Eur. Phys. J. D 16, 25-28 (2001)

THE EUROPEAN
PHYSICAL JOURNAL D

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 2001

Non-crystalline structures in the growth of silver nanoclusters
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Abstract. The growth of nanometer-size free Ag clusters is studied by Molecular Dynamics simulations.
The morphology transition from the icosahedron at the magic size of N = 55 atoms to the Marks truncated
decahedron at N = 75 is analyzed in details, in order to single out kinetic trapping and entropic effects. At
very low T, the cluster is kinetically trapped in an icosahedral structure. At intermediate T the transition
takes place sharply at N ~ 65. At higher T', the transition is smeared out and finally, around 550 K no
transition is found because the 75 decahedron is melted.

PACS. 61.46.+w Nanoscale materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

The study of the structure of free nanoclusters is a basic
step for understanding their physical and chemical prop-
erties, mostly related to catalysis and surface nanostruc-
turing [1-3]. Recently, several studies focused on the ener-
getics of noble and transition metal clusters [4-8], showing
that at small sizes (N < 100 atoms) clusters prefer in most
cases non-crystalline structures as minimum-energy struc-
tures. For example, for Ag clusters, both Sutton-Chen [7]
and tight-binding [8,9] potentials predict that at the magic
number N = 55 the Mackay icosahedron (Th) [10] is the
most favourable structure, and at N = 75 the (2, 2, 2)
Marks truncated decahedron (m-Dh) [10,11] is the best
structure. At N = 38, the most stable structure is a trun-
cated octahedron (TO) [7,8]. In Ref. [7], the complete se-
quence of minimum-energy structures of Ag clusters as a
function of the size N has been calculated by Sutton-Chen
potentials. There, at 55 < N < 75, it has been found that
Ih structures are favourable up to N = 62, and Dh struc-
tures for larger sizes. From these results one could trace a
minimum-energy “growth sequence” for Ag clusters. How-
ever, the minimum-energy growth sequence is not always
followed in typical experimental conditions [12]. In fact,
it has been shown by Molecular Dynamics (MD) simu-
lations [9] that long-lived metastable structures can be
grown at sizes above N = 100 in a wide range of growth
conditions (temperature T and deposition flux ¢ = 771,
where 7 is the deposition time interval). These metastable
structures are formed because of a kinetic trapping phe-
nomenon, which takes place when growth is too fast to
let the cluster optimize its free energy at the given T.
Moreover, even if the cluster is able to optimize its free
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energy on the growth time scale, it is not always true that
the minimum-energy structure is also the minimum-free-
energy structure, especially if T is high. Because of that,
a study of the growth of clusters [9,13,14] is important,
and gives much information beyond the total-energy mini-
mization. In this paper we study the growth of Ag clusters
by MD simulations. We consider sizes up to N = 100, fo-
cusing on sizes 55 < N < 75. In Section 2 we give a brief
account of our model and methods. Section 3 contains the
results and Section 4 is devoted to the conclusions.

2 Model and methods

Silver is modeled by tight-binding many-body potentials
as developed within the second-moment approximation to
the tight-binding model [15]. The form and the parame-
ters of the potentials are given in Ref. [14]. In our growth
simulations, we deposit atoms one by one with a time in-
terval 7 = ¢!, starting from a seed of 7 atoms. In the
following, we fix 7 = 7 ns, if not otherwise specified. This
deposition time is of the order of those in growth exper-
iments [12] in Inert Gas Aggregation sources (for a dis-
cussion see [9]). We keep the cluster at constant T by an
Andersen thermostat, whose collision frequency is chosen
in order to insure efficient thermalization without alter-
ing the diffusive properties of the atoms in the cluster
[14]. The cluster structure during growth is monitored by
the Common Neighbor Analysis (CNA) [16]. We assign
to each couple of nearest-neighbor (NN) atoms a CNA
signature. This signature is a triplet of integers (r,s,t)
(do not confuse this triplet with the triplet describing the
truncation in the m-Dh structures [11]). r is the number
of common nearest neighbors of two atoms of the cou-
ple, s is the number of nearest-neighbor bonds among
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Table 1. CNA for perfect structures at magic numbers.

N Structure P(5,5,5) P(4,2,1) P(4,2,2)
55  TO 0.00 55.6 0.00
55 Th 10.3 0.00 38.5
55 (3,3,1) m-Dh 1.83 22.8 29.7
7 (2,2,2) m-Dh 1.25 28.2 20.4
79 TO 0.00 50.0 0.00

the r common nearest neighbors, and ¢ is the length of
the longest chain which can be formed with the s bonds
[16]. We have found that the monitoring of the signatures
(rys,t) = (5,5,5), (4,2,1), (4,2,2) is sufficient to distin-
guish icosahedral, decahedral and fcc structures in the size
range of our simulations. In Table 1 we report the per-
centages P(5,5,5), P(4,2,1) and P(4,2,2) of the above
signatures over the total number of signatures in the clus-
ter (i.e. the ratio between the couples with a given sig-
nature to the total number of nearest-neighbor couples in
the cluster), for some perfect structures at magic num-
bers, and specifically the 55 and 79 TO (the former being
a cuboctahedron), the 55 Ih and for the 75 (2, 2, 2)m-Dh.
In particular, P(5,5,5) is important to identify local five-
fold symmetries. In fact, the couples of nearest-neighbor
atoms which are located along a (locally) fivefold axis,
have the (5,5,5) signature. Therefore P(5,5,5) is much
larger in Th than in Dh of comparable size and it is zero
in fce clusters. On the other hand, P(4,2,1) is large (close
to 50%) for fcc clusters, intermediate for Dh and small for
Th (indeed, it is zero for the 55 Ih), while for P(4,2,2)
the opposite happens. In our growth simulations we have
monitored the CNA signatures by averaging over at least
100 snapshots at each size N.

3 Results

As written in the Introduction, we focus on the growth
in the interval 55 < N < 75 atoms, whose extrema are
magic numbers for Ih and Dh structures respectively. At
these small sizes, the growing cluster is able to optimize
its structure on the time scale in between subsequent de-
positions already at rather low T'. This gives a wide win-
dow where T is high enough to avoid kinetic trapping ef-
fects (see the following discussion) and, on the other hand,
where T is sufficiently low to allow the growth of well-
ordered (non-melted) structures around the magic num-
bers. We shall see that, at the deposition time 7 = 7 ns,
this window is roughly 350 < 7" < 500 K. We remark that
at larger sizes (N ~ 150), kinetic trapping effects, leading
to the growth of well-ordered metastable structures, are
important up to quite high 7' [9], like 550 K, so that ki-
netic effects on the morphology transitions are not easily
avoided. On the contrary, at small sizes, the growth sim-
ulations allow to study the effect of temperature on the
transition from structures of Ih symmetry to structures of
Dh symmetry without important kinetic effects.
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Fig. 1. CNA at different temperatures. P(5,5,5), P(4,2,1)
and P(4,2,2) are reported as a function of N and they are
represented by open circles, full circles and open triangles re-
spectively. The transition Th — Dh is completed when both
P(5,5,5) decreases to ~ 1—2% and P(4,2,1) becomes larger
than P(4,2,2). This transition is seen in the range 300 < 7T <
500 K.
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Our results are summarized by Figs. 1-4. In Fig. 1
we report the CNA analysis of typical simulations at
several different temperatures in the range 200—600 K,
and in Fig. 2 we report the average parameter A(N) =
[E(N) —epN]/N??3, where E(N) is the average total en-
ergy at a given size (and temperature), and ep is the co-
hesive energy per atom, as a function of the size again
at different temperatures. In Figs. 3 and 4, we present
snapshots from two typical simulations at different tem-
peratures (350 and 500 K). From these results we try at
first to determine the temperature above which kinetic
trapping effects are no more important. If we look at
the results at T = 200 K (see Fig. 1), we see that the
growing cluster retains its icosahedral symmetry up to
N = 75: P(5,5,5) stays practically constant at about
10%, P(4,2,1) is always close to zero, and P(4,2,2) is
the highest one. These signatures characterize the icosa-
hedral symmetry (see Table 1). Icosahedra are perfect at
N =55, and defected (with an incomplete shell) at larger
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Fig. 2. Average parameter A(N) at six different temperatures.
Left panel: T' = 200 K (full circles), T' = 300 K (open squares),
and T = 400 K (full triangles). Right panel: T'= 500 K (open
circles), T' = 550 K (full squares), and 7' = 600 K (open trian-
gles).

sizes. The almost perfect Th structures give a minimum in
A(N) around N = 55, as seen in Fig. 2. Since we know
that at N = 75 the (2, 2, 2)m-Dh is the best structure
[7-9], the persistence of the Th symmetry is a clear indica-
tion of kinetic trapping. At such low T it is unlikely that
the entropic contribution would change what is found from
the total-energy minimization, thus giving that Ih struc-
tures are more stable than Dh ones at N = 75. If this
would be the case, at higher T" we should find again Th
clusters at that size. However, this is not the case: growing
at 300 K, a clear transition from Ih to Dh structures is seen
above N = 65. This transition is characterized by a drop
of P(5,5,5) and of P(4,2,2) and by a rise of P(4,2,1).
Thus, at 300 K kinetic trapping effects are mostly over-
come, even if not completely, as can be seen in the results
of Fig. 1. In fact, at 300 K the transition is not sharp,
and there is an interval 65 < N < 69 where structures
are hybrid, not easily classified neither as Ih nor as Dh.
At N > 70 clusters grow clearly as decahedra, even if
with some defects. At 350 K, the transition is sharper,
and takes place at N = 65—66. At N = 75 it is likely
to find almost perfect (2, 2, 2)m-Dh, with no defects or
with a few of them. This gives a minimum in A(N) also
at N = 75. In the range 350—450 K the transition to clear
Dh structures takes place at the lowest size compared to
any other T' considered here. This indicates that, starting
from 350 K, kinetic trapping effects are no more impor-
tant, and the growing cluster is able to optimize its free en-
ergy on the time scale of the simulations. Snapshots from
a simulation at 350 K are given in the first and second
columns of Figs. 3 and 4; especially from the snapshots
in the second column, the transition from Th structures
(the ones in the first five snapshots of Fig. 3, taken at
N = 55,57,59,61,63) to Dh structures (the last snapshot

in Fig. 3, taken at N = 65, and all the following snap-
shots in Fig. 4) can be clearly seen. The results at 400 K
and at 450 K are not so different from those at 350 K; at
these temperatures we have the largest size range where
Dh structures are grown below N = 75. The only differ-
ence between 350 K and 400—450 K is that one can spot
a tendency of the transition to become less sharp with in-
creasing temperature. This tendency becomes very evident
at 500 K where there is a wide size range 60 < N < 70
in which the structures are fluctuating fast among differ-
ent symmetries, and frequently these structures cannot be
classified. There, the entropic contribution dominates. A
sequence of snapshots from a simulation at 500 K is given
in the third and fourth columns of Figs. 3 and 4: clear Dh
structures are seen starting from N = 69 (second snap-
shot in Fig. 4), but they are still fluctuating up to N = 71.
Above this size, the decahedral symmetry holds. Decahe-
dra are thus found in a quite narrow size range at 500 K.
Increasing further the growth temperature, the size inter-
val of Dh structures shrinks, and at 550 K decahedra are
never found around N = 75. At this T, the (2, 2, 2)m-Dh
is melted, and the minimum in A(N) at N = 75 has disap-
pears (see Fig. 2). Well ordered structures are found only
in a narrow range around N = 55, and they are classified
as icosahedra. At N > 58 we recover only melted struc-
tures, and the CNA percentages stay practically constant.
At 600 K also the 55 Th is melted, so that melted struc-
tures are found in the whole size range, and no minima
are found in A(N).

We may compare our results with the minimum-energy
growth sequence in Ref. [7]. There, Ag was modeled by
Sutton-Chen potentials; Th structures were obtained for
55 < N < 62 and Dh ones at 63 < N < 75, with the
exception of N = 68, where a close packed structure,
with stacking sequences and twin planes, was found. In
our simulations we were able to find growth sequences
(in the intermediate T' range, where kinetic trapping is
not important and where the entropic contribution to the
free energy is not yet dominant) which are qualitatively in
good agreement with the minimum-energy sequence in [7],
even if we find that the transition from Th to Dh structures
is displaced to somewhat larger sizes (N = 65 instead of
N = 63); more, we find decahedra at N = 68.

4 Conclusions

In conclusion, we have studied the growth of Ag clusters in
the size range up to sizes of the order of N = 100 atoms,
focusing on the interval 55 < N < 75. At these sizes,
Ag clusters growth takes place through sequences of non-
crystalline structures, such as icosahedra and decahedra.
By fixing the flux and considering different temperatures,
we have found qualitatively different growth sequences.
Even at very low temperatures (7' = 200 K), in our sim-
ulations we are able to reproduce a perfect Th at N = 55.
Keeping on depositing atoms on this cluster at 200 K,
the growth is kinetically trapped in metastable icosahedral
structures up to N = 75, where one would expect to find
an m-Dh on the basis of energetic considerations. Indeed,
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Fig. 3. Snapshots from simulations representing typical
growth sequences at different temperatures. First and sec-
ond columns are related to a simulation at 7' = 350 K.
Third and fourth columns are related to a simulation at
T = 500 K. For both simulations, the snapshots are taken at
N = 55,57,59,61, 63,65 atoms from top to bottom, and each
snapshot is given both in side view (first and third columns)
and in top view (second and fourth columns). The side views
are given in spacefill representation which is suited to show the
cluster surface, while the top views are shown in a represen-
tation which is suited for looking at the inner arrangement of
the cluster atoms. Both simulations start from Ih structures
at N = 55; at T' = 350 K the transition to Dh structures is
accomplished already at N = 65.

the latter m-Dh is found by growing at higher T', for exam-
ple in the range 300 < T < 500 K. At 300 K kinetic trap-
ping effects are still present: hybrid structures are formed
in an intermediate size range. Between 350 and 450 K, ki-
netic trapping is no more important, and the transition is
quite sharp at N = 65—67. At higher T, entropic effects
become evident, and the transition is smeared out again,
with an interval of fluctuating structures in between 60
and 70 atoms (see the results at 500 K). Finally, at 550 K
the 75 Dh is melted, and at 600 K also the 55 Ih is melted.

F. Baletto and R. Ferrando acknowledge support from the Ital-
ian MURST under the project N. 9902112831. The CRMC2 is
associate to the Universities of Aix-Marseille IT and III.

Fig. 4. The same simulations as in Fig. 3, but the snapshots
are taken at N = 67,69, 70, 71,73, 75. At 500 K the transforma-
tion to Dh begins above N = 67 and is completed at N > 71.
At N = 69 structures are fluctuating.
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