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The rich chemistry of the SrTiOj3 is often modified, intentionally or unintentionally, through the
DOI:00.0000/000000000x inclusion of defects and dopants. Much computational effort using periodic boundary DFT has been
dedicated towards understanding how these observed properties arise from the disordered perovskite
structure, but the range of possible defect chemistries arising from different computational modeling
choices has not been thoroughly explored. In this study, we calculate the geometric and electronic
properties for a systematic range of supercells, from approximately 40 atoms to approximately 320
atoms, with each atomic vacancy and doped with Mn ions to isolate the contribution of supercell
size to predicted properties. Our thorough analysis of the electronic and geometric structure of
each defected supercell shows high variability, illustrating the need to map such parameter space in
order to achieve a comprehensive model of disordered perovskites. Our results additionally reveal
fundamental insights into dopant chemistry in SrTiO3, and we report new potential geometric and

electronic structures for the Mn-structure that can be used to justify and guide additional experi-

mental investigation into this complex material.

1 Introduction

The perovskite SrTiO, receives significant scientific attention both
as a candidate material for wide ranging applications in photo-
catalysisT?, thermoelectric generation, and electronics®, as well
as a model system for understanding the fundamental structural
and rich electronic properties of the wider perovskite farnil.
Whether intentional or not, SrTiO4 in experiments is frequently
used with defects which have the potential to significantly alter
or improve measured properties. In addition to atomic vacancies,
the introduction of foreign atoms into the native crystal lattice is a
critical means to engineer functionalityla. Interest in understand-
ing the fundamental consequences of disorder in the perovskite
lattice has sparked an explosion of experimental and first princi-
ples studiesZ12,

The structure of SrTiO4 lends itself well to computational study
by the supercell method in periodic boundary density functional
theory (DFT). The bulk form can be considered as a linked net-
work of corner sharing TiOg octahedra forming a ccp array around
higher coordination sites for Sr* cations. Two cubic unit cells
can be written for this structure (Fig. S1, ESIT) with one centered
on Sr-sites coordinated ionically by 12 02  anions with corners
of Ti atoms (A-cell), and one centered on Ti-sites, coordinated
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T Electronic Supplementary Information (ESI) available: Additional structural in-
formation, computational run times, energetic properties of the structures, and full
band structures. See DOIL: 10.1039/cXCP00000x/

covalently by six 02 anions with corners of Sr atoms (B-cell).
The former case is the intuitive building block for computational
supercells. For example, a 2 x 2 x 2 SrTiO4 supercell would im-
ply two A-cells repeated along all three lattice vectors. Despite
its relatively simple bulk structure, understanding the complex
chemistry of disorder in SrTiO5 continues to present a significant
challenge to theoreticians. For example, oxygen vacancies (Vo)
in nonstoichiometric SrTiO; have been associated with a shift
in conductivity™?, blue-green light emission®®, and an antifer-
rodistortive phase transition® of the SrTiO lattice, yet studies
to probe the nature of these behaviors produce contradictory re-
sults.

It is well documented that in the case of the Vp, there is ex-
treme sensitivity to supercell size that has confounded attempts
to explain the origins of its unique properties. In 2004, Buban
and coworkers1® showed that a 40 atom 2 x 2 x 2 supercell pre-
dicted a deep defect state, while larger supercells through the 160
atom 2 x 2 x 4 and 320 atom 4 x 4 x 4 predicted a shallow defect
state with primarily tp, character. Similar results were observed
with GGA + U methods, where occupied intra-bandgap defect
states were observed until blue shifted above the conduction band
minimum in even larger 625 and 1080 atom supercells’®. Such
dependence on supercell size was recently confirmed with the ex-
tended Hubbard DFT + U + V approach of Ricca et alZ and per-
sists even with the use of hybridized functionals HSE061718 and
B3PWIY, Although the dependence on supercell size is well estab-
lished in this case, the type of defect-defect interactions contribut-
ing calculation artifacts, whether quantum mechanical, electro-
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Figu 1 Deviation (o) and variation (p) of Ti—O (blue) and Sr—O (green) bond lengths from the pure crystal structure (red) for each unit cell and
defect (a-i). A data point above the reference value should be interpreted as elongation of the average bond length, and is reported directly in A.
Error bars are reported with magnitude o/u to allow direct comparison of the magnitude of Sr—O and Ti—O variation. For asymmetric 3 x 2 x 2

and 3 x 3 x 4 supercells, only the x- oriented defect is plotted.

static, elastic, or magnetic in nature is often near-impossible to
resolvel20,

Despite comparable importance, the same systematic rigor
probing the relation between supercell size and Vp defect chem-
istry is critically lacking for other defect types, including vacan-
cies of Sr and Ti atoms (Vs and Vy; respectively). Metal vacan-
cies in SrTiO5 are important for controlling both the mechanical
and electronic properties of the material, such as grain boundary
structure?!’ and ionic conductivity?. Using 3 x 3 x 3 supercells
and a finite size correction scheme, Baker et al.2? showed that
Vs, is the majority defect in SrTiO5, with a much higher forma-
tion energy for B-site defects23, However, V; has been experi-
mentally observed in bulk SrTiO5 by positron annihilation spec-
troscopy2#22. In addition to these two defects, a comprehen-
sive model of realistic SrTiO; would need to consider two Schot-
tky vacancies, specifically adjacent V and metal vacancies (Vg,—
Vo, V1i—Vo), both of which have important implications in appli-
cations involving ionic conductivity*?, and for the formation of
dopant complexes26/27,

With regard to supercell size, the situation is further con-
founded when considering SrTiO, structures doped with non-
native elements, such as Mn**. These dopants not only produce
potentially more complicated defect geometries requiring reorga-
nization of a larger number of atoms, but also have the possibil-
ity of magnetic interactions among periodic defect images further
introducing artifacts into the calculation. The Mn dopant is of
special interest because it is intermediate in size between the Sr
and Ti, and its variable oxidation states allow it to substitute for
both Sr and Ti atoms (Mng, and Mn; respectively) 2822, Proper-
ties can be further tuned by controlling oxygen concentration and
forming the analogous double defects (Mng,—Vp, Mnp—V) =931,
Like metal vacancies, doped supercells require careful investiga-
tion to understand results that are simply an artifact of model

T
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choice and which provide much needed understanding of this im-
portant material.

Here the first systematic and comprehensive study of the re-
lation between calculated properties of SrTiO5 point defects and
supercell size is presented. By focusing on a thorough analysis
of both the geometric and electronic properties of each defect,
the disappearance of defect-defect interactions and bulk behav-
ior in the dilute range will emerge as supercell size increases.
It should be noted that extrapolation of a supercell that is “big
enough” for one defect type to another defect type is a hazardous
approach as the types of interactions contributing artifacts may
be highly variable. Furthermore, with computational studies pro-
viding a much higher resolution than current experimental tech-
niques, there is no standard for comparison, and thus the only
way to identify such computational artifacts is through thorough
systematic benchmarking like the one presented here.

2 Computational Methods

In order to probe the relationship between model parameters and
calculated properties, we performed DFT calculations on a sys-
tematic range of five differently sized supercells varying from a
small 40 atom supercell in which the perovskite A-cell is repeated
two times along each lattice vector, to a large 320 atom supercell
with four repeats of the A-cell. We refer to each of these supercells
in increasing size as 2 x 2 x 2 (40 atoms), 3 x 2 x 2 (60 atoms),
3x3x3 (135 atoms), 3 x 3 x4 (180 atoms), and 4 x4 x 4 (320
atoms) to denote the number of A-cell repeats along the x-, y-, and
z-axes respectively. For each supercell, we considered the follow-
ing vacancies and Mn** dopants: (Vs)%, (Vid%, (Vo)2t, (Vg—
Vo)o, (VTi—Vo)Z", (Mnsr)2+, (MnTi)O, (Mnsr—VO)4+, and (MnTi—
Vp)?*. Additionally, the asymmetric 3 x 2 x 2 and 3 x 3 x 4 super-
cells possess additional defects with two nonequivalent sites for
Vo and different distances between periodic defect images, no-
tated as -V, and -V, to indicate the orientation. We also tested
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Figu 2 Normalized energy per atom for each defect and super cell (a-i). The gray line represents energy of the pure supercells which is relatively
invariant.For asymmetric 3 x 2 x 2 and 3 x 3 x 4 supercells, only the x- oriented defect is plotted.

the dependence on supercell net charge and dopant valence by
considering the Mn-doped 3 x 3 x 3 supercells with an additional
one or two electrons to simulate doping with Mn3* and Mn2™ re-
spectively. In total, we calculated energetics, optimized geometry,
and electronic structure of 70 different supercells.

Fixed volume geometry optimizations were carried out using
the QuantumEspresso package®233/ and a 600 eV cutoff for the
planewave basis set with I'-point sampling of the Brillouin zone.
Electron exchange and correlation were accounted for under the
generalized gradient approximation (GGA) with the Becke-Lee-
Yang-Parr (BLYP) functional®435 which is comparable to litera-
ture investigations using PBE and PBEsol=®37. Full band struc-
tures of each were calculated with the same conditions and an
expanded k-point mesh (Table S1, ESIt). Under this computa-
tional setup, calculation of full bands for the largest Mn-doped
3 x3 x4 and 4 x 4 x 4 supercells were prohibitively expen-
sive. To confirm the quality of our BLYP-calculated electronic
structures, we also performed band calculations of each super-
cell with the projector-augmented wave (PAW) method in the Vi-
enna Ab Initio Simulation Package (VASP)3%740 and the hybrid
HSE06 functional®l¥2 with I'-only sampling and same 600 eV
energy cutoff. The following core/valence configurations were
used for each element: Sr:[Ar]3d/4s4p5s, Ti:[Ne]3s/3p4s3d,
O:[He]/2s2p, Mn:[Ne]3s/3p4s3d.

3 Results and Discussion

A detailed analysis of geometry and energetics with respect to su-
percell size reveals that caution must be taken when designing
computational models of defected materials. Different supercell
sizes inherently represent different chemistries and defect den-
sities, thus providing varying and potentially unphysical predic-
tions. Computation is always a tradeoff between accuracy and
computational cost. In particular, calculations involving super-
cells with hundreds of atoms are computationally demanding to
optimize. The wall time, reported as total core-hours, for BLYP

geometry optimizations (Fig. S2, ESIt) and HSEO06 single point
calculations (Fig. S3, ESIT) of each defected supercell demon-
strates an exponential increase in computational cost when mov-
ing to larger cell sizes. Table S2 (ESIT) demonstrates this scaling
on a per-atom basis for both calculations.

3.1 Supercells vs Bulk Geometric Structure

In perovskite oxides the tuning of the dopant location based on
changing synthetic parameters before dopant loading?® indicates
that doped structures are highly dependent on the locations of
as synthesized vacancies in the material. To understand the for-
mation of such vacancies, we optimized all possible single atom
vacancies, Vr;, Vs, and V.

Generally, structural distortions are largest for the smaller su-
percells, and converge to the bulk SrTiO5 structure as the num-
ber of atoms in the supercell increases. Structural deviation is
quantified for each supercell and defect type by comparing the
average adjusted mean Sr-O and Ti-O bond lengths (Fig. [Th-i).
In almost all supercells, optimization decreases the average Sr-O
bond length (1) and increases the average Ti—O bond length. The
nature of the convergence to bulk structure reveals three different
patterns of cell-wide structural distortion: (i) asymmetric super-
cells can result in increased distortion, best illustrated by consid-
ering the Mnr; defect (Fig. [Id). (i) A number of defects stud-
ied here are capable of inducing cell-wide antiferrodistortive-like
rotations of Ti-O octahedra. We calculate these out-of-phase ro-
tations to be 6 ~ 1.0° around the b-axis in the 4 x 4 x 4 V5,—Vp
supercell (Fig. S7). Such rotations are largely driven by geo-
metric constraints43 with experimental measurement of strained
undoped SrTiO; at =2.01° at 50 K44, Further distortion of these
octahedra occurs from off-centering of the central Ti atoms. This
reduces the symmetry of each octahedra from Oy, to C3, and re-
sults in a bimodal distribution of Ti-O bondlengths around the
pure value for a large number of supercells (Fig. S8-S11). This
second symmetry-lowering effect likely arises from electronic in-
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Figu 3 Formation energy for each defected supercell (a-i). For asymmetric 3 x 2 x 2 and 3 x 3 x 4 supercells, only the x- oriented defect is plotted.

stabilities of the Ti atom®®, and explains the unique shapes of
Ti-O deviation for Vg~Vo and Mng,—Vo (Fig. [If &[Ig). (iii) The
periodic boundary conditions of 2 x 2 x 2 and 3 x 2 x 2 super-
cells can induce unusually high structural distortion. This is best
illustrated in the case of Vy; (Fig. [Ik), where the bulk structure
is dramatically achieved at the 3 x 3 x 3 supercell. The high dis-
tortion in the smallest supercells arises from the high density of
defects, and boundary-spanning reorganizations that may intro-
duce nonphysical artifacts into calculated geometries.

Analyzing the energy per atom for each supercell further shows
exceptionally high deviation from the bulk value for defected su-
percells smaller than 3 x 3 x 3 (Fig. [2| & Table S3, ESI}). In the
undefected supercells, the energy per atom is invariant at 747
eV/atom (Table S3, ESIT). Defected supercells converge towards
this value nonlinearly as the size of the supercell increases. In the
case of Vs, and Vg~V (Fig. [2h &[2), this effect is minimal as the
energy slightly decreases or increases to the reference value re-
spectively. This small deviation is possibly attributed to the highly
electropositive nature of Sr, whereas disruption of the covalent Ti-
O cubic lattice results in much larger deviation from bulk value
in Vy; and V-V supercells (Fig. 2k &[2h). The largest deviation
occurs for the Mn-doped supercells which always increase to the
reference value (Fig. 2b, 21, 2k &[2D.

The formation energy is less dependent on unit cell size than
energy per atom, and generally shows a marginal increase with
increasing cell size (Fig. & Table S4, ESIT). We calculate forma-
tion energy according to the formula:

Eform = Edoped - Epure +Ex—Epn

Where Eyopeq and Epype are the final BLYP energies of each opti-
mized supercell, and E, and Ejy, are the energies of the defect
and dopant atoms in an empty vacuum cell of respective size.
Both single metal vacancies result in endothermic formation en-
ergies with the largest occurring for Vy; in excess of 100 eV (Fig.
Bk). Exclusion of an adjacent oxygen vacancy to form the V—Vo
defect lowers this value slightly (Fig. [3h), and subsequent dop-
ing to Mnr;—Vp brings exothermic formation energy to approx-

4 | Journal Name, [year], [vol.],
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(b)

Figu 4 Cutaway of 3 x 3 x 3 V4, supercell with defect surrounding TiOg
octahedra (a), and enlarged defected A-cell from 3 x 3 x 3 supercell with
locations of atoms in the pure lattice shaded (b). Defected A-cells from
each differently sized supercells (c). Color code: Sr = green, Ti = blue,
O = red.
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Figu 5 Cutaway of 3 x 3 x 3 V' (a) and Vo (c) supercells with defect surrounding TiOg octahedra. Enlarged V1; B-cell (b) and enlarged Vo A-cell
(d) from 3 x 3 x 3 supercell with locations of atoms in the pure lattice shaded. Cubic lattice in the defect plane from the V1; (e) and V7V (f) for
each differently sized supercell. For asymmetric 3 x 2 x 2 and 3 x 3 x 4 supercells, only the x- oriented defect is shown. Color code: Sr = green, Ti =

blue, O = red.

imately —10 eV in the 3 x 3 x 3 supercell (Fig. ). A similar
trend occurs for A-site defects with formation energy greatest for
the endothermic single atom vacancy Vs, (Fig. [3R) and most fa-
vorable formation energies occurring for the highly exothermic
Mn-doped double defect, Mng,~Vy (Fig. ). Exothermic forma-
tion energies are predicted for the Vo defect (Fig. [Bf), and there
is no apparent dependence on orientation of the defect (Table S4,
ESIT). The lower formation energies of A-site defects than B-site
defects have been seen previously??. Interestingly, vacancy of the
nearest neighbor oxygen site stabilizes both metal site vacancies.

Based on the structure, energy per atom, and formation ener-
gies, the 3 x 3 x 3 supercell is ideal for modeling the chemistry of
vacancies and Mn-dopants in SrTiO5. By balancing computational
expense with an accurate description of structure, the 3 x 3 x 3
supercell critically does not suffer from the ambiguous periodic
boundary conditions of the 2 x 2 x 2 and 3 x 2 x 2 supercells. This
hypothesis is tested by next considering the specific geometry of
each defected cell.

3.2 Geometry of Single Defect Sites

Geometry of the Vg, defect site (Fig. ) indicates minimal reorga-
nization of the defect-adjacent atoms with the surrounding TiOg
octahedra remaining largely in their native orientation (Fig. Ea).
Extracting the nearest neighbors to the vacancy from the 3 x 3 x 3
supercell in Fig. [@p (i.e. the defected A-cell) shows a slight move-
ment of neighboring atoms around the vacancy, with each of the
O atoms bowing slightly outwards and Ti atoms moving inwards

toward the defect (gray atoms in Fig. [@p show the bulk atom lo-
cations). This same defect site geometry appears to be predicted
by all supercells (defect separation from 7.89 — 15.78 A, Fig. E:),
similarly to the reported Vg,2* geometries’Z. Quantitative analy-
sis of the defect geometry achieved by calculating the volume of a
convex hull constructed from the defect adjacent atoms (Fig. Eh)
and measuring displacement of nearest neighbor atoms (Fig. ﬁi),
reveals slight deviation between each supercell. We calculate the
nearest neighbor displacement® as:

(0NN, ) = %Z&'

Where x and N are the type and number of atoms considered, and
0; is the displacement of each atom from its starting position in
the pure crystal lattice. Specifically in Vg, we observe an increase
in the reorganization of the defect adjacent Ti atoms ((Snny, ), blue
line in Fig. [B) in the 2 x 2 x 2 and 3 x 2 x 2 supercells resulting
in a slightly larger defect volume of approximately 4 A3.

The 3 x 3 x 3 supercell predicts comparable results for Vq; with
the surrounding octahedra remaining intact (Fig. [5h) and the
defected B-cell (Fig. [5b) showing neighboring Sr atoms shifting
inward towards the vacancy site and O atoms moving directly to-
wards their bonded Ti partners. Aside from this small reduction
in Ti-O bond lengths, the cubic lattice remains free from signif-
icant distortion in the supercells 3 x 3 x 3 and larger (Fig. [5k),
matching previously observed resultsZ. Contrarily, the optimized
3x2x2and 2 x 2 x 2 supercells predict significantly more out
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of plane restructuring. While Fig. [6k indicates Sr reorganiza-
tion to be the primary contribution to nearest neighbor displace-
ments, the large restructuring seen in the 2 x 2 x 2 and 3 x 2 x
2 is driven by periodic boundary condition-induced destabiliza-
tion. In these supercells, a significant percentage of Ti atoms are
bound two negatively charged defect adjacent O atoms, strain-
ing the TiO4 octahedra. During optimization, defect adjacent O
atoms no longer migrate exclusively along one lattice vector di-
rectly towards their bonding partner as in Fig. [5p, but rather in
multiple dimensions causing the observed distortions. Because
the nearest neighbors plot (Fig. [6e) only accounts for displace-
ment and not directionality, this effect is not readily apparent.
These differences in calculated geometry underscore the neces-
sity of selecting a large enough supercell for simulation of defects
in cubic perovskites.

Analysis of Vy (Fig. ) shows that each of the four nearest
neighboring O atoms bonded to the undercoordinated Ti atom
move inwards towards the defect (Fig. &[5, while the re-
maining O atoms comprising the rest of the defected A-cell and
bonded parallel to the vacancy bend outward. Similarly, the un-
dercoordinated Ti atoms move slightly outward away from the
defect while the neighboring Sr remains in its native position (Fig.
[BH). The tetrahedral geometry of the undercoordinated Ti atom
results in significant octahedral tilt (Fig. [Bk). This geometry is
generally well-captured by each of the supercells (Fig. [5f), and
matches the geometries calculated by Zhang et all3. Interest-
ingly, the outward motion of parallel bonded O atoms is repressed
in supercells 2 x 2 x 2 and 3 x 2 x 2, due to the opposing forces
arising from periodic boundary conditions. This is well reflected
in defect volume and nearest neighbor displacements (Fig. [6k &
[66), which are fairly constant.

3.3 Geometry of Double Defects

Experimental structures of Mn-dopants next to oxygen vacancies
have been observed2728, If these structure arise from filling a
metal vacancy site that is already next to an oxygen vacancy, then
the energetics and geometries of the double defects consisting of
a vacancy of both a metal atom and adjacent oxygen are critical.
Here, we consider only the nearest neighbor double defect, which
results in a defect separation of ~ 6 — 14A.

The 3 x 3 x 3 Vg—V defect cell displays the characteristics
of the two corresponding single defects. Those O atoms bonded
to the undercoordinated Ti atoms and comprising the neighbor-
ing Sr-occupied A-cells are pulled inward (Fig. &[7k), just as
before in the Vy defect geometry (Fig. [5). Similarly, the under-
coordinated Ti atoms also move away from the defect site. The
remaining defect adjacent Ti and O atoms comprising the vacant
A-cell are characteristic of the Vg, defect geometry with oxygen
atoms buckling outward from the defect site, and slight migration
of Ti atoms inward. Analysis of supercells smaller than 3 x 3 x 3 is
confounded by the large structural distortion caused by the high
defect density and periodic boundary condition induced reorgani-
zation. Notably, the 3 x 2 x 2 Vg,—Vy supercell fails to capture the
Vg defect geometry component (Fig. [7k), instead predicting the
geometry of a single V defect where all O atoms adjacent to the

6 Journal Name, [year], [vol.], 1

defect and bonding with the undercoordinated Ti move inwards,
losing the outward buckling observed in Vg, defected cells. The
high degree of reorganization and unique geometries predicted
by the 2 x 2 x 2 and 3 x 2 x 2 supercell account for an unusually
high nearest neighbor displacement contributed by large reorga-
nization of O atoms (Fig. [8b).

The V3;-Vo defect is also best viewed as a composition of two
single defect geometries. The five singly bonded oxygens neigh-
boring the Ti vacancy in the defected B-cell (Fig. [7k) migrate
towards their sole bonding partners as in the singly defected Vy;
cells. Four of these O atoms closest to double vacancy move addi-
tionally towards the vacant O site. The four Sr atoms nearest the
vacant B site migrate significantly inwards towards the vacancy,
while the Sr atoms adjacent to the oxygen vacancy are relatively
fixed in their native lattice positions. Those O atoms opposite the
Ti vacancy and bound to the undercoordinated Ti move inward
forming a tetrahedral geometry (Fig. as in the V supercells.
In supercells 3 x 3 x 3 and larger, this inward movement results in
tilting the adjacent TiOg octahedra with O atoms bonded parallel
to the vacant O site moving outwards away from the defect (Fig.
&[7D). However, in 2x 2 x 2 and 3 x 2 x 2 V-V, this octahe-
dral tilt is largely repressed. To achieve the same geometry of the
optimized 3 x 3 x 3 supercell under the equivalence of atoms im-
posed by the periodic boundary conditions of these smaller cells, a
single TiOg octahedra would have to simultaneously rotate clock-
wise and counter-clockwise. These two opposing forces result in
very little net movement, and a subsequent failure to describe the
bonding of these atoms and their relaxation around the vacancy.
Notably, the 3 x 2 x 2 V-V, (Fig. S8, ESIt) defect is success-
ful in capturing this reorganization as tilt occurs along its lattice
vector with period 3, eliminating equivalence restrictions.

The effect of periodic boundary conditions on the optimized
geometry is also clearly visible in the nearest neighbor displace-
ments (Fig. [8d). For the two smallest supercells, the reorgani-
zation of Sr and O atoms are the major contributors to nearest
neighbor displacements with the contribution of Ti atoms negligi-
ble. At the 3 x 3 x 3 supercell, Sr displacement is reduced and O
displacement is increased to become the major contributor. In the
two smallest supercells, the Ti-O cubic lattice is more rigid due
the opposing forces created by periodic boundary conditions as
previously discussed, justifying the increase in O reorganization
at the 3 x 3 x 3 supercell. Similarly, O vacancies in the cubic lat-
tice are stabilized by increased interactions with the Sr atoms evi-
denced by migration of oxygens around a vacancy towards the Sr
atoms in Vg defects. With the periodic boundary-imposed rigid-
ity in the cubic lattice, the Sr—O stabilization interaction is able
to overcome the mass difference between Sr and O atoms, and
subsequently the Sr atom is pulled, justifying the increased Sr
displacement (Fig. [8d).

3.4 Geometry of Dopants

Optimized geometries of an Mn** ion substituting for Sr show oc-
cupation of an off-center lattice position in agreement with pre-
vious studies2314647 In the cubic supercells, the Mn ion mi-
grates along all three lattice vectors to a corner of the defected
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Figu 6 Defect Volumes (a-c) and Nearest Neighbor (d-f) displacements for single vacancies. Defect volumes are approximated by a convex hull
constructed from the nearest 20 lattice atoms for Vs, defects and nearest 14 lattice atoms for V17 and Vo defects. Nearest neighbor migrations
are calculated as displacement of these same lattice atoms from the pure crystal structure. The solid line in nearest neighbor plots represents total
displacement, while the green, blue, and red dashed lines represent the atom-resolved displacements. For asymmetric supercells, only the x-oriented
defect structure is plotted.
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Figu 7 Cutaway of 3 x 3 x 3 V5,—Vp (a) and V1~V (c) supercells with defect surrounding TiOg octahedra. Enlarged Vs~V A-cell (b) and
enlarged Vi~V B-cell (d) from 3 x 3 x 3 supercell with locations of atoms in the pure lattice shaded. Cubic lattice in the defect plane from the
Vs,—Vo (e) and Vi~V (f) for each differently sized supercell. For asymmetric 3 x 2 x 2 and 3 x 3 x 4 supercells, only the x- oriented defect is
shown. Color code: Sr = green, Ti = blue, O = red.
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Figu 8 Defect Volumes (a-c) and Nearest Neighbor (d-f) displacements
for double vacancies. Defect volumes are approximated by a convex hull
constructed from the nearest 26 lattice atoms for Vs~V defects and
nearest 18 lattice atoms for Vi~V defects. Nearest neighbor migra-
tions are calculated as displacement of these same lattice atoms. For
asymmetric supercells, only the x-oriented defected structure is plotted.

A-cell (Fig. @)). Here, the nearest Ti atom is displaced from the
center of its octahedra (Fig. [Oh), leaving three O atoms to triply
coordinate the Mn ion. Those Ti atoms sharing bonding partners
with the Mn ion are displaced away, while the remaining four Ti
atoms are pulled inwards. With the exception of those lattice ions
directly interacting with dopant, the geometry predicted by the
cubic supercells is similar to that of Vg,. Notably, the Mng, defect
is sensitive to the symmetry of the supercell, with a critically dif-
ferent defect geometry predicted for the asymmetric super cells
(Fig. [O). In each case, the Mn ion continues to occupy an off-
center lattice position, yet reorganization of the dopant ion only
occurs in the lattice vector for which the supercell has the great-
est period. In the case of the 3 x 2 x 2 and 3 x 3 x 4 supercells,
there is minimal change in the yz- and xy-coordinates of the Mn
ion respectively. Consequently, a 4-coordinate face-centered de-
fect complex is formed (coordination number®® approximately
4.6 (Table S6, ESIT). Because the dopant no longer approaches a
B-site ion in this defect geometry, all Ti atoms remain centered in
their octahedra, as indicated by the reduced nearest neighbor dis-
placement for Ti in asymmetric supercells (Fig. [T2k). However,
the implication of four O atoms in formation of the face-centered
complex contribute to an increase in the total nearest neighbor
displacements for asymmetric supercells. Doping the 3 x 3 x 3
supercell with aliovalent Mn2* and Mn3* ions each predict a dis-
tinct 5-coordinate Mn complex (coordination numbers approxi-
mately 4.8 and 4.4 respectively, Table S6 and Fig. S13, ESIf)
where the dopant moves along two lattice vectors to the edge of
a supercell, to produce a square pyramidal dopant complex not
captured by any of the Mn**g, supercells.

Importantly, while the Mn location in the supercells varies
widely, the coordination numbers (Table S6, ESIT) are all in the
4.4-4.8 range. It would be interesting to see if X-ray absorption
spectroscopies (XAS) pre-edge features, which indicate the de-
gree of disorder within polyhedra, could be used to determine if
there is one clear Mn structure. While measurements like high
energy x-ray scattering pair distribution function (PDF) might
have this level of resolution for bulk samples, it would be inter-
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Figu 9 Cutaway of 3 x 3 x 3 Mng, supercell with defect surrounding TiOg
octahedra (a), and enlarged defected A-cell with locations of atoms in
the pure lattice shaded (b). Defected A-cells from each differently sized
supercells (c). Color code: Sr = green, Ti = blue, O = red, Mn =
purple.

@@@%ﬁ

Figu 10 Cutaway of 3 x 3 x 3 Mng,—V supercell with defect surrounding
TiOg octahedra (a), and enlarged defected A-cell with locations of atoms
in the pure lattice shaded (b). Defected A-cells from each differently sized
supercells (c). For asymmetric supercells, only the x-orientated defect is
shown. Color code: Sr = green, Ti = blue, O = red, Mn = purple.
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esting to see if anything can be determined experimentally about
dopant geometries. Without such evidence, one must assume that
a range of Mn structures exist in real materials and thus must be
modeled to capture the range of possible electronic effects.

The geometry of the Mng,—V defect is also sensitive to the
supercell size varying with the location of the off-center Mn ion
(Fig. [10k). In each case, the Mn dopant reorganizes along 2
lattice vectors causing significant octahedral tilt as it coordinates
with O atoms (Fig. ). Forthe2x2x2,3x2x2,and3x3x
4 supercells (Fig. [I0), the Mn is positioned directly towards the
oxygen vacancy and forms a 4-coordinate Mn complex, distinct
from the face-centered Mn complex calculated for the asymmetric
Mng, defected cells. The 4-coordinate Mn complex is not sensi-
tive to the orientation of the oxygen vacancy in the asymmetric
supercells with similar structures predicted for both orientations.
A significantly different defect geometry is calculated for the 3 x 3
x 3 and 4 x 4 x 4 supercells, both forming a 5-coordinate Mn com-
plex. However, these supercells differ from each other with the
Mn ion moving directly away from (Fig. [L0p) or parallel to (Fig.
[10k) the O vacancy respectively. Doping the 3 x 3 x 3 supercell
with aliovalent Mn%* or Mn3* removes this effect (Fig. S9, ESIT)
and reveals the 4-coordinate Mn complex like those predicted by
the2x2x2 3x2x2, and 3 x 3 x 4 Mng** -V, structures.
Despite the dramatic difference between the different Mng,~Vp
defect geometries, the nearest neighbor displacement is relatively
constant (Fig. [I2]). In each case, reorganization of adjacent O
atoms is the major contributor, with marginal contributions by Sr
and Ti atoms. However, the different defect geometries are de-
tectable by volume (Fig. ), with the five coordinate Mn com-
plex formed in 3 x 3 x 3 and 4 x 4 x 4 supercells approximately
10 A3 smaller than the 2 x 2 x 2 and 3 x 2 x 2 supercells.

Unlike the dramatic variation and distortion of the Mng,~Vp,
Mnr; defected supercells show minimum disruption of the native
crystal structure (Fig. ), probably as the Mn** ion is simi-
lar in size to the substituted Ti. In all supercells, defect adjacent
O atoms are pulled towards the substituting Mn ion (Fig. [LTf),
reducing the neighboring bond lengths in the cubic lattice from
1.97 Ato approximately 1.82 A. Unlike in the singly defected Vr;
supercells, the Sr atoms comprising the B-cell are relatively fixed
in cubic supercells (Fig. [I1p). Notably, there is increased re-
organization of the Sr atoms for the asymmetric supercells indi-
cated by the nearest neighbor displacements (Fig. [12j), a phe-
nomenon which may coincide with the cell-wide folding previ-
ously discussed. Geometry optimizations of 3 x 3 x 3 supercells
with Mn2* and Mn3* as dopant ions optimize to a similar ge-
ometry as their Mn** doped counterparts (Fig. S9, ESIT) to a
comparable Mn-O bond length of 1.83 A in both oxidation states.

Like the Mng,—V( defect, optimization of Mn;—V defected su-
percells also reveals varying defect geometries dependent on su-
percell size. In all supercells, those O atoms adjacent to the va-
cancy move inward (Fig. [L1), similar to the reorganization of
the Vo defect (Fig. [5), and those bonded to the dopant ion ex-
perience the bond length shortening characteristic of the Mnr;
defect (Fig. [11). However, in some of the supercells, reorgani-
zation of certain O atoms adjacent to the vacancy and bound to
the dopant ion (henceforth referred to as neighboring O atoms)
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is much greater resulting two inequivalent Mn-O bond lengths of
1.67 A and 1.89 A as measured in the 3 x 3 x 3 supercell. As a con-
sequence, O atoms closer to the Mn ion are no longer equivalent
to the remaining neighboring O atoms, and are out of bonding
distance with their Ti partners, whose subsequent reorganization
further increases the distance between the two atoms to 2.48 A.
Of the 4 neighboring O atoms, inequivalence of this type arises
for two (one shown in (Fig. and is only observed in super-
cells2x2x2,3x2x2,3x3x3,and 3 x 3 x4 (Vg direction
only)). This subtle difference in geometry is not detectable by the
nearest neighbor displacement or volume measures (Fig. &
). The fact that this effect is diminished for the long 3 x 3 x
4 Vo, and 4 x 4 x 4 supercells indicates that the appearance of
these inequivalent neighboring O atoms might just be an artifact
of close packing of the defects or defect-defect interactions in the
periodic structure. Interestingly, doping with Mn?* reduces the
inequivalence of Mn—O bond lengths to 1.76 and 1.84 A, and
inequivalence is completely diminished with Mn3* where all va-
cancy adjacent Mn—O bond lengths at 1.78 A.

3.5 Electronic Structure of Undefected and Vy Supercells

The effect of supercell size on calculated electronic properties is
readily apparent even in the undefected supercells. Generally,
the I-only HSE06 calculated bands (Fig. [I3p) align well with
the full band structures and density of states (DOS) calculated
with the BLYP functional (Fig. S10, ESI}). Both functionals con-
firm the valence band (VB) to have mainly oxygen 2p character,
and the conduction band (CB) primarily contributed by Ti ty, or-
bitals. The full band structures show conduction band minima
(CBM) occuring at points I" and X, while location of the valence
band maximum (VBM) varies for each supercell. This variation is
due in part to differing atomic species at the same high symmetry
point in different supercell sizes (Table S7, ESIT). In supercells
with an even period in all three lattice vectors, each high symme-
try point is centered on a Ti atom, contributing VBM at points X
and I'. In the 3 x 3 x 3 supercell, X and I" correspond to minima
of the valence band, and coincide with an A-cell face center and
Sr atom respectively, whereas VBM in these supercells correspond
to Ti and O atoms at points M and R. In the BLYP predicted band
structures, the magnitude of the band gap (Eg) in pure supercells
very consistent at approximately 1.85 eV. However, the hybrid
HSEO6 functional predicts a much larger Eg with higher variation
ranging from a minimum of 2.92 eV in the 2 x 2 x 2 supercell
to a maximum of 3.51 eV in the 3 x 3 x 3 supercell. The larger
supercells are within computational error of the experimental Eg
(3.2 eV, direct 3.7 eV)42. We suspect the maximum Eg occurs in
the 3 x 3 x 3 supercell as a result of the I" point sampling, which
is centered on a Sr-atom for only the 3 x 3 x 3 supercell.

Vo leads to a large increase in the magnitude of E¢ predicted by
both the HSE06 (Fig. ) and BLYP (Fig. S10, ESI{) functional.
In the full BLYP band structures, Eq is increased to a maximum of
about 2.70 €V in the 2 x 2 x 2 supercell, gradually converging to
bulk value in the large 4 x 4 x 4 supercell. The HSE06 predicted
E; also decreases as supercell size is increased.Other reports have
shown a narrowing of Eg1718. There is limited dependence on
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Figu 11 Cutaway of 3 x 3 x 3 Mn; (a) and Mn1;—V( (c) supercells with defect surrounding TiOg octahedra. Enlarged MnT; B-cell (b) and enlarged
MnTi—Vo B-cell (d) from 3 x 3 x 3 supercell with locations of atoms in the pure lattice shaded. Cubic lattice in the defect plane from the Mn; (e)
and Mni—Vg (f) for each differently sized supercell. For asymmetric 3 x 2 x 2 and 3 x 3 x 4 supercells, only the x- oriented defect is shown. Color
code: Sr = green, Ti = blue, O = red, Mn = purple.
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Figu 12 Defect Volumes (a-c) and Nearest Neighbor (d-f) displacements for doped supercells.
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Figu 13 HSEO06 predicted bands and charge densities at I" for undefected
(a) and Vo (b). Unoccupied orbitals are marked with red and with x.
Occupied orbitals are marked in black and with o. Only the x-orientation
is plotted for asymmetric supercells.

the orientation of the vacancy in the x- or z- direction for asym-
metric supercells, with Eg for 3 x 2 x 2 Vg, predicted to be 0.03
eV narrower than Vg, (Fig. S12, ESI}). Notably, we do not ob-
serve any intra-bandgap states for V in any supercell that was
reported by previous researchers.

3.6 Electronic Structure of A-Site defects

Vs, also reveals large E; widening that converges towards the
bulk value in the largest supercells from 4.51 eV in 2 x 2 x 2
to 3.23 €V in 4 x 4 x 4. In both the HSEO6 (Fig. ) calculated
energy levels and full BLYP (Fig. S13, ESIT) band structures, the 3
x 3 x 4 supercell predicts and unusually large Eg, indicating that
supercell symmetry is just as important in predicting electronic
structure as size.

The corresponding double defect Vg~V causes little pertur-
bation to the electronic structure, with the exception of 3 x 3 x
3 and 4 x 4 x 4 supercells. Eg in these supercells no longer ap-
proaches bulk value in both the BLYP (Fig. S13, ESI{) and HSE06
(Fig. ) calculations. Interestingly, E¢ in the asymmetric 3 x 2
x 2 supercells is sensitive to orientation of the defect with a differ-
ence in Eg of approximately 0.35 eV between VsV, and Vg—Vp,
in the HSEO6 predicted energy levels. This also may be a conse-
quence of the I'-only sampling in these calculations, in which I’
differs between an occupied and vacant O site depending on the
X- or z- orientation of the defect. The significant loss of curvature
in the 2x 2x 2 and 3 x 2 x 2 full BLYP band structures is indicative
of the high structural distortion in these supercells, indicating a
greater contribution from localized orbitals, opposed to the highly
delocalized bands of supercells 3 x 3 x 3 and larger. The reduced
atomic density in the small doubly-defected supercells may also
help justify E; widening.
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Figu 14 HSEO06 predicted bands and charge densities at I for Vs, (a)
and Vs,—Vo (b). Unoccupied orbitals are marked with red and with x.
Occupied orbitals are marked in black and with o. Only the x-orientation
is plotted for asymmetric supercells.

Doping with the Mn ion has potential to create intra-bandgap
defect states localized on the dopant atom, indicated in the full
BLYP band structures as very flat bands, and confirmed by analysis
of the HSEO6 charge densities. In addition to potentially narrow-
ing Eg, these localized orbitals can potentially act as trap states for
excited charge carriers, as well as recombination centers. Consid-
ering the two different defect site geometries calculated for Mng;
(Fig.[9), it is intuitive to expect two different electronic structures
that correspond to the 4-coordinate face-centered Mn complex of
the asymmetric 3 x 2 x 2 and 3 x 3 x 4 supercells, and the 3-
coordinate Mn complex of the cubic supercells. In the BLYP calcu-
lated band structures (Fig. S17, ESIY), this is the case with the 3-
coordinate complex resulting in an occupied defect band located
in the middle of the band gap, and the 4-coordinate face centered
Mn-complex predicted by the asymmetric supercells showing as a
deeper defect state just above VB edge, with possible additional
defect states comprising the edge of the CB coinciding with the
fermi level (Eg).

The presence of these defect states is confirmed in the HSE06
calculations. In both defect geometries, VBM is a singly occupied
band located approximately 1 eV over the other occupied bands,
and is localized on the dopant atom with t, character (@ in Fig.
[I5R). In each geometry, there are three additional unoccupied
Mn-localized orbitals, however with differing degeneracies. In
the 3-coordinate Mn geometries, there is a non-degenerate deep
defect state located approximately 1.5 eV below CBM. CBM in
these geometries consist of two degenerate orbitals with charge
density shared between Mn atom and nearby atoms (3 in Fig.
[[5h). Furthermore, exclusively the 2 x 2 x 2 supercell predicts
an additional defect state with primarily d,. character (D in Fig.
), centered on the Ti atom nearest the dopant. In the face-
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Figu 15 HSEOQ6 predicted bands and charge densities at I" for Mng, (a) and Mng,—V( (b). Unoccupied orbitals are marked with red and with x.
Singly occupied orbitals are marked with blue and with V. Occupied orbitals are marked in black and with o. Gray lines trace the locations of localized
orbitals with similar character. Only the x-orientation is plotted for asymmetric supercells. Charge density is summed along the perpendicular axis and
indicated by shading and contour lines. The blue and red dots are a visual guide to indicate Ti and O lattice positions in the undefected supercell and

do not represent the exact locations of atoms in the relaxed supercell.

centered 4-coordinate geometries, the two degenerate localized
orbitals comprise a shallower defect state, approximately 0.94 eV
or less below CBM. CBM in these geometries is a single localized
orbital.

Considering the similar square planar geometry between the
face-centered Mng, geometries, and the 4-coordinate square pla-
nar Mng,—V defect complexes predicted by 2 x 2 x 2, 3 x 2 X
2, and 3 x 3 x 4, it is unsurprising that the latter also predicts 3
total localized orbitals in the vicinity of the bandgap (Fig. [I5b).
However, all mid-gap states are much further ( > 1 €V) below
CB. There is little dependence on the orientation of the defect in
asymmetric 3 x 2 x 2 and 3 x 3 x 4 supercells. The 5-coordinate
Mng-Vp geometries of 3 x 3 x 3 and 4 x 4 x 4 predict critically dif-
ferent electronic structures. 3 x 3 x 3 continues to predict three
localized orbitals, but the lowest of these is occupied in the VB
(@ in Fig. [I5b). The 4 x 4 x 4 supercell also possess an occu-
pied localized orbital, and the singly occupied Mn-localized VBM
1.77 €V above the remainder of the VB, and 1.04 €V below the
CBM. Notably, 4 x 4 x 4 only predicts these two localized orbitals
in the vicinity of the band gap, opposed to three localized states
predicted by all other supercells. Combined ultraviolet photo-
electron spectroscopy (UPS), inverse photoemission spectroscopy
(IPES), and XPS spectra could provide relative energies of VB, CB,
and Mn states that would allow some of these electronic structure

to be ruled-out (or favored).

Doping with Mn2*/3% creates additional electronic structures

(Fig. & S14, ESIY). In the five coordinate Mn complex pre-
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Figu 17 HSEO06 predicted bands and charge densities at ' for MnT; (a) and Mni—Vo (b). Unoccupied orbitals are marked with red and with x.
Singly occupied orbitals are marked with blue and with V. Occupied orbitals are marked in black and with o. Gray lines trace the locations of localized
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indicated by shading and contour lines. The blue and red dots are a visual guide to indicate Ti and O lattice positions in the undefected supercell and

do not represent the exact locations of atoms in the relaxed supercell.

dicted by both by Mng,2* and Mng2* (Fig. S9, ESIT), there are
two electronic states located approximately 1.5 eV above the re-
mainder of the VB with splitting of approximately 0.1 eV. The
higher of these orbitals is localized on the dopant, and consti-
tutes VBM in Mng,3*, whereas the additional electron of Mng,2*
singly occupies a delocalized orbital with Ti ty, character, which
is isoelectronic with the bottom of CB. The Mng, >+ -V, predicts a
similar 5-coordinate geometry asthe2x2x2,3x2x2,and 3 x
3 x 4 Mng,** -V, supercells, and the electronic structure is gen-
erally the same with the extra electron contributed by Mn3* fill-
ing the previously singly occupied VB. Mng, 2+ -V also predicts a
similar geometry, however the electronic structure is significantly
different. In contrast to the other A-site defects, 4 localized states
are predicted. In addition to those three with Mn ty, character
common in the other defects, the lowest of these occupied intra-
bandgap states located 1.11 €V above the rest of the VB has sig-
nificant hybridization with with the nearby Ti d,» orbitals forming
an F-center between the two adjacent Ti atoms.

3.7 Electronic Structure of B-Site defects

Single and double vacancies on the B-site generally also lead to
large Eg (Fig. S15, ESIY), like the A-site vacancies. Specifically,
the Vp; results in maximum Eg widening to 4.61 eV in the 2 x 2 x
2 and converges to the bulk value by the 4 x 4 x 4 supercell, with
the biggest jump in convergence between 3 x2x2and 3x3x 3
of approximately 0.78 eV in the HSE06 predicted structures. Full
BLYP band structures (Fig. S16, ESIT) also predict E; widening
in smallest supercells to 2.88 eV and 2.51 €V in 2 x 2 x 2 and

3 x 2 x 2 supercells, but full convergence to bulk value by the 3
x 3 x 3 supercell. The larger Vy;-Vp defect results in smaller Eg
widening to a HSE06 predicted maximum of 4.14 eV in the 2 x 2
x 2 supercell. However, this value is slower to converge, remain-
ing fairly constant between 3.9 and 4.0 eV in all supercells, until
only reaching the bulk value at the 4 x 4 x 4 in both BLYP and
HSEO06 calculations (Fig. S15, ESIT). Unexpectedly, both func-
tionals calculate the 3 x 3 x 3 supercell to have a larger Eg than
its asymmetric neighbors.

The Mnr; defect shows high sensitivity to supercell size. The
smallest Eg occurs for the 2 x 2 x 2 supercell, predicting metal-
lic behavior with AE = 0.86 eV between the between the singly
occupied VBM and CBM. This feature is unique to the HSEQ6 pre-
dicted bands with the full BLYP band structures (Fig. S16, ESI})
indicating Eg=1.53 eV, yet Eg is localized in the CB. Analysis of
the charge density indicates that the singly occupied VBM and
next highest band are located entirely on the Mn ion (@) and 3
in Fig. [[7R). The CBM largely retains this character, albeit with
significant O 2p contributions. Only in the asymmetric supercells
is CBM is completely localized on Mn with t5, character. In super-
cells 3 x 3 x 3 and larger, there is the appearance of an additional
localized state not centered on the Mn ion, but rather on the O
2p orbitals surrounding the dopant (D) in Fig. [I7p). This state
occurs for several bands immediately below the singly occupied
VBM, and cannot occur in supercells 3 x 3 x 3 or smaller due to
the majority of atoms in small supercells being defect adjacent.
The 3 x 2 x 2 and 3 x 3 x 4 supercells both predict larger Eg,
consistent with the increased Ti-O bond lengths for asymmetric
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supercells (Fig. [Id) and thus poorer orbital overlap. The full
BLYP bandstructures also produce highly variable results. In each
case, Eg is decreased from the bulk value, and Ep is localized in
the CB.

Doping with Mn causes minimal change in the predicted
geometry of each Mnr; supercell, however varying electronic
structures are predicted (Fig. [L6p). The HSEO06 calculations pre-
dict that VBM in Mnp;3* becomes two doubly occupied bands
degenerate at I'. Both of these states have Mn tp,-like character,
and one of them shares significant charge density with the sur-
rounding O 2p orbitals. These are approximately 1.73 eV higher
than the remainder of VB, and 0.96 eV below the conduction band
edge. This band alignment is nearly identical in the Mnp;2* de-
fect, with the extra electron residing in the delocalized CBM with
Ti toy character. The BLYP predicted band structures do not cap-
ture these subtle changes, and deviation from the 3 x 3 x 3 Mnp;**
band structure is marginal (Fig. S14, ESI{).

In MnT;-Vo supercells, most supercells retain three localized
Mn orbitals (D and @) in Fig. [I5p), comprising VBM, CBM, and
a singly occupied mid-gap state. However, as supercell size is
increased, the localized orbital comprising CBM begins to delo-
calize among the nearby Ti atoms in plane with the dopant (@) in
Fig. [17p), and is completely delocalized by the 4 x 4 x 4 super-
cell. Surprisingly, there is a significant difference in the electronic
structures between the 3 x 3 x 4 Mnp;-Vp, and 3 x 3 x 4 Mnry-
Voy supercells (Fig. S17, ESIT) with the location of the singly-
occupied VBM. Although the same character is retained in both
cases, the singly occpuied VBM of Mnr;-Vo, is blueshifted to the
CBM compared to the mid-gap location of Mn;-Voy.

The full BLYP bandstructures (Fig. S16, ESI{) are generally
consistent across all supercells, and align well with the HSE06
structures. Notably, both methods predict a significantly large Eq
compared with Mnp;. Doping with Mn3* produces two degener-
ate doubly occupied VBM (Fig. [L6p) approximately 1.66 eV above
the remainder of the valence band and 0.6 eV below CBM. Both
of these states are localized on the Mn dopant. In the Mnp;%*-Vp,
the degeneracy of these two states is broken and they are sepa-
rated by approximately 0.2 eV. The extra electron resides at the
bottom of CB in a singly occupied localized Mn orbital. For the
Mn2*/3% defects, the full BLYP bandstructures do not produce
significant differences (Fig. S14, ESIT), other than slightly differ-
ent Eg of 1.84 eV and 2.01 eV for Mn3* and Mn?" respectively.

2+/3+

4 Conclusion

We performed the first comprehensive study of the profound im-
pact of supercell size and model parameters on calculated prop-
erties of SrTiO5 point defects. Our analysis of cell-wide geometry
and energetics suggest that the 3 x 3 x 3 supercell represents the
greatest compromise between computational cost and minimiza-
tion of computational artifacts. In general, all single and double
vacancies widen the band gap and Mn dopants result in narrower
band gaps or singly occupied defect states in the undoped gap.
However, a more detailed exploration of defect site geome-
tries and electronic structure reveals high variability and differ-
ing properties even among the largest supercells studied here,
demonstrating the importance of such benchmarking studies or

14 | Journal Name, [year], [vol.], 1

exploration of a variety of structures for each defect. While tar-
geted experiments to determine the structure (PDF) and elec-
tronic structure (XPS, UPS, IEPS) of a typical Mn dopant would
help add to the understanding of Mn-doped SrTiO;, methods
that can identify the lowest energy geometries irrespective of su-
percell size would limit the computational cost to such studies.
Ultimately, our results indicate that for now both supercell size
and shape should be explored to capture the range of substitu-
tion dopants and vacancies when the atoms have more degrees of
freedom (like the Vg, Mng;, Mng,—Vp).

Furthermore, our calculations using Mn?®* and Mn3" suggest
the need to explore model parameter space in additional di-
mensions in order to gain a complete understand of the com-
plex chemistry of Mn-doped SrTiO5. Importantly the interesting
gap states predicted for the Mng,** and Mng,** -V, suggest that
Mng,** as opposed to Mng,2* doped structure should have inter-
esting functionality.
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