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Abstract

Highly efficient generation and arbitrary manipulation of spin-polarized terahertz (THz) radiation will enable chiral lightwave
driven quantum nonequilibrium state regulation, induce new electronic structures, consequently provide a powerful experi-
mental tool for investigation of nonlinear THz optics and extreme THz science and applications. THz circular dichromic
spectroscopy, ultrafast electron bunch manipulation, as well as THz imaging, sensing, and telecommunication, also need
chiral THz waves. Here we review optical generation of circularly-polarized THz radiation but focus on recently emerged
polarization tunable spintronic THz emission techniques, which possess many advantages of ultra-broadband, high efficiency,
low cost, easy for integration and so on. We believe that chiral THz sources based on the combination of electron spin, ultra-
fast optical techniques and material structure engineering will accelerate the development of THz science and applications.
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1 Why chiral THz wave

The exact frequency range of terahertz (THz) electromag-
netic wave, with its specific frequencies crossing between
millimeter-wave and near-infrared, as illustrated in Fig. 1, is
still controversial up to now. Some people think it is 0.1-10
THz, while others treat it as 0.3-30 THz. The electromag-
netic wave in this special frequency band has many unique
characteristics, having been predicted to possess many
potential applications in fundamental sciences (Fig. la),
wireless communication (Fig. 1b), sensing and imaging
(Fig. 1c), and particle acceleration [1-31]. Hindering the
reproduction of THz techniques lies in the shortage of highly
efficient THz sources [2], sensitive THz detectors [3], and
various functional devices [32-35], as well as cost-effective
integrated THz systems [1, 5-7, 27, 29].
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Figure 2 summarizes various THz radiation sources
including those preferred in laboratories and other com-
mercialized THz emitters for practical applications. Along
with rapid progress in ultrafast femtosecond laser technol-
ogy, millijoule-level THz picosecond pulses not only ena-
ble the realization of table-top THz electron accelerators
for compact X-ray sources from THz electron acceleration
concept [11-21, 36], but also expect that THz biological
effects will change from passive detection to active inter-
vention [37-39], so as to realize treatment. Intense THz
sources will also accelerate the frontiers of THz physics
from linear to nonlinear regime for revealing more new
phenomena and science yet been observed [40—49]. From
the practical application facets [50-54], recent rapid pro-
gresses in semiconductor electronics enable chip-scale
THz quantum cascaded lasers soon being possible to work
at room temperature [55]. Meanwhile, vacuum electronic
THz sources with compact and high average power output
have been developed. Besides, employing the ultrafast cut-
ting off behavior in electric field driven air nanoplasma
formed inside nanogaps has been demonstrated to have
the feasibility of delivering more than several hundred
microwatts THz radiation with ultracompact and flexible
advanced electronic characteristics [2]. These technologi-
cal advances have laid the foundation for accelerating the
application of THz in science and technology. However,
compared with the pursuit of high efficiency, high power
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Fig.1  Location of THz frequency range and its promising disruptive applications. a Applications of THz spectroscopy in fundamental sci-
ences. b THz band has been recognized as the carrier frequency for next-generation wireless communication. ¢ THz sensing and imaging tech-
niques enable practical applications in industry and biology. Adapted with permission from Refs. [30, 31]

and high energy THz generation, how to realize control-
lable polarization states so as to manage both electric field
amplitude as well as its temporal field vector has become
an unavoidable challenge in THz optics.

Compared with the optical frequency band, the usage and
management of THz polarization states are very backward.
However, no less than the optical frequency band, polariza-
tion state tuned, especially circularly polarized THz electro-
magnetic wave is very useful in THz regime. For example,
many quantum states of condensed matter and many biologi-
cal macromolecules related to life have chiral characteristics
[7, 17]. Circular polarization THz electromagnetic waves
may also be required for THz wireless communication in
the future. THz circular dichroism spectroscopy has been
developed based on THz circular polarization obtained
from chiral metasurfaces [7]. Non-relativistic manipulation
of electron bunches has been realized by using strong-field
THz circular polarization [8]. The spingalvanic effect was
found by using circularly polarized THz waves in the 1990s
[57]. These advances show that circularly polarized THz
radiation is very important [58, 59], but at present, the pro-
gress is very slow.

Conventional methods of generating circularly polarized
THz were learned from the optical frequency band. There-
fore, the THz quarter-wave plate was invented by using the
birefringence effect of quartz [60]. In recent years, with
the emergence of metamaterials and metasurfaces, THz
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polarization transformation can also be realized by using
periodic artificial structural materials [61-65]. However,
these devices either have low conversion efficiency or nar-
row working bandwidth, which is not particularly convenient
to use. If the function of THz polarization regulation can,
as plotted in Fig. 3a, be integrated onto the source to realize
twisting THz at the source, it would be expected to solve this
problem in essence and in a more elegant way when compar-
ing with those separate devices (see Fig. 3b).

In recent years, with the development of THz emission
technology, there have been some cases of integrating the
function of circular polarization generation and regulation
at THz sources which have been concluded in Fig. 4. InAs
THz sources, as shown in Fig. 4a, working in a reflection
mode can realize elliptical THz emission and chiral regula-
tion by adding a Tesla level strong magnetic field [67]. Later
developed laser-driven two-color air plasma THz sources,
as exhibited in Fig. 4c, can produce circularly polarized
THz radiation by adding a helical electric field or magnetic
field, and realize the arbitrary regulation of THz chiral-
ity via delicately tailoring the two fundamental and dou-
ble frequency optical pumping pulses [68—71]. Using the
combination of optical pulse shaper and THz generation
mechanism of nonlinear crystals with special crystal struc-
tures (see Fig. 4b), the polarization characteristics of optical
pumping light can be effectively transferred to the generated
THz pulses, so as to realize the generation and regulation
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High-performance THz sources including commercialized vacuum electronic sources, semiconductor electronic quantum cascaded

lasers and femtosecond laser-driven THz sources. Adapted with permission from Refs. [36, 55, 56]

of circularly polarized THz radiation at the source [72].
More interesting, using the intrinsic magnon resonance at
1 THz frequency of antiferromagnetic NiO single crystal
materials depicted in Fig. 4d, high-quality circularly polar-
ized THz pulses have been demonstrated by controlling the
time delay and linear polarization state of the two optical
pumping pulses, and the THz chirality and ellipticity can
be well manipulated [73]. These experimental results of
generation and effective manipulation of circularly polar-
ized THz radiation at the sources prove that the idea of real-
izing functionalized THz radiation at sources is feasible and
very promising [25, 74]. Whether there are other THz light
sources with better performance can also make good use
of this idea, which is worthy of in-depth study, especially
recently development spintronic THz emitters which were
declared that it could not realize circularly polarized THz
emission at its debut due to its working principle of inverse
spin Hall effect (ISHE).

2 Spintronic THz emission spectroscopy

Spintronic THz emission measurements can be directly
implemented on the conventional THz time-domain spec-
trometer driven either by femtosecond laser oscillators or
amplifiers [75-80]. Typical THz emission spectrometer
working in transmission mode is schematically illustrated
in Fig. 5. A femtosecond laser pulse is divided into two
beams. One for excitation ferromagnetic heterostructures
and generate THz radiation, which is collimated and then
focused. For polarization characterization, two THz polar-
izers are inserted into the THz beam path. The first-polar-
izer is aligned according to the arrangement of the (110)
ZnTe detection crystal to ensure THz signals are detectable,
while the second one is automatically rotated with a +45°
to resolve the THz polarization state. The transmitted THz
waves after the two polarizers are then further collimated
and focused together with the probe pulse by a pellicle onto
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Fig.3  Twisting THz at the source vs conventional THz polariza-
tion manipulation. a Concept of integrating polarization manipula-
tion at the THz sources. Adapted with permission from Ref. [66].
b Conventional separate scheme to realize THz polarization con-
trol. RCP: right-handed circular polarization; LCP: lefthanded circu-
lar polarization; HLP: horizontal linear polarization; VLP: vertical
linear polarization; LP: linear polarization

the ZnTe crystal. The THz electric field vector is recorded
by the electro-optical sampling system which includes a
quarter-wave plate, a Wollaston prism, and two photodiodes
[81-84].

Sometimes, reflection measurements from spintronic
THz emitters are also required. As illustrated in Fig. 6,
an incident angle resolved THz transmission and reflec-
tion spectrometer can be very useful [85]. This kind of
THz emission spectrometer is more complicated than that
shown in Fig. 5. When femtosecond laser pulses illumi-
nate onto the ferromagnetic heterostructure, the radiation
THz signal in the transmission direction is collimated and
focused by P3 and P4, when the Al reflection mirror is
removed from the THz path. The reflected THz signal is
first collimated by P5, and then goes through M1-M5, and
finally is focused by P4 onto the ZnTe detection crystal.
The reflective THz emission spectroscopy is widely appli-
cable for investigating THz emission physics from bulk
quantum materials, which is difficult to be fabricated into
nanofilms [83].
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3 How to use electron spin to generate THz
radiation

In fact, spintronic THz emission originated from the curi-
osity of the original physics of ultrafast demagnetization.
When the development of ultrafast demagnetization and
ultrafast THz optics crossed, Beaureparie et al. obtained THz
radiation from iron nanofilm in 2004 [86]. But the signal was
very weak at that time. They interpreted this phenomenon
as magnetic dipole radiation in the process of femtosecond
demagnetization process. After 6 years, Battiato et al. pro-
posed that the formation of longitudinal ultrafast spin cur-
rent was the physical mechanism of ultrafast demagnetiza-
tion [87]. Inspired by this idea, in 2013, Kampfrath and his
coworkers covered a layer of conventional heavy metal Au
or Ru onto the Fe ferromagnetic nanofilm, and realized the
conversion of longitudinal spin current to transverse in-plane
charge current through ISHE [88]. Figure 7a plots the sche-
matic diagram of the ISHE principle. Through THz emission
spectroscopy, they indirectly detected the spin dynamics on
the femtosecond time scale. Through in-depth analysis of the
experimental data, they found that this method can produce
a very large current density between the ferromagnetic metal
(FM) and the nonmagnetic metal (NM), which was expected
to achieve a high-efficiency THz radiation source through
the improvement of materials and structures.

In 2016, after comprehensive investigation of more than
70 FMs and NMs as well as their heterostructures, this group
realized efficient and ultra-broadband spintronic THz emit-
ters [89]. According to the formula of ISHE,

—

- — — M
ETHZ X Jc=7/]s X — (1)

]

where ETHZ is the radiated THz electric field vector, Z is
the spin converted transverse charge current, y is the spin
Hall angle for W and Pt, z is the light induced spin current,
and M is the magnetization, in order to obtain highly effi-
cient THz emission, ferromagnetic materials with high light
absorption efficiency need to be selected [90-92], because
it can ensure to provide enough high-density spin elec-
trons. Heavy metals with large hall angles should be chosen
because they can ensure higher efficiency of spin to charge
conversion. Interestingly, in order not to waste the spin cur-
rent generated from the back direction, as shown in Fig. 7b,
the coherent superposition of THz radiation generated by
the two interfaces can be realized by using two heavy metals
with opposite spin Hall angles, which greatly improves the
THz emission efficiency [89]. This report shows that under
10 fs ultrashort laser pumping, the three-layer W/CoFeB/
Pt with a total thickness of 5.8 nm had the capability of
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producing THz radiation more than commercial nonlinear
crystals and photoconductive antennas. The bandwidth of
the spintronic emitter is only determined by the laser pulse
width, so the spin emitter pumped by 10 fs can obtain an
ultrabroad bandwidth of 1-30 THz.

Figure 8a summarizes several THz radiation spectra from
spintronic THz emitters with W(1.8 nm)/CoFeB(1.8 nm)/
Pt(1.8 nm), commercial low-temperature grown GaAs anten-
nas with a 10 pm gap, and a 1-mm thick ZnTe nonlinear

delay line

parabolic mirror

Schematic diagram of typical THz emission spectroscopy working in transmission measurement mode. Adapted with permission from

crystal, all of which are generated by a femtosecond laser
oscillator with 800 nm central wavelength, 100 fs pulse
duration, and 80 MHz repetition rate. Under the same laser
pumping, spintronic THz emitters have relatively broader
spectrum than that from ZnTe and are equivalent to that from
GaAs antenna with 10 pm gap.

Figure 8b plots the THz spectrum comparison among
spintronic emitters of W(1.8 nm)/CoFeB(1.8 nm)/
Pt(1.8 nm), air-plasma radiation, and lithium niobate
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copy with both transmission and reflection working modes. Adapted
with permission from Ref. [85]

crystals with tilted pulse front techniques. All these spec-
tra are obtained based on femtosecond laser amplifiers.
For the first two, we employ a Ti:sapphire femtosecond
laser amplifier with a central wavelength of 800 nm, pulse
duration of 35 fs, and repetition rate of 1 kHz, while the
tilted pulse front technique is obtained on a 10-Hz, 30-fs,
800-nm amplifier. When comparing with air-plasma THz
sources, the spintronic THz emitters have equivalent
bandwidth ~ 6 THz, which is much broader than that from
LiNbO;.

Besides, strong-field THz generation with 300 kV/cm
field strength from 5.6 nm-thick W/CoFeB/Pt heterostruc-
tures was also demonstrated with 1-10 THz bandwidth
under the excitation of a 5.5-mlJ, 40-fs, 800-nm femtosec-
ond laser amplifier system [93]. These pioneering works
have opened the door to the research of ultrafast spin THz
optoelectronics, and follow-up work emerges one after
another.

Understanding from a microscopic picture, the spintronic
THz emission process can, as illustrated in Fig. 9, be divided
into three steps: (1) laser absorption, (2) electron moving,
and (3) THz radiation. In the process, there exists electron
scattering induced magnetization quenching. The whole
qualitative description of the microscopic three steps can
be explained in the following. When ultrafast laser pulses
with a time-varying profile in the femtosecond time scale
illuminate onto a FM/NM heterostructure, the FM absorbs
the light energy and the electron spins are excited below the
Fermi level into above Fermi level. Due to the differences
of the density, band velocity and mobility of the spin up
and spin down electrons, a longitudinal spin polarized cur-
rent is formed along the propagation direction of the pump-
ing laser pulse. When this spin current flows into the heavy
metal, it will be converted to net transverse charge current
due to ISHE which originates from the spin—orbit coupling.
Such current possesses a femtosecond varying property, and
it radiates THz pulses according to the Maxwell equation
[94-96].
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Fig.7  Schematic diagram of ferromagnetic metal/nonmagnetic
metal (FM/NM) heterostructures for radiating THz pulses. a Fs laser
pulses illuminate onto FMs and transfer the optical energy to elec-
trons. Spin up and spin down electrons are excited above Fermi level
and start moving. Due to spin-to-orbital coupling, longitudinal spin
polarized currents will convert to plane charge current and radiate
THz waves. b Enhanced THz radiation is observed when W layer is
attached onto FM. Adapted with permission from Ref. [89]

4 Helicity dependent THz spin currents

For spintronic THz emission, according to ISHE, the gen-
erated THz polarity should be always perpendicular to the
external applied magnetic field direction. What is more
interesting is that the THz radiation properties manifest
insensitive to the pumping laser polarization states. There-
fore, it is difficult to control the emitted THz waves as well
as the ultrafast spin current. In ultrafast spintronics, it is
significant in highly efficient injection of spin electrons,
ultrasensitive detection and effective manipulation of ultra-
fast spin currents. In the spintronic THz emission process,
ultrafast injection is realized via femtosecond laser pulses,
while the ultrasensitive coherent detection of THz spin cur-
rents via indirect THz emission spectroscopy. The left chal-
lenge is how to realize effective control of the femtosecond
spin current.

In 2016, Huisman et al. demonstrated that radiated THz
polarity can be reversed by switching the pumping laser
helicity via spin-orbital torque effect [90], as illustrated in
Fig. 10. A similar phenomenon was also observed in the
Rashba interface and the THz radiation symmetry can be
broken by varying the pumping laser polarization states
[77]. Both works are based on the spin—orbit interaction,
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under which circumstances, circularly polarized light can be
used to induce helicity-dependent photocurrents due to the
Rashba effect. This phenomenon indicates that the electron
momentum and spin can be effectively coupled. The lack of
space inversion symmetry in a conduction electron system,
the spin—orbit interaction can result in the degeneracy break-
ing for spin-up and spin-down electron sub-bands, which can
lead to the formation of spin—orbit torque. A tilting mag-
netization can be induced and forms an electric current as
an inverse effect, named inverse spin—orbit torque tilting.
Therefore, circularly polarized light can be employed to tilt
the magnetization. These phenomena provide an effective
way to manipulate the THz spin current direction inside het-
erostructures, but the realization of arbitrarily controlling
the spin current vector in a more complex way has not yet
been obtained.

5 Polarization management in spintronic
THz emitters

Polarization shaping with prescribed manipulation of the
temporal evolution of the amplitude and direction of electric
field vectors for spintronic THz pulses is very challenging.
Up to now, as summarized in Fig. 11, people have reported

(b

Radiated THz spectrum comparison from several emitters driven by a typical femtosecond laser oscillator, and b femtosecond laser

several effective ways to manipulate THz polarization states
including artificial structure integrated methods [97], exter-
nal magnetic field distribution tailoring [81, 98, 99], cas-
caded radiation scheme [82], novel heterostructures and
optical methods [56, 66]. The following parts will introduce
these approaches one by one.

In 2016, Prof. Qi’s group proposed a stripe structure
to engineer the radiated THz pulses and THz amplitudes
can be modulated as exhibited in Fig. 11a [100]. Recently,
Prof. Tao’s group collaborate with Prof. Zhou’s group and
proposed a hybrid spintronic THz emitter integrated with
metasurfaces (see Fig. 11b) [97]. This is a very effective way
to combine both advantages of spintronic THz emitters and
THz metasurfaces. The former has the merits of ultra-broad-
band, low cost, high efficiency and easy to integrate, while
the latter has been proved to hold the capability of producing
high-quality spin-polarized THz beams. Taking the active
spintronic-metasurface THz emitters for tunable THz chiral-
ity as an example, the effective interaction between light and
matter has played an irreplaceable role in this process. The
coupling between the femtosecond laser-induced spintronic
currents and the metasurface-induced ultrafast currents is
employed to tune the THz chirality.

If we go back and carefully analyze the ISHE formula,
it is not difficult to find that the polarization characteristics
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Fig. 10  Pumping laser helicity dependent spintronic THz radiation.
The radiated THz polarity can be controlled by the incident fs laser
helicity. Adapted with permission from Ref. [90]

of THz radiation primarily depend on the properties of the
applied magnetic field. To obtain high-quality circularly
polarized THz radiation, we need to meet three conditions:
(1) generating two THz electric field components with their
polarization perpendicular to each other; (2) their ampli-
tudes should be equal or close; (3) their phase difference
needs to be 90 degrees. In our group, we delicately tailored
the applied magnetic field distribution, and easily produced
elliptically polarized THz pulse with its arbitrarily tuned
chirality, ellipticity and principle axis [81]. With similar
methods, a quadrupole-like THz polarization profile was
also demonstrated in spintronic THz emitters via applying
a specific magnetic field pattern to the source [99]. By cou-
pling a triangular silicon prism, azimuthally- and radially-
polarized THz cylindrical vector beams have been success-
fully demonstrated [98].

@ Springer

(b) electron moving

L]
. . « o
0la9°. 0 ° 1T © ene.'0;
s "o, ®e e
° Q- spin polarized

—_—

(c) THz radiation

currenting

Microscopic three steps for spintronic THz emission: a laser absorption, and b electron moving, and ¢ THz radiation

Interestingly, when femtosecond laser pulses interact with
FM/NM heterostructures, although a very huge current den-
sity can be formed at the interface, there is still at least half
of the pumping light energy left. If we could recycle these
energies to further drive another sample, it would enable
higher energy conversion efficiency as well as the feasibility
of producing circularly polarized THz waves. Such an idea
was realized in a cascaded geometry as shown in Fig. 11c
[82]. In conventional spintronic THz emitters, the radiated
THz waves are always linearly polarized and can be tuned
by rotating the applied magnetic field directions.

According to Eq. (1), it can be inferred that the inter-
section angle between the two THz electric fields can be
exactly controlled by that between the two applied mag-
netic field directions. Therefore, perpendicular electric
field components were prepared by arranging the first and
second magnetic field direction to be horizontal and vertical
respectively, while the equal amplitudes for both fields were
naturally satisfied for the second emitter also had an almost
half percent absorption for the first THz pulse. The most
intriguing part was the origin of the 90° phase difference
between the two THz electric fields. It was also naturally
obtained based on the tiny refractive index of the air inside
the vacuum chamber between the THz wave and the residual
optical pumping light when both of them propagated from
the first emitter to the second one. Figure 12a—c gives the
polarization manipulation results. As long as the magnetic
field direction is accurately designed, the radiation THz
polarization can be transformed from linear to circular and
elliptical. When the direction of the magnetic field applied
to the two emitters is parallel, a linearly polarized THz radia-
tion can be obtained, as shown in Fig. 12a. When the direc-
tion is vertical, it becomes circular (Fig. 12b). When the two
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magnetic fields are not perpendicular or parallel, the THz
wave is elliptical polarization. When the intersection angle
of two magnetic field directions is 45°, the experimental
results are shown in Fig. 12c. With this method, a high-
quality circularly polarized THz beam was produced and its
chirality can be easily manipulated by flexibly modulating
the magnetic field distribution.

However, when we grew a Fe onto TI but illuminated
this heterostructure by linearly polarized femtosecond laser
pulses, we can also obtain high-quality THz waves with even
much higher radiation efficiency [56]. As shown in Fig. 11d,
we abandoned circular photogalvanic effect induced THz
electric field component, and only employed linear pho-
togalvanic effect induced shift current and spin-to-charge
conversion effect induced charge current to combine chiral
THz waves. The three requirements for generating chiral
THz waves are: manipulating the magnetization azimuth or
pumping laser polarization angle make the electric field of
the two effects induced polarization state orthogonal. With
the intrinsic 85.5° phase difference of the two effects, TIIFe
heterostructures can produce chiral THz radiation when
excited by linearly polarized pumping laser pulses. The

manipulation of ellipticity can be successfully initiated by
varying the spatial polarization intersection angle between
the electric field generated by linear photogalvanic effect
and the electric field converted by spin-to-charge conver-
sion effect. As has already been mentioned before, the two
electric field components can be, respectively, modulated by
the pumping light polarization angle and the magnetization
azimuthal angle. As a consequence, there exist two kinds
of specific ellipticity modulation methods. (1) Appling a
fixed horizontal direction magnetic field which can make the
magnetization azimuthal angle of spin-to-charge conversion
effect completely orientate vertical direction, and further
controlling the incident light polarization angle. (2) Fixing
the incident polarization angle to orientate the component
corresponding to linear photogalvanic effect along with the
vertical direction, and rotating the applied magnetic field
direction, indicating the ellipticity can be adjusted accord-
ingly. The results of the produced THz waves of left-handed
elliptic polarization, right-handed elliptic polarization and
linear polarization are shown in Fig. 12d and e. For these
experiments, samples were fabricated as ultrathin nanofilms.
For some novel quantum materials with bulk state, reflective
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Fig. 12  Experimentally produced chiral THz wave manipulation results from cascade method, TI-Fe chiral THz emitters and Bi,Te; sources.
a For cascade chiral THz emitters, when two parallel magnetic fields are arranged on two stages, it will lead to the generation of linearly polar-
ized (LP) THz waves. b Circular polarization is obtained when applying vertical magnetic fields. ¢ Adjusting the intersection angle can produce
an elliptically polarized THz beam. For TI-Fe heterostructures, d left-handed, e right-handed elliptical polarizations (LEP and REP), and f linear
polarization are manipulated by combining the spin-to-charge conversion (SCC) effect and linear photogalvanic effect (LPGE). g—i For Bi,Te;,
the conversion between different chirality and various polarization state can be obtained by controlling the pumping laser polarization and sam-
ple azimuthal angles. Adapted with permission from Refs. [56, 66, 82]

THz emission spectroscopy have been employed to study the
ultrafast quantum phenomena and physics [28, 80]. Further-
more, THz emission spectroscopy has also been widely used
to investigate light-matter interaction in two-dimensional
materials and their heterostructures from macro- to micro-
scales and then extending to nanoscale [6, 101].

@ Springer

The aforementioned three methods are relatively
straightforward for manipulating the THz polarizations.
Actually, we can also realize THz polarization shape engi-
neering through the phase difference due to the time differ-
ence between different THz emission mechanisms inside
topological materials and their heterostructures. Taking
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topological insulator Bi,Te; as an example, when linearly
polarized THz emission was obtained when the incident
femtosecond laser was also linearly polarized [66]. How-
ever, radiated THz pulses became circularly polarized if
we delicately control the sample azimuthal angle and use
circularly polarized femtosecond laser pulses for pumping.
The produced THz waves can be arbitrarily controlled by
adjusting the chirality and ellipticity of the incident circu-
larly polarized light. Helicity dependent current is the criti-
cal reason why we can obtain spin-polarized THz pulses
because we can continuously tune the magnitude and its
polarity by changing the helicity. Figure 11e illustrates that
the generation and manipulation of chiral THz waves have
been successfully realized in this TI through finely manag-
ing the time difference between linear and circular photo-
galvanic effects. The results of polarization manipulation
are shown in Fig. 12g—i. The THz wave radiated from the
Bi,Te; chiral THz emitters is consistent with the chirality
of the pumping laser.

6 Conclusion and outlook

Spintronic THz emitters have been predicted to be one of the
best candidates for the next-generation THz sources since
they possess many distinct merits such as high efficiency,
ultra-broadband, low cost, ultrathin, and easy for integra-
tion. However, there are still many challenges need to be
overcome when pushing these materials to be used for the
generation of high-field THz with convenient polarization
manipulation. Furthermore, integration with fiber laser-
based THz pulses or continuous wave systems will also
accelerate the spintronic THz emitters to be easily adapted
to industrial applications. Therefore, exploring new materi-
als, fabricating new structures, further improving optical-
to-THz energy conversion efficiency and further realizing
functionalization at the radiation sources are expected to be
applied, which is the direction of spintronic THz emission
that needs further research.
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