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Icosahedron-fcc transition size by molecular dynamics simulation of Lennard-Jones clusters
at a finite temperature
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We studied finite-temperature ensembles of solid clusters produced by cooling liquid droplets either by
evaporation or by a thermostat through a molecular dynamics calculation using the Lennard-Jones potential.
The ensembles consist of either single or binary component clusters with 25% of the atoms 8% smaller in
diameter than the other 75%. These clusters~380 clusters in total! exhibit various structures in the size range
of n5160– 2200, wheren is the number of atoms in a cluster. For increasing size, the clusters show a gradual
transition from icosahedral to a variety of structures: decahedral, face centered cubic, a small amount of
hexagonal, and some icosahedral structures. They are asymmetrical or faulted. Electron diffraction patterns
calculated with average structure factors of clusters after grouping them into several size regions are very
similar to those experimentally observed. The size transition is aroundn5450 for single component clusters
whatever the cooling process, evaporation or thermostat. This size is smaller than the experimental transition
size estimated for argon clusters formed in a supersonic expansion. The transition size for binary component
clusters is aroundn5600 for evaporative cooling, and larger for thermostatic cooling. The larger transition size
found for the binary component clusters is consistent with the large icosahedral Au-Fe and Au-Cu alloy
clusters observed experimentally.

DOI: 10.1103/PhysRevE.63.031101 PACS number~s!: 82.20.Wt, 36.40.Ei, 61.46.1w
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I. INTRODUCTION

The structure of an atomic or molecular cluster is a fu
tion of not only components and temperature but also
number of atoms in the cluster. Icosahedral~Ih! structures
are in many cases the most stable for small sizes. Thes
clusters can be abundantly observed in some cluster sou
giving rise to ‘‘magic numbers.’’ Since they have fivefo
symmetry, which never appears in bulk except in quasicr
tals, they transform into bulk structures, generally with fa
centered cubic~fcc! close packing, on increase in size. Th
structural change was observed experimentally by elec
diffraction measurements on Ar clusters, formed in vacu
by supersonic expansion, and estimated to occur arounn̄
5750 by Fargeset al. @1,2#, wheren̄ is the mean number o
atoms in a cluster. With similar methods, molecular clust
of CO2 and N2 showed smaller transition sizes@3,4#. A struc-
tural change in metal clusters was also observed using e
tron or x-ray diffraction and high-resolution electron micro
copy ~HREM!, the transition size being dependent on t
metallic species@5–7#. Electron microscopy reveals tha
Mark’s decahedral~Dh! clusters are generated in a wide r
gion between icosahedral and fcc rich sizes.
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Many theoretical calculations on size-dependent str
tures and structural change in atomic clusters have been
using the Lennard-Jones~LJ! potential. Reliable calculations
of the structure relaxation of ideal Ih and cuboctahedral
clusters gave an estimate of the transition size from Ih to
asn5104 @8#, wheren is the number of atoms in a cluste
This size is, however, very far from the experimentally o
served size of disappearance of Ih clusters. Another calc
tion showed that Ih clusters change atn51600 into Mark’s
decahedral clusters@9#, which produce electron diffraction
patterns very similar to those produced by fcc clusters w
twin faults. Cleveland and Landman, working on metal clu
ters, found similar structural sequences and gave related
sition sizes@10#. After a detailed analysis of the electro
diffraction patterns obtained by Fargeset al. @1,2# and using
a ‘‘plausible’’ growth model, van de Waal came to the co
clusion that there was no evidence for a size-dependen
fcc structural transition@11# and that fcc clusters including
few crossing-stacking faults were the best candidates
sizesn>500, with no need to consider Dh clusters@12#. All
these calculations were for ideal structures at 0 K. Howev
in diffraction experiments, the clusters produced are at a
nite temperature and distributed in a wide range of sizes
thus cannot be reduced to those with ideal structures
form a sequence of specific atom numbers. A calculation
necessary that includes finite-temperature effect and kine
for clusters of various sizes. Recent attempts in this direc
may be found in Cleveland, Luedtke, and Landman’s m
lecular dynamics~MD! calculation@13# for a fcc Au cluster
d-
©2001 The American Physical Society01-1
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of n5459, which showed the formation of an Ih part o
heating the cluster near the melting temperature, and in
etto, Mottet, and Ferrando’s MD calculation for Ag clust
growth @14#. Another example is calculation of the structur
change in LJ clusters with a certain number of atoms at fi
temperatures among liquid, fcc, and Ih, using Monte Ca
simulation @15#, the parallel tempering method@16,17#, or
MD simulation@18#. Romero, Barro´n, and Go´mez examined
all LJ clusters fromn5147 to 308, pointing out that som
Dh-based clusters are lower in energy than the Ih-based c
ters after optimization at 0 K in this size region, although th
latter clusters have in most cases the lowest energy@19#.
However, these recent calculations were still only perform
either at 0 K for clusters of various sizes or at finite temper
ture for clusters of a few given sizes, and no reliable pred
tion about the Ih-fcc transition has been presented so fa
our knowledge. In this paper, we describe cluster structu
formed by cooling liquid droplets of various sizes either
evaporation or by a thermostatic process, using MD simu
tion of LJ particles. It is well known that, during a superson
expansion, the rare gas is cooled down, allowing the form
tion of liquid droplets by condensation of atoms. Drople
are then cooled by evaporation and transform into solid c
ters. Our previous MD simulations showed that this eva
ration process plays an important role in the appearanc
magic numbers in small LJ clusters (n513– 26)
@20,21#. MD simulation of liquid droplets with constant en
ergy, which leads to the cooling of the droplets by evapo
tion, should give results comparable with the supersonic
periments. Although it is necessary to have a lot of clust
to achieve good statistics and reliable results, one run
cludes 70 or 80 samples with different sizes of liquid drop
in the range ofn5220– 2700 (n5160– 2200 after evapora
tion! in this paper. A total number of 380 clusters have be
examined. In the case of smaller clusters (n,100), it is
possible to survey a potential energy surface and find m
energy minimum structures at 0 K@22#. However, this kind
of approach may be difficult for larger clusters because of
exponential increase in the number of local minima. T
simulations described in this paper have been carried
under conditions similar to the experimental ones, wh
may avoid this difficulty. The present work is a first attem
at showing that this kind of calculation is able to predict t
structural transitions at finite temperatures as a function
cluster size.

In binary clusters, the Ih-fcc transition may also be
function of the properties of the second component. Icosa
dral morphology has been observed with HREM by one
the authors@23–25# for Au–25 at. % Cu and Au–11 at. % F
clusters up to sizes~several nanometers! larger than those
observed for pure Au clusters. Multishell icosahedral clust
become deformed when their size increased because o
increasing difference between atomic distances along ra
and tangential directions. This mismatch may be comp
sated by mixing atoms of different sizes. The Cu and
atoms are 11% and 14% smaller than the Au atom, res
tively. Binary clusters are produced by cooling a mixture
two metallic vapors with He gas and deposited onto an am
phous carbon sheet. This cooling process, which is gene
03110
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used to produce metal clusters, may be simulated by a
chastic thermostat in MD calculations. In this paper, And
sen’s stochastic thermostat is used@28#, in which velocities
of randomly selected atoms are changed to completely in
pendent velocities but under the Boltzmann distribution
the desired temperature. Although in metal clusters the in
action potential is expected to be different from the LJ p
tential, the latter has been used in all cases.

II. CALCULATIONS

The two-component LJ potentialf i j between atomsi and
j of componentsa andb,

f i j 54eH S r i j

sab
D 212

2S r i j

sab
D 26J , ~2.1!

was used, wherer i j is the distance between atomsi andj. All
variables denoted by* in this paper are nondimensional wit
LJ energye, distance parametersaa (.sbb), atomic mass,
and Boltzmann constantkB . When argon is used as a refe
ence, temperatureT* 51, time t* 51, and distancer * 51
correspond to 119.8 K, 2.16 ps, and 0.341 nm, respectiv
@26#. For the binary component system, atoms having
same mass, the same energy parameter, and a smalle
parametersbb /saa50.92 were randomly added to the sy
tem in a 25% proportion. The distance parameter betw
the different kinds of atom is the average,sab5(saa
1sbb)/2

160 single component and 80 binary component liq
droplets with different sizes were prepared under perio
boundary conditions by cooling~to T* 50.6! the center re-
gion of a unit cell filled withn (5220– 2700) LJ particles a
T* 51.0, with number density 0.072 in the gas state@27#.
The initial number of particles was fixed according to t
progressionn1/355.9510.05k (k51,2,...,160) orn1/355.9
10.1k (k51,2,...,80), respectively. A time step ofdt*
50.01 was used in all MD calculations. After an equilibr
tion time of t* 51000, each liquid droplet formed was pu
into a free space and MD calculation was done without a
constraint, i.e., under constant energy, up tot* 520000, in
order to cool down the clusters by evaporation. Further co
ing was necessary to calculate the physical properties aT*
50.3, which corresponds to the estimated temperature 3
of Ar clusters in supersonic expansion experiments. Therm
static cooling~for a time of t* 51000! was used to cool
down toT* 50.3 after the evaporative cooling. The therm
static cooling process did not affect the cluster structu
Structure factors calculated at this temperature were t
converted into electron diffraction patterns given byIs3 vs s,
where I is the diffraction intensity ands is the diffraction
parameter@s5(4p/l)sin(u/2) with electron wavelengthl
and diffraction angleu#, using the atomic factors and radiu
of Ar. In the thermostatic cooling process of the liquid dro
lets without evaporation, a droplet was placed under
same periodic boundary conditions as when the droplet
prepared. The linear decrease of the droplet temperature
1-2
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ICOSAHEDRON-fcc TRANSITION SIZE BY . . . PHYSICAL REVIEW E63 031101
controlled fromT* 50.6 to 0.3 for timet* 530 000 by ap-
plying a thermostat. The thermostat used was Anders
stochastic thermostat@28# in all cases. A cluster in the
present MD calculations was defined as a group of ato
connected by distances shorter thanr * 51.5.

III. RESULTS AND DISCUSSION

A. Solidification during cooling

When a liquid droplet is put into free space, evaporat
makes its size~n! and inner temperature, defined as

Tin5
1

3~n21!kB
(

i

n

uvi2 v̄u2, ~3.1!

wherevi is the velocity of atomi andv̄ is the average veloc
ity of n atoms, decrease together at first, as shown in Fig
At some time in the range oft* 51000– 20 000, the tempera
ture increases suddenly due to the release of the heat o
lidification. Solidification at this point is confirmed by th
decrease of the order parameterd, which is defined as the
relative root-mean-square interatomic separation@29#

d5
2

n~n21! (i , j

~^r i j
2 &2^r i j &

2!1/2

^r i j &
, ~3.2!

as also shown in Fig. 1. Clusters get smaller, having 75%
the initial size, and cool down toT* 50.34– 0.42 after
evaporation time untilt* 520 000, but the evaporation doe
not stop completely. The time needed by the clusters to
lidify ~t in Fig. 1! seems to depend on the cluster struct
that is reached after evaporation. A detailed analysis of
structurization process will be described elsewhere.

B. Structures and structure factors

Four different evolutions of the structure factors from li
uid to solid patterns during the evaporation are shown
Figs. 2~a!, 2~b!, 2~c!, and 2~d!, in which the liquid-to-solid
change took place aroundt* 52700, 2000, 2000, and 2300
respectively. The structure factors calculated from the s
clusters formed are similar to those provided by Ih, Dh, f

FIG. 1. Changes in inner temperature (Tin* ), order parameter~d!,
and size~n! of a single component liquid droplet as a function
evaporation time (t* ); the droplet prepared from 1330 atoms lea
to a solid cluster. See text about transition timet.
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and hcp structures, respectively. In each case, a cluster m
with approximately the same size as that reached in the
calculation but having a perfect structure, namely, icosa
dral, Mark’s decahedral, cuboctahedral fcc, or spherical h
was considered. The corresponding structure factors, ca
lated atT* 50.3, are given at the top of each set of patte
in Figs. 2~a!–2~d!. From comparison between the structu
factors provided by ideal clusters and those created fr
liquids, it is obvious that the latter do not exhibit the ide
structures that are generally assigned as minimum en
structures at 0 K. The thermostatic cooling also leads to
perfect solid structures. While the time evolution of th
structure factors shows some peak splitting related to
decrease in temperature, no obvious structural change t
place during the cooling process.

In Figs. 3~a!–3~d! are shown the projections of atom
positions in several solid clusters~at T* 50.3! onto a plane,
their structure factors being given in Figs. 2~a!–2~d!. Among
many other formed clusters, these clusters have been sele
because they exhibit fairly perfect structures. Tenfold a
fivefold symmetry axes are visible in the projections sho
in Fig. 3~a! ~Ih! and Fig. 3~b! ~Dh!, respectively. These sym
metry axes are used to assign a structure type to the clus
The presence of twins and stacking faults is easily detec
in most of the fcc clusters@e.g., Fig. 3~c!#, producing weak
peak splitting~or a shoulder! in the first peak of the structure
factors@Fig. 2~c!#. The visible difference between the stru
ture factors of perfect Dh and fcc structures concerns the
peak splitting~remarkable in perfect fcc and weak in Dh! as
can be seen in the patterns shown at the tops of Figs.~b!
and 2~c!. Such a splitting in fcc was, however, not clear
found in the clusters formed here, probably due to twins
stacking faults in the fcc clusters@30#. Weak splitting in Dh
originates in the presence of twins, since the Dh structure
be considered as a combination of five units of almost
crystals through five twins. Dh and fcc structures could
clearly distinguished in the projections and not in the inte
sity curves. The fivefold symmetry axis in the projection c
be used to distinguish them. When this Dh symmetry axi
located very close to or at the edge of the cluster, it is
signed to a fcc cluster including twin faults. The predom
nant hcp structure is easily confirmed by two peaks@indi-
cated by arrows in Fig. 2~d!# that do not appear in either fc
or Dh structure factors.

Structure factors calculated from the clusters form
show various patterns. Even from liquid droplets with almo
the same size, different structure types are found in the s
clusters. In order to see the average features of the struc
factors, all the resulting clusters were grouped into eight~or
seven! size regions having the same number of clusters. A
erage structure factors obtained from each subgroup reve
gradual evolution from Ih to fcc structures, as shown in Fi
4~a! and 4~b!. Each subgroup contains 20@Fig. 4~a!# or 10
clusters@Fig. 4~b!#. In both cases, the standard deviatio
s(n) of the mean sizen̄ lie from 30 to 130 @s(n)
'0.9n2/3#. These patterns of the structure factors are v
similar to those recorded for argon clusters in Refs.@1#, @2#,
@9#, and @30#. Experimental electron diffraction patterns r
corded from clusters produced with Ar gas pressureP0 are
1-3
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FIG. 2. Structure factors~represented asIs3 vs s of diffraction patterns of Ar! of single component clusters, at successive timest* , during
the evaporation of liquid droplets prepared fromn atoms.n5(a) 1330,~b! 1442,~c! 1124, and~d! 1030. Patterns atT* 50.3 are after further
cooling. Top patterns correspond to perfect cluster structures elevated toT* 50.3: ~a! icosahedral (n51415), ~b! Mark’s decahedral (n
51228), ~c! cuboctahedral fcc (n51415), and~d! spherical hcp (n51357).

FIG. 3. Atomic structures of
single component clusters,~a!,
~b!, ~c!, and~d! giving the struc-
ture factors shown atT* 50.3 in
Figs. 2~a!, 2~b!, 2~c! and 2~d!, re-
spectively. ~Small dots refer to
unstable atoms, i.e., those on th
surface.!
031101-4
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ICOSAHEDRON-fcc TRANSITION SIZE BY . . . PHYSICAL REVIEW E63 031101
superimposed onto several simulated patterns in Fig. 4~a!.
The superpositions correspond to the best fit between ca
lated and experimental patterns realized betweens52.5 and
10.0 Å21. The mean cluster size given for the experimen
patterns in Fig. 4~a! was estimated through then vs P0 rela-
tionship obtained by using models with icosahedral struct
@1,30#. The size distribution of experimentally obtained clu
ters made of a few hundreds of atoms was estimated to
about s(n)/n50.3 @1#. The superposition displays goo
agreement between experimental and simulated patte
Two main differences can be noticed:~i! the experimental
first peak is higher, probably due to an instrumental artif
at small diffraction angles;~ii ! experimental mean sizes a
significantly larger compared to the simulated ones; in p
ticular, the fcc splitting in the second oscillation is visible
the simulatedn̄5470 pattern while it is hardly detectable
the experimental one atn̄5670, which means that the simu
lation provides smaller-sized fcc clusters. However, the ov
all agreement between the superimposed patterns show
reliability of the present simulation and suggests that clus
produced by supersonic expansion may also include s
amount of Dh and hcp clusters in the large-size region.

C. Size dependence of structures

As noted above, the clusters formed do not exhibit perf
structures, but they can be classified into Ih, Dh, fcc, and
structures thanks to visualization and structure factors.
ratio of Ih, Dh, fcc, and hcp clusters in the products can
plotted as a function of size as shown in Figs. 5~a!–5~d! for
single and binary component clusters produced by ei
evaporative or thermostatic cooling. The results were
tained from 160, 80, 70, and 70 clusters for Figs. 5~a!, 5~b!,
5~c!, and 5~d!, respectively, in the range ofn5160– 2200.
These clusters with different sizes were grouped as befor
Fig. 4; the 20 samples in each subgroup used for Fig.~a!
give a 0.23 (5A20/20) precision on each ratio value, and t
10 samples used for Figs. 5~b!–5~d! give a 0.32 precision
Smooth lines connecting data points are only guidelines
the eye. The results shown in Fig. 5~a! were obtained from
160 samples, i.e., two runs forming 80 clusters each. S
these two runs gave almost the same product ratios wi
60.1 except in a few cases, overall trends seem sufficie
ascertained. While the transition with cluster size from Ih
fcc might be concluded from the change in the average st
ture factors shown in Fig. 4, the detailed analysis provide
transition from Ih to a variety of structures of Dh, fcc, hc
and Ih. It occurs aroundn54506100 for the ensemble o
single component clusters after evaporation. Clusters sm
than the transition size are always Ih except in a few ca
When perfect cuboctahedral fcc clusters smaller thann
5309 are heated up toT* 50.35, they become icosahedr
through a solid-solid transition@31#. Therefore, Ih clusters
are likely to be absolutely stable at this temperature,
though Dh can be the lowest energy structure at some s
smaller thann5309@19# at 0 K. As the Ih structure seems t
be in a wide funnel in the potential energy surface of sm
sized clusters, other structures like the tetragonal one, w
03110
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was found to be the global minimum structure atn596 @32#,
are not observed in the present finite-temperature calcula

The transition size observed here could correspond to
size n5500, which was assigned as the starting size of
gradual transition to fcc by a ‘‘plausible’’ growth mode
@12#. According to this model, hcp and Dh are not expec
to be produced, while a small amount of hcp and some

FIG. 4. Average structure factors~represented asIs3 vs s of
diffraction patterns of Ar! from single component clusters atT*
50.3. Each calculated pattern is the average of a subgroup inc
ing 20 ~a! or 10 ~b! different sized clusters of mean sizen̄ with
standard deviations(n) ('0.9n2/3). Superimposed dotted line
represent experimentally observed patterns after supersonic ex
sion of Ar with pressureP0 @30#.
1-5
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FIG. 5. Product ratio of various structures found in single and binary component clusters by evaporation and thermostatic cool
point is a ratio calculated over 20 products in~a! and 10 in~b!–~d! at mean sizen̄. Ensembles of clusters in~a! and~c! are identical to those
in Figs. 4~a! and 4~b!, respectively. See standard deviations given in Fig. 4.
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clusters were produced in the present calculation. The t
sition size obtained here,n5450, is smaller than the exper
mental estimate,n̄5750 @1#, as shown in Fig. 4~a!. One rea-
son for this discrepancy may be the difference between
LJ potential and the real interaction potential of argon ato
There is obviously a dependence between the potential
the transition size@10,33#. Another and more physical reaso
for the discrepancy is the slightly different mechanisms le
ing to solid cluster formation. Cluster growth by
condensation-evaporation process, which may be involve
the real supersonic beam, is not considered in the evap
tion sequence of the present simulation. Nevertheless
thermostatic cooling under periodic boundary conditions
lows a condensation process, in principle, but the numbe
free atoms remains limited in the simulation cell used. T
same transition size was observed through thermostatic
the evaporative cooling. It implies a weak dependence on
cooling method, at least for cooling rates similar to tho
used in the present simulation. This calculation did provid
transition size that is not too far from the experimental o
servation and markedly closer than the size values der
from previous calculations.

The structural transition for the binary component clust
is also from Ih to a variety of structures of Dh, fcc, hcp, a
Ih. The transition size is atn56006100 for clusters ob-
tained by evaporation and at a much larger size,n
5500– 1500, for clusters obtained by thermostatic cooli
The larger transition size for binary component clusters t
for single component ones is consistent with the large ico
hedral Au-Fe and Au-Cu alloy clusters observed experim
03110
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tally @23–25#. The present simulation shows the importan
of the difference between the atomic radii of the comp
nents.

D. Potential energy of clusters

When the potential energy per atom,Ep /n, is plotted
againstn21/3, all the data points referring to clusters wit
different structures formed by evaporation lie almost on
same straight line, expressed as

Ep /n5a1bn21/3 ~Ep5an1bn2/3!, ~3.3!

wherea and b are constants, as shown in Fig. 6~a!. In the
case of thermostatic cooling, the potential energy of Ih cl
ters lies on a different line from that of the other~Dh and fcc!
clusters as shown in Fig. 6~b!. The potential energy of Dh
fcc, and hcp clusters lies on almost the same line. Pres
ably, the evaporation process removes those surface a
that are located at unstable positions. The potential ener
per atom of Ih and Dh-fcc-hcp clusters after thermosta
cooling cross atn54206200, which is very close to the
transition size between Ih and Dh-fcc-hcp clusters shown
Fig. 5. However, the crossing size cannot be determined w
any precision due to the small difference between the slo
of the lines.

E. Surface segregation

In the icosahedron, atomic distances in both the radial
tangential directions are larger at the edge than at the ce
1-6
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ICOSAHEDRON-fcc TRANSITION SIZE BY . . . PHYSICAL REVIEW E63 031101
Therefore, in binary clusters, if the larger-sized atoms
rather located at the edges and the smaller-sized ones a
center, it should reduce the surface energy and achie
higher stability. Such localizations are found in binary co
ponent clusters in both solid and liquid states, as shown
Figs. 7~a!–7~c!. This is similar to what is known as surfac
segregation@34#.

Since a lower concentration of smaller-sized atoms
achieved at the surface region even in clusters cooled u
periodic boundary conditions@Fig. 7~c!#, surface segregation
is not due to the evaporation of selected atoms. Recent
culations for Ar-Xe and Ar-Kr clusters ofn5200– 1000 also
showed a surface segregation and different cluster struct
because of the difference in size and energy paramete
the LJ potential@36#. In the present simulation, a small di
ference in the size parameters produced very similar st
tures in both single and binary component clusters, but le
different transition sizes between structures. Such results
ply that the large icosahedral structures observed in clus
made of Au-Cu and Au-Fe alloys@23–25#, which give a
solid solution in bulk material@35#, are due to the difference
in size between the two components. Appropriate comb
tion of atoms with different sizes and concentrations wo
give larger Ih clusters than those observed so far.

IV. CONCLUSION

The Ih to fcc structural transition observed in experime
on increasing the cluster size was confirmed as a gra
transition from Ih to a variety of ‘‘imperfect’’ Dh, fcc, hcp
and Ih structures. Average structure factors calculated f
simulated clusters in the rangen5160– 2200 are very simi

FIG. 6. Potential energyEp per atom of single component clus
ters atT* 50.3 as a function ofn21/3. Crossing values betwee
different structures are indicated.
03110
e
the
a

-
in

s
er

al-

res
of

c-
to

-
rs

a-
d

s
al

m

lar to those observed in electron diffraction patterns of
clusters formed by supersonic expansion. Although MD c
culations using a single component LJ potential provide
transition size smaller than that observed experimenta
they prove to give a better estimate than the structure o
mization performed previously at 0 K on cluster models with
ideal structures. It was also shown that the combination
different sized atoms accounts well for the large icosahe
clusters observed experimentally in binary component~al-
loy! clusters.
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FIG. 7. Average concentration (Xb) profiles of the smaller-sized
LJ particles withsbb50.92, in binary component clusters of mea
size n̄, as a function of positionr * from the center of mass.~a!
Liquid droplets,~b! solid clusters formed by evaporation, and~c!
solid clusters formed by thermostatic cooling.
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