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The density-functional theory is used to investigate the adsorption of Au atoms, Au clusters, and NO2

molecules on transition-metal-supported oxides. As compared to unsupported oxides, the adsorbates on sup-
ported oxide films are charged and experience a higher adsorption energy. The origin of the effect is explored
by considering two different oxides �MgO and Al2O3� and a range of supporting metals. Moreover, the limits
of the enhancement are probed by explicit calculations for thick MgO films and low coverage. The long-range
character of the phenomenon is attributed to electrostatic polarization. The absolute strength depends on
several contributions and their relative importance changes with system composition.
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I. INTRODUCTION

Over the past few years it has become clear that thin
metal-oxide layers supported on metal substrates exhibit
chemical characteristics in pronounced variance with the cor-
responding bulk oxide surfaces. On the basis of density-
functional-theory �DFT� calculations, it was predicted that
gold atoms on MgO�100� supported on Mo should be
charged and adsorbed with a higher adsorption energy than
on bulklike �unsupported� MgO�100�.1,2 The prediction of
charging has been confirmed experimentally by scanning
tunneling microscopy �STM� measurements.3,4 The effect
has been theoretically shown to apply for Au clusters of vari-
ous sizes5–8 on MgO/Mo as well as on MgO/Ag.9 The gen-
eral nature of the phenomenon was demonstrated by its pres-
ence for molecules with high enough electronic affinity �e.g.,
NO2� adsorbed on different oxides �MgO,10 BaO,11 and
Al2O3 �Ref. 12�� supported on Ag or Pt.

The implications of charging and stabilization could po-
tentially be of importance for the understanding and design
of heterogeneous catalysts. In applications, catalysts are of-
ten realized as metal particles dispersed on an oxide and
model systems are designed with the oxide supported on
metals. By varying the thickness of a metal-supported oxide,
the charge state of the metal phase could be modified.13

Moreover, in high surface area oxides �such as �-Al2O3�, the
effect could be active between neighboring pores. In this way
it could change the properties of molecular adsorption.

Although numerous reports have appeared on the stabili-
zation effect, a clear picture on its origin and the importance
of different contributions is missing. In the original work it
was proposed that the mechanism is a consequence of direct
tunneling of one electron from the metal through the oxide to
the adsorbate.1 Instrumental in this scenario is the reduction
in the metal work function when coated by an oxide film.14,15

However, a recent report on NO2 adsorption on Al2O3 /Ag
demonstrated that the effect is active despite an increased
work function when Al2O3 is grown on Ag.12 It has also been
stressed that the charging introduces marked structural relax-
ations at the oxide/metal interface and that the electron origi-

nates from this region.10–12 This part of the effect depends on
the interaction between the oxide and the metal and, thus, the
choice of oxide and metal. Moreover, it has been pointed out
that the charging of the adsorbate strongly polarizes the
oxide.16 Without the presence of screening mechanisms �e.g.,
polarizable electron charge in a color center�, the polariza-
tion can lead to long-range interaction between the charged
adsorbate and the supporting metal.16

In a simplistic picture, the adsorption energy �Eads� of an
atom, a cluster, or a molecule �A� on a metal oxide �MO�
supported by a metal �M� can be decomposed according to

Eads � Epol + Eb�A/MO� + Eadh�MO/M� + �EA − ��

+ E�A/A� . �1�

Here, Epol is the electrostatic contribution owing to the po-
larization of the oxide and the image charge in the metal. In
addition to the electrostatic contribution, there is a direct
chemical interaction between the adsorbate and the oxide
�Eb�. This interaction may change depending on the charge
state of the adsorbate. Another contribution is the oxide/
metal interface energy �Eadh�MO /M��, which may be modi-
fied when an electron is abstracted from the MO /M system.
The stabilization should also depend on the difference be-
tween the electronic affinity �EA� of the adsorbate and the
work function ��� of the combined MO /M system. It is
clear that charged adsorbates on the oxide will interact repul-
sively, E�A /A�, and that the stabilization energy should de-
pend on the adsorbate coverage. Note that the adsorbate
charging is a crucial component in all terms in Eq. �1�.

The first term in Eq. �1� is electrostatic polarization. The
polarization energy Epol between a point charge �q� placed z1
above an interface is given by �atomic units�17

Epol =
q2

4�1z1

�1 − �2

�1 + �2
. �2�

�1 and �2 are the dielectric constants of the surrounding me-
dium and the �bulk� surface, respectively. If �2 is larger than
�1, the charge is stabilized by the interface. In the limit of a
metal �large �2�, this expression reduces to the energy gain
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experienced by a charged particle outside a conducting
plane.

In the context of metal oxidation, Stoneham and Tasker18

�ST� examined a continuum model for the effect of a second
boundary, i.e., a charged particle outside an oxide in contact
with a metal. It was found that a metal support could stabi-
lize substantially the charged particle. For a point charge
placed 2 Å above the oxide surface, the extra energy owing
to a metal support is 1.55 eV. Because the ST model includes
a dependence on distance similar to Eq. �2�, the stabilization
is long ranged.

Although the continuum model captures the qualitative
effect of the oxide polarization and the image charge created
in the metal, the other terms in Eq. �1� are not included. In
order to investigate the different aspects of these contribu-
tions, we have applied first-principles calculations for a num-
ber of model systems. In particular, we explore the effects of:
�i� oxide thickness, �ii� adsorbate coverage, �iii� choice of
oxide, �iv� choice of metal, and �v� electron affinity of the
adsorbate.

II. COMPUTATIONAL METHOD AND SYSTEMS

The calculations are performed within the pseudopotential
plane-wave implementation of the DFT. In particular, the DA-

CAPO code is used.19 The exchange-correlation functional is
approximated with the Perdew-Burke-Ernzerhof �PBE�
expression20 for NO2 adsorption, whereas the revised
Perdew-Burke-Ernzerhof �RPBE� form21 is applied for Au
adsorption. Ultrasoft pseudopotentials are used to describe
the interaction between the valence electrons and the atomic
cores.22 The Kohn-Sham orbitals are expanded in plane
waves up to a kinetic energy of 25 Ry.

MgO in the bulk phase has a rocksalt structure. The lattice
constant �within both PBE and RPBE� is calculated to be
equal to 4.30 Å. This is slightly larger than the experimental
value of 4.21 Å, but it is in good agreement with previously
reported DFT results.23 For �-Al2O3, a hexagonal unit cell24

is applied. It consists of six hexagonal-closed-packed O lay-
ers. Al ions are placed in 2/3 of the octahedral vacancies
between the O layers. The optimized lattice constants �PBE�
for the hexagonal unit cell are a=4.80 and c=13.11 Å,
which agree with other DFT results.25 The corresponding
experimental values are a=4.76 and c=13.00 Å.24 The used
lattice constants for the considered metals are reported in
Table I. Note that the crystal structure of Mo is bcc, whereas
the other metals are fcc.

Single-crystal and metal-supported MgO�100� films are
modeled at different thicknesses using three surface cells,
namely, p�2�2�, p�3�3�, and p�5�5�. Adsorption on the
unsupported Al2O3�0001� film is studied with a p�2�2� sur-
face cell. Reciprocal-space integration over the Brillouin
zone is approximated with finite sampling using the
Monkhorst-Pack scheme.26,27 The number of applied k points
depends on the size of the surface cell and the metallic nature
of the system. For p�2�2� surface cells, a �4�4�1� sam-
pling is employed. For larger surface cells, a �2�2�1� sam-
pling is applied for supported MgO�100�, whereas the
�-point approximation is applied for unsupported oxide
films. For Al2O3�0001�, a �4�4�1� sampling is used in all
cases.

The unsupported oxide films are studied with surface cells
built from the corresponding oxide lattice constant. For the
supported films, the size of the surface cell is determined by
the lattice constant of the metal. MgO is supported with the
oxygen anions located directly over the metal atoms; see Fig.
1. Several studies have confirmed that this configuration is
the stable structure.28,29 The mismatch between the metal and
MgO�100� surfaces is moderate in all cases; see Table I. For
the Al2O3�0001� film, a �3��3R30° metal �111� slab is
used. Ag is positioned below Al atoms and the lattice mis-
match between Ag�111� and the oxide is �5%.

Whereas the adsorbates in the gas phase are treated spin
polarized, the adsorption is calculated without spin polariza-
tion. Explicit calculations for Au on three oxides layers on
Mo�100� �3MgO/Mo� at a coverage of 0.11 ML shows that
the effect of spin polarization on the adsorption energy is
within 0.05 eV. NO2 adsorption energy has a similar depen-
dence upon spin polarization. Repeated slabs are separated
by more than 12 Å. To describe the situation of a surface
terminated from bulk, the bottom layer of the slab is fixed to
the bulk-truncated structure. All the other atoms in the cell
are allowed to relax during the geometry optimizations. The
optimized systems have residual forces below 0.05 eV/Å.

TABLE I. Used lattice constants �a� for the considered metals
and lattice mismatches ��� between the metal �100� surface and
MgO�100�.

Mo Ag Pd Au Pt

a �Å� �PBE� 3.17 4.13 3.96 4.15 4.00

a �Å� �RPBE� 3.19 4.14 3.99 4.18 4.00

� �%� �PBE� 4.3 −4.0 −7.9 −3.5 −7.0

� �%� �RPBE� 4.7 −3.7 −7.2 −3.5 −7.0

1

z2

z(a)

(c) (d)

(b)

FIG. 1. �Color online� Structural models of investigated sys-
tems. �a� and �b� are top and side views of Au adsorbed on 3MgO/
Mo. �c� and �d� are structural models for NO2 adsorbed on MgO
and Al2O3, respectively. z1 is the distance between adsorbate and
the oxide top layer and z2 is the distance between the supporting
metal and the top layer of the oxide. Atomic color codes: Au �or-
ange�, Mo �blue green�, Al �pink�, Mg �green�, N �blue�, and O
�red�.
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The adsorption energy �Eads� of an adsorbate A is calcu-
lated according to

Eads = E�A� + E�slab� − E�A/slab� . �3�

Here, E�A /slab� is the total energy of the combined system,
E�A� is the energy of A in gas phase, and E�slab� is the
energy of the slab without adsorbate. Thus, a positive value
corresponds to exothermic adsorption. Charge transfer is
analyzed with the Bader method,30,31 which separates the to-
tal electron density onto the atoms in the system. The reli-
ability of this method for similar systems has been demon-
strated earlier.6,7

III. ADSORPTION ON UNSUPPORTED OXIDES

The most stable adsorption site for an Au atom on
MgO�100� is atop an oxygen anion �O-top�. It was early
recognized that the adsorption energy of metal atoms on
MgO�100� converges fast with oxide thickness.32 Here, the
Au adsorption energy is calculated to be 0.56 eV for a three-
layer MgO�100� film at a coverage of 0.11 ML. This is in
agreement with the RPBE result in Ref. 33.

At 0.25 ML coverage, the adsorption energy of NO2 on a
five-layer MgO�100� �Al2O3�0001�� slab is calculated to be
0.36 eV �0.54 eV�. The coverage on Al2O3�0001� is related
to the number of Al ions. The ground-state structures on the
two oxides differ �see Fig. 1�: In the case of MgO�100�, NO2
binds in a bridge fashion, where the two O atoms coordinate
toward adjacent Mg cations. Owing to the larger spatial sepa-
ration between Al cations on alumina, only one O atom is
coordinated to an Al cation on Al2O3�0001�. The O-N-O
angle is 127° and 121° for MgO and Al2O3, respectively.
The difference in angle is consistent with a difference in
charge transfer from the oxide to NO2. The Bader analysis
reveals a charge transfer of 0.3 �0.6� electrons for MgO
�Al2O3�. As the lowest unoccupied molecular orbital
�LUMO� level of NO2 has an O-O bonding character, the
O-N-O angle is a sensitive measure of charging. In gas
phase, the angle is 134° for the neutral molecule and 115°
for the nitrite �NO2

−�.

IV. ADSORPTION ON METAL-SUPPORTED OXIDES

The aim of the present study is to explore the roles of
different contributions to the adsorption energy of Au clus-
ters and NO2 on thin oxide layers supported on metal sur-
faces. In the following, the effects of �i� oxide thickness, �ii�
adsorbate coverage, �iii� choice of oxide, �iv� choice of
metal, and �v� electron affinity of the adsorbate are investi-
gated. The results are put in context by comparisons with the
ST continuum model.18

A. Effect of oxide thickness

Previous studies of an Au atom adsorption on metal-
supported MgO films1,2,16 have established that �a� the metal
support induces charging of Au, �b� the metal support en-
hances Eads, and �c� the stable adsorption site is a hollow site
on the supported thin oxide films, whereas it is O-top on the
bulk oxide. The charging and the change in adsorption site

have been observed experimentally.3,4 Here, the convergence
of Au adsorption properties on MgO/Mo�100� with increas-
ing film thickness are investigated by explicit calculations. In
particular, films of up to 20 layers ��40 Å� are considered
for a coverage of 0.25 ML.

Figure 2 shows the Au adsorption energy and charge for
hollow and O-top sites. For a three-layer film, the hollow site
is preferred, with an adsorption energy of 1.26 eV. On the
20-layer film, the most stable site is O-top and the adsorption
energy is 0.64 eV. The preferred adsorption site changes at
the ten-layer thick film of MgO. This agrees with experimen-
tal observations for Au adsorption on MgO/Ag�100�, where
the change in adsorption site takes place between three and
eight MgO layers.3 The difference in the adsorption energy
between 10 and 20 layers is only 0.03 eV �0.07 eV� for the
O-top �hollow� site. Hence, Eads is already close to con-
verged for 10 layers. There is still a slight difference between
the results for 20 layers and a single-crystal MgO surface. At
the same coverage, the adsorption energy on a bulk
MgO�100� surface is 0.46 eV. With a lattice constant corre-
sponding that of Mo�100�, Eads is 0.55 eV. The difference
between hollow and O-top is 0.12 eV on the single-crystal
MgO surface and 0.05 eV on 20 ML MgO/Mo. The slight
difference between the thick supported and single-crystal
MgO�100� surfaces suggests that the numerical accuracy in
these large calculations is within 0.1 eV.

The Au charging decreases as a function of oxide thick-
ness. The projected density of states supports this observa-
tion: The Au 6s state moves toward the Fermi level with
increasing number of MgO layers and is singly occupied for
the 20-layer case. On 20MgO/Mo, the excess charge on Au
is 0.28 electrons, which is close to the value calculated for
unsupported MgO�100� and is in agreement with the experi-
mental estimates of neutrality.34

B. Effect of adsorbate coverage

Because of the charging, the electrostatic adsorbate-
adsorbate interaction is repulsive. For Au atoms on MgO/Ag
it has been demonstrated experimentally that the interaction
results in an ordered superstructure.3 Here, the effect of
adsorbate-adsorbate interactions is investigated by calculat-
ing Au adsorption on 3MgO/Mo at different coverages rang-
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FIG. 2. �Color online� Au atom adsorption energy �a� and charge
�b� as a function of MgO layers supported on Mo�100�. The adsor-
bate coverage is 0.25 ML.
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ing from 0.04 to 0.25 ML. The former value is close to the
experimental coverage reported in Ref. 3.

Figure 3 displays how Eads and Au charging depend on
coverage for adsorption at the hollow site. A decrease in the
coverage from 0.25 to 0.04 ML results in a strengthening of
the adsorption by 0.71 eV. A lower coverage is accompanied
by a higher amount ��0.2e� of charging. It should be noted
that the difference in adsorption properties for 0.04 and 0.11
ML coverages is small: Eads decreases by 0.08 eV and the
excess charge by 0.01e. This justifies post priori the use of a
0.11 ML coverage for studies of isolated Au atoms often
assumed in the literature.1,2,6,7,16

In Ref. 3, the radial pair distribution function of adsor-
bates was measured to have the first peak at 16 Å. More-
over, the probability of observing Au atoms at distances
smaller than 10 Å was found to be negligible.3 The present
results support this observation. In a homogeneously distrib-
uted system, the 0.04 ML case corresponds to an adsorbate-
adsorbate nearest-neighbor distance of �16 Å and a sign of
adsorbate repulsion is present for 0.11 ML. The results in
Fig. 3 demonstrate the competition between Au repulsion
and Au bonding to MgO/Mo. Although the adsorption energy
is enhanced by increased charge transfer, the repulsive inter-
action is substantial and prevents complete charging at high
enough coverage.

C. Choice of oxide

So far, we have discussed the stabilization of adsorbates
on a metal-supported MgO oxide. Previously, the mechanism
has shown to be valid also for Pt-supported BaO.11 However,
the alkali-earth metal oxides are structurally simple, and it is
important to investigate whether the mechanism is active
also for other types of oxides.

As one part of the stabilization can be attributed to effects
incorporated in the ST continuum model, it is interesting to
note that the only oxide property that enters in the model is
the dielectric constant. Most oxides have a dielectric constant
close to 10. In this respect, the stabilization effect should not
depend strongly on the type of oxide. To verify this, an ad-
ditional oxide with different properties as compared to those
of the alkali-earth oxides was considered, namely, Al2O3.
The stabilization energies for NO2 on Ag-supported MgO
and Al2O3 are shown in Fig. 4. The stabilization is calculated

as the difference in Eads between the supported film and bulk
oxide surfaces. With the exception of the thinnest films, the
bond enhancement is similar for both oxides. The stabiliza-
tion effect of NO2 adsorbed on metal-supported oxides re-
sembles that of the Au atom; so does the charging pattern.

In Fig. 4, the first-principles results are compared with the
results from the ST model.18 Here, the dielectric constants
for the oxide and the metal are taken to be 10 and 100,
respectively. Because the ST model requires the adsorbate
charge for each oxide thickness, we interpolate the calculated
charging values for 2MgO/Ag �0.9e� and unsupported MgO
�0.3e� with an exponential fit. Even if the ST results indicate
a long-range interaction, the absolute stabilization is severely
underestimated. This indicates that the bond enhancement is
a phenomenon where all the terms in Eq. �1� are of impor-
tance.

D. Choice of supporting metal

A decisive component in the stabilization mechanism is
the charging of an adsorbate. Thus, the work function of the
combined oxide/metal system should be an important param-
eter. To investigate this, we calculate the adsorption of Au
and NO2 on two layers of MgO supported by Mo, Pd, Pt, Ag
and Au.

Figure 5�a� shows the calculated work functions of the
clean �100� metal surfaces and the case where MgO is de-
posited on the metal. The work function of the metals ranges
from 4.1 eV �Mo� to 5.6 eV �Pt�. Because MgO induces
polarization at the interface, it lowers the work function by
�2 eV. The variation in Eads for Au and NO2 as a function
of work function is presented in Fig. 5�b�. Although the cal-
culated values are scattered, there is a tendency that a low
work function is associated with a high adsorption energy.
The Bader analysis �Fig. 6�a�� reveals that the amount of
charge transferred to Au or NO2 is almost independent of the
supporting metal and work function ��0.9 electrons�. The
effect of supporting metal is instead shown in Eads because
the energy penalty for electron abstraction depends on sys-
tem composition. The charge on the adsorbate originates
both from the oxide and the metal. Figure 6�b� shows a de-
composition of the charge depletion. Roughly, 2/3 of the
charge is abstracted from the metal.

It should be noted that no reduction in work function is
calculated for metal-supported Al2O3. On the contrary, the
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FIG. 3. Au atom adsorption energy �a� and charge �b� as a func-
tion of adsorbate coverage for Au on 3MgO/Mo�100�.
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work function is increased. The work function for two layers
of Al2O3 on Ag�111� is calculated to be 5.0 eV and only a
moderate variation �0.3 eV� is calculated as a function of
oxide film thickness. Thus, the different nature of the bond-
ing at Al2O3 /Ag as compared to that at MgO/Ag results in
an increased work function: At the Al2O3 /Ag interface, Ag is
located at the cation and charge is polarized toward the ox-
ide. For the MgO/Ag interface, Ag is positioned below oxide
anions, which induce a compression of the electron density.

E. Effect of electron affinity

As adsorbate charging is the crucial component of the
mechanism, it is reasonable that the effect should depend on
the electron affinity �EA� of the adsorbates. Indeed for
MgO/Mo it was shown that, whereas an Au atom �EA
=2.3 eV� is negatively charged, a Pd atom �EA=0.56 eV� is
close to neutral.1 This result was confirmed experimentally.3

It was recently shown that the adsorption energy of the Au
clusters up to the hexamer on MgO/Mo correlates closely
with the EA of the clusters.6,7 The EA oscillates as a function
of cluster size and so does the adsorption energy; see the
upper panel of Fig. 7. However, the amount of charge trans-
ferred to a cluster does not correlate with EA; instead it is
close to one electron for all cluster sizes.

V. DISCUSSION

In Sec. I, the adsorption energy was decomposed into five
terms: the polarization of oxide and metal, direct binding
between the oxide and the adsorbate, the modification of
oxide-metal adhesion, difference between EA and �, and
direct adsorbate-adsorbate interaction. Sections II–IV exem-
plified the different contributions and it is clear that the cal-
culated stabilization energy depends on all the terms. It is
difficult to rank the importance of the contributions: All the
terms depend on the adsorbate charging and are linked to
each other. For example, charging of the adsorbate is associ-
ated with the polarization of the oxide and the polarization is
accompanied with structural changes. None of the phenom-
ena occurs without the others. Furthermore, the significance
of the different contributions may be system dependent. De-
spite this complexity, some general conclusions can be made.

The important contributions are the polarization of the
oxide and the formation of an image charge in the metal.1,15

These contributions are qualitatively captured by the ST con-
tinuum model. In the original ST model, the charge is unity.
If the charge is parameterized with the Bader charges calcu-
lated for Au adsorption on MgO/Mo�100� at 0.25 coverage,
stabilization energies of 0.45, 0.18, 0.09, and 0.05 eV are
obtained for 3, 5, 10, and 20 layers, respectively. These
should be compared to the first-principles results of 0.71,
0.33, 0.11, and 0.04 eV. Thus, the long-range character of the
stabilization can be attributed to polarization of the oxide and
metal. Note, however, that the good agreement for the
thicker film must be regarded as fortuitous: In addition to
assuming zero coverage, the ST model does not include the
energy penalty associated with the abstraction of an electron
from the MO /M system, �EA−�� in Eq. �1�.
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The systematic investigation of coverage �Fig. 3� shows
the energetic balance between the attractive Au/MgO/Mo in-
teraction and the repulsive Au-Au interaction. The charging
is reduced with increased coverage owing to adsorbate-
adsorbate interactions.

The oxides considered here have an ionic character and
adsorbate charging modifies the direct adsorbate-oxide bond.
A structural signature of this is the pronounced oxide relax-
ation around the adsorbate on a metal-supported oxide. In
fact, the energetic contribution from the structural relaxation
is large: The Au adsorption energy on 3MgO/Ag �3MgO/
Mo� is 1.11 eV �1.89 eV� and reduces to 0.43 eV �0.94 eV� if
the oxide and the metal are not allowed to relax upon Au
adsorption. This is in agreement with the results in Ref. 35. A
constrained substrate leads to weaker polarization and re-
duced charge transfer to the adsorbate. Thus, the energy con-
tributions from the structural relaxation and charge transfer
are difficult to separate. Some of the energy penalty in the
constrained calculations should, however, be attributed to the
relaxation at the oxide-metal interface. The size of this relax-
ation depends on supporting metal, oxide thickness, and ad-
sorbate: NO2 gives rise to more pronounced relaxations than
does Au. In Fig. 8�a� the Ag-O distance at the interface be-
fore and after adsorption of NO2 on MgO/Ag are reported.
The Ag-O distance is reduced by 0.2–0.3 Å upon NO2 ad-
sorption, with the largest reduction calculated for 2MgO/Ag.
Figure 8�b� shows the variation in the metal-O distance for
different supporting metals. The reduced metal-O distance is
a structural signature of an enhanced bonding.10,11 In fact,
analysis of charge difference patterns for NO2 adsorption on
2MgO/Ag�100� have revealed charge accumulation between
the anion in the oxide and Ag.10 If only the adsorbate and the
top oxide layer are allowed to relax, the adsorption energy of
NO2 on 2MgO/Ag is calculated to be 0.89 eV �at 0.25 cov-
erage�, which should be compared with 1.66 eV for the fully
relaxed system. The corresponding values for NO2 adsorp-
tion on 2Al2O3 /Ag are 0.81 and 2.29 eV, respectively. A
similar trend is valid for Au adsorption. If relaxation is al-

lowed only for Au and the topmost MgO layer on 3MgO/Ag
�3MgO/Mo�, the adsorption energy is 0.59 eV �1.34 eV�. A
comparison of these results with the values for the com-
pletely relaxed and fully constrained substrate suggests that a
substantial contribution of the adsorption energy originates
from the structural relaxation �and modified bonding� at the
oxide/metal interface. The charging of the adsorbate is a pre-
requisite for a high adsorption energy, which is nicely exem-
plified by the constrained calculations. Au is charged by
0.81e in the fully relaxed 3MgO/Ag system. The value re-
duces to 0.44e when only the topmost layer is relaxed, and
for the constrained 3MgO/Ag system the charging is 0.31e.

Because charge is transferred from the oxide/metal to the
adsorbate, �EA−�� is one contribution to the adsorption en-
ergy. The dependence on � is, however, not straightforward.
In Fig. 6 we show that the adsorbate charging does not de-
pend on the supporting metal, i.e., the work function. More-
over, the possible oxide induced decrease in the substrate
work function is not a necessity for the stabilization: NO2 is
charged on Al2O3 /Ag despite the fact that � is higher for
Al2O3 /Ag�111� than for Ag�111�.12 Nevertheless, for a given
oxide, the stabilization energy correlates to some extent with
�; see Fig. 5. The dependence on EA in Eq. �1� is much
clearer, which is exemplified by the results in Fig. 7.

VI. CONCLUSIONS

To conclude, the density-functional theory has been used
to investigate the adsorption of Au atoms, Au clusters, and
NO2 on oxides supported on transition metals. Compared to
the unsupported oxides, the adsorbates are charged and ex-
perience a higher adsorption energy. The origin of this effect
is found to be the consorted action of several contributions
where the relative importance of the different parts changes
with the system composition. Furthermore, the contributions
are linked to each other, which leads to an almost indistin-
guishable interplay between the different energy terms. How-
ever, the long-range character of the effect is attributed to
electrostatic polarization.
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two layers of MgO �b�. Results with and without NO2 are shown as
diamonds and circles, respectively.
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