Effects of Concentration, Crystal Structure,
Magnetism, and Electronic Structure Method on
First-principles Oxygen Vacancy Formation
Energy Trends in Perovskites

Matthew Curnan®* and John R. Kitchin* 11

National Energy Technology Laboratory-Regional University Alliance (NETL-RUA), US
Department of Energy, P.O. Box 10940, Pittsburgh, Pennsylvania 15236

E-mail: jkitchin@andrew.cmu.edu

Phone: +1 (412) 268-7803. Fax: +1 (412) 268-7139

*To whom correspondence should be addressed

TNational Energy Technology Laboratory-Regional University Alliance (NETL-RUA), US Department of
Energy, P.O. Box 10940, Pittsburgh, Pennsylvania 15236

iDepartment of Materials Science and Engineering, Carnegie Mellon University, 5000 Forbes Ave, Pitts-
burgh, PA 15213

YDepartment of Chemical Engineering, Carnegie Mellon University, 5000 Forbes Ave, Pittsburgh, PA
15213


jkitchin@andrew.cmu.edu

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Abstract

Systematic prediction of the redox reaction energetics of large sets of 3d transition
metal oxides is imperative to the selection of oxygen carrier candidates in applications
ranging from chemical looping to solid oxide fuel cell (SOFC) cathode design. In par-
ticular, the energetic study of oxygen vacancy formation in unmixed perovskites with
La, alkali, and alkaline A-site metal cations — as well as 3d transition metal B-site
cations — is a crucial first step in understanding the energetic tunability afforded by
cation doping in ABOgs materials. An assessment of the relative oxygen vacancy for-
mation energetics of LaBQOgs, SrBOgs, and similar materials that serve as a guideline for
predicting energetics in related systems is completed below using Density Functional
Theory (DFT). This assessment illustrates which simplifications can be made in the
prediction of energetics trends without affecting trend order. The independent con-
sideration of oxygen vacancy concentration, crystal structure, and anti-ferromagnetic
(AFM) magnetism revealed that these factors in DFT calculations had no effect on
trend order. However, ferromagnetic (FM) SrBOs trend order was affected between
SrMnOg3 and SrFeOgs as a function of defect concentration. Moreover, energetic trends
were also formed by adding constant, incremental values of the Hubbard U parameter
contributed to the 3d orbitals of perovskite B-sites. calculation of U parameters using

linear response theory or by a literature review of previous research.

Keywords: transition metal oxide, oxygen defect, redox energy, DFT+U, ferro-

magnetism, anti-ferromagnetism

Introduction

Transition metal perovskite (ABO3) oxides are used in applications that include gas sen-
sors, 2 photovoltaics,? spintronics and other forms of magnetic coupling,*® exhaust gas
CO%" and NO,® 1 treatment, and steam reformation.''? In the context of redox reac-

tivity, these oxides are utilized in two primary fields of research, namely clean energy and
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catalysis. With respect to clean energy, transition metal oxides function as cathode ma-
terials to improve the oxygen reduction reaction (ORR) kinetics of solid oxide fuel cells

(SOFCs),'11 while they serve as oxygen carriers in chemical looping combustion (CLC)

15,16

processes intended for applications in power generation coupled with carbon capture

and storage (CCS).'%!8 Particular to chemical looping processes, unmixed oxygen carriers
possess strong theromdynamic properties, enabling effective redox reactivity in various phys-
ical implementations of such processes.!?!6:1% Though their oxygen transport properties are
characteristically poor relative to this level of reactivity, !¢ the mixture of cations on several
of the sites of these oxygen carriers has been demonstrated to improve oxygen transport
properties significantly without significantly lowering redox reactivity.!% 2! With respect to

catalysis, mixed-metal perovskite solutions are frequently used to tune and optimize operat-

19,22

ing parameters in hydrocarbon oxidation processes including fuel conversion,%2* CO,

25,26

selectivity,?> and specific surface area relative to other reaction parameters. Perovskite

(ABOj3) materials, which contain at least two different types of metal cations located at two
distinct (A and B) sites in a stoichiometric 1:1 concentration ratio, have material properties
that are readily tuned by mixing cation compositions on either their A or B-sites.'?1%2! The
mixture of structurally similar solid-state materials with different compositions, which can

incorporate large sets of cation combinations in A BO3 materials, is capable of optimizing ma-

20,27,28 20,29 4o

terial properties pertinent to SOFCs such as conductivity and oxygen diffusion

a function of conditions such as temperature'* or strain.'® Furthermore, perovskites such as

(La,Sr)MnO3 (LSM) and (La,Sr)MnOg (LSF) are also chemically stable over a wide range of

21,30

redox reaction conditions and are compatible with multiple substrate support materials

such as yttria-stabilized zirconia (YSZ) and alumina (Al,O,).'6:18

LaBO3 materials with B-site cations comprised of 3d transition metals with partially

filled d-shells (B = Sc—Cu) have favorable structural,®?*3! electronic,”!% and catalytic!!3%:33

34,35 36,37

properties over the range of thermodynamic temperature and pressure conditions

appropriate for redox reaction applications. 7253839 In redox applications, these LaBO3; ma-
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terials must observe not only favorable bulk and surface redox reactivity, but also favorable
ionic and electronic migration properties.'? The transport of oxygen anions and electrons
from bulk to surface facilitates the transformation between energetically stable bulk and
surface structures containing oxygen vacancies, allowing the mechanisms of surface and bulk
oxygen vacancy formation to cooperatively contribute to redox reactivity. 2! In these mech-
anisms, the facile reduction and oxidation of 3d transition metal B-sites located on the
perovskite surface is enabled by their multiple available valence states, allowing local con-
servation of charge in the presence of substantial surface oxygen vacancy concentrations. 3540
Many LaBO3; materials observe favorable oxygen transport properties, such as consistently
low migration energies associated with oxygen diffusion from surface to bulk,3%*! displace-
ment of A and B-site cations away from the diffusion paths of oxygen, the presence of several
open diffusion paths between different oxygen crystallographic sites, and sufficient concen-
trations of mobile oxygen anions.?! Thus, for LaBOs; materials favoring oxygen transport,
the attainment of equilibrium concentrations of oxygen vacancies (or oxygen storage ca-
pacities) significant for redox applications should be determined primarily by limitations in
thermodynamic redox reactivity rather than by limitations in oxygen migration.!?

Further improvements in perovskite redox reactivity can be achieved by doping the A-
site composition, which features the rare earth metal La*? in these materials, with alkali
(Na, K, etc.) or alkaline (Sr, Ca, etc.) metals bearing lower +1 or +2 oxidation states,
respectively. %42 The stoichiometric ABO3 BO,-terminated surface can be oxidized via doping
with cations that have lower oxidation states, weakening bonds between that surface and
adsorbed oxygen.** This bond weakening facilitates oxygen vacancy formation, enabling the
preservation of charge neutrality** at sufficiently high reaction temperatures and low oxygen
partial pressures.*® Considering the size and predictability of oxygen migration energies and
the varied property enhancements afforded to ABOj; materials by solid-state mixing, the
precise estimation of oxygen vacancy formation energies in both bulk and surface ABOsj

perovskites is critical to selecting suitable catalyst and oxygen carrier candidates tuned for
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specific catalysis, SOFC, and chemical looping applications.

Experimental efforts engaged in the process of selecting metal oxides for applications are
not currently aided by a comprehensive set of guidelines assessing the effects of A-site or
B-site mixed metal oxide tuning on redox reactivity, since computations encompassing the
entire spectrum of unmixed ABO3 compositions have not yet been completed.® Therefore,
we aspire to resolve a portion of those computations comparing the oxygen vacancy for-
mation energies of perovskites, employing a methodology that is able to determine which
characteristics of those materials must minimally be considered to yield reliable energetic
trends in calculations involving unmixed A-site (A = La, Sr, Ba, K) and B-site (B = Sc—
Cu) ABOj3 compositions. In all of these energetic calculations, oxygen vacancy formation is
defined from the following redox reaction for a supercell consisting of n unit cells, with n

equal to the inverse of the stoichiometric level of oxygen deficiency (4): 182935

1
nABOs — nABO; 1 + 502(9) (1)

Even though a comprehensive set of calculations encompassing the entire range of par-
tially filled 3d transition metal B-sites has not yet been completed, previous work has used
first-principles, Density Functional Theory (DFT) methods to calculate energetic trends com-
paring oxygen vacancy formation energies or related formation energies of bulk and surface
ABOj3 materials that share an A-site composition. Several studies that incorporated these
bulk®4” and surface®® energetic trends evaluated the entire range of 3d transition metal
B-sites over multiple A-sites while employing various structural, magnetic, and electronic
simplifications to the calculation of the ABOj electronic structure and reactivity. In those
studies, essentially monotonic trends were observed in vacancy formation energies. Other
studies employed advanced electronic structure methods to more accurately calculate the va-
cancy formation energies of a narrower range (B = V-Fe) of LaBO3 materials while modeling
only the most common structural and magnetic states observed under most experimentally

viable redox reaction conditions.?® One of the most comprehensive studies of vacancy for-
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mation energy evaluated a small LaBOj3 B-site range (B = Mn—Ni) while also considering
structural and magnetic features. The features considered were consistent with ABOj sys-
tems under various experimental conditions. The electronic structures of these systems were
calculated using DFT+U.3* However, the U parameters utilized in that prior work were
derived from fitting structural and energetic parameters to experimental formation energy
data.?* This fitting approach cannot be used on new perovskite systems for which reliable
experimental data is not available. The selection of ABOj3 candidates for energy and catal-
ysis applications requires the existence of an extensive data set of consistently calculated
vacancy formation energies, one that will likely include candidates for which prior specific
experimental results do not exist.

As indicated in previous work, the electron self-interaction error is known to produce
non-systematic errors in the DFT energetic properties of transition metal oxides.*® The
Hubbard U method can correct on-site electron self-interaction in the 3d and 4f orbitals
of transition metal cations and La, respectively. In this context, the responses of pertinent
orbital occupancy matrices to linear perturbations can be implemented to calculate effec-

5051 The errors affecting transition metal oxides consist

tive, theoretically rigorous U values.
of both systematic and non-systematic contributions, the former of which results from O,
molecular overbinding. This overbinding leads to overestimation of the Oy molecule DFT
energy, introducing a constant offset that systematically affects all DF'T resolved energetic
properties involving O,.4%%2 The non-systematic errors in formation energies resulting from
electron self-interaction are partially corrected with the introduction of Hubbard U param-
eters selected via linear response. 49!

In this work we aim to examine the effects of the simplifying approximations employed

34354748 on energetic trends in oxygen vacancy formation energies. These

in previous studies
previous studies have broadly focused on inducing singular, relatively high vacancy concen-
trations in cubic perovskite crystal structures, evaluating magnetism to a limited extent and

assessing electronic structure with either solely standard exchange and correlation function-
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als or with corrective Hubbard U parameters derived from fitting to experimental data. Each
of these approximations may affect the trends in oxygen vacancy formation energy, thus we
determine the effects of including them in this work.

The first approximation addressed in this study, which was featured in previous stud-

34354748 {5 the consideration of a singular high oxygen vacancy defect concentration in

ies
energetic calculations. Even under a constant set of experimental conditions, different mate-
rials will have different equilibrium vacancy concentrations,®2?° though these could be much
lower than what is convenient to calculate using first-principles methods under certain con-
ditions. To address these experimental and computational limitations, we have calculated
vacancy formation energies at several constant levels of vacancy concentration, determining
whether the trends would change at different defect concentrations.

The second factor considered in the evaluation of oxygen vacancy formation energy trends
is the perovskite crystal structure. Though undistorted cubic perovskites are seen in ex-
periments and are simple to model,** orthorhombic and rhombohedral Jahn-Teller (J-T)
distortions of the unit cell resulting from changes in B-site electron configurations are more
commonly observed under most experimental conditions of interest.?**® Furthermore, the
impacts of strain or, in mixed metal solid-state solutions, cation ordering on bulk cubic
ABO3 can also induce rhombohedral or orthorhombic distortions with out-of-phase rotation
of adjacent unit cells along the pseudocubic [100], [010], and [001] axes.?*® In this work, we
have computed oxygen vacancy formation energies for the rhombohedral and orthorhombic
crystal structures in addition to the cubic structure to assess the importance of structure on
studied energetic trends.

A systematic investigation of the effects of magnetism on oxygen vacancy formation ener-
gies in perovskites has not been performed before. Perovskites may observe various magnetic
states, including non-magnetic (NM),34 paramagnetic (PM),3 ferromagnetic (FM), and an-
tiferromagnetic (AFM) states depending on temperature and pressure.?! Each of these mag-

netic states can demonstrate different energetics, potentially affecting the observed energetic
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trends. In this work, the ferromagnetic (FM) and anti-ferromagnetic (AFM) states com-
monly observed across the perovskites reviewed in this study are uniformly applied across
all systems characterized by energetic trends.345%5" Considering that prior first-principles
studies of LaMnOj3 required that magnetism, J-T distortion, and other factors be studied
simultaneously to resolve formation energy results accurately with respect to experiments,
oxygen vacancy concentration dependence and crystallographic symmetry distortions will
be considered simultaneously with magnetism.®®? Finally, the simplifying approximation
of not attempting to correct spurious electron correlation effects in 3d transition metal ox-
ides is addressed by applying the Hubbard U model to characterize electron self-interaction
across ABOj of interest, applying U parameter corrections to the 3d orbitals of all B-sites
studied and the 4f orbitals of La. This method, chosen for its computational efficiency®
and successfully demonstrated in previous studies to smaller ranges of LaBO3 and SrBOj3

34,35

materials, will be employed to assess changes in energetics using linear response derived

U parameter values.?%°!

Methods

VASP calculations

Unless otherwise stated, DFT calculations were performed using the Vienna Ab-initio Simu-
lation Package (VASP 5.2.12).6162 The Perdew-Burke-Ernzerhof (PBE) parameterization of
the Generalized Gradient Approximation (GGA)% was used to account for electron exchange
and correlation. Pseudopotentials generated by the Projected Augmented Wave (PAW)64
method were used. The default PAW pseudopotentials provided by VASP were used for
all atoms. Typical computational parameters characteristic of a plotted set of calculations
completed in this study are a 550 eV plane-wave energy cutoff, a 6 x 6 x 6 Monkhorst-Pack5
k-point sampling mesh set with respect to the perovskite unit cell (containing 5, 10, or 20

atoms in this study), and a 0.02 éV /A force tolerance on each atom for structural relaxation
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calculations.

For all structures, ground state lattice parameters and DFT total energies (Ej) were
determined by first performing multiple fixed cell volume, variable cell shape and atomic
coordinate structural relaxation calculations encompassing their corresponding ground state
equilibrium cell volumes (V). The resulting total energies from those calculations were
fitted with the Birch-Murnaghan equation of state.% This fitting procedure was performed
for perovskite structures that contained no vacancy defects (ABO3) and one vacancy defect
(ABOj3_s), in which 0 refers to the fraction of oxygen atoms removed from a structure by
the formation of a vacancy. The fractional level of oxygen deficiency or deviation from
stoichiometric ABOj3 (¢) induced by oxygen vacancy formation, in which oxygen deficiency
leads to reduction of the B-site cation, is related to the number of oxygen sites substituted by
vacancy defects normalized with respect to the ABO3 unit cell.®” Oxygen vacancy formation

energies (AFE,,.) were calculated using Equation 2 for supercell systems consisting of n unit

cells (6 = 1/n):49:68

1
AEDaC(GV/O) = nEABOg,,L + iE’O2 — nEAB()3 (2)

In the expression above, values of AF,,. are referenced with respect to the DFT total

energy of the gaseous diatomic oxygen molecule (Fp,) in its triplet ground state,%% which is

systematically corrected by a factor of 1.36 €V /O to account for the overbinding of molecular

O, in all AE,,. calculations.*’

Vacancy concentration

In previous work, we focused on energetic trends in reactions involving oxygen that utilized
small, computationally convenient unit cell representations of perovskites.*® When these
energetic trends involve oxygen vacancy formation in cubic perovskites, an oxygen vacancy
removes one of the three oxygens in the 1 x1x1 ABOj3 unit cell. This vacancy concentration

is very high. Vacancy formation energy trends obtained at such high vacancy concentrations
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may not be representative of trends observed at lower vacancy concentrations. Whether
vacancy concentration has a significant impact on AFE,,. trends was determined by creating
single oxygen vacancies in 1 x 1 x 2, 2x 2 x 1, and 2 x 2 x 2 cubic supercells consisting of 10,
20, and 40 atoms, respectively. These supercells correspond to levels of oxygen deficiency
(0) of 0.5, 0.25, and 0.125 and are proportional to the fractions of vacancies in respective
supercells by a factor /3. With respect to experimental oxygen storage capacities, 1>18:20:70

these values of § are more realistic than the value of § = 1 found in the case of the ABO;

cubic unit cell.

Crystal structure

In this work, we assess the significance of crystal structure on the trends in oxygen vacancy
formation energies. The cubic ABQOj structure frequently experiences J-T distortions affect-
ing its octahedral shell tilt angles or axial bond lengths. These distortions lead to phase
transitions from the cubic to rthombohedral or cubic to orthorhombic phases, respectively.3
The temperature and pressure conditions under which a particular structural phase of an

ABOj3 material is thermodynamically favorable vary with A-site and B-site cation compo-

71,72 3

sition. Under conditions typical of redox reaction applications,®® experimental results
featuring LaBOj3 have shown that bond lengthening, orthorhombic distortions tend to be
favorable when B-site d-band filling is lower, while rotational or rhombohedral distortions
are generally more favorable as d-band filling increases.®® In LaMnQ3, cubic, rhombohedral,
and orthorhombic phases are all experimentally observed under typical reaction conditions. ™
Therefore, it is important to understand whether the trends in the oxygen vacancy forma-
tion energy in simple cubic perovskite structures are representative of the trends in the other
perovskite polymorph structures.

Across all A-site and B-site compositions studied, we computed the oxygen vacancy

formation energies of the relaxed rhombohedral and orthorhombic structural phases and

compared them to the relevant energies of cubic structures. The initial atomic coordinates

10
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provided to all structurally relaxed, rhombohedrally distorted perovskites are derived from
the 10 atom /2 x v/2 x v/2 unit cell of LaCoOs, which observes R3c crystallographic symme-
try. ™ For all orthorhombic structures studied, the 20 atom v/2 x v/2 x 2 unit cell of LaCrOs
provides corresponding initial atomic coordinates.™ In all calculations employing orthorhom-
bic structures, the Pbnm crystallographic symmetry, which is an alternate setting for the
Pnma space group achieved by permuting its @ and b axes, was used. The oxygen vacancy
formation energies resulting from inducing vacancies at both non-equivalent site symmetric

oxygen positions, namely the 4c and 8d positions, were tested in the orthorhombic case.™

Magnetism

When considering the lower portion of the range of temperature (=~ 700 K) conditions at
which redox reactions can occur, the ground state structures of some A-site and B-site com-
positions of ABO3 — primarily those with B = Mn, Fe, and Co — have different magnetic

3471 The effects of including magnetism on AF,,. ordering are resolved by investi-

states.
gating the oxygen vacancy formation energies of ferromagnetic (FM) and anti-ferromagnetic
(AFM) perovskite configurations.?! In 2 x 2 x 2 cubic perovskites, G-type, A-type, and C-
type AFM states were evaluated across several LaBO3 that could be directly compared to
experimental results (B = V-Mn), whereas in smaller supercells that cannot geometrically
represent these magnetic orderings due to periodic limits, magnetic moment ordering was
rendered to resemble G-type anti-ferromagnetism.?5>" All calculations involving magnetism
incorporate collinear spin polarization and correct the exchange correlation functional with

the Vosko-Wilk-Nusair interpolation, ® while all magnetic moments imposed on studied per-

ovskites were allowed to relax.5”

DFT+U: Preliminary evaluation

In GGA calculations involving 3d transition metal oxides or other strongly correlated sys-

tems, shortcomings in modeling the electronic structures of these systems frequently lead to

11
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non-systematic errors in their formation energies.*?*%™ The Hubbard U model was selected
to account for this on-site electron-electron interaction error characteristic of strongly corre-
lated systems investigated using GGA. This method balances computational expense with
the ability to largely correct energetic trends developed from these systems.%""™ When
applied across several strongly correlated systems of varying composition, values of U calcu-
lated by the Hubbard model cannot be treated as parameters fitted to experimental data,
for U values represent the intrinsic, system dependent responses to perturbing particular
orbital occupations. 589

The accurate determination of the correct magnitudes of these intrinsic responses is time
consuming and resource intensive. Therefore, in order to gain broad insight into the im-
pacts of adding U values with varying magnitudes to AF,,. ordering on multiple systems,
energetic trends sharing constant values of U are derived for the perturbation of pertinent
orbital occupations. These orbital occupations include the 3d orbitals of the ABO3; B-site
and the 4 f orbitals of the La A-site cation. When evaluating the effects of perturbing the 4 f
orbitals of LaBOg, Uy values ranging from 0-12 eV in 1 eV increments were surveyed; the
upper limit of that range was taken from studies that attempted to minimize the differences
between experimentally observed and DFT resolved band structures for several La contain-

81,82 With respect to perturbation of the B-site 3d orbitals of perovskites

ing compounds.
with La and Sr A-site compositions, Uz, values ranging from 0-8 €V in 0.5 eV increments
were evaluated for AF,,. ordering changes; the selection of this range was based on previ-

8384 Spin polarized calculations applying the

ous ABOj perturbation response calculations.
rotationally invariant Dudarev implementation of the Hubbard U model were performed on
PM perovskites®® to complete this preliminary evaluation using VASP and the previously
detailed calculation criteria. In this Hubbard U implementation, the on-site Coulombic (U)

and Exchange (J) terms are combined into a single effective U parameter (U.ss) to account

for errors in exchange correlation as implemented in VASP.8

12
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DFT+U: Linear response

After obtaining broad insights on the effects of U value selection in VASP, an analysis sup-
plementing the previous section was performed using the Quantum Espresso (version 5.0.1)
software package over several LaBO3 and SrBOj3 systems while considering both PM and
FM magnetic states.®0 This subsequent analysis, after comparison to its analogue completed
in VASP, is used to provide first-principles estimates of U parameter values and determine
whether changes in AF,,. ordering are likely. In order to determine whether several of these
changes in AFE,,. ordering are actually predicted to occur, U values are calculated from the
initial (xo) and final () linear responses that result from perturbing the on-site 3d orbital
occupations of several relevant PM LaBOs (B = V, Cr, Mn, Fe) materials.?1%¢ In other
cases, such as LaCoO3 and LaNiOs, estimated theoretically determined U values will be
taken from previous papers.®84 In each linear response calculation, the initial guesses for
A-site, B-site, and O atom input U values (U;,) are all set to 0 eV, while initial structural
information is estimated from a procedure detailed in the Supporting Information section.
Therefore, even though these calculations are initialized using electronic structure informa-
tion provided largely from GGA rather than GGA+U ground states, changes in the structure
of the material induced by addition of the U parameter are handled approximately.®® From
this adaptation of the linear response method, initial (yo) and final (x) response matrices

are derived to yield final calculated U values (U,y) via Equation 3:%°

Uit = Xo' — X' (3)

Calculations involving the Hubbard U model following the preliminary DFT+U evalua-
tion were performed with the default semi-core valence state Vanderbilt Ultrasoft pseudopo-
tentials provided by the Quantum Espresso package.®® Determination of U,,; values from
linear response was completed using a 8 x 8 x 8 Monkhorst-Pack® k-point sampling mesh

set with respect to a 40 atom 2 x 2 x 2 ABQOj cubic supercell, as well as a 50 Ry plane-wave

13
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energy cutoff. Initial structural information calculated for U parameter estimation derived
from Quantum Espresso were obtained using a 50 Ry energy cutoff, a 8 x 8 x 8 k-point
sampling mesh set with respect to a 5 atom cubic ABOj3 unit cell, and a force tolerance of
0.001 Ry/Bohr (approximately 0.026 eV/A) on each atom. The Birch-Murnaghan equation
of state was used to estimate values of Ey and V{ in a procedure matching that used to
yield AFE,,. values in VASP.% Gaussian occupation spreading was applied to all Quantum
Espresso calculations. In all linear response calculations, spreading values were minimized
to obtain linear perturbation behavior, while a constant 0.01 Ry spreading was applied to
all Quantum Espresso calculations that involve achieving structural information. In this
study, the combined effects of 5, and e, orbital occupancy anisotropy and spin state on
the on-site Coulombic terms forming the traces of the final response matrices are not con-
sidered, thus orbital occupancies are not decomposed and are considered separately using
Lowdin orthonormal atomic wavefunctions. This simplification has been applied success-
fully in previous studies involving similar materials.3*%* Furthermore, the same U, values
derived from linear response calculations on bulk A BO3; materials are applied to ABO3 and
ABOj3_s structures. Within the current study, 3d U parameter contributions resulting from
perturbation of the A-site and O valence shell occupancies in A BO3 materials, which would
be performed in the presence of B-sites providing much larger contributions to relevant U

parameters, are also ignored.

Results and Discussion

In previous work, energetic trends involving surface oxygen adsorption and oxygen vacancy
formation reactions were calculated for (001) oriented, BOs terminated, 1x 1 unit cell surface
representations of perovskite materials while varying A-site (A = La and Sr) and B-site (B
= Sc-Cu) compositions using Vanderbilt Ultrasoft pseudopotentials.*® As shown in Figure

1, we observe similar trends when using PAW-PBE pseudopotentials to characterize oxygen

14
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vacancy formation in bulk perovskite structures. Both sets of trends are characteristically
monotonic when considered from high to low d-band filling of the B-site over an A-site
dependent B-site range, with a reversal in energetic ordering occurring beyond this range of
d-band filling. Furthermore, comparable energetic results have been observed over the same
sets of materials when investigating related energetic properties such as oxygen migration
energy. %"

Given that the alteration of B-site valence charge accommodates oxygen vacancy for-
mation in ABO3 materials,?>4° the likely cause for the loss of monotonicity in vacancy for-
mation energy trends at low d-band fillings is insufficient valence charge provided by B-site
3d electrons to energetically stabilize stoichiometric A BO3 with respect to oxygen-deficient
ABOj3_s. In perovskites with B-sites that have largely filled 3d transition metals, instability
of the ABOj3 phase is also observed in the form of negative AFE,,. values for materials such
as KCuOs. Note that these negative AFE,,. values, as well as all AFE,,. values illustrated
in the figures shown in this paper, are derived using an oxygen molecule reference energy
(-4.25 eV) that has been corrected using the results provided in Wang et al.?® Thus, any
prediction of whether particular AF,,. values are positive or negative will be implicitly af-
fected by errors in this correction. Though the correction to O, molecular overbinding*
observed in GGA calculations can impact AFE,,. magnitudes, energetic instability in these
materials results from the inability of the combination of A-site and B-site valence charges
to balance the negative charge of oxygen in principle. This can occur when elements such
as Cu cannot adopt sufficiently high valence charges to thermodynamically stabilize KBO3
as B-site cations in experiment.®

The results shown in Figure 1 were obtained with the goal of predicting trends in AFE,,,.
ordering encompassing a broad set of ABO3 compositions while minimizing computational
cost. In accomplishing this goal, several simplifying approximations were made to the cal-
culations performed, including a high oxygen vacancy concentration (small unit cell), highly

symmetric cubic crystal structure, not considering magnetism, and using standard GGA cal-
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culations. Therefore, subsequent sections of this study are devoted to assessing the impact
of considering the effects of these simplifying approximations, addressing their individual
and combined influences on AFE,,. ordering over B-site ranges of interest. The results of
evaluating these simplifying approximations can be easily extended to ABOj with A-site
compositions containing any alkali or alkaline metal, as well as possibly transition and rare

earth metals, given the energetic similarity of trends possessing the same valence states.

AE,. (eV/O)

Sc Ti V Cr Mn Fe Co Ni Cu
B-site

Figure 1: Oxygen vacancy formation energy trends across cubic unit cell representations of
perovskite materials with A = La, Sr, Ba, K, and Na. Note that perovskites with A-sites
containing alkali and alkaline metals hold monotonic trend ordering over the same B-site
ranges and possess very similar AF,,. values, inferring that the A-site cation contributes
little to differentiating ABOj3 energetic trends outside of its variable valence state.

Vacancy concentration

When performing formation energy calculations on the five atom cubic ABOj3 unit cell,
forming a single oxygen vacancy leads to very high oxygen vacancy concentrations, in which

one of every three oxygen sites is substituted by a vacancy. In previous work,*% 1 x 1 x 1
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unit cell ABOj3 representations were used to calculate energetic trends, ignoring the possible
dependence of oxygen vacancy concentration on these trends. Therefore, we address the
limitations of our previous research by calculating AF,,. trends over 3d transition metal
perovskites with La and Sr A-sites at lower oxygen vacancy concentrations. The vacancy
formation energy for a single oxygen vacancy in 1x1x2, 2x2x1, and 2x2x2 cubic supercells
were calculated, with one vacancy out of every six, twelve, or twenty-four oxygen atoms with
a vacancy. In our calculations, we observed an apparent oxygen vacancy concentration dilute
limit of one vacancy per 24 oxygen sites (0 = 0.125) based on the convergence of AE, . values
with decreasing vacancy concentration observed in previous studies of LaAlOsz. %

As shown in Figures 2 and 3, trends in AE,,. trends are largely conserved, with the
most significant changes occurring at the end points. The vacancy formation energies tend
to converge with increasing unit cell size, generally becoming easier to form. For both A-site
compositions, constituent AF,,. values of the unit cell (1 x 1 x 1) trend are significantly
different from those derived from supercell structures, which tend to have closer AF,,.
values. Furthermore, at particular B-sites, such as Sc in both LaBO3 and SrBOj3 systems,
changes in AE,,. values with increasing supercell size can be abrupt and large. These larger
changes in AF,,. values can likely be attributed to the removal of vacancy self-interaction
error with increasing supercell size. Vacancy self-interaction error, which occurs when single
vacancies spuriously interact with themselves in periodically repeated ABO3_s structures, is
removed when each supercell spatial dimension consists of more than solely the unit cell, for
adjacent periodically repeated cells no longer share the same vacancy in ABQOj3 supercells. !
We conclude that vacancy concentration can have a significant effect on the magnitude of
the formation energy, but apart from the end points, especially for B-sites with very few
d-electrons, the overall trends do not change significantly. The endpoint effects have been

previously observed and explained in terms of a lack of outer electrons available for bonding. %
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Figure 2: Oxygen vacancy formation energy trends across cubic supercell representations
of perovskite materials with La A-site composition and dimensions 1 x 1 x 1, 1 x 1 x 2,
2x2x1,and 2 x 2 x 2. Though vacancy formation energy convergence with vacancy
dilution is observed in some LaBQOj3 systems, such convergence is less uniform than that seen
in corresponding SrBOj3 systems.

Crystal structure

We next consider oxygen vacancy formation energies in thombohedral (R3c¢) and orthorhom-
bic (Pbnm) distortions to the cubic perovskite structure. The effect of rhombohedral dis-
tortion is studied by directly comparing the 10 atom R3c unit cell to a corresponding 10
atom 1 x 1 x 2 cubic supercell, while similarly comparing the 20 atom Pbnm supercell to
a 2 x 2 x 1 cubic supercell. As shown in Figures 4 and 5, similar trends are observed in
cubic ABOj3 and either rhombohedrally or orthorhombically distorted ABQOg, respectively.
Furthermore, when comparing energetic trends of different crystallographic representations
of ABOj3 that share the same A-site composition, the relative differences between adjacent

AFE,,. values are similar across trends. In the case of orthorhombic distortions involving
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Figure 3: Oxygen vacancy formation energy trends across cubic supercell representations of
perovskite materials with Sr A-site composition and dimensions 1 x 1 x 1, 1 x1x2,2x2x1,
and 2 X 2 x 2. In addition to preserving trend ordering, almost all of the actual values
of AFE,,. values of particular systems consistently converge with increasing oxygen vacancy
defect dilution.

the 20 atom /2 x v/2 x 2 Pbnm unit cell, oxygen vacancies can be induced at two non-
equivalent oxygen sites: at the 4c and 8d Wyckoff positions.”™ In Figure 5, results involving
vacancy formation only at the 8d Wyckoff position are depicted. However, as shown in the
Supporting Information section, AFE,,. ordering is entirely preserved regardless of the site at
which oxygen vacancies are induced. For example, at each LaBOg, the comparison of AE,,.
values corresponding to vacancies created at either oxygen site reveals that their magnitudes
are similar within a 0.13 eV tolerance. This tolerance is below the energetic criterion of
0.2 eV used to determine the relative significance of each contribution to oxygen vacancy
formation energies in Lee et al.,?* illustrating that studies calculating results at a similar
level of precision would have ignored the contribution of considering different oxygen sites

to energetics.
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Though the results shown in Figure 4 were produced from structural relaxations initial-
ized with experimental atomic coordinates from the R3c LaCoQjs structure,” LaCrO; and
LaMnOj3; were provided with alternate coordinates in separate calculations to evaluate the
effects of varying both the magnitude of the rhombohedral distortion and unit cell size. For
both LaCrOs and LaMnOQOg, this was accomplished by scaling the initialized LaCoO3 reduced
coordinates such that they were consistent with the lattice constants and rhombohedral an-
gles of pertinent experimental structures resolved at typical redox reaction conditions.%?
Considering that numerous independent sources confirm nearly identical lattice constants
for orthorhombic LaCrOs,5%™93 alternate atomic coordinates were not provided to any or-
thorhombic structures. Despite significant changes in initial guesses of atomic structure,
the relaxed ground state energies of all structures employing alternate atomic coordinates
or lattice parameters were identical to their conventional coordinate analogues within a
0.003 €V tolerance. This energetic similarity illustrates that the existence of particular cubic
ABOj structural distortions, rather than their initial magnitudes, contributes primarily to
the increases in AFE,,. values shown in Figures 4 and 5. In both figures, these increases
are largely uniform, causing AFE,,. values to be uniformly higher. Thus, oxygen vacancy
formation is less favorable in thombohedrally and orthorhombically distorted ABO3. Never-
theless, when comparing these distorted ABOj3 to corresponding cubic structures containing
the same number of atoms, the total DFT energies of stoichiometric ABOj3 are uniformly
lower in the distorted phases than the cubic phase, indicating that structural distortions are
thermodynamically favorable at 0 K. When considering these two observations and evidence
of the removal of structural distortions at higher redox reaction temperatures,3*3%7 the link
between increasing oxygen vacancy formation and higher reaction temperatures appears to
largely result from the phase transitions characteristic of these perovskite systems under
redox reaction operating conditions. Lastly, neither the 10 atom R3c (v/2 x v/2 x v/2) nor
the 20 atom Pbnm (v/2 x /2 x 2) unit cells feature any spatial dimension in which oxygen

vacancies are unphysically shared between periodically repeated ABQOj3_s structures. There-
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fore, these results should not be significantly affected by vacancy defect self-interaction and

evaluating supercell representations of these structures is less important than equivalently

evaluating cubic structures. !

AE,. (eV/O)

%c TV CrMn Fe Co Ni Cu
B-site

Figure 4: Oxygen vacancy formation energies in 10 atom rhombohedral (R3¢ unit cell) and
cubic (Pm3m supercell) perovskite crystal structures. Across almost all systems studied,
vacancy formation is more favorable in SrBO3 and cubic systems rather than LaBOj3 and
rhombohedral systems.

Magnetism

In previous studies, trends in oxygen vacancy formation energy were calculated while neglect-

k3547 and surface®® calculations. Previous

ing spin-polarization and magnetism in both bul
research has also indicated that correct characterization of the relative energetics of 3d tran-
sition metal perovskites, namely LaMnOs3%8% and LaVOs,? can only be accomplished when

jointly considering magnetism, J-T distortions, and other factors simultaneously. The most

common forms of magnetism observed in LaBO3 and related materials are ferromagnetism
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Figure 5: Oxygen vacancy formation energies in 20 atom orthorhombic (Pbnm unit cell)
and cubic (Pm3m supercell) perovskite crystal structures. The relative differences between
adjacent systems in energetic trends is shared by systems with the same A-site, with vacancy
formation once again being more favorable in St BO3 and cubic systems than in LaBO3 and
orthorhombic systems.

(FM) and anti-ferromagnetism (AFM).3*5" The analyses completed for all FM materials, as
shown in Figures 6 and 8, and AFM materials, as illustrated in Figures 7 and 9, accounts for
all previously mentioned factors by reevaluating the effects of oxygen vacancy concentration
dependence and crystallographic symmetry for all LaBO3; and SrBOj3. Review of Figure 6
reveals that AF,,. ordering is largely conserved over the entire range of B-sites regardless of
oxygen vacancy concentration or supercell size in the FM cubic supercell, while evaluation of
rhombohedrally distorted FM LaBOs characterized by the R3¢ unit cell supports the same
conclusion, albeit at higher AF,,,. values. However, in cubic supercells consisting of 20 atoms
or greater (2 x 2 x 1), the AE,,. of LaVOj3 drops abruptly and significantly, leading to a
change in AE,,. ordering between LaTiO3z and LaCrOgs. Similarly, in the FM SrBOj results

pictured in Figure 8, AF,,. ordering is conserved in all tested systems consisting of fewer
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than 20 atoms, including the 10 atom systems based on the R3¢ unit cell. For systems — such
as the 2 x 2 x 1 cubic supercell or the v/2 x v/2 x 2 Pbnm unit cell — in which the number of
atoms in the ABOj structure is 20 or greater, AFE,,. ordering changes between SrCrOs and
SrFeQOg, as the AFE,,. of StMnO3 decreases with increasing oxygen vacancy concentration
dilution.

Across all studied LaBO3 and SrBOj in which an abrupt AFE,,,. change does not occur as
a function of vacancy concentration, the relative AFE,,. values of trends representing systems
that share the same number of atoms — or oxygen vacancy concentrations — are highly similar.
The two most salient examples of this feature are visualized in Figure 8; they are realized
by comparing the 1 x 1 x 2 cubic energetic trend with the corresponding R3¢ trend (10
atom systems) and the 2 x 2 x 1 cubic trend with its orthorhombic Pbnm analogue (20
atom systems). In both comparisons, energetic trends that share the same number of atoms
observe not only have the same AF,,. ordering, but also the same relative AFE,,. values,
as seen most apparently at the AFE,,. ordering change between SrCrO3; and SrFeOs. Even
though the lower symmetry rhombohedral (10 atom) and orthorhombic (20 atom) systems
have universally higher energies of vacancy formation than their cubic analogues, visual
inspection reveals that the relative amounts by which the AF,,. of StMnQOj is greater than
or less than that of SrFeQj is almost entirely unaffected by changes in crystal structure.

In contrast, when an abrupt change in AF,,. ordering occurs, such as that seen in the
case of 2 X 2 x 1 cubic LaVOj3 and its constituent energetic trend, the lower symmetry
Pbnm energetic trend agrees with the AFE,,. ordering indicated in cubic trends featuring
higher oxygen vacancy concentration rather than the 2 x 2 x 1, 20 atom cubic trend with
which it can be directly compared. Both FM LaBOj3 and SrBOj cases show a clear oxygen
vacancy concentration dependence with respect to AF,,. ordering over particular systems.
However, previous theoretical work has indicated that the correct energetics of LaVOgs can
only be obtained in DFT when jointly considering J-T distortion and magnetism,® while

experimental results indicate that axial J-T distortion in LaVOj structures is stable un-
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der redox reaction temperature and pressure conditions.®® As a result, the conservation of
AFE,,. ordering shown in the higher cubic LaBOjs oxygen vacancy concentrations and the
Pbnm structure is probably a more accurate representation of results that would be observed
in experiment than the order switching seen in lower oxygen vacancy concentration cubic
structures. Therefore, the AFE,,. ordering change observed in cubic FM LaVOj; is likely an
artifact of an oversimplified first-principles model. In contrast, the gradual change in AF, .
ordering observed in StMnQOg, which is validated by trends that assume a different crystal-
lographic symmetry, is likely an accurate representation of particular experimental results.
Nevertheless, theoretical efforts to characterize FM SrMnOj reveal that this magnetic state
is generally only stable when inducing large epitaxial strains (4.5-4.9%) to SrMnOj surfaces.
Thus, under the vast majority of viable redox reaction conditions, this magnetic state is not
energetically accessible and AFE,,. ordering would remain conserved.*

In contrast to the FM structures studied, AFE,,. ordering remained conserved across all
1x1x2and2x2x1LaBO3and SrBOj structures, as shown in Figures 7 and 9. However,
a cubic supercell consisting of at least 8 B-site cations — or a 2 x 2 x 2 supercell — is required
to fully represent the geometries of distinctly different AFM ordering types (A, C, and G).%
Previous experimental results aggregated in a first-principles study of AFM LaBOj3 (B =
Ti-Fe) materials are used as a reference to assess the ability of simplified cubic 2 x 2 x 2 super-
cells to predict — for each studied system — the most energetically favorable type of magnetic
ordering and the magnetic moment magnitudes of those energetically favorable systems.®>’
In all studied FM and AFM structures, relaxed magnetic moments on the d-orbitals of
B-site cations were significantly greater than 0 and other magnetic moment contributions
only within the B-site cation range B = V-Ni, while the strongest magnetic moments were
generally observed in compounds containing Fe, Mn, or Co B-sites. Unlike other studied
structures, AFM LaFeOg3 observed strong axial distortion upon structural relaxation, which
would, according to previously derived results involving geometrically distorted ABO3; ma-

terials, likely increase AF,.. by a non-systematic amount. As a result, comparing AFM
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LaFeOs with other 2 x 2 x 2 cubic AFM structures directly via an energetic trend is not
possible in our model. Considering the limitations of data available for reference to experi-
ment, the B-site range in which magnetic moments are significantly present, and the axial
distortion of AFM LaFeOg, only 2 x 2 x 2 AFM LaVOs;, LaCrOs, and LaMnOg are studied
here. Consistent with both previous experimental and DFT results, the C-type AFM state
is most favorable in LaVO;3; and the G-type state is favored in LaCrOjs. In contrast to ex-
perimental results albeit in agreement with previous DF'T results, C-type AFM is predicted
to be the most energetically favorable LaMnO3 magnetic state, as opposed to A-type AFM.
The total AFM magnetic moments calculated for LaVO3, LaCrOs, and LaMnOs (C-type)
are 1.44, 2.58, and 3.44, respectively; all magnetic moments are in good agreement with
reference results.?” As shown in Figure 7, AFM structures modeled in accordance with past
experimental results that account for the energetically favorable magnetic orderings of differ-
ent materials still conserve AFE,,. ordering. The difference between the AFE,,. of C-type and
A-type LaMnOj3 of 0.4 eV is small with respect to the generally observed AE,,. differences
between materials located adjacent to one another on the same trend. Though this energetic
difference between different magnetic types could be significant when the AFE,,. values of
adjacent members of an energetic trend are close, such as the small energetic differences
observed between FM SrMnOs; and FM SrFeOj3 at some dilute oxygen vacancy concentra-
tions, the AFM energetic trends derived generally feature large energetic differences between

adjacent oxides and would thus remain unaffected by considering different AFM states.

DFT + U
Effect of U on oxygen vacancy formation energy

In our final section, we first consider the effect of correcting for 3d electron-electron interac-
tion error in LaBO3 and SrBOj3; systems by systematically introducing Hubbard U parame-
ters over large B-site ranges that form oxygen vacancy formation energy trends. Considering

the close proximity of several empirically fitted values of U derived in past studies®* and our
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Figure 6: Oxygen vacancy formation trends for ferromagnetic LaBOj3 perovskites in cubic
supercells of increasing size (as well as increasing oxygen vacancy dilution), as well as rhom-
bohedral and orthorhombic unit cells. The 10 atom rhombohedral unit cell can be directly
compared to the 1 x 1 x 2 cubic supercell, while the 20 atom orthorhombic unit cell is
analogous to the 2 x 2 x 1 cubic supercell.

overarching goal of determining the impact of U value magnitude on AF,,. ordering over
entire trends, we initially evaluate energetic trends sharing constant values of U. The effect
of adding a U parameter to the La 4f orbitals of LaBO3 materials is not readily apparent,
as the 4f orbitals are highly localized though nearly empty. When examining this effect, we
varied U from 0 to 12 eV in 1 €V increments, computing trends in vacancy formation energy
associated with constant values of U shared over the entire trend. As shown in Figure 10,
applying U to the La 4 f orbitals has no significant effect on the formation energies, likely due
to the near emptiness of the La 4f orbitals in the 43 oxidation state of La. Consideration
of these effects in Sr is unnecessary, as Sr has no occupied f-orbitals.

When evaluating the effects of adding U to the 3d orbitals of LaBO3 and SrBO3 B-sites,

all systems considered are spin-polarized, though magnetic moments are not imparted to
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Figure 7: Oxygen vacancy formation trends for antiferromagnetic LaBOs perovskites in
cubic supercells of increasing size and thus decreasing oxygen vacancy concentration. The
2 x 2 x 2 energetic trend links the most favorable structures with respect to first-principles
calculations of oxygen vacancy formation and stability of the A BOj structure, namely C-type
LaVOs3;, G-type LaCrOgs, and C-type LaMnQOs. The single point not connected to a trend
represents A-type LaMnQOs3, which is experimentally predicted to be the most favorable AFM
state of LaMnOs.

atoms in any of these systems. Thus, our examination of the effects of adding U to 3d
transition metals investigates paramagnetic (PM) ABOj; systems, as these systems are most
often encountered at the temperature and pressure conditions necessitated by applications
of interest to our study.?>® In evaluating these effects, U parameters between 0 and 8 eV
separated by 0.5 eV increments are employed as constants to form energetic trends that
evaluate AFE,,. ordering. AF,,. values that are directly relevant to illustrating ordering
changes are visualized as energetic results in two figures. As shown in Figure 11, three
changes in AF,,. ordering are predicted to occur across LaBOj3 systems, occurring between
the V-Cr, Mn-Fe, and Co-Ni B-site cation pairs. In particular, the Mn-Fe cation pair ordering

change is consistent with previous first-principles research and experimental data.?3435
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Figure 8: Oxygen vacancy formation trends for ferromagnetic SrBOg3 perovskites in cubic
cells of successively decreasing vacancy concentration, as well as corresponding trends for
rhombohedral and orthorhombic unit cells. Once again, the 10 atom rhombohedral unit cell
can be directly compared to the 1 x 1 x 2 cubic supercell, while the 20 atom orthorhombic
unit cell is analogous to the 2 x 2 x 1 cubic supercell.

The AF,,. ordering changes that occur between the LaVO3-LaCrO3 and LaMnOs-LaFeO3
pairs are both seen between U values of 3.5 and 4.0 eV, while the LaCoO3-LaNiO3 AFE,,.
ordering change is observed in the slightly higher 4.0-4.5 eV range. A similar AF,,. ordering
change between the SrCoO3-SrNiO3 pair is found at approximately 6.0 eV when evaluating
SrBO;3 systems, as is shown in Figure 12. This similar energetic feature observed when
evaluating both LaBO3 and SrBOj3 systems is most likely a result of the significant AF,,.
reduction contributed by the spin-polarized Co atom in the spin exchange-splitting inclu-
sive Dudarev implementation of GGA+4U.®® In addition, a unique SrCrOs-SrMnOs ordering
change occurs in the 4.0-4.5 eV range in SrBOj trends. Even though Figures 11 and 12 il-
lustrate only a fraction of the constant U values across which A BO3 systems were tested, all

tested U values between 0 and 8 eV revealed that no additional AFE,,. ordering changes be-
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Figure 9: Oxygen vacancy formation trends for antiferromagnetic SrBO3 perovskites formed
from the cubic unit cell and 1 x 1 x 2 cubic supercell structures.

yond those pictured occurred and that none of the AFE,,. ordering changes became reversed
when successively higher U values were imposed on the trends containing them. Instead,
these AFE,,. ordering changes generally became more pronounced with increasing U.

One key difference between the changes in AE,,. ordering in LaBOj3 systems versus
SrBO3 systems is the apparent cause of the ordering changes. In the case of LaBOj3 systems,
one ABOj involved in a AFE,,. ordering change is largely responsible for that change, as
is found in the significant decrease of LaVQOs, the increase of LaFeOs, and the decrease of
LaCoQOg3 with increasing U. In contrast, AF,,. ordering changes in SrBOj3 systems appear
to result from both the decrease in AE,,,. of an ABOj3 with less B-site d-band filling and the
corresponding increase in AFE,,. of an adjacent system with more B-site d-band filling, as is
seen in SrCrO3 and SrMnOs. In evaluating the possible AF,,. ordering changes observed in
LaBO3 and SrBOj3 systems while estimating threshold values of U at which ordering changes

occur, subsequent analysis can focus solely on assigning appropriate values of U to systems
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Figure 10: Applying Hubbard U parameters to the La 4f orbitals of LaBOg3 systems does
not significantly affect the oxygen vacancy formation energy trend linking them for any
potentially physically relevant values of U.

explicitly involved in AF,,. ordering changes.

Linear response U

In order to reliably predict whether AFE,,. ordering changes between two systems positioned
adjacent to one another on an energetic trend actually occur, U values for the 3d orbitals of
ABQOj B-sites involved in AF),,. ordering changes were systematically computed, determining
whether the calculated U values are near the U values at which ordering changes occur. One
way to achieve this is to systematically select U values using the first-principles methodology
of linear response theory.?! Using the Vanderbilt Ultrasoft pseudopotentials provided by the
Quantum Espresso software package, the linear response approach is used to calculate several
U parameters for systems involved in AF,,. ordering changes. As shown in Table 1, values of

the Gaussian spreading needed to minimally induce linear behavior in the orbital occupations
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Figure 11: Increasing the values of U contributed to the 3d orbitals of B-sites of systems
incorporated into LaBOj3 oxygen vacancy formation energy trends reveals distinct changes
in AFE,,. ordering between LaVOs3-LaCrOs, LaMnOs-LaFeO3, and LaCoO3-LaNiOs. Solid
trend lines indicate the U constants between which any AFE,,,. ordering changes on the trend
occur.

of the initial and final components of the linear response were derived for each system
and initially performed at equilibrium cell volumes. These equilibrium cell volumes are
represented by cubic lattice constants (a) that correspond to the GGA ground states found
in Quantum Espresso. Though these ground state volumes are generally consistent across
both the VASP and Quantum Espresso software packages, the cell volumes of tabulated
paramagnetic (PM) systems changed differently when transitioning from GGA (U = 0.0 eV)
to GGA4U (U = 7.0 eV) ground states across VASP and Quantum Espresso. Given the
relationship between the uniform expansion and contraction of atomic positions (changes in
cell volume) and total energy when using DFT+U,% this discrepancy between how energetic
calculations in both software packages are affected by the addition of a U parameter can cause

error, as the resolved U parameters from one package are used to draw conclusions from the
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Figure 12: Increasing the values of U contributed to the 3d orbitals of B-sites of systems
incorporated into SrBOj3; oxygen vacancy formation energy trends reveals distinct changes
in AE,,. ordering between SrCrO3-SrMnQO3; and SrCoO3-SrNiOs. Solid trend lines indicate
the U constants between which any AFE,,. ordering changes on the trend occur. Due to
the gradual changing of AFE,,. ordering at SrCoO3-SrNiO3 and the closeness of their AF,,.
values between 5.5 and 6.5 eV, only trend lines with U = 5.5 and 6.5 €V are visualized above.

formation energetics of another. In order to illustrate the extent to which this cross-platform
related error could affect predictions of energetic ordering, U parameters of three systems —
LaCrOs, LaMnOs3, and LaFeO3 — were calculated at lattice constants corresponding to both
their GGA ground state cell volumes (shown in Table 1) largely shared across VASP and
Quantum Espresso and their GGA+U ground state cell volumes derived in VASP.

For LaCrOs, LaMnOs, and LaFeOg, lattice constants (a) increased from 3.84 to 3.97,
3.82 to 3.95, and 3.81 to 3.94 A when transitioning from GGA to GGA+U ground states,
respectively. This is equivalent to the introduction of approximately 3.5% tensile strain in
each case. When applying lattice constants corresponding to the GGA+U ground state

volumes detailed above, the linear response U of LaCrOs decreased from 10.7 to 10.2 eV,
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that of LaMnOs3 increased from 8.4 to 8.9 eV, and the U of LaFeO5 increased from 7.0 to 7.4
eV. These contrasting results achieved in systems with different cell volumes illustrates the
sensitivity of resolved U parameters with respect to structural effects such as strain while
illustrating the potential for using results achieved in Quantum Espresso to validate findings
in VASP. This shows that U can be affected by positive or negative errors resulting from cell
volume expansion equal to as much as 0.5 €V in cross-platform comparisons involving these
systems. Nevertheless, the relatively low magnitude of this error margin with respect to the
differences between linear response U parameters and their corresponding AFE,,. ordering
changes strongly suggests that the LaVO3-LaCrO3; and LaMnOs-LaFeO3 ordering changes

do occur, while the SrCrO3-SrMnQOj3; ordering change likely occurs.

Table 1: Linear response derived U parameter values on the 3d orbitals of per-
ovskite B-sites corresponding to systems at which changes in AFE,,. ordering
could possibly occur, along with the minimum Gaussian spreading values needed
to achieve linear perturbation behavior in each system and the cubic lattice con-
stants (a) at which the GGA ground states of the U values shown were derived.

Perovskite Spreading a (A) U (eV)

LaVO3 0.035  3.88 6.2
LaCrOg 0.020 3.84 10.7
LaMnOg 0.030  3.82 8.4
LaFeO3 0.035 3.81 7.0
SrCrOg 0.030  3.81 6.6
SrMnOg 0.030  3.80 7.7

Previous work343°

supports the presence of the LaMnOjs-LaFeO3 AF,,. ordering change
using different experimental and first-principles methods. A further review of literature in-
dicates that, for the predicted PM low spin or intermediate spin (LS/IS)? state of LaCoQ3,
a self-consistent linear response U value of 7.0 eV has already been calculated,3* while a cor-
responding value of U = 5.7 €V has been calculated for LaNiO3.%3 Therefore, the LaCoQOs3-
LaNiO3 AFE,,. ordering change most likely occurs, although validation of this prediction

would require our replication of these calculated U values under a common set of assump-

tions and parameters that could be applied to any LaBOj3 system involved in our derived
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energetic trends. Therefore, the correction of electron-electron interaction in the 3d orbitals
of perovskite B-sites likely affects both LaBO3 and SrBO3 AFE,,. trend order.

Though the AE,,. trend ordering changes found previously most likely occur due to the
high magnitudes of U parameters derived from linear response theory and literature review
and the relatively low magnitudes of predicted ordering changes, more precise U values can
be resolved by testing the simplifying assumptions under which the U parameters themselves
were calculated. Several of these assumptions have already been mentioned, such as the de-
composition of ty, and e, orbital occupancy terms into separate response matrices using
Lowdin orthonormal atomic wavefunctions for systems possibly observing high orbital occu-
pancy anisotropy, such as SrNiOs3.83 The assumption to ignore A-site and O contributions
to the 3d U parameters of ABO3 materials, as well as the assumption that U parameters
calculated for ABO3 can be applied to ABO3_s systems on the same redox reaction coordi-
nate,”® have also been mentioned or alluded to previously. In addition, there are several more
assumptions beyond those already mentioned that can be addressed. As shown in previous
systems involving transition metal oxides,® the use of a self-consistent approach in the linear
response method can produce U values that are significantly different from those resolved
without a self-consistent approach. Thus, neglecting to use the self-consistent approach in
calculating U values via linear response theory constitutes an assumption. Furthermore, the
use of Vanderbilt Ultrasoft pseudopotentials in Quantum Espresso to derive U values for
energetic calculations performed in VASP using PAW-PBE pseuodopotentials, though com-
pleted in past studies for similar materials,®? should be tested to establish the comparability
of redox reaction results derived using different software packages and pseudopotential sets.

A comparison of several U values previously derived via experimental fitting for LaBO3
and SrBO; systems with Ultrasoft® and PAW-PBE?* pseudopotentials shows that differ-
ences in the U parameter results resolved using two different pseudopotential sets can be as
high as 1.0 eV. Given that AF,,. ordering change predictions in our study are formed from

energetic trends of constant U separated by increments of 0.5 eV (in the case of B-site U

34



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

parameters correcting 3d electron-electron interaction), transferring U parameters between
different software packages and pseudopotential sets constitutes a significant assumption.
Another assumption made in our current study is ignoring the coupled effects of different
forms of magnetism and the introduction of U on AF,,. ordering, despite the prevalence
of PM states in ABOs5 systems under typical redox reaction conditions.?® In particular, the
SrMnO3-SrFeO3 AFE,,. ordering change occurring in FM systems would produce a signifi-
cant effect on AFE,,. ordering that could manifest itself in lower temperature and pressure
applications of ABOj3 systems. By addressing these assumptions and others in our U param-
eter selection, we can apply appropriate values of U to oxygen vacancy formation energetic
calculations that will verify the conditions under which AFE,,,. ordering changes are predicted

to occur.

Summary and Conclusions

In evaluating the effects of including several structural, magnetic, and electronic simplifica-
tions on the energetic ordering of AF,,. trends formed from perovskites that share an A-site
cation and span large ranges of 3d transition metal B-site cations, we find that AFE,,. trend
ordering can be affected by accounting for magnetic and electronic simplifications. Struc-
tural simplifications reviewed in this study, which were considered due to their variability
under temperature and pressure conditions pertinent to applications of interest, were found
to not affect the AE,,. trend ordering when considered independent of other simplifications.
Considering that oxygen vacancy concentration varies under reaction conditions relevant to
our study, we first investigated the effect of diluting vacancy concentration on AFE,,. trend
ordering and find that LaBOj3 and SrBOj energetic trends remain unaffected by changes
in oxygen vacancy concentration. Therefore, LaBO3 and SrBOj redox reaction energy or-
der is not a function of defect concentration when the bulk equilibrium concentration of

defects is considered independent of other simplifications. Given that the cubic crystallo-
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graphic symmetry of perovskite materials is frequently distorted to form orthorhombic and
rhombohedral phases under pertinent reaction conditions, the effect of considering alternate
crystallographic phases on AFE,,. trend ordering was investigated by evaluating the ener-
getic trends formed by the experimentally observed Pbnm and R3c structures, respectively.
When considering crystal structure independent of other simplifications, no changes in the
AFE,,. trend ordering of LaBOs and SrBO3; were observed across energetic trends sharing
the same phase. However, the AE,,. trends of orthorhombically and rhombohedrally dis-
torted LaBO3 and SrBOj3; possessed nearly universally higher AF,,. values than their direct
cubic analogues despite the universal favorability of these distorted structures when they
contained no oxygen vacancies, inferring that oxygen vacancy formation is significantly less
energetically favorable in all studied non-cubic perovskites.

The investigation of magnetic simplifications in LaBO3 and SrBOj3; was completed by
reviewing both FM and AFM structures, varying crystallographic symmetry and oxygen
vacancy concentration across all FM ABOj3; and testing sample A-type, C-type, and G-
type AFM structures. In all tested AFM cases, no significant changes in AFE,,. trends
were observed. However, when employing the cubic crystal structure approximation to FM
energetic trends, AFE,,. ordering changes were observed at LaVOj3-LaCrOs and SrMnOs-
SrFeOjs. In the case of the FM LaBOj ordering change, reevaluation of the energetic trend
of structures surrounding the AFE,,. ordering with the more experimentally accurate Pbnm
structure revealed that the abrupt AFE,,. ordering change surrounding LaVO3 was likely
an artifact of employing the cubic structural simplification. In contrast, a more extensive
analysis of the FM SrBOs energetic trend revealed that the AFE,,. ordering change at StMnO3
was a function of oxygen vacancy concentration and occurred independent of crystal structure
considerations.

Lastly, when performing an initial investigation of the effect of accounting for electron-
electron interaction in LaBO3 and SrBOj3 energetic trends, the Hubbard U model was em-

ployed by assigning several values of U to the 3d orbitals of ABOg3 B-sites and the 4 f orbitals
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of La in LaBOg3 systems. When assigning U values of increasing magnitude to the 4f or-
bitals of La in LaBOjs, LaBO3 AFE,,. trend order remained unchanged. However, similar
assignment of U values to the 3d orbitals of PM LaBOj3 revealed AE,,. trend order changes
between LaVOs3-LaCrOs, LaMnOs-LaFeO3, and LaCoO3-LaNiO3 between U = 3.5-4.5 €V,
while corresponding assignment of U to SrBOj resolved AFE,,. trend order changes between
SrCrO3-SrMnOj in the range U = 4.0-4.5 eV and SrCoO3-SrNiOj3 at approximately 6.0 eV.
Calculation of U values derived by a linear response approach indicated that the LaVOs-
LaCrO3 and LaMnOs-LaFeO3 AFE,,. trend ordering changes almost certainly can happen,
while a review of literature U values reveals that the LaCoO3-LaNiO3 AF,,. ordering change
likely occurs and further calculations reveal that the SrCrO3-SrMnQOg ordering change also
likely occurs.

In conclusion, the results directly resolved in this study can be generalized to yield a
broader set of principles that can be applied to energetic trends involving similarly struc-
tured metal oxide systems. When evaluating energetic trends that are formed from systems
with similar oxygen vacancy defect concentrations or crystal structures, variations in con-
centration or structure across those energetic trends will more likely produce nearly constant
shifts in them rather than changing the relative ordering of specific systems within them.
Therefore, when investigating solely the relative energetic ordering of systems within a trend,
oxygen vacancy concentration and crystal structure simplifications can be made outside of
exceptional circumstances.

In contrast, the effects of different types of magnetism on energetic trends cannot be
conclusively generalized to the extent that a single simplification can characterize them. In
order to evaluate the relative energetic ordering of a particular set of magnetic systems,
trends involving supercells of increasing size must be evaluated to determine the extent
to which magnetism non-systematically affects energetics. Therefore, when attempting to
characterize relative ordering in energetic trends over a particular set of reaction conditions,

the forms of magnetism that can affect systems both within those trends and over those
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conditions should be accounted for prior to their study.

After using information concerning magnetism to form a basis for relative energetic or-
dering in trends, the study of non-systematic, theoretical effects on energetics can proceed,
starting with the consideration of electronic structure method. When used to model elec-
tronic structure, the Hubbard U model accounts for potentially spurious electron-electron
interactions using procedures that can be incremental in their provision and predictive in
their ability to assess energetics. Given that the primary expected contribution to non-
systematic, theoretical error in an energetic trend is related to electron-electron interaction
error, the Hubbard U method can be used to determine whether accounting for electron-
electron interaction affects energetic ordering. This can be accomplished by first determining
which systems within that trend observe changes in energetic ordering upon being subjected
to incrementally larger values of an appropriate U value, subsequently using a predictive
method to resolve values of U for systems in which changes in ordering are observed, and

finally comparing the two results to predict ordering in energetic trends.
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