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Ordered polar structures in oxide nanofilms play a pivotal role in the development of
nanoelectronic applications. Hitherto, ordered polar structures have been restricted to a
limited number of ferroelectric materials, and there is no effective scheme to induce and
manipulate ordered polar patterns in centrosymmetric nonpolar nanofilms due to the
absence of spontaneous symmetry breaking. Here, we circumvent these limitations by
utilizing the wrinkle-induced strain gradient modulation associated with flexoelectricity
as a general means of inducing and manipulating ordered polar patterns in nonpolar
nanofilms. Leveraging the surface instability caused by strain mismatch between oxide
nanofilms and pre-strained compliant substrate, we successfully fabricate striped SrTiO,
wrinkles, where well-ordered strain gradients and corresponding periodic polar patterns
are readily achieved. Through in-situ piezoresponse force microscopy experiments, we
show that the generated polar patterns can be manipulated by varying strain boundaries.
Furthermore, the atomistic resolution images and first-principles calculations reveal that
such wrinkle-induced ordered polar patterns primarily emerge from the flexoelectric
coupling between the local polarization and strain gradients. These findings provide
implications for manipulating polar structures by strain gradient and flexoelectric engi-
neering, which in turn enable the realization of nontrivial polar structures in a broader
range of materials.
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Ordered polar structures including polar stripes (1), mazes (2), merons (3), skyrmions
(4-6), and vortices (7) in oxide films are of great importance considering their rich physical
properties and prospective post-Moore applications in high-density nanoelectronic.
However, the effective means to induce and manipulate ordered polar structures in cen-
trosymmetric nonpolar materials has remained elusive owing to the absence of spontaneous
symmetry breaking, which in turn restricts the practical applications of these ordered polar
structures. This triggers the interest and demand of exploring a general strategy for induc-
ing and manipulating ordered polar structures in a nonpolar material. Here, by recognizing
the crucial role of the wrinkle-induced strain gradient associated with flexoelectricity, we
theoretically and experimentally demonstrate the formation and manipulation of ordered
polar patterns in wrinkled nonpolar nanofilms using a combination of piezoresponse force
microscopy (PFM) scanning, aberration-corrected high-angle annular dark field (HAADF)
atomic resolution imaging, and ab initio (first-principles) calculations. Our findings pro-
vide a universal flexoelectric strategy to fabricate and manipulate ordered polar patterns
in nonpolar material systems, which is no longer restricted by ferroelectricity or superlattice
structures.

Up to now, the nontrivial polar structures are more readily accessible in ferroelectric
structures (7—11) [e.g. prototypical PbTiO; (PTO)/SrTiO; (STO) superlattice]. Although
the STO/PTO superlattice is known to elicit polar antivortex in STO (12), it still relies
on the electrostatic modulation by the pairing vortex in the ferroelectric PTO. Moreover,
such ferroelectricity modulated by strains is invalid in centrosymmetric crystallographic
point groups and generally suffers from its problematic size dependence (13, 14). We turn
our attention to the strain gradient modulation and corresponding flexoelectricity in the
wrinkled single-crystal STO nanofilm, which is known as a typical centrosymmetric
nonpolar crystal without ferroelectric interference at room temperature. In contrast to
ferroelectricity, this flexoelectricity (15-17) that describes the formation of electric polar-
ization in the presence of nonuniform strains (strain gradients) is ubiquitous in all 32
crystalline point groups regardless of the crystal symmetry. Moreover, flexoelectricity ben-
efits from the size reduction (18-20) and plays a quite significant or even dominant role
in the polar transition of van der Waals materials (21) or nanofilms (22), where large strain
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gradients (up to 10°7 m™') and pronounced flexoelectricity are
easier to achieve. Thus, flexoelectricity should be a viable driving
force to assign polarity and even ordered polar structures to cen-
trosymmetric nonpolar nanofilms (23-26) if appropriate strain
gradients can be introduced.

In this work, we employ surface wrinkling, a controllable insta-
bility phenomenon (27-30), to controllably introduce periodic
strain gradients and engineer ordered polar patterns in STO nano-
films. Such surface wrinkling provides a fertile ground for generating
strain gradients owing to its abundant local bending deformation
(22). However, it is challenging to fabricate large-area wrinkles of
nonpolar nanofilms due to their intrinsic brittleness. This might be
the reason why, although recent theoretical predictions (31, 32)
suggest the possibility of wrinkle-induced polar structures, the
behavior and even existence of ordered polar patterns by wrinkling
of nonpolar nanofilms have yet to be experimentally validated. By
reducing the thickness of single-crystal STO membranes to less than
15 nm, we successfully fabricated large-area STO wrinkles udilizing
the surface instability caused by strain mismatch between oxide
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nanofilms and pre-strained compliant substrate (33). Well-ordered
polar patterns were subsequently observed within these wrinkled

regions of STO nanofilms.

Results and Discussion

Structural Analysis. We epitaxially synthesized room-temperature
paraelectric 15 nm STO films (Fig. 14) to exclude the piezoelectric
and ferroelectric interference. To trigger the surface wrinkling,
we transferred the STO nanofilms onto a pre-stretched flexible
polydimethylsiloxane (PDMS) substrate using the recently
developed film growth and lift-off techniques (Fig. 1B) based on
the water-soluble Sr;AL Oy (SAO) sacrificial buffer layer (34, 35)
(Materials and Methods). After the transfer process, a compressive
strain was imposed on the STO/PDMS system by releasing the pre-
stretch strain. As a result, the STO/PDMS system spontaneously
formed a wrinkled morphology owing to the modulus mismatch
between the stiff oxide film and the compliant substrate (Fig. 1C).
We examined the morphologies (Fig. 1D) and crystal structures
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Fig. 1. Fabrication and characterizations of wrinkled STO films. (A) The STO/SAO/STO multilayer synthesized with a pulsed laser deposition (PLD) system is
attached to a pre-stretched PDMS substrate. (B) The SAO layer is dissolved in deionized water. (C) The STO nanofilm (5 mm x 5 mm) is transferred onto the
PDMS substrate and forms wrinkled microcosmic morphology by releasing the pre-strain. (D and ) The flat and the striped STO morphologies without and
with pre-strains, respectively, are probed by AFM scanning. (F) Schematic diagram of charge center shifts owing to wrinkle-induced strain gradients, indicating
flexoelectric polarizations in unit cells. (G) Low-magnification STEM image of two whole crest-valley wrinkles. The film thickness is measured to be 15 nm. Here,
the PDMS/STO system is subjected to a pre-strain of 10%, the wrinkle wavelength is 2 = 2.1 pm and the amplitude is A= 200 nm.
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(SI Appendix, Fig. S1) of the flat STO films transferred without
pre-strain using the atomic force microscope (AFM) and high-
resolution X-ray diffraction (HRXRD) characterizations (Materials
and Methods), indicating the high-quality surface and good single-
crystalline of the STO films. For the case with a uniaxial pre-strain
0f 10%, we obtained ordered striped STO wrinkles with a 400 nm
peak-to-peak amplitude and a 2.1 pm wavelength (Fig. 1E), which
is consistent with the value measured by scanning transmission
electron microscopy (STEM) (Fig. 1G). Benefiting from such
spontaneous surface wrinkling, we can conveniently achieve large-
area, self-assembled, and continuously tunable strain gradients in
the STO film. The strain gradients can break the local symmetry
and shift the charge centers within the centrosymmetric STO
lattices, thereby resulting in flexoelectric polarizations at the crests

and valleys of the wrinkled STO nanofilms (Fig. 17).

Observation of the Polar Patterns. To examine the polar state of
the wrinkled STO films, we conducted PFM measurements at the
wrinkled STO surface, as shown in Fig. 2. The PFM measurements
(Materials and Methods) were executed using a conductive Ptlr-
coated tip under the Dual Alternating Current (AC) Resonance-
Tracking (DART) mode, with the bottom surface grounded
(Fig. 2A). For comparison, we also measured the PEM amplitude
and phase of a flat STO film before the transfer (S/ Appendix,
Fig. §2), indicating no organized polar structures in paraelectric
STO film at room temperature. From Fig. 2 £-G, it was found
that the measured PFM amplitude (Fig. 2F) and phase (Fig. 2G)
responses were dramatically enhanced at the valleys and crests of
the wrinkles compared to those of flac STO film (S7 Appendix,
Fig. S2). These results indicated the formation of a striped polar
pattern (Fig. 2 Cand D) in the STO film owing to the wrinkling
deformation. Here, the polar state in wrinkled STO films is
determined by various electromechanical coupling effects (5),
among which the coupling between strain gradients and polarization
(flexoelectricity) plays the dominant role. This is because the
strain gradients are dramatically enhanced (up to 10°7 m™
by reducing the film thickness to the nanometer scale, while the
piezoelectricity and ferroelectricity are both negligible due to the
centrosymmetry of the room-temperature STO (22, 36).
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Furthermore, we have conducted a theoretical analysis (see
details in ST Appendix, Supplementary Note 1) to understand the
macroscopic mechanism of the polar stripe in the wrinkled STO
nanofilms. From the observed periodic striped morphology, the
analytical solution of the wrinkle deflection can be described as a
cosine wave w = Acos 2zx[4) (29, 37) for simplicity. w is the
wrinkle deflection, 4 is the wrinkle amplitude, and A is the wave-
length, see SI Appendix, Eq. 89 for details. The wrinkle-induced
strain gradient £, , can be approximately described by the local
curvature of the wrinkle morphology as a function of the wrinkle
amplitude and wavelength,
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and 4 is the film thickness, E: =E/(1- 1/3), Ef = Ef/(l - vj%),

Eand v denote the Young’s modulus and the Poisson’s ratio, respec-
tively. The subscripts s, and frefer to the substrate and film, respec-
tively. 77 is an electromechanical coupling coeflicient caused by the
size-dependent flexoelectricity (SI Appendix, Supplementary Note
1). 5(1)1 is the pre-stretched strain and €, (S] Appendix, Eq. S10) is
the critical strain of wrinkling. Then the flexoelectric polarization
can be given by:

where

A=h (1+n2)(
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Fig. 2. The PFM responses of stripe-wrinkled STO film. (A) The three-dimensional (3D) morphology of wrinkled STO film and the schematic diagram of PFM
scanning. (B) The striped wrinkle pattern. The out-of-plane (OP-) PFM amplitude (C) and phase (D) responses. (E-G) The curves of profile values along, red, yellow,
and green dashed lines in panels B-D, respectively. Film thickness: 15 nm; (Scale bars: 2 pm.)
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Using the material constants discussed in S/ Appendix,
Supplementary Note 1, we can theoretically calculate the periodic
wrinkle morphology and corresponding flexoelectric polarization
distribution, which agree well with our PFM measurements, as
shown in Fig. 2 E~G. According to our theoretical analysis, it is
the opposite strain gradients (local curvatures) at the wrinkle crests
and valleys that are macroscopically responsible for the periodic
polar patterns, as shown in Fig. 2 Fand G. It should be noticed
that the measured PFM amplitude responses (Fig. 2F) are both
enhanced at the wrinkle crests and valleys owing to the AC com-
ponent of the PFM drive voltage. However, it is challenging to
quantitatively analyze the magnitude of the flexoelectric polariza-
tion using the current PFM results. We can only qualitatively
conclude that periodic polar structures are produced in the wrin-
kled STO film. Further verification through atomistic simulations
and quantitative experiments is needed to fully understand these
wrinkle-induced flexoelectric polar patterns. Moreover, it should
be noticed that the measured PFM OP-Amplitudes are asymmet-
ric (Fig. 2F) at the crests and valleys, while the theoretical predic-
tions should be symmetric. We attribute this anomalous
discrepancy to the strong interplay between the sharp PFM tip
and the wrinkle morphology since the DART PFM operates in a
contact mode. In this mode, sharp tip-induced strain gradients
(18, 38), and the electrostatic interactions (39) are inevitable.

To exclude the complex interference caused by the tip contact,
we have probed the surface potential of the flat (S7 Appendix,
Fig. S3) and wrinkled (ST Appendix, Fig. $4) STO films using a
noncontact Scanning Kelvin Probe Force Microscopy (SKPM)
mode. When the STO film is polarized by wrinkle-induced flex-
oelectricity, a corresponding flexoelectric field is constructed inside
the film, as demonstrated in our SKPM experiments by measuring
the upper surface potential with the bottom surface grounded
(81 Appendix, Fig. S4C). Compared to the trivial surface potential
of the flat STO film (87 Appendix, Fig. S3B), the surface potential
in wrinkled STO film demonstrates a periodic enhancement and
striped pattern (SI Appendix, Fig. SAE) that corresponds to the
wrinkle morphology (S Appendix, Fig. S4 A and D). Similar to
the PFM results, the different strain gradients and corresponding
flexoelectricity at the crests and valleys account for such a periodic

surface potential (S Appendix, Fig. S4B).

Mechanical Manipulation. The nature of the wrinkling
phenomenon is the surface instability caused by the compressive
strain. In the absence of other stimuli, the compressive strain
exerted on the STO/PDMS system is numerically equal to the
pre-stretched strain initially imposed on the PDMS substrate.
However, when subjected to an extra stretching strain € 5,4, as
shown in Fig. 34, the wrinkled system will reach a new equilibrium
state. Then the effective compressive strain imposed on the system
is €50 = €0 — E4ppiiea> and the effective wrinkle amplitude and

wavelength approximately become (27)

Eqr
— 2 -
Aﬁ_b\/(un)(e[ 1),
o ”l 3E.

(5]
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3
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As a result, the wrinkle-induced strain gradients in Eq. 1 and
corresponding polarization in Eq. 4 can be mediately manipulated

https://doi.org/10.1073/pnas.2414500121

by the applied stretching strain €,,,,; With an initial pre-strain

0f 10%, we obtained a striped wrinkle with a 400 nm peak-to-peak
height and a 2.1 pm wavelength (Fig. 1G). By varying applied
stretching strain (Materials and Methods), both the wrinkle ampli-
tude and wavelength were changed, as shown in Fig. 3B. The
wrinkle amplitude (A4) dramatically decreases from 200 nm to 27
nm by increasing the applied stretching strain to about 9.7%,
while the wrinkle wavelength (4) slightly increases from 2.1 pm
to 2.2 pm, which is consistent with our theoretical analysis
(Fig. 3B). Correspondingly, the trend of the PEM OP-amplitude
(Fig. 3 D and F) is similar to that of the wrinkle morphology,
which is attributed to various wrinkle-induced strain gradients
(Fig. 3E). The experimental strain gradient values in Fig. 3F are
obtained by performing curvature analysis (1) at the peaks of
various wrinkle morphologies measured by AFM, while the the-
oretical values are calculated by Eq. 1. The error bars in Fig. 3 £
and F are estimated using the measured data of five waves in a 10
x 10 pm” area.

Atomic-Scale Polar Structure. To elucidate the atomic polar
structure inside the wrinkled STO film, we acquired the atomic
resolution images (Fig. 4) of the film cross-section using the
aberration-corrected HAADF  Z-contrast  STEM  imaging
(Materials and Methods). A sectional slice of two whole valleys and
one crest was prepared (S Appendix, Fig. S5) by a focus ion beam
(FIB) (Materials and Methods). The element composition and
the atomic fractions of the STO films were further identified by
surface scanning with an Energy Dispersive Spectrometer (EDS),
as shown in SI Appendix, Fig. S6. Then the lattice structures
of the valley (Fig. 4cl) and crest (Fig. 4d1) were visualized by
conducting HAADF-STEM scanning at the selected regions (red
box in Fig. 44 and green box in Fig. 4B). The flat strain-free
STO is nonpolar with a symmetric cubic structure (S Appendix,
Fig. S7A), whereas the symmetry will be broken by the wrinkle-
induced inhomogeneous strains (strain gradients). Then both
the oxygen octahedra and the Ti*" are displaced from the center
of the St** tetragonal cell in wrinkled STO, resulting in a local
polarization (SI Appendix, Fig. S7B). The Ti** displacement
vectors and corresponding polarizations can be determined by
performing a two-dimensional (2D) Gaussian peak fitting (3, 7,
40) on the atomic resolution images. Therefore, we were able
to map the displacement vectors of Ti*" (8y.,) at the valliy
and crest, respectively, as shown in Fig. 4 ¢2 and d2. The Ti™"
displacement vectors denoted by the yellow arrows coincide with
the corresponding polarization directions in the unit cells (40),
which was further verified by our first-principles calculations
(SI Appendix, Figs. S10). Using the linear relationship between
the polarization and the Ti** displacement (P « &7;_g, #Ccm™
(Materials and Methods), we calculated the magnitude of the
polarizations, as shown in SI Appendix, Fig. S8. We found that
the polarization directions were predominantly downward with an
average magnitude of about 38 pC cm ™ at the valley, whereas they
were predominantly upward with an average magnitude of about
45 pC cm ™ at the crest. It is this specific polarization distribution,
with opposite directions at the valleys and crests, that gives rise to
the periodic polar pattern observed in our PFM tests.

To examine the roles of strains and strain gradients in the polar
structures, we mapped the in-plane (g,,) and out-of-plane (OP)
(g,,) strain fields using geometrical phase analysis (GPA) (41, 42)
of the atomic resolution images. Apparent strain gradients along
the OP direction (g, ,) were observed in the in-plane strain fields
of both the valley (Fig. 4E) and crest (Fig. 4F), whereas no signif-

icant strain gradients could be found in the OP strain fields
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Fig. 3. The tunability of wrinkle-induced strain gradients and corresponding PFM responses. (A) A schematic diagram of the PFM test with an applied tensile

strain eqppiieq to the wrinkled STO/PDMS system. (B) The wrinkle amplitude (blue) and wavelength (red), as a function of the applied strain, indicate that the

wrinkle morphology can be manipulated by the applied strain. The initial pre-strain here is £9, = 10%. The error bars are the SD, and the primary error stems

from the tension module and the slight biases of scanning area in different PFM tests. (C and D) Measured wrinkle amplitudes (C) and corresponding vertical PFM
responses (D) upon varying applied tensile strains. The letters “V” and “C” denote the valley (dashed circle) and crest (solid circle) regions, respectively. (E and F)
The magnitudes of (E) strain gradients and the (F) vertical PFM response, as a function of wrinkle amplitude, indicating the wrinkle-induced strain gradients and
corresponding electric polarization can be tunned by wrinkle morphology. The error bars in £ and F represent the SD.

(SI Appendix, Fig. S9). The profile values of the selected yellow
dash lines in Fig. 4 E and F were plotted in Fig. 4G, where the
slopes of the fitted curves represent the corresponding strain gra-
dients. It is found that the directions of the strain gradients (g, )
were coincident with the displacements of Ti** and corresponding
polarizations. Quantitatively, the magnitudes of the strain gradi-
ents at the valley and crest are about 4 X 106 m~), which is con-
sistent with our theoretical prediction and AFM measurements
(about 2 x 10° m~tin Fig. 3E). The inevitable cross-scale factors
that exist between microscopic and macroscopic analyses may
account for this acceptable discrepancy.

It is worth emphasizing that perceptible ferroelectricity or pie-
zoelectricity occurs when the symmetry of the STO crystal is
broken by strain gradients. As a result, the local polar structures
will be determined by the delicate competition between the strains
and strain gradients. Considering the ferroelectricity or piezoelec-
tricity in the wrinkled STO film, the tensile regions tend to present
in-plane polarization orientations, while the compressive regions
prefer OP ones, as demonstrated in bent ferroelectric films (43,
44). According to the results in Fig. 4G, we found that the wrin-
kled STO film was subjected to more tensile strain than the pure
bending case, where the tensile and compressive strains on both
sides of the film should be anti-symmetric. Two main factors
might account for this phenomenon. On one hand, the neutral
surface (€,, = 0) of the film at the valley and crest regions was
shifted from the center of the film section due to the constraining
effect of the substrate. On the other hand, the whole film was
stretched to adapt to the large deformation of the compliant sub-
strate. Influenced by such a tensile strain field, the polarization
directions in Fig. 4 ¢2 and 42 exhibit local in-plane components
owing to the strain-induced dipole rotations (43, 44). However,
the polarizations probed at both the valley and crest were

PNAS 2024 Vol.121 No.49 2414500121

predominantly OR indicating that the strain gradients associated
with flexoelectricity played the dominant role in forming the polar
structures of the current wrinkled STO film.

To further understand the origin of the wrinkle-induced flex-
oclectric polar structures observed in our experiments, we con-
ducted first-principles density functional theory (DFT)
calculations (see details in Materials and Methods). After the
structure optimization, the wrinkling deformation and corre-
sponding strain gradients are imposed on the STO film
(SI Appendix, Fig. S10A). To verify the directions of the displace-
ments of Ti atoms, we calculated the electron density difference
between the wrinkled STO film and the corresponding Sr, Ti,
and O atoms, as shown in SI Appendix, Fig. S10B. The increased
electron density between the Ti atoms and the top and bottom
O atoms indicates the Ti atoms are displaced toward the top
surface at the crest while toward the bottom surface at the valley,
as illustrated in S7 Appendix, Fig. S10B, which is consistent with
our experimental findings (Fig. 4 ¢2 and #2). Then we directly
calculated the local polarization in each unit cell by utilizing the
Born effective charges and the atomic displacements relative to
the cubic phase of all atoms, as shown in Fig. 45. The results
indicate that both local polarizations and Ti atom displacements
show a periodic sinusoidal waveform trend, which is upward at
the crest and downward at the valley. Correspondingly, the direc-
tion of the flexoelectric electric field generated at the crest is
downward, and the one at the valley is upward, which is con-
sistent with the surface potential measured by SKPM
(ST Appendix, Fig. S4). Moreover, we calculated the Bader
charges of all atoms in the wrinkled STO. At the crest, we find
that the resultant Bader charge on the bottom Sr-O-Sr surface
of each unit cell is larger than that on the top surface (Fig. 4/),
indicating a downward shift of the negative charge center as well

https://doi.org/10.1073/pnas.2414500121
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Fig. 4. Atomic-scale analysis of the wrinkle-induced polar structure. (A and B) Low-magnification STEM images of the (A) valley and (B) crest sections of the
wrinkled STO film. (C and D) HAADF-STEM images and Ti%* displacement vectors. (c1 and d1) The atomically resolved HAADF-STEM images from the red and
green squares in panels A and B, respectively. The Inset in ¢1 shows the FFT pattern of ¢1 with the reciprocal lattice vectors g1 and g2, which are used in GPA
analysis. The Top-Right Inset in d1 shows the magnified image of the yellow box in d1, indicating a typical distorted lattice. (c2 and d2) Atomic Ti*" displacement
vectors (8., denoted by red arrows) overlaid on the HAADF-STEM images, indicating predominantly (c2) downward and (d2) upward polarization fields at the
valley and crest, respectively. (E and F) Maps of the in-plane strain fields obtained from GPA, indicating apparent OP strain gradients. (G) Line profiles of the
corresponding strain values along the yellow dotted lines in £ and F, indicating more tensile strains than the compressive ones in the wrinkled STO films. The
strain gradients were calculated by the curve slops. (H) The Ti displacements away from the center of the oxygen octahedron and the corresponding polarization
calculated by DFT. (/) The Bader charge distribution calculated by DFT. C; and C, represent the resultant Bader charge on the top and bottom Sr-O-Sr surface

of each unit cell, respectively.

as an upward flexoelectric polarization field. Using the same
methodology, we find a downward flexoelectric polarization field
at the valley, which agrees well with our experimental results.

Conclusions

In summary, we report the realization and manipulation of the
ordered periodic polar patterns in the wrinkled nonpolar STO
nanofilms at room temperature. We demonstrate that the pro-
nounced polarization (up to 40 pC cm™?) at the valleys and crests
is primarily attributed to the huge wrinkle-induced strain gradient,
which can be manipulated by tuning the imposed strain boundary
conditions on the wrinkled film/substrate system. At the atomic
scale, our results of atomic resolution imaging and first-principles
calculations further reveal that the wrinkle-induced polarization
vectors are determined by both local strain and strain gradients.
Particularly, the wrinkle-induced tensile strains lead to in-plane
dipole rotations, whereas the overall polarizations are predomi-
nantly OP oriented since the OP strain gradients associated with
flexoelectricity play a dominant role in such wrinkled nonpolar
STO nanofilms. Not limited to STO nanofilms, the reported
wrinkle-induced ordered polar patterns are generic and can be
applied to other polar and nonpolar dielectrics, where flexoelec-
tricity generally works. Additionally, this study can also serve as a
general platform for exploring strain gradient engineering and
flexoelectric domain engineering, which are crucial for future
nanoelectronics.

https://doi.org/10.1073/pnas.2414500121

Materials and Methods

Fabrication of Wrinkled STO Films. Asacrificial layer of SAO with a thickness of 10
nm was initially epitaxially grown ontoa(001)-oriented STO substrate using a PLD sys-
temwith a 248 nm wavelength KrF excimer laserat 750 °Cunderan oxygen pressure
of 1 x 1072 Pa. Subsequently,a 15 nm STO layer was epitaxially grown at 720 °C under
an oxygen pressure of 15 Pa. The target-substrate distance was 9 cm, and the laser
energy was approximately 250 mJ with alaser pulse rate of 5 Hz. Finally, the STO/SAO/
STO epitaxial heterostructure was gradually cooled down to room temperature ata rate
of 10°C/min.The STO/SAQ/STO heterostructure was adhered to a pre-stretched PDMS
substrate and immersed in deionized water until the SAQ layer was fully dissolved.
After evaporating the residual water and releasing the pre-strain, the STO film was
spontaneously wrinkled along with the shrinkage of the PDMS substrate.

Crystal Structure Characterization. The crystal structures were characterized
by a high-resolution X-ray diffractometer (HRXRD) using a SmartLab3KW instru-
ment. The incident X-ray was generated from a Cu Ko, source.

PFM. PFM measurements were carried out by a commercial AFM (Oxford Instruments)
system in DART mode under ambient conditions. The PFM responses and morpholo-
gies were measured by a Pt/lr-coating conductive probe (PPP-EFM-50, Nanosensors)
with a tip height of 15 pm, a tip curvature radius of about 25 nm, a resonance fre-
quency of 75kHz,and aforce constantof 2.8 N m~". Forthe non-contact SKPM mode,
the distance between the probe and the sample surface was set to 50 nm.

Stretching Experiment. The stretching PFM experiments were conducted by
the same AFM system (Oxford Instruments) system equipped with a customized
stretching platform (NanoRack). The applied tensile strains were monitored by
several displacement sensors installed on the platform.
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STEM. Aberration-corrected HAADF Z-contrast STEM was performed on a (scan-
ning) transmission electron microscope (FEI Titan Themis 300 kV) that combines
outstanding high-resolution STEM and TEM imaging with industry-leading EDS
signal detection. 2D/3D chemical characterization with compositional mapping
was performed by four in-column silicon drift detector Super-X detectors with
unique cleanliness. The STEM samples were prepared using a FIB by cutting the
wrinkled STO film along the thickness direction. Before cutting, C-protection
layers with greater stiffness than the PDMS substrate were deposited to prevent
sample damage and stress relaxation during the ion milling. The voltage of the
jon thinning process was gradually reduced.

Estimation of the Polarization Caused by B-Site Cation. To quantitatively
calculate the polarization in each lattice cell, we need to obtain the exact position
information of Sr,Ti, and O atoms from the high-resolution HAADF-STEM images.
However, it is challenging to explicitly obtain the O atom displacements due to
the lack of contrast in HAADF-STEM imaging. As an alternative approach, we used
the displacement vector of Ti*" (symbolized by &, in SI Appendix, Fig. S7B)
relative to the center of its four corners neighboring Sr** to estimate the polar-
izations in unit cells. This approach (45) is based on a simple empirical linear
relationship between the local polarization (P) and the displacement of cations
(ri5): (P o 85_g, uCcm=?)and has been demonstrated to effectively evaluate
the displacive polarization in STO (40, 46, 47).

First-Principles DFT Calculations. Following our experimental setup, we con-
structed a slab STO model (1 x 20 x 1 cells) and imposed a sinusoidal deflection
to the system. The calculations were performed by using the Vienna ab initio
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simulation package based on density function theory (48, 49), within the local
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4s,4p,5sforSr, 3s,3p,3d, 4 sforTi,and 2 s, 2p for 0. The self-consistent loops
of calculations were iterated until the condition of convergence was satisfied.
The total energy difference between two adjacent iterating steps was less than
1 x 107° eV, The electronic wave functions were expanded in plane waves up to
a cut-off energy of 500 eV. The conjugate-gradient algorithm was used in this
computational scheme to relax the ions until the force on each atom is less than
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Monkhorst-Pack scheme. The k-point sampling was settoa 1 x 6 x 1 mesh for
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1.00001. The polarization was then calculated using the Born effective charges
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