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The widespread use of multifunctional metasurfaces has started to revolutionize conventional electromagnetic devices due
to their unprecedented capabilities and exceedingly low losses. Specifically, geometric metasurfaces that utilize spatially
varied single-celled elements to impart arbitrary phase modulation under circularly polarized (CP) waves have attracted
more attention. However, the geometric phase has intrinsically opposite signs for two spins, resulting in locked and mir-
rored functionalities for the right-handed and left-handed CP beams. Additionally, the demonstrated geometric metasur-
faces so far have been limited to operating in either transmission or reflection modes at a single wavelength. Here, we
propose a double-layered metasurface composed of complementary elliptical and reversal ring resonator structures to
achieve simultaneous and independent control of the reflection and transmission of CP waves at two independent terahertz
frequencies, which integrates three functions of reflected beam deflection, reflected Bessel beam generation, and trans-
mitted beam focusing on the whole space. The high efficiency and simple design of our metasurface will open new avenues
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1. Introduction

Metasurfaces, the counterpart of two-dimensional metamateri-
als'"), can arbitrarily manipulate the polarization, amplitude,
and phase of the incident light in a subwavelength spatial reso-
lution®™*), and thus provide a good solution for realizing
the integrated photonic metadevices with the advantages of
miniaturization, integration, ease of fabrication, and multiple
functionalities’® ). For instance, multifunctional geometric
metasurfaces that integrated diversified functionalities for circu-
larly polarized (CP) beams have been proposed by employing
the segmented'®”! or interleaved!"*'") configurations, resulting
in unprecedented opportunities for the development of various
integrated electromagnetic devices and systems. However, the
segmented or interleaved metasurfaces intrinsically suffer from
cross talk, low efficiency, and strict alignment requirements.
Recently, by combining the resonance and the geometric phases
in each meta-atom, spin-decoupled functionalities for two CP
waves with suppressed cross talk and increased efficiency have
been successfully implemented!'* '], such as multichannel

metasurfaces!!*18), complex vector field generators[19’20],
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for integrated terahertz metadevices with advanced functionalities.
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surface plasmon polariton metacouplers[21’22]

holograms'**, and  spin-multiplexed
system[24’25].

A terahertz (THz) wave is generally defined as an electromag-
netic wave with a frequency range of 0.1-10 THz, which is sand-
wiched between microwave and infrared radiation. It has the
characteristics of high permeability, low energy, and a finger-
print spectrum. In recent years, with the development of physi-
cal technology and material science technology, the generation
and detection methods of THz waves have become increasingly
mature. The unique performance of THz waves has brought far-
reaching influence on communication, radar, electronic
countermeasure, electromagnetic weapons, astronomy, medical
imaging, nondestructive testing, security inspection, and other
fields. However, traditional materials are difficult to deal with
THz waves, and their volume is huge, which seriously hinders
the development of THz technology. The appearance of meta-
surfaces makes up for the absence of a THz-efficient manipula-
tion device. Common electromagnetic wave control devices
include focusing, imaging, wavefront shaping, and spin-multi-
plexed devices®®!.

, spin-decoupled
optical ~ imaging
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Despite the achievements in spin-multiplexed metasurfaces,
the available functionalities are still limited. Additionally, they
are often constrained to operating in either transmission or
reflection modes at a single wavelength. In this paper, we pro-
pose a double-layered metasurface composed of two discrepant
metallic layers separated by a polyimide spacer to achieve simul-
taneous and independent control of the reflected and transmit-
ted CP waves at two independent THz frequencies. Capitalizing
on the spin-decoupled concept, we realize three distinct func-
tionalities (i.e., reflected beam deflection, reflected Bessel beam
generation, and transmitted beam focusing) in the full space.
The proposed method provides the possibility to realize high-
efficiency multifunctional full-space electromagnetic devices
at different frequencies, which may have important applications
in the fields of wireless communication'*” and electromagnetic
integration[zg_3 1,

2. Meta-Atom Design

As schematically illustrated in Fig. 1(a), the proposed full-space
trifunctional metasurface allows spin-controlled triple function-
alities in the full space at two distinct frequencies. At the fre-
quency f,, spin-decoupled beam deflection and Bessel beam
generation are realized for the right-handed circularly polarized
(RCP) and left-handed circularly polarized (LCP) beams at nor-
mal incidence in the reflection mode. When the frequency is
switched to f,, the normally incident LCP light is converted into
a focused RCP beam in transmission. Therefore, each meta-
atom functions as a high-efficiency half-wave plate (HWP) in
both reflection and transmission at f, and f,, respectively, which
is composed of two discrepant copper layers separated by a pol-
yimide spacer, as shown in Figs. 1(b)-1(e). The upper and lower
metallic layers both consist of internal and external parts, which
guarantee the different phase responses at two frequencies
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Fig. 1. (a) Schematic of the full-space trifunctional metasurface; (b), (c) per-
spective and side view of the meta-atom; (d), (e) top layer and bottom layer of
the meta-atom. The dielectric substrate is polyimide (lossy) with a permittivity
of 3.5 and a loss tangent of 0.0027, and the metallic part is copper with a con-
ductivity of o = 5.8 x 10’ S/m. The metallic layer of each meta-atom can be
divided into inner and outer parts; the outer part consists of a reversed SRR
structure, and the inner part consists of a complementary ellipse structure.
The geometric parameters of the meta-atom are as follows: p =100 pm, t;=
25 um, ty =5 pum, r,=22 pm, r, =10 pm, =43 pm, r, = 30 pm, w=5 pum,
$ =16 pm.
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without any cross talk. Specifically, the external split ring reso-
nators (SRRs) and the inner complementary elliptical structures
are used to control the phases of THz waves at the low and high
frequencies, respectively. For instance, by properly adjusting the
geometric parameters of the complementary elliptical structure,
the meta-atom can meet the function of a reflective HWP at a
specific frequency. At the same time, a high-performance trans-
missive HWP can be designed at another frequency by varying
the SRRs without affecting the function of the reflective HWP. In
the simulations, a low-loss polyimide spacer was selected to
improve the transmission efficiency of CP THz waves, whose
dielectric constant and loss tangent were set as 3.5 and
0.00272), respectively, while the copper was described as a lossy
metal with a conductivity of ¢ = 5.8 X 107 S/m.

The simulated reflection coefficients in the LP basis are shown
in Fig. 2(a), where the reflection amplitudes are almost equal and
the phase difference is roughly 180° at the frequency of
1.67 THz, indicating a highly efficient reflective HWP. As shown
in Fig. 2(b), under the CP excitations at normal incidence, the
designed meta-atom only reflects the co-polarized component,
with |r__| and |r,_| exceeding 0.9, while the cross-polarized
counterparts (i.e, |r,,| and |r__|) are greatly suppressed at
1.67 THz. Besides the reflective HWP functionality, the designed
meta-atom can serve as a transmissive HWP at the frequency of
0.51 THz. As shown in Fig. 2(d), the transmission amplitudes
possess the same high levels under two LP excitations, whereas
the transmission phase difference approaches 180°. Therefore,
as shown in Fig. 2(e), the input CP beam is almost totally con-
verted into its cross-polarized counterpart with the co-polarized
component approaching 0 at 0.51 THz. In particular, the cross-
polarized CP wave has a transmission amplitude as high as 0.88.
To analyze the physical mechanism of high polarization conver-
sion ratios in both reflection and transmission, we plotted the
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Fig. 2. Electromagnetic response of different meta-atoms. (a), (b) Reflection
amplitudes and reflection phase under (a) LP and (b) CP waves at the fre-
quency of 1.67 THz; (c) surface current distributions at the top and bottom
copper layers under the LCP excitation at the frequency of 167 THz; (d),
(e) transmission amplitudes and transmission phase under (d) LP and
(e) CP waves at the frequency of 0.51 THz; (f) surface current distributions
at the top and bottom copper layers under the LCP excitation at the frequency
of 0.51 THz.
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surface current distributions at the top and bottom copper layers
[Figs. 2(c) and 2(f)]. As shown in Fig. 2(c), the complementary
elliptical structures mainly respond to the electromagnetic wave
at 1.67 THz, whereas the outer SRRs have negligible contribu-
tions. On the contrary, the SRRs dominate for the electromag-
netic response at 0.51 THz, while the complementary elliptical
structures have a minimal reaction. Impressively, the coupling
between the complementary elliptical structures and SRRs is
very weak, ensuring good performance at two distinct frequen-
cies. As such, the geometric phase modulation for both the
reflected and transmitted waves can be readily accomplished
by rotating the resonator independently.

Through the above analysis, we have verified the HWP per-
formance of the meta-atom, which makes it possible to make a
spin-controlled full-space trifunctional metasurface. We use the
Jones matrix to describe the electromagnetic properties of each
meta-atom. In general, the rotated meta-atom that functions as a
reflective HWP can be described by the matrix in the CP basis if
we assume the reflection amplitudes under the x- and y-polar-
ized excitations are equal (|7, = |r,,|)"***,

Toy T4 0 |7 |€70720)
= = . ) 1
RCP [ 7’_+ r_ i| |: |rxx|el((pxx+2.9) 0 ( )

where |7, | and @, are the reflection amplitude and phase of the
meta-atoms under the x-polarized excitation, |r,,| is the reflec-
tion amplitude under the y-polarized excitation, @ is the rotation
angle of the complementary elliptical structure, and r_,, r__,
r44, and r,_ represent the complex reflection coefficients in
the CP basis, with the first subscript indicating the polarization
state of the reflected wave and the second indicating the polari-
zation state of the incident wave. Here the subscripts “+” and
“—” indicate that the time-animated field vector is rotating
according to the left- and right-handed orientation when look-
ing into the incident direction of the negative z axis. For the inci-
dent wave and the transmitted wave propagating along the
negative z axis, “+” and “—” correspond to LCP and RCP,
respectively. But for the reflected wave propagating along the
positive z axis, “+” and “—” correspond to RCP and LCP,
respectively. Therefore, the co-polarized CP components of
r_, and r,_ include geometric phase term +26 and resonant
phase term ¢@,,. The geometric phase is effectively modulated
by the rotation of the meta-atom, and the resonance phase term
provides extra degrees of freedom to decouple the phases of r_
and r, _, thereby resulting in spin-decoupled functionalities in
reflection. Similarly, the transmissive HWP meta-atom can be
described by the Jones matrix T'cp,

I L 0 |t P20
TCP - |: t i| - [ |txx|ei(¢xx+2a) > 0 > (2)

where a is the rotation angle of SRRs, ¢, ,, t,_, t_,, and
t__ represent the complex transmission coefficients of CP
waves, and |, | and ¢, respectively, represent the transmission
amplitude and phase under the x-polarized wave excitation.
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Fig. 3. (a) Reflection amplitudes, phases, and phase difference of the seven
meta-atoms comprising the subarray under LP waves at the frequency of
1.67 THz; (b) transmission amplitudes, phases, and phase difference of the
seven meta-atoms comprising the subarray under LP waves at the frequency
of 0.51 THz.

Therefore, multiple efficient HWPs with wide resonance phase
@xx (¢y,) coverages are required to realize spin-multiplexed
phase control over the reflected or transmitted fields simultane-
ously. To simplify the design and validate our design, we utilize
both the resonance and geometric phases to decouple the phase
profiles for the reflected fields at 1.67 THz, while only the geo-
metric phase is used for the transmitted wave at the frequency of
0.51 THz. Figure 3 shows the electromagnetic response of the
designed HWP meta-atoms under the LCP excitation at two dif-
ferent frequencies. Seven anisotropic HWP meta-atoms cover-
ing the 27 phase range are selected to form a subarray for
polarization rotation and phase manipulation. Impressively,
all HWPs maintain high efficiencies with both reflection and
transmission amplitudes larger than 0.9 and 0.88 at the frequen-
cies of 1.67 and 0.51 THz, respectively. At the same time, the
change of the complementary elliptical structure does not affect
the high transmission amplitudes at 0.51 THz. Additionally, the
reflection phase difference 6, = |¢. — ¢,,| at 1.67 THz and
transmission phase difference &; = |, — ¢,,| at 0.51 THz are
maintained at ~180°, ensuring good HWP functionalities.

3. Full-Space Trifunctional Metasurface

Based on the meta-atom library, we design a spin-controlled tri-
functional metasurface by arranging the appropriate meta-
atoms in a one-dimensional (1D) supercell. The 1D supercell
is composed of 24 meta-atoms with an overall size of
100 pm X 2400 pm. Under the excitation of CP waves, three dif-
ferent functionalities (i.e., reflected beam deflection, reflected
Bessel beam generation, and transmitted beam focusing) are
realized simultaneously at different frequencies.

To realize the full-space trifunctional metasurface for both
RCP and LCP incident waves, both the resonance and geometric

phases are utilized to fulfill the following condition*>";
2
20=g¢_, =— , 3
Pxx + Pr—+ np|x|+<po (3)
2n
Pxx — 20 = (pf1+— = %x + ®o> (4)
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where @f,_, and ¢y, _ indicate the phase distributions of the
co-polarized reflected waves under the LCP and RCP excita-
tions, n = 6 is the number of meta-atoms enabling the 2z phase
coverage, p is the periodicity of the meta-atoms along the x-axis
direction, ¢, is the constant initial phase, ¢y, is the 1D hyper-
bolic phase for the focusing lens, and F =800 pm is the focal
length. Figure 4 displays the resonance and geometric phase dis-
tributions of all 24 meta-atoms comprising a supercell under two
CP beams at two different frequencies, where the resonance
phase ¢,, has equal contributions for both spins, while the geo-
metric phase +26 has opposite contributions. Since the designed
HWP meta-atoms have no resonance phase variation for the
transmitted field at 0.51 THz, only the geometric phase contrib-
utes to the phase modulation and eventually the wavefront
shaping in transmission.

According to the phase distributions in Fig. 4, the full-space
metasurface can be realized by selecting and arranging the
proper meta-atoms. When LCP waves are incident on the meta-
surface at 1.67 THz, the reflected beam will maintain its polari-
zation state and form a Bessel beam [Fig. 5(a)]. Figure 5(b)
shows the electric field distribution in the reflection side at
the frequency of 1.67 THz, indicating the nondiffraction feature.
To check the quality of the generated Bessel beam, we also map
out the intensity distribution along the propagation direction.
From Fig. 5(c), we can find that the Bessel beam has a depth
of focus of 1900 pm, which is close to the theoretical value

"l ~ 1908.7 pm. Figure 5(d) shows the intensity along a hori-
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Fig. 4. (a)-(c) Under the LCP excitation at the frequency of 1.67 THz, the res-
onant, geometric, and total phase distributions of the meta-atoms for the
reflected Bessel beam; (d)-(f) under the RCP excitation at the frequency
of 167 THz, the resonant, geometric, and total phase distributions of the
meta-atoms for the reflected beam deflection; (g)-(i) under the LCP excitation
at the frequency of 0.51 THz, the resonant, geometric, and total phase distri-
butions for the meta-atoms of the transmitted beam focusing.
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Fig. 5. Reflected Bessel beam generation under the LCP excitation at the fre-
quency of 167 THz. (a) Schematic diagram of the Bessel beam generation
under the LCP excitation; (b) electric field £, distribution on the xoz plane
under the LCP excitation; (c) intensity distribution on the xoz plane under
the LCP excitation; (d) normalized intensity profile along a horizontal cut at
z=1900 pm.

width at half-maximum (FWHM) is found to be 236 pm, in
good agreement with the theoretical value of 231 pm.

When the incident beam is switched to the RCP state, the
reflected light maintains its spin and is deflected to an anoma-
lous angle, as shown in Fig. 6(a). Figure 6(b) shows the electric
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Fig. 6. Reflected beam deflection under the RCP excitation at the frequency
of 1.67 THz. (a) Schematic diagram of the beam deflection under the RCP exci-
tation; (b) electric field E, distribution on the xoz plane under the RCP exci-
tation; (c) far-field polar plot under the RCP excitation at 1.67 THz; (d) far-field
intensity distribution as a function of the frequency and polar angle under the
RCP excitation; the red color column is simulated, while the blue color star is
theoretical, representing the simulated and theoretically predicted deflection
angles, respectively.
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Fig.7. Transmitted beam focusing under the LCP excitation at the frequency
of 0.51 THz. (a) Schematic of the focusing lens at 0.51 THz; (b] electric field £,
distribution on xoz plane under the LCP excitation; (c) intensity distribution on
the xoz plane under the LCP excitation: (d) normalized intensity profile along a
horizontal cut at z= —800 pm.

field distribution of the deflected beam at the designed frequency
of 1.67 THz, indicating that the front edge of the reflected wave is
inclined, which is in good agreement with the far-field plot
[Fig. 6(c)]. Besides the designed frequency, the metasurface
can achieve beam deflection in a frequency range from 1.62
to 1.72 THz, where the deflection angle can be well described
by the generalized Snell’s law 0 = arcsin(ﬁ) [blue dashed
five-pointed stars in Fig. 6(d)].

In addition to the reflection mode, the designed metasurface
can work as a focusing lens at another frequency, 0.51 THz. As
shown in Fig. 7(a), the LCP incident wave is converted into the
RCP-focused wave passing through the metasurface. The elec-
tric field and intensity distributions of the focused beam are
shown in Figs. 7(b) and 7(c), indicating clearly that the incoming
plane wave is slightly focused with a focal length of 800 pm,
which is identified from the maximum-intensity position along
the z axis. The calculated FWHM is around 326 pm, demon-
strating the diffraction-limited focusing property.

4. Conclusion

We have combined the concepts of spin-decoupling and fre-
quency-multiplexing to realize a spin-controlled THz metasur-
face that enables three distinct functionalities in the whole space.
Capitalizing on the properly designed double-layered meta-
atoms that can independently control the reflected and trans-
mitted CP waves at two separate THz frequencies, maintaining
excellent efficiency, reflected beam deflection, reflected Bessel
beam generation, and transmitted beam focusing have been
accordingly demonstrated. The proposed full-space metasurface
exhibits the advantages of simple design, low cross talk, and high
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efficiency, which may expand the scope of electromagnetic
manipulation and accelerate the integration of electromagnetic
components and systems with advanced functionalities.
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