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Spin-Selective Full-Dimensional Manipulation of Optical

Waves with Chiral Mirror

Zhancheng Li, Wenwei Liu, Hua Cheng,* Duk-Yong Choi, Shugi Chen,* and Jianguo Tian

Realizing arbitrary manipulation of optical waves, which still remains a
challenge, plays a key role in the implementation of optical devices with
on-demand functionalities. However, it is hard to independently manipulate
multiple dimensions of optical waves because the optical dimensions are
basically associated with each other when adjusting the optical response of
the devices. Here, the concise design principle of a chiral mirror is utilized to
realize the full-dimensional independent manipulation of circular-polarized
waves. By simply changing three structural variables of the chiral mirror, the
proposed design principle can arbitrarily and independently empower the
spin-selective manipulation of amplitude, phase, and operation wavelength
of circular-polarized waves with a large modulation depth. This approach pro-
vides a simple solution for the realization of spin-selective full-dimensional
manipulation of optical waves and shows ample application possibilities in

the areas of optical encryption, imaging, and detection.

Realizing the spin-selective multidimensional manipulation
of optical waves plays a key role in many research fields of
optics and photonics, such as quantum optics, spin photonics,
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and integrated optics.”! However, the
weak chiral optical responses in natural
materials prevent them from being used
in the implementation of spin-selective
optical wave manipulation.®! Metasur-
faces, which are planar arrays composed
of subwavelength artificial nanostruc-
tures, have received a burgeoning amount
of interest in the field of spin photonics
due to their significantly enhanced chiral
optical responses compared with natural
materials.® 2 Recently, spin-selective
focusing,>™  hologram,>l  transmis-
sion, 7 asymmetric transmission, 22!
anomalous refraction,?223 and multifunc-
tion integration*2% have been succes-
sively implemented with metasurfaces.
These approaches indicate that the meta-
surfaces with giant chiral optical response
provide an effective platform for the implementation of spin-
selective manipulation of optical waves.

Chiral mirrors are exotic spin-selective reflectors based
on metasurfaces,’*32 one type of which can reflect optical
waves in one circular polarization state without polarization
change while absorb optical waves in the other circular polar-
ization state.?” Chiral mirrors have been treated as an effec-
tive approach for the realization of spin-selective near-field
enhancement,33 absorption,*3" and circularly polarized light
detection.’® By utilizing the geometric phase, recent advances
in chiral mirrors also show that they are good alternatives for
the realization of spin-selective phase manipulation of optical
waves.3%*# However, the implementation of the diverse
chiral optical functionalities by metasurfaces does not only
require phase manipulation of optical waves. Spin-selective
full and independent amplitude and phase manipulation of
optical waves with a large and continuous wavelength agility,
namely spin-selective full-dimensional manipulation of optical
waves, is more highly desirable. To realize the spin-selective
full-dimensional manipulation of optical waves, there are still
some critical issues need to be solved. Firstly, it is challenging
to realize independent manipulation of different dimensions
of optical waves, because they are always associated with each
other when varying the structural parameters of the metasur-
faces.l’! Further, how to realize a large modulation depth for
full-dimensional manipulation of optical waves by finite vari-
ation of structural parameters of metasurfaces still needs to
be solved. It is worth mentioning that even these issues might
be solved by utilizing deep-learning technology,*>*! the data
collection process is time consuming and the method itself
lacks physical guidance.
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Here, we provide a simple design principle of chiral mirror
to realize the spin-selective full-dimensional manipulation of
optical waves. Our approach reveals the direct relationships
between the structural parameters of the designed chiral mir-
rors and three independent optical dimensions. By simply
changing three structural variables of the two chiral mirrors
with opposite spin-selective responses, the proposed design
principle can arbitrarily and independently empower the spin-
selective manipulation of amplitude, phase, and operation
wavelength of the circular-polarized waves with a large modula-
tion depth. With experimental validation, we further prove that
the proposed chiral mirrors can be used not only in the appli-
cations based on spin-selective phase manipulation of optical
waves, such as wavefront manipulation, but also in the areas of
optical encryption, imaging, and detection. Our work can over-
come the drawbacks in previous chiral mirrors and provides a
simple solution for the implementation of spin-selective full-
dimensional manipulation of optical waves.[3*!

Figure 1a is a schematic that shows the spin-selective optical
response of a designed aluminum chiral mirror. It can reflect
right-handed circular polarized (RCP) waves without polariza-
tion change while absorb left-handed circular polarized (LCP)
waves. The proposed chiral mirror is a metal-insulator-metal
design composed of a ground aluminum layer, a SiO, spacer
layer and a top layer of aluminum nanostructures. The struc-
tural parameters of a unit cell of the chiral mirror are shown
in Figure 1b, where the periods P = P, = P, = 650 nm. The
dimensions of the aluminum nanostructes are w = 70 nm,
r;=230 nm, r,=160 nm, and t; =70 nm, respectively. The thick-
nesses of the SiO, spacer layer and the ground aluminum layer
are t, = 180 nm and t; = 200 nm, respectively. Figure 1c shows
three structural variables in a unit cell of the chiral mirror: the
length of the short arc (represented by angle ¢), the length of
the symmetrical long arc (represented by angle ) and the orien-
tation angle of the nanostructures along the z-axis (represented
by angle 6). Spin-selective manipulation of amplitude, phase,
and operation wavelength of optical waves can be realized by
changing the three structural parameters near-independently.
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First, we propose two chiral mirrors with opposite chiral
optical responses to realize the spin-selective reflection of LCP
and RCP waves, respectively. Figure 2 shows the simulated
and measured modular square r; = |R;* (the subscript “i” and
“j” indicate the polarization state of the reflected and incident
optical waves, respectively) of the reflection coefficients and the
corresponding calculated reflection difference Ar = ricp — rrep
for two chiral mirrors with structural variables o = 45°, = 80°,
and 6 = 0°. Chiral mirror in Figure 2b can be obtained by
rotating the aluminum nanostructure in Figure 2a 180° along
y-axis. Simulated results in Figures 2a—c indicate that the pro-
posed chiral mirrors can realize spin-selective reflection of
optical waves around 1384 nm with reflection difference over
78% and a near-perfect extinction of one circular-polarized
illumination. These two chiral mirrors have opposite spin-
selective optical responses, which can be regarded as enantio-
morph (A and B). The measured results in Figure 2d,e are in
good agreement with the simulated results, even there exists
a minute wavelength discrepancy, that is ascribed to the small
structural differences between the designed and fabricated
nanostructures. We further analyze the variation of the spin-
selective optical response of the proposed chiral mirrors at
various incident angles (Figure S1, Supporting Information).
The spin-selective optical responses of the proposed chiral
mirrors remain unchanged when incident angle is below to
30°. We also analyze the influence of structural parameters
(P, w, 1y, 15, t;, and ;) on the spin-selective optical responses
in Figure S2, Supporting Information. The optical responses of
the proposed chiral mirrors are stable when the structural para-
meters are varying in a certain range. It is worth mentioning
that, a significant change of the spacer layer thickness ¢, will
remarkably affect the resonance strength of the aluminum
nanostructures, because the resonance of the aluminum nano-
structures is enhanced by the multiple reflections of optical
waves that is induced by the metal-insulator-mental configura-
tion (Figure S3, Supporting Information).

The spin-selective reflections in the proposed chiral mir-
rors originate from the spin-selective excitation of a pair of
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Figure 1. Schematic illustrating the optical response, design principle, and structural variables of the designed chiral mirror. a) Schematic of the spin-
selective reflection in aluminum chiral mirror. b) An illustration of the structural parameters of a unit cell in chiral mirror. ¢) Structural variables in a
unit cell for the realization of full-dimensional manipulation of circular-polarized waves.
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Figure 2. Simulated and measured reflection spectra for the designed chiral mirrors. a—c) Simulated modular square r;=|R;|* of the reflection coefficients
for the designed chiral mirrors: a) the enantiomorph A, b) the enantiomorph B, and c) the corresponding calculated reflection difference Ar=r cp — rpcp
(Insets: schematic of a basic unit cell of the enantiomorphs A and B). d—f) Experimentally measured modular square r; = |R;{? of the reflection coefficients
for the designed chiral mirrors: d) the enantiomorph A, ) the enantiomorph B, and f) the corresponding experimental reflection difference Ar=r cp—rpcp
(Insets: SEM images of a basic unit cell of the fabricated enantiomorph A and the fabricated enantiomorph B, scale bar: 100 nm).

antiparallel currents within the nanostructures, as shown in
Figure 3a. The excitation of antiparallel currents in the nano-
structures (represented by the red and blue arrows) results in
not only the minimization of electric dipole response but also
the generation of a pair of parallel magnetic dipoles along the
wave propagation direction, which lead to the vanishingly small
far-field emission. To further make a quantitative analysis, we
calculated and compared the scattering power of multipole
excitations by utilizing the electromagnetic multipole expan-
sion method.***#1 As shown in Figure 3D, the calculated results
validate that the main multipole excitation in the enantiomorph
A under LCP illumination is the magnetic dipole (M) with the
main component in the z direction (M,) (Figure 3c), which are
in good agreement with the simulated results in Figure 3a.
While for RCP illumination, the main multipole excitation in
the enantiomorph A is electric dipole (P) with main compo-
nent in y direction (P,) (Figure 3c). For the enantiomorph B,
the situation is exactly opposite. Thus, the spin-selective reflec-
tions in the proposed chiral mirrors are ascribed to the spin-
selective excitation of magnetic dipoles in wave propagation
direction and minimization of electric dipole perpendicular to
wave propagation direction, resulting in the vanishingly small
far-field emission.

The spin-selective reflections in the proposed chiral mirrors
are attributed to the generation of a pair of antiparallel currents
within the nanostructures. The antiparallel currents within the
nanostructures can be related to two electric dipoles with phase
delay of 7. Thus, the proposed nanostructures can be equiva-
lent to the optical nanoantenna, whose second-order resonance
has been excited. The excitation of the second-order resonance
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in the proposed nanostructure is attributed to the symmetry
breaking of the nanostructure by adding the short arc structure.
Moreover, the far-field scattering E associated with the electric
dipole in metasurfaces can be expressed as:*!

_itoke? . itokc?

E. = =
247 1T A2

(Pi+ Pj) (1)

where A is the area of the unit cell, and P, and P, can be
1

expressed as P, =— I d*r],. By varying the length of the short
i70)

arc structure, both P, and P, can be manipulated, which means
that the length of the short arc is directly associated with the
efficiency of the spin-selective reflection in the proposed chiral
mirrors. The scattering intensity of P, and P, will decrease
and increase with the increasing of the angle o (Figure S4,
Supporting Information), respectively. The sum of the scat-
tering intensity of P, and P, reaches minimum value when
o = 45°. Therefore, we can manipulate the amplitude of the
spin-selective reflection by controlling the angle ¢, as shown in
Figures 4a—c. The simulated results also validate that we can
effectively manipulate the amplitude of LCP reflected waves at
operation wavelength by changing the angle « while keeping
the reflection intensity of RCP waves in constant. Since the
current density within the short arc structure is quite weak
for RCP waves, which can be validated by the distribution of
the power loss density in Figure 3a, the variation of the angle
o has a limited influence on the reflection intensity of RCP
waves. In addition, the range of amplitude manipulation is
from 0 (o = 45°) to 0.87 (o = 15°) at 1384 nm. Moreover, the
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Figure 3. The physical mechanisms of the spin-selective reflection in the designed chiral mirrors. a) Simulated results of the direction of the current
flow (white arrow) and the distribution of the power loss density in enantiomorph A and B (on the middle section of the nanostructure in a unit cell)
at 1384 nm under LCP and RCP illuminations. b) Calculated multipolar decomposition of scattering spectra of the enantiomorph A in terms of elec-
tric dipole (P), magnetic dipole (M), toroidal dipole (T), electric quadrupole (Q.), and magnetic quadrupole (Q.,) under LCP and RCP illuminations.
c) Calculated results of the component of electric dipole (P) and magnetic dipole (M) under LCP and RCP illuminations.

second-order resonance of a nanoantenna with structural sym-
metry breaking can be excited when the equivalent wavelength
of optical waves equals to the length of the nanoantenna, which
means that the operation wavelength of the nanoantenna is
proportional to its length. In a similar way, the operation wave-
length 4, of the proposed chiral mirrors is proportional to the
sum of the length of the long arc and the horizontal nanorod:

)‘O‘x(rl +Vz)ﬁ+zrz (2)

Thus, the operation wavelength can be manipulated by
changing the length of the long arc, in other word, the angle
B. As shown in Figures 4d—f, the operation wavelength can be
effectively controlled from 1000 nm to 2000 nm by changing
the angle S from 45° to 125° while keeping the value of r;; con-
stant. Moreover, the variation of the operation wavelength has
a linear relationship with the changing of the angle 3, which
is in good agreement with the above prediction. When the
angle B > 115°, the relationship between the operation wave-
length and the angle S is slightly changed. This can be attrib-
uted to the extra near-field interaction induced by the narrow
gap between the short and long arc structures. Since the cur-
rent flows in the two long arc structures are opposite and their
integral are cancelled out (Figure S5, Supporting Information),
the variation of the angle 8 almost has no effect on the ampli-
tude of the spin-selective reflection. Furthermore, the designed
chiral mirrors can not only realize the spin-selective reflection
of optical waves, but also change their spins (r;; or ryy are not
equal to zero while r;; and rg; are equal to zero). Thus, we can
realize the phase manipulation of optical waves by utilizing
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the geometric phase: when a circular-polarized optical wave is
reflected by a nanostructure with a rotation angle of ¢, an extra
phase of +2¢ will be added to the reflected wave with opposite
spin.?2l By changing the orientation angle 8 from 0 to 7, we
can manipulate the phase of the reflected waves from 0 to 27,
as shown in Figures 4g—i, while the amplitudes of the reflected
waves keep constant. It is worth mentioning that the variations
of v and S will cause the change of the resonance phase, thus
extra geometric phase needs to be added to make a compensa-
tion to realize the spin-selective independent manipulation of
amplitude, phase and operation wavelength of optical waves.
Overall, we can realize full-dimensional manipulation of LCP
and RCP optical waves with a large modulation depth by using
two chiral mirror designs and changing the three structural
variables. Compared with previous works in the research area
of chiral mirrors,32* our approach can be used not only in
the applications based on spin-selective phase manipulation of
optical waves, such as wavefront manipulation (Figure S6, Sup-
porting Information), but also in the areas of optical encryp-
tion, imaging, and detection. We further design and complete a
series of experimental measurements to prove the ample appli-
cation possibilities of our approach.

With the feature of the spin-selective amplitude and opera-
tion wavelength manipulation of optical waves, the proposed
chiral mirrors can be utilized to realize the spin- and wavelength-
encoded imaging with dual outputs. First, we experimentally
validated the spin-encoded imaging by designing the spin-
encoded quick response (QR) code composed of QR code A and
B in Figure 5a. The designed QR code is composed of four

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Full-dimensional independent manipulation of circular-polarized waves with the changing of three structural variables. a) Schematic of the
structural variable . b) The variation of r;; and rgg of the enantiomorph A with the changing of . c) The variation of the modular square of the reflec-
tion coefficients for the enantiomorph A with the changing of o at 1384 nm. d) Schematic of the structural variable j. e) The variation of r; and rgg of
the enantiomorph A with the changing of S. f) The variation of the working wavelength and the corresponding modular square of the reflection coef-
ficients for the enantiomorph A with the changing of 5. g) Schematic of the structural variable 6. h) The variation of r;; and rgg of the enantiomorph
A with the changing of 6. i) The variation of the modular square of the reflection coefficients for the enantiomorph A and the variation of the phase of
the reflection coefficients Rgg with the changing of 6 at 1370 nm. The variation of r g and rg, are not shown in (b,e,h) because they are close to zero

at operation wavelength.

basic structures (or unit cells) #1 to #4. Structures #2 and #3
are enantiomorph A and B, respectively. Structure #1 is
obtained from structure #2 by deleting the aluminum nano-
structure on the top layer, and structure #4 is obtained from
structure #2 by deleting the short arc part of the nanostructure
(Figure S7, Supporting Information). The optical responses
of structures #1 and #4 are as same as a normal mirror and
a handedness-preserving mirror in a broad bandwidth, respec-
tively. With these four basic structures, we can realize a 2-bits
spin-encoded imaging around the operation wavelength of the
chiral mirrors. The design principle of the spin-encoded QR
code is shown in Figure 5a, for example, we put structure #1 in
the area that is black in both QR code A and B. QR code A and
B present information for the words “metasurfaces” and “chi-
rality”, respectively. The scanning electron microscopy (SEM)
image of the designed spin-encoded QR code is shown in
Figure 5b. A bromine tungsten lamp is utilized for the illumi-
nation, with different wavelength filters to acquire clear images.
Figure 5c shows the experimental results of the spin-encoded
QR code with different incident polarization states and detec-
tion states at the wavelength of 1400 and 1500 nm, which are
in good agreement with the designed ones in Figure 5a. The
experimental results indicate that the QR code can be validated
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under LCP illumination and detection or RCP illumination and
detection (“LCP/LCP” or “RCP/RCP”) around the operation
wavelength. When under LCP or RCP illumination and without
special detection of polarization (“LCP/—" or “RCP/—")
around operation wavelength, or when under “LCP/LCP” or
“RCP/RCP” illumination and detection away from the opera-
tion wavelength, the designed QR code cannot be identified. In
addition, for broadband illumination, the QR code cannot be
observed even under specific illumination and detection states
(Figure S7, Supporting Information). Thus, the spin-encoded
imaging based on the proposed chiral mirrors is a good alterna-
tive for optical encryption.

Because the operation wavelength of the proposed chiral
mirrors can be easily tailored, the spin- and wavelength-
encoded imaging can be further implemented. We proposed
and validated the spin- and wavelength-encoded imaging with
dual outputs in Figure 5d,e. The designed image is also com-
posed of four basic structures #1, #4, #5, and #6. The struc-
tures #5 and #6 are enantiomorph A with = 68° and = 85°,
respectively (Figure S8, Supporting Information). With these
four basic structures, we can realize a spin- and wavelength-
encoded imaging with dual outputs under LCP illumina-
tion and detection. Figure 5e shows the experimental results

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Spin- and wavelength-encoded imaging with the designed chiral mirrors. a) Design schematic of the spin-encoded imaging of two QR codes.
b) SEM image of part of the fabricated spin-encoded QR code, which has 140 pixels in both x- and y-directions and each pixel consists of one of the
four basic unit cells. c) Experimental results of the spin-encoded QR code under illumination and detection with different polarization states at wave-
length of 1400 and 1500 nm. “LCP/LCP” (“RCP/RCP”) indicates under LCP (RCP) illumination and with LCP (RCP) detection. “LCP/—" (“RCP/—")
indicates under LCP (RCP) illumination and without special polarization detection. d) Design schematic of a spin- and wavelength-encoded image,
which has140 pixels in both x- and y-directions, and each pixel consists of one of the four basic unit cells. €) Experimental results of the spin- and
wavelength-encoded imaging with different illumination and detection states at wavelength of 1252 and 1422 nm.

of the spin- and wavelength-encoded imaging with different
illumination and detection states. The experimental results
verify that the designed sample can display the heart- and star-
shaped images under LCP illumination and detection at 1252
and 1422 nm, respectively. While with LCP illumination and
without special detection of polarization, the designed image
cannot be observed at two designed wavelengths. For RCP
illumination, however, both designs give the same image at
two wavelengths regardless of RCP detection. The boundaries
between different types of unit cells exist light diffraction and
interference as these images were captured under the illumi-
nation of a supercontinuous laser, which can be addressed by
utilizing incoherent light source (Figure S8, Supporting Infor-
mation). Overall, our approach provides an effective way for the
implementation of spin- and wavelength-encoded imaging with
a high degree of secrecy.

One of the outstanding advantages of our approach is that
we can realize the spin-selective amplitude manipulation with
a large modulation depth by only changing the structural vari-
able a. We simulated the reflection intensities of the enantio-
morph A for LCP and RCP incident waves with the variation of
the structural variable « at different wavelengths in Figure 6a.
The changing trends of the reflection intensity at different wave-
lengths are different for LCP incident waves, while they are sim-
ilar for RCP incident waves. Thus, our approach can be used to
realize the spin- and wavelength-selective gray imaging. A gray
image of a Rubik’s cube (displayed in Figure 6b) is designed
to make a verification. The designed image is composed of six
basic unit cells of enantiomorph A with different oz With the uti-
lization of unit cells #2 and #4, the intensity distribution in the
image will be different at 1300, 1400, and 1500 nm (as show in
Figure 6a), resulting in different gray images of the Rubik’s cube.

Adv. Mater. 2020, 1907983

1907983 (6 of 10)

Figure 6¢ represents the calculated data of the gray imaging
under LCP illumination at 1300, 1400, and 1500 nm, respectively.
It is clearly demonstrated that the gray image of the Rubik’s cube
is different at different wavelengths. The corresponding experi-
mental results in Figure 6d, which were captured under the illu-
mination of a bromine tungsten lamp with different wavelength
filters, are in good agreement with the calculated results. The
experimental results also verify that the Rubik’s cube cannot be
observed under RCP illumination because the reflection inten-
sity of RCP illumination keep constant with the variation of the
angle o. Moreover, the gray imaging under broadband illumi-
nation is quite different from that at the operation wavelength
of enantiomorph A. We anticipate this key feature will provide
a new approach for optical information hiding. In general, our
approach is a good alternative for the realization of spin- and
wavelength-selective gray imaging, which can be used for optical
encryption and information hiding.

Another outstanding advantage of the proposed chiral mir-
rors is that the operation wavelength can be continuously tuned
in the wavelength range from 1000 to 2000 nm by changing
structural variable . We can realize the wavelength-selective
spin detection with spin-selective reflection by constructing an
optical chip, which is shown in Figure 7a. The proposed optical
chip consists of ten different areas. The first and second row
are composed of unit cells of enantiomorph A and B with dif-
ferent structural variable S, respectively. We calculated the
reflection difference Ar = ricp — rpep of the ten areas for the
designed optical chip under LCP and RCP illuminations at dif-
ferent wavelengths in Figure 7b. The operation wavelengths of
the areas in each column in the optical chip are the same while
their spin-selective optical responses are opposite. The opera-
tion wavelengths of the areas in each row in the optical chip
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Figure 6. Spin and wavelength-selective gray imaging with the designed chiral mirrors. a) Simulated results of the variation of the reflection intensity of
the enantiomorph A with the changing of the structural variable & at wavelength of 1300, 1400, and 1500 nm, where r cp = r;; + rg; and rpep = rrg + fi4-
b) Design schematic of the spin- and wavelength-selective gray image of a Rubik’s cube. The designed gray image has 145 pixels in both x- and
y-directions, and each pixel consists of one of six basic unit cells with different structural variable ¢. c) Calculated results of the gray image with LCP
illumination at 1300, 1400, and 1500 nm. d) Experimental results of the gray image under LCP and RCP illuminations at 1300, 1400, and 1500 nm. The
name and representations of the Rubik’s Cube are used by permission of Rubik’s Brand Ltd. www.rubiks.com.

have a redshift with the increasing of the angle f while their  the wavelength-selective spin detection. These images were cap-
spin-selective optical responses are the same. The insets of  tured under the illumination of a supercontinuous laser. The
Figure 7b give the experimental results of the optical chip for = experimental results clearly validate that the reflection intensity
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Figure 8. Wavelength-selective spin detection with the designed chiral mirrors. a) Design schematic of the optical chip for wavelength-selective spin detection.
The designed chip has ten different area in which there are 30 pixels in x-direction and 75 pixels in y-direction, and each pixel consists of one of the ten basic unit
cells in which the chiral optical response and the structural variable 3 are different. b) Calculated results of the reflection difference Ar=r cp — rpcp of the ten
areas and experimental results of the wavelength-selective spin detection with the designed chip under LCP and RCP illuminations at different wavelengths.

Adv. Mater. 2020, 1907983 1907983 (7 of 10) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.rubiks.com

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

distributions of the designed optical chip are different for dif-
ferent spins at different wavelengths. For example, for LCP illu-
mination at 1272 nm, the area #02 barely reflects optical waves
while the areas #01 and #03 partially reflects optical waves and
the other areas almost completely reflects optical waves. Thus,
based on the reflection intensity distribution of the optical chip,
not only the spin of the optical waves but also the wavelength
of the illumination can be obtained. The current proposed
optical chip is a simple example to verity the wavelength-selec-
tive spin detection. By designing more areas and utilizing the
deep-learning technology,*®*! we believe that both the working
waveband and the accurate of spin detection will be dramati-
cally improved.

Realizing spin-selective multidimensional manipulation of
optical waves based on metasurfaces plays a key role in nano-
photonics and spin optics. Recently, spin-selective phase and
amplitude manipulation of optical waves has been realized in
dielectric metasurfaces, which significantly expanded the appli-
cation range of metasurfaces.?3242829 However, manipulation
of amplitude and phase of optical waves in these approaches
can only be realized in several fixed wavelengths. Although the
operation wavelength can be adjusted by scaling the structural
parameters, the adjustable range is limited and the high order
diffractions and extra noise will appear as a consequence. More-
over, the optical responses of the structures need to be further
optimized to control the amplitude and phase of optical waves.
Thus, these approaches have same disadvantages in modula-
tion depth, operation wavelength, working efficiency, optimi-
zation time, and universal applicability. A versatile platform
for the realization of spin-selective amplitude and phase manip-
ulation of optical waves with a large and continuous wavelength
agility and a large modulation depth, namely spin-selective
full-dimensional manipulation of optical waves, is still highly
desirable.

Here, we have proposed a new design principle of chiral
mirror to realize the spin-selective full-dimensional manipu-
lation of optical waves. We proposed two chiral mirrors with
opposite spin-selective optical responses in which the reflection
difference for incident waves with opposite circular polarization
states are over 78% with near-perfect extinction of one circular-
polarized illumination. With both qualitative and quantitative
theoretical analysis, we proved that the spin-selective reflec-
tion in the proposed chiral mirrors originates from the spin-
selective generation of a pair of antiparallel currents within the
nanostructures. Based on this underlying physics, we revealed
the direct relationship between the structural parameters of
the designed chiral mirrors and each optical dimension, as a
result, providing a method to attribute three optical dimen-
sions (amplitude, phase and operation wavelength) to three
different structural variables. By involving two chiral mirrors
with opposite spin-selective responses and simply changing
three structural variables of the chiral mirrors, the proposed
design principle can arbitrarily and independently empower the
spin-selective manipulation of amplitude, phase, and operation
wavelength of circular-polarized waves with a large modulation
depth. With experimental validation, we further proved that
the proposed chiral mirrors can be used not only in the appli-
cations based on spin-selective phase manipulation of optical
waves, but also in the areas of optical encryption, imaging,
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and detection. Our work overcomes the drawbacks in previous
chiral mirrors and provides a simple solution for the full imple-
mentation of spin-selective manipulation of optical waves. We
firmly believe that the spin-selective optical functionalities and
applications that are not validated in our work can be easily
realized by following the proposed design principle.

Experimental Section

Sample Fabrication: The proposed aluminum chiral mirror was
fabricated by electron-beam lithography (EBL), and aluminum (Al) lift-off
process. 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 (PECVD). 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 exposure, 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 remover (ZDMAC), the Al chiral mirror
were created.

Numerical = Simulations: Numerical simulations were conducted
using finite differential time domain methods. The optical constants of
Al were taken from Palik’'s handbook and the refractive index of SiO,
was taken as 1.47.°% The periodic boundary conditions were set in the
x and y directions representing a periodical structure, and waveguide
ports boundary was defined in the z direction for light incidence and
transmission while the excitation source was either a left- or a right-
handed circularly polarized plane wave.

Experimental Measurement: The experimental measurement of the
reflection spectra for the proposed Al chiral mirror was based on a
custom-built optical setting (see Figure S9, Supporting Information).
White light from a bromine tungsten lamp (Zolix, LSH-150) in the
normal direction was used as the light source, and the light beam
was collimated by a fiber collimator. Then the collimated beam passed
through an aperture, a broadband polarizer (Thorlabs, LPNIR050-MP2),
and an achromatic quarter-wave plate (B. Halle Nachfl) to generate a
circular-polarized beam. The circular-polarized beam then passed
through a broadband unpolarized prism (MFOPT, OQNP20N-NIR-3)
and was focused on the sample with an objective (Sigma NIR plan apo
20%, NA = 0.45). The output light from the sample was collected with
the same objective. Then the collected beam passed through a 4f-system
formed by two lenses with an aperture set near the focus that is used
to adjust the spot size of the light. Then the collected beam passed
through an achromatic quarter-wave plate (B. Halle Nachfl) and a
broadband polarizer (Thorlabs, LPNIR050-MP2). The beam then passed
through a broadband unpolarized prism (MFOPT, OQNP20N-NIR-3)
and collected by an optical spectrum analyzer (Zolix, Omni-A3007) via
a fiber coupler and an InGaAs camera (HAMAMATSU InGaAs C10633).
The data of reflection spectra were acquired with the software of the
optical spectrum analyzer. Al mirror was used as the reference for
measuring the reflectance. By utilizing the narrow-band interference
filters (MFOPT, M-130FS20-25, M-140FS20-25, and M-150FS20-25), the
images were taken in the software of the InGaAs camera. Part of the
images were measured based on the other custom-built microscopy.
The light source was a supercontinuous laser (NKT SuperK EXR-20),
and the laser beam was collimated by a fiber collimator. Two lenses were
used to expand the collimated beam. Then the collimated beam passed
through a broadband polarizer (Thorlabs, LPNIR050-MP2) and an
achromatic quarter-wave plate (B. Halle Nachfl) to generate a circular-
polarized beam. The circular-polarized beam then passed through a
broadband unpolarized prism (MFOPT, OQNP20N-NIR-3) and was
focused on the sample with an objective (Sigma NIR plan apo 20x,
NA = 0.45). The output light from the sample was collected with the same
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objective. Then the beam passed through a broadband unpolarized
prism (MFOPT, OQNP20N-NIR-3), an achromatic quarter-wave plate
(B. Halle Nachfl) and a broadband polarizer (Thorlabs, LPNIR050-MP2).
The beam was collected with an InGaAs camera (HAMAMATSU InGaAs
C10633). The images were then taken in the software of the CCD camera.

Supporting Information

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