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Mode-Interference-Induced Chiral Exceptional Points in

Momentum Space

Xi Zhao, Zhancheng Li,* Guangzhou Geng, Wenwei Liu, Jiaqi Cheng, Hua Cheng,*

and Shugqi Chen*

Non-Hermitian metasurfaces with chiral exceptional points (EPs) in their
scattering matrices have garnered significant attention due to their potential
for optical polarization manipulation and wavefront control. However, existing
approaches predominantly operate under normal incidence conditions,
limiting their application in the manipulation of chiral EPs in momentum
space. Here, the wavelength-fixed manipulation of the chiral EPs across a
wide-range momentum space using a polyatomic metasurface is realized,
which is attributed to the effective modulation of the collective interference of
guided-mode resonances excited by oblique transverse magnetic (TM) and
transverse electric (TE) illuminations. Further, both theoretical and
experimental analyses are conducted to explore the potential applications of
the proposed design in the wavevector- and spin-selective manipulation of
reflection intensity and optical encryption. This work provides a
straightforward method to realize and manipulate chiral EPs in momentum

1. Introduction

The exceptional points (EPs) are branch-
ing singularities in the parameter space
at which two or more eigenvalues and
the corresponding eigenvectors degen-
erate simultaneously.'*l The EPs have
been observed in various open classical
or quantum systems, such as particle-
diffusion system, electromagnetism,
condensed exciton-polaritons, as well
as acoustics.’™! In the field of optical
and photonic systems, EPs have been
extensively studied in optical micro-
cavity, optical waveguides, fiber loops,
and photonic crystal slabs.'161 EPs
can significantly affect the response of

space at a fixed operational wavelength, paving the way for designing

polarization-selective and wavevector-selective devices.
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the photonic system due to the abrupt
phase transitions in the eigenvalue
spectrum, which have been shown to
lead to many interesting phenomena,
such as chiral state transfer,['”!8 unidi-
rectional propagation,!**?! topological
chirality,!??2] EP pair,[®}] laser mode selection,***] and loss-
induced transparency.?®! Scattering EPs are EPs of scattering ma-
trices, which is one of the representative phenomena of the in-
vestigated advancements of EPs.[?’] Generally speaking, the op-
tical scattering behavior of typical optical systems can be char-
acterized by using the scattering matrices in complex parame-
ter space.?®3% When the scattering EPs happen, the eigenvalue
splitting disappears and the associated scattering matrix becomes
defective.’1=1 To realize the scattering EPs, the precise modula-
tion of the coefficients of the scattering matrix is necessary.
Metasurfaces, artificial 2D arrays composed of subwavelength-
sized structures, provide an ideal platform for the exploration of
the physics and functionality of scattering EPs, since the coef-
ficients of their scattering matrices can be flexibly tailored.>¢3]
The chiral EPs appear with a single circularly polarized transmis-
sion or reflection eigenstate of the scattering matrix, possessing
awell-defined inherent chirality for the system within the param-
eter space. For the construction of chiral EPs based on metasur-
faces, polyatomic metasurfaces have an edge over monoatomic
metasurfaces, which offer more design degrees of freedom to
tune the near-field coupling between optical resonators in each
unit cell of metasurfaces, resulting in the degeneracy of eigen-
values of the scattering matrices.***!) Some intriguing achieve-
ments of chiral EPs based on the polyatomic metasurfaces plat-
form have been reported.?8294041] Kang et al. demonstrated the
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Figure 1. Schematic of the designed polyatomic metasurface for the manipulation of chiral EP in momentum space. The interference between the
guided-mode resonances under TE and TM oblique illuminations can be effectively manipulated by adjusting the length parameters /; and /,, resulting
in the controllable reflection coefficient r, _. The chiral EPs can be achieved within the parameter space defined by these two length parameters, which
can be manipulated across a wide-range momentum space while maintaining a consistent operational wavelength. Inset: definition of the incident angle.

realization of chiral EPs on a metasurface by tuning the cou-
pling and losses rates of the pair of linear resonators in each unit
cell.? Song et al. proposed a fresh phase-addressing retardation
mechanism by engineering a topologically protected full-phase
accumulation surround a chiral EP on a specific reflected polar-
ization regime.*!l These approaches demonstrate the significant
potential of chiral EP for manipulating optical waves. However,
until now, the implementation of chiral EPs has mostly occurred
under normal incidence. A viable strategy for the implementa-
tion and manipulation of chiral EP in momentum space, which
could significantly broaden their applications, has yet to be pre-
sented.

Here, we propose an effective approach for manipulating chi-
ral EPs across a wide range of momentum space by strategically
modulating the collective interference between guided-mode res-
onances (GMRs) within a polyatomic metasurface. The proposed
metasurface composed of two types of gold nanorods can form
the GMRs for both oblique transverse magnetic (IM) and trans-
verse electric (TE) illuminations, whose field distributions are
similar, indicating the excitation of the same resonance mode.
The collective interference of these GMRs can be effectively mod-
ulated by adjusting the lengths of the nanorods, resulting in chi-
ral EPs that can be manipulated across a wide momentum space
while maintaining a fixed operational wavelength. Our work pro-
vides a straightforward method to realize and manipulate the chi-
ral EPs in momentum space. The potentialities of the proposed
design for spin-selective manipulation of reflection intensity and
optical encryption have also been theoretically and experimen-
tally validated.

2. Results and Discussion

A schematic illustration of the designed metasurface for the ma-
nipulation of chiral EPs in momentum space, is illustrated in
Figure 1. It is a typical metal/insulator/metal design, in which a
SiO, interlayer is sandwiched between a ground gold layer and a
structured gold layer, and a SU-8 capping layer stacked vertically
on the top of the MIM structure. The thicknesses of the struc-
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tured gold layer, the SiO, interlayer, and the ground gold layer
are set as t; = 30 nm, ¢, = 130 nm, and ¢, = 95 nm, respectively.
The thickness of the SU-8 capping layer is set as 126 nm. The
structured gold layer is made up of two types of rectangular gold
nanorods whose lengths and widths are I, = 520 nm, w; =70 nm
and I, = 175 nm, w, = 75 nm. The distance between the two long
nanorods is d = 430 nm, and the period of the unit cell in the x
and y directions are P, = P, = 560 nm. Here, the proposed meta-
surface is used for the realization of chiral EP in the reflection
regime. All of our analyses are based on a given Cartesian coor-
dinate system, as illustrated in the inset of Figure 1. The wave vec-
tor of incident light is defined by two angles (6, ¢). 6 is defined as
the angle between the oblique wave vector and the z-axis, while
@ is defined as the angle between the projection of the oblique
wave vector onto the x—y plane and the x-axis. Here, we defined
the parameter-dependent reflection matrix of the designed meta-
surface in the linear polarization basis as:

Ry [r"" ] o)
rsp Tss
where the subscripts “i” and “j” of r; represent the polarization
state of the reflected and incident wave respectively. The relation-
ship between the oblique incident (a;) and reflected (b;) plane
waves can be expressed as [b,, b = R[4, a,)”. The subscript
“i” of a; and b, indicate the linearly polarization state of the inci-
dent and reflected waves. By changing the base vectors into circu-

larly polarization basis (1, +i)"/ V2 and defining “+” and “~” to
represent clockwise and counter-clockwise spins when observed
from the —z direction, the reflection matrix can be rewritten as:

1Tt t i(rps —Ty) Ty =Tl i(rps +7,) P
2 Typ = T F il +75) Ty + T — i1y = 1)
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Figure 2. Implementation of the chiral EP based on the proposed metasurface at § = ¢ = 45° and wavelength of 1310 nm. a) Simulated phase and
amplitude of reflection coefficients r_, and r, _ in the parameter space (I}, I,). b) The wavelength-dependent variation of the amplitude of reflection
coefficients at (I, ;) = (520, 175 nm). c) Real (up) and imaginary (down) parts of the corresponding reflection matrix eigenvalues 4, and 4,. d) Position
of the two eigenstates (Es1 and Es2) on the Poincaré sphere as a function of wavelength, which is overlapped and degenerated into LCP at the south

pole.

Here, r,, and r_ represent spin-preserved components, while
r_, and r, _ are spin-flipped components. The eigenvalues of the
reflection matrix then can be derived as:

)”1,2 = 3)

The optical reciprocity implies that r,, = r,,. [*** Using Equa-
tions (2) and (3), we can find that r,, =r__, and the eigenvalues
of R, are degenerate when r_,r, = 0. Thus, the chiral EPs of
the reflection matrix R, can be obtained by setting r_, or r,_
to zero. For the proposed design, r_, or r,_ can be optimized to
zero in the parameter space consisting of I, and 1, at a fixed op-
erational wavelength and a desired incident angle. The control of
r_, orr,_ is attributed to the effective manipulation of the inter-
ference of GMRs in the designed metasurface, which is excited
by two orthogonal linear polarization components of circularly
polarized waves, as illustrated in Figure 1.

To quantitatively describe the performance of the designed
metasurface, we numerically validate the realization of a chi-
ral EP at a given incident angle (§ = ¢ = 45°) and an opera-
tional wavelength of 1310 nm. Figure 2a shows the simulated
amplitude and phase of reflection coefficients r_, and r,_ of
the designed metasurface in the parameter space defined by the

Laser Photonics Rev. 2024, 2301257

2301257 (3 of 9)

structural parameters [, € [515,525|nm and I, € [170, 180]nm.
Results indicate that the amplitude of r_, exhibits a significantly
large value, and the amplitude and phase of r_, remain un-
changed despite variations in [, and [,. On the contrary, the ampli-
tude of r, _ is nearly zero at the point (};, I,) = (520 nm, 175 nm).
A full 27 reflection phase accumulation is obtained by encircling
this point, thereby confirming the presence of a chiral EP. We
further simulated the amplitude spectra of the four reflection co-
efficients in the reflection matrix of the designed metasurface at
this point, as shown in Figure 2b. The amplitudes of reflection co-
efficients are expressed on a logarithmic scale (~20 log(|r;|) dB).
The amplitude of r, _ is lower than —60 dB at 1310 nm, while the
amplitudes of the remaining three reflection coefficients exhibit
significantly higher values. These results suggest that the eigen-
values of the reflection matrix of the designed metasurface are
degenerated into left-handed circularly polarized (LCP) light at
1310 nm. To make a validation, we examined the degeneracy of
the eigenvalues and the corresponding eigenstates of the reflec-
tion matrix of the designed metasurface, as shown in Figure 2¢,d.
The evolution trajectories of the real and imaginary parts of
the eigenvalues are shown in Figure 2c, exhibiting a crossing
phenomenon as they traverse the chiral EP at 1310 nm. Corre-
spondingly, the wavelength-dependent variation of the two eigen-
states is mapped on the Poincaré sphere, as shown in Figure 2d.
When the wavelength approaches 1310 nm, the two polarization
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Figure 3. Modulation of the collective interference of GMRs. Simulated real part distribution of E, at the middle plane of SiO, layer for the designed
metasurface without the short nanorod under a) TM and b) TE illuminations. Average amplitude and phase difference of E, as a function of I; or I, under
TM/TE and LCP/RCP illuminations c,d) without and e,f) with the short nanorod.

eigenstates gradually move toward the south pole and eventually
degenerate into the LCP state. In other words, R ;. |—) = 4,,]-),
and A,=4, are two equivalent eigenvalues. These results pro-
vide convincing evidence for the achievement of the chiral EP
at the given incident angle and operational wavelength based
on the designed polyatomic metasurface. Note that, if the val-
ues of spin-preserved components (r,, and r__) approach zero,
the designed metasurface acts as an external chiral mirror that
perfectly absorbs optical waves of one spin state, while reflect-
ing optical waves with the other spin state accompanied by spin
flipping.136:37]

The successful implementation of chiral EP can be achieved
through the efficient manipulation of the collective interference
between two GMRs, which are excited by the orthogonal linearly
polarized components (TM and TE) of circularly polarized inci-
dent waves. It has been observed that the length I, of the short
nanorod plays a dominant role in controlling the collective inter-
ference between these two GMRs, as validated by the results in
Figure 3. We first analyze the GMRs in the designed metasurface
with the removal of short nanorods from its unit cell. As illus-
trated in Figure 3a,b, the presence of the long nanorods within
the unit cell leads to the emergence of two GMRs that can be
excited by TM and TE illuminations at the given incident angle
and operational wavelength. The electric field distributions asso-
ciated with the two GMRs exhibit similar characteristics, while
the phase difference between them is nearly z. The resonant
strength of the two GMRs can be effectively modulated by ad-
justing the length I, of the two long nanorods in each unit cell,
while maintaining a constant phase difference between the two
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GMRs, as shown in Figure 3c. The LCP and right-handed cir-
cularly polarized (RCP) waves consist of both TM and TE com-
ponents, with a phase difference of +7/2. Therefore, the phase
difference between the two GMRs under LCP and RCP illumi-
nations ~—3x/2 and ~—r /2, respectively. The resonance modes
under LCP and RCP illuminations can be treated as a direct su-
perposition of the two GMRs. As shown in Figure 3d, the aver-
age values of |E,| under LCP and RCP incidence first increase
and then decrease with the increment of I,, which is the same
as the variation trend of the resonant strength of the two GMRs.
The resonant strength of these modes under LCP and RCP in-
cidence is not strong enough, leading to non-zero amplitudes of
the cross-polarized reflection coefficients r_, and r,_. By adding
the short nanorod in each unit cell and adjusting its length [,,
not only the resonant strength of the two GMRs can be signifi-
cantly altered, but also their phase difference can be effectively
manipulated, as shown in Figure 3e. When I, changes from 100
to 220 nm, the averaged phase difference of E, is approximately
modulated from —0.9z to —0.37. As shown in Figure 3f, for |,
= 175 nm, the two GMRs can exhibit destructive and construc-
tive interference when illuminated with LCP and RCP waves, re-
spectively. The constructive interference between the two GMRs
leads to an increase in |E,|, which indicates that the resonant
strength increases and the absorption of the incident wave is
enhanced. Therefore, the amplitude of r, _ is almost negligible.
These results show that the realization of the chiral EP is at-
tributed to the constructive interference between the two GMRs
excited by TM and TE illuminations. This physical mechanism
is quite different from the previous approaches, in which the
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Figure 4. Manipulation of chiral EP in a wide-range momentum space at 1310 nm. a) Simulated amplitude spectra of r, _ at 0 = ¢ = 45° with different I
(up) and I, (down). b) Simulated amplitude of r_, and r, _ with various incident angles. The chiral EPs with opposite chirality appear at the two darkest
points. ¢) Implementation of chiral EPs at 1310 nm in a wide-range momentum space by selecting the proper parameter space (I, l;) in nanometers

and structure (Form A and Form A’).

chiral EPs were obtained based on the coupling between different
resonators.[2%41]

The above discussion is conducted for the fixed incident an-
gle and operational wavelength. It should be noted that both the
incident angle and the operational wavelength are adjustable by
changing I, and |, simultaneously. To investigate the dependence
of reflection coefficient r,_ on [, and 1,, we simulated the ampli-
tude spectra of r,_ with the variation of /, and I, at = ¢ = 45°,
as shown in Figure 4a. The operational wavelength of chiral EPs
can be primarily determined by adjusting I,, while the value of
|r,_| undergoes progressive changes as J, is varied. The achieve-
ment of a chiral EP at the designated operational wavelength can
then be realized by adjusting the amplitude of r, _ through vary-
ing I,. Therefore, the chiral EPs with |r,_| = 0 can be achieved
by sequentially adjusting I, and I, for the designated incident
angles and operational wavelengths. Note that, the operational
wavelength of chiral EP can only be adjusted around 1300 nm by
varying I, due to the limited adjustment range of I, and the fact
that the GMR is primarily influenced by the period of a unit cell
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and the thickness of the SiO, interlayer; however, a broader range
of modulation in the operational wavelength can be achieved by
adjusting these structural parameters. The limited adjustment
range of [, and [, also constrains the realization of chiral EPs
in momentum space. Therefore, additional adjustments to the
orientation angle of the unit cell are necessary to achieve chiral
EPs that exhibit identical eigenstates across a wide range of mo-
mentum space. The designed structure exhibits mirror symme-
try (M,, and M,,) with respect to the x~z and y-z planes, while
the LCP and RCP lights possess mutual mirror symmetry. Conse-
quently, in momentum space, the chiral EPs invariably manifest
as two pairs.[*4] Specifically, if a chiral EP is realized at (0, ¢),
an identical chiral EP can be found at (#, 180+¢), while chiral
EPs with opposite sign can be observed at (6, -¢) and (6, 180-
@). For example, a chiral EP with |r,_| = 0 can be realized under
0 = @ = 45° at 1310 nm. Correspondingly, another chiral EP with
|r_,| = 0 can be observed under § = 45°, ¢ = —45° at the same op-
erational wavelength, as depicted in Figure 4b. Moreover, by sim-
ply rotating the structures in the unit cells by 90°, the chiral EP at

© 2024 Wiley-VCH GmbH

8SU9017 SUOLULIOD dAIER.D 3|1 dde au Ag paueA0B 318 S3o 1L O B8N JO 3N 10} Aseuq1 3U1|UO 8|1 UO (SUOIIPUOI-PUE-SWLBIW0D A8 1M Atelq B UO//SaNY) SUOIIPUOD PUe S L 34} 39S *[7202/€0/60] Uo Akiqiauliuo /B|im ‘Aiseaiun exueN Aq 2G2T0EZ0g 10d|/200T OT/I0p/wod 8| 1M Ateiq Ul |uo//:Sany wouy papeo|umoa ‘0 ‘6688€98T


http://www.advancedsciencenews.com
http://www.lpr-journal.org

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) |l «— 90 pixels —]

NKU &

X

n Form A'
. Form A

(UNCY

[QXId 06

Normal CP incidence

~
(g}
~

LCP RCP

L (520 nm, 175 nm)

www.lpr-journal.org

(b)

—60 —1.5 pm—o

Obllque CP incidence

Simulation

NKU

~
o
=

Experiment

~
(¢
~

1.0 [LCP RCP LCP RCP I Sim.
g I Expt.
§ 0.5 :
= |
0.0
1 2 1 2 1 2 1 2
Serial Number

Figure 5. Realization of wavevector-selective two-level grayscale image. a) Schematic diagram of the designed two-level grayscale image, where the
interior and exterior areas of “NKU” are composed of Form A’ and Form A, respectively. b) SEM images of the fabricated sample. c) Simulated and d)
measured results of the designed grayscale image under normal and oblique (6 = @ = 45°) incidences of the LCP and RCP. e) Simulated and measured

the average reflection intensity of the two areas of the designed image.

(0, 180+¢) can be modulated to (6, 90-¢),!*?] providing a simple
approach to realize chiral EPs with the same eigenstate in a wide-
range momentum space. As an example, we realize chiral EPs
with |r,_| = 0 in a wide-range momentum space (8 € [30°,75°],
@ € [+15°,+75°]) at 1310 nm by changing (I,, l,) and rotating the
unit cells by 90°, as shown in Figure 4c. The unit cell used here in-
cludes two forms: Form A’ with an orientation angle of 90° and
Form A with an orientation angle of 0°. The orientation angle
refers to the angle between the long axis of the short nanorods
and the y-axis. The results suggest that within a broad momen-
tum space range, chiral EPs with |r,_| or |r_, | equal to zero can
be achieved by simply adjusting the orientation angle of the unit
cell and the lengths of the nanorods, while the operational wave-
length can be fixed.

The designed metasurface with chiral EPs is a good candidate
for wavevector-selective gray imaging and optical encryption,
since the reflection intensity at a given incident angle and a de-
sired operational wavelength can be easily manipulated. To make
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an experimental validation, we designed a two-level grayscale im-
age of “NKU” composed of the two unit cells (Forms A’ and A)
with (I;, [,) = (520 nm, 175 nm), as illustrated in Figure 5a. The
designed image has dimensions of 90 x 90 pixels, with each pixel
comprising 3 X 3 identical unit cells. Figure 5b shows the scan-
ning electron microscopy (SEM) image of the top view of the fab-
ricated sample. Consistent with the design, the fabricated pattern
is divided into interior and exterior areas, comprising Form A’
and Form A respectively. The “NKU” pattern is designed to be
observed at § = ¢ = 45° and 1310 nm. Due to the inevitable fab-
rication deviation of the fabricated sample, there is a red shift in
the operational wavelength. The grayscale image was captured
using an infrared charge-coupled device camera (CCD) in con-
junction with a narrowband interference filter featuring a band-
width of 12 nm (centered at 1320 nm). The simulated and exper-
imental results of the two-level grayscale image under circularly
polarized illumination are shown in Figure 5c,d), respectively.
Due to that the unit cells (Form A’ and Form A) have reflection

© 2024 Wiley-VCH GmbH
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Figure 6. Realization of spin- and wavevector-selective four-level grayscale image. a) Schematic diagram of the designed spin-selective four-level
grayscale image, in which the interior and exterior areas of the “circle” are composed of Form A’ and Form A with different parameters (I, 1), re-
spectively. b) SEM images of the fabricated sample. c) Simulated and d) measured results of the designed grayscale image under normal and oblique
(6 = @ = 45°) incidences of the LCP and RCP. e) Simulated and measured the average reflection intensity of the eight segments of the designed image.

symmetry with respect to both the x—z and y—z planes, the reflec-
tion intensities of these two types of unit cells are equivalent un-
der normal incidence. As a result, the grayscale image of “NKU”
should not be observed under normal incidence. However, owing
to the abrupt change of the orientation angles of the unit cells be-
tween the interior and exterior areas, a significant scattering of
incident waves occurs at the junction, resulting in the observa-
tion of an outline of “NKU” in experimental results. Meanwhile,
for oblique incidence with 6 = ¢ = 45°, |r,_| of Form A is close
to zero because of the existence of a chiral EP, while its |r_, | is
much larger, as verified by the results in Figure 2. On the con-
trary, |r_, | of Form A’, which is equal to |r,_| of Form A, is close
to zero around the operational wavelength; and |r, _| of Form A’,
which is equal to |r_, | of Form A, is much larger. Consequently,
the Form A’ and Form A can be regarded as the fundamental ele-
ments representing “0” and “1” for 2-bit grayscale imaging when
subjected to oblique LCP illumination. The simulated and mea-
sured results of the designed gray image under oblique LCP il-
lumination are in good agreement with each other, thereby val-
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idating the efficacy of the designed metasurface for achieving
wavevector-selective gray imaging. The intensity distribution is
reversed under oblique RCP illumination, as Form A’ and Form
A can now be regarded as the fundamental elements represent-
ing “1” and “0” for 2-bit grayscale imaging. It is worth noting
that the gray images under oblique illumination were obtained
by clustering and integrating the multiple shots at different fo-
cal plane positions due to the constraint on the focal depth of the
objective. To make a quantitative analysis between the simulated
and experimentally measured gray images, we calculated the av-
erage intensity of the interior and exterior areas of the designed
sample, as presented in Figure 5e. The simulated and measured
results are in reasonable agreement with each other. The differ-
ence between the simulated and experimental results may be at-
tributed to the fact that the simulation was performed for single-
wavelength plane waves, while in the experiments, a microscope
objective with a numerical aperture of 0.3 was used to focus the
incident wave on the sample, and a narrow-band interference
filter with a center wavelength of 1320 nm and full width half
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maximum (FWHM) of 12 nm was used to control the spectral
range of the incident wave. Meanwhile, the unavoidable fabrica-
tion deviation of the fabricated sample also affects the results.
These results validate the applicability of metasurfaces consist-
ing of these two types of unit cells (Form A’ and Form A) with
identical structural parameters for achieving wavevector-selective
2-level gray imaging.

Furthermore, high-level gray scale imaging and optical encryp-
tion can be realized by utilizing these two types of unit cells with
different values of |, and I, since the reflection intensity at the
given incident angle and operational wavelength can be effec-
tively manipulated by changing I, and I,. A spin-selective 4-level
grayscale image is designed to make an experimental validation,
as shown in Figure 6a,b. The designed sample comprises 8 dis-
tinct areas, where areas 1 to 4 are composed of Form A with vary-
ing I, and I, while the areas 1’ to 4’ are composed of Form A’
with different I, and I,. This sample was also designed to show
the grayscale image under oblique circularly polarized incidence
(6 = @ = 45°) at the wavelength of 1310 nm. The areas with the
same serial number, for example the areas 1 and 1, exhibit equiv-
alent values of I, and I,, resulting in equal reflection intensity
under oblique RCP and LCP illumination, respectively. The re-
flectance corresponding to the four grayscale levels is set as 0,
0.33, 0.66, and 1. Same as the previous sample, this sample is also
composed of 90 x 90 pixels, and each pixel consists of 3 X 3 unit
cells. The simulated and experimental results of the designed 4-
level grayscale image under normal and oblique circularly polar-
ized incidence are shown in Figure 6¢,d, respectively, which are
in good agreement with each other. For normal circularly polar-
ized incidence, since the reflectance of the unit cells in the 8 ar-
eas of the designed sample is the same, the reflection intensity
on the surface of the sample is uniform, rendering the grayscale
image indiscernible. For oblique circularly polarized incidence,
two distinct four-level grayscale images can be observed. Specifi-
cally, for oblique RCP incidence, the reflection intensities of the
exterior areas (1 to 4) show a stepwise variation, while the reflec-
tion intensities of the interior areas (1’ to 4') demonstrate mini-
mal fluctuations. On the contrary, for oblique LCP incidence, the
areas where the reflection intensity varies are reversed. The out-
line between the exterior and interior areas can still be observed
in the experimental results. The four-level grayscale images can-
not be identified under normal illumination, enabling the uti-
lization of the designed metasurface for optical encryption. We
further calculated the averaged reflectance of each area to quan-
titatively analyze the spin-selective reflection intensity distribu-
tions of the images in Figure 6¢,d. The measured and simulated
results are in reasonable agreement, and a stepwise variation of
reflectance has been verified. These results demonstrated the ap-
plicability of our design for spin- and wavevector-selective multi-
level grayscale imaging and optical encryption.

3. Conclusion

In summary, we have demonstrated an efficient approach for
the manipulation of the chiral EP across a wide-range momen-
tum space using a polyatomic metasurface. This approach distin-
guishes itself from other recently achieved chiral EPs by strategi-
cally modulating the collective interference of the GMRs excited
under oblique TM and TE illuminations. Specifically, the con-
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structive interference of the GMRs in the designed metasurface
can be realized under oblique circularly polarized illumination
by simply adjusting the structural parameters (I, I,), resulting
in chiral EPs that can be manipulated across a wide momentum
space while maintaining a fixed operational wavelength. We have
theoretically and experimentally demonstrated the potential ap-
plications of our design in the spin- and wavevector-selective ma-
nipulation of reflection intensity, as well as optical encryption.
Our results can further enrich the schemes for manipulating chi-
ral EPs, offering valuable insights for the in-depth research of
chiral EPs in momentum space.

4. Experimental Section

Sample Fabrication: The proposed polyatomic metasurfaces were fab-
ricated by electron-beam lithography and gold lift-off processes. A 95 nm
thick gold film was initially deposited onto a fused silica substrate by using
an electron-beam evaporator. A 130 nm thick SiO, layer was subsequently
deposited onto the sample by using plasma-enhanced chemical vapor de-
position. Then, a layer of poly (methyl methacrylate) (PMMA) electron re-
sist with a thickness of 120 nm was spun on the SiO, layer. To eliminate the
charging effect on the dielectric substrate during the EBL process, which
employs a 100 kV accelerating voltage and 1000 uC cm=2 dose, a layer
of poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
with a thickness of 35 nm was spun-coated. After defining the patterns of
designed nanostructure arrays by the EBL process, the PEDOT: PSS layer
was removed with pure water for 60 s and PMMA was developed with
methyl isobutyl ketone (MIBK)/isopropyl alcohol (IPA) (1:3) for 40 s. Af-
ter that, a 30 nm thick gold layer was deposited by utilizing electron beam
evaporation deposition. During the final lift-off procedure, the PMMA was
removed with hot acetone at 60 °C for 20 mins, remaining the polyatomic
metasurfaces. Finally, a 126 nm thick layer of the SU-8 photoresist was
then spin-coated onto the sample and UV-cured.

Optical Measurement: The experimental measurement of the pro-
posed polyatomic metasurface for normal and oblique incidence was
based on the custom-built setup. For the measurement of the gray images
under normal incidence, a bromine tungsten lamp (Zolix, LSH-150) was
used as the light source, and the light beam was collimated by a fiber colli-
mator. The collimated beam passed through a broadband linear polarizer
(IR 1300 BC5, Codixx AG) and a broadband quarter-waveplate (1/4 super
achromatic waveplates, B. Halle Nachfl) to generate the circularly polar-
ized incident beam. The circularly polarized beam then passed through a
broadband unpolarized beam splitting prism (MFOPT, OQNP25.4N-NIR-
3) and was focused on the sample with an objective (Sigma NIR plan apo
10x, NA = 0.3). The collected reflection beam passed through the un-
polarized beam-splitting prism, and was collected by an InGaAs camera
(HAMAMATSU InGaAs C10633). The gray images were acquired by the
camera software. To capture the gray images at the operational wavelength
(1320 nm), a narrowband filter (FB1320-12, THOLABS) was employed.
The gray images under oblique incidence (§ = ¢ = 45°) were measured
with the incident path and reflected path being mutually perpendicular.
Compared to the measurement under normal incident conditions, the dif-
ference is that the sample was rotated with respect to the plane perpen-
dicular to the direction of beam propagation. Another objective (Sigma
NIR plan apo 20, NA = 0.45) was used in the reflected path to collect the
reflected light from the sample.

Numerical Simulation: The numerical simulations were performed by
using the finite differential time domain methods. The refractive index of
SiO, and SU-8 was set to be 1.47 and 1.57, respectively. The permittivity of
Au was obtained from Johnson and Christy.[4’] The periodic boundary con-
ditions were set in the x and y directions representing a periodical struc-
ture, and waveguide ports boundary was defined in the z direction for light
incidence while the excitation source was either a left- or a right-handed cir-
cularly polarized plane wave. At least 15 mesh steps per wavelength were
used to ensure the accuracy of the calculated results.
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