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Structure and dynamics of Ag clusters on Pt(111)
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By using the embedded atom method potentials in the form derived by Foiles, Baskes, and Daw [Phys.
Rev. B 33, 7983 (1986)], we studied by static computations and molecular-dynamics (MD) simulations
structural and dynamical properties of Ag clusters adsorbed on the (111)surface of Pt. Static computa-
tions were performed for clusters with up to 37 atoms and diffusion coefficients were evaluated for the
adatom, dimer, and trimer at different temperatures. As shown by analyzing the trend of the dissocia-
tion energies with cluster size, the most stable structures on the surface are those formed by threefold-
coordinated atoms, with dissociation energy E =0.45 eV, while the presence of twofold-coordinated
atoms at a given cluster size yields dissociation energies close to E =0.30 eV. In particular, the largest
dissociation energy is found for the heptamer, E"=0.47 eV. Calculated migration barriers are as low as
E& =0.05 eV for the adatom, Ez =0.1 eV for the dimer, and E3 =0.14 eV for the trimer, thereby pro-
moting enhanced mobility of these small structures at low temperatures. An Arrhenius plot of the
diffusion coefficients up to T=800 K gives a dynamical diffusion barrier of the adatom which is
moderately larger than the static one, i.e., E

&
(MD) =(0.060+0.005) eV. Our results are consistent with

recent experimental scanning-tunneling-microscopy findings on the early stages of growth of Ag on
Pt(111) indicating the rapid formation of large silver islands at temperatures as low as T=200 K.

I. INTRODUCTION

Atomistic scale computations, based on realistic N-
body interatomic potentials, offer a unique tool to charac-
terize structural and dynamical properties of clusters ad-
sorbed on surfaces. In the case of transition metals the
usefulness of such an approach is proved by a recent
series of embedded atom method (EAM) computations in
which the stable configurations of Pt and Pd clusters on
Pt(100) (Refs. 1 and 2) and the general trend of activation
energies for adatoms on a large variety of fcc metal sur-
faces are found to be consistent with experimental obser-
vations. Moreover EAM computations were able to es-
tablish that self-diffusion on (001) fcc surfaces can indeed
take place via an exchange between the diffusing adatom
and an atom of the substrate, as shown in the case of Pt
by field-ion-microscope (FIM) experiments, thereby indi-
cating that relevant features of the diffusion mechanism
are accessible to microscopic modeling. As further evi-
dence a combination of FIM and EAM molecular static
calculations were able to unravel the occurrence of both
exchange and hopping in the mechanism of surface
diffusion for Ptz and Pt3 on Pt(100).

In the case of (111) surfaces both homogeneous and
heterogeneous systems have been modeled. ' While in
the Au/Ni(111) (Ref. 14) case the aim was to elucidate
the relevance of misfit in determining the geometrical ar-
rangements of large (up to 39 Au atoms) adsorbates, stat-
ic computations of Ni~/Ni(111) (Ref. 12) focused on the
value of dissociation energies and migration barriers as a
function of cluster size with the intent of relating to an
experimental work performed on Ir&/Ir(111). ' The low
value of diffusion barriers on (111) metallic substrates,
typically in the range 0.05 —0.2 eV, makes them particu-

larly attractive for molecular-dynamics (MD) investiga-
tions, since the full details of the diffusion mechanism and
a direct evaluation of the diffusion coefficients are, in
principle, directly accessible to the time scales of MD
simulations. Nevertheless, with the exception of a quali-
tative study on the behavior of a Lennard-Jones (LJ) di-
mer, ' investigations of the dynamics of small clusters on
(111)metallic surfaces are limited to the adatom case, as
reported for Ag/Ag(111), ' Rh/Rh(111), ' and
Ni/Ni(111). "

In this paper we elucidate structural and dynamical
properties of Ag clusters on Pt(ill) by making use of
EAM interatomic potentials in the form presented in Ref.
20. Static computations are performed on Agz/Pt(111)
for 1~N ~37, and MD simulations for 1V =1,2, 3. Our
preliminary results from this model' focused on the rela-
tionship between diffusion properties and behavior upon
collision on the surface of the dimer, which was directed
on the (111)plane with impact energies of 0.5 and 5 eV.
We were able to show that the enhanced mobility of Ag
on Pt(111) favors the recovery of a stable dimer on the
substrate by allowing the recombination of the constitu-
ent atoms separated by the collision.

Our concern here is to provide a detailed description of
the elementary processes relative to the heterogeneous
deposition of small metallic clusters on (111)metallic sub-
strates, a parallel investigation on the behavior of larger
adsorbates being currently in progress. Interest in cluster
properties on (111)metallic surfaces is further motivated
by experimental findings on the early stages of growth of
Pt on Pt(111) (Ref. 18) which have been interpreted as a
distribution of clusters of a particular size, the heptamer,
in a way reminiscent of the "magic" sizes used to de-
scribe the arrangement of three-dimensional, unsupport-
ed metallic clusters. In addition„hetero epitaxy in
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Ag/Pt(111) is currently investigated by scanning tunnel-
ing microscopy (STM) (Ref. 19) where large Ag two-
dimensional islands are seen to form already at room
temperature, indicating enhanced mobility and instability
of small clusters, while at higher temperatures Ag and Pt
atoms are found to interdiffuse at the step edges.

This paper is organized as follows. In Sec. II we de-
scribe the implementation of the model and the computa-
tions performed, for both static and dynamical investiga-
tions. Section III A is devoted to the results for the most
stable structures of clusters with up to 37 atoms which
are searched by relaxing the whole substrate/adsorbate
system and then characterized in terms of geometrical ar-
rangements as well as cohesive and dissociation energies.
We also evaluate static diffusion barriers for Ag clusters
with up to three atoms. Section III B contains an
analysis of the diffusion mechanism based on MD simula-
tion carried out at several temperatures as well as direct
estimates of the diffusion coefficients. Conclusion and
final remarks are presented in Sec. IV.

II. MODEL AND COMPUTATIONS

Both Ag and Pt are modeled by using EAM interatom-
ic potentials implemented for fcc transition metals by
Foiles, Baskes, and Daw. The spherically averaged
free-atom densities are taken in the double-g form from
Refs. 21 and 22, respectively, for Ag and Pt. In most of
our simulations we employed cutoffs for both attractive
and repulsive parts equal to R, =6 A, although it should
be stressed that the embedding functions of Ref. 20 are
correctly reproduced only by shifting F(p) (the embed-
ding part of the potential) and the repulsive part so as to
be continuous at a cutoff R, =5.2 A which includes three
shells of neighbors. Our results proved to be insensitive
to these small changes. When tested against the proper-
ties of the isolated Ag dimer the EAM potential turned
out to be too attractive, with an equilibrium distance
shorter than the experimental one (rd =2.27 A against
rd""'=2.47 A) and a binding energy larger (Eb =1.385
eV/atom to be compared with Eb"~'=0 83 eV/ato. m).
Since we were also concerned with a realistic modeling of
collision events for Ag dimers on the Pt(111) surface, '

we added to the repulsive Ag-Ag potential an interaction
E„' of the kind E„'=A exp —(r —rd )A, , where A and A, are
adjustable parameters, ranging up to R, to reproduce ex-
perimental cohesive energy and equilibrium distance of
Ag2. The optimal choice of A and k (A =0.28 eV,
A, =12 A ) modifies slightly the equilibrium condition of
the bulk, since a lattice parameter 1% larger is needed to
recover the equilibrium condition. The calculated vibra-
tional frequency of Ag2 is equal to 6.21 X 10' Hz, in fair

agreement with the experimental value of 5.76X10'
Hz.

Given the inadequacy of EAM to describe isolated me-
tallic clusters of small sizes we do not expect the in-
clusion of E„' to improve the description of bonding and
energetics in Ag3. The EAM binding energy of isolated
Ag3 turns out to be 1.54 eV/atom when A and A, take the
above values, and equal to 1.65 eV when A =0 at the
equilibrium distance rd=2. 55 A. These energies are

much too high when compared to both experimental
and density functional results. For equilibrium studies
of clusters adsorbed on surfaces these Aaws of the poten-
tial are not serious limitations since the environment
affecting the cluster, strongly influenced by the presence
of the substrate, has little to do with that pertaining to an
isolated cluster. Accordingly we used the above modified
EAM potentials in computations for all cluster sizes.

In our static computations we employed a slab of 4032
Pt atoms arranged in a parallelepipedic box with X, Y,
and Z directions along the [110], [1 12], and [111]crys-
tallographic axes, respectively. Periodic boundary condi-
tions are imposed only in the X and F directions. To
minimize the interaction between the Ag cluster lying on
the Pt(111) surface and its periodic images we considered
fairly extended (ill) planes, containing 336 atoms each.
Hence the simulation cell consists of a repetition of 12
planes stacked according to the ABC-fcc sequence with
interplanar distance d =a/&3, a being the lattice pa-
rameter, and edge lengths L„=14a/v'

2, L~=12a&3/2,
L, =4a&3. The stacking sequence along the (111)direc-
tion defines in a natural way the position of an atom lying
on the top of the Pt slab. By defining the uppermost Pt
plane as a B plane, i.e., a plane made of atoms occupying
sites of the B kind in a triangular lattice arrangement, the
Ag adatoms will occupy upon relaxation either C sites,
corresponding to a bulk site continuing the fcc structure,
or a surface A site as in the hcp structure. Figure 1
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0 0 0 0

0 0 0 0

0 0

0 0 0

0 0 0 0

0 0 0 0 0
FIG. 1. Top view of a fcc (111)plane showing the location of

three different types of sites corresponding to the ABC-fcc
stacking along the [111]direction. With respect to the conven-
tion adopted in the text one can distinguish A sites (open cir-
cles), B sites (shaded circles), and C sites (filled circles).
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displays the topology of the (111)plane and the position
of the A, 8, and C sites. Adsorption energies E& are sim-

ply calculated by subtracting the total energy Eo of the
Pt(111) slab from the total energy E& of the Ag&/Pt(111)
system. The cluster cohesive energy on the surface E~ is
commonly defined as N times smaller than the adsorption
energy. In the following we make use also of the dissoci-
ation energy Eg give~ by (E-

To calculate adsorption energies the cluster atoms are
initially placed at a distance d above the uppermost
Pt(111) in C or 3 sites and then the whole system is al-
lowed to relax under the action of a conjugate gradient
energy minimization procedure. For example, the
ground state of Ag2/Pt(111) is searched by positioning
first two Ag atoms at the largest distance compatible with
periodic boundary conditions on the (111)plane and then
in the C-C, A-A, and C-3 configurations at initial dis-
tances a/+2, a/+2, a/+2/3. Static barriers relative to
the bridge crossing between C (or A) and A (or C) sites
are obtained similarly by constraining the moving atom
at a given location in the XY plane along the diffusion
path with the rest of the system relaxing at T =0 K. In
the case of (111)surfaces the C-A hopping is known to be
the elementary mechanism responsible for diffusion (at
least at low temperatures) and the diffusion path for a
cluster atom can be taken as the straight line joining two
neighboring C and 3 sites. For polyatomic substrates the
static computation of the migration energy, described in
detail by Liu and Adams, ' is based on the search of the
lowest-energy barrier for migration of the clusters. To
this end, all jumps compatible with long-range diffusion
have to be determined, as well as the subsequent jumps
required for cluster reforming. The migration energy for
a given displacement is then the difference between the
saddle-point energy and the energy relative to the equilib-
rium position of the adatom.

The system used for MD computations was smaller,
containing 576 Pt atoms arranged in the geometry de-
scribed above with 48 atoms in each one of the (111)
planes. Equations of motion are solved via the velocity
version of the Verlet algorithm in the microcanonical
ensemble with time step At =1.4X10 ' s. This allows
one to describe the diffusion mechanism and evaluate
both the diffusion coefFicients and the migration barriers,
or "dynamical" diffusion barriers, for the Ag adatom, di-
mer, and trimer on Pt(111).

III. RESULTS

A. Static computations

Cohesive energies have been obtained at T =0 K for a
series of substrate/adsorbate systems containing up to 37
Ag atoms. Some of the most stable structures of Ag& on
Pt(111) are given in Fig. 2, in particular for 1~%~7,
X =10, 13, and 19. The atomic positions refer to the be-
ginning of the relaxation. In the C site the adatorn is
more stable than in the A site by 0.001 eV. The lowest
energy for Ag2/Pt(1 1 1) corresponds to atoms in C-C or

positions (C-C being favored by 0.003 eV) with
equilibrium distance rd =2. 84 A, while the C- A

configuration is higher by 0.04 eV, with rd =2.88 A. The
adsorption energy is E; = —2.7 eV for the adatom and
E2= —5.58 eV for the dimer. Compact islands turned
out to be lower in energy than linear chains, with an ener-

gy difference of 0.17 eV for the trimer rising to 0.5 eV for
Ag6.

The trends of cohesive and dissociation energies are
given in Figs. 3 and 4, respectively. Two sets of geome-
trical arrangements have been considered for N & 10. In
the first, larger clusters up to 19 (shown in Fig. 2) and
then up to 37 are formed by completing two concentric
shells of atoms around the heptamer so as to achieve
compact hexagons, while in the second an elongated 13-
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FIG. 2. Stable structures of Ag clusters on Pt(111) for
N = 1,2, 3,4, 5, 6, 7, 10, 13 (two geometrical arrangements are
shown), N =19. For N =13 we display, from top to bottom, a
structure obtained by completing a compact hexagonal shell
around the heptamer and an elongated structure obtained from
Ag&0 by adding three atoms in the nearest-neighbor positions
along the [110]direction.
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cluster to be pushed away from the center towards stack-
ing fault positions. This behavior is absent in our system
where the edge atoms move radially outward by no more
than 0.2 A for the largest size of Ag cluster (N =37) we
considered, the saddle point being a/&24=0. 8 A far
apart from the initial positions.

The diffusion barrier for the migration of Ag adatoms
via the bridge hopping between the C and A sites is
E, =0.05 eV. Diffusion barriers for transition-metal
adatoms on (111) transition-metal surfaces, typically
ranging between 0.05 and 0.15 eV, have been recently ob-
tained in the framework of X-body interatomic potential
computations, ' while available experimental data in-
dicate larger values in the case of Ni/Ni(111),
Rh/Rh(111), Ir/Ir(111). ' It is worth mentioning, how-
ever, that the effective medium scheme gives values for
the diffusion barriers of Cu on Cu(111) (Ref. 9) and Ag on
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FICx. 5. Top: Heights of the Ag atoms in the clusters as a
function of the distance from the central atom in Ag» (open
squares) and Ag» (filled squares) on the uppermost Pt(111)
plane, calculated with respect to the average height of the Pt
plane. Bottom: average heights of Ag clusters on Pt(111). The
bars indicate the range of variation in the atomic positions. The
horizontal line is drawn at a height corresponding to the inter-
planar distance separating the two uppermost Pt layers in the
relaxed configuration at T =0 K.
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FIG. 6. Atomic configurations relative to the static computa-
tion of migration barriers. From left to right: (a) stable
configuration of dimer (upper part) and trimer (lower part) on
the (111)plane, (b) saddle point for the computation of the mi-

gration barrier relative to long-range intercellular diffusion, and
(c) final configuration upon relaxation. Dimer and trimer atoms
are represented by filled circles. Long-range diffusion requires
the movement of the atoms promoting diffusion out of the hexa-
gon highlighted in the figure.

B. Diffusion mechanism and dynamical barriers

We performed extended MD computations lasting up
to 10 s with the intent of describing the diffusion mech-

Ag(ill) (Ref. 8) which are about twice as large as the
EAM values and for Ag substantial agreement is found
with the experimental results (0.12 eV against
0. 15+0.10). In the case of Pt/Pt(111) a value of
E& =0.23 eV, ' claimed to be consistent with effective
medium computations, ' was recently estimated on the
basis of the observed mobility of Pt atoms at a 1-min
scale at 80 K, while the EAM result obtained by using
the interatomic EAM potential by Voter and co-
workers ' is three times smaller and the original scheme
of Ref. 20 gives a completely unrealistic result
(EP =0.007 eV). In our case recent STM results' yield
for Ag/Pt(111) a diffusion barrier equal to
E, =(0.096+0.012) eV, thereby indicating satisfactory
accordance between experiments and calculations and
confirming the tendency of the original EAM scheme to
underestimate diffusion barriers on (111) transition-metal
surfaces.

We calculate the migration barrier of the dimer by
moving one atom to the saddle point according to the
configurations depicted in Fig. 6. This mechanism leads
to intercellular movement which is necessary to promote
long-range diffusion and corresponds to a barrier
E2 =0.10 eV. The relaxation process, characterized by
an accompanying movement of the companion atom
along the direction of the diffusion path, ends with two
Ag atoms at the equilibrium interatomic distance

0

~d =2.84 A. A similar behavior was found in the case of
the trimer, where this time two atoms move up in the
direction of the diffusion path (see Fig. 6). The diffusion
barrier for trimer long-range diffusion was found to be as
low as E3 =0.14 eV.
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calling that large differences between dynamical and stat-
ic barriers were found in recent MD diffusion studies of
Ag on Ag(111) and Rh on Rh(111)
[EP(MD)=(0.055+0.011) eV against EI =0.028 in the
case of silver], ' where diffusion coefficients were includ-
ed in a single Arrhenius plot for temperatures in the
range 200 & T & 600 K. Although our results do not sup-
port such an effect, it is interesting to note that the
dynamical barrier for the adatom in our case takes the
value EP(MD, low T)= (0.052+0.005) eV when only the
data up to T =300 K are considered, while in the high-
temperature region, for 300& T&800 K the Arrhenius
plot gives EI (MD, high T)=(0.08+0.01) eV. This sug-
gests that as the temperature increases a mechanism
different from a jumplike behavior gradually sets in, in a
way consistent with our simple observation that the
residence time on the adsorption sites decreases with in-
creasing temperature.

The diffusion mechanisms for the dimer and trimer
have been further elucidated by following the evolution
of the interatomic distances rd. In agreement with the
FIM observations of Wang and Ehrlich' the movement
of the dimer at least at low temperatures can be expressed
as the result of a combination of intracellular and inter-
cellular individual jumps between C and A adsorption
sites. The first diffusion mode corresponds to a rotational
movement within the hexagonal cell made of 8 sites
represented in Fig. 6 and consists in a sequence of C-C,
C- 3, and 3 -3 configurations with rd remaining between

O

2.7 and 3.0 A. Intercellular movement, which is respon-
sible for long-range diffusion, occurs when one atom
crosses the saddle point to move out of the cell from a C
(or 3) site to an A (or C) site, while the other follows it,
to occupy a stable site. Throughout this process the in-
teratomic distances can be found in the range

0
3.2 & r„&3.6 A. In a similar way long-range diffusion of
the trimer is promoted by individual atomic displace-
ments out of the hexagonal cell with the triangular
configuration preserved by a succession of C- 3 concerted
displacements of the other Ag atoms. No interconver-
sion between triangular and linear configurations is ob-
served.

In Fig. 10 we display the distribution of interatomic
distances rd resulting from the movement of Ag2 and Ag3
on the surface. At T=140 K the dimer moves via a
series of concerted individual hops between C and 3 ad-
sorption sites, mostly reflecting intracellular movement.
Long-range diffusion is very limited as indicated by the
low value of the diffusion coefficient, D =10 cm /s,
which corresponds to a distance of only 10 A covered by
the center of mass along the interval spanned in our
simulation. As shown in Fig. 10, diffusion is enhanced at
T =300 K where a significant fraction of time is spent by
the dimer, as well as by the trimer, in intermediate C-3
(or C-A-A for the trimer) configurations leading to inter-
cellular displacements. Dissociation occurs after 10 s
at T =320 K for the dimer and T =410 K for the trimer.
These values, together with the assumption of a prefactor
equal to h /KT (h being the Planck constant) allow us to
recover dissociation energies equal to 0.22 eV for the di-
mer and 0.35 eV for the trimer, in fair agreement with
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FIG. 10. Histogram of distribution of interatomic distances
rd in silver dimer and trimer moving on Pt(111) at di8'erent tem-
peratures. Dotted line: Ag2 on Pt(111) at T=140 K. Full line:
Ag2 on Pt(111) at T=300 K. Dashed-dotted line: Ag3 on
Pt(111) at T=300 K.

the values E2 =0.18 eV and E3 =0.34 eV obtained by
static computations (see Fig. 4). Agz and Ag3 are there-
fore unstable on Pt(111) at temperatures T ) 300 K and
T )400 K, respectively, at least on the time scale of our
computations. On a time scale of 1 s, this would imply
the dimer to be unstable at temperatures T & 85 K and
the trimer at T ) 140 K. Although our results refer to
the behavior of a single cluster moving on an otherwise
perfect periodic surface and cannot be compared directly
to experimental results, it is useful to point out their con-
sistency with recent STM measurements on the
Ag/Pt(111) system indicating the dissociation of Ag2 and

Ag3 at temperatures as low as T =150 K (Ref. 19) and
the subsequent rapid formation of larger islands.

IV. CONCLUSIONS

The main objective of this work is to characterize the
behavior of adsorbed Ag clusters on Pt(111) through the
computation of structural and dynamical properties in
the framework of the EAM description of interatomic in-
teractions. Our computations, which are based on a
slightly modified form of the original EAM scheme
adapted to reproduce the properties of isolated Ag di-
mers, proved that two-dimensional arrangements where
all atoms are threefold coordinated are the most stable
structures, as shown by the trend of the dissociation ener-

gy which displays a first marked peak for % =7 with
E7=0.47 eV and then an alternation of values close to
either E =0.45 eV (structures with threefold-
coordinated atoms only) or E =0.30 eV (structures with
one or two atoms twofold coordinated).

The diffusion barriers turn out to be as low as
E, =0.05 eV for the adatom, E2 =0. 1 eV for the dimer,
and E3 =0.14 eV for the trimer when obtained via static
computations. Molecular-dynamics computations of the
asymptotic temporal trends of mean-squared displace-
ments and an Arrhenius representation of the resulting
diffusion coefficients as a function of temperature indicate
that in the case of the adatom the "dynamical" migration
barrier is slightly larger, i.e., EI (MD)=(0.060+0.005)



13 694 CARLO MASSOBRIO AND PHILIPPE BLANDIN 47

eV for the adatom. Long-range diffusion is promoted by
individual intercellular displacements of one of the clus-
ter atoms which crosses the saddle-point barrier hopping
from one fcc-like site to a hcp-like site (and vice versa),
thereby moving out of the hexagon formed by the neigh-
boring Pt atoms lying on the uppermost (111)plane.

Two combined observations indicate the onset of a
diffusion mechanism for the adatom at high temperatures
which is intrinsically different from the jumplike behavior
characteristic at low temperatures, as first pointed out in
the context of an analysis of adatom and vacancy surface
diffusion in a Lennard-Jones model. ' First, the time
spent by the adatom in transit between adsorption sites
increases with increasing temperature, up to the point
where the movement becomes a nearly free translation on
the plane. Then the Arrhenius plot of diffusion
coefficients relative to the region of low (140(T ~ 300 K)
temperatures gives a migration barrier significantly
different from the one obtained by considering tempera-
tures in the range 300(T~ 800 K, i.e., Ei (MD, high
T) =0.08 eV against E i (MD, low T) =0.052 eV.

The main implication of the low diffusion barriers is an
enhanced mobility of Ag small clusters on the surface,
with diffusion coefficients which are as high as 2.4X 10
cm /s for the adatom, 8.3X10 cm /s for the dimer,

and 2.9X10 cm /s for the trimer at T =300 K. Since
the dissociation energies we found are compatible with
very short intervals of stability for such small clusters on
the (111) plane even at low temperatures, the picture of
the early stages of growth that emerges from our results
points toward the existence of large islands which eventu-
ally, in an experimental situation, will nucleate at the step
edges. Recent STM results' obtained for coverages of
0.1 monolayer are in agreement with this description and
appear to indicate, at high temperatures, the further for-
mation of heterogeneous structures on the uppermost
(111) layer with dissolution of silver into the Pt surface
layer proceeding from the lower side of the Pt step edges
and restricted to the topmost layer. Work aimed at pro-
viding further numerical evidence in this direction is
currently in progress.
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