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Point defects play a dominant role in determining the wide spectrum of electronic and physical properties of
semiconducting materials that have vast technological applications. Using ab-initio simulations, a method to
calculate equilibrium defect concentrations, Fermi energy and defect stability diagrams as functions of external
parameters, such as temperature and pressure, is presented. Using SrTiO3 as a representative material, we report
our analysis of the stability of oxygen vacancies and interstitials, in their different charge states, as a function of
temperature, oxygen partial pressure and Fermi energy of the system. Further, by analyzing the defect chemistry
at experimentally relevant temperatures, we find that at lowoxygen partial pressure, neutral oxygen vacancies
are most dominant and at intermediate and high oxygen partial pressure, doubly charged oxygen vacancies
defects are dominant.

PACS numbers: 82.65.+r

I. INTRODUCTION

An important feature of ionic and electronically conducting materials is the way in which their defect concentrations are
related to external factors such as temperature, pressure,doping conditions, etc. For example, materials like Si, ZnO, etc. can
switch from n-type conductor to p-type conductor with changes in oxygen partial pressure and doping conditions.1,2 Similarly,
ambient conditions that determine the stability of point defects can affect the stability of phases in systems like ZrO2.3,4 To
understand the effect of external conditions on defect physics of a material, consider the case of an oxide material. Theoxygen
partial pressure and temperature in the surroundings playsan important role in determining the stability of an oxygen ion in the
lattice. For example, the following equilibrium determines the concentration of doubly charged vacancies (V2+

o ) in the lattice:

Oo ⇐⇒ 1

2
O2 (gas) + V2+

o + 2e− (1)

Physically, this means that the oxygen goes to the atmosphere after being removed from the oxide lattice leaving behind asystem
containing a vacant oxygen lattice site and two extra electrons. Depending on the equilibrium chemical potential (Fermi energy,
µe) of the system, the vacant lattice site can trap all or some ofthese electrons to form a neutral or a charged vacancy.

Ab-initio simulations provide vital information about thestructural stability and mobility of point defects in a lattice. However,
using ab-initio results for a single defect one can not fullydetermine the equilibrium defect concentrations for such defect species
as theµe is not known. This is because, most ab-initio calculations are performed by using a representative simulation cell
containing small number of defects. In contrast, a real system in nature contains a variety of defect species in their different
charge states. In such samples,µe is self-consistently determined by the system depending onthe conditions imposed on it by
the surroundings. To do this from theoretical calculations, it is imperative to enlist the possible laws of mass action,determine
the corresponding rate constants and then using the charge neutrality condition to obtain a self consistent solution ofµe as a
function of the external conditions.

The existence of an uniqueµe is guaranteed if the number of independent laws of mass action equals the number of variables
(µe, defect concentrations, etc.). Since, each defect in a system has a unique formation energy (depending on the external
conditions), it is possible to write down the necessary set of independent reaction equilibria for an ensemble of defectspecies.
Subsequently, onceµe is obtained by solving the set of nonlinear laws of mass action, the equilibrium defect concentrations
can also be determined as a function of the existing externalconditions. Using this information, a defect stability diagram, that
shows the thermodynamically stable defects under different conditions of temperature (T ) and pressure (P ), can be plotted. Such
diagrams can provide vital information about phase transitions, ionic conductivity, etc. and also help in selecting experimental
parameters.5–7 For example, there is extensive interest in studying transport properties along SrTiO3/LaAlO3 interface.8–13Since,
experiments suggest a considerable change in the stoichiometry along the interface, an analysis of the thermodynamic stability
of the point defects is imperative to understand the transport properties.3
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Given the importance of the knowledge of equilibrium defectconcentrations, there exists extensive literature on defect stabil-
ity diagrams obtained from large sets of experimental data.5,6,14–18Pioneering work in this direction was performed by Brouwer
who proposed different scaling laws for oxygen defect (vacancy, interstitial) concentrations in terms of oxygen partial pressure.5

These scaling laws were then matched with the experimental values of diffusivity and correspondingly the formation andmi-
gration energies of point defects were obtained.14–16,19Since, performing laboratory experiments under extreme conditions of
temperature and pressure can be very expensive, it is desirable to obtain defect stability diagrams from DFT calculations.20–23

Here, we use a commonly used perovskite, SrTiO3, as a representative material to study the stability of anionic defects. The
crystal structure consists of a simple cubic framework of Sratoms with Ti atoms occupying the body center position and O
occupies the face centers. Thus there are six O surrounding each Ti forming a TiO6 octahedron with Sr atoms in the cavities
of these octahedral. SrTiO3 is an important oxide material that finds use in the semi-conductor industry and also as a fast ion
conductor. With an indirect band-gap of 3.25 eV, it belongs to the class of wide-band gap semiconductor and shows optical
properties.24–26SrTiO3 is oxygen deficient (often exists as SrTiO3−x, 0 ≤ x ≤ 0.5), which makes it suitable for oxygen sensors
and solid state fuel cells.27 Given the wide spectrum of properties and technological applications, a thorough understanding of
the stability and mobility of oxygen vacancies in SrTiO3 is imperative.

The paper is organized as follows: in section II, we describeour calculation methodology and in section III, we present our
ab-initio results for the electronic structure, migrationbarriers and formation energies of anionic defects as functions of Fermi
energy of the system, temperature and oxygen partial pressure. In sections IV and V, we provide elaborate description ofthe
possible laws of mass action and a method to obtain equilibrium defect concentrations.

II. METHOD OF CALCULATION

Our results are based on ab-initio calculations performed using the plane wave basis density functional theory code - Vienna
Ab-initio Simulation Package (VASP) using PBE (GGA) exchange correlation functional.28–30 We have used a kinetic energy
cutoff of 520 eV and static relaxations have been performed till the forces on individual atoms are smaller than 10−4 eV/Å.
Further, the pseudo-potentials (PAW type) used have the following valence electronic configurations : Sr :4s24p65s2 (core
cutoff radius - 1.323̊A), Ti : 3s23p63d24s2 (core cutoff radius - 1.217̊A), O : 2s22p4 (core cutoff radius - 0.979̊A).

Using a1 × 1 × 1 simulation cell of 5 atoms (one Sr, one Ti and three O) and 120 irreducible k-points in the first Brillouin
zone we obtain the lattice parameter as 3.945Å, which is a higher than the experimental value of 3.905Å.31–34For subsequent
simulations of defects in SrTiO3 the volume as well as the shape of the cell are frozen. Defect calculations are performed using
2 × 2 × 2 (40 atoms) and3 × 3 × 3 (135 atoms) simulation cells with 4 and 1 irreducible k-points, respectively, in the first
Brillouin zone.

A band gap of 1.82 eV (experimental band-gap is 3.25 eV) is calculated from the differenceEg = E (N + 1)+E (N − 1)−
2E (N), whereE (N) is the energy of the perfect simulation cell containingN electrons.24–26 Using HSE hybrid functional
we obtain a band gap from the difference of the highest occupied and lowest unoccupied eigenlevels ofEg = 3.37 eV when
the screening parameterµ = 0.30 Å−1, Eg = 4.11 eV forµ = 0.20 Å−1 andEg = 4.83 eV forµ = 0.10 Å−1. Thus for all
subsequent hybrid functional calculations we have usedµ = 0.30 and a2 × 2 × 2 simulation cell (40 atoms). The net force on
the system is sensitive to the net charge on the system - for neutral defects the net force is∼0.03 eV/̊A but increases to∼0.08
eV/Å for charged defects. Diffusion paths and migration barriers are calculated using the Nudged Elastic Band (NEB) method.35

Since experiments on SrTiO3 are performed at wide range of temperature and oxygen partial pressures, our defect concentra-
tions are calculated as a function of temperature (100 K to 2000 K) and pressure (10−20 atm to 1015 atm).8,36–39The formation
energies are analyzed at representative temperatures of 0 K, 800 K and 1200 K.

A. Reference state calculations

From first-principles calculations of an oxygen molecule using the hybrid functional HSE, we find that the triplet state (3Σ−
g )

is ground state of O2. We findEvasp
O2

= -16.99 eV and a bond length of 1.23Å. The singlet state is 1.18 eV (PBE result is 1.03
eV) higher than the triplet state. The energy of an oxygen obtained from spin polarized calculations isEvasp

O = -5.83 eV, yielding
a dissociation energy of 5.33 eV which is little higher than the experimental value of 5.12 eV.40 The dissociation energy obtained
from PBE (GGA) exchange correlation functional (using 10 irreduciblek-points) is 6.64 eV.

The dependence of the chemical potential (µO2
) of an oxygen gas molecule on temperature and oxygen partialpressure can

be estimated from the quantum formulation of an ideal gas. Taking into consideration the translational, vibrational and rotational
contributions, the chemical potential of an oxygen molecule is given by :41

µO2
= kBT log

(

Pλ3

kBT

)

− kBT log

(

IkBT

~2

)

+
1

2
~ωo + kBT log

[

1− exp

(

− ~ωo

kBT

)]

(2)
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where,λ is the thermal de Broglie wavelength,kB is the Boltzmann constant,~ is the reduced Planck’s constant andI is the
moment of inertia of the oxygen molecule. From ab-initio calculations, we find the vibrational frequency of O2 is ωo = 1568.06
cm−1, which is close to experimental result ofωo =1565.4 cm−1.42 For our subsequent analysis, the chemical potential of an
oxygen atom is taken as half ofµO2

:

µO (T, P ) =
1

2
µO2

(T, P ) (3)

Fig. 1 shows the variation in the oxygen chemical potential with temperature at different oxygen partial pressures.

III. FORMATION ENERGY OF ANIONIC DEFECTS

A. Oxygen Vacancy

Oxygen ions in SrTiO3 form a tetragonal lattice with parametersao/
√
2, ao/

√
2 andao, whereao is the lattice parameter of

the defect free SrTiO3 unit cell. The formation of oxygen vacancies in SrTiO3 have been studied previously using theoretical
as well as experimental techniques.43–46 In laboratory experiments, oxygen vacancies can be introduced in a SrTiO3 sample
by varying the external oxygen partial pressure and temperature or via various processes such as growth, annealing, andredox
reactions. In our simulation setup, an oxygen vacancy formed by removing an oxygen atom from the defect free neutral cell
results in an inward movement of the nearest neighbor (NN) anions and cations. The NN oxygens move towards the vacant
site by 0.21Å (7.42% of the original bond length) along〈110〉 direction. The next nearest neighbor oxygen ions move away
from the vacant site by 0.17̊A (4.19% of the original separation) along the〈100〉 direction. In contrast, the nearest neighbor
cations (both Sr and Ti ions) move away from the vacant oxygenlattice site. The four NN Sr coplanar with the oxygen vacancy
in the neutral cell move out by 0.11̊A along〈110〉 directions while the Ti ion moves outwards by 0.12Å along〈100〉 direction.
The four Sr ions and the two Ti ions together form a octahedronwith the oxygen vacancy lying at the center of the octahedron.
Volume relaxations are performed by allowing the lattice vectors and the shape of the simulation cell to change. We find volume
relaxation breaks the cubic symmetry of the original supercell and the relaxed cell has tetragonal symmetry. The decrease in
volume is 1.45Å3 for the 40 atoms supercell and 1.88Å3 for the 135 atoms supercell, while the decrease in energy is negligibly
small (only 4 meV in a 135 atoms supercell).

Using a 40 atoms simulation cell we find the system has a non-zero magnetization and the triplet state has 0.21 eV lower
energy than the singlet state.47 However, using a 135 atoms and 320 atoms simulation cell we find that the singlet state (zero
residual spin) is the ground state.48 Fig. 2 shows the spin density profile for an oxygen vacancy in a 40 atoms supercell under
neutral charge conditions. This shows the extensive hybridization between the 3d-eg orbitals of the NN Ti and the two electrons
localized at the vacant anionic site.49,50

A singly and doubly charged oxygen vacancy is formed by removing one and two electrons, respectively, along with an
oxygen atom from the defect free system. The local lattice near the vacancy in case of charged computation cells show greater
distortions than a neutral cell. The spin density for a singly charged vacancy has a profile similar to a vacancy in a neutral cell
(Fig. 2). Similar to the case of a vacancy in a neutral cell, using a 2×2 × 2 supercell we find the triplet state has 0.03 eV
lower energy than the singlet state.47 However, the stability is reversed when a larger (135 atoms)simulation cell is used, i.e. an
isolated V+o has zero magnetization in ground state. A doubly charged vacancy in a 2×2 × 2 and 3×3 × 3 simulation cell has
zero magnetization.

For a singly charged oxygen vacancy, volume relaxation results in decrease in volume of the cell by 7.66Å3 (2×2 × 2
simulation cell) and a 0.07 eV decrease in energy. Similarly, for a doubly charged vacancy, the decrease in volume is 15.47 Å3

and the energy decreases by 0.26 eV. The relaxation volume for the charged vacancies must take into account the presence of
electrons in the system. In a defect free SrTiO3 supercell, the addition of an extra electron and subsequentvolume relaxation
results in decrease in energy of the system by 0.05 eV and the volume increases by 9.42̊A3. So the relaxation volume for singly
charged oxygen vacancy is 1.76Å3 and for a doubly charged oxygen vacancy is 3.37Å3.

There is a large spread in values of oxygen diffusion barriers reported for SrTiO3.43,44,46Recent anelastic relaxation measure-
ments on SrTiO3 crystal report a barrier of 0.60 eV for hopping of isolated vacancies.44 For an oxygen vacancy in a neutral
cell we find diffusion along〈110〉 direction has the lowest energy barrier. In this case, an oxygen vacancy moves from one
face-centered site to another in the same TiO6 octahedral structure. Since the oxygen sub-lattice is tetragonal in nature, there are
two possible paths for ion migration along the two differentlattice vectors of the oxygen sub-lattice. One path is along〈100〉
direction (Fig.3) and the other is along〈110〉 direction (Fig.4). The〈100〉 path involves movement of the vacancy from one
face centered site to another site in different TiO6 octahedron. The saddle point configuration in this case is similar to the〈100〉
crowd-ion configuration. Since the crowd-ion site is a high energy site, the barrier is considerably higher than the barrier along
〈110〉 direction. TableI shows the barriers for diffusion of oxygen vacancy in a neutral and charged supercell. The diffusion
barrier along〈110〉 direction decreases with increase in charge on simulation cell.



4

Defect 〈100〉 〈110〉
Vo 3.09 0.63

V1+
o 3.02 0.54

V2+
o 2.66 0.39

Oi 1.96 -

O1−
i 1.36 -

O2−
i 1.25 -

TABLE I: Migration barrier for different charge states of anionic defects in SrTiO3 calculated using PBE functional in a 135 atoms simulation
cell.

Physically, in a material exposed to atmosphere, the process of vacancy formation (say V2+o ) can be described by the equilib-
rium in (1). The corresponding vacancy formation energy is given by

Ef

(

Vn+
o

)

= E
(

SrTiO3 +Vn+
o

)

− E (SrTiO3) + µO + nµe (4)

where,E (SrTiO3 +Vn+
o ) is the energy of a simulation cell containing a vacant oxygenlattice site and a net positive charge

of +ne, E (SrTiO3) is the energy of a defect free SrTiO3 cell andµe is the chemical potential of the electrons. Fig.5 shows
the formation energy of an oxygen vacancy as a function of Fermi level atT = 0 K andT = 800 K at different oxygen partial
pressures for PBE and HSE functionals. The formation of a neutral oxygen vacancy from PBE functional is about 5 eV while
using the HSE functional we obtain a value of 4 eV at 0 K. At 800 Kand 1 atm pressure, PBE results suggest 4.13 eV while
HSE results yields 3.11 eV. At both these temperatures, whenthe Fermi level is near the valence band edge, V2+

o is the most
stable charge state of a vacancy, but at higher Fermi levels neutral charge state (Vo) becomes energetically favorable. However,
depending onP andT , below a criticalµe the system becomes unstable and V2+

o can form spontaneously, for example, at 800
K and 10−8 atm, forµe below 1.50 eV, the system becomes unstable. With decrease inoxygen partial pressure the formation
energy of a vacancy also goes down. For example, at 800 K the formation energy of a neutral vacancy decreases from 3.14 eV
at 1 atm to 2.82 eV at 10−4 atm and further down to 2.51 eV at 10−8 atm. Some probable defect reactions involving oxygen
vacancies are tabulated in TableIII. Since, the reaction V2+o + V0

o ⇒ 2V1+
o increases the energy by 0.23 eV, our results suggest

that singly charged oxygen vacancies are unstable in SrTiO3.

B. Oxygen Interstitial

We find that oxygen interstitials in SrTiO3 can have different possible atomic structures:(i) 〈110〉 dumbbell, Fig.6(a), (ii)
〈100〉 crowd-ion, Fig.6(b) and(iii) 〈100〉 dumbbell, Fig.7(a). For ease of reference the interstitial configurations are labeled
as O〈110〉, O〈100〉 for the〈110〉 and〈100〉 dumbbell configurations, respectively, and O〈100c〉 for 〈100〉 crowd-ion configuration.
The 〈110〉 dumbbell and〈100〉 dumbbell have dumbbell centers on the original oxygen lattice site. The relative stability of
different interstitial configurations with respect to O〈100〉 are shown in TableII. For an oxygen interstitial with neutral charge,
the O〈100〉 configuration is energetically most favorable. The dumbbell separation is 1.62̊A, little higher that the O-O bond
length in peroxides.51,52 Incorporation of an extra oxygen atom in a neutral cell results in outward movement of the nearest
neighbor cations. For example, the Sr atoms on the{100} plane containing the dumbbell move outward by 0.27Å along〈11̄0〉
direction. Similarly, the Ti-Sr NN distance increases by 0.13 Å. For O〈100〉 structure, we find the relaxation volume is 7.69

Å
3
, which is about a third of the oxygen atomic volume (14 cm3mol−1). Volume relaxation destroys the cubic symmetry of the

simulation cell and the resulting structure has orthorhombic symmetry.
The valence charge localized on the dumbbell is analyzed from the total charge density of the system using charge integration

over a Voronoi cell enclosing these ions.53,54 In a neutral cell, the charge on both the oxygen ions is in the range of -0.78e to
-0.89e, wheree is the unit electronic charge.55 This charge sharing shows the extent of hybridization taking place between the
2p-orbitals of the oxygens in the dumbbell. The site projecteddensity of states (PDOS), Fig.8(a), for an oxygen ion in the
〈100〉 dumbbell is similar to that of an oxygen gas molecule (O2) with two localized electrons. The ground state structure of
O2 is the triplet state (3Σ−

g ) and has one electron in each of theπ∗
2p anti-bonding molecular orbitals resulting in two unpaired

electrons. Adding two electrons to the system fills up the originally half filledπ∗
2p molecular orbitals and the resulting structure

has no net magnetization. A similar scheme of overlap seems to exist for the O〈110〉 geometry.
For an oxygen interstitial in a 135 atoms supercell we find that the local electronic density of states near one of the dumbbell

ions are the same for spin up and spin down in O〈110〉 and O〈100〉 and hence there is no residual spin in the system. In contrast,
oxygen interstitials in O〈100c〉 do have residual spin for the smaller as well as the larger supercells. Fig. 8(b) shows the site
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Defect Interstitial O〈100〉 O〈110〉 O〈100c〉

O0
i Energy (relative, eV) 0 0.68 1.96

Dumbbell separation (̊A) 1.62 1.64 -

O1−
i Energy (relative, eV) 0 0.75 1.36

Dumbbell separation (̊A) 2.18 2.15 -

O2−
i Energy (relative, eV) 0 0.81 1.25

Dumbbell separation (̊A) 2.42 2.46 -

TABLE II: Relative stability and dumbbell separations for neutral and charged oxygen interstitials in SrTiO3 for a 135 atoms simulation cell
obtain from PBE calculations. The defect energy values havenot been corrected for periodic interactions. For neutral and charged oxygen
interstitials the〈100〉 is the ground state configuration.

projected DOS of the oxygen interstitial in the crowd-ion configuration (40 atoms cell).
The lowest barrier path for interstitial diffusion in a neutral cell is along〈100〉 direction. Fig. 7 shows the intermediate

configurations during the diffusion process (the oxygens inthe dumbbell are marked O1, O2). In the first step, O2 detachesfrom
O1 and moves closer to the〈100〉 crowd-ion site (saddle configuration). The total length of the diffusion path is 5.38̊A while
the distance between the initial and final configuration is 2.72 Å and the migration barrier is 1.96 eV.

Next, we consider a system with an interstitial and an extra electron. The lowest energy configuration in this case is the〈100〉
dumbbell. Using a 135 atoms cell we find that the system has zero magnetization whereas a 40 atoms supercell containing an
interstitial and extra electron in its relaxed state has a non-zero magnetization. The increase in electro-static repulsion between
the ions and the extra electron in the cell, results in a greater dumbbell separation of 2.18̊A. The presence of an extra electron
results in inward movement of the cations compared to a defect free simulation cell. For example, the Ti-Sr bond length shows
only a marginal increase of 0.04̊A compared to a pure cell. Similarly, the each Sr on a{100} plane containing the dumbbell
moves outward only by 0.16̊A. The anions, on the other hand, show small a (∼0.05Å) outward movement.

Volume relaxations are performed by allowing the shape and the lattice parameters to change. For the singly charged cellwith
an interstitial the volume increases by 17.25Å3 and the decrease in energy is 0.31 eV. However, the total relaxation volume must
also incorporate the change in volume of the cell due to the free electron. For a 40 atoms cell, we find the volume of the cell
decreases by 7.14̊A3 and the energy decreases by 0.05 eV due to the removal of an electron. Thus the relaxation volume of a
singly charged oxygen interstitial is 10.11Å3.

Diffusion of oxygen interstitial in singly charged cell is similar to that in the neutral cell. However, in this case there is an
increase in the net charge on the diffusing oxygen ion which leads to greater distortion of the local lattice and increased nearest
neighbor separations. This results in a lower migration barrier of 1.36 eV. The separation between the initial and the final locally
stable configurations in the multidimensional configuration space is 2.71̊A. The saddle configuration is an oxygen interstitial in
crowd-ion configuration.

For doubly charged oxygen interstitials (dumbbell separation is 2.42Å) there is greater distortion of the lattice as the presence
of two extra electrons increases the electro-static interaction with the host ions. Similar is the case of the interstitial in the
〈110〉 dumbbell configuration. The lowest energy diffusion path isalong〈100〉 direction. The saddle configuration is crowd-
ion configuration and the energy barrier is 1.25 eV. The charge density difference between doubly and singly charged oxygen
interstitials shows theσ∗ character of the defect state. Volume relaxation of the ground state structure results in an increase in
the volume of the cell by 27.38̊A3. As in the neutral and singly charged cell, the volume relaxation results in a orthorhombic
cell. Taking into account the relaxation effects of the two holes, we obtain a relaxation volume of 13.11Å3 for an interstitial in
a doubly charged cell.

In a laboratory experiment, the process of formation of O2−
i , can be understood by the following reaction :

1

2
O2 (gas) ⇐⇒ O2−

i + 2h1+. (5)

Fig. 5 shows the formation energy of O2−i , O1−
i and O0i as a function of the Fermi energy of the system atT = 0 K andT

= 800 K. With increasing temperature incorporation of oxygen interstitials become energetically expensive. For example, the
incorporation of neutral interstitial atT = 0 K costs about 2.18 eV (HSE) but atT = 800 K and 1 atm pressure the formation
energy is = 2.99 eV (HSE). In contrast, according to PBE functional neutral interstitial costs 1.81 eV at 0 K and 2.76 eV at 800
K, 1 atm. From these plots, we also find that O1−

i is energetically not favorable at any Fermi level in SrTiO3.
Table III shows some of the possible reactions between the anionic defects in SrTiO3 and their reaction energies. These

reaction energies are calculated at 0 K and zero pressure assuming dilute concentration of the defect species. A positive energy
means the forward reaction is unfavorable. For example, theformation of singly charged interstitials from a pair of doubly
charged and neutral interstitial costs 0.10 eV (HSE). DFT (PBE) results for reactions 6-8 suggest that a pair of neutral vacancy
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No. Reaction Energy Energy
(eV, PBE) (eV, HSE)

1 O2−
i +O0

i⇒2O1−
i -0.14 0.10

2 V2+
o +V0

o⇒2V1+
o -0.11 0.23

3 Null ⇒O0
i +V0

o ∆H
′′

F = 6.80 6.14
4 Null ⇒O1−

i +V1+
o ∆H

′

F = 6.74 6.68
5 Null ⇒O2−

i +V2+
o ∆HF = 5.69 6.90

6 O0
i +V0

o⇒O1−
i +V1+

o -0.06 0.55
7 O1−

i +V1+
o ⇒O2−

i +V2+
o 0.31 0.21

8 O0
i +V0

o ⇒O2−
i +V2+

o 0.37 0.76
9 Null ⇒e−+h+ Eg= 3.25 3.37

TABLE III: Defect reactions and the corresponding energy change atT = 0 K. The energy change is obtained from the formation energyof
the defects. The PBE results correspond to a 135 atoms simulation cell while the HSE results correspond to 40 atoms cell.

and neutral interstitial would prefer to form at the cost of apair of singly charged or doubly charged Frenkel defect. This is in
contrast to results from HSE hybrid functional calculations.

IV. DEFECT EQUILIBRIUM REACTIONS

The thermodynamic stability of different point defects canbe understood by writing down the equilibrium chemical reactions
(laws of mass action).6 Apart from the laws of mass action, the various point defectspresent must also satisfy the electronic
charge neutrality condition. We consider the stable anionic defects in SrTiO3, namely Oi, O2−

i , Vo and V2+o in their lowest
energy configuration. Possible reactions involving O2−

i and V2+o are:

Oo ⇐⇒ O2−
i +V2+

o KF =

[

O2−
i

] [

V2+
o

]

N2
a

(6)

Oo ⇐⇒ 1

2
O2 (gas) + V2+

o + 2e− K1 =

[

V2+
o

]

[e−]
2

NaN2
c

P 1/2 (7)

Null ⇐⇒ e− + h+ Ki =
[h+] [e−]

NvNc
= e−Eg/kBT (8)

1

2
O2 (gas) ⇐⇒ O2−

i + 2h+ K2 =
[h+]

2 [
O2−

i

]

N2
vNaP 1/2

(9)

which describe the formation of Frenkel defects in the anionic sub-lattice, the formation of an oxygen vacancy by losingoxygen
to the atmosphere, the formation of electron-hole pair and the formation of oxygen interstitial, respectively. Here,[e−] and
[h+] are the electron and hole concentration, respectively,

[

O2−
i

]

is the oxygen interstitial concentration,
[

V2+
o

]

is the oxygen

vacancy concentration,Na is the concentration of anionic sites andEg is the band gap.Nc = 2
(

2πm∗
ekBT/h

2
)3/2

and

Nv = 2
(

2πm∗
hkBT/h

2
)3/2

are the constants used to normalize the electron and hole concentrations.6 Further, considering only
the doubly charged anionic defects, the charge neutrality condition is:

2
[

O2−
i

]

+
[

e−
]

= 2
[

V2+
o

]

+
[

h+
]

(10)

SinceKF = e−∆HF /kBT andKi = e−Eg/kBT , using values from Table III, we findKF ≪ Ki. Hence the concentrations of
[h+], [e−] are much higher than the doubly charged Frankel defects. In this limit, at intermediate oxygen partial pressure, the
charge neutrality equation can be simplified (Brouwer approximation)5 to [e−] = [h+] ∝

√
Ki.
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When the oxygen partial pressure is increased, eq(9) shifts right and we get more oxygen interstitials. Similarly, when the
pressure is decreased, eq(7) shifts right yielding more oxygen vacancies. Thus using theabove approximation for electron
and hole concentration, we obtain a scaling relationship between the concentration of oxygen interstitials and vacancies and the
oxygen partial pressureP :

[

Vo
2+

]

∝ P−1/2
[

Oi
2−

]

∝ P 1/2. (11)

At very low oxygen pressure, the charge neutrality condition reduces to[e−] = 2
[

V 2+
o

]

which means,
[

V2+
o

]

∝ P−1/6.
Similarly, at high oxygen partial pressures

[

Oi
2−

]

∝ P 1/6.
For the neutral defects the thermodynamic equilibrium reactions for Oi and Vo are given by:

Oo ⇐⇒ Oi +Vo K
′′

F =
[Oi] [Vo]

N2
a

Oo ⇐⇒ 1

2
O2 (gas) + Vo K

′′

1 =
[Vo]P

1/2

Na

1

2
O2 (gas) ⇐⇒ Oi K

′′

2 =
[Oi]

NaP 1/2

(12)

which describe the formation of Frankel defects in the anionic sub-lattice, the formation of an oxygen vacancy by loosing oxygen
to the atmosphere and the formation of oxygen interstitial.Solving the above we get

[Oi] ∝ P 1/2 [Vo] ∝ P−1/2 (13)

V. DETERMINATION OF EQUILIBRIUM FERMI ENERGY

The formation energy plots provide information about the stability of different point defects as a function of temperature,
pressure and Fermi energy of the system. Consider for example, defect formation energies at 800 K and 1 atm as shown in
Fig. 5(d). For Fermi energy values less than 1.18 eV the system becomesunstable leading to spontaneous formation of doubly
charged oxygen vacancies. If the chemical potential lies inbetween 1.18-2.65 eV, the system will have many charged vacancies
due to which the system will not be electronically neutral. So the Fermi energy (µe) of the system is constrained to lie between
2.65 eV and 3.15 eV. However, a crucial element missing in this analysis is the contribution from electrons and holes. Even
though the Frenkel pair formation energies (see TableIII) are much higher than the band gap, individual defect formation
energies can be comparable to the optical bang gap (Fig.5). The charge neutrality condition for undoped SrTiO3 containing
only anionic defects is:

2
[

O2−
i

]

+
[

O1−
i

]

+
[

e−
]

= 2
[

V2+
o

]

+
[

V1+
o

]

+
[

h+
]

. (14)

The dominant defect equilibria that can be derived from the charge neutrality condition are tabulated in TableIV.
In TableIV the equilibrium reactions (1)-(7), except (5), correspondcase when electron and hole concentrations are equal

to the ionic defect concentrations. Hence, these regimes correspond to electronic conductivity. On the other hand, reactions
(8)-(12) correspond to the regime where ionic conductivityis dominant. Further, we plot the defect concentrations at 800 K and
1 atm pressure as a function of the Fermi energy as shown in Fig. 10. The defect concentrations are calculated from the rate
constants derived from the laws of mass action, namely, (9). For instance, the doubly charged oxygen vacancy concentration is
given by

[

V2+
o

]

=
NaN

2
cK1

[e−]
2 K1 = e−∆E(V2+

o )/kBT (15)

where,K1 is the rate constant and

∆E
(

V2+
o

)

= E
(

SrTiO3 +V2+
o

)

+ µO − E (SrTiO3) (16)

where,E
(

SrTiO3 +V2+
o

)

is the energy of the relaxed simulation cell containing a doubly charged vacancy andE (SrTiO3) is
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No. Reaction

1 2
[

O2−
i

]

= [h+]

2
[

O1−
i

]

= [h+]

3 2
[

V2+
o

]

= [e−]

4
[

V1+
o

]

= [e−]

5 [e−] = [h+]

6 2
[

O2−
i

]

=
[

V1+
o

]

+ [h+]

7 2
[

V2+
o

]

=
[

O1−
i

]

+ [e−]

8
[

V2+
o

]

=
[

O2−
i

]

9
[

V1+
o

]

=
[

O1−
i

]

10 2
[

V2+
o

]

+
[

V1+
o

]

= 2
[

O2−
i

]

+
[

O1−
i

]

11 2
[

O2−
i

]

=
[

V1+
o

]

12 2
[

V2+
o

]

=
[

O1−
i

]

TABLE IV: Probable anionic defect reactions in SrTiO3 that can maintain charge neutrality balance.

the energy of a pure SrTiO3 simulation cell. Similarly, the concentration of a doubly charged oxygen interstitial is given by

[

O2−
i

]

=
NaN

2
vK2

[h+]
2 K2 = e−∆E(O2−

i )/kBT (17)

where,K2 is the rate constant and

∆E
(

O2−
i

)

= E
(

SrTiO3 +O2−
i

)

− µO − E (SrTiO3) . (18)

Here,E
(

SrTiO3 +O2−
i

)

is the energy of the equilibrium geometry of a doubly chargedoxygen interstitial. The electron and
hole concentrations are obtained by[e−] = Nce

−(Ec−µ)/kBT and[h+] = Nve
−(µ−Ec)/kBT .

The different possible equilibrium reactions (TableIV ) correspond to the intersection between the formation energies of the
defect species. For example, in Fig.10(a) the intersection between the formation energy curves of

[

V2+
i

]

and[e−] corresponds
to reaction (3) in TableIV . Similarly, the intersection between the formation energycurves of

[

V2+
i

]

and
[

O2−
i

]

determines the
equilibrium between the doubly charged species (reaction 8in TableIV ). Since the defect species with highest concentration
dominates, consequently at 800 K andP = 1, 10−4, 10−8 atm, the Fermi energy is determined by the equilibrium between
[

V2+
i

]

and[e−]. Similarly, at 800 K andP = 1, 10−4, 10−8 atm, the Fermi energy of the system is determined by the coupled
system of equations :

2
[

O2−
i

]

+
[

e−
]

=
[

h+
]

. (19)

Substituting from (17) and reaction (5) in TableIV we get a cubic equation in terms of the hole concentration:

2NaN
2
vK2

[h+]
2 +

NvNcKi

[h+]
=

[

h+
]

⇒
[

h+
]3 −NvNcKi

[

h+
]

− 2NaN
2
vK2 = 0 (20)

where,K2 depends on the oxygen partial pressure while bothKi, K2 are dependent on the temperature. Thus by picking a
particular point (P , T ) on the parameter space the reaction constants are uniquelydetermined and so are the concentration of the
defect species. With decrease in oxygen partial pressure, the Fermi energy will stay mid-gap (for example at 0.1 atm, see10(b)).
However, with increase in pressure the equilibrium reaction (1) will dominate. At oxygen partial pressure close to10−8 atm, the
Fermi energy is determined by the coupled reaction:

2
[

V2+
o

]

+
[

h+
]

=
[

e−
]

(21)

which can be simplified to

2NaN
2
cK1

[e−]
2 +

Ki

[e−]
=

[

e−
]

⇒
[

e−
]3 −NvNcKi

[

e−
]

− 2NaN
2
cK1 = 0 (22)
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where,K1 is dependent on the oxygen partial pressure and the temperature. Thus the analysis of stability of point defects in
SrTiO3 shows existence of different regions stability.

Fig. 11 and Fig.12 shows the equilibrium concentrations of anionic point defects in SrTiO3 as a function of oxygen partial
pressure at 800 K and 1200 K based on HSE and PBE (without scaling) functional results. At 800 K, the dominant defect species
is the doubly charged oxygen vacancy for most physically relevant oxygen partial pressures according to HSE results. The charge
neutrality condition in the system is maintained by the equilibrium between V2+o and free electrons in the system. However, from
the PBE results, we see a cross over in the dominant defect species from double charged oxygen interstitials to doubly charged
oxygen vacancies with decrease inP . At 1200 K (HSE calculations), forP > 10−12 atm, the charge neutrality condition is
maintained by equilibrium between electrons and doubly charged oxygen vacancies. However, with decrease in oxygen partial
pressure, neutral oxygen vacancies become dominant and thecharge neutrality condition is maintained the equilibriumbetween
singly charged oxygen vacancies and the electrons. On the other hand, the PBE calculations suggest that the dominant defect
species changes from O2+i to V2+

o and finally Vo with decrease in oxygen partial pressures. The defect concentration profiles
obtained from PBE results followed by scaling the defect transition levels have a similar nature as HSE results.

Based on these defect concentrations, a thermodynamic stability plot can easily be generated. Fig.13 - 14 shows the stability
plot for anionic defects in SrTiO3 generated by solving the different defect equilibria and assuming that the atmosphere is the
source as well as the sink for oxygen. Fig.13(a) shows the stability of defects obtained from PBE calculations. At high
temperature and low pressure neutral oxygen vacancies are stable, while, at low temperature and high oxygen pressure oxygen
interstitials are stable. At intermediate temperature andpressure conditions, doubly charged oxygen vacancies are most stable.
The dominant laws of mass action that preserves the electronic charge neutrality are marked in the figure. When the defectlevels
are scaled according to the ratio of experimental to calculated band gap, the defect stability diagram is different (Fig. 13(b)).
In contrast to Fig.13(a), we find that oxygen interstitials are not dominant under physically relevant temperature and pressure
conditions. The stability diagram obtained from HSE is shown in Fig. 14. The results of HSE functional and PBE functional
(with scaling of energy levels) suggest a similar trend.

A generic problem of analyzing the thermodynamic stabilityof defects using the procedure described here is that the defect
species are assumed to be isolated and in dilute concentrations. This assumption is violated at low oxygen partial pressures and
high temperatures, for example at 1200 K and pressure less than 10−15 atm (see Fig.12(b)) anionic defects occupy as much as
10−3 fraction of anionic sites. With increase in defect concentrations, there is a significant increase in the Coulomb interaction
between these defects which results in local lattice distortions. This can change the stability of isolated defects resulting in the
formation of defect clusters. Ideally, one can repeat the procedure described here for defect clusters of different sizes and obtain
an elaborate description of their stability but we have neglected them for the current analysis.

VI. CONCLUSIONS

An ab-initio study of ground state structure of anionic point defects in SrTiO3 are reported. For a neutral and charged oxygen
interstitial the energetically favorable configuration isthe 〈100〉 dumbbell. The different geometries for oxygen interstitials
and hybridization scheme between the oxygen ions in the dumbbell in SrTiO3 is similar to those reported for oxides like MgO
(rock salt structure) and cubic ZrO2 (CaF2 structure) even though their crystal structures are different.4,56 We find the relaxation
volume of oxygen interstitials (7.69-13.11̊A3) are dependent on their charge. The high relaxation volumessignify that creep
deformation can play a significant role in this material as suggested by recent experiments.57,58 This is because the stability of
vacancies in a stressed solid is related to the work done (σijΩij) by an external stress field (σij), whereΩij is the relation volume
tensor andσij is the applied stress.

Electronic structure of oxygen vacancies also show interesting properties. In the neutral and singly charged cell, there is
significant overlap between the 3d-orbitals (dz2) of the two neighboring Ti ions and the holes in the vacant lattice site. The
z-axis in this case is oriented along the line connecting thetwo Ti and ions and the vacancy oxygen lattice site (〈100〉 direction).
The magnetic behavior of the system with vacancies shows considerable dependence on the size of the simulation cell. Using
a 40 atoms cell, the ground state turns out to be the triplet state, while using a 135 atoms simulation cell the ground stateis
singlet. This shows the strong spin-spin correlation prevalent in this oxide material which favors parallel spin orientation at
higher defect concentration. We estimate the critical length-scalelc to satisfy 7.89Å< lc < 11.84Å. Correspondingly, there
is a critical vacancy concentration (xv) above which these spin correlations become important. Ourbest estimate for the lower
and upper bound for the critical vacancy concentration is 6.03×1026 m−3 < xv < 2.01×1027 m−3. These values are very close
to the concentration of anionic defect reported along dislocation cores in SrTiO3 and at LaAlO3/SrTiO3 interface.8 For vacancy
concentrations higher thanxc this hybridization will lead to enhanced local magnetic properties at these defect sites.59

There have been suggestions of existence of Ti3+ ions close to the vacancy.60 However, our results point to a more covalent
character in the bonding. This is in line with recent experimental results of Salluzzo at al.61 The Ti-Vo-Ti hybridization in SrTiO3
is preferentially along the〈100〉 direction between the nearest neighbor Ti atoms. This breaks the symmetry of the lattice along
the different〈100〉 directions. This can lead to large anisotropy in conductivity in SrTiO3 if oxygen vacancies are properly
aligned. This hybridization scheme between the electrons and the nearest neighbor Ti ions in SrTiO3 is quite different from the
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electronic structure exhibited by oxides like ZrO2 even though both Ti and Zr lie on the same column on the periodic table.62 In
SrTiO3 the distance between the Ti and vacancy is∼1.97Å much smaller than the distance of 2.22Å (lattice parameter 5.1276
Å) between the Zr and vacancy in ZrO2.4 This increase in bond length is similar to the increase in atomic size (∼ 12%). This
suggests that the nature of the Ti-O bond has more covalent character and is quite different from the nature of Zr-O bond inZrO2

or SrZrO3.
Using molecular O2 as the reference state, defect formation energies are obtained as a function of temperature and pressure.

For a stable system, formation energy of a defect has to be positive. This puts a constrain on the accessible Fermi energy
values. For example, at 800 K and 10−8 atm the allowed values of Fermi energy are 1.5-3.25 eV. However, a more stringent
constrain is to maintain charge neutrality condition in thesystem even after formation of neutral or charged defects. From the
ab-initio calculations of defect formation energies the rate constants for possible defect reaction equilibria are determined as a
function of the temperature and oxygen partial pressure from the laws of mass action. The equilibrium defect concentrations
are then determined by solving these reaction equilibria. We find that at low oxygen partial pressures doubly charged oxygen
vacancies are dominant where as at higher oxygen pressures the interstitials are dominant. It is important to note that these
defect concentrations are evaluated without accounting for defect interactions. Thus, in the high concentration limit, the actual
concentrations can be different from those reported.

Fig. 12(b) shows the defect stability diagram at 1200 K as a function of oxygen partial pressure. At very low pressure the
governing defect equilibria is

2
[

V2+
o

]

=
[

e1−
]

. (23)

The dominant defect is the doubly charged oxygen vacancy andthe singly charged oxygen vacancy has the second highest con-
centration. The Fermi energy of the system in this regime decreases with the increase in external pressure (or increase in electron
concentration). Taking the concentration of anionic sitesas 3/a30 = 4.89×1028 atoms/m3, we obtain a defect concentration of
3.83×1021 defects/m3 at 1200 K and 1 atm pressure and the electronic concentrationis 7.66×1021 m−3. Thus conductivity
in this regime is governed by the electrons (n-type electronic conductivity). Further, the pressure dependence of the electronic
concentration is[e−] ∝ P−1/6.
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FIG. 1: The chemical potential of an oxygen atom (Fig.1(a)) and oxygen molecule (Fig.1(b)) as a function of temperature at different oxygen
partial pressures calculated from the quantum formulationof an ideal gas.(µO = 0.5µO2

) At a given temperature the chemical potentials
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FIG. 2: Spin density profile for an oxygen vacancy in a singly charged simulation cell shows the hybridization between thetwo Ti ions and
electrons at the vacant oxygen site at isosurface value of 0.01 e/Å3.
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(a)

(b)

FIG. 3: Snapshots of intermediate configurations for diffusion of oxygen vacancy along〈100〉 path in a neutral cell in a neutral cell viewed
along〈100〉 direction. 3(a) initial structure, oxygen vacancy is marked with a black square. The nearest neighbor oxygen (marked O1) is
involved in the diffusion process.3(b) is the saddle configuration. (O is in red, Ti is in blue and Sr isin green.)
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(a)

(b)

FIG. 4: Snapshots of intermediate configurations for diffusion of oxygen vacancy along〈110〉 path in a neutral cell viewed along〈100〉
direction.4(a) initial structure, oxygen vacancy is marked with a black square. The nearest neighbor oxygen (marked O1) is involved in the
diffusion process.4(b) is the saddle configuration. (O is in red, Ti is in blue and Sr isin green.)
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FIG. 5: Point defect formation energies, obtained from results of PBE and HSE calculations, at 0 K and 800 K and different oxygen partial
pressures:5(a) PBE functional and5(b) HSE hybrid functional at 0 K and zero pressure,5(c) PBE functional and5(d) HSE hybrid functional
at 800 K and 1 atm.
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(a)

(b)

FIG. 6: Snapshots of oxygen interstitial configurations in SrTiO3 viewed along〈100〉 direction.6(a) 〈110〉 dumbbell configuration of neutral
oxygen interstitial.6(b) 〈100〉 crowd-ion configurations of neutral oxygen interstitial (denoted by O1 in the figure).
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(a)

(b)

FIG. 7: Snapshots of(100) plane of intermediate configurations for diffusion of an oxygen interstitial in a neutral cell along〈100〉 direction.
7(a) initial structure with the〈100〉 dumbbell and7(b) corresponds to the saddle configuration. (O is in red, Ti is inblue and Sr is in green.)
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FIG. 8: 8(a) Comparison of the site projected density of states for an oxygen ion in〈100〉 dumbbell in a neutral cell and oxygen ion in a defect
free configuration. The energy levels are marked with corresponding molecular energy levels of oxygen molecule.8(b) Comparison of the site
projected density of states for an oxygen ion in〈100〉 crowd-ion configuration in a neutral cell and oxygen ion in a defect free configuration.
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FIG. 9: Charge density isosurface at 0.02 e/Å3 for oxygen interstitial in〈100〉 crowd-ion configuration in a neutral cell.
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FIG. 10: Defect concentration profiles obtained by using HSEhybrid functional at 800 K and different oxygen partial pressures:10(a) at101

atm,10(b) at10−1 atm,10(c) at10−4 atm and10(d) at10−8 atm. In the figures, the solid black line is[h+], black dash line is[e−], solid red
line is [V2+

o ], red dash line is[O2−

i ], blue line is[V1+
o ], blue dash line is[O1−

i ], green line is[Vo] and green dash line is[Oi]. The reference
state is an oxygen gas molecule at 800 K and the defect concentrations are expressed as fraction of total anionic sites in SrTiO3.
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FIG. 11: Equilibrium defect concentration profiles (expressed as fraction of total anionic sites) at 800 K obtained from(11(a)) PBE functional
and11(b) HSE hybrid functional calculations, as a function of oxygenpartial pressure obtained by solving the different reaction equilibria.
The defect levels in Fig.11(a) are not scaled and the defect concentrations are assumed to be in their dilute limit. The reference state is an
oxygen gas molecule. In the figures, the solid black line is[h+], black dash line is[e−], solid red line is[V2+

o ], red dash line is[O2−

i ], blue
line is [V1+

o ], blue dash line is[O1−

i ], green line is[Vo] and green dash line is[Oi].
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FIG. 12: Equilibrium defect concentration profiles (expressed as fraction of total anionic sites), obtained from12(a) PBE functional and12(b)
HSE hybrid functional calculations, as a function of oxygenpartial pressure at 1200 K. The defect levels in Fig.12(a) are not scaled and the
defect concentrations are assumed to be in their dilute limit. The reference state is an oxygen gas molecule. In the figures, the solid black line
is [h+], black dash line is[e−], solid red line is[V2+

o ], red dash line is[O2−

i ], blue line is[V1+
o ], blue dash line is[O1−

i ], green line is[Vo] and
green dash line is[Oi].
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FIG. 13: Equilibrium defect stability phase diagram for anionic defects in undoped SrTiO3 obtained by using PBE exchange correlation
functional. In Fig.13(a) the defect levels are not scaled while in13(b) defect levels are scaled by the ratio of experimental band-gap to PBE
functional band-gap.



25

−20 −15 −10 −5 0 5
500

1000

1500

2000

Pressure, [atm], log
10

 scale

T
em

pe
ra

tu
re

 [K
] V

o

V
o
2+

FIG. 14: Equilibrium defect stability phase diagram for anionic defects in undoped SrTiO3 obtained by using HSE hybrid functional.


