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Ground- and excited-state properties ofM-center oxygen vacancy aggregates in the bulk
and surface of MgO
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Aggregates of oxygen vacancies~F centers! represent a particular form of point defects in ionic crystals. In
this study we have considered the combination of two oxygen vacancies, theM center, in the bulk and on the
surface of MgO by means of cluster model calculations. Both neutral and charged forms of the defectM and
M 1 have been taken into account. The ground state of theM center is characterized by the presence of two
doubly occupied impurity levels in the gap of the material; inM 1 centers the highest level is singly occupied.
For the ground-state properties we used a gradient corrected density functional theory approach. The dipole-
allowed singlet-to-singlet and doublet-to-doublet electronic transitions have been determined by means of
explicitly correlated multireference second-order perturbation theory calculations. These have been compared
with optical transitions determined with the time-dependent density functional theory formalism. The results
show that bulkM andM 1 centers give rise to intense absorptions at about 4.4 and 4.0 eV, respectively. Another
less intense transition at 1.3 eV has also been found for theM 1 center. On the surface the transitions occur at
1.6 eV (M 1) and 2 eV~M!. The results are compared with recently reported electron energy loss spectroscopy
spectra on MgO thin films.
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I. INTRODUCTION

Oxygen vacancies represent one of the most comm
point defects in oxides.1 Depending on the nature of the m
terial, ionic, covalent, or mixed, the removal of an O ato
from the lattice or from the surface results in a differe
electronic and geometric rearrangement of the structure
ionic oxides, such as MgO, the removal of a neutral O at
from a lattice nominally composed of O22 and Mg21 ions
results in a cavity~octahedral in the bulk and square pyram
dal on the surface! and two electrons. The two electrons a
confined in the cavity region by the effect of the stro
Madelung field, giving rise to anF center, a point defect with
specific optical properties which is responsible for the col
ing of the sample. The removal of an O2 radical ion, on the
other hand, results in a single electron trapped in the ca
leading to a paramagneticF1 color center.F andF1 centers
can be located in the bulk or on the surface of the mate
~in this latter case the symbolFS is used to distinguish the
defect from its bulk counterpart!. F1 centers, being para
magnetic, can be detected by electron paramagnetic r
nance~EPR!; however, this technique can be applied only
high surface area polycrystalline materials and is of lit
help for the study of the surface centers on MgO sin
crystals or thin films. The other technique which has be
widely used to characterize oxygen vacancies is opt
spectroscopy.

Bulk F and F1 centers in MgO give rise to an intens
adsorption band at around 5 eV. Kapperset al.2 found that
the band is actually the convolution of two distinct abso
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tion bands at 4.96 and 5.03 eV, due toF1 and F centers,
respectively. Under neutron irradiation other bands at 3
2.1, and 1.2 eV have been observed3 and associated to th
presence of aggregates ofF centers. The first band is consis
tent with the appearance of a signal at 3.6 eV upon annea
of MgO samples containing a high concentration of the
point defects and also assigned toF-center aggregates.4 This
is supported by model studies of the kinetics ofF-center
aggregation.5 However, while some author has reported sim
lar bands at 3.5 and 2.1 eV in additive coloring experimen6

Chenet al.were not able to observe these transitions in el
tron irradiated additive colored samples.3 X ray7 and UV
~Ref. 8! irradiation results in a band around 2 eV but do
not give rise to features around 3.5 eV. Therefore, while i
generally accepted that the intense band at 5 eV origin
from bulk F andF1 centers, the assignment of the band
3.5 eV to aggregates ofF centers is not unambiguous, and n
proposals seem to exist for the band around 2 eV.

The detection of surfaceF centers is even more difficul
because of the problems connected to surface sensitivit
the measure. By creating surface defects on MgO by vari
techniques one observes transitions in a wide range, fro
to 5 eV;9–12 see Table I. The bands at 5 eV have been att
uted to subsurfaceF centers, while the bands in the 2–3 e
region were assigned tentatively to surfaceF ~Ref. 9! or V2

~Ref. 10! centers. Wuet al.11 did perform the first experimen
on MgO thin films and did not observe bands in the 2–3
region, but one band at 1.15 and 3.6 eV. These bands w
tentatively assigned to surfaceF centers~1.15 eV! and toF
centers aggregates~3.6 eV!, respectively. In a recent pape
©2003 The American Physical Society01-1
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TABLE I. Summary of experimental results on optical transitions in MgO bulk and surface.

Generation of defects Character of the sample Transitions observed

X-ray irradiation 2.4, 4.4, 5.6 eV~Ref. 7!
UV irradiation 1.2, 2.1, 4.8 eV~Ref. 8!

Neutron irradiation Single crystal, bulk 1.2, 2.1, 3.5, 4.8 eV~Refs. 3, 8!
Additively colored crystals 0.9, 1.1, 4.8 eV~Ref. 3!

~Mg excess! 2.1, 3.7, 4.8 eV~Ref. 6!
Electron irradiation 4.8 eV~Ref. 3!

Electron irradiation Single crystal, surface 2.3 eV~Refs. 9, 10!
MgO thin film on Ag~100! 1.0, 1.3, 2.4, 2.8, 3.4 eV~Ref. 12!

Thermal treatment MgO thin film on Mo~100! 1.2, 3.6, 5.3 eV~Ref. 11!
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by Pfnür and co-workers,12 MgO thin films have been elec
tron bombarded and the corresponding optical proper
have been measured by electron energy loss spectros
~EELS!. These authors tentatively assign the transitions
around 1 eV to surfaceM centers, i.e., an aggregate of tw
adjacentF centers. Likewise, on the basis of the comparis
with ab initio calculations of the optical properties of the
centers,13,14 the bands at 2.4, 2.8, and 3.4 eV have been
tributed to the presence of surfaceF centers at different co
ordinated sites. Given the uncertainty in the proposed ass
ments, it is clear that a comparison of measured w
computed transition energies can be of great help.

While the ground state properties ofF centers have bee
studied in some detail from a theoretical point of view,15–19

few ab initio calculations have been reported on the exci
states ofF centers, or on the ground and excited state pr
erties ofF centers aggregates~e.g., theM center!. Finocchi
et al.20 have studied the interaction of surface oxygen vac
cies on the MgO~100! surface by means of periodic calcul
tions in the framework of the density functional theo
~DFT! within the local density approximation~LDA !. They
found that, at low defect concentration, a series of electro
levels is created in the gap of the MgO surface. These le
are fully occupied and result from the coupling of atomicli
orbitals localized on the vacancy sites. At high defect c
centrations a mixing between these levels and the conduc
band levels occurs. Miyoshiet al.21 have studied the excita
tion energies for bulk and surfaceF centers and for bulkM
centers using the Hartree Fock~HF! approach followed by a
rather limited multiconfigurational self-consistent field~MC-
SCF! treatment. Their prediction for the excitation energy
bulk F and M centers, 7.38 and 5.79 eV respectively, a
much too high. The main source of error in these result
the lack of electronic correlation effects in the calculat
wave functions. Recently we have studied the optical pr
erties ofF centers in the bulk and on different sites of t
MgO~100! surface, using explicitly correlated wav
functions,13,14and we found an excitation energy for the bu
F andF1 centers of around 6 eV instead of 5 eV, as expe
mentally observed. The error is largely due to limitations
the size of the basis set and of the cluster used, as show
a successive study.22 Still, assuming a given overestimate
about 15% in the computed excitation energies, it has b
possible to predict that surfaceF centers give rise to transi
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tions in the 2–3 eV region depending on their location on
surface. However, no absorption band was predicted belo
eV, leaving open the problem of the assignment of this ba

In this work, we report the firstab initio study of the
transition energies of a pair ofF centers, theM center, in the
bulk and on the surface of MgO. For comparison,F centers
have also been considered to provide an error bar to
computed optical transitions.

II. COMPUTATIONAL APPROACH

Optical transitions for surface and bulkF and M centers
have been studied using the complete active space
consistent field~CASSCF! and CAS second-order perturba
tion theory ~CASPT2! methods23,24 applied to suitably em-
bedded cluster models. Likewise, time-dependent~TD!
density functional theory25 ~DFT! calculations have also
been performed mainly to explore the performance of t
rather new methodology in this particular kind of system
For molecular systems, TD-DFT is known to provide a go
accuracy,26–28 while relatively few examples of application
to optical transitions of defects in solids have be
reported.29

CASPT2 is a generalization to CASSCF wave functio
of the well-known second-order Møller-Plesset perturbat
scheme~MP2! based on closed-shell HF reference wa
functions, and reduces rigorously to MP2 for CAS conta
ing a single closed-shell Slater determinant. An import
part of the electron correlation effects is treated in a va
tional way in the CASSCF step, and the remainder, mai
dynamical electron correlation, is estimated by second-or
perturbation theory with the CASSCF as zeroth-order wa
function. This strategy combines the accuracy of a multir
erence configuration interaction treatment and the low co
putational cost of a perturbational approach. Over the
few years the CASPT2 method has been proven to be a f
ful approach to study, analyze, and predict the spectrosc
of a wide range of organic and inorganic molecules.30–33The
method has also been successfully applied to study exc
states in solid state compounds.34–37For F centers, the active
space used includes the two vacancy orbitals involved in
electronic transition and 2 or 1 electrons forF andF1 cen-
ters, respectively. ForM centers, the active space includ
four orbitals for each vacancy~one of s type and the three
1-2
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components of onep-type orbital!. Therefore, the CAS con
tains eight orbitals and four~or three! electrons forM ~or
M 1) centers. The CASSCF/CASPT2 calculations have b
performed using theMOLCAS 5 package.38

TD-DFT is based in the Kohn-Sham formulation of DF
and makes use of the eigenvalues and eigenvectors o
Kohn-Sham equations. In this formalism, the exact nonlo
HF exchange for a single determinant is replaced by a g
eral expression, the exchange correlation functional, wh
in principle includes both exchange and electron correla
energy terms. Here we have chosen the hybrid B3LYP
proach where the HF exchange is mixed in with the D
exchange using the Becke three-parameter approach39 com-
bined with the nonlocal expression of the correlation fun
tional proposed by Lee, Yang, and Parr,40 based on the origi-
nal work of Colle and Salvetti on the correlation factor.41,42

Two strategies have been followed to embed the quant
mechanical ~QM! clusters depending on the theoretic
method used. For CASPT2 calculations we used cluster
ions embedded in point charges~PC’s!. An interface ofab
initio model potentials~AIMP’s! ~Refs. 43–45! between the
PC’s and the cluster has been used to avoid an artificial
larization of the anions electronic density induced by
PC’s. For DFT calculations long-range polarization effe
have also been taken into account. To this end, the M
cluster model is divided into regions I and II. Region I i
cludes a QM treated cluster, which is exactly the same a
the CASPT2 calculations, but surrounded by interface i
and classical shell model ions.46,47The remaining part of the
cluster, region II, is represented by PC’s. The interface
tween the QM cluster and the classical ions, needed to
vent an artificial spreading of electronic states outside
QM cluster, is based on the representation of the Mg21 ions
by a semilocal effective core pseudopotential~ECP!.48 All
the classical ions interact among themselves via interato
potentials. The interface atoms interact quantum mech
cally with the QM cluster, and classically with the remainin
‘‘atoms’’ in regions I and II. The interaction between the Q
atoms and classical ions in region I is described using sh
range classical potentials and long-range Coulomb poten
whereas interaction with atoms in regions II includes o
the long-range potential. All centers in region I are allow
to relax simultaneously during the geometry optimizatio
PC’s in region II remain fixed and provide an accurate el
trostatic potential within region I. This hybrid scheme
implemented in theGUESScode,46 which provides the shell-
model representation for the classically treated part of
system and an interface with theGAUSSIAN98package forab
initio calculations49 of the QM cluster. TheGUESScode al-
lows us to calculate forces acting on all centers in regio
both QM and classical~cores and shells! and simultaneously
optimize their positions using the Broyden-Fletche
Goldfarb-Shanno technique50 for the energy minimization.
We denote these clusters as shell-model~SM! embedded
clusters. Ground state geometry optimizations have been
formed at the B3LYP level using the SM-embedded cluste
The CASPT2 excitation energies have been computed
these optimal geometries. The excitation energies of thF
and M centers have also been computed using the ti
05410
n

he
l

n-
h
n
p-

-

-
l
of

o-
e
s
O

in
s

-
e-
e

ic
i-

rt-
ls

.
-

e

I,

-

er-
s.
n

e-

dependent density functional theory approach~TD-DFT!
within the B3LYP functional.

At the CASPT2 level three clusters of different shape a
size have been used for bulkF centers: Mg6O18(QM)
1Mg21

159O
22

159 ~AIMP’s!, Mg14O12(QM)
1Mg21

157O
22

159 ~AIMP’s!, and Mg14O18(QM)
1Mg21

157O
22

153 ~AIMP’s!. For bulk M centers two differ-
ent clusters have been used: Mg10O26(QM)1Mg21

88O
22

62
~AIMP’s! and Mg24O22(QM)1Mg21

66O
22

66 ~AIMP’s!. For
surface M centers also two clusters have been us
Mg8O18(QM)1Mg21

52O
22

34 ~AIMP’s! and Mg16O14(QM)
1Mg21

38O
22

38 ~AIMP’s!. At DFT level one cluster has
been used for bulkM centers, composed of a Mg10O26
quantum-mechanical part, 50 Mg21 ECP’s and 902 polariz-
able shells. For surfaceM centers the cluster used consist
of a Mg16O14 quantum-mechanical part, 24 Mg21 ECP’s and
782 polarizable shells. All these clusters were embedded
large array of62 PC’s.

Different basis sets have been used in the CASPT2
DFT calculations. This is due to the slower convergence
wards basis set limit of the explicitly correlated calculatio
compared to DFT calculations. For DFT calculations, a 6–
G basis set has been used on all Mg51 and O52 atoms in the
geometry optimization. For the computation of the excitati
energies an oxygen 6-311G* basis set53,54 has been added
in the center of the vacancies to improve the description
the localized levels. For CASSCF/CASPT2 calculatio
atomic natural orbitals~ANO! basis sets for O55 and Mg56

atoms with different contraction schemes have been u
The contraction scheme for the smallest basis set used~basis
A! is @14s9p4d/3s2p1d# for O and@17s12p/3s2p# for Mg.
For the second basis set~basis B!, the contraction scheme i
@14s9p4d/4s3p1d# for O and @17s12p/4s3p# for Mg. A
third basis set~basis C! has been used forF centers, in which
a @5d/1d# basis function has been added to the basis se
the six Mg atoms surrounding the vacancy. Finally, a fou
basis set has been used~basis D! for bulk M centers, this is
@14s9p4d/4s3p1d# for O and @17s12p/4s3p# for the ten
Mg surrounding the cavity and@17s12p/3s2p# for the re-
maining Mg atoms in the cluster. In all cases, a (3s2p1d)
uncontracted basis set has been placed in the center o
vacancies in order to improve the description of the el
tronic states. These functions have been optimized for
ground state of theF1 center at the HF level in a previou
work.13

III. RESULTS

A. Bulk F centers

Before discussing the results for theM centers, we con-
sider the bulkF andF1 centers of MgO where unambiguou
assignments of the corresponding transition energies ca
done. In this way we want to check the accuracy of t
methods used and the convergence of the results versus
ter size and basis set quality. The ground state of theF center
is characterized by the presence of a doubly occupied e
tronic level in the mid of the band gap. This level belongs
the total symmetricA1g representation inOh symmetry thus
1-3
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leading to a 1A1g electronic state arising from the (a1g)2

electronic configuration. The ground state of theF1 center is
a 2A1g(a1g)1 in which thea1g vacancy level is singly occu
pied. The first empty level of the bulkF center is of ‘‘p’’
nature and, due to theOh symmetry, is threefold degenera
(t1u). The first optical transition is, therefore, an excitati
from thea1g level to thet1u one (a1g→t1u) for both theF
and theF1 centers, see Fig. 1.

Since the scope of this work is to study the allowed op
cal transitions, we restrict the discussion to singlet and d
blet excited states forF and F1 centers, respectively. Th
results of Table II have been obtained using the Mg14O12
cluster at the experimental bulk geometry and allow us
define the adequacy of the basis set used in CASSCF
CASPT2 calculations. In general we observe that
CASSCF method gives consistently too high transition en
gies; this is not surprising since CASSCF does not inclu
dynamical correlation. The inclusion of dynamical corre
tion at CASPT2 level lowers the transition energies by up
1 eV. Therefore, in the following we restrict the discussion
the CASPT2 results. With basis set B the excitation energ
of 5.40 eV forF and of 5.90 eV forF1. These results are in
line with our previous work.22 The use of the large basis s
C has only a modest effect on the excitation energy of thF
center, suggesting that the results are reasonably conve
versus basis set size; even going from basis A to basis B

FIG. 1. Schematic representation of the energy levels invol
in the electronic transitions of bulkF andM centers. The energie
reported refer to the computed excitations energies for the b
centers at the CASPT2 level.
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changes are rather small~,0.1 eV!. Both transitions energies
are overestimated, especially for theF1 center. The limited
inclusion of electron correlation and the use of an unrela
bulk geometry are likely to be the reasons for this overe
mate, as will be discussed below. Consequently, in the
culation of theM centers we will adopt these two basis se
~A and B! which seem to provide a good compromise b
tween accuracy and computational cost. Next, the dep
dence of the results versus cluster size and shape for boF
andF1 centers have been investigated always using an
relaxed bulk geometry and basis A, Table III. Three clust
have been used: Mg6O18, Mg14O12, and Mg14O18. Going
from the smallest Mg6O18 cluster to Mg14O12 a reduction of
the first singlet-to-singlet transition for theF center from
5.96 to 5.47 eV is observed. An additional increase of clus
size, Mg14O18, has only minor effects on this transition en
ergy which becomes 5.55 eV. The dependence of the tra
tion energy on cluster size seems to be less pronounced
the F1 center because of the more localized nature of
excited state. Therefore, results in Table III suggest tha
QM cluster of 20–30 atoms is sufficient to describe the m
features of the excited states ofF centers. Clearly, what re
mains to be checked is the effect of the geometry relaxa
on the excitation energies. An optimization of the geome
for theF andF1 centers has been performed at the HF le
with a SM-embedded cluster (Mg14O18 embedded in 30
ECP’s, 956 polarizable ions, and 3450 PC’s!. For theF cen-
ter, the distance between the vacancy and the closest Mg
expands by 3.2% with respect to the Mg-O bulk distan
For F1 the expansion increases to 7.4%. The relaxation
the geometry has a significant effect on the computed e
tation energies. These have been determined for the Mg14O12
cluster using basis C and the CASPT2 approach, Table
The computed transition energies are 5.01 eV forF and 5.22
eV for F1 centers, respectively. This means that the erro
the computed excitation energies is roughly 5% forF1 cen-
ter and less than 1% for theF center. Thus, not only the fac
thatF andF1 centers give rise to a similar transition ener
is reproduced, but even the absolute value of the transitio
in quantitative agreement with experiment.

Analogous calculations for the ground and excited sta
of F andF1 centers have been carried out using the TD-D
formalism within the B3LYP functional. However, a numb
of problems in the determination of the excited state energ
have been encountered which resulted in much too low

d

lk
r
s are
TABLE II. CASSCF/CASPT2 excitation energies~in eV! for F and F1 bulk centers using the cluste
Mg14O12 at the experimental bulk geometry and different basis sets. Only spin allowed transition
reported. Symmetry of the electronic states involved is indicated.

Basis A Basis B Basis C
CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2

Bulk F
1A1g→1T1u 6.45 5.47 6.34 5.40 6.27 5.33

Bulk F1

2A1g→2T1u 6.73 5.96 6.65 5.90 6.66 5.84
1-4
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TABLE III. CASPT2 excitation energies~in eV! for F andF1 bulk centers using different cluster model
experimental bulk geometry and basis set A. Only spin allowed transitions are reported. Symmetry
electronic states involved is indicated.

Mg6O18 Mg14O12 Mg14O18 Exp. assignment

Bulk F
1A1g→1T1u 5.96 5.47 5.01a 5.55 5.03~Ref. 2!

Bulk F1

2A1g→2T1u 6.00 5.96 5.22a 5.95 4.96~Ref. 2!

aResults obtained on a fully optimized geometry with basis set C.
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culated values for the optical transitions or in converge
problems. Here, we can only attempt a tentative explana
for this behavior and plan to perform more extended analy
of the problem in a specific study. One may think that t
failure of the TD-DFT is associated to the well-known fe
ture of DFT methods to underestimate band gaps. Howe
this is not the case because the present TD-DFT calculat
have been carried out using the hybrid B3LYP function
which indeed properly describes the band gap of oxides.57,58

The analysis of the TD-DFT results shows that the TD-D
excited states of bulkF and F1 centers have an excessiv
conduction band character. This mixing with conducti
band orbitals in theF and F1 excited states is due to th
combination of two factors. On the one hand, the intrin
monoelectronic character of TD-DFT which makes use
the Kohn-Sham eigenvalues of the ground state and, on
other hand, the strong dependence of the energy of vir
orbitals on cluster size. It has been shown that the band
estimate of MgO by means of a cluster model is rather c
ter size dependent.59 In other words, because of the abov
mentioned problems TD-DFT describes a genuine sin
reference excitation as a multireference one. CASPT2 d
not suffer from this defficiency because the energy of
excited state is computed directly from theN-electron wave
function and both, the ground and excited state wave fu
tions, have a marked single reference character.

B. Bulk M and M¿ centers

M centers are formed by removing two adjacent O ato
thus forming a double cavity. The electronic structure o
bulk M center is characterized by the presence of two e
tronic levels in the gap which belong to theAg and B3u
irreducible representations inD2h . These levels arise from
the coupling of the occupieda1g levels of the isolatedF
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centers, Fig. 1, which results in a bondingag and an anti-
bondingb3u orbital @Figs. 2~a! and 2~b!#. In the ground state
of neutral M centers both levels are doubly occupied
1

Ag(ag)2(b3u)2 state—whereas in theM 1 center theb3u level is
a singly occupied2B3u(ag)2(b3u)1 state. The coupling of the
t1u,x empty levels of the isolatedF centers forms the excited
levels of M centers ofAg symmetry, Fig. 2~c!. This is the
level involved in the lowest transitions of theM center. The
x axis is assumed to pass through the center of the vacan
so that the first dipole allowed transition of theM center
corresponds to the excitation of one electron from the fil
b3u orbital to the virtualag one (b3u→ag), see Fig. 1. For
M 1, in addition to this transition, there is a second excitat
which corresponds to the transfer of one electron from
doubly occupiedag orbital to the singly occupiedb3u level
(ag→b3u), Fig. 1. We will see below that this second tra
sition is the lowest one inM 1 centers. This description o
the electronic levels of theM centers is analogous to tha
reported by Miyoshiet al.21 for bulk M centers in MgO,
Kölmel and Ewig60 for bulk M centers in LiF, and by Finoc-
chi et al.20 for MgO surfaceM centers. Since we are inte
ested in allowed optical transitions, we discuss only the
sults for the singlet and doublet excited states ofM andM 1

centers, respectively.
The geometry optimization for the ground state perform

at the DFT~B3LYP! level leads to a small relaxation for th
neutralM center, with an average expansion of the distan
between the center of the vacancy and the nearest ma
sium atoms of 1.54%. For theM 1 center the relaxation is
larger, and the average expansion of the distance of the
ions from the center of the cavity is of 4.12%. Geome
relaxation has a small impact on the computed excitat
energies: theb3u→ag transition for theM center changes by
about 0.2 eV, while the effect is even smaller~'0.1 eV! for
the ag→b3u transition of theM 1 center.
g
a

d

FIG. 2. Contour plots of the
molecular orbitals correspondin
to the energy levels associated to
bulk M center. ~a! doubly occu-
pied 1ag orbital, ~b! doubly ~M!
or singly (M 1) occupiedb3u or-
bital, ~c! virtual 2ag orbital. The
shape of the orbitals is derive
from a DFT-B3LYP calculation on
the ground state of theM center.
1-5
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Let us compare now the electronic transitions in the b
as obtained from CASPT2 and TD-DFT~B3LYP! results,
Table IV. For the neutralM center, both CASPT2 and TD
DFT indicate a very intense1Ag→1B3u allowed transition at
about 4.4 eV. ForM 1 a transition with strong intensity is
found at 3.7–4.0 eV; this transition has the same characte
for the M center, i.e., it involves the excitation from th
singly occupiedb3u level to the emptyag one. As we men-
tioned before, another, not very intense, transition is foun
1.3–1.5 eV corresponding to the excitation of one elect
from the doubly occupiedag level to the singly occupiedb3u
one. Therefore, there is a substantial agreement betw
CASPT2 and TD-DFT results. This can be attributed to
reasonably localized nature of the levels involved, which
lows an unambiguous description of the different states.
different behavior of TD-DFT in bulkF and M centers can
be attributed to the presence of two cavities in the lat
which reduces the two-electron repulsion in the excited st
This effect plus the energy lowering of theM center levels
produced by the coupling of the individualF center levels
~cf. Fig. 1! lead to a considerable decrease in the mixing w
conduction band levels and hence improving the efficie
of the TD-DFT treatment.

The results obtained do not allow a clear assignmen
the computed transitions to observed bands in neutron
electron irradiated MgO samples. Only the second inte
transition of theM 1 center~3.7–4 eV! is close enough to the
3.5 eV band attributed toF centers aggregates. On the oth
hand, as we have found a tendency to overestimate the
cal transitions inF andF1 centers, we cannot exclude th
the lowest excitation of the neutralM centers, located aroun
4.4 eV according to the CASPT2 calculations, is somew
overestimated. Still, the difference from the 3.5 eV band
pears to be sufficiently large to exclude a firm assignmen
this band to a neutral aggregated of two O vacancies. If
is the result of the aggregation of a larger number of vac
cies remains to be clarified.

C. SurfaceM and M¿ centers

The ground states of the surfaceMS andMS
1 centers have

a similar character as for the bulk counterparts. Two el
tronic levels are associated to the vacancies and are loc

TABLE IV. Electronic transition energies~in eV! for bulk M and
M 1 centers computed at the CASPT2 and TD-DFT~B3LYP! levels
at the optimized geometry~in parenthesis oscillator strength!. Only
spin allowed transitions are reported. Symmetry of the electro
states involved is indicated.

O26Mg10 O22Mg24

CASPT2~basis D! TD-DFT CASPT2~basis D!

Bulk M
1Ag→1B3u 4.45 ~0.839! 4.36 ~0.756! 4.36

Bulk M 1

2B3u→12Ag 1.26 ~0.062! 1.50 ~0.071! 1.27
2B3u→22Ag 3.76 ~0.531! 3.99 ~0.450! 3.71
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well below the conduction band20 (a1 andb1 in C2v symme-
try, Fig. 3!. These levels arise from the bonding and an
bonding combinations of the levels of the isolated surfaceFS
centers. In theMS center both levels are doubly occupie
and the ground state configuration is1A1(a1)2(b1)2,
whereas inMS

1 the ground state is2B1(a1)2(b1)1. With re-
spect to the bulk analogs, these electronic levels show
expansion of the electron cloud towards the vacuum, Fig
Empty states in the gap arise from the combination of co
sponding empty levels of the isolatedFS centers. However,
the diffuse nature of the empty levels leads to some mix
with states with conduction band character. A consequenc
the expansion of the electron density towards the vacuum
an additional stabilization of the empty levels, especia
those arising from the coupling of the twopz-type levels of
theFs centers~thez axis is normal to the surface plane!. This
stabilization is a consequence of the reduced electronic
pulsion within the cavity, a mechanism which is expected
lower the excitation energies with respect to the bulk.13,14A
second possible consequence of the ‘‘open’’ nature of
cavity formed by the adjacent O vacancies on the surfac
that the excited levels are not strictly confined in the cav

FIG. 3. Contour plots of the molecular orbitals corresponding
the energy levels associated to a surfaceMS center. ~a! doubly
occupieda1 orbital, ~b! doubly (MS) or singly (MS

1) occupiedb1

orbital. The shape of the orbitals is derived from a DFT-B3LY
calculation on the ground state of theM center.

ic
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TABLE V. Electronic transition energies~in eV! for surfaceM andM 1 centers computed at the CASPT
and TD-DFT~B3LYP! levels at the optimized geometry~in parenthesis oscillator strength!. Only spin al-
lowed transitions are reported. Symmetry of the electronic states involved is indicated.

CASPT2~basis A!
O14Mg16

CASPT2~basis B! TD-DFT
O18Mg8

CASPT2~basis B!

SurfaceM
1A1→1B1 2.29 2.00~0.045! 1.19 ~0.084! 2.06 ~0.030!
1A1→1A1 3.28 2.95~0.065! 1.48 ~0.020! 3.01 ~0.012!
1A1→1B2 3.84 3.43~0.180! 3.54 ~0.087!

SurfaceM 1

2B1→12A1 1.59 1.58~0.024! 1.56 ~0.048! 1.56 ~0.026!
2B1→22A1 2.25 2.13~0.002! 1.70 ~0.009! 2.14 (431024)
2B1→2B1 3.04 2.88~0.017! 2.03 ~0.031! 2.90 ~0.024!
2B1→2A2 3.43 3.27~0.002! 3.33 ~0.001!
-

-

he
t

s

lk
la
tio
s
r

ic

n
tio
le
th
r

-
y
or
l
-

n
at

s

ri
O
n
p
o

an
i

his

re

ure
e
ing
he
hin
ta-

CF/
u-
to
is
of

the
the
-

T2

me

d
a

d to
f
rved
ly

r
ure

ci-
be-

on

u-
For the surfaceMS
1 center, the lowest allowed transition in

volves the excitation of one electron from the (a1)2 level to
the (b1)1 one, as in the bulkM 1 center. The geometry opti
mization for the ground state performed at the DFT~B3LYP!
level shows a slightly larger relaxation with respect to t
bulk case. For the neutral defect the distances between
center of the vacancy and the nearest magnesium atom
pands in average by 2.67%, whereas for theMS

1 center the
average expansion is of 4.63%. Differently from the bu
case, we observe a significant effect of the geometry re
ation on the computed excitation energies. The excita
energies for theMS center vary from 0.05 to 0.4 eV wherea
those for theMS

1 center vary from 0.4 to 0.7 eV except fo
the lowest electronic transition for theMS

1 center. This is
because of the localized character of this transition wh
cannot occur in theMS center.

Table V reports CASPT2 results for the two clusters a
the two basis sets used showing that the computed transi
are essentially converged with respect to these two variab
The CASPT2 excitations energies are compared with
TD-DFT ~B3LYP! results. The lowest allowed transition fo
the neutralMS center (b1→a1) predicted by CASPT2 oc
curs at around 2.0 eV. ForMS

1 the lowest excitation energ
(a1→b1) occurs at 1.56 eV. TD-DFT gives a lower value f
the first transition of theMS center 1.19 eV and an identica
value for theMS

1 center 1.56 eV. The origin of the discrep
ancy for the first transition in theMS center is not easy to
explain. This discrepancy is found also for all the other tra
sitions of both theMS and MS

1 centers. Thus, it seems th
the identical value provided for the lowest transition ofMS

1

is not the rule. We try to provide an explanation for the
results. The lowest transition inMS

1 involves the doubly and
singly occupied vacancy levelsa1 andb1 . These levels are
both occupied and hence optimized in the Kohn-Sham va
tional procedure leading to reasonably localized states.
the other hand, the empty levels associated to the vaca
are again close to the conduction band orbitals, and are
tially mixed with these states. One could argue that the m
diffuse character of the empty levels involved in those tr
sitions is the reason for the different transition energies
05410
he
ex-

x-
n

h

d
ns
s.
e

-

e

a-
n
cy
ar-
re
-
n

CASPT2 and TD-DFT values. As we mentioned before, t
is not the case for the lowest transition ofMS

1 where only the
a1 andb1 levels, well below the conduction band edge, a
involved.

IV. CONCLUSIONS

In this study we have considered the electronic struct
of neutral and chargedM centers in the bulk and on th
surface of MgO and we have computed the correspond
electronic transitions in order to provide a firm basis for t
interpretation of measurements recently done on MgO t
films. The calculations have been done using two compu
tional approaches: the wave function based CASS
CASPT2 method where correlation effects and multiconfig
rational nature of the wave function are explicitly taken in
account and the TD-DFT approach. This latter method
much less tested in the context of the optical properties
localized defects. The ground state optimal geometry of
defects considered in this work has been determined at
HF and DFT-B3LYP level making use of cluster of ions em
bedded in a polarizable environment~shell model approach!.

The results can be summarized as follows: The CASP
excitation energies for the neutral and chargedF centers have
been computed with an error of;1 and;5 %, respectively,
Table VI. Similar errors can be expected when the sa
computational method is applied to the study of theM cen-
ters. In the bulk, theM center gives rise to a first allowe
transition around 4.4 eV. This is about 1 eV larger than
band reported in neutron irradiated samples and attribute
aggregates ofF centers.3 It should be noted that the origin o
this band is not very clear and that this has not been obse
by some authors in electron or UV irradiated or additive
colored samples.3,8 TheM 1 bulk defect gives rise to a lowe
transition at about 1.3 eV. This is due to the different nat
of the excitations inM and M 1 centers. InM centers the
transitions involve the highest doubly occupied level asso
ated to the vacancy and the corresponding empty states
low the conduction band arising from the linear combinati
of empty states of the isolated oxygen vacancies. InM 1

centers the first allowed transition is from the doubly occ
1-7
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TABLE VI. Summary of transition energies~in eV! for bulk and surfaceF, F1, M, M 1 centers computed
at CASPT2 and TD-DFT~B3LYP! levels. The results are compared with observed optical bands in M
Firm and tentative assignments are proposed.~From similar calculations and models~Ref. 14!, values of 3.39
~3.56!, 2.92~2.60!, and 2.60~2.43! eV have been reported for the lowest allowed transitions ofF ~andF1)
terrace, step and corner center. Comparison to experiment for the bulkF center has suggested to scale dow
these transitions energies. Krameret al. ~Ref. 12! have used these scaled values to assign some of
observed transitions.!

Transition CASPT2 TD-DFT Exp. assignment

F center bulk 1A1g→1T1u 5.01 5.03~Ref. 2! ~firm!

F1 center bulk 2A1g→2T1u 5.22 4.96~Ref. 2! ~firm!

M center bulk 1Ag→1B3u 4.45 4.36
M 1 center bulk 2B3u→12Ag 1.26 1.50 1–1.2~Refs. 3, 8! ~tentative!

2B3u→22Ag 3.76 3.99 3.5~Refs. 3, 6, 8! ~tentative!
M center surface 1A1→1B1 2.00 1.19

M 1 center surface 2B1→2A1 1.58 1.56 1–1.3~Refs. 11, 12! ~tentative!
n
V,

fo

er
ul
h
d

en

s
he
ul
ro

ee
m
le
t

er-
ch
this

CyT
A
t
m-
cio

sme
itat
by
T-
ate-
in
o.

ly,

id

n

.

d

pied level in the gap to the singly occupied one. A seco
intense transition forM 1 centers is computed at 3.7–4.0 e
and involves the same levels as for theM center. This tran-
sition could explain the observed band at around 3.5 eV
neutron irradiated samples, Table VI.

On the surface the nature of the transitions forMS and
MS

1 centers is the same as in the bulk, with the only diff
ence that the electron density of the ground, and in partic
of the excited states can expand towards the vacuum wit
geometrical constraint. As a consequence, the correspon
transitions involving empty states occur at much lower
ergy. This is the case of theMS center which exhibits a
lowest transition at 2 eV at the CASPT2 level. The lowe
transition in MS

1 , with quite the same character as in t
bulk, occurs at a similar energy 1.6 eV. This transition co
be the origin of a band at 1–1.3 eV observed in elect
irradiated MgO films and tentatively attributed toM
centers.12 In most cases similar transition energies have b
obtained from CASPT2 and TD-DFT approaches. To so
extent this reflects the rather localized nature of the e
tronic states involved. On the other hand, as compared to
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