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Abstract. The structural and electronic properties of the neutral and positively charged oxygen vacancies
(F and F* centres) in the bulk and on the (001) surfaces of SrTiOs crystal are examined within the
hybrid Hartree-Fock and density functional theory (HF-DFT) method based upon the linear combination
of atomic orbital (LCAO) approach. A comparison of the formation energy for surface and bulk defects
indicates a perceptible propensity for the segregation of neutral and charged vacancies to both SrO and
TiO2 surface terminations with a preference in the latter case which is important for interpretation of
space charge effects at ceramic interfaces. It is found that the vacancies reveal more shallow energy levels
in the band gap on surfaces rather than in the bulk, in particular, on the TiOs surface. The charged F'*
centre has significantly deeper energy levels both in bulk and on the surfaces, as compared with the neutral

F centre.

PACS. 61.72.jd Vacancies — 71.15.Ap Basis sets and related methodology — 61.72.jn Color centers

1 Introduction

ABOj perovskite-type oxides comprise a broad family of
crystalline materials with a rich spectrum of technologi-
cally appealing properties. Sr'TiO3 crystal deserves partic-
ular attention as a representative model for the wide class
of large bandgap perovskites. At room temperature and
under ambient conditions, SrTiO3 adopts a cubic struc-
ture which undergoes a phase transition to a tetragonal
phase below 105 K [1]. Doped oxide materials with the ap-
titude to tolerate oxygen deficiencies have numerous func-
tional applications such as gas sensors, solid oxide fuel
cells, permeation membranes, electrochemical and mem-
ory devices [2,3]. Oxygen vacancies, being very important
structure elements in real (often nonstoichiometric) per-
ovskites, play a prominent role in a number of phenom-
ena. Deliberate variation of oxygen content allows one to
modify SrTiO3 not only from an n-type conductor (at low
oxygen partial pressure) to p-type (at high pressure) or
even a superconducting state, but also from an electronic
to an ionic conductor. Oxygen vacancies are also believed
to be a crucial factor in trapping electrons causing the
highly undesirable leakage current in microelectronic de-
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vices such as, e.g., the dynamic random access memory
capacitors [4].

Recent first-principles calculations have provided very
useful information about the atomic and electronic struc-
ture, chemical bonding and covalency effects for nonde-
fective bulk [5-7] and surfaces of SrTiOg [8-11]. It has
been shown, e.g., that the (001) surfaces (SrO- and TiO2-
terminated) are preferable over the polar (011) surfaces
(Sr-, O- and TiO-terminated) [11], whereas the TiO4 facet
is very close in formation energy to the SrO surface [10].
It has been also revealed that there is a considerable in-
crease in the Ti-O chemical bond covalency near surfaces
what should affect the properties of surface defects and
adsorption phenomena.

Compared with bulk defects, the properties of oxy-
gen vacancies at surfaces have received little attention so
far. The properties of neutral oxygen vacancy with two
trapped electrons known as a F' centre is relatively well un-
derstood owing to a series of mostly DFT studies [12-18].
Despite the recent DFT modelling of the oxygen-deficient
TiOs-terminated surface [15], which predicted vacancy
segregation to the surface with an 1.5 eV energy gain,
the understanding of the surface F' centre is still scarce.
Thus, it is important to compare the formation energies of
the F' centre on both SrO and TiO, surfaces, in order to
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find out which termination facilitates the segregation pro-
cess most. Understanding of defect segregation is a key
for analysis of space charge effects at ceramic interfaces
including grain boundaries. Another important question
of the I’ centre energy level position in the band gap has
not been addressed yet due to the well-known systematic
underestimate of the band gap within the DFT method
and thus misplacing the F' centre level relative to the con-
duction band. Thirdly, the properties of charged oxygen
vacancies and its impact on the functionality of semicon-
ductor devices have recently attracted increasing atten-
tion [14,19-21]. However, the electronic properties of the
vacancy with a single electron (F* centre) in SrTiO3 and
their relation to those of neutral vacancy have not been
considered so far.

In this paper, we study both F and F'™ centres in the
bulk and on the SrO- and TiOz-terminated SrTiO3z (001)
surfaces. We mainly focus on a comparison of the elec-
tronic properties of surface and bulk vacancies, including
the defect level position, and the vacancy segregation en-
ergy from the bulk to the surfaces.

2 Computational details

The simulations were carried out in the framework of the
HF-DFT hybrid approach with the B3PW exchange-
correlation functional [22] using the LCAO-based CRYST-
ALO6 computer package [23]. This approach provides very
good agreement between theory and experiment for many
fundamental properties including the band gaps of per-
ovskites [6]. Since the use of a proper basis set is an es-
sential ingredient in the LCAO calculations, we used a
basis set previously optimized for SrTiOgs [6]. In order to
analyze properties of the oxygen vacancy, we employed a
“ghost” wave function which means that the basis set of
the removed oxygen atom is retained at the vacant site.
For the calculation of a free oxygen atom as a reference in
computing vacancy formation energy, we used an atomic
6-311 basis set. The Monkhorst-Pack [24] mesh of k-points
was adopted for the summation over the Brillouin zone.
The 2 x 2 x 2 k-points sampling for the bulk and the 3 x 3
mesh was used for surface calculations. The chosen compu-
tational scheme allowed us to obtain the lattice constant
ap = 3.892 A for SrTiO3 crystal which is in perfect agree-
ment with the experimental value extrapolated to O K
(3.89 A [25]), as well as the band gap of 3.6 eV vs. 3.3 eV
in experiment. The latter point is very important for the
correct placing of one-electron energy levels of the oxygen
vacancies within the band gap.

In defect modelling, we exploited a periodic supercell
approach [17]. For the bulk calculations, we considered
two different supercells with 80 and 160 atoms where the
latter, as alluded to below, is large enough to substantially
reduce the spurious interactions between defects in neigh-
boring cells. According to our simulations, the ground
state of the neutral F' centre is singlet, while the en-
ergy of triplet state for the relaxed 80-atom supercell is
0.12 eV higher. Modelling of the charged F'* centre were
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Fig. 1. Displacements of the vacancy-nearest atoms (three
closest atomic shells) due to the lattice distortion in SrTiOs
crystal with the neutral F' centre.

performed maintaining the neutrality of a cell by a replac-
ing Sr?* ion by a singly charged Rb* ion close in size. To
eliminate the effect of such artificial charge compensator
on the calculated Ft properties, we placed the Rb* ion
as far as 6.15 A away from the vacancy and found that
further moving it away changes the total energy by less
than 0.01 eV.

To model the surface F' centre, we treated SrO and
TiOs-terminated symmetrical slabs consisting of 7 stack-
ing SrO and TiOs planes and a 3 x 3 surface supercell
with an oxygen vacancy on opposite sides. This allowed
us to benefit from the higher symmetry due to the pres-
ence of a central mirror plane, while the treatment of an
asymmetrical 6-layer slab (SrO terminated on one side and
TiO; terminated on another one) with a proper cation sto-
ichiometry did not significantly affect our results. In order
to explore the charged F* centre on the surfaces and to
avoid non-negligible interactions between defects on op-
posite slab sides, we used a 6-layer slab with only one
vacancy on either SrO or TiO4 surface and a compensat-
ing Rb™ ion within the slab. Note that we used a cubic
lattice constant in all structure optimization calculations,
only lowering the point symmetry to the tetragonal.

3 Results and discussion

After performing a complete atomic structure optimiza-
tion, we determined the displacements of atoms around
the two types of oxygen vacancies (Tab. 1) and the direc-
tions of atomic displacements are schematically shown in
Figure 1. It is seen that for the neutral F' centre atomic dis-
placements are very small and become even smaller with
decreasing oxygen vacancy concentration, thus accounting
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Table 1. The displacements of atoms (in % of the lattice constant ag) nearest to the neutral bulk oxygen vacancy (F centre)
for supercells with 6.25% (80-atom) and 3.125% (160-atom) defect concentration (atomic displacements around the F't are
given in parentheses). N is the number of symmetrically equivalent atoms in each atomic shell around the vacancy (symmetry
decrease for F'™ leads to the shell splitting). Positive sign means displacement outward from a vacancy.

Unrelaxed Radial displacements
Atom distance Unrelaxed coordinates N  80-atom 160-atom
Ti ag/2 0 0 +ag/2 2 -1.21 —-0.96 (2.40)
(@) ao/\/2 +ag/2 0 +a9/2 8 -1.14 -1.05 (-1.59; —1.57)
0 :tao/Q :|:a0/2
Sr ao/\/2 tap/2 fag/2 0 4 0.92 0.25 (0.39; 0.43; 0.52)
(0] ag +ag 0 0 4 0.45 0.37 (0.30; 0.49)
0 +ap 0
(0] ag 0 0 +ag 2 0.40 0.58 (-0.36)

Table 2. Calculated defect energy level Ak, (eV) with re-
spect to the bottom of conduction band at the I" point of the
Brillouin zone, its dispersion deq, (eV), the Mulliken charge
q (e) of the vacancy and the formation energies Eform (€V)
of the bulk F and F' centres relative to atomic oxygen (see
explanation in the text), dr—p denotes the distance between
periodically repeated defects (A).

Supercell dr—r Relaxation Asgb 0cab ¢  Eform
80-atom (F) 11.01 wunrelaxed 0.84 0.13 1.28 9.17
relaxed 0.79 0.13 1.26 9.07
160-atom (F') 13.48 wunrelaxed 0.75 0.06 1.28 9.17
relaxed 0.77 0.06 1.26 9.06
160-atom (F+) 13.48 relaxed 1.20 0.05 0.82 8.41

for the obtained small relaxation energies (~0.1 eV). It
should be pointed out that our result is in contrast to
that obtained within the pure DFT plane-wave calcula-
tions [17] where the displacements of the nearest Ti atoms
were considerably larger and in the opposite direction
(outwards from a vacancy). This discrepancy is not sur-
prising in the light of the different electronic structure of
the F' centre predicted by the two methods: the hybrid
method predicts the classical neutral F' centre with two
electrons well localized inside the vacancy, whereas pure
DFT tends to largely delocalize the electron density, thus
leading in fact to a positively charged vacancy, which ob-
viously has a repulsive interaction with two surrounding
Ti cations. The relaxation around the F' centre differs
considerably from that of the F' centre (Tab. 1) and the
nearest Ti atoms displace outwards.

The band structure calculations show that the one-
electron energy levels of the occupied bulk F' and F'+ de-
fect bands lie below the bottom of conduction band (see
Tab. 2 and band structure of the F' centre in Fig. 2). It
is seen that the dispersions of these defect bands (deqp)
throughout the Brillouin zone are particularly small for
160-atom cell, demonstrating a weak interaction between
oxygen vacancies in neighboring supercells. One can rec-
ognize a noticeable difference in the defect level position
which is much deeper for the F'T centre, being in line with
the Green function method predictions for SrTiO3 [12] and
first-principles calculation results obtained for other tran-
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Fig. 2. (Color online) Band structure of the relaxed SrTiOs
crystal with a neutral F' centre in 80-atom supercell. The top
of valence band (VB) composed of O 2p states and the bottom
of conduction band (CB) composed of Ti 3d states are shown.
The vacancy band position with respect to the CB bottom
(Aely) and its dispersion (deq) are listed in Tables 2 (bulk)
and 4 (surface).

sition metal oxides [20]. The Mulliken population analysis
indicates that an electron charge of about ~1.3 e is lo-
calized at the vacancy site while the residual 0.7 e of the
missing O%~ ion is equally distributed among the two Ti
ions nearest to the neutral F' centre. Note that the differ-
ence between the two defect one-electron levels is consis-
tent with that calculated using the total energies of defect
states for the Franck-Condon (vertical) excitations [20].
Defect formation energies are computed as follows:

Efm«m(VO) = E(SI‘TiO3 : Vo) + FEo — E(SI‘TiOg)

where E(SrTiOs : Vo) and E(SrTiOg) are energies of su-
percells with and without the vacancy, respectively, Eo is
the energy of a free oxygen atom in its ground (triplet)
state. The obtained values are summarized in Table 2 for
the bulk and Table 4 for the surface vacancies. Regarding
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Table 3. Displacements of atoms nearest to the surface F' centre (% of ag): N is the number of symmetrically equivalent atoms
in each shell around the vacancy and M is the modulus of the displacements.

SrO termination

Atom N Az Ay Az M

Ti 1 0.00 0.00 0.74 0.74
Sr 4 0.58 0.58 -4.72 4.76
O 4 -0.17 0.00 270 2.71
@) 4 0.00 1.87 1.12 2.18
@) 1 0.00 0.00 -0.28 0.28
Ti 4 0.00 0.24 1.75 1.77

Table 4. The properties of surface vacancies (see Tab. 2 for ex-
planation of notation) obtained with an interdefect separation
of 11.7 A for fully relaxed structures.

Defect Surface Aegb OEap Etorm

F' centre SrO 0.27 0.02 8.04
TiO2 very shallow  — 7.62

F7 centre SrO 1.19 0.02 6.16
TiO2 0.81 0.002 4.87

the defect formation energies, we should point out that
this quantity for a charged state is a function of the elec-
tron chemical potential p. [26]. It has been shown for
the bulk case [14] that the creation of singly-charged oxy-
gen vacancy is energetically more favorable than the neu-
tral one for almost the entire range of admissible p.. The
stability of these two states alters only at high Fermi en-
ergy corresponding to the heavily n-type material.

Turning to the discussion of surface defects, we can see
on the example of the neutral F' centre that the atomic
displacements exhibit a more complex pattern because of
both defect incorporation and surface relaxation (Tab. 3).
This results in a larger perturbation area which spreads
over several coordination spheres. The calculated forma-
tion energies of the surface vacancies (Tab. 4) are consider-
ably smaller than in bulk. Such a strong propensity of the
oxygen vacancies for segregation from the bulk to the sur-
faces is consistent with previous DFT predictions obtained
for a > = 3(111)[101] grain boundary in SrTiO3 [27], as
well as for other perovskites [28].

Regarding the electronic properties, the surface F' cen-
tre turns out to be a much more shallow defect than that
in the bulk, however, this depends largely on the surface
termination. Thus, for the TiO4 surface, the defect level of
the F' centre nearly degenerate the conduction band bot-
tom and the surface becomes practically metallic. This is
accompanied by a considerable electron density delocal-
ization from the vacancy over the nearest ions.

The surface '+ centre is a deeper defect than the neu-
tral vacancy, similar to the situation in the bulk. Due to
the known high covalency of Ti—O chemical bond espe-
cially at the surface, the electron density of the charged
vacancy is well spread over the nearest Ti atoms resulting
in a mixed character of the defect band level. These re-
sults are fairly consistent with the conclusions drawn from
ultraviolet-photoemission spectroscopy measurements on

TiOs termination

Atom N Az Ay Az M

Ti 2 052 -192 -324 3.80
O 2 250 218 -0.28 3.33
Sr 1 000 -0.03 0.62 0.62
0] 2 1.06 034 -045 1.20
Sr 1000 -0.22 0.74 0.77
(0] 2 1.18 1.21 -047 1.75

reduced SrTiOg (001) surfaces indicating the coexistence
of both quite deep (1.2 eV below the bottom of the
CB [29]) and shallow [30] levels due to surface oxygen
vacancies.

Summing up, a comparative analysis of the atomic,
electronic and energetic properties of the F' and F'* cen-
tres in SrTiOsz shows that the charged oxygen vacancy
accommodates the peculiarities of having a stronger local
lattice relaxation, a deeper one-electron energy level and
considerably stronger propensity for the surface segrega-
tion. A common feature of both types of vacancies is the
more shallow energy levels when being on the surfaces,
particularly on TiOs termination; however, the effect is
less pronounced for the charged oxygen vacancy.

Authors are greatly indebted to G. Pacchioni, A. Shluger, Yu.
Zhukovskii, S. Piskunov and R. Merkle for many fruitful dis-
cussions. This study was partly supported by FP7 MATERA
project (EK).
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