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Flexoelectric effect describes the electromechanical coupling between the strain gradient and its internal polarization in all
dielectrics. Despite this universality, the resulting flexoelectric field remains small at the macroscopic level. However, in nano-
systems, the size-dependent effect of flexoelectricity becomes increasingly significant, leading to a notable flexoelectric field that
can strongly influence the material’s physical properties. This review aims to explore the flexoelectric effect specifically at the
nanoscale. We achieve this by examining strain gradients generated through two distinct methods: internal inhomogeneous strain
and external stimulation. In addition, advanced synthesis techniques are utilized to enhance the properties and functionalities
associated with flexoelectricity. Furthermore, we delve into other coupled phenomena observed in thin films, including the coupling
and utilization of flexomagnetic and flexophotovoltaic effects. This review presents the latest advancements in these areas and
highlights their role in driving further breakthroughs in the field of flexoelectricity.
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1. The concept of Flexoelectric Effect

The flexoelectric effect describes the electric polarization in-
duced by strain gradients. The strain gradient fundamentally
breaks the inversion symmetry within the crystal, resulting
in relative atomic displacements within the lattice. This
deformation leads to an asymmetric relative displacement
and redistribution of ion charges, resulting in the generation
of net charges and subsequent internal polarization, as shown
in Fig. 1. Hence, the flexoelectric effect is universally
exhibited in dielectric materials regardless of their lattice
symmetry, potentially leading to intriguing phenomena, such
as the observation of flexoelectricity in nonpiezoelectric
materials.1

Generally, the flexoelectric effect in dielectric materials
can be written as2

Pl ¼ �ijkl
∂uij
∂xk

; ð1Þ

where Pl is the induced polarization, ∂u=∂x is the strain
gradient component and �ijkl is the direct flexoelectric coef-
ficient with respect to strain gradient, a fourth rank tensor.

2. A Brief History of Flexoelectric Development

Flexoelectricity refers to the electromechanical coupling
phenomenon wherein an electric field is generated by a strain
gradient. The theoretical prediction of this effect was made
by Kogan in 1964,3 who proposed that the polarization
induced by piezoelectric materials is not solely determined
by material deformation, but also by the spatial derivative of
strain, i.e., the strain gradient, for center-symmetric crystals
subjected to nonuniform deformation, only strain gradient
contributes to the polarization. Experimental confirmation
of the flexoelectric effect was provided by Bursian and
Zaikovskii in 1968.4 Tagantsev’s5 work in the 1980s further
delved into the investigation of flexoelectricity in crystalline
materials and revealed that the flexoelectric coefficient is
directly proportional to the dielectric constant of the material.
Initially, early researchers believed that the flexoelectric
coefficient in solid dielectrics was negligibly small, ranging
from 10�10 C/m to 10�11 C/m. However, in the 2000s, Cross
et al.6,7 conducted studies on flexoelectricity in various pie-
zoelectric materials and discovered a significant enhancement
of the flexoelectric coefficient (around 10�6 C/m) in relaxor
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ferroelectric lead magnesium niobate (PMN) ceramics. Con-
sequently, the flexoelectric effect in solid materials started to
receive increased attention. The presence of grain boundaries,
polarity, or surface piezoelectricity in bulk materials intro-
duces complexities when attempting to measure the pure
flexoelectric effect. Distinguishing the flexoelectric effect
from other contributing factors during experimental mea-
surements becomes challenging due to the influence of grain
boundaries. Therefore, the identification and isolation of
the pure flexoelectric effect pose experimental difficulties. In
the 2004s, Zubko et al.8 conducted a comprehensive investi-
gation of the flexoelectric effect in single-crystal bulk stron-
tium titanate using a mechanical bending method. Through
carefully designed experiments, they successfully demon-
strated the presence of strain gradient-induced polarization,
confirming the existence of the flexoelectric effect in solid
bulk materials. Strain engineering techniques leverage sub-
strate-induced stress to modify the properties of thin films,
utilizing the coupling between strain gradients and polariza-
tion to achieve performance modifications. Starting from

2011, Catalan et al.9,10 conducted studies on the strain dis-
tribution in ferroelectric PbTiO3 epitaxial films and PbZrO3-
based anti-ferroelectric thin films. By relieving the mismatch
with the substrate through domain formation, they proposed
a novel physical technique that exploits the coupled
flexoelectric effect, capable of inducing polarization rotation
in amorphous ferroelectric materials. In 2012, Lu et al.11

employed atomic force microscopy (AFM) to investigate the
phenomenon of ferroelectric domain polarization direction
reversal induced by the flexoelectric effect in heterogeneous
films of BaTiO3 (BTO). In 2018, Yang12 found that non-
piezoelectric SrTiO3 crystals exhibit a tendency to generate
local strain gradients when subjected to an atomic force mi-
croscope (AFM) tip. This localized generation of strain gra-
dients leads to local flexoelectric polarization, which has a
significant impact on the photovoltaic effect observed in
SrTiO3 crystals. Building upon this work, Shu et al.13 pro-
posed a novel phenomenon known as the “photoflexoelectric
effect” in 2020. They put forward the idea that light absorption
can be utilized to enhance the flexoelectric response. Through
experimental evidence, they demonstrated the existence of
photoflexoelectricity in halide perovskite materials. Under
illumination, these materials exhibited effective flexoelectric
coefficients several orders of magnitude larger than those
observed in the absence of light. In recent years, an increasing
number of studies have focused on investigating the flexo-
electric effect in two-dimensional (2D) materials.14–16 These
materials possess remarkable flexibility, and simple bending
induces significant strain gradients. Additionally, advance-
ments in self-supporting thin-film fabrication techniques17,18

have further expanded the range of applications for 2D
materials. The progress in these field, as depicted in Fig. 2,
highlights the immense potential of the flexoelectric effect in
semiconductor electronics and optoelectronic devices.

3. Flexoelectric Effect at Nanometer Scale

Despite the universality of the flexoelectric effect, its resulting
field at the macroscopic level remains relatively small. For
instance, the strain gradient achievable through mechanical
bending of a bulk solid does not exceed 10�1 m�1, resulting
in a flexoelectric polarization of about 10�9 �C cm�2

Fig. 2. Time line illustrating the major milestones in the investigation of the flexoelectric effect.

Fig. 1. Origin of flexoelectric effect in crystals. (a) Structure of
elementary charges without dipole moment. (b) Under inhomoge-
neous deformation, a dipole moment via the flexoelectric effect was
induced within the unit cell.
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(compared to piezoelectric polarization (�10�1 �C cm�2)
which is essentially negligible).19–22 However, when the
material dimensions are scaled down to the nanometer range,
the magnitude of the strain gradient becomes significantly
pronounced due to its inverse relationship with the lattice
relaxation length, as shown in Fig. 3. For instance, a strain
change of 1% within a 10 nm range yields a substantial strain
gradient of 106m�1.14,23 The induced flexoelectric field can
reach significant magnitudes that affect the material’s physical
properties. For example, in epitaxial thin films, strain can be
generated due to lattice mismatch at the interfaces, and this
strain has been found responsible for modifying the phase
diagram24,25 and shifting the transition temperature.20,26

However, strain itself cannot fully explain the observed dif-
ferences in properties between bulk materials and thin films.
Studies have indicated that strain gradients also influence
polarization and are accountable for the observed dielectric
peak smearing. However, it is important to note that the esti-
mation of this strain gradient is based on numerical calcula-
tions of the lattice parameter change, as the fundamental
challenge of directly measuring flexoelectric coefficients in
thin films remains unresolved. Unlike the methods employed
in bulk material studies,2,8 direct measurements of flexoelec-
tricity in thin films face difficulties due to their attachment to
rigid substrates with strong chemical bonds.27,28 Conse-
quently, the development of accurate theoretical models
becomes crucial in providing guidance for the estimation of
strain gradients.

According to phenomenology, strain gradient generates an
internal electric field Es due to the flexoelectric effect,2,29,30

which can be expressed as follows:

Es ¼
e

4�"0a
∂u
∂x

; ð2Þ

where e is the electronic charge, "0 is the permittivity of free
space, a is the lattice parameter of the unstrained ferroelectric
material, and ∂u=∂x is the strain gradient. Lee23 estimated Es

in tensile-strained HoMnO3 epitaxial thin film as a model
system by inserting the experimental values of ∂u=∂x into
Eq. (2) and found that Es � 5:0MV m�1 in HoMnO3 at room
temperature. Comparing this value with the room temperature
ferroelectric coercive field of approximately 40MV m�1 in

HoMnO3 thin films, the estimated Es appears relatively small.
However, it should be noted that the coercive field signifi-
cantly decreases toward temperatures close to the Curie
temperature (Tc), where the ferroelectric interaction becomes
weaker.31 Moreover, bending the thin film can induce a larger
strain gradient.32 As a result, Es can become comparable to
the coercive field, and the associated flexoelectric effect can
become notably significant.

Therefore, understanding and controlling the flexoelectric
effects of composite oxide films at the nanoscale is crucial for
the future development of nanotechnology and electronics. In
recent years, advancements in thin film fabrication techniques
have enabled the synthesis of diverse complex structured
thin films, such as heterojunction epitaxial growth, super-
lattices, and ultra-thin films. For instance, Tang et al.33 have
successfully grown epitaxial PbTiO3 thin films on SrTiO3

substrates, resulting in a compressive strain along the in-plane
direction due to lattice mismatch between the film and the
substrate. Ferroelectric displacement mapping techniques
have revealed a monoclinic distortion within the compressed
PbTiO3 film, exhibiting a polarization exceeding 50�C/cm2.
Epitaxial heterostructures offer multiple interfaces and
boundaries where significant strain gradients can be gener-
ated. Xu et al.34 investigated the flexoelectric modulation of
surface potential in LaFeO3 (LFO) thin films through het-
erostructures. By manipulating the epitaxial layer-substrate
mismatch, they achieved LFO thin films with and without the
flexoelectric effect as the large mismatch strain gradually
relaxed with increasing thickness. Furthermore, X-ray pho-
toelectron spectroscopy analysis revealed that the flexo-
electric polarization altered the energy band alignment and
modified the interfacial potential barrier of the LFO layer.
Furthermore, higher strain gradients ranging from 106m�1

to 108m�1 can be achieved by utilizing scanning probe
microscopy (SPM) tips11,35–42 to press the surface of the film.
Zhao et al.43 mechanically induced out-of-plane domains in
10 nm Hf0:5Zr0:5O2 (HZO) ferroelectric films at room tem-
perature using strain gradients generated by the AFM tip.
This nondestructive approach avoids charge injection by
mechanical etching and thus reveals the true polarization
state. These findings pave the way for the broader utilization
of flexoelectricity and the realization of ultra-high-density
storage in HZO films. The implications of these advance-
ments extend beyond merely increasing the flexoelectric
field; they provide a solid foundation for great potential of the
flexoelectric effect in electronic applications, such as energy
harvesting,44–46 actuators and sensor,47,48 photodetectors,49

crack-monitoring sensors,50 nanogenerators,51 etc.
Meanwhile, other physical properties related to flexo-

electric effect, such as flexomagnetic (FIM) effect and flex-
ophotovoltaic (FPV) effect, have received extreme attention.
For example, Lukashev52 demonstrated the linearity of the
flexomagnetic effect and utilized first-principles calculations
to determine a flexomagnetic coefficient of approximately
�2�BÅ in the antiperovskite Mn3GaN. Subsequently,

Fig. 3. Schematic diagram of the size effect of flexoelectricity.
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Sidhardh and Ray53 investigated the theoretical modeling of
the flexomagnetic effect within a piezomagnetic nanobeam
subjected to bending. They derived tensor control equations
and established associated boundary conditions for mechan-
ical and magnetic variables employing the variational prin-
ciple. Furthermore, Yang et al.12 found the FPV effect in the
centrosymmetric structures of simple crystals SrTiO3 and
TiO2. Notably, they observed that the photovoltaic current
(Ipv) increased by 100 times as the loading force rose from
1�N to 15�N, thus demonstrating the potential of the FPV
effect as a means to enhance the performance of solar cells
and photovoltaic devices. Since then, significant attention has
been devoted to exploring the FPV effect whereby the pho-
tovoltaic current can be modulated through flexoelectricity.
As one of the typical representatives of lead-free perovskite
ferroelectric materials, bismuth ferrate (BiFeO3) has a narrow
band gap (2.2–2.8 eV) and large ferroelectric polarization
(exceeding 100�C/cm2). In recent years, significant progress
has been made in studying the photovoltaic effect in BiFeO3

ferroelectric materials.54–58 It has been shown that flex-
oelectricity in these materials can induce the separation of
photogenerated carriers and alter the distribution of interfacial
barriers,42 thereby influencing the mechanical modulation of
ferroelectric quantum tunneling effects. For instance, the
combination of oxygen vacancy gradient distribution and
flexoelectric effect,59 as well as the interfacial dislocation-
mediated light-modulated electrical transport behavior,60

have been observed. Moreover, the strain gradient in BiFeO3

films can be greatly enhanced by ultrafast photoexcitation,
opening up possibilities for the direct coupling of flexoelec-
tricity with optical stimulation.61 Additionally, the flexoelectric
effect has been found to significantly modulate the electrical
transport properties of the interfacial two-dimensional electron
gas (2DEG) in LaAlO3/SrTiO3 heterostructures.62 These
advancements demonstrate the considerable potential for uti-
lizing the flexoelectric effect in nanooptoelectronic devices.
Notably, there are numerous sources of flexoelectric effects in-
duced by strain gradients in nanosized oxide films. These effects
can originate from internal inhomogeneous deformations, such

as lattice mismatch between the film and the substrate, spon-
taneous polarization of ferroelastic domain walls, mismatch
dislocations, and strain relaxation behavior. External stimuli,
such as large local strain gradients generated by SPM tip
pressure. Table 1 summarizes the various types of strain gra-
dients in real materials, providing a diverse platform for
exploring flexoelectricity and its related properties.

In 2019, Shu’s group63 reviewed recent research advances
in flexoelectric effects, mainly focusing on flexoelectric
materials in bulks and related applications. In this paper, we
particularly highlighted the various primary sources of
flexoelectric effects induced by strain gradients in nanoscale
thin films. The review outlined the experimental progress in
studying these effects and briefly discussed their relevant
properties, which are very important for a more comprehen-
sive understanding and utilization of flexoelectricity.

4. Flexoelectric Effects in Thin Films

4.1. Strain gradient induced flexoelectric effects
on thin film

4.1.1. From mismatch strain between film and substrate

In epitaxial oxide films, the presence of lattice mismatch be-
tween the film and substrate leads to strain relaxation at the
interface, resulting in the formation of strain gradients within a
tens-of-nanometer range, as shown in Fig. 4(a). The mismatch
strain typically relaxes exponentially across the epitaxial film,
with the average strain gradient reaching magnitudes
up to 106 m�1.23,64,65 Notably, this value is approximately
six to seven orders of magnitude larger compared to the
corresponding bulk solid value. Consequently, the flexo-
electric effects induced by the strain gradients arising from
the lattice mismatch can significantly impact the physical
properties of epitaxial films. These effects encompass do-
main structure control and imprinting,23 configuration of
defects,66,67 and continuous rotation of the spontaneous
polarization direction.9

Table 1. Experimental and calculated values of strain gradient for thin film materials.

Source types Sources of strain gradient Values of strain gradient (m�1) Ref.

Lattice mismatch HoMnO3/Pt (111)/Al2O3 (0006) 105 � 106 23
BTO/LSMO film �105 38
BVO/YSZ film … 5� 106 66
PTO/LSAT (101) �106 67

BFO/NGO (NdGaO3) �106 77
By bending BFO membranes 5:2� 106 � 3:5� 107 129

Pt/BFO/LSMO devise 4� 104 � 1� 105 132

PTO/STO �4� 106 84
Phase boundary S-BFO/T-BFO mixed-phase boundary on LaAlO3 (LAO) �3:3� 107 87
Needle tip press AFM tip/SrTiO3 single crystals >106 12

AFM tip/SrTiO3 (3.5 nm) film �107 42
AFM tip/SrTiO3 (3.9 nm) film �107 106
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The exploration of polar domain emergence in ferro-
electrics has been extensively investigated over the past dec-
ades.54,55,68,69 Various sources of built-in electric fields in
real materials,70–72 including but not limited to piezoelectric
effects, interface polarization effects, and defects, have been
identified as factors influencing the conformation of ferro-
electric domains. Generally, flexoelectricity has limited in-
fluence due to its small coefficients, however, the situation
changes in nanosized ferroelectric film systems, where the
internal field generated by flexoelectricity can dominate the
internal field from other sources under certain conditions. Due
to the clamping effect between the film and the substrate,
stress tends to accumulate in the film. Consequently, the in-
plane shear strain gradient induces the flexoelectric effect,
resulting in a decrease in the symmetry of the domain wall
region, which is released by forming alternating A and B
domains with different orientations,66 as depicted in Figs. 4(b)
and 4(c). As aforementioned, the ferroelectric coercivity
becomes weaker at high temperatures during the deposition of
the film, while the strain gradient remains almost constant.
Therefore, the flexoelectric effect decisively affects the fer-
roelectric domain configuration of the grown ferroelectric
film.

During the growth of ferroelectric oxide films on sub-
strates, lattice mismatch is inevitable. When the lattice

mismatch exceeds a critical value or the film reaches a critical
thickness, defects such as point defects, dislocations, and
defective dipoles are formed. Figure 4(d) illustrates the for-
mation of mismatch dislocations, which generally result in
polarization instability and degradation of the out-of-plane
piezoelectric response.73,74 The presence of mismatch dis-
locations induces several effects. First, the strain around the
dislocation core creates a significant local polarization gra-
dient, leading to strong flexoelectric field near the core
and subsequently suppressing the ferroelectric polarization in
that region. Additionally, the interaction between the flexo-
electric-coupled ferroelastic domains and mismatch disloca-
tions leads to the pinning of ferroelastic domain walls. This
pinning restricts the motion of these domain walls under an
applied electric field, reducing the extrinsic contribution to
the piezoelectric response and causing a shift in the hysteresis
loop.75 Furthermore, the evolution of ferroelectric thin films
can be controlled by adjusting the deposition temperature
and film thickness. Jeon et al.76 tuned the diode effect and
the variation of the hysteresis loop by means of the strain
relaxation-induced flexoelectric field of films with different
thicknesses. This control was achieved by manipulating the
distribution positions of defect layers at different tempera-
tures and arranging defect dipoles. Notably, the formation
of mismatch dislocations (Fig. 4(e)) generates larger strain

Fig. 4. (Color online) (a) Schematically describe the expected strain profile for BiFeO3/SrRuO3/SrTiO3 structure. (b) Plane-view HAADF-
STEM image at the surface of BVO/YSZ film. (c). High-resolution plane-view HAADF-STEM images taken along the [001] YSZ, and a
schematic diagram of unit cells of A domain and B domain. The red boxes represent monoclinic unit cells of these domains. (d) Two-beam
dark-field image obtained near the [010] zone axis of LSAT, showing the high-density of defects at the PTO/LSAT (101) interface. (e) Low-
magnification high-resolution HAADF-STEM image of a 50 nm PTO/LSAT (101) thin film. (f), (g) Strain distribution corresponding to the
area of (e), (f) out-of-plane strain ("yy), and (g) lattice rotation (Rx). Note the same lattice rotation direction between the stripe 90○ domains and
misfit dislocations.
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gradients around the dislocation core, which triggers polari-
zation rotation67 (Figs. 4(f) and 4(g)). Furthermore, disloca-
tion spacing can modulate the flexoelectric behavior of the
film. Thinner BFO films manifest as asymmetric polarization
rotations around individual dislocations, but these strain fields
are highly correlated. As the dislocation spacings increase, a
transition in flexoelectric behavior occurs, progressing from
triangular-like nanodomains (type 1) to 180○ domains posi-
tioned above the triangular-like nanodomains (type 2) and
eventually resulting in polarization rotation (type 3).77 This
transition is depicted in Figs. 5(a)–5(c) and arises from out-of-
plane positive and shear strains observed in the horizontal
gradients between adjacent dislocations. The inclusion of
misfit dislocations or dislocation networks in ferroelectric thin
films induces alterations in the local strain. Subsequently, the
interaction between the local strain and ferroelastic domain
strain leads to modifications in the polarization distribution
and the pinning of domain walls.

In conventional thin films, the attachment to strong-
chemical-bond27 substrates introduce strains and strain gra-
dients in the film when bending occurs. This leads to the
generation of piezoelectricity, even in films that are nominally
nonpiezoelectric, thereby masking the true flexoelectric
effect.78 To address this issue, Shu et al.79 proposed and
demonstrated epitaxial flexoelectric films that utilize weak
van der Waals forces at the interface, thereby eliminating the
clamping effect from the substrate. This approach enables the
measurement of the intrinsic flexoelectric coefficient by

bending the substrate. Moreover, the weak van der Waals
force can be utilized to peel off and transfer the epitaxial
film onto different substrates, providing opportunities for the
application of complex oxides in devices.80

4.1.2. From the interface and phase boundaries

Interfaces are commonly present in thin films, and nanoscale
characterization has revealed the existence of significant
inhomogeneous strain,81,82 as shown in Figs. 6(a)–6(c). The
nonuniform strain within these interfaces gives rise to unique
structures and properties through the flexoelectric effect. These
effects include the attainment of a zero Poisson’s ratio state,33

enhanced ferroelectricity,16,20,26 the stabilization of new fer-
roelectric phases,83 and the presence of polar topological
defects.84–86 The nonuniformly strained interfaces primarily
include mixed-phase boundaries and surfaces. Moreover, the
macroscopic-scale flexoelectric behavior at interfaces provides
new insights for their potential applications.

The strain mismatch in epitaxial thin films serves as an
effective means to control the competition between different
phases in oxide films.30 The phase boundaries associated
with this strain mismatch often exhibit significant strain
gradients, and as a result of the flexoelectric effect, these
mixed-phase interfaces showcase intriguing properties. For
example, enhanced anisotropic photocurrent,87 loss of ferro-
electric polarization,88 localized conduction,89 and multi-
ferroic optical control.90 Researchers Junquera and Ghosez91

(a)

(b) (c)

Fig. 5. Flexoelectric behaviors in BiFeO3 films with different thicknesses. (a) The schematic of flexoelectric responses with different
dislocation spacings. (b) Different flexoelectric behaviors as a function of dislocation distances. (c) The percentages of different flexoelectric
behaviors.
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investigated the thickness-dependent ferroelectric properties of
BTO thin films sandwiched between metallic SrRuO3 elec-
trodes in a short-circuit configuration. They demonstrated that
the ferroelectric properties disappear below a critical thickness
of approximately six unit cells (�24Å) due to the depolarizing
electrostatic field induced by the dipole at the ferroelectric–
metal interface. Furthermore, in epitaxial BiFeO3 films of
moderate thickness. As shown in Figs. 6(d) and 6(e), Tang
et al.92 discovered morphotropic phase boundaries (MPB) in
the form of T-like and R-like configurations. They observed a
mechanical bending deformation in the R-like BiFeO3 phase
with a strain gradient of 106m�1. This large strain gradient at
the phase transition boundary can redistribute photoexcited
electron–hole pairs to nearby quasi-isotropic phase boundaries,
resulting in a significant alteration of the local nonequilibrium
carrier density.86

Meanwhile, mismatch dislocations, as one of the path-
ways for releasing mismatch strain, are typically present in
elastically strained epitaxial films, where strain gradients
naturally exist around the dislocation core due to translational
symmetry breaking at the dislocation. These strain gradients
have a significant impact on the electrical and mechanical
properties of the films. To investigate this effect, Gao et al.93

utilized aberration-corrected scanning transmission electron
microscopy (STEM) to directly measure the flexoelectric
polarization (�28�C/cm2) at the dislocation core in SrTiO3.
They observed that the polarized charge can interact with the
dislocation core in a nonstoichiometric manner, thereby

influencing the electrical activity in the film. It is evident that
achieving tunable flexoelectric behavior in specific thin films
remains an ongoing challenge, and interfacial dislocation
arrays with high density offer a promising avenue for further
research in this field.73

Due to the nanoscale dimensions and large specific sur-
face area of ferroelectric films, surface effects play a crucial
role and cannot be disregarded. Various surface factors,
including surface piezoelectricity, surface bonding environ-
ment, and needle tip contact,94 are expected to induce domain
switching. The surface effect is believed to simultaneously
adjust both long-range and short-range interactions within
ferroelectrics,95,96 as depicted in Figs. 7(a) and 7(b). Dai
et al.97 introduced modifications to the Gibbs surface energy
to explain the atomistic results of surface piezoelectricity.
They proposed that even nonpiezoelectric materials can exhibit
a piezoelectric response due to surface effects. Considering the
effects of surface piezoelectricity and flexoelectricity, Shen and
Hu98 developed an electric enthalpy variational principle for
nanoscale dielectrics, incorporating flexoelectric effects, sur-
face effects, and electrostatic forces. This variational principle
enabled the derivation of governing equations and generalized
electromechanical Young–Laplace equations, which account
for the influence of flexoelectricity, surface effects, and elec-
trostatic forces. Moreover, pioneering attempts have been
made to manipulate ferroelectric domains by exploiting surface
effects. Recent studies23,99 have demonstrated that the appli-
cation of local mechanical loads to the surface can induce

Fig. 6. (a) Dark-field TEM image of the periodic a/c domains in the SrTiO3/PbTiO3/SrTiO3/PbTiO3/GdScO3(110)orthorhombic film. Lattice
strain X map by GPA. Note the clear lattice change across the a/c domains shown in (b) and (c), which correspond to the middle SrTiO3 layer
and the middle of the top PbTiO3 layer, respectively. Lattice in the c domains in the middle of the top PbTiO3 layer was chosen as a reference,
where 0 strain can be readily identified. (d) A higher magnified HAADF-STEM image of the BiFeO3/LaAlO3 (001) film viewed along [100].
The domain boundaries between T like and R like BiFeO3 are marked by white dotted lines. (e) Out-of-plane strain ("zz) maps via GPA. A
LAO substrate is chosen as the reference lattice.
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significant surface-related effects, leading to the formation of
microscopic 180○ domains in the vicinity of the loaded region.
The domain shift exhibits a size dependence, with a more
pronounced effect as the length of the loaded region decreases.
Additionally, the surface effect significantly alters the polari-
zation field, and narrower loading areas can suppress the
mechanical reversal of ferroelectric polarization.100

Localized deposition of stressed films with varying thick-
nesses introduces nonuniform strains on the surface of ferro-
electric films. The presence of compressive (tensile) stress in
the thin film causes local expansion (contraction) near the
interface, resulting in strain gradients within the ferroelectric
lattice. By depositing stressed thin-film strain gauges, a strain
gradient is created, enabling the control of flexoelectric prop-
erties on a case-by-case basis. This control allows for the
continuous regulation of the internal bias, thereby controlling
the ferroelastic strain exerted by the ferroelectric phase and
achieving control over ferroelastic nonvolatility. As shown in
Figs. 7(c) and 7(d), Hou et al.101 successfully achieved precise
control of nonvolatile ferroelastic strain by manipulating the
stress film deposited on the ferroelectric film. The generation
of strain gradients is achieved through the use of stressed thin-
film strain gauges, enabling individual control of flexoelec-
tricity. This technology permits continuous adjustment of the
internal bias voltage. Furthermore, Zheng et al.102 deposited
ZnO thin films on pre-deformed shape memory alloy (SMA),
where temperature variations during thermal cycling resulted
in surface deformation of the alloy. The inhomogeneous de-
formation of the ZnO film breaks the center of symmetry of
positive and negative charges, leading to the generation of
flexoelectric charge output current/voltage. This discovery
provides a novel avenue for applying flexoelectric effects on a
macroscopic scale.

4.2. Strain gradient induced flexoelectric
effect from external forces

4.2.1. From AFM/PFM needle tip press

By utilizing a AFM tip to exert pressure on the material
surface, instead of manipulating intrinsic factors affecting
flexoelectric properties, a significant strain gradient can be
generated near the surface. Particularly for nanoscale mate-
rials, pressing the AFM tip into the material surface can
generate a larger strain gradient, reaching values as high as
106–107m�1, as shown in Fig. 8(a). Furthermore, the strain
gradient and flexoelectric effect can be intentionally manip-
ulated by repeatedly applying and releasing the stress induced
by the AFM tip. In a groundbreaking study, Lu et al.11

experimentally demonstrated the deterministic 180○ down-
ward reversal of ferroelectric polarization in BTO films
through the application of pressure from an AFM tip. This
AFM tip pressing serves as a dynamic tool for precise
control of ferroelectric polarization and has initiated exten-
sive investigations into the manipulation of various physical
properties, encompassing ferroelectric domains,38,40 oxygen
vacancy concentration,103–105 and local transport behav-
ior.41,42,106 Thus, the flexoelectric effect induced by the
AFM/PFM tip has exhibited remarkable scientific and
technological potential.

By applying pressure from the tip of an AFM onto the
surface of ferroelectric thin films, the intense flexoelectric
field generated by the strain gradient at the tip can induce
reverse polarization and facilitate the writing of domains
within the ferroelectric film.51,107 When the AFM tip is
pressed, the ultrathin ferroelectric film experiences com-
pressive strain in both longitudinal and transverse directions.
Under compression, the ferroelectric coercivity decreases,

Fig. 7. (Color online) (a) Simulated domain pattern in 16 nm-thick PbTiO3 nanofilm at room temperature and (b) dependence of the domain
pattern on film thickness. (c) Schematic of a cross-section of the PMN-PT substrate, where blue arrows represent the film force. (d) A typical
strain distribution in the PMN-PT substrate underneath the metal strip.
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thereby enabling effective reversal of the ferroelectric polar-
ization direction through the strain gradient. Zhao et al.43

successfully achieved mechanically written out-of-plane
domains in HZO ferroelectric thin films by generating strain
gradients at the AFM tip, while avoiding charge injection
and revealing the true polarization state. Furthermore, they
demonstrated the capability to mechanically write and erase
specific nanoscale patterns,108–110 as shown in Fig. 8(b).
However, for an extended period, in cases involving tip-
induced gradient film structures, pressing the AFM tip onto
the ferroelectric film surface would result in a definite dis-
tribution of strain gradient. The tip pressing always induces a
noticeable downward flexoelectric field, causing the domain
path to move solely from an upward to a downward direction,
rather than the reverse. Addressing this limitation, Liu
et al.111 employed a first-principles simulation approach and
proposed a bidirectional reversal scheme based on the distinct
roles of the flexoelectric field and the effective dipole field in
polarization reversal. They theoretically demonstrated that
reversible 180○ mechanical swift in the tip-film structure is
feasible when the shielding condition of the ferroelectric thin
film and the applied tip loading force fall within an appro-
priate range. Furthermore, traditional ferroelectric domain
engineering techniques rely on periodic electric fields, which
often result in field-driven phenomena such as ion migration
and damage. To mitigate these issues, Ming et al.112 propose
a novel approach based on the exploitation of the strong

correlation between polarization and topographic surface
variation, thereby eliminating the need for external electric
fields. By precisely controlling the radius of curvature of the
morphology and employing cyclic mechanical scanning,
multiple intermediate polarization states can be achieved. As
shown in Figs. 8(c) and 8(d). The authors apply this alter-
native switching mechanism to CuInP2S6 (CIPS) using the
flexoelectric effect and successfully demonstrate the on-
demand mechanical modulation of CIPS by manipulating the
strain gradient underneath a scanning probe. Consequently,
this technique opens up the possibility of engineering mul-
tiple polarization states in CIPS without relying on conven-
tional electric field-based methods.

Reverse flexoelectricity, similar to inverse piezoelectricity,
manifests when a voltage is applied to the tip and moved
away from its apex, resulting in a decaying electric field and
an approximately radial electric field gradient. This electric
field gradient induces a converse flexoelectric strain, which,
when divided by the voltage applied to the tip, yields a
nonzero effective piezoelectric coefficient in any dielectric
material. Abdollahi et al.113 theoretically and experimentally
demonstrated that nonpiezoelectric SrTiO3 dielectrics exhibit
a significant effective piezoelectric coefficient due to inverse
flexoelectricity. The magnitude of this gradient-induced ap-
parent piezoelectricity decreases inversely with an increase in
the force114,115 between the AFM tip and the surface, as the
tip and contact area experience an enlargement, resulting in a

Fig. 8. (Color online) (a) Schematic of the experimental setup, illustrating flexoelectric polarization (blue arrow) generated by the atomic force
microscope (AFM) tip pressing the surface of ultra thin SrTiO3 and simulated transverse strain u11 in a nine unit cell-thick (i.e., 3.5 nm-thick)
STO under a representative tip loading force of 5�N. Along the central line, u11 varies by �0.5% within Δx3 ¼ 0:5 nm, yielding
∂u11/∂x3 � 107m�1; (b) Potential energy profile and nanoscopic mechanical switching. The calculation for potential energy profile as a
function of ferroelectric distortion (λ) under inhomogeneous strain and homogeneous strain, PFM amplitude and phase images of mechanically
written linear domains after pushing the grounded tip along a straight line and a CLPM-pattern functioned by a loading force of �450 nN;
(c) Flexoelectric engineering of CIPS. Phase-field simulation of polarization distribution under different radii of curvature, as revealed by
vertical PFM amplitude and phase mappings imposed on 3D AFM topography; (d) Domain evolution associated with topography variation as
revealed by vertical PFM amplitude and phase mappings, both imposed on 3D AFM topography.
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reduction of the electric field gradient within the sample.
In contrast, the pure piezoelectric response remains unaf-
fected by external forces, enabling the distinction between
inverse flexoelectric and conventional piezoelectric responses
in the same material. Consequently, when we analyze the
experimental data, it is important to note that under the
indentation of the AFM tip, there are other effects that come
into play in addition to the flexoelectric effect, such as pie-
zoelectricity, Vegard strain effect, piezo-chemical effect, and
triboelectricity, etc. Due to the complexity of measuring the
strain gradient induced by the needle tip, it must be estimated
based on an appropriate theoretical model.

Furthermore, the electric field and tip-induced strain gra-
dients can induce variations in the local concentration of free
ions within oxide films,109,116,117 leading to localized volume
expansion or contraction and resulting in piezoelectric-like
deformations. Meanwhile, Fig. 9 illustrates the controlled ma-
nipulation of oxygen vacancy distribution through mechanical
forces exerted by the PFM tip, indicating that strain gradients
induced by the depolarization field enable the movement of
oxygen vacancies.105 By altering the tip geometry, spatial
modulation of oxygen vacancies can be achieved, favoring the
transverse transport of vacancies under the depolarization
field. Furthermore, this modulation leads to abnormally high
conductivity changes at domain walls and mixed-phase

boundaries.118,119 Similarly, reversible switching between
insulating and conducting states has been realized using the
large strain gradient (�107 m�1Þ generated by pressing the
AFM tip onto the ultrathin SrTiO3 surface.39 The strain gra-
dient induces the crossing of both the conduction band
minimum and valence band maximum with the Fermi level.
This energy band crossing reduces the width of the tunneling
barrier while maintaining its height, resulting in a significant
increase in tunneling conductance within the ultrathin di-
electric and a substantial reduction in film resistivity. This
approach harnesses the nondestructive application of strong
electrostatic fields in various insulating systems by utilizing
the purely mechanical force of the AFM/PFM tip as a dy-
namic tool. When an ultra-thin dielectric layer is polarized by
a substantial strain gradient, the resulting depolarization field
and electrostatic contributions not only modulate the distri-
bution of oxygen vacancies,120–122 but also significantly alter
the tunnel barrier profile,56 thereby triggering a quantum
tunneling effect.

4.2.2. From film bending deformation

Conventionally, strain engineering in oxide thin film growth
is often limited by the rigid substrate and small lattice
mismatches. These limitations impose constraints on the

Fig. 9. (Color online) Characterization of oxygen vacancy redistribution by applied bias and force. (a) The KPFM image after electrical and
mechanical scans were performed across borders between the Vo 00-enriched and pristine regions. (b) The normalized vacancy concentration
(NVC) map constructed from the KPFM image in (a). (c) The NVC along lines E (open circles) and M (open squares) in (b) measured as a
function of applied bias and contact force, respectively, (d) The NVC along lines EL (black-colored circles) and ML (dark yellow-colored
circles) in (b) measured as a function of applied bias and contact force, respectively. (e) Background-subtracted NVC (ΔNVC) along lines M
(turquoise-colored diamonds) and ML (dark yellow-colored diamonds) in (b).

G. Shen et al. J. Adv. Dielect. 14, 2330001 (2024)

2330001-10



tunability and extensibility of strain and strain gradients due
to factors such as fragile deformation and epitaxial condi-
tions. However, the utilization of free-standing film systems
offers a promising alternative. By stacking ultrathin layers
(a few atoms thick) of 2D materials,123 free-standing het-
erostructures can be achieved without restrictions on crystal
structures. As shown in Fig. 10(a), the concept of transferring
single materials or nanomaterial-based individual devices
onto foreign substrates124–126 showcases the versatility of this
approach. In recent years, novel technologies such as lift-off
and transfer have emerged,122 enabling the fabrication of
high-flexibility complex oxide nanofilms. For instance, the
use of water-soluble Sr3Al2O6 (SAO) as a sacrificial buffer
material has provided a reliable method for synthesizing
high-quality free-standing thin films.125 This technique offers
novel prospects for self-curled free-standing films, introduc-
ing an additional level of control to achieve sizable and
adjustable strain gradients for enhancing the flexoelectric
effect. Lun et al.127 developed an electromechanical model to
explore the flexoelectric effect in self-curled self-supported
heterogeneous films. The study demonstrates that the effec-
tive flexoelectric polarizations are six times larger than the
piezoelectric polarizations, and the manipulation of aniso-
tropic interfacial mismatch strain and release direction
by adjusting the ratio of interfacial mismatch strain, film
thickness, and film-base thickness enables the formation of
self-curled morphologies (such as ring, spring, and twisted
ribbon) with different flexoelectric polarizations. These
unconventional low-dimensional systems hold the potential
for inducing unique physical and mechanical responses
through electromechanical coupling effects, opening new
avenues for research.

The remarkable flexibility of these oxide materials128

allows for the generation of substantial strain gradients

reaching �10�7 m�1 during the bending process,129 owing to
the ultrathin nature of the films. Nanoscale mechanical bend-
ing offers novel physical phenomena driven by larger flex-
oelectricity, such as modulated electrical transport,62 enhanced
photovoltaic effect,130 strain gradient-dependent resistivity,106

etc. Ji et al.131 successfully prepared free-standing thin films
of composite oxides (e.g., SrTiO3, BiFeO3) with thicknesses
almost down to monolayer, and demonstrated for the first
time that they can be synthesized and transferred to any desired
substrate, as shown in Fig. 10(b). The bending state of self-
supporting films of BFO and STO films(�5 nm thick) with
wrinkles leads to strain gradients up to 3:5� 107 m�1.129

These curved self-supporting perovskite oxides demonstrate
enhanced polarization, enabling the modulation of charge
carrier transport properties. The source of the enhanced
polarization is primarily derived from the flexoelectrical
response induced by the strain gradient. By simply bending the
transferred free-standing films on flexible substrates, they were
able to achieve continuously adjustable strain gradients in
large-area films.132 These controllable strain gradients induce
additional electric fields through the flexoelectric effect, which,
combined with the built-in electric field, enable tunable pho-
toconductivity in the free-standing BiFeO3 thin films. This
tunability allows for electrical/mechanical writing and optical
readout. By utilizing the strain gradient as an additional degree
of freedom, the physical properties of the films can be tailored
for flexible electronics. Furthermore, polymers have several
advantages that make them more convenient in bending
applications. In addition to this, it is often used as a carrier for
nanooxide films. At the same time, they are more flexible and
brittle, and when stresses reach a certain level, the high strain
gradients required to produce a significant flexoelectric effect
can be achieved while avoiding catastrophic damage. Zhang
et al.133 investigated the high flexoelectric effect of porous

Fig. 10. Advanced epitaxy techniques, (a) illustration of epitaxy on 2D materials. For vdW, the epitaxial layer grows without any interaction
with the host substrate (schematic, top left). The vdW layer becomes the seed for growth, which can be used to grow single-crystalline
materials such as GaN as shown in the cross-sectional SEM image on the bottom left, in contrast, for remote epitaxy, a couple of monolayers of
graphene are transferred or directly grown on the substrate and the epilayer is grown directly on top (schematic, top right). However, once the
growth is finished, the epilayer can be exfoliated and transferred to any arbitrary substrate since the graphene acts as a sacrificial layer for
exfoliation. An example of remote epitaxy of GaAs on GaAs is shown on the bottom right, showing cross-sectional SEM and TEM images of
the GaAs/graphene/GaAs interface. (b) Growth and transfer of ultrathin freestanding SrTiO3 films and atomically resolved cross-sectional of a
two/four-unit-cell freestanding STO film transferred to a silicon wafer.
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polymeric materials by theoretical modeling. They pointed
out that compared with solid materials, porous materials can
exhibit flexoelectric properties in arbitrary loading forms with
much higher specific flexoelectric outputs due to their complex
microstructures. Taking inspiration from this finding, Ruiz
et al.134 employed solution blow spinning (SBS) technique to
fabricate multilayers of nanoparticle-doped PVDF filled with
multi-walled carbon nanotubes. The flexoelectric behavior of
poly(vinylidene fluoride) was examined, and it was observed
that the inclusion of nanoparticles facilitated the formation of
polarized nanodomains following strain, thereby enhancing the
flexoelectric effect. This study provides valuable insights into
exploring the flexoelectric behavior of polymer-oxide films
and designing PVDF-based materials with enhanced flexo-
electric yields.

Van der Waals heteroepitaxy was initially developed as a
method to demonstrate the epitaxial growth of 2D layered
materials on other 2D layered materials.124,135,136 This
approach has now been extended to include the epitaxial
growth of functional oxides on 2D materials. For example,
Chu’s group succeeded in preparing various oxide films on
layered mica substrates137–139 Importantly, the flexible and
easily foldable nature of 2D layered materials enables the
investigation of strain effects on the physical properties of
transition metal oxides. Remarkable progress has been made
in this field, such as the uniaxial strain modulation of

heterostructures comprising La0:67Sr0:33MnO3 (LSMO) and
BTO films,140 reducing threshold of domain switching in
2D ferroelectrics via electrical–mechanical coupling,141 and
defect engineering of self-supporting single-crystal nanofilm
heterostructures,142–144 etc. These advancements serve as
inspiration for future extensive research on flexoelectricity, as
these 2D films can withstand unprecedentedly large strains
and strain gradients, leading to the emergence of exotic
electromechanical coupling phenomena.

Large deformations induced by bending can produce
significant strain gradients that naturally break inversion
symmetry in thin-film materials. This breaking of inversion
symmetry results in modifications to the electron ground
state,145,146 leading to intriguing electrical transport proper-
ties such as superconductivity and charge-spin jumps. Nota-
bly, the impact of inversion asymmetry on energy bands is
particularly pronounced in transition metal oxides with strong
spin-orbit coupling.147,148 Moreover, oxide films also dem-
onstrate superelasticity and superflexibility when subjected
to extreme bending deformations, as illustrated in Fig. 11.
Superelasticity arises from the dynamic evolution of ferro-
electric nanodomains, where dipoles continuously rotate
among different nanodomains,125 creating a continuous
transition zone capable of accommodating varying strains. It
is worth noting that flexoelectricity is predicted to be very
large for thin film materials under bending deformation,

Fig. 11. Atomic-scale spatial distribution of continuous and curved lattice. (a) Cross-sectional STEM and TEM images of multilayer BTO roll
with magnified images of the different regions. (b), (c) Atomic-scale STEM and geometric phase analysis images of BTO. (d) Atomic-scale STEM
together with Ti displacement of the region with strain max �3:1%. (e) Magnified images of the four regions from (d). Dipole displacements are
amplified by a factor of 15 for clarity. (f) The dipole configurations in four selected areas of a bent membrane by atomistic simulations.
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however, flexoelectric bending consistent with current theo-
retical work, i.e., strains comparable to or greater than the
yield strains of typical materials, has not been directly
observed, and it remains to be verified whether such large
effects are physically real, or merely a nominal extrapolation.
Recently, Koirala et al.149 employed transmission electron
microscopy (TEM) to directly observe large-scale reversible
bending at the nanoscale driven by the inverse flexoelectric
effect. Thin features exhibited bending angles of up to 90○

with curvature radii of approximately 1�m, corresponding to
substantial nominal strains. This experimental evidence
validates the occurrence of significant flexoelectric bending
at the nanoscale and establishes a basis for further investi-
gations in this area.

The development of advanced flexible ferroelectric elec-
tronics necessitates the utilization of flexible ferroelectric films
to meet the growing demand for applications.150,151 2D
oxide thin films offer a viable platform for designing high-
performance nanoelectromechanical systems (NEMS). Wang
et al.152 pioneered using AFM tips to bend ZnO nanowires to
construct piezoelectric nanogenerators (PENGs), accompanied
by flexoelectric effects. However, the vast majority of nano-
generators under stress are currently PENG, while flexoelec-
tricity is still in its infancy, and there has been little work on
pure flexoelectric nanogenerators (FENGs).107 Unfortunately,
conventional nanogenerators face technical limitations as they
can only produce transient pulsed electrical signals,153–156 and
achieving long-term continuous output remains challenging.
Essentially, nanogenerators deform the crystal lattice through
external forces, thereby inducing polarization and dipoles in
the crystal. The objective is to maximize the directional
movement of carriers driven by the polarization potential
(work); however, it is challenging to deposit electrodes along
the radial direction, especially in dense 1D nanowire arrays.
Consequently, obtaining piezoelectric/flexoelectric output
from the c-axis direction proves to be difficult. Building upon
these findings, Li et al.157 proposed and fabricated a novel
approach for the controlled growth of 2D FENGs single
crystals. By subjecting the thin-film FENGs to asymmetric
bending, a directional built-in polarization potential aligned
with the output electric field was achieved. This development
marks the first instance of continuous and stable voltage and
current signals being generated by nanogenerators. Addition-
ally, the widespread presence of flexoelectricity enables the
simplified design of flexoelectric NEMS devices with
enhanced thermal stability,158 thereby expanding the scope of
research and potential applications for nanogenerators.

5. Other Physical Phenomena Coupled
with Flexoelectric Effect in Thin Film

5.1. Flexomagnetic effect

The flexomagnetic effect (FIM) is the strain gradient-induced
magnetization, which is derived from the strain gradient

magnetic effect in addition to the strain (piezomagnetic
effect) and quadratic (second-order magnetoelastic effect) in
the net magnetization of the system in Eq. (3).52 By taking
partial derivative of free energy (proportional to the product
of the magnetic field component Hi and the conjugate terms
involving mechanical strain) with respect to magnetic field
component, we get the net magnetization in the system.
Although, for calculated values of strain gradient, the
contribution of the flexomagnetic effect to magnetization
is smaller than that of the nonlinear magnetoelastic effect.
The relative contribution of the flexomagnetic effect is
increasing with the decreasing strain gradient due to its
linear nature and dependence on strain gradient while the
nonlinear magnetoelastic effect is quadratic in its lowest
power.

where λi;jk is the piezomagnetic tensor, Hi is the ith com-
ponent of the magnetic field, �jk is the elastic stress tensor,
�i;jk is the magnetoelastic tensor, νijkl is the four-rank tensor
(flexomagnetic tensor), ∂"jk=∂xl is the strain gradient and E
is the elastic modulus. The dummy indices “ijk” are inde-
pendent of each other,159 it uses the Einstein summation
convention to Mi.

In contrast to the flexoelectric effect, where electrical
polarization is directly related to atomic displacement, the
flexomagnetic effect is indirect. It occurs due to spin-exchange
interactions that cause the atomic spins to reorient after atomic
displacement. The flexomagnetic effect is linear and caused
by the strain’s inhomogeneity, as shown in Figs. 12(a)
and 12(b). Therefore, there is no flexomagnetic effect in the
ground state or the case of external uniform strain. The main
mechanism behind flexomagnetic is that spin-exchange
interactions depend on interatomic distances. When a strain
gradient is applied, the distance becomes unequal, resulting in
out-of-plane rotations of the local magnetic moments. Due to
these rotations, the system acquires a nonzero net magnetic
moment.160 Due to surface and size effects, the inherent in-
homogeneity of order parameters in ferroic nanosystems can
induce mechanical strain-spontaneous flexocoupling or flex-
omagnetic effects,21 causing changes in the properties of fer-
roic nanostructures.

The advancement of piezoelectric force microscope
(PFM) techniques has enabled direct observation of ferro-
electric domains, swift ferroelectric domains, and magnetic
domains.161,162 as shown in Fig. 12(c). This breakthrough has
facilitated the direct visualization of the coupling between
magnetic and ferroelectric domains, providing a powerful tool
for magnetoelectric research. In multiferroic Bi5Ti3FeO15 thin
films, the regulation of ferroelectric domains and magnetic
domains is achieved through the application of electric fields
and external mechanical forces. Under the sole application of
an electric field, the nanoscale mixed phase region’s magnetic
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moment can be erased and rewritten at room temperature via
the electric field modulation of the magnetic force,163 as
depicted in Figs. 12(d) and 12(e). Simultaneously, when a
mechanical force is exclusively exerted by the AFM tip, it
effectively drives a transition in the local ferroelastic strain
state. This leads to a reversal of polarization and magnetiza-
tion in a manner reminiscent of an electric field,161 providing
confirmation of magnetic and magnetoelectric coupling in
the thin film. Similarly to flexoelectric coupling, the flex-
omagnetic effect is anticipated to play a vital role in the
domain structures and their dynamics and thermodynamics at
the micro- and nanoscale. This effect is particularly relevant in
systems such as nonferromagnetic or antiferromagnetic thin
films, nanoparticles, magnetic vortices, and skyrmions. For
instance, Naimov164 introduced the concept of flexomagnetic
coupling to analyze the influence of nonuniform strain on the
energy band structure of graphene. Ling et al.165 demonstrate
that the nonuniform gradients of external strain (flexomagnetic

effect) can induce the partial structural phase transition from
FCC to BCC in the wrinkled high-entropy alloy (HEA) thin
film. Spurgeon et al.166 experimentally studied magnetoelec-
tric oxide heterostructures, commonly used in spintronics, and
observed local structural distortion and interface shielding of
ferroelectrically bonded surface charges, resulting in a graded
magnetization phenomenon due to flexomagnetic coupling.
Additionally, Ghobadi et al.167 incorporated flexomagnetic
coupling into the phenomenological analysis of nanoplates
subjected to magnetic flux. These studies collectively under-
score the significance of flexomagnetic coupling in various
systems and lay the foundation for further exploration in this
field.

The flexomagnetoelectric effect is a phenomenon that
links the magnetic and electric order parameters through their
gradients.168 This effect can be induced by either strain gra-
dients (known as direct flexoelectric or flexomagnetic effects)
or magnetization gradients (known as inverse flexomagnetic

Fig. 12. (Color online) (a) Ground state of the antiperovskite Mn3GaN unit cell: noncollinear Γ5g magnetic structure. Local magnetic
moments are shown by blue arrow on Mn atoms. (b) Linear out-of-plane (�10) (blue circles) and nonlinear in-plane (black squares) induced
net magnetization of Mn atom as a function of the strain gradient. (c) A perspective view of PFM and magnetic force microscopy (MFM)
images with arrows representing the orientation of the uncompensated magnetic moments at structural antiphase-ferroelectric Domain Walls
(DWs). (d) MFM image poled by þ20V in the area of 7� 7�m2, �20V in 5� 5�m2 and þ20V in 2� 2�m2, with reading over
10� 10�m2 and evolution of MFM images of the poled BTF thin film collected after removing the electric field. MFM images before and
after electric and mechanical switching. (e) The Bi5FeTi3O15 (BTF) thin film that was first poled by positive electric bias of þ20V over
8� 8�m2, and then switched by mechanical forces of 50, 500, 1000 nN in the center over 4� 4�m2, respectively.
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effects), resulting in the absence of spatial inversion symme-
try. Consequently, a specific magnetic order with a noncol-
linear magnetic structure arises, leading to the emergence
of electric polarization. Although most magnetoelectric
materials exhibit small magnetoelectric effects, some new
multiferroics with giant magnetoelectric effects169 have been
found to break this limitation. Moreover, even weak magne-
toelectric interactions can produce remarkable cross-coupling
effects170 when electric polarization is induced in a magneti-
cally ordered state. Zvezdin and Pyatakov168 investigated the
nonuniform magnetoelectric interactions in bismuth ferrite.
They found that inhomogeneous magnetoelectric interactions
can induce spin modulation, thereby enhancing electrical
polarization. This modulation occurs as a result of flex-
omagnetoelectric interactions, which are induced by manip-
ulating the spatial distribution of magnetization strength in
multiferroics. The flexomagnetic effects in nanostructures are
strongly influenced by the strain gradient and magnetic field.
Previous researches171–173 have emphasized that the impor-
tance of flexomagnetic effect becomes increasingly prominent
at the nanoscale, despite its relatively weaker manifestation
compared to the piezomagnetic effect at the macroscopic
scale. Malikan et al.174,175 conducted studies on the size-
dependent thermal stability of micro- and nanobeams, con-
sidering the functionally graded piezomagnetic and converse
flexomagnetic effects under temperature distributions. In a
recent study, Momeni-Khabisi and Tahani176 examined the
linear and nonlinear buckling behavior of piezo-flexomagnetic
nanoplate strips, considering geometrical imperfections. They
derived the size-dependent governing equations and associated
boundary conditions for the system. In addition, nanos-
tructures may be unconsciously in contact with external
magnetic fields, which can have an effect on their properties.
In order to reduce the errors and to design rationally, it is
necessary to study the influence of flexomagnetic effects on the
mechanical behavior of nanostructures. Momeni-Khabisi177

conducted a study focusing on the analytical formulations and
solution procedures for the thermal stability properties of
piezomagnetic nanosensors and nanoactuators, considering the
influence of flexomagnetic effects and geometrical imperfec-
tions. The study proposed closed-form solutions and presented
numerical results, which can serve as valuable benchmarks
for future piezoflexomagnetic nanosensors and nanoactuators
analyses.

5.2. Flexophotovoltaic effect

Discovery of the photovoltaic effect in perovskites and fer-
roelectric oxides178,179 has opened up promising opportu-
nities for their application in photovoltaics. Conventional
solar cells face a significant limitation in achieving high
open-circuit voltage (Voc) due to the relatively large Schottky
barrier height (SBH). In contrast, the ferroelectric photovol-
taic effect has a large open-circuit voltage above the band-
gap,55 which means that the carrier separation mechanism

driven by ferroelectric polarization is fundamentally different
from that of conventional semiconductor p–n junctions.
Photogenerated carrier transport in ferroelectrics is strongly
influenced by their spontaneous polarization, which generates
an electric field much stronger than the built-in electric field
in heterojunctions, leading to a notably enhanced photo-
response. To date, extensive research has been conducted on
various ferroelectric materials180–182 such as Pb(Zr,Ti)O3,
BTO, and BiFeO3. These materials have been successfully
fabricated into photovoltaic modules and employed for effi-
cient solar energy harvesting. This underscores the consid-
erable potential of ferroelectric oxides in advancing the field
of photovoltaics. Manipulation of physical properties through
flexoelectric polarization has been observed in semi-
conductors, transition metal oxides, and perovskite oxides.
For example, polarization-enhanced photocatalysis,183,184

energy storage,185 flexible electronics,186 fatigue-free ferro-
electric memory,187 topotactic phase transformation,188 flex-
ophotocatalysis,189 etc. Yang et al.12 used an AFM tip to
introduce a strain gradient in the tip-surface contact region to
generate a stable photovoltaic current in the center-symmet-
rical single-crystal SrTiO3 and TiO2. This photovoltaic effect
induced by strain gradient is called the FPVeffect. Due to the
gradient strain-induced breaking of inversion symmetry, a
polarization field with a preferred orientation is generated.
The variation of electric field caused by the strain gradient
leads to the formation of a gradient electric potential within
the material. Under illumination, this gradient electric po-
tential induces the separation and motion of photo-excited
charge carriers in the material. As a result, electrons and
holes are separated and driven to different regions, resulting
in charge separation. Although some scholars190 pointed out
that the experimental results are not enough to verify the
FPV mechanism, and raised several questions related to the
experimental results, such as the rationality of the experi-
mental design, physical model, calculation and analysis, etc.,
however, due to this effect, it is expected to overcome the
thermodynamic Shockley–Queisser limit of conventional p–n
junction solar cells, which extends the existing solar cell
technology.

When materials are scaled down to the nanometer range
since the size of the strain gradient is inversely proportional to
its relaxation length, the flexoelectric effects will be signifi-
cantly enhanced,93 and conductive AFM (CAFM) probes
coated with metal can introduce strain gradients and simul-
taneously monitor the current flow through the junctions.
Accordingly, Pu et al.191 proposed an electromechanical
approach to enhance photovoltaic efficiency based on the
flexoelectric effect. Figures 13(a) and 13(b) illustrate the
experimental setup where an CAFM tip applies a force in
the heterojunction to generate a strain gradient. In-situ current
measurements were carried out, and a current–voltage (I–V)
response under the strain gradient was obtained. Notably, the
photovoltaic performance exhibited a significant improve-
ment, with a Voc increase of up to 20%, leading to a notable
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enhancement in power conversion efficiency. The flexo-
electric effect offers a means to tune the barrier height of
Schottky junction interfaces,183,192 and the FPV effect was
observed in perovskite films, demonstrating a remarkable
enhancement in solar cell performance.

Considering that the lattice distortion and crystallographic
disorder at the interface in epitaxial films also can generate
large strain gradients, potential research opportunities can be
opened for the FPV effect. Due to the inhomogeneous lattice
distortion, a considerable strain gradient is generated, and
an additional effective built-in electric field is generated by
the flexoelectric effect, which can simultaneously generate
pyroelectric current and photovoltaic current during the illu-
mination process.193 Guo et al.132 investigated the tunable
photovoltaic behavior in self-supporting BiFeO3 films,
wherein the autonomous bending of the flexible substrate
induced nonuniform lattice distortions and continuous strain
gradients. The increase/decrease of photocurrent is achieved
through the coupling between the unidirectional strain gra-
dients induced by the convex bending and the ferroelectric
polarization switching. By engineering strain gradients in
the dielectric layer, Jiang et al.194 achieved bidirectional
tunability of the FPV behavior in LFO/LNO/LAO epitaxial
thin-film heterostructures. This was achieved by employing
the concave/convex bending of mica substrates, with the LAO
layer serving as the stretching layer to apply compressive
stress to the LFO layer due to its smaller lattice constant. The
resulting strain gradient, reaching approximately 106m�1,
was accompanied by flexoelectric polarization modulation of
the band alignment, leading to a remarkable photovoltaic
effect with a short-circuit current density of �0:4mA/cm2.

Furthermore, the exploration of strain gradient engineer-
ing to induce FPV effects in 2D material systems16,195

has addressed a critical gap in this research field.

The polarization field plays a significant role in the separation
of photogenerated electron–hole pairs. By coupling strain
gradient-induced flexoelectric polarization with semiconductor
properties, electronic/photon–electronic phenomena such as
giant flexoelectric effect,196 FPV effect,16,195,197 photo-flexo-
electric effect,13,198,199 and flexoelectronics,183,200 etc. can be
achieved. The presence of large strains in 2D materials offers
the possibility of exploring potential giant strain gradient
effects. Additionally, during the growth process of 2D mate-
rials, various bending structures such as nanotubes, curls,
ripples, and bubbles are easily formed. These bent structures
under nonuniform mechanical conditions can exhibit signifi-
cant flexoelectric effects and induce rich physical phenomena.
They can be utilized to control properties such as conductivity,
Fermi level movement, and direct–indirect bandgap transition
in 2D materials.201 For instance, incorporating lattice curvature
and magnetic doping in monolayer MoS2 has been predicted
to exhibit a significant flexoelectric magnetoelectric effect.202

Quantum-like pseudo-magnetic fields emerge in curved gra-
phene ribbons, resulting in Landau levels.203 Folded mono-
layers of MoS2 exhibit giant band tuning effects.204 The
conventional understanding of the flexoelectric effect suggests
that lattice contributions arise from internal atomic displace-
ments. Consequently, the micro-mechanisms of the flexo-
electric effect often employ the concept of ions responding to
strain gradients to induce polarization. From a microscopic
standpoint, the flexoelectric effect encompasses two types of
contributions: the lattice contribution attributed to internal
atomic displacements based on the rigid ion model,93 and the
electronic contribution associated with atomic displacements
leading to charge density redistribution,205 as shown in
Fig. 13(c). However, this conventional viewpoint tends to
overlook the more fundamental role played by electronic
distribution in the microscopic mechanism of flexoelectricity.

Fig. 13. (Color online) (a) Energy bandgap structure of the GSJ with laser on. (b) The bandgap structure bending by tip-pressing induced
flexoelectricity modulation. (c) Electron cloud (px orbitals) distributions without (upper panel) and with (bottom panel) a strain gradient
(strains uxx and u 0

xx, gray arrows). Electron redistribution shifts the negative charge center (on the light cyan plane) away from the positive
charge center (on the light gray plane) along x, leading to a negative dipole moment p (bold gray arrow) in each unit cell. (d) FPVeffect of the
MoS2 sheet at room temperature, current-voltage curves of the device under laser (532 nm) illumination at spot 1 (Laser@1) and 2 (Laser@2)
and without illumination (Dark). The inset shows a schematic of the cross-sectional view of the device.
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In this context, Jiang et al.16 propose a unique strategy to
generate and modulate strain gradients in 2D materials,
achieving enhanced flexoelectric inversion symmetry and the
existence of extraordinary photovoltaic effects in 2D materials.
As shown in Fig. 13(d), it is based on a strain gradient engi-
neering approach to the structural inhomogeneity and phase
transition of a hybrid system composed of MoS2 and VO2. At
the interface between phase-change and nonphase-change
materials, strain gradients are anticipated to emerge, influenc-
ing the electronic density distribution and giving rise to a
nonzero dipole moment (i.e., flexoelectricity) along the di-
rection of the strain gradient. Experimental observations reveal
that the photovoltaic coefficient of MoS2 is several orders of
magnitude higher than that of most noncentro-symmetric
materials, thereby presenting an avenue for exploring the FPV
effect in 2D materials. These discoveries advance our funda-
mental comprehension of the FPV effect and open up new
possibilities in terms of theoretical concepts and potential
materials for photovoltaic applications.

5.3. Chiral polarization textures

In studying ferroelectric material systems, the formation of
ferroelectric domain structures is a central aspect and more
generally the micron and nanoscale structures of polarization
fields.206 In ferroelectric thin films and nanoparticles, polar-
ized structures are strongly influenced by electrostatic
(depolarizing) fields99,207,208 as well as by strain and strain
gradients209,210 via flexoelectric effects,28,211 providing a
flexible stage for polar chiral structure studies. Similar to the

Dzyaloshinskii–Moriya Interaction (DMI) postulated in the
classical magnetic Bloch sgeminon theory of stable chiral
ferromagnets,212,213 scientists in ferroelectric research wanted
to replicate the success of chiral structures in magnetic
properties, explored the possibility of “ferroelectric DMI”
and predicted the existence of ferroelectric counterparts of
DMI by first-principle simulations.214 Recently, Erb and
Hlinka215 deduced the possibility of identifying the orienta-
tional domain state of the asymmetric phase by using the
“vector” physics knowledge of polar axial, chiral, and neutral
dipole through computer algorithms (as shown in Fig. 14(a)),
and they concluded that ferroelectric DMI could exist.

Furthermore, Morozovska et al.216 presented a theoretical
study of the ferroelectricity polar textures in cylindrical core–
shell nanoparticles based on the phenomenological LGD
method and finite element simulations. The calculations re-
veal a chiral polarization structure containing two oppositely
oriented diffuse axial domains located near the cylinder ends,
separated by a region with a zero-axial polarization and can
be switched by reversing the sign of the flexoelectric coeffi-
cient as shown in Fig. 14(b). This finding suggests that DMI
in ferroelectrics is not the only possible mechanism for
forming homochiral polarization states and that anisotropic
flexoelectric effects provide another way to stabilize such
structures in ferroelectric nanostructures.

6. Conclusion and Outlook

Nanoscale flexoelectricity in oxide thin films is an emerging
research area that holds immense promise for future practical

Fig. 14. (a) Transformation properties of four possible time-invariant dipoles, each row corresponds to one of the dipoles. The first column
indicates the name of the dipole property in the row, each subsequent column indicates the effect of one selected isometry operation on these
dipoles, which is either an invariance or a sign reversal. (b) Distribution of the polarization component P3 (top row) inside a cylindrical
nanoparticle and a magnified view on the flexon-structure (bottom row). The arrows show the orientation of polarization vector P. The images
are calculated without electrostriction (Qij ¼ 0) and flexoelectric (Fij ¼ 0) couplings; with electrostriction coupling (Qij 6¼0) and negative, or
zero, or positive values of flexoelectric coefficients Fij.
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device applications, owing to their remarkable material suit-
ability. The primary focus of current research within this field
is to delve deeper into the understanding of the flexoelectric
effect and its underlying mechanisms. Furthermore, several
research groups are devoted to exploring the application of
flexoelectric devices and enhancing their performance para-
meters. This review encompasses the experimental advance-
ments made in studying flexoelectric effects, while briefly
discussing their pertinent properties. Initially, the various
sources of nanoscale flexoelectric effects are addressed, and
three key characteristics of flexoelectricity are highlighted.
First, it is universally observed in dielectric materials, dis-
regarding their symmetry or chemical composition. This
characteristic has sparked significant scientific interest, as
flexoelectricity does not rely on specific material classes or
device environments. Second, as the size of the material is
reduced to the nanoscale, the magnitude of the induced
flexoelectric field becomes notable, thereby modifying the
physical properties of the material. Lastly, strain gradients in
thin-film materials naturally break the inversion symmetry,
thus resulting in alterations to the electron ground state and
affecting peculiar structures and properties.

In recent years, remarkable progress has been achieved in
thin film fabrication techniques and theoretical approaches,
enabling the synthesis of diverse complex structure hetero-
junction oxide films. Concurrently, significant advancements
have also been made in investigating the generation and
mechanism of nanoscale flexoelectricity, leveraging methods
such as lattice mismatch and PFM/AFM tip pressing. Due to
the weak van der Waals force bonding at part of the interface,
the clamping effect from the substrate is eliminated, the film
glides over the surface without stretching or compressing and
the intrinsic flexoelectric coefficient can be measured. How-
ever, when conducting AFM-based experiments, it is crucial
to consider the coexistence of piezoelectricity and flex-
oelectricity, as they can potentially contribute to the observed
experimental results. Therefore, it becomes imperative to
discern between the effects resulting from strain gradients and
other factors, necessitating the development of specific
methodologies to address this challenge. Inversion symmetry
breaking in materials with strong spin-orbit coupling can
yield spin-band splitting, resulting in the emergence of
exotic electronic states and novel spintronic functionalities.
Localized inversion symmetry breaking induced by AFM tip
indentation provides a platform to study the flexophoto-
electric effect and the generation of magnetic skyrmions in
centrosymmetric materials. By exploiting the mutual cou-
pling between the photovoltaic effect and the flexoelectric
effect, the enhancement of photovoltaic current is achieved,
while the flexoelectric coefficient is significantly enhanced by
several orders of magnitude under the combined stimulation
of light and mechanical vibration. The exploration of strain
gradient engineering to induce FPV effects in 2D material
systems extends the application of photovoltaic effects.

Despite significant advancements in flexoelectricity re-
search, many of the observed flexoelectric effects remain
inadequately understood, necessitating ongoing research
efforts and the formulation of comprehensive theoretical
frameworks. For example, the understanding of flexoelec-
tricity in crystalline is yet to be fully elucidated. Moreover,
the achievement of tunable flexoelectric behavior in specific
thin films remains an ongoing challenge. Although three di-
rect measurement methods have been recently developed
for quantifying the transverse, longitudinal, and shear flexo-
electric coefficients, the fundamental issue of accurately
measuring the flexoelectric coefficient of thin film materials
remains unresolved. The sensitivity of flexoelectric effects
to the local environment underscores the pressing need
for advancements in characterization techniques to precisely
assess the local strain state of thin films and thereby reliably
determine the flexoelectric coefficients. Furthermore, the rela-
tionship between surface flexoelectricity and surface piezo-
electricity remains unclear, necessitating further investigation,
the utilization, and development of FPV devices all need to be
explored in depth.
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