PHYSICAL REVIEW B, VOLUME 64, 085425

Molecular-dynamics simulations of lead clusters
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Molecular-dynamics simulations of nanometer-sized lead clusters have been performed using the Lim-Ong-
Ercolessi glue potentidSurf. Sci.269270, 1109(1992]. The binding energies of clusters forming crystalline
(fcc), decahedron and icosahedron structures are compared, showing that fcc cuboctahedra are the most ener-
getically favored of these polyhedral model structures. However, simulations of the freezing of liquid droplets
produced a characteristic form of surface-reconstructed “shaved” icosahedron, in which atoms are absent at the
edges and apexes of the polyhedron. This arrangement is energetically favored for 600—4000 atom clusters.
Larger clusters favor crystalline structures. Indeed, simulated freezing of a 6525-atom liquid droplet produced
an imperfect fcc Wulff particle, containing a number of parallel stacking faults. The effects of temperature on
the preferred structure of crystalline clusters below the melting point have been considered. The implications
of these results for the interpretation of experimental data is discussed.
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[. INTRODUCTION monly considered: one with equilateral triangulékl11)
facets, the other with hexagonélll) facets. The closed-

It has long been known that atomic clusters of some fceshell sequences for these are, respectively, 13, 55, 147, 309,
metals occur in stable arrangements quite different from th&61, etc., and 38, 201, 586, 1289, etc. The hexagonal faceted
bulk crystal structure. Regular noncrystalline structures, withlcuboctahedron is often called the “Wulff” form, because, for
fivefold axes of symmetry, were first identified in gdidland  noble metals, it is close to the so-called Wulff polyhedron,
are known to occur in a variety of metalghe stability of  which minimizes the surface energy contribution in a small
these arrangements relies on a high proportion of surfackc crystal®=°In this work we generally use the terms Wulff
atoms. For exampla 4 nm fcdead cluster has roughly 40% particle and cuboctahedron to refer to the hexagonal and tri-
of its atoms at the surface. The local environment of surfacengular forms, respectively.
atoms is quite different to those inside, and leads to distinct Elasticity theory can explain the form and stability of
surface properties which play an important role in the overalMTP structures, however, more detailed theoretical tools are
behavior of the cluster. needed to explore their properties: molecular dynartiiis)

Although the observation of fivefold axes of symmetry in has been used for this purpose. Classical MD uses a math-
gold clusters was unexpected, it was immediately recognizedmatical model for the interaction potential between atoms,
that slightly deformed fcc tetrahedral units could be as-and the classical equations of motion, to simulate the dy-
sembled to form these structureFhese alternative struc- namic behavior of am-atom aggregate over time under pre-
tures afford a net gain in binding energy for the cluster: thescribed conditions of energy, temperature, etc. The technique
strain of deforming fcc tetrahedral units, and the energy coss computationally intensive, but gains in computing power
of twinning, is compensated for by a higher proportion of continue to allow more elaborate and realistic simulations to
atoms in densely packed outer faces than can occur in arye performed.
faceting of a perfect fcc particfe® Of the fcc metals, gold clusters, in particular, have been

Two characteristic types of noncrystalline structure occurextensively studied by MD using many-body interatomic
the icosahedron consists of twenty tetrahedra assemblgmbtentials'~1’Early studies of the energetics of relaxed gold
around a common apex; the decahedron arranges five tetralusters suggested that crystalline structures were favored
hedra around a common edge. In each, deformation of thever MTP structure$! Later investigations suggested that a
tetrahedra is necessary to fill the volume of the polyhedrontruncated Marks decahedromay be the preferred low-
This lowers the symmetry of the fcc lattice to either rhom-temperature cluster geometry, when there are less than about
bohedral (icosahedron or body-centered orthorhombic 250 atoms in the cluster, and a Wulff-particle form for larger
(decahedrox® In both cases, adjacent tetrahedral faces meetlusters:® Further studies have found that disordered struc-
at a twin plane, hence the name multiply twinned particletures prevail for certain small cluster siZ@&sMD has also
(MTP). Packing of atoms to make a given polyhedral formbeen used to investigate the coalescence of gold clusters in
leads to sequences of atom numbers at which complete outeollisions!? structural transitions in gold clusters prior to
layers, or shells, are “closed(see, e.g., Ref.)7 Each se- melting* and the growth of silver clusters from small seed
quence depends on the particular polyhedral model. For exclusters by collisiort’
ample, there are two fcc cuboctahedron sequences com- The case of lead clusters has received much less attention
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than gold. The first comprehensive molecular dynamics
study, by Lim, Ong, and Ercoles¥i,utilized a many-body
“glue” potential to compare the energetics of certain fcc and
MTP structures for a range of cluster sizes. In particular,
these authors compared the energetics of the cuboctahedron
and icosahedron sequences of closed-shell structithes
numbers of atoms in the icosahedron sequence, conveniently,
is the same as those in the cuboctahedron sequenbis
allowed them to directly compare the binding energies at the
same numbers of atoms for each structure and they demon-
strated that the fcc crystalline structufesboctahednawere
favored over icosahedra for all sizes where the glue potential
is expected to holdconsidered to be clusters with more than
200 atom&’). However, subsequent simulations by these FIG. 1. Example of a 421-paipaired atoms in light gray with
authors®® involving the quenching of a largé8217-aton four common neighbor&dark gray, two bonds(black and a long-
liquid lead droplet, produced a cluster that was “icosahe-St chain of one bond.
dronlike.” Although known not to be the lowest energy ar-
rangement for that number of atoms, it was assumed to hawehere ¢ is a short-range two-body potential amdl is a
formed because of insufficiently long equilibration times in many-body glue term which reflects the effects of the con-
the simulation. duction electrons in the metal. Te=Xp(r;;) is a gener-
The purpose of this work is to take a more comprehensivalized coordination wherp is some short-ranged function.
look at lead clusters by considering a wider range of strucThe three functions, p, andU have been obtained by fit-
tures and more variety in cluster sizes than in previous studing to a number of known properties of lead including co-
ies. We have also conducted simulations of longer duratiorhesive energy, surface energy, elastic constants, phonon fre-
We begin by outlining the details of our computational pro-quencies, thermal expansion, and melting temperaturhis
cedure. This is followed by a discussion of the trends inpotential has been used previously to model lead clusiéfs,
binding energy for crystalline and noncrystalline modeltemperature-dependent surface reconstructions of low-index
structures over cluster sizes from 200 to 6000 atoms. Weead surfacés and premelting of low-index lead surfac®s.
then consider the melting and freezing of fcc clusters. Secwhile the potential has been fitted to bulk properties of lead,
tions V and VI then examine the structure and energetics othe clusters studied here are sufficiently large that @&y
clusters produced by freezing liquid droplets. Finally, weshould be considered quantitatively reliable.
look at the characteristic diffraction patterns produced by
some MD-derived cluster structures.

B. Common neighbor analysis

Common neighbor analy$s (CNA) has been used to
Il. COMPUTATIONAL DETAILS analyze cluster structuré$?*CNA is a decomposition of the
A. Molecular dynamics radial distribution functio(RDF) according to the local en-
) ) . vironment of each pair. We consider that the first peak in the
Molecular dynamics was perfo.rmed using a Io.cgl VErSIONRDF represents “bonded” neighbors. As suchyjfis the
of the classical molecular-dynamics codecmp, originally  first minimum in the RDF, we classify any pair separated by
developed by Ames Laboratory. Simulations were performeq . 55 3 honded pair. With this identification, any pair con-

in the canonical ensemblee., constant temperatur® pro-  trihting to the RDF can be classified by a set of three indi-
duce caloric curves in Secs. IV and V. The mlcrocanomcakesi'j’k which provide information on the local environ-

ensembldi.e., constant energyvas used to study resolidifi- ot of the pair. The first indekis the number of bonded

cation in Secs. V and VI. The time step was chosen ageighhors common to both atoms. The second ifjdexhe

3.75 fs throughout. Simulations were typically allowed 10, her of bonds between this set of common neighbors. The
equilibrate for 3<10> time steps, or approximately one hirg indexk is the number of bonds in the longest continu-

nanosecond. Longer equilibration timasp to 3x 10° time ous chain formed by th¢ bonds between common neigh-
steps were used near transition points and in resolidification,q o Figure 1 shows a 421 pdlight gray), with four com-
studies. Following the equilibration period, quantities re- o, neighborgdark gray, two bonds(black), and a longest
ported hereg(such as energigsvere obtained by time aver- .nain of one bond.
aging over X 10° further steps. _ Figure 2 shows a 959-atom crystalline structure, formed
The interatomic potential used is due to Lim, Ong, andyy rejaxing a ball of lead atoms “cut’ from the fcc lattice.
Ercolesst.” This is a many-body glue-type potential, given Noting that the incomplete outer shell has plates of atoms on
by hexagonal(111) faces, we characterize this structure as an
incomplete Wulff particle. The CNA decomposition of the
1 first peak in the RDF for this cluster is shown in Fig. 3. Here,
V== Z ¢(rij)+2 um,), (1) the RDF has been averaged over 100 time steps after the
2 9 i cluster was brought to thermal equilibrium at 200 K. The
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TABLE |. Description of CNA signatures used.

unclassified signatur@ossibly disordered

fcc internal atom

fcc (111) face atom

fcc (100 face atom

fcc (112)/(100 edge atom

internal atom at &111) fcc stacking fault

internal icosahedral atofispine or central atom
surface icosahedral apex atom

surface icosahedr#ll11)/(111) edge atom
“shaved” surface icosahedrdll11)/(111) edge atom

TIOTmMOO®@> Y

cations of CNA signatures used here to label the local envi-
ronment of an atonthis classification is similar but not
identical to that used by Cleveland, Luedtke, and
_ _ _Landmanr®. We note that these signatures are based only on
FIG. 2. A crystalline structure formed by relaxing a crystalline the CNA decomposition of the first peak in the RDF. Figure
ball of 959 lead atoms. The darker atoms denote surface atomﬁ. shows the results of this classification scheme applied to

Note the incomplete outer shell has plates of atoms on hexagongl, o4 e crystalline 959-atom structure of Fig. 2. Here we
(111) faces. Hence we characterize this structure as an incomplete

Wulff particle see that predominantly fcc-bulk atoms wittil)-face atoms,
' (100-face atoms, an@111)/(100-edge atoms are present.

dominant contribution to the first peak comes from 421 pairs.
This is characteristic of bulk fcc structure: each atom in afcc |1 BINDING ENERGIES OF RELAXED GEOMETRIC

crystal has twelve nearest neighbors and each of the pairs STRUCTURES
formed with these neighbors is a 421 pair. Also apparent are ]
311 pairs, which predominantly arise from atoms ofiHl) Lim, Ong, and Ercoles¥! compared the energetics of the

fcc face, and 211 pairs, which predominantly arise from aticosahedron sequence with the energetics of the cuboctahe-
oms on a100) fcc face. One other pair type that contributes dron sequence. These structures were relage@ K using
only weakly to the first peakand is thus difficult to distin- the glue potentia(1) and the total energies for each pair in
guish in the decomposition shown in Fig. i8 the 200 pair, this sequence were computéecall that these polyhedra
which is associated with atoms at the edges of the incomhave complete outer shells for 13, 55, 147, 309, 561, etc.,
plete outermost atomic layer of this cluster. atomg. They found that the relaxed cuboctahedra were
CNA is useful here because it allows one to distinguishstrongly favored energetically over the relaxed icosahedra.
between local atomic arrangements, including fcc and icosa- One cannot directly compare the energetics of structures
hedral environments. In Table | we have listed the classifihich do not have the same numbers of atoms. In general, as
cluster size increases, the binding energy per atom in the

cluster also increases, as the percentage of surface atoms
i g(r) decreases. This trend is often described by the following re-
600 |
500
400
300}
200 o
, ' . . - 100
3.00 3.50 4.00 - []
r(A) ob—
) - ] i ? ABCDETFGHI
FIG. 3. Common neighbor decomposition of first peak in the
RDF for a 959-atom cuboctahedr@pictured in Fig. 2 equilibrated FIG. 4. Classification of atoms in the 959-atom incomplete
at 200 K. WauIff particle (pictured in Fig. 2 equilibrated at 200 K.
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FIG. 5. Binding energies of relaxed crystalline clustefs (
Waulff particles, ® cuboctahedra, an® incomplete shell Wulff FIG. 6. Binding energies of relaxed cluste® (cuboctahedra,
particles relative to the fit to the energy of the cuboctahedron se-A Ino decahedra) incomplete shell cuboctahedr&, icosahedra
guence. For reference, the numbers of atoms of each member in thelative to the fit to the energy of the cuboctahedron sequence. For
cuboctahedron sequence are shown. reference, the numbers of atoms of each member in sequence of

cuboctahedron clusters are shown.

lationship between binding energy per atom and cluster

sizel® (decahedra and icosahegmaith cuboctahedra and incom-
e o3 plete Wulff particles. From Fig. 6, we see that cuboctahedra
Ep=A+BN "“+CN " 2 are favored, in general, over MTP structures and fcc struc-

By fitting A, B, andC to the binding energies of families of tures with an incomplete outer shell. Ino decahedra are also

structures, one can use @) to interpolate between clusters f@vored over the incomplete cuboctahedra, and all these

of complete outer shells and thus make comparisons betwedifuctures are favored over icosahedra. In general, these re-
families which do not occur in matching pairs. sults support the findings of Lim, Ong, and Ercolé§shat

In addition to the cuboctahedron and icosahedron seth€ cuboctahedra are the most energetically favored struc-
quences(looked at by Lim, Ong, and Ercoleddj we also tures. Nonetheless, for certain cluster sizes the (elaxed Inq
consider the sequences of the Ino decaHeaind Wulff cub- Qecahedra are the lowest energy structures copsudered. This
octahedra, making use of E@) to compare energies by IS unexpected, because the Ino decahedron is _usually re-
interpolation. The Wulff construction minimizes the surface92rded as an unfavorable atomic arrangement; it is the more
energy in a small crystal by taking into account the relativeCOmplex reentrant faceted model of Marks that is considered

surface energy of distinct crystal fac8m? For this reason, energetically competitive in small particles? However, in
one expects WUIff clusters o be energetically favored withthe next section we see that none of these geometric models

respect to the alternative cuboctahedron sequence. Howev&PNStitute the lowest energy structures for a range of cluster

our results will show that any differences in binding energyS'4€S:
are too small to be significant. We also look at clusters ex-
tracted as a sphere from the fcc latttéeThe number of
atoms in these ball clusters typically does not coincide with
that of a closed-shell structure. Nonetheless, when relaxed In a later study, Lim, Ong, and ErcoleSs¢considered the
from the bulk they tend to resemble the Wulff foisee Fig.  simulated quenching of an 8217-atom liquid cluster and ob-
2) as noted in the previous section; excess atoms in the irserved the formation of an imperfect icosahedron upon so-
complete outer shell contribute to hexagof(iHll) facets. lidification at constant energy. Here, we have performed a

The energies of the three types of crystalline model eximore general investigation of the melting and freezing of
amined, are shown in Fig. 5 together with the interpolationdead clusters. Figure 7 shows the caloric curves for several
based on Eq2). For each, we have considered a sequence afizes of incomplete Wulff clustersvhich were first relaxed
sizes, relaxing atomic configurations ® K and computing to ther 0 K structures then heatedrhe caloric curves were
the binding energy per atom. As might be expected, the ineonstructed using a sequence of constant temperature simu-
complete Wulff particles were less favored than the cuboctalations. The energy varies linearly with temperature on either
hedra or Wulff particles, because of the incomplétél) side of the melting or freezing points, where a sharp change
facets. However, there appears to be little distinction enerin energy occurglatent heat of melting The melting points
getically between the Wulff and cuboctahedron structuresof the clusters show a general increase with cluster size as
This contrasts with similar comparisons in Lennard-Jonegxpected, with all melting points lying below that of the bulk
clusteré® and in nickel clusteré® both of which identify the melting point(approximately 600 K While “hysteresis” in
Wulff particles as favorites. the melting or freezing point is typical in MD simulation, an

In Fig. 6, we compare the energy of the MTP structureseffect of similar magnitude has been observed experimen-

IV. MELTING AND FREEZING OF CLUSTERS
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FIG. 7. Caloric curves for fcc ball clusters: 555-atom clustér,
959-atom clusterD; 1721-atom clusterA.. The empty symbols
indicate heating and the filled symbols represent cooling. FIG. 9. Resolidified 959-atom cluster. Note the axis of fivefold

symmetry with “shaved” edgegdarker atoms Also visible are

tally in lead clusters, where liquid lead clusters have beefXPosed excess atom layers @11) faces.

undercooled by as much as 120 K without resolidificafon.

As clusters were heated towards the melting point, a num2'® exposed. Figure 10 compares the binding energy of a

ber of interesting structural changes could be identified fron{1umber OT ress_ol|d|f|ed structures with cuboctahedra. As was
the CNA classification. Figure 8 compares the CNA results"’lppadrent In F|g. ﬁ the resogdmecrj] CCIjUSt?rS appear tofbe' fa-

f _atom incomplete Wulff particl mperatures’ored energetically over cuboctahedra for a range of sizes
of a 959-ato complete Wulll particle at temperatu es:from approximately 600 atoms up to about 4000 atoms. The

250-350 K, prior to melting. One can identity a general, terpolations of the binding energy of each family, suggest

trend towards disorder as the number of unclassified ato %
(signature P increases. However, at 350 K we see a sharﬁ at the fcc structures may become more favorable above the

increase in atoms with signatuie predominantly in the out- ?000 atom S'fei' One IWO,EJId expect to sleeba crossmtﬂ Ofbtrlllf
ermostcompleteshell of the crystal. The signatute atoms wo curves at large cluster sizes, simply because the bu

arise as the incompletd 1) facets above these atoms shift structure should be favored in this limit. The largest resolidi-
to form stacking faults at the surface fied structure in this study was the 6525-atom cluster shown

Returning again to the caloric curvésig. 7), we see that, in Fig. 11 (this was produced using the constant energy

once resolidified, clusters have a lower energy than the origir-nemOd detailed in Sec. V)AHere, we clearly see an imper-

nal relaxed structures, indicating that atomic rearrangemerﬁ?Ct fcc Wulif particle structure emerging, which is consis-

has probably occurred. For cluster sizes of between 555 arFﬁnt with these consideratiofiwe consider the structure fur-

3500 atoms, all the resolidified structures examined weréner in Sec. VJ.
found to be icosahedronlike. Figure 9 shows one example of

a resolidified 959-atom cluster. An axis of fivefold symmetry _ 5'0:_
is clearly visible at the surface and predominaiiilyl) faces 5 4.0F
% 3.0f
600 m 0 250K E 20
- O 300K & 105
= [ VU
500 m 830K 5 |
- o 0.0F
- £ -
B ° o
a00f s "OF
[ £ 2.0F
] g I
300 8 -3.0E
i £ a0}
200 Y| S T R S
B " 0.05 0.075 0.1 0.125
| N-I/3
100}
- FIG. 10. Comparison of binding energies for cuboctahe@# (
| ‘ “ l i and resolidified icosahedron-like structurdg) (relative to the fit to
2ABCDETFGH I the energy of the cuboctahedron sequence. The relative binding

energies of icosahedronlike clusters for sizes 555, 923, 959, 1721,
FIG. 8. Classification based on CNA signatures of atoms in the2057, and 3428 are shown here. Apart from the 555-atom cluster,
959-atom cluster for temperatures 250—350 K. these structures are energetically favored over cuboctahedra.

085425-5



S. C. HENDY AND B. D. HALL PHYSICAL REVIEW B 64 085425

800 [] Geometric icosahedra

700 [0 Resolidified icosahedra

600
500
400
300
200

100

Il FIRE

? ABCDETFGHI

FIG. 12. The CNA classification of a 2057-atom icosahedron
compared with the classification of a 2057-atom resolidified cluster.

FIG. 11. Re-solidified 6525-atom cluster showing faceting typi-
cal of the Wulff particle, a cuboctahedron with hexagofiHLl)
faces.

puted and the structure was determined with CNA analysis.
The resolidification procedure is similar to that used by Lim,
Ong, and Ercoless?

Lim, Ong, and Ercolest! report a similar icosahedron-  Figure 12 compares the CNA classification of a 2057-
like structure that formed upon resolidification of an 8217-atom icosahedron, before melting, with a resolidified 2057-
atom clustefusing the constant energy method similar to theatom cluster. We see that disorder seems to have increased
method detailed in the next sectjofrrom considerations of with resolidification(signature » and the number of internal
the binding energies of geometric icosahedra and cuboctahéc atoms(signature A and (111) face atomg(signature B
dra(see Fig. 6, they expected the quenched liquid droplet tohave also decreased. Also of note is the appearanCof-
form a fcc cuboctahedron. The appearance of an imperfedaceting(signature ¢ as well as the removal of edge atoms
icosahedron was attributed to an insufficient relaxation timealong a twin planéleading to signature | atohsAn increase
While the interpolatior(2) indicates that for clusters of sizes in the number of hcp-typésignature E atoms is also appar-
of up to 4000 atoms, the icosahedronlike structures are faent.
vored over fcc, extrapolating E@2) suggests that clusters  This resolidified icosahedron is a surface-reconstructed,
above 4000 atoms favor crystalline structures. We concluder “shaved,” icosahedron, where th&11)/(111) facet edges
that the failure of earlier studies to find fcc structures onand the icosahedral apex atoms on the outershell have been
resolidification is in part due to shorter relaxation times. Weredistributed in the cluster, and tli&l1) layers have moved
note that the relaxation times used here, are several timas form stacking faults with respect to the internal fcc tetra-
longer than those of Lim, Ong, and Ercolesi. hedra of the icosahedrgfeading to an increase in signature

The resolidified icosahedra in this section were producedt atoms. While the disappearance of the interior fcc atoms
using constant temperature simulations. In the following secappears, in part, to be due an increase in disorder, the shav-
tion, we show that these icosahedra are also produced froing of (111)/(111) edges gives the internal fcc atoms below
liquid droplets by freezing at constant energy. We will alsothese edges icosahedral coordination, resulting in these at-
characterize the structure of these icosahedra using CNAms being classified as “extra” internal icosahedral atoms
analysis. (signature F. This “shaved” icosahedron surface is the same

surface reconstruction as that noted by Doye and Wales in
their investigation of icosahedra using a Morse poteftial.

V. RESOLIDIFIED ICOSAHEDRA Their study found that geometric icosahedra underwent ther-
mally induced surface reconstructions prior to melting to
form the same “shaved” icosahedra seen here.

In this section, we examine the structure of a “shaved” The average binding energies of the atoms according to
resolidified icosahedron cluster produced using constanslassification is given in Table Il. The replacement of the
energy resolidification. Starting with a perturbed 2057-atom(111)/(111) facet edges, with an average binding energy of
Waulff particle (each atom was perturbed in a random direc-1.463 eV/atom, by shaved facet edges with an average bind-
tion with mean displacement 0.1 A), the cluster was meltedng energy of 1.631 eV/atom, considerably increases the to-
and then brought to equilibrium at 900 K for approximately tal binding energy. This compensates for the increase in in-
1 ns. The cluster was then quenched rapidly below the melternal icosahedral atongsignature F, 1.997 eV/atom) at the
ing point, where it was allowed to equilibrate at constantexpense of internal fcc atonfsignature A, 2.016 eV/atom).
energy for approximately 10 ns. The structure was therThis rearrangement of surface atoms, with an icosahedral
slowly relaxed © 0 K where the binding energy was com- internal structure, is energetically favored over the crystalline

A. Structure of resolidified icosahedra
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TABLE II. Comparison of average binding energies of atoms in 10 ]
an icosahedron prior to melting and after resolidification. ol
Cluster 8
7+
Closed-shell Resolidified > 6L
Signature N E N E g
(eV/atom (eV/atom :’.; s8I
I 4r
? surface 169 1.541 i
? interior 142 1.975 2
A 700 2.016 437 2.007 1|
B 420 1.625 165 1.703 Y I I AP T ) R 1 1
C 72 1.638 1.881 1.882 1.883 1.884 1.885 1.886 1.887 1.888
Crystalline Shaved icosahedra
D 8 1.471 .
Binding energy (eV/atom)
E 630 2.010 645 2.010
F 85 1.992 188 1.997 FIG. 13. Distribution of binding energies for 25 resolidified
G 12 1.056 10 1.674 2057 atom clusters. Two resolidified clusters were identified as
H 210 1.463 7 1.533 Waulff particles(energies of 1.882 eV/atomvhile the remaining 23
| 214 1.631 were identified as “shaved” icosahed(anergies above 1.884 eV/

atom.

cuboctahedra for cluster sizes from 600 to 4000 atd._ﬁr@' heating geometric icosahedra, a transformation to “shaved”
10). In their original study of lead clusters using the potentialicosahedra occurs prior to melting.
(1), Lim, Ong, and Ercoles¥l concluded that fcc crystalline
structures were energetically favored over this range. How- C. Structural instability of geometric icosahedra
ever, they did not consider the effect of the “shaved” surface |, thjs section we show that geometric icosahedra can be
reconstruction which, as is evident here, stabilizes the icosgn g ceq by heating(below the melting point to form
hedra. “shaved” icosahedra in the same manner as that seen by
Doye and Wale4® Figure 14 shows the caloric curve for two
B. Resolidification of liquid droplets icosahedron clusters of 923 and 2057 atoms. These clusters

In this section we have examined a total of twenty fivehave been prepared by first relaxing a geometric icosahedron

2057-atom cluster structures produced by resolidification aE 0 K. The clusters were then brought to equilibrium at 100

; : ; . K, and then heated in steps of 25 K to 300 K. At each tem-
constant-energy using the scheme outlined in the PreVIOUSerature, the clusters were allowed to equilibrate over 5
section. This enables us to investigate the reproducibility off< 10° ti ' ¢ ¢ tant t t Bth 200 K and
the “shaved” icosahedron structures. The distribution of Ime Steps at constant temperature. between an

binding energies for the twenty five resolidified clusters i5250 .K’ the energy of clusters Is seen to drop sharply, sug-
shown in Fig. 13. Two resolidified clusters were character-gestlng a change in cluster structure.
ized by CNA analysis as Wulff particles, with energies of
1.882 eV/atom(equal to the binding energy for a perfect [
geometric Wulff particle The remaining twenty three were 180F 923
“shaved” icosahedralenergies above 1.884 eV/atpnThe :

two “shaved” icosahedra with energy 1.884—-1.885 eV/atom
had surface defect®ne edge not shavedHowever, the ma-
jority of the “shaved” icosahedra are clustered about an av-
erage energy of 1.887 eV/atom. Thus we can see that with
equilibration times of 10 ns kinetic trapping in less optimal
structures is uncommon.

The repeated occurrence of the “shaved” icosahedron -
structure in these trials suggests that it is the preferred struc- i 2057
ture at this size for the potentiél). This method did not -
produce any structures which were energetically more fa-
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vored than the “shaved” icosahedra in any of the trials. Fur- 00 200 300
“ " P, T(K)
thermore, these “shaved” icosahedra appear upon resolidifi-
cation using both constant temperatu(8ec. I\V) and FIG. 14. Caloric curve for 923[() and 2057 @) atom icosa-

constant energySec. \} simulations at a variety of tempera- hedron clusters. The 923-atom cluster undergoes a structural transi-
tures, cooling rates, and equilibration times to the 10 ns tion at 250 K. The 2057-atom cluster undergoes a structural transi-
used in this section In the next section, we see that by tion at approximately 225 K.
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FIG. 15. The CNA classification of a 6525-atom resolidified
cluster.

FIG. 16. Atoms which show signatuke(stacking fault or twin-
The new structure that appears at temperatures above thighg plane in the resolidified 6525-atom cluster.

transition point is essentially the same as the “shaved” icosa-
hedron clusters obtained in the previous section after recomposition of the first peak of the RDF, and does not dis-
solidification. We see that geometric icosahedra relax to th@nguish between the two types of deféatthough it would
equilibrium configuration(the “shaved” icosahedrononce  be useful to do st9). The E-type fault planes are shown in
heated to a certain temperature. The temperature at whidkig. 16. Ignoring the cap regions, there is a set of four con-
this relaxation occurs is seen to depend on cluster sizeecutive fault planes in the upper half of the cluster which is
(which determines the energy barrier for this progdsst  a series of deformation faults that has effectively produced a

will also depend on the time scale of the simulation. narrow band of hexagonal-close-packed structure. In the
lower half of the cluster, a pair of deformation fault planes
VI. RESOLIDIFIED WULFF PARTICLE occur, and below them is a single twin-plane fault.

Here we discuss the structure of the resolidified 6525-
atom crystalline structuréshown in Fig. 11 produced by
freezing a 6525-atom icosahedron using the constant energy Diffraction is a valuable experimental probe of nanopar-
method outlined in Sec. V A. Apparent in Fig. 11 is the ap-ticle structure’® The diffraction pattern of a nanoparticle
pearance of hexagon#&lll) faces. This is interesting be- sample is a “powder” pattern with radially symmetric inten-
cause a 6525-atom cluster can form a perfect, closed-shelijty that can readily be calculated from the radial distribution
cuboctahedron with triangular faces but not a perfect Wulfffunction, using the Debye equation of kinematic diffraction
particle (cuboctahedron with hexagonal fageShe average theory® The so-called “interference function” is closely re-
binding energy per atom of this resolidified cluster islated to the distribution of intensity in an experimental dif-
1.92953 eV, as opposed to the binding energy of 1.92982 e¥faction pattern and is given by
for a model 6525-atom cuboctahedron with triangylEkl)
faces. The difference of 0.3 meV per atom, in favor of the 1 SiN(27STyp)
cuboctahedron with triangulddl1l) faces, does not explain I(s)= N~ 2SI,
the preference for the Wulff form. However, it is probable '
that the Wulff particle represents a local minimum in thewhere the scattering parameszr 2 sin(@)/\, with 6 equal to
energy in configuration space and that the liquid droplet ishalf the scattering angle and the wavelength of the radia-
closer in configuration space, due to spherical symmetry, ttion. N is the number of atoms in the cluster angl, is the
this form of cuboctahedron. A lengthier relaxation periodinter-atomic distance between atomsandn. J(s) is dimen-
upon resolidification may see the cluster form a cuboctahesionless; it is related to the distribution scattered intensity,
dron with triangulan112) faces. but is independent of the type of radiation and, for mono-

The CNA classification of the resolidified cluster is given atomic clusters, the atomic scattering facfor.
in Fig. 15. The profile is essentially fcc, except for the large It is generally difficult to interpret diffraction measure-
number of type-E atoms. These arise from internal stackingments on nanoparticles because of the likely occurrence of
fault defects in the structure, either when a twin plane occursioncrystalline and imperfect structures, as well as sample
[the fcc (111) packing sequence goes, e.g.;- size distribution and inhomogeneity, so the standard tech-
-ABCACBAC:- - - ], or when a skigdeformation faultin the  niques of x-ray crystallography do not apply. Determination
sequence occur&.g., - - -ABCBCABC- - -). Note that the of structure is usually based on the careful comparison of
stacking fault planes are all oriented in the same directionexperimental data with diffraction patterns calculated from
The signature E classificatiofTable |) is based on the de- models of particle structures. When a close correspondence

VIl. DIFFRACTION PATTERNS

: ()
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interference function that either of the geometric models; the
" features are broader and the MD profile is also noticeably
h attenuated with increasirgy This is all consistent with a high
n N degree of static disorder in the MD structure. The four sig-

-é 1“1 \ '"l ,/l n nificant peaked features in the MD curvat s=0.37, 0.6,

5 g N . L ,"| 0.7, 0.9 are more closely matched by the profile of the

8 ,'i"! N | N ANV icosahedron, although the decahedron also has peaks at these
g - ,i‘-\ | positions. In either case, the position of the features in the
5 i /l,‘ oo MD profile is shifted to highers (the shift is about

2 .

0.01 A%, indicating a contraction of the length scale for
the MD structure of the order of 3%, compared to the geo-
metric forms.

Clearly, from the viewpoint of a diffraction measure-
050 __ 1.00 150 ments, our MD cluster would be better matched by icosahe-

Scattering parameter (A") dral models than either fcc structures or decahedra. Diffrac-
tion therefore supports CNA in this case, although they are
fundamentally different types of analysis: CNA characterises
the local environment of atom pairs, whereas diffraction is a
reciprocal space view of the radial distribution function, and

. _ ._hence tends to identify longer range correlations in a struc-
between observations and model-based profiles is obtalneaJre fy long g

the principal characteristics of the model structure can gen- T'he 6525-atom cluster has been identified by CNA as

erally be inferred to exist in the actual cluster _sample. Thehaving the fcc structure of the bulk. Nevertheless, Fig. 18
best known and most successful example of this approach I§,,,,5 again, the attenuation of the structure’s interference
probably the electron diffraction studies of rare-gas clustergnction with increasings, indicating substantial disorder.

that were interpreted using MD modéfs’ Fig. 18 also shows an interference function calculated for an

Typically in experimental studies, geometric models aregngemple of perfect twinned structures. These were fcc ball

used to provide the needed candidate diffraction profiles ; ; :
o . ; clusters with random stacking faults along t4.1) axis. A
Thus it is of interest to consider how MD models of structure 9 g )

ith cal del i this i ind set of 25 interference functions from such models were av-
compare with geometrical models. With this in mind, We g 5004 to produce the profile shown. The main features of
consider the interference functions of the two larger clusters,.“\Mp structure interference function coincide with the

that have been generated by resolidification in this studyy,qye| ensemble pattern, although the relative intensities dif-
Figure 17 shows the pattern obtained from the 3428-atongy o pstantially. It is also interesting that the location of

cluster, and Fig. 18 shows the pattern for the 6525-atoMgay res in the MD profile and the static models profile are

clusther. I biained aft ting & dec Ot Shifted, as they were for the 3428-atom structure. This
The 3428-atom cluster was obtained after melting a decgygang that the lattice parameter predicted by the MD

hedron, so in Fig. 17 we also show the interference pattern Qtinjjation agrees with the bulk value used to construct the
a nine-shell decahedrof3428 atoms—the initial structure models

and a nine-shell icosahedrdi2869 atoms Several com- '

ments are in order. The MD simulated cluster has a smoother

FIG. 17. Interference function for the 3428 atom resolidified
cluster(—) compared to that for the original decahedron-)-and
a 2869 atom icosahedrdn - -).

VIIl. DISCUSSION

We have considered the binding energies of relaxed lead
; clusters for a range of particle sizes and cluster structures
; using the “glue” potential1). For medium cluster siz¢600
i , to 4000 atoml we found that a surface-reconstructed icosa-
4 B i hedron structure was the lowest energy structure of those
i R considered. These are shaved icosahedra, with atoms re-
moved from the edges and missing fivefold apex atoms, and
surface atoms relocated to form a stacking fault with respect
to the internal fcc tetrahedra of the icosahedron. Earlier the-
oretical studies of the energetics of MTPs by Matls)g-
gested that the removal of icosahedral apex atoms would
lead to improvements in energy. This was supported by ato-
M N B mistic energy calculations for Lennard-Jones clusteisyt
0.50 tteri 1.00 1.50 not in the case of nickéf In practice, it would be virtually
cattering parameter (A™') . . . . .
impossible to observe this shaving by microscopy, as ex-
FIG. 18. Interference function for the 6525 atom resolidified plained by Buffat, Fleli, Spycher, Stadelman, and Borel,
cluster(—) compared to that of an ensemble of twinned structuresand we are not aware of any reported observations. However,
(- - -). when indeed microscopy can identify cluster structure as

Interference function
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icosahedral, particles generally appear to be impeffethis  faults, although one twin plane is present. Very recently, de
raises the interesting possibility that the MD structuresFeraudy and Torchet commented that parallel stacking faults
grown here may compare well with typical high-resolution were most unlikely to occur in unsupported argon clustérs.

images of some small particles. Our findings suggest that, for lead, this may not be the case.

In this work we did not identify signs of icosahedral pre- If so, this poses yet more difficulty in interpreting cluster
cursors to me|t|ng as reported in simulations of go'dd|ﬁract|0n measurements. De Feraudy and Torchet pOInt out

clusterst* These, however, might be revealed by constanthat if faulted clusters of this type are to be considered, then

energy simulationgas used in the studies of gofii of fcc crystallographic-based calculations based on a faulted bulk
clusters near the melting point. We speculate here that the

precursors, if found, will tend to resemble our shaved icosa
hedral structure more closely than the geometric icosahedr

Indeed, in Sec. VC, we saw that by heating, geometri

tion to the shaved icosahedra prior to melting.
Our finding that icosahedron, rather than fcc, structure

are preferred for certain sizes contrasts with an earlier MD.

study of lead that used exactly the same potential model, b
with shorter simulation time¥:1° While at the time of that

study there were no experimental reports of lead icosahedr
a recent investigation has indicated that they do occu

abundantly’® Electron diffraction experiments on a beam un-

supported lead clusters has identified both decahedral arﬁ#}e

icosahedral signatures in the diffraction patterns for beam o . .
9 b §quate equilibration times are used. We have made a

with average cluster size ranging between approximately

and 6 nm. Preliminary analysis of those results has relied o

geometric models of cluster structures, however, the icosah
dral component in the data is strong and unambiguous.
the other hand, the decahedral component, identified in larg

clusters, may also be compatible with the kind of imperfect

é;éystal model are not satisfactory: detailed atomistic model-

ing is required®’ However, our simple attempt to produce
pproximate atomistic models of clusters containing parallel

ault planes have been unsatisfactory. As shown in Fig. 18,

icosahedra could be induced to undergo a surface reconstru@—e degree of accord W'.th the MD structure Is quite poor, ant_j
would not be accepted in an objective analysis of real experi-

énental data.

In conclusion, MD simulations of lead clusters have iden-
kfied noncrystalline low energy structures after resolidifica-
lon of medium-sized liquid droplets. These forms are sur-

éace reconstructed icosahedra; their binding energies are

igher than the corresponding perfémlaxed icosahedron
as well as the Wulff form. We have also shown that suffi-

iently large liquid droplets resolidify into imperfect crystal-
e structures, resembling the Wulff particle, provided ad-

Rreliminary investigation of the effects of temperature on
tructure, noting the appearance of stacking faults at the sur-

olfce of incomplete cuboctahedra and a similar solid-to-solid
&Iructural transition in geometric icosahedra.
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