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ABSTRACT

Liquid crystals (LCs), due to their intrinsic optical anisotropy and strong response to external stimuli, have emerged as a critical bridge
between classical optics and quantum photonics. Initially recognized for their transformative impact on display technologies, LCs have
garnered increasing attention in recent years within the fields of nonlinear optics (NLO) and quantum optics, driven by their
advantages such as electrically tunable birefringence, reconfigurable molecular alignment, and compatibility with compact photonic
architectures. This review provides a comprehensive overview of the latest advancements in LC-enabled linear, nonlinear, and quan-
tum optical systems. We begin by discussing the fundamental optical properties and phase states of LCs. Building upon this, we focus
on the emerging field of ferroelectric nematic LCs (FNLCs), which, owing to their spontaneous polarization and unique molecular
alignment control, demonstrate significantly enhanced second-order nonlinear effects. Helical derivatives of FNLCs further enhance
polarization control, giving rise to new concepts in nonlinear geometric phase. Additionally, this paper highlights the applications of
FNLCs in quantum photonics, including entangled photon generation and polarization state manipulation. These innovations over-
come the limitations of time-reversal symmetry inherent in traditional systems, offering promising opportunities for unidirectional
quantum communication, secure quantum networks, and high-fidelity quantum state manipulation. Finally, we discuss the challenges
currently facing this field and explore future prospects for FNLCs in interdisciplinary domains such as linear photonics, NLO, and
quantum engineering.
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I. INTRODUCTION

Over the past few decades, the development of photonic
technologies1–11 has been intricately intertwined with the discovery
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and innovation of new optical materials.12–16 Among these, liquid
crystals (LCs) have emerged as a class of soft materials with high
reconfigurability, standing out for their unique combination of fluidity
and long-range molecular order,17,18 thus exhibiting remarkable
potential in optical control.19,20 The inherent optical anisotropy of LC,
along with their strong response to external stimuli—such as electric
fields,21,22 magnetic fields,23,24 temperature changes,25–27 mechanical
stress, and light fields28,29—has made them indispensable functional
media in various optical applications. These unique advantages have
propelled LCs beyond their initial use in display technologies, position-
ing them as a highly versatile material platform in modern photonics.
Whether at the macro or micro-nanoscale, LCs exhibit excellent pro-
grammability and compatibility, opening new pathways for the devel-
opment of advanced optical systems.

Although LCs were initially applied mainly in display technolo-
gies, their use in advanced photonics has rapidly expanded. LCs are
now widely used in dynamic optical modulation, wavefront shaping,
and integrated nano-photonic platforms, and have formed key
research directions in nonlinear optics (NLO)36,39,40 and quantum
optics41,42 (as shown in Fig. 1).

Nonlinear optics focuses on the interaction between light and
matter,43–45 with fundamental processes such as second harmonic gen-
eration (SHG),46 third harmonic generation (THG),47 and spontaneous
parametric downconversion (SPDC).48–50 The realization of these pro-
cesses often relies on materials with strong tunable light-matter cou-
pling characteristics. Quantum optics, on the other hand, focuses on
the quantum properties of light, with applications extending from
entangled photon pair generation to the construction of reconfigurable
quantum logic gates and quantum computing.51–53 While the research
focuses and technological paths of these two fields differ, they share
stringent and highly overlapping requirements for active media—high
response rates, wide tunability, and compatibility with miniaturized
integrated architectures. These key characteristics are the core advan-
tages inherently present in LCs. These core strengths of LCs offer a cru-
cial direction to overcome the material bottleneck in nonlinear optics
and quantum optics, and the discovery of ferroelectric nematic liquid
crystals (FNLCs) has further elevated their application potential. In
2020, the team of Clark experimentally confirmed the existence of
FNLCs for the first time,32 a milestone achievement that not only filled
a theoretical gap in the LC phase diagram but was also named one of

FIG. 1. Types of LCs: nematic liquid crystals(NLCs)30 [Reproduced with permission from Ohzono et al., Sci. Rep. 7, 16814 (2017); Copyright 2017 Author(s), licensed under a
Creative Commons Attribution (CC BY 4.0) license], cholesteric liquid crystals (CLCs)31 [Reproduced with permission from Liu et al., Nat. Commun. 13, 2712 (2022); Copyright
2022 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license], FNLCs32 [Reproduced with permission from Chen et al., Proc. Natl. Acad. Sci. U. S. A.
117, 14021–14031 (2020); Copyright 2020 Author(s), licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives (CC BY-NC-ND 4.0) license], smectic liq-
uid crystals (SLCs)33 [Reproduced with permission from Agra-Kooijman et al., Phys. Rev. E 89, 032506 (2014); Copyright 2014 American Physical Society], blue phase liquid
crystals(BPLCs)34 [Reproduced with permission from Lin et al., Nat. Commun. 15, 7038 (2024); Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC
BY 4.0) license]. LC-enabled nonlinear and quantum optics: simulated and experimental diffraction patterns of second-harmonic signals35 [Reproduced with permission from
Chen et al., Light: Sci. Appl. 14, 314 (2025); Copyright 2025 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license], SH vector vortex beam36

[Reproduced with permission from Pan et al., Nat. Commun. 15, 8732 (2024); Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license],
spin–orbit SHWs36 [Reproduced with permission from Pan et al., Nat. Commun. 15, 8732 (2024); Copyright 2024 Author(s), licensed under a Creative Commons Attribution
(CC BY 4.0) license], the biphoton hyperentangled state37 [Reproduced with permission from Li et al., Chin. Opt. Lett. 19, 112601 (2021); Copyright 2021 Chinese Laser
Press], polarization state38 [Reproduced with permission from Sultanov et al., Nature 631, 8020 (2024); Copyright 2024 Author(s), licensed under a Creative Commons
Attribution (CC BY 4.0) license], and entangled photon creation38 [Reproduced with permission from Sultanov et al., Nature 631, 294–299 (2024); Copyright 2024 Author(s),
licensed under a Creative Commons Attribution (CC BY 4.0) license].
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“The Top Ten Breakthroughs of 2020” by Physics World. This achieve-
ment laid the experimental foundation for the application of FNLCs in
both of these optical fields.

This review summarizes the latest research progress in LC-
enabled photonics, covering linear optics, nonlinear optics, and quan-
tum optics. It first provides an overview of the phase states of LC and
their fundamental optical principles, laying the theoretical foundation
for the subsequent discussions. The review further elaborates on the
unique properties of FNLCs and their applications in nonlinear optics
and quantum photonics. By tracing the development trajectory of the
field—from fundamental physics research to device-level realization,
from traditional technologies to emerging innovations—this paper
outlines a clear development roadmap for LC photonics and offers a
reference framework for future directions in this field.

II. LIQUID CRYSTALS

As a typical soft material, LCs combine both fluidity and long-
range molecular order, a dual characteristic that grants them a rich
array of optical properties, making them ideal candidates for advanced
photonics applications. Structurally, LC molecules generally exhibit
anisotropy (e.g., rod-like or disk-like morphology) and spontaneously
align along a preferred direction, resulting in birefringence. This bire-
fringence effect serves as the fundamental basis for the operation of
most LC-based optical devices.54

A. Phase behavior

The discovery of LCs can be traced back to 1888, when Friedrich
reported the unusual observation of compounds—cholesteryl benzoate
and cholesteryl acetate—exhibiting two distinct melting points.55

Subsequent polarized optical microscopy studies by Otto Lehmann
revealed the presence of birefringence, a property characteristic of crys-
talline materials. In 1889, Lehmann coined the term “liquid crystal” to
describe this intermediate state.56 The LC phase represents a state of
matter lying between crystalline solids and isotropic fluids.56,57 Its
phase behavior is not fixed but is dynamically governed by tempera-
ture, molecular structure, and external field conditions, enabling LCs
to exhibit a wide range of phase transitions under varying environ-
ments. This tunability offers diverse opportunities for device applica-
tions. The emergence and stability of LC phases are inherently
dependent on molecular shape and structure, which dictate the
ordered arrangements in condensed LC states and, consequently,
determine the type of LC phase exhibited.58 Based on differences in
the degree of positional and orientational order, LC phases can be clas-
sified into nematic, smectic, cholesteric, and other mesophases.

NLCs59 represent the simplest structural form among anisotropic
LC phases, exhibiting the lowest order parameter yet possessing the
highest degree of symmetry. A schematic illustration of the molecular
arrangement in this phase is shown in Fig. 2(a). In the nematic state,
LC molecules display orientational order only along their long molecu-
lar axes, such that the long axes are, on average, aligned toward a com-
mon direction defined as the director (n). It should be noted that, on a
statistical basis, the long axis of an individual molecule may deviate
from n, yet the ensemble maintains macroscopic orientational unifor-
mity. In contrast, NLCs lack significant positional ordering in molecu-
lar translation and do not form long-range crystalline lattices, thereby
preserving fluidity and retaining liquid-like characteristics. Under
crossed polarizers in a polarized optical microscope, NLCs with planar

anchoring at the substrate typically exhibit characteristic schlieren
textures, as illustrated in Fig. 2(b).

Smectic liquid crystal (SLCs)60 typically emerge upon cooling
from the nematic phase. In contrast to NLCs, which possess only
orientational order, SLCs exhibit both orientational ordering and
translational order of the molecular centers of mass, leading to the
spontaneous formation of a layered structure. Within each layer,
the molecular centers are distributed isotropically in the plane,
with negligible positional correlation both within and between
layers. As shown in Fig. 3, when the long molecular axes are
aligned perpendicular to the layer plane, the phase is referred to as
the smectic A (SmA) phase; if the long axes are tilted at a finite
angle relative to the layer normal, the phase is classified as the
smectic C (SmC) phase. The interlayer spacing in smectic phases is
typically comparable to the molecular length, though it can be
modulated by the molecular tilt angle. X ray diffraction (XRD)
techniques are commonly employed to measure the layer spacing
and determine the molecular orientation, thereby enabling reliable
differentiation between SmA and SmC phases.33

FIG. 2. (a) Molecular arrangement in the nematic phase of NLCs and (b) typical
Schlieren texture of planar-anchored NLCs observed under a polarized light micro-
scope.30 Reproduced with permission from Ohzono et al., Sci. Rep. 7, 16814
(2017); Copyright 2017 Author(s), licensed under a Creative Commons Attribution
(CC BY 4.0) license.

FIG. 3. Schematic representations of the molecular arrangements in the (a) SmA
and (b) SmC phases, and the corresponding representative 2D-XRD patterns.33

Reproduced with permission from Agra-Kooijman et al., Phys. Rev. E 89, 032506
(2014). Copyright 2014 American Physical Society.
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From a thermodynamic perspective, cholesteric liquid crystals
(CLCs)61 can be regarded as the chiral variant of NLCs and are there-
fore also referred to as chiral nematic phases. A characteristic optical
property of CLCs is selective reflection, which arises from their helical
supramolecular structure. As shown in Fig. 4, the molecules are
stacked with a fixed twist angle, forming a macroscopic helical struc-
ture characterized by the pitch (the distance required for the molecular
orientation to complete a 360� rotation). When the incident light
wavelength satisfies the Bragg matching condition, the light undergoes
coherent superposition within the helical structure, resulting in a
strong reflection band. This reflection exhibits intrinsic circular polari-
zation selectivity: only light with the same handedness as the helix is
reflected, while light with the opposite handedness is transmitted. A
key advantage of this property is its wavelength tunability—external

stimuli can reversibly modulate the pitch, thereby shifting the reflected
wavelength. The reflectance is also angle-dependent. These features
make CLCs highly promising for a wide range of photonic applica-
tions, including tunable filters, circular polarizers, reflective displays,
and optical sensors.

B. Ferroelectric liquid crystals (FLCs)

To date, five categories of LCs with ferroelectric properties have
been developed. The earliest discovery dates back to 1974, when a chi-
ral ferroelectric smectic C was first reported.62 This material exhibits
exceptional characteristics, endowing it with promising potential for
LC display technologies and nonlinear optical devices. Over the subse-
quent decades, researchers have developed a variety of new polar LC
systems, including Chiral Columnar LCs,63 Bent-core LCs,64 Rigid lin-
ear polymer,65,66 and Columnar FLCs.67–69 These materials exhibit sig-
nificant differences in molecular packing and local polarization
orientation, with representative structures and polarization distribu-
tions shown in Fig. 5. The diversity in dielectric anisotropy, response
mechanisms, and nonlinear optical properties across these configura-
tions underpins the functional expansion of the ferroelectric LC
family.

In conventional FLCs, the polarization mechanism primarily
originates from the flexoelectric effect.71 This effect typically relies on
LCs with specific molecular geometries, such as pear-shaped molecules
carrying a longitudinal dipole moment or banana-shaped molecules
possessing a transverse dipole moment. Under an applied electric field,
these molecular structures undergo controlled deformation, resulting
in a macroscopic net polarization. However, in more symmetric rod-
like LCs, even when dipole moments are present along the molecular
long or short axes, their static arrangement or thermally driven
dynamic motion often leads to mutual cancelation of dipole contribu-
tions. As a result, stable macroscopic polar domains are difficult to
maintain.

FIG. 4. (a) Molecular arrangement of CLCs. (b) Polarizing optical microscope
(POM) textures of the helicoidal superstructure.31 Reproduced with permission from
Liu et al., Nat. Commun. 13, 2712 (2022). Copyright 2022 Author(s), licensed under
a Creative Commons Attribution (CC BY 4.0) license.

FIG. 5. Ferroelectric phases discovered prior to 2017: (a)–(e) correspond to chiral smectic phase LCs, polar chiral columnar LCs, bent-core polar LCs, rigid linear polymeric
LCs, and columnar polar LCs.70 Reproduced with permission from Takezoe et al., Mol. Cryst. Liq. Cryst. 646, 46–65 (2017). Copyright 2017 Author(s), licensed under a
Creative Commons Attribution-NonCommercial-NoDerivatives (CC BY-NC-ND 4.0) license.
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This reliance on specific molecular configurations, along with the
bottleneck that rod-like molecular systems struggle to achieve stable
macroscopic polarization, has long restricted the application of FLCs
in broader photonic scenarios—after all, the core advantages of tradi-
tional NLCs lie in the universality and excellent hydrodynamic proper-
ties of rod-like molecules. If ferroelectricity cannot be realized in the
nematic phase system, it will be difficult to combine the polarization
modulation capability of FLCs with the integration compatibility
of the nematic phase. For this very reason, the theoretical hypothesis of
the “ferroelectric nematic phase”72 proposed by Born in 1916 is of
even greater groundbreaking significance: this hypothesis directly
points to the possibility of ferroelectric polarization in rod-like molecu-
lar nematic phase systems, providing a theoretical anchor for breaking
through the structural constraints of traditional FLCs. It was not until
2017 that the Mandle–Goodby research group in the UK and the
Kikuchi research group in Japan independently discovered NLC mate-
rials with strong ferroelectric properties.73,74 In 2020, the Clark team at
the U.S. National Academy of Sciences provided direct experimental
evidence of FNLCs, confirming their existence.32 This milestone
achievement, with its profound impact on soft matter science, was
named one of Physics World’s Top Ten Breakthroughs of 2020. Unlike
the molecules in conventional NLCs, FNLCs exhibit a range of unique
properties, including ultrahigh spontaneous polarization density, a
dielectric constant an order of magnitude higher than that of conven-
tional crystals, anomalous viscoelastic behavior, and excellent nonlin-
ear optical response.

From the perspective of molecular orientational distribution,
the polarization characteristics of conventional nematic LCs and
FNLCs can be theoretically distinguished. In conventional nematic
phases, molecular dipole moments are statistically symmetric along
the long axis, leading to head–tail equivalence. Consequently, the
overall macroscopic polarization vanishes, and the nematic remains
nonpolar. By contrast, in FNLCs the molecular head and tail are no
longer equivalent, and dipole moments spontaneously align along
the director. This alignment breaks centrosymmetry and induces a
long-range polar order, giving rise to a stable ferroelectric polariza-
tion state.

From a theoretical perspective, Born was the first to propose that
the isotropic–nematic transition can be regarded as a transformation
from a “quasi-ferroelectric” to a fully “ferroelectric” state, which can be
described within a mean-field framework analogous to the Langevin–
Weiss theory.72 Subsequently, Frank incorporated polarization order
into the elastic free-energy density and demonstrated that in nematic
systems lacking inversion symmetry, polar ordering is inherently cou-
pled to splay deformations.75 Building on this foundation, later studies
suggested that spontaneous quadrupolar distortions may constitute a
thermodynamically stable ground state within certain temperature
ranges. In parallel, Palffy-Muhoray argued from the perspective of
molecular conformation constraints that properly designed discotic
molecules could exhibit nematic ordering with ferroelectric charac-
ter.76 Further work by Berardi and co-workers provided compelling
evidence that even molecules without permanent dipole moments can
form polar nematic phases if their terminal interactions are asymmet-
ric.77,78 When a moderate dipole moment is introduced along the
molecular long axis, the FN phase can be stabilized. However, exces-
sively strong dipoles disrupt long-range polar order, favoring the emer-
gence of complex local polar-domain structures.

As shown in Fig. 6, typical FNLC molecular structures can be
broadly categorized into three main classes: (i) fluorinated molecules
with dioxane–alkyl terminal groups, exemplified by DIO;74 (ii)
pear-shaped diester molecules such as RM734;73,79 and (iii) recently
developed highly fluorinated compounds such as UUQU-4-N,80 char-
acterized by CF2O bridging groups and terminal cyano moieties. A
common feature of these molecular designs is the presence of a pro-
nounced dipole moment aligned along the molecular long axis, which
is the key structural factor underpinning the stabilization of ferroelec-
tric nematic phases.

In the Langevin–Weiss type mean-field framework, the ferroelec-
tric phase arises from the cooperative alignment of molecular dipoles
mediated by long-range dipole–dipole interactions. The material is
assumed to be a dipolar liquid composed of molecules with dipole
moments p. The local electric field Eloc acting on an individual dipole
is not simply the external field E0, but rather the superposition of the
external field and the reaction field generated by surrounding dipoles.
This can be expressed as

Eloc ¼ E0 þ aP; (1)

where P denotes the macroscopic polarization and a is the depolar-
ization factor that depends on the assumed cavity model. The
resulting torque on a dipole causes that the molecules tend to ori-
ent along the local field, which can be described in terms of the
potential energy U

U ¼ �pEloc ¼ �pEloc cos b; (2)

where b is the angle between the dipole moment and the local field
direction. Within the liquid state, dipoles are able to rotate freely; how-
ever, when an external field is applied, they tend to align along the local
field direction for a finite period. The probability of a given dipole ori-
entation follows the Boltzmann distribution: 1

A expðp � Eloc=ðkBTÞÞ

FIG. 6. Representative molecular structures of FNLCs: DIO, RM734, and
UUQU-4-N.
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with normalization constant A ¼ Ð
exp ðp � Eloc=ðkBTÞÞdX where

integration is performed over the entire solid angle X. The average
polarization P is therefore expressed as

P ¼ qNphcos bi; (3)

where qN is the number density and qN ¼ N
V. By defining T0

¼ qNap
2=ð3kBÞ and x ¼ apP=ðkBTÞ, Eq. (3) becomes

T
3T0

x ¼ LðxÞ; (4)

where LðxÞ is the Langevin function and LðxÞ ¼ cothðxÞ � 1=x. This
equation gives a real solution for x when the temperature T is lower
than T0. So this model predicts that at T0, the system undergoes the
transition to the polar phase and below this temperature, and it exhib-
its spontaneous polarization P ¼ kBTxT=ðapÞ where xT is the solution
of Eq. (4) at temperature T.

In Eq. (1), the contribution aP to the local field is a sum of the
dipolar fields of the surrounding molecules. In the mean field
approach, a is the depolarization factor, which for a spherical cav-
ity is equal to 1=ð3e0Þ. This is the value that Born took. However,
the magnitude of the dipolar field decreases as r�3, so on a given
molecule, the nearest neighbors are those that contribute the most
to the field. Moreover, because of the anisotropy of the dipolar
field, the local field will strongly depend on the relative positions
and orientations of the neighbors. In magnetic dipolar liquids, the
simple mean field approach has been shown to overestimate the
local field and the question of whether the dipolar interaction
alone can lead to polar order remained unanswered.81 On the other
hand, the shape of the constituents can strongly affect the posi-
tional and orientational correlations between neighbors, and thus,
it can promote or prevent the formation of the polar phase. A
dipolar liquid made of plate-like constituents is more likely to
exhibit a polar nematic phase than the one made of rods.82

C. Optical anisotropy and birefringence

Optical anisotropy is one of the most fundamental and indispens-
able physical properties of LC materials. More importantly, it serves as
the core foundation for the wide application of LCs in photonic devi-
ces. This unique property originates from the intrinsic structural
anisotropy of LC molecules—molecules are typically rod-shaped or
disk-shaped, with asymmetric distributions of electron clouds and
functional groups, leading to inherent differences in the optical
responses of individual molecules along different molecular axes.

The birefringence of LC materials83 is a direct manifestation of
their optical anisotropy and also the physical basis for constructing
various electro-optical devices. When unpolarized light is incident on
an LC medium, the anisotropic arrangement of LC molecules splits
the light beam into two orthogonally polarized beams, namely, ordi-
nary light (o-light) and extraordinary light (e-light). These two beams
propagate at different speeds in the medium, corresponding to refrac-
tive indices no (refractive index of o-light) and ne (refractive index of
e-light), respectively. The difference between them, Dn ¼ ne � no, is
referred to as the birefringence, which is a key parameter characteriz-
ing the strength of the optical anisotropy of LCs. Thanks to their
intrinsic birefringence, LC materials can effectively modulate the polar-
ization state and phase of incident light. By precisely controlling the

phase retardation between e-light and o-light, linearly polarized light
can be converted into elliptically polarized light or circularly polarized
light, or its polarization direction can be rotated.

Based on the sign of dielectric anisotropy (De ¼ ek � e?), LC
materials can be classified into positive LCs and negative LCs. Positive
LCs exhibit a positive dielectric anisotropy, where the dielectric con-
stant along the molecular long axis (ek) is greater than that perpendic-
ular to the long axis (e?), so the molecules align along the direction of
the external electric field. In contrast, negative LCs have a negative
dielectric anisotropy (e? > ek), and the molecules align perpendicular
to the external electric field.

D. Stimuli responsiveness

Another fundamental property of LC materials is their pro-
nounced sensitivity to external stimuli, including electric, magnetic,
thermal, mechanical, and optical fields. The molecular orientation and
ordering of LCs can be reversibly reconfigured under these perturba-
tions, enabling dynamic modulation of their optical properties.

For instance, in positive LCs, the molecular alignment can be
continuously deflected by an applied electric field. As illustrated in Fig.
7, variations in the molecular tilt angle result in significant modulation
of the effective refractive index.

Among these stimuli, electric fields represent the most widely
employed control mechanism.21,22 Many LC molecules possess perma-
nent dipole moments or can induce polarization under an external
field, thereby experiencing an electrostatic torque that drives molecular
reorientation. For example, in nematic LCs, an applied parallel field
reorients the director from its initial planar alignment to the field
direction, altering birefringence and consequently modulating light
transmission.

Magnetic field control,23,24 by contrast, relies on anisotropic mag-
netic susceptibility. Although the required field strengths are typically
higher than in electric control, magnetic fields minimally disturb LC
microstructures. This feature makes them attractive for high-precision,
non-contact photonic applications such as magnetically tuned phase
retarders and magneto-optical modulators.

Thermal stimuli25–27 also exert strong influence. Temperature var-
iations affect intermolecular potentials, phase stability, and molecular
order. In cholesteric LCs, heating increases the helical pitch, redshifting
the selective reflection band, while in nematics, birefringence decreases

FIG. 7. Molecular alignment of positive NLCs: (a) field-off state and (b) field-on
state.
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as the clearing point is approached. Such effects enable thermochromic
displays, thermal switches, and intelligent temperature sensors.

Mechanical responses arise from the viscoelastic nature of LCs.
Shear flow, for instance, strongly reorients nematic molecules, induc-
ing local ordering even in the isotropic phase and introducing biaxial
symmetry across transitions. This coupling between mechanical stress
and optical response provides a foundation for flexible photonic devi-
ces and strain-sensitive sensors.

Finally, optical fields28 can directly reconfigure the LC orientation
through photoinduced alignment or light absorption-driven thermal
effects. These processes modulate refractive index distributions
dynamically, underpinning phenomena such as optical self-focusing,
all-optical switching, and holographic grating formation. Such photo-
responsive nonlinearities highlight the promise of LCs for all-optical
signal processing.

In summary, the inherent molecular anisotropy, diverse phase
behaviors, and exceptional field sensitivities of LCs form the physical
foundation for their broad applications in nonlinear optics and quan-
tum photonics.

III. LIQUID CRYSTAL-ENABLED NONLINEAR OPTICS

This section focuses on the application of LCs in nonlinear optics,
with an emphasis on the core advantages of FNLCs. By leveraging their
spontaneous polarization properties and flexible molecular alignment
control, FNLCs exhibit significantly enhanced second-order nonlinear
effects. Moreover, their helical derivatives further optimize the nonlin-
ear optical response by strengthening the polarization control dimen-
sion, giving rise to the innovative concept of “nonlinear geometric
phase.”

A. Optical nonlinearity of traditional liquid crystals

The origins of nonlinear optics can be traced back to the late 19th
century. In 1875, Kerr reported a change in the refractive index of car-
bon disulfide (CS2) under a strong electric field, a phenomenon that
later became known as the electro-optic Kerr effect.84 In 1893, Pockels
systematically described another related effect in quartz crystals—the
linear electro-optic effect (Pockels effect), where the refractive index
varies linearly with the applied electric field.85 These early discoveries
provided the first proof that the optical properties of materials could
be controlled by external fields. With the invention of the ruby laser by
Maiman in 1960, the field underwent a paradigm shift: the laser pro-
vided a strong, coherent light source for exploring nonlinear interac-
tions. Just a year later, Franken and Ward observed SHG in quartz,86

an experiment widely regarded as the starting point of modern nonlin-
ear optics. Subsequently, Bloembergen et al. developed a theoretical
framework for the nonlinear polarization of dielectrics, introducing
higher-order susceptibilities [vð2Þ, vð3Þ,…] to describe the microscopic
origins of nonlinear responses.87 This foundation quickly expanded to
organic systems: in 1964, Rentzepis and Pao achieved SHG in pyrene
molecules;88 around 1970, Davydo et al. observed strong second-order
nonlinear responses in p-conjugated molecules used as electron
acceptors.89 These milestones not only laid the physical groundwork
for nonlinear optics but also spurred the development of both inor-
ganic and organic nonlinear optical materials, while the Lorentz oscil-
lator model further connected classical mechanics with nonlinear
optical phenomena. Despite these advances, the application of tradi-
tional inorganic crystals and organic molecules in flexible photonics

and integrated platforms remains limited by high production costs,
mechanical brittleness, and insufficient flexibility. This has led
researchers to focus on LC materials, which offer adjustable structures
and performance advantages.

The nonlinear optical characteristics of LCs can be achieved
through doping. By introducing guest materials with special optical
responses into the LC matrix, the excellent compatibility of LCs with
the doped phase can enhance the system’s nonlinear polarization, sig-
nificantly improving the nonlinear optical properties.

Currently, researchers have attempted to introduce various doping
materials into LC matrices. For example, in studies involving metal
nanoparticles, researchers dispersed silver and gold nanoparticles in
phthalocyanine-based or nematic LCs, and found that under 532nm
nanosecond laser pulses, metal nanoparticles could enhance the nonlin-
ear optical absorption properties of the LC system.90 Further investiga-
tion using Z-scan techniques showed that gold nanoparticles doping
could effectively improve the nonlinear refractive properties of LCs,
with the nonlinear refractive index n2 increasing as the concentration of
gold nanoparticles increased. The properties could also be modulated by
electric and optical fields.91,92 Additionally, characterization of nematic
LC (6CHBT) and its mixtures with polyaniline and silver nanoparticles
revealed that the doping materials had a significant effect on the thermo-
dynamic, dielectric, and electro-optic parameters of the pure LC.93

In the field of semiconductor nanoparticle doping, research teams
doped TiO2 nanoparticles into nematic LCs, and experiments con-
firmed that the dielectric constant of the doped composite system was
higher than that of pure nematic LCs.94 Studies on CdSe and ZnS
quantum dot-doped LCs showed that these doping systems signifi-
cantly enhanced the optical nonlinearity, making them potential candi-
dates for optical limiting applications.95,96 In the field of carbon
nanomaterial doping, studies on the third-order NLO properties of
graphene oxide (GO) doped LC systems showed that the optical
refractive index, third-order nonlinear refractive index, and absorption
coefficient increased with GO doping. The incorporation of GO also
enhanced the birefringence effect, nonlinear absorption, and nonlinear
refraction (NLR), as well as two-photon absorption (TPA) effects.
Under certain doping concentrations, the NLO parameters reached
their maximum values.97,98 Z-scan measurements of single-walled car-
bon nanotubes (SWCNTs) and graphene-doped 8CB LC systems
showed that the NLO properties of the doped LC systems were
enhanced as the concentration of SWCNTs and graphene varied. At
certain doping concentrations, the composite system exhibited optimal
third-order NLO performance.99,100 Moreover, research on carbon dot
(c-dot) doped nematic LCs confirmed that the NLO properties of the
doped system were significantly improved, with excellent optical limit-
ing thresholds at specific doping concentrations.101

In addition to doping modification, laser induction is another
major technique for stimulating the nonlinear properties of LCs. As an
external field stimulus, laser light can induce macroscopic molecular
reorientation through photo-orientation effects, triggering NLO
responses caused by changes in molecular order. In studies investigat-
ing the laser excitation of LC nonlinear properties, a variety of explora-
tions have been conducted. In 2003, an LC material containing a TPA
chromophore was shown to generate upconverted fluorescence in the
visible light range under 800 nm strong infrared pulse laser excitation,
exhibiting excellent optical limiting effects and stability under 815 nm,
5 ns pulse laser exposure.102 In 2007, a research team excited E7 LCs
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with a femtosecond titanium sapphire laser (pulse width 70 fs, repeti-
tion rate 80MHz, etc.), resulting in SHG.103 Another study involved
using 7CB as the base material, doped with the two-photon dye
MBAPB, to prepare dye-doped LC materials. Under continuous
1064 nm laser excitation, the system exhibited photo-induced fluores-
cence through two-photon absorption.104

As the technical path continues to be optimized, device structure
innovation has become a key direction for further breaking through
the NLO performance limits of LCs. In 2023, a research team adopted
a multi-layer composite structure to prepare NLO devices from multi-
wall carbon nanotube/LC composite systems. Z-scan testing showed
that the third-order nonlinear polarization of the device was approxi-
mately five times higher than that of traditional devices, and its perfor-
mance could be further enhanced by nearly 31% under applied
voltage. The unique electro-tunable characteristics of this device open
new technical pathways for the fabrication of NLO devices.105

B. Nonlinear properties enabled by ferroelectric
nematic liquid crystals

Compared to conventional LC phases, FNLCs can maintain an
effective second-order nonlinear polarization tensor even under the
lowest symmetry point group (C1v), making them highly promising
as tunable, processable, and flexible NLOmaterials.

Under this symmetry condition, the second-order nonlinear sus-
ceptibility is more commonly characterized using a 3� 6 order dab
matrix [where a ¼ 1; 2; 3 corresponds to the component of the polari-
zation direction, and b ¼ 1–6 corresponds to the 6 independent com-
binations of electric field components: ð11Þ ! 1; ð22Þ ! 2; ð33Þ
! 3; ð23=32Þ ! 4; ð13=31Þ ! 5; ð12=21Þ ! 6]. The relationship

between vð2Þijk and dab satisfies v
ð2Þ
ijk ¼ 2dib (where bmatches the combi-

nation of j; k, so the expanded form of vð2Þijk is given by

vð2Þijk ¼ 2

0 0 0 0 d15 0

0 0 0 d24 0 0

d31 d32 d33 0 0 0

0
B@

1
CA: (5)

Here, the z axis corresponds to the polarization direction of the electric
field, while the x and y axes are equivalent. For such a nonlinear sys-
tem, the relations d31 ¼ d15 ¼ d32 ¼ d24 hold, reducing the tensor to

only two independent coefficients. Substituting vð2Þijk into the expression

of the second-harmonic polarization Pð2xÞ
i ¼ e0v

ð2Þ
ijk EjEk yields

Px
Py
Pz

2
64

3
75 ¼ 2e0

0 0 0 0 d31 0

0 0 0 d31 0 0

d31 d31 d33 0 0 0

0
B@

1
CA:

ExEx
EyEy
EzEz
2EzEx
2ExEz
2ExEy

0
BBBBBBBBB@

1
CCCCCCCCCA

¼
4e0d31ExðxÞEzðxÞ
4e0d31EyðxÞEzðxÞ

2e0d31ExðxÞ2 þ 2e0d31EyðxÞ2 þ 2e0d33EzðxÞ2

0
BB@

1
CCA: (6)

In FNLCs, the spontaneous polarization primarily arises from the
asymmetric stacking of molecules driven by dipole–dipole interactions,
which disrupts the macroscopic inversion symmetry. In this structure,
the molecular dipoles align strongly along the director, giving the
material significant polar anisotropy. The chromophores with nonlin-
ear optical activity, acting as dipole sources, are typically aligned with
the molecular long axis and are consistent with the polarization direc-
tion of the FNLCs. This synergistic structural effect effectively enhan-
ces the second-order nonlinear response, with the equivalent nonlinear
coefficient being several orders of magnitude higher than that of tradi-
tional FLC systems.

To quantitatively evaluate the nonlinear optical properties of
FNLCs, researchers have systematically characterized them using the
Maker fringe technique.106 The results indicate that the equivalent
second-order nonlinear optical coefficient of some FNLCs can reach
�1–20 pm/V, which is significantly higher than that of traditional FLC
systems. Based on these findings, researchers proposed a set of univer-
sal molecular design principles and introduced machine learning algo-
rithms for intelligent screening and optimization of high-polarization
FNLC materials.

To verify these theoretical predictions, a research team adopted a
combined experimental approach using POM, SHG testing, and
dielectric spectroscopy analysis to systematically explore the structural
characteristics and physical properties of novel polar nematic LCs. The
experimental results confirmed that such polar nematics are widely
present in rod-like molecular systems, and their formation mechanism
is closely related to the dynamic evolution of topological defects. The
thermodynamic stability of polarization domains provides crucial sup-
port for the maintenance of the phase structure. This discovery further
refines the formation theory of polar nematics and reveals the core
principles of the synergistic effect between molecular ordering and
polarity. Importantly, the research team successfully identified a class
of molecular materials that combine high dielectric constant and
strong second-order NLO response.

Building on these findings, the research team extended the design
principles of polar nematics to polymer systems (as shown in Fig. 8),
achieving a transition from small molecules to polymer materials in
the application scenarios of polar LCs. The synthesized side chain
polymer LCs exhibit typical FNLC characteristics and orientation
textures due to the ordered arrangement of molecular segments.
Moreover, the polymer LCs maintain a significant SHG response even
in the absence of an external field, confirming the stability and tunabil-
ity of the polar nematic structure in polymer systems. This break-
through not only expands the material boundary of FNLCs but also
provides new possibilities for their application in flexible optoelec-
tronic devices, wearable photonic devices, and other emerging fields,
further verifying the feasibility and potential value of their large-scale
applications.

C. Enhanced nonlinear effects enabled by helical
ferroelectric nematics

The existence of helical FNLCs was first experimentally con-
firmed.107 As shown in Fig. 9, in this novel phase, the polar molecules
are arranged along a helical path, with their polarization vectors form-
ing a spatially helical distribution, exhibiting an electrical analog of a
helimagnetic structure. This phase not only remains stable at room
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temperature but also exhibits significantly enhanced dielectric
responses and second-order NLO characteristics.

By combining SHG interference microscopy, the “head-to-tail”
orientation of the polar molecules was directly observed, and the polar-
ization vector could be reversibly controlled by applying an external
electric field. Additionally, studies have shown that under optimized
chiral dopant concentrations, the SHG signal intensity could be effec-
tively enhanced, with a maximum enhancement of�500 times.

More importantly, the pitch length of this phase can be precisely
tuned within a range from micrometer scales to near-ultraviolet wave-
lengths, greatly expanding its application prospects in wavefront mod-
ulation and nonlinear photon control. Furthermore, the reversible
transition between the polar helical nematic phase and the nonpolar
helical nematic phase not only enriches the phase dynamics of soft
matter systems but also provides an ideal platform for exploring topo-
logical phenomena in such systems. Building on these unique

FIG. 9. Electric and magnetic states. (a) Uniform magnetization or polarization. (b)
Helimagnetic or helielectric states. The possible helical (top) and anti-helical (bot-
tom) textures are shown.107 Reproduced with permission from Zhao et al., Proc.
Natl. Acad. Sci. U. S. A. 118, e2111101118 (2021). Copyright 2021 Author(s),
licensed under a PANS license.

FIG. 8. Molecular library of synthesized compounds. The figure displays all synthesized materials with dipole moment values calculated using density functional theory.
Compounds marked in green exhibited stable nematic alignment during cooling. Blue labels indicate unstable nematic phases observed, while red labels denote compounds
where no nematic phase was observed at any temperature during cooling.106 Reproduced with permission from Li et al., Sci. Adv. 7, eabf5047 (2021). Copyright 2021
Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.
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advantages—including broadband pitch tunability and reversible
phase switching—future research should focus on stabilizing helical
polar structures through polymer network modification, while achiev-
ing low-voltage reversible control over their optical properties. These
efforts will lay a critical foundation for realizing compact, flexible, and
integrable nonlinear photonic devices, thereby unlocking their full
potential in next-generation quantum optics, ultrafast photonics, and
on-chip photonic integration.

D. Nonlinear geometric phase in ferroelectric nematics

In modern photonics, the simultaneous manipulation of multiple
degrees of freedom (DoFs) of light is regarded as a critical objective.
Nonlinear wavefront shaping offers a powerful approach by converting
an incident beam into a frequency-converted output that exhibits spa-
tially variant phase, amplitude, and orbital angular momentum, thereby
enabling multidimensional information control. Nevertheless, achieving
reconfigurable control of structured light fields in high-order, multi-
mode nonlinear photonic systems remains a formidable challenge.

To address this bottleneck, a novel concept of nonlinear geomet-
ric phase based on ferroelectric materials has recently been proposed.36

Here, the nonlinear geometric phases emerge during second-order
polarization process. For an LC director rotated by an angle a around
the z axis, the Second-harmonic wave (SHW) acquire nonlinear geo-
metric phases of ra (co-circular) and 3ra (cross-circular), where
r ¼ 61 is the spin angular momentum state. The origin of the nonlin-
ear geometric phase in the FNLC can be explained as follows. The

second-order susceptibility is defined locally as v
$ð2Þð0Þ ¼ v

$ð2ÞðaÞja¼0,
and the SHW is calculated as

P2x ¼ e0v
$ð2Þð0Þ Ex

Local

� �2 ¼ e0v
ð2Þ
aaa Ex

Lab

� �2e2ira: (7)

After transforming back to the laboratory frame, the nonlinear
polarizations with co- and cross-circular polarization to that of the
fundamental wave (FW) are derived

P2x
r ¼ e0v

ð2Þ
aaa Ex

rð Þ2e2irae�ira / eira;

P2x
�r ¼ e0v

ð2Þ
aaa Ex

rð Þ2e2iraeira / e3ira:
(8)

This mechanism exploits the spin-dependent nonlinear phase
response inherent in second-order nonlinear polarization processes to
dynamically tailor the wavefront of nonlinear optical fields. As a
proof-of-concept, a photo-patterned FNLC q-plate was fabricated,
exhibiting cascaded linear and nonlinear spin–orbit coupling effects.
This configuration enabled the generation of SH optical vortices with
spin-locked topological charges. It is worth noting that for the linear
spin–orbit interaction during the propagation of SHW, the angular
momentum states remain spin-locked.

As illustrated in Fig. 10, the second-order nonlinear polarization
process in the FNLC medium imparts distinct nonlinear geometric
phases to left- and right-circularly polarized components, resulting in
a highly controllable nonlinear interference field. Furthermore,
through spatial engineering of the polar director configuration, these
geometric phases can be continuously tuned, thereby enabling precise
and versatile wavefront shaping capabilities.

When a fundamental wave with the spin and orbital angular
momentum states of ðr; l0Þx is incident on the ferroelectric, the cascaded
spin–orbit interactions will generate two spin–orbit-locked second-

FIG. 10. (a) Chemical structure of RM734. (b)SHW generated from the polar RM734 material under the pumping of linearly polarized fundamental wave (FW). The nonlinear
polarization direction of the LC is consistent with the polar direction. (c) Spin-orbit angular momentum states of multiple SHWs generated in a nonlinear LC q-plate. When the
incident FW has an angular momentum state of ðr; 0Þx, the SHW will possess specific angular momentum states due to the spin–orbit interaction between the FW and SHW,
where r ¼ 61 represents the circular polarization state of light.36 Reproduced with permission from Pan et al., Nat. Commun. 15, 8732 (2024). Copyright 2024 Author(s),
licensed under a Creative Commons Attribution (CC BY 4.0) license.
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harmonic optical vortices ð�r; 2l0 þ rqÞ2x and ð�r; 2l0 þ3rqÞ2x, as
well as two fundamental optical vortices ð�r; l0 þ 2rqÞx and ðr; l0Þx.

A remarkable feature of this nonlinear geometric phase is its
high degree of external tunability. By adjusting physical parameters
such as temperature, applied electric fields, and twist elastic con-
stants, the morphology of SH structured beams can be modulated
in real time, offering promising opportunities in optical communi-
cations, quantum information processing, and high-resolution
imaging.

Building on this, a research team further focused on the key
requirement of “dynamic reconfigurability,” advancing the study from
“feasibility verification of nonlinear optical field control” to “real-time
tunable functionality implementation.” They optimized the film qual-
ity of FNLCs through ion doping and introduced an in-plane electric
field control strategy, constructing a reconfigurable nonlinear
Pancharatnam–Berry phase optical system.35

The soft-matter FNLC platform and its nonlinear geometric-
phase mechanisms both deepen our basic understanding of dynamic
light–matter coupling in nonlinear optics and point to a practical route
for reconfigurable, low-footprint nonlinear photonics. In summary,
FNLCs uniquely combine large, switchable vð2Þ with programmable
nonlinear geometric phase distribution, enabling electrically and opti-
cally programmable functions such as vortex beam generation, nonlin-
ear holography, super-resolution contrast enhancement, and routes to
quantum state conversion.

IV. LIQUID CRYSTAL-ENABLED QUANTUM OPTICS

Owing to their excellent NLO properties, flexible tunability under
external fields, and high integration potential, LCs have been incorpo-
rated into a variety of quantum optical systems.106 Among them,
FNLCs are particularly prominent: they exhibit outstanding quantum
frequency-conversion performance, and their unique macroscopic
polarization structure combined with precisely tailorable molecular
configurations provides an ideal soft-matter platform for the efficient
generation and manipulation of complex entangled photon states.

This section focuses on the role of LCs in quantum optics, with
particular emphasis on recent advances and application prospects of
FNLCs in correlated photon-pair generation and precise control of
tunable entangled states. These efforts aim to further extend the physi-
cal boundaries and functional capabilities of LC-based materials in
quantum information processing and quantum devices.

A. Applications of traditional liquid crastal elements
in quantum optics

Vector vortex beams (VVBs) have attracted widespread inter-
est in both classical and quantum optics. In such beams, the linear
polarization state varies periodically with the azimuthal angle of the
optical vortex around the beam axis, giving rise to a characteristic
phase singularity. VVBs are therefore among the most widely used
classes of vector beams in current research.108–111 The geometry of
generalized VVBs is often described using higher-order or hybrid-
order Poincar�e spheres,112–114 which provide higher degrees of freedom
than scalar vortex beams or purely vector beams. Importantly, vector
vortex modes serve as eigenmodes of optical fibers and thus exhibit
robust propagation properties.115,116 They can significantly increase the
capacity of optical communication systems117 and find important appli-
cations in beam focusing, particle acceleration, vector-vortex filtering,

materials processing, and quantum information processing.118–121 As a
result, techniques for the efficient generation and precise control of vec-
tor beams have become a central research topic.

A q-plate (also referred to as a vortex phase retarder) is one of the
most commonly used optical elements for generating vector beams.122

Essentially, a q-plate is a birefringent waveplate whose local optical
axis in the transverse plane is spatially inhomogeneous, with the distri-
bution pattern defined by its topological charge q (which can be an
integer or half-integer). In practical implementations, q-plates are typi-
cally operated as half-wave, electrically tunable retarders to achieve
efficient conversion at a target wavelength. When a circularly polarized
beam is incident on a q-plate, the output beam acquires an orbital
angular momentum (OAM) of 2q�h, with the sign determined by the
helicity of the incident polarization.123–127 Figure 11 illustrates the geo-
metric structures of three representative q-plates and summarizes their
action on circularly polarized beams, thereby establishing q-plates—
often realized as LC-based Pancharatnam–Berry phase elements—as
key enabling components for vector-beam applications in the quantum
domain.

LC-based q-plates play a central role in quantum optics. This sub-
section focuses on their concrete applications in the generation of vari-
ous entangled structures and in two-photon interference. LC q-plates
can be used directly to prepare nonseparable states in quantum sys-
tems.128,129 The defining feature of a vector field is the coupling
between polarization and spatial mode: unlike scalar fields, these two
degrees of freedom are nonseparable. This property is commonly
described in terms of classical entanglement or intra-system entangle-
ment; its mathematical structure is equivalent to that of quantum
entanglement, but it does not involve nonlocal correlations between
distinct physical subsystems. In studies of the state evolution of classi-
cally entangled degrees of freedom in atmospheric turbulence,130

q-plates have already been used to encode and decode entangled
qubits. In combination with a spatial light modulator (SLM), they have
also enabled measurements of the nonseparability of vector-vortex
modes, providing important experimental support for the use of LC
devices in practical quantum control.

Building on this technical foundation, Parigi et al. employed pat-
terned LC q-plates to demonstrate the storage and retrieval of single-
photon-level vector beams in a laser-cooled atomic ensemble.131 In
their protocol, q-plates are used for both state preparation and readout:
the generated vector state is first converted into a purely polarization-
encoded state, which is then analyzed using a second q-plate together
with standard polarization optics. Similarly, Li et al. used an SLM to
realize the storage of hybrid-entangled single-photon states in a solid-
state medium,132 further expanding the range of quantum-state
manipulations enabled by LC-based devices.

For the control of entangled photon pairs, researchers have
combined SPDC-generated entangled photons with VVBs produced
by q-plates. D’Ambrosio’s group systematically investigated two types
of entangled VVBs133 and confirmed that these complex polarization
structures represent a direct manifestation of intra-system entangle-
ment between polarization and OAM. By contrast, inter-system
entanglement between two vector fields can be exploited in a broader
set of quantum protocols and therefore warrants further study. At
the same time, this approach has already been pushed toward field
deployment: a metropolitan free-space link in Ottawa has been used
to test high-dimensional quantum key distribution outside the
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laboratory, where LC q-plates were employed to prepare the initial
quantum states.134 In addition, a recent work proposed an efficient
scheme for generating complex three-degree-of-freedom entangled
light fields.135 By combining time–frequency-mode (TFM) encoding
in the SPDC process with VVB encoding via q-plates, the authors
realized a structurally simple yet high-quality TFM–VVB hyperen-
tangled source.

In recent years, SLM-mediated multiplexing of vector beams has
attracted considerable interest136–138 as a means of further increasing
data transmission rates. Otte et al. demonstrated a practical implemen-
tation of this multiplexing technique for the generation and propaga-
tion of engineered optical fields.139 By superposing two orthogonal
vector beams, they generated a field whose local degree of entangle-
ment varies along the propagation axis z. During free-space propaga-
tion, this field exhibits a characteristic evolution of local entanglement.
In their experiment, digital propagation of the field was implemented
using an SLM and lenses in a Fourier-transform configuration, thereby
enriching the LC-based toolbox for quantum-field engineering. Chen
et al. used uniformly self-assembled cholesteric LCs to realize logical
rotations of nonseparable vector states by tuning the incidence angle of
the beam, thus emulating core quantum-information operations. This
approach provides a new paradigm for structured photonics that
relaxes stringent real-space alignment requirements. Although the logi-
cal gate is implemented in a classical regime, applying the same opera-
tions to single photons or entangled states in quantum-information
processing holds substantial promise.140

Beyond the generation and control of entangled states, LC
devices also play an indispensable role in quantum-walk experiments,
where they have been employed not only for simulating quantum
dynamics141–143 but also for the preparation of high-dimensional
quantum states.144–147 Experiments have demonstrated engineered
preparation of arbitrary two-qubit states based on discrete-time quan-
tum walks,145 with the shift operator implemented using a sequence of

five q-plates. Giordani later proposed an entanglement-transfer proto-
col based on quantum walks that enables the dynamic transfer of
qubit–qubit entanglement from lower to higher dimensions,146

highlighting the unique advantages of LC devices for flexibly generat-
ing high-dimensional entanglement.

LC-based devices are equally central in quantum-interference
studies. The Hong–Ou–Mandel (HOM) effect, a paradigmatic two-
photon interference phenomenon, is widely regarded as one of the
most iconic signatures of quantum interference in optics: when two
indistinguishable photons interfere at a beam splitter, they exhibit pho-
ton bunching or antibunching behavior. Because it has no classical
analog, the HOM effect is of fundamental significance and serves as a
key resource in precision metrology, quantum computing, and quan-
tum communication.148 LC optical elements provide convenient han-
dles for tunable HOM interference. Q-plates have been used to
demonstrate HOM interference between scalar OAM states.149 By tun-
ing two key parameters of a q-plate, researchers realized adjustable
HOM interference between vector modes.150 The transformation
induced by the q-plate on VVBs can be visualized as trajectories on a
hybrid Poincar�e sphere. Progress has also been made on two-photon
interference in high-dimensional mode spaces: in one experiment,
three SLMs were used to implement spatial-mode generation, unitary
transformations, and projective measurements, respectively.151

Collectively, these studies underscore the broad and versatile role of
LC devices in quantum-information processing tasks.

On the basis that LC devices have gradually covered various core
scenarios of quantum information, including quantum entangled state
manipulation, high-dimensional quantum walk simulation, and quan-
tum interference effect control, the in-depth exploration of their topo-
logical regulation potential has become a key direction to drive
breakthroughs in the field. The innovative strategy proposed by schol-
ars such as Koni et al. recently is a landmark achievement in this
exploration process—the team for the first time realized the

FIG. 11. (a) Three examples of q-plate patterns with a0 being the initial optical axis orientation,123 Reproduced with permission from Marrucci et al., Phys. Rev. Lett. 96,
163905 (2006). Copyright 2006 American Physical Society. (b) Illustration of the optical action of a q-plate with q ¼ 0:5 on the left circularly polarized light beam.124

Reproduced with permission from Ji et al., Sci. Rep. 6, 25528 (2016). Copyright 2016 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.
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reconfigurable preparation and regulation of dual-wavelength quan-
tum optical skyrmions mediated by LC topological defects, injecting a
brand-new technical path into the field of topological quantum
optics.152

This study employed a 532 nm continuous-wave laser to pump a
type-0 non-degenerate SPDC crystal, generating collinear photon pairs
at 1550 nm/810 nm that are entangled in both orbital OAM and wave-
length degrees of freedom. Subsequently, a 10lm thick nematic LC
q-plate (with q¼ 1 intrinsic topological defect) induced by magneto-
electric coordination was utilized to achieve voltage- and wavelength-
dependent spin–orbit conversion. Combining OAM projection via
single-mode fibers and polarization tomography technologies, a
switchable quantum topological state platform was constructed.
Experimental results demonstrate that this system can not only pre-
pare dual-wavelength nonlocal entangled skyrmions with a skyrmion
number of N � �2 at a voltage of 3.85V (with an entanglement con-
currence of 0.83, exceeding the entanglement threshold of 0.7), but
also realize single-wavelength heralded single-photon skyrmions at
810nm/1550nm in the voltage range of 5.4–6.3 V, and switch to trivial
topological states (N � 0) near 4.9V. More importantly, these topo-
logical states exhibit strong robustness against transmission through
complex media such as biological samples (e.g., butterfly wings).
Theoretically, through wavelength-selective spin–orbit conversion and
multi-dimensional projection, it is feasible to construct three-body
GHZ-like entangled states across polarization, OAM, and wavelength,
transforming the wavelength from a traditional independently separa-
ble degree of freedom into an intrinsically inseparable dimension of
topological structures. This work not only breaks through the limita-
tions of single-wavelength and non-switchable topological states of tra-
ditional quantum skyrmions, but also introduces intrinsic LC
topological defects into quantum topological regulation for the first
time. It provides a new technical paradigm for high-robustness

quantum information encoding in optical fiber communication and
biological imaging fields, further expands the application boundary of
LC devices in quantum optics, and lays a core foundation for the engi-
neering preparation and practical implementation of multi-degree-of-
freedom topological quantum states in subsequent research.

B. Ferroelectric nematics enabled tunable entangled
photon pairs

A 2024 study published in Nature reported the first realization of
spontaneous parametric downconversion SPDC in an FNLC and dem-
onstrated a multidimensionally tunable entangled photon-pair source,
whose operating principle is sketched in Fig. 12. This work introduces
a new paradigm for quantum photonics that combines high degrees of
control with high generation efficiency. Experiments show that apply-
ing only a few volts across the FNLC cell, or introducing a slight twist
in the molecular orientation, is sufficient to substantially modify both
the emission rate and the polarization distribution of the photon pairs.

The underlying mechanism relies on a distinctive quasi-phase-
matching strategy, rooted in the twisted molecular-scale director con-
figuration of FNLCs. This internal twist enables dynamic reconfigura-
tion of the spectral properties of the photon pairs and of the
correlations between their polarization components, thereby providing
a powerful route to engineer high-dimensional entangled states in a
compact, low-power platform.

Electric-field-driven dynamic control is one of the most
application-relevant features of this FNLC-based SPDC platform: by
applying only a few volts across the FNLC cell, the molecules are reor-
iented along the field direction, enabling rapid switching of the polari-
zation state of the entangled photon pairs. On this basis, the biphoton
polarization state can be further reconstructed and analyzed. Unlike
classical or single-photon polarization states, which can be expressed
as superpositions of two orthogonal basis states (such as horizontal H

FIG. 12. Entangled photon generation in FNLC cells. The main concept of this study is: by reconfiguring the molecular alignment, both the photon pair flux and polarization state
can be simultaneously controlled. This reconfiguration of the molecular alignment can be achieved by designing the sample geometry or applying an external electric field.38

Reproduced with permission from Sultanov et al., Nature 631, 294–299 (2024). Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.
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and vertical V polarization), a two-photon polarization state must, in
general, be described in the four-dimensional Hilbert space spanned by
the corresponding two-photon polarization basis. However, when no
degree of freedom other than polarization is used to distinguish the two
photons, the effective state space reduces to a three-dimensional sub-
space, and the entangled two-photon polarization state can be written as

jwi ¼ C1j2iH j0iV þ C2j1iH j1iV þ C3j0iH j2iV ; (9)

where C1, C2, and C3 are complex amplitudes satisfying jC1j2 þ
jC2j2 þ jC3j2 ¼ 1, and jNpi denotes a Fock state with N photons in
polarization mode p. The corresponding density-matrix formal-
ism naturally extends this description to mixed states. When the
photon pairs are detected in a single, collinear spatial mode and
their frequencies are not resolved, the two-photon polarization
state is fully characterized by a 3� 3 density matrix, which can be
reconstructed by polarization tomography combined with
maximum-likelihood estimation.

As shown in Fig. 13, with increasing applied electric field the
reconstructed biphoton polarization state evolves from a state corre-
sponding to two horizontally polarized photons, through intermediate

superposition states, to a state corresponding to two vertically polar-
ized photons. Further increasing the field strength does not induce any
substantial additional change. Thus, by electrically reorienting the
FNLC molecules, one can obtain two-photon polarization states com-
posed of two H or two V photons, as well as any intermediate polariza-
tion state between these two limits.

Static geometric control is achieved by predefining the twist
angle of the FNLC director along the cell thickness (for example,
0, p=2, or p), thereby enabling precise engineering of the polarization
entanglement. In a cell with zero twist, the molecular orientation is
uniform, and the generated photon pairs are predominantly in a colli-
nearly polarized state. In a p=2-twisted cell, the director gradually
rotates from horizontal to vertical, and the photon pairs form a hybrid
state in which vertically polarized pairs dominate, with a smaller con-
tribution from cross-polarized (HV) components. In a p-twisted cell,
the molecular orientation symmetrically returns to a configuration
close to the initial horizontal alignment, leading to a corresponding
recovery of the polarization characteristics of the emitted photon pairs.

Importantly, theoretical calculations demonstrate that the twisted
molecular structure of FNLCs also enables a reconfigurable quasi-
phase-matching mechanism. When the molecular twist period—
whose optimal value is matched to the nonlinear coherence length of
the SPDC process—the photon-pair generation efficiency scales qua-
dratically with the sample length. Under these conditions, a 200lm
thick FNLC cell achieves a photon-pair rate approaching 1MHz,
which is �625 times higher than that of a 7–8lm thick sample. This
effectively overcomes the long-standing bottleneck of low efficiency in
tunable quantum light sources.

In summary, the generation of tunable entangled photon pairs
based on FNLCs holds profound significance: it not only pioneers the
introduction of LC materials into the field of quantum light sources,
but also achieves the synergistic optimization of tunability, generation
efficiency, and fabrication feasibility through the combination of elec-
trical and geometric modulation, as well as high-efficiency quasi-phase
matching technology. However, despite these breakthroughs, the
research still has notable limitations: it has not yet realized complete
photon entanglement, nor has it systematically explored the precise
regulation of entanglement degree by sample geometric configurations
and external fields.

To address these limitations, the research team further selected
room-temperature FNLC-1751 (whose core component of the nonlin-
ear polarizability tensor d33 is �20 pm/V, with nonlinear response
comparable to traditional nonlinear crystals) as the research object,153

and designed various configurations of LC samples, including 180�

twisted wedge cells (with thickness ranging from 2.5 to 20lm), 5lm
thick 90� twisted cells, and 3.5lm thick 180� twisted cells. A 450 nm
continuous-wave laser was employed as the pump source, and com-
bined with the Hanbury-Brown–Twiss interferometer and polarization
tomography technology, the entanglement degree of photon pairs was
quantified with concurrence as the core indicator, ultimately achieving
controllable and reversible regulation of the polarization state and
entanglement degree of photon pairs.153

Specifically, in the dimension of geometric modulation, the study
found that the 180� twisted wedge cell can generate near-fully
entangled photon pairs with a concurrence of 0:986 0:06 at a thick-
ness of 2.9lm; with the increase in sample thickness, the entanglement
degree decreases gradually, and the average purity of the generated

FIG. 13. Electric field-tuned SPDC process. The evolution of the polarization state
can be observed through the reconstructed polarization density matrix at 0, 1, 2,
and 3 V.38 Reproduced with permission from Sultanov et al., Nature 631, 8020
(2024). Copyright 2024 Author(s), licensed under a Creative Commons Attribution
(CC BY 4.0) license.
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quantum states reaches as high as 0:926 0:10. In the dimension of
electrical field modulation, applying an electric field of 0–1.4V/mm in
the 90� twisted cell can increase the entanglement degree from
0:226 0:05 to 0:946 0:06; whereas an electric field of 1.25V/mm in
the 180� twisted cell can reduce the initial high entanglement degree of
0:896 0:07 to 0:16 0:1, and the electrical field modulation exhibits
excellent reversibility. Moreover, sample flipping can further expand
the coverage of achievable quantum states.

This groundbreaking progress not only realizes, for the first time,
full-range entanglement degree regulation of photon pairs from fully
separable to fully entangled in LC systems, but also verifies the feasibil-
ity of pixelated quantum light sources based on multi-electrode arrays.
It provides a high-performance and customizable new quantum light
source solution for quantum technologies such as quantum key distri-
bution and quantum information processing, driving FNLC-based
quantum optical devices to achieve a key leap from basic principle veri-
fication to engineering and practical application.

V. SUMMARY AND OUTLOOK

LCs, in particular, the emerging FNLCs developed in recent years,
are experiencing a paradigmatic shift from conventional display media
to multifunctional photonic platforms. This transition is manifested
not only in the flexible and controllable regulation of linear electro-
optical effects but also extends to the efficient modulation of nonlinear
optical processes and innovative applications in quantum optics, thus
fueling their rapid expansion in the fields of NLO and quantum pho-
tonics. Endowed with superior structural flexibility, linear electro-
optical tunability, and high compatibility with diverse device configu-
rations, LCs have achieved remarkable progress in multiple cutting-
edge research directions. These include linear electro-optical modula-
tion, SHG, nonlinear wavefront shaping, geometric phase manipula-
tion based on spiral polarization textures, as well as the generation of
entangled photons and the regulation of their polarization states.
Nevertheless, the development of this promising material system is
confronted with considerable challenges.

Despite their promising application prospects, the overall research
on FNLCs remains in the preliminary stage, with a significant gap exist-
ing between proof-of-concept studies and large-scale practical imple-
mentations. Compared with traditional NLCs, FNLCs exhibit highly
unconventional structural features and properties, which challenge the
established understanding of nematic order in various aspects.
Controversies persist concerning the microscopic origin of their polarity,
detailed phase structures, and phase formation mechanisms, while the
evolutionary pathway connecting the ferroelectric nematic phase and
the ordinary nematic phase has not yet been fully elucidated.
Multicomponent systems based on the ferroelectric nematic phase, such
as polymer-stabilized FNLCs, polymer-dispersed FNLCs, and FNLC
elastomers, are also anticipated to become prominent research directions
in the future. Essentially, these FNLC-based multicomponent systems
represent extensions centered on the core optical properties of FNLCs,
and in-depth investigation of these properties is essential to clarify their
inherent advantages and existing limitations. In summary, FNLCs inte-
grate fundamental research value and practical application potential,
rendering them a highly promising novel functional material system.

From the perspective of optical characteristics, the core advantage
of FNLCs resides not only in the precise regulation of linear electro-
optical responses but also in their distinctive nonlinear optical perfor-
mance. This dual attribute, characterized by “flexible linear regulation

and efficient nonlinear modulation,” further lays a solid foundation for
their applications in quantum optics. However, cautious consideration
is still required when deploying these “liquid ferroelectrics” in ultrafast
optoelectronic devices. Ultrafast electro-optical components are of cru-
cial importance to modern communication technologies; yet, the per-
formance of FNLC-based devices reported to date is not universally
satisfactory, often demonstrating significant advantages only under
specific device structures or operating conditions. According to exist-
ing research findings, the characteristic orientation time of FNLCs
driven by in-plane electric fields typically remains in the millisecond
range, and in-plane driving is not the most widely adopted electric field
configuration in industrial applications. Under the more commonly
used out-of-plane electric field, the performance becomes even less
favorable: the response time frequently extends from hundreds of
milliseconds to the second range, which is presumably associated with
the relatively high viscosity of FNLCs. Additionally, out-of-plane elec-
tric fields tend to induce texture instability and reduce cycling reliabil-
ity. When combined with additional challenges, such as high
topological defect density and the difficulty in achieving stable near-
vertical alignment, these factors collectively indicate that FNLCs at the
current stage may not yet qualify as the ideal core material for truly
ultrafast optoelectronic devices.

While challenges persist in the development of ultrafast optoelec-
tronic devices based on FNLCs, their transformative potential in the
field of nonlinear optics is driving a fundamental paradigmatic shift in
this discipline: moving away from the traditional reliance on host-guest
systems toward the utilization of intrinsic ferroelectric polar order.
Although composite strategies incorporating nanoparticles and low-
dimensional materials have successfully enhanced third-order nonlinear
effects, the emergence of FNLCs offers a more revolutionary
approach—they exhibit ultrahigh second-order polarizability vð2Þ, com-
parable to that of inorganic solids. The focus of future research is likely
to shift away from characterizing these fundamental coefficients toward
designing stable and directly applicable device architectures. One key
frontier direction involves stabilizing polar order through polymer net-
works: the transition from small-molecule systems to cross-linked poly-
mers or elastomers is expected to address long-standing issues related to
thermal stability and mechanical durability, thereby paving the way for
the development of flexible and integrable nonlinear photonic devices.

The intersection of the nonlinear optical properties of FNLCs
with topological photonics has sparked novel research opportunities,
offering extensive exploration potential. The discovery of the helical
ferroelectric phase, which possesses helical polar order and can signifi-
cantly enhance SHG efficiency, suggests that soft matter systems may
host complex optical topological protection mechanisms. This, in turn,
holds promise for achieving stable and scatter-free frequency conver-
sion and light transmission. Simultaneously, the concept of nonlinear
geometric phase provides a new avenue for all-optical computing and
information processing. By leveraging the intrinsic spin–orbit interac-
tion inherent in nonlinear polarization processes, future devices are
expected to realize dynamic and reconfigurable wavefront shaping as
well as holographic projection, thus effectively integrating the fields of
singular optics and nonlinear materials science.

The in-depth integration of such nonlinear properties and struc-
tural regulation further propels FNLCs from the realm of classical
optics to the core of quantum optics research. LC-based systems are
rapidly evolving from passive manipulation components to active
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“engines” for quantum optical state generation, and FNLCs occupy a
pivotal position in this transition due to their synergistic advantages in
linear regulation and nonlinear performance. Historically, devices such
as Q-plates have primarily served as converters for vortex beams and
high-dimensional classical entanglement. However, the recent realiza-
tion of the SPDC process in FNLC media marks the advent of a new
era where soft matter emerges as a major source of entangled photons.

The immediate focus of research in this field will be on expanding
these isolated proof-of-concept experiments to integrated quantum
circuit platforms. A unique advantage of FNLCs lies in their tunability,
which enables the potential construction of “adaptive” quantum light
sources—their entanglement properties, such as polarization state and
spectral correlation, can be dynamically reconfigured to meet the
requirements of dynamic quantum networks. Figure 14 systematically

FIG. 14. Core framework and development outlook of FNLC-enabled nonlinear optics and quantum optics.
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elaborates on FNLCs-enabled nonlinear optics and quantum optics,
covering core foundations, fundamental research challenges and
breakthroughs, cutting-edge exploration and application integration in
nonlinear and quantum optics, as well as future trends in multicompo-
nent systems, integration and engineering of this field.

The potential of such adaptive quantum light sources provides a
new starting point for the innovation of quantum components.
Specifically, the combination of chirality and orientation structures has
opened up a novel paradigm for non-reciprocal quantum components.
Research on the realization of directional entangled photon sources
using helical structures has addressed a key bottleneck in quantum
hardware: achieving optical isolation without the need for bulky mag-
netic field configurations. Looking forward, this platform is expected
to be extended to the field of hyper-entanglement generation—by
simultaneously regulating polarization, orbital angular momentum,
and frequency degrees of freedom, the channel capacity of quantum
key distribution can be significantly improved. Through the integra-
tion of the self-assembly precision of LCs with patterned alignment
technologies, researchers may soon realize compact and backaction-
free quantum logic gates and routers, which are critical for ensuring
the scalability of future quantum internet architectures.
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