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Simultaneous manipulation of multiple degrees of freedom of light lies at the
heart of photonics. Nonlinear wavefront shaping offers an exceptional way to
achieve this goal by converting incident light into beams of new frequencies
with spatially varied phase, amplitude, and angular momenta. Nevertheless,
the reconfigurable control over structured light fields for advanced multimode
nonlinear photonics remains a grand challenge. Here, we propose the concept
of nonlinear geometric phase in an emerging ferroelectric nematic fluid, of
which the second-order nonlinear susceptibility carries spin-dependent non-
linearity phase. A case study with photopatterned g-plates demonstrates the
generation of second-harmonic optical vortices with spin-locked topological
charges by using cascaded linear and nonlinear optical spin-orbit interactions.
Furthermore, we present the dynamic tunability of second-harmonic struc-
tured light through temperature, electric field, and twisted elastic force. The
proposed strategy opens new avenues for reconfigurable nonlinear photonics,
with potential applications in optical communications, quantum computing,
high-resolution imaging, etc.

Nonlinear photonics is a fascinating and advanced branch of modern
optics that delves into the study and manipulation of light/photons in
media where the response to light intensity is not linear”. The
relentless pursuit of efficient and versatile nonlinear optical materials
that can on-demand manipulate various degrees of freedom of pho-
tons (e.g., frequency, amplitude, phase, spin and orbital angular
momenta)*® lies in the heart of nonlinear optics and has considerably
boosted the development of materials science, quantum computing,
biomedical engineering, and information technology’ ™. So far,

numerous novel physical effects and functionalities, including non-
linearity phase control’, nonlinear wavefront shaping®”, nonlinear
generation of Airy beams', vectorial meta-holography®, three-
dimensional lithium niobate nanodomain writing'®, giant second-
harmonic generation (SHG)”, ultrathin multiphoton quantum light
source'®?, and full-wavelength phase-matching®®, have been reported
with emerging nonlinear optical materials (e.g., two-dimensional fer-
roelectrics family, photonic crystals, organic salts, metamaterials and
metasurfaces). However, difficulties still persist in their processability
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and tunability. For instance, the growth and poling of lithium niobate
usually require thousands of degrees Celsius temperature, kilovolt
voltage, or femtosecond laser writing with high power density, leading
to complicated fabrication process, high cost, and large energy con-
sumption. Furthermore, due to the intrinsic symmetry constraint of
ferroelectric crystals, the electric polarization is restricted to being
oriented in a binary manner and this property finally limits the tun-
ability of the generated nonlinear optical waves.

A possible solution to these challenges would be soft materials®?,
especially liquid crystals (LCs), due to their unique anisotropic optical
properties, self-assembly characteristics, flexible domain tailoring, as
well as dynamic tunability. These features have made them ideal for
light manipulation in the regimes of both linear (e.g., optical vortex
generator, holography, and topological beam steering)”** and non-
linear optics (e.g., self-phase modulation, self-focusing, and self-
diffraction)*°, However, second-order nonlinear optical response in
soft materials has garnered limited attention. This paradigm has
been changed recently due to the advent of ferroelectric nematic
liquid crystals (FNLCs). Such fluids were first predicted by M. Born in
1916 that if LC molecules were properly designed, their molecules
would self-assemble into polar arrangements®. After a century, FNLCs
were experimentally validated®** with inherent macroscopic sponta-
neous polarization that couples the local electric polarity and the
orientational ordering®. Large dielectric permittivity and strong non-
linear optical properties have been studied®. To date, although much
effort has been dedicated to developing high-performance materials,
unveiling attractive electro-optic properties, and achieving high-
resolution polar ordering characterizations® ', the ferroelectric
nematic fluid for programmable, dynamic, structured light field
manipulation in the realm of nonlinear optics has not yet been
explored, mainly due to the difficulties in nonlinear polarization
manipulation.

Here, we find that the second-order nonlinear polarization of
ferroelectric nematic LC (Figs. 1a and 1b) carries distinct nonlinear
geometric phase for the left- and right-handed circular polarization
components of the SH signal. Continuous control of these nonlinearity
phase for nonlinear wavefront shaping can be further achieved
through spatially-variant engineering of the ferroelectric nematic fluid.

b

Fig. 1| Ferroelectric nematic liquid crystal for nonlinear soft-matter photonics.
a Chemical structure of the FNLC RM734 material. b SHWs from the polar RM734
material under the pumping of the linearly polarized FW. The nonlinear polariza-
tion is along the polar direction of LC. ¢ Generation of SHWs with multiple

In the proof-of-concept experiment, we study the nonlinear optical
spin-orbit interaction process in a nonlinear geometric-phase coded
topological FNLC g-plate. As illustrated in Fig. 1c, the polar orientations
of FNLCs exhibit a radial distribution, which is achieved via photo-
patterning a continuously varied alignment configuration with a
topological charge of g=1. When a fundamental wave (FW) with
angular momentum state of (g, o), is incident upon the ferroelectric
nematic g-structure, where o (0 = 1) and ¢ denote the spin and orbital
angular momentum states, respectively, the cascaded spin-orbit
interaction enables two spin-orbit locked SH optical vortices, specifi-
cally (0, 285+ 0g)», and (-0, 2€o +30q)2,, in addition to the two fun-
damental optical vortices, namely (-0, ¢o+20q), and (o, €o)e.
Moreover, we present thermally and electrically switchable, as well as
twist-elastic-force controlled, FNLC g-superstructures, which enable
the generating and tuning of SH optical vortices. This study introduces
a soft-matter platform for nonlinear manipulation of light, offering a
great promise for applications in optical communications, high-
resolution imaging, high-density data storage, and high-dimensional
optical information processing.

Results

Nonlinear polarization of the ferroelectric nematic LC

As shown in Fig. 1a, the molecular structure of the ferroelectric
nematic fluid RM734 used in this work possesses a onefold in-plane
rotational symmetry (LC director n #—n). The long mi-bridged donor-
acceptor groups are along the spontaneous polarization of the
RM734 molecule, leading to a strong nonlinear optical response with
non-zero second-order susceptibilities x'2,=11.2pm -V~ and
X2 =x2 =x2 =12pm -V~ at 1064 nm*, where a- and b-axes are
parallel and perpendicular to the polar direction, respectively.

We start with the theory of nonlinear polarization occurring in
the FNLCs using a linearly polarized FW with the electric field of
E®=Aq(cos pe, + singe,) for incidence, where Ag and w are the
amplitude and angular frequency of the FW, ¢ is the polarization angle
relative to the x-axis, and e, (e,) represents the unit vector of
the x (y)-axis. As the values of Y3}, X2 , and x3. are about one tenth
that of x'2,, only 2, is taken into account in our theoretical model. If
the polar direction of FNLC is rotated by an orientation angle of

/ Nonlinear polarization

Optical spin-orbit vortices

spin-orbit angular momentum states with a nonlinear LC g-plate. For the incident
FW with an angular momentum state of (g, o)., the SHWs have specific angular
momentum states due to the spin-orbit interactions of both FW and SHWs.

o= 1 stands for the circular polarization state of light.
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Fig. 2 | Nonlinear polarization excited in a homogeneously aligned FNLC
device. a Polarized optical microscopic textures of the homogeneous FNLCs in the
nematic phase (left panel) and ferroelectric nematic phase (right panel). The
magenta bars denote the direction of photoalignment. N: nematic phase. FN: fer-
roelectric nematic phase. Scale bar: 100 pm. b Normalized profile of the SHG beam,
Asp =650 nm. ¢ Normalized SHG spectra of the homogeneous FNLCs under dif-

ferent pumping powers. The central wavelength of the SHG spectra is 650 nm,
corresponding to the fundamental wavelength at 1300 nm. d Normalized

-45 0
Analyzer angle (°)

45 90

power-dependent SHG intensity. The linearly fitted slope value is 2.03 (inset),
confirming the quadratic nature of the SHG process. e Polarization-dependent SHG
signals from the homogeneously photoaligned FNLC device. a=0°, i.e., the
orientation angle of FNLC with respect to the x-axis is 0°. f, Relationship between
the SHG intensity and the angle of the analyzer. The SHG intensities are normalized
for the linear polarization incidence and circular polarization incidence, respec-
tively. Source data are provided as a Source Data file.

a relative to the x-axis, the second-order nonlinear polarization can be
analytically expressed as

P¥ = g, Agx2,cos’ (@) — a)(cos ae, + sinae,) "
= £gAbx 2, cos’ (P — a)e,
where €, represents the unit vector of the a-axis, & is the vacuum
permittivity, 2w is the angular frequency of the SH wave (SHW).
Detailed formula derivation is provided in Supplementary Section 1.
Equation (1) reveals the unique SH optical response (Fig. 1b). Specifi-
cally, the excited nonlinear polarization is linearly polarized along the
a-axis, i.e., the polar direction of FNLC. It can be found that the mag-
nitude of excited nonlinear polarization is primarily modulated by the
cos’ term. The maximum and minimum SHG intensities occur at ¢ -
a=0°and ¢ - a=90°, respectively. This means the nonlinear optical

response is polarization-dependent and the largest SH intensity can be
achieved when the polarization of FW is parallel to the FNLC.

Then, we experimentally demonstrate the SH optical response in a
homogeneously photoaligned FNLC device. Such a device comprises
two glass substrates coated with ITO electrodes and photoalignment
layers. After unidirectionally photoaligned and infiltrated with FNLC,
the device is encapsulated and undergoes a thermal annealing treat-
ment (see Methods for more details) to achieve a uniform spontaneous
polarization distribution. Figure 2a exhibits the polarized optical
microscopic textures of the nonlinear LC device in its nematic phase
(140 °C, featureless) and polar ferroelectric nematic phase (120 °C,
with distinctive lens-shaped polar domains). The polar orientation
within the lens-shaped domain demonstrates an inverse direction
relative to the surrounding region®. The elongated direction of
the polar domains is parallel to the photoalignment direction. The
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Fig. 3 | SH vector vortex beam generated by FNLC g-plate. a Schematic illus-
tration of the SH optical response of an FNLC director for the incident FW with
linear polarization. The LC director is counterclockwise rotated by an angle a
around the z-axis (facing the direction of light propagation). b Illustration of the
light-matter interaction geometry between the linearly polarized FW and the
nonlinear LC g-plate. LP: linear polarization. ¢ Polarized optical microscopic texture
of the LC g-plate with the topological charge of 1. d, e Polarized optical microscopic
textures of the LC g-plate under an in-plane electric field. Scale bar: 50 um. f-j

LC cell

Intensity distributions of the FW and SH vector vortex beams. Analyzed SH vector
vortex beams are in the second and third panels of (g) with the fast axes of the
polarizer and analyzer denoted by black and blue arrows, respectively. White
dotted lines in (g) indicate the extinction regions. White single-sided arrows in (f)
indicate the polarization distribution of output FW. White double-sided arrows
represent the incident polarization of FW (¢ = 0°, 0°, 45°, 90°, and 135°). Yellow
arrows in (g-j) indicate the polarization distribution of the SHWs.

high-quality alignment of FNLC enables the observation of a strong
emission of the SHW with a Gaussian beam profile when a circularly
polarized femtosecond laser (FW) passes through the device, as
depicted in Fig. 2b and Supplementary Fig. 1. The measured spectra of
power-dependent SHG signals are summarized in Fig. 2c. The central
wavelength of the SHWs is at 650 nm, corresponding to the half
wavelength of incident FW at 1300 nm. Figure 2d displays the log-log
relationship between the pumping power and the maximum SH
intensity, confirming the quadratic nonlinear optical process. When a
linearly polarized FW passes through the device, and the polarization
(¢) of FW is continuously rotated, the intensity of SHW generated from
the FNLC (a =0°) shows a dumbbell-shaped polar diagram (Fig. 2e).
This validates the polarization-dependent nonlinear optical response
of the FNLC. The highest value is observed at ¢=0°, i.e.,, when the
incident polarization is parallel to FNLC, and the lowest value is at
¢ =90°. The polarization state of SHW is further characterized using an
analyzer (Fig. 2f). Regardless of the incident polarization state (circular
or linear polarization), the analyzed SHG signals show a maximum
intensity at 0° and a minimum intensity at +90°, which is consistent
with Malus’s law. This behavior verifies the generated linear polariza-
tion of the SHW, which is parallel to the polar orientation of FNLC and
agrees well with the theoretical prediction by Eq. (1).

Cascaded spin-orbit interaction in the nonlinear LC g-plate

By leveraging the programmable photopatterning of LCs, the non-
linear polarization can be further engineered. Assuming that the FW
possesses an angular momentum state of (g, €o), (6==1) and the LC
device is photopatterned with a specific spatially-variant LC config-
uration, the FW will undergo an optical spin-orbit interaction within

the context of linear optics, resulting in transformation into a new
angular momentum state of (-g, £y +20),. Concurrently, distinctive
angular momentum states within the framework of nonlinear optics
will be generated, which are determined by both the FW states and the
geometric phase encoded FNLC structure (Fig. 1c).

A particular class of wavefront engineering that has garnered
substantial attention over the past decade is the generation of beams
carrying orbital angular momentum. Here, in the proof-of-concept
experiment, we photopattern a topological g-plate structure with the
polar FNLC material to demonstrate the intriguing spin-orbit interac-
tions in the SHG process (for more details of photopatterning, see
Methods and Supplementary Section 2).

Firstly, we study the optical properties of the SHW when a linearly
polarized femtosecond laser passes through the device (Figs. 3a and
3b). The spatially variant LC director distribution follows the equation
of a(p)=q@, where @ is the azimuthal angle and q is the topological
charge set to 1. Typical textures of the device are shown in Fig. 3c and
Supplementary Fig. 2. A Maltese cross, where the polar LC orientation
is either parallel or perpendicular to the crossed polarizers, is clearly
observed. To deduce the inherent spontaneous polarization distribu-
tion, we apply an in-plane electric field (DC, +0.2mV-um™) to the
device. When a negative electric field is applied, the spontaneous
polarization that does not align with the electric field undergoes
reorientation, leading to the deformation of the Maltese cross pattern
(Fig. 3d). When the electric field direction is inversed, the Maltese cross
deforms in the opposite direction, with horizontal extinction brushes
shifting contrary to the direction of the electric field (Fig. 3e). These
phenomena indicate a radially outward polarization distribution in
the FNLC g-plate (Fig. 3b). Furthermore, such polarization distribution
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Fig. 4 | Geometric phase coded nonlinear optical spin-orbit interaction and the
generation of SH optical vortices with the FNLC g-plate. a Generation of the
SHWs with spin-locked nonlinear geometric phase. b Illustration of the spin-orbit
coupling and the light-matter interaction geometry between the circularly polar-
ized FW and the nonlinear LC g-plate. LSOL: linear spin-orbit interaction. NSOI:
nonlinear spin-orbit interaction. ¢, d Linear and nonlinear geometric phase

associated optical vortex generation in the FNLC g-plate. The angular momentum
state of the incident FW is (+1, 0),,. The abbreviation “Exp.” represents the experi-
mental results. e, f Linear and nonlinear geometric phase associated optical vortex
generation in the LC g-plate. The angular momentum state of the incident FW is
(+1, 1),

satisfies the flexoelectric coupling® with minimized excluded volume
of wedge-shaped LC molecules, which facilitates the stable polar
ordering formation. A whirl-like director distribution is also observed
close to the singularity point, which prevents the large accumulation of
charges at the singularity point, thereby reducing the free energy of
the entire system.

Upon a linearly polarized FW incidence, a vector vortex beam in
the realm of linear optics (|¢|=2) is generated due to the imprinted
linear geometric phase® (Fig. 3f). Simultaneously, an SH vector vortex
beam with a two-lobe intensity profile is also observed (Fig. 3g), of
which the strongest intensity occurs in the direction that is parallel to
the incident polarization. When rotating the incident polarization, the
SH light field follows its rotation, as shown in Fig. 3h-j. Moreover,
the vector nature of the SH beam for the linear polarization incidence
(@=0°) is further characterized by using an analyzer behind the
device. Extinction regions occur where the polarization is perpendi-
cular to the analyzer. Thus, by analyzing the extinction pattern (the
second and third panels in Fig. 3g), the SHW with a radial polarization
distribution and a singularity point is confirmed. These results agree
well with the nonlinear polarization model described in the previous
section.

Then, we use a circularly polarized FW for incidence to system-
atically investigate the nonlinear spin-orbit interaction of light
occurring in the LC g-plate. Nontrivial nonlinear geometric phase***
is disclosed to describe the nonlinear optical response of an
FNLC director, of which the magnitudes are closely related to the
geometric rotation of the LC director and the spin states of the SHWs.
As depicted in Fig. 4a, when the LC director undergoes a counter-
clockwise rotation by an angle a with respect to the z-axis, the

generated SHWs with co- (0) and cross- (-0) circular polarization to
that of the FW carry the nonlinear geometric phase of oa and 3oq,
respectively. This can be explained as follows. In the local coordinate
of the unidirectionally aligned FNLC, a Gaussian FW with the spin state
of o acquires a linear geometric phase owing to the spin coupling
effect, i.e., E{ .., =E{’,,€"?%, where the indices “Local” and “Lab” denote
the local and laboratory coordinate frames, respectively. Assuming

that the second-order nonlinear susceptibility in the local frame is
<(2) <(2)
X O=x

. b 200 _ o2 w2 _ 2) (g0 2 2ica _
given by P = eox (@=0)(E\ca)” =EoXaaa(Elhp) €7°%. After trans
forming back to the laboratory frame, the nonlinear polarizations with
co-and cross-circular polarization to that of the FW are derived (details
in Supplementary Section 3):

(@)|4=o, the nonlinear polarization in the local frame is

) 2 )
P(ZJ“’ =SOX;3)3(E(I:)ab) elicag-ioa o aioa @
2 2_Jiod ai i

PZ}; =30Xga)a(E(l?ab) elioagioa . a3ioa
The acquired nonlinear geometric phase shows a linear relation of one
and three times of a (Supplementary Fig. 3).

For the incident FW with an arbitrary spin and orbital angular
momentum state (o, £o), it will experience a linear spin-orbit inter-
action in the ferroelectric nematic g-plate. After passing through the
FNLC film with a certain thickness L, the electric field of the FW con-
tains two components: unconverted Ep,, , oc e0?E7, &, and modu-
lated Ep,, _, o e209%eio?Ep, & . The light with Ef), _, component
acquires an additional orbital angular momentum with A =20q.

The nonlinear polarizations generated by each component of FW
are presented as follows. For an ultrathin layer of the FNLC g-plate, the
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Fig. 5 | Dynamically switchable SH optical response of the nonlinear LC g-plate.
a Thermally switchable FW and SH vortices. FN: ferroelectric nematic phase. N:
nematic phase. Iso: isotropic phase. b Schematic illustration of the electrically
switchable nonlinear LC g-plate. ¢ Periodic switching of the intensity of the SH

vortices by electrically tuning the spontaneous polarization of ferroelectric
nematic g-plate from the transverse direction to the longitudinal direction. Source
data are provided as a Source Data file.

nonlinear polarizations for E’;, ; can be described as:

20 200 +0q0) (FO 24
Pa oce!(Ho? T oae (ELab.a) €

200 i(205¢p +30 ) 24
P—a el q(p)(ELab,o) €5

3

Remarkably, the co- and cross-circularly polarized nonlinear polariza-
tions generated in the FNLC g-plate carry distinct phase factors of
200 + aqe and 280 + 30qge, respectively. The first item of each phase
factor 2€op, which is contributed by the FW, represents the
conventional conservation law of orbital angular momentum in
nonlinear optics. The second items ogg and 30qp come from the
nonlinear geometric phase generated from the FNLC molecules, which
are locked to the co- and cross-spin states of the FW, respectively. We
thus call them spin-locked nonlinear geometric phase. Therefore,
the SH beams acquire additional orbital angular momenta of g and
30q. Finally, the angular momentum states of the SHWs become
(0, 280+ 0q)2, and (-0, 28 +30q),.. Notably, the angular momentum
states of the SHWs generated by the E},, , component of the FW
are the same as that in Eq. (3) (details in Supplementary Section 3,
Eq. (S15), Supplementary Fig. 4), further demonstrating the spin
locking effect. It is also interesting to note that for the linear spin-orbit
interaction during the propagation of SHWs towards the exit plane, the

angular momentum states are spin-locked as well (Fig. 4b and
Supplementary Fig. 4).

In order to experimentally verify the nonlinear geometric phases,
we employ a circularly polarized FW to pump the LC g-plate (Fig. 4b).
As shown in Figs. 4c and 4d, for the FW with angular momentum state
of (+1, 0),, the measured states of modulated FW and generated SHW
include (+1, 0),,, (-1, +2), (+1, +1),,, and (-1, +3),,. The existence of the
unconverted FW (+1, 0),, is mainly due to the LC film thickness, which
is not optimized to make the phase retardation satisfy the half-wave
condition '=(2m+1)w (m is a natural number)*. Notably, the total
SHG signal reaches 20 pW at the pumping power of 124 mW, corre-
sponding to a SHG conversion efficiency of 1.6 x 10™ (see Supple-
mentary Section 4). To our knowledge, this represents the highest
efficiency ever reported in FNLCs. The intensities of the co- and cross-
circular polarization components of the SHW are almost evenly dis-
tributed. The measured intensity ratio is approximately 46:54, which is
very close to the theoretical prediction (see Supplementary Section 3).
The minor discrepancy may be attributed to the imperfections of the
polarizer and quarter-wave plate. It is well known that the linear geo-
metric phase effect relies on the conversion of the incident circular
polarization light into the opposite spin state with imprinted geo-
metric phases e*?* In this case, the energy allocation of co- and cross-
circularly polarized light components is determined by the thickness
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g-superstructure. a Schematic illustration of the three-dimensional chiral LC
g-superstructure and the spin-selective generation of the SH optical vortex beams.
b, ¢ Calculated and measured intensity distributions of spin-selective SH vortices
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under the pumping of FWs with left-handed circular polarization (LCP) and right-
handed circular polarization (RCP) states. The abbreviation “Exp.” represents the
experimental results.

of the FNLC film. In contrast, the nonlinear geometric phase encoded
co- and cross-circular polarization SH vortices have an equal energy
distribution regardless of the thickness of the LC film. This feature
enables a remarkable wavelength tolerance of LC device in the SHG
process, as evidenced by the generation of paired nonlinear optical
vortices with equivalent energies at various wavelengths (see Supple-
mentary Fig. 5). Furthermore, we conducted the experiments on an
alternative device featuring an LC film thickness of 1.8 pm. The results
are provided in Supplementary Fig. 6, further validating our theory and
showing the scalability of the spin-locked nonlinear geometric phase
with cascaded spin-orbit interactions.

Additionally, the results for incident FW state (-1, 0),, are pre-
sented in Supplementary Fig. 7. We also investigate the high-order
nonlinear spin-orbit interaction using the FWs with angular momen-
tum states of (+1, +1),, and (-1, +1),, (Figs. 4e, 4f, and Supplementary
Fig. 8). The FWs with these angular momentum states are obtained by
using home-made nematic LC g-plates with the topological charges of
-0.5and +0.5, respectively. It is noteworthy that all the SH vortices are
in accordance with our theoretical predictions.

Dynamically switchable nonlinear optical response of LC g-plate
Thanks to the high sensitivity to various external stimuli, LCs have
received significant attention in developing compact and intelligent
optoelectronic devices. Here, we show the thermally and electrically
switchable nonlinear optical responses of the ferroelectric nematic LC
g-plate. The differential scanning calorimetry thermogram illustrates
the sequential presence of different LC phases, including the isotropic
phase (> 182°C), nematic phase (128 °C~182°C), and ferroelectric
nematic phase (40°C-128°C) (Supplementary Fig. 9). The FNLC
material crystallizes around 40°C, a temperature that can vary
depending on the cooling rate®’. This suggests the potential for ther-
mal control of the linear optical anisotropy and nonlinear polarization.
For a circularly polarized FW with a Gaussian-type distribution (+1, 0),,,

the SHG intensity as a function of temperature is shown in Fig. 5a.
When the LC device is in the isotropic phase, no SHG signal is obtained,
and no spin-orbit interaction occurs due to the disappearing of linear
optical anisotropy, thus the output light field is the same as incident
FW. After entering the nematic phase (temperature decreases below
182 °C), the linear spin-orbit interaction of the FW leads to a modulated
FW. Thus, two optical states of FW are captured at this stage. As the
temperature decreases from 128 °C to 40 °C, the intensity of the SHW
increases rapidly at the beginning, then shows slow growth property,
and ultimately reaches saturation. The Gaussian-type FW experiences
both linear and nonlinear spin-orbit interactions, thus four optical
states including two FW states and two SH vortices are experimentally
observed.

In addition, we demonstrate the electrical switching**** of the SH
optical vortices. In the experiment, a triangular-wave electric field
(0.5Hz, AC voltage 0.12V-um™, Supplementary Fig. 10) is vertically
applied to the LC device. As depicted in Fig. 5b, the spontaneous
polarization of FNLC undergoes electrical realignment, leading to the
change of nonlinear susceptibility from a transverse tensor element
Xsen to a longitudinal one x3,. Therefore, for the FW with angular
momentum state (+1, 0),,, the second-order nonlinear polarizations
are P2 =0 and P* = 0. Figure 5c demonstrates the periodic switching
of the intensity of SH vortices, with the modulation frequency of 1.0 Hz
(see Supplementary Section 5, Supplementary Fig. 11, and Supple-
mentary Video 1). The intensity of FW is also electrically switched
between the converted vortex and unconverted Gaussian beam.

Spin-selective nonlinear optical response of chiral LC
g-superstructure

By utilizing the three-dimensional controllable architecture of FNLCs,
we further demonstrate a notable spin-selective SH optical response.
In addition to the successful photopatterning of FNLCs in the x-y plane,
a right-handed chiral agent (R811, 1.0 wt%) is introduced to further
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engineer the rotational arrangement of LC molecules along the pro-
pagation (z2) direction. Consequently, a three-dimensional, space-
variant chiral g-superstructure with right-handedness is achieved, as
illustrated in the left panel of Fig. 6a. For the sake of simplicity, one
can assume that the variation of the LC director follows a linear
distribution as described by the equation a(¢,z) =q¢ +2nz/p, where
p represents the helical pitch, and z is the position of each LC layer. It
is worth noting that p is calculated to be ~ 8.2 um, and there is no
spectral feature associated with Bragg reflection. In this particular
scenario, the SHWs generated from the right-handed chiral g-super-
structure carry both spin-dependent nonlinear geometric phases
and spin-independent dynamic phases, which gives rise to a strong
circular dichroism of the generated SH vortices (Fig. 6a, right panel).
The nonlinear circular dichroism is defined as CDgyg= (% rw—
Ixp_rw)/ (L _pw + IjCp_rw), Where Ii¢,_pyy and Ix¢p_py, represent the
SH intensities under the incidence of FWs with left-handed and right-
handed circular polarization, respectively.

The mechanism of the nonlinear circular dichroism in the three-
dimensional chiral g-superstructure is theoretically explored. Firstly,
we divide the g-superstructure into a stack of L/Az layers with an equal
thickness of Az. The electric field of the FW, after propagating through
N (N=1, 2,3, ..., L/Az2) layers, can be derived using the Jones matrices
My .- M} (details in Supplementary Section 6). Then, the nonlinear

2
polarization is described as P>(z = NAz) = 50)? )[M,“’V --MYEj,(z= 0)%,
where E;"n (z=0) is the incident FW at z = 0. Subsequently, we calculate

the SHWs from each LC layer propagating towards the exit plane at
z=L. All these coherent SHWs are accumulated to obtain the total
nonlinear polarization. This process takes into account the complex
amplitudes of the SHWs generated at each layer, as well as their
interference effects at the exit plane. The intensity of the SHW is then

calculated by I3, oc P22, (2= L+ P9 m(Z = L)’ In this case, both
the dynamic phase that evolves with the propagation and the geo-
metric phase originated from a(¢,z) lead to the distinct nonlinear
susceptibilities for different circular polarization incidence, thus
resulting in the emergence of the strong nonlinear circular dichroism.
In this context, the helical twisted elastic force with a specific chirality

plays a crucial role in the switching of the SH signal.

The theoretical and experimental results of the SH vortex beams
are presented in Figs. 6b and 6c¢. The measured SHG intensity under
the incidence of left-handed circularly polarized FW (opposite hand-
edness to the chirality of the g-superstructure) is about 26 times
stronger than that for the right-handed circular polarization incidence.
Thus, the measured nonlinear circular dichroism value is ~ 0.93, which
is consistent with the calculated circular dichroism value of 0.96 (see
Supplementary Section 6).

Discussion

To summarize, we demonstrate the geometric phase associated
nonlinear optical responses in the ferroelectric nematic LC g-plate,
which allows for a series of cascade spin-orbit interactions enabling
the simultaneous manipulation of various degrees of freedom of
light, including amplitude, phase, polarization, orbital angular
momentum, and frequency conversion. The unique structured vector
vortex beams and spin-orbit locked optical vortices with different
topological charges are systematically investigated in the SHG process.
By taking advantage of the high-precision and arbitrary photo-
patterning technique, we are able to achieve more functional non-
linear geometric phase encoded LC architectures for desired nonlinear
optical applications. Remarkably, we explore the thermal, electrical,
and elastic force switching of the spin-orbit optical vortices with the
planar g-plates and chiral g-superstructure, demonstrating the cap-
ability of dynamic wavefront engineering. The measured SH conver-
sion efficiency of the FNLC superstructure is up to ~ 107, and we expect

that it can be further improved by introducing the phase-matching
condition®®*., The proposed soft-matter platform and the concept of
nonlinear geometric phase in the FNLCs not only broaden the funda-
mental understanding of dynamic light-matter interactions in the fra-
mework of nonlinear optics, but also open new avenues for developing
reconfigurable nonlinear photonic devices. More applications, ranging
from nonlinear vortex source*®, super-resolution imaging, to quantum
information processing, are expected to be developed based on the
proposed nonlinear soft-matter platform.

Methods

Sample fabrications

UV-Ozone cleaned indium-tin-oxide glass substrates were spin-coated
with a photoalignment agent SD1 (Supplementary Fig. 12) by 800 rpm
for 8 s and then 3000 rpm for 40 s. After curing at 100 °C for 10 min-
utes, two pieces of glass substrates were assembled to form a cell using
UV curing adhesive. The cell gap of 4.1 pum was measured using the
interferometry method. To achieve spatially variant alignment, a
multistep partially overlapping exposure process*’ was conducted
using a digital micromirror device-based dynamic microlithography
system with optimized exposure parameters (intensity, time, and
sequence) (Supplementary Section 2). After a total exposure dose of ~
5J)-cm™, the desired alignment pattern of SD1 would be achieved. The
photoalignment layer demonstrated exceptional thermal stability*®,
which remained stable throughout our tests. Ultraviolet light illumi-
nation and high humidity environment should be avoided to prevent
potential degradation of the photoalignment quality. Following the
infiltration of RM734 material into the cell at 190 °C, a three-step
thermal annealing treatment was performed to facilitate the self-
assembly of FNLC atop the SD1 layer. In step (1), the device was rapidly
cooled down from 190 °C to 132 °C at a rate of 5°C-min’; in step (2),
the device was gradually cooled from 132°C to 126 °C at a rate of
0.5°C:min™* to facilitate the flexoelectric coupling relaxation during
the nematic to ferroelectric nematic phase transition; step (3), the
device was cooled from 126 °C to 120°C at a rate of 1°C-min™ to
prevent crystallization. It is important to set a slow cooling rate during
the phase transition to prevent the formation of defective ferroelectric
nematic structures. Polarized optical microscopic textures resulting
from rapid cooling rates of 5°C-min™ and 20 °C-min™ were provided
in Supplementary Fig. 13 for contrast. Finally, the arrangement of fer-
roelectric nematic g-plate was guided by the photopatterned align-
ment layer combined with the flexoelectric coupling of FNLC. The
obtained FNLC device was then observed using a crossed polarized
optical microscope (DM2700P, Leica). For the right-handed FNLC
g-superstructures, the photoaligned cell was filled with RM734 mate-
rial mixed with a right-handed chiral dopant R811 at a concentration of
1.0 wt%.

Optical characterizations

In the nonlinear optical experiment, a Ti:sapphire femtosecond laser
(Revolution, Coherent Inc.) was used to pump an optical parametric
amplifier (Light Conversion). The optical parametric amplifier has a
pulse duration of approximately 40fs, a repetition rate of 1kHz,
enabling a tuned output wavelength ranging from 900 nm to 1300 nm.
The collimated laser beam was focused onto the FNLC device by a
spherical lens (f=150 mm). Subsequently, the generated SHWs were
re-collimated using an objective lens with the numerical aperture
NA =0.25. The non-zero orbital angular momentum states of incident
FW were produced using nematic LC g-plates with g values of +1/2. The
experimental setup was depicted in Supplementary Fig. 14. The co- and
cross-circularly polarized SHWs were sorted using a quarter-wave plate
and a linear polarizer. The topological charges of generated orbital
angular momentum states were characterized by a cylindrical lens®.
The laser power was measured using a thermal power meter (S401C,
Thorlabs).
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Numerical modeling

The modulated FWs and the generated SHWs in the FNLC were cal-
culated by the commercial software MATLAB R2022a, with the
Jones matrix formalism and nonlinear susceptibility tensor calculation
(second-order nonlinear polarization: Pf“’=sozjk)(f.jzk’fj"f};’). Initially,
the propagation behaviour of linearly or circularly polarized FW within
the FNLC was calculated. Subsequently, the SHWs within the FNLC
were derived by multiplying the second-order nonlinear susceptibility
tensor with the distribution of the FW at each LC layer. Finally, the
SHWs produced by each LC layer propagated toward the exit plane in
the framework of linear optics, where they were accumulated. The far-
field intensity profiles of SH vortices were then obtained using the
Fourier transformation method*°.

Data availability

The data generated in this study have been deposited in the Figshare
database under the accession code https://doi.org/10.6084/m9.
figshare.27100624. Additional information will be provided by corre-
sponding authors on request. Source data are provided with
this paper.

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

References

1. Boyd, R. W. Nonlinear optics, 3rd edn. (Academic Press, 2008).

2. Shen, Y. R. The principles of nonlinear optics. (Wiley, 1984).

3. Dorrah, A. H. & Capasso, F. Tunable structured light with flat optics.
Science 376, eabi6860 (2022).

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

5. Li, G. et al. Continuous control of the nonlinearity phase for har-
monic generations. Nat. Mater. 14, 607-612 (2015).

6. Hu, X., Zhang, Y. & Zhu, S. Nonlinear beam shaping in domain
engineered ferroelectric crystals. Adv. Mater. 32, 1903775 (2020).

7. SoljaCiC, M. & Joannopoulos, J. D. Enhancement of nonlinear
effects using photonic crystals. Nat. Mater. 3, 211-219 (2004).

8. Giordmaine, J. A. & Miller, R. C. Tunable coherent parametric
oscillation in LINbOj5 at optical frequencies. Phys. Rev. Lett. 14,
973-976 (1965).

9. Zhu, S.-N., Zhu, Y.-Y. & Ming, N.-B. Quasi-phase-matched third-
harmonic generation in a quasi-periodic optical superlattice. Sci-
ence 278, 843-846 (1997).

10. Sun, Z. et al. Graphene mode-locked ultrafast laser. ACS Nano 4,
803-810 (2010).

1. Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entanglement of the
orbital angular momentum states of photons. Nature 412,

313-316 (2001).

12. Zipfel, W. R., Williams, R. M. & Webb, W. W. Nonlinear magic: Mul-
tiphoton microscopy in the biosciences. Nat. Biotechnol. 21,
1369-1377 (2003).

13. Liu, S. et al. Nonlinear wavefront shaping with optically induced
three-dimensional nonlinear photonic crystals. Nat. Commun. 10,
3208 (2019).

14. Ellenbogen, T., Voloch-Bloch, N., Ganany-Padowicz, A. & Arie, A.
Nonlinear generation and manipulation of Airy beams. Nat. Photon.
3, 395-398 (2009).

15. Mao, N. et al. Nonlinear vectorial holography with quad-atom
metasurfaces. Proc. Natl. Acad. Sci. USA 119, €2204418119 (2022).

16. Xu, X. et al. Femtosecond laser writing of lithium niobate ferro-
electric nanodomains. Nature 609, 496-501 (2022).

17. Abdelwahab, I. et al. Giant second-harmonic generation in ferro-
electric NbOl,. Nat. Photon. 16, 644-650 (2022).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, L. et al. Metalens-array-based high-dimensional and multiphoton
quantum source. Science 368, 1487-1490 (2020).

Guo, Q. et al. Ultrathin quantum light source with van der Waals
NbOCI, crystal. Nature 613, 53-59 (2023).

Mutailipu, M. et al. Achieving the full-wavelength phase-matching
for efficient nonlinear optical frequency conversion in C(NH,)3BF 4.
Nat. Photon. 17, 694-701 (2023).

de Gennes, P. G. Soft matter. Science 256, 495-497 (1992).
Steinberg, R. Soft matter, slow dynamics and art. Nat. Mater. 2,
427-429 (2003).

Meng, C., Wu, J.-S. & Smalyukh, I. I. Topological steering of light by
nematic vortices and analogy to cosmic strings. Nat. Mater. 22,
64-72 (2022).

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

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

Marrucci, L., Manzo, C. & Paparo, D. Optical spin-to-orbital angular
momentum conversion in inhomogeneous anisotropic media. Phys.
Rev. Lett. 96, 163905 (2006).

Wang, Z.-Y. et al. Vectorial liquid-crystal holography. eLight 4,

5 (2024).

Khoo, I. C., Michael, R. R. & Finn, G. M. Self-phase modulation and
optical limiting of a low-power CO, laser with a nematic liquid-
crystal film. Appl. Phys. Lett. 52, 2108-2110 (1988).

Braun, E., Faucheux, L. P. & Libchaber, A. Strong self-focusing in
nematic liquid crystals. Phys. Rev. A 48, 611-622 (1993).

Durbin, S. D., Arakelian, S. M. & Shen, Y. R. Laser-induced diffraction
rings from a nematic-liquid-crystal film. Opt. Lett. 6, 411-413 (1981).
Born, M. Uber anisotrope fliissigkeiten. Versuch einer theorie der
flissigen kristalle und des elektrischen Kerr-effekts in flissigkeiten.
Sitzungsber. Preuss. Akad. Wiss. 30, 614-650 (1916).

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

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

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

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

Li, J. et al. Development of ferroelectric nematic fluids with giant-¢
dielectricity and nonlinear optical properties. Sci. Adv. 7, eabf5047
(2021).

Zhao, X. et al. Spontaneous helielectric nematic liquid crystals:
Electric analog to helimagnets. Proc. Natl. Acad. Sci. USA 118,
€2111101118 (2021).

Zhao, X. et al. Nontrivial phase matching in helielectric polarization
helices: Universal phase matching theory, validation, and electric
switching. Proc. Natl. Acad. Sci. USA 119, 2205636119 (2022).
Sebastian, N. et al. Polarization patterning in ferroelectric
nematic liquids via flexoelectric coupling. Nat. Commun. 14,
3029 (2023).

Marni, S. et al. Fluid jets and polar domains, on the relationship
between electromechanical instability and topology in ferroelectric
nematic liquid crystal droplets. Soft Matter 20, 4878-4885 (2024).
Kumari, P., Basnet, B., Wang, H. & Lavrentovich, O. D. Ferroelectric
nematic liquids with conics. Nat. Commun. 14, 748 (2023).

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

Tymchenko, M. et al. Gradient nonlinear Pancharatnam-Berry
metasurfaces. Phys. Rev. Lett. 115, 207403 (2015).

Nature Communications | (2024)15:8732


https://doi.org/10.6084/m9.figshare.27100624
https://doi.org/10.6084/m9.figshare.27100624
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53040-8

44. Ortega, J., Folcia, C. L., Etxebarria, J. & Sierra, T. Ferroelectric chiral
nematic liquid crystals: New photonic materials with multiple
bandgaps controllable by low electric fields. Lig. Cryst. 49,
2128-2136 (2022).

45. Shelton, J. W. & Shen, Y. R. Phase-matched third-harmonic gen-
eration in cholesteric liquid crystals. Phys. Rev. Lett. 25, 23-26
(1970).

46. Bloch, N. V. et al. Twisting light by nonlinear photonic crystals. Phys.
Rev. Lett. 108, 233902 (2012).

47. Ma, L.-L. et al. Programmable self-propelling actuators enabled by a
dynamic helical medium. Sci. Adv. 7, eabh3505 (2021).

48. Akiyama, H. et al. Synthesis and properties of azo dye aligning
layers for liquid crystal cells. Lig. Cryst. 29, 1321-1327 (2002).

49. Bekshaev, A. Y., Soskin, M. S. & Vasnetsov, M. V. Transformation of
higher-order optical vortices upon focusing by an astigmatic lens.
Opt. Commun. 241, 237-247 (2004).

50. Goodman, J. W. Introduction to Fourier optics. (Roberts, 2005).

Acknowledgements

This work is supported by the National Key Research and Development
Program of China (No. 2022YFA1405000 (Y.Q.L)); National Natural Sci-
ence Foundation of China (Nos. 72488302 (Y.Q.L), 62375119 (L.L.M),
62305157 (W.C.) and 12161141010 (G.X.L)); National Key Research and
Development Program of China (No. 2021YFA1202000 (L.L.M)); Natural
Science Foundation of Jiangsu Province (No. BK20212004 (Y.Q.L) and
BK20232040 (L.L.M)); Guangdong Provincial Innovation and Entrepre-
neurship Project (No. 2017ZT07C071 (G.X.L)); Fundamental Research
Funds for the Central Universities (No. 2024300360 (L.L.M)); L.L.Ma
gratefully acknowledges the support of Young Elite Scientists Spon-
sorship Program by CAST (2022QNRCO0OT).

Author contributions

Y.Q.L. and L.L.M. supervised the project. Y.Q.L., L.L.M., and J.T.P. con-
ceived the idea and designed the experiments. J.T.P,, L.L.M., B.H.Z,,
G.Y.Z., and W.C. performed the experiment. J.T.P., L.L.M., G.X.L., and
Y.Q.L. developed the theoretical model and carried out the numerical
calculation. W.C., Z.H.Z., C.Z., W.G.Z., and J.T. supported the calculation
and data analysis. Y.W. and Y.L. assisted in fabrications and optical
measurements. L.L.M., J.T.P., G.X.L., N.A.C, and Y.Q.L. prepared the
manuscript with the input from all authors. L.L.M., J.T.P., W.C., B.H.Z,,

GY.Z,J)T,YL,YW.,C.Z,ZHZ,W.GZ, GX.L. Y.Q.L.,and N.A.C.
discussed the results and proofread the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-53040-8.

Correspondence and requests for materials should be addressed to
Ling-Ling Ma, Wei Chen, Guixin Li or Yan-Qing Lu.

Peer review information Nature Communications thanks Inge Nys, Liana
Lucchetti and the other, anonymous, reviewer for their contribution to
the peer review of this work. A peer review file is available.

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

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

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, 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 you modified the licensed
material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. 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-nc-nd/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:8732

10


https://doi.org/10.1038/s41467-024-53040-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/naturecommunications

	Nonlinear geometric phase coded ferroelectric nematic fluids for nonlinear soft-matter photonics
	Results
	Nonlinear polarization of the ferroelectric nematic LC
	Cascaded spin-orbit interaction in the nonlinear LC q-plate
	Dynamically switchable nonlinear optical response of LC q-plate
	Spin-selective nonlinear optical response of chiral LC q-�superstructure

	Discussion
	Methods
	Sample fabrications
	Optical characterizations
	Numerical modeling

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




