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We studied theoretically the deposition of Xe atoms on a sapphire substrate and the subsequent growth of
ordered Xe phases via the low-temperature atom beam deposition method. This chemical synthesis method �D.
Fischer and M. Jansen, J. Am. Chem. Soc. 41, 1755 �2002�� is particularly suitable for synthesizing metastable
solid compounds. The modeling procedure consisted of several steps, where we used empirical potentials to
model the interactions within the substrate, the Xe-Xe interactions in the gas phase and the solid, and the
interactions between the Xe atoms and the substrate. In a first step, we established that under the experimental
conditions, no Xe clusters formed in the gas phase, and thus the deposition could be described by the adsorp-
tion of single Xe atoms on the substrate at low temperatures. Next, we simulated the Xe deposition process and
we studied the growth mode depending on various synthesis parameters such as the deposition rate and the
temperature of the substrate. Finally, the deposited Xe layers were tempered and the structure of the resulting
compound was analyzed. We studied the establishment of locally ordered regions as a function of time, both
during the deposition and the tempering. We observed that the final configuration was always crystalline,
although defects such as stacking faults and dislocations were likely to form. The occurrence of different
growth modes and the formation of defects were explained by studying diffusion and adsorption processes on
the surface of both the substrate and the depositing phase.
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I. INTRODUCTION

Growth processes of solid materials are of great interest
from both the fundamental and the technological point of
view. Understanding how different growth procedures lead to
different polymorphs of the same substance, for instance, is a
key issue in natural sciences with many applications in fields
as diverse as the electronic, the chemical, and the pharma-
ceutical industry. Since different modifications of the same
material display in general different properties,1 it is of ex-
treme importance to study the relationship between the syn-
thesis route followed and the resulting modification and mor-
phology of the grown compound.

Although recent progress has made available tools for the
microscopy and spectroscopy of solid compounds during the
whole growth process,2–4 atomistic simulations prove invalu-
able in casting light on the mechanisms which determine the
growth mode.5,6 In particular, molecular dynamics �MD� has
been extensively used to study growth processes of materials
from both the liquid and the gas phase,7–14 especially in an
attempt to model the experimental conditions occurring dur-
ing a molecular-beam epitaxy experiment.15

Recently, a solid-state synthesis technique, called the low-
temperature atom beam deposition method, has been devel-
oped and used to produce stable and metastable phases of
oxide,16 nitride,17 and halide compounds,18,19 some of which
had never been accessible before using any alternative syn-
thesis route. During low-temperature atom beam deposition,
the metal constituents of the desired compound are initially
evaporated using thermal effusion cells. Simultaneously, the
oxygen molecules, for example, are broken up to form a
low-density atomic gas. The oxygen-metal gas thus produced
is then deposited on a cold substrate, which is maintained at
liquid-nitrogen or liquid-helium temperature. X-ray amor-
phous deposits are obtained as a result of this procedure.

Finally, upon slow heating, crystals of various stable and
metastable modifications are generated.

Understanding this procedure is of high scientific and
technological interest, due to its unusually high degree of
control over the synthesis parameters as compared to most
other solid-state synthesis methods. The goal of this study is
thus to model such a synthesis throughout all its stages.

As an example system, we have chosen the deposition of
xenon on a sapphire �Al2O3� substrate, followed by a tem-
pering stage at various temperatures. Such an experiment has
recently been performed and preliminary results indicate that
both fcc and hcp Xe crystals have formed.20

Xe displays extremely low reactivity, relatively high
atomic mass, and high polarizability. Thanks to these prop-
erties, solid Xe is commonly used as an inert matrix in which
single atoms, molecules, or atom clusters are trapped in order
to study their optical properties.21,22 Furthermore, Xe films
have recently been used as buffer layers during metal cluster
deposition in order to screen the cluster from the interaction
with the substrate.23,24 Therefore, being able to control which
structure and microstructure form, as well as what kind of
defects are present, is important also for applications such as
those mentioned above.

In this work, we report on an atomistic study of growth of
solid Xe by deposition from the gas phase. In the first stage,
we have studied the dynamics of the Xe atoms in the gas
phase prior to adsorption. Subsequently, we modeled the im-
pact of the gas-phase atoms on the substrate surface, as well
as their adsorption and diffusion, which lead to the formation
of solid Xe. Finally, we have investigated the effect of tem-
pering and annealing the system obtained as a result of the
deposition, with a particular focus on identifying the forma-
tion of different Xe modifications and the generation of de-
fects.
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II. MODEL AND CALCULATION METHODS

All calculations were performed by using classical MD.
The Newtonian equations of motion were solved by means
of the Velocity-Verlet algorithm.25 Time steps used were in
the range between 2 and 6�10−15 s.

Simulations of deposition and tempering were carried out
within a rectangular prismatic simulation unit cell. The sys-
tem was comprised of the Al2O3 substrate and the depositing
Xe species. The axes were oriented in such a way that the
substrate surface lay in the xy plane and the vertical direction
was parallel to the z axis. The top substrate surface had ver-
tical z coordinate equal to 0.

A. Potentials

The potential chosen to describe atomic interactions in
Al2O3 was the Matsui potential,26 already successfully used
in previous studies.27,28 The Matsui potential is a sum of
pairwise terms of the form,

V�rij� =
qiqj

rij
−

CiCj

rij
6 + D�Bi + Bj�exp�Ai + Aj − rij

Bi + Bj
� , �1�

where the first term describes the Coulomb interaction, the
second the van der Waals interaction, and the third is the
repulsive term. In Eq. �1�, rij is the distance between particle
i and j, and D is a force constant which is equal to
4.184 kJ Å−1 mol−1. The remaining free parameters are
listed in Table I.26

Due to the two-dimensional periodicity of the system, a
treatment of the Coulomb term in the Matsui potential within
the Ewald scheme would have been cumbersome and com-
putationally expensive. Therefore, we opted for the damping
procedure proposed by Wolf et al.,29 which has the advan-
tage of being applicable to systems with arbitrary geometry,
without introducing a significant error into the potential cal-
culation. We used a damping factor of 0.27 Å−1 and we cut
off the potential at 10 Å.

Atomistic interactions between Xe atoms were modeled
via the Lennard-Jones 12-6 potential. The parameters we
used for the energy well depth �Xe-Xe and the typical inter-
atomic distance �Xe-Xe were 0.021 eV and 4.0 Å,
respectively.30,31

The interactions between Xe atoms and the Al and O at-
oms constituting the substrate were then described by a
modified Lennard-Jones potential type of the form,

VY-Xe�rij� = 4�Y-Xe���Y-Xe

rij
�10

− ��Y-Xe

rij
�5� , �2�

where Y stands for either Al or O. Here the long-range at-
tractive term varies as the inverse fifth power of the distance
between a pair of particles.

The dependence of the potential on the inverse fifth power
of the distance was chosen to account for the average effect
of the many contributions making up the total interaction
between a Xe atom and the substrate. It was assumed that, in
a first approximation, each substrate ion interacting with the
Xe atom induces a dipole on the latter. However, these di-
poles are oriented in different manners, depending on the
charge and the position of the inducing ion. Thus, the in-
duced dipole contribution due to, e.g., an Al ion is partly
compensated by that due to a neighboring O ion, essentially
resulting in an effective three-body interaction. Since the
Al2O3 surface consists of neighboring Al cations and O an-
ions whose separation �1.7 Å� is small compared to the spa-
tial extension of a Xe atom �about 4.5 Å�, the Xe atom close
to the surface experiences an averaged potential resulting
from the interaction with many ions located at nearly the
same distance. Furthermore, the ions cannot be simply ap-
proximated as point charges, as their polarizable electron
shells also interact with the Xe atoms, particularly at short
Xe-ion distances. As a consequence, the net effect of this
multi-ion contribution is better approximated by a dipole-
induced-dipole type of interaction, scaling as the inverse fifth
power of the distance, rather than by a sum of point-charge-
induced-dipole interaction terms.

For the Al-Xe and the O-Xe interactions, the location of
the minimum of the potential well, on which the parameter �
depends, was chosen to be equal to the sum of the ionic
radius of the cation �0.675 Å� or of the anion �1.26 Å�, and
the van der Waals radius of Xe �2.16 Å�. This gave values of
2.468 Å and 2.977 Å for �Al-Xe and �O-Xe, respectively.

The depth �Al-Xe=�O-Xe=�Al2O3-Xe of the potential well
was assumed to be the same for both the Al-Xe and the O-Xe
interactions. In order to determine the value of this param-
eter, the energy of a single Xe atom adsorbed on the relaxed
surface was calculated as a function of �Al2O3-Xe. For each
value of �Al2O3-Xe, the adatom was placed at several locations
on the surface and the system was then relaxed to the local
energy minimum. The adsorption energy was finally ob-
tained as the difference between the energy of the relaxed
system in the presence and in the absence of the adsorbate,
respectively. Figure 1 shows the results for the calculations
of the adsorption energy, which was found to vary linearly
with respect to the potential parameter �Al2O3-Xe.

The value of �Al2O3-Xe chosen was 0.015 eV, which gave
an adsorption energy of 0.133 eV. This matched well with
the values reported in the literature for the adsorption energy
of Xe on ionic surfaces, varying between about 0.12 and 0.18
eV.32 Table II summarizes the values of the potential param-
eters modeling interactions between two Xe atoms, a Xe
atom and an Al cation, and a Xe atom and an O anion. The
Xe-Xe, Al-Xe, and O-Xe potentials were cut off at a distance
of 10 Å, 6.5 Å, and 7.8 Å, respectively, and smoothly
brought to zero by means of a fifth-order polynomial.

B. Model of substrate

The substrate was an Al2O3 slab chosen in such a way as
to expose the O-terminated �0001� surface. Although the Al-
terminated surface had been previously calculated to be more

TABLE I. Parameters of the Matsui potential.

q
�	e	�

A
�Å�

B
�Å�

C
�Å3 kJ1/2 mol−1/2�

Al 1.4175 0.7852 0.034 36.82

O −0.9450 1.8215 0.128 90.61
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stable than the O-terminated �0001� surface,33 we still de-
cided to use the latter in order to reproduce more closely the
experimental conditions. Given that the pressure in the
chamber before the deposition started was of around
10−8 mbar and that the substrate was not treated with any
cleaning process,20 we expected the exposed Al layer to be
passivated with O and other species present in the chamber
within a few seconds. Therefore, it was reasonable to assume
an O-terminated surface as a starting configuration before
deposition was initiated.

The initial slab was comprised of 3600 atoms and was
obtained by constructing an ABA stacking of close-packed
planes of O atoms. Six close-packed planes made of 360
oxygen atoms and with lateral dimensions of 50.4 Å
�48.5 Å were used. The nearest-neighbor distance between
O atoms was 2.8 Å. Two thirds of the octahedral hollow
sites between two adjacent close-packed O planes were filled
with Al atoms, in such a way as to mimic the corundum
crystal structure. In the course of the simulation, the bottom
O and Al planes were kept fixed, in order to reproduce the
stabilizing effect of the bulk crystal.

The initial slab was then locally minimized by using an
MD-assisted quenching procedure. At each MD iteration, af-
ter solving the classical equations of motion via the Velocity-
Verlet algorithm, the quenching was accomplished by can-
celing all those components of an atom’s velocity whose
scalar product with the force acting on the atom was nega-
tive. Periodic boundary conditions across the plane parallel
to the O planes �xy plane� were applied. Upon quenching, the
topmost O plane was observed to relax inward, in such a way
as to reduce the surface dipole moment.

Before initiating the actual deposition, the minimized slab
was equilibrated by performing MD for a time interval of
around 1 ps at the temperature of the deposition. A simple
thermostat based on velocity rescaling was used and applied
to all atoms lying within a distance less than one third of the
slab height from the bottom of the slab. The equilibrated
structure was then used as the substrate for the deposition
and growth simulation.

C. Properties of the Xe gas phase and modeling of the
deposition stream

As a preliminary study, we modeled the dynamics of Xe
in the gas phase over a wide range of pressures
�10−7–103 bar�. A rectangular prismatic simulation box was
used and periodic boundary conditions were applied in all
three orthogonal directions. The temperature was kept con-
stant by means of an Andersen’s thermostat,34 whose fre-
quency was chosen between 1011 and 1012 s−1 /particle. The
Andersen thermostat has been successfully used in nucle-
ation studies35 and its performance has proved extremely sat-
isfactory as compared with that of other thermostatting
methods.36

At the beginning of the simulation, Xe atoms were made
to occupy the nodes of a grid. The grid spacing, and there-
fore the gas density, were determined in such a way that the
gas was at the desired pressure given the thermostat tempera-
ture, according to the ideal gas law.

We then performed MD in the �NVT� ensemble. In order
to identify the Xe clusters that remained stable for a certain
time interval, we used a bond-network algorithm which as-
sociated each atom with a cluster based on the list of nearest
neighbors of that atom. Two Xe atoms were considered
neighbors if they were less than 1.5�Xe-Xe apart. It was found
that, within a wide range of temperatures from 50 to 500 K,
no stable cluster could form for all pressures less than about
10 bar.

In the experiment, the pressure in the vacuum chamber
during deposition was about 10−5 mbar.20 Therefore, we
could safely rule out any possibility of cluster formation in
the gas phase and assume that, during deposition, single Xe
atoms impinged onto the growing sample.

Based on these results, we implemented a model of the
deposition process, where Xe particles were deposited one
by one at a given frequency with a predefined initial kinetic
energy. The initial kinetic energy chosen for depositing ada-
toms was in the range 0.01–0.03 eV, corresponding to ther-
mal deposition. The initial velocity was directed along the z
axis and oriented toward the substrate surface. The initial
distance of the particle from the growing surface was fixed
and set to a typical value of about 10 Å. The lateral position
of the impinging atom was randomly chosen. The surface of
the Al2O3 substrate was located at z=0. The bottom part of
the surface slab was kept fixed and a thermostat was applied,
as described in Sec. II B. Periodic boundary conditions
across the horizontal xy plane were imposed.

The temperature was monitored during the course of the
simulation. The system was divided into slices parallel to the
xy plane and the average temperature of the atoms contained
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FIG. 1. Energy of adsorption of a Xe atom on the Al2O3 surface
as a function of the strength �Al2O3-Xe of the interaction between the
substrate and a Xe particle. The dotted line is a linear fit to the
calculated data.

TABLE II. Parameters of the Lennard-Jones potential used for
interaction between Xe atoms, and of the 10-5 potential used for
interactions between substrate and Xe atoms.

System
�X-Y

�Å�
�X-Y

�eV�

Xe-Xe 4.0 0.021

Al-Xe 2.468 0.015

O-Xe 2.977 0.015
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in each slice was calculated by using the kinetic definition of
temperature. The slice thickness was chosen in the range of
about 2–4 Å, thus guaranteeing that on the order of 100
particles were contained in each slice.

D. Bond angle analysis

Several methods have been developed in the past few de-
cades to study the emergence of ordered structures in amor-
phous systems such as liquids and glasses in the regime of
undercooling.37–41 For our purpose of identifying regions
with crystalline structure within the deposited species, we
worked out a simple procedure based on the distribution of
bond angles between an atom and its nearest neighbors.

First of all, given a Xe atom in the structure, we defined
its nearest neighbors as those other Xe atoms whose position
lay within a sphere having the former particle as a center and
a radius of 1.15r0, where r0 is the minimum of the Lennard-
Jones potential well. This gave a maximum distance for two
neighboring Xe atoms of about 5.16 Å. We verified that this
value made sense by calculating the radial distribution func-
tion of bulk Xe in the temperature range of concern. In all
cases, the radial distribution function vanished, after the first
peak, within the distance interval from 5.2 to 5.6 Å. There-
fore, 5.2 Å could be considered as the cut-off value for the
first neighbor distance.

After associating each Xe atom with a list of nearest
neighbors, we selected only 12-fold-coordinated atoms, since
we were interested in possible crystalline order in the depos-
ited Xe. Given one selected atom, the angle formed by the
triplet consisting of the atom itself in the vertex and each
couple of its nearest neighbors was calculated. In this way,
each atom was associated with a bond angle distribution.
Subsequently, the bond angle distribution of each atom was
compared to that of an atom in an ideal fcc and hcp crystal.
A �2 test was then performed in order to decide whether the
environment around the atom belonged to one of the two
ideal close-packed types or whether it was to some extent
distorted. In case the error resulting from the test was too
high, the atom was labeled as of unidentified type.

III. RESULTS

A. Deposition at high rate

1. Deposition process

We first simulated deposition at a rate of 2
�1011 atoms /s, which corresponded to a growth rate of
about 109 monolayers /s. This is obviously much faster than
in the experiment, where growth rates of about 1
monolayer/s were typically chosen.20

The structures grown at this rate were all completely
amorphous and did not display any degree of order. In no
case was intermixing of substrate and growing species ob-
served. An example of such a structure, grown with a sub-
strate temperature of 50 K, is shown in Fig. 2�a�. Regardless
of the substrate temperature, the temperature of the deposited
layers was observed to fluctuate around 200 K �see Fig. 3�.
The only difference between different substrate temperatures

was the fluctuation amplitude with larger fluctuations occur-
ring for higher temperatures.

2. Tempering of structures grown at high rate

After growing the amorphous structures as described
above, we tempered them at several temperatures in the
range between 10 and 150 K, by applying the thermostat to
the lower part of the substrate. We observed that for all an-
nealing temperatures investigated, the amorphous structure
obtained as a result of the deposition process underwent a
phase transition toward a more ordered configuration. The
transition from amorphous to crystalline states started with

FIG. 2. �Color� �a� Example of a structure obtained after depos-
iting single Xe atoms with a rate of 2�1011 atoms /s on an Al2O3

substrate maintained at a temperature of 50 K. The snapshot was
taken after 12 ns from the beginning of the deposition. �b� Configu-
ration obtained by tempering the structure in panel �a� at 10 K for
60 ns. Blue, gray, and red spheres represent Xe, O, and Al atoms,
respectively.
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depositing Xe at a rate of 2�1011 atoms /s with the substrate main-
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the formation of 12-fold-coordinated nuclei before the Xe
temperature decreased down to the substrate temperature.
Eventually, the temperature of the whole sample was uni-
form and the system reached local equilibrium. The final
stage of the process was a transition to fcc or hcp packing.
Figure 2�b� shows, as a typical example, a structure obtained
by tempering a hot sample at a temperature of 10 K for 60
ns.

By performing the bond angle analysis during the cooling
process, it was possible to observe the emergence of long-
range ordering in the initially amorphous sample. In Fig. 4
the average bond angle distribution calculated at several in-
stants during tempering at 25 K of an initially hot sample is
plotted. The bond angle distribution for a perfect fcc and hcp
crystal, respectively, are also displayed in the same graph.
The whole process is made visible in Fig. 5, where the re-
sults of the bond angle analysis are shown for the structure
snapshots taken at the same instants as in Fig. 4. One can
observe the formation of some initial ordered clusters with
fcc-like packing, their extending throughout the whole
sample, and finally some areas of hcp-like packing appearing
and spreading across the sample.

In this way, we could follow the process of crystallization
from the amorphous phase in all its stages. Typically, after
the temperature had decreased down to approximately 130
K, the atoms started arranging themselves such that they
gained 12-fold coordination. These 12-fold-coordinated nu-
clei formed initially in proximity to the substrate surface
�Fig. 5�a��. As the deposit cooled further, the initial 12-fold-
coordinated core extended to the whole Xe sample and atoms
slowly arranged into a close-packed crystal structure display-
ing large regions with fcc or hcp stacking �Figs. 5�b�–5�d��.

In all cases, the structure was observed to thermalize into
a crystalline close-packed phase. Point defects, dislocations,
and stacking faults were frequently produced in the course of
the tempering process. Dislocations appeared in all cases
studied in approximately the same region of the sample at a
distance of about 10 Å away from the substrate surface. The
plane where the dislocation lay marked the boundary be-

tween the area without any specific crystalline order closer to
the substrate, and the area with a distinctive close-packed
crystal structure, be it fcc like or hcp like. Dislocations were
probably produced by the stress experienced by the Xe atoms
which were closest to the substrate and therefore were af-
fected by both the substrate potential and the interaction with
Xe atoms in the layers above.

We often also observed an alternation of fcc and hcp
stackings giving rise to a series of stacking faults �Figs. 5�c�
and 5�d��. These stacking faults corresponded to close-
packed planes in the crystal and were mostly found parallel
to planes forming an angle of approximately 60° with the
plane of the substrate surface. This was expected since the
layers of adsorbed Xe parallel to the substrate surface were
arranged in a close-packed fashion. In very few cases, stack-
ing faults were obtained which lay on planes parallel to the
substrate surface, an example of which is shown in Fig. 6�b�.

Figure 6 shows some of the configurations obtained dur-
ing tempering at several of the temperatures we studied.
Typically, stacking faults were found to originate at the bot-
tom of the deposited phase, at the interface with the sub-
strate. This original seed of the stacking fault was then ob-
served to propagate across the whole solid phase by growing
upward across a close-packed plane. This mechanism is evi-
dent by comparing the configurations �c� and �d� of Fig. 5.
Although not directly comparable, these results are consis-
tent with the findings of a recent MD study where nucleation
in a homogeneous Lennard-Jones liquid was investigated
during moderate and deep undercooling.42 When the liquid
was moderately undercooled, a mixture of fcc- and hcp-like
regions was observed, in a similar fashion to what we ob-
tained in our simulations.

In order to speed up the process of heat transfer through
the interface between the substrate and the grown species,
the strength �Al2O3-Xe of the interaction between a Xe atom
and the substrate was increased by a factor of nearly 10 to
the value of 0.1 eV. We verified that increasing this param-
eter resulted in the sample equilibrating to the thermostat
temperature but in a much shorter time. Also in this case, the
preferred type of packing turned out to be of fcc type, which
was the equilibrium configuration most often found.

Stacking faults separating fcc and hcp areas also occurred,
although at temperatures between about 5 and 40 K, a lower
temperature range than in the previous case. Moreover, the
stacking faults were always parallel to the plane of the sub-
strate surface. Figure 7 shows the results of the bond angle
analysis performed on configurations obtained after temper-
ing the hot sample at different temperatures. In contrast to
the previous case of low substrate-Xe interaction, stacking
faults running along diagonal close-packed directions of the
crystal were never obtained with the increased value of
�Al2O3-Xe.

Overall, the results obtained in the two series of calcula-
tions with different values of �Al2O3-Xe, suggest that the stack-
ing fault energy for this system is low and that the competi-
tion between fcc and hcp ordering is particularly strong.
Furthermore, the strength of the interaction between sub-
strate and deposited layers clearly influenced the generation
of defects during the deposition and tempering process.
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However, upon comparing structural quantities calculated in
the cases studied, we verified that a few monolayers above
the interface the deposited Xe was crystalline, close packed,
and the lattice constant was the same, regardless of the value
of �Al2O3-Xe used.

B. Growth at lower rate

Simulations were also performed where the deposition
rate was decreased to 1010 atoms /s, i.e., an order of magni-
tude lower than in the previous case. The substrate tempera-
tures investigated varied within the range of 10–100 K.

Throughout the whole range of investigated temperatures,
the grown structures displayed a high degree of order and
turned out to be arranged in one of the two possible close-
packed crystal structures. As an example, in Fig. 8 several
stages of a simulated deposition process at a substrate tem-

perature of 25 K are shown. The grown Xe assumed a close-
packed crystal structure from the early stage of the deposi-
tion process, as seen from the radial distribution functions
calculated for the configurations shown in Fig. 8 �see Fig. 9�.

As the deposition continued, some surface roughness de-
veloped thus giving rise to three-dimensional islands. By
performing the bond angle analysis �see lower panels of Fig.
8�, it was possible to observe how several stacking faults
originated at the beginning of the deposition in proximity to
the substrate surface, and propagated subsequently across the
growing sample along close-packed directions in the crystal-
line structure.

Structures obtained by depositing Xe atoms at different
substrate temperatures were compared, and in all cases crys-
talline structures were obtained. The deposited phase tem-
perature, monitored during the simulated growth, proved to
be generally higher by about 20–30 K than that of the sub-

FIG. 5. �Color� Result of single atom bond angle analysis performed on successive instants during tempering at 25 K of a hot sample. The
same structures were considered as those whose average bond angle distribution is plotted in Fig. 4. Only 12-fold-coordinated Xe atoms are
shown. Simulation times are as follows: �a� 10 ns, �b� 24 ns, �c� 40 ns, and �d� 82 ns.
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strate �see Fig. 10�. The roughness of the surface was found
to decrease with increasing substrate temperature, from the
value of 10 K, all the way up to 100 K, which was the
maximum substrate temperature used. Figure 11 presents an
overview of the structures grown at different temperatures.

In summary, by performing an analysis of the bond angle
distribution and calculating the radial distribution function
along the various stages of the depositions process �see Fig.
12�, we were able to follow the emergence of long-range
order in the grown species and observe the formation of de-
fects in their making. In particular, we observed the forma-
tion of stacking faults in all structures obtained as a result of
a simulated deposition at substrate temperatures lower than
70 K. Such an alternation of fcc- and hcp-like ordering was
also in agreement with preliminary results of the experiment
obtained by taking x-ray diffractograms of the deposited Xe
on a Al2O3 substrate.20 Above 75 K, the temperature of the
grown species was too high to allow the structure to fully
equilibrate into a properly crystalline ordered phase.

IV. DISCUSSION

All our calculations showed clearly that when Xe is de-
posited on an alumina substrate, it tends to assume a crystal-
line ordered phase for all substrate temperatures below the
melting point of Xe. However, the presence of defects was
observed on a regular basis. Notably, stacking fault alterna-

tions were often obtained in the deposited species, indicating
a high degree of competition between fcc and hcp ordering.

In order to gain additional insight into various aspects of
the deposition and the growth process, we investigated the
difference in stability between bulk Xe displaying fcc and
hcp packing �Sec. IV A�. Next �Sec. IV B�, we studied ad-
sorption and several diffusion processes of a single Xe ada-
tom on a Xe surface. These results were used to explain the
temperature-induced transition we observed between three-
dimensional and two-dimensional layer-by-layer growth. Fi-
nally �Sec. IV C�, we used some of the results obtained in
Secs. IV A and IV B to cast light on the origin of stacking
fault formation in the deposited Xe sample.

A. Local optimization of close-packed crystal structures

In order to quantify the difference in stability between the
fcc and hcp crystal structure, we locally minimized a slab
consisting of stacked close-packed planes following both the
ABC and the ABA packing. The initial slab was comprised of
1872 atoms. Periodic boundary conditions were applied on a
prismatic box which fit the slab and whose dimensions were
50.400 Å, 43.648 Å, and 44.581 Å, in the x, y, and z direc-
tions, respectively, for a nearest-neighbor distance of
4.384 Å.

Initially, the lattice constant was varied, in an attempt to
find the optimal interatomic distance in the crystal. It turned

FIG. 6. �Color� Bond angle analysis performed on structures obtained as a result of tempering hot samples as obtained after a simulated
deposition with a rate of 2�1011 atoms /s. Only 12-fold-coordinated Xe atoms are shown. Tempering temperatures and simulation times are
as follows: �a� 10 K, 64 ns; �b� 25 K, 72 ns; �c� 50 K, 110 ns; �d� 75 K, 140 ns; and �e� 100 K, 56 ns.
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FIG. 8. �Color� Sequence of snapshots taken during a simulated deposition at a rate of 1010 atoms /s and with the substrate kept at a
temperature of 25 K. Top and bottom panels show, respectively, the system configuration at a certain simulation time, and the corresponding
bond angle analysis performed on that configuration �only 12-fold-coordinated Xe atoms are displayed�. The color legend in the figure refers
to the lower panel only, the color legend for the upper panel is the same as in Fig. 2. Simulation times are as follows: �a� 33 ns, �b� 81 ns,
�c� 129 ns, and �d� 201 ns.

FIG. 7. �Color� Bond angle analysis performed on structures obtained as a result of tempering the same hot sample as obtained after a
simulated deposition with a rate of 2�1011 atoms /s. The parameter �Al2O3-Xe was increased to the value of 0.1 eV in order to speed up the
equilibration process. Tempering temperature and simulation times are as follows: �a� 5 K, 4 ns; �b� 10 K, 4 ns; �c� 25 K, 4 ns; �d� 50 K, 8
ns; �e� 75 K, 4 ns; and �f� 100 K, 4 ns.

TOTÒ, SCHÖN, AND JANSEN PHYSICAL REVIEW B 82, 115401 �2010�

115401-8



out that for both fcc and hcp packing the minimum of energy
was achieved when the nearest-neighbor distance was
4.384 Å. Furthermore, fcc packing turned out to be slightly
lower in energy for almost all values of lattice constant con-
sidered. However, the energy difference between the fcc and
the hcp packing was extremely small, ranging from 0.1 up to
around 1 meV/atom. The calculated variation in bonding en-
ergy per atom as a function of the lattice constant is plotted
in Fig. 13�a� for both types of crystal structures considered.

In order to investigate the effect of truncating the potential
at a certain distance from the origin, a series of bulk crystal
minimizations was undertaken at different cut-off distances.
The usual cut-off for the Lennard-Jones potential was at a
distance of 2.5�, where � was 4.0 Å. In an analogous fash-
ion to before, the cut-off distance was varied between 2.5�
and 6�, and the structure was minimized locally. Across the
whole cut-off distance range investigated, the fcc packing
was found to lie lower in energy than the hcp packing, al-

though also in this case the difference turned out to be ex-
tremely small, ranging from less than 0.1 up to a maximum
of around 1 meV/atom �see Fig. 13�b��. These results thus
proved that for this system fcc packing is slightly favored
with respect to hcp packing, although the difference in en-
ergy between the two crystal structures is extremely tiny.
Therefore, competition between fcc-like and hcp-like stack-
ing is to be expected.

B. Single atom diffusion and surface roughness

The roughness of the surface of the deposited species
could be tuned by selecting an appropriate substrate tempera-
ture. It turned out that the lower the temperature at which the
deposition was carried out, the rougher the surface. In gen-
eral, a nearly perfect layer-by-layer growth was obtained in
the approximate temperature range 60–70 K. This was also
the range within which fcc crystalline samples with the least
number of defects were found to arise as a result of the
deposition process �see Sec. III B�. These observations are
consistent with previous MD studies of homogeneous growth
of a model Lennard-Jones system,9,43,44 where it was found
that the best substrate temperature for achieving layer-by-
layer growth roughly corresponded to somewhat less than
half the system melting temperature.

In order to investigate the reason for different growth
modes, calculations of activation barriers to diffusion for a
single Xe adatom on a Xe�111� surface were undertaken. We
calculated the barriers statically at 0 K; details of the calcu-
lation procedure have been given elsewhere.45,46

Initially, the activation barrier for thermal self-diffusion
on a bare Xe�111� surface was calculated to be equal to 7
meV. This value is in substantial agreement with previous
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FIG. 9. �Color online� Radial distribution function calculated
during a simulated deposition at a rate of 1010 atoms /s and with the
substrate kept at a temperature of 25 K. The configurations whose
radial distribution function is plotted are those shown in �a�, �b�,
and �d� of Fig. 8. Radial distribution function for bulk fcc and hcp
crystal structure with the same lattice constant as Xe are also plot-
ted for comparison. The curves are shifted vertically for clarity of
display.
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FIG. 10. �Color online� Substrate and deposited species tem-
perature plotted as a function of the vertical z coordinate for growth
simulated at three different substrate temperatures. Temperature and
time from the beginning of the simulation are indicated in the plot.

FIG. 11. �Color� Configurations obtained by simulating deposi-
tion of Xe at a rate of 1010 atoms /s and at different substrate tem-
peratures. Substrate temperatures and simulation times are as fol-
lows: �a� 10 K, 240 ns; �b� 25 K, 177 ns; �c� 50 K, 250 ns; �d� 75 K,
204 ns; and �e� 100 K, 210 ns.
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calculations of self-diffusion on the fcc�111� surface of a
Lennard-Jones system.47 Subsequently, we calculated the
barriers for the most important processes whereby an adatom
sitting on the upper terrace in proximity to a step edge can
diffuse down to the lower terrace. We distinguished between
A-type and B-type edge, depending on whether the step ex-
posed a �100� or �111� microfacet on the step riser,
respectively.45 The two processes whose activation barriers
were calculated were simple hopping down the step edge and
step descent by substitution of an atom previously embedded
in the step edge, respectively. The results of the calculations
are summarized in Table III.

Hopping down an A- or B-type step is expected to occur
with almost the same frequency at all temperatures down to
10 K. However, substitution of an atom on a B step is highly
favored with respect to substitution on an A step. The reason
for this high discrepancy is the profoundly different transi-
tion state assumed by the system during the two processes. In

the case of substitution on a B-type step, the step edge atom
can follow a minimum energy path, which goes through an
intermediate state where it occupies an hcp-type threefold
hollow site. On the other hand, in the case of substitution on
an A step, the atom which is to be kicked out of the step has
to climb a much higher energy barrier since the diffusion
path has to go through the on-top position of an underlying
atom. This allows substitution on a B-type step to be the
most advantageous step descent process for a diffusing ada-
tom among all investigated mechanisms.

If we assume an Arrhenius-type behavior for diffusion,
the typical diffusion times can be calculated as a function of
temperature as

� =
1

�0
exp� Ed

kBT
� , �3�

where Ed is the activation energy to diffusion, kB is Boltz-
mann’s constant, and �0 is the attempt rate, which, by using

FIG. 12. �Color� Results of
bond angle analysis performed on
the same structures as shown in
Fig. 11. Only 12-fold-coordinated
Xe atoms are shown. Substrate
temperatures and simulation times
are as follows: �a� 10 K, 240 ns;
�b� 25 K, 177 ns; �c� 50 K, 250 ns;
�d� 75 K, 204 ns; and �e� 100 K,
210 ns.

FIG. 13. �Color online� �a� Variation in bonding energy in bulk xenon as a function of the lattice constant for fcc and hcp crystal structure.
�b� Variation in bonding energy in bulk xenon as a function of the cut-off distance for the Lennard-Jones potential used. fcc and hcp crystal
structure are compared.
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transition state theory,48 can be estimated to be about
1012 s−1.

The typical diffusion times calculated by means of Eq. �3�
are to be compared with the time interval between the arrival
of two consecutive impacting atoms on the surface. With the
lower growth rate of 1010 atoms /s, processes with typical
times on the order of 0.1 ns or lower are allowed to occur in
the simulation, whereas slower processes are frozen out. On
the basis of Eq. �3�, single atom diffusion on the clean sur-
face is a relatively rapid process within the whole interval of
temperatures ranging from 10 to 300 K. However, step de-
scent is expected to be seriously frustrated at temperatures
below about 50 K.

Therefore, when the growth rate of 1010 atoms /s was
used in our calculations, simulated deposition below the tem-
perature of 50 K resulted in more or less corrugated surfaces,
with lower temperatures favoring three-dimensional growth.
For substrate temperatures of about 50 K or higher, mass
transport via step descent occurred on a time scale compa-
rable to or smaller than the time interval between two con-

secutive atom impacts on the surface, thus giving rise to a
layer-by-layer growth mode.

This argument was confirmed by our calculations of dif-
fusion of a single Xe adatom on a two-dimensional island on
the Xe�111� surface. The adatom was given an initial posi-
tion at the center of the island and at a distance of 10 Å
above it. The initial kinetic energy was the thermal energy at
the temperature at which the simulation was carried out. The
adatom trajectory was followed for a time span of 4 ns, and
the time step of an MD iteration was 2 fs. The interaction
among Xe atoms was assumed to be of Lennard-Jones type
with the same parameters as in Table II. No step descent
within the time span covered in the simulations was observed
for temperatures below 50 K. Conversely, in all simulations
with a substrate temperature above 50 K the adatom stepped
down the edge, at an increasing rate with increasing simula-
tion temperature �see Fig. 14�.

These calculations also showed that terrace diffusion can
be satisfactorily described as a thermally activated process
following the Arrhenius law of Eq. �3� up to temperatures as
high as 100 K. One more conclusion one can draw from the
results displayed in Fig. 14 is that a Xe adatom diffusing on
a close-packed Xe surface is equally likely to occupy a three-
fold hollow site of fcc and of hcp type. We supported this
observation by calculating the difference in adsorption en-
ergy between a fcc and a hcp site, which turned out to be 1.6
meV, with the threefold hollow site of fcc type slightly fa-
vored with respect to that of hcp type.

We subsequently focused on the impact of a single depos-
iting Xe atom on both the Al2O3 surface and the Xe�111�

TABLE III. Activation energies for diffusion of a single Xe
adatom down a step edge on the Xe�111� surface. Energies are
expressed in millielectron volt.

A step B step

Hopping 34.0 32.8

Substitution 54.9 21.6

FIG. 14. �Color online� Results of simulations of Xe single adatom diffusion on the Xe�111� surface in the presence of a two-dimensional
island. The trajectory of the adatom was followed for a time span of 4 ns. The initial position of the adatom was at the center of the island.
The three top panels show the projection of the adatom trajectory on the xy plane. The simulation temperature is indicated in each panel. The
black triangles and the blue circles mark the position of the adatom in the topmost and lower-lying layer, respectively, at the beginning of
the simulation. In the bottom panel the adatom position along the vertical z axis is plotted for several temperatures versus the simulation
time. The curves are shifted vertically for clarity of display.
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surface. The initial kinetic energy of the adatom was chosen
to be equal to 0.01 eV, corresponding to thermal deposition
conditions which are to be expected in the experiment. The
substrate temperatures investigated varied in the range 10–
150 K.

A profoundly different behavior of the impinging adatom
was observed depending on the type of the substrate. When
single atom deposition was performed on the Xe surface, the
adatom was found to gain a substantial amount of kinetic
energy due to the attraction exerted by the substrate. Starting
from a temperature of approximately 80 K, the adatom
reached temperatures as high as 900 K at the moment when
it hit the surface. Regardless of the substrate temperature, the
adatom lost most of its kinetic energy within a few picosec-
onds after the impact with the surface, and thermalized to the
substrate temperature. The amplitude of the subsequent fluc-
tuations depended on the substrate temperature with wider
fluctuations observed for higher substrate temperatures.
These observations are in agreement with previous studies of
deposition of thin layers of Ag �Ref. 43� and of Pt.49

We also studied the impact of a Xe atom deposited on the
surface of the optimized Al2O3 slab with the same initial
kinetic energy as for the deposition on a Xe substrate. The
dissipation of the adatom energy in the substrate was much
slower than in the case of deposition on the Xe surface. After
hitting the surface, the adatom performed a series of bounces
of decreasing height and finally thermalized to the substrate
temperature after a time span of about 500 ps at all the tem-
peratures investigated. At substrate temperatures as low as 10
K, in some cases the adatom was observed to leave the sur-
face after hitting it. In Fig. 15, the variation in time of the
kinetic energy of a Xe adatom deposited on both types of
surfaces and at different temperatures is shown for compari-
son.

These calculations show that the time it took for a Xe
adatom impacting on the surface to lose much of its kinetic
energy was on the order of a few picoseconds and of 500 ps
in the case of impact with a Xe substrate and with an Al2O3
substrate, respectively. It can thus be inferred that the time
taken for the heat produced by the impact to be dissipated

within the bulk crystal was of the same order or higher.
Therefore, the time of 5 ps between two consecutive adatom
impacts �i.e., impinging rate of 2�1011 atoms /s� was far
too short for the system to equilibrate to the thermostat tem-
perature. However, when the time between two consecutive
adatom impacts was increased to 100 ps �i.e., impinging rate
of 1010 atoms /s�, the extra heat introduced by the adatom
impact could flow through the interface between the grown
Xe and the substrate and be dissipated due to the action of
the thermostat. The slightly higher temperature of the grown
Xe with respect to the thermostat temperature can be ex-
plained by the incomplete heat transfer between two con-
secutive atom arrivals.

In this regard, we argue that, during growth, the rate lim-
iting channel for heat dissipation was the heat flow through
the interface between the deposited Xe and the substrate. As
the results just discussed show, a Xe adatom impacting on
the Xe crystal thermalized to the sample temperature in a
relatively short time �a few picoseconds�. Furthermore, apart
from the expected fluctuations, the temperature of the depos-
ited Xe was homogeneous throughout the whole crystal and
no obvious temperature gradients in the growth direction
could be observed. However, a temperature gap was ob-
served between the Xe crystal and the substrate, thus giving
rise to a steep gradient across the interface �see Figs. 3 and
10�. Finally, the results reported in Sec. III A 2 confirm that
increasing the coupling between the Xe and the substrate
surface resulted in a much faster equilibration of the depos-
ited phase to the substrate temperature than in the case of
weaker coupling. These arguments allowed us to infer that
the heat flow across the interface was the slowest process
while establishing thermal equilibrium in the substrate-
deposit system.

C. Stacking fault formation

We were interested in casting light on the process of
stacking fault formation. By analyzing our calculations of
tempering of hot samples grown at a high deposition rate, a
hypothesis could be formulated that the stacking faults were

FIG. 15. �Color online� Kinetic energy of a Xe atom impinging �a� on a Xe�111� surface, and �b� on the relaxed Al2O3 surface, as a
function of time. The impact occurred after approximately between 1.5 and 2.5 ps from the moment when the atom was released. The
substrate temperature is also indicated in the plot.
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caused by an irregularity in the arrangement of the Xe layer
in closest proximity to the substrate surface. Upon closer
inspection, the adsorbed Xe layer turned out to be fairly or-
dered overall, with the average distance between in-plane
neighboring atoms close to the nearest-neighbor distance in
bulk Xe �see Fig. 16�a��. We observed that stacking faults
originated in general from the interface between the grown
sample and the substrate. We verified that the seed for the
stacking fault formation was in all cases a row of Xe ada-
toms adsorbed on the surface which experienced a particu-
larly strong stress field.

When we performed the simulations with the lower
strength of interaction between substrate and grown Xe
��Al2O3-Xe=0.015 eV�, we noticed that the Xe atoms in close
contact with the substrate tended to arrange themselves as
much as possible in a close-packed configuration, although
the average in-plane nearest-neighbor distance was slightly
larger than in bulk Xe. However, when the interaction be-
tween the Xe and the substrate was increased ��Al2O3-Xe

=0.1 eV�, the situation changed. As opposed to the case with
the weaker interaction, the first adsorbed layer nucleated in
an almost amorphous fashion on top of the substrate surface
�see Fig. 16�b��. This first adlayer acted as a buffer, screening
the substrate potential to the layers which nucleated above it.
The second nucleated adlayer displayed both amorphous and
close-packed regions, whereas the third adlayer was already
completely crystalline. In this case there was no obvious
seed of the stacking fault, which therefore arose simply as a
result of the extremely low energy associated with stacking
fault formation.

V. CONCLUSIONS

We modeled the growth of solid Xe from the gas phase on
an Al2O3 substrate, as it occurs in a real low-temperature
atom beam deposition experiment. The process was studied
in all its stages, from the dynamics of Xe atoms in the gas
phase, over their impact on the surface of the cold substrate
and their diffusion on the substrate, to the formation of crys-
tallites and of local and extended defects.

We studied the growth process as a function of synthesis
parameters such as the deposition rate and the substrate tem-

perature. Extremely high rates resulted in the formation of
amorphous, essentially liquidlike Xe displaying a tempera-
ture which was higher than the melting point, due to slow
dissipation of the heat of adatom impact on the cold sub-
strate. However, when the grown sample was cooled down to
temperatures below 100 K, the establishment of crystalline
order in the Xe could be observed. We could distinguish
between regions displaying fcc and hcp packing, and we ob-
served a massive presence of stacking faults.

When we simulated growth at a lower rate, we obtained
only close-packed crystalline structures. Surface roughness
was observed to decrease gradually when the substrate tem-
perature was increased starting from around 10 K. A nearly
perfect layer-by-layer growth was achieved for substrate
temperatures between 60 and 70 K. These different growth
modes could be explained by studying some particularly im-
portant diffusion processes of a single Xe atom on a Xe
surface. It was found that, for temperatures below 50 K, the
diffusion down a step edge occurred at characteristic times
which were comparable to, or larger than the time between
two consecutive atom arrivals on the surface. This made for-
mation of islands on the terrace and three-dimensional
growth much more likely.

Stacking faults were also observed to arise during growth
at the lower rate and for substrate temperatures lower than 60
K. We proved that stacking fault formation is very likely for
this system by calculating the difference of bonding energy
between fcc and hcp packing, which was below 1 meV/atom.
Furthermore, we noticed that during diffusion on a close-
packed Xe surface, a Xe atom typically spent an equal
amount of time in threefold hollow sites of fcc and of hcp
type.

Finally, we observed that during growth, and in many
cases also during the simulations of tempering of hot Xe
samples, the stacking faults originated at the interface be-
tween the Xe layers and the substrate. We argued that the
origin of these defects was an inhomogeneity in the stress
field experienced by the first Xe layer adsorbed onto the
substrate surface. We plan to confirm this hypothesis by
means of more quantitative investigations. For instance, a
method to determine the stress experienced by a microscopic
portion of the sample50–52 could be used to correlate local
level pressure and stacking fault formation. If this scenario is
confirmed, new perspectives could open up for growing thin
and thick solid Xe film displaying arrays of stacking faults
whose spatial arrangement could be controlled to one’s lik-
ing. Moreover, we expect that the method we described
above and followed in this work to study the growth of Xe
crystals can also be applied to the growth of, e.g., interme-
tallic or ionic compounds using the low-temperature atom
beam deposition method.
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FIG. 16. �Color online� Layer of Xe in closest proximity to the
substrate surface. �a� Weak interaction between Xe and Al2O3

��Al2O3-Xe=0.015 eV�; configuration corresponding to Fig. 5�d�. �b�
Stronger interaction between Xe and Al2O3 ��Al2O3-Xe=0.1 eV�;
configuration corresponding to Fig. 7�b�.
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