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PROGRESS AND POTENTIAL Femtosecond laser direct writing has revolutionized micro-manufacturing in
hard materials, yet its potential for manipulating soft, dynamic phase-transitioning systems remains largely
unexplored. This work bridges this gap by introducing a method to directly write ferroelectric domains in
“iced” ferroelectric nematic liquid crystals—a promising material state previously considered unpatternable
at room temperature due to the failure of conventional alignment techniques. By uncovering a novel mech-
anism where laser-induced thermoelectric fields and fluid shear flow work synergistically, we achieved pre-
cise, electrode-free control over molecular ordering without material damage.

This breakthrough transforms a disordered, solid-like material into a versatile, programmable platform for
advanced nonlinear photonics. Looking forward, this technology paves the way for the development of re-
configurable iced nonlinear optical devices that bridge fundamental soft matter physics with practical appli-
cations. The ability to locally engineer nonlinear optical properties offers immense potential for developing
ultrafast all-optical switches, high-density non-volatile memory, and programmable quantum light sources
for entangled photon generation. Furthermore, this platform could enable complex structured light genera-
tion, such as optical skyrmions, accelerating advancements in next-generation optical computing and dy-
namic holographic imaging.

SUMMARY

Femtosecond laser writing stands as a cornerstone of modern photonics, enabling both fundamental
research into light-matter interactions and manufacturing of devices with multiplexing functionalities. How-
ever, direct writing of polar ordering in complex multi-phase systems remains unexplored. We demonstrate
the direct writing of ferroelectric domains in an iced ferroelectric nematic liquid crystal where conventional
alignment fails. We reveal that the writing mechanism is a phase-transition cooperative assembly process,
where laser-induced shear flow and localized thermoelectric fields collaboratively dictate the final polar ar-
chitecture. This mechanism enables precise engineering of diverse domain patterns, ranging from single-
line to radially arrayed structures. As proof of concept, we showcase laser-written nonlinear Raman-Nath
gratings that enable efficient frequency doubling and beam steering and further advance the generation of
second-harmonic optical vortices carrying orbital angular momentum. Our work establishes a versatile plat-
form for domain engineering in soft ferroelectric matter, opening new routes toward on-demand nonlinear
photonic metamaterials.
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INTRODUCTION

Femtosecond laser direct writing has revolutionized the fabrica-
tion of photonic devices and functional microstructures in
materials ranging from glasses to crystals.’™ Its unique capa-
bility for three-dimensional processing® enables the creation of
embedded waveguides,7 optical memories,® and nonlinear com-
ponents with exceptional precision. The interaction of an ultra-
fast laser pulse with a material usually induces highly nonlinear
absorption, leading to localized and permanent modifications
of material properties.® This versatility has established femto-
second laser writing as an indispensable tool in integrated pho-
tonics and quantum optical technology.'® However, the vast ma-
jority of these applications exploit modifications in the solid
state, where the material response is essentially static and gov-
erned by defect generation or ablation. The exploration of this
powerful technique in dynamic, soft systems, particularly those
exhibiting complex phase transitions and fluidity, remains a sig-
nificant frontier.

The recent discovery of ferroelectric nematic liquid crystals
(FNLCs),""""" such as RM734,"" presents a tantalizing arena
for laser writing. These materials combine the fluidity and self-as-
sembly of LCs with robust spontaneous polarization,'* 8% of-
fering immense potential for electro-optics and nonlinear pho-
tonics. 9716187202425 guch phase typically exists at elevated
temperatures, and at room temperature, the ferroelectric
nematic materials are in a disordered polycrystalline state. A
grand challenge, however, lies in the deterministic domain engi-
neering of these materials—especially in their crystalline-like
“iced” state—to easily harness their nonlinear properties. Con-
ventional alignment techniques prove ineffective for patterning
this particular phase, creating a critical fabrication bottleneck.
Although direct laser writing of LCs has been explored,?**° pre-
vious strategies primarily relied on modifying surface alignment
layers and two-photon polymerization. In contrast, the laser-
matter interaction in the bulk iced ferroelectric phase involves
direct coupling with the LC medium, governed by complex hy-
drodynamic and thermal dynamics. The fundamental physics
of how an ultrafast laser interacts with such a multi-phase sys-
tem—navigating through fluid, polar, and solid-like states—to
define a spontaneous polar order is virtually unknown.

Here, we bridge this critical gap by introducing a versatile
femtosecond laser direct-writing technique for reconfigurable
domain engineering in iced FNLCs at room temperature. We sys-
tematically investigate the anisotropic linear and nonlinear opti-
cal properties of the iced RM734 material and develop a low-po-
wer-density writing strategy that leverages nonlinear absorption
to locally modify the spontaneous polarization without material
damage. A systematical investigation of laser parameter depen-
dence reveals rich underlying physics: especially at elevated
powers, domain formation is governed by a unique multi-phase
cooperative self-assembly process, where laser-induced ther-
moelectric fields and shear flow-induced alignment act in con-
cert to define the polar ordering. The resulting domain structures
exhibit distinct morphologies, including line domains with
embedded substructures, characterized by a polarized optical
microscope (POM) and corroborated by theoretical modeling.
As proof of concept, we demonstrate the direct writing of com-
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plex ¥ patterns for advanced nonlinear wavefront shaping,
including nonlinear diffraction gratings for nonlinear beam steer-
ing and a fork grating for generating second-harmonic optical
vortices. These results highlight the versatility of our approach
in programming adaptive and reconfigurable nonlinear photonic
devices, bridging fundamental studies in soft condensed matter
physics with practical applications in integrated optics and
quantum optics.

RESULTS

Optical properties

RM734'"3932 (Figure 1A), representing a paradigmatic ferro-
electric nematic system, is favored due to its stability, high
dielectric constant (g), and larger second-harmonic nonlinear co-
efficient (') in its ferroelectric nematic phase.® Its phase tran-
sition process is provided in Figures S1A and S1B, utilizing a
combination of POM and differential scanning calorimetry. The
compound demonstrates an isotropic-to-nematic phase transi-
tion at T,y = 183°C (I, isotropic phase; N, nematic phase), a
nematic-to-second-nematic transition at Ty.ne = 127.8°C (NF,
ferroelectric nematic phase), and an indeterminate crystallization
point generally occurring below 70°C during the cooling process.
After the RM734 is infiltrated into an unidirectionally aligned cell,
a frosted granular POM texture with iced disordered LC domains
(Figure S1C) develops from a twisted ferroelectric nematic struc-
ture when the material is cooled to room temperature (25°C). The
transmittance spectrum (Figure S2) confirms that the optical
band gap E, of the iced RM734 exceeds the energy of two pho-
tons (3.10 eV) but is less than that of three photons (4.65 eV) at
the 800 nm excitation. This condition (2hw < E,4 < 3hw) facilitates
a resonant-enhanced three-photon absorption process,**
enabling efficient energy deposition into the transparent film to
trigger the localized temperature change required for writing.
Detailed materials, fabrications, and characterizations of iced
ferroelectric nematic samples are provided in methods.

The optically anisotropic property of photoaligned iced ferro-
electric nematics is characterized using a POM, showing no
extinction of the iced FNLC film when rotating the cell. The
extracted brightness of these textures indicates a continuous
variation, with a ~10.0% difference between the maximum and
minimum (Figure S1D). Moreover, the second-order nonlinear
optical response and its polarization dependency of the unidirec-
tionally aligned iced RM734 further confirm its weak optical
anisotropic property of the iced RM734 (Figure S3). Thus, such
iced ferroelectric nematics is fundamentally different from the or-
dinary high-temperature ferroelectric nematic phase, consti-
tuting a unique family of nonlinear optical materials. Despite its
potential in materializing diverse polar optical structures, photo-
alignment fails to pattern the iced ferroelectric nematic phase of
RM734 (see Figures STE-S1G; Note S1).

Femtosecond laser writing of iced ferroelectric
nematics

Femtosecond laser writing has emerged as a powerful and ver-
satile technique in micro- and nano-manufacturing, offering
exceptional precision in fabricating complex structures across
diverse materials.**®" Here, we adopt femtosecond laser
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Figure 1. Femtosecond laser writing of iced
RM734 material

(A) Schematics of the ferroelectric domains in iced
RM734 and the chemical structure of RM734.

(B) Schematics of femtosecond laser writing of
iced RM734 domains.

(C) Line domains written by a femtosecond laser
with varied pulse energies (ranging from 50 to 150
mW at an interval of 20 mW) and different laser
scanning directions (parallel and perpendicular to
the alignment direction). The double-edged green
and blue arrows denote the photoalignment di-
rection of the LC cell. The transmission axes of the
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polarizer and analyzer are indicated by gray and
yellow arrows, respectively. The scale bars are
50 pm.

(D) Relationship between the line domain width D,
embedded domain width d (in purple), and the
femtosecond laser power. The green line illus-
trates the variation in domain width when the laser
writing direction is parallel to the alignment,
whereas the blue line represents the condition
when it is perpendicular.

(E and F) Line domains observed under different
conditions. The used femtosecond laser power
ranges from 70 to 150 mW at an interval of 20 mW.
The double-edged blue arrows denote the pho-
toalignment direction of the LC cell. The double-
edged sky-blue arrows denote the slow axis of the
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direct writing to achieve an effective polar ordering control in
the room-temperature RM734 material. Our experimental setup
for the femtosecond laser direct writing of iced ferroelectric
nematic materials is illustrated in Figures 1B and S4.
Figures 1C and S5 demonstrate two scenarios of laser writing
of iced RM734 at different pulse powers. The iced RM734 ma-
terial (film thickness ~10 pm) is unidirectionally photoaligned.
The laser beam is focused using a 10x objective (NA = 0.3).
The theoretical diffraction-limited spot size is approximately
5 pm in diameter based on the effective numerical aperture
(NAess ~ 0.196, calculations in Note S2). However, it should be
noted that the effective writing resolution is governed by the
combination of thermal field distribution and the threshold of
polar LC switching. The scanning velocity is kept constant at
10 pm/s, and the writing direction is either along or perpendic-
ular to the preset alignment direction. Below the threshold po-
wer (50 mW), no change in texture is observed. With the gradual
increase in pulse power, the laser-written traces become
increasingly distinct, signifying tunable degrees of modification
in the iced ferroelectric domains. When the power exceeds 90
mW (90-150 mW), thicker domains are imprinted into the

40 60 80

full-wave plate. The transmission axes of the po-
larizer and analyzer are indicated by gray and
yellow arrows, respectively. The scale bars are
50 pm. The inset shows a schematic of the LC
director after direct writing.

100 120 140 160
Power (mW)

RM734 film, exhibiting clearly defined
dark boundaries. For samples using
rubbed polyimide alignment layers,
significantly higher laser powers (370-
520 mW) are required to initiate domain writing (Figure S6).
This power disparity arises from the anchoring energy differ-
ence: rubbed polyimide provides strong anchoring (~10~*
J/m?),%® necessitating a stronger driving force to overcome sur-
face pinning compared to the weak anchoring of photoalign-
ment (~107% J/m?).%° Therefore, compared to samples with
photoalignment (Figure S1C and 1D), rubbing-aligned samples
exhibit stronger bright-dark contrast (Figure S7). Notably, laser-
induced fluidity is observed during the writing process when the
laser power exceeds 90 mW (Video S1). In these domains,
distinct internal morphologies are formed, characterized by
embedded strip-like substructures. For the peripheral areas
surrounding inner domains, optical anisotropy characterization
(Figure S8) reveals a herringbone-like polar ordering. When
corroborated by bright-field POM observation and retarda-
tion-plate measurements (Figures 1E, 1F, and S9), we provide
clearer characterization of the alignment quality by highlighting
the laser-induced polar ordering. This observation also helps us
infer the LC director orientation after laser writing, as schemat-
ically illustrated in Figure 1F (more details can be found in
Note S3).
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Figure 2. Working principle of the femtosecond laser writing technology for iced RM734 ferroelectric domain engineering

(A) POM texture and a magnified view of a typical line domain written with a laser power of 150 mW in photoaligned LC cells. The scale bars are 25 um. The
transmission axes of the polarizer and analyzer are indicated by gray and yellow arrows, respectively.

(B) 3D spatial gradient distribution (right) and corresponding temperature (left, red curve, RT = 20°C) and its gradient profiles (right, blue curve) along the central
axis of the Gaussian spot during femtosecond laser writing.

(C) 3D distribution of the threshold electric field required for ferroelectric domain switching (right) and the corresponding threshold voltage profile along the central
axis of the laser spot (left, purple curve) for iced RM734.

(D) 2D distribution of the thermoelectric field induced by the femtosecond laser (right) and the corresponding thermoelectric-field profile extracted along the
central axis (left, green curve).

(E-H) Schematics of laser-written iced RM734 domains. The outcome of femtosecond laser writing in iced RM734 is strongly governed by the interplay of pulse
energy (in conjunction with repetition rate) and the scanning trajectory. Green and blue arrows represent the molecular dipoles of RM734. As the laser writing
direction is along the x axis, the thermoelectric field in the right hemisphere initially induces a specific local polarization within the iced RM734 domain. Sub-
sequently, when the left hemisphere reaches this position, the field in the left hemisphere modifies the established polar domain, thereby determining the final
domain structure. Conversely, when the laser writing direction is oriented along the negative x axis, the thermoelectric field in the right hemisphere assumes a
decisive role in shaping the domain structure.

(legend continued on next page)
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Quantitative analysis of the written domain lines (Figure S10)
shows that while domains fabricated at lower laser powers exhibit
granular textures, those undergoing a laser-induced melt-recrys-
tallization process in the central region display higher homogene-
ity. As quantified in Figure 1D, both the inner width d and the outer
width D of the laser-written domains exhibit a monotonic increase
as the laser power rises from 110 to 150 mW. Furthermore, the do-
mains are slightly wider in D when the writing direction is parallel to
the LC alignment, compared to when the direction is perpendic-
ular. The difference in domain widths between these two writing
directions increases with laser power, reaching a maximum of
approximately 10.5%, which is attributed to the nearly isotropic
nature of the iced RM734 film (Figure S1D).

A distinct dark spot appears at the termination point of the
laser scanning trajectory, as denoted by the yellow circle in
Figure 1C, indicating the end of the line domain. We investigate
whether the dark terminal spot indicates damage caused by the
high-power femtosecond laser. Figure S11 illustrates elongated
domains created using three different scanning pathways: unidi-
rectional from left to right, unidirectional from right to left, and a
pathway involving scanning from left to right, turning off the
femtosecond laser at the right end and then resuming scanning
in the reverse direction. The results show that the dark terminal
spot consistently appears only once at the laser’s final scanning
end in all cases. This suggests that the reverse scanning process
erases the previous terminal spot, indicating that the dark spots
are not caused by damage.

To explain the domain formation, we propose a model
combining thermoelectric fields and shear flow (Figure 2).
Femtosecond laser writing typically exploits the nonlinear ab-
sorption of femtosecond pulses by the material to generate ther-
mal energy, with thermal accumulation driven by high repetition
rates. This results in elevated temperatures and steep tempera-
ture gradients within the focal volume of the optical beam.*° Our
quasi-steady-state thermal simulations (Note S4; Figures 2B, S2,
and S12) reveal an extremely steep temperature gradient
(VT = 107 K/m) localized within the material. Although organic
materials typically possess a low Seebeck coefficient, this steep
temperature gradient generates a substantial bulk thermoelec-
tric field E = S;VT & 10° V/m (Figure S12C). Simultaneously,
the temperature rise reduces the coercive field (E;,) of the mate-
rial (Figures 2C and S12D, measurements in S12E, and S12F).
Domain switching occurs selectively in the annular region where
the induced thermoelectric field exceeds the local coercive field
(E > Ey, Figure 2D). The laser scanning velocity plays a pivotal
role in defining the domain quality. Our investigation reveals
that increasing the writing speed reduces the time for re-orienta-
tion or/and crystal growth, which leads to a reduction in domain
uniformity (Figures S13 and S14). Consequently, an intrinsic
trade-off exists between fabrication throughput and structural
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homogeneity, necessitating a careful optimization of the writing
speed (typically maintained at 10 um/s in this work) to ensure
robust polar ordering.

Concomitantly, at higher laser powers, the central region un-
dergoes a transient phase transition into the fluid state. The
localized solid-to-liquid transition, combined with the spatial
translation of the laser beam, induces a material flow that over-
comes the initial surface anchoring, resulting in shear-flow
alignment. It was established in the 1980s that shear flows of
sufficient strength in low-molar-mass*' and polymeric nematic
LCs*? can induce significant textural changes accompanied by
disclinations, a behavior later analyzed theoretically.**** In our
system, the laser-induced melting and laser scanning pro-
cesses lead to flow, operating at a high Ericksen number.
This hydrodynamic dominance may force the melted LC direc-
tor to deviate from the preset surface anchoring and enter a
flow-aligned regime. Specifically, a viscous torque acts on
the rod-like RM734 molecules, driving their reorientation
against random thermal motion. This torque originates from
the differential hydrodynamic resistance —defined by the ve-
locity gradient (3%#0, Figures 2l and 2J)—experienced by
the anisotropic molecules, which causes the director n to rotate
toward a stable equilibrium orientation known as the Leslie
angle (6,). In most nematic systems, this orientation lies nearly
parallel to the flow direction, corresponding to a state of mini-
mal energy dissipation.>*® Thus, under laser-directed
shearing, the molecular alignment is dictated by the balance
between viscous torques and rotational diffusion, leading to a
macroscopically ordered state. In rare instances, flow-induced
disclination loops are also observed (Figure S15), which may be
attributed to the backflow effect, i.e., flow reversal. When the
flow ceases or changes abruptly, the release of stored elastic
energy causes the director to rotate continuously within the
shear plane.**

We schematically summarize the laser writing process and
the resultant domain structures in Figures 2E-2H. Once the
electric field exceeds the threshold (experimentally, 50 mW
for a photoaligned sample, and the results for rubbing-aligned
samples are shown in Note S5 and Figure S6), itinduces varying
degrees of modification of the iced RM734 material (Figures 2E
and 2F). When the thermoelectric field significantly surpasses
the threshold without reaching the “explosion” (damage)
threshold, the spontaneous polarization of iced RM734 tends
to reorient according to the local thermoelectric field
(Figures 2G and 2H). In this process, the laser writing direction
also plays a crucial role, which determines the final interaction
between the electric field and RM734 for domain engineering
(see figure caption). In addition, a phase transition and flow ef-
fect® are induced in the central region of the focal spot.
Following laser writing, the RM734 material recrystallizes into

(l'and J) Schematics of higher laser power-induced phase transition and shear-flow effect in LCs. (I) The FNLC dipoles, represented by the colored unidirectional
arrows. The red beam denotes the femtosecond laser used for writing. (J) A top-view schematic of a localized region during the direct laser writing process shown
in (I), with the yellow arrows indicating the orientation of the molecular dipole. The dark gray areas correspond to regions unaffected by phase transition, whereas
the light gray zones indicate phase-transformed regions. Within a zone of width d, scanning of the laser spot combined with phase transition generates a fluid
flow. Due to the difference in physical parameters such as interfacial tension near and away from the transition boundary, a flow field is produced, which in turn
drives the reorientation of the ferroelectric nematic dipoles. The dashed gray curves schematically depict the non-uniform velocity profile of the flow. This

representation is intended as a schematic illustration of the process.
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a ferroelectric line domain featuring a central embedded defect
line. The dark terminal spot in Figure 2A is a specific polar struc-
ture due to the spherically radial nature of the thermoelectric
field and the large accumulation of pulse energy resulting
from the delayed response of the optical shutter. This phenom-
enon is in alignment with the spherulites reported in Liu et al.*®
This synergic mechanism paradigm—combining thermoelec-
tric-field-driven polarization switching in the periphery with
shear-flow-directed alignment in the center—establishes a
framework for laser processing of soft ferroelectric systems,
enabling unprecedented control over domain architectures in
ferroelectric nematics.

Nonlinear beam steering

By leveraging the laser writing technique, we are now able to
rationally design and flexibly engineer the polar ordering of
iced RM734 microstructures (Figures 3 and S16) to locally
modify the effective nonlinear coefficient for photonic func-
tionalities. Three types of structures—a circular configuration,
a radial line domain array, and a grating—are fabricated as
proof-of-concept demonstrations by directing an 800-nm
laser beam to pole the rubbing-aligned (Figure 3) and photo-
aligned iced RM734 materials (Figure S17). As shown in
Figures 3C and 3D, the domain widths exhibit periodic
changes (e.g., from 3 to 9 pm for radial line domains) depend-
ing on the azimuthal angle ¢. Specifically, the width of the line
structure is maximum when the laser writing direction is par-
allel to alignment and at its minimum when it is perpendicular.
The domain width difference of the rubbing-aligned sample is
larger than that of the photoaligned iced RM734, which is
attributed to an order-of-magnitude stronger anchoring en-
ergy provided by the unidirectionally rubbing-aligned sub-
strates.?”*®%9 |t results in a stronger optically anisotropic
property, thereby affecting the laser writing behavior. More
details can be found in Note S5.

Figures 3E, 3F, and S17 show the Raman-Nath diffraction pat-
terns of different nonlinear gratings. The periodic line domains in
Figure 3E are fabricated by sequentially applying the femto-
second laser “pencil” to write along the alignment direction.
We found that the domains modified by the laser exhibit a stron-
ger second-harmonic signal (Figure S18), which confirms that
femtosecond laser writing can effectively modify the second-or-
der nonlinear coefficient of the RM734. Its phase-matching con-
dition*” can be articulated as follows:

k2(n = 2kw + GI‘H (Equation 1)

where k,, and k5, represent the wave vectors corresponding to
the fundamental and second-harmonic waves, respectively,
while G,, denotes the n-order reciprocal lattice vector, as illus-
trated in Figure 3E, right. The reciprocal vector is defined as
G, = 2/\—”)?, where A is the period of the grating, and X is the unit
vector along the x axis. Based on the nonlinear Raman-Nath
diffraction theory, the first-order diffraction angle 6 of the gener-
ated second-harmonic wave is governed by the following
relationship®®*°:

G, niy,

sinf=—=
N, T A

(Equation 2)
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where 1., denotes the wavelength of the second-harmonic
wave. At an input fundamental wavelength of 800 nm, the exper-
imentally determined angle 6 of the first-order diffraction spot is
approximately 1.2°, aligning closely with the theoretical predic-
tion of 1.15°. The grating pattern and its nonlinear diffraction,
achieved with the laser scanning direction perpendicular to the
alignment direction, are provided in Figure 3F. Here, the period-
ically arranged laser-written domains are much slimmer
compared to those written with the laser pencil along the align-
ment direction. In this configuration, the duty cycle of the grating
is severely unbalanced, leading to more high-order diffraction or-
ders compared to the result in Figure 3E. This demonstrates the
critical influence of the laser scanning condition on the domain
structure and diffraction behavior of the iced FNLC material.
The ability to control and tailor such properties by adjusting the
laser writing parameters opens up additional possibilities for
designing and optimizing advanced diffractive devices for appli-
cations requiring complex nonlinear light manipulation.

To highlight the uniqueness of our direct-writing capability in
the iced phase, we compared it with standard photoalignment
techniques. In the high-temperature ferroelectric nematic phase
(>120°C), photoalignment effectively patterns the LC. However,
upon cooling to the room-temperature iced phase, the pre-
patterned grating structures degrade significantly due to poly-
crystalline grain growth (see Figure S19, resulting in strong light
scattering and loss of diffraction efficiency. In contrast, our laser-
written gratings (Figures 3E and 3F) are directly inscribed into the
solid-like iced phase, yielding robust, stable periodic structures
that are unattainable by cooling pre-aligned samples.

Building upon the successful demonstration of nonlinear beam
steering with one-dimensional gratings, we further harnessed
our femtosecond laser writing strategy to engineer a more so-
phisticated optical element: a forked grating (or vortex grating)
of A =15 pm within the iced ferroelectric nematic film. As illus-
trated in Figures 4A and 4B, this structure incorporates a de-
signed topological defect (a dislocation with topological charge
of m = 1) into the periodic domain lattice. The magnified view
of Figure 4B is provided in Figure S20. When illuminated by the
fundamental wave, this laser-written fork grating generates sec-
ond-harmonic optical vortices carrying orbital angular mo-
mentum, as evidenced by the characteristic donut-shaped in-
tensity profile of the diffracted beams (Figure 4C). It is worth
noting that the central zero-order beam retains a Gaussian-like
intensity profile (solid spot), while the diffracted orders carrying
orbital angular momentum exhibit the characteristic doughnut
shape. This observation aligns with the nonlinear diffraction the-
ory and our simulations (Figure 4D), confirming the topological
charge transfer. This result signifies that our direct-writing tech-
nique can imprint not only periodic nonlinear susceptibilities (@)
but also a complex phase structure, including singularities, into
the material.

DISCUSSION

To the best of our knowledge, this is the first demonstration of
femtosecond laser writing of ferroelectric soft materials. Our
strategy transforms the iced ferroelectric nematic—previously
considered an “unpatternable” state—into a highly versatile
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Figure 3. Designing iced FNLC domain structures for nonlinear optical modulation

(A and B) Radial and azimuthal domain patterning of the iced RM734 by femtosecond laser writing. The orange arrows show the direction of the laser writing. The
green arrows show the rubbing alignment. The transmission axes of the polarizer and analyzer are indicated by gray and yellow arrows, respectively. The
femtosecond laser energy is 450 mW. The scale bars are 50 um.

(C and D) Relationships of the domain width and the azimuthal angle (¢) corresponding to the domain patterns in (A) and (B).

(E) POM texture of the nonlinear Raman-Nath grating with the laser writing direction parallel to the rubbing alignment, phase-matching configuration for nonlinear
Raman-Nath diffraction, and the nonlinear diffraction pattern. The fabricated line domain width is 9.3 pm with a period of A =20 pm. The scale bars are 100 pm.
The pumping wavelength of the fundamental wave is 800 nm.

(F) POM texture of the nonlinear LC grating, phase-matching configuration for nonlinear Raman-Nath diffraction, and the diffraction pattern under the condition of
laser scanning direction perpendicular to the rubbing alignment. The fabricated line domain width is 4.9 pm with a period of A =20 pm. The transmission axes of
the polarizer and analyzer are indicated by gray and yellow arrows, respectively.

platform for both fundamental research and applied photonics.
The uniqueness of this platform lies in its thermoelectric-flow
synergistic self-assembly mechanism, which operates indepen-
dently of pre-existing surface alignment. By interacting with a
system capable of undergoing local and transient phase transi-
tions, the laser enables a synergistic interplay of thermal, fluid,
and electric fields that dictates the final polar structure. This

mechanism not only facilitates the creation of functional device
architectures but also opens avenues for studying rich non-equi-
librium phenomena in light-matter interactions, offering funda-
mental insights for reconfigurable nonlinear photonics and quan-
tum optics. Specifically, the generation of a spherically radial
thermoelectric field allows for all-optical, omnidirectional domain
engineering, enabling the manipulation of local -electric
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Figure 4. Laser-written nonlinear fork grating in rubbing-aligned
iced RM734

(A) Laser scanning trajectory for the fabrication of the fork grating.

(B) POM image depicting the resultant nonlinear domain structure. Fork grating
period A = 15 pm. Scale bars: 50 pm. Green arrows indicate the rubbing
alignment direction. The transmission axes of the polarizer and analyzer are
indicated by white and yellow arrows, respectively.

(C) Nonlinear beam steering of second-harmonic optical vortices. Funda-
mental wave: 800 nm. The apparent color shift of the diffraction pattern from its
true spectral composition is due to long-exposure imaging.

(D) Simulated diffraction intensity distribution of a fork-shaped grating.

polarization at arbitrary orientations dictated by the laser scan-
ning direction, which is unachievable in ferroelectric crystals.
Crucially, we have confirmed that the RM734 material remains
chemically stable under the employed laser writing conditions,
with no signatures of photochemical degradation or crosslinking
observed. Nonlinear wavefront shaping through direct laser
writing of iced ferroelectric nematics is realized, marking a great
advancement. Unlike conventional ferroelectric domain engi-
neering methods that often rely on intricate lithography of elec-
trode surfaces or complex multi-beam interference poling, our
approach utilizes a single focused femtosecond laser beam to
simultaneously induce a local phase transition and define the
ferroelectric polarization pattern in a single step. This intrinsic
“top-down” strategy offers unparalleled flexibility for generating
arbitrary @ patterns, ranging from simple gratings to complex
vortex generators, without the need for prefabricated masks or
electrodes.

Looking forward, the potential of this femtosecond laser
writing platform extends far beyond the current demonstration.
It holds immense potential for emerging photonic applications.
Given the unique properties of LCs°°°? —such as tunable anisot-
ropy and reconfigurability —this method may offer pathways for
constructing practical functional microstructures. For instance,
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laser-induced patterning in initially disordered iced FNLC do-
mains could have potential in forming complex skyrmionic struc-
tures,”®** potentially benefiting further photonic computing,®®
imaging,”® and beyond.®” Furthermore, the ability to locally
modulate 4@ at the microscale is critical for programmable
nonlinear holography and reconfigurable nonlinear optical dif-
fractive elements.®®°° This versatility underscores the transfor-
mative potential of our methodology, paving the way for recon-
figurable soft photonic devices—from dynamically tunable
meta-optics to programmable quantum light sources—and es-
tablishing a general platform for laser domain engineering in
organic ferroelectric fluids. In addition, the inherent phase-
change dynamics and excellent external-field reconfigurability
of these laser-written devices further enhance their versatility
for dynamic photonic systems. This approach paves the way
for the application of ferroelectric nematics in a host of advanced
technologies, including high-efficiency frequency mixing, ultra-
fast all-optical switching, quantum information processing via
entangled photon generation, and high-density non-volatile
ferroelectric memory.

6

METHODS

Materials

We synthesized RM734 following the procedures described in
previous ''*°=2 to investigate its physical properties and written
behaviors at room temperature. The agent SD1 (provided by
Nanjing Ningcui Optical Technology Co., Ltd., China) was used
for the photoalignment. SD1 molecules tend to align themselves
perpendicular to the local linear polarization of light. SD1 mole-
cules undergo isomerization upon absorbing ultraviolet photons
and eventually align perpendicularly to the local polarization due
to their dichroic absorption properties.®®®" SD1 is rewritable,
with only the final photo reorientation being recorded. Notably,
once the LC material is infiltrated, the SD1 layer supplies suffi-
ciently high anchoring energy to guide the arrangement of
RM734 molecules in its liquid crystalline phases through inter-
molecular interactions.

Fabrications

Indium-tin-oxide (ITO)-coated glass substrates were first ultra-
sonically cleaned and then cleaned with UV ozone. For photoa-
lignment cells, we use these substrates spin-coated with an SD1
photoalignment layer. The process is as follows. The alignment
agent SD1 was dissolved in dimethylformamide at 0.35 wt %,
spin-coated onto the substrates, and annealed at 100°C for
10 min. After that, two glass substrates were separated by
spacers and assembled into a cell using a UV-curing adhesive.
The thickness of the cell was measured using micro-interferom-
eter. In order to achieve on-demand spatial orientations of SD1,
empty cells were placed at the image plane of the digital micro-
mirror device-based microlithography system to record the
target patterns via a partly overlapping multistep exposure pro-
cess with synchronous polarization control. After that, the
RM734 material was infiltrated into LC cells at 188°C and slowly
cooled to room temperature. If needed, an annealing process
was carried out to drive the possible alignment of LC molecules
on top of the SD1 layer. The uniform rubbing-aligned LC cells
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were purchased from JCOPTIX China. If not specifically de-
noted, the tests in our work employed LC cells with a cell gap
of ~10 um. We also fabricated cells with no preset alignment
(bare glass). An analysis of the optical anisotropy properties of
the sample under a crossed-POM revealed that the laser-written
domains exhibit nearly isotropic characteristics (Figure S21),
consistent with those observed in uniformly photoaligned sam-
ples. This result further demonstrates the ineffectiveness of the
preset alignment for iced FNLCs and confirms that the writing
mechanism is intrinsic to the laser-material interaction, indepen-
dent of a pre-aligned condition.

The laser writing process is as follows. A 10-pm-thick, uni-
formly aligned LC film is mounted on a nanopositioning stage
capable of three-dimensional movements with a resolution of
approximately 5 nm, as shown in Figure S4. The light source is
a mode-locked Ti:sapphire laser (Chameleon Vision-S,
Coherent), which generates 800 nm wavelength pulses with a
75-femtosecond duration and an 80 MHz repetition rate. The
light power can be adjusted using a half-wave plate followed
by a polarizer. The laser beam is linearly polarized and focused
within the iced RM734 film using microscope objectives with nu-
merical apertures NAs of 0.3 (10x). The polarization is parallel to
the preset alignment direction. The calculation of the focused
laser spot size is provided in Note S2. The nanopositioning stage
moves the sample in the x-y plane, allowing the focused beam to
scan across the sample. The fabrication process is monitored in
real-time using a charge-coupled device. During the laser writing
process, we carefully monitored the stability of the samples. The
RM734 material used in this study is chemically stable under the
femtosecond laser irradiation conditions employed (MHz repeti-
tion rate, selected power window). In addition, we disassembled
the LC cells after writing at high power (500+ mW) and cleaned
the substrates. Inspection of the ITO layer under an optical mi-
croscopy (without polarizers) revealed no significant damage
to the conductive layer. This is likely because the central point
of laser is focused within the bulk LC layer (thickness ~10 pm)
not the ITO surface, as shown in Figure S22.

Characterizations

The textures of RM734 material were captured using a POM
(DM2700P, Leica), which allows for detailed observations of the
texture and optical anisotropic properties. The excitation funda-
mental waves for nonlinear beam steering were produced by a Ti:-
sapphire femtosecond laser (Chameleon Vision S, Coherent) with
a 75 femtosecond pulse duration, 80 MHz pulse repetition rate,
operating at a central wavelength at 800 nm. The laser power
was measured using a thermal power meter (S401C, Thorlabs).
The phase transition behavior was characterized using a differen-
tial scanning calorimeter (Mettler Toledo DSC1, STARe).
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