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Molecular-dynamics study of the structural rearrangements of Cu and Au clusters softly
deposited on a Cu„001… surface

F. J. Palacios, M. P. I n˜iguez, M. J. López, and J. A. Alonso
Departamento de Fı´sica Teo´rica, Universidad de Valladolid, 47011 Valladolid, Spain

~Received 1 February 1999!

The soft deposition of copper and gold clusters on the Cu~001! surface is studied by constant energy
molecular-dynamics simulations. The atomic interactions are mimicked by a many-body potential based on the
tight-binding model. The influence of cluster size, substrate temperature, and incident kinetic energy~in the
low-energy limit! is analyzed. Some of the simulations are extended up to a few hundred picoseconds and
within this simulation time the cluster flattens and partially spreads over the surface, and the degree of
spreading depends on the above variables. The influence of surface steps has also been studied and the
deposited atoms seem to have a strong affinity for step-edge sites.@S0163-1829~99!14227-9#
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I. INTRODUCTION

The fabrication of atomic nanostructures on surfa
opens up new possibilities for technological applicatio
These structures can be observed by STM~scanning tunnel-
ing microscopy!1–4 and the different mechanisms that contr
their production have associated different characteri
speeds which also depend on the experimental conditi
Clusters of nanometric dimensions and various morpholo
are produced by diffusion-controlled aggregation followi
atomic vapor deposition.1 On the other hand, atomic manipu
lation with the STM~Refs. 2 and 3! constitutes a well con-
trolled route for nanofabrication, and arrays of clusters h
been produced by moving the tip to the desired cluster p
tions. The strength of the interaction between a cluster an
surface can be measured with the atomic force microsco5

Another recent method for nanostructure fabrication is
direct controlled deposition of nanoclusters from the g
phase. In this case the nature of the constituent atoms o
cluster and surface is essential for characterizing the outc
of the deposition event.6,7 For different kinetic energies o
the impinging clusters the type of processes ranges f
soft-landing to fragmentation, implantation, and radiati
damage, as experiments4 and molecular-dynamics~MD!
simulations8–12 show. Apart from nanostructure fabricatio
cluster impact constitutes an efficient method to grow t
films13 in which case the time for nucleation aggregation
the usual atomic deposition is substituted by the time of
rival of the clusters preformed in the gas phase.

In this work we study the deposition of small copper a
gold clusters on a Cu~001! surface by constant energ
molecular-dynamics simulations. Semiempirical potenti
are used to describe the interatomic interactions. The clus
considered have 13 and 55 atoms, and their initial kine
energies are varied between zero and a few electronvolts
atom. Flat substrates at temperatures of 0, 300, and 80
have been considered as well as substrates with steps on
two monolayers high. The questions of interest for us are
time spent by the cluster in rearranging from its initial fr
equilibrium shape to reach its final structure on the sustr
and the dependence of this final structure with the sust
PRB 600163-1829/99/60~4!/2908~8!/$15.00
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temperature and the initial cluster velocity. The substr
temperatureT5800 K is high compared to usual temper
tures in deposition experiments. Nevertheless, this temp
ture will serve us to study the cluster rearrangements i
high-temperature limit in which the vibrational motion of th
surface atoms is important. The details of the calculation
described in Sec. II and the results are presented and
cussed in Sec. III.

II. COMPUTATIONAL METHOD

The Cu~001! surface is modeled as a molecular-dynam
~MD! cell composed of ten atomic layers, each of them c
taining 128 atoms. Periodic boundary conditions are use
the directions parallel to the surface, while, for the perp
dicular direction, three bottom layers of fixed atoms cons
tute the cell boundary. The atoms are allowed to inter
through a many-body potential derived from tigth-bindin
~TB! ideas.14,15 When there is only one type of atom in th
system, the potential takes the form

V5
1

2 (
i 51

N F (
j 51

N

Ae2p(r i j /r 021)2S (
j 51

N

j2e22q(r i j /r 021)D 1/2G ,

~1!

where the first term is the repulsive pair-potential term a
the second is the attractive band-energy contribution.N is the
number of atoms,r i j is the distance between atomsi and j,
andr 0 is a reference value~usually the equilibrium distance
in the bulk metal!. The band-energy term is proportional
the square root of the second moment of the local densit
states, which is a measure of the width of the electro
band. The parametersj, A, q, and p are usually fitted to
reproduce the bulk elastic constants, the cohesive ene
and the lattice parameter of the given metal. The general
tion to two types of atoms is simple.16 We use the values o
the parameters given in Ref. 17 for the Cu-Cu, Cu-Au, a
Au-Au atomic pairs, which were fitted to the bulk properti
of the two metals and of the ordered AuCu3 alloy. A cutoff
radius is used for the potential, which accounts for inter
tions up to fifth nearest neighbors. To fix the dimensions
the MD cell, or in other words, the lattice parameter of t
2908 ©1999 The American Physical Society
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PRB 60 2909MOLECULAR-DYNAMICS STUDY OF THE STRUCTURAL . . .
sustrate for each one of the temperatures, we use the ex
mental thermal expansion coefficient~this value is close to
the theoretical one for the interatomic potential used in t
work17!. The copper substrate is first equilibrated at the th
temperatures of interest, namely 0, 300, and 800 K, whe
the free clusters are assumed initially in internal equilibriu
at 0 K. The experimental melting point of bulk Cu is 1358
so we are still far from it. Furthermore, Loiselet al. have
used the TB potential in simulations of some surface pr
erties of copper. From the atomic mean-square displa
ments as a function of temperature and using Lindeman
law, one obtains from their results a melting temperature
about 1250 K.18 The initial geometries of the Cu and A
clusters correspond to the most stable isomer for a free c
ter whose atoms interact with the potential of Eq.~1!.16

These correspond to Mackay icosahedra made up of one
two concentric shells, for 13 and 55 atoms, respectivel19

Those structures are rather common for free clusters of
ferent elements.20 After independent equilibration of the tw
separated subsystems, the cluster is placed close to
Cu~001! surface, at a distance such that the minimum se
ration between the atoms of cluster and substrate is abou
Å ~notice that the nearest-neighbor distance in bulk Cu
2.56 Å!. The orientation of the cluster with respect to the C
surface is such that an axis through two opposite vertice
the icosahedron is perpendicular to the surface and pa
through a four-coordinated interstice of the Cu~001! surface.
Simulations are performed with zero initial velocity of th
cluster and also with a finite velocity in the direction perpe
dicular to the surface. Starting with those initial condition
the Newton equations of motion are integrated up to a m
mum of several hundred of ps by using a time step of 2

We have used different types of indicators to characte
the rearrangement of the cluster on the Cu surface. The
one concerns the time evolution of the temperatures of c
ter and substrate, defined from the separate kinetic ene
of these two subsystems relative to their respective cente
mass and averaged over 200 time steps~this corresponds to
about five periods of vibration, obtained from the bulk D
bye frequency!. We notice that, once the cluster atoms a
tagged at the begining of the simulation, these are consid
to be cluster atoms during the evolution, even if the clus
dismembers. The artificial distinction between cluster a
substrate temperatures is intended only as a useful tool
helps to understand the evolution of the deposited clus
The second indicator refers to partial potential energies,
counting for the interaction between atoms within selec
parts of the system. However, due to the many-body cha
ter of the potential, the partitioning of the total energy of t
system~cluster plus substrate! into a cluster energy, a sub
strate energy, and a cluster-substrate interaction energy i
uniquely defined. We choose, then, to call partial clus
~substrate! energies to the potential energies of the isola
cluster~substrate! subsystem calculated for the configurati
that the cluster~substrate! adopts in the interacting total sys
tem, that is,

Vclus5
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2 (
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Nclus F (
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Vsub5
1

2 (
i 51

Nsub F (
j 51

Nsub

Ae2p(r i j /r 021)

2S (
j 51

Nsub

j2e22q(r i j /r 021)D 1/2G . ~3!

The difference between the potential energyV of the total
system and the energies of the two~cluster and substrate!
subsystems~as defined above! is called the interaction en
ergy:

Vinter5V2Vclus2Vsub, ~4!

where V is the total potential energy.Vinter is analyzed to
show explicitly the development of the bonding between
two subsystems. The atomic rearrangements in the clu
from its initial configuration up to the stage when a rather fl
configuration on the substrate has been achieved, are
followed through by using a structural parameter defined

l5
1

2Nclus
(
i 51

Nclus FcosS 4pxi

a0
D1cosS 4pyi

a0
D G , ~5!

wherea0 is the bulk lattice parameter of the substrate a
(xi ,yi) are the coordinates of atomi in the plane parallel to
the surface. Then, for a fcc arrangement in that plane
with the same lattice parameter of the bulk, the value ofl is
1, and smaller than 1 otherwise, sol gives information on
the degree of epitaxy achieved. The same parameter
used by Verlet21 in establishing a criterion for bulk melting
the value ofl being 1 for a solid and oscillating around 0 fo
a liquid. A reference structural parameter for the substr
will be considered by extending the sum in Eq.~5! over the
substrate atoms in the MD cell. The values ofl given in the
section of results below are averages over 200 time step

III. RESULTS

A. Deposition of Cu13

The Cu13 cluster is initially released with zero kinetic en
ergy in the proximity of the surface and the cluster-substr
interaction is then switched on. Immediately the cluster sta
to approach the substrate driven by the attractive poten
which leads to an increase of the cluster-substrate bind
energy. Since we perform constant energy MD simulatio
in a finite cell with periodic boundary conditions, this ener
is invested in raising the cluster and substrate temperatu
Figure 1 shows the evolution of those temperatures a
function of time, for three initial substrate temperatures of
300, and 800 K. The variation in temperature is more noti
able in the cluster than in the substrate. During the first f
picoseconds the cluster is strongly heated up and it co
down rapidly afterwards, reaching a temperature close to
of the substrate in a few~5–10! picoseconds. We name thi
time interval the transient time. However, the fluctuations
the internal temperature of the cluster are large and, ex
for T50 K, these do not show a trend to decay in the first
ps of the simulation. This behavior is due to its finite numb
of atoms. In Fig. 2 we show the evolution of the partial a
interaction potential energies during the first 40 ps of
simulations. The significant changes occur forVclus and
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2910 PRB 60PALACIOS, IÑIGUEZ, LÓPEZ, AND ALONSO
Vinter. The first one becomes less negative because the in
configuration is the minimum energy structure of the isola
cluster. When the cluster approches the substrate, the
metrical configuration changes, and consequently its po
tial energy, calculated in Eq.~2! as if it were an isolated
cluster, increases. The fact that the values ofVclus are always
less negative thanVsub reflects the smaller average atom
coordination in the cluster. On the other hand it is easy

FIG. 1. Cluster and substrate temperatures as a function of
for deposition of Cu13. Substrate initially atT50 K ~a!, at T
5300 K ~b!, and atT5800 K ~c!.
ial
d
o-

n-

o

understand the behavior ofVinter as the result of the progres
sive formation of more bonds between the cluster atoms
the substrate as time progresses. The main changes inVclus
andVinter occur during the transient time in which cluster a
substrate temperatures are far from equilibrium~see Fig. 1!,
andVclus andVinter vary slowly afterwards. This means tha
the main rearrangements of the cluster atoms occur very

e
FIG. 2. Time evolution of the partial and interaction potent

energies for deposition of Cu13. Substrate initially atT50 K ~a!, at
T5300 K ~b!, and atT5800 K ~c!.
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PRB 60 2911MOLECULAR-DYNAMICS STUDY OF THE STRUCTURAL . . .
and in fact after the transient time, atomic layering paralle
the surface~more than one layer, in general! is distinguished
in the cluster structure for the three substrate temperat
considered. The cluster atoms have reached a strong de
of epitaxial arrangement on top of the surface in the cas
initial substrate temperatureT50 K. This is shown in Fig.
3~a!, where one sees that the structural parameterl reaches
values higher than 0.9. This is not exactly 1 because of t
mal effects, which also affectl~substrate! although to a
smaller extent. The initial value ofl~cluster! is negative.
This is an effect due to the small number of atoms. For t
reason,l~cluster! is sensitive to the choice of the origin o
the coordinate system, in the regime far from epitaxial .
our case, the origin of the coordinate system is in one co
of the MD cell. But as soon as the cluster spreads over
substrate and reaches the epitaxial regime,l~cluster! takes
the expected value close to 1. A very fast epitaxial rearran
ment was also obtained for Na8 on Na~110! from ab initio
calculations.7 The thermal atomic vibrations around the
equilibrium positions are reflected in progressively sma
values ofl~substrate! for increasing substrate temperature
as shown in Figs. 3~b! and 3~c!. Those temperatures have
stronger effect onl~cluster! because the cluster atoms, ap
from vibrating, also diffuse. The increase of the number
bonds with the substrate during cluster spreading is
denced by jumps inVinter andVclus at certain times@see Fig.
2~b!, especially#. For an initial substrate temperatureT50 K,
only a steep initial change occurs during the transient
gime, and the cluster remains effectively frozen afterwar
thermal atomic diffusion being suppressed. However, fo
warm or hot substrate, thermal diffusion occurs after
transient. The structural cluster changes begin with the
tening of its bottom half, whose atoms are the nearest to
substrate, to form an adlayer. Cluster atoms from the up
half can then diffuse to the adlayer boundary and step do
to increase the adlayer size, or, alternatively, the adlayer
spread and embed the upper atoms. These processes oc
a speed that depends on the substrate temperature an
activation energy for the given process. Consequently,
complete flattening of the cluster to form a two-dimensio
island is faster the higher the substrate temperature. A
illustration, we give in Fig. 4 snapshots for the cluster str
tures after 10 ps for the three substrate temperatures. O
three of the ten substrate layers used are shown in the s
shots along the paper. At 800 K the cluster has evolved
form a two-dimensional island already at 10 ps. The islan
not static and its shape changes in time. This also contrib
to the reduced values ofl~cluster! in Fig. 3~c!. Nevertheless,
within our simulation time~40 ps! the island does not los
atoms. At 300 K, the cluster still forms two layers after
ps, but atoms of the top layer diffuse afterwards, falling
form part of the first layer, and this becomes reflected in
changes of the interaction energy of Fig. 2~b! at about 20 and
32 ps. ForT50 K, we have the limiting case in which th
cluster flattening is the lowest. Consistently with those fa
the changes inVinter andVclus occur during the first few pi-
coseconds for substrate temperaturesT50 K andT5800 K,
in the first case because diffusion is supressed afterwa
and in the second because the flattening is already comp
In contrast, forT5300 K, important changes ofVclus and
Vinter occur at times around 20 and 32 ps and changes w
o
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presumably occur again at later times beyond our simula
times. Thus, the evolution of the cluster after deposition
zero initial velocity depends very much upon the substr
temperature.

Xie22 has performed MD simulations for a Cu~100! sur-
face using the embedded-atom method of Daw, Foiles,
Baskes.23,24 At T5800 K, a solid-liquid coexistence occurs

FIG. 3. The time evolution of the lambda function, for Cu13

~continuous line! and substrate~dotted line!. Substrate initially at
T50 K ~a!, at T5300 K ~b!, and atT5800 K ~c!.
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2912 PRB 60PALACIOS, IÑIGUEZ, LÓPEZ, AND ALONSO
the surface layer and the one behind are premolten while
others remain solid. In our case the surface is still solid
this temperature, and the reason is the different many-b
potentials used. In fact, the calculated values of the struct
parameterl restricted to the two top layers show the so
character of the surface. The lowest value ofl corresponds
to the outermost layer and it is around 0.7 atT5800 K. This
is also seen in previous calculations for small clusters
noble metals (Cu13, Ag13, Au13),

16,25,26 which show that
cluster melting temperatures are larger for the tight-bind
potential of Eq.~1!, compared to the embedded atom. On
other hand, the effective-medium theory does not predict
surface melting for Cu~001! at 800 K in agreement with the
present work.27

We next consider the cluster deposited with initial cent
of-mass velocities up to 20 Å /ps~energy of 1.32 eV/atom!
normal to the surface. The main difference with respec
the previous results consists in an enhanced and more r
heating of the cluster during the transient time. Con
quently, the cluster is more flat after the transient time co
pared to the case of zero initial velocity. To illustrate th
effect we compare the cluster structures for depositions w
initial velocities of zero and 20 Å /ps and substrate tempe
tureT50 K. After 10 ps the cluster with zero initial velocit
has achieved a structure of three layers~see Fig. 4! whereas
for an initial velocity of 20 Å /ps it reaches a structure
only two layers, with three atoms in the upper one. Thus,
structure that the cluster adopts after the transient, for
initial cluster velocity of 20 Å /ps, is similar to the one ob
tained by zero velocity deposition on a warmer substrate
300 K. Betz et al.11 have studied the local heating of th
substrate in the region of cluster impact. For an impact
ergy of 0.5 eV/at, they find local heatings equivalent to
increase inT close to 200 K, which is consistent with ou
finding. Rongwuet al.10 report results for the simulation o
the deposition of Cu13 on a Cu~001! surface with initial clus-
ter kinetic energies of 5 and 20 eV/atom, which correspo
to cluster velocities of 40 and 80 Å /ps, respectively, mu
larger than the velocities in our work. They find that t
surface first deforms and then reconstructs after the collis
and the time for the reconstruction is of the same orde

FIG. 4. Snapshots of the structure of Cu13 10 ps after deposition
at different substrate temperatures. The starting configuration is
shown. Dark and light atoms are cluster and substrate atoms
spectively.
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magnitude as the time we obtain for cluster-substrate t
perature equilibration. We have found that for initial veloc
ties between 20 and 25 Å /ps, the processes evolve f
simple cluster deformation without substantial substrate p
etration up to the case where the cluster penetrates into
substrate and it rebounds partially mixed with substrate
oms.

B. Deposition of Cu55

Figures 5, 6, and 7 show the relevant magnitudes for
deposition of Cu55 with zero initial kinetic energy: partia
temperatures, potential energies, andl. Comparing with the
case of Cu13, more atoms have to be reaccommodated on
surface. As a consequence, for a substrate temperature o
the time required to equilibrate the cluster and substrate t
peratures is larger~approximately double!. After 10 ps, a
structure of four layers is formed~see the snapshot in Fig. 8!
with a lower degree of epitaxy compared to Cu13, as is ob-
served by comparingl of Figs. 7~a! and 3~a!. The cluster
keeps the structure of four layers for the rest of the simu
tion ~see Fig. 8!. At the substrate temperatureT5800 K the
situation is completely different, as we observe in Figs. 8 a
9. In this case the structure changes in time with a prog
sive flattening of the cluster. The transition from four she

so
re-

FIG. 5. Cluster and substrate temperatures as a function of
for deposition of Cu55. Substrate initially atT50 K ~a! and atT
5800 K ~b!.
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PRB 60 2913MOLECULAR-DYNAMICS STUDY OF THE STRUCTURAL . . .
to three shells between 30 and 40 ps is displayed in Fig
The three top atoms in the structure at 30 ps roll down
wards the substrate and their respective positions at 80
100 ps are shown in the last two snapshots. Those t
atoms are represented by dark spheres. The evolution o
cluster structure causes the potential energies in Fig. 6~b! to
have a nonzero slope different from the corresponding cu
at 0 K in Fig. 6~a!. We have extended the simulation up
400 ps in order to follow the structural evolution of the clu
ter. A two-shell morphology is reached after 150 ps, with
cluster atoms in the top layer and 33 in the bottom layer, t
of them exchanged with substrate atoms. Still at the end
the simulation the cluster was formed by two layers, with
atoms in the top one. The bottom layer has 40 atoms, thre
them coming from exchanges with substrate atoms. An
teresting observation is that, atT5800 K, l~cluster! is a
little larger for Cu55 compared to Cu13, and the fluctuations
are smaller. A plausible reason is that the ratio of bor
atoms to island atoms is smaller, so the changes in the s
of the island have a lower effect onl~cluster!.

C. Deposition of Au clusters

For deposition of gold clusters on the same Cu surfa
the larger mass with respect to copper makes the ato

FIG. 6. Time evolution of the partial and interaction energies
deposition of Cu55. Substrate initially atT50 K ~a! and at T
5800 K ~b!.
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diffusion processes slower. On the other hand, one can
pect strong chemical interactions between the Cu and
atoms, considering that the binding energy of the Cu-
dimer is 1.3 times that for the Cu-Cu dimer for the inte
atomic potential used in this work. We compare the clus
morphologies after 40 ps for deposition of Cu55 and Au55

r
FIG. 7. The time evolution of the lambda function for Cu55

~continuous line! and substrate~dotted line!. Substrate initially at
T50 K ~a! and atT5800 K ~b!.

FIG. 8. Snapshots of the structure of Cu55 10 ps and 70 ps afte
deposition at substrate temperatures ofT50 K andT5800 K.
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2914 PRB 60PALACIOS, IÑIGUEZ, LÓPEZ, AND ALONSO
with zero initial velocity on a substrate at 800 K. This tem
perature has been chosen to facilitate possible mixing
tween substrate atoms and cluster atoms to form a sur
alloy. In the two cases, Cu55 and Au55, the island is formed
by three atomic layers, but it appears that the gold clu
spreads and flattens faster than the copper cluster. For A55,
a single atom sits on the top layer of the island, 17 are in
middle layer and 37 in the bottom one~one of them is a Cu
atom that comes from an exchange event!. For Cu55, there
are 6, 18, and 31 atoms in the top, middle, and bottom lay
respectively~two atoms of the bottom layer come from e
changes with the substrate!. We then conclude that ex
changes between Au and Cu atoms are few at that temp
ture, at least within the 40 ps of our simulation, and tha
higher cluster kinetic energy would be the only way to p
mote alloying~work is in progress to study this effect!. The
faster spreading is a direct consequence of the stronger i
action of Au55 with the copper substrate. In spite of the d
ferent lattice constants of bulk Cu and Au metals, the
island that forms on top of the Cu surface retains the sa
interatomic distances of the substrate.

D. Deposition of Cu13 at steps

We have studied the deposition of Cu13 on steps one and
two monolayers high of the same Cu~001! surface atT50 K.
The cluster was initially in a symmetrical position above t
step edge. Figure 10 shows the starting configurations
the configurations after 20 ps. The clusters immediately
the region of the step, and in our simulation atT50 K, the
clusters remain frozen afterwards. Figure 11 compares
interaction energiesVinter for the flat and the stepped case
There is a substantial enhancement of the binding to
substrate mediated by the steps, and this is due to the hi
atomic coordination available at the step edge. This allo
us to predict that steps will provide anchoring sites for cl

FIG. 9. Snapshots of the structure of Cu55 for different times
after deposition at a substrate temperatureT5800 K.
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ters diffusing over surfaces containing planar terraces se
rated by steps, in agreement with recent experime
findings.28

IV. CONCLUSIONS AND COMMENTS

In this paper we have studied the atomic rearrangem
that take place when Cu and Au clusters of negligible or v
small kinetic energy are deposited on a Cu~001! surface. For
this purpose we have performed constant energy class
molecular-dynamics simulations for the substrate at th
different initial temperatures,T50 K, 300 K, and 800 K. For
T50 K, the atomic rearrangements occur in the first fe
picoseconds of the simulation, and the cluster remains fro
afterwards in a metastable configuration. For Cu-clus
deposition, this metastable configuration is flat, althou
formed by more than one layer, and it shows a high degre
epitaxy on the substrate lattice. At medium and high s
strate temperatures, in addition to the initial short-time re
rangement there is a further flattening of the cluster due
thermal diffusion of atoms. AtT5800 K, the vibrational

FIG. 10. Cu13 deposited on stepped surfaces atT50 K. Upper:
snapshots att50 andt520 ps for one-layer step. Lower: snapsho
at t50 and t520 ps for two-layer step. Dark and light atoms a
cluster and substrate atoms, respectively.

FIG. 11. The developement of the binding of Cu13 cluster to the
substrate for the cases of flat and stepped surfaces~one-layer step
and two-layer step! at T50 K.
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motion of both substrate and deposited cluster is substan
In addition, the shape of the island changes in time. For
clusters deposited under similar conditions the results
rather similar. Exchanges between cluster and substrat
oms are very few for our simulation times, and higher clus
kinetic energies appear to be required for surface alloying
occur. Simulations of the deposition of Cu13 onto a stepped
surface indicate the affinity of the deposited atoms for
step edge.

Our study has interest because it is now possible to
serve in the laboratory atomistic surface processes dow
the level of only one atom.29 It should be noticed that the
characteristic observation times are many orders of ma
tude larger than MD simulation times. As a rece
example,30 we mention a field ion microscopy imaging of th
structure of a single cluster soft landed on a tip. The auth
report that a nanometer size Au cluster spends between
onds and minutes for spreading on the surface of a W tip.
Nevertheless, we are confident in predicting qualitat
trends: a flattening of the cluster occurs in a few picos
onds, and except at very low substrate temperatures, a s
two-dimensional island will form subsequently in the usu
ur
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observation times. This, however, should not be extrapola
to other metals without further calculations. For instan
deposition of Ag7 on Pd~001! leads to cluster fragmentatio
for an impact energy of 2.9 eV/at.4,31 On the other hand the
plasmon resonance of Ag clusters of about 300 atoms de
ited at energies of 1.3 eV/at on a quartz glass surface o
reveals deformation of the cluster but not fragmentation,32 in
agreement with our results. These examples indicate the
sitivity of the results to the chemical nature of cluster a
substrate. On the other hand, static total energy calculat
for many different cluster configurations find the more sta
atomic arrangement of an adsorbed cluster.33,34Both MD and
static calculations are important in order to aid in the int
pretation of experiments.
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