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New concepts

Flexoelectric coupling under an applied electric field has largely been discussed in
terms of field-induced lattice strain, mainly to separate flexoelectric contributions from
conventional piezoelectric responses. In contrast, our study proposes a conceptually different
role: flexoelectric polarization-electric field coupling can drive a reversible phase
transformation. Starting from the fact that epitaxial relaxation creates a nanoscale interfacial
strain gradient layer, our investigation demonstrates that the flexoelectric polarization-electric
field coupling can modulate tetragonality of the strain gradient layer, thereby triggering
transformation between competing phases. A key implication is that the driving factor is the
flexoelectric-field coupling, so the approach is not limited to intrinsically piezoelectric
materials and can extend to centrosymmetric dielectrics. This provides a simple design route
for nanoscale phase control in complex dielectric architectures (e.g., superlattices) and allows
tuning elastic, dielectric, and optical responses without relying on doping or

defect/stoichiometry engineering.
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Transformation in Epitaxial Films
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Nanoscale phase transformations at interfaces enable
unprecedented control over the structure and functionalities of
low-dimensional materials. Flexoelectric polarization, universally
produced by the strain gradient in all dielectrics, can be directly
coupled to an external electric field and amplified at nanoscale
interfaces. Here, we show that this coupling leads to an
electromechanical response and a reversible phase transformation
at a nanoscale flexoelectric layer between morphotropic phases. In
epitaxial BiFeOs;—BaTiOs thin films, the external electric field
triggers a transient structural transition from an interfacial
flexoelectric layer to crystalline phases, as revealed by in situ time-
resolved X-ray microdiffraction. When the electric field exceeds the
built-in flexoelectric field, the net interfacial electrical polarization
is reconstructed inversely, resulting in a change in the
electromechanical response and phase transformation. These
results establish flexoelectric coupling at nanoscale interfaces as an
alternative, electrically controllable pathway for dynamic phase

engineering in complex material systems.

1. Introduction

The flexoelectric effect refers to the generation of electric
polarization in response to a strain gradient inside materials.18
Since its theoretical prediction in the mid-20th century,® the
flexoelectric phenomenon has attracted increasing research
interest following advances in experimental techniques for

o Department of Materials Science and Engineering, Gwangju Institute of Science
and Technology, Gwangju, South Korea.

b-Pohang Accelerator Laboratory, Pohang University of Science and Technology,
Pohang, South Korea.

< Department of Energy Engineering, Korea Institute of Energy Technology
(KENTECH), Naju, South Korea.

4 Department of Materials Science and Engineering, Kangwon National University,
Samcheok, South Korea.

€ GIST InnoCORE Al-Nano Convergence Institute for Early Detection of
Neurodegenerative Diseases, Gwangju Institute of Science and Technology,
Gwangju, South Korea.

t Footnotes relating to the title and/or authors should appear here.

Supplementary Information available: [details of any supplementary information

available should be included here]. See DOI: 10.1039/x0xx00000x

Seong Min Park?, Woolun Seol?, Su Yong Lee®, Hyunjin Joh?, Keeyong LeeS, Sang Ho Oh¢, Hyeon Jun

probing nanoscale electromechanical coupling.19-18 Unlike the
piezoelectric effect, which exists only in noncentrosymmetric
crystals, flexoelectricity is a universal property of all
dielectrics.2*® The flexoelectric effect becomes particularly
significant at reduced dimensions, such as in thin films and
interfaces, because the extent of the strain gradient increases
at smaller scales. Recent studies have shown that external
forces can manipulate flexoelectric polarization. Examples
include mechanically written polarization domains®1%-21 and
polarization This finding
indicates that the coupling between flexoelectric polarization
and external stimuli can change the energy landscape of
materials.

Applying an electric field to the flexoelectric polarization
provides a direct coupling effect greater than a mechanical
force and can induce a substantial change in the
thermodynamic energy.?’” To date, most research on the
coupling between flexoelectric polarization and an electric field
has focused on characterizing lattice deformation in thin
ferroelectric oxide films to distinguish between piezoelectric
and flexoelectric responses.72429 This has led to the
development of advanced methods for measuring the
flexoelectric coefficient. The research field stands to benefit
from broader exploration beyond the measurement of lattice
deformation and coefficient extraction. Lattice deformation
caused by flexoelectric polarization—electric field coupling can
drive phase transformation in polymorphic materials sensitive
to lattice changes.3%31 However, the consequences of this
coupling effect on the stability of competing phases have not
yet been probed, which has limited the scope of flexoelectric
polarization research. In this Letter, we report the discovery and
physical mechanism of the electric field-induced phase
transformation from a strain gradient interfacial layer with
flexoelectric polarization to the polymorphic crystalline phase
in an epitaxial perovskite oxide thin film.

During epitaxial thin film growth, an internal in-plane strain
gradient across the film thickness generates a thin interfacial

rotation>1722 in ferroelectrics.
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layer that connects the coherently strained and fully relaxed
layers.”26 This interfacial layer exhibits flexoelectric polarization
(Priexo) along  the  thickness direction because of
electromechanical coupling,3?33 referred to as the flexoelectric
layer. The application of an external electric field (Eext) can
change the magnitude of Prexo; thus, the lattice of the
flexoelectric layer can expand or contract depending on the
direction of Eex, as shown in Fig. 1a. For perovskite oxides in
which the thermodynamic potential of polymorphic phases is
sensitive to tetragonality (defined by the ratio of c/a lattice
parameters), the direct coupling between Eext and Prexo can be a
route to induce phase transformation.

Here, we focus on how this coupling can serve as a practical and
reversible mechanism for driving phase transformation at the
nanoscale flexoelectric layer. Using in situ X-ray
microdiffraction, we reveal how electric fields modulate lattice
distortion and induce transitions, providing a direct
experimental pathway to control structural order at the atomic
scale. Our findings not only challenge
phenomenological models of  field-induced
transformation in perovskite oxides but
flexoelectricity as tool for
engineering in complex material systems.

prevailing
phase
also establish

a powerful dynamic phase

2. Experimental Section

2.1. Fabrication of epitaxial BiFeO3-BaTiOs (BF-BT) thin film
The 215 nm-thick BF-BT thin film was epitaxially grown on (00/)-
oriented SrTiO3 (STO) substrate with a 0.5° miscut toward [100]
direction using pulsed laser deposition (PLD) with a KrF excimer
laser (A =248 nm). The BF-BT thin film was deposited by ablating
the ceramic target with a composition of 0.02 at%
(Bao.gCao.2)ZrOs (BCZ)-doped 0.67BF-0.33BT with a repetition
rate of 2 Hz at the substrate temperature of 630°C under an
oxygen partial pressure of 1 mTorr. After the growth process,
the film was slowly cooled to room temperature gradually in
100 Torr of oxygen. The doped BCZ is to minimize the leakage
current of the BF-BT thin film. The 20 nm-thick SrRuOs (SRO) film
is grown on the STO substrate as a bottom electrode layer to
form a parallel capacitor structure with 50 nm-thick Pt top
electrode. The Pt top electrode layer with a diameter of 60 um
was deposited on the BF-BT thin film by e-beam evaporator at
room temperature.

2.2. Structural characterization

The crystal structure, morphology, and strain state were
investigated using cross-sectional scanning transmission
electron microscopy (STEM) and X-ray diffraction (XRD) in this
study. High-angle annular dark-field (HAADF) STEM (JEM-
ARM300F2 equipped with a Cs-corrector JEOL) was operated at
200 kV with a pixelated detector. The BF-BT specimen for STEM
was prepared by focused ion beam milling (Helios G5 UX,
Thermo Fisher Scientific). The X-rays with a photon energy of 10
keV were used at the 9C beamline of the Pohang Accelerator
Laboratory (PAL). Diffracted X-rays were detected using a gated
pixel array detector (Pilatus 100 K, Dectris).

2.3. Time-resolved X-ray microdiffraction (TR-uXRD)

The TR-uXRD technique is utilized to observe electrically driven
phase transformation of the BF-BT thin film. The concept of the

2| J. Name., 2012, 00, 1-3
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pump-probe TR-uXRD is synchronizing the time of gateRulse
and electric pulse to acquire the scattere @ MtENSIEPIRTEEIRPOE
space during the application of the Eext. A delay generator (DG
645, Stanford Research System) is used to synchronize the time
zero by generating the reference signals to X-ray detector and
function generator (Keysight  81150A-002, Keysight
Technology). The X-ray beams were focused on the Pt top
electrode with a size of 18.2 um (horizontal) and 4.1 pum
(vertical) using KB mirrors. To avoid any effects arising from
charging/discharging time constants of the BF-BT capacitor, the
area detector was gated with a duration of 1 us after 3 ps from
the beginning of 5 us-width electric pulse, which was completed
within 700 ns (Fig. S7). The diffraction patterns for the R- and T-
phases are accumulated while applying 20000 electric pulses at
each voltage step to secure adequate diffracted intensity.

2.4. Kinematic diffraction calculation

The diffracted intensity / at a wave vector Q in reciprocal space
is determined by its structure factor F following, I(Q) « |F(Q)|?.
The F(Q) is described as X f jexp ( — iQ - 7)), where f, 7#;, and
a are the atomic form factor and real positions in the unit cell
and scattering vector, respectively. The f;is fO;+ f'; +if"},
where the f0;, f';, and f"; is the non-resonant atomic form
factor, and, real part and imaginary part of dispersion correction
of atom j. For simulations, we calculate the scattering factor
and atomic position using a weighted average considering the
composition of 0.67BF-0.33BT. The scattering factor for each
atom at 10 keV were found at
https://henke.lbl.gov/optical _constants/asf.html and
summarized in Table S1. The atomic position based on crystal
structures are summarized in Table S2. The c-axis lattice
parameters for the flexoelectric layer are considered to be with
a linear distribution changing from 4.318 A to 4.077 A, which is
the measured values from XRD and STEM results, with the
number of unit cells.

3. Results and Discussion

3.1. Structural characterization of the epitaxial BF-BT thin film
A heteroepitaxial BiFeO3—BaTiO3 (BF-BT) thin film is an
excellent model system for investigating phase transformation
driven by the coupling between Psexo and Eext Owing to the
formation of a large Prexo in the flexoelectric layer. Polymorphic
phases can coexist across the thickness in the BF—BT thin film
grown on SrTiO3 (STO), resulting in a large strain gradient arising
from the lattice mismatch between polymorphic phases. The
epitaxially grown BF—BT thin film consists of three distinct
regimes: (1) a coherently strained layer with an in-plane lattice
parameter similar to that of the substrate, (2) a fully relaxed
layer with the same crystal phase as bulk BF-BT, and (3) a
flexoelectric layer bridging the coherently strained and fully
relaxed layers. Below the critical thickness (t.) where strain
relaxation occurs, the compressive misfit strain between BF—BT
and the STO substrate produces the tetragonal phase (T-phase)
of BF—BT.3* Above the flexoelectric layer, a rhombohedral phase
(R-phase) forms. Owing to the large in-plane lattice mismatch
between the R- and T-phases, a large flexoelectricity
comparable to the spontaneous polarization of conventional

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Structure and hypothesized flexoelectric coupling-driven
phase transformation in a BF—BT thin film. (a) Mechanisms of the
electric field-induced phase transformation at the flexoelectric layer
in an epitaxial BF—BT thin film. (b) High-resolution cross-sectional
HAADF STEM image near the SrTiOs; substrate. The inset shows
a coherently matched interface between BF-BT (T-phase) and
SrRuO;s films. (c) In-plane a-axis lattice and out-of-plane c-axis lattice
parameters of the BF—BT thin film as a function of distance from the
SrRuOs3 bottom electrode. (d) Symmetric RSM near the (002)
reflection and e) asymmetric RSM near the (-103) reflection for
SrTiOs, SrRuOs, R-phase, and T-phase.

ferroelectrics can be introduced into this flexoelectric layer
between the two polymorphic phases.

The application of a negative field parallel to Psexo induces
expansion of the c-axis lattice of the flexoelectric layer, resulting
in an increase in its tetragonality. This expansion can lead to
phase transformation into the T-phase due to its
thermodynamic stability, which favors polarization along [001],
as predicted by phenomenological thermodynamics models.3>
38 On the other hand, the flexoelectric layer can transform to
the R-phase under a positive field antiparallel to Psexo since the
compression of the c-axis lattice of the layer results in the
lowest energy for the R-phase.

This journal is © The Royal Society of Chemistry 20xx

The cross-sectional high-angle annular dark figld A(HAARF)
scanning transmission electron microscopy'($TERMY/iPREBEN (R
1b and Fig. S1) reveal three regimes in the 215 nm-thick BF—-BT
thin film grown on the SRO/STO substrate: a coherently strained
T-phase, a fully relaxed R-phase, and a flexoelectric layer. The
vertical line contrast observed in the upper BF—BT region is
resolved more clearly using the TEM multi-slice electron
ptychography image (Fig. S2a). The atomic arrangement across
the vertical line in atomic-mapping images (Fig. S2b and c)
shows a translational shift of the perovskite sublattice, which is
characteristic of an antiphase boundary (APB).3940

We quantify the changes in the in-plane a-lattice and out-of-
plane c- lattice parameters along the growth direction in Fig. 1c
by analyzing the intensity variations from Fig. 1b. Up to a
thickness of 23 nm, the in-plane lattice parameters of the BF—
BT thin film match the lattice parameter of the cubic STO
substrate (@ = 3.905 A), indicating that the t. of the BF—BT
epitaxial film on the SRO/STO substrate is 23 nm. Beyond t., the
in-plane lattice parameter changes gradually over a relaxation
length of approximately 6 nm—which is comparable to the
flexoelectric layer thickness reported in other strain-graded
oxide thin films.”?233 Above this flexoelectric layer, the in-plane
lattice parameter becomes uniform and approaches the bulk
value of the parent phase (a = 4.032 A), confirming full
relaxation of the compressive strain. The measured in-plane
and out-of-plane lattice spacings are 3.90 A and 4.32 A,
respectively, for the coherently strained T-phase. For the fully
relaxed R-phase, the corresponding values are 4.02 A and 4.08
A'in pseudocubic notation. The lattice parameters measured via
TEM match those from the X-ray diffraction (XRD) studies in Fig.
1d and e (see the Supplementary Information for details). The
pseudocubic angle (apc) of R-phase can be determined by
analyzing symmetry of the asymmetric (-103) reflection,
yielding a,c = 89.93°.

A very large flexoelectric polarization can arise within the
flexoelectric layer because of the abrupt tetragonality mismatch
between the adjacent R- and T-phases across its interface. The
in-plane strain linearly decreases from -3.15 to 0% in the
flexoelectric layer within a thickness of 6 nm, which resultsin an
in-plane strain gradient (9uyy/0t) of ~4x10°6 along the [001]
direction (Fig. S3). du,,, and Jtfex, denote the variations in the
in-plane strain and the thickness of the flexoelectric layer,

respectively. The Prexo is estimated by Equation 1 as follows:

Juyy e du
Priexo = ereoEpiexo = 'uatﬂexo = YXZWIZO (1),

where &, denotes the permittivity of free space, &, is the
relative permittivity at room temperature, Efexo IS the
flexoelectric field, u is the flexoelectric coefficient, y is the
scaling factor, y is the dielectric susceptibility, e is the electronic
charge, and a is the lattice parameter. Here, y is a dimensionless
constant that represents the proportional relationship between
uand y, serving as a key factor in determining the magnitude of
the flexoelectric effect.!* We assume that the y value is 0.35,
which is generally set between 0.2 and 0.5 for BFO thin films.*-
43 By inserting the experimental duyy /0t values into Equation 1,
we found that a very large Efiexo of 63 MV m and a
corresponding Psexo of 23 uC cm™ are generated across the
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Fig. 2 In situ X-ray scattering of the electric-field-induced phase transformation. (a) Schematic of the electric field pump—X-ray scattering
probe experiment. (b, c) Q,-electric field contour maps around the (002) Bragg reflection for the R- and T-phases during one cycle of electric
field poling under + 140 MV m. (d, e) XRD profiles of R- and T-phases measured with Eex sequences from 0 to -70 MV m and from 0 to 84
MV m-L, respectively. (f, g) Electric field dependence of the piezoelectric strain and integrated intensity of the R-phase (blue) and T-phase
(green). The unresponsive secondary peak at Q;, = 2.904 A1, which can arise from the mechanical clamping imposed by the substrate®’, was

subtracted before integration for the T-phase.

flexoelectric layer. This value is comparable in magnitude to the
spontaneous polarization of conventional ferroelectrics.

3.2. In situ observation of the phase transformation at the
flexoelectric layer

The phase transformation of the flexoelectric layer can affect
the diffraction profiles of BF—BT thin films because the effective
volume of the crystalline phases can change. The R- and T-
phases are located far apart in reciprocal space due to their
distinct lattice parameters. The evolution of the diffraction
profiles under an electric field was measured using time-
resolved X-ray microdiffraction (TR-uXRD)3>4446, as illustrated
in Fig. 2a. An electric-field sequence was employed to probe
hysteresis in the field-induced phase transformation and the
effect of switching the net polarization in the flexoelectric layer.
Because the estimated flexoelectric field is 63 MV m, the
positive field amplitude was set above this value to test whether
the phase transformation can be induced by switching the net
polarization. The negative field was limited to -70 MV m™?
because this amplitude exceeds the coercive field of the

4| J. Name., 2012, 00, 1-3

ferroelectric T-phase, while higher negative field lead to
nonuniform structural response that are beyond the scope of
this study. As shown in Fig. 2b and c, the applied Ecx: leads to
two apparent changes in the diffraction profiles near the (002)
reflections of the R- and T-phases: a shift in intensity maxima
due to the electromechanical response and a variation in the
scattered intensity. While the T-phase reflection appears
significantly suppressed under high positive field in the contour
map (Fig. 2c), it remains discernible in the detailed line profiles.
Detailed discussion of the high-field behavior, including
potential polar reconfiguration, is provided in Section 3.3.

Within the Eex range of -70 MV m! to 84 MV m-1, the intensity
maximum of the R-phase reflection in Fig. 2d shifts toward
lower Q; values regardless of the field direction, while that of
the T-phase reflection in Fig. 2e shifts in different directions
depending on the field polarity. As shown in Fig. 2f, the R-phase
exhibits a  symmetric  butterfly-shaped  piezoelectric
strain—electric field curve, indicating that the piezoelectric
expansion accompanies the ferroelectric polarization reversal in

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6mh00418k

Open Access Article. Published on 19 May 2026. Downloaded on 5/21/2026 9:25:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Materials-Horizons

—
jub]
—

Intensity (a.u.)

-0.02 [:] 0.02  0.04
k=Q,- Q(002) (A

View Article Online
-~ Intensity gol: 10.1039/D6MH00418K
. Fringe spacing

60 40 20 0
Electric field (MV m™)

Fig. 3 Electric-field-dependent lattice modulation of the T-phase. (a) Diffraction profiles of the (002) T-phase reflection plotted as k = Q, —
Q,(002) for the Eex: sequence from 0 to -70 MV m™. (b) Changes in the thickness of the T-phase estimated from the integrated intensity
(dashed line) and Bragg—fringe spacing (solid line) as a function of the Ecxt amplitude.

the R-phase.?® In contrast, the T-phase shows an asymmetric
strain curve because of the imprinted ferroelectric polarization
in the thin layer near the substrate.3® The weak hysteresis of
piezoelectric response of the R-phase can be attributed to the
relaxor-like characteristics of the BF-BT thin film near the
morphotropic phase boundary. This relaxor-like behavior is
corroborated by the broad temperature-dependent dielectric
permittivity (Fig. S4a) and the slim P-E loops with low coercive
field (Fig. S4b), leading to the V-shaped piezoelectric response
rather than conventional butterfly-shaped hysteresis curve. The
effective local ds; value, determined from the slope of the
strain—electric field curve, is + 34 pm V! for the R-phase,
whereas for the T-phase, it is -57 pm V-1 under a negative field
and 280 pm V! under a positive field. The piezoelectric
performance of the T-phase is much greater than previously
reported values in BiFeOs; and BF—BT thin films (~48 pm V-
1).344649 The relatively high product of the dielectric permittivity
and remnant polarization (¢P) in Table S3 suggests an enhanced
piezoelectric response, which is consistent with the empirical
relation d33 = 2Q¢&P, where Q is the electrostrictive constant.
The lattice distortion of the flexoelectric layer remains unclear
in reciprocal space because of the lack of long-range order.

The intensity changes in the R- and T-phase reflections under an
electric field provide key insights into the phase transformation
from the flexoelectric layer to the R- or T-phases, since the
integrated reflection intensity represents the volume fraction of
the crystalline phase. As shown in Fig. 2g, the integrated
intensity of the T-phase (/1) increases steadily to -42 MV m-,
reaching a maximum increase of 35%. Above -42 MV m’, a
further increase in the magnitude of negative Ecx: does not lead
to proportional changes in intensity, resulting in a saturated
response. In contrast, the integrated intensity of R-phase
reflection (/r) exhibits negligible variation under a negative field.
An opposite trend in intensity changes is observed when a
positive field is applied. The /g increases by 2% when Eex
increases from 0 to 42 MV m™ and then exhibits a saturated
response as Eex further increases to 84 MV m. The It decreases
by approximately 50%, which cannot be fully explained by
phase transformation alone. This reduction may result from
atomic displacement and peak splitting induced by the electric

This journal is © The Royal Society of Chemistry 20xx

field, making it difficult to separate the effects of structural
distortion from those of actual phase transformation. Despite
the complexity in analyzing the behavior of the /t under a
positive field, the observed saturation of the intensity of both
the R- and T-phases indicates that the transformation can
originate from regions with limited volume, such as the
flexoelectric layer. The direction of the phase transformation
under an electric field is consistent with our intuitive hypothesis
regarding the transformation by flexoelectric polarization—field
coupling, as described in Fig. 1a.

The change in layer thickness (At) can be estimated using the
relationship in which the integrated intensity is proportional to
the square of the layer thickness. The field-induced At can be
expressed as At = tiayer x [(le/l0)/?-1], where tiyer is the initial
thickness of the crystalline phase layer, and o and /¢ are the
integrated intensities before Eext and under Eex, respectively.
The tiayer values for the T- and R-phases are 23 nm and 186 nm,
respectively, on the basis of STEM line profile measurements.
The calculated maximum At is 3.75 nm at Eexe= -56 MV m™ for
the T-phase and 2.52 nm at Eexe= 56 MV m! for the R-phase. The
predicted maximum change in the thickness of the layers is
consistent with the thickness limit of the flexoelectric layer.
However, estimating the thickness change using only integrated
intensities can include uncertainty resulting from several effects,
such as polarization changes and crystal orientation.3552

The measurement of the electric field-dependent spacing
between Laue oscillations enables precise determination of
thickness changes in the crystalline phase. The intensity
distribution of the T-phase reflection in terms of k = Q, — Q;,(002)
is shown in Fig. 3a, emphasizing the change in the spacing
between the (002) Bragg reflection and thickness fringe. The
decrease in the spacing under a negative field indicates an
increase in the thickness of the T-phase, on the basis of the
reciprocal relationship between the thickness and the Bragg—
Fringe spacing.>® The direction of changes in the thickness
inferred from the spacing changes is opposite to the
piezoelectric response of the T-phase, indicating that the effect
of piezoelectric distortion on the spacing change can be
excluded.
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Kinematic diffraction simulations were employed to interpret
the measured spacing between the Bragg reflection and the
fringe. The field-dependent thickness changes were determined
by comparing the experimental data with the simulated profiles,
using the root-mean-square difference as a criterion for optimal
matching. We assumed that the total film thickness remained
constant, considering that the phase transformation was
spatially confined to the flexoelectric layer, as depicted in Fig.
S5. Detailed information for the diffraction simulation is
provided in the Supplementary Information.

The thickness changes derived from Bragg—fringe spacing are
plotted together with the estimation from the integrated
intensity changes in Fig. 3b. Both approaches consistently show
an increase in T-phase thickness under a negative field. The
maximum change in the thickness of the T-phase (Atrphase= 3.2
nm) measured from the Bragg peak—fringe spacing is also
consistent with the thickness limit of the flexoelectric layer. The
observed saturation indicates a transformation confined to the
region with limited volume. This agreement demonstrates the
reliability of thickness estimation from variations in Bragg—
fringe spacing, arising from phase transformation driven by
direct coupling between flexoelectric polarization and the
electric field.

Notably, our observations deviate from the widely observed
field-induced phase transformation in perovskite BiFeOs-based
material systems. In highly compressive-strained BiFeOs films
exhibiting coexistence of R- and T-phase along the lateral
direction, field-induced lattice expansion has been reported to
mediate the R- to T-phase transformation, whereas lattice
contraction induces the reverse process.3>37.4546:52 |n contrast,

6 | J. Name., 2012, 00, 1-3

our diffraction results under the electric field show an opposite
trend: The T-phase intensity increases with lattice contraction
of T-phase, whereas the R-phase intensity increases with lattice
expansion of the T-phase. This inconsistency suggests that the
observed transformation mechanism differs from conventional
models based on purely crystalline phases, indicating the need
alternative frameworks that consider the structural
complexity of epitaxial thin films.

3.3. Electric field-induced switching of the net electrical
polarization of the flexoelectric layer

Further insight into the contributions of Prexo—Eext COupling to
the phase transformation can be obtained by applying an
electric field that greatly exceeds the internal field in the
flexoelectric layer (Efiexo= 63 MV m™). With increasing Eext from
84 MV m to 140 MV m-}, the intensity maxima of both the R-
and T-phases in Fig. 4a and b shift toward lower Q; values. These
crystalline phases show linear piezoelectric expansion, as
shown in Fig. 4c, indicating that they remain stable even under
high electric fields. The direction of piezoelectric distortion is
consistent with that observed in the low-field regime (below 84
MV m), suggesting the absence of ferroelectric polarization
reversal in the crystalline layers up to Eext of 140 MV m™L.

The integrated intensity of the R-phase reflection gradually
decreases when the applied electric field exceeds 84 MV m, in
contrast to the monotonic increase and saturation observed in
low-field regime. The integrated intensity of the R-phase
decreases by 1.3%, while the T-phase reflection still shows a
negligible change (Fig. 4d). The subsequent decrease in the
volume of the R-phase is associated with the field-driven
switching of the net interfacial polarization. In this high positive

for

This journal is © The Royal Society of Chemistry 20xx
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field regime, the net electrical polarization of the flexoelectric
layer can be reconstructed against the built-in flexoelectric field,
thereby changing the direction of the phase transformation.
This high-field regime provides direct evidence that the phase
fraction is not merely saturated but can be electrically
reconfigured once Eex: exceeds the effective flexoelectric field.

4. Conclusion

In summary, through an in situ TR-uXRD study,
demonstrated that the coupling between Priexo and Eex: can
emerge as a practical approach to drive phase transformations
in the nanoscale flexoelectric layer of epitaxial BiFeOs—BaTiO3
thin films. This transformation is governed by lattice distortion
in the flexoelectric layer arising from the electromechanical
response Of Prexo to Eext. The changes in the phase
transformation direction depending on the polarization
direction of the flexoelectric layer indicate that this direct
coupling is the key factor controlling the phase transformation.
By decoupling field-induced phase engineering from the
intrinsic piezoelectricity, our findings can apply to a broad class
of centrosymmetric dielectrics. This concept further suggests
opportunities for controlling nanoscale ordering in complex
dielectric systems such as superlattices. Reversible tuning of
the phase fraction can result in changes in elastic, dielectric and
optical responses without doping or defect/stoichiometry
engineering. The results expand the paradigm of flexoelectric
electromechanical response toward nanoscale phase control.
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