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The electronic structure of cubo-octahedral and icosahedral Au» clusters has been investigated

by the self-consistent-field molecular-orbital Dirac scattered-wave method. Double-point-

group —symmetry considerations indicate that the icosahedral cluster will undergo static Jahn-Teller

distortion, while the cubo-octahedral cluster cannot distort because of a Kramers degeneracy in the

ground state. Molecular Zeeman and hyperfine interactions are calculated for the cubo-octahedral

Au» cluster through a first-order perturbation to the Dirac Hamiltonian. The predicted g tensors

and ' Au hyperfine tensors are consistent with a nearly isotropic paramagnetic-resonance spec-

trum. The calculated density-of-states (DOS) curves for the Au» clusters show similar features to
those obtained in photoemission experiments of small clusters of gold. Relativistic effects increase
the d-band width by more than 1 eV, and spin-orbit interaction splits the occupied d band by about
2 eV in both clusters. These calculated values are approximately 75% of the observed values for
gold in the bulk metal. It is clearly shown that the overlap of the d band by the s-p band is mainly

due to relativistic effects.

INTRODUCTION

The electronic structure, optical, magnetic, and
structural properties of small metallic clusters is a subject
of extensive experimental and theoretical research at
present because of its relevance to surface phenomena,
growth morphology, heterogeneous catalysis, and materi-
als science and technology. ' In particular, the
structural properties of small bare clusters of gold have
been studied by transmission electron microscopy
(TEM), " scanning tunneling microscopy (STM), ' and
high-resolution electron microscopy (HREM). ' ' These
studies have indicated that small gold particles are con-
sistent with both cubo-octahedral (Ot, ) and icosahedral
(Ih) geometries. ' The evolution of band structure in
gold clusters has been investigated by photoemission
spectroscopy. ' ' Ligand-free gold cationic clusters can
be generated by laser vaporization techniques and select-
ed by mass spectrometry, ' ' whereas the synthesis of the
icosahedral ' [Au, 3L,O C12] + and cubo-octahedral
Au»L, 2C16 gold clusters (where L is a triarylphosphine
ligand), were reported a few years ago.

Despite the large volume of experimental data avail-
able for gold clusters only few first-principles fully rela-
tivistic molecular-orbital calculations have been reported
for gold clusters. Recently we generated for the first
time the symmetry-adapted basis functions for the
icosahedral double-point group (It', ) enabling us to calcu-
late the relativistic molecular orbitals (MO's) for the
icosahedral Au&3 cluster. In the above mentioned stud-
ies, we have shown that the nonrelativistic descrip-
tion of chemical bonding for these heavy atom systems is
unrealistic, since, due to relativistic effects there is
significant "s-d" hybridization in the bonding molecular
orbitals.

In this study we have calculated the relativistic molec-
ular orbitals for the cubo-octahedral Au&3 cluster via the

self-consistent-field (SCF) Dirac scattered-wave (DSW)
method. An analysis of the valence band of both the
icosahedral and cubo-octahedral Au, 3 clusters is
presented, and our results are compared with the photo-
emission' ' results obtained for gold clusters. The cal-
culated relativistic (DSW) density-of-states (DOS) curves
show features similar to those obtained in photoemission
experiments. The calculated d-band width and d-band
splitting are in good agreement with the experimentally
reported values. It is shown that the overlap of the d
band by the s-p band is mainly a relativistic effect. We
also report nonrelativistic-limit (NR) calculations for
both the clusters in order to ascertain the importance of
relativistic effects. on these heavy atom systems. Our re-
sults show that the nonrelativistic-DOS curves differ
significantly from those obtained experimentally.

CALCULATIONS

The Dirac scattered-wave (DSW) method was
developed by Yang and co-workers, and except for
the change of boundary conditions it is analogous to the
relativistic Korringa-Kohn-Rostoker (RKKR) energy
band-structure technique for solids. The DSW metho-
dology uses the Dirac equation rather than the
Schrodinger equation to generate the one-electron orbit-
als, and thus implicitly includes the relativistic effects
such as spin-orbit interaction, Darwin and mass-velocity
corrections. The molecular spinors as well as the overall
electronic four-component wave functions transform ac-
cording to the double point group of the molecular sys-
tem under investigation.

Our method for calculating the molecular g tensors
and hyperfine interactions has been described earlier. ' It
is based upon a first-order perturbation to the Dirac
Hamiltonian so that the effects of magnetic fields are de-
scribed by the operator H„
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where a value of S'= —,
' is used to describe the ground-

state Kramers doublet, I„ is the nuclear-spin operator,
and n indicates the central or the peripheral gold nucleus.

The Au-Au distances for the cubo-octahedral cluster
were taken to be equal to the nearest-neighbor distances
in crystalline gold (2.88 A). It has been observed that
noble-metal particles of around 13 atoms show a small
contraction of the nearest-neighbor distance compared to
that of the bulk metal. The nonrelativistic (NR) limits
of the calculations were obtained with a large value of the
velocity of light in the DSW calculations. The coordinate
system for the cubo-octahedral (Oi, ) and icosahedral (Ii, )

geometries of the Au&3 clusters are given in Fig. 1.
These all-electron fully relativistic molecular-orbital cal-

H&=ea A,
where a is the vector of 4 X4 Dirac matrices and A is the
electromagnetic vector potential. For the Zeeman in-
teraction A= —,'(B Xr), where B is the external magnetic
field. For the hyperfine interaction A=(p Xr)/r, where

p is the nuclear magnetic moment. Matrix elements of
these operators are evaluated in the basis spanning the
two rows of the E3g representation (of the 0&* group) of
the partially occupied relativistic molecular orbital. The
resulting perturbation energies are then fitted to the usual
spin Hamiltonian (H, ;„)

RESULTS AND DISCUSSION

The calculated nonrelativistic (NR) limit and relativis-
tic (DSW) valence-orbital energies and their correspond-
ing symmetries for the icosahedral and cubo-octahedral
Au&3 clusters are shown in Fig. 2. Omitting the g or u

subscript for parity, the I& point group has the single-
valued irreducible representations (irreps) denoted here
by A (1), T, (3), T2(3), G(4), and H(5) (where the num-
ber of parentheses indicates its dimension), and the
double-valued irreps E2(2), E3(2), Q(4), and I(6). In
contrast, the 0& point group has the single-valued irreps
A, (1), A2(1), E(2), T, (3), and T2(3), and the double-
valued irreps E2(2), E3(2), and Q (4). An analysis of the
descent in symmetry from the full rotation group to the
Iz and 0& point groups shows that the Iz irreps G, H,
and I correlate with the direct sum of the 0& irreps
2 i(2) +Ti(2), E+Ti(2), and E2(3) +Q, «spectively.
Furthermore, the spin-orbit splitting correlations for
each point group indicates that for I& the irreps T„G,
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FICx. 1. The cubo-octahedral {a) and icosahedral (b) Au/3
clusters (they have a diameter of about 5 A).

FIG. 2. Nonrelativistic (NR) limit and relativistic (DSW)
valence energy levels of the icosahedral (Iz ) and cubo-
octahedral (Oz) Au» cluster, and their corresponding orbital
symmetry. The Fermi level is indicated by an arrow in each
case.
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and H split into E2+Q, E3+I, and Q+I; and in the 0&
point group the T, and T2 irreps split into Ez+Q, and
E3+Q, respectively. These splittings and group correla-
tions are indicated by dashed lines in Fig. 2 for some of
the lowest- and highest-lying molecular orbitals (MO's).
In particular, there is a dispersion of levels around the
Fermi levels (indicated by ari arrow in Fig. 2) due to the
change in crystal-field symmetry on going from
icosahedral to cubo-octahedral geometry.

The nonrelativistic-limit (NR) calculations for the
cubo-octahedral (Oz ) cluster predict T2 as its ground
state arising from the electronic configuration t2~. This
is in agreement with the nonrelativistic ab initio self-
consistent-field (SCF)- linear combination of atomic or-
bitals (LCAO), "Xa—discrete-variational (DV), ' ' and
Xa —scattered-wave (SW) [Ref. 34(c)] calculations on the
corresponding Cu&3 cluster. However, the nonrelativistic
ground state for the icosahedral (Ih) gold cluster was pre-
dicted to be A arising from the h electronic
configuration, in accord with the ab initio LCAO
calculation " on the icosahedral Cu&3 cluster. The
charge breakdown of the nonrelativistic highest occupied
molecular orbital (HOMO) or Fermi (Ez) level for both
the gold clusters indicates that these are antibonding
combinations with mainly 6s-6p character (60% 6s and
32% 6p in the Oh cluster, and 51% 6s and 43% 6p in the
I& cluster). The calculated nonrelativistic d-bandwidth is
larger for the Oh gold cluster (2.84 eV) than for the
icosahedral cluster (2.28 eV). A similar conclusion has
also been reached for the II, and 0& Cu» clusters from an
ab initio SCF-LCAO calculation.

The relativistic descriptions of both the gold clusters
differ significantly from the corresponding nonrelativistic
description presented above. The relativistic highest oc-
cupied molecular orbitals (HOMO's) or Fermi levels split
due to spin-orbit interaction by 0.25 and 0.41 eV in the
0& and II, gold clusters, respectively. Due to spin-orbit
interaction the nonrelativistic Az ground state of the II,
cluster becomes a doublet of a sixfold orbital (Iz). The
immediate consequence of this effect is that the relativis-
tic formalism indicates that the icosahedral Au, 3 cluster
should show a weak paramagnetic susceptibility, in con-
trast to the nonrelativistic description which predicts a
much stronger paramagnetic behavior. The nonrela-
tivistic T2 ground state of the 0h gold cluster splits due
to spin-orbit interaction into the electronic states of two-
fold (E3s) and fourfold (Q ) symmetries. Thus, the rela-
tivistic ground state of the cubo-octahedral cluster corre-
sponds to a Kramers doublet of E3 symmetry and
should exhibit a characteristic paramagnetic resonance
spectrum.

It is interesting to note that from considerations of
double group theory the icosahedral Au» cluster will un-
dergo static Jahn-Teller distortion due to orbital degen-
eracy in its ground state (the unpaired electron is located
in the sixfold orbital), whereas the cubo-octahedral Au, 3
cluster (because there is no orbital degeneracy in its
ground state) would not distort, since the twofold spin
degeneracy (Kramers) cannot produce any instability of
the molecular configuration'. These arguments are in

TABLE I. Calculated magnetic resonance parameters of the
cubo-octahedral Au» cluster.

Molecular g tensor

Hyperfine tensors (MHz)
' 'Au central

Au peripheral

1.9114

-9

187
A~
190

agreement with the recent extended x-ray-absorption
fine-structure (EXAFS) studies on Cu and Ag microclus-
ters isolated in an argon matrix which provided evidence
for the existence of face-centered-cubic (OI, ) structures of
about 13 atoms. ' We have also calculated the first
ionization potentials (IP) via the transition state method
for both the clusters. The predicted first IP's are 8.35
and 8.43 eV for the cubo-octahedral and icosahedral Au, 3

clusters, respectively.
The results of the calculated electron spin-resonance

parameters for the cubo-octahedral Au, 3 cluster are given
in Table I. For the molecular Zeeman interaction, the
calculation predicts an isotropic g tensor with a value of
1.9114. In the absence of spin-orbit Inixing, the Au»
cluster will exhibit resonances at the spin-only value of
2.0023. A similar negative g shift has been observed in
the paramagnetic resonance spectrum of matrix isolated
Au3 cluster.

For the ' Au hyperfine interactions, Table I shows
that the calculation predicts a small negative isotropic
hyperfine tensor for the central gold atom. This small
contribution comes mostly from the "orbital term" which
arises from unquenched orbital, angular momentum, since
the Fermi contact contributions vanish by symmetry and
the spin-dipolar interactions (arising from the d~&2 spi-
nors) are almost negligible. Results for the peripheral
gold atom hyperfine interactions are also given in Table I.
These are predicted to be nearly isotropic; the small an-
isotropic character of the hyperfine tensor could be attri-
buted to the amount of the 6p3/2 583/2 and 5d~/2 spi-
nors mixed into the partially occupied molecular orbital
(7e3~) which has about 60% 6s, &2 character. Thus, our
symmetry analysis and the calculated values of the mag-
netic resonance parameters of the Au, 3 clusters clearly
suggest that a low temperature paramagnetic resonance
experiment should be able to distinguish between the
cubo-octahedral and icosahedral geometrical arrange-
ments and that the spectrum should be nearly isotropic.
It is worth noting, that the matrix isolated Au3 cluster
also shows a largely isotropic paramagnetic resonance
spectrum.

The molecular-orbital representation of the electronic
wave functions and the use of double group orbital sym-
metries allow us to distinguish between "surface orbitals"
(with no components on the central atom) and "bulk or-
bitals" (which have contributions from all the 13
atoms). " Thus, both clusters have a total of 143
valence electrons of which 80% correspond to bulk orbit-
als in the cubo-octahedral cluster, while only 62% of the
valence electrons correspond to bulk orbitals in the
icosahedral cluster. Consequently, the icosahedral clus-
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ter has more surface electrons which is consistent with
the larger number of nearest-neighbor interactions (42
versus 36), and therefore would exhibit a larger d-band
width than the 0& cluster. This is in agreement with the
present relativistic calculations.

A direct comparison with the photoemission measure-
ments' ' can be made through the density of states
(DOS) curves, d-band width and the spin-orbit splitting
of the d band. Figures 3(c) and 3(d) compare the DOS
curves (Gaussian-broadened discrete levels with a
broadening parameter of 0.6 eV) for the cubo-octahedral
and icosahedral Au&3 clusters as calculated by the DSW
and its nonrelativistic (NR) limit calculations. Significant
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FIG. 3. Valence-band photoemission spectra of various cov-

erages of gold clusters on difTerent substrates, (a) and (b), and
calculated valence density-of-states (DOS) curves of Au&3 clus-

ters, (c) and (d). (a) Photoemission spectra of gold bulk metal
(curve A), and various coverages of gold on NaC1 substrate
(curves B—E). The lowest coverage (1.0X 10"atoms/cm, curve

0

F) corresponds to gold cluster sizes of about 15 A diameter (Ref.
16). (b) Photoemission spectra of various coverages of gold on a
vitrous carbon substrate (Ref. 18). The substrate's contribution
to each spectrum has been subtracted. (c) Nonrelativistic limit

(dashed line) and relativistic (solid line) Gaussian-broadened
DOS of the cubo-octahedral Au&3 cluster. (d) Nonrelativistic
limit (dashed line) and relativistic (solid line) DOS of the
icosahedral Au» cluster. The energies are shifted in each case
so that the Fermi level (EF) is at 0 eV.

differences are noticeable. The NR-DOS curves for both
the gold clusters [Figs. 3(c) and 3(d)] show essentially
three peaks. The small peak at higher energy (which con-
tains the EF level) corresponds mainly to the occupied s-p
band. The higher intensity peak corresponds to the main
d band, while the low-energy peak is due to the discrete
nature of the central gold atom curves. The nonrelativis-
tic EF level for both the clusters is completely embedded
in the s-p band and is quite well separated from the main
d band.

The relativistic DSW-DOS curves for both the clusters
(Fig. 3) show essentially three main peaks, and it is evi-
dent that the s-p band completely overlaps the d band in
both the clusters. However, there is a difference in these
DOS curves at the Fermi level, since the curve corre-
sponding to the cubo-octahedral cluster shows a larger
density of states than the icosahedral cluster (see Fig. 3).
The overlap of the d band by the s-p band arises due to
relativistic effects since the d band is destabilized (indirect
effect) and the s-p band is stabilized (direct effect).
Furthermore, the charge breakdown of the relativistic EF
level for both clusters indicates that the amount of d
character is larger in the 0& cluster than the II, cluster
(26% versus 16%%uo). The two main peaks in each cluster
are attributed to the spin-orbit coupling effect, and the
drop in intensity of the DSW-DOS curves can be assigned
to the enhanced s-d hybridization in their valence band.

The x-ray-photoemission spectra (XPS) of the valence
band of isolated gold clusters can be obtained after sub-
traction of the substrate spectrum' ' and are presented
in Fig. 3. It is clear that there is a close correspondence
between the relativistic (DSW) DOS curves and those ob-
tained experimentally, while the nonrelativistic (NR)
DOS curves differ significantly from the experimental
curves. The calculated relativistic d-band widths are 3.74
and 3.92 eV for the 0& and I& clusters, respectively, while
the calculated splitting of the d band for the 0I, and II,
clusters are 2.1 and 2.2 eV. These calculated values are
in fairly good agreement with the experimental values ob-
tained from the photoemission spectra of the valence
band of gold clusters. ' ' However, the observed d-
band width and d-band splitting in crystalline gold are
5.24 and 2.80 eV, respectively. ' ' Thus, the calculated
d-band width and d-band splitting of the Au, 3 clusters
are approximately 75% of the observed values in the bulk
metal, indicating that the onset of the metallic state is no-
ticeable even for clusters of this size.

CONCLUSIONS

To summarize, we have presented the first fully relativ-
istic molecular orbital calculations for Au» clusters and
have obtained information which could be useful for the
experimental study of very small gold particles. It has
been shown that nonrelativistic cluster calculations on
heavy-atom systems may lead to an unrealistic descrip-
tion of their electronic structure since relativistic effects
are very large for such systems. In the clusters studied
here, relativistic effects increase the d-band width by
more than 1 eV, split the d band by about 2 eV, and in-
duce an effective overlap of the d band with the s-p band.
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Furthermore, double-point-group —symmetry arguments
indicate that the icosahedral geometry of Au» will un-
dergo static Jahn-Teller distortion, while the cubo-
octahedral cluster will not distort due to a Kramers de-
generacy in the ground state. The predicted magnetic
properties for the cubo-octahedral Au» cluster are con-
sistent with an isotropic paramagnetic resonance spec-
trum. It is also clear from this study that although the
onset of the metallic state is discernible in the Au» clus-

ters, a cluster with a larger number of gold atoms would
be required to mimic completely the band structure of
bulk metallic gold.
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