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We argue that a transient size calibration of self-assembled nanoparticles during strained epitaxy can be
caused by forces interior to the growing islands without substrate-propagated interparticle interactions or
intermixing with the substrate. The role of substrate in our mechanism is only to provide the intraparticle
elastic strain. Our arguments are based on kinetic Monte Carlo simulations of the (1 + 1)-dimensional model of
strained epitaxy of Ratsch and Zangwill (RZ) [Surf. Sci. 293, 123 (1993)]. It has been found that while the
energetics of the RZ model predicts indefinite ripening of the islands, in the simulations their linear dimensions
saturated at intermediate times near some finite coverage-dependent values. Simultaneously statistical distri-
butions of their widths and heights narrowed, thus providing improved size calibration. The size distributions
obtained are qualitatively similar to those observed experimentally in the growth of ultrasmall supported
metallic clusters. The applicability of the model to such systems is briefly discussed.
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I. INTRODUCTION

In some heteroepitaxial systems the deposited atoms self-
assemble into nanoparticles (or islands) with quite narrow
distribution of their sizes'~ in contrast to the broad distribu-
tions usually observed both at the early stages of growth® as
well as during the late stage ripening.”® The phenomenon of
size calibration (SC) attracted much attention recently be-
cause of its potentially rich technological applications in
such fields as microelectronics®!? and catalysis.!""!?> Despite
extensive research, however, the physics underlying this phe-
nomenon, is not yet fully understood.

Because the SC was first discovered in coherent het-
eroepitaxial systems with appreciable misfit between the sub-
strate and the overlayer,?™ it was suggested that the cause of
the phenomenon should be sought in the physics of relax-
ation of the misfit strain.'>!* This suggestion can be rigor-
ously proved for one- and two-dimensional (1D and 2D)
systems.'*!3 For example, in the 1D case the free ends of a
chain pseudomorphically deposited on a substrate with a
small lattice spacing can relax outwardly, thus providing a
mechanism for the strain relief (see Ref. 13 and references
therein). If the misfit is sufficiently large, the energy thus
gained may exceed the energy of single interatomic bond.'
In this case the long chains begin to separate into smaller
pieces until some optimal length corresponding to the mini-
mum energy per atom is reached,'* thus providing a mecha-
nism of SC.

In the case of growth in the direction normal to the sur-
face, however, no similarly simple mechanism of the SC is
known. Moreover, in the case of isolated islands simple scal-
ing arguments show that the bulk binding energy which is
proportional to the island’s volume dominates over the sur-
face relaxation energy, so the Ostwald ripening at the late
stage of growth is inevitable.'®!7 Therefore, in order to ex-
plain the experimentally observed SC the interactions be-
tween the islands caused by the long range elastic forces
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were invoked by some authors.'”!8 An alternative mecha-
nism is based on the material transport between the wetting
layer and the island.!® That is, in both cases the explanation
of the SC was sought in some agents which are external to
the growing island.

The aim of the present paper is to show that SC can be
achieved exclusively via the forces which are confined to the
interiors of the island similar to the 1D- and 2D cases men-
tioned above. To this end in Sec. III we perform a kinetic
Monte Carlo (KMC) simulation of the growth kinetics of
self-assembled nanoparticles in the (1+ 1)D model of Ratsch
and Zangwill'® (RZ) which is briefly explained in Sec. IL
The RZ model was chosen because it is based on the notion
of the passive rigid substrate, i.e., no elastic force is trans-
mitted from one island to another and, besides, the substrate
atoms are immobile and their only role is to provide the
binding and the misfit strain with the growing overlayer. The
island size distributions obtained in our simulations are
qualitatively similar to those observed experimentally in
some experiments on heteroepitaxial growth.">1%20 In par-
ticular, in the growth of supported metallic clusters.!> The
applicability of the RZ model to such systems will be briefly
discussed in Sec. IV.

II. THE RATSCH-ZANGWILL MODEL

Let us consider a rigid 1D “surface” consisting of regu-
larly spaced deposition sites on which the atoms are depos-
ited in such a way that the solid-on-solid (SOS) condition is
satisfied, i.e., each deposited atom should sit either on the
surface or on another atom. In this rectangular geometry an
arbitrary atomic configuration can be decomposed into rect-
angular blocks of size wXh, where w is the width of the
block measured in the number of atoms and 4 is its height.
(We note that our definition of width w differs by 1 from that
of Ref. 13.) Because of the lattice size misfit between the
substrate and the growing overlayer,'? the deposited atoms
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try to relax the elastic strain caused by this misfit. The
mechanism of relaxation is the same irrespective of whether
the block is deposited on the substrate or on the top of a
cluster. The only difference is in the misfit which weakens
for higher layers in proportion to the relative elongation of
the underlying layers due to their relaxation. The misfit can
be defined blockwise, i.e., if the misfit with the underlayer is
fflo), then the deposit on the top of the block under consider-
ation will experience the misfit

fu=eXP[—Ah/(W—1) 0 (1)

u

where A=37/2 is the relaxation length.'* Thus, the misfit is
exponentially small at the tops of tall islands and for each
configuration can be calculated with the use of the above
formula provided the misfit with the substrate uoz)subslmte is
known.

The energy of the configuration can also be defined block-
wise with the energy of the block being equal to

E\xn = Evona + Eelasiic

—1)? 2Ah
= Vah(2w = 1) +Afi%{1 - e”’(‘ E)]
()

where A is an elastic constant, f,, is the misfit with the un-
derlayer on which the block resides, and Vyy is an attractive
interaction between nearest neighbor atoms. In this formula
the Stranski-Krastanov growth mode is assumed with the
wetting layer playing the role of the substrate,”! so the
atomic binding to the substrate and to the top of a cluster is
assumed to be of the same magnitude.

The inevitability of the ultimate Ostwald ripening in this
model can be easily shown at low temperature where the
energy term in the free energy dominates. Thus if the misfit
exceed the critical value'>?! so that the atoms on the sub-
strate self-assemble into size-calibrated islands of width w
and height A, then this state is unstable with respect to the
stacking of the islands into a pile of width wy (in reality the
optimum width of the pile will be different'3). This is easily
seen from the elastic term in Eq. (2) which is always positive
and is diminishing in value because of the diminution of f, in
Eq. (1). This reasoning, in fact, is quite general and can be
applied to any model based on the assumption of rigid sub-
strate. It is based on the simple notion that the atoms on the
top of a tall cluster deposited on a strained substrate are
weakly influenced by the latter, so their growth should pro-
ceed as in the unstrained case, i.e., indefinitely. So at long
times the growth should reduce to the conventional Ostwald
ripening with a broad distribution of cluster sizes character-
istic to it, as predicted by theory?? and confirmed
experimentally.”

Thus, it seems that the only possibility for the existence of
the SC phenomenon is a transient calibration during some
period between the initial stage of growth toward some op-
timum sizes (at this stage the size distribution is known to be
broad®) and the final stage of the Ostwald ripening also char-
acterized by broad size distributions. Such a possibility was
suggested in Refs. 7, 13, and 2.
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III. THE KMC SIMULATION

In the standard experiment on heteroepitaxial growth the
atoms are randomly deposited on the surface where they dif-
fuse and attach to growing islands. The kinetics of the
growth is defined by four major factors: by the rates of depo-
sition, diffusion, and atomic capture and detachment by and
from the islands.® These processes influence the island size
distribution in different ways. The random deposition gener-
ally broadens the distribution because the attachment rate is
weakly dependent on the island size.® On the other hand,
given a broad size distribution, it is obvious that in order for
a narrow distribution to arise the atoms should detach from
islands of nonoptimal size in order to diffuse and attach to
islands which are closer to the optimum size. Thus, the de-
tachment rate governs the speed of the SC, provided the
system admits such a regime. It is to be noted that in contrast
to the external flux which can be tuned to practically any
desirable value, the detachment rate depends on the inter-
atomic interactions and at a fixed temperature is beyond our
control and is very small at experimental temperatures of the
order of a few hundred kelvins because interatomic interac-
tions are of the order of 1 eV, i.e., ~10* K. Thus, the SC is
controlled by the slow processes of detachment and it may
be easily obscured by an inappropriately chosen deposition
flux. For example, the KMC simulation of a (2+1)D model
of strained epitaxy made in Ref. 21 did not show a SC in the
vertical direction. The magnitude of the deposition flux was
chosen by the authors to have a typical value used in real
experiments. But because the model used was rather crude, a
priori it is not clear that the flux value chosen was suffi-
ciently small to not suppress the SC phenomenon. Such a
possibility is well illustrated by the results of Ref. 23 where
in the case of the 2D growth a radical narrowing of the size
distribution was observed when the deposition flux was
switched off.

Thus, it seems logical to study the SC in its pure form,
i.e., in the absence of the deposition flux. In this case we can
establish a characteristic time(s) controlling this phenom-
enon and then decide on the value of the deposition flux at
which the SC can be observed during the conventional depo-
sition experiment. Therefore, to minimize the number of pa-
rameters in our study we performed all simulations starting
from the initial configuration obtained by the random depo-
sition of atoms on the surface subject only to SOS restriction.
We note that such a simulation not only can be of purely
theoretical interest but may also model a possible experimen-
tal setup. The latter can be realized, e.g., through the initial
deposition at low temperature where the atomic diffusion is
negligible with subsequent annealing at an elevated growth
temperature. The latter so-called postdeposition annealing
technique was used, e.g., in Ref. 24 to study the Ostwald
ripening of supported metallic clusters.

The assumptions of passive substrate and the absence of
elastic interisland interactions can be realized in the growth
of supported metallic clusters on insulating substrates.! Un-
fortunately, in the systems of this type that we are going to
discuss the misfit strain is difficult even to define because the
details of the coupling to the substrate are not known. It is
most probable that the notion of coherent attachment is
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meaningless here because the lattice parameters of corre-
sponding materials are hugely different.’:>3132 Therefore, we
accepted a more phenomenological approach. By noting that
the linear dimensions of the monolayer-high islands in Ref. 1
are about 7 atoms and having at our disposition the exact
solution at finite temperature for 1D chains'> we found that
the choice Afg=|Vyn|/3 provided the desired island sizes.

The choice of the parameter of the pair interatomic bond-
ing Vyn is not an easy matter because, as is known, the
interatomic interactions in metals strongly depend on the
atomic coordination (see, e.g., Ref. 25 and references to ear-
lier literature therein). We will continue the discussion of the
coordination dependence of Vyy in Sec. IV while for the
KMC simulations we will adopt the conclusions of Ref. 26
(where the supported Fe and Co clusters on an insulating
substrate were considered) by taking the pair bonding be-
tween Fe and Co atoms as well as their binding to the sub-
strate to be approximately equal to 1 eV.

The growth in Refs. 1 and 2 was performed at the room
temperature and at 550 K, respectively. Therefore, most of
our simulations were performed at the value of the parameter
B=|Vanl/kT equal to 30 which is similar to the values in the
above experiments.

With the above parameters we performed KMC simula-
tions by assuming activated dynamics with the hopping rate®

D = yyexp[- (E;— AE)/kT], (3)

where v, is the attempt frequency, E, the hopping barrier,
and AF the difference of energies of the configurations with
and without the hopping atom. AE was calculated with the
use of Egs. (1) and (2). The parameters v, and E,; were
considered to be configuration-independent constants and be-
cause their precise values are not known for the systems
under consideration, we chose the parameter

To= eXp(Ed/kT)/VO (4)

to be the KMC time unit. Its physical value for the supported
metallic clusters is estimated below.

Because of the low temperature chosen for the simulation,
an event-based algorithm?’ was used. Simulations were per-
formed on systems of length L=2'*~16 000 averaged over
60 seeds to gather sufficient statistics. The choice of the large
system size was dictated by the number of parallel CPUs
available to us. If this number can be increased or the num-
ber of seeds can be enlarged in some other way to provide
similar statistics then the system size can be taken to be
much smaller than above because no long range correlations
were noted in the simulation data. The coverages studied
were 6=0.25, 0.75, and 2. Time ¢ in the simulations was
measured in units of 7, which physically corresponds to the
hopping rate of an atom which is laterally unbound.

The physical time interval corresponding to our simula-
tion span of 10'#7, is not easy to define in view of the large
scatter in the available data on the values of the diffusion
barrier E; and of the attempt frequency v, in Eq. (3). Pre-
sumably, an absolute minimum at room temperature consti-
tutes approximately 6 min if we take both parameters from
Ref. 26 where the value of vy=11 THz corresponding to
bulk Fe was proposed for use also for Fe on the surface. The
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FIG. 1. Typical atomic configuration at the end of the simulation
(r=10" of inverse hopping rate units) at the coverage 6=2. Black
squares, the deposited atoms; gray squares, those of the substrate. A
small portion of the simulated system of about 16 000 sites was
chosen randomly with the only bias that the whole islands were
visible.

lowest energy barrier for Fe diffusion was estimated to be 0.1
eV. In reality both the surface v, and the barrier can be very
different, so the only definite conclusion about our simula-
tion span is that it is of macroscopic extent.

During the simulation at low temperature the clusters in a
relatively short time (r<<10'?7,) self-assembled into nearly
perfect rectangular islands similar to those shown in Fig. 1.
Therefore, the statistical information was gathered in the
form of the width-height pairs. The height was defined as the
average over the width of the island at half its height. The
data were collected with intervals At=10'27,. The =0 data
are not presented in Fig. 1 because the 4 and w parameters as
defined above are poorly suited to describe the initial ragged
configuration.

Our main result is presented in Fig. 2 where the time
dependence of average island height is presented together
with the dispersion of the height distribution. As is seen, for
each coverage studied the average height saturates at a value
close to an integer number of layers. For coverages 6=0.25
and 2 the widths of the height distributions also show satu-
rated behavior while in #=0.75 case it is diminishing at large
t. In our opinion, despite the similarity between the first and
the third cases, the behavior of the #=0.75 curve together
with the data on the width distributions and their dispersion
shown in Figs. 3 and 4 allow us to speculate that the three
cases correspond to qualitatively different stages of their
evolution. Namely, in the case #=0.25 the system already
reached its local equilibrium state because from r=t,,
~5.10'37, the height distribution is practically monodisperse
(h=1 for the majority of islands) and the width distribution is
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FIG. 2. Time dependences of average island height (upper
panel) and the dispersion of the height distribution (lower panel) for
B=Vnn/kT=30 and coverages 6=0.25 (dash-dotted line), 0.75
(dashed line), and 2 (solid line).
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FIG. 3. Average width (upper panel) and the dispersion of the
width distribution (lower panel) for the same coverages as in Fig. 1:
dash-dotted lines correspond to #=0.25, dashed lines to 6=0.75,
and solid lines to #=2. In the case of #=0.25 the line with shorter
dashes corresponds to the RZ model. The line with the longer
dashes correspond to the model with only NN interaction (i.e., no
elastic relaxation) with Vyn/kT=27.5 taken to be smaller than the
corresponding quantity in the RZ case (i.e., $=30) to imitate the
weakening of the NN interaction due to elastic forces. The inset in
the upper panel shows the 6=2 curve magnified 5.5 times along the
vertical axis to show the slow growth of the average length at large
times.
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FIG. 4. Width (a)—(c) and height (d)—(f) distributions of self-
assembled nanoislands for three coverages at t=10'* inverse hop-
ping rate units. The vertical label on the left refers to all vertical
axes. The solid lines in (b) and (c) are the Gaussian fit to the data
while in (a) the solid line is the exact solution of the 1D model of
Ref. 28. The data points at integer values of width were connected
by splines for better readability.

PHYSICAL REVIEW B 72, 035438 (2005)

well described by the equilibrium solution of Ref. 28. Be-
cause other parameters also do not show any considerable
variation for t>t,, we may conclude that the system
(quasi)equilibrates around this time.

In contrast, in the case #=0.75 from Figs. 2 and 3 we see
that the dispersions of the height and width distributions are
monotonically diminishing while the average width is not yet
fully saturated. From the value of the height dispersion and
from Fig. 4(e) we see that the system is tending toward
monodisperse distribution of heights as in the case 6=0.25
but in this case with #=2. Thus, one may expect that the
quasiequilibrium state will be reached at some later time
value larger than our maximum time #=10'*7, but not too
much larger because from the curves in the above figures it is
seen that the saturation time is close. This is confirmed by
the results shown in Fig. 5 where the simulation time span
was enlarged tenfold.

From the above we conclude that the similarity of the
behavior of the curves in Fig. 1 in the cases =2 and 0.25 is
coincidental and does not mean that they reached the same
evolution stage. On the contrary, we expect that the system in
the former case is yet quite far from its quasiequilibrium
state because the above tendency of going from lower to
higher coverage suggest that the highest coverage corre-
sponds to the highest equilibration time. In our opinion this
is confirmed by the continuing diminution of the width dis-
tribution dispersion seen in Fig. 3 in the case #=2. Another
argument is that the average height and width in the case of
two lower coverages monotonically depend on the coverage,
i.e., the higher coverage, the larger the quantities mentioned.
This tendency is confirmed experimentally (see, e.g., Ref. 2).
The highest coverage, however, violates this tendency in the
case of the average width which is the smallest of the three.
But from the inset in the upper panel of Fig. 3 we see that the
average width in the 6=2 case is growing, though very
slowly. Thus, we may assume that the =2 system has a
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FIG. 5. Time dependence of average linear sizes of self-
assembled islands (solid lines, left axes) and dispersions of their
distributions (dotted lines, right axes) for coverage #=0.75. The
inverse temperature parameter 3, as well as the system size and the
number of seeds, are the same as in previous figures.
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FIG. 6. Time evolution at coverage 6=2. (For further explana-
tions see the caption to Fig. 5.)

characteristic (quasi)equilibration time much larger then for
the lower coverages. Indeed, in this case we were unable to
reach the quasiequilibrium state even by extending our simu-
lation span 60 times (see Fig. 6). However, the unsaturated
growth of w and & seen in Fig. 6 is very slow, of the order of
10-15 %. At the same time, the dispersions of both distribu-
tions continuously diminish. Thus, by arresting the evolution
at a sufficiently late stage with a capping overlayer, as is
often done experimentally, one can obtain an ensemble of
quantum dots exhibiting good size calibration.

In Fig. 4 are shown the size distributions for all three
coverages studied taken at 1=10'*7,. We note a striking simi-
larity of these distributions to the experimental results pre-
sented in Fig. 1 of Ref. 1 and Fig. 3 of Ref. 20. Our height
distributions are more peaked around the integer values of /
then those of Ref. 1, but we attribute this to the absence of
experimental errors in our data and, more essentially, to the
idealized geometry used by us. For example, there is no way
to have 2#<<1 in our approach. But even more important is
the kinetic nature of the SC phenomenon studied. Because of
this various size distributions undergo qualitative changes
during their evolution. In particular, the height distributions
are much less peaked at the early stage of evolution when the
islands have not yet achieved their almost impeccable rect-
angular geometry seen in Fig. 1.

We did not checked the linear dependence of the island
number on the coverage (also observed by the authors of
Ref. 1) because the existence of such a dependence looks
quite obvious at least for coverages lower then 6=0.25. In-
deed, because the islands are mainly monolayer high at 6
=0.25, the system is effectively one dimensional in which
case the exact solution is known.?® This solution tells us that
the size-calibrated islands have coverage-independent aver-
age size. Thus, the linear dependence of their number on the
coverage is guaranteed at least for 6<0.25 but it is reason-
able to assume that the dominance of the monolayer-high
islands will continue for coverages appreciably larger than
that value.

Unfortunately, our data are insufficient to draw any defi-
nite conclusions about the functional dependence of 4 on 6.
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But they definitely show that there is no any unique optimum
island size as in the equilibrium case but that the transient
equilibration takes place around some value defined by the
quantity of the atoms available in the vicinity of a growing
island and the kinetics. Also it is worth pointing out that our
data are in qualitative agreement with Ref. 1 where the is-
lands have approximately the same width for all coverages
studied.

To conclude this section we note that the time depen-
dences of the average width in Fig. 3 exhibits the self-
limiting behavior observed experimentally in quantum dot
systems.'? Also, the islands in Fig. 1 quite often are sepa-
rated by only a single vacant site and yet do not coalesce.
This resistance to coalescence was observed experimentally
in the growth of supported metallic clusters in Ref. 1 which
means that the energetics of the RZ model may describe also
such systems. Some theoretical arguments in favor of this
suggestion (in addition to the qualitative agreement between
our KMC data and the experimental data of Ref. 1) will be
given in the next section.

IV. SUPPORTED CLUSTERS

The mechanism of the SC proposed in the present paper
was designed with the aim to explain the experiments on
self-assembly in systems with a passive substrate, i.e., those
without noticeable interisland elastic interaction and without
island-substrate intermixing. The intermixing can be avoided
either by working at sufficiently low temperatures®® or
choosing a substrate-deposit pair with low chemical
intermixing.! The interisland interaction can be avoided ei-
ther by considering the systems with large island separation
or with a sufficiently rigid substrate. The growth of the Co
and Fe supported clusters in Ref. 1 satisfied the above con-
ditions of the passive substrate.

In addition to the coherent structures, such as the ultras-
mall quantum dots in Ref. 20, we hope that our approach can
be also applicable to the self-assembly and SC of supported
metallic clusters.! In this case the coherence of the substrate
and the cluster is not guaranteed but our hope is based on the
observation that if the kinetics is defined by the dependence
of the island energy E;g,,4(n) on the number of atoms n, as
suggested in Ref. 14, then the specific mechanism respon-
sible for the essential features of this dependence is not im-
portant. Indeed, the only information about the elastic forces
the model contains is the parameter with the dimension of
energy Af> and the relaxation length A. But as formulated
mathematically in Egs. (1) and (2) these parameters may as
well describe different physics.

For example, the curvature of the binding energy per atom
E(n)/n for free Fe, clusters calculated in Ref. 30 behaves in
qualitatively the same way as the relaxation energy in the
Frenkel-Kontorova model on which the RZ model is based,'?
as can be seen from the calculations of Ref. 15, for example.
The Fe, energy in Ref. 30 which should be associated with
the relaxed NN interaction is about 4 eV, while the cohesive
energy per bond in the bulk iron is about 0.7 eV. Thus, the
most relaxed atomic configuration and the most compressed
in the terminology of RZ model differ very significantly
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which means that the effective “elastic” energy Af? is large.
Also the behavior of the energy during the growth in the
normal direction should qualitatively correspond to that of
the RZ model because the system saturates to its bulk prop-
erties, so the nonlinearity in the reduced energy E(n)/n curve
should diminish, as can be seen from Fig. 4 of Ref. 30, thus
imitating the weakening of misfit in our Eq. (1). Thus, the
energetics of the RZ model may be qualitatively similar to
the energetics of metallic clusters, with the metallic bonding
phenomena playing the role of the misfit strain. The only
problem is that for free clusters the curvature introduced by
the band structure effects is insufficient to provide the mini-
mum in the E(n)/n curve, or otherwise bulk metals would
not exist. Here we may invoke the local minima in the dis-
located islands®!*> which provide the local minima in the
reduced energy of the monolayer-high islands, which is suf-
ficient for our purposes. This is more plausible in the case of
ultrasmall nanoislands considered by us because in this case
the local minima in the E,g,,,(n)/n dependence are quite
deep and well separated. In our opinion, this is confirmed by
the qualitative similarity between our simulations and experi-
mental results of Ref. 1.

We note that the RZ model approach does not contradict
the notion of the magic numbers invoked in Ref. 1 to explain
their experimental data. In this approach such numbers ap-
pear if the growth along the sequence of optimal clusters'3
proceeds in a layer-by-layer fashion. It is easy to see that
when one layer is completed and another one begins to grow
with an isolated atom being deposited on the top of the filled
layer, one will obtained a large peak in the discrete second
derivative in the cluster energy similar to those seen in Fig. 3
of Ref. 1. Similarly to the above figure we can see the en-
hancement of statistics of islands with completed layers in
our Figs. 4(d)-4(f). Thus, while being devised for descrip-
tion of strained epitaxy, the RZ model may qualitatively de-
scribe energetics of supported metallic clusters as well, as the
comparison of our simulation results with experimental data
of Ref. 1 allows us to suggest.
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V. CONCLUSION

To sum up, in the framework of a simple model of
strained epitaxy with the use of the KMC technique we have
shown that in addition to the SC mechanisms proposed ear-
lier and based on the influence of external factors on the
growing island, such as the substrate-mediated elastic
forces'”!® or material exchange with the substrate,'¢ there is
the possibility of SC due to the internal interatomic interac-
tions within the growing islands. The role of the substrate is
only to provide an appropriate dependence of the cluster en-
ergy on the number of atoms. Because of this, the details of
the attachment of the islands to the substrate may be not
important for the SC and the theory proposed in the present
paper can be applied in the situations where these details are
not known, as is the case with the growth of supported me-
tallic clusters. The mechanism considered above confirms the
suggestion made by several authors>”!3 that the SC of self-
assembled atomic clusters observed in some heteroepitaxial
systems is a transient phenomenon which may be associated
with a metastable state’>’ having a finite lifetime. Thus we
may speculate that the only essential requirement for our
mechanism to be operative is the size and geometry depen-
dence of the island free energy which should possess one or
several local minima. The KMC simulations of the present
paper give indirect evidence for the existence of such
minima in the case of the RZ model. A rigorous confirmation
of this hypothesis would require the computation of some
nonequilibrium free energy of the system as proposed, e.g.,
in Ref. 33.
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