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Dynamically reprogrammable nonlinear
Pancharatnam-Berry phase via ferroelectric
nematic liquid crystals: a new paradigm for
reconfigurable nonlinear optics
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Abstract

other reconfigurable photonic applications.

A dynamically programmable, nonlinear beam-shaping and steering system is demonstrated, based on
photopatterned, electrically controlled, ion-doped liquid ferroelectrics. This innovative approach elevates the linear
liquid-crystal Pancharatnam-Berry optics to the reconfigurable nonlinear Pancharatnam-Berry optics regime, creating
new possibilities for dynamic light-matter interactions, multiplexing holography, tunable quantum optics, and many

The Pancharatnam-Berry (PB) phase, a type of
geometric phase resulting from the adiabatic evolution
of light in anisotropic media, has been extensively
studied over recent decades. With the rapid advance-
ment of nonlinear materials, the concept of PB has
been extended from linear optics into the nonlinear
regime, attracting significant interest for its potential
for manipulating nonlinear optical processes. Non-
linear PB phases not only serve as a fundamental
platform for exploring light-matter interactions in
nonlinear systems but also facilitate the design of
versatile optical components for applications such as
wavefront shaping, imaging, and holography. Of par-
ticular interest is the prospect of tunable nonlinear
materials, which could offer a reconfigurable platform
for investigating dynamic light-matter interactions and
creating reprogrammable, multifunctional nonlinear
optical devices.

In a recent study published in Light: Science &
Applications’, the team from Nanjing University has
shifted their focus from solid-state ferroelectrics to
liquid ferroelectrics, namely ferroelectric nematic
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liquid crystal (FNLC), demonstrating electrically
reconfigurable nonlinear PB optics for advanced
dynamic nonlinear beam shaping and steering. Liquid
ferroelectrics were first theoretically predicted by Nobel
laureate Max Born in 19162, yet the experimental ver-
ification endured a protracted journey. It was not until
2017 that two independent research teams—the
Mandle-Goodby group in the UK and the Kikuchi group
in Japan—each discovered a class of strong ferroelectric
liquid crystalline materials®*. These materials were
experimentally validated in 2020 by the research team
led by Prof. N. A. Clark®, a member of the U.S. National
Academy of Sciences. This groundbreaking discovery,
owing to its profound significance in soft matter science,
was named one of the Top 10 Breakthroughs of 2020 by
Physics World, the journal of the Institute of Physics
(UK). This transformative soft-matter material, char-
acterized by its ferroelectric stacking order and macro-
scopic polarization characteristics, has since unveiled a
multitude of unprecedented physical properties and
external field responses®™''. Its unique attributes have
also positioned it as a highly promising platform for
next-generation optoelectronic devices, demonstrating
immense potential in applications ranging from dynamic
optical information processing to advancing nonlinear
photonic technologies (Fig. 1).

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


www.nature.com/lsa
http://creativecommons.org/licenses/by/4.0/
mailto:shuzhang@hku.hk

Zhang Light: Science & Applications (2026)15:30

Page 2 of 3

Virtual state

\

Fig. 1 Schematic illustrations of the reconfigurable nonlinear PB diffractive optics with photopatterned ferroelectric nematics
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Bridging the nonlinear PB phase with FNLCs
marks a major advancement in the field of soft-
matter nonlinear photonics, enabling
unprecedented control over light fields

The framework proposed in Light: Science & Applica-
tions' features a photopatterned FNLC film with a
flexoelectric-assisted'? periodic splay distribution of polar
LC directors in the x-y plane for reconfigurable nonlinear
optics. The thickness of the LC film typically ranges on
the order of micrometers. Each pixel within this structure
possesses a specific polar LC director orientation, which
critically influences the optical response when illuminated
by circularly polarized (CP) pumping light propagating
along the z-axis. The interaction between the CP funda-
mental wave (FW) and the structured FNLC medium
induces spin-dependent PB phase manipulation. The
orientation angle a of the LC director relative to the
laboratory’s coordinate system, along with the spin state ¢
(0= +1 for right-handed and left-handed circular polar-
izations), governs both linear and nonlinear PB phases.

In the linear optics regime, a CP incident wave under-
goes polarization state evolution as it propagates through
the LC medium. The cross-CP component of the FW
acquires a spin state transformation, leading to a closed
trajectory on the Poincaré sphere with a resulting PB
phase shift of 20a'®'*. The nonlinear optics regime
involves simultaneous changes in both polarization state
and light frequency'>'®. The interaction between the FW
and LCs results in frequency conversion to the nth har-
monic (e.g., second-harmonic generation (SHG) for
n=2), which amplifies the angular displacement by a
factor of n, yielding distinct nonlinear PB phases for co-
and cross-CP components of the SH wave. Specifically,

the co-CP component acquires a phase shift of oa, while
the cross-CP component experiences a phase shift of 3oa.

The versatility of this system is significantly
augmented by the three-dimensional engineering
of polar LC directors and the capability to
dynamically modulate their orientation via
external electric fields

On the one hand, SHG can occur at any arbitrary depth
z =N - dz within the polar LC film (the film can be
divided into numerous infinitesimally thin layers along its
thickness direction, each of thickness dz). Both prior to
and following the nonlinear frequency conversion event
within each layer, the propagating optical fields undergo
linear PB phase accumulations during their propagation
through the LC medium. This sequential process—linear
PB phase modulation preceding SHG, nonlinear fre-
quency conversion, and subsequent linear PB phase
modulation of the generated harmonic wave—enables the
collective superposition of geometrically phased con-
tributions from all layers, ultimately defining the total
nonlinear optical response at the exit plane.

On the other hand, the dynamic control of FNLCs
enables the real-time reconfiguration of the nonlinear PB
phase, facilitating the dynamic steering and shaping of
optical signals. As a proof of concept, the researchers
fabricated a photopatterned splay-aligned FNLC grating
to demonstrate active nonlinear Raman-Nath diffractive
beam steering. Upon application of a low-frequency
(1Hz) in-plane electric field (+0.06 V.um™), the elec-
trical reorientation of polar LC directors induces transi-
tions in the grating’s splay angle from its equilibrium state
(6 =m) to obtuse or acute configurations depending on
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the field polarity. This reorientation simultaneously
modulates the local orientation angle (a) of FNLCs.
Consequently, the nonlinear PB phase undergoes real-
time adjustment, allowing for the dynamic manipulation
of SHG signals. Rationally designed structured electrodes
could be further incorporated to enable pixelated in-plane
switching of FNLCs and subsequently reprogram more
optical functionalities. The ion-doping material strategy
ensures smooth and stable electrical modulation, thereby
enabling precise control over the optical responses.

This work demonstrates the exceptional potential of
emergent FNLCs for active nonlinear photonic manip-
ulation, offering promising applications in sophisticated
optical processing, advanced imaging, and next-
generation quantum information technologies. By com-
bining inherent advantages—including tunability, pro-
grammable reconfigurability, multifunctionality, and facile
fabrication—this system establishes a compelling material
platform for investigating dynamic light-matter interac-
tions. Furthermore, it significantly broadens the scope of
LC technologies in nonlinear optics.

Conflict of interest
The author declares no competing interests.

Published online: 02 January 2026

Page 3 of 3

References

1. Chen, H. F. et al. Reconfigurable nonlinear Pancharatnam-Berry diffractive
optics with photopatterned ferroelectric nematics. Light Sci. Appl. 14, 314
(2025).

2. Born, M. Uber anisotrope fliissigkeiten: versuch einer theorie der flissigen
kristalle und des elektrischen kerr-effekts in flissigkeiten. Sitzungsberichte der
Kéniglich PreulSischen. Akademie der Wissenschaften zu Berl. 30, 614-650 (1916).

3. 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).

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

5. 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).

6. Lucchetti, L. A new twist in ferroelectric liquids. Science 384, 1067-1068 (2024).

7. Karcz, J. et al. Spontaneous chiral symmetry breaking in polar fluid-heliconical
ferroelectric nematic phase. Science 384, 10961099 (2024).

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

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

10.  Caimi, F. et al. Fluid superscreening and polarization following in confined
ferroelectric nematics. Nat. Phys. 19, 1658-1666 (2023).

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

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

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

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

15, Li, G. X, Zhang, S. & Zentgraf, T. Nonlinear photonic metasurfaces. Nat. Rev.
Mater. 2, 17010 (2017).

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



	Dynamically reprogrammable nonlinear Pancharatnam–Berry phase via ferroelectric nematic liquid crystals: a new paradigm for reconfigurable nonlinear optics
	Bridging the nonlinear PB phase with FNLCs marks a major advancement in the field of soft-matter nonlinear photonics, enabling unprecedented control over light fields
	The versatility of this system is significantly augmented by the three-dimensional engineering of polar LC directors and the capability to dynamically modulate their orientation via external electric fields
	Acknowledgements




