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Electronic structure of vacancy defects in MgO crystals
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The electronic structure of oxygen-vacancy defects (F, F+ and F centers) in MgO crystals has

been studied within local-density theory, using the self-consistent mixed-basis pseudopotential tech-

niques. The defects were modeled within a supercell having a volume 8 times that of the perfect
MgO crystal. The band structure, density of states, charge-density contours, and total energy were

calculated as a function of lattice relaxation. The partial density of states shows that each of the F-

type centers introduces impurity states into the band gap as well as near the conduction-band edge
of MgO. The total energy was calculated as a function of relaxation of the nearest-neighbor shell of
Mg + ions. For F centers, the lowest-energy configuration was found to be a small inward relaxa-
tion of the nearest Mg + ions toward the vacancy site. For F+ and F + centers, the lowest total en-

ergies correspond to a small outward relaxation of the Mg + ions away from the vacancy site. The
electronic structure of hydrogen impurities (H and H substitutional defects) in MgO was also in-

vestigated using the same approach. These impurities contribute defect states within and below the

oxygen p bands as well as near the conduction-band edge of MgO. The lowest-total-energy

configurations of both H and 0' substitutional defects correspond to a slight outward relaxation
of the nearest Mg2+-ion shell.

I. INTRODUCTION

Point defects occur naturally and by design in insulat-
ing and semiconducting crystals, producing interesting
optical and electrical properties. Several types of defect
structures have been identified and studied in the
alkaline-earth oxide material MgO. ' Although this ma-
terial has been studied for more than 20 years, some fun-
damental questions still remain. In particular, Chen and
Summers at Oak Ridge National Laboratories and their
collaborators have carried out a series of experimental
studies of luminescence from states associated with the
oxygen vacancy in MgO. Earlier work, together with re-
cent time-resolved measurements of this luminescence by
Rosenblatt, Rowe, Williams, Williams, and Chen, has
helped develop a simple model for this system. In the
present paper we examine the various ingredients of this
model from the framework of density-functional theory
using mixed-basis pseudopotential techniques.

According to the model, the experimental situation is
explained as follows and illustrated schematically in Fig.
1. An oxygen vacancy forms a bound state in the band
gap of MgO, which, in the ground state, contains two
electrons. This neutral defect is known as an F center.
The F center can absorb a broad band of radiation with
peak absorption at 5 eV forming various excited bound
states F*. Aside from nonradiative-decay processes, the
F* defect can do either of two things —luminesce or ion-
ize. In the former case because of lattice relaxation, the
luminescent radiation is 2 eV. In the latter case the excit-
ed electron enters the conduction band of MgO, leaving
the defect with a single bound electron, denoted an F+
center. The F+ center can now absorb a broad band of
radiation with peak absorption at 5 eV forming various
excited bound states F+*. Aside from nonradiative-
decay processes, the F * defect can do either of two
things —luminesce or ionize. In the former case, because

of lattice relaxation, the luminescent radiation is 3 eV. In
the latter case the excited electron enters the conduction
band of MgO, leaving the defect with no bound electrons,
denoted an F + center. The electrons released to the
conduction band from the ionization processes F*~F+
and F+'~F + can be trapped at defect states near the
conduction-band edge. One such trapping site has been
shown to be a H substitutional defect, formed when a
hydrogen atom, occupying an F+-center site, is per-
turbed by a nearby impurity or vacancy. (Other
hydrogen-containing defects can also exist. ) When the
H substitutional defect (or a perturbed H substitution-
al defect) captures an electron, it becomes an overall neu-
tral H substitutional defect. Since the binding energy
of the trap sites is comparable to thermal energies, the
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FIG. 1. Schematic configuration-coordinate diagrams for the
F, F+, (F*),and F + (F *)centers in MgO, following the mod-
el discussed in Ref. 9. Franck-Condon photon processes are
represented with wavy arrows. The corresponding one-electron
diagrams are shown schematically on the right with occupan-
cies indicated with small arrows representing electron-spin
states. Band states are indicated in hatched regions, the lower
(valence) band being filled in all three cases.
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trap sites act as electron reservoirs for the F-like lumines-
cent centers. Electrons released from the H electron-
trap sites to the conduction band can recombine with an
F + center via F ++e ~F+*, or can recombine with
an F+ center via F++e ~F*. In the former case, F+
luminescence at 3 eV is produced; in the latter case, F
luminescence at 2 eV is produced. This model thus pro-
vides a mechanism for the very-long-lived luminescence
observed ' in these systems. Since the mechanism is
highly sensitive to the number of trap sites available (the
hydrogen concentration), to the rate at which electrons in
the excited F* and F+' states are released to the conduc-
tion band (the temperature), and to the number of 5-eV
photons available (incident light intensity), the model can
be thoroughly tested. The measurements of Rosenblatt
and co-workers are in qualitative support of the model.

The main features of the model are illustrated in Fig. 1

both from the viewpoint of the total energy of the system
as a function of lattice relaxation (configuration-
coordinate diagram') shown on the left panel and from
the viewpoint of the corresponding one-electron states in-
dicated in the right panel. In this diagram we have
neglected the intermediate ionization steps F'~F+ and
F+'~F +. We also have neglected these steps in our
calculations since, to a good approximation, the screen-
ing properties of the excited and ionized impurities, and
hence the configuration-coordinate diagrams, are very
similar. Had the bound F' and F+* states been included
in the configuration-coordinate diagrams, they would ap-
pear as a series of closely spaced curves under the F+
and F + curves, respectively, similar to the config-
uration-coordinate diagrams given by Wilson and
Wood' and by Summers, Wilson, Jeffries, Tohver, Chen,
and Abraham. Also omitted from the configuration-
coordinate diagram of Fig. 1 is the representation of the
ionization continua which would appear as a continuum
of curves above the F+ curve and a continuum of curves
above the F + curve, representing the total energies cor-
responding to possible occupancies of the one-electron
states in the conduction bands. The F and F+ portions
of the model have been well described in the literature.
However, the F + states seems to be less well accept-
ed 2, 9, 11,12

There have been a number of theoretical studies of
some of the oxygen vacancies and hydrogenated oxygen
vacancies in MgO crystals. This work has focused either
on the one-electron energy spectrum or on the
configuration-coordinate diagram determined from the
total energy of the defect system as a function of the stat-
ic nuclear positions. From the one-electron viewpoint,
Klein, Pickett, Boyer, and Zeller' have carried out a
muSn-tin Green's-function calculation of F and F+ sites
in MgO crystals. They were able to locate the defect
states with respect to the band edges of MgO within the
local-density approximation in the perfect-crystal
geometry. Their results were consistent with the experi-
mental evidence that the excited states of F and F+ are
close to the conduction-band edge of MgO. From the
total-energy viewpoint, Pandey and Vail' ' have carried
out embedded-cluster calculations of F, F+, H, and
H defects, treating the cluster within the unrestricted

Hartree-Fock approximation. The cluster was coupled to
the rest of the lattice in terms of a self-consistent classical
shell model. These authors determined the equilibrium
geometry of the defects and their relaxation energies. In
particular, they found that the nearest-neighbor Mg +

ions relax by moving towards the F center and away from
the F+, H, and H defects. The results of Pandey and
Vail for the ground-state geometry of F is in contradic-
tion to earler work by Summers, Wilson, Jeffries, Tohver,
Chen, and Abraham and of Wilson and Wood, ' ' who
calculated the configuration-coordinate diagram for F in
its ground and excited states, finding the ground-state
equilibrium geometry to correspond to an expansion of
the nearest-neighbor Mg + positions away from the F
center. This earlier work also made a detailed study of
the configuration-coordinate diagrams of several bound
excited states of the F center, using methods successfully
developed for the study of F centers in alkali halide crys-
tals. ' ' It was based on a Hartree-Fock calculation for
the defect-centered inner region and an effective-mass-
approximation technique for the outer region of the crys-
tals.

It is apparent that there is a need to develop a model
which determines both the one-electron energies as well
as the total energy of the system as a function of defect
geometry, in order to make a detailed comparison with
experiment. Density-functional theory can do just that.
The one-electron energies determined from density-
functional theory provide a semiquantitative picture of
the states of the system corresponding to the right panel
of Fig. 1. By assigning occupancies for these states, the
total energy of the system can be determined as a func-
tion of lattice geometry, and configuration-coordinate di-
agrams as shown in the left panel can be constructed.

In the present work, ' we have carried out a systematic
study of the ground state of the electronic structure and
total energy of MgO and its F, F+, F +, H, and H
defects. This study has been carried out using self-
consistent mixed-basis pseud opotential techniques,
representing the defect in a supercell geometry. For each
type of impurity, the electronic band structure, the corre-
sponding density of one-electron states, charge-density
contours, and configuration-coordinate diagrams were
calculated.

The outline of the remaining portion of this paper is as
follows. In Sec. II the calculational method is briefly
presented. In Sec. III the results for the F, F+, and F +

defects are reported. The electronic structure of hydro-
gen impurities are presented in Sec. IV. The discussion
and conclusions are given in Sec. V.

II. METHODS

A. Supercell geometry

MgO crystals have the NaCl structure with a face-
centered-cubic (fcc) Bravais lattice. The cubic lattice
constant is 4.21 A. In our defect studies, we have con-
structed a super unit cell by doubling the linear dimen-
sions of the original unit cell of MgO. This corresponds
to a supercell volume 8 times that of MgO and to a
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stoichiometry of Mgs07d. Taking the defect (oxygen va-

cancy or substitutional hydrogen) site d to be located at
the origin, the unit cell contains six nearest-neighbor
magnesium atoms plus two magnesium and seven oxygen
atoms located on the boundaries of the supercell.

B. Band structure

It is well established that Hohenberg-Kohn-Sham
density-functional theory, in the Hedin-Lundqvist pa-
rametrization of the local-density approximation, using
mixed-basis pseudopotential techniques, ' provides
an accurate and efficient method for determining the
ground-state electronic structure of complex systems.
These techniques have been successfully used by several
groups.

Operationally, the procedure consists of the following
four steps. First, we find the norm-conserving ionic pseu-
dopotentials, using Kerker's functional form, modified
to include non-spin-orbit relativistic effects ' and the
exchange-correlation effects of the approximate core den-
sity. In the present work, the pseudopotential radii
were chosen to be 2.4 bohr for Mg (s and p orbitals), 1.0
bohr for 0 (s and p orbitals), and 1.1 bohr for H (s orbital
only). Secondly, we form the ionic crystal potential and
an approximate valence-electron density p(r) and its cor-
responding Hartree V~(r) and exchange-correlation

V„,(p(r)) potentials. In performing the band-structure
calculation, it is generally convenient to take the zero of
energy as the average value (or, equivalently, the G=O
term) of the sum of the ionic and Hartree potentials.
Thirdly, the band-structure calculation is performed at
representative values of wave vector k throughout the
Brillouin zone using mixed-basis wave functions of the
form

'P„(k,r)= pa (k)„exp[i (k+G) r]+ gP„"(k)4"(k,r) .
G

represented by the plane-wave basis functions. The
reciprocal-lattice sums were calculated by including all
reciprocal-lattice vectors such that

~
G

~
121 bohr

corresponding to 22 659 vectors; the cutoff energies for
the plane-wave basis functions were ~k+G~ ~8 bohr
and, for representing the LCAO functions, ~k+ G

~

~ 100
bohr, corresponding to approximately 400 and 17000
vectors, respectively. These choices for cutoff energies
were a compromise between ideal convergence and
reasonable numbers of reciprocal-lattice vectors; they en-
sured the energy eigenvalues to be converged within 0.1

eV and the total energies to be converged within 0.5 eV.
The fourth step is to form the charge density correspond-
ing to the band-structure results:

p(r)= g w„z~+„(k,r)~
n, k

(3)

Here m„z represents the weight and occupancy factor for
the nth band of wave vector k. The k points used in the
summation (3) were the same as those used to calculated
the density of states as explained below. From this
charge density, the new p(r) is used to determine the new
Hartree and exchange-correlation potentials, and steps 3
and 4 are iterated to self-consistency.

The self-consistent band-structure calculations re-
quired the most computer time for this study. In the final

stages of this work, these calculations were performed on
a Convex C120 computer, requiring approximately 1 day
of computation to converge each lattice geometry. The
majority of the project was carried out on a Prime 1451

computer and a Sun 3/50 work station with 4—8 times
longer computation times.

Once the self-consistent electronic structure has been
determined, the one-electron picture can be completed by
determining the band structure along symmetry direc-
tions in the Brillouin zone and by determining the density
of states.

C. Density of states

In this expansion, G denotes a reciprocal-lattice vector of
the plane-wave function and 4"(k,r) denotes a linear
combination of atomic orbitals (LCAO) function with p
representing site and orbital-type index. The coefficients
a„(k) of the plane-wave contributions and P"„(k) of the
LCAO contributions are determined by solving a general-
ized eigenvalue problem of the form

The density of states (DOS)

N(E)= g J d k 5(E —s„z)

and the ith partial density of states (PDOS)

N'(E)= g f d k f„'(k)5(E—e„~)

(4)

(5)

(H —E„qS)A=O, A=(p) . (2)

Here, H and S are the Hamiltonian and overlap matrices,
respectively, and c.„z denotes the one-electron eigenval-
ues. We have found that it is generally most efficient to
form the LCAO functions from the valence atomic pseu-
dopotential wave functions. Then, the number of plane
waves needed to accurately represent the wave function
(1), in order to represent the shape changes in the atomic
function which occur primarily in the valence region, can
be kept to a manageable size. In the present study,
LCAO functions were included in the basis set of
Os —like, Qp —like, and Hs —like orbita1s. The valence
states of Mg and of the vacancy were adequately

were calculated from the energy bands and their gra-
dients, using the Gilat-Raubenheimer-Karn method.
The gradients of the energy bands were calculated using
the Hellmann-Feynman theorem. We chose the k-space
sampling by dividing the reciprocal-lattice unit cell for
the supercell into 3 X 3 X 3 parallelepipeds. The sampling
k points are taken at the midpoints of each of the paral-
lelepipeds, which corresponds to six nonequivalent k
points in the first Brillouin zone of the supercell. (The
equivalent sampling of MgO divides the reciprocal-lattice
unit cell into 6 X 6X 6 parallelepipeds corresponding to 28
nonequivalent k points. ) The evaluation was performed
at each of the sampling k points for all the energy bands.
In the PDOS calculations, the weight factors of type i
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were taken as the fraction of charge associated with each
band n within spheres centered at the defect sites. In the
present work the sphere radius was chosen to be 1.98
bohr (one-half the nearest-neighbor distance), corre-
sponding to a fractional volume of 0.03 for calculating
the PDOS for the defect sites. While this volume is too
small to enclose all of the impurity charge, it provides a
qualitative measure of the impurity contribution to the
density of states.

D. Total energy

+ g [e„,(G)—V„,(G)]p(G)+a+y . (6)

Here, e„,(p) represents the total exchange-correlation en-

ergy functional, y represents the Ewald energy of the
ion-ion interaction, and a represents a correction for the
deviation of the pseudopotentials from point ions. The
Ewald energy is calculated by screening the positive ion
potentials with a uniform negative background charge.
For a neutral system this uniform negative background
charge is present as the G=O contribution of the elec-
tronic Coulomb term. For a charged system, additional
terms must be added in order to avoid divergences as dis-
cussed briefly below. In order to study the effects of nu-
clear relaxation, the entire procedure can be repeated for
a series of nuclear configurations, constructing a
"configuration-coordinate" diagram. The nuclear geome-
try having the lowest energy corresponds to the ground
state of the system.

E. Calculation for charged impurities

For the charged defect systems, F+, F +, and H, spe-
cial care is needed to avoid divergences in the total-
energy calculations. Two different approaches were used
to study these cases, which we refer to as the "ionized"
treatment and the "excited" treatment.

In the "ionized" treatment we carry out the density-
functional calculations for the system having a net posi-
tive charge (+ l~e~lunit-cell for F+, +2~e~lunit-cell for
F +, and + l ~e~/unit-cell for H ). This procedure is well
defined for the band-structure calculation since the net
charge of the system only afFects the G=O value of the
Coulombic contribution to the potential, which we set
equal to 0 by our choice of the zero of band energy.
However, the total energy diverges because of the infinite
Coulomb energy of a system with a periodic array of
charge. The diSculty can be overcome by performing
the total-energy calculation for an appropriate neutral
system. We have done this by using an approach suggest-
ed by Bar-Yam ' as follows. In calculating the total
energy we include, in an approximate way, the energetic

The total energy of the system was evaluated in
momentum space according to the formalism developed
by Ihm, Zunger, and Cohen. The total energy per unit
cell is given by

E„,= g w„ze„z—
—,
' g VH(G)p(G)

n, k G (WO)

effects of the electrons removed in forming the ionic
states of the defect, assuming that these electrons occupy
the lowest-conduction-band states and that they have a
uniform spatial distribution. The uniform distribution of
compensating electronic charge ensures that the
Coulomb contribution to the total energy will be finite
and it slightly alters the exchange-correlation contribu-
tion. An additional contribution to the total energy is ap-
proximated by including the one-electron energy terms,
in Eq. (6), for the electrons added to the lowest conduc-
tion bands. In a sense, the ionized impurity states can be
considered as excited states of the Mg807d system. In
our "ionized" treatment, the excited-state considerations
do not affect the self-consistency loop, but only enter the
calculation of the total energy. Thus, our "ionized"
treatment approximates the calculation of the self-
consistent ground-state density of the ionized system. To
the extent that the energy corrections are insensitive to
the nuclear coordinates, they provide a nearly constant
(although not entirely rigorous) energy shift to the
configuration-coordinate diagram for the charged impuri-
ty.

In the "excited" treatment we perform a bona +de
bSCF calculation. In the hSCF approach, both the
ground and excited states of the system are calculated
self-consistently within density-functional theory and the
excitation energy is determined by subtracting the total
energies of the two configurations. This ASCF scheme is
physically appealing, although it is not rigorously con-
sistent with density-functional theory, which is strictly a
ground-state theory. For the F+ center the one-electron
occupancies are adjusted so that there is one electron in
the impurity band and one electron distributed within the
conduction band. For the F + center there are no elec-
trons in the impurity band and two electrons are distri-
buted in the conduction band. For the H defect the sit-
uation is more complicated as explained below. The self-
consistent local-density calculations are performed as de-
scribed in Sec. IIB with these occupancy constraints.
Since the systems are neutral, the total energies can be
calculated exactly from Eq. (6). Physically, this treat-
ment differs from the "ionized" treatment in that the ex-
cited electrons are allowed to respond and screen the ion-
ized impurity. To the extent that these excited electrons
are in highly extended states, these screening effects are
expected to be small.

In both treatments the comparison of the config-
uration-coordinate diagrams for the defect in each of its
charge states can be related to experiment. For each nu-
clear geometry, the total-energy difference between the
"ionized" or "excited" configuration and ground-state
configuration is expected to approximate the electronic
excitation energy. According to the Franck-Condon ap-
proxirnation, ' the most probable photon absorption and
luminescence processes can be estimated as vertical tran-
sitions from minima in the resulting configuration-
coordinate diagrams. From this viewpoint the experi-
mental energies are derived from the total-electronic-
energy calculations. The one-electron energies with their
famous band-gap problem are not directly compared
with experiment. We expect this local-density, total-
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energy treatment to approximate some of the features of
a full many-body analysis.

TABLE I. Band characteristics of perfect MgO compared
with the calculation of Chang and Cohen (Ref. 39) and with ex-
perimental values (Refs. 40 and 41) (units are in eV).

III. ELECTRONIC STRUCTURE
OF FCENTERS IN MgO

Band

gap

s-p —band
width

p-band
width

s-band
width

The starting point of this study was a calculation of the
electronic structure of defect-free MgO crystals. Figure 2
shows the energy bands and the corresponding density of
states for MgO. The occupied states of this band struc-
ture are a narrow oxygen s band, whose minimum at the
I point was taken as the zero of energy, and, at 12 eV
higher energy, the wider oxygen p band. The Mg s states
mainly contribute to the conduction band, having
minimum energy at the I point. As expected for an insu-
lating crystal, there is a well-defined band gap between
the oxygen p band and the conduction band. These re-
sults can be compared with those of Chang and Cohen
and with the experimental results they referenced.
Chang and Cohen focused on examining the structural
and electronic properties of the high-pressure behavior of
MgO. Their computational method differed from ours
only in that they used a plane-wave basis, while we used a
mixed LCAO and plane-wave basis. The comparison of
the band characteristics is listed in Table I; the agreement
of the two calculations is within the expected numerical
accuracy. Of course, the agreement of the one-electron
band energies with experiment suffers from the well-
known problem of local-density theory.

Present work
Chang-Cohen
Expt.

4.36
4.50
7.77

17.23
17.14
20.0

4.80
4.80
5—6

1 ~ 83
1.74

The total energy was also calculated according to Eq.
(6), and by subtracting the corresponding atomic ener-
gies, the cohesive energy of MgO could be determined. In
determining the total energy of atomic oxygen, we con-
sidered two ways of correcting for the multiplet energy of
the oxygen ground state —using the 1.50-eV spin-
polarization correction quoted by Chang and Cohen and
using a value of 0.94 eV derived from the experimental
multiplet splitting. We have also used the 0.144-eV
correction for the zero-point vibrational energy of MgO
as estimated by Chang and Cohen within the Debye ap-
proximation. The agreement between our calculation
and that of Chang and Cohen and of the experimental re-
sult is within the expected numerical accuracy of our
calculations, as shown in Table II. In the same table we
also list our results obtained from a completely converged

IO IO

$4

SO

fd

1D OOS 10

X K

FIG. 2. Band structure and density of states for perfect MgO. The density of states is given in units of states/eV/MgO. The zero
of energy is chosen as the minimum level of the oxygen s band.
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calculation obtained by increasing the cutoff of the
reciprocal-lattice vectors sums to ~G~ ~256 bohr, and
the cutoff energy for the LCAO functions to
~k+G('&12O bohr-'.

The electronic structures of the Fcenters in MgO crys-
tals were then studied in detail using the techniques dis-
cussed above. We present the results for the electronic
structure at the relaxed nuclear configuration. In the top
panel of Fig. 3 we present the valence-band structure and
the related density of states of the neutral F center in
MgO using the Mg807d supercell. As in the calculation
for defect-free MgO, the zero of energy in this plot was
taken at the bottom of the oxygen s band, which is locat-
ed at the I point. The dotted line in the DOS plot
represents the partial density of the F-center impurity
states. The PDOS curve indicates that the F-center de-
fect in a MgO crystal introduces impurity states mainly
into the MgO band gap as represented by a single band in
the band plot.

Due to the finite size of the supercell, the impurity
band turns out to be nearly 2 eV wide. In order to ap-
proximate the energy Eo of an isolated impurity, we
made the following extrapolation to the results for an
infinite supercell. Assuming that the bandwidth can be
approximated by interactions between nearest-neighbor
vacancy sites, parametrized by the unknown interaction
constant E&, the tight-binding dispersion expression is
given by

E(k)=Eo+4E, [cos(k„a )cos(k a )+cos(k„a)cos(k, a)

+cos(k, a }cos(k„a}],
where a is the cubic lattice constant of MgO given in Sec.
II A, the eigenvalues at some of the k points in the super-
cel1 Brillouin zone then take the following values:

E(L)=Eo,
E(I )=Eo+12E, ,

E(X)=En —4E, ,

E(K)= Eo—3.65685Ei .

(8)

14
Ill

DOS
10

r X N'. P 04 'I

I

I 0
1S 4

I

14
Ill

10

4

Thus, the impurity band is exactly represented by the
value Eo at the I. point. The accuracy of Eq. (7), deter-
mined by checking the consistency of the relations (8}

TABLE II. Cohesive energy (in eV) of perfect MgO com-
pared with the calculation of Chang and Cohen (Ref. 39) and
with experimental value (Ref. 42).

r X K P 0.4
I 0
1.4 I

I

Present
work'

9 50'
10.06

Present
workb

10.01'
10.56

Chang-Cohen

9 96'

Expt.

10.345 14
Ill

10

'Calculated by using the general cutoff of the reciprocal-lattice
vectors to be ~G~' 121 bohr ', the cutoff' energies for the
plane-wave basis functions to be ~k+G~'~8 bohr, and the
cutoff energies for the LCAO functions to be ~k+G~' 100
bohr
Calculated by using the general cutoff of the reciprocal-lattice

vectors to be ~G~ ~256 bohr, the cutoff energies for the
plane-wave basis functions to be ~k+G~'~8 bohr, and the
cutoff energies for the LCAO functions to be ~k+G~'~ 120
bohr
'Calculated using corrections for the zero-point vibrational en-
ergy of MgO and the spin-polarization energy of oxygen quoted
in Ref. 39.
Calculated using the same correction for zero-point vibrational

energy as above, but using the experimental spin-polarization
correction for oxygen derived from Ref. 44.

4

0.4 1

FIG. 3. Band structure and density of states for F, F+, and
F + centers in MgO crystals as represented by the Mg807d su-
percell. The zero of energy is chosen at the bottom of oxygen s
band. The impurity level extrapolated to the infinite-supercell
value is shown by the dashed lines in the band-structure plots.
The density of states (solid lines) is given in units of
states/eV/MgO ( states/eV/[(Mg, O~d 1/8]). The partial densi-
ty of states (dotted lines), as defined by Eq. (5), is amplified by a
factor of 5. Top panel, neutral F center; middle panel, F+
center ("excited" treatment); bottom panel, F + center ("excit-
ed" treatment).
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TABLE III. Position of F-center impurity band compared
with calculation of Klein, Pickett, Boyer, and Zeller (Ref. 13)
(energy measured with respect to the top of the valence band of
MgO, units are in eV).

"Excited"
scheme

"Ionized"
scheme Klein et al.

F center
F+ center
F + center

2.34
2.25
2.19

2.34
1.57
1.47

2.10
1.22

with the corresponding band-structure results, was better
than 0.1 eV. The extrapolated isolated impurity level of
the F center is indicated in Fig. 3 with a dashed straight
line in the band plot.

The band calculation for F+ and F + centers were also
performed, using both the "ionized" and "excited" treat-
ments discussed in Sec. II E, and very similar structures
were obtained. The results for the "excited" treatment
are presented in Fig. 3, in the middle and bottom panels,
respectively, including the extrapolated isolated impurity
level and the corresponding density of states. The ex-
istence of the impurity band in band gap is apparent for
both of these two defects, even in the case of the F +

center, which has no electrons trapped at the oxygen va-

cancy site. The differences between the electronic struc-
tures of the neutral and charged F centers are very slight.
There is a small variation in the location of the impurity
band within the band gap for the three charge states.
The energy difference between the top of the valence
band and the extrapolated impurity band is listed in
Table III for each of the F-type impurities including the
results of both the "ionized" and "excited" treatments
for the charged F centers. In the same table, these ener-
gies are also compared with the results of the muSn-tin
Green's-function calculation obtained by Klein et al. '

The "excited"-treatment results indicate that the impuri-
ty band is rigid, varying in energy by less than 0.1 eV.
The "ionized"-treatment results indicate that the impuri-
ty band shifts closer to the oxygen p valence band with
increasing charge. The latter results are similar to those
of Klein et al. '

In addition to the impurity band, the PDOS curves in
Fig. 3 indicate that the vacancy site has a small contribu-
tion to states near the bottom of the oxygen p band and a
larger contribution to states at the bottom of the conduc-
tion band. The peak height in the PDQS curve at the
bottom of the oxygen p band increases with increasing
impurity charge. This increasing hybridization is more
pronounced in the "ionized" treatment. The impurity
contributions to the bottom of the conduction band are
similar in the three charge states. They represent the ex-
cited states and bona+de resonances of the F centers. Al-
though experimental luminescence results' as well as
the results of several calculations ' ' indicate the pres-
ence of discrete excited states for F centers less than 0.1

eV below the conduction-band edge, in our supercell
treatment all of these states appear as resonances, hybri-
dized with the conduction band of MgO. Because of the

hybridization we are unable to extrapolate the excited im-

purity bands to the results of an infinite supercell as we
did for the ground-state impurity level. However, we ex-
pect that the supercell impurity resonances do a reason-
able job of representing the average charge distribution of
the excited states of the F centers.

The results of band-structure calculations enable us to
study the impurity charge density for each of the defect
centers. Contour plots of the occupied impurity states, as
represented in the "excited" treatment, is shown in Fig.
4. Figure 4(a) presents the contour plot of the neutral I'-
center impurity charge density, showing the behavior of
the two trapped electrons in the impurity band within the
band gap. Figures 4(b) and 4(c) show impurity charge-
density contours for the F+ center, the former showing
the contribution of the single trapped electron in the im-

purity band within the band gap and the latter showing
the contribution of the electron excited to the
conduction-band resonance. Figure 4(d) shows the con-
tour plot for the F + center, corresponding to the charge
density of the two electrons excited to the conduction-
band resonance. These contours were all plotted in the
(100) plane of the supercell, passing through the vacancy
site located at the center. The same contour levels were
used in the four plots. Four nearest-neighbor Mg atoms
at their relaxed positions, as well as four nearest-neighbor
and four next-nearest-neighbor oxygen atoms, are also
shown in this plot. These results indicate that the charge
of impurity centers is not only distributed at the vacancy
sites (the center and the four corners in each plot), but
also has contributions at the oxygen sites. The lowest im-
purity state [Figs. 4(a) and 4(b)] has a local maximum at
the impurity site and is highly concentrated on the
nearest 0 neighbors. The excited impurity state [Figs.
4(c) and 4(d)] has a local minimum at the impurity site,
and is more uniformly spread throughout the unit cell.
In general, we find the shapes of the contours of a given
one-electron state to be very similar for the F, F+, and
F + centers.

Contours plots of the total valence charge density p(r)
for the three types of F centers were also plotted in the
same plane as above and are shown in Fig. 5. The con-
tour levels were chosen in order to see the charge distri-
bution near the impurity site; the peak densities at the ox-
ygen sites were too large to be seen on this scale and were
omitted from the plot. These peak densities were 7.03,
7.05, and 7.08 electrons/A for the F&

F+ and F +

centers, respectively. The 0.1 electron/A contour level
distinguishes the three cases, although unfortunately it is
subject to noise in the total-density calculation. Looking
at Figs. 5(a) and 5(b), the singly charged F+ center shows
more charge concentration at the vacancy site. This can

0 3be seen from the presence of the 0.1 electron/A contour
close to the impurity site in Fig. 5(b) (modulated by the
noise of the calculation), while that contour is further
from the impurity site in Fig. 5(a). Physically, this can be
explained by the attractive Coulomb potential at the im-
purity site caused by the surrounding Mg + ions. For the
neutral F center, the two trapped electrons screen the at-
tractive potential from each other. For the F+ center,
only a single electron is present to respond to the attrac-
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TABLE IV. Relaxation distance and corresponding relaxation energy for each type of impurity in
MgO.

"Excited" scheme
F F+ F2+ F+

"Ionized" scheme
F2+ H2— H

Relaxation distance (%)
Relaxation energy (eV)

—0.9
0.03

0.25
0.006

1.9
0.11

0.06
0.0001

2.06
0.13

0.3
0.04

0.13
0.0005

tive potential at the vacancy sites. For the F + center
[Fig. 5(c)] both electrons have been excited to extended
states.

The total energies of the F centers were calculated as
described in Sec. II D. For the neutral F center, our cal-
culations could be compared with the experimentally
determined formation energy of the defect. By subtract-
ing the total energy of a pure MgO crystal plus that of an

excess Mg atom from the total energy of the relaxed
Mgs07d supercell, the formation energy could be estimat-
ed according to the equation

E „„;,„=E„,(Mg, O d ) —[7E„,(MgO)+E„, (Mg)] .

The resulting formation energy of the F center was deter-

FIG. 4. Impurity charge-density contours for F, F+, and F + centers in MgO. The magnesium sites are represented by triangles;
0 3the oxygen sites are represented by dots. The contour values in each panel are in units of 0.01 electron/A, and contour levels are

0
equally spaced in intervals of 0.02 electron/A . (a) Charge density of two electrons within the impurity band of the F center. (b)
Charge density of a single electron within the impurity band of the F+ center ("excited" treatment). (c) Charge density of a single
electron within the conduction band of the F center ("excited" treatment). (d) Charge density of two electrons within the conduc-
tion band of the F + center ("excited" treatment).
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mined to be —0.4 eV. This quantity was reported in ear-
ly experimental work by Kappers, Kroes, and Hensley.
They colored the MgO crystals by heating them in Mg
vapor. Determining the density of F centers at fixed tern-
perature as a function of Mg vapor density, they estimat-
ed the F-center —formation energy in MgO to be —1.53
eV. Our calculated formation energy is more than 1 eV
smaller than the experimental result. However, this cal-
culation is close to the limit of our accuracy. From the
results of the cohesive energy of MgO, we have found
that our absolute convergence error is 0.5 eV. The rela-
tive error is less than that; estimating the relative error of
each calculated term in Eq. (9) to be 0.1 eV, we can ac-
count for most of the discrepancy. In addition, as dis-
cussed below, the constraints of our supercell have
caused us to underestimate the relaxation energy of the
defect and hence to underestimate the formation energy
(9).

For each type of impurity, the total-energy calculation
was carried out at several small relaxations of the nearest
Mg + neighbors around the vacancy site while maintain-
ing the OI, point-group symmetry. The total energy
could then be interpolated as a polynomial function of
the fractional relaxation of these Mg + ions. The total-
energy configuration-coordinate diagrams for the F, F+,
and F + centers are presented in Fig. 6, where the ion-
ized impurities were evaluated in the "excited" scheme.
After minimizing each of the total-energy polynomials,
the relaxation distance of the nearest shell of Mg + ions
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FIG. 5. Total valence charge density for F, F+, and F'+
center in MgO. The magnesium sites are represented by trian-
gles; the oxygen sites are represented by dots. The contour

0 3
values in every panel are in units of 0.1 electron/A contour

0
levels are equally spaced in intervals of 0.2 electron/A, and the
density peaks in each plot were cut off in the high-density re-
gions near the oxygen sites. (a) Total valence charge-density
distribution of the F center in MgO. (b) Total valence charge-
density distribution of the F+ center ( "excited" treatment) in

MgO. (c) Total valence charge-density distribution of the F +

center ("excited" treatment) in MgO.

-0.0e -0.04 -0.02 0.00 0.02

RELAXATION

0.01 0.0e

FIG. 6. Total-energy configuration-coordinate diagram for F,
F+, and F + centers ("excited" treatment) in MgO. The total
energy for each defect is presented as a function of fractional re-
laxation of the nearest Mg + neighbors around the oxygen va-

cancy site. The lowest total energy corresponds to —0.9%,
0.25%, and 1.9% relaxation of the nearest Mg + neighbors for
the F, F+, and F centers, respectively.
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and the corresponding relaxation energies were obtained
and listed in Table IV. The fractional relaxation dis-
tances are also indicated in Fig. 6. These results indicate
that for the F center the lowest total energy corresponds
to a small amount (-0.9%) of inward relaxation of the
nearest Mg + neighbors toward the vacancy site; for the
F+ center, the equilibrium position of the nearest Mg +

shell is very close to the original configuration with just a
slight expansion (-0.25%); for the F + center, the total
energy minimized at about 1.9% outward relaxation of
the nearest Mg + ions away from the vacancy site. The
results obtained in the "ionized" scheme differ slightly, as
indicated in Table IV. Since the relaxation energies sum-
marized in Table IV are so very small, they are close to
the limits of accuracy for the calculations and there-
fore should be considered only qualitatively. The
configuration-coordinate results agree qualitatively, but
not quantitatively, with the schematic curves shown in
Fig. 1 and the calculated results of previous workers.
The Franck-Condon transitions corresponding to the re-
sults of Fig. 6 are all approximately 4 eV for all absorp-
tion and emission processes. This is a relatively small
difference from the experimentally observed value of 5 eV
for both the F~F+ and F~F + absorption processes,
but a somewhat larger difference from the observed
values of 3 and 2 eV for the F +~F+ and F+~F emis-
sion processes, respectively. The reasons for this
discrepancy are discussed in Sec. V.

nance in the conduction band, respectively. As shown in
Fig. 8(a), the hydrogen Is band is hybridized with oxygen
p states on the nearest oxygen sites. As shown in Fig.
8(b), the H resonance state has a charge density that is
similar to that of vacancy resonance state shown in Fig.
4(c).

The bands and the density of states of the singly
charged H defect in MgO have been calculated using
both the "excited" and "ionized" schemes as described in
Sec. II E. Both results are very close to those for the neu-
tral H defect. The results for the "excited" treatment
of H are almost indistinguishable from the ground-state
results of neutral H . This is not surprising since the
"excited" electron is taken from the bottom conduction
band and placed in the next-available conduction-band
state which has a very similar distribution. For H, the
"ionized" treatment is better defined, requiring no occu-
pancy of conduction-band states. These results are
presented in the lower panel of Fig. 7. Small energy

IV. ELECTRONIC STRUCTURE
OF HYDROGEN IMPURITIES IN MNO

14 14

In order to complete the study of vacancy defects in

MgO, we studied the electronic structure of the electron-
trap sites —singly charged H and neutral H —using
the same calculational techniques as described in Sec. II.
In this case the supercell stoichiometry was Mg807H.

The band structure of the neutral H defect in the su-
percell Brillouin zone is shown in the top panel of Fig. 7,
along with the corresponding density of states. Again,
the dotted line gives the partial density of the impurity
states. This partial density curve tells us clearly that the
neutral H defect (a H+ ion with three trapped elec-
trons) removes the vacancy ground state from the band

gap down to below and within the oxygen p band of
MgO. The peak in the DOS just below the oxygen p band
can be denoted to be the lowest hydrogen impurity band
corresponding to the filled H 1s states. In addition to
these contributions, the PDOS curve shows significant
contributions near the bottom of the conduction band.
Although the experimental evidence suggests the ex-
istence of a bound state 0.56 eV below the bottom of the
conduction band, this state appears as a resonance in the
supercell treatment, similar to the F-center resonance dis-
cussed above. For H, this resonance state is occupied
by one electron.

In order to study the hydrogen impurity states in more
detail, we have constructed contour plots corresponding
to the hydrogen bands. In Figs. 8(a) and 8(b) we show the
density contours, plotted in the same plane as in Figs. 4
and 5, for the low-lying H 1s band and for the H reso-
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FIG. 7. Band structure and density of states for H and H
defects in MgO. The zero of energy is chosen at the bottom of
the oxygen s band. The density of states (solid line) is given in
units of states/eV/MgO (states/eV/[(Mg, O,H)/8]). The par-
tial density of hydrogen impurity states (dotted line), as defined

by Eq. (5), is amplified by a factor of 5. Top panel, neutral H
defect; bottom panel, H ("ionized" treatment).
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FIG. 8. Impurity charge-density contours for the H defect in MgO. The triangles indicate magnesium sites, the dots indicate
0

oxygen sites, and the squares indicate hydrogen sites. The contour values in each panel are in units of 0.01 electron/A, and contour
0

levels are equally spaced in intervals of 0.02 electron/A . (a) Hydrogen impurity charge density of the H defect contributed by the
one-electron state below the oxygen p band. (b) Hydrogen impurity charge density of the H defect contributed by first-excited
one-electron state within the conduction band.

shifts can be seen in the comparison of the H results
with those of neutral H . In general, the H-like states
move to slightly lower energy, including both the hydro-
gen 1s state at the bottom of the oxygen p band and the
resonance impurity band at the bottom of the conduction
band. This is probably the result of electrostatic screen-
ing effects.

The total valence charge-density contours for H and
ionized H defects in Fig. 9 were plotted in the same
plane, with the same contour levels as for the F-center re-
sults in Fig. 5. The peak densities near the oxygen sites
have been omitted from the plot, they are both a little
higher than that of the F center at 7.04 electrons/A for
H and 7.07 electrons/A for H . The plot demon-
strates the existence of the hydrogen impurities at the ox-
ygen vacancy sites and, moreover, shows that, for the
charged H defect the valence charge is more contracted
toward the impurity sites than for the neutral H defect.

The configuration-coordinate diagram for H (ionized)
and H defects in MgO were studied using the same ap-
proach as for the F centers. Generally, the total energy
at each relaxation position is a few electron-volts lower
than for the F center, which confirms the stability of the
hydrogen binding to the oxygen vacancy sites in MgO.
One can see from Fig. 10 that for both charge states the
lowest level of total energy corresponds to different smal1
amounts of expansion of the nearest Mg +-ion neighbors.
The relaxation distances and relaxation energies are given
in Table IV. The distance between the two total-energy
configuration curves for H and H defects is small,
which is consistent with the experimental notion that the
H defect is a shallow trapping site and the H defect
provides a reservoir of electrons released with thermal
energy according to the process H +e ~H

V. DISCUSSION AND CONCLUSIONS

In this work we set out to examine the model illustrat-
ed in Fig. 1, describing the relationships between different
charge states of F centers in MgO crystals, and also to ex-
amine the substitutional hydrogen defects within the
same framework. Density-functional theory has enabled
us to examine both the one-electron spectrum and the to-
tal energy of the system at the same time. In general, our
results are in qualitative agreement with existing experi-
mental evidence and in qualitative agreement with recent
theoretical calculations. As discussed below, the lack of
quantitative agreement is mainly due to the use of a small
supercell. The advantage of the supercell treatment is
that it enables one to use well-developed computational
techniques to study nonperiodic systems. The price one
pays for this convenience is that in order to obtain physi-
cally meaningful results, one must extrapolate the small-
supercell results to that of an infinite supercell. This we
were able to to do for the one-electron energy of the
ground-state impurity band. It is unfortunately not pos-
sible to simply carry out such an extrapolation for the ex-
cited one-electron states of the impurities, nor for the to-
tal energies of the systems.

Despite the lack of quantitative agreement, we have
learned quite a lot about the defect states. Figure 11
summarizes the main results from the one-electron spec-
trum of the neutral defects. In this figure the DOS for
pure MgO is given in the top plots, below which are
shown the DOS and PDOS for the neutral F (top panel)
and for the neutral H defect (bottom panel). Both im-
purities introduce resonances at the bottom of the con-
duction band. The F center introduces an impurity band
into the band gap, while the hydrogen center contributes
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its states within the oxygen p bands, including a H 1s
band just below the oxygen p bands. The charge-density
contour plots of Figs. 4 and 8 enabled us to examine the
nature of these states in detail for the neutral defects as
well as for their charged counterparts.

We have examined two different schemes for treating
charged impurities, which we have called the "ionized"
and "excited" treatments. In the former treatment, the
ground state of the charged system is determined self-
consistently with divergences in the Coulomb interaction
removed and approximate energy shifts applied. In the
latter treatment, an excited state of the neutral system is
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FIG. 10. Total-energy configuration-coordinate diagram for
H and H defects ("ionized" treatment) in MgO. The total
energy for each defect is presented as a function of the fraction-
al relaxation of the nearest Mg'+ neighbors around the hydro-
gen impurity site. The lowest total energy corresponds to a
small amount (0.28% for H, 0.13% for ionized H ) of expan-
sion of the nearest Mg +-ion shell away from the impurity site.

'& b «

FIG. 9. Total valence charge density for H and H defects
in MgO. The magnesium sites are represented by triangles, the
oxygen sites are represented by dots, and the hydrogen sites are
represented by squares. The contour values are all in units of
0.1 electron/A, and contour levels are equally spaced in inter-

o 3
vals of 0.2 electron/A . The density peaks in each plot were cut
o6' in the high-density regions near the oxygen sites. (a) Total
valence charge-density distribution for the H defect in MgO.
(b) Total valence charge-density distribution for the H defect
("ionized" treatment) in MgO.

calculated self-consistently by applying constraints to the
occupation numbers of the one-electron states. For cal-
culating the total energy of the charged F centers F+ and
F +, the "excited" treatment, which is similar to the
hSCF approach, is much better defined. It, in principle,
contains many of the effects needed for a full many-body
treatment of the excitation process. For calculating the
one-electron spectrum, the two approaches bracket the
screening effects expected for the charged F centers F+

and F +: the "ionized" treatment representing the ab-
sence of screening by the conduction electron and the
"excited" treatment representing full screening by the
conduction electron. Since the "conduction electron"
has an admixture of the resonance states of the impurity,
the screening of the "excited" treatment is perhaps
slightly overestimated relative to the screening by a bona
fide conduction electron. The results for the "excited"
treatment of the charged F centers, presented in Sec. III,
show that the one-electron states are quite rigid with
respect to their charge state. The results of the "ionized"
treatment of the charged F centers F and F +, men-
tioned in Tables III and IU, show small energy shifts.
For the hydrogenated vacancy, the situation is complicat-
ed by the absence of a well-defined impurity level in the
excited state. In this case the "excited" treatment in-
volves removing an electron from the conduction-band
resonance and placing it in a higher conduction-band
state. The procedure is not very well defined, and leads
to results that are nearly indistinguishable from those of
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FIG. 11. (a) Comparison of the density of states of the F
center in MgO (lower plot) with that of perfect MgO (upper
plot). (b) Comparison of the density of states of the H' defect
in MgO (lower plot) with that of perfect MgO (upper plot). The
PDOS for the impurity sites, ampli6ed by a factor of 5, is indi-
cated in both lower plots with a dotted line. DOS are given in
units of states/eV/MgO.

the neutral H defect. Therefore, only the results for
the "ionized" treatment are presented in Sec. IV.

Although the F and F+ centers have been discussed in
the theoretical literature, ' ' ' to our knowledge the ex-
istence of the doubly charged F + centers has not been
verified. "' The band-structure and DOS diagrams in
the bottom panel of Fig. 3 clearly show that the F + de-
fect has well-defined (although unoccupied) one-electron
impurity band within the band gap. This one-electron
impurity band is, in fact, very similar for the three charge
states F, F+, and F +.

In our study of the lattice relaxation about the defect
site, our results have qualitative similarities to those of
Pandey and Vail, ' although there are large quantitative

differences. In general, our calculated relaxation energies
and distances have the same sign, but are considerably
smaller than those of Pandey and Vail. ' In addition to
the discrepancy with other theoretical work, our relaxa-
tion results disagree in some respects with the experimen-
tal evidence shown schematically in Fig. 1. The results of
the configuration-coordinate diagram shown in Fig. 6
generally show that the variation of the total energy with
lattice relaxation is too small to be consistent with the
photon absorption and emission energies. We believe
that the largest source of this discrepancy is the geome-
trical constraint placed on the system by the small super-
cell. Pandey and Vail' found that a significant amount
of the relaxation energy is contributed by the nearest-
neighbor 0 ions in addition to the nearest-neighbor
Mg + ions. In our supercell treatment, only the nearest-
neighbor Mg + ions can relax; the nearest-neighbor 0
ions are equidistant from two defect sites and therefore
cannot relax. In the present formalism, one could model
some of the effects of the 0 relaxation by allowing the
supercell dimensions to be a relaxation variable. We have
not investigated this possibility.

The fact that the configuration-coordinate diagram of
Fig. 6 is qualitatively similar to the model discussed by
Rosenblatt et al. helps establish its plausibility. Briefly,
Rosenblatt et al. illuminated Mg0 crystals containing F
and F+ centers with a pulse of 5-eV radiation and detect-
ed the luminescence at a series of delay times. For the
crystal sample ("MgO I") of Ref. 9 containing the highest
concentration of hydrogen as well as a large concentra-
tion of oxygen vacancies, they first detected predominant-
ly 3-eV luminescence, and then at longer times, extending
to several millisecond, detected predominantly 2-eV
luminescence. In addition, for the same sample, they
studied the luminescence spectrum as a function for the
power density in the 5-eV excitation pulse. In this case,
both 3- and 2-eV luminescence were observed at high
power densities, while mainly 2-eV luminescence was ob-
served at the lowest power density. The 3-eV radiation
comes from the F +~F+'~F+ transition (sometimes
referred to as F+ luminescence). The 2-eV radiation
comes from the F+~F'~F transition (sometimes re-
ferred to as F luminescence). These results point to the
notion that the F+*~F + state is the highest-energy
state of the F-center system. Under intense 5-eV il-
lumination, the majority of the oxygen vacancies can be
excited to this top state. These states then luminesce
with 3-eV radiation to increase the population of
F+~F* states. These states then luminesce with 2-eV
radiation back down to the ground state. Under less in-
tense 5-eV illumination, mainly the F+~F* state is ex-
cited and only 2-eV luminescence is observed. Hydrogen
trap sites play an important role in this simple picture by
effectively increasing the time that the defect can remain
in the F+ state, facilitating the excitation to the
F+*~F + state in a two-step procedure which would
otherwise require a two-photon process. The hydrogen
trap sites also effectively increase the lifetime of the
F+'~F + state, which has been observed to persist for
seconds after illumination. Since hydrogen trap sites can
simultaneously provide a reservoir of electrons for both
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the F + and F+ centers, the observed similarity between
the time dependences of the 3- and 2-eV luminescences is
consistent with this model. Samples having lower con-
centrations of hydrogen trap sites exhibit a more compli-
cated behavior, suggesting the presence of several defect
environments. In these crystals, one can observe the se-

quence of deexcitation from initially 3-eV luminescence
to later 2-eV luminescence occurring within much short-
er time scales, ranging from nanoseconds or mi-

croseconds, depending on the sample. Superimposed on
the rapid decay sequences, one also observes the slower
decay sequence similar to that seen in the hydrogen-
regulated processes of the "MgO I" crystal of Ref. 9. It
might be possible to quantify these ideas by developing
kinetic equations based on this model.

In summary, we have demonstrated that self-consistent
density-functional theory is capable of describing both
the one-electron spectrum and the total energy of F, F+,
F +, H, and H defects in MgO crystals. In the one-
electron results, we demonstrated that in all three charge
states of the oxygen vacancy in MgO there is well-defined
impurity level within the band gap. For the hydrogenat-

ed oxygen vacancy the gap state is removed and hydro-
gen resonances are found within the valence and conduc-
tion bands of MgO. In the total-energy results, we con-
structed a configuration-coordinate diagram for each of
the defects. The diagram for the F, F+, and F + defects
is qualitatively similar to the model proposed in Fig. 1.
The diagram for the H and H impurities is consistent
with the notion that the process H ~H +e provides
an electron-trap site and electron reservoir for electrons
released into the conduction band. In order to make
these results more quantitative, it will be necessary to go
beyond the small-supercell approximation.
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