trajectories were recorded in molecular dynamics simulations at periodic boundary conditions are used and the dimensions of the surface
300 K. In this figure the computational c_eII, whose plan_ar dimensions computational cell are as given in the figures. The polygons at the
are 68.87 A by 68.16 A, has been replicated. Open circles representcenters of the figures depict the edge atoms constituting the hole. The

only the positions of the defect holes, but not their size.

two clusters, determined from the relationsbBip= [IRcm(t) —
Rem(0)]224t with t = 12 ns, are 1.4% 1075 cn?/s for Al
and 4.24x 107> cn¥/s for Ausgs. These values are 30% and

10% smaller than the diffusion constants measured in the

simulations of gold clusters on a defect-free graphite surface.

hole is seen to be surrounded by an excluded zone for clusters with a
radius roughly equal to the hole radius plus the cluster radius. When
the cluster is in a sticking state, the CM positions accumulate in the

local region around the sticking position, resulting in a darkened region

in the figure.

To better exhibit the aforementioned excluded zone for cluster

As indicated above normal diffusion is characterized by a diffusion, we sample the cluster's CM position at 48 ps intervals

variance of the displacementg(t) = [R(t) — R(0)]20~ t”
growing in the long-time limit linearly witht, i.e., y = 1.
Superdiffusion ¢ >1) may occur when the trajectories exhibit
long displacements (flights), termed “kyeflights”,** character-
ized by power-law (rather than exponential) flight-tine
probability distribution functionsR(tg) ~ tr #“ with 1 < u < 3;

during a 240 ns simulation and plot them cumulatively on the
graphite surface (Figure 3). The excluded zones are larger than
the hole area (displayed by polygons of edge atoms) by
approximately the radius of the contact area of the cluster with
the underlying surface. Darkened regions in the figure are
formed by the accumulation of CM positions in a small region

for such processes the mean square displacement is divergerin which the cluster exhibits (for a certain time interval)
with time. Analysis reveals that the cluster CM trajectories Oscillatory vibrational motions about a sticking (pinning) site.

recorded in our simulations may be divided into “free flight”
trajectories (with associated free-flight time interva}9,and
“sticking” trajectories (with associated sticking time intervals
ts, and a corresponding sticking-time distributiBis) ~ ts™).
For the Au4o cluster diffusing on the graphite surface in the
presence of the hole defect, we fipd= 2.5 + 0.4 andv =
2.8 + 0.5, indicating Levy-flight character of the diffusive
motion. However, for the exponeptof the mean-square CM
displacements we find a mean valye= 1, implying normal
diffusion1®

The alternation between local oscillatory “sticking” states and
free diffusive motion is known as “stick-slip” diffusiohi®and
it may exhibit rich behavior that is related to Levy flights.

To further explore the influence of the defect hole on the
diffusive motion of the cluster, we perform constrained MD
simulations. The constraint that we impose consists of maintain-
ing a constant distand&:y between the center of the hole and
the cluster CM. As mentioned earlier, initially the cluster is
thermally equilibrated at 300 K on a defect-free region of the
surface. To average over many clustsurface bonding ar-
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Figure 4. Work W= —[Ecmﬁ”[ﬂrllir calculated using 300 K constrained
CcM

MD simulations for (a) an Ao cluster and (b) an Adgs cluster. Also
shown are the energy (thick solid curve) and the force (thin solid curve)
calculated from the COM (see text).

rangements consistent with a fix&dw, the cluster is allowed
to move freely in the directions perpendicular to the veRgy
that connects the center of the hole to the cluster’'s CM. This is
done for a range dRcm values starting from nonoverlap of the
cluster and hole, to partial overlap, and finally to full coverage
of the hole by the cluster. For a given distaig, we average
the radial force componentL) parallel toRcy, acting on the
cluster over times of 1:22.4 ns. Profiles of the work as a
function of Rov, displayed by open rectangles in Figure 4, are
obtained by integratin@ifrom a sufficiently long distance from
the hole,

W(Rew) = = fro T &

and it represents the energy necessary to bring a cluster to a

distanceRcy from the hole starting from a remote position.

Because we average the radial component of the force over,

many cluster-surface configuration®/(Rcy) includes entropic
contributions. The maximum value of the work represents the
energy barrier for the cluster to completely cover the hole. The
measured energy barrier is about 0.7 eV for bothsAand
Ausgs—the insensitivity to the size of the cluster originates from

J. Phys. Chem. B, Vol. 107, No. 24, 2008385

cluster

Figure 5. Geometrical schematic of the cluster-overlap model (COM).
The cluster and the hole are described by two-dimensional disks of
radiusR andr, respectively. The lens-shaped overlap ateaf the
cluster with the hole is depicted by the striped region.

the hole. When such overlap occurs, the overall interaction
energy between the cluster and the surface is reduced due to
the diminished clustersurface contact area; in our model, only
the contribution from interactions between the cluster and the
topmost graphite layer is influenced by the hole defect, whereas
the remaining contribution to the energy coming from the
interaction between the cluster and the second graphite layer
(that is the layer underneath the topmost layer) is unaffected.
Denoting byA the area of the clustethole overlap (Figure 5)
and bye; the interaction energy (per unit area) between an
Au(111) gold surface and the second (and lower) graphite layer,
the clustet-hole overlap energy in our model may be written
as the difference between the overlapping enengy,=
—eo(Ac — A) — e1A, and the energy associated with complete
nonoverlap between the cluster and the hole detegt This
givesk = E; — Eg = (€0 — €1)A, representing the net increase

in energy due to the clustehole overlap. Defining the positive
energy differencee = ¢y — €1 as an effective clustethole
overlap energy, we obtaiE = €A. Settingd = cluster-hole

CM separation (Figure 5) yields

0 ford>r+ R(no overlap)
_|eA forR+r>d> R~ r (partial overlap)
) €Ay ford > R—r (complete overlap and maximum

energy A, = air’) -

Expressing the overlap area A in terms of the geometrical
parameters of the model, the eneffgynay be written as

E=¢cA

=€r’0 + RO —

the fact that energy changes are related solely to the degree of

coverage of the hole by a cluster, and thus once the hole is

fully covered, the energy cannot increase further and it is the
same for all clusters capable of fully covering the hole.

To model theW(Rcyv) work (energy) curves, we employ a
“cluster overlap” model (COM). We approximate the lateral
hole geometry and the clustesurface contact region as disks
of radii r andR, respectively. When the cluster is distant and it
does not overlap the step edge of the hole, the clusterface
interaction energy may be written & = —¢pAc, wheree is

the (positive) interaction energy (per unit area) between graphite

and a Au[111] surface andc = 7R? is an estimate of the
cluster-surface contact area in which the contact area of the
cluster is modeled as a disk of radiRsThe interaction between

WA+ T+ R@+1—R@ -+ R@+r+ R)] @3)

where 6 and ©, depicted in Figure 5, can be expressed as
functions ofr, R, andd

I (¢ ey R2)
6 = cos (—Zdr
2 2
0= cosl(—d +2?er ! ) (4)

The solid curves in Figure 4 are obtained through fitting the
work profiles with eq 3, and they represent effective cluster

the cluster and the defect starts to have an effect when the clustehole overlap energies. These overlap energies lead to repulsive
periphery begins to overlap the step edge at the periphery offorcesF = —d4E(d) acting on the cluster. If the cluster has
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Figure 6. Top view (upper) and side view (bottom) of an Agicluster adsorbed on a graphite surface with ascending steps. The cluster is located

on the lower terrace.

TABLE 1: Values of r, R, and ¢, and the Maximum Values
of the Repulsive Radial Force Obtained from a
Least-Squares Fit with the Use of Eq 38

r (&) R(A) e (eVIAY) Fmax (NN)
Auiao 4.00 6.26 0.0136 0.174
Ausgs 4.83 9.37 0.0095 0.147

aResults are given for Aup and Ausss Clusters interacting with a
13-atom hole defect on the top layer of a graphite surface.

sufficient translational kinetic energy it may overcome the

graphite surface with a one-layer high step and focus initially
on the case where a cluster is on the lower terrace of the step
(Figure 6).

As a first study aimed at gaining information about the
influence of surface steps on cluster diffusion zdand Auso
clusters, positioned on the lower side of the step, are thermally
equilibrated to 300 K and then allowed to diffuse freely on the
surface (at constant energy). Figure 7 shows the trajectories and
lateral displacements (parallel to the step) of these clusters over
a time period of 240 ns. Both clusters spend most of the

energy barrier (associated with complete hole coverage in theSimulation time at the step. Only two escape events were
COM) and pass over the hole. Note that the average translationaPPserved during the 240 ns interval for thesAaluster (Figure

kinetic energy of a cluster at 300 K1s0.04 eV, which is much

7a), and no escape event occurred for the largandaluster

smaller than the calculated energy barrier of about 0.7 eV needed(Figure 7b). However, the mobility along the step is surprisingly

to traverse the hole. The valuesroR, ande, and the maximum

high, especially for Awg. Diffusion constants calculated from

values of the radial repulsive force are presented in Table 1. the simulations usind©eP) = [Yem(t) — Yem(0)]212t, are

Though the actual shapes of the hole and the cluster's contactl-23 x 10°°

face may deviate somewhat from being circular, the COM model

fits well to the simulation results and the values of the model

parameters obtained through such fit are physically reasonable
The cluster-hole repulsive forc& = —d4E(d) obtained from

egs 3 and 4 is given by

F=§¢ed+r+mm+r—mw—r+mm+r+m
(%)

within the regimeR +r > d > R — r (partial overlap), and it
vanishes otherwise. The force achieves its maximum value

Fmax = 2¢r atd = v RP—r? and is independent of the cluster
size. As shown in Table 1, the difference between the maximum
forces calculated for Aldg and Ausgs is ~20%.

3.2. Graphite Surface with Linear Ascending Steps.

cm?/s for Augg and 9.25x 1074 cné/s for Aurgo

To increase the probability for a cluster to escape from the
step, we performed for two cluster sizes simulations at higher
temperatures (see Figure 8). As the temperature increases, the

escape probability increases in both cases. For the larger clusters,
higher temperatures are required to obtain comparable escape
probabilities. The simulations at higher temperature are also

accompanied by structural changes of the clusters (see Fig-
ure 9).

Similar to our study of clusterhole overlap, we performed
constrained MD simulations at 300 K, allowing calculation of
the forces acting on the cluster which can be used in the
evaluation of the corresponding work profiles (energy changes
as a function of the distance between the cluster and the-step)
we remark that though these simulations allow us to explore
the energetics of the clustestep interactions in a well-defined
manner, they do not necessarily yield the physical step-climbing
mechanism because of the imposed constraint. The constraint

Straight step edges are another common type of surface featureonsists of holding constant the distance between the step and

that can significantly influence the surface diffusion of clusters.

the cluster’'s CM, while allowing the cluster to diffuse freely

To extend our study to this case, we again perform constantparallel to the step (thg-direction). The position of the step is

energy and constrained MD simulations of gold clusters on a

taken as the originXcwm 0, and the above constrained
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Figure 8. Trajectories of gold clusters located on a lower terrace of a
graphite surface and interacting with two bounding ascending steps
(dashed lines): (a) Ay at 350 K, (b) Aus at 400 K, (c) Ay at 450

K, and (d) Aug at 500 K. (a), (b), and (c) are from a 240 ns MD
simulation, and (d) is from a 120 ns simulation.

Figure 7. Trajectories of gold clusters diffusing at 300 K located on
the lower terrace of a graphite surface and interacting with an ascending
step (dashed line). The trajectories in (a) and (b) are for ap duster,

and those in (c) and (d) are for an Ay cluster. The total time span

for both MD simulations is 240 ns. Note the different length scales for

diffusion parallel to the stepY(direction). Because the average cluster translational kinetic energies at 300

K are of the order 0f~0.04 eV, we conclude that events where
the cluster “escapes” from the vicinity of the step will occur
only rarely, which is in line with the simulation results. One
expects that the escape probability will increase at higher
temperatures and that the escape rates will decrease for larger

simulations are performed for various valuegf, away from
the step. Analogous to our previous study, we measure the
averagex-componentf,[of the force acting on the cluster and

integrate it from a poinX), far from the step edge tcy

Xem clusters, which is again consistent with our earlier observations.
W(Xewm) = — X9, , Coix (6) (i) When the cluster begins to lose full contact with the lower
terrace and moves upward, it is in an intermediate state where
The work profiles displayed in Figure 10 for Agand Au 4o it is more difficult to discern and model simply the origins of

represent energy changes due to the clustap interactions. energy and force variations. One observes gradual tilting and
As evident from the snapshots of the cluster shown in the figure, rotational motion of the cluster in this transitional climbing state
the Ausg cluster undergoes structural changes at different stages(note the Augo cluster in Figure 10). We remark that the
of the constrained MD simulations. The main structural change maximum in the clusterstep energy (the energy barrier for
is associated with the climbing process by the cluster over the passing over the step from the lower terrace) corresponds to
step edge, i.e., when the work reaches the maximum value. Wethe cluster in this transitional stage.
note that the structural change was only found for the smaller  (iii) When the cluster reaches the top terrace such that part
cluster, whereas the larger fAygcluster maintained its TO motif  of its contact area resides on the top surface and the other part
throughout the entire constrained simulation. “hangs over” the step, the situation is very similar to the cluster
The development of a model for the cluststep interaction hole case discussed by us previously, where now the radius of
is a significantly more complex task than the clustieole case the “hole” is effectively infinite. As a result, during this stage,
which we discussed earlier (see section 3.1). Consequently, weideas developed in the context of the clustkeole interaction
limit ourselves here to some general observations about themay be used. Once the cluster has reached this stage, and even
cluster-step interaction, which may be considered in three slightly before, it experiences repulsive forces driving it away
regimes: from the step and lower terrace and further into the upper terrace
(i) When a cluster resides on, and is in full contact with, the region.
lower terrace (see Figure 10), energy changes (associated with 3.3. Graphite Surface with Linear Descending StepOur
motion of the cluster on the surface) are due to the interaction discussion in this section focuses on the energetics and diffusion
between the cluster and the linear step edge itself, i.e., thecharacteristics of a cluster residing initially on the upper terrace
terminal end of a graphite sheet. As seen in Figure 10, the of a step, examining the influence of the descending step on
minima in the clusterstep energy curves for Agland Aui4o the behavior of the cluster (see Figure 11 for a snapshot from
at 300 K are in this regime ca:0.2 and—0.5 eV, respectively. the simulation of the diffusion of an Ay cluster on an upper
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Figure 9. Structural changes of gold clusters during 120 ns MD simulations: (g atu00 K and (b) Aw at 500 K. The free clusters are shown
in the upper row, top views of the clusters adsorbed on a graphite surface are given in the middle row, and corresponding side views are displayed
in the bottom row.

terrace). The CM trajectory of the Aug cluster simulated at
300 K during a 240 ns time interval, as well as the time
development of thex- and y-components of the cluster CM,
are shown in Figure 12. The CM positions of the cluster,
sampled at regular (60 ps) intervals are shown in Figure 13.
We observe that the descending steps on both sides act as
repulsive walls, and the cluster motion is confined to the terrace.
The origin of this clusterstep repulsion is to a large extent
the same as in the case of the clusteole interaction discussed

in section 3.1. When the cluster first begins to overlap the step
(starting from the direction of the upper terrace) it loses contact
area (and attractive energy) associated with the top terrace,
which is replaced by a smaller interaction energy with the more
distant lower terracethis results in an overall energy increase
and consequent repulsive forces directed away from the step
acting on the cluster that is located on the upper terrace.
However, as we discuss below, the maximum energy and
repulsive forces occur after the cluster CM has passed slightly

05T

over the step and the cluster has begun to tilt so that the above

reasoning (i.e., the COM model introduced in section 3.1) does 0.0 .
not apply for the entire range as the cluster approaches the L
energy barrier for going over the step edge. We also remark 05 I

that in Figure 12b,c there are numerous plateaus in Keth _ o _
andYcw (portrayed by the darker regions in Figure 13) that are Figure 10. Work of bringing a cluster from_ a remote location to a
associated with “stick-slip” diffusive motiéri® seen both on distanceXcwm from the step edge of a graphite surface, calculated, as

) . s .described in the text (see eq 6), through the use of constrained MD
\(/jv%fﬁft free surfaces and on the surfaces discussed earlier in th'gimulations: (@) A and (b) Al at 300 K. Also included are

atomistic configurations of the clusters at various stages of the
To better understand the nature of the energy and forcessimulations. Note that the positions of the energy minima are slightly
associated with the clustestep interaction, we perform con- larger (by about 1 A) than the cluster contact radii.
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Figure 11. Top view (upper) and side view (bottom) of an Agicluster residing on the upper terrace of a graphite surface bounded by two

descending steps.
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Figure 12. CM trajectories taken from 300 K MD simulations of an

and the presence of plateaus (“stick-slip” diffusion) in (b) and (c).

strained MD simulations for the Agand Augclusters, similar

an origin, Xcm = 0, we show in Figure 14 the work profiles
obtained by integrating the&-component of the force on the
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Figure 13. CM positions of the cluster sampled every 60 ps during a
240 ns MD simulation of an Auo cluster diffusing on a graphite terrace
with linear descending steps. The more darkened regions correspond
to the cluster in a vibrational “sticking” state. Note the regions adjacent
to the steps in which cluster motion is excluded.

recorded at various stages of the process. The behavior of the
clusters again falls into three regimes that are essentially the
same as, but in reverse order, to those discussed in section 3.2
for a cluster climbing a step. The important difference between
the two cases is that a cluster on a lower terrace is attracted to
the step whereas one residing on an upper terrace is repelled
from the step, leading in the latter case to an excluded zone
near the step edge, as in the clusteole case. The width of

Auyscluster diffusing on a graphite terrace bounded by two descending this excluded zone may be approximated by the radius of the
steps (dashed lines). Note the excluded zones near the steps (a) and (Qgntact area of the cluster with the surface.

It is interesting to note that for the Aup cluster near an
ascending step (see Figures 6 and 10), the longer side of the
to those described in the previous section. Taking the step asfacetted contact area is locatedvardthe step, thus minimizing
the interaction energy; in contrast, for aAscluster approach-
ing a descending step (Figure 14), the longer side (edge of the
cluster (see eq 6), along with snapshots of cluster configurationscluster-surface contact facet) is locatesvay from the step,
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Figure 15. Cluster-step interaction energy of a A4 cluster starting

on the upper terrace of a graphite surface, as it approaches and starts
to go over a descending surface step. The energy calculated via the
COM is depicted by the thick solid curve and the energy recorded in
the constrained MD simulation is given by the rectangles. The predicted
force is also shown (thin solid curve). The cluster approaches the step
edge from the right moving on the upper terrace of the step (see insert).

10 o . L .
Xew (A) that for the weak clustergraphite interactions operative in this
study, the cluster begins to tilt as its CM approaches the step

over, a descending step edge of a graphite surface: (g)ahal (b) edge ( = 0; see also Figure 14). Additionally, the maximum

Aui4oat 300 K. Also included are atomic configurations of the cluster in the clusterstep interaction (the step barrier) occurs after
during various stages of the constrained MD simulation. the cluster CM has passed beyond the step edge. Consequently,

the cluster-overlap ideas, which assume full clustenrface

with a consequent minimization of the clustestep interaction contact (i.e., no tilting), are applicable approximately in the range
energy. R>d>0.

The energies and forces exerted on a cluster as it approaches For Augs, we have compared the model to the simulation
a step from the upper terrace side are associated with an effectiveesults by applying a nonlinear least-squares fit Vitiinde as
Schwoebel barriéf for clusters to traverse the step. It is also fitting parameters over the range> d > 0. We obtainR =
worth noting that the barrier heights for step traversal are similar 6.82 A ande = 0.158 eV/&, which are merely 8% and 14%
for clusters approaching the step from either the ascending ordifferent from the values obtained for the Agthole interaction
descending side (see Figures 10 and 14). In both cases thesarlier using the COM modéection 3.1) Consequently, within
energy barrier for traversing the stepNd.6 eV, that is, much its range of applicability, i.e., when the cluster's CM is on the
larger than an average translational kinetic energy©®04 eV upper terrace and tilting is insignificant, this model gives
at 300 K—consequently, one expects step-crossing events to bereasonable result8.The energy calculated from this model at
rare. d = 0 (see Figure 15) is-1.1 eV compared to the full energy

As aforementioned (see section 3.2), the development of barrier of~1.6 eV. The mean translational kinetic energies for
models for clusterstep interactions that describe the entire step- clusters over a wide temperature range are much lower than
traversal process are not as straightforward as in the ctuster the above value (e.g., for temperatures between 300 and 1000
hole case (section 3.1). However, one can make progress inK, the mean kinetic energies ar®.04—0.13 eV)—this suggests
modeling and understanding certain aspects of these interactionsthat egs 7 and 8 may be utilized in certain MD and Monte Carlo
One of the processes that is amenable to a simple model is thesimulations.
approach of a cluster (moving on the upper terrace) to a
descending step, as this is similar to a cluster approaching a4, Summary
hole with an effectively infinite radius. Utilizing the same ideas

05+
Figure 14. Work required to bring a gold cluster up to, and slightly

as in the derivation of eqs-5 in section 3.1, we find the In this study we investigated with the use of extensive
cluster-step interaction energy to be molecular_ d_ynam|cs simulations the energetics and diffusion
characteristics of gold clusters (consisting of 38, 79, 140, or
_dy d d\2 586 atoms) on two types of defective graphite surfaces: (1) in
E = A= cR|{cos (ﬁ) V1T (ﬁ) (7) section 3.1 we considered a one-layer deep hole (consisting of
a 13-atom extended vacancy in the topmost layer), and (2) in
and the forces = —34E given by sections 3.2 and 3.3 we discussed graphite surfaces with linear
(straight) one-layer high steps, with the adsorbed cluster starting
d\2 on the bottom (section 3.2) or top (section (3.3) terrace of the
F=2eR\/1— (ﬁ) (8) stepped surface.

For the extended hole defect we found that the hole acts as
whered (the argumend in the above equations corresponds to a repulsive barrier to the diffusing clusters, resulting in an
Xcwm in the simulations) is the separation between the cluster’s excluded zone around the hole with a radius close to the sum
CM and the step (see the diagram in upper right corner of Figure of the cluster and hole radii. Similarly, a cluster diffusing on a
15) ande = ¢; — €1 as in the clusterhole interaction. The  top terrace of a stepped graphite surface is repelled away (via
maximum force is 2R, and it occurs fod = 0. Although these a Schwoebel-like barrier) from the step edge connecting to a
results are technically correct f& > d > —R, i.e., for the lower terrace. On the other hand, the diffusion of a cluster
case where a cluster's CM passes over the step, we observestarting on a bottom terrace of a stepped surface is constrained
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