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Abstract

Flexoelectricity has garnered much attention owing to its ability to bring electromechanical
functionality to non-piezoelectric materials and its nanoscale significance. In order to move
towards a more complete understanding of this phenomenon and improve the efficacy of
flexoelectric-based devices, it is necessary to quantify microstructural contributions to
flexoelectricity. Here we directly measure the flexoelectric response of bulk centrosymmetric
LaAIlOs crystals with different twin boundary microstructures. We show that twin boundary
flexoelectric contributions are comparable to intrinsic contributions at room temperature and
enhance the flexoelectric response by ~4x at elevated temperatures. Additionally, we observe time-
dependent and non-linear flexoelectric responses associated with strain-gradient-induced twin
boundary polarization. These results are explained by considering the interplay between twin
boundary orientation, beam-bending strain fields, and pinning site interactions, and directly

demonstrate that macroscopic flexoelectric responses are very sensitive to structural defects.



Inducing an electrical response from a mechanical stimulus (or a mechanical response from
an electrical stimulus) in insulators is highly desirable for actuation, sensing, and energy harvesting
applications. Historically, such electromechanical functionality has been derived from
piezoelectricity (the coupling of strain and polarization), but piezoelectricity faces a fundamental
limitation: as a bulk property it only exists in non-centrosymmetric materials [1]. This, coupled
with the prevalence of lead in common piezoelectrics, poses a significant materials selection
challenge [2].

One approach to overcome these issues is to replace piezoelectric materials with
flexoelectric (FXE) materials. Flexoelectricity (the coupling of strain gradient and polarization)
allows for the mechanical polarization of all insulators, even those with centrosymmetric space
groups, because strain gradients break inversion symmetry [3,4]. Since Ma and Cross discovered
large FXE responses in relaxor ferroelectric ceramics [5], research on flexoelectricity in oxides has
flourished [3,4]. However, an abundance of fundamental questions persists. Among the most
pressing relates to the role of extrinsic contributions to flexoelectricity (e.g. terms related to
microstructure, point defects, etc.). Extrinsic contributions are bound to be important in ceramics
utilized for electromechanical applications and recent work has shown they can dominate intrinsic
(i.e. pure crystallographic) FXE contributions: the overall FXE response has sizeable modifications
from free carriers in semiconductors [6], polar nano-regions in relaxor ferroelectrics [7,8], and
polar selvedge regions in ferroelectric ceramics [9]. Identifying and separating extrinsic and
intrinsic contributions to flexoelectricity is an important step towards improving our fundamental
understanding of flexoelectricity, closing the sizable divide between the experimental and
theoretical [10-14] states of the field, and substantiating the viability of flexoelectricity for

practical applications.



Oxides which when grown at high temperatures are single crystals and develop twin
boundaries (TBs) on cooling are well-poised to elucidate microstructural FXE contributions
because they bridge the gap between single crystals and polycrystalline ceramics. While
experiments on such oxides (like SrTiOs (STO) [15]) have indicated TB contributions to
flexoelectricity are important, there has been no quantitative analysis of TB FxE contributions, i.e.
determining the FXE coefficient of a TB. Moreover, the role of TB microstructure in the overall
FXE response of a sample has not been addressed, although recent simulations suggest ferroelastic
microstructure is important in other electromechanical contexts [16-18]. Turning to the specific
material of interest herein, LAO is a rhombohedral “332” perovskite with space group R3¢ at room
temperature and atmospheric pressure [19] which twins due to an improper ferroelastic phase
transition at 550 °C [20]. It is an ideal material to examine TB effects on flexoelectricity because
it is twinned at room temperature and the crystallography of the TBs [21-25], as well as their
mechanical response to dynamic mechanical stimuli [20,26-31], have been extensively studied.
Understanding flexoelectricity in LAO is also important because it is commonly used as a substrate
and film in epitaxial thin-film growth [32,33] (large FXE responses occur at length scales relevant
to thin films because of the intrinsic size scaling of strain gradients [34-36]), and there has been
recent interest in utilizing FXE couplings to modify the two-dimensional electron gas at the
LAO/STO interface [37-40]. More generally, beyond LAO, degrees of freedom often vary rapidly
over short distances in the vicinity of domain walls [41]. Consequently, couplings involving
gradients can be particularly potent in ferroic materials [42-45], leading to novel properties that
are otherwise forbidden in the bulk of the material [46] such as TB polarization. While the evidence

for static TB polarization [47-53] and electrically driven changes to TB polarization [16-18] in



bulk centrosymmetric oxides is compelling, it is unclear how, quantitatively, these static
polarizations evolve with strain gradients.

In this Letter we show that extrinsic FXE contributions associated with TBs are of the same
magnitude as intrinsic contributions to flexoelectricity in LAO. Using a low-frequency beam-
bending method we measure the effective FXE coefficient in {100}pseudo-cubic LAO crystals with
different TB microstructures, demonstrating that strain-gradient-induced TB polarization can yield
anelastic and non-linear FXE responses. Additionally, we report significant microstructure-
sensitive enhancements in the effective FXE coefficient of twinned LAO over its single crystal
value: ~1.5x increase at room temperature and ~4x increase at elevated temperatures. These
enhancements are explained by considering the interplay between TB orientation, beam-bending
strain fields, and pinning site interactions.

Throughout this work FxE characterization was performed following Zubko et al. [15]: a
sample cut into a beam geometry was subjected to low-frequency bending by a dynamic
mechanical analyzer while the short-circuit current generated by the FxE effect was measured with
a lock-in amplifier (Fig. 1(a)). In brief (see Supplemental Materials [54] for further details), the
short-circuit current (I) is used to calculate the average polarization component along the

measurement direction (P,) via
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where w is the oscillatory frequency and A is the electrode area. The displacement at the beam

center (u,) is used to calculate the average strain gradient across the electrode area (€, ;) with
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where L is the distance between the bending supports, a is the electrode length, and ¢;;  is the
gradient of strain ¢;; with respect to the k coordinate. The effective FxE coefficient ., [15] for
a bent cubic beam with {100} faces is given by

P, = (Uzzx (1= V) = Uppzz V)€ z = HeffExn,y (3)
where p; jx; are the FXE coefficient tensor components [55] and v is the relevant Poisson’s ratio.
The deviation from a cubic perovskite structure in LAO is small; this approximation is addressed
in the Supplemental Materials [54].

To examine the microstructural contributions to flexoelectricity in LAO, it is necessary to
isolate TB effects from crystallographic ones. To this end, we solely focus on {100 }pseudo-cubic
crystals and begin with the FXE characterization of a LAO crystal without twins, which was cut
from a twin-free portion of a larger crystal. As shown in Fig. 1(b), TB-free LAO exhibits a linear
FXE response with p.rr = 3.2£0.3 nC/m. Using the dielectric constant of LAO [20], this
corresponds to a flexocoupling voltage of 14.5+1.4 V. This value is in agreement with a recent
measurement of the FXE response of LAO using a different approach [40]. Images of the twin-

free sample before and after the bending experiments are included in the Supplemental Materials

[54].
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Fig 1. (a) Overview of experimental flexoelectric characterization. The short-circuit current
induced by low-frequency three-point bending is measured for a sample cut into a beam geometry.
(b) Flexoelectric characterization of a LaAlOs3 crystal with no twin boundaries. The strain-gradient-
induced polarization in this sample is linear, with an effective flexoelectric coefficient of 3.2+0.3
nC/m (flexocoupling voltage of 14.5+1.4 V). The linear fit is shown as a dashed line. The
uncertainty corresponds to the 95% confidence interval of the fit.

Having established the FXE response of LAO with no twins, TB contributions were studied
by measuring flexoelectricity in two samples with different lamellar microstructures. The TB
orientations in each sample are described in Fig. 2 and will be referred to as Type | and Type II.
As shown in Fig. 2, the initial FXE response of the Type | sample was linear with pi, ¢ = 3.6£0.2
nC/m. Additional measurements were then performed while increasing and decreasing the strain
gradient (strain gradient cycling). Throughout these measurements the FXE response remained
linear and p, ¢ increased to a steady-state value of 4.8+0.3 nC/m. Measurements performed the
next day on the same sample indicated a partial recovery of the initial FXE response, followed by
a return to the same steady-state u. ¢, after strain gradient cycling (Supplemental Materials [54]).
The Type Il sample exhibited qualitatively similar behavior: u, ¢ increased from 3.1+0.3 nC/m to
a steady-state value of 3.5£0.2 nC/m after strain gradient cycling, remaining linear throughout the
measurements. In both Type I and 11 samples, post-experiment imaging indicated no permanent

changes of the TB microstructure (Supplemental Materials [54]).
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Fig 2. Flexoelectric characterization of LaAlOs crystals with uniform, lamellar twin boundary
microstructures. (@) Type I boundaries have normals (77) perpendicular to the long axis of the
sample (X) as shown by reflection polarized optical microscopy. The flexoelectric response of the
Type | sample was linear and increased to an effective steady-state flexoelectric coefficient of
4.8+0.3 nC/m (flexocoupling voltage of 21.7+1.4 V) after strain gradient cycling. (b) Type 11
boundaries have normals parallel to the long axis of the sample as shown by reflection polarized
optical microscopy. The flexoelectric response of the Type 11 sample was linear and increased to
an effective steady-state flexoelectric coefficient of 3.5+0.2 nC/m (flexocoupling voltage of
15.8+0.9 V) after strain gradient cycling. In both plots, lines are linear fits with circles/dashed lines
indicating initial measurements and squares/solid lines indicating steady-state measurements after
strain gradient cycling. Uncertainties correspond to the 95% confidence interval of the fit. Images
are false-colored for clarity.

These results indicate that TBs in LAO are mechanically polarized by strain gradients
(Supplemental Materials [54] for additional evidence) with FXE contributions that are distinct
from, but comparable in magnitude to, the bulk. Further, TB flexoelectricity exhibits anelastic
(time-dependent and elastic) and orientation-dependent behavior. The former is a natural
consequence of local TB deformation: TBs are pinned and immobile at room temperature so

macroscopic TB motion does not occur, but TBs undergo some amount of local elastic or plastic



deformation depending on, e.g., the TB microstructure and distribution of pinning sites. [26-
28,30,31]. The latter is because TB orientation dictates which strain gradient components couple
to the measured polarization (e.g. Type | TBs are parallel to the x-z plane so FXE contributions to
P, from beam bending can only arise from €,, , and €,,,). By accounting for the different TB
orientations in the Type I and 11 samples, one can estimate the TB FXE coefficients responsible for

the FXE enhancements in twinned LAO. As shown in the Supplemental Materials [54], u. s for

the Type | and Il samples (u}/}) are related to u,, for the TB-free sample (u2ff*) via

:uéff = #g}t;k +pw (ll;szx -V .u;fzz (4)
:uélff = .ug}t;k —Puwv (.u;fxx + .u;fzz (5)

where p{ 7, are the TB FxE coefficient tensor components, v is Poisson’s ratio [56], p; and p;; are

the TB densities in the Type | and Il samples (~50 mm™), and w is the TB width (~2 nm [57]).
From Eq. (4) and (5) and measurements on the TB-free, Type I, and Type Il samples, ul2., ~
11+3.0 uC/m and ulB,, ~ -18.0+4.0 uC/m. These values are comparable to FXE coefficients of
bulk polar materials [58] which supports the growing body of literature which indicates LAO TBs
are polar [48,49] and could point to TB piezoelectricity [59].

These results provide direct evidence that TBs play a significant role in determining the
macroscopic FXE response of twinned materials. To further validate these effects are from TBs,
three additional experiments were performed on samples with a mixture of TB orientations
(Supplemental Materials for images [54]). In the first, u.rr was measured as a function of
temperature. It is established that increasing temperature enhances TB mobility by providing
thermal energy for TBs to escape pinning sites [20,26-31]: at first increasing temperature enhances
local TB deformations, but after a sample-dependent threshold (typically ~100 °C), large-scale TB

motion and annihilation become possible. The temperature dependence shown in Fig. 3(a)



correlates well with these trends. Namely, u. s increases between ~30-100 °C as TBs become
more deformable and decreases once TB motion becomes possible, with a maximum
corresponding to the onset of motion. We note that unlike the room temperature experiments,
increasing temperature led to permanent microstructural changes (Supplemental Materials [54]).
Also, the FXE response of twinned LAO at elevated temperatures was found to be sensitive to the

initial TB microstructure.
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Fig 3. Flexoelectric measurements in LaAlOs crystals with a mixture of twin boundary
orientations. (a) The temperature dependence of the flexoelectric coefficient correlates with the
known temperature dependence of twin boundary motion. Dashed lines are visual guides. (b)
Flexoelectric polarization at room temperature and fixed dynamic force decreases with increasing
static force because of the non-linear elastic response of twin boundaries. Solid line is a fit using
a catenary cable model.

The second experiment to confirm our interpretation was measuring the FXE polarization
at a constant dynamic force while varying the static force holding the sample in place during three-
point bending. Local TB deformation of pinned TBs depends on static force [68], so if TBs
contribute to FXE polarization then the FXE polarization should vary with static force (unlike FxE
polarization in single crystals which is insensitive to static force) [15]. Figure 3(b) demonstrates

the FXE polarization of twinned LAO at room temperature decreases with increasing static force

which is consistent with TB contributions to the FXE response of twinned crystals. As shown in



the Supplemental Materials [54], this static force dependency is well-captured by modeling pinned
TBs as catenary cables, where the ends of the cable are pinning sites. Note, this is a standard model
for similar problems such as dislocation pinning (e.g. [60]).

The last experiment was measuring the FXE response of a sample with a mixture of Type
I and 1l TBs at fixed static force (comparable to the results in Fig. 1 and 2). As shown in Fig. 4,

esr increased from an initial value of 3.6+0.1 nC/m to a steady-state value of 4.0£0.2 nC/m (as

determined from the first 5 data points in each data set) after strain gradient cycling. This time
dependence is similar to that of the pure Type | and Il samples and the steady-state i, is between
that of the pure Type | and Type Il samples, consistent with the mixture of Type | and Il TBs
present in the sample. Additionally, these measurements indicate a non-linear FXE response when
the strain gradient exceeded ~0.25 m™. This starkly contrasts with the FXE responses of the other
samples which remained linear for all strain gradients used. The non-linearity became more
pronounced in steady-state, but a linear FXE response was always recovered by decreasing the
strain gradient below ~0.25 m™. Given the return to a linear FXE response below a certain strain
gradient, and that post-experiment imaging confirmed no permanent changes to TB microstructure
(Supplemental Materials [54]), the non-linearity is attributed to TB-pinning site interactions. This
behavior is also consistent with the catenary cable model described in the Supplemental Materials
[54], which shows non-linear FXE responses are a consequence of a linear flexoelectricity in a non-

linear elastic system. Note, this is distinct from a non-linear flexoelectricity.
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Fig 4. Flexoelectric characterization of a LaAlOz crystal with a mixture of Type | and Il twin
boundary orientations. (a) The initial flexoelectric response is linear at low strain gradients with
an effective flexoelectric coefficient of 3.6£0.1 nC/m (flexocoupling voltage of 16.3+0.5 V), and
non-linear above a strain gradient of ~0.25 m™. (b) The steady-state flexoelectric response after
strain gradient cycling remains linear at low strain gradients with an increased effective
flexoelectric coefficient of 4.0+£0.2 nC/m (flexocoupling voltage of 18.1+0.9 V). There is
pronounced non-linear behavior above ~0.25 m™.

In summary we have found that extrinsic contributions to flexoelectricity originating from
strain-gradient-induced TB polarization are substantial and can surpass intrinsic contributions to
flexoelectricity in twinned LAO. This experimentally confirms the importance of microstructure
in FXE phenomena. The FXE characterization of twin-free LAO crystals suggests an intrinsic
effective flexocoupling voltage ~14 V, which is enhanced to ~55 V at elevated temperatures due
to TB FxE contributions. These extrinsic contributions are sensitive to the details of TB
microstructure and responsible for previously unobserved anelastic and non-linear FXE responses
at room temperature in LAO. These findings directly demonstrate that structural defects, and their

deformation mechanisms, are important in macroscopic FXE responses.
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