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old is the most inert metal in the

periodic table, but at the nanome-

ter scale it exhibits outstanding
catalytic effects for a number of important
chemical transformations.’ The inertness
of gold and many of its unusual properties
derive from the strong relativistic effects*
that stabilize the outer 6s shell and destabi-
lize the 5d shell, inducing significant s—d
hybridization. The structures of unsup-
ported gold clusters provide the founda-
tion for a mechanistic understanding of the
catalytic and other unique properties of
nanogold and have been intensely studied.
Small gold cluster anions (Au,,”) have been
found to be planar up to 12 atoms” and are
understood by the significant s—d hybrid-
ization.® In the intermediate size range,
Au, to Au, 5 have been found to form hol-
low cage clusters,” whereas Au,, forms a
highly stable tetrahedral structure.® Larger
gold clusters pose major challenges be-
cause of their structural diversity.>~'" The
largest bare Au cluster that has been well
characterized experimentally is Auz, ,'*"3
consisting of a core—shell structure with a
4-atom core and 30-atom shell. Despite sig-
nificant theoretical efforts,"*'® the struc-
tures of large bare gold clusters remain un-
resolved. An interesting set of large hollow
gold cage clusters has been proposed,?°—>*
but none has been confirmed
experimentally.?

Here we focus on gold clusters with 55
to 64 atoms using photoelectron spectros-
copy (PES) of size-selected anions and first
principles calculations. These clusters with
diameters larger than 1 nm belong to a criti-
cal size regime connecting small gold clus-
ters to gold nanoparticles. The 55-atom
clusters are of particular interest because
they are a magic number in the Mackay
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ABSTRACT The atomic structures of bare gold clusters provide the foundation to understand the enhanced
catalytic properties of supported gold nanoparticles. However, the richness of diverse structures and the strong
relativistic effects have posed considerable challenges for a systematic understanding of gold clusters with more
than 20 atoms. We use photoelectron spectroscopy of size-selected anions, in combination with first principles
calculations, to elucidate the structures of gold nanoclusters in a critical size regime from 55 to 64 atoms (1.1—1.3
nm in diameter). Au,;~ is found to be a nonicosahedral disordered cluster as a result of relativistic effects that
induce strong surface contractions analogous to bulk surface reconstructions, whereas low-symmetry core —shell-
type structures are found for Augs ™~ to Aug, ™. Ausg exhibits a major electron-shell closing and is shown to possess
a low-symmetry, but nearly spherical structure with a large energy gap. Clear spectroscopic and computational
evidence has been observed, showing that Aus; ™ is a highly robust cluster and additional atoms are simply added
to its surface from Aus, ~ to Aug, ™ without inducing significant structural changes. The unique low-symmetry
structures characteristic of gold nanoclusters due to the strong relativistic effects allow abundant surface defects
sites, providing a key structure —function relationship to understand the catalytic capabilities of gold
nanoparticles.

KEYWORDS: photoelectron spectroscopy - gold clusters - density functional
theory - structure—function relationship - electronic structure

icosahedral series. However, several calcula-
tions using empirical potentials have pre-
dicted that Auss possesses an amorphous-
like structure.’™"7'? Indeed, a previous PES
and theoretical study on coinage metal
clusters has confirmed that Auss~ is non-
icosahedral, even though Cuss~ and Agss—
are icosahedral as evidenced by their simple
and well-structured PES spectra.’ By com-
bining well-resolved PES data and first prin-
ciples calculations, we have obtained a sys-
tematic understanding about the structures
and structural evolution from Aug;~ to
Aug, . Both anions and neutral clusters are
found to have similar structures, confirmed
by the relatively sharp ground-state PES fea-
ture for each cluster. Although all clusters
are found to possess low symmetry (C,) (in
particular, Augs ™~ is highly distorted), clear
core—shell type structures emerge from
Augs~ onward. Augg~ and Aug, consist of
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Figure 1. Photoelectron spectra of Au,,” (n = 55—66) at 193
nm (6.424 eV). The weak feature indicated by the * was likely
due to contributions from a minor isomer.

a central atom and a 10-atom first shell with a 45- and
46-atom outer shell, respectively. Ausg ™ is found to pos-
sess a central atom, an 11-atom first shell and a 46-
atom outer shell. The 12-atom core of Auzg~ can be
viewed as removing one apex atom from a distorted
Au,; icosahedron. Remarkably, this cluster is found to
be nearly spherical and structurally very robust: all
larger clusters from Augy~ to Aug,  can be considered
by adding extra atoms to square defects on the Ausg ™~
cluster surface. The origin of the nonicosahedral nature
of Augs~ and the low-symmetry structures of gold
nanoclusters has been identified as due to the strong
relativistic contractions of the cluster surface, analogous
to reconstructions of bulk gold surfaces. The unique
low-symmetry structures (which guarantee abundant
supply of surface defect sites) uncovered for bare gold
clusters in this critical size regime may hold the key to
understanding the catalytic effects of gold
nanoparticles.

Photoelectron Spectroscopy: Evidence for a Robust Augg ™~
Cluster and Layered Growth from Au,, ™ to Aug, . The PES ex-
periment was carried out using a magnetic-bottle time-
of-flight apparatus equipped with a laser vaporization
cluster source at room temperature.”® Negatively
charged clusters were analyzed using a time-of-flight
mass spectrometer and were mass-selected before pho-
todetachment using the 193 nm (6.424 eV) radiation
from an ArF excimer laser. The 193 nm spectra for Au,,~
(n = 55—66) are shown in Figure 1. These spectra are
considerably better resolved than a previous survey
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study by Taylor et al.?” (The current spectra for Auss
Aus,,and Augg~ at room temperature are comparable
to a recent study at 200 K condition.’)

The PES spectra represent approximately the occu-
pied electron density of states (DOS) of the negatively
charged clusters. As pointed out by Taylor et al.*” the
lower binding energy features from about 3.5 to 5.5 eV
come primarily from the Au 6s states, whereas the con-
gested PES features beyond 5.6 eV are mainly derived
from the Au 5d band. Rich fine features were resolved
in the low binding energy 6s band, providing electronic
and structural information for the underlying clusters.
The threshold peak, which characterizes detachment
transition from the ground-state of the anion to that of
the neutral cluster, is relatively sharp, suggesting that
there is little structural change from the anion to the
neutral. A clear even—odd effect was observed in the
electron binding energies of the threshold peak, indi-
cating that all the odd-sized cluster anions possess
closed electron shells, whereas the even-sized cluster
anions are open-shell. In other words, for neutral clus-
ters the even-sized clusters possess closed-shell elec-
tron configurations with an energy gap between their
highest occupied molecular orbital (HOMO) and their
lowest unoccupied molecular orbital (LUMO). The
weaker threshold peak in all the spectra of the even-
sized clusters comes from detachment of the single
electron in the LUMO [i.e., the singly occupied MO
(SOMO) of the anion], and the observed energy gap
represents the HOMO—LUMO gap of the neutral clus-
ter. Augg exhibits the largest HOMO—LUMO gap (0.65
eV) in this size range, because 58 valence electrons be-
long to a magic number in the jellium model represent-
ing a major electron shell closing.”®

The most striking observation is in the size range
from Aus,~ to Aug,  (Figure 1E—J). The spectra of all
these clusters display unprecedented similarities to that
of Augg : the effect of the additional atoms seems sim-
ply to contribute one valence electron, which succes-
sively fills up the LUMO or SOMO following the aufbau
principle. For example, the spectrum of Aus, ™ is almost
identical to that of Ausg ~,*® except that Aus,~ is closed
shell with two electrons in its HOMO, as evidenced by
the stronger intensity of its threshold peak at 3.88 eV
(Figure 1E). The energy gap revealed in the Aus,~ spec-
trum between the first and second PES peaks is the
same as that in Ausg~ and even the fine features in the
5d band around 5.9 eV are very similar in the two spec-
tra, suggesting that the extra atom in Ausg ™~ is simply
added to the surface of Augg~ without inducing signifi-
cant electronic and structural changes to the Augg~ par-
ent. In Aug, , the extra electron has to fill a new level
because the HOMO of Aus, ™ is completely filled with
two electrons already, as evident by the new spectral
feature at the threshold at 3.68 eV (Figure 1F). The sec-
ond peak in the Aug,~ spectrum has an identical bind-
ing energy as the threshold peak of the Aug,™ spectrum
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(3.88 eV) and the energy gap between the second peak
and the third peak in the spectrum of Aug, ™ is also
identical to the energy gap observed in Ausg~ and
Aus,, strongly suggesting that the extra atoms in
Aug, induce very little perturbation to the electronic
and atomic structures of the parent Ausg™ . In Aug,
the extra electron enters the SOMO of Aug, , produc-
ing two nearly equally intense peaks in the threshold
region.

This electron filling pattern continues until Aug, ,
which possesses seven extra electrons beyond the
shell closing at Ausg. These seven electrons yield three
filled orbitals and a half-filled SOMO, as evident from
the PES features of Aug,  between 3.8 and 4.3 eV.> Be-
yond Aug, , such simple electronic filling pattern is no
longer so obvious, as shown in the spectra of Augs~ and
Auge~ (Figure 1K and L). It is conceivable that the Ausg
core may be altered in the larger clusters with signifi-
cant structural changes. To summarize, the electron-
filling pattern from Au,g~ to Au,, revealed by the PES
data provided several structural hints: (1) Ausg~ pos-
sesses a highly stable structure, (2) the extra atoms from
Ausy~ to Aug,  are added to the surface of Augg™ with-
out inducing major structural changes, and (3) there is
no electronic degeneracy near the HOMO for Augg~ to
Aug, ", that is, all these clusters are likely to have low
symmetries.

Why Au,;~ Is Not Icosahedral: Relativistic Contraction of the
Outer Layer in Analogy to Reconstruction of Bulk Gold Surfaces.
What is this highly stable structure of Augg~ and how
do the clusters evolve from Augg™ to Aug, ? We car-
ried out calculations based on the density functional
theory with generalized gradient approximation (GGA)
implemented in the VASP code.?® It should be pointed
out that these clusters are quite complex and extremely
challenging computationally. However, the VASP code
has been shown previously to be fairly efficient for
treating gold clusters and yield reasonable results in
comparison to other methods.'*?%?> More importantly
the PES spectra are quite unique in this size range, pro-
viding valuable structural hints as mentioned above.
Both anions and neutral clusters were calculated and
they were found to exhibit very similar structures, con-
sistent with the sharp PES peaks. Our discussion and
presentation will focus on the anions (Figures 2-6). Our
structural search started from the 55-atom Au cluster,
which has been shown to assume low-symmetry struc-
tures using various empirical potentials,’>™'® although
its exact structure and why it is not icosahedral have not
been resolved.

We first optimized Augs~ without symmetry con-
straint starting from the /,, structure (Figure 2A). After
an initial optimization the outer shell of the /,-Auss™
was observed immediately to change from A to B (Fig-
ure 2), in which three surface bonds were broken and a
small “hole” appeared (Figure 2B: a second hole is also
present at the back). Further optimization led to Figure
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Figure 2. Structure evolution of Auss~. From the icosahe-
dral Aug;™ (A), structural optimization reveals the breaking
of surface bonds (B) due the outer shell contraction, the for-
mation of surface holes (C), and finally the global minimum
amorphous structure (D), in which several atoms from the
first shell appear to move up to fill the surface holes.

2C, in which two small holes fused together to form a
larger hole. This observation demonstrates clearly that
Auss~ cannot keep the I, symmetry because of surface
segregation resulting in shorter Au—Au distances. Inter-
estingly, this behavior is analogous to reconstructions
taking place on bulk Au surfaces.?’ It is well-known that
the low-index surfaces of gold reconstruct. For ex-
ample, the ideal Au(100) surface should have a square
lattice, but experiments reveal that the top layer of this
surface corresponds to a contracted hexagonal-closed-
packed structure. A 20% area contraction is measured
for Au and is shown to be entirely due to the relativis-
tic effects.' Calculations by turning off the relativistic
effect do not lead to the reconstruction, as is known for
the corresponding Ag(100) surface.®' For comparison
we also performed similar calculations on Agss~ and
found that it did keep the I, symmetry after optimiza-
tion, in agreement with previous conclusions that both
Agss~ and Agss™ possess the I, structure.®??

After further annealing, the final optimized struc-
ture of Auss~ is shown in Figure 2D, which seems to
adopt a less close-packed structure in the cluster inte-
rior (larger volume than the /,, structure) and is 1.65 eV
more stable than the /,, structure. The center atom now
has only about 8 nearest neighbors (Figure 4A) relative
to 12 in the ideal I, structure: several inner atoms have
moved outward to fulfill the surface holes. This kind of
reconstruction led to a highly disordered or
amorphous-like structure for Auss ™, as shown more
clearly in the distance distributions of the outer atoms
relative to the center atom (Figure 4A). The driving force
underlying the structural distortions of Auss~ from the
ideal /,, structure is to optimize surface interactions at
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Figure 3. Optimized structures of (A) Aus,~, (B) Aus,—, and (C) Ausg~, (D) the structure of the 12-atom core of Ausg~, (E) the
46-atom outer shell of Ausg~, where the surface square-defects are highlighted, and (F) the structure of Ausg~, in which the

inner core is highlighted.

the expense of the interior, entirely due to the relativis-
tic effect analogous to the bulk surface reconstruc-
tion.2" We found that in the optimized Augs~ structure
the surface atoms have much shorter bond length (2.83
A) than that in an /,-Auss~ (2.91 A). The DOS of this
highly disordered Au.;~ (Figure 5A) agrees qualita-
tively with the experimental PES spectrum, whereas an
I,-Auss~ would give a much simpler DOS spectrum.?
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Figure 4. Plots of atomic distances from the center atom for
the optimized structures of Au,” (n = 55—64). Two atomic
shells are clearly revealed for n = 56—64.
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Aug,~, Aug, ™, and Augg ~: Core—Shell Space-Filling
Structures with “Bubbles”. In Au.~, because of the finite
cluster size several first shell atoms in the original /,,
structure move outward to fulfill the surface holes cre-
ated as a result of the relativistic contractions of the
outer shell, resulting in a highly disordered structure
(Figures 2D and 4A). To further understand the effects
of the surface contractions, we optimized an /,-Auss
with its 13-atom /,, core fixed, but allowed its surface at-
oms to relax. We found three surface holes are formed
and the corresponding surface bond lengths are short-
ened to about 2.86 A, compared to 2.91 A in the ideal /,,
structure. Subsequently, we added three atoms to fill
the holes of the core-constrained Auss~ and reopti-
mized the newly formed Augg ™ cluster. After the clus-
ter was annealed, the final optimized structure (Figure
3C), which is 0.24 eV lower in total binding energy, has
undergone some substantial structural rearrangement.
This structure possesses no symmetry (C;), but has a
clear core—shell structure (Figure 4D). Interestingly, one
of the first shell atoms has moved out to the outer
shell, which has 46 atoms (Figure 3E). Its inner core, as
shown in Figure 3D, becomes a distorted icosahedron
with a missing apex atom. Despite its low symmetry, the
structure of Ausg ™ is in fact highly spherical: the ratio
of its three principal axes is 1.0:1.0:1.0. The simulated
DOS of this structure (Figure 5D) exhibits a large energy
gap and is in good agreement with the experimental
PES spectrum of Au.g ™. It is noteworthy that the
HOMO—LUMO gap of Ausg is much larger than that in
the corresponding Cusg and Agsg clusters® likely due to
its highly spherical structure.
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Figure 5. Simulated density of states for Au,,” (n = 55—64).
The Fermi level is aligned with the first photodetachment
feature in each case. The inset in (D) is a structural model
showing the six square-defect sites on the surface of Augg™
indexed according to Figure 3E (1, Au1—5—4-31; 2,
Au4—36—22—44; 3, Au5—13—43-35; 4, Au9—37—-12—-43;
5, Au26—27—28-42; 6, Au27—28—39—45). For n = 59—64,
structural models for the atomic positions of the adatoms
on the Augg~ surface are shown. Note the appearance and
occupation of two new defects (5’ and 6') in () and (J).

We filled the holes of the core-constrained Auss ™~
with one and two atoms and reoptimized the clusters
to yield the final structures for Auss~ (Figure 3A) and
Aus,~ (Figure 3B), respectively. Both clusters have low
symmetries (C,), but with clear core—shell structures
(Figure 4). The simulated DOS spectra for these two
clusters (Figure 5) are in good agreement with the ex-
perimental PES spectra. In particular, the low binding
energy part in the DOS spectrum of Aus,~ (Figure 5C)
is almost in quantitative agreement with the experi-
mental PES spectrum (Figure 1C). For Ause, the ob-
served HOMO—LUMO gap (Figure 1B) is well repro-
duced by the DOS spectrum (Figure 5B), but the
observed PES spectrum seems to contain many more
features than the DOS spectrum. This is because Augg ™
has a doublet ground-state with one unpaired elec-
tron in its SOMO. Photodetachment from Auss~ can
lead to both triplet and singlet final states, which can-
not be accounted for in the DOS spectrum. The core of
Aus, only contains 11 atoms and two of the inner shell
atoms in the original icosahedral core have moved to
fill the surface holes to create a 46-atom outer shell (Fig-
ure 4C), which is similar to that of Augg ™. Similarly, in
Aus— two inner shell atoms have also moved to the
surface to give a 45-atom outer shell (Figure 4B), which
is clearly less ordered than the outer shell of Aus, ",
but much more ordered than that of Aug; ™.

www.acsnano.org

A major driving force in these clusters is to create a
closer-packed surface layer because of the strong rela-
tivistic effects even at the expense of the inner core.
This reconstruction produces voids or “bubbles” below
the surface layer. For example, in Ausg~ there is a sub-
stantial void in the position of the missing first shell
atom (If we move one surface atom to fill the bubble,
the optimized structure is 0.5 eV higher in energy with
a small pentagonal hole on the surface). Two voids ex-
istin Ausg~ and Aus, , leading to slightly more disor-
dered surface layers. In Auss, three voids would have
been created if three inner shell atoms were to move to
the outer shell. Apparently, this is not sustainable and
the surface appears collapsed, resulting in the highly
disordered final structure for Auss~. The bubbles in

_ these gold clusters, which are slightly smaller in size

than the free-standing hollow golden cages of Au,4~
and Au,, ", are highly unusual. Their origin derives
from the strong relativistic effects of gold to form a
closer-packed outer layer. This phenomenon, which un-
derlies the unusual low-symmetry structures for the
gold nanoclusters, is analogous to the bulk gold sur-
face, where the reconstructed closer-packed surface
layer is incommensurate with the underlying substrate,
but the energy gain due to the relativistic contraction
in the surface layer is more than compensating for the
energy loss due to the mismatch with the substrate.’

Aug, ™ to Aug,: Layered Growth Based on a Robust Au, ™
Core. The PES data (Figure 1) suggest that Ausg~ is a
uniquely stable cluster and the larger clusters up to
Aug,  appear to be formed by simply adding extra at-
oms to its surface without inducing significant struc-
tural and electronic changes. Remarkably, despite its
nearly spherical structure the surface of Augg~ contains
six square-defect sites (Figure 3E), which provide ideal
anchoring points for the adatoms. We put extra atoms
to these defect sites successively and reoptimized the
cluster structures from Auge ™~ to Aug,  and found that
indeed the adatoms do not significantly change the
parent Ausg ™ structure (Figure 6). More importantly,
the DOS spectra from these clusters (Figure 5E—J) can
well reproduce the experimental observations.

For each cluster, we tested all the possible defect
sites. For Aug,, there is a small energy difference
among the six sites, but all six structures yield DOS
spectra with a large gap between the first and second
bands. The capping of site 6 gives the largest gap (Fig-
ure 5E); its structure is shown in Figure 6A. We also
tested the structure by filling the bubble of Auss™ with
one atom; the resulting structure is higher in energy
by 0.5 eV. For Aug, , we tested structures based on that
of Aus,~ by adding an atom to the remaining five
square defect sites. The DOS spectra for several low-
lying structures are compared with the experimental
spectrum in Supporting Information, Figure S1 for
Aug, . It is found that the structure with sites 5 and 6
occupied yields a DOS spectrum (Figure 5F) in best
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Figure 6. Optimized structures of Au,,” (n = 59—64). The central atom and the adatoms are highlighted.

overall agreement with the PES spectrum. The DOS
spectrum for the structure with sites 1 and 6 occupied
is also consistent with the PES spectrum in term of the
spacings in the first few peaks, but it is 0.26 eV higher in
energy. Since sites 5 and 6 are adjacent to each other,
it is energetically favorable to have them occupied first.
For Aug, ~ and Aug, , sites 2 and 1 are subsequently oc-
cupied (Figure 5G and H), yielding DOS spectra agree-
ing well with the experiment, in particular for the first
few PES features in the low binding energy range.
Successive capping of sites 3 and 4 yielded stable
structures for Aug;~ and Aug, , whose simulated DOS
spectra exhibit similarities to the PES spectra, but the
spacings among the first 3 or 4 bands appeared too
close. We noted that as more atoms are added two new
defect sites are created next to sites 5 and 6 (sites 5’
and 6’ in Figure 5lI) owing to a slight reorganization of
the surface layer of the parent Augg . Occupation of
these two new sites in Aug;~ and Aug, yields DOS
spectra in better agreement with the experiment in
term of the separations among the first 4 or 5 peaks,
as shown in Figure 5 panels | and J, respectively. It is im-
portant to note that despite the small relaxation of the
surface layer, the 12-atom core remains nearly identical
to that in Augg ™~ in all the surface-capping isomers from
Ausy~ to Aug,  (Figure 4E—)J). It is conceivable that
larger clusters beyond Aug,” may continue to grow in
a similar fashion. But more significant structural change
may occur because the electronic states near the Fermi
level begin to bunch up as revealed by the more con-
gested PES spectra near the threshold region for Augs ™
and Augs~ (Figure 1). Overall, the good agreement be-
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tween the simulated DOS spectra and the experimen-
tal PES spectra, in particular for the clusters from Augg™
to Aug, in the low binding energy range, lends consid-
erable credence to the low-symmetry structures and
growth pattern of gold nanoclusters in this critical size
regime.

Implications for Nanogold Catalysis: Low-Symmetry and
Abundant Supplies of Surface Defect Sites. Preparative-scale
gold clusters passivated by ligands or surfactant have
been found to often assume well-ordered
structures.®>3* The surface reconstructions imposed by
the strong relativistic effects have been uncovered to
result in low-symmetry structures for the naked gold
nanoclusters. These uniquely low-symmetry structures
may provide a key insight into understanding the cata-
lytic effects of nanogold. Extensive research efforts have
been carried out to elucidate the catalytic mechanisms
of nanogold.®> Small clusters with a few atoms have
been shown to be catalytically active both in the gas
phase and on oxide substrates.>® Supported gold films
with two monolayers of gold are found to be especially
active.>” All these model systems have one thing in
common: they have plenty of low coordination sites,
which are suggested to be critical for the enhanced
catalytic effects of gold nanoparticles.*®*3° The low sym-
metry structures discovered here for gold nanoclusters
in the 1—2 nm size regime guarantee abundant sup-
plies of low coordination surface sites or defect sites,
which may be the key for their catalytic activities. The
low symmetry gold nanoclusters thus provide a critical
structure—function relationship to understanding the
mechanisms of nanogold. High symmetry structures
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tend to have well-ordered surfaces and low coordina-
tion surface sites in such clusters decrease rapidly with
increasing cluster size. It is conceivable that gold nano-

METHODS

Photoelectron Spectroscopy. The experiment was carried out us-
ing a magnetic-bottle PES apparatus, which has been described
in detail previously.?® The Au,,~ cluster anions were produced by
laser vaporization of a gold disk target with a helium carrier
gas. The anions were extracted perpendicularly from the cluster
beam and analyzed using time-of-flight mass spectrometry. The
cluster of interest was mass-selected and decelerated before be-
ing photodetached by a 193 nm (6.424 eV) laser beam from an
ArF excimer laser. The photoelectron time-of-flight spectra were
converted to the electron kinetic energy spectra calibrated by
the known spectrum of Au™. The presented electron binding en-
ergy spectra were obtained by subtracting the kinetic energy
spectra from the photon energy. The resolution of the magnetic-
bottle PES apparatus was AE /E ~ 2.5%, that is, about 25 meV
for 1 eV electrons.

Theoretical Methods. The theoretical calculations were done us-
ing density functional theory with generalized gradient approxi-
mation (GGA) implemented in the VASP code. The VASP code is
an efficient simulated-annealing method, which allows local
minima to be readily identified.> In the calculations only the va-
lence electrons (5d'%6s') were treated explicitly and their inter-
actions with the ionic cores were described by the PAW pseudo-
potentials with scalar relativistic effects included.*® The wave
functions were expanded in plane waves with an energy cutoff
~230 eV. A simple cubic cell with 30 A edge length was used
with periodic boundary conditions, and the I" point approxima-
tion was used for Brillouin zone sampling. The accuracy of the
present calculation was checked by calculating the bond length
of Au, dimer and the lattice constant of bulk gold. The present
PAW pseudopotential method can correctly predict the binding
properties of the dimer and the bulk. Simulated annealing and
conjugate gradient method were used to optimize the global
structures. We carried out extensive searches for the global
minima for Au,,~ (n = 55—58). For n > 58, the structural search
was guided by the experimental hint such that additional atoms
were added to the surface of Ausg, followed by full structural
optimizations. All structures were optimized by the conjugated-
gradient method with a force convergence of 1.0 X 10 3 eVA ™",
Density of state spectra were simulated to compare with the ex-
perimental PES spectra. The DOS spectra were simulated by fit-
ting gaussions (0.05 eV width) to all occupied electronic states
below the Fermi level. The Fermi level was aligned with the first
PES feature to facilitate the comparison.
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