PHYSICAL REVIEW B 67, 115402 (2003

Local structures in medium-sized Lennard-Jones clusters: Monte Carlo simulations

W. Polak
Department of Applied Physics, Institute of Physics, Technical University of Lublin, ul. Nadbystrzycka 38, 20-618 Lublin, Poland

A. Patrykiejew
Department for the Modelling of Physico-Chemical Processes, Maria Curie-Sktodowska University, 20-031 Lublin, Poland
(Received 3 July 2002; revised manuscript received 27 December 2002; published 6 March 2003

The Lennard-Jones clusters composed of approximately 200 atoms were simulated using canonical Monte
Carlo method at the reduced temperatures betwieéen 0.05 andT* =0.49. Local arrangements of atoms
within the clusters were identified by means of a specially invented algorithm based on the classification of five
types of regular coordination polyhedra corresponding to face-centered (Eochichexagonal close-packed
(hcp), icosahedralic), pentagonal direct-packéddp), and body-centered cubibco) local structures. Clusters
cut off from three typegfcc, hcp, and bocof perfect crystals show a structural transition with gradually
increasing temperature in the temperature range corresponding to solid clusters. The spectrum of 201 atomic
clusters formed at the temperatufé =0.25 from a starting configuration with random atom positions is
characterized by a variety of local structures, with quantitative dominance of hcp and pdp structural units and
absence of bcc units. Most of these clusters are polyicosahedral, very often showing a triangular or tetrahedral
arrangement of ic units. In some clusters noncrystallographic ic and pdp atom arrangement is absent. In such
cases spatial separation of two crystallographic phases can be observed in the form of fcc and hcp domains or
as sandwiched parallel fcc and hcp planes.
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I. INTRODUCTION which, most likely, have different size and structure. More-
over, it is extremely difficult to determine a “true atom ar-

Experiments show that bulk crystals of rare gases, excepingement” in a cluster of a given size. For example, Farges
helium, adopt the face-centered culicc) structuret How- et al® interpreted the diffraction pattern obtained for argon
ever, calculations of lattice energy indicate that the hexagoelusters and suggested that the clusters contain about 500
nal close-packedhcp structure is energetically slightly atoms and possess the fcc structure built upon noncrystalline
more stable, independently of the form of the pair-potentiaihuclei. The same pattern was then reinterpreted by van de
applied (for details, see Refs. 2,3, and the literature citedWaal® He concluded that it corresponds to a considerably
therein. In spite of the many attempts discussed e.g., inarger cluster of about 3000 atoms and of multiply twinned
Refs. 3-5, thisrare gas solid problem{RGS problem has  core of fivefold uniaxial symmetry which enables over-
not yet been satisfactorily explained. In order to find thegrowth of the fcc structure. It has been clearly shdwrat
solution to the RGS problem, many authors have concerthe diffraction pattern cannot be explained assuming a single
trated on the analysis of the structure of finite clusters formedpure” fcc, hcp, multishell Marks decahedron as well as a
during early stages of the homogenous nucleation processmultishell icosahedraMIC) cluster structure.

Homogeneous nucleation of a rare gas can be experimen- Recent experiments®!! with supersonic cluster beams
tally studied by supersonic expansion of a gas through aeveal a complex structure in large noble gas clusters due to
nozzle into vacuurfi” Cluster beams formed during the va- detection of stacking faults or twinning faults and deforma-
por condensation process are then typically investigated ugions as well as the coexistence of fcc and hcp phases. Kov-
ing mass spectrometry. Analysis of the experimental data onlenkoet al° reported a defective fcc structure in rare gas
the cluster abundance reveals the existencenafjic num-  clusters of sizedl=1500 in the form of small hcp interstitial
bersin the cluster spectrum. Some of the peaks are identifieéh the fcc structure. Feraudy and TorcHefound signs of
to correspond to closed shell icosahedral foPrhgyhile the  hexagonal symmetry in clusters and twin faults in fcc stack-
others can be qualitatively interpreted assuming the growting. According to van de Waat al.> large argon clusters of
scheme based on the formation of the next shell of icosahet0><N=<10° have very complicated structure built probably
dron due to the decoration of the cqotosed she)lby atoms  from many twinned domains of fcc and hcp character.
at sites of high symmetfyHowever, these results partly con-  Theoretical studies and computer simulations based on
tradict those obtained from the analysis of electron diffrac-both Monte Carlo(MC) and Molecular Dynamic§MD)
tion data. methods have often been used to investigate the structure of

Starting from the early experiments of Fargetsal.? a  clusters and to determine the global minimum of the cluster
vast body of experimental results for noble gas clusters obinding energy. In such studies, one usually assumes that the
different size have been collected. Unfortunately, the diffrac-atoms interact via pairwise additive central forces, most
tion patterns are rather difficult to interpret. It was pointedcommonly described by the standard Lennard-Jgh&spo-
out by van de Waagt al® that the observed diffraction pat- tential. A numerical optimization method was used in the
terns unavoidably represent the averages over many clustegipneering work of Hoare and Palto find a global mini-
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mum of the potential energy of small clusters with the num-the presence of a fcc local ordering around an atdm.

ber of atoms up te=60. Then, it appeared that the solution  As a summary of the above cited literature, there are re-
of the RGS problem is getting even more complicated beports that cluster structure is highly symmetric, and corre-
cause the clusters corresponding to global minima oftesponds to multishell icosahedra or decahedra as well as to
show noncrystalline icosahedral arrangement of atomspure fcc or hcp structures. Other results demonstrate the
While using this method one also encounters a purely techpresence of more complex structures in the form of a mixture
nical, yet important, problem connected with the range ofof different structures, defects and imperfections. Arguing
potential used in computation, since different potentialthat transformation between optimal structures is more diffi-
ranges lead to geometrically different clusters which correcult for large clusterd? and quite unlikely for the cluster
spond to the global energy minimutiMany problems in  sizes of 16—10* atoms2?the role of kinetics in the cluster
predicting cluster structure have their origin not only in thegrowth have also been pointed out in the literature. Using
uncertainty of finding a global energy minimum but mainly Mp simulations, Ballettoet al. found that effects of kinetic

in the assumption of zero temperature of a cluster. The optifrapping completely dominate the growth of @lusters?

mal cluster structure at finite temperatures corresponds to thg,q that the formation of large metastable silver icosahedra
lowest Helmholtz free energf. As found by Doye and 44 pe explained by kinetic factdtbAlso, it is reasonable to

14 ; :
Calvo,_ t_he cluster temperature can be a key variable Inexpect that the flat faces of the clusters having an ideal struc-
determining the equilibrium structure of a cluster. However,,[ure should exhibit rather low growth rate. van de Waal

those entropic and temperature effects are relatively rarelguggesteﬁlin 1996 that the transition from ic to fcc struc-

4-16
analyzed: ture can be triggered by the formation of linear defects with

MC and MD simulations allow for a more realistic analy- ~." * | N | ¢ hich insid lust
sis of clusters and of clustering processes since temperatuptg"axIa pentagonal symmetry, which appear inside a cluster.
In our opinion, a detailed analysis of the internal structure

is one of the simulation parameters. Entropy is also included _ ) _ o .
in MC method by averaging over a great number of mi-Of imperfect clustergomitted in a vast majority of theoreti-

crostates accepted at a given temperature or present in ti§8! WOrks can lead to a better understanding of the forma-
time evolution of the atomic system, governed by equationdion of the fcc structure during a homogeneous cluster
of motion used in MD. However, realistic simulatidhof  growth. It should be noted that the situation here is similar to
clustering during supersonic expansion are difficult. Afterthat of the history of the study of the role of dislocations in a
having analyzed their MD simulation data, Ikeshejiall’  high growth rate of crystals, when all models based on the
found that introduction of cluster—cluster and cluster—atonrconcept of a perfect crystal structure failed. It is one of the
collisions alone, with a linear decrease in temperature, doegoals of our study to analyze local atom arrangement in
not lead tomagic numberdound in the experimental data. simulated clusters formed and equilibrated at temperatures
They showed that evaporation must also be introduced iglose to those used in experiments and to investigate the
MD simulation in order to obtain results with cluster spectramechanisms of the fcc structure formation. Our analysis is
similar to those observed in experiments. It was fddtldat  not focused on finding the global minimum of the cluster
clusters with the number of atoms close to magic numbergotential energy but rather on obtaining stakile., suffi-
show a structure similar to that of polyicosahedfast re-  ciently well equilibrated clusters to attain stable thermody-
ported in Ref. 18 and MIC clusters, but clusters with 30 pamic parameters. Local ordering of atoms in all such clus-
=<N=50 are more amorphous or are mixtures of differentiers is analyzed, mainly to find a cluster structure which
series of_ structures. The existence of fcp structure with manyromises the overgrowth of fcc structure.

defects is possible as well. In the relatively small Lennard- Medium-sized LJ clusters built of a few hundreds of at-

‘r]::es gfll::tmerse;:;mrzzsildef:fog’jSa?fg:zsesé?ggl?;ideoﬁgr?c\g'%ﬂs seem to be an interesting case for investigation because
g peratures, Nei - fev X they form a bridge between small clusters of noncrystalline

?ggcgoi?gelgf tsril;:;l:;;ai(s)hwhlch transform one into another Ir](icosahedral, polyicosahedral or decaheddiaracter and

Equilibrium behavior of LJ clusters at a givdhcan be large clusters, probably dominated by a mixture of the fgc
more conveniently studied with the help of Monte Carloand hcp structures._lt is alsq worthwhile to analyze solid
simulations. Medium-sized LJ clusters were studied byclusters which contain approximately 200 atoms because, as
Quirke® who investigated melting transition and local ar- lréady mentioned, at least two types of IOCS‘ZI order, i.e., hcp
rangement of atoms using MC simulations. Clusters of thé@nd fcc, can appedf. Moreover, Kakaret al* concluded
sizeN=201 and 209 were formed by placing all atoms in afrom experimental data that a transition from the ic to the fcc
spherical cavity and then by equilibrating the system at gtructure in clusters oN=200 may occur. In order to ob-
given temperature. The local arrangement of atoms in théerve possible initial stages of that transition in medium size
cluster core was then found by means of analysis of the€lusters as well as the coexistence of different types of local
cosine distribution curves of interior angles between tripletsstructure, a new algorithm for a precise determination of lo-
of atoms. Such calculations allow to obtain general informa-cal structures is proposed. The algorithm is sensitive to the
tion about the changes in the internal structure of the clustefcc, hcp, bec, ic as well as to the decahedral local structures.
which occur during the freezing transition from the ic struc-Then spatial locations of different local structures and their
ture in liquid state to the dominating hcp structure with dis-changes as a function of temperature are analyzed for the
locations in solid state. Some dislocations were interpreted adusters formed during the simulation.
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3r consuming Oswald ripening peridceported for 2D case by
. Mahnkeet al)?’ and avoids the formation of many isolated
clusters.

Our algorithm is based on the standard Metropolis sam-
pling method and involves the displacement of a randomly
selected atom by a randomly chosen vector within a cube of
the edge length &r,, whereAr, is the maximum allowed
displacement in one direction. Each Monte Carlo $MES)
involved N attempts to displace a randomly selected atom.
The value of the maximum allowed displacement was ad-
() justed during the simulation in order to keep the acceptance
8 - - - : ratio close to 0.4.

0 50 100 150 200 A pair of atomsi andj, separated by a distancg, lower
Simulation time (in 1000 MCS) than a certain predefined distancgpcut, are assumed to be

sufficiently strongly bound to the same cluster. The cluster

FIG. 1. Potential energy per atom in a cluster as a function ofidentification procedure was invoked every 10th MCS.
Monte Carlo steps. Two simulation processes differ only by theWhenever the number of clustexg =2, the random moves

initial positions of atomgillustrated in insetsrandomly locatedfa) ~ of also randomly selected clusters were performed with the

Potential energy per atom

in the entire simulation box) in the central part of the box. maximum displacemenir of the cluster mass centéin
three directionsX, Y, and Z). After such a movement, the
Il. CLUSTER FORMATION METHOD resulting energy difference was computed for the entire sys-

U(r)=4s

The formation of Lennard-Jones clusters was simulated€™ and the movement was accepted or rejected in accor-
by means of canonical Monte Carlo method. The Lennargdance with the Metropolis quterlon. Moreover, rotations of
Jones potential, clusters around 3 axes coming through the cluster mass cen-
ter were applied. The displaced or rotated clusters are able to
o\ [o\8 consume isolated atoms or to join other clusters. The latter
(?) - (7) ; (1) process significantly decreases the time necessary for attain-
ing the equilibrium in the system, but only at sufficiently
was truncated at the distancg,=3.40. Throughout this high temperature and when the number of vapor atoms is not
paper we user and e as the units of length and energy, equal to zero.
respectively. In particular, the reduced temperatdrg, is A given number of Monte Carlo steps MgSvas used to
defined asT* =kgT/e, wherekg is the Boltzmann constant. equilibrate the system. The changes of the potential energy
Periodic boundary conditions were implemented by repli-per atom,U/N, were monitored to find whether the system
cating the cubic cell of edge length in a similar manner as had reached a steady statee Fig. 1L Then, during the
done by Rytkeenet al®® in their study of argon clusters. It averaging period, the parameters of the entire system, like
enables us to avoid problems encountered when atoms atiee radial distribution functiog(r), the number of identified
placed in a spherical cavity used, for example, in pap®$: units Ng, of analyzed local structuregnethod presented in
no potential wall is needed, cluster can freely expand wheithe next sectionand the specific heat, , were calculated.
heated, shape of the cluster is not influenced by the geometfyhe latter parameter was obtained from the fluctuation theo-
of the wall, evaporation and attachment of atoms is enablegem
in the canonical ensemble.

MC simulations can be carried out for the starting con- Cy=(U%=(U)3/(NT?). 2)
figuration of a cluster with the number of atorNsand with
predetermined structure and shape, e.g., a cluster of pure fcc Il ARRANGEMENT OF ATOMS IN CLUSTERS
structure and the shape in the form of truncated octahedron. OF SPECIFIC GEOMETRY
Another case corresponds to a situation in which a cluster is
formed during equilibration from a given number of atokhs There are several methods which allow to identify local

placed at randomly chosen positions in the central cubic paxrdering of atoms in 3D systems. One of them is the analysis
of the simulation cell of edge length <L. At low tempera-  of cosine distributions of interior angles between triplets of
tures, when the solid or liquid clusters rather than a gas phasgoms?® The peaks corresponding to the perfect hcp and
are formed, this choice of starting configuration proved to bacosahedralic) local structures are located at different sets
more efficient in attaining the equilibrium in the system moreof cosine values: {1,—0.83,+0.5,—-0.33, 0.0) and {1,
quickly than using the configuration with atoms placed in the+ 0.5), respectively. The method, however, may give incor-
entire box(see Fig. L It happens due to a substantial reduc-rect results when applied to local environment of a chosen
tion in the random-walk like behavior of atoms. The optimalatom at a given moment of simulation. It happens due to
value of the edge length’ of the initial box was estimated several reasongi) similarity of cosine distributions for fcc

by a trial and error method to be close to N, which  and hcp local structuresij) large distortions of local struc-
gives significantly lower atom density than that obtained intures in a cluster, angii) lack of averaging over many suc-
the final clusters. This trick successfully eliminates a timeceeding configurations. Note that both the fcc and hcp struc-
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tures give peaks at1, £0.5, 0.0). Therefore, the method
is not always reliable and it may happen that a small number
of atoms being a part of the local fcc structure are over-
looked. Only visual inspection of atomic lay&tsnd calcu-
lation of the triplet cosine distribution for a chosen atom can
reveal the local fcc structure around the atom.

The second method is the 8D invariant analysis based
on the use of the spherical harmonics and two angles ex-
pressing bond orientation as proposed by Steinhetrai 28
and developed or modified by different auth&té2—31t al-
lows us to identify crystalline and icosahedral structures. It
happens, however, that using this method it is difficult to
distinguish between different cluster structures and addi-
tional tests like quenching of selected structures must be
applied®® As proved by the authors of this work, probably
this is due to the fact that some structural parameters, mainly
Qg, are higly sensitive to even slight distortion of local struc-
tures present, for example, in MIC clustésge Table .

The third methot?*3is based on the construction of the
Voronoi polyhedra(VP) around each atom and subsequent
classification of their shapes by comparing geometrical pa-
rameters with predefined patterns describing the VP of dif-
ferent ideal crystal structures. However, before comparison,
special attention must be paid to the elimination of VP small
faces and short edges formed due to thermal displacement of
atoms in the system. This has been realizétby an addi-
tional algorithm using arbitrary, although optimized, pair of
parameters.

It is typical for all methods based on the comparison with
sets of patterns that none allows the identification of the local
structures of an unexpected regular form as the unknown (e)
structure has not been parametrized before. It certainly re-

mains true for_thg three methods de_scribed ab_ove. . FIG. 2. Coordination polyhedra representing five investigated
In the beginning of our analysis, the unique reliable,cq) sirycturesta) cubo-octahedroffce), (b) anti-cubo-octahedron

method to not omit any poss_lble types of regular local orderhcp), () icosahedroriic), (d) truncated decahedrdpdp), and (e)

in the system, was a visual inspection of a large number ofype (bcg).

local configurations of atoms. Although it is a tedious and
time consuming task, it can be quite efficiently used with theAnalysis of the geometry of pdp local structure reveals that
help of available software, such as the MSI Visualizer, whicheach pdp unit can be treated as composed of two pentagonal
allows us to look easily at the local configuration of atoms.dodecahedra having a common vertex atom as well as a
In order to prepare the files in the MSI format an additionalcommon fivefold symmetry axis. The formation of practi-
program was used. It was based dal finding all atoms cally the same atom arrangement during the growth of small
with 12 first nearest neighbors in the sphere of radtys  pentagonal decahedron particles was postulated in 1969 by
built around a central atom, arfd) connecting by a line the Fukano and Waymatf.
ith and jth neighboring(vs central ong atoms when the As mentioned already, visual inspection of a large number
distancer;; between them is less than the allowed maximumof coordination polyhedra is rather tedious and time consum-
distanceD .. The parameteD,,,, was chosen to be equal ing. Therefore, it was necessary to apply an algorithm for the
to 1.35, according to the data fréfused for cosine analysis. automatic identification of the shape of four polyhedra men-
This value corresponds approximately to the upper limit oftioned above. We also decided to add the possibility of rec-
the radius of the first coordination shell in solid clusters.  ognizing the bulk centered cubibco structural unit, repre-
Coordination polyhedra obtained as described above havgented by the coordination polyhedron in the form of cube
the shape of cubo-octahedré@OCT), anti-cubo-octahedron [Fig. 2€)]. The algorithm is based on counting the number of
(ACOCT), and icosahedrofIC) for, respectively, fcc, hcp, (a) edges at each of the 12 or 8 verticé, triangular faces,
and ic structurésee Fig. 2. Careful examination of all poly- and(c) the neighborhood-type of triangular fadesimber of
hedra built of 12 atoms enabled us to discover one moredge and vertex contagtsaand assumes the following geo-
regular structure in the form of the truncated decahedrometrical criterion for atom packind .= R, , with the ex-
(TDH) shown in Fig. 2d). This local structure has uniaxial ception of the bcc structure WheEbmaXZZRn/\E is taken.
pentagonal symmetry with atoms arranged along this axi&ll these parameters are presented in Table |. A specially
and is named hereafter as “pentagonal direct-packegd).” written computer program was tested to give 100% accurate
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TABLE |. Number of vertex edges, triangular faces, and their
neighborhood types for all analyzed coordination polyhedra: cubo-
octahedron, anti-cubo-octahedron, icosahedron, truncated decahe-
dron, and cube, representing five types of local structures. Abbre-
viations used in the last column e.g. for IC “20 (3 e, 6 " denote
that each of the 20 triangular faces in the icosahedron has the con-
tact with three neighboring triangular faces by edge, and with six
neighboring triangular faces by vertex.

Vertex  Triangular  Neighborhood
Polyhedron  Structure  edges faces type

COCT fcc 12X 4 8 8xX (0e 3V
ACOCT hcp 12X 4 8 6X (1e 1V
2X (0e, 3V
IC ic 12X 5 20 20X (3 e, 6V
TDH pdp 10X 4 10 10X (2, 2V
2X5
Cube bcc 8x 3 0

fcc

results when applied to clusters with a total number of
~1000 different local structures, which have been visually
inspected before. However, a more detailed analysis of the
structures in systems at different temperatures revealed that
any rigidly selected value db,,,, andR, may result in the
omission of some coordination polyhedigtructural units
Therefore, during one run of the program many attempts had
to be made with increasing value Bf,. It turned out that
optimal values are: the lower limit dR,=1.05, the upper
limit R,=1.55, andAR,,=0.01 for the radius increment.

A special program, which enables to prepare input files
for a visualizer or a 3D graphics program, likevrAy (used
by the authors of this woilk has proved to be very useful.
The presentation of the selected local structure in most fig-
ures in this work has been done as followa: the position
of centers of the local structure are shown by light gray balls,
(b) all neighboring atoms/balls, which are centers of the
given local structure, are connected by thick dark lines if
their separation is not larger th&éth = 1.35, (c) positions and
bonds of surface atoms are marked only by thin gray lines,
and (d) all remaining bonds inside the cluster were omitted
to make the presentation clear. However, in case of two of FIG. 3. Atom configuration in multishell icosahedral clusters
the figures, connections between neighboring atoragocal ~ composed ofa) 147, (b) 309 atoms. Atoms and bonds belonging to
structure centerare also shown by thick dark lines in order all detected_local structures in the clusters are shown in the lower
to better illustrate cluster geometrical properties. part of the figure.

As an example, the coordination polyhedron metlGe&
method is applied to analyze and visualize internal structurecoming through one ic unit can serve as a fingerprint of such
in ideal multishell icosahedral clusters. Sufficiently largeclusters.
(starting from 309 atomsMIC clusters contain 4 types of The detected local structures were characterized using the
local order{see Fig. 8)]: one ic unit in the cluster center, 12 method of calculations of the order paramet€s and Qg
linear pdp chains each connecting the cluster center with given by Doyeet al! In order to characterize a local struc-
cluster vertex, and numerous hcp local structure in the entirture, the averaging over bonds was always limited to twelve
cluster volume mixed with the fcc structure. The fcc struc-vectors connecting the central atom of the local structure and
ture is absent in small MIC clusters composed of 55 or 147 neighboring atom. The values of the parameters are com-
atoms, as shown in Fig.(8. The above figures may be pared in Table Il with those obtained for local structures in
useful for those, who are searching for an ideal ic structure indeal clusters. The ideal clusters are a piece of ideal crystal
medium or large clusters with the number of atoms differenistructure(fcc or hcp as well as optimised lyd of ic or pdp
from an ideal MIC cluster. Characteristic 6 linear pdp chainsatom arrangement. It is evident from Table Il that the param-

hep

pdp
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TABLE IlI. Values of order parameter@, andQg calculated for TABLE lII. Binding energy(potential energy per atonof ideal
the local structures present in multishell icosahe@#C) clusters infinite crystal structure optimized with respect to the atom separa-
compared with the values for undistorted local structure in monodion distance for the force cutoff,,=3.4. Columns 4 and 5 give
structural ideal clusters. numbers of atoms and energiesTdt=0 of initial quasispherical
clusters, which have been used in our calculations.

Monostructural
ideal cluster MIC cluster Infinite structure Spherical cluster
Type of
local structure Q, Qs Q, Qs Interatomic Binding Number Binding
Structure distance energy of atoms energy
fcc 0.191 0.575 0.196 0.569
hep 0.097 0.485 0.117 0.481 bcc 1.0713 —8.0077 181 —5.6271
ic 0.000 0.663 0.000 0.663 fcc 1.0927 —8.3766 201 —6.0784
pdp 0.076 0.435 0.053 0.430 hcp 1.0903 —8.3830 195 —5.9788

etersQ,, with the exception of ic, are significantly different. ture. Therefore, more detailed examination of the bcc struc-
This may be attributed to a distortion of local structuresture was excluded from our analysis.
present in MIC clusters.

A. Heating up the perfect clusters
IV. RESULTS

Comparison of our cluster energies needs a reference

All simulations were carried out for the potential cutoff point, which should be a cluster with the highest binding
set atrg,=3.4, following the data of Ref. 25. In order to energy. There are suggestions in the literdfitieat an opti-
obtain an isolated cluster, i.e., the one that does not interaghg| (most strongly bondeccluster of N=201 atoms corre-
with its replicas in neighboring cells, we decided to choose &ponds to the form of truncated octahedron with the fcc
sufficiently large cell of the edge length=20. However, it packing. Such clusters are obtained by cutting a piece of fcc
should be noted that this procedure does not rule out intefinfinite ideal structure by a sphere. It is resonable to expect
actions between different clusters, if they are spontaneously|sg high, if not higher, binding energy for clusters with
fOI’med during the Simu|ati0nS. Our C|USter identiﬁcation pro-icosahedra| atom arrangement_ A Cluster of th|s type can be
cedure is based on the measurements of interatomic distancggijt by removing some atoms on the external facets of the
between neighbors. For a given pair of atoms, if this distancgpg-atom multishell icosahedron reaching the size 201. As
is smaller tharrg  =1.5 (cf. Ref. 35, the atoms are recog- proven in this work foiT* =0.05, the fcc cluster really has a
nized to be a part of the same cluster. sligthly higher value of the binding energy.e., —6.016)

As mentioned in Sec. I, whenever the number of clusterghan the incomplete MIC cluster—6.015). Therefore, we
Ng=2, Ng translation and rotation moves of clusters havedecided to choose the fcc cluster as the reference point at all
been performed every 10th MC step. Each translation andnalyzed temperatures, knowing, however, that entropy con-
rotation move has been applied to randomly selected clustetgibution can be decisive at this cluster size.

(chosen with equal probability Since evaporation of the In order to compare and improve the understanding of
main cluster composed of approximately 200 atoms is obsimulation results, a similar procedure of comparision of
servable in our simulations practically only when the clusterbinding energy was also undertaken using the spherical hcp
is in a liquid state, the cluster translations and rotations caeluster with 195 atoms and bcc cluster with 181 atoms. Atom
then be applied. Their impact on the system properties iseparation in each of the above mentioned infinite ideal
observable only in the simulations of clusters heated to temstructures was optimized for the value of force cutoff used in
peratures above the melting point. In cluster translationshis particular case to obtain the maximum value of crystal
Ary=3.0 was used, which is relative large in comparisonbinding energy per atom. As shown in Table lIll, the magni-
with a typical value of the maximum allowed atom transla-tude of the cluster binding energy per atom is always signifi-
tion Ar,e(0.05, 0.25)(depending on the system tempera- cantly smaller than that of the infinite crystal due to the
ture). The maximum rotation angle was fitted to 180°, whichexistence of cluster surface. Moreover, the hcp structure has
enabled total rotation of the cluster. Due to relatively lowa slightly higher binding energy than the fcc structure, and
number of vapor atoms, reaching hardly 2—4 atoms at théhe bcc structure is a relatively weakly bonded crystal struc-
maximum analyzed temperature™f = 0.49, the acceptance ture.

ratio of cluster movements was high and the additional ad- The stability of the initially perfect structure of all the
justing of these parameters was not possible. three types of clusters was confirmed by MC simulations

Finally, it is worth mentioning that the bcc structural units along the path of gradually increasing temperature. The heat-
were not detected in any of the final clusters. During a clusteing up process was realized g selecting a cluster, in its
simulation connected with=20 000 of attempts of the local final configuration of atoms, at a given low temperattite
structure identifications in entire cluster, only a few to a few(b) increasing the simulation temperature by the increment
tens of bcc structural units were recorded, mainly when theAT* =0.02, (c) equilibrating the system at the temperature
cluster temperature was close to the cluster melting temperd™* + AT*, using at least 200 000 MC steps, aiddi calcula-
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FIG. 6. The number of structural units of four types present in

F![G' 4. bl?e_pegd(;enc_:e Otfhthﬁ SQ[?C'“C h%:honfthe lclu;ster;ﬁm- tlpe initially perfect fcc cluster during their heating up fronf
perature obtained during the healing up ot the fcc cluster. The pea=0.05 toT*=0.49. The standard deviation is shown for the fcc

on the curve, pointed out by a dashed line, corresponds to the clu?-
. ocal structure.
ter melting temperature.

Due to the surface effect, smaller clusters witk- 181 and

tion of all quantities of interest, averaged over the subseg,_ ; o
’ : i N=195 are characterized by lower values of the bindin
guent 200 000 Monte Carlo steps. Such simulations were ca|; y g

ried out 17 times for the ideal fcc cluster, each starting With&nergy.

diff i 4 of th d b tor. For th Thermal atom displacements can also destroy or trans-
a difierent seed ot the random number generator. For g, ., initia| atom configuration. To observe and measure this
sake of comparison, 10 simulations for hcp and one for bc

> : Rffect, the internal structure during the heating up of clusters
initial cIus_ters were also done._The cluste_r_ annealing Pprocesg analyzed using the coordination polyhedron method. It
was momtored_by the calc_ulat_mn_ of spec_njc h_é:a,t, which = a5 observed that all bee structure centers rapidly disappear
revegls the point of a solid—liquid transm_on in thg cluster,during the first 1000 MCS of equilibration &F* =0.05,
manifested by thg appearance of a maximigee Fig. 4 which was accompanied by the formation of 8 fcc and 53
The average melting temperatufg, for the fcc cluster was  poy centers. Such atom rearrangement also occurs for the
estimated to bd7,=0.37. This value agrees very well with injtially pure hcp cluster, yet at a significantly higher tem-
the results of Quirké? who also studied clusters composed perature, betweefi* =0.21 andT* =0.25, when the forma-
of N=201 atoms. The decrease in the absolute values of thgsn of many fcc units are observed.
cluster binding energy per ato(fig. 5 during the tempera- || 17 simulations for the heating of the fcc cluster lead to
ture increase is caused by larger thermal displacements @he transformations of cluster internal structure. Without any
atoms at higher temperatures. This also leads to a consideixception, aff* ~0.29, hcp structural units are formed and
able increase in the value of the standard deviation of bindyyo types of phases: fcc and hcp, are observed to coexist.
ing energy as is also illustrated in Fig. 5 for the fcc clusterypically, hep structural units are created on the cluster sur-
face and collected in 1-3 domains, sometimes in the form of
a nice plane. In most cases, the formation of the pdp struc-
ture (generally at the cluster surfaceras found to occur at
slightly higher temperature ranging frofif =0.31 to 0.37 in
different simulation runs. Finally, near the cluster melting
point Tx~0.37 the ic structure occurs. At higher tempera-
tures when the liquidlike phase is formed, the clusters are
characterized by the presence of 1-3 ic units, while fcc, hcp,
and pdp structural units do not appear. These structural
changes are illustrated in Fig. 6 for the heated fcc cluster. In
Fig. 6, also one can see that the standard deviation of the
number of fcc centers is very large during the phase trans-
: : : : ! formation from fcc to hcp and then to pdp in the solid cluster
(points on the slope df;. plot).

Spatial location of all structures presented in one of the

FIG. 5. Potential energy per atom during the heating up of threétNnealed fcc clusters is shown in Fig. 7 for four different
types of spherical clusters with initidat T* =0) structure: bcc  temperatures. Before the structural transformation,Tat
(N=181), hcp N=195), and fcc N=201). Potential energy lev- = 0.27 practically all atoms belong to the fcc structure, while
els of 80 clusters formed af*=0.05 and 100 clusters ar* other local structures do not exist. ThenTdt=0.29 the hcp
=0.25 are also shown as horizontal bars. centers on the cluster surface are created. After the further

U/N
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FIG. 7. Spatial location of all structures pre-
sented in the heated fcc cluster for four different
temperatures(a) T*=0.27, (b) T*=0.29, (c)
T*=0.31, and(d) T*=0.33.

(d) pap

temperature increase, 1" =0.31 hcp spreads over the en- problem is very serious, especially at low temperatures. As
tire cluster near its surface, while the fcc remains in theshown in Fig. 5, the energy levels of all clusters at the low
cluster core. Moreover, the pdp structure is created on theemperature of* =0.05 are far apart, while at* =0.25 the
cluster surface in the form of two neighboring pdp centersenergy gap becomes very small and for some clusters the
Figures Tc) and 7d) demonstrate an interesting phenom-energy becomes very close to the energy of the fcc cluster.
enon, where, contrary to the ideal multishell icosahedrallhe above comparison of cluster energies and the arguments
clusters, pdp units can also exist in clusters when the ic strudhat cluster growth does not always lead to global minima to
ture is absent. Characteristic phase changes originating neaccur (see Introductionallow us to infer that some of the
the cluster surface have already been reported in thelusters obtained here @t =0.25 can occur in real growth
literatureé?® for LJ clusters as surface melting occurring for conditions.
N~ 30, where solid cluster core and liquidlike surface coex- Statistics of different structural units existing in clusters
ist. Similar phenomenon, solid-to-solid transformation fromformed at both temperatures used here is compared in Fig. 8.
fcc to ic structure was reported by Clevelaatial®® to be It is clearly seen that at the higher temperatufé € 0.25),
precursors to the melting transition in simulated gold clusthe number of identified local structurelc, Nyc,, and
ters. Noap, €normously increases, while onl;. slightly de-
creases. This means that the clustef*at 0.25 are ordered
B. Clusters formed at constant temperature much better. To measure the ordering of cluster atoms, we

introduce the cluster ordering paramefgy defined as
In order to understand better the cluster structural proper- gp

ties at a given temperature, the simulations should involve 50 )
formation and analysis of as many clusters as possible. How- | T =005
ever, the number of such clusters was limited in this work by 0] T =025
the available time of computer processing, and then by the
visual analysis of spatial location of the five possible types of
local structures in each cluster. Therefore, we consider only
the formation of clusters built oN=201 atoms, and the
number of attempts of the cluster formation equals to 80 at
T*=0.05 and 100 aT* =0.25. The equilibration process is
sufficiently long (minimal number of MC steps is 700 000
for lower, and 300000 for higher temperatute obtain a |
well equilibrated cluster, as far as its energy, specific heat, 0 |—. =
and the number of structural units are concerned. Therefore, FCe HCP Ic PDP

each of these clusters corresponds to a local minimum of the

free energy. Although the method used here does not guar- FIG. 8. Average number of structural units present in the final
antee the global minimum to be reached, the authors haveénfiguration of all clusters formed at two different temperatures:
been very careful to avoid high lying local minima. This T*=0.05 andT* =0.25.
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FIG. 9. Radial distribution function calculated for one of solid
clusters formed at* =0.25. Dashed line corresponds to the rdf of
the same melted cluster &t =0.43.

Fo=Nis/Ny, 3)
FIG. 10. Common picture of internal structure of clusters
formed atT* =0.25: dominance of interpenetrating itself hcp and
whereN|, is the sum of all atoms which are centers of any ofpdp local structures, absence of fcc and presence of some, here
the five analyzed local structures, aNg, denotes the num- three, ic structural units.
ber of atoms in the cluster, which have 12 nearest neighbors
with a distance not larger thaR,, . This latter parameter ic centers have some of them arranged in one or both of the

was set here to be equal By, i.e., the interatomic dis- ic neighborhood typésee Fig. 1(e)].

tance corresponding to the first minimum of the radial distri- In_the vast majority of the clusters formed the fcc struc-
) . ; ture is absent. However, there are clusters where fcc centers
bution functiong(r) (Fig. 9). For both temperatureRy,

) are numerous, sometimes fcc dominates in a cluster. One of
=1.35 was used. At the higher temperature nearly totallyg,ch clusters is presented in Fig. 12. In this case, the fcc
ordered clusters are formed witR ;) =96%, while clusters  nhase is in the form of a plane coming through the cluster
formed at the lower temperature are rather highly disorderedenter. Two ic units lie on the cluster surface far apart from
((Fo)=53%). This means that an increase in temperaturene fcc region. Spatial separation of ic and fcc structures is
enables the reconstruction of atom arrangement within @iso characteristic for others clusters. To a lesser extent, this
cluster. It may be attributed to an easier passing through thg true for fcc and pdp. On the contrary, fcc and hcp centers
free energy barriers at the higher temperature, which leads {gxten are neighboring atoms, thus forming phases which in-
the formation of more ordered structure, i.e., with completeqerpenetrate each another. A different type of fcc existence is
first shell of nearest neighbors and a regular local arrangeshown in Fig. 13, which displays two clusters possessing
ment of atoms. Problems with attaining sufficie_nt_ly high only fcc and hep type of local order. The absence of noncrys-
bonded and ordered clusters Bt=0.05 were decisive 0 ta|jographic ic and pdp atom arrangement results here in the
concentrate our efforts on detailed analysis of spatial locatiofyrmation of nice atomic planes in the entire cluster. This
of the structure centers in clusters of higher temperature. g5 results in the evident spatial separation of both phases in
The quantitative dominance of hcp and pdp local arrangeme form of fcc and hcp domaingig. 13a)] or in sand-
ment over fcc and icosahedral structural units can be eXyjiched parallel fcc and hcp planEBig. 13b)]. Both of these
plained for many clusters to be caused by the existence of ighases are in thermal equilibrium, therefore, the number of
center/centers in the cluster. The role of ic center can b&tryctural units fluctuates around an average value. The
compared with its impact on the internal structure observe(il)hase shape is observed to change slightly, yet none of the

in MIC clusters(see Fig. 3 where one ic center always tyo phases disappears in the course of the simulation.
leads to many hcp and pdp centers, and in larger MIC clus-

ters(min. N=309) also to many fcc centers. However, most
of the obtained clusters are polyicosahedral, with not only
one but a few ic structural units, usually well separated one The analysis of the shape of a coordination polyhedron,
from another by one interatomic distance. A typical pictureenabled by the algorithm presented in this work, proves to be
of such cluster structure is shown in Fig. 10. Interpenetrating proper method for the detection of five types of local struc-
or sticking ic structural units appear rarely. Figure 11 showsgures(fcc, hcp, ic, pdp, and bgdn finite clusters. The coor-

typical arrangement of ic centers in different clusters, wheralination polyhedron method, when accompanied by the vi-
the triangular and tetrahedral forms are most common ic arsualization used here, gives us a powerful tool for the
rangements in the clusters. Even clusters with more than fowanalysis of local structures existing not only in clusters but

V. CONCLUSIONS

115402-9



W. POLAK AND A. PATRYKIEJEW PHYSICAL REVIEW B67, 115402 (2003

S5

el AL N Q‘ﬁ

(SO

L

NS/~
"“1

FIG. 12. Coexistence of four types of structural units in a cluster
at T* =0.25. Spatial separation of fcc and ic structures, and, to a
lesser extend, fcc and pdp is shown.

as a consequence of the natural coexistence of phases at suf-
ficiently high temperatures.

The spectrum of the 201 atom clusters equilibrated at
temperaturel* =0.25 is characterized by a variety of local
structures, with the absence of bcc units. In some cases, four
types of structures were found to coexist in the same cluster

FIG. 11. Examples of spatial arrangementafone, (b) two, (c) which is characteristic for larger MIC clusterdN£ 309).

three (triangular form, (d) four (tetrahedral formy and (e) five ic
centers in clusters at* =0.25.
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also in bulk solids and liquids. Recently, the CP method has
been successfully applied to observe structural transition
from noncrystalline ic ordering in small clusters to a mixture
of fcc and hcp layers during simulated growth of LJ
clusters®’

The initially perfect(at T* =0) clusters of three types of
atom arrangement: fcc, hcp, and bec, show structural transi-
tion during the heating. This transition always occurs by the
formation of some centers of a new local structure in the
temperature range corresponding to the solid clusters, i.e.,
before cluster melting. In our opinion, this transition can lead
to more optimal cluster structure characterized by the lower
value of the free energly probably due to an increase in the
entropySin less ordered clusters. Therefore, the results ob-
tained by finding the global minimum of the potential energy
U are not valid at sufficiently high temperatures. Calculated S
from results reported in this pap@®* =0.29, the transition (b) fcc
temperaturel = 35 K is identical to the cluster temperature
estimated from the experimental dafas35+4 K.> Ac- FIG. 13. Two examples of coexistence of only fcc and hcp types
cording to Refs. 5 and 11 the cluster temperature appears ¥ local structures in clusters characterized (ay two spatially
be size independent. It implies that experimental clusters ofeparated fcc and hcp domaittk) parallel two fcc and three hep
sizeN~200 cannot have one crystallographic ideal structureplanes.
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Most of the other clusters possess only three types of strugnitially perfect cluster[cf. Fig. 7(c)] or during the cluster
ture: hep, ic, and pdp, what is typical for smaller MIC clus- formation. It should be emphasized that the formation of
ters withN=147 and 55. However, an important difference such local arrangement during the growth of small clusters
is that most of them are polyicosahedral, very often showinghas been excluded by Hoare and Paut dislocations of
surprisingly regular triangular or tetrahedral arrangement ofivefold axial symmetry have been postulated by van de

ic units. . _ Waaf to exist in large clusters to enable fcc overgrowth.
Visual inspection of clusters with only fcc and hcp struc-

ture revealed that the positions of centers of structural units
are often ordered in a_planellke manner. The role of such ACKNOWLEDGMENTS
highly ordered clusters in cluster growth seems to be of great
importance, if their unique structure could be maintained at One of the authors(W.P) wishes to thank Dr. K.
larger sizes. In such clusters the formation of a screw disloGrabowski and Dr. T. Zientarski for their helpful assistance
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