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ABSTRACT

The evolution of a closed quantum system is described by a unitary operator generated by a Hermitian Hamiltonian. However, when cer-
tain degrees of freedom are coupled to an environment, the relevant dynamics can be captured by non-unitary evolution operators, arising
from non-Hermitian Hamiltonians. Here we introduce a photonic platform that implements non-unitary quantum walks, commonly used to
emulate open-system dynamics, in the synthetic space of light transverse momentum. These walks are realized by propagating light through
a series of dichroic liquid-crystal metasurfaces that impart polarization-dependent momentum shifts. The non-unitary behavior stems from
dichroic dye molecules with polarization-dependent absorption, whose orientation is coupled to that of the liquid crystals. We demonstrate
multiple walks up to five time steps, with adjustable levels of dichroism set by the metasurface voltage, which is controlled remotely. This
discrete-time process maps onto two-band tight-binding models with reciprocal yet non-Hermitian nearest-neighbor couplings, correspond-
ing to a less-studied class of non-Hermitian systems. Our platform broadens the range of optical simulators for controlled investigations of
non-Hermitian quantum dynamics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0274332
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. INTRODUCTION

The physics of non-Hermitian (NH) systems has sparked
a growing interest in recent years. Distinctive features are non-
orthogonal eigenstates and complex energy spectra, typically embed-
ding exceptional points where the eigenstates coalesce.' The land-
scape of topological phases of these systems is significantly richer
than the Hermitian case, with up to 38 symmetry-protected topo-
logical classes.”” The breakdown of the conventional bulk-boundary
correspondence leads to unique phenomena, such as the NH skin
effect, corresponding to a strong localization of the eigenstates
toward the boundaries of the system."’

APL Photon. 10, 086106 (2025); doi: 10.1063/5.0274332
© Author(s) 2025

Widely used for building quantum algorithms,” * modeling
transport phenomena,” and simulating topological phases of mat-
ter,'” quantum walks (QWSs) constitute the quantum counterparts
of classical random walks.!! These processes describe the discrete-
time evolution of a particle on a complex lattice, conditioned by an
internal degree of freedom, dubbed as the coin. At each time step,
the coin undergoes a unitary rotation, followed by a walker displace-
ment, whose direction depends on the coin state. In the simplest
scenario, the coin is a two-level system.

QWs provide a convenient framework to investigate NH
phenomena. NH topological invariants,'” emergence of skyrmion
patterns,’® light funneling,'* quantum phase transitions,'” self

10, 086106-1
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acceleration,'® and edge burst effects'” represent examples of
intriguing phenomena unique to NH physics that have been recently
observed in QW-like experimental settings. Although many of these
phenomena have been observed in the discrete-time domain, sev-
eral results have also been reported in continuous-time photonic
QW architectures, such as the simulation of transport phenomena in
open systems, *'” as well as the implementation of search algorithms
on directed graphs with non-Hermitian adjacency matrices.”’

Photonics provides a versatile testbed to engineer NH QWs.
In optical architectures, the walker’s site coordinates can be encoded
into different degrees of freedom of light, such as the arrival time
of the photons,” the beam path,”* the orbital angular momen-
tum,” and the transverse momentum,” with the two-level coin
typically encoded into light polarization. NH photonic lattices can
be realized by artificially introducing on-site gains and losses, for
instance, by exploiting non-linear media,”” partially polarizing opti-
cal elements,'”"” or by introducing anisotropic couplings between
neighboring modes via acousto-optical modulators and variable
beam splitters in fiber loops.'*"”

In this paper, we present a platform realizing one-dimensional
(1D) photonic NH QWs based on structured light propagating
through artificially structured media. This builds on a scheme intro-
duced in Ref. 26 for the implementation of unitary QWs on 1D
and two-dimensional (2D) lattices, consisting of a light beam propa-
gating in free space, with its polarization and transverse momenta
manipulated via a stack of liquid-crystal (LC) metasurfaces. The
lattice where the walk takes place is spanned by optical modes corre-
sponding to circularly polarized states of light carrying a quantized
amount of transverse momentum, and coin states are the two circu-
lar polarization states with opposite handedness. Metasurfaces with
a periodic orientation of the LC optic axes, dubbed as g-plates,’® give
the momentum kick that implements the conditional displacement
of the walker.

Here, we show that Hermiticity can be broken by doping the
liquid crystals with a dichroic absorbing dye, which features a differ-
ent absorption for the ordinary and extraordinary linear polarization
components.”® The specific directions of the latter are determined
point by point by the local optic axis of LC molecules. As detailed
below, this enables us to encode NH terms directly in the displace-
ment operator, implemented by g-plates, rather than in the coin
rotations.

In the following, we first model our QW and describe its imple-
mentation through dichroic LC metasurfaces. Finally, we report on
NH QWs of up to five steps in several non-unitary regimes, which
are obtained by adjusting both birefringence and dichroism of each
optical element via the application of an oscillating electric field.

21.22

Il. RESULTS
A. Photonic implementation

The expression of the optical modes |m, ¢) spanning the lattice
sites of our QWs reads”®

|, ¢) = A(x,y,2)e" 7™ ), 6))

where A(x,y,z) is a Gaussian envelope, k; is the longitudinal
wavevector component, and |§) represents the polarization (coin)
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state, being left-circular (|L)) or right-circular (|R)), respectively.
These modes propagate in free space and carry a quantized amount
of transverse momentum given by mAk, where m is an integer num-
ber and Ak is the quantum of transverse momentum imparted to
the modes at each step. Ak is set to be larger than the transverse
momentum spread of the Gaussian envelope with beam waist wy,
i.e., wo > 2m/Ak.*° By keeping mAk <« k, the modes in Eq. (1) cor-
respond to overlapped Gaussian beams propagating along the z axis
with a slightly tilted wavefront in the x direction, which can be
spatially resolved on a CCD camera placed in the focal plane of a
lens [see Fig. 1(a)]. QW dynamics have been realized by propagat-
ing the modes in Eq. (1) through stacks of LC polarization gratings
(g-plates)’® having spatial period A = 27/ Ak, recently generalized to
more sophisticated devices in one”” and two™ spatial dimensions. In
our implementation, we set A = 5 mm. In the circular polarization
basis, their action on the modes defined in Eq. (1) reads

) .. 6.
cosE lsmit
Ts = , (2)
A D 8
isin —t COS —
2 2

where f|m, j) = |m - 1,j) (£T|m, ) = |m + 1,)). The optical birefrin-
gence §, controlling the hopping amplitude between neighboring
sites, is uniform across the device but can be electrically tuned.”"*
These devices shift the walker by giving a transverse momentum
kick, whose sign depends on the input polarization, thus effectively
realizing a coin-dependent translation operator on the lattice. The
coin rotation can also be implemented with homogeneous LC plates.
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FIG. 1. Transverse momentum modes and dichroic g-plates. (a) Optical modes
for the QW simulation are co-propagating Gaussian beams with a slightly tilted
propagation direction. The spatial period of their transverse phase profile is A/m,
where m is the mode index. A g-plate with spatial period A is used to create and
manipulate these modes, which can be sorted in the focal plane of a lens. (b) In
dichroic metasurfaces, the dye molecules align with the LC substrate. Accordingly,
the application of an electric field allows for simultaneously tuning of the birefrin-
gence and the dichroic power of the device. (c) Measured values of the parameter
1 at six voltages corresponding to & = 7 (mod 27) for five dichroic g-plates.
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A possible choice is a plate acting as a quarter-wave plate with the
fast axis oriented along the horizontal direction:

1 (1 i

The coin rotation reported in Eq. (3) represents an unbiased
coin operation, which is fully balanced between the two coin
internal states. However, more general coin operations could be
implemented by cascading multiple wave plates.*

In this work, we focus on the QW protocols obtained by alter-
nating operators T and W. Given an input state |y, ), the evolved
state after ¢ time steps is computed as |y (t)) = U'|y,), where U is
the single-step operator U = TsW. This setting realizes a unitary
evolution.

The key idea of the scheme presented here is to introduce
non-unitary elements into the propagation via dichroism, that is,
polarization-dependent absorption, in addition to standard birefrin-
gence. This is achieved by adding dichroic molecules, spec1ﬁcally
1,4-Diaminoanthraquinone, to the LC mixture of our devices.”***
This organic dye features linear dichroism; that is, it absorbs light
differently depending on the orientation of the optical polarization.
Using the Dirac notation, light transmission through a thin film of
this material can be modeled as e~ ~/?|0) (0| + ¢ 7**/?|¢) (e, where
lo) (|e)) is the local ordinary (extraordinary) eigenpolarization, and
1, (n,) is the corresponding absorbance, typically with %, > .”
When mixed with LC, dye molecules align along the local optic

(@)

axis.”” In the case of devices with patterned orientation of the lat-
ter, the dichroic axes also inherit the same spatial structure [see
Fig. 1(b)].

By combining the dye response with the g-plate operator in
Eq. (2), we obtain a generalized non-unitary displacement operator’®

f

+in s §+in
2

/| cos sin
Tsy=¢e ? . . (4)
" +in , S+in |
i sin orm i1 cos orm
2
where 1 =1, — 17, is the dichroic parameter, while ' =#, + 7, is a

global attenuation factor that is irrelevant for the system dynamics
and can therefore be neglected.

Due to the coupling between dye and LC molecules, the appli-
cation of an external electric field allows us to simultaneously access
the dichroic parameter and the birefringence,” thus accessing an
entire family of non-unitary evolutions. Qualitatively, we expect
both # and § to decrease when increasing the field strength, even-
tually vanishing for strong fields. However, due to the periodic
nature of the dependence of the displacement operator on § [see
Eq. (4)], multiple voltages lead to the same effective birefringence
yet to a different dichroism. In this paper, we focus on the case
8 = (mod 2m), corresponding to half-wave retardation, which is
obtained for six different voltage values for the five metasurfaces
used in our experiment, as detailed below. The corresponding mea-
sured values of 7 are reported in Fig. 1(c), with average values of
7= (0.57,0.48,0.40,0.31,0.23,0.13) . Details on the fabrication of
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FIG. 2. Experimental implementation. (a) Sketch of the experimental setup for the simulation of NH QWs. A Gaussian beam is expanded and spatially filtered with lenses
(L4-Ly) in a telescopic configuration and a pinhole (Ph). Its polarization is adjusted with a half-wave plate (HWP) and a quarter-wave plate (QWP), which correspond to
setting the coin input state. It then propagates through a sequence of dichroic LC metasurfaces and uniform plates, whose optical actions realize the operations of the NH
QW dynamics. The output modes can be resolved in the focal plane of a lens, where they form a line of separated Gaussian spots, from which the experimental probability
distribution can be extracted. (b) Representative experimental and theoretical QW distributions corresponding to a protocol with § = 7, average dichroism 7 = 0.57, and

horizontal input polarization, |H)
QW having the same value of & but # = 0 (right).
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= (IL) +|R))/~/2. Experimental results (left) are compared to numerical simulations of the implemented QW (center) and of the unitary
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the metasurfaces and the procedure for extracting # from polarimet-
ric measurements* are provided in Sec. I'V. Slight deviations within
the batch of plates can be ascribed to small variations in the concen-
tration of the dye molecules in the LC mixture and the overall device
impedance. In particular, we notice that the measured dichroism for
g-plates 1 and 5 is systematically lower than the others.

Finally, we note that our walk models a 1D NH system
with left and right nearest-neighbor hopping parameters that are
equal in magnitude yet not complex conjugates of each other [see
Eq. (4)]. This configuration differs from previous experimental stud-
ies reporting either non-reciprocal couplings,'*" yielding the NH
skin effect, or alternated gains and losses on consecutive lattice
sites,'”” thus providing an interesting addition to photonic sim-
ulators of NH dynamics. We postpone a complete study of the
geometrical and topological properties of our model to future work.

B. Experimental results

Non-unitary QWs are realized through the experimental setup
sketched in Fig. 2(a). A 532-nm linearly polarized laser is magnified
through a telescope system (made of two lenses with focal lengths

L; =35 mm and L, = 50 mm). A pinhole, placed in the focal plane,
operates as a spatial filter. The beam waist at the output of the sec-
ond lens is measured to be wy ~ 5 mm. A half-wave plate (HWP)
and a quarter-wave plate (QWP) set the input coin-polarization
state. The beam then propagates through dichroic g-plates and
uniform unitary plates, implementing the coin-dependent (non-
unitary) translation and the coin rotation, respectively, up to 5 time
steps. These devices are located in a compact box provided with
external screws, which allow adjusting their transverse displacement.
At the exit of the box, the beam passes through a lens (L3 = 500 mm)
implementing an all-optical Fourier transform, which sorts the out-
put modes in the focal plane over a straight line, each corresponding
to a different walker site. Light intensity is recorded with a CCD
camera, and the power of each Gaussian spot I, is computed by
integrating the relative intensity. After normalization with respect to
total light power, we obtain the occupation probability of each lattice
site: Py = I/, 1. In Fig. 2(b), we plot the experimental distri-
bution obtained for a walker initialized on a single site when all the
g-plates are tuned at the first voltage associated with half-wave retar-
dation, corresponding to an average dichroism 7 = 0.57. Numerical
simulations are computed by setting for each g-plate in the sequence
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04 | . [ theoretical
£ . m amEl | =pimEie. | |_cREmmmEl-
g = ENEN SENENN E'ULIDI_IUD | Ll |
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FIG. 3. Experimental results. Evolution of a localized walker in a NH QW up to five steps. Experimental data and numerical simulations refer to horizontal polarization as
the input coin state, with different levels of average dichroism: (a) 77 = 0.57, (b) 7 = 0.40, and (c) 77 = 0.13. The average similarity obtained at each step is reported within
each panel. The dashed horizontal lines represent the mean distribution for the experimental data, and the shaded region above each bar corresponds to one standard

deviation.
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the corresponding value of 4 reported in Fig. 1(c). A comparison
with the unitary walk (7 = 0) at § = 7 helps reveal the effect of non-
unitary dynamics on the output state distribution, which tends to be
less spread toward the edges compared to the unitary case.

In Fig. 3, we plot the experimental and theoretical distributions
obtained for three voltage values corresponding to # = 0.57,0.40,
and 0.13, representing, respectively, the highest, the middle, and the
lowest measured values, and for a horizontally polarized input state.
The agreement with the theoretical predictions is quantified in terms
of the similarity estimator,

2
§= (Z \/PeXP(m)Pth(m)) , ©)
m

where Pexp(m) and Py,(m) are the experimental and theoretical
probability distributions, respectively. All experimental data are in
good agreement with the theory, as witnessed by the large values
of the reported similarity. Each data point is computed as an aver-
age over four independent measurements, with error bars given by
the standard deviations. Experimental results for other values of
dichroism are provided in the supplementary material.

These results certify that weak dissipative regimes are asso-
ciated with output distributions exhibiting near-zero probabilities
for intermediate walker sites, which mostly resemble the unitary
case, while for higher values of the dichroic parameter, the distribu-
tion tends to spread over all available sites. Nevertheless, the overall
walker distribution preserves the typical ballistic spreading of uni-
tary walks,’® as shown in Fig. 4, where we plot the experimentally
retrieved variance as a function of the step number for a horizon-
tally polarized input state and the six different values of dichroism
reported earlier, also compared with numerical simulations. This is

=8

variance
o N
==
=
=
—
|
e
I NorT———
i--ﬂ
s s

e ———

=l

4 L
3 n=0.57 1 n=0.31
6 @ n=0.48 I 7=0.23 i
N I N=0.40 I n=0.13
1 2 3 4 5
step

FIG. 4. Walker variance in a NH QW. Variance of the walker probability distribution
as a function of the number of steps. The input polarization is |[H). Experimental
data (top) are compared with theoretical predictions (bottom). The shaded region
above each bar corresponds to one standard deviation. The pink dashed curve is
obtained as the average best fit of the variance for the different configurations at
each step and serves as a guide for the eye.
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expected since the presence of dichroism does not act as a source of
decoherence in the evolution, which would lead to stronger local-
ization phenomena, as already demonstrated for walks featuring
spatial’” and temporal disorder.”® In this experiment, the number
of QW steps was mainly limited by the number of liquid-crystal
metasurfaces at our disposal, yet it suffices to provide a proof-
of-principle demonstration of the platform. Other limiting factors
were the non-ideal transmittance of individual devices (~ 80%) and
the progressive breakdown of the paraxial approximation during
free-space propagation.”® These issues may be overcome, respec-
tively, by fabricating plates with a dedicated anti-reflection coating
and introducing suitable imaging systems between consecutive time
steps.

lll. CONCLUSION

We developed a bulk-optical platform to simulate the non-
unitary evolution of a single particle on a dissipative lattice system.
The photonic simulation relies on optical losses that are induced by
an organic dichroic compound added to the traditional LC devices.
By adjusting the external voltage, the platform can be programmed
to explore different dissipation regimes, simulating different levels
of interaction with an external environment, with the main limi-
tation being that the birefringence and the dichroic parameters are
inherently coupled and cannot be adjusted independently.”® In other
words, if one targets a specific value of the QW hopping parameter,
there will be only a limited set of 7 values compatible with the chosen
6. Conversely, if one wants to simulate a specific level of dissipation,
there will be at most one & value compatible with it.

In this work, we focused on the simulation of specific QW
dynamics in the presence of losses. In the near future, our setup
could be engineered to probe NH topological phases”” and mea-
sure the quantum geometry of NH models,"” " also exploring
multi-photon regimes.*

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 ultrasonication chamber, the first with a 5% solution
of phosphate-free alkaline detergent and distilled water, and the sec-
ond with distilled water only, both for 60 mins at 60°. The plates
are then dried in the oven for 60 mins at 100°. This is followed by
a 45-min ozone-UV exposure to facilitate the subsequent azo-dye
deposition. 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 ym silica spacers. The desired pattern
is imprinted using a well-established photoalignment technique,’”
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°.

B. Extraction of the dichroic parameter 7

When a dichroic compound with a high order parameter is
incorporated into a host LC matrix, its molecules align with the LC
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director. This phenomenon is known as the guest-host effect.” This
implies that the application of an external field induces a torque on
both LC and dichroic molecules, allowing for simultaneous control
of both birefringence and dichroism. In the case of dichroic meta-
surfaces with uniform optic-axis orientation, the dependence of the
dichroic parameter on the external voltage can be characterized by
recording the transmitted power for the ordinary and extraordinary
waves at different voltages,

—2a,d
Ioa =€ "I,

(6)
Text = e—ZachO

>

where Iy is the total light power, «, and a, are the ordinary and
extraordinary absorption coefficients, respectively, and d is the sam-
ple thickness (approximately equal to 17 ym in our plates). The
dichroic parameter 5 = (@ — o, )d can be determined from

1 Iord
n=log7 = @)
In the case of spatially patterned devices, such as dichroic g-plates,
this result holds only for a sufficiently small region across the sample,
where the optic-axis modulation can be regarded as uniform. For
this reason, a lens with a focal length of 10 cm is employed to focus
the beam on a small area of the device, approximately covering a
portion of A/500.
In our experiment, a square-wave signal at ~4 kHz was used.
As shown in Fig. 1(c), increasing the voltages induces a larger out-
of-plane tilt of the LC molecules, which eventually become parallel to
the propagation direction, resulting in turn in a significant reduction
of the dichroic response of the cell. Further details can be found in
Ref. 28.

SUPPLEMENTARY MATERIAL

We refer to the supplementary material for additional experi-
mental results.
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