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Prediction of optical properties of F centers in oxides from quasiparticle excitations
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Electrons trapped at the cavity of oxygen vacancies on MgO, CaO, and ZnO have important physical and
chemical properties. In particular they exhibit well-defined spectroscopic features. Here, these are investigated
by means of the self-consistent many-body perturbation theory-based GW method, using periodic models and
reasonably large supercells. The excitations predicted from the quasiparticle band structure calculations are in
good agreement with experiment and with calculations from embedded cluster models, thus opening the way to
interpret spectroscopic features of point defects in oxides and materials that cannot be represented by embedded

clusters.
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I. INTRODUCTION

Metal oxides are at the heart of many new and important dis-
coveries of technological importance, such as high critical tem-
perature superconductivity' and colossal magnetoresistance in
physics? and photocatalysis under visible light in chemistry.?
There is little doubt that these interesting properties originate
from the very special electronic structure of these systems, and
they are strongly related to their nonstoichiometry, either due
to the presence of dopants or to point defects. Zinc oxide, in
particular, has been of growing interest in photocatalysis and
electronics, as a key material to develop protective devices
in electric circuits (namely varistors). In order to fulfill the
technological challenges with more demanding requisites, a
new generation of materials is crucially needed, and their
design may benefit from a deeper knowledge of their electronic
structure-related properties. Paramount among them are those
governed by excited states, which are usually described in a
crude way from ground-state density of states.

In fact, despite the high relevance of providing a good
description of optical properties of stoichiometric and de-
fective oxides, a general and accurate method for the cal-
culation of electronic excitations is still lacking. From a
theoretical point of view, excited states in oxides have often
been studied either by adopting a configuration-interaction-
embedded cluster model (CI-ECM) approach or by using
different implementation of band theory from Hartree-Fock
to different implementations of the density functional theory
(DFT). The CI-ECM approach provides very accurate results
only if the material can be represented by such local models.
Periodic models are usually constrained to some form of DFT,
which, for the usual standard local density approach (LDA)
or generalized gradient approach (GGA) implementations of
the exchange correlation, have serious problems in describing
strongly correlated systems, NiO being prototypal.*> The
failure of LDA and GGA is due to the self-interaction error
introduced in the calculations of the Coulomb term of the
potential. As a result, LDA and GGA predict a metallic
character for NiO, an experimentally well-characterized an-
tiferromagnetic insulator.® The same qualitatively incorrect
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description is found for the cuprate superconducting parent
compounds and for many other materials.” Hybrid DFT offers
a remedy to this situation by mixing nonlocal Fock and Slater
local exchange functionals, although at the price of introducing
a certain dose of empirism.®® Recently developed semilocal
potentials seem also to be promising.’

A possible way to overcome the problems of standard
implementation of DFT in the description of the electronic
structure of oxides and of other strongly correlated systems,
without relying on hybrid DFT approaches, although pre-
serving the periodic description of the solid is to make use
of the GW formulation, earlier introduced by Hedin.'° The
GW method goes beyond the mean-field description of the
electron-electron interaction in DFT by including many-body
effects in the electronic transitions. This is achieved by
expanding the multielectronic problem as a series of products
of one-particle Green’s function (G) and screened dielectric
tensor (W). In particular, it has been shown that the GW,
approach provides quasiparticle energies, which are in good
agreement with experimental excitations.'"'> A problem with
the fully self-consistent GW calculations is that these are
usually computationally very demanding. Nevertheless, recent
advances in both computers and codes have made it possible
to carry out these types of calculations at least for perfect bulk
systems.'3-10

From the discussion above, one may conclude that the
accurate prediction of the band gap of metal oxides is no longer
a problem for theory. However, the situation is less clear for
the description of excited states related to point defects, where
the presence of the point defect breaks the periodic symmetry
and introduces important features, which, in addition, may
have important implications.!” In principle, the success of
the various implementations of the rigorous many-body
perturbation theory-based GW method commented on above
opens the way for a fully periodic description of spectroscopic
features related to point defects; this is precisely the goal of
the present work. To this end, we investigate the absorption
spectra of the experimentally well-characterized F centers of
MgO, Ca0, and ZnO for which accurate results arising from
the CI-ECM method exists.'®2° These centers are created upon
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removing an oxygen atom or an oxygen anion (O~) from the
lattice, thus leaving two (F center) or one (F' center) electrons
trapped in the cavity, respectively. The trapped electrons are
stabilized by the Madelung potential of the crystal, and their
electron density appears to be well localized in the cavity
formed by the oxygen vacancy.?! Thus, the trapped electrons
do not occupy the empty 3s levels of the neighboring Mg ion,
and the resulting defects are better described as pseudoatoms.?
The defective materials exhibit typical excitations in the visible
region of the spectrum, which thus changes its color. The name
F center comes precisely from the word Farbe, which means
color in German. In particular, the spectroscopic features of
these point defects have been known since the original work
of Chen et al. for oxygen vacancies in MgO in the late
1960s.2* In the past few years, the interest in these defects
has been renewed because they have been shown to play an
important role in determining the surface chemistry of these
materials,?* such as acting as a nucleation center of supported
clusters and defining specific nanostructures with potential
technological applications.?> Clearly, an accurate description
of the electronic structure of these point defects is needed.

II. COMPUTATIONAL DETAILS

To approach the lowest optical excitation of the F and
F* centers of MgO, CaO, and ZnO, suitable supercells,
representing a reasonably low defect concentration, are con-
structed using the lattice parameter first optimized for the
bulk, undefective material within the PBE implementation of
the exchange-correlation functional,2¢ a plane-wave basis set
within a cutoff of 800 eV to describe the Mg (2p, 3s), Ca
(3p, 4s), Zn (3d, 4s), and O (2s, 2p) valence electrons density,
whereas the core electrons are described with the projector-
augmented-wave (PAW) method.””?® The bulk calculations
have been performed using the optimized primitive cell and
sufficiently dense grids of special Monkhorst-Pack?’ k-points
(8 x 8 x 8 for MgO and CaO and 8 x 8 x 4 for ZnO,
respectively). Next, oxygen vacancies are created in a M;0,7
M = Mg, Ca) supercell for MgO and CaO and Zn;60¢
for ZnO, as shown in Fig. 1; the resulting supercells are
denoted as M»70260y,c and Znj50150y,., respectively. For
these supercells, all internal coordinates have been fully
relaxed using a conjugated gradient scheme with a threshold
of 0.001 eV/A, maintaining the lattice parameters obtained
for the undefective materials. For these supercell calculations,
a cutoff of 400 eV has been employed together witha 2 x 2 x
2 for MgO and CaO and 4 x 4 x 2 for ZnO meshes of special
k points.

Performing quasiparticle GW calculations as implemented
in VASP!!13:30:31 requires a multistep approach. After structure
relaxation, a well-converged PBE density is obtained with
a threshold of 107® eV for the total energy. Next, the
Green quasiparticle eigenvalues are calculated within the GW
approach considering at least 35 frequencies. The cutoff for
the response function has been set to 150 eV. The quasiparticle
calculation can be carried out non-self-consistently, by simply
solving the quasiparticle equations as a first-order perturbation
of the GGA eigenvalues (GoW)); self-consistently but on the
Green’s function eigenvalues only (GWy) or on both the Green
function and the screened dielectric matrix (GW). In the case
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of the self-consistent GW and GW calculations, convergence
has been achieved with a maximum error of 0.005 eV for the
eigenvalues. Here, we must warn that the procedure followed
in the present work to carry out the GoWy, GWj, or GW
calculations does not consider the update of the Kohn-Sham
orbitals in a self-consistent way and only considers the update
of the eigenvalues and of the corresponding Green’s function.
In principle, one could expect that updating the density would
probably lead to a more accurate description, although results
by Shishkin and Kresse'? show that this is not necessarily
the case and that, in addition, these already computationally
demanding approaches become almost unfeasible. Neverthe-
less, Shishkin and Kresse'? presented evidence that in case
the starting, zero-order DFT result is qualitatively correct,
it is enough to correct the eigenvalues for the quasiparti-
cle effect. This is the procedure followed in the present
work.

The PBE and different types of GW calculations have
been carried out using the 5.2 version of the VASP code.??
For comparison, selected calculations for the ground-state
electronic structure of MgO have been carried out with the
B3LYP hybrid functional®**** using the CRYSTALO9 code,*
and standard 8-411(d11)G and 8-511(d11)G Gaussian-type
orbital basis sets for O and Mg, respectively.*®

III. RESULTS AND DISCUSSION

Electronic structure-related properties calculated for the
three oxides are reported in Table I and compared with
experimental values.’”*® First, one may notice that present
PBE, GyWy, GoW, and GW results for ZnO are in com-
plete agreement with those reported earlier by Shishkin and
Kresse,'? whereas those corresponding to MgO exhibit some
slight differences. We have verified that the discrepancies in
the MgO case arise from the use of slightly different unit
cells: we use a PBE fully relaxed unit cell (a = 4.25 A),
whereas Shishkin and Kresse adopted the experimental lattice
(a = 4.21 A). A benchmark calculation with our setting and
the experimental cell completely reproduced the results from
Ref. 12 (PBE gives a band gap of 4.75 eV, compared to 4.76 eV
in Ref. 12, while GoW(, GW, and GW give 7.18, 7.64 and 8.37
eV respectively, in very good agreement with the 7.25, 7.72
and 8.47 eV values reported in Ref. 12). In any case, the band
gap predicted by the PBE functional largely underestimates
the band gap of the three oxides, as expected. One might also

TABLE I. Calculated band gap, experimental excitation energies,
and root mean square of the deviation from the experiment (eV)
for MgO, CaO, and ZnO. Results in parenthesis from Shishkin and
Kresse (Ref. 11).

PBE G()W() GW() GW EXp
MgO 4.44 (4.76) 6.81(7.25) 7.27(7.72) 798 (8.47) 17.8*
CaO 3.65 6.01 6.53 7.47 7.1°
ZnO  0.73(0.67) 2.18(2.12) 2.56(2.54) 3.22(3.20) 3.3¢
RMS 3.1 1.0 0.6 0.3
“Ref. 37.
PRef. 37.
‘Ref. 38.
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TABLE II. Calculated electronic gap, experimental excitation
energies, and root mean square of the deviation from the experiment
(eV) for F and F* centers in MgO, CaO, and ZnO.

F center
PBE G()W() GW() GW EXp
MgO 2.39 448 4.71 5.20 5.03%
CaO 0.75 3.20 3.53 3.87 31°
ZnO 1.15 2.29 2.52 2.96 2.45¢
RMS 2.2 0.3 0.3 0.5
F* center
PBE G()W() GW() GW EXp
MgO 2.95 5.12 5.40 5.90 4.96*
CaO 1.93 4.55 4.96 5.62 37°
RMS 1.9 0.6 0.9 1.5
4Ref. 23.
bRef. 39.
‘Ref. 40.

note that the explicit introduction of many-body effects on the
calculated electron correlation results in calculated band-gap
values that are closer to the experiment. More importantly,
the root mean square error with respect to the experiment
significantly decreases when improving the quality of the
GW calculation. Obviously, this result has to be taken with
care because only three cases are included in the statistics.
Nevertheless, one should not be surprised by the fact that by
improving the quality of the calculation, a better agreement
with the experiment is achieved, which provides a genuine ab
initio flavor to this type of approach. We must also warn that
the statement above is somehow different from the general
conclusion of Shishkin and Kresse,'> who found the GW,, to
generally provide better agreement with the experiment. For
the sake of comparison, calculations of the band gap of bulk
MgO have been carried out with the hybrid B3LYP functional;
the calculated value of 7.15 eV largely improves the GGA
estimates, but it is still far from the GW predictions, which
indeed nicely reproduce the experimental value.

Having verified that the GW approach is able to properly de-
scribe the electronic structure of bulk MgO, CaO, and ZnO, we
turn our attention to the oxygen vacancy-containing systems
for which the resulting F and F* centers are well-characterized
experimentally?®- 3! as well as by means of embedded cluster
calculations with sophisticated configuration interaction wave
functions.'®2" Table II summarizes the results for the lowest
excitations of both F and F* centers as predicted from the
various levels of theory considered in the present work.
Overall, the different variants of the GW approach largely
improve the prediction of PBE, which is indeed very poor. For
MgO, the most accurate GW value of 5.20 eV compares very
well with the experimental value of 5.03 eV,?* and it is even
better than the best estimate (5.44 eV) from multireference
second-order perturbation (CASPT?2) calculations.'® This is
a remarkable result, because it represents the best theoret-
ical estimate, and it arises from a fully periodic method.
Moreover, the calculated value is almost unaffected by the
supercell size (defect concentration) because a similar value
(5.19 eV) is obtained for the smaller MggOg supercell. On
this smaller unit cell, a B3LYP calculation has also been
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FIG. 1. (Color online) Representation of the supercells adopted
in the calculations. MgO and CaO face-centered cubic (left) and
ZnO Waurtzite (right). The huge sphere evidences the lattice position
corresponding to the oxygen vacancy.

performed, giving a band gap of 4.22 eV: as in the case
of the perfect bulk, B3LYP largely improves the poor GGA
result; nevertheless, it remarkably underestimates the F-center
excitation.

A similar situation is found in the case of ZnQO, in which the
best GW estimate is of 2.96 eV, only slightly larger than the
2.73 eV predicted by the accurate multiconfiguration-coupled
electron pair approximation (MCCEPA) calculations of Fink>°
and close enough to the experimental value of 2.45 eV.*
A rather different situation is found for CaO, where the
GW-calculated F-center excitation is 0.8 eV too high (3.87
versus 3.1 eV). The origin of this difference is the long-range
response to the presence of the charged point defect. This is
consistent with the findings of Carrasco et al.,'” employing
an embedded cluster model, which explicitly accounted for
long-range polarization through the well-known shell model.
Using time-dependent DFT within the B3LYP functional and
a Caj40;30y,. quantum mechanical cluster surrounded by 102
polarizable interface atoms, a value of 3.52 eV is predicted,
whereas CASPT2 calculations on a similar cluster yielded
4.18 eV. This interpretation is further supported by the fact
that the GW band gap for our larger supercell (Caz;0260y,c)
differs from the one obtained for the smaller (CagO,0y,.) cell,
whereas for the undefective systems the result obtained for the
Cay;70,7 and CagOg cells is the same. In the case of MgO, the
energetic levels of the defective systems are not affected by
the size of the supercell. Clearly, the difference between GW
and experiment in CaO is not due to limitations in theory but
on the use of a supercell, which in this case is still too small.
Unfortunately, calculations with an even larger supercell are
still too demanding.

Finally, we consider the F* centers involving only one
trapped electrons and, hence, a charged supercell. In order
to avoid artifacts arising from this charge, a compensating
negative background charge has been employed in the calcu-
lations. Results in Table I show that in this case the agreement
with experiment is not as good as in the case of the neutral F
centers, although they all represent a significant improvement
over the results obtained from the standard PBE band structure
method.
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IV. CONCLUSIONS

From the set of results reported in the previous section,
one can firmly conclude that it is now possible to conjugate
physically consistent models and good accuracy in the descrip-
tion of optical properties of oxygen vacancies in oxides and
likely of other point defects in solids. This achievement opens
the way to new studies concerning the simulation of defective
insulators and semiconductors, even in those cases in which
the use of embedded cluster models is controversial, such as
TiO, or CeO,, which are much less ionic, thus making the
setup of an appropriate embedding scheme quite difficult.

The results in the present work show that quasiparticle
periodic calculations with the GW method are able to provide
an almost quantitative description of the F centers in MgO,
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CaO, and ZnO and, more importantly, with an appropriate
and physically meaningful solid-state model. The agreement
is not as good for the charged F* centers, which is attributed to
the need for an even larger supercell to properly describe the
long-range electrostatic effect induced by this charge defect.
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