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Computer simulation of the spreading of metallic clusters landing at grazing incidence
on a metallic surface

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

~Received 19 April 2000!

Simulations of the impact of metallic clusters at grazing incidence on a metallic surface are presented. The
interatomic interactions are described by a many-body potential rooted on the tight-binding formalism. Several
molecular dynamics simulations are performed to study the influence of some relevant parameters such as the
initial velocity, the chemical identities of the cluster and the surface and the nature of the surface plane. For the
velocities studied here (10–54 Å/ps) a soft cluster landing at grazing incidence on a hard metal surface
simply spreads over the surface without causing much damage and the degree of spreading depends on the
initial cluster velocity. A channeling effect occurs when the cluster moves originally in a direction parallel to
atomic channels on the surface. On the other hand a hard cluster landing on a soft metallic surface can
penetrate into the substrate material and the degree of fragmentation also depends on the initial velocity.
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I. INTRODUCTION

A number of theoretical studies of cluster deposition
solid surfaces involving metallic materials have been p
formed in recent years.1–6 Motivation for these studies
comes from the interest in nanofabrication methods and
possible technological applications of the nanostructured
faces obtained upon cluster deposition. Typically these c
ters are formed by a few tens, hundreds, or thousand
atoms. This method is very suitable in such aplications
surface or thin-film growth because the clusters release t
energy in a region localized near the surface and do
penetrate deeply into the bulk. The structure and proper
of the thin films formed depend on the details of the clus
deposition.7 The supported structures obtained from clus
deposition can be observed experimentally by means
atomic force and scanning tunnelling microscopies and h
interest for future nanoscale electronic applications.8 Other
applications such as surface cleaning or sputtering have
a technological potential in very large scale integra
processing.9

We present a computer-simulation study of the deposi
of metallic clusters landing at grazing incidence on a me
surface. The interest of studying nonperpendicular impac
highlighted by recent work by van Dijken,et al.10 These
authors have studied the deposition of atomic Cu beams
Cu~001! surfaces at incident angles that deviate stron
from the usual perpendicular incidence~deviations between
50° and 85°). The results reported show striking differen
with respect to those obtained in the same work for perp
dicular deposition. The importance of oblique impact in clu
ter deposition was stressed by Moseler,et al.,11 who have
shown, using molecular-dynamics and mesoscopic mode
that impact onto a tilted part of the substrate surface is
sponsible for the observed surface smoothing by energ
cluster impact. But to our knowledge, investigations of t
grazing impact of clusters are still lacking. In our simulatio
the clusters are initially very close to the surface~within the
interaction range of the cluster-surface potential! and have a
PRB 620163-1829/2000/62~23!/16031~9!/$15.00
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component of the velocity parallel to the surface. Seve
molecular-dynamics~MD! simulations are performed to de
termine the influence of different factors on the deposit
process: the initial cluster velocity, the surface orientati
and the chemical nature of cluster and surface atoms.
model the interatomic interactions a semiempirical ma
body potential derived from the tight-binding method
used.12 The simulation method is briefly described in Sec.
and the results are shown and discussed in Sec. III.
influence of the impact velocity is analyzed for Au55 landing
on a Cu~011! surface. Comparison of the results with tho
obtained for Al55 on Ni~011!, Ni55 on Al~011!, Ni55 on
Ni~011! and Al55 on Al~011! serves to analyze the effect o
chemical nature of cluster and substrate. Some simulat
for impact of Al55 on a Ni~001! surface allow us to study the
influence of surface plane orientation. A different kind
cluster motion on a surface, arising from purely thermal
fects, has been studied experimentally and theoretically
other works,2,13–16 and unexpected diffusion mechanism
have been discovered.

II. MODEL

In this paper the clusters and substrate surfaces inv
the metallic elements Ni, Al, Cu, and Au. The clusters a
initially near the surface within the interaction range of t
cluster-surface potential. To model the interatomic inter
tions, we use a semiempirical many-body potential deriv
from the tight-binding method,17,18 that for a system contain
ing N atoms of the same element is

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!

with j Þ i . The first term is a repulsive pair potential and t
second is an attractive many-body band-energy contribut
r i j is the distance between atomsi andj andr 0 is a reference
distance, usually the equilibrium nearest neighbor distanc
16 031 ©2000 The American Physical Society
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the bulk metal. The values of these parameters are fitte
reproduce the magnitude of bulk equilibrium cohesive pr
erties. The generalization to two types of atoms
straightforward19 and the corresponding parameters are fit
to the cohesive properties of crystalline solid alloys. T
values of the parameters for the materials used in this p
are given in Ref. 20. A cutoff radius for the potential
introduced such that interactions up to fifth nearest neighb
enter the simulation. In the case of heteroatomic interacti
the cutoff chosen is the larger of the two different radii.

The substrate is modeled by a crystalline parallelepipe
block with fcc structure. The surface is in the (x,y) plane
and periodic boundary conditions are imposed in thex andy
directions. The substrate is formed by three types of ato
layers: several top layers whose atoms are treated by
stant energy MD, a single thermal layer whose function is
dissipate the excess thermal energy that the impinging c
ter releases to the substrate during landing, and three
bottom layers formed by fixed atoms that serve to comp
forces on the atoms inside the nonstatic layers. The atom
the intermediate thermal layer obey the Nose-Hoo
equations,21,22 which contain a friction term, and in this wa
the substrate is coupled to a heat bath. The substrate b
has between five thousand and ten thousand atoms and
cal dimensions are 43y32 nm, wherey varies in the range
6 –20 nm. This means that we have about ten layers in
direction perpendicular to the surface~including also thermal
and inert layers! and that the block is long enough in th
initial direction of motion of the cluster, they direction. Two
different surface plane orientations have been studied:~011!
and ~001!. To focus on the effect of cluster velocity and
separate this from thermal effects due to the temperatur
the substrate,23 the substrate is initially thermalized atT
50 K, and the effect of the thermal layer is to ensure t
the temperature of the whole system after deposition wo
also be T50 K after equilibration following a transien
time.

The clusters landing on the metallic surfaces are icosa
dral 55-atom clusters whose structure and interatomic
tances have been previously optimized by an steep
descent method by starting from an ideal Mack
icosahedron.24 The clusters are initially placed near the su
face such that the minimum distance between a cluster a
and the top atomic layer is 3.5 Å. This distance is a lit
larger than typical bulk interatomic distances in these ma
rials, which vary in the range 2.5–2.9 Å, but at the sa
time is short enough to allow the cluster to interact with t
substrate. Initially, a velocity parallel to the surface is giv
to the cluster. That velocity ranges between 10 and 54 Å
With those velocities we achieve cluster kinetic energies
the KeV range, typical of impact deposition.1–4,25 Since at
the begining of the simulation the velocity in the directio
perpendicular to the surface is zero, the cluster impacts
substrate with a velocity component in the perpendicular
rection due only to the cluster-substrate interaction poten
This velocity is small so the landing is at near grazing in
dence. The use of an optimized icosahedral cluster struc
is a convenient assumption since icosahedral structures
rather common for metallic clusters.26 According to density-
functional calculations by Garzo´n et al.,27 the lowest-energy
structure of Au55 is disordered, but the icosahedral isomer
to
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only 0.011 eV above. A number of experiments and theo
ical calculations support the icosahedral structure of Ni55.26

Density-functional calculations by Yiet al.28 predict that a
cuboctahedral fcc structure is more stable than the icos
dral one for Al55, but that structure is also compact an
rather spherical. In practice the use of icosahedral isom
does not bias our conclusions since the clusters dismem
and spread during the impact process.

To monitor the impact of the cluster on the substrate
use several indicators. The evolution of they and z coordi-
nates of the center-of-mass of the cluster,ycm and zcm , re-
spectively, reflect well the characteristic time scales of
main atomic rearrangements ocurring in the impact proc
In this respect, and for the purposes of calculating the co
dinates of the center-of-mass, all the atoms initially in t
cluster are taken into account, even if the cluster dismemb
and loses its identity during landing. Another indicator, th
gives information on the evolution of the shape of the clu
ter, is an elongation parameter defined as

e5

(
i 51

N

uyi2ycmu

(
i 51

N

uxi2xcmu

~2!

whose value is larger than 1.0 for clusters with an elonga
shape in they direction.e is the ratio of the averagey andx
coordinates of the atom positions with respect to the cen
of-mass of the cluster, and consequently this parameter g
no information about the shape in thez direction, perpen-
dicular to the surface.

III. RESULTS

A. Time scale of the impact process and influence of the initial
cluster velocity

The characteristic time scales of the phenomena ocur
when the cluster lands on the surface at near grazing i
dence are reflected in Fig. 1, wherezcm andycm , thez andy
coordinates of the center-of-mass of the cluster, are plo
for the case of a Au55 cluster initially moving parallel to the
channels in the@011̄# direction on a Cu~011! surface with an
initial velocity component parallel to the surfacevp
510 Å/ps @Fig. 1~a!# and vp520 Å/ps @Fig. 1~b!#. Those
surface channels can be seen in Fig. 2. At the beginning
the simulationycm varies linearly witht, that corresponds to
the free flight period before touching the surface. During t
free flight the velocity component perpendicular to the s
face, arising solely from the cluster-substrate interaction
about 1 Å/ps. But at a timet i55 ps, ycm experiences a
drastic deceleration and this time can be taken as the ins
of impact of the cluster with the surface. At this time, clus
bonds start breaking and new bonds form between clu
and surface atoms. A second characteristic timets can be
noticed at whichycm does not change any more. This is th
stopping time.ts is close to 8 ps for the simulation of Fig
1~a! and about 10 ps in Fig. 1~b!, as a consequence of th
higher initial kinetic energy of the cluster in the seco
simulation. That is,ts2t i53 ps and 5 ps, respectively, i
Figs. 1~a! and 1~b!. Those two characteristic timest i and ts
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PRB 62 16 033COMPUTER SIMULATION OF THE SPREADING OF . . .
are also reflected in features inzcm : the slope ofzcm has a
break att i and zcm reaches a constant value atts . In the
interval betweent i and ts , zcm gives a measure of the fla
tening of the cluster.

The effect of the initial cluster velocity on the shape
the deposited cluster is drastic: the configurations of the c
ter after stopping~t520 ps! are shown in Fig. 2. In the cas
of lowervp the cluster still forms a connected body, althou
heavily distorted and flattened. However, forvp520 Å/ps
the cluster becomes spread and fragmented along the d
tion of motion. It now forms a flat disconnected strip. A fe
Cu atoms have been displaced from their original positi
leaving vacancies behind, and most of those vacancies
been filled by Au atoms, replacing the original Cu atoms
quantitative measure of the spreading is given by thee pa-
rameter defined in Eq.~2!. Its evolution with time is given in
Fig. 3. e changes fast in the interval (t i ,ts) and reaches a
practically constant value afterts .

B. Influence of the chemical nature of cluster and substrate

To analyze the influence of the chemical identity of clu
ter and substrate we compare the results for Au-Cu w
results for simulations for the system Al-Ni, and for the h

FIG. 1. Time evolution of they andz coordinates of the center
of-mass of Au55 landing on a Cu~011! surface with initial parallel
velocitiesvp510 Å/ps ~a! andvp520 Å/ps ~b!.
s-
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moatomic cases Ni-Ni and Al-Al. Previous studies of vertic
cluster impact deposition for the Al-Ni system have sho
great differences when the chemical natures of the clu
and substrate are interchanged.1 Figure 4 shows the results o
two simulations for Al55 landing on a Ni~011! surface with
initial cluster velocitiesvp520 Å/ps andvp554 Å/ps, re-
spectively. The impact time,t i51 ps, is lower than for the
noble metals of Fig. 1. This is a consequence of the hig
force exerted by a more attractive cluster-substrate inte
tion in the Al-Ni case. A more attractive interaction is e
pected from theories of alloy formation29 and also from the
existence of intermetallic compounds with high melting te
peratures in the Al-Ni system as compared to Cu-Au.30 The
elapsed time between impact and stopping is also smalle
summary, the stopping intervalDt appears to be determine
by the magnitude of the attractive interaction~or tendency to
form alloys! between cluster and substrate elements. Ag
as in the case of Au-Cu, the shape of the cluster after s
ping depends onvp . Figures 5 and 6 show snapshots at
520 ps for the simulations withvp554 Å/ps and withvp
520 Å/ps, respectively. Those shapes are completely
ferent. The cluster has a planar connected shape for the lo
vp but it is completely dismembered and spread out in
case of the highervp . This becomes reflected in the value
of the parametere plotted in Fig. 7. e is larger for vp
554 Å/ps. Figures 2~b! and 6 show very different results
yet the initial velocity wasvp520 Å/ps in both cases. The
gold cluster dismembers completely on the Cu surface w
the Al cluster flattens but remains as a connected body on
Ni surface. Two factors contribute to the different behavi
First, the kinetic energy of the Al atoms is lower due to th
lower mass, and second the more attractive Al-Ni interact
is more effective in reducing the spreading of the Al clust
In the configuration of Fig. 5 one appreciates@see also Fig.
2~b!# that some substrate atoms have been removed f
their original positions in the outermost substrate layer a
have been replaced by Al atoms.

A strikingly different behavior is observed when the ro
of Al and Ni are interchanged, that is when a Ni clust
impacts on an Al surface. We have simulated the impac
Ni55 on an Al~011! surface for initial cluster velocitiesvp
520 Å/ps andvp554 Å/ps. The feature seen in the sna
shots of Fig. 8, that correspond tovp520 Å/ps, is the sub-
stantial damage produced in the substrate as soon as th
cluster impacts on the Al surface. This damage occurs
cause the substrate is a soft metal compared to the proje
In fact, the melting temperatureTm(Al) 5932 K is nearly
one-half of that of Ni,Tm(Ni) 51725 K. Then we observe
that a hard projectile (Ni55) causes great damage on the s
face of a soft substrate~Al ! while a soft projectile (Al55)
does not cause appreciable damage on a hard metal su
~only displacements of some of the outermost surface
oms!. The value ofe after stopping remains close to 1.2, an
the snapshot att520 ps gives the explanation: the ha
cluster becomes partially embedded into the Al matrix bu
remains fairly compact. The cluster removes a substan
amount of Al atoms from the surface and near-surface lay
and some of those atoms partially cover the Ni cluster. T
melting temperatures of Au and Cu are nearly identi
@Tm(Cu)51357 K, Tm(Au)51336 K], so being equally
hard, it becomes understandable that the Cu surface rem
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16 034 PRB 62PALACIOS, IÑIGUEZ, LÓPEZ, AND ALONSO
nearly undamaged. In perpendicular cluster impact a crat
formed on the surface11,31 but we find no crater formation in
the case of grazing incidence. Between all the cluster-sur
combinations studied here, the case just described, tha
the impact of Ni55 on the Al surface, is the only one tha
produces a structure with a mild ressemblance to the for
tion of a crater on the substrate. This arises from the com
nation of a hard cluster and a soft substrate. Nevertheles
one can appreciate in Fig. 8, the crater has been filled by
cluster.

Increasingvp to 54 Å/ps also produces interesting r
sults. Snapshots given in Fig. 9 fort53 ps, t510 ps, and
t520 ps show a higher damage and also partial dismem
ing of the cluster, that loses atoms as it penetrates into
substrate. A fraction of the transient disorder seen at
53 ps anneals out later on, and att520 ps the picture
obtained is that of a surface region with some vacancies,
the lattice itself has recovered well its crystalline fac
centered-cubic structure in the region of impact. The N55
cluster has lost a number of atoms although it seems to re
a core of connected Ni atoms at the end of the simulation
that timee is near 3. The atoms lost by the travelling clus
are not well mixed with the host. Those Ni atoms form se
eral dimers. Our interpretation is that this reflects the ne
gible solid solubility of Ni in bulk Al.32 Although Ni and Al
form crystal compounds NiAl3 , Ni2Al3, NiAl, and Ni3Al,
the conditions for producing such compounds are evide

FIG. 2. Shape of the Au55 cluster after stopping~20 ps! for the two
simulations of Fig 1.~a! vp510 Å/ps, and~b! vp520 Å/ps.
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not met in our simulation. In particular, an adequate subst
temperature that would promote thermal diffusion of ato
would be required. The heat released during impact to
substrate is enough to allow for the local atomic rearran
ments that anneal a large part of the topological lattice d
order, reverting the lattice to a state with a good degree
crystallinity, but is not enough to promote the long-ran
diffusion that would allow ordered compound formation.

Simulations for homoatomic systems give complement
information. Figure 10 shows snapshots for the landing
Ni55 on a Ni~011! surface with~a! vp520 Å/ps and~b! vp

554 Å/ps. The snapshots are taken at 20 ps, and the di
ent colors distinguish cluster and substrate atoms. In cas~a!
there is no damage on the substrate and the cluster form
rather flat epitaxial island withe near 1.2. This is a conse
quence of the identical nature of cluster and substrate.
cluster dismembers completely in case~b!, and a few surface
vacancies is the only damage produced. A similar behavio
observed for Al55 landing on Al~011! at vp554 Å/ps, Fig.
10~c!, but with a slightly higher damage on the substrate, t
appears as a consequence of the Al substrate softnes
summary, at the impact velocities studied here, we confi
that the substrate is appreciably damaged only when the c
ter is substantially harder than the substrate.

A more quantitative analysis of the damage caused in
substrate by the cluster impact as well as of the final str
ture of the combined system formed by the substrate and
deposited cluster is presented in Table I. The number of s
strate atoms (NS

r ) which are kicked out from their origina
positions in the substrate and that move to positions ab
the substrate surface, increases withvp , is larger in the het-
eroatomic cases than in the homoatomic cases, and is la
for harder clusters. For the homoatomic cases and for a
cluster landing on a hard surface~i.e., Al on Ni!, the re-
moved substrate atoms adopt epitaxial positions with res
to the substrate surface and most of the empty places lef
in the substrate by the removed atoms are filled in by clu
atoms. The net effect is a very small number of vacancie
the substrate. Most cluster atoms do not insert into the s
strate and adopt epitaxial positions above the substrate
face. In the case of a hard cluster landing on a soft subst
~i.e., Ni on Al! more than half of the cluster atoms penetra
into the substrate. For the initial cluster velocityvp
520 Å/ps the cluster remains quite compact and does
create vacancies into the substrate. The cluster atoms do
adopt positions corresponding to the substrate lattice a
consequently, the Al atoms that partially cover the Ni clus
are not in epitaxial configurations with respect to the su
strate surface either. For the initial cluster velocityvp
554 Å/ps the picture is quite different. Most~43 out of 47!
of the cluster atoms that penetrate onto the substrate a
final positions corresponding to lattice points of the su
strate. Moreover a big number of vacancies are left out
the substrate upon cluster impact. A significant fraction
the substrate atoms that move above the substrate surfac
not able to adopt epitaxial configurations with respect to
surface substrate. The idea that the outcome of the im
depends crucially on the ratio of the cohesive energies~hard-
nesses! of cluster and substrate materials~and on the cluster
kinetic energy! was first introduced by Hsieet al.,1 in their
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PRB 62 16 035COMPUTER SIMULATION OF THE SPREADING OF . . .
molecular-dynamics simulations of perpendicular cluster
pact. We conclude that the same variables control the
come of grazing impact.

Moseler et al.11 have simulated the impact of large C
clusters~1000–2000 atoms! on a tilted Cu surface. The til

FIG. 3. Time evolution of the shape parametere of Au55 for the two
simulations of Fig. 1.

FIG. 4. Time evolution of they andz coordinates of the center-of-mas
of Al55 landing on a Ni~011! surface with initial parallel velocitiesvp

520 Å/ps ~a! andvp554 Å/ps ~b!.
-
t-

angle, that is the angle between the direction of incide
and the direction normal to the surface, was smaller th
10°. In our simulations the clusters are smaller and the
angle is much larger~larger than 80°). But the initial kinetic
energies of the incident clusters are in the range of KeV’s
both series of simulations and useful contact between th
can be established. Moseleret al., find that the tilt angle has
the effect of inducing a downhill particle current that reduc
the local roughness initially produced by the cluster impa
In our simulations the mass transport, that is the spreadin
the cluster in they direction seen in Fig. 2, is a trivial con
sequence of the large tilt angle. The mass transport
quantified by Moseler by defining the displacement sum

dN5(
i

d( i ), ~3!

FIG. 5. Shape of the Al55 cluster landing on Ni~011! after stopping (t
520 ps) for an initial cluster velocityvp554 Å/ps.

FIG. 6. Shape of the Al55 cluster landing on Ni~011! after stopping (t
520 ps) for an initial cluster velocityvp520 Å/ps.
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16 036 PRB 62PALACIOS, IÑIGUEZ, LÓPEZ, AND ALONSO
whered( i ) is the displacement of atomi along the direction
of the slope, and the sum is extended over theN atoms of the
cluster. An empirical law

dN}NE1/2 ~4!

was discovered, relatingdN and the impact energy of th
cluster E. We have data for simulation of Al55 landing on
Ni~011! at four different kinetic energies. The analysis of t
displacements suggests a law linear in E, namely,

dN}NE. ~5!

The difference should not be surprising, and we ascribe
the very different tilt angles in our simulations compared
those in Moseler’s work.

The results obtained in this section and in Sec. III A abo
involve the impact of icosahedral 55-atom clusters. For so
metallic elements, especially the transition metals,
closed-shell icosahedral structure makes this cluster
more stable than clusters of neighbor sizes26 and the question
arises of the generality of our results. However the bind
energies vary slowly with cluster size in the size range
several dozen atoms and the differences in binding ene
per atom between clusters that are not too similar are in
order of 0.01 eV only. These differences are small compa
to the kinetic energies of the impacting clusters, so we
safely predict that similar results will be obtained for oth
clusters with a few tens of atoms.

FIG. 7. Time evolution of the shape parametere of Al55 for the two
simulations of Fig. 4.

FIG. 8. Snapshots at 3 ps, 10 ps, and 20 ps for Ni55 landing on an
Al ~011! surface with initial parallel velocityvp520 Å/ps.
to
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C. Influence of the surface plane orientation. Channeling effect

To study the effect of the nature of the surface plane
the deposition process we compare the impact of an A55
cluster on a Ni surface in two different orientations~011! and
~001!. Those surfaces are shown in Fig. 11. Atoms that
part of the outermost surface plane are represented by
spheres and the light-gray spheres represent atoms in
next atomic plane. The nearest-neighbor distance in the
crystal is given asr 0 and the lattice constant isa05A2 r 0.
For each surface, two different directions of cluster moti
have been selected. In the case of the~011! surface the mo-
tion directions are@011̄# and@100#. Those directions are in
dicated in Fig. 11~a!. For the ~001! surface the directions
selected are@110# and @100#, indicated in Fig. 11~b!. The
initial cluster velocity was in all casesvp554 Å/ps.

The general features of the impact deposition are sim
in all cases, that is the cluster dismembers and spreads
the surface, but some subtle differences occur during
stopping interval. Table II gives the values of the elongat
parametere after stopping. The largest value,e56.0 occurs
for motion along the@011̄# direction on the~011! surface.
Lower values occur for motion along the@100# direction on
the same surface~case B! and along the@110# direction on
the ~001! surface ~case C!, with the smallest value ofe,
namely,e52.9, for the motion along the@100# direction on
the ~001! surface~case D!. The explanation for the differ-

FIG. 9. Snapshots at 3 ps, 10 ps, and 20 ps for the landing of Ni55 on an
Al ~011! surface with initial velocityvp554 Å/ps.

FIG. 10. Snapshots at 20 ps for~a! the landing of Ni55 on Ni~011! with
initial velocity vp520 Å/ps and~b! with vp554 Å/ps; ~c! the landing of
Al55 on Al~011! with initial velocity vp554 Å/ps.
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PRB 62 16 037COMPUTER SIMULATION OF THE SPREADING OF . . .
ences ine appears to be a channeling effect, that is,
focused motion of atoms along the atomic channels in
surface. The width of the channels isa05A2r 0 in case A,r o

in cases B and C, anda0/25r 0 /A2 in case D. One can
observe a correlation between the value ofe and the width of
the atomic channel. Channels ofr 0 or lower are rather nar
row and it is reasonable to obtain a reduced elongatioe
compared to case A, because the higher channel width fa
tates the focused motion of the atoms.

When the velocity is reduced tovp520 Å/ps, the Al
cluster impacting on the Ni~001! surface forms an island
similar to the case of the Ni~011! surface. In summary, only
when the kinetic energy is high enough and the cluster
members and there are isolated Al atoms moving on
surface, the channeling mechanism becomes effective.

In their simulations of perpendicular impact of Cu cluste
on a Cu surface, Nordieket al.31 found that the shape an
size of the crater formed on the substrate depends on

TABLE I. Some characteristics of the cluster-substrate fi
configuration upon cluster deposition at near grazing incidence
initial parallel velocityvp ~in Å/ ps). NS

r is the number of substrat
atoms that move above the substrate surface, either in epit
positions (NS

e ) or in non epitaxial positions (NS
ne) with respect to the

substrate surface.NS
v is the number of vacancies in the substra

NC
s , NC

e , and NC
ne are the number of cluster atoms that penetr

into the substrate, sit on the substrate surface at epitaxial posit
and sit on the substrate surface at nonepitaxial positions, res
tively.

Cluster Substrate vp NS
r NS

e NS
ne NS

v NC
s NC

e NC
ne

Al Al 54 16 16 0 4 12 43 0
Ni Ni 20 6 6 0 0 6 49 0
Ni Ni 54 19 19 0 7 12 42 1
Al Ni 20 2 2 0 0 2 48 5
Al Ni 54 23 18 5 5 18 32 5
Ni Al 20 30 8 22 0 34 1 20
Ni Al 54 90 57 33 43 47 2 6
e
e

ili-

s-
e

he

surface orientation. The variations were attributed to the
ferent shear constants along different crystallographic dir
tions. Those differences enhance particle transport along
tain directions and justify the elongated crater sha
obtained for certain surface orientations. To this interest
result we now can add another mechanism for particle tra
port, namely, surface channeling. By its very nature t
mechanism is probably important only in the cases of gr
ing incidence of clusters or atoms. It should be interesting
investigate if any relative atomic size conditions are requi
for its occurrence.

IV. CONCLUSIONS AND COMMENTS

The behavior of metallic clusters landing at grazing in
dence on metallic surfaces has been studied by comp
simulation using many-body interaction potentials rooted
tight-binding theory. The size of the clusters was always
atoms, and the variety of combinations of cluster and s
strate covers the whole range of possibilities:~a! the cluster
is a metal of larger cohesive energy than the substrate~Ni on
Al !, ~b! the cluster has a lower cohesive energy than
substrate~Al on Ni!, ~c! cluster and substrate have simil
cohesive energies~Au on Cu!, and ~d! cluster and substrate
are identical metals~Ni on Ni; Al on Al !. The effect of the
initial velocity of the incident cluster was also studied. In t
range of velocities studied here, 10 to 54 Å/ps, the graz
impact produces a total or a partial dismembering of
cluster and the precise behavior depends on two ingredie
the kinetic energy of the cluster and the relative cohes
energies of cluster and substrate metals. When the clust
softer than the substrate, that is, if the cluster has a lo
cohesive energy, or if both have similar cohesive energ
the cluster simply flattens and forms a planar island when
incident velocity is low, and it becomes partially or com
pletely dismembered if the velocity is larger. In both cas
the cluster becomes at rest in a few picoseconds and
atoms remain on the surface, removing a few surface at
and producing a few surface vacancies, some of these fi

l
th

ial

.
e
ns,
c-
FIG. 11. Structure of the fcc~001!
and fcc~011! surfaces.
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by the cluster atoms, but the amount of damage done on
substrate surface remains very small. In constrast, a ‘‘ha
cluster shows a rather different behavior. At an incident
locity of 20 Å/ps, a Ni55 cluster landing on an Al surfac
penetrates in part into the substrate and some of the a
removed cover the cluster, which does not show appreci
fragmentation. On the other hand, by increasing the incid
velocity to 54 Å/ps the cluster fragments heavily and cau
larger damage, as it penetrates into the substrate, althou
part of the damage anneals out by the time the cluster at
come to rest. By comparing the results for Al55 landing on
two different surface planes of Ni@the ~011! and ~001! sur-
face orientations, respectively# we have observed a channe
ing effect when the direction of incidence is parallel to o
of surface channels. This channelling effect enhances
spreading of the cluster.

The simulations described in this paper have been
formed at a very low substrate temperature~ideally 0 K! to
suppress thermal diffusion and to concentrate on the lo
ized effects due to the cluster impact. A finite substrate te
perature will certainly add interesting new effects33 to those
found here. Room temperature is well suited to produce
films by cluster impact techniques.3,7–9 In these techniques

TABLE II. Elongation parametere for anAl55 cluster landing on
a Ni surface for different directions of cluster motion, and widthW
of the corresponding surface channels.

Surface Direction e W

011 @011̄# 6.0 A2r 0

011 @100# 3.2 r 0

001 @100# 2.9 r 0 /A2
001 @110# 3.8 r 0
.

Y.

. B

.R
ci

ei

c

he
’’
-

ms
le
nt
s

h a
s

he

r-

l-
-

in

the activation energies for lateral atomic displaceme
are provided by the cluster velocity, in contrast to substr
heating in the conventional atomic vapor deposition.
a previous work23 we studied the influence of the substra
temperature on the soft landing of Cu55 and Au55 clusters
on Cu~001!. The results showed that heating the substr
produces a progressive flattening of the deposited clus
However, there are only minor differences for differe
temperatures up to 800 K during the first 10 ps of the p
cess, that is, for times of the order of the stopping time
countered here. Obviously, the later evolution of the dep
ited structures for longer times will be affected by therm
diffusion.

In the usual cluster deposition experiments the clus
impact the surface travelling in the perpendicular directio
In practice the focusing may not be perfect and clust
may impact with a slightly different angle. Also the su
face may be tilted on a nanoscopic scale. Moseleret al.11

have shown that the impact on a tilted part of the subst
induces a downhill particle current responsible for t
smoothing of the surface roughness observed at a m
scopic scale. A tilting of only 5°–10° seems to be enough
produce the observed smoothing. Our simulations co
spond to an extreme case of tilting and predict that the de
sition of clusters at grazing incidence can provide a use
way to develop nanostructures at the nanoscopic scale
careful selection of materials and velocities may lead to
controlled patterned covering of metallic surfaces with lo
substrate damage.
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