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Abstract: A preternatural and extremely thin metasurface with weak asymmetric unit structure is presented here to
demonstrate extraordinary strong chirality. The unit cell of metasurface is composed of a double layer of elliptical
metal patches with a certain twisted angle and a medium sandwiched between them. When the twisted angle equals
to 80°, optical activity can be realized in this metasurface. At the resonant frequency 11.89 GHz, the incident linearly
polarized wave is converted into its cross-polarization wave with the transmittance rate higher than 94%. The light
weight and miniaturization of this metasurface provide a reliable approach for polarization manipulation. If extended
to light waveband, the metasurface may have potentials in biological applications such as detection of weak chiral
molecules, etc.
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1 Introduction

As a special kind of material, chiral material refers to the
material with basic unit cells that cannot superpose with
their mirror images like human hands. Almost all natural
organic molecules are chiral, such as DNA and protein
molecules, sugar solution, etc. As there are no symmetric
planes in chiral materials, the cross-coupling between the
electric and magnetic fields exist. The cross-coupling
between electric and magnetic waves results in peculiar
electromagnetic performances such as circular dichroism
(CD)™M and optical rotation (OR)". Unfortunately, the
chirality of natural chiral material is rather weak and
large thickness is needed to design useful applications,
resulting in large weight and volume that is hard to inte-
grate and minimize. In recent years, metamaterials have
provided a new approach to solve the disadvantages and
breakthrough the confinement in traditional materials.
The electromagnetic properties of metamaterials are
mainly determined by the basic artificial subwavelength
unit cells, which are composed of multiple materials with
certain arrangements and designed shapes. The artificial
unit cells are the basic operating elements to modulate
the amplitude and phase of the incident electromagnetic
wave instead of the molecule of the composing materials.
The artificial unit cell of metamaterials can greatly in-
crease the strength of coupling with incident waves and
breakthrough the confinement of traditional material.
Some particular performances have been realized by me-

tamaterials®, such as negative fraction index!*7,

an-
ti-Doppler effect®™, perfect lens™ 1%, etc.
Metasurfaces!'''?, as its name implies, are the coun-
terpart of planar metamaterials. Compared with tradi-
tional metamaterials, they are easier to realize in micro &
nanofabrication technology. In chiral metasurfaces, the
CD and OR characters have proved to be greatly streng-
thened to utilize with thinner thickness. Several types of
chiral metasurface have been proposed to present giant
artificial chirality based on their asymmetric unit cells,
including gammadion shapes™ ', twisted cross
shapel’>16, U-shape structures!””!®! and twisted metallic
arcs!'?, etc. These chiral metasurfaces present amazing
performance in polarization manipulating at dual or
multiple frequency bands. In recent years, many chiral

metasurfaces for cross-polarization rotation have been

reported, among which common structural forms include

structure?'-22]

double-layer  chiral  metasurfaces
double-layer anisotropic metasurfaces structure®?*, and
tri-layer composite metasurfaces® . For the first struc-
tural form, the double-layer chiral metasurfaces are enan-
tiomeric relations, and the chiral metasurface usually has
the four-fold rotational symmetry, while the mirror
symmetry is broken. For the second structural form,
there is a 90° rotational symmetry relationship between
the two-layer anisotropic structures, and the anisotropic
structure is constructed by asymmetrically introducing
slit in the isotropic structure. For the third structural
form, it has three layers of subwavelength structure sepa-
rated by dielectric slabs, and the structures of the top
layer and the bottom layer are usually rotationally sym-

metrical at an angle of 90 degrees.

2 Design and simulation

Here we propose a new type chiral metasurface based on
two layers of twisted elliptical structure. Comparing to
the above mentioned chiral metasurfaces, this one ap-
pears rather weak chirality due to its almost symmetric
structure. However, this weak chiral metasurface per-
forms giant optical rotation at the operating frequency,
which is that the incident linearly polarized wave is con-
verted into its cross polarized wave with the transmit-
tance rate higher than 94%. The simple structure of this
metasurface is beyond common knowledge of chiral
structures, and provides a new opportunity for high effi-
ciency polarization manipulation.

The scheme unit cell of this chiral metasurface is
shown in Fig. 1(a). The unit cell is composed of a double
layer of elliptical metal patches with a certain twisted
angle and a medium sandwiched between them. The re-
lationship between two elliptical metal structures are not
orthogonal, but there is a twisted angle ¢=90-26=80°
(6=5°) around their normal axis in z direction. Therein 0
indicates the included angle between the long axis of the
metallic elliptic and its adjacent coordinate axis. The pe-
riods of the unit cell in the x and y directions are both
p=11 mm, and the long axis of the elliptic is 4=8.2 mm
while the short axis is b=4.9 mm. The thickness of the
metallic structure is 0.035 mm. The substrate in the unit
cell is chosen as Preperm L900HE, whose permittivity is 9
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Unit cell

Fig. 1 (a) The unit cell of the proposed polarization rotator with weak chirality;
(b) Operating principle diagram of the polarization rotator
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Fig. 2 The transmission curves of the proposed unit cell when & equals to 5° (a) and 0° (b)

and the loss tangent is 0.0004. The thickness of the sub-
strate is h=2.8 mm. It can be clearly seen that when the
twisted angle ¢ between the two long axises of upper and
bottom metallic elliptic equals to 90°, the total unit is
isotropic. Fig. 1(b) shows the operating principle diagram
of the polarization rotator. When the y-axis polarized
electromagnetic wave is incident on the chiral metasur-
face, x-axis polarized electromagnetic wave in the direc-
tion is produced. It can also be said that the TE wave is
converted to a TM wave after polarization conversion.

The chiral metasurface was simulated by the commer-
cial software CST Microwave Studio. With y-polarized
incident microwave, the transmissions of both the x- and
y-polarization were calculated, as shown in Fig. 2. It
canbe seen that the x-polarized component of the trans-
mitted wave is much higher than y-polarized component
at 11.89 GHz. The transmission rate T, reaches 94.6%,
which clearly demonstrates that the incident y-polarized
wave has been converted into x-polarized wave by this
chiral metasurface. The polarization conversion efficien-
cy can be calculated using the formula:

T PHT,F
T, T, [
and the corresponding result is 94.6% at the operating
resonance.

As comparison, we also simulated the co- and
cross-polarization transmission of the isotropic unit with
¢$=90°, and the spectra are depicted in Fig. 2(b). It can be
observed that when the twisted angle ¢ equals to 90°, the
transmission of the x- and y-polarized components are
both close to 0 at the 11.89 GHz. The results prove that
the unit cell is achiral and presents a giant reflective cha-
racter in this situation. The comparison shows that the
weak chirality in this metasurface indeed generates giant
optical activity.

In order to reduce dielectric layer thickness and di-
electric loss of the chiral metasurface, we choose micro-
wave slab Preperm LO9OOHF with high dielectric constant
and low tangential loss. The affection of the dielectric
parameters and thickness of the substrate on the polari-
zation rotation phenomenon are studied. Fig. 3 provides
the cross-polarization transmission of metasurface with
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different dielectric parameters of the substrate. With the
increase of dielectric constant, the center frequency of
polarization rotation shifts to low frequency. Fig. 4 pro-
vides cross-polarization transmission of metasurface with
different loss tangent of the substrate. As shown in the
figure, the affection of tangent loss on the transmission is
particularly obvious. When the loss tangent (tané) is zero,
the transmission of polarization rotation reaches 97%.
When tand=0.0004, the transmittance rate reaches 94%;
when tand=0.004, the transmission will be 75%; when
tand=0.04, the transmission will drop sharply to 15%. Fig.
5 provides cross-polarization transmission curves of the
chiral metasurface with different thicknesses h of the

dielectric layer. As shown in the picture, the center fre-
quency of polarization rotation shifts to low frequency
with the increase of dielectric layer thickness, but there is
an optimum thickness when other structural parameters
are fixed.

Subsequently, we analyzed the effect of the rotation
angle of the chiral metasurface. The included angle 6 was
varied with the step of 1° from 0° to 7°, and the transmis-
sion of x- and y-polarized components were calculated
with y-polarized incidence, as shown in Figs. 6(a) and
6(b). It is presented that when 6 increases, the transmis-
sion of the cross-polarization increases first and then
decreases when 6 is larger than 5° at the central frequency.
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Fig. 3 Cross-polarization transmission curves Fig. 4 Cross-polarization transmission
vs. dielectric parameters of the substrate curves vs. loss tangent of the substrate
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Fig. 6 The changing situation of the transmission with the unit cell at different little rotate angles
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However, in the process of varying the rotation angle, the
transmission of the co-polarization is almost unchanged,
as depicted in Fig. 6(a).

The included angle 6 was then varied with the step of
5° from 10° to 25° and the transmission of x- and
y-polarized components were calculated with y-polarized
incidence, as shown in Figs. 7(a) and 7(b). From these
figures, we can see that the resonance peak of y- polariza-
tion transmission wave will split into two, when the rota-
tion angle of chiral metasurface is larger than 6=5°, and
the two split resonant peaks shift to both sides with the
enlargement of the rotation angle.

3 Theoretical analyses

The chiral factors in the chiral subwavelength structure
can be analyzed by observing the surface current of the
subwavelength structure. When the structure of subwa-
velength element is anisotropic and chiral respectively
(0=5°), the surface current distribution under the inci-
dence of y-polarized electromagnetic waves is shown in
Figs. 8(a) and 8(b). When the structure of subwavelength
element is isotropic (6=0°), the surface current distribu-
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tion under is shown in Fig. 8(c). It can be seen that the
isotropic subwavelength structure generates symmetrical
surface current distribution when the y-polarized elec-
tromagnetic wave is incident, so the superimposed field
intensity of the induced electric field in the x direction is
zero. In contrast, when the upper and lower elliptical
sheet metal rotated reversely along its axis after 5°, due to
the asymmetry of the structure and strong coupling be-
tween the layers, y-polarization of the incident electro-
magnetic wave in the subwavelength structure spark sur-
face current distribution along x direction, and resulting
the induced electric field along —x or +z direction at dif-
ferent instantaneous time, so as to realize the transforma-
tion of polarization. In other words, when the included
angle is 5°, there are two main electromagnetic coupling
modes on the metasurface. The resonance peaks of both
modes coincide at 11.89 GHz

As mentioned earlier, when the angle is large, the pola-
rization rotation of the metasurface occurs at two fre-
quency points. For instance, the surface current distribu-
tion of unit cells with the included angle 6=15° at fre-
quencies of 11.60 GHz and 12.14 GHz are shown in Figs.
9(a) and 9(b) respectively under the incidence of
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Fig. 7 The changing situation of the transmission with the unit cell at different large included angles
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Fig. 8 The surface current distributions of unit cells with the included angle 6=5° ((a), (b)) and 6=0° (c)
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Fig. 9 The surface current distributions of unit cells with the included angle 6=15° at frequencies of 11.60 GHz (a) and 12.14 GHz (b)

y-polarized electromagnetic waves. As shown in the fig-
ure, the induced electric field is along -x direction at
11.60 GHz and along +x direction at 12.14 GHz. Com-
paring with the surface current distributions at the in-
cluded angle of 5° it can be found that the obvious dif-
ference of structural parameters between the two main
resonance modes increases at large angles, which makes
the resonance occur at different frequencies.

The polarization conversion characteristics of electro-
magnetic wave can be described by polarization rotation
angle and ellipticity. When the y-polarized wave enters
vertically along the +z direction, the polarization rotation
angle @ and ellipticity # can be defined as

@ = Larctan ZCC—OSZ(P ; (1)
2 1-C
1 2Csing
=—arcsin| ——— 2
=3 (1+C2 j N
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p=arg(t, )—arg(t, ).

The polarization rotation angle represents the rotation
angle of the electric field direction of the transmitted
electromagnetic wave compared to the incident electro-
magnetic wave. Ellipticity represents the polarization
state of transmission. When the #=0°, the transmission of
electromagnetic wave is proved to be linear polarization
wave. Otherwise, the transmitted wave is in other forms
of polarization of electromagnetic wave. Therefore, the
conditions of polarization conversion from the y direc-
tional polarization into the x polarized wave are, #=0°
and @=90°. Fig. 10 shows polarization rotation angle of
incidence and ellipticity for the y polarization normal
incidence wave along the z direction with the rotation
angle 6=5°. As shown from the simulation results, the
polarization rotation angle is about 81° at 11.89 GHz
which is close to 90°, ellipticity is about 3.3° at 11.89 GHz
which is close to 0°. This means that the linearly pola-
rized wave is converted to its orthogonal polarized wave,
that is, the incident y-polarized wave is converted to the
x-polarized wave.

(b) 207

154

101 i
® 1
S -
s 5 it
2 i
D

-54
-10 T T T T T T T 1
10.0 11.0 12.0 13.0 14.0
Frequency/GHz

Fig. 10 The simulated polarization rotation angle (a) and ellipticity (b) of the weak chiral metasurface
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4 Conclusions

In summary, we present a preternatural chiral metasur-
face to demonstrate the extraordinary strong chirality
from its weak asymmetric unit structure. The scheme
unit cell of this chiral metasurface is composed of two
layers of identical metallic elliptic, and the two elliptical
structures are twisted by an angle of ¢=90-20=80° (6=5°)
around their normal axis in z direction. Optical activity is
realized in this metasurface and the incident linearly po-
larized wave is converted into its cross-polarization wave
at the frequency of 11.89 GHz with the transmittance rate
higher than 94%. And when the twisted angle of the two
elliptical structures is reduced, two resonance peaks pro-
duced for optical rotation. The thickness of the metasur-
face is less than one tenth of the operating wavelength.
The light weight and miniature of this metasurface pro-
vide a reliable approach for polarization manipulation. If
extended to light waveband, the metasurface may have
potentials in biological applications such as detection of
weak chiral molecules etc
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Extraordinary strong optical rotation
in weak chiral metasurface
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(a) The unit cell of the proposed polarization rotator with weak chirality; (b) Operating principle diagram of the polarization rotator

Overview: A preternatural and extremely thin (1/10) metasurface with weak asymmetric unit structure is presented
here to demonstrate extraordinary strong chirality. The unit cell of metasurface is composed of a double layer of ellip-
tical metal patches with a certain twisted angle and a medium sandwiched between them. The relationship between two
elliptical metal structures are not orthogonal, but there is a twisted angle ¢=90-26=80° (6=5°) around their normal axis
in z direction. Therein 6 indicates the included angle between the long axis of the metallic elliptic and its adjacent coor-
dinate axis. Optical activity is realized in this metasurface and the incident linearly polarized wave is converted into its
cross-polarization wave at the resonant frequency with the cross-polarization transmittance rate higher than 94% at
center frequency 11.89 GHz.

Inaddition, the polarization rotation characters of the metasurface under other different included angles 6 are studied.
When the included angle 6=0°, the transmission of the x- and y-polarized components are both close to 0 at the 11.89
GHz, which proves that the unit cell is achiral and presents giant reflective character in this situation; when the included
angle 0 varied with the step of 5° from 10° to 25°, the resonance peak of cross polarization transmission wave will split
into two, and the two split resonant peaks shift to both sides with the enlargement of the rotation angle.

The chiral characters of the metasurface are studed by observing the surface current distributions of the subwave-
length structure. When 6=0°, the subwavelength structure generates symmetrical surface current distribution, so the
superimposed field intensity of the induced electric field in the x direction is zero. That is, the structure of subwave-
length element is isotropic, and there is no chirality. When 6=5°, due to the asymmetry of the structure and strong
coupling between the layers, the y-polarization of the incident electromagnetic wave in the subwavelength structure
spark surface current distribution along x direction, so as to realize the transformation of polarization, which demon-
strate extraordinary strong chirality. When 6 larger than 10°, the surface current distribution modes of unit cells gener-
ate corresponding to two different polarization rotation frequencies, which is demonstrate that there is double frequen-
cy chirality in the metasurface.

The light weight and miniaturization of this metasurface provide a reliable approach for polarization manipulation. If
extended to light waveband, the chiral metasurface may have potentials in biological applications such as detection of
weak chiral molecules etc.

Citation: Cui ] H, Ma X L, Pu M B, et al. Extraordinary strong optical rotation in weak chiral metasurface[]J]. Op-
to-Electronic Engineering, 2020, 47(7): 190052
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