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ABSTRACT: Flexible polarization control of the terahertz wave in
the wide bandwidth is crucial for numerous applications, such as
terahertz communication, material characterization, imaging, and
biosensing diagnosis. However, this promise is impeded by the
operating bandwidth of circular polarization states, control modes,
and the efficiency of the regulation. Here, we report a spintronic
terahertz emitter integrated with phase complementary elements,
consisting of a liquid crystal and metasurface, to achieve broadband
polarization control with high flexibility. This strategy allows the
broadband conversion between linear, elliptical, and circular
polarization by changing the rotation angle to modulate the pumping
space-variant Pancharatnam—Berry phase. The device is charac-

terized with a terahertz time-domain spectroscopy system, demonstrating that the ellipticity of the circular polarization state could
keep greater than 0.9 in 0.60—0.99 THz. In the case of an external electro-magnetic field, further polarization modulation
experiments are carried out to provide multiple conversion approaches for multi-azimuth. We first propose a method of full
broadband polarization state control of the terahertz emitter based on Pancharatnam—Berry phase modulation and an external
electro-magnetic field. We believe that such integrated devices with broadband working bandwidth and multiple control modes will
make valuable contributions to the development and multi-scene applications of ultrafast terahertz technologies.
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B INTRODUCTION photonics.'™"® Designing structures of metasurface for

. . . transmitted and reflected waves could provide design flexibility
Terahertz science and technology play an important role in i i L o .
and realize a variety of fascinating and distinguished

regulating light—matter interactions and are the foundation for o )
many sciences and practical applications, such as imaging," > applications in terahertz technology, such as metaholo-
v P PP ’ 518 e *12% beam splitters,”>** and polar-

20 .
D45 . . L1 67 L2 % g grams, focusing lenses,
sensing,”” information multiplexing,”” and communication. & 25 . B
g . . . ization control. However, in the broadband polarization

Terahertz waves can be used to identify a wide variety of

. i . control realized by metasurfaces,”””’ the metasurfaces act
material compositions and structures because of their spectral O
. L . 10,11 . normally as a modulator or polarization converter. They do not
fingerprint and non-invasive properties.  This field of

. o realize the generation and active manipulation of the polarized
spectroscopy attracts great interest because the vibrational ) .
. . . . terahertz wave. When active control factors are introduced,
and rotational modes of chiral molecules and materials are in

o 30-32 33 :
the terahertz regime, from proteins to amino acids.'” such as liquid crystals (LCs), graphene,” and micro-

: 34
Furthermore, chiral media behave differently to different electromechanical systems,” the CP terahertz waves often
4 erform in the narrowband. Thus, it is crucial to develo
circularly polarized (CP) lights, showing remarkable spectro- P o v o oo ve'op
_ S 13 oo . terahertz emission sources that could work actively and with
scopic and biological responses. ” This application is especially -
) - full broadband polarization states.
relevant for the terahertz spectrum, which exhibits low-energy,
non-ionizing, high penetration, and high resolution.'*"*
However, generating broadband CP light with high flexibility Received:  March 17, 2022
in the terahertz regime still suffers from many challenges. AccePted: June 13, 2022
In the last few decades, metasurfaces, composed of artificial Published: June 23, 2022
subwavelength structures, provide a versatile and eficient
approach to control an electro-magnetic wave; therefore, it has
been extensively and rapidly developed in the field of
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Figure 1. Schematic diagram of polarization manipulation in a STE integrated with LC and metasurface array. (a) Femtosecond laser along the Z
axis, passes through the spintronic nanofilms and radiates the LP terahertz wave which is perpendicular to the magnetization M. As a terahertz wave
passes through the LC and the metasurface, phase accumulation occurs due to the birefringence and resonance characteristics of LC and the
metasurface. Moreover, the polarization state and chirality of the terahertz wave can be controlled by rotating the device with angle f to modulate
the P—B phase of the device. When applying the electro-magnetic field, the LC director will reorient along the field, which can provide highly
flexible polarization control. The u- and v-axes are the directions with angle —45 and 45° based on the y direction, respectively. (b—d) Keeping the
direction of the external magnetic field along the y-direction, the terahertz time-domain signals with device rotation angles f from 45, 0 to —45° are
obtained experimentally, corresponding to (b) LCP, (c) LP, and (d) RCP, respectively.

As well demonstrated, a spintronic terahertz emitter (STE)
has the advantages of being easy to integrate®” and convenient
to control.”>*” It enables additional freedom in polarization
flexibility and speed when integrating with LCs.”* However,
the phase retardation obtained by LCs makes the CP terahertz
wave dependent on frequency and could work only at the
designed frequency point. Very recently, a highly flexible
spintronic-metasurface terahertz emitter’” has been reported
and the ellipticity could reach greater than 0.75 from 1 to S
THz. This approach enabled actively tuning of the terahertz
polarization state and helicity by varying the transient currents
with an orientated external magnetic field. However, the
operation of active tuning is fundamentally limited by changing
the external magnetic field arrangement and hard to achieve
flexible and fast control of the external field.

In this work, we demonstrate STE integrated with phase
complementary elements (STEPCEs), by which both the
polarization states and chirality of the terahertz wave can be
actively controlled in the broadband frequency-domain. By
combining the dynamic phase of LC and the resonance phase
of the metasurface, the designed metasurface with birefrin-
gence could complement the frequency-dependence of LCs.
Based on the phase complementary elements (PCEs) of LC
and metasurface, the linear polarization (LP), elliptical
polarization (EP), and circular polarization (CP) terahertz

wave with left and right-handed can be converted by space-
variant Pancharatnam—Berry (P—B) phase modulation in
0.60—0.99 THz. The performance of the polarization control is
characterized by the ellipticity and Poincaré sphere. The results
show that the absolute value of the ellipticity for the left-
handed CP (LCP) and right-handed CP (RCP) can be kept
greater than 0.9 over the working bandwidth. Further
experiments of electro-magnetically controllable polarization
are conducted to verify the possibility of the multiple control
modes with high flexibility. What is more, the results are
reflected by the Poincaré sphere, which shows that multi-
azimuth control can be achieved from near two poles to the
equator. The device architecture presented in this paper has
the potential to be used as carrier for material characterization
and identification. This device, capable of generating a CP
wave with different chiralities in a wideband, can also be used
to test the circular dichroism of biological samples, which has
important applications for continuously tunable biosensing.
Moreover, the device provides multi-mode control, which
provides higher applicability for different applications in
multiple scenarios. In comparison, the electrical control
provides a faster modulation rate which plays an important
role in the development and application of optoelectronic
devices.
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B MATERIALS AND METHODS

The configuration of the polarization manipulation STE integrated
with LCs and metasurface is illustrated in Figure la. The STEPCE
device consists of two glass substrates separated by a 250 um thick
spacer and infiltrated with the high-birefringence LCs. When a
femtosecond laser is incident on the STE, the spin-polarized current

>
j, injected in the ferromagnetic layer is transformed into the

>
transverse charge current j in the nonferromagnetic (NM) layer due

to the inverse spin-Hall effect.*® The conversion relationship between

— — Lo —
the two currents is j =yj X M/IMl, where j is the converted

charge current, 7 is the spin Hall angle of NMs, 7: is the longitudinal

spin-polarized current, and M denotes the sample magnetization. The
emission mechanism of the STE is detailed in Supporting
Information, S1. Then, the linear terahertz wave passes through
LCs and metasurface to accumulate phase delay in two perpendicular
directions due to the birefringence and resonance characteristics. In
order to control the accumulated phase, we introduce a geometric
phase in the space domain related to the polarization of light, which is
the space-variant P—B phase.”® The space-variant P—B phase is not
introduced through optical path differences or resonance responses
but results from the geometric phase that accompanies space-variant
polarization manipulation.”' Based on the derivation and verification
of the metasurface phase compensation and space-variant P—B phase,
the tuning of the phase delay could be realized by angle rotation, thus
radiating terahertz waves with different polarization states and
chiralities. Due to the sensitivity of LC to applied electro-magnetic
field, the phase delay can also be changed by applying voltage or
magnetic field to change the arrangement of LCs.*

The principle applied here is that two conditions need to be
satisfied to control the broadband polarization states and chirality.
One is the emission of the linearly polarized terahertz wave and the
other is the broadband phase retardation which can be manipulated
flexibly. In order to achieve terahertz emission and device integration,
we choose the STE,* with a tri-layer heterostructure of W (2 nm)/
CoFeB (2 nm)/Pt (2 nm) nanofilms prepared in a DC and RF
sputtering system (TEC-SPU-800) manufactured by Truth Equip-
ment Co.** Besides, the LC NJU-LDn-4 with a high mean
birefringence of 0.306 in the terahertz region from 0.4 to 1.6 THz,
is used to achieve large phase accumulation.”® Because the dynamic
phase delay caused by LC is linearly dependent on the frequency,*
the metasurface array could be designed to compensate the phase
delay of LC and maintain the broadband phase delay.”® During the
transmission of terahertz waves, the action of LC and metasurface on
the polarization can be regarded as two cascaded optical systems.
Thus, the LCs and metasurface, as the PCEs, provide P—B phase
accumulation and change to realize full-state emission and regulation
of broadband polarization.

In the initial state, the extraordinary and ordinary transmission axes
of the PCE coincide with x- and y-axes, respectively. When the
linearly polarized terahertz wave is incident to the LCs, the wave can
be decomposed into two parts: parallel and perpendicular to the LC
director. When the terahertz wave passes through LCs with the
thickness of d, the ordinary and extraordinary components will
produce dynamic phase retardation Ay due to the birefringence of
LCs, which can be expressed as Ay, . = 2z(n, — n,)d/A, where n, is
the extraordinary refractive index, n, is the ordinary refractive index, d
is the thickness of LCs, and 4 is the incident wavelength in vacuum.
What is more, the nematic LC molecules will rotate and reorient
along the direction of the applied electro-magnetic field when the
voltage or magnet is applied.*”*” As a result, the LC molecules will
deflect at an angle 6 which is related to the direction and magnitude
of the applied field, and the dynamic phase retardation Ag will
change accordingly.*® Therefore, the transfer Jones matrix of LC can
be represented as*>°

L eiZIme’((i)d//l 0
LC = Y
0 elZlmu((i)d//l (1)

where n.(0) and n/(0) represent the switched extraordinary and
ordinary refractive index related to the deflection angle 8 along x- and
y-axes, respectively. As for the metasurface, the anisotropic
configuration and different resonance modes would lead to the
birefringence between two vertical linear eigen polarizations in the x-
and y-axes.”>' The unit cell was optimized to achieve the equal
transmission amplitudes along x- and y-directions and realize
complementary resonance phase difference with LCs. When designing
and simulating the meta-atom, the diagonal transmission coefficients
are ignored because of the weak cross-polarization coupling. Thus, the
transmittance of basic meta-atom can be described as®®*

in
It le% 0

meta —

i,
0 |tyy| e (2)

where t,, t,, ¢, and ¢,, denote the linear transmission amplitudes
and phase retardations of metasurface for the eigen-polarized waves
along the x- and y-directions, respectively. Besides, the transmission
characteristic of PCE can be described by the Jones matrix Tpcg, as

follows>?

out in

x T x

out | — “PCE in

y y 3)

where E®, E;“, Eg*™, and ES* are the x- and y-polarized components of
the incident and transmitted terahertz waves, respectively. Moreover,
the Jones matrix Tpcg is related to the transmission responses of the
LCs and metasurface. Therefore, it can be obtained based on the

cos f§ — sin /;’]}

above equations and the rotation matrix Ry = (sin B cos

which can be described as**
TPCE = RﬁTmetaTLCR—ﬂ (4)

where f is the rotation angle between the extraordinary axis of PCE
and the x-axis. In the process of spatial change through angular
rotation, the transmission properties and phase of PCE will be
changed, which is consistent with the proposed space-variant P—B
phase modulation. Thus, the LCs and designed metasurface could
provide phase complementary and realize space-variant P—B phase
modulation with angle rotation. In a word, the conversion between
LP, EP, and CP of the terahertz waves can be achieved. As shown in
Figure 1b—d, we experimentally obtained the terahertz time-domain
signal with 8 from 45, 0 to —45° based on the y-axis, corresponding to
LCP, LP, and RCP. The phase difference between the signals in the
projection of yz plane and the xz plane can be observed clearly.
Moreover, in the Lissajous projection images of the xy plane, we can
see that three kinds of signals have different polarizations and rotation
directions. Besides, when the deflection angle @ of LC is changed by
adjusting external field conditions, the existing polarization states can
be controlled with high flexibility. The following sections will show
how we achieve the full-state emission and multiple modes regulation
of broadband polarization through detailed experimental investiga-
tions.

B RESULTS AND DISCUSSION

Characterization of Phase Complementary Meta-
Atom. The phase complementary motivated us to design
our meta-atom based on the split ring resonator (SRR)
metasurface.”*™>® The SRR would exhibit different resonance
modes based on the eigen polarization of the incident wave.
We designed our meta-atom with birefringence based on the
work in the microwave region and optimized the structure as
we expected.””” The meta-atom introduces inductor—

https://doi.org/10.1021/acsami.2c04782
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Figure 2. Meta-atom design and its optical properties. (a) Schematics of the designed phase complementary meta-atom and array (m = 108 ym, n
=68 yum, p = 26.5 ym, and q = 35 um), and the cell period is 120 ym, the linewidth is 10 gm. (b) SEM images of part of the fabricated metasurface
consisting of a periodic array of the designed meta-atoms and the illustration displaying the SEM of a unit cell. (c) The measured and simulated
transmission amplitude spectra of x- and y-polarized terahertz waves are expressed by solid lines and dotted lines, respectively. (d) Experimental
(solid lines) and simulated (dotted line) phase difference of metasurface, of which Ag = @y~ P Also, the fitting phase is obtained by combining
the simulated phase difference of the metasurface with the theoretical P—B phase of the LCs.

capacitor (L—C) resonance and dipole resonance with the
eigen polarization of the incident terahertz wave along the x-
and y-axis, respectively.”*® In consequence, the polarization-
dependent resonances will produce the birefringence property
to achieve the phase complementary with LCs. At the same
time, we should avoid the working frequency band at
resonance due to the high efficiency of transmission. After
investigation and optimization, the rectangular design was
chosen to achieve flexible phase difference control and ensure
high transmission efﬁciency.28 With careful structural tuning,
the ultimate design for the meta-atom was obtained and the
unit cell was connected and configured as the electrodes of the
LCs. Figure 2a depicts part of our array and the inset is the
schematic diagram of the unit structure. After that, we
fabricated an array containing 75*75 periodic unit cells
(periodicity of 120 um) of the designed meta-atoms by
standard photolithography on a quartz glass. The scanning
electronic microscopy (SEM) (Zeiss Sigma 300, Germany)
photographs of the metasurface are shown in Figure 2b.

We also performed a numerical simulation with the finite
element method (FEM). In the model, a unit cell with realistic
structures on the quartz glass was included, and periodic
boundary conditions were employed for the simulation of the
connected metasurface array. The material parameters used in
the simulation were metal by the Drude model, quartz glass
substrate as a lossy dielectric material with a permittivity of
4.46, and the loss tangent is ~0.0004.>+>77¢! Then, the
transmittance of the two orthogonal eigen-polarization is
simulated by frequency solver. We combined the simulation
with the theoretical phase retardation of LC in eq 1 with d =
250 pm, n, = 1.56, n, = 1.88 to keep 90° at 1 THz. The
dimensions of the meta-atom were optimized for the designed
working frequency. We changed the SRR area, period and the
effective length of the structure to optimize the L—C resonance
and the dipole resonance, respectively. Figure 2c,d shows

32649

simulation results of the optimized transmittance amplitudes
and phase difference for x- and y-polarizations with dotted
lines. The cross-polarization coefficients are negligibly small
owing to the symmetric nature of the metasurface around both
x- and y-axes.

We then use a terahertz time-domain spectroscopy (THz-
TDS) system (Figure Sla) to characterize the transmission
properties of our fabricated metasurface array with different
eigen polarizations. The study of the terahertz emission and
modulation of the device were carried out with a home-built
THz time-domain spectrometer.”> The femtosecond laser
pulse used in the experiment is generated by an amplified
Ti:sapphire laser source with 800 nm central wavelength, a 35
fs pulse duration, and an 1 kHz repetition rate. We pumped the
W (2 nm)/CoFeB (2 nm)/Pt (2 nm) STE with a 170 mW, 8
mm diameter laser and a static in-plane field of 100 mT
magnetization (NdFeB magnet). Moreover, the terahertz pulse
was detected with a 2 mm ZnTe crystal through electro-optic
sampling. The measured time-domain signal emitted by the
STE and the Fourier transform spectrum can be found in
Figure Slc,d. All the measurements were carried out in N, to
avoid water vapor affecting the terahertz signal. Terahertz
pulses were focused on the effective area of metasurface, and
transmitted pulses were sampled by ZnTe crystal to measure
the time-resolved transmission signal. We transformed the
measured time-domain signal into the frequency spectrum.
The spectrum without passing through the sample, denoted by
E,(w), was measured as the reference. Moreover, the
transmitted pulses of metasurface transformed to frequency-
domain could be represented by E(w). Therefore, the
transmittance of metasurface can be calculated by t(w) =
E(w)/E,(w). For the anisotropy of the designed meta-atom,
we measured the transmission properties of the metasurface
and it can be expressed as E; _(w) and Edipole(w) according to
the resonance modes in two orthogonal directions. The

https://doi.org/10.1021/acsami.2c04782
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Figure 3. Performance of the broadband phase engineered PCE. (a) Fourier transformed spectra of the amplitudes with /3 from +45, +30, and 15
to 0° in u- and v-directions. (b) The corresponding phase differences at different angles, Ag = ¢, — ¢, where ¢, and ¢, are the phases transformed
in the u- and v-directions, respectively. (c) Seven terahertz waves with different ellipticities at different rotation angles. (d) Poincaré sphere
interpretation of the PCE in 0.6—0.99 THz at different rotation angles. Stokes parameters S;, S,, and S; are the axes of coordinate of the Poincare
sphere. The red, green, and purple stars represent the polarization states close to LCP, LP, and RCP, and their corresponding ellipses depicted as

red, green, and purple curves, respectively.

transmission coefficients of Jones matrix in eq 3 can be
expressed by transmittance

tL—C(W) = EL—C(W)/Eref(W) = |txx| ewxx
tdipole(w) = Edipole(w)/Eref(w) = |tyy| ei(ﬂyy (5)

The measured spectra of the transmittance amplitudes ¢,
and £,, and the phase difference between ¢,, and @, of the
metasurface are shown in Figure 2¢,d with solid lines for two
orthogonal incident polarizations, respectively. To verify the
metasurface anisotropy, the transmission for x- and y-polarized
terahertz pulses were measured by rotating the metasurface 90°
about the incident terahertz wave. The transmission results for
both polarizations are in accordance with the simulation given
previously. The resonance frequencies of L—C resonance and
dipole resonance are approximately at 0.48 and 0.60 THz,
respectively. Obviously, the designed meta-atom exhibits
approximately equal transmittance amplitudes but with a
complementary phase retardation with LC’s theoretical phase
at a broadband frequency interval. As can be seen in the figure,
the phase responses for LC and metasurface vary in a
complementary manner and can be kept close to 90°, and
the transmittance amplitudes in the designed band can be
roughly consistent, which provides the simulation and
theoretical basis for the subsequent emission of broadband
CP terahertz waves.

Broadband Manipulation of Polarization States and
Chirality. Utilizing the designed metasurface and LCs as a
phase complementary component, the integrated device
STEPCE was achieved to control the polarization states and
chirality of the terahertz wave in wide bandwidth. As for the
preparation process of the device, the tri-layer nanofilms were
grown on one glass substrate by magnetron sputtering and the
other glass substrate was covered with metasurface array

through micro—nano fabrication technologies. Both substrates
were spin-coated with sulfonic azo dye (SD1) as an alignment
layer. Moreover, they were bonded with a 250 ym gap left and
photo-aligned in the x-direction to achieve homogeneous pre-
alignment. Finally, the LCs were irrigated into the gap between
the upper and lower substrates and the device was sealed. See
Figure S2 for the specific preparation process of the integrated
device. Besides, the effect of the applied magnetic field on the
spintronic nanofilms is magnetizing the sample and the
magnetic strength has reached saturation when it is less than
10 mT. Therefore, the magnetic strength makes no difference
to the intensity of the radiation terahertz wave when it is
greater than 10 mT. As for the birefringence of LCs, the
external magnetic field has a certain effect on the orientation of
the LC director.”” Thus, we conducted experiments of the
effect on the magnetic strength on the LCs and finally
determined to keep the external magnetic field at 20 mT to
avoid the re-orientation of the LCs. See Supporting
Information, S3 for relevant experiment results.

The polarization characteristics of the integrated devices are
still measured by the THz-TDS system. Different from the
transmittance measurements of metasurface, 2 THz polarizers
combined a polarization-resolved system is used to detect the
terahertz polarization states: one can be adjusted between
—45° (u axis) and 45° (v axis) based on the y-direction, while
the other is fixed to detect the perpendicularly polarized
terahertz waves. Because the LCs between the spintronic
nanofilms and the metasurface can be regarded as a Fabry—
Perot-like microcavity, the reflection peak was eliminated
during testing and data processing. Figure 3a,b illustrates the
terahertz spectra and their corresponding phase differences of
the seven polarization states with the rotation angle # changing
from +485, +30, and +15 to 0°. The amplitudes E, and E, are
obtained from the Fourier transform of the time-domain
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Figure 4. Schematic diagram and performances of the applied electro-magnetic field. (a,)b) Schematic diagram of the applied electric field and the
magnetic field. (c,d) The Fourier transformed spectra of the amplitudes measured in the u- (dotted lines) and v- (solid lines) directions at different
voltages and different magnetic strengths. (e,f) The phase difference between the Fourier transform of the signal in the v- and u-direction.

signals measured in u- and v-directions, and the phase
difference is extracted as A = ¢, — @, where @, and @,
are the phases corresponding to the Fourier transformed
phases. In that bandwidth, the amplitudes and phase
differences of the two vertical directions change correspond-
ingly with the rotation angle, which is related to the content of
different resonance modes and refractive indexes. All the data
are normalized with respect to a reference.

When f is —45° the components of the incident wave
decomposition in the ordinary and extraordinary optical axis of
the device are approximately equal; thus, the signals measured
in the u- and v-axes will reflect the resonance characteristics of
the metasurface and the birefringence properties of LCs. The
amplitude of the Fourier transformed spectrum measured on
the u-axis shows the dipole resonance at 0.51 THz; meanwhile,
the amplitude on the v-axis indicates the L—C resonance at
0.43 THz. The remaining peak positions are related to the
properties of the electro-optic sample crystal. The position of
the resonance peak measured by the integrated STEPCE is
red-shifted compared with that measured by the metasurface.
That is because the metasurface of the integrated device is
infiltrated in the LCs, which will provide a higher refractive
index than the air in the polarization direction of the terahertz
wave, resulting in a corresponding frequency shift.”* As S
changing from —45 to 0°, the signal measured in u- and v-
directions will contain both resonance components but the
amount varies with the angle. Until f is 0, the dipole and L—C
resonance components measured in the u- and v-axes are the
same. Due to the anisotropy of the device, as § changing from
0 to 45°, the signal measured on the u- and v-axes is roughly
consistent with the corresponding negative angle v- and u-axis
signals, verifying the success of the device preparation.

Considering that the non-resonant frequency has less
sensitive shift and higher transmission efficiency, the working
frequency range for realizing broadband polarization control is
the non-resonant frequency band of 0.60—0.99 THz. To assess
the performance of the broadband polarization control, we
calculated the Stokes parameters®® from the above experiment
of P—B phase modulation. The Fourier transformed spectra E,
and E, and their corresponding phases ¢, and ¢, can be used

to describe the two orthogonal components of the terahertz
wave, as E = E_ e% + E, e'*. Therefore, the Stokes parame-
ters can be calculated by the following equations

Sy=E’+E},S,=E —E
S,=2EE, cos Ap, S; = 2EE, sin Agp (6)

Moreover, the ellipticity is defined as y = S;/S;. The
ellipticity is positive for the left-handed polarized waves, while
negative for the right-handed, specially, y = 1 denotes that the
emission terahertz wave is an ideal LCP, y = 0 for LP, and y =
—1 for an ideal RCP. As shown in Figure 3c, the ellipticity
keeps lower than —0.9 at —45°, almost equal to 0 at 0° and
higher than 0.9 at 45° from 0.60 to 0.99 THz, which means
that the conversion between CP, EP, and LP with different
chiralities could be achieved in this broadband. What is more,
Poincaré sphere is the most intuitive way to cover all the
polarization states and to represent the modulation trajectories
of the polarization states.*"*® The broadband manipulation is
interpreted in the Poincaré sphere as shown in Figure 3d,
where a complex Jones vectors is mapped to the surface of the
sphere using Stokes parameters S;, S,, and S; as three axes of
Cartesian coordinates. The transformation trajectory is
mapped on the surface of the Poincaré sphere with different
rotation angles f between 0.60 and 0.99 THz. When f is +45°,
the trajectories located near the north and south poles of the
sphere, and when f approaches to 0°, the trajectory is toward
the equatorial direction. Three points approximate to LCP, LP,
and RCP are marked out and the ellipticities are characterized
by curves of corresponding colors. Due to the symmetry of the
device, the red and purple stars indicate the approximate
ellipticity of 0.99 and —0.99 at 0.99 THz with rotation angle
+30°, respectively. Moreover, the green star represents the
ellipticity of 0 at 0.60 THz with no rotation angle. In addition,
the polarization states of the three stars are represented by
curves of the corresponding colors in the illustration, proving
that the device can be demonstrated to convert from CP, EP,
and LP with different chiralities. According to the design
principle for broadband controlling the polarization states and
chirality, we first successfully demonstrate the broadband
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Figure S. Performance of highly flexible broadband manipulation by an external electro-magnetic field. (a,b) The ellipticities change with different
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1.02 THz with 0.06 THz interval. (d,e) The electric field of the transmitted wave for different voltages. Polarization states at 0.9 THz for different
incident voltages and magnetic strengths, demonstrating the capability of tuning the polarization states and chirality.

modulation of polarization and chirality through space-variant
P—B phase modulation with angle rotation.

Highly Flexible Polarization Control with Multiple
Modes. The tunability of the polarization states and chirality
exists not only for the P—B phase modulation of the device but
also for the applied electro-magnetic field modulation of LCs.
The above schematic diagrams with multiple control modes of
LC directors driven by electric field and magnetic field are
shown in Figure 4a,b, respectively. Because of the integrated
characteristics of the device and the electrical conductivity of
the metal, the STE and metasurface can also be used as
electrodes to apply the external bias. The initial arrangement of
the LC directors is consistent with the extraordinary axis of the
device. The additional square wave voltage with 1 kHz period
was applied through a signal generator and a high voltage
amplifier. Moreover, the magnetic strength was adjusted by
changing the number of static magnets. According to the P—B
phase manipulation, when the rotation angle between the
extraordinary axis and the x-axis is 45° (v axis) and —45° (u
axis), the radiation terahertz wave could almost approach to
LCP and RCP. Based on the above experiments, we realized
the modulation between CP, EP, and LP with high flexibility
by an external electro-magnetic field when the direction of LC
is along v- and u-axes, respectively.

Keeping the polarization direction of incident wave along x-
axis, the amplitudes and phase differences manipulation of the
electric field in z-direction and magnetic field in y-direction are
shown in Figure 4c—f, respectively. In the process of electric
field modulation, the refractive index in E, direction changed
from extraordinary one n, to ordinary one n,, so there is a
trend of shift in amplitude at the resonance peak. While the
refractive index in z direction changed from n, to n, the
resonance curves keep a tendency to blue shift. In the
polarization modulation of 0.60—0.99 THz because the LCs
changed gradually toward the z-axis of transmission direction,
the amplitude variations of E, and E, are consistent with the
voltage variation, and the phase difference decreases gradually.
Moreover, during the modulation of the magnetic field, the
amplitudes of the two vertical directions in the working

32652

frequency band remain roughly the same, and the phase
differences decrease gradually with the increase of the magnetic
strength.

On the basis of P—B phase broadband modulation, examples
of tunable polarization with high flexibility are presented in
Figure Sab, showing the tunable polarization states of
transmitted waves for different electro-magnetic fields. For
example, at 0.55—1.10 THz, the emitted wave is close to LCP
for the rotation angle of 45° when the applied voltage is 0 V.
An increase in the voltage (from 0 to 26 V) gradually tunes the
polarization states to the left-handed EP. When the applied
voltage is 26 V, the ellipticity of the terahertz wave is close to 0
which means that the wave is nearly LP. Moreover, it is similar
for the manipulation of the magnetic field, which roughly
reveals the polarization control from the RCP to the right-
handed EP to the LP at —4S5° as the magnetic strength
increases. In Figure Sc, we further reflect the effect of an
external electro-magnetic field on the polarization states in the
Poincaré sphere between 0.60 and 1.02 THz with 0.06 THz
intervals. As can be seen from the Poincaré sphere, with the
increase of applied voltage or magnetic strength, the
trajectories gradually change from the two poles to the
equator, indicating that multi-azimuth control can be achieved.
With the increase of the excitation of external electro-magnetic
field, the ellipticity of each frequency point decreases and the
dynamic phase accumulation of LC is decreasing. As schematic
illustrated in Figure Sd,e, we characterize the curve of
ellipticities at 0.9 THz as it varies with voltage and magnetic
strength. In short, the results in Figure S reflect the polarization
states regulation effect obtained by an external electro-
magnetic field at a single frequency point. Therefore, the
polarization states can also be controlled by applying an
external electro-magnetic field to modulate the dynamic phase
delay of LC. Moreover, changing the applied electro-magnetic
field is faster and easier than rotating a magnet or device. It
supplements and enriches the broadband polarization control
and chirality tunability of the integrated device STEPCE,
which enables creating a polarization and chirality manipu-
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lation terahertz emitter with a wideband and high flexibility as
we now discuss.

B CONCLUSIONS

In this paper, we proposed a polarization-regulated terahertz
emitter consisting of STE, LC, and metasurface and
demonstrated that this integrated device STEPCE could
achieve multi-polarization states and chiral manipulation with
high flexibility over a wideband. The meta-atom was designed
with an anisotropic response by simulation and its resonance
phase was theoretically fitted with the theoretical dynamic
phase properties of LCs to achieve the expected phase
complementation. Although the metasurface has flexibility to
design, the change of the medium will also affect the location
of its resonance, which should be noticed in future work. Based
on the above design and fabrication of the integrated device
STEPCE, we have experimentally proved that the conversion
between linear, elliptical, and CP could be realized in 0.60—
0.99 THz by space-variant P—B phase modulation with angle
rotation. When the angle f is +45°, the absolute value of the
ellipticity could reach greater than 0.9 with different chiralities,
and when the f is 0°, the ellipticity almost remains 0. Because
LCs is sensitive to external electro-magnetic field, we further
proposed multiple modes control for broadband polarization
states by voltage and magnetic strength under different
rotation angles. The results of polarization control are
characterized by Poincaré sphere, proving that multi-azimuth
control can be achieved from near two poles to the equator. In
addition to flexible control of the broadband spintronic
terahertz polarization states, the proposed phase complemen-
tary, design flexibility of metasurface, easy integration
elements, and multiple modes control offer the potential for
the development of diversified terahertz functional devices,
facilitating the development and applications of spintronics and
terahertz technologies.

B EXPERIMENTAL SECTION

Device Fabrication. The fabrication process of the integrated
device STEPCE is schematically illustrated in Figure S2 in the
Supporting Information. The fabrication of the device comprised
three parts: the sample growth of STE, the manufacture of the
metasurface, and the infiltration of LC. First, the glass substrates (500
um thick) were cleaned using acetone and isopropyl alcohol in
advance to remove contamination. The W (2 nm)/CoFeB (2 nm)/Pt
(2 nm) nanofilms were deposited at room temperature in a DC and
RF sputtering system (TEC-SPU-800) manufactured by Truth
Equipment Co., LTD with an ultimate vacuum of 1 X 107'° mbar
and without any magnetic fields. The deposition rates were 1.4 nm/
min for W at an Ar pressure of 2 mbar, 0.7 nm/min for Co,yFeg,B, at
an Ar pressure of 2 mbar, and 3.8 nm/min for Pt at an Ar pressure of
2 mbar. An alloy target with the composition of Co, FegB,, (in
atomic percent) was used to deposit the Co,oFeqB,, layer.

Furthermore, the standard photolithography technique was used to
fabricate the metasurface. A lithographic sacrifice layer (LORSB,
MicroChem) and a layer of positive photoresist (AZ5214E, Clariant
GmbH) were spun onto the cleaned substrate, respectively. The
bilayer configuration facilitates the subsequent lift-off process. The
designed patterns were transferred to the substrate with the ultraviolet
(UV) exposure time of 15 s. After developing, the electron beam
evaporation process was applied to deposit 20/200 nm of Cr/Au, and
lift-off. The total metasurface area was 7.2 mm X 7.2 mm, containing
60 X 60 individual unit cells. Besides, the wires in the middle of the
metasurface unit were connected to each other and lead out at both
ends as electrodes.

After that, the spintronic nanofilms and metasurface are spin-
coated at 3000 rpm for 30 s with SD1 (Dai-Nippon Ink and
Chemicals, Japan) to orient the LC director and baked at 100 °C for
10 min to remove the solvent. Then, the cell was assembled by two
processed substrates with a 250 pm thick Mylar spacer. After that, a
UV exposure was applied to introduce homogeneous alignment which
was parallel to the x-direction. The LC NJU-LDN-4 with large
birefringence was infiltrated at 180 °C, and the device was sealed after
cooling to room temperature. As a result, the integrated device was
obtained.

Numerical Simulation. A numerical simulation was performed
with the FEM in order to gain the resonance phenomenon and inform
optimal device parameters. A base unit cell was defined with Floquet
boundary conditions used to simulate an infinite metasurface array.
The numerical simulations were performed by a time-domain solver
with periodic boundary conditions for each unit cell. The dimensions
of each meta-atom are specified in the main text and material
properties are the same as the experimental samples. Besides, the
permittivity of quartz glass was set to 4.46. The Drude model was
employed to represent the complex conductivity of gold. The
incoming THz radiation was simulated with a top port emitting E,
and E, polarized plane waves toward the meta-atom. The
corresponding x- and y-axis transmission signals were extracted to
calculate the phase retardation and theoretical fitting with LCs.

B TERAHERTZ MEASUREMENT

A home-built THz time-domain spectrometer based on STE
was used to measure the transmission properties of our
fabricated devices. The optical path and emission performance
of the system can be seen in Supporting Information, S1. An
ultrafast 35 fs laser pulse generated by a typical Ti:sapphire
laser amplifier system with central wavelength of 800 nm and
repetition ratio of 1 kHz (6 W average power) was divided into
a pump beam (90%) to excite the spintronic terahertz signal
and a probe beam (10%) to measure the time-domain signal.
The STE was magnetized by a static NdFeB magnet, and the
subsequent experiments of changing magnetic strength were
also realized by changing the number of the magnets.
Moreover, the STE was illuminated by the linearly polarized
pump beam to radiate terahertz waves along the propagation of
the z-axis. The polarization-resolved system combined with
two polarizers was employed to divide the generated terahertz
electric field into two orthogonal components of E, and E, in
the u- and v-directions, in which the first polarizer was adjusted
between —45 and 45°, and the second one was fixed in the x-
direction which was consistent with the direction of emission.
While the terahertz wave and the probe beam were collinear
through the 2 mm ZnTe detector for electro-optic sampling,
which includes a quarter-wave plate, a Wollaston prism, and a
balanced detector. The extinction ratio of the polarizers was
~1000. Therefore, the obtained terahertz electric fields parallel
or perpendicular to the magnetic fields are E, = E_— E, and
Ey = EM +E, respectively.36 In the experiment of applying
voltage to control LCs, a square wave voltage with 1 kHz
period was applied with a signal generator (UTG7025B, UNI-
T) and a high voltage amplifier (ATA2041, Aigtek). The
experiments were carried out at room temperature; meanwhile,
the airtight chamber where the optical path was placed was
filled with N, to eliminate the effect of water vapor.
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Schematic diagram of the polarization-resolved THz-
TDS system, corresponding time and frequency domain
signals of the STE, fabrication process of the STEPCE
device, experimental schematic diagram of magnetic field
on LC, and the corresponding phase changes (PDF)
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