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The growth of Lennard-Jones clusters was simulated using a specially developed technique based on apply-
ing the Monte Carlo method and distinguishing two regionssnucleus and vapord of two different temperatures.
Cluster growth was initiated from a 201-atom cluster in the truncated octahedron form of initially perfect fcc
structure and ended when the cluster was composed of ca. 2000 atoms. Three reduced temperaturesTn

*

=0.25, 0.30, and 0.35 as well as four different atom concentrations in the vapor region were analyzed to find
parameters enabling a good atom ordering in the growing cluster. The simulations revealed that at sufficiently
slow growth the clusters are very well arranged with the order parameter in the range from 91% to 98%
depending on the temperature. However, all growth simulations always lead to the formation of hcp planes on
somes111d dense-packed cluster planes due to a misfit in the position of newly added atoms resulting in
. . .ABCABAinstead of . . .ABCABClayer sequence. The subsequent growth of the created hcp layer can lead to
the enlargement of this layer or to the formation of an fcc plane over the existing hcp one in the process of
kinetic trapping. As observed in the simulations, two hcp planes crossing at an angle close to 70.53° usually
form a linear chain of decahedral local structures in the contact region. This mechanism transforms a defected
crystalline cluster to a noncrystalline one.
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I. INTRODUCTION

Clusters, as very small parts of a material, have properties
different from those of bulk material. One of them is their
structure, which is widely believed to change always with
growing cluster size from a noncrystalline to crystalline
structure. In the case of some substances, such a structural
transition occurs at a sufficiently small cluster size and can
be found relatively easily in experiments with cluster beams
se.g., CO2 clusters1d or in computations se.g., NaCl
clusters2d. However, clusters of many different substances
are predicted to show crystalline structure at relatively large
sizes,3,4 where experimental data analysis is not easy and
conclusions are not clear. Since some of such clusters are in
the reach of the growing calculation possibilities of modern
computers, the importance of theoretical methods has in-
creased tremendously in recent years. For example, it was
possible to obtain more detailed information on the mecha-
nism of structure formation during simulated growth of large
silver and gold clusters composed ofN=1289 atoms.5

Investigation of cluster structure gives unclear results in
the case of the model material: the heavier rare-gas elements
sAr, Ne, Kr, Xed. Experimental results derived from electron
diffraction on Ar cluster beams6,7 reveal that defective clus-
ters dominate the cluster spectrum up toN=105 and there is
no sign of attaining bulk structural properties. However,
apart from the statement that clusters are composed of face-
centered-cubicsfccd and the hexagonal-close-packedshcpd
mixed domains, no definite conclusion concerning the struc-
ture of these clusters was drawn6,7 from the data analysis.
This is partly due to unavoidable averaging over different
cluster structures present in cluster beams. It is also due to a
lack of theoretical models of atom arrangement in large clus-
ters.

From a theoretical point of view, the van der Waals inter-
atomic interaction between rare-gas atoms seems to be suf-
ficiently described by the Lennard-JonessLJd potential,
which is typically used in the literature. However, many the-
oretical attempts failed even in explaining why the bulk
heavier rare-gas crystalsswhich are simpler case than large
clustersd adopt the fcc structure during crystallization.8 From
the pioneering theoretical work of Kihara and Koba9 it is
known that the hcp crystal structure is more strongly
bounded for the LJ potential than fccsalthough the differ-
ence in the binding energy is merely 0.01%d. This result was
confirmed recently by Stillinger10 at a much higher level of
precision in calculations.

The disagreement between theoretical predictions and ex-
perimental observations, called the rare-gas solidsRGSd
problem, still remains unsolved. Some authors believed that
it is caused by an insufficient accuracy of the LJ potential
applied in calculations. However, when different pair poten-
tials, three-body interactions, or entropy effects are analyzed
ssee the literature, e.g., in Refs. 6 and 8d, the higher binding
energy for the hcp structure is also obtained. Some research-
ers made attempts to explain the RGS problem assuming that
the experimental solid structure is formed due to some kinet-
ics effects which lead to the formation of nonoptimalsfrom
energetic point of viewd fcc cluster structure during the ini-
tial stage of nucleation and clustering. Unfortunately, simu-
lations of nucleations from the supercooled liquid11 were not
able to realize stable fcc growth. It may be caused by the
absence of fcc growth promoting defects, e.g., two parallel
linear defects of pentagonal symmetry proposed by van de
Waal,12 in the clusters. In this context, it is reasonable to
simulate clustering also from vapor to observe defects
formed and find those promising the fcc growth.

To the author’s knowledge, growth simulations have not
been carried out for medium-sizedslimited here to 150,N
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,1000d and largesthousands of atomsd rare-gas clusters. It
seems that medium-sized rare-gas clusters are of great im-
portance for explaining transition size effects. The author’s
results13 show that some clusters ofN<200 atoms are pos-
sible to attain the defective crystalline structure in the form
of mixed fcc and hcp layers. On the other hand, Ikeshojiet
al.14 found in simulations of cluster solidification by freezing
that some clusters withN<450 exhibit fcc structural prop-
erties. However, nothing is known about the possibility of
reported clusters to develop solely the fcc structure in simu-
lated cluster growth. This is because Ikeshojiet al.14 solidi-
fied LJ clusters by evaporative or thermostatic cooling,
where the number of cluster atoms decreases or is constant.
The unique and natural way to prove how atom addition acts
on an existing structure is reliable simulations of cluster
growth.

The first aim of this paper is to formulate a reliable model
of cluster growth, based on the Monte CarlosMCd method,
which could be efficient in simulations of middle-sized and
large clusters. The second aim is to apply the model to the LJ
cluster immersed in the vapor in order to investigate the non-
trivial problem: is it possible to grow a perfect fcc cluster
when the seed cluster is defectless fcc? van de Waal15,16 ar-
gued that perfect fcc rare-gas clusters and crystals would
develop into fcc-hcp mixtures due to stacking faults inevita-
bly present during growth, because the interaction energy in
“wrong” and “right” atom positions is practically the same.
In order to prove van de Waal’s arguments and to find in
simulations possible problems in fcc cluster growth, in this
work it was decided to analyze the growth of solid LJ clus-
ters untilN<2000 starting from the 201-atom cluster in the
form of a truncated octahedron, which is presumed17 to be
the preferred structure for this cluster size atT=0. The inter-
nal structures of all final clusters for different temperatures
and growth ratios were observed using the coordination
polyhedron method13 and visualization of a selected structure
to find the phase transformation or formation of defects.

II. MODELING OF CLUSTER GROWTH

The common features of cluster growth simulations are an
addition of atoms to the cluster accompanied with a cluster
structure equilibration realized by MC or molecular dynam-
ics sMDd methods. For comparison, the atom addition, cer-
tainly present in real conditions, is absent in the global opti-
mization technique, which dominates in the literature; an
excellent overview of different techniques for determining
the lowest-energy configuration of LJ clusters was given by
Wille.18 Moreover, due to the well-known exponential in-
crease in the number of local potential minima with cluster
size N,18,19 the global optimization technique is limited to
investigations of small clusters. In this context, computer
simulations are a unique technique, which enables analysis
of kinetics effects for medium-sized and large clusters.

The cluster growth models5,20–22 based on MD can be
described briefly as follows. The atom to be added to a clus-
ter is randomly located on a sphere centered around the clus-
ter mass center. Then it is moved radially22 or in a random
direction5 towards the growing cluster. The atom deposition

increases the cluster temperature significantly5 due to release
of the atom-cluster interaction energy and the atom kinetic
energy. Therefore, clusters are thermostatted to keep the tem-
perature almost constant. In the model, it is possible to ob-
serve atom diffusion on the cluster surface or inside the clus-
ter since positions of atoms change in real time as governed
by the laws of motion present in MD.

Apart from problems of good thermostating in MD
growth models, there is another problem arising in imple-
menting the MD method to large systems with large scales of
simulated system time.23 As argued recently by van der
Eerden,11 the time step used in numerical solutions of the
motion equation should be sufficiently smallsca. 0.01 psd to
enable atom translations of acceptable values1%–10% of
atom sized for thermal motions. This small value of the time
step and possibilities of modern computers limit simulations
of liquids and solids to a few thousands of atoms observed
during a few ns.11 The results of the Baletto group on the
growth simulation of small clusters composed of a few to
about 150 Ag atoms20 or C60 molecules21 show that experi-
mental time scales are not reachable by present computa-
tional means, though they were able to observe Ag cluster
growth during 3ms at an atom deposition interval close to an
experimental one.

A different situation is in case of the Monte Carlo method,
which is based on the acceptance or rejection of randomly
selected atom translation using the Metropolis criterion ap-
plied for a given system temperatureT. The atom transla-
tions also must be sufficiently smallsin this work ca. 15% of
atom diameterd to lead to a reasonable acceptance ratiostypi-
cally 0.4–0.6d. As a result, the computational times of both
methods are usually comparable.11 However, some large sys-
tems or time scales can be reached only in MC simulations.23

Moreover, the MC method is better suited to control the sys-
tem parameters such as temperature or pressure.

Proposed model

The growth of Lennard-Jones clusters from vapor is simu-
lated here using a specially developed model, which enables
random atom movement inside the vapor surrounding a cen-
tral clustershereafter also called a nucleusd, where atoms can
be built in the cluster when they approach its surface. This is
realized by applying a nonstandard MC method. The main
modifications aresid controlled atom additionsparticle cre-
ationd to the vapor region andsii d distinguished two regions,
nucleus and vapor, of two different temperatures and atom
translation steps. The details and arguments for these modi-
fications are given after presentations of the standard part of
the model.

There are many assumptions in the model, which are very
well known from the literature. The atom-atom interaction
energy was calculated from the 12-6 Lennard-Jones poten-
tial:

Usrd = 4«FSs

r
D12

− Ss

r
D6G , s1d

with the truncation distancer tr=3.4s.13 As is typical for the-
oretical treatments, the potential parameterss and« are used
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in this paper as the units of length and energy, respectively.
Also the reduced temperatureT* , defined asT* =kBT/« with
kB representing the Boltzmann constant, was used instead of
the absolute temperatureT. In order to obtain real values of
the parameters, e.g., for argon, one can use parameters given
by Kittel:24 s=0.340 nm and«=167310−23 J. Using this
value of «, the relation expressing the absolute temperature
versus reduced one isT=121T* fKg.

Changes in the atom configurations were realized by the
displacement of a randomly selected atom by a randomly
chosen vector within a cube of edge length 2Dx, whereDx is
the maximum allowed displacement in one direction. The
acceptation probabilityp of a new position of the atom is
determined using the Metropolis criterion in the form

p = exps− DU/kBTd, s2d

where DU denotes the change in the interactions energy
sequal to the difference between values of the energy in the
starting and the final atom positiond due to the analyzed dis-
placement. WhenDU,0, it is assumed thatp=1 instead of
calculating this value from Eq.s2d. In every MC step, there
were Ns attempts to displace an atom, each time randomly
selected fromNs atoms in the system. Finally, what is typical
for many simulations, the simulation cubic cell of edge
lengthL was replicated in three dimensions to introduce pe-
riodic boundary condition.

In real conditions, a vapor is a reservoir of atoms enabling
cluster growth by vapor condensation. In simulations of such
a clustering process using the closed system—i.e., with a
constant number of atoms in the simulation cell—the cluster
growth would be accompanied by a steady decrease of vapor
atoms. Simulations for the two-dimensional case reveal25

that it is a time-consuming way for obtaining one cluster
mainly due to the occurrence of a long period of Ostwald
ripening. At that time, larger clusters grow by attachment of
atoms evaporated from smaller ones. Our model is concen-
trated on growth simulations of the cluster which win in such
a cluster-cluster competition. Therefore, only one central
cluster, the nucleus, is selected to attach atoms from its
neighborhood.

The cluster selection is realized by applying two different
temperature regions in the simulation cellfFig. 1sadg. The
temperature of surrounding vapor,Tv

* , should be chosen to be
sufficiently high to avoid spurious nucleation—i.e., the for-
mation of many small clusters inside the vapor and maintain-
ing the vapor in an atomic state. For a high vapor tempera-
ture like Tv=1.2 of this work, the atom-atom interaction
energy is relatively weak in comparison with the mean ther-
mal energykBT. Consequently, the formation of stable bonds
between vapor atoms is impossible. The situation is the op-
posite in the case of the nucleus, where the nucleus tempera-
ture Tn should be relatively low to enable atoms to join the
cluster and nucleus. The value ofTn should be realistic and
comparable with the cluster temperature if it is known from
an experiment.

As shown in Fig. 1sad, the nucleus region of lower tem-
perature is limited not only to the nucleus atoms but also
contains a surrounding region extending up toRcl from the
nucleus atoms, where the parameterRcl signifies the maxi-

mum allowed atom-cluster separation. This is strictly con-
nected with the cluster determination method in the simu-
lated system based on the geometrical criterion. During its
random motion when an atom approaches another from the
vapor or the nucleus at a distance less thanRcl, this atom is
treated as part of a “temporary” vapor cluster or of the
nucleus. A value ofRcl=1.35, approximately equal to the
upper limit of the radius of the first coordination shell in a
solid nucleus, was used in the simulations. An atom detach-
ment from the nucleus to the vapor is also possible. It occurs
when the atom displacement, proposed by the MC algorithm,
leads to a point outside the nucleus region. When such an
atom jump is accepted with probabilityp calculated from Eq.
s2d for the nucleus temperature, the translated atom is treated
in the next simulation steps to be vapor atom.

In the simulations the atom concentrationnv of vapor is
kept constant, which is similar to the assumption of a con-
stant atom flux in MD simulations.20 This means that the
attachment of atoms to the cluster must be connected with
the addition of new atoms to the vapor region. This simple
method to keep constant the vapor concentration by fixing
the number of atoms in the simulation cell fails when the

FIG. 1. sColor onlined sad Illustration of two regions, nucleus
sgray/blue colord and vapor, in the simulation cell. If atoms in the
system are at a distance less thanRcl sdenoted by a circle around an
atomd, these atoms are treated as belonging to the same cluster. For
example, vapor atoms 4 and 5 or 18 and 6 form clusters, which are
unstable due to the large vapor temperature. Atom 18 is the image
of atom 1 due to the implemented periodic boundary condition.sbd
Typical view of the simulation cell during a simulation run with a
growing cluster in the cell center and vapor atoms.
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cluster volumeVcl changes significantly in comparison with
the simulation cell volumeL3. This is due to the large differ-
ences in atom concentration in the vapornv and in the cluster
ncl. One possible solution involving the enlargement of the
simulation cell is inconvenient because this results in an in-
crease in the number of vapor atoms and time-consuming
translations of numerous vapor atoms. A better solution is to
estimate from time to time, during simulations, the actual
cluster volumeVcl and calculate the desired number of vapor
atoms,Nv, from the simple relation

Nv = nvsL3 − Vcld. s3d

In order to computeVcl a simple procedure was used:sad the
cell is divided into many subcells, andsbd each subcell is
proved to be a part of the cluster region resulting inno if it is
separated more than ofRcl from all of the nucleus atoms. The
nucleus atoms are identified much more often, which is done
routinely in these simulations every 10 MC steps. An illus-
tration of the spatial position of vapor atoms and the nucleus
shape is given in Fig. 1sbd.

III. DETERMINATION OF THE MODEL PARAMETERS

The two-temperature-region simulation model, as de-
scribed above, requires seven parameters. However, only two
of them—i.e., nucleus temperatureTn and vapor atom con-
centrationnv—are of great importance for determining the
properties of a growing cluster and nucleus. The other five
parameters expressed by the symbolsRcl, Tv, L, Dxn, and
Dxv, though of lesser importance, are necessary to run the
simulation program. The values ofRcl=1.35 andTv=1.2
were justified in the previous section, while the motivation
for the choice of the value of all remaining parameters is
given below.

The nucleus temperatureTn should be related to the clus-
ter temperature known from an experiment if one wants to
explain the experimental results. Unfortunately, this param-
eter is seldom given in the literature in comparison with, for
example, the cluster size or even with the predicted cluster
structure. Depending on the experimental conditions and de-
termination methods, slightly different cluster temperatures
Tn have been reported: 35±4 KsRef. 6d and 37±4 KsRef.
26d. On the other hand, in theoretical papers the reduced
temperatureT* is used frequently instead of the temperature
T. Ikeshojiet al.14 analyzed cluster properties at the tempera-
tureT* =0.30. This paper is devoted to a structure analysis of
growing solid clusters. As is well known from the literature
se.g., see Ref. 27d, the liquid-solid transition occurs at lower
temperature for smaller cluster sizes. Therefore, for growth
simulations three values ofTn

* =0.25, 0.30, and 0.35sTn
=30.3 K, 36.3 K, and 42.4 K for argon clusters, respec-
tivelyd were selected. At these temperatures the analyzed
201-atom cluster remains solid.13,28

It should be mentioned that in the initially fcc clusterfFig.
2sadg new local structures are developed when it is equili-
brated atTn

* =0.30 and 0.35scf. Ref. 13d. As shown in Fig.
2sbd hcp layers are present at the cluster surface atTn

*

=0.30. Linear chains of units of noncrystalline decahedral
sdhd local structurefcalled pentagonal direct-packed struc-

ture in Ref. 13 and shown there in Fig. 2sddg in some clusters
are also formed atTn

* =0.35 fFig. 2scdg. These structural
transformations in the seed cluster may have a great effect on
the structure development during cluster growth. Therefore,
it was decided to carry out ten simulations at the same
growth conditionssnv ,Tn

*d but using ten different seed clus-
ters, selected randomly among 17 obtained13 in the
heating-up process of the 201-atom cluster with an ideal fcc
structure atT* =0. The selected clusters were picked up from
heating-up simulation data13 at T* =0.25, 0.29, and 0.35;
therefore additional equilibration was needed only to in-
crease the cluster temperature fromT* =0.29 to 0.30.

In order to choose the optimal vapor concentration, the
growth simulations of the 201-atom cluster were done with
four values ofnv: 0.050, 0.010, 0.002, and 0.001. The value
of the vapor concentration has a strong effect on the growth
rate and the structural perfection of the clusters. In the case
of lower vapor concentration the vapor atoms contact the
nucleus more rarely during the same number of MC simula-
tion steps. This results in slower cluster growth as measured
by the number of MC steps needed to obtain the cluster of a
given size. For example, atTn

* =0.25 the averaged period of
cluster growth fromN=201 to N<1650 is 4447, 44 781,
250 250, and 519 646sin MC stepsd in the sequence of de-
creasing vapor concentrationnv, given above.

A larger number of simulation steps leads to a better clus-
ter structure perfectionfFig. 3sadg as measured by the order
parameterFo, which is defined as the ratio of the number of
detected structural units per numberN12 of atoms with com-
pleted 12 first neighborsfFig. 3sbdg; for details, see Ref. 13.
The cluster ordering reaches even 98% fornv=0.002 and
0.001 and the cluster temperatureTn

* =0.25 and 0.30. The
surprisingly low value ofFo=91% for Tn

* =0.35 can be ex-
plained by a partial destruction of the atom arrangement near

FIG. 2. sColor onlined Arrangement of local structures in the
201-atom cluster equilibrated at three temperaturesTn

* : sad 0.25,sbd
0.30, andscd 0.35. The presentation of cluster structure is as fol-
lows: sid dark/blue balls represent the local structure centers of a
selected structure,sii d light gray/yellow cylinders denote bonds be-
tween the centers, andsiii d surface net of dark thin cylinders linking
the surface atoms marks the external shape of clusters.
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the cluster surface enabled by a high temperature. For com-
parison, the same process is already observed in the case of
the equilibrated seed 201-atom cluster, whereFo=96%,
95%, and 82% forTn

* =0.25, 0.30, and 0.35, respectively.
As may be seen in Fig. 3sbd for nv=0.002 and 0.001, the

numberN12 of atoms with completed first shell is practically
the same atTn

* =0.30 and 0.35. This means that, though some
atoms near the surface lose the structuresevident from lower
value of Fod due to thermal vibration, clusters are still
densely packed. This is intimately connected with changes in
the cluster external shapesFig. 4d, where the clusters ob-
tained atnv=0.002 and 0.001 show a compact shape in com-
parison with those fornv=0.050 and 0.010. The extremely
high growth rate fornv=0.050 leads to a ramified form of
unstable clusters as shown in Fig. 4sad with a highly disor-
dered structure as can be deduced from Figs. 3sad and 3sbd.
In our case, the cluster growth is too fast to enable sufficient
cluster equilibration by the atom movement from the posi-
tion of a lower atom bonding energy to that of a higher one,
thereby leading to a destruction of cluster branches and at-
taining a more compact shape.

The high and similar values ofFo and N12 for clusters
obtained atnv=0.002 and 0.001 imply that both these values
can be used alternatively in simulations. The choice ofnv
=0.001 is optimal as far as the cluster structural perfection is
concerned, butnv=0.002 is also equally good especially
when the scope of simulation is to obtain very large clusters
during smaller computation time.

The vapor atom concentrationnv and the edge sizeL of
the simulation cell determine the maximal number of vapor

atoms,Nv, in the system. Therefore, largeL or largenv re-
sults in a large number of vapor atoms. In some cases it
could happen thatNv is greater thanN even for sufficiently
large cluster. This leads to an unnecessary increase in com-
putation time, which is lost for the movement of numerous
vapor atoms. The decrease ofL also results in lower values
of Nv. Unfortunately, for sufficiently smallL scomparable
with the cluster diameterd there appears a new obstacle:
namely, the value of flux of randomly walking vapor atoms
reaching the nucleus surface may depend on an analyzed
position on the surface. For example, positionsA and B in
Fig. 5 are expected to be characterized by different atom flux
because of the difference in the vapor width to neighboring
nucleus image. Due to such geometrical reasons, the nucleus
would have a tendency to grow faster towards the cell cor-
ners. In order to eliminate such an effect the value ofL
=35.0 was chosen, which denotes that the largest analyzed
cluster withN=2300 atoms occupies merely 7.7% of the cell
volume. The value ofL=35.0 and the atom concentration

FIG. 3. sColor onlined sad Average cluster order parameterFo

calculated using ten clusters withN<1650 obtained at the same
vapor concentrationnv and the cluster temperatureTn

* . sbd Average
numberN12 of cluster atoms with the completed first coordination
shell s12 atomsd up to the distanceR=1.35. In sad and sbd the
structure analysis was limited to atoms added to the seed cluster
LJ201.

FIG. 4. sColor onlined Changes in external shape of clusters
with N<1650 growing at different vapor concentrationnv and clus-
ter temperatureTn

* . Vapor concentrationnv is given below each set
of simulation. As seen inscd andsdd, a slower cluster growth leads
to compact shapes.

FIG. 5. sColor onlined Realization of periodic boundary condi-
tion by multiplication of the simulation cell. Note that when the cell
edge is too smallscompared with cluster diameterd, the atom flux
reaching positionB on the cluster surface is low in comparison with
A due to location close to the cluster imageson the left vsBd.

TWO-TEMPERATURE-REGION MODEL FOR CLUSTER-… PHYSICAL REVIEW B 71, 235413s2005d

235413-5



nv=0.002 lead to an acceptable value ofNv=86 vapor atoms.
The value of the maximum allowed displacementDxn for

the nucleus atoms was adjusted during the simulation run in
order to keep the acceptance ratio close to 0.4 as is typically
done in MC simulations. For the analyzed temperatureTn

*

=0.30 it resulted inDxn<0.13. This value was proved to be
too small for vapor atoms, which must walksdiffused a suf-
ficiently long distance from a randomly chosen point in the
vapor regionsat the moment of atom addition to the systemd
to the nucleus, before their attachment. Moreover, due to the
low density of vapor atoms and the high vapor temperature
Tv=1.2, practically all jumps are accepted irrespective of the
chosen value of the maximum allowed displacementDxv of
vapor atoms. Large values ofDxv, leading to nonphysical
trials of atom incorporation directly into the cluster interior,
were excluded from the analysis. Finally, the value ofDxv
=5Dxn was arbitrary chosen to be sufficiently large to rea-
sonably decrease the number of steps in randomlike diffusion
and sufficiently small to contact the walking atom with
nucleus external atoms, thereby enabling its attachment
solely to the nucleus surface.

IV. STRUCTURES IN GROWING CLUSTERS

Changes in the internal structure of the growing nucleus
were monitored using the coordination polyhedron method13

applied toXYZ data files corresponding to different nucleus
sizes. If necessary, the obtained data of all local structures
were used in a special program for the creation of input files
for the graphics programPOVRAY. The presentation of cluster
structure is based on the following rules:sad the local struc-
ture centers of a selected structure are darksblue color in the
online version of this paperd balls, sbd the centers are con-
nected with bondsslight gray or yellow cylindersd if their
distance is smaller thanRcl, andscd surface net of dark thin
cylinders, created by linking the surface atoms, marks the
external shape of clusters.

There are many reports concentrated on finding the ideal
cluster structure for a givenN. Generally, these works did
not take into account the possibility of defect formation. In
fact, it is known13 that perfect fcc 201-atom clusters may
exist only atTn

* =0.25 due to the reported fcc to hcp surface
transformation atTn

* =0.29. Therefore, when the acceptable
values ofnv are selectedscf. Sec. IIId, the main task of fur-
ther simulations is to know whether it is possible to grow a
crystalline fcc cluster when the starting cluster is a perfect
fcc one. In order to observe the influence of the structure
transformation in the seed cluster on the growing cluster
structure, two additional temperaturesTn

* =0.30 and 0.35
were analyzed.

As discussed in the previous section, the vapor concentra-
tion has a strong influence on the cluster growth rate and the
cluster structure perfection. The type of local structures is
also concentration dependent. As shown in Fig. 6, for the
highest analyzed concentrationnv=0.050 some icosahedral
centers are presents16 for Tn

* =0.25d. With decreasingnv, the
number of icosahedral local structures decreases, rapidly ap-
proaching zero. At the same time, a significant increase in
the number of fcc and hcp structural units is observed,

whereas the number of noncrystalline decahedral units is
practically at the same level. Thus, the creation of hcp and dh
structures is inseparably connected with the growth of fcc
cluster structure.

After careful structure examination of all 60 clusters
formed at the three investigated temperatures and the vapor
concentrationnv=0.002 and 0.001 it was found that most of
the clusterssi.e., 53d show a regular internal structure. They
may be grouped into six cluster structure typessFig. 7d: sad
column fcc,sbd tetrahedral fcc,scd defective layered fcc/hcp,
sdd layered fcc/hcp,sed decahedral, andsfd polytetrahedral
cluster. The remaining seven irregular clustersfFig. 7sgdg
were often observed atTn

* =0.35.
The cluster structuressad–sfd are characterized by the

presence of hcp layers which cross themselves at an angle
close toa=70.53° orb=109.47° or which are parallelftype
sddg. This is because they grow on an fcc core, where the
angle between the dense-packeds111d planes can bea or b
or equal to 0 for parallel layers. The formation of hcp layers

FIG. 6. sColor onlined Average numberNstr sNstr=Nfcc, Nhcp, Nic,
or Ndhd of investigated local structures in the nucleus composed of
N<1650 atoms shown forTn

* =0.25 and for different vapor concen-
trationsnv. The local structures present in the seed 201-atom cluster
were excluded from statistics.

FIG. 7. sColor onlined Typical internal structures observed
among 60 clusters withN<1650 atoms grown atnv=0.002 or
0.001:sad–sfd regular andsgd irregular. Horizontal lines mark typi-
cal structures for a given temperature, while arrows indicate most
frequently found clusters.
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on some dense-packed fcc layers is due to a misfit in the
position of newly added atoms resulting in a . . .ABCABA
instead of . . .ABCABClayer sequence. Subsequent growth of
this plane can lead to an enlargement of the hcp layer width
or to the formation of a new fcc layer over the existing hcp
layer, a process which can be called as kinetic trapping of
hcp plane. The newly created fcc layer can also be trapped
kinetically. Consequently, alternative hcp and fcc layers are
often found in simulated clusters. This process is clearly il-
lustrated in Fig. 8sad for the growth of a column fcc cluster.

As observed in the simulations, two hcp planes crossing at
an angle 70.53° usually form a linear chain of local dh struc-
tures characterized by a linear pentagonal symmetry in the
contact regionfFig. 8sad for N=2001g. This is a result of
similar values of 70.53° and 72° =360° /5 for pentagonal
symmetry. This energetically favorable mechanism trans-
forms a defected crystalline fcc/hcpfFig. 7scdg to a noncrys-
talline decahedral clusterfFig. 7sedg or produces dh chains in
tetrahedral and polytetrahedral clustersfFigs. 7sbd and 7sfdg.
It was found that the linear dh chains usually cross them-
selvesfFig. 7sfdg. However, among 60 clusters, 4 clusters
characterized by two parallel dh chains were foundfFig.
8sbdg. van de Waal argued12 that the existence of two parallel
linear defects of pentagonal symmetry in the rare-gas clusters
can lead to a solution of the RGS problem in terms of the
growth kinetics of such defected clusters. However, here it
should be emphasized that the creation of pairs of dh chains
is a consequence of hcp formation during an atom-by-atom
cluster growth of an fcc core, and not by coalescence or
intergrowth of decahedral clusters as proposed by van de
Waal.12

It was found during the simulations that typically the clus-
ters grow without structural changes in the internal part of
the cluster; i.e., structure formation occurs near the cluster
surface during the addition of new atoms. However, one im-
portant exception was observed in case of the decahedral
cluster shown in Fig. 7sed. Its growth history, illustrated in
Fig. 9, reveals that very well arranged fcc and hcp layers

were rearranged by destroying the spurious hcp layer, which
contact with another hcp plane at an angle close tob
=109.47°. In such a way, the fifth fcc sector emerges and the
decahedral cluster is formed. Thus, this partial cluster struc-
tural transition is able to transform a crystalline or defected
crystalline cluster to noncrystalline one of decahedral char-
acter.

V. CONCLUSIONS

The advantages of the cluster growth model proposed in
this work aresid randomlike motion of vapor atoms giving
the same attachment probability irrespective of the angle be-
tween the atom flux and cluster surface and enabling analysis
of ramified cluster shapes in the case of fast growth,sii d
possibility to overcome the time-consuming Ostwald ripen-
ing by applying a high temperature for the surroundings of a
selected cluster, andsiii d effective growth simulation of
small- or medium-sized clusters up to relatively large sizes.
Using the present model, with the optimal vapor concentra-
tion nv=0.002 reported in this work, it was recently found29

that it is relatively easy to obtain in simulations on a work-
station very large LJ clusters composed ofN=10 000 atoms.

Since this work is aimed at observing the structural evo-
lution of a growing perfect fcc cluster, the maximal analyzed
size is decided to be approximately 2000, because below this
size the fcc structure in the seed cluster always changes to a
mixture of generally three types of structures: fcc, hcp, and
dh. Such structural transitions are attributed to three mecha-
nisms. The first mechanism involves partial destruction of

FIG. 8. sColor onlined sad Illustration of the crossing of hcp
layers in a column fcc cluster leading to creation of two parallel dh
linear chains with increasingN. sbd The cluster ofsad with N
=2001 shown from another direction.

FIG. 9. sColor onlined sad Three snapshots showing structural
rearrangement in cluster part, where initially two hcp layers cross
themselves at the angle ca. 109.47°. After rearrangement at 1250
,N,1300, the cluster internal structure attains the structure of
decahedron characterized by one line of dh units and five fcc sec-
tors. The same cluster is also shown in Fig. 7sed for N=1650.
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the fcc structure in the seed cluster LJ201 caused by suffi-
ciently high temperaturesfrom Tn

* =0.30d. The second is ki-
netic trapping of fcc and hcp dense-packed layers, leading to
the formation of stacking faults. When kinetically trapped
hcp planes cross themselves at an angle close to 70.53°, they
form a linear chain of local dh structures coming through the
entire cluster and characterized by a linear pentagonal sym-
metry. The third mechanism is an atom rearrangement in the
cluster part, where two hcp planes contact themselves at the
angle close to 109.47°. After this partial transformation only
a pentagonal linear defect stays, giving the decahedral char-
acter to the entire cluster.

The creation of defected structures like clusters with two
parallel linear defects of pentagonal symmetry, as observed
during these simulations, supports van de Waal’s
arguments12,15,16 that cluster defects play a decisive role in
the explanation of the RGS problem. Experimental results6,7

also reveal that defective clusters dominate the cluster spec-
trum until N=105, but their structure was not guessed during
data analysis. The cluster structures, presented in this work,
can be helpful in such predictions, because they were ob-
tained in simulations at real temperatures. However, for the
identification of an experimental cluster structure it is better

to use a smaller cluster as the seed cluster instead of an
arbitrarily chosen fcc LJ201. The best candidate used in the
simulations30 is the icosahedral LJ13, which is widely ac-
cepted in the literature to be formed during growth of a rare-
gas clusters.

Finally, it should be stressed that the growth of a hypo-
thetic fcc cluster unavoidably results in the formation of un-
desirable defects in the form of hcp and dh local structures.
This implies that successful attempts to find an ideal fcc
cluster, corresponding to the global minimum of cluster po-
tential energy for a large number of cluster atoms, is not
equivalent to the solution of the RGS problem.
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