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ABSTRACT: Several mixed ionic/electronic conductors (MIECs) used as fuel or
electrolysis cell electrodes may be thought of as solid solutions of perovskite oxides
and ordered oxygen vacancy compounds. For example, the model MIEC
SrTi;_,Fe,O5_./2.5 (STF) can be described as a mixture of the perovskite SrTiO;
and the brownmillerite Sr,Fe,O; that can accommodate some degree of oxygen off-
stoichiometry 0. The large configurational space for these nondilute, disordered
mixtures has hindered atomic scale modeling, limiting in-depth understanding and 0.0 0.

predictive analysis. We present a cluster expansion framework to describe the Fe Content x in SrTiy Fe,0,.,
energetics of the disordered STF system within the full solid solution composition

space Sr(Ti;_Fe,)Os_,/5 0 < x < 1, § = 0. Cluster expansion Monte Carlo (CEMC) simulations are performed to identify low-
energy configurations and to investigate the origin and degree of lattice disorder. Using realistic configurations obtained from
CEMC, the electronic structure, band gap, and optical properties of STF and their sensitivity to the stoichiometry are examined
and compared to those of hypothetical ordered structures and special quasirandom structures. The predicted evolution of the
band gap and optical absorption with composition is consistent with the experiment. Analysis of the electronic structure
elucidates that electronic transport within the mixture benefits from the simultaneous presence of Fe/Ti disorder on the B
cation sublattice and a tendency for oxygen vacancies to cluster around Fe atoms. The modeling framework adopted here for
the SrTiO;/Sr,Fe,O¢ mixture can be extended to other MIEC materials.
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1. INTRODUCTION properties can be achieved by tuning composition, oxygen
richness/deficiency, and atomic configurations.

Mixed ionic electroni duct MIECs) exhibiting |
ixed ionic electronic conductors s) exhibiting large The difficulty in identifying realistic atomic-scale config-

electron and oxygen-ion conductivity are important across a ) . ) - >
variety of solid-state electrochemical devices, including solid uratlons. of the nondilute, disordered s9lut10n makes it
oxide fuel and electrolysis electrodes, oxygen separation challenging  to ur.lderstand the elect.ronlc §tructure and
membranes, oxygen sensors, and catalysts.'~’ The transport properties of STF. A unified picture of the
StTi;_,Fe,O5_, (STE) mixture® is a classic example of a structure/property relations is still missing, which precludes
MIEC. 515 At hlgh T > 800 °C, the STF composition space mechanistic understanding and predictive modeling. The goal

forms a continuous solid solution between 0 < x < 1 that, of this work is to introduce a computational framework that
depending on the Ti/Fe composition and thermodynamic

environment, exhibits large, tunable ionic and -electronic Received: October 9, 2018

conductivity.”” This makes the STF solid solution important Revised:  April 9, 2019
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correlates composition, atomic configurations, electronic
structure, and optical properties. We present an approach to
predict realistic atomic-scale configurations across the full
composition space 0 < x < 1 based on a cluster expansion'®
model. The cluster coefficients are fitted to density functional
theory (DFT) calculations to describe the configurational
energetics, and the resulting model is used to establish in detail
the effects of composition and structure on the electronic and
optical properties.

In contrast to previous studies in which dilute Fe-doped
SrTiO; is used as a reference to understand STF,'” ™'
adopt a formalism where STF is considered as a continuous
solid solution for 0 < x < 1 between end members SrTiO,
(perovskite) and Sr,Fe,O; (brownmillerite).® Although
SrTiO; is a typical perovskite wide band gap semiconduc-
tor,”>*? Sr,Fe, 0, itself a MIEC, is a spin-polarized ordered
oxygen vacancy compound that undergoes an order/disorder
transition at T = 800 °C to a disordered, oxygen-deficient
perovskite phase.”””® We consider compositions
SrTi;_Fe O3 /5.5 with § = 0 (referred to as the reference
composition), as illustrated in Figure 1. Our prior work?®

SrTiOs
S8888 Osr OTi OFe
.M.O“".O"M. © O © Ovacancy
@0®0®
SrTiyFe0s.0s

$ov0s Ny

©00©00

[001] -

[110]I:> 5[110]

Figure 1. Illustration of the atomic configuration of SrTiO;, Sr,Fe,Os,
and SrTi,_ Fe O;_,/, lattices. The SrTi,_ Fe,O;_,/, can be regarded
as a mixture of SrTiO; and Sr,Fe,O; with disorder of Fe and Ti
cations.

showed that the reference composition 6 = 0 is energetically
favorable under a wide range of temperatures and oxygen
partial pressures and that when STF is used as the oxygen
electrode in fuel or electrolysis cells, only slight deviations 6 >
0 and 6 < 0 are present for oxidizing and reducing conditions,
respectively. The reference composition SrTi; Fe O; ., is
naturally associated with an inherent partial occupancy of the
oxygen sublattice in which x/2 of the usual perovskite oxygen
sites is vacant. Here, rather than being defects, these vacant
sites are thought of as natural, intrinsic components of the
mixture. The disordered solid solutions are reported to exhibit
a cubic structure in the experiment across a wide range of
temperatures and com];)ositions.27_30

The cluster expansion is a computationally efficient way to
describe the evolution of properties across this full
composition space 0 < x < 1. Once formulated, it enables
rapid prediction of the energies of different configurations of
the mixture. Because the energy is based on the clusters of
atoms that appear in the configuration alone, it is only
necessary to determine the clusters present to determine the
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configurational energy. The cluster expansion approach
provides, usually at the cost of some loss of accuracy, an
efficient approach to determining energies compared to first-
principles methods such as DFT which rely on numerical
solution of governing quantum mechanical equations. For
example, total energies can be determined in seconds rather
than hours or days typically required in DFT. Because of its
efficiency, it is possible to use the cluster expansion both to
search for low-energy configurations in a large phase space and,
when combined with Monte Carlo simulations (CEMC,
cluster expansion Monte Carlo), to obtain realistic representa-
tions of the material at different temperatures accounting for
configurational entropy. Both of these are demonstrated here.

This methodology enables characterization of the degree of
Ti/Fe disorder on the B-site sublattice and the O/V, (oxygen
ion/oxygen vacancy) disorder on the oxygen sublattice as a
function of composition and temperature. Consistent with
prior experiments,”’" we do not observe long-range order but
find that at low temperature, short-range order can be present.
Because electronic structure, optical properties, and transport
properties are sensitive to the local structure, we perform
Monte Carlo simulations to identify realistic configurations for
selected compositions and temperature. The configurations are
used to provide insight into the structure/property relations.
We predict a band gap evolution with Fe content that agrees
with the experiment.® Together with the electronic structure
analysis, we find that the large degree of mixing prevalent in
the Fe/Ti sublattice together with the tendency for oxygen
vacancies to cluster around Fe atoms helps to spatially
distribute the valence band states throughout the STF network
and avoid the formation of localized band edge states that
would be detrimental for hole transport for sufficiently high Fe
content. The properties of the CEMC-predicted configurations
are shown to vary widely from those that would be exhibited
by hypothetical ordered systems, special quasirandom
structures (SQSs), and randomly generated structures,
demonstrating the value of the cluster expansion approach.
This shows that properties such as the band gap, density of
states, and electronic states are sensitive to configurations and
that a realistic representation of configurations is necessary to
achieve a computational predictive capability, thus demonstrat-
ing the value of the cluster expansion. Because many MIEC
materials may be considered as mixtures of perovskites and
ordered oxygen vacancy compounds, our study not only gives
detailed insights into the structure and electronic properties of
alloyed SrTiO;/Sr,Fe,O5 compounds but also provides a
framework for investigation and discovery of other perovskite
oxide solutions for fuel/electrolysis cell applications' ™ and
other applications where materials exhibiting substantial
disorder are used.

2. METHODOLOGY

2.1. First-Principles Calculations. DFT*>** calculations
are used to calculate the total energy and electronic structure
of different configurations of STF. We use Vienna Ab initio
Simulation Paclcage,34_36 the Perdew—Burke—Ernzerhof>’
(PBE) description of exchange—correlation, and projector
augmented-wave pseudopotentials.”® All calculations include
spin polarization. As DFT-PBE does not sufficiently accurately
describe localized states of transition metals, onsite U
interactions are included for the Ti 3d and Fe 3d states.
Without this, DFT-PBE predicts a band £p of 1.67 eV for
SrTiO; (3.25 eV in the experiment”®'%***") and a metallic
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state for Sr,Fe,O5 (2.35 eV gap in the experiment®*’). The
parameter U is calibrated by screening all combinations from U
=0 eV to U= 8 eV for both Ti and Fe and comparing the
electronic structure to both experiment and hybrid functional
HSE06 calculations. We found that U= 3 eV for Tiand U= §
eV for Fe provide a reasonable description of both band gaps
(2.13 eV for SrTiO; and 0.95 eV for Sr,Fe,0O;), density of
states, and atomic magnetic moments.>’ Although DFT + U
represents a compromise between accuracy and computational
efficiency, it is necessary when simulating a large number of
supercells spanning across different compositions and config-
urations.

To initialize configurations, 160 atom supercells of SrTiO;
are first constructed and then random substitution of the
desired concentration of Ti atoms by Fe atoms and
corresponding random removal of O atoms are carried out.
Referenced to the traditional perovskite cubic cell, the
supercells have lattice vectors oriented along the [110],
[110], and [001] direction which makes the supercell also
commensurate with the brownmillerite structure. Supercell
lattice vector relaxations are permitted in our analysis.
Therefore, as illustrated in Figure 1, this supercell can
simultaneously capture the structural features of both the
cubic SrTiO; and the distorted Sr,Fe,Oj lattice. For example,
as the iron content increases toward x = 1 and the vacancy
concentration toward y = x/2 = 0.5, the vacancies are able to
order on the oxygen sublattice and the lattice vectors become
distorted in such a way that the brownmillerite structure
emerges.

Our analysis is limited to the fixed composition space
StTi,_,Fe,O;_, with 0 < x < 1, y = x/2. This amounts to a
smooth transition between SrTiO; and Sr,Fe,O; and
represents the limiting case of fully ionic compensation (i.e.,
using formal charges, the removal of 1 O~ atom for every 2
Ti*" that are replaced with 2 Fe®* allows the system to remain
neutral). This ionic compensation model for STF was
suggested earlier’ and is commonly referred to as the
“reference composition” for the STF solution. It has been
experimentally assessed using thermogravimetric analysis*' and
found to be relevant across a range of temperatures and
pressures relevant to solid oxide cell operation. Our selection
of fixed compositions implies a closed boundary system that
does not allow exchange of oxygen with the environment once
the parameter x has been selected. This necessarily implies a
variable thermodynamic environment (e.g., temperature and
oxygen partial pressure) to make the compositions considered
stable because the actual oxygen stoichiometry is sensitive to
the thermodynamic environment. For instance, for x = 0,
SrTiO; is stable at pressures close to atmospheric at room
temperature, whereas for x = 1, Sr,Fe,O; requires lower
pressures (est. 107'! atm at temperatures around 100 °Cc*).
For STF, desirable mixed ionic/electronic conducting proper-
ties and good stability are obtained for small to intermediate x
~ 0.35. For x ~ 035, the reference state (fully ionic
compensation) is experimentally observed under typical solid
oxide fuel cell operating temperatures 600—1000 °C in a wide
range of pressures ranging from 107** to 107> atm."" Thus, the
reference composition selected here is practically useful for
understanding properties at experimentally relevant conditions,
but becomes relevant only at much lower oxygen partial
pressures as x approaches 1 for the same temperature range.

2.2. Cluster Expansion and Monte Carlo Simulation.
The energies of different configurations of the disordered

Sr(Ti,_,Fe,)Os_,/, alloy are described using a cluster
expansion model. The total energy of a particular configuration
is expressed as****

E= Z EaHSi

aEclusters i€a (1)

Here, &, denotes the coefficient (ECI, effective cluster
interaction) representing the energy contribution from cluster
a and s; that are variables representing which species is present
at each site. The clusters o used include monomers, dimers,
trimers, and tetramers. In the Sr(Ti,_Fe,)O;_,/, configuration
space, the disorder appears in two main forms: on the B-site
(Ti/Fe) sublattice and on the oxygen sublattice (which can
contain an oxygen atom or an oxygen Vacancy). As a result, the
cluster expansion is built upon the Ti/Fe and O/V sublattice
only and Sr atoms are present only as “spectators” in our
model. When selecting clusters, we set a cutoff distance of 8 A
for dimers and trimers and 6 A for tetramers (details in the
Supporting Information). This resulted in the following
number of clusters: 1 monomer, 8 dimers, 13 trimers, and 4
tetramers. The ECI is determined by fitting across a variety of
samples containing different distributions of atoms.

Rather than allowing full compositional variation,”™>° the
cluster expansion is restricted to the reference composition
Sr(Ti,_,Fe,)Os_,/2.5 with fixed § = 0. This nominally allows
both transition metals to maintain, on average, their most
favorable oxidation state (Ti*" and Fe*") as x varies between 0
< x < 1 along a smooth transition between SrTiO; and
Sr,Fe,O; and enables us to develop a cluster expansion across
the full composition space spanning between two inequivalent
crystal structures SrTiO; (Pm3m) and Sr,Fe,Os (I2cm). It
additionally ensures fitting of the ECI within parts of
composition space more similar to those occurring in reality,
rather than less realistic stoichiometries.

Once the ECI is determined, the cluster expansion is then
used in Monte Carlo simulations to identify low-energy
configurations and high-temperature configurations for the
given supercell size.****">* With these configurations, the
electronic structure of Sr(Ti;_Fe,)O;_,/, and its temperature
dependence can be directly assessed. We use CEMC to obtain
representative configurations at T = 0 K (low-energy
configuration) and higher temperature T = 1000 K. These
configurations are used to characterize optical and electronic
properties using DFT + U. To obtain the representative
structures at T = 1000 K, CEMC simulations are performed to
generate the probability distribution of different energies and a
configuration with the most likely energy is chosen for further
analysis (details in the Supporting Information).

2.3. Structures Used for Comparison. To demonstrate
the value of the cluster expansion for generating realistic
configurations, we compare the electronic structure of the
CEMC-generated structures to four hypothetical configura-
tions: two ordered structures, SQSs, and so-called “randomly
generated structures”.

The first-ordered structure is an ordered mixture in which
the Fe/Ti and the O/Vy sublattices each exhibit a regular
order. On the B-site sublattice, Fe atoms at concentration x are
introduced in an ordered manner so that they are maximally
separated; on the oxygen sublattice, oxygen vacancies of
concentration x/2 are introduced in an ordered manner so that
they are maximally separated. This gives rise to configurations
where Vg is adjacent to both Ti and Fe atoms. The second-
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Figure 2. (a) Linear least-squares fitting of mixing energy using cluster expansion; “u.c.” denotes the five-atom unit cell of the conventional
perovskite lattice. (b) Convex hull showing the lowest energy configurations predicted from Monte Carlo simulation. The training data, two
ordered structures, SQSs, and random structures are shown for comparison. (c) Atomic configurations of CEMC-predicted lowest energy
configurations, CEMC-predicted structure at T = 1000 K, and two types of ordered structures. For the convenience of visualization, A-site

strontium atoms are not shown.

ordered structure is a superlattice composed of distinct local
domains of SrTiO; and Sr,Fe,O;. The upper part of the
simulation cell is occupied by Sr,Fe,O; and the bottom by
StTiO;. The superlattice reflects the case of minimal SrTiO;/
Sr,Fe,O5 mixing possibly for the fixed supercell size. Overall,
the two hypothetical ordered structures represent extreme
cases of (i) regular uniform mixing of Fe atoms in the Ti lattice
and oxygen vacancies in the oxygen sublattice and (ii) the least
possible degree of mixing.

We also compare the CEMC structures to SQSs and
randomly generated structures. The SQS method™ is used to
generate chemically disordered configurations that mimic the
radial correlation functions of a fully random alloy as closely as
possible. For generating the SQSs for different compositions,
we use a modified version”**° of the ATAT package.”® The
values of the error correlation function for each composition
and the different SQSs for each composition can be found in
the Supporting Information. The randomly generated
structures are obtained by distributing the desired concen-
tration of Fe atoms and V amongst the B-sites and oxygen
sublattice, respectively, at sites selected at random.

3. RESULTS AND DISCUSSION

3.1. Cluster Expansion Training and Energy Convex
Hull. The first task is to determine the ECI and the convex hull
for 0 < x < 1. We sampled the compositional space
Sr(Ti,_,Fe,)O;_,/, at seven Fe concentrations given by x
0.125, 0.2, 0.375, 0.5, 0.625, 0.75, and 0.875. For each, 50
random structures are generated for fitting the ECI. We then
used an iterative approach in which the current ECl and T = 0
K Monte Carlo sampling are used to predict lowest energy
configurations, and these new configurations are then analyzed
in DFT and added to the training set to obtain the next set of
ECI. This procedure is repeated until a self-consistent
prediction of lowest energy configurations is obtained. Within
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each step of the iterative procedure, 2 X 10° CEMC steps were
carried out while searching for the lowest energy configuration.
Because of the large number of vacancies present in STF, for
some structures in the training set, during DFT geometry
optimization, some oxygen atoms shifted from their initial site
to a nearby vacant site. In these cases, the final sites of the
atoms were used to train the cluster expansion and determine
the ECL

The ultimate resulting fit comparing DFT + U to cluster
expansion energies is shown in Figure 2a. A linear least-squares
fitting of the 350 datasets from the DFT + U results in an
overall root-mean-squared error (RMSE) of 4.33 meV/atom
for the 27 cluster interaction coefficients (26 clusters and
intercept). We also implemented a recently proposed Bayesian
approach® to determine the cluster interaction coefficients,
which yielded similar results.

To establish the predictive (in addition to descriptive)
capacity of the cluster expansion and ensure against overfitting,
we carried out a leave-one-out cross-validation. The cross-
validation score is expressed as

1 Ao
cV? = _2 (Eni” = Epnix )Z
NU c (2)

where Em-u” is the cluster expansion (predicted) value of mixing
internal energy on the test set ¢ using the ECI obtained from
the training subset, E,,;,” is the DFT-computed (true) value of
the mixing internal energy, and N, is the total number of
configurations. The cross-validation score represents how well
the cluster expansion predicts energies for configurations
outside of the fitting set and thus gives an indication of the
predictive capability of the model. A cross-validation score of
4.76 meV/atom is obtained. Therefore, both RMSE and CV
scores indicate that our model provides reasonable prediction
of energetics within the configuration space.
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Figure 2b shows the distribution of mixing energies across
the full composition range and the convex hull constructed
from the lowest energy configurations obtained. When
considering Figure 2b, it is important to note that as x varies,
there is an implied variation in the oxygen partial pressure as
described previously. The mixing energy is given by

Epix = Ese(ti,_Fe)o, — (1- x)‘ESrTio3 = %Egp e 0, (3)

—x

where Eg(ri, Fe)o,.» Esmioy and Eg.re,0, are the calculated
energy of Sr(Ti,_.Fe,)O;_,/, StTiOs, and Sr,Fe,Os, respec-
tively. The set of lowest energy configurations across all
compositions, denoted by the blue line, yields the curve for the
mixing energy. The negative mixing energy across all
compositions indicates that the energy of the mixture is always
lower than that of the phase-separated SrTiO; and Sr,Fe,Oq
and that a full solid solution is possible across the full
composition range, consistent with experimental observa-
tions.*’

We also show in Figure 2b the energies of the two ordered
structures (the ordered mixture and the superlattice), the
SQSs, and the randomly generated structures for comparison.
The energies of all comparison structures lie above the convex
hull. The value of the cluster expansion is evident when
comparing the energies of the lowest energy structures to those
of the SQSs and randomly generated structures. The use of
SQSs or randomly generated structures to analyze the STF
system would result in higher energy configurations that likely
would exhibit different characteristics and properties than
those of the cluster expansion low-energy configurations. The
energy difference is particularly large for the randomly
generated structures as the Fe concentration increases because
of the configurational space associated with the large number
of Vg.

Figure 2c shows a representative low-energy T = 0 K
configuration and T = 1000 K configuration obtained using
CEMC at the composition of x = 0.5 as well as the two
comparison ordered structures: the ordered mixture and the
superlattice. The Sr sublattice is not shown because the lattice
disorder arises from Ti/Fe cation and O/V, distribution alone.
Along the convex hull, we do not observe long-ranged, well-
ordered structures as may typically be expected at T = 0 K
(true ground state), likely because of the imperfect sampling of
configurations or the use of a simulation cell that is not a
supercell of the ground state unit cell (ordered structures have
also not been reported in the experiment). The lowest energy
structures found do however contain several Fe—Vy—Fe
trimers and Fe—V, dimers, which locally resemble the
structure of Sr,Fe,O;. The prevalence of Fe—V within the
lowest energy structures is also reflected in the fitted ECI: the
contribution to the total energy for the Fe—V, (Table S1) has
the largest magnitude amongst all two-body contributions
(5.7 eV), several eV larger than the next largest (O—Vy, pair,
—0.75 eV). This is consistent with the presence of short-range
order in STF and results from X-ray absorption spectroscopy,
indicating the presence of V, in the first shell around Fe.*" At
higher temperatures, these clusters are still present to a slightly
lesser extent.”””®

From Figure 2b, the energy of the two ordered structures is
also always higher than the CEMC low-energy configuration.
This can be understood by comparing the two sets of ordered
structures with the CEMC-predicted lowest energy structure.
Two observations are relevant. First, Ti and Fe cations have a
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tendency to mix with each other fairly randomly. Second, as
noted above, Vj, tends to remain adjacent to Fe instead of Ti
atoms and the low-energy configurations contain Fe—Vy—Fe
structures that locally resemble Sr,Fe,Os, largely consistent
with the maintenance of Ti*" and Fe'' oxidation states. In
experiments, Fe®" is observed under a wide range of pressures
and temperatures.”*"*”*” In the ordered mixture, Fe atoms are
introduced periodically in the B-site sublattice and Vg is
introduced periodically into the oxygen sublattice without
regard to the neighboring B-site species. This results in fewer
Fe—V,, and oxidation states that deviate from Ti* and Fe’*.
On the other hand, the superlattice offers the least mixing of
Ti/Fe cations. As a result, a structure as suggested by the
CEMC in Figure 2c is more energetically favorable because it
allows random mixing of Fe/Ti on the B-site sublattice and
clustering of oxygen vacancies around Fe atoms.

3.2. Electronic Structure and Optical Properties of
the Sr(Ti,_,Fe,)O;_,» Alloy. We now use the CEMC
configurations to assess the electronic structure of Sr-
(Ti,_,Fe,)O;5_,/, across the composition space. The band
gaps of the lowest energy structures at the seven selected
compositions from SrTiO; to Sr,Fe,Oj are calculated using
DFT + U and presented in Figure 3. Results for the two
ordered structures, SQSs, and randomly generated structures
are also given for comparison.

m CEMCOK
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- It ¥ SQS
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Figure 3. Evolution of band gap with Fe content. For the lowest
energy and T = 1000 K structures, showing that the band gap
smoothly decreases with increasing Fe content with little bowing
evident. The band gap of the ordered structures and random
structures is shown for comparison.

Figure 3 shows that there are fluctuations in the band gap as
the Fe content increases for the ordered and the random
structures, without any obvious systematic trends. On the
other hand, for the CEMC minimum, the band gap decreases
smoothly from 2.13 to 0.95 eV (DFT + U predicted gaps of
SrTiO; and Sr,Fe,O5). The band gap reduction with increased
Fe content has been reported in previous experimental
studies.”*”* Whereas many alloys (Si/Ge, e.g.°") exhibit a
parabolic dependence of the band gap on the composition
according to Vegard’s law (linear mixing) with a bowing
parameter;***~% here, the bowing parameter is quite small,
which makes the band gap evolution appear linear. This is
consistent with previous experimental results by Rothschild et
al.® The results for the T = 1000 K configurations are also
shown in Figure 3. Minimal differences are observed compared
to the ground state structures, with these also showing a
smooth decrease in band gap across the composition space.
(Note that in real systems, heating to T = 1000 K can cause the
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Figure 4. Site and orbital PDOS of the six configurations of Sr(Ti,_.Fe,)O;_,/, at (a) x = 0.5 and (b) x = 0.875.

oxygen content to deviate from 6 = 0, which is not accounted
here. However, for small deviations, ¢ this is not expected to
alter significantly our trends.)

In Figure 4, we consider how the specific atomic
configuration affects the electronic density of states. Before
considering Figure 4 in detail, it is necessary to understand
how the projected density of states (PDOS) evolve with
increasing Fe content in STF in the first place. As shown in our
previous work,”® the PDOS of STF to a large extent resemble a
mixture of the PDOS of end members SrTiO; and Sr,Fe,O;.
SrTiO; is a typical band insulator, with valence bands
composed of O 2p states and conduction bands composed
of Ti 3d states. The PDOS of Sr,Fe,O5 are more complex: Fe**
corresponds to a high spin 3d° valence, so the PDOS show a
large exchange splitting between the completely filled majority
and completely empty minority spin Fe 3d states. The majority
spin Fe 3d states lie below the valence band maxima (VBM)
edge, which is composed of O 2p states. The minority spin Fe
3d states meanwhile comprise the Sr,Fe,O conduction bands.
The leftmost panels in Figure 4a,b show the PDOS of the
CEMC lowest energy structure at iron contents corresponding
to x = 0.5 and x = 0.875, respectively. The PDOS of STF at
these compositions clearly show elements of the PDOS of both
end members: O 2p-derived valence bands and conduction
bands that arise from hybridized Ti 3d and the empty, minority
spin Fe 3d states. The band gap is smaller for x = 0.875 than x
= 0.5, consistent with our results in Figure 3 and the notion of
a smooth evolution of the gap across the composition space
from 0 < x < 1. For these low-energy configurations,
importantly, there are little to no mid gap energy levels
present. These features of the PDOS remain even for the
CEMC T = 1000 K structures for x = 0.5 and x = 0.875 in
Figure 4a,b.

It is useful next to consider how the observed trends in the
PDOS are similar to or differ from those of the ordered
structures, SQSs, or randomly generated structures also shown
in Figure 4. First, the general features of an O 2p-derived
valence band and a Ti 3d/Fe 3d-derived conduction band are
preserved across all of these structures. Second, the PDOS of
the CEMC structures share a stronger resemblance to those of
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the SQSs and randomly generated structure than the ordered
mixture and the superlattice. The closer resemblance to the
SQSs and randomly generated structure results from the
reduced degree of order in comparison to the two ordered
structures. Even so, there are still some differences between the
CEMC structures and the SQSs and randomly generated
structures, however. Most notably, the PDOS for the SQSs and
the randomly generated structures exhibit mid gap states that
are not present in the CEMC structures. These states arise
from the less favorable local atomic orderings that disrupt the
smooth mixing. So long as the structures largely consist of local
“patches” of SrTiO; and of Sr,Fe,O (such as Fe—Vy—Fe
chains) as in the CEMC configurations, the PDOS can be
reasonably described as a mixture of the PDOS of the end
member compounds. Deviations from these configurations,
especially Fe atoms without neighboring V5, meanwhile give
rise to the states in the gap. The existence of such mid gap
states has indeed been surmised from the experiment in the
past. Depending on the configuration, they tend to be O 2p/Fe
3d hybridized states that can appear near the VBM (Fe*"), at
mid gap (Fe’*), or toward the conduction band minima
(CBM) (Ee?").

Although the differences between the PDOS of the CEMC
structures and the SQSs and randomly generated structures are
more subtle and can be explained from the framework of STF
as a mixture of SrTiO; and Sr,Fe,Oj, the difference with the
PDOS of the two ordered structures is (not surprisingly) more
dramatic in Figure 4. Interestingly, for x = 0.5, the CEMC
PDOS are similar to the ordered mixture, whereas for x =
0.875, they are more similar to the superlattice. For example, at
x = 0.5 (Figure 4a), the superlattice exhibits a much smaller
band gap, differences in the elemental contributions to the
band edge states, and mid gap levels. The low-lying states of
the superlattice conduction band exhibit a more mixed Ti 3d
and Fe 3d orbital nature than the CEMC structures and the
ordered mixture. The occupied mid gap states again mainly
arise from Fe 3d orbitals near the valence band edge. On the
other hand, for x = 0.875 (Figure 4b), the shape and magnetic
features of the CEMC structures are more similar to the
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Figure S. Charge density of the SrTiysFe;sO,,s VBM and CBM. (a,b) VBM and CBM for CEMC predicted lowest energy structure; (c,d) VBM
and CBM CEMC equilibrium structure at T = 1000 K; (e,f) VBM and CBM for ordered mixture; (gh) VBM and CBM for superlattice; (i,j) VBM
and CBM for SQS; (k1) VBM and CBM for randomly generated structure; (m) schematic showing light degree of carrier trapping due to
delocalization of VBM and CBM; (n) schematic showing strong degree of carrier trapping due to the spatially localized band edges. Strontium

atoms are not shown.

superlattice and different from the ordered mixture for which
the gap has closed and the system is metallic.

To understand why the CEMC PDOS are more similar to
the ordered mixture for x = 0.5, whereas for x = 0.875, they are
more similar to the superlattice, we consider the effects of Ti/
Fe ordering and V distribution. The x = 0.5 composition
represents the largest degree of mixing between Ti and Fe
atoms, so differences in the degree of Ti/Fe order/disorder
dominate the nature of the density of states. The superlattice
represents the case of minimal Ti and Fe mixing, causing the
large observed difference in the PDOS. On the other hand, x =
0.875 corresponds to the largest V5 concentration considered.
At this composition, the electronic structure is sensitive to the
V distribution and correspondingly the oxidation state of each
Ti/Fe atom. In the ordered mixture, V appears adjacent to
both Ti and Fe atoms which on average shifts the oxidation
states of both species more toward +3. These shifts lead to
realignment of energy levels and ultimately a metallic structure.

Next in Figure S, we explore how the Ti/Fe and oxygen
vacancy distribution could affect electronic carrier transport by
considering the spatial charge distribution of the valence band
and conduction band edges and their degree of localization.
This is shown for x = 0.5. High carrier mobilities beneficial for
transport would be associated with delocalized band edge
charge densities, whereas undesirable localized band edges may
instead result in carrier trapping. These two cases are shown
schematically in Figure Sm,n. Figure Sa—d show the charge
density of the VBM and the CBM for the T =0 K and T =
1000 K CEMC structures, which show similar features. As
expected from the PDOS in Figure 4, the VBM states are
largely O 2p derived, with some degree of Fe 3d mixed in,
whereas the CBM states arise largely from the minority spin Fe
3d states. As exhibited in Figure Sa—d, both the CBM and
VBM are spatially delocalized and distributed throughout the
supercell. The delocalized nature is a consequence of the
combined effects of the tendency for random mixing of Ti/Fe
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and a tendency for Vg to be present near the Fe species. For
example, the random mixing of Ti/Fe ensures that the Fe
atoms are evenly distributed throughout the B-site sublattice
and thus spatially spread out. Because the VBM is composed of
states derived from Fe—V{ clusters, the tendency for the Vg to
cluster around these distributed Fe atoms results in a spatially
delocalized VBM.

By contrast, for the two ordered structures, the trends are
different. For the ordered mixture, we found that the VBM
mainly arises from Fe—O networks for Fe atoms coordinated
with S oxygen atoms and is thus reasonably delocalized (Figure
Se). Consistent with the PDOS in Figure 4a, Ti atoms with a
full octahedral O coordination (Figure 5f) dominate the CBM
which appears patchy and disconnected. Such localized states
could serve as traps for carriers, reducing mobility and
transport as suggested schematically in Figure Sn. For the
superlattice, the VBM and CBM are highly localized to distinct
superlattice planes within the Sr,Fe,Ojy region. The VBM is
dominated by Fe atoms with a full octahedral coordination at
the “interface” (Figure Sg), whereas the CBM comes from Fe
with tetrahedral O coordination (Figure Sh) one plane above.
Moreover, the mid gap states present in the superlattice can
facilitate electron—hole recombination. This reveals that the
combination of Ti/Fe mixing together with a tendency for
vacancy clustering around Fe atoms, when present simulta-
neously, offers an advantage for electronic transport not
exhibited by either of the ordered structures. The SQSs and
random structures are somewhat similar to the CEMC
structures, although these also exhibit mid gap states that
could limit transport.

Last, we show the effect of composition on the optical
absorption of STF. The calculated absorption spectrum based
on DFT + U is given in Figure 6. Here, the CEMC ground
state structures are used to obtain the dielectric matrix.”® The
absorption coefficient is formulated from the complex
dielectric function as
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Figure 6. Optical absorption for selected compositions of Sr-
(Ti,_,Fe,)O;_,, alloy for the lowest energy configurations.

N

a(w) = %{[eﬂw) + &2 (@) — e (@)}

(4)

where £)(w) and £ () refer to the real and imaginary parts
of dielectric function, respectively, and ¢ is the speed of light.
From Figure 6, absorption becomes gradually enhanced with
increasing Fe content as reported in previous studies.””” The
monotonic variation is consistent with the band gap evolution
shown in Figure 3. Note that the optical absorption spectrum
depends on both the band gap and the density of states at the
conduction and valence band extrema and the transition
oscillator strengths. Correspondingly, the optical absorption
may not vary perfectly uniform with the composition, which
likely accounts for the similar absorption coeflicients observed
for SrTiO; and SrTiy,sFe),50; 575

4. CONCLUSIONS

To conclude, we present a computational framework to
consider the effects of composition and order/disorder in the
STF solid solution, a MIEC. Using cluster expansion modeling
and Monte Carlo simulations, energetics and realistic
configurations of the Sr(Ti,_,Fe,)O;_,, can be predicted
across the full composition space spanning from SrTiO; to
Sr,Fe,O;. We use the framework to generate representative
configurations and assess their properties using DFT. The
analysis reveals the connection between Ti/Fe cation disorder
and oxygen vacancy distribution on the electronic structure.
Several predicted trends are in agreement with prior
experimental results including evolution of the band gap and
optical absorption with Fe content and the tendency for short-
ranged ordering to be present. It is found that Ti/Fe cation
disorder together with oxygen vacancy clustering around Fe
atoms gives rise to spatially delocalized band edge states, which
may facilitate carrier transport in the lattice. The properties of
the CEMC-derived structures in some instances are different
from those of SQSs and comparison ordered structures,
highlighting the value of CEMC for obtaining a more realistic
understanding of the properties of the complex, nondilute
material system. This work not only provides mechanistic
understanding of the disorder and electronic structure of
Sr(Ti,_,Fe,)O;_,/, but also suggests a computational strategy
for analysis of complex perovskite solutions in fuel and
electrolysis cells and other applications using perovskite-
derivative compounds exhibiting lattice disorder. The approach
presented here may also be extended for the prediction of ionic
transport coefficients using realistic configuration ensembles
generated from CEMC.
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