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Adsorption of AuN clusters �N=1–6� on a bulk MgO�001� surface and on an ultrathin �3 ML� MgO�001�
film supported by Mo metal is investigated via density-functional theory calculations. Comparison of the two
substrates unambiguously shows that the gold clusters adsorbed on MgO/Mo turn into singly charged cluster
anions AuN

� , ��−1. Their structures and internal charging patterns are analogous to singly charged, planar,
gas-phase cluster anions AuN

−. The adsorption energy has prominent size-dependent odd-even oscillations,
correlating fully with the known electron affinity of gas-phase Au clusters in this size range.
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The past two decades have witnessed a surge of interest in
investigations of physical and chemical properties of small
metal clusters.1–3 Aside from the traditional viewpoint of
clusters providing a “laboratory,” where size evolution of
properties of aggregates from atom to bulk can be conve-
niently investigated, many such studies now are motivated
by the increasing drive to learn to control and utilize matter
in nanometer scale. In general, this endeavor aims at gaining
�i� an understanding of the cluster formation processes, in
particular, those that lead to the extra stable or “magic” sizes,
and �ii� a profound knowledge of their interaction with the
pertinent environment, where their electronic, magnetic, op-
tical, or chemical properties are expected to be utilized.

It has been well known for decades that a single gold
atom has rich chemistry as it supports remarkably many oxi-
dation states from −1 to +5 and its 5d10 shell participates
actively in bonding coordination in various compounds.4,5

Gold clusters and nanoparticles have attracted much atten-
tion recently as they are considered promising candidates
for applications, e.g., in heterogeneous catalysis,6–10

bioelectrocatalysis,11 labeling,12 and photonics.13 Recent ca-
talysis investigations have focused on low-temperature oxi-
dation and epoxidation reactions, catalyzed by nanometer- or
subnanometer-sized, metal-oxide-supported gold clusters.6–9

The oxidation state of catalytically active gold in these sys-
tems is currently a much debated issue.

Models of bulk magnesia as a substrate for gold have
become popular14–18 due to their simple rocksalt oxide struc-
ture that simplifies the theoretical treatments. Less
attention19–22 has been paid to the fact that in the experi-
ments, the gold clusters are supported by a few monolayer
�ML� thick MgO films that are grown, e.g., on Ag �Ref. 23�
or Mo.24 At equilibrium, these systems must therefore be
considered as an ultrathin insulator sandwiched between two
metals. At this limit, current tunnels through the MgO film
under scanning tunneling microscopy �STM� imaging condi-
tions, and the first STM data on nanometer-sized gold clus-
ters grown at color centers of MgO/Ag has recently been
published.25 Characterization of charge states of these aggre-
gates, as well as their chemical properties, continues to be a
challenging task for high-level theory. It has been recently
shown theoretically that single Au atoms19,26 and interfacial
Au atoms20 in large clusters are negatively charged on regu-
lar metal-supported thin MgO films.

In this Brief Report, we unambiguously show from sys-
tematic density-functional theory �DFT� calculations that the
gold clusters with one to six atoms, adsorbed on a regular
MgO�3 ML�/Mo surface, turn into singly charged cluster an-
ions AuN

� , ��−1. Three results are presented in this work:
First, the optimal structure of the adsorbed clusters is analo-
gous to the corresponding singly charged gas-phase cluster
anions. Second, the internal charge analysis of the adsorbed
clusters by the Bader method gives almost an identical cor-
respondence to the atomic charge decomposition of the ref-
erence singly charged gas-phase cluster anions. Third, the
prominent odd-even variations of the adsorption energy
Eads�N� as a function of cluster size, where N=1,3 ,5 corre-
spond to local maxima, correlate fully with the well-known
maxima of electron affinity of the reference gas-phase clus-
ters. We demonstrate for Au2/MgO/Mo how charging of the
gold, that arises from the alignment of the Fermi levels of the
gold cluster and the Mo support, induces a spatially varying
polarization pattern inside the ultrathin MgO�3 ML� insula-
tor.

The DFT calculations were performed with the DACAPO

code,27 with a plane wave basis restricted by a kinetic
energy cutoff of 25 Ry. We employed the revised
Perdew-Burke-Ernzerhof28 �RPBE� generalized gradient
correction self-consistently, and the core electrons of
all the atoms were treated with Vanderbilt ultrasoft
pseudopotentials.29 The sampling of four �one� special k
points were used for MgO/Mo and MgO, respectively. A
spin-unpolarized approach was used for all the calculations.
This choice was checked for the adsorption energies of Au1
and Au3 on MgO�3 ML�/Mo and Au3 on MgO�3 ML�. We
found that the difference in the spin-polarized and
-unpolarized adsorption energies is at most 0.05 eV. In elec-
tron affinities, the difference is less than 0.06 eV. We mod-
eled the Mo-supported MgO film with a six-layer-thick slab,
where the three undermost layers are made of Mo and the
three topmost ones of MgO. The slab is repeated periodically
with a �3�3� or �4�3� unit cell and at least 10 Å of
vacuum between the slabs. The MgO-Mo interface structure
and applied lattice constants are taken from Ref. 26. Three
ML of MgO have been shown to be enough to form an
insulating film.23,26 The bottom Mo layer was frozen at the
bulk geometry, while all the other atoms were free to relax.
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The gas-phase clusters were calculated in large supercells
with volume larger than 163 Å3 to isolate the periodic images
from each other. Analysis of spatial distribution of charge in
the system was done via the Bader approach.30 For the de-
tails of the implementation of the method, see Ref. 31, and
for the recent applications, see Refs. 26 and 32. We define
adsorption energies through Eads=Et�AuN / subs�−Et�subs�
−Et�AuN�, where Et�AuN / subs� is the total energy of the
cluster and the substrate, and Et�subs� and Et�AuN� stand for
the total energies of the substrate and the gas-phase cluster,
respectively.

Figure 1 compares the optimal adsorption geometries and
adsorption energies for clusters with N=1–6 on bulk MgO
and MgO/Mo surfaces. Aside from testing a number of can-
didate structures for each size and substrate, we systemati-
cally explored two structure “families:” one with the mini-
mal wetting contact: one atom, and one with maximal
wetting: a flat structure parallel to the surface. As Fig. 1�a�
shows, the optimal adsorption geometry on the bulk MgO
surface favors minimal wetting with one or two Au atoms in
contact with oxide ions. This trend agrees with the previ-
ously reported data for small noble metal clusters on bulk
MgO.17,19,33–36 For gold cluster with N=3–6, the internal
atomic structure follows the calculated structures of corre-
sponding neutral gas-phase species.37 Adsorption energies
are rather weak from −0.6 to −1.4 eV, without clear size
dependence. Previously, the nature of the weak gold-MgO
“bond” has been characterized as being of polarization
type.38

The situation changes rather dramatically for the Mo-
supported MgO film, given in Fig. 1�b�, where we show for
each size two low-energy structures that follow the above-
mentioned classification. Generally, flat structures with maxi-

mal wetting give a better adsorption configuration than the
upright ones. Note that for N=6, we find two quasidegener-
ate low-energy isomers: upright triangular-shaped cluster
with a three-atom contact to the film and the flat structure.
From comparison between Figs. 1�a� and 1�b�, we see that
the structure of the gold cluster changes from the bulk MgO
adsorption for N=3,4, with the trimer being linear and tet-
ramer a “Y-shaped” cluster. The adsorption energy shows
strong odd-even variations on MgO/Mo in the range from
−1.2 to −2.8 eV, with local maxima at N=1,3 ,5. The stron-
ger contact to the surface induces reoptimization and strain-
ing in the internal cluster geometry, each gold atom tending
to attach to a fourfold Mg-O hollow site, which was recently
shown to be the best adsorption site for a single Au adatom
on this substrate.26

The fact that the MgO-film-adsorbed Au3 and Au4 clus-
ters are structural analogs to the corresponding gas-phase
anions37 prompted us to examine in more detail the
adsorption-induced charging effects in the clusters through
the Bader analysis. Figure 2�a� shows the local cluster
charges as a function of size for both MgO and MgO/Mo
substrates, which depend only slightly on the aggregate size.
On bulk MgO, the clusters are close to neutral, while on
MgO/Mo, they are on average charged by one electron, with
the cluster charge varying from −0.8 e to −1.2 e. More de-
tailed Bader analysis of the substrate layers shows that the
extra adsorbate charge on MgO/Mo compared to bulk MgO
mainly originates from the Mo metal below the oxide. No
obvious correlation between the adsorption energy and the
cluster charge state is found for MgO/Mo, the system, where
the adsorption energy itself was found to be a strongly size-
dependent oscillating quantity.

Central to the conclusions of this work is the examination
of Fig. 2�b�. It shows an unambiguous correlation between

FIG. 1. �Color online� The adsorption energies and geometries
of the optimal clusters on �a� bulk MgO and on �b� MgO/Mo as a
function of cluster size. In �b�, two different planar structures, up-
right �open circles� and flat �solid circles�, are given. Au atoms are
yellow �light gray�, O atoms are red �dark gray�, and Mg atoms are
blue �medium gray�. Mo atoms are not shown in �b�.

FIG. 2. �a� The calculated cluster charge as a function of size on
MgO �open circles� and MgO/Mo �solid circles�. �b� The measured
�Ref. 39� �open triangles� and calculated �solid triangles� electron
affinities of gas-phase Au clusters compared to the enhancement in
Au cluster adsorption energy induced by the Mo support below
MgO �solid diamonds�.
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the increase of Eads induced by the Mo support and the elec-
tron affinity of the gold clusters. By the increase of Eads we
mean the difference in AuN adsorption energies on MgO and
MgO/Mo surfaces, i.e., �Eads=Eads

MgO−Eads
MgO/Mo, see the low-

est curve in Fig. 2�b�. Theoretical and experimental electron
affinities are also shown in Fig. 2�b�. Measured affinities are
taken from Ref. 39, whereas theoretical affinities EA are de-
termined from the ground-state total energies of neutral and
anionic gas-phase clusters:40 EA�N�=Et�AuN�−Et�AuN

−�. The
calculated values agree very well with the experimental
numbers39 and those calculated previously by one of us, us-
ing a non-periodic-cell approach.37 Small gas-phase gold
clusters are known to feature exceptionally large size-
dependent EA variations.39,41 Figure 2�b� implies that the ob-
vious role of the Mo support is to increase the basicity of the
substrate. This leads to an enhanced but size-independent
donation of approximately one electron to the gold, which in
turn is strongly reflected in the adsorption energy as the high-
EA clusters N=1,3 ,5 are able to accommodate the extra an-
ionic charge better upon adsorption.

To discuss the structural and internal charging patterns of
the MgO/Mo adsorbed clusters, we display in Fig. 3 the
detailed comparison between the AuN /MgO/Mo clusters and
the corresponding optimized gas-phase AuN

− anions. We point
out the amazingly good correspondence in the internal bond
lengths for the smallest clusters, N=2–4, where the devia-
tion is less than 0.02 Å. For larger clusters, Au-Au distances
are elongated from 0.05 to 0.1 Å compared to their anionic
gas-phase counterparts, introducing internal strain to the
cluster. This is due to the slight preference of Au to adsorb
on a hollow site on MgO/Mo.26

Figure 3 shows also the Bader analysis of the internal
charge distribution in the adsorbed and gas-phase anionic

clusters. The results reveal that the charging patterns inside
the flat AuN /MgO/Mo clusters bear a close analogy to their
gas-phase anionic counterparts, AuN

−. Prominent examples
are the trimer, tetramer, and flat hexamer, where the “inner”
atoms are close to neutral both for adsorbed and gas-phase
clusters. The extra anionic charge is located at the corners
and end atoms as in our anionic gas-phase reference clusters
and in agreement to a previous study for gas-phase Au6

−.41

Experimentally, the internal charge distribution of the sup-
ported cluster could be investigated via CO adsorption and
local spectroscopy �STM, scanning tunneling spectroscopy,
or Fourier transform infrared�. For the upright hexamer, the
three Au atoms that make contact to the surface are all ap-
preciably negatively charged, in qualitative agreement with
recent findings for Au8, Au16, and Au20 on MgO/Mo.20

The anionic charging originates from the alignment of
Fermi levels at both metal/MgO interfaces,26 which in turn
induces a rich, spatially varying polarization pattern through
the ultrathin oxide film. This is illustrated in Fig. 3�l�, where
we show the density difference, ��=��AuN�+��MgO/Mo�
−��AuN /MgO/Mo�, for N=2, projected on the plane parallel
to the Au2 dimer. Note that the spatial pattern of the excess
anionic charge has a local �* symmetry on gold, as would be
expected from the electronic level structure of the gas-phase
anion.

We have shown that the Mo support below an ultrathin
MgO�3 ML� film increases the basicity of the substrate and
induces the donation of the excess negative charge to elec-
trophilic gold adsorbed on the film. The adsorbed gold clus-
ters with one to six atoms show structural and charging pat-
terns that are analogous to singly negatively charged cluster
anions in the gas-phase. In this sense, the gold clusters func-
tion in the same way as electrophilic molecules, such as
NO2, on metal-supported oxides.42 The interface between

FIG. 3. �Color online� The Bader charges of the individual cluster atoms in electrons �numbers on atoms� and the bond lengths in Å
�numbers between atoms� for AuN /MgO/Mo in �a�, �c�, �e�, �g�, �i�, and �k�, and for anionic gas-phase clusters in �b�, �d�, �f�, �h�, and �j�
with the given symmetries. Yellow �lightest gray�, red �darkest gray�, blue �medium gray�, and gray balls �the bottom most ones in �l�� mark
Au, O, Mg, and Mo atoms, respectively. �l� gives a density difference plot of Au2 on MgO/Mo shown in �a�. Note that the cut plane is �110�,
which does not coincide with the symmetry planes of Mo d orbitals, hence the charge depletion from Mo atoms is not clearly visible. Blue
or darkest gray �red or second darkest gray� regions indicate charge depletion �accumulation�. The MgO-Mo interface is marked with the
white line.
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gold and oxide has a rich vertical and horizontal charging
pattern, which should lead to preference of certain adsorption
sites for polar reactants, such as CO, due to charge-dipole
interaction, as well as the existence of excess anionic sites
for the adsorption of electrophilic molecules, such as
oxygen.
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