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We numerically demonstrated a novel chiral metamaterial to achieve broadband asymmetric transmission (AT) of
linearly polarized electromagnetic waves in terahertz (THz) band. The proposed metamaterial unit cell exhibits no rotational
symmetry with vanadium dioxide (VO;) inclusion embedded between Dirac semimetals (DSMs) pattern. The resonant
frequency of AT can be dynamically tunable by varying the Fermi energy (Ef) of the DSMs. The insulator-to-metal phase
transition of VO, enables the amplitude of the AT to be dynamically tailored. The transmission coefficient |T,| can be
adjusted from 0.756 to nearly O by modifying the conductivity of VO,. Meanwhile, the AT parameter intensity of linearly
polarized incidence can be actively controlled from 0.55 to almost 0, leading to a switch for AT. When VO is in its insulator
state, the proposed device achieves broadband AT parameter greater than 0.5 from 1.21 THz to 1.80 THz with a bandwidth
of 0.59 THz. When the incident wave propagates along the backward (—z) direction, the cross-polarized transmission |Ty|
reaches a peak value 0.756 at 1.32 THz, whereas the value of |Ty,| well below 0.157 in the concerned frequency. On the
other hand, the co-polarized transmission |T,| and |Tyy| remained equal in the whole frequency range. This work provides
a novel approach in developing broadband, tunable, as well as switchable AT electromagnetic devices.

Keywords: terahertz, chiral metamaterials, asymmetric transmission, tunable

PACS: 78.67.Pt, 42.25.Ja, 42.25.Bs

1. Introduction

Terahertz (THz) waves lie between microwave and in-
frared waves in the electromagnetic spectrum, and they have
many unique properties,!!! including high signal-noise ratio,
ultra-wideband, and strong transmission capability.”? Natu-
ral materials have a relatively weak electromagnetic response
in the terahertz band. Therefore, traditional terahertz modu-
lators are not only inefficient, but also very thick, which is
not conducive to the development of modern optical systems.
Metamaterials manipulate terahertz wave at will by the ar-
bitrary design of subwavelength microstructure array. They
have been realized many novel electromagnetic effects which
are not available from conventional materials, such as negative
magnetic permeability,3#! zero refractive index,!>! and neg-
ative refractive index.!’! The introduction of terahertz meta-
material has promoted the development of high efficiency and
integrated modulators, which have filled the “THz gap” to a
large extent.®! Asymmetric transmission (AT) devices are one
of the branches of terahertz functional devices, which exhibit
promising application in the development of radomes, circula-
tors and isolators.

In 2006, Fedotov et al.!) proposed AT of circularly polar-
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ized waves for the first time by using fishscale-shaped meta-
materials in the optical frequency. Then in 2010, Menzel et
al.""% first realized AT of linearly polarized waves in three-
dimensional (3D) chiral optical metamaterials. Subsequently,
chiral metamaterials have been widely used to achieve AT
of linearly polarized waves in the microwavel!!l and tera-
hertz regions.!'?) In 2017, Fang er al.!'3! proposed a dual-
band AT device composed of five-layer metamaterial structure,
which achieved strong AT effect for the linearly polarized in-
cidence around 0.51 THz and 0.81 THz. In 2018, Stephen et
al.'" proposed a sandwich structure for AT of linearly po-
larized waves with a maximum AT parameter of 0.95 in the
microwave band. However, once these devices have been fab-
ricated, their working frequency and amplitude cannot be con-
trolled in real time, which seriously limits their practical ap-
plication.

In order to overcome the above bottlenecks and
obtain THz devices with dynamically controlled perfor-
mance, materials with adjustable electromagnetic proper-
ties are combined into metamaterial structures, such as
graphene,'5-1°! Dirac semimetals (DSMs),?°! and vanadium
dioxide (VO,).[21-24] These tunable metamaterial structures
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are conducive to the development of novel terahertz devices,
such as modulators,[?-281 filters,[2-28] and sensors.[2-271
Zhao et al.!"! proposed a three-layer metal—graphene—metal
metasurface to achieve the tunability of linear AT by varying
the Fermi energy of the graphene. However, graphene exhibits
an instable property and interact light weakly since it is com-
posed of single layer atom,?) which limits its development
of high efficiency AT devices. DSMs are considered to be
analogues of three-dimensional graphene. In comparison, it

[30,31

has higher electron mobility I"and interacts with incident

(321 Furthermore, the Fermi energy of DSMs

33,34

waves strongly.
can be by alkaline surface doping.[>33* These excellent prop-
erties make DSMs a suitable candidate material for the con-
struction of actively controlled metamaterial absorbers, 35381
electromagnetic induced transparency*°~3 devices, polariza-
tion conversion devices.!***1 Dai et al.?”) designed AT de-
vices for linearly polarized waves based on DSMs. The pro-
posed device achieves a maximum AT parameter of 0.38 at
1.56 THz, and the resonant frequency and amplitude were dy-
namically tunable by changing the DSMs Fermi energy. How-
ever, the tunability of the resonant frequency was accompanied
by a reduction in the AT intensity as the decrease of the DSMs
Fermi level. It is well-known that VO, exhibits a phase transi-
tion from an insulating dielectric state to a metallic state/*?! via
electrical, thermal, and optical stimuli.[***#! During the tran-
sition progress, VO, undergoes a drastic change in conduc-
tivity exceeding four orders of magnitude around the critical
temperature 68°. Recently, Liu er al.>!) carried out a system-
atic research on temperature-controlled two-dimensional (2D)
chirality and 3D chirality in the terahertz regime, including the
dynamically controlled linearly polarized AT,[??! switchable
chiral mirrors,[>3 and actively controlled negative refractive
index.>* However, all AT of linearly polarized devices were
designed cannot simultaneously realize these two functionali-
ties. Firstly, the resonant frequency of the AT is dynamically
tunable while maintaining the amplitude of AT. Then, the am-
plitude can be dynamically tuned independently leading to a
switch for AT.

In this work, we proposed a theoretical AT device based
on VO, and DSMs in the terahertz region. At the room tem-
perature, VO; is in its insulating state, tunable broadband AT
of linearly polarized terahertz waves has been achieved. The
resonant frequency can be dynamically tuned by modifying
the Fermi level of DSFs while maintaining the amplitude of
AT. Increasing the operation temperature across 68 °C, VO,
transmit from insulating state to metallic state, the AT ampli-
tude of linearly polarized waves decrease significantly, while
the resonant frequency remains the same almost be almost un-

changed. This work can be used to inspire the fabrication of

tunable AT devices in the terahertz range, as well as the similar

modulator operating in other frequency.

2. Design and theoretical analysis

Figure 1 illustrates the schematic of a unit cell of the pro-
posed chiral metasurface, which consists of three layers. The
top layer composed of DSMs and VO, microstructures, which
a 6-shaped structure with a thickness of 0.7 um. The 6-shaped
patterns on the front and back surfaces of the dielectric layer
are structurely identical and the bottom pattern is a mirror im-
age of the top layer rotated by 90°. The polyimide layers have
been treated as a lossy material with dielectric constant set to
& = 3+0.091,1%V and its thickness is 21 pm. The width of
DSMs bars is w = 3 um, and the gap between DSMs bars is
g =3 um. The period of the unit is P =20 pm. When VO,
in its insulating state, this chiral metasurface can achieve AT
effect shown in Fig. 1(a). VO, transmit from insulating state
to metallic state, AT can be turned off shown in Fig. 1(b). The
electromagnetic simulation software CST Microwave Studio
is used to simulate the chiral metasurface. In simulations, the
unit cell boundary conditions are employed along the x and y
directions, and the open boundary condition is applied along

the z direction.

(a)

Y

(b)

y-polarized

x-polarized
)

Fig. 1. Transmission schematic diagrams of hybrid DSMs-VO, metasurface.
(a) When VO is in the insulating state (10 S/m), the device in form of AT is
turned on (shown in blue). (b) When VO, serves as a dielectric (10° S/m),
the device in form of AT is turned off (shown in red).

In the range of long wave limit ¢ < Kp, the longitu-
dinal dynamic conductivity formula of DSMs can be ob-
tained by Kubo formula in random-phase approximation the-
ory. The conductivity of DSMs can be calculated by the for-
mula 6 (w) = Singra(W) + Ointer (W), Where Sy (W) and Sjpger (W)
are the intraband and interband conductivity respectively. The
interband and intraband conductivity of the DSMs can be de-
fined as!>"!

ie? gk 7 ([ T\*
Sintra (W) = ?65’[21;2 (1 + 3 <EF> ) ()
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S () = 228 [mmwm

32 hvp 2 4

(w/2)
+/< ﬁzz 4;2/ )EdE} )

In the formula, kg = Egp/(fivg) is the Fermi momentum,
Er is the Fermi level, vg =~

10° m/s is the Fermi speed, Q = hw/Ep + ih‘L”l/Ep, where
[51]

f is the Planck constant,

T = uEp/ evF and u is carrier mobility, w is the fre-
quency. G(E) = n(—E) —n(E) = sinh(E/T)/cosh(Eg/T) +
cosh(E/T), where E = hw/2 and n(E) is the Fermi distribu-
tion function. Here, the dielectric constant of DSMs is repre-
sented by a two-band model

o
E=¢&+i—, 3
WE(

where & is the permittivity of a vacuum and the effective
background dielectric is &, = 1 for g = 40 (AlCuFe quasi-
crystalsPoh,

VO, undergo a phase change under thermal control and
during the simulation the dielectric constant is described by

the Drude model®2

wp(0)

&€ =& ——FH 7,
(w) W ipw

“4)

where the permittivity at an infinite frequency is €. = 12
and the damping frequency is ¥ = 5.75 x 10'3 rad/s.53! The
plasma frequency is expressed as wy (o) = (o/ Go)wf,(co),
where 6p = 3 x 10° S/m and w? (6) = 1.4 x 10" rad/s. In the
simulation, the conductivity of VO, is increased from 10 S/m
to 10> S/m to represent the transition from an insulating to
the metallic state.[*?! Specifically, it is assumed that VO, is
in a metallic (insulating) state with a conductivity of 10° S/m
(10 S/m).

The complex amplitudes of incident and transmitted
waves can be linked with Jones matrix 7 to better understand

the AT phenomenon, '%! which can be expressed as

.\ (T T, I L
(T)—(TT>(1) Th“(ly>’ ©)

where T, T,y and T, T, represent the co-polarization and
the cross-polarization transmission coefficients, respectively.
Iy, I, and T,,T, represent the complex amplitudes of the inci-
dent and transmitted waves. lin and f indicate that the linearly
polarized waves propagate in the forward (4z) direction.

The AT response is usually characterized by the differ-
ence of transmission between forward and backward propaga-
tion for linearly polarized waves.*°l The AT parameters of lin-
early waves can be expressed as®¥ (the superscript “b” means
along the backward direction):

Ay = |TEP 4L TS — TP = -4, ©)

Since the 6-shaped patterns on the front and back surfaces of
the dielectric layer have the characteristic of chirality, the co-
polarized transmission coefficients of linearly polarized waves

are always equal. The formula can be further simplified as
Ahn - ‘TVX‘ ‘T:\‘}| = lln (7)

It can be seen from the Eq. (7) that the AT of linearly polar-
ized waves result from the cross-polarized transmission coef-
ficients.

Stokes parameters are used to verify the polarization con-

version performance of linearly polarized waves, which can be

expressed as: (4
= ‘T;rx‘z‘f' |T.‘W‘|2’ (8)
0 = |Tul’| = T, ©)
U = 2|Ty||Tix| cos Ao, (10)
V =2|Ty||T| sinAg, (11)

where A is the phase difference between the cross- and co-
polarized components. In addition, the polarization rotation
angle 0 and the ellipticity 1> can be expressed respectively

by

)

G—Ztan (Q)’ (12)
_ l . _1 V

n= 7sin (I) ) (13)

3. Results and discussion

The spectra response of the proposed device has been
demonstrated for the case where VO, is in the insulating di-
electric state with conductivity of 10 S/m, and the Fermi en-
ergy level of the DSMs is 0.15 eV. Figures 2(a) and 2(b) show
the four elements of the transmission matrix for a linearly po-
larized wave propagating along the backward (—z) and for-
ward (+z) directions. For the y-polarized waves propagating in
the backward direction and the x-polarized waves propagating
in the forward direction, the AT device allows waves to trans-
mit through themselves with a perfect diode effect. As shown
in Fig. 2(a), the co-polarization transmission coefficients (7,
T,y) are always equal over the entire frequency range, while the
cross-polarization transmission coefficients (7, Tyx) are sig-
nificantly different. The value of |Tj,| is higher than 0.7 and
|Tyy| is lower than 0.16 in the range of 1.184 THz-1.8336 THz.
Compared with Figs. 2(a) and 2(b), when the propagation di-
rection is switched, the co-polarized transmission coefficients
remains unchanged, while cross-polarized transmission coef-
ficients will exchange. It can be observed from Figs. 2(c) and

2(d), when the x-linearly polarized waves propagating along
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the backward direction, the polarization azimuth is 88.1° and
—68.8° at 1.184 THz and 1.8336 THz. Therefore, these phe-
nomena are identical to the conditions required for the AT ef-

fect that cause AT of linearly polarized waves.

0.8 0.8
(b)
=} =
2 2 N
z 7 o) T Tyl = 1Tl
2 04 2 04 T,l= =T,
n wn
=} =}
: :
&= =
% 0
.8 1.6 2.4 0.8 1.6 2.4
Frequency (THz) Frequency (THz)
Polarization ellipse 1 Polarization ellipse
(c) (d)
g0 w0
1 1.184 THz 1 1.8336 THz
—1 0 1 —1 0 1
E E

x

x

Fig. 2. Transmission coefficients of linearly polarized waves propagating
along the (a) backward (—z) and (b) forward (+z) directions. Polarization
ellipse of the transmitted waves at (c) 1.184 THz and (d) 1.8336 THz with an

incident x-polarized waves propagating along the backward (—z) direction.

According to Eqgs. (6) and (7), we calculate the AT pa-

rection shown in Fig. 3(a). When increasing the frequency,
the value of parameter for a linearly polarized wave experi-
ences a rapid increase and reaches the maximum of 0.55 at
frequency of 1.30 THz. The AT parameter greater than 0.5 in
the frequency range 1.21 THz-1.80 THz and a bandwidth of
0.59 THz. Al(if]) and Al(i? curves have approximately opposite
trends and the absolute values are always the same. The de-
vice achieves an AT response for linearly polarized waves in
the broadband range.

The AT performance can be described more intuitively by
introducing the polarization conversion ratio (PCR) and the
total transmission intensity (7") of the x- and y-linearly po-
larized waves. The equations PCR, = |Ty|?/(| T |? + |T3x|?)
and PCRy = |Ty|?/(|Tyy|> + | Ty|?) are used to illustrate the
performance of the x- and y-linear PCR, and PCR, shown in
Fig. 3(b). PCR; is greater than 0.8 in the range of 1.15 THz—
2.4 THz, indicating that most of the x-polarized waves are
converted toy-polarized waves. The equations |T;|*> = | T |> +
|Tyc|* and |Ty|? = |Tyy|* + |Tiy|? represent the total transmit-
tance of x- and y-polarized waves. Figure 3(c) shows the total
transmission intensity of linearly polarized waves propagating
from the forward and backward directions respectively. Total
transmission intensity 7\ of x-polarized waves incident along
backward direction shows one peak of 0.64 at 1.33 THz, while
total transmission intensity T}b of y-polarized waves is rela-

rameters for a linearly incident wave along the backward di-  tively low.
=] 0.6 1.0 0.8
2 (a) (b) - (c)
£ 04 0.8 2 ————
g % 06 :,,‘ N,
5 02 0.6 E '
, N Q'-J( . : Lt b \,
8 o AR —Aw O £ ooap J 7T TN
g & 04 z ey
g o e N T
§ 0.4 0.2 5 02r N
% o a e N.N‘N
< -0.6 ' : : 0 0 - : TS
0.8 1.2 1.6 20 24 0.8 1.2 1.6 20 24 0.8 1.2 1.6 20 24

Frequency (THz)

Frequency (THz)

Frequency (THz)

Fig. 3. (a) AT parameters for linearly polarized waves propagating along the backward direction. (b) PCR for x- and y-polarized waves propagating in the
backward direction. (d) Total transmission for linearly polarized waves propagating in the backward and forward directions.

According to Egs. (12) and (13), we calculate the po-
larization rotation angle 6 and ellipticity 1 of linearly polar-
ized waves propagating in the backward direction shown in
Figs. 4(a) and 4(b). As can be seen from Fig. 4(a), the polar-
ization azimuth of the x-polarized waves at 1.2 THz is close
to 90°, achieving a perfect x—y polarization conversion. How-
ever, the absolute value of y-polarized waves in the whole fre-
quency range is less than 25°, so it can hardly be converted into
x-polarized waves when passing through the device. The in-
cident linearly polarized waves change into linearly or ellipti-

cally polarized waves after passing through the chiral structure

as shown in Fig. 4(b). The nof x-polarized and y-polarized is
0 at the frequency 1.79 THz, which indicate that the transmit-
ted wave is still linearly polarized. In the frequency range of
less than 1.79 THz, the 1 of x-polarized wave is less than 0,
thus the transmitted wave becomes right-handed elliptical po-
larized one. When the frequency is greater than 1.79 THz, n
is always more than 0, and the transmitted wave is left-handed
circular polarization.

Figure 5 shows the four transmission matrices at different
Fermi levels when the linearly polarized waves propagating
in the backward direction. When the Fermi level of DSMs is
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modified from 0.05 eV to 0.15 eV, the amplitude of transmis-
sion coefficients are basically unchanged and the resonant fre-
quency are blue shifted. Therefore, changing the Fermi level
of the DSMs can achieve dynamic tunability of resonant fre-

quency, thus increasing the applications of devices.

100 30
— y-polarized
_ 50 — x-polarized 10
N 0 N
5= <
\‘/_\ —10 ;
—50 — y-polarized
/\ — x-polarized
—100 —30
0.8 1.2 16 20 24 0.8 1.2 16 20 24

Frequency (THz) Frequency (THz)

Fig. 4. Polarization azimuth (a) and ellipticity angle (b) for linearly polarized
waves propagating along the backward direction.

0.6 — Er=0.05 eV
=t 0'4\_,\_/ \_,\_/
S 02 L
B 0.8
é 06l BEr=0.10 eV
=02 b
S 08
H 0.6l Erp=0.15 eV
0.4
0.2 — ]
0
0.8 1.6 24 1.2 1.6 2.0 24 1.2 1.6 2.0 2.4 1.2 1.6 2.0 2.4

Frequency (Hz)

Fig. 5. The transmission coefficients for four transmission matrices propa-
gating in the backward direction at different Fermi energy of DSMs.

By analyzing the electric field of linearly polarized waves
propagating in the backward direction, the AT effect can be
more clearly understood. Figure 6(a) shows that the direction
of the electric field changes from horizontal to vertical as the
x-polarized waves are incident, which indicates that the x—y
polarization transition is achieved at 1.30 THz. In contrast, the
direction of the electric field of the output wave is still vertical
when the y-polarized waves propagate, as shown in Fig. 6(b).

(b)

111
$3118
th Max
¥ 123

PR OSSR DESY
ettt
PR DRSS R DR

D

Fig. 6. Calculated electric field distributions at 1.30 THz for x-polarized
waves (a) and y-polarized waves (b) propagating in the backward direction.

Figure 7(a) shows that the backward propagating x-

polarized incidence takes AT parameters with different inci-

dent angles. The angle of incidence has essentially no effect
(x)
lin
incident angle is greater than 40°, the AT intensity decreases

on A}’ when the angle of incidence is less than 40°. When the

to 0 with the increase of incident angle ¢. It can be seen from
Fig. 7(b) that the absolute value of Al(ii) of AT decreases to 0
and then increases with the increase of the polarization angle
0.

The intensity of the four transmission matrices can be
tailored by modifying the conductivity of VO, as shown in
Fig. 8(a). When the x- and y-linearly polarized waves prop-
agate in the backward direction, the cross-polarized trans-
mission coefficients |Ty| and |T,| decrease continuously as
the metallic properties of VO, increase. However, the co-
polarized transmission coefficients |Ty| and |7y, | increase con-
tinuously. Therefore, the curves in Fig. 8(a) will form the phe-
nomenon in Figs. 8(b) and 8(c). It can be seen from Fig. 8(b)
that AT parameter Al

ii, continuously decreases by increasing
the conductivity of the VO,. The phenomenon of AT basi-
cally disappears when the conductivity is 10° S/m. With the
conductivity of VO, increase, the rising conductivity leads to
a continuous decrease in transmission, as shown in Fig. 8(c).
Thus, AT occurs when VO, is in the insulator state and it can

be turned off by increasing its conductivity.

0.6 T T T

AT parameter

AT parameter

Frequency (THz)

Fig. 7. AT parameters as a function of (a) incident angle o and (b) polar-
ization angle 6 for x-linearly polarized waves propagating in the backward
direction.
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(a) 0.8 (b) 0.6
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0.8 g e TIDIDIE e
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0.6 < AN Lo B
™ T — 6=10S/m
S —0.4 \ N R
g 04 s T e AW
= 0.6 f—emmme T i —— 0=1000 S/m
02 %«J 0.8 1.2 1.6 2.0 2.4 3000 8/
—— o= m
0.8 ' Frequency (THz)
0,6\ © 08 =5000 S/m
_ c .
o 04N — T, —— 0=10000 S/m
= — E
0-2 g 06 ] o =20000 S/m
g
oo & o=100000 S/m
0.6 = 04 ]
. +
PR P =N g
= - % = 0.2 Z /\ N 1
0.2 ——==
9 0
0.8 1.6 2.4 0.8 1.6 2.4

Frequency (THz)

Frequency (THz)

Fig. 8. (a) Four transmission matrices, (b) AT parameters and (c) total transmission intensity for linearly polarized waves propagating in the backward

direction under different conductivity of VO, (Er = 0.15 eV).

4. Conclusion

In this work, we have realized a dynamically controlled
broadband AT device for linearly polarized terahertz waves
based on DSMs and VO, materials. When the VO, in its insu-
lating state (10 S/m), the bandwidth of AT parameter greater
than 0.5 is 0.59 THz in the frequency range of 1.21 THz—
1.80 THz. When the VO, in its metallic state (10° S/m),
the AT parameter is almost O in the entire frequency range of
0.8 THz-2.4 THz. Therefore, the amplitude of AT can be dy-
namically tailored by modifying the conductivity of VO,. The
resonant frequency of AT exhibits blue shift with the Fermi
level of DSMs increases from 0.05 eV to 0.15 eV while main-
taining the amplitude of AT. The method of adjusting resonant
frequency and amplitude independently increases the practica-
bility of devices, which is conducive to the development of AT

devices.
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