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Reentrant Morphology Transition in the Growth of Free Silver Nanoclusters
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The growth of free silver nanoclusters is studied by molecular dynamics simulations, from a small
seed up to sizes N = 150. It is shown that the final outcome of the growth process depends crucially
on the growth conditions (deposition flux ¢ and temperature 7). A reentrant morphology transition is
obtained: at intermediate values of T and ¢ a “decahedral window” is found; the window is surrounded
by regimes where icosahedra are preferentially grown.

PACS numbers: 61.46.+w

The study of the growth properties of small (tensthrough
hundreds of atoms) metal particles is of great importance
for the applications, for example, in the fields of the con-
trolled growth of nanostructures [1] and of catalysis [2].
Much experimental and theoretical effort has been devoted
to the determination of the most favorable structures de-
pending on the cluster size N. Small noble-metal clus-
ters can present “noncrystallographic” structures, such as
icosahedra (1h) and decahedra (Dh) [3]. Bothlhand Dhare
characterized by fivefold symmetry axes (six and one axes
for Ih and Dh, respectively). For small Au clusters [4], it
has been demonstrated that the truncated Marks decahedra
[5] [(m, n, p)m-Dh, where (m, n, p) areintegers describing
the truncation [4,5]; some m-Dh structures are represented
in Fig. 1)] are favorable structures, together with a set
of amorphous structures [6], in the range 50—250 atoms,
and that icosahedra (Ih) are melting-precursor structures.
On the other hand, experiments [7] of Ag and Cu clus-
ter growth in inert gas aggregation (IGA) sources [8] have
shown the existence of both Dh and Ih structuresin asize
range corresponding to cluster diameters of about 2 nm;
the relative abundances of Ih and Dh structures strongly
depend on the experimental conditions [7].

A crucia issue in the building of these nanostructures
is the understanding of how the growth conditions, as op-
posed to purely thermodynamical factors (as energetics and
a study of most stable structures at a given size by some
algorithm), can determine the final atomic arrangement of
the cluster; the importance of the growth conditions has
been argued from the experimental observations of metal
clustersof icosahedral or decahedral structures (see, for ex-
ample, [5,7]) at such large sizes that only crystallographic
structures (fcc structures for noble metals) were expected
to exist there.

In this Letter, we study the growth of Ag nanoclusters
in the N range from a few atoms to about 150 atoms by
molecular dynamics (MD) simulations on redlistic time
scales, in order to understand how the growth conditions
influence the building up of cluster structures from a mi-
croscopic point of view. In our simulations we show
that (&) in wide ranges of (T, ¢), we obtain always |h
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structures around the magic number 55 (see Fig. 1), and
Dh structures around 75, in agreement with the predic-
tions of Michaglian et al. [9], who performed the struc-
tural optimizations at these magic numbers; (b) at larger
sizes, we find the main result of our Letter: we demon-
strate that the resulting morphology depends crucially on
growth conditions. Around N = 150, where two compet-
ing magic structures are present (the 146 (3, 2, 2)m-Dh and
the 147 Ih, see Fig. 1), 1h are grown preferentially at low
and high 7', and Dh at intermediate T': areentrant morphol-
ogy transition takes place. The name “reentrant” is cho-
sen in analogy with the reentrant layer-by-layer transition
found in the epitaxial growth of Pt/Pt(111) [10], where a
3D-growth window [at intermediate (7', ¢)] is surrounded
by layer-by-layer regimes.
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FIG. 1. Optimized structures at magic numbers.
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Our simulations are thus able to reproduce both 1h and
Dh structuresin the 2 nm size range, in agreement with the
experiments [7]. The results contained in the following
demonstrate explicitly the importance of kinetic factors
and show their interplay with thermodynamics.

We model Ag by many-body potentials as developed
by Rosato, Guillopé and Legrand [11] (RGL). The
form and the parameters of the potentias for noble
metals can be found in Ref.[12]. These potentials
are developed on the basis of the second-moment ap-
proximation to the tight-binding model, and can be
considered as a kind of embedded atom potentia [13].
RGL potentials have been successfully tested in many
simulations of surface diffusion on noble and transition
metals [12].

In our simulations, we start from a small seed of seven
atoms arranged as a pentagonal bipyramid. We have veri-
fied that this structure is the most stable at seven atoms
(in agreement with the calculations in Ref. [14]; on the
other hand, the geometry of other isomers of Ag; and of
smaller clusters is not correctly reproduced by our poten-
tials). However, the starting arrangement is not important
for the development of the simulation, because all cluster
atoms are free to move and, at small sizes, they can rear-
range in a short time. Atoms are deposited one by one on
the cluster, at timeintervals of length = = 1/¢, by putting
the atom on arandomly chosen point on alarge sphere cen-
tered around the cluster center of mass, and directing the
atom velocity towards the cluster. The initial velocity of
the deposited adatom is chosen as the average velocity at
1500 K, corresponding to a typical evaporation tempera-
ture of Agin an IGA source [7]. Astime intervals 7 we
have considered 2.1, 7, and 21 ns. These deposition in-
tervals are close to those in IGA experiments; at an Ag
pressure of 3 mbar, the average interval between impacts
onab5 Ihisof the order of one atom each 50-100 ns. The
total smulation time for 7 = 21 nsis about 3 us, and a
complete growth ssimulation takes five days of CPU time
on a last-generation workstation. In between two subse-
guent depositions, the cluster isthermalized [15] at agiven
temperature 7', by means of an Andersen thermostat [16],
whose stochastic collision frequency is chosen in order to
obtain an efficient thermalization without perturbing the
diffusive properties of the cluster atoms (see [17] for ade-
tailed discussion). T is chosen in the range 350-600 K,
following the available estimates of cluster temperatures
in IGA experiments [7], which indicate values within the
above range.

In the following, we describe the results of our simu-
lations, first at small sizes and then around 150 atoms.
We have performed a systematic analysis of local atomic
structure by the common neighbor analysis [18], on sev-
eral thousands of snapshots for each simulation. A com-
plete description of the analysiswill be reported el sewhere.
Typica simulation results can be well summarized by
Fig. 2, where snapshots from simulations at different tem-
peratures but at the same flux are reported.
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FIG. 2. Snapshots of cluster growth at 7 = 1/¢ = 7 nsfrom
three simulations at three different temperatures. 400 K (top
row), 500 K (middle row), 600 K (bottom row). In each row,
the five snapshots are taken at sizes of 55, 75, 105, 135 and
147 atoms from left to right. At 147 atoms, Ih structures are
obtained in the simulations at 400 and 600 K, and aDh at 500 K.
At 55 atoms, we obtain an |h at 400 and 500 K (the structure at
600 K is fluctuating fast); at 75 atoms, we obtain a Dh at 400
and 500 K and a melted structure at 600 K.

Results at small sizes.—Apart from the small perfect
structures around N = 10, the first magic structure which
isencountered during growth isthe 55 |h (see Fig. 1). This
structure is favored from the energetic point of view (as
shown in Ref. [9], with this respect, Ag is different from
Au [4]), as can be seen in Fig. 3, and it is obtained in all
45 simulations we have performed up to 550 K. Slightly
below 600 K the 55 Ih melts, and it can appear sometimes
in the simulations at 600 K in the fluctuation among dif-
ferent structures. In the simulations, structures which are
very close to a perfect 55 |h are aways obtained, often
without defects, and with a maximum of one couple of
diffusing defects (a vacancy plus an adatom). Also the
75 (2,2,2)m-Dh is a favored structure [9], and we have
estimated its melting temperature to be around 550 K. In
thesimulations, 75 (2,2,2)m-Dh are ways grown at any of
the three fluxes up to 500 K. However, at the lowest tem-
peratures, Dh structures with asymmetries and/or defects
are grown. In the N range between 55 and 75, we have
first Ih structures (the 55 Ih plus adatom islands) and then
a transition to incomplete Dh structures above 65 atoms,
where the latter are the best from the energetic point of
view.

Results around N = 150.—At these sizes, the results
display a richer phenomenology, as can be seen in
Table |. This happens because of the existence of two
competing magic structures in the same size range: the
146 (3,2,2)m-Dh and the 147 Ih. The latter is more
favorable from the energetic point of view (see Fig. 3);
we have also verified that a 146 |h obtained from the
perfect 147 Ih by cutting one vertex has a dightly lower
energy than the perfect 146 (3,2, 2)m-Dh. However, our
results show that there is a wide (T, ¢) range (centered
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FIG. 3. A [Eg. (1)] as a function of the cluster size N for
some structures corresponding to magic numbers. The sguares
correspond to Ih structures, and the circles to m-Dh structures.
The full circles are not-centered m-Dh with six atoms along the
symmetry axis, whereas the open circles are centered m-Dh,
with five atoms aong the symmetry axis. The lines are only
guides to the eyes.
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around 500 K at the fluxes of our simulations) where only
m-Dh are obtained in practice. These structures must
be due to kinetic factors (see the discussion below). We
obtain usualy almost perfect m-Dh. At low T, |h are
preferentially grown; however, at the lowest temperature
and with fast fluxes, we often obtain hybrid structures
with many defects. At high temperatures Ih are again
more likely to grow: at 600 K we have obtained always
amost perfect Ih. Therefore, the morphology transition
reenters at high temperatures for clusters of size N = 150.

Just to give a schematic picture of the results with ref-
erence to the structures in Fig. 1, we can say that dur-
ing a low-T simulation, we recover a sequence of the
kind (A) — (B) — (C) — (F), while at intermediate T a
sequence of the kind (A) — (B) — (D) — (E) is repro-
duced. At high T, we recover melted structures up to
N = 135 and finally we reproduce always structure (F).

The reentrant morphology transition can be understood
in the following scenario, with the help of Fig. 3, where
the quantity A [4], defined as

TABLE I.

EN - SBN

A= N2/3

1)
(Ey isthe optimized energy of a cluster of size N and ep
is the cohesive energy per atom in bulk Ag), is plotted for
the magic structures.

Let us consider, for example, the case of 7 = 7 ns
(third column in Table I) and examine first the low-T
(350-400 K) case. At these temperatures, the 55 Ih
and the 75 (2,2,2)m-Dh are formed, with fewer and
fewer defects as T increases. Both the 55 Ih and the
75 (2,2,2)m-Dh are centered structures with five atoms
along each symmetry axis. Now we add further atoms to
the 75 (2,2,2)m-Dh. Some of these atoms diffuse towards
sites on the side of the Dh, where they tend to complete
the structure of the 100 (3,1,2)m-Dh (see Fig. 1). In fact,
aso the 100 (3,1,2)m-Dh is a centered structure with
five atoms aong its axis, and can be obtained from the
75 (2,2,2)m-Dh by addition of atoms in the truncations.
Around N = 100 the most favorable structure is the
101 (2,3,2)m-Dh (see Fig. 3). This m-Dh is not centered,
with six atoms along its axis. At low T the growing cluster
is not able to optimize its energy, and the cluster remains
trapped along the line connecting the 75 (2,2,2) and
the 100 (3,1,2)m-Dh, which are quite similar structures.
When the 100 (3,1,2)m-Dh is practically completed, the
addition of more atoms causes the nucleation of islands
on the facets, and starts the formation of an externa
icosahedral shell (see the third snapshot in the top row
of Fig. 2). Then the incomplete icosahedral structure
keeps on growing and the ITh symmetry propagates to the
center of the cluster. At the end a 147 |h (a centered
structure with seven atoms along each symmetry axis) is
grown. At intermediate temperatures (from 450 to 550 K)
the situation is different (see Fig. 2). In fact, around
N = 100, the cluster is able to optimize its energy, and to
perform atransition to the best structures [those related to
the 101 (2,3,2)m-Dh, see the third snapshot in the middle
row of Fig. 2]. Adding further atoms, the truncation is
completed, and the 146 (3,2,2)m-Dh is formed (the latter
is a not-centered structure with six atoms along its axis,
and it can be obtained from the 101 (2,3,2)m-Dh by
adding atoms to the truncations). The completion of the
146 (3,2,2)m-Dh is achieved even if, above N = 130, lh

Simulation results at 147 atoms for different temperatures 7 and fluxes ¢ = 1/7

(7 is the interval between subsequent depositions). For each couple (T, ¢) three independent
simulations were made. At the lowest T we often obtain structures which are hybrids composed

by both Ih-like and Dh-like parts.

T (K) T=21ns T=70ns T =210ns

350 3 hybrid 2 Ih + 1 hybrid 1 Ih+ 1 Dh + 1 hybrid
400 2lh + 1Dh 2 lh + 1 hybrid 11h + 2 Dh

450 21h + 1Dh 3 Dh 3 Dh

500 3 Dh 3 Dh 3 Dh

550 11h+ 2Dh 3 Dh 21h + 1 Dh
600 3 1h 3 1h 3 1h
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structures (those leading to the 147 |h) are energetically
more favorable. However, at intermediate temperatures,
the growing structure remains trapped in a not-centered
Dh structure. If T is raised further (up to about 600 K,
see Fig. 2), the growing cluster becomes able to optimize
its energy above N = 130 and to complete the transition
to the 147 Ih.

At slower fluxes (for example, 7 = 21 ns) the morphol-
ogy transitions are displaced: 146 (3,2,2)m-Dh are already
obtained at 400 K and some 147 |h appear already around
550 K.

Our structure optimizations show that the 146 (3,2,2)m-
Dh is not the best structure at that size. Therefore, we
expect it to be a metastable cluster evolving at long times
towards the minimum-energy structure (an Ih with one
atom less; truncating a vertex of the 147 lh or even
putting one vacancy at the center, a better structure than
the 146 Dh is obtained [19]). However, these times can
be very long, in such a way that the 146 (3,2,2)m-Dh
could be observed in experiments. We have taken a 146
(3,2,2)m-Dh perfect structure and we have let it evolve at
different temperatures. At 650 K the structure disorders
fast, on the scale of 4 ns; at 600 K the structure stays
stable on times of the order of 80 ns and then transforms
into an Ih; finally, at 550 K the structure is stable for more
than3 ws, i.e, at least 30 times more than at 600 K. From
these results, one would expect that a 146 (3,2,2)m-Dh
a 450 K be stable on the scale of several milliseconds.
Finally, we have checked that the 147 |h, as obtained in the
simulations at 600 K, is a stable structure, and it does not
fluctuate to different isomers on the experimental growth
time scales. We have let a 147 1h evolve freely for 10 us
(a time which is more than 2 orders of magnitude longer
than the interval between depositions in experiments) at
600 K, and the 147 Ih has retained its shape during the
whole time. This has to be compared to the much shorter
lifetime (some tens of ns) of the Dh structure at 600 K.
In fact, the latter has a higher energy with respect to the
Ih by more than 0.4 eV. This check on the stability of the
147 Ih (whose melting occurs in the range 650-670 K
in our model) completes the demonstration that a real
reentrant transition is found.

In this Letter, we have reported the first (to our knowl-
edge) MD simulation of cluster growth from a seed of a
few atoms to two-nanometer sizes on realistic time scales,
and studied the dependence of the cluster structures on
the growth conditions. In fact, we have demonstrated
that the resulting structure of nanometer Ag clusters de-
pends on kinetic factors and can differ from the minimum-
energy structure. At small sizes (less than 100 atoms),
minimum-energy Ih and m-Dh structures are always recov-
ered as the growth proceeds. On the other hand, at larger
sizes, of about 150 atoms, different magic structures are
in competition. In this case, the final outcome depends
crucialy on the growth conditions, and a reentrant mor-

phology transition takes place: at a given deposition flux,
Ih structures are obtained at low and high temperatures,
while Marks truncated Dh structures are grown in the in-
termediate range. The latter m-Dh have higher energies
than the icosahedra in this size range, and therefore they
are metastable growth structures. However, they can be
stable for such long times to allow the experimental detec-
tion. This agrees with the experimenta observation [7] of
both 1h and Dh Ag structures at diameters close to 2 nm.
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