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First-principles calculations of the atomic and electronic structure of F centers in the bulk

and on the (001) surface of SrTiO;
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The atomic and electronic structure, formation energy, and the energy barriers for migration have been
calculated for the neutral O vacancy point defect (F center) in cubic SrTiO; employing various implementa-
tions of density functional theory (DFT). Both bulk and TiO,-terminated (001) surface F centers have been
considered. Supercells of different shapes containing up to 320 atoms have been employed. The limit of an
isolated single oxygen vacancy in the bulk corresponds to a 270-atom supercell, in contrast to commonly used
supercells containing ~40—-80 atoms. Calculations carried out with the hybrid B3PW functional show that the
F center level approaches the conduction band bottom to within ~0.5 eV, as the supercell size increases up to
320 atoms. The analysis of the electronic density maps indicates, however, that this remains a small-radius
center with the two electrons left by the missing O ion being redistributed mainly between the vacancy and the
3d(z%) atomic orbitals of the two nearest Ti ions. As for the dynamical properties, the calculated migration
energy barrier in the low oxygen depletion regime is predicted to be 0.4 eV. In contrast, the surface F center
exhibits a more delocalized character, which leads to significantly reduced ionization and migration energies.

Results obtained are compared with available experimental data.

DOI: 10.1103/PhysRevB.73.064106

I. INTRODUCTION

Oxides constitute a broad class of materials, which exhibit
very attractive possibilities from a technological point of
view.!? Their electrical properties range from insulators to
semiconductors and some even exhibit metallic character.
These electrical properties together with their (usually) high
thermal resistance are fundamental for their use in many ap-
plications ranging from protective coatings to constituents in
microelectronic devices. Most of the chemical activity and
physical properties of oxides can be monitored either by
nanostructuring the compounds or through the introduction
of intrinsic or extrinsic dopants.>* This leads to the challeng-
ing concept of defect engineering in materials design; this is
the control of the nature and concentration of defects in a
material in order to tune its properties in a desired manner or
to generate a completely unique behavior. The nature of de-
fects in simple ionic oxides has been studied quite
extensively,>"'? including its effect on the magnetic moment
of supported Ni atoms.!! However, much less is known about
the nature of point defects in less simple oxides. This is
because in the case of covalent and semicovalent oxides—
ABO; perovskites among them—their electronic structure
exhibits an increased complexity which has hindered a
proper characterization of these systems.

Strontium titanate (SrTiO;) may serve as a model mate-
rial in this respect. It exhibits a mixed ionic-covalent chemi-
cal bonding since the Sr-O bonds are quite ionic while the
Ti-O substructure is partly covalently bound.'?>!3 This par-
ticular nature of the chemical bonding leads also to a rather
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unique electronic structure with a band gap of 3.3 eV only.!?
Hence, as it simultaneously exhibits a strong chemical sta-
bility, SrTiO5 continues to attract considerable attention as a
model electroceramic material. The investigation of the sur-
face structure and properties of this material is even more
difficult. Theoretical calculations carried out for the (001)
perfect surfaces terminated either by TiO, or SrO planes dif-
fer in surface energy by less than 0.1 eV per surface unit cell,
indicating that the two terminations are equally stable.'*
However, due to the partially covalent nature of TiO,-term-
inated surface, this is more attractive for applications; the
reconstructed surface has also been studied.'>'® The F cen-
ters are formed in strontium perovskite when neutral O at-
oms are removed from the lattice sites.”® These centers
strongly perturb the material electronic structure and it be-
comes even more complex for the O-deficient SrTiO; mate-
rial than for the perfect crystal. As electronic and ionic
charge carrier concentrations are coupled by defect chemis-
try and electroneutrality, O vacancies are not only of direct
significance for the ionic mobility (and hence by, e.g., deg-
radation kinetics), but also indirectly for the electronic con-
ductivity. Consequently, considerable experimental efforts
were focused on studying and understanding the properties
of defective SrTiOs, including the ionic transport'” and struc-
tural properties.'>!® Moreover, oxygen vacancies have been
supposed to play an important role in determining the SrTiO5
structure since they appear to modulate the transition tem-
perature between the tetragonal (antiferro-distorted) and the
cubic phase, usually taking place around 100 K.!°
Compared to simple ionic oxides such as MgO or Al,Os,
the more complex electronic structure of SrTiO5 has impor-
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tant consequences with respect to the electronic structure of
the corresponding F centers. In ionic oxides, the ground state
of the F' center involves two electrons well localized in the
vacancy giving rise to energy levels in the band gap region
with typical optical absorption around 5-6 eV.72%-23 For
perovskite oxides such as SrTiO;, the electronic structure of
the F-type defects is a subject of a long debate.* Several
theoretical studies have suggested major and identical con-
tributions from the 3d orbitals of the two Ti ions on both
sides of O vacancy to the electron density of the F
center,'31%.20 although others indicate a partial or total local-
ization of the electrons in the vacancy.?’” The position of the
F center level in the optical band gap is also somewhat
controversial'®? although indirect experimental data based
on conductivity measurements suggest that the neutral F cen-
ter is a quite shallow defect.”” Another aspect, which is of
interest to many applications, concerns the mobility of O
vacancies since this seems to be the mechanism responsible
for the electrical behavior at low partial pressures.'” Experi-
ments performed at temperatures high enough so that F cen-
ters are supposed to have released their electrons, suggest a
value of 0.86 eV for the migration energy in the bulk!’
whereas semiempirical shell model calculation for the empty
vacancy predicts a smaller although close enough value of
0.76 eV.?

The theoretical study of isolated single defects is not only
nontrivial and time consuming but still remains of primary
importance, since in most of experiments defect concentra-
tions are quite low, whereas typical calculations are per-
formed for unrealistically high defect concentrations which
do not permit a direct comparison with experiments. Hence,
a number of theoretical studies dealing with the atomic and
electronic structure of the F' center in SrTiO3, based on first
principles calculations, mainly relying on density functional
theory (DFT) and using either cluster or periodic models,
have appeared in the last few years.!31925:262930 Concerning
the surface F centers, only two studies are available in the
literature, one based on semiempirical methods?! and another
using ab initio methods but for small supercells.*? No first
principles calculations of the activation energy for the F cen-
ter migration have been reported so far. However, a careful
analysis of the literature reveals a number of flaws, which
require further attention. First, most of the previous studies
are based on the use of supercell sizes of typically 40-80
atoms and, second, most of these studies are based on the
generalized gradient approach (GGA) of the DFT. Recently
it has been shown that the above mentioned supercell sizes
are too small to screen the strong interaction of the periodi-
cally repeated F centers.'>!° Also, it is well known that the
GGA typically predicts underestimated values of the band
gap of many oxides.>*3 On the other hand, the self-
consistent-field Hartree-Fock (SCF-HF) method correctly
predicts the insulating character of these compounds but
typically overestimates the band gap® as also shown for
SrTi05.2° This artifact of HF or the GGA, which is even
worse in the case of the broadly used local density approach
(LDA), prevents a correct prediction of the positioning of the
defect level with respect to the conduction band bottom.
However, calculations on the (001) surface of SrTiO; per-
formed using the LDA+U method have shown that they
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might be able to partially correct this effect.’? Likewise, the
so-called hybrid exchange-correlation functionals, which
have the common trend of mixing some Hartree-Fock ex-
change with either LDA or GGA exchange,?® seem to give
rather accurate optical’’*® and magnetic properties of
oxides. 342

The aim of the present paper is to obtain accurate values
for the defect formation and migration energies as well as an
accurate and converged study of the local geometry around
the F center, to determine its electronic structure and, finally,
the mobility (migration energy) of the single F centers in the
cubic phase of SrTiO; perovskite for both the bulk and the
TiO,-terminated (001) surface. To this end very large super-
cells are used coupled to two different implementations of
the DFT using either plane waves or localized atomic orbit-
als as basis sets. In Sec. II the computational details are
described. The main results are presented in Sec. III with
particular emphasis on the dependence of the calculated de-
fect properties, the supercell shape, and size. Finally, the in-
terpretation of existing experimental data and conclusions
are presented in Sec. IV.

II. COMPUTATIONAL DETAILS

The SrTiO; F centers were modeled by removing a single
O atom from the regular lattice site (Fig. 1). A periodic de-
fect model has been used with rather large supercells con-
taining between 40 and 320 atoms. A need in such large
supercells comes from recent studies, which show a consid-
erable dependence of vacancy formation energy and lattice
relaxation on the supercell size, or equivalently on the va-
cancy concentration.'®!” This is also in agreement with a
recent study on Fe impurity in SrTiO; suggesting that the
interaction of periodically repeated defects can be quite con-
siderable even for supercells containing 160 atoms.*> The
corresponding local geometry has been determined by total
energy minimization with respect to the coordinates of atoms
lying in spheres of increasing radius surrounding the vacancy
or all atoms in the supercell. Since the cubic phase is rel-
evant at room temperature, we will consider only this phase,
which is also easier computationally.

Two different sets of periodic DFT calculations have been
carried out. The first one employs a plane wave basis with a
cutoff in the kinetic energy of 415 eV, uses the PAW method
to represent the inner cores*** and the PW91 implemen-
tation*® of the GGA exchange-correlation functional. A
Monkhost-Pack*’ k-mesh was employed for the energy
evaluation with density ranging from 0.04 to 0.51 A~ (for
each case the actual k-point mesh is described in the tables).
The electronic structure was studied for the diamagnetic
closed shell state since spin-polarized calculations always
converged to the spin unpolarized solution.'3 This set of cal-
culations was carried out with the VASP code.*® Here, bulk
O-deficient structures were represented by supercells with
the following extensions of the primitive unit cell vectors:
2X2Xn with n=2-7; 3><3><n Wlth n=3,4,5; n\2><n\2
><n\2 with n=2,3; 2\3><2\3><2\3 and 4 X4 X 3. This
corresponds to the structures of SrTiO;_g with 6 ranging
from 4% to 0.7%. The minimal distance between periodi-
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FIG. 1. (Color online) (a) Unit cell of a cubic SrTiO5 with the F
center and two probable paths of the (110) and (001) (P1 and P2)
defect migration. (b) Description of a and B O-vacancy defect mi-
gration in bulk SrTiO; for asymmetric cells.

cally repeated defects in the bulk varies from 7.8 A in the
smallest supercell (40 atoms) to 16.6 A (270 atoms) for the
largest structure. The main advantage of the VASP computa-
tional code is that, upon vacancy creation, it allows one to
carry out a very effectively complete lattice relaxation even
for large supercells. The scheme presented here is very simi-
lar to that employed to identify the structure of isolated va-
cancies in other oxides.”*° Finally, vacancy migration barri-
ers were calculated as the difference of the total energies for
the defect in its equilibrium position and at the saddle point,
which is obtained by imposing symmetry constraints as done
for other metal oxides.’ In both cases, all supercell atoms
were relaxed.

The second set of DFT calculations makes use of local-
ized Gaussian-type basis sets and effective core potentials
similar to those broadly used in molecular quantum chemis-
try; the total energy is computed through the hybrid B3PW
exchange-correlation functional.® These calculations have
been carried out by means of the CRYSTAL-03 code.’! The
basis sets for Sr and Ti were optimized using small core
Hay-Wadt pseudopotentials,’? i.e., HWSC-311(sp)-1(d) and
HWSC-411(sp)-311(d), respectively, whereas the O atoms
were described by the all-electron basis set 8(s)-411(sp)-
1(d).>® Moreover, a partial reoptimization of the outermost
shells of all basis sets mentioned above has been carried out
using the PAROPTIMIZE code>* interfaced with CRYSTAL-03.
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For the study of vacancies in this system, a “ghost” basis set
was employed. This means that although the atom is re-
moved, its basis set is left behind; this technique facilitates
the correct description of the electron distribution within the
vacancy. Ghost basis sets have been successfully employed
for the surface F centers on MgO substrate® and allows for
an easy characterization of excited states related to the
trapped electrons.?-?? To retain cubic symmetry and reduce
computational time, this ghost basis set was centered on the
core of a missing atom. This does not affect the results ob-
tained. Within this scheme, three types of bulk supercells, all
containing a single F center, were considered. These are
simple cubic superlattices with the 2 X2 X2 and 4 X4 X4
expansions of the unit cell (and thus containing 40 and 320
atoms, respectively); fcc supercells with 80 and 270 atoms
and, finally, a bee superlattice with 160 atoms. The distance
between periodically repeated defects varies from 7.8 A for
the smallest supercell (40 atoms) to 15.62 A (320 atoms) in
the largest system.

For the simulation of the SrTiO5(001) surface containing
the F center on the TiO,-terminated surface, PW91 and
B3PW calculations have been carried out for the 120- and
27(_)—at0m_ supercells, wi_th surface translation vectors of
2y2X2\2 and 3\E>< 342 extensions, as well as three unit
cells (i.e., six atomic planes) along the z direction perpen-
dicular to the surface, respectively, leading to a total defect
concentrations ranging from 1.4% to 0.6%. The minimal dis-
tance between the surface defects is 11.1 A for the 120-atom
supercell and 16.6 A for the 270-atom one.

III. RESULTS AND DISCUSSION

The basic properties of a perfect cubic SrTiO; bulk and
the (001) surface predicted by the DFT methods discussed
above have been already reported'>!4>3 and therefore will
only be summarized here. The lattice constant, a,, bulk
modulus, B, as well as elastic constants, ¢, c|, and c4q, are
close enough to the experimental values in either PW91 or
B3PW DFT calculations. However, the electronic structure,
and in particular the band gap, is very sensitive to the par-
ticular method chosen. The PWO91 predicted optical band gap
is 2.6 eV, or 0.7 eV lower than the experimental one as ex-
pected from previous work.3®3 A considerable improvement
with respect to the experimental band gap is obtained with
the B3PW hybrid functional yielding 3.6 eV vs an experi-
mental value of 3.3 eV.!333 The nature of the chemical bond
predicted by the two DFT methods is similar. Effective
atomic charges can be obtained by a variety of quite different
methods. For instance, the topological charges arising from
the Bader analysis®® applied to the PW91 density’’ are
—1.2¢(0), +2.0e(Ti), and +1.6e(Sr). The atomic charges aris-
ing from the standard Mulliken population analysis applied
to the B3PW density are —1.42¢(0), +2.35¢(Ti), and
+1.85¢(Sr).>* Despite a certain numerical difference, these
two population analyses are qualitatively similar and both
predict a considerable covalency for the Ti-O bond. Recently,
an analysis of the effective charges making minimum as-
sumptions and based on the Wannier-type atomic functions
has been suggested.’®° This analysis applied to the B3PW
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TABLE II. PW91 calculated distances between O vacancy and the nearest Ti, Sr, and O ions (in A) as
well as its change (in %) of the bulk lattice constant a, and the corresponding O vacancy formation energy
for a series of supercells using the k-point mesh 2X2X2. The displacements caused by increasing the
number of cells along the z, i.e., the (001) direction are marked in bold.

Atom Ideal bulk 2X2X2 2X2X1T 3X3X3 3X3X4 3X3X5 4X4X3
Ti 1.961 2.026 2.137 2.103 2.102 2.095 2.099
1.67% 4.51% 3.63% 3.60% 3.43% 3.56%
(6] 2.773 2.690 2.623 2.579 2.578 2.574 2.586
-2.12% -3.85% -4.93% -4.95% -5.07% —4.79%
Sr 2773 2.841 2.865 2.864 2.873 2.873 2.876
1.72% 2.36% 2.32% 2.54% 2.55% 2.64%
E°™(F) (eV) 8.94 8.13 7.89 7.61 7.43 7.65

To obtain the vacancy formation energy at the infinite
dilution limit, we have started from the commonly employed
2 X2 X2 supercell (40 atoms) corresponding to a vacancy
formation energy of 8.56 eV and then enlarged it along the z
direction (Ti-O-Ti). The structures being 2 X2 Xn with n
=2 up to 7. This enlargement gives extra stabilization energy
of 0.5 eV for the vacancy formation. Second, we have en-
larged the supercell on the xy plane normal to the Ti-O axis.
The x,y expansions go from 2X2 to 4X4 and lead to
~1 eV additional reduction of the formation energy. How-
ever, the convergence of the vacancy formation energy to the
value of infinite dilution is complex and very large supercells
are needed both in the x, y, and z directions (Table I). This is
in complete agreement with the recent work of Buban et al.'’
This finding has important consequences since it implies that
most of the results reported previously for small supercells
containing 40 or 80 atoms are far from being converged to
the value at infinite dilution. Probably, even the present re-
sults for 320 atom supercells are not completely converged
for the isolated single vacancy. Likewise, if one considers
that about seven cells are needed along the z-direction super-
cells, more extended supercells along the x,y directions (by
4 X4 or more) are needed to achieve convergence. In addi-
tion, careful k-point sampling is needed to obtain converged
results as can be seen from the comparison between two
different point samplings applied to nXn X4 and n Xn X5
supercells (Table 1), large k-point meshes can reduce the cal-
culated vacancy formation energies by 0.4 eV. Extrapolation
of the present systematic PWO91 values suggests that 7.2 eV
is a reasonable estimate for the vacancy formation energy at
very low vacancy concentrations. The large increase of the
formation energy with respect to the defect concentration
seems to be coherent with the experimental indication that
above a given vacancy concentration it might be impossible
to homogeneously reduce single SrTiO; crystals and charac-
terize them in terms of standard point defect chemistry.®!

The strong coupling between the defect formation energy
and the local lattice geometry has already been seen earlier
for other covalent oxides.>® For StTiOs, atomic relaxation
extends up to large distances, especially along the z axis
(Ti-O-Ti chain). For example, for the 2X2 X2 supercell
(Table II), the distance between the neighboring Ti ions and
the vacancy center is 0.06 A larger than that of the Ti-O

distance in the perfect structure. However, when the cell is
enlarged up to 2X2 X7, this distance is increased up to
0.18 A. Including the second nearest O neighbors relaxation,
the O-O distance, which in the regular structure is 2.77 A,
after vacancy formation is reduced so that the O-Vq [Vg
stands for the missing atom as shown in Fig. 1(a)] distance
becomes 2.69 A for the 2X2 X2 supercell, 2.62 A for the
2 X2 X7 one, and even 2.58 A for the largest, 4 X 4 X 3 case.
As a result, for the largest supercell the change of the Ti-
V distance is about 3.5%ay (Table II), comparable to that
found for the Sr ions, but smaller than the O inward relax-
ation (4.8%ay).

B. Energy barriers for F-center migration

The energy barriers for the defect migration were esti-
mated by placing the migrating oxygen atom at the saddle
point in the plane perpendicular to the line connecting the
initial and final O sites [Fig. 1(a)]. While the coordinates of
migrating O atom were constrained to lie in this symmetry
plane, the rest atoms were allowed to relax. Two different
paths can be described depending on the planes where the
migrating O atom is moving; these are either TiO planes
(hereafter path 1) or SrO plane (path 2) schematically de-
picted in Fig. 1(a).

The present calculations carried out for the 2 X2 X4,
2X2X5,2X2X6,2X2X7,3X3X3,and 3 X3 X4 super-
cells predict that the migration in the SrO planes (path 2) is
highly hindered with calculated energy barriers of ~2 eV.
Consequently, the paths along (001), (100), and (010) direc-
tions will not be accessible at room temperatures. For path 1,
the calculated barriers at infinite dilution are much
smaller (Table III). Unfortunately, migration modeling for
the 4 X 4 X 4 and larger supercells could not be accomplished
due to the enormous computational cost. For the infinite di-
lution limit represented by the 3 X3 X3 and 3 X3 X 4 super-
cells, the barriers are close to 0.4 eV, but again, the calcu-
lated activation energy depends on both the supercell size
and shape. This is because, similarly to the equilibrium state,
the atomic relaxations around the interstitial O ion in the
saddle point during the hop towards a vacancy are quite con-
siderable (0.1-0.3 A) and extend up to a very long range.
However, care must be taken since although all these (110),
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TABLE III. PW91 calculated activation energies E, for the dif-
fusion along (110), (101), and (011) directions, see Fig. 1(b). %
stands for the defect concentration. For totally symmetric super-

cells, E(aB)=E (Ba)=E,(BB).

Supercell 40 80 135 180
Extension 2X2X2 2X2X4 3X3X3 3X3X4
k mesh 4X4X4 4X4X2 3X3X3 3X3X2
% 4.2 2.1 1.2 0.9
E (aB)/E,(Ba) (eV) 0.61 0.55/0.35 0.41 0.53/0.40
E,(BB) (eV) 0.70 0.42

(011), and (110) different migration directions belonging to
path 1 would be equivalent at infinite dilution, they are not at
finite concentrations and/or for nonsymmetric unit cells sim-
ply because the symmetry is lost. The calculated migration
energy barriers are then split into two different subcatego-
ries: i.e., (011) and (101) appear to be equivalents in the
present supercells but migration along (110) is different [Fig.
1(b)]. This is a clear evidence by the summary of results in
Table III: the larger is the vacancy concentration the larger
the migration barrier. In particular, for very small unit cells,
an energy barrier of 0.7 eV along one of the directions is
found.

In order to have an estimate of the influence of the
exchange-correlation functional on the calculated migration
barriers, the superstructures for the O vacancy migration
were used as external inputs for B3PW single-point frozen
geometry CRYSTAL calculations. For the 80-atom supercell

. A~ ~ I~ . . .
corresponding to a 2v2 X2y2 X 2y2 extension, this gives a
(110) migration barrier of 0.62 eV, which is comparable to
the VASP-PWO1 value. These concentration effects are related
to the possibility of nanoengineering sequences of fully oxi-
dized and oxygen depleted SrTiO; layers that has been re-
cently reported.'® Finally, it is worth pointing out that the
present infinite dilution energy barrier is smaller than the one
detected experimentally for the migration in the bulk
(0.86 eV).!'” However, special care must be taken when com-
paring to experiment since that was performed at high tem-
perature and under such conditions the F centers already
released their electrons to the conduction band.!” This is con-
sistent with the semiempirical shell model calculations for
the empty oxygen vacancy in a SrTiO5 cubic crystal, which
predict the migration barrier of 0.76 eV, closer to
experiment.?8

C. Electronic structure of O-deficient SrTiO;

The defect-defect interaction in the supercell model is
clearly seen when analyzing the calculations carried out with
a localized basis set. Therefore, most of the discussion in this
section corresponds to the results obtained with the B3PW
method. Let us recall that this method predicts a very rea-
sonable estimate of the optical band gap whereas the PW91
method (and in general all GGA methods) predicts a signifi-
cantly underestimated value of 2.1 eV for this measurable
quantity and hence it is very likely that the electronic struc-
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ture related to the oxygen vacancy will be qualitatively
wrong.

The redistribution of the B3PW electronic density due to
the vacancy formation is plotted in Fig. 3 for the 160 and 320
atom supercells. When forming the O vacancy, the two elec-
trons associated with a removed O atom are mainly localized
on the 3d(z%) orbitals of the two neighboring titanium ions
(well-localized charge redistribution is limited by +1.5q; in
the z direction), thus making the largest contribution to the
defect band shown in Fig. 4. This is in agreement with the
most of previous ab initio calculations'>>2® but is in contra-
diction with the recent study of Buban et al.'® This latter
point will be further discussed in Sec. IV. Table IV and Fig.
4 show that the width (dispersion) of the defect band for
commonly used 40-atomic supercells is 0.41 eV and remains
still large, 0.23 eV, for 135-atomic supercell corresponding
to the F-F distances of 7.8 A to 11.71 A. This shows that
defects are still interacting laterally along the x,y directions
and that this interaction has a marked electronic character; it
is not only a result of the strong geometry relaxation induced
by the presence of the oxygen vacancy.

The energy band corresponding to the F center is split off
the conduction band. We calculated its depth relatively to the
bottom of the conduction band at the I" point of the Brillouin
zone (Fig. 4). In the limit of the isolated single defect, the
defect band has to transform into an energy level. The defect
ionization energy (5e£b_gap in Fig. 4) is reduced from 1.11 eV
(40 atom) down to 0.72 eV (135 atom), respectively. Last,
for the 270 and 320 atom supercells, the defect band indeed
is degenerated into the energy level, which is separated from
the conduction band bottom by 0.49 eV. Negligible disper-
sion of the defect band for 270- and 320-atom supercells
(0.02 and 0.03 eV, respectively) means that the defect-defect
interaction is practically eliminated, thus approaching the de-
sired isolated single F center limit.

The estimated ionization energy of 0.5 eV is in a sharp
contrast with the order-of-magnitude larger values observed
for the F centers in ionic oxides’ but still much larger than
the experimental estimate based on conductivity measure-
ments, i.e., 0.03 eV.?” The discrepancy with experiments
could be due to several reasons: (i) experimental estimates
are based on indirect conductivity measurements, (ii) O va-
cancies effectively aggregate, (iii) experimentalists estimate
in fact the thermal ionization energy of the F center which is
typically smaller than difference of one-electron energies in
our case, (iv) the band gap in our hybrid linear combination
of atomic orbitals (LCAO) calculations is state-of-the-art
value but still exceeds the experimental value by 0.3 eV
which could be crucial in this case: corrected position of the
F center level could be as small as 0.2 eV.

A more reliable characterization of the F center and
whether it is shallow or deep is provided by the analysis of
its wave function localization. As we discussed above, the
present calculations for the largest supercell of 320 atoms
[Fig. 3(b)] clearly show that the F center density is well
localized on the vacancy and the two nearest Ti ions. This is
in contrast with an earlier conclusion made in the LDA plane
wave calculations for 320-atom supercells.'” The differences
arise very likely from the large band gap underestimation by
the LDA and its trend to excessively delocalize the electron
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Sr @0 @T1i [ Ovacancy

FIG. 3. (Color online) The B3PW calculated (110) cross section of the difference electron density maps Ap(r) for two different supercells
containing a single oxygen vacancy: (a) 160-atomic bee cell; (b) 320-atomic sc cell. Ap(r) is defined as the total density in the perfect
SrTiO3z bulk minus the sum of the electron densities for the isolated oxygen atoms and those of the defective SrTiO;. Dash-dot (black)
isolines correspond to the zero level. Dotted (blue) isolines stand for an decrease in Ap(r) and solid (red) lines for a increase.

density.#06263 The lattice relaxation using complete optimi-
zation of supercell structure can affect the LCAO defect
bandwidth and its position with respect to the conduction
band bottom. The localization of the electrons on titanium
ions is consistent with photoemission studies on the surface
of SrTiO5, which indicate the presence of Ti** ions when
surface defects are created under Ar* ion bombardment.®
Next, it is worth analyzing also the PW91 electronic
structure even, as mentioned above, the systematic underes-
timate of the band gap implies several difficulties in the de-
scription of the electronic structure of defective SrTiOs.
Nevertheless, to get some insight in the problem, we have
analyzed the total density of states (DOS) and the atom-
projected DOS of different O-deficient structures for the per-
fect structure and for two different O-vacancy concentra-
tions, namely 4.0% and 0.7%; results are displayed in Fig. 5.
The projected DOS shows that the contribution of the two Ti
atoms, which are the first neighbors to the vacancy, to the

= ~—_| defect
band

Energy (eV)

top of
valence

band

0.0

r X M r R X

lower part of the conduction band depends strongly on the
overall vacancy concentration. For a high O-vacancy concen-
tration, the bottom conduction band (CB) has a large contri-
bution from these two Ti atoms showing a rather strong in-
teraction between them, this is not the case for the diluted
system. For the former case, a wideband is seen with contri-
butions mainly from the two Ti atoms nearest to the oxygen
vacancy. This is a very strong band close to the bottom of the
conduction band. As can be seen from Table II, the high
vacancy concentration in the 2 X2 X2 supercell induces a
rather short Ti-Ti distance as compared to the 3 X3 X5 su-
percell. In the latter case, the Ti-Ti distance is elongated by
0.08 A thus explaining the weaker F-F interaction found in
the projected DOS. For the lower vacancy concentration, the
levels produced by the Ti atoms in the neighborhood of the
vacancy appear already inside the conduction band. Both be-
haviors have been described before (isolated impurity state
and states inside the band gap). As stated above, one cannot

| defect
band

Energy (eV)

top of
00 7] valence

% — —————— band

F

FIG. 4. (Color online) The B3PW band structure of a single F center per sc supercell containing (a) 40 atoms and (b) 135 atoms.
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TABLE IV. Dependence of the F center energy level position
with respect to the conduction band (Asdrb_gap in Fig. 4), its disper-
sion (& gp.gqp)> and the distance between nearest F' centers (dp.p) as
a function of the supercell size used in the CRYSTAL-B3PW calcu-
lations with 2 X2 X 2 k mesh. The defect level position is calculated
at the I" point of the first Brillouin zone.

d]: F Asdb gap (Ssdb gap

Supercell Extension Lattice type (A) (eV) (eV)
40 2X2X2 sc 7805 1.108  0.41
80  2\2x2\2x2\2 fce 11.04 0.692  0.15
135 3X3X3 sc 11,71 0721 023
160 2\3x2\3x2\3 bee 1352 0572 0.09
270 3V2x3\2x3\2 fec 1656 0493  0.02
320 4x4x4 sc 1561 0487  0.03

enter very deep into this discussion because of the limitations
of the PWO1 functional. In any case, the displacement of the
band with the concentration seems an important, physically
meaningful effect.

D. The F centers on the (001) TiO,-terminated surface

The atomic and electronic structure of surface F centers is
practically unknown. We mentioned already two theoretical
papers which dealt with the analysis of the F centers on the
TiO,-terminated SrTiO3(001) surface: one of them was
based on semiempirical Intermediate Neglect of Differential
Overlap (INDO) calculations®' and another one on GGA and
LDA+U slab calculations.’? In both papers, the structure of
the F centers was studied for very high defect concentra-
tions. It has been shown in the previous sections that the
results for low defect concentrations in bulk might be signifi-
cantly different from those corresponding to the infinite di-

DOS-LDOS total
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Iution limit. Moreover, it is very likely that in the
calculations®*3! both lattice relaxation and vacancy forma-
tion energies are not converged to the infinite dilution limit
and no surface defect migration energies were presented. In
the present work, we have studied the surface F' centers on
the TiO,-terminated unreconstructed (001) surface. This
choice is motivated by its abundance at normal air pressures
and its common nature for all titanium perovskites. A sto-
ichiometric slab containing six atomic TiO, and SrO planes
has been chosen as a material model.

The formation energy for relaxed (unrelaxed) surface oxy-
gen vacancies was found to be 6.22 eV (8.86 eV) and
5.94 eV (8.81 eV) for 120-atom and 270-atom supercells,
respectively. Again, one must be aware of the fact that the
present values might not be completely converged to the in-
finite dilution limit. This surface vacancy formation energy
could be compared to the 7.73 eV and 7.17 eV formation
energies for the relaxed F* centers in the bulk, calculated for
the bulk supercells M2 Xn\2 X n\2, n=2,3, with similar
interdefect distances along the z axis. The conclusion could
be drawn that the defect formation energy on the TiO,-term-
inated surface is considerably smaller than in the bulk; it is
roughly reduced by ~1.5 eV or ~20-25 %. This is similar
to what has been obtained for other oxides and it is due to the
reduced coordination at the surface.”%> The relaxation of the
atoms nearest to the vacancy and in the Ti-O-Ti surface chain
is reported in Table V. The Ti and O nearest neighbors of the
vacancy are displaced by ~7%a, and 4 % a, respectively.
The former displacements exceed by a factor of two those in
the bulk and result from the half coordination sphere left
when the surface is formed. Unlike the bulk, where atoms
move towards and outwards O vacancy, on the surface direc-
tion of atomic displacements is more complicated (Table V).
A well-pronounced strong anisotropy in the atomic displace-
ments along the Ti-V-Ti axis is clearly observed. Atomic
displacements in the smaller supercell show a nonmonotonic

DOS-LDOS neighbouring Ti
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FIG. 6. (Color online) The B3PW (100) cross section of the S n | 8 z !
difference electron density map Ap(r) for the 120-atomic slab su- :§ X %’_ 8 <+ X © P P §
00N 1P Aplr D255 2982808882
percell (242X 242X 3 extension) with a surface oxygen vacancy. 2 -l 9| 3 T ¥ o St —-cS—=9F
See caption of Fig. 3 for an explanation. % l(>\<]
'—5' = E
, , 5 |3
decay with the distance from the vacancy (e.g., surface oxy- 3 z &
gen atom separated from a vacancy by 2a,), which is caused = =73
. = —
by the interference effects on the border of the nearest super- £ szl Tadaaaad
cells and demonstrates that this supercell is not big enough to o E = z
avoid defect-defect interactions. 2 = £
To estimate the barrier for the F center migration on the :g S Z
surface, we followed the same procedure as for the bulk g ;5- 2
(Sec. III B). The calculated activation energy for defect mi- 5 « % é =
gration for the two supercells of 120 and 270 atoms is 0.19 e 2 3 c.; T2ETISESAR
and 0.11 eV, respectively. This demonstrates that (i) an in- 3 g % | TOe T oS e
crease of the distance between defects reduces the migration Lg 20 |
energy (due to reduced repulsion energy between periodi- @
cally distributed defects), and (ii) compared to the bulk mi- O 212 ylagzdIz=gan
gration, defect migration energy on the perovskite surface is ; g = IS ST T TS56®
largely reduced. This is in a line with the recent calculations - pi 8 3 «
of the F center migration on the MgO surface® where the S g 2 Riy|locolocococoocoo
activation energy was obtained also considerably smaller 2 = § z :
than in the bulk. High vacancy mobility on the TiO, surface 5 Lé, a8 . &8~ cnS8 oo
at room temperature could partially explain the difficulties in g= SlA T8 T S g%
the scanning tunneling microscopy (STM) study of the S Lff, =
SrTiO; surface.' In addition, high vacancy mobility makes &' S| 5
the surface reconstruction easier seen in the experiments. = £ R
With respect to the electronic structure of the surface, Fig. 3‘5) g % ; 8
6 presents the rearrangement of the electronic density upon s = 3 g gl ==
vacancy formation at the TiO,-terminated (001) surface. The g § 58 @
. . . S O ESERS
dzﬁ‘erenrce electronic density map for the surface F’ center on = E
the 2y2X2y2X 3 slab shows that the electronic density = 2 Z.
around it is more delocalized than that corresponding to the ‘Qa) o0 © NSOV 0N
. 36 5} s o0 O <t <t 0 © <t 0 ©
bulk F center. The calculated Bader effective charges”® of the ° g | B dRIoFTBI
two nearest Ti atoms give an electronic density increase of 5 S o S MRS U
0.4e per atom, whereas the rest of the missing O charge is = g g2 -
spread in the vicinity of the vacancy (Fig. 6). Last, Fig. 7 g g ;§ £ . | ccBecocccococooo
. . . I - = (=
shows that the defect ionization energy Ae,, ,,, of the sur- g = g = —
face F center is almost tw1c.e as s.mall. (O.2§ eV) than tha.t in .§ - ES5Y Tooxmow
the bulk (0.4.9 eV). Its dlsperspn is still not negllglb}g g2 EEEEEEEE RS-
(0.14 eV), being comparable with that for the bulk 22 = § —— =M owvwn- oo
= = [3}
X 2y2 X 242 supercell (0.15 eV). o o
tc;|sssgzEysEEsy
2k ZEE|ARREETRREIR A
IV. CONCLUSIONS >'§ . § ceSTooomnoee
m c: g
The main conclusions of the present calculations regard- B X 3 FOOOOQOOKEQOOOKEO
ing the stability, migration, and the electronic structure of ﬁl‘:%
bulk and surface F centers of SrTiO; can be summarized as X Z|—~—aotnmorwoaZDd

follows.
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FIG. 7. (Color online) The B3PW band structure of the (001)
surface of a cubic SrTiOj crystal containing the F' center in 120-
atomic supercell. See caption of Fig. 4 for an explanation.

(1) Large bulk supercells containing at least 270 atoms are
required to obtain converged results for the lattice relaxation,
vacancy formation energies and the electronic properties of
oxygen vacancies in SrTiOj. This suggests revising the re-
sults obtained earlier using much smaller supercells. Note
that the use of noncubic fcc supercells allows one to enlarge
the distance between the nearest defects as compared to cu-
bic sc supercells (cf. 4.21a, and 4.00a, for 270- and 320-
atom supercells, respectively). This is most important for de-
fects with anisotropic lattice relaxation, like the F' centers
studied in the present work, where interdefect distance along
the z axis in the Ti-O-Ti direction should be as large as
possible. However, such supercells are less useful for evalu-
ation of the vacancy migration energies, since the initial and
final atomic positions lie in the two chains that are perpen-
dicular to each other [Fig. 1(b)]. In any case, the calculated
vacancy formation energy is highly dependent on the defect
concentration. On the surface, the vacancy formation energy
is by ~1.5 eV smaller due to the reduced atomic coordina-
tion.

(2) The migration energy also strongly depends on the
supercell size and shape, due to variation in lattice distortion
in the ground and especially in the saddle point. An approxi-
mation to the value extrapolated to the single defect limit is
0.4 eV, which is smaller than the experimental estimate of
0.86 eV.!7 This discrepancy could arise due to the fact that
experimental value refers to the empty (F>*) charged va-
cancy without electrons. Resolving this problem would re-
quire to carry out first principles calculations for the charged
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vacancy migration. However, this is not a simple task be-
cause of the long-range Coulomb interaction between the
charged defects. Last, the migration energy for the surface F
center is predicted to be as small as 0.1-0.2 eV. This means
that defects play an important role in surface-related pro-
cesses.

(3) The present B3PW hybrid calculations show forma-
tion of the F center defect band below the conduction band
bottom, which is mainly composed of 3d(z?) orbitals of the
two nearest Ti ions. These orbitals are considerably mixed
with the s-type orbitals centered at the vacancy. This is also
confirmed by the electron charge redistributions drawn for
the two different defect concentrations shown in Fig. 3. Both
Ti ions give equal contributions to the F center density. To
get more accurate position of the defect level with respect to
the conduction band bottom, large-scale structure optimiza-
tion of the 320-atom supercells within the LCAO implemen-
tation of this functional would be necessary. This is beyond
our current computational facilities.

(4) The single F center is a small-radius defect. This is
qualitatively similar to that found for the same defect in
other perovskites such as BaTiO;, PbTiO;, and KNbO;
(Refs. 25 and 66) although those have been studied for much
higher defect concentrations. The surface F center is pre-
dicted to be more delocalized than that in bulk. This is in
agreement with previous findings for ionic oxides such as
MgO (Ref. 7) or Al,O5 (Ref. 9) and results from the reduced
Madelung potential and atomic coordination at the surface.
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