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Experimental determination of flexoelectric coefficients in SrTiOz;, KTaO;, TiO,,
and YAIOj; single crystals
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We report experimental values for the flexoelectric responses of SrTiO;, KTaO;, TiO,, and YAIO; single
crystals using a three-point bending approach. We find all samples possess a linear flexoelectric response with
effective short-circuit flexoelectric coefficients ~|1-10| nC/m. Flexocoupling voltages computed from these
measured effective flexoelectric coefficients are found to significantly vary across the investigated materials and
refute the previous suggestions that they should be ~ |1-10| V. Importantly, we find that low dielectric constant
materials can have large flexocoupling voltages exceeding nominal expectations.
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I. INTRODUCTION

The first experimental report of the flexoelectric effect in
crystalline solids is attributed to Bursian and Zaikovskii who,
in 1968, observed that BaTiO; thin films tended to bend
when exposed to electric fields [1]. Their work provided di-
rect confirmation of a coupling between strain gradient and
polarization, i.e., flexoelectricity, which had been predicted
by Mashkevich and Tolpygo [2]. For the ensuing 33 years,
flexoelectricity would go largely unnoticed in the solid-state
community until a series of experiments by Ma and Cross
[3-7] demonstrated its importance in high dielectric constant
ceramics, beginning a revival of interest in flexoelectricity.

Significant experimental and theoretical progress on the
flexoelectric effect in the past 20 years is evidenced by the
dramatic increase in the number of papers exploring the phe-
nomenon in crystalline solids [8,9]. Much of this interest has
been driven by the relevance of the flexoelectric effect at the
nanoscale: because of the intrinsic scaling of strain gradient
with size, large flexoelectric responses occur at small length
scales, even for materials with modest flexoelectric proper-
ties [10-13]. For example, there are reports of flexoelectric
polarizations comparable with spontaneous ferroelectric po-
larizations near crack tips [14] and dislocations [15]. Another
major driving force behind the interest in flexoelectricity is
that the effect imbues all insulators with an electromechanical
functionality similar to piezoelectricity, which is only intrinsic
in a subset of materials without inversion symmetry [16].
Beyond the fundamental science of flexoelectricity, there are
indications of promising applications in energy harvesting
[17,18], strain sensing [19], and actuation [20], and the links
between flexoelectricity, biology [21-24], and triboelectricity
[25-27] suggest potential medical and industrial relevance.

The flexoelectric response of a material is governed by a
fourth-rank tensor. Under the short-circuit boundary condi-
tions commonly employed in experiments, the linear coupling

“L-marks @northwestern.edu

2475-9953/2022/6(5)/055005(6)

055005-1

between polarization (P;) and strain gradient (ey,; = 3;%)
J

is described by short-circuit flexoelectric coefficients (f4;jx)
defined as

9P,
361([’]

Mijki = |E=o0- (1)

While short-circuit flexoelectric coefficients are a conve-
nient experimental measure of the strength of flexoelectric
couplings, flexocoupling voltages are a more fundamental
measure of this strength because they directly enter free
energy expansions as the coefficient of the flexoelectric con-
tribution [8,9]. Flexocoupling voltages (f;jx;) are related to
short-circuit flexoelectric coefficients through

Wijkt = €0X fijkis 2)

where g is the permittivity of free space and yx is dielectric
susceptibility [8,9]; they define the strain-gradient-induced
electric field.

The first attempts to quantify flexocoupling voltages were
estimates made in 1964 by Kogan [28], which indicated f ~
[1-10] V. More sophisticated treatments based on stability
analyses led to similar predictions: upper bounds for intrinsic
flexocoupling voltages (i.e., not including contributions from
defects or the mean-inner potential) should be ~ |1-10] V
[29-32]. While this predicted flexocoupling voltage range is
supported by ab initio calculations [32-35] and some experi-
ments [36], it has not been extensively tested. Furthermore, if
flexocoupling voltages do exhibit little variation across mate-
rials as predicted, then it follows from Eq. (2) that short-circuit
flexoelectric coefficients should scale linearly with dielectric
susceptibility.

However, the scarcity of flexoelectric coefficient measure-
ments on high-quality single crystals has limited a detailed
comparison between experiment and theory. Early work by
Ma and Cross [3-7] focused on technologically relevant ce-
ramics, but it is known that material defects can also have a
large effect [15,37-39]. In addition, it is much easier to mea-
sure the magnitude of these coefficients. Determining their

©2022 American Physical Society
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FIG. 1. (a) A typical sample used for flexoelectric characterization has a width of b, thickness of 4, and sits on supports (blue) spaced
L apart. Electrodes (yellow) with half-length a are deposited on the sample, and then leads (gray) are attached to the electrodes with silver
paste. Throughout this paper, x; and x; refer to the primary bending axis and long axis of the sample, respectively. (b) Summary of three-point
bending flexoelectric characterization. (i) An initially unpolarized sample (gray) resting on three-point bending supports (blue) is subjected to
(ii) a static displacement at the sample center (i) Which bends the sample and induces a static polarization Py. An oscillatory displacement
(8) (iii) increases and (iv) decreases Py by an amount AP. § is proportional to the strain gradient [Eq. (4)], and the short-circuit current is

proportional to AP [Eq. (5)].

sign is experimentally more subtle. To advance the field, there
is a need to increase the database of experimental values,
particularly to test ab initio methods on more complex crystal
structures than have been studied to date.

In this paper, we characterize the flexoelectric responses
of SrTiO;, KTaOs;, TiO,, and YAIO; single crystals us-
ing a three-point bending approach. Linear flexoelectric
responses with effective short-circuit flexoelectric coefficients
~|1-10|nC/m are found in all samples. The correspond-
ing flexocoupling voltages vary significantly and thus refute
the previous suggestions that they should be ~ |1-10| V.
Our results also demonstrate that low dielectric constant ma-
terials can have flexocoupling voltages exceeding nominal
expectations.

II. METHODS

A. Sample preparation

Single crystals (10 x 10 x 0.5 mm) purchased from MTI
Corporation were diced into beams (10 x 3 x 0.5 mm) us-
ing a TechCut 5 Precision Sectioning Machine (Allied High
Tech Products, Inc.) with a diamond wafering blade. After
solvent cleaning, the crystals were baked in a tube furnace
at 600 °C for 6 h in air to minimize surface contamination.
Gold electrodes (8 x 2 x 50 nm) were deposited on the top
and bottom surfaces of the beams using a shadow mask in a
Denton DESK III sputter coater. Silver paste (SPI Silver Paste
Plus) was used to attach wire leads to the electrodes. Finally,
the samples were baked in a tube furnace at 300 °C for 2 h in
air to improve the electrical conductivity and the mechanical
stability of the contacts.

B. Flexoelectric characterization

Flexoelectric characterization was performed using the
three-point bending approach described by Zubko et al. [36].
An oscillatory strain gradient was applied to a sample in
a three-point bending configuration with a dynamical me-
chanical analyzer (TA Instruments RSA-III) while a lock-in
amplifier (Signal Recovery 7265 Dual Phase DSP) measured
the short-circuit current generated in response to the applied

strain gradient through the flexoelectric effect. Figure 1 pro-
vides a summary of the three-point bending approach to
flexoelectric characterization and illustrates a typical sample
with definitions of the sample dimensions and axes convention
used throughout this paper. Note, the axes xj, x;, and x3 are
abbreviated below with the subscripts 1, 2, and 3.

In the three-point bending geometry, the flexoelectric
response of the sample is characterized by an effective flex-
oelectric coefficient, defined as

3

where . describes the average polarization generated
through the sample thickness (P;) owing to the transverse
strain gradient applied to the sample averaged over the elec-
trode area (€33,;). Within the limits of Euler-Bernoulli beam
theory [40], the average transverse strain gradient over the
electrode area is given by

Py = [efr€33,1,

B L—a
€3, = 1275, )

where L is the spacing between the three-point bending sup-
ports, a is the electrode half-length, and § is the measured
displacement in the x; direction at the beam center. P, is
related to the short-circuit current (/) measured through the
electrodes via

_ 1

'T 240
where A is the electrode area, and w is the radial frequency
of the strain gradient applied with the dynamic mechanical
analyzer. The magnitude of . is found by computing the
slope of P; as a function of &3 ;. The sign of p.g is deduced
from the phase difference between P and &s3,: a positive
(negative) g corresponds to an in-phase (out-of-phase) re-
lationship between Py and &3 1 [41].

The w.s measured in this type of experiment is a linear
combination of flexoelectric tensor components and elastic
constants [36]. The exact form of this linear combination de-
pends on sample orientation, crystallography, and the extent to
which anticlastic bending is suppressed. For example, Zubko
etal. [36] showed that, in the pure beam-bending limit, a cubic
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FIG. 2. Flexoelectric characterization of an array of commercially available single crystals. All samples exhibit a linear flexoelectric
response [r> > 0.98 with root mean square error < 0.05 for each fit] with effective flexoelectric coefficients ~|1-10| nC/m, determined from
the slope of P; as a function of & ;. In each plot, lines are least squares fits to the measured data (circles and squares). The size of the data
points is indicative of the uncertainty in each measurement. For (a), red circles and blue squares correspond to SrTiO; samples with x; || [100]
and [110], respectively. Orientations and effective flexoelectric coefficients for each sample are given in Table .

sample with (100)-type edges has

Meft = (1 — V) (1122 — v (i, (6)

where v is Poisson’s ratio.

III. RESULTS

The materials studied here (SrTiOz, KTaOs, TiO,, and
YAIO3) are undoped, wide bandgap insulators commercially
available as high-quality single crystals. The latter detail is
important to minimize extrinsic contributions to the flexoelec-
tric response of the samples originating from defects (which
are known to enhance flexoelectric responses [15,37-39]) so
that intrinsic flexoelectric properties can be isolated. These
materials represent a series of archetypal structures: the cubic
perovskite (SrTiO3;, KTaO3), rutile (TiO;), and orthorhombic
perovskite (YAIO3) structures. Each of these structures con-
tains similarly coordinated sublattices with differences in site
symmetries, making these measurements a useful standard
for future first-principles calculations. While experimental
flexoelectric coefficients have been previously reported for
SrTiO3 [20,36,42,43] and TiO, [38,44] single crystals, we
have chosen to explore flexoelectricity in these two systems
to both benchmark our apparatus and confirm the reported
values of the effective flexoelectric coefficients since there are
indications of significant sample-to-sample variations [36].

Figure 2 shows representative measurements of the ef-
fective flexoelectric coefficients on SrTiOz;, KTaOs, TiO,,
and YAIO; samples. All measured flexoelectric responses are
found to be highly linear, independent of composition, point
group, or crystallographic orientation. The effective flexoelec-
tric coefficients with errors corresponding to 95% confidence
intervals of least squares fits are given in Table I. They are
~1-10nC/m across all measured samples, although the signs
differ depending on the sample orientation and material: the
SrTiO3 sample with [110] || x; and the YAIO3 sample both had
negative effective flexoelectric coefficients. For reference, the
table also includes values for DyScO; and LaAlO3, measured
using the same experimental setup, which have been previ-
ously reported in Refs. [11,37], respectively.

The effective flexoelectric coefficients of SrTiO5 included
in Table I are in good agreement with literature values, even
matching the sign change observed by Zubko et al. [36]
for [100]- vs [110]-oriented crystals. These measurements
are also comparable with measurements of flexoelectric co-
efficients in SrTiO3 using the inverse method [20]. Other
measurements of flexoelectric coefficients have been per-
formed on thin SrTiO3 samples [42,43], but these methods
appear to yield substantially larger flexoelectric coefficients.

The measured value of the effective flexoelectric co-
efficient for TiO, agrees with literature measurements of
~1-10nC/m, though a direct comparison with existing

055005-3



MIZZ1, GU

O, AND MARKS

PHYSICAL REVIEW MATERIALS 6, 055005 (2022)

TABLE I. Material, point group, crystallographic orientation, effective flexoelectric coefficient, dielectric susceptibility, and effective
flexocoupling voltage for each of the samples measured in this paper. Uncertainties correspond to the 95% confidence interval of the least
squares fits shown in Fig. 2. The axes for YAIO; and DyScOj; refer to the Pnma setting. Pseudocubic (pc) axes are used for LaAlO;. Data for
DyScO; and LaAlOj3 are taken from Refs. [11,37], respectively. The dielectric susceptibilities are taken from Refs. [45-50].

Material Point group X1 X X3 Herr (nC/m) X Jetr (V)

SrTiO3 m3m [100] [010] [001] +12.4 £ 0.6 369 +3.8+0.2
SrTiO3 m3m [110] [110] [001] —83+14 369 —-254+04
KTaO; m3m [100] [010] [001] +4.4 4+ 0.5 241 +2.1+0.2
TiO, 4 /mmm [100] [010] [001] +1.7+£0.3 85 +2.3+£0.6
YAIO; mmm [101] [101] [010] —3.74+0.2 15 —28+ 1.5
DyScO, mmm [101] [101] [010] —84+04 23 —42+2.0
LaAlO; 3m [100]pc [010], [001],, +3.2+0.3 24 +15+ 14

measurements is difficult because (1) the reported flexo-
electric coefficient for single-crystal TiO, measured with
three-point bending did not report crystallographic orientation
[38], and (2) the other measurement in the literature was per-
formed on polycrystalline thin films using a cantilever based
approach [44]. In both cases, it is not possible to deduce the
functional form of the effective flexoelectric coefficient.

The cubic perovskite KTaOj3 yields an effective flexoelec-
tric coefficient comparable with other cubic perovskites such
as SrTiO; [36] and pseudocubic perovskites like LaAlO3 [37].
Similarly, the magnitude and sign of the effective flexoelec-
tric coefficient of YAIO; are like the magnitude and sign of
the effective flexoelectric coefficient obtained on isostructural
DyScO; samples with the same crystallographic orientation
[11].

The effective flexoelectric coefficients and literature val-
ues for the dielectric susceptibility [45-50] in Table I can
be used to calculate the effective flexocoupling voltages for
each of the samples measured in this paper using Eq. (2).
Figure 3(a) shows the flexocoupling voltage magnitudes av-
eraged over all samples and crystallographic orientations
for a particular materials system as a function of dielectric
constant. We limit our analysis in Fig. 3 to these samples
since they have all been prepared in the same manner, and
flexoelectric responses are thought to have significant sample-
to-sample variation, likely stemming from defects [15,37-39]
or mean-inner potential contributions [51,52]. Our measure-

(a)

ments indicate that flexocoupling voltages (1) do not appear to
be structurally insensitive and (2) exhibit substantially larger
variation than effective short-circuit flexoelectric coefficients,
which are ~|1-10| nC/m across the measured materials and
do not linearly scale with dielectric constant [Fig. 3(b)]. We
find that low dielectric constant oxides possess flexocoupling
voltages ~ 5-10x larger than the flexocoupling voltages of
high dielectric constant oxides.

While we are unable to invert the three-point bending
measurements to obtain individual flexoelectric tensor com-
ponents [36], it is possible to estimate the magnitude of the
intrinsic contributions to the effective flexocoupling voltage,
which can be calculated from first principles [33-35,53,54],
using the Ibers approximation to the mean-inner potential
[55], as described in Ref. [S1]. We use experimental lat-
tice parameters [50,56—59], atomic electron scattering factors
from Ref. [60], and assume a Poisson’s ratio of 0.24 to
compute fygp. This approximation is accurate to ~20% [51].
Table II displays the values of fyp and finginsic, the mean-
inner potential and intrinsic contributions to the measured f,
respectively. Here, finrinsic are also shown as a function of
dielectric constant in Fig. 3(c). The values in Table II provide
a point of direct comparison for first-principles predictions of
flexoelectric coefficients. We find fyqp ~ + 10V in all cases
and finrinsic Negative in most cases, the latter in agreement
with the density functional theory calculations of Hong and
Vanderbilt [34]. The sign of finyinsic for LaAlO3 is within the
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FIG. 3. The average magnitudes of the (a) effective flexocoupling voltage, (b) effective flexoelectric coefficient, and (c) intrinsic con-
tribution to the flexocoupling voltage as a function of dielectric constant for each single-crystal oxide reported here or measured with the
same technique in previous investigations (see Refs. [11,37]). Shaded regions correspond to theoretical ranges based upon phenomenological

predictions.
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TABLE II. Decomposition of measured effective flexocoupling
voltages (fer) into mean-inner potential (fyyp) and intrinsic con-
tributions (finginsic) according to Ref. [51]. Effective flexoelectric
coefficients measured in LaAlO; and DyScO; are taken from
Refs. [37,11], respectively.

Material Seit (V) Sure (V) Sintrinsic (V)
SITiOs (100) 438 4+ 02 1116 ~78
SrTiO; (110) -25 + 04 +11.6 —14
KTaOs; +2.1 £ 0.2 +10.9 —8.8
TiO, +2.3 £ 0.6 +10.1 —-7.8
YAIO; —28 + 1.5 +12.0 —40
DyScO, —42 + 2.0 +12.1 —54
LaAlO; +15 £ 14 +13.5 +1.6

uncertainty of the approximations. As with the measured ef-
fective flexocoupling voltages, the magnitude of the effective
Sintrinsic for YAIO3 and DyScO; exceeds the phenomenological
estimate of [1-10| V.

IV. DISCUSSION

The measurements reported above on a wide range of
single-crystal oxides indicate short-circuit flexoelectric coef-
ficients are essentially constant, with values ~ |1-10| nC/m
in all the investigated materials. By contrast, the flexocou-
pling voltages show substantial variation, with lower dielectric
constant oxides possessing flexocoupling voltages which ex-
ceed phenomenological estimates [8,9,28,29,61]. Since all the
mean-inner potential contributions to the measured effective
flexocoupling voltages [51] are approximately +10 V, the
variation in the flexocoupling voltage throughout these mate-
rials originates from intrinsic contributions. It is worth noting
that counting arguments do not account for the differences in
the magnitude of the intrinsic flexocoupling voltage: if the
large flexocoupling voltages in DyScO; and YAIOs; were a
consequence of the effective flexoelectric coefficient expres-
sion measured in three-point bending having contributions
from additional flexoelectric tensor components, then both the
flexoelectric coefficients and flexocoupling voltages should be
anomalously large.

The question is then: Why are the flexocoupling volt-
ages so large in several compounds? The first-principles
theory of flexoelectricity [34,35] suggests a possible explana-
tion: reduced site-symmetry [34]. Hong and Vanderbilt [34]
demonstrated that flexoelectric coefficients can be expressed

as charge density and force responses to long-wavelength
phonon perturbations. In this framework, a flexoelectric co-
efficient is the sum of three terms: (1) a purely electronic term
present in materials of any symmetry, (2) a lattice-dipole term
consisting of contributions from infrared-active zone-center
modes, and (3) a lattice-quadrupole term corresponding to
contributions from Raman-active zone-center modes. Both
YAIO; and DyScOj; have distorted orthorhombic structures
with space group Pnma at room temperature and atmospheric
pressure, characterized by combinations of octahedral rota-
tions and antipolar A-site displacements [58,62]. Cations and
anions in this structure have low site symmetries that lead
to nontrivial lattice-quadrupole contributions to flexoelectric
tensor components (these are zero in higher-symmetry struc-
tures such as cubic perovskites); some work in this direction
for PbZrO3 has recently been submitted by Shapovalov and
Stengel [63]. YAIO; is a particularly good candidate for fu-
ture first-principles calculations [34] because it does not have
the complexity associated with modeling 4 f electrons, which
are present in DyScO; (e.g., Ref. [64]). Such first-principles
calculations will also be useful to elucidate the relative im-
portance of different structural distortions (e.g., disentangling
contributions from octahedral rotations and A-site antipolar
displacements) and explore the impact, if any, of proximities
to ferroelectric instabilities on flexoelectricity [65].

V. CONCLUSIONS

We have measured the flexoelectric response in SrTiOs,
KTaOs, TiO;, and YAIO; single crystals using a three-point
bending approach. Our measurements indicate short-circuit
flexoelectric coefficients are essentially constant in these
materials, with values ~ |1-10| nC/m. These effective flex-
oelectric coefficients correspond to flexocoupling voltages
which show significant structural sensitivity and exceed phe-
nomenological predictions. An analysis of the mean-inner
potential contributions to the measured flexocoupling voltages
suggests the anomalously large flexocoupling voltages are
an intrinsic phenomenon. These findings provide important
benchmarks for future calculations of flexoelectricity.
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