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The structure of gas-phase gold clusters of size ~20 is studied by density-functional global optimization in
the full configuration space. The putative global minimum of Au, is confirmed to be a tetrahedron (7)
independently of the choice of the exchange-correlation functional, whereas the structure of the low-lying

excited states depends on the theoretical approach. The peculiar stability of T, is rationalized in terms of the
synergic effects of s-d hybridization and electronic shell closure. Calculations on Au;q and Au;g show that T,
Auy possibly represents a “unicum” in the sequence of gold clusters.
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I. INTRODUCTION

The properties of metal clusters have attracted much at-
tention in recent years (see for example, Ref. 1) for their
interesting properties and potential applications in nanotech-
nology. In this context, an important role is expected to be
played by “magic” clusters, i.e., those possessing peculiar
stability due to structural and/or electronic shell closure,
whose formation energy thus exhibits a pronounced concave
“cusp” as a function of size or composition, which favors
preferential accumulation during growth and confers them
unusual properties. Gold-based clusters are promising candi-
dates in the search for magic structures. Gold itself occupies
a unique position at the borderline between transition and
simple metals, at the same time exhibiting a very large rela-
tivistic effect’ which brings the 6s orbital to overlap signifi-
cantly with the 5d orbital. Even though bulk gold is the
noblest of all metals,® a rich and often unexpected behavior
shows up in gold nanoclusters,* ranging from selective low-
temperature catalysis of industrially important reactions, to
interesting optical and electrical properties, to applications in
biosensors and drug delivery thanks to its full biocompatibil-
ity. Great interest has thus arosen in connection with the
discovery and characterization through photoelectron spec-
troscopy of the gas-phase Au,, cluster,’ exhibiting an unusu-
ally large highest occupied molecular orbital (HOMO)-
lowest unoccupied molecular orbital (LUMO) gap: 1.77,
0.2 eV greater than in Cg,. On the basis of the large gap and
of first-principles calculations on few selected structures, a
highly symmetric tetrahedral (7;) configuration was hypoth-
esized [see Fig. 1(f)]. This configuration represents a piece of
the fcc bulk, it is a surface-only or “cage” structure (there are
no inner atoms), and its surface exhibits only fcc (111) faces.
The result was puzzling from a theoretical point of view, as
no existing empirical potential predicts the 7; structure as the
energy minimum.'® Since then, a few first-principles calcu-
lations on selected structures of Au,, have appeared,’~'° con-
firming that 7, is more stable than several plausible competi-
tors. However, an unbiased search of the Au,, global
minimum has not been attempted, and the definitive assign-
ment of the Au,, structure still represents an open problem.
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In this paper, we perform unbiased global optimization of
Au clusters in the full configuration space within a density-
functional basin-hopping (DF-BH) approach. We demon-
strate that the 7, structure is indeed the putative global mini-
mum of Au,, irrespectively of the choice of the exchange-
correlation functional, and perform a thorough analysis of
the low-lying excited states, whose ordering, on the other
hand, depends on the functional. Moreover, we discover pu-
tative global minima for Au;g and Au,4, which do not belong
to the T, structural motif.

II. RESULTS AND DISCUSSION

The difficulty in locating the global minima of (metal)
clusters lies in the fact that commonly employed techniques
such as simulated annealing'! are very often not exhaustive,
and one has to resort to global-optimization approaches.
Among these the BH algorithm!?>'3 has proved to be one of
the most efficient and cost effective. In the BH algorithm, the
potential energy hypersurface is deformed such that to every
point in the catchment basin of each local minimum the en-
ergy of that minimum is assigned. The Monte Carlo search
moves then allow the system to hop from one catchment
basin to another.

A first-principles description of the energetics is necessary
in our case since empirical potentials are apparently not able
to correctly describe the energetics of small Au clusters. Our
DF calculations utilizes the Becke'* functional for exchange
and the Lee-Yang-Parr! functional for correlation, within the
NWChem'% suite of programs.!”

In the case of Au,y, three DF-BH runs have been per-
formed, each comprising 300 Monte Carlo steps, starting
from randomly chosen initial configurations.'® The choice of
300 Monte Carlo steps is justified by considering that BH
searches conducted on Au,, using several different atom-
atom potentials always found the corresponding global mini-
mum within the first 300 Monte Carlo steps. In addition, the
100 lowest-energy structures obtained through an extensive
BH search using an empirical potential'® have also been lo-
cally optimized. In all three DF-BH runs, the search singled
out T, as the lowest-energy structure, locating it after 233,

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.205414

APRA, FERRANDO, AND FORTUNELLI

- ~

‘
p.* =

.
n"
Ll A

AE=1.17 eV

A
. &
» »
AE=1.00 eV

-
_\
iAW

o
»

;'.\. 4

£ >
. .9

‘0.

AE=0.89 eV

FIG. 1. (Color) Schematic pictures of selected local minima
[(a)-(e)] and the T, putative global minimum (f) from one particular
DF-BH run (see text for details). AE represents the energy differ-
ence with respect to T, in electron-volts (eV), according to the
Becke-Lee-Yang-Parr xc functional.

28, and 177 steps, respectively.’’ The T, minimum, apart
from being the lowest-energy structure found by the DF-BH
algorithm, also seems to have a rather large catchment basin,
as proved by the fact that (1) it has been located as the
putative global minimum in all the three DF-BH runs, and
(2) after the algorithm locates the T, structure, it takes 15-20
Monte Carlo steps before being able to escape from it: This
is due to the large energy separation with respect to the first
excited state, but also to the fact that in some of these steps
the geometry optimization falls back into the 7,; minimum
after the random move.

Even though the BH random moves cannot be associated
with real physical processes (the kinetics of the cluster reor-
ganization), it is suggestive to interpret them as some kind of
Monte Carlo jumps between basins of attraction. We thus
show in Fig. 1 five configurations chosen among those 14
immediately preceding the location of the 7, putative global
minimum in the third DF-BH run. These configurations have
been chosen because they are highly representative examples
of the low-lying excited states we encountered in our DF-BH
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searches, i.e., mainly cage structures, among which a sub-
stantial number of variously defective 7. Different colors
have been used to distinguish individual atoms, and allow
one to follow their movements. The energy differences with
respect to T, are also shown. Figure 1(a) is a typical example
of the “cage” structures that occur so frequently in our BH
search: it has a relatively high energy (1.17 eV), but it is
structurally not too far from a 7,. Indeed, after a BH step, it
rearranges into a defective T, [Fig. 1(b)] in which one apex
atom (the blue colored one) has moved onto an edge of the
tetrahedron. This is the simplest type of T, defect, but also
has a relatively high energy (1.0 eV). In the next step [Fig.
1(c)], the blue atom has inserted into the bottom fcc (111)
face, giving another common type of a defective 7,;. A fur-
ther rearrangements [Fig. 1(d)] brings this atom onto the ver-
tex of a triangular pyramid whose three basal atom lye in a
corner of the bottom fcc (111) face. This configuration can
also be described as a defective T,, and, according to our
calculations, it corresponds to the lowest-energy isomer
above the T, putative global minimum. From here, through
an intermediate configuration slightly higher in energy [Fig.
1(e)], in which the blue atom has moved to an apex position,
dragging the atom at the center of the fcc (111) face onto an
edge of the tetrahedron, a configuration which is thus inter-
mediate between a generic cage structure and a defective 7,
the T, putative global minimum is finally attained [Fig. 1(f)].
It can be noted that the HOMO-LUMO gap of T, Au, is
1.96 eV, in agreement with previous calculations, but the
defective T, first excited state [Fig. 1(d)] also has a signifi-
cant gap (1.49 eV).

Other low-lying excited states found in our DF-BH
searches and different from those shown in Fig. 1 are re-
ported in Fig. 2: They correspond to other defective T, [Figs.
2(a) and 2(b)], doubly defective T, [Figs. 2(c) and 2(d)], and
a cage structure [Fig. 2(e)]. The most stable compact con-
figuration [Fig. 2(f)] obtained via local minimization of the
100 lowest-energy structures obtained using an empirical
potential'® is also shown. It can be noted that Fig. 2(a) is
taken from the second DF-BH run, Fig. 2(b) from the third,
Fig. 2(c) from the first DF-BH run, Fig. 2(d) from the second
DF-BH run, Fig. 2(e) from the third DF-BH run: This shows
that there is a qualitative overlap among the three DF-BH
runs. To give an idea of the statistics of our DF-BH searches,
a histogram showing the cumulative energy distribution of
the structures found in our BH searches is shown in Fig. 3:
From this figure, it is apparent that the energy range beyond
~1.7 eV above the T, putative global minimum is more and
more poorly sampled with increasing AE.

No compact, space-filled configurations could be located
within 1 eV of the T, putative global minimum: The most
stable isomer obtained from the local geometry optimization
of the empirical potential'® structures [see Fig. 2(f)] lies at
1.28 eV. In contrast, a planar structure [a Au,; triangle cut
out of an fec (111) face and missing one apex atom] lies only
slightly above the T;-defected first excited state [Fig. 1(d)]:
This is not surprising, as planar structures are the global
minima of slightly smaller gold clusters and anions.?!>> This
explains why it is so difficult to find the 7; minimum via
unbiased combined empirical potential/DF searches: At the
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FIG. 2. (Color online) Schematic pictures of a few low-lying
excited states from our BH searches different from those shown in
Fig. 1: defective T, [(a), (b)], doubly defective T, [(c), (d)], and a
cage structure (e). The most stable compact configuration (f) ob-
tained via local minimization of the 100 lowest-energy structures
obtained using an empirical potential (see Ref. 19) is also shown.
AFE represents the energy difference with respect to T, in eV, ac-
cording to the Becke-Lee-Yang-Parr xc functional.

empirical potential'® level, T, lies at 1.08 eV above the glo-
bal minimum, and is estimated to be the 1300th excited state.
Also biased empirical potential/DF searches often miss to
predict the true lowest-energy structure. As an example, the
defective T, structures predicted by a biased combined em-
pirical potential/DF search as global minima for Au;g and
Auyg (Ref. 10) (i.e., Auyg tetrahedra missing two or four apex
atoms, respectively) are not the lowest-energy structures ac-
cording to our calculations. By performing a few tens of
DF-BH steps using the same xc functional®? as in Ref. 10 we
could easily find several isotops, structurally different from
the global minima proposed in Ref. 10, but either nearly
degenerate with them (for Au,g) or more stable by =0.5 eV
(for Auyg). In Fig. 4, the defective T,; missing four apex
atoms proposed as global minimum in Ref. 10 and a low-
symmetry cluster from our DF-BH search lying below the
former by 0.71 eV are shown for Aujq. It can thus be
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FIG. 3. Histogram showing the cumulative energy distribution
of the structures found in our BH searches. The first peak contains
the T, putative global minimum. AE in eV.

concluded that only an unbiased, fully first-principles global-
optimization approach like the one employed in the present
work does furnish a reasonable guarantee that the true DF
global minimum is located, at the same time providing with
a set of candidates for the low-lying excited states.

The peculiar stability of the 7, can be rationalized in
terms of three main reasons: (1) stickiness of the Au-Au
bonding; (2) directionality effects in the Au-Au interaction;
and (3) electronic shell closure.

Stickiness of the Au-Au bonding. The limited spatial ex-
tension of the Au 6s orbital (due to the relativistic contrac-
tion) translates into a shorter-range atom-atom interaction as
compared to first-row and second-row transition metals, and
thus to a high energetic penalty for changing the interatomic
distances from their optimal (coordination-dependent)
value.?* This disfavors icosahedral configurations, which are
competitive in this size range in terms of bond counting but
present a large internal strain, and favors possibly amorphous
or—for very small clusters such as Au,;—surface-only or
cage structures, such as the 7.

Directionality effects. The relativistic contraction of the s
orbital brings it to substantially overlap with the d orbitals,
decreasing the localized character of the latter and strongly
increasing their contribution to chemical bonding. This in
turn implies a substantial anisotropy of the Au-Au bonding:
Not only the number, but also the spatial arrangement of the
neighbors matters in terms of binding energy. For gold, in

FIG. 4. (Color online) Schematic pictures of the Au,q defective
T, (b) and a structurally different configuration (a) lower in energy
by 0.71 eV according to the PW91 xc functional (see Ref. 23) used
in Ref. 10.
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particular, this disfavors asymmetric arrangements. For ex-
ample, a fcc (111) bilayer (coordination number=9, but
strongly asymmetric bonding environment) has a binding en-
ergy per atom only 0.08 eV greater than that of a single fcc
(111) monolayer (coordination number=6, but symmetric
bonding environment). In other words, there is a small en-
ergy penalty in dissociating a fcc (111) bilayer into two fcc
(111) monolayers, and this again favors surface-only or cage
structures with low-coordinated atoms arranged according to
local fec patterns (see Ref. 25 for a more detailed discus-
sion).

Electronic shell closure. N=20 and N=18 correspond to
electronic magic numbers for various different models. For
N=20: spherical electron gas,”® tetrahedral electron gas.”’
For N=18: tensor surface harmonic Theory;?® hard-well lay-
ered electron gas;* Hirsch 2(N+1)? rule for spherical
aromaticity.’® It is thus not surprising to encounter clusters
exhibiting large HOMO-LUMO gaps in this size range. This
means that a large HOMO-LUMO gap does not automati-
cally implies that the cluster is of high symmetry: As it hap-
pens, the information derived from electron spectroscopy
measurements does not provide per se a complete structural
characterization. The scheme of the one-electron energy lev-
els of 7, indeed conforms to that predicted by jellium
models.* However, here again the s-d interaction plays a sig-
nificant role. First, by performing a s-d decomposition of the
DF wave function®' we found an appreciable s-d orbital mix-
ing. Moreover, to provide a clearer evidence, we imple-
mented an approach’? in which the Au atom is described as a
one-electron element, i.e., in which the d orbitals are sepa-
rated from the s orbitals and included into the core, and we
performed a DF-BH run. After a few tens of steps starting
from the T, configuration, the system evolved into low-
symmetry compact, space-filled structures qualitatively simi-
lar to those predicted as global minimum or low-lying ex-
cited states by the empirical potential,'® and more stable than
T, by 0.5-1.0 eV. It is interesting to note that in this ap-
proach the 7, HOMO-LUMO gap is 2.63 eV, i.e., even
greater than that predicted by the all-electron approach, but
that of several low-symmetry low-energy structures is also
large: About 1.8 eV. This explains why 7 is not the global
minimum of Cuy, Ag,,, etc.”? At the one-electron level, in
the absence of s-d hybridization, the extra stability assured
by tetrahedral aromaticity?’ is counteracted by other struc-
tural factors, such as the preference for compact arrange-
ments (which are also favored by spherical aromaticity at
N=20). In contrast, for T; Au,, the stability induced by tet-
rahedral aromaticity (which can be quantified in 0.5-1.0 eV)
is reinforced by the tendency of small gold clusters towards
open, cage configurations, a tendency ultimately relying on
s-d hybridization. As noted above, this is no more true for
N # 20, so that 7; structures missing apex atoms are not the
global minima for Au;q and Auyg. The 7, structure of Auy,
thus possibly represents a “unicum” in the structural se-
quence of gold clusters.’

Finally, it has been observed that DF predictions of the
structure of gold clusters are affected (sometimes apprecia-
bly) by the choice of the xc functional, the effective core
potential and the numerical approach.®?32 Under this re-
spect, we found the Au, T, structure to be remarkably stable
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TABLE 1. Relative energies of various structures of Au,, clus-
ters from DF calculations. 7, is the putative tetrahedral global mini-
mum [Fig. 1(f)], defective-T; corresponds to Fig. 1(d), compact
corresponds to Fig. 2(f). BLYP is the Becke-Lee-Yang-Parr xc func-
tional, PW91 the Perdew-Wang xc functional (see Ref. 23), LDA is
the local density approximation. GTO means Gaussian-type-orbitals
(see Ref. 38), PW means plane waves (see Ref. 39).

Cluster BLYP/GTO PWO91/GTO PW91/PW LDA/PW
T, 0.00 0.00 0.00 0.00
Defective T, 0.60 0.88 0.89 0.96
Compact 1.26 1.30 1.33 0.77

under a variety of DF approaches. We performed in fact fur-
ther DF-BH test runs and properly selected local geometry
optimizations using the local density approximation or a dif-
ferent xc functional,”® employing more extended Gaussian-
type orbital or plane wave basis sets, and we always found
that 7; remains the ground state. Selected results from these
calculations are reported in Table I. From this table, it can be
seen that what changes when changing the xc functional is
the nature of the lowest-energy excited states, switching
from open (cage) arrangements for the Becke-Lee-Yang-Parr
functionals, to compact, space-filled configurations (similar
to those reported in Ref. 8) for the local density approxima-
tion. A more detailed study will be reported in the future.?

III. CONCLUSIONS

We have implemented a DF-BH approach, and applied it
to the determination of the global minimum and low-energy
excited state structures of gas-phase Au,,. Three DF-BH runs
are conducted, each comprising 300 DF-BH steps, plus ad-
ditional local geometry optimizations starting from the 100
lowest-energy structures according to an empirical potential.
The putative global minimum of Au,, is confirmed to be a
T,, independently of the choice of xc-functional or the nu-
merical approach, whereas the structure of low-lying excited
states depends on the theoretical approach, switching from
open (cage)—such as defective T,—arrangements, to com-
pact, space-filled configurations. The peculiar stability of 7,
is rationalized in terms of the synergic effects of s-d hybrid-
ization, which makes the Au-Au interaction very sticky and
directional, thus favoring open structures exhibiting local fcc
patterns, and electronic shell closure, associated with tetra-
hedral aromaticity. Calculations on Au;q and Au;g using two
different gradient-corrected xc funxtionals show that low-
symmetry arrangements structurally different from defective
T, are either competitive or at an appreciably lower energy,
suggesting that 7,; Au,, possibly represents a unicum in the
structural sequence of gold clusters.
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