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Spontaneous electric-polarization topology
in confined ferroelectric nematics

Jidan Yang1,3, Yu Zou1,3, Wentao Tang1,3, Jinxing Li1, Mingjun Huang 1,2 &
Satoshi Aya 1,2

Topological textures have fascinated people in different areas of physics and
technologies. However, the observations are limited in magnetic and solid-
state ferroelectric systems. Ferroelectric nematic is the first liquid-state
ferroelectric that would carry many possibilities of spatially-distributed
polarization fields. Contrary to traditional magnetic or crystalline systems,
anisotropic liquid crystal interactions can compete with the polarization
counterparts, thereby setting a challenge in understating their interplays and
the resultant topologies. Here, we discover chiral polarization meron-like
structures, which appear during the emergence and growth of quasi-2D fer-
roelectric nematic domains. The chirality can emerge spontaneously in polar
textures and can be additionally biased by introducing chiral dopants. Such
micrometre-scale polarization textures are themodified electric variants of the
magnetic merons. Both experimental and an extended mean-field modelling
reveal that the polarization strength plays a dedicated role in determining
polarization topology, providing a guide for exploringdiversepolar textures in
strongly-polarized liquid crystals.

Topological defects arise when symmetry is broken. The complexity
and diversity of the resulting spin or magnetic textures, such as sky-
rmions, merons, and the like, have attracted much attention for
centuries1–12. In recent decades, it has been demonstrated that such
vectorized fields with quasi-particle nature serve as an effective
approach for integrating and storingmagnetic, electronic, optical, and
quantum information13–19. The findings trigger new challenges for the
exploration of the unidentified topological fields, and their desig-
nability and controllability.

Quasi-particle topologies with vectorized fields in the context of
(quasi-)2D systems, including rich species of vortices, skyrmions, and
merons, are usually characterized by three topological numbers: the
Pontryagin (or skyrmion) number, vortex number, and helical number.
The Pontryagin number,Q, defines howmany times a unit vector that
defines the average orientation, the so-called directorn, wraps the unit

sphere4,20,21, represented by

Q=
1
4π

Z
n � ð∂xn ×∂ynÞdxdy: ð1Þ

x and y are the Cartesian coordinates. However, the usage of only
Q cannot fully describe various degenerated topological states. For
example, the skyrmion and antiskyrmion cannot be distinguished only
by Q. Thus, the additional vortex and helical numbers, Qv and Qh,
should be introduced to account for in-plane rotation and relative
phase variation4,22. By using these parameters, vectorized fields can be
expressed

n θ,ϕð Þ= sinθ cosϕ, sinθ sinϕ, cosθð Þ
= sinθ cosðQvφ+QhÞ,sinθ sinðQvφ+QhÞ,cosθ
� �
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whereθ andϕ arepolar and azimuthal angles of directorn, andφ is the
angle part of the polar coordinates for expressing the Cartesian
coordinate (x,y). For example, while an anticlockwise Bloch-type
meronwith an upward vector in the core exhibits a combination of the
topological numbers ½Q,Qv,Qh�= ½1=2,1,π=2� (Fig. 1a), a divergent anti-
meron with a downward vector in the core shows
½Q,Qv,Qh� = ½�1=2,1,0� (Fig. 1b). Though such topological textures
have been widely found in magnetic systems, it is not until recently
that several electric analogs were reported in multiferroic crystalline
systems with superlattices23–26. This raises fundamental questions of
whether more diverse polarization topological textures, beyond the
magnetic counterparts, can emerge in broader physical systems, and
how an additional interaction would bring unknown topologies into
existence.

The recent discovery of a fluidic nematic-state ferroelectric, the
so-called NF state

27–31, is the first instance of liquid-matter ferroelectric
with high fluidity. Due to the liquid crystalline (LC) nature, their
inherent elasticity and polarity, and multifaceted interactions with
confined surfaces and responsivity to external fields, offer us fertile
ground for exploring exotic states and emergent phenomena in soft
matter physics. Therein, the polarization field is directly envisioned by
second harmonic generation (SHG) microscopies thanks to its high
nonlinear coefficient32–39, and the system is easy to handle and
manipulate. The advantages of the material category extend beyond
the traditional magnetic systems and solid-state ferroelectrics if
interplays between polarity and LC orientation happen. Here, we
report on the discovery of various nontrivial polarization meron var-
iants in the NF state. They exhibit spontaneous chirality symmetry

Fig. 1 | Topological analogy between nonpolar and polar systems.
a, b Illustrations of 2D merons with different sets of topological charge, vorticity
number and helicity number, i.e., [Q,Qv,Qh]. a Bloch-type meron with
Q,Qv,Qh

� �
= ½1=2, 1,π=2�. b Neel-type anti-meron with Q,Qv,Qh

� �
= ½�1=2, 1, 0�.

c Head-to-tail-equivalent director field of nonpolar nematics. d Head-to-tail-
inequivalent polarization field of ferroelectric nematics. The polarization entity
ofRM-OC2 is shown. eA+ 1 hedgehog-typedefect in 2Dnonpolar nematics. f, gThe

polar counterparts of divergent (f) and convergent (g) polarization fields of (e). hA
concentric-type defect in 2D nonpolar nematics. i, j The polar counterparts of right
hand (i) and left hand (j) polarization fields of (h). k A+ 1 hedgehog-type defect in
3D nonpolar nematics. l,m The polar counterparts of divergent (l) and convergent
(m) polarization fields of (k). n A concentric-type defect in 3D nonpolar nematics.
o, p The trivial polar counterparts of right hand (o) and left hand (p) polarization
fields of (n).
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breaking regardless of the achiral nature of the polar entities. By
incorporating dipolar interaction, we extend the n-director-based
mean-field theory with the Frank-Oseen potential40–42 for describing
the observed polarization topologies. The findings establish the fun-
damental physics of soft matter polarization textures and permit the
exploration of the parameter space for their stabilization and
diversification.

Results
Generation of quasi-2D polarization texture in NF droplets
Traditional nematic (N) LCs that possess only the orientational order
are apolar. The local average orientation of molecules is denoted by
the director n. It exhibits the head-to-tail invariant nature in the
apolar nematics, thereby leading to n � �n in the order parameter
space of S2/Z2 in 3D (Fig. 1c)43,44. This means the order parameter of
the apolar nematic is a second-rank tensor. The NF state is the polar
counterpart of the traditional nematics, which imposes an additional
orientational requirement: n�n in the order parameter space of S2

where the head and tail of the director are differentiable
(Fig. 1d)4,20,45,46. This polar nature of the orientational directionality is
expected to give much more diverse topologies. As seen in the fol-
lowing, even limiting to trivial situations, the emergence of the vec-
torized polarization at least doubles the variety of the topology
compared with the apolar N state. As some explicit examples, we
consider correspondence between some topological structures in the
apolar and polar systems for both 2D and 3D cases (Fig. 1e–p). In 2D
case, the apolar and polar counterparts stay in the order parameter
spaces of S1/Z2 and S1, respectively. The topological defects in the two
types of director fields are points in the cores for both the apolar and
polar systems (Fig. 1e–j). In 3D case under a spherical confinement,
the order parameter spaces become S2/Z2 and S2. Extending the 2D
radial director fields (Fig. 1e) filling the sphere, the +1 radial defects
can be trivially transformed to hedgehog-type defects under the
homeotropic boundary condition (Fig. 1k). In the polar versions, the
hedgehog branches into two distinct states that correspond to the
radial divergent and convergent polarization fields (Fig. 1l, m). On the
other hand, the 3Dcounterparts of the 2Dconcentric +1 defects under
the planarboundary condition remaindiverse. Thedirect space-filling
of the concentric +1 defects in 3D sphere can possibly carry line dis-
clination (Fig. 1n–p) or be nontrivial. The topological complexity will
be affected by the competition of elasticity and polar interactions as
discussed below.

In this study, we synthesized a newNFmaterial with a largedipole
moment of ~13.6 D, named RM-OC2 (Fig. 1d and Supplementary
Fig. 1a). The structure is based on RM73429,47 with additions of a nitro
and an ethoxy group at the third and second benzene rings, respec-
tively. Such amolecular design leads to a larger lateral bulkiness and a
more oblique molecular dipole with respect to the molecular long
axis. Since the molecular shape significantly deviates from the ideal
rod, we anticipated the traditional nematic state is not preferred.
Instead, anisotropic polar interactions serve as themain driving force
for generating an anisotropic orientation and thus stabilizing a
polarity-driven nematic phase, i.e., the NF state. Fitting to our
expectation, though most of the previously-reported NF states
emerge from the high-temperature apolar N state27,29,48,49, RM-OC2

exhibits a direct transition from the isotropic liquid (Iso) to the NF

state upon cooling with the phase sequence of Iso-[64.6 °C]-NF

(Fig. 2a–d). On the heating, the material shows several recrystalliza-
tion processes i.e., NF-[67.1 °C]-Iso-[82.1 °C]-unknown crystal X1-
[105–120 °C]-unknown crystal X2-[140.1 °C]-Iso on heating (Supple-
mentary Figs. 1b–j). The recrystallization processes suggest the Iso
phase is metastable with respect to some crystalline forms in the
range of 80–150 °C. Like the other emerging NF materials48–50, both
the dielectric constant and second harmonic generation signal dra-
matically increase upon transitioning into the NF state (Fig. 2a). The

direct Iso-NF transition pathway modifies the NF topology because of
the evolution of the polarization field from disorder states. In the
previously reported cases with the N-NF transition27,29,48–50, the low-
temperature NF polarization (or director) field develops by breaking
the head-to-tail invariance of n of the high-temperature apolar N
state. It accompanies a collective flipping process of the molecular
polarity to a preferred direction over a length scale larger than
micron-scale27,47,51. Therefore, the orientational direction of the
molecular polarity is affected by the orientational pattern of the high-
temperature apolar N state. Upon the direct Iso-NF transition, the
polar ‘spherulite’ domains appear from the Iso background through
nucleation and growth processes (Fig. 2b, c), finalizing into the band-
like texture with disclination lines (Fig. 2d and Supplementary Figs. 2,
3). Such a phase evolutional pathway allows us to track the pure
emerging polarization field from a disordered state.

Observation of polarization meron variants
In NF droplets, the texture (Fig. 3a–c and Supplementary Fig. 4) cannot
be brought into an extinction status under the crossed polarizers,
especially in the center. Similar polarized light microscopy (PLM)
images were also found recently in some other NF systems50,52,53. These
observations suggest the NF droplets carry a spontaneous twist along
the depth direction, which causes the optical rotation effects. This was
immediately confirmed in detail by PLM decrossing technique. The
clockwise (Fig. 3a) or counter-clockwise (Fig. 3c) rotation of the ana-
lyzer distinguishes two different types of textures: at specific
decrossing conditions, one type turns to a dark state (i.e., extinction)
and the other remains bright. This indicates the two types have
opposite handedness. With the insertion of a quarter-wave plate, it
seems that the two types of patterns correspond to concentric director
fields with left hand (Fig. 3d, e) and right hand (Fig. 3f, g) spirals. To
obtain 3D orientational information, we employ the fluorescence
confocal polarizing microscopy (FCPM) and deduce the director
field40,54 (“Methods”). In principle, the polarizing fluorescence process
gives rise to a cos2β orientational dependence of the fluorescence
signal, where β is the angle between the incident linear polarization
and local director. Also, the out-of-plane of director tilting causes the
decrease of fluorescence. Thus, analyzing the spatial distribution of
fluorescence intensity at proper combination of polarization condi-
tions allows us to calculate the director field (“Methods”). Technically,
while the linear polarization pumping makes the in-plane and out-of-
plane director tilting undifferentiable, the addition of experiment with
a circular polarizedpumping light at the samefield-of-viewextracts the
pure information of the out-of-plane tilting54. Therefore, the in-plane
and out-of-plane director tilting information are uncoupled and
accessible. Worth noting, it is exclusively possible to know the average
molecular orientation, but the polarization information is still missing.
Figure 3h–k demonstrates the FCPM images of the two types of pat-
terns. It confirms that theNFdroplets confined in the thin LC cells show
cylindrical shape with some curvatures. From the 2D cross sections at
various depths (Supplementary Fig. 5), it is seen that, consistent with
the PLM observation, two types of director fields spontaneously twist
like spirals. The 3D orientational information for deriving the overall
topology can be further deduced by calculating the 3D distribution of
director orientation. As seen from the FCPMunder a circular polarized
pumping light, a decrease of fluorescence occurs near the droplet
center, while the other areas show a constant fluorescence intensity
(Supplementary Fig. 6c). In the depth cross section profile, the fluor-
escence profile in the droplet center appears as a broaden black
cylinder along the surface normal. This suggests the director field
exhibits either a significant out-of-plane tilting towards the center (i.e.,
homeotropic-like in the center) or a disclination line. The possibility of
the existence of a line disclination is excluded by experiment. The
fluorescence profile of a designed line disclination by photo-pattern is
thin and sharp (Supplementary Fig. 6a), which disagrees with the

Article https://doi.org/10.1038/s41467-022-35443-7

Nature Communications |         (2022) 13:7806 3



broaden black cylinder in the fluorescence profile of droplets (Sup-
plementary Fig. 6b). This suggests that the broad range of light
extinction corresponds to the out-of-plane tilting of director. There-
fore, the observed topology is limited to either a meron-like structure
or an escaped vortex structure as further discussed later in “Discus-
sion”. Additional simulations of the fluorescence profile of these two
possible structures deduced from numerical structural relaxation
(“Methods”, Discussion and Supplementary Figs. 7a–c) further confirm
the topology of the droplet. It is clear that the signal profile of meron-
like structures (Supplementary Fig. 7b) is consistent with our experi-
mental result (Supplementary Fig. 7d), suggesting the observed
topology ismeron-like structures (Fig. 3l,m) if such a polarization field
exists in addition to the orientational field.

Unsimilar to the traditional head-to-tail-equivalent director field,
the polarization field should be additionally addressed by SHG micro-
scopy methods to investigate the head-to-tail-inequivalent polarization
field36,48. Figure 4a demonstrates a large-area SHG confocal polarizing
microscopy (SHG-CPM) image of the emerging NF droplets in the cell
midplane55. The large contrast between the NF droplets and apolar
background signals visualizes the polarization field. Distinct to the
polarizing fluorescence processwith a cos2β orientational dependence,
the SHG process exhibits a cos4β orientational dependence of the SH
signal. The SH signal is the largest/smallest when the polarization of

excitation light is (anti)parallel/perpendicular to the local polarization.
It is clearly seen that the coexistence of the two types of director fields
as deduced from FCPM emits a strong SH signal. Worth noting, the
signal distributions in FCPM and SHG images are well consistent, sug-
gesting the local polarization is parallel to the director (Figs. 3h, j and
4b–g). In thenormal SHGmeasurement,while the existenceof thepolar
symmetry is probed, the head and tail of the polarization cannot be
differentiated. It means that the information on the vectorized orien-
tation of the polarization is overlooked. SHG interferometry (SHG-I)
microscopy is an extended SHG microscopy technique that ‘sees’
polarization vector by differentiating the relative difference of the
optical phase information33,36,56 (“Methods”). Figure 4h–k confirms four
types of distinct polarized SHG-I images. The four types of polarization
meron-like structures could not be resolved by either FCPM or SHG-
CPM where only two types of patterns have been seen (Figs. 3h–k and
4a). They correspond to four combinations of left or right handmeron-
like structures with divergent or convergent polarization fields
(Fig. 4p–s). The chiral symmetry breaking under the confinement
occurs due to the delicate balance between the elastic and polar
interactions as explained in “Discussion”. They show almost equal
numberof appearances (inset in Fig. 4a), indicating that thehandedness
of the spontaneous chirality in the polarizationmeron-like structures is
induced by accident.

Fig. 2 | General properties of the ferroelectric nematic. a Top chart shows DSC
curves of RM-OC2 during cooling (violet solid line) and heating (yellow dash line)
(rate: 3.0 Kmin−1). Enthalpies of the corresponding phase transitions are shown in
the square brackets [kJmol−1]. Bottom chart shows the temperature dependencies
of the apparent dielectric constant at a frequency of 25 Hz (blue squares) and SH

signal (yellow rhombuses). SH signal is defined as the SH signal intensity ratio of
samples to that of a reference Y-cut quartz plate. b–d The PLM texture evolution of
RM-OC2 during cooling. Optical graphs are taken within a planar cell. Rubbing
direction is indicated by the yellow arrow. Scale bar: 50μm.
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Chirality biasing of meron invariants
Introducing chiral agents is a general way for producing an additional
twist and biasing the handedness. Here, for retaining the same topo-
logical structures, we add a very small amount of two commercial
chiral dopants, right-handed R811 or left-handed S811, into the system
to see the degree of the symmetry breaking. As shown in Supple-
mentary Figure 8, above a threshold weight percentage, >0.1 wt%, the
handedness of the system is totally biased to that of the chiral dopants.
Combining PLM, SHG-CPM and CFPM, the system exhibits only two
types of the polarization meron-like structures (Fig. 5 and Supple-
mentary Fig. 9), surviving from the original four types of polarization
meron-like structures (Fig. 4p–s). The polarization fields are again
clarified by SHG-I images: convergent or divergent polarization field
for a certain handedness of twist determined by the chiral dopant
(Supplementary Fig. 10). These observations verify that the system
stabilizes one of the twisted handedness under the action of the chiral
dopants.

Discussion
Effect of polar interactions on polarization topology
We discuss what leads to the spontaneous chirality in the achiral NF

system. Due to the emergent polarization field, polar interactions as
well as the traditional elastic contributions are vital for dedicating the
global topology. Therefore, we consider an extended Frank-Oseen free
energy function of the system by incorporating dipolar interactions
besides the Landau, elastic, surface anchoring, and defect core ener-
gies (“Methods”). We uncover five possible polarization states in the
curved cylindrically confined space: polarization vortex (Fig. 6a),
escaped vortex (Fig. 6b), concentric meron-like structure (C-meron;
Fig. 6c), divergent meron-like structures (D-meron, including the
convergent, so negatively divergent, meron-like structure; Fig. 6d) and
bipolar structure (Fig. 6e). In the simplest polarization vortex (Fig. 6a),
the polarization field arranges in a pure concentric manner and lies on
the sample plane (i.e., wrapping the equator of the order parameter
space S2 sphere). This leads to a disclination line in the center. In the

Fig. 3 | NF droplets with opposite handedness. a–c PLM images of NF droplets
under different polarizer conditions. The analyzer is rotated 52° clockwise (a); the
analyzer is perpendicular to the polarizer (b); the analyzer is rotated 52° antic-
lockwise (c). Scale bar, 20μm. d–g PLM images of left hand (d, e) and right hand
(f, g) NF droplets under crossed polarizers without (d, f), and with a quarter-wave
plate (e, g). The angle between the fast axis of the quarter-wave plate and the

polarizer is 45°. The orange arrow indicates the fast axis of the quarter-wave plate.
Scale bars, 5μm. h–k XY-cross-sectional FCPM images in the midplane of the cell
visualized by a linearly polarization P. Scale bars, 5μm. The white arrows represent
the linear polarization as the incident light. The images of (h, j) were obtained
experimentally and images of (i, k) are the numerical results. l, m The calculation
results were based on the reconstructed director fields obtained from FCPM data.
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escaped vortex (Fig. 6b), the polarization continuously flips along the
depth direction, enabling the disclination line of simple polarization
vortex to escape onto the middle plane. Now, the polarizations span
over the whole S2 sphere. Since the disclination line of the simple
polarization vortex costs much larger energy than that of the point
defect of the escaped vortex in our experimental geometry (see
“Methods” for free energy descriptions), the escaped vortex is more
stable than the simple polarization vortex in most of the simulation

conditions (Fig. 6g and Supplementary Figs. 11–13). Meron-like struc-
tures are distinct from the vortices because they do not exhibit sin-
gularities. C-meron demonstrates a pure concentric polarization field
except for the core region (Fig. 6c). D-meron exhibits additional
directional splay-bend distortions (Fig. 6d), which is consistent with
the experimental observation of the in-plane handedness of meron-
like structures. The bipolar structure possesses two boojumdefects on
the north and south poles (Fig. 6e), which has been well studied in the

Fig. 4 | Polarization textures probed by SHG and SHG-Imicroscopy. a XY-cross-
sectional SHG-CPM images of theNF droplets. The polarization of the incident laser
is shown as the black double arrow. Scale bar, 10μm. The inset shows the statistic
number counts of four types of polarization fields observed in the experiment.
d–s Four types of the polarization fields P(r) are demonstrated in rectangles with
blue, orange, green and yellow edges respectively. Experimental SHG microscopy
(d–g) and SHG-I microscopy (h–k) observations of 4 types of polarization textures.
In SHG microscopy observation, two types of polarization fields with the same
chirality (d–g) are degenerate. In SHG-I microscopy observations (h–k), the

interference conditions are the same. Scale bars, 5μm. The signal reaches its
maximum when polarization direction of the fundamental light is parallel to the
electric polarization. b, c Calculated SHG intensity obtained from fitted director
fields n(r). The director fields are obtained from FCPM data. l–o Calculated SHG-I
intensity obtain from fitted polarization fields P(r). p–s Reconstructed polarization
fields with right-handed convergent polarization field (p), left-handed divergent
polarization field (q), right-handed divergent polarization field (r), and left-handed
convergent polarization field (s).
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classical apolar nematic droplets57–60. Details of the two-dimensional
distribution of polarization fields at different sample depth for all the
structures is shown in Fig. 6f.

It is important to mention that the experimentally-observed D-
meron-like structure appears only when K11 satisfies proper condi-
tions: 0:2 pN<K11 < 0:8 pN. The variation of K22 or K33 with respect to
other elastic moduli seems to have less potential to induce D-meron
(Supplementary Figs. 11–13). Herein, we demonstrate a representative
simulated state diagram by varying the effective polarization strength
P0 and the elastic anisotropy (Fig. 6g). The elastic anisotropy is defined
as a ratio of the splay to bend elasticityK11=K33 (assuming the twist and
bend elastic modulus are 0:8 pN and 2:0 pN, respectively, as are close
to the reported values in the vicinity of the N-NF phase transition47).
When the polarity is absent or small in the system (so P0<2:5 × 10

�4

Cm−2), the bipolar structure with a large portion of splay deformation
is dominant in small K11=K33 values (K11=K33<0:4). With increasing
K11=K33 (e.g., path I in Fig. 6g), so increasing the penalty of the splay
deformation42,57,58,61, the bipolar structure becomes unstable and is
replaced by the escaped vortex-like apolar director field. Further
increasing the K11=K33 will cause a further transition to an apolar var-
iant of the C-meron. We note that, keepingmind that our system has a
curved cylindrical shape like a cylinder LC cell, the corresponding
apolar textures in the sphere droplet geometry with tangential
anchoring have been well studied in traditional nematic materials by

simulations and experiments57–59,61–63. The bipolar structure is easier to
form in spherical confined space. It is reported that when K11=K33 ≤ 1,
the bipolar structure with two boojums defects can be observed in
spherical nematic droplets62. Especially, when K11 ≥K22 +0:43K33, this
typical bipolar structure will distort and change to a twisted bipolar
structure58. If K11 is further increased, themost stable energy structure
in the spherical droplet is no longer the apolar bipolar structure, but
the apolar concentric structure. This tendency in the reports is con-
sistent with the result for P0 =0 in our cylindrical droplets.

Introducing polarity into the system dramatically changes the
directorfield. In smallK11=K33 range,when thepolarization strengthP0

increases (e.g., path II in Fig. 6g), due to the preference of antiparallel
packing of local polarizations by the enhanced dipolar interaction, the
bipolar or escaped vortex director field changes to the defect-less D-
meron. In larger K11=K33 range (K11=K33>0:4), the polar version of
C-meron with a pure bend (so concentric) replaces D-meron. For C-
meron, because the topology is invariant in the depth direction, the
topology only carries two possibilities of [Q,Qv,Qh] = ½1=2, + 1, ±π=2�,
i.e., clockwise or anticlockwise. For both cases, due to the absence of
in-plane and out-of-plane twisting structures, they cannot show the
non-extinct textures as observed in the experiment (Fig. 3). On the
other hand, for D-meron, an in-plane splay-bend deformation and an
accompanying spiral streamline of polarization from the center exist.
This results in eight species of topology with distinct combinations of

Fig. 5 | Chirality biasingofNFdroplets. a–cPLMtextureof aRM-OC2/R811mixture
(wt% = 99.5/0.5) taken under different combinations of polarizers. The analyzer is
rotated 31°Clockwise (a) and 31°anticlockwise (c). Scale bar, 50μm. d XY-cross-
sectional SHG-CPM image in the midplane of the cell visualized by a linearly

polarizationP. Scale bar, 20 µm. e, f SHGmicroscopy images. Scale bars, 3 µm.gXY-
cross-sectional FCPM image visualized by a linearly polarization indicated by the
white arrow. Scale bar, 10μm.hReconstructed right-handeddivergentpolarization
fields from SHG-I and FCPM data.
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topological numbers, [Q,Qv,Qh] = ½± 1=2, + 1, ±π=2� and clockwise/
counter-clockwise spirals. However, the polarization fields of a meron
and an anti-meron with opposite handedness are degenerate in
experiments since the current nonlinear optical microscopy have no
axial resolution for differentiating the polarization states along light
propagation direction, i.e., up or down along the viewing direction
(Supplementary Figs. 14, 15). Thus, only four types of meron-like
structures are experimentally observed (Fig. 4h–k). The appearance
necessitates the system possessing a strong polarization strength over
the transition threshold, i.e., P0>2:5 × 10

�4 Cm−2.
Summarizing, the real-space observation of polarization

meron variants in the fluidic LC state resembles that of magnetic
and spin systems. The results suggest the importance of competi-
tion between polar and elastic anisotropies. Our findings shed new
light on understanding the complex relationship between polar
interactions and diverse liquid crystalline orderings, and open the

door for the design and engineering of polarization topologies in
liquid matter systems.

Methods
Sample preparation
RM-OC2 (Supplementary Fig. 1) is synthesized in the laboratory
(Materials and Methods in Supplementary Information). The chirality
biasing is made by mixing a chiral dopant, (R)-2-Octyl 4-[4-(Hexyloxy)
benzoyloxy]benzoate (R811, TCI) or (S)-2-Octyl 4-[4-(Hexyloxy)ben-
zoyloxy]benzoate (S811, TCI) with RM-OC2. The concentrations of the
chiral dopants are adjusted in the range of 0.05–1 wt%.

LC slab preparation
We introduce samples to commercial or homemade LC slabs with
different thicknesses. The glass substrates of LC slabs are spin-coated
by a planar alignment layer of KPI-3000 (ShenzhenHaihaoTechnology

Fig. 6 | Topological structures of the NF phase in cylindrically confined space.
a–e Director fields and the corresponding order parameter space of simple
polarization vortex (a), escaped vortex (b), concentric meron-like structure (c),
divergent meron-like structure (d), and bipolar structure (e). f The polarization
fields projected on the xy-plane in different depth positions of the droplets are
described nail vectors. Red points mean point or line defect. g State diagram

dependent on the ratio of the splay modulus to the bend modulus (K11=K33) and
polarization strengthP0. Thebipolar structureappears in the regionwherebothK11

and P0 are small. Otherwise, it is replaced by the escaped vortex or D-meron
structure. Regions representing different topological structures are distinguished
by different colors.
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Co., Ltd). No rubbing process is made, so the surface anchoring cor-
responds to the degenerate planar. For PLM observation, we use
homemade planar LC slabs with thicknesses of 3.2μm, 5μm, and
10μm. For themeasurement of the SH efficiency and the observations
under SHG, SHG-I, and FCPM microscopies, we use homemade 5-μm
and 10-μm thick LC cells with planar alignment. For the measurement
of the dielectric constant, homemade 10-μm thick LC slabs with
Chromium (Cr) and gold (Au) coated layers are used. There is no fur-
ther surface treatment on the Cr and Au layers.

Fluorescence confocal polarizing microscopy
FCPM observation is performed using an inverted microscope equip-
ped with a halogen illuminator (Zeiss HAL 100 illuminator). The tem-
perature of samples is controlled by a homemade temperature sink
and controller. A ×63 oil-immersion objective lens with numerical
aperture NA= 1.4 and a ×40 objective lens with numerical aperture
NA=0.95 are used. We use fluorescent dye 9-(Diethylamino)-5H-ben-
zo[a]phenoxazin-5-one (Nile Red, Sigma-Aldrich) which is doped into
the RM-OC2 or RM-OC2R811(S811) mixture. The concentration of the
fluorescent dye is 0.05wt%. The Nile Red molecules align parallel to
the LC director. We use a linear polarization for the excitation of the
dye. The wavelength of the incident laser is 514 nm. The detected
fluorescence intensity depends on the angle α between the polariza-
tion direction and the director. Thus, by collecting the fluorescence
intensity at four polarization conditions of α1 = 0, α2 =π/4, α3 =π/2,
and α4 = 3π/4, we determine the orientation of local directors
n= ð cosψ cos θ, sinψ cosθ, sin θÞ. ψ is the azimuth angle measured
from the x axis in the xy-plane and θ the out-of-plane polar angle
measured from the xy-plane. The detected fluorescence intensity fol-
lows the equation:

Ik = Iback + Inormcos4 ψ� kπ
4

� �
cos4θ: ð3Þ

k takes a range from 0 to 3 and the angle between polarization
directions and x axis is kπ=4. Iback is the background intensity and
Inorm the normalized fluorescence. Ik is the transmittance at the
polarization condition of αk . The angle ψ is thereby calculated by
ψ= 1

2 tan
�1 I1�I3

I0�I2
. Then, θ is determined by substituting the calculated ψ

into Eq. (3). However, after substitution, the sign of θ remains
unknown. Assuming the polarization field is continuous as also con-
firmed by SHG-I microscopy, we can deduce the angle θ in 3D. The
angle ψ lies in the range of ½0,π�, which means FCPM does not differ-
entiate the head or tail of polarization. As a result, FCPM gives only the
non-vectorized orientational field. The polarization field is deduced by
combining SHG-I data and the 3D non-vectorized orientational field
probed by FCPM as explained below.

SHG and SHG interference (SHG-I) measurement
A Q-switched pulsed laser (MPL-III-1064-20µJ, CNI Laser; central
wavelength: 1064 nm;maximumpower: 200mW; pulse duration: 5 ns;
repetition rate: 100Hz) is used as the fundamental light. The funda-
mental beam is set to be polarized and directed into LC cells. The SH
light is detected in the transmission geometry by a photomultiplier
tube (DH-PMT-D100V, Daheng Optics) or a scientific CMOS camera
(Zyla-4.2P-USB3, Andor). For the temperature scanning, the SH signal
is recorded every 1 °C under the control of a homemade Labview
program. In the SHG interferometrymeasurement, a Y-cut quartz plate
is used as a reference of the SH signal. The SH light from the quartz
plate interferes with the SH light from samples. To change the phase
difference between the two SH signals, two fused silica plates are put
after the quartz plate. They are rotated in the opposite directions to
ensure the optical paths unchanged during their rotation. The larger
rotation angleof the fused silicaplates corresponds to the larger phase
difference. For imaging our topological structures, we use fixed

rotation angles of the silica plates to obtain best imaging contrast. We
also use a commercial invertedmicroscope (LSM880, Zeiss) equipped
with a femtosecond laser (Integrated pre-compensation 80MHz,
Vision II, Chameleon system) for high-speed large area visualization.
The wavelength of the incident laser is 800nm.

Dielectric spectroscopy
The dielectric properties of samples are characterized by an LCR meter
(4284A, Agilent). A homemade Labview program is used for collecting
the frequency and temperature dependencies of the dielectric constant.

Numerical modeling
As described in the main text, we consider the free energy density
contributions from thedipolar interaction (f d) besides the Landau (f L),
elastic (f e), surface anchoring (f s), and defect core (Fcore) energies:

F =
Z

ð f L + f e + f dÞdV +
Z
Ω
f sdΩ+ Fcore, ð4Þ

f L =
a
2
∣P∣2 +

b
2
∣P∣4, ð5Þ

f e =
1
2K11 divnð Þ2 + 1

2K22 n � curl nð Þð Þ2 + 1
2K33 n× curl nð Þð Þ2, ð6Þ

f d =
1

8πε0εr

Z
P r0ð Þ � P rð Þ
∣r� r0∣3

� 3 P r0ð Þ � r� r0ð Þ½ � P rð Þ � r� r0ð Þ½ �
∣r� r0∣5

� 	
dV , ð7Þ

f s =
1
2
W S cosΘ� n�vð Þ2: ð8Þ

The Landau energy, f L, is summed up to the fourth order,
describing the stability of the NF state. Namely, the deeper potential-
well at a finite polarization P=P0n corresponds to a more stable fer-
roelectric state. P0 is the polarization strength of polarmolecules. The
elastic energy term, f e, treats the traditional nematic elastic func-
tionals, where only the terms that are quadratic in n are used49,64. It
penalizes the splay, twist, and bend elastic deformations through the
elastic constants of K11, K22, and K33. The dipolar interaction, f d,
describes the electrostatic contributions from all the interacting polar
bodies in the system, which includes both the space charge arising
from the splay polarization field, ∇ � P rð Þ65, and the boundary charge
due to the discontinuity of the polarization on the interface. ε0 is the
vacuumpermittivity, 8.85 × 10−12 C V−1 m−1. εr is the relativepermittivity,
which is set to be 104 inour simulations. The value is comparable to the
value reported in the literatures27,48. Here, due to a constant of εr is
used for calculation, though the contribution of the variation of the
polarization field is considered, the orientation-dependent dielectric
interaction is not fully accounted in the present form.W S, v, and Θ in
the surface anchoring energy are the anchoring coefficient, the normal
vector of the droplet surface, and the deviation angle between the
polarization and surface normal vectors. Due to the surface charge and
surface tension effects, we assume that the Iso-NF and NF-glass inter-
faces pose a degenerate anchoring, where director field lies in the
interfaceplane butwithout specific azimuthal orientational constraint.
To reasonably consider this, we employ the degenerate planar
anchoring condition66, i.e., Θ=π=2 and W s = 10

�6 J=m2. According to
Eq. (4), the free energy terms are integratedusing thefinite volumeand
surface area elements dV =dxdydz and dΩ=dxdy, respectively. The
defect core free energy, Fcore, for three defect-holding polarization
states, i.e., simple polarization vortex, escaped polarization vortex and
bipolar structure, are calculated as:

Fcore =πKLln R1=a
� �

(for simple polarization vortex)42,
Fcore =8=3πKR2 (for escaped polarization vortex)67,
Fcore =8πKR2 (for bipolar structure)67.
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K is taken as the average of the splay, twist, and bend elastic
moduli. R1 and R2 represent the radius of line defects and point
defects, respectively. L is the length of line defects. a is the average
molecular size. The polar vortex contains a line defect (Fig. 6a), whose
length is equal to the sample thickness. Under this condition, the
calculated energy is comparable to the energy of the line defect
reported in apolar LC systems42. The escaped vortex and bipolar
structures carry point defects (Fig. 6b and Fig. 6e). The core radius of
the defects is assumed to be comparable to the nematic correlation
length, i.e., R1 =R2 = 15 nm

68. In the simulation, we create the 3D
curved cylindrical geometries in Creo Parametric 4.0, which is nearly
consistent with the FCPM experimental observation (Supplementary
Fig. 5). The 3D models are built to have orthogonal meshes and are
used to run the n-director simulations. We set the maximum and
minimum diameters of the curved cylinder to be 10 and 5 μm,
respectively, which locates in the middle plane of droplets and at the
interface between the glass and LCs. The sample thickness is set to be
5 μm. We perform the relaxation minimization of the corresponding
Ginzburg–Landau functionals based on the finite element difference
method (within a 3D space of 14μm × 14μm × 17μm). The 3D space
is orthogonally divided by grids with the grid spacing in the range
from 10 nm to 500 nm. In this range, we make sure that the
numerically-calculated topology is consistent, where the topological
details do not depend on the size of the grid spacing. To investigate
how the strength of polarity and elasticities would affect the topo-
logical nature, we vary P0 and the ratio of elasticities, K11=K33, for the
simulations. Note that, unlike the simulation by using the Landau–de
Gennes Q-tensor42 where the order parameter can change during the
orientational relaxation, the predesignated P0 for each simulation
condition in the present free-energy context is unchanged during
simulation runs since both the polarity strength (so the order para-
meter of polarization) and the nematic order parameter are con-
stants, i.e., ∣P∣=P0 and ∣n∣= 1. Under this circumstance, the Landau
energy in Eq. (5) is a constant for a chosen combination of (P0,
K11=K33). This means that the term will not affect what topological
states would be chosen. Therefore, in our simulation, the Landau
term is discarded. Considering, in our experiment, the NF droplets
appear from the disordered Iso state, we set the initial condition of
the director field to be random for most cases. For the conditions at
P0<1 × 10

�4 Cm−2 and K11=K33>0:5, the simulations end to ideal
relaxed topologies as shown in Fig. 6g. However, when the polariza-
tion strength is large (P0>∼ 1 × 10�4 Cm−2) and K11 is small
(K11=K33<∼0:5), which corresponds to the left corner of the state
diagram, a random initial condition would result in somehow dis-
ordered results by some trapped defects. For these situations, we use
the relaxed structures of the simulation at slightly smaller P0 or larger
K11 as initial condition for the numerical relaxations. We relax the
systems to the equilibrium state, where the free energy is the global
minimum. We note that the initial condition does not change the
equilibrium topology.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are available in the
article and in Supplementary Materials. Additional information is
available from the corresponding author upon reasonable
request. Source data are provided with this paper.

Code availability
The codes used for the numerical calculations are available from the
corresponding author upon reasonable request.

References
1. Rossler, U. K., Bogdanov, A. N. & Pfleiderer, C. Spontaneous sky-

rmion ground states in magnetic metals. Nature 442,
797–801 (2006).

2. Soumyanarayanan, A., Reyren, N., Fert, A. & Panagopoulos, C.
Emergent phenomena induced by spin-orbit coupling at surfaces
and interfaces. Nature 539, 509–517 (2016).

3. Mühlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science
323, 915–919 (2009).

4. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of
magnetic skyrmions. Nat. Nanotechnol. 8, 899–911 (2013).

5. Fukuda, J. & Zumer, S. Quasi-two-dimensional Skyrmion lattices in a
chiral nematic liquid crystal. Nat. Commun. 2, 246 (2011).

6. Jiang, W. et al. Skyrmions in magnetic multilayers. Phys. Rep. 704,
1–49 (2017).

7. Yu, X. Z. et al. Transformation between meron and skyrmion topo-
logical spin textures in a chiral magnet. Nature 564, 95–98 (2018).

8. Augustin,M., Jenkins, S., Evans, R. F. L., Novoselov, K. S. &Santos, E.
J. G. Properties and dynamics of meron topological spin textures in
the two-dimensional magnet CrCl3. Nat. Commun. 12, 185 (2021).

9. Thiaville, A. &Miltat, J. in Topology inMagnetism (eds Zang, J., Cros,
V. & Hoffmann, A.) (Springer International Publishing, 2018).

10. Wang, X. S. & Wang, X. R. in Chirality, Magnetism and Magnetoe-
lectricity: Separate Phenomena and Joint Effects in Metamaterial
Structures (ed. Kamenetskii, E.) (Springer International Publish-
ing, 2021).

11. Tokura, Y. & Kanazawa, N. Magnetic skyrmionmaterials.Chem. Rev.
121, 2857–2897 (2021).

12. Smalyukh, I. Review: knots and other new topological effects in
liquid crystals and colloids. Rep. Prog. Phys. 83, 106601 (2020).

13. Tomasello, R. et al. A strategy for the design of skyrmion racetrack
memories. Sci. Rep. 4, 6784 (2014).

14. Parkin, S. S. P., Hayashi, M. & Thomas, L. Magnetic domain-wall
racetrack memory. Science 320, 190–194 (2008).

15. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nano-
technol. 8, 152–156 (2013).

16. Krause, S. &Wiesendanger, R. Skyrmionics gets hot. Nat. Mater. 15,
493–494 (2016).

17. Wiesendanger, R. Nanoscale magnetic skyrmions in metallic films
and multilayers: a new twist for spintronics. Nat. Rev. Mater. 1,
16044 (2016).

18. Takashima, R., Ishizuka, H. & Balents, L. Quantum skyrmions in two-
dimensional chiral magnets. Phys. Rev. B 94, 134415 (2016).

19. Ochoa,H. & Tserkovnyak, Y.Quantumskyrmionics. Int. J.Mod. Phys.
B 33, 1930005 (2019).

20. Tai, J.-S. B. & Smalyukh, I. I. Surface anchoring as a control
parameter for stabilizing torons, skyrmions, twisted walls, fin-
gers, and their hybrids in chiral nematics. Phys. Rev. E 101,
042702 (2020).

21. Lavrentovich, O. Topological defects in dispersed liquid crystals, or
words and worlds around liquid crystal drops. Liq. Cryst. 24,
117–125 (1998).

22. Koshibae, W. & Nagaosa, N. Theory of antiskyrmions in magnets.
Nat. Commun. 7, 10542 (2016).

23. Spaldin, N. A., Fiebig, M. & Mostovoy, M. The toroidal moment in
condensed-matter physics and its relation to the magnetoelectric
effect. J. Phys. Condens Matter 20, 434203 (2008).

24. Tolédano, P. et al. Primary ferrotoroidicity in antiferromagnets.
Phys. Rev. B 92, 094431 (2015).

25. Spaldin, N. A., Fechner, M., Bousquet, E., Balatsky, A. & Nordström,
L. Monopole-based formalism for the diagonal magnetoelectric
response. Phys. Rev. B 88, 094429 (2013).

26. Spaldin, N. A. & Ramesh, R. Advances in magnetoelectric multi-
ferroics. Nat. Mater. 18, 203–212 (2019).

Article https://doi.org/10.1038/s41467-022-35443-7

Nature Communications |         (2022) 13:7806 10



27. Chen, X. et al. First-principles experimental demonstration of fer-
roelectricity in a thermotropic nematic liquid crystal: polar domains
and striking electro-optics. Proc. Natl Acad. Sci. USA 117,
14021–14031 (2020).

28. Nishikawa, H. et al. A fluid liquid-crystal material with highly polar
order. Adv. Mater. 29, 1702354 (2017).

29. Mandle, R. J., Cowling, S. J. & Goodby, J. W. A nematic to nematic
transformation exhibited by a rod-like liquid crystal. Phys. Chem.
Chem. Phys. 19, 11429–11435 (2017).

30. Chen, X. et al. Polar in-plane surface orientation of a ferroelectric
nematic liquid crystal: polar monodomains and twisted state
electro-optics. Proc. Natl Acad. Sci. USA 118, e2104092118 (2021).

31. Mandle, R. J., Sebastian, N., Martinez-Perdiguero, J. & Mertelj, A. On
the molecular origins of the ferroelectric splay nematic phase. Nat.
Commun. 12, 4962 (2021).

32. Cherifi-Hertel, S. et al. Non-Ising and chiral ferroelectric domain
walls revealed by nonlinear optical microscopy. Nat. Commun. 8,
15768 (2017).

33. Eremin, A. et al. Pattern-stabilized decorated polar liquid-crystal
fibers. Phys. Rev. Lett. 109, 017801 (2012).

34. Kaneshiro, J., Uesu, Y. & Fukui, T. Visibility of inverted domain
structures using the second harmonic generation microscope:
comparison of interference andnon-interference cases. J. Opt. Soc.
Am. B 27, 888–894 (2010).

35. Miyajima, D. et al. Ferroelectric columnar liquid crystal featuring
confined polar groups within core-shell architecture. Science 336,
209–213 (2012).

36. Zhao, X. et al. Spontaneous helielectric nematic liquid crystals:
electric analog to helimagnets. Proc. Natl Acad. Sci. USA 118,
e2111101118 (2021).

37. Brown, S. et al. Multiple polar and non-polar nematic phases.
Chemphyschem 22, 2506–2510 (2021).

38. Zhao, X. et al. Nontrivial phase matching in helielectric polarization
helices: universal phase matching theory, validation, and electric
switching. Proc. Natl Acad. Sci. USA 119, e2205636119 (2022).

39. Folcia, C. L., Ortega, J., Vidal, R., Sierra, T. & Etxebarria, J. The fer-
roelectric nematic phase: an optimum liquid crystal candidate for
nonlinear optics. Liq. Cryst. 49, 899–906 (2022).

40. Ackerman, P. J. & Smalyukh, I. I. Static three-dimensional topolo-
gical solitons in fluid chiral ferromagnets and colloids. Nat. Mater.
16, 426–432 (2017).

41. Chaikin, P. M. & Lubensky, T. C. Principles of Condensed Matter
Physics (Cambridge University Press, 1995).

42. De Gennes, P.-G. & Prost, J. The Physics of Liquid Crystals. (Oxford
University Press, 1993).

43. Toulouse, G. & Kléman, M. Principles of a classification of defects in
ordered media. J. Phys. Lett. 37, 149–151 (1976).

44. Mermin, N. D. The topological theory of defects in ordered media.
Rev. Mod. Phys. 51, 591–648 (1979).

45. Manton, N. & Sutcliffe, P. Topological Solitons (Cambridge Uni-
versity Press, 2004).

46. Volovik, G. E. & Mineev, V. P. in 30 Years of the Landau Institute—
Selected Papers (1996).

47. Mertelj, A. et al. Splay nematic phase. Phys. Rev. X8, 041025 (2018).
48. Li, J. et al. Development of ferroelectric nematic fluids with giant ε

dielectricity and nonlinear optical properties. Sci. Adv. 7,
eabf5047 (2021).

49. Sebastian, N. et al. Ferroelectric-ferroelastic phase transition in a
nematic liquid crystal. Phys. Rev. Lett. 124, 037801 (2020).

50. Li, J. et al. How far can we push the rigid oligomers/polymers
toward ferroelectric nematic liquid crystals? J. Am. Chem. Soc. 143,
17857–17861 (2021).

51. Connor, P. L. M. & Mandle, R. J. Chemically induced splay
nematic phase with micron scale periodicity. Soft Matter 16,
324–329 (2020).

52. Perera, K. et al. Ferroelectric nematic droplets in their isotropic
melt. Preprint at https://ui.adsabs.harvard.edu/abs/
2022arXiv220909363P (2022).

53. Máthé, M. T., Buka, Á., Jákli, A. & Salamon, P. Ferroelectric nematic
liquid crystal thermomotor. Phys. Rev. E 105, L052701 (2022).

54. Posnjak, G., Copar, S. & Musevic, I. Points, skyrmions and torons in
chiral nematic droplets. Sci. Rep. 6, 26361 (2016).

55. Pogna, E. A. A. et al. Ultrafast, all optically reconfigurable, nonlinear
nanoantenna. ACS Nano 15, 11150–11157 (2021).

56. Kogo, R. et al. Second harmonic generation in a paramagnetic all-
organic chiral smectic liquid crystal. Appl. Phys. Express 3,
041701 (2010).

57. Volovik, G. & Lavrentovich, O. Topological dynamics of defects:
Boojums in nematic drops. J. Exp. Theor. Phys. 85, 1997–2010
(1983).

58. Williams, R. D. Two transitions in tangentially anchored nematic
droplets. J. Phys. A: Math. Gen. 19, 3211–3222 (1986).

59. Fernandez-Nieves, A., Link, D. R., Marquez, M. & Weitz, D. A. Topo-
logical changes in bipolar nematic droplets under flow. Phys. Rev.
Lett. 98, 087801 (2007).

60. Lavrentovich, O. & Sergan, V. Parity-breaking phase transition in
tangentially anchored nematic drops. Il Nuovo Cim. D. 12,
1219–1222 (1990).

61. Ohzono, T. et al. Uncovering different states of topological defects
in schlieren textures of a nematic liquid crystal. Sci. Rep. 7,
16814 (2017).

62. Drzaic, P. S. A case of mistaken identity: spontaneous formation of
twisted bipolar droplets from achiral nematic materials. Liq. Cryst.
26, 623–627 (1999).

63. Wu, J. B., Ma, H., Chen, S. B., Zhou, X. & Zhang, Z. D. Study on
concentric configuration of nematic liquid crystal droplet by
Landau-de Gennes theory. Liq. Cryst. 47, 1698–1707 (2020).

64. Caimi, F. et al. Superscreening and polarization control in confined
ferroelectric nematic liquids. Preprint at https://ui.adsabs.harvard.
edu/abs/2022arXiv221000886C (2022).

65. Luk’yanchuk, I., Tikhonov, Y., Razumnaya, A. & Vinokur, V. M.
Hopfions emerge in ferroelectrics. Nat. Commun. 11,
2433 (2020).

66. Ravnik, M. & Žumer, S. Landau–de Gennes modelling of nematic
liquid crystal colloids. Liq. Cryst. 36, 1201–1214 (2009).

67. Kleman, M. & Lavrentovich, O. D. Topological point defects in
nematic liquid crystals. Philos. Mag. 86, 4117–4137 (2006).

68. Hung, F. R., Guzman,O., Gettelfinger, B. T., Abbott, N. L. & dePablo,
J. J. Anisotropic nanoparticles immersed in a nematic liquid crystal:
defect structures and potentials of mean force. Phys. Rev. E Stat.
Nonlin Soft Matter Phys. 74, 011711 (2006).

Acknowledgements
S.A. andM.H. acknowledge theNational KeyResearch andDevelopment
Program of China (No. 2022YFA1405000), the Recruitment Program of
Guangdong (No. 2016ZT06C322), and the 111 Project (No. B18023). S.A.
acknowledges the supports from the International Science and Tech-
nology Cooperation Program of Guangdong province (No.
2022A0505050006) and General Program of Guangdong Natural Sci-
ence Foundation (No. 2022A1515011026). M.H. acknowledges the sup-
port from the National Natural Science Foundation of China (NSFC No.
52273292).

Author contributions
S.A. designed and directed the research. J.Y. made measurements and
analyses of structure, optical and dielectric properties. J.L. and M.H.
synthesized LC materials. Y.Z. and W.T. calculated the director and
polarization field, and simulated the optical properties. M.H. and S.A.
wrote themanuscript. All the authors discussed and amended about the
manuscript.

Article https://doi.org/10.1038/s41467-022-35443-7

Nature Communications |         (2022) 13:7806 11

https://ui.adsabs.harvard.edu/abs/2022arXiv220909363P
https://ui.adsabs.harvard.edu/abs/2022arXiv220909363P
https://ui.adsabs.harvard.edu/abs/2022arXiv221000886C
https://ui.adsabs.harvard.edu/abs/2022arXiv221000886C


Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-35443-7.

Correspondence and requests for materials should be addressed to
Mingjun Huang or Satoshi Aya.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-35443-7

Nature Communications |         (2022) 13:7806 12

https://doi.org/10.1038/s41467-022-35443-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Spontaneous electric-polarization topology in confined ferroelectric nematics
	Results
	Generation of quasi-2D polarization texture in NF droplets
	Observation of polarization meron variants
	Chirality biasing of meron invariants

	Discussion
	Effect of polar interactions on polarization topology

	Methods
	Sample preparation
	LC slab preparation
	Fluorescence confocal polarizing microscopy
	SHG and SHG interference (SHG-I) measurement
	Dielectric spectroscopy
	Numerical modeling
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




