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Complex polar topological configurations are the foundation for exploring
exotic phases and nontrivial emergent phenomena in condensed-matter
physics. While numerous topological configurations like skyrmions and mer-
ons are known to occur spontaneously in various materials, achieving the
designability of magnetically- and electrically-polar textures in a controlled
manner is a long-standing challenge in domain engineering. Here, we discover
an unprecedented mesophase that exhibits unipolar and bipolar orders, where
both apolar and polar orientational order parameters are modulated. The
polar state enables defect-free polar patterning with designability and con-
trollability on large scales. A case study demonstrates the facile generation of
second-harmonic perfect vector beams through photopatterned topological
polar liquid crystal superstructures. Remarkably, this single-layer, micrometer-
thin-film device attains functionalities comparable to multiple conventional
optical components, establishing a foundation for advanced nonlinear vec-
torial optics at the micrometer scale.

materials with skyrmion or meron lattices feature non-coplanar
topological solitons, promising applications in information-carrying

Topological states of polar matter are essential to determining the
systems’ electromagnetic and optical properties. Even in a particular

thermodynamic phase, the topological nature, e.g., how a polar vec-
torized field orients in space, would dramatically revise phase beha-
viors. The spin colossal magnetoresistance effect represents an
important example'”. The ‘colossal’ modulation of spin current is
induced by the Néel vector and anisotropy of antiferromagnetic
materials near the Néel temperature, which determines the transition
between the insulating and conducting phases. Ferromagnetic

and high-density storage devices*”. In the electrical counterpart, var-
ious ferroelectric flux-closures, vortices, meron, bubbles, polar waves,
and hedgehog states were found, which lead to unusual phase transi-
tions, topological behaviors, and unprecedented physical properties’.
Even within the same phase, tailoring topological orders in polar
materials can bring enticing possibilities and a generic strategy in
exploring and even designing unprecedented properties that will lead
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to exotic functionalities. However, the method of diversifying topo-
logical polar structures and controlling their spatial distribution is
unestablished.

Traditional polar systems are typically solid-state with proper
low symmetries, where the involved polar interactions are rather
short-ranged with limited tunability in response to external fields.
Recent studies have revealed that high-energy external fields can be
used for achieving positional-dependent alignment of electrical
dipoles, but with considerable limitations. For instance, high-field
electrical poling was proposed to fabricate out-of-plane polar
structures with simple up or/and down polarizations. This technique
has enabled the commercialization of frequency-doubling devices
based on the quasi-phase-matching mechanism®°. In 2008, femto-
second laser writing was shown to be a potential non-contact tech-
nique to implement the out-of-plane design of polarization field at
optical precision'®. While out-of-plane domain engineering is parti-
cularly useful in developing ferroelectric devices, the in-plane
counterpart has been unrealized and is another critical dimension
that would allow strong and direct electromagnetic interactions
between polarizations of matter and electromagnetic waves.

Liquid crystals (LCs) are unique soft-matter states featuring ani-
sotropy of quasi-long-ranged orderings and interactions at mesos-
cales, which can sensitively couple to different external stimuli ™. Self-
assembly processes under distinct combinations of ordering and
interactions to fields have the capability of forming diverse three-
dimensional topological structures'®? and have opened up new vistas
to explore topological counterparts in optics?* . One of the most well-
studied and industrial-valuable LCs is the nematic (N) LC, which is a
three-dimensional fluid and possesses only partial orientational
ordering with a head-to-tail equivalent nature (i.e., apolar). The
nematic ordering has recently met the polar ordering, leading to var-
ious polar LC states, such as the ferroelectric nematic (NF) state®>*,
The inversion symmetry is broken therein, and large spontaneous
polarization occurs®. Unlike electrically-poled organic nonlinear
materials produced by high external fields, the polar LC material group
can self-build in-plane polar fields without unfavorable polarization
relaxation, thereby providing an unprecedented opportunity to
extend the realm of apolar topology to polar counterparts.

Numerous recent discoveries suggest that the unique combina-
tion of polar and nematic elastic interactions can dramatically diversify
exotic polar structures unfamiliar to those in the traditional ferro-
electric crystalline and LC systems® . The complexity of interactions
has generated considerable interest in condensed matter physics, but
also exposes great challenges for developing defect-free/high-perfor-
mance NF-LC electrooptic devices*>****°, This has been unobtainable
primarily because of the intricate energy competitions (among elastic
energy, Landau energy, polarization gradients, flexoelectricity, and
electrostatics), which limit the fabrication of defect-free and high-
performance polar structures®***, Here, we experimentally demon-
strate that an unidentified polar nematic state, the Nx phase, emerges
between the apolar N and NF phases. The Nx phase exhibits two types
of polarization fields: (1) an unprecedented unipolar structure sepa-
rated by periodic apolar regimes and (2) an alternating bipolar struc-
ture. Such a state of matter possesses both strong second-harmonic
generation (SHG) activity and excellent controllability of the spatial
distribution of polarizations. By employing photoalignment technol-
ogy, defect-free in-plane domain engineering with considerable free-
dom of designability in the Nx phase is realized. In addition, we
successfully generate second-harmonic perfect vector beams using a
single device featuring a micrometer-thin LC layer, which performs the
same functions as a large-scale optical system made up of multiple
optical components. This work provides an excellent platform for
engineering three-dimensional polar topological structures, which is
promising for exploring emergent phenomena and exotic phases in
condensed matter physics and nonlinear optical applications.

Results

Liquid-matter ferroelectrics with two distinct polar phases

We design a highly polar rod-like LC material, NJUOOI, that combines
the structural features of the prototype NF materials of RM734 (Fig. 1a)
and DIO (Fig. 1b), where a terminal nitro group is introduced at one end
and a short methoxy chain at the other end. A fluorine atom and a
trifluoromethyl group are attached as bulky side groups (Fig. 1c). The
material synthesis flow is provided in Supplementary Section 1. The
differential scanning calorimetry (DSC) thermograms indicate three
distinct mesophases (N, Nx, and NF) upon cooling, with transition
points at 132 °C (AH=0.500 k) mol™), 76 °C (AH=0.009 k] mol™) and
58°C (AH=0.216 kf mol™), respectively (Fig. 1d and Supplementary
Fig. S6). Polarized light microscopy (PLM) finds that, upon cooling, all
the phases exhibit the nematic nature with structural evolution from a
schieren N texture to a striped Nx texture and finally to a banded
texture characteristic of the NF phase (Supplementary Fig. S7).

As complementary characterizations, the SHG (Fig. 1e) and the
transient current (P-E loops) measurements upon a triangle-wave
field application (Fig. 1f, g and Supplementary Fig. S8) are used to
determine the polar nature of each phase. In the N phase, the
materials show a seemingly inactive SH signal similar to the tradi-
tional apolar nematics. In the NF phase, a strong SH signal and cur-
rent peak by a large peak per half period of the applied field are
confirmed. Meanwhile, the Nx phase exhibits intermediate char-
acteristics between the N and NF phases. In the high-temperature
region of the Nx phase (70 ~ 76 °C), the SH signal is vanishingly small,
but the finite spontaneous polarization grows continuously with
decreasing temperature. This indicates that the polar order starts to
develop from the apolar nematic background, but the cluster size of
polar regions should be smaller than the probe wavelength
(A=1300nm). As the temperature further decreases, say below
70 °C, an observable SH signal appears. The enhanced SH signal and
parallelogram-shaped P-£ loop (Fig. 1le and Supplementary Fig. S8)
with decreasing temperature confirm that the polar regions are now
at the macroscopic scale, larger than the optical wavelength. The
nonlinear coefficient d;; is experimentally determined to be
approximately 5.7 pm/V and 6.9 pm/V at 61.0°C (Nx) and 45.7°C (NF),
respectively (Supplementary Section 2).

Unipolar and bipolar orders in the Nx phase

The gradual growth of the polar order in the Nx phase is characterized
by two types of unique kinetic transitional pathways from the apolar
nematic state (Fig. 2a-i). The first one, Pathway I, of forming
periodically-modulated unipolar orders, similar to the concept of
unipolar voltages with a single voltage referenced to zero volts, with
alternative apolar regimes separating neighboring syn-polar regions
(Fig. 2a-ii), is an unidentified nontrivial process where flexoelectricity
plays an essential role as discussed later. PLM observations reveal that
the texture of the unidirectionally aligned NJUOO1 material transitions
from an isotropic state at 132 °C to a smooth N state and then to the Nx
mesophase (Fig. 2b). The Nx stripes, as a similar texture to the splay
nematic’®*, appear along the direction of the nematic background.
Small splay director distortions are evidenced in stripes using the
PolScope (Supplementary Fig. S9). The contrast of the Nx stripes
increases with decreasing temperature (Supplementary Fig. S10). The
Nx stripes show spatially-modulated SH signal confirmed by SHG
microscopy (Fig. 2¢). It is worth noting that the appearance of SHG-
activated Nx stripes does not depend on the polarization of the fun-
damental wave (FW; Fig. 2c and Supplementary Fig. S11a). Especially
for the excitation with circular polarization, transitional dark regions
between adjacent stripes show no SH signal (Supplementary Fig. S11a).
This indicates that the transitional region corresponds to either a
disclination or an apolar nematic region. The width of the stripes is
approximately 2.4 pum at the cell gap of 4.0 um, matching that of the
Nx stripes in PLM images (Fig. 2b).
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Fig. 1| Characterization of the polar nematic LC material. a-c Chemical struc-
tures and phase behaviors of RM734, DIO, and NJUOO1 materials. N: nematic phase;
NF: ferroelectric nematic phase. Iso: isotropic phase. d DSC of the NJUOO1 material
during the cooling process at a scan rate of 5 K min™. e SHG efficiency of the NJUOO1
material as a function of the temperature. SHG efficiency is defined as the SHG

intensity ratio of the NJUOO1 material to that of a Y-cut quartz plate. The thickness

of the Y-cut and NJUOO1 samples was 2 mm and 5.2 pm, respectively. The sample is
unidirectionally photoaligned. SHG: second-harmonic generation. f Switching-
current response of NJUOO1 material in the Nx phase under an applied triangular
wave. g Temperature dependence of the spontaneous polarization curve. Source
data are provided as a Source Data file.

As the SHG microscopy cannot determine the orientation of
dipoles, we further employ SHG interferometry (SHG-I) microscopy™
to image the polar field (Supplementary Fig. S12). The neighboring
stripes exhibit syn-parallel alignment of polarizations, evidenced by
the same optical phase of the interfered SH signals. Visually, the
adjacent stripes (e.g., Stripe 1and Stripe 2 in Fig. 2c) darken or brighten
simultaneously upon varying the phase of the SH reference. Based on
these findings, we first rule out the Ising, Néel, and Bloch models
(Supplementary Section 3). These models are classical domain wall
structures typically found in solid-state ferroelectrics and character-
ized by anti-polar domains with a domain wall in between. Considering
the negligible SH signal detected in the transitional region between the
adjacent stripes, we could arrive at two nontrivial Unipolar models. In

Unipolar model A, the transitional region between the stripes exhibits
an apolar nematic nature. That is, the polar order vanishes, but the
nematic orientational order remains (Fig. 2a-ii). In Unipolar model B, a
typical domain wall, i.e., a disclination with an orientational disorder,
separates the adjacent polar stripes (Supplementary Fig. S13). To
identify which model is plausible, we examine the orientational ani-
sotropy of the transitional region. By rotating the sample under PLM,
both the stripes and the transitional region show the brightest state
when the orientation of the stripes makes 45° off from one of the
polarizers, and they become extinct when the orientation of the stripes
is parallel to one of the polarizers (Supplementary Fig. Sl4a, b). The
difference in brightness and the brightness variation between stripes
and the transitional region is slight. This indicates that the transitional

Nature Communications | (2025)16:9419


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64463-2

a

(ii) Pathway | Nx

Unipolar model A \/

P

Pathway Il

Bipolar model \/ Splay nematic model A

Pathway |

18

Pathway Il

Fig. 2 | Unipolar and bipolar orders of the Nx phase. a (i) Schematic of the LC
ordering evolution in different phases. (ii) Schematic of Unipolar model A, Bipolar
model, and Splay nematic model for the Nx phase. P and n denote the parameters
of polar and orientation ordering, respectively. N: nematic phase; NF: ferroelectric
nematic phase. Iso: isotropic phase. b PLM texture evolution as the temperature
decreases. The white and yellow arrows denote crossed polarizers. The blue bar
represents the alignment direction. Scale bar: 100 um. ¢, d SHG and SHG-I analysis

of the polar ordering of the NJUOO1 material for Pathway I and Pathway II. The SHG
images in the N and NF phases are at 80 °C and 57 °C, respectively; the rest of the
SHG and SHG-I images are at 65 °C. The double-headed white arrows indicate the
incident polarization. The red and blue arrows denote the polarization vectors in
these regions. SHG: second-harmonic generation; SHG-I: SHG interferometry. Scale
bar: 25 um. Source data are provided as a Source Data file.

region also exhibits the apolar nematic order along the same orienta-
tion in adjacent stripes, supporting Unipolar model A. The invalidity of
Unipolar model B is also directly visualized by the fluorescence con-
focal polarizing microscopy (FCPM), where uniform green textures
with no visible domain wall are observed under the circular

polarization excitation (Supplementary Fig. S15a). These results cor-
respond to the director oriented in the x-y plane*. Thus, we can rule
out the possibility of models with out-of-plane orientational order
components, like Unipolar model B, and dipoles in the Bloch
domain wall.
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The second one, Pathway I, of forming periodic bipolar stripes, a
concept analog to bipolar voltages with both positive and negative
voltages referenced to zero volts, is rather trivial when considering the
formation of the anti-polar nematic phase (Fig. 2a-ii). The PLM and SHG
results at different temperatures in Pathway Il display similar patterns
to those of Pathway I (Supplementary Fig. S16, Fig. 2d, and Supple-
mentary Fig. S11b). However, SHG-I imaging, in this case, reveals
alternating bright and dark variations between adjacent stripes, sug-
gesting constructive and destructive interference, respectively.
Namely, when the interference condition changes by a phase differ-
ence of T, the brightness of the stripes is reversed, indicating a nearly 1t
phase shift in the polarization vectors between adjacent stripes, as
denoted by the red and blue arrows. By employing similar structural
analyses made for Pathway I, we find the transitional region between
the stripes in Pathway Il also shows the apolar nematic ordering along
the orientation in adjacent stripes (Bipolar model; Fig. 2a-ii, Supple-
mentary Figs Sl4c,d, and S15b). These observations exclude some
inconsistent models, such as the Splay nematic model with disclina-
tions (Fig. 2a-ii), Ising, Néel, and Bloch models (Supplementary Fig. S17,
Supplementary Section 3).

To understand the mechanism of why domain walls accompanied
by clear defects were not observed experimentally, we employ an
extended Oseen-Frank free-energy functional®® to conduct numerical
simulations. Essentially, both the apolar and polar Landau energy
terms®*** are included to consider the stabilities of the apolar and polar
orientational orders. The total free energy density in bulk reads:

ftotal =felast +fL,A +fL,P +fgrad +fﬂex0 +fdep01
=K1 (V. oS + K2 [ngS - (Vxng8) > + K [0S x (VxngS)) "+ (1)
1aS?+1ps*+APE 1 BPL 4 hyp2 _ pn S(V.-n,S) - P—1P-Eq

The first three terms are Frank elastic energies (f,s,) describing
the splay (K};), twist (K,,), and bend (K3;) deformations. The nematic
director n is defined by a product of the unit orientational vector n,
and the apolar orientational order parameter S, n = nyS. The fourth
and fifth terms are apolar Landau energies (f} ,). The sixth and seventh
terms are polar Landau energies (f| p). The polarization is defined as
P = P,Spn since dipoles are along the director in polar nematics*. P
is the maximum value that the polarization can take. The Landau
energies determine equilibrium values of the apolar and polar orien-
tational order parameters, i.e., S and Sp. The eighth to tenth terms are
polar interaction energies, corresponding to the polarization gradient
(Faraq), flexoelectric (fpey,) and electrostatic (fgep,) €nergy terms,
respectively. y is the flexoelectric coefficient. Importantly, S and Sp can
be either coupled (i.e., P-n coupled case) or decoupled (i.e., P-n
decoupled case), depending on the primary driving force for forming a
nematic phase. If the anisotropic dipole-dipole interaction is the only
trigger for getting a nematic phase (i.e., the shape anisotropy is not
high enough for forming the apolar nematic phase), the phase is then
polar, and S should be identical to Sp. On the other hand, S, would be
decoupled from S if the polar order is induced by high enough $*. In
this case, a finite S;, arises only when S exceeds a threshold. To account
for the surface anchoring imposed by photoalignment of the nematic
director, we only consider the apolar anchoring potentials:

fsurf = %WA [1 - (“ : a)z} (2)

where W, and a are the anchoring strength and anchoring axis.
Based on the free-energy functionals, we search for how the
coupling between the orientational order and polar interactions dic-
tates polar textures. Our results find that flexoelectricity triggers the
production of the splayed polar fields. The competition between the
energy costs of two Landau and flexoelectric energies determines how

local polar orders in the Nx phase would be revised and what types of
domain walls, e.g., singular or nonsingular, would be generated (Fig. 3).
Figure 3 demonstrates four representative unipolar fields, which
evolve from emerging two syn-parallel aligned polar domains from the
N phase as seen in experiments (Fig. 2c), simulated under P-n coupled
(Fig. 3a, e) and decoupled (Fig. 3i, m) conditions.

When S and S, are coupled, it means the polar order primarily
controls the appearance of the polar nematic phase. In Fig. 3a, we
consider a weak flexoelectric interaction, i.e., small y, in a very stable
polar nematic phase. Locally, flexoelectricity tends to generate a
spontaneous positive splay that lowers its free energy by
—yneS(V-neS), and dislikes the negative one®. The polarization
gradient and electrostatic effects are assumed to be less important in
the Nx phase, where the polar order is small. Since the stable orien-
tational orders are guaranteed by large apolar and polar Landau
energy terms, flexoelectricity just serves as a weak disturber for the
polar field. Namely, the order parameters, S=S,, are nearly unchanged
from their equilibrium values while some local positive splay is
induced (Fig. 3b-d). Flexoelectricity starts to be able to compete with
the stability of the orientational orders (large y as in Fig. 3e) when the
variation of the volume integral of fp.,, (AFgey,) iS comparable or
larger than that of f) 4 +f, p (AF A +AF p) upon an orientational
change. Therein, nontrivial local polar fields emerge. In the two syn-
parallel aligned polar domains, a positive splay is stabilized. In between
them, a negative splay orientational region is automatically produced
by the nematic elastic interaction. However, the negative splay is
unstable because flexoelectricity should pay a large energy penalty by
yneS(V - nyS). Since the Landau terms consume less energy, the
negative splay is destroyed by melting all the orientational orders, i.e.,
local =S, ~ O (Fig. 3f-h). This leads to a sharp reduction of S and S,
between the polar and isotropic regions, resulting in a singular domain
wall that corresponds to a defect line.

Next, we turn to the situation with S and Sp decoupled. This scenario
is closer to what happens in our system because the Nx phase appears
after the N phase has already developed. Namely, S, is the secondary
order parameter induced by S. Therefore, it is reasonable that the apolar
orientational order is much more stable than the polar orientational
order. In the free-energy landscape, the magnitude of the apolar Landau
energy must be much larger than the polar counterpart (Fig. 3i, m). For
simplicity, we completely decouple S and S, by fixing S=0.58, taking
care of infinitely stable apolar orientational order, while S, is variable in
our numerical simulations (Fig. 3k, 0). Now, the flexoelectric interaction
merely competes against the polar Landau energy. The balance between
AF e and AF| p again plays an important role to determine microscopic
topology. When AF g, ,>AF| p (g, y=8.9 x 10~* V), the negative splay
region separating the neighboring polar domains ends with an unpo-
larized state to save the flexoelectric energy (Fig. 3j). Importantly, the
apolar orientational order is retained, i.e., $>0 and S, = 0. A defect line
appears because the spatial variation of Sy, i.e., VSp, is discontinuous
from the polar to apolar regions (Fig. 31 and Supplementary Fig. S18).
With decreasing the influence of the flexoelectricity, the discontinuity of
VS, decreases and jumps to a quasi-continuous one when y is below
3.4x10* V (Fig. 3n and Supplementary Fig. S18). Figure 3p illustrates a
simulated polar field with its order parameters as a function of the
coordinate. Unlike Fig. 3, as a surprise, Sp remains finite, and there is a
nonsingular domain wall. The nonsingularity across the middle and two-
sided polar regions, where the magnitude of the polarization differs,
indicates the absence of visible defect structures. This is consistent with
our experimental observation of alternative splayed regions with
modulated polarity, evidenced by bright-dark-bright stripes in SHG
microscopies (Fig. 2c and Supplementary Fig. Sl1a).

Programmable domain engineering
We achieve numerous large-scale polar patterns to demonstrate the
feasibility of defect-free domain engineering in the Nx mesophase. We
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implement two types of patterning for the NJUOO1 material: (1) con-
tinuous spatially-variant polar patterns; (2) binary polar patterns. In the
first case, we investigate a periodic alternating splay and bend con-
figuration (Fig. 4a), which is mathematically expressed as:
i(x,y,2)= (cos%, sinZt, 0). A represents the pattern period. We
capture PLM images in N, Nx, and NF phases under crossed polarizers
(Fig. 4a—c). Both the N and Nx phases display high-quality, defect-free
textures with periodic extinctions where LC directors are either par-
allel or perpendicular to the polarizers. This suggests a uniform
alignment of LC directors across the cell thickness direction, i.e., no

2010 0 10 20
Position (um)

2010 0 10 20
Position (um)

twists. As the system enters the NF phase, the polar field is significantly
distorted. The texture no longer exhibits extinction due to the pre-
sence of twists**. The difference in the regularity of the patterns can be
quantified by comparing the cross-sectional profiles of the transmitted
intensity. In the second case, we design three binary images as tem-
plates: a 12-fold symmetric quasicrystal, the letters “NJU”, and a logo of
Nanjing University (Fig. 4d-f). Then, we transfer them to the corre-
sponding polar patterns. We observe defect-free polar patterns that
emit sharp-contrast SHG patterns, well consistent with our template
images. These results highlight the high-quality domain engineering
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Fig. 3 | Flexoelectricity-driven formation of polar textures. a-d Polar order
dominating the appearance of the polar nematic phase under the condition of
coupled S and S, with a weak flexoelectric interaction. a Schematic of energy
competition among the Landau energies (AF| , and AF,  for apolar and polar
Landau energy penalties upon an orientational change) and flexoelectricity (AF e,
for energy penalty of flexoelectric upon an orientational change). b Total free
energy density distribution f . The black arrows denote the polar orientation
ordering. ¢ Apolar orientational order parameters as a function of the coordinate.
d Polar orientational order parameters as a function of the coordinate. e-h Polar
order dominating the appearance of the polar nematic phase under the condition
of coupled S and S, with a strong flexoelectric interaction. e Schematic of energy
competition among the Landau energies and flexoelectricity. f Total free energy
density distribution f . g Apolar orientational order parameters as a function of
the coordinate. h Polar orientational order parameters as a function of the coor-
dinate. i-1 Flexoelectric interaction merely competing against the polar Landau

energy under the condition of decoupled S and Sp, AFe,,>AF, p. i Schematic of
energy competition between the polar Landau energy and flexoelectricity. j Total
free energy density distribution f . The black bars denote the apolar orientation
ordering. k Apolar orientational order parameters as a function of the coordinate.
1 Polar orientational order parameters as a function of the coordinate.

m-p Flexoelectric interaction merely competing against the polar Landau energy
under the condition of decoupled S and Sp, AFpe,, > AF| p. m Schematic of energy
competition between the polar Landau energy and flexoelectricity. n Total free
energy density distribution f ;. The downsized black arrows denote the
decreasing magnitude of polarization. 0 Apolar orientational order parameters as a
function of the coordinate. p Polar orientational order parameters as a function of
the coordinate. Other parameters used for numerical calculations can be found in
Methods. Source data are provided as a Source Data file.

capability in the Nx mesophase and its usefulness in tailoring func-
tional nonlinear photonic devices. As a photorealistic application in
both the linear and nonlinear optical regimes, we showcase a repro-
duction of the famous artwork, “Girl with a Pearl Earring”* in Fig. 4g,
which features grayscale variations comprising both continuous gra-
dients and discontinuous steps. By encoding the brightness of the
artwork (from 0 to 255) into the spatially-variant polar field (top panels
in Fig. 4h, i), we successfully generate high-resolution PLM and SHG
arts (Fig. 4h, i).

Nonlinear vectorial liquid-crystal optics

When an input polarized FW excites a nonlinear medium belonging to
the point group C_.y (e.g., polar LCs composed of oriented dipoles), a
nonlinear polarization field arises as (Supplementary Section 4):
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Ao is the amplitude of FW, &y the vacuum permittivity, d;; the
nonlinear coefficient, w the angular frequency, ¢ the polarization angle
relative to the x-axis, a« the azimuthal angle of the dipole, and e, the
cosa
sina
to the quartic amplitude of the electric field of FW,

unit vector along the a direction, ( ). The intensity is proportional
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These relationships bear a striking resemblance to the light pro-
pagation through a linear polarizer and the well-established Malus’s
law (Supplementary Section 5). The oriented polar LCs is characterized

cos’a  CoOs sina
cosasina  sinfa
endowing the system with two distinct capabilities: (1) the nonlinear
optical response governed by the material’s nonlinearity; (2) the
selective excitation of instantaneous electric field vector, which fol-
lows the polar LC’s orientation a across the full angular range [0, 2]
(Supplementary Fig. S19).

As a proof-of-concept demonstration, we demonstrate the cap-
ability of generating both linear and nonlinear perfect vector beams
(PVBs) using a single-layer patterned polar LC device (Fig. 5a). As a new
type of vector beam*¢ with cylindrical symmetry in polarization, PVB
has sparked considerable interest because its radius and intensity
profile are independent of the polarization topological charge [,
demonstrating superior capabilities in optical manipulation, micro-
scopy imaging, and laser micromachining. Although PVBs have been
widely studied in the framework of linear optics’*%, the direct

by a Jones matrix formalism: cos(¢ — a)(

generation of SH PVBs from a single nonlinear optical element has not
been realized due to previous challenges in manipulating in-plane
polar ordering. Here, we design the orientation distribution a of polar
LCs based on Egs. (3) and (4), taking into account the near-field
polarization, phase, and intensity distributions. Supplementary
Fig. S20a depicts the designed orientation distribution of polar LCs,
a=1lp+Llarg[23°0° a, sin(2mlr)], r=0. a, represents the Fourier
series coefficients, 7=100 pm is the period of concentric rings, r and ¢
denote the radial distance and azimuthal angle in the polar coordinate,
and [ is the polarization topological charge. In this case, the simulated
near-field instantaneous electric field vector, when Fourier-
transformed to the far field, enables an intensity profile and polariza-
tion distribution that meet the criteria of a nonlinear perfect vector
beam. Accordingly, we show the surface anchoring pattern for both
substrates of the device in Fig. 5a. The alignment direction con-
tinuously changes in the azimuthal angle, and the orientations in
adjacent rings maintain a consistent perpendicular relationship in the
radial direction. By employing photoalignment technology in con-
junction with a self-developed digital micromirror device-based
microlithography system (“Methods”)***°, we achieved high-quality
in-plane polar LC domain engineering, accomplished through the
effective utilization of surface anchoring energy to dictate the LC
orientation. The resulting polar LC superstructure is characterized
under a crossed-PLM, which highlights the unique hierarchical and
topological features of our device, incorporating both continuous and
discontinuous variations of dipole orientations. The visible Maltese
cross and the periodic circular domain walls shown in Fig. 5b and
Supplementary Fig. S20b indicate that the LC director orientations are
faithfully imprinted according to our design. A schematic of a cross-
section of the LC cell is provided in Supplementary Fig. S21. The polar
ordering is further confirmed by SHG-l imaging (Supplementary
Fig. S22), with the local polar orientation distribution at the center
shown in Fig. 5c.

Upon a linearly polarized FW excitation (¢ =90°), a PVB in the
realm of linear optics (polarization topological charge |/|= 2) is gen-
erated due to the imprinted linear geometric phase®® (Fig. 5d and
Supplementary Fig. S23; Supplementary Section 6). Simultaneously, an
SH vector beam with a ring-shaped intensity profile is also obtained
(the first panel in Fig. Se). The vector nature is further characterized by
using an adjustable analyzer behind the device (the second and third
panels in Fig. 5e). Extinction occurs when the polarization is perpen-
dicular to the analyzer. Therefore, by examining the locations of
extinction, the nonlinear PVB with a specific space-variant polarization
distribution is confirmed, as shown in the upper right corner of the first
panel of Fig. 5e. The polarization topological charge is determined to
be [=2. These results align well with the expected intensities and
polarization distributions (Supplementary Section 6 and Supplemen-
tary Fig. S24). More importantly, the perfect virtue of vector beams in
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both linear and nonlinear optical frameworks is verified, characterized
by the invariant radius and intensity profiles under changing polar-
ization topological charges (I/|=1, 2, ..., 6; Fig. 5f, g, and Supplemen-
tary Fig.S25) of the vector beams, which is vital for applications in
high-capacity information processing technology and so on®.
Furthermore, by leveraging the dynamic tunability of LCs, we
demonstrate active and reversible switching of SH-PVBs under an ultra-

135 180

low electric field. When applying a triangular electric field (peak-to-
peak voltage Vp,=0.12 V/pum, frequency f= 0.5 Hz) across the device,
the topological polar LC superstructure exhibits periodic switching
behavior (Fig. 5h, i). This results in a dynamically tunable nonlinear
vector optical field with periodic on-off features (Fig. 5j). More details
are provided in Supplementary Section 7.
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Fig. 4 | Programmable domain engineering in the Nx phase. a-c PLM textures
and intensity profiles of the continuous spatially-variant polar pattern in N, Nx, and
NF phases. The blue bars in (a) represent the alignment configuration. The red
arrows in (b) denote the dipole distribution. The white and yellow arrows represent
the crossed polarizers. A is 171 pm. N: nematic phase; NF: ferroelectric nematic
phase. d-f Preset alignment patterns, PLM textures, and SHG images of the binary
polar patterns, including a 12-fold symmetric quasicrystal, the letters “NJU”, and the
logo of Nanjing University in the Nx phase. The alignment directions are denoted by
blue bars. The double-headed white arrows indicate the incident polarization of
FW. The school badge pattern of Nanjing University is reproduced with permission
of Nanjing University. SHG: second-harmonic generation. g A reproduction of “Girl

with a Pearl Earring” by Johannes Vermeer (c. 1665) formed by converting it to a
grayscale image. The original artwork is in the public domain*’. The grayscale values
from O to 255 are proportionally mapped to the distribution of a. h,i Reproduction
arts of “Girl with a Pearl Earring” by Johannes Vermeer (c. 1665)* formed by pat-
terned polar LCs. One is imaged under PLM, and the other is the SHG image exited
by a femtosecond laser. The original artwork “Girl with a Pearl Earring” is in the
public domain. The alignment distributions are calculated according to the equa-
tions of & o Jarcsin(y/Tpy) and a o< arcsin({/Tsyc), where a is the azimuthal angle
of the local dipole in the ranges of (0°, 45°) and (0°, 90°), respectively. Scale bars:
100 pum. PLM: polarized light microscopy. Source data are provided as a Source
Data file.

Discussion

Systems that exhibit phase competition, order parameter coexistence,
and emergent order parameter topologies constitute a crucial part of
modern condensed-matter physics™. In this work, we establish a key
link between paraelectric (apolar) and ferroelectric (polar) states,
based on a distinct liquid of ferroelectrics with nematicity, which acts
as an intermediate state between the recently identified ferroelectric
nematic and traditional apolar nematic phases. A new structural model
is established with our extended Oseen-Frank free-energy functional,
which elucidates the formation of the unique unipolar and bipolar
orderings in this mesophase. Importantly, the discovered polar orders
make a sharp contrast to the existing NF order in the structure, and
demonstrate a better potential in domain engineering for developing
nonlinear optical elements. For the former, this study reveals a novel
energy competition scenario among the Landau energies (AF , and
AF, p for apolar and polar Landau energy penalties) and flexoelec-
tricity (AFqe) with decoupled S and Sp. It means that carefully
adjusting multiple energy landscapes with either coupling or decou-
pling polar and LC nematic orders would trigger a broad range of
unknown polar orders. For the latter, the Nx phase exhibits an
exceptional capability of in-plane polar domain engineering. Though
preceding works have shown that NF order can be employed to gen-
erate pure splay orientational patterns with good quality*****, com-
plex hierarchical architectures with customizable (e.g., with more
complicated deformations with bending), precise, and defect-free
polar ordering on a large scale is difficult (see defect-mediated NF
structure in Fig. Sb-iv, Supplementary Figs. S16, and S20). The Nx order
has shown the capability to overcome these drawbacks, enabling
hierarchical topological superstructures that surpass the azimuthal
complexity of polar orientational field designs like prior g-plate** and
periodic splay patterns®**, yielding high-performance nonlinear per-
fect vector beams — a capability neither previously conceptualized nor
realized in the NF phase. This may provide an exciting platform for
developing new ferroelectric materials with tailored properties and for
exploring emergent phenomena in condensed-matter physics and
nonlinear photonics.

As photonics technology advances from scalar to vectorial
regimes®>**¢, the construction of nonlinear vectorial light fields has
become increasingly essential for applications including super-
resolution imaging®, high-capacity optical communications®, and
high-precision laser micromachining®. Note that creating such vec-
torial nonlinear modes would require several passes through a spatial
light modulator (lossy) or mixing beams with interferometry (difficult
to align), demanding complex optical systems with cascaded linear
and nonlinear light field manipulation. Here, the generation of SH PVBs
is achieved directly from a single, miniaturized polar LC device under a
scalar Gaussian FW incidence, thanks to the flexible tailoring of tunable
polar topologies. This is a feat that has not yet been accomplished with
other ferroelectric materials. Such intriguing light-matter interaction
could lead to the next generation of portable, scalable, and reconfi-
gurable photonic technologies with wide-ranging applications, e.g,, all-
optical communications, quantum computing, soft intelligent robot-
ics, and the biomedical industry.

Methods

Materials

The agent SD1 (provided by Nanjing Ningcui Optical Technology Co.,
Ltd., China) was used for the photoalignment. SD1 molecules are sus-
ceptible to the linear polarization of exposure light. These molecules
undergo isomerization upon absorbing ultraviolet photons and even-
tually align perpendicularly to the local polarization due to their
dichroic absorption properties®**’. Notably, SD1 is rewritable, with
only the final photo reorientation being recorded. Once the LC mate-
rial is infiltrated, the SD1 layer guides the LC molecules through
intermolecular interactions. The synthesis flow of the polar nematic
NJUOO1 material is provided in Supplementary Section 1.

Fabrications

Indium-Tin-Oxide-coated glass substrates were first ultrasonically
cleaned, then UV ozone cleaned. Then, the alignment agent SD1 was
dissolved in dimethylformamide at 0.35wt%, spin-coated onto the
substrates, and annealed at 100 °C for 10 min. Two glass substrates
were separated by spacers, which determine the cell gap, and sealed
with epoxy glue to form an LC cell. We used untreated cells for the
transient current (P-£ loops) measurements (results in Fig. 1f, g and
Supplementary Fig. S8; cell thickness: 10 um), PLM observations of the
NJUOO1 material (schlieren texture in Supplementary Fig. S7), and
PolScope (results in Supplementary Fig. S9; cell thickness: 8.5 um). If
not specifically denoted, the tests in our work employed LC cells of a
cell gap of 4 pm that were photoaligned. To achieve photo-aligned LC
cells, empty cells were placed at the image plane of the digital
micromirror device-based microlithography system to record the
target patterns via a multistep, partly overlapping exposure process
with synchronous polarization control. The SD1 alignment layers on
both substrates were simultaneously photoaligned. We summarize the
alignment pattern in Supplementary Fig. S26. The NJUOO1 material was
then infiltrated into the LC cells at 135°C and slowly cooled to the
target temperatures.

Characterizations

The ordering in the Nx phase was characterized by employing PLM,
SHG, SHG-I, and FCPM. The PLM textures of NJUOO1 material were
captured using a PLM (DM2700P, Leica), which allows for detailed
observations of the texture and optical anisotropic properties. The
optical path for SHG and SHG-I measurements is shown in Supple-
mentary Fig. S12. A Q-switched pulsed laser (MPL-277 111-1064; central
wavelength: 1064 nm; pulse duration: 5 ns; repetition rate: 100 Hz) was
used as the FW. The SH light was detected in the transmission or
reflection (backward) geometry by a photomultiplier tube (DH-PMT-
D100V, Daheng Optics) or a scientific complementary metal-oxide-
semiconductor (CMOS) camera (Zyla-4.2P-USB3, Andor). FCPM
observations were carried out using an inverted microscope with a
halogen illuminator (Zeiss HAL 100) and objective lenses of x 20
(NA =0.80) and x 40 (NA = 0.95) magpnifications. Fluorescent dye N,N-
Bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide ~ (BTBP,
Sigma-Aldrich) was used to label the LC orientations, with a con-
centration of 0.05wt% mixed into the NJUOOL. These dyes will align

Nature Communications | (2025)16:9419


www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-025-64463-2

Article
a Substrates Photopatterned polar LCs Photoalignment for both substrates
SH PVB
Lens
Electrically switchable
topological polar LC superstructure
b
@
76°C
Linear
PVB
f~
£1.50
§1.00- = - B
%0.50- %
o0 ——> 35 4 5 6 0% 2 35 4 5 &
Polarization topological charge (/)
h 0.12 V/um, 0.5 Hz
1.0 _ "
S (T TR TTINE
g5
£ 505 v L
28
)
0 1 1 1
0 10 20 30 40
Time (s)

parallel to the LC molecules. The fluorescence intensity excited with
circularly polarized light was sensitive to the tilt angle of the LC
directors. Thus, circularly polarized light at 488 nm was employed to
excite BTBP, and the presence of out-of-plane LC orientation can be
deduced. The transient current measurements of the NJUOO1 material
were performed using a ferroelectric property analyzer (TOYO FCE10-
S, Japan) in conjunction with a Sawyer-Tower circuit.

Numerical modeling

We utilized the finite element method to numerically calculate the
spatial distribution of polar and orientational orders and the relevant
free-energy density mappings based on Eq. (1). The relaxation process
was conducted using the Euler-Lagrange method in MATLAB. The
viscosity and the time interval for the simulation were set to
1x107Pa-s and 1ns, respectively, with typically 10° iteration steps to
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Fig. 5 | Miniaturized tunable nonlinear vectorial photonic devices. a Schematic
of LC-based nonlinear vectorial optics. This photonic functionality is enabled by the
flexible tailoring of the polar ordering in the miniaturized PVB generation device.
The photoalignment patterns for the two substrates of the LC device are the same,
as shownin the right panel. LCs: liquid crystals; FW: fundamental wave; PVB: perfect
vector beam. b Texture evolution of the toroidal topological polar LC super-
structure during cooling. N: nematic phase; NF: ferroelectric nematic phase. The
white and yellow arrows denote the crossed polarizers. Scale bar: 100 um.

¢ Resulting polar ordering of the topological LC superstructure. d, e Linear and
nonlinear PVBs generated from the LC device, along with their analyzed intensity
profiles. The diameter of the nonlinear PVB is approximately half that of the linear
PVB due to the frequency conversion. The white and green double-headed arrows

indicate the incident polarization and the direction of the analyzer, respectively.
The polarization distributions of the PVBs are provided in the upper right corners
of the first panels of (d) and (e). D: diameter. f,g Dependences of the ring diameter
on the polarization topological charge (|/| =1~ 6). Error bars represent mean +
standard deviation. h Textures before and after the application of the electric field.
i Typical textures captured in one cycle of an applied triangular wave. The voltage is
+0.12 V/pum, and the frequency is 0.5 Hz. j Periodic switching of the intensity of the
SH PVB by electrically tuning the dipoles in the superstructure from the transverse
direction to the longitudinal direction. The purple part highlights the SHG intensity
change within one cycle of an applied triangular wave. SHG: second-harmonic
generation. Source data are provided as a Source Data file.

ensure the system reaches equilibrium. We set a one-dimensional
mesh network with a dimension of 50 pm x 0.2 pm and a mesh spacing
of 200 nm. The parameters for the numerical calculations were set as
follows: the elastic constants of LCs were defined using the one-
constant approximation, i.e., K;;=K,,=K3;=1 pN. The maximum
value of the polarization P, is 6.0 pC-cm2, which is a typical value in
polar LCs*. The phenomenological coefficients in the apolar and polar
Landau energies were specified as a=-2 Jm?, b=3)m?>, A=-550
Jm-C? and B=2.3x10°)}m>C™*. The equilibrium apolar and polar
orientational order can be found from Landau terms, giving $=0.58
and S, = 0.58, respectively. The polarization gradient coefficient was
set as h=1x107°)-m>C2 The surface anchoring strength was chosen
as W, =6 x107)-m2 y is a flexoelectric coefficient relating to the splay
deformation. For the P-n coupled condition, we assume S=S, for
simplicity because the orientational order is directly induced by the
polar order (Fig. 3a, e). For the P-n decoupled condition, S is fixed at
0.58 and S, is a variable, where the apolar nematic orientational order
is assumed to be stable (Fig. 3i, m).

Data availability

The data generated in this study have been deposited in the Figshare
database under the accession code https://doi.org/10.6084/m9.
figshare.30023326. Source data are provided in this paper.

Code availability
The calculations can be done following the instructions in Methods
and Supplementary Information. The code related to this study is
available upon request.
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