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Structural and electronic properties of oxygen vacancies in cubic and antiferrodistortive
phases of SrTiO3
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The structural and electronic properties of oxygen vacancy (VO) defects in cubic and antiferrodistortive
~AFD! phases of bulk SrTiO3 are investigated using results from first principles pseudopotential calculations.
By systematically increasing the supercell size from 40 to 320 atoms, we show that large supercells are
necessary to investigate the structural energetics of this seemingly simple defect properly. With the increase in
the supercell size, the formation energy ofVO decreases by;1.3 eV due to long-ranged relaxations, and the
character of the defect wave function changes from a deep to a shallow level. Calculations indicate that
presence ofVO decreases the relative stability of the AFD phase over the cubic phase, consistent with recent
experimental results, which find a lowering of the AFD-cubic transition temperature in samples with higherVO

concentrations.
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The electronic properties of perovskite materials
heavily dominated by their oxygen content, as well as
donor- and acceptor-type impurities. Various mechanism
self-compensation of charge~such as transition metal va
lence changes! due to particularly oxygen vacancies allo
perovskite materials to possess a wide range of novel e
tronic and spin-dependent properties, such as highTc super-
conductivity, or colossal magnetoresistance effect. Amo
the various fundamentally and technologically important o
ides, SrTiO3 is a simple structural prototype for man
perovskites,1 in which the detailed investigation of nativ
and dopant defects can lay the theoretical groundwork
can be applied to structurally and chemically more comp
perovskite materials. In addition to being an exempla
model of the basic perovskite system, SrTiO3 displays a wide
range of physical and chemical properties such as super
ductivity, catalytic activity, ferroelectricity, and semicondu
tivity. Oxygen vacancies in SrTiO3 are known to act as ef
fective donors. Impurity doping and high temperatu
treatment in an environment where the partial pressure o2
can be varied, can change the material fromn- to p-type and
vice versa.2 As such, theoretical studies of point defects, p
ticularly oxygen vacancies, have merits of their own. Y
only recently have first principles methods been used
study point defects in SrTiO3.3–5 The aim of this paper is to
present detailed first principles calculations on the struct
and electronic properties of an important defect in SrTiO3,
the oxygen vacancyVO.

At room temperature, bulk SrTiO3 has a cubic symmetry
with a 5 atom unit cell. It is well known that at lower tem
peratures~below '105 K), SrTiO3 undergoes a structura
phase transition to a tetragonal phase.6 This so-called antifer-
rodistortive ~AFD! phase transition manifests itself by th
rotation of the TiO6 octahedra along one of the Cartesi
axes~taken here to be thez axis!. The sense of the rotatio
alternates from one 5-atom cubic unit cell to the neighbor
one in all Cartesian directions, resulting in a 10-atom u
cell. Recently,ab initio studies of this cubic to AFD finite
temperature phase transition have been performed by va
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groups.7 In addition, the influence of defects on the critic
temperatureTc of the phase transition has recently been st
ied experimentally.8 Previous theoretical studies usingab ini-
tio pseudopotentials with 40-atom supercells and class
interatomic potentials have hinted that the presence of o
gen vacancies could play an important role in destabiliz
the cubic phase.3 It was, however, noted thatab initio calcu-
lations with larger supercells were needed to investigate
defect-induced long-ranged structural changes in SrTiO3.

To gain more insight about the nature of the AFD a
cubic phases of SrTiO3 in relation to the presence of oxyge
vacancies, in this paper, we examine from first principles
structural energetics and electronic structure ofVO in its (0),
(1), and (21) charge states. We show, by systematica
increasing the system size, that large supercells are nece
to model this seemingly simple defect properly. In particul
the results obtained for the 320-atom supercell for the t
important characteristics,~i! the deep/shallow nature of th
defect state, and~ii ! the relative stability of the AFD phas
over the cubic phase, are completely opposite to those
tained for the 40-atom supercells. This finding is in agre
ment with the experimental observation thatTc of the phase
transition from AFD to cubic phase decreases as the con
tration of oxygen vacancies increases.

In our calculations we have used theab initio pseudopo-
tential total energy method with a plane wave basis in
supercell geometry.9 Ultrasoft pseudopotentials with a cuto
energy of 270 eV were used in calculations for four differe
sizes: 23232, 23234, 43432, and 43434 supercells
of 40, 80, 160, and 320 atoms, respectively. We usedq
52 Monkhorst–Pack grid for all supercells. All results r
ported in this paper correspond to calculations performe
the experimental lattice constant ofa53.905 Å. We also re-
peated a considerable number of the calculations at the
oretical value of 3.86 Å, and the impact of the lattice para
eter on the general results was found to be negligible.
used the Ceperley–Alder parametrization within the lo
spin density approximation, finding that spin polarization
fects are negligible forVO in bulk SrTiO3.
©2004 The American Physical Society02-1
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We first consider results for the 40-atom supercells. St
ing from either the bulk positions or the slightly distorte
random positions, we find that the system relaxes symm
cally around VO. As was shown in previous studies o
SrTiO3 and various other ABO3 perovskites,3,4 the symmet-
ric distortions, which we will refer to as the cubic phase, a
quite small. The two nearest-neighbor~nn! Ti atoms and four
nn Sr atoms relax away from the vacant site by;0.06 Å
~neutralVO), while the 8 nn oxygen atoms relax toward th
vacant site by;0.07 Å. These distortions increase in ma
nitude in going from the neutral to the (21) charge state,
where the distortions are found to be10.1, 10.13, and
20.15 Å, for Sr, Ti, and O nn, respectively. The directio
of the relaxations can be inferred from the electrostatic in
actions of atoms with formal ionic charges of Ti14, Sr21,
and O22, as was also noted forVO in PbTiO3.4

If the atoms in the vicinity of the vacant site are give
larger random distortions, the final relaxed structure for
neutral vacancy has a lower energy by 0.16 eV compare
the symmetric case presented above. The final structu
based on the AFD phase of SrTiO3 in the sense that the sam
structure is obtained by starting calculations from the
atom bulk AFD supercell and removing one of the rota
oxygens ~removing the oxygen from the O-Ti-O bon
aligned in the direction of the rotation axis results in a high
energy structure!. In our calculations on the 10-atom unit ce
of the bulk AFD phase, we find the rotation angle to be 5.
in close agreement with previous results of 4.7°7 and 6.9°.3

In addition, our calculated energy gain of 0.02 eV per 1
atom unit cell is close to the previously calculated values
0.013 and 0.02 eV, respectively. All calculations using
local density or generalized gradient approximatio
whether the calculations are done at the theoretical or exp
mental lattice constant and with or without including t
additional tetragonal strain along thez direction, find the
rotation angle to be 2.5 to 3 times larger than the experim
tal value of 2.1°, which has been attributed by Sai a
Vanderbilt to possible quantum fluctuations.7

The distortion amplitudes as a function of the shell ind
around neutralVO are plotted in the top panel of Fig. 1. Th
atom with the largest distortion of 0.16 Å is the oxygen ato
that lies on the opposite side of the vacant site with respec
the nn Ti atom, i.e. along theVO-Ti-O direction. The rotation
angle of the particular O atom is 12°, twice as large as
theoretical bulk rotation angle of 5.9°. In addition, if th
bulk AFD-cubic energy difference of 0.02 eV/cell is taken
the reference, in a defect supercell of 39 atoms and in
absence of any defect-induced electronic energy gain,
would expect the difference between cubic and AFD def
supercells to be approximately 0.08 eV. The actual calcula
energy difference of 0.16 eV between the total energies
defects in cubic and AFD phases shows that not only
rotation angle, but also the stability of the AFD phase o
the cubic phase is enhanced for 23232 supercells. Figure
2~a! shows the charge density contour plots of the defe
induced donor level in the@001# plane containingVO. The
defect wave function is strongly localized on the two Ti a
oms on either side of the vacant site, as was also observe
previous studies of SrTiO3 and related perovskites.3,4
18010
t-

ri-

e

r-

e
to
is

-
d

r

,

-
f

e
,
ri-

n-
d

x

to

e

e
ne
t
d

of
e
r

t-

in

In going from 40 to 80 atom (23234) supercells~where
the supercell is doubled along the rotation axis!, drastic
changes are observed in the structural and electronic pro
ties of VO in cubic and AFD phases. As seen in the seco
panel of Fig. 1, much larger relaxations in the second, th
sixth, and eighth nn O sublattice as well as the first nn
sublattice are observed in this case. Significant relaxati
(uDRu.0.05 Å) extend far from the vacant site up to th
sixteenth shell in the oxygen sublattice, while the rotati
angle of the O atom nearest the vacant site in the AFD ph
decreases down to 10°. This long-ranged inward relaxa
of the O sublattice cannot be accommodated in smaller c
In the cubic phase, slightly larger relaxations compared
AFD phase~with some near 0.35 Å! due toVO are observed,
but with a slightly shorter range up to the 8th nn. The def
wave function still behaves as a deep level localized near
two nn Ti atoms. These differences between the 40 and
atom supercells and between the AFD and cubic phases
sult in a lower formation energy forVO in the cubic phase by
;0.1 eV for 80 atom supercells, contrasting that observe
40 atom supercells.

In order to understand the size dependence of the st
tural energetics ofVO better, next we considered 43432
supercells of 160 atoms, i.e., doubling the unit cells in thexy
plane perpendicular to the AFD rotation axis. As seen in

FIG. 1. Atomic relaxation magnitudes around a neutralVO as a
function of the shell index from the vacant site for 40-, 80-, 16
and 320-atom supercell calculations. Only significant distortio
(uDRu.0.04 Å) are displayed. For the largest supercell, there
many atoms with small displacements extending far away from
vacant site. The dashed lines~blue in the online version! represent
distortions of Ti atoms, and Sr atoms~red in the online version! are
shown by arrows. The rest of the distortions~black! are those of O
atoms.
2-2
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third panel of Fig. 1, distortion amplitudes change consid
ably with respect to 40 and 80 atom supercells. Particula
the two nn Ti atoms as well as the two Ti atoms above th
in the Ti-VO-Ti direction ~7th shell! relax considerably. The
relaxations are quite long-ranged, involving significant d
tortions in the Sr atoms in the 14th shell and O sublattice
far away as the 23rd shell. This long-ranged relaxation p
tern results inVO formation energies dropping significant
by ;0.8 eV, and the relative stability ofVO in AFD and
cubic phases gets reversed again withVO vacancies in the
AFD being more favorable by 0.15 eV. In addition, the d
fect now behaves more like a shallow level, as eviden
from the spread of the defect wave function over almost
entire supercell in thexy plane, as well as the close proximit
of the defect-induced level in the eigenvalue spectrum to
conduction band minimum.

From the lessons learned in 80 and 160 atom superc
we therefore conclude that at least a 43434 supercell of
320 atoms is needed to describe the structural energetics
singleVO in SrTiO3 accurately. The bottom panel of Fig.
shows the significant distortion amplitudes (uDRu.0.04 Å)
due to an oxygen vacancy in a 320-atom SrTiO3 supercell.
Extending the supercell in both thexy plane and along thez
axis results in some of the significant distortions averag
out. Hence, although 160-atom supercell seems to hav
longer-ranged pattern, and some of the distortions in 80-a
supercells are larger compared to the largest supercell
actual pattern of the relaxations for 320-atom supercell
relatively complex with many small distortions, not shown
Fig. 1, contributing to the pattern. In addition to the lon
ranged relaxations in the O sublattice, the distortions in
Ti and Sr sublattices are significant~especially Ti atoms
along the Ti-VO-Ti direction and Sr planes sandwiched b
tween them! making it necessary to use such a large sup

FIG. 2. Charge density contour plots for theVO induced defect
state~AFD phase! in the @001# plane~perpendicular to the rotation
axis! containing the defect at the center for~a! 40-atom supercell,
and~b! 320-atom supercell calculations. Although drawn in squa
of the same dimensions, the actual size ratio of~b! to ~a! is naturally
4. 10 contour lines~maximum! are drawn in~a! increasing linearly
from 15 e2/V to 150e2/V as the Ti core is approached (V is the
volume of the supercell! In ~b!, 5 contour lines~maximum! are
drawn increasing linearly from 5e2/V to 25 e2/V. Notice the
strong localization of the defect wave function on the nearest ne
bor Ti atoms in~a!, which is absent in~b!.
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cell. The charge density contour plots displayed in Fig. 2
the defect level show the striking contrast between the res
for 40- and 320-atom supercells. The defect wave functio
spread over the entire supercell and actually has a m
smaller localization on the two Ti atoms nearest the vaca
compared to other Ti atoms. In addition, theVO formation
energy drops further compared to 160-atom supercells
makes theVO in the cubic structure even more stable th
that in the AFD phase by a considerable 0.2 eV. A natu
question to ask at this point is whether convergence has
tually been reached for 320-atom supercells. While
straightforward way of checking this would be to go a larg
~such as 63636) supercell, such a calculation is comput
tionally very demanding. A careful examination of the rela
ation patterns of the 80- and 160-atom in comparison to
atom supercells shows that as the boundaries of the la
cells are approached, the relaxation amplitudes become
small. Hence, we believe that as long as four unit cells
each direction are included in the supercell, the results
structural energetics ofVO in SrTiO3 will be converged.

The formation energy of an oxygen vacancyVVO
(q) in

charge stateq can be written in terms of the supercell tot
energyE(q), the chemical potentialsm i and the numberni
of the constituent atoms as10

VVO
~q!5E~q!2nSrmSr2nTimTi2nOmO

1q~me1eV1DV!1Emp~q!, ~1!

where theeV is the energy of the valence band maximu
~VBM !, me is the electron chemical potential referenced
VBM, and Emp(q) is the multipole correction due to th
compensating background charge, which is quite neglig
in SrTiO3 due to its large dielectric constant. The correcti
DV due to VBM alignment for charged defects is less th
0.01 eV for 320-atom cells, while it can be as large as 0.2
for 40-atom supercells. TheVO formation energy depends o
the individual chemical potentials, which obeymSr1mTi
13mO5mSrTiO3 ,bulk . From total energy calculations on bul

SrTiO3, Sr, Ti, SrO, TiO2, and molecular oxygen, we find
that mO spans a wide range of;6 eV below its molecular
value. Figure 3 shows the formation energy of a neutralVO
as a function of size atmO5 1

2 mO2
–4.5 eV, corresponding to

the Sr and Ti-richer end of the stoichiometry. The stro

s

h-

FIG. 3. Formation energy~in eV! for VO in cubic ~circles! and
AFD ~stars! phases of SrTiO3 at mO5

1
2 mO2

–4.5 eV as a function of
the number of atoms in the bulk supercell.
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JAMES P. BUBAN, HAKIM IDDIR, AND SERDAR ÖĞÜT PHYSICAL REVIEW B 69, 180102~R! ~2004!
dependence ofVVO
on the system size is evident as the fo

mation energies drop by;1.1 to 1.38 eV for the AFD and
cubic phases in going from 40- to 320-atom supercells. T
lower formation energy ofVO in the cubic phase can b
interpreted as oxygen vacancies having a destabilizing e
at low temperatures for theAFD phase, not the cubic phas.
This is in agreement with a recent experimental study
Hünnefeldet al.,8 who have found that theTc for the cubic
to AFD phase transition drops from 105 K to near 98 K f
samples with higher~approximately two orders of magn
tude! VO concentrations. Comparison of the charge den
plots and atomic distortions near the vacant site for b
cubic and AFD phases shows that in the presence ofVO, the
local atomic structures and charge densities are quite sim
In a sense, the energy gain of the AFD phase over the c
phase by the rotation of the TiO6 octahedra along a particula
direction is locally replicated by an oxygen vacancy in t
cubic phase while still maintaining aD4h symmetry. Hence
the cubic phase becomes more competitive with the A
phase in lowering theTc .

Figure 4 shows the formation energies of (1) and
(21) charge states ofVO relative to the neutral defect in
cubic SrTiO3 as a function of the electron chemical potent
me . For a wide band gap~3.2 eV! material like SrTiO3, we
believe that it would be misleading to extend the elect
chemical potential beyond our LDA theoretical value of 2
eV without GW corrections and shifting ionization levels v
projections onto valence and conduction states.10 As seen in
Fig. 4, (21) is the lowest energy charge state for almost
entire range ofme , switching directly to (0) for the highly
n-type material with a negativeU behavior. This behavior is
observed in spite of the spin polarization, which lowers
energy for the (1) charge state by about 0.1 eV. We al
note that in our calculations repeated with LSDA, we co
t-
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sistently did not find a spin-polarized ground state for t
neutral charge state, as suggested by Astala and Bristow
their 40-atom supercell calculations.3

In summary, we have performed a detailed investigat
of the structural and electronic properties of neutral a
charged oxygen vacancy defects in bulk SrTiO3 from first
principles. We find rather unexpectedly that large superc
are necessary to investigate the structural energetics of
seemingly simple defect accurately. We have shown that
relative stability of the AFD phase over the cubic phase
SrTiO3 decreases considerably in the presence of oxygen
cancies, which is in agreement with recent experimental
sults that find a lowering of theTc for the AFD phase tran-
sition in samples with higherVO concentrations.

This work was supported by the Petroleum Research F
under Grant No. 40028-AC5M. We also would like to tha
Nigel Browning for useful discussions.

FIG. 4. Formation energy of (1) ~slope of 1! and (21) ~slope
of 2! charge states ofVO relative to neutral defect as a function o
me in the cubic phase from calculations on the 320-atom bulk
percell. The single (0/21) ionization level at 2.1 eV indicates a
negativeU behavior.
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