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ABSTRACT
Light propagation through artificially patterned anisotropic materials, such as dielectric metasurfaces, enables precise control of the spatio-
vectorial properties of optical fields using highly transparent, thin, and flat optical elements. Liquid-crystal cells are a common realization
of such devices. Optical losses are typically assumed to be polarization-independent and are therefore often overlooked in modeling these
systems. In this work, we introduce electrically tunable liquid-crystal metasurfaces with patterned birefringence and dichroism, achieved by
incorporating dichroic dye molecules into the liquid-crystal mixture. These dye molecules align with the liquid crystal, effectively coupling
birefringence and dichroism effects. The behavior of these metasurfaces is described using non-unitary Jones matrices, validated through
polarimetric measurements. In the case of devices that are patterned to form polarization gratings, we also characterize the diffraction
efficiency as a function of the dichroism and birefringence parameters, which can be tuned jointly by applying an electric field across the
cell. This study not only introduces a new class of optical components but also deepens our understanding of light propagation through
anisotropic materials, where dichroism can naturally arise from bulk material properties or from reflection and transmission laws at their
interfaces.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0261491

I. INTRODUCTION

Spin–orbit photonic technologies allow for accurate manip-
ulation of spatio-vectorial features of optical fields by acting on
optical polarization in a space-dependent manner.1,2 Their capa-
bility of generating structured light enables relevant applications,
including particle trapping,3,4 robust light guidance,5,6 imaging,7–9

and simulation of spin-dependent dynamics.10 Spin–orbit interac-
tions of light also play a crucial role in topological photonics,11

underlying the observation of unique phenomena, such as the
subwavelength displacement of a circularly polarized beam at an

interface, which is a typical manifestation of the spin-Hall effect of
light.12–14

In the past decades, this functionality has been demonstrated
for a variety of anisotropic materials, such as photonic crystals,15,16

liquid crystals,17–19 epsilon-near-zero materials,20 as well as
plasmonic21–23 and dielectric metasurfaces.24–26 In this context,
liquid-crystal metasurfaces (LCMSs), slabs of nematic liquid crystals
(LCs) artificially patterned on the micrometric scale,27 emerge as a
versatile and compact solution to structure light polarization and
beam transverse profile.28,29 Although they lack the characteristic
subwavelength patterning of typical nanostructures, these devices
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achieve metasurface-like functionalities by exploiting gradients of
the Pancharatnam–Berry phase to tailor optical beams across a wide
spectral range.30 In this case, the functional subunits are not dis-
crete meta-atoms but local domains in the continuous LC medium,
defined by the molecular director orientation. The prototypical
example of LCMSs is the q-plate,31 wherein the liquid-crystal layer
is aligned with an integer or semi-integer topological charge, which
allows for partial or full conversion of spin angular momentum into
orbital angular momentum. Since their first introduction, LCMSs
have found applications in both classical and quantum domains,32 in
particular microscopy,33 communications,34,35 metrology,36,37 and
simulations.10,38,39

In all experiments involving q-plates and their generalization to
arbitrarily patterned devices, optical losses across the LC slab have
been assumed to be polarization-independent; therefore, no mea-
surable effect was revealed, apart from a global attenuation of the
incoming light intensity. Exceptions can be found in the context
of LC polarization gratings, introduced specifically for polariza-
tion holography and polarization imaging.40–42 In this paper, we go
beyond this regime and extend the functionality of LCMSs to the
case of polarization-dependent optical losses. In particular, these are
introduced by doping the LC mixture with dichroic dye molecules,
featuring differential absorption for two orthogonal polarization
components. We show that the response of this new class of LCMSs
can be effectively modeled as a non-unitary Jones matrix, where the
distance from the unitary case is proportional to the dichroic power
of the cell. This formalism has also been adopted in previous stud-
ies, reporting, for instance, POLICRYPS-based diffraction gratings,
where the dichroic character stems from the polarization-dependent
diffraction efficiency of the sample, measured by rotating the ana-
lyzer direction.43 Similarly, a recent study introduced thermally
tunable dichroic LMCSs acting as circular polarization gratings.44

In this work, we present dichroic LCMSs that are instead electrically
tunable, that is, when an electric field is applied across the cell, a
torque on the LC molecules tilts them out of the slab plane, modify-
ing both birefringence and dichroism. This model is experimentally
validated on a few samples of dichroic LCMSs, in the case of both
uniform and spatially patterned optic-axis orientations. In the latter
scenario, we specifically focus on polarization gratings, given their
use in several fields, and provide a characterization of their diffrac-
tion efficiency as a function of the dichroic parameter, based on the
recorded far-field patterns.

II. DICHROIC LCMSs
LCMSs can be effectively modeled as slabs of birefringent uni-

axial materials.45 Their action is typically described through the
Jones formalism, where the field is described by a 2D complex vec-
tor. The vector entries represent the complex amplitudes of the field
associated with two orthogonal polarization states, serving as a basis.
If diffraction within the sample can be neglected, the output field of
the LCMS is obtained by applying the device’s Jones matrix to the
input Jones vector. To begin, we consider a LCMS with a uniform
pattern. In the basis of the extraordinary and ordinary axes, the Jones
matrix for such a system is expressed as

L =
⎛

⎝

eikned 0
0 eiknod

⎞

⎠
, (1)

where k = 2π/λ is the incident light wave vector, with λ being the
optical wavelength; ne (no) is the refractive index along the extraor-
dinary (ordinary) axis; and d is the sample thickness. For simplicity,
we can assume that the extraordinary (ordinary) axis coincides with
the x (y) direction, and photons propagate along z. This model is
compatible with polarization-independent losses, which affect the
propagation of two polarization components in the same way and
can therefore be neglected.

We aim to introduce linear dichroism in our device, which cor-
responds to differential absorption depending on the input linear
polarization. In LC displays, a typical solution relies on the so-called
guest–host effect,46 wherein a guest dichroic compound, such as
an absorbing dye, is incorporated into the host LC matrix. In our
experiment, the LC mixture is doped with organic dye molecules,
specifically 1,4-diaminoanthraquinone. The Jones matrix in Eq. (1)
is thus generalized as

L =
⎛

⎝

eiknede−αed 0
0 eiknode−αod

⎞

⎠
, (2)

where αe (αo) is the absorption coefficient along the extraordi-
nary (ordinary) axis, typically with αe > αo.47 The matrix in Eq. (2)
is indeed a non-unitary Jones matrix, whose birefringence and
dichroism can be formally combined as follows:

L = eiζ̄ /2⎛

⎝

eiζ/2 0
0 e−iζ/2

⎞

⎠
, (3)

where ζ = δ + iη and ζ̄ = δ̄ + iη̄ are complex parameters, with

δ = kd(ne − no),
η = d(αe − α0),

δ̄ = kd(ne + no),
η̄ = d(αe + αo).

(4)

In Eq. (3), eiζ̄ /2 accounts for a global phase shift and attenuation
factor.

If the LC molecules lie at an angle θ in the xy plane,
the dye molecules align with the underlying birefringent host.46

Accordingly, the Jones matrix in Eq. (3) is transformed as

Lθ = eiζ̄ /2
⎛
⎜
⎜
⎝

cos
ζ
2
+ i sin

ζ
2

cos 2 θ i sin
ζ
2

sin 2 θ

i sin
ζ
2

sin 2 θ cos
ζ
2
− i sin

ζ
2

cos 2 θ

⎞
⎟
⎟
⎠

. (5)

The latter assumes a simpler expression in the circular polarization
basis, where ∣L⟩ = (1, 0)T

(∣R⟩ = (0, 1)T
) is the left-handed (right-

handed) circular polarization state:

Lθ = eiζ̄ /2
⎛
⎜
⎜
⎝

cos
ζ
2

i sin
ζ
2

e−2iθ

i sin
ζ
2

e2iθ cos
ζ
2

⎞
⎟
⎟
⎠

, (6)

which is formally equivalent to the Jones matrix of a standard wave-
plate with a complex birefringence parameter. When θ is uniform
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FIG. 1. Dichroic LCMSs. (a) Homogenous LCMS and (b) inhomogeneous LCMS,
with the latter exhibiting a periodic pattern along the x axis.

across the transverse plane, we refer to these devices as homo-
geneous LCMSs [see Fig. 1(a)]. However, LC molecules can be
photoaligned according to a specific pattern θ(x, y), as shown in
Fig. 1(b). Further details on the fabrication of the samples are pro-
vided in Sec. IV. In the following, we provide a characterization of
dichroic LCMSs in both configurations.

A. Dichroic homogeneous LCMSs
The dichroic coefficient η is wavelength-dependent. To char-

acterize this spectral response, absorption measurements are carried
out for homogeneous samples. From the results reported in Fig. 2, it
is clear that the dichroic power of the LCMSs significantly decreases
above 630 nm, where the absorption of extraordinary and ordinary
components is comparable. Accordingly, λ = 532 nm is selected as
the operating wavelength to maximize the dichroism of our devices
while aligning with the availability of laser sources in our laboratory.
The nematic mixture E7 (from Merck) is used as the LC host, having
refractive indices no = 1.5277 and ne = 1.7538 at the operating wave-
length.48 The application of an external electric field along z causes
the LC molecules to tilt out of plane toward the z-axis (see Fig. 1),
altering the extraordinary refractive index of the LC layer. As the
field strength increases, this index approaches the value of the ordi-
nary refractive index. In conventional LCMSs, this effect is used to
tune the effective birefringence parameter δ.29,49 Being the orienta-
tion of dye molecules coupled to that of LCs, in the case of dichroic
LCMSs, the dichroic power of the cell changes as well when adjusting

FIG. 2. Spectral characterization of dichroic LCMSs. Measured transmittance of
extraordinary and ordinary components for different wavelengths. A vertical bar at
λ = 532 nm indicates the conditions of our experiment.

FIG. 3. Linear dichroism as a function of voltage. (a) Measured transmittance
of extraordinary and ordinary components at λ = 532 nm for different input volt-
ages. (b) Extracted dichroic parameter η from the recorded transmittance. At high
voltages, the dichroic power of the cells vanishes.

the external electric field. We characterized this effect by record-
ing the transmitted power for the extraordinary and ordinary waves
at different values of the applied voltage. In particular, an oscillat-
ing square wave signal at ∼4 KHz is used. From the transmittance
curves shown in Fig. 3(a), the dichroic parameter η is extracted at
each voltage [cf. Eqs. (3) and (4)],

η =
1
2

log
Po

Pe
, (7)

where Po (Pe) is the transmitted power of the ordinary (extraor-
dinary) component. Even if a closed-form relation for η(V) is not
reported, the observed voltage-dependent trend can be explained
as follows: as the applied voltage increases, the absorption along
the ordinary axis remains unchanged, while the field-induced tilt
of the LCs toward the propagation direction reduces the absorp-
tion along the extraordinary axis. At low voltages, the LCs are nearly
orthogonal to the propagation axis, leading to a maximum difference
between the absorption coefficients, which results in the maximum
value of η [see Fig. 3(b)]. In the limiting case where the LCs are fully
aligned with the electric field, the components along the ordinary
and extraordinary axes become indistinguishable, leading to mini-
mum dichroism. In all figures showing the response of these devices
to the applied electric field, the reported voltage values represent
peak-to-peak amplitudes.

Homogeneous LCMSs are also characterized with circularly
polarized light. In particular, we illuminate the sample with a left-
handed input beam and project the transmitted light on the two
orthogonal circular polarization components. From Eq. (6), we
obtain

PLR = e−η̄
∣sin

ζ
2
∣

2

= e−η̄ cosh η − cos δ
2

,

PLL = e−η̄
∣cos

ζ
2
∣

2

= e−η̄ cosh η + cos δ
2

,
(8)
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where PLR (PLL) is the power of the right (left) projection, corre-
sponding to the converted (unconverted) fraction of incoming light.
In the limit η→ 0, up to the attenuation factor e−η̄ , the function-
ality of standard LCMSs is recovered, with the unitary condition
expressed as

PLR,η→0 + PLL,η→0 = sin2 δ
2
+ cos2 δ

2
= 1. (9)

The joint presence of birefringence and dichroism, and their depen-
dence on the external field, can be revealed by measuring the
transmitted power of the converted and unconverted light at dif-
ferent voltages. In particular, the relative amplitude of the min-
ima and maxima of the two components does not stay constant
[see Fig. 4(a)], as both the birefringence δ and the dichroic para-
meter η depend on the applied voltage, unlike non-dichroic LCMSs
[see Fig. 4(b)]. Furthermore, the minima of both PLR and PLL, which
are expected to vanish in the unitary case, take finite values due to
the presence of dichroism. Nevertheless, as in the case of standard
LCMSs, the maxima (minima) of the converted (unconverted) com-
ponent correspond approximately to an effective birefringence equal
to half-wave retardation [see Eq. (8)]: δ = (2n + 1)π, with n being an
integer number. Vice versa, the minima (maxima) of the converted
(unconverted) component correspond to full-wave retardation:
δ = 2nπ. Quarter-wave retardation (δ = (2n + 1)π/2) is obtained
when PLR = PLL.

B. Dichroic patterned LCMSs
As discussed above, LC molecules can be photoaligned so as

to match a specific pattern. Here, we focus on linear polarization
gratings,40 where the optic-axis orientation features a 1D linear
modulation, θ(x) = πx/Λ. Λ is a characteristic distance, set to 5 mm
in our experiment, representing the spatial period of the grating.
Originally introduced in the context of polarization holography,40

FIG. 4. Characterization of dichroic LCMSs with circularly polarized light. Mea-
sured power (normalized to the total input power) of the converted (PLR) and
unconverted (PLL) circular polarization components from (a) a dichroic and (b)
a non-dichroic LCMS. The varying ratio between the maxima and minima is a
signature of the dichroic character of the cell.

they have recently been used for the simulation of 2D quantum walks
in the light transverse-momentum space,38 where they have been
dubbed g-plates.38 Such devices have also been recently employed
for enhanced metrological protocols.37

Polarization gratings, or g-plates, act by deflecting inci-
dent light in opposite directions depending on the input
polarization.40,50,51 Figure 5(a) shows the pattern emerging when
observing a dichroic g-plate between crossed polarizers. This is very
similar to the typical fringe pattern of a non-dichroic cell, having
bright and dark fringes alternating with a period Λ/2, as illustrated
in Fig. 5(b). However, the dichroic character of the plate can be
revealed by removing the analyzer (A) while maintaining the polar-
izer (P). In fact, the differential absorption of light by dye molecules
reveals the grating structure even without an analyzer [see Figs. 5(c)
and 5(d)]. In this case, the spatial period of the fringes is Λ.

The g-plate device modifies the input beam by adding a quan-
tized amount of transverse momentum ±Δk�, given by Δk� = 2π/Λ,
depending on the input polarization [cf. Eq. (6)]. In other words,
it creates optical modes characterized by a wavefront slightly tilted
in the xz plane. These modes carrying discrete units of transverse
momentum can be sorted on a CCD camera placed in the focal plane
of a converging lens, as long asw0 ≥ Λ, withw0 being the input beam
waist. In this scenario, the modes appear as separate Gaussian spots
arranged on a line.38 Representative far-field distributions recorded
on the camera are shown in the top insets of Fig. 6.

In the following, we provide a characterization of the diffrac-
tion efficiency of a dichroic g-plate for linear and circularly polarized
input states and for different values of the birefringence parameter,
selected as illustrated in Sec. II A. When considering a horizontally
polarized input beam, ∣H⟩ = (∣L⟩ + ∣R⟩)/

√
2, an ideal non-dichroic

g-plate at half-wave retardation can be used to perfectly sort optical
modes being left or right polarized, by adding a single unit of trans-
verse momentum Δk� with opposite signs. This is not the case for a
dichroic plate, where the dichroism is responsible for a residual frac-
tion of incoming light sent to the zero order, as shown in Fig. 6(a).
A similar behavior is observed for a left-circular input, wherein
only the first diffraction order is expected in the non-dichroic case
[see Fig. 6(b)]. In the case of quarter-wave plate retardation, the
dichroic character manifests itself as a global attenuation equally

FIG. 5. LC polarization gratings. (a) A dichroic and (b) a non-dichroic LCMS, pat-
terned with a grating structure, are observed between crossed polarizers P and
A. When removing the analyzer A, (c) the grating pattern is clearly visible in the
dichroic device, while (d) it is invisible in standard LCMSs.

APL Photon. 10, 050802 (2025); doi: 10.1063/5.0261491 10, 050802-4

© Author(s) 2025

 18 N
ovem

ber 2025 09:34:42

https://pubs.aip.org/aip/app


APL Photonics ARTICLE pubs.aip.org/aip/app

FIG. 6. Diffraction from a dichroic g-plate. Measured far-field distributions and corresponding line intensity profiles from a dichroic g-plate operating at half-wave (a, b),
quarter-wave (c, d), and full-wave (e, f) retardation, for horizontally (top) and left-circularly (bottom) polarized input states. Retardations corresponding to δ = π, π

2
, and 2π

are obtained by applying a peak-to-peak voltage equal to 2.82, 2.95, and 3.05 V, respectively. (g) Measured values of the diffraction efficiency β of a dichroic g-plate (blue
circles) at voltages corresponding to full-wave and half-wave retardation, obtained when shining the cell with horizontally polarized light, compared with a non-dichroic cell
(green circles) and with theoretical predictions based on Eq. (8) (red crosses). As predicted from Eq. (8), the maxima and minima of the diffraction efficiency do not stay
constant, as at larger values of the applied voltage, the dichroic power of the cell is reduced. (h) Transmittance of individual diffraction orders generated by using a dichroic
g-plate, obtained by dividing the power of each mode by the total input power.

affecting the diffracted and unmodulated light, as shown in Figs. 6(c)
and 6(d). An interesting case is provided by full-wave retardation,
where non-dichroic g-plates act as the identity operator, while the
presence of dichroism in our samples drives a small portion of the
input light to the first diffraction orders [see Figs. 6(e) and 6(f)].

By collecting intensity distributions in the far field, as those
illustrated in Fig. 6, the diffraction efficiency β of the dichroic g-plate
at several values of the applied voltage is extracted. In particular, we
compute as P−1, P0, P1 the integrated intensity of the corresponding
diffraction orders. β is then obtained as

β =
P−1 + P1

P−1 + P1 + P0
. (10)

Essentially, it measures the ratio between the correctly diffracted
light and the total transmitted light, assuming that there is no
diffraction into higher-order modes, which is the case for lin-
ear phase gradients. Horizontal polarization is used as the input,
and the voltages corresponding to half-wave and full-wave retar-
dation are considered for this analysis. As expected, the maxima

(minima) of β correspond to half-wave (full-wave) retardation.
However, unlike non-dichroic devices, the diffraction efficiency does
not take the same values at different maxima and minima, as increas-
ing the voltage reduces the dichroic power of the cell (cf. Figure 3).
Experimental results are reported in Fig. 6(g). They are compared
with theoretical estimates, extracted from Eq. (8) with values of
η reported in Fig. 3(b), and with the diffraction efficiency measured
from a non-dichroic sample. In the latter case, measurements were
taken for a g-plate with a smaller thickness, d = 6 μm, resulting in a
reduced number of voltage levels at which the device operates at half-
wave and full-wave retardation. Figure 6(h) shows the transmittance
of each diffraction order expected for our dichroic grating.

Finally, we assess the time response of our devices by mea-
suring the switching time of a dichroic g-plate, defined as the time
required to switch from full-wave to half-wave retardation and vice
versa, after the voltage has changed. This time is estimated by mon-
itoring the complete switching of the transmitted power of the light
converted component from a minimum to a maximum value and
vice versa. In this realization, we consider all available transitions at
successive voltage levels, as reported in Fig. 7. The sampling time
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FIG. 7. Switching time. We measure the switching time of a dichroic g-plate at
successive voltages corresponding to full-wave and half-wave retardations. The
vertical lines indicate when the voltage switches to the values reported at the top.
The response time is on the order of 1 s at low voltages, while it becomes faster in
the high-voltage regime. The smallest sampling time of the power meter was used,
corresponding to ∼20 ms.

from the power meter is about 20 ms. As expected, the response time
of the cell is slower at low voltages (≃ 1 s), while it becomes faster at
higher voltages (≃ 100 ms). This is due to the larger torque induced
by stronger fields. In the future, the slow response at low voltages
could be overcome by using thinner cells49 or introducing a pre-tilt
angle at the alignment surface.

III. CONCLUSION
We introduced a new class of LCMSs that exhibit polarization-

dependent losses. The optical behavior of these devices can be
described by a non-unitary Jones matrix, formally equivalent to that
of a standard waveplate with a complex birefringence parameter.
This model has been experimentally validated on both homogeneous
and structured metasurfaces, where the spin–orbit functionality
embeds the dichroic feature.

We demonstrated that the application of an external voltage
serves as a convenient control for tuning the dichroic character of
the cell, with the only limitation being that the birefringence and
dichroic properties are inherently coupled and cannot be adjusted
independently. The new devices hold great promise for the sim-
ulation of non-unitary dynamics and non-Hermitian topological
phases.52–56

Our investigation was carried out assuming a negligible non-
linear response from the dye, typically associated with photoinduced
reorientation of LC molecules.47 However, we expect small nonlin-
ear effects to still be measurable at our operating power (≲ 3 mW),47

here possibly manifesting as larger deviations from the theoretical
description. Incorporating the nonlinear effects into our model will
eventually require accounting for both the dye electronic structure
and its intermolecular interactions.

IV. METHODS
A. Fabrication

Two glass plates, pre-coated with a thin film of ITO (indium
tin oxide, a transparent conductive material), undergo two-stage
cleaning in an ultra-sonication chamber, the first with a 5% solution
of phosphate-free alkaline detergent and distilled water and the

second with distilled water only, both for 60 min at 60○. The plates
are then dried in the oven for 60 min at 100○. This is followed by
a 45-min ozone–UV exposure, facilitating the subsequent azo-dye
deposition. The glass plates are spin-coated with a thin film of pho-
tosensitive azo-dye. After spin-coating, the plates are sandwiched
together with the help of 17 μm silica spacers. The desired pattern
is imprinted using a well-established photoalignment technique,29

allowing for the azo-dye molecules to be oriented point by point
by rotating the linear polarization of an incident beam at 445 nm.
After photoalignment, the cell is eventually filled with a mixture of
nematic liquid crystals saturated with 1,4-diaminoanthraquinone,
which penetrates by capillarity the sample pre-heated
at 100○.
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