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Interaction between oxygen vacancies on MgO„100…
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Oxygen-deficient MgO~100! surfaces are studied by means of total-energy calculations, within the density-
functional theory. Selected surface configurations presenting increasing densities of neutral oxygen vacancies,
ranging from 12.5% to 100%, are considered, the missing oxygen being periodically distributed in the surface
layer either homogeneously or in a close-packed fashion. We show that the electronic structure is characterized
by occupied states in the gap which result either from the hybridization of atomiclike orbitals localized on
vacancy sites, or involve surface magnesium orbitals. The latter case occurs at large vacancy concentrations,
and the conditions for the apparition of metallicity in the surface layer are derived. The formation energy of
oxygen vacancies is calculated as a function of the vacancy concentration and of the particular configuration.
A two-body model potential is proposed to account for their interaction. The activation energy for vacancy
diffusion at the surface is also computed, thus providing a complete set of parameters for a description of the
thermodynamics as well as of the kinetics of oxygen vacancies on a MgO~100! surface.
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I. INTRODUCTION

In oxide materials, defects are often present, and are
sponsible for specific optical, transport, magnetic, or ca
lytic properties.1–3 The simplest and most often encounter
defects are oxygen vacancies which can exist in differ
charge states, depending upon the oxide and the prepar
conditions. When two electrons are trapped in the vacan
the defect is called anF center, orFs center if it is localized
at the surface.

Oxygen vacancies have been the subject of nume
studies, especially in the bulk of oxides. From calorimet
measurements, formation energies and interaction stren
between vacancies were deduced, using a statis
analysis.4 In some oxides, e.g., in MgO, electron-spin res
nance, optical-absorption, or high-resolution electro
energy-loss experiments5–7 suggested vacancy clusterin
The ordering of cation and oxygen vacancies in nonstoich
metric TiOx titanium oxides,8,9 magnesium oxide,10 or
zirconia11 was characterized, and mechanisms respons
for the ordering were proposed. The transition between
insulating state at low oxygen vacancy concentration an
metallic state at higher concentration was assigned to
overlap between the defect band and the conduction ban12

From a theoretical point of view, the localization of the e
cess electron charge has been studied in oxides prese
various degrees of ionicity of the cation-oxygen bond. G
eral agreement exists about the high degree of localizatio
the F center in MgO,13,14 while in more covalent titanium
tin, or silicon oxides,9,15 part of the excess electronic charg
is distributed on the neighboring cations.

On surfaces, to our knowledge, there is no experime
PRB 590163-1829/99/59~7!/5178~11!/$15.00
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determination of the oxygen vacancy formation energy. C
culations generally predict that it is reduced with respect
its bulk value, consistently with the reduced coordination
surface atoms. The interaction between vacancies has
scarcely investigated,16,17 although it is a major ingredien
for understanding the vacancy ordering of defective surfa
upon reconstruction, as observed on many oxide surfa
upon annealing in vacuum. For example, reconstructi
were observed on TiO2(100),18–21 TiO2(110),22,23

SnO2(110),24 SrTiO3(001),25–27 and a-Al2O3 ~0001!.28–33

The thermodynamical stability of an ordered configuration
driven by the formation energy of vacancies and their int
action strength. Nevertheless, the observation of orde
configurations of defective surfaces actually relies on the
rameters governing vacancy diffusion, such as the activa
energy and the temperature.

In this context, we carry out an extensive study of t
energetics and of the electronic structure of neutral oxy
vacancies at the~100! surface of magnesium oxide. Such
system can be considered as a prototype for the stud
defective oxide surfaces, due to the simplicity of its structu
and the large experimental and theoretical knowledge ga
in the past years on the ideal surface. Electron-energy-l
spectroscopy experiments34 revealed the existence of a su
face sensitive feature at 2.3 eV, which was first assigne
anFs center, but later to a cation vacancy. There is no rep
of the existence of vacancy ordering leading to surface
constructions.

From a theoretical point of view, the energetics and el
tronic characteristics of a single oxygen vacancy were st
ied by using either semiempirical,35 or ab initio36,37 Hartree-
Fock methods, and density-functional theory~DFT!.14,38 To
5178 ©1999 The American Physical Society
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PRB 59 5179INTERACTION BETWEEN OXYGEN VACANCIES ON MgO~100!
our knowledge, only in Ref. 17 were finite concentrations
vacancies in the surface layer explicitly considered and
interaction energy between vacancies derived. The energ
form neutral oxygen vacancies was shown to decrease
function of the increasing mean density or their proximi
suggesting a tendency toward vacancy clustering.
method used in Ref. 17 is expected to predict qualitat
trends correctly, butquantitativeproperties, especially thos
related to the localization of the excess electrons, are be
described byab initio methods.

We thus reconsider the MgO~100! surface in the presenc
of various mean vacancy concentrationsnF , and, for a given
nF , we simulate different distributions in the surface lay
At nF51, all the oxygens are removed from the outer lay
This configuration, which is equivalent to a magnesium e
taxial layer on a MgO~100! substrate, is a model system bo
for highly defective surfaces and for metal-oxide interfac
By means of total energy calculations, relying on DFT,
compute the electronic structure and the relaxed atomic c
figurations of the defective surfaces. The detailed analysi
the configurations considered here, allows us to extract b
parameters which can be used to predict the energetics
the electronic structure of any other vacancy distribution.
addition, we calculate the activation energy for the diffusi
of a vacancy, thus providing a complete set of parameters
a description of the thermodynamics as well as of the kin
ics of oxygen vacancies on an MgO~100! surface.

The paper is organized as follows. In Sec. II we give
computational details. The results for the energetics and
electronic and atomic structures of the selected surface
figurations are presented in Sec. III. These are discusse
Sec. IV, and the relevant parameters driving the electro
and energetic characteristics of defective surfaces are
rived. Section V is devoted to an analysis of the diffusion
an oxygen vacancy in the surface layer.

II. COMPUTATIONAL DETAILS

Total-energy calculations are performed in the framew
of DFT within the local-density approximation~LDA ! for
the exchange and correlation energy. The interaction
tween core (1s atomic states for oxygen, and 1s, 2s, and 2p
states for magnesium! and valence electrons is described
norm-conserving pseudopotentials in the Kleinman-Bylan
form39 including s, p, andd components for oxygen, ands
andp components for magnesium. A local reference pot
tial is chosen~a d component for oxygen, and ans compo-
nent for magnesium!. We follow the prescriptions given by
Troullier and Martins40 for the generation of oxygen an
magnesium pseudopotentials to obtain an optimal to
energy convergence as a function of the size of the basis
The core radii chosen for oxygen are 1.38, 1.75, and 1
a.u. for thes, p, and d components, respectively. The co
radii for magnesium are 2.0 a.u. for boths and p compo-
nents. The oxygen pseudo-potential was already used
previous study of LinOm clusters.41 The electronic states ar
expanded in a plane-wave basis set. An energy cutoff o
Ry gives total energies converged within 0.1 eV per form
unit.

We use a slab geometry to represent the nonstoichiom
ric surfaces, with a surface unit cell (2A232A2)R45° con-
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taining eight MgO formula units. Due to the large size of t
supercell, theG point only has been considered for the int
gration of the electronic density in the two-dimensional Br
louin zone~BZ!. With such a choice, a difference of 0.06 e
in the surface energy of the unrelaxed slab is obtained w
respect to a fully converged calculation using ten speciak
points42 in the irreducible part of the BZ corresponding to th
(A23A2)R45° surface unit cell. The slab is four laye
thick. A preliminary calculation with no vacuum between th
repeated slabs allows us to check the accuracy of the me
on bulk properties. We find an equilibrium lattice consta
a0 , a bulk modulusB0 , and a cohesion energyEcoh equal to
a054.24 (4.2) Å , B050.94 ~0.95! eV/Å 3, and Ecoh

511.2 ~10.3! eV per formula unit relative to the neutral a
oms, respectively. These values present deviations from
experimental ones, written in brackets, which are typical
this kind of approach.

The surface calculations are performed by introducin
vacuum region of four MgO layers thickness between t
repeated slabs in the direction perpendicular to the surf
We check that the two layers at the bottom of the slab
negligibly modified when oxygens are removed from the t
layer. A full geometry optimization of the three topmo
MgO layers is performed in order to determine the equil
rium geometry of each surface configuration. The search
the energy minimum is stopped when atomic forces are
than 0.01 eV/Å .

Actually, two methods are currently used to simulate
defective system. Either the defect is introduced in
middle of an embedded cluster, or a supercell geometr
used, in which the defect is periodically repeated. For
stance, the DFT calculation made in Ref. 14 actually
counts for a finite concentration~25%! of homogeneously
distributed vacancies. Since here we aim at considering n
zero concentrationsnF of vacancies, we use the superce
geometry previously described, withnF512.5%, 25%, 50%,
and 100%. This amounts to removing one, two, four, a
eight neutral oxygen atoms per unit cell in the surface
layer ~Fig. 1!, respectively. For the two intermediate conce
trations ~25% and 50%!, we simulate two distributions o
vacancies: the first one, which is homogeneous, and ano
configuration in which the vacancies are close packed@de-
noted as~h! and ~cp! in Fig. 1 and in the following, respec
tively#. The four surfaces with homogeneously distribut
vacancies correspond to ordered configurations w
(2A232A2)R45°,232,(A23A2)R45°, and 131 primi-
tive unit cells, respectively.43

In the case of highly defective surfaces, we complem
the results obtained with the method previously described
means of a band structure calculation performed within
Full-potential linear-muffin-tin-orbital method
~FP-LMTO!,44 with the same exchange and correlation LD
functional. The calculation is performed on a four-laye
thick slab with two identical terminations. A primitive
131 surface unit cell is assumed, and 13k points are used
for integration of electronic density in the irreducible part
the two-dimensional~2D! Brillouin zone for the fully defec-
tive surface, while a (2A232A2)R45° unit cell and sixk
points were used at concentrationnF550% ~cp!.



m
al
is
o
at
c
s

io
t

is
e
c

-

-
er,
s
yer
ef-
the
ds
he

tri-
de-
ding

an
sur-

cy
ined

t
ent
es

en

lab
it

The

he

ith
v

ur
um

5180 PRB 59FINOCCHI, GONIAKOWSKI, AND NOGUERA
III. DESCRIPTION OF NONSTOICHIOMETRIC
SURFACES

A. Atomic structure

On the stoichiometric surface, the ground-state ato
configuration that we find is in agreement with previous c
culations or experimental findings. The outer interplane d
tance is slightly contracted, with an inward relaxation
0.6%. The rumpling amounts to 3.6%, with the oxygen
oms pushed outwards. Recent grazing-incidence x-ray s
tering experiments45 performed on high-quality surface
yield values of 0.56%60.35% and 1%60.5%, while recent
quantitative low-energy electron-diffraction analysis46 yields
0.2% and 3.3% for these two quantities, respectively.

The removal of oxygen atoms results in a large relaxat
of the surface atoms both in the surface plane and along
perpendicular direction. In Table I, we give the relative d
placementsddi /d0 of the neighboring magnesiums in th
surface layer, normalized to the bulk interatomic distan
d0 , and the relative changedd' /d0 in the interplane Mg-O
distance. It should be noted thatddi /d0 vanishes by symme

FIG. 1. Schematic top view of the surface configurations w
12.5%, 25%, 50%, and 100% concentrations of neutral oxygen
cancies.h and cp refer to homogeneous or close-packed config
tions of vacancies, respectively. The inequivalent magnesi
which are noticeably displaced when oxygens are removed~arrows
indicate the directions of their horizontal displacements! have been
labeled for the sake of discussion.
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try for configurations with 50%~h! and 100% concentra
tions. For all the surface configurations that we consid
ddi /d0 anddd' /d0 turn out to be positive, which indicate
displacements away from the vacancy in the surface la
and a weakening of the interplane Mg-O bond. The first
fect results from the bond breaking upon the creation of
vacancy. A contraction of the remaining surface Mg-O bon
results, which fulfills the general trend that the smaller t
coordination, the shorter the bond.3 The weakening of inter-
plane Mg-O bonds, on the other hand, is due to the redis
bution of the excess electrons, which results in a charge
crease on the subsurface oxygens—due to an antibon
hybridization of the oxygen orbitals with theFs state—and
to a lesser extent on the surface magnesiums.

For the smallest concentration of vacancies, we find
outward displacement of the surface magnesiums in the
face layer of 0.06 Å and a very small inward relaxation~0.01
Å! of the neighboring oxygen, with respect to the vacan
position. Our values are of the same order as those obta
for a single vacancy in an embedded cluster, by anab initio
Hartree-Fock method36 ~0.04 and 0.04 Å , respectively!. For
a concentration equal to 25% (h), our results are in excellen
agreement with those of Ref. 14, including the displacem
of 0.06 Å of the magnesium below the vacancy which mov
away from the vacancy~0.05 Å in Ref. 14!. While there is no
evidence of monotonic variations ofddi /d0 as a function of
the vacancy concentrationnF , the dilation of the interplanar
Mg-O distancedd' keeps increasing withnF .

B. Vacancy formation energy

We define the energy of formation of a neutral oxyg
vacancyEf orm(N,i ) in a system containingN Fs centers per
unit cell in a configurationi ( i 5h,cp) as follows:

Ef orm~N,i !5
E~0!2E~N,i !2NEO

N
, ~1!

where the computed total energies of the stoichiometric s
E(0) and of the slab containingN oxygen vacancies per un
cell in the i th configurationE(N,i ) include atomic relax-
ations but do not take into account zero-point energies.
total energy of the isolated oxygen pseudoatomEO is com-
puted for the spin-polarized configuration (2s)↑↓(2p)↑↑↑↓ in
the local-spin-density approximation. The imprecision of t
computed formation energy introduced by theG-point sam-
pling is estimated to be.0.1 eV, as checked on thenF

a-
a-
s

e

ra-
TABLE I. Relative displacements of surface magnesiumsddi /d0 in the surface layer and relative chang
dd' /d0 in the interplane Mg-O distance, normalized to the bulk Mg-O interatomic distanced0 . Inequivalent
magnesiums are labeled according to Fig. 1;~h! and ~cp! refer to homogeneous or close-packed configu
tions of vacancies, respectively.

Concentration ddi /d0 dd' /d0

12.5% Mg1 : 13.0% Mg1 : 11.7%
25% ~h! Mg1 : 11.3% Mg1 : 12.0%
25% ~cp! Mg1 : 11.8%; Mg2 : 11% Mg1 : 12.3%; Mg2 : 12.2%
50% (h) Mg1 : 0% Mg1 : 13.4%
50% ~cp! Mg1 : 0; Mg2 : 13.2% Mg1 : 16.5%; Mg2 : 13.6%

100% 0% 19%



e
rd

n
3
la
f
c

re

e
ve

t
in
en

f-
ve
w
ck
n

V.

sts
a
e
th
in
e

n
w
f

fe
u-
l–
ll

m-
A
e
ril-

The

ns

nd

an-
ey
en-
y
ncy
ve
M,
no

ion

the
s of

e
ns

two
tial
in

f
e.
e
can-
rgy
en

a-
ding
the
d-

d

for
nce

PRB 59 5181INTERACTION BETWEEN OXYGEN VACANCIES ON MgO~100!
550% (h) configuration.47 From a knowledge of
Ef orm(N,i ), as defined in Eq.~1!, the thermodynamically
stable configuration of a surface in contact with any oxyg
reservoir~consisting of oxygen atoms or molecules acco
ing to the experimental conditions! may be easily derived.

Table II gives the values ofEf orm(N,i ) that we obtain. In
all cases, the reduction ofEf orm(N,i ) due to relaxation ef-
fects is less than 0.1 eV. The valueEf orm(1)59.8 eV that
we find for a single vacancy in the supercell is in excelle
agreement with previous calculations: 9.35 eV in Ref.
using the Hartree-Fock method plus correlation, and po
ization corrections on an embedded cluster. The use o
Hartree-Fock method without corrections gives a mu
smaller value: 7.7 eV in Ref. 36. Our computedEf orm(1)
at the surface is about 1 eV smaller than in the bulk,14 con-
sistent with the smaller number of broken bonds when
moving a surface oxygen.Ef orm gently grows as a function
of nF , up to nF550%. Our result Ef orm(2;h)
510.2 eV(nF525%) can be compared with the valu
Ef orm(2,h)59.77 eV given in Ref. 14, using the plane-wa
pseudopotential approach.

The energy needed to remove oxygens may be though
including the intrinsic contribution of an isolated vacancy
the limit nF→0, and terms due to the interaction betwe
neighboring vacancies, which depend upon bothnF and the
actual vacancy configuration. The increase ofEf orm(N,h)
that we find up tonF550% is the signature of a small e
fective repulsion between neighboring vacancies. Howe
at constantnF , for both 25% and 50% concentrations, a fe
tenths of an eV are gained when vacancies are close pa
rather than homogeneously distributed. A possible expla
tion for this apparent contradiction will be given in Sec. I

C. Electronic structure: hybridized vacancy states

The electronic structure of stoichiometric MgO consi
of a filled valence band, of mainly oxygen character, and
empty conduction band built mainly from magnesium stat
Upon removal of neutral oxygens, states disappear in
valence band, and the two electrons left by each miss
oxygen are accommodated in quantum states whose en
generally lies in the bulk band gap. Since a singlek point is
used for the Brillouin-zone sampling, we obtain as ma
filled gap states as vacancies in the unit cell. In Fig. 2
report the energy of theseFs states with respect to the top o
the valence band maximum~VBM !, up to nF550%. The
use of such a reference to specify the energy of the de
states avoids the well known drawback of DFT-LDA calc
lations, in which the highest occupied molecular orbita
lowest unoccupied molecular orbital gap is systematica

TABLE II. Formation energiesEf orm(N,i ) per neutral oxygen
vacancy~in eV!. N is the number of vacancies per unit cell an
i ~5h or cp! refers to the distribution of vacancies.

N nF Ef orm(N,h) ~eV! Ef orm(N,cp) ~eV!

1 12.5% 9.8
2 25% 10.2 10.2
4 50% 10.4 10.2
8 100% 9.8
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underestimated. Here we find a gap of 5.7 eV, to be co
pared to the experimental value 7.8 eV, and to a DFT-LD
value of 5.2 eV obtained for bulk MgO by using the sam
pseudopotentials and a well-converged sampling of the B
louin zone.

For the smallest vacancy concentration, theFs center is
located at 2.24 eV above the valence-band maximum.
interaction between vacancies originates anFs band, whose
width increases with their concentrationnF , still depending
on their spatial distribution. In the Hartree-Fock calculatio
on embedded clusters containing a single vacancy, theFs

center was found at 4.6 eV~Ref. 37! or at about 7 eV~Ref.
36! ~i.e., halfway between the valence-band maximum a
the bottom of the Hartree-Fock conduction band! above the
VBM. For an homogeneous concentration of 25% of vac
cies, the authors of Ref. 14 found it at 2.3 eV. Since th
used the lowest-order Monkhorst-Pack scheme for the g
eration of specialk points used in the BZ integration, the
obtained a single peak at the center of gravity of the vaca
band. Its position is consistent with our findings, which gi
the extrema of this band at 1.72 and 3.2 eV above the VB
respectively. When a restricted basis set is used, with
floating orbitals at the vacancy sites, theFs center lies higher
in the gap, at about 2 eV below the bottom of the conduct
band.17

The degree of localization of the excess electrons in
j th defect state is better visualized by plotting the surface

equal electron densityuc j (rW)u25const. In the case of a singl
vacancy we find a high degree of localization of the electro
in the vacancy site, in agreement with most authors. The
electrons are trapped by the positive electrostatic poten
exerted by the neighboring magnesiums, which is high
such an ionic material. TheFs center may thus be thought o
as a kind of ‘‘vacancy orbital’’ localized at the vacancy sit

Figures 3~a! and 3~b! represent isodensity plots for th
two gap states associated with a 25% concentration of va
cies in a close packed configuration. For the lower-ene
state@Fig. 3~a!#, the electronic density is enhanced betwe
the two vacancies. For the state at higher energy@Fig. 3~b!#,
a two-lobe-like density is found, with a nodal surface sep
rating the vacancy sites. These are the signatures of bon
and antibonding states formed by hybridization between
two vacancy orbitals. Some small hybridization of antibon
ing character with thes or p orbitals of oxygen~at the surface

FIG. 2. Energy levels of the filled defect states in the gap,
the different surface configurations. The tops of the bulk vale
bandsEVB have been aligned.
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5182 PRB 59FINOCCHI, GONIAKOWSKI, AND NOGUERA
or in the layer beneath! may also be recognized in Fig. 3
This results mainly from the orthogonality of the gap sta
to the valence-band states.

A similar hybridization is actually found on all the defe
tive surfaces that we consider. As discussed further in S
IV, the hybridization between vacancy orbitals is one of t
key factors determining the overall character~either insulat-
ing or metallic! of the electronic structure of the defectiv
surfaces.

D. Metallic character of highly defective surfaces

We first discuss the ordered 131 vacancy configuration
for the fully defective surface, which can be considered a

FIG. 3. Isodensity surfaces~about 15% of maximum density!
for the two gap states associated with a 25% concentration of
cancies in a close-packed configuration.~a! On the left: the bonding
state.~b! On the right: the antibonding state~see text!. A top view of
the surface is presented with oxygen atoms as black dots and
nesiums as light spheres. The location of the vacancies is indic
by black boxes.
s

c.
e

a

prototype of a planar metal-oxide interface. The analysis
its electronic structure may help in understanding the rela
between strongly defective oxide surfaces and metal over
ers grown on their own oxide. Although the thermodynam
cally stable state of such a defective surface might consis
Mg clusters on MgO~100!,48 the present study is relevant fo
a metastable epitaxial growth during the first stages of de
sition of Mg onto MgO~100! at temperatures low enough t
prevent atomic diffusion.

There are several indications that the fully defective s
face presents some features which arequalitativelydifferent
from those occurring at low vacancy concentrations. For
ample, extrapolating the trend found for the concentrat
dependence of the vacancy formation energy~Sec. III B!, a
value larger than 10.4 eV forEf orm(8) would be predicted.
However, we findEf orm(8)59.8 eV. In addition, the analy-
sis of the charge density maps reveals that only seven u
the eight filled gap states display the characteristics of
bridized vacancy orbitals. The eighth one, just below
Fermi levelEF , shows density maxima on top of the surfa
magnesiums, and its symmetry is inconsistent with that o
totally antibonding state built from vacancy orbitals. The t
tally antibonding state is actually found at higher energi
about 2.3 eV aboveEF .

In order to obtain more insight into the electronic stru
ture of this surface, we have performed separately an a
rate band structure calculation of the slab with a primiti
131 unit cell, using the FP-LMTO method. The resu
along the high symmetry linesJ-G-M are shown in Fig. 4. In
the energy rangesE,24.0 eV andE.2.5 eV, are located
the valence and the conduction bands, respectively. In
gap region49 24.0,E,2.5 eV, two bands are found
~drawn in dashed and dash-dotted lines in Fig. 4!, which are
doubly degenerate apart from a small region around thG
point. The degeneracy originates from the symmetry

a-

ag-
ed

FIG. 4. Band structure of the fully defective (131) surface
along the three symmetry linesJ-G-M of the 2D Brillouin zone
~inset!, as obtained through the FP-LMTO calculation. The dash
horizontal line represents the Fermi level, and black dots~star! in-
dicate the energy positions of the filled~empty! Bloch states atG
calculated in the large supercell. The two bands in the gap of
projected bulk band structure are represented by dashed and
dotted lines.
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PRB 59 5183INTERACTION BETWEEN OXYGEN VACANCIES ON MgO~100!
tween the top and bottom faces, and reveals the existenc
a small residual interaction between the two terminatio
which, in any case, does not modify our conclusions. One
the two bands lying in the gap starts at the top of the vale
band atG and extends up to the bottom of the bulk condu
tion band at M. The second one starts atE'20.5 eV atG
and is clearly hybridized with the conduction band bo
alongJ-G andG-M directions. In Fig. 4 we report, as blac
dots, the energy of the gap states found atG in the supercell
calculation, i.e., at the high-symmetry pointG, J, M, andS
@Fig. 4~b!#, of the Brillouin zone of the 131 surface. The
two calculations are in excellent agreement, aside from
position of the last filled gap state, which is predicted atG in
the FP-LMTO calculation and atJ in the pseudopotentia
approach. Actually, this amounts to a very small energy
ference of 0.4 eV. The agreement is also excellent as fa
the empty vacancy orbital state of fully antibonding char
ter ~at M ) is concerned~star in Fig. 4!.

With the help of the charge-density analysis, we can
sign a different origin to the two gap bands: the most disp
sive one~dashed line in Fig. 4! results from the hybridization
of vacancy orbitals~theFs band, as introduced in Sec. III C!.
At G the states are fully bonding, and atM they are fully
antibonding. Remarkably, the vacancy orbitals keep a str
identity even on the fully defective surface. The second g
band ~dash-dotted line in Fig. 4! involves states which are
localized on the surface magnesiums. This band may
called a surface conduction band (Mgs band!: it is shifted
toward lower energies, with respect to the bulk conduct
band. The Fermi level intercepts the two bands, conferrin
metallic character to the surface.

We perform a similar analysis for the surface withnF
550% in a close-packed~cp! configuration. As on the fully
defective surface, the configuration withnF550% (cp) in-
volves magnesiums surrounded by four oxygen vacanc
On the oxygen sublattice, each vacancy has two vacancie
its first coordination shell. The FP-LMTO band structu
corresponding to the the (2A232A2)R45° unit cell, is
shown in Fig. 5. The top of the valence band lies close
23.5 eV, while several surface conduction bands may
recognized above20.2 eV. The four inequivalent vacancie
in the unit cell give rise to four bands, among which one is
the range23.5–22.5 eV, two are located between22.0
and 21.0 eV, and the fourth one is hybridized with th
surface conduction band~see Fig. 5!. On average, each va
cancy band disperses less than 0.5 eV, but their overall w
amounts to 4 eV. The bands located between20.5 eV and
the bottom of the bulk conduction band~above 1.0 eV, not
shown in Fig. 5! originate from surface magnesium state
which are pushed toward lower energies with respect to
bulk ones. Both fornF550% (cp) and fornF5100%, the
Mg states are highly hybridized either with states of oth
inequivalent surface magnesiums, or with bulk magnes
states, as a result of the small Mg-Mg distance in MgO~2.96
Å versus 3.21 Å in bulk Mg!. The Fermi level intercepts th
highest vacancy band and the surface conduction bands,
ferring a metallic character to the surface.

These findings show that thenatureof the filled gap states
varies with the vacancy concentration and configuration,
that only a good spanning of space by the basis vectors
which the wave functions are expanded permits one to ob
of
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a reliable description. One has to be very careful when us
atomic or localized orbitals as in semiempirical approac
or in someab initio methods. For instance, in the semiemp
ical Hartree-Fock approach used in Ref. 17, the excess e
trons trapped by the vacancies could only be accommod
on the neighboring magnesium orbitals. An overestimate
the quadrupolar moment of the defect charge resulted, wh
yielded a strong attraction between vacancies and incorre
predicted a desorption of neutral magnesiums.

IV. THEORETICAL ANALYSIS

From these results, parameters governing the electr
structure and the energetics of nonstoichiometric MgO~100!
surfaces may be derived. We successively consider the
bridization between vacancy orbitals, the strength of the
teraction between vacancies, and the transition toward me
licity.

A. F s center hybridization

The charge-density maps, shown in Fig. 3, confirm th
for all the surfaces that we consider, there exist gap state~or
bands! which result from the hybridization between vacan
orbitals. In this section, we thus try to interpret the ener
positions of such states within a simple tight-binding mod
A Hamiltonian matrix is constructed using a basis of vacan
orbitals. Its diagonal elementse0 are the effective energies o
the atomic-like orbitals and the nondiagonal elementsbn are
the resonance integrals associated with electron hopping
tween vacancies in position ofnth neighbor on the oxygen
sublattice. The model takes into account the full tw
dimensional periodicity of the surface layer. In principle,
can include overlap integralsSn , but, for the sake of sim-
plicity, here we assume thatSn50, for all values ofn.

Starting from the eigenvalues computed within the LD
we deducebn for (n,4) ande0 for the different configura-
tions studied. The results are given in Table III. The effect

FIG. 5. Band structure of the (2A232A2)R45° surface with a
c550% (cp) vacancy density along the symmetry linesJ-G-M .
The dashed horizontal line represents the Fermi level.
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TABLE III. Analytical expressions for the energy levels of the gap states atG, within the tight-binding
model ~see text!, for the different concentrations and distributions of vacancies. The right column give
values ofe0 ~with respect to the VBM! and ofbn ~in eV! which best fit the numerical results for the relaxe
surfaces.

Concentration Eigenstate expressions e0 b1 b2 b3

c512.5% e5e0 2.24

c525% (h) e5e014b3 2.46 -.18
e5e024b3

c525% (cp) e5e01b1 2.36 -.86
e5e02b1

c550% (h) e5e014b214b3 2.57 -.12 -.16
e5e024b214b3

e5e024b3(32)

c550% (cp) e5e012b112b2 2.28 -.70 -0.04
e5e022b2(32)
e5e022b112b2

c5100% e5e014b114b214b3 1.16 -.73 10.07 1.16
e5e024b3(34)
e5e024b214b3

e5e024b114b214b3
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vacancy orbital energye0 is nearly constant on all surface
except on the fully defective one, due to the presence
excess electrons on the surface magnesiums, as previo
noted. The resonance integralb1 between first neighbors i
rather large, lying in the range20.7–20.8 eV. Interest-
ingly, we find a nonmonotonic evolution forbn as a function
of n, although the distance between two vacancies incre
with n. One may thus conjecture that the resonance integ
in this simple model, do not represent direct hopping p
cesses for the electrons in the surface layer. From an ex
nation of Fig. 1, one may indeed see that hopping is me
ated by magnesium atoms forn52 and by oxygen atoms fo
third neighbors (n53). The oxygen-mediated hopping
also apparent in Fig. 3. This remark helps us to underst
the large discrepancy between the values ofb3 deduced from
surfaces at lownF(b3'20.17 eV) and that obtained for th
fully defective surface (b3510.17 eV). Indeed, fornF
5100%, no oxygen is left in the surface layer, so that h
ping can only be mediated by oxygens beneath the sur
plane.

From this model, the overall widthW of the vacancy
bands can be predicted for any defective surface.W is deter-
mined by the energy difference between the most bond
and the most antibonding states, which can be constru
from vacancy orbitals. It is basically governed by the loc
environment of the most close-packed vacancies. If the
ters haveZn0

closest vacancies in position ofn0th neighbors,
then W'2Zn0

bn0
. In the selected configurations that w

study, the largest band widths are found fornF550% (cp)
and nF5100%. They amount approximately to 4ub1u and
8ub1u.

B. Interaction between oxygen vacancies

The energetics of defective surfaces can be comple
characterized by giving the formation energy of an isola
of
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vacancyE0 ~in the limit nF→0) and the interaction energie
between vacancies, as a function of their positions. As a
approximation, one may represent the latter by distan
dependent pairwise termsun for vacancies in position ofnth
neighbors. The energy of formation of a vacan
Ef orm(N,i ), in a system containingN Fs centers per unit cell
in a configurationi ( i 5h,cp), is expressed as a function
E0 and theun as follows:

Ef orm~N,i !5E01
1

2 (
n

Znun , ~2!

whereZn is the number of vacancies in thenth coordination
shell of a given vacancy site. By calculating differences
Ef orm(N,i ), one can eliminate the intrinsic termE0 and most
of the long-distance interactions (n.4), and deduce the val
ues of un . For instance, apart from termsun with n.4,
Ef orm(2,h)2Ef orm(1)52u3 and Ef orm(2,cp)2Ef orm(1)
5u1/2. Using the data of Table II, we find

u150.8 eV, u250.1 eV, u350.2 eV.

The interaction potentialsun are all positive, indicating a
repulsion between vacancies. In all cases, they are small
respect to the energyE0 needed to create an isolated vacan
(E0'10 eV), similarly to what was found in nonstoichio
metric titanium oxides (Ef orm54.47 eV; u150.236 eV).4

The positiveun values result from the repulsion betwee
localized wave functions; they are small mainly because
the neutrality of the defect. The nonmonotonic variation
un with n correlates with that of the effective resonance
tegrals discussed above.
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At nF525%, the stabilization of a few tenths of an e
obtained when vacancies are close packed rather than h
geneously distributed comes from a subtle competition
tween the strength and the number of interactions: the re
sionu1 is stronger in the close-packed configuration, but i
counted only once (u1,4u3).

This analysis yields consistent interaction energiesun
when the excess electron distribution is well localized on
vacancy sites. On the fully defective surface and on the
face with nF550% (cp), since the Fermi level intercep
the surface conduction band~s!, a nonnegligible part of the
excess electron density is distributed on the surface ma
siums. The interaction between vacancies can no longe
predicted with theun values given above.

C. Transition toward metallicity

The analysis of the electronic structure of defective M
surfaces shows that there are two kinds of quantum sta
which are in competition to accommodate the excess e
trons left by the missing oxygens. At very low concentrati
of vacancies (nF512.5%), the electrons are trapped into t
vacancy orbitals, whose energy lies in the gap. These orb
are little hybridized, because the distance between the va
cies is much larger than the typical radius of the vaca
state. A very narrow band is formed. This band is entir
located within the surface band gap, so that it is comple
filled and the surface conduction band is empty. The surf
is insulating.

When the density of vacancy increases, the surface c
duction band involves orbitals located on strongly inequi
lent magnesium sites. Despite this fact, the minimum of
surface conduction band Mgs does not shift appreciably as
function of nF . This is likely due to the fact that the tw
electrons trapped on each vacancy site mimic quite well
missing oxygens, at least as far as the Madelung pote
acting on the magnesiums is concerned, and to the fact
thesp band width resulting from magnesium-magnesium h
bridization is quite wide. As a consequence, despite the
crease of the vacancy orbital bandwidthW ~Sec. IV A!, the
vacancyFs band~s! and the surface conduction band~s! Mgs
do not overlap. The surface remains insulating, since the
cancy orbital bands can accommodate exactly all the ex
electrons left behind by the missing oxygens. This situat
occurs for nF525% (h), nF525% (cp), andnF550%
(h).

In our calculation, the surface withnF550% (cp) is the
critical configuration at which the two bands start to overla
since the energy difference between the top of the vale
band and the bottom of the Mgs band is of the order ofW.
For this configuration, and at higher vacancy concentratio
theFs band and the Mgs band overlap and are partially filled
conferring a metallic character to the surface. When me
licity occurs, the energetics of the vacancies, and in part
lar their effective interactions, are modified~Sec. IV B!. The
filled gap states belong either to theFs or the Mgs band, and
their degree of localization varies accordingly.

The criterion for having a metallic surface thus relies o
comparison between the vacancy orbital band widthW and
the surface band gap. While one may be confident tha
good estimate ofW as a function of concentration and su
o-
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face configuration has been obtained within the compu
tional framework used here, the same is not true regard
the surface band gap, due to the well-known underestim
of gap widths by DFT methods.50 In our calculation, the bulk
band gap is equal toGB55.2 eV and the surface band gap
of the order ofGS53.7 eV. Experimentally, on the othe
hand,GB57.8 eV andGS56.3 eV.51,52 Although the dif-
ferenceGB2GS is correctly accounted for, the absolute va
ues of the gaps are not well reproduced. It is thus likely t
the transition toward metallicity should occur at larger co
centrations or for more closely packed configurations th
nF550% (cp). Since the largestFs bandwidth that can be
achieved isW58ub1u (n051 andZn0

54 in the expression

W52Zn0
bn0

), which is of the order of the experimenta

value ofGS , we expect the surface to be metallic whenev
at least one vacancy is surrounded by four others in posi
of first neighbors on the surface oxygen sublattice. This
obviously the case when all the oxygens are missing in
surface layer (nF51), as found in our calculation.

V. DIFFUSION OF A NEUTRAL OXYGEN VACANCY
ON MgO„100…

The energy stabilization found when the oxygen vac
cies are in a close-packed arrangement rather than hom
neously distributed can lead to vacancy clustering in ac
experiments, provided that diffusion processes are effic
enough. It is thus of interest to derive the parameters g
erning the diffusion of a neutral oxygen vacancy.

By using the same large unit cell as before and simulat
a concentrationnF512.5%, we calculate the barrier heig
that an oxygen atom has to overcome to fill the vacancy s
For symmetry reasons, the saddle point is located at mid
tance between the two extremities of the diffusion path~in-
dicated by a dashed line in Fig. 6!, but its positionz in the
direction perpendicular to the surface isa priori unknown.
The diffusing oxygen atom may pass above or below
surface top layer. By performing a full geometry optimiz
tion, we find that diffusion takes placeabovethe top layer,
that is, there is a single energy minimum as a function oz.
At the saddle point, the diffusing oxygen is at equal distan
d151.81 Å between two magnesiums. The latters
pushed laterally from their original positions, together w
their neighboring oxygens. Contractions of the Mg-O inte
atomic distancesd2 and d3 result (d251.94 Å , d3
52.11 Å ). A residual stress remains at the edge of the u
cell, which could, in principle, be removed by using a larg
unit cell.

From an electronic point of view, the saddle point co
figuration is characterized by a filled state located at 2.35
above the top of the valence band~to be compared to 2.24
eV when the diffusing atom is at a lattice site!. The electron
distribution associated with this state is shown in Fig. 6~b!. It
presents two main lobes located at the two extremities of
diffusion path and some antibonding contribution on the d
fusing atom. The two oxygen lattice sites represent attrac
regions for the electrons, which are equally shared betw
them for symmetry reasons. It should be noted again that
use of a plane-wave basis to expand the orbitals is very c
venient for a description of such a complex process, since
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5186 PRB 59FINOCCHI, GONIAKOWSKI, AND NOGUERA
assumption about the spatial behavior of the wave func
has to be made at the beginning of the calculation, as is
case when localized bases are used.

The activation energy for the diffusion of the vacancyEa
is equal to the energy difference between the two surf
configurations with the diffusing oxygen at its lattice site
at the saddle point. In the bulk, we are aware of two exp
mental determinations ofEa which give, respectively,Ea
52.21 eV~Ref. 53! and 1.1 eV.54 To our knowledge, there
is no measurement on the~100! surface. Recently,Ea has
been calculated by a semiempirical method, for both neu
and charged vacancies in bulk MgO.55 For neutral vacancies
the authors of Ref. 55 foundEa53.13 eV. At the surface
we find a value ofEa equal to 2.6 eV. This value seem
slightly overestimated, since, in the bulk,Ea does not exceed
2.2 eV and since it should be lower at the surface. We h
considered several factors which could affect the value
Ea . First, we have tried to improve the magnesium pseu

FIG. 6. Characteristics of the saddle point in the diffusion p
of an oxygen vacancy on MgO~100!. ~a! Atomic configuration.~b!
Isodensity surface for the vacancy gap state, plotted at about 15
the maximum state density. The diffusion path is drawn as a th
dotted line.
n
he

e
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al
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potential by adding ad component to Mg. We have chosen
p local reference potential and ad core radius equal to 2 a.u
After computing the fully relaxed state for the two vacan
configurations with this pseudopotential, we find that t
height of the diffusion barrier is lowered, down to a value
2.1 eV, while the atomic arrangement and the electro
structure are essentially unchanged. This substantial decr
of Ea is likely due to the strongly anisotropic environment
the surface magnesiums close to the diffusion path, wh
enhances the need ford-symmetry orbitals. We have als
checked that thea posteriori treatment of valence electron
by a generalized gradient approximation56 ~GGA! rather than
a local density approximation for exchange and correlat
does not substantially modify our computedEa more than
few tens of meV.57

We therefore conclude that the barrier height for oxyg
diffusion at the surface layer is equal to about 2 eV. T
saddle point is located above the surface, at middistance
tween two lattice sites, on which the two excess electron
equally shared.

VI. CONCLUSION

We have performed an extensive study of formation
ergy, interaction and diffusion of neutral oxygen vacanc
on the MgO~100! surface. We have considered selected
riodic arrangements of vacancies, with several concen
tions nF ; for two intermediate values ofnF , we have simu-
lated configurations in which the missing oxygens a
distributed either homogeneously or in a close-packed fa
ion in the unit cell. Those selected configurations have
lowed us to extract the basic parameters which drive
energetics and the electronic structure of defective surfa
and which can be used to predict the behavior of spec
surface configurations found experimentally.

The energy needed to remove a neutral oxygen atom
close to 10 eV, in agreement with previous estimates. Up
a critical concentration, which is about 50% according to o
calculations, the interaction between vacancies is repul
and of the order of a few tenths of an eV. This can, howev
favor some close-packed configurations, depending on
detailed counting of the repulsive interactions.

The surface electronic structure presents two types
bands in the gap of the projected bulk band structure. On
due to the hybridization of atomic-like states localized at
vacancy sites~‘‘vacancy orbitals’’!. The other is mainly built
from surface magnesium states.

For high vacancy concentrations and/or for close-pac
configurations, the vacancy band width exceeds the sur
band gap and an overlap occurs. The Fermi level crosses
two bands, and the surface becomes metallic. It should
noted that, as usual in the case of surfaces with meta
character, strong atomic rearrangements may occur towa
more stable configuration, which, in this case, is likely to
insulating at zero temperature. However, the search for s
a surface configuration was beyond the scope of the pre
work. As regards the fully defective surface, which rep
sents an epitaxial Mg single layer on top of a MgO~100!
surface, its electronic structure results from the partia
filled vacancy and surface magnesium bands. This comp

h

of
k
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scenario is very far from the naive image of a jellium on
of an insulator, which could still be appropriate for thick
metal-oxide interfaces.

The kinetics of vacancy diffusion on the surface is ch
acterized by a barrier height that was estimated to be equ
about 2 eV. When a diffusing oxygen atom is located at
saddle point, at middistance between two lattice sites,
two excess electron are equally shared between these s
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