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Abstract

Gradient engineering represents a revolutionary framework for the design of functional
complex oxide heterostructures with properties beyond those achievable in homogeneous
bulk materials. Emerging from research on strain gradients and flexoelectricity, this
paradigm has been extended to include field and chemical gradient strategies. Pioneering
research has demonstrated that flexoelectricity can induce ferroelectric-like behavior in
centrosymmetric materials and impart various functionalities, including the
flexo-photovoltaic effect and functional domain walls. This breakthrough has established
strain gradients as powerful design parameters and has inspired the exploration of other
gradient types in oxide systems. This article provides a comprehensive review of various
types of gradient engineering, including strain, field, and chemical gradient engineering,
focusing on their origin, methods of induction, and functionalities. As the field matures,
gradient engineering has the potential to advance the development of oxide-based
technologies for electronics, energy conversion, and information processing.

INTRODUCTION

The flexoelectric effect, which is defined as the coupling between a strain gradient
and electric polarization!?, is a universal electromechanical phenomenon
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fundamentally distinct from conventional piezoelectricity*. While piezoelectric responses require materials
that lack inversion symmetry, flexoelectricity can exist in a diverse range of materials encompassing not only

10-13

dielectrics™®), semiconductors”!, two-dimensional (2D) materials!>**, bio-materials!****!, and even
metals""®'”). This offers the opportunity to induce and control polarization states in a broad range of systems.
In particular, complex oxide heterostructures have become the focus of intense research due to their
structural versatility, variety of defects, and strongly interacting electronic, magnetic, and lattice degrees of
freedom"**. Oxides can also support large strain gradients at interfaces”””, domain boundaries®’, and in the
bulk'”, accommodate multiple cation valence states'”>*”), and offer tunable oxygen vacancy concentrations®,

thus they represent an ideal platform for the use of flexoelectricity in advanced functionalities.

Recent research has demonstrated that flexoelectric phenomena in oxides can be deliberately engineered to
obtain new material properties. For example, strain gradients in epitaxial thin films and nanostructures
generate localized polarization fields, enhance charge carrier dynamics®’, and direct ferroic domain
formation™!. Electric field gradients applied through scanning probes or asymmetric device geometries can
also modulate flexoelectric responses at the nanoscale!*?”!, while chemical gradients arising from
compositional tuning or oxygen vacancy distributions can be employed to couple lattice strain with defect
chemistry, generating dynamic polarization states?®!. These approaches have produced promising
functionalities, including flexo-photovoltaic effects that enhance charge separation and the
photoresponse?*), catalytic activity modulation through polarization-induced surface chemistry™",
polarization switching and domain tailoring, which enable control over ferroic orders”>*, emerging fields of
flexoelectronics where electromechanical coupling is harnessed for device concepts®*, and the control of
magnetism and spin textures via flexoelectric fields""”****). These studies demonstrate the versatility of
flexoelectricity as a design principle for the development of next-generation functional oxide materials.

This review aims to provide a systematic summary of flexoelectricity in oxide materials, with particular
emphasis on the interaction between structural gradients and functional responses. As shown in Figure 1, we
categorize recent advances into three major approaches - strain, electric-field, and chemical gradient
engineering - and examine how each method has been employed to produce novel device concepts. Finally,
we discuss current challenges and opportunities in the field, highlighting the potential of flexoelectricity as a
versatile design for future oxide-based functional materials.

FLEXOELECTRIC EFFECT

Historical background

The term flexoelectricity originates from the combination of “flexus”, meaning bending, and “electricity”,
referring to the electric polarization generated under mechanical stimuli. The concept was first proposed by
Soviet scientists Mashkevich and Tolpygo in the 1950s, who theoretically predicted that strain gradients in
crystals could induce polarization even in centrosymmetric systems”*’. Later in 1964, Kogan
phenomenologically formulated flexoelectricity within the framework of continuum electromechanics™.
These pioneering works laid the theoretical foundation for what is now recognized as a universal
electromechanical coupling mechanism.

Following these initial proposals, theoretical models were developed to describe flexoelectricity at the
continuum scale and from first-principles calculations™ . In parallel, experimental studies, which were
initially limited by measurement sensitivity, confirmed the existence of flexoelectric polarization in various
materials, ranging from simple dielectrics to complex oxides>*"*. Advances in thin-film growth, scanning
probe microscopy (SPM), and in-situ characterization techniques have since accelerated research, allowing
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Figure 1. Overview of the classification and functionalities of complex oxide heterostructures based on different gradient engineering
strategies. (A-E) Strain gradient engineering. (A) Flexo-photovoltaic effect. Reproduced with permission®°. Copyright 2015, Springer
Nature; (B) Flexocatalysis. Reproduced with permissionté?, Copyright 2023, John Wiley and Sons; (C) Polarization switching and domain
tailoring. Reproduced with permissiont?*). Copyright 2012, American Association for the Advancement of Science; (D) Magnetic
skyrmions. Reproduced with permissiont4, Copyright 2021, American Physical Society; (E) Ferromagnetic polar metal. Reproduced with
permissiont. Copyright 2024, Springer Nature; (F-H) Electric-field gradient engineering. (F) Flexoelectric actuators. Reproduced with
permission!?”), Copyright 2016, Springer Nature; (G) Converse flexoelectric effect through piezoresponse force microscopy. Reproduced
with permissiont?¢!, Copyright 2019, Springer Nature; (H) Converse flexoelectric effect-induced bending. Reproduced with permissiont®,
Copyright 2018, American Chemical Society; (I-K) Chemical gradient engineering. (1) Domain structure engineering. Reproduced with
permissiont®, Copyright 2016, Springer Nature; (J) Polarization gradient. Reproduced with permissiont™®. Copyright 2017, Springer
Nature; (K) Improved pyroelectric effect. Reproduced with permissiont’©¢, Copyright 2013, American Chemical Society. 2D:
Two-dimensional.

the direct observation and quantitative evaluation of flexoelectric coefficients at the nanoscale*,

Theoretical framework and mathematical description
Flexoelectricity can be described phenomenologically by the linear coupling between polarization and a
strain gradient as follows*!:

Bujk (1)
6x1

Pi = uijr
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where P, is the induced polarization, x, is the strain tensor, and g, is the fourth-rank flexoelectric tensor.
Unlike piezoelectricity, this polarization is not driven by the strain itself but rather by its gradient. As a result,
flexoelectric responses are intrinsically linked to local structural inhomogeneity induced by spatial gradients.

First-principles density functional theory calculations have also been widely employed to investigate
flexoelectric coefficients and strain gradient-induced polarization at the atomic scale"*!. These approaches
quantify the magnitude and microscopic origin of flexoelectric responses, complementing continuum-level
models and establishing a direct connection between lattice-scale distortion and macroscopic polarization.

At the atomic scale, flexoelectricity arises from two primary contributions: electronic contributions, which
originate from the strain gradient-induced redistribution of the electron density, and ionic contributions,
which arise from asymmetric atomic displacement that shifts the centers of positive and negative charge.
Both contributions can coexist and are strongly influenced by bonding characteristics, lattice stiffness, and
dielectric screening, reflecting the material-dependent nature of flexoelectric coupling'**.

Within this framework, polarization is a response to spatially non-uniform structural or electrostatic
perturbations. While the direct flexoelectric effect corresponds to polarization induced by strain gradients,
this form of coupling also gives rise to the converse flexoelectric effect, in which inhomogeneous electric
fields or polarization distributions generate mechanical deformation.

This viewpoint provides a unifying basis for the gradient engineering strategies explored in this review.
Although strain, electric-field, and chemical gradients arise from distinct physical origins, they all introduce
spatial inhomogeneities that can disrupt inversion symmetry and activate flexoelectric coupling. In this
sense, different gradient engineering approaches have a common physical basis for the generation of
flexoelectric responses and electromechanical functionality in complex oxide materials. Figure 2
schematically illustrates how, despite their differing physical origin, strain, electric-field, and chemical
gradients operate on the same flexoelectric coupling mechanism, thus providing the conceptual foundation
for the gradient engineering strategies discussed in the following sections.

Characteristics of flexoelectricity

Unlike piezoelectricity, which is restricted to non-centrosymmetric crystals, the flexoelectric effect can, in
principle, occur in all materials, independent of the crystal symmetry™'?. This universality has been widely
demonstrated not only in oxide systems, where centrosymmetric compounds such as SrTiO, display
flexoelectric polarization under strain gradients, but also in various other material families, including
semiconductors””, 2D materials"**, polymers"***”), and biological materials"*'*.. More recently, flexoelectric

48-50

responses have even been reported in metals"*'” and ice***", illustrating that flexoelectricity is not confined
to traditional dielectrics but represents a general form of electromechanical coupling that is present in a wide

range of matter.

Another important characteristic of flexoelectricity is that the flexoelectric coefficient in ceramics and oxides
is often significantly larger than in polymers or semiconductors®". The high dielectric permittivity of oxide
ceramics strengthens the electromechanical response, making them particularly promising for functional
applications. In addition, unlike ferroelectricity or piezoelectricity, which may disappear above a critical
temperature, flexoelectricity persists even at elevated temperatures as long as the strain gradient is present’*.
This expands the operational window for high-temperature devices and catalytic processes.

Finally, flexoelectricity is considerably size-dependent. In nanoscale systems, where strain gradients can
become extremely large due to curvature, bending, or lattice relaxation, the induced polarization can be
orders of magnitude stronger than in bulk systems'"**. This scaling behavior means that nanostructured
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Figure 2. Schematic illustration of the unified physical origin of gradient engineering in complex oxides. Representative strain, electric-field,
and chemical gradients are illustrated. PFM: Piezoresponse force microscopy.

oxides such as nanowires, nanobeams, and ultrathin films are excellent platforms for the exploration of
flexoelectric effects.

Research trends and emerging fields of interest

Over the past two decades, flexoelectricity has evolved from a theoretical concept into a rapidly growing field
of research. A bibliometric analysis of the Web of Science database using the keyword “flexoelectricity”
clearly illustrates this trend [Figure 3], with the number of publications having grown considerably since the
early 2000s, marked by notable increases after 2010 as experimental techniques matured. Early studies
focused on measuring coefficients and validating theoretical models, whereas recent works have increasingly
highlighted the functional applications of flexoelectricity, including energy harvesting, photocatalysis, and
domain engineering®"*.

This growing interest is also reflected in the diversity of research topics. Flexoelectricity is now investigated
not only in perovskite oxides but also in layered oxides, multiferroics, and metallic oxides, where
unconventional polar responses have been reported. The field has thus expanded beyond fundamental
characterization to include device-oriented studies, theoretical simulations, and coupling phenomena with
other orders such as magnetism and metallicity"”.

In the following sections, we focus on how flexoelectricity in oxides can be deliberately induced and
exploited through strain, electric-field, and chemical gradient engineering. Representative material systems
and associated functionalities, including flexo-photovoltaic effects, catalytic enhancement, polarization
switching and domain tailoring, flexoelectronic device concepts, the control of magnetism and spin textures,
polarization gradients, large built-in-fields, the novel control of domain structures, and
piezoelectric/pyroelectric responses, are then described to highlight the fundamentals and practical design
principles of flexoelectricity in functional oxide materials.
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Figure 4. Schematic illustration of strain gradient formation. Homogeneous compression or tension with no net polarization (left) and
bending deformation with a strain gradient and induced polarization (right) are illustrated.
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STRAIN GRADIENT ENGINEERING

Strain gradients and flexoelectricity

A strain gradient is characterized by the spatial variation of strain within a material, denoted as du/0x, where
u is the displacement and x is the position. Unlike uniform strain, which applies homogeneous deformation
and preserves inversion symmetry, a strain gradient produces asymmetric distortions that locally disrupt this
symmetry, inducing polarization through the flexoelectric effect. This distinction is clearly illustrated in
Figure 4. Under uniform compression or tension, centrosymmetric materials remain nonpolar (P = 0). In
contrast, bending a crystal produces tensile strain on one side and compressive strain on the other,
generating a continuous strain gradient across the thickness. This imbalance results in a finite polarization
(P # 0), even though the bulk material is centrosymmetric.

As discussed earlier, this phenomenon is formally captured using the flexoelectric constitutive relation, in
which polarization is proportional to the strain gradient via the flexoelectric tensor. Thus, flexoelectricity
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Figure 5. Representative methods for generating strain gradients in oxide materials. (A and B) Misfit strain relaxation in epitaxial thin films.
(A) Schematic illustration of strain relaxation in HOMnO;, thin films. Reproduced with permissiont®. Copyright 2011, American Physical
Society. (B) Relaxation behavior of BiFeO; epitaxial films. Reproduced with permissiont**. Copyright 2013, John Wiley and Sons; (C and D)
SPM-tip-induced flexoelectric effects. (C) Schematic illustration of AFM-tip loading on a BaTiO,/La,,Sr,33;MnO; heterostructure.
Reproduced with permission'?!, Copyright 2012, American Association for the Advancement of Science. (D) Schematic and phase-field
simulation of ultrathin SrTiO, under AFM-tip loading. Reproduced with permissiont\. Copyright 2020, Springer Nature; (E-G) Interfacial
strain gradients in oxide heterostructures and multilayers. (E) Strain and polarization mapping of a-c domain films with corresponding
schematic. Reproduced with permissiont?". Copyright 2011, Springer Nature. (F) Photocurrent mapping and surface morphology of
mixed-phase regions. Reproduced with permissiont?%. Copyright 2015, Springer Nature. (G) In-plane piezoresponse vector mapping of
strain-graded ferroelectric nanoplates. Reproduced with permission®®?. Copyright 2018, Springer Nature; (H and I) Bending of freestanding
membranes. (H) Schematic and optical images of bent BiFeO, membranes. Reproduced with permissiont?®. Copyright 2020, Springer
Nature. (1) Cross-sectional STEM image of a wrinkled freestanding BiFeO, membrane. Reproduced with permissiont3, Copyright 2022,
Springer Nature. SPM: Scanning probe microscopy; AFM: atomic force microscopy; STEM: scanning transmission electron microscopy;
BFO: BiFeO,; SRO: SrRuO,; STO: SrTiOs.

depends on the gradient of the strain rather than the strain itself, fundamentally distinguishing it from
piezoelectricity.

Methods for generating strain gradients

Strain gradients in complex oxides can arise from lattice mismatches, dislocations, or interfacial distortions,
and can also be externally imposed using local probes or mechanical bending. These approaches can produce
controlled strain gradient profiles and tunable flexoelectric polarization. Figure 5 summarizes representative
strategies, including misfit strain relaxation, SPM tip-induced deformation, interfacial engineering, and
membrane bending, each offering distinct advantages in terms of scalability, spatial precision, and coupling
to other functional responses. In the following subsections, we discuss these approaches in detail.

Misfit strain relaxation
In epitaxial thin films, a lattice mismatch between the film and substrate generates strain at the interface.
This strain is not uniform but gradually relaxes away from the interface, leading to a vertical strain gradient
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across the film thickness. In perovskite oxides, significant lattice mismatches can be accommodated, thus
misfit-driven relaxation processes represent a natural source of strong strain gradients and consequently
flexoelectric polarization!®*"),

The degree of strain relaxation can be effectively tuned by controlling the growth conditions. Lee et al.
demonstrated that adjusting the oxygen partial pressure during deposition significantly modifies strain
relaxation, enabling the incorporation of extremely large strain gradients on the order of 10°-10° m™ into
ferroelectric thin films [Figure 5A]"". Building on this concept, Jeon et al. investigated epitaxial BiFeO, thin
films and showed that both deposition temperature and film thickness are decisive factors in strain
relaxation®. Their results revealed that self-polarization arises from the competition between interfacial
effects and flexoelectric contributions, and that this balance can be shifted by reducing the growth
temperature or adjusting the thickness of the film. Consequently, the direction of the self-poling effect in
BiFeO, films can be deliberately reversed [Figure 5B]. Similar behavior has also been observed in BaTiO, thin
films". These built-in gradients generate strong internal fields that align dipole defects during cooling, thus
modifying the domain configurations and altering polarization-electric field hysteresis loops!'***. Moreover,
when combined with thickness control, this strain gradient-induced polarization has been linked to
rectifying diode-like behavior in ferroelectric films, demonstrating that misfit strain relaxation is both a
robust source of polarization and a pathway to emergent electronic functionalities****”).

SPM tip-induced effects

SPM is a versatile platform for the generation of localized strain gradients in oxide thin films. Mechanical
indentation using a sharp tip produces strongly inhomogeneous lattice deformation and steep nanoscale
strain gradients beneath the tip, inducing flexoelectric polarization. This high degree of spatial localization
enables the direct observation and manipulation of flexoelectric effects at a nanoscale resolution.

In an early demonstration, Lu et al. applied an atomic force microscopy (AFM)-based mechanical loading to
ferroelectric thin films and reported that tip-induced strain gradients strongly influence domain stability and
evolution [Figure 5C]®*. Their work demonstrated that local mechanical perturbations could significantly
alter polarization behavior through flexoelectric coupling. Later work by Park et al. investigated epitaxial
SrTiO, thin films and revealed that nanoscale indentation with an AFM tip can generate measurable
polarization in a material that is otherwise centrosymmetric and nonpolar in its bulk form [Figure sD]"*.
Their study provided direct evidence that strain gradients alone can locally break inversion symmetry and
activate polarization in non-ferroelectric oxides.

Collectively, these results establish SPM indentation as a robust method for the probing and manipulation of
flexoelectric coupling at the nanoscale. In addition to fundamental studies, tip-induced strain gradients also
have the potential to generate device-relevant functionalities in oxide thin films, where polarization states
can be locally engineered at a high spatial resolution*>*.

Interfacial effects

Interfacial effects in complex oxide heterostructures and multilayers can also generate strain gradients. When
two dissimilar materials are joined, differences in their lattice parameters, symmetry, or ferroic ordering
create inhomogeneous strain fields near the interface. These distortions often extend several nanometers into
the adjacent layers, establishing gradients that strongly couple to polarization and other order parameters.

One of the first reports of interfacial strain gradient-driven polarization came from Catalan et al., who
showed that asymmetric interfacial strain relaxation in PbTiO, films produces vertical and lateral strain

gradients that rotate the spontaneous polarization, providing clear evidence of interfacial strain gradient
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polarization engineering in ferroelectric oxide films [Figure 5E]*". Chu et al. subsequently reported that large
interfacial strain gradients at the polymorphic phase boundaries in BiFeO, give rise to pronounced
photoresponse anisotropy, i.e., the flexo-photovoltaic enhancement of the photocurrent localized near the
interface [Figure 5F]. This established a direct link between interfacial strain gradients and optoelectronic
functionality. More recently, Kim et al. reported that strain gradients in ferroelectric epitaxial thin films can
stabilize unusual topological domain textures such as vortices and antivortices [Figure 5G]"°\. This
flexoelectricity-driven polarization rotation is particularly noteworthy because polarization rotation is widely
regarded as a key mechanism underlying enhanced piezoelectric responses. These findings therefore suggest
potential strategies for realizing large electromechanical effects in lead-free ferroelectric systems.

Membrane bending

The geometry of freestanding oxide membranes and nanobeams is conducive to the development of
well-defined strain gradients. In contrast to epitaxial thin films clamped to rigid substrates, these membranes
are mechanically free, meaning that bending produces a highly uniform tensile strain on one side and
compressive strain on the other, resulting in a large and controllable strain gradient across the thickness.
These systems thus provide a versatile experimental platform for the analysis of flexoelectricity under
macroscopic bending deformation.

In a representative example, bending-induced strain gradients in BiFeO, membranes were demonstrated by
Guo et al. to generate macroscopic flexoelectric fields capable of continuously tuning photoconductance
[Figure sH]™. By systematically adjusting the bending curvature, the photocurrent response could be tuned
in a nearly linear and reversible manner, without the need for external bias or compositional modifications.
These results demonstrate that flexoelectricity can serve as an intrinsic mechanism for dynamic
optoelectronic control. More recently, Cai et al. investigated freestanding perovskite oxide membranes and
found that bending not only amplified the net polarization but also produced abnormal flexural deformation
beyond classical elastic expectations [Figure 5I]'**.. These observations suggest that strain gradients strongly
influence both electrical and mechanical responses, reinforcing the view that flexoelectricity in membrane
systems can unlock functionalities that cannot be obtained in bulk materials or clamped films.

Applications of strain gradients and flexoelectricity

Flexo-photovoltaic effects

The coupling of strain gradients with light-matter interactions has opened new research directions that
combine electromechanics and optoelectronics. An example of this is the flexo-photovoltaic effect, which
describes the generation or modulation of photocurrent by strain gradient-induced polarization fields, even
in materials that lack spontaneous polarization. This concept expands the scope of photovoltaic phenomena
while representing a versatile means to control carrier dynamics via structural engineering.

An early experimental indication of strain gradient-driven photovoltaic behavior was reported by Chu et al.,
who investigated epitaxial BiFeO, thin films containing polymorphic phase boundaries””’’. At these
boundaries between tetragonal-like and rhombohedral-like regions, extremely large strain gradients were
observed, reaching values of approximately 3.3 x 10’ m™'. These gradients generated strong internal
flexoelectric fields capable of influencing carrier dynamics. Spatially resolved photocurrent mapping revealed
that the most intense anisotropic photocurrent signals were localized at these boundary regions [Figure
6A-C], establishing a direct correlation between large strain gradients and enhanced charge separation in
complex oxide thin films.

While Chu et al. demonstrated that strain gradient-driven photovoltaic responses can originate from strain
gradients that naturally form at polymorphic phase boundaries in BiFeO, thin films®’, Guo et al. investigated
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laser illumination. (J-O) Reproduced with permissiont3?). Copyright 2018, American Association for the Advancement of Science. AFM:
Atomic force microscopy; PFM: piezoresponse force microscopy; LSMO: La, ,Sr, :3MnO,; BFO: BiFeO,; PDMS: polydimethylsiloxane.

the same material as a freestanding membrane, with this distinct geometry used to deliberately impose
macroscopic strain gradients'®. This approach provided an externally controllable means to study the effect,
complementing the boundary-driven mechanism observed in thin films and offering a pathway to
mechanically tunable optoelectronics.

In later research, Guo et al. showed that bending freestanding BiFeO, membranes induces macroscopic
strain gradients that are capable of continuously regulating photoconductance!?”. A flexible
Pt/BiFeO,/La, ,Sr, ,,MnO, (LSMO) device was realized by transferring the heterostructure onto a
polydimethylsiloxane (PDMS) support [Figure 6D]. In this device, the bending radius R defined the
magnitude of the strain gradient in the membrane, with smaller radii corresponding to stronger gradients
[Figure 6E]. Under upward bending, asymmetric lattice distortions produced regions with distinct
polarization orientations [Figure 6F and G]. The resulting flexoelectric field coupled with the intrinsic
polarization-dependent field (E, ), thus modulating the photocurrent and photovoltage in a reversible

manner. The observation that bending directly altered the photoconductance confirmed the active role of
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flexoelectricity in the photovoltaic response of freestanding BiFeO,. To interpret this behavior, schematic
band diagrams were produced [Figure 6H and I], showing that, when BiFeO, polarization was oriented
upward, the flexoelectric contribution acted in the opposite direction, partially compensating E, and
reducing the carrier separation efficiency. In contrast, when the polarization was oriented downward, the
flexoelectric field reinforced E, ,

bidirectional tunability demonstrates that strain gradients can be harnessed to achieve multilevel

leading to steeper band bending and enhanced charge separation. This

conductance states in flexible oxide devices, establishing bending control as a practical strategy for tailoring
the optoelectronic performance of ferroelectric membranes and paving the way for the development of
mechanically reconfigurable photovoltaics.

In addition to polymorphic phase boundaries within BiFeO, thin films and bending-induced gradients in
freestanding membranes, strain gradients and their associated photovoltaic responses can also be realized
using scanning probes. Yang et al. demonstrated that controlled indentation with a scanning probe tip can
impose large local strain gradients, with the resulting flexoelectric polarization directly modulating the
photovoltaic effect in SrTiO, and TiO, single crystals”. In their photoelectric AFM configuration [Figure 6]
and K], a conductive tip applied local forces on the crystal surface while simultaneously collecting the
photocurrent. Under illumination, the short-circuit current was strongly dependent on the applied load, with
an increase in the force from 1 mN to 18 mN enhancing the photocurrent density by more than two orders
of magnitude [Figure 6L-N]. Current densities up to ~1 A cm™ were recorded within the nanoscale contact
area, far exceeding those of conventional Schottky junctions under similar conditions. This response was also
stable under sustained loading and reversible with repeated light cycling [Figure 60], providing compelling
evidence that strain gradient-induced flexoelectric polarization can produce a robust photovoltaic effect even
in centrosymmetric oxides, where conventional bulk photovoltaic effects are symmetry-forbidden.

Collectively, these studies establish flexo-photovoltaics as a versatile and broadly applicable mechanism for
light-to-electricity conversion. By demonstrating that strain gradients, whether they are naturally occurring
at phase boundaries, mechanically imposed in membranes, or locally generated via scanning probe
indentation, can generate or modulate a photocurrent, they extend the photovoltaic paradigm beyond
ferroelectric materials. This strong association between mechanical deformation and the photoresponse
means that flexoelectricity has the potential to play a significant role in the development of reconfigurable,
highly efficient, and multifunctional optoelectronic devices.

Catalysts

The recent combination of strain gradient engineering with catalysis has opened new opportunities because
flexoelectric polarization can directly modulate surface charge distribution and adsorption energetics. This
provides a new strategy to enhance photocatalytic, piezocatalytic, and electrocatalytic activities in complex
oxides and related materials.

Ultrasonication has proven to be a versatile method for the generation of strain gradients and activation of
flexoelectric polarization for catalysis. Cheng et al. systematically examined this approach in
centrosymmetric Ag,MoO, particles, comparing photocatalysis under simulated sunlight, flexocatalysis
under ultrasonic vibration, and flexo-photocatalysis under simultaneous excitation'®’. Flexo-photocatalysis
produced the strongest performance, with methylene blue degradation rates that were 1.88- and 23.07-fold
higher than photocatalysis and flexocatalysis alone, respectively [Figure 7A and B]. This enhancement was
attributed to ultrasound-induced strain gradients generating polarization fields that promoted charge
separation and accelerated activity.
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Figure 7. Flexoelectricity-enhanced catalytic activity in oxides and thin films. (A) Schematic of photocatalysis, flexocatalysis, and
flexo-photocatalysis in centrosymmetric Ag,MoO, under simulated sunlight and ultrasonic vibration. (B) Photocatalytic efficiency for
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Copyright 2021, Elsevier; (C) Finite-element modeling of the strain distribution generated by ultrasound-induced bubble cavitation in
SrTiO, nanoparticles. (D) Schematic of reactive oxygen species generation associated with flexoelectric polarization under
inhomogeneous strain. (C and D) Reproduced with permissiont®”. Copyright 2022, John Wiley and Sons; (E) Morphology of MnO,
nanoflowers composed of 2D nanosheets before and after ultrasonication. (F) Illustration of flexoelectric polarization in 2D
centrosymmetric MnO, under inhomogeneous strain. (G) Band-structure modulation by flexoelectric polarization. (H) Schematic of
catalytic reactions under dynamic flexoelectric polarization. (E-H) Reproduced with permissiont®?, Copyright 2023, John Wiley and Sons;
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of LaFeO; heterostructures for the oxygen evolution reaction (OER). (K) Gibbs free-energy calculations for the OER steps. (I-K)

Reproduced with permission®". Copyright 2024, AIP Publishing. 2D: Two-dimensional; RHE: reversible hydrogen electrode; LFO: LaFeO,;
LNO: LaNiO;; LAO: LaAlO,.

Building on this, Liu et al. investigated centrosymmetric SrTiO, nanoparticles in which ultrasound-induced
bubble cavitation produced localized strain gradients as large as 2.7 x 10° m™, far exceeding those typically
obtained in macroscopic bending experiments!'*’. These gradients induced flexoelectric polarization that
cyclically generated reactive oxygen species (-OH, -O,), leading to efficient pollutant degradation. SrTiO,
nanoparticles achieved a reaction rate constant of ~0.6 h* and degraded more than 92% of Rhodamine B,
confirming the catalytic efficacy of cavitation-driven flexoelectricity [Figure 7C and D]. The approach has
been extended to TiO, and mica, highlighting its utility with various centrosymmetric oxides.

More recently, Wu et al. expanded the concept to 2D semiconductors, reporting the first flexocatalysis in
MnO, nanosheet-assembled nanoflowers!*?.. Under ultrasonic simulation, the nanoflower morphology

promoted the generation of strong nanoscale inhomogeneous strain profiles, leading to dynamic flexoelectric
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polarization [Figure 7E and F]. These fields acted as an internal driving force for band-structure modulation
[Figure 7G] and sustained redox reactions [Figure 7H]. As a result, organic pollutants such as methylene blue
could be degraded within 5 min, with a performance comparable to state-of-the-art piezocatalysis while
maintaining excellent stability and reproducibility. Wu et al. also examined the effects of factors such as the
morphology, absorption, vibration intensity, and temperature, producing stronger mechanistic insights into
flexocatalysis in 2D systems'®.

These studies have established ultrasonication as a general and scalable route for the activation of
flexoelectric polarization for catalysis. Progressing from bulk oxides to nanoparticles and ultimately to 2D
semiconductors, ultrasound-driven flexocatalysis represents a powerful platform for environmental
purification and a promising extension of flexoelectricity into electrochemical functionalities.

In contrast to these ultrasound-driven approaches, Xu et al. recently demonstrated that flexoelectricity can
be harnessed in epitaxial thin-film heterostructures to enhance electrocatalytic water splitting™"). In their
work, LaFeO, thin films were grown on LaNiO,-buffered SrTiO, and LaAlO, substrates. Because the lattice
mismatch between LaFeO, and SrTiO, was relatively small, strain relaxation did not generate significant
strain gradients, thus flexoelectric polarization was negligible. In contrast, the larger mismatch with LaAlO,
induced pronounced strain relaxation, leading to strong strain gradients and measurable flexoelectric
polarization [Figure 7I]. Electrochemical testing revealed that both systems had similar onset potentials of
~1.57 V versus the reversible hydrogen electrode (RHE), but the LaFeO,/LaNiO,/LaAlOQ, films exhibited a
much steeper rise in the current density, leading to a ~300% enhancement in oxygen evolution reaction
(OER) activity relative to the SrTiO,-based heterostructure [Figure 7J]. Density functional theory and Gibbs
free-energy calculations further showed that, while later OER steps (*OOH formation) remained
comparable, a key difference was observed in step 1 (*OH formation). Here, the energy barrier was reduced
by 0.174 eV in the LaAlO,-based system, a consequence of flexoelectric band bending that strengthened
hydroxy absorption and accelerated electron transfer across the catalyst-electrolyte interface [Figure 7K].
These findings demonstrate that substrate-controlled strain relaxation can introduce flexoelectric
polarization that is absent in SrTiO,-based films, directly improving OER activity. This static, strain
gradient-driven approach complements ultrasound-based flexocatalysis, highlighting flexoelectricity as a
versatile strategy for catalytic enhancement in both environmental and energy applications.

Polarization switching and domain tailoring

The control of ferroelectric polarization through strain gradients is one of the most compelling
demonstrations of flexoelectricity in functional oxides because it provides a purely mechanical alternative to
conventional electric-field-driven switching. Straightforward mechanical estimations suggest that applying
only a few micronewtons of force through a sharp AFM tip can generate localized stresses of several
gigapascals, which decay within tens of nanometers from the contact center. This intense stress field couples
directly to the ferroelectric order parameter via piezoelectric and flexoelectric interactions. In ultrathin
ferroelectric films, this coupling lowers the coercive field, leading to polarization switching under purely
mechanical loading conditions.

Building on this concept, Lu et al. performed a pioneering experiment on epitaxial BaTiO, thin films,
demonstrating that AFM tip-induced strain gradients can mechanically write and erase ferroelectric domains
without an external electric field””. By applying only a few micronewtons of force, they showed deterministic
polarization reversal and nanoscale domain patterning, providing the first direct evidence that the
flexoelectric fields generated by strain gradients are sufficient to overcome the coercive barrier [Figure 8A
and B]. This established the “mechanical writing” of ferroelectricity and its potential for nanoscale data
storage and domain engineering [Figure 8C and D].
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Figure 8. Flexoelectricity-driven polarization switching and domain tailoring in ferroelectrics. (A) Schematic illustration of
AFM-tip-induced strain gradients in epitaxial BaTiO, thin films. (B) Free-energy landscape under a strain gradient. (C and D) AFM writing
experiments for (C) creation and (D) erasure of nanoscale domain patterns using only mechanical force. (A-D) Reproduced with
permission!!, Copyright 2012, American Association for the Advancement of Science; (E) Domain evolution in metastable CaTiO, after
mechanical writing at an ultralow force (=100 nN). (F and G) PFM signal analysis of domain stability and storage density. (F)
Cross-sectional PFM phase profiles measured after 120 min. (G) Time-dependent PFM amplitude as a function of time. (E-G) Reproduced
with permissiont®”.. Copyright 2022, American Physical Society; (H) Atomic-resolution strain mapping at ferroelastic twin walls in WO,
films. (1) Scanning-tip-controlled reorientation of ferroelastic walls. (H and |) Reproduced with permission®?. Copyright 2020, Springer
Nature. AFM: Atomic force microscopy; PFM: piezoresponse force microscopy.

Following this initial discovery, similar forms of mechanically induced polarization control have been
reproduced in a wide range of ferroelectrics, including BaTiO, thin films with top electrodes!*”, PbTiO,"**,
nanopolar regions in SrTiO,"*”, and multiferroics such as BiFeO,"* and TbMnO, . These studies have
confirmed that flexoelectricty-driven polarization switching is not confined to a single material system but
can be broadly applied to various materials, including perovskite oxides and multiferroics.

Lee et al. later extended this approach to metastable CaTiO, ferroelectrics, where the intrinsically low
coercivity enabled highly efficient switching under forces as small as ~100 nN'*”. This allowed the creation of
sub-10 nm domains, corresponding to an ultrahigh potential storage density of 2 1 Tbit cm™ [Figure 8E-G].
Their results demonstrated that flexoelectricity-driven mechanical switching is both feasible and scalable for

high-density data-storage technologies.

Flexoelectricity has also been observed in WO, thin films, with the ferroelastic domain walls acting as
functional sites. Yun et al. reported that ferroelastic twin walls in centrosymmetric WO, exhibit exceptionally
large strain gradients of ~10° m™ across widths of ~20 nm"?\. This led to enhanced piezoelectric-like behavior,
referred to as flexopiezoelectricity, despite the bulk being non-polar. Atomic-resolution scanning
transmission electron microscopy (STEM) confirmed lattice distortions, while differential phase-contrast
imaging visualized the associated depolarized fields [Figure 8H]. The extracted flexopiezoelectric coefficient
(~30] C") and lateral piezoresponse amplitude (~6 pm V) quantitatively established the strength of this
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Figure 9. Flexoelectronics enabled by strain gradient-induced polarization. (A and B) (A) Schematic and (B) finite-element simulation of
an AFM-tip-induced strain gradient in ultrathin SrTiO; films; (C) Band-structure evolution under increasing flexoelectric fields; (D-F)
Colossal flexoresistance in SrTiO,: (D) |-V curves under varying loading forces, (E) effective resistivity (p.;) as a function of the tip force,
and (F) p. as a function of strain gradient. (A-F) Reproduced with permissiont*.. Copyright 2019, Springer Nature; (G) Concept of
flexoelectronics in centrosymmetric semiconductors at a metal-semiconductor interface. (H and I) Experimental flexoelectronic transport
measurements in (H) TiO, and (1) Nb-doped SrTiO, under strain gradients. (G-1) Reproduced with permission'. Copyright 2020, Springer
Nature. AFM: Atomic force microscopy; CB: conduction band; VB: valence band.

effect. These ferroelastic walls could also be manipulated deterministically using scanning probe-induced
stress, which reoriented and aligned the domain-wall configuration [Figure 8I]. This demonstrated that shear
strain gradients at ferroelastic walls are active flexoelectric sources, providing the opportunity for
domain-wall-based electromechanical functionalities and nanoscale actuation.

Flexoelectronics

Flexoelectronics has expanded strain gradient engineering into electronic transport, offering a universal
mechanism for the modulation of conductivity in materials that are otherwise insensitive to conventional
polarization engineering. By exploiting the coupling between mechanical strain gradients and internal
polarization potentials, flexoelectronics provides a pathway to overcome the inability of dielectrics and
semiconductors to reversibly switch electronic states® without a catastrophic breakdown!*”.

Park et al. investigated this phenomenon in ultrathin SrTiO, films, where local strain gradients were
generated using an AFM tip [Figure 9A and B]"*’\. The intense nanoscale fields induced by flexoelectric
polarization modified the electronic band landscape, progressively reducing the effective tunnel barrier
height and eventually driving the conduction and valence bands to cross the Fermi level [Figure 9C]. This
crossing promoted the Zener breakdown!”’, producing an abrupt insulator-to-conductor transition.
Conductive AFM measurements revealed a dramatic drop in the resistivity of nearly 10°-fold at room
temperature, with clear load-dependent behavior [Figure 9D-F]. This colossal flexoresistance effect was
reversible; once the applied force was removed, the SrTiO, films recovered their insulating properties
without structural degradation. These findings demonstrate that flexoelectricity is a nondestructive method
for applying extremely strong internal electrostatic fields in dielectrics, enabling a form of electronic-state
switching that had long been thought unattainable.
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Wang et al. broadened this framework by demonstrating the flexoelectronic effect in a wide range of
centrosymmetric semiconductors, including Si, TiO,, and Nb-doped SrTiO,".. In this approach, the
flexoelectric polarization field acted as an internal gate, modulating the Schottky barrier height at the
metal-semiconductor interface [Figure 9G]. Redistribution of free carriers near the interface directly altered
charge transport, effectively allowing mechanical control of electronic states; this was demonstrated in TiO,
and Nb-doped SrTiO,, where the AFM tip loading modulated the current response [Figure 9H and I]. Strain
sensitivities exceeding 2,650 were reported, alongside ultrafast response times (< 4 ms) and a spatial
resolution down to ~0.78 nm. These performance metrics were a substantial improvement on those achieved
by state-of-the-art Si nanowire strain sensors, as well as piezoresistive and ferroelectric devices™.

Collectively, these results establish flexoelectronics as a generalizable approach for mechanically tuning
conductivity in both dielectric and semiconductors. By coupling strain gradients to polarization potentials,
flexoelectric fields enable the reversible, high-resolution, and ultrafast modulation of electronic transport for
potential use in mechanically gated transistors, ultrasensitive strain sensors, and multifunctional
electromechanical devices.

Control of magnetism or spin texture

The exploration of flexoelectricity in magnetic systems has recently uncovered new strategies to manipulate
spin order, magnetic phase transitions, and spin textures through strain gradients”””. These advances are
particularly significant because they provide mechanical pathways to engineer the Dzyaloshinskii-Moriya
interaction (DMI)©*7>7#, Néel temperature distribution"!, emergent polar-magnetic coupling"”**’, and
momentum-space spin textures””, phenomena that were previously thought to require non-centrosymmetric
lattices or strong external fields.

Zhang et al. demonstrated that graded strain can stabilize room-temperature magnetic skyrmions in the
centrosymmetric manganite LSMOP*. Using epitaxial growth on a NdGaO, substrate, their study engineered
tensile strain relaxation across the film thickness, generating strain gradients on the order of 10° m™ [Figure
10A and B]. This gradient broke inversion symmetry and induced an emergent DMI containing both
helicoid- and cycloid-type components. As a result, robust zero-field skyrmion lattices (~120 nm diameter)
and spin spirals (periodicity ~150 nm) were observed at 300 K [Figure 10C]"**l. Magnetotransport
measurements revealed topological Hall effect signatures, confirming their nontrivial topology. These
findings establish strain engineering as a viable route to stabilize chiral spin textures in correlated
centrosymmetric oxides.

Makushko et al. extended the scope of strain-gradient control of magnetism to antiferromagnetic insulators
by investigating Cr,O, thin films under strain gradients”””. They observed a vertical distribution of the N¢el
temperature ranging from ~60 ‘C near the interface to ~100 C at the surface of 50-nm-thick films [Figure
10D and E]. This inhomogeneous transition was quantified with a flexomagnetic coefficient of ~15 pB nm?,
providing direct evidence for the strain gradient-driven modulation of the antiferromagnetic order. This
study demonstrates that spatial gradients in structural parameters can be employed to control spin
superfluidity, magnonic excitation, and soliton dynamics, thus offering useful design rules for reconfigurable
spintronic devices™.

A complementary manifestation of symmetry engineering was reported by Liu et al., who introduced strain
gradients to Sr,IrO,, a centrosymmetric spin-orbit coupled antiferromagnet"*”. Breaking inversion symmetry
through nonequivalent O p-Ir d hybridization along the out-of-plane direction resulted in the simultaneous
emergence of a polar phase and an unconventional z-axis magnetic moment [Figure 10F]. The
flexomagnetoelectric coupling was confirmed by the ability to tune polarization through external magnetic
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300 K. (A-C) Reproduced with permission4. Copyright 2021, American Physical Society; (D and E) Flexomagnetism in Cr,O; thin films.
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antiferromagnetic (AFM)-paramagnetic (PM) transition as a function of temperature and coordinate z. (D and E) Reproduced with
permissiont’®). Copyright 2022, Springer Nature; (F and G) Flexomagnetoelectric effect in Sr,IrO, thin films. (F) Crystal schematic
highlighting broken inversion symmetry and orbital hybridization along the out-of-plane axis. (G) Out-of-plane magnetization as a function
of temperature. (F and G) Reproduced with permissiont>.. Copyright 2024, American Physical Society; (H-L) Flexoelectric polarization in
the ferromagnetic metal SrRuO;. (H) Schematic illustrating shear strain formation and its gradient in a SrRuO,/SrTiO; (111)
heterostructure. (1) Atomic-scale images of SrTiO; and SrRuQ, regions corresponding to the boxed areas in (J), showing B-site cation
displacement (d,) and the projected octahedral tilting angle (6). (J) Cross-sectional ABF-STEM image of the SrRuO, layer. (K) Spatial map
of cation displacement (J;) in (J). (L) Spatial map of octahedral tilt (8) in (J). (H-L) Reproduced with permissiont, Copyright 2024,
Springer Nature; (M and N) Strain gradient-induced momentum-space spin textures in SrlrO, thin films. (M) Thickness-dependent strain
relaxation and lattice constant variation. (N) Nonlinear magnetoresistance (NLMR) measured as a function of angle and temperature.
(M-N) Reproduced with permissiont””. Copyright 2024, Oxford University Press. LSMO: La,,Sr,:;MnO,; AFM: atomic force microscopy;
STEM: scanning transmission electron microscopy; PM: paramagnetic; ABF: annular bright field.

fields, mediated by strong spin-orbit interaction [Figure 10G]. These results revealed a microscopic
mechanism for coupled orbital-spin ordering and suggested that flexoelectric symmetry design can be
generalized to other centrosymmetric materials with strong electron correlations.

While polarity in metals is traditionally considered ill-defined, Peng et al. showed that flexoelectric fields can
induce and control bulk polarity in the metallic ferromagnet SrRuO,"”. Using heteroepitaxial growth, the
authors generated shear and longitudinal strain gradients that displaced Ru ions from centrosymmetric
positions, generating measurable bulk polarization [Figure 10H and I]. This flexo-polarization was correlated
with modifications in electronic bands and enhanced magnetic anisotropy, while maintaining metallic
conductivity. High-resolution STEM imaging and first-principles analysis confirmed the persistence of polar
displacements across structural domains [Figure 10J-L]. This challenges the conventional incompatibility
between polarity and metallicity, demonstrating that flexoelectricity provides a universal pathway to control
ferromagnetism in metals without suppressing electronic conduction.

Gu et al. also explored how strain gradients impact momentum-space spin textures in nominally
centrosymmetric SrIrO, thin films"””. Nonlinear magnetoresistance (NLMR) measurements revealed distinct

spin splitting in both fully strained and strain-relaxed films. In the film, continuous lattice relaxation
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generated gradients that broke inversion symmetry across multiple layers, producing large spin-split bands
and anisotropic spin textures in k-space [Figure 10M]. Experimentally, two branches of NLMR signals were
observed, corresponding to competing contributions from interface-induced and strain gradient-induced
spin splitting [Figure 10N]. Band structure calculations supported this interpretation, demonstrating that
flexoelectric strain gradients are efficient drivers of nontrivial spin textures in materials with strong
spin-orbit coupling.

Together, these studies firmly establish strain gradients as a powerful mechanism for tailoring magnetism
and spin textures over a diverse range of platforms. Their findings can be used to develop a variety of novel
device designs, including strain-tunable skyrmionics, reconfigurable antiferromagnetic racetracks,
flexomagnetoelectric memory, and spin-orbitronic transistors””*. Flexoelectricity is thus both a means to
modulate charge and polarization and a unifying principle for the mechanical control of spin phenomena in
correlated materials.

ELECTRIC-FIELD GRADIENT ENGINEERING

Converse flexoelectric effect

While strain gradients can be used to generate polarization and emergent electric fields via the flexoelectric
effect, this coupling is fundamentally reciprocal, with a spatial gradient in the electric field having the
potential to induce mechanical responses. This converse flexoelectric effect is based on the electric field
causing the material to bend, with inhomogeneous polarization generating additional mechanical stress. In
Equation (2), the first right-hand-side term is Hook’s law with the elastic constant at fixed polarization c,
while the second right-hand-side term is the converse flexoelectric response:

o=cu+——

Y Ox (2)
where p is the bulk flexoelectric coefficient and y is the clamped dielectric susceptibility'**!. Converse
flexoelectricity is allowed by symmetry in all materials, including non-piezoelectric materials, and thus holds
promise for use in various fields such as nanoscale actuators, sensors, and flexible electronics?”**,

Methods of electric-field gradient generation

Piezoresponse force microscopy (PFM) is a standard method for generating the converse flexoelectric effect.
During the PFM process, where a voltage is delivered to the surface of the material via an electrically
conducting tip, the electric field is not evenly distributed, with the field decaying as the tip moves away
[Figure 11A].

Work by Abdollahi ef al. on the effect of flexoelectricity on piezoelectric responses (i.e., the generation of
electricity under mechanical stress) during PEM operation has shown that this response is influenced by the
size effect™. This is because flexoelectricity is caused by a strain gradient, meaning a smaller contact surface
enhances the gradient, thus inducing a larger deformation. The contact surface area increases as a function of
the loading force of the tip, meaning that gradient-induced piezoelectricity is inversely proportional to
contact force. This distinguishes the converse flexoelectric response from the regular piezoelectric response
because the latter has no dependence on the contact area [Figure 11B]"**. Measurements of the piezoelectric
coefficient as a function of the tip loading force in a non-piezoelectric dielectric SrTiO, show that the
relationship is inversely proportional, confirming that converse flexoelectricity is responsible for the large
piezoelectric coefficients [Figure 11CJ.

Other methods used to generate an electric-field gradient for the converse flexoelectric effect include the
illumination of a transmission electron microscope (TEM) electron beam or an applied alternating voltage
for thin film samples”*!. Koirala ef al. used the illumination of a TEM electron flux to demonstrate



Kim et al. Microstructures 2026, 6, 2026062 Page 19 of 36

. amm
16 10 175
. . . —=— Simulation
Electric potential 14 - Flexoeleatric SITiO, 1507 & —O~— Experimental
12 © Piezoslectric quartz —
x o .
0 T T 100 \\{J
z g N\
&8 s 75 AN
38 4 38 NS
© ® 50 {)
4 .
25 \'\.\_
2 T ——a
00
0
b 0.1 1 10 100 0.1 1 10 100
F (uN) F (uN)
D E _ , oy
Piezoelectric bimorph 5
25X 10° actuators ’,’
\
\
E : w !
Al RSl (R r
25 4 g0 °
-4 2 ™
E é
2 15 .
: Flexoelectric
1 . actuators
6 . \
. N '
0.5} A Ny )
|
Increasing :
beam flux 0 50 100 150 200 250 300
e
J ‘nmzs) = Elastic layer

= Flexoelectric/piezoelectric layer

Figure 11. (A) Schematic of piezoresponse force microscopy measurement. (B) Hypothetical response of an archetypal piezoelectric
assuming an absence of flexoelectricity. (C) Effective piezoelectric coefficient as a function of applied force for SrTiO,. (A-C) Reproduced
with permission'?®), Copyright 2019, Springer Nature; (D) Curvature of a sample bending in response to increasing beam flux. Reproduced
with permissiont®3. Copyright 2018, American Chemical Society; (E) Schematic of flexoelectric actuation and piezoelectric bimorph
actuation in nanoscale actuators. Reproduced with permissiont?”). Copyright 2016, Springer Nature. PFM: Piezoresponse force microscopy.

flexoelectric bending in DyScO, films™!. Their results showed that the curvature of DyScO, samples becomes
saturated as a function of the electron flux [Figure 11D]. In insulators, charging is net positive for high
incident electron energies, resulting in the loss of secondary electrons. The charging scales with the electron
flux and is partially compensated by neutralizing processes such as the capture of electrons from other areas.
Thus, the top surface of the sample is positively charged with respect to the bottom, resulting in an
asymmetric charge distribution and consequently the converse flexoelectric effect.

Applications of the converse flexoelectric effect

The mechanical bending induced by the converse flexoelectric effect is a promising mechanism for actuators.
Maier et al. constructed a TiO,-based flexoelectric cantilever and measured the flexoelectric coefficient to be
~1.78 nC m'"*?. The viability of flexoelectric actuators has also been highlighted by Bhaskar et al., who

fabricated a silicon-compatible thin-film cantilever actuator with a single flexoelectrically active layer of
SrTiO, with a figure of merit of 3.33 MV [Figure 11E]"”".

Converse flexoelectricity also helps to understand ferroelectric domain-wall-related phenomena and other
boundaries in ferroelectric materials. Wang et al. studied the converse flexoelectric effect around the domain
walls in tetragonal ferroelectric PbTiO, using aberration-corrected TEM, first-principles calculations, and the
Landau-Ginzburg-Devonshire (LGD) theory!®. Their study revealed the important role of converse
flexoelectricity in the asymmetric structure around 90° domain walls.

The converse flexoelectric effect illustrates how externally applied electric-field gradients can generate
mechanical strain and structural asymmetry in oxide systems. Extending this concept from external-field
control to intrinsic material asymmetry, the following section introduces chemical gradient engineering,
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Figure 12. Different types of defects in transition-metal oxides: oxygen vacancies (V,), missing cation atoms from lattice sites (Vc), misfit
dislocation, grain boundaries, polar discontinuities, domain walls, ionic doping, and octahedral distortion. Reproduced with permissiontes,
Copyright 2020, The Royal Society of Chemistry.

where spatial variations in defect concentration and composition serve as internal drivers for polarization,

strain, and functionality in complex oxides.

CHEMICAL GRADIENT ENGINEERING

Defect gradient engineering

Despite the various physical phenomena induced by strain gradients, conventional approaches such as
substrate-induced lattice mismatches, epitaxial thickness variation, or mechanical bending, offer only limited
tunability and often suffer from strain relaxation or poor spatial reproducibility. In contrast, chemical
gradient engineering provides a more versatile route for the indirect induction of strain gradients by
exploiting composition-dependent lattice parameters or defect chemistry, thus controlling strain gradients,
defect- and ion-mediated functionalities, built-in electric fields, and enhanced coupling between multiple

degrees of freedom.

Complex transition-metal oxides can accommodate a wide range of defects, such as oxygen vacancies (V,),
cation vacancies, local structural distortion, grain boundaries, misfit locations, and impurities [Figure
12]1?22*5%] Recent advances in thin-film characterization and synthesis allow precise engineering of these
defects to create novel functionalities in oxides. Oxygen vacancies are the most frequent point defects,
affecting the structural and transportation properties of oxide thin films®>*>*>**_ In particular, oxygen
vacancies can promote ionic conductivity and significantly distort the equilibrium arrangement of atoms'*..
The presence of oxygen vacancies can also result in an increase in volume, meaning that oxygen vacancy
engineering has great potential for use in lattice and strain modulation.

Conventional methods of controlling oxygen vacancies focus on the use of strain engineering. For example,
in multiferroic CaMnO,, tensile strain favors the formation of oxygen vacancies. Experiments have shown
that the formation energy of oxygen vacancies can be decreased by 0.25 eV with the application of 3.78%
tensile strain®. First-principles calculations by Aschauer et al. showed that the formation energy of oxygen
vacancy defects has a strong dependence on strain, which is consistent with the fact that oxygen vacancies
increase the molar volume of oxides [Figure 13A]"***"*?. Furthermore, experiments on SrTiO, films using an
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with permissiont®3l. Copyright 2017, Springer Nature; (C) R, versus T for the same VO, device in its pristine state and in gated (1.8 V) and
reverse-gated (-0.8 V) states. (D) Sheet resistance for electrolyte-gated devices. (C and D) Reproduced with permissiont®*. Copyright
2013, American Association for the Advancement of Science; (E) lon bombardment-induced creation of V. (F) R-PFM image of a HZO
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SPM tip demonstrated controlled manipulation of the oxygen vacancy distribution using a mechanical
force!. The SPM tip created a stress-gradient-induced flexoelectric field, which induced movement in the
oxygen vacancies due to the depolarization field [Figure 13B].

The electric-field-induced creation and movement of oxygen vacancy defects is also an active topic of
research. Jeong et al. showed that electrolyte gating in VO, leads to the electric-field-induced creation of
oxygen vacancies due to the migration of oxygen from the oxide film into the ionic liquid [Figure 13C and
D]"¥. Another method for oxygen vacancy creation is ion bombardment, which has been demonstrated in
HfO, films, with ion bombardment also inducing changes in the ferroelectricity due to local helium

implantation [Figure 13E and F]**.

Methods for defect gradient generation
Doping-induced oxygen vacancy gradient engineering

Huang et al. demonstrated the use of the Schottky barrier formed at a metal/ferroelectric interface to tailor
the self-polarization states of the ferroelectric heterostructure SrRuQO,/(Bi,Sm)FeQ, [Figure 14A]"". Control

of Sm doping in (Bi,Sm)FeO, modulates the concentration and spatial distribution of oxygen vacancies'”.

First-principles density functional theory calculations showed that the formation energy of the oxygen



Page 22 of 36 Kim et al. Microstructures 2026, 6, 2026062

0.5
148 1502
A g 3
e o |
0.4} daasS £ |3 Nb:STO
o L3 &
g | = QE 103 (001)
= ] substrate
<03k 4.0 2 p= 24 2.6 28 3.0 32
k = N0.5F hv (eV) — BFO0 oo
= 1 — BFOI i
03k LY — Broz t100]
- L L L 0.0 AT MR U M | oo
0.00 0.05 0.10 20 22 24 26 28 3.0 32 )
Sm doping, x hv (eV)
Deformation (%)
4 DR 2w 20 40 160 1m0 180 130 200
[P - 2
2 = = 2 B
oo
3t Le b ®
¥
e > 1
[pod &
i L, E
= 2t 23
2 3 5 0.35 310%
2 m:g ........ o... 030 500°C, 0V 3
| 5 8 @ -
S : : ©%9 0 00 ® Og - 8
e v b+ (EEp)l - =
oy 5 4 == ——q S0.20 2]
0 E < =
E?' 3 2 c o 3
| _meP_=—= £ 0.5 . 3,
FEXIAL AE R A o " . =
sTO
0.05
[ vsz
2 v
C V5* depletion region e ° 0 e

T EY

—o—Pz
804 |—9—Px 480 F
——Ps
L
- —O—IAnge Jo 5 -
] P -
L LSAT | SMO a PLD plume
g 60+ ! 460 @ P [ J
.54 =
% 50 L c'—tm((g‘: [ Jeg
o 3
40 a0 & 5
®v
o9 ) |
] i 1 Oxygen scavenging & & &
2 4 6 8 10 12 14 16 18 20 22 SulsiER by YSZ £ @

Atomic rows

Figure 14. (A) Schottky barriers (left axis) and oxygen-vacancy energy (right axis) plotted as a function of Sm doping content x, and
absorption coefficients for (Bi,Sm)FeO, thin films. Reproduced with permissiont®®!. Copyright 2023, American Chemical Society; (B)
Quantitative analysis of Mn and O displacement and bond angles within an SMO film. (C) Polarization and polar rotation of the SMO
structure. Flexoelectricity induced gradual rotation of the in-plane polarization (P,). (B and C) Reproduced with permission!?®). Copyright
2016, American Chemical Society; (D) Schematic of the in-situ potential scanning geometry measurement system and the structure of the
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vacancy increases from ~3.8 eV to ~4.6 eV with Sm doping. This is due to the smaller ionic radius of Sm
compared to that of Bi, reducing the length of the lattice and thus binding strongly with oxygen. Sm doping
thus reduces the concentration of oxygen vacancies!””**). Notably, the BiFeO, films start to
exhibit polydomain states with Sm doping of 0.05 and 0.1, with the domain area reducing from ~6 x 10" to
~1.6 x 10° nm’. Considering that the downward electric field due to the interfacial barrier does not support
the appearance of upward polarization, the presence of polydomain states indicates that, in addition to the
interfacial Schottky barrier, other factors are involved in the formation of the as-grown domain state™. In
addition, charge screening by oxygen vacancies is considered a competing factor that accounts for the
evolution of polydomain states, with incomplete charge screening potentially causing a depolarization field
that destabilizes the single domain state.



Kim et al. Microstructures 2026, 6, 2026062 Page 23 of 36

Strain-induced oxygen vacancy gradient engineering

Research using aberration-corrected STEM in single-phase SrtMnO, (SMO) thin films has proposed that the
strain-induced polar gradient is associated with the gradient distribution of oxygen vacancy point defects™".
Guzman et al. probed oxygen deficiencies and the distribution of point defects in an SMO film, using
electron energy loss spectroscopy (EELS) to trace the depth profile of the Mn oxidation state””*’. The Mn
oxidation state increased gradually toward the top of the film, where the change in the epitaxial tensile strain
due to strain relaxation created an oxygen vacancy gradient. While Mn atoms shifted gradually from ~0 pm
near the interface to 12 pm deeper in the film, O atoms varied from ~10 pm to 25 pm. The larger
displacement of O resulted in a decrease in the Mn-O-Mn bond angle [Figure 14B]. The gradient of bond
angles led to variation in the superexchange paths, resulting in local changes in the Neel temperature. The
displacements in this new atom arrangement resulted in rotated polarization due to vertical flexoelectricity
being coupled to horizontal ferroelectric distortion.

The displacement mapping in Figure 14C shows that the polarization component P, ., appeared to be
constant along the in-plane direction, while the P, ,,,, component contained two domains with different
polarization. This led to a rotation of the in-plane polarization of about ~15°, resulting in a polarization
gradient. Overall, this study demonstrated an oxygen vacancy-mediated route to induce polar rotation.

Probing the vacancy behavior in complex oxide heterointerfaces has become more important in recent years.
A study on multilayer SrTiO,/yttria-stabilized zirconia (YSZ)/SrTiO,/YSZ grown on a single-crystal
Nb:SrTiO, substrate demonstrated vacancy distribution gradients within the oxide films due to oxygen
scavenging during pulsed laser deposition (PLD)"*’. Zhu et al. measured the local surface potential variance
orthogonal to the interface of the multilayer SrTiO,/YSZ oxide in cross-sectional films using
high-temperature scanning surface potential microscopy (SSPM) [Figure 14D]. The results revealed a
reduction in the concentration of oxygen vacancies from ~3.1 x 10* cm”in the bulk to 6.3 x 10"*cm™ at the
Nb:SrTiO,/SrTiO, interface [Figure 14E and F]. This study thus presents an approach for controlling oxygen
vacancy distribution gradients across scavenging/non-scavenging heterointerfaces to fabricate new
functional heterostructures*'l,

Functionalities of defect gradients

One of the functionalities generated by point defect gradients is the ferroelectric resistive switching behavior
shown in SrRuO,/(Bi,Sm)FeO,/Pt ferroelectric diodes with Bi, Sm FeO, (x = 0, 0.05, and 0.1, corresponding
to BFOo, BFO1, and BFO2, respectively)”. The high oxygen vacancy concentration near the top of BFOo
results in n-type heavy doping. The upward polarization after -V poling enhances the ohmic contact of
BFOo0/Pt and the Schottky barrier at the SrRuO,/BFO0 interface due to the opposite bounding charges at the
two interfaces [Figure 15A]. This leads to highly asymmetric I-V conducting behavior, and polarization
switching effectively promotes the migration and redistribution of oxygen vacancies in these films [Figure
15B]. Overall, the gradient distribution of oxygen vacancies induced by polarization reversal contributes to a
considerable on/off ratio enhancement of ~1.1 x 10° in the BFO0 device [Figure 15C], along with an ultralow
writing current density of ~132 A cm?, a fast writing speed of ~30 ns, and long data retention unprecedented
in previously reported systems''*.

Cation vacancy point defects are also a useful control parameter, affecting various properties such as
ferroelectricity and the carrier density®***”). Tracking the combined influence of growth parameters during
the PLD growth of ferroelectric Pb(Zr,,Ti, ,)O, (PZT) using in-situ optical second harmonic generation
(ISHG), Sarott et al. reported that the Pb gradient favored downward polarization with an increase in the
oxygen partial pressure and substrate temperature [Figure 15D]"*). For example, when increasing the growth
temperature, the enhanced volatility and mobility of Pb led to a Pb gradient across the film thickness. The
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positively charged Pb-excess region near the surface then induced downward-oriented polarization [Figure
15E]. This demonstrates that the use of a defect gradient-mediated mechanism controlled by PLD growth
parameters can effectively control out-of-plane polarization in ferroelectric PZT thin films.

Doping gradient engineering

Another actively studied method for imposing a chemical gradient on functional oxide thin films is the use
of a doping gradient, where the chemical composition of the film is graded across the thickness of the
material. On a unit-cell scale, the inversion symmetry of ferroelectric materials is broken. In addition to this,
compositionally graded ferroelectric thin films exhibit macroscopically broken inversion symmetry across
their thickness"**. Compared to single-component ferroelectrics, the degeneracy between the two polarized
states in these materials is broken by a built-in electric field. These built-in fields can directly affect
polarization characteristics and susceptibility in ferroelectrics, leading to potential novel applications such as
nonvolatile memories, piezoelectric sensors, and actuators? 25,
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Figure 16. (A) PbZr,,Ti,O, phase diagram. (B) Bulk lattice parameter and calculated misfit strain. (C) Schematics of compositionally
graded heterostructures. (A-C) Reproduced with permissiont®®, Copyright 2015, American Chemical Society; (D) Characterization of
compositionally graded PZT film (TOF-SIMS). (E) Zr/(Zr+Ti) molar ratio of PZT films and particles spontaneously synthesized in the
same autoclaves measured using EDS. (F) SEM images of PZT films and particles by the hydrothermal synthesis. Schematic illustrations of
the four steps in competitive growth are displayed below. (D-F) Reproduced with permissiont”), Copyright 2025, Springer Nature.

Methods for inducing doping gradients

Compositionally graded heterostructures

Agar et al. synthesized the compositionally graded heterostructures PbZr, Ti O,/30 nm SrRuO,/GdScO,
(110) using pulsed laser deposition from two targets that differed in their composition and a programmable
target rotator synced with an excimer laser". Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
revealed that the Zr and Ti ion concentration ratio gradually changed over the thickness of the
compositionally graded films [Figure 16A and B]. X-ray diffraction reciprocal space mapping (RSM) revealed
that up-graded bilayers generally had a tetragonal-like structure, while down-bilayer variants exhibited peaks
for both the rhombohedral and tetragonal phases and complete strain relaxation. Imaging of the ferroelectric
domain structures of these variants using PFM showed that up-graded films contained structures consisting
of out-of-plane and in-plane domains, while the down-graded variants had the domain structure expected
for a tensile strained tetragonal phase [Figure 16C]. These results confirmed that compositional gradients can
be used to extend the range and strength of strain to a larger extent than would be possible in a single-layer
film. In terms of their ferroelectric hysteresis, the up-bilayer and up-graded heterostructures exhibited
significantly shifted hysteresis loops and large saturation and remnant polarization. Structural analysis also
indicated the preservation of compressive strain in the up-graded films, resulting in strain gradients as large
as 4.3 x 10°m’’, which led to the generation of a built-in field"*>"**).

Zhang et al. recently reported a solution epitaxy of compositionally graded PbZr Ti, O, with a continuous Zr

concentration gradient realized by competitive growth"””. TOF-SIMS revealed a composition gradient where
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the Zr content gradually decreased from the surface to the interface [Figure 16D and E]. The growth
mechanism for the composition gradient was the competitive relationship between homogeneous nucleation
growth of PZT particles and the heteroepitaxy of PZT films on the Nb:SrTiO, substrate [Figure 16F]. The
epitaxial growth of PZT films was suppressed during the initial stage, while the Zr content in the particles
was higher than the designed molar ratio of ~10%. When the reaction time was extended, the Zr content in
the films increased, while that in the particles decreased. The particles underwent rapid homogeneous
nucleation to form pure-phase Zr-rich PZT particles. During subsequent growth of the particles, Ostwald
ripening led to the re-dissolution of metastable Zr-rich PZT particles, leading to an increase in the Zr content
and promoting the heteroepitaxy of PZT. Accordingly, a composition gradient formed before a dissolution
balance was achieved.

Functionalities of doping gradients

Pyroelectric and dielectric properties

The compositional gradients in thin-film heterostructures can independently tune pyroelectric and dielectric
responses. Research on compositionally graded PbZr, Ti O, revealed strain gradients larger than 10° m™ that
generated high built-in-potentials that effectively reduced the permittivity while maintaining the large
pyroelectric responses*. As shown by analysis of polarization-electric field hysteresis loops and dielectric
permittivity, the hysteresis loops of compositionally up-graded heterostructures shifted due to the presence
of a built-in potential arising from the flexoelectric coupling between the strain gradient and polarization in
an out-of-plane direction. A significant difference in the dielectric permittivity was also observed for the
single-layer and compositionally graded films. The compositionally down-graded heterostructures exhibited
large dielectric permittivity due to their complex domain structure, while the up-graded films were
characterized by low dielectric permittivity due to the presence of a built-in potential [Figure 17A]. The
single-layer PZT and compositionally up-graded heterostructure had a pyroelectric coefficient of
~229 uCm™ K", indicating that the presence of the built-in potential did not influence the pyroelectric
response. The down-graded heterostructures had a coefficient of ~185 pC m™ K due to the in-plane
tetragonal domains contributing a lower pyroelectric current than that of the tetragonal ¢ domains in the
up-graded films [Figure 17B].

In another study, solution epitaxial competitive growth produced single-domain compositionally graded
PZT films with an extremely low dielectric permittivity (~50) and excellent frequency and temperature
stability"””. The low dielectric permittivity enabled the authors to obtain a figure of merit that was ~1.5 times
higher than that of conventional PZT films [Figure 17C]. The composition gradient also resulted in a strong
photovoltaic effect and pyroelectric current in the ultraviolet and near-infrared range.

Polarization gradients

Damodaran et al. demonstrated the manipulation of polarization gradients in Ba,_Sr TiO, films arising from
composition and strain gradients, resulting in spatial polarization gradients as large as 35 pC cm™across a
150 nm film"**. High-angle annular dark-field (HAADF)-STEM-based polarization mapping of the
compositionally graded heterostructures revealed a tendency for the system to create 180° domain structures
as a mechanism for screening depolarization effects that arise from the polarization gradient [Figure 17D].
Dielectric measurements of Ba, Sr, , TiO, heterostructures revealed a strong temperature-dependent

response; in contrast, the compositionally graded heterostructures demonstrated consistently high dielectric
permittivity values and high temperature stability [Figure 17E].

Domain structure engineering

Compositionally graded ferroelectric films also show novel features such as highly mobile ferroelastic
domain walls. Using controlled composition and strain gradients in compositionally graded PbZr Ti O,
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Figure 17. (A) Dielectric permittivity for single-layer and compositionally graded heterostructures. (B) Sinusoidal temperature variation
applied to extract the pyroelectric responses of single-layer PZT20:80 and compositionally up-graded and down-graded heterostructures.
(A and B) Reproduced with permissiont™®. Copyright 2013, American Chemical Society; (C) Dielectric properties of compositionally
graded PZT films with an AC excitation voltage of 500 mV. Reproduced with permissiont©”1, Copyright 2025, Springer Nature; (D)
Cross-sectional HAADF-STEM image of the top 72 nm of a compositionally graded heterostructure. (E) Wide-range temperature-stable
dielectric permittivity. (D-E) Reproduced with permissiont©8), Copyright 2017, Springer Nature; (F) Ferroelectric hysteresis loop of
compositionally graded PbZr,,Ti O, heterostructures and corresponding amplitude and phase images from band-excitation switching
spectroscopy at various stages (a-f) of ferroelectric switching. Reproduced with permissiont©®. Copyright 2016, Springer Nature.
HAADF-STEM: High-angle annular dark-field-scanning transmission electron microscopy; PZT: PbZr,Ti, ,O,.

heterostructures, Agar et al. used TEM-based nanobeam diffraction and nanoscale band-excitation switching
spectroscopy to demonstrate deterministic control of ferroelastic domains"’. The compositional and strain
gradients preferred the stabilization of needle-like domains that are highly unstable in the out-of-plane
direction but remain spatially fixed in plane under successive field cycling. These volatile domain walls led to
a locally enhanced piezoresponse as a result of the in-plane polarized domains expanding towards the free
surface [Figure 17F].

Synergistic effects of different gradients

Strain, chemical, and field gradients in solids are often interconnected via lattice distortion, charge
redistribution, and symmetry breaking. Coupling between these gradients can reinforce or otherwise modify
the material response, producing synergistic effects that cannot be replicated with single-gradient
engineering. Capturing this interaction is essential for a comprehensive understanding of gradient-driven
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functionalities.

Chemical gradients are often coupled with strain gradients. Flexoelectric fields can lead to defect gradients,
including cases where an SPM tip creates a stress-gradient-induced flexoelectric field that results in oxygen
vacancy movement®. Similarly, studies of SrMnO, have found that a change in the epitaxial tensile strain
along the depth of the film creates an oxygen vacancy gradient™!. Chemical gradients can also lead to large
strain gradients due to gradual changes in the lattice parameters, including in compositionally graded
films""*>*!. For example, compositionally graded PbZr Ti, O, has been shown to contain strain gradients as

large as 4.3 x 10° m™, leading to the generation of a built-in field"*.

The synergistic coupling of strain, chemical, and field gradients in oxide thin films can also generate
emergent functionalities. While homogeneous doping introduces static disorder without spatial charge
redistribution, gradient engineering generates self-reinforcing feedback in which strain gradients induce
flexoelectric fields that actively modulate defect migration, establishing a dynamic coupling that is absent
when uniform modification is employed. In compositionally graded PbZr Ti, O, the synergistic interaction
between chemical and strain gradients generates built-in polarization fields exceeding those from static
doping alone"*). Unlike heterostructuring, which localizes effects to discrete interfaces, gradient engineering
distributes continuous strain gradients across the material volume, simultaneously activating flexoelectricity,
oxygen vacancy migration, and polarization switching. Gradient engineering couples multiple order
parameters (e.g., lattice distortion, charge density, and polarization) in a spatially-modulated manner,
generating collective phenomena in which individual gradient effects are amplified through nonlinear
interactions - effects that isolated compositional, mechanical, or electrical perturbations cannot achieve.

FLEXOELECTRICITY IN NON-OXIDE MATERIALS

Although this review primarily focuses on gradient engineering and flexoelectricity in oxide heterostructures,
it is important to note that flexoelectric phenomena are not exclusive to oxides. Rather, flexoelectricity is a
general electromechanical response to spatial inhomogeneity and has been increasingly observed in
non-oxide material systems. For example, recent studies have reported gradient-induced polarization

46,47

responses in 2D materials"*"?!, polymers"**”), biological materials"*'*, metals"*'"”), and ice!**\.

In 2D materials such as van der Waals crystals'*'? and transition-metal dichalcogenides?, flexoelectricity
can emerge due to thickness confinement, curvature effects, and interfacial asymmetry. Even modest
mechanical deformation or interlayer misalignment can generate large local gradients, producing
electromechanical responses absent under uniform strain. Similarly, in polymeric and soft materials,
flexoelectric responses arise from bending- or indentation-induced strain gradients combined with a low
elastic stiffness, producing measurable signals even with weak mechanical stimuli. This makes polymer
platforms attractive for use in soft electromechanical transducers', energy-harvesting architectures'”, and
flexible wearable sensors'*”..

Flexoelectric effects have also been reported in biological materials, where hierarchical structures naturally
give rise to intrinsic mechanical gradients, as found in cells"'"'*?, biomembranes"*, sensory systems such as
hearing organs'""”), and load-bearing tissues including bone>"'*"'*). These observations suggest a potential
role of flexoelectricity in biological sensing and signal transduction. More recently, demonstrations of
flexoelectric polarization in metals"*'"”’ and hydrogen-bonded solids, including ice***"), have challenged the
conventional view that electromechanical coupling requires insulating or ferroelectric materials. In these
systems, local structural or electrostatic gradients can induce polarization even in the presence of a high
carrier density or strong hydrogen bonding.
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Despite these advances, oxide heterostructures remain one of the most useful platforms for studying and
exploiting flexoelectricity due to their structural versatility, chemical tunability, and compatibility with
epitaxial growth. In addition, the precise control of strain, field, and chemical gradients and their coupling to
other functional degrees of freedom offer a well-defined framework for the development of specific design
principles. In particular, the gradient engineering concepts that have been developed using oxide
heterostructures, including controlled strain relaxation, interfacial asymmetry, and compositional gradients,
offer valuable guidelines for extending flexoelectric functionality to non-oxide materials. Key requirements
include the ability to sustain stable spatial gradients and the presence of sufficient electromechanical and/or
dielectric responsiveness. In this context, flexoelectricity has the potential to serve as a unifying framework
for the generation of gradient-driven functionalities in various oxide and non-oxide material platforms.

CONCLUSIONS

This review systematically analyzed strain®*>***?, field***”*, and chemical gradient engineering"**'* in
oxide materials. As summarized in Table 1, active research in these areas has revealed various promising
functionalities. In many cases, these gradients are present at the same time, producing a wide range of novel
emergent phenomena. The universality of gradient engineering across a wide range of oxide materials,
together with its enhancement at the nanoscale and independence from symmetry constraints, has
established it as a versatile design principle for future oxide-based functional materials, with applications that
can include energy harvesting, sensing, neuromorphic computing, and sustainable catalysis. In addition,
industrial applications of oxide thin-film gradient engineering are increasingly taking advantage of
flexoelectricity for use in energy harvesters and self-powered sensors because flexoelectric energy harvesting
exhibits a universal presence and can outperform traditional piezoelectrics, which often fail when applied to
nanoscale dimensions.

Nevertheless, several fundamental challenges need to be overcome to fully realize the potential of gradient
engineered oxide heterostructures. For example, the entanglement of flexoelectric effects with other
electromechanical phenomena or interfacial effects - such as intrinsic piezoelectricity arising from

117,118 119-121]

defect-induced symmetry breaking"'”'**! and ferroelastic domain-wall contributions! - complicates
quantitative analysis and mechanism validation. Current fabrication approaches also struggle to achieve
reproducible control of the magnitude and spatial distribution of strain gradients, with gradient profiles
varying considerably between samples due to interfacial roughness, relaxation dynamics, and
processing-induced defects!">**. Furthermore, engineering challenges such as the dynamic stability of
gradients under operational conditions need to be addressed to support the development of functional
devices. Strain or electrostatic gradients introduced during fabrication may relax or be reconstructed under
thermal cycling or the long-term application of an electrical bias, leading to unreliable functionalities">*").
Quantifying the lifetime and robustness of these gradients, as well as identifying strategies for stabilized
gradient control, is essential. Addressing these challenges is required to both advance the fundamental

physical understanding of gradient-induced effects and enable practical device integration.

Recent advancements in in-situ and operando characterization techniques such as biasing or bending
TEM"*, synchrotron nanodiffraction"*), and spectroscopic probes!" support the real-time visualization of
lattice deformation, defect migration, and polarization evolution under external stimuli. These approaches
can be used to quantitatively understand gradient-driven coupling in complex oxides. In parallel, the rapid
progress of machine-learning approaches in atomic-resolution imaging and data analysis is opening new
possibilities for the optimization of strain gradient designs!**'""**/. By extracting structural and electronic
information directly from high-resolution datasets, machine learning can accelerate the discovery and
control of gradient profiles, offering a pathway toward data-driven material design.
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Table 1. Summary of reported strategies to induce the flexoelectric effect by gradient type

Gradient Strain
Material Structure gradient Application Reference
type .
[m7]
Strain BiFeO, Thin film 3.3 %107 Flexo-photovoltaic [20]
gradient |
’ Film " )
BiFeO, (100 nm) 7.55 %10 Flexo-photovoltaic [29]
SrTiO, Single crystal >1.0 x10° Flexo-photovoltaic [30]
TiO, Single crystal >1.0 x 10° Flexo-photovoltaic [30]
. Flexo-photocatalysis
Ag,MoO, Particle (organic pollutant degradation) [60]
. . Flexocatalysis
6
SrTiO, Nanoparticle 2.7 %10 (dye degradation) [61]
MnO, Nanosheet-assembled 107 Flexocatqusm (organic pollutant [62]
nanoflowers degradation)
LaFeO, Thin film ~3.0 x 10¢ OER [31]
BaTiO, Thin film ~108 Polarization switching [25]
CaTiO, Thin film ~108 Polarization switching [67]
Film . S
WO, (-600 nm) ~10 Domain tailoring [32]
SrTiO, Thin film ~107 Resistivity modulation [33]
Nb:SrTiO, Single crystal Flexoelectronics [9]
TiO, Single crystal Flexoelectronics [9]
LSMO Film ~5.0 x10° Magnetic skyrmion [34]
(50-200 nm) )
Cr,0 Film Flexomagnetism [75]
3 (30-250 nm)
Sr,lrO, Thin film 1.05 x 10°® Flexomagnetoelectric effect [35]
SrRuQ, Thin film 3.5 x10¢ Ferromagnetic polar metal [17]1
SrlrO Film 1.75 % 10¢ Nonlinear magnetoresistance [77]1
? (~80 nm)
Electric-field  TiO, Thin film Flexoelectric cantilever [52]
gradient
SrTiO, Thin film Actuator [27]
PbTiO, Thin film Domain tailoring [85]
Chemical (Bi,Sm)FeO, Thin film Ferroelectric resistive switching [96]
gradient
Pb(Zr,,Tigg)O; Thin film Polarization control [103]
. Large dielectric permittivity,
Compo§|t|onally graded Thin film >1.0x10° pyroelectric coefficient, photovoltaic [106,109]
PbZr,,Ti,O, o
effect, domain tailoring
Compositionally graded  Film . . . "
Pbzr, Ti.O, (900 nm) High dielectric stability [107]
Compositionally graded - Film Large polarization gradients [108]

Ba, Sr,TiO; (150 nm)

OER: Oxygen evolution reaction.

In the future, gradient engineering is also expected to extend beyond traditional oxide systems to include

unconventional materials such as 2D materials!**"*"), high-entropy oxides!"**'*), hybrid perovskites®*!],

]

molecular crystals"*, and hydrogen-bonded solids"***". In particular, high-entropy oxides represent a critical

platform for gradient engineering, including strain gradients"** and chemical gradients"**'*). Recent studies

of flexoelectricity in ice***! highlight this emerging research direction, suggesting that gradient-driven
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electromechanical phenomena may be far more universal than previously recognized. Nevertheless, for these
extensions to be viable, target materials must accommodate spatially non-uniform structural or electrostatic
perturbations and exhibit sufficient electromechanical or dielectric responsiveness to translate gradients into
functional polarization. Accordingly, the ability to sustain stable strain, electric-field, or chemical gradients is
a prerequisite for transferring oxide-based gradient engineering concepts to unconventional materials.

Ultimately, the convergence of strain, electrical, and chemical gradient engineering has established a new
paradigm for functional material design, particularly gradient-induced flexoelectricity, and the resulting
emergent properties can be intentionally programmed using spatially varying fields. Future research
directions should increasingly focus on expanding this paradigm beyond oxide materials, integrating it with
low-dimensional and heterogeneous systems, and bridging fundamental discoveries with device-relevant
length and time scales.
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