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All nanostructures are metastable — but some are more metastable than others.
Here we employ aberration-corrected electron microscopy and atomistic
computer simulations to demonstrate the hierarchy of metastability in deposited,
size-selected gold nanoparticles (clusters), an archetypal class of nanomaterials
well known for the catalytic activity which only appears on the nanometer-scale.
We show that the atomic structures presented by “magic number” Ause;, Auyg,
and Augy; clusters are “locked”. They are in fact determined by the solidification
which occurs from the liquid state early in their growth (by assembly from atoms
in the gas phase) followed by template growth. It is quite likely that transitions
from a locked, metastable configuration to a more stable (but still metastable)
structure, as observed here under the electron beam, will occur during catalytic
reactions, for example.

From the sintering of catalyst particles under prolonged reaction conditions' to the
breakdown of semiconductor devices through electro-migration® and the aggregation
of protein molecules in the brain®, an understanding (and control) of the hierarchical
nature of metastability in nanostructured systems is central to the development of
materials (and bio) technology. Gold nanoclusters have a variety of applications
(current and potential) in areas such as catalysis®, bio-sensing’ and drug-delivery®.
Both the size*’ and structure”®*'" of these particles influence their properties;
therefore it is important to understand the equilibrium structures for size-specific
nanoclusters, recognizing that the equilibrium in question is inherently local in nature
(small particles always want to aggregate to reduce surface energy), i.e., they are
metastable. It is believed that gold nanoclusters have three principle structures: the
Icosahedron (Th), the Decahedron (Dh) and face-centred cubic (fcc) (i.e. bulk-like)
structures. Much theoretical'"'*"*, and some experimentalm’15 A6I718 work has been
undertaken on this problem; the general trend ascribed to many metal nanoparticles is
from Th to Dh to fcc with increasing size, though theoretical predictions for Au
nanoparticles vary dramatically“’lz’n. Magic number clusterslg, e.g. Ause; and Augs,
present a valuable set of reference points. We show the observed isomeric abundances
(even when generated under slow growth conditions) are unreliable guides to the
“equilibrium” structure at a particular size. Indeed the most abundant, decahedral
structures observed can be converted (by irradiation) into face-centred cubic atomic
arrangements.

Here we explore and manipulate the atomic structures of size-selected gold
nanoclusters with 561 + 13 and 742 + 17 atoms in comparison with 923 + 23 atoms'®,
thereby revealing the hierarchy of atomic structures in this model system.
Nanoclusters were produced under slow growth conditions, imaged using scanning
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transmission electron microscopy (STEM) in high angle annular dark field (HAADF)
mode (i.e., incoherent scattering'**’) to achieve quasi-3D atomic resolution, and
identified by comparison with multiple electron scattering simulations for icosahedral
(Ih), face-centred cubic (fcc) and decahedral (Dh) geometries. A key finding is that
the proportion of the different isomers is, to within experimental accuracy, exactly the
same for all three cluster sizes. This suggests that the cluster structures are already
locked by size N=561 as they grow from atoms in the gas condensation process, i.e.
that the structure we see at size 561 is the result of template growth on smaller seeds.
Atomistic simulations of the cluster growth by molecular dynamics confirm a
competition between the Dh and fcc geometries, give similar isomer ratios to those
observed and, crucially, demonstrate the absence of solid-solid transitions during the
growth process. Video imaging of Ause; clusters during STEM irradiation shows a
systematic tendency for decahedral clusters (originating from smaller seeds) to
convert into fcc structures, which appear to be the most stable isomers (if one can
create them).

Figure 1 shows examples of structures identified by comparison between the electron
microscope experiments and the electron scattering simulations; the HAADF STEM
image is shown on the left and the corresponding simulated image on the right. The
clusters are classified into 4 categories: Ih, fcc, Dh and unidentified or amorphous
(UI/A). All possible truncations of fcc and Dh clusters are included within these
categories. Figures la)-c) show Ause clusters with Th, fcc and Dh structures,
respectively, and corresponding simulations in f)-h); all these clusters were found to
be orientated on or near a high symmetry axis. Figure 1d) shows a Dh Ause; cluster
which is not orientated along a high symmetry axis, and the corresponding simulation
for this angle of orientation in 1).

The structures of clusters were identified visually with reference to a simulation
‘atlas’. The simulation ‘atlas’ contains multislice, electron scattering, simulated
images®' for a complete range of cluster orientations. The simulations were performed
on geometrical models of the icoshedron, Ino-decahedron and cuboctahedron. It was
not possible to identify all clusters, this was due to a variety of reasons, such as:
instability under the electron beam, image quality, and in some cases (particularly for
Aus() there was no structure; figure 1e) shows an example of a Ause; cluster which is
amorphous (in the sense that it does not match any orientation of the simulated
structures).

Figure 2 presents the percentages of nanoclusters lying within the four categories (Ih,
fce, Dh and UI/A) for Ause; and Auzs, with the data for Augy; from Ref. 18 (averaging
over the two sets included therein). In all cases the clusters were produced with
magnetron power 10W and condensation length 250mm (slow growth conditions).
For Ause (Auraz) 189 (147) clusters were imaged. The Dh structure is most
commonly observed (43%), followed by fcc (36%), with only 2% of structures
identified as Th. For Aug,3 the most common structure is again Dh (42%), followed by
fce (31%), and Th (4%); within the estimated experimental errors these proportions are
statistically identical. The same is true for the Auy4, clusters (chosen to lie midway
between the two magic numbers), where the proportions are 46% Dh, 37% fcc, and
3% Ih. For Ause1, Auzsr and Aug,; the abundance ratios fcc:Dh are 0.83 +£0.16, 0.79 +
0.18 and 0.74 respectively. The errors quoted are statistical counting errors.
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Why do the same proportions of the two main isomers appear at the three quite
different gold cluster sizes investigated? It might reasonably be argued that the fcc
and Dh structures compete with each other over the size range reported here, such that
the relative stability oscillates with size and either motif may present the lowest free
energy for any particular size'>. On that basis one might encounter the occasional
coincidence in the isomer proportions in selecting two sizes at random. However to
get the same proportions for three sizes seems more than a coincidence (and this is
proved by the atomic manipulation experiments reported below). The alternative
explanation is that the structures of individual clusters within the population are
already ‘locked’ (or ‘frozen in’) by size by 561, such that subsequent growth by
addition of atoms is templated onto smaller seed structures, preserving the structural
motif. Beyond a certain size, the activation energy required to rearrange many or all
of the atoms in the cluster to achieve a final, lower energy configuration may be
prohibitive at the growth temperatures employed.

Many theoretical studies predicted that the icosahedron (Ih) should be the most stable
state for small clusters in the sub 10nm size range'" '> . This is because the high
surface to volume ratio at small sizes makes it favourable to minimise the surface
energy over the internal strain. The Th has large internal strain (compared with Dh and
fce) due to the displacement of the atoms from their bulk crystal locations, but a lower
surface energy due to the almost spherical shape and (111) close-packed facets'* .
The results we show contradict these predictions. On the contrary, it is also reported'?
that, even at very small (~ 400 atoms) sizes, the icosahedron is not the equilibrium
structure for gold clusters, rather the fcc structure is most favourable. This is
attributed to the large energy associated with displacing atoms from the bulk
crystalline structure of gold'.

In order to investigate in more depth, and in a quantitative fashion, the possible
growth mechanisms of the clusters, including the concept of template growth, we
studied the growth of gold nanoparticles (by condensation in the vapour phase) via
molecular dynamics simulations. The atomistic interaction potential used in the
simulation is a semi-empirical, tight-binding based potential’>*’ For each growth
temperature (400K, 500K, and 600K) we ran 12 independent simulations, starting
from size 13 up to size 923. Snapshots from typical growth sequences are shown in
Fig. 3. All simulations show some common features. Gold clusters are liquid for small
sizes, and solidify while growing, because the melting point depression is size-
dependent. For T=400 and 500 K solidification is below size 300, whereas at 600 K
solidification takes place between sizes 350 and 500. Essentially, no structural
transformations during growth have been observed after solidification, with only one
exception in 36 simulations. This exception is for a structure grown at 400 K, which
starts as an icosahedron, transforms into an fcc structure around size 180, and then
continues to grow as an fcc nanoparticle up to 1000 atoms. Therefore, the simulation
results corroborate the interpretation of the experiments in terms of frozen growth in
the gas phase. The growing nanoparticles solidify in a given motif and then grow by
retaining the same structure up to the final size. From this point of view, gold behaves
differently from silver; simulations of silver growth under the same conditions
showed the occurrence of several structural transformations in the solid state*.

Table 1 shows the statistical outcomes of all 36 growth simulations. The most
common structure produced in the simulations is the decahedron, but the number of
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fce structures is not far behind. Very few icosahedra are produced, together with a
few complicated twins that are indicated as unclassified structures. The potential
energy of all fcc and Dh structures differ by less than 1 eV, while the icosahedral
structures are higher in energy by a few eV. The predominance of fcc and decahedra
isomers reflects the energetics that we obtain by global optimization of Aug; clusters
and that reported in Ref.12. We note the remarkable agreement between the
abundances of the different structures in the experiment (see Fig. 2) and in the
simulations (Table 1).

To explore directly whether the distributions of isomers we observe in the
experiments are indeed metastable, as the similarity of the distributions at different
sizes and the growth simulations imply, we performed continuous irradiation and
imaging experiments on eighteen individual Ause; clusters. They were irradiated by
the STEM electron beam for a prolonged period of time (specifically, for a minimum
of 50 frames with an acquisition time of 2.9 seconds per frame and a dose of 2.1x10*
¢’ /Angstrom”/frame), while any resulting structural transformations were observed
(video imaging). This method was previously used to show that the icosahedral
isomers of the Aug; clusters generated under fast growth conditions were
metastable'®. Table 2 lists the observed initial and final structures of the clusters, and
the frequency of each transition. The result is that for clusters that were initially
decahedral in structure, 8/9 transformed to fcc within 50 frames, whereas for clusters
that were initially fcc, 8/9 remained fcc over 50 frames. The other fcc cluster was
observed to transform to Dh structure, but then transformed back to fcc. An example
of a transformation ‘video’ can be found as Supplementary video S2 online. These
results confirm the conclusion that the cluster structures we observed after cluster
growth are ‘locked’, and that the observed Dh structure is metastable with respect to
fee.

In summary, Ause; and Auys, nanoclusters were produced under similar, slow growth
formation conditions, and the proportions of structural isomers were determined by
comparison of HAADF STEM images with electron scattering simulations. For both
sizes the proportions of the main isomers are such that the decahedron is most
abundant (Dh>fcc>Ih), but more importantly the relative abundances are the same in
both cases and the same as for Augy;. On the basis of these experimental results,
combined with the growth mechanisms found in molecular dynamics simulations and
atomic manipulation experiments under the electron beam, which tend to convert Dh
structures to fcc structures, we conclude that the atomic structures and their
proportions observed at all these sizes are determined by template growth onto
smaller, seed structures, the thermal energy available at the growth temperatures
being insufficient to produce (local) equilibrium configurations. The combination of
tools employed here can doubtless be applied to many other nanosystems, whether
clusters, nanoparticles or beyond, to reveal the hierarchy of metastability that
underpins the formation and applications of nanostructures.
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Tables
Table 1. Results of the growth simulations
Growth temperature | Decahedral Fcc Icosahedral Unclassified
400K 6 3 1 2
500K 7 4 0 1
600K 5 6 1 0
Total 18 (50%) 13 (36%) 2 (6%) 3 (8%)

Table 1. Results of the growth simulations. The proportion of Dh, fcc, Ih and
unclassified clusters at T=400K, T=500K, T=600K, and the overall percentage of

structures is shown.

Table2. Frequency of structural transformations of Auseg clusters irradiated
with the STEM electron beam

Initial State Intermediate State | Final State Frequency
Dh - fce 8
Dh - Dh 1
fce - fce 8
fce Dh fce 1

Table 2. The frequency of structural transformations of 18 Ause; clusters continuously
irradiated with the STEM electron beam while imaging. The initial state (the
structure identified in the first images of the sequence) and final state (structure

identified in the final images of the sequence) are shown together with (in one case)
an intermediate state, alongside the frequencies of the different transition pathways.
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Figures

1nm

Figure 1. HAADF STEM images and corresponding electron scattering
simulations for Ause; clusters.

(a)-(e) show HAADF STEM images of Ause; clusters with corresponding electron
scattering simulations in (f)-(i): (a, f) Icosahedron (27,5) orientation, (b, g)
cuboctahedron (fcc family) (15,60) orientation. (¢, h) Ino-decahedron (Dh family)
orientated along a five-fold axis (0,0). (d, i) Ino-Decahedron which not orientated on a
high symmetry axis (18,10), and (e) an amorphous (unclassified) cluster.

The specific orientations (0,a) of the model clusters used in the simulated images are
given in Supplementary Fig. S1.
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Figure 2. Percentages of structures observed for Auss; and Au4; compared with
Aug'.

(a)-(c) show the percentage of structures observed for Auses; and Auzs compared with
Aug;'®. Clusters are classified as face-centered-cubic (fcc), Decahedron (Dh),
Icosahedron (Ih) or unidentified or amorphous (UI/A). The magnetron power, 10W,
and condensation length, 250mm, were the same in all cases
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Figure 3. Snapshots from growth simulations at different temperatures.
T=400 K:

growth of a decahedron. T=500 K: growth of an fcc truncated octahedron.
T=600 K: growth of a decahedron.
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Methods

Production of nanoclusters

The gold nanoclusters employed in this work were produced by a magnetron
sputtering, gas aggregation cluster beam source™, and size selected using a lateral
time of flight mass filter*® (mass resolution of M/AM= 22) to give clusters with 561 +
13 atoms and 742 + 17 atoms. The process is that gold atoms are sputtered from a
polycrystalline by an argon plasma and clusters are formed by condensation in a
helium (and argon) buffer gas cooled to ~100K The positively charged clusters are
focused into a beam and mass selected before deposition. The deposition energy of
the clusters can be controlled by the accelerating voltage applied to the substrate. It is
possible to influence the size and structure'® > of the clusters produced by changing
the pressure in the condensation chamber, the condensation length and the sputtering
power. In this work the nanoclusters were produced under slow growth conditions
(low magnetron power, 10W, and long condensation length, 250mm) to reduce
kinetic trapping of structures, and were soft-landed (for Au561 at either 2.7 or 1eV
per atom, for Au742 at 2eV per atom)®’ onto a TEM grid coated with amorphous
carbon to maintain their structure and avoid fragmentation. Clusters diffuse to defect
sites on the surface where they are immobilized”’. The coverage was controlled by the
beam current and deposition time chosen, to give a mono-dispersed sample, on which
aggregation was negligible.

Characterisation using STEM

The samples were imaged using a 200 keV (JEOL 2100F) STEM with a spherical
aberration corrector (CEOS) and resolution 0.1 nm. The HAADF detector inner
collection angle was 62 mrad. This enabled the atomic structure to be determined'*
via comparison with multiple electron scattering simulations®' for the icoshedron, Ino-
decahedron and cuboctahedron; the simulation atlas method"”.

Cluster growth simulations

Molecular-dynamics simulations of cluster growth were performed™* by depositing
atom by atom at a rate of 4.8 ns”'. The nanoparticle temperature was kept constant
during growth. Simulations started from a small seed of 13 atoms and reached a final
size of 1000 atoms. Three growth temperatures (400, 500, and 600 K) were
considered. The atomistic interaction potential used in the simulation is the Gupta
potential®*, which is based on the second-moment approximation to the tight-binding
model®. This potential reproduces correctly Au surface reconstructions®. Its accuracy
has been recently tested against the structures and local relaxations of Au
nanoparticles on MgO(001)*, obtaining very good agreement with the experiments.
The structures of the growing clusters were classified using the common neighbor
analysis method™.
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