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Point defects play a dominant role in determining the widecspim of electronic and physical properties of
semiconducting materials that have vast technologicdiagijons. Using ab-initio simulations, a method to
calculate equilibrium defect concentrations, Fermi epengd defect stability diagrams as functions of external
parameters, such as temperature and pressure, is preddsiegl SrTiQ as a representative material, we report
our analysis of the stability of oxygen vacancies and itit&ts, in their different charge states, as a function of
temperature, oxygen partial pressure and Fermi energedfitstem. Further, by analyzing the defect chemistry
at experimentally relevant temperatures, we find that atdeygen partial pressure, neutral oxygen vacancies
are most dominant and at intermediate and high oxygen pargasure, doubly charged oxygen vacancies
defects are dominant.

PACS numbers: 82.65.+r

I. INTRODUCTION

An important feature of ionic and electronically condugtimaterials is the way in which their defect concentratiores a
related to external factors such as temperature, pressopag conditions, etc. For example, materials like Si, Zafd. can
switch from n-type conductor to p-type conductor with chesiin oxygen partial pressure and doping conditfghSimilarly,
ambient conditions that determine the stability of pointedés can affect the stability of phases in systems like 2ZOTo
understand the effect of external conditions on defectighys a material, consider the case of an oxide material. okygen
partial pressure and temperature in the surroundings playsportant role in determining the stability of an oxygen in the
lattice. For example, the following equilibrium determsrtee concentration of doubly charged vacancies {\in the lattice:

1
0, < 502 (gas) + V2T 4 2¢~ (1)

Physically, this means that the oxygen goes to the atmosyglfier being removed from the oxide lattice leaving behiagsiem
containing a vacant oxygen lattice site and two extra edastrDepending on the equilibrium chemical potential (Femergy,
1) Of the system, the vacant lattice site can trap all or sontkeasfe electrons to form a neutral or a charged vacancy.

Ab-initio simulations provide vital information about te&uctural stability and mobility of point defects in a la&. However,
using ab-initio results for a single defect one can not fdéyermine the equilibrium defect concentrations for sweflect species
as they. is not known. This is because, most ab-initio calculatioresgerformed by using a representative simulation cell
containing small number of defects. In contrast, a realesgdh nature contains a variety of defect species in theferdint
charge states. In such samplgs,is self-consistently determined by the system dependinth@monditions imposed on it by
the surroundings. To do this from theoretical calculatjdinis imperative to enlist the possible laws of mass acta@termine
the corresponding rate constants and then using the chargrality condition to obtain a self consistent solutioryQfas a
function of the external conditions.

The existence of an unique is guaranteed if the number of independent laws of massraetjaals the number of variables
(ue, defect concentrations, etc.). Since, each defect in &sybias a unique formation energy (depending on the external
conditions), it is possible to write down the necessary $@tdependent reaction equilibria for an ensemble of dedpeties.
Subsequently, once,. is obtained by solving the set of nonlinear laws of mass actilee equilibrium defect concentrations
can also be determined as a function of the existing exteoralitions. Using this information, a defect stability giam, that
shows the thermodynamically stable defects under difter@mditions of temperaturd’) and pressuref), can be plotted. Such
diagrams can provide vital information about phase tramst ionic conductivity, etc. and also help in selectingenmental
parameters:’ For example, there is extensive interest in studying trarigpoperties along SrTiglLaAlO; interface®>*3Since,
experiments suggest a considerable change in the stoietipalong the interface, an analysis of the thermodynatalulity
of the point defects is imperative to understand the trarngpoperties’



Given the importance of the knowledge of equilibrium defamicentrations, there exists extensive literature onatistabil-
ity diagrams obtained from large sets of experimental et&fd-8Pioneering work in this direction was performed by Brouwer
who proposed different scaling laws for oxygen defect (nagainterstitial) concentrations in terms of oxygen giressuré.
These scaling laws were then matched with the experimeataés of diffusivity and correspondingly the formation and
gration energies of point defects were obtain¥d®1°Since, performing laboratory experiments under extrermelitions of
temperature and pressure can be very expensive, it is diesiceobtain defect stability diagrams from DFT calculagé®23

Here, we use a commonly used perovskite, SETi& a representative material to study the stability ofginidefects. The
crystal structure consists of a simple cubic framework of®ms with Ti atoms occupying the body center position and O
occupies the face centers. Thus there are six O surroundiig® forming a TiQ octahedron with Sr atoms in the cavities
of these octahedral. SrTiQs an important oxide material that finds use in the semi-ootat industry and also as a fast ion
conductor. With an indirect band-gap of 3.25 eV, it belorms$hie class of wide-band gap semiconductor and shows optical
properties*26 SrTiO; is oxygen deficient (often exists as SrEiQ, 0 < x < 0.5), which makes it suitable for oxygen sensors
and solid state fuel celf. Given the wide spectrum of properties and technologicalieatipons, a thorough understanding of
the stability and mobility of oxygen vacancies in Sr3ifS imperative.

The paper is organized as follows: in section Il, we desooilbecalculation methodology and in section Ill, we presamt o
ab-initio results for the electronic structure, migratlmrriers and formation energies of anionic defects as fomstf Fermi
energy of the system, temperature and oxygen partial pessu sections IV and V, we provide elaborate descriptiothef
possible laws of mass action and a method to obtain equitibdefect concentrations.

Il. METHOD OF CALCULATION

Our results are based on ab-initio calculations perfornstugthe plane wave basis density functional theory codeniva
Ab-initio Simulation Package (VASP) using PBE (GGA) exchartorrelation functiona-3°We have used a kinetic energy
cutoff of 520 eV and static relaxations have been perforriethé forces on individual atoms are smaller tharr1@V/A.
Further, the pseudo-potentials (PAW type) used have thewimlg valence electronic configurations : Srs24p°®5s2 (core
cutoff radius - 1.323%), Ti : 3s23p®3d24s2 (core cutoff radius - 1.21R), O : 2522p* (core cutoff radius - 0.978).

Using al x 1 x 1 simulation cell of 5 atoms (one Sr, one Ti and three O) and &r2@ucible k-points in the first Brillouin
zone we obtain the lattice parameter as 3.84%vhich is a higher than the experimental value of 3.80%-34 For subsequent
simulations of defects in SrTithe volume as well as the shape of the cell are frozen. De&actilations are performed using
2 X 2 x 2 (40 atoms) an@® x 3 x 3 (135 atoms) simulation cells with 4 and 1 irreducible k-gsjmespectively, in the first
Brillouin zone.

A band gap of 1.82 eV (experimental band-gap is 3.25 eV) isudated from the differencE, = E(N + 1)+ E(N — 1) —
2F (N), whereE (N) is the energy of the perfect simulation cell containiNgelectrons’*-2¢ Using HSE hybrid functional
we obtain a band gap from the difference of the highest oecliphd lowest unoccupied eigenlevelsif = 3.37 eV when
the screening parameter= 0.30 A, E, = 4.11 eV fory = 0.20 A~! andE, = 4.83 eV fory = 0.10 A", Thus for all
subsequent hybrid functional calculations we have ysed0.30 and a2 x 2 x 2 simulation cell (40 atoms). The net force on
the system is sensitive to the net charge on the system - fdraleefects the net force is0.03 eVA but increases te-0.08
eV/A for charged defects. Diffusion paths and migration basrége calculated using the Nudged Elastic Band (NEB) method.

Since experiments on SrTiGare performed at wide range of temperature and oxygen paréissures, our defect concentra-
tions are calculated as a function of temperature (100 K @020 and pressure (13° atm to 10° atm)&36-3°The formation
energies are analyzed at representative temperatures, @K and 1200 K.

A. Reference state calculations

From first-principles calculations of an oxygen moleculimgshe hybrid functional HSE, we find that the triplet sté’tE;{)
is ground state of @ We findEE’)‘zSp =-16.99 eV and a bond length of 1.23 The singlet state is 1.18 eV (PBE result is 1.03
eV) higher than the triplet state. The energy of an oxygeainbt from spin polarized calculationsAg,*” = -5.83 eV, yielding
a dissociation energy of 5.33 eV which is little higher thiae éxperimental value of 5.12 é¥The dissociation energy obtained
from PBE (GGA) exchange correlation functional (using X@duciblek-points) is 6.64 eV.

The dependence of the chemical potentia)) of an oxygen gas molecule on temperature and oxygen ppréakure can
be estimated from the quantum formulation of an ideal galsin@iginto consideration the translational, vibrationad aatational
contributions, the chemical potential of an oxygen moledgsiigiven by 4*

P)3 1kpgT 1 hwo
po, = kT log </€B—T> — kgT log (h—Bz) + 57?/.% + kT log {1 — exp <— kBTﬂ (2)
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where, A is the thermal de Broglie wavelengthg is the Boltzmann constant, is the reduced Planck’s constant ah the
moment of inertia of the oxygen molecule. From ab-initiaccdditions, we find the vibrational frequency of @ w, = 1568.06
cm!, which is close to experimental result©f =1565.4 cnt'.#2 For our subsequent analysis, the chemical potential of an
oxygen atom is taken as half pb, :

po (T, P) = S0, (T P) ©

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

I11. FORMATION ENERGY OF ANIONIC DEFECTS
A. Oxygen Vacancy

Oxygen ions in SrTi@ form a tetragonal lattice with parameters/v/2, a,/+v/2 anda,, wherea, is the lattice parameter of
the defect free SrTiQunit cell. The formation of oxygen vacancies in Sri@ave been studied previously using theoretical
as well as experimental techniqu&s?® In laboratory experiments, oxygen vacancies can be intediin a SrTiQ sample
by varying the external oxygen partial pressure and teniper®r via various processes such as growth, annealing;ealoc
reactions. In our simulation setup, an oxygen vacancy fdrineremoving an oxygen atom from the defect free neutral cell
results in an inward movement of the nearest neighbor (NNr@nand cations. The NN oxygens move towards the vacant
site by 0.214 (7.42% of the original bond length) alon@ 10) direction. The next nearest neighbor oxygen ions move away
from the vacant site by 0.1X (4.19% of the original separation) along tHe00) direction. In contrast, the nearest neighbor
cations (both Sr and Ti ions) move away from the vacant oxyajtice site. The four NN Sr coplanar with the oxygen vacancy
in the neutral cell move out by 0.1% along(110) directions while the Ti ion moves outwards by 0 Azlong(100) direction.
The four Srions and the two Ti ions together form a octaheditimthe oxygen vacancy lying at the center of the octahedron
Volume relaxations are performed by allowing the latticetaes and the shape of the simulation cell to change. We fihdne
relaxation breaks the cubic symmetry of the original sugléend the relaxed cell has tetragonal symmetry. The dserga
volume is 1.4543 for the 40 atoms supercell and 1.88 for the 135 atoms supercell, while the decrease in energgghgibly
small (only 4 meV in a 135 atoms supercell).

Using a 40 atoms simulation cell we find the system has a nomfmagnetization and the triplet state has 0.21 eV lower
energy than the singlet steteHowever, using a 135 atoms and 320 atoms simulation cell veetffiat the singlet state (zero
residual spin) is the ground stefeFig. 2 shows the spin density profile for an oxygen vacancy in a 4Matsupercell under
neutral charge conditions. This shows the extensive higaiidn between thede, orbitals of the NN Ti and the two electrons
localized at the vacant anionic sft&>°

A singly and doubly charged oxygen vacancy is formed by rangpene and two electrons, respectively, along with an
oxygen atom from the defect free system. The local lattice tiee vacancy in case of charged computation cells showagrea
distortions than a neutral cell. The spin density for a simflarged vacancy has a profile similar to a vacancy in a nexgha
(Fig. 2). Similar to the case of a vacancy in a neutral cell, using<& Z 2 supercell we find the triplet state has 0.03 eV
lower energy than the singlet stdfe-However, the stability is reversed when a larger (135 atainsilation cell is used, i.e. an
isolated V" has zero magnetization in ground state. A doubly chargedn@cin a 22 x 2 and 3x3 x 3 simulation cell has
zero magnetization.

For a singly charged oxygen vacancy, volume relaxationlt®éu decrease in volume of the cell by 7.66 (2x2 x 2
simulation cell) and a 0.07 eV decrease in energy. Simijléolya doubly charged vacancy, the decrease in volume i¥1634
and the energy decreases by 0.26 eV. The relaxation volurmbdaharged vacancies must take into account the presénce o
electrons in the system. In a defect free SrTEDpercell, the addition of an extra electron and subsequadunine relaxation
results in decrease in energy of the system by 0.05 eV andibene increases by 9.4%3. So the relaxation volume for singly
charged oxygen vacancy is 1.46 and for a doubly charged oxygen vacancy is A37

There is a large spread in values of oxygen diffusion barieported for SrTiQ.434446Recent anelastic relaxation measure-
ments on SrTi@ crystal report a barrier of 0.60 eV for hopping of isolatedamcies* For an oxygen vacancy in a neutral
cell we find diffusion along(110) direction has the lowest energy barrier. In this case, agemyacancy moves from one
face-centered site to another in the samegTdCtahedral structure. Since the oxygen sub-lattice iagemal in nature, there are
two possible paths for ion migration along the two differkattice vectors of the oxygen sub-lattice. One path is algig)
direction (Fig.3) and the other is alonglL 10) direction (Fig.4). The (100) path involves movement of the vacancy from one
face centered site to another site in different Fi@tahedron. The saddle point configuration in this caserigasi to the(100)
crowd-ion configuration. Since the crowd-ion site is a higergy site, the barrier is considerably higher than theidaatong
(110) direction. Tablel shows the barriers for diffusion of oxygen vacancy in a rwnd charged supercell. The diffusion
barrier along(110) direction decreases with increase in charge on simulagtn c



Defect | (100) | (110)
V, 3.09 0.63
Vit 3.02 0.54
Vi 2.66 | 0.39

o 1.96 -
O~ | 1.36 -
07~ 1.25 -

TABLE |: Migration barrier for different charge states ofianic defects in SrTi@ calculated using PBE functional in a 135 atoms simulation
cell.

Physically, in a material exposed to atmosphere, the psazfegacancy formation (say?/) can be described by the equilib-
riumin (1). The corresponding vacancy formation energy is given by

Ey (Vi1) = E(SrTiOs + Vi) — E(SrTiOs) + po + nye 4)

where,E (SrTiO3 + V21) is the energy of a simulation cell containing a vacant oxylgétice site and a net positive charge
of +ne, FE (SrTiOs3) is the energy of a defect free SrTj@ell andp. is the chemical potential of the electrons. Figshows

the formation energy of an oxygen vacancy as a function ahiFivel at7 = 0 K and7" = 800 K at different oxygen partial
pressures for PBE and HSE functionals. The formation of drakoxygen vacancy from PBE functional is about 5 eV while
using the HSE functional we obtain a value of 4 eV at 0 K. At 80&@rd 1 atm pressure, PBE results suggest 4.13 eV while
HSE results yields 3.11 eV. At both these temperatures, wieifrermi level is near the valence band edgg’, 6 the most
stable charge state of a vacancy, but at higher Fermi leeeisal charge state (Y becomes energetically favorable. However,
depending orP andT', below a criticalu. the system becomes unstable arjd \¢an form spontaneously, for example, at 800
K and 1078 atm, for . below 1.50 eV, the system becomes unstable. With decreaseygen partial pressure the formation
energy of a vacancy also goes down. For example, at 800 K theatmn energy of a neutral vacancy decreases from 3.14 eV
at 1 atm to 2.82 eV at £0' atm and further down to 2.51 eV at 1®atm. Some probable defect reactions involving oxygen
vacancies are tabulated in Talel. Since, the reaction3# + V% = 2Vt increases the energy by 0.23 eV, our results suggest
that singly charged oxygen vacancies are unstable in SrTiO

B. Oxygen Interstitial

We find that oxygen interstitials in SrTiQran have different possible atomic structur@$:(110) dumbbell, Fig.6(a), (i)
(100) crowd-ion, Fig.6(b) and(7i7) (100) dumbbell, Fig.7(a). For ease of reference the interstitial configurationsaeled
as Qq10y, O100y for the (110) and(100) dumbbell configurations, respectively, and €. for (100) crowd-ion configuration.
The (110) dumbbell and(100) dumbbell have dumbbell centers on the original oxygenclatsite. The relative stability of
different interstitial configurations with respect tq,@, are shown in Tablé /. For an oxygen interstitial with neutral charge,
the Q100) configuration is energetically most favorable. The dumbdegpbaration is 1.64, little higher that the O-O bond
length in peroxide8'>? Incorporation of an extra oxygen atom in a neutral cell rissin outward movement of the nearest
neighbor cations. For example, the Sr atoms on{f®} plane containing the dumbbell move outward by Oi.izalongﬂio)
direction. Similarly, the Ti-Sr NN distance increases byeoZ\. For O100y structure, we find the relaxation volume is 7.69

AS, which is about a third of the oxygen atomic volume (14aml~!). Volume relaxation destroys the cubic symmetry of the
simulation cell and the resulting structure has orthorhiorepmmetry.

The valence charge localized on the dumbbell is analyzed fre total charge density of the system using charge iniegra
over a Voronoi cell enclosing these iotis* In a neutral cell, the charge on both the oxygen ions is in dnge of -0.78 to
-0.8%, wheree is the unit electronic charg€.This charge sharing shows the extent of hybridization gkiace between the
2p-orbitals of the oxygens in the dumbbell. The site projeatedsity of states (PDOS), Fi®(a), for an oxygen ion in the
(100) dumbbell is similar to that of an oxygen gas moleculg)(@ith two localized electrons. The ground state structdre o
Os is the triplet state3(2g—) and has one electron in each of anti-bonding molecular orbitals resulting in two unpaired
electrons. Adding two electrons to the system fills up thgioailly half filled 75, molecular orbitals and the resulting structure
has no net magnetization. A similar scheme of overlap seemsist for the Q, ;) geometry.

For an oxygen interstitial in a 135 atoms supercell we find tinalocal electronic density of states near one of the dwathbb
ions are the same for spin up and spin down in,§) and Q) and hence there is no residual spin in the system. In contrast
oxygen interstitials in Q. do have residual spin for the smaller as well as the largeersefis. Fig.8(b) shows the site



Defect Interstitial Ou00) | Ouioy | Orooe
oY Energy (relative, eV) 0 0.68 1.96
Dumbbell separationﬁ() 1.62 1.64 -
O;~ | Energy (relative, eV) 0 0.75 | 1.36
Dumbbell separation)| 2.18 | 2.15 -
O?~ | Energy (relative, eV) 0 0.81 | 1.25
Dumbbell separationﬁ() 2.42 2.46 -

TABLE II: Relative stability and dumbbell separations fautral and charged oxygen interstitials in SrTifor a 135 atoms simulation cell
obtain from PBE calculations. The defect energy values atdeen corrected for periodic interactions. For neutnal eharged oxygen
interstitials the(100) is the ground state configuration.

projected DOS of the oxygen interstitial in the crowd-iomfiguration (40 atoms cell).

The lowest barrier path for interstitial diffusion in a nealtcell is along(100) direction. Fig. 7 shows the intermediate
configurations during the diffusion process (the oxygensédumbbell are marked O1, O2). In the first step, O2 detdcbes
O1 and moves closer to tH@00) crowd-ion site (saddle configuration). The total lengthtef tiffusion path is 5.38 while
the distance between the initial and final configuration 74 and the migration barrier is 1.96 eV.

Next, we consider a system with an interstitial and an exaet®n. The lowest energy configuration in this case i 196)
dumbbell. Using a 135 atoms cell we find that the system hasrmagnetization whereas a 40 atoms supercell containing an
interstitial and extra electron in its relaxed state hasrazrero magnetization. The increase in electro-staticlsggpubetween
the ions and the extra electron in the cell, results in a gretmbbell separation of 2.18 The presence of an extra electron
results in inward movement of the cations compared to a t&fse simulation cell. For example, the Ti-Sr bond lengtbvg
only a marginal increase of 0.0% compared to a pure cell. Similarly, the each Sr ofi@0} plane containing the dumbbell
moves outward only by 0.1&. The anions, on the other hand, show sma#-8.054) outward movement.

Volume relaxations are performed by allowing the shape headsittice parameters to change. For the singly chargediithll
an interstitial the volume increases by 17%5and the decrease in energy is 0.31 eV. However, the totadatiten volume must
also incorporate the change in volume of the cell due to the électron. For a 40 atoms cell, we find the volume of the cell
decreases by 7.143 and the energy decreases by 0.05 eV due to the removal of @rosle Thus the relaxation volume of a
singly charged oxygen interstitial is 10.48.

Diffusion of oxygen interstitial in singly charged cell igvslar to that in the neutral cell. However, in this case thex an
increase in the net charge on the diffusing oxygen ion whaelds to greater distortion of the local lattice and incréamarest
neighbor separations. This results in a lower migratiomibaof 1.36 eV. The separation between the initial and tha forcally
stable configurations in the multidimensional configurapace is 2.7A. The saddle configuration is an oxygen interstitial in
crowd-ion configuration.

For doubly charged oxygen interstitials (dumbbell sepands 2.42A) there is greater distortion of the lattice as the presence
of two extra electrons increases the electro-static iotema with the host ions. Similar is the case of the inteigdtin the
(110) dumbbell configuration. The lowest energy diffusion pathleng(100) direction. The saddle configuration is crowd-
ion configuration and the energy barrier is 1.25 eV. The ohdensity difference between doubly and singly charged emyg
interstitials shows the* character of the defect state. Volume relaxation of the iglatate structure results in an increase in
the volume of the cell by 27.383. As in the neutral and singly charged cell, the volume reiararesults in a orthorhombic
cell. Taking into account the relaxation effects of the tvadels, we obtain a relaxation volume of 13.A1 for an interstitial in
a doubly charged cell.

In a laboratory experiment, the process of formation pf (ran be understood by the following reaction :

%Og (gas) <= O~ +2n'*. (5)

Fig. 5 shows the formation energy offO, O}‘ and @ as a function of the Fermi energy of the systenT'at 0 K andT'
= 800 K. With increasing temperature incorporation of oxyg&erstitials become energetically expensive. For exanipe
incorporation of neutral interstitial & = 0 K costs about 2.18 eV (HSE) but&t= 800 K and 1 atm pressure the formation
energy is = 2.99 eV (HSE). In contrast, according to PBE fienetl neutral interstitial costs 1.81 eV at 0 K and 2.76 eV@Q 8
K, 1 atm. From these plots, we also find thdt‘()s energetically not favorable at any Fermi level in SrJiO

TableITT shows some of the possible reactions between the anionéctdeih SrTiQ and their reaction energies. These
reaction energies are calculated at 0 K and zero pressurmassdilute concentration of the defect species. A posigimergy
means the forward reaction is unfavorable. For examplefdirmeation of singly charged interstitials from a pair of diby
charged and neutral interstitial costs 0.10 eV (HSE). DFEBHE}Presults for reactions 6-8 suggest that a pair of neuttehricy



No. Reaction Energy Energy
(eV, PBE) | (eV, HSE)
1 07 +0)=20;~ -0.14 0.10
2 V2H4+V0=2vit -0.11 0.23
3 Null =00+V? AH,=6.80 6.14
4 | Null=0!+V!t |AH.=6.74 6.68
5 Null =07~ +V2+ |AHp=569 6.90
6 | OM+V0=0; +Vi* -0.06 0.55
7 |0 +Vit =077 +Vv2H| 031 0.21
8 | OV+V0 =07 +V2+ 0.37 0.76
9 Null =e~+h* E,=3.25| 3.37

TABLE III: Defect reactions and the corresponding energgrade atl”’ = 0 K. The energy change is obtained from the formation enefgy
the defects. The PBE results correspond to a 135 atoms siorutzll while the HSE results correspond to 40 atoms cell.

and neutral interstitial would prefer to form at the cost gfaar of singly charged or doubly charged Frenkel defectsThin
contrast to results from HSE hybrid functional calculasion

IV. DEFECT EQUILIBRIUM REACTIONS

The thermodynamic stability of different point defects teunderstood by writing down the equilibrium chemical tiars
(laws of mass actiorf . Apart from the laws of mass action, the various point defpetsent must also satisfy the electronic
charge neutrality condition. We consider the stable awidi@fects in SrTi@, namely Q, Of*, V, and \2* in their lowest
energy configuration. Possible reactions invoIvirfg‘@nd A+ are:

[077] [Ve*]

0, <= 07" +V2* Kp= IE (6)
1 o _ [Vor] [e,]z 1/2
Oo < 502 (gas)-l-vo +2e Kl = TJVCQP (7)
+ —
Null <= e~ +h™ K; = % = ¢ Pa/kBT (8)
1 oo [h*+]* [0%]
502 (gas) <= O;” +2h K> = W 9)

which describe the formation of Frenkel defects in the aigienb-lattice, the formation of an oxygen vacancy by losirggen
to the atmosphere, the formation of electron-hole pair &edformation of oxygen interstitial, respectively. Hefe;] and
[h*] are the electron and hole concentration, respecti\[éifﬂ is the oxygen interstitial concentratio[‘vg+ ] is the oxygen

vacancy concentrationy, is the concentration of anionic sites afy is the band gap.N, = 2 (27rm;‘kBT/h2)3/2 and

N, =2 (27rm;kBT/h2)3/2 are the constants used to normalize the electron and hotentrations. Further, considering only
the doubly charged anionic defects, the charge neutralitgition is:

2[077) + [e7] =2 Vo] + [b'] (10)

SinceKp = e 2Hr/ksT and K; = e~ Fs/k3T  ysing values from Table Ill, we find » < K;. Hence the concentrations of
[1*], [e~] are much higher than the doubly charged Frankel defectsidrimit, at intermediate oxygen partial pressure, the
charge neutrality equation can be simplified (Brouwer agipnation to [e~] = [A 1] x /K.
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When the oxygen partial pressure is increased 9¢hifts right and we get more oxygen interstitials. Simitavthen the
pressure is decreased, €4 shifts right yielding more oxygen vacancies. Thus usingaheve approximation for electron
and hole concentration, we obtain a scaling relationshiwden the concentration of oxygen interstitials and vaiesnand the
oxygen partial pressutg:

(V2] oc P7Y/2 [0:°7] P2, (11)

At very low oxygen pressure, the charge neutrality conditieduces tde~] = 2 [V2*] which means[VZ*] o P~1/6.
Similarly, at high oxygen partial pressurf8;>~] oc P1/S.
For the neutral defects the thermodynamic equilibriumtieas for G and V, are given by:

v [0 [Vo]
Oo < O»L + Vo KF = Tg
. 1/2
0, < lo2 (gas) +V, K, = Vol P72 (12)
2 Na
| . (0]
502 (gaS) < Oz K2 = W

which describe the formation of Frankel defects in the aicisnb-lattice, the formation of an oxygen vacancy by logsirygen
to the atmosphere and the formation of oxygen intersti8alving the above we get

(0] o P!/ [Vo] oc P72 (13)

V. DETERMINATION OF EQUILIBRIUM FERMI ENERGY

The formation energy plots provide information about trebgity of different point defects as a function of tempeirat,
pressure and Fermi energy of the system. Consider for exardpfect 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 beaamségble leading to spontaneous formation of doubly
charged oxygen vacancies. If the chemical potential lidgeimveen 1.18-2.65 eV, the system will have many chargedheies
due to which the system will not be electronically neutral.tl§e Fermi energyi(,) of the system is constrained to lie between
2.65 eV and 3.15 eV. However, a crucial element missing is dmalysis is the contribution from electrons and holes.nEve
though the Frenkel pair formation energies (see Tableare much higher than the band gap, individual defect faonat
energies can be comparable to the optical bang gap @igThe charge neutrality condition for undoped Sri€ntaining
only anionic defects is:

207+ [0 ] + [e7] =2 [VeT] + [VoT] + [b7]. (14)

The dominant defect equilibria that can be derived from therge neutrality condition are tabulated in TabiVe

In TableIV the equilibrium reactions (1)-(7), except (5), correspeade when electron and hole concentrations are equal
to the ionic defect concentrations. Hence, these regimessmond to electronic conductivity. On the other handctieas
(8)-(12) correspond to the regime where ionic conductigtgominant. Further, we plot the defect concentration®8tk8and
1 atm pressure as a function of the Fermi energy as shown inlBigThe defect concentrations are calculated from the rate
constants derived from the laws of mass action, nam@)y,Hor instance, the doubly charged oxygen vacancy coretémntris
given by

2
[VZ+] = N NZKy Ky — o AB(VZT)/kpT (15)
’ [e=]?

where, K is the rate constant and
AE (V2*) = E(SrTiOs + V1) + po — E (SrTiOs) (16)

where,E/ (SrTiO?, + Vﬁ*) is the energy of the relaxed simulation cell containing aldpuharged vacancy anfd (SrTiOs) is



No. Reaction

1 2[077] =[]

2 [0;7] = 7]

3 2 (V2] = [e]

4 [Vot] = [e7]

5 [e™] = [h]

6 2[077] = [VIH] + [ht]
7 2[Vor] =[0;7] +[e7]
8 [Ver] = [077]

9 [Vet] =[0:7]
10 (2 [VZH] + [Vit] =2[07 ] + [0;7]
11 2[077] = [V57]
12 2[Ver] =[0;]

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

the energy of a pure SrTgsimulation cell. Similarly, the concentration of a doubhatged oxygen interstitial is given by

2
07 ] = Moo e Ky = =201 )/hoT a7
[hF]
where, K is the rate constant and
AE (077) = E (SrTiO3 + 07 7) — po — E (SrTiO3) . (18)

Here,E (SrT103 + Of‘) is the energy of the equilibrium geometry of a doubly chargeygen interstitial. The electron and

hole concentrations are obtainedby| = N.e~(Fe=#)/ksT and[ht] = N, e~ (= Fe)/kaT,
The different possible equilibrium reactions (Talblé) correspond to the intersection between the formationggeenf the
defect species. For example, in Fig.(a) the intersection between the formation energy curve[éféﬂ and[e~] corresponds

to reaction (3) in TabldV'. Similarly, the intersection between the formation enengiwes of[ V;*] and [07 ] determines the
equilibrium between the doubly charged species (reactionT@ble /1"). Since the defect species with highest concentration
dominates, consequently at 800 K aRd= 1, 104, 10~® atm, the Fermi energy is determined by the equilibrium betwe
[VZ*] and[e]. Similarly, at 800 K and® = 1, 10~%, 10-% atm, the Fermi energy of the system is determined by the edupl

system of equations ;
2[077 ]+ [e7] =[n"]. (19)
Substituting from {7) and reaction (5) in TablEV we get a cubic equation in terms of the hole concentration:

2N,N2K; N,N.K;
[h+]? [ht]

— [0*] = [h*]° = NyN.K; [h*] — 2N, N2K5 = 0 (20)

where, K5 depends on the oxygen partial pressure while Hoth K> are dependent on the temperature. Thus by picking a
particular point 2, T') on the parameter space the reaction constants are unigtelymined and so are the concentration of the
defect species. With decrease in oxygen partial presse&edrmi energy will stay mid-gap (for example at 0.1 atm,1$€&)).
However, with increase in pressure the equilibrium reacti) will dominate. At oxygen partial pressure closd o ® atm, the
Fermi energy is determined by the coupled reaction:

2[ver]+ 0] = [e7] (21)
which can be simplified to

2 .
% % =le]= [e—]3 — NyN.K; [e”] =2N,N2K; =0 (22)

[e
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where, K is dependent on the oxygen partial pressure and the temperadthus the analysis of stability of point defects in
SrTiO; shows existence of different regions stability.

Fig. 11 and Fig.12 shows the equilibrium concentrations of anionic point defén SrTiQ; as a function of oxygen partial
pressure at 800 K and 1200 K based on HSE and PBE (withouhg#linctional results. At 800 K, the dominant defect specie
is the doubly charged oxygen vacancy for most physicalbmaaht oxygen partial pressures according to HSE resulescharge
neutrality condition in the system is maintained by the Blgiim between \}* and free electrons in the system. However, from
the PBE results, we see a cross over in the dominant defedesdfeom double charged oxygen interstitials to doublyrghd
oxygen vacancies with decreasefm At 1200 K (HSE calculations), foP > 10~'2 atm, the charge neutrality condition is
maintained by equilibrium between electrons and doublygddoxygen vacancies. However, with decrease in oxygdiapar
pressure, neutral oxygen vacancies become dominant actidihge neutrality condition is maintained the equilibrioetween
singly charged oxygen vacancies and the electrons. On tiee band, the PBE calculations suggest that the dominaatdef
species changes from’O to V2+ and finally V, with decrease in oxygen partial pressures. The defect otrat®n profiles
obtained from PBE results followed by scaling the defeatgition levels have a similar nature as HSE results.

Based on these defect concentrations, a thermodynamilitgtplot can easily be generated. Figg - 14 shows the stability
plot for anionic defects in SrTiQgenerated by solving the different defect equilibria argliasing that the atmosphere is the
source as well as the sink for oxygen. Fig3(a) shows the stability of defects obtained from PBE calcutetio At high
temperature and low pressure neutral oxygen vacanciesadre swhile, at low temperature and high oxygen pressuygex
interstitials are stable. At intermediate temperature@medsure conditions, doubly charged oxygen vacancies asestable.
The dominant laws of mass action that preserves the elécitharge neutrality are marked in the figure. When the dédeets
are scaled according to the ratio of experimental to caledlaand gap, the defect stability diagram is different (Rig(b)).

In contrast to Fig.13(a), we find that oxygen interstitials are not dominant undersptally relevant temperature and pressure
conditions. The stability diagram obtained from HSE is shawFig. 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 stabiitylefects using the procedure described here is that tleedef
species are assumed to be isolated and in dilute concemsafihis assumption is violated at low oxygen partial pressand
high temperatures, for example at 1200 K and pressure laaslidr '* atm (see Fig12(b)) anionic defects occupy as much as
102 fraction of anionic sites. With increase in defect concatitns, there is a significant increase in the Coulomb ictena
between these defects which results in local lattice distus. This can change the stability of isolated defectsltieg in the
formation of defect clusters. Ideally, one can repeat thegaure described here for defect clusters of differeessénd obtain
an elaborate description of their stability but we have eeigld them for the current analysis.

VI. CONCLUSIONS

An ab-initio study of ground state structure of anionic paiefects in SrTiQ are reported. For a neutral and charged oxygen
interstitial the energetically favorable configuratiortli® (100) dumbbell. The different geometries for oxygen interdstia
and hybridization scheme between the oxygen ions in the Bethin SrTiO; is similar to those reported for oxides like MgO
(rock salt structure) and cubic Zs@CaF; structure) even though their crystal structures are @ifféh®® We find the relaxation
volume of oxygen interstitials (7.69-13.28) are dependent on their charge. The high relaxation volisiggsfy that creep
deformation can play a significant role in this material aggasted by recent experimefts$8 This is because the stability of
vacancies in a stressed solid is related to the work dep€;) by an external stress fiele (), where();; is the relation volume
tensor andr;; is the applied stress.

Electronic structure of oxygen vacancies also show intexg@@roperties. In the neutral and singly charged cellreghe
significant overlap between thel-®rbitals (,2) of the two neighboring Ti ions and the holes in the vacariicktsite. The
z-axis in this case is oriented along the line connectindwloeTi and ions and the vacancy oxygen lattice s{t&() direction).
The magnetic behavior of the system with vacancies showsiderable dependence on the size of the simulation celhdJsi
a 40 atoms cell, the ground state turns out to be the tripdé¢ stvhile using a 135 atoms simulation cell the ground state
singlet. This shows the strong spin-spin correlation geswtan this oxide material which favors parallel spin otiion at
higher defect concentration. We estimate the critical flersgalel. to satisfy 7.894< I. < 11.84A. Correspondingly, there
is a critical vacancy concentration.{) above which these spin correlations become important.b@st estimate for the lower
and upper bound for the critical vacancy concentrationd8%610%¢ m=3 < z, < 2.01x10%” m~—3. These values are very close
to the concentration of anionic defect reported along diion cores in SrTi@and at LaAlQ/SrTiO; interface® For vacancy
concentrations higher than this hybridization will lead to enhanced local magneticpedies at these defect sites.

There have been suggestions of existence bf Tons close to the vacanéy.However, our results point to a more covalent
character in the bonding. This is in line with recent expental results of Salluzzo at &l .The Ti-V,-Ti hybridization in SrTiQ
is preferentially along thé100) direction between the nearest neighbor Ti atoms. This lsreksymmetry of the lattice along
the different(100) directions. This can lead to large anisotropy in conduitiin SrTiOs if oxygen vacancies are properly
aligned. This hybridization scheme between the electradgiae nearest neighbor Ti ions in SrEi@ quite different from the
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electronic structure exhibited by oxides like Zréven though both Ti and Zr lie on the same column on the periadiie®? In
SrTiOs the distance between the Ti and vacanoy]sQ?A much smaller than the distance of ZQZIattice parameter 5.1276
A) between the Zr and vacancy in Zsr® This increase in bond length is similar to the increase imatsize  12%). This
suggests that the nature of the Ti-O bond has more covalardcter and is quite different from the nature of Zr-O bondni®,
or SrZrG;.

Using molecular @ as the reference state, defect formation energies areneltas a function of temperature and pressure.
For a stable system, formation energy of a defect has to biéveosThis puts a constrain on the accessible Fermi energy
values. For example, at 800 K and~f0atm the allowed values of Fermi energy are 1.5-3.25 eV. Hewevmore stringent
constrain is to maintain charge neutrality condition in slggtem even after formation of neutral or charged defeatsmFhe
ab-initio calculations of defect formation energies thie r@onstants for possible defect reaction equilibria aterdgned as a
function of the temperature and oxygen partial pressuma fitee laws of mass action. The equilibrium defect conceiotnat
are then determined by solving these reaction equilibria.fid that at low oxygen partial pressures doubly chargedeny
vacancies are dominant where as at higher oxygen pressgréstérstitials are dominant. It is important to note thedse
defect concentrations are evaluated without accountingdéect interactions. Thus, in the high concentrationtlinie actual
concentrations can be different from those reported.

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

2 [V2H] = [e!]. (23)

The dominant defect is the doubly charged oxygen vacancytensingly charged oxygen vacancy has the second highest con
centration. The Fermi energy of the system in this regimeadeses with the increase in external pressure (or increasedtron
concentration). Taking the concentration of anionic site84] = 4.89x10?® atoms/mi, we obtain a defect concentration of
3.83x10%! defects/m at 1200 K and 1 atm pressure and the electronic concentriatioi66x 102! m=3. Thus conductivity

in this regime is governed by the electrons (n-type eleatroonductivity). Further, the pressure dependence of lerenic
concentration ise~] oc P~1/6,
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FIG. 1: The chemical potential of an oxygen atom (Hi¢z)) and oxygen molecule (Fid.(b)) as a function of temperature at different oxygen
partial pressures calculated from the quantum formulatioan ideal gas.(uo = 0.510,) At a given temperature the chemical potentials
decreases with decrease in oxygen partial pressure.
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3

FIG. 2: Spin density profile for an oxygen vacancy in a sindlgrged simulation cell shows the hybridization betweentwaTi ions and
electrons at the vacant oxygen site at isosurface valuedafel ®.
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(b)

FIG. 3: Snapshots of intermediate configurations for diffoof oxygen vacancy alon¢l00) path in a neutral cell in a neutral cell viewed
along (100) direction. 3(a) initial structure, oxygen vacancy is marked with a blackasqu The nearest neighbor oxygen (marked O1) is
involved in the diffusion proces$8(b) is the saddle configuration. (O is in red, Tiis in blue and $nigreen.)
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(b)

FIG. 4: Snapshots of intermediate configurations for diffasof oxygen vacancy alongl10) path in a neutral cell viewed along00)
direction. 4(a) initial structure, oxygen vacancy is marked with a blackesqu The nearest neighbor oxygen (marked O1) is involvelan t
diffusion process4(b) is the saddle configuration. (O is in red, Ti is in blue and Snigreen.)
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FIG. 5: Point defect formation energies, obtained from ltssef PBE and HSE calculations, at 0 K and 800 K and differeqyigen partial
pressures5(a) PBE functional and(b) HSE hybrid functional at 0 K and zero pressus&;) PBE functional ané(d) HSE hybrid functional
at 800 K and 1 atm.
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(b)

FIG. 6: Snapshots of oxygen interstitial configurationsiiSs; viewed along(100) direction.6(a) (110) dumbbell configuration of neutral
oxygen interstitial 6(b) (100) crowd-ion configurations of neutral oxygen interstitiat(@ted by O1 in the figure).
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FIG. 7: Snapshots dfLl00) plane of intermediate configurations for diffusion of an gew interstitial in a neutral cell alond00) direction.
7(a) initial structure with the{100) dumbbell and7(b) corresponds to the saddle configuration. (O is in red, Ti Isue and Sris in green.)
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FIG. 8:8(a) Comparison of the site projected density of states for agemyon in(100) dumbbell in a neutral cell and oxygen ion in a defect
free configuration. The energy levels are marked with cpaeding molecular energy levels of oxygen molec8lg) Comparison of the site
projected density of states for an oxygen ior{100) crowd-ion configuration in a neutral cell and oxygen ion ireéedt free configuration.
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FIG. 9: Charge density isosurface at 0.08 &for oxygen interstitial in(100) crowd-ion configuration in a neutral cell.
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FIG. 10: Defect concentration profiles obtained by using H@Erid functional at 800 K and different oxygen partial peses:10(a) at10*
atm,10(b) at10~" atm,10(c) at10~* atm and10(d) at10~® atm. In the figures, the solid black line[is"], black dash line i ], solid red
line is [V2*], red dash line i$O2~], blue line is[V3T], blue dash line i$0, "], green line igV,] and green dash line [©;]. The reference
state is an oxygen gas molecule at 800 K and the defect contiens are expressed as fraction of total anionic sitesTiCs.
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FIG. 11: Equilibrium defect concentration profiles (expeas fraction of total anionic sites) at 800 K obtained f(birfa)) PBE functional
and11(b) HSE hybrid functional calculations, as a function of oxygesmtial pressure obtained by solving the different reactquilibria.
The defect levels in Figl1(a) are not scaled and the defect concentrations are assumedndHheir dilute limit. The reference state is an
oxygen gas molecule. In the figures, the solid black linfaig, black dash line ige~], solid red line is[V2*], red dash line i$0?~], blue
line is[V.T], blue dash line i$0; ], green line i§V,] and green dash line [§);].
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FIG. 12: Equilibrium defect concentration profiles (exjzexb as fraction of total anionic sites), obtained friia) PBE functional and 2(b)
HSE hybrid functional calculations, as a function of oxygemtial pressure at 1200 K. The defect levels in Hig(a) are not scaled and the
defect concentrations are assumed to be in their dilute. lifhie reference state is an oxygen gas molecule. In the igtire solid black line
is [h™], black dash line ige™], solid red line iV2T], red dash line i$02~], blue line is[V.™], blue dash line i$0; ~], green line igV,] and

green dash line ifD;].
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FIG. 13: Equilibrium defect stability phase diagram fora@mc defects in undoped SrTi(pbtained by using PBE exchange correlation

functional. In Fig.13(a) the defect levels are not scaled whileli3(b) defect levels are scaled by the ratio of experimental bamitg PBE
functional band-gap.
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FIG. 14: Equilibrium defect stability phase diagram foramric defects in undoped SrTibtained by using HSE hybrid functional.
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