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Lowest Energy Structures of Gold Nanoclusters
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The lowest energy structures of Aun (n  38, 55, 75) nanoclusters are obtained by unconstrained
dynamical and genetic-symbiotic optimization methods, using a Guptan-body potential. A set of
amorphous structures, nearly degenerate in energy, are found as the most stable configurations.
Some crystalline or quasicrystalline isomers are also minima of the cluster potential energy surface
with similar energy. First principles calculations using density functional theory confirm these
results and give different electronic properties for the ordered and disordered gold cluster isomers.
[S0031-9007(98)06933-6]
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Gold nanoclusters are a fundamental part of recen
synthesized molecular nanocrystalline materials [1–5
This is one of the reasons why theoretical and expe
mental studies on structural, dynamical, electronic, an
other physical and chemical properties of isolated an
passivated gold clusters, as well as their size dependen
are at the forefront of cluster science [1–8]. A furthe
interest in doing research on these systems is motiva
by the convergence of experimental and theoretical me
ods to study gold clusters in the size range of 1–2 nm
Structural characterization using a variety of experiment
techniques can be performed on Aun nanoclusters of these
diameters, corresponding to aggregates withn  20 200
atoms [9,10]. On the theoretical side, computation
power is currently available to study Aun clusters in this
size range, using methods going from molecular dynami
(MD) simulations based on semiempiricaln-body poten-
tials [6,11] to first-principles calculations using density
functional theory (DFT) [12].

Despite the existence of sophisticated experimental a
theoretical tools to study gold nanoclusters, several que
tions on, for example, their structural properties (mo
stable cluster configuration, lowest-lying isomers, therm
stability, size evolution, etc.) remain unsolved [8,9,11
Experimentally, a further increase in the resolution o
structural probes like x-ray powder diffraction seems to b
necessary to decompose the remaining broad features in
structure factors of Aun clusters [9,10] and obtain a conclu-
sive determination of the structures. Theoretically, sever
calculations on the structures of gold nanoclusters ha
been made using fixed cluster symmetries as constrai
during a local optimization of the structure [8,9,12]. How
ever, a global, unconstrained minimization of the cluste
structures is necessary for an exhaustive search of mini
on the potential energy surface (PES) [11]. Additional e
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forts are thus necessary to elucidate the structural pro
erties of gold nanoclusters and their interplay with othe
physical (electronic, optical, etc.) properties, fundament
for the design of gold-based nanostructured materials.

In this Letter, we present results on the most stable (low
est energy) configurations of intermediate-size (1–1.5 nm
Aun (n  38, 55, 75) nanoclusters obtained through dy
namical and genetic-symbiotic (evolutive) [13] optimiza
tion methods using a Guptan-body potential [14]. For
the three sizes investigated, corresponding to the so-cal
magic number clusters [15], we did not find as the mo
stable cluster configuration a single ordered structure w
a definite symmetry. Instead, we obtained a set of lowe
lying isomers (minima of the PES), nearly degenerate
energy. Moreover, most of these cluster configuration
have no spatial symmetry, and therefore can be classified
amorphouslike or disordered structures. Some crystalli
(or quasicrystalline) structures are also found as minim
of the PES with similar energies as the disordered cluste
First principles calculations, using DFT in the local den
sity approximation (LDA), confirm the equal stability (de-
generacy in energy) of both types of structures. Howeve
the calculated electronic properties of the amorphous a
ordered clusters show clear differences in, for examp
their electron density of states and their spatial char
distribution.

Our initial approach to determine the lowest energ
cluster configurations was based on global optimizatio
(no assumptions are imposed on the cluster symmet
using simulated annealing (SA) with MD simulations
and a semiempiricaln-body potential [11,16]. Simulated
quenching (SQ), in which fast cooling rates are applie
to the system on selected regions of phase space, whe
catchment area of a local minimum is located, increas
the efficiency of this dynamical optimization [16].
© 1998 The American Physical Society
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Then-body interaction modeling the metal cluster bond
ing is taken from a tight-binding approximation to the
second moment of the electron density of states [14
Specifically, the size-dependent, Guptan-body potential
with parameters fitted simultaneously to bulk and clust
properties [11,16] was used in the MD simulation. The a
propriateness of this potential to describe transition and n
ble metal clusters as well as its similarity with other relate
potentials (embedded atom method, effective medium th
ory, glue potential, etc.) has been broadly discussed [17

When the SA and SQ methods were applied to the op
mization of Aun (n  38, 55, 75) nanoclusters, an inter-
esting trend was observed: A set of nearly degenera
structures was obtained as the lowest-lying isomers. Mo
of these structures can be classified as amorphous ba
on the features of their pair distribution functions [18,19
Even more intriguing, for clusters withn  38 and 55,
the lowest energy configurations are amorphous instead
crystalline (Oh) or quasicrystalline (Ih) structures. How-
ever, the difference in binding energy per atom betwe
the most stable disordered and the first lowest-lying o
dered isomer is smaller than 0.4 meVyatom for Au38 and
9.4 meVyatom for Au55. For then  75 cluster the situ-
ation is reversed: the energy difference between the low
energy isomer withDh symmetry and the next local mini-
mum with amorphous structure is 5.7 meVyatom.

Figure 1 displays the lowest energy amorphous a
ordered cluster structures together with their vibration
density of states (DOS) and the corresponding distributi
of pair distances (DPD). The latter show a tendency towa
more continuous distributions than the ordered DPD
[see insets in thensrd curves of Fig. 1] and already have
the splitting of the second peak, characteristic of bu
amorphous metals [19]. A similar broadening is observe
in the vibrational DOS of the disordered isomers wit
respect to those of the ordered ones. Thus, it is justifie
in analogy with the bulk case, to classify such structur
as amorphous clusters.

The structural stability of the amorphous and ordere
isomers was tested in several ways: First, the final clus
temperature at which the SA and SQ methods were stopp
was extremely low (1029 K). Second, a time propagation
through MD simulations of105 steps was applied to each
cluster configuration at its corresponding minimum. Rel
tive changes in the atomic positions larger than1028 were
not observed. Finally, a normal mode analysis was do
on the lowest energy cluster isomers, which, in turn, ga
us the low temperature harmonic vibrational spectra pr
sented in Fig. 1. The entropy effect at finite temperatur
was studied through a determination of the cluster free e
ergy using the calculated frequencies. A comparison
the free energy at finite temperatures for amorphous vers
crystalline structures shows an enhancement of the stabi
of the amorphous with respect to the crystalline structur
for the three sizes investigated [20].

Two questions remained after the analysis of the abo
results: Despite the fact that all conceivable symmetr
-
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FIG. 1. Cluster structures, distribution of interatomic pair
distances [nsrd], vibrational density of states [gsnd], and
total electron density of states (DOS) for the lowest energ
amorphous and ordered isomers of Aun (n  38, 55, 75)
nanoclusters. The DFT-LDA calculated difference in cluste
energy between the lowest energy amorphous isomer and t
first ordered structure is shown. Insets on thensrd curves
correspond to the distribution of pair distances of the ordere
isomers. The vibrational DOS’s were obtained by convoluting
the discrete harmonic frequencies with a Gaussian broadeni
of 0.1 THz. The DOS curves were obtained using a Gaussia
broadening of 0.1 eV for the discrete DFT-LDA electron level
spectrum (the Fermi level is at 0 eV). Vibrational and electron
DOS results for the ordered isomers are also included fo
comparison (thinner lines).
1601
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structures were tested, could other unknown structures s
exist with lower energy, but were not found with the SA
and SQ methods? Does then-body Gupta potential pro-
vide an adequate description of the PES of gold nanocl
ters? The first question is based on the fact that ev
though SA and SQ methods are robust optimization me
ods, they do not guarantee the obtainment of the glo
minimum of the PES, especially for large systems. Sin
these optimization methods are very time consuming,
is not possible to characterize the complete topography
the PES and thereby gain insight into the cluster dynami
behavior [21].

Evolutive algorithms have been very useful in mak
ing extensive searches for lowest energy configuratio
of clusters with a high efficiency [13,22]. In the presen
work a version of a symbiotic algorithm together with
conjugate-gradient local refinement [13] was implement
using the n-body Gupta potential to make exhaustiv
global cluster structure optimizations, to within a relativ
energy accuracy of1028, starting from 70 000 distinct ran-
dom configurations for clusters of 75 atoms and 50 0
for the other sizes. The results from our evolutive o
timizations confirmed the trend described above on t
lowest energy structures of the Aun nanoclusters and pro-
vided a complete distribution of their lowest-lying isomer
Many distinct, but almost degenerate in energy, stab
configurations were found within a very narrow energ
range from the ground state. For example, the 100 lo
est energy configurations were found within 6.0, 10.
and 10.0 meVyatom for the cluster sizes of 38, 55, an
75 atoms, respectively. This region of high density o
states contains predominantly amorphous structures for
cluster sizes. For Au38, the ground state is formed by
two amorphous units symmetrically located. The seco
isomer is the fcc crystalline structure followed by other di
ordered structures. Forn  55, the ground state is amor-
phous, and there are about 80 other amorphous state
lower energy than theIh icosahedron structure. No othe
conceivable symmetric structures with lower energy oth
than the amorphous states mentioned here were found.
Au75, we found the Marks-Dh decahedron [9] and oth
structures based on it as the most stable followed by a la
number of part ordered and part disordered pure am
phous structures.

To understand the physical origin of the amorphou
ground states in Aun clusters we also optimized Nin and
Agn clusters of the same sizes using then-body Gupta po-
tential. In contrast to Au clusters, the potential paramete
of Ni and Ag generate a longer range interaction, whic
gives raise to a reverse behavior; i.e., symmetric structu
for the ground states are preferred and the lowest-lyi
isomers of higher energy are separated by a finite ene
gap from the ground state. In Au nanoclusters, the sho
range interatomic interactions between low coordinat
and well separated surface atoms generate uncorrela
disordered subunits that form the amorphous structu
[11,23].
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The coexistence of amorphous and crystalline Aun

nanocluster structures with similar energies predicted
the above semiempirical calculations motivated us
perform a first-principles study of the relative stability o
ordered and disordered gold clusters. In this manner
was possible to test the validity of the predictions give
by the n-body Gupta potential and gain insight into th
bonding mechanisms and electronic properties of An

clusters. DFT-LDA was the chosen technique. The ca
culations were performed using theSIESTA program [24]
to solve the standard Kohn-Sham self-consistent equati
in the LDA approximation, using a linear combination o
numerical atomic orbitals as the basis set. A nonloc
norm conserving scalar relativistic Troullier-Martins
pseudopotential [25] was incorporated so that only the
valence electrons per Au atom were considered. Te
of the pseudopotential as well as the size of the ba
set were realized on Au2 and bulk Au. Specifically,
60 Ry in the energy cutoff of the finite real-space gri
[24] and single-z s, p, andd orbitals were used to obtain
small relative errors (compared to experimental value
in the dimer equilibrium distance (2.4%) and bulk lattic
constant (1.3%), with checks up to 100 Ry and a polariz
double-z basis. Since a fullyab initio MD optimization
would be computationally prohibitive, our approach con
sisted in using the already optimized (through the classi
MD and evolutive approaches) cluster structures as init
configurations in an unconstrained conjugate-gradie
structural relaxation using the DFT-LDA forces.

The quantum mechanically reoptimized cluster stru
tures obtained through this method were used to calc
late their binding energies and electronic properties. T
same energy ordering was found for the DFT reoptimiz
structures and those obtained through then-body Gupta
potential. Our DFT-LDA results indicate that the calcu
lated differences in binding energies per atom between
lowest energy amorphous structures and those with h
symmetry are smaller than 0.01 eVyatom for the three
sizes investigated, confirming the trend predicted throu
the semiempiricaln-body Gupta potential. The averag
nearest-neighbor distances, calculated by DFT-LDA in th
work, compare very well with those obtained through
scalar relativistic all-electron density functional metho
[12] for the ordered structures withn  38, 55. For ex-
ample, for Au38 in the Oh symmetry, our calculated av-
erage nearest-neighbor distance of 2.77 Å is in excelle
agreement with the value of 2.78 Å reported in Ref. [12
In addition, the calculated difference in binding energy p
atom (0.05 eVyatom), between theIh andOh isomers with
n  55, is very close to the value of 0.06 eVyatom re-
ported in Ref. [12]. This agreement gives additional su
port to the prediction of equal stability of amorphous an
ordered isolated gold nanoclusters obtained in this wo
and indicates the level of accuracy in our DFT-LDA ca
culation. Corrections to the DFT-LDA results due to sp
polarization effects are expected to be small since gold
a nonmagnetic metal [12]. As well, it is known that th
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generalized gradient approximation does not change
relative binding energies of gold isomers with respect
the local density results [12]. Similar results to ours on th
equal stability of disordered and ordered isomers of me
clusters have also been found in Pt13 using DFT-LDA [26].

Although the disordered and ordered Aun isomers are
very close in energy, their calculated electronic properti
are different. Figure 1 shows the total electron DOS f
both types of structures. In the amorphous isomers,
electron states are more evenly distributed in energy th
those resulting from the ordered structures for the thr
sizes investigated. This effect is attributed to the bre
of spatial symmetry in the amorphous clusters. Such
effect could lead to different cluster optical respons
according to their size and symmetry [10]. On the oth
hand, all the clusters studied show a “metallic behavio
independent of their size and structural symmetry. T
calculated spatial charge distribution is not only differe
between the disordered and ordered isomers of a giv
size but is also size dependent. For the Oh isomer with
n  38, the electron charge is slightly greater at the cen
of the cluster, and the charge of the 6 central atom
sums to66.1e, compared with263.9e coming from the
24 surface atoms. In the amorphous cluster a rand
distribution of electron charge density is observed. F
Au55 in theIh configuration, the amount of electron charg
oscillates from the center toward the surface, while in t
amorphous isomer the charge density is again random
distributed. However, in Au75, both the ordered and
amorphous isomers have a random distribution of electr
charge within the whole cluster.

In conclusion, using semiempirical and first principle
approaches to describe the bonding in isolated gold na
clusters and employing unconstrained optimization me
ods, we have found essentially equal structural stability f
amorphous and ordered isomers of Aun (n  38, 55, 75)
clusters with sizes in the range 1–1.5 nm. In addition, t
analysis of their calculated distribution of minima (stab
configurations) shows a much higher abundance of dis
dered structures relative to the ordered ones. Prelimin
analysis of the local short-range order in the amorpho
gold nanoclusters suggests their classification in ter
of the relative abundances of very stable structural su
units, based on regular and distorted pentagonal bipy
mids [11,20]. Therefore, we expect further experiment
efforts in the near future, to confirm the above predi
tions and provide a complete characterization of go
(amorphous and ordered) nanoclusters. In fact, in rec
high resolution electron microscopy studies on Au and P
nanoparticles, images of polycrystalline and amorpho
structures have been reported in the size range of a f
nanometers [27,28]. We note that the similar stability
disordered and ordered structures predicted in the pres
Letter refers toisolatedgold nanoclusters. At this moment
it is not clear if the effect of the passivation process, ne
essary during the cluster growth [1], would affect the cry
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tallinity of the resulting sample. Work in such a direction
is currently in progress. The possible existence of nov
physical and chemical properties of small metal amorpho
nanoparticles provide motivation for further theoretical an
experimental studies on these systems since they would
useful in the fabrication of new materials based on amo
phous nanostructures.
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