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Molecular-dynamics study of the structural rearrangements of Cu and Au clusters softly
deposited on a C{001) surface
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The soft deposition of copper and gold clusters on th€0Q1 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 @mehgy
low-energy limid 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 [S®&K53-182009)14227-9

[. INTRODUCTION temperature and the initial cluster velocity. The substrate
temperaturel =800 K is high compared to usual tempera-
The fabrication of atomic nanostructures on surfacegures in deposition experiments. Nevertheless, this tempera-
opens up new possibilities for technological applicationsture will serve us to study the cluster rearrangements in a
These structures can be observed by S(Eranning tunnel- high-temperature limit in which the vibrational motion of the
ing microscopy*~*and the different mechanisms that control surface atoms is important. The details of the calculation are
their production have associated different characteristiéléscribed in Sec. Il and the results are presented and dis-
speeds which also depend on the experimental condition§ussed in Sec. lll.
Clusters of nanometric dimensions and various morphologies
are produced by diffusion-controlled aggregation following Il. COMPUTATIONAL METHOD
atomic vapor depositiohOn the other hand, atomic manipu-  The cy001) surface is modeled as a molecular-dynamics
lation with the STM(Refs_. 2 _and Bconstitutes a well con- (MD) cell composed of ten atomic layers, each of them con-
trolled route for nanofabrication, and arrays of clusters haVQaining 128 atoms. Periodic boundary conditions are used in
been produced by moving the tip to the desired cluster posithe directions parallel to the surface, while, for the perpen-
tions. The strength of the interaction between a cluster and @icular direction, three bottom layers of fixed atoms consti-
surface can be measured with the atomic force microstopetute the cell boundary. The atoms are allowed to interact
Another recent method for nanostructure fabrication is thehrough a many-body potential derived from tigth-binding
direct controlled deposition of nanoclusters from the gagTB) ideas'*!® When there is only one type of atom in the
phase. In this case the nature of the constituent atoms of theystem, the potential takes the form
cluster and surface is essential for characterizing the outcome N TN N 2
of the deposition everit! For different kinetic energies of Ve 1 S Ae P S g2g-2atry /rol)) }
the impinging clusters the type of processes ranges from 2 {1 (=% =1 '
soft-landing to fragmentation, implantation, and radiation
damage, as experimefiteind molecular-dynamicgMD) (1)
simulation§~*2 show. Apart from nanostructure fabrication, where the first term is the repulsive pair-potential term and
cluster impact constitutes an efficient method to grow thinthe second is the attractive band-energy contribufibis.the
films'3 in which case the time for nucleation aggregation innumber of atomst;; is the distance between atorhandj,
the usual atomic deposition is substituted by the time of arandr is a reference valugusually the equilibrium distance
rival of the clusters preformed in the gas phase. in the bulk metal. The band-energy term is proportional to
In this work we study the deposition of small copper andthe square root of the second moment of the local density of
gold clusters on a Q001) surface by constant energy states, which is a measure of the width of the electronic
molecular-dynamics simulations. Semiempirical potentialdand. The parameterd A, g, and p are usually fitted to
are used to describe the interatomic interactions. The clustergproduce the bulk elastic constants, the cohesive energy,
considered have 13 and 55 atoms, and their initial kineti@nd the lattice parameter of the given metal. The generaliza-
energies are varied between zero and a few electronvolts p#ipon to two types of atoms is simpt& We use the values of
atom. Flat substrates at temperatures of 0, 300, and 800 #e parameters given in Ref. 17 for the Cu-Cu, Cu-Au, and
have been considered as well as substrates with steps one afd-Au atomic pairs, which were fitted to the bulk properties
two monolayers high. The questions of interest for us are thef the two metals and of the ordered AugCailoy. A cutoff
time spent by the cluster in rearranging from its initial freeradius is used for the potential, which accounts for interac-
equilibrium shape to reach its final structure on the sustratdjons up to fifth nearest neighbors. To fix the dimensions of
and the dependence of this final structure with the sustratdhe MD cell, or in other words, the lattice parameter of the
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sustrate for each one of the temperatures, we use the experi- 1 Nsub [ Nsub

mental thermal expansion coefficiefthis value is close to Vo= = E {E Ae P(rij/ro—1)

the theoretical one for the interatomic potential used in this 2= =

work!"). The copper substrate is first equilibrated at the three Neup 12
temperatures of interest, namely 0, 300, and 800 K, whereas _( > g2e- 200y /ro—l)) } 3)
the free clusters are assumed initially in internal equilibrium i1 '

at 0 K. The experimental melting point of bulk Cu is 1358 K, ) .

so we are still far from it. Furthermore, Loiset al. have ~ The difference between the potential eneigyf the total
used the TB potential in simulations of some surface propsystem and the energies of the téauster and substrate
erties of copper. From the atomic mean-square displacesubsystemsas defined aboveis called the interaction en-
ments as a function of temperature and using Lindemann’srgy:

law, one obtains from their results a melting temperature of

about 1250 K!8 The initial geometries of the Cu and Au Vinter=V — Veus™ Vsubs (4)

Nelus

clusters correspond to the most stable isomer for a free clus- . . .
ter whose atoms interact with the potential of E@).° where V is 'Fhe total potential energWinter |s_analyzed to
These correspond to Mackay icosahedra made up of one asfoW explicitly the development of the bonding between the
two concentric shells, for 13 and 55 atoms, respectivly. (WO subsystems. The atomic rearrangements in the cluster,
Those structures are rather common for free clusters of difffom its initial configuration up to the stage when a rather flat
ferent element&’ After independent equilibration of the two configuration on the substrate has been achieved, are also
separated subsystems, the cluster is placed close to tfe@llowed through by using a structural parameter defined as
Cu(001) surface, at a distance such that the minimum sepa-
ration between the atoms of cluster and substrate is about 3.8 1 47X, 4y,
A (notice that the nearest-neighbor distance in bulk Cu is A= PINge 21 €0 %, | TN o, || ®)
2.56 A). The orientation of the cluster with respect to the Cu
surface is such that an axis through two opposite vertices ofthereay is the bulk lattice parameter of the substrate and
the icosahedron is perpendicular to the surface and passés ,y;) are the coordinates of atoirin the plane parallel to
through a four-coordinated interstice of the(Q0l) surface. the surface. Then, for a fcc arrangement in that plane and
Simulations are performed with zero initial velocity of the with the same lattice parameter of the bulk, the valug i
cluster and also with a finite velocity in the direction perpen-1, and smaller than 1 otherwise, sogives information on
dicular to the surface. Starting with those initial conditions,the degree of epitaxy achieved. The same parameter was
the Newton equations of motion are integrated up to a maxiused by Verlét in establishing a criterion for bulk melting,
mum of several hundred of ps by using a time step of 2 fs.the value of\ being 1 for a solid and oscillating around 0 for
We have used different types of indicators to characterizea liquid. A reference structural parameter for the substrate
the rearrangement of the cluster on the Cu surface. The firstill be considered by extending the sum in Ef) over the
one concerns the time evolution of the temperatures of clussubstrate atoms in the MD cell. The values\ogiven in the
ter and substrate, defined from the separate kinetic energisgction of results below are averages over 200 time steps.
of these two subsystems relative to their respective centers of

mass qnd ave_raged over ZQO time s_,t(ztbis corresponds to . RESULTS
about five periods of vibration, obtained from the bulk De- N
bye frequency. We notice that, once the cluster atoms are A. Deposition of Cuy;

tagged at the begining of the simulation, these are considered The Cy, cluster is initially released with zero kinetic en-
to be cluster atoms during the evolution, even if the clustegrgy in the proximity of the surface and the cluster-substrate
dismembers. The artificial distinction between cluster andnteraction is then switched on. Immediately the cluster starts
substrate temperatures is intended only as a useful tool thg§ approach the substrate driven by the attractive potential,
helps to understand the evolution of the deposited clusteghich |eads to an increase of the cluster-substrate binding
The s_econd indic.ator ref_ers to partial potential.eljergies, @Gnergy. Since we perform constant energy MD simulations
counting for the interaction between atoms within selecteqy, g finite cell with periodic boundary conditions, this energy
parts of the system. However, due to the many-body charags invested in raising the cluster and substrate temperatures.
ter of the potential, the partitioning of the total energy of therigure 1 shows the evolution of those temperatures as a
system(cluster plus substrakento a cluster energy, a sub- fynction of time, for three initial substrate temperatures of 0,
strate energy, and a cluster-substrate interaction energy is ngo, and 800 K. The variation in temperature is more notice-
uniquely defined. We choose, then, to call partial clustefypie in the cluster than in the substrate. During the first few
(substratg energies to the potential energies of the i30|atedpicoseconds the cluster is strongly heated up and it cools
cluster(substratg subsystem calculated for the configuration gown rapidly afterwards, reaching a temperature close to that
that the clustefsubstratgadopts in the interacting total sys- of the substrate in a feyb—10 picoseconds. We name this

tem, that is, time interval the transient time. However, the fluctuations in
Nejus [ Netus the internal temperature of the cluster are large and, except
V== 2 { > Ae Plrijlro=1) for T=0 K, these do not show a trend to decay in the first 40
clus 2 . . L . .. . ..
i=1[j=1 ps of the simulation. This behavior is due to its finite number

E ?) interaction potential energies during the first 40 ps of the

Nejue 12 of atoms. In Fig. 2 we show the evolution of the partial and
_ 526—2q(rij Irg—1) , ! . el
i=1 simulations. The significant changes occur g, and
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FIG. 1. Cluster and substrate temperatures as a function of time
for deposition of Cy;. Substrate initially atT=0 K (a), at T
=300 K (b), and atT=800 K (c).

FIG. 2. Time evolution of the partial and interaction potential
energies for deposition of Gs. Substrate initially aT =0 K (a), at
T=2300 K (b), and atT=800 K (c).

Vinter- The first one becomes less negative because the initial

configuration is the minimum energy structure of the isolatedunderstand the behavior ®f,,, as the result of the progres-
cluster. When the cluster approches the substrate, the gesive formation of more bonds between the cluster atoms and
metrical configuration changes, and consequently its poterthe substrate as time progresses. The main changég,in

tial energy, calculated in Eq2) as if it were an isolated andV,,,, 0ccur during the transient time in which cluster and
cluster, increases. The fact that the value¥ gfs are always substrate temperatures are far from equilibri(gee Fig. ],

less negative thaWVg, reflects the smaller average atomic andV s and Ve, vary slowly afterwards. This means that
coordination in the cluster. On the other hand it is easy tdhe main rearrangements of the cluster atoms occur very fast,
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and in fact after the transient time, atomic layering parallel to 1.0
the surfacgmore than one layer, in generda distinguished

in the cluster structure for the three substrate temperatures
considered. The cluster atoms have reached a strong degre
of epitaxial arrangement on top of the surface in the case of
initial substrate temperature=0 K. This is shown in Fig.

3(a), where one sees that the structural parametezaches
values higher than 0.9. This is not exactly 1 because of ther-<
mal effects, which also affeck (substratg although to a
smaller extent. The initial value of(clustep is negative. 00}
This is an effect due to the small number of atoms. For this
reason\ (cluste) is sensitive to the choice of the origin of
the coordinate system, in the regime far from epitaxial . In
our case, the origin of the coordinate system is in one corner
of the MD cell. But as soon as the cluster spreads over the 053 100 20.0 30.0 20.0
substrate and reaches the epitaxial reginElustey takes (a) time (ps)
the expected value close to 1. A very fast epitaxial rearrange-
ment was also obtained for Nan Ng110 from ab initio
calculations. The thermal atomic vibrations around their
equilibrium positions are reflected in progressively smaller
values of\ (substratg for increasing substrate temperatures,
as shown in Figs. ®) and 3c). Those temperatures have a 0s |
stronger effect on (cluste) because the cluster atoms, apart
from vibrating, also diffuse. The increase of the number of
bonds with the substrate during cluster spreading is evi-~
denced by jumps iV, andV,s at certain timegsee Fig.

2(b), especially. For an initial substrate temperature-0 K, 0.0 [
only a steep initial change occurs during the transient re-
gime, and the cluster remains effectively frozen afterwards,
thermal atomic diffusion being suppressed. However, for a
warm or hot substrate, thermal diffusion occurs after the

05 |

1.0 —

-0.5

transient. The structural cluster changes begin with the flat- 0.0 100 200 30,0 20.0
tening of its bottom half, whose atoms are the nearest to the(b) time (ps)
substrate, to form an adlayer. Cluster atoms from the upper .

half can then diffuse to the adlayer boundary and step down
to increase the adlayer size, or, alternatively, the adlayer can i et e P et
spread and embed the upper atoms. These processes occur
a speed that depends on the substrate temperature and tr
activation energy for the given process. Consequently, the
complete flattening of the cluster to form a two-dimensional
island is faster the higher the substrate temperature. As ar
illustration, we give in Fig. 4 snapshots for the cluster struc- =
tures after 10 ps for the three substrate temperatures. Only
three of the ten substrate layers used are shown in the snap
shots along the paper. At 800 K the cluster has evolved to
form a two-dimensional island already at 10 ps. The island is
not static and its shape changes in time. This also contributes
to the reduced values af(cluste) in Fig. 3(c). Nevertheless, ‘ ‘ .
within our simulation time(40 p9g the island does not lose o0 10.0 20.0 30.0 40.0
atoms. At 300 K, the cluster still forms two layers after 10 (©) time (ps)

ps, but atoms of the top layer diffuse afterwards, falling to
form part of the first layer, and this becomes reflected in th
changes of the interaction energy of FigbPat about 20 and
32 ps. ForT=0 K, we have the limiting case in which the
cluster flattening is the lowest. Consistently with those factspresumably occur again at later times beyond our simulation
the changes iV, and Vs occur during the first few pi- times. Thus, the evolution of the cluster after deposition at
coseconds for substrate temperatufes) K andT=800 K,  zero initial velocity depends very much upon the substrate
in the first case because diffusion is supressed afterwardsmperature.

and in the second because the flattening is already complete. Xie??> has performed MD simulations for a Cl00) sur-

In contrast, forT=300 K, important changes dof.,s and face using the embedded-atom method of Daw, Foiles, and
Vinter OCCUr at times around 20 and 32 ps and changes woulBaskes>?* At T=800 K, a solid-liquid coexistence occurs:

FIG. 3. The time evolution of the lambda function, for Qu
%continuous ling and substratédotted ling. Substrate initially at
T=0 K (a), at T=300 K (b), and atT=800 K (c).
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FIG. 4. Snapshots of the structure of G0 ps after deposition 1600.0
at different substrate temperatures. The starting configuration is also
shown. Dark and light atoms are cluster and substrate atoms, re-
spectively.
1200.0

the surface layer and the one behind are premolten while the
others remain solid. In our case the surface is still solid at 3
this temperature, and the reason is the different many-bodyg_
potentials used. In fact, the calculated values of the structural§
parametemn restricted to the two top layers show the solid §,
character of the surface. The lowest valuenoforresponds

800.0

to the outermost layer and it is around 0.7Tat 800 K. This 4000 l
is also seen in previous calculations for small clusters of

noble metals (C, Agis, Au;g),’®?>?%which show that

cluster melting temperatures are larger for the tight-binding 0.0 L . L

potential of Eq(1), compared to the embedded atom. On the 00 20 ti,:f '(?,S) 750 1000

other hand, the effective-medium theory does not predict any
surface melting for C@021) at 800 K in agreement with the FIG. 5. Cluster and substrate temperatures as a function of time
present work’ for deposition of Cys. Substrate initially alf=0 K (a) and atT

We next consider the cluster deposited with initial center-=800 K (b).
of-mass velocities up to 20 A /genergy of 1.32 eV/atom
normal to the surface. The main difference with respect tanagnitude as the time we obtain for cluster-substrate tem-
the previous results consists in an enhanced and more rapjeerature equilibration. We have found that for initial veloci-
heating of the cluster during the transient time. Conseties between 20 and 25 A /ps, the processes evolve from
guently, the cluster is more flat after the transient time comsimple cluster deformation without substantial substrate pen-
pared to the case of zero initial velocity. To illustrate thisetration up to the case where the cluster penetrates into the
effect we compare the cluster structures for depositions witlsubstrate and it rebounds partially mixed with substrate at-
initial velocities of zero and 20 A /ps and substrate temperaems.
ture T=0 K. After 10 ps the cluster with zero initial velocity
has achieved a structure of three lay@wse Fig. 4 whereas
for an initial velocity of 20 A /ps it reaches a structure of
only two layers, with three atoms in the upper one. Thus, the Figures 5, 6, and 7 show the relevant magnitudes for the
structure that the cluster adopts after the transient, for adeposition of Cygs with zero initial kinetic energy: partial
initial cluster velocity of 20 A /ps, is similar to the one ob- temperatures, potential energies, andComparing with the
tained by zero velocity deposition on a warmer substrate atase of Cys, more atoms have to be reaccommodated on the
300 K. Betzet al!! have studied the local heating of the surface. As a consequence, for a substrate temperature of 0 K
substrate in the region of cluster impact. For an impact enthe time required to equilibrate the cluster and substrate tem-
ergy of 0.5 eV/at, they find local heatings equivalent to anperatures is largefapproximately double After 10 ps, a
increase inT close to 200 K, which is consistent with our Structure of four layers is forme@ee the snapshot in Fig) 8
finding. Rongwuet al° report results for the simulation of Wwith a lower degree of epitaxy compared to,guas is ob-
the deposition of C4 on a C001) surface with initial clus- served by comparing of Figs. 4a and 3a). The cluster
ter kinetic energies of 5 and 20 eV/atom, which correspondeeps the structure of four layers for the rest of the simula-
to cluster velocities of 40 and 80 A /ps, respectively, muchtion (see Fig. 8 At the substrate temperatufe=800 K the
larger than the velocities in our work. They find that the situation is completely different, as we observe in Figs. 8 and
surface first deforms and then reconstructs after the collisiorf. In this case the structure changes in time with a progres-
and the time for the reconstruction is of the same order osive flattening of the cluster. The transition from four shells

B. Deposition of Cug
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FIG. 6. Time evolution of the partial and interaction energies for

I . FIG. 7. The time evolution of the lambda function for &u
deposition of Cys. Substrate initially atT=0 K (a) and atT
=E§)OOIII< (b) % y @ (continuous ling and substratédotted ling. Substrate initially at

T=0 K (a) and atT=800 K (b).
to three shells between 30 and 40 ps is displayed in Fig. 9.
The three top atoms in the structure at 30 ps roll down todiffusion processes slower. On the other hand, one can ex-
wards the substrate and their respective positions at 80 areCt strong chemical interactions between the Cu and Au
100 ps are shown in the last two snapshots. Those thre@oms, considering that the binding energy of the Cu-Au
atoms are represented by dark spheres. The evolution of tifémer is 1.3 times that for the Cu-Cu dimer for the inter-
cluster structure causes the potential energies in Kiy).t6 atomic potential used in this work. We compare the cluster
have a nonzero slope different from the corresponding curvedorphologies after 40 ps for deposition of Gand Aus
at 0 K in Fig. 6(@). We have extended the simulation up to
400 ps in order to follow the structural evolution of the clus-
ter. A two-shell morphology is reached after 150 ps, with 22
cluster atoms in the top layer and 33 in the bottom layer, two
of them exchanged with substrate atoms. Still at the end of
the simulation the cluster was formed by two layers, with 15
atoms in the top one. The bottom layer has 40 atoms, three of
them coming from exchanges with substrate atoms. An in-
teresting observation is that, @=800 K, A(cluste) is a
little larger for Cus compared to Cyg, and the fluctuations
are smaller. A plausible reason is that the ratio of border
atoms to island atoms is smaller, so the changes in the shape
of the island have a lower effect or(cluste).

C. Deposition of Au clusters

For deposition of gold clusters on the same Cu surface, FIG. 8. Snapshots of the structure of£a@0 ps and 70 ps after
the larger mass with respect to copper makes the atomideposition at substrate temperaturesTef0 K and T=800 K.
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t=0ps t=14ps 1 layer t=0 ps =20 ps

t=30ps
2 layers t=0 ps t=20 ps

FIG. 10. Cy; deposited on stepped surfacesTatO K. Upper:
snapshots at=0 andt= 20 ps for one-layer step. Lower: snapshots
att=0 andt=20 ps for two-layer step. Dark and light atoms are
cluster and substrate atoms, respectively.

ters diffusing over surfaces containing planar terraces sepa-
rated by steps, in agreement with recent experimental
findings?®

FIG. 9. Snapshots of the structure of Gtior different times
after deposition at a substrate temperaflire800 K. IV. CONCLUSIONS AND COMMENTS

with zero initial velocity on a subst_r_ate at 800. K. Th.i‘c’_ M- 1y this paper we have studied the atomic rearrangements
perature has been chosen to facilitate possible mixing bt take place when Cu and Au clusters of negligible or very
tween substrate atoms and cluster atoms to form a surfacg, a1 kinetic energy are deposited on a(@) surface. For

alloy. In the two cases, Gyland Auss, the island is formed s hurpose we have performed constant energy classical

by three atomic layers, but it appears that the gold clustef,giecylar-dynamics simulations for the substrate at three
spreads and flattens faster than the copper cluster. g\, AU jitterent initial temperature§, =0 K, 300 K, and 800 K. For

a single atom sits on the top layer of the island, 17 are in th§-_ i the atomic rearrangements occur in the first few
middle layer and 37 in the bottom orene of them is @ Cu  icoseconds of the simulation, and the cluster remains frozen
atom that comes from an exchange eyeRor Cu;s, there  grenyvards in a metastable configuration. For Cu-cluster
are 6, 18, and 31 atoms in the top, middle, and bottom layergienosition, this metastable configuration is flat, although

respectively(two atoms of the bottom layer come from ex- ¢4rmed by more than one layer, and it shows a high degree of
changes with the substrateWe then conclude that ex- enitaxy on the substrate lattice. At medium and high sub-
changes between Au and Cu atoms are few at that temperggaie temperatures, in addition to the initial short-time rear-

ture, at least within the 40 ps of our simulation, and that &5ngement there is a further flattening of the cluster due to
higher cluster kinetic energy would be the only way 10 pro-jherma diffusion of atoms. AT=800 K, the vibrational
mote alloying(work is in progress to study this effecThe

faster spreading is a direct consequence of the stronger inter- oo _
action of Au;s with the copper substrate. In spite of the dif-
ferent lattice constants of bulk Cu and Au metals, the Au
island that forms on top of the Cu surface retains the same

interatomic distances of the substrate. E 08¢ 1
S
- 2 flat
D. Deposition of Cu; at steps = - PR ]
5 -1.0F M I E
We have studied the deposition of Gwn steps one and g .
two monolayers high of the same @01) surface al =0 K. S oo ayer-step . et
The cluster was initially in a symmetrical position above the §
step edge. Figure 10 shows the starting configurations and= ~'° | 2 layer-step o]

the configurations after 20 ps. The clusters immediately wet

the region of the step, and in our simulationTat 0 K, the

clusters remain frozen afterwards. Figure 11 compares the _a¢
interaction energie¥;., for the flat and the stepped cases.

There is a substantial enhancement of the binding to the
substrate mediated by the steps, and this is due to the higher FIG. 11. The developement of the binding of Guluster to the
atomic coordination available at the step edge. This allowsubstrate for the cases of flat and stepped surfames-layer step
us to predict that steps will provide anchoring sites for clus-and two-layer stepat T=0 K.

0.0 10.0 20.0 30.0 40.0
time (ps)
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motion of both substrate and deposited cluster is substantiabbservation times. This, however, should not be extrapolated
In addition, the shape of the island changes in time. For Auo other metals without further calculations. For instance,
clusters deposited under similar conditions the results aréeposition of Ag on Pd001) leads to cluster fragmentation
rather similar. Exchanges between cluster and substrate &br an impact energy of 2.9 eV/AE! On the other hand the
oms are very few for our simulation timeS, and hlgher ClUSterp|asmon resonance of Ag clusters of about 300 atoms depos-
kinetic energies appear to be required for surface alloying ted at energies of 1.3 eV/at on a quartz glass surface only
occur. Simulations of the deposition of Gwnto a stepped  reveals deformation of the cluster but not fragmentatfan,
surface indicate the affinity of the deposited atoms for theagreement with our results. These examples indicate the sen-
step edge. sitivity of the results to the chemical nature of cluster and

Our study has interest because it is now possible to obgybstrate. On the other hand, static total energy calculations
serve in the laboratory atomistic surface processes down @y many different cluster configurations find the more stable
the level of only one atorft. It should be noticed that the atomic arrangement of an adsorbed cluétéfBoth MD and

characteristic observation times are many orders of magnktatic calculations are important in order to aid in the inter-
tude larger than MD simulation times. As a recentpretation of experiments.

example®® we mention a field ion microscopy imaging of the

structure of a single cluster soft landed on a tip. The authors

report that a nanometer size Au cluster spends between sec- ACKNOWLEDGMENTS
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