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INTRODUCTION

Few-atom gold clusters have attracted intensive research interest due
to their atypical chemical and electronic properties and corresponding
potential applications in catalysis (1–5) and optics (6, 7). Particular
attention has been focused on understanding size dependences, requiring controllable synthesis and characterization of well-defined
clusters with atomic precision (8, 9). Among all ligand-free clusters,
Au20 was investigated intensively, both with theory and experiment,
because of its high-symmetry tetrahedral structure and exceptionally
large HOMO-LUMO (highest occupied molecular orbital–lowest
unoccupied molecular orbital; henceforth referred to as HL) gap.
Photoelectron spectroscopy (PES) experiments on isolated anionic
Au20− revealed that the neutral Au20 cluster has an HL gap of 1.77 eV
(10). Density functional theory (DFT) simulations showed that such
a large gap could only be reproduced by a Td symmetry tetrahedral
pyramid structure, which is obtained as the most stable geometry
for Au20 (10). The tetrahedral structure was later confirmed by a
combination of infrared spectroscopy experiments and DFT calculations (11), and its high stability was rationalized by its closed electron
shell structure (12, 13).
Most applications require clusters on a support, which is realized
reliably with cluster-beam deposition of gas phase–produced clusters
in an ultrahigh vacuum (UHV) environment. Although solution synthesis of ligand-protected Au20 has also been proposed (14), proper
ligands and synthetic conditions still need to be explored, and ligands
notably affect the structure and electronic properties of a bare
cluster (15). Ensembles of UHV-produced Au20 exhibit interesting
macroscopic properties such as high catalytic reactivity (16) and
intense fluorescence (17); however, there are few studies at the single
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cluster level. So far, real-space imaging of Au20 was reported only in
one scanning transmission electron microscopy (STEM) experiment
of Au20 deposited on amorphous carbon films (18). Because of the
high energy of the STEM electron beam, Au20 was observed to continuously fluctuate between different structural configurations. The
imaged Au20 had tetrahedral projections in 5% of the frames, while
a disordered geometry was observed in most frames. The existence
and stability of the tetrahedral structure on surfaces therefore remain
under question.
Here, we use less invasive techniques, i.e., scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS) to
explore the structural and electronic properties of size-selected Au20
clusters on ultrathin NaCl films. These techniques are recognized as
powerful tools to investigate nanoclusters (19–22). STM topography
images of individual Au20 reveal the triangular symmetry of the
pyramidal structure, while a large HL gap of about 2.0 eV is extracted
from the STS data. On the basis of our experiments and DFT calculations, we confirm that both the predicted pyramidal structure
and the theoretically described closed-shell electronic configuration
of Au20 are retained on NaCl surfaces. Furthermore, by deposition
of a high coverage of Au20 clusters, a discrete distribution of the
agglomerated clusters is observed, which can be explained by the
Smoluchowski ripening mechanism for the supported Au20 clusters.
This ripening provides us with the unique opportunity to demonstrate the evolution of the electronic properties with cluster size, i.e.,
the HL gap decreases as the Au20 clusters assemble to form larger
agglomerates.
RESULTS

Mass-selected Au20 cluster anions with very low coverage (see
Materials and Methods) are deposited at room temperature onto
ultrathin NaCl islands including two (2L), three (3L), four (4L), and
five (5L) atomic layers (Fig. 1). As shown in Fig. 1A, most parts of
the grown NaCl are 3L with a small fraction of 2L and 4L and very few
5L NaCl. Clusters are found on 3L and 4L NaCl and not on 2L NaCl,
which is consistent with our previous findings (21) that the Au20
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The free-standing Au20 cluster has a unique tetrahedral shape and a large HOMO-LUMO (highest occupied molecular
orbital–lowest unoccupied molecular orbital) gap of around 1.8 electron volts. The “magic” Au20 has been intensively used as a model system for understanding the catalytic and optical properties of gold nanoclusters. However,
direct real-space ground-state characterization at the atomic scale is still lacking, and obtaining fundamental
information about the corresponding structural, electronic, and dynamical properties, is challenging. Here, using
cluster-beam deposition and low-temperature scanning tunneling microscopy, atom-resolved topographic images
and electronic spectra of supported Au20 clusters are obtained. We demonstrate that individual size-selected Au20
on ultrathin NaCl films maintains its pyramidal structure and large HOMO-LUMO gap. At higher cluster coverages,
we find sintering of the clusters via Smoluchowski ripening to Au20n agglomerates. The evolution of the electron
density of states deduced from the spectra reveals gap reduction with increasing agglomerate size.
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penetrates through 2L NaCl, while it can stay on top of 3L and 4L
NaCl. Using low coverages, only zero to four well-separated clusters
can be observed in a 200 nm by 200 nm STM scanning area, without
any indication of agglomeration of the Au20. Because of the too high
resistance of the 4L NaCl and the instability when scanning the
individual Au20 on 4L NaCl, we focus on clusters on 3L NaCl in
what follows. The STM-measured height for clusters on 3L NaCl is
0.88 ± 0.12 nm, which compares well to the DFT-simulated height
of 0.94 ± 0.01 nm for a pyramidal Au20 on a 3L NaCl film (Fig. 2A).
Using Cl-functionalized STM tips (23), the Au20 clusters were, in
some cases, imaged as a triangular shape with one protruding atom.
This is consistent with the theoretical picture of a pyramidal Au20
cluster atop a 3L NaCl film (see Fig. 2B). We note that for imaging
a small three-dimensional Au20 cluster, tip convolution effects are
almost impossible to avoid. Therefore, an ideal atomically sharp
Cl-functionalized STM tip is necessary to obtain both atomic and
geometrical resolution. We have attempted to get the atomic resolution for about eight clusters. The pyramidal shape was found with
different Cl-functionalized STM tips for the two clusters shown in
Fig. 1 (B and C). The corresponding three-dimensional views of these
two clusters are shown in Fig. 1 (D and E, respectively). An additional
cluster showing the feature of one protruded atom is illustrated in
fig. S1, although the pyramidal feature is less pronounced. Atomic
resolution was not realized for the other clusters due to the instability
of the Cl-functionalized tips. Although the triangular shape and height
distribution show that the deposited clusters maintain a pyramidal
shape, the STM images in Fig. 1 (B and C) do not show perfect tetrahedral structures. The largest angle in Fig. 1B is around 78°, indicating a large distortion at least of 30% with respect to 60° for a
perfect Td symmetry tetrahedron. There can be two reasons for this.
The first is related to the imaging technique. The tip convolution
effect can distort the image. In addition, the Cl-functionalized tip is
not stiff, which may also distort the STM images. Such an effect is
well studied in the atomic imaging of single molecules when using
a CO-functionalized atomic force microscopy tip (24). The second
reason is related to intrinsic distortion of the supported Au20. When
the Au20 clusters with Td symmetry land on the square lattice of NaCl,
the symmetry mismatch distorts the perfect tetrahedral structure of
Li et al., Sci. Adv. 2020; 6 : eaay4289
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Au20. We analyzed the symmetry information of three optimized
structures of Au20 on NaCl (see Fig. 2 and table S1) and found that
the clusters is only slightly distorted from a perfect Td symmetry
tetrahedral structure, with the largest maximum deviation in atomic
positions of 0.45 Å, a change that would not be easily resolved with
the accuracy of the STM imaging technique. This indicates that the
pyramidal Au20 is only slightly distorted from the tetrahedral structure
and, consequently, that the distortion from the tetrahedral symmetry
in Fig. 1 (B and C) is largely due to the tip convolution effect and/or
the flexibility of Cl-functionalized STM tips.
Besides the topographic information, another fingerprint of the
pyramidal Au20 is the much larger HL gap (around 1.8 eV), compared to the gap for other lower-energy Au20 isomers (below 0.5 eV
theoretically) (10). We examined the electronic properties of the
deposited clusters by performing STS measurements. Figure 1F shows
a differential conductance (dI/dV) spectrum taken on a Au20 cluster,
which shows a large energy gap (Eg) of 3.1 eV around the Fermi level.
Since the cluster is electrically decoupled by the insulating NaCl films,
a double-barrier tunnel junction (DBTJ) [tip cluster and cluster
Au(111)] is formed, which gives rise to single-electron tunneling
effects. Therefore, the gap in the dI/dV spectrum reflects contributions
from (i) the quantum HL gap (EHL) and (ii) the classical Coulomb
charging energy (Ec). The measured gap in dI/dV spectra ranges from
2.4 to 3.1 eV for seven clusters (see Fig. 1F and fig. S2). The observed
gaps are larger than the HL gap (1.8 eV) of gas-phase Au20, indicating
that the supported Au20 has a large HL gap as well. Differences in
the measured gap (see Fig. 1F and fig. S2) are attributed to the
different tip apex conditions for each measurement, which changes
the capacitor associated with tip and cluster, and, thus, the charging
energy within the DBTJ model (25). Consequently, the observed gap
(EHL + Ec) in dI/dV spectra is expected to differ to some extent in
different measurements. The largest gap measured in dI/dV spectra
is 3.1 eV, in which case, the tip is far from the cluster and, hence, the
capacitance between tip and cluster (C1) can be considered to be much
smaller than the capacitance between the cluster and Au(111) substrate
(C2). In this limit, the measured gap is described as Eg = EHL + Ec,
where Ec = e2/C2. We estimate that Ec is 1.1 ± 0.1 eV (see fig. S3). Then,
the HL gap is Eg − Ec = 3.1 eV − (1.1 ± 0.1) eV = (2.0 ± 0.1) eV.
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Fig. 1. Evidence of the pyramidal Au20 clusters on ultrathin NaCl films. (A) STM topography image (200 nm by 200 nm) of Au20 clusters on 3L and 4L NaCl islands
(V = −2.0 V, I = 0.02 nA). Three Au20 clusters are indicated by the black arrows. The one in the inset (dimensions, 80 nm by 73 nm) is on top of a 3L NaCl film, while the two
others are on top of 4L NaCl. (B and C) Triangular-shaped Au20 clusters with one atom on top, imaged with Cl-functionalized STM tips. Dimensions for both (B) and (C),
10 nm by 10 nm. (D and E) Three-dimensional views (with fast Fourier transform filtering) of the clusters in (B) and (C), respectively. (F) Normalized dI/dV [(dI/dV)/(I/V)]
spectra taken on a Au20 cluster on 3L NaCl. Eg is the energy gap around the Fermi level.
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We performed DFT calculations to compute the HL gap of the
free Au20 and that of the supported Au20 on 3L NaCl. Figure 2C
illustrates the simulated density of states (DOS) curve for the gasphase tetrahedral Au20, which has an HL gap of 1.78 eV, consistent
with previous experimental and theoretical results (10). When it is
on top of 3L NaCl/Au(111), with increasing distortion, the HL gap
(Fig. 2D) decreases from 1.73 to 1.51 eV (see table S1), which is
comparable with the HL gap (2.0 eV) extracted from the experimental
dI/dV measurements as discussed above. Our simulations indicate
that small distortions can result in some changes in HL gap but do
not induce a significant change. Other Au20 isomers beyond tetrahedrons are not considered in our calculations, since their gas-phase
HL gaps (10) are much smaller than 2.0 eV and hence would fail
to reproduce our experimental observations. For highly distorted
pyramidal structures in gas phase, the HL gap was also reported to
be much smaller. For example, Wang et al. (26) reported that a large
gap of 1.433 eV is found in the Td symmetry structure of Au20 and a
much smaller gap of 0.688 eV in a compact Cs symmetry structure.
Fernández et al. (27) analyzed four Au20 isomers, the Td structure,
and three low-symmetry structures and found that the gap drops from
1.83 eV for Td symmetry to 0.93 eV for a C1 symmetry amorphous
structure, which is only slightly less stable. The other structures have
even smaller HL gaps. Therefore, a large bandgap like that experimentally observed here is consistent only with a tetrahedral-like,
pyramidal structure.
To study cluster-cluster interactions, we deposit a higher coverage
of Au20 clusters onto 3L NaCl/Au(111) (see the Supplementary
Materials). Figure 3A shows the STM topography image of the
deposited clusters. Around 30 clusters can be observed in a 100 nm
by 100 nm STM scanning area. The observed clusters on the high-
coverage 3L NaCl sample have different sizes that are either equal or
Li et al., Sci. Adv. 2020; 6 : eaay4289
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Fig. 2. DFT simulation of the structural and electronic properties of a pyramidal Au20 cluster. (A) Side view and (B) top view of the optimized structure of a Au20
cluster on 3L NaCl/Au(111). The theoretical STM measured height (0.94 ± 0.01 nm) for
a Au20 cluster on NaCl is the vertical distance between the top atom of Au20 and the NaCl
surface, as indicated by the dashed lines in (A). (C) DOS curve of a free Au20 cluster.
(D) Projected DOS (PDOS) curve for a Au20 cluster supported on 3L NaCl/Au(111).

larger than the sizes of single Au20 clusters in the low-coverage
sample. This can be explained by diffusion and agglomeration on
the NaCl surface at room temperature. Cluster agglomeration and
growth are commonly ascribed to two mechanisms, Ostwald ripening
and Smoluchowski ripening. For Ostwald ripening, larger clusters grow
at the expense of smaller clusters, from which single atoms detach
and diffuse into a neighboring cluster. For Smoluchowski ripening,
larger particles are formed by the migration and agglomeration of
entire clusters. A straightforward feature to distinguish Ostwald and
Smoluchowski ripening is that, for the former, the distribution of
the cluster size is broadened and continuous, while for the latter, the
size is discretely distributed (28). We have carefully analyzed the
height and the corresponding width of each cluster resulting from
one or several Au20 clusters, as inferred from STM height profiles
(21). The size distribution of more than 300 clusters is plotted in
Fig. 3 (B and C). Although the clusters exhibit a broad range of
heights, as illustrated in Fig. 3C, three discrete groups of heights
(centered at around 0.85, 1.10, and 1.33 nm) can be observed. This
discrete size distribution can be more clearly observed in Fig. 3B,
where the abundance of the clusters is plotted in a population graph
as function of both height and width, showing a clear correlation
between the height and the width and the presence of three groups
of characteristic sizes; a fourth group also is discernable. These
are indicated by the dotted circles and constitute direct evidence
that the agglomeration of the supported Au20 clusters follows the
Smoluchowski ripening mechanism. The first group with a height
centered at around 0.85 nm is consistent with the height (around
0.88 nm) of the individual Au20 in the low-coverage experiments
described above. We assign the clusters in the first group to be Au20.
Clusters in groups II and III with heights centered at around 1.10 and
1.33 nm are attributed to Au40 and Au60, respectively.
Figure 4A shows three clusters with heights of 0.85, 1.10, and
1.30 nm, which can be classified to Au20, Au40, and Au60, respectively.
The corresponding dI/dV spectra, recorded using the same STM tip,
are shown in Fig. 4B. As the Au20 coalesces into larger clusters, the gap
in the dI/dV spectra decreases. For Au20, Au40, and Au60, we find gaps
of 3.0, 2.0, and 1.2 eV, respectively. As discussed above, the gap is the
sum of the HL gap and the charging energy. To obtain the charging
energy for Au40, and Au60, information of their three-dimensional
morphology is required. High-resolution STM topography images
of a Au40 cluster and a Au60 cluster (see fig. S5) exhibit shapes with
a circular footprint. Therefore, we infer that the most plausible
geometries of the cluster agglomerates are sphere or hemisphere like.
In the spherical-shape or hemispherical-shape approximation,3 the
h/2
    or
number of the atoms in a cluster can be estimated as N
 s    = ( _
r )
1_ _h 3 respectively, where h and r represent the cluster height
N h  = 2 (  r )  ,
and the radius of a single Au atom, respectively. Using the Wigner-Seitz
radius for a gold atom (r = 0.159 nm), in the spherical approximation,
clusters with heights of 1.10 and 1.30 nm contain 41 and 68 atoms,
corresponding to Au40 and Au60, respectively. In the hemispherical
approximation, the estimated number of atoms, 166 and 273, is much
larger than in Au40 and Au60, respectively. Therefore, we can conclude that the geometry of Au40 and Au60 is spherical like, rather
than hemispherical like. Again, within the approximation of C1 << C2,
the charging energy for Au40 and Au60 is estimated to be 1.6 ± 0.1 eV
and 1.0 ± 0.1 eV, respectively (see fig. S4). Then, we extract the HL
gap for Au 40 being 0.4 ± 0.1 eV and that for Au 60 being 0.2 ±
0.1 eV. This is consistent with the HL gap evolution observed in
previous photoelectron experiments on gas-phase gold clusters,
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It actually gives the energy difference between the two highest
occupied states of the anion. However, since it is not possible to
probe the inner atoms using STM, the precise atomic structures
of the supported Au40 and Au60 on NaCl were not identified in
our study.
DISCUSSION
Fig. 4. Electronic properties of Au20, Au40, and Au60. (A) STM topography image
(size, 46 nm by 32 nm; V = 1.5 V, I = 0.05 nA) of three clusters (Au20, Au40, and Au60)
on 3L NaCl/Au(111) with heights of 0.85, 1.1, and 1.3 nm, respectively, using a normal STM metal tip. (B) The corresponding dI/dV spectra of the three clusters in (A),
using the same STM tip.

where the HL gap is closing from Au20 to Au40 and Au60 clusters
(29). Note that both larger sizes do not correspond to electronic
shell closures for gold clusters (15). The structural and electronic
properties of Au40 and Au60 have been previously investigated in
the gas phase. For Au40, a putative global minimum was found to be
a twisted pyramid structure with a sizable HL gap of 0.69 eV by
DFT-based calculations (30). For Au60, combing PES experiments
and DFT simulations (31), it was reported that Au60 cluster are
formed by simply adding two additional atoms to the surface of
the parent Au 58 structure, where Au 58 was found to be nearly
spherical with a large HL gap of 0.65 eV. The HL gap of Au60 is
around 0.2 eV derived from the experimental PES data (31). The
derived HL gap of 0.4 ± 0.1 eV (0.2 ± 0.1 eV) for the supported Au40
(Au60) agglomerates on NaCl in our present work is comparable
to that of 0.69 eV (0.2 eV) for the gas-phase Au40 (Au60). Note that
the HL gap deduced from PES is a (good) proxy for the neutral,
assuming that the anion and the neutral have the same structure.
Li et al., Sci. Adv. 2020; 6 : eaay4289
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In summary, combining the STM topographic and spectroscopic
information, we have presented strong evidence that an individual
Au20 cluster deposited on 3L NaCl/Au(111) preserves its gas-phase
pyramidal structure with a large HL gap. We also find evidence
for Smoluchowski ripening of supported Au20 on NaCl, forming
Au20n (n = 1, 2, …) clusters. The evolution of the HL gap as a function
of the cluster size is revealed at the single cluster level. Our work
demonstrates a generally applicable routine to study the intrinsic
properties of well-defined clusters, as well as their sintering mechanism on surfaces. Detailed knowledge and understanding of morphology, size distribution, and electronic structure of supported
clusters are important to evaluate their catalytic and optical perform
ances and, hence, highly relevant to advancing the design of cluster-
based catalysis and optical devices.
MATERIALS AND METHODS

Preparation of NaCl/Au(111) substrate
NaCl layers were grown on a Au(111) substrate using vapor deposition at 800 K in the preparation chamber of an STM setup (Oxford
Instruments Omicron NanoScience) under UHV conditions. If
the sample was left at room temperature during growth of the salt
layers, then 2L and a small fraction of 3L NaCl(100) islands coexist
on Au(111). By annealing the sample up to about 470 K for several
minutes, most NaCl becomes 3L with small patches of 2L, 4L, and
5L NaCl.
4 of 6
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Fig. 3. Smoluchowski ripening of Au20 clusters on ultrathin NaCl film. (A) STM topography image of high-coverage Au20 clusters on 3L NaCl/Au(111) (size, 100 nm by
100 nm; V = 1.5 V, I = 0.05 nA), using a normal STM metal tip. (B) Size distribution of more than 300 Au20n (n = 1, 2, …) clusters on 3L NaCl/Au(111), where the counted
number of clusters is plotted as function of their height and width. (C) Histogram of the height (with respect to the surrounding NaCl surface) distribution of clusters on
3L NaCl/Au(111). Note that (B) and (C) share the same horizontal axis.
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Table S1. The relationship between distortion and the HL gap for supported Au20.
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Fig. S2. Series of dI/dV spectra recorded on different Au20 clusters with different conditions of
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