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Properties of MgO(100) ultrathin layers on Pd(100): Influence of the metal support
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Using the full-potential linearized augmented plane wéMe-LAPW) density functional approach we have
studied the electronic and structural characteristics of free and palladium-supportgd0@gtin films. For
the unsupported MgO films we found a non-negligible reduction of the in-plane lattice parameters together
with an expansion of the interlayer distances. The electronic structure is driven mainly by the thickness-
induced gap reduction, compensated to a large extent by the gap opening due to the reduction of the inter-
atomic distances. When a pseudomorphic M@ monolayer is deposited on the ®00) surface, the
palladium-oxygen interaction induces partially filled antibonding oxygen states at the Fermi level, showing a
possible weak, substrate-induced, conductor behavior of the MgO layer, and resulting in a considerable reduc-
tion of its work function. Furthermore, we show that the properties of an oxygen vacancy in the supported
MgO monolayer differ substantially from those of the perfect M@) surface. In particular, one of the two
electrons trapped in the vacancy is transferred to the metallic substrate. The characteristics of the perfect
MgO(100 surface and of the corresponding oxygen vacancy are recovered for a two-layer film.
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[. INTRODUCTION traviolet photoelectron spectra have shown a moderate in-
crease of the density of states at the Fermi level. This has
Ultrathin oxide films on metals and oxide-metal interfacesbeen ascribed to antibonding oxygen states, and has been
are of interest in many technological applications, rangingheld responsible for an enhanced reactivity towards wéter.
from microelectronics to catalysis and magneticOn the other hand, theoretical calculations on MgO layers
applications:~® In recent years, thin oxide films grown on grown epitaxially on Ag1002*?*do not seem to fit entirely
metals under ultrahigh-vacuum conditions have been widelyhis picture, and indicate only a very weak oxide-metal inter-
used in surface science instead of single-crystal oxidection, and thus a virtual absence of oxygen-silver bonding.
substrate$, since they allow the use of techniques such ag-urthermore, a question of particular interest is the evolution
scanning tunneling microscopy, high-resolution energy losspf the respective metallic and insulating character under the
or photoelectron spectroscopi@s* However, the thickness mutual influence of the two components as a function of the
of the films traditionally used is of the order of 50—-100 A, growth mode and deposit coverage.
and only very recently have ultrathin oxide films been stud- To gain insight into the effect of the substrate on the prop-
ied as a class of materials that can display peculiar propertieaties of the deposited MgO thin film, we have considered a
determined by the metal-oxide interface. Indeed, physicametallic substrate of different characteristics than silver. Pal-
and chemical properties of ultrathin films of oxides, althoughladium has a smaller lattice parameter, and thus a larger mis-
expected to differ from those of their surfaces, are at presenatch with respect to Mg@7%). This increases the effect of
largely unknown. Additionally, the substrate generally modi-substrate-induced film deformation. Furthermore, the nature
fies the atomic structure of the deposited ultrathin filtas-  of the states at the Fermi level is different for the two metals:
tice parameters, rumpling and/or reconstructjoiite struc- for Pd the Fermi level is positioned in the top part of the
tural constraints may have an additional effect on theband, while for Ag it is about 3 eV above tlieband, and
electronic structure of the oxide film, which can be seen asgntersects thesp states. This results in a considerably lower
an indirect effect of the substrate. On the other hand, thélensity of states at the Fermi energy. We expect the
substrate may also modify the electronic structure of the desubstrate-induced modifications of the MgO thin film to be
posited film directly by a chemical bonding and/or an inter-much more pronounced in the case of deposition on the Pd
face charge transfer. Finally, nanometer-scale deposits can lsapport. The comparison of the MgO/Pd interface with the
stabilized in nonequilibrium structural states which may bewell-characterized MgO/Ag interface can thus help to iden-
preparation dependent. This increases the complexity of atify the importance of hybridization and charge-transfer
experimental realization of this kind of system, but givesmechanisms connected to the electronic structure of the
additional tools to modify its properties. An adequate choicemetal substrate, compared to long-range polarization effects
of the substrate and of the deposition technique may thus beduced by the wide-gap oxide film. Finally, in order to sepa-
seen as a way of tuning the electronic and structural properate the effect due to the metallic substrate we have also

ties of the deposited film. analyzed the effect of the layer thickness on the structural
Ultrathin MgQ(100 films on Ag100 have been ad- and electronic properties of unsupported MgO ultratiid0)
dressed both experimentdify?®and theoretically®?*?°Ul-  layers.
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Experimentally, the growth of MgO thin films on BP0 eter from 20 to 28 Ry. Additional results on the adequacy of
surfaces has not been reported so far. One reason is that ttiés computational approach for representation of bulk Pd
technique usually adopted to grow MgO epitaxial films onand MgO and of their surfaces, together with the results on
metals, deposition of Mg in Obackground pressure, leads to the Pd/Mg@100 system can be found in Refs. 28 and 31.

a partial oxidation of the Pd substrate. Our energetic results In the present calculations the Pd surface was represented
supply information on the possibility of a practical stabiliza- by a three-layer-thick, unrelaxed Pd slab with theoretical
tion of the MgO thin-film deposits on the PD0) surface.  bulk Pd lattice parametéB.97 A). Calculations with a five-

On the other hand, on a more fundamental level, in the padayer slab were performed for selected geometries to test the
many studies were devoted to Pd deposits on the 0@  adequacy of our model. MgO was adsorbed symmetrically
surface?®~? whereas virtually no studies concerning the re-on both sides of the slab, and the vertical position of oxygen
verse situation Q/M) exist. Since, especially in the early and magnesium atoms were optimiZg¢d < 1) surface unit
growth stages, the properties /O andO/M are not nec- cell]. An isolated vacancy was approximated by a 0.25 va-
essarily symmetrical, we believe that such studies are impocancy coverag§(2x2) surface unit ce]l This corresponds
tant for a better understanding of the metal-oxide interface.to abou a 6 A distance between the vacancies, and has al-

The paper is organized as follows. In Sec. Il we describeeady proved to be a fairly adequate approximatfoir.In
the computational settings used for the present study. In Sethe vacancy calculations we have additionally taken into ac-
[Il we present the results for unsupported MgO layers, whilecount the relaxation of the surface layer of the Pd substrate,
in Sec. IV the deposition-induced modifications of the MgOand the horizontal displacements of the adsorbate atoms.
monolayer and bilayer are addressed. In Sec. V we focus on The k-point sampling of the Brillouin zone is converged
the characteristics of an oxygen vacancy in the supportetb within 0.1 eV per atormwith a Gaussian broadening of 2
MgO film. mRy). This is achieved with 1% points in the irreducible

part of the Brillouin zone. In order to compensate for the
Il. TECHNIQUES p_ossible Iack of full convergence with respect to computa-
tional settings, all calculations necessary for the determina-

For the calculations we have used the density functionaltion of adsorption energies were performed with exactly the
based, full potential linear augmented plane-waW-  same periodic supercell.

LAPW) method?® and the gradient-corrected form of the
exchange-correlation potential by Perdew and Wihahich
was successfully applied to studies on surface processes and Il UNSUPPORTED MgO (100 FILMS

metal-oxide interface®3! In particular, for a model of the In order to separate the effect of metal support on the
Pd/l\/lgO interface ConSiSting of five |ayer3 of palladium on roperties of thin Mgo |ayers we start our Study by present_
five layers of MgO, the calculated separation energy ofing the results on the structural and electronic characteristics
0.7 Jint per interface unit cell correlates well with the ex- of thin, unsupported MgC00) layers. We consider MgO
perimental estimate of 0.75-0.9 Jifif Conversely, analo- s|abs of one, two, three, and four atomic layers. In all cases,
gous calculations with a local-density-approximatit®A)  while imposing the X 1 periodicity, we have optimized the
exchange correlation potentiaproduce an adhesion energy |attice parameters without any constraint on the interlayer
of 1.6 J/nt/interface unit cell. It should be noted, however, spacing. The resulting formation energi@sth respect to the
that recent result4 have shown that in some cases LDA pylk MgO cohesion energylattice parameters, and surface
calculations give a better metal-oxide adhesion energy due T@nergies for Mgo slabs of different thickness are summa-
an accidental error cancellation in surface self-energy corregized in Fig. 1 and Table I.

tions. Within the FP-LAPW method, space is divided into As expected, the lattice parameter and the formation en-
nonoverlapping spheres centered on the atomic sites. Spherggyy decrease as function of the slab thickness, directly re-
of 1.8 a.u. radius were used for oxygen and magnesium aftecting the increasing proportion of lower-coordinatsdr-
oms, and an 2.2 a.u. radius was used for palladium. The baﬂléce atoms. These modifications are re|ati\/e|y well
set consists of plane-wave envelope functions, augmentgstonounced: both the reduction of the lattice parameters and
inside the atomic spheres by numerical solutions of they the formation energy between bulk Mg@sixfold-
Schralinger equation. We have used partial waves up to coordinated atomsand a monolayeffourfold coordinated
=10 inside the atomic spheres, and have added the so-calleggoms are of the order of 8%. The reduction of in-plane
“local orbitals” in order to include the 2 states of oxygen, |attice parametera,, induced by the surface stress is accom-
2s and 2p states of magnesium, ands4nd 4p states of panied by a smal(less than 2%increase of the interlayer
palladium as semicore states. The plane-wave cu(gff, spacingd, . We note that the overall convergence of the
was set equal to 20 Ry during the geometry optimizationstructural parameters and of the surface energy of MgO lay-
runs. Calculations with the cutoff increased to 28 Ry wereers to the values of the perfect M@DO surface is rela-
performed for all the optimized geometriésxcept for un-  tively slow. On the other hand, by fixing the lattice param-
supported MgO films, WherKZmaXZZO Ry gives already a etersa, to the bulk value we find an extremely rapid
good convergengen order to estimate the separation ener-convergence of the surface enekgl. Under this constraint,
gies, charge distributions, and densities of states. In particithe modification ofl, also remains smaller than 0.01 A, thus
lar, we have verified that the interface separation energgpproaching the characteristics of the perfect NIfID) sur-
changes by less than 0.4% when increasing the cutoff paranfiace closely. These results clearly show the influence of the
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42 ' ' ' TABLE Il. Properties of unrelaxed MgQO00 thin layers: the
' change of the band gap\E (eV), with respect to the bulk MgO
value, and the change of the work functiang (eV), with respect

1.0 - 1ML 1 to the perfect surfac&t-ML MgO).
0.8 \\,// 4ML  3ML 2ML 1ML 1ML relaxed
AE -1.3 -1.3 -1.4 -1.6 -1.3

Ag¢ - 0.1 0.1 0.0 0.1

Formation energy (eV)

04l aML | of MgO slabs of different thickness at fixdthulk) lattice
' parameter. Then for 1-ML MgO we will comment on the
effect of the reduction of lattice parameter.

0.2 ML Table Il summarizes the main characteristics of the elec-
\-\\“ tronic structure of the unrelaxed MgO slabs: the change of
00 . . . : bulk o the band gap with respect to the bulk MgO value, and of the
' 3.9 4 4.1 4.2 work function ¢ (with respect to the 4-ML case, which we
lattice parameter a, will use as the perfect surface referenddthough, as is well

known, the absolute value of the electronic gap is not well
reproduced in the ground-state density-funcitonal theory cal-
culations, its evolution along the series reflects a physical
effect. For MgO slabs with fixed lattice parameters we find a
progressive reduction of the band gap as the slab thickness
a,, lattice parameter on the structural characteristics of thelecreases. For the MgO monolayer, the reduction of the lat-
MgO layers, and the potential substrate-related flexibility. tice parameter results in an increase of the gap, bringing its
It is worth noting that the reduction of the lattice param-value back to that of a perfect surfa¢é-ML MgO). This
eter in the unsupported MgO films, and in the particular cas@volution can be seen as a result of an overall weakening of
of the 1-ML film, is not large enough to match neither the the Madelung field when the slab thickness decreéatethe
experimental(3.89 A), nor the calculated3.97 A) lattice  fixed lattice parametgr This induces an upward shift of the
parameter of Pd. In all cases, an additional compression afxygen (anion levels and a downward shift of the magne-
MgO is necessary in order to match the two lattices at thejum (cation levels and results in a reduction of the band
interface. For a MgO monolayer, a 1% compression is suffigap, as already discussed for MgO surfaces of different
cient to match the two lattices, and the related energy exorientations:®” Conversely, the reduction of the lattice pa-
pense is 0.07 eV only. Both the compression and the energsameter brings the ions closer to each other, reinforces the
expense increase rapidly with the slab thickness. We findadelung field, and thus has the opposite effect on the elec-
about 0.40 eV, 0.78 eV, and 1.24 eV/interface units for twotronic structure. As a consequence, the modification of the
three, and four MgO layers, respectively. In the limit of MgO electronic structure related to the change of the slab thick-
and Pd at their bulk lattice parameters, one expects an Idess is to a large extent compensated for by the reduction of
x 11 incommensurate interface structure, as reported in studhe lattice parameter of the laykt®
ies on Pd/MgO interfacetsee. e.g., Ref. 36, and references The above interplay of electronic and geometric effects
therein) results in a modification of the potential seen by the mol-
The electronic characteristics of thin M@IDO layers  ecules approaching the MgO surface. Without performing
can be seen as resulting from two physical effe¢i$:the  actual calculations of adsorption of a particular molecule,
slab thickness, an?) the modification of the lattice param- this modification can be estimated directly as a change of the
eter. In the following we will discuss the electronic structure electrostatic potential .. above the surfacghere and in the
following we will compareVg calculated at a fixed dis-
TABLE I. Calculated properties of unsupported MgOo0) thin  tance of 2.0 A from the surfageTaking the rigid 4-ML slab
films: in-plane lattice parametex;, (A), interlayer spacingl, (A)  as a perfect surface reference, in the case of a MgO mono-
(for the 4-ML slab, 2.14 A is the distance between the central laylayer, we find AVge{O)=-0.11 (—0.06) eV, and
ers, and surface energy (eV/surface MgO unjt o* (eV/surface  AVgedMg)=+0.17 (+0.06) eV, for the relaxed and fixed
MgO unit) corresponds to calculations with unrelaxed slélsk  (values in the bracketsystems. Within the present sign con-

FIG. 1. Formation energyeV/ MgO unij computed with re-
spect to the bulk MgO valué10.45 eV/ MgO unit vs the lattice
parameteA) for bulk MgO and for ultrathin Mg@L00) films.

MgO lattice parameter vention (Ve positive on top of oxygen and negative on top
of magnesiuny for the relaxed system, these modifications
Bulk 4 ML 3 ML 2 ML 1ML correspond to a 15% weakening of the electrostatic field
ay, 4.26 4.16 4.14 4.10 401  Aabove the surface.
d, 213 214,216 217 2.18 - IV. PD SUPPORTED MgO(100) MONOLAYER
a - 0.47 0.45 0.44 0.40
o* - 0.52 0.52 0.52 0.53 In Sec. Ill we showed that the electronic properties of

MgO slabs depend only weakly on the slab thickness and
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0.3 . pling of the MgO monolayer in its preferential adsorption
@ MgO ML : O on top Pd geometry is strongly smoothed by deposition of the second
= MgO ML : Mg on top Pd MgO |ayer.

+ MgO ML : O and Mg bridge site . .
A MgO 2ML : O on top Pd The basic features of calculated adsorption geometry and

01T | energetics are very similar to those found for the deposition
g of MgO(100) layers on the AgLOO) surface€® In that case
S the separation energies are somewhat smaller, and the ad-
S -01f . sorption heights somewhat largeh,~=2.6 A and Esep
2 =0.3 eV for oxygen on top of Ag, with rumpling The
§ M present results fit well also with the general trends on metal/
03| | oxide interfaces as obtained for transition-metal monolayers

deposited on the MgQ00) surface?’ In particular, for Pd on
the MgQ100 surface, the oxygen site is favoredh,gs
=23 A, Ex=05¢€V) over the magnesium onehgs
-0.5 * : =2.63 A, Eq=0.2 eV) ?® However, it is worth noting that
20 2'5ime ace distanoea'o 3% in both cases, MgO/Pd and MgO/A§,the adsorption
heightsh,qys are systematically larger and the separation en-
FIG. 2. Separation energfeV) vs the interface distancé)  ergies Esep Systematically smaller compared to those of the
calculated for 1-ML MgO deposited on the @60 surface in three corresponding metal/MgO systems, where a thin film of
differgnt geom_e_tries: O on top of Pd, Mg on top of.Pd, O and Mg atmetal is deposited on the Md@00 surface. This can be
the bridge positions, and for the 2-ML MgO deposited on top of the, o iated with the smaller horizontal lattice parameters of
surfarls_e Pd. Arrows indicate the energy gain associated with th?he MgO/metal interface§mposed by the substrate, rather
rumpiing. than by the MgQ and, as a consequence, with weaker inter-
action in the direction perpendicular to the interface.
lattice parameters. In order to analyze the effect of the sub- In order to determine the MgO growth mode on the Pd
strate we will describe the results obtained for pseudomorsurface, the conventional approach consists of comparing the
phic MgQ(100 slabs deposited on the @®0 surface, fo- MgO(100 surface energyr to the MgO/P@100) interface
cusing our attention on the monolayer and bilayer casesgdhesion energW. The cases>W and 2o0<W correspond
respectively. to the no-wetting and perfect wetting limits, respectively. If
In order to determine the relative stability of different the calculated separation energy of 0.42 eV is used as a
adsorption geometries we have calculated the separation efpugh estimate ofV, and the MgO surface energies from
ergy Ep, defined as the difference between the total energyable I are taken into account,>W, the theoretical predic-
of the MgO/Pd100) system, and those of the clean Pd slabtion would correspond to a three-dimensio@D) growth.
and of the unsupported MgO filifat Pd lattice parameter ~However, the above method, valid for equilibrium micromet-
The results for the 1-ML MgO deposit are summarized infic deposits, does not take into account the atomic-scale ef-
Fig. 2. The energetically most favorable adsorption site corfects and contributions, and may thus be not the best suited
responds to oxygen atoms on top of R f=2.46 A, Esep to d|scr|m|nat.e between one-atom|c—lay¢r and somewhat
=0.35 eV), while the less favorable structure corresponds téhicker deposits. In the present case a direct comparison of
magnesium on top of Pchfy=3.10 A, Ece=0.09 eV). The calculated energies for m_onolayer and k_)llayer deposns may
hollow surface site is intermediateh{,—=2.78 A, Ecep give a more adequate estimate. In fact, since the difference of
=0.18 eV). The above relative stability of different interface energies between 1- and 2-ML fiImQ:%(E(ZM,_ MgO)/Pd
geometries also remains valid for thicker MgO films. Also +E pg) — E(1m mgoypd i Smaller than 0.05 eV/surface unit
the separation energies and the adsorption heights changell, within the accuracy of our calculations, we may expect
little as a function of the MgO thickness. In particular, for the an absence of a strong 3D growth tendency at the early MgO
MgO bilayer in its preferential adsorption geometoxygen  growth stages. In the following we present results on the
on top of Pd we find h4—=2.46 A andEg.;=0.31 eV. electronic structure of the supported MgO monolayer, focus-
Contrary to the case of a free MgO monolayer, either at itsng on the preferential deposition geometry, namely, oxygen
equilibrium lattice parameters, or compressed to match then top of Pd.
the Pd(100 lattice constant, the supported layer is not per- Figure 3 presents the DOS of the MgO(P@0) system,
fectly planar. When depositetbxygen on top of Pd the together with those of the clean Pd surface and the unsup-
magnesium ions approach the Pd surface by about 0.16 Borted MgO layer. Energy scales of the panels are aligned so
more than the oxygen ions. The resulting rumpling of theas to match the corresponding vacuum levglsro of the
MgO layer increases the separation energy by 0.07 eV. In thpotential far from the surfageThe modifications due to the
case of magnesium on top of Pd, the rumpling is 0.08hk  interface formation are mainly limited to the surface palla-
magnesium ions closer to the Pd surfeaed the energy gain dium layer(also confirmed by a test with a five-layer-thick
is less than 0.01 eV. In this latter case the rumpling is of thePd slabh. The surface Pd band is broadened and its center of
same order of magnitude as at the perfect NIJID) surface gravity is pushed toward lower energies with respect to the
(smaller than 0.05 A The relatively well-pronounced rum- Fermi level. The formation of a weak chemical bond be-
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MgO(100) interface (0.10 electrons transferred from the
MgO to the Pd deposif® It is also coherent with the results
on the MgO deposition on AG00) (Ref. 24, where a trans-

fer of 0.2 electrons from oxygen to silver has been found.

Finally, the work function of the MgO/Pd syste(B.65
eV) is considerably reduced with respect to the M@0
perfect surfac€4.91 e\j. This reduction is accompanied by
a decrease of the Madelung potential above the suifaee
find, respectivelyA VgedO)=—0.27 eV andA V {MQg)
=+0.14 eV with respect to the perfect MmO surface.

This effect may enhance the charge transfer between the
MgO and the adsorbate, and modify its reactivity.

The LDOS of the pseudomorphic 2-ML MgO deposited
on the P@100 surface shows that the substrate-induced
modifications are principally limited to the interfacial layer.
The MgO valence ban@vB) of the oxygen atoms of the

Density of states (arbitrary units) second layer are hardly modified and contribute little to the
. Fermi-level DOS. The rapid attenuation of the metal-induced

FIG. 3. DOS of the palladiunil00 substrateleft-hand panél  cpharacteristics with the increasing MgO slab thickness has
of the MgO/Pd100) system(two central panes and of the unsup- already been pointed out for the MgO/Ag syst%smNith
ported MgO monolayefright-hand panel Total DOS's(gray) and  osn0ct 1 the vacuum level, the valence-band maximum of

projections on the surface palladiufalack, and on MgO(white) o o tarnal MgO layer is positioned at 4.94 eV, thus close to
are plotted. All DOS's are aligned at their respective vacuum Ievef ' ’
its perfect surface value.

and convoluted by a 0.1 eV wide Gaussian function. In the inset, the

contour plot of the electronic density at the Fermi level

(+0.3 eV) obtained for the MgO/RHO0) system. V. OXYGEN VACANCY IN THE SUPPORTED MgO (100
LAYER

-4

-6

Energy (eV)

-10

tween Pd and the MgO overlayer induces low-energy states
at the bottom of the palladium density of stat€0S). The Neutral surface oxygen vacancids) centers, are often
valence band of MgO is positioned 2 eV below the Fermiheld responsible for the surface reactivity. Their electronic
level. With respect to the unsupported MgO monolayer, itsstructure at the perfect Mg@00) surface has already been
center of gravity is shifted downward. A hybridization be- thoroughly studied, and several consequences for the surface
tween oxygen and palladium orbitals results in a strong deactivity have been deduced. In particular, it has been shown
formation of the oxygen band, with the formation of a con-that two electrons are trapped at the position of the missing
tinuous spectrum of the metal-induced interface states in thexygen atom, resulting in a doubly occupied gap state, local-
gap of the MgO layer and, in particular, a peak of the oxygerized about 2 eV above the MgO VB maximuiti’®~*3Our
local DOS(LDOS) at the Fermi level. The electronic density calculations show that an oxygen vacancy in the surface
related to states in the vicinity of the Fermi level layer of the deposited MgO bilayer recovers most of its per-
(£0.3 eV) is displayed in the inset of Fig. 3. The net sepafect surface characteristics. The vacancy formation energies,
ration of the Q, and Pd states shows the antibonding charwhich can be deduced from results on the Pd/NIgiD) and
acter of these Pd-O states. It is worth pointing out the simiMgO(100) systems, show that the vacancies segregate to the
larity to the Pd-O bonding in the reversed system:interface(with respect to bulk MgO or to the perfett00)
Pd/MgQ(100).2° surface.?® Thus in the following we focus on the character-

With respect to MgO/Ag, where practically no oxygen istics of an oxygen vacancy in a palladium-supported MgO
states at the Fermi level have been fodhef our results monolayer(in its preferential adsorption geometry: oxygen
show that thed character of the palladium VBM and the on-top of palladium
stronger oxygen-metal hybridization result in a well pro- The formation energy for an isolated vacancy in a single
nounced presence of metal-induced gap states of oxyggualladium-supported MgQOO) layer is 7.2 eV, considerably
character in the MgO’s gap and in particular at the Fermismaller than that calculated for the perfect M@Q0) surface
level. (9.5 eV), and estimated for the Pd/M@@00) interface, 8.4

We have performed an analysis of the charge transfeeV.?® The lowering of the formation energy is a result of the
across the interface using a Bader-like metffbtt;**which  stabilizing effect of the metal substrate, i.e., of the strong
consists of a partition of space into layers, delimited by theinteraction of Pd with the oxygen vacancies at the NI)
local minima of the electron density profile along the direc-surface, and of the low coordination of the vacancy in the
tion perpendicular to the interface. In the preferential adsorpMgO monolayer(cf. the decrease of cohesive energies as
tion geometry, we find that 0.14 electrons/interface unit celifunction of coordinatioh The average adsorption height of
are transferred from the MgO layer toward the surface palthe oxygen deficient MgO layer, 2.3 A, is smaller than for
ladium. This is consistent with the modification of the LDOS the perfect layer. The corrugation increases considerably
discussed abovénamely, the partially empty oxygen AB (0.35 A), mainly due to the Mg atoms surrounding the va-
state$, or with the charge transfer found for the Pd/ cancy, which closely approach the substrate. These atoms
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ing Pd substrate. As found by Sushkbal*® the vacancy
state is higher in energy with respect to the typical Fermi
energy of metal surfacessee Figs. 4 and 3, respectively
revealing the underlying microscopic mechanism of the ob-
served charge transfer. In fact, electrons are transfered from
the vacancy state to lower-lying Pd surface states until the
related modification of potential at the interface aligns them
on the energy scale, and stops further charge redistribution.
As a consequence, we find the partially occupied vacancy
state of the supported layer at the Fermi Iegele the inset in
Fig. 4). In the case of RA00) support, this results in a sta-
bilization of a point defect which may be seen as the ana-
logue of the surfaceF™ center which, on the perfect
MgO(100 surface, is much less stable than a neuﬁ%l
oxygen vacancy. However, it is important to stress that the
electronic structures of the vacancy in the Pd supported MgO
monolayer and in the “classicaF; center are substantially
FIG. 4. Total and surface-projected DOS's for an oxygen va-different. Contrary to thé=_ center, the oxygen vacancy in
cancy on the perfect Mg@00) surface(left-hand pané| and inthe  the supported MgO monolayer remains, at least within the
palladium-supported MgO monolayeright-hand panel Total  local spin density approximation calculations, diamagnetic,
DOS (gray) and projections on the surface oxygemsite), and on  and we thus expect a different response to adsorbates. Simi-
the palladium atom underneath the vacariblackl are plotted. lar interface electronic structure, leading to an electron trans-
DOS'’s are aligned at their respective vacuum level and convolutefer from the vacancy to the metal, and resulting in a similarly
by a 0.1 eV wide Gaussian function. In the inset, the contour plot ocharged state of the interfacial vacancy has already been
the electronic density at the Fermi le\ed.6 e\V) is obtained forthe  found for the opposite configuration, namely Pd deposited on
oxygen vacancy in a palladium-supported MgO monolayer. the oxygen deficient Mg.00) surface?® Our present study
shows that this particular vacancy at the interface can be also
move also horizontallyby about 0.03 A outward from the  stabilized in supported ultra-thin MgO layers, and exposed in
vacancy, resulting in an overall shortening of the Mg-O dis-this way to adsorbates. Since the properties of this kind of
tances. A similar structural effect has been found for thedefects are strongly substrate-dependent, we propose a nota-
oxygen vacancy on the perfect MgIDO surface, where, tion ng which, by taking the underlying metal, explicitly
however, Mg atoms move somewhat upw&t@he Pd atom  into account, can clearly distinguish them from classic, per-
directly under the missing oxygen is pulled out from the Pdfect surfacd:g centers.
surface by about 0.3 A, to be compared with 0.5 A in the |n order to better illustrate the difference between the
Pd/MgQ(100) cas€’’ where a 2-ML Pd film was expanded classicF? center and th&?, defect, in Fig. 5 we plot maps

horizontally in order to match the lattice parameters of theyf the electrostatic potential and electron density for the two
MgO substrate. defects. In both cases, the displayed plane contains the va-
The presence of the oxygen vacancy and the related duncy, the first neighbors Mg ions, and the third neighbors
formation of the MgO layer modify locally the electronic gyygen jons.
structure. In the following we compare.the electronic char-  "Electron density plots show very clearly the reduction of
acteristics of a vacancy in the poalladlum—supported MgGOhe electron population of the vacancy site. Additionally, they
monolayer with those of a classk; center on the perfect reveal the strong hybridization with the underlying palla-
MgO(100) surface. Figure 4 presents the corresponding totaljum: in the case of supported MgO monolayer the elec-
and surface oxygen projected LDOS. The alignment of theronic cloud loses the well-defined maximum and spatial ex-
energy scales is done by the respective vacuum levels. Fergansion. As a consequence, the regions of positive
levels are plotted at the highest occupied state. electrostatic potential above the surface diminish. The rela-
The main substrate-induced effect is the disappearance gf/ely well pronounced repulsive contribution of the vacancy
the doubly occupied vacancy state, which at the perfect sugisappears totally, and it is the attractive potential of the

face is placed at about 2 eV above the MgO VB maximumaneighboring cations which dominates the electrostatic inter-
This is a direct consequence of the strong hybridization begction above the surface.

tween the vacancy state and the orbitals of the underlying
palladium, and results in an electron transfer from the va-
cancy toward the substrate. In fact, a Bader-like analysis of
the charge repartition reveals a 1.04 electron transfer from Using a total-energy, density-functional approach, we
the MgO overlayer to the substrate. Although this estimatiorhave studied the electronic and structural characteristics of
is necessarily approximate, if compared to the case of depdree and palladium-supported MO ultrathin films. We
sition of the defect-free MgO monolayéwhere the electron find that the structural parameters of the unsupported
transfer amounts to 0.14 onlywe conclude that nearly one MgO(100 films vary significantly as a function of thickness,
electron is transfered from the vacancy toward the underlyeoupling the contraction of the in-plane lattice parameters to
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band gap of deposited oxide. Since the extension of these
states is limited to the interfacial MgO layer, the substrate-
dependent modifications of the MgO reactivity are expected
to be the strongest for the deposition of a single MgO layer,
and related to the appearance of partially filled oxygen states
at the Fermi level.
In general, the properties of the MgO/{RA0) interface
0 Mg 0 7Ey Py do not differ substantially from those of the MgO/A§0
() (b) system, despite the quite different band structure of the two
metals. This is a result of the weak adhesion of the oxide film
to the metal, which in turns reflects the modest importance of
hybridization and charge-transfer contributions to the bond-
ing, which are probably of comparable importance to the
polarization induced by the ionic MgO layer on the metal
electrong
One difference between Ag and Pd is the larger mismatch
of the MgO/Pd interface and the resulting strain. The strain
in MgO films supported on Ag.00) was analyzed in detail;
it was shown that a complete release of strain is reached for
_ _ _a 9-ML film.% For MgO/Pd, we have shown that 1 ML of
o FIG. 5. Ele?tmsm'c potentidkop romrb], andfeleCtron Odens'ty MgO is practically commensurate with Pd, while the strain
; Ottﬁmﬂrﬁw’do aln 0>D<Iyger; yaiﬁncgdat the p?rdec'\t/llvcl()q.«) ) sulr- will increase with films of a few ML thickness. In which way
ace (jeft-hand column and in the 7d supported Vgl MONOAYEr 4o sirain will be removed remains unclear and the actual
(right-hand columi Solid lines correspond to a positive potential .. . . .
) . . film morphology can be quite different from the ideal one,
(repulsive for electrons and dashed lines represent a negatate L . .
: : resulting in 3D island growth, as found for ultrathin MgO
tractive) potential. . 29
films on Ag100).
. . . . We find that an oxygen vacancy in the palladium-
?n ex?ansmntpf”the mterlayetr d|sftantches. 1f—fhlst s(,jtructturelll des’upported Mg@L00 monolayer is stabilized by an important
ormgllor; réartla y com{:)hens? e? or (t:: etec :e 0 10W"g|actron transfer from the vacancy toward the Pd substrate.
coor mai falllomsl on d ethe ecl ro?lc S rui ur?. S ? |(\;/|0n(§ \s a consequence, its characteristics differ considerably from
quence, 1t fUlly Telaxed, the electronic structuré ot M9, o406 of the classic neutral or chargedenters on the per-
slabs is only weakly influenced by their thickness. If com- .
; fect MgO(100) surface. We propose a symbBE, which
pared to a perfect MgQOO surface, the differences are . .
reflects the influence of the underlying metal on the elec-

small, and one shall not expect any important change of th?ronic structure of this kind of surface defect, and the related

reactivity of MgO related to the film thickness. possibility of a fine tuning of their reactivity. In the case of a
For a pseudomorphic MgO deposit on the Faf) surface Pd substrate, our calculations show that surfaBgcenters

we have shown that its atomic structure and energégpics- b bilzed onlv i | hick MaO fil
erential adsorption site, adsorption height, and separation eff&" P€ stabilized only In one-layer-thick MgO film.

ergy) reproduce the essential features of the Pd/MgO system ACKNOWLEDGMENTS

and, more generally, fit the overall picture of the transition-
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