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Theoretical study of bulk and surface oxygen and aluminum vacancies ina-Al2O3
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The formation energy, geometry, and electronic structure of isolated oxygen and aluminum vacancies in bulk
and on the~0001! surface of corundum (a-Al2O3) have been investigated by means of periodic calculations in
the framework of density functional theory within the generalized gradient approximation and large supercells.
The energy cost to form an oxygen vacancy in the bulk is estimated to be of the order of 10 eV, whereas that
corresponding to the formation of Al vacancies is found to be at least a 30% larger. The relaxation of the
material is rather small for both defects. The removal of an oxygen atom in bulka-Al2O3 is accompanied by
the appearance of an impurity level in the gap, which is a strong indication of electron localization. This has
been further confirmed by integration of the density of states in the energy interval corresponding to the
impurity level and by several other theoretical analyses. For thea-Al2O3(0001) surface, the formation of
oxygen and aluminum vacancies exhibits many similarities with the bulk; the energy cost to form Al vacancies
is much larger than for O vacancies and, in both cases, it is accompanied by rather small atomic displacements.
However, there are also significant differences between bulk and surface oxygen and aluminum vacancies.
Thus the formation energy of one of these point defects in the surface is rather smaller as expected and, more
importantly, the degree of electronic delocalization is also larger.

DOI: 10.1103/PhysRevB.69.064116 PACS number~s!: 61.72.Bb, 31.15.Ar, 61.72.Ji, 78.20.2e
an
an
re
m

su
c
o

a
tiv
,
m
id
f
d
t

en
th

r
. I
an
ta
te
n-
b
e-
er

e
he

of
de-
nts

tion

wer

is
s at
ult.
een

med
l
t
ra-
trib-

of
ials

a-
ate-

rted

nse-
the-
le
of

ns,
the
I. INTRODUCTION

Metal oxides are relevant in several areas of material
surface science such as catalysis, corrosion,
microelectronics.1–4 In particular, metal oxide surfaces a
widely used in catalysis as inert supports for the active co
ponent. However, it has been recently proposed that the
port has a crucial role in the properties of the catalyst. In fa
oxides are able to stabilize metal particles, the size and m
phology of which may change with the oxide nature.5 Thus
oxide surfaces are responsible for the dispersion grade
for the electronic and chemisorption properties of the ac
particles in a catalyst.2,5 However, despite their importance
there are still fundamental questions concerning the ato
structure of both clean and metal-covered metal ox
surfaces.6 A very important point concerning the reactivity o
metal oxide surfaces is related to the presence of point
fects: their role in the chemistry of oxide surface appears
be more important than previously assumed7,8 and this im-
portant feature has been confirmed by recent experim
revealing the crucial participation of oxygen vacancies in
chemical reactivity of TiO2 surfaces.9–11

Depending on the preparation and treatment, a numbe
different point defects are known to be present in oxides
particular, the presence of oxygen vacancies in MgO
other alkaline-earth oxide single crystals has been es
lished long ago and is one of the point defects most ex
sively studied.12–33 In the case of MgO, the oxygen vaca
cies are formed either by thermochemical reduction or
neutron irradiation:34 these point defects are generally d
scribed asF centers, although different kinds of these cent
exist depending on whether neutral atomic oxygen~F cen-
ter!, O2 (F1 center!, or O22 (F21 center! is removed from
the solid. In each case there are formally two, one, or z
electrons trapped in the cavity left by the removal of t
oxygen species. The presence ofF centers in MgO is char-
0163-1829/2004/69~6!/064116~13!/$22.50 69 0641
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acterized by a well-defined spectroscopic feature at;5.0 eV
which is interpreted as the lowest spectroscopic transition
the two electrons trapped in the cavity by the external Ma
lung field. This peak has been resolved into two compone
due toF1 centers at 4.96 eV and to neutralF centers at 5.03
eV,12,15 and is indeed used to titrate the defect concentra
and their diffusion through the solid.35 The optical peak is
also accompanied by a luminescence emission at a lo
energy ~see Ref. 36 and references therein!. Much less is
known about the surface oxygen vacancies in MgO. This
because of the lower concentration of these point defect
the surface, which renders their detection is more diffic
Nevertheless, surface oxygen vacancies in MgO have b
characterized and some tentatively assigned.17,18,20,37 Re-
cently, some of these assignments have been confir
through comparison withab initio calculations on the optica
properties of these centers.38–40 Oxygen vacancies are no
the only point defects observed in MgO; under neutron ir
diation, other bands appear, some of which have been at
uted to the presence of aggregates ofF centers,12,41and again
this has been confirmed by accurateab initio cluster model
calculations.42

The occurrence of oxygen vacancies is not exclusive
simple oxides: they are present in more complex mater
such as SiO2 , Li2O, ZrO2 , TiO2 , and Al2O3 .31,36 However,
because of their structural or chemical complexity, inform
tion about the properties of oxygen vacancies in these m
rials is scarce. Over these materials, Al2O3 , or corundum,
has been of special interest because of its use in suppo
model catalysis43–45and thea-Al2O3(0001) surface may be
considered as a paradigm of a complex surface and, co
quently, has been the subject of many experimental and
oretical studies.46–53 Corundum is one of the many possib
polymorphic forms of aluminas, which have a broad range
applications in the automobile industry, catalytic reactio
and as coating in several technologies. Corundum itself is
©2004 The American Physical Society16-1
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catalytic support for the ethylene epoxidation reaction.54 In
the past two decades a considerable amount of researc
been devoted to the optical properties of materials base
a-Al2O3 . These are mainly due to the presence of radiati
induced defects and, as in the case of MgO, oxygen va
cies are one of the most abundant point defects. There is
evidence for another type of defect which is originated
the removal of cations from the oxide.55–60 Nevertheless,
oxygen vacancies are thought to be the most stable de
with characteristic optical absorption spectra showing an
sorption band at 6.05 eV, which was found to be formed
two peaks at 5.91 and 6.22 eV and, again as in the cas
MgO, are attributed toF1 andF centers ina-Al2O3 .56 The
number of electrons present at these point defects and
spatial extent affects the electronic properties of adsor
species and consequently they may be responsible for
catalytic activity of the support. For example, the unexpec
catalytic behavior of small palladium and gold particles d
posited on MgO for CO oxidation has been partially ascrib
to the presence of this kind of defects at the ox
surface.61–63

However, while the localized character of theF-center-
trapped electrons in MgO is well established, little is know
about the electronic structure of these Frenkel defects
a-Al2O3 . Obviously, this is a consequence of the mu
more complicated structure of aluminum oxides compare
those simple cubic oxides. Stashans, Kotomin, and Cala64

have used semiempirical methods and an Al26O39 stoichio-
metric cluster model approach to study the optical proper
of F1 and F centers in corundum crystals. From a limite
geometry optimization procedure, these authors concl
that the four nearest-neighbor Al atoms relax outwa
whereas the two oxygen atoms nearest to the cavity r
inwards—i.e., decreasing the distance to the center of
vacancy. These semiempirical calculations also suggest
in the electronic ground state the one-electron functions
scribing the states of the trapped electrons are well local
within the vacancy cavity. One important point is that t
analysis of the atomic population indicates a substantial
gree of covalence. This is, however, in contradiction withab
initio Hartree-Fock studies which indicate an almost co
plete ionic character of corundum.65,66The different descrip-
tion of the ground-state electronic structure of this mate
can be attributed to two different effects: on the one ha
to the neglect of the Madelung potential in the model and,
the other hand, to the use of empirical parameters. M
recently, Xuet al.67 used a 120-atom cell to study the rela
ation and energy formation of a single O vacancy
a-Al2O3 within a particular implementation of the local de
sity approximation ~LDA ! of density functional theory
~DFT! based on the use of orthogonalized linear combina
of atomic orbitals. In this case, the 4 Al and 16 O ato
nearest to the oxygen vacancy were fully relaxed, altho
the energy minimization procedure is carried out using a
merical grid to approach the potential energy surface.
et al. claim67 that the optimized atoms are all relaxed ou
wards up to 16% of their initial positions in the bulk. The
authors report that the energy required to form the oxy
vacancy point defect is 38.36 eV for the unrelaxed mate
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and drops up to 5.83 eV when relaxation is included. Th
results are quite surprising. First, one would naively exp
that even with two electrons trapped in the vacancy cav
the removal of an oxygen anion will lead to a decrease in
Pauli repulsion with the neighboring atoms, which will ten
to relax towards the cavity. Second, the oxygen vacancy
ergy formation for the unrelaxed material is enormous a
that corresponding to the relaxed geometry is by far
small. Xuet al.67 justify this value by comparing to the oxy
gen vacancy of MgO, which is predicted to be 4.7 eV. This
about half of the value obtained by any standardab initio
electronic structure approach, either DFT or Hartree-Fo
This cast reasonably doubts on the reliability of this a
proach even if it is able to properly predict the parameters
the crystal structure of bulk corundum. Finally, the LDA ca
culations of Xuet al.67 predict theF-center electrons of co
rundum to be largely delocalized. However, there is comp
ling evidence that the LDA has a strong tendency
delocalize the electron density, resulting in an unphysi
description contrary to well-established experiments.68

From the previous discussion it appears that the electro
structure of the oxygen vacancies orF centers ofa-Al2O3

are far from being understood, even from a qualitative po
of view. Therefore, despite the fact that it has been pre
ously found that concerning the relaxation of th
a-Al2O3(0001) surface, the LDA approach yields simil
results to those obtained by employing other more soph
cated exchange-correlation functionals:51 it is clear that in
the view of the above comments a more detailed study
needed. This is precisely the aim of the present work. To
end, a broad range of theoretical methods are used to s
the energy formation, structural relaxation, and electro
structure of bulk and surface oxygen vacancies ina-Al2O3 ;
aluminum vacancies have also been considered for comp
son purposes. Most of the calculations are based on diffe
implementations of DFT, but Hartree-Fock calculations ha
also been carried mainly to establish the degree of the lo
ization of the electrons trapped in the cavity, a prope
which can be difficult to measure within DFT because of t
well-known tendency of the LDA and generalized gradie
approximation ~GGA! to overestimated electroni
delocalization.68,69 A periodic approach was used to mod
the formation of Al and O vacancies in bulka-Al2O3 and in
the a-Al2O3(0001) surface; large supercells were used
minimize the interaction among vacancies. However, a c
ter model approach has also been used to better analyz
electron density around an oxygen vacancy. The comp
tional details and theoretical methods used to carry out
analysis of electron density are described in Sec. II: furt
details about the material models are given in Sec. III. T
relaxation of the nondefective surface is discussed in S
IV A; results concerning geometrical structure and format
energy of aluminum and oxygen bulk and surfacea-Al2O3
vacancies are reported in Sec. IV B; the analysis of elect
density at oxygen vacancy sites, carried out by means
various topological analyses, is also discussed in Sec. IV
Finally, the conclusions of the present work are presente
Sec. V.
6-2
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II. COMPUTATIONAL DETAILS AND METHODS
OF ANALYSIS

Periodic DFT calculations were carried out using two d
ferent computational packages and two different exchan
correlation functionals. In both cases, the Bloch functions
expanded in a plane-wave basis set, but with a different
off energy because of the different treatment of the effec
core electrons. The first set of DFT calculations use
Perdew-Burke-Erzenhof~PBE! implementation of the gener
alized gradient approximation, the Kohn-Sham Bloch fun
tions were expanded up to an energy cutoff of 952 eV
Goedecker-type pseudopotential was used to mimic the
fect of the inner electrons, and, finally, a Monkhorst-pack
of 43434 k points was used for integration in reciproc
space. These DFT calculations were carried out using a
allel version of theCPMD code70 running in an IBM SP4
machine. A second set of GGA DFT was carried out, but n
within the exchange-correlation functional of Perdew a
Wang~PW91!. In this case, the core electrons were describ
by the projected augmented-wave~PAW! method of
Blöchl.71 This is essentially an all-electron frozen-co
method that combines the accuracy of all-electron meth
with the computational simplicity of the pseudopotential a
proach, especially in the implementation of Kresse a
Joubert.72 The use of this approach permits to obtain accur
results with an energy cutoff of 415.0 eV, significant
smaller than the one used in the pseudopotential PBE ca
lations. In this case, a Monkhorst-pack mesh of 23232
(23231) was found to provide accurate enough results
the bulk~surface! and was therefore used throughout the c
culations which were carried out using theVASP computa-
tional code.73–75

The qualitative and quantitative description of the cha
distribution and localization of the pair of electrons left up
the removal of a neutral oxygen atom has been also expl
by taking advantage of a topological approach that comb
the theory of atoms in molecules76 ~AIM ! and the electron
localization function~ELF! initially introduced by Becke and
Edgecombe77 and recently redefined by Silvi.78 In the AIM
theory the surfaces of zero electron density gradient de
atomic basins and integration of electron density in a giv
atomic basin provides an accurate estimate of the numbe
electrons that this atom has in the molecule. Among the
merous applications of AIM we quote those used to estim
the degree of ionicity of simple oxides and corundum66 and
more recently to rigorously characterize oxygen vacancie
MgO as pseudoatoms.79 The original formulation of the ELF
is based in the ratio between the curvature of the elec
pair density for electrons with identical spin in the system
interest and that of the homogeneous electron gas. Silvi
recently proposed a new and equivalent definition which
more physically appealing since it is based simply in th
simple ratios: that of the parallel spin-pair concentration
the antiparallel spin-pair concentration, to the total spin-p
concentration, or to the single spin-pair concentration.78 In
any case, the analytical expression of the ELF restricts
values between 0 and 1; large ELF values indicate that a
current point in real space the electrons are more local
06411
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than in the uniform electron gas of identical density. T
topology of the ELF permits us to define different types
basin and in particular monosynaptic valence basins wh
represent electron lone pairs: numerical integration wit
this basins provides a reliable estimate of the electro
population involved in this particular basin; for more detai
see also Ref. 79.

AIM and ELF calculations have been carried employi
the densities obtained from periodic and cluster model r
resentations of thea-Al2O3 bulk and surface oxygen vacan
cies as obtained at different levels of theory and conside
always the optimized structures obtained with the PW
functional. The topological analysis have been carried
using theTOPMOD program80 using the electron density ob
tained from a single-point calculation on a suitable clus
model~see next section! using theGAUSSIAN98 suite of com-
puter codes.81

III. MATERIAL MODELS

In this work, periodic models have been used to repres
bulk and surfacea-Al2O3 without or with either aluminum
or oxygen vacancies. In each case periodic calculations w
carried out with the material modeled by a suitable super
constructed in the hexagonal lattice by repetition of the c
in three dimensions. The size of the supercell used to mo
the oxide was varied during the calculations in order to
sure that convergence was fully achieved. These super
were obtained by multiplication of the lattice vectors in t
basal plane,a and b, by a factor of 2 or 3 resulting in a 2
3231 or 33331 cell. The total number of atoms in thes
supercells ranges from 80 up to 270 atoms, depending on
size and type, bulk or surface, of the unit cell. In each ca
the oxygen vacancy was introduced by removing one a
from the supercell. An important point here is that with t
size of the present supercells, the minimum distance betw
repeated vacancies in the nearest-neighbor cell is larger
9.0 Å; this ensures negligible interaction effects between
jacent vacancies. Notice that these are electrically neu
vacancies.

For each type of vacancy considered in the present w
different optimization strategies were used. For bu
a-Al2O3 , and in an initial step, the four Al atoms closer
the removed oxygen atom and its 12 nearest-neighbor o
gen atoms were fully relaxed; see Fig. 1. Looking at the id
bulk structure, these four aluminum atoms are oriented
lowing tetrahedral directions around the vacancy, with t
atoms at;1.86 Å and the other two at;1.97 Å. In subse-
quent steps, more next-neighbor atoms were allowed to r
and in some cases a full geometry optimization of the tota
of atoms in the supercell was carried out. The energy
defect formation was calculated as the energy difference
the perfect bulk supercell and that of the relaxed super
with the vacancy plus the energy that of an isolated oxyg
atom computed in a 10310310 Å3 box and using the spin
polarized version of DFT for two unpaired electrons in ox
gen. For convenience, a slightly different box was used
the PBE calculation, but as we will show below, this has
effect on the calculated results. Obviously, using the sa
6-3
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box leads to exactly the same results. Surface calculat
were performed in a similar way, but adding a vacuum wid
of 12 Å in the direction perpendicular to the surface. T
vacuum cuts the bulk in the~0001! plane terminating with an
aluminum layer. The repeated slabs of finite thickness t
formed contain several aluminum and oxygen layers in
a-b-cpacking of~Al-O-Al ! layers, which is repeated 5 and
times in the PBE and PW91 calculations, respectively. T
energy required to the formation of a surface or subsurf
defect was computed using both the relaxed Al-termina
surface, without and with the point defect, and the atom
energy of oxygen as described above.

In the case of oxygen vacancies, cluster models were
used, mainly to carry out the topological analysis. The
a-Al2O3 cluster models were obtained following the proc
dure previously used to study the relaxation of a clean
Al-terminateda-Al2O3(0001) surface and the adsorption
Pd atoms and aggregates on top of this ox
substrate.51,82–84 In the present work, the cluster used
model the oxygen vacancy in bulk Al2O3 contains 26 cations
and 12 anions in the quantum region, but the cations w
treated at different levels depending on the distance to
vacancy. Hence the four Al cations nearest to the oxy
vacancy were treated using an all-electron basis set while
remaining 22 cations were treated as total ion potent
~TIP’s!.85 These 26 cations and 12 anions form the clus
inner region which is further embedded in 3557 po
charges~PC’s! with formal values of22 and13 to account
for the long-range Madelung potential effects.86,87 The geo-
metrical form of this cluster is represented by a sphere c
tered in the oxygen vacancy. The cluster used to model
vacancy on the Al-terminateda-Al2O3 surface is the

FIG. 1. ~Color online! The local environment of the oxyge
vacancy (V) in bulk Al2O3 . Only the 4 Al nearest neighbors and 1
O ions are shown. The four aluminum cations occupy 2/3 of
anion octahedral interstices.
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oxygen-centered Al24O22 cluster used in a previous work,84

but in this case the central oxygen atom has been remove
create theF center. These clusters were used to perfo
single-point calculations, using the pertinent geometry, un
laxed or relaxed depending on the case, aimed at obtai
the density to be used in subsequent topological analysi
to obtain the isotropic hyperfine constants of the chargedF1

point defects. In the view of the tendency of the LDA and,
some extent, the GGA to excessively delocalize spin68 and
charge density,69 the topological analysis was also carrie
using the Hartree-Fock~HF! method and the hybrid B3LYP
exchange-correlation functional. The latter employs
gradient-corrected Becke’s three parameters hybrid excha
functional88 in combination with the correlation functional o
Lee, Yang, and Parr.89 This method offers the best results
terms of bond strengths in molecules and solids, and in g
eral provides a very accurate description of several prope
at the molecular level90 and provides a reasonable descr
tion of the band gap in ionic solids.91,92

All calculations have been carried out without includin
spin polarization, except to compute the atomic energies
the case of neutral oxygen vacancies this does not repres
problem because there is always an even number of elect
in the unit cell. In the case of Al vacancies the removal o
neutral Al atom implies the formation of three holes on t
valence oxygen 2p band. In this work it is assumed thes
three holes are equally distributed along the oxygen 2p band.
In chemical terms this is equivalent to assume that all o
gen atoms are slightly reduced. However, one must ad
that in the case of MgO neutral cation vacancies lead
paramagnetic defects in the bulk93,94 and in the surface.95 In
any case, this possibility was not considered here becaus
main interest lies in the analysis of the electronic structure
oxygen vacancies, Al vacancies being considered mainl
compare the formation energies. To this end non-sp
polarized calculations seem to be accurate enough. A deta
study of the electronic structure of Al vacancies is out of t
scope of the present work.

IV. RESULTS AND DISCUSSION

A. Relaxation of the perfecta-Al2O3„0001… surface

In order to check the consistency of the present comp
tional approach we first discuss the structure of the bulk
of the perfect Al-terminateda-alumina surface and compar
to experiment and to recent accurate all-electron50,51 and
pseudopotential52 periodic calculations, respectively. For th
bulk corundum the unit cell crystallographic parameters
tained with either PW91~VASP! or PBE ~CPMD! are within
1% of experiment. For the surface, a common feature of
these studies is the prediction of a very large degree of
laxation, especially for the outermost Al atomic layer. Ho
ever, the surface relaxation involves many atomic layers
its direction is not straightforward. Moreover, it has al
been shown that the first atomic layers undergo a quite c
plex relaxation involving not only the vertical relaxation, b
also a rotationlike displacement of the outermost atom
layers.48,50–52 The degree of relaxation predicted by th
present GGA/PW91 and GGA/PBE levels of theory for th

e
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TABLE I. Relaxation of atomic interlayer spacing~in % with respect to the unrelaxed geometry! of the top outermost layers of th
Al-terminateda-Al2O3(0001) surface from different sources.Z-opt indicates the number of atomic layers vertically relaxed and Full-opt
number of atomic layers for which a full optimization of all atomic coordinates has been taken into account.

This work Aa Bb Cc Dd

Z-opt 11 11 11 11e 11 11 4 4 4 4
Full-opt 0 5 11 11e 0 11 0 1 0 1
Method GGA/PW91 GGA/PBE LDA B3LYP GGA/PW91 LDA GGA/PW91
Al1-O2 284.4 289.2 289.4 286.9 288.8 293.8 287.8 289.2 274.1 281.9 286 287.4 287.5
O2-Al3 21.9 14.5 14.1 13.4 20.6 16.1 22.8 20.2 20.7 24.2 16 13.1 13.2
Al3-Al4 227.5 246.4 245.5 244.9 226.9 246.7 227.9 236.5 225.4 237.1 249 241.7 246.4
Al4-O5 114.3 120.2 119.9 120.3 115.6 122.0 114.3 117.0 112.7 117.9 122 118.9 120.4
O5-Al6 15.1 15.8 15.7 15.1 16.8 18.5 16 16 15.2
Al6-Al7 27.7 26.9 26.8 27.1 29.7 211.6 28.2
Al7-O8 10.9 10.3 10.5 11.3 17.1 12.2 12
O8-Al9 20.3 20.7 20.9 21.4 23.8 10.7 21.2
Al9-Al10 14.7 15.3 15.3 15.3 12.8 13.8 15.2
Al10-O11 22.2 22.4 22.4 21.6 22.1 23.2 21.1
O11-Al12 10.7 10.7 10.6 10.1 11.8 12.2 20.4

aReference 51.
bFP-LAPW calculations reported in Ref. 53.
cReference 48.
dReference 52.
eIncluding dipole correction.
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to
surface are summarized in Table I. Overall, the present
sults are in agreement with the above-mentioned prev
studies. However, there are two points which merit a furt
discussion. First, it is important to see that relaxation g
deeper than previously imagined. Only the work of Verdo
et al.48 previously considered a thick enough slab althou
within the LDA approach. The present GGA results, eith
PW91 or PBE, are in very good agreement with the LD
results and with the GGA results of Lodziana and Norskov52

the agreement is even better if the results are correcte
usual to remove the artificialz component of the surfac
dipole. The second point concerns the importance of fu
optimizing all coordinates of various surface layers as pre
ously pointed out by Wanderet al.50 Finally, it is also worth
pointing out that, as far as the surface structure is concer
the influence of the exchange-correlation functional used
the calculations is rather small. The good agreement betw
the present GGA results and the previous LDA descripti
both involving full optimization of up to 11 atomic layers
plus the coincidence with previous all-electron HF a
B3LYP studies pointing out the importance in the pseudo
tation relaxation, strongly suggest that concerning the st
ture of the Al-terminateda-Al2O3(0001) surface this is
likely to be the final word. To conclude this subsection w
mention that the GGA surface energy of this Al-terminat
unrelaxed surface is 3.52 J m22. This rather large value is
considerably reduced upon relaxation, the final value be
1.55 J m22 ~1.57 J m22 after including dipole correction!, in
excellent agreement with the GGA results reported by L
ziana and Nørskov.52

B. Bulk and surface O and Al vacancies ina-Al2O3

The energy formation of an isolated oxygen vacancy,
ther in bulk or surfacea-Al2O3 , and the corresponding geo
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metrical changes induced by the presence of these poin
fects have been studied following an hierarchic
optimization scheme. For the bulkF-center geometry opti-
mization, the atoms around the vacancy are distributed
shells and each shell is labeled according to its coordina
sphere with respect to the O vacancy. Hence, in the bulk,
first shell involves 4 Al first neighbors, the second shell 12
second neighbors, and the third one involves 30 Al ato
Then the hierarchical optimization procedure involves
full relaxation of atoms in the first plus second or in the fi
plus second plus third shells, respectively. In the case o
surface oxygen vacancy the hierarchical geometry optim
tion is defined in a different way. In the first step, the out
most five atomic layers are fully optimized and the 6 atom
layers underneath allowed to vertically relax. In a seco
step, the 11 outermost atomic layers were fully relaxed.
the bulk Al vacancy the first shell involves 6 oxygen atom
hence, the first step has been precisely the full optimiza
of the coordinates of these six atoms; the second optim
tion step involves all atoms in a sphere of 3.3 Å of radiu
which implies a full optimization of 16 atoms; the third ste
considers the complete third coordination shell~58 atoms!
and, finally, we consider the full optimization of all atoms
a sphere of 5.8 Å of radius which involves 89 atoms in t
supercell.

Ignoring geometric relaxation, the removal of a sing
oxygen atom from bulk alumina is 10.34 and 9.25 eV co
puted by the GGA/PW91 or the GGA/PBE approaches,
spectively, and independently on whether a 23231 or a 3
3331 supercell is used. The 10% difference in the ene
formation predicted by the two GGA methods provides
measure of the intrinsic uncertainty of these approach
Most of this uncertainty comes from the different way
6-5
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TABLE II. Calculated geometry around a single oxygen vacancy in bulka-Al2O3 given as % of relax-
ation with respect to the bulk. Only the relaxation of the 16 ions nearest to the vacancy~4 Al and 12 O: see
Fig. 1! is given. The number of atoms that have been fully relaxed is also indicated. The remaining i
the supercell were kept fixed. The number of atoms in each supercell corresponds to that includ
oxygen atoms which is later removed. A negative sign indicates relaxation inwards.

Method PW91 PBE

Atoms in supercell 120 120 270 270 80 80
Atoms relaxed 16 46 16 46 16 Full-opt

Al 24.5 25.6 23.9 25.4 24.9 25.6
Al 24.5 25.6 23.9 25.4 24.8 25.6
Al 0.6 0.9 0.3 0.9 0.4 0.5
Al 0.6 0.9 0.3 0.9 0.4 0.6
O 20.6 20.6 20.6 20.6 20.4 20.6
O 20.6 20.6 20.6 20.6 20.3 20.5
O 0.0 20.1 0.1 20.1 0.0 20.2
O 0.0 20.1 0.1 20.1 20.1 20.3
O 20.4 20.5 20.4 20.5 20.8 20.7
O 20.4 20.5 20.4 20.5 20.8 20.7
O 0.0 20.1 0.1 20.1 0.1 20.1
O 0.0 20.1 0.1 20.1 0.2 0.0
O 0.1 20.3 0.1 0.0 20.9 21.0
O 0.1 20.3 0.1 0.0 20.9 21.0
O 20.2 0.0 20.2 20.3 20.2 20.1
O 20.2 0.0 20.2 20.3 20.2 20.1
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estimate the energy of atomic oxygen. In theVASP code, all
energies are computed with respect to the atoms in
~sometimes unrealistic! lowest-spin state; this means a clos
shell for all atoms with an even number of electrons. For
oxygen atom, the calculation of a spin-polarized solut
leads to an energy lower by 1.61~with the present cutoff
energy!. However, in the PBE calculation using theCPMD

code does not refer all energies to atoms and the calcul
energy difference between the high- and low-spin state
2.99 eV. A similar value~2.84 eV! is obtained using the
GAUSSIAN98 code within an extended basis set of Gauss
type orbitals and the PW91/GGA method. The difference
the estimate of low to high spin between the two method
clearly due to the particular way the atomic references
constructed inVASP; see also Refs. 96 and 97 for a relat
discussion involving atomic transition metal atoms. Not
that the high-spin state is close to the triplet-state solution
atomic oxygen, but the low-spin state is necessarily a m
ture of the two possible spin states (1D and 1S) correspond-
ing to the 1s22s22p2 atomic configuration. Therefore, th
above discussion permits one to explain the difference
tween the two GGA approaches. This is confirmed in
straightforward way by comparing the formation energy
the oxygen vacancy predicted by the two GGA approac
for the unrelaxed material, but using the non-spin-polariz
solution for oxygen; these are found to be 11.95 and 12
eV, respectively. The difference between the two compu
tional approaches drops now to 0.29 eV or less than
These differences are small enough, hence, to avoid re
dant results and only the PW91 results will be reported
the oxygen surface and for the Al bulk and surface vacanc
06411
e

e
n

ed
is

-
n
is
re

r
-

e-
n
f
s
d
4
-
.
n-
r
s.

Allowing relaxation of the first and second shells~Fig. 1!,
the F-center energy formation is only moderately reduce
10.28 eV at the GGA/PW91 level. Including relaxation up
the third shell does only reduce the formation energy by 0
eV. Therefore, one can consider these results as conve
with respect to the deformation in the material induced
the O vacancy. The extent of geometric relaxation of
atoms surrounding the oxygen vacancy, in percentage, is
ported in Table II. It is shown that, at the GGA level, th
maximum atomic displacements are less than 5%, dif
ences between PW91 and PBE values being less than 1%
fact, only the two Al atoms nearest to the center of the cav
~those with initial Al-O distances of;1.86 Å! are signifi-
cantly displaced from their initial bulk positions and pr
cisely by;5%, while the other 14 ions exhibit much small
displacements, less than 1%. This behavior contrasts
that reported in the work of Xuet al.67 where much larger
displacements are predicted, 16% and 8% for the first
second shells, respectively. The formation energy reported
these authors, 5.83 eV, is also very different from the val
reported above. Therefore, it is likely that the LDA approa
used by these authors cannot be trusted, at least for the k
of systems studied in the present work. The present g
metrical structure for the bulk oxygen vacancy is also som
what in disagreement with the results of Stashanset al.64

who predict an outward relaxation of the four Al cation
surrounding the vacancy. These authors predict that two
cations relax by12.8% and the two other cations by11.8%,
whereas the present accurate results predict roughly25%
and 11%. In any case these are rather small relaxatio
especially when compared to the results of Xuet al.67
6-6
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Next, we turn our attention towards the surface oxyg
vacancies of the Al-terminateda-Al2O3(0001) surface for
which no previous information exists. Thisa-Al2O3(0001)
surface may be regarded as a repetition of Al-O-Al lay
and therefore one can distinguish two different types of s
face oxygen atoms, those in the second~O-2! and those in
the fifth ~O-5! atomic layers: both cases have been cons
ered. However, no low-coordinated oxygen vacancies h
been studied. The predicted PW91 formation energy of th
oxygen vacancies is of 8.91 and 9.53 eV for the oxygen a
in the second and fifth layers, respectively~Table III!. These
values are significantly lower than the one predicted for
bulk oxygen vacancy, especially for the oxygen in the sec
layer. These values include the effect of geometric relaxa
in response to the removal of oxygen. Notice that while
the bulk oxygen vacancy the effect of geometric relaxation
the formation energy is rather small~0.06 eV!, in the case of
the surface oxygen vacancies the contribution of geom

TABLE III. Calculated energy formation of surface oxygen v
cancies ina-Al2O3 ~0001!. The oxygen vacancy in the second
fifth layer is denoted by layer 2 and layer 5, respectively.

Optimized atoms

Formation energy~eV!

Layer 2 Layer 5

Ignoring relaxation 9.35 9.90
11 layers~5 full opt16 Zopt! 8.98 9.68

11 layers~full opt! 8.97 9.64
11 layers (full opt)1dipole correction 8.91 9.53
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relaxation is almost one order of magnitude larger~0.44 and
0.37 for O-2 and O-5, respectively!. This larger energy con-
tribution is consistent with a larger degree of relaxation
the ions surrounding the vacancy~Table IV!. Notice, how-
ever, that there are some differences with respect to the
vacancy. For O-2 there are three nearest-neighbor Al ato
one moves inwards by 13% and two outwards, but by
different extent~6% and 1%, respectively!. In the case of
O-5, there are four nearest-neighbor Al atoms and all re
outwards, at variance with the bulk vacancy, although in a
case the atomic displacements are rather small. This re
shows that, contrarily to simpler oxides such as MgO,
fifth atomic layer is still far from exhibiting bulk propertie
and indicates that, for certain purposes, the use of thin s
or small clusters models ofa-Al2O3(0001) should be
avoided or used with extreme care.

To end this subsection we consider the energy forma
of Al vacancies in the bulk and in the Al-terminated surfac
For the unrelaxeda-alumina, the PW91 cost to remove
neutral Al atom is of 16.83 eV, allowing the 6 nearest anio
to relax drops this energy to 15.91 eV. Further relaxation
to 16, 58, or 89 atoms around the Al vacancy has onl
minor effect since the energy formation decreases to 15
15.51, and 15.49 eV, respectively. As in the case of the o
gen vacancy, the larger relaxation effect occurs for
nearest-neighbor ions, which in this case relax roughly
7%–8% ~Table V!. However, for the bulk neutral Al va-
cancy, the second nearest-neighbor relaxation is also sig
cant,;4%. In the case of the surface Al vacancy, the PW
energy formation for the unrelaxed substrate, calculated w
respect to the corresponding relaxed clean surface, is 1
in the
ce;
er

taken
TABLE IV. Calculated PW91 geometry of the 4 Al and 16 O atoms around a single oxygen vacancy
Al-terminateda-Al2O3(0001) surface given as % of relaxation with respect to the relaxed clean surfadi

is the distance from the removed oxygen to a given atoms anddf the same value after removal and furth
relaxation. The 11 topmost layers of the slab model have been fully relaxed and the dipole correction
into account. A negative sign indicates relaxation inwards.

O-2 vacancy O-5 vacancy
Optimized

atom di ~Å! df ~Å! %
Optimized

atom di ~Å! df ~Å! %

Al 1.703 1.503 213.3 Al 1.878 1.926 2.5
Al 1.817 1.832 0.8 Al 1.975 2.016 2.0
Al 1.904 2.029 6.2 Al 1.949 2.064 5.6
O 2.613 2.576 21.4 Al 2.012 2.095 4.0
O 2.634 2.569 22.5 O 2.592 2.550 21.6
O 2.634 2.581 22.1 O 2.592 2.557 21.4
O 2.709 2.692 20.6 O 2.613 2.600 20.5
O 2.757 2.750 20.3 O 2.659 2.634 21.0
O 2.757 2.707 21.9 O 2.709 2.659 21.9
O 2.768 2.768 0.0 O 2.754 2.704 21.8
O 2.944 2.895 21.7 O 2.768 2.802 1.2
O 2.944 2.864 22.8 O 2.773 2.717 22.1

O 2.864 2.856 20.3
O 2.864 2.865 0.0
O 2.878 2.879 0.0
O 2.787 2.870 20.3
6-7
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eV. Full optimization of 11 atomic layers~Table VI! de-
creases this energy to 14.64 or 14.78 eV if the dipole cor
tion is taken into account. From these values it is clear t
the thermal production of vacancies will always favor ox
gen vacancies. On the other hand, the removal of an Al a
implies also removing 3 extra electrons per unit cell, sligh
reducing the ionicity of the oxygen atoms~in this case re-
moving one Al atom from a cell containing 108 Al and 16
O atoms decreases the formal charge of oxygen atoms
22.00 to 1.98 a.u.!. Given the large energy formation of th
point defect, its electronic structure will not be further com
mented.

C. Electronic structure of O vacancies in bulk and surface
a-Al2O3„0001…

For MgO there is evidence that removing a neutral o
gen atom, either from the bulk or the surface, leaves
electrons which are well localized and trapped in the cav
Finocchiet al.98 have studied the MgO~100! surface oxygen
vacancies by means of LDA periodic calculations. Th
found that, at low defect concentration, a series of electro
levels is created in the gap of the MgO surface. From
solid-state physics point of view this may be considered
fingerprint of localized electrons. The electronic localizati
in MgO oxygen vacancies has also been qualitatively fou
by inspection of simple isodensity contour plots30 and, more

TABLE V. Calculated PW91 geometry around a single Al v
cancy in bulka-Al2O3 given as % of relaxation with respect to th
bulk. Only the relaxation of the 16 ions nearest in a sphere of 3.
radius is given. The number of atoms that have been fully relaxe
also indicated. The remaining ions in the supercell were kept fix
The number of atoms in each supercell corresponds to that inc
ing the Al atoms which is later removed. A negative sign indica
relaxation inwards.

Method PW91

Atoms in supercell 270
Atoms relaxed 6 16 58 89

O 7.4 6.4 7.2 7.3
O 7.4 6.4 7.2 7.3
O 7.4 6.4 7.2 7.3
O 7.9 7.1 8.1 8.1
O 7.9 7.1 8.1 8.1
O 7.9 7.1 8.1 8.1
Al 23.5 23.5 23.7
Al 23.2 23.4 23.6
Al 23.2 23.4 23.6
Al 23.2 23.4 23.6
Al 20.4 20.3 20.2
Al 20.4 20.3 20.2
Al 20.4 20.3 20.2
O 0.1 0.1 0.0
O 0.1 0.1 0.0
O 0.1 0.1 0.0
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recently, rigorously characterized from sophisticated to
logical analysis of the density and of the electronic localiz
tion function.79

For Al2O3 the only available information is the one from
the semiempirical study of Stashanset al.64 who from Mul-
liken population analysis found that for the bulk there a
almost two electrons trapped in the cavity. No informati
seems to exist for the surface oxygen vacancies. In orde
investigate in more detail the electronic structure of the
vacancy in bulk and surfacea-alumina we rely on the den
sity of states~DOS!. For the nondefective material the bu
PW91 band gap is of 5.9 eV. This is slightly smaller than t
7.2 eV value obtained using an identical approach, but wh
the core electrons are described by ultrasoft pesudopoten
instead of the PAW method used here. On the other hand
surface band gap obtained with the two approaches is on
4.5–5.0 eV interval.52,84 Notice that, in any case, the PW91
calculated band gap is rather smaller than the experime
value of 8.75 eV,99 although since GGA approaches tend
underestimate the band gap value,91 this may be considered
reasonable value. In any case the important point here is
for the undefective material there is a well-defined gap in
energy levels. However, when an oxygen atom is remo
from the 270-atom supercell a clear state appears in the
that is better illustrated in the DOS reported in Fig. 2. This
a first indication of the localized character of the electro
trapped in the vacancy. The integration of the DOS in
energy region corresponding to the impurity level is 2.0
This is a second strong evidence of localization. Howev
this electron pair has a finite probability of being locat

Å
is
d.
d-
s

TABLE VI. Calculated PW91 geometry around a single Al v
cancy in the Al-terminateda-Al2O3(0001) surface given as % o
relaxation with respect to the relaxed clean surface. The ele
topmost layers of the slab model have been fully relaxed and
dipole correction taken into account. A negative sign indicates
laxation inwards.

Al vacancy

Optimized
atom di ~Å! df ~Å! %

O 1.703 1.741 2.2
O 1.703 1.741 2.2
O 1.703 1.741 2.2
O 2.813 2.827 0.5
O 2.813 2.827 0.5
O 2.813 2.827 0.5
Al 2.946 2.899 21.6
Al 2.946 2.899 21.6
Al 2.946 2.899 21.6
Al 3.046 3.030 20.5
Al 3.046 3.030 20.5
Al 3.046 3.030 20.5
O 3.110 3.152 1.3
O 3.110 3.152 1.3
O 3.110 3.152 1.3
Al 3.166 3.109 21.8
6-8
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THEORETICAL STUDY OF BULK AND SURFACE . . . PHYSICAL REVIEW B 69, 064116 ~2004!
near the surrounding Al atoms. This is illustrated by the d
ference between the integral of the total DOS and of the s
of the DOS projected on the atoms which is of 1.20e. This
value means that although there are two electrons trappe
the vacancy, around 40% of the corresponding electron d
sity tends to delocalize in the nearest-neighbor atoms.
prisingly enough, this prediction is in full agreement with t
semiempirical results of Stashanset al.64

The presence of a trapped electron pair is further s
ported from the analysis of the ELF, which exhibits a we
defined localization basin as shown in Figs. 3 and 4. Un
tunately, integration of the ELF inside this basin is n
possible for the periodic calculation. Therefore, we rely
the corresponding analysis carried out on the electronic d
sity obtained from the cluster models discussed in Sec.
The use of a cluster model has some advantages, althou
has also important limitations. Among the advantages

FIG. 2. Density of states of the 270-atom supercell used to
scribe a single oxygen vacancy in bulka-Al2O3 . The impurity
state is signaled with an arrow.

FIG. 3. ~Color online! Contour plot of the electron localizatio
function ~ELF! for a bulk oxygen vacancy in a perpendicular pla
to the plane parallel to the~0001! direction, containing the oxygen
vacancy and several Al atoms. Small spheres denote the Al an
cores and not ELF basins; the ELF scale is such that dark~red
online! means large values of ELF and light~blue online! means
low value of ELF. The ELF basins corresponding to O electr
pairs are clearly seen.
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can quote the possibility to check different theoretical me
ods ~HF, B3LYP, or PW91! and the possibility to studyF1

centers, those which are formed when O2 instead of neutral
O is removed. To establish the adequacy of the cluster mo
approach we first discuss the formation energy of the b
vacancy for the unrelaxed structure; this permits a dir
comparison with the periodic calculations described in S
IV B. At the PW91 level the O vacancy energy formatio
predicted by the cluster approach is 9.90 eV: compared to
10.34 eV value in the supercell calculation, this represen
;4% effect only. It shows that the energy formation pr
dicted by a cluster model has a large uncertainty, but it d
also show that the cluster model is able to provide a reas
able, qualitative, description. The energy formation predic
by HF and B3LYP is 8.50 and 10.00, respectively, indicati
that the three approaches qualitatively agree. The ELF an
sis of the cluster density always predict a localization bas
in agreement with the periodic calculations. However,
integration of the electron density predicted by the two D
approaches inside the volume of this basin appears to
strongly basis set dependent. This is quite a strange beha
because for the undefective cluster model the integration
the density inside the atomic basins is quite similar,21.79e
for the oxygen central atom at the HF level compared
21.70e for PW91 and21.73e for B3LYP, and rather inde-
pendent of the basis set used for the atoms in the clu
model. Therefore, we have decided to report only the
results for the integration of the density inside the ELF bas
This appears to be 1.28e, which is consistent with all previ-
ous results. Next, we consider the charged oxygen vaca
or F1 center. The cluster model calculations predict th
independently of the level of theory, the formation of anF1

center is;2 eV higher than the cost to produce a neut

e-

O

FIG. 4. ~Color online! Contour plot of the electron localization
function ~ELF! for a bulk oxygen vacancy in a plane containing t
oxygen vacancy and parallel to the~0001! direction. Small spheres
represent O cores and not ELF basins: the ELF scale is such
dark ~red online! means large values of ELF and light~blue online!
means low value of ELF. The ELF basins corresponding to O e
tron pairs are clearly seen.
6-9
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J. CARRASCO, J. R. B. GOMES, AND F. ILLAS PHYSICAL REVIEW B69, 064116 ~2004!
vacancy. In spite of this rather large formation energyF1

centers have been experimentally observed ina-Al2O3 , al-
though in samples irradiated with high-energy~14 MeV!
neutrons.100 To conclude the description of bulkF and F1

centers we describe the calculated isotropic hyperfine c
stantsAiso related to theF1 centers.Aiso is a measure of the
electron density at the nucleus and may serve to see whe
the HF, B3LYP, or PW91 descriptions are consistent. Th
values have been measured and theoretically computed
Mg atoms surrounding anF1 center of MgO,101 but we are
not aware of similar studies for corundum. Therefore, we j
report theAiso on the Al atoms surrounding the O vacanc
The HF values are~58.0,16.1 G! for the two different Al
atoms, whereas the B3LYP and PW91 are~56.0,18.3 G! and
~52.1,18.6 G!, respectively. The close similarity between t
values computed using different methods indicates that
electron density around the vacancy predicted by the th
methods is similar and reinforces the above argument for
use of the HF density to carry out the integration on the E
basin. Notice that theAiso is larger for the two Al nearest th
center of the oxygen vacancy, as expected. Here it is im
tant to point out that the above values forAiso have been
computed using the unrelaxed geometry, using a 6-311G**
basis102 in the Al atoms surrounding the vacancy and witho
including floating basis functions at the center of the v
cancy. The latter approach has been tested in MgO wh
there are almost six Mg cations surrounding theF center,
whereas in the case of Al2O3 there are four Al, but placed a
different distances. Therefore, in this case the use of floa
basis sets is likely to introduce artifacts and has b
avoided. TheAiso values can be compared directly to electr
paramagnetic resonance~EPR! experiments. We have no
been able to find evidence of EPR measurements
a-Al2O3 . However, Kurtzet al.103 have studied theF1 cen-
ters in Na, K, and Lib-Al2O3 . In this form of alumina,
oxygen atoms exhibit a local environment rather similar
a-Al2O3 . Hence it is expected thatF1 centers ina-Al2O3

will at least have an order of magnitude of the hyperfi
constants inb-Al2O3 . The hyperfine coupling constants r
ported by Kurtzet al.103 exhibit a slight degree of anisotropy
but interestingly enough the values ofF1 centers in Li, Na,
and Kb-Al2O3 are all in the 37–47 G interval, very close
the values predicted in the present work for theF1 centers of
a-Al2O3 . Comparison to other materials also permits to
obtain important information about the electronic structure
this point defect. To this end it is better to use the spin d
sity at the nucleus. For MgO, Pacchioniet al.101 report a
value of 0.04 a.u. for the six Mg cations surrounding anF1

center. Fora-Al2O3 the present PW91 values are 0.21 a
0.17 for the two distinct Al atoms nearest to the vacan
~0.22 and 0.17 at the B3LYP level, 0.26 and 0.18 at the
one!. This is a clear indication that in the case ofa-Al2O3
the single electron in the oxygen vacancy is substanti
more delocalized. However, one must advert that the b
set in the Al atoms is large and contains diffuse functio
hence, their average spatial extent is rather large. In any c
the use ofAiso, which is an observable quantity~or of the
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spin densities!, permits quite direct evidence that at least
part of the electron density of the single electron is localiz
in the cavity.

From the preceding discussion one can conclude that
electronic structure of an isolated neutral oxygen vacancy
a-alumina is very similar to those encountered in MgO, bo
materials having two electrons trapped in the cavity. T
question now is whether surface oxygen vacancies
a-Al2O3 have also a similar character to those of Mg
However, to answer this question is not so simple. First
the slab description of thea-Al2O3(0001) surface one mus
be aware that some spurious states do appear in the
which are due to the bottom unrelaxed surface. These st
have of course been removed in the calculation of the sur
band gap and are the responsible for not being able to pre
only a gap in the 4.5–5.0 eV interval rather than a mo
precise value. When an oxygen vacancy in the second la
~O-2! is introduced in the supercell, a new state appears a
the case of the bulk. However, this new state is only visi
when the DOS includes only the states with contributio
from the outermost five atomic layers~Fig. 5!. The impurity
state due to the oxygen vacancy is very similar to that c
responding to the bulk surface and, hence, one expec
similar electronic structure with two electrons trapped a
well localized in the cavity. However, the presence of t
spurious surface states does also preclude the integratio
the DOS in the energy range corresponding to the oxy
vacancy state. Nevertheless, the ELF analysis predic
well-defined basin as in the case of the bulk, although
present there is no way to integrate the electron density in
ELF basis predicted by the periodic calculations.

The cluster model approach description for the O-2
cancy is qualitatively similar to that above described for t
bulk point defect. The PW91 energy formation computed
a relaxed surface model of the clean surface and with
taking into account the geometrical rearrangement in
sponse to the presence of the defect is 6.88 eV, again;2 eV
lower than the 9.35 eV value obtained in the periodic cal
lations~Table III!. The ELF analysis carried out in the clust
model also predicts an electronic localization basin, and

FIG. 5. Sum of the projected density of states correspondin
the atoms on the five outermost atomic layers of the 18-layer
supercell used to describe a single oxygen vacancy in
a-Al2O3(0001) surface. The impurity state is signaled with an
row.
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tegration of the HF density within the volume of this basis
0.86e, smaller than in the bulk, but still indicating a rath
strong localization of the electron pair in the oxygen vacan
cavity. The more delocalized character of the surfaceF cen-
ter as compared to the bulk is consistent with the calcula
Aiso constants for the surfaceF1 center ofa-Al2O3(0001);
the calculated PW91 values are 86.2, 17.5, and 9.0 G for
three distinct Al atoms nearest to the cavity. The correspo
ing spin density values—0.28, 0.18, and 0.06—indicat
significant degree of delocalization in the nearest Al ato
Notice again that no basis functions are included at the
cancy center and that the Al basis set contains diffuse fu
tions.

V. CONCLUSIONS

The formation energy, geometry, and electronic struct
of isolated oxygen and aluminum vacancies in bulk and
the ~0001! surface ofa-Al2O3 have been investigated b
means of periodic calculations in the framework of dens
functional theory within the generalized gradient approxim
tion. Large supercells containing up to 270 atoms for
bulk and 120 for the slab surface model have been use
minimize the interaction of the vacancies. Cluster mod
have also been used, but for interpretation purposes onl

The energy cost to form an oxygen vacancy in the bulk
estimated to be of the order of 10 eV. This is very close to
energy required to form the same point defect in MgO, 9
eV, as obtained in the present work using a similar superc
The energy formation of Al vacancies is found to be at le
a 30% larger. The relaxation of the material is rather sm
for both defects. This is contrary to the large relaxation p
dicted by Xuet al.67 based on a particular implementation
the LDA. The present results cast doubts on the reliability
such approach. Another important point concerns the
placements of the four Al nearest to the cavity in the bu
two inwards and two outwards. This is also contrary to
prediction of Stathanset al.64 who based on semiempirica
calculations predicted an outwards displacement of th
four Al atoms, but by a small extent as in the present fir
principles calculations. The removal of an oxygen atom
bulk a-Al2O3 leads to the appearance of an impurity level
the gap, a strong indication of electron localization. This h
been further confirmed by integration of the density of sta
in the energy interval corresponding to the impurity level a
by several other theoretical analysis including the study
the ELF function in the periodic supercell and in a clus
model. The formation ofF1 centers is more energy costly
Aiso values have been predicted. The analysis of the s
density reveals some important differences with respec
MgO, although one concludes that the single electron is
sentially localized in the cavity. Here we would like to me

*Permanent address: CIQ/Departamento de Quı´mica, Faculdade de
Ciências da Universidade do Porto, Rua do Campo Alegre, 6
4169-007 Porto, Portugal
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tion that the present results for the bulk neutral oxygen
cancies are in very good agreement with those reported
Matsunagaet al.104 while the present paper was being r
viewed.

For a-Al2O3(0001) the formation of oxygen and alum
num vacancies exhibits many similarities with the bu
Hence the energy cost to form Al vacancies is much lar
than for O vacancies and, in both cases, it is accompanie
rather small atomic displacements. However, there are
significant differences between bulk and surface oxygen
aluminum vacancies. Thus the formation energy of one
these point defects in the surface is rather smaller as
pected and, more importantly, the degree of electronic d
calization is also larger.

To conclude, let us extract some consequences from
present study and dare to make some predictions. First, s
the formation energy ofa-Al2O3 bulk and surface oxygen
vacancies is similar to that corresponding to MgO, it is e
pected that it will also play an important role as nucleati
centers of supported metals ona-Al2O3 surfaces6 and will
exhibit a rich chemistry very much similar to that report
for surface oxygen vacancies of MgO.105–107Second, the fact
that two or one electrons are rather localized in the vaca
for the neutral and charged vacancies, respectively, will p
mit us to use accurate multiconfigurational calculations c
ried out on suitable embedded cluster models to interpret
spectroscopic features associated to these point defec
done for the bulk and surfaceF andF1 centers of MgO.38–40

Finally, we notice that the presence of oxygen vacancies
the a-Al2O3(0001) surface may have consequences on
spin state of adsorbed particles on this support as rece
predicted for Ni atoms on different classes of oxygen vac
cies in MgO~001!.108
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