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Deposition of AuN clusters on Au„111… surfaces. I. Atomic-scale modeling
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The interaction between a monokinetic and mass resolved low-energy gold cluster beam and a gold~111!
surface is studied in detail at room temperature by means of molecular dynamics. The model makes use of the
classical second moment tight-binding approximation to estimate the interatomic forces. A model is described
to account for the electron-phonon coupling. Clusters of the nanometer size are modeled to slow down one
after the other on the gold surface until a nanostructured layer about 7 nm thick is formed. The cluster slowing
down is studied in detail and the consequences of the diffusionless accumulation of clusters on the surface is
investigated. The first impinging clusters undergo pronounced epitaxy with the substrate surface although
defects of various kinds can take place in them. The further cluster slowing down stimulates the annihilation of
these defects. A pronounced surface roughness indicates no significant coalescence. As the slowing down
proceeds further, cluster layers become increasingly defective and highly stressed. This stress field propagates
into the first cluster layer, inducing lattice distortions. The memory of the surface orientation is progressively
lost as the deposited layer thickness increases. The cluster assembled is characterized by numerous cavities of
the nanometer size that may be interconnected and form nanopores. Incident conditions are found to play an
important role, which motivates a realistic comparison between simulated and real experiments.
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I. INTRODUCTION

Nanostructured materials represent a class of so
formed by structural elements of a few nanometer size w
specific properties governed by the nature of these eleme
Most of these properties are still not well known and stim
late a huge and growing interest. Although such mater
can be synthesized for more than two decades by means
wide range of methods~see, for instance, Refs. 1–5!, their
systematic fundamental study is quite recent.

Because of the lack of periodicity, the accurate expe
mental characterization of such systems is unfortunately
arduous task and therefore, atomic scale modelling re
sents a useful method for predictions beyond the limit
presently available experimental capabilities. The eff
achieved in this direction is quite substantial.6–12 Simulated
nanostructured materials~NsMs! are constructed in differen
ways. NsMs deformation mechanisms are discussed in
6, and film growth is studied in Ref. 7 by modeling th
cluster accumulation on a substrate surface by energ
slowing down. The compacting of initially adjacent cluste
is simulated in Ref. 10. In Refs. 8 and 9, crystals are gro
on geometrical lattices from seeds randomly distributed
oriented in space until space filling is obtained. A simi
method is used in Refs. 11 and 12 according to which cry
seeds are embedded into a melt that crystallizes into s
nanostructured system. The simulated interfaces can the
analyzed in detail as well as their response to external
chanical constraints.8,9,13Since none of these modeling met
ods exactly reproduce the experimental synthesis techniq
the sensitivity of the obtained NsMs models on the constr
tion methods needs thorough investigation. On the ot
PRB 620163-1829/2000/62~4!/2825~10!/$15.00
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hand, since classical atomic scale models are partially
pirical, there is a need for a support by experimental fa
before to allow predictions beyond the limit of the expe
mental observation possibilities. One of the currently us
technique is the low-energy cluster beam deposit
~LECBD! method.14 The mesoscopic modelling of such d
posited metallic cluster aggregation by means of cluster
fusion is achieved in Refs. 15 and 16, which very nice
reproduce the experimentally observed diffusion patter
The detail of the interatomic interactions is not accounted
so far and the method does not allow predictions about
atomic accommodation at the cluster interfaces. Class
molecular dynamics~MD! with a simple Lennard-Jones po
tential allowed us to identify the conditions for clust
diffusion.17 The importance of the lattice-parameter m
match between the substrate surface and the cluster is
phasized and no significant diffusion is predicted in the c
of good lattice-parameter matching. This particular case w
specifically considered in Ref. 18 with a realistic semiemp
ical potential.

The present paper is part of a program, which aims
developing a method that combines experiment and ato
scale modeling for understanding the growth and the prop
ties of nanostructured films formed by deposition without t
contribution of cluster diffusion. This paper emphasizes
modeling method and predictions are made about NsM c
acteristics, which can be expected in a real experim
These are useful to set up the NsM study combining sim
lated and real experiments. The conclusions reached
such a combination will be presented in a distinct paper.19

The size of clusters produced by LECBD is typically of
to 5 nm, which represents a few hundred to a few thous
2825 ©2000 The American Physical Society
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atoms. Apart from the interactions between clusters and s
strate, the interactions between deposited clusters could
play an important role in the morphology of cluste
assembled films. In the present paper, we focus on the in
action between the clusters and the substrate on which
are deposited and the interaction between the clusters th
selves during the deposition process. We also consider
memory of the substrate ordering on the structure of
overlayer and some properties of this overlayer as comp
to those of macroscopic bulk materials.

We simulate the deposition and assembling of ident
Au clusters formed by a few hundred atoms on an Au~111!
single-crystal surface. This way, no significant lattice m
match between the clusters and the substrate is expecte
cluster diffusion is discarded. The simulations of the depo
tion and assembling for large clusters~containing a few hun-
dred atoms or more! was first given in Refs. 20 and 21 whe
the simulations are carried out for a two-dimensional sys
with Lennard-Jones interactions. In Ref. 7, this model
technique was extended to three-dimensional systems w
realistic interaction model. The authors investigated
slowing down of Mo clusters containing about thousand
oms on a Mo~001! surface with deposition energies from 0
to 10.0 eV/atom. This study was achieved by classical m
lecular dynamics. An overall examination of the resu
shows that in the softest landing case, the clusters are loo
stacked together without significant change in their morph
ogy and voids remain between them. In the highest-ene
case, which is way above typical LECBD energies, the cl
ters form a dense epitaxial film, partially buried in the su
strate. In a later work,18 and already in view of studying
LECBD conditions, the detail of the deposition of a sing
Cu cluster containing 440 atoms on a Cu~001! surface with
LECBD incident energies and at different temperatures w
investigated with a similar method. The main issues are
epitaxy of the cluster with the substrate and the depende
of its morphology on the deposition energy. The epitaxy
small metallic nanoclusters on single-crystal surfaces was
ready observed by high-resolution transmission elect
microscopy.22

In the present paper we concentrate on the deposition
the formation of cluster-assembled gold layers by mean
deposition of gold clusters, one after the other, until a th
cluster layer is obtained. We simulate the deposition of cl
ters containing 440 atoms with an impact energy of 0
eV/atom. The cluster layer growing process conditions w
be discussed in detail.

In Sec. II, we give a description on the adopted simulat
model, with special emphasis on the electron-phonon c
pling. The results are discussed in Sec. III. A comprehens
picture of a nanostructured film growth is given in Sec. I
and the conditions to be met for realistic comparison w
experiment are briefly discussed.

II. MODEL AND SIMULATION

The model gold clusters considered here contain a
hundred atoms each, which is a typical size of clusters
LECBD experiments. The simulated substrate should
large enough to model a semi-infinite solid. The classi
MD method with a semiempirical potential to describe t
b-
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interaction between atoms is nowadays the only practica
method to simulate a system that consists of a few thousa
or more atoms, as needed in the present study.

A. The model

It is well known that the atomic trajectories in a MD
simulation strongly depend on the interaction potentials. I
also well known, as already predicted by the Friedel the
of transition metals, that the many-body nature of the atom
interactions need to be accounted for in order to corre
describe the interaction between atoms in materials. To
purpose, a many-body potential based on the second mom
approximation of the Friedel tight-binding theory~TB! is
suggested in Ref. 23 and later in Ref. 24. As an alternat
an embedded atom model~EAM! was developed for
metals,25,26 based on the local density-functional theory. A
though based on different physical grounds, both the EA
and TB cohesion models may be expressed in similar m
ematical forms, namely, a sum of pairwise interactions an
sum of many-body noncumulative contributions. The coh
sive energy projected onto one atom can then be written

Ei5F~r i !1
1

2 (
j Þ i

w~r i j !, ~1!

whereF(r i) is anN-body function of the electronic densit
r i on atom i and w(r i j ) is the repulsive energy betwee
atomsi and j separated by the distancer i j . The total cohe-
sive energy of the system is

ET5(
i 51

N

Ei . ~2!

Many empirical potentials in this form have been genera
by fitting experimental measurements of elastic consta
vacancy formation energies, etc. They are commonly app
to describe properties of bulk and surface of metals. In
present paper, we adopt the Fermi surface type poten
given in Ref. 27. Because of its semiempirical nature, t
potential does not perfectly and systematically reproduce
properties different from those used to adjust its free para
eters. For instance, the short range usually employed d
not allow a correct description of some planar extended
fects in periodic crystals.28 This is an obvious drawback o
all semiempirical potentials, which is however not crucial f
qualitative or generic predictions. It is thus not expected
imperil the present paper.

Other aspects of the cluster-surface interaction prob
need to be accounted for with some care and one here
siders the incorporation of the electron-phonon coupling
the MD model. Indeed, two factors should be considered
the heating up of the system, subsequent to the impact
cluster on a substrate. First, the cluster will transfer its tra
lation energy to the substrate and directly contributes to
thermalization of the ionic system. Second, when the sys
evolves toward thermodynamic equilibrium, the ionic syste
couples with the electron gas and both systems excha
energy according to the electron-phonon interaction dyna
ics. Because of high-thermal conductivity of the electron g
in metals, the energy transferred to the electron system
quickly dispersed. Femstosecond laser spectroscopy sho
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this dispersion characteristic time to be of the order of
ps.29 Since the evolution of a cluster impinging on a sem
infinite system toward thermodynamic equilibrium is of t
order of 100 ps, the electron gas can be considered
thermostat at constant temperature.

MD methods in the canonical ensemble are well est
lished and commonly make use of the so-called exten
system method. In this line, an additional degree of freed
to a Hamiltonian system is introduced,30 which governs the
dynamics of the exchange of energy between the system
an external thermal bath. An inertial factor controls the r
of energy exchange at constant volume. Similarly, the v
ume can be considered as an isotropic dynamic parame31

in order to describe the evolution of a system at cons
external pressure. This method was generalized to any de
mation of the simulation box.32 Both methods at constan
volume and at constant pressure are formally demonstr
to describe the partition function of an equilibrium canonic
statistical ensemble.30 The direct application to the dynami
evolution of a nonequilibrium system toward thermodynam
equilibrium is however not realistic provided a physical u
derstanding of the inertial factors introduced can be giv
which is still an open question. Therefore, the Lange
equation of motion has been used to model the evolution
a solid system initiated by a cascade of ballistic atom
collisions.33,34 The stochastic Langevin force is used to d
scribe the electron-phonon interaction explicitly at t
atomic scale, which depends on the local electronic den
similarly to the embedded atom methods for interatom
forces. A simple approximate functional dependence on
electronic density is suggested in Ref. 33 for copper a
compared to density-functional and Hartree-Fock estima
This procedure is empirical and needs to be repeated for
different system.

An alternative approach is suggested in Ref. 35, which
briefly outlined here and extended on the basis of the S
merfeld theory of metals to be used in the present clus
surface interaction study. In this model, two coupled mac
scopic nonlinear heat transport equations describing the
evolution of the electronic and the ionic temperatures mo
the electron-phonon interaction. This system reduces to
single equation with the simplifying assumption that t
electronic temperature is constant. In this case, the equa
for the rate of change of the ionic temperature is

dTi~ t !

dt
52a@Ti~ t !2Te#, ~3!

wherea is the inverse of the characteristic cooling time, a
Ti and Te are the temperature of the atoms and electro
respectively. Notice that this equation applies to the inst
taneous temperature of atomi and it thus can be used fo
atomic scale modeling.

Considering that a damping force can describe
electron-phonon energy exchange through small elect
atom energy transfers,35 this damping force on an atomi can
be written as

Fi52mv i . ~4!

Then, the rate of change of thermal energy may be expre
by
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Fivi52mvi•vi5
]

]t
~3kBTi !. ~5!

According to Eq.~3!,

mvi•vi53kBa@Ti~ t !2Te#

and sinceTi5mv i
2/3kB , or v i

25(3kB /m)Ti , we have

m5ma
~Ti2Te!

Ti
. ~6!

In this model, the motion of atomi is thus governed by the
equation

d2r i

dt2
5

1

mi
¹ r i

ET2mvi . ~7!

This equation is similar to the Nose´ equation of motion in the
form written by Hoover.36 Therefore, we think it describe
the evolution of a system toward thermodynamic equilibriu
in the canonical ensemble. It introduces a relationship
tween electron-phonon coupling and the inertial parame
introduced by Nose´, which will not be discussed in the
present paper.

As shown in the appendix, the Sommerfeld theory
metals allows writing down the inverse of the electro
phonon coupling timea as

a5
QDTeLne2kBZ

2mek«F
, ~8!

whereQD is the Debye temperature,kB the Botlzmann con-
stant,L the Lorentz number,n the density of electrons,Z the
valence,k the thermal conductivity,«F the Fermi energy,
ande andme the electron charge and mass, respectively
this expression, all quantities are available and none is m
temperature dependent. Using the experimental value of
Lorentz number, the characteristic timea21 for Au is about
20 ps at room temperature.

Equation~5! is integrated numerically by the scheme pr
posed by Swopeet al.37 The force evaluation makes use
Verlet neighbor lists combined with a linked cell algorithm
The potential cutoff distance selected is given in Ref. 27 a
includes third neighbors for fcc metals.

B. The simulation conditions

We consider the deposition of gold clusters formed
440 atoms on a fcc~111! gold surface. The substrate is 1
monolayers thick and each layer contains 18320 atomic
cells. Thus, the size of initial substrate box is a 18ax320ay
312az parallelepiped, where

ax5
&

2
a0 ,

ay5
A6

4
a0 ,

and

az5
)

3
a0
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2828 PRB 62Q. HOU et al.
with a0 being the gold lattice parameter. Such a surface a
is of the same order as the perfect fcc domains observe
reconstructed Au~111! surfaces at room temperature.38 The
effect of boundaries between faulted and unfaulted area
not considered. Born von Karman periodic boundary con
tions are applied in thex and y directions, parallel to the
~111! surface plane. Before simulating the deposition p
cesses, the substrate is prepared by relaxation at room
perature~300 K!.

Each cluster is constructed by cutting a sphere out of a
box. No particular attention is paid to the initial cluster mo
phology, which is unknown in the gas phase. It is hoped t
an equilibrium morphology is found by a heating and cooli
cycle before thermalization at 300 K. The possible role of
cluster morphology on deposition will be addressed in
other study. Before starting the dynamics of the clust
surface interaction, the cluster is rotated at random aroun
center-of-mass and positioned at random in thex-y plane@the
plane parallel to the~111! surface#. The z coordinate above
the surface is selected to warrant a distance between
nearest atom in the cluster and the topmost atom in the
face to be just smaller than the interaction cutoff distan
substrate~the previously deposited clusters are accoun
for!. The cluster is then set to its initial translation veloci
For each cluster, the simulated process lasts for 200 ps
the equilibrium is checked by controlling the time evolutio
of the temperature and the configuration energy. Then, a
run begins for a next cluster and so on, until a thick na
structured layer is formed.

The use of periodic boundary conditions allows energy
artificially propagate back to where it comes from and t
can be avoided, e.g., by applying suitable applied stocha
forces in selected box areas. In the present case howeve
impact energy is small enough and the surface area s
ciently large that such a precaution is not found necessar
is well known however that the impact of a heavy particle
a solid induces a compressive wave that propagates ac
the substrate. The reflection of this wave at the boundarie
the finite simulation box is undesirable and this one need
be presently avoided. The problem is addressed in Ref
and was recently revisited in Ref. 40 where a damp
method is suggested using spherical symmetry to sepa
the zone of interest from a harmonic system with an effici
damping interface. We notice that, in the case of small
pact energies, an efficient reduction of the reflection am
tude could also be obtained by applying Eq.~4! with a short-
time damping force to the atoms in a plane layer in
bottom of the simulation box. The time this artificial dam
ing is applied is long enough for the compressive wave
reach the bottom of the box, but short enough to prevent
interference with the cluster-surface interaction process.

III. RESULTS

For the convenience of discussion, we subdivide the
tailed results into four sections.

A. Deposition of a first cluster

We here provide details about the impact of the first cl
ter of 440 atoms on the gold surface at 300 K. The init
translation energy of the incident cluster is 0.25 eV per ato
a
in

is
i-

-
m-

c

t

e
-

r-
its

he
r-
e
d

nd

xt
-

o
s
tic
the
fi-
It

ss
of
to
9

g
te
t
-
i-

e

o
y

e-

-
l
.

The compressive wave mentioned above is formed wit
the first picosecond and it disappears by the combined ef
of thermal dispersion and the damping applied in the bott
of the simulation box, within a delay of the order of 2 p
This is one order of magnitude shorter than the character
electron-phonon coupling time.

Figure 1 displays four snapshots illustrative of the dyna
ics of the interaction between the first cluster and the s
strate. The initial cluster is crashed onto the surface withi
simulation time shorter than 4 ps, along which process, so
mixing between the cluster and the substrate takes place.
number of exchanges represents no more than 1% of
number of the cluster atoms. This exchange rate is also
served when the slowing down is repeated with differe
random initial orientations and positions of the cluster. N

FIG. 1. Snapshots of the deposition of a Au cluster contain
440 atoms on a Au~111! surface. The cluster is initially positione
in such a way that a distance close to the potential cutoff separ
the closest cluster atom from the surface. Att5100 ps, the cluster
is fully epitaxial to the surface.



o
is

a-
,

om
to

fa

s.
e
t

u
e
r-

ar

s

a
t

30
n

y-
on
th
rs
nd

en-
e
e of
ui-
K

es
ion
per.

ec-
in

rns
g
the

inor
ith

ant
tion,
es,
the

e
n-

he

er
be

Fig.
ib-

ster
a

is
the
an-
not
gh-
the
ro-

y a
la-
vi-

sis-
rate
yer

igh
pse.
d at

rst

r-
c-
th
-
t

PRB 62 2829DEPOSITION OF AuN CLUSTERS ON . . . . I. . . .
later exchange is observed and mixing is thus a minor sh
term effect. Att54 ps, the initial structure of the cluster
destroyed. This is verified by an examination of the~nonnor-
malized! radial pair-correlation function in the cluster, me
sured as a function of time and displayed in Fig. 2. Indeed
t54 ps, the second peak of the correlation function has c
pletely disappeared. Att516 ps, this second peak starts
restore and the process is completed att532 ps. After t
510 ps, the epitaxy starts from the cluster-substrate inter
and quickly propagates across the cluster. Figure 1~c! shows
an intermediate state att516 ps where a defect remain
This one is annealed att532 ps, as it comes out of th
pair-correlation function in Fig. 2. It is found~snapshots no
shown here! that betweent532 ps andt5100 ps, the system
still evolves as the atoms exchanged with the substrate
dergo further site exchanges. This indicates the occurrenc
diffusion jumps in the cluster, while altering neither its ove
all morphology nor its pair-correlation function. Facets ch
acteristic of its final morphology can be noticed in Fig. 1~d!,
consistently with similar simulations performed in the ca
of copper.18 It is predicted in Ref. 41 that a tiny gold tip
~containing less atoms than our model cluster! deposited on a
gold ~111! surface, collapses at 800 K within a time interv
of several hundred pico seconds. This is not observed in
present case because the average temperature used is
and the electron-phonon coupling moderates the duratio
the local heating.

The kinetic evolution of the system toward thermod
namic equilibrium is governed by the characteristic electr
phonon coupling time. In a first step, the conversion of
initial cluster kinetic energy into potential energy occu
within a few picoseconds. The result of this step correspo
to the configuration in Fig. 1~b!. This potential energy is then

FIG. 2. The pair correlation functions at different cluste
substrate interaction times. Att54 ps, the disappearing of the se
ond neighbor peak in the pair-correlation function shows that
short-range order is destroyed. Att516 ps, the second peak ap
pears again, showing that the order is partially restored. At
532 ps the cluster structure is almost fully recovered.
rt-
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e

l
he
0 K
of

-
e

s

converted into heat in the ionic system, which then expon
tially cools down, with the characteristic time of th
electron-phonon coupling, simultaneously with a decreas
the mean configuration energy, toward thermodynamic eq
librium. The electron-phonon time constant is 20 ps at 300
and, consequently, equilibrium is only reached at tim
larger than 100 ps. This is the reason why the simulat
time for each slowing down lasts 200 ps in the present pa

B. Deposition of the second cluster

Figure 3 exhibits snapshots of the deposition of the s
ond cluster. The first cluster has the configuration shown
Fig. 1~d! and the second, initialized as described above, tu
out to be positioned in the vicinity of the first. Before hittin
the substrate, this cluster undergoes a slight impact from
first deposited cluster, as shown in Fig. 3~a!. This impact
causes a local compression of both clusters. Some m
mixing takes place. Since the second cluster interacts w
the first cluster before reaching the surface, no signific
compression wave propagates into the substrate. In addi
no mixing with the substrate is observed. In the later stag
epitaxy is observed to progress from the interfaces with
substrate@snapshot in Fig. 3~b!# and with the first cluster
@snapshot in Fig. 3~c!#. The snapshots are selected att
516 ps andt532 ps, respectively. At the end of this run, th
epitaxy is not as perfect as that for the first cluster. In co
trast with the first slowing down, disorder remains and t
second cluster is not fully epitaxial@Fig. 3~d!#. Planar defects
like stacking faults or twin boundaries are found in oth
cases as well. As will be shown below, such defects can
annihilated by the impact of further coming clusters.

C. Deposition of the first cluster layer

More clusters can be accumulated the same way and
4 shows the morphology of the first cluster layer at equil
rium, viewed in a@ 1̄10# direction. The clusters are all fully
epitaxial to the substrate. The defect in the second clu
shown in Fig. 3 is annihilated. It is observed that when
cluster slows down in the vicinity of another one, which
defective, the energy transferred either directly or via
substrate is sufficient to overcome the energy barrier for
nihilation. The effect is enhanced by the fact that epitaxy
only originates from the substrate but also from the nei
boring clusters. One question often addressed is that of
possible cluster coalescence during the slowing down p
cess. The top view of the first cluster layer@Fig. 4~b!# clearly
shows that the clusters keep their identity. They displa
pronounced tendency of well-defined facets for which re
tive orientations are governed by the crystallography. Ca
ties between the clusters remain. This is qualitatively con
tent with the simulation of heterogeneous cluster-subst
systems presented in Refs. 41 and 42 where a similar la
growth mechanism is found and where it is shown that h
temperatures are necessary to induce the cluster colla
The coalescence of free gold clusters was also predicte
high temperature, though below the melting point.43

We have also investigated the inner structure of the fi
cluster layer by observing the sample in Fig. 4~a! slice-by-
slice. Figure 4~c! is one of such@ 1̄10# slice and Fig. 4~d! is

e
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2830 PRB 62Q. HOU et al.
a slice selected in the cluster layer along the@111# direction,
parallel to the substrate surface. Both illustrate the occ
rence of cavities with size on the same order as that of
clusters themselves. Atoms of a later coming cluster m
however fill spaces left empty by the previously deposi
ones, hence tending to make this first cluster layer somew
more compact than a stacking of hard spheres would be
animation of the process shows that such a filling happ
during impact stage, that is, before the epitaxial order
starts. The pronounced roughness of the surface of this
layer should be noticed@Figs. 4~a! and 4~c!#, with a charac-
teristic length of the order of the cluster diameter. As will
shown below, this roughness is a determinant in the dep
tion process of the next cluster layer and the overall stat

FIG. 3. Snapshots of the deposition of a second cluster.
initial configuration for this slowing down is not shown. This se
ond cluster has a slight impact with the first cluster. Att516 ps, the
cluster starts to become epitaxial with the substrate and,t
532 ps, with the first cluster. A defect is still remaining att
5100 ps, which will not be annihilated before the end of the sim
lation time.
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FIG. 4. The first cluster layer, as formed by the five cluste
These clusters are fully epitaxial with the substrate. The clus
keep their distinguishable shape and no obvious coalescence i

served.~a! View in the @ 1̄10# direction,~b! view in the@111# direc-
tion, ~c! and ~d! are slices in~a! and ~b!, respectively. Their thick-
ness is of one monolayer.
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a thick cluster assembled layer grown by low-energy clus
beam deposition.

D. Deposition of a thick cluster layer and equilibrium
structural properties

After the first cluster layer shown in Fig. 4 is formed, th
cavities left are too small to allow the further deposited cl
ters to come into direct contact with the substrate surfa
Owing to the model geometry, five clusters were enough
form the first cluster layer. A second layer was formed
seven additional clusters. The roughness of the nanos
tured cluster surface formed makes the definition of a clu
layer inaccurate. Here we define the first layer as formed
the first five clusters because they are in direct contact w
the substrate. The second layer is defined for convenienc
formed by the clusters in direct contact with those in the fi
but not with the substrate, and so on.

The clusters in the second layer also undergo epit
without any impact induced coalescence. By visualizing
deposition processes~not displayed here!, it is observed, just
as in the case of the first layer deposition, that in a first s
the second cluster layer structure is heavily damaged.
final structure of this layer is not influenced by the perfe
substrate surface, but by the rough surface of the first la
This represents a major difference with the first layer de
sition and the epitaxy of the second layer is only partial. T
defects induced by the impact are no more fully annihilat
As the deposition proceeds, the memory of the substrate
face becomes increasingly loose and the nanostructure
comes dominantly governed by the cluster-cluster inter
tion.

Clusters are deposited further at time intervals of 200
until a film is formed containing 20 clusters. Its total thic
ness is about 7 nm. The deposition of the third layer modi
the structure of the second for which epitaxy is still furth
decreased. As a result, major rearrangement takes p
which is now described.

This 7-nm-thick nanostructured layer is formed by nan
crystal grains separated by interfaces for which spatial ex
sion has no straightforward relation with the size of the i
tial clusters. In addition, the clusters deposited after the
cluster layer do not fill the empty spaces left in it. The form
deposited clusters support them and, like the preceding o
they leave cavities of the nanometer size. Figure 5 displa
typical slice in this nanostructured layer. Large holes
clearly observed. Lattice distortion is observed too, which
commented below.

Our simulated sample is too small to allow a statisti
study of the grains. Specific features however can be cle
identified, which are now discussed. The large holes
served in Fig. 5 may interconnect to form pores that cr
most of the sample thickness. The slice in Fig. 5 displays
other lattice defects than an edge dislocation for which
line is located in the plane marked by an arrow. This de
onstrates that at least a partial memory of the substrate
dering is maintained across the whole layer. Further exa
nation of this model sample reveals strong three-dimensio
lattice distortions and other extended defects like twin gr
boundaries and stacking faults, which are not shown h
The nanostructure is thus highly complex and will not
analyzed in detail. Overall trends may be better emphas
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with the help of an order parameter and we use the struc
factorS(k) the same way as in Ref. 18.S(k) provides better
quantitative information than visualization. It is here defin
as

S~k!5
1

N (
i 51

N

exp~ ik"r i !,

whereN is the number of atoms concerned,k is the wave
vector defined for convenience by

k5
4p

a
~nx ,ny ,nz!

with a being lattice parameter and (nx ,ny ,nz) the Miller
indices. With this definition, the square modulus,uS(k)u2, of
a perfect fcc crystal is equal to one in the case of full ord
and to zero in case of full disorder. For the cluster layer,
usek parallel to low index directions in the substrate in su
a way thatuS(k)u2 provides a quantitative measure of dire
tion correlations between the substrate and the depos
layer. Much of the information discussed above can be
trieved by a detailed analysis of the structure factor, wh
will not be presented here. We limit ourselves to the meas
of the memory of the substrate ordering in each depos
cluster.

One example of the evolution of the structure factor m
sured in given clusters as a function of the number of furt
deposited clusters is given in Fig. 6. This figure represe
the structure factor withk parallel to@ 1̄10#, associated to a
given cluster as a function of the number of further deposi

FIG. 5. A one monolayer slabs in the thick nanoclustered fi

formed by 20 clusters viewed in the@112̄# direction. The arrow
points to the core of an edge dislocation, parallel to the subst
surface.
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clusters. Several features are coming out. For instance
structure factor associated to the seventh deposited clus
enhanced because of the deposition of the tenth cluster.
shows that the tenth cluster impact makes the seventh clu
epitaxial. The further slowing down, as commented abo
then progressively deteriorates this epitaxy. A similar p
nomenon of sudden epitaxy enhancement followed by
progressive deterioration is systematically observed for
later deposited clusters. Epitaxy becomes progressively lo
as the layer thickness increases, except in the first laye
which the structure factor remains close to constant as
slowing down proceeds, because of the substrate. Th
shown in Fig. 6 on the example of the fourth deposited cl
ter. The substrate remains undamaged.

These observations displayed in the case of ak vector
parallel to@ 1̄10# are found for all other consideredk vectors
and are cross checked by an examination of the density f
tion measured normal to the substrate surface, which
shown in Fig. 7. This figure shows that the atomic lay
structure becomes increasingly loose as the thickness i
creased. A decrease of the peak height is observed, bala
by broadening, in the vicinity of the substrate surface. T
illustrates interface relaxation, which turns out to be sh
range in the substrate, related to an enhancement of the
vibration amplitudes. A close comparison of the peak in
grals, providing the layer-by-layer density, demonstrates
relation with the holes commented above, that the nanost
tured layer density is not significantly depth dependent an
somewhat less then 80% of the substrate density. This
be compared with the density of 0.52 that should be obtai

FIG. 6. The structure factor associated to individual clusters~k
vector parallel to the substrate@ 1̄10# direction! as a function of the
number of deposited clusters. Clusters are numbered from 1 t
according to the deposition sequence. Each impact modifies
structure factor associated to the formerly deposited clusters.
figure represents the structure factor measured in fourth, sev
eighth, and ninth deposited clusters as a function of the fur
deposited ones. Its value in the substrate is also shown. The
strate and the fourth deposited cluster~sitting in the first cluster
layer! keep high constant structure factor values. The structure
tor associated to the seventh deposited cluster is initially small
is enhanced by the impact of the tenth cluster for which the st
ture factor value is on its turn enhanced by the slowing down of
twelfth cluster. This enhancement effect competes with dam
also resulting from further cluster deposition.
he
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for a compact staking of hard spheres. The peaks in the c
ter layer are quite broad, illustrating the distortions me
tioned above and the layer structure vanishes close to
surface. This one is characterized by a smooth tail, wh
illustrates its roughness.

IV. CONCLUDING REMARKS

At this stage, it becomes possible to provide a comp
hensive, though qualitative, description of metallic nan
structured diffusionless film growth.

When a gold cluster of the nanometer size impinges o
crystalline gold surface at low energy in an otherwise is
lated environment, it becomes pronouncedly epitaxial w
the substrate. The time required to reach thermodyna
equilibrium is determined by the electron-phonon coupli
time which is, according to the Sommerfeld model of meta
about 20 ps for gold at room temperature. The epitaxy st
at the cluster-substrate interface and quickly propaga
through the cluster. In the present paper, 200 ps system
lution is necessary for each cluster slowing down in order
reach thermodynamic equilibrium. Clusters are depos
one-by-one and when the deposited dose is large eno
further incident clusters interact with both the substrate s
face and the already deposited clusters. Their impact ma
sufficient to annihilate existing defects and their own epita
is induced by both the substrate surface and the already
posited epitaxial clusters. This way, a perfectly epitax
cluster monolayer can be formed, which is however char
terized by nanosize cavities between them, the absenc
coalescence and a rough monolayer surface. This rough
inhibits the epitaxy of later incident clusters, as it tends
promote defect formation. Clusters in this forming overlay
are thus less stable than those in contact with the subs
and they tend to loose their identity by interacting togeth
Deep rearrangement progressively takes place leaving d
cations, stacking faults, and twin boundaries in the film. T
overlayer is consequently stressed and the stressed
propagates inside the first cluster monolayer inducing str
lattice distortions. Large cavities are distributed through
whole film, which may interconnect. The nanostructur

20
he
is
th,
r
b-

c-
d

c-
e
e,

FIG. 7. The atomic density distribution function,D(z), mea-
sured along the@111# direction perpendicular to the substrate su
face ~z direction in the figure!. The first 12 peaks correspond t
substrate monolayers.
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layer surface roughness seems independent on the
thickness but it is characteristic of the cluster size. In
presently modeled experiment, because of the occurrenc
cavities, the nanostructured layer density is no more t
80% of bulk single-crystal gold. The interaction between
clusters makes this density larger than that of a comp
stacking of hard spheres.

It was shown in Ref. 18 that, within an energy ran
between 0 and 1 eV per atom, the morphology of a depos
cluster at equilibrium depends on the incident energy. It
be expected that it is also dependent on the cluster size
the substrate temperature. Since, at room temperature,
size and morphology determines the roughness of the sur
film and that this roughness plays an important role in
further film growth, size and energy are obviously importa
parameters determining the nanostructures. In a real low
ergy ~neutral! cluster beam deposition and film formatio
the incident energy is not accurately known since it is une
to measure with high resolution. The mass distribution,
though quite narrow as compared to other techniques,
some appreciable width. Therefore, in order to model a na
structured film as obtained by the LECBD technique qua
tatively, it is necessary to take these parameters into acco
This is precisely what is done in a next step to the pres
paper which is reported in Ref. 19. The role of temperat
as well as the mechanical properties of the films produce
the subject of further investigations.
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APPENDIX

According to Ref. 34, let us write the electron-phon
mean-free path~mean-free path of the electrons for the sc
tering by ions! as

le5
r 0T0

Ti
, ~A1!

wherer 0 is the size of the Wigner-Seitz cell. Assuming th
the number of electrons taking part in the scattering
phonons is

kBTeN~EF!, ~A2!

whereN(EF) is the density-of-states at the Fermi energy,
mean-free flight time for the electron-ion scattering is the

tei5
le

vF
5

r 0 T0

Ti vF
, ~A3!

where T0 is the temperature at which the mean-free flig
equals the Wigner-Seitw cell radius. Consider that the m
energy exchanged in an electron-phonon collision iskBQD
~kB : Boltzmann constant,QD : Debye temperature!, then the
rate of energy exchange can be written as
yer
e
of
n

e
ct

d
n
nd
eir
ce
e
t
n-
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l-
as
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i-
nt.
nt
e
is

ct

-

t
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e
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n

Rex5
kBQDkBTeN~EF!

tei
5

kBQDN~EF!vFTiTe

r 0T0
~A4!

and the net rate as

Rt5
kBQDN~EF!vF~Ti2Te!Te

r 0T0
. ~A5!

Now, the energy balance for the ionic system is

Ci

]Ti

]t
5k i¹

2Ti2Rt with Ci5ci
vrm , ~A6!

wherek i is the thermal conductivity of the ionic system,ci
v

is its specific heat, andrm the ionic density.
In the absence of a source term (¹2Ti50), it is shown in

Ref. 34 that

]Ti

]t
52

3QDvFge

p2r 0ci
vrm

Te

Ti2Te

T0
, ~A7!

wherege is the electronic specific-heat coefficient. By com
bining Eq.~A7! with Eq. ~A3!, one obtains the inverse cha
acteristic cooling time:

a5
3QDgeTevF

p2rci
vrmT0

. ~A8!

In Ref. 34,ge /T0 is considered as material dependent adju
able parameter, which makes the model empirical. This
rameter can be fixed however within the frame of the So
merfeld theory of metals.

According to the law of Dulong and Petit,

ci
v53

n

rmZ
kB , ~A9!

wheren is the free-electron density andZ the valence. In a
free-electron gas,

ce
v5geTe and ge5

p2

2

kB
2

«F
n. ~A10!

T0 can be eliminated provided an expression is found in
~A1! for le . The characteristic time for electron-ion scatte
ing may be written as

tei5
me

relne2 5s
me

ne2 , ~A11!

where s is the electrical conductivity. Since the Loren
numberL is defined by

k

s
5LT, ~A12!

wherek is the thermal conductivity, and sinceT5T0 when
l5r 0 , using Eq.~A1!, one gets
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r 05vF

k

LT

me

ne2

or

T05
vFme

rLne2 k. ~A13!
n

t

A

.

u

Making use of Eqs.~A9!, ~A10!, and~A13!, Eq. ~A8! can be
written as

a5
QDTeLne2kBZ

2mek«F
. ~A14!
.
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