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ABSTRACT: Nanoscale ferroelectric 2D materials offer the opportunity to
investigate curvature and strain effects on materials functionalities. Among
these, CuInP2S6 (CIPS) has attracted tremendous research interest in recent
years due to combination of room temperature ferroelectricity, scalability to
a few layers thickness, and ferrielectric properties due to coexistence of 2
polar sublattices. Here, we explore the local curvature and strain effect on
polarization in CIPS via piezoresponse force microscopy and spectroscopy.
To explain the observed behaviors and decouple the curvature and strain
effects in 2D CIPS, we introduce the finite element Landau−Ginzburg−
Devonshire model, revealing strong changes in hysteresis characteristics in
regions subjected to tensile and compressive strain. The piezoresponse force
microscopy (PFM) results show that bending induces ferrielectric domains in CIPS, and the polarization-voltage hysteresis
loops differ in bending and nonbending regions. These studies offer insights into the fabrication of curvature-engineered
nanoelectronic devices.
KEYWORDS: CuInP2S6, ferroelectric, flexoelectric, strain, curvature, 2D materials, piezoresponse force microscopy

Within two decades since the work by Geim and
Novoselov in 2004,1 2D materials including
graphene and transition metal dichalcogenides2

have become one of the central topics of research in condensed
matter physics, quantum materials, and electronics. In addition
to the intrinsic excellent physical properties of 2D materials,
e.g., high electron mobility3 and thermal conductivity,4 new
phenomena have been discovered in the twisted bilayers as
driven by emergent electronic instabilities.5−8 Over the last
several years interest shifted toward the layered materials that
support additional functionalities including ferromagnetic9 and
ferroelectric,10 this opening the route to ferroelectricity at
atomic thicknesses. Since 2D materials can withstand
significantly large curvature and strain, these materials systems
allow to get insight into novel phenomena based on the
curvature11 and strain effects.12,13 With the coupling between
polarization and strain effect being significant even for 3D
ferroelectrics, this is expected to be even more pronounced in
2D ferroelectric materials that can support larger curva-
tures.14−18

Of these systems, CuInP2S6 (CIPS) was discovered to
exhibit ferroelectricity at room temperature,10,19−21 making it
highly promising for advanced applications utilizing ferrielec-
tricity and antiferrielectricity down to the limit of a single
layer.19,22−24 Ferrielectricity, the equivalent of ferrimagnetism,
can be termed as an antiferroelectric order, but with a

switchable spontaneous polarization created by two sublattices
with spontaneous dipole moments that are antiparallel and
different in magnitude.25

In the context of the 2D material, of particular interest is the
control of polarization via stress and curvature. The curvature
is expected to directly contribute to the flexoelectric field in the
material and can also affect the ferroelectric phase stability. At
the same time, stress is one of the well-recognized control
parameters in ferroelectric thin films that can couple to
polarization and induce transitions between structural variants.
For Cu-based layered chalcogenides, stress-induced phase
transitions26 and strain engineering14,16 become especially
important in ultrathin films of CuInP2(S,Se)6,

10,27,28 Despite
the significant fundamental and practical interest in bulk29 and
nanosized CuInP2(S,Se)6,

30 the influence of stress and strains
on the local switching of its spontaneous polarization is
explored only weakly. From a theoretical perspective, there has
been very little effort on both mesoscopic and atomistic levels
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of theory. At the same time, from an experimental perspective,
while curvature in 2D materials can be measured directly from
observed topography, the strain state is determined by the
nonobservable interactions such as adhesion to the substrate,
friction at the film−substrate interface, and sample history.
Previously, mechanical modulation of polarization in a CIPS

thin film was discovered. Chen et al. was able to artificially
generate large-scale stripe domains of hundreds of microns by
corrugating the CIPS flake, where it is believed that the giant
strain gradient is introduced via high curvature.16 Similar
curvature induced domains were observed by several other
groups.14,18 Similarly, mechanical switching of polarization in
CIPS has been demonstrated.14,18 This effect was attributed to
flexoelectricity owing to the formation of a giant strain
gradient. Almost at the same time, another work revealed
strong second harmonic generation (SHG), ∼160-fold
enhancement compared to unstrained region, of wrinkle
nanostructures in CIPS, this SHG enhancement can be
modulated by the applied strain.17 Angle resolved SHG also
revealed a distorted pattern which was attributed to a
photoelastic effect.17

Here, we investigate the curvature and strain effects in the
2D CIPS nanoflakes using the combination of ambient
scanning probe microscopy with the mesoscopic and finite
element methods and Landau−Ginsburg−Devonshire (LGD)
simulation. We show that bending induces domains in CIPS
and the polarization-voltage hysteresis loops in bending
regions differ from those in nonbending regions. The
simulation provides insights into the mechanism behind
these observations.

RESULTS AND DISCUSSION
Single crystal CuInP2S6 was synthesized through the chemical
vapor transport (CVT) method.31 The Cu, In, P, and S
powders were mixed in a stoichiometric ratio and loaded into a
quartz tube (10 mm inside diameter, 18 cm length). The
transport agent, 16 mg I2, was added. The quartz tube was

sealed under vacuum and then heated up in a horizontal
double-zone furnace with the hot and cold ends set at 750 and
650 °C, respectively. After 14 days, the furnace was shut down,
the quartz tube was naturally cooled to room temperature, and
yellow platelike crystals were found at the cold end of the
quartz tube. To bend the CIPS flakes, 30 nm Pt and 5/45 nm
Ti/Au bottom electrodes were patterned on SiO2 on a Si
substrate by photolithography and created by electron-beam
evaporation and lift-off process. CIPS flakes are mechanically
exfoliated from the bulk crystal and transferred onto
prepatterned bottom electrodes by the polydimethylsiloxane
(PDMS) dry transfer technique. Then, the CIPS flakes at the
edge of the bottom electrode are bent.
Figure 1 shows band excitation piezoresponse force

microscopy (BEPFM) results of the typical ferroelectric
domains of a 50 nm thick CIPS flake on Pt/SiO2/Si substrate,
which are very similar to previous results.10,32,33 In BEPFM
and other PFM measurements in this work, the sample is
grounded through Si with silver paint and the driving bias
amplitude for PFM is 1 V. Shown in Figure 1a is the
topography of the BEPFM measurement area. BEPFM
amplitude and phase over the topography (where color
represents amplitude and phase signals, and the geometry
represents the topography signal) in Figure 1b,c, respectively,
show the ferroelectric domain structure in the pristine CIPS
flake. It is seen that the domain distribution is somehow
correlated to the topography variation. After the CIPS flake
was stored under vacuum conditions for 11 days, a variation of
the ferroelectric domain is observed in the BEPFM results in
Figure 1e,f. In comparison with the pristine domain structure
in Figure 1b,c, it is obvious that the domain walls move toward
the area with a larger topography variation, i.e., larger curvature
area; examples are marked by red arrows in Figure 1e. This
spontaneous domain wall motion induces a shrinkage of dark
domains, as shown in Figure 1f; as such, the final domain walls
mostly locate between concave and convex areas. Here note
that no distinct topography is observed as a comparison of
Figure 1a,d.

Figure 1. Band excitation piezoresponse force microscopy (BEPFM) shows the relationship between domain evolution and morphology in
CIPS. (a) Topography of the original CIPS flake. (b,c) BEPFM results of the original CIPS flake. (d) Topography of the CIPS flake after
stored in vacuum for 11 days. (e,f) BEPFM results of the CIPS flake after being stored in a vacuum for 11 days. The BEPFM results in (b,c)
and (e,f) are plotted over topography to highlight the relationship between domains and morphology, where the color represents PFM
amplitude or phase and the geometry represents topography. Obviously, after 11 days, the domain walls move toward the high curvature
regions as indicated by red arrows in (e). The thickness of this CIPS flake is ∼30 nm.
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The domain wall motion toward or formation near a high
curvature area is also observed in the electric poling process, as
shown in Figure 2. Figure 2a−c shows the topography with
PFM amplitude and phase images after +4, −4, and +4 V
poling, respectively. The high curvature regions observed from
topography are marked with red dashed lines in all images. The
results indicate domain walls tend to move or form near high
curvature regions. Noteworthily, for vdW ferroelectrics, electric
field writing often results in leakage current, and/or material
breakdown, which does not guarantee effective polarization
switch.19,34,35 Nonetheless, in this work, a domain wall motion
toward the high curvature area is observed.
The domain wall motion toward a high curvature area

induced by mechanical and electric modulation motivated us
to explore the correlation between curvature and ferroelectric
domains in CIPS flakes. We intentionally introduced curvature
in CIPS flakes by transferring the flakes on the edge of the
bottom electrodes, thus, the CIPS flake at the edge forms a
large curvature, as shown in Figure 3a. The atomic force
microscopy (AFM) topography result in Figure 3b confirms
the curvature formed near the edge area. Next, BEPFM
imaging and spectroscopy measurements were performed to
investigate the ferroelectricity near the large curvature area.
Shown in Figure 3c−e and Figure 3f−h are the out-of-plane
and in-plane BEPFM results, respectively. The results in Figure
3c,d show a domain along the down-bending edge, while no
domain is seen in the up-bending edge. We ascribe this

behavior as that the down-bending reverses the polarization.
In-plane BEPFM amplitude in Figure 3f shows a slightly higher
amplitude response corresponding to the domain walls, which
may suggest in-plane polarization at domain walls. Then, the
corresponding resonance frequency map in Figure 3e indicates
a frequency shift over the suspended region; this frequency
shift is further confirmed by a blue-laser-driven contact
resonance AFM measurement (in contrast to electric driven
in PFM) shown in Figure 3i. The frequency shift is relatively
small, usually a resonance frequency shift is associated with the
local mechanical stiffness change. However, note that the
frequency shift area does not correspond to the ferroelectric
domain here, where the domains formed at the down-bending
edge, but the frequency shift happens at the titled area
(probably owing to tip−sample contact variation).
Band excitation piezoresponse spectroscopy (BEPS) meas-

urements were further performed to explore the polarization
dynamics in this area. In BEPS, a DC pulse (Vdc) is applied to
switch the local polarization (see Figure 4a). Here we note that
the electrically driven polarization switching in CIPS is
challenging,36 because the application of electric field often
induces ion migration and sample damages. Nevertheless, we
investigated the deformation induced by Vdc + Vac). We
applied a triangular DC waveform with a magnitude of 8 V to
the sample. Shown in Figure 4a are the bending-induced
domain structures of the BEPS measurement area, and shown
in Figure 4b are two examiners BEPS piezoresponse vs Vdc

Figure 2. Piezoresponse force microscopy (PFM) shows the relationship between domain evolution and morphology in CIPS upon DC
poling. (a) Topography and PFM results of the CIPS flake under +4 V poling. (b) Topography and PFM results of the CIPS flake under −4
V poling. (c) Topography and PFM results of the CIPS flake under +4 V poling. Major topography features are marked by red dashed lines
in images. It is shown that the domain walls tend to locate near the high curvature regions. The thickness of this CIPS flake is ∼30 nm.
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loops, indicating the spatial variation of BEPS response in the
measurement area. To better understand the BEPS response of
the bending-induced domain, we created three masks (as
shown in Figure 4c) to mask out the BEPS results
corresponding to the high curvature area (green mask) and
no-curvature areas (blue and red masks). The averaged BEPS
loops corresponding to the masked areas are shown in Figure
4d. It is obvious that the BEPS loops of the high curvature area
show a distinct shape compared to the no-curvature area.
Noteworthily, the grounding here is achieved through the Si
substrate, which may lead to nonuniform electric field through
three regions. However, the major difference between the
hysteresis loops from the curved region and the uncurved
region is the loop shape, which is unlikely originated from the
difference in applied electric field. Also, in CIPS the ionic
response can originate from the transfer of Cu ions,35 the case
is not a consideration here because we focus on the
polarization behavior.
The red and blue loops in Figure 4d, which are the so-called

“minor loops”, correspond to partial switching. Such curves
appear when the amplitude of applied bias (8 V in the
considered case) is too small to switch locally the spontaneous
polarization. That is why both these minor loops have almost
the same saturation value (about 6 au) and correspond to the
situation far from the domain wall. The same “bias window” is
enough to switch locally the polarization near the domain wall,
and thus the green loop is open and symmetric. The

application of LGD approach for the description of the bias
window dependence on the distance from domain walls has
been studied by us earlier both experimentally and
theoretically.37 The bias window is maximal when the tip
apex is placed far from the wall, minimal when the tip apex is
near the wall, and zero (in the static limit) if the tip is placed
exactly at the wall plane (see Figure C1). Moreover, the
apparent switching bias near and exactly at the domain wall is
defined by polarization dynamics, as shown schematically in
the figure below. The switching dynamics of polarization is
determined by the lattice barriers and pinning effects, which
are not considered in the static LGD modeling.
To get insight into the mechanisms of the observed

phenomena, we performed finite element modeling (FEM).
Since the bending changes the shape of the CIPS layer, FEM
results are presented in the local coordinate frame linked with
the instant position of crystallographic axes inside the bent
layer. The local normal axis xn coincides with z, and the
tangential axis xt coincides with x for the flat layer (see Figure
5). Below all physical quantities (e.g., polarization components
Pn and Pt, electric field components, En and Et, and elastic
strains components, utt, utn, and unn) are written in the local
coordinate frame, {xn, xt, z].
Distribution of the normal and tangential polarization

components, Pn and Pt, inside the flat 5 nm thick CIPS layer
suspended between the patterns is shown in the top rows of
Figure A2a,b, respectively. Since the top and bottom surfaces

Figure 3. Artificial domains induced by bending. (a) Device structure for bending the CIPS flake. (b) AFM topography showing the bend
structure. (c−e) Vertical BEPFM amplitude, phase, and frequency showing the domain structure induced by bending. (f−h) Lateral BEPFM
amplitude, phase, and frequency showing the in-plane response of bending-induced domains. (i) Blue-laser-driven CR-AFM showing the
mechanical property of bending-induced domains. The resonant frequency variation at the bend regions is lower by 20 kHz, indicating the
material here is softer. The thickness of this CIPS flake is ∼60 nm.
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of the layer are regarded perfectly screened, the single-domain
ferrielectric state with the polarization Pn ∼ 3 μC/cm2

(abbreviated as “FI1”) is stable in the flat or slightly bent
layer. An isostructural transition from the FI1 state to the
ferrielectric state with lower polarization Pn ∼ 0.5 μC/cm2

(abbreviated as “FI2”) occurs with the bending increase. The
FI1−FI2 boundary is relatively sharp (∼2.5 nm), because the
interface between the FI1 and FI2 regions is almost
unchanged. Due to the absence of the uncompensated
bound charge, the depolarization electric field is absent inside
the flat layer, and negligibly small at the flat FI1−FI2 boundary
(see the top rows in Figure A3a,b, respectively). The
piezoelectric response of the bent region is measured by
PFM as shown in Figure 3, it is worth pointing out that the
PFM signal is correlated to polarization but is not a
quantitative measure of it. In most simple form, the
relationship between polarization and piezoelectric properties
is determined by the electrostrictive coupling, which expansion
in the long-range ordered phase in the powers of spontaneous
polarization gives the piezoelectric response. In PFM, the

contributions of the dielectric anisotropy, full piezoelectric
tensor components, and elastic properties have been explored
for 25 years until now.38−40

Correlations between the distributions of elastic strains
components, utt, utn, and unn, polarization components, Pn and
Pt, and electric field components, En and Et, in the suspended
CIPS layer are shown in Figure 6 for different heights of
patterning.
With an increase in the step height below the critical value,

the layer bending increases, and well-localized features of
polarization, field, and strains appear in the inflection points
[see Figure 6a and Figures A2−A4]. When the pattern height
(and so the bending) exceeds the critical value, the FI2 regions
rapidly grow and fill in the inflection regions, where the layer is
locally flat, as shown in Figure 6b, and Figures A2−A4. When
the pattern height increases further, the FI2 regions expand
and, simultaneously, the regions of FI1 states begin to shrink.
Thus, the critical bending of the layer creates the inflected
regions, where the FI2 states are stable and significantly
increases the normal polarization component up to 4 μC/cm2

in all layers except for the inflection regions with small Pn ∼ 0.4
μC/cm2. The thin boundaries between the FI1 and FI2 states
have a small and sign-alternating Pt (about 0.2 μC/cm2), which
reaches a maximum at the boundaries.
The FEM results, in addition to those shown in Figure 6,

demonstrate that the domain walls appear in the regions of
maximal stress and/or bending. In particular, they appear near
the clamped tops boundaries (“up-bending” regions), as well as
in the deep valleys (“down-bending” regions). The domain
walls in the valleys are very sensitive even to the small external
electric field, and electro-mobile, because any sort of pinning
center is not considered in the LGD model. The domain walls

Figure 4. Band excitation piezoresponse spectroscopy (BEPS) results of the artificial bending domains. (a) Amplitude image showing the
domain structure. (b) Two example BEPS spectra from the marked locations in (a). (c) Masks correspond to the different domain regions.
(d), Averaged BEPS from the corresponding regions in (c).

Figure 5. Typical mesh in the bent CIPS nanoflake on the
patterned substrate, which is suspended between the patterns and
clamped in the regions of the pattern “tops”. The pattern lateral
size is 50 nm, the height varies from 0 to 5 nm, and the period is
350 nm.
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near the clamped tops are much less sensitive to the field
because the clamping area acts as an expanded topological
defect. Therefore, the high electric field caused by the PFM
probe apex easily moves the domain walls toward the clamped
tops, partially or completely destroying the down-bending
domains.
To provide further insight, we develop the mesoscopic

Landau−Ginsburg−Devonshire (LGD) theory for slightly bent
CIPS layers. We consider different contributions to the static
electric polarization of corrugated CIPS film, which is a
semiconducting, flexoelectric, piezoelectric, and uniaxial ferri-
electric low-dimensional material. Let us also assume that the
bending is very small, and so Pn ≈ P3 in the first approximation.
For a ferroelectric with the one-component out-of-plane

spontaneous polarization P3, the bulk density of the LGD
functional F depends on P3, elastic stress σi, and their gradients
and has the following form:27,41
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According to Landau theory,42 the coefficient α linearly
depends on the temperature T for proper ferroics, α(T) =
αT(T − TC), where TC is the Curie temperature. All other
coefficients in eq 1 are supposed to be temperature
independent. The coefficient δ ≥ 0 is for the stability of the

free energy for all P3 values. The gradient coefficient g
determines the magnitude of the gradient energy. Ei is the
electric field. The values Qijkl and Zijkl are the linear and
nonlinear electrostriction stress tensor components, respec-
tively. Fijkl is the flexoelectric stress tensor

43 determined by the
microscopic properties of the material.44,45 Einstein summa-
tion over repeated indexes is used hereinafter. The values TC,
αT, β, γ and δ, Qijkl and Zijkl, given in Table AI in the
Supporting Information, were defined in ref 26.
The electric field Ei is expressed via the potential φ, as

Ei xi
= . The potential satisfies the Poisson equation, and we

assume that |eφ| ≪ kBT and introduce the Debye−Hukkel

screening length, L k T
e nD 2

B 0 b
2

0
= , where ε0 is a universal

dielectric constant, εb is the background dielectric constant,46

and n0 is the free carrier density in the unstrained material at φ
= 0 (see in the Supporting Information for details).
Note that the surface corrugation can be expanded in

Fourier series, whose each term can induce the dependence of
the harmonic displacement of the CIPS layer along the X- or Y-
axis. For the sake of simplicity, only one-component elastic
field is considered, and only one component of the stress
tensor, σ3, is assumed to be nonzero and modulated in the
direction x:

x kx( ) cos( )m
3 3= (2)

Here σ3
m is the amplitude and

k
2 is the stress period. Allowing

for the Debye−Hukkel approximation, the variation of the free
energy (1) yields
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Under the condition k2LD
2 ≪ 1, valid hereinafter due to the

high electric conductivity of narrow-gap CIPS, the depolariza-
tion contribution can be small enough.
From eq 3, that the local change of Curie temperature can

be derived as

T x T Q x
k

k L
( )

2
( )

( )T T
LC C 33 3

2

0 b
2

D
2= +

+ (4)

However, the “local” expression has very little relation to the
dependence of the phase transition temperature, Tpt, as a
function of average curvature, which can be measured
experimentally. The latter is a “global” coordinate-independent
value, because the phase transition may occur in a spatial
region much bigger than the period

k
2 of a strain/corrugation.

In this case, Tpt ≈ TC, because the average value ⟨σ3(x)⃗⟩ ≈ 0.
However, when the lateral size L

k
2 of a bent region

becomes compatible or higher than the characteristic length of
polarization correlations, Lc, the local phase transition may
occur in the region.
Using the decoupling approximation,47,48 the vertical

displacement Ui of CIPS surface, can be estimated under the
PFM tip as38

Figure 6. Correlations between the distributions of elastic strains
components, utt, utn, and unn, polarization components, Pn and Pt,
and the field components, En and Et, in the suspended CIPS layer
for different height of patterning, namely, 1.7 nm (a) and 5 nm
(b). Thin black lines represent initial shape of the flat layer which
has an actual shape of rectangle with the 5 nm height of and 155
nm wide. The top and bottom surfaces of the layer are perfectly
screened; calculations are performed at 293 K. Color scales show
the strain components in %, polarization components in μC/cm2,
and field components in mV/nm.
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where Gim(−ξ1, −ξ2, ξ3) is a Green function and El(ξ)⃗ is an
electric field induced by the PFM probe in the CIPS layer. The
piezoelectric coefficients dlkj(x ⃗) are proportional to the
spontaneous polarization and dielectric susceptibility:49

d x Q P x( ) 2 ( )ijk km ijm0 3 3 (6)

where χ is the linear dielectric susceptibility and δ is a
Kronecker-delta symbol. For the considered case of σ3(x)
given by eq 2, the dependence of χ on k is analyzed in Figure
B4 in the Supporting Information.
Expressions 5 and 6 imply that the surface displacement Ui is

linearly proportional to the integral of P3(x)⃗, which variation is
in turn proportional to the stress (or strain) and its gradient
induced by the patterned substrate. For a flattened tip apex and
small spontaneous polarization Ps (e.g., near the Curie
temperature of CIPS, 293 K), a vertical PFM response,
defined as d U

V33
eff d

d
3= , is proportional to the product χP3(x)⃗. In

Figure 7. (a) Distribution of spontaneous polarization induced by a cosinusoidally modulated stress with the amplitude σ3
m = 50 MPa and

period 100 nm calculated for several temperatures from 250 to 300 K (see legend for description of solid curves colors). Flexoelectric
coefficient f = 2 × 10−11 m3/C. The dotted curve is a schematical distribution of the stress distribution. (b) Quasi-static hysteresis loops of
local polarization calculated at 298 K. Different loops correspond to the three 10 nm wide regions with maximal stress σ3(x) = σ3

m (red
curves), zero stress σ3(x) = 0 (black curves), and minimal stress σ3(x) = −σ3

m (blue curves). (c) Temperature dependence of the spontaneous
polarization values, which are averaged over three 10 nm wide regions, located near the points with maximal stress σ3(x) = σ3

m (red curves 1−
5), zero stress σ3(x) = 0 (black curves 1−5), and minimal stress σ3(x) = −σ3

m (blue curves 1−5) with the amplitude σ3
m = 15, 25, 50, 75, and

100 MPa (curves 1, 2, 3, 4 and 5, respectively). Flexoelectric coefficient f = 0 for solid curves and f = 2 × 10−11 m3/C for dashed curves in the
plots (b) and (c). (d) Stress dependence of the critical temperature, defined as the temperature values where the polarization sharply
decreases (diffuse tails are neglected).
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a realistic case of a smooth corrugation and small LD, when kLD
≪ 1, we can use an estimation:
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Here f 3jkl is the flexoelectric strain tensor, qlm33 and zlm33 are the
linear and nonlinear electrostriction strain tensor components,
respectively, and ∑kl

g is a deformation potential tensor.
Expression 7 shows that the bending can create a smooth
domain structure in a “weak” ferrielectric CIPS, and the
structure determines the amplitude and phase of the PFM
response.
Due to the strong, negative and temperature-dependent

nonlinear electrostriction couplings (Zi33 < 0) and the
“inverted” signs of the linear electrostriction coupling (Q33 <
0, Q23 > 0, and Q13 > 0) for CIPS, the expected pressure effect
on the local polarization switching is complex and unusual in
comparison with many other ferroelectrics with Q33 > 0, Q23 <
0, and Q13 < 0.
Results of numerical solution of eq 3 are shown in Figure 7

(see also Figures B1−B3 in the Supporting Information). From
Figure 7a, the local stress changes the polarization profile;
namely, it causes shallow wells, which exist in tensiled regions
at temperatures 250−280 K, and deeper wells (up to P = 0),
which exist in tensiled regions at temperatures 290−300 K. A
relatively small increase (hills) of the polarization profile exists
in compressed regions at temperatures 250−300 K. Figure 7b
demonstrates the strong influence of periodic stress on the
hysteresis loops shape, magnitude of the remanent polar-
ization, and coercive fields (compare blue, black, and red
loops). The rectangular-shaped loop at compressive stress, and
double loops at tensile stress can be explained by the
anomalous temperature dependence and “inverted” signs of
CIPS linear and nonlinear electrostriction coupling coef-
ficients. By varying the sign of applied stress (from expansion
to compression) and its magnitude (from zero to several
hundreds of MPa), a quasi-static double hysteresis loops can
transform into pinched or single hysteresis loops (compare red,
black, and blue loops).
The polarization hysteresis loops in Figure 7b are quite

different from the experimental piezoresponse loops shown in
Figure 4, because the modeling conditions are different from
the experimental ones. The experimental loops correspond to
the different distances from the domain wall: left far from the
wall (red loop), right far from the wall (blue loop) and at the
wall (green loop). Three loops in Figure 7b correspond to the
three 10 nm wide regions with maximal stress σ3(x) = σ3

m (red
curves), zero stress σ3(x) = 0 (black curves), and minimal
stress σ3(x) = −σ3

m (blue curves). These loops are static loops,
calculated without taking into consideration the polarization
(and thus domain wall) dynamics, which is conditioned by the
lattice barriers, pinning effects, and defects. As mentioned
above, neither dynamic effects nor pinning effects are
considered in the LGD modeling. Also, the local piezoresponse
is not simply proportional to the polarization, because the
influence of many factors, such as the PFM resolution function,
the probe field penetration effects, and effective dielectric
susceptibility, can make significant contribution to the loop
shape. Figure B4 in the Supporting Information illustrates the
transformations of the static loops in Figure 7b when the

simplest Landau−Khalatnikov dynamics is considered, and the
bias window is smaller than the coercive bias for positive and
zero stress (see solid curves in Figure B4). While the shape of
solid loops is still far from the loops shown in Figure 4, they
demonstrate the same trends, which allows us to conclude that
the proposed LGD model is in qualitative agreement with
PFM experiments.
From Figure 7c,d, the interaction of a ferrielectric soft mode

with a periodic elastic deformation, induced by the patterned
substrate, leads to the local shift of the phase transition
temperature, and the temperature is higher for compressed
regions [see the blue curves in Figure 7c and the blue line in
Figure 7d], and lower for tensiled regions [see the blue curves
in Figure 7c and the blue line in Figure 7d]. The local changes
are visible only if the stress period is much longer than the
correlation length. The change in the phase transition
temperature, averaged over the corrugation period, is equal
to zero. This is due to the fact that the average stress is zero.
So, curved but stress-free regions look indifferent to the phase
transition shift. Polarization averaging over the 10 nm wide
region imitates the Gaussian field caused by a 10 nm size of the
PFM tip−surface contact, and is schematically shown in Figure
7e. Polarization ripples, schematically shown by the black
dotted curve in the inset, are caused by modulated stress,
shown by the green curve.
The flexoelectric effect induces a relatively small built-in

electric field on the right-hand side of eq 3, which induces a
slight asymmetry of polarization profiles, as shown in Figure
7a, leads to a slight horizonal shift of local polarization
hysteresis, as shown by dashed curves in Figure 7b, and smears
the phase transition point, as shown by dashed curves in Figure
7c,d. The asymmetry and smearing become stronger with an
increase in the stress amplitude [compare, e.g., Figures B1(c)
and B1(d) in the Supporting Information]. As expected, the
role of the flexoelectric effect becomes much stronger near the
phase transition point.

CONCLUSIONS
To summarize, we explore the effect of bending on the
ferroelectric domains in CIPS flakes. In the PFM experiment,
we observed bending induced domains in the CIPS film and
different polarization-voltage hysteresis loops in the bending
regions and nonbinding regions. Our simulation results show
that bending can create a smooth domain structure in a “weak”
ferrielectric CIPS, and the structure determines the amplitude
and phase of the PFM response. The local stress changes the
polarization profile by causing shallow wells, which exist in
tensile regions at temperatures 250−300 K. A relatively small
increase (hills) of the polarization profile exists in compressed
regions at the same temperatures. The periodic stress shows a
strong influence on the shape of the hysteresis loops
(consistent with experimental observation), magnitude of the
remanent polarization, and coercive fields. The square-shaped
loop at compressive stress and double loops at tensile stress
can be explained by the anomalous temperature dependence
and “inverted” signs of CIPS linear and nonlinear electro-
striction coupling coefficients. The local changes are visible
only if the stress period (e.g., alternative compressive and
tensile stress at curved regions) is much higher than the
correlation length; thus, a full measure of this change in PFM is
challenging because PFM measures the net effect averaged
over both compressive and tensile stress regions near the
curvature. The change of the phase transition temperature,
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averaged over the corrugation period, is equal to zero. This is
due to the fact that the average stress is zero. So, curved, but
stress-free, regions look indifferent to the phase transition shift.
The flexoelectric effect induces a relatively small built-in
electric field, which induces a slight asymmetry of polarization
profiles, leads to a slight horizontal shift of local polarization
hysteresis, and smears the phase transition point. The role of
the flexoelectric effect becomes much stronger near the phase
transition point.

METHODS
Piezoresponse force microscopy (PFM) measurements were
performed on a commercial Cypher, Asylum Research and Oxford
Instrument Company AFM system using a ElectriMulti75-G, a
Budget Sensors tip with Pt/Ir coating, and a stiffness of ∼3 N/m.
BEPFM and BEPS were performed with a band of frequencies
(bandwidth ∼100 kHz) near the resonance frequency (∼340 kHz).
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