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Probing the generalized magicity of Ag nanoclusters constructed on Si(111) by atomic manipulation
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Using scanning tunneling microscopy supplemented with first-principles calculations, we examine all the
thermally activated atomistic processes of Ag, (n = 1-26) constructed atom-by-atom on a Si(111)-(7 x 7)
substrate, and we exploit such cluster dynamical information to further determine the energetic stability (or
magicity) of the clusters. By generalizing the traditional concept of cluster magicity solely based on cluster
association/dissociation to also include various complex collective cluster motions, we identify the existence of
two classes of magic clusters. The most stable class, Ag;o and Agys, is defined by geometrical shell closure; the
less stable class of Ag, (n =3, 5, 13, 16, 19) is associated with lower kinetic barriers against internal restructuring
of, or atom detachment from, their respective clusters of neighboring sizes. Our detailed analysis also reveals
that the substrate effect, rather than the number of bonds within the clusters, dominates the cluster stabilities. The
conceptual advances gained in the present study are broadly applicable to many related cluster systems in contact
with external media, and they are expected to be instrumental in tuning the dynamical behaviors of clusters in

surface catalysis, nanoplasmonics, and other technological areas.
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I. INTRODUCTION

Atomic clusters constitute an important class of low-
dimensional materials possessing intriguing structures,
properties, and functionalities, and many magically sized
clusters with exotic physical and chemical properties serve
as compelling examples. The traditional definition of cluster
magicity relates the cluster stability with the attachment or
detachment of a single atom. The extra stabilities relative
to their immediate neighboring sizes of the magic clusters
are manifested by their higher populations in a typical
cluster beam'~ or in cluster ensembles fabricated on different
substrates.””'> Nevertheless, clusters supported on surfaces or
in contact with other environments may exhibit qualitatively
different dynamical behaviors from their counterparts in free
space. For example, clusters on surfaces naturally possess
the extra dynamical degrees of collective translation or
rotation, which will lead to variations of the cluster-surface
contact, thereby causing their stabilities and corresponding
magicity to change. Many types of cluster dynamics have been
demonstrated recently in real-space observations of various
supported clusters.'3"!7 It is therefore imperative to generalize
the concept of magicity of clusters supported on surfaces (or
in other materials settings) by consideration of all the atomic
processes, including changes in the surface adsorption site and
internal structure, rather than by considerations of single-atom
attachment and detachment events alone.

In the field of cluster physics, noble metal clusters on
various substrates have been widely studied for their potential
applications in nanocatalysis and nanoplasmonics.'®! For
example, Ag or Au clusters on oxide surfaces were found
to exhibit high catalytic activity and selectivity for commer-
cially important reactions such as propylene epoxidation®>?3
and CO oxidation.’*? In particular, variations in the clus-
ters’ configurations®” and adsorption sites®*?” can often
influence their catalytic performance, in addition to the
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demonstrated changes in physical?®*=*! or chemical?>** prop-
erties by adding/removing just one single atom to/from such
clusters. The critical role played by the heterogeneous sites
is exemplified by Au clusters on TiO,, with the Ti atoms
neighboring Au becoming highly catalytic.”> These com-
pelling examples convincingly demonstrate that the chemical
stabilities of supported clusters critically depend on variations
in both the sizes and detailed atomic arrangements of the
clusters on the supporting substrates, which are the focus of the
present study. The generalized magic clusters, possessing extra
stabilities against any type of cluster dynamical processes,
are expected to be more durable in various technological
applications.

In this paper, we use the prototypical model systems of
Ag, (n = 1-26) clusters formed on Si(111)-(7 x 7) through
vertical atomic manipulation with single-atom precision to
systematically exploit and validate the concept of generalized
cluster magicity. Within this new concept, the magicity of the
supported clusters is defined collectively by consideration of
all the dynamical processes of the clusters, including collective
diffusion, internal restructuring, and association/dissociation.
By examining the detailed dynamical movements of the
clusters and their magicity, we can convincingly unveil the
atomic shell closure and substrate effects as the dominant
physical mechanisms working corroboratively in defining the
overall stabilities of the supported clusters. The insights gained
from the present study are expected to be applicable to many
other cluster/substrate combinations as well.!8:1%-32.33

The rest of this paper is structured as follows. In Sec. II,
we present our experiment details, including the sample
preparation, assembly of Ag clusters, and cluster dynamics
measurements. Also, we brief our theoretical calculation
methods. In Sec. III, we present our experimental observation
of four different types of cluster dynamics of the assembled Ag
clusters. We quantitatively measure the rates of their dynamical
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processes, from which we define a measure of their stabilities
and magicity. Ag clusters with sizes of 10 and 25 are found
to be major magic clusters, while sizes of 3, 5, 13, 16, and
19 are found to be minor magic numbers. With theoretical
calculations, we determine the atomic structures of Ag7, Ago,
and Agys and conclude that the major magic numbers of
Ag)o and Agys originate from their geometrical shell closure,
whereas the nonmagic number of Ag; results from its poor
registry with the substrate. We also discuss the correlation
between minor magic numbers and the changes in the cluster
movement modes. Last, we illustrate that the cluster stabilities
within our new definition of magicity are intimately connected
with the respective energy differences between their ground
states and their corresponding first excited states. We conclude
our paper in Sec. V. We also provide two movies showing the
dynamical processes of Agjs and Agi; in the Supplemental
Material.**

II. EXPERIMENT AND THEORETICAL CALCULATION

To quantitatively explore the generalized magicity of
supported clusters, we use scanning tunneling microscopy
(STM) to reliably determine the cluster sizes and differentiate
between the various types of intracluster dynamics. Our
experiments are carried out in ultrahigh vacuum with an
Omicron variable-temperature STM. An n-type Si(111) wafer
with a room-temperature resistivity of ~0.026 €2cm is used
as the substrate. It is cleaned and prepared using standard
annealing procedures to form a well-reconstructed Si(111)-
(7 x T) surface. Ag clusterson Si(111)-(7 x 7) represent aclass
of prototypical systems, and the half unit cells (HUCs) of the
reconstructed surface naturally act as ideal templates to form
identical clusters.”” Ag clusters could be formed by thermal
growth with coverages larger than 0.05 monolayer (ML)
(1 ML = 1.38 x 10" atoms/cm?).>> However, this method
could neither tell the exact number of atoms of the clusters
due to limited resolution of STM images nor provide clean
environments for them because of the dense Ag structures on
the surface. To precisely identify and quantitatively measure
the dynamic processes of the clusters as a function of their
sizes, we refer to atomic manipulation to provide such accuracy
and clean environments for each cluster.

In our experiment, we deposit ~0.003 ML Ag onto the
Si(111)-(7 x 7) surface to form single Ag atoms confined
in separated HUCs, serving as raw materials for assembling
Ag clusters by atomic manipulation.’® The Ag clusters are
prepared by STM vertical atomic manipulation. We take
a faulted-HUC (FHUC) of the (7 x 7) reconstruction as a
template trap® and use a functionalized STM tip to repetitively
transfer single Ag atoms elsewhere to this target FHUC to
construct the Ag clusters, one Ag atom at a time. Consequently,
the sizes of the clusters can be obtained by counting the number
of the Ag atoms used in the assembly.® At room temperature,
multiple Ag clusters with the same size as well as with different
sizes are fabricated in a local area of the surface for subsequent
statistical measurements. Sufficient time is allowed at room
temperature for the atoms to relax to their equilibrium positions
before the clusters are cooled or heated in situ. Their dynamical
behaviors of the clusters are examined by STM images from
low to high temperatures within the range of 95 K to 365 K, to
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identify their various dynamical movements and to measure the
corresponding rates. For changing temperatures, the sample is
cooled or heated at a sufficiently low rate to ensure the STM
imaging is able to track the same surface area with the prepared
clusters.

The STM images are taken at a sample bias of 42 V,
together with a small tunneling current of 3 pA to minimize
the influence of the STM tip to the atoms, clusters, and
their dynamics. All the clusters exhibit certain degrees of
rectification behavior,’! and, as a consequence, an onset
sample bias needs to be applied, above which reasonable
current responses can be obtained. For clusters from Ags to
Agy, the onset sample bias ranges from +1 V to +2 V. To
ensure that all the clusters studied would appear as protrusions,
the STM images are taken at a sample bias of +2 V. The
influence of the STM tip to the cluster dynamical movements
is also examined by varying the sample bias and the tunneling
current applied in the measurements, and we conclude that
using a sample bias of 2 V and a tunneling current smaller than
100 pA will only bring negligible influence to the movement
rate of the clusters.

The structures of a few selected clusters are also simulated
within the framework of density-functional theory (DFT) for
supercells of about 350 atoms using the VASP code (see Ref. 31
for details).”’

III. RESULTS AND DISCUSSION

Various types of dynamical processes may destroy the
stability of the supported clusters. Although it is impossible
to precisely identify the atomic behaviors in each cluster
movement, the STM movies could clearly distinguish four
qualitatively different movement modes of the clusters, as
shown in Fig. 1: (a) “Collective move”: A cluster changes
its image as an entirety, usually to a symmetrically connected
position within the FHUC. This dynamical movement could

(a) Collective move (3,5-10)
Ag

(b) Partial move
Local restructuring (4,13-16,18,19,22-25)

5

Single atom hopping (1,2,11,12,26)
Agye

>

FIG. 1. (Color online) STM images showing four typical modes
of movement of the Ag, (n = 1-26) clusters. (a) Ags moves to
a symmetrically connected position as a whole; [(b) upper] Agis
changes its local structure at one corner (marked by the arrow);
[(b) lower] Agye (right) has one single Ag atom diffusing on top
of the otherwise static Ag,s (left); (c) Ag;; dissociates into Ag,¢ and
Ag,, with the dissociation occurring at the line indicated by the arrow.
The rest of the clusters can all be classified into one of the movement
modes, as listed in the figure.
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be understood by collective diffusion of the cluster, either via
rotation or translation. An example is Ags, which changes
its image to its mirror symmetry position, most probably by
simultaneously rearranging all or most of the Ag atoms within
the cluster. (b) “Partial move”: This mode could proceed
with a small fraction of a cluster undergoing a collective
diffusion while the rest of the cluster stays intact. It includes
(1) “local restructuring,” which involves a slight image change
induced most likely by a rearrangement of the local structure
of a given cluster, and (ii) “single-atom hopping,” which is
caused by one or two fast-moving Ag atoms on top or at
the edge of an otherwise static structure. Ag;s belongs to the
former, for which only a small part of the cluster changes
its appearance (indicated by the arrow). Agys is an example
of the latter, for which a single Ag atom diffuses fast on
top of the otherwise static Agys cluster. (c¢) “Dissociation”:
A cluster loses one Ag atom to its neighboring HUC and
shrinks in size. This process involves detachment of the atom
from the cluster and further overcoming the kinetic barrier
to leave the original HUC. An example is shown for Ag;7,
which dissociates into Agj¢ and Ag; in the neighboring HUC,
taking place suddenly at the moment labeled by the line
change in the image. All the observed cluster dynamics are
reversible and represent thermally activated processes between
the ground state and metastable configurations. However,
we have occasionally observed cluster configuration changes
to otherwise unknown structures in some of the long-time
measurements. Such changes are irreversible, and they are
likely to be caused by the undesirable adsorption processes
of the residual gas molecules in the vacuum. In all our data
analysis, we have explicitly excluded such spurious events
and focused only on the reversible dynamical processes. We
have also uploaded movies depicting the “local restructuring”
of Agj¢ and “dissociation” of Ag;; in the Supplemental
Material.** The rest of the clusters in the range Ag;—Ags
would undergo one of these dynamical movements in our
repeated observations.

To investigate the stability of a given cluster, we measure the
rate of cluster movement of the first thermally activated mode
described above. For each data point at a given temperature, at
least 10 events, and most often far more, statistical events are
recorded, and the rate averaged. Figure 2(a) shows the rate of
movement against temperature, obtained by the exponential
fitting of curves R =a -exp(—b/T) to the measured data
points, for clusters Ag; to Agys. Some representative sets
of data points are depicted to demonstrate the fitting quality,
while the rest of the data points are hidden for better visual
clarity. The temperatures facilitating the movement rate of
1-100 times/hour span a large range, but they can be roughly
divided into two groups: Those above 200 K are clusters with
“collective move,” “local restructuring,” or “dissociation,” and
those below 150 K are clusters with “single-atom hopping”
(Fig. 1). For the latter, their hopping rates are usually quite
fast even at low temperatures (~100 K). Therefore, the values
around 10 times/hour are mostly extrapolated from fittings of
much higher measured rates of movement.

We define a stable temperature at which the rate of move-
ment reaches 10 times per hour in order to compare the detailed
relative stability among all the clusters. This low movement
rate would allow us to observe any intermediate configurations
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FIG. 2. (Color online) Stabilities of Ag,—Agys clusters. (a) The
rate of movement for the first thermally activated mode for Ag,—
Agye at various temperatures. Clusters with nearly bundled curves
are labeled by vertically listed numbers, with the topmost number
corresponding to the curve attaining the highest temperature at the rate
of 100 times/hour. (b) The deduced stable temperature for Ag;—Ag
defined at three different cluster movement rates. (c) Second-order
differences of the stable temperature curves in (b), manifesting the
cluster magicities. The two classes of magic clusters are marked by
circles of different colors.

if they exist for enough time. The size-dependent stable
temperatures for clusters Ag; to Agys can then be extracted
from Fig. 2(a), as shown by the curve “10 times/hour” in
Fig. 2(b). The stable temperature changes quite substantially
for a few neighboring cluster pairs, especially for Ag, to
Ags, Ags to Ags, Agio to Agii, Agip to Ag3, and Agps
to Agys. Using the second-order differences of the stable
temperature curve in Fig. 2(b), we obtain the corresponding
“10 times/hour” curve in Fig. 2(c), which can better reveal the
generalized magicity of the clusters: the major magic numbers
of 10 and 25, and the minor magic numbers of 3, 5, 13, 16,
and 19. Here, it is important to note that a specific choice
for the definition of stable temperature using different rates of
movement ranging between 1 and 100 times/hour will only
introduce an insignificant shift in the stable temperature curve,
as depicted in Fig. 2(b). The stability features as shown in
Fig. 2(c), which in essence defines the magicity of the various
clusters, strikingly exhibit negligible changes as we vary the
rate in the definition. These observations collectively attest to
the robust nature of the main findings.

The magicity of Ag;o and Agys arises from the geometrical
shell closure of the two clusters. Among all the Ag clusters
considered, Agjp and Agps are the only two that show
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FIG. 3. (Color online) STM images (first column) and DFT
structural models (second and third columns) of (a) Agjo, (b) Ags,
and (c) Ag; within a FHUC on Si(111)-(7 x 7). The two atomic
models for Ag; in columns 2 and 3 with different orientations
have equivalent structures connected by a mirror symmetry. The last
column shows the corresponding free 2D models.

3-fold symmetry in the STM images (Fig. 3), in registry
with the substrate symmetry. To correlate the magicity with
the geometrical structure of the clusters, we have performed
DFT calculations for Agjo, Agys, and Agy, respectively, in
a FHUC of Si(111)-(7 x 7) by considering all the Si-Si,
Si-Ag, and Ag-Ag interactions in the supercell. The optimized
atomic models are shown in Fig. 3. The Agj structure in
Fig. 3(a) shows a good match between the close-packed cluster
and the underlying substrate, and thus shows extra stability
against Agg, primarily due to the loss of freedom to transform
among equivalent structures with different orientations. The
“single-atom hopping” mode for Ag;; and Agj, in Fig. 1
shows that the extra Ag atoms cannot find stable adsorption
sites to attach to Ag;o. From the evidence of the STM images,
the diffusing Ag atoms mostly go along the edge of Ago,
implying that Ag;o has no “active” site left to stabilize the
extra one or two Ag atoms in Ag;; or Agj,. The outer-shell
Ag atoms seem to stabilize themselves from Ag;; onward.
The atomic structure of Agjo persists not only for Ag;; and
Agy, but for Agys (see below), and most likely for all the
clusters between Agjo and Agys. The stable core of Agjy will
prevent larger clusters from moving as a whole, as seen in
Fig. 1, where no cluster larger than Ag;o exhibits “collective
move,” in contrast to the majority of clusters smaller than Agj,
which can execute such collective moves. The Agys structure
in Fig. 3(b) shows a similar shell closure to Ago, with a similar
inner Ag structure (red), and additional 15 Ag atoms (purple)
filling the outer sites to form another complete shell. The STM
image of Fig. 1 indicates that the extra Ag atom in Agy cannot
find a binding site at the edge of Ag,s for attachment and can
only diffuse fast on top of Ags.

The substrate can play an important role in stabilizing the
supported clusters and defining their corresponding magicity.
In a free two-dimensional (2D) cluster model, as shown in
the right column of Fig. 3, Ag; would also have 3-fold
symmetry and be more stable than Agjy because every Ag
atom would at least form three bonds with the neighbors.
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However, neither the STM imaging nor the stability analysis
reveals any extra magicity of Ag;. In the DFT optimized
atomic model in Fig. 3(c), though Ag; forms a nearly 3-fold
symmetric structure, it does not overlay symmetrically with
the substrate. Rather, it leans to one side of the FHUC. The
mismatch between Ag; and the underlying Si(111)-(7 x 7) is
expected to result in a reduced stability, as shown in Fig. 2(b),
as the Ag atoms in Ag; will need to move only a small distance
to transform into its equivalent structure, as shown in Fig. 3(c).
With each of the three corner Ag atoms only forming two bonds
with its neighboring Ag atoms, the extra stability of Agg
could originate from the bond between the corner Ag atom
and the underneath Si rest atom. Unlike the free 2D structure
of Agys in Fig. 3(b), the DFT simulated atomic structure of
Agys does not show a close-packed arrangement. Here, by
replacing three Ag atoms with center Si-adatoms and moving
the respective Ag atoms to the corners to bind with the corner Si
adatoms, the resulting structure gains its extra stability. These
observations demonstrate that, because of the possibility to
bind with the surface Si atoms, the supported Ag clusters
cannot be considered as free 2D clusters, and their magicity
is at variance with the expectations from the planner atomic
model via a simple bond counting analysis of the Ag atoms.

Similar to the major magic clusters of Agjo and Agys, the
minor magic numbers also correlate well with the changes
in the movement modes. As seen from the list in Fig. 1,
Ags and Ags gain their metastabilities because the dynamics
of these two clusters is via “collective move,” while their
common neighbor of Ag, possesses lower stability via “local
restructuring.” Similarly, Ag3 gains its metastability because
its primary mode of dynamics is “local restructuring,” which
is more difficult than the low-kinetic-barrier “single-adatom-
hopping” mode of its neighboring cluster of Agi,. Agis
and Agjo gain their metastabilities because their primary
mode of dynamics is also “local restructuring,” which is also
more difficult than the primary “dissociation” mode of their
respective neighbors of Ag;; and Agyg.

The above points can be further illustrated pictorially.
Because the observed cluster dynamics refers to the first
thermally activated mode of a given cluster, the generalized
magicity can be understood from the respective energy levels.
Figure 4(a) shows a schematic drawing of the relative energy

(a) esses Collective move (b)
E -=== Local restructuring E
== Ground state

~~v Dissociation
-=== Local restructuring
&= Ground state
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FIG. 4. (Color online) The plausible energy levels for various
movement modes for Ag;—Ags (a) and Ag;s—Ag;; (b), respectively.
The dashed oblique line represents a binding energy increase with
the cluster size. All the energy values are plotted only for qualitative
comparison.
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levels of Ags, Aga, and Ags. The three clusters can all undergo
a “collective move” to transform to their equivalent structures,
similar to Ags shown in Fig. 1. The required excitation
temperatures are found to increase with the cluster sizes,
since more and more atoms are involved in this movement
mode. This is represented by gradually increased energy
separation between the “collective move” state and the “ground
state.” Nevertheless, while the “collective move” is the first
excitation for Ags and Ags, Ags can be excited first to another
metastable state via “local restructuring,” which has a lower
barrier, involves fewer numbers of atoms, and occurs at much
lower temperature (~200 K vs 333 K). Figure 4(b) shows
a possible energy diagram of Ag;s, Agies, and Ag;;. The
states of “dissociation” represent the energy barrier for the
clusters to dissociate. Though the “dissociation” states of
Agis and Agje or the “local restructuring” state of Ag;; are
not observed in the experiments, they are considered as the
higher excited states. The first excitation energy for Ag;; is
relatively smaller than those of Ag;s and Agjs, as seen from
the data points in Fig. 1(b), and it makes “dissociation” as its
first excitation mode to contribute to the stability of Ag;s by
contrast.

IV. CONCLUSION

In conclusion, we have used a set of Ag clusters on
Si(111) as the prototypical systems to effectively establish the
new concept of generalized magicity of nanoclusters in close
contact with environmental settings. To our best knowledge,
this is the first attempt to go beyond the traditional definition
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of cluster magicity defined by consideration of single-atom
attachment or detachment alone, as well as the first experi-
mental exploration of the dynamical processes of supported
clusters as a function of the cluster size with single-atom
precision. By examining the various cluster dynamical pro-
cesses in terms of collective diffusion, internal restructuring,
and the traditional single-atom attachment/detachment for the
Ag1—Agye clusters, we clearly demonstrate the existence of
two classes of magic clusters, with the most stable class
consisting of Agjo and Ag,s and the less stable class consisting
of Ags, Ags, Agi3, Agis, and Agjg. The magic sizes are found
to be well correlated with the geometrical structures of the
respective clusters and are strongly influenced by the substrate.
From an energetic perspective, the stabilities of the clusters are
intimately connected with the respective energy differences
between their ground states and their corresponding first
excited states. This new concept of generalized magicity
embodies rich physical contents, and it is expected to play
a vital role in future rationalization of various dynamical
phenomena and related stabilities of a vast variety of supported
nanoclusters with desirable functionalities.
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