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1. Introduction

2

Liquid crystals offer a dynamic platform for developing advanced photonics and
soft actuation systems due to their unique and facile tunability and reconfig-
urability. Achieving precise spatial patterning of the liquid crystal alignment is
critical to developing electro-optical devices, programmable origami, directed
colloidal assembly, and controlling active matter. Here, we demonstrate a sim-
ple method to achieve continuous three-dimensional control of the directions
of liquid crystal mesogens using a two-step photo-exposure process. In the first
step, polarized light sets the orientation in the plane of confining substrates; the
second step uses unpolarized light of a prescribed dose to set the out-of-plane
orientation. The method enables smoothly varying orientational patterns with
sub-micrometer precision. As a demonstration, we design gradient-index lenses
with parabolic refractive index profiles that remain stable without external elec-
tric fields. We characterize the lenses’ focal length and sensitivity to light polar-
ization through experimental and numerical methods. Our findings pave the way
for developing next-generation photonic devices and actuated materials, with
potential applications in molecular self-assembly, re-configurable optics, and re-

sponsive matter.
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Liquid crystals (LCs) are versatile, adaptive materials
with tunable physical properties arising from the order
of their rod-like molecules. Nematic LCs, in particular,
are characterized by a director - a unit-vector, A(r) -
that delineates the local orientational alignment of the
LC molecules, known as mesogens. Historically, A(r) has
been controlled by using electric fields [1], shear flows
[2], and rubbed polymer coatings [3]. These methods

predominantly favor uniaxial alignment, where meso-

gens are all oriented in the same direction over large re-
gions.

Photoalignment has emerged as a powerful align-
ment technique in research and industrial settings, al-
lowing microscopic spatial patterning of the LC direc-
tor [4, 5]. The method employs a substrate with a thin
film of photosensitive dye that is selectively illuminated
with polarized light to tailor the azimuthal (in-plane) ori-
entation of A(r). When irradiated with polarized light,

the photosensitive molecules on the substrate, typically
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derivatives of azobenzene, undergo trans-cis isomeriza-
tion. In time, they progressively orient their long axes
(and thus their dipoles) perpendicularly to the local light
polarization [6, 7], setting the preferred alignment or
“anchoring” direction of A(r) in the liquid crystal adja-
cent to the substrate [8, 9, 10]. Various approaches exist
to pattern the alignment. Direct laser writing [11, 12],
plasmonic masks [13, 14], and digital micromirror de-
vices [15] offer static and dynamic options to imprint in-
tricate patterns as anchoring conditions for LCs. These
approaches have been used for a variety of applica-
tions, including LC vortices capable of steering light [16],
phase-based flat microlenses [17], and actuators made

of liquid-crystal elastomers [18, 19, 20].

Existing photoalignment techniques allow for con-
tinuous variation of the in-plane alignment to be im-
posed. Control over the director’s pretilt (out-of-plane,
polar) angle with photoalignment is more complicated.
Presently, only discrete LC domains can be tailored to
have a varying pretilt alignment by using multi-step pro-
cesses involving stacked alignment layers [21], photo-
cross linking polymer layers [22, 23], and patterned elec-
trodes [24, 2]. The ability to impose a continuous spa-
tial variation in the pretilt would significantly expand the
application potential of photoaligned LCs, such as by in-
creasing the accessible degrees of freedom for control-
ling the actuated shapes of liquid crystal elastomers [25]
or for creating new phased-based LC optical devices
[17, 26, 27].

Previous work [9] has demonstrated that photoalign-
ment using unpolarized light can control the nematic
pretilt angle. Varying the incident angle of unpolarized
light with respect to the sample plane of an LC cell, pho-
tosensitive azo-dye Brilliant Yellow (BY) (see Supplemen-
tary Information for chemical structure) has been shown
to re-orient to generate an exposure-dependent pretilt
in A(r) over a limited range of angles [28]. The out-
of-plane alignment arises from the azo-molecules un-
dergoing trans-cis-trans isomerization cycles, ultimately
acquiring an out-of-plane angle as they align parallel
to the light propagation direction. Filling the sample
with LC broadens the range of achievable pretilt angles

[29]. Since in these previous cases the technique re-

lies on physically tilting the sample to generate oblique
photo-exposures [30], finely controlled, spatially vary-
ing patterns of the pretilt angle are inaccessible. To date,
navigating complex, multi-step processes has proven to
be a significant barrier in achieving continuous, three-
dimensional (3D) patterning of A (r).

Here we demonstrate an approach to achieve
smooth, 3D variation in 4 (r) that employs a straightfor-
ward, two-step exposure process to photo-pattern the
nematic pretilt (Figure 1). Notably, the technique can
be implemented using only a microscope and standard
optics. The photoalignment process involves an initial
exposure with polarized light to set the in-plane direc-
tor alignment, followed by a second exposure with un-
polarized light, both normal to the substrate. By adjust-
ing the exposure duration of the unpolarized light, the
polar angle of the director can be precisely tuned over
the full range from zero to 90°. The degree of pretilt
depends on the total dose applied, independent of the
light flux. Because the exposure time can be varied con-
tinuously as a function of position, the approach can cre-
ate smooth variations of pretilt with arbitrary spatial pro-
files. To demonstrate this method, we design and fabri-
cate gradient-index (GRIN) microlenses with parabolic
refractive index profiles. The lenses are formed by a
gradually varying, radially dependent director profile
that is stable without needing an applied electric field.
The lens properties are quantitatively consistent with
our characterization of the imposed pretilt from diagnos-
tic measurements, confirming the method’s efficacy for
developing next-generation optical and actuated mate-
rials.

2. Results and Discussion

2.1 Generating pretilt with two-step
photoalignment

We use a two-step process to photo-pattern the az-
imuthal and polar orientation of A(r). Our strategy relies
on exposing azo-dye films on glass substrates to unpo-
larized light in the presence of nematic LC, which has
been shown to promote out-of-plane LC re-orientation
[29]. To pattern the nematic, we use a custom-built pho-
toalignment system [31] (see Figure 1 and the Experi-

mental Section). LC cells are assembled out of indium tin
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FIGURE 1 Controlling nematic pretilt with unpolarized light. a) Simplified schematic of the photoalignment
apparatus to generate spatially varying pretilt. An empty LC cell with BY-coated substrates (left) is initially exposed
to polarized light, setting the azimuthal anchoring direction for LC molecules. After the cell is filled with nematic LC
(right), a region is re-exposed to unpolarized light, forcing the BY (and LC) molecules to re-align out-of-plane. b)
When viewed under crossed-polarizers, the transmission of white light in each re-exposed region varies with the
exposure time ¢ of unpolarized light (scale bar: 30 um). c) Rotating the sample by 8 changes the relative transmitted
light intensity I (8, 8) /Io through the LC cell. The power flux of the light source is (|S|) = 1.63 W - cm~2 and the
wavelength A = 647 nm. Solid lines are results from fits using Equation 1 to obtain g for different exposure times
with d = 2.81 um. Error bars represent the standard deviation of the transmitted light intensity in the re-exposed
region for a given 6. d) Plotting 8 obtained with different (| S|) shows that the pretilt angle depends on the exposure
energy and saturates at a maximum value of ~ 90°, independent of (|S|). The solid line is an empirical best fit to the
data described in the text. Error bars correspond to the standard deviation of diagonal elements of the covariance
matrix for the best-fit parameters.

oxide (ITO) glass substrates that have been spin-coated
with a thin film of the photosensitive dye BY. When
the empty cell is first illuminated with linearly polarized
light, the BY molecules in the exposed region align them-
selves to be orthogonal to the light’s polarization direc-
tion (see Figure 1a, left) [8]. We then fill the cell with
4-cyano-4’-pentylbiphenyl (5CB) in the isotropic phase
(TN = 41°C) and subsequently allow it to cool to room
temperature (T~ 24°C), where the 5CB is nematic. The
alignment of the BY molecules by the initial exposure
creates a planar anchoring condition where the director
is in-plane and perpendicular to the polarization direc-

tion. We subsequently remove the polarizer and illumi-

nate regions of the sample with unpolarized light (Fig-
ure 1a, right). As the exposure time, ¢, increases, the
molecules of the alignment layer tilt out of the plane,
progressively aligning their absorption axes towards the
propagation vector of the incident light while still main-
taining the imprint of their initial in-plane alignment [8].
This orientation by the second exposure alters the LC
anchoring condition, introducing a pretilt to the director
that depends on the duration of the exposure.

Figure 1b displays several hexagonally shaped re-
gions subjected to the two-step photoalignment with
varying amounts of unpolarized light. Under crossed-

polarizers, the resulting transmitted light intensity, I,
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through each region holds quantitative information
about the pretilt angle, B, due to the birefringence of
5CB. Specifically, at room temperature 5CB has a posi-
tive uni-axial optical response and birefringence, where
no = 1.524 and ne = 1.708 are the refractive indices
perpendicular and parallel to the director, respectively
[32]. As the duration of the second unpolarized light
exposure changes from 20 s to 120 s, an overall quali-
tative decrease in the transmitted intensity is observed
(Figure 1b). For incident light with wavelength A, I is
expected to change as a function of the in-plane orien-

tation of A with respect to the analyzer, 6, as

1(6.9) = Tosin® 20+ 6)) sn? | ZF (e (§) = o).

(1
The argument of the second term in Equation 1 cap-
tures the relative retardation experienced by the polar-
ization component of the light parallel to the in-plane
orientation of A when traveling through a nematic cell
of thickness d, which for the sample in Figure 1b is
d = 2.81 £ 0.04 um. This term depends on the effective
extraordinary index of refraction experienced by that
component,

NonNe

neft (B) = (2)

n2cos? B+ n2sin? B

We also introduce an additional parameter, ¢, into Equa-
tion 1 to account for small errors in the alignment of A
with respect to the polarizer, occurring when the sam-
ple is shifted to expose new regions. Note that I is not
monotonic for increasing B and varies for a fixed 6 in a
way that depends on a combination of A, d, and B (see
Supplementary Information for detailed discussion). We
use a narrow band-pass filter for all experiments to re-
strict A = 647 + 10 nm. To obtain Iy, we measure the
mean light intensity transmitted by an unexposed (¢ = 0)
uniformly planar aligned region at various 8 and fit Equa-
tion 1 to this data using the known values for d, A, ne, no.
The resulting value for Iy is then fixed for all subsequent
fits for ¢t > 0. Figure 1c shows I (8, 8) /Iy as a function
of 8 across six exposure times, each with a power flux
of (|S|) = 1.63 W-cm~2. We obtain 3 for each exposure

time by a two-parameter fit using Equation 1, allowing
¢ to vary. The resulting curves are shown in Figure 1c.

We find that 8 increases monotonically with increas-
ing exposure time. Eventually, at long times, the pretilt
saturates at Bmax ~ 90° (Figure 1d). To investigate how 8
depends on the incident power flux, we conduct similar
experiments at four different values of (|S|). Re-scaling
the exposure time by (|S|) gives the energy dose re-
ceived by each re-aligned region. The collapse of the
data sets in Figure 1d reveals that for this range of fluxes,
the variation of 8 depends only on the energy dose re-
ceived [28]. Notably, the transmitted intensities in Fig-
ure 1c also follow the expected variation with 6, imply-
ing that the azimuthal alignment of 4 is preserved as 8

varies with the exposure to unpolarized light.
2.2 Crafting parabolic gradient-index lenses

This two-step illumination method for controlling B al-
lows for specific regions to be illuminated with different
amounts of unpolarized light. As a result, it enables di-
verse pretilt patterns within a sample to be facilely cre-
ated without using physical masks or altering the sample
orientation with respect to the incident light. Indeed,
the method can create a continuously varying pretilt
by smoothly tuning the exposure time across a region.
As a practical demonstration of the technique, we craft
micro-scale LC GRIN lenses to demonstrate the preci-
sion of this capability. The lenses have a § ranging from
0 to a peak of ~ 90° (Figure 2a) such that ne¢ has a
parabolic profile.

To fabricate a lens, we first apply linearly polarized
light exposure to create a large rectangular region with
uniform planar alignment. During the second exposure,
an annular region of fixed outer radius R, and time-
dependent inner radius R; (t) is exposed to unpolarized
light (Figure 2b). The inner radius continuously grows
from zero so that the exposure time (and hence the
resulting pretilt B) increases with increasing distance r
from the center. Specifically, R;(t) is chosen to en-
sure the formation of a GRIN lens with radius R and

parabolic index of refraction profile,

2
netf (r) = nmax — (An) (RLL) s (3)
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FIGURE 2 Crafting gradient-index lenses by varying pretilt profile. a) Schematic cross-section of an LC cell
forming a gradient-index (GRIN) lens. b) The two-step photo-patterning process for varied pretilt. An initial
rectangular region is illuminated with linearly polarized light (light blue region), ensuring uniform LC alignment. In a
second exposure, unpolarized light illuminates an annular region (dark blue) with a time-dependent inner radius to
vary the exposure time radially. c) The time-dependent inner radius, R; (t), leading to 8 (r) (inset, dashed curve) and
a parabolic negs (r) (inset, solid curve) that create a lens with radius R, = 38 um. d) Polarized-optical microscopy of a
GRIN lens of radius R_ = 38 um (orange, dashed line). The lens radius R| is smaller than the outer radius R, = 70 um
of the region exposed to unpolarized light. Inset: Predicted POM texture for a lens with radius R, reconstructed
from Jones calculus from the director field defined by g (r) (scale bar: 40 um). e) Radial transmitted light intensity
profile, I (6, r), for & = x/4. The solid curve represents the theoretical model (Equation 4), with the shaded area
indicating the associated uncertainty (see Supplementary Information for details). f) Accounting for 8 and ¢, I (6,r) at

different 6 collapse onto a single curve defined by I = I (6, r) /sin® (2 (6 + b)).

where An = nmax — Mmin- Here, npi, corresponds to
the minimum effective refractive index achieved at Bmax.
For the GRIN lens in Figure 2, our chosen values of nmax
and np,i, are simply ne and no, respectively. We make
R smaller than R, so that the secondary exposure cre-
ates an annular region, R < r < Ro, around the lens
with B ~ Bmax. This configuration spatially separates
the lens from the boundary with the surrounding area
with planar anchoring.

This parabolic index of refraction profile is obtained
through a pretilt profile g(r) that we find by combin-

ing Equations 2 and 3 and solving numerically for 8. To

derive the corresponding form for R; (¢), we fit the mea-
surements of g3 (t) (Figure 1d) at varying (| S|) using the
empirical form B (t) = arctan ([a(lSl)t]”). Here, a and
b are free parameters, which we find to be a = 3.097
cm?/J,and b = 0.87 by non-linear least-square minimiza-
tion. Combining these fitting parameters with the light
flux used for lens fabrication, (|S|) = 0.51 W -cm™2,
we numerically interpolate between g (t) and g (r) to
derive a result for the exposure time as a function of
r. This is then inverted to obtain R; (¢) that generates
the parabolic profile given by Equation 3 (Figure 2c). Fig-
ure 2d shows a polarized optical microscopy (POM) im-
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age of a GRIN lens with R = 38 um fabricated in this
way. The specific values of 8 (r) and R; (t) for this lens
are provided in a data repository.

To analyze the index of refraction profile of the lens,
we measure its transmitted light intensity. As g in-
creases with r, the transmitted intensity, described by

Equation 1, becomes radially dependent:

I(6,r) =Iysin?(2 (6 +¢)) sin® an [nest (r) = nol] .

4
For the lens in Figure 2d, d = 4.06 + 0.08 ym, mak-
ing I (6, r) non-monotonic with increasing 8 and hence
also with the distance from the lens center. The ob-
tained POM textures qualitatively match those obtained
using Jones matrix calculations for Equation 3 (see Ex-
perimental Section and Figure 2d, inset). Using the tar-
get profile of neg (r) from Equation 3, we also calcu-
lated the expected I (8, r) for various 6. Figure 2e dis-
plays measurements for I (6,r) for 8 = n/4, which
align well with the predictions given by Equation 4. The
expected spatial variation in the pretilt is further vali-
dated by the data in Figure 2f. Here, results for I (6, r)
at different 6 collapse onto a single curve defined by
I=10,r /sin2 (2(6+¢)), which depends solely on
the LC lens's refractive properties. This consistency un-
derscores the accuracy and precision with which we can
smoothly tune B(r) with this method.

2.3 Lens characterization

The GRIN lens described above is a converging lens. As
the lens radius is much larger than A, optical effects in an
LC-based GRIN lens are well approximated by geometric
optics. The focal length, f, can be obtained by consid-
ering the maximum angle of refraction experienced by

light at the periphery of the lens, amax ~ < d’;(r’)

ng
%, where n, is the index of refraction of the glass [33].

|r:RL =
In terms of the lens radius, the focal length is given by,

fR?
— =L, (5)
ng 2And

(see Supplementary Information for a detailed discus-

sion).

Equation 5 establishes a correlation between a lens’s

focal length and An achieved through photoalignment.
Therefore, testing the imaging properties of lenses pro-
vides an independent measurement of An. To do so, we
measure f of GRIN lenses fabricated with radii ranging
from R = 24 to 38 um across samples with thicknesses
ranging between L = 2.32 to 4.64 yum. We position a
mask containing die-cut letters "JHU" in front of a light
source on an upright microscope to serve as an object
to image (Figure 3a). Our GRIN lens is set on a rotat-
ing stage and brought into focus. Lowering the stage
causes the mask’s image to appear in the microscope ob-
jective's focal plane. Since the distance from the mask to
the lens is much larger than 7, the magnitude of this mea-
sured displacement provides a direct measure of f/ng
(see Supplementary Information and Figure S3 for a de-
tailed schematic and discussion). We observe a linear
relation between the 2f/ng and Rf/d (Figure 3b). The
solid line in Figure 3b depicts the expected relationship
with slope 1/An and An = 0.184 based on Bmax = 90°,
and ng = 1.5.

It was previously shown that elliptical (non-toric) fo-
cal conic domains in smectic LCs form GRIN lenses sen-
sitive to light polarization [34]. The same effect can also
be seen in our nematic GRIN lenses. During exposure
with unpolarized light, the in-plane orientation of A cre-
ated during the initial photo-exposure remains fixed, as
shown in Figure 1c. Therefore, only light incident on the
GRIN lens with polarization direction along A should ex-
perience a refractive index gradient. Conversely, light
polarized along the direction perpendicular to the in-
plane alignment will experience only no and no gradient

between the periphery and the center of the lens.

To demonstrate this characteristic, we rotate the lens
by n/2 while keeping the image of the mask in focus,
as depicted in Figure 3c (see also Supplementary Movie
S1). The image's contrast diminishes when the orien-
tation of the A changes from being parallel to perpen-
dicular to the illumination’s polarization direction. This
property is a stable, equilibrium configuration of the LC,
existing without any applied external fields. The bire-
fringent properties of our photoaligned lenses indicate
that only the out-of-plane tilting of the nematic director

is responsible for modulating the refractive index, con-
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FIGURE 3 Optical characterization of microlenses. (a) Schematic illustrating the focal length measurement for a
microlens. A "JHU" mask is positioned immediately after the light source. The sample is mounted on a rotating stage,
enabling adjustment of the orientation of A relative to the light's polarization. (b) Lowering the lens brings the mask’s
image into focus within the microscope objective’s focal plane. The quantity 2f/ng exhibits a linear relationship with
Rf/d. The solid line represents the predicted slope, 1/(An), with An = 0.184 derived from the peak value of 8 at
B(r = R)). (c) Lensing is contingent upon the alignment of A with the illumination’s polarization direction (P). When
A is orthogonal to P, the microlens fails to form an image (scale bar: 20 ym).

firming that the in-plane component maintains its align-
ment direction during the second photo-exposure step.
As A(r) is continuously varying throughout, the lens can
be considered a spatially variant waveplate array, which
can manipulate the polarization and phase of any inci-
dent light beam.

3. Conclusion

In this work, we introduce a new framework for achiev-
ing smoothly varying spatial patterning of the polar and
azimuthal components of the LC director by a sequen-
tial combination of polarized and unpolarized light ex-
posure. By exposing BY-coated substrates of a filled ne-
matic LC cell to unpolarized light, the nematic director
undergoes an out-of-plane re-orientation with a pretilt

angle g that varies with the energy dose received. Our

method circumvents the need for masks, stacked align-
ment layers, electric fields, or altering the sample’s orien-
tation relative to the light source, facilitating a high spa-
tial resolution of the nematic pretilt. Our technique en-
ables precise, continuous sub-microscale control of tilt
angles with a basic microscope setup and employs a gen-
eralizable data analysis method. While we demonstrate
our method for BY paired with 5CB, the technique can
be generalized to other azo-based materials, provided
that they are good alignment layers for the chosen lig-
uid crystal and capable of generating an out-of-plane
alignment (see Supplementary Movie S2, where a simi-
lar experiment is shown with 8CB). We hope our work
will stimulate further research into the molecular mech-
anism governing azo-dye realignment dynamics.
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To demonstrate the precision of our technique, we
crafted GRIN lenses with parabolic refractive index pro-
files. Though our parabolic profile extends between ne
and no, our technique allows for the values of nmax and
nmin in Equation 3 to be varied. As the pretilt depends
only on the anchoring conditions at the alignment layer,
the lenses remain stable without needing external elec-
tric fields. The optical characteristics of the lenses are in
good agreement with those expected from our measure-
ments of B (t), and both quantitatively and qualitatively
confirm that the secondary exposure with unpolarized
light preserves the in-plane orientation of A.

Beyond the demonstrated application to GRIN lens
fabrication, this approach should facilitate the develop-
ment of more broadly controllable liquid crystal elas-
tomers [25], where the encoded pretilt biases actuation
to specific deformation modes [35, 18]. In addition, our
technique opens up the possibility of creating new op-
tical instruments, including re-writable gradient index
lenses and phase-based optical devices [26, 27], photo-
switches [36], spatial light modulators [37], sensors [38],
and polarimeters for minimally invasive clinical diagnosis
[39]. Our GRIN lenses can be designed explicitly with
pretilt profiles that function at low voltages, resulting in
faster electro-optical modulation [40, 22]. The ability
to smoothly vary the pretilt in LCs enables the design
and fabrication of optical devices that precisely struc-
ture and shape light [39], improving the resolution in
both augmented and virtual reality systems [41]. Fur-
thermore, by varying specific boundary conditions, our
method provides a platform to rigorously study the be-
havior of topological defects in LCs during phase transi-
tions [42, 31, 43, 44], paving the way for deeper insights
into fundamental properties of materials.

4. Experimental Section

Substrate preparation

ITO-coated glass substrates (SPI Supplies) are used to
achieve uniform spreading of photosensitive dye. The
glass is cut and cleaned using an ultrasonic cleaner with
Hellmanex cleaning solution (Fisherbrand), followed by
sequential rinsing with acetone, ethanol, and isopropyl
alcohol. After rinsing, substrates are dried with N,

gas. Photosensitive azo-dye Brilliant Yellow (BY, Sigma-

Aldrich) was combined with n,n-dimethylformamide
(DMF) to achieve a 1 wt.% solution. The BY-DMF solu-
tion is spin-coated onto the substrates at 3000 RPM for
45 seconds. After spin-coating, substrates are baked on
a hot plate at 95°C for 15 minutes. All spin-coating and
heating steps are performed in a humidity-controlled
environment with relative humidity below 35% to op-
timize the BY thin film for photoalignment [45]. Sub-
strates are subsequently fixed together using epoxy glue
(Loctite) to create a liquid crystal cell. After the epoxy
cures, we use spectroscopic reflectometry to measure
the cells’ thickness d, obtained from the absolute re-
flectance spectra (Oceanview) fit using custom Matlab
code.

Photoalignment Instrumentation

The custom-built photo-patterning instrumentation
consists of an LED source feeding into the side port
of a bright-field inverted microscope body (Tl Eclipse
TE2000) as described previously in [31]. Projected im-
ages were designed in Keynote and generated using
an LED-based projector (Sony MPL-C1A) connected to
a peripheral optical path (see Supplementary Informa-
tion Figure S2). The projector operates using three
time-modulated laser diodes. We use the blue (A =
445nm) diode to match the absorption band of the
BY-DMF solution. Images generated by the projector
first pass through two aspheric condenser lenses (Thor-
labs, ACL50832U) with focal lengths £ = 32 mm, sepa-
rated by 64 mm. These lenses collimate the illumination.
Two achromatic doublet lenses (f = 100 mm, Thorlabs,
AC508-100-A-ML and f = 200 mm, Thorlabs, AC508-
200-A-ML) bring the image into focus at the infinity-
corrected plane near the microscope’s side port. A re-
movable linear polarizer is mounted directly before the
side port. Once inside the microscope body, the image
is reflected by a dichroic mirror, picked up by an infinity-
corrected tube lens, and collected by a microscope ob-
jective (10x, Nikon E Plan, 0.25 NA) that focuses the
light onto a BY-coated substrate.

Sample preparation and exposure process

To generate alignment boundary conditions, a large re-
gion of an azo-dye-coated substrate is exposed to lin-

early polarized blue light using the photoalignment ap-
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paratus described above. When exposed to linearly po-
larized light, the photosensitive azo-dye molecules align
orthogonal to the polarization plane, thereby determin-
ing the preferred azimuthal orientation of the nematic di-
rector, A. To achieve spatial variation of the pretilt, we fill
LC cells with 4-cyano-4"-pentylbiphenyl (5CB, Nematel
GmbH). Once 5CB cools into the nematic phase, we re-
expose the region to unpolarized light by eliminating the
polarizer from the optical path. The pretilt is varied by
varying the exposure duration across a region with unpo-
larized light. To fabricate lenses, spatially varying the ex-
posure time is controlled by playing a movie in Keynote -
crafted using custom Python code - to project an annu-
lar exposed region with a fixed outer radius and a time-
varying inner radius as described above. After the pho-
toalignment process is finished, LC cells are sealed on
their ends using UV curable resin (Loon Outdoors UV
Clear Fly Finish)

Polarized optical microscopy

We use a Nikon LV 100N Pol upright microscope to
image photo-patterned regions. The microscope is
equipped with a rotating stage and a 20x Nikon Tu Plan
ELWD objective. Samples are placed on a heating stage
(Instec HCS302) set to 23.4°C. Kohler illumination is
achieved with a Nikon LW 0.65 condenser. A 647 nm
bandpass filter (Thorlabs, FBH647-10) is used to restrict
the incident wavelength of light for all measurements.
Optical microscopy images are captured using a Nikon
DS-Ri2 camera, with the adjustable aperture diaphragm
lever of the condenser lens set to ~ 0.1 to minimize stray
light.

Jones Matrix Calculations for POM Texture
Reconstruction

We use Jones calculus to qualitatively compare experi-
mentally obtained polarized optical microscopy textures
(POM) of gradient index (GRIN) lenses to those ex-
pected from the procedure to determine the pretilt pro-
file B (r) described above. The numerically derived di-
rector field is discretized into volume elements (voxels)
on a 3D grid. Each position in the x — y plane, denoted
by p, contains N voxels of thickness A stacked along
the z—direction (NA = d). Given that the change in A

between consecutive voxels is small, we can infer that

A < 1/|VA|, where A is the light's wavelength.

Each voxel, represented by v, behaves as a uniaxial
birefringent optical element. This is characterized by a
2 x 2 Jones matrix, M", which depends on the extraor-
dinary ne and ordinary no refractive indices of the LC.
The light’s propagation through a voxel is subject to an
nesf that depends on the polar angle 6, between 4 and
the light's propagation direction, ko. With kg = 2, the
plane of polarization is defined in the x — z plane. The

corresponding Jones matrix is expressed as:

Y A
elneﬁ(ev)Zn/‘ 0

MY (p) = (6)

inVorl
0 e/n027t7

Utilizing the refractive indices of 5CB at the exper-
imental temperature and wavelength A, we compute
M (p). This allows us to construct a single operator,
¥, which integrates the effects of all voxels at a given p

Following the methodologies in [46] and [47], we es-
tablish 2x 2 Jones matrices for both the polarizer, #, and
the analyzer, A. The propagation of plane waves, Ej,
through the sequence of P,y (p), and A results in a re-
sultant Jones vector, Et (p). The reconstructed POM
texture is derived from the light intensity transmitted

through each voxel, represented as I (p) = | E7 (p) |2
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