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Counterintuitive Reversal of Circular Dichroism via
Controllable Plasmonic Guided Mode Resonance in

Diatomic Metasurfaces

Jiaqi Cheng, Zhancheng Li,* Duk-Yong Choi, Wenwei Liu, Yuebian Zhang, Shiwang Yu,

Hua Cheng,* Jianguo Tian, and Shuqi Chen*

Chiral metasurfaces, featuring customizable chiroptical response, have shown
great potential across diverse applications, including optical sensing, chiral
emission, and light spin detection. However, most previous studies have
focused on chiroptical response stemming from the resonance of
nanoresonators or their coupling. Here, the great capability of controlling
nonlocal resonance for achieving versatile manipulation of circular dichroism
(CD) is demonstrated. A counterintuitive sign reversal of CD is realized by
modulating the collective interference of the plasmonic guided mode
resonances (GMRs) within diatomic metasurfaces. The designed
metasurfaces, composed of two nanoresonators, can effectively couple both
orthogonal linear-polarized components of circularly polarized light to the
same GMR. Through a simple adjustment of the spacing of nanoresonators to
modulate the interference between GMRs, continuous variation and sign
reversal of CD are achieved. Importantly, due to the fact that the modulation
of GMRs does not impact the chiral resonant modes of the nanoresonators,
the significant advantages of the designed metasurfaces in achieving chiral
optical encryption are experimentally demonstrated. This work introduces an
effective approach for the continuous manipulation of CD without altering the
structural geometric chirality. It provides novel insights into exploring
chiroptical mechanisms and holds promise for applications in chiral sensing
and light spin detection.

pivotal role in various critical areas,
including life science, drug synthe-
sis, analytical chemistry, and quantum
optics.'*I The interaction between circu-
larly polarized light and chiral materials
gives rise to chiroptical responses, such
as circular dichroism (CD) and circular
birefringence.®) These responses have
been widely employed for detecting and
discriminating the chirality of natural
materials. However, the chiroptical re-
sponses in natural materials are limited
by the mismatch between the small size
of natural molecules and the wavelength
of light, hindering their extensive appli-
cation in light manipulation. Recently,
metamaterials and metasurfaces com-
posed of artificial nanostructures at the
subwavelength scale have emerged as
good candidates for achieving significant
chiroptical response.[*%] Importantly,
the chiroptical response of metamateri-
als and metasurfaces, stemming from
the optical resonance of artificial nanos-
tructures, can be readily manipulated by
adjusting their structural parameters.
This flexibility opens up a myriad of
possibilities for the manipulation of

1. Introduction

Chirality, which describes objects that cannot be superposed onto
their mirror images, is ubiquitous in natural materials. It plays a

circularly polarized light and the study of chiroptical mech-
anisms, which have been successfully utilized to realize ex-
traordinary chiroptical responses and functionalities, including
chiral bound states in the continuum,['8! chiral exceptional
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points,[1%2% chiral light emission,2'23] chiral nonlinear har-

monic generation, 2] chiral imaging, and encryption.!?”-2]

The relationship between the chiroptical response of artificial
nanostructures and their structural symmetry has been widely
investigated to reveal the underlying chiroptical mechanisms.
The chiroptical response of chiral nanostructures and their enan-
tiomorphs has been demonstrated to always exhibit opposite
characteristics, which can be continuously modulated by ma-
nipulating both their structural symmetry and parameters.[2°33]
Furthermore, the modulation of coupling between different
resonators has been demonstrated as a powerful alternative for
achieving continuous variation of CD without sign reversal.[3*8I
Recent advancements in artificial nanostructures suggest a
more versatile relationship between the structural symmetry
of nanostructures and their CD. The CD with opposite signs
has been achieved within a fixed operational frequency band by
selectively switching the local resonant mode while preserving
structural symmetry. This presents a counterintuitive approach
for CD sign reversal when compared to conventional methods,
which typically rely on altering the structural geometric chi-
rality to reverse the CD. For instance, the nanostructures with
multiple chiral centers have been proved as good alternatives
for the manipulation of the CD spectrum.**-*] Modulating
the coupling and competition of resonances within the chiral
centers can result in a dramatic sign reversion of CD.*?) These
achievements have significantly promoted the investigation of
chiroptical nanostructures, providing new platforms for the
effective manipulation of CD. However, their efficacy relies on
the strategic design of chiral centers and precise manipulation
of structural parameters. It is imperative to further investigate
concise strategies for continuous manipulation and sign reversal
of CD. Moreover, manipulation of CD in current methodologies
primarily relies on controlling the resonance of nanoresonators
or their coupling. The potential of modulating nonlocal res-
onance for versatile manipulation of CD remains relatively
unexplored.

Here, we realize continuous variation and counterintuitive
sign reversal of CD through controlling the collective interfer-
ence of the nonlocal plasmonic guided mode resonances (GMRs)
within diatomic metasurfaces, which are composed of two types
of metallic nanoresonators with identical chiroptical resonant
modes at adjacent resonant wavelengths. We demonstrate that
the two orthogonal linearly polarized components of circularly
polarized light can be effectively coupled to the same GMR. The
phase difference between excited guided mode fields can be eas-
ily modulated by adjusting the spacing between nanoresonators,
resulting in spin-selective constructive and destructive interfer-
ence among these fields. Consequently, continuous variation and
sign reversal of CD are achieved. Benefiting from the fact that the
modulation of GMR does not impact the chiral resonant modes
of the nanoresonators, the designed metasurfaces exhibit distinct
CD at multiple wavelengths. We further experimentally demon-
strate that this feature offers significant advantages in achieving
spin- and wavelength-selective optical encryption. This work pro-
vides novel insights into exploring chiroptical mechanisms and
holds promise for applications in chiral sensing and light spin
detection.
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2. Results and Discussion

The conceptual schematic depicted in Figure 1 illustrates the
continuous variation and sign reversal of CD by controlling the
interference of GMRSs in the diatomic metasurfaces, which have
a metal-insulator-metal configuration. The thicknesses of the
bottom aluminum (Al) layer, the middle SiO, substrate and the
Al nanoresonators in the top layer are 200, 180, and 70 nm,
respectively. The periods of the diatomic metasurfaces are 1200
and 600 nm in the x and y directions, respectively. The unit cell is
composed of two types of nanoresonators (named A and B) with
umbrella-shape, whose internal and external radii are r, = 160
and r, = 230 nm. The width of the middle stick is w =70 nm. The
angles @ and # (marked in Figure 1) for the nanoresonators A and
B, representing the length of the short arc and the symmetrical
long arc, are a, = ap = 45°, f, = 80°, and B = 65°. The relative
spacing between nanoresonators A and B in each unit cell along
the x direction is represented by d. The change in parameter d
can induce a stepwise change and sign reversal of CD, which
is attributed to the controllable nonlocal plasmonic GMR. The
designed metasurfaces enable the efficient coupling of both
transverse magnetic (TM) and transverse electric (TE) waves,
which are x-polarized and y-polarized under normal incidence,
into the same GMR, thereby enhancing the electric fields within
the SiO, substrate. The interference of GMRs excited by the TM
and TE components of circularly polarized waves is spin-selective
due to the +7/2 phase delay. For simplicity, we assume that the
GMRs excited by TM and TE components have equal intensity
and a phase difference of —z /2. Consequently, the excited GMRs
exhibit constructive and destructive interference under left-
handed circularly polarized (LCP) and right-handed circularly
polarized (RCP) normal illumination, respectively, amplifying
the absorption of LCP waves and resulting in negative CD. Here,
assuming €' time dependence of electromagnetic fields, RCP
and LCP waves are defined such that the electric field at a fixed
position z rotates in a clockwise or counterclockwise direction,
respectively, when viewed from the direction toward which the
wave is approaching. Crucially, changing the parameter d can
effectively modulate the phase difference between the excited
GMRs, enabling precise control of collective interference and CD
manipulation.

To illustrate the efficacy of the designed metasurfaces in
achieving continuous manipulation and counterintuitive sign re-
versal of CD, we initially conducted an analysis of the chiropti-
cal response. Figure 2a,b depict the simulated absorption spec-
tra at different d under LCP and RCP normal illumination. The
spin-selective absorption is clearly observed at four distinct wave-
lengths. A high-quality absorption peak is observed at 1200 nm
(P,) under RCP illumination, while the enhanced absorption of
LCP waves occurs at 1250 nm (P,) and 1370 nm (P;). The absorp-
tion peaks at P, to P, remain unchanged as the spacing d between
two types of nanoresonators changes. However, the spin-selective
absorption around 1530 nm (P,) exhibits significant variation
with different d. The absorption of RCP light is stronger than
that of LCP light when the nanoresonators A and B in each unit
cell are in close proximity to each other. As d gradually increases
toward nearly one-half of the period, the difference between the
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Figure 1. Schematic of the designed diatomic metasurfaces for the realization of continuous manipulation and counterintuitive sign reversal of CD.
The metasurfaces are composed of two types of nanoresonators, labeled A and B, each with a distinct structural parameter . These metasurfaces
can effectively couple orthogonal linearly polarized components of circularly polarized light to the same plasmonic guided mode resonance (GMR). By
adjusting the spacing parameter d, the interference of the two excited guided mode fields can be effectively manipulated, enabling continuous variation

and sign reversal of CD.

absorption of LCP and RCP light decreases, and the absorption
peak tends to be absent. As d further increases, the absorption of
RCP light becomes weaker than that of LCP light. The changing
of spin-selective absorption at P, indicates that the CD, defined
as the absorption difference between LCP and RCP light, can be
continuously manipulated by changing d, and a counterintuitive
sign reversal can be observed. In addition, the CD signals are
related to intrinsic planar chirality, which arises from anisotropy-
induced polarization conversion (see Figure S1, Supporting In-
formation). Furthermore, consistent with previous approaches,
the mirror image of the designed metasurface exhibits opposite
chiroptical responses, wherein the absorption spectra of LCP and
RCP waves are exchanged.[?-33]

To elucidate the relationship between spin-selective absorption
at wavelengths P, to P, and the spacing parameter d, we sim-
ulated the electric field distribution in the x-z plane across the
center of the nanoresonators when d = 500 nm in Figure 2c. The
electric field is enhanced and located in the air under RCP illu-
mination at P, where a sharp peak can be observed in the ab-
sorption spectra. This behavior indicates the excitation of surface
lattice resonance through the coupling of the diffracted mode to
the local resonant mode, which manifests as anomalous Wood—
Rayleigh absorption at the wavelength corresponding to the pe-
riod size. Consequently, the chiroptical resonance at P, is not af-
fected by the spacing d, but it is sensitive to the structural period
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along the x direction (see Figure S2, Supporting Information).
The electric fields (|E,|) at peaks P, and P, are enhanced near the
two types of nanoresonators, indicating that P, and P, are caused
by the intrinsic resonances of the two nanoresonators. We fur-
ther simulated the absorption spectra of periodic metasurfaces
composed of nanoresonators A and B individually (see Figure
S3, Supporting Information). Results validate that the intrinsic
resonances of nanoresonators A and B contribute to the absorp-
tion peaks at P, and P, respectively, which are not affected by the
variation of d. The electric field is enhanced and localized within
the SiO, substrate at P, under RCP illumination, with the spatial
period of the field amplitude being half of the structural period
along the x-direction, thereby validating the excitation of a strong
plasmonic GMR.[*#¢] The electric field distribution at P, for d =
580 and 660 nm further validates that the excitation of the GMR
can be modulated by varying d. At d = 580 nm, the GMR is excited
by both LCP and RCP waves with similar resonant strengths. In
contrast, at d = 660 nm, the GMR is effectively excited only under
LCP illumination. We further experimentally validate the influ-
ence of d on the chiroptical response in Figure 2d. Four reflection
peaks are evidently corresponding to the four absorption peaks.
The measured reflection spectra for different d are in good agree-
ment with the simulated ones (see Section 2, Supporting Infor-
mation). The deviations in the spectra intensity and linewidth are
partly due to the imperfection in sample fabrication. Moreover,
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Figure 2. Analysis of the chiroptical response of the designed metasurfaces.
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Simulated absorption spectra of the designed metasurfaces with varying

spacing d under a) LCP and b) RCP illumination. The four absorption peaks are marked as P, to P,. c) Simulated amplitude distribution of z component
of the electric field |E,| at the four absorption peaks in the x-z plane across the center of the two nanoresonators with d = 500 nm. And the simulated

distribution of |E,| at P, under LCP and RCP illumination when d = 580 and 6

60 nm. d) Measured reflection spectra of the designed metasurfaces with

different d under LCP and RCP illuminations. Insets show the SEM images of the unit cell of the designed metasurfaces (scale bar: 600 nm).

the simulation employs normal illumination conditions, while
the measurement utilizes objective-focused light. This discrep-
ancy also contributes to the observed differences between simula-
tion and experimental results. Additionally, the low reflectivity at
non-resonant wavelengths is attributed to the increased absorp-
tion losses caused by multiple reflections and optical interference
within the Fabry-Pérot-like cavity formed by the metal-insulator-
metal structural configuration of the designed metasurface, lead-
ing to a decrease in the overall reflectivity.

In order to quantitatively analyze the continuous variation and
counterintuitive sign reversal of CD at P,, we simulated and mea-
sured the CD spectra of the designed metasurfaces with different
d in Figure 3a,b. Here, CD = R;p — Ryep (CD = Agep — A p) is
calculated as the difference between the reflectance of LCP and
RCP light. The peak value of the simulated CD at P, changes
from 0.55 to —0.36 with the variation of d from 500 to 660 nm,
while the measured one changes from 0.37 to —0.31. The wave-
length of the peak slightly redshifts as the spacing d increases.
The data quality in Figure 3b is not as good as the simulated
one, primarily due to the limited size of the fabricated samples
(90 um x 90 pm), which results in a weak detection signal and
a reduced signal-to-noise ratio. To enhance the quality of exper-
imental data, it would be beneficial to increase the sample size,
improve the fabrication precision, and increase the power of the
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light source. The simulated and measured results are in reason-
able agreement, validating the continuous variation and counter-
intuitive sign reversal of CD. These results indicate that the de-
signed metasurface provides an effective approach for the con-
tinuous manipulation and sign reversal of CD at the resonant
wavelength, without altering the structural geometric chirality.
The sign reversal of CD is achieved by changing the structural
geometric chirality in the most previous approaches.[?-3¥] Specif-
ically, planar chiral nanostructures are defined as patterns that
cannot be superimposed onto their mirror images without being
lifted out of the plane. The degree of geometric chirality can be
quantitatively characterized by the overlap volume between the
nanostructure and its mirror image. Modifying geometric chi-
rality involves a transformation known as “enantiomorphing”,
where the structure transitions from one handedness to another,
passing through an achiral geometry.*’] In our design, the de-
gree of geometric chirality remains unchanged when varying the
spacing between the nanoresonators, and no enantiomorph tran-
sitions occur, thus preserving the structural geometric chirality.
This phenomenon can be attributed to the effective modula-
tion of the spin-selective interference of the nonlocal plasmonic
GMRs. The designed metasurface can effectively couple TM and
TE waves into the same GMR (TM-like mode) at P,. As the cir-
cularly polarized waves can be treated as a combination of TM
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Figure 3. Continuous manipulation and counterintuitive sign reversal of CD in the designed metasurfaces by changing d. a) Simulated CD spectra
of the designed metasurfaces at P,. The dots are the theoretically fitted results based on the CMT model. b) Measured CD spectra of the designed
metasurfaces. c) Calculated phase difference and corresponding normalized intensities of the interference field at P,, and d) Simulated CD values at
P, for different d. Insets show the simulated amplitude distribution of y component of the magnetic field distributions |H,| in the x-z plane across the
center of the nanoresonators when d = 500 nm under normal illumination with various polarization state. e) The phasor representations for guided

mode fields for different incident polarizations when d = 500 nm.

and TE waves with the same amplitude and a phase difference of
+7/2, the interference between the guided mode fields excited by
the TM and TE components of circularly polarized waves is spin-
selective, as illustrated in Figures 3c,d. We defined the amplitude
and phase of the guided mode field excited by the TM (TE) wave
as apy (arp) and @y (@qg), respectively. For LCP (RCP) light il-
luminating along the -z direction, the phase difference between
TM and TE waves is 7/2 (—x/2); therefore, the collective inter-
ference between the guided mode fields excited by TM and TE
components of LCP and RCP waves can be described in terms of
complex amplitude a:

Orcp = Opy €™ + “TEei((pTEJr%) 1)
Ogep = Oy €™ + “TEei(q’TE_%) (2)

Laser Photonics Rev. 2025, 2401184

2401184 (5 of 9)

Then, the intensity I = |a|? of the interference field can be
obtained. The phase difference @r;—¢@r, between the excited
guided mode fields and the corresponding normalized intensi-
ties of the interference field under LCP and RCP illuminations
can be calculated to show the spin-selective collective interference
effect. The excited guided mode fields under TM and TE normal
incidences are standing wave fields along the x axis. For the sake
of simplicity, the average value of magnetic field H, along the y
axis at the crest of the standing wave field is used to calculate the
phase difference. The phase difference changes in the range of 0
and r as d varies from 500 to 580 nm, as illustrated in Figure 3c.
Therefore, the guided mode fields excited by TM and TE compo-
nents of circularly polarized waves exhibit constructive (destruc-
tive) interference with each other under RCP (LCP) illumination,
indicating the enhanced absorption of RCP light. The phase dif-
ference is close to 7 when d = 580 nm, and the intensities of in-
terference fields for LCP and RCP lights are close to each other,
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resulting in a weak chiroptical resonance. As d continues to in-
crease, the phase difference is between z and 2z, which leads
to constructive interference of guided mode fields for LCP light
and destructive interference for RCP light. The difference in res-
onant strength at P, under LCP and RCP illuminations can be
expressed as:

Al'= Iycp — Iicp = 400y Sin (("TE - (PTM) 3)

Obviously, the sign of CD is decided by phase difference. The
sin value of phase difference gradually reduces from a positive
value to 0 and then changes to a negative value as d increases,
which determines a continuous change in the value and sign re-
versal of CD. The spin-selective collective interference of guided
mode fields is visually validated by the simulated magnetic field
distributions in the x-z plane across the center of the nanores-
onators when d = 500 nm (Figure 3d). The results validate that
the proposed metasurfaces can couple both TE and TM inci-
dence into the TM-like plasmonic GMR with similar resonant
strengths. The phase difference between the excited guided mode
fields leads to destructive interference under LCP illumination
and constructive interference under RCP illumination, resulting
in the spin-selective excitation of the GMR. The phasor repre-
sentations for guided mode fields with different incident polar-
izations when d = 500 nm can assist in proving the interference
result of the field, as shown in Figure 3e. To facilitate a quantita-
tive comparison between the simulated results and the proposed
theoretical explanation, we further employ coupled mode theory
(CMT) to describe the GMR generated by the coupling of the in-
cident wave with the metasurface.l*®*°] The dynamic equations
of the system can be described by:

da

5= (iwg — 74— 7,) 6 + K,£%S, + Kk,£9S, *)

where a, w,, y4 and y, are the resonant amplitude, resonant fre-
quency, dissipative loss rate, and radiative loss rate of the reso-
nant mode. S, (S,) is the TM (TE) polarization component of the
incident circularly polarized light. x, and x are the coupling con-
stants. ¢, and @, represent the relative phases. Based on energy
conservation, |k|* + |«,|* = 2y,. The LCP and RCP waves are de-

fined as \/E[il] and \/g[l_i]. Then, the absorption of LCP and RCP
waves can be expressed as:
2y4 [yr — KK, sin ((py - qox)]

(=) + (ra+7.)’

(5a)

cp =

_ Zyd [yr + KxKy Sil’l((py - (px)]
T (@ = @0)2 + (rg + 1,2

(5b)
where w is the frequency of the optical wave. Therefore, the value
of CD can be calculated as:

4)/dele sin(goy -@,)
(@ = @)’ + (ra +1,)°

CD = Apcp = Apcp = (6)

According to Equation 6, the sign of CD is determined by Ag
= @,~@,, which is consistent with the results in Figures 3c,d.
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We also derive the fitted curves of the CD spectra based on Equa-
tion 6 in Figure 3a, which agree well with the simulated results. It
should be noted that the negative and positive maximum values
of CD occur at d equal to 500 and 660 nm, respectively. When d
is less than 500 nm or greater than 660 nm, the phase difference
between the guided mode fields excited by the TM and TE waves
diminishes. This reduction in phase difference, in conjunction
with the amplitude of the guided mode fields, leads to a decrease
in the absolute value of CD. According to Equation 6, the max-
imum CD values can be realized by optimizing the strength of
the GMRs under TE and TM illuminations to be equal, main-
taining the high coupling efficiency, and keeping a phase differ-
ence of +x/2. The collective interference of guided mode fields
is not only affected by changes in d, but also by changes in other
structural parameters, for instance, g5 (see Figure S4, Support-
ing Information). When the relative spacing d is equal to P, /2,
the GMR will disappear in the metasurface composed of two
identical nanoresonators (arranged as A-A or B-B). However, the
GMR can be excited under both TE and TM illuminations when
dis not equal to P, /2. But their interference lacks spin selectivity
due to the nearly constant and fixed phase difference A during
changes in d. (Figure S5, Supporting Information). In order to
realize continuous variation and counterintuitive reversal of CD
at P,, we have carefully optimized the structural parameters of
the two nanoresonators in the unit cell.

In contrast to the previous approaches, our observed counter-
intuitive sign reversal of CD at P, does not originate from the chi-
roptical resonance of the nanoresonators or their coupling. The
designed metasurfaces display distinct CD across multiple wave-
lengths. The effect of changing d on the chiroptical resonances
at P, and P;, and the surface lattice resonance at P, can be ig-
nored. Taking advantage of the fact that the reflection intensity
only changes with d in a narrow band spectrum at P,, d can be
used as an information-hiding perturbation. A distinctive optical
encryption strategy exploiting spin states and wavelength regions
as encryption channels can be obtained. Four types of unit cells
with distinct d and g, are designed as the basic elements I to IV
for information coding, as shown in Figure 4a. The simulated
reflection spectra indicate that the designed unit cells are nearly
identical in the visible region and show no chiroptical resonance
(Figure S8, Supporting Information). The color images of the pe-
riodic metasurfaces composed of the four types of unit cells ap-
pear almost identical (Figure 4b). The element I, composed of
two nanoresonators with the same structural parameters, has no
chiroptical resonance at P;. The reflectance values of elements
II, III, and IV are similar in the infrared region and are differ-
ent only at P, under LCP illumination. Therefore, it can be ex-
pected that there are large differences in the grayscale images
in the near-infrared region between periodic metasurface com-
posed of element I and periodic metasurfaces composed of ele-
ments II to IV. And the grayscale images of periodic metasurfaces
composed of elements I to IV are different at P,. Therefore, the
element I and elements II to IV can be regarded as 2-bit coding
elements “1” and “0” in the near-infrared region, while they can
be used to implement 4-bit light intensity encoding at P, under
LCP illumination. On the other hand, for RCP illumination, the
reflection spectra of elements II, III, and IV are almost the same
in the near-infrared region and are quite different from that of
element I (Figure S8, Supporting Information). Specifically, the
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Figure 4. Realization of spin- and wavelength-selective optical encryption. a) SEM images of the designed unit cells with different f, and d, representing
four basic coding elements (I to IV). b) Measured optical images of the designed periodic metasurfaces composed of elements | to IV in the visible
region, near-infrared region, and at 4, = 1530 nm. c) Schematic of the encryption strategy based on the designed coding elements. d) The designed
encoded image and the SEM image of the fabricated sample (the scale bar is 50 um). e) Experimentally captured optical images of the designed sample

under different illumination conditions.

reflectance of the elements III and IV are identical at P,, while
that of element I is slightly higher and that of element II be-
comes the lowest. Therefore, the element I and elements II to IV
can be regarded as 2-bit coding elements “1” and “0” in the near-
infrared region to achieve the binary grayscale image under both
LCP and RCP illuminations. Such results validate that spin states
and wavelength regions can be used as encryption channels for
chiral optical encryption. As shown in Figure 4b, the experimen-
tally captured images of designed periodic metasurfaces validate
our prediction.

To make a proof of concept, we encode two different images
in the near-infrared region and at P,, as shown in Figure 4c. The
encrypted information can only be decrypted by the receiver with
the correct decryption keys. If the general public has no keys,
they will see no information, as the optical image is concealed
with uniform intensity in the visible region. The receivers with
keys will obtain partial or complete information about the im-
age under different decryption conditions. To validate the optical
encryption performance of our strategy, we encode a grayscale

Laser Photonics Rev. 2025, 2401184
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image into a designed metasurface in Figure 4d. The elements I
to IV, representing different grayscale values, are placed in the
corresponding pixels of the designed image. The image is de-
signed with consideration of the resolution of the camera and
the interactions between neighboring elements, so the areas with
the same grayscale value contain at least 4 X 6 pixels. Since
the nanoresonators composing the fabricated metasurface have
a similar structural configuration, the encoded image cannot be
observed in the overall SEM image of the fabricated sample. As
validated by the experimentally captured images in Figure 4e,
the fabricated metasurface appears as uniform blocks of dark or-
ange when viewed with a visible region camera under both LCP
and RCP illuminations. The infrared camera captured the binary
grayscale image under both LCP and RCP illuminations from a
bromine tungsten lamp. The difference in contrast between the
images under LCP and RCP illuminations is attributed to the
variation in the reflection spectra of each coding element under
LCP and RCP illumination (see Section 3, Supporting Informa-
tion). A complete and distinct panda image with four gray levels
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can be observed only under LCP incidence using a narrow-band
interference filter with a center wavelength of 1530 nm in front
of the infrared camera. The intensity under LCP illumination fol-
lows a descending order, with the background and the face of the
big panda having the highest intensity, followed by the face and
Dbelly of the small panda, then the teacup, and finally the body and
eyes of both pandas. Under RCP illumination, the background
and the face of the big panda still exhibit the highest intensity,
while the lowest intensity is observed on the face and belly of the
small panda. Additionally, the body and eye regions of the both
pandas as well as the teacup appear to merge into a single inten-
sity. The experimental results all agree well with the expected im-
ages, proving the efficiency of our strategy based on the designed
metasurfaces for the realization of spin- and wavelength-selective
optical encryption (as depicted in Figure 4c). In addition, since
the designed metasurfaces can continuously modulate the value
of CD, more elements can be further involved to encode a higher-
order grayscale image at 1530 nm under LCP illumination. In
contrast to previous approaches that independently encode dif-
ferent grayscale images into various wavelengths by controlling
the local resonances of individual resonators,?2%! the designed
metasurfaces can conceal the desired grayscale image while si-
multaneously displaying another grayscale image under broad-
band illumination. This concealed image can only be revealed
under narrowband illumination with a fixed circular polarization
state and a specific central wavelength, offering a distinct strategy
for chiral optical encryption.

3. Conclusion

In summary, we have presented an effective method for achiev-
ing continuous manipulation and counterintuitive sign reversal
of CD by effectively modulating the collective interference of
plasmonic GMRs in diatomic metasurfaces. By simply adjusting
the relative spacing between the two types of nanoresonators, a
continuous change in CD and sign reversal can be observed. We
proved that tuning the spacing between the two nanoresonators
induces changes in the interference phase between the guided
mode fields excited by TE and TM illumination, resulting in
spin-selective constructive and destructive interference between
the excited guided mode fields. Experimental results validate
the distinct chiral responses corresponding to different spacings
between the two nanoresonators, which are in good agreement
with the theoretical analysis and simulated results. Importantly,
changing the spacing of nanoresonators has a negligible effect
on their individual chiroptical resonances. We have experimen-
tally proven that this feature offers significant advantages for
achieving spin- and wavelength-selective optical encryption. The
encoded information is confined to a narrow waveband, which
is inaccessible to the general public and can be transmitted
to receivers equipped with special keys. This study reveals the
remarkable potential of nonlocal resonance control for manip-
ulating the chiroptical response of nanostructures, providing a
new candidate for the continuous manipulation and sign rever-
sal of CD without changing the geometric chirality. It enhances
our understanding of chiroptical mechanisms and enables
applications for spin-selective light manipulation, detection, and
encryption.
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4. Experimental Section

Sample Fabrication: The proposed metasurfaces were fabricated by
electron-beam lithography (EBL), and Al lift-off processes. A 200 nm thick
Al film was initially deposited onto a microscope slide glass by using an
electron-beam evaporator (Temescal BJD-2000). A 180 nm thick SiO, layer
was subsequently deposited onto the sample by using plasma enhanced
chemical vapor deposition. After that, a 200 nm thick positive electron-
beam resist of ZEP520A was spin coated, and then the structure pattern
was exposed using an EBL system (RAITH 150) at 30 keV. After the ex-
posure, the sample was developed in n-amyl acetate for 60 s, rinsed with
isopropyl alcohol, and then blown dry using nitrogen. A 70 nm thick Al
film was subsequently deposited by using an electron-beam evaporator
(Temescal BJD-2000). After the resist was removed by means of a ZEP re-
mover (ZDMAC), the metasurfaces were created.

Numerical Simulations: The numerical simulations were performed by
using the finite differential time domain methods. The optical constants of
Al were taken from experimental data, % and the refractive index of Sio,
was taken as 1.5. The periodic boundary conditions were set in the x and
y directions to represent a periodical structure, and the waveguide port
boundary was defined in the z direction for light incidence and reflectance.
The excitation source was either a left-handed or right-handed circularly
polarized plane wave.

Optical Characterizations: The experimental measurement was based
on custom-built optical settings. For the experimental measurement of the
reflection spectra, a bromine tungsten lamp (Zolix, GLORIA-T150A) colli-
mated by a fiber collimator was used as the light source. The collimated
beam passed through a broadband polarizer (Codixx AG, IR 1300 BCS5),
and an achromatic quarter-wave plate (B. Halle Nachfl, 1/4 super achro-
matic waveplates) to generate a circularly polarized beam. The circularly
polarized beam then passed through a broadband unpolarized beam split-
ting prism (MFOPT, OQNP25.4N-NIR-3) and was focused on the sam-
ple with an objective (Sigma NIR plan apo 20x, NA = 0.45). The col-
lected reflection beam passed through an achromatic quarter-wave plate
(B. Halle Nachfl, 4/4 super achromatic waveplates) and a broadband po-
larizer (Codixx AG, IR 1300 BC5). Then the beam passed through an aper-
ture and a lens. The focused beam then passed through a broadband un-
polarized beam splitting prism (MFOPT, OQNP25.4N-NIR-3) and was col-
lected by an optical spectrum analyzer (Zolix, Omni-750i) via a fiber cou-
pler and an InGaAs camera (HAMAMATSU, InGaAs C10633). The data of
reflection spectra were acquired with the software of the optical spectrum
analyzer. In all measurements, the reflection spectra were normalized with
respect to the non-nanostructure area under the same excitation condi-
tions. The experimental setup for optical imaging at 1530 nm was modified
by adding a narrow-band interference filter (Thorlabs, FB1530-12) in front
of the InGaAs camera. The output light from the objective and unpolarized
beam splitting prism was collected by the InGaAs camera, and the images
were taken by the software of the camera. For the experimental measure-
ment of the optical imaging in the visible region, a D65 white light (CST,
CST-COPS30-W) was used as the light source. The images were captured
by a CCD (TUCSEN, ISH130). Other elements in the experimental setup
were replaced with visible region: polarizer (MFOPT, OPPS-25.4), quarter-
wave plate (Thorlabs, AQWP05M-600), and broadband unpolarized beam
splitting prism (MFOPT, OQNP25.4N-VIS).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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