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Chiral structures are promising in many applications, such as biological sensing and analytical chemistry, and have
been extensively explored. In this paper, we theoretically investigate the chiral response of twisted bilayer ¢o-MoO3.
Firstly, the analytical formula for the transmissivity is derived when the structure is illuminated with circularly polarized
plane waves. Furthermore, the results demonstrate that the twisted bilayer o-MoQs3 can excite the strong chirality with
the maximum circular dichroism (CD) of 0.89. In this case, the chirality is due to the simultaneous breaking the rotational
symmetry and mirror symmetry, which originates from the relative rotation of two a-MoOs layers. To better understand the
physical mechanism, the polarization conversion between the left-hand circular polarization (LCP) and right-hand circular
polarization (RCP) waves is discussed as well. Moreover, it is found that the structure can maintain the strong chirality
(CD > 0.8) when the twisted angle varies from 69° to 80°, which effectively reduces the strictness in the requirement for
rotation angle. In addition, the CD can be larger than 0.85 when the incidence angle of circularly polarized plane wave is
less than 40°, implying that the chirality is robust against the angle of incidence. Our work not only provides an insight into
chirality induced by the twisted bilayer a-MoOs, but also looks forward to applications in biological sensing.

Keywords: chirality, twisted bilayer, a-MoO3
PACS: 41.20.Jb, 11.30.Rd

1. Introduction

Chirality means that an object cannot coincide with its
mirror image through any rotation or translation operation,
which is widespread in nature.!'3! Like human hands, the left
hand does not overlap with the right hand that mirrors each
other. The chiral enantiomers in drugs have the same chemical
formula and physical properties, but they have different spatial
arrangement. However, this asymmetry can lead to inactivity
or even toxicity.¥! For example, the thalidomide incident in
history results from insufficient understanding of chirality.[!
Therefore, it is very desirable to strengthen the ability to rec-
ognize the chiral objects.

The conventional technical means for distinguishing chi-
ral structures is to measure the absorptivity/transmissivity
spectra of their interactions with circularly polarized wave.!6!
The difference in absorptivity/transmissivity between the left-
hand circular polarization (LCP) and the right-hand circu-
lar polarization (RCP) is defined as circular dichroism (CD).
Once the circular dichroism is detected, the chirality can be
well judged. However, naturally occurring chirality is very
weak, which would not only lead to the low sensitivity of
measurement technology, but also result in the waste of ma-
terials and long acquisition time. Realizing the strong chi-
rality is of critical importance in applications such as ana-
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8111 and biological

lytical chemistry,!”l polarization optics,!
sensing.'>15] To obtain the strong chirality, many effective
methods have been proposed.!'6-2!) Wang et al. designed a
chiral structure combining bilayer of anisotropic metamaterial
structures. Moreover, in that work it was proposed and proved
that the destroying of the rotational and mirror symmetry si-
multaneously is the necessary condition for chiral structures
through the framework of Jones calculus.*?! Their work pro-
vides a convincing theoretical basis for designing chiral struc-
tures. Based on Ref. [22], various bilayered chiral nanostruc-
tures have attracted great attention and been designed.[?3-33
For example, Dong et al. proposed a chiral metamaterial com-
posed of square-periodic array pairs of mutually twisted metal-
lic crosses separated by dielectric layer.[3*! Although the gi-
ant circular dichroism can be excited in chiral metamaterials,
the fabrication of three-dimensional (3D) metamaterials is not
easy.

In fact, the chiral response can be excited in the nanos-
tructures with in-plane anisotropy. If there is a material with
in-plane anisotropy itself, it will greatly simplify the chiral
structures. The a-MoQOs is a kind of naturally biaxial hyper-
bolic crystal with intrinsic in-plane anisotropy.?>=°! Further-
more, the fabrication of &-MoQO3 films is easier than that of
3D metamaterials. Chemical vapor transport technique with
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low cost is often used to fabricate it. The ¢«-MoO3 has at-
tracted a great deal of attention in recent decades for its pro-
found applications in various disciplines, such as radiation

g[40-42 5.143] Recently,

heat transfer I and plasmonic biosensor:
Wu et al. studied extrinsic chirality resulting from the rel-
ative orientation of the a-MoOj3 film and the incident light
in a single @-MoOj film,*! where the CD (about 0.77) is
still not strong enough. Combining with the viewpoint of the
literature,[*?! an idea about chirality based on the twisted bi-
layer structure comes into our mind. Very recently, Lin et
al. realized chiral plasmons in van der Waals heterostructures
comprised of twisted atomic bilayers,*4! which is determined
by the interlayer quantum coupling. Stauber ef al. investigated
the chiral response in twisted bilayer graphene, *! and the chi-
ral character is associated with a longitudinal magnetic mo-
ment. Besides, the CD in Ref. [45] is extremely small (smaller
than 0.001).

In this paper, we systematically investigate the chiral re-
sponse of the twisted bilayer &-MoQOj3. The thickness values
of two a-MoOs slabs and the relative rotation angle between
them are the two main parameters affecting the CD. In order
to enhance the chirality of the structure, we optimize these pa-
rameters according to two methods. It is found that the CD
of the structure can reach 0.89. Furthermore, the polariza-
tion conversion is calculated to reveal the underlying physical
mechanism, which is completely different from the counter-
parts in Refs. [44,45]. Finally, the influence of the relative
rotation angle and the angle of incidence on CD are studied as
well.

2. Modeling and methods

Figure 1(a) schematically shows the model to be studied
in this paper. The structure consists of two layers of &-MoO3
with a relative rotation angle to break the overall mirror sym-
metry. In the figure, d; and d; are the thickness of the top
and bottom a-MoQOj3, respectively, and 8 represents the rela-
tive rotation angle between the two a-MoOs slabs. The light
incident is along the z direction. For the bottom a-MoO3 slab,
crystallographic axes [100], [001], and [010] are along the x,
v, and z directions, respectively. Thus, the permittivity tensor
can be expressed as € = diag(&, &, &;). The expressions of &,
€y, and €, are described by the Lorentz equation [46] a5 follows:

2 —m2
Ep = Eoo,m 1 + ZwLO’m Zwrc-),m y M=X,),2, (1)
a)TO,m — 0" —jol,

47]

where @ is angular frequency. The other parameters arel
ooy =4, €y = 5.2, € = 2.4, 00, = 1.8322 x 10" rad/s,
Loy = 1.6041 x 10" rad/s, oo, = 1.8925 x 10! rad/s,
1o, = 1.5457 x 10" rad/s, wro, = 1.0273 x 10'* rad/s,
wro; = 1.8058 x 10! rad/s, I; = I, = 7.5398 x 10!! rad/s,

and I} = 3.7699 x 10'! rad/s. Figure 1(b) depicts the real
parts of the principal permitivities. One can see that the per-
mitivities are greatly different from those in three principal di-
rections, leading to the anisotropy in a wavelength range from
8 wm to 25 um. For the top a-MoOs slab, there is a rota-
tion angle O relative to the bottom slab. Now, the permittivity
tensor of the top slab can be described as

£:cos> 8 +&;sin*8 (& —¢&)sindcosS 0

€= | (g —&)sindcosd & sin? & + £ cos28d 0 |.(2
0 0 f
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Fig. 1. (a) Schematic diagram of twisted bilayer @-MoO3, (b) real parts of
the principal permittivities of o-MoOs3.

The transfer matrix method (TMM) is used to calculate
the transmissivity of the proposed structure.!*’! According to
Jones vector, elliptically polarization wave is defined as fol-
lows:

cos y ) 3)

el siny

st = (

where v is the angle between the incident plane and the elec-
tric field vector, and 1] is the phase difference between the elec-
tric fields parallel and perpendicular to the plane of incidence.
The incident electric field is defined as

Einc = wexp[—jkoni (sin 6 cos gx + sin 0 sin gy + cos 0z)], (4)
where
u = (cosycosBcos@ —sinysinOexp(jn))L

+ (cosycos Osin@ + sinycosOexp(jn))
— cos ysin O, Q)
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where n; and ny represent the refractive index of incident
medium and ®-MoOs slab, respectively, ¢ is the azimuthal
angle, and 6 refers to the wave incidence angle.

The electric field in the incident medium (z < 0) and that
of transmitted wave (z > d = d| +d) are calculated from

E| =Ej+ Rexp[—j (kxx + kyy - kl,ZZ)]a

E, = Texp|—j(kox+kyy+ks - (z—d))], (6)

where the electric field E; consists of the incident electric field
E;,. and the reflected electric field with amplitude R, and T’
is the electric field amplitude of the transmitted wave. Next,
we discuss the wavevector components along the x, y, and z
directions which can be written as

ky = konysinOcos @, @)
ky = konysin@sin ¢, (8)
ke = [(kom )* =k =Ky ]'/2, )
ka. = [(kona)? — k2 —K2]'2, (10)

where ko is the wavevector in vacuum, k; ; and k; , are the
wavevector component along the z directioninz <0Oand z > d,

0 —K:K, — &
A —K.K, /€, 0
1- KK, /¢, 0
0 £ — K2

where Ky = k,/ko and K, = k,/ko. For the bottom layer, the
&y and &, are both equal to zero. For the top layer, &, and
€y, are non-zero complex numbers related to the rotation an-
gle 8, which can be found in Eq. (2). By calculating the matrix
A, we can obtain the eigenvalues ¢, and the eigenvector ma-
trix W. The tangential electromagnetic field components are
described as

2
Ui(z) = Z W1 mCrhy €Xp(Kogmz)

m=1

2
+ Z Wl,erZCt; €Xp [kOCIerZ (Z - d)]a (16)
m=1
2
Y. wamco exp(kogmz)
m=1
2
+ Y wamsac, explkogmia(z—d)],

m=1

A7)

w3 mC,, exp(kogmz)
1

%
~
S~—
Il
3
gl

2
+ Y wimiac, explkogmiz(z—d)],  (18)

m=1

W4 mCpy eXp(kogmz)

1S
&

I
(g

S
i

)X

y

respectively. The electromagnetic fields in any a-MoOj3 slab
are given by

E = [Si(2)8+ S, (2)9+S:(2)Z] exp[— (kux + kyy)], (11)
)2
H= | (uo) U+ Uy (9 + U= ()]

x exp[—j (kex+kyy)], (12)

where Sy, Sy, S;, Uy, Uy, and U, are the amplitudes of electro-
magnetic field components. & and p represent the permittiv-
ity and permeability of vacuum, respectively. Supposing that
the permittivity tensor of one anisotropic slab is

Ex &y O
e=| &x &y 0 |, (13)
0 0 g

and substituting Eqs. (11) and (12) into the Maxwell’s equa-
tions, we can obtain the following differential equation:

Ux Ux
d | S, S
= —koA| 2F 14
dz Sy 0 Sy y ( )
U, U,
K2 —¢,, 0
0 KK, /e, —1
- 15
0 KK, /€, ’ (15)
&K K 0
\
2
+ Z W4,m+20y; CXP[kOCIm+2 (Z — d)} s (19)
m=1

where w;,, (i =1,2,3,4) are the elements of matrix W.
For the eigenvalues g, there are Re(q;) < 0, Re(qz) < 0,
Re(gs) > 0, and Re(g4) > 0. For the bilayer slabs, all the
boundary conditions as follows:

sinyexp(jn) 1 0
jsinyn; cosBexp(jn) n —jY1 0 Ts
cosycos 0 0 —jz Tp
—jcosyn 0
I 0 cf
o ](6) &
where
0 —-Fy F. O
| -Fc 0 0 -—F;
B= 0 F F 0 ’ @b
Fs 0 0 -—F;
Vi o0 cf _ Vi o c,
ow [ (&) =V (5) e
I 0
V2 0 CEL i 0 ts
w57 (5) - i | () @
0 I
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In Egs. (22) and (23), W and W, are the eigenvectors of the
matrix A for the top layer and the bottom layer, respectively; I
and 0 are identity matrix and zero matrix, respectively; ¢, c3 ,
¢, and ¢, are unknown constants, X, X, Vi, and V; are
diagonal matrices with diagonal elements exp(—koq% +md1)
exp(—koq3,,,d2), exp(kogh,di), and exp(kogida), m = 1,2,
with ¢}, and g,, being the eigenvalues of matrix A for the top
layer, while q% . and qfn denoting the eigenvalues of matrix
A for the bottom layer; Fy = ky/y /k2 + k2, Fo = ky/ |/ k2 4 k2,
Y1 = kiz/ko. Yo = ka o /ko. Z1 = ki - /kon, and Zp = ky - [kon3.
ts and t, representing the TE wave component and TM wave
component in the transmitted wave, respectively.

The transmissivity can be defined as!*®!

ko, 2 kZZ/”%
—_— t,| Re| —=—=—|. (24
konlcosﬂ>+|p| e(konlcose 24

3. Results and discussion

T = |ts|2Re<

The CD is a vital parameter to measure the chiral re-
sponse, which is equal to the difference in transmissivity (ab-
sorptivity/reflectivity) between LCP wave and RCP wave. We
take the transmissivity into consideration in this work. Hence,
the CD can be obtained from

CD = |Ticp — Trepl, (25)

where T cp and Trcp are the transmissivity for LCP wave and
RCP wave, respectively.

Figure 2 shows the curves of transmissivity as a function
of wavelength, respectively, for LCP wave, RCP wave and the
corresponding CD under normal incidence. Here the relative
rotation angle is fixed at 45°. The thickness values of the top
and bottom slabs are both 1 pum. It can be seen that the rel-
atively large CD appears at the wavelengths of 14.4 pm and
20.3 pm. Since the rotational symmetry and mirror symmetry
have been destroyed simultaneously by the relative rotation
between the two layers, the twisted bilayer a-MoO3 is a chiral

structure.
1.0 T
Moo —--LCP
Ny ---RCP
0.8 1\ ,RCP cD
5 1 ~LCP
206 1 /A
g AN N
g 04- \\I l’ \N-"/\\ l' \\
g \“| H ANt 7 I‘ Il"/ ‘\\:,_\;_:_
0.2} v “ i [
“‘ i\ cD |n,"
0 ‘\J o Ll\l'

8§ 10 12 14 16 18 20 22 24
Wavelength (pm)

Fig. 2. Transmissivity spectrum for LCP wave (red line), RCP wave (blue
line), and the corresponding CD (green line) under normal incidence, with
relative rotation angle fixed at 45°.

Taking wavelength A = 14.4 um for example, we further
enhance the CD at this wavelength. Two parameters can af-
fect the CD, which are the thickness values of two slabs, and
the relative rotation angle between them. Here, we optimize
first the thickness and then the relative rotation angle. When
the relative rotation angle is 45°, the transmissivity as a func-
tion of d; and d, is plotted in Fig. 3(a) for LCP wave and in
Fig. 3(b) for RCP wave. Obviously, the transmissivity has the
periodic enhancement with the increasing of thickness d; and
d, for both LCP wave and RCP wave. The phenomenon orig-
inates from Fabry—Per6t (FP) resonance. When the d; (or d)
equals zero, the model is simplified into a free standing single
a-MoOs slab. The circularly polarized wave can be decou-
pled into TM wave and TE wave. Besides, both of them can
excite the FP resonance. The quantization condition for any
two adjacent orders of FP resonances can be described as

(P+Re(kz)t1 =mT,
o+Re(k)tr = (m+1)m, (26)

where ¢ is the reflection phase at the interface between the
air and the «-MoOs slab, #; and f, are the thickness of the
0a-MoOs slab when the two adjacent orders of FP resonances
occur, respectively, m is an integral number, k, = nkgy, with n
representing the refractive index and kg = 27 /A with wave-
length A. Therefore, the difference (At=|t; —#;|) in thickness
of the -MoO3 slab between the two adjacent orders of FP
resonances can be calculated from
oz
~ Re(k,)

. 27)

It is worth noting that the a-MoOs3 possesses different re-
fractive indices in three principal directions since it is an
anisotropic material. In our simulation, we define the plane
of incidence as the x—z plane. Thus, the electric field vector
is parallel to the y axis for the TE wave, while the x axis is
for TM wave under normal incidence. According to Eq. (27),
At is equal to 2.28 um and 2.75 pm for TM wave and TE
wave when the wavelength A is 14.4 pum, respectively. The
results are in good agreement with the scenarios in Figs. 3(a)
and 3(b). Back to Fig. 3, for RCP wave, it is found that the
transmissivity is enhanced periodically with the increase in d»
when the thickness d; is less than 1 um, while the transmis-
sivity is small at the same thickness under the illumination of
LCP wave. Figure 3(c) shows the corresponding CD. One can
see that the CD improves periodically as d> increases, which
comes from FP resonance as well. In addition, the CD reaches
its maximum value when the thickness of top layer and bottom
layer are 0.8 um and 3.4 pum, respectively.

Based on the above optimization results (d; = 0.8 um
and d, = 3.4 um), the influence of the relative rotation an-
gle on circular dichroism at A = 14.4 pum is discussed. Fig-
ure 4 shows the transmissivity under the illumination of LCP

044101-4
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wave, RCP wave and the corresponding CD as relative rota-
tion angle increases from 0° to 90°. One can see that the CD is
zero when the relative rotation angle equals 0°. When the rel-
ative angle becomes bigger, the CD increases gradually at first
and reaches its maximum at 57°, then drops down to nearly
zero when relative rotation angle approaches to 90°. Since

the bilayer structure we proposed with relative rotation angle
0° or 90° possesses the rotational symmetry or mirror sym-
metry, the chiral response disappears. In addition, it is found
that the maximum CD is smaller than 0.5. In order to acquire
the stronger circular dichroism, the parameters of the model
should be further optimized.

5 5 N . 5 1

4 4

e = 3 =3

H E H

5 5 2 <5 2
¥ 1
O ., . 0 0
0 1 2 3 4 5 0 5

dy (pm) dy (um) da (pm)

Fig. 3. Transmissivity as function of thickness of top slab d; and bottom slab d, at wavelength 14.4 um when relative rotation angle is 45°, for (a) LCP

wave, (b) RCP wave, and (c) corresponding CD.

0.7 —
—LCP
0.67 —RCP |
05k RCP_ —CD

N
0.3 LCP

Transmission

0.2F
0.1f

% 10 20 30 40 50 60 70 80 90
Relative rotation angle (°)

Fig. 4. Curves of transmissivity versus relative rotation angle for LCP wave

(red line), RCP wave (blue line), and corresponding CD (green line) when

thickness d; and d, are 0.8 pm and 3.4 um, respectively.

Here, we optimize first the relative rotation angle, and
then the thickness. Considering different relative rotation an-
gles, we plot the curves of CD as a functions of thickness for
the two slabs as shown in Fig. 5. It is found that the CD is ex-

5
4
é 3
5 2
1
0
5 (f) 60°
4
é 3
5 2
1
0

0 1

2 3 4 50

dy (pm) do (pm)

tremely small at any thickness when the relative rotation angle
is 10°, and the CD rises with relative rotation angle increas-
ing. The results show that the CD can be flexibly tuned via
changing the relative rotation angle between the two layers. In
addition, one can see that the CD reaches its maximum value
when the relative rotation angle is 70°. Therefore, we further
optimize the relative rotation angle around 70° by using the
same method, but the results are not shown here. It is found
that the CD can reach a maximum value of 0.89 at a relative
rotation angle of 75° when the thickness of the bottom slab
and the top slabs are 2.72 pm and 0.6 pum, respectively.

Now, at the optimized parameters (¢ = 75°, d; = 0.6 um
and dr = 2.72 um), the transmissivity spectra and CD spec-
tra are investigated and shown in Fig. 6. At a wavelength of
14.4 um, a large transmissivity can be observed for RCP wave
while the transmissivity is almost zero for LCP wave. One can
see that the CD can reach 0.89, indicating a strong chirality.

3 4
dy (um)

dy (pm)

Fig. 5. Variations of CD with thickness of top slab d; and bottom slab d, at different relative rotation angles: (a) 10°, (b) 20°, (c) 30°, (d) 40°, (e) 50°,

(f) 60°, (g) 70°, and (h) 80°.
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1.0——
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Fig. 6. Transmissivity spectrum for LCP wave (red line), RCP wave (blue
line), and the corresponding CD (green line), with relative rotation angle
being 75°, and top slab and bottom slab 0.6 um and 2.72 um in thickness,
respectively.

To better illustrate the underlying physical mechanisms
of the strong chirality, the polarization conversion curves for
LCP wave and RCP wave under normal incidence are shown in
Fig. 7. When circularly polarized light with different handed-
ness is incident on the structure, the transmitted wave contains
the components of both LCP wave and RCP wave. For the
incident RCP wave, the amplitude of LCP wave in the trans-
mitted wave is greater than 0.4 at a wavelength of 14.4 um,
and the amplitude of RCP wave reaches 0.5. However, both
LCP wave and RCP wave in transmitted wave are close to
zero under the illumination of LCP wave. It can be found that
there is a huge difference in polarization conversion efficiency
between the two circularly polarized waves, resulting in the
strong circular dichroism in Fig. 6. Nevertheless, we can also
find that no matter whether it is incident LCP wave or RCP
wave, the difference between polarization conversion and no
polarization conversion in the transmitted wave is very small.

Hence, their physical mechanisms can be further studied.

1.0
—RCP-RCP
0.8} RCP-LCP
----- LCP-RCP
: ----LCP-LCP
0.6
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0.4F / e
A (Lop-ree.

0.2

25

Wavelength (pm)

Fig. 7. Components of LCP wave and RCP wave in transmitted wave.

To further explain the strong chirality of the bilayer struc-
ture, the components of TE wave and TM wave of the trans-
mitted wave for normal incidence of an LCP wave and an RCP
wave are shown in Figs. 8(a) and 8(b). Here, the wavelength
we concerned is still 14.4 um. It is found that the TM compo-

nent in the transmitted wave is relatively small for an incident

LCP wave, while the TM component can reach 0.9 for an in-
cident RCP wave at the wavelength of 14.4 um. Moreover,
one can see that the TE component in the transmitted wave is
almost zero for both the incident LCP wave and the incident
RCP wave in a wavelength range from 11.8 pm to 18.3 pum.
According to Ref. [49], the response of the structure for nor-
mal incidence of the TE wave and the TM wave are related to
€, and &, respectively. Since the sign of the real part of the
& is negative in the wavelength range of 11.8 um-18.3 um,
now the a-MoO3 behaves like metal, resulting in a strong re-
flection for TE wave. Thus, the anisotropic properties of the
a-MoOs3 guarantee the giant chirality of the bilayer structure.
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Fig. 8. Components of TE wave and TM wave in transmitted waves: (a)
LCP wave and (b) RCP wave.

Here, the influence of the relative rotation angle on CD is
discussed in the same situation as that in Fig. 6, and displayed
in Fig. 9. As the relative rotation angle increases, the CD
slowly rises from O to the maximum value 0.89, and then de-
creases to nearly zero when the relative rotation angle is close
to 90°. It is worth noting that the structure can still maintain
strong CD over 0.8 when the relative rotation angle approxi-
mately ranges from 69° to 80°. Therefore, the CD is not very
sensitive to the relative rotation angle, which reduces the re-
quirement for angle in fabrication.

In fact, the influence of incident angle on the chirality is
of vital importance. Thus, it is necessary to keep strong cir-
cular dichroism even at a large incident angle. Based on the
optimized results as shown in Fig. 10, we discuss the trans-

missivity and CD varying with incident angle. When the in-
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cident angle increases from 0° to 90°, the transmissivity for
LCP wave always keeps a low level while the transmissivity
for RCP wave first maintains a large value and then decreases.
It can be seen from the green line in Fig. 10 that the CD can be
larger than 0.85 when the incident angle is smaller than 40°,
indicating that the chirality of the structure is robust against

the incident angle.

1.0 T T T T T T T T

0.8

0.6

0.4

Transmission

0.2
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010

Fig. 9. Curves of transmissivity versus relative rotation angle for LCP wave
for LCP wave (red line), RCP wave (blue line), and the corresponding CD
(green line), with bottom slab and top slab being 0.6 pm and 2.72 pm in
thickness, respectively.
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Fig. 10. Curve of transmissivity versus incident angle for LCP wave (red
line), RCP wave (blue line), and the corresponding CD (green line), with
wavelength being 14.4 pum, and bottom slab and top slabs 0.6 pum and
2.72 pum in thickness, respectively.

4. Conclusions

In summary, a chiral structure based on twisted bilayer a-
MoOs has been proposed and investigated. Through the opti-
mization of parameters, the circular dichroism of the structure
can reach 0.89. To reveal more in-depth physical mechanism,
we analyze the polarization conversion between LCP wave and
RCP wave. Furthermore, we discuss the influence of the rela-
tive rotation angle and the angle of incidence on the CD. The
results show that the CD can keep a high level (CD> 0.8)
when the relative rotation angle approximately ranges from
69° to 80°. Besides, the CD is robust against the incident an-
gle. It is believed that this work not only provides a new idea
for chiral structure, but also promotes the development of the

manipulation of circularly polarized wave.
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