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First-Principles Optical Spectra for F Centers in MgO
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The study of the oxygen vacancy (F center) in MgO has been aggravated by the fact that the positively
charged and the neutral vacancy (F" and FO, respectively) absorb at practically identical energies. Here
we apply many-body perturbation theory in the G, W, approximation and the Bethe-Salpeter approach to
calculate the optical absorption and emission spectrum of the oxygen vacancy in all three charge states.
We observe unprecedented agreement between the calculated and the experimental optical absorption

spectra for the FO and F* center. Our calculations reveal that not only the absorption but also the emission
spectra of different charge states peak at nearly the same energy, which leads to a reinterpretation of the F’

center’s optical properties.
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Magnesium oxide (MgO) is a ubiquitous material with
applications in a diverse range of areas such as medicine,
book preservation, building construction, catalysis, spin-
tronics, electronics, and microelectronics. The anion
vacancy in bulk MgO (also called the F or color center)
is a—maybe even the—classical intrinsic point defect in
compound insulators. It is directly or indirectly responsible
for many of the material’s properties. Still, even after more
than five decades of research, the F center [1-9] in MgO
remains enigmatic. It is particularly puzzling that the
charged and neutral vacancies (F* and F°, respectively)
absorb light at practically identical energies [2,4,6].

Removing an oxygen atom from the MgO lattice results
in an s-like defect state (Fig. 1) that can be filled by 2 (F°),
1 (FT), or 0 (F?>") electrons [10,11]. Only F* is paramag-
netic and therefore amenable to detection by electron spin
resonance techniques [1-4]. The presence of the diamag-
netic FO and F?" centers, on the other hand, is typically
deduced from optical absorption or luminescence measure-
ments. Unlike in other alkaline earth oxides or alkali
halides, this procedure is complicated in MgO by the fact
that two optical absorption signals that have been attributed
to the oxygen vacancy are very broad and peak nearly at the
same energy (4.95 and 5.0 eV [4]). We will demonstrate in
this Letter that the F* center exhibits a second absorption
band at much lower energies that should easily distinguish
it from the F° center. Moreover, we will show that the
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emission energies are also very similar, which leads to a
reinterpretation of the optical properties of the oxygen
vacancy in MgO.

Thanks to the steadily growing power of modern com-
puting architectures and recent methodological progress,
parameter-free calculations are playing an increasingly
important role in assigning experimentally observed defect
signatures. However, the optical absorption spectrum of
the F° center in MgO has never been reproduced by
first-principles calculations [10,12-16], not even by quan-
tum chemical multireference configuration interaction
calculations [15,16]. In this Letter, we demonstrate that
state-of-the-art theoretical spectroscopy techniques based
on many-body perturbation theory give unprecedented
agreement with the experimental spectra if and only if
the electron-hole as well as the electron-phonon interac-
tions are included. Defect formation energies are

FIG. 1 (color online). Relaxed structure and defect wave func-
tion of the FO center in MgO. Oxygen atoms are depicted in red
(small spheres) and magnesium atoms in blue (large spheres).
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calculated based on a recently developed formalism that
combines density functional theory (DFT) with many-body
perturbation theory in the GyW, approximation [17,18].
The electron-hole interaction is taken into account by
solving the Bethe-Salpeter equation (BSE) [19,20]. The
electron-phonon interaction is included through the cou-
pling of the optical excitations to local vibrational modes
of the defect, which gives rise to a broadening of the
absorption spectrum [21,22]. A phonon fine structure is
not observed in the experimental optical absorption
spectra [4].

All defect structures in this work were relaxed by using
the local-density approximation (LDA) and the plane-wave
code S/PHINX [23], unless otherwise stated. Norm-
conserving pseudopotentials and a plane-wave cutoff of
70 Ry were used. No nonlinear core corrections were
applied. To test the influence of the starting point depen-
dence of GyW, [24,25] for the F center, we also performed
calculations with the exact-exchange optimized effective
potential approach including LDA correlation (OEPx +
cLDA) [24,25] with S/PHI/NX by using a plane-wave cutoff
of 70 Ry and OEPx + cLDA pseudopotentials [24,25]. In
addition, we construct a hybrid scheme as a starting point
that mixes 25% exact exchange (2,) with 75% LDA
exchange
and correlation (viPA): oMPAO(r r') = 0.253 (r, 1) +
0.75vLPA(r). This new potential, that we term LDAO due
to its similarity with the Perdew-Burke-Ernzerhof hybrid
functional (PBEO) [26], is applied perturbatively, i.e., eval-
uated once with LDA wave functions as input. The GyW,,
calculations were performed with the GW space-time code
GWST [27] and the BSE calculations with the Vienna
ab initio simulation package (VASP) [20,28,29]. The BSE
calculations for the singly occupied defect level of the F*
center were carried out spin-polarized [30]. Cubic 64-atom
bulk and 63-atom defect supercells were used throughout.
Total energies of charged defects were corrected by using
the scheme by Freysoldt, Neugebauer, and Van de Walle
[31]. The correction lies between 0.2 and 0.5 eV for differ-
ent geometries of the F* and 1.6 and 2.2 eV for the F?*
center. Quasiparticle energies are converged to 0.1 eV by
using a 3 X 3 X 3 I'-centered k grid and plane-wave cut-
offs of 14 Ha (33 Ha) for the correlation (exchange) part of
the GW self-energy. Unoccupied states were summed up to
4.5 Ha in the correlation part. Exciton binding energies are
converged to 0.05 eV by using Monkhorst-Pack k-point
meshes up to 7 X 7 X 7 and the procedure described in
Ref. [20]. All defect calculations were carried out at the
LDA lattice constant.

Before we turn to the Gy W, corrections for the oxygen
vacancy, we will comment on the bulk band gap of MgO.
Table I shows that the Kohn-Sham gaps obtained in LDA,
OEPx + cLDA, and LDAO underestimate the experimen-
tal gap of 7.78 eV [32] (determined by reflectance
spectroscopy). GoW, based on LDA (G W,@LDA)

TABLE I.  Computed band gaps (in eV) of bulk MgO at the
experimental lattice constant of 4.216 A. The experimental gap
is 7.78 eV [32].

DFT-LDA DFT-(OEPx + cLDA) DFT-LDAO

DFT 45 6.7 7.0
GyWy@DFT 7.0 8.1 8.1

also underestimates the gap noticeably, whereas
GoW,@(OEPx + cLDA) [24,25] and GyW,@LDAO yield
a much closer value, although they now overestimate.

This overestimation can be rationalized by considering
phonon renormalization effects. The coupling to lattice
vibrations leads to a temperature-dependent energy change
of the electron and hole states. This renormalization is
present even at zero temperature because of zero point
vibrations. We have calculated this effect by evaluating
the electron-phonon self-energy [33,34] for the band-edge
states. Approximating the electron-phonon interaction by
the Frohlich expression [35] for intraband transitions, we
estimate the band-gap renormalization to be ~0.3 eV at
zero temperature. This value should be subtracted from any
theory that does not automatically include electron-phonon
coupling and brings our GyW,@(OEPx + cLDA) and
GoW,@LDAO calculations into good agreement with ex-
periment. We thus apply LDAO as a starting point for all
GoW, defect calculations (since the OEPx + cLDA calcu-
lations are computationally too expensive to be applied to
the 64- and 63-atom cells used in this work).

The removal of an oxygen atom leaves the MgO lattice
relatively unperturbed (see Table II). Once the oxygen
vacancy becomes positively charged by removing an elec-
tron, the cations are repelled more strongly and move away
from the vacancy. The anions, on the other hand, move
inward slightly. In the 2+ charge state, the Mg (O) atoms
move out (in) further.

GoWo@LDAQO calculations were then performed for the
neutral and 2+ charge states of the oxygen vacancy for
each of the three geometries (0, +, and 2 + ). The energy
of the defect states is determined by averaging over the
points of a 4 X 4 X 4 k grid off-centered by (0.5, 0.5, 0.5).
For computational convenience, we calculate the electron

TABLE II. Displacement (in angstroms) of the nearest-
neighbor Mg and next-nearest-neighbor O atoms computed in
LDA. Positive (negative) numbers denote outward (inward)
displacements with respect to the MgO lattice positions. F°,
F*, and F?" indicate the three different charge states, whereas
FO+ h, F*" + e, and F?" + e refer to the geometry obtained
from a constrained-LDA calculation including an extra hole (%)
in the valence or an electron (¢) in the conduction band.

FO FT F2t FO+h F'+e F+e
Mg 0.012  0.090 0.162 0.007 0.082 0.155
(0] 0.008 —0.027 —-0.066 0.010 —-0.022 —0.064
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FIG. 2 (color online). Configuration coordinate diagram: The
GoWy@LDAO-corrected formation energies in the three differ-
ent charge states are plotted as a function of the Mg displace-
ment. The lines are a guide to the eye and have been obtained by
fitting parabolas to the three data points of each curve. In the left
panel the Fermi level is aligned with the conduction-band
minimum (CBM) and in the right with the valence-band maxi-
mum (VBM). Red (blue) arrows mark absorption (emission)
processes.

affinity of 1+ states by their inverse process, the electron
removal from the neutral state, since no spin polarization or
partially filled defect states are encountered then [18,36].
We add these electron affinities to the LDA formation
energies of the respective 2+ states to build up the
GW-correction scheme [17,18]. We can then draw the
configuration coordinate diagrams presented in Fig. 2.

To first approximation we can view the absorption pro-
cess of an FU center as creating an F* center plus an
electron in the conduction band. The absorption energies
can then be read off Fig. 2 and are summarized in Table II1.
Values obtained from LDA are also included in Table III
and not unexpectedly considerably underestimate the ab-
sorption energies. GoWy@LDAO improves on LDA but
now overestimates the absorption energy, because the in-
teraction between the electron in the conduction band and
the remaining hole on the defect has not yet been taken into
account.

We do this by solving the BSE by using an efficient
scheme to converge the exciton binding energies [20].
The resulting values, which we subtract from the
GoW,@LDAO transition energies to obtain the absorption

TABLE III. Computed optical absorption energies (in eV) for
the FO and F* center compared to the experimental values from
Ref. [6].

FO F*
LDA 3.00 4.10
GoW,@LDADO corrected transition 5.40 5.48
BSE exciton binding energy 0.45 0.56
GyW,@LDAO — BSE 495 492
Experiment 5.00 4.95

energies for the F° and F*' center, are also listed in
Table III. To estimate the peak broadening we perform
constrained-LDA calculations during which the defect is
allowed to relax subject to the constraint that for the F°
center an electron is held in the conduction band, whereas
the hole remains on the defect (F* + ¢ in Table II). The
same constrained calculation is performed for the F*
center (F2™ + ¢), while F + h denotes the scenario of a
hole in the valence band that has been created by promot-
ing an electron from the valence band into the F* center.
As Table II demonstrates, the resulting geometries are
close to those of the corresponding charge states without
the extra charge in the conduction or valence band. We
then linearly interpolate the relaxed structures in the
ground and the constrained state by using five intermediate
structures and calculate the constrained-LDA energy for
each. The points fall on a parabola from which we extract
the vibrational energies and Huang-Rhys factors [37].
Those combined (and including a broadening of 80 meV
for each vibrational state) give the vibrationally broadened
optical spectra shown in Fig. 3. These computed spectra are
in unprecedented agreement with experiment.

The peak at lower energies in the theoretical spectrum in
Fig. 3 is associated to the F* center, which, since it holds
only one electron, offers two spin channels. The electron in
the occupied state can be excited out of the F* center in the
optical absorption event (peak at 4.92 eV), whereas the
empty spin state can be filled by an excitation of an
electron from the valence band (peak at 3.6 eV).
Consequently, we see two peaks in our BSE calculations
for the F* center. Similar absorption processes have been
observed for other defects [22] but have, with the exception
of Rosenblatt et al. [5], never been discussed for the
oxygen vacancy in MgO. We see no reason why such a
process should not occur and argue that such a two-peak
structure would be a much more unambiguous fingerprint
for the F* center than trying to distinguish its peak at
4.95 eV from the one of the F° center at 5.0 eV.
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FIG. 3 (color online). Calculated and experimental [4] optical
absorption spectra for the F* and F* center. The peak at lower
energies corresponds to the absorption of an electron from the
valence band into the F* center. For the F* center the relative
peak heights are taken from the BSE calculations.
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FIG. 4 (color online). The four possible absorption (left) and
emission (right) processes of the oxygen vacancy in MgO. Filled
circles denote electrons and empty circles holes.

To complete the picture, we now briefly turn to the
emission spectra of the oxygen vacancy. Two distinct
emission signals have been observed experimentally at
2.3-2.4 and at 3.1-3.2 eV [3-6,8,9]. They have been as-
cribed to the F+ and F° center, respectively, and have been
used as a way to distinguish these two charge states.
However, considering that both centers absorb at nearly
the same energy, it would be surprising if they would not
also emit at nearly the same energy. In our calculations this
is in fact the case, as Fig. 4 illustrates: FO-center emission
would peak at 3.4 eV, whereas F*-center emission lies at
3.6 eV (we have obtained the emission energies analogous
to the absorption energies, by subtracting the correspond-
ing exciton binding energies from the blue transitions in
Fig. 2). These numbers are not as close to the experimental
3.1-3.2 eV as we observed for absorption but fall well into
the very broad experimental peak and unambiguously rule
out emission around 2.3-2.4 eV. Emission at those energies
occurs when electrons in FO and F' centers recombine
with holes in the valence band (see Fig. 4). Holes are
created during the photobleaching process [continuous
irradiation with intense UV light (~ 5 eV)].

This leads us to a simple argument for why the original
emission-peak assignment might have been made.
Rosenblatt er al. argue that the photoexcitation or photo-
bleaching processes ionize the centers; i.e., the excitonic
state is close enough to the conduction-band edge that the
electron escapes and becomes a free carrier. This implies
that recombination does not necessarily occur at the site
where the electron-hole pair has been created. The free
electrons are then naturally attracted by the positively
charged F' or F>* centers and predominantly recombine
there (emission at 3.1-3.2 eV), irrespective of whether the
two different charge states have been created by bleaching
or were already present. This would explain the observed
correlation between the 3.1-3.2 eV signal and the F*
center density (no free-electron recombination can occur
at FO centers). The opposite is true for free holes in the
valence band. They are repelled by the positive F* center
and preferably recombine at an F'-center site (emission at
2.3-2.4 eV), which explains the correlation between the
2.3-2.4 eV signal and the F°-center density.

In conclusion, we have reported unprecedented
agreement between optical absorption measurements and
many-body theory calculations for the F° and F™ center in
MgO, which can be achieved only when quasiparticle
effects as well as the electron-hole and electron-phonon
interactions are explicitly included. We suggest a two-peak
structure in the optical absorption of the F* center as an
easier way to identify this charge state of the oxygen
vacancy and offer a reinterpretation of the assignments of
emission peaks to different charge states of the F' center
in MgO.
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