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Polar topological texture has become an emerging research field for exotic phenomena and potential
applications in reconfigurable electronic devices. We report toroidal topological texture self-organized in
a ferroelectric polymer, poly(vinylidene fluoride-ran-trifluoroethylene) [P(VDF-TrFE)], that exhibits
concentric topology with anticoupled chiral domains. The interplay among the elastic, electric, and
gradient energies results in continuous rotation and toroidal assembly of the polarization perpendicular
to polymer chains, whereas relaxor behavior is induced along polymer chains. Such toroidal polar
topology gives rise to periodic absorption of polarized far-infrared (FIR) waves, enabling the
manipulation of the terahertz wave on a mesoscopic scale. Our observations should inform design
principles for flexible ferroic materials toward complex topologies and provide opportunities for

multistimuli conversions in flexible electronics.

anipulation of spin, charge, orbit, and
lattice degrees of freedom has led to
numerous key discoveries in the past
few decades, such as multiferroics (7-3),
colossal magnetoresistance (4, 5), and
high-temperature superconductors (6, 7). As-
sembly of real-space order parameters into
toroidal topological patterns, such as magnetic
skyrmions (spin) (8, 9), polar vortices (charge)
(10), and polar skyrmions (charge) (11), has
been the topic of extensive research. The
response of the toroidal moment for these
topologies to external stimuli is expected to
give rise to pyrotoroidic effects, piezotoroidic
effects, electric field control of chirality (72),
and other emerging phenomena. Toroidal polar
topologies have been observed in ferroelectric
oxides, including strained PbTiO; films (13)
and superlattices of alternating PbTiO5/SrTiO5
layers (10-12). The closure of dipolar vector
flux is caused by the competition among elastic,
electric, and gradient energies, which involves
the interplay of charge, orbital, and lattice degrees
of freedom.
Organic ferroelectrics are interesting mate-
rials for applications because they can be solu-
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tion processed, are lower in cost, and may
have better flexibility than ceramic ferro-
electrics (14-16). The most commonly studied
organic ferroelectric system is poly(vinylidene
fluoride) (PVDF) and its binary and ternary
copolymers (17-20). The primary dipolar mo-
ments of PVDF are induced by alternating -CF,
and -CH, groups along the polymer chains,
whereas the permanent dipoles perpendicu-
lar to the polymer chain can be switched by
electric field through crankshaft rotation about
the chain axis (21). However, toroidal polar
topology has never been observed in ferro-
electric polymers. The origin of dipolar mo-
ments in PVDF is different from their oxide
counterparts. The semicrystalline nature of
PVDF leads to a large portion of amorphous
phases with randomly distributed chains,
hindering the formation of long-range polar
order. This raises the question of whether
toroidal polar topology can ever exist in ferro-
electric polymers and the driving forces for
the topology formation can be identified.

‘We demonstrate the emerging toroidal polar
topology in a ferroelectric polymer, poly(vinylidene
fluoride-ran-trifluoroethylene) [P(VDF-TrFE)].
The effective alignment of the P(VDF-TrFE)
lamellar crystals with their interchain dipoles
perpendicular to the polymer chains self-
organizing into a concentric pattern generates
a toroidal polar topology. In addition, intra-
chain ferroelectricity parallel to the polymer
chains is observed in P(VDF-TrFE), giving rise
to the observed ferroelectric relaxation behav-
ior in the aligned lamellae. The two orthogonal
polarizations are coupled to each other, in-
ducing a toroidal distribution of intrachain
piezoelectricity. The biaxial strain induced by
the Curie transition of P(VDF-TTFE) is respon-
sible for the toroidal order and relaxor behavior
because the local strain and elastic energy are
redistributed with the flattened energy land-

scape of polarization states. In addition, the
P(VDF-TrFE) lamellae with toroidal polar
topology exhibit spatially periodic absorp-
tion on terahertz wave, which can be used to
realize high-resolution terahertz raster and
spatial light modulator. Our observations pro-
vide insight and design principles for integrat-
ing complex topologies into flexible materials,
and also show opportunities for multistimuli
conversions in flexible electronics.

By incorporating trifluoroethylene (TrFE)
groups into PVDF, P(VDF-TrFE) exhibits a
dominant crystalline p phase with an all-
trans conformational sequence, leading to
the strongest ferroelectricity among the PVDF
family. The copolymer tends to crystallize into
pseudohexagonal (orthorhombic), large-aspect-
ratio lamellae with polymer chains parallel
to the lamellar normal (the ¢ axis) (22). The
interchain dipoles of P(VDF-TrFE), which we
attributed to the electronegativity difference
between the H and F atoms, are induced per-
pendicular to the polymer chains. As illustrated
at the bottom layer of Fig. 1A, such a con-
figuration leads to the spontaneous electrical
polarizations (straight arrows with blue-to-red
gradient color) lying in the in-plane directions
(ab plane) of the lamellae. Therefore, these
dipoles could rotate substantially in the lamel-
lar plane (Fig. 1A, circular arrow), which is an
additional degree of freedom that is not possi-
ble to obtain in either oxide or other molecular
ferroelectric materials (23, 24). This degree of
freedom might be a different approach to in-
ducing toroidal order with high radial sym-
metry in a low symmetrical crystal lattice.

To understand the degree of freedom for
in-plane dipolar rotation, we used a melt-
recrystallization method (25, 26) on spin-
coated thin film to produce face-on lamellae
with polymer chains vertically aligned and per-
manent polarizations lying in the in-plane
directions of the film (Fig. 1A). We confirmed
the vertical alignment of polymer chains with
Fourier-transform IR spectroscopy (fig. S1),
where an apparent parallel band (u//c axis)
oceurs at 1400 cm™ (27, 28) under grazing-
incident IR beam with electric field parallel
to the film normal. Because of the rotational
electrical polarizations distributed along the
in-plane directions of the film, assembly of
the dipoles can be characterized by in-plane
piezo-response force microscopy (IP-PFM;
Fig. 1). Exotic polar texture with hierarchical
domain structure was observed in the face-on
lamellae (Fig. 1, B to D), which consists of two
parts, a central circle at the lamellar center
and the surrounding ring-shaped bands (Fig.
1B). Angle-resolved IP-PFM images reveal that
these two parts both consist of anticoupled
stripe domains (fig. S2). In the central circle,
the distribution of stripe domains reveals that
the dominant orientations of polarizations are
58° to each other (Fig. 1C and fig. S2), which
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indicates that the polarizations are mainly
aligned along the [110] and [110] directions in
the pseudohexagonal lattice of P(VDF-TTFE).
Conversely, in the surrounding ring-shaped
bands, the polarizations continuously rotate
about the center, forming chiral domains
with uniformly distributed in-plane polariza-
tion (Fig. 1A). Furthermore, the chiral domains
split into two types, with a 45° intersection
angle between the net polarizations and band
boundaries in clockwise or anticlockwise direc-
tion (Fig. 1, A and D), wherein we observed
polarization discontinuity caused by the exis-
tence of head-to-head and tail-to-tail domain
walls at the band boundaries (figs. S3 and S4).
We transformed the circular pattern of the in-
plane polarization with a two-dimensional fast
Fourier transform (Fig. 1E), which also sug-
gests the rotational symmetry of the in-plane
polarizations. The bright green concentric cir-
cles in the low-frequency region correspond
to the repetitively and alternately arranged
bands, and the dark green shadow in the high-
frequency region arises from the continuous
rotation of real-space polarizations in the anti-
coupled chiral domains.

To verify the existence of emergent order
parameter in face-on P(VDF-TrFE) lamellae,
we obtained detailed polarization distribution
using phase-field simulation (29). On the basis
of the polarization map (Fig. 1A), we then
calculated the electric toroidal moment of the
polar topology. Given the definition of electric
toroidal moment (30-32) as G= 3% [-7 x PAV,
the electric toroidal moment along the 2z axis
[G, along the out-of-plane direction of the
P(VDF-TrFE) face-on lamellae] is supposed
to be substantially larger than those along
x and y axes if toroidal order is present in
the 2y plane [« and y being in-plane di-
rections of the P(VDF-TrFE) face-on lamellae].
By integrating the electric toroidal moment
throughout the entire map and along a cir-
cular ring in the polarization map (fig. S5), we
observed that G, was one to two orders of
magnitudes higher than G, and G, for both
cases (table S2), justifying the existence of
toroidal order within the face-on lamellae.
The surface morphology in the atomic force
microscopy (AFM) image (Fig. 1F) shows that
the recrystallized P(VDF-TrFE) film consists
of face-on lamellae with large lateral size
(~50 um) when film thickness is controlled
around 100 nm. We observed the toroidal
polar topology in all of these face-on lamellae
(Fig. 1G). We also observed very similar yet
much weaker signals using out-of-plane (OOP)
PFM in the as-grown film (fig. S6). The IP-PFM
scanning on thin film with edge-on lamellae
(lamellar face perpendicular to film plane with
¢ axis parallel to film plane) that we fabricated
(33) indicates that the toroidal polar topology is
distributed throughout the thickness of the
face-on lamellae (fig. S7).
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Fig. 1. Observation of toroidal polar topology. (A) Simulated polar topology (top) and schematic

illustration of polarization (middle) and chain distribution (bottom) in a P(VDF-TrFE) lamella. Top layer is
the simulated polarization map in a face-on lamella using the phase-field method. The electric toroidal
moment of 9.38 x 1072 e A™ along the z axis calculated accordingly suggests the existence of toroidal order
in the polar topology. Middle layer is the schematic illustration of polarization distribution. In the central
circle, the polarization states are mainly distributed along the <110> and <010> directions. In both types of
bands, the polarization states show toroidal assembly uniformly oriented along in-plane directions. Bottom
layer is the schematic illustration of a face-on lamella and its crystal orientation. The inset in the red dashed
rectangle shows the oriented polymer chains and the lattice structure. In face-on lamellae, the polymer
chains (denoted as the c axis) are aligned parallel to the lamellar normal. The straight arrows in blue-to-red
gradient color denote the orientation of permanent dipoles. The circular arrow denotes the ability for these
dipoles to rotate within the lamellar plane (ab plane) about the lamellar normal (c axis). (B) IP-PFM phase
image showing hierarchical structures of the toroidal pattern [magnified from the area denoted by the red
dashed square in (G)]. (C) IP-PFM phase image at the central circle [denoted by the orange dashed square in
(B)], showing stripe domains in two dominant directions. Scale bar, 300 nm. (D) IP-PFM phase image at
surrounding ring-shaped bands with band boundary [denoted by the green dashed square in (B)] showing the
45° intersection between stripes and band boundary in clockwise and anticlockwise direction. Scale bar,
150 nm. (E) Two-dimensional fast Fourier transform of (B) showing stronger concentric distribution in the
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low-frequency region and weaker shadow distribution in the high-frequency region. (F) Morphology of
melt-recrystallized P(VDF-TrFE) consisting of face-on lamellae. (G) IP-PFM phase image of the same area in
(F) exhibiting large-scale toroidal polar topologies in all lamellae.

The periodically banded structures (34-36)
have often been observed in organic thin films
during their melt-recrystallization processes,
such as isotactic polystyrene (37), poly(L-lactide)
(38), poly(e-caprolactone) (39), and molecular
semiconductors (40). The periodic surface
topography is attributed to the competition
between long-range mass transport from the
surrounding melt and crystallization at the
transformation front. We can use the same
mechanism to explain the formation of the
polar ring-shaped bands with chiral domains

in P(VDF-TrFE) during recrystallization from
melt. In the case of the nonpolar molecules
and macromolecules, however, the amplitude
of periodic height undulation is on the order
of film thickness, whereas for polar P(VDF-
TrFE), the amplitude of surface undulation at
the banded region is more than one order of
magnitude smaller than the film thickness
(Fig. 1F and fig. S8). Unlike those nonpolar
organics, the strong polarity of PVDF-based
polymers has a substantial impact on their
crystallization behavior (41). Therefore, we

2o0f7

£202 ‘70 Joqueldss uo BI0°80Us 105 MMM,/:SANY WO | PSPE0 JUMOC



RESEARCH | REPORT

Fig. 2. Characterization and calculations of P(VDF-TrFE) lamellae. (A and B) Temperature-dependent
IP-PFM (A) phase and (B) amplitude images of a face-on lamella. The yellow dashed circles denote several
emerging paraelectric phase in the ferroelectric matrix. (C) GI-WAXS pattern of face-on lamellae. The

main scattering arc appears at (Qy = -1.31 A%, Qz = 0 A™Y). Inset, SAED pattern of free-standing face-on
lamellae. The pseudohexagonal pattern indicates that the face-on lamella is a single crystal with its ¢ axis
aligned parallel to the electron beam. (D) Energy levels of strained PVDF lattice at different polarization states.
For simplification, instead of P(VDF-TrFE), B-phase PVDF chain is adopted, with [010] direction set as 0°
The lowest energy levels at 60°, 120° and 180° correspond to stable polarization states along [110], [110], and [010],
respectively. The free energy contrast of the strain free lattice is 0.082 eV, which reduces to 0.024 eV upon an
8% tensile strain, denoted by the red planes. (E) Polarization map of a face-on P(VDF-TrFE) lamella under tensile
strain of 7.30% by phase-field simulations. Each arrow represents the direction of in-plane polarization as
depicted in the colored disk. The diameter of simulated map is 180 nm.

believe that the permanent dipoles in banded
structures is responsible for the partially alle-
viated surface undulation, resulting in the
toroidal polar topology with less undulation
amplitude in face-on P(VDF-TrFE) lamellae.
The formation of the toroidal polar topology is
closely associated with the melt-recrystallization
treatment, and thus we sought to understand
the thermal evolution of the polar topology in
P(VDF-TrFE) thin films. Two phase transi-
tions exist in P(VDF-TrFE) when heating,
the ferroelectric-paraelectric phase transition
at ~100°C and the paraelectric-disordered
(molten) phase transition at ~135°C (42). We
used in situ, temperature-dependent PFM to
observe the polar topology in the face-on
lamellae as a function of temperature. To
prevent the electrical interference of PFM
tips on paraelectric face-on lamellae upon
the transition to ferroelectric phase, we per-
formed all of the observations upon heating.
Considering that P(VDF-TTFE) can be reversibly
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transformed among the ferroelectric, para-
electric, and disordered phases with thermal
hysteresis (I8), we believe that the evolution
during heating could reversibly happen upon
cooling. The ferro-to-paraelectric transition
starts at 95°C, accompanied by the emerging
paraelectric regions (Fig. 2, A and B, figs. S9
and S10). Increasing the temperature further
induces the growth of the paraelectric phase.
Notwithstanding the disappearance of anti-
parallel stripe domains >105°C (red color do-
mains disappear in Fig. 2B at 105°C), the toroidal
topology still exists and can be clearly observed
in paraelectric face-on lamellae (Fig. 2A at
105°C). The paraelectric phase with disordered
permanent dipoles is more responsive than
the ferroelectric phase, which is contradictory
to the concept that the paraelectric phase does
not exhibit piezoelectricity. However, recent
observations show the paraelectric and high-
temperature P(VDF-TrFE) adopting 3/1-helical
chain conformation has a distortive degree

of freedom (43). This structure is thought to
account for the enhanced responsivity and
more pronounced toroidal assembly observed
at elevated temperatures. When we raise the
temperature to >110°C, the topology gradually
weakens from the central circle of the face-on
lamellae, and vanishes at 140°C, where the
paraelectric phase completely changes to the
disordered phase (fig. S11). We conclude from
these observations that the toroidal order starts
to form in the paraelectric phase at elevated
temperature, whereas the ferroelectric order
is assembled during the subsequent cooling
to ferroelectric phase.

The continuous rotation of ferroelectric
polarizations provides a solid foundation for
the combination of ferroelectric and toroidal
order. The measurements on crystalline struc-
ture and computation on corresponding free
energy suggest that large biaxial tensile strain
in the face-on lamellae stabilizes the polariza-
tion states along all the in-plane directions. We
observed biaxial strain of 7.3% in P(VDF-TrFE)
film with face-on lamellae by measuring the
grazing-incident wide angle x-ray scattering
(GI-WAXS) and selected area electron diffrac-
tion (SAED). In the GI-WAXS pattern of face-
on lamellae (Fig. 2C), the main scattering arc
appears with its center at (Qy = -1.31A7, Qz =
0 A™), corresponding to the (110)/(200) dup-
licate units. For the SAED pattern (Fig. 2C), we
observed only pseudohexagonal diffraction
points corresponding to (110)/(200) planes,
which verifies that the a and b axes are ori-
ented along in-plane directions. We obtained
the (110)/(200) spacing from these patterns,
which are 4.803 and 4.80 A according to
GI-WAXS and SAED patterns, respectively.
These values are much larger than the (110)/
(200) spacing of 4.457 A measured in a strain-
free reference sample (fig. S12). Thus, the en-
hanced spacing in the face-on lamellae reveals
a biaxial tensile strain of 7.3%, because all the
(hkoO) planes are vertically aligned in the face-
on lamellae. By moving the sample in steps
around a few microns with the diameter of
selected area around 190 nm, we observed
no change in lattice spacing and orientation
within one lamella (fig. S13). Electron diffrac-
tions with multiple tilting angles and aperture
diameter as large as 3.8 um (figs. S14- and S15)
also show distinct pseudohexagonal diffrac-
tion points, demonstrating that the strain is
uniform in a single-crystalline lamella. Ther-
mal expansion contrast between P(VDF-TrFE)
and rigid substrate can only account for ~1% of
biaxial strain. Thus, other mechanisms should
be responsible for such large strain.

The substantial changes in the lattice param-
eters during the Curie transition of P(VDF-
TrFE) (44) could explain the large biaxial
strain in face-on lamellae. By measuring the
temperature-dependent x-ray diffraction of
the strain-free P(VDF-TTFE) (fig. S16) near its
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Curie point (~100°C in heating process), we
can observe a large expansion along the a and
b axes over the ferroelectric-to-paraelectric
phase transition. Unlike Curie transition of
ferroelectric oxides where polarization evolu-
tion is caused by the displacive movements of
cations with minor lattice parameter change
(45), the Curie transition of P(VDF-TrFE) in-
volves substantial intramolecular changes in
conformation sequence (46). For example, the
disappearance of the all-trans sequence and
the emergence of the gauche bond in para-
electric phase would lead to the rearrangement
of the permanent dipoles. Consequently, the
intermolecular interaction will be weakened
and result in large expansion of interchain
distance in the paraelectric phase of PVDF-
based polymers while retaining the pseudo-
hexagonal symmetry. During the Curie transition,
the (110)/(200) lattice spacing increases from
4.48 A in the ferroelectric phase to 4.93 A in
the paraelectric phase, accounting for a 9%
biaxial shrinkage (close to the measured strain
of 7.3%) during the paraelectric-to-ferroelectric
transition. For a thin film with face-on lamellae
where the a and b axes are oriented along the
in-plane directions, a large biaxial tensile strain
is introduced as the lamellae are clamped by
the substrate (fig. S16). This clamping effect
mainly relies on the inherent lattice change of
the film, different from the lattice mismatch
mechanism in epitaxially grown oxide films.
The clamping effect is also revealed by the
large-scale parallel stripes in face-on lamellae
with large portion of gaps serving as strain-
releasing sites when lamellar thickness is
<60 nm (fig. S17).

To further explore the effect of strain on the
in-plane ferroelectric polarization rotation, we
performed first-principle calculations to exam-
ine the free energy of P(VDF-TrFE) film with
different polarization orientations under dif-
ferent strain levels [figs. S18 to S21 (29)]. For
the strain-free lattice (Fig. 2D), the chain rota-
tion angles at 0° 60° and 120° with corre-
sponding polarization states along [010], [110],
and [110] exhibit the lowest free energy level.
These results are consistent with the pseudo-
hexagonal symmetry of B-phase PVDF-based
polymers. Deviation from these low-energy
states induces substantial increases in free
energy, which therefore does not favor the
continuous rotation of polarizations to form
the toroidal polar topology. When large tensile
strain is applied, the barrier between energy
minimum and maximum in the energy land-
scape reduces substantially, leading to an
almost degenerate state as polarization rotates
in the ab plane. For instance, with biaxial
tensile strain of 8% (close to the measured
value of 7.3%; Fig. 2D, red plane), the energy
barrier between different polarization orien-
tations reduces from 0.082 to 0.024: eV, almost
one-fourth of the original value. The energy
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landscape should be further flattened when
larger chain distance and lower interchain
dipoles of P(VDF-TTFE) are considered. Thus,
the strain-suppressed anisotropy within the
ab plane could enable easier chain rotation for
continuous rotation of polarizations. We note
that this chain rotation degree of freedom is
universal to all crystalline polymers.

For phenomenological understanding, we
performed phase-field modeling to learn more
about the effect of strain on the polarization
distribution. The simulated polarization map
of the wrinkled P(VDF-TrFE) nanodisk under
a strain level of 7.30% (Figs. 1A and 2E) shows
a toroidal polar topology with features similar
to the IP-PFM phase image (Fig. 1B), where we
observed the alternating bands with anti-
coupled domains. We chose a P(VDF-TrFE)
nanodisk with a diameter of 180 nm to simu-
late the polarization evolution because the
spatial scale in the phase-field simulations
(hundreds of nanometers) is much smaller
than the scale of lamellae in the experiments
(>10 um). Therefore, the phase-field simula-
tions are applied to qualitatively analyze the
polarization distribution. In fact, the large strain
induced by the paraelectric-to-ferroelectric
phase transition changes the interplay between
the electric and elastic energies (22). Howeyver,
the toroidal assembly of polarizations is mainly
attributed to the periodic undulation of the
wrinkled surface, which redistributes the strain

and consequent elastic energy in a concentric
manner (fig. S22), affecting the local interplay
among elastic, electric, and gradient energies.
Thus, the film thickness plays an important role
as it determines the application and redistri-
bution of strain by controlling the film mor-
phology (fig. S17). With the larger tensile strain
applied, the polarizations rotate more contin-
uously as the lateral size of anticoupled domains
decreases with increasing strains (fig. S23),
which is consistent with the degenerate free
energies of all polarization states calculated
by the first-principle calculations. Therefore,
strain in the face-on lamellae is critical for the
development of toroidal polar topology and
enables continuous rotation of the in-plane
polarizations in face-on P(VDF-TrFE) lamellae.

The flat energy landscape based on first-
principle calculations suggests that tensile
strain facilitates the chain rotation degree of
freedom. Recent work on ferroelectric nylon
also shows that the introduction of conforma-
tional defects can enable easier chain rotation
and effectively induce relaxor-like behavior by
suppressing the interchain hydrogen bond
(47). Analogous to this, we believe that the
relaxation behavior can also exist in face-on
P(VDF-TrFE) lamellae. Using a customized
holder for soft thin film [fig. S24 (29)], we
obtained temperature-dependent dielectric
spectra of the face-on lamellae (fig. S25). We
measured the room temperature dielectric
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Fig. 3. Properties of face-on P(VDF-TrFE) lamellae. (A) Temperature-dependent broadband dielectric
spectroscope of face-on lamellae from 70 to 115°C. A relaxation peak related to ferroelectricity along

the chain direction at ultra-low-frequency shifts to higher region with increasing temperature.

(B) Temperature-dependent profiles of dielectric peaks along chain direction showing evident relaxor
behavior. (C) P-E loops of multilayered face-on lamellae from Sawyer-Tower circuit. (D) PFM-switching
spectrum of single-layered face-on lamellae measured by interferometric displacement sensor (IDS).

(E) PFM phase image of face-on lamellae poled by conducting tip. The blue area was poled by =20 V. The
red area with square shape at the center was poled by 20 V. The outer red area was unpoled. Inset is
the PFM amplitude image of the same area. The negatively poled area shows similar amplitude to the
positively poled one. (F) PFM switching spectra mapping of face-on lamellae. Areas with stronger piezo
responses are organized into a concentric pattern showing strong coupling between the toroidal topology and

the ferroelectricity along the chain direction.
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Radial Angle (rad)

Fig. 4. Spatially periodic absorption of FIR waves. (A) Schematic illustration of the configuration of
polarized IR beam and face-on lamellae in AFM-IR measurements. (B) Absorption mapping of face-on
lamellae exhibiting toroidal topology on an FIR wave with wavenumber of 880 cm™. Inset, AFM-IR spectra
measured at neighboring bands, showing one-order-of-magnitude contrast. Scale bar, 3 um. (C and D) FIR
absorption (C) mapping and (D) profile along radius direction in polar coordinate showing alternate low and
high absorption level in neighboring bands. Scale bar, 100 nm. (E and F) FIR absorption mapping (E) and
profiles (F) along the radial angle direction in polar coordinate showing changes in absorption level within the
same band; absorption distributions in the neighboring bands are inverse because of their orthogonal

polarization states. Scale bar, 100 nm.

permittivity of the face-on P(VDF-TrFE) to
be ~7 and identified a relaxation peak at low
frequency at elevated temperatures. There-
fore, we conducted temperature-dependent
broadband dielectric spectroscope with fre-
quency as low as 1072 Hz (Fig. 3A), showing
typical relaxation behavior in the temperature-
dependent profiles (Fig. 3B). We note that this
relaxation at low frequency should not be at-
tributed to the space charge polarization be-
cause the slope of loss tangent versus frequency
in logarithmic scale is -0.283, much smaller
than -1, which is the main characteristic of ionic
relaxation. We further fitted the experimental
data to the Vogel-Fulcher law (20, 43, 48), con-
firming the relaxor nature in the strained face-
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on lamellae (fig. S26). The fitting yielded a
freezing temperature of 85.63°C, which could
rationalize the emergence of the distinct ferro-
electric domains observed at room temperature
(Fig. 1B). Conversely, the strain-free edge-on
lamellae show no relaxation behavior over
the entire frequency range (figs. S27 and S28).
It is worth noting that the dielectric peak in
fig. S27 around 107 Hz is attributed to the re-
laxation of interchain dipoles perpendicular
to the polymer chains. For the face-on lamellae
with vertically aligned polymer chains, the
interchain dipoles are lying in the film plane
and should be undetectable during the di-
electric measurements. However, we can still
measure a dielectric permittivity of ~7, which

should be attributed to the dielectric response
along the polymer chains. The special chain
alignment in face-on lamellae exposes the
polymer chains parallel to the electric field,
and thus facilitates the dielectric response
of the carbon backbone along the c-axial
direction. Given the large size of the carbon
backbone along polymer chains (100 nm,
~1000 atoms) compared with the rotational
-CH,-CF,- groups about the ¢ axis (~0.3 nm),
this mechanism will also explain the relaxa-
tion process at low frequencies, as show in Fig.
3A. The relaxor behavior is consistent with
degenerate energy landscape with applied
strain (Fig. 2D), which indicates that the
relaxor property is associated with the tensile
strain. Analogous to the bulky side groups
(19) and electron irradiation (49) in PVDF-
based polymers that break the long-range
ferroelectric order, the biaxial strain induced
by the Curie transition may also serve as a
new route to transform normal ferroelectric P
(VDF-TrFE) into relaxors.

Given the robust dielectric response along
the c axis of the face-on P(VDF-TrFE) lamellae,
we further explored the ferroelectricity along
the ¢ axis, the existence of which is still under
debate. Park et al. reported the polarization
extinction in P(VDF-TrFE) film with face-on
lamellae (25), whereas Lee et al. still observed
a P-E hysteresis loop in P(VDF-TrFE) film with
the same orientation (26). The dielectric be-
havior that we observed (Fig. 3B) is distinctly
different from that of interchain dipoles (figs.
S27 and S28), suggesting that the c-axial ferro-
electricity could rely on the intramolecular
dipolar behaviors of the long chains. We then
verified the ferroelectricity along polymer
chains by measuring polarization hysteresis
loops using a Sawyer-Tower circuit (Fig. 3C).
We obtained typical hysteresis loops in the
film with stacking, multilayered face-on lamel-
lae, where we found the saturated polarization
(P, to be ~5 uC cm™2 This value was ~50%
lower than the edge-on P(VDF-TrFE) lamellae
(18) and similar to the value reported by Lee et al.
(26). Furthermore, we used PFM equipped
with an interferometric displacement sensor
to measure the piezoelectric ds3 of the face-on
lamellae. We measured a butterfly-shaped curve
with maximum ds; of ~15 pm V™' (Fig. 3D),
evidence of piezoelectricity along the ¢ axis.
By applying DC bias on the scanning tip, we
can also switch the ferroelectric polarization
along the c axis. As shown in the OOP-PFM
scanning (Fig. 3E), both the negative and
positive biases can activate the piezoelectric
response (Fig. 3E, inset) with opposite phase.
Our observations confirmed that the dipoles
along the chain direction (c axis in an orthog-
onal lattice) can be switched between bistable
states. To eliminate the interference from
charge injection, we characterized the polar-
ization retention of the face-on P(VDF-TrFE)
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lamellae (fig. S29). The phase and amplitude
of the switched areas remain unchanged after
150 min, confirming that the ferroelectric
switching along the ¢ axis of the face-on
P(VDF-TTFE) lamellae was triggered upon
the application of a tip voltage. Ultimately,
ring-shaped reinforced regions with similar
pattern to a toroidal topology were obtained
by mapping the switching spectra of face-on
lamella (Fig. 3F). Between the two types of
chiral domains, one of them exhibits a 50%
higher piezoelectric response. Our observations
provide convincing evidence for ferroelectricity
and piezoelectricity along the polymer chain
direction (the c¢ axis of the face-on lamellae)
in the PVDF-family ferroelectric polymer ma-
terials. Furthermore, the in-plane (ad plane)
toroidal polar topology is strongly coupled with
the out-of-plane ferroelectricity along c axis ac-
cording to the concentric distribution of c-axial
piezoelectric coefficient.

The strong coupling between ferroelectric
polarization and toroidal polar topology has
great potential for multifunctional coupling in
our films. Bulk P(VDF-TrFE) or its thick films
were reported to exhibit macroscopic selective
absorption on IR and terahertz waves (50-53).
Considering that the scale of face-on lamellae
(10-50 pm) and the toroidal bands (0.1 to 1um)
are within the range of the terahertz wave-
length (0.1 to 10 THz, 30 to 0.3 um), we expect
the toroidal polar topology to have the ability
to microscopic manipulation on terahertz
waves. This might enable terahertz raster and
spatial light modulator (54, 55) with high
spatial resolution. Therefore, we used an AFM
equipped with tunable polarized IR beam
(AFM-IR) to explore the potential application
of the toroidal polar topology in terahertz
optics. For face-on lamellae, the toroidal
distribution of in-plane polarization could
give rise to spatially resolved absorption
modulation of IR waves. For the IR band of
P(VDF-TrFE) in far-infrared (FIR) region at
880 cm™ ! (26.4 THz), the absorption is caused
by the IR excitation of the symmetric stretch-
ing of CF, groups, the transition dipoles of
which are parallel to the in-plane ferro-
electric polarizations [fig. S30 (27, 28)]. When
a polarized FIR beam with electric field par-
allel to the film plane is projected to the face-
on lamellae (Fig. 4A), the local absorptions of
face-on lamellae continuously vary because
of the alternated toroidal ferroelectric po-
larizations. We indeed observed the periodic
absorption pattern of FIR beam on the to-
roidal topology (Fig. 4B). The IR absorption
decreased by an order of magnitude (Fig. 4B,
inset) as the local polarization is vertical to
the electric field of polarized FIR beam. By
contrast, when the FIR beam was polarized
with electric field perpendicular to the in-plane
directions of the face-on lamellae, the absorp-
tion level in face-on lamellae is uniform (fig. S31).
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Despite the switching of ferroelectric polar-
ization along the chain direction, we observed
no coupling between the OOP polarizations
and OOP absorptions.

The face-on lamellae with toroidal polar
topologies exhibit strong selective FIR ab-
sorption with spatial periodicity. In polar
coordinates, because the polarization states
are orthogonal in neighboring bands, the ab-
sorption level varies periodically along the
radius directions (Fig. 4, C and D). The spatial
period depends on the width of the sur-
rounding bands (~ 200 nm). In addition, the
polarization states in the same band at dif-
ferent radial angles will change as the local
polarization rotates. For the two neighboring
bands (Fig. 4, E and F, green dashed lines),
the absorption in the upper one changes from
low level (purple) to high level (yellow) when
radial angle increases, whereas absorption in
the lower band with orthogonal polarization
varies in an opposite manner (yellow to pur-
ple). Therefore, the IR absorption of the face-
on lamellae shows spatial periodicity along
the radius and radial angle in the polar co-
ordinates. In addition, when the incident
beam power is magnified, the local temper-
ature will become high enough to enable
preferential decomposition in face-on lamel-
lae (fig. S32). For the P(VDF-TrFE) film that
we studied with toroidal polar topology, the
featured scale of spatially periodic absorption
is smaller than the terahertz wavelength by
one to two orders of magnitudes, and the
scale of lamella itself is within the range of
terahertz wavelength. Face-on lamellae with
these characteristic sizes are also expected to
enable the design of selective Rayleigh scat-
tering (in which the size of the scattering
body is smaller than the wavelength by more
than one order of magnitude) and Mie scat-
tering (in which the size of the scattering
body is close to the wavelength) in the terahertz
region. We believe that this behavior has great
potential for near-field interconversion for
terahertz applications, including sensing (52),
imaging (56), and communications (57, 58).

The toroidal polar topology that we observed
in P(VDF-TrFE) could be common to other
organic ferroelectric systems because the
strong lattice change during phase transition
and the periodic surface topography after
crystallization are common for molecular
(macromolecular) crystals with low melting
points. The manipulation of terahertz waves
by toroidal and polar order through molecule
orientation should also be applicable to other
order-disorder ferroelectrics. In addition, be-
cause the ferroelectric properties of P(VDF-
TrFE) change greatly near its morphotropic
phase boundary (20), we would expect that
the composition could be another dimension
to manipulate the polar topology and the cor-
responding absorption behavior of electro-

magnetic waves. Thus, our observation of
toroidal polar topology in a ferroelectric
polymer may provide design opportunities
for the interconversion of multistimuli in
terahertz optics and enable the development
of flexible device integrated with ferroic
topology because the face-on lamellae can
be fabricated directly on flexible substrates
(see fig. S33).
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Polarization hits a bull's-eye

Polymer-based ferroelectric materials are attractive because they can be solution processed cheaply and have

much greater flexibility than ceramics. Guo et al. found concentric circular bands of polarization in a ferroelectric
polymer that look like a bull's-eye target (see the Perspective by Martin). This self-organized toroidal texture is aligned
perpendicularly to the axis of the polymer chains, allowing the authors to demonstrate selective absorption of infrared
radiation and manipulation of terahertz radiation. This distinct structure in a polymer could be of interest for exploring
and using other exotic effects.

Science, this issue p. 1050; see also p. 992

View the article online

https://lwww.science.org/doi/10.1126/science.abc4727
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

£202 ‘70 Joquisides U0 B10°90UB 195 MMM//SANY WO PaPE0 JUMOC]


https://www.science.org/content/page/terms-service

