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Characteristics of Pd adsorption on the MgO„100… surface: Role of oxygen vacancies
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Using theab initio full-potential linearized augmented-plane-wave approach, we have studied the role of
surface oxygen vacancies on the characteristics of palladium deposition on the MgO~100! surface. In agree-
ment with recent theoretical evidence, we find that the adsorption energy of a single Pd atom is considerably
enhanced by the defects, and that an important electron transfer from the substrate towards the adsorbed Pd
atom occurs. By considering three types of palladium deposits—a single atom, a monolayer, and a bilayer—we
have analyzed the evolution of the vacancy-induced interface properties as a function of the dimensionality of
the deposit and we show that the modifications reported for the isolated Pd adatoms are to a large extent
present also for more extended deposits. However, the electron transfer across the interface remains localized
to the close vicinity of the oxygen vacancy, and the stabilization effect of vacancies is particularly strong on
lower-coordinated metal atoms. This indicates that the major vacancy-induced modification of the deposit shall
be limited to those metal atoms at the cluster edges that adsorb directly at the vacancies.

DOI: 10.1103/PhysRevB.64.075417 PACS number~s!: 73.20.At, 68.35.2p, 71.15.Mb
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I. INTRODUCTION

The microscopic processes determining the structu
electronic, and growth properties of metal deposits on
insulating, ionic substrates have attracted the growing at
tion of material scientists both from experimental and th
retical communities. This is partially due to the known b
not yet fully understood catalytic properties of support
metal clusters, but also, on a more fundamental level, to
fact that the microscopic description of the interactions
the metal/oxide interface is still far from being complete.1–9

The MgO ~100! surface is a particularly promising sub
strate for both fundamental and technological reasons.1 Ex-
perimentally it is relatively easy to prepare single-crys
samples of well-defined surface structure a
stoichiometry.10 Additionally, the high degree of ionicity, the
rigidity of the crystalline structure, and the resulting re
tively simple atomic structure of the interface justify th
abundance of studies on metal deposition on the MgO~100!
surface.6,7 On the other hand, the theoretical studies that h
appeared in recent years have helped the analysis and
pretation of experimental results, have elucidated many b
questions, and validated to a large extent the existing sta
the art of quantum-mechanical approaches as adequat
the description of adsorption11–14 and growth15,16 of metals
on an oxide substrate.

The existing studies have principally focused on the p
fect interfaces and it is only very recently that the extens
towards a controlled analysis of the role of surface po
defects has been attempted.15,17,18Very recent atomic force
microscopy~AFM! experiments have shown that the nuc
ation kinetics is governed by point defects with a high tra
ping energy.19 The peculiar catalytic properties of support
gold clusters have been tentatively attributed to vacan
induced modification of the electronic properties of the d
posited metal clusters.20 In fact, theoretical studies reveal a
0163-1829/2001/64~7!/075417~9!/$20.00 64 0754
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important increase of the adsorption energy of metal adat
and a considerable electron transfer between the subs
and the adsorbate induced by surface oxyg
vacancies.15,21–24However, the existing results concern pri
cipally the isolated adatoms or adsorbed dimers and are
representative of the very early stages of cluster growth
present, it is not at all clear to what extent the reported str
modifications of adsorption characteristics can affect the
hesion and the electronic properties of more extended de
its.

The goal of the present paper is thus to analyze the e
lution of the vacancy-induced modifications of the charact
istics of metal adsorption as a function of the dimensiona
of metal deposits. We will focus on the adsorption energet
on the related modifications of the interface adhesion ene
and on the charge transfer between the substrate and
adsorbate. To this end, we have chosen to analyze t
model metal deposits, namely an isolated atom, an epita
monolayer, and an epitaxial bilayer, in each case compa
the adsorption characteristics obtained for the deposition
the regular and on the oxygen-deficient MgO~100! surface.
The three systems have the advantage of covering in a
tematic fashion the metal-metal coordination numbers ra
ing from an isolated adatom to a fully constituted met
MgO~100! interface, and to model zero-, two-, and thre
dimensional deposits, respectively. This choice, althoug
does not allow for a direct comparison with a particular
of experimental results, has the advantage of giving a r
tively clear physical picture of microscopic mechanisms
sponsible for the analyzed effects and facilitates the elab
tion of general physical conclusions. In this way,
constitutes a definite basis for further experimental and t
oretical studies.

The paper is organized as follows. In Sec. II, we brie
describe the computational settings used for the pre
study. Section III starts with a presentation of the model
©2001 The American Physical Society17-1
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GIORDANO, GONIAKOWSKI, AND PACCHIONI PHYSICAL REVIEW B64 075417
the oxygen-deficient MgO~100! surface used in the study
and then summarizes the numerical results concerning
palladium adsorption characteristics. In Sec. IV, we disc
the results and derive some general trends in adsorption
ergetics and interface charge transfer.

II. TECHNIQUES

The present study makes use of the density-functio
based, full-potential linearized augmented-plane-wave~FP-
LAPW! method,25 which has already been successfully a
plied to studies on surface processes and metal-o
interfaces.26,27 In order to better account for adsorption ene
getics, we have used the generalized gradient approxima
~GGA!, which has proven its reliability for study of meta
atom adsorption on oxides, as well as for the particular c
of Pd on the MgO~100! surface.13 Recent studies on vacan
cies in metals28 or metal/alumina interfaces29 suggest that the
performance of the GGA is not equally satisfactory for
physical systems. However, for the Pd/MgO~100! interface,
the excellent agreement between the present results an
full-potential linear-muffin-tin-orbital ~FP-LMTO! local-
density-approximation~LDA ! findings by Goniakowski30

tends to prove that the different choice of the exchan
correlation potential will not modify the principal physica
conclusions of the study. We have used the GGA functio
in the form proposed by Perdew and Wang.31

Within the FP-LAPW method, space is divided into no
overlapping spheres centered on the atomic sites. Spher
1.9 a.u. radius were used for oxygen and magnesium at
and spheres of 2.0 a.u. radius for palladium. The basis
consists of plane-wave envelope functions that are a
mented inside the atomic spheres by means of a nume
solution of the Schro¨dinger equation. Partial waves up tol
510 are used inside the atomic spheres. We have adde
so-called ‘‘local orbitals’’ in order to include the 2s electrons
of O, 2s and 2p electrons of Mg, and 4p electrons of Pd as
semicore states. The convergence of the basis set is
trolled by a cutoff parameterRmtKmax, which was set equa
to 6 ~10 Ry! during the geometry optimization. Calculation
with the cutoff increased to 10~28 Ry! were made for all the
optimized geometries in order to estimate the adsorption
ergies, charge distributions, and densities of states.

Tests on the adequacy of this computational approach
representation of bulk Pd and MgO and of their surfa
were reported in Ref. 32. In the present calculations,
MgO surface is represented by a three-layer-thick unrela
MgO slab of theoretical bulk MgO lattice constant (4.26!
and (232) surface unit cell. Pd was adsorbed symmetrica
on both sides of the slab. We will discuss the validity of th
surface model in the next section. Two-dimensionalk-point
sampling of the Brillouin zone is converged to within 0.1 e
per atom~with a Gaussian broadening of 2 mRy!. This is
achieved with sixk points in the irreducible part of the Bril
louin zone~BZ!. In order to compensate for the possible la
of full convergence with respect to computational settin
all calculations necessary for the determination of adsorp
energies were performed with exactly the same periodic
percell.
07541
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III. RESULTS

We start with a brief presentation of the atomic and t
electronic structures of the regular and of the oxyge
deficient MgO~100! surfaces. Later on, we report the resu
of calculations on the adsorption of different palladium d
posits. In each case, we present a comparison of calcul
electronic and atomic structures for adsorption on the reg
and the oxygen-deficient surfaces.

A. Oxygen vacancies on the MgO„100… surface

The existing studies on oxygen vacancies on
MgO~100! surface indicate that the interaction between
surface vacancies is relatively weak and that it decrea
rapidly as a function of the distance between the vacanc
In particular, between the 12.5% and 25% coverage of s
face oxygen vacancies, the formation energy changes by
than 5%.33 Furthermore, both structural and energetic con
butions due to the surface relaxation are small: the relaxa
energy is of the order of 0.1 eV,22,33 and the related atomic
displacements are of the order of 0.05 Å.33 We have chosen
the 25% oxygen-deficient unrelaxed surface~the lateral
vacancy-vacancy nearest-neighbor distance of 6 Å! as a rep-
resentation of an isolated oxygen vacancy. In the followi
we will refer to this model as the oxygen-deficient surface.
order to test the effect of limited slab thickness, we ha
compared the adsorption energetics of the Pd monolayer
posited on the fully oxygen-deficient MgO~100! surface,
represented either by a three-layer-thick slab or by a fi
layer-thick slab. The difference between the adsorption e
gies in the two cases did not exceed 0.03 eV/Pd at, show
that the three-layer slab is an adequate representation o
oxygen-deficient surface.

Within these settings, the vacancy formation energy c
culated with respect to a free oxygen atom in its sp
polarized ground state is 9.5 eV. This can be compared to
existing results of the plane-wave, periodic LDA calculatio
by Kantorovichet al.34 and Finocchiet al.33 who, for the
same concentration of vacancies, report, respectively, 9.8
10.2 eV. GGA calculations by Bogicevic and Jennison,15 well
converged with respect to the size of the supercell, give
eV. Hartree-Fock calculations reported in Ref. 35 estim
the formation energy of an isolated vacancy to be 7.8–
eV. Embedded Møller-Plesset perturbation theory up to
second order calculations by Scorzaet al. predict 9.35 eV.36

Satisfactory agreement with the existing results shows
the effect of limited slab thickness on the vacancy format
energy is relatively small.

Figure 1 presents the valence-band densities of st
~DOS! calculated for the perfect and the oxygen-deficie
MgO ~100! surfaces. Projection on the surface oxygen ato
is plotted separately. The projection procedure, although
pendent on the choice of the atomic spheres, has the ad
tage of elucidating the origin of different structures in t
total DOS. In all the graphs, the energy scales are shifted
as to align the DOS projected on the atoms of the cen
layer of the slab~not shown in the figure!. In both cases, the
Fermi level is placed at the highest occupied state in orde
show clearly the vacancy-induced occupied states in the
7-2
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CHARACTERISTICS OF Pd ADSORPTION ON THE . . . PHYSICAL REVIEW B 64 075417
Since the position of the origin of the energy axis is arbitra
the corresponding tick marks are not labeled explicitly.

The valence band of the clean MgO~100! surface has
principally oxygen 2p character. Due to a weakening of th
Madelung field at the surface, the contribution of the surfa
oxygen atoms is shifted towards higher energies with res
to the bulk ~center of the slab!. The principal modification
introduced by the surface vacancies is the appearance o
cupied electronic states in the gap. This new feature in
band structure corresponds to two electrons left on the
face when a neutral oxygen atom is extracted. The deta
analysis of the related wave functions and charge dens
shows that these two electrons remain relatively well loc
ized at the vacancy site.21,33,34,36,37In the present case, th
vacancy states form a narrow band~1.8 eV! positioned 2.0
eV above the bulk valence-band maximum~VBM !. This can
be directly compared to the band between 1.7 and 3.2
above the VBM reported in Ref. 33 and to that at about
eV above the VBM reported in Ref. 34. As was clea
shown in Ref. 33, the position and the width of the vacan
band depend on the vacancy concentration. In fact, 12.5%
the surface vacancies produce a nearly nondispersive ba
about 2 eV above the VBM. The broadening visible in t
present calculations is principally due to the lateral inter
tions between the vacancies. As for the vacancy-forma
energetics, this comparison shows that the effect of the
thickness on the electronic properties of the vacancy is p
tically negligible.

FIG. 1. Valence-band DOS for the regular~a! and the oxygen-
deficient~b! MgO ~100! surface. Total DOS together with projec
tion on the surface oxygen atoms are plotted. All DOS have b
convoluted with a 0.1-eV-wide Gaussian function.
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B. Adsorption of an isolated Pd atom

We proceed to the results on the adsorption of an isola
Pd atom on the regular and on the oxygen-defici
MgO~100! surfaces. In order to represent an isolated atom
the periodic calculations, we adsorb a single Pd per (232)
surface unit cell symmetrically on each side of the slab. T
corresponds to1

4 Pd ML coverage, and to the neares
neighbor Pd-Pd distance of 6 Å. At this distance, the dir
interaction between Pd atoms is negligible. For the regu
MgO ~100! surface, only the most stable oxygen adsorpt
site, as determined both theoretically and experimentally
considered.38–41 Since the plane-wave calculations42 show
that a full optimization of geometry changes the calcula
adsorption energy by 5% only, and modifies the adsorpt
height by less than 2%, in the following we will thus sy
tematically neglect relaxation of the substrate.

In general, the adsorption energy with respect to free
atoms can be estimated through

Eads52
1

2N
~EPd/MgO2EMgO22NEatom

Pd !,

with EPd/MgO, EMgO, andEatom
Pd being the total energies of th

MgO slab withN Pd atoms adsorbed symmetrically on ea
side, of the clean MgO slab, and of a free Pd atom, resp
tively. In the present case,N51, but the same formula will
be further used withN54 andN58 for the cases of adsorp
tion of a monolayer and of a bilayer. Calculated adsorpt
heights and binding energies are shown in Table I.

As far as adsorption on the regular surface is concern
our results are fully consistent with the data existing in t
literature. Periodic30 and cluster22 calculations give, respec
tively, Eads51.3 eV (d52.08 Å! and 1.35 eV (2.11 Å!. Sat-
isfactory agreement between the periodic and cluster res
confirms the adequacy of the present,1

4 Pd ML model to
represent isolated Pd adatoms.

With respect to the regular MgO~100! surface, the pres-
ence of an oxygen vacancy very clearly stabilizes the ads
tion. To our knowledge, only two studies of the adsorption
an isolated Pd atom on an oxygen vacancy have been
ported in the literature. Our results are in excellent agreem
with those of Matveevet al.,22 who, using an embedde
cluster approach within the Becke-Perdew gradient-correc
density-functional-theory~DFT! method, found the Pd atom
bound by 3.76 eV at 1.53 Å above an isolated oxygen
cancy. On the contrary, our results differ considerably fro
those of Ref. 21, where the Hartree-Fock~HF! -based em-
bedded cluster approach gives an adsorption energy of
eV and an adsorption height of 1.73 Å. In this latter case,
underestimation of bond strength is mainly due to the lack

TABLE I. Adsorption properties of an isolated Pd atom on t
regular and on the oxygen-deficient MgO~100! surface: adsorption
energyEads ~eV!, Pd-surface distanced (Å).

Eads d

Regular 1.43 2.13
Oxygen-deficient 3.73 1.44

n

7-3
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GIORDANO, GONIAKOWSKI, AND PACCHIONI PHYSICAL REVIEW B64 075417
correlation effects but also to an embedding scheme that
not include effective core potentials to avoid the unphysi
polarization of the oxygen atoms at the cluster border.

It is worth mentioning that very similar calculations o
Ag adsorption on the regular and oxygen-deficient surfa
have been recently performed within an equivalent perio
slab approach24 and within a cluster model.22 Although these
two sets of results are not directly comparable because
approximations on the electronic interactions employed
the two groups are not the same~Hartree-Fock and DFT
respectively!, the adsorption energy of an isolated Ag adato
on the vacancy given by the periodic HF approach24 is nearly
five times bigger than the energy given by the cluster D
calculations.22 The authors of Ref. 24 tend to attribute th
important difference to two effects: possible deficiencies
the embedding scheme used in the cluster calculations,
possible interaction between the periodic images in the
calculations. We belive that the excellent agreement betw
our periodic-slab results and the results of cluster calc
tions by Matveevet al.22 shows the perfect equivalence
the two qualitatively different methods for description of t
surface processes.

From an experimental point of view, using a rate equat
model to describe the nucleation process of Pd on MgO
served by AFM, Haaset al.19 estimate an adsorption energ
to about 1.2 eV for regular sites and a trapping energy
somewhat more than 1.5 eV for the surface defects. Tak
into account the good agreement between the experime
and theoretical estimation of adsorption energy at the reg
surface, the important difference between the calculated
sorption energy for Pd at an oxygen vacancy and the exp
mental trapping energy suggests that they are not oxy
vacancies that have been observed experimentally. The
ture of these defects has not yet been unambiguously id
fied.

The important difference between the adsorption cha
teristics of Pd atoms on the regular and oxygen-defic
surfaces can be related to the vacancy-induced modificat
of the electronic structure. In Fig. 2, we show the valen
band DOS calculated for the two cases. Projections on th
atom and on surface oxygen are plotted separately.

Two qualitative differences in the DOS of the adsorb
should be stressed. First, the position of the Pd level w
respect to the substrate valence band changes as a funct
the adsorption site. When adsorbed on the surface oxy
this level is well above the MgO valence band, whereas
two intersect when Pd is adsorbed above the surface vaca
An increase of the Pd bandwidth and a downward shift of
center of gravity contribute to this effect. Second, the ch
acter of the Pd band changes. When adsorbed above the
face oxygen, the 5s and 4d components are clearly sep
rated, and the occupied Pd band has a strongd character.
When adsorbed above the vacancy, the two components
bridize. A rough inspection of the corresponding DOS
veals that the electronic population of the Pd atom is big
when adsorbed at the vacancy. We will propose a quan
tive electron counting scheme in the next section.

As already pointed out by the authors of Ref. 21 and R
22, the increase of the adsorption energy on the vacancy
07541
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be related to two principal factors. First, the strong hybr
ization between the Pd and the vacancy state lowers the
sition of the vacancy state and enhances thes-d hybridiza-
tion of the Pd outer shells. Second, in the absence of
surface oxygen atom, the Pauli repulsion decreases cons
ably.

C. Adsorption of a palladium monolayer

We proceed to the presentation of the results of the de
sition of an epitaxial Pd monolayer, which, with respect
the zero-dimensional, isolated Pd adatoms, represen
model two-dimensional deposit. Again, the (232) surface
cell, this time with four Pd atoms adsorbed at each side
the slab, was used. Respecting the model character of
considered metal deposits and preserving the epitaxial st
ture of the interface, we optimize only the vertical positio
of the Pd atoms.

On the regular surface, as can be seen in Tables II an
the increase of Pd coverage induces an important increas
the adsorption energy. This is mostly due to the additio
Pd-Pd bonds within the monolayer, the interaction betwe
the Pd and the substrate being weaker.30

The presence of the vacancy further increases the ads
tion energy. The numbers given in Table II correspond to
average over four inequivalent Pd atoms of the (232) sur-

FIG. 2. Valence-band DOS of an isolated Pd atom adsorbed
the regular~a! and on the oxygen-deficient~b! MgO ~100! surface.
Projections on the surface oxygen and on the Pd atom at the re
~clear! and at the vacancy~shaded! sites are plotted. All DOS have
been convoluted by a 0.1-eV-wide Gaussian function.
7-4
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CHARACTERISTICS OF Pd ADSORPTION ON THE . . . PHYSICAL REVIEW B 64 075417
face cell, one that is adsorbed at the vacancy and the rem
ing three that are adsorbed at the neighboring regular sur
sites. An alternative way to look at the energy would cons
in a calculation of the gain induced by the vacancy, wh
can be estimated to be 1.68 eV/surface cell. This value, m
smaller than the corresponding result for the adsorption
isolated atoms~2.30 eV!, suggests that although it exists, th
stabilization effect of the vacancy weakens considerably
the presence of an extended deposit. The effect of weake
of the deposit-substrate interactions as a function of incre
ing coordination number of atoms within the deposit, typic
for interactions of many-body character, was already
ported for Pd deposited on the regular MgO~100! surface.30

The presence of the vacancy causes a corrugation o
adsorbed Pd film: the atom at the vacancy site adsorbs
tively close to the surface (1.53 Å!; its neighbors at the regu
lar sites adsorb at a somewhat higher distance (2.19!.
Clearly, the interactions within the monolayer make the
sulting corrugation (0.66 Å! considerably smaller than th
difference between the adsorption heights of an isolated a
at the vacancy and an atom within 1 ML on the regu
surface (0.77 Å!. At the same time, the balance of P
vacancy and Pd-Pd interactions results in an increased
sorption height of Pd at the vacancy with respect to the c
of an isolated atom. The structural results show very clea
that the vacancy-induced modifications within the depos
Pd layer go beyond the second Pd neighbors, and sug
that the (232) surface unit cell is not large enough to avo
completely the metal-mediated interactions between the
riodic images of the vacancy.

As far as the DOS for the regular surface is concern
two principal effects are clearly visible in Fig. 3. With re
spect to the adsorption of an isolated atom, the width of
Pd band and the hybridization between thes and d compo-
nents increases. On the other hand, the Pd-O hybridizatio
considerably smaller. Both these effects reflect an impor
intralayer bonding and a reduction of the metal-oxi
interactions.30

When an oxygen vacancy is present, the Pd atoms wi
the layer become inequivalent, and the corresponding
projected DOS changes considerably. The contribution of
Pd atom adsorbed at the vacancy is shifted downwards
the energy scale, and its width is considerably reduced.
electronic population at this particular atom is higher, in
cating an electron transfer from the vacancy. The redu
width of its DOS reflects a small hybridization with the re
of the layer and suggests a high degree of localization of
transferred electrons.

TABLE II. Adsorption properties of an epitaxial Pd monolay
deposited on the regular and on the oxygen-deficient MgO~100!
surface: average adsorption energy per Pd atom^Eads& ~eV!, aver-
age Pd-surface distancêd& ~Å!, corrugation of the Pd laye
Dd ~Å!.

^Eads& ^d& Dd

Regular 2.15 2.21 0.00
Oxygen-deficient 2.57 2.00 0.66
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D. Adsorption of a palladium bilayer

We turn now to the adsorption of an epitaxial Pd bilay
which can be considered as the simplest model of a th
dimensional deposit. As before, we use the (232) surface
unit cell, we preserve the fcc structure of Pd, expand
lateral lattice parameters so as to match those of MgO,
optimize the vertical positions of all Pd atoms. Table III sum
marizes the structural and energetic characteristic of Pd
layer deposition on the regular and on the oxygen-defic
MgO ~100! surfaces.

On the regular surface, if compared to the 1-ML depo
we observe a further, small increase of the adsorption ene
Remembering that at present the energy is averaged ove

TABLE III. Adsorption properties of Pd bilayer deposited on th
regular and on the oxygen-deficient MgO~100! surface: average ad
sorption energy per Pd atomEads ~eV!, average adsorption heigh
^d1& ~Å!, average distance between Pd layers^d2& ~Å!, and the
corrugation of the interface and of the second Pd layerDd1 and
Dd2 ~Å!.

^Eads& ^d1&, ^d2& Dd1 , Dd2

Regular 2.91 2.34, 1.73 0.00, 0.00
Oxygen-deficient 3.04 2.12, 1.74 0.43, 0.00

FIG. 3. DOS for a Pd monolayer adsorbed on the regular~a! and
on the oxygen-deficient~b! MgO~100! surface. Total DOS and pro
jections on the surface oxygen and on the Pd atom at the reg
~clear! and at the vacancy~shaded! sites are plotted. All DOS have
been convoluted by a 0.1-eV-wide Gaussian function.
7-5
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GIORDANO, GONIAKOWSKI, AND PACCHIONI PHYSICAL REVIEW B64 075417
Pd atoms at the interface and in the second layer, its incr
can be principally related to the increase of the coordina
of Pd atoms within the deposit. The interaction between
substrate and the adsorbate has a tendency to we
further.30

The presence of the vacancy changes the adsorption
ergy by about 0.1 eV only. The corresponding gain of ene
due to the presence of the vacancy amounts to 1.04
surface cell, and reflects a further important weakening of
stabilization effect of the vacancy. In parallel, the adsorpt
height of the Pd atom directly at the vacancy increases (1
Å!, and as a consequence, the corrugation of the interfa
layer becomes smaller. However, even in this case the di
ence between the vertical positions of the Pd atoms at
vacancies and at the regular sites remains of the order o
Å. The small difference between the interlayer distance^d2&
calculated for the regular and oxygen-deficient interfaces
flects the particularly rapid attenuation of the vacan
induced modifications in the direction perpendicular to
interface.

As can be seen in Fig. 4, the main modification of t
electronic band structure with respect to the 1-ML case c
sists of an important widening of the Pd band, which in t
present case clearly overlaps with the substrate valence b
The vacancy-induced modification of the DOS is small. A

FIG. 4. DOS of a Pd bilayer adsorbed on a regular~a! and on the
oxygen-deficient~b! MgO~100! surface. Total DOS and projection
on the Pd atoms at the regular~clear! and at the vacancy~shaded!
sites are plotted. All DOS have been convoluted by a 0.1-eV-w
Gaussian function.
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though as before the DOS of the Pd atom directly on
vacancy site is shifted towards lower energies and more
calized than those of other Pd atoms, one can see its c
hybridization with the rest of the metal band. Contrary to t
case of the 1-ML deposit, in the present situation the cen
of gravity of the LDOS of the atom at the vacancy is situat
well within the Pd band.

IV. DISCUSSION

In the following, we will focus on two qualitatively dif-
ferent aspects of the vacancy-induced modifications of
Pd/MgO~100! interface. First, we will see to what extent th
strong increase of bonding that is found for adsorption
single Pd atoms and that is potentially relevant for the ea
stages of the metal deposition does influence the adhesio
an extended interface, and thus the equilibrium atomic str
ture of the deposited clusters. Second, we will analyze m
quantitatively the charge transfer between the substrate
the deposited metal and the related electron redistribu
within the deposit. Understanding the evolution of the cha
transfer as a function of the dimensionality of the depo
may help to understand if the recently proposed argume
relating the particular reactivity of small metal particles
the electron transfer from the surface vacancies remain v
also for extended deposits.

A. Adhesion energy of the interface

In order to analyze the evolution of bonding at the inte
face, we will supplement the analysis of adsorption energ
with respect to free Pd atoms (Eads) by evaluation of adsorp-
tion energies with respect to the unsupported Pd dep
(Eadh). The former contains information on both Pd-Pd a
Pd-MgO interactions, whereas the latter, which can be
pressed as

Eadh52
1

2N
~EPd/MgO2EMgO22Edeposit

Pd !

~whereEPd/MgO, EMgO, andEdeposit
Pd are the total energies o

the MgO slab with a Pd deposit on each side, of the cle
MgO slab, and of an unsupported Pd deposit, respectiv
and N is the number of Pd atoms at the interface! gives
directly the Pd-MgO contribution and approaches closely
adhesion energy of the interface~see Table IV!. Although
within these settings the reference for calculations ofEadh for
the regular and oxygen-deficient interfaces are not preci
the same, we have verified that the difference is of the or
of 0.02 eV/at, much smaller than the discussed energetic

TABLE IV. Adhesion energyEadh ~eV/interface Pd at! of an
isolated Pd atom, Pd monolayer, and Pd bilayer on the regular
on the oxygen-deficient MgO~100! surface.

Eadh Pd atom Pd 1 ML Pd 2 ML

Regular 1.43 0.58 0.53
Oxygen-deficient 3.73 1.01 0.81

e
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The energetics of Pd deposition on the regular MgO~100!
surface as a function of the deposit size has been alre
discussed in detail and related to the modifications of
electronic structure in Ref. 30. The present results reprod
well the principal tendency, namely the reduction of the
terface bonding for more extended deposits, reflecting
many-body character of the interactions. It is worth pointi
out that the adhesion energy calculated for the Pd bila
approaches closely the experimental estimate of 0.51–
eV/Pd at, obtained from the Wulff-Kaishev construction a
plied to deposited Pd clusters of 10–20-nm size.43

As far as the deposition on the oxygen-deficient surfa
is concerned, the adhesion energies are considerably
hanced. Their decrease along the series is principally du
the weakening of the Pd-vacancy interaction, but also to
modification of bonding within the Pd deposit. The substra
induced changes of cohesion of the deposit were already
cussed for the regular surface in Ref. 44, and we return
this question when analyzing the changes of bonding in
dimers adsorbed on MgO~100! surface defects.42

The vacancy-induced increase of the adhesion energy
be expected to produce a modification of the equilibriu
atomic structure of the deposited clusters. A simple argum
based on the Wulff theorem and applied to the known, py
midal form of the Pd deposits on the MgO~100! substrate6

would suggest a reduction of the cluster height and thus
increase of the proportion of the~100! facets with respect to
the ~111! ones. This effect, and the related change of e
lengths, will necessarily lead to a modification of the ca
lytic properties of the deposited clusters. On the other ha
the strong dependence of the stabilization effects of vac
cies on the coordination of the metal atoms suggests tha
vacancies would preferably occupy the undercoordinated
gions of the interface corresponding to the cluster’s ed
and corners. This observation seems coherent with
atomic structure of the Au clusters on the oxygen-defici
MgO ~100! surface as reported by Sanchezet al.,20 where a
three-dimensional cluster does not cover the vacancy. Ta
this into account, the modification of the reactivity by vaca
cies at the cluster edges may in fact be the principal exp
mentally detectable effect. Although the controlled gene
tion of surface defects may seem to be a tool for a fine-tun
of the catalyst’s reactivity, one should not forget that t
presence of vacancies may also be at the origin of struct
defects within the deposit and that it may modify the kinet
of cluster growth and the cluster-size distribution.

B. Electron redistribution at the interface

In order to access the evolution of the charge trans
between the MgO and the Pd deposit as a function of
deposit dimensionality, we have used two complement
techniques. The first one, based on the Bader-
method,45,32 consists of a partition of space into layers, d
limited by the local minima in the electron density profi
r(z)5*r(x,y,z)dx dy along the directionz, perpendicular
to the interface. The results of this decomposition can
associated with charges of the subsequent Pd atomic la
which on the regular surface are directly related to charge
07541
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Pd atoms. In the case of adsorption on the oxygen-defic
surface, the electronic occupations of different Pd atoms
the interfacial layer are not the same, so we have perform
a supplementary decomposition of the electronic charge
tribution r(r ), consisting this time in the evaluation of th
radial electron density functionr(r ) for each Pd atom. We
then use the* r cr(r )r 2dr, wherer c corresponds to the mini
mum ofr(r ), as an estimation of the charge of the particu
atomic site~see Table V!. It should be stressed that the abo
decomposition remains arbitrary and we will thus not ins
on the precise values of calculated charges. This applies
to what we will call charge transfer and what, within th
above decomposition scheme, can be induced by a real e
tron transfer between atoms, or by a strong polarization
their electronic clouds.

When palladium is deposited on the regular surface,
electron transfer from the substrate to the adsorbate is r
tively small and it clearly decreases as a function of the
coverage. Both its direction and its evolution are fully coh
ent with the microscopic model proposed in Ref. 30, acco
ing to which the formation of Pd-O bonds pushes the a
bonding oxygen states above the Fermi level and result
an electron transfer towards Pd. Furthermore, since the P
bonding becomes weaker when Pd gains its metal neighb
this electron transfer diminishes. In the case of adsorption
an isolated Pd atom, a similarly small electron transfer w
found by Matveevet al.22

When a vacancy is present, the electron transfer from
substrate to the adsorbate is much more pronounced.
present estimation in the case of an isolated Pd atom co
lates fairly well with that by Matveevet al.22 In the case of
an extended deposit, the increase of electronic populatio
the Pd atom directly at the vacancy is accompanied b
decrease at the neighboring Pd. Although the horizon
range of vacancy-induced modifications clearly excedes
(232) cell, its vertical modifications are principally limite
to the interface layer, the second Pd layer being only sligh
modified.

Although the precise electronic occupations are proba
not entirely meaningful, the present results show clearly t
oxygen vacancies are at the origin of an enhanced elec
transfer from the substrate towards the deposit. The elect
transferred remain well localized on the atom at the vaca
site, which receives additional electrons from its me
neighbors of the interfacial layer. Taking this into accou
we expect that the modification of the reactivity sugges

TABLE V. Charges per Pd atom for an isolated Pd atom, a
monolayer, and a Pd bilayer deposited on the regular and
oxygen-deficient MgO~100! surfaces. For the Pd bilayer, the fir
and the second column correspond to the interface and the se
Pd layer, respectively. Decomposition over inequivalent Pd ato
within the interface layer is given explicitly.

Pd atom Pd 1 ML Pd 2 ML

Regular 20.36 20.13 20.08 20.02
Oxygen-deficient 20.86 20.93, 20.01 20.63, 20.03 20.01
7-7
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already for the catalysis for the isolated adatoms23 may in
fact concern only extremely flat clusters or edges and cor
of three-dimensional clusters. In the direction perpendicu
to the interface, the modification of the electronic occup
tions remains fairly localized to the interface region and it
likely that the effect of the vacancy site will be complete
screened for the case of a three-dimensional deposit.
observation seems to be in agreement with the result
Sanchezet al.,20 where, although the oxidation process tak
place on a three-dimensional cluster, the key vacan
induced modification of the dissociation barrier happens
the edge atom adsorbed directly at the vacancy.

V. CONCLUSIONS

We have used the DFT-based, periodicab initio electronic
band-structure method to study the influence of surface o
gen vacancies on the characteristics of palladium depos
on the MgO~100! surface.

For the isolated Pd adatoms, we find a strong increas
adsorption energy and an important electron transfer fr
the substrate to the adsorbate. The perfect agreement o
present findings with the existing cluster results shows
full equivalence of the two approaches for the description
the surface processes.
es
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For more extended deposits, the stabilizing effect of
cancies attenuates quite rapidly. Its strong dependence o
coordination of the deposited metal atoms suggests that
cancies will preferably occupy regions at the cluster’s ed
and corners. With regard to the electron redistribution at
interface, we find that the strong electron transfer from
substrate to the deposit remains also for more extended
posits. In all cases, however, the transferred electrons rem
very well localized on the Pd atom at the vacancy. One
thus expect that the major vacancy-induced modification
the reactivity would be limited to those metal atoms at t
cluster edges that adsorb directly at the vacancies. Ei
direct or indirect effects on the other atoms of a thre
dimensional particle should be relatively small.
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