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Control of lattice strain in epitaxial films of ABOs perovskite oxides is crucial for modern understanding
and applications of these scientifically and technologically important materials. Here, we show that
oxygen vacancies have unique impacts on lattice strain in such films. We suggest that in the presence of
substrate-imposed misfit in epitaxial or highly oriented films, the crystallographic alignment of
anisotropic elastic dipole tensors of oxygen vacancies is energetically favorable. The dipolar alignment
leads to an enhanced above-misfit magnitude of maximal lattice strain and to increased inhomogeneous
strain or strain gradients. The vacancy-induced remarkably strong elastic effects are experimentally
validated by varying the misfit strain and oxygen content in thin films of perovskite niobate (ANbO3) and
titanate (ATiO3) ferroelectrics. It is anticipated that elastic effects of oxygen vacancies are relevant for
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Introduction

Numerous ABO;-type perovskite metal oxides exhibit substan-
tial functional responses to external stimuli, demonstrate a
variety of strong effects, possess diverse electronic properties,
and host remarkable ordering phenomena. Ferroelectrics,
multiferroics, and high-temperature superconductors are just
a few examples of these scientifically intriguing and techno-
logically important multifunctional materials. Whereas relevant
applications of many of these materials have been established,
extensive efforts have been made to understand the fundamentals
of perovskites and to develop advanced oxides for emerging
innovations.

An essential new research field has arisen due to progress in
synthesizing epitaxial ABO; films.»* Beyond being in demand
for basic studies and integrated devices, epitaxial films enable
unusual phenomena that stem from couplings between a film
and an underlying substrate. In particular, because of elastic
coupling, a film-substrate mismatch in lattice parameters,
symmetries, and/or thermal expansion coefficients imposes a
lattice strain, which leads to unprecedented crystal phases and
unparalleled properties of epitaxial films.*® Furthermore, the
epitaxial growth of a film experiencing a substrate-imposed
misfit strain is regulated by elastic energy that increases with
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increasing film thickness.'® There is a certain critical thickness
at which strain relaxation starts. For many perovskite oxides,
the critical thickness is a few to a few tens of nanometers at a
magnitude of misfit strain from 2 to 1%. Notably, the relaxation
of misfit strain generates a distribution of strain across the
thickness of the film and, accordingly, leads to out-of-plane
strain gradients."' The presence of such inhomogeneous
strains has an abundance of implications for film
properties.’>*® Overall, it is imperative for research and inno-
vations to precisely control the lattice strain, strain gradients,
and critical thickness in perovskite oxide films.

Basically, the phase stability and phenomenal behavior of
ABO; perovskites are fundamentally related to oxygen sites,
which comprise 60% of all atoms therein. Concurrently, oxygen
vacancies are the most frequent point defects in these materi-
als. Whereas point defects in solids are generally known to
possess specific elastic properties, the elastic properties and
interactions of oxygen vacancies in perovskite oxides are poorly
studied and mostly disregarded for strained epitaxial films.
This work addresses the unique epitaxial effects that arise due
to elastic interactions of oxygen vacancies with film-substrate
misfit strain in perovskite oxide films.

Here, we first qualitatively show that misfit strain can
promote specific crystallographic alignment of anisotropic
elastic dipoles of oxygen vacancies. This alignment, in turn,
can significantly affect the growth and structure of the films.
We suggest that the alignment can raise the critical thickness,
lead to a profound enlargement of the lattice strain above the
theoretical misfit magnitude and produce a substantial inhomo-
geneous strain. Next, we demonstrate experimental verifica-
tion and reproducibility of these effects using epitaxial films

This journal is © The Royal Society of Chemistry 2022
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of perovskite ferroelectric niobates and titanates. The films
were grown on compressive substrates, and oxygen vacancies
were introduced therein in situ, during the growth. Finally, we
briefly discuss the potential implications and further studies of
the demonstrated effects.

Methods

Thin (~100 nm) films of NaNbO; (NNO), K, sNays;NbO;
(KNNO), and Ba, 5Sr, 5TiO3 (BSTO) were grown by pulsed laser
deposition using an excimer KrF laser (wavelength 248 nm,
pulse duration 20 ns, repetition rate 5 Hz). Dense ceramic
targets were synthesized at the Institute of Solid State Physics,
University of Latvia. During deposition, the target-to-substrate
distance was 35 mm, and the area of the irradiated spot and
energy density on the target surface were 3 mm? and 2 J cm ™2,
respectively. Mechanical scanning included rotation, preces-
sion, and translation of the target and the substrate holder. A
substrate temperature of 973 K was kept during deposition and
lowered at a rate of 5 K min~ ' during post-deposition cooling.
As an ambient gas, optically pure (99.995%) oxygen was used.
The oxygen pressure was kept constant during deposition and
post-deposition cooling, and varied from 0.1 Pa to 20 Pa for
different samples. The thickness of the films was regulated by
number of laser pulses. Epitaxially polished (001)-cut SrTiO;
(STO) and (Lag3Sro.;)(Alye5Tag35)03 (LSAT) substrates were
purchased from MTI Corp.

The crystal structure of the films was studied by high-
resolution X-ray diffraction (XRD) on a D8 DISCOVER diffracto-
meter (Bruker corporation) using Cu Ko radiation. @-26 scans
in the range of 20 = (10-130) deg and reciprocal space maps in
the vicinity of the perovskite (002) and (303) diffractions were
acquired. The thickness of the films was determined by X-ray
reflectometry on the diffractometer. The reflectometry data
were fitted using LEPTOS software.

Results and discussion
Elastic effects of oxygen vacancy dipoles

First, we qualitatively consider a general picture of oxygen
vacancies in ABO; perovskites. Because of the crystal structure
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of these materials, the formation of an oxygen vacancy (Vo)
therein is basically associated with strong anisotropic lattice
distortions.'”"2¢ The distortions lead to the emergence of stress
around the vacancy. In elasticity theory, this is described by an
elastic dipole tensor.

The dominating primary distortion is a shift of the nearest
to vacancy B-cations away from the vacancy along the B-O-B-O-
direction and, hence, an elongation of the B-Vo-B distance
compared to the B-O-B distance [Fig. 1(a)]."”>® Consequently,
an elastic dipole tensor (or elastic dipole) of the vacancy is
anisotropic. It can be approximated by a second rank tensor p;;
with nonzero diagonal components, where the main compo-
nent D; > 0 is along the B-Vo-B direction and D, = D; < 0
(D1 > |D;| or D; » |D,|) are in the directions orthogonal to the
B-Vo-B direction.?” The anisotropic dipole of oxygen vacancies
contrasts with isotropic dipoles of cationic vacancies (V, or
V;).”” Additionally, oxygen-cation divacancies (V4-Vo or Vg-Vo)
may possess anisotropic dipoles, but their occurrence is less
frequent than V, and omitted for simplicity.

In a typical cube-on-cube epitaxial perovskite film on a cubic
substrate, there is a substrate-imposed biaxial in-plane misfit
strain s,. The corresponding in-plane stress produces an out-of-
plane strain s;: s, = —2(c12/¢11)-S4, Where ¢q; and ¢q, are the
elastic constants of the film’s material. Elastic dipoles of oxygen
vacancies can interact with external strain s;, and the energy of
this interaction is E = —pys;.**

Peculiar for cube-on-cube oriented ABO; perovskite films,
oxygen vacancies can be located in two distinct types of atomic
planes parallel to the substrate surface: the [AO] planes
(vacancy Vo,) and the [BO,] planes (vacancy Veg) [Fig. 1(a)].
The main elastic component D; is along the out-of-plane
direction for the Vo, vacancy and along either of the in-plane
directions for the Vpp vacancy. Correspondingly, there are
different energies of the vacancy-strain interactions for differ-
ent locations of the vacancies. For D; >» |D, |, the strain-
vacancy interaction energy E, for the vacancy Vo, is approxi-
mately [Ex & —2(¢12/¢11)-D1-Sq)- The energy E, dramatically
differs from the energy Eg for the vacancy Vop: [Ex & —D1-S4)-

These simplified energy considerations show that a com-
pressive misfit s, < 0 favors out-of-plane oriented elastic
dipoles, for which E, < 0 and Eg > 0. Hence, the Vo, vacancies

(b)
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(a) Schematics of exaggerated displacements of B-cations around oxygen vacancies in different atomic planes. (b and c) Schematics of misfit-

strained (b) stoichiometric and (c) oxygen-deficient films on compressive substrates. Strain is shown in red color. In (c), elongated ellipses illustrate out-
of-plane aligned dipoles, and circles show random dipoles. (d) Schematics of distribution of the out-of-plane strain across film thickness, s.(x), for the
stoichiometric film in (b) (blue lower curve) and oxygen-deficient film in (c) (red upper curve).
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are promoted. Likewise, a tensile misfit s, > 0 facilitates in-
plane oriented elastic dipoles, for which E, > 0 and Eg < 0.
Then the Vg vacancies are fostered. We note that a shift of the
B-cations towards the vacancy is also possible.*® Then the signs
of the components of anisotropic elastic dipole tensor change,
correspondingly: D; < 0 and D, = D; > 0. For such B-shifts, a
compressive (tensile) misfit can facilitate in-plane (out-of-
plane) oriented dipoles and the Vop (Voa) vacancies. In any
case, it is anisotropy of the elastic dipole tensor that drives the
preferential crystallographic alignment of the dipoles in the
presence of misfit strain.

Interestingly, the theoretical ab initio calculated formation
energies might vary by ~10% for the vacancies in different
atomic planes.’®*"*® In contrast, elastic energies E, and Eg
have opposite signs and thus differ essentially. This elastic-
energy difference dominates and likely determines the prefer-
able formation of either Vo, or Vop vacancies in the presence of
strain in epitaxial films.

In strained epitaxial films, the density W (per unit volume)
of elastic energy associated with misfit strain is proportional to
the strain squared and is always positive: [W; oc (s,)*].*° For the
misfit-aligned elastic dipoles, the energy density Wyo of the
misfit-vacancy interactions can be approximated as [Wyo oc
EN]. Here the energy E corresponds to either E, or Eg and N is
the concentration of the aligned dipoles. For the favorable
dipolar orientation, the density Wy is negative. Thus, the
misfit-stimulated formation of specific Vo, or Vo vacancies
and related definite crystallographic alignment of the vacancy
dipoles diminishes the total density of elastic energy in
the film.

Ideally, in the presence of a sufficient concentration of
oxygen vacancies, the favorable dipolar alignment can fully
compensate for misfit energy: Wyo = —W;. Then the coherent
growth of an infinitely thick strained film is enabled. Generally,
for a certain vacancy concentration, the critical thickness dyo
for strain relaxation in an oxygen-deficient film [Fig. 1(b)] can
exceed the critical thickness do in a vacancy-free film [Fig. 1(c)]
owing to the dipolar alignment. Thus, the presence of oxygen
vacancies and the misfit-stimulated alignment of the vacancy
dipoles can raise the critical thickness.

Another effect of aligned vacancy dipoles is an anisotropic
chemical strain Schem. For instance, a compressive in-plane
misfit strain [s, < 0] enforces the corresponding out-of-plane
orientation of the vacancy dipoles, each of which is character-
ized by a local lattice elongation (along D;). The out-of-plane
oriented dipoles produce a tensile out-of-plane strain in a
chemically expanded unstressed material of the film, which
can be approximated as [Schem & NDi/c11].>% Accordingly, the
resulting magnitude of the out-of-plane strain in the oxygen-
deficient film can substantially exceed that of the purely
substrate-determined misfit strain s, in the stoichiometric film
[Fig. 1(d)]. Such vacancy-induced anisotropic chemical strains
are peculiar for heteroepitaxial or highly oriented films. In bulk
crystals, the vacancy dipoles are randomly oriented and aver-
aged, which results in a small isotropic chemical strain.>”*
The presence of misfit strain facilitates the formation of either
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Voa Or Vop vacancies during film growth, producing aligned
dipoles and, consequently, anisotropic chemical strain.

In addition to its effects on the critical thickness and
maximal strain, dipolar alignment can enhance inhomoge-
neous strain. In a vacancy-free film, the relaxation of misfit
strain leads to a distribution of strain across the film thickness.
The strain is maximal (within the critical thickness) in the
vicinity of the film-substrate boundary and decreases with
distance x from the boundary in the out-of-plane direction. In
the presence of oxygen vacancies, the concentration N of the
aligned dipoles grows with |s,| to reduce the total elastic
energy. A distribution s,(x) determines a distribution N(x),
which, in turn, imposes a distribution of the chemical strain,
Schem(%). Thus, the total inhomogeneous strain can be intensi-
fied by the dipolar alignment.

We note that the concentration N of the aligned oxygen
vacancy dipoles is upper-limited by the concentration of oxygen
vacancies and depends on misfit strain. Generally, both aligned
and random dipoles can coexist. Therefore, the type of struc-
tural behavior - a peculiar behavior due to aligned dipoles or a
conventional behavior - is dictated by strain.

Although the presented considerations are simplified and
qualitative, they indicate that elastic interactions of oxygen
vacancy dipoles with misfit strain can promote a specific
crystallographic alignment of the vacancy dipoles in epitaxial
perovskite oxide films. Compared to vacancy-free films, the
dipolar alignment can lead to enlarged critical thickness,
enhanced above-misfit anisotropic strain, and augmented
inhomogeneous strain. Next, we deliver experimental proof
for the suggested effects using heteroepitaxial films of perovs-
kite niobates (ANbO;) and titanates (ATiO;). We show similar
effects for different types of B-site cations, pointing to a uni-
versal character of the vacancy-induced phenomena.

Above-misfit strain in NNO/LSAT films

Hitherto, we investigated lattice strain in thin NNO films grown
on LSAT substrates. The theoretical biaxial in-plane misfit
strain is compressive [s, & —1.3%] at the growth temperature
in a cubic NNO on LSAT. This misfit magnitude suggests a
critical thickness for strain relaxation being not larger than 40-
50 nm.*® For the high-temperature cubic phase, the elastic
constants are ¢;; = 230 GPa and ¢;, = 90 GPa,*' and the
theoretical out-of-plane strain is tensile [s, ~ 1.0%] during
film growth. The theoretical room-temperature in-plane misfit
is [s, ¥ —0.9%] for a low-temperature pseudocubic phase of
NNO. Using the model constants ¢;; & 400 GPa and c¢;, ~
70 GPa,*® the corresponding out-of-plane tensile strain is
estimated as s, & 0.3%]. Taking into account possible tilts of
oxygen octahedra in NNO, the related constants are c¢j;=~
170 GPa and ¢;, &~ 70 GPa,*? and the room-temperature strain
may be up to [s, & 0.7%].

Based on the room-temperature XRD inspections [ESI{
Fig. S1-S3], the crystal structure of all NNO films can be
interpreted as pseudocubic perovskite. The films are epitaxial
and highly oriented, with the (00/) planes parallel to the
substrate (001) surface and with the [100] directions parallel

This journal is © The Royal Society of Chemistry 2022
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(a—g) XRD ©-20 scans around the (001) perovskite diffractions in the NNO/LSAT films deposited at different oxygen pressures. Sharp peaks are

from the LSAT substrates in (a—f). The intensity is normalized in (g). (h) Model strain profiles for the peaks in (g): out-of-plane strain s. as a function of the

distance x from the film-substrate boundary.

to that in the substrate. The diffraction peaks from the films are
broad [Fig. 2(a-g) and ESIt Fig. S2 and S3] and indicate a
distribution of strain across the thickness.'"**** The shapes,
widths, and positions of the peaks vary with oxygen pressure in
a complex manner. This behavior is clearly illustrated in
Fig. 2(g).

The broad (001) peaks [Fig. 2(g)] generally agree with the
expected presence of strain profiles, i.e., the out-of-plane strain
s is a function of distance x from the film/substrate boundary.
However, it is impossible to precisely quantify the profiles s,(x)
from XRD data because of the lack of relevant algorithms and
software. Here, we applied a converse approach. We simulated
the intensity for the (001) peaks assuming different model
profiles as inputs. Diffraction intensities along the [001] reci-
procal lattice directions were calculated using kinematic theory
and varying sets of out-of-plane lattice parameters following the
assumed strain profiles.>® Stacks of alternating [AO] and [BO,]
planes were considered. The total thickness of each stack was
250 unit cells. The maximal strain was varied from 0.5 to 3%,
the critical thickness ranged from 40 to 100 unit cells, and the
relaxation was approximated by an exponential decay of strain.
The simulations revealed sophisticated shapes of the intensity
peaks. Although there were no straightforward connections of
the shapes to the critical thickness, maximal strain, or inho-
mogeneous strain, we found important trends [ESIT Fig. S4],
allowing for a semi-quantitative interpretation of the
experimental data.

The measured peaks in Fig. 2(g) are consistent with the
model profiles in Fig. 2(h). The maximal strain was estimated
by fitting the (001) ©®-26 peaks as comprising two pseudo-Voigt

This journal is © The Royal Society of Chemistry 2022

peaks [ESIt Fig. S5]. The critical thickness was established
based on the simulated intensities.

The obtained results imply tendencies for the critical thick-
ness and maximal strain to grow with decreasing oxygen
pressure. These observations prove the suggested elastic effects
of the aligned oxygen vacancy dipoles. The presence of long
relaxation “tails” in the profiles s (x) is also akin to the expected
spatial distribution of the aligned dipoles.

The maximal out-of-plane lattice parameter ¢, determined
from the ©-26 scans [ESIT Fig. S5], and average in-plane lattice
parameter a, determined from the reciprocal space maps [ESIT
Fig. S3], are plotted as a function of oxygen pressure in Fig. 3(a),
where the out-of-plane strain is also shown. For the highest
used pressure of 20 Pa, the measured out-of-plane strain s, is
less than 0.3%. With decreasing pressure, the parameter ¢
heavily grows so that the strain s, reaches ~2.6% at 0.1 Pa.
We considered two scenarios to analyze such a massive, nearly
10-fold increase in strain: conventional isotropic chemical
expansion and peculiar anisotropic chemical expansion.
Because both the chemical strain and misfit strain are present
in the films, we assumed a chemically strained free-standing
material, which is then subjected to substrate-controlled stress
for each film. Importantly, whereas isotropic chemical expan-
sion can result from isotropic dipoles of cationic vacancies and/
or random orientation of anisotropic dipoles of oxygen vacan-
cies, only aligned anisotropic dipoles of oxygen vacancies can
produce anisotropic chemical expansion. We extracted
the lattice parameters, chemical strain, and volumetric
chemical expansion of the unstressed film material considering
coherent near-surface fractions of the films, with the maximal

J. Mater. Chem. C, 2022,10, 6770-6777 | 6773
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(a) The maximal out-of-plane lattice parameter ¢ and strain s (solid circles) as a function of oxygen pressure in the NNO/LSAT films. Diamonds

show in-plane parameters a. (b) Unit-cell volume of the unstressed film material for the isotropic case (upper curve, illustrated by large squares) and
anisotropic case (lower curve, illustrated by small rectangles). (c) Chemical strain in the unstressed film material: tensile strain for the isotropic case
(squares) and tensile out-of-plane (triangles) and compressive in-plane (diamonds) strains for the anisotropic case.

out-of-plane parameters ¢ and the in-plane parameters a =
3.868 A equal to that of the LSAT substrate [ESIt “Epitaxy”].
The details of the procedure can be also found elsewhere.??*®

In the isotropic case, the material’s unit-cell volume expands
by nearly 6%, and the extracted chemical strain reaches 2%
[Fig. 3(b and c)]. This huge chemical expansion alludes to
nonsensical concentrations of cationic or random oxygen
vacancies.”””*® Furthermore, isotropic chemical expansion con-
notes an increase in the film-substrate in-plane misfit with
decreasing pressure [ESIT Fig. S6]. This behavior should have
led to efficient strain relaxation and, hence, to a chemically
enlarged in-plane parameter ¢ ~ 3.98 A, which is in striking
conflict with the experimental observations.

In the anisotropic case with the volumetric chemical expan-
sion set to zero [Fig. 3(b)], the chemical strain is tensile up to
~1% in the out-of-plane direction and compressive in-plane
[Fig. 3(c)]. Assuming D; ~ 5 eV and ¢y; ~ 400 GPa,””"? the
corresponding concentration of the out-of-plane aligned oxygen
vacancy dipoles may be up to N ~ 5 x 10>’ m ™3, or ~6 at %,
which is realistic. Notably, anisotropic chemical expansion
facilitates coherent growth by diminishing the in-plane misfit
[ESIT Fig. S6]. This behavior perfectly conforms with the
enlarged critical thickness.

The experimental observations in the NNO/LSAT films vali-
date the suggested increase in the critical thickness, above-
misfit anisotropic strain, and large inhomogeneous strain in
oxygen-deficient films. Furthermore, the analysis reveals that
the chemical strain is anisotropic, which proves the suggested
dipolar alignment.

Crossover from aligned to random dipoles in KNNO/STO films

The concentration N of the aligned oxygen vacancy dipoles is
upper-limited by the concentration of oxygen vacancies but is
not necessarily equal to that and can be smaller. Both random
and aligned dipoles can be present in oxygen-deficient films.
Then, the dominating anisotropic or isotropic chemical expan-
sion is regulated by strain. Here, we demonstrate indications of
such a strain-dependent crossover from the aligned to a ran-
dom dipolar arrangement in KNNO/STO films.

6774 | J Mater. Chem. C, 2022,10, 6770-6777

The theoretical biaxial in-plane misfit strain is compressive
[s¢ ® —2.3%] for a cubic KNNO (a, ~ 3.995 A)*”*® on STO at
the growth temperature. The room temperature lattice para-
meter of a pseudocubic perovskite cell of KNNO is aoxnno ~
3.984 A.*® For the elastic constants of a model cubic KNNO as a
mixture of KNbO; and NaNbO;,** the room-temperature theo-
retical in-plane strain is [s, & —1.9%] and leads to the out-of-
plane strain and lattice parameter [s, ~ 0.8%] and [¢ =~
4.016 A], respectively.

The room-temperature XRD ©-20 scans and reciprocal
space maps [ESIT Fig. S7-S10] indicated that the crystal struc-
ture of the KNNO/STO films could be treated as pseudocubic
perovskite. In the films, the (00/) planes are parallel to the
substrate (001) surface, and the [100] directions are parallel to
those in the substrates. The positions and shapes of the
diffraction peaks vary with oxygen pressure. This behavior is
depicted using the normalized intensity of the (001) ©-260
peaks [Fig. 4(a and b)]. The lattice parameters extracted from
the XRD data are displayed as a function of the oxygen pressure
in Fig. 4(c).

The XRD data signify that in the 20-Pa film of KNNO, the
misfit strain is fully relaxed, and the out-of-plane lattice para-
meter shrinks due to thermal strain, similar to the previously
demonstrated behavior of BaTiO; films.?***® Relaxation is as
expected for stoichiometric KNNO/STO. The films deposited at
lower pressures of 5-10 Pa contain strained fractions, where the
parameter [c & 4.06 A] exceeds the maximal theoretical value
[Fig. 4(c)]. These observations are entirely in agreement with
the misfit-stimulated dipolar alignment and consequent enlar-
gement of the critical thickness and out-of-plane strain.

Upon further lowering the oxygen pressure, the vacancy
concentration becomes larger, resulting in a significant frac-
tion of random dipoles. Such dipoles produce isotropic
chemical expansion of unstressed film materials. The film-
substrate misfit for the expanded material rises and likely
relaxes within a few nanometers at the film-substrate interface.
The relaxation of the large effective misfit strain eradicates the
driving force for dipolar alignment. Consequently, a transition
from the dominating anisotropic expansion to a prevailing

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a and b) XRD @-26 scans around the (001) perovskite diffractions in the KNNO/STO films deposited at different oxygen pressures. The intensity

is normalized. (c) The out-of-plane (solid symbols) and in-plane (open symbols) lattice parameters. Triangles show parameters in the strained fractions.

isotropic expansion can occur at low pressures. The suggested
transition is corroborated by the crystal structure of the KNNO
films deposited at 0.1-2 Pa. The out-of-plane lattice parameters
are smaller in these films than in the strained fractions at
5-10 Pa [Fig. 4(c)]. Concurrently, noticeably narrower diffrac-
tion peaks substantiate a more pronounced relaxation of the
misfit strain at lower pressures [Fig. 4(b)]. These characteristics
point to a weaker dipolar alignment or an increased fraction of
random dipoles occurring at 0.1-2 Pa. Assuming a hypothetical
stable perovskite cell in the presence of a high concentration of
random oxygen vacancy dipoles, the out-of-plane lattice para-
meter may further decrease at still lower pressures. Interest-
ingly, such a decrease was previously experimentally observed
in thin films of BaTiO;.***?

Reproducibility: BSTO/STO and BSTO/LSAT

The experimental verification of the suggested elastic effects
was cross-checked by examining epitaxial BSTO films on com-
pressive STO and LSAT substrates. The theoretical room-
temperature in-plane misfit strain and the corresponding
out-of-plane strain are [s, = —1.3%] and [s, = 1.1%] for BSTO/
STO and [s, = —2.3%] and [s. = 2.0%] for BSTO/LSAT, respec-
tively. Similar to the NNO/LSAT and KNNO/STO films, the BSTO
films also grew with the (00]) planes parallel to the (001)
surfaces of the substrates and with the [100] directions parallel
to those in the substrates [ESIT Fig. S11-S15]. The diffraction
peaks from the films are broad and altered with oxygen
pressure, as summarized in Fig. 5(a and b). The maximal out-
of-plane lattice parameter ¢ and strain s, significantly increase

(@) 1Pa 2Pa 5Pa 10Pa  20Pa 4.10r o (c)]
2 BsTO X 13
2 405} —
= < 128
Kol 1 Q
s ® 400} lq =
395 P 1 sl sl N .- 0
44 45 46 0.1 1 10
20 (deg) Po, (Pa)
4.10F :
(b) 1Pa2Pas5Pa 10Pa 20Pa (d)],
n 1
£ _405) L, =
P < 178
8 © 400+ {1 @
395} 10
44 45 46 0.1 1 10
20 (deg) Po, (Pa)

Fig. 5

(a and b) XRD @-26 scans around the (002) perovskite diffractions in the (a) BSTO/STO and (b) BSTO/LSAT films deposited at different oxygen

pressures. The intensity is normalized. (c and d) The out-of-plane lattice parameters in the (a) BSTO/STO and (b) BSTO/LSAT films.
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with decreasing pressure [Fig. 5(c and d)]. The measured strain
s is up to 3% and exceeds the theoretical values for misfit
strain. The shapes of the diffraction peaks indicate the
presence of substantial inhomogeneous strain, which is also
similar to the observations in NNO and KNNO and in accor-
dance with the suggested behavior.

Discussion

The presented considerations and experimental observations
demonstrate phenomenal elastic effects caused by the interac-
tions of oxygen vacancies with misfit strain in perovskite oxide
films. The key factor for these effects is an anisotropic elastic
dipole tensor, characteristic of oxygen vacancies in perovskite
oxides. The underlying process is a strain-stimulated crystallo-
graphic alignment of the vacancy dipoles. Currently, elastic
dipoles of oxygen vacancies are not explicitly known, and
elasticity theory for epitaxial films containing such dipoles
has not yet been developed. However, the spectacular strength
of the observed effects justifies the qualitative initial
assessment.

A modified interaction between the B-site cations in the
presence of an oxygen vacancy between them is a starting point
to comprehend anisotropic vacancy dipoles. However, lattice
distortions around oxygen vacancies involve all neighboring
ions and may extend over a few unit cells. In a simplified notion
of the B-Vo-B distortion, the main dipolar component D, alters
with the charge state of the defect. Component D, can vary with
the nominal charge of B cations, which commonly ranges from
+3 to +5 in perovskite oxides, and/or with the charge of oxygen
vacancies, which can be neutral, single charged, or doubly
charged. Because minimization of elastic energy may promote
not only strain-dependent preferable orientation of D, but also
the maximal magnitude of Dy, it is possible that the macro-
scopic elastic energy of the strained film may control the
vacancy charge: an elasto-electronic effect never considered
before. Conversely, trapping electrons at Vo may principally
reduce D; and thus lead to structural instability at sufficiently
high concentrations of available electrons. We believe that this
mechanism is responsible for the rapid degradation of strained
oxygen-deficient films in transmission electron microscopy
(which prevents cross-sectional examination of strain).

In polar perovskites, elastic dipoles of oxygen vacancies are
intrinsically connected with electrical polarization. The corres-
ponding additional electrostatic contribution to elastic
vacancy-strain interactions may result in a combination of
associated phenomena beyond purely elastic phenomena. For
instance, misfit-driven alignment of vacancy dipoles in epitax-
ial films can produce an internal electric field therein. Experi-
mental indications of a vacancy-related in-built field were
detected in oxygen-deficient epitaxial films of BaTiO;.****

Interactions of oxygen vacancies with misfit strain can lead
to unusual elastic and electronic properties of epitaxial films of
perovskite oxides. Because an external electric field or mechan-
ical stress can alter the lattice strain and hence vacancy-strain
interactions, unprecedented functional responses may arise in
oxygen-deficient films. Likewise, vacancy-strain interactions
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may also affect the responses of many bulk perovskite oxides
subjected to an external electric field or stress. Because aniso-
tropic elastic dipole tensors may be associated with oxygen
vacancies in perovskites and other metal oxides,”*™° the
demonstrated phenomena may have broad ubiquity. To predict
multiple potential implications of macroscopic effects of
vacancy-strain interactions, explicit knowledge of the atomic-
level nature and macroscopic-level parameters of oxygen vacan-
cies, as well as appropriate elasticity theory, are mandatory.

Conclusions

In epitaxial perovskite oxide films, interactions of oxygen vacancy
dipoles with misfit strain were suggested to determine dipolar
alignment and to thus lead to enlarged above-misfit strain and
enhanced inhomogeneous strain. By varying the compressive misfit
and oxygen content in thin films of niobate and titanate ferro-
electrics, it was experimentally demonstrated that compared to
stoichiometric films, the lattice strain is dramatically enhanced in
the presence of oxygen vacancies, in agreement with the suggested
effects. Analyses of oxygen-deficient films revealed anisotropy of the
chemical strain, which confirmed the dipolar alignment. Further-
more, a non-monotonic dependence of lattice strain on the oxygen
content was experimentally detected, in accordance with the
expected coexistence of aligned and random dipolar arrangements.
It was anticipated that the revealed remarkably strong elastic effects
of oxygen vacancies can be essential for controlling strain in
epitaxial films of a very broad range of functional perovskite oxides.
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