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Update Note, January 26, 2016:
This draft was updated from the original version in order to:

1.

2.

3.

Incorporate proof corrections that were made to the PCCP proof after submission, and
which are not included in the previous Word document.

Correct the following error: The exponents of the Birch-Murnaghan equation in our
Python-language equation of state code were erroneously given as 7/3, 5/3, and 2/3,
which evaluated to 2, 1, and 0, respectively, instead of being given as 7.0/3.0, 5.0/3.0,
and 2.0/3.0, evaluating to 2.333..., 1.666..., and 0.666.... These erroneously small
exponents were applied to the ratio Vo/V which was less than 1, producing P(V,, fixed V)
that was steeper than it should have been. Therefore, every pressure difference
Psaddie(Vo.saddies fixed V) — Pinitiai(Vo.initial, fixed V) between a saddle point and initial point
was reproduced at smaller intervals of V, or smaller fitted migration volumes, than was
correct. Since the elastic strain model DMEPS scales linearly with migration volume (see
Eq. 2 in the original paper), the resulting elastic strain model DMEPS were all smaller in
magnitude than they should have been.

Correct minor data errors detected when the data was reorganized.

A short correction (1 page, with Figure 5R to correct Figure 5) was sent to PCCP in January

2016.

This updated version of the main paper and the updated version of the supporting information
have not been peer-reviewed.



Abstract

Fast oxygen transport materials are necessary for a range of technologies, including
efficient and cost-effective solid oxide fuel cells, gas separation membranes, oxygen sensors,
chemical looping devices, and memristors. Strain is often proposed as a method to enhance the
performance of oxygen transport materials, but the magnitude of its effect and its underlying
mechanisms are not well-understood, particularly in the widely-used perovskite-structured
oxygen conductors.

This work reports on an ab-initio prediction of strain effects on migration energetics for
nine perovskite systems of the form LaBOs, where B = [Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Ga].
Biaxial strain, as might be easily produced in epitaxial systems, is predicted to lead to
approximately linear changes in migration energy. We find that tensile biaxial strain reduces the
oxygen vacancy migration barrier across the systems studied by an average of 65 meV per
percent strain for a single selected hop, with a low of 36 and a high of 86 meV decrease in
migration barrier per percent strain across all systems. The estimated range for the change in
migration barrier within each system is +/- 25 meV per percent strain when considering all hops.
These results suggest that strain can significantly impact transport in these materials, e.g., a 2%
tensile strain can increase the diffusion coefficient by about three orders of magnitude at 300 K
(one order of magnitude at 500°C or 773 K) for one of the most strain-responsive materials
calculated here (LaCrO3).

We show that a simple elasticity model, which assumes only dilative or compressive
strain in a cubic environment and a fixed migration volume, can qualitatively but not
quantitatively model the strain dependence of the migration energy, suggesting that factors not

captured by continuum elasticity play a significant role in the strain response.
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Computational results show that a 2% biaxial tensile strain may increase oxygen ion conduction,
both in- and out-of-plane, by up to approximately three orders of magnitude at 300K in the most

strain-sensitive LaBO; perovskites, where B = [Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Ga].




Introduction

Fast oxygen transport materials are important for creating efficient and cost-effective
solid oxide fuel cells (SOFCs), gas separation membranes, oxygen sensors, chemical looping
devices, and memristors.'™® Besides changing the chemical makeup of a material or changing the
operating conditions of the device (e.g., temperature), strain is another possible mechanism to
enhance oxygen diffusion. In a broad review over both metals and oxides, Yildiz summarized
that stress resulting from tensile strain on materials affects the energy landscape, particularly by
weakening interatomic bond strengths, which then results in lower defect formation energy,
dissociation barrier, charge transfer barrier, adsorption energy, and, of particular interest to this
paper, oxygen migration barrier.®

Several experimental studies have shown that strain in oxygen-conducting oxides can
lead to faster oxygen bulk or surface diffusion.”"” The strongest effect is cited for Yttria-
stabilized ZrO, (YSZ) and SrTi0; (STO) interfaces at 8 orders of magnitude enhancement in
ionic conductivity in a range around 100°C to 225°C. This effect was attributed to strain and
interfacial disorder in the YSZ/STO interface.” However, combined experimental and
computational studies of (YSZ or ceria, CeO,)/STO interfaces now suggest elastic strain
contributions of 2-4 orders of magnitude, and attribute the remaining orders of magnitude
primarily to electronic conductivity, if they attribute them at all.'*"*

A number of computational studies have also examined the effects of strain on oxygen
migration, with most studies focusing on fluorite structures. To aid in this discussion, we
introduce the term “DMEPS” for “Delta in (oxygen) Migration (barrier) Energy per Percent
Strain,” where a DMEPS value is the slope of a plot of migration barrier energy versus percent

strain. DeSouza, Ramadan, and Horner find a total of 0.5 eV (out-of-plane) to 0.6 eV (in-plane)



reduction in migration barrier for the fluorite CeO, at 7% biaxial tensile strain, with a migration
barrier vs. strain slope of about -100 meV (out-of-plane) to -50 meV (in-plane) change per
percent (biaxial) strain (i.e., DMEPS values of -100 meV/% strain and -50 meV/% strain,
respectively) for low strains.'* Note that in-plane refers to hop vectors entirely in the plane of the
biaxial strain and out-of-plane refers to hop vectors with a component normal to the plane of
biaxial strain. These studies were done using classical fitted pair potentials and correspond to
about four orders of magnitude in ionic conductivity enhancement for 4% biaxial tensile strain at
500 K.' Schichtel, Korte, Hesse, and Janek predict a maximum of 2.5 orders of magnitude in
ionic conductivity enhancement (only in-plane calculated) for a YSZ/STO lattice mismatch of
7.37% at 573 K using elastic strain theory.'? With each 100 meV decrease in migration barrier
producing a 0.88 increase in magnitude of conductivity at 573K (see Supporting Information
Section S9), this value corresponds to a DMEPS of -38 meV/% strain. Kushima and Yildiz
predict a maximum enhancement of 3.8 orders of magnitude (in-plane) for 4% biaxial tensile
strain in YSZ at 400K using density functional theory migration barrier inputs into a kinetic
Monte Carlo simulation."> Although their change of migration energy with strain is not linear, if
it were, then this effect would correspond to a DMEPS of -75 meV/% strain. A density-
functional theory study by Yang, Cao, Ma, Zhou, Jiang, and Zhong find a DMEPS of -50 to -90
meV/% strain for a single hop (out-of-plane, backwards and forwards; the slope is calculated
between -1% and +1% strain) in the A*'B*'0; perovskite BaTiOs, although interestingly their
aim is to find a way to decrease oxygen migration in order to preserve ferroelectric behavior, and
they propose compressive strain as a mechanism for doing so.'® This last study underscores the
point that, while the focus of this paper is on increasing oxygen migration, its findings could also

apply to decreasing oxygen migration, for example for reducing corrosion.®



A number of explanations have been offered for the source of the coupling of migration
energies and strain. Similar to the idea that doping with different-sized cations introduces local
stress fields and lattice expansion, leading to lower migration energies,® '’ Kushima and Yildiz
identified the mechanisms of strain effects on migration energies as a competition between the
“elastic stretching” of cation-oxygen bonds, which weakens those bonds and also creates a larger
“migration space,” thus decreasing migration barrier, versus the plastic deformation of the
material as bonds are completely broken and new, strong bonds are formed, thus increasing
migration barrier."® Chroneos, Yildiz, Tarancén, Parfitt, and Kilner stress what they term
“mechano-chemical” coupling as a mechanism, in which lattice strain affects the cation-oxygen
bond strength.'® Schichtel et al.’s elastic strain model, which has been used to predict changes in
migration barrier with strain in YSZ and CSZ (Yttrium- and Calcium-stabilized zirconia) on
various substrates, includes the isotropic pressure effects of strain, but neglects the changing
local bond strengths mentioned by Chroneos et al.'> While these studies to date shed some light
on strain effects, there are still many uncertainties, and almost all studies have focused on the
fluorite structure, leaving the important class of perovskite oxide oxygen conductors largely
unexplored.

As a class of technologically important oxygen-conducting materials, perovskites may,
along with fluorites, also benefit from strain-enhanced transport. For example, in SOFCs, which
commonly use perovskite and fluorite materials, the major efficiency losses at low or
intermediate temperature occur in the cathode and electrolyte, and can be mitigated by improving
the rate of the oxygen reduction reaction at the cathode, and the rate of oxygen transport in both
the cathode and the electrolyte.” One experimental study of strain effects on oxygen surface

exchange and oxygen transport has been carried out on the perovksite Strontium-doped LaCoOs3,



with the oxygen tracer diffusion coefficient D* increasing by about 1 order of magnitude when
going from a compressive strain to a tensile strain, with a total strain difference of about 2.9%."
With some very significant assumptions and approximations, including that the whole increase is
due to changes in the migration energy (see Results and Discussion), this increase corresponds to
a DMEPS of -64 meV/% strain for out-of-plane hops. Another study on perovskite thin films of
(Lag sSro5)Co0O3 on SrTiO; argued that changes in oxygen content and ordering were enabled by
enhanced cation migration. While this work did not address changes in oxygen migration, it did
suggest that the cation migration barriers were significantly enhanced by strain in the sample."

20,21

Additional studies link tensile strain with enhanced oxygen vacancy formation, which will

also contribute to enhanced oxygen diffusion, and potentially to enhanced catalytic activity.**"
?2 The present study aims to survey a range of perovskite materials and develop an understanding
of how strain couples to migration barriers, assess the ability to understand these strain effects in
terms of a simple elasticity model, and provide guidance on which materials might respond most
strongly to strain engineering of oxygen kinetics.

This computational study focuses on bulk conduction and therefore most immediately
serves as a foundation to understand strain effects in a system with strain over bulk-like
distances, e.g., as may occur in a thin film used in experiments or small devices. However, the
bulk trends may also provide guidance for understanding strain effects occurring at interfaces,'’,

24-28
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including surfaces, oxide superstructures, 3 and oxide heterostructures, where strain effects

may contribute to enhanced performance at perovskite material interfaces.”” %
Using SOFCs as an example, an increase in ionic conductivity of just two orders of

magnitude can transform a substandard material into a useful one at intermediate temperatures,

so changes on this scale are of significant interest.”*° In terms of specific devices, micro-SOFCs



are on a size scale where epitaxial strain might be used, for example in anode- or cathode-
supported electrolyte growth for parallel-layer devices. For a single-chamber configuration,’" ¥,
lattice mismatch with the electrolyte may support strained anode or cathode growth.

Motivated by the potential to engineer oxygen conductors with strain and the limited
knowledge of strain effects on perovskites, we here study the effects of elastic strain on the
oxygen ion conductivity of perovskite systems of the type ABO;, where A=La and B is a metal
ion. Perovksites closely related to this set, with La and other rare earths on the A-site, typically
with A-site doping by Sr or other alkali-earth elements and often multiple B site metals, are
being used or considered as fast oxygen conductors in SOFCs, oxygen separation membranes

and sensors, and chemical looping applications.' Therefore, the ability to enhance these

materials with strain could have significant technological impact.

Results and Discussion

In order to check the coupling between strain and oxygen ion conductivity, we take the
migration barrier £, as a simplified measure of conductivity, as described by Chroneos et al.
(see Supporting Information Section S9 for details)."® We employed the Vienna Ab-initio
Simulation Package (VASP)**~° for density functional theory (DFT) calculations, using the
MAterials Simulation Toolkit (MAST)’ to automate sets of calculation workflows. See the
Methods section and Supporting Information for more information on the parameters and
workflow used. The Supporting Information also includes detailed discussion on additional hops
not shown in the main text, derivation of the parameters used in the elastic strain model, and

error analysis.



For the unit cells cells used in these studies, there are multiple symmetry-distinct hops,
which increase in number when strain is introduced. In order to keep the calculations tractable,
we have studied only a few specific hops for all systems and strain states, and all hops for just a
couple of systems. Figure 1 shows the migration barrier versus strain results for a consistent (i.e.,
the same hopping atom and vacancy sites for each B cation) in-plane hop across all systems. The
slope of each line gives the DMEPS value for that system. Figure 2 shows schematically what is
meant by an in-plane and out-of plane hop with respect to the strain axes. Positive percent strain
is tensile strain and negative percent strain is compressive strain. All systems show a decrease in
migration barrier with increasing tensile strain. The average DMEPS is -66 meV per percent
strain, with low and high magnitudes for DMEPS of -36 and -89 meV/% strain.

Supporting Information Section S8 shows the following additional details. First, a
consistent out-of-plane hop gives comparable DMEPS results to that of the selected in-plane hop
across all systems. Second, the selected in-plane and out-of-plane hops are among the lower
barrier hops across all systems at zero strain, and are therefore a reasonable representative choice
to model diffusion behavior in the perovskites. However, there is no evidence that suggests that
the magnitude of a zero-strain migration barrier is correlated with the magnitude of its DMEPS.
Therefore, all hops may need to be considered when considering the range of DMEPS for a
material. Finally, third, for the cases where we have calculated DMEPS for all hops in the system
(a total of 96 hops, of which 12 are symmetry-independent, producing distinct migration barrier
values), there is no clear distinction between the magnitudes of DMEPS for in-plane hops versus
DMEPS for out-of-plane hops; DMEPS for in-plane hops are neither consistently higher nor
consistently lower than those for out-of-plane hops. Therefore, this main text limits the tabulated

values to a single consistent hop (in-plane is chosen arbitrarily) and adds an additional range of
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+/- 25 meV/% strain to the uncertainty in the calculated DMEPS in order to reflect the range of
all the hops possible in a given system. We also note that the effects of strain apply, apparently
similarly, to both in-plane and out-of-plane hops.

Table 1 shows the values of the fitted DMEPS from Figure 1, along with their fitting
errors. The scatter in some of the DMEPS comes from structural instability (e.g. polymorphs),
magnetic instability, and convergence problems, which we discuss in Supporting Information,
Section S10, along with our general methodology. Despite the data scatter, we are confident that
the trend of decreasing migration barrier with increasing tensile strain (negative DMEPS) is
reproducible and significant for the perovskite systems.

Although strain may result in faster interfacial conduction along the plane of the strained
interface,'" our results are for bulk single-crystal conduction and therefore these results represent

changes in the properties of bulk strained materials.

Figure 3 compares the DMEPS values obtained in this work with those obtained in other
works of which we are aware. Where a log change in diffusion coefficient was given in the
literature, the given temperature and lattice mismatch or strain were used to convert the log
change in diffusion coefficient into a DMEPS value, making the significant approximation that
all changes in diffusion coefficient were due to changes in migration barrier (see the following
discussion on Figure 4, as well as Supporting Information, Section S9). The average DMEPS
from this study are generally similar to those that have been found previously for both fluorites
and perovskites and with both calculations and experiments. While there is no reason that the

perovskites should have the quantitatively same DMEPS as the fluorites, it is reasonable to
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expect some similarity, given that they are both relatively open-structured oxides, and this
qualitative agreement provides some validation of our results.

Figure 4 shows a more quantitative comparison between our DMEPS calculated for
LaCoOs3, which is -80 meV/% strain for the out-of-plane hop (see Supporting Information,
Section S8), and a DMEPS for Sr-doped LaCoO; (LSC) perovskite derived from Kubicek et al.’s
experimental LSC oxygen diffusion data along the out-of-plane direction,'® which we estimate as
-64 meV/% strain. This comparison is the closest comparison that can be made between our
calculated systems and those studied experimentally to this point. Note that we derive the
DMEPS from the experimental data of the LSC under the assumption that all changes are due to
only changes in migration barrier (see Supporting Information, Section S9). This assumption is
certainly an approximation given that an increase in Co reduction is observed in strained LSC in
experiment,”® and that the oxygen vacancy formation energy in undoped LaCoO; was calculated
to decrease with tensile strain within 2% tensile strain,” both of which may indicate increased
oxygen vacancy concentration with strain. Neglecting this vacancy increase may lead to an
overestimation in our DMEPS derivation. We also note that no reduction in activation energies
was measured by Kubicek, et al., although there was significant uncertainty in the
measurements.'® In addition, while we took the experimental 475°C strain range of -1.9%
compressive to 1.0% tensile strain for our derivation,'® any strain relaxation that occurred in the
film may also modify the derived DMEPS. Despite these limitations on the comparison, it is
encouraging that the DMEPS for our out-of-plane hop, and also the DMEPS for our in-plane
hop, at -60 meV/% strain, are both in good agreement with the DMEPS estimated from
experiment. The good agreement provides some support for the results of our calculations and

supports the hypothesis that at least some of the oxygen transport changes seen in the
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experimental studies of Kubicek, et al. are in fact due to bulk changes in migration energies
induced by strain.

Overall, our total range of DMEPS represent values significantly lower and higher than
previously reported, which is likely due to the relatively large number of compounds we have
studied. Our results demonstrate that, even within one crystal structure, changing B-site cations

can lead to a very wide range of oxygen migration strain response.

To explain the observed decrease of migration barrier with increasing percent biaxial
strain, we consider the elastic model of Schichtel et al.,'* which is given as Equation 1. First we
convert this equation into a form where we can compare the predicted DMEPS value from this
equation to that obtained from our calculations. Equation] uses the Young’s modulus Y,
Poisson’s ratio v, and applied biaxial strain €;, to calculate a pressure p due to strain. We take
this pressure p to be equivalent to a change in pressure Ap compared to an assumed zero pressure
at zero strain (Ap = p — 0). Dividing both sides by €;, gives a slope of change in pressure with
percent strain. Multiplying both sides by migration volume V,;, transforms the slope of change
in pressure with percent strain into a slope of change in migration free energy G,,;4 per percent
strain, which we then approximate by the change in migration enthalpy Hp,;, per percent strain,
as shown in Equation 2. Details of these derivations and calculations are in the Supporting
Information, Section S12). For each strain case, our constant-volume migration barrier energies
Emig are directly comparable to constant-pressure migration enthalpies (see Supporting
Information, Section S9a), and therefore we also use DMEPS as the term for the elastic model
slope of change in migration enthalpy per percent strain. Now the DMEPS predicted from

Schichtel et al.’s elastic model and our ab initio calculation can be compared directly.
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Figure 5 shows the elastic model DMEPS in meV/% strain as a function of the DMEPS

we calculated directly from ab-initio DFT methods. From this figure, we see that the DMEPS

predicted by the strain model qualitatively follow the same trends as our ab-initio DMEPS. The

strain model DMEPS differ from the DFT-calculated DMEPS by an average of 16 +/- 13 meV/%

strain (where the uncertainty represents one standard deviation of the error from the mean), with

a maximum error of 40 meV/% strain and a root-mean-squared error of 20 meV/% strain, over
all in-plane and out-of-plane hops shown in Figure 5. An equivalent but distinct approach to
assessing the strain model is to use the ab-initio calculated DMEPS and the strain model to
estimate vacancy migration volume and then compare this volume to the directly ab-initio

calculated vacancy migration volume (see Supporting Information, Section S12d). This

perspective shows that the effective migration volumes predicted by the strain model are similar

to those calculated directly using the ab-initio methods, with some outliers. The root-mean-
squared error for predicting migration volumes is 2 A*. The source(s) of discrepancies between
the strain model results and the ab-initio data are not clear at this stage. The error is not as
simple as a strain-dependent migration volume, as that would lead to a strong non-linear
dependence in the ab-initio calculated DMEPS, whose constituent points are generally fairly

linear. It might also be proposed that the presence of the vacancies alters the elastic properties,

as has been predicted in some cases '°, as all the elastic constants are determined for the pristine
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material with no vacancies. Checks with select systems have shown that using elastic properties
in the presence of vacancies can shift the predicted elastic-model DMEPS by some -10 to -20
meV/% strain, which in some cases may lead to better agreement, but still leaves significant
deviation between the model and the fit results (see Supporting Information, Section S12b). We
hypothesize that anisotropic effects account for the main deviations from the strain model, as the
strain model uses a single isotropic pressure value and a single isotropic migration volume value.
Other effects could include anharmonic effects causing deviations from linear elasticity and

numerical noise in the calculations, particularly regarding the migration volumes.

Additional analysis, January 2016:

Since the elastic strain model uses the zero-strain migration volume, its representation of
the DFT DMEPS is expected to be most accurate near zero strain and less accurate for
larger strains. Table E1 shows all slopes refit using only data between -1% and 1%
strain. Figure E1 shows the agreement between the elastic strain model DMEPS and the
low-strain DFT DMEPS. Comparing Figure E1 and Figure 5R shows a small
improvement when using the low-strain data, resulting in an average difference of 14 +/-
12 meV/% strain with a maximum difference of 47 meV/% strain and a root-mean-
squared error of 18 meV/% strain.

The LaCrO; system may best describe the limit of the present elastic strain model’s
accuracy for representing DFT-fit DMEPS. Its well-behaved elastic constant fits lead to
small error bars in the elastic model DMEPS (Table S12.2R). Its DFT migration barrier
data, which follows a smooth and consistent slope along the -2% to 2% range of strain,
leads to small error bars in the DFT DMEPS, whether the DFT DMEPS is calculated
between -2% and 2% strain or between -1% and 1% strain (Figure 1, Figure S8.1R).
Nevertheless, both the in-plane hop and the out-of-plane hop in Figure 5R show a
disagreement between the elastic model DMEPS and the DFT DMEPS of approximately
20 meV/% strain. The range of disagreement is approximately 30 meV/% strain when all
hops are considered (Figure S8.9R).

Using a defected bulk modulus to calculate Young’s modulus for the prefactor does not
reduce the disagreement between the elastic model DMEPS and the DFT-fit DMEPS for
both the in-plane hop and the out-of-plane hop in LaCrO; (see Figure S12.2R). Using a
volume-relaxed migration volume rather than the Birch-Murnaghan fit migration volume
also does not reduce the disagreement for both points (see Figure S12.5R).
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Having examined each variable in the elastic model, we conclude that while the elastic
model DMEPS are in qualitative agreement with the DFT-fit DMEPS, the error in the
best fit cases is still approximately 30 meV/% strain for a single system considering all
hops, approximately 20 meV/% strain for a single hop, and is more accurate at low
strains for systems where the strain response is non-linear over a larger strain range.

Future modifications to the elastic model to yield better accuracy might include the use of
anisotropic migration volumes and full elastic constant tensors. However, the inclusion of
so much calculated data to the elastic model may disrupt the simplicity and generality of
the approach. We reiterate that on the whole, the isotropic elastic model appears to

qualitatively describe the response of oxygen migration barriers in perovskites with
respect to biaxial strain.

Methods

To calculate E,,;;, we used density functional theory (DFT) as implemented in the Vienna
Ab-initio Simulation Package (VASP)* with the climbing nudged elastic band method (CNEB)

. . 40, 41
with 3 images.*"

The pseudopotentials used were generated using the generalized gradient
approximation and the projector-augmented-wave method** ** with the Perdew-Wang 91
exchange correlation functional.***® Valence electrons are listed in parentheses. The standard La
pseudopotential was used (5s°5p®5d'6s%). For the transition metals, the available pseudopotential
with the most unfrozen electrons was used to assure the best possible accuracy: Sc_sv
(3s73p°®3d'4s?), Ti_sv (3s*3p°3d?4s?), V_sv (3s*3p°3d’*4s?), Cr_pv (3p°3d*4s?), Mn_pv
(3p®3d’4s?), Fe_sv (3s*3p°®3d°4s?), Co (3d"4s%), Ni_pv (3p®3d*4s?), and Ga_d (3d'%4s’4p"). The
soft oxygen pseudopotential was used.

A starting supercell of 2x2x2 formula units (40 atoms) was used, with 4x4x4 kpoints in a
Monkhorst-Pack scheme.*’ Migration barriers were converged to within 20 meV relative to the
choice of kpoint mesh. All calculations are started with the B-site cations in a ferromagnetic
configuration. The same two migration directions were calculated for each system; one with an

oxygen atom traveling within the plane of the strain, and one with an oxygen atom traveling out

of the plane of the strain. Systems were strained equally along lattice parameters a and b by at
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least a grid of 0, £1%, and 2% of the original lattice parameters, with positive percentages as
tensile strain and negative percentages as compressive strain, and a fit was performed in each
strain case to find the equilibrium lattice parameter perpendicular to the plane (c lattice
parameter). All CNEB calculations were performed at constant volume with internal relaxation.
Calculation workflows were automated using the MAterials Simulation Toolkit (MAST), which
is under development at the University of Wisconsin-Madison.”’

We create a vacancy by removing from the supercell both an oxygen atom with its six
electrons and an additional two electrons (see a discussion in Supporting Information, Section
S7). This procedure is the computational equivalent of substituting lower-valence dopant atoms
on A-sites or B-sites somewhere else in the crystal beyond the boundaries of the supercell. The
advantage of this method is that it avoids the interaction between oppositely-charged defects by
creating a single oxygen vacancy in the supercell without using dopant atoms.

For details on cutoff energy, smearing, CNEB parameters, CNEB workflow,
simplifications involved, strain parameters, and charge compensation methods, see Supporting

Information.

Conclusions

We calculate that epitaxial tensile strain can reduce the migration barrier in perovskites
with an overall average of about -65 meV per percent strain, with low and high DMEPS
magnitudes of -36 and -86 meV/% strain, for a consistent in-plane hop. Assuming no other

factors play a role, this decrease in barrier implies an overall average increase in ionic
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conductivity of about 2.5 orders of magnitude for a 2% biaxial tensile strain at 300K for some of
the most responsive materials calculated here (LaCrOs).

The amount of change depends strongly on the individual material and its DMEPS. On
average, a 2% strain is not enough to transform a poor ionic conductor into a good ionic
conductor, e.g. the strain effect on migration barrier is not enough to transform LaTiO3 and
LaVO; with high calculated migration barriers into the same class of high-performing oxygen
conductors as La[Mn, Fe, Sc, Ga]O; with their lower migration barriers. However, the effect
may be enough to extend the temperature range of a good high-temperature ionic conductor into
a significantly lower temperature region. For example, the ionic conductivity of ionic conductors
yttria-stabilized zirconia (YSZ), yttria-stabilized bismuth oxide (YSB), and LaGaO; with Sr, Mg,
and Co doping (LSGMC) decline by about 2.4, 0.7, and 0.9 orders of magnitude between 750°C
and 500°C,” which take them out of the usable range for SOFCs by 500°C; a single order of
magnitude change could potentially be recouped using strain, and allow these materials to be
used at 500°C. However, we note that maintaining significant strains in bulk materials over long
times and at high-temperature, as occur in SOFCs, is extremely challenging. Therefore, the most
likely role for strain to enhance SOFC systems is in thin-film devices or at interfaces. Overall,
the strain effect on migration barrier in the perovskites studied here suggests that strain should be
considered as a method for producing or enhancing perovskite fast oxygen-ion conductors for
applications such as low or intermediate temperature SOFCs, gas separation membranes,
chemical looping devices, and memristors.

The origin of the strain effects on migration energy is still somewhat unclear. We find
that the effects of strain on migration barrier can be captured qualitatively by a simple migration

volume elasticity model. The error in the elastic model DMEPS predictions using an ab-initio
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calculated migration volume is 16 +/- 13 meV/% strain compared to the DMEPS fit to DFT-
calculated data.

Additional aspects of the migrating oxygen beyond its migration volume, perhaps
associated with local distortions during migration, appear to be playing a significant role in the
strain response of anion migration in these perovskite systems.

Another interesting challenge raised by this work is to understand the origin of the
variability of strain response across different B cations, which we here demonstrate to range in
DMEPS by over 50 meV/% strain across the B-site cations for a consistent hop. Our efforts at
correlations with B-site cation size, d-electron filling, and other plausible descriptors did not
yield any robust correlations. Understanding the origin of this variability in terms of controllable

parameters could yield novel materials that are engineered to respond most effectively to strain.
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Figures and Tables
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Figure 1. Migration barrier versus strain for a selected in-plane hop, which is shown
schematically in Figure 2. See ESI, Section S2, for the atomic positions used (031 to 030). The
slope of each line is referred to in-text as a “DMEPS” value, which stands for “Delta (change) in
Migration Energy per Percent Strain.”

strain

in-plane hop out-of-plane hop

Figure 2. Schematic of an in-plane hop (left) and an out-of-plane hop (right) relative to the strain
axes. The A-site cation is in green (“box corners”), the B-site cation is in purple (octahedral
center), and the oxygen atoms are in red (octahedral vertices). The oxygen vacancy position is
shown as an empty box with a dashed outline. This schematic shows an exaggerated example of
applied biaxial tensile strain and its accompanying responsive compressive strain. For simplicity,
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only a 1x1x1 segment of the actual 2x2x2 supercell is shown, and octahedral tilting is not
depicted. See Supporting Information Section S2 for more detailed supercell information.

Table 1. DFT-fit DMEPS values and their errors. See ESI, Section S11, for error calculations.
All numbers are in meV/% strain. While the total error range may suggest the possibility of
positive DMEPS, we expect that the error estimates are not accurate in this region as we find no
evidence for positive DMEPS and do not expect them for any similar perovskite systems.

B-site cation

DMEPS fit to DFT
(meV/% strain)

DMEPS fitting error
(+/- meV/% strain)

Estimated bound for
DMEPS over all hops
(+/- meV/% strain)

Sc -36 3 28
Ti -64 5 30
\ -86 14 39
Cr -85 0.4 25
Mn -64 4 29
Fe -79 10 35
Co -60 8 33
Ni -70 8 33
Ga -44 2 27
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Figure 3. Comparison of literature values
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values from this study indicate the largest and smallest in-plane (IP) and out-of-plane (OOP)
DMEPS values that were calculated for any system. DMEPS stands for “Delta (change) in

Migration Energy per Percent Strain”.

with values from this study. Error bars on the
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Figure 4. Comparison between our LaCoO3; DMEPS for bulk oxygen diffusion and the Sr-doped
LaCoO3 DMEPS for oxygen surface-to-depth diffusion of Kubicek et al.'> DMEPS stands for
“Delta (change) in Migration Energy per Percent Strain”.
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Figure 5. Elastic formula DMEPS versus fitted DMEPS for migration barrier as a function of

strain (dashed line indicates perfect match). Data point is the center of each symbol. Error bars

are based on uncertainties in fitting elastic constants and are discussed in the Supporting
Information, Section S12. DMEPS stands for “Delta (change) in Migration Energy per Percent

Strain”. All error bars are symmetric.
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Table E1. DFT-fit DMEPS using only biaxial strains between -1% and 1%.

B-site In-plane DMEPS fit In-plane DMEPS Out-of-plane DMEPS fit Out-of-plane
to DFT (meV/% fitting error (+/- to DFT (meV/% strain) DMEPS fitting
strain) meV/% strain) error (+/- meV/%
strain)
Sc -37 2 -54 0.4
Ti -65 4 -75 1
\Y -99 26 -131 39
Cr -86 1 -124 1
Mn -65 4 =72 3
Fe -99 8 -113 6
Co -51 23 -100 11
Ni -47 2 4 0.5
Ga -45 2 -65 0.5
I,’
-140 -120 -100 -8 -60 -40 -20 .7 0 20
H 4
O in-plane 20

Slope from elastic strain model (meV/%

O7 out-of-plane

strain)
Q

-100

-120

. . -140
Slope fit to DFT barriers (meV/% strain)

Figure E1. Elastic model slopes versus DFT-fit slopes from Table El, using only biaxial strain data
between -1% and 1%. The B-site cation Nickel point has a positive DFT-fit slope between -1% and 1%,
producing the outlying position shown here, but its overall slope with strain is actually negative (see Figure
S8.1R). The points for in-plane B-site cations Iron and Vanadium occupy a nearly identical spot.
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