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By use of the molecular-dynamics method we study the high-temperature nonequilibrium and equilib-
rium properties of a metallic overlayer on a compact metal surface. The system is modeled by the
embedded-atom method, and consists of a Pt slab with a large ideal (111) surface (cross section of 930
atoms) on which Ag atoms are randomly distributed with coverages 8=0.10, 0.25, 0.30. We simulate
the short-time (~-1 ns) process by which the adatoms form dynamically stable aggregates in local equi-
librium with a dilute two-dimensional vapor. We analyze the equilibrium properties of the adlayer as a
function of T and 8. We compute the cluster size distribution, the adatom radial-distribution function,
the diffusion coefficient, and we characterize the cluster shape by the ratio of its principal moments of in-
ertia. At ail 8 and T the Ag islands grow pseudomorphically on Pt(111). At high temperatures
(T-1000 K) the clusters are fluidlike. There is no evidence of peculiar stability at the sizes correspond-
ing to the filling of two-dimensional close-packing shells ("magic numbers, "N=7, 10, etc.). At inter-
mediate temperatures (T=600—800 K) the size distribution is shifted toward larger aggregates and, at
low coverage, starts to display stability peaks at the magic numbers. The larger clusters develop a solid-
like core surrounded by a fluidlike boundary. At the lowest temperature of our study (T=400 K) the
clusters display a high degree of local order. The size distribution function is restricted to small Ãs by
the slowing down of the cluster growth beyond the nucleation stage. At 8=0.10 the stability peaks at
N= 7 and 10 are apparent. We discuss the influence of a step on the behavior of the system.

I. INTRODUCTION

Recent years have witnessed a rapid growth of experi-
mental and theoretical investigations of metal overlayers
on solid surfaces. ' Of primary interest have been metal
overlayers on semiconductors, because of their relevance
for electronic devices. A large number of studies, how-
ever, have also been devoted to metal overlayers on metal
surfaces, that are the subject of the present paper. The
interest in these systems is motivated by their role as sim-
ple and well-characterized models for two-dimensional
(2D) ordering and for crystal growth, as well as by their
potential for applications.

In what follows, our main interest will be in the kinet-
ics and thermodynamics of the early stages of film
growth, and, therefore, we will focus on submonolayer
coverages. Metal overlayers in this coverage range are
produced by physical (evaporation, molecular-beam epi-
taxy, sputtering) or chemical (metal organic vapor depo-
sition, pyrolysis) means. The deposition process and the
resulting film are monitored and analyzed by a variety of
experimental techniques, including diffraction, spectros-
copy, and microscopy.

Until now, a larger share of these studies has been de-
voted to metal overlayers on relatively open surfaces, like
the (110) of the fcc metals, or the (111)of the bcc. Open
surfaces usually provide specific adsorption sites, separat-
ed by large energy barriers limiting the diffusion of the
adsorbates. Lattice-gas xnodels are particularly suitable

to describe these systems, and have been widely exploited
in the past lsee also Ref. 6 for representative examples of
molecular-dynamics (MD) studies of continuum models].

Less, but growing attention has been devoted to com-
pact substrate surfaces, like the (111)of fcc metals, or the
(110) of the bcc. On the one hand, these surfaces present
only a limited set of intriguing reconstructions and phase
transformations. On the other hand, however, their al-
most inert behavior implies a stable and easily reproduci-
ble substrate for the overlayer deposition and growth.
Moreover, compact surfaces usually present very low in
plane diffusion barriers. This is particularly true in the
presence of metal overlayers, which, by lacking direction-
al bonding and preferential adsorption sites, behave like
almost (2D) systems of highly mobile atoms.

These features point to metal overlayers on compact
metal surfaces as the ideal prototype to investigate the
kinetics of the overlayer assembly upon deposition, and
to study the equilibrium properties of the resulting 20
phases on an almost flat substrate. On the theoretical
side, lattice-gas models are no longer adequate for these
systems, and a quantitative description has to take into
account the high atomic mobility and the resulting large
entropic contribution.

Elementary thermodynamics suggests that the homo-
geneous deposition of metal atoms on a flat surface at
moderate coverage and T is likely to give rise to an inho-
mogeneous system by nucleating islands of the condensed
phase surrounded by a di1ute vapor of adatoms. ' De-
pending on the relative value of the surface tension of the

0163-1829/94/49(23)/16637(12)/$06. 00 49 16 637 1994 The American Physical Society



P. BLANDIN, C. MASSOBRIO, AND P. BALLONE 49

substrate and adsorbate, on the interfacial tension, and
on temperature, the islands can be 2D (i.e., one mono-
layer thick) or 3D structures, with the additional possibil-
ity of a partial 2D growth and the occasional formation
of 3D structures.

Besides this qualitative picture, very little quantitative
information is available on the coexistence curve of the
vapor and the condensate, the size distribution of the is-
lands as a function of T and coverage 6, the equilibrium
phase (either solidlike or liquidlike) of the islands, and the
influence of the substrate corrugation on the structure of
the adsorbate.

Quantitative information is even less abundant on the
dynamics of the adlayer formation. Most of the previous
theoretical studies resort to phenomenologicaI rate equa-
tions, ' based on a detailed balance between the different
cluster sizes. This approach requires in input several
kinetic constants whose values, however, are rather un-
certain. The accepted classification" subdivides the ad-
layer organization into three stages: (i) the initial forma-
tion of adclusters by either nucleation (involving a free
energy barrier) or spinodal decomposition (without bar-
rier); (ii) an early stage growth, in which the condensed
nuclei rapidly growth by subtracting atoms from the su-
persaturated vapor. This stage produces a population of
islands in local equilibrium with the vapor; (iii) a late
stage evolution, in which the islands grow by coalescence
(direct island-island interaction) and ripening (long-range
island-island equilibration via the vapor).

In the present study, we select Ag on the ideal Pt (111)
surface as a representative example of metal adlayer on a
compact metal surface. Experimental information for this
system is abundant, starting from the low-energy-
electron-diffraction LEED measurements of Ref. 12, and
including detailed results from photoemission spectrosco-
py,

' helium diffraction, ' LEED and x-ray-
photoemission spectroscopy, ' and scanning tunnelling
microscopy. '

The following experimental results provide the basis
for our modelization.

(i) The Pt (111) surface is stable up to T-1300 K,
temperature at which this surface reconstructs. '

(ii) This surface, carefully prepared, presents large, al-
most ideal terraces limited by steps. At moderate tem-
perature, the terrace width can exceed 1000 A, as can be
appreciated in STM (Ref. 18) or reflection electron mi-

croscopy (Ref. 19) images.
(iii) Ag on Pt(111) is known to grow layer by layer, ' '

and, at moderate temperatures, the growth is pseu-
domorphic. ' '

(iv) Up to high temperature, very limited mixing is ob-
served between the Ag and the Pt atoms on terraces. '

Mixing, however, could occur at steps. '

(v) The temperature of thermal desorption is very high
t T-1000 K for 0~ 1 (Ref. 15)], and, therefore, this pro-
cess does not affect the behavior of the system on the
time scale of our simulation.

In our study, the Ag/Pt(111) system is modeled by the
embedded-atom method (EAM), that, although sem-
iempirical, is very reliable for elements (like Ag and Pt) at
the end of the transition series.

We apply molecular dynamics to simulate the first two
stages of the adlayer equilibration after deposition from
the vapor or from the beam. We consider systems in the
temperature range 400~ T~1000 K, and Ag coverages
0.1~6 0.30. We observe the first aggregation of Ag
clusters to occur by spinodal decomposition over a time
of the order of 10 psec. Over a longer time scale ( —1

nsec at T=1000 K, and dependent on temperature) the
early stage growth of the condensed nuclei takes place,
and we observe a stationary population of islands in local
equilibrium with the vapor. The simplicity of the model
allows us to continue the simulation well beyond this
stage, at least for temperatures in excess of -600 K. We
characterize the island population during this long-time,
long-distance equilibration stage in terms of their size dis-
tribution, the ratio of the principal moments of inertia,
and diffusion properties. We also determine the coex-
istence curve for the vapor of adatoms and dimers in
equilibrium with the condensed islands.

At moderate T and 6 we observe weak peaks in the
size distribution corresponding to compact, highly coor-
dinated clusters. At temperatures of the order of —800
K the peaks disappear, and the size distribution becomes
smooth.

A detailed analysis of atomic configurations and
dynamical properties shows that the thermodynamic
"state" of the islands can be classified into the following
three categories.

(i) At low T ( T &600 K) the islands are characterized
by a well-defined local atomic order. At variance with a
truly solid system, however, the islands can easily change
their shape.

(ii) At intermediate T and for large islands (N )20) it
is possible to recognize a solidlike core of the cluster, sur-
rounded by a fluid boundary.

(iii) At higher T the local atomic order is completely
lost, and the islands are liquidlike.

To complete our analysis we performed few simula-
tions at higher coverages (8=0.30, 0.75). At 8=0.30
and T=1000 K we observe the onset of island percola-
tion across the system. The long time and length scale of
this process, however, prevents a detailed description by
MD.

The 6=0.75 coverage is the complementary of
6=0.25 under interchange of the adatoms with the ad-
vacancies (i.e., atoms missing to complete the layer), and
we simulated this system to investigate whether there is
some degree of symmetry between the early and late
stages of the adlayer formation. We find that at high T
the advacancy is not well defined, and the symmetry does
not hold. At lower T the advacancy is progressively
better defined, and it is possible to recognize some ele-
ments of symmetry. The correspondence, however, is
never very good.

Finally, we simulate the system in the presence of a
straight step on the (111)Pt surface. We observe that the
step gives rise to an attractive potential extending over
several interatomic distances into the lower terrace. The
adsorbate is progressively confined by this potentia1 that
acts as a sink of adatoms and adclusters. The upper ter-
race of the step appears to be much less perturbed.
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II. THE MODEL AND THE SIMULATION METHOD

To model a wide metal surface, a large number of met-
al atoms adsorbed on it, and to follow the system during
the long time needed to reach local equilibrium, we resort
to the well known embedded-atom method. This
scheme, introduced ten years ago by Daw and Baskes, '

has been successfully applied to study a variety of proper-
ties of bulk transition metals and alloys. ' It has also
been extensively exploited to study surfaces and inter-
faces. Despite several quantitative problems (the most
important of which is a severe underestimation of surface
energies, at least in the origina1 formulation of the
scheme}, it has achieved a remarkable degree of success
in describing surface geometries, relaxations, and recon-
structions. A recent study has shown that it reliably de-
scribes the energetics of surface defects like steps and
kinks. Finally, EAM has been used by two of us to
study several properties of metal clusters on surfaces, in-
cluding static configurations, diffusion, and cluster-
surface collisions.

Despite several refinements have already been pro-
posed in the literature, we apply the original formula-
tion of the EAM method because of its simplicity and of
its extensive record of reliability. The parametrization
we use to model transition metal mixtures is that of Ref.
23.

Our system consists of a Pt slab (12 layers} with a wide
(111) ideal surface (930 atoms per plane) with periodic
boundary conditions in two dimensions. To fix the nota-
tion, we choose the z axis perpendicular to the surface.
After full relaxation, the surface energy of the slab turns
out to be o =1440 ergs/cm, to be compared with the ex-
perimental estimate of -2000 ergs/cm (Ref. 28). Over
this substrate, an overlayer of Ag atoms is deposited,
with increasing coverage in the submonolayer range.

The accuracy of the EAM description for these sys-
tems rests on the fact that the adsorbed atoms always are
embedded in a metallic environment. The validity of this
assumption is best demonstrated by photoemission mea-
surements of Ag/Pt(111) [13] showing that three Ag lay-
ers already display an almost bulklike band structure,
that starts to develop at the lowest detectable coverage.

The static properties of a metal adatom on this surface
have been studied in Ref. 26. The equilibrium position of
the adatom is the C site (see Fig. 1 of Ref. 26 for a
schematic drawing of the surface geometry and the
definition of the A, 8, and C sites), with an adsorption
energy of —2.72 eV. The A site is only 0.005 eV higher
in energy (i.e., at the same energy within the accuracy of
the computation). The static diffusion barrier Eo be-
tween two C sites is 0.05 eV. Little direct comparison is
available for Eo from experiments on Ag/Pt(111). Exper-
imental data for similar systems [Eo=0.065 eV for
Ag/Ag(111), 0.040 eV for Au/Au(111) (Ref. 30)], how-
ever, suggest that the HAM value for Eo is realistic. Very
recent experimental estimates suggest a barrier ED =0.15
eV (Ref. 31). Even this larger value would be consistent
with fast diffusion of the adatoms at the temperatures of
the present study, and, therefore, would not invalidate
our conclusions.
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FIG. 1. Snapshots of the adatom configurations, 9=0.25,

T=1000 K. (a) Starting (random) distribution; (b) t =~&=5.6
psec after deposition; (c) t =0.8 nsec; (d) t =1.6 nsec; (e) t=2.4
nsec; (f) t =3.8 nsec. The shaded area belongs to the periodic
replicas of the central region.

The very small lateral corrugation of the potential-
energy surface implies a weak coupling of the adatom
with the surface via lateral atom displacements, and a
fast diffusion for adatoms on the ideal surface. The
diffusion coeScient for an Ag adatom at T=311 K, com-
puted in Ref. 26, is D=2.4X10 cm2/sec, and is com-
parable to that for a good liquid.

We exploit this observation to introduce a drastic
simplification: in the following we freeze the Pt surface in
a fixed (relaxed) configuration, and we follow the dynam-
ics of the Ag atoms only. This approximation is also
justified by the rigid behavior of the Pt substrate (that
reconstructs only at T-1300 K), and by the experimen-
tal observation that there is only very little AgPt inter-
mixing at (111)terraces. '

The many body character of the EAM potential im-
poses some caution in isolating the Hamiltonian H,d for
the adlayer. The electron density in which the Ag atoms
are embedded contains a contribution from the fixed Pt
configuration. Moreover, we retain in H,d the variation
of the embedding energy of Pt due to the (time depen-
dent) electron distribution of Ag. Both these effects pro-
vide a potential modulation with the periodicity of the
(111) surface, in addition to the "external" potential
representing the repulsive two-body AgPt interaction.

The frozen substrate approximation greatly reduces the
computer time, and significantly extends the reach of our
simulation. It has two obvious consequences on the sys-
tem dynamics: First, it slightly increases the static
diffusion barrier for adatoms (now Eo =0. 1 eV, i.e., inter-
mediate between the low and high experimental esti-
mates). Moreover, the decoupling of the adsorbate dy-
namics from the substrate hampers the in-plane equilibra-
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tion of the Ag atoms. The problem is particularly im-
portant for isolated adatoms or small aggregates, while it
is less severe for large aggregates and high coverage,
where the adatom-adatom interaction provides a
sufficient thermal bath.

To overcome this last problem, we resort to the
Langevin dynamics:

MA R,- = —yR, —V,.E, +F

where F~ is a white spectrum random force

( Fii, (t)Fa,(t') ) =2yEti T5(t t')—
and y is a small friction coefficient (y —3.4X 10
erg/cm ). By this choice we ensure the system equili-
bration, while, at the same time perturbing only slightly
the dynamics of the system. A first test has been done by
recomputing the diffusion coefficient, that, at T=600 K,
turns out to be D=1.3X10 cm /sec, i.e., of the same
order of magnitude of the value obtained for the micro-
canonic dynamics of the entire (substrate+adsorbate) sys-
tem.

The equations of motion are integrated by a standard
velocity Verlet algorithm, with a time step of
1.4X10 ' sec.

During the simulation, snapshots of the adatom
configuration are plotted at regular intervals of simula-
tion time to provide a direct representation of the system
evolution.

Besides this pictorial information, several other quanti-
ties are computed to monitor in a quantitative way the
approach of the system to equilibrium, and to character-
ize the resulting phases of the adsorbed layer. First of all,
we compute the one body density p(x, y) (integrated over
the perpendicular direction z), to characterize and quanti-
fy the degree of epitaxy in the Ag/Pt(111) growth. Then,
we analyze the progressive organization of the adatoms
into surface clusters. In what follows, clusters are
defined as a connected aggregates of adatoms, in which
each of the atoms has at least a neighbor within a cutoff
distance R, equal to 3.5 A.

The cluster distribution is characterized by the proba-
bility function P(N), giving the relative number of clus-
ters of size N over the total number of clusters in the sys-
tem (including single adatoms). We shall use also the de-
rived distribution p(N), giving the probability for an
atom to belong to a cluster of size N. Obviously,
p(N) ~NP(N)

To characterize the cluster shape, we compute the mo-
ments of inertia with respect to the principal axes (we
consider the x and y dimensions only), and we collect the
average of the ratio r between the smaller and the larger
of the two moments: r=I;„/I,„.A globular aggre-
gate will be characterized by r —1.0, while a highly aniso-
tropic cluster will present a reduced r. The time fluctua-
tion of r will provide information on the isomerization
rate of the clusters.

The atomic configuration within a cluster is monitored
via the pair distribution function g(r, , r, +r), defined, in
two dimensions, as

dN(r, +r~r, )

where dN(r, +r~r, ) is the average number of pairs in the
surface element dS centered in (r, +r) when one adatom
is present at r, . For simplicity, we replace p(ri+r) by an
average density p independent of position. Since g(r) is
mainly used to characterize the intracluster, short-range
correlation of the adatoms we chose p equal to the equi-
librium density p, (e, T) of the condensed phase, comput-
ed and discussed in Sec. IV. This choice implies that the
long-range limit of g(r) is e instead of l. Again for
simplicity, in the following we display the planar and an-
gular averageg(r) ofg(ri, ri+r).

Unless otherwise specified, all the time-dependent
quantities have been computed for several temperatures
and coverages as running averages over time slices of 0.2
nsec, short compared to the total simulation time, and
long enough to provide a description of the system not
too affected by random fluctuations.

The diffusion of the clusters has been computed for few
sizes only, because the time scale for diffusion rapidly in-
creases for sizes in excess of a few atoms.

The intr acluster dynamics is characterized by the
diffusion coefficient with respect to the cluster center of
mass (CM). The inhomogeneity and anisotropy of the
system suggest a separation of D into a tangential (D, )

and radial (D„)components with respect to the CM
direction. We shall also monitor the different diffusional
behavior for atoms close to the CM and at the boundary
of the clusters. Other quantities will be defined and
displayed in the following sections.

III. THE SHORT-TIME AGGREGATION PROCESS

At the beginning of each simulation we randomly dis-
tribute the Ag adatoms on the C adsorption sites of the
(111)Pt surface [see Fig. 1(a)], with the constraint that at
most one atom can land on a given site.

The number of adatoms corresponds to coverages
8=0.10, 0.25, 0.30. The strength of the Langevin white
noise [Eq. (7)] has been set to study the system at T=600,
800, 1000 K. Few runs at T=400 K have also been per-
formed.

A short time of the order of 10 ps, is sufficient to equili-
brate the system at the target temperature. During this
time, the system dynamics is influenced by the Langevin
friction and white noise, and, therefore, cannot be con-
sidered as a very reliable description of the physical dy-
namics. Within the equilibration stage the atoms do not
move much, the largest displacement being 15 A at
6=0.25, T=1000 K, corresponding to few nearest-
neighbor distances. This small displacement, however, is
already able to modify the atomic configuration in a visi-
ble way, and to establish the first elements of order [See
Fig. 1(b)]. We identify this first aggregation of atoms
with nucleation.

To define the nucleation time w& in a quantitative way,
we monitor the number JV of clusters whose size is larger
that a cutoff N, corresponding to the smallest stable nu-



49 NUCLEATION AND GROWTH OF METALLIC SUBMONOLAYERS. . . 16 641

cleus (we took N =3 for e=0.10, and N =4 for
8=0.25). Starting from deposition, JV rapidly grows
with time as nucleation takes place, and reaches a max-
imum. Then, very slowly, it decreases as the island's

growth reduces the total number of aggregates on the
surface. Our nucleation time ~z is defined as the time at
which JV reaches the maximum, and is reported in Table
I as a function of 8 and T.

With the beginning of nucleation within the time v&,
the adatom-adatom interaction sets in, and our MD be-
comes more reliable in describing the real time dynamics
of the system. Snapshots of the atomic configuration at
regular intervals of time, reported in Fig. 1, show a clear
tendency of the clusters to grow, and to form randomly
connected islands, exchanging atoms with a dilute vapor.

On the time scale of the simulation, the aggregation
process does not continue to produce a single, large, and
stable island. Instead, the cluster formation process
reaches a state of dynamical equilibrium, in which the
condensation is compensated by evaporation of adatoms
and small clusters, and also by the breaking of large ag-

gregates into two or more almost equivalent parts of ir-

regular shape. This is rejected in the time evolution of
P(N) (discussed below), that is rapid at the beginning of
the simulation and reduces to thermal fluctuations within

few nsec. The time ~, after which we do not detect fur-

ther systematic evolution of P(N) is reported in Table I
as a function of 8 and T.

As shown in Fig. 2, the adatoms, display a high
diffusion rate, that does not change in time, and, in par-
ticular, does not vanish at ~, . The simultaneous observa-

tion of a stationary distribution and of a fast diffusion of
the adatoms (implying an efficient exchange of atoms and

energy between the islands and the vapor) confirms that
islands are in local, dynamical equilibrium with the va-

por, that persist over times much longer than our simula-

tion. We therefore identify v, with the end of the short-

time aggregation process.
Of course, even our longest simulation cannot describe

the system evolution over mesoscopic (-psec) or macro-
scopic times, during which larger scale aggregation could
take place either by cluster-cluster collision (coalescence}
or indirect interaction via the vapor (Ostwald ripening). "
Over this longer time scales, however, other phenomena
will take place, involving defects, steps, etc. , not fully tak-
en into account in our study. This issue is further dis-

cussed in Sec. V.
A quantitative description of the nucleation and

growth process is contained in the time dependence of
the probability distribution P(N}, defined in Sec. II and

TABLE I. Temperature and coverage dependence of the nu-

cleation time rN and early stage growth time ~, .
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displayed in Fig. 3, again for 8=0.25 and T=1000 K.
The initial distribution [Fig. 3(a)] is approximately
Gaussian, reflecting the random deposition process.
After a very short time, P(N) extends its range to larger
sizes [Fig. 3(b) and 3(c)]. Within —1 nsec P (N) reaches a
stationary distribution [Fig. 3 (d)]: the majority of the
atoms belong to large aggregates with N~30 [see also
Fig. 4 displaying p(N}]; a small N population, however,
never disappears, and gives rise to a nearly Gaussian dis-
tribution close to the origin of P(N). A long and weak

tail at higher sizes [apparent as a peak in p (N), Fig. 4] is
also present in our data, and corresponds to the occasion-
al formation of metastable, large islands (N up to 100).

Of course, the large N portion of P (N) is influenced by
the finite simulation size and, therefore, should be inter-
preted with some caution. However, we argue that the
results described in this section provide a reliable descrip-
tion of the system behavior on the nsec scale, since dur-

ing this time the atomic average diffusion does not exceed
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FIG. 2. Time dependence of the diffusion coefficient D, of
single adatoms, 6=0.25, T= 1000 K. D, is estimated from the

adatom difFusion during 0.2 nsec. A typical error bar is indicat-
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FIG. 3. Cluster size distribution P(N) as a function of time,
e=0.25, T=1000 K. (a) Starting (random) distribution; (b)
t=~N=5. 6 psec after deposition; (c) t=0.4 nsec; (d) t=1.2
nsec; (e) t =2 nsec; (f) t =3 nsec.
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the simulation cell size, and periodic boundary conditions
do not influence the system evolution in a significant way.

The cluster condensation is rejected in the time evolu-
tion of the radial distribution function, reported in Fig. 5.
Starting from the pair distribution function of a random
deposition, the relaxation over the time ~z starts to build
the structure of g(r) [see Fig. 5(a)], that fully develops
after the —1 nsec corresponding to r, [Fig. 5(b)]. Beyond
that time no visible change occurs in g (r).

At each stage of our simulation, the Ag adatoms
remain strictly bound to the first overlayer plane, without
any tendency to form 3D structures. Moreover, despite
the large mismatch between Ag and Pt, despite the small
lateral barriers, and in agreement with experiment, the
density p(R) is in registry with the potential corrugation,
implying a large 2D compressibility of the adsorbed lay-
er.

The global picture of the clustering process, here de-
scribed for 8=0.25, T=1000 K, remains valid for the
other coverages analyzed (8=0.10, 0.30), with, however,

0
2 3 4 5 6 7

FIG. 5. Time dependence of the radial distribution function,
6=0.25, T=1000 K. (a) t=~&=5.6 psec; (b) t=0.7 nsec; (c)
t =3.8 nsec.

FIG. 4. Adatom probability p(N) to belong to a cluster of
size N, e=0.25, T= 1000 K, t = 3 nsec after deposition.

some specific features. First of all, nucleation and equili-
bration times monotonically decrease with increasing
coverage, as the adatom-adatom interaction becomes
stronger. Also expected and observed is a shift of the
range of P(N) toward larger sizes as 6 increases. Final-

ly, starting from 6=0.30, clusters percolating across the
entire simulation cell begin to appear, thus drastically
modifying the physical process of equilibration.

The 8=0.75 case is, of course, well beyond this line,
and will be discussed separately below.

More important and subtle are the changes induced by
a lower equilibrium temperature. An oversimplified
analysis would suggest an exponential increase of the
characteristic times for nucleation and growth with de-
creasing T. The actual picture is more complex, since the
different processes leading to thermodynamic equilibrium
have significantly different activation energies, that,
moreover, may depend on T in nontrivial ways.

The initial nucleation, for instance, requires mainly the
diffusion of single adatoms or dimers. This process is vir-

tually barrierless, and therefore unaffected by tempera-
ture changes, at least for T) 400 K. The processes con-
tributing to growth, instead, have sizable activation bar-
riers, and depend strongly on T. The evaporation of an
atom from a cluster, for instance, requires at least 0.3 eV
for clusters beyond N-10. The activation barrier for
cluster diffusion rapidly grows with size (ED =0.06 eV for
N=1, 0.09 eV for N=2, and 0.15 eV for N=3, from a
simulation of the unfrozen interface, Ref. 26).

As a result, for each T we observe the nucleation of
small clusters (up to about 10 atoms) within a time of the
order of the picosecond, and almost independent of T.
Only at the highest T we were able to unambiguously see
equilibration by MD. At T=800 K the system is able to
reach a stationary state within w, —1.2 nsec. At T=600
K v., is already roughly doubled, and some residual drift
in P(N) could be guessed beyond this time. At T =400
K, finally, the system is effectively frozen after the initial
nucleation, and the time ~, reported in Table I is only an
estimate. Of course, the cutoff temperature for the oc-
currence of the different stages depend on the observation
time. However, given the current estimates for the ac-
tivation barriers of the aggregation process, we expect
that the global picture emerging from our computation
remains valid for the experimental systems, with, possi-

bly, a quantitative difference in the cutoff temperature of
—100 K, and in the size of the observed clusters.

The progressive freezing of the system into a metasta-
ble configuration as T is decreased is reffected in the time
dependence of the diffusion coefficient D (averaged over
all the atoms in the adlayer). At all temperatures,
diffusion is sizable at the beginning of the simulation,
when adatoms travel over several interatomic distances
to give rise to nucleation. At the highest T this high
diffusion is only moderately reduced after —1 nsec, while
at low T the diffusion coefficient D drops by nearly two
orders of magnitude to a residual value corresponding to
intracluster diffusion only (see Fig. 6).

A similar information on the system dynamics could be
inferred from the radial distribution functions. Starting
at each temperature from the same random distribution,
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sity of single advacancies (i.e., the vapor in the vacancy
picture) has a higher density than the adatom density for
8=0.25. These two observations, of course, imply that
there is no strict and quantitative symmetry between the
two systems. Moreover, we observe that island's dimen-
sions are smaller for the vacancies than for the adatoms,
and also the shapes are rather different, since the bound-
ary of vacancy's islands is usually smoother and better
defined than those of adclusters.
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FIG. 6. Time dependence of the diffusion coefficient D,
e=0.25.

+0~0 ~ 00 00 00000000000 00 00 OOOJ
- ~ 0~0000000 0 00000 0000 00 ~ Q

%I 0~ ~ ~ ~ ~ ~ ~ ~ ~ 00000
~ 00000000000 000 0000 ~ 00 004»us ~ ~ ~ ~ ~ ~ 0 ~ ~ of
~ 000,000 ~,0 0',soovs 00 &

~0 ~ 00 ~ ~ ~ ~ ~ ~ ~ ~
~00'~ oso ~ ~ ~ 0000 eeq~00 ~ ~ 000000000 ~ oo 0~ ~

~ ~ ~ ~ ~ oos ~ ~~ 00 ~ 00 ~000~ 000~ 0e0 ~ 0000r~eoo ~ eos Oe ~ e Os ~ ~ r~0 0000 ~ 0000 ~ 000000
'g C ~ 000 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ 00 ~ 'so ~ ~ 00 Vo Vo~ ~ ~ 00 ~ ~ ~ ~ ~ ~ ~ ~ ~~,

0 00 OV00 ~ ~ ~ recess 4~00 00 ~ ~ 0000 000
~0 ~ ~ 0 00 0000 ~ 0000 ~ og

00 0000 00000 ~ 000 000'~ 000O'00 0~~ ~ 00 ~ 0 ~ ~ ~ ~ ~0 ~ ~

000 ~ ~ ~ ~ 00 ~ ~ ~
~000 ~ ~ 0 00 ~ ~ OP

~00 ~'Sss ~ ~ ~ 000 ~ 00 ~ '0 f
'00 ~ ~ 0 ~ 000000 00000 00000000 ~

~ 000 ~ ~ 00 0 0 ~ 00 000
4AOOO 000 00000 0000 ~ 00 000~ ~ 0000 ~ ~ ~ ~ ~ ~ ~

a

' 0+O 0$0000'0-~ '00 000 ~ ~ ~ ~ ~~00000000000000000 Oeeeees 00000000
'0 ~ ~ ~ ~ ~ oe ~ ~ 00 000 ~ ~ ~ 00e@V@00000004 000000000 00000@V@
«00000000000000000000 00000000 000-.~ ~ 00000 0000000000 ~ 000 ~ ~ ~
00000000 oooooo so ~ ~ 0000000
000000000 000000000 0 00 00000000000 ~
00000000 000000 ~ ~ 00 ~'So 0000000000
~ ~ 000 0000 ~'seoosoo 0000 000 0000

~000000000 ~ 000000000000 ~ 0000
~ ~ 000 ~ 000 ~'0000000 00 ~ ~ ~ 00
~oeooe os ~ so 0'0 eseoe 0ee ~ Oere so~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~0 ose OVseoo so ssooes
seo ooseve ese ~ oeo0 ~ ~ ~ ~ ~ ~

~0 ~ ~ ~ ~ ~ os000ooeo00000

~ 0 00 ~ ~ ~ ~ ~ ~ ~ 00 000 ~ 00$00000 0000 000000 Oeo 000000000 ~
~0 0000000V00000 oes eee 000

~00000000 eeeooeo 00 000 00~ ~ ~ 00 ~ ~ ~ ~ ~
0000 ~ ~ ~ 00 ~ ~ ~ yo~e~s 00 ~ ~
~ ~ ~ ~ ~ 00 ~ ee ~ ~ ~ 00

~00 00000 ~eeoc 00000 ~~ ~ ~ esse ~ ~ oeo sooe ~ ~ ~000000 00000000 sess 00000000000
000000 000000000 0000 0000000000
000000 00000~00Ve 0 0Voessos
~ge ~ ~ 00 0 000000 000000000 ~~ 00 0Aeo ~ ~ ~ ~ ~ ~ ~
-S.r 0 ~ 00 0 0 ~ ~ ~ ~ ~ ~ ~

!
~ ~ 000 ~ 000 ~ 00000 ~ 000 ~
~ ~ 0Vs ~ ~ ~ 00 ~ ~ ~ 000 ~
0 so 000000Oo00000000000000000000
00000000000000000 ooooeVoooe""~ 00oooo- 000000 00 ~ ~ 0000000

FIG. 7. Snapshots of atomic configurations, e=0.75,
T= 1000 K (left), and T=600 K (right), t )z, .

at low T the g (r) soon develops deep minima among the
peaks, almost vanishing between the first and second one.
The presence of these "forbidden" interatomic distances
clearly shows that atoms are almost unable to change
their relative distance after a short initial time.

The highest coverage we analyzed was 8=0.75. The
aim of this computation was to verify whether there is
any symmetry between the 8=0.25 coverage and this
system, having a 25%%uo population of vacancies. The first
requirement to observe this symmetry, of course, is that
vacancies are stable and well recognizable entities. This
is far from obvious in our system, where atomic positions
are not rigidly constrained by the surface corrugation or
adatom interaction, and whose behavior is very different
from that of a lattice-gas model.

At high T (T=1000 K), in fact, we observe that the
system is still in the two phases region, i.e., it is not
homogeneous, and "bubbles" of empty surface are ap-
parent. Voids, however, are not easily and not always
recognizable as vacancies, or vacancy clusters [see Fig.
7(a)]. At T=800 K the adatom configuration is more
regular, and the subdivision of the surface into the over-
layer and the vacancy islands is more clear. Finally, at
T=600 K this decomposition is apparent [Fig. 7(b)], and
it is, therefore, meaningful to investigate the symmetry
mentioned above. The first result concerns the dynamics
of the islands formation. While it is difBcult to distin-
guish the nucleation of vacancies for 8=0.75, it is ap-
parent from snapshots that the early stage aggregation
proceeds faster for this high coverage than in the corre-
sponding 8=0.25 case. It is also apparent that the den-

IV. THE EQUILIBRIUM PROPERTIES

The short time required by the system to reach a sta-
tionary configuration allows a detailed analysis of the
properties of the resulting phases for the adsorbed over-
layer. These are either equilibrium phases at high T
( T ~ 600 K), or metastable phases at lower T

The cluster aggregation we described in Sec. III is ob-
viously the consequence of the fact that an homogeneous
distribution of adatoms is unstable under the (8, T) con-
ditions of our study. Instead, our systems are in the two
phases coexistence region of the phase diagram and the
clusters are samples of the "condensed" phase in equilib-
rium with a dilute vapor. In the following, we consider
single adatoms and dimers as vapor, and all the clusters
with N )2 as condensate. Of course, this definition is ar-
bitrary, but the resulting analysis does not depend much
on the choice of this boundary.

The first property we want to discuss is the density of
the two phases as a function of 8 and T. Given the inho-
rnogeneous nature of the system, and the irregular cluster
boundaries, we lack a unique definition of cluster area or
density. We apply the following operational definition,
devised to measure the excluded surface associated with
each cluster: the entire surface is partitioned into trian-
gles, each having an adsorption site C or A at his center
(center of mass of the triangle g). Each atom i in a clus-
ter occupies entirely the triangle if R,. is within the trian-
gle. Moreover, it occupies —,

' of all the triangles whose
distance ~R, —

g~ are within a cutoff distance R. The cut
off distance % has been chosen equal to the excluded ra-
dius in the radial distribution function, corresponding to
-2 occupied triangles per atom. The cluster area is the
sum of all the surfaces occupied by its atoms. We verified
that this definition of the cluster surface reduces to the
intuitive one for regular atomic configuration. Even if we
do not assume any coverage or T dependence in %, the
cluster surface acquires a dependence by the fact that dis-
order causes atoms to occupy, from time to time, more
than two triangles.

In principle, the intracluster density defined above is
dependent not only on 8 and T, but also on N. The main
effect we expect is due to the surface-tension pressure,
more important for small clusters than for larger ones.
However, we are unable to measure this last dependence
outside the error bar of our computation, and therefore,
we report in Fig. 8 the average value for clusters of size
N &10.

The area occupied by the vapor is defined as the
difference between the total area and the area occupied
by all the clusters with N &2. The corresponding vapor
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density is also reported in Fig. 8. At low T most of this
density is due to single adatoms. At T=1000 K and
8=0.25, instead, the dimer contribution starts to be-
come substantial. The p(T) curve has the usual bell
shape of the liquid-vapor coexistence, and already from
the limited temperature range of our simulation is possi-
ble to appreciate the thermal expansion of the islands and
the increasing vapor tension with increasing T. The
liquid and vapor branches of the curve will join at a "crit-
ical temperature" T„that, however, we are unable to ex-

plore since it is well beyond the desorption temperature
for Ag/Pt(111). The figure clearly shows that the coex-
istence curve is asymmetric with respect to the critical
point, this being consistent with the asymmetry of ada-
toms and advacancies discussed in Sec. III.

The first characterization of the "equilibrium" island
population is in terms of the cluster size distribution, al-
ready introduced in Sec. III to describe the system evolu-
tion up to ~, . The results for the long-time averages
(average time of the order of few nsec, starting froin t
well beyond 7, ) are summarized in Fig. 9, displaying the
equilibrium P(N) as a function of e and T. Two trends
are apparent.

(i) As expected, P(N) shifts toward larger aggregates
with increasing e.

(ii) The effect of temperature is nonmonotonic: de-

creasing T in the range 1000—800 K favors larger clus-
ters. Below this temperature, the slowing of the cluster
growth beyond ~N prevails, and P(N) is again shifted to
smaller sizes.

An easy analysis of cluster energetics in terms of bond
numbers suggests an enhanced stability for a series of
compact two-dimensional structures N=7, 10, etc. ,

' ).
This special stability, in turn, should be reflected in peaks
of P(N). Examination of Fig. 9, however, shows that lit-
tle structure is recognizable in P (N). At high T, in fact,
P(N) is smooth and regular, without special features at
N=7 or 10. At lower T (T=800 K) more structure be-

gin to appear in P(N), and it is possible to single out
some sizes as specially stable: N=7 is apparent, N =10
can be guessed. However, down to the temperatures we
are able to simulate, even these sizes do not represent
dominant features in P (N). Moreover, the clusters corre-
sponding to the "magic sizes" often display a shape
different from that expected on the basis of bonds count-
ing arguments. The conclusion, of course, could be
different at even lower T, for which the energy considera-
tions become dominant, as opposed to the entropic con-
tributions apparently more relevant at the T of our study.

The importance of entropy and dynamics is highlight-
ed by the analysis of cluster shapes and local order.
Snapshots of atomic configurations immediately show
that down to the lowest T of our study the islands are far
from static, as shown in Fig. 10 displaying the shape
transformations undergone by a cluster at T=400 K,
8=0.25. A synthetic description of the island's shape is
provided by the ratio r between the smallest and the larg-
est of the 2D moments of inertia. At each T and e, r(N)
is well below 1 for every N, making apparent the prefer-
ence of the system for irregular shapes. In particular,
there is no peak in r at the "magic numbers. " Fluctua-
tions of r in time are large, underlying the fast shape
changes, and the frequent appearance of elongated struc-
tures leading to fragmentation.

Because of these fluctuations it is diScult to recognize
a clear trend of r(N) with T. A gross analysis suggests
that also r(N) is nonmonotonic with T. At low T (below
600 K) r is reduced by the long persistence of metastable
elongated structures. At higher T (around 800 K) these

o i II Illl nnl I I

) I )

0 =0.10
T= 600 K

0 =0.25
T= 600 K

t = 0.0
~ ~

~ y
~ ~OO0eo

0
t = 0.2

~ ~
y ~
~ ~

~ eeJ ~

10

0 HHrl(N

0 =0.10
T= 1000 K

I fL n Jl II l I fl n Il

0 = 0.25
T= 1000 K—

I

40 0
N

o Ih~m .. lll4lhllllilnnfln~n t i-

0 10 20 30 10 20 30 40

~ t = 0.4
~ ~

~ 0
~ ~

0 ~ ~
~ ~

~ ~
~ ~ t= 0.6

~ 0
~ ~

~ ~ ~
~

FIG. 9. Coverage and T dependence of P (N), t )~„.
FIG. 10. Snapshots of atomic configurations for a cluster,

8=0.25, T=400 K; the snapshots are separated by 0.2 nsec.



49 NUCLEATION AND GROWTH OF METALLIC SUBMONOLAYERS. . . 16 645

~ o~ ooo
~ o
~ o

~ os
~ os

~ooo
~ oooo
~ oo ~

400 K

600 K

structure readily rearrange into more compact clusters,
and r(N} slightly increases. Beyond this T thermal disor-
der prevails, and r decreases again.

The sequence in Fig. 10 highlights an important
feature of the cluster dynamics: at moderate T it is often
possible to recognize a compact and ordered core inside
the cluster (the regular heptamer in Fig. 10) that does not
change in time. The core is surrounded by less tightly
bound and far more mobile atoms producing the rapid
shape changes. This observation can be quantified by
computing the diffusion coefficient for atoms at the center
and at the boundary of large clusters, clearly showing the
enhanced mobility at the boundary. This computation
also shows that diffusion occurs mainly tangentially
(D, »D„},with limited exchange of atoms between the
core and the boundary. The intracluster diffusion pro-
duces a slow, amoebalike migration of the entire cluster.
For N=36 the diffusion coefficient of the cluster CM is

roughly two orders of magnitude smaller that for the sin-

gle adatoms.
In large clusters (beyond —15 atoms) the shape

changes are accompanied by the appearance of structural
defects (vacancies, dislocations, etc.) whose frequency
rapidly increases with T, and eventually destroys the lo-
cal atomic order. A detailed analysis of many atomic
configurations suggests the following classifications of the
"state" of the islands as a function of T: (i) at low T
(below -600 K) the local atomic order is always ap-
parent, despite the global shape changes. (ii} At inter-
mediate T (between 600 and 800 K) the clusters tend to
display an ordered core surrounded by a liquidlike
boundary. (iii) At higher T the islands are clearly liquid-
like. These different "states" are exemplified in Fig. 11.

The structural evolution with T is rejected in the radi-

al distribution function of the adatoms, whose e and T
dependence is displayed in Fig. 12. At all the e and T of
our simulation the most notable features of g (r) are the
high first peak, the deep minimum beyond it, and a dou-
ble humped second peak, including both the second and
third-nearest-neighbor shells. All of these features are
strongly influenced by the surface corrugation and by the
2D character of the system, enhancing the oscillations of
g(r). Despite this strong modulation, the g(r) at
T=1000 K is clearly liquidlike, with a first peak extend-
ing over more than 1.5 A. The minima in g(r} between
the peaks become deeper and wider at T=800 K, and al-

most vanish at T 600 K. At these moderate T the com-
puted g (r) clearly display the characteristic features due
to quenched disorder usually observed in amorphous sys-
tem, here induced by the presence of an external potential
not commensurate with the natural periodicity of the
adatoms.

To evaluate the importance of the surface corrugation,
and, in particular, of the strain induced by the Pt sub-
strate on the Ag overlayer, we performed a series of com-
putations with a simplified model in which both the 4pt~g
potential and the p

' g electron density were averaged
along the xy plane.

We started the new simulation from the well equilibrat-
ed output configurations at 8=0.25, T=400, 800, 1000
K, all displaying a population of dynamically stable is-

lands. As expected, the first effect of removing the sub-
strate corrugation is an expansion of the Ag-Ag intera-
tomic distance to match that of bulk Ag. Over longer
times, a systematic trend becomes apparent, as the frag-
mented islands collapse in a unique, compact aggregate
again surrounded by a vapor of adatoms. The process is
comparatively faster at lower temperature, as the driving
force (free energy excess) toward a single condensed
domain becomes stronger. Only at the highest simulated
temperature (T=1000 K) the thermal motion starts to
prevail, and fragments again the single aggregate in a
population of islands of various sizes.

Our study confirms that strain plays an important role
in determining the cluster size distribution. Special care,
however, is required in comparing our simulation with
the experimental results in Ref. 14, since the two studies
analyze the system properties over drastically different
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FIG. 11. Snapshots of atomic configurations exemplifying
the three phases observed in the simulation (see text), 6=0.25.

FIG. 12. Dependence on e and T of the radial distribution
function. The averages have been collected after the early stage
growth.
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time scales. In particular, over the macroscopic observa-
tion times of the experiment, the Ag-Pt mixing, excluded
in our model, may become the dominant feature in the in-
terface morphology. ' A detailed discussion, including
the comparison with the strain free Pt/Pt(111) interface,
is reported in Ref. 39.

V. STEPS QN THE Pt(111)SURFACE

The main qualitative feature of experimental systems
missing in the model described above is the interaction of
the adatoms with the surface defects and especially with
steps. Experiments clearly show that steps, always
present even on the most compact and stable surfaces, act
as sinks for the adsorbed species. Following deposition,
adatoms and clusters will migrate on terraces, until when
they reach a step. There adatoms increase their coordi-
nation, and, therefore, experience an attractive potential
that, at moderate T, confines their movement. Eventual-
ly, some of the adatoms will find a way to cross the step,
and to slowly migrate inside the upper terrace. '

To investigate the effect of steps on the nucleation and
growth of islands on the Ag/Pt(111) interface we created
two opposite steps on our surface by removing 29 rows of
Pt atoms of the uppermost plane. It is easy to verify that
two parallel steps along the principal directions of the
(111)surface cannot be equivalent, but differ in the rela-
tive position of the edge atoms and the second substrate
layer. Despite this small difference, we prefer the simpli-
city of this configuration over more complex geometries
involving only one kind of step. We relaxed the Pt sur-
face before the Ag deposition, and again we froze the sub-
strate (but not the upper Pt terrace).

The major aim of this computation is to analyze how
the influence of the steps propagates in time and distance
upon random deposition of Ag atoms, thus providing an
estimate of the validity range for our previous analysis of
adsorbates on terraces. The frozen substrate approxima-
tion prevents the investigation of the diffusion of adatoms
into the terraces. This, however, is a slow process com-
pared to the nucleation and growth, and does not
significantly affect these phenomena.

Our simulation has been performed at 8=0.25 and
T= 1000 K. The first indication of the effect of steps on
the adsorbate distribution is obtained from a plot of
PA (x), where x is the direction perpendicular to the
steps (see Fig. 13). The nucleation time r~ = -6 psec is
already sufficient to create a clear density peak in the first
row of the 1ower terrace adjacent to the steps. After
-0.4 nsec the first row is almost filled by adatoms, and a
peak starts to develop on the following row. This process
of filling and then propagation of the perturbation to the
next row (wetting) proceeds at a regular rate, with one
added row every -0.4 nsec. The process is limited by
adatom diffusion in the rectangular region (roughly three
row wide) adjacent to the growing step, that appears de-
pleted of adatoms.

In the presence of a constant flow of adatoms, the steps
mill move to close the lower terrace, until when a new
layer will start to grow. In the condition of the present
simulation at constant number of adatoms, the process
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FIG. 13. Adatom distribution probability P(x) along the
direction perpendicular to the steps, B=0.25, T= 1000 K.

terminates when all the Ag is adsorbed at the steps, with
only a residual distribution of adatoms rapidly diffusing
in between.

The upper terrace appears to be much less affected
than the lower one, apparently because the effective po-
tential is weaker and slightly repulsive on this side of the
step. Over times of the order of 3 nsec, in fact, the evolu-
tion of adatoms and clusters in the upper terrace is simi-
lar to that described in the previous sections. Only
beyond this time the effect of the steps manifest itself also
in the upper terrace configuration. At ~= -4 nsec the
step repulsive potential (together with the small size of
our system) confines the adatoms at the center of the
upper terrace in a unique large islands surrounded by the
vapor.

These observations set the limit for our description of
the previous sections for the experimental systems. Up to
—1 nsec (i.e., comparable to the early stage growth time)
the effect of the steps extends over few atomic rows in the
lower terrace only. For terrace widths of the order of
1000 A, therefore, our study of the ideal surface remains
valid for most of the system during times longer than the
early stage growth and extending we11 into the late stage
aggregation.

Over times exceeding -50 nsec the effect of the steps
extends over most of the surface, and a realistic model
has to take into account their presence to quantitatively
describe the system evolution.

The times reported and discussed in this section all
refer to the 8=0.25, T=1000 K case, and we expect



49 NUCLEATION AND GROWTH OF METALLIC SUBMONOLAYERS. . . 16 647

only a moderate dependence on e. For different temper-
atures, instead, these times must be rescaled, for instance,
by using the temperature dependence of ~, as a guideline.

VI. CONCLUSIONS

By MD in the EAM framework we have simulated the
nucleation and early stage growth of a Ag submonolayer
(8=0.10, 0.25, 0.30, and 0.75) on the Pt (111)surface for
temperatures ranging from 400 to 1000 K. We have
computed and discussed the time evolution of the cluster
size distribution and shape, of the diffusion coefficient,
and of the radial distribution function.

For the higher temperatures ( T)600 K) we have ana-
lyzed the properties of the Ag islands in local equilibrium
with the vapor of Ag adatoms.

Finally, we have studied the effect of steps on the sys-
tem evolution and equilibrium properties.

In this last section we would like to summarize few
considerations relevant to assess the validity of the
present study in describing the experimental systems.

First of all, let us remind you that the Ag and Pt are
both metals with filled or nearly filled d bands, and, as
such, are reliably described by the EAM. Moreover, ex-
perimental evidence shows that Ag in Ag/Pt(111) always
displays an electronic structure similar to that of bulk, '

suggesting that the validity of the EAM description ex-
tends to this inhomogeneous system.

Our MD computation covers very long times, reaching
—10 nsec at the lower coverages. We are, therefore, able
to fully describe nucleation, and, at least at T)600 K the
early stage growth. The size of the system (930 atoms
per surface plane) guarantees that over the time scale of
our simulation the results are unaffected by the periodic
boundary conditions.

Concerning the main limitations of our computation,
we mention that EAM has quantitative problems in
describing surface energies, and that the diffusion
coefficient predicted by the present model for a single
adatom on the (111) surface could be somewhat lower

than the experimental value. It is not obvious, however,
that this deficiencies will affect the relevant features of
our results. At coverages e ~0. 10 the adatom motion is
much more dependent on the adatom-adatom interaction
than on the interaction with the substrate. Moreover,
during all the simulation we explore a limited region of
the configuration space. In particular, our atoms rarely
experience changes in the coordination comparable to
those involved in the formation of a new surface. We
therefore expect that, over these restricted conditions,
EAM reliably describes forces and, therefore, the dynam-
ics of our system.

Our investigation has been performed at constant num-
ber of adatoms on the surface. It is, therefore, natural to
wonder what are the changes induced by a steady How of
adatoms, that is the condition of most experiments. We
observe that normal deposition rates require macroscopic
times to form one layer, and therefore, addition of even a
single adatom to the simulated surface would be very un-

likely during the time of our computation.
Finally, we underline that we have performed a limited

investigation of the effect of steps on the system evolu-
tion. This study confirms the relevance of our descrip-
tion for the nucleation and early stage growth of Ag on
high quality Pt(111) surfaces.

This specific feature, i.e., interaction of adatoms with
steps and other surface defects, is the major improvement
required for a fully quantitative description of the system
evolution over mesoscopic and macroscopic times. This
investigation requires methods different from MD, that,
however, will still be useful to provide key quantities
entering phenomenological equations, and to test the
short-time prediction of dynamical theories.
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