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to the growth of fcc 201-atom Lennard-Jones clusters
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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 regigmgcleus and vapoof 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 temrﬁ*ﬁratures
=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
some(111) dense-packed cluster planes due to a misfit in the position of newly added atoms resulting in
...ABCABAiInstead 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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[. INTRODUCTION From a theoretical point of view, the van der Waals inter-
atomic interaction between rare-gas atoms seems to be suf-
Clusters, as very small parts of a material, have propertieficiently described by the Lennard-JonékJ) potential,
different from those of bulk material. One of them is their which is typically used in the literature. However, many the-
structure, which is widely believed to change always withoretical attempts failed even in explaining why the bulk
growing cluster size from a noncrystalline to crystalline heavier rare-gas crystalshich are simpler case than large
structure. In the case of some substances, such a structugdésters adopt the fcc structure during crystallizatibfrom
transition occurs at a sufficiently small cluster size and cathe pioneering theoretical work of Kihara and K8k is
be found relatively easily in experiments with cluster beamdnown that the hcp crystal structure is more strongly
(e.g., CQ clusterd) or in computations (e.g., NaCl bounded for 'the. LJ potentl_al than foﬁalthoug'h the differ-
clusterd). However, clusters of many different substanceseNce in the binding energy is merely 0.0L%his result was
are predicted to show crystalline structure at relatively largonfirmed recently by Stillingé? at a much higher level of
sizes3* where experimental data analysis is not easy an@'€cision in calculations. . -
conclusions are not clear. Since some of such clusters are in The disagreement between theoretical predictions and ex-

, i e perimental observations, called the rare-gas séRGS
the reach of the growing calculation possibilities of moderng 10 “siill remains unsolved. Some authors believed that

computers, the Importance of theoretical methods hgs Nt is caused by an insufficient accuracy of the LJ potential
crea.f,ed tremen(_:iously In recent years. F.Of example, it w plied in calculations. However, when different pair poten-
possible to obtain more detailed information on the mechayigis  three-body interactions, or entropy effects are analyzed
nism of structure formation during simulated growth of Iarge(See the literature, e.g., in Refs. 6 and e higher binding
silver and gold clusters composed #1289 atoms. _energy for the hcp structure is also obtained. Some research-
|nVeSt|gat|0n of cluster structure g|VeS unclear results |rbrs made attempts to exp|ain the RGS prob'em assuming that
the case of the model material: the heavier rare-gas elemenige experimental solid structure is formed due to some kinet-
(Ar, Ne, Kr, Xe). Experimental results derived from electron ics effects which lead to the formation of nonoptingibm
diffraction on Ar cluster beani< reveal that defective clus- energetic point of viewfcc cluster structure during the ini-
ters dominate the cluster spectrum upNe 10 and there is tial stage of nucleation and clustering. Unfortunately, simu-
no sign of attaining bulk structural properties. However,lations of nucleations from the supercooled ligdidere not
apart from the statement that clusters are composed of facable to realize stable fcc growth. It may be caused by the
centered-cubidfcc) and the hexagonal-close-packéttp absence of fcc growth promoting defects, e.g., two parallel
mixed domains, no definite conclusion concerning the struclinear defects of pentagonal symmetry proposed by van de
ture of these clusters was drafnfrom the data analysis. Waal}? in the clusters. In this context, it is reasonable to
This is partly due to unavoidable averaging over differentsimulate clustering also from vapor to observe defects
cluster structures present in cluster beams. It is also due tofarmed and find those promising the fcc growth.
lack of theoretical models of atom arrangement in large clus- To the author’s knowledge, growth simulations have not
ters. been carried out for medium-sizélimited here to 156<N
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<1000 and large(thousands of atomsare-gas clusters. It increases the cluster temperature signific&ndlye to release
seems that medium-sized rare-gas clusters are of great inf the atom-cluster interaction energy and the atom kinetic
portance for explaining transition size effects. The author'ssnergy. Therefore, clusters are thermostatted to keep the tem-
resultd® show that some clusters df=~ 200 atoms are pos- perature almost constant. In the model, it is possible to ob-
sible to attain the defective crystalline structure in the formserve atom diffusion on the cluster surface or inside the clus-
of mixed fcc and hcp layers. On the other hand, Ikeshbji ter since positions of atoms change in real time as governed
al.*found in simulations of cluster solidification by freezing by the laws of motion present in MD.
that some clusters withl=450 exhibit fcc structural prop- Apart from problems of good thermostating in MD
erties. However, nothing is known about the possibility ofgrowth models, there is another problem arising in imple-
reported clusters to develop solely the fcc structure in simumenting the MD method to large systems with large scales of
lated cluster growth. This is because lIkestadjiall* solidi-  simulated system tim& As argued recently by van der
fied LJ clusters by evaporative or thermostatic cooling,Eerdent! the time step used in numerical solutions of the
where the number of cluster atoms decreases or is constamotion equation should be sufficiently smath. 0.01 psto
The unique and natural way to prove how atom addition actenable atom translations of acceptable vall&—-10% of
on an existing structure is reliable simulations of clusteratom size for thermal motions. This small value of the time
growth. step and possibilities of modern computers limit simulations
The first aim of this paper is to formulate a reliable modelof liquids and solids to a few thousands of atoms observed
of cluster growth, based on the Monte Ca(MC) method, during a few nd! The results of the Baletto group on the
which could be efficient in simulations of middle-sized andgrowth simulation of small clusters composed of a few to
large clusters. The second aim is to apply the model to the Ladbout 150 Ag aton®8 or Cg, molecule$! show that experi-
cluster immersed in the vapor in order to investigate the nonmental time scales are not reachable by present computa-
trivial problem: is it possible to grow a perfect fcc cluster tional means, though they were able to observe Ag cluster
when the seed cluster is defectless fcc? van de Wifadr-  growth during 3us at an atom deposition interval close to an
gued that perfect fcc rare-gas clusters and crystals wouldxperimental one.
develop into fcc-hcp mixtures due to stacking faults inevita- A different situation is in case of the Monte Carlo method,
bly present during growth, because the interaction energy imhich is based on the acceptance or rejection of randomly
“wrong” and “right” atom positions is practically the same. selected atom translation using the Metropolis criterion ap-
In order to prove van de Waal's arguments and to find inplied for a given system temperatufe The atom transla-
simulations possible problems in fcc cluster growth, in thistions also must be sufficiently smaih this work ca. 15% of
work it was decided to analyze the growth of solid LJ clus-atom diameterto lead to a reasonable acceptance rdyipi-
ters untilN= 2000 starting from the 201-atom cluster in the cally 0.4-0.6. As a result, the computational times of both
form of a truncated octahedron, which is presutied be  methods are usually comparable-dowever, some large sys-
the preferred structure for this cluster sizeélat0. The inter-  tems or time scales can be reached only in MC simulatiéns.
nal structures of all final clusters for different temperaturesMoreover, the MC method is better suited to control the sys-
and growth ratios were observed using the coordinatioriem parameters such as temperature or pressure.
polyhedron method and visualization of a selected structure

to find the phase transformation or formation of defects. Proposed model

The growth of Lennard-Jones clusters from vapor is simu-
Il. MODELING OF CLUSTER GROWTH lated here using a specially developed model, which enables
rqandom atom movement inside the vapor surrounding a cen-
addition of atoms to the cluster accompanied with a clustei)raI clyst_er(hereafter also called a nucleuwr_\ere atoms can
e built in the cluster when they approach its surface. This is

structure equilibration realized by MC or molecular dynam- """ =~ ; .

ics (MD) mqethods. For comparis{)n the atom additio)r: Cer_reah;gd by apply!ng a nonstandard MC. .methoc'j. The main
tainly present in real conditions, is absent in the global Opti_m_odlflcatlons are(i) co_ntrolled_ atom adqlltlor(partlcle cre-
mization technique, which dominates in the literature; anat'on) to the vapor region antil) distinguished two regions,

excellent overview of different techniques for determining r}:ﬁ';gzoingtgago_?hgf;‘évtc;ig'f;enrgn;rtiﬁ%iizt?éfsthzgg ;rir:ggi]-
the lowest-energy configuration of LJ clusters was given b pS. 9

Wille.1® Moreover, due to the well-known exponential in- Ifst:ggze?re given after presentations of the standard part of

crease in the number of local potential minima with cluster There are manv assumntions in the model. which are ver
size N,181° the global optimization technique is limited to y assump S very
well known from the literature. The atom-atom interaction

investigations of small clusters. In this context, computer nerav was calculated from the 12-6 Lennard-Jones poten-
simulations are a unique technique, which enables analysfs ay P

of kinetics effects for medium-sized and large clusters. al:
The cluster growth modelg®-22 based on MD can be U =4 {(g>12 <g>6}
rN=4el|—| - ,

The common features of cluster growth simulations are a

described briefly as follows. The atom to be added to a clus- - (1)
ter is randomly located on a sphere centered around the clus-
ter mass center. Then it is moved radi&lpr in a random  with the truncation distance,=3.40.13 As is typical for the-

directior? towards the growing cluster. The atom depositionoretical treatments, the potential parameteende are used

r
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in this paper as the units of length and energy, respectively.
Also the reduced temperatufié, defined asT” =kgT/e with
kg representing the Boltzmann constant, was used instead of
the absolute temperatuiie In order to obtain real values of @
the parameters, e.g., for argon, one can use parameters given
by Kittel:?* =0.340 nm ande=167x10723J. Using this
value of g, the relation expressing the absolute temperature
versus reduced one &= 121T" [K].

Changes in the atom configurations were realized by the Q}
displacement of a randomly selected atom by a randomly 6)
chosen vector within a cube of edge lengtkx2whereAx is v @
the maximum allowed displacement in one direction. The

acceptation probabilityp of a new position of the atom is (a)
determined using the Metropolis criterion in the form

p =exp— AU/kgT), (2) ®

where AU denotes the change in the interactions energy
(equal to the difference between values of the energy in the e
starting and the final atom positipdue to the analyzed dis- S
placement. WherAU <0, it is assumed thai=1 instead of b
calculating this value from Ed2). In every MC step, there
were Ng attempts to displace an atom, each time randomly &
selected fronNg 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 FIG. 1. (Color onling (a) lllustration of two regions, nucleus

a clustering proce?s usmg_ thﬁ Cl_oseld §ysterr|1|—|.r]e., \IN'th Egray/blue color and vapor, in the simulation cell. If atoms in the
constant number of atoms in the simulation cell—the cluste ystem are at a distance less tiign(denoted by a circle around an

growth WQUId b(_a accompanied by ?j‘ steac_iy decrease of Vap%fom), these atoms are treated as belonging to the same cluster. For
atoms. Simulations for the two-dimensional case ré¥eal gyample, vapor atoms 4 and 5 drdnd 6 form clusters, which are
that it is a time-consuming way for obtaining one clusterynpstable due to the large vapor temperature. Atdnis the image
mainly due to the occurrence of a long period of Ostwaldof atom 1 due to the implemented periodic boundary condition.
ripening. At that time, larger clusters grow by attachment offypical view of the simulation cell during a simulation run with a
atoms evaporated from smaller ones. Our model is conceryrowing cluster in the cell center and vapor atoms.

trated on growth simulations of the cluster which win in such
a cluster-cluster competition. Therefore, only one centramum allowed atom-cluster separation. This is strictly con-
cluster, the nucleus, is selected to attach atoms from itaected with the cluster determination method in the simu-
neighborhood. lated system based on the geometrical criterion. During its
The cluster selection is realized by applying two differentrandom motion when an atom approaches another from the
temperature regions in the simulation cfflig. 1@]. The  vapor or the nucleus at a distance less tRgnthis atom is
temperature of surrounding vapar, should be chosen to be treated as part of a “temporary” vapor cluster or of the
sufficiently high to avoid spurious nucleation—i.e., the for- nucleus. A value ofR;=1.35, approximately equal to the
mation of many small clusters inside the vapor and maintainupper limit of the radius of the first coordination shell in a
ing the vapor in an atomic state. For a high vapor temperasolid nucleus, was used in the simulations. An atom detach-
ture like T,=1.2 of this work, the atom-atom interaction ment from the nucleus to the vapor is also possible. It occurs
energy is relatively weak in comparison with the mean therwhen the atom displacement, proposed by the MC algorithm,
mal energykgT. Consequently, the formation of stable bondsleads to a point outside the nucleus region. When such an
between vapor atoms is impossible. The situation is the opatom jump is accepted with probabilipycalculated from Eg.
posite in the case of the nucleus, where the nucleus temperé) for the nucleus temperature, the translated atom is treated
ture T,, should be relatively low to enable atoms to join thein the next simulation steps to be vapor atom.
cluster and nucleus. The value ©f should be realistic and In the simulations the atom concentratiop of vapor is
comparable with the cluster temperature if it is known fromkept constant, which is similar to the assumption of a con-
an experiment. stant atom flux in MD simulation® This means that the
As shown in Fig. 1a), the nucleus region of lower tem- attachment of atoms to the cluster must be connected with
perature is limited not only to the nucleus atoms but alsahe addition of new atoms to the vapor region. This simple
contains a surrounding region extending upRgfrom the  method to keep constant the vapor concentration by fixing
nucleus atoms, where the parame®gy signifies the maxi- the number of atoms in the simulation cell fails when the

(b) =
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cluster volumeV changes significantly in comparison with
the simulation cell volumé3. This is due to the large differ-
ences in atom concentration in the vapgiand in the cluster

ng. 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 volumeV,, and calculate the desired number of vapor
atoms,N,, from the simple relation

N, =n, (L= V). ®3)

In order to computé&/,, a simple procedure was usedd) the

cell is divided into many subcells, anth) each subcell is
proved to be a part of the cluster region resultingunf it is
separated more than Bf; from all of the nucleus atoms. The
nucleus atoms are identified much more often, which is done

roufclnely In these_SImuIa_\t_lons every 10 MC steps. An illus- FIG. 2. (Color online Arrangement of local structures in the
tration of the spatial position of vapor atoms and the nucleusgq _aiom cluster equilibrated at three temperatdifesa) 0.25, (b)

shape is given in Fig. (b). 0.30, and(c) 0.35. The presentation of cluster structure is as fol-
lows: (i) dark/blue balls represent the local structure centers of a
1Il. DETERMINATION OF THE MODEL PARAMETERS selected structurii) light gray/yellow cylinders denote bonds be-
tween the centers, arii ) surface net of dark thin cylinders linking
The two-temperature-region simulation model, as dethe surface atoms marks the external shape of clusters.
scribed above, requires seven parameters. However, only two

of them—i.e., nucleus temperatufg and vapor atom con- ture in Ref. 13 and shown there in Figd®] in some clusters
centrationn,—are of great importance for determining the are also formed afl';:O.SS [Fig. 2c)]. These structural
properties of a growing cluster and nucleus. The other fivéransformations in the seed cluster may have a great effect on
parameters expressed by the symbRls T,, L, Ax,, and the structure development during cluster growth. Therefore,
Ax,, though of lesser importance, are necessary to run thi¢ was decided to carry out ten simulations at the same
simulation program. The values @,=1.35 andT,=1.2  growth conditions(n,, T,) but using ten different seed clus-
were justified in the previous section, while the motivationters, selected randomly among 17 obtafiedn the
for the choice of the value of all remaining parameters isheating-up process of the 201-atom cluster with an ideal fcc
given below. structure afl”" =0. The selected clusters were picked up from
The nucleus temperatuf, should be related to the clus- heating-up simulation dath at T'=0.25, 0.29, and 0.35;
ter temperature known from an experiment if one wants taherefore additional equilibration was needed only to in-
explain the experimental results. Unfortunately, this paramerease the cluster temperature frdf=0.29 to 0.30.
eter is seldom given in the literature in comparison with, for In order to choose the optimal vapor concentration, the
example, the cluster size or even with the predicted clustegrowth simulations of the 201-atom cluster were done with
structure. Depending on the experimental conditions and defeur values ofn,: 0.050, 0.010, 0.002, and 0.001. The value
termination methods, slightly different cluster temperaturesf the vapor concentration has a strong effect on the growth
T, have been reported: 35+4 Ref. 6 and 37+4 K(Ref.  rate and the structural perfection of the clusters. In the case
26). On the other hand, in theoretical papers the reducedf lower vapor concentration the vapor atoms contact the
temperaturel” is used frequently instead of the temperaturenucleus more rarely during the same number of MC simula-
T. Ikeshojiet al** analyzed cluster properties at the tempera-ion steps. This results in slower cluster growth as measured
ture T"=0.30. This paper is devoted to a structure analysis oby the number of MC steps needed to obtain the cluster of a
growing solid clusters. As is well known from the literature given size. For example, &,=0.25 the averaged period of
(e.g., see Ref. 27the liquid-solid transition occurs at lower cluster growth fromN=201 to N=~1650 is 4447, 44 781,
temperature for smaller cluster sizes. Therefore, for growtt250 250, and 519 646n MC steps$ in the sequence of de-
simulations three values of,=0.25, 0.30, and 0.33T, creasing vapor concentratian, given above.
=30.3 K, 36.3K, and 42.4 K for argon clusters, respec- A larger number of simulation steps leads to a better clus-
tively) were selected. At these temperatures the analyzegdr structure perfectiofFig. 3(a@)] as measured by the order
201-atom cluster remains sofié?8 parametef,, which is defined as the ratio of the number of
It should be mentioned that in the initially fcc clusf@ig.  detected structural units per numbéy, of atoms with com-
2(a)] new local structures are developed when it is equili-pleted 12 first neighborgFig. 3(b)]; for details, see Ref. 13.
brated atT,=0.30 and 0.39cf. Ref. 13. As shown in Fig. The cluster ordering reaches even 98% figr=0.002 and
2(b) hcp layers are present at the cluster surfaceT:at 0.001 and the cluster temperatuT§=0.25 and 0.30. The
=0.30. Linear chains of units of noncrystalline decahedrakurprisingly low value ofF,=91% for T,=0.35 can be ex-
(dh) local structure[called pentagonal direct-packed struc- plained by a partial destruction of the atom arrangement near
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FIG. 4. (Color online Changes in external shape of clusters
with N= 1650 growing at different vapor concentrationand clus-
ter temperaturf’, n Vapor concentratiom, is given below each set
0 of simulation. As seen ific) and(d), a slower cluster growth leads

0.050 0.010 0.002 0.001 to compact shapes.

n

v

. atoms,N,, in the system. Therefore, lardeor largen, re-

FIG. 3. (Color onling (a) Average cluster order paramety  gyits in a large number of vapor atoms. In some cases it
calculated using ten clusters witli=~ 1650 obtalngd at the same 4 |d happen thall, is greater tharN even for sufficiently
vapor concentration, and the cluster temperatuiig. (b) Average 15,46 cluster. This leads to an unnecessary increase in com-
numberN,, of cluster atoms ywth the _completed first coordination putation time, which is lost for the movement of numerous
shell (12 atoms_up to the.d'Stanca_l's‘r" In (@ and (b) the vapor atoms. The decrease lofalso results in lower values
structure analysis was limited to atoms added to the seed cluster, L
Ly of N, Unfortunate!y, for sufficiently smalL (comparable .

with the cluster diametgrthere appears a new obstacle:
the cluster surface enabled by a high temperature. For conffamely, the value of flux of randomly walking vapor atoms
parison, the same process is already observed in the caseféfching the nucleus surface may depend on an analyzed
the equilibrated seed 201-atom cluster, whétg=96%, position on the surface. For example, positighgnd B in
95%, and 82% foﬂ';:0_25' 0.30, and 0.35, respectively.  Fig. 5 are expected to be characterized by different atom flux

As may be seen in Fig.(B) for n,=0.002 and 0.001, the because of the difference in the vapor width to neighboring
numberN;, of atoms with completed first shell is practically hucleus image. Due to such geometrical reasons, the nucleus
the same aT,=0.30 and 0.35. This means that, though somevould have a tendency to grow faster towards the cell cor-
atoms near the surface lose the structesgdent from lower Ners. In order to eliminate such an effect the valueLof
value of F,) due to thermal vibration, clusters are still =35.0 was chosen, which denotes that the largest analyzed
densely packed. This is intimately connected with changes iluster withN=2300 atoms occupies merely 7.7% of the cell
the cluster external shap@ig. 4), where the clusters ob- Vvolume. The value oL.=35.0 and the atom concentration

tained ai,=0.002 and 0.001 show a compact shape in com-

parison with those fon,=0.050 and 0.010. The extremely

high growth rate fom,=0.050 leads to a ramified form of

unstable clusters as shown in Figaygwith a highly disor-

dered structure as can be deduced from Fi¢gs). @&nd 3b).

In our case, the cluster growth is too fast to enable sufficient

can be used alternatively in simulations. The choicenpf I I

=0.001 is optimal as far as the cluster structural perfection is

concerned, but,=0.002 is also equally good especially  FiG. 5. (Color onling Realization of periodic boundary condi-
when the scope of simulation is to obtain very large clustersion by multiplication of the simulation cell. Note that when the cell
during smaller computation time. edge is too smalicompared with cluster diamejethe atom flux

cluster equilibration by the atom movement from the posi-
tion of a lower atom bonding energy to that of a higher one,

The vapor atom concentration, and the edge size of  reaching positioB on the cluster surface is low in comparison with
the simulation cell determine the maximal number of vaporA due to location close to the cluster imagm the left vsB).

thereby leading to a destruction of cluster branches and at-
taining a more compact shape.

The high and similar values df, and N, for clusters
obtained an,=0.002 and 0.001 imply that both these values
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n,=0.002 lead to an acceptable valueNyf=86 vapor atoms. 600+

The value of the maximum allowed displacemant, for -, = 0.050
the nucleus atoms was adjusted during the simulation run in 500+ o E=d n, = 0.010
order to keep the acceptance ratio close to 0.4 as is typically 5 B n, =0.002
done in MC simulations. For the analyzed temperaflife 400+ (: BXX3n, = 0.001
=0.30 it resulted iMx,~0.13. This value was proved to be - 3004 ;E:
too small for vapor atoms, which must walitiffuse) a suf- =’ KX
ficiently long distance from a randomly chosen point in the 5004 E:E
vapor region(at the moment of atom addition to the sysjem ;E:
to the nucleus, before their attachment. Moreover, due to the 100 E;E
low density of vapor atoms and the high vapor temperature X
T,=1.2, practically all jumps are accepted irrespective of the 0 2% . :
chosen value of the maximum allowed displacemxy of fee hep ¢ dh

vapor atoms. Large values dfx,, leading to nonphysical
trials of atom incorporation directly into the cluster interior, . ! .
were excluded from the analysis. Finally, the valueAof, or Ngp) of investigated Ioczil structures in the nucleus composed of
“cA bit h i b. i ! v | ¢ N=1650 atoms shown foF,=0.25 and for different vapor concen-

= 90X, was arbilrary chosen fo be sufliciently 1arge to re".’l'trationsnv. The local structures present in the seed 201-atom cluster
sonably decrease the number of steps in randomlike diffusiof). e eycluded from statistics.

and sufficiently small to contact the walking atom with
nucleus external atoms, thereby enabling its attachmeRjhereas the number of noncrystalline decahedral units is

FIG. 6. (Color onling Average numbeNg;, (Ng;=Nsce, Nncp Nic,

solely to the nucleus surface. practically at the same level. Thus, the creation of hcp and dh
structures is inseparably connected with the growth of fcc
IV. STRUCTURES IN GROWING CLUSTERS cluster structure.

After careful structure examination of all 60 clusters

Changes in the internal structure of the growing nucleusormed at the three investigated temperatures and the vapor
were monitored using the coordination polyhedron method concentratiom,=0.002 and 0.001 it was found that most of
applied toXYZdata files corresponding to different nucleus the clustergi.e., 53 show a regular internal structure. They
sizes. If necessary, the obtained data of all local structuresiay be grouped into six cluster structure typE®). 7): (a)
were used in a special program for the creation of input filegolumn fcc,(b) tetrahedral fcc(c) defective layered fcc/hep,
for the graphics programovrAy. The presentation of cluster (d) layered fcc/hcp(e) decahedral, andf) polytetrahedral
structure is based on the following rulds) the local struc-  cluster. The remaining seven irregular clustffsy. 7(g)]
ture centers of a selected structure are dahie color in the  were often observed at,=0.35.
online version of this papgmballs, (b) the centers are con-  The cluster structuresa)<f) are characterized by the
nected with bondslight gray or yellow cylinders if their  presence of hcp layers which cross themselves at an angle
distance is smaller thaR,,, and(c) surface net of dark thin close toa=70.53° or3=109.47° or which are parallgtype
cylinders, created by linking the surface atoms, marks théd)]. This is because they grow on an fcc core, where the
external shape of clusters. angle between the dense-packédl) planes can bex or 8

There are many reports concentrated on finding the idealr equal to O for parallel layers. The formation of hcp layers
cluster structure for a givelNl. Generally, these works did
not take into account the possibility of defect formation. In
fact, it is knowrd® that perfect fcc 201-atom clusters may
exist only atT;:0.25 due to the reported fcc to hep surface
transformation aff,=0.29. Therefore, when the acceptable
values ofn, are selectedcf. Sec. Ill), the main task of fur-
ther simulations is to know whether it is possible to grow a e
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 clusteric
structure, two additional temperaturd$=0.30 and 0.35
were analyzed. »

As discussed in the previous section, the vapor concentradn
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 concentration=0.050 some icosahedral  FiG. 7. (Color onling Typical internal structures observed
centers are prese(6 for T, =0.25. With decreasing,, the  among 60 clusters wittN~1650 atoms grown ah,=0.002 or
number of icosahedral local structures decreases, rapidly ap-001:(a)—(f) regular andg) irregular. Horizontal lines mark typi-
proaching zero. At the same time, a significant increase iral structures for a given temperature, while arrows indicate most
the number of fcc and hcp structural units is observedfrequently found clusters.

ﬁg’(a)‘ : L @k @ )

T*=0.30

T*=0.25 T*=0.35
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fcc

(@) 201 501 1001 2001 (b) 2001

FIG. 8. (Color onling (a) lllustration of the crossing of hcp
layers in a column fcc cluster leading to creation of two parallel dh
linear chains with increasing\. (b) The cluster of(a) with N
=2001 shown from another direction.

on some dense-packed fcc layers is due to a misfit in the

position of newly added atoms resulting in aABCABA FIG. 9. (Color onling (a) Three snapshots showing structural

! rearrangement in cluster part, where initially two hcp layers cross

In_stead of . ABCABClayer sequence. Subsequent grOWth_Ofthemseres at the angle ca. 109.47°. After rearrangement at 1250
this plane can lead to an enlargement of the hcp layer width. 1300, the cluster internal structure attains the structure of

or to the formation of a new fcc layer over the existing NCPyecanedron characterized by one line of dh units and five fcc sec-
layer, a process which can be called as kinetic trapping Ofyrs. The same cluster is also shown in Fig) for N=1650.

hcp plane. The newly created fcc layer can also be trapped

often found in Simulateq clustera, This process is cleany 1J1€1€ F€aTanged by destroying the spurious hcp layer, which

- contact with another hcp plane at an angle closegto
lustrated in Fig. 8) for the growth of a column fcc cluster. -109.47°. In such a way, the fifth fcc sector emerges and the

As observed in the simulations, two hcp planes crossing aéecahedral cluster is formed. Thus, this partial cluster struc-

an angle 70.53° usually form a linear chain of local dh Struc'tural transition is able to transform a crystalline or defected
tures characterized by a linear pentagonal symmetry in thgr stalline cluster to noncrystalline oneyof decahedral char-
contact regionFig. 8@ for N=2001]. This is a result of Y y

similar values of 70.53° and 72°=360°/5 for pentagonaIaCter'
symmetry. This energetically favorable mechanism trans-

forms a defected crystalline fcc/h¢pig. 7(c)] to a noncrys- V. CONCLUSIONS
talline decahedral clustéFig. 7(e)] or produces dh chains in '
tetrahedral and polytetrahedral clustgfigs. 1b) and 1f)]. The advantages of the cluster growth model proposed in

It was found that the linear dh chains usually cross themshis work are(i) randomlike motion of vapor atoms giving
selves[Fig. 7(f)]. However, among 60 clusters, 4 clustersthe same attachment probability irrespective of the angle be-
characterized by two parallel dh chains were folRdy. tween the atom flux and cluster surface and enabling analysis
8(b)]. van de Waal arguédthat the existence of two parallel of ramified cluster shapes in the case of fast growib,
linear defects of pentagonal symmetry in the rare-gas clustezossibility to overcome the time-consuming Ostwald ripen-
can lead to a solution of the RGS problem in terms of theng by applying a high temperature for the surroundings of a
growth kinetics of such defected clusters. However, here iselected cluster, andiii) effective growth simulation of
should be emphasized that the creation of pairs of dh chainsmall- or medium-sized clusters up to relatively large sizes.
is a consequence of hcp formation during an atom-by-atonsing the present model, with the optimal vapor concentra-
cluster growth of an fcc core, and not by coalescence otion n,=0.002 reported in this work, it was recently fodhd
intergrowth of decahedral clusters as proposed by van dthat it is relatively easy to obtain in simulations on a work-
Waall? station very large LJ clusters composed\z£10 000 atoms.

It was found during the simulations that typically the clus-  Since this work is aimed at observing the structural evo-
ters grow without structural changes in the internal part oflution of a growing perfect fcc cluster, the maximal analyzed
the cluster; i.e., structure formation occurs near the clustesize is decided to be approximately 2000, because below this
surface during the addition of new atoms. However, one imsize the fcc structure in the seed cluster always changes to a
portant exception was observed in case of the decahedraiixture of generally three types of structures: fcc, hcp, and
cluster shown in Fig. (8). Its growth history, illustrated in dh. Such structural transitions are attributed to three mecha-
Fig. 9, reveals that very well arranged fcc and hcp layersiisms. The first mechanism involves partial destruction of
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the fcc structure in the seed clusterygJcaused by suffi- to use a smaller cluster as the seed cluster instead of an
ciently high temperaturéfrom T;:O.SQ. The second is ki- arbitrarily chosen fcc Ly);. The best candidate used in the
netic trapping of fcc and hcp dense-packed layers, leading teimulationsC is the icosahedral Ld, which is widely ac-
the formation of stacking faults. When kinetically trapped cepted in the literature to be formed during growth of a rare-
hcp planes cross themselves at an angle close to 70.53°, thggs clusters.

form a linear chain of local dh structures coming through the Finally, it should be stressed that the growth of a hypo-
entire cluster and characterized by a linear pentagonal synthetic fcc cluster unavoidably results in the formation of un-
metry. The third mechanism is an atom rearrangement in thdesirable defects in the form of hcp and dh local structures.
cluster part, where two hcp planes contact themselves at thehis implies that successful attempts to find an ideal fcc
angle close to 109.47°. After this partial transformation onlycluster, corresponding to the global minimum of cluster po-
a pentagonal linear defect stays, giving the decahedral chatential energy for a large number of cluster atoms, is not

acter to the entire cluster. equivalent to the solution of the RGS problem.
The creation of defected structures like clusters with two
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