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Microscopic mechanisms of the growth of metastable silver icosahedra
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The growth of free silver nanoclusters is investigated by molecular-dynamics simulations up to sizes close
to N5600 atoms on realistic time scales, and in a temperature range from 400 to 650 K. At low and
intermediate temperatures, we grow mainly noncrystalline structures, as icosahedra and decahedra. In particu-
lar, at N.200, we obtain that perfectly ordered metastable icosahedra are very likely grown: either by a
shell-by-shell mode on a small-size stable icosahedron, or by a complete structural transformation from a
decahedron to a metastable icosahedron. The latter mechanism can explain why large silver icosahedra are
more abundant than large decahedra in experiments. At high temperatures, crystalline fcc clusters are very
frequently grown.
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I. INTRODUCTION

The study of the properties of small metal particles is
fundamental importance due to their applications in cataly
and surface nanostructuring.1–3 In this field, the study of how
the structure of free clusters develops as a function of t
size is a key step to understanding their physical and che
cal properties.4,5 Clusters can be grown by different expe
mental methods,6 and their final arrangement is the result
a competition between thermodynamic and kinetic facto7

In the case of metal nanoclusters, both crystalline~fcc for
silver! and noncrystalline structures, like icosahedra a
decahedra~see Fig. 1!,4,5 have been observed. One of mo
puzzling results in the field of free clusters growth is t
finding of large silver icosahedra~Ih! in inert gas aggregation
~IGA! sources experiments.8 There, an abundance of icos
hedra has been found, at such large sizes at which t
structures are thought not to be the most favorable ones f
the energetic point of view. Icosahedra~see Fig. 1! are qua-
sispherical, noncrystalline structures, where atoms are
ranged in concentric shells.5 Icosahedra present six fivefol
symmetry axes and are limited by close-packed disto
~111!-like facets. Icosahedra are thus able to minimize e
ciently the cluster surface energy, but at the expense of
internal strain,4,9,10 so that they become energetically unf
vorable when the bulk contribution to the excess ene
overcomes the surface contribution. On the other hand,
decahedra~Dh!,4,5 which have a single fivefold axis, are les
spherical than the icosahedra, but have less internal str9

and in the Marks-truncated form (m-Dh, see Refs. 4,7,11
and Fig. 1! they can optimize quite well the surface energ
Finally, crystalline clusters@fcc truncated octahedra~TO! for
silver, copper, nickel, etc., see Fig. 1# have no internal strain
but rather large surface energy, because of the wide~100!
facets that are necessary to build up a quasispherical s
ture. Therefore, it often happens that icosahedral struct
are the most stable at small sizes, decahedra are favorab
intermediate sizes, and crystalline structures are recovere
the limit of large objects. As an example, total-energy cal
lations on nickel have shown that the best structures
icosahedra at sizesN,2300, decahedra at 2300,N
0163-1829/2001/63~15!/155408~10!/$20.00 63 1554
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,17 000, and fcc polyhedra at largerN.9 For a more detailed
discussion of small sizes (N<75) see Refs. 12,13. Magi
numbers for Dh, Ih, and fcc structures are listed in Table
Due to the above facts, the experimental detection8 of large
~several thousands of atoms! silver icosahedra suggests th
they are growth, and not equilibrium, structures. However
the same experiment, small clusters (;2 nm of diameter,
corresponding toN in the range 100–200 atoms! are mainly
decahedra, while large icosahedra are more abundant
large decahedra. The explanation of this finding is not
clear.

In Ref. 7, we have studied by molecular-dynamics~MD!
simulations, the growth of silver clusters at small sizesN
,150 atoms!. There, we have shown that, atN.150, icosa-
hedral structures are indeed energetically favorable, and
it is possible to grow metastable decahedra in a wide ra
of growth conditions~temperatureT and deposition fluxf),
in competition with the stable icosahedra. In this paper,
simulate the growth at larger sizes, where icosahedra bec
unfavorable, and show how it is possible to grow metasta
icosahedra. In fact, we shall show by energy optimizat
that icosahedral structures begin to have larger energies
decahedral clusters already at sizes below 200 atoms. In
of that, our MD simulations shall demonstrate that, at a giv
f, there is aT range in which it is likely that metastable~and
almost perfectly ordered! icosahedral structures grow. W
show that these metastable icosahedra can be grown by
ferent microscopic mechanisms, either involving an alm
shell-by-shell growth~already guessed in Ref. 14! on a pre-
existing stable icosahedron of smaller size, or, more surp
ingly, and of more importance, involving a complete restru
turing from decahedron to icosahedron. This kinetic D
→ Ih transformation, which goes in the opposite directi
with respect to what is suggested by energetic consid
ations, is crucial to explain why large icosahedra are m
abundant than large decahedra in experiments. Moreover
shall investigate the possibility of growing fcc structure
showing that the latter are more frequently found at h
temperatures, in agreement with the IGA experiments.8

Apart from being suited for studying kinetic effect
©2001 The American Physical Society08-1
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FIG. 1. Decahedral~top row!, icosahedral~middle row!, and fcc truncated octahedral structures~bottom row!. Each structure is shown in
side~first two columns of the figure! and top views~third and fourth columns!, and each view is given in two representations. In the first ro
the 146 Marks truncated decahedron is shown. For this decahedron (m,n,p)5(3,2,2). Remember thatm andn are the width and the heigh
of the rectangular~100!-like facets~see the side view in the first figure of the first row! respectively, whilep is the depth of the Marks
reentrance. The top and the bottom of the decahedron are both formed by five close-packed~111! facets, arranged around the fivefo
symmetry axis~see the third figure of the first row!. Notice that from the top view, the atoms of the decahedron appear to be per
arranged in columns, as can be clearly seen in the fourth figure in the first row. This is what we calldecahedral stacking. This stacking is
the fcc-like stacking on the distorted~111! facets. In the second row, the 147 icosahedron is shown. The top view~which is taken starting
from one of the 12 fivefold vertices! shows well that the inner arrangement of atoms is quite different from the decahedral case. Th
row shows the 201 truncated octahedron. No fivefold symmetries are present.
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growth simulations are also a powerful tool for helping t
search for the most stable structures as a function of the
and in particular, at the difficult sizes~i.e., at the ones tha
are far from magic numbers!. Moreover, the growth simula
tions give information on the effects of temperature on th
structures.

The paper is structured as follows. Section II contain
short description of the simulation procedure and of
method for analyzing the structures. Section III contain
brief summary of the results at small sizes~which were
treated in more detail in Ref. 7!. Sections IV and V contain
the results, which have been obtained at larger sizes; Se
is focused on the growth modes of metastable icosahe
and Sec. V is devoted to the growth of fcc clusters. Fina
Sec. VI contains the discussion and conclusions.

II. MODEL AND METHODS

In our simulations, silver is modeled by many-body p
tentials as developed in the framework of the seco
moment approximation to the tight-binding model.15 The
form and the parameters of the potentials are given in R
16. These potentials have been successfully used in the m
eling of structural and dynamical properties of transition a
noble-metal surfaces.17–23 In our growth simulations, we de
15540
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posit atoms one by one with a time intervalt5f21; in
between two subsequent depositions, all cluster atoms
free to move. Each is deposited by putting it randomly on
large sphere centered around the cluster, and by giving
velocity directed towards the cluster. That velocity is chos
to correspond to the typical average kinetic energy of
vapor atoms in IGA sources. In the following, we fixt
57 ns, if not otherwise specified. This deposition time
quite close to those in IGA sources, being, however, som
what faster~for a discussion of this point, see Ref. 7!. During
the growth simulation, the cluster is kept at a constant te
perature by an Andersen thermostat, whose collision
quency is chosen in order to insure efficient thermalizat
without altering the diffusive properties of the atoms in t
cluster.16 We choose to simulate temperature interval 3
,T,650 K, in agreement with the few available estimat
of cluster temperatures in IGA sources.24 The energetics of
perfect structures is studied by quenched molecu
dynamics simulations. The diffusion barriers for adatoms
cluster surfaces are calculated by the nudged elastic b
~NEB! method.25 The NEB method is necessary in particul
when dealing with multiple-exchange processes, such as
chain process,14,16 which is important on Marks decahedr
~see the following!.

The cluster structure during growth is monitored by t
8-2
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MICROSCOPIC MECHANISMS OF THE GROWTH OF . . . PHYSICAL REVIEW B 63 155408
common neighbor analysis~CNA!.26 We assign to each pai
of nearest-neighbor atoms a CNA signature, i.e., a triple
integers (r ,s,t) ~do not confuse them with the triplet of in
tegers describing the truncation in them-Dh structures11!. r
is the number of common nearest neighbors of two atom
the pair,s is the number of nearest-neighbor bonds amo
the r common nearest neighbors, andt is the length of the
longest chain that can be formed with thes bonds.26,27 We
have found that the monitoring of the signatures (r ,s,t)
5(5,5,5),(4,2,1),(4,2,2) is sufficient to distinguish icosahe
dral, decahedral, and fcc structures in the size range of
simulations. In Table I we report the percentagesP(5,5,5),
P(4,2,1), andP(4,2,2) of the above signatures over the to
number of signatures in the cluster~i.e., over the total num-
ber of nearest-neighbor pairs in the cluster!, for several per-
fect structures at magic numbers. In particular,P(5,5,5) is
important to identify local fivefold symmetries. In fact, th
pairs of nearest-neighbor atoms that are located along a~lo-
cally! fivefold axis, are characterized by the (5,5,5) sign
ture. Because of that,P(5,5,5) is much larger in icosahedr
than in decahedra of comparable size~the ratio between the
numbers of fivefold axes in Ih and Dh structures is 6 to!,
and it is zero in fcc clusters. In our growth simulations w
have monitored the above CNA signatures by analyzing
least 100 snapshots at each sizeN and then averaging ove
these snapshots.

III. RESULTS AT SMALL SIZES „NË150…

The growth of silver cluster at sizesN,150 ~Ref. 7! can
be summarized as follows. At low temperatures~350–400
K!, after passing through well-ordered icosahedral and de
hedral structures at the magic numbers of 55 and 75 ato

TABLE I. Size N, type of structure, length of the fivefold sym
metry axesN5 ~in atoms!, and percentagesP of the occurrences o
the CNA signatures~5,5,5!, ~4,2,1!, and~4,2,2!.

N Structure N5 P(5,5,5) P(4,2,1) P(4,2,2)

75 ~2,2,2! m-Dh 5 1.25 28.2 20.4
100 ~3,1,2! m-Dh 5 0.92 27.6 19.6
101 ~2,3,2! m-Dh 6 1.12 33.7 20.2
146 ~3,2,2! m-Dh 6 0.75 39.6 18.7
192 ~3,3,2! m-Dh 7 0.66 45.3 18.2
212 ~2,2,3! m-Dh 7 0.60 44.7 16.4
238 ~3,4,2! m-Dh 8 0.61 48.6 18.0
247 ~4,2,2! m-Dh 7 0.51 47.2 16.9
268 ~2,3,3! m-Dh 8 0.54 48.6 15.8
318 ~4,3,2! m-Dh 8 0.45 52.5 16.3
55 Ih 5 10.3 0.00 38.5
147 Ih 7 5.17 17.2 38.8
309 Ih 9 3.10 31.0 34.9
561 Ih 11 2.06 41.2 30.9
116 TO 0.00 60.5 0.00
201 TO 0.00 64.6 0.00
225 TO 0.00 61.8 0.00
314 TO 0.00 68.0 0.00
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respectively, the growth ends up preferentially with icosa
dra atN.150, even if sometimes either decahedra or hyb
structures are found. At these low temperatures, the trans
mation from the 75 decahedron to the 147 icosahedron ta
place via the formation of an external icosahedral shell.
remark here that most of the low-temperature ‘‘hybrid stru
tures’’ in Table I of Ref. 7 are indeed decahedra with ext
nal icosahedral shells, which are undergoing a transfor
tion directly to the 309 Ih without forming the 147 Ih~see
the next section for a discussion of these kinds of trans
mations!. At intermediate temperatures (450,T,550 K),
the results are practically the same as at lower temperat
in the rangeN,100, while atN.150, metastable decahed
are by far the most likely outcome of the growth process.
higher temperatures (T.550 K), we encountered melte
structures up toN.130, and the final outcome atN.150
are icosahedra~the best structures in this size range from t
energetic point of view!. By varying the deposition flux, the
transition temperatures atN.150 are somewhat displaced
This reentrant morphology transition7 is due to the competi-
tion between two magic structures, a Marks truncated de
hedron at 146 atoms and an icosahedron at 147 atoms.

IV. RESULTS AT NÌ150: GROWTH MODES OF
METASTABLE ICOSAHEDRA

Before dealing with the growth simulations results
larger sizes, we discuss the energetics of perfect structure
to N.600, as obtained after relaxation by quenched MD.
Fig. 2, we report the quantityD, defined as

FIG. 2. Energetics of clusters forN,600. ParameterD
5@E(N)2NeB#/N2/3, where E(N) is the optimized energy of a
cluster of sizeN andeB is the cohesive bulk energy per atom, as
function of N. The circles, squares, and triangles refer to icosa
dral, decahedral, and fcc~truncated octahedral! structures. The lines
join decahedral structures with the same numberN5 of atoms along
the symmetry axis: 7~full line!, 8 ~dashed line!, 9 ~dash-dotted
line!, and 10~dotted line! atoms.
8-3
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F. BALETTO, C. MOTTET, AND R. FERRANDO PHYSICAL REVIEW B63 155408
D5
EN2«BN

N2/3
~1!

~whereEN is the optimized energy of a cluster of sizeN and
«B is the cohesive energy per atom in bulk Ag!, for several
magic structures of different symmetries~the squares,
circles, and triangles refer to Dh, Ih, and fcc structures,
spectively!. Decahedral structures with the axis of the sa
length N5 are connected by lines. The quantityD can be
roughly interpreted as the ratio between the excess en
~due to surface contributions and to internal contributio
the latter due to strain! and the number of surface atom
~which is approximatelyN2/3).9 For decahedral and icosah
dral structures,D first decreases withN, then reaches a mini
mum, and asymptotically increases, because the strain
tribution is proportional toN.9 For fcc structures, there i
only the surface contribution, andD keeps on decreasing t
approach a constant limit. In Fig. 2, it can be seen thaD
begins to increase for icosahedral structures already afte
147 Ih, while it is possible to single out a sequence of lo
energy decahedral perfect structures whoseD decreases up
to N;10 000.28 In particular, in the range 180,N,600,
perfect decahedra display the most favorableD values com-
pared to other structures, sometimes in rather close com
tion with fcc structures. This suggests that, at different si
from magic numbers~see Table I for the list of magic num
bers!, imperfect decahedra~or, in narrower size ranges, im
perfect fcc structures! should be the energetically favorab
structures. On the other hand, icosahedra are not favora
Only at N5309 ~a magic number for icosahedra! were we
not able to find any imperfect decahedron or fcc cluster b
ter than the perfect icosahedron. But as we move away f
309, atN5308 and 310, there are imperfect decahedra
are more favorable than the best icosahedron. On the o
hand, atN5561, which is the subsequent magic number
icosahedra, we have found several imperfect decahedra
fcc clusters of lower energy than the perfect icosahedron@the
decahedra are obtained by eliminating 24 atoms from the
~5,4,2! m-Dh, the fcc clusters are obtained eliminating
atoms from a 586 symmetric truncated octahedron#.

The above picture is confirmed by the results of highT
growth simulations, where the growth sequence is expe
to be rather close to the stable-structure sequence, sinc
cluster has more chances to optimize its free energy. At h
T ~we tried 600 and 650 K!, we have made several simula
tions up toN5325, and sometimes to larger sizes, ne
obtaining icosahedral structures forN.180. We have ob-
tained, always, decahedral structures at 600 K, while
clusters have been frequently grown at 650 K. At the la
temperature, entropy effects are thus becoming very imp
tant ~see the next section for a discussion!.

Let us consider, for example, a typical simulation atT
5600 K ~see Figs. 3 and 4!. We recall that at 600 K, silve
clusters grow as icosahedra atN.150.7 The deposition of
some tens of atoms on the 147 icosahedron causes a
sharp transition to decahedral structures aroundN.170. In
fact, atN5192~third snapshot in Fig. 3!, the~3,3,2! m-Dh is
a very stable structure~see Fig. 2!. The CNA analysis of Fig.
15540
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FIG. 3. Growth at 600 K. From the top to the bottom row, sev
snapshots are taken atN5147, 166, 192, 220, 257, 310, 324 atom
and each snapshot is shown both in side and top view. In the
snapshot~first row!, the structure is icosahedral. In between t
second (N5166) and the third snapshot (N5192), there is a tran-
sition to a decahedral structure, and then the structure keeps g
ing as a decahedron. Notice that in the fifth snapshot (N5257) an
island has grown on the top of the decahedron. This island is no
decahedral stacking~since it breaks the arrangement in columns
the structure! but in icosahedral stacking. Decahedral and icosa
dral stackings correspond to fcc and hcp stackings on the~111!
facets, respectively.
8-4
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MICROSCOPIC MECHANISMS OF THE GROWTH OF . . . PHYSICAL REVIEW B 63 155408
4 indicates clearly the transition from the icosahedral to
decahedral symmetry by a drop inP(5,5,5) and inP(4,2,2),
with a simultaneous increase ofP(4,2,1). This Ih→Dh tran-
sition involves the formation of a quasimelted intermedi
structure, which suddenly transforms into a decahedron.
ing on with the growth, the cluster passes through differ
decahedral structures. First, the truncations are some
filled ~see the fourth snapshot of Fig. 3, which is taken
N5220), and the cluster develops along the line connec
to the 212~2,2,3! and ~almost! the 247~4,2,2! m-Dh ~thus
preservingN557); then a new layer nucleates~see below!
so that the cluster grows to the 318~4,3,2! m-Dh (N558).

The transition among decahedral structures with an a
of different lengthN5 takes place always by the same mech
nism. Starting, for example, from the~4,2,2! m-Dh at N
5247 ~which hasN557 atoms!, an island nucleates eithe
above the top or the bottom cap of the decahedron~see the

FIG. 4. Common-neighbor analysis of the simulation in Fig.
The small dots represent the simulation results, while the big s
bols ~squares, circles, and triangles! are the values corresponding
the perfect structures at magic numbers~see Table I!. In particular,
squares refer always to decahedral structures, circles to icosah
structures, and triangles~not shown in this figure! to fcc structures.
In the lower panel,P(4,2,1) is represented by the small black do
for what concerns the simulation results, and by the filled symb
for what concerns the magic structures.P(4,2,2) is represented b
the small open dots for what concerns the simulation results, an
the open symbols for what concerns the magic structures. The
sition from icosahedral to decahedral structures aroundN5170
causes a drop ofP(5,5,5) and ofP(4,2,2), with the simultaneous
rise of P(4,2,1).
15540
e

e
o-
t
at
t
g

is
-

fifth snapshot in Fig. 3, taken atN5257). The diffusion
between top and bottom is very easy by chain processes14,16

through the~100!-like facets, which cost 0.19, 0.13, and 0.0
eV through facets of width 3, 2, and 1, atoms respectively
that chain processes are the most frequent interfacet
cesses. The jump among nearby~111!-like facets costs 0.30
eV. At highT, these barriers are frequently overcome, and
adatom can easily move around on the whole cluster@apart
from being trapped in a~100!-like facet of the truncations#,
and single one-layer-thick island nucleates either on the
or on the bottom of the decahedron. The island is initially
icosahedral stacking~see, again, the fifth snapshot of Fig. 3!.
The icosahedral stacking breaks the perfect arrangeme
columns of the decahedral structure; we have verified
this stacking is energetically favorable for islands of sizes
the order of ten atoms. When the island grows larger~see the
sixth and seventh snapshots of Fig. 3!, it displaces to the
decahedral stacking~this is favorable for large islands and
restores the arrangement in columns of the structure!, and the
318 ~4,3,2! m-Dh ~with N558) is then completed. Icosahe
dral and decahedral stackings correspond respectively
hcp-like and fcc-like adsorption sites on the cluster distor
~111! facets.

On the contrary, at lower temperature, much different
quences are possible at the same (T,f), and some of them
lead to the growth ofmetastable icosahedral structures. Let
us consider 450 K. At this temperature, the most like
growth structure aroundN5150 is already a metastabl
Marks decahedron, i.e., the~2,3,2! m-Dh.7 Keeping on de-
positing atoms above this decahedron, icosahedral clus
can develop by two different mechanisms.

In the first mechanism~represented by the snapshots
Fig. 5; see Fig. 7 for the CNA analysis!, an island on icosa-
hedral stacking is formed, and a further island nuclea
above it, due to Ehrlich, Hudda-Schwoebel29 barriers at the
outer edge of the island. Thus, an icosahedral-like face
formed~see the second snapshot of Fig. 5!; at one corner of
this facet, a new fivefold axis begins to form, and then t
new axis causes the transformation of the inner part of
cluster. This is what we calltwo-layer-island mechanism.
Another possibility~see the snapshots in Fig. 6 and the CN
in Fig. 7! is that a large one-layer island nucleates either
the top or the bottom in icosahedral stacking, and then, c
trary to what happens at 600 K, the island is not able
rearrange to the decahedral stacking because of the lo
temperature. After that, the filling of a nearby Marks trunc
tion by incoming adatoms creates a new fivefold symme
at the cluster surface. This new fivefold symmetry prop
gates fast to the inner of the cluster. This is what we c
one-layer-island mechanism. Contrary to what happens t
the high-temperature Ih→Dh transformation, these
intermediate-temperature Dh→Ih transformations do not in-
volve the formation of quasimelted structures. In the on
layer-island mechanism, from a 146~2,3,2! m-Dh, the next
icosahedral structure~at N5309) is usually formed, while
the two-layer-island mechanism leads more frequently to
growth of a larger icosahedron~which is completed atN
5561). These mechanisms cause the growth of metast
icosahedra in most of the simulations at 450 K.
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F. BALETTO, C. MOTTET, AND R. FERRANDO PHYSICAL REVIEW B63 155408
FIG. 5. Growth at 450 K, with the transformation from a met
stable decahedron to a metastable icosahedron via the two-l
island mechanism. Snapshots are taken atN5146, 181, 307, 388,
434, 561 atoms. A two-layer-thick island on icosahedral stackin
seen in the second snapshot~at N5181). After the formation of this
island, a new fivefold symmetry point is formed at the cluster s
face by the filling of a nearby Marks truncation. Then the fivefo
symmetry propagates to the inner of the cluster, and the 561 ic
hedron grows.
15540
At 400 K, icosahedra are preferentially grown aroundN
5150.7 Keeping on depositing, some small islands nucle
on the surface of the icosahedron~the barrier from one face
to another is of 0.31 eV!. These islands can either gro
independently or coalesce. This can give ashell-by-shell
growth of the icosahedron. However, we remark that ev
the nucleation of further islands above the first grown sh
does not cause the breaking of the icosahedral symmetry
simply, the growth of an icosahedron with more defects.
the other hand, the cluster has no chance to optimize
structure at lowT; this can happen only on extremely lon
time scales~see the discussion in Ref. 7!. In Fig. 8, we show
the growth of an almost perfect 309 icosahedron, in a sh
by-shell mode. We speculate this growth mode to contin
easily up to bigger sizes.14 More importantly, the 309 and
561 icosahedral structures obtained at 450 K can conti
growing by the shell-by-shell mechanism, and possibly re
the large sizes as observed in the experiments.8

er-

is

-

a-

FIG. 6. Growth at 450 K, with the transformation from a met
stable decahedron to a metastable icosahedron via the one-l
island mechanism. Snapshots are taken atN5146, 181, 309, 324
atoms. A one-layer-thick island on icosahedral stacking is see
the second snapshot~at N5181). After that, the cluster transform
into an icosahedron~the 309 icosahedron!.
8-6
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FIG. 7. Common-neighbor
analysis of the simulations of Fig
5 ~left panels! and Fig. 6 ~right
panels!. Symbols as in Fig. 4. The
transition to the icosahedral sym
metry takes place in both case
well below N5200. In the two-
layer-island mechanism~left pan-
els!, two icosahedral shells are
growing together, leading, thus
directly to the 561 icosahedron
while in the one-layer-island cas
~right panels! a single icosahedra
shell is growing, and the 309
icosahedron is first formed.
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V. GROWTH OF FCC CLUSTERS

Face-centered-cubic crystalline clusters have been fo
in our simulations, even if in a smaller proportion with r
spect to noncrystalline structures. We have essenti
singled out two possible mechanisms for the growth of
clusters. The first mechanism is active at low temperatu
(T,450 K at the fluxes of our simulations! and the second
~and more important! at high temperatures (T.650 K). On
the other hand, the growth of fcc crystallites at intermedi
temperatures does not seem to be likely~we obtained it only
once in several simulations!.

The first mechanism, which is not frequently observed
shown by the snapshots in Fig. 9, taken from a simulation
400 K with a deposition intervalt521 ns. In this simula-
tion, the 75 decahedron grows in an asymmetric way so t
around N5110, its fivefold axis is displaced towards th
border of the structure~see the second, third, and four
snapshots in Fig. 9!. After subsequent depositions, this ax
disappears~aroundN5160) with a sudden drop to zero o
P(5,5,5). After that, no more locally fivefold axes are cr
ated, even if the structure remains rather different from
perfect truncated octahedron@see the values ofP(4,2,2) and
P(4,2,1) in Fig. 9#.

The second~high-temperature! mechanism takes plac
quite often; an example is shown in Fig. 10, where a sim
lation at 650 K with t57 ns is reported. We recall tha
rather favorable symmetric truncated octahedra are fou
for example, atN5201 andN5314, and in the vicinity of
these magic numbers, decahedra and fcc clusters are in
competition from the energetic point of view. Moreove
there are several asymmetric truncated octahedra in betw
for 200,N,300, whose energies are again in competit
with those of the several~perfect or with defects! Marks
decahedra that can be found in this interval. Because of
when temperature is high enough and the energy differen
become less important, the growing cluster can pass thro
different fcc and decahedral structures, growing finally as
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fcc structure, instead of growing as a decahedron. Since
majority of the simulations at 650 K gives fcc structures f
N.280 atoms, we may guess that the free energy of
clusters is lower than the free energy of decahedra at th
sizes and temperatures. This indicates that the entropic
tribution to the free energy becomes very important arou
650 K, so that the relative stability of the structures chan
with respect to the results obtained by energy optimization
0 K. A similar effect was already pointed out in simulation
of the melting of gold clusters,30 and is currently under in-
vestigation. A study of the vibrational properties of the d

FIG. 8. Growth at 400 K. Snapshots atN5147, 200, 309, and
CNA analysis~symbols as explained in Fig. 4!. Here, the growth
starts preferentially from Ih structures atN.150, and proceeds in a
shell-by-shell mode retaining the Ih symmetry.
8-7
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FIG. 9. Dh→ fcc transforma-
tion at T5400 K. Snapshots a
N575, 114, 120, 147, 201, and
CNA analysis ~symbols as ex-
plained in Fig. 4!. The 75 decahe-
dron ~first snapshot from left!
grows asymmetrically so that th
fivefold symmetry axis, which is
initially more or less at the cente
of the structure, is displaced to th
border of the cluster~see the sec-
ond, third, and fourth snapshots i
the top view of the second row!.
After that, the fivefold axis disap-
pears ~around N5160) with a
sudden drop to zero ofP(5,5,5).
However, the fcc structure is quite
far from the symmetric truncated
octahedra, as can be seen from t
inspection of P(4,2,1) and
P(4,2,2).

FIG. 10. Growth of fcc clusters atT5650 K. Snapshots atN5147, 188, 205, 247, 309, 318, and CNA analysis~symbols as explained
in Fig. 4!. FromN5147 toN.180, we find quasimelted structures with local fivefold symmetries. AroundN5190 ~second snapshot! the
structure becomes a decahedron. Then the cluster passes through decahedra and~more frequently! fcc structures up to about 280 atoms~for
example, in the third snapshot, the structure is fcc!. Sometimes, defected structure with local fivefold symmetries at the border are fo
~see the fourth snapshot in the top view of the second row, which looks fcc except for a locally fivefold axis, the right bottom side!. After
N.280, P(5,5,5) is always zero, indicating the loss of fivefold symmetries, and the structure grows as an fcc crystallite, even if, als
case, the inspection ofP(4,2,1) andP(4,2,2) indicates that it is quite different from a perfect truncated octahedron.
155408-8
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ferent clusters31 would be of help in evaluating the entrop
contribution to the free energy.

In any case, the fact that fcc clusters are more ea
grown when temperature is high is in agreement with
experimental findings in Ref. 8. Finally, we could specula
that a high-temperature mechanism of the above kind co
cause the transition to icosahedral clusters aroundN5309
~this is the highest size at which icosahedra have somew
favorable energetics after quenching, according to the po
tial used in our simulations!, but this transition has neve
taken place in our simulations.

VI. DISCUSSION AND CONCLUSIONS

Here we discuss the relevance of our results for the in
pretation of the IGA sources experiments in Ref. 8. We re
that in these experiments, small clusters (2 nm) are mo
decahedral, intermediate-size clusters show abundance
decahedral, icosahedral and fcc structures, while~much more
surprisingly! at large sizes, there is a great abundance
icosahedra, which are, in many cases, even dominant
large fcc clusters. On the other hand, large decahedra are
frequently observed. These results are clearly in cont
with energetic considerations, and suggest that the forma
of these large metastable icosahedra is due to kin
factors.8 But now a further question arises: why are lar
metastable structures more frequently icosahedra than d
hedra?

Our results can give a coherent answer to this quest
As a first thing, we notice that, atN.150, we never ob-
served low- or intermediate-T transformations from an icosa
hedron to a decahedron during growth, while the reve
happens rather easily~and, less frequently, also the D
→fcc transition takes place!. In order to have an Ih→Dh
transformation, a quasimelted and short-lived intermed
structure must form, and then, a sudden complete rearra
ment takes place. This can happen whenT is not very far
from the melting temperature of the cluster. On the contra
it is possible to transform a decahedron into an icosahed
by creating an external incomplete icosahedral shell,
then letting the symmetry propagate to the inner. This d
not require highT, and already happens for the formation
the stable 147 icosahedron from the 75 decahedron at lowT.7

However, for the Dh→Ih transformation, the larger is th
starting decahedron, the higher is the requiredT at a given
flux f. In fact, att57 ns the 75~2,2,2! m-Dh can grow to
the 147 icosahedron already at 400 K;7 on the other hand, the
transformation of the 146~3,2,2! m-Dh into an icosahedron
is mostly effective at 450 and 500 K~where, on the contrary
the 75 ~2,2,2! m-Dh keeps growing as a decahedron!. We
expect that, at any given growth temperature, there is a
~the larger the higher isT) at which the Dh→Ih transforma-
tion is likely. Because of that, if a cluster grows large, it ve
likely grows as an icosahedron~or, if temperature is high, a
fcc!, even if it starts as a decahedron at small sizes. In f
the Dh→Ih transformation is crucial since the shell-by-sh
growth mode~from a very small, stable Ih! alone is not suf-
ficient to explain why large Ih are more abundant than la
Dh, as observed experimentally.
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In conclusion, we summarize our results as follows. L
us consider a given flux and vary the temperature. At l
and intermediate temperatures (350,T,500 K) the clusters
grow through a sequence Ih→Dh→Ih, and then the icosahe
dron keeps growing by a shell-by-shell mode. The first
→Dh takes place always in between 55,N,75, while the
crucial transformation Dh→Ih takes place already aroun
N5100 atoms ifT,400 K and aroundN5200 atoms ifT
.400 K. In the latter case, the transformation starts from
metastable 146m-Dh and leads to a metastable icosahedr
so that the resulting sequence is the opposite of what
energetics would suggest. On the other hand, 2 nm-size c
ters are mainly decahedra in this temperature range~consider
that either the 75 stable Dh or the 146 metastable Dh or
192 stable Dh are very likely to be grown at low tempe
tures!. At high temperatures (T.600 K), for N.280 the
cluster preferentially grows as an fcc crystallite, after hav
passed through a decahedral regime aroundN5200. There is
only a rather narrow temperature range (500,T,600 K) in
which clusters grow as decahedra for 170,N,550 atoms.
Moreover, we cannot exclude a transformation to Ih str
tures at somewhat larger sizes. Unfortunately, our pres
computational means do not allow the simulation of sign
cantly larger sizes. Our results are thus in good agreem
with the IGA experiments in Ref. 8; in fact, we have foun
that it is very easy to grow small~2 nm! decahedral clusters
in a wide range of growth conditions, but the subsequ
deposition of atoms can cause their transformation i
icosahedra at low temperatures and fcc crystallites at h
temperatures. These Dh→Ih and the Dh→fcc transforma-
tions lead to a reduction of the abundance of decahedr
large sizes, explaining why large icosahedra or large
clusters are more frequent than large decahedra in silv8

even if the decahedra are energetically better structures,
they are very common at small sizes. The Dh→Ih transfor-
mation takes place essentially by two microscopic mec
nisms, both beginning at the cluster surface, with the nu
ation of islands on icosahedral stacking. The island thickn
can be of one or two layers~one-layer-island or two-layer
island mechanisms!, and in both cases, a new fivefold sym
metry appears at the filling of a nearby Marks truncatio
From the 146~2,3,2! m-Dh, the cluster grows directly to a
561 Ih via the two-layer-island mechanism, and to a 309
via the one-layer-island mechanism. Then, when a m
stable icosahedron is obtained, the growth can proceed a
shell by shell. The Dh→fcc transformation can be obtaine
in a few cases at low temperatures~when asymmetric deca
hedra lose their fivefold axis! or, much more frequently
when temperature is high enough to overcome the ra
small energy differences between decahedral and fcc st
tures at intermediate sizes.
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