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Active terahertz spin state and optical chirality in liquid crystal chiral metasurface
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Dynamic control of photonic spin state and chirality plays a vital role in various applications, such as
polarization control, polarization-sensitive imaging, and biosensing. Here, we present a scheme for the flexible
and dynamic manipulation of terahertz spin state conversion and optical chirality by combining two achiral
structures: an asymmetric metasurface and a layer of anisotropic liquid crystal. The proposed asymmetric
metasurface can realize the polarization conversion effect. For the circularly polarized incidence, it exhibits
the asymmetric transmission of the spin-flipped states but no spin-locked optical chirality since its geometry is
mirror symmetric along with the wave propagation. The introduction of the liquid crystal makes the composite
metasurface not only exhibit the spin state conversion but also spin-locked chirality and spin-flipped chirality
on account of breaking mirror symmetry, which realizes an electrically active terahertz chiral device. The
experimental results show that the asymmetric transmission of the terahertz spin states can be dynamically
manipulated, resulting in a large controllable range 83.8% to −30.7% of spin-locked circular dichroism at
0.76 THz and −98.2% to 44.7% of spin-flipped circular dichroism at 0.73 THz. This work paves the way for the
development of terahertz meta devices capable of enabling active photonic spin state and chirality manipulation.
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I. INTRODUCTION

Chirality is a quite ubiquitous phenomenon throughout
the universe, ranging from molecules and amino acids to
galaxies in the universe. Usually, the structures lacking any
mirror plane or inversion symmetry are called chiral objects,
which can exhibit different optical responses to the circu-
larly polarized (CP) light with different photonic spin states
and result in chiroptical effects [1–5]. The chiroptical effects
can be described quantitatively by circular dichroism (CD),
i.e., the differential absorbance under the two CP illumina-
tions with different handedness, and optical activity (OA),
i.e., the polarization rotation of a linearly polarized (LP)
light through chiral media [6–8]. However, the chiroptical
effects in most natural chiral media are extremely small; to
obtain sufficient optical chirality, the optical devices need
to be bulkier, which is not conducive to the integration and
miniaturization of the device, thus hampering their practical
applications [9].

Artificial metamaterials are a new class of composite ma-
terials, which have the advantages of flexible design, simple
fabrication, ultrathin size, and easy integration. A lot of works
have been reported on chiral metamaterials in the optical
[10,11], infrared [12,13], terahertz (THz) [14,15], and mi-
crowave [16,17] regimes. An outstanding feature of chiral
metamaterials is the enhanced chiroptical responses that are
several orders of magnitude stronger than natural materi-
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als due to breaking mirror symmetry in geometry [18–21].
Nevertheless, the chiroptical effects of those chiral metama-
terials are fixed once they are fabricated, and lack dynamic
tunability. A good strategy is to introduce functional materi-
als, such as phase change materials [22], graphene [23], and
liquid crystal (LC) materials [24], that can respond to the
thermal, optical, electric, or magnetic field. Thus, the unique
tunable characteristics of the above functional materials allow
the active and flexible control of optical chirality when inte-
grated with chiral metamaterials.

THz waves are typically defined as electromagnetic waves
spanning from 0.1 to 10 THz. Thanks to low photon energy
and low noise interference, THz spectroscopy technology is
an effective noninvasive and nondestructive testing method
[25–28]. In particular, THz optical chiral technology, an im-
portant complementary tool to THz absorption spectroscopy
technology, has been developed to understand and iden-
tify chiral biomaterials [29,30]. Consequently, THz chiral
metamaterials, especially those integrated with functional ma-
terials with active tunability, not only dynamically control
the polarization state and chirality of THz waves but offer
multifaceted spectroscopic capabilities for understanding the
chiral architecture in biomaterials. Generally, the excitation
of free carriers in graphene, semiconductor, and phase change
materials under strong light illumination can be used to dy-
namically control THz chirality [31–37]. For example, the
dynamically tunable chiroptical responses at THz frequencies
were demonstrated in hybrid metamaterials integrated with
the vanadium dioxide (VO2) under the thermal excitation
[34,35]. Kim et al. reported that an active modulation of THz
CD from 14 to 45 dB at 1.1 THz was achieved by electrically
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FIG. 1. (a) Optical microscope photo and geometric parameters of the metasurface. (b) Schematic diagram of dynamically controllable
polarization conversion. (c) Schematic diagram of the spin-locked states and spin-flipped states. (d) Schematic diagram of the THz-TDPS
system. (e) Experimental setup for polarization and phase measurement.

controlled graphene [36]. However, the strong chiroptical re-
sponse, larger tuning range, and more flexible control method
for THz chiral devices are still in challenge.

As a functional material, LCs have large optical anisotropy
that can be flexibly manipulated by thermal, optical, electric,
or magnetic fields. The strategy of combining LCs with meta-
surfaces has been used in tunable THz functional devices,
such as polarization converters, phase modulators, tunable
waveplates, and spatial light modulators [38–44]. For exam-
ple, Shen et al. demonstrated a dynamic Fano cloaking in
a 250-μm-thick LC layer integrated THz metasurface, and
its modulation depth reaches over 50% in a broad frequency
range of 660 GHz [39]. Some work on the tunable beam
steering using reconfigurable metasurfaces coupled with LCs
has been studied [40,41]. An ultrathin large-area THz spatial
phase modulator was demonstrated at 0.8 THz with the thick-
ness of the LC layer only 12 μm (∼0.03λ), the driving voltage
as low as 20 V, and a spatial resolution of 85 μm (better than
0.23λ) [42]. Recently, the cholesteric LCs have been reported
to achieve strong THz OA and CD, and the strongest THz
CD of 22 dB occurs around 250 K [44]. It can be predicted
that the introduction of LCs to chiral metamaterials may be a
feasible solution to dynamically control the chirality and spin
state conversion of THz waves, yet related work is very rare.

In this work, we theoretically and experimentally investi-
gate the spin state conversion and chirality of the composite
LC chiral metasurface, which is an asymmetric metasurface
filled with a layer of anisotropic LC. Benefit from the polar-
ization conversion effect of the asymmetric metasurface and
the electrically tunable anisotropic characteristics of the LCs,
the THz spin state conversion of the composite LC chiral
metasurface can be controlled between CP to CP and CP to LP

states. Besides, two kinds of asymmetric transmission for the
THz spin states occur in the composite structure as it breaks
mirror symmetry, which can be dynamically controlled. This
LC chiral metasurface provides an efficient approach to dy-
namically manipulate the spin state conversion and optical
chiral transmission of THz waves.

II. METHODS

A. Device design and fabrication

Here, we design and fabricate a planar metasurface con-
sisting of four split rings as shown in Fig. 1(a), which breaks
the rotational symmetry in the plane, so it can achieve the po-
larization conversion effect. Figure 1(b) shows the schematic
diagram that the polarization conversion can be flexibly ma-
nipulated by electrically controlling the optical axis of the
anisotropic material LCs. Moreover, the THz spin states can
also be dynamically controlled, as shown in Fig. 1(c).

The planar asymmetric metasurface is fabricated on a
glass substrate using the electron-beam lithography and lift-
off technique. The 200-nm-thick metal film is deposited on
the surface of the 500-μm-thick JGS1 quartz glass substrate.
Figure 1(a) shows the optical microscope photo and geomet-
ric parameters of this asymmetric metasurface, where w =
10 μm, d = 10 μm, the inner radius of the first split ring r =
10 μm, the opening angle of each split ring θ = 90◦, α = 20◦,
and the lattice period P = 170 μm in both the x- and y-axis
directions. Then, we package a layer of LC on the surface of
the metasurface, and its cross section is shown in the inset
of Fig. 1(a). The LC used in this paper is a mixture of E7
LC, which is obtained from Jiangsu Hecheng Technology Co.,
Ltd. The E7 LC is added to fill a 0.3-mm-thick LC cell, which
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is fabricated by two parallel copper wires sandwiched within
the planar asymmetric metasurface and a 500-μm-thick quartz
glass substrate.

B. Experimental methods

A THz time-domain polarization spectroscopy (THz-
TDPS) system is used in this experiment, and the schematic
diagram is shown in Fig. 1(d). A low-temperature-grown
GaAs photoconductive antenna is used to generate the in-
cident THz pulses, which is excited by a Ti:sapphire laser
with 75 fs duration of 80 MHz repetition rate working at
800 nm. The polarization direction of the incident THz wave
is along the y axis. The sample is placed at the focal point
of the THz-TDPS system. The two additional THz polarizers
are placed in front of and behind the sample. The former is
used to generate two orthogonal incident LP waves, which can
synthesize a pair of orthogonal CP waves. The latter is used to
obtain two orthogonal polarization components of the output
wave. Thereby, we can detect the output wave with any polar-
ization state, and then obtain its complete amplitude, phase,
and polarization information. A 100-mT constant magnetic
field is used for the pre-orientation treatment of LC molecules.
The variable electric field is used to control the orientation
of LC molecules, and the 9-mm gap between two electrodes
ensures that the electrodes do not affect the transmission of
THz waves, as shown in Fig. 1(e).

In this work, we are concerned about the output of two
orthogonal THz spin components, namely the left-handed cir-
cularly polarized (LCP) and right-handed circularly polarized
(RCP) components with different amplitudes and phases. If
we can obtain the transmission amplitude (A+45◦ , A−45◦ ) and
the phase (ϕ+45◦ , ϕ−45◦ ) for the +45° and −45° LP compo-
nents by rotating the second THz polarizer, the amplitude
transmission of RCP and LCP components can be given by(

ERCP

ELCP

)
= 1√

2

(
1 i
1 −i

)(
E+45◦

E−45◦

)

= 1√
2

(
1 i
1 −i

)(
A+45◦eiϕ+45◦

A−45◦eiϕ−45◦

)
. (1)

To intuitively describe the arbitrary polarization state of
the output light, we calculated the terminal trajectory equa-
tion of electric vector E, that is, polarization ellipse, as
follows [45]:(

Ex

A+45◦

)2

+
(

Ey

A−45◦

)2

− 2ExEy

A+45◦A−45◦
cos �ϕ = sin2�ϕ,

(2)
where the phase difference �ϕ = ϕ+45◦ − ϕ+45◦ . Then, the
two polarization parameters, that is the ellipticity χ and the
polarization rotation angle β, can be obtained by

χ = TRCP(dB) − TLCP(dB), (3)

β = 0.5 arctan(tan 2ε cos �ϕ), (4)

where TRCP(dB) = 20 × log10 |ERCP| and TLCP(dB) = 20 ×
log10 |ELCP| are the intensity transmission expressed in dB of
RCP and LCP components, and tan ε = A+45◦ − A−45◦ .

However, the above parameters cannot fully reflect the
transmission characteristics of the experimental system. If
the incident wave is an LP wave and the output is an RCP
wave, it may be transmitted directly by the RCP component
or converted from the LCP wave. As a consequence, for a
pair of orthogonal spin states, it is necessary to distinguish
the co-polarization transmission and the cross-polarization
transmission cases. As shown in Fig. 1(c), the co-polarization
transmission yields the spin-locked states (tRR, tLL) and the
cross-polarization transmission yields the spin-flipped states
(tRL, tLR), where the first subscript indicates the polarization
state of the output component, and the latter represents the
polarization state of the input wave.

To obtain the transmission coefficients of CP waves (that
is, tRR, tRL, tLR, tLL), we need to measure four linearly co-
and cross-polarized transmission coefficients t++45◦ , t+−45◦ ,
t−+45◦ , t−−45◦ by rotating two THz polarizers. Therefore, the
transmission coefficients of CP light in a circular base can be
described based on the LP states coefficient in the Cartesian
base as [46,47]

Tcirc =
(

tRR tRL

tLR tLL

)
= 1

2

(
t++45◦ + t−−45◦ + i(t+−45◦ − t−+45◦ ) t++45◦ − t−−45◦ − i(t+−45◦+t−+45◦ )
t++45◦ − t−−45◦+i(t+−45◦+t−+45◦ ) t++45◦ + t−−45◦ − i(t+−45◦ − t−+45◦ )

)
, (5)

where R and L represented RCP and LCP light, and +45° and −45° were orthogonal LP components oriented in the +45° and
−45° directions, respectively. According to Eq. (5), the amplitude and phase information of the above four spin states can be
obtained in the experiment. To reflect the optical chirality response of the device, two chiral parameters (i.e., CD and OA) need
to be defined:

spin-locked CD = TRR − TLL

TRR + TLL
× 100%, OA(◦) = 1

2
(ϕRR − ϕLL ),

spin-flipped CD = TLR − TRL

TLR + TRL
× 100%, OA(◦) = 1

2
(ϕLR − ϕRL ), (6)

where ϕRR, ϕLL, ϕLR, and ϕRL represent the phase, TRR, TLL,
TLR, and TRL are the intensity transmissions expressed in dB.
The spin-locked CD and OA reflect the asymmetry transmis-
sion between the spin-locked states, the CD shows the inten-

sity difference, and OA represents the phase shift. Similarly,
the spin-flipped CD and OA reflect the asymmetry transmis-
sion between the spin-flipped states. These four parameters
can fully characterize the optical chirality of the device.
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FIG. 2. Schematic diagram of the geometric symmetry in the propagation direction and the transmission of CP light for the single
asymmetric metasurface (a), the single LC layer (b), and the composite LC chiral metasurface (c).

C. Numerical simulation

Numerical simulations are modeled by using commercially
available software tools based on the Finite-Difference Time-
Domain (FDTD) method. The periodic boundary conditions
are applied in the x and y directions. The z boundary is
surrounded by perfectly matched layers. The period in both
the x and y directions is 170 μm, and the modeling length
in the z direction (the direction of the incoming light) is
2.5 mm. The glass permittivity is set to 3.61. The metal
structure used in the simulations is set to a perfect electrical
conductor (PEC), and it is safe to consider the metal as the
perfect electric conductor in the range of considered THz
frequencies [48]. The minimum mesh step in this simulation
model is set to dx = dy = 5 μm (∼λ/30) and dz = 2.315 μm
(∼λ/60), which is much smaller than the wavelength of THz
wave and the size of the structure, and the time step is 0.026
ps. The LC is modeled as a uniaxial material, and its optical
axis can be rotated in the x-y plane; the extraordinary and
ordinary refractive indices (ne and no) are set to 1.78 and
1.6, respectively. Besides, the LCP and RCP sources are gen-
erated using two orthogonal LP sources with a ±90° phase
change.

III. RESULTS AND DISCUSSION

A. Polarization conversion of asymmetric
metasurface without LCs

First, we analyze the THz optical response of the asymmet-
ric metasurface. As illustrated by the geometry in Fig. 2(a),
this asymmetric metasurface shows no spin-locked optical
chirality because the planar metasurface cannot break mirror
symmetry due to the limited thickness of the two-dimensional
(2D) like metallic layer, so that they cannot achieve far-field
optical chirality [20,49]. However, the spin-flipped states ex-
hibit the asymmetric transmission and polarization conversion

effect because this structure breaks the rotational symmetry in
the metasurface plane.

We have measured this metasurface with the LP or CP
incidence by using the THz-TDPS system, and also simulated
this model by using the FDTD method. Figure 3(a) shows the
intensity transmission expressed in dB when illuminated by
x-LP and y-LP light. At the resonant frequency of 0.6 THz,
the ellipticity for x-LP illumination can be reached 34 dB
[orange curves in Fig. 3(c)]. In contrast, the ellipticity under
y-LP illumination is only −17 dB at 0.68 THz [blue curves
in Fig. 3(c)]. Moreover, the simulated intensity transmission
and the ellipticity are shown in Figs. 3(b) and 3(d). Both the
experimental and simulated results show that the metasurface
can realize the polarization conversion in a certain frequency
band. In other words, an incident x-LP light outputs an RCP
light at 0.6 THz, and an incident y-LP light outputs an approx-
imate LCP light at 0.68 THz.

Figures 4(a) and 4(b) show the intensity transmission ex-
pressed in dB when illuminated by the LCP and RCP light.
Both the experimental and simulated results show that the two
spin-locked states are almost the same, i.e., T m

RR = T m
LL. Thus,

the spin-locked CD is nearly 0 in the whole THz frequency
band, indicating that the planar metasurface has no optical
chirality of the spin-locked state [orange curves in Figs. 4(c)
and 4(d)]. In contrast, the intensity transmission of two spin-
flipped states is relatively small and not equal to each other,
i.e., T m

RL �= T m
LR, due to the polarization conversion of the meta-

surface. The difference between the two spin-flipped states
results in a large spin-flipped CD [blue curves in Figs. 4(c) and
4(d)], which indicates the asymmetric polarization conversion
effect. Note that the experimental results are consistent with
the simulated results, and the slight difference is mainly due
to the error of the fabrication. Therefore, the results of the
experiment and simulation confirm the conclusion obtained
by geometric symmetry analysis shown in Fig. 2(a), and the
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FIG. 3. The experimental RCP and LCP transmission spectra (a) and the ellipticity (c) of the asymmetric metasurface when illuminated
by an x- or y-LP light. The simulated RCP and LCP transmission spectra (b) and the ellipticity (d) of the asymmetric metasurface when
illuminated by an x- or y-LP light.

transfer matrix for spin states of this asymmetric metasurface
can be modeled as follows:

TM=
(

tm
RR tm

RL

tm
LR tm

LL

)
=

(
tco tm

RL
tm
LR tco

)
. (7)

B. Dynamically controlled chirality of LC chiral metasurface

As the LC is a uniaxial birefringent crystal, the refractive
index for the extraordinary axis (ne) is different from that of
the ordinary axis (no). The angle between the optical axis of
the LC molecule and the x axis is defined as θ . The phase shift
δ = 2π (no − ne)L/λ, where L = 0.3 mm is the thickness of
the LC layer. Although the LC molecules have some uneven-
ness in this thick LC layer, this unevenness can be ignored
compared to a THz wavelength in the submillimeter scale. The
LC can still be treated as a homogeneous material for THz
waves. Therefore, when the LC molecules are arranged along
a certain direction in the x-y plane, the single LC layer acts
as a wave plate or a P-B phase metasurface with the function
of polarization conversion and phase shift [50,51], moreover,
the optical axis θ of the LC can be actively controlled by the
external electric field. In the case of ignoring absorption and

dispersion, the transfer matrix of the LC in the circular vector
base can be written as

TLC=
(

tLC
RR tLC

RL

tLC
LR tLC

LL

)
=

(
cos

(
δ
2

)
ie−i2θ sin

(
δ
2

)
iei2θ sin

(
δ
2

)
cos

(
δ
2

)
)

. (8)

However, no matter how the optical axis θ of the LC rotates
in the x−y plane, there is no optical chirality (T LC

RR = T LC
LL

and T LC
LR = T LC

RL ) since it still has mirror symmetry in the
propagation direction. This geometric symmetry is shown in
Fig. 2(b). Therefore, there is no optical chirality in either the
single asymmetric metasurface or the single anisotropic LC
layer.

Next, we discuss the case of introducing the LC layer into
the asymmetric metasurface, whose geometric symmetry is
illustrated in Fig. 2(c). In this case, the composite structure
is no longer regarded as a 2D thin layer geometrically, but a
double-layer structure consisting of a rotationally symmetric
broken metasurface layer and an LC layer with a geometric
P-B phase. In such a double-layer structure, because the ro-
tational symmetry of one layer is broken and the other layer
has uniaxial anisotropy along a certain direction, no matter
how this anisotropic axis rotates in the plane, the anisotropic
polarization axis of the metasurface layer and the LC layer
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RCP incidence

LCP incidence

FIG. 4. The experimental transmission spectra (a) and the CD (c) of the spin-locked states and spin-flipped states when illuminated by
RCP or LCP light. The simulated transmission spectra (b) and the CD (d) of the spin-locked states and spin-flipped states when illuminated by
RCP or LCP light.

always has a certain angle in the THz band, thereby breaking
the mirror symmetry along the wave propagation direction
[18–21]. Therefore, we can use two achiral structures to form

an active THz chiral meta device. Under the orthogonal CP
basis vector, the transfer matrix of the composite LC chiral
metasurface is modeled as [52]

TLCM = TLCTM =
(

cos
(

δ
2

)
ie−i2θ sin

(
δ
2

)
iei2θ sin

(
δ
2

)
cos

(
δ
2

)
)(

tco tm
RL

tm
LR tco

)

=
(

tco cos
(

δ
2

) + itm
LRe−i2θ sin

(
δ
2

)
tm
RL cos

(
δ
2

) + itcoe−i2θ sin
(

δ
2

)
tm
LR cos

(
δ
2

) + itcoei2θ sin
(

δ
2

)
tco cos

(
δ
2

) + itm
RLei2θ sin

(
δ
2

)
)

. (9)

It can be seen from Eq. (9) that the phase and amplitude of
the transmission coefficients on the two sets of diagonals in
the matrix (that is, spin-locked states and spin-flipped states)
will change by rotating the optical axis (θ ) of the LC layer.
Moreover, no matter how the optical axis of the LC molecule
rotates, the transmission coefficients of two spin-locked states
(or two spin-flipped states) for the composite device do not
equal each other (i.e., TRR �= TLL, TLR �= TRL), which also cor-
responds to the asymmetric transmission of the spin-locked
states (or the spin-flipped states). In this way, the composite
device not only exhibits the spin-locked chirality but also
the spin-flipped chirality, which is illustrated as Fig. 2(c),

and these chiral effects are actively controlled by electrically
rotating the optical axis θ of the LC.

Next, we carry out experimental verification. As discussed
above in Sec. II B, the polarizer placed in front of the sam-
ple rotates to obtain two orthogonal incident waves (that
is, +45°-LP incidence and −45°-LP incidence). Meanwhile,
the polarizer placed behind the sample rotates to obtain two
orthogonal LP components of the output THz waves. As a
result, the four time-domain signals are obtained, as shown
in Fig. 5. When the bias voltage increases from 0 to 300 V,
there are obvious changes in the amplitude of the co-LP trans-
mission components [Figs. 5(a) and 5(d)] and the phase of
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(a)                                                               (b)  
 

 
 

 
(c)                                                               (d)     

−45° component

+45°-LP incidence

−45°-LP incidence

+45° component −45° component

+45° component

FIG. 5. Experimental THz time-domain signals of the +45° components (a) and −45° components (b) with the bias voltage increase from
0 to 300 V when illuminated by a +45°-LP light. Experimental THz time-domain signals of the +45° components (c) and −45° components
(d) with the bias voltage increase from 0 to 300 V when illuminated by a −45°-LP light.

the cross-LP transmission components [Figs. 5(b) and 5(c)].
These changes in the time domain also reflect the dynami-
cally controlling spin state conversion and chirality. After the
Fourier transforms, the corresponding amplitude and phase in
the frequency domain are obtained, correspondingly. Then,
the phase and intensity transmission of the four spin states
can be derived by using these data according to Eq. (5), and
the intensity transmission spectra are shown in Fig. 6.

As shown in Fig. 6, with the increase of the bias voltage
(i.e., the change of the LC optical axis), the transmission spec-
tra of the four spin states are different, and these experimental
conclusions are consistent with the above qualitative analysis
in the theoretical model described as Eq. (9). Moreover, the
obvious differences between the two spin-locked states or the
two spin-flipped states give rise to a spin-locked CD (or a
spin-flipped CD). The four spin states change continuously
with the bias voltage: the resonance frequencies of the TRR

and TLR are blueshifted as the bias voltage increases from 0
to 300 V when illuminated by RCP light in Figs. 6(a) and
6(b). In Figs. 6(c) and 6(d), the resonance frequencies of the
TLL and TRL components are redshifted as the bias voltage
increases when illuminated by LCP light. The variation of the
RCP output (TRR and TRL) was not significant, but the LCP
output (TLL and TLR) changed sharply.

Figure 7 shows the simulated intensity transmission when
illuminated by RCP or LCP light. As the direction angle of
the LCs increases from 0° to 90°, the resonance peak of the

TRR and TLR components gradually blueshift, and the TLL and
TRL components gradually redshift. By comparison with the
above experimental results in Fig. 6, the simulation results are
not perfectly consistent with the experimental results, and the
difference between experiment and simulation mainly comes
from three points: (i) the absorption and dispersion of the
LC are ignored in the simulation; (ii) the rotation angle of
the LC optical axis in the simulation cannot perfectly match
the actual voltages in the experiment; (iii) the arrangement
of LC molecules is not perfect in the experiment. Overall,
with the rotation of the optical axis of LC molecules, both the
resonance spectral lines and the frequency shifting trend of the
four spin states in the simulation shown in Fig. 7 are basically
consistent with the experimental results in Fig. 6. Both the
experimental and simulated results show that there are obvi-
ous differences between the two spin-locked states and also
differences between the two spin-flipped states, which give
rise to a spin-locked CD (or a spin-flipped CD), indicating
that there is a clear optical chirality in the composite structure,
which are also consistent with the above qualitative analysis
as Fig. 2(c).

To analyze the polarization state of the output light for the
CP incidence, we show the ellipticity χ for the CP incidence
in Fig. 8, which can be obtained by Eq. (3). We note that the
resonance in ellipticity is blueshifted from 0.68 to 0.92 THz
as the bias voltage increases when illuminated by RCP light
[Fig. 8(a)]. Although there is no obvious shift of the resonance
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(a)                                                               (b)  

(c)                                                               (d)     

Transmission

TRR

RCP RCP

Transmission

LCP LCP

TLL

RCP LCP
TLR

LCP RCP

TRL

FIG. 6. The experimental transmission spectra TRR (a), TLR (b), TLL (c), and TRL (d) with the bias voltage increase from 0 to 300 V when
illuminated by RCP or LCP light.

peak in ellipticity for LCP illumination, we can still observe
the tuning of the ellipticity as the voltage increases [Fig. 8(b)].
According to Eq. (2), we then plot the change process of
the output spin state at a certain frequency with the bias
voltage increase from 0 to 300 V in Figs. 8(c) and 8(d), and
the black dotted line represents the spin state of the incident
wave. When illuminated by the RCP state, the output wave
gradually changes from an approximate CP light to a perfect
LP light with the polarization direction rotated about 45° at
0.71 THz. In contrast, the transition of the output polarization
state is relatively small at 1.0 THz, and the polarization angle
is also rotated by about 45° [Fig. 8(c)]. As can be seen in
Fig. 8(d), the transition of the output polarization state also
occurs in the case of LCP illumination. The polarization angle
does not rotate at 0.48 THz, whereas the polarization angle
rotates about 80° at 1.0 THz. The above results show that this
device has a widely tunable polarization conversion function
for the different incident polarization states of THz waves
by changing the bias voltage continuously. As illustrated in
Fig. 1(b), the THz polarization conversion can be controlled
between CP to CP (corresponding to the “OFF” state with
no applied bias voltage) and CP to LP (corresponding to
the “ON” state by applying a bias voltage) when illuminated
by a CP light. Essentially, the polarization conversion here
originates from the two spin-flipped states in THz spin state
conversion (LCP to RCP and RCP to LCP).

Finally, the dynamically controlled THz chirality of the
composite LC chiral metasurface can be obtained, as shown
in Fig. 9. As previously mentioned, there are not only two
spin-locked states but also two spin-flipped states in the trans-

mission signal. More importantly, the different transmission
between the two spin-locked states (TLL and TRR) results in
a large spin-locked CD, whereas the different transmission
between the two spin-flipped states (TRL and TLR) results in
a strong spin-flipped CD. The optical chirality of this device
leads to different transport properties of four spin states. Take
the 0 V and 0.77 THz case as an example; there are two
kinds of asymmetric transmission for the spin states: on the
one hand, the incidence of the RCP state can output the RCP
state, but the LCP cannot output the LCP; on the other hand,
the incident RCP state cannot be converted into LCP output,
but LCP incidence can be converted to RCP output. At 200
V, the optical chirality almost disappeared, so both RCP and
LCP can be directly output, but both cannot be converted to
the opposite chiral state output.

From Fig. 9(a), there are two distinct resonances in the CD
spectrum for the spin-locked state at around 0.5 and 0.77 THz.
As the bias voltage increases from 0 to 300 V, the resonance
intensity in the CD spectrum for the spin-locked state gradu-
ally decreases and then flips slightly with a large controllable
range of 83.8% to −30.7% of the spin-locked CD at 0.76
THz. A similar trend is found in the OA spectrum, where
the two distinct resonances are around 0.6 and 0.83 THz
[Fig. 9(c)]. For the spin-flipped state, both the CD and OA
are attributed to the asymmetric transmission behavior of the
converted components for the spin states of opposite hand-
edness, and the large controllable range of spin-flipped CD
at 0.73 THz is from −98.2% to 44.7% as the bias voltage
increases [Fig. 9(b)]. The spin-flipped OA also has electri-
cally controllable tunability, as shown in Fig. 9(d). These
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FIG. 7. The simulated transmission spectra TRR (a), TLR (b), TLL (c), and TRL (d) with the angle increase from 0° to 90° when illuminated
by RCP or LCP light.
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FIG. 8. The ellipticity of the composite LC chiral metasurface with the bias voltage increase from 0 to 300 V when illuminated by RCP
light (a) or LCP light (b). (c) Output polarization states at 0.71 and 1.0 THz with the bias voltage increase from 0 to 300 V when illuminated
by RCP light. (d) Output polarization states at 0.48 and 1.0 THz with the bias voltage increase from 0 to 300 V when illuminated by LCP light.
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FIG. 9. The spin-locked CD (a) and spin-locked OA (c) with the bias voltage increase from 0 to 300 V when illuminated by RCP or LCP
light. The spin-flipped CD (b) and spin-flipped OA (d) with the bias voltage increase from 0 to 300 V when illuminated by RCP or LCP
light.

dynamically controlled chiral effects are also consistent with
the above qualitative theoretical analysis described as Eq. (9).
Moreover, in the Supplemental Material [53], we show that
the experimental results meet both the Lorentz reciprocity
of this device and the Kramers-Kronig relation between the
CD and OA, which proves the reliability of the experimental
measurement method.

Finally, compared to the previous reports on active THz
chiral devices discussed in Sec. I [31–37], the working mech-
anism in most of these devices is as follows: the THz chirality
is totally generated by the artificial microstructure, and the ac-
tive control is realized by the free carrier excitation in the ad-
ditional materials, such as graphene or VO2, so that the in-
tensity modulating or switching CD value can be realized.
In contrast, the THz chirality of our device is excited by the
combination of both the metasurface and LC anisotropies, and
the optical axis rotation of the LC also provides an active
tuning mechanism. Therefore, both the generation and tuning
mechanisms of THz chirality in this device are quite different
from those of the previous reports. This device brings multi-
functional manipulations of THz polarization and chirality.

IV. CONCLUSION

In summary, we have demonstrated an active THz chiral
device based on the combination of the asymmetric meta-
surface and the LC, of which the spin state conversion and

optical chirality can be flexibly manipulated by electrically
controlling the optical axis of the anisotropic LC layer. This
composite structure not only exhibits spin state conversion,
but also generates spin-locked chirality and spin-flipped chi-
rality by breaking the mirror symmetry. The results show
that this device has a widely tunable polarization conversion
(e.g., switching between CP to CP and CP to LP for CP
illumination) and a dynamically controlled chiral asymmetric
transmission for the THz waves, of which a large controllable
range of 83.8% to −30.7% for the spin-locked CD at 0.76 THz
and a broad range of −98.2% to 44.7% for the spin-flipped
CD at 0.73 THz are achieved. Our approach of using asym-
metric metasurface integrated with LCs provides a simple and
flexible method in the dynamic manipulation of THz spin
state and chirality, which may lead to various applications in
THz technologies, such as active polarization modulation of
THz waves and polarization-sensitive or chiral-sensitive THz
detection.
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