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Abstract

Planar optical elements incorporating space-varying Pancharatnam-Berry phase have revolutionized the manipulation
of light fields by enabling continuous control over amplitude, phase, and polarization. While previous research
focusing on linear functionalities using apolar liquid crystals (LCs) has attracted much attention, extending this
concept to the nonlinear regime offers unprecedented opportunities for advanced optical processing. Here, we
demonstrate the reconfigurable nonlinear Pancharatnam-Berry LC diffractive optics in photopatterned ion-doped
ferroelectric nematics. By customizing the spatial phase distribution of efficient second-harmonic excitation, we
accomplish programmable beam steering of various optical states towards predefined diffraction directions.
Experimental results reveal continuous evolution of diffraction orders, intensity distributions, and polarization states
under electrically varying splay conditions, consistent with our theoretical predictions. This work opens new avenues
for designing reconfigurable nonlinear beam shaping and steering devices with potential applications in advanced

optical and quantum information processing.

Introduction

Planar optical elements with spatially variant
Pancharatnam-Berry phases, especially LC-'"" and
metasurface-based®'° components, have attracted con-
siderable interest owing to their exceptional ability to
continuously manipulate the amplitude, phase, and
polarization of light fields, facilitating numerous exciting
advancements in both scientific research and technolo-
gical applications'' ™2, Unlike metasurfaces, which usually
suffer from sophisticated fabrication processes and fixed
properties once built, LC optical elements offer a unique
combination of flexibility and ease of fabrication'*'*. LCs
leverage their self-assembling properties to form complex
microstructures with diverse forms and tunability'®~*%,
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The versatility of LC systems is further highlighted by
their ability to be fabricated through straightforward
methods such as direct deposition onto a substrate or
encapsulation within cells with predefined alignment
patterns. These patterns can be established through
photomasks'?, photopatterning®~>?, laser writing®, or
others®*, Significant advancements have been achieved in
the development of high-performance polarization grat-
ings®®, Fresnel lenses®>”°, versatile holograms® >,
etc'>*%*!, By employing chiral LC, it is possible to achieve
sub-wavelength grating periods through straightforward
fabrication methods, as demonstrated in previous stu-
dies®*, and enable the orthogonal modulation of multiple
degrees of freedom of light'®*>, However, all the above-
mentioned research has predominantly concentrated on
linear optical functionalities typically realized using apolar
LC materials®**, It is highly desirable to extend the
concept of “planar LC optics”® to the nonlinear case,
leading to the development of nonlinear planar LC optics
with embedded features capable of fully controlling the
wavefront of the nonlinear output. This shift from linear
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to nonlinear optics offers opportunities for designing
more innovative and unique functionalities, while pre-
serving the intrinsic benefits of planar LC optics, includ-
ing cost-effectiveness, lightweight properties, ease of
fabrication, and flexibility®**’.

The discovery of ferroelectric nematic LCs (FNLCs)
marks a major breakthrough in the field of soft matter
research®®*~*°, These materials combine LC properties
with ferroelectricity, allowing them to flexibly pattern and
tune their structure in response to external stimuli, which
has spurred numerous subsequent studies focusing on the
properties*’, structures*>*?, topologies**, formation
mechanisms*>*®, and identification of new states of
matter in these fluids*”*®, such as helielectric*’, polar
heliconical nematic*®, and various new polar smectic
phases**’, Besides being highly intriguing from the
fundamental point of view, these materials are also con-
sidered to hold great promise as a tunable soft material
platform for nonlinear photonics®>®'. Studies on the
effectiveness of optical second-harmonic generation
(SHG) in FN materials have demonstrated nonlinear
susceptibilities®** of 5.6 pm-V! to 25 pm-V'—compar-
able to those of solid-state nonlinear crystals—high-
lighting their potential to become optimal candidates for
the next-generation nonlinear optical devices®'. Specifi-
cally structured FNLC materials with continuously heli-
electric polar configurations have shown nontrivial phase
matching, leading to largely improved second-order
nonlinear optical response””. More recently, our group
proposed the nonlinear Pancharatnam-Berry phase in the
ENLC film, associated with cascaded linear and nonlinear
optical spin-orbit interactions, for multi-channel linear
and nonlinear optical vortex generation®. However, the
real-time reconfigurable tuning of the nonlinear
Pancharatnam-Berry phase remains elusive.

Here, we transform the Pancharatnam-Berry LC optics
to the reconfigurable nonlinear Pancharatnam-Berry LC
optics regime by employing photopatterned, electrically-
controlled, ion-doped FNLCs. We map the diffracted
optical fields under different splay conditions of material
polarizations and various pumping light polarizations.
Leveraging the in-plane electric field, we demonstrate
customized tunable beam steering of different optical
states into predefined diffraction directions with con-
tinuously evolved diffraction orders, intensity distribu-
tions, and carrying polarizations. These experimental
results, which align well with theoretical predictions,
serve as a design framework for developing dynamic
nonlinear optical devices tailored for specific beam
shaping and steering applications. This work opens new
avenues for next-generation reconfigurable nonlinear
photonic devices, with promising applications in
advanced optical processing and quantum information
technologies.
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Results
Nonlinear Pancharatnam-Berry LCs

The concept of our proposed nonlinear Pancharatnam-
Berry LCs is illustrated in Fig. la. A structured polar LC
film is fabricated with a spatially modulated alignment
pattern in the x-y plane through photopatterning. The
thickness of the film is generally on the order of micro-
meters. For each LC pixel with a specific LC director, a
mathematical concept used to describe the average
orientation of LC molecules in this pixel, when illumi-
nated by circularly polarized (CP) pump light propagating
along the z-axis (k // z), the transmissive polar LC enables
spin-dependent nonlinear Pancharatnam-Berry phase
manipulation due to the spin-coupling effect.

An intuitive representation of the linear and nonlinear
Pancharatnam-Berry phase shift, governed by the orien-
tation angle & of the medium’s anisotropic structure and
the spin state ¢ (0 = +1 for right/left-handed circular
polarization (RHCP and LHCP)) of the incident light, is
illustrated in Fig. 1b. The entire diagram is divided into a
central part representing the local frame and an outer part
representing the laboratory coordinates. The area under
the blue-violet trapezoidal shadow on the left corresponds
to the linear optical process, while the other gradient-
colored trapezoidal region includes the process of non-
linear frequency conversion.

In the linear optical process, we consider the interaction
of a CP fundamental wave (FW) with a spin state of o
propagating through a very thin LC medium. The LC
director is rotated by an angle « relative to the laboratory’s
transverse coordinate. Suppose the incident light is pre-
pared in a RHCP (o, at the north pole of the Poincaré
sphere) in the fundamental frequency , the lab frame
Poincaré sphere is rotated about S3 by an angle oa to the
local frame. In the local frame, the geodesic trajectory of
the fundamental frequency (blue-violet dashed curve)
spans an angle oa with the a = 0 geodesic passing through
Sy’ (gray dashed curve)®. As the light propagates through
the LC medium, its polarization state evolves along a great
circle on the Poincaré sphere, moving from the north pole
towards the south pole, as indicated by the blue-violet
dashed curve. In this scenario, the cross-CP component of
the FW acquires a spin state of —o upon exiting the LC
medium. Then, the transformation of the Poincaré sphere
back to the laboratory frame (in an inverse rotation
direction) leads to a closed trajectory with an angle of
oa — (—oa) = 20a relative to the S; giving a
Pancharatnam-Berry phase of 20a°%>".

In the context of nonlinear optical processes, the
interaction between FW and LCs involves simultaneous
changes in both polarization state and frequency®”. As
previously established, within the local frame, the geo-
desic trajectory of the fundamental frequency spans an
angle oa relative to a =0 geodesic passing through S;'.

axis,
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(see figure on previous page)

Fig. 1 Nonlinear Pancharatnam-Berry phase. a A thin-film polar LC element with a spatially modulated alignment pattern in the x-y plane. The
polar LC molecules are sandwiched between two photopatterned substrates. The right panel: a polar LC director in the (x, y, 2) coordinate system.
The azimuthal angle in the x-y plane is denoted as a. For a polar LC director, SHG signals of both circular polarizations, with phases of oa and 30aq, are
generated in the forward direction. The incident fundamental wave (FW) is at w and the generated second-harmonic wave (SHW) is at 2w.

b Schematic representation of the linear and nonlinear Pancharatnam-Berry phases resulting from coordinate transformations. The entire diagram is
divided into a central part representing the local frame (S;/, S/, S3/) with blue coordinate axes and an outer part representing the laboratory
coordinates (S;, S5, S3) with black coordinate axes. The area under the blue-violet trapezoidal shadow on the left corresponds to the linear optical
process, while the other gradient-colored trapezoidal region includes the process of nonlinear frequency conversion. For a CP FW incidence with the
spin state of 0 =+1 (RHCP), the evolved cross-CP FW signal acquires Pancharatnam-Berry phase of 20a, while the co- and cross-CP components of
the SH signal acquire nonlinear Pancharatnam-Berry phases oa and 30aq, respectively. The blue and red circumferential arrows above or below the
Poincaré sphere represent the polarization state in the current configuration. The blue ones correspond to the RHCP, and the red ones correspond to
the LHCP. The black circumferential arrows correspond to the rotation direction of the Poincaré sphere. The unidirectional arrows and their colors
between Poincaré spheres denote the process within the framework of linear optics or nonlinear optics. The dark red arrows adjacent to the
evolution path represent the direction of polarization evolution. The gray, blue-violet, and red dashed curves are used to indicate the angle relative to
the a =0 geodesic passing through S;’. Specifically, the gray dashed line denotes the reference line passing through S;’; the blue-violet and red
dashed curves represent the geodesic trajectories of FW and SHW spans certain degrees with the a = 0 geodesic (gray dashed curve). ¢ Schematic of

from the 1°' LC layer. MY, and M%¢

the cascaded linear and nonlinear spin-coupling processes. dz: unit thickness of each infinitesimally thin LC layer. EY incident FW. P2
: Jones matrices describing the linear optical processes of FW and SHW following propagation through a distance
dz, respectively. The function f(-) is employed to mathematically represent the physical process of nonlinear frequency conversion

: SHW excited

Frequency conversion to the n-th harmonic (with n=2
for SHG) amplifies this angular displacement by a factor
of n, resulting in a new angle spanned relative to the S;’
axis, specifically noa. The polarization state of the n-th
harmonic is positioned at the south pole of the Poincaré
sphere. At this stage, two possible outcomes emerge: (1)
The polarization state may revert back to its initial CP
configuration (o0 — 0). In this case, the rotation of the
Poincaré sphere back to the laboratory frame induces a
closed trajectory with an angle of noa — (oa) = (n - 1) oa
relative to the S; axis. For # = 2, this results in a nonlinear
Pancharatnam-Berry phase of oa. (2) Conversely, the
polarization state may remain in its converted CP state
(0 — —0). Here, the rotation back to the laboratory frame
leads to a trajectory with an angle of noa — (—oa) = (n + 1)
oa relative to the §; axis, yielding a nonlinear
Pancharatnam-Berry phase of 3oa for n = 2. These find-
ings demonstrate how the orientation angle a of LCs, in
conjunction with the spin state ¢ and harmonic order n,
influences the nonlinear Pancharatnam-Berry phase.
Consequently, the nonlinearity phase imparted by polar
LCs can be flexibly adjusted by modulating the orientation
distribution of LC directors, paving the way for innovative
applications in soft-matter photonics. Next, we present
the analytical calculation of the excited nonlinear polar-
izations from a structured polar LC element.

ENLCs, also known as polar LCs with broken inversion
symmetry, exhibit strong nonlinear optical responses
characterized by a non-zero second-order nonlinear opti-
cal susceptibility. At 1064 nm, the components of this
susceptlblhty are given by )(Em)ﬂ =11.2pm-V~! and
)(Ej)b = Xéib Xﬁ)a =1.2pm- V!, where the a- and b-
axes are parallel and perpendicular to the polar LC
director, respectively”’. To derive the nonlinear

Pancharatnam-Berry phase, we employ a CP basis (L, R, z),
where L and R denote the LHCP and RHCP, and z is the
propagation direction. In addition, the second-order
nonlinear susceptibility tensor of the LC medium is
transformed to this CP basis as )(l(mn, where [,m,n =
(L,R,z), thus allowing for the analysis of nonlinear
polarization generation and its associated nonlinear
Pancharatnam-Berry phase through coordinate transfor-
mations in the circular basis and the frequency-doubling
process.

As illustrated in Fig. 1c, the polar LC film is divided into
numerous infinitesimally thin layers along its thickness,
with each layer having a thickness of dz. It is assumed that
the orientation angle a remains unchanged across these
layers. Notably, a can represent either a uniformly aligned
anisotropic LCs or a specific director distribution corre-
sponding to structured polar LC elements. Additionally, it
is assumed that molecular interactions and resultant
optical effects between adjacent LC pixels are negligible.
For the N LC layer, the modulated FW at frequency  is
given by:

e = (M) - Eg (1)

where M3, represents the Jones matrix describing the
linear optical process experienced by the FW as it
propagates through a unit-thin LC layer. The nonlinear
polarization generated at this layer is:

P =f|(m2)" " K| (v =) 2)

Here, f encapsulates the physical processes associated
with nonlinear frequency conversion. For an arbitrary
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polarized FW incident at normal incidence: E®(0) =
E{(0)ég + Ef(0)ér, the nonlinear polarization can be
decomposed into RH and LH components, denoted as
P2°(Ndz) and P7°(Ndz), respectively. These components
are expressed as:

PR (Nd2) = {Xﬁ}we‘“ (ER(N dz?)z + Xerwe ™ (B (Nd2))* }
+2xppe (B3 (Nd2)ES (Nd2)

P¥(Ndz) = g {X(L%I)?’R’eisu (E% (qu))z * X?’i’yeii“ (E7 (Ndz))2 }
+ 2 g0 (E3(Nd2)ES (Ndz))

(3)

where ER(Ndz) and E{(Ndz) refer to the RHCP and
LHCP components of the propagating FW at the Ndz
() 2) (2) ) (2)

plane, and Xppp =Xppy = Xpry =Xppy =Xipe =
@ _ 1.2 - . .
XiRy = 33X aaa: The derivation of these expressions is

detailed in Supporting Information Text 1. The z-plane
can be located either within the LC film (z = N - dz< d)
or at its exit surface (z = d), where d denotes the total
thickness of the LC film. Notably, in the aforementioned
derivation, the dynamic processes associated with phase
mismatch are not explicitly considered; instead, the
analysis focuses exclusively on the evolution of the
acquired geometric phase. As depicted in Fig. 1c, the
generated SHW by the N™ LC layer will be superimposed
onto the subsequent layers. This cumulative effect
propagates through each layer, with the SHW generated
at each step acting as the source for further propagation in
the following layers. Ultimately, the total nonlinear
polarization observed at the exit plane is the accumulation
of contributions from all individual layers.

For a simplified scenario, an incident FW with RHCP
evolves into two distinct components E{(Ndz) oc ER(0)
and E9(Ndz) o e7E$(0) upon propagation and reaching
the N LC layer due to the linear spin-coupling effect. By
substituting them into Eq. (3), the nonlinear polarization
components at the N™ layer are derived as:

© 2 i (o 2
P2*(Ndz) o 80)(1(?'3?%"3 (E2(Ndz))

20 () LiBa(po 2 (4)
P}*(Ndz) o ey, p€™ (Ef(Ndz))

This result demonstrates the emergence of distinct
nonlinear Pancharatnam-Berry phases from the N LC
layer for co- and cross-CP SHW components, specifically
a and 3a, respectively. When these components propagate

20 i
P G it
spin-locked nonlinear Pancharatnam-Berry phases.
Hence, it is evident that the final accumulation process
does not alter the phase relationship inherently tied to the

and reach the exit plane, we obtain
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optical spin state. In summary, this simplified analysis
highlights that the total nonlinear polarization exhibits
the same form as described by Eq. (4), when neglecting
dynamic processes. Such insights are fundamental for
understanding and predicting nonlinear optical phenom-
ena in structured polar LC systems.

Nontrivial nonlinear diffractions

Based on the above principle, we provide simulated
nonlinearity phases and diffractions based on different
polar LC gratings to direct the design of nonlinear beam
steering devices (Fig. 2). The period of these gratings is
~50 um. Within each period, the orientations of polar LC
directors exhibit a continuous gradient, adopting a splay
arrangement (Fig. 2a). This configuration ensures the
molecular distribution within each period is symme-
trically aligned relative to the grating stripes. These per-
iodic configurations enable control over the optical
properties of the grating, facilitating applications in
advanced beam manipulation and nonlinear photonics.

Figure 2b presents a detailed analysis of the calculated
nonlinearity phases as a function of LC director orientation
a, along with their corresponding spatial intensity distribu-
tions of SH signals generated by the proposed polar LC
gratings. The investigation encompasses four sets of results
for different incident polarization states and examines the
diffraction behavior across a range of splay angles (0 to 2m).
Under linearly polarized FW excitation, the LHCP and
RHCP SHW components exhibit axisymmetric phase gra-
dients with identical slopes in magnitude as the variation in
a. This behavior is consistent with theoretical predictions in
Eq. (1), confirming the validity of the proposed model.
Concomitantly, the diffraction patterns of the SH signals
display symmetric intensity distributions across the + dif-
fraction spots. When excited with CP FW, simulations
reveal that the nonlinear phase of co-CP components is
threefold that of cross-CP components. The above non-
linearity phase analysis is important for designing nonlinear
photonic devices for beam shaping and steering.

Furthermore, we simulate the tailorable spatial intensity
distribution of SH signals by adjusting the splay angle of
polar LCs within a period (Fig. 2c and Fig. S1; Supporting
Information Text 1). This modulation enables continuous
control over both the diffraction orders and the intensity
of SH signals. For instance, under RHCP pump light, the
SH signal’s diffraction orders are locked to the +1-st and
+3-rd orders at a splay angle of 2n. As the splay angle
decreases, the intensity of the +1-st diffraction order
follows a trend of decreasing, then increasing, and sub-
sequently decreasing again, with its maximum occurring
near 6 = 21t/3. Simultaneously, the intensity of the +3-rd
diffraction order gradually diminishes. The intensity of
the +2-nd diffraction order initially increases, then
decreases, reaching its maximum near 6 = 47/3. When
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the splay angle further decreases towards zero, the non-
linear Pancharatnam-Berry phase gradually disappears,
resulting in the cessation of diffraction and a concentra-
tion of intensity at the zeroth order. Another example
involves horizontally polarized light incidence. As the
splay angle decreases from 2m to 0, the maximum inten-
sities of different diffraction orders (zero-th, +1-st, +2-nd,
+3-rd) occur at specific angles of 5/6m, 5/3m, 5/4m, 21
(Fig. S2). These simulation results provide an intuitive
understanding of the intricate interplay between the
nonlinear Pancharatnam-Berry phase, splay angle, inci-
dent polarization, and SH signal distribution, offering
insights into the continuous tuning of both nonlinearity
phases and SH beam steering.

To experimentally demonstrate the nonlinear Raman-
Nath diffractive steering, FNLC devices are synthesized,
which consist of two glass substrates, both coated with
photoalignment layers that are photopatterned to guide
the arrangement of polar LC molecules. As shown in the
upper-left inset of Fig. 3a, the alignment configuration is
defined by a(x,y) = w, where L represents the
period of the pattern, i.e., the alignments are continuously
varied with a splay angle 8 = m, as a primary demon-
stration (Sample A). Following the infiltration of ion-
doped polar LCs, a gradient polar LC grating is formed
with periodic splay configurations. It is worth noting that
the use of 0.9% BMIM-PF6 ion-doped FNLC and a
thermal annealing process at a rate of 2°C per minute
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facilitate the optimal assembly of spontaneous polariza-
tion, promoting large-area and defect-free periodic pat-
terns (Fig. 3b), in contrast to undoped FNLC patterns (Fig.
S3). The underlying polar LC director structure is
deduced through polarizing optical microscopy (POM)
examinations (Fig. 3b—e) and the application of an in-
plane electric field (Fig. 3f). Specifically, Fig. 3b presents
the texture changes during cooling under a crossed POM,
revealing large-scale smoothly varying gratings that
remain stable down to ~70 °C. The enlarged POM texture
(Fig. 3c) and the POM texture with a full wave plate at
135° (Fig. 3d) further demonstrate the desired director
distribution that is determined by the anchoring. Periodic
extinctions observed in Fig. 3c and POM textures between
de-crossed polarizers (Fig. 3e) confirm the uniformity of
LC directors across the cell thickness direction, which
suppresses the twists, consistent with previously reported
work*’. Due to the flexoelectric coupling effect?, the
overall director and polarization distributions are sche-
matically represented in Fig. 3a. To verify this proposed
structure, we apply an in-plane DC electric field to the
sample (Supplementary Video 1). When E = (0,1, 0), the
polar LC director tends to align with the electric field,
resulting in a decrease in the splay angle. This implies that
within a splay band, the region aligned with the electric
field occupies a larger spatial extent, consistent with the
observed broadening of extinction regions (Fig. 3f, bottom
panel; Fig. 3h, blue curve). Conversely, reversing the field
direction to E = (0,—1,0) increases the splay angle,
leading to narrower extinction regions (Fig. 3f, upper
panel; Fig. 3h, red curve). These experimental results
strongly support the proposed polar structure depicted in
Fig. 3a. By analyzing the intensity variations along the
grating vector within a period, we deduce that the splay
angle variation is about 3/8m (Fig. S4).

Then, we employ the periodic splay FNLC patterns as
transmissive planar optical elements to demonstrate both
linear and nonlinear optical modulation processes
(Figs. 4 and 5). In the N phase, Sample A exhibits a
spatially homogeneous orientation of polar LCs (6 = m),
functioning as a cycloidal diffractive waveplate, also
referred to as a polarization grating in linear optics. Under
linearly polarized incidence, the diffraction pattern in the
linear optics regime consists of the zeroth-order and +1-st
orders. For CP light, only the zeroth-order and either the
+1- or —1-st orders are observed, depending on the
incident spin state. These linear optical effects are con-
sistent with theoretical predictions for polarization grat-
ings, which are sensitive to the half-wave condition.

As the temperature decreases to 90°C, the sample
transforms into the ferroelectric nematic phase. We illu-
minate it with femtosecond laser pulses at 1300 nm and
measure the SHG signals using a charge-coupled device
camera. Figure 4b presents the SHG diffraction patterns
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excited by horizontally polarized, vertically polarized,
LHCP, and RHCP FWs. In this case, the phase-matching
condition is satisfied transversely (perpendicular to the
propagation direction) via momentum compensation
provided by the grating vector of the modulated LC
structure rather than relying on conventional longitudinal
phase matching (inset in Fig. 3a). This mechanism enables
efficient energy transfer between diffracted orders while
circumventing  stringent  phase-velocity = matching
requirements typically associated with nonlinear optical
processes. When incident light is horizontally polarized,
the generated SHG signals include five distinct diffraction
orders. Cross-CP components manifest at the +2-nd dif-
fraction orders, while linear polarization states (along the
x and y axes) appear at the +1-st and zeroth orders.
Conversely, for vertically polarized incidence, the inten-
sities at the +2-nd orders are significantly weaker, with
cross-CP components emerging at the +1-st orders. This
behavior is attributed to the simultaneous modulations of
phase and intensity induced by the periodic splay non-
linear polarization grating (Fig. S5). For CP incident light,
the SHG signal diffracts into three orders with distinct
polarizations steered in a specific direction. Cross-CP
components are observed at the zeroth and +2-nd orders.
Due to the weak intensity of SHG signals in the +3-rd
diffraction orders for all polarization incidences, they are
not visible in Fig. 4 and are provided in the Supplementary
Information (Fig. S6).

Figure 4d illustrates the nonlinear diffraction patterns of
Sample B, which exhibits a spatially homogeneous
orientation of polar LCs with 6 = 2r/3 (Fig. S7). Fol-
lowing polarization analysis (Fig. S8), we also demonstrate
the capability to steer different polarization states into
distinct diffraction orders. This implies that by adjusting
the incident polarization, grating period, and splay angle,
we can regulate the SHG signal’s diffraction behavior,
including its diffraction orders, intensity distributions, and
polarization states. As shown in Fig. 4b—d, both the dif-
fraction angles (& , = 2 & ,,,), intensity, and polarization
distributions observed in our experiments are consistent
with theoretical predictions. Our SHG measurements
with differently polarized incident light confirm the
diverse diffractive functionalities of FNLC devices, where
the engineered space-varying Pancharatnam-Berry LCs
impart distinct polarization and intensity modulations in
the nonlinear optics realm, highlighting the interaction
between the FW’s spin angular momentum and the
nonlinearity Pancharatnam-Berry phase acquired, as
described in Eq. (1) and (2).

Dynamically programmed nonlinear Pancharathnam-Berry
phase-controlled nonlinear diffractions

By leveraging the dynamic tunability of polar LC super-
structures, we successfully demonstrate an active nonlinear
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diffractive beam steering capability. The space-varying
Pancharatnam-Berry LC grating can be dynamically driven
by applying an in-plane triangular-wave electric field with a
frequency of 1 Hz and an alternating current voltage of
0.06 V-um™ (as shown in Supplementary Videos 2 and 3).
As the electric field is applied and gradually increased, the
splay angle of the polar LC grating transitions from its
equilibrium state (6 = m, flat angle) to obtuse or acute
angles depending on the sign of the electric field (Fig. 5a),
enabling real-time tuning of the nonlinear Pancharatnam-
Berry phase. The ion-doping ensures that this electrical
modulation occurs smoothly and stably.

Figure 5b—d present the corresponding diffraction pat-
terns of SHG signals and the intensity variations of the

+1-st and +2-nd diffraction orders under different
polarization states of incident light. For horizontally
polarized light incidence, it has been observed that the
zeroth diffraction order of the SHG signal exhibits an
increasing trend in its intensity as the electric field
changes from —0.06 V.um™ to +0.06 V.um™. Simulta-
neously, the intensities of the +1-st and +2-nd orders
decrease, indicating a reduced diffraction efficiency with
decreasing splay angles. Conversely, for vertically polar-
ized light incidence, the intensity variations in different
diffraction orders are small. By comparing with our
simulations presented in Fig. 2c and Fig. S2, we find that
the splay angle is adjusted to approximately ~7mn/6 and ~
51/6 when the electric field reaches its maximum value of



Chen et al. Light: Science & Applications (2025)14:314

Page 10 of 13

N
a
Splay angle: n x STTC
J/ Y, 7 ¢
v: GAVESS DOYEES LSIIVEE T-
Negative -0.06 0 +0.06 Positive
External electric field (V- pm™)
b Incident polarizations:
1
©
o
o
~ 1
)
1S
=3
=
o
2
L
g o
[
©
£
]
x
)
©
o
=)
+
0
c e d
+1 order 0.4~
=
‘@
§ i +2 order
£
heoli=1
g
TS
£
o
z
0.3 |, 1 1 0 Ly 1 1
—-0.06 0 +0.06 -0.06 0 +0.06
External electric field (V- um™) External electric field (V- um™")
Fig. 5 Dynamical tuning of nonlinear diffraction. a Demonstration of the dynamic modulation of the splay angle through the application of
opposite-direction in-plane electric fields along the grating stripe direction. The variation in the splay angle is estimated to reach a maximum of +71/6
at the maximum electric field strength of £0.06 Vium™" (attributed to instrumental range limitations). b Simulated and experimental diffraction
patterns of SH signals under illumination with horizontally polarized and vertically polarized light. ¢, d Simulated and experimental intensity changes
for the +1-st and +2-nd orders of SH signals as the electric field increases from —0.06 V-pum™' to +0.06 V-um™'. The incident polarization is horizontal
polarization for (c) and vertical polarization for (d)

0.06 V.um™ (Fig. 5a). This result is consistent with the
splay angle variation deduced from our texture observa-
tion. A slight deviation between the experimental results
and simulated intensity variations in diffraction may be
attributed to defects emerging during the application of
the electric field and their impact on the overall nonlinear
polarization. However, the general trend aligns with the-
oretical predictions. This demonstration highlights the

potential of using dynamically tunable FNLC devices for
active nonlinear photonic applications.

Discussion

LCs represent a fascinating class of materials that can be
engineered in three spatial dimensions. The imple-
mentation of ion-doped FNLCs enables the creation of
large-area, defect-free polarization patterns, yielding
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millimeter-scale, high-quality nonlinear optical elements
with spatially tailored distribution of the polar LCs (Fig.
3b). This approach guarantees robust and reproducible
optical performance at the macroscopic scale, effectively
overcoming defects that would otherwise disrupt desired
light-matter interactions. By further manipulating the
nonlinear LC system with three-dimensional controllable
architectures, one can anticipate a host of novel phe-
nomena and effects emerging from precisely engineered
spatial ferroelectric structures. When polar LCs interact
with light, they modulate not only the various degrees of
freedom of the FW—phase, polarization, and amplitude—
but also enable frequency conversion, thereby offering
refined control over the resulting nonlinear phase,
polarization, amplitude, and more.

A further key innovation in this work lies in the
dynamic modulation of the polar LC orientations and
hence the gradient Pancharatnam-Berry phase through
very low external electric fields (0.06 V~pm'1). Since the
director orientation responds predictably to the applied
electric field, we achieve selective enhancement or sup-
pression of specific diffraction orders from polar LC
gratings, permitting real-time control over the spatial
distribution of the SH signals. Rationally designed,
structured electrodes (e.g., Fig. S9) could be further
incorporated to enable pixelated in-plane switching of
FNLCs and subsequently tailor the optical functionalities.
This kind of dynamic control is highly desirable in future
applications'*”® because it offers flexibility and adapt-
ability. Instead of needing different physical components
for different tasks, we could have a single component that
adapts its function through applied voltages.

In conclusion, this study successfully demonstrates the
feasibility of using ion-doped FNLCs as a platform for
reconfigurable nonlinear Pancharatnam-Berry LC optics.
By combining the inherent advantages of planar LC
structures with the unique properties of ferroelectricity,
we pave the way for next-generation nonlinear optical
devices capable of advanced beam steering and signal
processing. The dynamic tunability and versatility of our
approach make it particularly promising for applications
in quantum optics, adaptive optics, and nonlinear fre-
quency conversion. Furthermore, the ability to achieve
defect-free and large-scale (several cm?®) polarization
patterns ensures the scalability and reproducibility of our
approach, providing a solid foundation for practical
implementations in diverse fields.

Materials and methods
Materials and fabrications

Indium-tin-oxide glass substrates were first cleaned
using UV-ozone treatment and then spin-coated with a
photoalignment agent (SD1) at three sequential stages:
800 rpm for 10s, followed by 3000 rpm for 40s, and
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finally, 300 rpm for 1s. The coated substrates were then
cured at 100 °C for 10 min to ensure proper cross-linking
of the photoalignment layer. Two such treated substrates
were assembled into a cell using UV-curable adhesive,
with the cell gap precisely measured as ~1pm via
interferometry.

To achieve spatially varying alignment configurations, a
dynamic microlithography system based on a digital
micromirror device was employed for multistep, partially
overlapping exposure processes. The system utilized opti-
mized exposure parameters, including intensity, duration,
and sequence, to ensure high-quality pattern formation.
After achieving the desired alignment pattern of SD1 with a
total exposure dose of approximately 5J.cm™, the photo-
alignment layer demonstrated exceptional thermal stability
throughout subsequent processing steps. It is important to
note that prolonged UV illumination or exposure to high
humidity should be avoided to prevent potential degrada-
tion of the photoalignment quality.

Following substrate preparation and assembly, the cell
was infiltrated with FNLC RM734 doped with 0.92 wt%
BMIM-PF6 at a temperature of 200 °C. A two-step ther-
mal annealing process was then conducted to facilitate the
self-assembly of FNLCs between the SD1 alignment lay-
ers. The first step involved rapid cooling from 190 °C to
130°C at a rate of 5°C-min™". Then, the device was gra-
dually cooled from 130°C to 90°C at a slower rate of
2°C-min"". This slow cooling ensured proper relaxation of
flexible electrical couplings during phase transitions from
the nematic phase through an intermediate phase (Nx) to
the FN phase. Finally, the ferroelectric nematic polar-
ization grating was formed under guidance from the
photopatterned alignment layer, combined with flexo-
electric coupling effects intrinsic to the FNLC material
system.

Characterizations

The resulting FNLC devices were characterized using a
crossed-polarizing optical microscope (DM2700P, Leica)
at various temperatures and conditions. These observa-
tions provided critical insights into the structural prop-
erties, response dynamics, and functionality of the
fabricated devices.

In the nonlinear optical experiments, a Ti:sapphire
femtosecond laser (Revolution, Coherent Inc.) was
employed to pump an optical parametric amplifier. The
system generated ultrashort pulses with a duration of
approximately 40fs at a repetition rate of 1kHz. The
collimated laser beam was focused onto the FNLC device
using a spherical lens (f= 150 mm). After interaction with
the FNLC structure, the generated SHWs were re-
collimated through an objective lens with a numerical
aperture of NA =0.25. The polarization state of the
resulting SHG diffraction spot was analyzed using a
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quarter-wave plate (AWP20Q-T4Q, JCOPTIX) and a
linear polarizer, enabling detailed characterization of the
nonlinear optical response.

Acknowledgements

The authors gratefully appreciate Prof. Gui-Xin Li from Southern University of Science
and Technology for his constructive discussion on the nonlinear Pancharatnam-
Berry phase. We also appreciate Dr. Chen-Zhu Xie from Nanjing University for his
constructive discussion on cascaded linear and nonlinear spin-coupling processes.
H-FC, X-YT, B-HZ, J-TP, and L-LM. contributed equally to this work. This work is
supported by the National Key Research and Development Program of China (Nos.
2022YFA1405000 (Y-QL, L-LM) and 2021YFA1202000 (L-LM,); National Natural
Science Foundation of China (Nos. T2488302 (Y-QL), 62375119 (L-LM), and
62305157 (W.C)); Natural Science Foundation of Jiangsu Province (Nos. BK20243067
(Y-QL) and BK20232040 (L-LM)); Fundamental Research Funds for the Central
Universities (Nos. 2024300360 and 2025300215 (L-LM)).

Author details

'National Laboratory of Solid State Microstructures, Key Laboratory of
Intelligent Optical Sensing and Manipulation, College of Engineering and
Applied Sciences, Nanjing University, 210023 Nanjing, China. “Research
Institute of Superconductor Electronics (RISE), School of Electronic Science and
Engineering, Nanjing University, 210023 Nanjing, China. *Key Laboratory of
Optoelectronic Information and Sensing Technologies of Guangdong Higher
Education Institutes, Department of Optoelectronic Engineering, Jinan
University, 510632 Guangzhou, China

Author contributions

L-LM. and J-T.P. conceived the idea. L-LM,, J-T.P, and Y.-QL. designed
experiments. H-F.C, X-Y.T, B-H.Z, and J-T.P. performed the experiments. B.-
HZ,WC, CC, and W-G.Z analyzed and simulated the data. L-L.M. and Y.-QL.
contributed materials/analysis tools and supervised the project. H-F.C. and L-
L.M. co-wrote the paper.

Data availability

The data that support the findings of this study are available within the paper
and the supplementary material. Additional data related to this paper are
available from the corresponding authors upon reasonable request.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https:.//doi.org/10.1038/541377-025-01981-0.

Received: 17 February 2025 Revised: 17 July 2025 Accepted: 23 July 2025
Published online: 10 September 2025

References

1. He Z Q, Yin, K & Wu, S. T. Miniature planar telescopes for efficient, wide-
angle, high-precision beam steering. Light Sci. Appl. 10, 134 (2021).

2. Lu, Y. Q &L Y. Planar liquid crystal polarization optics for near-eye displays.
Light Sci. Appl. 10, 122 (2021).

3. Xiong, J. H. & Wu, S. T. Planar liquid crystal polarization optics for augmented
reality and virtual reality: from fundamentals to applications. eLight 1, 3 (2021).

4. Kobashi, J, Yoshida, H. & Ozaki, M. Planar optics with patterned chiral liquid
crystals. Nat. Photonics 10, 389-392 (2016).

5 Hu, Y. Q et al Electrically tunable multifunctional polarization-dependent
metasurfaces integrated with liquid crystals in the visible region. Nano Lett. 21,
4554-4562 (2021).

6. Ma, L L et al Selfassembled liquid crystal architectures for soft matter
photonics. Light Sci. Appl. 11, 270 (2022).

7. Yang, D. K & Wu, S. T. Fundamentals of Liquid Crystal Devices. 2nd edn. (John
Wiley & Sons, 2015).

8. Lin, D. M. et al. Dielectric gradient metasurface optical elements. Science 345,
298-302 (2014).

9. Huy, Y. Q. et al. Asymptotic dispersion engineering for ultra-broadband meta-
optics. Nat. Commun. 14, 6649 (2023).

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 12 of 13

Maguid, E. et al. Multifunctional interleaved geometric-phase dielectric
metasurfaces. Light Sci. Appl. 6, €17027 (2017).

Berto, P. et al. Tunable and free-form planar optics. Nat. Photonics 13, 649-656
(2019).

Chen, P. et al. Liquid-crystal-mediated geometric phase: from transmissive to
broadband reflective planar optics. Adv. Mater. 32, 1903665 (2020).

Chen, Z. G. & Segev, M. Highlighting photonics: looking into the next decade.
eLight 1, 2 (2021).

Zhang, P, Wang, G. J. & Yu, H. F. Ultraviolet-visible-near-infrared light-
responsive soft materials: fabrication, photomechanical deformation and
applications. Respons. Mater. 2, 20240016 (2024).

Li, S. L. et al. Geometric phase-encoded stimuli-responsive cholesteric liquid
crystals for visualizing real-time remote monitoring: humidity sensing as a
proof of concept. Light Sci. Appl. 13, 27 (2024).

Yuan, C. L et al. Hyper-stable field-stimulated soft cholesteric heliconical
architectures. Matter 6, 3555-3573 (2023).

Liu, B. H. et al. Dynamically actuated soft heliconical architecture via frequency
of electric fields. Nat. Commun. 13, 2712 (2022).

Zhang, Y. X, Zheng, Z. G. & Li, Q. Multiple degrees-of-freedom programmable
soft-matter-photonics: configuration, manipulation, and advanced applica-
tions. Respons. Mater. 2, €20230029 (2024).

Peng, C. H. et al. Command of active matter by topological defects and
patterns. Science 354, 882-885 (2016).

Lin, T. G. et al. Recent advances in photoalignment liquid crystal polarization
gratings and their applications. Crystals 11, 900 (2021).

Wei, B. Y. et al. Generating switchable and reconfigurable optical vortices via
photopatterning of liquid crystals. Adv. Mater. 26, 1590-1595 (2014).

Ma, L. L. et al. Smectic layer origami via preprogrammed photoalignment. Adv.
Mater. 29, 1606671 (2017).

Zhang, Z. X. et al. 3D directional assembly of liquid crystal molecules. Adv.
Mater. 36, 2401533 (2024).

Bisoyi, H. K & Li, Q. Liquid crystals: versatile self-organized smart soft materials.
Chem. Rev. 122, 4887-4926 (2022).

Jiang, M. et al. Low fnumber diffraction-limited Pancharatnam-Berry micro-
lenses enabled by plasmonic photopatterning of liquid crystal polymers. Adv.
Mater. 31, 1808028 (2019).

Gao, K. et al. Thin-film Pancharatnam lens with low fFnumber and high quality.
Opt. Express 23, 26086-26094 (2015).

Wang, Z. V. et al. Vectorial liquid-crystal holography. eLight 4, 5 (2024).

Choi, E. et al. 360° structured light with learned metasurfaces. Nat. Photonics
18, 848-855 (2024).

Wang, Z. V. et al. Cascaded liquid crystal holography for optical encryption.
Chin. Opt. Lett. 21, 120003 (2023).

Wan, C. H, Chong, A. & Zhan, Q. W. Optical spatiotemporal vortices. eLight 3,
11 (2023).

Zhang, Z. B. et al. Recent advances in responsive liquid crystal elastomer-
contained fibrous composites. Respons. Mater. 2, €20240021 (2024).

Yin, K, He, Z. Q. & Wu, S. T. Reflective polarization volume lens with
small -number and large diffraction angle. Adv. Opt. Mater. 8, 2000170
(2020).

Chen, Q. M. et al. Soft mesocrystal enabled multi-degree light modulation.
Laser Photonics Rev. 18, 2301283 (2024).

Liu, J. et al. Circularly polarized luminescence in chiral orientationally ordered
soft matter systems. Respons. Mater. 1, €20230005 (2023).

Zheng, R. et al. Stimuli-responsive active materials for dynamic control of light
field. Respons. Mater. 1, €20230017 (2023).

Kuang, T. F. et al. Nonlinear multi-frequency phonon lasers with active levi-
tated optomechanics. Nat. Phys. 19, 414-419 (2023).

Liu, Y. F. et al. Broadband spin and orbital momentum modulator using self-
assembled nanostructures. Adv. Mater. 36, 2412007 (2024).

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

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

Lavrentovich, O. D. Ferroelectric nematic liquid crystal, a century in waiting.
Proc. Natl Acad. Sci. USA 117, 14629-14631 (2020).

Kumari, P. et al. Chiral ground states of ferroelectric liquid crystals. Science 383,
1364-1368 (2024).

Sebastian, N. et al. Polarization patterning in ferroelectric nematic liquids via
flexoelectric coupling. Nat. Commun. 14, 3029 (2023).


https://doi.org/10.1038/s41377-025-01981-0

Chen et al. Light: Science & Applications (2025)14:314

43.

45.

47.

48.

49.

50.

Lovsin, M. et al. Patterning of 2D second harmonic generation active arrays in
ferroelectric nematic fluids. Giant 19, 100315 (2024).

Yang, J. D. et al. Flexoelectricity-driven toroidal polar topology in liquid-matter
helielectrics. Nat. Phys. 20, 991-1000 (2024).

Chen, X. et al. The smectic Z5 phase: Antiferroelectric smectic order as a
prelude to the ferroelectric nematic. Proc. Natl Acad. Sci USA 120,
€2217150120 (2023).

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

Chen, X. et al. Observation of a uniaxial ferroelectric smectic A phase. Proc. Nat!
Acad. Sci. USA 119, €2210062119 (2022).

Karcz, J. et al. Spontaneous chiral symmetry breaking in polar fluid-heliconical
ferroelectric nematic phase. Science 384, 1096-1099 (2024).

Zhao, X. H. et al. Spontaneous helielectric nematic liquid crystals: electric
analog to helimagnets. Proc. Natl Acad. Sci. USA 118, €2111101118 (2021).
Sultanov, V. et al. Tunable entangled photon-pair generation in a liquid crystal.
Nature 631, 294-299 (2024).

51,

53.

54.

55.

56.

57.

58.

Page 13 of 13

Folcia, C. L. et al. The ferroelectric nematic phase: an optimum liquid crystal
candidate for nonlinear optics. Lig. Cryst. 49, 899-906 (2022).

Ortega, J, Folcia, C. L. & Sierra, T. High second harmonic generation in fer-
roelectric nematic liquid crystals by doping with optimally oriented chro-
mophores. Lig. Cryst. 52, 1-8 (2025).

Zhao, X. H. et al. Nontrivial phase matching in helielectric polarization helices:
universal phase matching theory, validation, and electric switching. Proc. Nat!
Acad. Sci. USA 119, 2205636119 (2022).

Pan, J. T. et al. Nonlinear geometric phase coded ferroelectric nematic fluids
for nonlinear soft-matter photonics. Nat. Commun. 15, 8732 (2024).

Karnieli, A, Li, Y. Y. & Arie, A. The geometric phase in nonlinear frequency
conversion. Front. Phys. 17, 12301 (2022).

Cohen, E. et al. Geometric phase from Aharonov-Bohm to Pancharatnam-
Berry and beyond. Nat. Rev. Phys. 1, 437-449 (2019).

He, C, Shen, Y. & Forbes, A. Towards higher-dimensional structured light. Light
Sci. Appl. 11, 205 (2022).

Yao, C. H. et al. Broadband picometer-scale resolution on-chip spectrometer
with reconfigurable photonics. Light Sci. Appl. 12, 156 (2023).



	Reconfigurable nonlinear Pancharatnam-Berry diffractive optics with photopatterned ferroelectric nematics
	Introduction
	Results
	Nonlinear Pancharatnam-Berry LCs
	Nontrivial nonlinear diffractions
	Dynamically programmed nonlinear Pancharatnam-Berry phase-controlled nonlinear diffractions

	Discussion
	Materials and methods
	Materials and fabrications
	Characterizations

	Acknowledgements




